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Dedication

On the occasion of the publication of the tenth edition of Marks’ Standard Handbook for
Mechanical Engineers, we note that this is also the eightieth anniversary of the publication of
the first edition. The Editors and publisher proffer this brief dedication to all those who have
been instrumental in the realization of the goals set forth by Lionel S. Marks in the preface to
the first edition.

First, we honor the memory of the deceased Editors, Lionel S. Marks and Theodore Bau-
meister. Lionel S. Marks’ concept of a Mechanical Engineers’ Handbook came to fruition
with the publication of the first edition in 1916; Theodore Baumeister followed as Editor with
the publication of the sixth edition in 1958.

Second, we are indebted to our contributors, past and present, who so willingly mined their
expertise to gather material for inclusion in the Handbook, thereby sharing it with others, far
and wide.

Third, we acknowledge our wide circle of readers—engineers and others—who have used
the Handbook in the conduct of their work and, from time to time, have provided cogent
commentary, suggestions, and expressions of loyalty.

xiii

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.



Preface to the First Edition*

This Handbook is intended to supply both the practicing engineer and the student with a
reference work which is authoritative in character and which covers the field of mechanical
engineering in a comprehensive manner. It is no longer possible for a single individual or a
small group of individuals to have so intimate an acquaintance with any major division of
engineering as is necessary if critical judgment is to be exercised in the statement of current
practice and the selection of engineering data. Only by the cooperation of a considerable
number of specialists is it possible to obtain the desirable degree of reliability. This Handbook
represents the work of fifty specialists.

Each contributor is to be regarded as responsible for the accuracy of his section. The
number of contributors required to ensure sufficiently specialized knowledge for all the topics
treated is necessarily large. It was found desirable to enlist the services of thirteen specialists
for an adequate handling of the ‘‘Properties of Engineering Materials.’’ Such topics as ‘‘Auto-
mobiles,’’ ‘‘Aeronautics,’’ ‘‘Illumination,’’ ‘‘Patent Law,’’ ‘‘Cost Accounting,’’ ‘‘Industrial
Buildings,’’ ‘‘Corrosion,’’ ‘‘Air Conditioning,’’ ‘‘Fire Protection,’’ ‘‘Prevention of Acci-
dents,’’ etc., though occupying relatively small spaces in the book, demanded each a separate
writer.

A number of the contributions which deal with engineering practice, after examination by
the Editor-in-Chief, were submitted by him to one or more specialists for criticism and sug-
gestions. Their cooperation has proved of great value in securing greater accuracy and in
ensuring that the subject matter does not embody solely the practice of one individual but is
truly representative.

An accuracy of four significant figures has been assumed as the desirable limit; figures in
excess of this number have been deleted, except in special cases. In the mathematical tables
only four significant figures have been kept.

The Editor-in-Chief desires to express here his appreciation of the spirit of cooperation
shown by the Contributors and of their patience in submitting to modifications of their sec-
tions. He wishes also to thank the Publishers for giving him complete freedom and hearty
assistance in all matters relating to the book from the choice of contributors to the details of
typography.

Cambridge, Mass. LIONEL S. MARKS

April 23, 1916

* Excerpt.
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Preface to the Tenth Edition

In the preparation of the tenth edition of ‘‘Marks,’’ the Editors had two major continuing
objectives. First, to modernize and update the contents as required, and second, to hold to the
high standard maintained for eighty years by the previous Editors, Lionel S. Marks and
Theodore Baumeister.

The Editors have found it instructive to leaf through the first edition of Marks’ Handbook
and to peruse its contents. Some topics still have currency as we approach the end of the
twentieth century; others are of historical interest only. Certainly, the passage of 80 years since
the publication of the first edition sends a clear message that ‘‘things change’’!

The replacement of the U.S. Customary System (USCS) of units by the International Sys-
tem (SI) is still far from complete, and proceeds at different rates not only in the engineering
professions, but also in our society in general. Accordingly, duality of units has been retained,
as appropriate.

Established practice combined with new concepts and developments are the underpinnings
of our profession. Among the most significant and far-reaching changes are the incorporation
of microprocessors into many tools and devices, both new and old. An ever-increasing number
of production processes are being automated with robots performing dull or dangerous jobs.

Workstations consisting of personal computers and a selection of software seemingly with-
out limits are almost universal. Not only does the engineer have powerful computational and
analytical tools at hand, but also those same tools have been applied in diverse areas which
appear to have no bounds. A modern business or manufacturing entity without a keyboard and
a screen is an anomaly.

The Editors are cognizant of the competing requirements to offer the user a broad spectrum
of information that has been the hallmark of the Marks’ Handbook since its inception, and yet
to keep the size of the one volume within reason. This has been achieved through the diligent
efforts and cooperation of contributors, reviewers, and the publisher.

Last, the Handbook is ultimately the responsibility of the Editors. Meticulous care has been
exercised to avoid errors, but if any are inadvertently included, the Editors will appreciate
being so informed so that corrections can be incorporated in subsequent printings of this
edition.

Ardsley, NY EUGENE A. AVALLONE

Newark, DE THEODORE BAUMEISTER III
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Symbols and Abbreviations

For symbols of chemical elements, see Sec. 6; for abbreviations applying to metric weights
and measures and SI units, Sec. 1; SI unit prefixes are listed on p. 1-19.

Pairs of parentheses, brackets, etc., are frequently used in this work to indicate correspond-
ing values. For example, the statement that ‘‘the cost per kW of a 30,000-kW plant is $86; of a
15,000-kW plant, $98; and of an 8,000-kW plant, $112,’’ is condensed as follows: The cost
per kW of a 30,000 (15,000) [8,000]-kW plant is $86 (98) [112].

In the citation of references readers should always attempt to consult the latest edition of
referenced publications.

A or Å Angstrom unit 5 102 10 m; 3.937 3 102 11 in
A mass number 5 N 1 Z; ampere
AA arithmetical average
AAA Am. Automobile Assoc.
AAMA American Automobile Manufacturers’ Assoc.
AAR Assoc. of Am. Railroads
AAS Am. Astronautical Soc.
ABAI Am. Boiler & Affiliated Industries
abs absolute
a.c. aerodynamic center
a-c, ac alternating current
ACI Am. Concrete Inst.
ACM Assoc. for Computing Machinery
ACRMA Air Conditioning and Refrigerating Manufacturers Assoc.
ACS Am. Chemical Soc.
ACSR aluminum cable steel-reinforced
ACV air cushion vehicle
A.D. anno Domini (in the year of our Lord)
AEC Atomic Energy Commission (U.S.)
a-f, af audio frequency
AFBMA Anti-friction Bearings Manufacturers’ Assoc.
AFS Am. Foundrymen’s Soc.
AGA Am. Gas Assoc.
AGMA Am. Gear Manufacturers’ Assoc.
ahp air horsepower
AlChE Am. Inst. of Chemical Engineers
AIEE Am. Inst. of Electrical Engineers (see IEEE)
AIME Am. Inst. of Mining Engineers
AIP Am. Inst. of Physics
AISC American Institute of Steel Construction, Inc.
AISE Am. Iron & Steel Engineers
AISI Am. Iron and Steel Inst.
a.m. ante meridiem (before noon)
a-m, am amplitude modulation
Am. Mach. Am. Machinist (New York)
AMA Acoustical Materials Assoc.
AMCA Air Moving & Conditioning Assoc., Inc.
amu atomic mass unit
AN ammonium nitrate (explosive); Army-Navy Specification
AN-FO ammonium nitrate-fuel oil (explosive)
ANC Army-Navy Civil Aeronautics Committee
ANS Am. Nuclear Soc.

ANSI American National Standards Institute
antilog antilogarithm of
API Am. Petroleum Inst.
approx approximately
APWA Am. Public Works Assoc.
AREA Am. Railroad Eng. Assoc.
ARI Air Conditioning and Refrigeration Inst.
ARS Am. Rocket Soc.
ASCE Am. Soc. of Civil Engineers
ASHRAE Am. Soc. of Heating, Refrigerating, and Air Conditioning

Engineers
ASLE Am. Soc. of Lubricating Engineers
ASM Am. Soc. of Metals
ASME Am. Soc. of Mechanical Engineers
ASST Am. Soc. of Steel Treating
ASTM Am. Soc. for Testing and Materials
ASTME Am. Soc. of Tool & Manufacturing Engineers
atm atmosphere
Auto. Ind. Automotive Industries (New York)
avdp avoirdupois
avg, ave average
AWG Am. Wire Gage
AWPA Am. Wood Preservation Assoc.
AWS American Welding Soc.
AWWA American Water Works Assoc.
b barns
bar barometer
B&S Brown & Sharp (gage); Beams and Stringers
bbl barrels
B.C. before Christ
B.C.C. body centered cubic
Bé Baumé (degrees)
B.G. Birmingham gage (hoop and sheet)
bgd billions of gallons per day
BHN Brinnell Hardness Number
bhp brake horsepower
BLC boundary layer control
B.M. board measure; bench mark
bmep brake mean effective pressure
B of M,
BuMines

Bureau of Mines

BOD biochemical oxygen demand

xix
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xx SYMBOLS AND ABBREVIATIONS

bp boiling point
Bq bequerel
bsfc brake specific fuel consumption
BSI British Standards Inst.
Btu British thermal units
Btuh, Btu/h Btu per hr
bu bushels
Bull. Bulletin
Buweaps Bureau of Weapons, U.S. Navy
BWG Birmingham wire gage
c velocity of light
°C degrees Celsius (centigrade)
C coulomb
CAB Civil Aeronautics Board
CAGI Compressed Air & Gas Inst.
cal calories
C-B-R chemical, biological & radiological (filters)
CBS Columbia Broadcasting System
cc, cm3 cubic centimeters
CCR critical compression ratio
c to c center to center
cd candela
c.f. centrifugal force
cf. confer (compare)
cfh, ft3/h cubic feet per hour
cfm, ft3/min cubic feet per minute
C.F.R. Cooperative Fuel Research
cfs, ft3/s cubic feet per second
cg center of gravity
cgs centimeter-gram-second
Chm. Eng. Chemical Eng’g (New York)
chu centrigrade heat unit
C.I. cast iron
cir circular
cir mil circular mils
cm centimeters
CME Chartered Mech. Engr. (IMechE)
C.N. cetane number
coef coefficient
COESA U.S. Committee on Extension to the Standard Atmosphere
col column
colog cologarithm of
const constant
cos cosine of
cos2 1 angle whose cosine is, inverse cosine of
cosh hyperbolic cosine of
cosh2 1 inverse hyperbolic cosine of
cot cotangent of
cot2 1 angle whose cotangent is (see cos2 1)
coth hyperbolic cotangent of
coth2 1 inverse hyperbolic cotangent of
covers coversed sine of
c.p. circular pitch; center of pressure
cp candle power
cp coef of performance
CP chemically pure
CPH close packed hexagonal
cpm,
cycles/min

cycles per minute

cps, cycles/s cycles per second
CSA Canadian Standards Assoc.
csc cosecant of
csc2 1 angle whose cosecant is (see cos2 1)
csch hyperbolic cosecant of
csch2 1 inverse hyperbolic cosecant of
cu cubic
cyl cylinder
db, dB decibel

d-c, dc direct current
def definition
deg degrees
diam. (dia) diameter
DO dissolved oxygen
D2O deuterium (heavy water)
d.p. double pole
DP Diametral pitch
DPH diamond pyramid hardness
DST daylight saving time
d2 tons breaking strength, d 5 chain wire diam, in.
DX direct expansion
e base of Napierian logarithmic system (5 2.7182 1)
EAP equivalent air pressure
EDR equivalent direct radiation
EEI Edison Electric Inst.
eff efficiency
e.g. exempli gratia (for example)
ehp effective horsepower
EHV extra high voltage
El. Wld. Electrical World (New York)
elec electric
elong elongation
emf electromotive force
Engg. Engineering (London)
Engr. The Engineer (London)
ENT emergency negative thrust
EP extreme pressure (lubricant)
ERDA Energy Research & Development Administration (successor

to AEC; see also NRC)
Eq. equation
est estimated
etc. et cetera (and so forth)
et seq. et sequens (and the following)
eV electron volts
evap evaporation
exp exponential function of
exsec exterior secant of
ext external
°F degrees Fahrenheit
F farad
FAA Federal Aviation Agency
F.C. fixed carbon, %
FCC Federal Communications Commission; Federal Constructive

Council
F.C.C. face-centered-cubic (alloys)
ff. following (pages)
fhp friction horsepower
Fig. figure
F.I.T. Federal income tax
f-m, fm frequency modulation
F.O.B. free on board (cars)
FP fore perpendicular
FPC Federal Power Commission
fpm, ft/min feet per minute
fps foot-pound-second system
ft/s feet per second
F.S. Federal Specifications
FSB Federal Specifications Board
fsp fiber saturation point
ft feet
fc foot candles
fL foot lamberts
ft ? lb foot-pounds
g acceleration due to gravity
g grams
gal gallons
gc gigacycles per sec
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SYMBOLS AND ABBREVIATIONS xxi

GCA ground-controlled approach
g ? cal gram-calories
gd Gudermannian of
G.E. General Electric Co.
GEM ground effect machine
GFI gullet feed index
G.M. General Motors Co.
GMT Greenwich Mean Time
GNP gross national product
gpcd gallons per capita day
gpd gallons per day; grams per denier
gpm, gal/min gallons per minute
gps, gal/s gallons per second
gpt grams per tex
H henry
h Planck’s constant 5 6.624 3 102 27 erg-sec
" Planck’s constant, " 5 h/2p

HEPA high efficiency particulate matter
h-f, hf high frequency
hhv high heat value
horiz horizontal
hp horsepower
h-p high-pressure
HPAC Heating, Piping, & Air Conditioning (Chicago)
hp ? hr horsepower-hour
hr, h hours
HSS high speed steel
H.T. heat-treated
HTHW high temperature hot water
Hz hertz 5 1 cycle/s (cps)
IACS International Annealed Copper Standard
IAeS Institute of Aerospace Sciences
ibid. ibidem (in the same place)
ICAO International Civil Aviation Organization
ICC Interstate Commerce Commission
ICE Inst. of Civil Engineers
ICI International Commission on Illumination
I.C.T. International Critical Tables
I.D., ID inside diameter
i.e. id est (that is)
IEC International Electrotechnical Commission
IEEE Inst. of Electrical & Electronics Engineers (successor to

AIEE, q.v.)
IES Illuminating Engineering Soc.
i-f, if intermediate frequency
IGT Inst. of Gas Technology
ihp indicated horsepower
IMechE Inst. of Mechanical Engineers
imep indicated mean effective pressure
Imp Imperial
in., in inches
in. ? lb,
in ? lb

inch-pounds

INA Inst. of Naval Architects
Ind. & Eng.
Chem.

Industrial & Eng’g Chemistry (Easton, PA)

int internal
i-p, ip intermediate pressure
ipm, in/min inches per minute
ipr inches per revolution
IPS iron pipe size
IRE Inst. of Radio Engineers (see IEEE)
IRS Internal Revenue Service
ISO International Organization for Standardization
isoth isothermal
ISTM International Soc. for Testing Materials
IUPAC International Union of Pure & Applied Chemistry
J joule

J&P joists and planks
Jour. Journal
JP jet propulsion fuel
k isentropic exponent; conductivity
K degrees Kelvin (Celsius abs)
K Knudsen number
kB kilo Btu (1000 Btu)
kc kilocycles
kcps kilocycles per sec
kg kilograms
kg ? cal kilogram-calories
kg ? m kilogram-meters
kip 1000 lb or 1 kilo-pound
kips thousands of pounds
km kilometers
kmc kilomegacycles per sec
kmcps kilomegacycles per sec
kpsi thousands of pounds per sq in
ksi one kip per sq in, 1000 psi (lb/in2)
kts knots
kVA kilovolt-amperes
kW kilowatts
kWh kilowatt-hours
L lamberts
l, L litres
£ Laplace operational symbol
lb pounds
L.B.P. length between perpendiculars
lhv low heat value
lim limit
lin linear
ln Napierian logarithm of
loc. cit. loco citato (place already cited)
log common logarithm of
LOX liquid oxygen explosive
l-p, lp low pressure
LPG liquified petroleum gas
lpw, lm/W lumens per watt
lx lux
L.W.L. load water line
lm lumen
m metres
M thousand; Mach number; moisture, %
mA milliamperes
Machy. Machinery (New York)
max maximum
MBh thousands of Btu per hr
mc megacycles per sec
m.c. moisture content
Mcf thousand cubic feet
mcps megacycles per sec
Mech. Eng. Mechanical Eng’g (ASME)
mep mean effective pressure
METO maximum, except during take-off
me V million electron volts
MF maintenance factor
mhc mean horizontal candles
mi mile
MIL-STD U.S. Military Standard
min minutes; minimum
mip mean indicated pressure
MKS meter-kilogram-second system
MKSA meter-kilogram-second-ampere system
mL millilamberts
ml, mL millilitre 5 1.000027 cm3

mlhc mean lower hemispherical candles
mm millimetres
mm-free mineral matter free
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xxii SYMBOLS AND ABBREVIATIONS

mmf magnetomotive force
mol mole
mp melting point
MPC maximum permissible concentration
mph, mi/h miles per hour
MRT mean radiant temperature
ms manuscript; milliseconds
msc mean spherical candles
MSS Manufacturers Standardization Soc. of the Valve & Fittings

Industry
Mu micron, micro
MW megawatts
MW day megawatt day
MWT mean water temperature
n polytropic exponent
N number (in mathematical tables)
N number of neutrons; newton
Ns specific speed
NA not available
NAA National Assoc. of Accountants
NACA National Advisory Committee on Aeronautics (see NASA)
NACM National Assoc. of Chain Manufacturers
NASA National Aeronautics and Space Administration
nat. natural
NBC National Broadcasting Company
NBFU National Board of Fire Underwriters
NBS National Bureau of Standards
NCN nitrocarbonitrate (explosive)
NDHA National District Hearing Assoc.
NEC® National Electric Code® (National Electrical Code® and

NEC® are registered trademarks of the National Fire Protec-
tion Association, Inc., Quincy, MA.)

NEMA National Electrical Manufacturers Assoc.
NFPA National Fire Protection Assoc.
NLGI National Lubricating Grease Institute
nm nautical miles
No. (Nos.) number(s)
NPSH net positive suction head
NRC Nuclear Regulator Commission (successor to AEC; see also

ERDA)
NTP normal temperature and pressure
O.D., OD outside diameter (pipes)
O.H. open-hearth (steel)
O.N. octane number
op. cit. opere citato (work already cited)
OSHA Occupational Safety & Health Administration
OSW Office of Saline Water
OTS Office of Technical Services, U.S. Dept. of Commerce
oz ounces
p. (pp.) page (pages)
Pa pascal
P.C. propulsive coefficient
PE polyethylene
PEG polyethylene glycol
P.E.L. proportional elastic limit
PETN an explosive
pf power factor
PFI Pipe Fabrication Inst.
PIV peak inverse voltage
p.m. post meridiem (after noon)
PM preventive maintenance
P.N. performance number
ppb parts per billion
PPI plan position indicator
ppm parts per million
press pressure
Proc. Proceedings
PSD power spectral density, g2/cps

psi, lb/in2 lb per sq in
psia lb per sq in. abs
psig lb per sq in. gage
pt point; pint
PVC polyvinyl chloride
Q 1018 Btu
qt quarts
q.v. quod vide (which see)
r roentgens
R gas constant
R deg Rankine (Fahrenheit abs); Reynolds number
rad radius; radiation absorbed dose; radian
RBE see rem
R-C resistor-capacitor
RCA Radio Corporation of America
R&D research & development
RDX cyclonite, a military explosive
rem Roentgen equivalent man (formerly RBE)
rev revolutions
r-f, rf radio frequency
RMA Rubber Manufacturers Assoc.
rms square root of mean square
rpm, r/min revolutions per minute
rps, r/s revolutions per second
RSHF room sensible heat factor
ry. railway
s entropy
s seconds
S sulfur, %; siemens
SAE Soc. of Automotive Engineers
sat saturated
SBI steel Boiler Inst.
scfm standard cu ft per min
SCR silicon controlled rectifier
sec secant of
sec2 1 angle whose secant is (see cos2 1)
Sec. Section
sech hyperbolic secant of
sech2 1 inverse hyperbolic secant of
segm segment
SE No. steam emulsion number
sfc specific fuel consumption, lb per hphr
sfm, sfpm surface feet per minute
shp shaft horsepower
SI International System of Units (Le Système International

d’Unites)
sin sine of
sin2 1 angle whose sine is (see cos2 1)
sinh hyperbolic sine of
sinh2 1 inverse hyperbolic sine of
SME Society of Manufacturing Engineers (successor

to ASTME)
SNAME Soc. of Naval Architects and Marine Engineers
SP static pressure
sp specific
specif specification
sp gr specific gravity
sp ht specific heat
spp species unspecified (botanical)
SPS standard pipe size
sq square
sr steradian
SSF sec Saybolt Furol
SSU seconds Saybolt Universal (same as SUS)
std standard
SUS Saybolt Universal seconds (same as SSU)
SWG Standard (British) wire gage
T tesla
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SYMBOLS AND ABBREVIATIONS xxiii

TAC Technical Advisory Committee on Weather Design Condi-
tions (ASHRAE)

tan tangent of
tan2 1 angle whose tangent is (see cos2 1)
tanh hyperbolic tangent of
tanh2 1 inverse hyperbolic tangent of
TDH total dynamic head
TEL tetraethyl lead
temp temperature
THI temperature-humidity (discomfort) index
thp thrust horsepower
TNT trinitrotoluol (explosive)
torr 5 1 mm Hg 5 1.332 millibars (1/760) atm

5 (1.013250/760) dynes per cm2

TP total pressure
tph tons per hour
tpi turns per in
TR transmitter-receiver
Trans. Transactions
T.S. tensile strength; tensile stress
tsi tons per sq in
ttd terminal temperature difference
UHF ultra high frequency
UKAEA United Kingdom Atomic Energy Authority
UL Underwriters’ Laboratory
ult ultimate
UMS universal maintenance standards
USAF U.S. Air Force
USCG U.S. Coast Guard
USCS U.S. Commercial Standard; U.S. Customary System
USDA U.S. Dept. of Agriculture
USFPL U.S. Forest Products Laboratory
USGS U.S. Geologic Survey
USHEW U.S. Dept. of Health, Education & Welfare
USN U.S. Navy
USP U.S. Pharmacopoeia
USPHS U.S. Public Health Service

USS United States Standard
USSG U.S. Standard Gage
UTC Coordinated Universal Time
V volt
VCF visual comfort factor
VCI visual comfort index
VDI Verein Deutscher Ingenieure
vel velocity
vers versed sine of
vert vertical
VHF very high frequency
VI viscosity index
viz. videlicet (namely)
V.M. volatile matter, %
vol volume
VP velocity pressure
vs. versus
W watt
Wb weber
W&M Washburn & Moen wire gage
w.g. water gage
WHO World Health Organization
W.I. wrought iron
W.P.A. Western Pine Assoc.
wt weight
yd yards
Y.P. yield point
yr year(s)
Y.S. yield strength; yield stress
z atomic number; figure of merit
Zeit. Zeitschrift
D mass defect
mc microcurie
s, s Boltzmann constant
m micro (5 102 6), as in ms
mm micrometer (micron) 5 102 6 m (102 3 mm)
V ohm

MATHEMATICAL SIGNS AND SYMBOLS

1 plus (sign of addition)
1 positive
2 minus (sign of subtraction)
2 negative
6 (7) plus or minus (minus or plus)
3 times, by (multiplication sign)
? multiplied by
4 sign of division
/ divided by
: ratio sign, divided by, is to
< equals, as (proportion)
, less than
. greater than
,, much less than
.. much greater than
5 equals
; identical with
; similar to
' approximately equals
> approximately equals, congruent
ø qual to or less than
ù equal to or greater than

5| Þ not equal to
: 8 approaches
~ varies as
` infinity
√ square root of
3
√ cube root of
[ therefore
|| parallel to
() [] {} parentheses, brackets and braces; quantities enclosed by them

to be taken together in multiplying, dividing, etc.
AB length of line from A to B
p pi ( 5 3.141591)
° degrees
9 minutes
99 seconds
/ angle
dx differential of x
D (delta) difference
Dx increment of x
u/x partial derivative of u with respect to x
e integral of
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xxiv SYMBOLS AND ABBREVIATIONS

Ea

b

integral of, between limits a and b

r line integral around a closed path
o (sigma) summation of
f (x), F(x) functions of x
exp x 5 ex [e 5 2.71828 (base of natural, or Napierian, logarithms)]
= del or nabla, vector differential operator
=2 Laplacian operator
£ Laplace operational symbol

4! factorial 4 5 4 3 3 3 2 3 1
|x | absolute value of x
~x first derivative of x with respect to time
ẍ second derivative of x with respect to time
A @ B vector product; magnitude of A times magnitude of B times

sine of the angle from A to B; AB sin AB
A ? B scalar product; magnitude of A times magnitude of B times

cosine of the angle from A to B; AB cos AB
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Dedication

On the occasion of the publication of the tenth edition of Marks’ Standard Handbook for
Mechanical Engineers, we note that this is also the eightieth anniversary of the publication of
the first edition. The Editors and publisher proffer this brief dedication to all those who have
been instrumental in the realization of the goals set forth by Lionel S. Marks in the preface to
the first edition.

First, we honor the memory of the deceased Editors, Lionel S. Marks and Theodore Bau-
meister. Lionel S. Marks’ concept of a Mechanical Engineers’ Handbook came to fruition
with the publication of the first edition in 1916; Theodore Baumeister followed as Editor with
the publication of the sixth edition in 1958.

Second, we are indebted to our contributors, past and present, who so willingly mined their
expertise to gather material for inclusion in the Handbook, thereby sharing it with others, far
and wide.

Third, we acknowledge our wide circle of readers—engineers and others—who have used
the Handbook in the conduct of their work and, from time to time, have provided cogent
commentary, suggestions, and expressions of loyalty.
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Preface to the First Edition*

This Handbook is intended to supply both the practicing engineer and the student with a
reference work which is authoritative in character and which covers the field of mechanical
engineering in a comprehensive manner. It is no longer possible for a single individual or a
small group of individuals to have so intimate an acquaintance with any major division of
engineering as is necessary if critical judgment is to be exercised in the statement of current
practice and the selection of engineering data. Only by the cooperation of a considerable
number of specialists is it possible to obtain the desirable degree of reliability. This Handbook
represents the work of fifty specialists.

Each contributor is to be regarded as responsible for the accuracy of his section. The
number of contributors required to ensure sufficiently specialized knowledge for all the topics
treated is necessarily large. It was found desirable to enlist the services of thirteen specialists
for an adequate handling of the ‘‘Properties of Engineering Materials.’’ Such topics as ‘‘Auto-
mobiles,’’ ‘‘Aeronautics,’’ ‘‘Illumination,’’ ‘‘Patent Law,’’ ‘‘Cost Accounting,’’ ‘‘Industrial
Buildings,’’ ‘‘Corrosion,’’ ‘‘Air Conditioning,’’ ‘‘Fire Protection,’’ ‘‘Prevention of Acci-
dents,’’ etc., though occupying relatively small spaces in the book, demanded each a separate
writer.

A number of the contributions which deal with engineering practice, after examination by
the Editor-in-Chief, were submitted by him to one or more specialists for criticism and sug-
gestions. Their cooperation has proved of great value in securing greater accuracy and in
ensuring that the subject matter does not embody solely the practice of one individual but is
truly representative.

An accuracy of four significant figures has been assumed as the desirable limit; figures in
excess of this number have been deleted, except in special cases. In the mathematical tables
only four significant figures have been kept.

The Editor-in-Chief desires to express here his appreciation of the spirit of cooperation
shown by the Contributors and of their patience in submitting to modifications of their sec-
tions. He wishes also to thank the Publishers for giving him complete freedom and hearty
assistance in all matters relating to the book from the choice of contributors to the details of
typography.

Cambridge, Mass. LIONEL S. MARKS

April 23, 1916

* Excerpt.
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Preface to the Tenth Edition

In the preparation of the tenth edition of ‘‘Marks,’’ the Editors had two major continuing
objectives. First, to modernize and update the contents as required, and second, to hold to the
high standard maintained for eighty years by the previous Editors, Lionel S. Marks and
Theodore Baumeister.

The Editors have found it instructive to leaf through the first edition of Marks’ Handbook
and to peruse its contents. Some topics still have currency as we approach the end of the
twentieth century; others are of historical interest only. Certainly, the passage of 80 years since
the publication of the first edition sends a clear message that ‘‘things change’’!

The replacement of the U.S. Customary System (USCS) of units by the International Sys-
tem (SI) is still far from complete, and proceeds at different rates not only in the engineering
professions, but also in our society in general. Accordingly, duality of units has been retained,
as appropriate.

Established practice combined with new concepts and developments are the underpinnings
of our profession. Among the most significant and far-reaching changes are the incorporation
of microprocessors into many tools and devices, both new and old. An ever-increasing number
of production processes are being automated with robots performing dull or dangerous jobs.

Workstations consisting of personal computers and a selection of software seemingly with-
out limits are almost universal. Not only does the engineer have powerful computational and
analytical tools at hand, but also those same tools have been applied in diverse areas which
appear to have no bounds. A modern business or manufacturing entity without a keyboard and
a screen is an anomaly.

The Editors are cognizant of the competing requirements to offer the user a broad spectrum
of information that has been the hallmark of the Marks’ Handbook since its inception, and yet
to keep the size of the one volume within reason. This has been achieved through the diligent
efforts and cooperation of contributors, reviewers, and the publisher.

Last, the Handbook is ultimately the responsibility of the Editors. Meticulous care has been
exercised to avoid errors, but if any are inadvertently included, the Editors will appreciate
being so informed so that corrections can be incorporated in subsequent printings of this
edition.

Ardsley, NY EUGENE A. AVALLONE

Newark, DE THEODORE BAUMEISTER III
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Symbols and Abbreviations

For symbols of chemical elements, see Sec. 6; for abbreviations applying to metric weights
and measures and SI units, Sec. 1; SI unit prefixes are listed on p. 1-19.

Pairs of parentheses, brackets, etc., are frequently used in this work to indicate correspond-
ing values. For example, the statement that ‘‘the cost per kW of a 30,000-kW plant is $86; of a
15,000-kW plant, $98; and of an 8,000-kW plant, $112,’’ is condensed as follows: The cost
per kW of a 30,000 (15,000) [8,000]-kW plant is $86 (98) [112].

In the citation of references readers should always attempt to consult the latest edition of
referenced publications.

A or Å Angstrom unit 5 102 10 m; 3.937 3 102 11 in
A mass number 5 N 1 Z; ampere
AA arithmetical average
AAA Am. Automobile Assoc.
AAMA American Automobile Manufacturers’ Assoc.
AAR Assoc. of Am. Railroads
AAS Am. Astronautical Soc.
ABAI Am. Boiler & Affiliated Industries
abs absolute
a.c. aerodynamic center
a-c, ac alternating current
ACI Am. Concrete Inst.
ACM Assoc. for Computing Machinery
ACRMA Air Conditioning and Refrigerating Manufacturers Assoc.
ACS Am. Chemical Soc.
ACSR aluminum cable steel-reinforced
ACV air cushion vehicle
A.D. anno Domini (in the year of our Lord)
AEC Atomic Energy Commission (U.S.)
a-f, af audio frequency
AFBMA Anti-friction Bearings Manufacturers’ Assoc.
AFS Am. Foundrymen’s Soc.
AGA Am. Gas Assoc.
AGMA Am. Gear Manufacturers’ Assoc.
ahp air horsepower
AlChE Am. Inst. of Chemical Engineers
AIEE Am. Inst. of Electrical Engineers (see IEEE)
AIME Am. Inst. of Mining Engineers
AIP Am. Inst. of Physics
AISC American Institute of Steel Construction, Inc.
AISE Am. Iron & Steel Engineers
AISI Am. Iron and Steel Inst.
a.m. ante meridiem (before noon)
a-m, am amplitude modulation
Am. Mach. Am. Machinist (New York)
AMA Acoustical Materials Assoc.
AMCA Air Moving & Conditioning Assoc., Inc.
amu atomic mass unit
AN ammonium nitrate (explosive); Army-Navy Specification
AN-FO ammonium nitrate-fuel oil (explosive)
ANC Army-Navy Civil Aeronautics Committee
ANS Am. Nuclear Soc.

ANSI American National Standards Institute
antilog antilogarithm of
API Am. Petroleum Inst.
approx approximately
APWA Am. Public Works Assoc.
AREA Am. Railroad Eng. Assoc.
ARI Air Conditioning and Refrigeration Inst.
ARS Am. Rocket Soc.
ASCE Am. Soc. of Civil Engineers
ASHRAE Am. Soc. of Heating, Refrigerating, and Air Conditioning

Engineers
ASLE Am. Soc. of Lubricating Engineers
ASM Am. Soc. of Metals
ASME Am. Soc. of Mechanical Engineers
ASST Am. Soc. of Steel Treating
ASTM Am. Soc. for Testing and Materials
ASTME Am. Soc. of Tool & Manufacturing Engineers
atm atmosphere
Auto. Ind. Automotive Industries (New York)
avdp avoirdupois
avg, ave average
AWG Am. Wire Gage
AWPA Am. Wood Preservation Assoc.
AWS American Welding Soc.
AWWA American Water Works Assoc.
b barns
bar barometer
B&S Brown & Sharp (gage); Beams and Stringers
bbl barrels
B.C. before Christ
B.C.C. body centered cubic
Bé Baumé (degrees)
B.G. Birmingham gage (hoop and sheet)
bgd billions of gallons per day
BHN Brinnell Hardness Number
bhp brake horsepower
BLC boundary layer control
B.M. board measure; bench mark
bmep brake mean effective pressure
B of M,
BuMines

Bureau of Mines

BOD biochemical oxygen demand
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xx SYMBOLS AND ABBREVIATIONS

bp boiling point
Bq bequerel
bsfc brake specific fuel consumption
BSI British Standards Inst.
Btu British thermal units
Btuh, Btu/h Btu per hr
bu bushels
Bull. Bulletin
Buweaps Bureau of Weapons, U.S. Navy
BWG Birmingham wire gage
c velocity of light
°C degrees Celsius (centigrade)
C coulomb
CAB Civil Aeronautics Board
CAGI Compressed Air & Gas Inst.
cal calories
C-B-R chemical, biological & radiological (filters)
CBS Columbia Broadcasting System
cc, cm3 cubic centimeters
CCR critical compression ratio
c to c center to center
cd candela
c.f. centrifugal force
cf. confer (compare)
cfh, ft3/h cubic feet per hour
cfm, ft3/min cubic feet per minute
C.F.R. Cooperative Fuel Research
cfs, ft3/s cubic feet per second
cg center of gravity
cgs centimeter-gram-second
Chm. Eng. Chemical Eng’g (New York)
chu centrigrade heat unit
C.I. cast iron
cir circular
cir mil circular mils
cm centimeters
CME Chartered Mech. Engr. (IMechE)
C.N. cetane number
coef coefficient
COESA U.S. Committee on Extension to the Standard Atmosphere
col column
colog cologarithm of
const constant
cos cosine of
cos2 1 angle whose cosine is, inverse cosine of
cosh hyperbolic cosine of
cosh2 1 inverse hyperbolic cosine of
cot cotangent of
cot2 1 angle whose cotangent is (see cos2 1)
coth hyperbolic cotangent of
coth2 1 inverse hyperbolic cotangent of
covers coversed sine of
c.p. circular pitch; center of pressure
cp candle power
cp coef of performance
CP chemically pure
CPH close packed hexagonal
cpm,
cycles/min

cycles per minute

cps, cycles/s cycles per second
CSA Canadian Standards Assoc.
csc cosecant of
csc2 1 angle whose cosecant is (see cos2 1)
csch hyperbolic cosecant of
csch2 1 inverse hyperbolic cosecant of
cu cubic
cyl cylinder
db, dB decibel

d-c, dc direct current
def definition
deg degrees
diam. (dia) diameter
DO dissolved oxygen
D2O deuterium (heavy water)
d.p. double pole
DP Diametral pitch
DPH diamond pyramid hardness
DST daylight saving time
d2 tons breaking strength, d 5 chain wire diam, in.
DX direct expansion
e base of Napierian logarithmic system (5 2.7182 1)
EAP equivalent air pressure
EDR equivalent direct radiation
EEI Edison Electric Inst.
eff efficiency
e.g. exempli gratia (for example)
ehp effective horsepower
EHV extra high voltage
El. Wld. Electrical World (New York)
elec electric
elong elongation
emf electromotive force
Engg. Engineering (London)
Engr. The Engineer (London)
ENT emergency negative thrust
EP extreme pressure (lubricant)
ERDA Energy Research & Development Administration (successor

to AEC; see also NRC)
Eq. equation
est estimated
etc. et cetera (and so forth)
et seq. et sequens (and the following)
eV electron volts
evap evaporation
exp exponential function of
exsec exterior secant of
ext external
°F degrees Fahrenheit
F farad
FAA Federal Aviation Agency
F.C. fixed carbon, %
FCC Federal Communications Commission; Federal Constructive

Council
F.C.C. face-centered-cubic (alloys)
ff. following (pages)
fhp friction horsepower
Fig. figure
F.I.T. Federal income tax
f-m, fm frequency modulation
F.O.B. free on board (cars)
FP fore perpendicular
FPC Federal Power Commission
fpm, ft/min feet per minute
fps foot-pound-second system
ft/s feet per second
F.S. Federal Specifications
FSB Federal Specifications Board
fsp fiber saturation point
ft feet
fc foot candles
fL foot lamberts
ft ? lb foot-pounds
g acceleration due to gravity
g grams
gal gallons
gc gigacycles per sec
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SYMBOLS AND ABBREVIATIONS xxi

GCA ground-controlled approach
g ? cal gram-calories
gd Gudermannian of
G.E. General Electric Co.
GEM ground effect machine
GFI gullet feed index
G.M. General Motors Co.
GMT Greenwich Mean Time
GNP gross national product
gpcd gallons per capita day
gpd gallons per day; grams per denier
gpm, gal/min gallons per minute
gps, gal/s gallons per second
gpt grams per tex
H henry
h Planck’s constant 5 6.624 3 102 27 erg-sec
" Planck’s constant, " 5 h/2p

HEPA high efficiency particulate matter
h-f, hf high frequency
hhv high heat value
horiz horizontal
hp horsepower
h-p high-pressure
HPAC Heating, Piping, & Air Conditioning (Chicago)
hp ? hr horsepower-hour
hr, h hours
HSS high speed steel
H.T. heat-treated
HTHW high temperature hot water
Hz hertz 5 1 cycle/s (cps)
IACS International Annealed Copper Standard
IAeS Institute of Aerospace Sciences
ibid. ibidem (in the same place)
ICAO International Civil Aviation Organization
ICC Interstate Commerce Commission
ICE Inst. of Civil Engineers
ICI International Commission on Illumination
I.C.T. International Critical Tables
I.D., ID inside diameter
i.e. id est (that is)
IEC International Electrotechnical Commission
IEEE Inst. of Electrical & Electronics Engineers (successor to

AIEE, q.v.)
IES Illuminating Engineering Soc.
i-f, if intermediate frequency
IGT Inst. of Gas Technology
ihp indicated horsepower
IMechE Inst. of Mechanical Engineers
imep indicated mean effective pressure
Imp Imperial
in., in inches
in. ? lb,
in ? lb

inch-pounds

INA Inst. of Naval Architects
Ind. & Eng.
Chem.

Industrial & Eng’g Chemistry (Easton, PA)

int internal
i-p, ip intermediate pressure
ipm, in/min inches per minute
ipr inches per revolution
IPS iron pipe size
IRE Inst. of Radio Engineers (see IEEE)
IRS Internal Revenue Service
ISO International Organization for Standardization
isoth isothermal
ISTM International Soc. for Testing Materials
IUPAC International Union of Pure & Applied Chemistry
J joule

J&P joists and planks
Jour. Journal
JP jet propulsion fuel
k isentropic exponent; conductivity
K degrees Kelvin (Celsius abs)
K Knudsen number
kB kilo Btu (1000 Btu)
kc kilocycles
kcps kilocycles per sec
kg kilograms
kg ? cal kilogram-calories
kg ? m kilogram-meters
kip 1000 lb or 1 kilo-pound
kips thousands of pounds
km kilometers
kmc kilomegacycles per sec
kmcps kilomegacycles per sec
kpsi thousands of pounds per sq in
ksi one kip per sq in, 1000 psi (lb/in2)
kts knots
kVA kilovolt-amperes
kW kilowatts
kWh kilowatt-hours
L lamberts
l, L litres
£ Laplace operational symbol
lb pounds
L.B.P. length between perpendiculars
lhv low heat value
lim limit
lin linear
ln Napierian logarithm of
loc. cit. loco citato (place already cited)
log common logarithm of
LOX liquid oxygen explosive
l-p, lp low pressure
LPG liquified petroleum gas
lpw, lm/W lumens per watt
lx lux
L.W.L. load water line
lm lumen
m metres
M thousand; Mach number; moisture, %
mA milliamperes
Machy. Machinery (New York)
max maximum
MBh thousands of Btu per hr
mc megacycles per sec
m.c. moisture content
Mcf thousand cubic feet
mcps megacycles per sec
Mech. Eng. Mechanical Eng’g (ASME)
mep mean effective pressure
METO maximum, except during take-off
me V million electron volts
MF maintenance factor
mhc mean horizontal candles
mi mile
MIL-STD U.S. Military Standard
min minutes; minimum
mip mean indicated pressure
MKS meter-kilogram-second system
MKSA meter-kilogram-second-ampere system
mL millilamberts
ml, mL millilitre 5 1.000027 cm3

mlhc mean lower hemispherical candles
mm millimetres
mm-free mineral matter free
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mmf magnetomotive force
mol mole
mp melting point
MPC maximum permissible concentration
mph, mi/h miles per hour
MRT mean radiant temperature
ms manuscript; milliseconds
msc mean spherical candles
MSS Manufacturers Standardization Soc. of the Valve & Fittings

Industry
Mu micron, micro
MW megawatts
MW day megawatt day
MWT mean water temperature
n polytropic exponent
N number (in mathematical tables)
N number of neutrons; newton
Ns specific speed
NA not available
NAA National Assoc. of Accountants
NACA National Advisory Committee on Aeronautics (see NASA)
NACM National Assoc. of Chain Manufacturers
NASA National Aeronautics and Space Administration
nat. natural
NBC National Broadcasting Company
NBFU National Board of Fire Underwriters
NBS National Bureau of Standards
NCN nitrocarbonitrate (explosive)
NDHA National District Hearing Assoc.
NEC® National Electric Code® (National Electrical Code® and

NEC® are registered trademarks of the National Fire Protec-
tion Association, Inc., Quincy, MA.)

NEMA National Electrical Manufacturers Assoc.
NFPA National Fire Protection Assoc.
NLGI National Lubricating Grease Institute
nm nautical miles
No. (Nos.) number(s)
NPSH net positive suction head
NRC Nuclear Regulator Commission (successor to AEC; see also

ERDA)
NTP normal temperature and pressure
O.D., OD outside diameter (pipes)
O.H. open-hearth (steel)
O.N. octane number
op. cit. opere citato (work already cited)
OSHA Occupational Safety & Health Administration
OSW Office of Saline Water
OTS Office of Technical Services, U.S. Dept. of Commerce
oz ounces
p. (pp.) page (pages)
Pa pascal
P.C. propulsive coefficient
PE polyethylene
PEG polyethylene glycol
P.E.L. proportional elastic limit
PETN an explosive
pf power factor
PFI Pipe Fabrication Inst.
PIV peak inverse voltage
p.m. post meridiem (after noon)
PM preventive maintenance
P.N. performance number
ppb parts per billion
PPI plan position indicator
ppm parts per million
press pressure
Proc. Proceedings
PSD power spectral density, g2/cps

psi, lb/in2 lb per sq in
psia lb per sq in. abs
psig lb per sq in. gage
pt point; pint
PVC polyvinyl chloride
Q 1018 Btu
qt quarts
q.v. quod vide (which see)
r roentgens
R gas constant
R deg Rankine (Fahrenheit abs); Reynolds number
rad radius; radiation absorbed dose; radian
RBE see rem
R-C resistor-capacitor
RCA Radio Corporation of America
R&D research & development
RDX cyclonite, a military explosive
rem Roentgen equivalent man (formerly RBE)
rev revolutions
r-f, rf radio frequency
RMA Rubber Manufacturers Assoc.
rms square root of mean square
rpm, r/min revolutions per minute
rps, r/s revolutions per second
RSHF room sensible heat factor
ry. railway
s entropy
s seconds
S sulfur, %; siemens
SAE Soc. of Automotive Engineers
sat saturated
SBI steel Boiler Inst.
scfm standard cu ft per min
SCR silicon controlled rectifier
sec secant of
sec2 1 angle whose secant is (see cos2 1)
Sec. Section
sech hyperbolic secant of
sech2 1 inverse hyperbolic secant of
segm segment
SE No. steam emulsion number
sfc specific fuel consumption, lb per hphr
sfm, sfpm surface feet per minute
shp shaft horsepower
SI International System of Units (Le Système International

d’Unites)
sin sine of
sin2 1 angle whose sine is (see cos2 1)
sinh hyperbolic sine of
sinh2 1 inverse hyperbolic sine of
SME Society of Manufacturing Engineers (successor

to ASTME)
SNAME Soc. of Naval Architects and Marine Engineers
SP static pressure
sp specific
specif specification
sp gr specific gravity
sp ht specific heat
spp species unspecified (botanical)
SPS standard pipe size
sq square
sr steradian
SSF sec Saybolt Furol
SSU seconds Saybolt Universal (same as SUS)
std standard
SUS Saybolt Universal seconds (same as SSU)
SWG Standard (British) wire gage
T tesla
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TAC Technical Advisory Committee on Weather Design Condi-
tions (ASHRAE)

tan tangent of
tan2 1 angle whose tangent is (see cos2 1)
tanh hyperbolic tangent of
tanh2 1 inverse hyperbolic tangent of
TDH total dynamic head
TEL tetraethyl lead
temp temperature
THI temperature-humidity (discomfort) index
thp thrust horsepower
TNT trinitrotoluol (explosive)
torr 5 1 mm Hg 5 1.332 millibars (1/760) atm

5 (1.013250/760) dynes per cm2

TP total pressure
tph tons per hour
tpi turns per in
TR transmitter-receiver
Trans. Transactions
T.S. tensile strength; tensile stress
tsi tons per sq in
ttd terminal temperature difference
UHF ultra high frequency
UKAEA United Kingdom Atomic Energy Authority
UL Underwriters’ Laboratory
ult ultimate
UMS universal maintenance standards
USAF U.S. Air Force
USCG U.S. Coast Guard
USCS U.S. Commercial Standard; U.S. Customary System
USDA U.S. Dept. of Agriculture
USFPL U.S. Forest Products Laboratory
USGS U.S. Geologic Survey
USHEW U.S. Dept. of Health, Education & Welfare
USN U.S. Navy
USP U.S. Pharmacopoeia
USPHS U.S. Public Health Service

USS United States Standard
USSG U.S. Standard Gage
UTC Coordinated Universal Time
V volt
VCF visual comfort factor
VCI visual comfort index
VDI Verein Deutscher Ingenieure
vel velocity
vers versed sine of
vert vertical
VHF very high frequency
VI viscosity index
viz. videlicet (namely)
V.M. volatile matter, %
vol volume
VP velocity pressure
vs. versus
W watt
Wb weber
W&M Washburn & Moen wire gage
w.g. water gage
WHO World Health Organization
W.I. wrought iron
W.P.A. Western Pine Assoc.
wt weight
yd yards
Y.P. yield point
yr year(s)
Y.S. yield strength; yield stress
z atomic number; figure of merit
Zeit. Zeitschrift
D mass defect
mc microcurie
s, s Boltzmann constant
m micro (5 102 6), as in ms
mm micrometer (micron) 5 102 6 m (102 3 mm)
V ohm

MATHEMATICAL SIGNS AND SYMBOLS

1 plus (sign of addition)
1 positive
2 minus (sign of subtraction)
2 negative
6 (7) plus or minus (minus or plus)
3 times, by (multiplication sign)
? multiplied by
4 sign of division
/ divided by
: ratio sign, divided by, is to
< equals, as (proportion)
, less than
. greater than
,, much less than
.. much greater than
5 equals
; identical with
; similar to
' approximately equals
> approximately equals, congruent
ø qual to or less than
ù equal to or greater than

5| Þ not equal to
: 8 approaches
~ varies as
` infinity
√ square root of
3
√ cube root of
[ therefore
|| parallel to
() [] {} parentheses, brackets and braces; quantities enclosed by them

to be taken together in multiplying, dividing, etc.
AB length of line from A to B
p pi ( 5 3.141591)
° degrees
9 minutes
99 seconds
/ angle
dx differential of x
D (delta) difference
Dx increment of x
u/x partial derivative of u with respect to x
e integral of
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Ea

b

integral of, between limits a and b

r line integral around a closed path
o (sigma) summation of
f (x), F(x) functions of x
exp x 5 ex [e 5 2.71828 (base of natural, or Napierian, logarithms)]
= del or nabla, vector differential operator
=2 Laplacian operator
£ Laplace operational symbol

4! factorial 4 5 4 3 3 3 2 3 1
|x | absolute value of x
~x first derivative of x with respect to time
ẍ second derivative of x with respect to time
A @ B vector product; magnitude of A times magnitude of B times

sine of the angle from A to B; AB sin AB
A ? B scalar product; magnitude of A times magnitude of B times

cosine of the angle from A to B; AB cos AB
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1-2 MATHEMATICAL TABLES

Table 1.1.1 Segments of Circles, Given h/c
Given: h 5 height; c 5 chord. To find the diameter of the circle, the length of arc, or the area of the segment , form the ratio h/c, and find from the table the value of
(diam/c), (arc/c); then, by a simple multiplication,

diam 5 c 3 (diam/c)
arc 5 c 3 (arc/c)
area 5 h 3 c 3 (area/h 3 c)

The table gives also the angle subtended at the center, and the ratio of h to D.

h

c

Diam

c
Diff

Arc

c
Diff

Area

h 3 c
Diff Central

angle, v Diff
h

Diam
Diff

.00 1.000 .6667 0.00° .0000
0 0 458 4

1 25.010 1.000 .6667 4.58 .0004
12490 1 2 458 12

2 12.520 1.001 .6669 9.16 .0016
*4157 1 2 457 20

3 8.363 1.002 .6671 13.73 .0036
*2073 2 4 457 28

4 6.290 1.004 .6675 18.30 .0064
*1240 3 5 454 35

.05 5.050 1.007 .6680 22.84° .0099
*823 3 6 453 43

6 4.227 1.010 .6686 27.37 .0142
*586 3 7 451 50

7 3.641 1.013 .6693 31.88 .0192
*436 4 8 448 58

8 3.205 1.017 .6701 36.36 .0250
*337 4 9 446 64

9 2.868 1.021 .6710 40.82 .0314
*268 5 10 442 71

.10 2.600 1.026 .6720 45.24° .0385
*217 6 11 439 77

1 2.383 1.032 .6731 49.63 .0462
*180 6 12 435 83

2 2.203 1.038 .6743 53.98 .0545
*150 6 13 432 88

3 2.053 1.044 .6756 58.30 .0633
*127 7 14 427 94

4 1.926 1.051 .6770 62.57 .0727
*109 8 15 423 99

.15 1.817 1.059 .6785 66.80° .0826
*94 8 16 418 103

6 1.723 1.067 .6801 70.98 .0929
*82 8 17 413 107

7 1.641 1.075 .6818 75.11 .1036
*72 9 18 409 111

8 1.569 1.084 .6836 79.20 .1147
*63 10 19 403 116

9 1.506 1.094 .6855 83.23 .1263
56 9 20 399 116

.20 1.450 1.103 .6875 87.21° .1379
50 11 21 392 120

1 1.400 1.114 .6896 91.13 .1499
44 10 22 387 123

2 1.356 1.124 .6918 95.00 .1622
39 12 23 381 124

3 1.317 1.136 .6941 98.81 .1746
35 11 24 375 127

4 1.282 1.147 .6965 102.56 .1873
32 12 24 370 127

.25 1.250 1.159 .6989 106.26° .2000
28 12 25 364 128

6 1.222 1.171 .7014 109.90 .2128
26 13 27 358 130

7 1.196 1.184 .7041 113.48 .2258
23 13 27 352 129

8 1.173 1.197 .7068 117.00 .2387
21 14 28 345 130

9 1.152 1.211 .7096 120.45 .2517
19 14 29 341 130

.30 1.133 1.225 .7125 123.86° .2647
17 14 29 334 130

1 1.116 1.239 .7154 127.20 .2777
15 15 31 328 129

2 1.101 1.254 .7185 130.48 .2906
13 15 31 322 128

3 1.088 1.269 .7216 133.70 .3034
13 15 32 316 128

4 1.075 1.284 .7248 136.86 .3162
11 16 32 311 127

.35 1.064 1.300 .7280 139.97° .3289
10 16 34 305 125

6 1.054 1.316 .7314 143.02 .3414
8 16 34 299 124

7 1.046 1.332 .7348 146.01 .3538
8 17 35 293 123

8 1.038 1.349 .7383 148.94 .3661
7 17 36 288 122

9 1.031 1.366 .7419 151.82 .3783
6 17 36 282 119

.40 1.025 1.383 .7455 154.64° .3902
5 18 37 277 119

1 1.020 1.401 .7492 157.41 .4021
5 18 38 271 116

2 1.015 1.419 .7530 160.12 .4137
4 18 38 266 115

3 1.011 1.437 .7568 162.78 .4252
3 18 39 261 112

4 1.008 1.455 .7607 165.39 .4364
2 19 40 256 111

.45 1.006 1.474 .7647 167.95° .4475
3 19 40 251 109

6 1.003 1.493 .7687 170.46 .4584
1 19 41 245 107

7 1.002 1.512 .7728 172.91 .4691
1 19 41 241 105

8 1.001 1.531 .7769 175.32 .4796
1 20 42 237 103

9 1.000 1.551 .7811 177.69 .4899
0 20 43 231 101

.50 1.000 1.571 .7854 180.00° .5000

* Interpolation may be inaccurate at these points.
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MATHEMATICAL TABLES 1-3

Table 1.1.2 Segments of Circles, Given h/D
Given: h 5 height; D 5 diameter of circle. To find the chord, the length of arc, or the area of the segment , form the ratio h/D, and find from the table the value of
(chord/D), (arc/D), or (area/D2); then by a simple multiplication,

chord 5 D 3 (chord/D)
arc 5 D 3 (arc/D)
area 5 D2 3 (area/D2)

This table gives also the angle subtended at the center, the ratio of the arc of the segment to the whole circumference, and the ratio of the area of the segment to the
area of the whole circle.

h

D

Arc

D
Diff

Area

D2
Diff Central

angle, v Diff
Chord

D
Diff

Arc

Circum
Diff

Area

Circle
Diff

.00 0.000 .0000 0.00° .0000 .0000 .0000
2003 13 2296 *1990 *638 17

1 .2003 .0013 22.96 .1990 .0638 .0017
*835 24 *956 *810 *265 31

2 .2838 .0037 32.52 .2800 .0903 .0048
*644 32 *738 *612 *205 39

3 .3482 .0069 39.90 .3412 .1108 .0087
*545 36 *625 *507 *174 47

4 .4027 .0105 46.15 .3919 .1282 .0134
*483 42 *553 *440 *154 53

.05 .4510 .0147 51.68° .4359 .1436 .0187
*439 45 *504 *391 *139 58

6 .4949 .0192 56.72 .4750 .1575 .0245
*406 50 *465 *353 *130 63

7 .5355 .0242 61.37 .5103 .1705 .0308
*380 52 *435 *323 121 67

8 .5735 .0294 65.72 .5426 .1826 .0375
*359 56 *411 *298 114 71

9 .6094 .0350 69.83 .5724 .1940 .0446
*341 59 *391 *276 108 74

.10 .6435 .0409 73.74° .6000 .2048 .0520
*326 61 *374 *258 104 78

1 .6761 .0470 77.48 .6258 .2152 .0598
*314 64 *359 *241 100 82

2 .7075 .0534 81.07 .6499 .2252 .0680
*302 66 *347 *227 96 84

3 .7377 .0600 84.54 .6726 .2348 .0764
*293 68 *335 *214 93 87

4 .7670 .0668 87.89 .6940 .2441 .0851
*284 71 *326 *201 91 90

.15 .7954 .0739 91.15° .7141 .2532 .0941
276 72 316 *191 88 92

6 .8230 .0811 94.31 .7332 .2620 .1033
270 74 309 *181 86 94

7 .8500 .0885 97.40 .7513 .2706 .1127
263 76 302 *171 83 97

8 .8763 .0961 100.42 .7684 .2789 .1224
258 78 295 162 82 99

9 .9021 .1039 103.37 .7846 .2871 .1323
252 79 289 154 81 101

.20 0.9273 .1118 106.26° .8000 .2952 .1424
248 81 284 146 79 103

1 0.9521 .1199 109.10 .8146 .3031 .1527
243 82 279 139 77 104

2 0.9764 .1281 111.89 .8285 .3108 .1631
240 84 274 132 76 107

3 1.0004 .1365 114.63 .8417 .3184 .1738
235 84 271 125 75 108

4 1.0239 .1449 117.34 .8542 .3259 .1846
233 86 266 118 74 109

.25 1.0472 .1535 120.00° .8660 .3333 .1955
229 88 263 113 73 111

6 1.0701 .1623 122.63 .8773 .3406 .2066
227 88 260 106 72 112

7 1.0928 .1711 125.23 .8879 .3478 .2178
224 89 256 101 72 114

8 1.1152 .1800 127.79 .8980 .3550 .2292
222 90 254 95 70 115

9 1.1374 .1890 130.33 .9075 .3620 .2407
219 92 251 90 70 116

.30 1.1593 .1982 132.84° .9165 .3690 .2523
217 92 249 85 69 117

1 1.1810 .2074 135.33 .9250 .3759 .2640
215 93 247 80 69 119

2 1.2025 .2167 137.80 .9330 .3828 .2759
214 93 245 74 68 119

3 1.2239 .2260 140.25 .9404 .3896 .2878
212 95 242 70 67 120

4 1.2451 .2355 142.67 .9474 .3963 .2998
210 95 241 65 67 121

.35 1.2661 .2450 145.08° .9539 .4030 .3119
209 96 240 61 67 122

6 1.2870 .2546 147.48 .9600 .4097 .3241
208 96 238 56 66 123

7 1.3078 .2642 149.86 .9656 .4163 .3364
206 97 237 52 66 123

8 1.3284 .2739 152.23 .9708 .4229 .3487
206 97 235 47 65 124

9 1.3490 .2836 154.58 .9755 .4294 .3611
204 98 235 43 65 124

.40 1.3694 .2934 156.93° .9798 .4359 .3735
204 98 233 39 65 125

1 1.3898 .3032 159.26 .9837 .4424 .3860
203 98 233 34 65 126

2 1.4101 .3130 161.59 .9871 .4489 .3986
202 99 231 31 64 126

3 1.4303 .3229 163.90 .9902 .4553 .4112
202 99 232 26 64 126

4 1.4505 .3328 166.22 .9928 .4617 .4238
201 100 230 22 64 126

.45 1.4706 .3428 168.52° .9950 .4681 .4364
201 99 230 18 64 127

6 1.4907 .3527 170.82 .9968 .4745 .4491
201 100 230 14 64 127

7 1.5108 .3627 173.12 .9982 .4809 .4618
200 100 229 10 64 127

8 1.5308 .3727 175.41 .9992 .4873 .4745
200 100 230 6 63 128

9 1.5508 .3827 177.71 .9998 .4936 .4873
200 100 229 2 64 127

.50 1.5708 .3927 180.00° 1.0000 .5000 .5000

* Interpolation may be inaccurate at these points.
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Table 1.1.3 Regular Polygons
n 5 number of sides
v 5 360°/n 5 angle subtended at the center by one side

a 5 length of one side 5 RS2 sin
v

2D 5 rS2 tan
v

2D
R 5 radius of circumscribed circle 5 aS1⁄2 csc

v

2D 5 rSsec
v

2D
r 5 radius of inscribed circle 5 RScos

v

2D 5 aS1⁄2 cot
v

2D
Area 5 a2S1⁄4 n cot

v

2D 5 R2(1⁄2 n sin v) 5 r2Sn tan
v

2D
n v

Area

a2

Area

R2

Area

r2

R

a

R

r

a

R

a

r

r

R

r

a

3 120° 0.4330 1.299 5.196 0.5774 2.000 1.732 3.464 0.5000 0.2887
4 90° 1.000 2.000 4.000 0.7071 1.414 1.414 2.000 0.7071 0.5000
5 72° 1.721 2.378 3.633 0.8507 1.236 1.176 1.453 0.8090 0.6882
6 60° 2.598 2.598 3.464 1.0000 1.155 1.000 1.155 0.8660 0.8660

7 51°.43 3.634 2.736 3.371 1.152 1.110 0.8678 0.9631 0.9010 1.038
8 45° 4.828 2.828 3.314 1.307 1.082 0.7654 0.8284 0.9239 1.207
9 40° 6.182 2.893 3.276 1.462 1.064 0.6840 0.7279 0.9397 1.374

10 36° 7.694 2.939 3.249 1.618 1.052 0.6180 0.6498 0.9511 1.539

12 30° 11.20 3.000 3.215 1.932 1.035 0.5176 0.5359 0.9659 1.866
15 24° 17.64 3.051 3.188 2.405 1.022 0.4158 0.4251 0.9781 2.352
16 22°.50 20.11 3.062 3.183 2.563 1.020 0.3902 0.3978 0.9808 2.514
20 18° 31.57 3.090 3.168 3.196 1.013 0.3129 0.3168 0.9877 3.157

24 15° 45.58 3.106 3.160 3.831 1.009 0.2611 0.2633 0.9914 3.798
32 11°.25 81.23 3.121 3.152 5.101 1.005 0.1960 0.1970 0.9952 5.077
48 7°.50 183.1 3.133 3.146 7.645 1.002 0.1308 0.1311 0.9979 7.629
64 5°.625 325.7 3.137 3.144 10.19 1.001 0.0981 0.0983 0.9968 10.18

Table 1.1.4 Binomial Coefficients

(n)0 5 1 (n)1 5 n (n)2 5
n(n 2 1)

1 3 2
(n)3 5

n(n 2 1)(n 2 2)

1 3 2 3 3
etc. in general (n)r 5

n(n 2 1)(n 2 2) ? ? ? [n 2 (r 2 1)]

1 3 2 3 3 3 ? ? ? 3 r
. Other notations: nCr 5Sn

rD 5 (n)r

n (n)0 (n)1 (n)2 (n)3 (n)4 (n)5 (n)6 (n)7 (n)8 (n)9 (n)10 (n)11 (n)12 (n)13

1 1 1 ...... ...... ...... ...... ...... ...... ...... ...... ...... ...... ...... ......

2 1 2 1 ...... ...... ...... ...... ...... ...... ...... ...... ...... ...... ......

3 1 3 3 1 ...... ...... ...... ...... ...... ...... ...... ...... ...... ......

4 1 4 6 4 1 ...... ...... ...... ...... ...... ...... ...... ...... ......

5 1 5 10 10 5 1 ...... ...... ...... ...... ...... ...... ...... ......

6 1 6 15 20 15 6 1 ...... ...... ...... ...... ...... ...... ......

7 1 7 21 35 35 21 7 1 ...... ...... ...... ...... ...... ......

8 1 8 28 56 70 56 28 8 1 ...... ...... ...... ...... ......

9 1 9 36 84 126 126 84 36 9 1 ...... ...... ...... ......

10 1 10 45 120 210 252 210 120 45 10 1 ...... ...... ......

11 1 11 55 165 330 462 462 330 165 55 11 1 ...... ......

12 1 12 66 220 495 792 924 792 495 220 66 12 1 ......

13 1 13 78 286 715 1287 1716 1716 1287 715 286 78 13 1
14 1 14 91 364 1001 2002 3003 3432 3003 2002 1001 364 91 14
15 1 15 105 455 1365 3003 5005 6435 6435 5005 3003 1365 455 105

NOTE: For n 5 14, (n)14 5 1; for n 5 15, (n)14 5 15, and (n)15 5 1.
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MATHEMATICAL TABLES 1-5

Table 1.1.5 Compound Interest. Amount of a Given Principal
The amount A at the end of n years of a given principal P placed at compound interest today is A 5 P 3 x or A 5 P 3 y, according as the interest (at the rate of r
percent per annum) is compounded annually, or continuously; the factor x or y being taken from the following tables.

Years r 5 6 8 10 12 14 16 18 20 22

Values of x (interest compounded annually: A 5 P 3 x)

1 1.0600 1.0800 1.1000 1.1200 1.1400 1.1600 1.1800 1.2000 1.2200
2 1.1236 1.1664 1.2100 1.2544 1.2996 1.3456 1.3924 1.4400 1.4884
3 1.1910 1.2597 1.3310 1.4049 1.4815 1.5609 1.6430 1.7280 1.8158
4 1.2625 1.3605 1.4641 1.5735 1.6890 1.8106 1.9388 2.0736 2.2153
5 1.3382 1.4693 1.6105 1.7623 1.9254 2.1003 2.2878 2.4883 2.7027

6 1.4185 1.5869 1.7716 1.9738 2.1950 2.4364 2.6996 2.9860 3.2973
7 1.5036 1.7138 1.9487 2.2107 2.5023 2.8262 3.1855 3.5832 4.0227
8 1.5938 1.8509 2.1436 2.4760 2.8526 3.2784 3.7589 4.2998 4.9077
9 1.6895 1.9990 2.3579 2.7731 3.2519 3.8030 4.4355 5.1598 5.9874

10 1.7908 2.1589 2.5937 3.1058 3.7072 4.4114 5.2338 6.1917 7.3046

11 1.8983 2.3316 2.8531 3.4786 4.2262 5.1173 6.1759 7.4301 8.9117
12 2.0122 2.5182 3.1384 3.8960 4.8179 5.9360 7.2876 8.9161 10.872
13 2.1329 2.7196 3.4523 4.3635 5.4924 6.8858 8.5994 10.699 13.264
14 2.2609 2.9372 3.7975 4.8871 6.2613 7.9875 10.147 12.839 16.182
15 2.3966 3.1722 4.1772 5.4736 7.1379 9.2655 11.974 15.407 19.742

16 2.5404 3.4259 4.5950 6.1304 8.1372 10.748 14.129 18.488 24.086
17 2.6928 3.7000 5.0545 6.8660 9.2765 12.468 16.672 22.186 29.384
18 2.8543 3.9960 5.5599 7.6900 10.575 14.463 19.673 26.623 35.849
19 3.0256 4.3157 6.1159 8.6128 12.056 16.777 23.214 31.948 43.736
20 3.2071 4.6610 6.7275 9.6463 13.743 19.461 27.393 38.338 53.358

25 4.2919 6.8485 10.835 17.000 26.462 40.874 62.669 95.396 144.21
30 5.7435 10.063 17.449 29.960 50.950 85.850 143.37 237.38 389.76
40 10.286 21.725 45.259 93.051 188.88 378.72 750.38 1469.8 2847.0
50 18.420 46.902 117.39 289.00 700.23 1670.7 3927.4 9100.4 20796.6
60 32.988 101.26 304.48 897.60 2595.9 7370.2 20555.1 56347.5 151911.2

NOTE: This table is computed from the formula x 5 [1 1 (r/100)]n.

Years r 5 6 8 10 12 14 16 18 20 22

Values of y (interest compounded continuously: A 5 P 3 y)

1 1.0618 1.0833 1.1052 1.1275 1.1503 1.1735 1.1972 1.2214 1.2461
2 1.1275 1.1735 1.2214 1.2712 1.3231 1.3771 1.4333 1.4918 1.5527
3 1.1972 1.2712 1.3499 1.4333 1.5220 1.6161 1.7160 1.8221 1.9348
4 1.2712 1.3771 1.4918 1.6161 1.7507 1.8965 2.0544 2.2255 2.4109
5 1.3499 1.4918 1.6487 1.8221 2.0138 2.2255 2.4596 2.7183 3.0042

6 1.4333 1.6161 1.8221 2.0544 2.3164 2.6117 2.9447 3.3201 3.7434
7 1.5220 1.7507 2.0138 2.3164 2.6645 3.0649 3.5254 4.0552 4.6646
8 1.6161 1.8965 2.2255 2.6117 3.0649 3.5966 4.2207 4.9530 5.8124
9 1.7160 2.0544 2.4596 2.9447 3.5254 4.2207 5.0531 6.0496 7.2427

10 1.8221 2.2255 2.7183 3.3201 4.0552 4.9530 6.0496 7.3891 9.0250

11 1.9348 2.4109 3.0042 3.7434 4.6646 5.8124 7.2427 9.0250 11.246
12 2.0544 2.6117 3.3201 4.2207 5.3656 6.8210 8.6711 11.023 14.013
13 2.1815 2.8292 3.6693 4.7588 6.1719 8.0045 10.381 13.464 17.462
14 2.3164 3.0649 4.0552 5.3656 7.0993 9.3933 12.429 16.445 21.758
15 2.4596 3.3201 4.4817 6.0496 8.1662 11.023 14.880 20.086 27.113

16 2.6117 3.5966 4.9530 6.8210 9.3933 12.936 17.814 24.533 33.784
17 2.7732 3.8962 5.4739 7.6906 10.805 15.180 21.328 29.964 42.098
18 2.9447 4.2207 6.0496 8.6711 12.429 17.814 25.534 36.598 52.457
19 3.1268 4.5722 6.6859 9.7767 14.296 20.905 30.569 44.701 65.366
20 3.3201 4.9530 7.3891 11.023 16.445 24.533 36.598 54.598 81.451

25 4.4817 7.3891 12.182 20.086 33.115 54.598 90.017 148.41 244.69
30 6.0496 11.023 20.086 36.598 66.686 121.51 221.41 403.43 735.10
40 11.023 24.533 54.598 121.51 270.43 601.85 1339.4 2981.0 6634.2
50 20.086 54.598 148.41 403.43 1096.6 2981.0 8103.1 22026.5 59874.1
60 36.598 121.51 403.43 1339.4 4447.1 14764.8 49020.8 162754.8 540364.9

FORMULA: y 5 e(r/100)3n.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 1.1.6 Principal Which Will Amount to a Given Sum
The principal P, which, if placed at compound interest today, will amount to a given sum A at the end of n years P 5 A 3 x9 or P 5
A 3 y9, according as the interest (at the rate of r percent per annum) is compounded annually, or continuously; the factor x9 or y9
being taken from the following tables.

Years r 5 6 8 10 12 14 16 18 20 22

Values of x9 (interest compounded annually: P 5 A 3 x9)

1 .94340 .92593 .90909 .89286 .87719 .86207 .84746 .83333 .81967
2 .89000 .85734 .82645 .79719 .76947 .74316 .71818 .69444 .67186
3 .83962 .79383 .75131 .71178 .67497 .64066 .60863 .57870 .55071
4 .79209 .73503 .68301 .63552 .59208 .55229 .51579 .48225 .45140
5 .74726 .68058 .62092 .56743 .51937 .47611 .43711 .40188 .37000

6 .70496 .63017 .56447 .50663 .45559 .41044 .37043 .33490 .30328
7 .66506 .58349 .51316 .45235 .39964 .35383 .31393 .27908 .24859
8 .62741 .54027 .46651 .40388 .35056 .30503 .26604 .23257 .20376
9 .59190 .50025 .42410 .36061 .30751 .26295 .22546 .19381 .16702

10 .55839 .46319 .38554 .32197 .26974 .22668 .19106 .16151 .13690

11 .52679 .42888 .35049 .28748 .23662 .19542 .16192 .13459 .11221
12 .49697 .39711 .31863 .25668 .20756 .16846 .13722 .11216 .09198
13 .46884 .36770 .28966 .22917 .18207 .14523 .11629 .09346 .07539
14 .44230 .34046 .26333 .20462 .15971 .12520 .09855 .07789 .06180
15 .41727 .31524 .23939 .18270 .14010 .10793 .08352 .06491 .05065

16 .39365 .29189 .21763 .16312 .12289 .09304 .07078 .05409 .04152
17 .37136 .27027 .19784 .14564 .10780 .08021 .05998 .04507 .03403
18 .35034 .25025 .17986 .13004 .09456 .06914 .05083 .03756 .02789
19 .33051 .23171 .16351 .11611 .08295 .05961 .04308 .03130 .02286
20 .31180 .21455 .14864 .10367 .07276 .05139 .03651 .02608 .01874

25 .23300 .14602 .09230 .05882 .03779 .02447 .01596 .01048 .00693
30 .17411 .09938 .05731 .03338 .01963 .01165 .00697 .00421 .00257
40 .09722 .04603 .02209 .01075 .00529 .00264 .00133 .00068 .00035
50 .05429 .02132 .00852 .00346 .00143 .00060 .00025 .00011 .00005
60 .03031 .00988 .00328 .00111 .00039 .00014 .00005 .00002 .00001

FORMULA: x9 5 [1 1 (r/100)]2n 5 1/x.

Years r 5 6 8 10 12 14 16 18 20 22

Values of y9 (interest compounded continuously: P 5 A 3 y9)

1 .94176 .92312 .90484 .88692 .86936 .85214 .83527 .81873 .80252
2 .88692 .85214 .81873 .78663 .75578 .72615 .69768 .67032 .64404
3 .83527 .78663 .74082 .69768 .65705 .61878 .58275 .54881 .51685
4 .78663 .72615 .67032 .61878 .57121 .52729 .48675 .44933 .41478
5 .74082 .67032 .60653 .54881 .49659 .44933 .40657 .36788 .33287

6 .69768 .61878 .54881 .48675 .43171 .38289 .33960 .30119 .26714
7 .65705 .57121 .49659 .43171 .37531 .32628 .28365 .24660 .21438
8 .61878 .52729 .44933 .38289 .32628 .27804 .23693 .20190 .17204
9 .58275 .48675 .40657 .33960 .28365 .23693 .19790 .16530 .13807

10 .54881 .44933 .36788 .30119 .24660 .20190 .16530 .13534 .11080

11 .51685 .41478 .33287 .26714 .21438 .17204 .13807 .11080 .08892
12 .48675 .38289 .30119 .23693 .18637 .14661 .11533 .09072 .07136
13 .45841 .35345 .27253 .21014 .16203 .12493 .09633 .07427 .05727
14 .43171 .32628 .24660 .18637 .14086 .10646 .08046 .06081 .04596
15 .40657 .30119 .22313 .16530 .12246 .09072 .06721 .04979 .03688

16 .38289 .27804 .20190 .14661 .10646 .07730 .05613 .04076 .02960
17 .36059 .25666 .18268 .13003 .09255 .06587 .04689 .03337 .02375
18 .33960 .23693 .16530 .11533 .08046 .05613 .03916 .02732 .01906
19 .31982 .21871 .14957 .10228 .06995 .04783 .03271 .02237 .01530
20 .30119 .20190 .13534 .09072 .06081 .04076 .02732 .01832 .01228

25 .22313 .13534 .08208 .04979 .03020 .01832 .01111 .00674 .00409
30 .16530 .09072 .04979 .02732 .01500 .00823 .00452 .00248 .00136
40 .09072 .04076 .01832 .00823 .00370 .00166 .00075 .00034 .00015
50 .04979 .01832 .00674 .00248 .00091 .00034 .00012 .00005 .00002
60 .02732 .00823 .00248 .00075 .00022 .00007 .00002 .00001 .00000

FORMULA: y9 5 e2(r/100)3n 5 1/y.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.



MATHEMATICAL TABLES 1-7

Table 1.1.7 Amount of an Annuity
The amount S accumulated at the end of n years by a given annual payment Y set aside at the end of each year is S 5 Y 3 v, where the factor v is to be taken from the
following table (interest at r percent per annum, compounded annually).

Years r 5 6 8 10 12 14 16 18 20 22

Values of v

1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
2 2.0600 2.0800 2.1000 2.1200 2.1400 2.1600 2.1800 2.2000 2.2200
3 3.1836 3.2464 3.3100 3.3744 3.4396 3.5056 3.5724 3.6400 3.7084
4 4.3746 4.5061 4.6410 4.7793 4.9211 5.0665 5.2154 5.3680 5.5242
5 5.6371 5.8666 6.1051 6.3528 6.6101 6.8771 7.1542 7.4416 7.7396

6 6.9753 7.3359 7.7156 8.1152 8.5355 8.9775 9.4420 9.9299 10.442
7 8.3938 8.9228 9.4872 10.089 10.730 11.414 12.142 12.916 13.740
8 9.8975 10.637 11.436 12.300 13.233 14.240 15.327 16.499 17.762
9 11.491 12.488 13.579 14.776 16.085 17.519 19.086 20.799 22.670

10 13.181 14.487 15.937 17.549 19.337 21.321 23.521 25.959 28.657

11 14.972 16.645 18.531 20.655 23.045 25.733 28.755 32.150 35.962
12 16.870 18.977 21.384 24.133 27.271 30.850 34.931 39.581 44.874
13 18.882 21.495 24.523 28.029 32.089 36.786 42.219 48.497 55.746
14 21.015 24.215 27.975 32.393 37.581 43.672 50.818 59.196 69.010
15 23.276 27.152 31.772 37.280 43.842 51.660 60.965 72.035 85.192

16 25.673 30.324 35.950 42.753 50.980 60.925 72.939 87.442 104.93
17 28.213 33.750 40.545 48.884 59.118 71.673 87.068 105.93 129.02
18 30.906 37.450 45.599 55.750 68.394 84.141 103.74 128.12 158.40
19 33.760 41.446 51.159 63.440 78.969 98.603 123.41 154.74 194.25
20 36.786 45.762 57.275 72.052 91.025 115.38 146.63 186.69 237.99

25 54.865 73.106 98.347 133.33 181.87 249.21 342.60 471.98 650.96
30 79.058 113.28 164.49 241.33 356.79 530.31 790.95 1181.9 1767.1
40 154.76 259.06 422.59 767.09 1342.0 2360.8 4163.2 7343.9 12936.5
50 290.34 573.77 1163.9 2400.0 4994.5 10435.6 21813.1 45497.2 94525.3
60 533.13 1253.2 3034.8 7471.6 18535.1 46057.5 114189.7 281732.6 690501.0

FORMULA: v {[1 1 (r/100)]n 2 1} 4 (r/100) 5 (x 2 1) 4 (r/100).

Table 1.1.8 Annuity Which Will Amount to a Given Sum (Sinking Fund)
The annual payment Y which, if set aside at the end of each year, will amount with accumulated interest to a given sum S at the end of n years is Y 5 S 3 v9, where
the factor v9 is given below (interest at r percent per annum, compounded annually).

Years r 5 6 8 10 12 14 16 18 20 22

Values of v9

1 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
2 .48544 .48077 .47619 .47170 .46729 .46296 .45872 .45455 .45045
3 .31411 .30803 .30211 .29635 .29073 .28526 .27992 .27473 .26966
4 .22859 .22192 .21547 .20923 .20320 .19738 .19174 .18629 .18102
5 .17740 .17046 .16380 .15741 .15128 .14541 .13978 .13438 .12921

6 .14336 .13632 .12961 .12323 .11716 .11139 .10591 .10071 .09576
7 .11914 .11207 .10541 .09912 .09319 .08761 .08236 .07742 .07278
8 .10104 .09401 .08744 .08130 .07557 .07022 .06524 .06061 .05630
9 .08702 .08008 .07364 .06768 .06217 .05708 .05239 .04808 .04411

10 .07587 .06903 .06275 .05698 .05171 .04690 .04251 .03852 .03489

11 .06679 .06008 .05396 .04842 .04339 .03886 .03478 .03110 .02781
12 .05928 .05270 .04676 .04144 .03667 .03241 .02863 .02526 .02228
13 .05296 .04652 .04078 .03568 .03116 .02718 .02369 .02062 .01794
14 .04758 .04130 .03575 .03087 .02661 .02290 .01968 .01689 .01449
15 .04296 .03683 .03147 .02682 .02281 .01936 .01640 .01388 .01174

16 .03895 .03298 .02782 .02339 .01962 .01641 .01371 .01144 .00953
17 .03544 .02963 .02466 .02046 .01692 .01395 .01149 .00944 .00775
18 .03236 .02670 .02193 .01794 .01462 .01188 .00964 .00781 .00631
19 .02962 .02413 .01955 .01576 .01266 .01014 .00810 .00646 .00515
20 .02718 .02185 .01746 .01388 .01099 .00867 .00682 .00536 .00420

25 .01823 .01368 .01017 .00750 .00550 .00401 .00292 .00212 .00154
30 .01265 .00883 .00608 .00414 .00280 .00189 .00126 .00085 .00057
40 .00646 .00386 .00226 .00130 .00075 .00042 .00024 .00014 .00008
50 .00344 .00174 .00086 .00042 .00020 .00010 .00005 .00002 .00001
60 .00188 .00080 .00033 .00013 .00005 .00002 .00001 .00000 .00000

FORMULA: v9 5 (r/100) 4 {[1 1 (r/100)]n 2 1} 5 1/v.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 1.1.9 Present Worth of an Annuity
The capital C which, if placed at interest today, will provide for a given annual payment Y for a term of n years before it is exhausted is C 5 Y 3 w, where the factor
w is given below (interest at r percent per annum, compounded annually).

Years r 5 6 8 10 12 14 16 18 20 22

Values of w

1 .94340 .92590 .90910 .89290 .87720 .86210 .84750 .83330 .81970
2 1.8334 1.7833 1.7355 1.6901 1.6467 1.6052 1.5656 1.5278 1.4915
3 2.6730 2.5771 2.4869 2.4018 2.3216 2.2459 2.1743 2.1065 2.0422
4 3.4651 3.3121 3.1699 3.0373 2.9137 2.7982 2.6901 2.5887 2.4936
5 4.2124 3.9927 3.7908 3.6048 3.4331 3.2743 3.1272 2.9906 2.8636

6 4.9173 4.6229 4.3553 4.1114 3.8887 3.6847 3.4976 3.3255 3.1669
7 5.5824 5.2064 4.8684 4.5638 4.2883 4.0386 3.8115 3.6046 3.4155
8 6.2098 5.7466 5.3349 4.9676 4.6389 4.3436 4.0776 3.8372 3.6193
9 6.8017 6.2469 5.7590 5.3282 4.9464 4.6065 4.3030 4.0310 3.7863

10 7.3601 6.7101 6.1446 5.6502 5.2161 4.8332 4.4941 4.1925 3.9232

11 7.8869 7.1390 6.4951 5.9377 5.4527 5.0286 4.6560 4.3271 4.0354
12 8.3838 7.5361 6.8137 6.1944 5.6603 5.1971 4.7932 4.4392 4.1274
13 8.8527 7.9038 7.1034 6.4235 5.8424 5.3423 4.9095 4.5327 4.2028
14 9.2950 8.2442 7.3667 6.6282 6.0021 5.4675 5.0081 4.6106 4.2646
15 9.7122 8.5595 7.6061 6.8109 6.1422 5.5755 5.0916 4.6755 4.3152

16 10.106 8.8514 7.8237 6.9740 6.2651 5.6685 5.1624 4.7296 4.3567
17 10.477 9.1216 8.0216 7.1196 6.3729 5.7487 5.2223 4.7746 4.3908
18 10.828 9.3719 8.2014 7.2497 6.4674 5.8178 5.2732 4.8122 4.4187
19 11.158 9.6036 8.3649 7.3658 6.5504 5.8775 5.3162 4.8435 4.4415
20 11.470 9.8181 8.5136 7.4694 6.6231 5.9288 5.3527 4.8696 4.4603

25 12.783 10.675 9.0770 7.8431 6.8729 6.0971 5.4669 4.9476 4.5139
30 13.765 11.258 9.4269 8.0552 7.0027 6.1772 5.5168 4.9789 4.5338
40 15.046 11.925 9.7791 8.2438 7.1050 6.2335 5.5482 4.9966 4.5439
50 15.762 12.233 9.9148 8.3045 7.1327 6.2463 5.5541 4.9995 4.5452
60 16.161 12.377 9.9672 8.3240 7.1401 6.2492 5.5553 4.9999 4.5454

FORMULA: w 5 {1 2 [1 1 (r/100)]2n}4 [r/100] 5 v/x.

Table 1.1.10 Annuity Provided for by a Given Capital
The annual payment Y provided for a term of n years by a given capital C placed at interest today is Y 5 C 3 w9 (interest at r percent per annum, compounded annu-
ally; the fund supposed to be exhausted at the end of the term).

Years r 5 6 8 10 12 14 16 18 20 22

Values of w9

1 1.0600 1.0800 1.1000 1.1200 1.1400 1.1600 1.1800 1.2000 1.2200
2 .54544 .56077 .57619 .59170 .60729 .62296 .63872 .65455 .67045
3 .37411 .38803 .40211 .41635 .43073 .44526 .45992 .47473 .48966
4 .28859 .30192 .31547 .32923 .34320 .35738 .37174 .38629 .40102
5 .23740 .25046 .26380 .27741 .29128 .30541 .31978 .33438 .34921

6 .20336 .21632 .22961 .24323 .25716 .27139 .28591 .30071 .31576
7 .17914 .19207 .20541 .21912 .23319 .24761 .26236 .27742 .29278
8 .16104 .17401 .18744 .20130 .21557 .23022 .24524 .26061 .27630
9 .14702 .16008 .17364 .18768 .20217 .21708 .23239 .24808 .26411

10 .13587 .14903 .16275 .17698 .19171 .20690 .22251 .23852 .25489

11 .12679 .14008 .15396 .16842 .18339 .19886 .21478 .23110 .24781
12 .11928 .13270 .14676 .16144 .17667 .19241 .20863 .22526 .24228
13 .11296 .12652 .14078 .15568 .17116 .18718 .20369 .22062 .23794
14 .10758 .12130 .13575 .15087 .16661 .18290 .19968 .21689 .23449
15 .10296 .11683 .13147 .14682 .16281 .17936 .19640 .21388 .23174

16 .09895 .11298 .12782 .14339 .15962 .17641 .19371 .21144 .22953
17 .09544 .10963 .12466 .14046 .15692 .17395 .19149 .20944 .22775
18 .09236 .10670 .12193 .13794 .15462 .17188 .18964 .20781 .22631
19 .08962 .10413 .11955 .13576 .15266 .17014 .18810 .20646 .22515
20 .08718 .10185 .11746 .13388 .15099 .16867 .18682 .20536 .22420

25 .07823 .09368 .11017 .12750 .14550 .16401 .18292 .20212 .22154
30 .07265 .08883 .10608 .12414 .14280 .16189 .18126 .20085 .22057
40 .06646 .08386 .10226 .12130 .14075 .16042 .18024 .20014 .22008
50 .06344 .08174 .10086 .12042 .14020 .16010 .18005 .20002 .22001
60 .06188 .08080 .10033 .12013 .14005 .16002 .18001 .20000 .22000

FORMULA: w9 5 [r/100] 4 {1 2 [1 1 (r/100)]2n} 5 1/w 5 v9 1 (r/100).
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Table 1.1.11 Ordinates of the Normal Density Function

f (x) 5
1

√2p
e2x2/2

x .00 .01 .02 .03 .04 .05 .06 .07 .08 .09

.0 .3989 .3989 .3989 .3988 .3986 .3984 .3982 .3980 .3977 .3973

.1 .3970 .3965 .3961 .3956 .3951 .3945 .3939 .3932 .3925 .3918

.2 .3910 .3902 .3894 .3885 .3876 .3867 .3857 .3847 .3836 .3825

.3 .3814 .3802 .3790 .3778 .3765 .3752 .3739 .3725 .3712 .3697

.4 .3683 .3668 .3653 .3637 .3621 .3605 .3589 .3572 .3555 .3538

.5 .3521 .3503 .3485 .3467 .3448 .3429 .3410 .3391 .3372 .3352

.6 .3332 .3312 .3292 .3271 .3251 .3230 .3209 .3187 .3166 .3144

.7 .3123 .3101 .3079 .3056 .3034 .3011 .2989 .2966 .2943 .2920

.8 .2897 .2874 .2850 .2827 .2803 .2780 .2756 .2732 .2709 .2685

.9 .2661 .2637 .2613 .2589 .2565 .2541 .2516 .2492 .2468 .2444

1.0 .2420 .2396 .2371 .2347 .2323 .2299 .2275 .2251 .2227 .2203
1.1 .2179 .2155 .2131 .2107 .2083 .2059 .2036 .2012 .1989 .1965
1.2 .1942 .1919 .1895 .1872 .1849 .1826 .1804 .1781 .1758 .1736
1.3 .1714 .1691 .1669 .1647 .1626 .1604 .1582 .1561 .1539 .1518
1.4 .1497 .1476 .1456 .1435 .1415 .1394 .1374 .1354 .1334 .1315

1.5 .1295 .1276 .1257 .1238 .1219 .1200 .1182 .1163 .1154 .1127
1.6 .1109 .1092 .1074 .1057 .1040 .1023 .1006 .0989 .0973 .0957
1.7 .0940 .0925 .0909 .0893 .0878 .0863 .0848 .0833 .0818 .0804
1.8 .0790 .0775 .0761 .0748 .0734 .0721 .0707 .0694 .0681 .0669
1.9 .0656 .0644 .0632 .0620 .0608 .0596 .0584 .0573 .0562 .0551

2.0 .0540 .0529 .0519 .0508 .0498 .0488 .0478 .0468 .0459 .0449
2.1 .0440 .0431 .0422 .0413 .0404 .0396 .0387 .0379 .0371 .0363
2.2 .0355 .0347 .0339 .0332 .0325 .0317 .0310 .0303 .0297 .0290
2.3 .0283 .0277 .0270 .0264 .0258 .0252 .0246 .0241 .0235 .0229
2.4 .0224 .0219 .0213 .0208 .0203 .0198 .0194 .0189 .0184 .0180

2.5 .0175 .0171 .0167 .0163 .0158 .0154 .0151 .0147 .0143 .0139
2.6 .0136 .0132 .0129 .0126 .0122 .0119 .0116 .0113 .0110 .0107
2.7 .0104 .0101 .0099 .0096 .0093 .0091 .0088 .0086 .0084 .0081
2.8 .0079 .0077 .0075 .0073 .0071 .0069 .0067 .0065 .0063 .0061
2.9 .0060 .0058 .0056 .0055 .0053 .0051 .0050 .0048 .0047 .0046

3.0 .0044 .0043 .0042 .0040 .0039 .0038 .0037 .0036 .0035 .0034
3.1 .0033 .0032 .0031 .0030 .0029 .0028 .0027 .0026 .0025 .0025
3.2 .0024 .0023 .0022 .0022 .0021 .0020 .0020 .0019 .0018 .0018
3.3 .0017 .0017 .0016 .0016 .0015 .0015 .0014 .0014 .0013 .0013
3.4 .0012 .0012 .0012 .0011 .0011 .0010 .0010 .0010 .0009 .0009

3.5 .0009 .0008 .0008 .0008 .0008 .0007 .0007 .0007 .0007 .0006
3.6 .0006 .0006 .0006 .0005 .0005 .0005 .0005 .0005 .0005 .0004
3.7 .0004 .0004 .0004 .0004 .0004 .0004 .0003 .0003 .0003 .0003
3.8 .0003 .0003 .0003 .0003 .0003 .0002 .0002 .0002 .0002 .0002
3.9 .0002 .0002 .0002 .0002 .0002 .0002 .0002 .0002 .0001 .0001

NOTE: x is the value in left-hand column 1 the value in top row.
f (x) is the value in the body of the table. Example: x 5 2.14; f (x) 5 0.0404.
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Table 1.1.12 Cumulative Normal Distribution

F(x) 5 Ex

2`

1

√2p
e2t2/2 dt

x .00 .01 .02 .03 .04 .05 .06 .07 .08 .09

.0 .5000 .5040 .5080 .5120 .5160 .5199 .5239 .5279 .5319 .5359

.1 .5398 .5438 .5478 .5517 .5557 .5596 .5636 .5675 .5714 .5735

.2 .5793 .5832 .5871 .5910 .5948 .5987 .6026 .6064 .6103 .6141

.3 .6179 .6217 .6255 .6293 .6331 .6368 .6406 .6443 .6480 .6517

.4 .6554 .6591 .6628 .6664 .6700 .6736 .6772 .6808 .6844 .6879

.5 .6915 .6950 .6985 .7019 .7054 .7088 .7123 .7157 .7190 .7224

.6 .7257 .7291 .7324 .7357 .7389 .7422 .7454 .7486 .7517 .7549

.7 .7580 .7611 .7642 .7673 .7703 .7734 .7764 .7793 .7823 .7852

.8 .7881 .7910 .7939 .7967 .7995 .8023 .8051 .8078 .8106 .8133

.9 .8159 .8186 .8212 .8238 .8264 .8289 .8315 .8340 .8365 .8389

1.0 .8413 .8438 .8461 .8485 .8508 .8531 .8554 .8577 .8599 .8621
1.1 .8643 .8665 .8686 .8708 .8729 .8749 .8770 .8790 .8810 .8830
1.2 .8849 .8869 .8888 .8906 .8925 .8943 .8962 .8980 .8997 .9015
1.3 .9032 .9049 .9066 .9082 .9099 .9115 .9131 .9147 .9162 .9177
1.4 .9192 .9207 .9222 .9236 .9251 .9265 .9279 .9292 .9306 .9319

1.5 .9332 .9345 .9357 .9370 .9382 .9394 .9406 .9418 .9429 .9441
1.6 .9452 .9463 .9474 .9484 .9495 .9505 .9515 .9525 .9535 .9545
1.7 .9554 .9564 .9573 .9582 .9591 .9599 .9608 .9616 .9625 .9633
1.8 .9641 .9649 .9656 .9664 .9671 .9678 .9686 .9693 .9699 .9706
1.9 .9713 .9719 .9726 .9732 .9738 .9744 .9750 .9756 .9761 .9767

2.0 .9772 .9778 .9783 .9788 .9793 .9798 .9803 .9808 .9812 .9817
2.1 .9812 .9826 .9830 .9834 .9838 .9842 .9846 .9850 .9854 .9857
2.2 .9861 .9864 .9868 .9871 .9875 .9878 .9881 .9884 .9887 .9890
2.3 .9893 .9896 .9898 .9901 .9904 .9906 .9909 .9911 .9913 .9916
2.4 .9918 .9920 .9922 .9925 .9927 .9929 .9931 .9932 .9934 .9936

2.5 .9938 .9940 .9941 .9943 .9945 .9946 .9948 .9949 .9951 .9952
2.6 .9953 .9955 .9956 .9957 .9959 .9960 .9961 .9962 .9963 .9964
2.7 .9965 .9966 .9967 .9968 .9969 .9970 .9971 .9972 .9973 .9974
2.8 .9974 .9975 .9976 .9977 .9977 .9978 .9979 .9979 .9980 .9981
2.9 .9981 .9982 .9982 .9983 .9984 .9984 .9985 .9985 .9986 .9986

3.0 .9986 .9987 .9987 .9988 .9988 .9989 .9989 .9989 .9990 .9990
3.1 .9990 .9991 .9991 .9991 .9992 .9992 .9992 .9992 .9993 .9993
3.2 .9993 .9993 .9994 .9994 .9994 .9994 .9994 .9995 .9995 .9995
3.3 .9995 .9995 .9995 .9996 .9996 .9996 .9996 .9996 .9996 .9997
3.4 .9997 .9997 .9997 .9997 .9997 .9997 .9997 .9997 .9997 .9998

NOTE: x 5 (a 2 m)/s where a is the observed value, m is the mean, and s is the standard deviation.
x is the value in the left-hand column 1 the value in the top row.
F(x) is the probability that a point will be less than or equal to x.
F(x) is the value in the body of the table. Example: The probability that an observation will be less than or equal to 1.04 is .8508.
NOTE: F(2x) 5 1 2 F(x).
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Table 1.1.13 Cumulative Chi-Square Distribution

F(t) 5 Et

0

x (n22)/2e2x/2 dx

2n/2[(n 2 2)/2]!

F
n .005 .010 .025 .050 .100 .250 .500 .750 .900 .950 .975 .990 .995

1 .000039 .00016 .00098 .0039 .0158 .101 .455 1.32 2.70 3.84 5.02 6.62 7.86
2 .0100 .0201 .0506 .103 .211 .575 1.39 2.77 4.61 5.99 7.38 9.21 10.6
3 .0717 .155 .216 .352 .584 1.21 2.37 4.11 6.25 7.81 9.35 11.3 12.8
4 .207 .297 .484 .711 1.06 1.92 3.36 5.39 7.78 9.49 11.1 13.3 14.9
5 .412 .554 .831 1.15 1.61 2.67 4.35 6.63 9.24 11.1 12.8 15.1 16.7

6 .676 .872 1.24 1.64 2.20 3.45 5.35 7.84 10.6 12.6 14.4 16.8 18.5
7 .989 1.24 1.69 2.17 2.83 4.25 6.35 9.04 12.0 14.1 16.0 18.5 20.3
8 1.34 1.65 2.18 2.73 3.49 5.07 7.34 10.2 13.4 15.5 17.5 20.1 22.0
9 1.73 2.09 2.70 3.33 4.17 5.90 8.34 11.4 14.7 16.9 19.0 21.7 23.6

10 2.16 2.56 3.25 3.94 4.87 6.74 9.34 12.5 16.0 18.3 20.5 23.2 25.2

11 2.60 3.05 3.82 4.57 5.58 7.58 10.3 13.7 17.3 19.7 21.9 24.7 26.8
12 3.07 3.57 4.40 5.23 6.30 8.44 11.3 14.8 18.5 21.0 23.3 26.2 28.3
13 3.57 4.11 5.01 5.89 7.04 9.30 12.3 16.0 19.8 22.4 24.7 27.7 29.8
14 4.07 4.66 5.63 6.57 7.79 10.2 13.3 17.1 21.1 23.7 26.1 29.1 31.3
15 4.60 5.23 6.26 7.26 8.55 11.0 14.3 18.2 22.3 25.0 27.5 30.6 32.8

16 5.14 5.81 6.91 7.96 9.31 11.9 15.3 19.4 23.5 26.3 28.8 32.0 34.3
17 5.70 6.41 7.56 8.67 10.1 12.8 16.3 20.5 24.8 27.6 30.2 33.4 35.7
18 6.26 7.01 8.23 9.39 10.9 13.7 17.3 21.6 26.0 28.9 31.5 34.8 37.2
19 6.84 7.63 8.91 10.1 11.7 14.6 18.3 22.7 27.2 30.1 32.9 36.2 38.6
20 7.43 8.26 9.59 10.9 12.4 15.5 19.3 23.8 28.4 31.4 34.2 37.6 40.0

21 8.03 8.90 10.3 11.6 13.2 16.3 20.3 24.9 29.6 32.7 35.5 38.9 41.4
22 8.64 9.54 11.0 12.3 14.0 17.2 21.3 26.0 30.8 33.9 36.8 40.3 42.8
23 9.26 10.2 11.7 13.1 14.8 18.1 22.3 27.1 32.0 35.2 38.1 41.6 44.2
24 9.89 10.9 12.4 13.8 15.7 19.0 23.3 28.2 33.2 36.4 39.4 43.0 45.6
25 10.5 11.5 13.1 14.6 16.5 19.9 24.3 29.3 34.4 37.7 40.6 44.3 46.9

26 11.2 12.2 13.8 15.4 17.3 20.8 25.3 30.4 35.6 38.9 41.9 45.6 48.3
27 11.8 12.9 14.6 16.2 18.1 21.7 26.3 31.5 36.7 40.1 43.2 47.0 49.6
28 12.5 13.6 15.3 16.9 18.9 22.7 27.3 32.6 37.9 41.3 44.5 48.3 51.0
29 13.1 14.3 16.0 17.7 19.8 23.6 28.3 33.7 39.1 42.6 45.7 49.6 52.3
30 13.8 15.0 16.8 18.5 20.6 24.5 29.3 34.8 40.3 43.8 47.0 50.9 53.7

NOTE: n is the number of degrees of freedom.
Values for t are in the body of the table. Example: The probability that , with 16 degrees of freedom, a point will be # 23.5 is .900.
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Table 1.1.14 Cumulative ‘‘Student’s’’ Distribution

F(t) 5 Et

2`

Sn 2 1

2 D !

Sn 2 2

2 D ! √pnS1 1
x2

nD(n11)/2
dx

F
n .75 .90 .95 .975 .99 .995 .9995

1 1.000 3.078 6.314 12.70 31.82 63.66 636.3
2 .816 1.886 2.920 4.303 6.965 9.925 31.60
3 .765 1.638 2.353 3.182 4.541 5.841 12.92
4 .741 1.533 2.132 2.776 3.747 4.604 8.610
5 .727 1.476 2.015 2.571 3.365 4.032 6.859

6 .718 1.440 1.943 2.447 3.143 3.707 5.959
7 .711 1.415 1.895 2.365 2.998 3.499 5.408
8 .706 1.397 1.860 2.306 2.896 3.355 5.041
9 .703 1.383 1.833 2.262 2.821 3.250 4.781

10 .700 1.372 1.812 2.228 2.764 3.169 4.587

11 .697 1.363 1.796 2.201 2.718 3.106 4.437
12 .695 1.356 1.782 2.179 2.681 3.055 4.318
13 .694 1.350 1.771 2.160 2.650 3.012 4.221
14 .692 1.345 1.761 2.145 2.624 2.977 4.140
15 .691 1.341 1.753 2.131 2.602 2.947 4.073

16 .690 1.337 1.746 2.120 2.583 2.921 4.015
17 .689 1.333 1.740 2.110 2.567 2.898 3.965
18 .688 1.330 1.734 2.101 2.552 2.878 3.922
19 .688 1.328 1.729 2.093 2.539 2.861 3.883
20 .687 1.325 1.725 2.086 2.528 2.845 3.850

21 .686 1.323 1.721 2.080 2.518 2.831 3.819
22 .686 1.321 1.717 2.074 2.508 2.819 3.792
23 .685 1.319 1.714 2.069 2.500 2.807 3.768
24 .685 1.318 1.711 2.064 2.492 2.797 3.745
25 .684 1.316 1.708 2.060 2.485 2.787 3.725

26 .684 1.315 1.706 2.056 2.479 2.779 3.707
27 .684 1.314 1.703 2.052 2.473 2.771 3.690
28 .683 1.313 1.701 2.048 2.467 2.763 3.674
29 .683 1.311 1.699 2.045 2.462 2.756 3.659
30 .683 1.310 1.697 2.042 2.457 2.750 3.646

40 .681 1.303 1.684 2.021 2.423 2.704 3.551
60 .679 1.296 1.671 2.000 2.390 2.660 3.460

120 .677 1.289 1.658 1.980 2.385 2.617 3.373

NOTE: n is the number of degrees of freedom.
Values for t are in the body of the table. Example: The probability that , with 16 degrees of freedom, a point will be # 2.921 is

.995.
NOTE: F(2 t) 5 1 2 F(t).
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Table 1.1.15 Cumulative F Distribution
m degrees of freedom in numerator; n in denominator

G(F) 5 EF

0

[(m 1 n 2 2)/2]!mm/2nn/2x (m22)/2(n 1 mx)2(m1n)/2 dx

[(m 2 2)/2]![(n 2 2)/2]!

Upper 5% points (F.95)

Degrees of freedom for numerator

1 2 3 4 5 6 7 8 9 10 12 15 20 24 30 40 60 120 `

1 161 200 216 225 230 234 237 239 241 242 244 246 248 249 250 251 252 253 254
2 18.5 19.0 19.2 19.2 19.3 19.3 19.4 19.4 19.4 19.4 19.4 19.4 19.4 19.5 19.5 19.5 19.5 19.5 19.5
3 10.1 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.81 8.79 8.74 8.70 8.66 8.64 8.62 8.59 8.57 8.55 8.53
4 7.71 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00 5.96 5.91 5.86 5.80 5.77 5.75 5.72 5.69 5.66 5.63
5 6.61 5.79 5.41 5.19 5.05 4.95 4.88 4.82 4.77 4.74 4.68 4.62 4.56 4.53 4.50 4.46 4.43 4.40 4.37

6 5.99 5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.10 4.06 4.00 3.94 3.87 3.84 3.81 3.77 3.74 3.70 3.67
7 5.59 4.74 4.35 4.12 3.97 3.87 3.79 3.73 3.68 3.64 3.57 3.51 3.44 3.41 3.38 3.34 3.30 3.27 3.23
8 5.32 4.46 4.07 3.84 3.69 3.58 3.50 3.44 3.39 3.35 3.28 3.22 3.15 3.12 3.08 3.04 3.01 2.97 2.93
9 5.12 4.26 3.86 3.63 3.48 3.37 3.29 3.23 3.18 3.14 3.07 3.01 2.94 2.90 2.86 2.83 2.79 2.75 2.71

10 4.96 4.10 3.71 3.48 3.33 3.22 3.14 3.07 3.02 2.98 2.91 2.85 2.77 2.74 2.70 2.66 2.62 2.58 2.54

11 4.84 3.98 3.59 3.36 3.20 3.09 3.01 2.95 2.90 2.85 2.79 2.72 2.65 2.61 2.57 2.53 2.49 2.45 2.40
12 4.75 3.89 3.49 3.26 3.11 3.00 2.91 2.85 2.80 2.75 2.69 2.62 2.54 2.51 2.47 2.43 2.38 2.34 2.30
13 4.67 3.81 3.41 3.18 3.03 2.92 2.83 2.77 2.71 2.67 2.60 2.53 2.46 2.42 2.38 2.34 2.30 2.25 2.21
14 4.60 3.74 3.34 3.11 2.96 2.85 2.76 2.70 2.65 2.60 2.53 2.46 2.39 2.35 2.31 2.27 2.22 2.18 2.13
15 4.54 3.68 3.29 3.06 2.90 2.79 2.71 2.64 2.59 2.54 2.48 2.40 2.33 2.29 2.25 2.20 2.16 2.11 2.07

16 4.49 3.63 3.24 3.01 2.85 2.74 2.66 2.59 2.54 2.49 2.42 2.35 2.28 2.24 2.19 2.15 2.11 2.06 2.01
17 4.45 3.59 3.20 2.96 2.81 2.70 2.61 2.55 2.49 2.45 2.38 2.31 2.23 2.19 2.15 2.10 2.06 2.01 1.96
18 4.41 3.55 3.16 2.93 2.77 2.66 2.58 2.51 2.46 2.41 2.34 2.27 2.19 2.15 2.11 2.06 2.02 1.97 1.92
19 4.38 3.52 3.13 2.90 2.74 2.63 2.54 2.48 2.42 2.38 2.31 2.23 2.16 2.11 2.07 2.03 1.98 1.93 1.88
20 4.35 3.49 3.10 2.87 2.71 2.60 2.51 2.45 2.39 2.35 2.28 2.20 2.12 2.08 2.04 1.99 1.95 1.90 1.84

21 4.32 3.47 3.07 2.84 2.68 2.57 2.49 2.42 2.37 2.32 2.25 2.18 2.10 2.05 2.01 1.96 1.92 1.87 1.81
22 4.30 3.44 3.05 2.82 2.66 2.55 2.46 2.40 2.34 2.30 2.23 2.15 2.07 2.03 1.98 1.94 1.89 1.84 1.78
23 4.28 3.42 3.03 2.80 2.64 2.53 2.44 2.37 2.32 2.27 2.20 2.13 2.05 2.01 1.96 1.91 1.86 1.81 1.76
24 4.26 3.40 3.01 2.78 2.62 2.51 2.42 2.36 2.30 2.25 2.18 2.11 2.03 1.98 1.94 1.89 1.84 1.79 1.73
25 4.24 3.39 2.99 2.76 2.60 2.49 2.40 2.34 2.28 2.24 2.16 2.09 2.01 1.96 1.92 1.87 1.82 1.77 1.71

30 4.17 3.32 2.92 2.69 2.53 2.42 2.33 2.27 2.21 2.16 2.09 2.01 1.93 1.89 1.84 1.79 1.74 1.68 1.62
40 4.08 3.23 2.84 2.61 2.45 2.34 2.25 2.18 2.12 2.08 2.00 1.92 1.84 1.79 1.74 1.69 1.64 1.58 1.51
60 4.00 3.15 2.76 2.53 2.37 2.25 2.17 2.10 2.04 1.99 1.92 1.84 1.75 1.70 1.65 1.59 1.53 1.47 1.39

120 3.92 3.07 2.68 2.45 2.29 2.18 2.09 2.02 1.96 1.91 1.83 1.75 1.66 1.61 1.55 1.50 1.43 1.35 1.25
` 3.84 3.00 2.60 2.37 2.21 2.10 2.01 1.94 1.88 1.83 1.75 1.67 1.57 1.52 1.46 1.39 1.32 1.22 1.00
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Upper 1% points (F.99)

Degrees of freedom for numerator

1 2 3 4 5 6 7 8 9 10 12 15 20 24 30 40 60 120 `

1 4052 5000 5403 5625 5764 5859 5928 5982 6023 6056 6106 6157 6209 6235 6261 6287 6313 6339 6366
2 98.5 99.0 99.2 99.2 99.3 99.3 99.4 99.4 99.4 99.4 99.4 99.4 99.4 99.5 99.5 99.5 99.5 99.5 99.5
3 34.1 30.8 29.5 28.7 28.2 27.9 27.7 27.5 27.3 27.2 27.1 26.9 26.7 26.6 26.5 26.4 26.3 26.2 26.1
4 21.2 18.0 16.7 16.0 15.5 15.2 15.0 14.8 14.7 14.5 14.4 14.2 14.0 13.9 13.8 13.7 13.7 13.6 13.5
5 16.3 13.3 12.1 11.4 11.0 10.7 10.5 10.3 10.2 10.1 9.89 9.72 9.55 9.47 9.38 9.29 9.20 9.11 9.02

6 13.7 10.9 9.78 9.15 8.75 8.47 8.26 8.10 7.98 7.87 7.72 7.56 7.40 7.31 7.23 7.14 7.06 6.97 6.88
7 12.2 9.55 8.45 7.85 7.46 7.19 6.99 6.84 6.72 6.62 6.47 6.31 6.16 6.07 5.99 5.91 5.82 5.74 5.65
8 11.3 8.65 7.59 7.01 6.63 6.37 6.18 6.03 5.91 5.81 5.67 5.52 5.36 5.28 5.20 5.12 5.03 4.95 4.86
9 10.6 8.02 6.99 6.42 6.06 5.80 5.61 5.47 5.35 5.26 5.11 4.96 4.81 4.73 4.65 4.57 4.48 4.40 4.31

10 10.0 7.56 6.55 5.99 5.64 5.39 5.20 5.06 4.94 4.85 4.71 4.56 4.41 4.33 4.25 4.17 4.08 4.00 3.91

11 9.65 7.21 6.22 5.67 5.32 5.07 4.89 4.74 4.63 4.54 4.40 4.25 4.10 4.02 3.94 3.86 3.78 3.69 3.60
12 9.33 6.93 5.95 5.41 5.06 4.82 4.64 4.50 4.39 4.30 4.16 4.01 3.86 3.78 3.70 3.62 3.54 3.45 3.36
13 9.07 6.70 5.74 5.21 4.86 4.62 4.44 4.30 4.19 4.10 3.96 3.82 3.66 3.59 3.51 3.43 3.34 3.25 3.17
14 8.86 6.51 5.56 5.04 4.70 4.46 4.28 4.14 4.03 3.94 3.80 3.66 3.51 3.43 3.35 3.27 3.18 3.09 3.00
15 8.68 6.36 5.42 4.89 4.56 4.32 4.14 4.00 3.89 3.80 3.67 3.52 3.37 3.29 3.21 3.13 3.05 2.96 2.87

16 8.53 6.23 5.29 4.77 4.44 4.20 4.03 3.89 3.78 3.69 3.55 3.41 3.26 3.18 3.10 3.02 2.93 2.84 2.75
17 8.40 6.11 5.19 4.67 4.34 4.10 3.93 3.79 3.68 3.59 3.46 3.31 3.16 3.08 3.00 2.92 2.83 2.75 2.65
18 8.29 6.01 5.09 4.58 4.25 4.01 3.84 3.71 3.60 3.51 3.37 3.23 3.08 3.00 2.92 2.84 2.75 2.66 2.57
19 8.19 5.93 5.01 4.50 4.17 3.94 3.77 3.63 3.52 3.43 3.30 3.15 3.00 2.92 2.84 2.76 2.67 2.58 2.49
20 8.10 5.85 4.94 4.43 4.10 3.87 3.70 3.56 3.46 3.37 3.23 3.09 2.94 2.86 2.78 2.69 2.61 2.52 2.42

21 8.02 5.78 4.87 4.37 4.04 3.81 3.64 3.51 3.40 3.31 3.17 3.03 2.88 2.80 2.72 2.64 2.55 2.46 2.36
22 7.95 5.72 4.82 4.31 3.99 3.76 3.59 3.45 3.35 3.26 3.12 2.98 2.83 2.75 2.67 2.58 2.50 2.40 2.31
23 7.88 5.66 4.76 4.26 3.94 3.71 3.54 3.41 3.30 3.21 3.07 2.93 2.78 2.70 2.62 2.54 2.45 2.35 2.26
24 7.82 5.61 4.72 4.22 3.90 3.67 3.50 3.36 3.26 3.17 3.03 2.89 2.74 2.66 2.58 2.49 2.40 2.31 2.21
25 7.77 5.57 4.68 4.18 3.86 3.63 3.46 3.32 3.22 3.13 2.99 2.85 2.70 2.62 2.53 2.45 2.36 2.27 2.17

30 7.56 5.39 4.51 4.02 3.70 3.47 3.30 3.17 3.07 2.98 2.84 2.70 2.55 2.47 2.39 2.30 2.21 2.11 2.01
40 7.31 5.18 4.31 3.83 3.51 3.29 3.12 2.99 2.89 2.80 2.66 2.52 2.37 2.29 2.20 2.11 2.02 1.92 1.80
60 7.08 4.98 4.13 3.65 3.34 3.12 2.95 2.82 2.72 2.63 2.50 2.35 2.20 2.12 2.03 1.94 1.84 1.73 1.60

120 6.85 4.79 3.95 3.48 3.17 2.96 2.79 2.66 2.56 2.47 2.34 2.19 2.03 1.95 1.86 1.76 1.66 1.53 1.38
` 6.63 4.61 3.78 3.32 3.02 2.80 2.64 2.51 2.41 2.32 2.18 2.04 1.88 1.79 1.70 1.59 1.47 1.32 1.00
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NOTE: m is the number of degrees of freedom in the numerator of F; n is the number of degrees of freedom in the denominator of F.
Values for F are in the body of the table.
G is the probability that a point , with m and n degrees of freedom will be # F.
Example: With 2 and 5 degrees of freedom, the probability that a point will be # 13.3 is .99.
SOURCE: ‘‘Chemical Engineers’ Handbook,’’ 5th edition, by R. H. Perry and C. H. Chilton, McGraw-Hill, 1973. Used with permission.
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Table 1.1.16 Standard Distribution of Residuals

a 5 any positive quantity
y 5 the number of residuals which are numerically , a
r 5 the probable error of a single observation
n 5 number of observations

a

r

y

n
Diff

a

r

y

n
Diff

0.0 .000
54

1 .054
53

2 .107
53

3 .160
53

4 .213
51

0.5 .264
50

6 .314
49

7 .363
48

8 .411
45

9 .456
44

1.0 .500
42

1 .542
40

2 .582
37

3 .619
36

4 .655
33

1.5 .688
31

6 .719
29

7 .748
27

8 .775
25

9 .800
23

2.0 .823
20

1 .843
19

2 .862
17

3 .879
16

4 .895
13

2.5 .908
13

6 .921
10

7 .931
10

8 .941
9

9 .950
7

3.0 .957
6

1 .963
6

2 .969
5

3 .974
4

4 .978
4

3.5 .982
3

6 .985
2

7 .987
3

8 .990
1

9 .991
2

4.0 .993
6

5.0 .999

Table 1.1.17 Factors for Computing Probable Error

Bessel Peters Bessel Peters
n n

0.6745

√(n 2 1)

0.6745

√n(n 2 1)

0.8453

√n(n 2 1)

0.8453

n√n 2 1

0.6745

√(n 2 1)

0.6745

√n(n 2 1)

0.8453

√n(n 2 1)

0.8453

n√n 2 1

2 .6745 .4769 .5978 .4227
3 .4769 .2754 .3451 .1993
4 .3894 .1947 .2440 .1220

5 .3372 .1508 .1890 .0845
6 .3016 .1231 .1543 .0630
7 .2754 .1041 .1304 .0493
8 .2549 .0901 .1130 .0399
9 .2385 .0795 .0996 .0332

10 .2248 .0711 .0891 .0282
11 .2133 .0643 .0806 .0243
12 .2034 .0587 .0736 .0212
13 .1947 .0540 .0677 .0188
14 .1871 .0500 .0627 .0167

15 .1803 .0465 .0583 .0151
16 .1742 .0435 .0546 .0136
17 .1686 .0409 .0513 .0124
18 .1636 .0386 .0483 .0114
19 .1590 .0365 .0457 .0105

20 .1547 .0346 .0434 .0097
21 .1508 .0329 .0412 .0090
22 .1472 .0314 .0393 .0084
23 .1438 .0300 .0376 .0078
24 .1406 .0287 .0360 .0073

25 .1377 .0275 .0345 .0069
26 .1349 .0265 .0332 .0065
27 .1323 .0255 .0319 .0061
28 .1298 .0245 .0307 .0058
29 .1275 .0237 .0297 .0055

30 .1252 .0229 .0287 .0052
31 .1231 .0221 .0277 .0050
32 .1211 .0214 .0268 .0047
33 .1192 .0208 .0260 .0045
34 .1174 .0201 .0252 .0043

35 .1157 .0196 .0245 .0041
36 .1140 .0190 .0238 .0040
37 .1124 .0185 .0232 .0038
38 .1109 .0180 .0225 .0037
39 .1094 .0175 .0220 .0035

40 .1080 .0171 .0214 .0034
45 .1017 .0152 .0190 .0028

50 .0964 .0136 .0171 .0024
55 .0918 .0124 .0155 .0021

60 .0878 .0113 .0142 .0018
65 .0843 .0105 .0131 .0016

70 .0812 .0097 .0122 .0015
75 .0784 .0091 .0113 .0013

80 .0759 .0085 .0106 .0012
85 .0736 .0080 .0100 .0011

90 .0715 .0075 .0094 .0010
95 .0696 .0071 .0089 .0009

100 .0678 .0068 .0085 .0008
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Table 1.1.18 Decimal Equivalents

Common fractions

Exact
8 16 32 64 decimalFrom minutes and seconds into

decimal parts of a degree
From decimal parts of a degree into
minutes and seconds (exact values) ths ths nds ths values

09 0°.0000 099 0°.0000 0°.00 09 0°.50 309 1 .01 5625
1 .0167 1 .0003 1 09 3699 1 309 3699 1 2 .03 125
2 .0333 2 .0006 2 19 1299 2 319 1299 3 .04 6875
3 .05 3 .0008 3 19 4899 3 319 4899 1 2 4 .06 25
4 .0667 4 .0011 4 29 2499 4 329 2499 5 .07 8125
59 .0833 599 .0014 0°.05 39 0°.55 339 3 6 .09 375
6 .10 6 .0017 6 39 3699 6 339 3699 7 .10 9375
7 .1167 7 .0019 7 49 1299 7 349 1299 1 2 4 8 .12 5
8 .1333 8 .0022 8 49 4899 8 349 4899 9 .14 0625
9 .15 9 .0025 9 59 2499 9 359 2499 5 10 .15 625

109 0°.1667 1099 0°.0028 0°.10 69 0°.60 369 11 .17 1875
1 .1833 1 .0031 1 69 3699 1 369 3699 3 6 12 .18 75
2 .20 2 .0033 2 79 1299 2 379 1299 13 .20 3125
3 .2167 3 .0036 3 79 4899 3 379 4899 7 14 .21 875
4 .2333 4 .0039 4 89 2499 4 389 2499 15 .23 4375

159 .25 1599 .0042 0°.15 99 0°.65 399 2 4 8 16 .25
6 .2667 6 .0044 6 99 3699 6 399 3699 17 .26 5625
7 .2833 7 .0047 7 109 1299 7 409 1299 9 18 .28 125
8 .30 8 .005 8 109 4899 8 409 4899 19 .29 6875
9 .3167 9 .0053 9 119 2499 9 419 2499 5 10 20 .31 25

209 0°.3333 2099 0°.0056 0°.20 129 0°.70 429 21 .32 8125
1 .35 1 .0058 1 129 3699 1 429 3699 11 22 .34 375
2 .3667 2 .0061 2 139 1299 2 439 1299 23 .35 9375
3 .3833 3 .0064 3 139 4899 3 439 4899 3 6 12 24 .37 5
4 .40 4 .0067 4 149 2499 4 449 2499 25 .39 0625

259 .4167 2599 .0069 0°.25 159 0°.75 459 13 26 .40 625
6 .4333 6 .0072 6 159 3699 6 459 3699 27 .42 1875
7 .45 7 .0075 7 169 1299 7 469 1299 7 14 28 .43 75
8 .4667 8 .0078 8 169 4899 8 469 4899 29 .45 3125
9 .4833 9 .0081 9 179 2499 9 479 2499 15 30 .46 875

309 0°.50 3099 0°.0083 0°.30 189 0°.80 489 31 .48 4375
1 .5167 1 .0086 1 189 3699 1 489 3699 4 8 16 32 .50
2 .5333 2 .0089 2 199 1299 2 499 1299 33 .51 5625
3 .55 3 .0092 3 199 4899 3 499 4899 17 34 .53 125
4 .5667 4 .0094 4 209 2499 4 509 2499 35 .54 6875

359 .5833 3599 .0097 0°.35 219 0°.85 519 9 18 36 .56 25
6 .60 6 .01 6 219 3699 6 519 3699 37 .57 8125
7 .6167 7 .0103 7 229 1299 7 529 1299 19 38 .59 375
8 .6333 8 .0106 8 229 4899 8 529 4899 39 .60 9375
9 .65 9 .0108 9 239 2499 9 539 2499 5 10 20 40 .62 5

409 0°.6667 4099 0°.0111 0°.40 249 0°.90 549 41 .64 0625
1 .6833 1 .0114 1 249 3699 1 549 3699 21 42 .65 625
2 .70 2 .0117 2 259 1299 2 559 1299 43 .67 1875
3 .7167 3 .0119 3 259 4899 3 559 4899 11 22 44 .68 75
4 .7333 4 .0122 4 269 2499 4 569 2499 45 .70 3125

459 .75 4599 .0125 0°.45 279 0°.95 579 23 46 .71 875
6 .7667 6 .0128 6 279 3699 6 579 3699 47 .73 4375
7 .7833 7 .0131 7 289 1299 7 589 1299 6 12 24 48 .75
8 .80 8 .0133 8 289 4899 8 589 4899 49 .76 5625
9 .8167 9 .0136 9 299 2499 9 599 2499 25 50 .78 125

509 0°.8333 5099 0°.0139 0°.50 309 1°.00 609 51 .79 6875
1 .85 1 .0142 13 26 52 .81 25
2 .8667 2 .0144 0°.000 099.0 53 .82 8125
3 .8833 3 .0147 1 399.6 27 54 .84 375
4 .90 4 .015 2 799.2 55 .85 9375

559 .9167 5599 .0153 3 1099.8 7 14 28 56 .87 5
6 .9333 6 .0156 4 1499.4 57 .89 0625
7 .95 7 .0158 0°.005 1899 29 58 .90 625
8 .9667 8 .0161 6 2199.6 59 .92 1875
9 .9833 9 .0164 7 2599.2 15 30 60 .93 75

609 1.00 6099 0°.0167 8 2899.8 61 .95 3125
9 3299.4 31 62 .96 875

0°.010 3699 63 .98 4375
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1.2 MEASURING UNITS
by David T. Goldman

REFERENCES: ‘‘International Critical Tables,’’ McGraw-Hill. ‘‘Smithsonian
Physical Tables,’’ Smithsonian Institution. ‘‘Landolt-Börnstein: Zahlenwerte und
Funktionen aus Physik, Chemie, Astronomie, Geophysik und Technik,’’
Springer. ‘‘Handbook of Chemistry and Physics,’’ Chemical Rubber Co. ‘‘Units
and Systems of Weights and Measures; Their Origin, Development , and Present
Status,’’ NBS LC 1035 (1976). ‘‘Weights and Measures Standards of the United
States, a Brief History,’’ NBS Spec. Pub. 447 (1976
Federal Regulations, Title 49. ‘‘Fluid Meters, Their T
ed., chaps. 1–2, ASME, 1971. H. E. Huntley, ‘‘Dim
& Co., New York, 1951. ‘‘U.S. Standard Atmospher

160 square rods
5 10 square chains
5 43,560 square feet
5 5,645 sq varas (Texas)

J 5 1 acre

640 acres 5 1 square mile 5 H 1 ‘‘section’’ of U.S.
government-surveyed land

ch in J 5 0.7854 sq in

5 1.2732 circular inches
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). ‘‘Standard Time,’’ Code of
heory and Application,’’ 6th
ensional Analysis,’’ Richard
e, 1962,’’ Government Print-

1 circular inch
5 area of circle 1 in

diameter
1 square inch

1 circular mil 5 area of circle 0.001 in
ing Office. Public Law 89-387, ‘‘Uniform Time Act of 1966.’’ Public Law 94-

168, ‘‘Metric Conversion Act of 1975.’’ ASTM E380-91a, ‘‘Use of the Interna-
tional Standards of Units (SI) (the Modernized Metric System).’’ The
International System of Units,’’ NIST Spec. Pub. 330. ‘‘Guidelines for Use of the
Modernized Metric System,’’ NBS LC 1120. ‘‘NBS Time and Frequency Dis-
semination Services,’’ NBS Spec. Pub. 432. ‘‘Factors for High Precision Conver-
sion,’’ NBS LC 1071. American Society of Mechanical Engineers SI Series,
ASME SI 1–9. Jespersen and Fitz-Randolph, ‘‘From Sundials to Atomic Clocks:
Understanding Time and Frequency,’’ NBS, Monograph 155. ANSI/IEEE Std
268-1992, ‘‘American National Standard for Metric Practice.’’

U.S. CUSTOMARY SYSTEM (USCS)

The USCS, often called the ‘‘inch-pound system,’’ is the system of
units most commonly used for measures of weight and length (Table
1.2.1). The units are identical for practical purposes with the corre-
sponding English units, but the capacity measures differ from those
used in the British Commonwealth, the U.S. gallon being defined as
231 cu in and the bushel as 2,150.42 cu in, whereas the correspond-
ing British Imperial units are, respectively, 277.42 cu in and 2,219.36
cu in (1 Imp gal 5 1.2 U.S. gal, approx; 1 Imp bu 5 1.03 U.S. bu,
approx).

Table 1.2.1 U.S. Customary Units

Units of length

12 inches 5 1 foot
3 feet 5 1 yard
51⁄2 yards 5 161⁄2 feet 5 1 rod, pole, or perch

40 poles 5 220 yards 5 1 furlong
8 furlongs 5 1,760 yards

5 5,280 feet J 5 1 mile

3 miles 5 1 league
4 inches 5 1 hand
9 inches 5 1 span

Nautical units
6,076.11549 feet 5 1 international nautical mile

6 feet 5 1 fathom
120 fathoms 5 1 cable length

1 nautical mile per hr 5 1 knot

Surveyor’s or Gunter’s units
7.92 inches 5 1 link
100 links 5 66 ft 5 4 rods 5 1 chain
80 chains 5 1 mile
331⁄3 inches 5 1 vara (Texas)

Units of area

144 square inches 5 1 square foot
9 square feet 5 1 square yard

301⁄4 square yards 5 1 square rod, pole, or perch

1-16
in diam
1,000,000 cir mils 5 1 circular inch

Units of volume

1,728 cubic inches 5 1 cubic foot
231 cubic inches 5 1 gallon
27 cubic feet 5 1 cubic yard
1 cord of wood 5 128 cubic feet
1 perch of masonry 5 161⁄2 to 25 cu ft

Liquid or fluid measurements
4 gills 5 1 pint
2 pints 5 1 quart
4 quarts 5 1 gallon
7.4805 gallons 5 1 cubic foot
(There is no standard liquid barrel; by trade custom, 1 bbl of petroleum oil, unre-
fined 5 42 gal. The capacity of the common steel barrel used for refined petro-
leum products and other liquids is 55 gal.)

Apothecaries’ liquid measurements
60 minims 5 1 liquid dram or drachm
8 drams 5 1 liquid ounce

16 ounces 5 1 pint

Water measurements
The miner’s inch is a unit of water volume flow no longer used by the Bureau of
Reclamation. It is used within particular water districts where its value is defined
by statute. Specifically, within many of the states of the West the miner’s inch is
1⁄50 cubic foot per second. In others it is equal to 1⁄40 cubic foot per second, while in
the state of Colorado, 38.4 miner’s inch is equal to 1 cubic-foot per second. In
SI units, these correspond to .32 3 1026 m3/s, .409 3 1026 m3/s, and .4273
1026 m3/s, respectively.

Dry measures
2 pints 5 1 quart
8 quarts 5 1 peck
4 pecks 5 1 bushel
1 std bbl for fruits and vegetables 5 7,056 cu in or 105 dry qt , struck measure

Shipping measures
1 Register ton 5 100 cu ft
1 U.S. shipping ton 5 40 cu ft

5 32.14 U.S. bu or 31.14 Imp bu
1 British shipping ton 5 42 cu ft

5 32.70 Imp bu or 33.75 U.S. bu

Board measurements
(Based on nominal not actual dimensions; see Table 12.2.8)

144 cu in 5 volume of board1 board foot 5H1 ft sq and 1 in thick

The international log rule, based upon 1⁄4 in kerf, is expressed by the formula

X 5 0.904762(0.22 D2 2 0.71 D )

where X is the number of board feet in a 4-ft section of a log and D is the top diam
in in. In computing the number of board feet in a log, the taper is taken at 1⁄2 in per
4 ft linear, and separate computation is made for each 4-ft section.
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Weights
(The grain is the same in all systems.)

Avoirdupois weights
16 drams 5 437.5 grains 5 1 ounce
16 ounces 5 7,000 grains 5 1 pound

100 pounds 5 1 cental
2,000 pounds 5 1 short ton
2,240 pounds 5 1 long ton

25.4 mm exactly; and 1 lb 5 0.453 592 37 kg, or 1 lb 5 453.59 g
(nearly).

THE INTERNATIONAL SYSTEM OF UNITS (SI)

In October 1960, the Eleventh General (International) Conference on
Weights and Measures redefined some of the original metric units and
expanded the system to include other physical and engineering units.
This expanded system is called, in French, Le Système International
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1 std lime bbl, small 5 180 lb net
1 std lime bbl, large 5 280 lb net

Also (in Great Britain):
14 pounds 5 1 stone
2 stone 5 28 pounds 5 1 quarter
4 quarters 5 112 pounds 5 1 hundredweight (cwt)

20 hundredweight 5 1 long ton

Troy weights

24 grains 5 1 pennyweight (dwt)
20 pennyweights 5 480 grains 5 1 ounce
12 ounces 5 5,760 grains 5 1 pound

1 assay ton 5 29,167 milligrams, or as many milligrams as there are troy ounces
in a ton of 2,000 lb avoirdupois. Consequently, the number of milligrams of
precious metal yielded by an assay ton of ore gives directly the number of troy
ounces that would be obtained from a ton of 2,000 lb avoirdupois.

Apothecaries’ weights

20 grains 5 1 scruple c

3 scruples 5 60 grains 5 1 dram a

8 drams 5 1 ounce b

12 ounces 5 5,760 grains 5 1 pound

Weight for precious stones
1 carat 5 200 milligrams

(Used by almost all important nations)

Circular measures

60 seconds 5 1 minute
60 minutes 5 1 degree
90 degrees 5 1 quadrant

360 degrees 5 circumference
57.2957795 degrees 5 1 radian (or angle having
(5 57°17944.80699 ) arc of length equal to radius)

METRIC SYSTEM

In the United States the name ‘‘metric system’’ of length and mass
units is commonly taken to refer to a system that was developed in
France about 1800. The unit of length was equal to 1/10,000,000 of a
quarter meridian (north pole to equator) and named the metre. A
cube 1/10th metre on a side was the litre, the unit of volume. The
mass of water filling this cube was the kilogram, or standard of mass;
i.e., 1 litre of water 5 1 kilogram of mass. Metal bars and weights
were constructed conforming to these prescriptions for the metre and
kilogram. One bar and one weight were selected to be the primary
representations. The kilogram and the metre are now defined indepen-
dently, and the litre, although for many years defined as the volume of
a kilogram of water at the temperature of its maximum density, 4°C,
and under a pressure of 76 cm of mercury, is now equal to 1 cubic
decimeter.

In 1866, the U.S. Congress formally recognized metric units as a
legal system, thereby making their use permissible in the United States.
In 1893, the Office of Weights and Measures (now the National Bureau
of Standards), by executive order, fixed the values of the U.S.
yard and pound in terms of the meter and kilogram, respectively, as
1 yard 5 3,600/3,937 m; and 1 lb 5 0.453 592 4277 kg. By agreement
in 1959 among the national standards laboratories of the English-speaking
nations, the relations in use now are: 1 yd 5 0.9144 m, whence 1 in 5
d’Unités (abbreviated SI), and in English, The International System of
Units.

The Metric Conversion Act of 1975 codifies the voluntary conversion of
the U.S. to the SI system. It is expected that in time all units in the
United States will be in SI form. For this reason, additional tables of
units, prefixes, equivalents, and conversion factors are included below
(Tables 1.2.2 and 1.2.3).

SI consists of seven base units, two supplementary units, a series of
derived units consistent with the base and supplementary units, and a
series of approved prefixes for the formation of multiples and submulti-
ples of the various units (see Tables 1.2.2 and 1.2.3). Multiple and
submultiple prefixes in steps of 1,000 are recommended. (See ASTM
E380-91a for further details.)

Base and supplementary units are defined [NIST Spec. Pub. 330
(1991)] as:

Metre The metre is defined as the length of path traveled by light in
a vacuum during a time interval 1/299 792 458 of a second.

Kilogram The kilogram is the unit of mass; it is equal to the mass of
the international prototype of the kilogram.

Second The second is the duration of 9,192,631,770 periods of the
radiation corresponding to the transition between the two hyperfine
levels of the ground state of the cesium 133 atom.

Ampere The ampere is that constant current which, if maintained
in two straight parallel conductors of infinite length, of negligible
cross section, and placed 1 metre apart in vacuum, would produce be-
tween these conductors a force equal to 2 3 1027 newton per metre of
length.

Kelvin The kelvin, unit of thermodynamic temperature, is the frac-
tion 1/273.16 of the thermodynamic temperature of the triple point of
water.

Mole The mole is the amount of substance of a system which con-
tains as many elementary entities as there are atoms in 0.012 kilogram
of carbon 12. (When the mole is used, the elementary entities must be
specified and may be atoms, molecules, ions, electrons, other particles,
or specified groups of such particles.)

Candela The candela is the luminous intensity, in a given direction,
of a source that emits monochromatic radiation of frequency 540 3 1012

hertz and that has a radiant intensity in that direction of 1⁄683 watt per
steradian.

Radian The unit of measure of a plane angle with its vertex at
the center of a circle and subtended by an arc equal in length to the
radius.

Steradian The unit of measure of a solid angle with its vertex at the
center of a sphere and enclosing an area of the spherical surface equal to
that of a square with sides equal in length to the radius.

SI conversion factors are listed in Table 1.2.4 alphabetically (adapted
from ASTM E380-91a, ‘‘Standard Practice for Use of the International
System of Units (SI) (the Modernized Metric System).’’ Conversion
factors are written as a number greater than one and less than ten with
six or fewer decimal places. This number is followed by the letter E (for
exponent), a plus or minus symbol, and two digits which indicate the
power of 10 by which the number must be multiplied to obtain the
correct value. For example:

3.523 907 E 2 02 is 3.523 907 3 1022 or 0.035 239 07

An asterisk (*) after the sixth decimal place indicates that the conver-
sion factor is exact and that all subsequent digits are zero. All other
conversion factors have been rounded off.
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Table 1.2.2 SI Units

Quantity Unit SI symbol Formula

Base units*

Length metre m
Mass kilogram kg
Time second s
Electric current ampere A
Thermodynamic temperature kelvin K
Amount of substance mole mol
Luminous intensity candela cd

Supplementary units*

Plane angle radian rad
Solid angle steradian sr

Derived units*

Acceleration metre per second squared m/s2

Activity (of a radioactive source) disintegration per second (disintegration)/s
Angular acceleration radian per second squared rad/s2

Angular velocity radian per second rad/s
Area square metre m2

Density kilogram per cubic metre kg/m3

Electric capacitance farad F A ? s/V
Electrical conductance siemens S A/V
Electric field strength volt per metre V/m
Electric inductance henry H V ? s/A
Electric potential difference volt V W/A
Electric resistance ohm V V/A
Electromotive force volt V W/A
Energy joule J N ? m
Entropy joule per kelvin J/K
Force newton N kg ? m/s2

Frequency hertz Hz 1/s
Illuminance lux lx lm/m2

Luminance candela per square metre cd/m2

Luminous flux lumen lm cd:sr
Magnetic field strength ampere per metre A/m
Magnetic flux weber Wb V ? s
Magnetic flux density tesla T Wb/m2

Magnetic potential difference ampere A
Power watt W J/s
Pressure pascal Pa N/m2

Quantity of electricity coulomb C A ? s
Quantity of heat joule J N ? m
Radiant intensity watt per steradian W/sr
Specific heat capacity joule per kilogram-kelvin J/(kg ? K)
Stress pascal Pa N/m2

Thermal conductivity watt per metre-kelvin W/(m ? K)
Velocity metre per second m/s
Viscosity, dynamic pascal-second Pa ? s
Viscosity, kinematic square metre per second m2/s
Voltage volt V W/A
Volume cubic metre m3

Wave number reciprocal metre l /m
Work joule J N ? m

Units in use with the SI†

Time minute min 1 min 5 60 s
hour h 1 h 5 60 min 5 3,600 s
day d 1 d 5 24 h 5 86,400 s

Plane angle degree ° 1° 5 p/180 rad
minute‡ 9 19 5 (1⁄60)° 5 (p/10,800) rad
second‡ 99 199 5 (1⁄60)9 5 (p/648,000) rad

Volume litre L 1 L 5 1 dm3 5 1023 m3

Mass metric ton t 1 t 5 103 m3

unified atomic mass unit§ u 1 u 5 1.660 57 3 10227 kg
Energy electronvolt§ eV 1 eV 5 1.602 19 3 10219 J

* ASTM E380-91a.
† These units are not part of SI, but their use is both so widespread and important that the International Committee for Weights and Measures in

1969 recognized their continued use with the SI (see NIST Spec. Pub. 330).
‡ Use discouraged, except for special fields such as cartography.
§ Values in SI units obtained experimentally. These units are to be used in specialized fields only.
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Table 1.2.3 SI Prefixes*

Multiplication factors Prefix SI symbol

1 000 000 000 000 000 000 000 000 5 1024 yofta Y
1 000 000 000 000 000 000 000 5 1021 zeta Z

1 000 000 000 000 000 000 5 1018 exa E
1 000 000 000 000 000 5 1015 peta P

1 000 000 000 000 5 1012 tera T
1 000 000 000 5 109 giga G

1 000 000 5 106 mega M
1 000 5 103 kilo k

100 5 102 hecto† h
10 5 101 deka† da
0.1 5 1021 deci† d

0.01 5 1022 centi† c
0.001 5 1023 milli m

0.000 001 5 1026 micro m
0.000 000 001 5 1029 nano n

0.000 000 000 001 5 10212 pico p
0.000 000 000 000 001 5 10215 femto f

0.000 000 000 000 000 001 5 10218 atto a
0.000 000 000 000 000 000 001 5 10221 zepto z

0.000 000 000 000 000 000 000 001 5 10224 yocto y

* ANSI/IEEE Std 268-1992.
† To be avoided where practical.

Table 1.2.4 SI Conversion Factors

To convert from to Multiply by

abampere ampere (A) 1.000 000*E101
abcoulomb coulomb (C) 1.000 000*E101
abfarad farad (F) 1.000 000*E109
abhenry henry (H) 1.000 000*E209
abmho siemens (S) 1.000 000*E109
abohm ohm (V) 1.000 000*E209
abvolt volt (V) 1.000 000*E208
acre-foot (U.S. survey)a metre3 (m3) 1.233 489 E103
acre (U.S. survey)a metre2 (m2) 4.046 873 E103
ampere, international U.S. (AINT–US)b ampere (A) 9.998 43 E201
ampere, U.S. legal 1948 (AUS– 48) ampere (A) 1.000 008 E100
ampere-hour coulomb (C) 3.600 000*E103
angstrom metre (m) 1.000 000*E210
are metre2 (m2) 1.000 000*E102
astronomical unit metre (m) 1.495 98 E111
atmosphere (normal) pascal (Pa) 1.013 25 E105
atmosphere (technical 5 1 kgf/cm2) pascal (Pa) 9.806 650*E104
bar pascal (Pa) 1.000 000*E105
barn metre2 (m2) 1.000 000*E228
barrel (for crude petroleum, 42 gal) metre3 (m3) 1.589 873 E201
board foot metre3 (m3) 2.359 737 E203
British thermal unit (International Table)c joule (J) 1.055 056 E103
British thermal unit (mean) joule (J) 1.055 87 E103
British thermal unit (thermochemical) joule (J) 1.054 350 E103
British thermal unit (39°F) joule (J) 1.059 67 E103
British thermal unit (59°F) joule (J) 1.054 80 E103
British thermal unit (60°F) joule (J) 1.054 68 E103
Btu (thermochemical)/foot2-second watt /metre2 (W/m2) 1.134 893 E104
Btu (thermochemical)/foot2-minute watt /metre2 (W/m2) 1.891 489 E102
Btu (thermochemical)/foot2-hour watt /metre2 (W/m2) 3.152 481 E100
Btu (thermochemical)/inch2-second watt /metre2 (W/m2) 1.634 246 E106
Btu (thermochemical) ? in/s ? ft2 ?°F watt /metre-kelvin (W/m ?K) 5.188 732 E102

(k, thermal conductivity)
Btu (International Table) ? in/s ? ft2 ?°F watt /metre-kelvin (W/m ?K) 5.192 204 E102
(k, thermal conductivity)

Btu (thermochemical) ? in/h ? ft2 ?°F watt /metre-kelvin (W/m ?K) 1.441 314 E201
(k, thermal conductivity)

Btu (International Table) ? in/h ? ft2 ?°F watt /metre-kelvin (W/m ?K) 1.442 279 E201
(k, thermal conductivity)

Btu (International Table)/ft2 joule/metre2 (J/m2) 1.135 653 E104
Btu (thermochemical)/ft2 joule/metre2 (J/m2) 1.134 893 E104
Btu (International Table)/h ? ft2 ?°F watt /metre2-kelvin (W/m2 ?K) 5.678 263 E100
(C, thermal conductance)

Btu (thermochemical)/h ? ft2 ?°F watt /metre2-kelvin (W/m2 ?K) 5.674 466 E100
(C, thermal conductance)

Btu (International Table)/pound-mass joule/kilogram (J/kg) 2.326 000*E103
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Table 1.2.4 SI Conversion Factors (Continued )

To convert from to Multiply by

Btu (thermochemical)/pound-mass joule/kilogram (J/kg) 2.324 444 E103
Btu (International Table)/ lbm ?°F joule/kilogram-kelvin (J/kg ?K) 4.186 800*E103

(c, heat capacity)
Btu (thermochemical)/ lbm ?°F (c, heat joule/kilogram-kelvin (J/kg ?K) 4.184 000 E103

capacity)
Btu (International Table)/s ? ft2 ?°F watt /metre2-kelvin (W/m2 ?K) 2.044 175 E104
Btu (thermochemical)/s ? ft2 ?°F watt /metre2-kelvin (W/m2 ?K) 2.042 808 E104
Btu (International Table)/hour watt (W) 2.930 711 E201
Btu (thermochemical)/second watt (W) 1.054 350 E103
Btu (thermochemical)/minute watt (W) 1.757 250 E101
Btu (thermochemical)/hour watt (W) 2.928 751 E201
bushel (U.S.) metre3 (m3) 3.523 907 E202
calorie (International Table) joule (J) 4.186 800*E100
calorie (mean) joule (J) 4.190 02 E100
calorie (thermochemical) joule (J) 4.184 000*E100
calorie (15°C) joule (J) 4.185 80 E100
calorie (20°C) joule (J) 4.181 90 E100
calorie (kilogram, International Table) joule (J) 4.186 800*E103
calorie (kilogram, mean) joule (J) 4.190 02 E103
calorie (kilogram, thermochemical) joule (J) 4.184 000*E103
calorie (thermochemical)/centimetre2- watt /metre2 (W/m2) 6.973 333 E102
minute

cal (thermochemical)/cm2 joule/metre2 (J/m2) 4.184 000*E104
cal (thermochemical)/cm2 ?s watt /metre2 (W/m2) 4.184 000*E104
cal (thermochemical)/cm ?s ?°C watt /metre-kelvin (W/m ?K) 4.184 000*E102
cal (International Table)/g joule/kilogram (J/kg) 4.186 800*E103
cal (International Table)/g ?°C joule/kilogram-kelvin (J/kg ?K) 4.186 800*E103
cal (thermochemical)/g joule/kilogram (J/kg) 4.184 000*E103
cal (thermochemical)/g ?°C joule/kilogram-kelvin (J/kg ?K) 4.184 000*E103
calorie (thermochemical)/second watt (W) 4.184 000*E100
calorie (thermochemical)/minute watt (W) 6.973 333 E202
carat (metric) kilogram (kg) 2.000 000*E204
centimetre of mercury (0°C) pascal (Pa) 1.333 22 E103
centimetre of water (4°C) pascal (Pa) 9.806 38 E101
centipoise pascal-second (Pa ?s) 1.000 000*E203
centistokes metre2/second (m2/s) 1.000 000*E206
chain (engineer or ramden) meter (m) 3.048* E101
chain (surveyor or gunter) meter (m) 2.011 684 E101
circular mil metre2 (m2) 5.067 075 E210
cord metre3 (m3) 3.624 556 E100
coulomb, international U.S. coulomb (C) 9.998 43 E201
(CINT–US)b

coulomb, U.S. legal 1948 (CUS– 48) coulomb (C) 1.000 008 E100
cup metre3 (m3) 2.365 882 E204
curie bequerel (Bq) 3.700 000*E110
day (mean solar) second (s) 8.640 000 E104
day (sidereal) second (s) 8.616 409 E104
degree (angle) radian (rad) 1.745 329 E202
degree Celsius kelvin (K) tK 5 t °C 1 273.15
degree centigrade kelvin (K) tK 5 t °C 1 273.15
degree Fahrenheit degree Celsius t°C 5 (t °F 2 32)/1.8
degree Fahrenheit kelvin (K) tK 5 (t °F 1 459.67)/1.8
deg F ?h ? ft2/Btu (thermochemical) kelvin-metre2/watt (K ?m2/W) 1.762 280 E201

(R, thermal resistance)
deg F ?h ? ft2/Btu (International Table) kelvin-metre2/watt (K ?m2/W) 1.761 102 E201
(R, thermal resistance)

degree Rankine kelvin (K) tK 5 t°R/1.8
dram (avoirdupois) kilogram (kg) 1.771 845 E203
dram (troy or apothecary) kilogram (kg) 3.887 934 E203
dram (U.S. fluid) kilogram (kg) 3.696 691 E206
dyne newton (N) 1.000 000*E205
dyne-centimetre newton-metre (N ?m) 1.000 000*E207
dyne-centimetre2 pascal (Pa) 1.000 000*E201
electron volt joule (J) 1.602 19 E219
EMU of capacitance farad (F) 1.000 000*E109
EMU of current ampere (A) 1.000 000*E101
EMU of electric potential volt (V) 1.000 000*E208
EMU of inductance henry (H) 1.000 000*E209
EMU of resistance ohm (V) 1.000 000*E209
ESU of capacitance farad (F) 1.112 650 E212
ESU of current ampere (A) 3.335 6 E210
ESU of electric potential volt (V) 2.997 9 E102
ESU of inductance henry (H) 8.987 554 E111
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Table 1.2.4 SI Conversion Factors (Continued )

To convert from to Multiply by

ESU of resistance ohm (V) 8.987 554 E111
erg joule (J) 1.000 000*E207
erg/centimetre2-second watt /metre2 (W/m2) 1.000 000*E203
erg/second watt (W) 1.000 000*E207
farad, international U.S. (FINT–US) farad (F) 9.995 05 E201
faraday (based on carbon 12) coulomb (C) 9.648 70 E104
faraday (chemical) coulomb (C) 9.649 57 E104
faraday (physical) coulomb (C) 9.652 19 E104
fathom (U.S. survey)a metre (m) 1.828 804 E100
fermi (femtometer) metre (m) 1.000 000*E215
fluid ounce (U.S.) metre3 (m3) 2.957 353 E205
foot metre (m) 3.048 000*E201
foot (U.S. survey)a metre (m) 3.048 006 E201
foot3/minute metre3/second (m3/s) 4.719 474 E204
foot3/second metre3/second (m3/s) 2.831 685 E202
foot3 (volume and section modulus) metre3 (m3) 2.831 685 E202
foot2 metre2 (m2) 9.290 304*E202
foot4 (moment of section)d metre4 (m4) 8.630 975 E203
foot /hour metre/second (m/s) 8.466 667 E205
foot /minute metre/second (m/s) 5.080 000*E203
foot /second metre/second (m/s) 3.048 000*E201
foot2/second metre2/second (m2/s) 9.290 304*E202
foot of water (39.2°F) pascal (Pa) 2.988 98 E103
footcandle lumen/metre2 (lm/m2) 1.076 391 E101
footcandle lux (lx) 1.076 391 E101
footlambert candela/metre2 (cd/m2) 3.426 259 E100
foot-pound-force joule (J) 1.355 818 E100
foot-pound-force/hour watt (W) 3.766 161 E204
foot-pound-force/minute watt (W) 2.259 697 E202
foot-pound-force/second watt (W) 1.355 818 E100
foot-poundal joule (J) 4.214 011 E202
ft2/h (thermal diffusivity) metre2/second (m2/s) 2.580 640*E205
foot /second2 metre/second2 (m/s2) 3.048 000*E201
free fall, standard metre/second2 (m/s2) 9.806 650*E100
furlong metre (m) 2.011 68 *E102
gal metre/second2 (m/s2) 1.000 000*E202
gallon (Canadian liquid) metre3 (m3) 4.546 090 E203
gallon (U.K. liquid) metre3 (m3) 4.546 092 E203
gallon (U.S. dry) metre3 (m3) 4.404 884 E203
gallon (U.S. liquid) metre3 (m3) 3.785 412 E203
gallon (U.S. liquid)/day metre3/second (m3/s) 4.381 264 E208
gallon (U.S. liquid)/minute metre3/second (m3/s) 6.309 020 E205
gamma tesla (T) 1.000 000*E209
gauss tesla (T) 1.000 000*E204
gilbert ampere-turn 7.957 747 E201
gill (U.K.) metre3 (m3) 1.420 654 E204
gill (U.S.) metre3 (m3) 1.182 941 E204
grade degree (angular) 9.000 000*E201
grade radian (rad) 1.570 796 E202
grain (1/7,000 lbm avoirdupois) kilogram (kg) 6.479 891*E205
gram kilogram (kg) 1.000 000*E203
gram/centimetre3 kilogram/metre3 (kg/m3) 1.000 000*E103
gram-force/centimetre2 pascal (Pa) 9.806 650*E101
hectare metre2 (m2) 1.000 000*E104
henry, international U.S. (HINT–US) henry (H) 1.000 495 E100
hogshead (U.S.) metre3 (m3) 2.384 809 E201
horsepower (550 ft ? lbf/s) watt (W) 7.456 999 E102
horsepower (boiler) watt (W) 9.809 50 E103
horsepower (electric) watt (W) 7.460 000*E102
horsepower (metric) watt (W) 7.354 99 E102
horsepower (water) watt (W) 7.460 43 E102
horsepower (U.K.) watt (W) 7.457 0 E102
hour (mean solar) second (s) 3.600 000 E103
hour (sidereal) second (s) 3.590 170 E103
hundredweight (long) kilogram (kg) 5.080 235 E101
hundredweight (short) kilogram (kg) 4.535 924 E101
inch metre (m) 2.540 000*E202
inch2 metre2 (m2) 6.451 600*E204
inch3 (volume and section modulus) metre3 (m3) 1.638 706 E205
inch3/minute metre3/second (m3/s) 2.731 177 E207
inch4 (moment of section)d metre4 (m4) 4.162 314 E207
inch/second metre/second (m/s) 2.540 000*E202
inch of mercury (32°F) pascal (Pa) 3.386 389 E103
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Table 1.2.4 SI Conversion Factors (Continued )

To convert from to Multiply by

inch of mercury (60°F) pascal (Pa) 3.376 85 E103
inch of water (39.2°F) pascal (Pa) 2.490 82 E102
inch of water (60°F) pascal (Pa) 2.488 4 E102
inch/second2 metre/second2 (m/s2) 2.540 000*E202
joule, international U.S. (JINT–US)b joule (J) 1.000 182 E100
joule, U.S. legal 1948 (JUS– 48) joule (J) 1.000 017 E100
kayser 1/metre (1/m) 1.000 000*E102
kelvin degree Celsius tC 5 tK 2 273.15
kilocalorie (thermochemical)/minute watt (W) 6.973 333 E101
kilocalorie (thermochemical)/second watt (W) 4.184 000*E103
kilogram-force (kgf ) newton (N) 9.806 650*E100
kilogram-force-metre newton-metre (N ?m) 9.806 650*E100
kilogram-force-second2/metre (mass) kilogram (kg) 9.806 650*E100
kilogram-force/centimetre2 pascal (Pa) 9.806 650*E104
kilogram-force/metre3 pascal (Pa) 9.806 650*E100
kilogram-force/millimetre2 pascal (Pa) 9.806 650*E106
kilogram-mass kilogram (kg) 1.000 000*E100
kilometre/hour metre/second (m/s) 2.777 778 E201
kilopond newton (N) 9.806 650*E100
kilowatt hour joule (J) 3.600 000*E106
kilowatt hour, international U.S. joule (J) 3.600 655 E106
(kWhINT–US)b

kilowatt hour, U.S. legal 1948 joule (J) 3.600 061 E106
(kWhUS– 48)

kip (1,000 lbf ) newton (N) 4.448 222 E103
kip/inch2 (ksi) pascal (Pa) 6.894 757 E106
knot (international) metre/second (m/s) 5.144 444 E201
lambert candela/metre2 (cd/m2) 3.183 099 E103
langley joule/metre2 (J/m2) 4.184 000*E104
league, nautical (international and U.S.) metre (m) 5.556 000*E103
league (U.S. survey)a metre (m) 4.828 042 E103
league, nautical (U.K.) metre (m) 5.559 552*E103
light year metre (m) 9.460 55 E115
link (engineer or ramden) metre (m) 3.048* E201
link (surveyor or gunter) metre (m) 2.011 68* E201
litree metre3 (m3) 1.000 000*E203
lux lumen/metre2 (lm/m2) 1.000 000*E100
maxwell weber (Wb) 1.000 000*E208
mho siemens (S) 1.000 000*E100
microinch metre (m) 2.540 000*E208
micron (micrometre) metre (m) 1.000 000*E206
mil metre (m) 2.540 000*E205
mile, nautical (international and U.S.) metre (m) 1.852 000*E103
mile, nautical (U.K.) metre (m) 1.853 184*E103
mile (international) metre (m) 1.609 344*E103
mile (U.S. survey)a metre (m) 1.609 347 E103
mile2 (international) metre2 (m2) 2.589 988 E106
mile2 (U.S. survey)a metre2 (m2) 2.589 998 E106
mile/hour (international) metre/second (m/s) 4.470 400*E201
mile/hour (international) kilometre/hour 1.609 344*E100
millimetre of mercury (0°C) pascal (Pa) 1.333 224 E102
minute (angle) radian (rad) 2.908 882 E204
minute (mean solar) second (s) 6.000 000 E101
minute (sidereal) second (s) 5.983 617 E101
month (mean calendar) second (s) 2.268 000 E106
oersted ampere/metre (A/m) 7.957 747 E101
ohm, international U.S. (VINT–US) ohm (V) 1.000 495 E100
ohm-centimetre ohm-metre (V?m) 1.000 000*E202
ounce-force (avoirdupois) newton (N) 2.780 139 E201
ounce-force-inch newton-metre (N ?m) 7.061 552 E203
ounce-mass (avoirdupois) kilogram (kg) 2.834 952 E202
ounce-mass (troy or apothecary) kilogram (kg) 3.110 348 E202
ounce-mass/yard2 kilogram/metre2 (kg/m2) 3.390 575 E202
ounce (avoirdupois)(mass)/inch3 kilogram/metre3 (kg/m3) 1.729 994 E103
ounce (U.K. fluid) metre3 (m3) 2.841 307 E205
ounce (U.S. fluid) metre3 (m3) 2.957 353 E205
parsec metre (m) 3.083 74 E116
peck (U.S.) metre3 (m3) 8.809 768 E203
pennyweight kilogram (kg) 1.555 174 E203
perm (0°C) kilogram/pascal-second- 5.721 35 E211

metre2 (kg/Pa ?s ?m2)
perm (23°C) kilogram/pascal-second- 5.745 25 E211

metre2 (kg/Pa ?s ?m2)
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Table 1.2.4 SI Conversion Factors (Continued )

To convert from to Multiply by

perm-inch (0°C) kilogram/pascal-second- 1.453 22 E212
metre (kg/Pa ?s ?m)

perm-inch (23°C) kilogram/pascal-second- 1.459 29 E212
metre (kg/Pa ?s ?m)

phot lumen/metre2 (lm/m2) 1.000 000*E104
pica (printer’s) metre (m) 4.217 518 E203
pint (U.S. dry) metre3 (m3) 5.506 105 E204
pint (U.S. liquid) metre3 (m3) 4.731 765 E204
point (printer’s) metre 3.514 598*E204
poise (absolute viscosity) pascal-second (Pa ?s) 1.000 000*E201
poundal newton (N) 1.382 550 E201
poundal-foot2 pascal (Pa) 1.488 164 E100
poundal-second/foot2 pascal-second (Pa ?s) 1.488 164 E100
pound-force (lbf avoirdupois) newton (N) 4.448 222 E100
pound-force-inch newton-metre (N ?m) 1.129 848 E201
pound-force-foot newton-metre (N ?m) 1.355 818 E100
pound-force-foot /inch newton-metre/metre (N ?m/m) 5.337 866 E101
pound-force-inch/inch newton-metre/metre (N ?m/m) 4.448 222 E100
pound-force/inch newton-metre (N/m) 1.751 268 E102
pound-force/foot newton/metre (N/m) 1.459 390 E101
pound-force/foot2 pascal (Pa) 4.788 026 E101
pound-force/inch2 (psi) pascal (Pa) 6.894 757 E103
pound-force-second/foot2 pascal-second (Pa ?s) 4.788 026 E101
pound-mass (lbm avoirdupois) kilogram (kg) 4.535 924 E201
pound-mass (troy or apothecary) kilogram (kg) 3.732 417 E201
pound-mass-foot2 (moment of inertia) kilogram-metre2 (kg ?m2) 4.214 011 E202
pound-mass-inch2 (moment of inertia) kilogram-metre2 (kg ?m2) 2.926 397 E204
pound-mass-foot2 kilogram/metre2 (kg/m2) 4.882 428 E100
pound-mass/second kilogram/second (kg/s) 4.535 924 E201
pound-mass/minute kilogram/second (kg/s) 7.559 873 E203
pound-mass/foot3 kilogram/metre3 (kg/m3) 1.601 846 E101
pound-mass/inch3 kilogram/metre3 (kg/m3) 2.767 990 E104
pound-mass/gallon (U.K. liquid) kilogram/metre3 (kg/m3) 9.977 633 E101
pound-mass/gallon (U.S. liquid) kilogram/metre3 (kg/m3) 1.198 264 E102
pound-mass/foot-second pascal-second (Pa ?s) 1.488 164 E100
quart (U.S. dry) metre3 (m3) 1.101 221 E203
quart (U.S. liquid) metre3 (m3) 9.463 529 E204
rad (radiation dose absorbed) gray (Gy) 1.000 000*E202
rem (dose equivalent) sievert (Sv) 1.000 000*E202
rhe metre2/newton-second (m2/N ?s) 1.000 000*E101
rod (U.S. survey)a metre (m) 5.029 210 E100
roentgen coulomb/kilogram (C/kg) 2.579 760*E204
second (angle) radian (rad) 4.848 137 E206
second (sidereal) second (s) 9.972 696 E201
section (U.S. survey)a metre2 (m2) 2.589 998 E106
shake second (s) 1.000 000*E208
slug kilogram (kg) 1.459 390 E101
slug/foot3 kilogram/metre3 (kg/m3) 5.153 788 E102
slug/foot-second pascal-second (Pa ?s) 4.788 026 E101
statampere ampere (A) 3.335 640 E210
statcoulomb coulomb (C) 3.335 640 E210
statfarad farad (F) 1.112 650 E212
stathenry henry (H) 8.987 554 E111
statmho siemens (S) 1.112 650 E212
statohm ohm (V) 8.987 554 E111
statvolt volt (V) 2.997 925 E102
stere metre3 (m3) 1.000 000*E100
stilb candela/metre2 (cd/m2) 1.000 000*E104
stokes (kinematic viscosity) metre2/second (m2/s) 1.000 000*E204
tablespoon metre3 (m3) 1.478 676 E205
teaspoon metre3 (m3) 4.928 922 E206
ton (assay) kilogram (kg) 2.916 667 E202
ton (long, 2,240 lbm) kilogram (kg) 1.016 047 E103
ton (metric) kilogram (kg) 1.000 000*E103
ton (nuclear equivalent of TNT) joule (J) 4.20 E109
ton (register) metre3 (m3) 2.831 685 E100
ton (short , 2,000 lbm) kilogram (kg) 9.071 847 E102
ton (short , mass)/hour kilogram/second (kg/s) 2.519 958 E201
ton (long, mass)/yard3 kilogram/metre3 (kg/m3) 1.328 939 E103
tonne kilogram (kg) 1.000 000*E103
torr (mm Hg, 0°C) pascal (Pa) 1.333 22 E102
township (U.S. survey)a metre2 (m2) 9.323 994 E107
unit pole weber (Wb) 1.256 637 E207
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Table 1.2.4 SI Conversion Factors (Continued )

To convert from to Multiply by

volt , international U.S. (VINT–US)b volt (V) 1.000 338 E100
volt , U.S. legal 1948 (VUS– 48) volt (V) 1.000 008 E100
watt , international U.S. (WINT–US)b watt (W) 1.000 182 E100
watt , U.S. legal 1948 (WUS– 48) watt (W) 1.000 017 E100
watt /centimetre2 watt /metre2 (W/m2) 1.000 000*E104
watt-hour joule (J) 3.600 000*E103
watt-second joule (J) 1.000 000*E100
yard metre (m) 9.144 000*E201
yard2 metre2 (m2) 8.361 274 E201
yard3 metre3 (m3) 7.645 549 E201
yard3/minute metre3/second (m3/s) 1.274 258 E202
year (calendar) second (s) 3.153 600 E107
year (sidereal) second (s) 3.155 815 E107
year (tropical) second (s) 3.155 693 E107

a Based on the U.S. survey foot (1 ft 5 1,200/3,937 m).
b In 1948 a new international agreement was reached on absolute electrical units, which changed the value of the volt used in this

country by about 300 parts per million. Again in 1969 a new base of reference was internationally adopted making a further change
of 8.4 parts per million. These changes (and also changes in ampere, joule, watt , coulomb) require careful terminology and
conversion factors for exact use of old information. Terms used in this guide are:

Volt as used prior to January 1948—volt , international U.S. (VINT–US)
Volt as used between January 1948 and January 1969—volt , U.S. legal 1948 (VINT– 48)
Volt as used since January 1969—volt (V)
Identical treatment is given the ampere, coulomb, watt , and joule.
c This value was adopted in 1956. Some of the older International Tables use the value 1.055 04 E103. The exact conversion

factor is 1.055 055 852 62*E103.
d Moment of inertia of a plane section about a specified axis.
e In 1964, the General Conference on Weights and Measures adopted the name ‘‘litre’’ as a special name for the cubic decimetre.

Prior to this decision the litre differed slightly (previous value, 1.000028 dm3), and in expression of precision, volume measure-
ment , this fact must be kept in mind.

SYSTEMS OF UNITS

The principal units of interest to mechanical engineers can be derived
from three base units which are considered to be dimensionally inde-
pendent of each other. The British ‘‘gravitational system,’’ in common
use in the United States, uses units of length, force, and time as base units
and is also called the ‘‘foot-pound-second system.’’ The metric system,
on the other hand, is based on the meter, kilogram, and second, units of
length, mass, and time, and is often designated as the ‘‘MKS system.’’
During the nineteenth century a metric ‘‘gravitational system,’’ based

or more strictly any locality in which the acceleration due to gravity has
the value 9.80 665 m/s2 5 32.1740 ft /s2, which may be called the
standard acceleration (Table 1.2.6).

The pound force is the force required to support the standard pound
body against gravity, in vacuo, in the standard locality; or, it is the force
which, if applied to the standard pound body, supposed free to move,
would give that body the ‘‘standard acceleration.’’ The word pound is
used for the unit of both force and mass and consequently is ambiguous.
To avoid uncertainty, it is desirable to call the units ‘‘pound force’’ and

h
ion
’’

)

1 s 1 s 1 s
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on a kilogram-force (also called a ‘‘kilopond’’) came into general use.
With the development of the International System of Units (SI), based
as it is on the original metric system for mechanical units, and the
general requirements by members of the European Community that
only SI units be used, it is anticipated that the kilogram-force will fall
into disuse to be replaced by the newton, the SI unit of force. Table 1.2.5
gives the base units of four systems with the corresponding derived unit
given in parentheses.

In the definitions given below, the ‘‘standard kilogram body’’ refers
to the international kilogram prototype, a platinum-iridium cylinder
kept in the International Bureau of Weights and Measures in Sèvres, just
outside Paris. The ‘‘standard pound body’’ is related to the kilogram by
a precise numerical factor: 1 lb 5 0.453 592 37 kg. This new ‘‘unified’’
pound has replaced the somewhat smaller Imperial pound of the United
Kingdom and the slightly larger pound of the United States (see NBS
Spec. Pub. 447). The ‘‘standard locality’’ means sea level, 45° latitude,

Table 1.2.5 Systems of Units

Dimensions of units Britis
in terms of ‘‘gravitat

Quantity L/M/F/T system

Length L 1 ft
Mass M (1 slug
Force F 1 lb
Time T 1 s
‘‘pound mass,’’ respectively. The slug has been defined as that mass
which will accelerate at 1 ft /s2 when acted upon by a one pound force. It
is therefore equal to 32.1740 pound-mass.

The kilogram force is the force required to support the standard kilo-
gram against gravity, in vacuo, in the standard locality; or, it is the force
which, if applied to the standard kilogram body, supposed free to move,
would give that body the ‘‘standard acceleration.’’ The word kilogram
is used for the unit of both force and mass and consequently is ambigu-
ous. It is for this reason that the General Conference on Weights and
Measures declared (in 1901) that the kilogram was the unit of mass, a
concept incorporated into SI when it was formally approved in 1960.

The dyne is the force which, if applied to the standard gram body,
would give that body an acceleration of 1 cm/s2; i.e., 1 dyne 5
1/980.665 of a gram force.

The newton is that force which will impart to a 1-kilogram mass an
acceleration of 1 m/s2.

Metric
al ‘‘gravitational CGS SI

system’’ system system

1 m 1 cm 1 m
1 g 1 kg

1 kg (1 dyne) (1 N)
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Table 1.2.6 Acceleration of Gravity

g g
Latitude,

deg m/s2 ft /s2 g/g0
Latitude,

deg m/s2 ft/s2 g/g0

0 9.780 32.088 0.9973 50 9.811 32.187 1.0004
10 9.782 32.093 0.9975 60 9.819 32.215 1.0013
20 9.786 32.108 0.9979 70 9.826 32.238 1.0020
30 9.793 32.130 0.9986 80 9.831 32.253 1.0024
40 9.802 32.158 0.9995 90 9.832 32.258 1.0026

NOTE: Correction for altitude above sea level: 23 mm/s2 for each 1,000 m; 2 0.003 ft /s2 for each 1,000 ft .
SOURCE: U.S. Coast and Geodetic Survey, 1912.

TEMPERATURE

The SI unit for thermodynamic temperature is the kelvin, K, which is the
fraction 1/273.16 of the thermodynamic temperature of the triple point
of water. Thus 273.16 K is the fixed (base) point on the kelvin scale.

Another unit used for the measurement of temperature is degrees
Celsius (formerly centigrade), °C. The relation between a thermody-
namic temperature T and a Celsius temperature t is

t 5 T 2 273.16 K

the length of the average apparent solar day. Like the sidereal day it is
constant , and like the apparent solar day its noon always occurs at
approximately the same time of day. By international agreement , be-
ginning Jan. 1, 1925, the astronomical day, like the civil day, is from
midnight to midnight . The hours of the astronomical day run from 0 to
24, and the hours of the civil day usually run from 0 to 12 A.M. and 0 to
12 P.M. In some countries the hours of the civil day also run from
0 to 24.

The Year Three different kinds of year are used: the sidereal, the
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Thus the unit Celsius degree is equal to the unit kelvin, and a difference
of temperature would be the same on either scale.

In the USCS temperature is measured in degrees Fahrenheit, F. The
relation between the Celsius and the Fahrenheit scales is

t°C 5 (t°F 2 32)/1.8

(For temperature-conversion tables, see Sec. 4.)

TERRESTRIAL GRAVITY

Standard acceleration of gravity is g0 5 9.80665 m per sec per sec, or
32.1740 ft per sec per sec. This value g0 is assumed to be the value of g
at sea level and latitude 45°.

MOHS SCALE OF HARDNESS

This scale is an arbitrary one which is used to describe the hardness of
several mineral substances on a scale of 1 through 10 (Table 1.2.7). The
given number indicates a higher relative hardness compared with that of
substances below it; and a lower relative hardness than those above it .
For example, an unknown substance is scratched by quartz, but it, in
turn, scratches feldspar. The unknown has a hardness of between 6 and
7 on the Mohs scale.

Table 1.2.7 Mohs Scale of Hardness

1. Talc 5. Apatite 8. Topaz
2. Gypsum 6. Feldspar 9. Sapphire
3. Calc-spar 7. Quartz 10. Diamond
4. Fluorspar

TIME

Kinds of Time Three kinds of time are recognized by astronomers:
sidereal, apparent solar, and mean solar time. The sidereal day is the
interval between two consecutive transits of some fixed celestial object
across any given meridian, or it is the interval required by the earth to
make one complete revolution on its axis. The interval is constant , but it
is inconvenient as a time unit because the noon of the sidereal day
occurs at all hours of the day and night . The apparent solar day is the
interval between two consecutive transits of the sun across any given
meridian. On account of the variable distance between the sun and
earth, the variable speed of the earth in its orbit , the effect of the moon,
etc., this interval is not constant and consequently cannot be kept by any
simple mechanisms, such as clocks or watches. To overcome the objec-
tion noted above, the mean solar day was devised. The mean solar day is
tropical, and the anomalistic. The sidereal year is the time taken by the
earth to complete one revolution around the sun from a given star to the
same star again. Its length is 365 days, 6 hours, 9 minutes, and 9 sec-
onds. The tropical year is the time included between two successive
passages of the vernal equinox by the sun, and since the equinox moves
westward 50.2 seconds of arc a year, the tropical year is shorter by 20
minutes 23 seconds in time than the sidereal year. As the seasons de-
pend upon the earth’s position with respect to the equinox, the tropical
year is the year of civil reckoning. The anomalistic year is the interval
between two successive passages of the perihelion, viz., the time of the
earth’s nearest approach to the sun. The anomalistic year is used only in
special calculations in astronomy.

The Second Although the second is ordinarily defined as 1/86,400
of the mean solar day, this is not sufficiently precise for many scientific
purposes. Scientists have adopted more precise definitions for specific
purposes: in 1956, one in terms of the length of the tropical year 1900
and, more recently, in 1967, one in terms of a specific atomic frequency.

Frequency is the reciprocal of time for 1 cycle; the unit of frequency is
the hertz (Hz), defined as 1 cycle/s.

The Calendar The Gregorian calendar, now used in most of the civi-
lized world, was adopted in Catholic countries of Europe in 1582 and in
Great Britain and her colonies Jan. 1, 1752. The average length of the
Gregorian calendar year is 3651⁄4 2 3⁄400 days, or 365.2425 days. This is
equivalent to 365 days, 5 hours, 49 minutes, 12 seconds. The length of
the tropical year is 365.2422 days, or 365 days, 5 hours, 48 minutes, 46
seconds. Thus the Gregorian calendar year is longer than the tropical
year by 0.0003 day, or 26 seconds. This difference amounts to 1 day in
slightly more than 3,300 years and can properly be neglected.

Standard Time Prior to 1883, each city of the United States had its
own time, which was determined by the time of passage of the sun
across the local meridian. A system of standard time had been used
since its first adoption by the railroads in 1883 but was first legalized on
Mar. 19, 1918, when Congress directed the Interstate Commerce Com-
mission to establish limits of the standard time zones. Congress took no
further steps until the Uniform Time Act of 1966 was enacted, followed
with an amendment in 1972. This legislation, referred to as ‘‘the Act ,’’
transferred the regulation and enforcement of the law to the Department
of Transportation.

By the legislation of 1918, with some modifications by the Act , the
contiguous United States is divided into four time zones, each of which,
theoretically, was to span 15 degrees of longitude. The first , the Eastern
zone, extends from the Atlantic westward to include most of Michigan
and Indiana, the eastern parts of Kentucky and Tennessee, Georgia, and
Florida, except the west half of the panhandle. Eastern standard time is
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based upon the mean solar time of the 75th meridian west of Greenwich,
and is 5 hours slower than Greenwich Mean Time (GMT). (See also dis-
cussion of UTC below.) The second or Central zone extends westward to
include most of North Dakota, about half of South Dakota and Ne-
braska, most of Kansas, Oklahoma, and all but the two most westerly
counties of Texas. Central standard time is based upon the mean solar
time of the 90th meridian west of Greenwich, and is 6 hours slower than
GMT. The third or Mountain zone extends westward to include Mon-
tana, most of Idaho, one county of Oregon, Utah, and Arizona. Mountain
standard time is based upon the mean solar time of the 105th meridian

Beginning 1 minute after the hour, a 600-Hz signal is broadcast for
about 45 s. At 2 min after the hour, the standard musical pitch of 440 Hz
is broadcast for about 45 s. For the remaining 57 min of the hour,
alternating tones of 600 and 500 Hz are broadcast for the first 45 s of
each minute (see NIST Spec. Pub. 432). The time signal can also be
received via long-distance telephone service from Ft. Collins. In addi-
tion to providing the musical pitch, these tone signals may be of use as
markers for automated recorders and other such devices.
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west of Greenwich, and is 7 hours slower than GMT. The fourth or
Pacific zone includes all of the remaining 48 contiguous states. Pacific
standard time is based on the mean solar time of the 120th meridian
west of Greenwich, and is 8 hours slower than GMT. Exact locations
of boundaries may be obtained from the Department of Transporta-
tion.

In addition to the above four zones there are four others that apply to
the noncontiguous states and islands. The most easterly is the Atlantic
zone, which includes Puerto Rico and the Virgin Islands, where the time
is 4 hours slower than GMT. Eastern standard time is used in the Pan-
ama Canal strip. To the west of the Pacific time zone there are the
Yukon, the Alaska-Hawaii, and Bering zones where the times are, respec-
tively, 9, 10, and 11 hours slower than GMT. The system of standard
time has been adopted in all civilized countries and is used by ships on
the high seas.

The Act directs that from the first Sunday in April to the last Sunday
in October, the time in each zone is to be advanced one hour for ad-
vanced time or daylight saving time (DST). However, any state-by-state
enactment may exempt the entire state from using advanced time. By
this provision Arizona and Hawaii do not observe advanced time (as of
1973). By the 1972 amendment to the Act , a state split by a time-zone
boundary may exempt from using advanced time all that part which is in
one zone without affecting the rest of the state. By this amendment , 80
counties of Indiana in the Eastern zone are exempt from using advanced
time, while 6 counties in the northwest corner and 6 counties in the
southwest , which are in Central zone, do observe advanced time.

Pursuant to its assignment of carrying out the Act , the Department of
Transportation has stipulated that municipalities located on the bound-
ary between the Eastern and Central zones are in the Central zone; those
on the boundary between the Central and Mountain zones are in the
Mountain zone (except that Murdo, SD, is in the Central zone); those on
the boundary between Mountain and Pacific time zones are in the
Mountain zone. In such places, when the time is given, it should be
specified as Central, Mountain, etc.

Standard Time Signals The National Institute of Standards and
Technology broadcasts time signals from station WWV, Ft. Collins, CO,
and from station WWVH, near Kekaha, Kaui, HI. The broadcasts by
WWV are on radio carrier frequencies of 2.5, 5, 10, 15, and 20 MHz,
while those by WWVH are on radio carrier frequencies of 2.5, 5, 10,
and 15 MHz. Effective Jan. 1, 1975, time announcements by both
WWV and WWVH are referred to as Coordinated Universal Time, UTC,
the international coordinated time scale used around the world for most
timekeeping purposes. UTC is generated by reference to International
Atomic Time (TAI), which is determined by the Bureau International de
l’Heure on the basis of atomic clocks operating in various establish-
ments in accordance with the definition of the second. Since the differ-
ence between UTC and TAI is defined to be a whole number of seconds,
a ‘‘leap second’’ is periodically added to or subtracted from UTC to
take into account variations in the rotation of the earth. Time (i.e., clock
time) is given in terms of 0 to 24 hours a day, starting with 0000 at
midnight at Greenwich zero longitude. The beginning of each 0.8-sec-
ond-long audio tone marks the end of an announced time interval. For
example, at 2:15 P.M., UTC, the voice announcement would be: ‘‘At the
tone fourteen hours fifteen minutes Coordinated Universal Time,’’
given during the last 7.5 seconds of each minute. The tone markers from
both stations are given simultaneously, but owing to propagation inter-
ferences may not be received simultaneously.
DENSITY AND RELATIVE DENSITY

Density of a body is its mass per unit volume. With SI units densities are
in kilograms per cubic meter. However, giving densities in grams per
cubic centimeter has been common. With the USCS, densities are given
in pounds per mass cubic foot .

Table 1.2.8 Relative Densities at 60°/60°F Corresponding to
Degrees API and Weights per U.S. Gallon at 60°F

SCalculated from the formula, relative density 5
141.5

131.5 1 deg APID
Lb per Lb per

Degrees Relative U.S. Degrees Relative U.S.
API density gallon API density gallon

10 1.0000 8.328 56 0.7547 6.283
11 0.9930 8.270 57 0.7507 6.249
12 0.9861 8.212 58 0.7467 6.216
13 0.9792 8.155 59 0.7428 6.184
14 0.9725 8.099 60 0.7389 6.151
15 0.9659 8.044 61 0.7351 6.119
16 0.9593 7.989 62 0.7313 6.087
17 0.9529 7.935 63 0.7275 6.056
18 0.9465 7.882 64 0.7238 6.025
19 0.9402 7.830 65 0.7201 5.994
20 0.9340 7.778 66 0.7165 5.964
21 0.9279 7.727 67 0.7128 5.934
22 0.9218 7.676 68 0.7093 5.904
23 0.9159 7.627 69 0.7057 5.874
24 0.9100 7.578 70 0.7022 5.845
25 0.9042 7.529 71 0.6988 5.817
26 0.8984 7.481 72 0.6953 5.788
27 0.8927 7.434 73 0.6919 5.759
28 0.8871 7.387 74 0.6886 5.731
29 0.8816 7.341 75 0.6852 5.703
30 0.8762 7.296 76 0.6819 5.676
31 0.8708 7.251 77 0.6787 5.649
32 0.8654 7.206 78 0.6754 5.622
33 0.8602 7.163 79 0.6722 5.595
34 0.8550 7.119 80 0.6690 5.568
35 0.8498 7.076 81 0.6659 5.542
36 0.8448 7.034 82 0.6628 5.516
37 0.8398 6.993 83 0.6597 5.491
38 0.8348 6.951 84 0.6566 5.465
39 0.8299 6.910 85 0.6536 5.440
40 0.8251 6.870 86 0.6506 5.415
41 0.8203 6.830 87 0.6476 5.390
42 0.8155 6.790 88 0.6446 5.365
43 0.8109 6.752 89 0.6417 5.341
44 0.8063 6.713 90 0.6388 5.316
45 0.8017 6.675 91 0.6360 5.293
46 0.7972 6.637 92 0.6331 5.269
47 0.7927 6.600 93 0.6303 5.246
48 0.7883 6.563 94 0.6275 5.222
49 0.7839 6.526 95 0.6247 5.199
50 0.7796 6.490 96 0.6220 5.176
51 0.7753 6.455 97 0.6193 5.154
52 0.7711 6.420 98 0.6166 5.131
53 0.7669 6.385 99 0.6139 5.109
54 0.7628 6.350 100 0.6112 5.086
55 0.7587 6.316

NOTE: The weights in this table are weights in air at 60°F with humidity 50 percent and
pressure 760 mm.
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Table 1.2.9 Relative Densities at 60°/60°F Corresponding to
Degrees Baumé for Liquids Lighter than Water and Weights
per U.S. Gallon at 60°F

SCalculated from the formula, relative density
60°

60°
F 5

140

130 1 deg BauméD
Lb Lb

Degrees Relative per Degrees Relative per
Baumé density gallon Baumé density gallon

10.0 1.0000 8.328 56.0 0.7527 6.266

equal volumes, the ratio of the molecular weight of the gas to that of air
may be used as the relative density of the gas. When this is done, the
molecular weight of air may be taken as 28.9644.

The relative density of liquids is usually measured by means of a
hydrometer. In addition to a scale reading in relative density as defined
above, other arbitrary scales for hydrometers are used in various trades
and industries. The most common of these are the API and Baumé. The
API (American Petroleum Institute) scale is approved by the American
Petroleum Institute, the ASTM, the U.S. Bureau of Mines, and the
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11.0 0.9929 8.269 57.0 0.7487 6.233
12.0 0.9859 8.211 58.0 0.7447 6.199
13.0 0.9790 8.153 59.0 0.7407 6.166

14.0 0.9722 8.096 60.0 0.7368 6.134
15.0 0.9655 8.041 61.0 0.7330 6.102
16.0 0.9589 7.986 62.0 0.7292 6.070
17.0 0.9524 7.931 63.0 0.7254 6.038

18.0 0.9459 7.877 64.0 0.7216 6.007
19.0 0.9396 7.825 65.0 0.7179 5.976
20.0 0.9333 7.772 66.0 0.7143 5.946
21.0 0.9272 7.721 67.0 0.7107 5.916

22.0 0.9211 7.670 68.0 0.7071 5.886
23.0 0.9150 7.620 69.0 0.7035 5.856
24.0 0.9091 7.570 70.0 0.7000 5.827
25.0 0.9032 7.522 71.0 0.6965 5.798

26.0 0.8974 7.473 72.0 0.6931 5.769
27.0 0.8917 7.425 73.0 0.6897 5.741
28.0 0.8861 7.378 74.0 0.6863 5.712
29.0 0.8805 7.332 75.0 0.6829 5.685

30.0 0.8750 7.286 76.0 0.6796 5.657
31.0 0.8696 7.241 77.0 0.6763 5.629
32.0 0.8642 7.196 78.0 0.6731 5.602
33.0 0.8589 7.152 79.0 0.6699 5.576

34.0 0.8537 7.108 80.0 0.6667 5.549
35.0 0.8485 7.065 81.0 0.6635 5.522
36.0 0.8434 7.022 82.0 0.6604 5.497
37.0 0.8383 6.980 83.0 0.6573 5.471

38.0 0.8333 6.939 84.0 0.6542 5.445
39.0 0.8284 6.898 85.0 0.6512 5.420
40.0 0.8235 6.857 86.0 0.6482 5.395
41.0 0.8187 6.817 87.0 0.6452 5.370

42.0 0.8140 6.777 88.0 0.6422 5.345
43.0 0.8092 6.738 89.0 0.6393 5.320
44.0 0.8046 6.699 90.0 0.6364 5.296
45.0 0.8000 6.661 91.0 0.6335 5.272

46.0 0.7955 6.623 92.0 0.6306 5.248
47.0 0.7910 6.586 93.0 0.6278 5.225
48.0 0.7865 6.548 94.0 0.6250 5.201
49.0 0.7821 6.511 95.0 0.6222 5.178

50.0 0.7778 6.476 96.0 0.6195 5.155
51.0 0.7735 6.440 97.0 0.6167 5.132
52.0 0.7692 6.404 98.0 0.6140 5.100
53.0 0.7650 6.369 99.0 0.6114 5.088
54.0 0.7609 6.334 100.0 0.6087 5.066
55.0 0.7568 6.300

Relative density is the ratio of the density of one substance to that of a
second (or reference) substance, both at some specified temperature.
Use of the earlier term specific gravity for this quantity is discouraged.
For solids and liquids water is almost universally used as the reference
substance. Physicists use a reference temperature of 4°C (5 39.2°F);
U.S. engineers commonly use 60°F. With the introduction of SI units, it
may be found desirable to use 59°F, since 59°F and 15°C are equiva-
lents.

For gases, relative density is generally the ratio of the density of the
gas to that of air, both at the same temperature, pressure, and dryness (as
regards water vapor). Because equal numbers of moles of gases occupy
National Bureau of Standards and is recommended for exclusive use in
the U.S. petroleum industry, superseding the Baumé scale for liquids
lighter than water. The relation between API degrees and relative density
(see Table 1.2.8) is expressed by the following equation:

Degrees API 5
141.5

rel dens 60°/60°F
2 131.5

The relative densities corresponding to the indications of the Baumé
hydrometer are given in Tables 1.2.9 and 1.2.10.

Table 1.2.10 Relative Densities at 60°/60°F Corresponding
to Degrees Baumé for Liquids Heavier than Water

SCalculated from the formula, relative density
60°

60°
F 5

145

145 2 deg BauméD
Degrees Relative Degrees Relative Degrees Relative
Baumé density Baumé density Baumé density

0 1.0000 24 1.1983 48 1.4948
1 1.0069 25 1.2083 49 1.5104
2 1.0140 26 1.2185 50 1.5263
3 1.0211 27 1.2288 51 1.5426

4 1.0284 28 1.2393 52 1.5591
5 1.0357 29 1.2500 53 1.5761
6 1.0432 30 1.2609 54 1.5934
7 1.0507 31 1.2719 55 1.6111

8 1.0584 32 1.2832 56 1.6292
9 1.0662 33 1.2946 57 1.6477

10 1.0741 34 1.3063 58 1.6667
11 1.0821 35 1.3182 59 1.6860

12 1.0902 36 1.3303 60 1.7059
13 1.0985 37 1.3426 61 1.7262
14 1.1069 38 1.3551 62 1.7470
15 1.1154 39 1.3679 63 1.7683

16 1.1240 40 1.3810 64 1.7901
17 1.1328 41 1.3942 65 1.8125
18 1.1417 42 1.4078 66 1.8354
19 1.1508 43 1.4216 67 1.8590

20 1.1600 44 1.4356 68 1.8831
21 1.1694 45 1.4500 69 1.9079
22 1.1789 46 1.4646 70 1.9333
23 1.1885 47 1.4796

CONVERSION AND EQUIVALENCY TABLES

Note for Use of Conversion Tables (Tables
1.2.11 through 1.2.34)

Subscripts after any figure, 0s, 9s, etc., mean that that figure is to be
repeated the indicated number of times.
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Table 1.2.11 Length Equivalents

Centimetres Inches Feet Yards Metres Chains Kilometres Miles

1 0.3937 0.03281 0.01094 0.01 0.034971 1025 0.056214
2.540 1 0.08333 0.02778 0.0254 0.001263 0.04254 0.041578
30.48 12 1 0.3333 0.3048 0.01515 0.033048 0.031894
91.44 36 3 1 0.9144 0.04545 0.039144 0.035682
100 39.37 3.281 1.0936 1 0.04971 0.001 0.036214
2012 792 66 22 20.12 1 0.02012 0.0125

100000 39370 3281 1093.6 1000 49.71 1 0.6214
160934 63360 5280 1760 1609 80 1.609 1

(As used by metrology laboratories for precise measurements, including measurements of surface texture)*

Light bands,†
Surface texture monochromatic Surface texture Precision Close-tolerance

Angstrom (U.S.), microinch helium light foreign, measurements, § measurements, Metric USCS
units Å min count‡ mm 0.0001 in 0.001 in (mils) unit , mm unit , in

1 0.003937 0.0003404 0.0001 0.043937 0.053937 0.061 0.083937
254 1 0.086 0.0254 0.01 0.001 0.04254 0.051

2937.5 11.566 1 0.29375 0.11566 0.011566 0.0329375 0.0411566
10,000 39.37 3.404 1 0.3937 0.03937 0.001 0.043937
25,400 100 8.646 2.54 1 0.1 0.00254 0.0001

254,000 1000 86.46 25.4 10 1 0.0254 0.001
10,000,000 39,370 3404 1000 393.7 39.37 1 0.03937
254,000,000 1,000,000 86,460 25,400 10,000 1000 25.4 1

* Computed by J. A. Broadston.
† One light band equals one-half corresponding wavelength. Visible-light wavelengths range from red at 6,500 Å to violet at 4,100 Å.
‡ One helium light band 5 0.000011661 in 5 2937.5 Å; one krypton 86 light band 5 0.0000119 in 5 3,022.5 Å; one mercury 198 light band 5 0.00001075 in 5 2,730 Å.
§ The designations ‘‘precision measurements,’’ etc., are not necessarily used in all metrology laboratories.
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Table 1.2.12 Conversion of Lengths*

Inches to Millimetres Feet Metres Yards Metres Miles to Kilometres
millimetres to inches to metres to feet to metres to yards kilometres to miles

1 25.40 0.03937 0.3048 3.281 0.9144 1.094 1.609 0.6214
2 50.80 0.07874 0.6096 6.562 1.829 2.187 3.219 1.243
3 76.20 0.1181 0.9144 9.843 2.743 3.281 4.828 1.864
4 101.60 0.1575 1.219 13.12 3.658 4.374 6.437 2.485

5 127.00 0.1969 1.524 16.40 4.572 5.468 6.047 3.107
6 152.40 0.2362 1.829 19.69 5.486 6.562 9.656 3.728
7 177.80 0.2756 2.134 22.97 6.401 7.655 11.27 4.350
8 203.20 0.3150 2.438 26.25 7.315 8.749 12.87 4.971
9 228.60 0.3543 2.743 29.53 8.230 9.843 14.48 5.592

*EXAMPLE: 1 in 5 25.40 mm.

Common fractions of an inch to millimetres (from 1⁄64 to 1 in)

64ths Millimetres 64ths Millimetres 64th Millimetres 64ths Millimetres 64ths Millimetres 64ths Millimetres

1 0.397 13 5.159 25 9.922 37 14.684 49 19.447 57 22.622
2 0.794 14 5.556 26 10.319 38 15.081 50 19.844 58 23.019
3 1.191 15 5.953 27 10.716 39 15.478 51 20.241 59 23.416
4 1.588 16 6.350 28 11.112 40 15.875 52 20.638 60 23.812

5 1.984 17 6.747 29 11.509 41 16.272 53 21.034 61 24.209
6 2.381 18 7.144 30 11.906 42 16.669 54 21.431 62 24.606
7 2.778 19 7.541 31 12.303 43 17.066 55 21.828 63 25.003
8 3.175 20 7.938 32 12.700 44 17.462 56 22.225 64 25.400

9 3.572 21 8.334 33 13.097 45 17.859
10 3.969 22 8.731 34 13.494 46 18.256
11 4.366 23 9.128 35 13.891 47 18.653
12 4.762 24 9.525 36 14.288 48 19.050

Decimals of an inch to millimetres (0.01 to 0.99 in)

0 1 2 3 4 5 6 7 8 9

.0 0.254 0.508 0.762 1.016 1.270 1.524 1.778 2.032 2.286

.1 2.540 2.794 3.048 3.302 3.556 3.810 4.064 4.318 4.572 4.826

.2 5.080 5.334 5.588 5.842 6.096 6.350 6.604 6.858 7.112 7.366

.3 7.620 7.874 8.128 8.382 8.636 8.890 9.144 9.398 9.652 9.906

.4 10.160 10.414 10.668 10.922 11.176 11.430 11.684 11.938 12.192 12.446

.5 12.700 12.954 13.208 13.462 13.716 13.970 14.224 14.478 14.732 14.986

.6 15.240 15.494 15.748 16.002 16.256 16.510 16.764 17.018 17.272 17.526

.7 17.780 18.034 18.288 18.542 18.796 19.050 19.304 19.558 19.812 20.066

.8 20.320 20.574 20.828 21.082 21.336 21.590 21.844 22.098 22.352 22.606

.9 22.860 23.114 23.368 23.622 23.876 24.130 24.384 24.638 24.892 25.146

Millimetres to decimals of an inch (from 1 to 99 mm)

0. 1. 2. 3. 4. 5. 6. 7. 8. 9.

0 0.0394 0.0787 0.1181 0.1575 0.1969 0.2362 0.2756 0.3150 0.3543
1 0.3937 0.4331 0.4724 0.5118 0.5512 0.5906 0.6299 0.6693 0.7087 0.7480
2 0.7874 0.8268 0.8661 0.9055 0.9449 0.9843 1.0236 1.0630 1.1024 1.1417
3 1.1811 1.2205 1.2598 1.2992 1.3386 1.3780 1.4173 1.4567 1.4961 1.5354
4 1.5748 1.6142 1.6535 1.6929 1.7323 1.7717 1.8110 1.8504 1.8898 1.9291

5 1.9685 2.0079 2.0472 2.0866 2.1260 2.1654 2.2047 2.2441 2.2835 2.3228
6 2.3622 2.4016 2.4409 2.4803 2.5197 2.5591 2.5984 2.6378 2.6772 2.7165
7 2.7559 2.7953 2.8346 2.8740 2.9134 2.9528 2.9921 3.0315 3.0709 3.1102
8 3.1496 3.1890 3.2283 3.2677 3.3071 3.3465 3.3858 3.4252 3.4646 3.5039
9 3.5433 3.5827 3.6220 3.6614 3.7008 3.7402 3.7795 3.8189 3.8583 3.8976
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Table 1.2.13 Area Equivalents
(1 hectare 5 100 ares 5 10,000 centiares or square metres)

Square Square Square Square Square Square Square miles
metres inches feet yards rods chains Roods Acres or sections

1 1550 10.76 1.196 0.0395 0.002471 0.039884 0.032471 0.063861
0.036452 1 0.006944 0.037716 0.042551 0.051594 0.066377 0.061594 0.092491
0.09290 144 1 0.1111 0.003673 0.032296 0.049183 0.042296 0.073587
0.8361 1296 9 1 0.03306 0.002066 0.038264 0.0002066 0.063228
25.29 39204 272.25 30.25 1 0.0625 0.02500 0.00625 0.059766
404.7 627264 4356 484 16 1 0.4 0.1 0.0001562
1012 1568160 10890 1210 40 2.5 1 0.25 0.033906
4047 6272640 43560 4840 160 10 4 1 0.001562

2589988 27878400 3097600 102400 6400 2560 640 1

Table 1.2.14 Conversion of Areas*

Sq in Sq cm Sq ft Sq m Sq yd Sq m Acres to Hectares Sq mi Sq km
to sq cm to sq in to sq m to sq ft to sq m to sq yd hectares to acres to sq km to sq mi

1 6.452 0.1550 0.0929 10.76 0.8361 1.196 0.4047 2.471 2.590 0.3861
2 12.90 0.3100 0.1858 21.53 1.672 2.392 0.8094 4.942 5.180 0.7722
3 19.35 0.4650 0.2787 32.29 2.508 3.588 1.214 7.413 7.770 1.158
4 25.81 0.6200 0.3716 43.06 3.345 4.784 1.619 9.884 10.360 1.544

5 32.26 0.7750 0.4645 53.82 4.181 5.980 2.023 12.355 12.950 1.931
6 38.71 0.9300 0.5574 64.58 5.017 7.176 2.428 14.826 15.540 2.317
7 45.16 1.085 0.6503 75.35 5.853 8.372 2.833 17.297 18.130 2.703
8 51.61 1.240 0.7432 86.11 6.689 9.568 3.237 19.768 20.720 3.089
9 58.06 1.395 0.8361 96.88 7.525 10.764 3.642 22.239 23.310 3.475

* EXAMPLE: 1 in2 5 6.452 cm2.

Table 1.2.15 Volume and Capacity Equivalents

U.S. quarts
Cubic
inches

Cubic
feet

Cubic
yards

U.S. Apothecary
fluid ounces Liquid Dry

U.S.
gallons

U.S.
bushels

Cubic decimetres
or litres

1 0.035787 0.042143 0.5541 0.01732 0.01488 0.024329 0.034650 0.01639
1728 1 0.03704 957.5 29.92 25.71 7.481 0.8036 28.32

46656 27 1 25853 807.9 694.3 202.2 21.70 764.6
1.805 0.001044 0.043868 1 0.03125 0.02686 0.007812 0.038392 0.02957
57.75 0.03342 0.001238 32 1 0.8594 0.25 0.02686 0.9464
67.20 0.03889 0.001440 37.24 1.164 1 0.2909 0.03125 1.101
231 0.1337 0.004951 128 4 3.437 1 0.1074 3.785
2150 1.244 0.04609 1192 37.24 32 9.309 1 35.24
61.02 0.03531 0.001308 33.81 1.057 0.9081 0.2642 0.02838 1

Table 1.2.16 Conversion of Volumes or Cubic Measure*

Cu in mL Cu ft Cu m Cu yd Cu m Gallons Cu ft
to mL to cu in to cu m to cu ft to cu m to cu yd to cu ft to gallons

1 16.39 0.06102 0.02832 35.31 0.7646 1.308 0.1337 7.481
2 32.77 0.1220 0.05663 70.63 1.529 2.616 0.2674 14.96
3 49.16 0.1831 0.08495 105.9 2.294 3.924 0.4010 22.44
4 65.55 0.2441 0.1133 141.3 3.058 5.232 0.5347 29.92

5 81.94 0.3051 0.1416 176.6 3.823 6.540 0.6684 37.40
6 98.32 0.3661 0.1699 211.9 4.587 7.848 0.8021 44.88
7 114.7 0.4272 0.1982 247.2 5.352 9.156 0.9358 52.36
8 131.1 0.4882 0.2265 282.5 6.116 10.46 1.069 59.84
9 147.5 0.5492 0.2549 317.8 6.881 11.77 1.203 67.32

* EXAMPLE: 1 in3 5 16.39 mL.
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Table 1.2.17 Conversion of Volumes or Capacities*

Fluid ounces mL to Liquid pints Litres to Liquid quarts Litres to Gallons Litres Bushels to Hectolitres
to mL fluid ounces to litres liquid pints to litres liquid quarts to litres to gallons hectolitres to bushels

1 29.57 0.03381 0.4732 2.113 0.9463 1.057 3.785 0.2642 0.3524 2.838
2 59.15 0.06763 0.9463 4.227 1.893 2.113 7.571 0.5284 0.7048 5.676
3 88.72 0.1014 1.420 6.340 2.839 3.170 11.36 0.7925 1.057 8.513
4 118.3 0.1353 1.893 8.454 3.785 4.227 15.14 1.057 1.410 11.35

5 147.9 0.1691 2.366 10.57 4.732 5.284 18.93 1.321 1.762 14.19
6 177.4 0.2092 2.839 12.68 5.678 6.340 22.71 1.585 2.114 17.03
7 207.0 0.2367 3.312 14.79 6.624 7.397 26.50 1.849 2.467 19.86
8 236.6 0.2705 3.785 16.91 7.571 8.454 30.28 2.113 2.819 22.70
9 266.2 2.3043 4.259 19.02 8.517 9.510 34.07 2.378 3.171 25.54

* EXAMPLE: 1 fluid oz 5 29.57 mL.

Table 1.2.18 Mass Equivalents

Ounces Pounds Tons

Kilograms Grains Troy and apoth Avoirdupois Troy and apoth Avoirdupois Short Long Metric

1 15432 32.15 35.27 2.6792 2.205 0.021102 0.039842 0.001
0.046480 1 0.022083 0.022286 0.031736 0.031429 0.077143 0.076378 0.076480
0.03110 480 1 1.09714 0.08333 0.06857 0.043429 0.043061 0.043110
0.02835 437.5 0.9115 1 0.07595 0.0625 0.043125 0.042790 0.042835
0.3732 5760 12 13.17 1 0.8229 0.034114 0.033673 0.033732
0.4536 7000 14.58 16 1.215 1 0.0005 0.034464 0.034536
907.2 1406 29167 3203 2431 2000 1 0.8929 0.9072
1016 156804 32667 35840 2722 2240 1.12 1 1.016
1000 15432356 32151 35274 2679 2205 1.102 0.9842 1

Table 1.2.19 Conversion of Masses*

Short Metric Long
tons tons tons Metric

Ounces Grams Pounds Kilograms (2000 lb) (1000 kg) (2240 lb) tons
Grains Grams (avdp) to (avdp) to to to to to

to to to ounces to pounds metric short metric long
grams grains grams (avdp) kilograms (avdp) tons tons tons tons

1 0.06480 15.43 28.35 0.03527 0.4536 2.205 0.907 1.102 1.016 0.984
2 0.1296 30.86 56.70 0.07055 0.9072 4.409 1.814 2.205 2.032 1.968
3 0.1944 46.30 85.05 0.1058 1.361 6.614 2.722 3.307 3.048 2.953
4 0.2592 61.73 113.40 0.1411 1.814 8.818 3.629 4.409 4.064 3.937

5 0.3240 77.16 141.75 0.1764 2.268 11.02 4.536 5.512 5.080 4.921
6 0.3888 92.59 170.10 0.2116 2.722 13.23 5.443 6.614 6.096 5.905
7 0.4536 108.03 198.45 0.2469 3.175 15.43 6.350 7.716 7.112 6.889
8 0.5184 123.46 226.80 0.2822 3.629 17.64 7.257 8.818 8.128 7.874
9 0.5832 138.89 255.15 0.3175 4.082 19.84 8.165 9.921 9.144 8.858

* EXAMPLE: 1 grain 5 0.06480 grams.

Table 1.2.20 Pressure Equivalents

Columns of mercury at
temperature 0°C and

g 5 9.80665 m/s2

Columns of water at
temperature 15°C and

g 5 9.80665 m/s2

Pascals
N/m2

Bars 105

N/m2
Poundsf
per in2 Atmospheres cm in cm in

1 1025 0.000145 0.00001 0.00075 0.000295 0.01021 0.00402
100000 1 14.504 0.9869 75.01 29.53 1020.7 401.8
6894.8 0.068948 1 0.06805 5.171 2.036 70.37 27.703
101326 1.0132 14.696 1 76.000 29.92 1034 407.1
1333 0.0133 0.1934 0.01316 1 0.3937 13.61 5.357
3386 0.03386 0.4912 0.03342 2.540 1 34.56 13.61
97.98 0.0009798 0.01421 0.000967 0.07349 0.02893 1 0.3937
248.9 0.002489 0.03609 0.002456 0.1867 0.07349 2.540 1
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Table 1.2.21 Conversion of Pressures*

Lb/in2 to Bars to Lb/in2 to Atmospheres Bars to Atmospheres
bars lb/in2 atmospheres to lb/in2 atmospheres to bars

1 0.06895 14.504 0.06805 14.696 0.98692 1.01325
2 0.13790 29.008 0.13609 29.392 1.9738 2.0265
3 0.20684 43.511 0.20414 44.098 2.9607 3.0397
4 0.27579 58.015 0.27218 58.784 3.9477 4.0530

5 0.34474 72.519 0.34823 73.480 4.9346 5.0663
6 0.41368 87.023 0.40826 88.176 5.9215 6.0795
7 0.48263 101.53 0.47632 102.87 6.9085 7.0927
8 0.55158 116.03 0.54436 117.57 7.8954 8.1060
9 0.62053 130.53 0.61241 132.26 8.8823 9.1192

* EXAMPLE: 1 lb/in2 5 0.06895 bar.

Table 1.2.22 Velocity Equivalents

cm/s m/s m/min km/h ft /s ft /min mi/h Knots

1 0.01 0.6 0.036 0.03281 1.9685 0.02237 0.01944
100 1 60 3.6 3.281 196.85 2.237 1.944

1.667 0.01667 1 0.06 0.05468 3.281 0.03728 0.03240
27.78 0.2778 16.67 1 0.9113 54.68 0.6214 0.53996
30.48 0.3048 18.29 1.097 1 60 0.6818 0.59248
0.5080 0.005080 0.3048 0.01829 0.01667 1 0.01136 0.00987
44.70 0.4470 26.82 1.609 1.467 88 1 0.86898
51.44 0.5144 30.87 1.852 1.688 101.3 1.151 1

Table 1.2.23 Conversion of Linear and Angular Velocities*

cm/s ft /min cm/s mi/h ft /s mi/h rad/s r/min
to ft /min to cm/s to mi/h to cm/s to mi/h to ft /s to r/min to rad/s

1 1.97 0.508 0.0224 44.70 0.682 1.47 9.55 0.1047
2 3.94 1.016 0.0447 89.41 1.364 2.93 19.10 0.2094
3 5.91 1.524 0.0671 134.1 2.045 4.40 28.65 0.3142
4 7.87 2.032 0.0895 178.8 2.727 5.87 38.20 0.4189

5 9.84 2.540 0.1118 223.5 3.409 7.33 47.75 0.5236
6 11.81 3.048 0.1342 268.2 4.091 8.80 57.30 0.6283
7 13.78 3.556 0.1566 312.9 4.773 10.27 66.84 0.7330
8 15.75 4.064 0.1790 357.6 5.455 11.73 76.39 0.8378
9 17.72 4.572 0.2013 402.3 6.136 13.20 85.94 0.9425

* EXAMPLE: 1 cm/s 5 1.97 ft /min.

Table 1.2.24 Acceleration Equivalents

cm/s2 m/s2 m/(h ?s) km/(h ?s) ft /(h ?s) ft /s2 ft /min2 mi/(h ?s) knots/s

1 0.01 36.00 0.036 118.1 0.03281 118.1 0.02237 0.01944
100 1 3600 3.6 11811 3.281 11811 2.237 1.944

0.02778 0.0002778 1 0.001 3.281 0.0009113 3.281 0.0006214 0.0005400
27.78 0.2778 1000 1 3281 0.9113 3281 0.6214 0.5400

0.008467 0.00008467 0.3048 0.0003048 1 0.0002778 1 0.0001894 0.0001646
30.48 0.3048 1097 1.097 3600 1 3600 0.6818 0.4572

0.008467 0.00008467 0.3048 0.0003048 1 0.0002778 1 0.0001894 0.0001646
44.70 0.4470 1609 1.609 5280 1.467 5280 1 0.8690
51.44 0.5144 1852 1.852 6076 1.688 6076 1.151 1

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.



CONVERSION AND EQUIVALENCY TABLES 1-33

Table 1.2.25 Conversion of Accelerations*

cm/s2 km/(h ?s) km/(h ?s) ft /s2 ft /s2 ft /min2 mi/(h ?s) mi/(h ?s) knots/s knots/s
to to to to to to to to to to

ft /min2 mi/(h ?s) knots/s mi/(h ?s) knots/s cm/s2 m/(h ?s) knots/s mi/(h ?s) km/(h ?s)

1 118.1 0.6214 0.5400 0.6818 0.4572 0.008467 1.609 0.8690 1.151 1.852
2 236.2 1.243 1.080 1.364 0.9144 0.01693 3.219 1.738 2.302 3.704
3 354.3 1.864 1.620 2.045 1.372 0.02540 4.828 2.607 3.452 5.556
4 472.4 2.485 2.160 2.727 1.829 0.03387 6.437 3.476 4.603 7.408
5 590.6 3.107 2.700 3.409 2.286 0.04233 8.046 4.345 5.754 9.260

6 708.7 3.728 3.240 4.091 2.743 0.05080 9.656 5.214 6.905 11.11
7 826.8 4.350 3.780 4.772 3.200 0.05927 11.27 6.083 8.056 12.96
8 944.9 4.971 4.320 5.454 3.658 0.06774 12.87 6.952 9.206 14.82
9 1063 5.592 4.860 6.136 4.115 0.07620 14.48 7.821 10.36 16.67

* EXAMPLE: 1 cm/s2 5 118.1 ft /min2.

Table 1.2.26 Energy or Work Equivalents

Metric British
Joules or Kilogramf- Kilowatt horsepower- Horsepower- Litre- thermal

Newton-metre metres Foot-poundsf hours hours hours atmospheres Kilocalories units

1 0.10197 0.7376 0.062778 0.063777 0.063725 0.009869 0.032388 0.039478
9.80665 1 7.233 0.052724 0.0537037 0.053653 0.09678 0.002342 0.009295
1.356 0.1383 1 0.063766 0.0651206 0.0650505 0.01338 0.033238 0.001285

3.600 3 106 3.671 3 105 2.655 3 106 1 1.3596 1.341 35528 859.9 3412
2.648 3 106 270000 1.9529 3 106 0.7355 1 0.9863 26131 632.4 2510
2.6845 3 106 2.7375 3 105 1.98 3 106 0.7457 1.0139 1 26493 641.2 2544

101.33 10.333 74.74 0.042815 0.043827 0.043775 1 0.02420 0.09604
4186.8 426.9 3088 0.001163 0.001581 0.001560 41.32 1 3.968
1055 107.6 778.2 0.032931 0.033985 0.033930 10.41 0.25200 1

Table 1.2.27 Conversion of Energy, Work, Heat*

Ft ? lbf Joules Ft ? lbf Btu Kilogramf- Kilocalories Joules Calories
to to to to metres to to kilogramf- to to

joules ft ? lbf Btu ft ? lbf kilocalories metres calories joules

1 1.3558 0.7376 0.001285 778.2 0.002342 426.9 0.2388 4.187
2 2.7116 1.4751 0.002570 1,556 0.004685 853.9 0.4777 8.374
3 4.0674 2.2127 0.003855 2,334 0.007027 1,281 0.7165 12.56
4 5.4232 2.9503 0.005140 3,113 0.009369 1,708 0.9554 16.75

5 6.7790 3.6879 0.006425 3,891 0.01172 2,135 1.194 20.93
6 8.1348 4.4254 0.007710 4,669 0.01405 2,562 1.433 25.12
7 9.4906 5.1630 0.008995 5,447 0.01640 2,989 1.672 29.31
8 10.8464 5.9006 0.01028 6,225 0.01874 3,415 1.911 33.49
9 12.2022 6.6381 0.01156 7,003 0.02108 3,842 2.150 37.68

* EXAMPLE: 1 ft ? lbf 5 1.3558 J.

Table 1.2.28 Power Equivalents

Metric Kgf ?m Ft ? lbf Kilocalories Btu per
Horsepower Kilowatts horsepower per s per s per s s

1 0.7457 1.014 76.04 550 0.1781 0.7068
1.341 1 1.360 102.0 737.6 0.2388 0.9478

0.9863 0.7355 1 75 542.5 0.1757 0.6971
0.01315 0.009807 0.01333 1 7.233 0.002342 0.009295
0.00182 0.001356 0.00184 0.1383 1 0.033238 0.001285
5.615 4.187 5.692 426.9 3088 1 3.968
1.415 1.055 1.434 107.6 778.2 0.2520 1
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Table 1.2.29 Conversion of Power*

Metric Kilowatts Horsepower Metric
Horsepower Kilowatts to horsepower to metric to metric horsepower
to kilowatts horsepower to kilowatts horsepower horsepower to horsepower

1 0.7457 1.341 0.7355 1.360 1.014 0.9863
2 1.491 2.682 1.471 2.719 2.028 1.973
3 2.237 4.023 2.206 4.079 3.042 2.959
4 2.983 5.364 2.942 5.438 4.055 3.945

5 3.729 6.705 3.677 6.798 5.069 4.932
6 4.474 8.046 4.412 8.158 6.083 5.918
7 5.220 9.387 5.147 9.520 7.097 6.904
8 5.966 10.73 5.883 10.88 8.111 7.891
9 6.711 12.07 6.618 12.24 9.125 8.877

* EXAMPLE: 1 hp 5 0.7457 kW.

Table 1.2.30 Density Equivalents*

Short tons
Grams Lb per Lb per (2,000 lb) Lb per
per mL cu in cu ft per cu yd U.S. gal

1 0.03613 62.43 0.8428 8.345
27.68 1 1728 23.33 231

0.01602 0.035787 1 0.0135 0.1337
1.187 0.04287 74.7 1 9.902

0.1198 0.004329 7.481 0.1010 1

* EXAMPLE: 1 g per mL 5 62.43 lb per cu ft .

Table 1.2.31 Conversion of Density

Grams per mL Short tons
Grams per mL to Lb per cu ft to to short tons per cu yd to

lb per cu ft grams per mL per cu yd grams per mL

62.43 0.01602 0.8428 1.187
187.28 0.04805 2.5283 3.560
312.14 0.08009 4.2139 5.933
437.00 0.11213 5.8995 8.306
561.85 0.14416 7.5850 10.679

Table 1.2.32 Thermal Conductivity

Calories per Watts per Calories per Btu ? ft per Btu ? in per
cm ?s ?°C cm ?°C cm ?h ?°C ft2 ?h ?°F ft2 ?day ?°F

1 4.1868 3,600 241.9 69,670
0.2388 1 860 57.79 16,641
0.0002778 0.001163 1 0.0672 19.35
0.004134 0.01731 14.88 1 288
0.00001435 0.00006009 0.05167 0.00347 1

Table 1.2.33 Thermal Conductance

Calories per Watts per Calories per Btu per Btu per
cm2 ?s ?°C cm2 ?°C cm2 ?h ?°C ft2 ?h ?°F ft2 ?day ?°F

1 4.1868 3,600 7,373 176,962
0.2388 1 860 1,761 42,267
0.0002778 0.001163 1 2.048 49.16
0.0001356 0.0005678 0.4882 1 24
0.000005651 0.00002366 0.02034 0.04167 1

Table 1.2.34 Heat Flow

Calories per Watts per Calories per Btu per Btu per
cm2 ?s cm2 cm2 ?h ft2 ?h ft2 ?day

1 4.1868 3,600 13,272 318,531
0.2388 1 860 3,170 76,081
0.0002778 0.001163 1 3.687 88.48
0.00007535 0.0003154 0.2712 1 24
0.000003139 0.00001314 0.01130 0.04167 1
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SETS, NUMBERS, AND ARITHMETIC

ways. The union of two sets, denoted A < B, is the set of all elements
belonging to A or to B, or to both.

A < B 5 {x : x [ A or x [ B}

properties:

# A < B and B # A < B (2.1.3)

is denoted A > B and consists of all elements, each of
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The union has the

A

The intersection
which belongs to b
Sets and Elements

The concept of a set appears throughout modern mathematics. A set is a
well-defined list or collection of objects and is generally denoted by
capital letters, A, B, C, . . . . The objects composing the set are called
elements and are denoted by lowercase letters, a, b, x, y, . . . . The
notation

x [ A

is read ‘‘x is an element of A’’ and means that x is one of the objects
composing the set A.

There are two basic ways to describe a set . The first way is to list the
elements of the set .

A 5 {2, 4, 6, 8, 10}

This often is not practical for very large sets.
The second way is to describe properties which determine the ele-

ments of the set .

A 5 {even numbers from 2 to 10}

This method is sometimes awkward since a single set may sometimes
be described in several different ways.

In describing sets, the symbol : is read ‘‘such that .’’ The expression

B 5 {x : x is an even integer, x . 1, x , 11}

is read ‘‘B equals the set of all x such that x is an even integer, x is
greater than 1, and x is less than 11.’’

Two sets, A and B, are equal, written A 5 B, if they contain exactly
the same elements. The sets A and B above are equal. If two sets, X and
Y, are not equal, it is written X Þ Y.

Subsets A set C is a subset of a set A, written C # A, if each
element in C is also an element in A. It is also said that C is contained in
A. Any set is a subset of itself. That is, A # A always. A is said to be an
‘‘improper subset of itself.’’ Otherwise, if C # A and C Þ A, then C is a
proper subset of A.

Two theorems are important about subsets:
(Fundamental theorem of set equality)

If X # Y and Y # X, then X 5 Y (2.1.1)

(Transitivity)

If X # Y and Y # Z, then X # Z (2.1.2)

Universe and Empty Set In an application of set theory, it often
happens that all sets being considered are subsets of some fixed set , say
integers or vectors. This fixed set is called the universe and is sometimes
denoted U.

It is possible that a set contains no elements at all. The set with no
elements is called the empty set or the null set and is denoted \.

Set Operations New sets may be built from given sets in several

2-2
oth A and B.

A > B 5 {x : x [ A and x [ B}

The intersection has the properties

A > B # A and A > B # B (2.1.4)

If A > B 5 \, then A and B are called disjoint.
In general, a union makes a larger set and an intersection makes a

smaller set .
The complement of a set A is the set of all elements in the universe set

which are not in A. This is written

;A 5 {x : x [ U, x Ó A}

The difference of two sets, denoted A 2 B, is the set of all elements
which belong to A but do not belong to B.

Algebra on Sets The operations of union, intersection, and comple-
ment obey certain laws known as Boolean algebra. Using these laws, it is
possible to convert an expression involving sets into other equivalent
expressions. The laws of Boolean algebra are given in Table 2.1.1.

Venn Diagrams To give a pictorial representation of a set , Venn
diagrams are often used. Regions in the plane are used to correspond to
sets, and areas are shaded to indicate unions, intersections, and comple-
ments. Examples of Venn diagrams are given in Fig. 2.1.1.

Numbers

Numbers are the basic instruments of computation. It is by operations
on numbers that calculations are made. There are several different kinds
of numbers.

Natural numbers, or counting numbers, denoted N, are the whole
numbers greater than zero. Sometimes zero is included as a natural
number. Any two natural numbers may be added or multiplied to give

Table 2.1.1 Laws of Boolean Algebra

1. Idempotency
A < A 5 A A > A 5 A

2. Associativity
(A < B) < C 5 A < (B < C) (A > B) > C 5 A > (B > C)

3. Commutativity
A < B 5 B < A A > B 5 B > A

4. Distributivity
A < (B > C) 5 (A < B) > (A < C) A > (B < C) 5 (A > B) < (A > C)

5. Identity
A < \ 5 A A > U 5 A
A < U 5 U A > \ 5 \

6. Complement
A < ;A 5 U A > ;A 5 \
;(;A) 5 A
;U 5 \
;\ 5 U

7. DeMorgan’s laws
;(A < B) 5 ;A > ;B ;(A > B) 5 ;A < ;B
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If two functions f and g have the same range and domain and if the
ranges are numbers, then f and g may be added, subtracted, multiplied,
or divided according to the rules of the range. If f(x) 5 3x 1 4 and
g(x) 5 sin(x) and both have range and domain equal to R, then

f 1 g(x) 5 3x 1 4 1 sin (x)

and
f

g
(x) 5

3x 1 4

sin x
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Fig. 2.1.1 Venn diagrams.

another natural number, but subtracting them may produce a negative
number, which is not a natural number, and dividing them may produce
a fraction, which is not a natural number.

Integers, or whole numbers, are denoted by Z. They include both
positive and negative numbers and zero. Integers may be added, sub-
tracted, and multiplied, but division might not produce an integer.

Real numbers, denoted R, are essentially all values which it is possi-
ble for a measurement to take, or all possible lengths for line segments.
Rational numbers are real numbers that are the quotient of two integers,
for example, 11⁄78. Irrational numbers are not the quotient of two integers,
for example, p and √2. Within the real numbers, it is always possible to
add, subtract , multiply, and divide (except division by zero).

Complex numbers, or imaginary numbers, denoted C, are an extension
of the real numbers that include the square root of 2 1, denoted i.
Within the real numbers, only positive numbers have square roots.
Within the complex numbers, all numbers have square roots.

Any complex number z can be written uniquely as z 5 x 1 iy, where x
and y are real. Then x is the real part of z, denoted Re(z), and y is the
imaginary part , denoted Im(z).

The complex conjugate, or simply conjugate of a complex number, z is
z 5 x 2 iy.

If z 5 x 1 iy and w 5 u 1 iv, then z and w may be manipulated as
follows:

z 1 w 5 (x 1 u) 1 i(y 1 v)
z 2 w 5 (x 2 u) 1 i(y 2 v)

zw 5 xu 2 yv 1 i(xv 1 yu)

z

w
5

xu 1 yv 1 i(yu 2 xv)

u2 1 v2

As sets, the following relation exists among these different kinds of
numbers:

N # Z # R # C

Functions

A function f is a rule that relates two sets A and B. Given an element x of
the set A, the function assigns a unique element y from the set B. This is
written

y 5 f(x)

The set A is called the domain of the function, and the set B is called
the range. It is possible for A and B to be the same set .

Functions are usually described by giving the rule. For example,

f(x) 5 3x 1 4

is a rule for a function with range and domain both equal to R. Given a
value, say, 2, from the domain, f(2) 5 3(2) 1 4 5 10.
Dividing functions occasionally leads to complications when one of
the functions assumes a value of zero. In the example f/g above, this
occurs when x 5 0. The quotient cannot be evaluated for x 5 0 although
the quotient function is still meaningful. In this case, the function f/g is
said to have a pole at x 5 0.

Polynomial functions are functions of the form

f (x) 5 On
i50

aix i

where an Þ 0. The domain and range of polynomial functions are
always either R or C. The number n is the degree of the polynomial.

Polynomials of degree 0 or 1 are called linear; of degree 2 they are
called parabolic or quadratic; and of degree 3 they are called cubic.

The values of f for which f(x) 5 0 are called the roots of f. A polyno-
mial of degree n has at most n roots. There is exactly one exception to
this rule: If f(x) 5 0 is the constant zero function, the degree of f is zero,
but f has infinitely many roots.

Roots of polynomials of degree 1 are found as follows: Suppose the
polynomial is f(x) 5 ax 1 b. Set f(x) 5 0 and solve for x. Then
x 5 2 b/a.

Roots of polynomials of degree 2 are often found using the quadratic
formula. If f(x) 5 ax2 1 bx 1 c, then the two roots of f are given by the
quadratic formula:

x1 5
2 b 1 √b2 2 4ac

2a
and x2 5

2 b 2 √b2 2 4ac

2a

Roots of a polynomial of degree 3 fall into two types.
Equations of the Third Degree with Term in x2 Absent
Solution: After dividing through by the coefficient of x3, any equa-

tion of this type can be written x3 5 Ax 1 B. Let p 5 A/3 and q 5
B/2. The general solution is as follows:

CASE 1. q2 2 p3 positive. One root is real, viz.,

x1 5
3√q 1 √q2 2 p3 1

3√q 2 √q2 2 p3

The other two roots are imaginary.
CASE 2. q2 2 p3 5 zero. Three roots real, but two of them equal.

x1 5 2
3
√q x2 5 2

3
√q x3 5 2

3
√q

CASE 3. q2 2 p3 negative. All three roots are real and distinct . De-
termine an angle u between 0 and 180°, such that cos u 5 q/(p√p). Then

x1 5 2√p cos (u/3)

x2 5 2√p cos (u/3 1 120°)

x3 5 2√p cos (u/3 1 240°)

Graphical Solution: Plot the curve y1 5 x3, and the straight line
y2 5 Ax 1 B. The abscissas of the points of intersection will be the
roots of the equation.

Equations of the Third Degree (General Case)
Solution: The general cubic equation, after dividing through by the

coefficient of the highest power, may be written x3 1 ax2 1 bx 1
c 5 0. To get rid of the term in x2, let x 5 x1 2 a/3. The equation
then becomes x1

3 5 Ax1 1 B, where A 5 3(a/3)2 2 b, and B 5
2 2(a/3)3 1 b(a/3) 2 c. Solve this equation for x1, by the method
above, and then find x itself from x 5 x1 2 (a/3).

Graphical Solution: Without getting rid of the term in x2, write the
equation in the form x3 5 2 a[x 1 (b/2a)]2 1 [a(b/2a)2 2 c], and solve
by the graphical method.
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Arithmetic

When numbers, functions, or vectors are manipulated, they always obey
certain properties, regardless of the types of the objects involved. Ele-
ments may be added or subtracted only if they are in the same universe
set . Elements in different universes may sometimes be multiplied or
divided, but the result may be in a different universe. Regardless of the
universe sets involved, the following properties hold true:

1. Associative laws. a 1 (b 1 c) 5 (a 1 b) 1 c, a(bc) 5 (ab)c

0.6 3 0.8 5 .048 should be written as 0.5 since the factors have one significant
figure. There is a gain of precision from 0.1 to 0.01.

Addition and Subtraction A sum or difference should be repre-
sented with the same precision as the least precise term involved. The
number of significant figures may change.

EXAMPLES. 3.14 1 0.001 5 3.141 should be represented as 3.14 since the
least precise term has precision 0.01.

3.14 1 0.1 5 3.24 should be represented as 3.2 since the least precise term has
p
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2. Identity laws. 0 1 a 5 a, 1a 5 a
3. Inverse laws. a 2 a 5 0, a/a 5 1
4. Distributive law. a(b 1 c) 5 ab 1 ac
5. Commutative laws. a 1 b 5 b 1 a, ab 5 ba
Certain universes, for example, matrices, do not obey the commuta-

tive law for multiplication.

SIGNIFICANT FIGURES AND PRECISION

Number of Significant Figures In engineering computations, the
data are ordinarily the result of measurement and are correct only to a
limited number of significant figures. Each of the numbers 3.840 and
0.003840 is said to be given ‘‘correct to four figures’’; the true value lies
in the first case between 0.0038395 and 0.0038405. The absolute error is
less than 0.001 in the first case, and less than 0.000001 in the second;
but the relative error is the same in both cases, namely, an error of less
than ‘‘one part in 3,840.’’

If a number is written as 384,000, the reader is left in doubt whether
the number of correct significant figures is 3, 4, 5, or 6. This doubt can
be removed by writing the number as 3.84 3 105, or 3.840 3 105, or
3.8400 3 105, or 3.84000 3 105.

In any numerical computation, the possible or desirable degree of
accuracy should be decided on and the computation should then be so
arranged that the required number of significant figures, and no more, is
secured. Carrying out the work to a larger number of places than is
justified by the data is to be avoided, (1) because the form of the results
leads to an erroneous impression of their accuracy and (2) because time
and labor are wasted in superfluous computation.

The unit value of the least significant figure in a number is its preci-
sion. The number 123.456 has six significant figures and has precision
0.001.

Two ways to represent a real number are as fixed-point or as floating-
point, also known as ‘‘scientific notation.’’

In scientific notation, a number is represented as a product of a man-
tissa and a power of 10. The mantissa has its first significant figure
either immediately before or immediately after the decimal point , de-
pending on which convention is being used. The power of 10 used is
called the exponent. The number 123.456 may be represented as either

0.123456 3 103 or 1.23456 3 102

Fixed-point representations tend to be more convenient when the
quantities involved will be added or subtracted or when all measure-
ments are taken to the same precision. Floating-point representations
are more convenient for very large or very small numbers or when the
quantities involved will be multiplied or divided.

Many different numbers may share the same representation. For ex-
ample, 0.05 may be used to represent , with precision 0.01, any value
between 0.045000 and 0.054999. The largest value a number represents,
in this case 0.0549999, is sometimes denoted x*, and the smallest is
denoted x*.

An awareness of precision and significant figures is necessary so that
answers correctly represent their accuracy.

Multiplication and Division A product or quotient should be written
with the smallest number of significant figures of any of the factors
involved. The product often has a different precision than the factors,
but the significant figures must not increase.

EXAMPLES. (6. )(8. ) 5 48 should be written as 50 since the factors have one
significant figure. There is a loss of precision from 1 to 10.
recision 0.1.

Loss of Significant Figures Addition and subtraction may result in
erious loss of significant figures and resultant large relative errors if the
ums are near zero. For example,

3.15 2 3.14 5 0.01

hows a loss from three significant figures to just one. Where it is
ossible, calculations and measurements should be planned so that loss
f significant figures can be avoided.

Mixed Calculations When an expression involves both products
nd sums, significant figures and precision should be noted for each
erm or factor as it is calculated, so that correct significant figures and
recision for the result are known. The calculation should be performed
o as much precision as is available and should be rounded to the correct
recision when the calculation is finished. This process is frequently
one incorrectly, particularly when calculators or computers provide
any decimal places in their result but provide no clue as to how many

f those figures are significant .
Significant Figures in Evaluating Functions If y 5 f(x), then the

orrect number of significant figures in y depends on the number of
ignificant figures in x and on the behavior of the function f in the
eighborhood of x. In general, y should be represented so that all of f(x),
(x*), and f(x*) are between y* and y*.

EXAMPLES.

sqr (2.0) sqr (1.95) 5 1.39642
sqr (2.00) 5 1.41421
sqr (2.05) 5 1.43178

so y 5 1.4

sin (1°) sin (0.5) 5 0.00872
sin (1.0) 5 0.01745
sin (1.5) 5 0.02617

so sin (1°) 5 0.0

sin (90°) sin (89.5) 5 0.99996
sin (90.0) 5 1.00000
sin (90.5) 5 0.99996

so sin (90°) 5 1.0000

Note that in finding sin (90°), there was a gain in significant figures
rom two to five and also a gain in precision. This tends to happen when
9(x) is close to zero. On the other hand, precision and significant
gures are often lost when f 9(x) or f 99(x) are large.
Rearrangement of Formulas Often a formula may be rewritten in

rder to avoid a loss of significant figures.
In using the quadratic formula to find the roots of a polynomial,

ignificant figures may be lost if the ax2 1 bx 1 c has a root near zero.
he quadratic formula may be rearranged as follows:
1. Use the quadratic formula to find the root that is not close to 0.

all this root x1.
2. Then x2 5 c/ax1.
If f(x) 5 √x 1 1 2 √x, then loss of significant figures occurs if x is

arge. This can be eliminated by ‘‘rationalizing the numerator’’ as fol-
ows:

(√x 1 1 2 √x)(√x 1 1 1 √x)

√x 1 1 1 √x
5

1

√x 1 1 1 √x

nd this has no loss of significant figures.
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There is an almost unlimited number of ‘‘tricks’’ for rearranging
formulas to avoid loss of significant figures, but many of these are very
similar to the tricks used in calculus to evaluate limits.

GEOMETRY, AREAS, AND VOLUMES

Geometrical Theorems
2 2 2

The Circle An angle that is inscribed in a semicircle is a right angle
(Fig. 2.1.6).

A tangent is perpendicular to the radius drawn to the point of contact .
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Right Triangles a 1 b 5 c . (See Fig. 2.1.2.) /A 1 /B 5 90°.
p2 5 mn. a2 5 mc. b2 5 nc.

Oblique Triangles Sum of angles 5 180°. An exterior angle 5 sum
of the two opposite interior angles (Fig. 2.1.2).

Fig. 2.1.2 Right triangle.

The medians, joining each vertex with the middle point of the oppo-
site side, meet in the center of gravity G (Fig. 2.1.3), which trisects each
median.

Fig. 2.1.3 Triangle showing medians and center of gravity.

The altitudes meet in a point called the orthocenter, O.
The perpendiculars erected at the midpoints of the sides meet in a

point C, the center of the circumscribed circle. (In any triangle G, O, and
C lie in line, and G is two-thirds of the way from O to C.)

The bisectors of the angles meet in the center of the inscribed circle
(Fig. 2.1.4).

Fig. 2.1.4 Triangle showing bisectors of angles.

The largest side of a triangle is opposite the largest angle; it is less
than the sum of the other two sides.

Similar Figures Any two similar figures, in a plane or in space, can
be placed in ‘‘perspective,’’ i.e., so that straight lines joining corre-
sponding points of the two figures will pass through a common point
(Fig. 2.1.5). That is, of two similar figures, one is merely an enlarge-
ment of the other. Assume that each length in one figure is k times the
corresponding length in the other; then each area in the first figure is k2

times the corresponding area in the second, and each volume in the first
figure is k3 times the corresponding volume in the second. If two lines
are cut by a set of parallel lines (or parallel planes), the corresponding
segments are proportional.

Fig. 2.1.5 Similar figures.
Fig. 2.1.6 Angle inscribed in a
semicircle.

Fig. 2.1.7 Dihedral angle.

Dihedral Angles The dihedral angle between two planes is mea-
sured by a plane angle formed by two lines, one in each plane, perpen-
dicular to the edge (Fig. 2.1.7). (For solid angles, see Surfaces and
Volumes of Solids.)

In a tetrahedron, or triangular pyramid, the four medians, joining each
vertex with the center of gravity of the opposite face, meet in a point ,
the center of gravity of the tetrahedron; this point is 3⁄4 of the way from
any vertex to the center of gravity of the opposite face.

The Sphere (See also Surfaces and Volumes of Solids.) If AB is a
diameter, any plane perpendicular to AB cuts the sphere in a circle, of
which A and B are called the poles. A great circle on the sphere is
formed by a plane passing through the center.

Geometrical Constructions

To Bisect a Line AB (Fig. 2.1.8) (1) From A and B as centers, and
with equal radii, describe arcs intersecting at P and Q, and draw PQ,
which will bisect AB in M. (2) Lay off AC 5 BD 5 approximately half
of AB, and then bisect CD.

Fig. 2.1.8 Bisectors of a line. Fig. 2.1.9 Construction of a
line parallel to a given line.

To Draw a Parallel to a Given Line l through a Given Point A
(Fig. 2.1.9) With point A as center draw an arc just touching the line l;
with any point O of the line as center, draw an arc BC with the same
radius. Then a line through A touching this arc will be the required
parallel. Or, use a straightedge and triangle. Or, use a sheet of cellu-
loid with a set of lines parallel to one edge and about 1⁄4 in apart ruled
upon it .

To Draw a Perpendicular to a Given Line from a Given Point A Out-
side the Line (Fig. 2.1.10) (1) With A as center, describe an arc cutting
the line at R and S, and bisect RS at M. Then M is the foot of the
perpendicular. (2) If A is nearly opposite one end of the line, take any
point B of the line and bisect AB in O; then with O as center, and OA or
OB as radius, draw an arc cutting the line in M. Or, (3) use a straight-
edge and triangle.

Fig. 2.1.10 Construction of a line perpendicular to a given line from a point not
on the line.

To Erect a Perpendicular to a Given Line at a Given Point P (1) Lay
off PR 5 PS (Fig. 2.1.11), and with R and S as centers draw arcs
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intersecting at A. Then PA is the required perpendicular. (2) If P is near
the end of the line, take any convenient point O (Fig. 2.1.12) above the
line as center, and with radius OP draw an arc cutting the line at Q.
Produce QO to meet the arc at A; then PA is the required perpendicular.
(3) Lay off PB 5 4 units of any scale (Fig. 2.1.13); from P and B as
centers lay off PA 5 3 and BA 5 5; then APB is a right angle.
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Fig. 2.1.11 Construction of a
line perpendicular to a given line
from a point on the line.

Fig. 2.1.12 Construction of a
line perpendicular to a given line
from a point on the line.

To Divide a Line AB into n Equal Parts (Fig. 2.1.14) Through A draw
a line AX at any angle, and lay off n equal steps along this line. Connect
the last of these divisions with B, and draw parallels through the other
divisions. These parallels will divide the given line into n equal parts. A
similar method may be used to divide a line into parts which shall be
proportional to any given numbers.

To Bisect an Angle AOB (Fig. 2.1.15) Lay off OA 5 OB. From A
and B as centers, with any convenient radius, draw arcs meeting at M;
then OM is the required bisector.

Fig. 2.1.13 Construction of a
line perpendicular to a given line
from a point on the line.

Fig. 2.1.14 Division of a line
into equal parts.

To draw the bisector of an angle when the vertex of the angle is not
accessible. Parallel to the given lines a, b, and equidistant from them,
draw two lines a9, b9 which intersect; then bisect the angle between a9
and b9.

To Inscribe a Hexagon in a Circle (Fig. 2.1.16) Step around the
circumference with a chord equal to the radius. Or, use a 60° triangle.

Fig. 2.1.15 Bisection of an
angle.

Fig. 2.1.16 Hexagon inscribed
in a circle.

To Circumscribe a Hexagon about a Circle (Fig. 2.1.17) Draw a
chord AB equal to the radius. Bisect the arc AB at T. Draw the tangent at
T (parallel to AB), meeting OA and OB at P and Q. Then draw a circle
with radius OP or OQ and inscribe in it a hexagon, one side being PQ.

To Construct a Polygon of n Sides, One Side AB Being Given (Fig.
2.1.18) With A as center and AB as radius, draw a semicircle, and divide
it into n parts, of which n 2 2 parts (counting from B) are to be used.
Draw rays from A through these points of division, and complete the
construction as in the figure (in which n 5 7). Note that the center of the
polygon must lie in the perpendicular bisector of each side.

To Draw a Tangent to a Circle from an external point A (Fig.
2.1.19) Bisect AC in M; with M as center and radius MC, draw arc
cutting circle in P; then P is the required point of tangency.
ig. 2.1.17 Hexagon
ircumscribed about a circle.

Fig. 2.1.18 Construction of a
polygon with a given side.

To Draw a Common Tangent to Two Given Circles (Fig. 2.1.20)
et C and c be centers and R and r the radii (R . r). From C as center,
raw two concentric circles with radii R 1 r and R 2 r; draw tangents to

ig. 2.1.19 Construction of a
angent to a circle.

Fig. 2.1.20 Construction of a
tangent common to two circles.

hese circles from c; then draw parallels to these lines at distance r.
hese parallels will be the required common tangents.
To Draw a Circle through Three Given Points A, B, C, or to find the

enter of a given circular arc (Fig. 2.1.21) Draw the perpendicular bi-
ectors of AB and BC; these will meet at the center, O.

ig. 2.1.21 Construction of a circle passing through three given points.

To Draw a Circle through Two Given Points A, B, and Touching a
iven Circle (Fig. 2.1.22) Draw any circle through A and B, cutting

he given circle at C and D. Let AB and CD meet at E, and let ET be
angent from E to the circle just drawn. With E as center, and radius ET,
raw an arc cutting the given circle at P and Q. Either P or Q is the
equired point of contact . (Two solutions.)

ig. 2.1.22 Construction of a circle through two given points and touching a
iven circle.

To Draw a Circle through One Given Point, A, and Touching Two
iven Circles (Fig. 2.1.23) Let S be a center of similitude for the two
iven circles, i.e., the point of intersection of two external (or internal)
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common tangents. Through S draw any line cutting one circle at two
points, the nearer of which shall be called P, and the other at two points,
the more remote of which shall be called Q. Through A, P, Q draw a
circle cutting SA at B. Then draw a circle through A and B and touching
one of the given circles (see preceding construction). This circle will
touch the other given circle also. (Four solutions.)

Rectangle (Fig. 2.1.28) Area 5 ab 5 1⁄2D2 sin u, where u 5 angle
between diagonals D, D.

Rhombus (Fig. 2.1.29) Area 5 a2 sin C 5 1⁄2D1D2, where C 5
angle between two adjacent sides; D1, D2 5 diagonals.
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Fig. 2.1.23 Construction of a circle through a given point and touching two
given circles.

To Draw an Annulus Which Shall Contain a Given Number of Equal
Contiguous Circles (Fig. 2.1.24) (An annulus is a ring-shaped area
enclosed between two concentric circles.) Let R 1 r and R 2 r be the
inner and outer radii of the annulus, r being the radius of each of the n
circles. Then the required relation between these quantities is given by
r 5 R sin (180°/n), or r 5 (R 1 r) [sin (180°/n)]/[1 1 sin (180°/n)].

Fig. 2.1.24 Construction of an annulus containing a given number of contigu-
ous circles.

Lengths and Areas of Plane Figures

Right Triangle (Fig. 2.1.25) a2 1 b2 5 c2. Area 5 1⁄2ab 5 1⁄2a2 cot
A 5 1⁄2b2 tan A 5 1⁄4c2 sin 2 A.

Equilateral Triangle (Fig. 2.1.26) Area 5 1⁄4a2√3 5 0.43301a2.

Fig. 2.1.25 Right triangle. Fig. 2.1.26 Equilateral triangle.

Any Triangle (Fig. 2.1.27)

s 5 1⁄2(a 1 b 1 c), t 5 1⁄2(m1 1 m2 1 m3)

r 5 √(s 2 a)(s 2 b)(s 2 c)/s 5 radius inscribed circle

R 5 1⁄2a/sin A 5 1⁄2b/sin B 5 1⁄2c/sin C 5 radius circumscribed
circle

Area 5 1⁄2 base 3 altitude 5 1⁄2ah 5 1⁄2ab sin C 5 rs 5 abc/4R 5
6 1⁄2{(x1 y2 2 x2 y1) 1 (x2 y3 2 x3 y2) 1 (x3 y1 2 x1 y3)},
where (x1, y1), (x2, y2), (x3, y3) are coordinates of vertices.

Fig. 2.1.27 Triangle.
Fig. 2.1.28 Rectangle. Fig. 2.1.29 Rhombus.

Parallelogram (Fig. 2.1.30) Area 5 bh 5 ab sin C 5 1⁄2D1D2 sin u,
where u 5 angle between diagonals D1 and D2.

Trapezoid (Fig. 2.1.31) Area 5 1⁄2(a 1 b) h where bases a and b are
parallel.

Fig. 2.1.30 Parallelogram. Fig. 2.1.31 Trapezoid.

Any Quadrilateral (Fig. 2.1.32) Area 5 1⁄2D1D2 sin u.

Fig. 2.1.32 Quadrilateral.

Regular Polygons n 5 number of sides; v 5 360°/n 5 angle sub-
tended at center by one side; a 5 length of one side 5 2R sin
(v/2) 5 2r tan (v/2); R 5 radius of circumscribed circle 5 0.5 a csc
(v/2) 5 r sec (v/2); r 5 radius of inscribed circle 5 R cos (v/2) 5
0.5 cot (v/2); area 5 0.25 a2n cot (v/2) 5 0.5 R2n sin (v) 5 r2n
tan (v/2). Areas of regular polygons are tabulated in Table 1.1.3.

Circle Area 5 pr2 5 1⁄2Cr 5 1⁄4Cd 5 1⁄4pd2 5 0.785398d2, where
r 5 radius, d 5 diameter, C 5 circumference 5 2 pr 5 pd.

Annulus (Fig. 2.1.33) Area 5 p(R2 2 r2) 5 p(D2 2 d 2)/4 5
2pR9b, where R9 5 mean radius 5 1⁄2(R 1 r), and b 5 R 2 r.

Fig. 2.1.33 Annulus.

Sector (Fig. 2.1.34) Area 5 1⁄2rs 5 pr2A/360°5 1⁄2 r2 rad A, where
rad A 5 radian measure of angle A, and s 5 length of arc 5 r
rad A.

Fig. 2.1.34 Sector.
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Segment (Fig. 2.1.35) Area 5 1⁄2r2(rad A 2 sin A) 5 1⁄2[r(s 2
c) 1 ch], where rad A radian measure of angle A. For small arcs,
s 5 1⁄3(8c9 2 c), where c9 5 chord of half of the arc (Huygens’ approx-
imation). Areas of segments are tabulated in Tables 1.1.1 and 1.1.2.

Right Circular Cylinder (Fig. 2.1.40) Volume 5 pr2h 5 Bh.
Lateral area 5 2prh 5 Ph. Here B 5 area of base; P 5 perimeter of
base.
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Fig. 2.1.35 Segment.

Ribbon bounded by two parallel curves (Fig. 2.1.36). If a straight
line AB moves so that it is always perpendicular to the path traced by its
middle point G, then the area of the ribbon or strip thus generated is
equal to the length of AB times the length of the path traced by G. (It is
assumed that the radius of curvature of G’s path is never less than 1⁄2AB,
so that successive positions of generating line will not intersect .)

Fig. 2.1.36 Ribbon.

Ellipse (Fig. 2.1.37) Area of ellipse 5 pab. Area of shaded
segment 5 xy 1 ab sin21 (x/a). Length of perimeter of ellipse 5
p(a 1 b)K, where K 5 (1 1 1⁄4m2 1 1⁄64m4 1 1⁄256m6 1 . . .), m 5
(a 2 b)/(a 1 b).

For m 5 0.1 0.2 0.3 0.4 0.5
K 5 1.002 1.010 1.023 1.040 1.064

For m 5 0.6 0.7 0.8 0.9 1.0
K 5 1.092 1.127 1.168 1.216 1.273

Fig. 2.1.37 Ellipse.

Hyperbola (Fig. 2.1.38) In any hyperbola, shaded area A 5 ab ln
[(x/a) 1 (y/b)]. In an equilateral hyperbola (a 5 b), area A 5 a2 sinh21

(y/a) 5 a2 cosh21 (x/a). Here x and y are coordinates of point P.

Fig. 2.1.38 Hyperbola.

For lengths and areas of other curves see Analytical Geometry.

Surfaces and Volumes of Solids

Regular Prism (Fig. 2.1.39) Volume 5 1⁄2nrah 5 Bh. Lateral
area 5 nah 5 Ph. Here n 5 number of sides; B 5 area of base;
P 5 perimeter of base.
ig. 2.1.39 Regular prism. Fig. 2.1.40 Right circular
cylinder.

Truncated Right Circular Cylinder (Fig. 2.1.41) Volume 5
r2h 5 Bh. Lateral area 5 2prh 5 Ph. Here h 5 mean height 5

⁄2(h1 1 h2); B 5 area of base; P 5 perimeter of base.

ig. 2.1.41 Truncated right circular cylinder.

Any Prism or Cylinder (Fig. 2.1.42) Volume 5 Bh 5 Nl. Lateral
rea 5 Ql. Here l 5 length of an element or lateral edge; B 5 area of
ase; N 5 area of normal section; Q 5 perimeter of normal section.

ig. 2.1.42 Any prism or cylinder.

Special Ungula of a Right Cylinder (Fig. 2.1.43) Volume 5 2⁄3r2H.
ateral area 5 2rH. r 5 radius. (Upper surface is a semiellipse.)

ig. 2.1.43 Special ungula of a right circular cylinder.

Any Ungula of a right circular cylinder (Figs. 2.1.44 and 2.1.45)
olume 5 H(2⁄3a3 6 cB)/(r 6 c) 5 H[a(r2 2 1⁄3a2) 6 r2c rad u]/

r 6 c). Lateral area 5 H(2ra 6 cs)/(r 6 c) 5 2rH(a 6 c rad u)/

ig. 2.1.44 Ungula of a right
ircular cylinder.

Fig. 2.1.45 Ungula of a right
circular cylinder.
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(r 6 c). If base is greater (less) than a semicircle, use 1 (2) sign. r 5
radius of base; B 5 area of base; s 5 arc of base; u 5 half the angle sub-
tended by arc s at center; rad u 5 radian measure of angle u.

Regular Pyramid (Fig. 2.1.46) Volume 5 1⁄3 altitude 3 area of
base 5 1⁄6hran. Lateral area 5 1⁄2 slant height 3 perimeter of base 5
1⁄2san. Here r 5 radius of inscribed circle; a 5 side (of regular poly-
gon); n 5 number of sides; s 5 √r2 1 h2. Vertex of pyramid directly
above center of base.

cles 5 pd 2 5 lateral area of circumscribed cylinder. Here r 5 radius;
d 5 2r 5 diameter 5

3
√6V/p 5 √A/p.

Hollow Sphere or spherical shell. Volume 5 4⁄3p (R3 2 r3) 5
1⁄6p(D3 2 d3) 5 4pR1

2t 1 1⁄3pt3. Here R,r 5 outer and inner radii;
D,d 5 outer and inner diameters; t 5 thickness 5 R 2 r; R1 5 mean
radius 5 1⁄2(R 1 r).

Any Spherical Segment. Zone (Fig. 2.1.50) Volume 5
1⁄6ph(3a2 1 3a1

2 1 h2). Lateral area (zone) 5 2prh. Here r 5 radius
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Fig. 2.1.46 Regular pyramid.

Right Circular Cone Volume 5 1⁄3pr2h. Lateral area 5 prs. Here
r 5 radius of base; h 5 altitude; s 5 slant height 5 √r2 1 h2.

Frustum of Regular Pyramid (Fig. 2.1.47) Volume 5 1⁄6hran[1 1
(a9/a) 1 (a9/a)2]. Lateral area 5 slant height 3 half sum of perimeters
of bases 5 slant height 3 perimeter of midsection 5 1⁄2sn(r 1 r9). Here
r,r9 5 radii of inscribed circles; s 5 √(r 2 r9)2 1 h2; a,a9 5 sides of
lower and upper bases; n 5 number of sides.

Frustum of Right Circular Cone (Fig. 2.1.48) Volume 5
1⁄3pr2h[1 1 (r9/r) 1 (r9/r)2] 5 1⁄3ph(r2 1 rr9 1 r92) 5 1⁄4ph[r 1 r9)2 1
1⁄3(r 2 r9)2]. Lateral area 5 p s(r 1 r9); s 5 √(r 2 r9)2 1 h2.

Fig. 2.1.47 Frustum of a
regular pyramid.

Fig. 2.1.48 Frustum of a right
circular cone.

Any Pyramid or Cone Volume 5 1⁄3Bh. B 5 area of base; h 5
perpendicular distance from vertex to plane in which base lies.

Any Pyramidal or Conical Frustum (Fig. 2.1.49) Volume 5
1⁄3h(B 1 √BB9 1 B9) 5 1⁄3hB[1 1 (P9/P) 1 (P9/P)2]. Here B, B9 5
areas of lower and upper bases; P, P9 5 perimeters of lower and upper
bases.

Fig. 2.1.49 Pyramidal frustum and conical frustum.

Sphere Volume 5 V 5 4⁄3pr3 5 4.188790r3 5 1⁄6pd3 5 2⁄3 volume
of circumscribed cylinder. Area 5 A 5 4pr2 5 four great cir-
of sphere. If the inscribed frustum of a cone is removed from the spheri-
cal segment , the volume remaining is 1⁄6phc2, where c 5 slant height
of frustum 5 √h2 1 (a 2 a1)2.

Fig. 2.1.50 Any spherical segment.

Spherical Segment of One Base. Zone (spherical ‘‘cap’’ of Fig.
2.1.51) Volume 5 1⁄6ph(3a2 1 h2) 5 1⁄3ph2(3r 2 h). Lateral area (of
zone) 5 2prh 5 p(a2 1 h2).

NOTE. a2 5 h(2r 2 h), where r 5 radius of sphere.

Spherical Sector (Fig. 2.1.51) Volume 5 1⁄3r 3 area of cap 5
2⁄3pr2h. Total area 5 area of cap 1 area of cone 5 2prh 1 pra.

NOTE. a2 5 h(2r 2 h).

Spherical Wedge bounded by two plane semicircles and a lune (Fig.
2.1.52). Volume of wedge 4 volume of sphere 5 u/360°. Area of
lune 4 area of sphere 5 u/360°. u 5 dihedral angle of the wedge.

Fig. 2.1.51 Spherical sector. Fig. 2.1.52 Spherical wedge.

Solid Angles Any portion of a spherical surface subtends what is
called a solid angle at the center of the sphere. If the area of the given
portion of spherical surface is equal to the square of the radius, the
subtended solid angle is called a steradian, and this is commonly taken
as the unit . The entire solid angle about the center is called a steregon, so
that 4p steradians 5 1 steregon. A so-called ‘‘solid right angle’’ is the
solid angle subtended by a quadrantal (or trirectangular) spherical trian-
gle, and a ‘‘spherical degree’’ (now little used) is a solid angle equal to
1⁄90 of a solid right angle. Hence 720 spherical degrees 5 1 steregon, or
p steradians 5 180 spherical degrees. If u 5 the angle which an element
of a cone makes with its axis, then the solid angle of the cone contains
2p (1 2 cos u) steradians.

Regular Polyhedra A 5 area of surface; V 5 volume; a 5 edge.

Name of
solid Bounded by A/a2 V/a3

Tetrahedron 4 triangles 1.7321 0.1179
Cube 6 squares 6.0000 1.0000
Octahedron 8 triangles 3.4641 0.4714
Dodecahedron 12 pentagons 20.6457 7.6631
Icosahedron 20 triangles 8.6603 2.1917
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Ellipsoid (Fig. 2.1.53) Volume 5 4⁄3pabc, where a, b, c 5 semi-
axes.

Torus, or Anchor Ring (Fig. 2.1.54) Volume 5 2p2cr2. Area 5
4p2cr.

c b

EXAMPLE. The set of four elements {a, b, c, d} has C{4, 2) 5 6 two-element
subsets, {a, b}, {a, c}, {a, d}, {b, c}, {b, d}, and {c, d}. (Note that {a, c} is the
same set as {c, a}.)

Permutations The number of ways k objects may be arranged from
a set of n elements is given by

P(n, k) 5
n!

(n 2 k)!
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a

Fig. 2.1.53 Ellipsoid. Fig. 2.1.54 Torus.

Volume of a Solid of Revolution (solid generated by rotating an area
bounded above by f(x) around the x axis)

V 5 pEb

a

| f(x) | 2 dx

Area of a Surface of Revolution

A 5 2pEb

a

y√1 1 (dy/dx)2 dx

Length of Arc of a Plane Curve y 5 f(x) between values x 5 a and

x 5 b. s 5 Eb

a

√1 1 (dy/dx)2 dx. If x 5 f(t) and y 5 g(t), for a , t , b,

then

s 5 Eb

a

√(dx/dt)2 1 (dy/dt )2 dt

PERMUTATIONS AND COMBINATIONS

The product (1)(2)(3) . . . (n) is written n! and is read ‘‘n factorial.’’
By convention, 0! 5 1, and n! is not defined for negative integers.

For large values of n, n! may be approximated by Stirling’s formula:

n! ' 2.50663nn1 .5e2n

The binomial coefficient C(n, k), also writtenSn
kD, is defined as:

C(n, k) 5
n!

k!(n 2 k)!

C(n, k) is read ‘‘n choose k’’ or as ‘‘binomial coefficient n-k.’’
Binomial coefficients have the following properties:
1. C(n, 0) 5 C(n, n) 5 1
2. C(n, 1) 5 C(n, n 2 1) 5 n
3. C(n 1 1, k) 5 C(n, k) 1 C(n, k 2 1)
4. C(n, k) 5 C(n, n 2 k)

Binomial coefficients are tabulated in Sec. 1.

Binomial Theorem

If n is a positive integer, then

(a 1 b)n 5 On
k50

C(n, k)akbn2k

EXAMPLE. The third term of (2x 1 3)7 is C(7, 4)(2x)72434 5 [7!/
(4!3!)](2x)334 5 (35)(8 x3)(81) 5 22680x3.

Combinations C(n, k) gives the number of ways k distinct objects
can be chosen from a set of n elements. This is the number of k-element
subsets of a set of n elements.
EXAMPLE. Two elements from the set {a, b, c, d} may be arranged in
(4, 2) 5 12 ways: ab, ac, ad, ba, bc, bd, ca, cb, cd, da, db, and dc. Note that ac is
different arrangement than ca.

Permutations and combinations are examined in detail in most texts
n probability and statistics and on discrete mathematics.

If an event can occur in s ways and can fail to occur in f ways,
nd if all ways are equally likely, then the probability of the event’s
ccurring is p 5 s/(s 1 f ), and the probability of failure is q 5
/(s 1 f ) 5 1 2 p.

The set of all possible outcomes of an experiment is called the sample
pace, denoted S. Let n be the number of outcomes in the sample set . A
ubset A of the sample space is called an event. The number of outcomes
n A is s. Therefore P(A) 5 s/n. The probability that A does not occur is
(;A) 5 q 5 1 2 p.
Always 0 # p # 1 and P(S) 5 1.
If two events cannot occur simultaneously, then A > B 5 \, and A

nd B are said to be mutually exclusive. Then P(A < B) 5 P(A) 1 P(B).
therwise, P(A < B) 5 P(A) 1 P(B) 2 P(A > B).
Events A and B are independent if P(A > B) 5 P(A)P(B).
If E is an event and if P(E) . 0, then the probability that A occurs

nce E has already occurred is called the ‘‘conditional probability of A
iven E,’’ written P(A |E) and defined as

P(A |E) 5 P(A > E)/P(E)

A and E are independent if P(A |E) 5 P(A).
If the outcomes in a sample space X are all numbers, then X, together

ith the probabilities of the outcomes, is called a random variable. If xi is
n outcome, then pi 5 P(xi).

The expected value of a random variable is

E(X) 5 o ei pi

The variance of X is

V(X) 5 o[xi 2 E(X)]2pi

The standard deviation is

S(X) 5 √[V(X)]

The Binomial, or Bernoulli, Distribution If an experiment is re-
eated n times and the probability of a success on any trial is p, then the
robability of k successes among those n trials is

f (n, k, p) 5 C(n, k)pkqn2k

Geometric Distribution If an experiment is repeated until it finally
ucceeds, let x be the number of failures observed before the first suc-
ess. Let p be the probability of success on any trial and let q 5 1 2 p.
hen

P(x 5 k) 5 qk ? p

Uniform Distribution If the random variable x assumes the values 1,
, . . . , n, with equal probabilities, then the distribution is uniform,
nd

P(x 5 k) 5
1

n

Hypergeometric Distribution—Sampling without Replacement If
finite population of N elements contains x successes and if n items are

elected randomly without replacement , then the probability that k suc-
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cesses will occur among those n samples is

h(x; N, n, k) 5
C(k, x)C(N 2 k, n 2 x)

C(N, n)

For large values of N, the hypergeometric distribution approaches the
binomial distribution, so

h(x; N, n, k) ' f n, k,
x

Three-dimensional vectors correspond to points in space, where v1,
v2, and v3 are the x, y, and z coordinates of the point , respectively.

Two- and three-dimensional vectors may be thought of as having a
direction and a magnitude. See the section ‘‘Analytical Geometry.’’

Two vectors u and v are equal if:
1. u and v are the same type (either row or column).
2. u and v have the same dimension.
3. Corresponding components are equal; that is, ui 5 vi for i 5

1, 2, . . . , n.
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Poisson Distribution If the average number of successes which

occur in a given fixed time interval is m, then let x be the number of
successes observed in that time interval. The probability that x 5 k is

p(k, m) 5
e2mmx

x!
where e 5 2.71828 . . .

Negative Binomial Distribution If repeated independent trials have
probability of success p, then let x be the trial number upon which
success number n occurs. Then the probability that x 5 k is

b*(k; n, p) 5 C(k 2 1, n 2 1)pnqk2n

The expected values and variances of these distributions are summa-
rized in the following table:

Distribution E(X ) V(X )

Uniform (n 1 1)/2 (n2 2 1)/12
Binomial np npq
Hypergeometric nk/N [nk(N 2 n)(1 2 k/N )]/[N(N 2 1)]
Poisson m m
Geometric q/p q/p2

Negative binomial nq/p nq/p2

LINEAR ALGEBRA

Using linear algebra, it is often possible to express in a single equation a
set of relations that would otherwise require several equations. Simi-
larly, it is possible to replace many calculations involving several vari-
ables with a few calculations involving vectors and matrices. In general,
the equations to which the techniques of linear algebra apply must be
linear equations; they can involve no polynomial, exponential, or trigo-
nometric terms.

Vectors

A row vector v is a list of numbers written in a row, usually enclosed by
parentheses.

v 5 (v1, v2, . . . , vn)

A column vector u is a list of numbers written in a column:

u 5Su1

u2

?
?
?

un

D
The numbers ui and vi may be real or complex, or they may even be

variables or functions.
A vector is sometimes called an ordered n-tuple. In the case where

n 5 2, it may be called an ordered pair.
The numbers vi are called components or coordinates of the vector v.

The number n is called the dimension of v.
Two-dimensional vectors correspond with points in the plane, where

v1 is the x coordinate and v2 is the y coordinate of the point v. Two-
dimensional vectors also correspond with complex numbers, where
z 5 v1 1 iv2.
Note that the row vectors

u 5 (1, 2, 3) and v 5 (3, 2, 1)

are not equal since the components are not in the same order. Also,

u 5 (1, 2, 3) and v 5S1
2
3
D

are not equal since u is a row vector and v is a column vector.
Vector Transpose If u is a row vector, then the transpose of u,

written uT, is the column vector with the same components in the same
order as u. Similarly, the transpose of a column vector is the row vector
with the same components in the same order. Note that (uT )T 5 u.

Vector Addition If u and v are vectors of the same type and the same
dimension, then the sum of u and v, written u 1 v, is the vector obtained
by adding corresponding components. In the case of row vectors,

u 1 v 5 (u1 1 v1, u2 1 v2, . . . , un 1 vn)

Scalar Multiplication If a is a number and u is a vector, then the
scalar product au is the vector obtained by multiplying each component
of u by a.

au 5 (au1, au2, . . . , aun)

A number by which a vector is multiplied is called a scalar.
The negative of vector u is written 2u, and

2u 5 21u

The zero vector is the vector with all its components equal to zero.
Arithmetic Properties of Vectors If u, v, and w are vectors of the

same type and dimensions, and if a and b are scalars, then vector addi-
tion and scalar multiplication obey the following seven rules, known as
the properties of a vector space:

1. (u 1 v) 1 w 5 u 1 (v 1 w) associative law
2. u 1 v 5 v 1 u commutative law
3. u 1 0 5 u additive identity
4. u 1 (2 u) 5 0 additive inverse
5. a(u 1 v) 5 au 1 av distributive law
6. (ab)u 5 a(bu) associative law of

multiplication
7. 1u 5 u multiplicative identity
Inner Product or Dot Product If u and v are vectors of the same

type and dimension, then their inner product or dot product, written uv or
u ? v, is the scalar

uv 5 u1v1 1 u2v2 1 ? ? ? 1 unvn

Vectors u and v are perpendicular or orthogonal if uv 5 0.
Magnitude There are two equivalent ways to define the magnitude

of a vector u, written |u | or ||u || .

|u | 5 √(u ? u)

or |u | 5 √(u1
2 1 u2

2 1 ? ? ? 1 u2
n)

Cross Product or Outer Product If u and v are three-dimensional
vectors, then they have a cross product, also called outer product or vector
product.

u 3 v 5 (u2v3 2 u3v2, v1u3 2 v3u1, u1v2 2 u2v1)
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The cross product u 3 v is a three-dimensional vector that is perpen-
dicular to both u and v. The cross product is not commutative. In fact ,

u 3 v 5 2 v 3 u

Cross product and inner product have two properties involving trigo-
nometric functions. If u is the angle between vectors u and v, then

uv 5 |u | |v | cos u and |u 3 v | 5 |u | |v | sin u

EXAMPLE. S1 2
5 6DS3 4

7 8D 5

S1 3 3 1 2 3 7
5 3 3 1 6 3 7

1 3 4 1 2 3 8
5 3 4 1 6 3 8D 5S17 20

57 68D
Matrix multiplication is not commutative. Even if A and B are both

square, it is hardly ever true that AB 5 BA. Matrix multiplication does
have the following properties:

1. (AB)C 5 A(BC) associative law

I

r

r

T

N

L

A

d

t
t
e

S

h
T

l
o

F
s
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Matrices

A matrix is a rectangular array of numbers. A matrix A with m rows and
n columns may be written

a11 a12 a13 ? ? ? a1n

a21 a22 a23 ? ? ? a2n

A 5S a31 a32 a33 ? ? ? a3n D? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
am1 am2 am3 ? ? ? amn

The numbers aij are called the entries of the matrix. The first subscript
i identifies the row of the entry, and the second subscript j identifies the
column.

Matrices are denoted either by capital letters, A, B, etc., or by writing
the general entry in parentheses, (aij).

The number of rows and the number of columns together define the
dimensions of the matrix. The matrix A is an m 3 n matrix, read ‘‘m
by n.’’

A row vector may be considered to be a 1 3 n matrix, and a column
vector may be considered as a n 3 1 matrix.

The rows of a matrix are sometimes considered as row vectors, and
the columns may be considered as column vectors.

If a matrix has the same number of rows as columns, the matrix is
called a square matrix.

In a square matrix, the entries aii, where the row index is the same as
the column index, are called the diagonal entries.

If a matrix has all its entries equal to zero, it is called a zero matrix.
If a square matrix has all its entries equal to zero except its diagonal

entries, it is called a diagonal matrix.
The diagonal matrix with all its diagonal entries equal to 1 is called

the identity matrix, and is denoted I, or In3n if it is important to empha-
size the dimensions of the matrix. The 2 3 2 and 3 3 3 identity matrices
are:

I232 5S1 0
0 1D I333 5S1 0 0

0 1 0
0 0 1

D
The entries of a square matrix aij where i . j are said to be below the

diagonal. Similarly, those where i , j are said to be above the diagonal.
A square matrix with all entries below (resp. above) the diagonal

equal to zero is called upper-triangular (resp. lower-triangular).
Matrix Addition Matrices A and B may be added only if they have

the same dimensions. Then the sum C 5 A 1 B is defined by

cij 5 aij 1 bij

That is, corresponding entries of the matrices are added together, just
as with vectors. Similarly, matrices may be multiplied by scalars.

Matrix Multiplication Matrices A and B may be multiplied only if
the number of columns in A equals the number of rows of B. If A is an
m 3 n matrix and B is an n 3 p matrix, then the product C 5 AB is an
m 3 p matrix, defined as follows:

cij 5 ai1b1j 1 ai2b2j 1 ? ? ? 1 ainbnj

5 On
k51

aikbkj

The entry cij may also be defined as the dot product of row i of A with
the transpose of column j of B.
2. A(B 1 C) 5 AB 1 ACJ distributive laws
3. (B 1 C)A 5 BA 1 CA

f A is square, then also
4. AI 5 IA 5 A multiplicative identity
If A is square, then powers of A, AA, and AAA are denoted A2 and A3,

espectively.
The transpose of a matrix A, written AT, is obtained by writing the

ows of A as columns. If A is m 3 n, then AT is n 3 m.

EXAMPLE. S1 2 3

4 5 6DT

5S1 4

2 5

3 6
D

he transpose has the following properties:
1. (AT )T 5 A
2. (A 1 B)T 5 AT 1 BT

3. (AB)T 5 BTAT

ote that in property 3, the order of multiplication is reversed.
If AT 5 A, then A is called symmetric.

inear Equations

linear equation in two variables is of the form

a1x1 1 a2 x2 5 b or a1x 1 a2y 5 b

epending on whether the variables are named x1 and x2 or x and y.
In n variables, such an equation has the form

a1x1 1 a2 x2 1 ? ? ? anxn 5 b

Such equations describe lines and planes. Often it is necessary
o solve several such equations simultaneously. A set of m linear equa-
ions in n variables is called an m 3 n system of simultaneous linear
quations.

ystems with Two Variables

1 @ 2 Systems An equation of the form

a1x 1 a2y 5 b

as infinitely many solutions which form a straight line in the xy plane.
hat line has slope 2 a1/a2 and y intercept b/a2.
2 @ 2 Systems A 2 3 2 system has the form

a11x 1 a12y 5 b1 a21x 1 a22y 5 b2

Solutions to such systems do not always exist .
CASE 1. The system has exactly one solution (Fig. 2.1.55a). The

ines corresponding to the equations intersect at a single point . This
ccurs whenever the two lines have different slopes, so they are not

ig. 2.1.55 Line corresponding to linear equations. (a) One solution; (b) no
olutions; (c) infinitely many solutions.
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parallel. In this case,

a11

a21

Þ
a12

a22

so a11a22 2 a21a12 Þ 0

CASE 2. The system has no solutions (Fig. 2.1.55b). This occurs
whenever the two lines have the same slope and different y intercepts,
so they are parallel. In this case,

on the ij entry. Combining pivoting, the properties of the elementary
row operations, and the fact:

| In3n | 5 1

provides a technique for finding the determinant of n 3 n matrices.

EXAMPLE. Find |A | where

1 2 2 4

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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a11

a21

5
a12

a22

CASE 3. The system has infinitely many solutions (Fig. 2.1.55c).
This occurs whenever the two lines coincide. They have the same slope
and y intercept . In this case,

a11

a21

5
a12

a22

5
b1

b2

The value a11a22 2 a21a12 is called the determinant of the system. A
larger n 3 n system also has a determinant (see below). A system has
exactly one solution when its determinant is not zero.

3 @ 2 Systems Any system with more equations than variables is
called overdetermined. The only case in which a 3 3 2 system has
exactly one solution is when one of the equations can be derived from
the other two.

One basic way to solve such a system is to treat any two equations as
a 2 3 2 system and see if the solution to that subsystem of equations is
also a solution to the third equation.

Matrix Form for Systems of Equations The 2 3 2 system of linear
equations

a11x1 1 a12 x2 5 b1 a21x1 1 a22 x2 5 b2

may be written as a matrix equation as follows:

Sa11 a12
a21 a22

DSx1
x2
D 5Sb1

b2
D

or as Ax 5 b

where A is the 2 3 2 matrix and x and b are two-dimensional column
vectors. Then, the determinant of A, written det A or |A | , is the same as
the determinant of the 2 3 2 system:

det A 5 a11a22 2 a21a12

In general, any m 3 n system of simultaneous linear equations may
be written as

Ax 5 b

where A is an m 3 n matrix, x is an n-dimensional column vector, and b
is an m-dimensional column vector.

An n 3 n (square) system of simultaneous linear equations has ex-
actly one solution whenever its determinant is not zero. Then the system
and the matrix A are called nonsingular. If the determinant is zero, the
system is called singular.

Elementary Row Operations on a Matrix There are three operations
on a matrix which change the matrix:

1. Multiply each entry in row i by a scalar k (not zero).
2. Interchange row i with row j.
3. Add row i to row j.
Similarly, there are three elementary column operations.
The elementary row operations have the following effects on |A | :
1. Multiplying a row (or column) by k multiplies |A | by k.
2. Interchanging two rows (or columns) multiplies |A | by 2 1.
3. Adding one row (or column) to another does not change |A | .
Pivoting, or Reducing, a Column The process of changing the ij

entry of a matrix to 1 and changing the rest of column j to zero, by using
elementary row operations, is known as reducing column j or as pivoting
A 5S5
3

2 3
2 2

2 7
3
D

First , pivot on the entry in row 1, column 1, in this case, the 1.
Multiplying row 1 by 2 5, then adding row 1 to row 2, we first multiply the

determinant by 2 5, then do not change it:

2 5|A | 5 U2 5
5
3

2 10
2 3
2 2

20
2 7

3
U 5 U2 5

0
3

2 10
2 13

2 2

20
13

3
U

Next , multiply row 1 by 3⁄5 and add row 1 to row 3:

2 3|A | 5 U2 3
0
3

2 6
2 13

2 2

12
13

3
U 5 U2 3

0
0

2 6
2 13

2 8

12
13
15
U

Next , divide row 1 by 2 3:

|A | 5 U1
0
0

2
2 13

2 8

2 4
13
15
U

Next , pivot on the entry in row 2, column 2. Multiplying row 2 by 2 8⁄13 and then
adding row 2 to row 3, we get:

2
8
13

|A | 5 U1
0
0

2
8

2 8

2 4
2 8
15
U 5 U1

0
0

2
8
0

2 4
2 8

7
U

Next , divide row 2 by 2 8⁄13.

|A | 5 U1
0
0

2
2 13

0

2 4
13

7
U

The determinant of a triangular matrix is the product of its diagonal elements, in
this case 2 91.

Inverses Whenever |A | is not zero, that is, whenever A is nonsingu-
lar, then there is another n 3 n matrix, denoted A21, read ‘‘A inverse’’
with the property

AA21 5 A21A 5 In3 n

Then the n 3 n system of equations

Ax 5 b

can be solved by multiplying both sides by A21, so

x 5 In3nx 5 A21Ax 5 A21b
so x 5 A21b

The matrix A21 may be found as follows:
1. Make a n 3 2n matrix, with the first n columns the matrix A and

the last n columns the identity matrix In 3 n.
2. Pivot on each of the diagonal entries of this matrix, one after

another, using the elementary row operations.
3. After pivoting n times, the matrix will have in the first n columns

the identity matrix, and the last n columns will be the matrix A21.

EXAMPLE. Solve the system

x1 1 2x2 2 4x3 5 2 4
5x1 2 3x2 2 7x3 5 6
3x1 2 2x2 1 3x3 5 11



2-14 MATHEMATICS

We must invert the matrix

A 5S1
5
3

2
2 3
2 2

2 4
2 7

3D
This is the same matrix used in the determinant example above. Adjoin the

identity matrix to make a 3 3 6 matrix

1 2 2 4 1 0 0

A nonzero vector v satisfying

(A 2 xi I)v 5 0

is called an eigenvector of A associated with the eigenvalue xi. Eigenvec-
tors have the special property

Av 5 xiv

Any multiple of an eigenvector is also an eigenvector.
A matrix is nonsingular when none of its eigenvalues are zero.

A

c
a

R

T

t

c
z

b

P

P

N

t

T

F

a
(
(
t
a
a
l
a
a

F
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S5
3

2 3
2 2

2 7
3

0
0

1
0

0
1
D

Perform the elementary row operations in exactly the same order as in the
determinant example.

STEP 1. Pivot on row 1, column 1.

S1
0
0

2
2 13

2 8

2 4
13
15

1
2 5
2 3

0
1
0

0
0
1
D

STEP 2. Pivot on row 2, column 2.

S1
0
0

0
1
0

2 2
2 1

7

3⁄13

5⁄13

1⁄13

2⁄13

2 1⁄13

2 8⁄13

0
0
1
D

STEP 3. Pivot on row 3, column 3.

S1
0
0

0
1
0

0
0
1

23⁄91

36⁄91

1⁄91

2 2⁄91

2 15⁄91

2 8⁄91

26⁄91

13⁄91

13⁄91

D
Now, the inverse matrix appears on the right . To solve the equation,

x 5 A21b

so, x 5S23⁄91

36⁄91

1⁄91

2 2⁄91

2 15⁄91

2 8⁄91

26⁄91

13⁄91

13⁄91

DS2 4
6

11
D

5S(2 4 3 23 1 6 3 2 2 1 11 3 26)/91
(2 4 3 36 1 6 3 2 15 1 11 3 13)/91
(2 4 3 1 1 6 3 2 8 1 11 3 13)/91

D 5S 2
2 1

1
D

The solution to the system is then

x1 5 2 x2 5 2 1 x3 5 1

Special Matrices If A is a matrix of complex numbers, then it is
possible to take the complex conjugate aij* of each entry, aij. This is
called the conjugate of A and is denoted A*.

1. If aij 5 aji, then A is symmetric.
2. If aij 5 2 aji, then A is skew or antisymmetric.
3. If AT 5 A21, then A is orthogonal.
4. If A 5 A21, then A is involutory.
5. If A 5 A*, then A is hermitian.
6. If A 5 2 A*,then A is skew hermitian.
7. If A21 5 A*, then A is unitary.
Eigenvalues and Eigenvectors If A is a square matrix and x is a

variable, then the matrix B 5 A 2 xI is the characteristic matrix, or
eigenmatrix, of A. The determinant |A 2 xI | is a polynomial of degree n,
called the characteristic polynomial of A. The roots of this polynomial,
x1, x2, . . . , xn, are the eigenvalues of A.

Note that some sources define the characteristic matrix as xI 2 A. If n
is odd, then this multiplies the characteristic equation by 2 1, but the
eigenvalues are not changed.

EXAMPLE. A 5 U2 2
2

5
1U B 5 U2 2 2 x

2
5

1 2 xU
Then the characteristic polynomial is

|B | 5 (2 2 2 x)(1 2 x) 2 (2)(5)
5 x2 1 x 2 2 2 10
5 x2 1 x 2 12
5 (x 1 4)(x 2 3)

The eigenvalues are 2 4 and 1 3.
Rank and Nullity It is possible that the product of a nonzero matrix
and a nonzero vector v is zero. This cannot happen if A is nonsingular.
The set of all vectors which become zero when multiplied by A is

alled the kernel of A. The nullity of A is the dimension of the kernel. It is
measure of how singular a matrix is.
If A is an m 3 n matrix, then the rank of A is defined as n 2 nullity.

ank is at most m.
The technique of pivoting is useful in finding the rank of a matrix.

he procedure is as follows:
1. Pivot on each diagonal entry in the matrix, starting with a11.
2. If a row becomes all zero, exchange it with other rows to move it

o the bottom of the matrix.
3. If a diagonal entry is zero but the row is not all zero, exchange the

olumn containing the entry with a column to the right not containing a
ero in that row.

When the procedure can be carried no further, the nullity is the num-
er of rows of zeros in the matrix.

EXAMPLE. Find the rank and nullity of the 3 3 2 matrix:

S1
2
4

1
1
1
D

ivoting on row 1, column 1, yields

S1
0
0

0
2 1
2 3
D

ivoting on row 2, column 2, yields

S1
0
0

0
1
0
D

ullity is therefore 1. Rank is 3 2 1 5 2.

If the rank of a matrix is n, so that

Rank 1 nullity 5 m

he matrix is said to be full rank.

RIGONOMETRY

ormal Trigonometry

Angles or Rotations An angle is generated by the rotation of a ray,
s Ox, about a fixed point O in the plane. Every angle has an initial line
OA) from which the rotation started (Fig. 2.1.56), and a terminal line
OB) where it stopped; and the counterclockwise direction of rotation is
aken as positive. Since the rotating ray may revolve as often as desired,
ngles of any magnitude, positive or negative, may be obtained. Two
ngles are congruent if they may be superimposed so that their initial
ines coincide and their terminal lines coincide; i.e., two congruent
ngles are either equal or differ by some multiple of 360°. Two angles
re complementary if their sum is 90°; supplementary if their sum is 180°.

ig. 2.1.56 Angle.
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(The acute angles of a right-angled triangle are complementary.) If the
initial line is placed so that it runs horizontally to the right , as in Fig.
2.1.57, then the angle is said to be an angle in the 1st , 2nd, 3rd, or 4th
quadrant according as the terminal line lies across the region marked I,
II, III, or IV.

perpendicular from P on OA or OA produced. In the right triangle OMP,
the three sides are MP 5 ‘‘side opposite’’ O (positive if running up-
ward); OM 5 ‘‘side adjacent’’ to O (positive if running to the right);
OP 5 ‘‘hypotenuse’’ or ‘‘radius’’ (may always be taken as positive);
and the six ratios between these sides are the principal trigonometric

0°
2)

1
1

0
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Fig. 2.1.57 Circle showing quadrants.

Units of Angular Measurement
1. Sexagesimal measure. (360 degrees 5 1 revolution.) Denoted on

many calculators by DEG. 1 degree 5 1° 5 1⁄90 of a right angle. The
degree is usually divided into 60 equal parts called minutes (9), and each
minute into 60 equal parts called seconds (99); while the second is subdi-
vided decimally. But for many purposes it is more convenient to divide
the degree itself into decimal parts, thus avoiding the use of minutes and
seconds.

2. Centesimal measure. Used chiefly in France. Denoted on calcula-
tors by GRAD. (400 grades 5 1 revolution.) 1 grade 5 1⁄100 of a right
angle. The grade is always divided decimally, the following terms being
sometimes used: 1 ‘‘centesimal minute’’ 5 1⁄100 of a grade; 1 ‘‘centesi-
mal second’’ 5 1⁄100 of a centesimal minute. In reading Continental
books it is important to notice carefully which system is employed.

3. Radian, or circular, measure. (p radians 5 180 degrees.) Denoted
by RAD. 1 radian 5 the angle subtended by an arc whose length is equal
to the length of the radius. The radian is constantly used in higher
mathematics and in mechanics, and is always divided decimally. Many
theorems in calculus assume that angles are being measured in radians,
not degrees, and are not true without that assumption.

1 radian 5 57°.30 2 5 57°.2957795131
5 57°1794499.806247 5 180°/p

1° 5 0.01745 . . . radian 5 0.01745 32925 radian
19 5 0.00029 08882 radian
199 5 0.00000 48481 radian

Table 2.1.2 Signs of the Trigonometric Functions

If x is in quadrant I II III IV

sin x and csc x are 1 1 2 2
cos x and sec x are 1 2 2 1
tan x and cot x are 1 2 1 2

Definitions of the Trigonometric Functions Let x be any angle
whose initial line is OA and terminal line OP (see Fig. 2.1.58). Drop a

Table 2.1.3 Ranges of the Trigonometric Functions

x in DEG 0° to 90° 90° to 180° 180° to 27
x in RAD (0 to p/2) (p/2 to p) (p to 3p/

sin x 1 0 to 1 1 1 1 to 1 0 2 0 to 2
csc x 1 ` to 1 1 1 1 to 1 ` 2 ` to 2

cos x 1 1 to 1 0 2 0 to 2 1 2 1 to 2

sec x 1 1 to 1 ` 2 ` to 2 1 2 1 to 2 `

tan x 1 0 to 1 ` 2 ` to 2 0 1 0 to 1 `
cot x 1 ` to 1 0 2 0 to 2 ` 1 ` to 1 0
Fig. 2.1.58 Unit circle showing elements used in trigonometric functions.

functions of the angle x; thus:

sine of x 5 sin x 5 opp/hyp 5 MP/OP
cosine of x 5 cos x 5 adj/hyp 5 OM/OP

tangent of x 5 tan x 5 opp/adj 5 MP/OM
cotangent of x 5 cot x 5 adj/opp 5 OM/MP

secant of x 5 sec x 5 hyp/adj 5 OP/OM
cosecant of x 5 csc x 5 hyp/opp 5 OP/MP

The last three are best remembered as the reciprocals of the first three:

cot x 5 1/tan x sec x 5 1/cos x csc x 5 1/sin x

Trigonometric functions, the exponential functions, and complex num-
bers are all related by the Euler formula: eix 5 cos x 1 i sin x, where
i 5 √2 1. A special case of this eip 5 2 1. Note that here x must
be measured in radians.

Variations in the functions as x varies from 0 to 360° are shown in Table
2.1.3. The variations in the sine and cosine are best remembered by
noting the changes in the lines MP and OM (Fig. 2.1.59) in the ‘‘unit
circle’’ (i.e., a circle with radius 5 OP 5 1), as P moves around the
circumference.

Fig. 2.1.59 Unit circle showing angles in the various quadrants.

Values at

270° to 360° 30° 45° 60°
(3p/2 to 2p) (p/6) (p/4) (p/3)

2 1 to 2 0 1⁄2 1⁄2 √2 1⁄2 √3
2 1 to 2 ` 2 √2 2⁄3 √3

1 0 to 1 1 1⁄2 √3 1⁄2 √2 1⁄2

1 ` to 1 1 2⁄3 √3 √2 2

2 ` to 2 0 1⁄2 √3 1 √3
2 0 to 2 ` √3 1 1⁄3 √3
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To Find Any Function of a Given Angle (Reduction to the first
quadrant .) It is often required to find the functions of any angle x from a
table that includes only angles between 0 and 90°. If x is not already
between 0 and 360°, first ‘‘reduce to the first revolution’’ by simply
adding or subtracting the proper multiple of 360° [for any function of
(x) 5 the same function of (x 6 n 3 360°)]. Next reduce to first quadrant
per table below.

90° and 180° 180° and 270° 270° and 360°
(p and 3p/2) (3p/2 and 2p)

180° from x (p) 270° from x (3p/2)

5 2 sin (x ! 180°) 5 2 cos (x ! 270°)
5 2 csc (x 2 180°) 5 2 sec (x 2 270°)
5 2 cos (x ! 180°) 5 1 sin (x ! 270°)
5 2 sec (x 2 180°) 5 1 csc (x 2 270°)
5 1 tan (x ! 180°) 5 2 cot (x ! 270°)
5 1 cot (x 2 180°) 5 2 tan (x 2 270°)

tan (x 1 y) 5 (tan x 1 tan y)/(1 2 tan x tan y)
cot (x 1 y) 5 (cot x cot y 2 1)/(cot x 1 cot y)
sin (x 2 y) 5 sin x cos y 2 cos x sin y
cos (x 2 y) 5 cos x cos y 1 sin x sin y
tan (x 2 y) 5 (tan x 2 tan y)/(1 1 tan x tan y)
cot (x 2 y) 5 (cot x cot y 1 1)/(cot y 2 cot x)
sin x 1 sin y 5 2 sin 1⁄2(x 1 y) cos 1⁄2(x 2 y)
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If x is between (p/2 and p)

Subtract 90° from x (p/2)

Then sin x 5 1 cos (x ! 90°)
csc x 5 1 sec (x 2 90°)
cos x 5 2 sin (x ! 90°)
sec x 5 2 csc (x 2 90°)
tan x 5 2 cot (x ! 90°)
cot x 5 2 tan (x 2 90°)
The ‘‘reduced angle’’ (x 2 90°, or x 2 180°, or x 2 270°) will in each
case be an angle between 0 and 90°, whose functions can then be found
in the table.

NOTE. The formulas for sine and cosine are best remembered by aid of the
unit circle.

To Find the Angle When One of Its Functions Is Given In general,
there will be two angles between 0 and 360° corresponding to any given
function. The rules showing how to find these angles are tabulated

sin x 2 sin y 5 2 cos 1⁄2(x 1 y) sin 1⁄2(x 2 y)
cos x 1 cos y 5 2 cos 1⁄2(x 1 y) cos 1⁄2(x 2 y)
cos x 2 cos y 5 2 2 sin 1⁄2(x 1 y) sin 1⁄2(x 2 y)

tan x 1 tan y 5
sin (x 1 y)

cos x cos y
; cot x 1 cot y 5

sin (x 1 y)

sin x sin y

tan x 2 tan y 5
sin (x 2 y)

cos x cos y
; cot x 2 cot y 5

sin (y 2 x)

sin x sin y
2 2 2 2
below.

First find an acute Then the required angles x1 and
Given angle x0 such that x2 will be*

sin x 5 1 a sin x0 5 a x0 and 180° 2 x0

cos x 5 1 a cos x0 5 a x0 and [360° 2 x0]
tan x 5 1 a tan x0 5 a x0 and [180° 1 x0]
cot x 5 1 a cot x0 5 a x0 and [180° 1 x0]

sin x 5 2 a sin x0 5 a [180° 1 x0] and [360° 2 x0]
cos x 5 2 a cos x0 5 a 180° 2 x0 and [180° 1 x0]
tan x 5 2 a tan x0 5 a 180° 2 x0 and [360° 2 x0]
cot x 5 2 a cot x0 5 a 180° 2 x0 and [360° 2 x0]

* The angles enclosed in brackets lie outside the range 0 to 180 deg and hence cannot occur as
angles in a triangle.

Relations Among the Functions of a Single Angle

sin2 x 1 cos2 x 5 1

tan x 5
sin x

cos x

cot x 5
1

tan x
5

cos x

sin x

1 1 tan2 x 5 sec2 x 5
1

cos2 x

1 1 cot2 x 5 csc2 x 5
1

sin2 x

sin x 5 √1 2 cos2 x 5
tan x

√1 1 tan2 x
5

1

√1 1 cot2 x

cos x 5 √1 2 sin2 x 5
1

√1 1 tan2 x
5

cot x

√1 1 cot2 x

Functions of Negative Angles sin (2 x) 5 2 sin x; cos (2 x) 5
cos x; tan (2 x) 5 2 tan x.

Functions of the Sum and Difference of Two Angles

sin (x 1 y) 5 sin x cos y 1 cos x sin y
cos (x 1 y) 5 cos x cos y 2 sin x sin y
sin x 2 sin y 5 cos y 2 cos x 5 sin (x 1 y) sin (x 2 y)
cos2 x 2 sin2 y 5 cos2 y 2 sin2 x 5 cos (x 1 y) cos (x 2 y)
sin (45° 1 x) 5 cos (45° 2 x)
tan (45° 1 x) 5 cot (45° 2 x)
sin (45° 2 x) 5 cos (45° 1 x)
tan (45° 2 x) 5 cot (45° 1 x)

In the following transformations, a and b are supposed to be positive,
c 5 √a2 1 b2, A 5 the positive acute angle for which tan A 5 a/b, and
B 5 the positive acute angle for which tan B 5 b/a:

a cos x 1 b sin x 5 c sin (A 1 x) 5 c cos (B 2 x)
a cos x 2 b sin x 5 c sin (A 2 x) 5 c cos (B 1 x)

Functions of Multiple Angles and Half Angles

sin 2x 5 2 sin x cos x; sin x 5 2 sin 1⁄2x cos 1⁄2x
cos 2x 5 cos2 x 2 sin2 x 5 1 2 2 sin2 x 5 2 cos2 x 2 1

tan 2x 5
2 tan x

1 2 tan2 x
cot 2x 5

cot2 x 2 1

2 cot x

sin 3x 5 3 sin x 2 4 sin3 x; tan 3x 5
3 tan x 2 tan3 x

1 2 3 tan2 x

cos 3x 5 4 cos3 x 2 3 cos x
sin (nx) 5 n sin x cosn21 x 2 (n)3 sin3 x cosn23 x

1 (n)5 sin5 x cosn25 x 2 ? ? ?
cos (nx) 5 cosn x 2 (n)2 sin2 x cosn22 x 1 (n)4 sin4 x cosn24 x 2 ? ? ?

where (n)2, (n)3, . . . , are the binomial coefficients.

sin 1⁄2x 5 6 √1⁄2(1 2 cos x). 1 2 cos x 5 2 sin2 1⁄2x

cos 1⁄2x 5 6 √1⁄2(1 1 cos x). 1 1 cos x 5 2 cos2 1⁄2x

tan 1⁄2x 5 6√1 2 cos x

1 1 cos x
5

sin x

1 1 cos x
5

1 2 cos x

sin x

tanSx

2
1 45°D 5 6√1 1 sin x

1 2 sin x

Here the 1 or 2 sign is to be used according to the sign of the
left-hand side of the equation.

Approximations for sin x, cos x, and tan x For small values of x,
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x measured in radians, the following approximations hold:

sin x ' x tan x ' x cos x ' 1 2
x2

2

The following actually hold:

sin x , x , tan x cos x ,
sin x

x
, 1

B 1 C 5 180°. To find the remaining sides, use

b 5
a sin B

sin A
c 5

a sin C

sin A

Or, drop a perpendicular from either B or C on the opposite side, and
solve by right triangles.

Check: c cos B 1 b cos C 5 a.
CASE 2. GIVEN TWO SIDES (say a and b) AND THE INCLUDED
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As x approaches 0, lim [(sin x)/x] 5 1.
Inverse Trigonometric Functions The notation sin21 x (read: anti-

sine of x, or inverse sine of x; sometimes written arc sin x) means the
principal angle whose sine is x. Similarly for cos21 x, tan21 x, etc. (The
principal angle means an angle between 2 90 and 1 90° in case of sin21

and tan21, and between 0 and 180° in the case of cos21.)

Solution of Plane Triangles

The ‘‘parts’’ of a plane triangle are its three sides a, b, c, and its three
angles A, B, C (A being opposite a). Two triangles are congruent if all
their corresponding parts are equal. Two triangles are similar if their
corresponding angles are equal, that is, A1 5 A2, B1 5 B2, and C1 5 C2.
Similar triangles may differ in scale, but they satisfy a1/a2 5
b1/b2 5 c1/c2.

Two different triangles may have two corresponding sides and the
angle opposite one of those sides equal (Fig. 2.1.60), and still not be
congruent . This is the angle-side-side theorem.

Otherwise, a triangle is uniquely determined by any three of its parts,
as long as those parts are not all angles. To ‘‘solve’’ a triangle means to
find the unknown parts from the known. The fundamental formulas are

Law of sines:
a

b
5

sin A

sin B

Law of cosines: c2 5 a2 1 b2 2 2ab cos C

Fig. 2.1.60 Triangles with an angle, an adjacent side, and an opposite side
given.

Right Triangles Use the definitions of the trigonometric functions,
selecting for each unknown part a relation which connects that unknown
with known quantities; then solve the resulting equations. Thus, in Fig.
2.1.61, if C 5 90°, then A 1 B 5 90°, c2 5 a2 1 b2,

sin A 5 a/c cos A 5 b/c
tan A 5 a/b cot A 5 b/a

If A is very small, use tan 1⁄2A 5 √(c 2 b)/(c 1 b).
Oblique Triangles There are four cases. It is highly desirable in all

these cases to draw a sketch of the triangle approximately to scale
before commencing the computation, so that any large numerical error
may be readily detected.

Fig. 2.1.61 Right triangle. Fig. 2.1.62 Triangle with two
angles and the included side
given.

CASE 1. GIVEN TWO ANGLES (provided their sum is , 180°) AND
ONE SIDE (say a, Fig. 2.1.62). The third angle is known since A 1
ANGLE (C); AND SUPPOSE a . b (Fig. 2.1.63).
Method 1: Find c from c2 5 a2 1 b2 2 2ab cos C; then find the

smaller angle, B, from sin B 5 (b/c) sin C; and finally, find A from
A 5 180° 2 (B 1 C).

Check: a cos B 1 b cos A 5 c.
Method 2: Find 1⁄2(A 2 B) from the law of tangents:

tan 1⁄2(A 2 B) 5 [(a 2 b)/(a 1 b)] cot 1⁄2C

and 1⁄2(A 1 B) from 1⁄2(A 1 B) 5 90° 2 C/2; hence A 5 1⁄2(A 1
B) 1 1⁄2(A 2 B) and B 5 1⁄2(A 1 B) 2 1⁄2(A 2 B). Then find c from
c 5 a sin C/sin A or c 5 b sin C/sin B.

Check: a cos B 1 b cos A 5 c.
Method 3: Drop a perpendicular from A to the opposite side, and

solve by right triangles.
CASE 3. GIVEN THE THREE SIDES (provided the largest is less than

the sum of the other two) (Fig. 2.1.64).
Method 1: Find the largest angle A (which may be acute or obtuse)

from cos A 5 (b2 1 c2 2 a2)/2bc and then find B and C (which will
always be acute) from sin B 5 b sin A/a and sin C 5 c sin A/a.

Check: A 1 B 1 C 5 180°.

Fig. 2.1.63 Triangle with two
sides and the included angle
given.

Fig. 2.1.64 Triangle with three
sides given.

Method 2: Find A, B, and C from tan 1⁄2A 5 r/(s 2 a), tan 1⁄2B 5
r/(s 2 b), tan 1⁄2C 5 r/(s 2 c), where s 5 1⁄2(a 1 b 1 c), and r 5
√(s 2 a)(s 2 b)(s 2 c)/s. Check: A 1 B 1 C 5 180°.

Method 3: If only one angle, say A, is required, use

sin 1⁄2A 5 √(s 2 b)(s 2 c)/bc

or cos 1⁄2A 5 √s(s 2 a)/bc

according as 1⁄2A is nearer 0° or nearer 90°.
CASE 4. GIVEN TWO SIDES (say b and c) AND THE ANGLE OPPO-

SITE ONE OF THEM (B). This is the ‘‘ambiguous case’’ in which there
may be two solutions, or one, or none.

First , try to find C 5 c sin B/b. If sin C . 1, there is no solution. If sin
C 5 1, C 5 90° and the triangle is a right triangle. If sin C , 1, this
determines two angles C, namely, an acute angle C1, and an obtuse
angle C2 5 180° 2 C1. Then C1 will yield a solution when and only
when C1 1 B , 180° (see Case 1); and similarly C2 will yield a solution
when and only when C2 1 B , 180° (see Case 1).

Other Properties of Triangles (See also Geometry, Areas, and Vol-
umes.)

Area 5 1⁄2ab sin C 5 √s(s 2 a)(s 2 b)(s 2 c) 5 rs where
s 5 1⁄2(a 1 b 1 c), and r 5 radius of inscribed circle 5
√(s 2 a)(s 2 b)(s 2 c)/s.

Radius of circumscribed circle 5 R, where

2R 5 a/sin A 5 b/sin B 5 c/sin C

r 5 4R sin
A

2
sin

B

2
sin

C

2
5

abc

4Rs
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The length of the bisector of the angle C is

z 5
2 √abs(s 2 c)

a 1 b
5

√ab[(a 1 b)2 2 c2]

a 1 b

The median from C to the middle point of c is m 5
1⁄2 √2(a2 1 b2) 2 c2.

Hyperbolic Functions

closely related to the logarithmic function, and are especially valuable
in the integral calculus.

sinh21(y/a) 5 ln (y 1 √y2 1 a2) 2 ln a

cosh21(y/a) 5 ln (y 1 √y2 2 a2) 2 ln a

tanh21
y

a
5 1⁄2 ln

a 1 y

a 2 y

y y 1 a

A

T

(

s
m
1
(

m

F
l

t

b

u

F
l
i

i

F

m
6
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The hyperbolic sine, hyperbolic cosine, etc., of any number x, are func-
tions of x which are closely related to the exponential ex, and which
have formal properties very similar to those of the trigonometric func-
tions, sine, cosine, etc. Their definitions and fundamental properties are
as follows:

sinh x 5 1⁄2(ex 2 e2x)
cosh x 5 1⁄2(ex 1 e2x)
tanh x 5 sinh x/cosh x

cosh x 1 sinh x 5 ex

cosh x 2 sinh x 5 e2x

csch x 5 1/sinh x
sech x 5 1/cosh x
coth x 5 1/tanh x

cosh2 x 2 sinh2 x 5 1
1 2 tanh2 x 5 sech2 x
1 2 coth2 x 5 2 csch2 x

sinh (2 x) 5 2 sinh x
cosh (2 x) 5 cosh x
tanh (2 x) 5 2 tanh x

sinh (x 6 y) 5 sinh x cosh y 6 cosh x sinh y
cosh (x 6 y) 5 cosh x cosh y 6 sinh x sinh y
tanh (x 6 y) 5 (tanh x 6 tanh y)/(1 6 tanh x tanh y)

sinh 2x 5 2 sinh x cosh x
cosh 2x 5 cosh2 x 1 sinh2 x
tanh 2x 5 (2 tanh x)/(1 1 tanh2 x)

sinh 1⁄2x 5 √1⁄2(cosh x 2 1)

cosh 1⁄2x 5 √1⁄2(cosh x 1 1)

tanh 1⁄2x 5 (cosh x 2 1)/(sinh x) 5 (sinh x)/(cosh x 1 1)

The hyperbolic functions are related to the rectangular hyperbola,
x2 2 y2 5 a2 (Fig. 2.1.66), in much the same way that the trigonometric
functions are related to the circle x2 1 y2 5 a2 (Fig. 2.1.65); the anal-
ogy, however, concerns not angles but areas. Thus, in either figure, let A

Fig. 2.1.65 Circle. Fig. 2.1.66 Hyperbola.

represent the shaded area, and let u 5 A/a2 (a pure number). Then for
the coordinates of the point P we have, in Fig. 2.1.65, x 5 a cos u, y 5 a
sin u; and in Fig. 2.1.66, x 5 a cosh u, y 5 a sinh u.

The inverse hyperbolic sine of y, denoted by sinh21 y, is the number
whose hyperbolic sine is y; that is, the notation x 5 sinh21 y means
sinh x 5 y. Similarly for cosh21 y, tanh21 y, etc. These functions are
coth21

a
5 1⁄2 ln

y 2 a

NALYTICAL GEOMETRY

he Point and the Straight Line

Rectangular Coordinates (Fig. 2.1.67) Let P1 5 (x1, y1), P2 5
x2, y2). Then, distance

P1P2 5 √(x2 2 x1)2 1 (y2 2 y1)2

lope of P1P2 5 m 5 tan u 5 (y2 2 y1)/(x2 2 x1); coordinates of
idpoint are x 5 1⁄2(x1 1 x2), y 5 1⁄2(y1 1 y2); coordinates of point

/nth of the way from P1 to P2 are x 5 x1 1 (1/n)(x2 2 x1), y 5 y1 1
1/n)(y2 2 y1).

Let m1, m2 be the slopes of two lines; then, if the lines are parallel,
1 5 m2; if the lines are perpendicular to each other, m1 5 2 1/m2.

ig. 2.1.67 Graph of straight
ine.

Fig. 2.1.68 Graph of straight
line showing intercepts.

Equations of a Straight Line
1. Intercept form (Fig. 2.1.68). x/a 1 y/b 5 1. (a, b 5 intercepts of

he line on the axes.)
2. Slope form (Fig. 2.1.69). y 5 mx 1 b. (m 5 tan u 5 slope;
5 intercept on the y axis.)
3. Normal form (Fig. 2.1.70). x cos v 1 y sin v 5 p. (p 5 perpendic-

lar from origin to line; v 5 angle from the x axis to p.)

ig. 2.1.69 Graph of straight
ine showing slope and vertical
ntercept.

Fig. 2.1.70 Graph of straight
line showing perpendicular line
from origin.

4. Parallel-intercept form (Fig. 2.1.71).
y 2 b

c 2 b
5

x

k
. (b, c 5

ntercepts on two parallels at distance k apart .)

ig. 2.1.71 Graph of straight line showing intercepts on parallel lines.

5. General form. Ax 1 By 1 C 5 0. [Here a 5 2 C/A, b 5 2 C/B,
5 2 A/B, cos v 5 A/R, sin v 5 B/R, p 5 2 C/R, where R 5
√A2 1 B2 (sign to be so chosen that p is positive).]
6. Line through (x1, y1) with slope m. y 2 y1 5 m(x 2 x1).
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7. Line through (x1, y1) and (x2, y2). y 2 y1 5
y2 2 y1

x2 2 x1

(x 2 x1).

8. Line parallel to x axis. y 5 a; to y axis: x 5 b.
Angles and Distances If u 5 angle from the line with slope m1 to

the line with slope m2, then

tan u 5
m2 2 m1

1 1 m2m1

sin u. For every value of the parameter u, there corresponds a point
(x, y) on the circle. The ordinary equation x2 1 y2 5 a2 can be ob-
tained from the parametric equations by eliminating u.
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If parallel, m1 5 m2.
If perpendicular, m1m2 5 2 1.

If u 5 angle between the lines Ax 1 By 1 C 5 0 and A9x 1 B9y 1
C9 5 0, then

cos u 5
AA9 1 BB9

6 √(A2 1 B2)(A92 1 B92)

If parallel, A/A9 5 B/B9.
If perpendicular, AA9 1 BB9 5 0.

The equation of a line through (x1, y1) and meeting a given line
y 5 mx 1 b at an angle u, is

y 2 y1 5
m 1 tan u

1 2 m tan u
(x 2 x1)

The distance from (x0, y0) to the line Ax 1 By 1 C 5 0 is

D 5 UAx0 1 By0 1 C

√A2 1 B2
U

where the vertical bars mean ‘‘the absolute value of.’’
The distance from (x0, y0) to a line which passes through (x1, y1) and

makes an angle u with the x axis is

D 5 (x0 2 x1) sin u 2 (y0 2 y1) cos u

Polar Coordinates (Fig. 2.1.72) Let (x, y) be the rectangular and
(r, u) the polar coordinates of a given point P. Then x 5 r cos u; y 5 r
sin u; x2 1 y2 5 r2.

Fig. 2.1.72 Polar coordinates.

Transformation of Coordinates If origin is moved to point (x0, y0),
the new axes being parallel to the old, x 5 x0 1 x9, y 5 y0 1 y9.

If axes are turned through the angle u, without change of origin,

x 5 x9 cos u 2 y9 sin u y 5 x9 sin u 1 y9 cos u

The Circle

The equation of a circle with center (a, b) and radius r is

(x 2 a)2 1 (y 2 b)2 5 r2

If center is at the origin, the equation becomes x2 1 y2 5 r2. If circle
goes through the origin and center is on the x axis at point (r, 0),
equation becomes x2 1 y2 5 2rx. The general equation of a circle is

x2 1 y2 1 Dx 1 Ey 1 F 5 0

It has center at (2 D/2, 2 E/2), and radius 5 √(D/2)2 1 (E/2)2 2 F
(which may be real, null, or imaginary).

Equations of Circle in Parametric Form It is sometimes convenient
to express the coordinates x and y of the moving point P (Fig. 2.1.73) in
terms of an auxiliary variable, called a parameter. Thus, if the parameter
be taken as the angle u from the x axis to the radius vector OP, then the
equations of the circle in parametric form will be x 5 a cos u; y 5 a
Fig. 2.1.73 Parameters of a circle.

The Parabola

The parabola is the locus of a point which moves so that its distance
from a fixed line (called the directrix) is always equal to its distance
from a fixed point F (called the focus). See Fig. 2.1.74. The point half-
way from focus to directrix is the vertex, O. The line through the focus,
perpendicular to the directrix, is the principal axis. The breadth of the
curve at the focus is called the latus rectum, or parameter, 5 2p, where p
is the distance from focus to directrix.

Fig. 2.1.74 Graph of parabola.

NOTE. Any section of a right circular cone made by a plane parallel to a
tangent plane of the cone will be a parabola.

Equation of parabola, principal axis along the x axis, origin at vertex
(Fig. 2.1.74): y2 5 2px.

Polar equation of parabola, referred to F as origin and Fx as axis (Fig.
2.1.75): r 5 p/(1 2 cos u).

Equation of parabola with principal axis parallel to y axis: y 5 ax2 1
bx 1 c. This may be rewritten, using a technique called completing the
square:

y 5 a Fx2 1
b

a
x 1

b2

4a2G 1 c 2
b2

4a

5 aFx 1
b

2aG2

1 c 2
b2

4a

Fig. 2.1.75 Polar plot of
parabola.

Fig. 2.1.76 Vertical parabola
showing rays passing through
the focus.
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Then: vertex is the point [2 b/2a, c 2 b2/4a]; latus rectum is p 5 1/2a;
and focus is the point [2 b/2a, c 2 b2/4a 1 1/4a].

A parabola has the special property that lines parallel to its principal
axis, when reflected off the inside ‘‘surface’’ of the parabola, will all
pass through the focus (Fig. 2.1.76). This property makes parabolas
useful in designing mirrors and antennas.

The Ellipse

where v is the angle which the tangent at P makes with PF or PF9.
At end of major axis, R 5 b2/a 5 MA; at end of minor axis, R 5
a2/b 5 NB (see Fig. 2.1.81).

F

T

T
a
(
5
t

F

d
m
a
T
a
o

F

n
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The ellipse (as shown in Fig. 2.1.77), has two foci, F and F9, and two
directrices, DH and D9H9. If P is any point on the curve, PF 1 PF9 is
constant , 5 2a; and PF/PH (or PF9/PH9) is also constant , 5 e, where e
is the eccentricity (e , 1). Either of these properties may be taken as the
definition of the curve. The relations between e and the semiaxes a and
b are as shown in Fig. 2.1.78. Thus, b2 5 a2(1 2 e2), ae 5 √a2 2 b2,
e2 5 1 2 (b/a)2. The semilatus rectum 5 p 5 a(1 2 e2) 5 b2/a. Note
that b is always less than a, except in the special case of the circle, in
which b 5 a and e 5 0.

Fig. 2.1.77 Ellipse. Fig. 2.1.78 Ellipse showing
semiaxes.

Any section of a right circular cone made by a plane which cuts all the
elements of one nappe of the cone will be an ellipse; if the plane is
perpendicular to the axis of the cone, the ellipse becomes a circle.

Equation of ellipse, center at origin:

x2

a2
1

y2

b2
5 1 or y 5 6

b

a
√a2 2 x2

If P 5 (x, y) is any point of the curve, PF 5 a 1 ex, PF9 5 a 2 ex.
Equations of the ellipse in parametric form: x 5 a cos u, y 5 b

sin u, where u is the eccentric angle of the point P 5 (x, y). See Fig.
2.1.81.

Polar equation, focus as origin, axes as in Fig. 2.1.79. r 5 p/(1 2 e
cos u).

Equation of the tangent at (x1, y1): b2x1x 1 a2y1y 5 a2b2.
The line y 5 mx 1 k will be a tangent if k 5 6 √a2m2 1 b2.

Fig. 2.1.79 Ellipse in polar
form.

Fig. 2.1.80 Ellipse as a
flattened circle.

Ellipse as a Flattened Circle, Eccentric Angle If the ordinates in a
circle are diminished in a constant ratio, the resulting points will lie on
an ellipse (Fig. 2.1.80). If Q traces the circle with uniform velocity, the
corresponding point P will trace the ellipse, with varying velocity. The
angle u in the figure is called the eccentric angle of the point P.

A consequence of this property is that if a circle is drawn with its
horizontal scale different from its vertical scale, it will appear to be an
ellipse. This phenomenon is common in computer graphics.

The radius of curvature of an ellipse at any point P 5 (x, y) is

R 5 a2b2(x2/a4 1 y2/b4)3/2 5 p/sin3 v
ig. 2.1.81 Ellipse showing radius of curvature.

he Hyperbola

he hyperbola has two foci, F and F9, at distances 6 ae from the center,
nd two directrices, DH and D9H9, at distances 6 a/e from the center
Fig. 2.1.82). If P is any point of the curve, |PF 2 PF9 | is constant ,

2a; and PF/PH (or PF9/PH9) is also constant , 5 e (called the eccen-
ricity), where e . 1. Either of these properties may be taken as the

ig. 2.1.82 Hyperbola.

efinition of the curve. The curve has two branches which approach
ore and more nearly two straight lines called the asymptotes. Each

symptote makes with the principal axis an angle whose tangent is b/a.
he relations between e, a, and b are shown in Fig. 2.1.83: b2 5
2(e2 2 1), ae 5 √a2 1 b2, e2 5 1 1 (b/a)2. The semilatus rectum, or
rdinate at the focus, is p 5 a(e2 2 1) 5 b2/a.

ig. 2.1.83 Hyperbola showing the asymptotes.

Any section of a right circular cone made by a plane which cuts both
appes of the cone will be a hyperbola.

Equation of the hyperbola, center as origin:

x2

a2
2

y2

b2
5 1 or y 5 6

b

a
√x2 2 a2
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If P 5 (x, y) is on the right-hand branch, PF 5 ex 2 a, PF9 5 ex 1 a. If
P is on the left-hand branch, PF 5 2 ex 1 a, PF9 5 2 ex 2 a.

Equations of Hyperbola in Parametric Form (1) x 5 a cosh u,
y 5 b sinh u. Here u may be interpreted as A/ab, where A is the area
shaded in Fig. 2.1.84. (2) x 5 a sec v, y 5 b tan v, where v is an auxiliary
angle of no special geometric interest .
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Fig. 2.1.84 Hyperbola showing parametric form.

Polar equation, referred to focus as origin, axes as in Fig. 2.1.85:

r 5 p/(1 2 e cos u)

Equation of tangent at (x1, y1): b2x1x 2 a2y1y 5 a2b2. The line y 5

mx 1 k will be a tangent if k 5 6 √a2m2 2 b2.

Fig. 2.1.85 Hyperbola in polar form.

The triangle bounded by the asymptotes and a variable tangent is of
constant area, 5 ab.

Conjugate hyperbolas are two hyperbolas having the same asymptotes
with semiaxes interchanged (Fig. 2.1.86). The equations of the hyper-
bola conjugate to x2/a2 2 y2/b2 5 1 is x2/a2 2 y2/b2 5 2 1.

Fig. 2.1.86 Conjugate hyperbolas.

Equilateral Hyperbola (a 5 b) Equation referred to principal axes
(Fig. 2.1.87): x2 2 y2 5 a2.

NOTE. p 5 a (Fig. 2.1.87). Equation referred to asymptotes as axes (Fig.
2.1.88): xy 5 a2/2.

Asymptotes are perpendicular. Eccentricity 5 √2. Any diameter is
equal in length to its conjugate diameter.

The Catenary

The catenary is the curve in which a flexible chain or cord of uniform
density will hang when supported by the two ends. Let w 5 weight of
the chain per unit length; T 5 the tension at any point P; and Th,
Tv 5 the horizontal and vertical components of T. The horizontal com-
ponent Th is the same at all points of the curve.
Fig. 2.1.87 Equilateral hyperbola.

The length a 5 Th /w is called the parameter of the catenary, or the
distance from the lowest point O to the directrix DQ (Fig. 2.1.89). When
a is very large, the curve is very flat .

The rectangular equation, referred to the lowest point as origin, is
y 5 a [cosh (x/a) 2 1]. In case of very flat arcs (a large), y 5 x2/2a 1
? ? ?; s 5 x 1 1⁄6x3/a2 1 ? ? ?, approx, so that in such a case the
catenary closely resembles a parabola.

Fig. 2.1.88 Hyperbola with asymptotes as axes.

Calculus properties of the catenary are often discussed in texts on the
calculus of variations (Weinstock, ‘‘Calculus of Variations,’’ Dover;
Ewing, ‘‘Calculus of Variations with Applications,’’ Dover).

Problems on the Catenary (Fig. 2.1.89) When any two of the four
quantities, x, y, s, T/w are known, the remaining two, and also the
parameter a, can be found, using the following:

a 5 x/z s 5 a sinh z
T 5 wa cosh z y/x 5 (cosh z 2 1)/z

s/x 5 (sinh z)/z wx/T 5 z cosh z

Fig. 2.1.89 Catenary.

NOTE. If wx/T , 0.6627, then there are two values of z, one less than 1.2, and
one greater. If wx/T . 0.6627, then the problem has no solution.

Given the Length 2L of a Chain Supported at Two Points A and B
Not in the Same Level, to Find a (See Fig. 2.1.90; b and c are supposed
known.) Let (√L2 2 b2)/c 5 s/x; use s/x 5 sinh z/z to find z. Then
a 5 c/z.

NOTE. The coordinates of the midpoint M of AB (see Fig. 2.1.90) are
x0 5 a tanh21 (b/L), y0 5 (L/tanh z) 2 a, so that the position of the lowest point
is determined.
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2.1.94). For the equations, put b 5 a in the equations of the epi- or
hypotrochoid, below.

Radius of curvature at any point P is

R 5
4a(c 6 a)

c 6 2a
3 sin 1⁄2u

At A, R 5 0; at D, R 5
4a(c 6 a)

c 6 2a
.

F

d
t
s

F
t

g
w
c
r

a

F
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Fig. 2.1.90 Catenary with ends at unequal levels.

Other Useful Curves

The cycloid is traced by a point on the circumference of a circle which
rolls without slipping along a straight line. Equations of cycloid, in
parametric form (axes as in Fig. 2.1.91): x 5 a(rad u 2 sin u), y 5
a(1 2 cos u), where a is the radius of the rolling circle, and rad u is the
radian measure of the angle u through which it has rolled. The radius of
curvature at any point P is PC 5 4a sin (u/2) 5 2 √2ay.

Fig. 2.1.91 Cycloid.

The trochoid is a more general curve, traced by any point on a radius
of the rolling circle, at distance b from the center (Fig. 2.1.92). It is a
prolate trochoid if b , a, and a curtate or looped trochoid if b . a. The
equations in either case are x 5 a rad u 2 b sin u, y 5 a 2 b cos u.

Fig. 2.1.92 Trochoid.

The epicycloid (or hypocycloid) is a curve generated by a point on the
circumference of a circle of radius a which rolls without slipping on the
outside (or inside) of a fixed circle of radius c (Fig. 2.1.93 and Fig.

Fig. 2.1.93 Epicycloid.
ig. 2.1.94 Hypocycloid.

Special Cases If a 5 1⁄2c, the hypocycloid becomes a straight line,
iameter of the fixed circle (Fig. 2.1.95). In this case the hypotrochoid
raced by any point rigidly connected with the rolling circle (not neces-
arily on the circumference) will be an ellipse. If a 5 1⁄4c, the curve

ig. 2.1.95 Hypocycloid is straight line when the radius of inside circle is half
hat of the outside circle.

enerated will be the four-cusped hypocycloid, or astroid (Fig. 2.1.96),
hose equation is x2/3 1 y2/3 5 c2/3. If a 5 c, the epicycloid is the

ardioid, whose equation in polar coordinates (axes as in Fig. 2.1.97) is
5 2c(1 1 cos u). Length of cardioid 5 16c.
The epitrochoid (or hypotrochoid) is a curve traced by any point rigidly

ttached to a circle of radius a, at distance b from the center, when this

ig. 2.1.96 Astroid.
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circle rolls without slipping on the outside (or inside) of a fixed circle of
radius c. The equations are

x 5 (c 6 a) cosSa

c
uD 6 b cosFS1 6

a

cD uG
y 5 (c 6 a) sin Sa

c
uD 2 b sinFS1 6

a

cD uG

v(5 angle POQ), are r 5 c sec v, rad u 5 tan v 2 rad v. Here, r 5 OP,
and rad u 5 radian measure of angle, AOP (Fig. 2.1.98).

The spiral of Archimedes (Fig. 2.1.99) is traced by a point P which,
starting from O, moves with uniform velocity along a ray OP, while the
ray itself revolves with uniform angular velocity about O. Polar equa-
tion: r 5 k rad u, or r 5 a(u°/360°). Here a 5 2pk 5 the distance
measured along a radius, from each coil to the next .

The radius of curvature at P is R 5 (k2 1 r2)3/2/(2k2 1 r2).
The logarithmic spiral (Fig. 2.1.100) is a curve which cuts the radii
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Fig. 2.1.97 Cardioid.

where u 5 the angle which the moving radius makes with the line of
centers; take the upper sign for the epi- and the lower for the hypotro-
choid. The curve is called prolate or curtate according as b , a or
b . a. When b 5 a, the special case of the epi- or hypocycloid arises.

Fig. 2.1.98 Involute of circle.

The involute of a circle is the curve traced by the end of a taut string
which is unwound from the circumference of a fixed circle, of radius c.
If QP is the free portion of the string at any instant (Fig. 2.1.98), QP will
be tangent to the circle at Q, and the length of QP 5 length of arc QA;
hence the construction of the curve. The equations of the curve in para-
metric form (axes as in figure) are x 5 c(cos u 1 rad u sin u), y 5
c(sin u 2 rad u cos u), where rad u is the radian measure of the angle
u which OQ makes with the x axis. Length of arc AP 5 1⁄2c(rad u)2;
radius of curvature at P is QP. Polar equations, in terms of parameter

Fig. 2.1.99 Spiral of Archimedes.
from O at a constant angle v, whose cotangent is m. Polar equation: r 5
aemradu. Here a is the value of r when u 5 0. For large negative values of
u, the curve winds around O as an asymptotic point . If PT and PN are
the tangent and normal at P, the line TON being perpendicular to OP
(not shown in figure), then ON 5 rm, and PN 5 r √1 1 m2 5 r/sin v.
Radius of curvature at P is PN.

Fig. 2.1.100 Logarithmic spiral.

The tractrix, or Schiele’s antifriction curve (Fig. 2.1.101), is a curve
such that the portion PT of the tangent between the point of contact and
the x axis is constant 5 a. Its equation is

x 5 6 aFcosh21
a

y
2 √1 2Sy

aD2G
or, in parametric form, x 5 6 a(t 2 tanh t), y 5 a/cosh t. The x axis is
an asymptote of the curve. Length of arc BP 5 a loge (a/y).

Fig. 2.1.101 Tractrix.

The tractrix describes the path taken by an object being pulled by a
string moving along the x axis, where the initial position of the object is
B and the opposite end of the string begins at O.

Fig. 2.1.102 Lemniscate.
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The lemniscate (Fig. 2.1.102) is the locus of a point P the product of
whose distances from two fixed points F, F9 is constant , equal to 1⁄2a2.

The distance FF9 5 a √2. Polar equa-
tion is r 5 a √cos 2u. Angle be-
tween OP and the normal at P is 2u.
The two branches of the curve cross
at right angles at O. Maximum y
occurs when u 5 30° and r 5 a/√2,

Dx approaches 0, of . . . .’’ (A constant c is said to be the limit of a
variable u if, whenever any quantity m has been assigned, there is a
stage in the variation process beyond which |c 2 u| is always less than
m; or, briefly, c is the limit of u if the difference between c and u can be
made to become and remain as small as we please.)

To find the derivative of a given function at a given point: (1) If the
function is given only by a curve, measure graphically the slope of the
tangent at the point in question; (2) if the function is given by a mathe-
matical expression, use the following rules for differentiation. These
r
a

t
c
e
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Fig. 2.1.103 Helix.

and is equal to 1⁄4a √2. Area of one
loop 5 a2/2.

The helix (Fig. 2.1.103) is the curve
of a screw thread on a cylinder of
radius r. The curve crosses the ele-
ments of the cylinder at a constant
angle, v. The pitch, h, is the distance
between two coils of the helix, mea-
sured along an element of the cylin-
der; hence h 5 2pr tan v. Length
of one coil 5 √(2pr)2 1 h2 5 2pr/
cos v. If the cylinder is rolled out on a
plane, the development of the helix
will be a straight line, with slope
equal to tan v.

DIFFERENTIAL AND INTEGRAL CALCULUS

Derivatives and Differentials

Derivatives and Differentials A function of a single variable x may
be denoted by f(x), F(x), etc. The value of the function when x has the
value x0 is then denoted by f(x0), F(x0), etc. The derivative of a function
y 5 f(x) may be denoted by f 9(x), or by dy/dx. The value of the deriva-
tive at a given point x 5 x0 is the rate of change of the function at that
point; or, if the function is represented by a curve in the usual way (Fig.
2.1.104), the value of the derivative at any point shows the slope of the
curve (i.e., the slope of the tangent to the curve) at that point (positive if
the tangent points upward, and negative if it points downward, moving
to the right).

Fig. 2.1.104 Curve showing tangent and derivatives.

The increment Dy (read: ‘‘delta y’’) in y is the change produced in y
by increasing x from x0 to x0 1 Dx; i.e., Dy 5 f(x0 1 Dx) 2 f (x0). The
differential, dy, of y is the value which Dy would have if the curve
coincided with its tangent . (The differential, dx, of x is the same as Dx
when x is the independent variable.) Note that the derivative depends
only on the value of x0, while Dy and dy depend not only on x0 but on the
value of Dx as well. The ratio Dy/Dx represents the secant slope, and
dy/dx the slope of tangent (see Fig. 2.1.104). If Dx is made to approach
zero, the secant approaches the tangent as a limiting position, so that the
derivative is

f 9(x) 5
dy

dx
5 lim

Dx:0
FDy

DxG 5 lim
Dx:0

Ff(x0 1 Dx) 2 f (x0)

Dx G
Also, dy 5 f 9(x) dx.

The symbol ‘‘lim’’ in connection with Dx : 0 means ‘‘the limit , as
ules give, directly, the differential, dy, in terms of dx; to find the deriv-
tive, dy/dx, divide through by dx.

Rules for Differentiation (Here u, v, w, . . . represent any func-
ions of a variable x, or may themselves be independent variables. a is a
onstant which does not change in value in the same discussion;
5 2.71828.)

1. d(a 1 u) 5 du
2. d(au) 5 a du
3. d(u 1 v 1 w 1 ? ? ?) 5 du 1 dv 1 dw 1 ? ? ?
4. d(uv) 5 u dv 1 v du

5. d(uvw . . .) 5 (uvw . . .)Sdu

u
1

dv

v
1

dw

w
1 ? ? ?D

6. d
u

v
5

v du 2 u dv

v2

7. d(um) 5 mum21 du. Thus, d(u2) 5 2u du; d(u3) 5 3u2 du; etc.

8. d √u 5
du

2 √u

9. dS1

uD 5 2
du

u2

10. d(eu) 5 eu du
11. d(au) 5 (ln a)au du

12. d ln u 5
du

u

13. d log10 u 5 log10 e
du

u
5 (0.4343 . . .)

du

u
14. d sin u 5 cos u du
15. d csc u 5 2 cot u csc u du
16. d cos u 5 2 sin u du
17. d sec u 5 tan u sec u du
18. d tan u 5 sec2 u du
19. d cot u 5 2 csc2 u du

20. d sin21 u 5
du

√1 2 u2

21. d csc21 u 5 2
du

u √u2 2 1

22. d cos21 u 5
du

√1 2 u2

23. d sec21 u 5
du

u √u2 2 1

24. d tan21 u 5
du

1 1 u2

25. d cot21 u 5 2
du

1 1 u2

26. d ln sin u 5 cot u du

27. d ln tan u 5
2 du

sin 2u
28. d ln cos u 5 2 tan u du

29. d ln cot u 5 2
2 du

sin 2u
30. d sinh u 5 cosh u du
31. d csch u 5 2 csch u coth u du
32. d cosh u 5 sinh u du
33. d sech u 5 2 sech u tanh u du
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34. d tanh u 5 sech2 u du
35. d coth u 5 2 csch2 u du

36. d sinh21 u 5
du

√u2 1 1

37. d csch21 u 5 2
du

u √u2 1 1

38. d cosh21 u 5
du

If increments Dx, Dy (or dx, dy) are assigned to the independent
variables x, y, the increment , Du, produced in u 5 f(x, y) is

Du 5 f(x 1 Dx, y 1 Dy) 2 f(x, y)

while the differential, du, i.e., the value which Du would have if the
partial derivatives of u with respect to x and y were constant , is given by

du 5 ( fx) ? dx 1 ( fy) ? dy
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√u2 2 1

39. d sech21 u 5 2
du

u √1 2 u2

40. d tanh21 u 5
du

1 2 u2

41. d coth21 u 5
du

1 2 u2

42. d(uv) 5 (uv21)(u ln u dv 1 v du)
Derivatives of Higher Orders The derivative of the derivative is

called the second derivative; the derivative of this, the third derivative;
and so on. If y 5 f(x),

f 9(x) 5 Dxy 5
dy

dx

f 99(x) 5 Dx
2y 5

d 2y

dx2

f 999(x) 5 Dx
3y 5

d3y

dx3
etc.

NOTE. If the notation d 2y/dx2 is used, this must not be treated as a fraction,
like dy/dx, but as an inseparable symbol, made up of a symbol of operation d 2/dx2,
and an operand y.

The geometric meaning of the second derivative is this: if the original
function y 5 f(x) is represented by a curve in the usual way, then at any
point where f 99(x) is positive, the curve is concave upward, and at
any point where f 99(x) is negative, the curve is concave downward
(Fig. 2.1.105). When f 99(x) 5 0, the curve usually has a point of in-
flection.

Fig. 2.1.105 Curve showing concavity.

Functions of two or more variables may be denoted by f (x, y, . . .),
F(x, y, . . .), etc. The derivative of such a function u 5 f (x, y, . . .)
formed on the assumption that x is the only variable (y, . . . being
regarded for the moment as constants) is called the partial derivative of u
with respect to x, and is denoted by fx(x, y) or Dxu, or dxu/dx, or u/x.
Similarly, the partial derivative of u with respect to y is fy(x, y) or Dyu,
or dyu/dy, or u/y.

NOTE. In the third notation, dxu denotes the differential of u formed on the
assumption that x is the only variable. If the fourth notation, u/x, is used, this
must not be treated as a fraction like du/dx; the /x is a symbol of operation,
operating on u, and the ‘‘x’’ must not be separated.

Partial derivatives of the second order are denoted by fxx , fxy, fyy, or
by Du, Dx(Dyu), Dy

2u, or by 2u/x2, 2u/x y, 2u/y2, the last sym-
bols being ‘‘inseparable.’’ Similarly for higher derivatives. Note that
fxy 5 fyx.
Here the coefficients of dx and dy are the values of the partial deriva-
tives of u at the point in question.

If x and y are functions of a third variable t, then the equation

du

dt
5 ( fx)

dx

dt
1 ( fy)

dy

dt

expresses the rate of change of u with respect to t, in terms of the
separate rate of change of x and y with respect to t.

Implicit Functions If f (x, y) 5 0, either of the variables x and y is
said to be an implicit function of the other. To find dy/dx, either (1)
solve for y in terms of x, and then find dy/dx directly; or (2) differentiate
the equation through as it stands, remembering that both x and y
are variables, and then divide by dx; or (3) use the formula dy/dx 5
2 ( fx /fy), where fx and fy are the partial derivatives of f(x, y) at the
point in question.

Maxima and Minima

A function of one variable, as y 5 f (x), is said to have a maximum at a
point x 5 x0, if at that point the slope of the curve is zero and the
concavity downward (see Fig. 2.1.106); a sufficient condition for a
maximum is f 9(x0) 5 0 and f 99(x0) negative. Similarly, f(x) has a mini-
mum if the slope is zero and the concavity upward; a sufficient condi-
tion for a minimum is f 9(x0) 5 0 and f 99(x0) positive. If f 99(x0) 5 0 and
f 999(x0) Þ 0, the point x0 will be a point of inflection. If f 9(x0) 5 0
and f 99(x0) 5 0 and f 999(x0) 5 0, the point x0 will be a maximum
if f 9999(x0) , 0, and a minimum if f 9999(x0) . 0. It is usually sufficient ,
however, in any practical case, to find the values of x which make
f 9(x) 5 0, and then decide, from a general knowledge of the curve or
the sign of f 9(x) to the right and left of x0, which of these values
(if any) give maxima or minima, without investigating the higher de-
rivatives.

Fig. 2.1.106 Curve showing maxima and minima.

A function of two variables, as u 5 f (x, y), will have a maximum at a
point (x0, y0) if at that point fx 5 0, fy 5 0, and fxx , 0, fyy , 0; and a
minimum if at that point fx 5 0, fy 5 0, and fxx . 0, fyy . 0; provided, in
each case, ( fxx)( fyy) 2 ( fxy)2 is positive. If fx 5 0 and fy 5 0, and fxx and
fyy have opposite signs, the point (x0, y0) will be a ‘‘saddle point’’ of the
surface representing the function.

Indeterminate Forms

In the following paragraphs, f(x), g(x) denote functions which approach
0; F(x), G(x) functions which increase indefinitely; and U(x) a function
which approaches 1, when x approaches a definite quantity a. The prob-
lem in each case is to find the limit approached by certain combinations
of these functions when x approaches a. The symbol : is to be read
‘‘approaches’’ or ‘‘tends to.’’

CASE 1. ‘‘0/0.’’ To find the limit of f (x)/g(x) when f(x) : 0 and
g(x) : 0, use the theorem that lim [ f(x)/g(x)] 5 lim [ f 9(x)/g9(x)],
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where f 9(x) and g9(x) are the derivatives of f(x) and g(x). This second
limit may be easier to find than the first . If f 9(x) : 0 and g9(x) : 0,
apply the same theorem a second time: lim [ f 9(x)/g9(x)] 5 lim [ f 99(x)/
g99(x)], and so on.

CASE 2. ‘‘`/`.’’ If F(x) : ` and G(x) : `, then lim [F(x)/
G(x)] 5 lim [F 9(x)/G9(x)], precisely as in Case 1.

CASE 3. ‘‘0 ? `.’’ To find the limit of f(x) ? F(x) when f (x) : 0 and
F(x) : `, write lim [ f(x) ? F(x)] 5 lim{ f(x)/[1/F(x)]} or 5 lim

in transforming the given function into a form in which such recognition
is easy. The most common integrable forms are collected in the follow-
ing brief table; for a more extended list , see Peirce, ‘‘Table of Inte-
grals,’’ Ginn, or Dwight , ‘‘Table of Integrals and other Mathematical
Data,’’ Macmillan, or ‘‘CRC Mathematical Tables.’’

GENERAL FORMULAS

F

R
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{F(x)/[1/f(x)]}, then proceed as in Case 1 or Case 2.
CASE 4. The limit of combinations ‘‘00’’ or [ f (x)]g(x); ‘‘1`’’ or

[U(x)]F(x); ‘‘`0’’ or [F(x)]b(x) may be found since their logarithms are
limits of the type evaluated in Case 3.

CASE 5. ‘‘` 2 `.’’ If F(x) : ` and G(x) : `, write

lim [F(x) 2 G(x)] 5 lim
1/G(x) 2 1/F(x)

1/[F(x) ? G(x)]

then proceed as in Case 1. Sometimes it is shorter to expand the func-
tions in series. It should be carefully noticed that expressions like 0/0,
`/`, etc., do not represent mathematical quantities.

Curvature

The radius of curvature R of a plane curve at any point P (Fig. 2.1.107) is
the distance, measured along the normal, on the concave side of the
curve, to the center of curvature, C, this point being the limiting position
of the point of intersection of the normals at P and a neighboring point
Q, as Q is made to approach P along the curve. If the equation of the
curve is y 5 f(x),

R 5
ds

du
5

[1 1 (y9)2]3/2

y99

where ds 5 √dx2 1 dy2 5 the differential of arc, u 5 tan21 [ f 9(x)] 5
the angle which the tangent at P makes with the x axis, and y9 5 f 9(x)
and y99 5 f 99(x) are the first and second derivatives of f (x) at the point P.
Note that dx 5 ds cos u and dy 5 ds sin u. The curvature, K, at the point
P, is K 5 1/R 5 du/ds; i.e., the curvature is the rate at which the angle u
is changing with respect to the length of arc s. If the slope of the curve is
small, K ' f 99(x).

Fig. 2.1.107 Curve showing radius of curvature.

If the equation of the curve in polar coordinates is r 5 f (u), where
r 5 radius vector and u 5 polar angle, then

R 5
[r2 1 (r9)2]3/2

r2 2 rr99 1 2(r9)2

where r9 5 f 9(u) and r99 5 f 99(u).
The evolute of a curve is the locus of its centers of curvature. If one

curve is the evolute of another, the second is called the involute of the
first .

Indefinite Integrals

An integral of f(x) dx is any function whose differential is f (x) dx, and is
denoted by ef(x) dx. All the integrals of f(x) dx are included in the
expression ef(x) dx 1 C, where ef(x) dx is any particular integral, and
C is an arbitrary constant . The process of finding (when possible) an
integral of a given function consists in recognizing by inspection a
function which, when differentiated, will produce the given function; or
1. E a du 5 a E du 5 au 1 C

2. E (u 1 v) dx 5 E u dx 1 E v dx

3. E u dv 5 uv 2 E v du (integration by parts)

4. E f (x) dx 5 E f [F(y)]F 9(y) dy, x 5 F(y)

(change of variables)

5. E dy E f (x, y) dx 5 E dx E f (x, y) dy

UNDAMENTAL INTEGRALS

6. E xn dx 5
xn11

n 1 1
1 C, when n Þ 2 1

7. E dx

x
5 ln x 1 C 5 ln cx

8. E ex dx 5 ex 1 C

9. E sin x dx 5 2 cos x 1 C

10. E cos x dx 5 sin x 1 C

11. E dx

sin2 x
5 2 cot x 1 C

12. E dx

cos2 x
5 tan x 1 C

13. E dx

√1 2 x2
5 sin21 x 1 C 5 2 cos21 x 1 C

14. E dx

1 1 x2
5 tan21 x 1 C 5 2 cot21 x 1 C

ATIONAL FUNCTIONS

15. E (a 1 bx)n dx 5
(a 1 bx)n11

(n 1 1)b
1 C

16. E dx

a 1 bx
5

1

b
ln (a 1 bx) 1 C 5

1

b
ln c(a 1 bx)

17. E dx

xn
5 2

1

(n 2 1)xn21
1 C except when n 5 1

18. E dx

(a 1 bx)2
5 2

1

b(a 1 bx)
1 C

19. E dx

1 2 x2
5 1⁄2 ln

1 1 x

1 2 x
1 C 5 tanh21 x 1 C, when x , 1

20. E dx

x2 2 1
5 1⁄2 ln

x 2 1

x 1 1
1 C 5 2 coth21 x 1 C, when x . 1

21. E dx

a 1 bx2
5

1

√ab
tan21S√b

a
xD 1 C

22. E dx

a 2 bx2
5

1

2 √ab
ln

√ab 1 bx

√ab 2 bx
1 C [a . 0, b . 0]

5
1

√ab
tanh21 S√b

a
xD 1 C
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23. E dx

a 1 2bx 1 cx2
5 J [ac 2 b2 . 0]

1

√ac 2 b2
tan21

b 1 cx

√ac 2 b2
1 C

5
1

2
ln

√b2 2 ac 2 b 2 cx

2
1 C

5
1

√c
sinh21

b 1 cx

√ac 2 b2
1 C, when ac 2 b2 . 0

5
1

√c
cosh21

b 1 cx

√b2 2 ac
1 C, when b2 2 ac . 0

5
2 1

√2 c
sin21

b 1 cx

√b2 2 ac
1 C, when c , 0

39.
(m 1 nx) dx

5
n

√a 1 2bx 1 cx2
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2 √b 2 ac √b 2 ac 1 b 1 cx J [b2 2 ac . 0]

5 2
1

√b2 2 ac
tanh21

b 1 cx

√b2 2 ac
1 C

24. E dx

a 1 2bx 1 cx2
5 2

1

b 1 cx
1 C, when b2 5 ac

25. E (m 1 nx) dx

a 1 2bx 1 cx2
5

n

2c
ln (a 1 2bx 1 cx2)

1
mc 2 nb

c E dx

a 1 2bx 1 cx2

26. In E f(x) dx

a 1 2bx 1 cx2
, if f(x) is a polynomial of higher than the

first degree, divide by the denominator before integrating

27. E dx

(a 1 2bx 1 cx2)p
5

1

2(ac 2 b2)(p 2 1)

3
b 1 cx

(a 1 2bx 1 cx2)p21

1
(2p 2 3)c

2(ac 2 b2)(p 2 1) E dx

(a 1 2bx 1 cx2)p21

28. E (m 1 nx) dx

(a 1 2bx 1 cx2)p
5 2

n

2c(p 2 1)
3

1

(a 1 2bx 1 cx2)p21
1

mc 2 nb

c E dx

(a 1 2bx 1 cx2)p

29. E xm21(a 1 bx)n dx 5
xm21(a 1 bx)n11

(m 1 n)b

2
(m 2 1)a

(m 1 n)b E xm22(a 1 bx)n dx

5
xm(a 1 bx)n

m 1 n
1

na

m 1 n E xm21(a 1 bx)n21 dx

IRRATIONAL FUNCTIONS

30. E √a 1 bx dx 5
2

3b
(√a 1 bx)3 1 C

31. E dx

√a 1 bx
5

2

b
√a 1 bx 1 C

32. E (m 1 nx) dx

√a 1 bx
5

2

3b2
(3mb 2 2an 1 nbx) √a 1 bx 1 C

33. E dx

(m 1 nx) √a 1 bx
; substitute y 5 √a 1 bx, and use 21 and 22

34. E f(x,
n
√a 1 bx)

F(x,
n
√a 1 bx)

dx; substitute
n
√a 1 bx 5 y

35. E dx

√a2 2 x2
5 sin21

x

a
1 C 5 2 cos21

x

a
1 C

36. E dx

√a2 1 x2
5 ln (x 1 √a2 1 x2) 1 C 5 sinh21

x

a
1 C

37. E dx

√x2 2 a2
5 ln (x 1 √x2 2 a2) 1 C 5 cosh21

x

a
1 C

38. E dx

√a 1 2bx 1 cx2

5
1

√c
ln (b 1 cx 1 √c √a 1 2bx 1 cx2) 1 C, where c . 0
E
√a 1 2bx 1 cx2 c

1
mc 2 nb

c
E dx

√a 1 2bx 1 cx2

40. E xm dx

√a 1 2bx 1 cx2
5

xm21X

mc
2

(m 2 1)a

mc
E xm22 dx

X

2
(2m 2 1)b

mc E xm21

X
dx when X 5 √a 1 2bx 1 cx2

41. E √a2 1 x2 dx 5
x

2
√a2 1 x2 1

a2

2
ln (x 1 √a2 1 x2) 1 C

5
x

2
√a2 1 x2 1

a2

2
sinh21

x

a
1 C

42. E √a2 2 x2 dx 5
x

2
√a2 2 x2 1

a2

2
sin21

x

a
1 C

43. E √x2 2 a2 dx 5
x

2
√x2 2 a2 2

a2

2
ln (x 1 √x2 2 a2) 1 C

5
x

2
√x2 2 a2 2

a2

2
cosh21

x

a
1 C

44. E √a 1 2bx 1 cx2 dx 5
b 1 cx

2c
√a 1 2bx 1 cx2

1
ac 2 b2

2c
E dx

√a 1 2bx 1 cx2
1 C

TRANSCENDENTAL FUNCTIONS

45. E ax dx 5
ax

ln a
1 C

46. E xneax dx

5
xneax

a F1 2
n

ax
1

n(n 2 1)

a2x2
2 ? ? ? 6

n!

anxnG 1 C

47. E ln x dx 5 x ln x 2 x 1 C

48. E ln x

x2
dx 5 2

ln x

x
2

1

x
1 C

49. E (ln x)n

x
dx 5

1

n 1 1
(ln x))n11 1 C

50. E sin2 x dx 5 2 1⁄4 sin 2x 1 1⁄2x 1 C

5 2 1⁄2 sin x cos x 1 1⁄2x 1 C

51. E cos2 x dx 5 1⁄4 sin 2x 1 1⁄2x 1 C

5 1⁄2 sin x cos x 1 1⁄2x 1 C

52. E sin mx dx 5 2
cos mx

m
1 C

53. E cos mx dx 5
sin mx

m
1 C

54. E sin mx cos nx dx 5 2
cos (m 1 n)x

2(m 1 n)
2

cos (m 2 n)x

2(m 2 n)
1 C

55. E sin mx sin nx dx 5
sin (m 2 n)x

2(m 2 n)
2

sin (m 1 n)x

2(m 1 n)
1 C

56. E cos mx cos nx dx 5
sin (m 2 n)x

2(m 2 n)
1

sin (m 1 n)x

2(m 1 n)
1 C
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57. E tan x dx 5 2 ln cos x 1 C

58. E cot x dx 5 ln sin x 1 C

59. E dx

sin x
5 ln tan

x

2
1 C

60. E dx
5 ln tan Sp

1
xD 1 C

77. E A 1 B cos x 1 C sin x

a 1 b cos x 1 c sin x
dx 5 A E dy

a 1 p cos y

1 (B cos u 1 C sin u) E cos y dy

a 1 p cos y

2 (B sin u 2 C cos u) E sin y dy

a 1 p cos y
, where b 5 p cos u, c 5 p

sin u and x 2 u 5 y

ax
a sin bx 2 b cos bx

ax

q
W
(
M
S
t
s
p
a
A
m

T

√

C

s
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cos x 4 2

61. E dx

1 1 cos x
5 tan

x

2
1 C

62. E dx

1 2 cos x
5 2 cot

x

2
1 C

63. E sin x cos x dx 5 1⁄2 sin2 x 1 C

64. E dx

sin x cos x
5 ln tan x 1 C

65.* E sinn x dx 5 2
cos x sinn21 x

n
1

n 2 1

n E sinn22 x dx

66.* E cosn x dx 5
sin x cosn21 x

n
1

n 2 1

n E cosn22 x dx

67. E tann x dx 5
tann21 x

n 2 1
2 E tann22 x dx

68. E cotn x dx 5 2
cotn21 x

n 2 1
2 E cotn22 x dx

69. E dx

sinn x
5 2

cos x

(n 2 1) sinn21 x
1

n 2 2

n 2 1 E dx

sinn22 x

70. E dx

cosn x
5

sin x

(n 2 1) cosn21 x
1

n 2 2

n 2 1 E dx

cosn22 x

71.† E sinp x cosq x dx 5
sinp11 x cosq21 x

p 1 q

1
q 2 1

p 1 q E sinp x cosq22 x dx 5 2
sinp21 x cosq11 x

p 1 q

1
p 2 1

p 1 q E sinp22 x cosq x dx

72.† E sin2p x cosq x dx 5 2
sin2p11 x cosq11 x

p 2 1

1
p 2 q 2 2

p 2 1 E sin2p12 x cosq x dx

73.† E sinp x cos2q x dx 5
sinp11 x cos2q11 x

q 2 1

1
q 2 p 2 2

q 2 1 E sinp x cos2q12 x dx

74. E dx

a 1 b cos x
5

2

√a2 2 b2
tan21S√a 2 b

a 1 b
tan 1⁄2xD 1 C,

when a2 . b2,

5
1

√b2 2 a2
ln

b 1 a cos x 1 sin x √b2 2 a2

a 1 b cos x
1 C,

when a2 , b2,

5
2

√b2 2 a2
tanh21S√b 2 a

b 1 a
tan 1⁄2xD 1 C, when a2 , b2

75. E cos x dx

a 1 b cos x
5

x

b
2

a

b E dx

a 1 b cos x
1 C

76. E sin x dx

a 1 b cos x
5 2

1

b
ln (a 1 b cos x) 1 C

* If n is an odd number, substitute cos x 5 z or sin x 5 z.
† If p or q is an odd number, substitute cos x 5 z or sin x 5 z.
78. E e sin bx dx 5
a2 1 b2

e 1 C

79. E eax cos bx dx 5
a cos bx 1 b sin bx

a2 1 b2
eax 1 C

80. E sin21 x dx 5 x sin21 x 1 √1 2 x2 1 C

81. E cos21 x dx 5 x cos21 x 2 √1 2 x2 1 C

82. E tan21 x dx 5 x tan21 x 2 1⁄2 ln (1 1 x2) 1 C

83. E cot21 x dx 5 x cot21x 1 1⁄2 ln (1 1 x2) 1 C

84. E sinh x dx 5 cosh x 1 C

85. E tanh x dx 5 ln cosh x 1 C

86. E cosh x dx 5 sinh x 1 C

87. E coth x dx 5 ln sinh x 1 C

88. E sech x dx 5 2 tan21(ex) 1 C

89. E csch x dx 5 ln tanh (x/2) 1 C

90. E sinh2 x dx 5 1⁄2 sinh x cosh x 2 1⁄2x 1 C

91. E cosh2 x dx 5 1⁄2 sinh x cosh x 1 1⁄2x 1 C

92. E sech2 x dx 5 tanh x 1 C

93. E csch2 x dx 5 2 coth x 1 C

Hints on Using Integral Tables It happens with frustrating fre-
uency that no integral table lists the integral that needs to be evaluated.
hen this happens, one may (a) seek a more complete integral table,

b) appeal to mathematical software, such as Mathematica, Maple,
athCad or Derive, (c) use numerical or approximate methods, such as

impson’s rule (see section ‘‘Numerical Methods’’), or (d) attempt to
ransform the integral into one which may be evaluated. Some hints on
uch transformation follow. For a more complete list and more com-
lete explanations, consult a calculus text , such as Thomas, ‘‘Calculus
nd Analytic Geometry,’’ Addison-Wesley, or Anton, ‘‘Calculus with
nalytic Geometry,’’ Wiley. One or more of the following ‘‘tricks’’
ay be successful.

RIGONOMETRIC SUBSTITUTIONS

1. If an integrand contains √(a2 2 x2), substitute x 5 a sin u, and
(a2 2 x2) 5 a cos u.

2. Substitute x 5 a tan u and √(x2 1 a2) 5 a sec u.
3. Substitute x 5 a sec u and √(x2 2 a2) 5 a tan u.

OMPLETING THE SQUARE

4. Rewrite ax2 1 bx 1 c 5 a[x 1 b/(2a)]2 1 (4ac 2 b2)/(4a); then
ubstitute u 5 x 1 b/(2a) and B 5 (4ac 2 b2)/(4a).
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PARTIAL FRACTIONS

5. For a ratio of polynomials, where the denominator has been com-
pletely factored into linear factors pi(x) and quadratic factors qj(x),
and where the degree of the numerator is less than the degree of the
denominator, then rewrite r(x)/[ p1(x) . . . pn(x)q1(x) . . . qm(x)] 5
A1/p1(x) 1 ? ? ? 1 An/pn(x) 1 (B1x 1 C1)/q1(x) 1 ? ? ? 1 (Bm x 1
Cm)/qm(x).

Properties of Definite Integrals

Eb

a

5 2Ea

b

; Ec

a

1 Eb

c

5 Eb

a

MEAN-VALUE THEOREM FOR INTEGRALS

Eb

a

F(x) f(x) dx 5 F(X) Eb

a

f (x) dx
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INTEGRATION BY PARTS

6. Change the integral using the formula

E u dv 5 uv 2 E v du

where u and dv are chosen so that (a) v is easy to find from dv, and
(b) v du is easier to find than u dv.

Kasube suggests (‘‘A Technique for Integration by Parts,’’ Am.
Math. Month., vol. 90, no. 3, Mar. 1983): Choose u in the order of
preference LIATE, that is, Logarithmic, Inverse trigonometric, Alge-
braic, Trigonometric, Exponential.

EXAMPLE. Find E x ln x dx. The logarithmic ln x has higher priority than

does the algebraic x, so let u 5 ln (x) and dv 5 x dx. Then du 5 (1/x) dx;

v 5 x2/2, so E x ln x dx 5 uv 2E v du 5 (x2/2) ln x 2E (x2/2)(1/x) dx 5 (x2/2)

ln x 2 E x/2 dx 5 (x2/2) ln x 2 x2/4 1 C.

Definite Integrals The definite integral of f (x) dx from x 5 a to

x 5 b, denoted by Eb

a
f(x) dx, is the limit (as n increases indefinitely)

of a sum of n terms:

Eb

a

f(x) dx 5 lim
n:`

[ f(x1) Dx 1 f(x2) Dx 1 f(x3) Dx 1 ? ? ? 1 f (xn) Dx]

built up as follows: Divide the interval from a to b into n equal parts,
and call each part Dx, 5 (b 2 a)/n; in each of these intervals take a
value of x (say, x1, x2, . . . , xn), find the value of the function f (x) at
each of these points, and multiply it by Dx, the width of the interval;
then take the limit of the sum of the terms thus formed, when the
number of terms increases indefinitely, while each individual term ap-
proaches zero.

Geometrically, Eb

a

f(x) dx is the area bounded by the curve y 5 f (x),

the x axis, and the ordinates x 5 a and x 5 b (Fig. 2.1.108); i.e., briefly,
the ‘‘area under the curve, from a to b.’’ The fundamental theorem for
the evaluation of a definite integral is the following:

Eb

a

f(x) dx 5FE f(x) dxG
x5b

2FE f (x) dxG
x5a

i.e., the definite integral is equal to the difference between two values of
any one of the indefinite integrals of the function in question. In other
words, the limit of a sum can be found whenever the function can be
integrated.

Fig. 2.1.108 Graph showing areas to be summed during integration.
provided f (x) does not change sign from x 5 a to x 5 b; here X is some
(unknown) value of x intermediate between a and b.

MEAN VALUE. The mean value of f(x) with respect to x, between a
and b, is

f 5
1

b 2 a Eb

a

f(x) dx

THEOREM ON CHANGE OF VARIABLE. In evaluating Ex5b

x5a

f(x) dx,

f(x) dx may be replaced by its value in terms of a new variable t and dt,
and x 5 a and x 5 b by the corresponding values of t, provided that
throughout the interval the relation between x and t is a one-to-one
correspondence (i.e., to each value of x there corresponds one and
only one value of t, and to each value of t there corresponds one and

only one value of x). So Ex5b

x5a

f(x) dx 5 Et5g(b)

t5g(a)

f(g(t)) g9(t) dt.

DIFFERENTIATION WITH RESPECT TO THE UPPER LIMIT. If b is variable,

then Eb

a

f(x) dx is a function b, whose derivative is

d

db Eb

a

f(x) dx 5 f(b)

DIFFERENTIATION WITH RESPECT TO A PARAMETER



c Eb

a

f (x, c) dx 5 Eb

a

f (x, c)

c
dx

Functions Defined by Definite Integrals The following definite in-
tegrals have received special names:

1. Elliptic integral of the first kind 5 F(u, k) 5 Eu

0

dx

√1 2 k2 sin2 x
when k2 , 1.

2. Elliptic integral of the second kind 5 E(u, k) 5Eu

0

√1 2 k2 sin2 x

dx, when k2 , 1.
3, 4. Complete elliptic integrals of the first and second kinds; put

u 5 p/2 in (1) and (2).

5. The probability integral 5
2

√p
E x

0

e2x2 dx.

6. The gamma function 5 G(n) 5 E`

0

xn21e2x dx.

Approximate Methods of Integration. Mechanical Quadrature
(See also section ‘‘Numerical Methods.’’)

1. Use Simpson’s rule (see also Scarborough, ‘‘Numerical Mathe-
matical Analyses,’’ Johns Hopkins Press).

2. Expand the function in a converging power series, and integrate
term by term.

3. Plot the area under the curve y 5 f (x) from x 5 a to x 5
b on squared paper, and measure this area roughly by ‘‘counting
squares.’’

Double Integrals The notation ee f(x, y) dy dx means e[ef(x, y) dy]
dx, the limits of integration in the inner, or first , integral being functions
of x (or constants).
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EXAMPLE. To find the weight of a plane area whose density, w, is variable,
say w 5 f (x, y). The weight of a typical element , dx dy, is f (x, y) dx dy. Keeping x
and dx constant and summing these elements from, say, y 5 F1(x) to y 5 F2(x), as
determined by the shape of the boundary (Fig. 2.1.109), the weight of a typical
strip perpendicular to the x axis is

dx Ey5F2(x)

y5F1(x)

f (x, y) dy

Finally, summing these strips from, say, x 5 a to x 5 b, the weight of the whole

? ? ? 1 xn converges, then it is necessary (but not sufficient) that the
sequence xn has limit zero. A series of partial sums of an alternating
sequence is called an alternating series.

THEOREM. An alternating series converges whenever the sequence
xn has limit zero.

A series is a geometric series if its terms are of the form arn. The value
r is called the ratio of the series. Usually, for geometric series, the index
is taken to start with n 5 0 instead of n 5 1.

THEOREM. A geometric series with x 5 arn, n 5 0, 1, 2, . . . ,
c
a
(

c

s

c
c

?

t

d

d

d
i

l
L

?

i

a
t
e
x

f

f

o

w
i

(
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area is

Ex5b

x5a
Fdx Ey5F2(x)

y5F1(x)

f (x, y) dyG or, briefly, EE f (x, y) dy dx

Fig. 2.1.109 Graph showing areas to be summed during double integration.

Triple Integrals The notation EEE f(x, y, z) dz dy dx means

E H EF E f(x, y, z) dzG dyJ dx

Such integrals are known as volume integrals.

EXAMPLE. To find the mass of a volume which has variable density, say,
w 5 f (x, y, z). If the shape of the volume is described by a , x , b, F1(x) ,
y , F2(x), and G1(x, y) , z , G2(x, y), then the mass is given by

Eb

a
EF2(x)

F1(x)
EG2(x,y)

G1(x,y)

f (x, y, z) dz dy dx

SERIES AND SEQUENCES

Sequences

A sequence is an ordered list of numbers, x1, x2, . . . , xn,. . . .
An infinite sequence is an infinitely long list . A sequence is often

defined by a function f(n), n 5 1, 2, . . . . The formula defining f (n) is
called the general term of the sequence.

The variable n is called the index of the sequence. Sometimes the
index is taken to start with n 5 0 instead of n 5 1.

A sequence converges to a limit L if the general term f (n) has limit L
as n goes to infinity. If a sequence does not have a unique limit , the
sequence is said to ‘‘diverge.’’ There are two fundamental ways a func-
tion can diverge: (1) It may become infinitely large, in which case the
sequence is said to be ‘‘unbounded,’’ or (2) it may tend to alternate
among two or more values, as in the sequence xn 5 (2 1)n.

A sequence alternates if its odd-numbered terms are positive and its
even-numbered terms are negative, or vice versa.

Series

A series is a sequence of sums. The terms of the sums are another
sequence, x1, x2, . . . . Then the series is the sequence defined by

sn 5 x1 1 x2 1 ? ? ? 1 xn 5 On
i51

xi. The sequence sn is also called the

sequence of partial sums of the series.
If the sequence of partial sums converges (resp. diverges), then the

series is said to converge (resp. diverge). If the limit of a series is S, then
the sequence defined by rn 5 S 2 sn is called the ‘‘error sequence’’ or
the ‘‘sequence of truncation errors.’’

Convergence of Series THEOREM. If a series sn 5 x1 1 x2 1
n

onverges if and only if 2 1 , r , 1, and then the limit of the series is
/(1 2 r). The partial sums of a geometric series are sn 5 a(1 2 rn)/
1 2 r).

The series defined by the sequence xn 5 1/n, n 5 1, 2, . . . , is
alled the harmonic series. The harmonic series diverges.

A series with each term xn . 0 is called a ‘‘positive series.’’
There are a number of tests to determine whether or not a positive

eries sn converges.
1. Comparison test. If c1 1 c2 1 ? ? ? 1 cn is a positive series that

onverges, and if 0 , xn , cn, then the series x1 1 x2 1 ? ? ? 1 xn also
onverges.

If d1 1 d2 1 ? ? ? 1 dn diverges and xn . dn, then x1 1 x2 1
? ? 1 xn also diverges.
2. Integral test. If f(t) is a strictly decreasing function and f(n) 5 xn,

hen the series sn and the integralE`

1

f(t) dt either both converge or both

iverge.
3. P test. The series defined by xn 5 1/np converges if p . 1 and

iverges if p 5 1 or p , 1. If p 5 1, then this is the harmonic series.
4. Ratio test. If the limit of the sequence xn11/xn 5 r, then the series

iverges if r . 1, and it converges if 0 , r , 1. The test is inconclusive
f r 5 1.

5. Cauchy root test. If L is the limit of the nth root of the nth term,
im xn

1/n, then the series converges if L , 1 and diverges if L . 1. If
5 1, then the test is inconclusive.
A power series is an expression of the form a0 1 a1x 1 a2 x2 1

? ? 1 anxn 1 ? ? ? or O`
i50

aix i.

The range of values of x for which a power series converges is the
nterval of convergence of the power series.

General Formulas of Maclaurin and Taylor If f(x) and all its deriv-
tives are continuous in the neighborhood of the point x 5 0 (or x 5 a),
hen, for any value of x in this neighborhood, the function f(x) may be
xpressed as a power series arranged according to ascending powers of
(or of x 2 a), as follows:

(x) 5 f(0) 1
f 9(0)

1!
x 1

f 99(0)

2!
x2 1

f 999(0)

3!
x3 1 ? ? ?

1
f (n21)(0)

(n 2 1)!
xn21 1 (Pn)xn (Maclaurin)

(x) 5 f(a) 1
f 9(a)

1!
(x 2 a) 1

f 99(a)

2!
(x 2 a)2 1

f 999(a)

3!
(x 2 a)3 1

? ? ? 1
f (n21)(a)

(n 2 1)!
(x 2 a)n21 1 (Qn)(x 2 a)n (Taylor)

Here (Pn)xn, or (Qn)(x 2 a)n, is called the remainder term; the values
f the coefficients Pn and Qn may be expressed as follows:

Pn 5 [ f (n)(sx)]/n! 5 [(1 2 t)n21f (n)(tx)]/(n 2 1)!
Qn 5 { f (n)[a 1 s(x 2 a)]}/n!

5 {(1 2 t)n21f (n)[a 1 t(x 2 a)]}/(n 2 1)!

here s and t are certain unknown numbers between 0 and 1; the s form
s due to Lagrange, the t form to Cauchy.

The error due to neglecting the remainder term is less than (P n)xn, or
Q n)(x 2 a)n, where P n, or Q n, is the largest value taken on by Pn, or
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Qn, when s or t ranges from 0 to 1. If this error, which depends on both n
and x, approaches 0 as n increases (for any given value of x), then the
general expression with remainder becomes (for that value of x) a con-
vergent infinite series.

The sum of the first few terms of Maclaurin’s series gives a good
approximation to f(x) for values of x near x 5 0; Taylor’s series gives a
similar approximation for values near x 5 a.

The MacLaurin series of some important functions are given below.

tan x 5 x 1
x3

3
1

2x5

15
1

17x7

315
1

62x9

2835
1 ? ? ?

[2 p/2 , x , 1 p/2]

cot x 5
1

x
2

x

3
2

x3

45
2

2x5

945
2

x7

4725
2 ? ? ? [2 p , x , 1 p]

sin21 y 5 y 1
y3

6
1

3y5

40
1

5y7

112
1 ? ? ? [2 1 # y # 1 1]
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Power series may be differentiated term by term, so the derivative
of a power series a0 1 a1x 1 a2 x2 1 ? ? ? 1 anxn is a1 1 2a2 x 1
? ? ? 1 nax xn21. . . . The power series of the derivative has the same
interval of convergence, except that the endpoints may or may not
be included in the interval.

Series Expansions of Some
Important Functions

The range of values of x for which each of the series is convergent is
stated at the right of the series.

Geometrical Series

1

1 2 x
5 O`

n50

xn 2 1 , x , 1

1

(1 2 x)m
5 1 1 O`

n51

(m 1 n 2 1)!

(m 2 1)!n!
xn 2 1 , x , 1

Exponential and Logarithmic Series

ex 5 1 1
x

1!
1

x2

2!
1

x3

3!
1

x4

4!
1 ? ? ? [2 ` , x , 1 `]

ax 5 emx 5 1 1
m

1!
x 1

m2

2!
x2 1

m3

3!
x3 1 ? ? ?

[a . 0, 2 ` , x , 1 `]

where m 5 ln a 5 (2.3026)(log10 a).

ln (1 1 x) 5 x 2
x2

2
1

x3

3
2

x4

4
1

x5

5
? ? ? [2 1 , x , 1 1]

ln (1 2 x) 5 2 x 2
x2

2
2

x3

3
2

x4

4
2

x5

5
2 ? ? ? [2 1 , x , 1 1]

lnS1 1 x

1 2 xD 5 2 Sx 1
x3

3
1

x5

5
1

x7

7
1 ? ? ?D [2 1 , x , 1 1]

lnSx 1 1

x 2 1D 5 2 S1

x
1

1

3x3
1

1

5x5
1

1

7x7
1 ? ? ?D

[x , 2 1 or 1 1 , x]

ln x 5 2Fx 2 1

x 1 1
1

1

3 Sx 2 1

x 1 1D3

1
1

5 Sx 2 1

x 1 1D5

1 ? ? ?G
[0 , x , `]

ln (a 1 x) 5 ln a 1 2 F x

2a 1 x
1

1

3 S x

2a 1 xD3

1
1

5 S x

2a 1 xD5

1 ? ? ?G
[0 , a , 1 `, 2 a , x , 1 `]

Series for the Trigonometric Functions In the following formulas,
all angles must be expressed in radians. If D 5 the number of degrees
in the angle, and x 5 its radian measure, then x 5 0.017453D.

sin x 5 x 2
x3

3!
1

x5

5!
2

x7

7!
1 ? ? ? [2 ` , x , 1 `]

cos x 5 1 2
x2

2!
1

x4

4!
2

x6

6!
1

x8

8!
2 ? ? ? [2 ` , x , 1 `]
tan21 y 5 y 2
y3

3
1

y5

5
2

y7

7
1 ? ? ? [2 1 # y # 1 1]

cos21 y 5 1⁄2p 2 sin21 y; cot21 y 5 1⁄2p 2 tan21 y.

Series for the Hyperbolic Functions (x a pure number)

sinh x 5 x 1
x3

3!
1

x5

5!
1

x7

7!
1 ? ? ? [2 ` , x , `]

cosh x 5 1 1
x2

2!
1

x4

4!
1

x6

6!
1 ? ? ? [2 ` , x , `]

sinh21 y 5 y 2
y3

6
1

3y5

40
2

5y7

112
1 ? ? ? [2 1 , y , 1 1]

tanh21 y 5 y 1
y3

3
1

y5

5
1

y7

7
1 ? ? ? [2 1 , y , 1 1]

ORDINARY DIFFERENTIAL EQUATIONS

An ordinary differential equation is one which contains a single indepen-
dent variable, or argument , and a single dependent variable, or function,
with its derivatives of various orders. A partial differential equation is
one which contains a function of several independent variables, and its
partial derivatives of various orders. The order of a differential equation
is the order of the highest derivative which occurs in it . A solution of a
differential equation is any relation among the variables, involving no
derivatives, though possibly involving integrations which, when substi-
tuted in the given equation, will satisfy it . The general solution of an
ordinary differential equation of the nth order will contain n arbitrary
constants.

If specific values of the arbitrary constants are chosen, then a solution
is called a particular solution. For most problems, all possible particular
solutions to a differential equation may be found by choosing values for
the constants in a general solution. In some cases, however, other solu-
tions exist . These are called singular solutions.

EXAMPLE. The differential equation (yy9)2 2 a2 2 y2 5 0 has general solu-
tion (x 2 c)2 1 y2 5 a2, where c is an arbitrary constant . Additionally, it has the
two singular solutions y 5 a and y 5 2 a. The singular solutions form two parallel
lines tangent to the family of circles given by the general solution.

The example illustrates a general property of singular solutions; at
each point on a singular solution, the singular solution is tangent to
some curve given in the general solution.

Methods of Solving Ordinary
Differential Equations

DIFFERENTIAL EQUATIONS OF THE FIRST ORDER
1. If possible, separate the variables; i.e., collect all the x’s and dx on

one side, and all the y’s and dy on the other side; then integrate both
sides, and add the constant of integration.

2. If the equation is homogeneous in x and y, the value of dy/dx in
terms of x and y will be of the form dy/dx 5 f(y/x). Substituting y 5 xt
will enable the variables to be separated.

Solution: loge x 5 E dt

f(t) 2 t
1 C.
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3. The expression f(x, y) dx 1 F(x, y) dy is an exact differential if
f(x, y)

y
5

F(x, y)
x

(5 P, say). In this case the solution of f (x, y)

dx 1 F(x, y) dy 5 0 is

ef(x, y) dx 1 e[F(x, y) 2 eP dx] dy 5 C

or eF(x, y) dy 1 e[ f(x, y) 2 eP dy] dx 5 C

16.
d 2y

dx2
5 fSdy

dxD. Putting
dy

dx
5 z,

d 2y

dx2
5

dz

dx
,

x 5 E dz

f (z)
1 C1, and y 5 E zdz

f (z)
1 C2

then eliminate z from these two equations.

17. The equation for damped vibrations:
d 2y

dx2
1 2b

dy

dx
1 a2y 5 0.

y

y

e

w
s
t

w
s
t

w

y

c
m
M

L

F

A

t
t
u
n
f
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4. Linear differential equation of the first order:
dy

dx
1 f (x) ? y 5

F(x).
Solution: y 5 e2P[eePF(x) dx 1 C], where P 5 ef (x) dx

5. Bernoulli’s equation:
dy

dx
1 f(x) ? y 5 F(x) ? yn. Substituting

y12n 5 v gives (dv/dx) 1 (1 2 n) f(x) ? v 5 (1 2 n)F(x), which is lin-
ear in v and x.

6. Clairaut’s equation: y 5 xp 1 f(p), where p 5 dy/dx. The solution
consists of the family of lines given by y 5 Cx 1 f (C), where C is any
constant , together with the curve obtained by eliminating p between the
equations y 5 xp 1 f(p) and x 1 f 9(p) 5 0, where f 9(p) is the deriva-
tive of f (p).

7. Riccati’s equation. p 1 ay2 1 Q(x)y 1 R(x) 5 0, where p 5
dy/dx can be reduced to a second-order linear differential equation
(d 2u/dx2) 1 Q(x)(du/dx) 1 R(x) 5 0 by the substitution y 5 du/dx.

8. Homogeneous equations. A function f(x, y) is homogeneous of
degree n if f(rx, ry) 5 rmf(x, y), for all values of r, x, and y. In practice,
this means that f(x, y) looks like a polynomial in the two variables x and
y, and each term of the polynomial has total degree m. A differential
equation is homogeneous if it has the form f(x, y) 5 0, with f homo-
geneous. (xy 1 x2) dx 1 y2 dy 5 0 is homogeneous. Cos (xy) dx 1
y2 dy 5 0 is not .

If an equation is homogeneous, then either of the substitutions y 5 vx
or x 5 vy will transform the equation into a separable equation.

9. dy/dx 5 f [(ax 1 by 1 c)/(dx 1 ey 1 g)] is reduced to a homoge-
neous equation by substituting u 5 ax 1 by 1 c, v 5 dx 1 ey 1 g, if
ae 2 bd 5 0, and z 5 ax 1 by, w 5 dx 1 ey if ae 2 bd 5 0.

DIFFERENTIAL EQUATIONS OF THE SECOND
ORDER

10. Dependent variable missing. If an equation does not involve the
variable y, and is of the form F(x, dy/dx, d 2y/dx2) 5 0, then it can
be reduced to a first-order equation by substituting p 5 dy/dx and
dp/dx 5 d 2y/dx2.

11. Independent variable missing. If the equation is of the
form F(y, dy/dx, d 2y/dx2) 5 0, and so is missing the variable x, then it
can be reduced to a first-order equation by substituting p 5 dy/dx and
p(dp/dy) 5 d 2y/dx2.

12.
d 2y

dx2
5 2 n2y.

Solution: y 5 C1 sin (nx 1 C2), or y 5 C3 sin nx 1 C4 cos nx.

13.
d 2y

dx2
5 1 n2y.

Solution: y 5 C1 sinh (nx 1 C2), or y 5 C3enx 1 C4e2nx.

14.
d 2y

dx2
5 f(y).

Solution: x 5 E dy

√C1 1 2P
1 C2, where P 5 E f (y) dy.

15.
d 2y

dx2
5 f(x).

Solution: y 5 E P dx 1 C1x 1 C2 where P 5 E f (x) dx,

or y 5 xP 2 E xf (x) dx 1 C1x 1 C2.
CASE 1. If a2 2 b2 . 0, let m 5 √a2 2 b2.
Solution:

5 C1e2bx sin (mx 1 C2) or y 5 e2bx[C3 sin (mx) 1 C4 cos (mx)]

CASE 2. If a2 2 b2 5 0, solution is y 5 e2bx(C1 1 C2 x).
CASE 3. If a2 2 b2 , 0, let n 5 √b2 2 a2.
Solution:

5 C1e2bx sinh (nx 1 C2) or y 5 C3e2(b1n)x 1 C4e2(b2n)x

18.
d 2y

dx2
1 2b

dy

dx
1 a2y 5 c.

Solution: y 5
c

a2
1 y1, where y1 5 the solution of the corresponding

quation with second member zero [see type 17 above].

19.
d 2y

dx2
1 2b

dy

dx
1 a2y 5 c sin (kx).

Solution: y 5 R sin (kx 2 S) 1 y1

here R 5 c/√(a2 2 k2)2 1 4b2k2, tan S 5 2bk/(a2 2 k2), and y1 5 the
olution of the corresponding equation with second member zero [see
ype 17 above].

20.
d 2y

dx2
1 2b

dy

dx
1 a2y 5 f(x).

Solution: y 5 R sin (kx 2 S) 1 y1

here R 5 c/√(a2 2 k2)2 1 4b2k2, tan S 5 2bk/(a2 2 k2), and y1 5 the
olution of the corresponding equation with second member zero [see
ype 17 above].

If b2 , a2,

y0 5
1

2 √b2 2 a2
Fem1x E e2m1x f (x) dx 2 em2 x E e2m2 xf(x) dxG

here m1 5 2 b 1 √b2 2 a2 and m2 5 2 b 2 √b2 2 a2.
If b2 , a2, let m 5 √a2 2 b2, then

0 5
1

m
e2bxFsin (mx) E ebx cos (mx) ? f (x) dx

2 cos (mx) E ebx sin (mx) ? f(x) dxG
If b2 5 a2, y0 5 e2bxFx E ebxf(x) dx 2 E x ? ebx f(x) dxG .

Types 17 to 20 are examples of linear differential equations with
onstant coefficients. The solutions of such equations are often found
ost simply by the use of Laplace transforms. (See Franklin, ‘‘Fourier
ethods,’’ pp. 198–229, McGraw-Hill.)

inear Equations

or the linear equation of the nth order

n(x) dny/dxn 1 An21(x) dn21y/dxn21 1 ? ? ?
1 A1(x) dy/dx 1 A0(x)y 5 E(x)

he general solution is y 5 u 1 c1u1 1 c2u2 1 ? ? ? 1 cnun. Here u,
he particular integral, is any solution of the given equation, and u1,
2, . . . , un form a fundamental system of solutions of the homoge-
eous equation obtained by replacing E(x) by zero. A set of solutions is
undamental, or independent , if its Wronskian determinant W(x) is not
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zero, where

u1 u2 ? ? ? un

u91 u92 ? ? ? u9n
? ? ? ? ? ?

W(x) 5 U U? ? ? ? ? ?
? ? ? ? ? ?

u1
(n21) u2

(n21) ? ? ? un
(n21)

right . For any one such equation, the form of the particular integral is
given as for Case 1, with q the highest power of F associated with any
term of the group on the right .

After the form has been found in Case 1 or 2, the unknown coeffi-
cients follow when we substitute back in the given differential equation,
equate coefficients of like terms, and solve the resulting system of si-
multaneous equations.

Variation of Parameters. Whenever a fundamental system of solu-
tions u , u , . . . , u for the homogeneous equation is known, a par-
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For any n functions, W(x) 5 0 if some one ui is linearly dependent on
the others, as un 5 k1u1 1 k2u2 1 ? ? ? 1 kn21un21 with the coefficients
ki constant . And for n solutions of a linear differential equation of the
nth order, if W(x) Þ 0, the solutions are linearly independent .

Constant Coefficients To solve the homogeneous equation of the
nth order Andny/dxn 1 An21dn21y/dxn21 1 ? ? ? 1 A1dy/dx 1 A0y 5 0,
An Þ 0, where An, An21, . . . , A0 are constants, find the roots of the
auxiliary equation

Anpn 1 An21pn21 1 ? ? ? 1 A1p 1 A0 5 0

For each simple real root r, there is a term cerx in the solution. The terms
of the solution are to be added together. When r occurs twice among the
n roots of the auxiliary equation, the corresponding term is erx(c1 1
c2 x). When r occurs three times, the corresponding term is erx(c1 1
c2 x 1 c3x2), and so forth. When there is a pair of conjugate complex
roots a 1 bi and a 2 bi, the real form of the terms in the solution is
eax(c1 cos bx 1 d1 sin bx). When the same pair occurs twice, the cor-
responding term is eax[(c1 1 c2 x) cos bx 1 (d1 1 d2 x) sin bx], and so
forth.

Consider next the general nonhomogeneous linear differential equa-
tion of order n, with constant coefficients, or

Andny/dxn 1 An21dn21y/dxn21 1 ? ? ? 1 A1 dy/dx 1 A0y 5 E(x)

We may solve this by adding any particular integral to the comple-
mentary function, or general solution, of the homogeneous equation
obtained by replacing E(x) by zero. The complementary function may
be found from the rules just given. And the particular integral may be
found by the methods of the following paragraphs.

Undetermined Coefficients In the last equation, let the right mem-
ber E(x) be a sum of terms each of which is of the type k, k cos bx, k sin
bx, keax, kx, or more generally, kxmeax, kxmeax cos bx, or kxmeax sin bx.
Here m is zero or a positive integer, and a and b are any real numbers.
Then the form of the particular integral I may be predicted by the
following rules.

CASE 1. E(x) is a single term T. Let D be written for d/dx, so that the
given equation is P(D)y 5 E(x), where P(D) 5 AnDn 1 An21Dn21 1
? ? ? 1 A1D 1 A0y. With the term T associate the simplest polynomial
Q(D) such that Q(D)T 5 0. For the particular types k, etc., Q(D) will be
D, D2 1 b2, D2 1 b2, D 2 a, D2; and for the general types kxmeax, etc.,
Q(D) will be (D 2 a)m11, (D2 2 2aD 1 a2 1 b2)m11,
(D2 2 2aD 1 a2 1 b2)m11. Thus Q(D) will always be some power
of a first- or second-degree factor, Q(D) 5 FV, F 5 D 2 a, or F 5
D2 2 2aD 1 a2 1 b2.

Use the method described under Constant Coefficients to find the terms
in the solution of P(D)y 5 0 and also the terms in the solution of
Q(D)P(D)y 5 0. Then assume the particular integral I is a linear combi-
nation with unknown coefficients of those terms in the solution of
Q(D)P(D)y 5 0 which are not in the solution of P(D)y 5 0. Thus
if Q(D) 5 Fq and F is not a factor of P(D), assume I 5 (Axq21 1
Bxq22 1 ? ? ? 1 L)eax when F 5 D 2 a, and assume I 5 (Axq21 1
Bxq22 1 ? ? ? 1 L)eax cos bx 1 (Mxq21 1 Nxq22 1 ? ? ? 1 R)eax

sin bx when F 5 D2 2 2aD 1 a2 1 b2. When F is a factor of P(D)
and the highest power of F which is a divisor of P(D) is Fk, try the
I above multiplied by xk.

CASE 2. E(x) is a sum of terms. With each term in E(x), associate a
polynomial Q(D) 5 Fq as before. Arrange in one group all the terms
that have the same F. The particular integral of the given equation will
be the sum of solutions of equations each of which has one group on the
1 2 n

ticular integral of

An(x)dny/dxn 1 An21(x)dn21y/dxn21 1 ? ? ?
1 A1(x) dy/dx 1 A0(x)y 5 E(x)

may be found in the form y 5 ovkuk . In this and the next few summa-
tions, k runs from 1 to n. The vk are functions of x, found by integrat-
ing their derivatives v9k, and these derivatives are the solutions of
the n simultaneous equations ov9kuk 5 0, ov9ku9k 5 0, ov9ku99k 5 0,? ? ?,
ov9kuk

(n22) 5 0, An(x)ov9kuk
(n21) 5 E(x). To find the vk from vk 5

ev9k dx 1 ck, any choice of constants will lead to a particular integral.

The special choice vk 5 Ex

0

v9k dx leads to the particular integral having

y, y9, y99, . . . , y(n21) each equal to zero when x 5 0.
The Cauchy-Euler Equidimensional Equation This has the form

knxndny/dxn 1 kn21xn21dn21y/dxn21 1 ? ? ?
1 k1x dy/dx 1 k0y 5 F(x)

The substitution x 5 et, which makes

x dy/dx 5 dy/dt
xk dky/dxk 5 (d/dt 2 k 1 1) ? ? ? (d/dt 2 2)(d/dt 2 1) dy/dt

transforms this into a linear differential equation with constant coeffi-
cients. Its solution y 5 g(t) leads to y 5 g(ln x) as the solution of the
given Cauchy-Euler equation.

Bessel’s Equation The general Bessel equation of order n is:

x2y99 1 xy9 1 (x2 2 n2)y 5 0

This equation has general solution

y 5 AJn(x) 1 BJ2n(x)

when n is not an integer. Here, Jn(x) and J2n(x) are Bessel functions
(see section on Special Functions).

In case n 5 0, Bessel’s equation has solution

y 5 AJ0(x) 1 BFJ0(x) ln (x) 2 O`
k51

(2 1)kHkx2k

22k(k!)2 G
where Hk is the kth partial sum of the harmonic series, 1 1 1⁄2 1 1⁄3 1
? ? ? 1 1/k.

In case n 5 1, the solution is

y 5 AJ1(x) 1 BHJ1(x) ln (x) 1 1/x

2FO`
k51

(2 1)k(Hk 1 Hk21)x2k21

22kk!(k 2 1)! GJ
In case n . 1, n is an integer, solution is

y 5 AJn(x) 1 BHJn(x) ln (x) 1FO`
k50

(2 1)k11(n 2 1)!x2k2n

22k112nk!(1 2 n)k G
1 1⁄2FO`

k50

(2 1)k11(Hk 1 Hk11)x2k1n

22k1nk!(k 1 n)! GJ
Solutions to Bessel’s equation may be given in several other forms,

often exploiting the relation between Hk and ln (k) or the so-called Euler
constant.

General Method of Power Series Given a general differential
equation F(x, y, y9, . . .) 5 0, the solution may be expanded as a
Maclaurin series, so y 5 o`

n50 anxn, where an 5 f (n)(0)/n!. The power
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series for y may be differentiated formally, so that y9 5 o`
n51 nanxn21 5

o`
n50 (n 1 1)an11xn, and y99 5 o`

n52 n(n 2 1)anxn22 5 o`
n50 (n 1 1)

(n 1 2)an12 xn.
Substituting these series into the equation F(x, y, y9, . . .) 5 0 often

gives useful recursive relationships, giving the value of an in terms of
previous values. If approximate solutions are useful, then it may be
sufficient to take the first few terms of the Maclaurin series as a solution
to the equation.

VECTOR CALCULUS

Vector Fields A vector field is a function that assigns a vector to
each point in a region. If the region is two-dimensional, then the vectors
assigned are two-dimensional, and the vector field is a two-dimensional
vector field, denoted F(x, y). In the same way, a three-dimensional
vector field is denoted F(x, y, z).

A three-dimensional vector field can always be written:

w
r
o

e
o
s
i
g

r
t
t

p
C

fi
t

f
a
p

c

o
i

c

c
b
t

t
d
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EXAMPLE. Consider y99 2 y9 1 xy 5 0. The procedure gives o`
n50 (n 1 1)

(n 1 2)an12 xn 2 o`
n50 (n 1 1)an11xn 1 x o`

n50 anxn 5 o`
n50 (n 1 1)

(n 1 2)an12 xn 2 o`
n50 (n 1 1)an11xn 1 o`

n51 an21xn 5 (2a2 2 a1)x0 1 o`
n51

[(n 1 1)(n 1 2)an12 2 (n 1 1)an11 1 an21)] xn 5 0. Thus 2a2 2 a1 5 0 and, for
n . 0, (n 1 1)(n 1 2)an12 2 (n 1 1)an11 1 an21 5 0. Thus, a0 and a1

may be determined arbitrarily, but thereafter, the values of an are determined re-
cursively.

PARTIAL DIFFERENTIAL EQUATIONS

Partial differential equations (PDEs) arise when there are two or more
independent variables. Two notations are common for the partial deriv-
atives involved in PDEs, the ‘‘del’’ or fraction notation, where the first
partial derivative of f with respect to x would be written f/x, and the
subscript notation, where it would be written fx .

In the same way that ordinary differential equations often in-
volve arbitrary constants, solutions to PDEs often involve arbitrary func-
tions.

EXAMPLE. fxy 5 0 has as its general solution g(x) 1 h(y). The function g
does not depend on y, so gy 5 0. Similarly, fx 5 0.

PDEs usually involve boundary or initial conditions dictated by the
application. These are analogous to initial conditions in ordinary differ-
ential equations.

In solving PDEs, it is seldom feasible to find a general solution and
then specialize that general solution to satisfy the boundary conditions,
as is done with ordinary differential equations. Instead, the boundary
conditions usually play a key role in the solution of a problem. A no-
table exception to this is the case of linear, homogeneous PDEs since
they have the property that if f1 and f2 are solutions, then f1 1 f2 is also
a solution. The wave equation is one such equation, and this property is
the key to the solution described in the section ‘‘Fourier Series.’’

Often it is difficult to find exact solutions to PDEs, so it is necessary
to resort to approximations or numerical solutions.

Classification of PDEs

Linear A PDE is linear if it involves only first derivatives, and then
only to the first power. The general form of a linear PDE, in two inde-
pendent variables, x and y, and the dependent variable z, is P(x, y, z)
fx 1 Q(x, y, z) fy 5 R(x, y, z), and it will have a solution of the
form z 5 f(x, y) if its solution is a function, or F(x, y, z) 5 0 if the solu-
tion is not a function.

Elliptic Laplace’s equation fxx 1 fyy 5 0 and Poisson’s equation
fxx 1 fyy 5 g(x, y) are the prototypical elliptic equations. They have
analogs in more than two variables. They do not explicitly involve the
variable time and generally describe steady-state or equilibrium condi-
tions, gravitational potential, where boundary conditions are distribu-
tions of mass, electrical potential, where boundary conditions are elec-
trical charges, or equilibrium temperatures, and where boundary
conditions are points where the temperature is held constant .

Parabolic Tt 5 Txx 1 Tyy represents the dynamic condition of diffu-
sion or heat conduction, where T(x, y, t) usually represents the tempera-
ture at time t at the point (x, y). Note that when the system reaches
steady state, the temperature is no longer changing, so Tt 5 0, and this
becomes Laplace’s equation.

Hyperbolic Wave propagation is described by equations of the type
utt 5 c2(uxx 1 uyy), where c is the velocity of waves in the medium.
F(x, y, z) 5 f1(x, y, z)i 1 f2(x, y, z)j 1 f3(x, y, z)k

here i, j, and k are the basis vectors (1, 0, 0), (0, 1, 0), and (0, 0, 1),
espectively. The functions f1, f2, and f3 are called coordinate functions
f F.

Parameterized Curves If C is a curve from a point A to a point B,
ither in two dimensions or in three dimensions, then a parameterization
f C is a vector-valued function r(t) 5 r1(t)i 1 r2(t)j 1 r3(t)k, which
atisfies r(a) 5 A, r(b) 5 B, and r(t) is on the curve C, for a # t # b. It
s also necessary that the function r(t) be continuous and one-to-one. A
iven curve C has many different parameterizations.

The derivative of a parameterization r(t) is a vector-valued function
9(t) 5 r91(t)i 1 r92(t)j 1 r93(t)k. The derivative is the velocity function of
he parameterization. It is always tangent to the curve C, and the magni-
ude is the speed of the parameterization.

Line Integrals If F is a vector field, C is a curve, and r(t) is a
arameterization of C, then the line integral, or work integral, of F along
is

W 5 E
C

F ? dr 5 Eb

a

F(r(t)) ? r9(t) dt

This is sometimes called the work integral because if F is a force
eld, then W is the amount of work necessary to move an object along

he curve C from A to B.
Divergence and Curl The divergence of a vector field F is div F 5

1x 1 f2y 1 f3z. If F represents the flow of a fluid, then the divergence
t a point represents the rate at which the fluid is expanding at that
oint . Vector fields with div F 5 0 are called incompressible.
The curl of F is

curl F 5 ( f3y 2 f2z)i 1 ( f1z 2 f3x)j 1 ( f2x 2 f1y)k

If F is a two-dimensional vector field, then the first two terms of the
url are zero, so the curl is just

curl F 5 ( f2x 2 f1y)k

If F represents the flow of a fluid, then the curl represents the rotation
f the fluid at a given point . Vector fields with curl F 5 0 are called

rrotational.
Two important facts relate div, grad, and curl:
1. div (curl F) 5 0
2. curl (grad f ) 5 0
Conservative Vector Fields A vector field F 5 f1i 1 f2 j 1 f3k is

onservative if all of the following are satisfied:

f1y 5 f2x f1z 5 f3x and f2z 5 f3y

If F is a two-dimensional vector field, then the second and third
onditions are always satisfied, and so only the first condition must
e checked. Conservative vector fields have three important proper-
ies:

1. E
C

F ? dr has the same value regardless of what curve C is chosen

hat connects the points A and B. This property is called path indepen-
ence.

2. F is the gradient of some function f(x, y, z).
3. Curl F 5 0.
In the special case that F is a conservative vector field, if F 5 grad
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( f ), then

E
C

F ? dr 5 f(B) 2 f(A)

THEOREMS ABOUT LINE AND
SURFACE INTEGRALS

Two important theorems relate line integrals with double integrals. If R

Table 2.1.5 Properties of Laplace Transforms

f (t) F(s) 5 +( f (t)) Name of rule

1. f (t) E`

0

e2stf (t) dt Definition

2. f (t) 1 g(t) F(s) 1 G(s) Addition
3. kf (t) kF(s) Scalar multiples
4. f 9(t) sF(s) 2 f (01) Derivative laws
5. f 99(t) s2F(s) 2 sf (01)

1
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is a region in the plane and if C is the curve tracing the boundary of R in
the positive (counterclockwise) direction, and if F is a continuous vec-
tor field with continuous first partial derivatives, line integrals on C are
related to double integrals on R by Green’s theorem and the divergence
theorem.

Green’s Theorem

E
C

F ? dr 5 EE
R

curl (F) ? dS

The right-hand double integral may also be written as EE
R

| curl (F) |

dA.
Green’s theorem describes the total rotation of a vector field in two

different ways, on the left in terms of the boundary of the region and on
the right in terms of the rotation at each point within the region.

Divergence Theorem

E
C

F ? dN 5 EE
R

div (F) dA

where N is the so-called normal vector field to the curve C. The diver-
gence theorem describes the expansion of a region in two distinct ways,
on the left in terms of the flux across the boundary of the region and on
the right in terms of the expansion at each point within the region.

Both Green’s theorem and the divergence theorem have correspond-
ing theorems involving surface integrals and volume integrals in three
dimensions.

LAPLACE AND FOURIER TRANSFORMS

Laplace Transforms The Laplace transform is used to convert
equations involving a time variable t into equations involving a fre-

Table 2.1.4 Laplace Transforms

f (t) F(s) 5 +( f (t)) Name of function

1. a a/s
2. 1 1/s

3. ua(t) 5H0

1

t , a

t . a

e2as/s
Heavyside or step function

4. da(t) 5 u9a(t) e2as Dirac or impulse function
5. eat 1/(s 2 a)
6. (1/r)e2t/r 1/(rs 1 1)
7. ke2at k/(s 1 a)
8. sin at a/(s2 1 a2)
9. cos at s/(s2 1 a2)

10. eat sin bt b/[(s 1 a)2 1 b2]

11.
eat

a 1 b
2

ebt

a 1 b

1

(s 2 a)(s 2 b)
12. t 1/s2

13. t 2 2/s3

14. t n n!/sn11

15. t a G(a 1 1)/sa 1 1 Gamma function (see ‘‘Special
Functions’’)

16. sinh at a/(s2 2 a2)
17. cosh at s/(s2 2 a2)
18. t neat n!/(s 2 a)n11

19. t cos at (s2 2 a2)/(s2 1 a2)2

20. t sin at 2as/(s2 1 a2)2

21. sin at 2 at cos at 2a3/(s2 1 a2)2

22. arctan a/s (sin at)/t
2 f 9(0 )
6. f 999(t) s3F(s) 2 s2f (01)

2 sf 9(01) 2 f 99(01)

7. Ef (t)dt (1/s)F(s)

1 (1/s) E f (t) dt|01

Integral law

8. f (bt) (1/b)F(s/b) Change of scale
9. eatf (t) F(s 2 a) First shifting

10. f p g(t) F(s)G(s) Convolution
11. ua(t) f (t 2 a) F(s)e2at Second shifting
12. 2 tf (t) F9(s) Derivative in s

quency variable s. There are essentially three reasons for doing this:
(1) higher-order differential equations may be converted to purely alge-
braic equations, which are more easily solved; (2) boundary conditions
are easily handled; and (3) the method is well-suited to the theory asso-
ciated with the Nyquist stability criteria.

In Laplace-transformation mathematics the following symbols and
equations are used (Tables 2.1.4 and 2.1.5):

f (t) 5 a function of time
s 5 a complex variable of the form (s 1 jv)

F(s) 5 an equation expressed in the transform variable s, resulting
from operating on a function of time with the Laplace integral

+ 5 an operational symbol indicating that the quantity which it
prefixes is to be transformed into the frequency domain

f (01) 5 the limit from the positive direction of f(t) as t approaches
zero

f (02) 5 the limit from the negative direction of f(t) as t approaches
zero

Therefore, F(s) 5 +[ f (t)]. The Laplace integral is defined as

+ 5 E`

0

e2st dt. Therefore, +[ f (t)] 5 E`

0

e2stf(t) dt

Direct Transforms

EXAMPLE.

f (t) 5 sin bt

+[ f (t)] 5 +(sin bt) 5 E`

0

sin bt e2st dt

but sin bt 5
ejbt 2 e2 jbt

2j
where j2 5 2 1

+ (sin bt) 5
1

2j E`

0

(ejbt 2 e2 jbt)e2st dt

5
1

2j S 2 1

s 2 jbD e(2s1 jb)t U`

0

2
1

2j S 2 1

s 1 jbD e(2s2 jb)t U`

0

5
b

s2 1 b2

Table 2.1.4 lists the transforms of common time-variable expressions.
Some special functions are frequently encountered when using La-

place methods.
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The Heavyside, or step, function ua(t) sometimes written u(t 2 a), is
zero for all t , a and 1 for all t . a. Its value at t 5 a is defined
differently in different applications, as 0, 1⁄2, or 1, or it is simply left
undefined. In Laplace applications, the value of a function at a single
point does not matter. The Heavyside function describes a force which
is ‘‘off’’ until time t 5 a and then instantly goes ‘‘on.’’

The Dirac delta function, or impulse function, da(t), sometimes written
d(t 2 a), is the derivative of the Heavyside function. Its value is always

differential equation describing the system, and the unknown is either
the output quantity or the error. The solution gained from the trans-
formed equation is expressed in terms of the complex variable s. For
many design or analysis purposes, the solution in s is sufficient , but in
some cases it is necessary to retransform the solution in terms of time.
The process of passing from the complex-variable (frequency domain)
expression to that of time (time domain) is called an inverse transforma-
tion. It is represented symbolically as

F
t
u
v
L
e

I
n

I

t

F

o
p

f
f
s

2

F
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zero, except at t 5 a, where its value is ‘‘positive infinity.’’ It is some-
times described as a ‘‘point mass function.’’ The delta function de-
scribes an impulse or an instantaneous transfer of momentum.

The derivative of the Dirac delta function is called the dipole function.
It is less frequently encountered.

The convolution f p g(t) of two functions f(t) and g(t) is defined as

f p g(t) 5 Et

0

f(u)g(t 2 u) du

Laplace transforms are often used to solve differential equations aris-
ing from so-called linear systems. Many vibrating systems and electri-
cal circuits are linear systems. If an input function fi(t) describes the
forces exerted upon a system and a response or output function fo(t)
describes the motion of the system, then the transfer function T(s) 5
Fo(s)/Fi(s). Linear systems have the special property that the transfer
function is independent of the input function, within the elastic limits of
the system. Therefore,

Fo(s)

Fi(s)
5

Go(s)

Gi(s)

This gives a technique for describing the response of a system to a
complicated input function if its response to a simple input function is
known.

EXAMPLE. Solve y99 1 2y9 2 3y 5 8et subject to initial conditions y(0) 5 2
and y9(0) 5 0. Let y 5 f (t) and Y 5 F(s). Take Laplace transforms of both sides
and substitute for y(0) and y9(0), and get

s2Y 2 2s 1 2(sY 2 2) 2 3Y 5
8

s 2 1

Solve for Y, apply partial fractions, and get

Y 5
2s2 1 2s 1 4

(s 1 3)(s 2 1)2

5
1

s 1 3
1

s 1 1

(s 2 1)2

5
1

(s 1 3)
1

1

(s 2 1)
1

2

(s 2 1)2

Using the tables of transforms to find what function has Y as its transform, we get

y 5 e23t 1 et 1 2tet

EXAMPLE. A vibrating system responds to an input function fi(t) 5 sin t with
a response fo(t) 5 sin 2t. Find the system response to the input gi(t) 5 sin 2t.

Apply the invariance of the transfer function, and get

Go(s) 5
FoGi

Fi

5
4(s2 1 1)

(s2 1 4)2

5
2(2)

s2 1 22
2

12

16 F 16

(s2 1 22)2G
Applying formulas 8 and 21 from Table 2.1.4 of Laplace transforms,

go(t) 5 2 sin 2t 2 3⁄4 sin 2t 1 3⁄2 t cos 2t

Inversion When an equation has been transformed, an explicit solu-
tion for the unknown may be directly determined through algebraic
manipulation. In automatic-control design, the equation is usually the
+21F(s) 5 f(t)

or any f(t) there is only one direct transform, F(s). For any given F(s)
here is only one inverse transform f (t). Therefore, tables are generally
sed for determining inverse transforms. Very complete tables of in-
erse transforms may be found in Gardner and Barnes, ‘‘Transients in
inear Systems.’’ As an example of the inverse procedure consider an
quation of the form

K 5 ax(t) 1 E x(t)

b
dt

t is desired to obtain an expression for x(t) resulting from an instanta-
eous change in the quantity K. Transforming the last equation yields

K

s
5 X(s)a 1

X(s)

sb
1

f 21(01)

s

f f 21(0)/s 5 0

hen X(s) 5
K/a

s 1 1/ab

x(t) 5 +21[X(s)] 5 +21
K/a

s 1 1/ab

rom Table 2.1.4, x(t) 5
K

a
e2 t/ab

Fourier Coefficients Fourier coefficients are used to analyze peri-
dic functions in terms of sines and cosines. If f (x) is a function with
eriod 2L, then the Fourier coefficients are defined as

an 5
1

L EL

2 L

f(s) cos
nps

L
ds n 5 0, 1, 2, . . .

bn 5
1

L EL

2 L

f(s) sin
nps

L
ds n 5 1, 2, . . .

Then the Fourier theorem states that

f (x) 5
a0

2
1 O`

n51

an cosSnpx

L D 1 bn sinSnpx

L D
The series on the right is called the ‘‘Fourier series of the function

(x).’’ The convergence of the Fourier series is usually rapid, so that the
unction f(x) is usually well-approximated by the sum of the first few
ums of the series.

Examples of the Fourier Series If y 5 f(x) is the curve in Figs.
.1.110 to 2.1.112, then in Fig. 2.1.110,

y 5
h

2
2

4h

p2 Scos
px

c
1

1

9
cos

3px

c
1

1

25
cos

5px

c
1 ? ? ?D

ig. 2.1.110 Saw-tooth curve.
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In Fig. 2.1.111,

y 5
4h

p
Ssin

px

c
1

1

3
sin

3px

c
1

1

5
sin

5px

c
1 ? ? ?D

tions to describe its Fourier transform:

A(w) 5 E`

2`

f (x) cos wx dx

B(w) 5 E`

2`

f (x) sin wx dx

Then the Fourier integral equation is
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Fig. 2.1.111 Step-function curve.

In Fig. 2.1.112,

y 5
2h

p
Ssin

px

c
2

1

2
sin

2px

c
1

1

3
sin

3px

c
2 . . .D

Fig. 2.1.112 Linear-sweep curve.

If the Fourier coefficients of a function f(x) are known, then the
coefficients of the derivative f 9(x) can be found, when they exist , as
follows:

a9n 5 nbn b9n 5 2 nan

where a9n and b9n are the Fourier coefficients of f 9(x).
The complex Fourier coefficients are defined by:

cn 5 1⁄2(an 2 ibn)
c0 5 1⁄2a0

cn 5 1⁄2(an 1 ibn)

Then the complex form of the Fourier theorem is

f(x) 5 O`
n52`

cneinpx/L

Wave Equation Fourier series are often used in the solution of the
wave equation a2uxx 5 utt where 0 , x , L, t . 0, and initial conditions
are u(x, 0) 5 f(x) and ut(x, 0) 5 g(x). This describes the position of a
vibrating string of length L, fixed at both ends, with initial position f (x)
and initial velocity g(x). The constant a is the velocity at which waves
are propagated along the string, and is given by a2 5 T/p, where T is the
tension in the string and p is the mass per unit length of the string.

If f(x) is extended to the interval 2 L , x , L by setting f (2 x) 5
2 f(x), then f may be considered periodic of period 2L. Its Fourier
coefficients are

an 5 0 bn 5 EL

2L

f(x) sin
npx

L
p dx n 5 1, 2, . . .

The solution to the wave equation is

u(x, t) 5 O`
n51

bn sin
npx

L
cos

npt

L

Fourier transform A nonperiodic function f (x) requires two func-
f(x) 5 E`

0

A(w) cos wx 1 B(w) sin wx dw

The complex Fourier transform of f(x) is defined as

F(w) 5 E`

2`

f(x) eiwx dx

Then the complex Fourier integral equation is

f(x) 5
1

2p
E`

0

F(w)e2iwx dw

Heat Equation The Fourier transform may be used to solve the
one-dimensional heat equation ut(x, t) 5 uxx(x, t), for t . 0, given initial
condition u(x, 0) 5 f (x). Let F(s) be the complex Fourier transform of
f(x), and let U(s, t) be the complex Fourier transform of u(x, t). Then
the transform of ut(x, t) is dU(s, t)/dt.

Transforming ut(x, t) 5 uxx(s, t) yields dU/dt 1 s2U 5 0 and
U(s, 0) 5 f(s). Solving this using the Laplace transform gives U(s, t) 5
F(s)es2t.

Applying the complex Fourier integral equation, which gives u(x, t)
in terms of U(s, t), gives

u(x, t) 5
1

2p
E`

0

U(s, t)e2isx ds

5
1

2p
E`

2`
E`

0

f (y)eis(y2x)es2t ds dy

Applying the Euler formula, eix 5 cos x 1 i sin x,

u(x, t) 5
1

2p
E`

2`
E`

0

f (y) cos (s(y 2 x))es2t ds dy

SPECIAL FUNCTIONS

Gamma Function The gamma function is a generalization of the
factorial function. It arises in Laplace transforms of polynomials, in
continuous probability, and in the solution to certain differential equa-
tions. It is defined by the improper integral:

G(x) 5 E`

0

t x21e2t dt

The integral converges for x . 0 and diverges otherwise. The func-
tion is extended to all negative values, except negative integers, by the
relation

G(x 1 1) 5 xG(x)

The gamma function is related to the factorial function by

G(n 1 1) 5 n!

for all positive integers n.
An important value of the gamma function is

G(0.5) 5 p1/2

Other values of the gamma function are found in CRC Standard
Mathematical Tables and similar tables.

Beta Function The beta function is a function of two variables and
is a generalization of the binomial coefficients. It is closely related to
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the gamma function. It is defined by the integral:

B(x, y) 5 E1

0

t x21(1 2 t)y21 dt for x, y . 0

The beta function can also be represented as a trigonometric integral,
by substituting t 5 sin2 u, as

B(x, y) 5 2 Ep/2

(sin u)2x21 (cos u)2y21 du

Round-off errors arise from the use of a number not sufficiently accu-
rate to represent the actual value of the number, for example, using
3.14159 to represent the irrational number p, or using 0.56 to represent
9⁄16 or 0.5625.

Truncation errors arise when a finite number of steps are used to
approximate an infinite number of steps, for example, the first n terms
of a series are used instead of the infinite series.

Accumulation errors occur when an error in one step is carried forward
into another step. For example, if x 5 0.994 has been previously
r
v
e
u
t
u

b
m

z

r

i

f

c

s

f
b

l

s

u

a
m

w
a
a
w
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The beta function is related to the gamma function by the relation

B(x, y) 5
G(x)G(y)

G(x 1 y)

This relation shows that B(x, y) 5 B(y, x).
Bernoulli Functions The Bernoulli functions are a sequence of peri-

odic functions of period 1 used in approximation theory. Note that for
any number x, [x] represents the largest integer less than or equal to x.
[3.14] 5 3 and [2 1.2] 5 2 2. The Bernoulli functions Bn(x) are de-
fined recursively as follows:

1. B0(x) 5 1
2. B1(x) 5 x 2 [x] 2 1⁄2
3. Bn11 is defined so that B9n11(x) 5 Bn(x) and so that Bn11 is

periodic of period 1.
Bessel Functions of the First Kind Bessel functions of the first kind

arise in the solution of Bessel’s equation of order v :

x2y99 1 xy9 1 (x2 2 v2)y 5 0

When this is solved using series methods, the recursive relations define
the Bessel functions of the first kind of order v :

Jv(x) 5 O`
k50

(2 1)k

k!(v 1 k 1 1) Sx

2Dv12k

Chebyshev Polynomials The Chebyshev polynomials arise in the
solution of PDEs of the form

(1 2 x2)y99 2 xy9 1 n2y 5 0

and in approximation theory. They are defined as follows:

T0(x) 5 1 T2(x) 5 2x2 2 1
T1(x) 5 x T3(x) 5 4x3 2 3x

For n . 3, they are defined recursively by the relation

Tn11(x) 2 2xTn(x) 1 Tn21(x) 5 0

Chebyshev polynomials are said to be orthogonal because they have
the property

E1

21

Tn(x)Tm(x)

(1 2 x2)1/2
dx 5 0 for n Þ m

NUMERICAL METHODS

Introduction Classical numerical analysis is based on polynomial
approximation of the infinite operations of integration, differentiation,
and interpolation. The objective of such analyses is to replace difficult
or impossible exact computations with easier approximate computa-
tions. The challenge is to make the approximate computations short
enough and accurate enough to be useful.

Modern numerical analysis includes Fourier methods, including the
fast Fourier transform (FFT) and many problems involving the way
computers perform calculations. Modern aspects of the theory are
changing very rapidly.

Errors Actual value 5 calculated value 1 error. There are several
sources of errors in a calculation: mistakes, round-off errors, truncation
errors, and accumulation errors.
ounded to 0.99, then 1 2 x will be calculated as 0.01, while its true
alue is 0.006. An error of less than 1 percent is accumulated into an
rror of over 50 percent in just one step. Accumulation errors are partic-
larly characteristic of methods involving recursion or iteration, where
he same step is performed many times, with the results of one iteration
sed as the input for the next .

Simultaneous Linear Equations The matrix equation Ax 5 b can
e solved directly by finding A21, or it can be solved iteratively, by the
ethod of iteration in total steps:
1. If necessary, rearrange the rows of the equation so that there are no

eros on the diagonal of A.
2. Take as initial approximations for the values of xi:

x1
(0) 5

b1

a11

x2
(0) 5

b2

a22

? ? ? xn
(0) 5

bn

ann

3. For successive approximations, take

x i
(k11) 5 (bi 2 ai1x1

(k) 2 ? ? ? 2 ainxn
(k))/aii

Repeat step 3 until successive approximations for the values of xi

each the specified tolerance.
A property of iteration by total steps is that it is self-correcting: that

s, it can recover both from mistakes and from accumulation errors.
Zeros of Functions An iterative procedure for solving an equation

(x) 5 0 is the Newton-Raphson method. The algorithm is as follows:
1. Choose a first estimate of a root x0.
2. Let xk11 5 xk 2 f(xk)/f 9(xk). Repeat step 2 until the estimate xk

onverges to a root r.
3. If there are other roots of f(x), then let g(x) 5 f(x)/(x 2 r) and

eek roots of g(x).
False Position If two values x0 and x1 are known, such that f(x0) and

(x1) are opposite signs, then an iterative procedure for finding a root
etween x0 and x1 is the method of false position.
1. Let m 5 [ f(x1) 2 f(x0)]/(x1 2 x0).
2. Let x2 5 x1 2 f(x1)/m.
3. Find f(x2).
4. If f(x2) and f(x1) have the same sign, then let x1 5 x2. Otherwise,

et x0 5 x2.
5. If x1 is not a good enough estimate of the root , then return to

tep 1.
Functional Equalities To solve an equation of the form f(x) 5 g(x),

se the methods above to find roots of the equation f(x) 2 g(x) 5 0.
Maxima One method for finding the maximum of a function f(x) on

n interval [a, b] is to find the roots of the derivative f 9(x). The maxi-
um of f(x) occurs at a root or at an endpoint a or b.
Fibonacci Search An iterative procedure for searching for maxima

orks if f (x) is unimodular on [a, b]. That is, f has only one maximum,
nd no other local maxima, between a and b. This procedure takes
dvantage of the so-called golden ratio, r 5 0.618034 5 (√5 2 1)/2,
hich arises from the Fibonacci sequence.

1. If a is a sufficiently good estimate of the maximum, then stop.
Otherwise, proceed to step 2.

2. Let x1 5 ra 1 (1 2 r)b, and let x2 5 (1 2 r)a 1 rb. Note x1 , x2.
Find f(x1) and f (x2).
a. If f(x1) 5 f(x2), then let a 5 x1 and b 5 x2, and go to step 1.
b. If f (x1) , f(x2), then let a 5 x1, and go to step 1.
c. If f(x1) . f(x2), then let b 5 x2, and return to step 1.
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In cases b and c, computation is saved since the new value of one of
x1 and x2 will have been used in the previous step. It has been proved
that the Fibonacci search is the fastest possible of the general ‘‘cutting’’
type of searches.

Steepest Ascent If z 5 f(x, y) is to be maximized, then the method
of steepest ascent takes advantage of the fact that the gradient , grad ( f )
always points in the direction that f is increasing the fastest .

1. Let (x0, y0) be an initial guess of the maximum of f.

x0, x1, . . . , xn, then the definite integral

Eb

a

f(x) dx

may be approximated by

On
i51

[ f (xi) 1 f(xi21)]
xi11 2 xi

2

If the values xi are equally spaced at distance h and if fi is written for
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2. Let e be an initial step size, usually taken to be small.
3. Let (xk11, yk11) 5 (xk , yk) 1 e grad f(xk , yk)/ |grad f (xk , yk) | .
4. If f(xk11, yk11) is not greater than f(xk , yk), then replace e with

e/2 (cut the step size in half ) and reperform step 3.
5. If (xk, yk) is a sufficiently accurate estimate of the maximum, then

stop. Otherwise, repeat step 3.
Minimization The theory of minimization exactly parallels the

theory of maximization, since minimizing z 5 f (x) occurs at the same
value of x as maximizing w 5 2 f(x).

Numerical Differentiation In general, numerical differentiation
should be avoided where possible, since differentiation tends to be very
sensitive to small errors in the value of the function f (x). There are
several approximations to f 9(x), involving a ‘‘step size’’ h usually taken
to be small:

f 9(x) 5
f(x 1 h) 2 f(x)

h

f 9(x) 5
f(x 1 h) 2 f(x 2 h)

2h

f 9(x) 5
f(x 1 2h) 1 f(x 1 h) 2 f(x 2 h) 2 f (x 2 2h)

6h

Other formulas are possible.
If a derivative is to be calculated from an equally spaced sequence of

measured data, y1, y2, . . . , yn, then the above formulas may be
adapted by taking yi 5 f(xi). Then h 5 xi11 2 xi is the distance between
measurements.

Since there are usually noise or measurement errors in measured data,
it is often necessary to smooth the data, expecting that errors will be
averaged out . Elementary smoothing is by simple averaging, where a
value yi is replaced by an average before the derivative is calculated.
Examples include:

yi ;
yi11 1 yi 1 yi21

3

yi ;
yi12 1 yi11 1 yi 1 yi21 1 yi22

5

More information may be found in the literature under the topics
linear filters, digital signal processing, and smoothing techniques.

Numerical Integration

Numerical integration requires a great deal of calculation and is usually
done with the aid of a computer. All the methods described here, and
many others, are widely available in packaged computer software.
There is often a temptation to use whatever software is available with-
out first checking that it really is appropriate. For this reason, it is
important that the user be familiar with the methods being used and that
he or she ensure that the error terms are tolerably small.

Trapezoid Rule If an interval a # x # b is divided into subintervals
f(xi), then the above formula reduces to

[ f0 1 2 f1 1 2 f2 1 ? ? ? 1 2 fn21 1 fn]
h

2

The error in the trapezoid rule is given by

|En | #
(b 2 a)3 | f 99(t) |

12n2

where t is some value a # t # b.
Simpson’s Rule The most widely used rule for numerical inte-

gration approximates the curve with parabolas. The interval a , x , b
must be divided into n/2 subintervals, each of length 2h, where n is an
even number. Using the notation above, the integral is approximated by

[ f0 1 4f1 1 2 f2 1 4f3 1 ? ? ? 1 4fn21 1 fn]
h

3

The error term for Simpson’s rule is given by |En | , nh5 | f (4)(t) |/180,
where a , t , b.

Simpson’s rule is generally more accurate than the trapezoid rule.

Ordinary Differential Equations

Modified Euler Method Consider a first-order differential equation
dy/dx 5 f (x, y) and initial condition y 5 y0 and x 5 x0. Take xi equally
spaced, with xi11 2 xi 5 h. Then the method is:

1. Set n 5 0.
2. y9n 5 f (xn, yn) and y99 5 fx(xn, yn) 1 y9n fy(xn, yn), where fx and fy

denote partial derivatives.
3. y9n11 5 f(xn11, yn11).

Predictor steps:
4. For n . 0, y*n11 5 yn21 1 2hy9n.
5. y9*

n11 5 f(xn11, y*n11).
Corrector steps:

6. y#
n 1 1 5 yn 1 [y*n11 1 y9n]h/2.

7. y9#
n11 5 f(xn11, y#

n11).
8. If required accuracy is not yet obtained for yn11 and y9n11, then

substitute y# for y*, in all its forms, and repeat the corrector steps.
Otherwise, set n 5 n 1 1 and return to step 2.

Other predictor-corrector methods are described in the literature.
Runge-Kutta Methods These make up a family of widely used

methods for ordinary differential equations. Given dy/dx 5 f(x, y)
and h 5 interval size, third-order method (error proportional to h4):

k0 5 hf (xn)

k1 5 hfSxn 1
h

2
, yn 1

k0

2D
k2 5 hf (xn 1 h, yn 1 2k1 2 k0)

yn11 5 yn 1
k0 1 4k1 1 k2

6

Higher-order Runge-Kutta methods are described in the literature. In
general, higher-order methods yield smaller error terms.
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tors and functions available to the machine user through encoded in-
structions. A typical computer might house hundreds of thousands to
millions of transistors serving one or the other of these roles.

Both data and the instructions for processing the data can be stored in
memory. Each unit of memory has an address at which the contents can

‘‘read.’’ The read operation makes the contents at an
to other parts of the computer without destroying the

ory. The contents at an address may be changed by a
hich inserts new information after first nullifying the
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COMPUTER PROGRAMMING

Machine Types

Computers are machines used for automatically processing information
represented by mechanical, electrical, or optical means. They may be
classified as analog or digital according to the techniques used to repre-
sent and process the information. Analog computers represent informa-
tion as physically measurable, continuous quantities and process the
information by components that have been interconnected to form an
analogous model of the problem to be solved. Digital computers, on the
other hand, represent information as discrete physical states which have
been encoded into symbolic formats, and process the information by
sequences of operational steps which have been preplanned to solve the
given problem.

When compared to analog computers, digital computers have the
advantages of greater versatility in solving scientific, engineering, and
commercial problems that involve numerical and nonnumerical infor-
mation; of an accuracy dictated by significant digits rather than that
which can be measured; and of exact reproducibility of results that stay
unvitiated by small, random fluctuations in the physical signals. In the
past , multiple-purpose analog computers offered advantages of speed
and cost in solving a sophisticated class of complex problems dealing
with networks of differential equations, but these advantages have dis-
appeared with the advances in solid-state computers. Other than the
occasional use of analog techniques for embedding computations as part
of a larger system, digital techniques now account almost exclusively
for the technology used in computers.

Digital information may be represented as a series of incremental,
numerical steps which may be manipulated to position control devices
using stepping motors. Digital information may also be encoded into
symbolic formats representing digits, alphabetic characters, arithmetic
numbers, words, linguistic constructs, points, and pictures which may
be processed by a variety of mechanized operators. Machines organized
in this manner can handle a more general class of both numerical and
nonnumerical problems and so form by far the most common type of
digital machines. In fact , the term computer has become synonymous
with this type of machine.

Digital Machines

Digital machines consist of two kinds of circuits: memory cells, which
effectively act to delay signals until needed, and logical units, which
perform basic Boolean operations such as AND, OR, NOT, XOR,
NAND, and NOR. Memory circuits can be simply defined as units
where information can be stored and retrieved on demand. Configura-
tions assembled from the Boolean operators provide the macro opera-
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(ROM), can be read from but not written to. They can only be changed at
the factory.

Abstractly, the address and the contents at the address serve roles
analogous to a variable and the value of the variable. For example, the
equation z 5 x 1 y specifies that the value of x added to the value of y
will produce the value of z. In a similar way, the machine instruction
whose format might be:

add, address 1, address 2, address 3

will, when executed, add the contents at address 1 to the contents at
address 2 and store the result at address 3. As in the equation where the
variables remain unaltered while the values of the variables may be
changed, the addresses in the instruction remain unaltered while the
contents at the address may change.

An essential property of a digital computer is that the sequence of
instructions processed to solve a problem is executed without human
intervention. When an operator manually controls the sequence of com-
putation, the machine is called a calculator. This distinction between
computer and calculator, however, is arbitrary and vague with modern
machines. Modern calculators offer opportunity to program a series of
operations which can be executed without any required intervention. On
the other hand, the computer is often programmed to interrogate the
operator for a response before continuing with the solution.

Computers differ from other kinds of mechanical and electrical ma-
chines in that computers perform work on information rather than on
forces and displacements. A common form of information is numbers.
Numbers can be encoded into a mechanized form and processed by the
four rules of arithmetic (1, 2, 3, 4). But numbers are only one kind of
information that can be manipulated by the computer. Given an encoded
alphabet, words and languages can be formed and the computer can be
used to perform such processes as information storage and retrieval,
translation, and editing. Given an encoded representation of points and
lines, the computer can be used to perform such functions as drawing,
recognizing, editing, and displaying graphs, patterns, and pictures.

Because computers have become easily accessible, engineers and
scientists from every discipline have reformatted their professional ac-
tivities to mechanize those aspects which can supplant human thought
and decision. In this way, mechanical processes can be viewed as aug-
menting human physical skills and strength, and information processes
can be viewed as augmenting human mental skills and intelligence.

COMPUTER DATA STRUCTURES

Binary Notation

Digital computers represent information by strings of digits which as-
sume one of two values: 0 or 1. These units of information are called
bits, a word contracted from the term binary digits. A string of bits may
represent either numerical or nonnumerical information.

In order to achieve efficiency in handling the information, the com-



COMPUTER DATA STRUCTURES 2-41

puter groups the bits together into units containing a fixed number of
bits which can be referenced as discrete units. By encoding and format-
ting these units of information, the computer can act to process them.
Units of 8 bits, called bytes, are common. A byte can be used to encode
the basic symbolic characters which provide the computer with input-
output information such as the alphabet , decimal digits, punctuation
marks, and special characters.

Bit groups may be organized into larger units of 4 bytes (32 bits)

Table 2.2.1 Binary-Hexadecimal
and Binary-Octal Conversion

Binary Hexadecimal Binary Octal

0000
0001
0010
0011
0100

0
1
2
3
4

000
001
010
011
100

0
1
2
3
4
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called words, or even larger units of 8 bytes called double words; and
sometimes into smaller units of 2 bytes called half words. Besides en-
coding numerical information and other linguistic constructs, these
units are used to encode a repertoire of machine instructions. Older
machines and special-purpose machines may have other word sizes.

Computers process numerical information represented as binary
numbers. The binary numbering system uses a positional notation simi-
lar to the decimal system. For example, the decimal number 596.37
represents the value 5 3 102 1 9 3 101 1 6 3 100 1 3 3 102 1 1 7 3
102 2. The value assigned to any of the 10 possible digits in the decimal
system depends on its position relative to the decimal point (a weight of
10 to zero or positive exponent is assigned to the digits appearing to the
left of the decimal point , and a weight of 10 to a negative exponent is
applied to digits to the right of the decimal point). In a similar manner, a
binary number uses a radix of 2 and two possible digits: 0 and 1. The
radix point in the positional notation separates the whole from the frac-
tional part of the number, just as in the decimal system. The binary
number 1011.011 represents a value 1 3 23 1 0 3 22 1 1 3 21 1
1 3 20 1 0 3 22 1 1 1 3 22 2 1 1 3 22 3.

The operators available in the computer for setting up the solution of
a problem are encoded into the instructions of the machine. The instruc-
tion repertoire always includes the usual arithmetic operators to handle
numerical calculations. These instructions operate on data encoded in
the binary system. However, this is not a serious operational problem,
since the user specifies the numbers in the decimal system or by mne-
monics, and the computer converts these formats into its own internal
binary representation.

On occasions when one must express a number directly in the binary
system, the number of digits needed to represent a numerical value
becomes a handicap. In these situations, a radix of 8 or 16 (called the
octal or hexadecimal system, respectively) constitutes a more convenient
system. Starting with the digit to the left or with the digit to the right of
the radix point , groups of 3 or 4 binary digits can be easily converted to
equivalent octal or hexadecimal digits, respectively. Appending non-
significant 0s as needed to the rightmost and leftmost part of the num-
ber to complete the set of 3 or 4 binary digits may be necessary. Table
2.2.1 lists the conversions of binary digits to their equivalent octal and
hexadecimal representations. In the hexadecimal system, the letters
A through F augment the set of decimal digits to represent the digits
for 10 through 15. The following examples illustrate the conversion
between binary numbers and octal or hexadecimal numbers using the
table.

binary number 011 011 110 101 . 001 111 100
octal number 3 3 6 5 . 1 7 4

binary number 0110 1111 0101 . 0011 1110
hexadecimal number 6 F 5 . 3 E

Formats for Numerical Data

Three different formats are used to represent numerical information
internal to the computer: fixed-point , encoded decimal, and floating-
point .

A word or half word in fixed-point format is given as a string of 0s
and 1s representing a binary number. The program infers the position of
the radix point (immediately to the right of the word representing in-
tegers, and immediately to the left of the word representing fractions).
Algebraic numbers have several alternate forms: 1’s complement , 2’s
complement , and signed-magnitude. Most often 1’s and 2’s comple-
ment forms are adopted because they lead to a simplification in the
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

5
6
7
8
9
A
B
C
D
E
F

101
110
111

5
6
7

hardware needed to perform the arithmetic operations. The sign of a 1’s
complement number can be changed by replacing the 0s with 1s and the
1s with 0s. To change the sign of a 2’s complement number, reverse the
digits as with a 1’s-complement number and then add a 1 to the resulting
binary number. Signed-magnitude numbers use the common represen-
tation of an explicit 1 or 2 sign by encoding the sign in the leftmost bit
as a 0 or 1, respectively.

Many computers provide an encoded-decimal representation as a
convenience for applications needing a decimal system. Table 2.2.2
gives three out of over 8000 possible schemes used to encode decimal
digits in which 4 bits represent each decade value. Many other codes are
possible using more bits per decade, but four bits per decimal digit are
common because two decimal digits can then be encoded in one byte.
The particular scheme selected depends on the properties needed by the
devices in the application.

The floating-point format is a mechanized version of the scientific
notation (6 M 3 106 E, where 6 M and 6 E represent the signed man-
tissa and signed exponent of the number). This format makes possible
the use of a machine word to encode a large range of numbers. The
signed mantissa and signed exponent occupy a portion of the word. The
exponent is implied as a power of 2 or 16 rather than of 10, and the radix
point is implied to the left of the mantissa. After each operation, the
machine adjusts the exponent so that a nonzero digit appears in the most
significant digit of the mantissa. That is, the mantissa is normalized so
that its value lies in the range of 1/b # M , 1 where b is the implied
base of the number system (e.g.: 1/2 # M , 1 for a radix of 2, and
1/16 # M , 1 for a radix of 16). Since the zero in this notation has
many logical representations, the format uses a standard recognizable
form for zero, with a zero mantissa and a zero exponent , in order to
avoid any ambiguity.

When calculations need greater precision, floating-point numbers use

Table 2.2.2 Schemes for Encoding
Decimal Digits

Decimal
digit BCD Excess-3 4221 code

0
1
2
3
4
5
6
7
8
9

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001

0011
0100
0101
0110
0111
1000
1001
1010
1011
1100

0000
0001
0010
0011
0110
1001
1100
1101
1110
1111
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a two-word representation. The first word contains the exponent and
mantissa as in the one-word floating point . Precision is increased by
appending the extra word to the mantissa. The terms single precision and
double precision make the distinction between the one- and two-word
representations for floating-point numbers, although extended precision
would be a more accurate term for the two-word form since the added
word more than doubles the number of significant digits.

The equivalent decimal precision of a floating-point number depends

Data Structure Types

The above types of numerical and nonnumerical data formats are recog-
nized and manipulated by the hardware operations of the computer.
Other more complex data structures may be programmed into the com-
puter by building upon these primitive data types. The programmable
data structures might include arrays, defined as ordered lists of elements
of identical type; sets, defined as unordered lists of elements of identical
type; records, defined as ordered lists of elements that need not be of the
s
a
fi

C

P

T
F
p
a
b
s
t
u
r
c
i
s
h
t
d

a
i
n
m
p
t

F
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on the number n of bits used for the unsigned mantissa and on the
implied base b (binary, octal, or hexadecimal). This can be simply
expressed in equivalent decimal digits p as: 0.0301 (n 2 log2b) , p ,
0.0301 n. For example, a 32-bit number using 7 bits for the signed
exponent of an implied base of 16, 1 bit for the sign of the mantissa, and
24 bits for the value of the mantissa gives a precision of 6.02 to 7.22
equivalent decimal digits. The fractional parts indicate that some 7-digit
and some 8-digit numbers cannot be represented with a mantissa of 24
bits. On the other hand, a double-precision number formed by adding
another word of 32 bits to the 24-bit mantissa gives a precision of 15.65
to 16.85 equivalent decimal digits.

The range r of possible values in floating-point notation depends on
the number of bits used to represent the exponent and the implied radix.
For example, for a signed exponent of 7 bits and an implied base of 16,
then 162 64 # r # 1663.

Formats of Nonnumerical Data

Logical elements, also called Boolean elements, have two possible
values which simply represent 0 or 1, true or false, yes or no, OFF or ON,
etc. These values may be conveniently encoded by a single bit .

A large variety of codes are used to represent the alphabet , digits,
punctuation marks, and other special symbols. The most popular ones
are the 7-bit ASCII code and the 8-bit EBCDIC code. ASCII and
EBCDIC find their genesis in punch-tape and punch-card technologies,
respectively, where each character was encoded as a combination of
punched holes in a column. Both have now evolved into accepted stan-
dards represented by a combination of 0s and 1s in a byte.

Figure 2.2.1 shows the ASCII code. (ASCII stands for American
Standard Code for Information Interchange.) The possible 128 bit pat-
terns divide the code into 96 graphic characters (although the codes
0100000 and 1111111 do not represent any printable graphic symbol)
and 32 control characters which represent nonprintable characters used
in communications, in controlling peripheral machines, or in expanding
the code set with other characters or fonts. The graphic codes and the
control codes are organized so that subsets of usable codes with fewer
bits can be formed and still maintain the pattern.

Bits
b7

b6

b5

0
0
0

0
0
1

0
1
0

0
1
1

1
0
0

1
0
1

1
1
0

1
1
1

b4 b3 b2 b1

0 0 0 0 ,NUL. ,DLE. ,SP. 0 @ P ‘ p
0 0 0 1 ,SOH. ,DC1. ! 1 A Q a q
0 0 1 0 ,STX. ,DC2. 99 2 B R b r
0 0 1 1 ,ETX. ,DC3. # 3 C S c s
0 1 0 0 ,EOT. ,DC4. $ 4 D T d t
0 1 0 1 ,ENQ. ,NAK. % 5 E U e u
0 1 1 0 ,ACK. ,SYN. & 6 F V f v
0 1 1 1 ,BEL. ,ETB. ’ 7 G W g w
1 0 0 0 ,BS. ,CAN. ( 8 H X h x
1 0 0 1 ,HT. ,EM. ) 9 I Y i y
1 0 1 0 ,LF. ,SUB. * : J Z j z
1 0 1 1 ,VT. ,ESC. 1 ; K [ k {
1 1 0 0 ,FF. ,FS. , , L \ l |
1 1 0 1 ,CR. ,GS. - 5 M ] m }
1 1 1 0 ,SO. ,RS. . . N ˆ n ˜
1 1 1 1 ,SI. ,US. / ? O o ,DEL.

Fig. 2.2.1 ASCII code set.
ame type; files, defined as sequential collections of identical records;
nd databases, defined as organized collections of different records or
le types.

OMPUTER ORGANIZATION

rincipal Components

he principal components of a computer system shown schematically in
ig. 2.2.2 consist of a central processing unit (referred to as the CPU or
latform), its working memory, an operator’s console, file storage, and
collection of add-ons and peripheral devices. A computer system can
e viewed as a library of collected data and packages of assembled
equences of instructions that can be executed in the prescribed order by
he CPU to solve specific problems or perform utility functions for the
sers. These sequences are variously called programs, subprograms,
outines, subroutines, procedures, functions, etc. Collectively they are
alled software and are directly accessible to the CPU through the work-
ng memory. The file devices act analogously to a bookshelf—they
tore information until it is needed. Only after a program and its data
ave been transferred from the file devices or from peripheral devices to
he working memory can the individual instructions and data be ad-
ressed and executed to perform their intended functions.

The CPU functions to monitor the flow of data and instructions into
nd out of memory during program execution, control the order of
nstruction execution, decode the operation, locate the operand(s)
eeded, and perform the operation specified. Two characteristics of the
emory and storage components dictate the roles they play in the com-

uter system. They are access time, defined as the elapsed time between
he instant a read or write operation has been initiated and the instant the

File devices

Peripheral
devices

CPU

Memory

Operator’s
console

ig. 2.2.2 Principal components of a computer system.
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operation is completed, and size, defined by the number of bytes in a
module. The faster the access time, the more costly per bit of memory or
storage, and the smaller the module. The principal types of memory and
storage components from the fastest to the slowest are registers which
operate as an integral part of the CPU, cache and main memory which
form the working memory, and mass and archival storage which serve
for storing files.

The interrelationships among the components in a computer system

ware. The actions of the following steps in the CPU, known as the
fetch-execute cycle, control the order of instruction execution.

Step 1: Manually or automatically under program control load the
address of the starting instruction into a register called the program
register (PR).

Step 2: Fetch and copy the contents at the address in PR into a
register called the program content register (PCR).

Step 3: Prepare to fetch the next instruction by augmenting PR to the

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
and their primary performance parameters will be given in context in
the following discussion. However, hundreds of manufacturers of com-
puters and computer products have a stake in advancing the technology
and adding new functionality to maintain their competitive edge. In
such an environment , no performance figures stay current . With this
caveat , performance figures given should not be taken as absolutes but
only as an indication of how each component contributes to the per-
formance of the total system.

Throughout the discussion (and in the computer world generally),
prefixes indicating large numbers are given by the symbols k for kilo
(103), M for mega (106), G for giga (109), and T for tera (1012). For
memory units, however, these symbols have a slightly altered meaning.
Memories are organized in binary units whereby powers of two form
the basis for all addressing schemes. According, k refers to a memory
size of 1024 (210) units. Similarly M refers to 10242 (1,048,576), G
refers to 10243, and T refers to 10244. For example, 1-Mbyte memory
indicates a size of 1,048,576 bytes.

Memory

The main memory, also known as random access memory (RAM), is
organized into fixed size bit cells (words, bytes, half words, or double
words) which can be located by address and whose contents contain the
instructions and data currently being executed. Typically RAM modules
come in sizes of 1 to 10 Mbytes. The CPU acts to address the individual
memory cells during program execution and transfers their contents to
and from its internal registers.

Optionally, the working memory may contain an auxiliary memory,
called cache, which is faster than the main memory. Cache operates on
the premise that data and instructions that will shortly be needed are
located near those currently being used. If the information is not found
in the cache, then it is transferred from the main memory. Transfer rates
between the cache and main memory are very fast and are usually made
in block sizes of 16 to 64 bytes. Transfers between the cache and the
registers are usually made on a word basis. Typically, cache modules
come in sizes of a few kbytes to 1 Mbyte. The effective average access
times offered by the combined configuration of RAM and cache results
in a more powerful (faster) computer.

Central Processing Unit

The CPU makes available a repertoire of instructions which the user
uses to set up the problem solutions. Although the specific format for
instructions varies among machines, the following illustrates the pat-
tern:

name: operator, operand(s)

The name designates an address whose contents contain the operator
and one or more operands. The operator encodes an operation permitted
by the hardware of the CPU. The operand(s) refer to the entities used in
the operation which may be either data or another instruction specified
by address. Some instructions have implied operand(s) and use the bits
which would have been used for operand(s) to modify the operator.

To begin execution of a program, the CPU first loads the instructions
serially by address into the memory either from a peripheral device, or
more frequently, from storage. The internal structure of the CPU con-
tains a number of memory registers whose number, while relatively
few, depend on the machine’s organization. The CPU acts to transfer
the instructions one at a time from memory into a designated register
where the individual bits can be interpreted and executed by the hard-
next address in normal sequence.
Step 4: Interpret the instruction in PCR, retrieve the operands, exe-

cute the encoded operation, and then return to step 2. Note that the
executed instruction may change the address in PR to start a different
instruction sequence.

The speed of machines can be compared by calculating the average
execution time of an instruction. Table 2.2.3 illustrates a typical instruc-
tion mix used in calculating the average. The instruction mix gives the
relative frequency each instruction appears in a compiled list of typical
programs and so depends on the types of problems one expects the
machine to solve (e.g., scientific, commercial, or combination). The
equation

t 5 O
i

witi

expresses the average instruction execution time t as a function of the
execution time ti for instruction i having a relative frequency wi in the
instruction mix. The reciprocal of t measures the processor’s perfor-
mance as the average number of instructions per second (ips) it can
execute.

Table 2.2.3 Instruction Mix

i Instruction type Weight wi

1
2
3
4
5
6
7
8

Add: Floating point
Fixed point

Multiple: Floating point
Load/store register
Shift: One character
Branch: Conditional

Unconditional
Move 3 words in memory

Total

0.07
0.16
0.06
0.12
0.11
0.21
0.17
0.10
1.00

For machines designed to support scientific and engineering calcula-
tions, the floating-point arithmetic operations dominate the time needed
to execute an average instruction mix. The speed for such machines is
given by the average number of floating-point operations which can be
executed per second (flops). This measure, however, can be misleading
in comparing different machine models. For example, when the ma-
chine has been configured with a cluster of processors cooperating
through a shared memory, the rate of the configuration (measured in
flops) represents the simple sum of the individual processors’ flops
rates. This does not reflect the amount of parallelism that can be realized
within a given problem.

To compare the performance of different machine models, users
often assemble and execute a suite of programs which characterize their
particular problem load. This idea has been refined so that in 1992 two
suites of benchmark programs representing typical scientific, mathe-
matical, and engineering applications were standardized: Specint92 for
integer operations, and Specfp92 for floating-point operations. Per-
formance ratings for midsized computers are often reported in units
calculated by a weighted average of the processing rates of these pro-
grams.

Computer performance depends on a number of interrelated factors
used in their design and fabrication, among them compactness, bus size,
clock frequency, instruction set size, and number of coprocessors.
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The speed that energy can be transmitted through a wire, bounded
theoretically at 3 3 1010 cm/s, limits the ultimate speed at which the
electronic circuits can operate. The further apart the electronic elements
are from each other, the slower the operations. Advances in integrated
circuits have produced compact microprocessors operating in the nano-
second range.

The microprocessor’s bus size (the width of its data path, or the
number of bits that can be sent simultaneously in parallel) affect its

colors or shades (up to 256) to build pictures and icons. Other important
scope characteristics are the size of the screen and the resolution mea-
sured in points on the screen called pixels. The total number of pixels is
given by the number of pixels on a horizontal line and the number of
pixels on a vertical line (e.g., 1024 3 768 or 1600 3 1200). The scope
has its own memory which refreshes and controls the display. For con-
venience and manual speed, a device called a mouse can be attached to
the console and rolled on a flat surface which in turn moves the cursor
on the display. This can be used to locate and select options displayed as
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performance in two ways: by the number of memory cells that can be
directly addressed, and by the number of bits each memory reference
can fetch and process at a time. For example, a 16-bit microprocessor
can reference 216 16-bit memory cells and process 16 bits at a time. In
order to handle the individual bits, the number of transistors that must
be packed into the microprocessor goes up geometrically with the width
of the data path. The earliest microprocessors were 8-bit devices, mean-
ing that every memory reference retrieved 8 bits. To retrieve more bits,
say 16, 32, or 64 bits, the 8-bit microprocessor had to make multiple
references. Microprocessors have become more powerful as the packing
technology has improved up to the 32-bit and 64-bit microprocessors
currently available.

While normally the circuits operate asynchronously, a computer
clock times the sequencing of the instructions. Clock speed is given in
hertz (Hz, one cycle per second). Today’s clock cycles are in the mega-
hertz (MHz) range. Each instruction takes an integral number of cycles
to complete, with one cycle being the minimum. If an instruction com-
pletes its operations in the middle of a cycle, the start of the next in-
struction must wait for the beginning of the next cycle.

Two schemes are used to implement the computer instruction set in
the microprocessors. The more traditional complex instruction set com-
puter (CISC) microprocessors implement by hard-wiring some 300 in-
struction types. Strange to say, the faster alternate-approach reduced
instruction set computer (RISC) implements only about 10 to 30 percent
of the instruction types by hard wiring, and implements the remaining
more-complex instructions by programming them at the factory into
read-only memory. Since the fewer hard-wired instructions are more
frequently used and can operate faster in the simpler, more-compact
RISC environment , the average instruction time is reduced.

To achieve even greater effectiveness and speed calls for more com-
plex coordination in the execution of instructions and data. In one
scheme, several microprocessors in a cluster share a common memory
to form the machine organization (a multiprocessor or parallel proces-
sor). The total work which may come from a single program or inde-
pendent programs is parceled out to the individual machines which
operate independently but are coordinated to work in parallel with the
other machines in the cluster. Faster speeds can be achieved when the
individual processors can work on different parts of the problem or can
be assigned to those parts of the problem solution for which they have
been especially designed (e.g., input-output operations or computa-
tional operations). Two other schemes, pipelining and array processing,
divide an instruction into the separate tasks that must be performed to
complete its execution. A pipelining machine executes the tasks con-
currently on consecutive pieces of data. An array processor executes the
tasks of the different instructions in a sequence simultaneously and
coordinates their completion (which might mean abandoning a partially
completed instruction if it had been initiated prematurely). These
schemes are usually associated with the larger and faster machines.

Operator’s Console

The system operator uses the console to initiate or terminate computing
tasks, to interrogate the computer to determine the status of the tasks
during execution, to give and receive instructions such as mounting a
particular file onto a drive or provide operating parameters during oper-
ations, and to otherwise monitor the system.

The operator’s console consists of a relatively slow-speed keyboard
input and a monitor display. The monitor display consists of a video
scope which might be simply two-tone or could have a selection of
menu on the screen. A mouse turned upside down so the ball can be
urned by the thumb performs the same function and is called a track-
all.

ile Devices

ile devices serve to store libraries of directly accessible programs and
ata in electronically or optically readable formats. The file devices
ecord the information in large blocks rather than by individual ad-
resses. To be used, the blocks must first be transferred into the working
emory. Depending on how selected blocks are located, file devices are

ategorized as sequential or direct-access. On sequential devices the
omputer locates the information by searching the file from the begin-
ing. Direct-access devices, on the other hand, position the read-write
echanism directly at the location of the needed information. Searching

n these devices works concurrently with the CPU and the other devices
aking up the computer configuration.
Magnetic tapes using arbitrary block sizes form commercial sequen-

ial-access products. Besides the disadvantage that the medium must be
assed over sequentially to locate the beginning of the needed informa-
ion, magnetic tape recording does not permit information to be changed
n situ. Information can be changed only by reading the information
rom one tape, making the changes, and writing the changed informa-
ion onto another tape.

Traditional magnetic tape recorders consist of reels of tape 1⁄2 in
12.7 mm) wide, 0.0015 in (0.0381 mm) thick, and 2400 ft (732 m)
ong. Information is recorded across the tape in 9-bit frames. One bit in
ach frame, called a parity bit, is used for checking purposes and is not
ransferred into the memory of the computer. The remaining 8 bits
ecord the information using some standard format (e.g.: EBCDIC,
odified ASCII, or an internal binary format). Lengthwise the informa-

ion is recorded using standard densities such as 9600 bits/in, with gaps
etween blocks sufficient in size to stop the tape transport at the end of a
lock and before the beginning of the next block. Today’s tape units use
⁄2-in, 8-mm, or 1⁄4-in cartridges that have a capacity up to 2.5 Tbytes of
ncompacted data or 7.2 Tbytes of compacted data.

Magnetic or optical disks that offer a wide choice of options form the
ommercial direct-access devices. The recording surface consists of a
latter (or platters) of recording material mounted on a common spindle
otated at high speed. The read-write heads may be permanently posi-
ioned along the radius of the platter or may be mounted on a common
rm that can be moved radially to locate any specified track of informa-
ion. Information is recorded on the tracks circumferentially using
xed-size blocks called pages or sectors. Pages divide the storage and
emory space alike into blocks of 4096 bytes so that program transfers

an be made without creating unusable space. Sectors nominally de-
cribe the physical division of the storage space into equal segments for
asier positioning of the read-write heads.

The access time for retrieving information from a disk depends on
hree separately quoted factors, called seek time, latency time, and
ransfer time. Seek time gives the time needed to position the read-write
eads from their current track position to the track containing the infor-
ation. Average seek time is on the order of 100 ms. Since the faster
xed-head disks require no radial motion, only latency and transfer time
eed to be factored into the total access time for these devices. Latency
ime is the time needed to locate the start of the information along the
ircumferential track. This time depends on the speed of revolution of
he disk, and, on average, corresponds to the time required to revolve
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the platter half a turn. The average latency time can be reduced by
repeating the information several times around the track. Average la-
tency time is on the order of 2 to 20 ms. Transfer time, usually quoted as
a rate, gives the rate at which information can be transferred to memory
after it has been located. There is a large variation in transfer rates
depending on the disk system selected. Typical systems range from
20 kbytes/s to 20 Mbytes/s.

Disk devices are called soft or hard disks, referring to the rigidity of

multiple tasks. These electronically driven mechanisms and controllers,
working with input devices, make possible systems for automatic test-
ing of products, real-time control, and robotics with learning and
adaptive capabilities.

Computer Sizes

Computer size refers not only to the physical size but also to the number
of electronics elements in the system, and so reflects the performance of
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the platter. Soft disks, also called floppy disks, have a mountable, small,
single platter that provides one or two recording surfaces. Soft or floppy
might be a misnomer since many systems use diskettes about the size
and rigidity of a credit card. Typical floppies have a physical size of
51⁄4 in or 31⁄2 in and have a capacity of 1.2 Mbytes and 1.44 Mbytes,
respectively. Hard disks refer to sealed devices whose physical size has
been reduced to units of 1.3 to 2.5 in (33 to 63.5 mm), yet their capacity
has increased. For example, disk storage of 200 Mbytes is available for
small computers, and for more complex systems an array of disks is
available having a capacity of from over 500 Mbytes to nearly 2 Gbytes.

Computer architects sometimes refer to file storage as mass storage or
archival storage, depending on whether or not the libraries can be kept
off-line from the system and mounted when needed. Disk drives with
mountable platter(s) and tape drives constitute the archival storage.
Sealed disks that often have fixed heads for faster access are the me-
dium of choice for mass storage.

Peripheral Devices and Add-ons

Peripheral devices function as self-contained external units that work on
line to the computer to provide or receive information or to control the
flow of information. Add-ons are a special class of units whose circuits
can be integrated into the circuitry of the computer hardware to augment
the basic functionality of the processors. Section 15 covers the elec-
tronic technology associated with these devices.

An input device may be defined as any device that provides a ma-
chine-readable source of information. For engineering work, the most
common forms of input are punched cards, punched tape, magnetic
tape, magnetic ink, touch-tone dials, mark sensing, bar codes, and key-
boards (usually in conjunction with a printing mechanism or video
scope). Many bench instruments have been reconfigured to include dig-
ital devices to provide direct input to computers. Because of the data-
handling capabilities of the computer, these instruments can be simpler,
smaller, and less expensive than the hand instruments they replace. New
devices have also been introduced: devices for visual measurement of
distance, area, speed, and coordinate position of an object; or for in-
specting color or shades of gray for computer-guided vision. Other
methods of input that are finding greater acceptance include handwrit-
ing recognition, printed character recognition, voice digitizers, and pic-
ture digitizers.

Traditionally, output devices play the role of producing displays for
the interpretation of results. A large variety of printers, graphical plot-
ters, video displays, and audio sets have been developed for this pur-
pose. Printers are distinguished by:

Type of print head (letter-quality or dot-matrix)
Type of paper feed (tractor or friction)
Allowable paper sizes
Print control (character, line, or page at a time)
Speed (measured in characters, lines, or pages per minute)
Number of fonts (especially for laser printers)

Graphic plotters and video displays offer variations in size, color capa-
bilities, and quality. The more sophisticated video scopes offer dynamic
characteristics capable of animated displays.

A variety of actuators have been developed for driving control mech-
anisms. Typical developments are in high-precision rack-and-pinion
mechanisms and in lead screws that essentially eliminate backlash due
to gear trains. For complex numerical control, programmable con-
trollers (called PLCs) can simultaneously control and update data from
the system. Between the two ends of the spectrum from the largest and
fastest to the smallest and slowest are machines that vary in speed and
complexity. Although no nomenclature has been universally adopted
that indicates computer size, the following descriptions illustrate a few
generally understood terms used for some common configurations.

Personal computers (PCs) have been made possible by the advances in
solid-state technology. The name applies to computers that can fit the
total complement of hardware on a desktop and operate as stand-alone
systems so as to provide immediate dedicated services to an individual
user. This popular computer size has been generally credited for spread-
ing computer literacy in today’s society. Because of its commercial
success, many peripheral devices, add-ons, and software products have
been (and are continually being) developed. Laptop PCs are personal
computers that have the low weight and size of a briefcase and can
easily be transported when peripherals are not immediately needed.

The term workstation describes computer systems which have been
designed to support complex engineering, scientific, or business appli-
cations in a professional environment . Although a top-of-the-line PC or
a PC connected as a peripheral to another computer can function like a
workstation, one can expect a machine designed as a workstation to
offer higher performance than a PC and to support the more specialized
peripherals and sophisticated professional software. Nevertheless, the
boundary between PCs and workstations changes as the technology
advances. Table 2.2.4 lists some published performance values for the
spectrum of computers which have been designated as workstations.
The spread in speed values represents the statistical average of reported
samples distributed over one standard deviation.

Notebook PCs and the smaller sized palmtop PCs are portable,
battery-operated machines. A typical notebook PC size would be
9 3 11 in (230 3 280 mm) in area, 1 to 2 in (25 to 50 mm) thick, and
2 to 9 lb (1 to 4 kg) in weight . They often have built-in programs stored
in ROM. Having 68-pin integrated circuit cards for mass memory that
can store as much as some hard disks, and being able to share programs
with desktop PCs, these machines find excellent use as portable PCs in
some applications and as data acquisition systems. However their un-
dersized keyboards and small scopes limit their usefulness for sustained
operations.

Table 2.2.4 Reported Performance Parameters
for Workstations

Workstation range

Low Mid High

Processor
Clock speed, MHz
Bus size
Number of coprocessors
Instruction set

Speed rating
Specint92
Specfp92
Mips
Mflops

Memory capacity
Main, Mbytes
Cache, kbytes

Disk capacity
Hard, Mbytes
Floppy, Mbytes

20–33
16–32
1–2
CISC

17.1–25.1
21.2–26.4
20.6–36.4
2.6–6.0

2–128
8–128

10–80
1.44

40–80
32

1–2

32.3–55.7
43.9–81.9
21.9–92.1
4.3–20.9

80–200

100–200
64

1–4
RISC

38.1–77.1
52.0–120.0
86.6–135.4
30.0–50.0

16–128
64–256

200–400
1.44
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Computers larger than a PC or a workstation, called mainframes (and
sometimes minis or maxis, depending on size), serve to support mul-
tiusers and multiapplications. A remotely accessible computing center
may house several mainframes which either operate alone or cooperate
with each other. Their high speed and large memories allow them to
handle complex programs. A specific type of mainframe, used to main-
tain the database of a system, is called a database machine. Database
machines act in cooperation with a number of user stations in a server-

If a local processor fails, it may disrupt local operations, but the
remaining system should continue to function independently.

Small cohesive processors can be best managed and maintained lo-
cally.

Through standards, selection of local processes can be made from the
best products in a competitive market that can be integrated into the
total system.

Obsolete processors can be replaced by processors implemented by
more advance technology that conform to standards without the cost of
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client relationship. In this, the database machine (the server) provides
the data and/or the programs and shares the processing with the individ-
ual workstations (the clients).

At the upper extreme end of the computer spectrum is the supercom-
puter, the class of the fastest machines that can address large, complex
scientific/engineering problems which cannot reasonably be transferred
to other machines. Obviously this class of computer must have cache
and main memory sizes and speeds commensurate with the speed of the
platform. While mass memory sizes must also be large, computers
which support large databases may often have larger memories than do
supercomputers. Large, complex technical problems must be run with
high-precision arithmetic. Because of this, performance is measured in
double-precision flops. Supercomputer performance has moved from
the current range of 10 Gflops into the Tflops range. To realize these
speeds, the designers of supercomputers work at the edge of the avail-
able technology, especially in the use of multiple processors operating
in parallel. Current clusters of 4 to 16 processors are being expanded to
a goal of 100 and more. With multiple processors, however, perfor-
mance depends as much on the time spent in communication between
processors as on the computational speed of the individual processors.
In the final analysis, to muster the supercomputer’s inherent speed, the
development of the software becomes the problem. Some users report
that software must often be hand-tailored to the specific problem. The
power of the machines, however, can replace years of work in analysis
and experimentation.

DISTRIBUTED COMPUTING

Organization of Data Facilities

A distributed computer system can be defined as a collection of com-
puter resources which are remotely located from each other and are
interconnected to cooperate in providing their respective services. The
resources include both the equipment and the software. Resources dis-
tributed to reside near the vicinity where the data is collected or used
have an obvious advantage over centralization. But to provide informa-
tion in a timely and reliable manner, these islands of automation must be
integrated.

The size and complexity of an enterprise served by a distributed
information system can vary from a single-purpose office to a multiple-
plant conglomerate. An enterprise is defined as a system which has been
created to accomplish a mission in its environment and whose goals
involve risk. Internally it consists of organized functions and facilities
which have been prepared to provide its services and accomplish its
mission. When stimulated by an external entity, the enterprise acts to
produce its planned response. An enterprise must handle both the flow
of material (goods) and the flow of information. The information sys-
tem tracks the material in the material system, but itself handles only the
enterprise’s information.

The technology for distributing and integrating the total information
system comes under the industrial strategy known as computer-
integrated business (CIB) or computer-integrated manufacturing
(CIM). The following reasons have been cited for developing CIB and
CIM:

Most data generated locally has only local significance.
Data integrity resides where it is generated.
The quality and consistency of operational decisions demands not

only that all parts of the system work with the same data but that they
can receive it in a reliable and timely manner.
ailoring the products to the existing system.

Figure 2.2.3 depicts the total information system of an enterprise. The
atabase consists of the organized collection of data the processors use
n their operations. Because of differences in their communication re-
uirements, the automated procedures are shown separated into those
sed in the office and those used on the production floor. In a business
nvironment , the front office operations and back office operations
ake this separation. While all processes have a critical deadline, the

roduction floor handles real-time operations, defined as processes
hich must complete their response within a critical deadline or else the

esults of the operations become moot . This places different constraints
n the local-area networks (LANs) that serve the communication needs
ithin the office or within the production floor. To communicate with

ntities outside the enterprise, the enterprise uses a wide-area network
WAN), normally made up from available public network facilities. For
fficient and effective operation, the processes must be interconnected
y the communications to share the data in the database and so integrate
he services provided.

WAN

LA
N

LA
N

Mail, phones
keyboards

Manual
operations

Office
procedures

Shop
procedures

Communications

Database

ig. 2.2.3 Composite view of an enterprise’s information system.

ommunication Channels

communication channel provides the connecting path for transmitting
ignals between a computing system and a remotely located application.
hysically the channel may be formed by a wire line using copper,
oaxial cable, or optical-fiber cable; or may be formed by a wireless line
sing radio, microwave, or communication satellites; or may be a com-
ination of these lines.

Capacity, defined as the maximum rate at which information can be
ransmitted, characterizes a channel independent of the morphic line.
heoretically, an ideal noiseless channel that does not distort the signals
as a channel capacity C given by:

C 5 2W

here C is in pulses per second and W is the channel bandwidth. For
igital transmission, the Hartley-Shannon theorem sets the capacity of a
hannel limited by the presence of gaussian noise such as the thermal
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noise inherent in the components. The formula:

C 5 W log2 (1 1 S/N)

gives the capacity C in bits/s in terms of the signal to noise ratio S/N and
the bandwidth W. Since the signal to noise ratio is normally given in
decibels divisible by 3 (e.g., 12, 18, 21, 24) the following formula
provides a workable approximation to the formula above:

Since the entities at each layer both transmit and receive data, the
protocol between peer layers controls both input and output data, de-
pending on the direction of transmission. The transmitting entities ac-
complish this by appending control information to each data unit that
they pass to the layer below. This control information is later interpreted
and removed by the peer entities receiving the data unit .

Communication Communication
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C 5 W(S/N)db /3

where (S/N)db is the signal-to-noise ratio expressed in decibels. Other
forms of noise, signal distortions, and the methods of signal modulation
reduce this theoretical capacity appreciably.

Nominal transmission speeds for electronic channels vary from 1000
bits to almost 20 Mbits per second. Fiber optics, however, form an
almost noise-free medium. The transmission speed in fiber optics de-
pends on the amount a signal spreads due to the multiple reflected paths
it takes from its source to its destination. Advances in fiber technology
have reduced this spread to give unbelievable rates. Effectively, the
speeds available in today’s optical channels make possible the trans-
mission over a common channel, using digital techniques, of all forms
of information: text , voice, and pictures.

Besides agreeing on speed, the transmitter and receiver must agree on
the mode of transmission and on the timing of the signals. For stations
located remotely from each other, transmission occurs by organizing the
bits into groups and transferring them, one bit after another, in a serial
mode. One scheme, called asynchronous or start-stop transmission, uses
separate start and stop signals to frame a small group of bits represent-
ing a character. Separate but identical clocks at the transmitter and
receiver time the signals. For transmission of larger blocks at faster
rates, the stations use synchronous transmission which embeds the clock
information within the transmitted bits.

Communication Layer Model

Figure 2.2.4 depicts two remotely located stations that must cooperate
through communication in accomplishing their respective tasks. The
communications substructure provides the communication services
needed by the application. The application tasks themselves, however,
are outside the scope of the communication substructure. The distinc-
tion here is similar to that in a telephone system which is not concerned
with the application other than to provide the needed communication
service. The figure shows the communication facilities packaged into a
hierarchical modular layer architecture in which each node contains
identical kinds of functions at the same layer level. The layer functions
represent abstractions of real facilities, but need not represent specific
hardware or software. The entities at a layer provide communication
services to the layer above or can request the services available from the
layer below. The services provided or requested are available only at
service points which are identified by addresses at the boundaries that
interface the adjacent layers.

The top and bottom levels of the layered structure are unique. The
topmost layer interfaces and provides the communication services to the
noncommunication functions performed at a node dealing with the ap-
plication task (the user’s program). This layer also requests communi-
cation services from the layer below. The bottom layer does not have a
lower layer through which it can request communication services. This
layer acts to create and recognize the physical signals transmitted be-
tween the bottom entities of the communicating partners (it arranges the
actual transmission). The medium that provides the path for the transfer
of signals (a wire, usually) connects the service access points at the
bottom layers, but itself lies outside the layer structure.

Virtual communication occurs between peer entities, those at the
same level. Peer-to-peer communication must conform to layer proto-
col, defined as the rules and conventions used to exchange information.
Actual physical communication proceeds from the upper layers to the
bottom, through the communication medium (wire), and then up
through the layer structure of the cooperating node.
Layer 3
entities Layer 3 protocol

user

Layer 3
entities

user

Layer 2
entities Layer 2 protocol

Layer 2
entities

Layer 1
entities Layer 1 protocol

Communication medium

Layer 1
entities

Fig. 2.2.4 Communication layer architecture.

Communication Standards

Table 2.2.5 lists a few of the hundreds of forums seeking to develop and
adopt voluntary standards or to coordinate standards activities. Often
users establish standards by agreement that fixes some existing practice.
The ISO, however, has described a seven-layer model, called the Refer-
ence Model for Open Systems Interconnection (OSI), for coordinating
and expediting the development of new implementation standards. The
term open systems refers to systems that allow devices to be intercon-
nected and to communicate with each other by conforming to common
implementation standards. The ISO model is not of itself an implemen-
tation standard nor does it provide a basis for appraising existing imple-
mentations, but it partitions the communication facilities into layers of
related function which can be independently standardized by different
teams of experts. Its importance lies in the fact that both vendors and
users have agreed to provide and accept implementation standards that
conform to this model.

Table 2.2.5 Some Groups Involved with Communication
Standards

CCITT
ISO
ANSI
EIA
IEEE
MAP/TOP

NIST

Comité Consultatif de Télégraphique et Téléphonique
International Organization for Standardization
American National Standards Institute
Electronic Industries Association
Institute of Electrical and Electronics Engineers
Manufacturing Automation Protocols and Technical and Office
Protocols Users Group

National Institute of Standards and Technology

The following lists the names the ISO has given the layers in its ISO
model together with a brief description of their roles.

Application layer provides no services to the other layers but serves
as the interface for the specialized communication that may be required
by the actual application, such as file transfer, message handling, virtual
terminal, or job transfer.

Presentation layer relieves the node from having to conform to a
particular syntactical representation of the data by converting the data
formats to those needed by the layer above.
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Session layer coordinates the dialogue between nodes including ar-
ranging several sessions to use the same transport layer at one time.

Transport layer establishes and releases the connections between
peers to provide for data transfer services such as throughput , transit
delays, connection setup delays, error rate control, and assessment of
resource availability.

Network layer provides for the establishment , maintenance, and re-
lease of the route whereby a node directs information toward its desti-

ready for transmission. When a station has no message to transmit , or
after it has completed transmission, it passes the token to the next sta-
tion in the ring. The method features protocol procedures for restructur-
ing the ring when ring membership changes, such as when a station
intentionally or through failure leaves the ring, or a new station joins.

The token-ring access method connects the stations into a physical
ring as shown in Fig. 2.2.5c. A special mechanical connector attaches
the station equipment to the medium which when disconnected auto-
matically closes the line to reestablish line continuity. The token has a
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nation.
Data link layer is concerned with the transfer of information that has

been organized into larger blocks by creating and recognizing the block
boundaries.

Physical layer generates and detects the physical signals representing
the bits, and safeguards the integrity of the signals against faulty trans-
mission or lack of synchronization.

The IEEE has formulated several implementation standards for office
or production floor LANs that conform to the lower two layers of the
ISO model. The functions assigned to the ISO data link layer have been
distributed over two sublayers, a logical link control (LLC) upper sub-
layer that generates and interprets the link control commands, and a
medium access control (MAC) lower sublayer that frames the data units
and acquires the right to access the medium. From this structure, the
IEEE has formulated three standards for the MAC sublayer and ISO
physical layer combination, and a common standard for the LLC sub-
layer. The three standards for the bottom portion of the structure are
named according to the method used to control the access to the me-
dium: carrier sense multiple access with collision detection (CSMA/
CD), token-passing bus access, and token ring access. A wide variety of
options have been included for each of these standards which may be
selected to tailor specific implementation standards.

CSMA/CD standardized the access method developed by the Xerox
Corporation under its trademark Ethernet . The nodes in the network are
attached to a common bus, schematically shown in Fig. 2.2.5a. All
nodes hear every message transmitted, but accept only those messages
addressed to themselves. When a node has a message to transmit , it
listens for the line to be free of other traffic before it initiates transmis-
sion. However, more than one mode may detect the free line and may

(a) CSMA/CD (b) Token-passing
bus

(c) Token ring

Fig. 2.2.5 LAN structures.

start to transmit . In this situation the signals will collide and produce a
detectable change in the energy level present in the line. Even after a
station detects a collision it must continue to transmit to make sure that
all stations hear the collision (all data frames must be of sufficient
length to be present simultaneously on the line as they pass each sta-
tion). On hearing a collision, all stations that are transmitting wait a
random length of time and then attempt to retransmit .

The stations in the token-passing bus access method, like the CSMA/
CD method, share a common bus and communicate by broadcasting
their messages to all stations. Unlike CSMA/CD, token-passing bus
stations communicate in an ordered fashion as shown by the dashed line
in Fig. 2.2.5b. By using special control frames the stations organize
themselves into a logical ring by address (station 40 follows 30 which
follows 20 which follows 40). The token is a special control frame
which is circulated sequentially from station to station, giving the sta-
tion that has the token the exclusive right to transmit any message it has
riority level which may be changed by a station. When a station re-
eives the token, it can start to circulate any data it has ready for trans-
ission at the priority level of the token. As each station receives infor-
ation from its neighbor, it regenerates the information and continues

o circulate it around the ring while retaining a copy of everything
estined for itself. The station that had originally sent the information
etains the token until the information has been returned uncorrupted.
hen it passes the token to the next station. Any station that had changed

he priority level of the token has the responsibility for returning it to its
revious level in a fair and orderly fashion. Protocol procedures sense
ailures in a station or faults in the medium.

The MAP/TOP (Manufacturing Automation Protocols and Technical
nd Office Protocols) Users Group started under the auspices of General
otors and Boeing Information Systems and now has a membership of
any thousands of national and international corporations. The corpo-

ations in this group have made a commitment to open systems that will
llow them to select the best products through standards, agreed to by
he group, that will meet their respective requirements. In particular,

AP has standardized options from the IEEE token-passing bus
ethod for production floor LAN implementation, and TOP has stan-

ardized options from the IEEE CSMA/CD for office LAN imple-
entations. These standards have also been adopted by NIST for

overnmentwide use under the title Government Open Systems Inter-
onnections Profile (GOSIP).

The Electronics Industries Association has established three interface
tandards, RS-232C, RS-422, and RS-423, which are frequently refer-
nced for digital communications. These standards specify the use of
ultiple lines that interface the equipment at a station and the commu-

ication control equipment attached to the medium. RS-232C has been
he primary standard for several years for low-speed voltage-oriented
igital communications. RS-232C uses nonbalanced circuits sharing a
ommon ground wire which, because of their sensitivity to noise, limits
he bandwidth and length of the lines. RS-232C specifications call for a
aximum line length of about 250 ft at a bandwidth of 10 kHz. RS-423

lso uses nonbalanced circuits but with individual ground wires which
llows higher limits to a maximum line length of about 400 ft at a
andwidth of 100 kHz. RS-422 uses balanced circuits with individual
round wires which allow line lengths up to 4000 ft at bandwidths of
00 kHz.

The common carriers who offer WAN communication services
hrough their public networks have also developed packet-switching net-
orks for public use. Packet switching transmits data in a purely digital

ormat , which, when embellished, can replace the common circuit-
witching technology used in analog communications such as voice. A
acket is a fixed-sized block of digital data with embedded control
nformation. The network serves to deliver the packets to their destina-
ion in an efficient and reliable manner.

CCITT has developed a set of standards, called X.25, for the three
ottom ISO layers, to interface the public packet-switching networks.
ne of the set , named the X.21 standard, serves as a replacement to the
IA standards (RS-232C, RS-422, and RS-423) with fewer intercon-
ecting lines whereby an expanded number of functions can be selected
y coded digital means. When the equipment at the local site does not
upport the X.25 protocol, then a protocol converter interface, called a
acket assembler/disassembler (PAD), properly structures the data for
ransmission over public packet-switching networks. While the upper
our layers are not addressed by this interface, it is understood that
nd-to-end communication can take place only when the protocols be-
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tween the layers at source and destination points agree or are made to
conform through protocol converters.

RELATIONAL DATABASE TECHNOLOGY

Design Concepts

As computer hardware has evolved from small working memories and

Relational Database Operators

A database system contains the structured collection of data, an on-line
catalog and dictionary of data items, and facilities to access and use the
data. The system allows users to:

Add new tables
Remove old tables
Insert new data into existing tables
Delete data from existing tables

le
le
le
le
le
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tape storage to large working memories and large disk storage, so has
database technology moved from accessing and processing of a single,
sequential file to that of multiple, random-access files. A relational data-
base can be defined as an organized collection of interconnected tables
or records. The records appear like the flat files of older technology. In
each record the information is in columns (fields) which identify attri-
butes, and rows (tuples) which list particular instances of the attributes.
One column (or more), known as the primary key, identifies each row.
Obviously, the primary key must be unique for each row.

If the data is to be handled in an efficient and orderly way, the records
cannot be organized in a helter-skelter fashion such as simply transport-
ing existing flat files into relational tables. To avoid problems in main-
taining and using the database, redundancy should be eliminated by
storing each fact at only one place so that, when making additions or
deletions, one need not worry about duplicates throughout the database.
This goal can be realized by organizing the records into what is known
as the third normal form. A record is in the third normal form if and
only if all nonkey attributes are mutually independent and fully depen-
dent on the primary key.

The advantages of relational databases, assuming proper normaliza-
tion, are:

Each fact can be stored exactly once.
The integrity of the data resides locally, where it is generated and can

best be managed.
The tables can be physically distributed yet interconnected.
Each user can be given his/her own private view of the database

without altering its physical structure.
New applications involving only a part of the total database can be

developed independently.
The system can be automated to find the best path through the data-

base for the specified data.
Each table can be used in many applications by employing simple

operators without having to transfer and manipulate data superfluous to
the application.

A large, comprehensive system can evolve from phased design of
local systems.

New tables can be added without corrupting everyone’s view of the
data.

The data in each table can be protected differently for each user
(read-only, write-only).

The tables can be made inaccessible to all users who do not have the
right to know.

Table 2.2.6 Relational Database Operators

Operator Input

Select A table and a condition A tab
Project A table and an attribute A tab
Union Two tables A tab
Intersection Two tables A tab
Difference Two tables A tab
table
Join Two tables and a condition A table

the g
Divide A table, two attributes, and

list of values
A table

given
value
Retrieve selected data
Manipulate data extracted from several tables
Create specialized reports

As might be expected, these systems include a large collection of
operators and built-in functions in addition to those normally used in
mathematics. Because of the similarity between database tables and
mathematical sets, special set-like operators have been developed to
manipulate tables. Table 2.2.6 lists eight typical table operators. The list
of functions would normally also include such things as count , sum,
average, find the maximum in a column, and find the minimum in a
column. A rich collection of report generators offers powerful and flex-
ible capabilities for producing tabular listings, text , graphics (bar charts,
pie charts, point plots, and continuous plots), pictorial displays, and
voice output .

SOFTWARE ENGINEERING

Programming Goals

Software engineering encompasses the methodologies for analyzing
program requirements and for structuring programs to meet the require-
ments over their life cycle. The objectives are to produce programs that
are:

Well documented
Easily read
Proved correct
Bug- (error-) free
Modifiable and maintainable
Implementable in modules

Control-Flow Diagrams

A control-flow diagram, popularly known as a flowchart, depicts all
possible sequences of a program during execution by representing the
control logic as a directed graph with labeled nodes. The theory asso-
ciated with flowcharts has been refined so that programs can be struc-
tured to meet the above objectives. Without loss of generality, the nodes
in a flowchart can be limited to the three types shown in Fig. 2.2.6. A
function may be either a transformer which converts input data values
into output data values or a transducer which converts that data’s mor-
phological form. A label placed in the rectangle specifies the function’s
action. A predicate node acts to bifurcate the path through the node. A

Output

of all tuples that satisfy the given condition
of all values in the specified attribute
of all unique tuples appearing in one table or the other
of all tuples the given tables have in common
of all tuples appearing in the first and not in the second
concatenating the attributes of the tuples that satisfy
iven condition
of values appearing in one specified attribute of the
table when the table has tuples that satisfies every
in the list in the other given attribute
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question labels the diamond representing a predicate node. The answer
to the question yields a binary value: 0 or 1, yes or no, ON or OFF. One
of the output lines is selected accordingly. A connector serves to rejoin
separated paths. Normally the circle representing a connector does not
contain a label, but when the flowchart is used to document a computer
program it may be convenient to label the connector.

Structured programming theory models all programs by their flow-
charts by placing minor restrictions on their lines and nodes. Specifi-

grams is achieved by substituting any of the three building blocks men-
tioned in the theorem for a function node. In fact , any of the basic
building blocks would do just as well. A program so structured will
appear as a block of function nodes with a top-down control flow.
Because of the top-down structure, the arrow points are not normally
shown.

Figure 2.2.8 illustrates the expansion of a program to find the roots of
ax2 1 bx 1 c 5 0. The flowchart is shown in three levels of detail.
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cally, a flowchart is called a proper program if it has precisely one input
and one output line, and for every node there exists a path from the input
line through the node to the output line. The restriction prohibiting
multiple input or output lines can easily be circumvented by funneling
the lines through collector nodes. The other restriction simply discards
unwanted program structures, since a program with a path that does not
reach the output may not terminate.

Function Predicate Collector

Fig. 2.2.6 Basic flowchart nodes.

Not all proper programs exhibit the desirable properties of meeting
the objectives listed above. Figure 2.2.7 lists a group of proper programs
whose graphs have been identified as being well-structured and useful
as basic building blocks for creating other well-structured programs.
The name assigned to each of these graph suggests the process
each represents. CASE is just a convenient way of showing multiple
IFTHENELSEs more compactly.

BLOCK REPEATUNTIL WHILEDO

IFTHEN IFTHENELSE CASE

Fig. 2.2.7 Basic flowchart building blocks.

The structured programming theorem states: any proper program can
be reconfigured to an equivalent program producing the same transfor-
mation of the data by a flowchart containing at most the graphs labeled
BLOCK, IFTHENELSE, and REPEATUNTIL.

Every proper program has one input line and one output line like a
function block. The synthesis of more complex well-structured pro-
Input a, b, c

Caculate and
report roots

Input a, b, c

a 5 0

Quadratic Linear

Input a, b, c

a 5 0

d , 0 d 5 0 d . 0
Report (1)
  single root:
Root
  5 2c/b

d 5 b224ac b 5 0

Report (0)
  no roots

Report (2)
  distinct roots:
Root1
  5 (2b 1   d)/2a
Root2
  5 (2b 2   d)/2a

Report (2)
  coincident roots:
Roots 5 2b/2a

Report (2)
  complex roots:
Real 5 2b/2a
Imaginary
  5   2d/2a

ig. 2.2.8 Illustration of a control-flow diagram.

ata-Flow Diagrams

ata-flow diagrams structure the actions of a program into a network by
racking the data as it passes through the program. They depict the
nterworkings of a system by the processes performing the work and the
ommunication between the processes. Data-flow diagrams have
roved valuable in analyzing existing or new systems to determine the
ystem requirements and in designing systems to meet those require-
ents. Figure 2.2.9 shows the four basic elements used to construct a

ata-flow diagram. The roles each element plays in the system are:

Rectangular boxes lie outside the system and represent the input data
ources or output data sinks that communicate with the system. The
ources and sinks are also called terminators.

Circles (bubbles) represent processes or actions performed by the
ystem in accomplishing its function.

Terminator Data flow Process File

ig. 2.2.9 Data-flow diagram elements.



SOFTWARE SYSTEMS 2-51

Twin parallel lines represent a data file used to collect and store data
from among the processes or from a process over time which can be
later recalled.

Arcs or vectors connect the other elements and represent data flows.

A label placed with each element makes clear its role in the system.
The circles contain verbs and the other elements contain nouns. The arcs
tie the system together. An arc between a terminator and a process
represents input to or output from the system. An arc between two

designer can restructure the internal processors and the formats of the
data flows. The bubbles in a diagram can be broken down into further
details to be shown in another data-flow diagram. This can be repeated
level after level until the processes become manageable and under-
standable. To complete the system description, each bubble in the data-
flow charts is accompanied by a control-flow diagram or its equivalent
to describe the algorithm used to accomplish the actions and a data
dictionary describing the items in the data flows and in the databases.

The techniques of data-flow diagrams lend themselves beautifully to
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processes represents output from one process which is input to the other.
An arc between a process and a file represents data gathered by the
process and stored in the file, or retrieval of data from the file.

Analysis starts with a contextual view of the system studied in its
environment . The contextual view gives the name of the system, the
collection of terminators, and the data flows that provide the system
inputs and outputs; all accompanied by a statement of the system objec-
tive. Details on the terminators and data they provide may also be de-
scribed by text , but often the picture suffices. It is understood that the
form of the input and output may not be dictated by the designer since
they often involve organizations outside the system. Typical inputs in
industrial systems include customer orders, payment checks, purchase
orders, requests for quotations, etc. Figure 2.2.10a illustrates a context
diagram for a repair shop.

Figure 2.2.10b gives many more operational details showing how the
parts of the system interact to accomplish the system’s objectives. The

Customer

(a) Contextual view

(b) Behavorial view

Repair shop

Call

Call

Schedule
services

Office records

Appointment
Complaint
Invoice
Payment
Receipt

Product chart Parts inventory

Invoice

Receipt

Payment
Service

customer

Customer
info.

Schedule
Repair
services

Billing
info.

Complaint

Examine
product

Test list Repairs

History
Test results Parts order

Appointment

Test
order

Perform
tests

Repair
order

Repair
product

Fig. 2.2.10 Illustration of a data-flow diagram.
the analysis of existing systems. In a complex system it would be un-
usual for an individual to know all the details, but all system participants
know their respective roles: what they receive, whence they receive it ,
what they do, what they send, and where they send it . By carefully
structuring interviews, the complete system can be synthesized to any
desired level of detail. Moreover, each system component can be veri-
fied because what is sent from one process must be received by another
and what is received by a process must be used by the process. To
automate the total system or parts of the system, control bubbles con-
taining transition diagrams can be implemented to control the timing of
the processes.

SOFTWARE SYSTEMS

Software Techniques

Two basic operations form the heart of nonnumerical techniques such as
those found in handling large database tables. One basic operation,
called sorting, collates the information in a table by reordering the items
by their key into a specified order. The other basic operation, called
searching, seeks to find items in a table whose keys have the same or
related value as a given argument . The search operation may or may not
be successful, but in either case further operations follow the search
(e.g., retrieve, insert , replace).

One must recognize that computers cannot do mathematics. They can
perform a few basic operations such as the four rules of arithmetic, but
even in this case the operations are approximations. In fact , computers
represent long integers, long rationals, and all the irrational numbers
like p and e only as approximations. While computer arithmetic and the
computer representation of numbers exceed the precision one com-
monly uses, the size of problems solved in a computer and the number
of operations that are performed can produce misleading results with
large computational errors.

Since the computer can handle only the four rules of arithmetic,
complex functions must be approximated by polynomials or rational
fractions. A rational fraction is a polynomial divided by another poly-
nomial. From these curve-fitting techniques, a variety of weighted-
average formulas can be developed to approximate the definite integral
of a function. These formulas are used in the procedures for solving
differential and integral equations. While differentiation can also be
expressed by these techniques, it is seldom used, since the errors be-
come unacceptable.

Taking advantage of the machine’s speed and accuracy, one can solve
nonlinear equations by trial and error. For example, one can use the
Newton-Raphson method to find successive approximations to the roots
of an equation. The computer is programmed to perform the calcula-
tions needed in each iteration and to terminate the procedure when it has
converged on a root . More sophisticated routines can be found in the
libraries for finding real, multiple, and complex roots of an equation.

Matrix techniques have been commercially programmed into libraries
of prepared modules which can be integrated into programs written in
all popular engineering programming languages. These libraries not
only contain excellent routines for solving simultaneous linear equations
and the eigenvalues of characteristic matrices, but also embody proce-
dures guarding against ill-conditioned matrices which lead to large
computational errors.

Special matrix techniques called relaxation are used to solve partial
differential equations on the computer. A typical problem requires set-
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ting up a grid of hundreds or thousands of points to describe the region
and expressing the equation at each point by finite-difference methods.
The resulting matrix is very sparse with a regular pattern of nonzero
elements. The form of the matrix circumvents the need for handling
large arrays of numbers in the computer and avoids problems in compu-
tational accuracy normally found in dealing with extremely large ma-
trices.

The computer is an excellent tool for handling optimization problems.

a mix of queues), the method used in scheduling the jobs in the queue
(first come–first served, shortest job next , or explicit priorities), and the
internal handling of the jobs in the queue (batch, multiprogramming, or
timesharing).

Table 2.2.7 Some Popular PC
Operating Systems

Trademark Supplier

c
i
a

o
d
b
s

r
w
a
o
c
s
e
p

p
s
c
n
E
t

P

F
s
r
c
l
s
w
t

r
t
t
w
l

p
f
o
t

m
t
c

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Mathematically these problems are formulated as problems in finding
the maximum or minimum of a nonlinear equation. The excellent tech-
niques that have been developed can deal effectively with the unique
complexities these problems have, such as saddle points which repre-
sent both a maximum and a minimum.

Another class of problems, called linear programming problems, is
characterized by the linear constraint of many variables which plot into
regions outlined by multidimensional planes (in the two-dimensional
case, the region is a plane enclosed by straight lines). Techniques have
been developed to find the optimal solution of the variables satisfying
some given value or cost objective function. The solution to the problem
proceeds by searching the corners of the region defined by the con-
straining equations to find points which represent minimum points of a
cost function or maximum points of a value function.

The best known and most widely used techniques for solving statisti-
cal problems are those of linear statistics. These involve the techniques
of least squares (otherwise known as regression). For some problems
these techniques do not suffice, and more specialized techniques in-
volving nonlinear statistics must be used, albeit a solution may not
exist .

Artificial intelligence (AI) is the study and implementation of programs
that model knowledge systems and exhibit aspects of intelligence in
problem solving. Typical areas of application are in learning, linguis-
tics, pattern recognition, decision making, and theorem proving. In AI,
the computer serves to search a collection of heuristic rules to find a
match with a current situation and to make inferences or otherwise
reorganize knowledge into more useful forms. AI techniques have been
utilized to build sophisticated systems, called expert systems, to aid in
producing a timely response in problems involving a large number of
complex conditions.

Operating Systems

The operating system provides the services that support the needs that
computer programs have in common during execution. Any list of ser-
vices would include those needed to configure the resources that will be
made available to the users, to attach hardware units (e.g., memory
modules, storage devices, coprocessors, and peripheral devices) to the
existing configuration, to detach modules, to assign default parameters
to the hardware and software units, to set up and schedule users’ tasks so
as to resolve conflicts and optimize throughput , to control system input
and output devices, to protect the system and users’ programs from
themselves and from each other, to manage storage space in the file
devices, to protect file devices from faults and illegal use, to account for
the use of the system, and to handle in an orderly way any exception
which might be encountered during program execution. A well-
designed operating system provides these services in a user-friendly
environment and yet makes itself and the computer operating staff
transparent to the user.

The design of a computer operating system depends on the number of
users which can be expected. The focus of single-user systems relies on
the monitor to provide a user-friendly system through dialog menus
with icons, mouse operations, and templets. Table 2.2.7 lists some pop-
ular operating systems for PCs by their trademark names. The design of
a multiuser system attempts to give each user the impression that he/she
is the lone user of the system. In addition to providing the accoutre-
ments of a user-friendly system, the design focuses on the order of
processing the jobs in an attempt to treat each user in a fair and equitable
fashion. The basic issues for determining the order of processing center
on the selection of job queues: the number of queues (a simple queue or
DOS Microsoft Corp.
Windows Microsoft Corp.
OS/2 IBM Corp.
Unix Unix Systems Laboratory Inc.
Sun/OS Sun Microsystems Inc.
Macintosh Apple Computer Inc.

Batch operating systems process jobs in a sequential order. Jobs are
ollected in batches and entered into the computer with individual job
nstructions which the operating system interprets to set up the job, to
llocate resources needed, to process the job, and to provide the input /

output . The operating system processes each job to completion in the
rder it appears in the batch. In the event a malfunction or fault occurs
uring execution, the operating system terminates the job currently
eing executed in an orderly fashion before initiating the next job in
equence.

Multiprogramming operating systems process several jobs concur-
ently. A job may be initiated any time memory and other resources
hich it needs become available. Many jobs may be simultaneously

ctive in the system and maintained in a partial state of completion. The
rder of execution depends on the priority assignments. Jobs are exe-
uted to completion or put into a wait state until a pending request for
ervice has been satisfied. It should be noted that , while the CPU can
xecute only a single program at any moment of time, operations with
eripheral and storage devices can occur concurrently.

Timesharing operating systems process jobs in a way similar to multi-
rogramming except for the added feature that each job is given a short
lice of the available time to complete its tasks. If the job has not been
ompleted within its time slice or if it requests a service from an exter-
al device, it is put into a wait status and control passes to the next job.
ffectively, the length of the time slice determines the priority of

he job.

rogram Preparation Facilities

or the user, the crucial part of a language system is the grammar which
pecifies the language syntax and semantics that give the symbols and
ules used to compose acceptable statements and the meaning asso-
iated with the statements. Compared to natural languages, computer
anguages are more precise, have a simpler structure, and have a clearer
yntax and semantics that allows no ambiguities in what one writes or
hat one means. For a program to be executed, it must eventually be

ranslated into a sequence of basic machine instructions.
The statements written by a user must first be put on some machine-

eadable medium or typed on a keyboard for entry into the machine. The
ranslator (compiler) program accepts these statements as input and
ranslates (compiles) them into a sequence of basic machine instructions
hich form the executable version of the program. After that , the trans-

ated (compiled) program can be run.
During the execution of a program, a run-time program must also be

resent in the memory. The purpose of the run-time system is to per-
orm services that the user’s program may require. For example, in case
f a program fault , the run-time system will identify the error and
erminate the program in an orderly manner.

Some language systems do not have a separate compiler to produce
achine-executable instructions. Instead the run-time system interprets

he statements as written, converts them into a pseudo-code, and exe-
utes the coded version.



SOFTWARE SYSTEMS 2-53

Commonly needed functions are made available as prepared mod-
ules, either as an integral part of the language or from stored libraries.
The documentation of these functions must be studied carefully to as-
sure correct selection and utilization.

Languages may be classified as procedure-oriented or problem-
oriented. With procedure-oriented languages, all the detailed steps must
be specified by the user. These languages are usually characterized as
being more verbose than problem-oriented languages, but are more

gramming languages. Like other attempts to formulate very large all-
inclusive languages, it is difficult to learn and has not found popular
favor. Nevertheless, its many unique features make it especially valu-
able in implementing programs which cannot be easily implemented
in other languages (e.g., programs for parallel computations in em-
bedded computers).

By edict , subsets of Ada were forbidden. Modula-2 was designed to
retain the inherent simplicity of PASCAL but include many of the ad-
vanced features of Ada. Its advantage lies in implementing large pro-
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flexible and can deal with a wider range of problems. Problem-oriented
languages deal with more specialized classes of problems. The elements
of problem-oriented languages are usually familiar to a knowledgeable
professional and so are easier to learn and use than procedure-oriented
languages.

The most elementary form of a procedure-oriented language is called
an assembler. This class of language permits a computer program to be
written directly in basic computer instructions using mnemonic opera-
tors and symbolic operands. The assembler’s translator converts these
instructions into machine-usable form.

A further refinement of an assembler permits the use of macros. A
macro identifies, by an assigned name and a list of formal parameters, a
sequence of computer instructions written in the assembler’s format and
stored in its subroutine library. The macroassembler includes these
macro instructions in the translated program along with the instructions
written by the programmer.

Besides these basic language systems there exists a large variety of
other language systems. These are called higher-level language systems
since they permit more complex statements than are permitted by a
macroassembler. They can also be used on machines produced by dif-
ferent manufacturers or on machines with different instruction reper-
toires.

In the field of business programming, COBOL (COmmon Business-
Oriented Language) is the most popular. This language facilitates the
handling of the complex information files found in business and data-
processing problems.

Another example of an application area supported by special lan-
guages is in the field of problems involving strings of text . SNOBOL
and LISP exemplify these string-manipulation or list-processing lan-
guages. Applications vary from generating concordances to sophisti-
cated symbolic formula manipulation.

One language of historical value is ALGOL 60. It is a landmark in the
theoretical development of computer languages. It was designed and
standardized by an international committee whose goal was to formu-
late a language suitable for publishing computer algorithms. Its impor-
tance lies in the many language features it introduced which are now
common in the more recent languages which succeeded it and in the
scientific notation which was used to define it .

FORTRAN (FORmula TRANslator) was one of the first languages
catering to the engineering and scientific community where algebraic
formulas specify the computations used within the program. It has been
standardized several times. The current version is FORTRAN 90 (ANSI
X3.198-1992). Each version has expanded the language features and
has removed undesirable features which lead to unstructured programs.
The new features include new data types like Boolean and character
strings, additional operators and functions, and new statements that
support programs conforming to the requirements for structured pro-
gramming.

The PASCAL language couples the ideas of ALGOL 60 to those of
structured programming. By allowing only appropriate statement types,
it guarantees that any program written in the language will be well-
structured. In addition, the language introduced new data types and
allows programmers to define new complex data structures based on the
primitive data types.

The definition of the Ada language was sponsored by the Department
of Defense as an all-encompassing language for the development and
maintenance of very large, software-intensive projects over their life
cycle. While it meets software engineering objectives in a manner simi-
lar to Pascal, it has many other features not normally found in pro-
jects involving many programmers. The compilers for this language
have rigorous interface cross-checking mechanisms to avoid poor inter-
faces between components. Another troublesome area is in the implicit
use of global data. Modula-2 retains the Ada facilities that allow pro-
grammers to share data and avoids incorrectly modifying the data in
different program units.

The C language was developed by AT&T’s Bell Laboratories and
subsequently standardized by ANSI. It has a reputation for translating
programs into compact and fast code, and for allowing program seg-
ments to be precompiled. Its strength rests in the flexibility of the lan-
guage; for example, it permits statements from other languages to be
included in-line in a C program and it offers the largest selection of
operators that mirror those available in an assembly language. Because
of its flexibility, programs written in C can become unreadable.

Problem-oriented languages have been developed for every discipline.
A language might deal with a specialized application within an engi-
neering field, or it might deal with a whole gamut of applications cover-
ing one or more fields.

A class of problem-oriented languages that deserves special mention
are those for solving problems in discrete simulation. GPSS, Simscript ,
and SIMULA are among the most popular. A simulation (another word
for model) of a system is used whenever it is desirable to watch a
succession of many interrelated events or when there is interplay be-
tween the system under study and outside forces. Examples are prob-
lems in human-machine interaction and in the modeling of business
systems. Typical human-machine problems are the servicing of auto-
matic equipment by a crew of operators (to study crew size and assign-
ments, typically), or responses by shared maintenance crews to equip-
ment subject to unpredictable (random) breakdown. Business models
often involve transportation and warehousing studies. A business model
could also study the interactions between a business and the rest of the
economy such as competitive buying in a raw materials market or com-
petitive marketing of products by manufacturers.

Physical or chemical systems may also be modeled. For example, to
study the application of automatic control values in pipelines, the com-
puter model consists of the control system, the valves, the piping sys-
tem, and the fluid properties. Such a model, when tested, can indicate
whether fluid hammer will occur or whether valve action is fast enough.
It can also be used to predict pressure and temperature conditions in the
fluid when subject to the valve actions.

Another class of problem-oriented languages makes the computer
directly accessible to the specialist with little additional training. This is
achieved by permitting the user to describe problems to the computer in
terms that are familiar in the discipline of the problem and for which the
language is designed. Two approaches are used. Figures 2.2.11 and
2.2.12 illustrate these.

One approach sets up the computer program directly from the mathe-
matical equations. In fact , problems were formulated in this manner in
the past , where analog computers were especially well-suited. Anyone
familiar with analog computers finds the transitions to these languages
easy. Figure 2.2.11 illustrates this approach using the MIMIC language
to write the program for the solution of the initial-value problem:

Mÿ 1 Z~y 1 Ky 5 1 and ~y(0) 5 y(0) 5 0

MIMIC is a digital simulation language used to solve systems of ordi-
nary differential equations. The key step in setting up the solution is to
isolate the highest-order derivative on the left-hand side of the equation
and equate it to an expression composed of the remaining terms. For the
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MIMIC statements Explanation

DY2 5 (1 2 Z p DY1 2 K p Y )/M Differential equation to be solved.
‘‘p’’ is used for multiplication and
DY2, DY1, and Y are defined
mnemonics for ÿ, ~y, and y.

DY1 5 INT(DY2,0.)
Y 5 INT(DY1,0.)

INT(A,B) is used to perform
integration. It forms successive
values of B 1 eAdt.

using the SCEPTRE language. SCEPTRE statements are written under
headings and subheadings which identify the type of component being
described. This language may be applied to network problems of elec-
trical digital-logic elements, mechanical-translation or rotational ele-
ments, or transfer-function blocks. The translator for this language de-
velops and sets up the equations directly from this description of the
network diagram, and so relieves the user from the mathematical
aspects of the problem.
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FIN(T,10.) T is a reserved name representing the
independent variable. This statement
will terminate execution when T $
10.

CON(M,K,Z ) Values must be furnished for M, K,
and Z. An input with these values
must appear after the END card.

PLO(T,DY2)
PLO(T,DY1)
PLO(T,Y )

Three point plots are produced on the
line printer; ÿ, ~y, and y vs. t.

END Necessary last statement.

Fig. 2.2.11 Illustration of a MIMIC program.

equation above, this results in:

ÿ 5 (1 2 Z~y 2 Ky)/M

The highest-order derivative is derived by equating it to the expression
on the right-hand side of the equation. The lower-order derivatives in
the expression are generated successively by integrating the highest-
order derivative. The MIMIC language permits the user to write these
statements in a format closely resembling mathematical notation.

The alternate approach used in problem-oriented languages permits
the setup to be described to the computer directly from the block dia-
gram of the physical system. Figure 2.2.12 illustrates this approach

K1 5 40.
D1 5 .5
M1 5 10.
R1 5 7.32

A node is assigned to:
• ground
• any mass
• point between two elements

The prefix of element name speci-
fies its type; i.e., M for mass, K for
spring, D for damper, and R for
force.

(a)

SCEPTRE statements Explanation

MECHANICAL
DESCRIPTION

ELEMENTS
M1, 1 2 3 5 10.
K1, 1 2 2 5 40.
D1, 2 2 3 5 .5
R1, 1 2 3 5 7.32

Specifies the elements and their
position in the diagram using the
node numbers.

OUTPUT
SM1,VM1

Results are listed on the line printer.
Prefix on the element specifies the
quantity to be listed; S for
displacement , V for velocity.

RUN CONTROL
STOPTIME 5 10.

TIME is reserved name for
independent variable. Statement will
terminate execution of program when
TIME is equal to or greater than 10.

END Necessary statement.

(b)

Fig. 2.2.12 Illustration of SCEPTRE program. (a) Problem to be solved; (b)
SCEPTRE program.
pplication Packages

n application package differs from a language in that its components
ave been organized to solve problems in a particular application rather
han to create the components themselves. The user interacts with the
ackage by initiating the operations and providing the data. From an
perational view, packages are built to minimize or simplify interac-
ions with the users by using a menu to initiate operations and entering
he data through templets.

Perhaps the most widely used application package is the word proces-
or. The objective of a word processor is to allow users to compose text
n an electronically stored format which can be corrected or modified,
nd from which a hard copy can be produced on demand. Besides the
asic typewriter operations, it contains functions to manipulate text in
locks or columns, to create headers and footers, to number pages, to
nd and correct words, to format the data in a variety of ways, to create

abels, and to merge blocks of text together. The better word processors
ave an integrated dictionary, a spelling checker to find and correct
isspelled words, a grammar checker to find grammatical errors, and a

hesaurus. They often have facilities to prepare complex mathematical
quations and to include and manipulate graphical artwork, including
diting color pictures. When enough page- and document formatting
apability has been added, the programs are known as desktop publishing
rograms.

One of the programs that contributed to the early acceptance of per-
onal computers was the spread sheet program. These programs simulate
he common spread sheet with its columns and rows of interrelated data.
he computerized approach has the advantage that the equations are
tored so that the results of a change in data can be shown quickly after
ny change is made in the data. Modern spread sheet programs have
any capabilities, including the ability to obtain information from other

pread sheets, to produce a variety of reports, and to prepare equations
hich have complicated logical aspects.
Tools for project management have been organized into commercially

vailable application packages. The objectives of these programs are in
he planning, scheduling, and controlling the time-oriented activities
escribing the projects. There are two basically similar techniques used
n these packages. One, called CPM (critical path method), assumes that
he project activities can be estimated deterministically. The other,
alled PERT (project evaluation and review technology), assumes that
he activities can be estimated probabilistically. Both take into account
uch items as the requirement that certain tasks cannot start before the
ompletion of other tasks. The concepts of critical path and float are
rucial, especially in scheduling the large projects that these programs
re used for. In both cases tools are included for estimating project
chedules, estimating resources needed and their schedules, and repre-
enting the project activities in graphical as well as tabular form.

A major use of the digital computer is in data reduction, data analysis,
nd visualization of data. In installations where large amounts of data
re recorded and kept , it is often advisable to reduce the amount of data
y ganging the data together, by averaging the data with numerical
lters to reduce the amount of noise, or by converting the data to a more
ppropriate form for storage, analysis, visualization, or future process-
ng. This application has been expanded to produce systems for evalua-
ion, automatic testing, and fault diagnosis by coupling the data acquisi-
ion equipment to special peripherals that automatically measure and
ecord the data in a digital format and report the data as meaningful,
onphysically measurable parameters associated with a mathematical
odel.
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Computer-aided design/computer-aided manufacturing (CAD/CAM)
is an integrated collection of software tools which have been designed
to make way for innovative methods of fabricating customized products
to meet customer demands. The goal of modern manufacturing is to
process orders placed for different products sooner and faster, and to
fabricate them without retooling. CAD has the tools for prototyping a
design and setting up the factory for production. Working within a

Two other types of application package illustrate the versatility of
data management techniques. One type ties on-line equipment to a
computer for collecting real-time data from the production lines. An
animated, pictorial display of the production lines forms the heart of the
system, allowing supervision in a central control station to continuously
track operations. The other type collects time-series data from the
various activities in an enterprise. It assists in what is known as manage-
ment by exception. It is especially useful where the detailed data is so
voluminous that it is feasible to examine it only in summaries. The data
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framework of agile manufacturing facilities that features automated ve-
hicles, handling robots, assembly robots, and welding and painting
robots, the factory sets itself up for production under computer control.
Production starts with the receipt of an order on which customers may
pick options such as color, size, shapes, and features. Manufacturing
proceeds with greater flexibility, quality, and efficiency in producing an
increased number of products with a reduced workforce. Effectively,
CAD/CAM provides for the ultimate just-in-time (JIT) manufacturing.
elements are processed and stored in various levels of detail in a seam-
less fashion. The system stores the reduced data and connects it to the
detailed data from which it was derived. The application package allows
management , through simple computer operations, to detect a problem
at a higher level and to locate and pinpoint its cause through examina-
tion of successively lower levels.
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erence frame and holds that all reference frames must be described
relative to each other.

SYSTEMS AND UNITS OF MEASUREMENTS

units of length, mass, and time are considered
and all other units including that of force are

ms, the units of length, force, and time are con-
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In absolute systems, the
fundamental quantities,
derived.

In gravitational syste

PHYSICAL MECHANICS

Definitions

Force is the action of one body on another which will cause acceleration
of the second body unless acted on by an equal and opposite action
counteracting the effect of the first body. It is a vector quantity.

Time is a measure of the sequence of events. In newtonian mechanics
it is an absolute quantity. In relativistic mechanics it is relative to the
frames of reference in which the sequence of events is observed. The
common unit of time is the second.

Inertia is that property of matter which causes a resistance to any
change in the motion of a body.

Mass is a quantitative measure of inertia.
Acceleration of Gravity Every object which falls in a vacuum at a

given position on the earth’s surface will have the same acceleration g.
Accurate values of the acceleration of gravity as measured relative to
the earth’s surface include the effect of the earth’s rotation and flatten-
ing at the poles. The international gravity formula for the acceleration of
gravity at the earth’s surface is g 5 32.0881(1 1 0.005288 sin2 f 2
0.0000059 sin2 2f) ft /s2, where f is latitude in degrees. For extreme
accuracy, the local acceleration of gravity must also be corrected for the
presence of large water or land masses and for height above sea level.
The absolute acceleration of gravity for a nonrotating earth discounts
the effect of the earth’s rotation and is rarely used, except outside the
earth’s atmosphere. If g0 represents the absolute acceleration at sea
level, the absolute value at an altitude h is g 5 g0R2/(R 1 h)2, where R is
the radius of the earth, approximately 3,960 mi (6,373 km).

Weight is the resultant force of attraction on the mass of a body due to
a gravitational field. On the earth, units of weight are based upon an
acceleration of gravity of 32.1740 ft /s2 (9.80665 m/s2).

Linear momentum is the product of mass and the linear velocity of a
particle and is a vector. The moment of the linear-momentum vector
about a fixed axis is the angular momentum of the particle about that
fixed axis. For a rigid body rotating about a fixed axis, angular momen-
tum is defined as the product of moment of inertia and angular velocity,
each measured about the fixed axis.

An increment of work is defined as the product of an incremental
displacement and the component of the force vector in the direction of
the displacement or the component of the displacement vector in the
direction of the force. The increment of work done by a couple acting on
a body during a rotation of du in the plane of the couple is dU 5 M du.

Energy is defined as the capacity of a body to do work by reason of its
motion or configuration (see Work and Energy).

A vector is a directed line segment that has both magnitude and direc-
tion. In script or text , a vector is distinguished from a scalar V by a
boldface-type V. The magnitude of the scalar is the magnitude of the
vector, V 5 |V|.

A frame of reference is a specified set of geometric conditions to
which other locations, motion, and time are referred. In newtonian me-
chanics, the fixed stars are referred to as the primary (inertial) frame of
reference. Relativistic mechanics denies the existence of a primary ref-
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sidered fundamental qualities, and all other units including that of mass
are derived.

In the SI system of units, the unit of mass is the kilogram (kg) and the
unit of length is the metre (m). A force of one newton (N) is derived as
the force that will give 1 kilogram an acceleration of 1 m/s2.

In the English engineering system of units, the unit of mass is the
pound mass (lbm) and the unit of length is the foot (ft). A force of one
pound (1 lbf ) is the force that gives a pound mass (1 lbm) an accelera-
tion equal to the standard acceleration of gravity on the earth, 32.1740
ft /s2 (9.80665 m/s2). A slug is the mass that will be accelerated 1 ft /s2

by a force of 1 lbf. Therefore, 1 slug 5 32.1740 lbm. When described in
the gravitational system, mass is a derived unit , being the constant of
proportionality between force and acceleration, as determined by New-
ton’s second law.

General Laws

NEWTON’S LAWS

I. If a balanced force system acts on a particle at rest , it will remain
at rest . If a balanced force system acts on a particle in motion, it will
remain in motion in a straight line without acceleration.

II. If an unbalanced force system acts on a particle, it will acceler-
ate in proportion to the magnitude and in the direction of the resultant
force.

III. When two particles exert forces on each other, these forces are
equal in magnitude, opposite in direction, and collinear.

Fundamental Equation The basic relation between mass, accelera-
tion, and force is contained in Newton’s second law of motion. As
applied to a particle of mass, F 5 ma, force 5 mass 3 acceleration.
This equation is a vector equation, since the direction of F must be the
direction of a, as well as having F equal in magnitude to ma. An alter-
native form of Newton’s second law states that the resultant force is
equal to the time rate of change of momentum, F 5 d(mv)/dt.

Law of the Conservation of Mass The mass of a body remains
unchanged by any ordinary physical or chemical change to which it may
be subjected.

Law of the Conservation of Energy The principle of conservation
of energy requires that the total mechanical energy of a system remain
unchanged if it is subjected only to forces which depend on position or
configuration.

Law of the Conservation of Momentum The linear momentum of a
system of bodies is unchanged if there is no resultant external force on
the system. The angular momentum of a system of bodies about a fixed
axis is unchanged if there is no resultant external moment about this
axis.

Law of Mutual Attraction (Gravitation) Two particles attract each
other with a force F proportional to their masses m1 and m2 and in-
versely proportional to the square of the distance r between them, or
F 5 km1m2/r2, in which k is the gravitational constant . The value of the
gravitational constant is k 5 6.673 3 10211 m3/kg ? s2 in SI or absolute
units, or k 5 3.44 3 1028 ft4 lb21 s24 in engineering gravitational units.
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It should be pointed out that the unit of force F in the SI system is the
newton and is derived, while the unit force in the gravitational system is
the pound-force and is a fundamental quantity.

EXAMPLE. Each of two solid steel spheres 6 in in diam will weigh 32.0 lb on
the earth’s surface. This is the force of attraction between the earth and the steel
sphere. The force of mutual attraction between the spheres if they are just touching
is 0.000000136 lb.

STATICS OF RIGID BODIES

Resultant of Any Number of Forces Applied to a Rigid Body at the
Same Point Resolve each of the given forces F into components along
three rectangular coordinate axes. If A, B, and C are the angles made
with XX, YY, and ZZ, respectively, by any force F, the components
will be F cos A along XX, F cos B along YY, F cos C along ZZ; add
the components of all the forces along each axis algebraically and ob-
tain oF cos A 5 oX along XX, oF cos B 5 oY along YY, and oF
cos C 5 oZ along ZZ.

The resultant R 5 √(oX)2 1 (oY)2 1 (oZ)2. The angles made by the
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General Considerations

If the forces acting on a rigid body do not produce any acceleration, they
must neutralize each other, i.e., form a system of forces in equilibrium.
Equilibrium is said to be stable when the body with the forces acting
upon it returns to its original position after being displaced a very small
amount from that position; unstable when the body tends to move still
farther from its original position than the very small displacement; and
neutral when the forces retain their equilibrium when the body is in its
new position.

External and Internal Forces The forces by which the individual
particles of a body act on each other are known as internal forces. All
other forces are called external forces. If a body is supported by other
bodies while subject to the action of forces, deformations and forces
will be produced at the points of support or contact and these internal
forces will be distributed throughout the body until equilibrium exists
and the body is said to be in a state of tension, compression, or shear.
The forces exerted by the body on the supports are known as reactions.
They are equal in magnitude and opposite in direction to the forces with
which the supports act on the body, known as supporting forces. The
supporting forces are external forces applied to the body.

In considering a body at a definite section, it will be found that all the
internal forces act in pairs, the two forces being equal and opposite. The
external forces act singly.

General Law When a body is at rest , the forces acting externally to
it must form an equilibrium system. This law will hold for any part of
the body, in which case the forces acting at any section of the body
become external forces when the part on either side of the section is
considered alone. In the case of a rigid body, any two forces of the same
magnitude, but acting in opposite directions in any straight line, may be
added or removed without change in the action of the forces acting on
the body, provided the strength of the body is not affected.

Composition, Resolution, and Equilibrium of
Forces

The resultant of several forces acting at a point is a force which will
produce the same effect as all the individual forces acting together.

Forces Acting on a Body at the Same Point The resultant R of two
forces F1 and F2 applied to a rigid body at the same point is represented
in magnitude and direction by the diagonal of the parallelogram formed
by F1 and F2 (see Figs. 3.1.1 and 3.1.2).

R 5 √F2
1 1 F2

2 1 2 F1F2 cos a

sin a1 5 (F2 sin a)/R sin a2 5 (F1 sin a)/R

When a 5 90°, R 5 √F2
1 1 F2

2 , sin a1 5 F2/R, and sin a2 5 F1/R.

When a 5 0°, R 5 F1 1 F2 Forces act in same
When a 5 180°, R 5 F1 2 F2

J straight line.

A force R may be resolved into two component forces intersecting any-
where on R and acting in the same plane as R, by the reverse of the
operation shown by Figs. 3.1.1 and 3.1.2; and by repeating the operation
with the components, R may be resolved into any number of component
forces intersecting R at the same point and in the same plane.

Fig. 3.1.1 Fig. 3.1.2
resultant with the three axes are Ar with XX, Br with YY, Cr with ZZ,
where

cos Ar 5 oX/R cos Br 5 oY/R cos Cr 5 oZ/R

The direction of the resultant can be determined by plotting the algebraic
sums of the components.

If the forces are all in the same plane, the components of each of the
forces along one of the three axes (say ZZ) will be 0; i.e., angle Cr 5

90° and R 5 √(oX)2 1 (oY)2, cos Ar 5 oX/R, and cos Br 5 oY/R.
For equilibrium, it is necessary that R 5 0; i.e., oX, oY, and oZ must

each be equal to zero.
General Law In order that a number of forces acting at the same

point shall be in equilibrium, the algebraic sum of their components
along any three coordinate axes must each be equal to zero. When the
forces all act in the same plane, the algebraic sum of their components
along any two coordinate axes must each equal zero.

When the Forces Form a System in Equilibrium Three unknown
forces can be determined if the lines of action of the forces are all
known and are in different planes. If the forces are all in the same plane,
the lines of action being known, only two unknown forces can be deter-
mined. If the lines of action of the unknown forces are not known, only
one unknown force can be determined in either case.

Couples and Moments

Couple Two parallel forces of equal magnitude (Fig. 3.1.3) which
act in opposite directions and are not collinear form a couple. A couple
cannot be reduced to a single force.

Fig. 3.1.3

Displacement and Change of a Couple The forces forming a cou-
ple may be moved about and their magnitude and direction changed,
provided they always remain parallel to each other and remain in either
the original plane or one parallel to it , and provided the product of one
of the forces and the perpendicular distance between the two is constant
and the direction of rotation remains the same.

Moment of a Couple The moment of a couple is the product of the
magnitude of one of the forces and the perpendicular distance between
the lines of action of the forces. Fa 5 moment of couple; a 5 arm of
couple. If the forces are measured in pounds and the distance a in feet ,
the unit of rotation moment is the foot-pound. If the force is measured in
kilograms and the distance in metres, the unit is the metre-kilogram. In
the cgs system the unit of rotation moment is 1 cm-dyne.

Rotation moments of couples acting in the same plane are convention-
ally considered to be positive for counterclockwise moments and nega-
tive for clockwise moments, although it is only necessary to be consis-
tent within a given problem. The magnitude, direction, and sense of
rotation of a couple are completely determined by its moment axis, or
moment vector, which is a line drawn perpendicular to the plane in
which the couple acts, with an arrow indicating the direction from
which the couple will appear to have right-handed rotation; the length
of the line represents the magnitude of the moment of the couple. See
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Fig. 3.1.4, in which AB represents the magnitude of the moment of the
couple. Looking along the line in the direction of the arrow, the couple
will have right-handed rotation in any plane perpendicular to the line.

Composition of Couples Couples may be combined by adding their
moment vectors geometrically, in accordance with the parallelogram
rule, in the same manner in which forces are combined.

Couples lying in the same or parallel planes are added algebraically. Let
1 28 lbf ? ft (1 38 N ? m), 2 42 lbf ? ft (2 57 N ? m), and 1 70 lbf ? ft
(95 N ? m) be the moments of three couples in the same or parallel

Ar 5 oX/R, cos Br 5 oY/R, and cos Cr 5 oZ/R; and there are three
couples which may be combined by their moment vectors into a single
resultant couple having the moment Mr 5 √(Mx)2 1 (My)2 1 (Mz)2,
whose moment vector makes angles of Am , Bm , and Cm with axes XX,
YY, and ZZ, such that cos Am 5 Mx /Mr , cos Bm 5 My /Mr , cos Cm 5
Mz /Mr . If this single resulting couple is in the same plane as the single
resulting force at the origin or a plane parallel to it , the system may be
reduced to a single force R acting at a distance from R equal to Mr /R. If
the couple and force are not in the same or parallel planes, it is impossi-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
planes; their resultant is a single couple lying in the same or in a parallel
plane, whose moment is oM 5 1 28 2 42 1 70 5 1 56 lbf ? ft (oM 5
1 38 2 57 1 95 5 76 N ? m).

Fig. 3.1.4 Fig. 3.1.5

If the polygon formed by the moment vectors of several couples closes
itself, the couples form an equilibrium system. Two couples will balance each
other when they lie in the same or parallel planes and have the same
moment in magnitude, but opposite in sign.

Combination of a Couple and a Single Force in the Same Plane (Fig.
3.1.5) Given a force F 5 18 lbf (80 N) acting as shown at distance x
from YY, and a couple whose moment is 2 180 lbf ? ft (244 N ? m) in
the same or parallel plane, to find the resultant . A couple may be
changed to any other couple in the same or a parallel plane having the
same moment and same sign. Let the couple consist of two forces of
18 lbf (80 N) each and let the arm be 10 ft (3.05 m). Place the couple in
such a manner that one of its forces is opposed to the given force at p.
This force of the couple and the given force being of the same magni-
tude and opposite in direction will neutralize each other, leaving the
other force of the couple acting at a distance of 10 ft (3.05 m) from p
and parallel and equal to the given force 18 lbf (80 N).

General Rule The resultant of a couple and a single force lying in
the same or parallel planes is a single force, equal in magnitude, in the
same direction and parallel to the single force, and acting at a distance
from the line of action of the single force equal to the moment of the
couple divided by the single force. The moment of the resultant force
about any point on the line of action of the given single force must be of
the same sense as that of the couple, positive if the moment of the
couple is positive, and negative if the moment of the couple is negative.
If the moment of the couple in Fig. 3.1.5 had been 1 instead of 2, the
resultant would have been a force of 18 lbf (80 N) acting in the same
direction and parallel to F, but at a distance of 10 ft (3.05 m) to the left
of it (shown dotted), making the moment of the resultant about any
point on F positive.

To effect a parallel displacement of a single force F over a distance a, a
couple whose moment is Fa must be added to the system. The sense of
the couple will depend upon which way it is desired to displace force F.

The moment of a force with respect to a point is the product of the force
F and the perpendicular distance from the point to the line of action of
the force.

The Moment of a Force with Respect to a Straight Line If the force
is resolved into components parallel and perpendicular to the given line,
the moment of the force with respect to the line is the product of the
magnitude of the perpendicular component and the distance from its
line of action to the given line.

Forces with Different Points of Application

Composition of Forces If each force F is resolved into components
parallel to three rectangular coordinate axes XX, YY, and ZZ, the magni-
tude of the resultant is R 5 √(oX)2 1 (oY)2 1 (oZ)2, and its line of
action makes angles Ar , Br , and Cr with axes XX, YY, and ZZ, where cos
ble to reduce the system to a single force. If R 5 0, i.e., if oX, oY, and
oZ all equal zero, the system will reduce to a single couple whose
moment is Mr . If Mr 5 0, i.e., if Mx , My , and Mz all equal zero, the
resultant will be a single force R.

When the forces are all in the same plane, the cosine of one of the
angles Ar , Br , or Cr 5 0, say, Cr 5 90°. Then R 5 √(oX)2 1 (oY)2,
Mr 5 √M2

x 1 M2
y, and the final resultant is a force equal and parallel to

R, acting at a distance from R equal to Mr /R.
A system of forces in the same plane can always be replaced by either

a couple or a single force. If R 5 0 and Mr ? 0, the resultant is a couple.
If Mr 5 0 and R . 0, the resultant is a single force.

A rigid body is in equilibrium when acted upon by a system of forces
whenever R 5 0 and Mr 5 0, i.e., when the following six conditions
hold true: oX 5 0, oY 5 0, oZ 5 0, Mx 5 0, My 5 0, and Mz 5 0.
When the system of forces is in the same plane, equilibrium prevails
when the following three conditions hold true: oX 5 0, oY 5 0,
oM 5 0.

Forces Applied to Support Rigid Bodies

The external forces in equilibrium acting upon a body may be statically
determinate or indeterminate according to the number of unknown
forces existing. When the forces are all in the same plane and act at a
common point , two unknown forces may be determined if their lines of
action are known, one if unknown.

When the forces are all in the same plane and are parallel, two un-
known forces may be determined if the lines of action are known, one if
unknown.

When the forces are anywhere in the same plane, three unknown
forces may be determined if their lines of action are known, if they are
not parallel or do not pass through a common point; if the lines of action
are unknown, only one unknown force can be determined.

If the forces all act at a common point but are in different planes,
three unknown forces can be determined if the lines of action are
known, one if unknown.

If the forces act in different planes but are parallel, three unknown
forces can be determined if their lines of action are known, one if
unknown.

The first step in the solution of problems in statics is the determina-
tion of the supporting forces. The following data are required for the
complete knowledge of supporting forces: magnitude, direction, and
point of application. According to the nature of the problem, none, one,
or two of these quantities are known.

One Fixed Support The point of application, direction, and magni-
tude of the load are known. See Fig. 3.1.6. As the body on which the
forces act is in equilibrium, the supporting force P must be equal in
magnitude and opposite in direction to the resultant of the loads L.

In the case of a rolling surface, the point of application of the support
is obtained from the center of the connecting bolt A (Fig. 3.1.7), both the
direction and magnitude being unknown. The point of application and

Fig. 3.1.6 Fig. 3.1.7
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line of action of the support at B are known, being determined by the
rollers.

When three forces acting in the same plane on the same rigid body are
in equilibrium, their lines of action must pass through the same point O.
The load L is known in magnitude and direction. The line of action of
the support at B is known on account of the rollers. The point of appli-
cation of the support at A is known. The three forces are in equilibrium
and are in the same plane; therefore, the lines of action must meet at the
point O.

nitude and direction. Its position is given by the point of application O.
By means of repeated use of the triangle of forces and by omitting the
closing sides of the individual triangles, the magnitude and direction of
the resultant R of any number of forces in the same plane and intersect-
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In the case of the rolling surfaces shown in Fig. 3.1.8, the direction of
the support at A is known, the magnitude and point of application un-
known. The line of action and point of application of the supporting

Fig. 3.1.8 Fig. 3.1.9

force at B are known, its magnitude unknown. The lines of action of the
three forces must meet in a point , and the supporting force at A must be
perpendicular to the plane XX. In the case shown in Fig. 3.1.9, the
directions and points of application of the supporting forces are known,
and the magnitudes unknown. The lines of action of resultant of sup-
ports A and B, the support at C and load L must meet at a point . Resolve
the resultant of supports at A and B into components at A and B, their
direction being determined by the rollers.

If a member of a truss or frame in equilibrium is pinned at two points
and loaded at these two points only, the line of action of the forces
exerted on the member or by the member at these two points must be
along a line connecting the pins.

If the external forces acting upon a rigid body in equilibrium are all in
the same plane, the equations oX 5 0, oY 5 0, and oM 5 0 must be
satisfied. When trusses, frames, and other structures are under discus-
sion, these equations are usually used as oV 5 0, oH 5 0, oM 5 0,
where V and H represent vertical and horizontal components, respec-
tively.

The supports are said to be statically determinate when the laws of
equilibrium are sufficient for their determination. When the conditions
are not sufficient for the determination of the supports or other forces,
the structure is said to be statically indeterminate; the unknown forces
can then be determined from considerations involving the deformation
of the material.

When several bodies are so connected to one another as to make up a
rigid structure, the forces at the points of connection must be considered
as internal forces and are not taken into consideration in the determina-
tion of the supporting forces for the structure as a whole.

The distortion of any practically rigid structure under its working
loads is so small as to be negligible when determining supporting
forces. When the forces acting at the different joints in a built-up struc-
ture cannot be determined by dividing the structure up into parts, the
structure is said to be statically indeterminate internally. A structure may
be statically indeterminate internally and still be statically determinate
externally.

Fundamental Problems in Graphical Statics

A force may be represented by a straight line in a determined position,
and its magnitude by the length of the straight line. The direction in
which it acts may be indicated by an arrow.

Polygon of Forces The parallelogram of two forces intersecting
each other (see Figs. 3.1.4 and 3.1.5) leads directly to the graphic com-
position by means of the triangle of forces. In Fig. 3.1.10, R is called the
closing side, and represents the resultant of the forces F1 and F2 in mag-
Fig. 3.1.10

ing at a single point can be found. In Fig. 3.1.11 the lines representing
the forces start from point O, and in the force polygon (Fig. 3.1.12) they
are joined in any order, the arrows showing their directions following
around the polygon in the same direction. The magnitude of the result-
ant at the point of application of the forces is represented by the closing
side R of the force polygon; its direction, as shown by the arrow, is
counter to that in the other sides of the polygon.

If the forces are in equilibrium, R must equal zero, i.e., the force polygon
must close.

Fig. 3.1.11 Fig. 3.1.12

If in a closed polygon one of the forces is reversed in direction, this
force becomes the resultant of all the others.

If the forces do not all lie in the same plane, the diagram becomes a
polygon in space. The resultant R of this system may be obtained by
adding the forces in space. The resultant is the vector which closes the
space polygon. The space polygon may be projected onto three coordi-
nate planes, giving three related plane polygons. Any two of these pro-
jections will involve all static equilibrium conditions and will be suffi-
cient for a full description of the force system (see Fig. 3.1.13).

Fig. 3.1.13

Determination of Stresses in Members of a
Statically Determinate Plane Structure with
Loads at Rest

It will be assumed that the loads are applied at the joints of the structure,
i.e., at the points where the different members are connected, and that
the connections are pins with no friction. The stresses in the members
must then be along lines connecting the pins, unless any member is
loaded at more than two points by pin connections. If the members are
straight , the forces exerted on them or by them must coincide with the
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axes of the members, In other words, there shall be no bending stresses
in any of the members of the structure.

Equilibrium In order that the whole structure should be in equilib-
rium, it is necessary that the external forces (loads and supports) shall
form a balanced system. Graphical and analytical methods are both of
service.

Supporting Forces When the supporting forces are to be deter-
mined, it is not necessary to pay any attention to the makeup of the
structure under consideration so long as it is practically rigid; the loads

gravity or center of mass. Whenever the density of the body is uniform, it
will be a constant factor and like geometric shapes of different densities
will have the same center of gravity. The term centroid is used in this
case since the location of the center of gravity is of geometric concern
only. If densities are nonuniform, like geometric shapes will have the
same centroid but different centers of gravity.
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may be taken as they occur, or the resultant of the loads may be used
instead. When the stresses in the members of the structure are being
determined, the loads must be distributed at the joints where they be-
long.

Method of Joints When all the external forces have been deter-
mined, any joint at which there are not more than two unknown forces
may be taken and these unknown forces determined by the methods of
the stress polygon, resolution or moments. In Fig. 3.1.14, let O be the
joint of a structure and F be the only known force; but let O1 and O2 be
two members of the structure joined at O. Then the lines of action of the
unknown forces are known and their magnitude may be determined (1)
by a stress polygon which, for equilibrium, must close; (2) by resolution
into H and V components, using the condition of equilibrium oH 5 0,
oV 5 0; or (3) by moments, using any convenient point on the line of
action of O1 and O2 and the condition of equilibrium oM 5 0. No more
than two unknown forces can be determined. In this manner, proceeding
from joint to joint , the stresses in all the members of the truss can
usually be determined if the structure is statically determinate inter-
nally.

Fig. 3.1.14 Fig. 3.1.15

Method of Sections The structure may be divided into parts by
passing a section through it cutting some of its members; one part may
then be treated as a rigid body and the external forces acting upon it
determined. Some of these forces will be the stresses in the members
themselves. For example, let xx (Fig. 3.1.15) be a section taken through
a truss loaded at P1 , P2 , and P3 , and supported on rollers at S. As the
whole truss is in equilibrium, any part of it must be also, and conse-
quently the part shown to the left of xx must be in equilibrium under the
action of the forces acting externally to it . Three of these forces are the
stresses in the members aa, bb, and bc, and are the unknown forces to be
determined. They can be determined by applying the condition of equi-
librium of forces acting in the same plane but not at the same point .
oH 5 0, oV 5 0, oM 5 0. The three unknown forces can be determined
only if they are not parallel or do not pass through the same point; if,
however, the forces are parallel or meet in a point , two unknown forces
only can be determined. Sections may be passed through a structure
cutting members in any convenient manner, as a rule, however, cutting
not more than three members, unless members are unloaded.

For the determination of stresses in framed structures, see Sec. 12.2.

CENTER OF GRAVITY

Consider a three-dimensional body of any size, shape, and weight . If it
is suspended as in Fig. 3.1.16 by a cord from any point A, it will be in
equilibrium under the action of the tension in the cord and the resultant
of the gravity or body forces W. If the experiment is repeated by sus-
pending the body from point B, it will again be in equilibrium. If the
lines of action of the resultant of the body forces were marked in each
case, they would be concurrent at a point G known as the center of
Fig. 3.1.16

Centroids of Technically Important Lines,
Areas, and Solids

CENTROIDS OF LINES

Straight Lines The centroid is at its middle point .
Circular Arc AB (Fig. 3.1.17a) x0 5 r sin c/rad c; y0 5 2r sin2 1⁄2c/rad

c. (rad c 5 angle c measured in radians.)
Circular Arc AC (Fig. 3.1.17b) x0 5 r sin c/rad c; y0 5 0.

Fig. 3.1.17

Quadrant, AB (Fig. 3.1.18) x0 5 y0 5 2r/p 5 0.6366r.
Semicircumference, AC (Fig. 3.1.18) y0 5 2r/p 5 0.6366r; x0 5 0.
Combination of Arcs and Straight Line (Fig. 3.1.19) AD and BC are

two quadrants of radius r. y0 5 {(AB)r 1 2[0.5pr(r 2 0.6366r)]} 4
{AB 1 2(0.5pr)].

Fig. 3.1.18 Fig. 3.1.19

CENTROIDS OF PLANE AREAS

Triangle Centroid lies at the intersection of the lines joining the
vertices with the midpoints of the sides, and at a distance from any side
equal to one-third of the corresponding altitude.

Parallelogram Centroid lies at the point of intersection of the diag-
onals.

Trapezoid (Fig. 3.1.20) Centroid lies on the line joining the middle
points m and n of the parallel sides. The distances ha and hb are

ha 5 h(a 1 2b)/3(a 1 b) hb 5 h(2a 1 b)/3(a 1 b)

Draw BE 5 a and CF 5 b; EF will then intersect mn at centroid.
Any Quadrilateral The centroid of any quadrilateral may be deter-

mined by the general rule for areas, or graphically by dividing it into
two sets of triangles by means of the diagonals. Find the centroid of
each of the four triangles and connect the centroids of the triangles
belonging to the same set . The intersection of these lines will be cen-
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troid of area. Thus, in Fig. 3.1.21, O, O1, O2, and O3 are, respectively,
the centroids of the triangles ABD, ABC, BDC, and ACD. The intersec-
tion of O1O3 with OO2 gives the centroids.

CENTROIDS OF SOLIDS

Prism or Cylinder with Parallel Bases The centroid lies in the
center of the line connecting the centers of gravity of the bases.

Oblique Frustum of a Right Circular Cylinder (Fig. 3.1.27) Let 1 2 3
4 be the plane of symmetry. The distance from the base to the centroid is
1⁄2h 1 (r2 tan2 c)/8h, where c is the angle of inclination of the oblique
section to the base. The distance of the centroid from the axis of the
cylinder is r2 tan c/4h.

Pyramid or Cone The centroid lies in the line connecting the cen-
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Fig. 3.1.20 Fig. 3.1.21

Segment of a Circle (Fig. 3.1.22) x0 5 2⁄3r sin3 c/(rad c 2 cos c
sin c). A segment may be considered to be a sector from which a triangle
is subtracted, and the general rule applied.

Sector of a Circle (Fig. 3.1.23) x0 5 2⁄3r sin c/rad c; y0 5 4⁄3r sin2

1⁄2c/rad c.
Semicircle x0 5 4⁄3r/p 5 0.4244r; y0 5 0.
Quadrant (90° sector) x0 5 y0 5 4⁄3r/p 5 0.4244r.

Fig. 3.1.22 Fig. 3.1.23

Parabolic Half Segment (Fig. 3.1.24) Area ABO: x0 5 3⁄5x1; y0 5
3⁄8y1.

Parabolic Spandrel (Fig. 3.1.24) Area AOC: x90 5 3⁄10x1; y90 5 3⁄4y1.

Fig. 3.1.24

Quadrant of an Ellipse (Fig. 3.1.25) Area OAB: x0 5 4⁄3(a/p); y0 5
4⁄3(b/p).

The centroid of a figure such as that shown in Fig. 3.1.26 may be
determined as follows: Divide the area OABC into a number of parts by
lines drawn perpendicular to the axis XX, e.g., 11, 22, 33, etc. These
parts will be approximately either triangles, rectangles, or trapezoids.
The area of each division may be obtained by taking the product of its

Fig. 3.1.25 Fig. 3.1.26

mean height and its base. The centroid of each area may be obtained as
previously shown. The sum of the moments of all the areas about XX
and YY, respectively, divided by the sum of the areas will give approxi-
mately the distances from the center of gravity of the whole area to the
axes XX and YY. The greater the number of areas taken, the more nearly
exact the result .
troid of the base with the vertex and at a distance of one-fourth of the
altitude above the base.

Truncated Pyramid If h is the height of the truncated pyramid and A
and B the areas of its bases, the distance of its centroid from the surface
of A is

h(A 1 2 √AB 1 3B)/4(A 1 √AB 1 B)

Truncated Circular Cone If h is the height of the frustum and R and
r the radii of the bases, the distance from the surface of the base whose
radius is R to the centroid is h(R2 1 2Rr 1 3r2)/4(R2 1 Rr 1 r2).

Fig. 3.1.27 Fig. 3.1.28

Segment of a Sphere (Fig. 3.1.28) Volume ABC: x0 5 3(2r 2 h)2/
4(3r 2 h).

Hemisphere x0 5 3r/8.
Hollow Hemisphere x0 5 3(R4 2 r4)/8(R3 2 r3), where R and r are,

respectively, the outer and inner radii.
Sector of a Sphere (Fig. 3.1.28) Volume OABCO: x90 5 3⁄8(2r 2 h).
Ellipsoid, with Semiaxes a, b, and c For each octant , distance from

center of gravity to each of the bounding planes 5 3⁄8 3 length of
semiaxis perpendicular to the plane considered.

The formulas given for the determination of the centroid of lines and
areas can be used to determine the areas and volumes of surfaces and
solids of revolution, respectively, by employing the theorems of
Pappus, Sec. 2.1.

Determination of Center of Gravity of a Body by Experiment The
center of gravity may be determined by hanging the body up from
different points and plumbing down; the point of intersection of the
plumb lines will give the center of gravity. It may also be determined as
shown in Fig. 3.1.29. The body is placed on knife-edges which rest
on platform scales. The sum of the weights registered on the two scales
(w1 1 w2) must equal the weight (w) of the body. Taking a moment axis
at either end (say, O), w2A/w 5 x0 5 distance from O to plane contain-
ing the center of gravity.

Fig. 3.1.29

Graphical Determination of the Centroids of Plane Areas See Fig.
3.1.40.
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MOMENT OF INERTIA

The moment of inertia of a solid body with respect to a given axis is the
limit of the sum of the products of the masses of each of the elementary
particles into which the body may be conceived to be divided and the
square of their distance from the given axis.

If dm 5 dw/g represents the mass of an elementary particle and y its
distance from an axis, the moment of inertia I of the body about this axis
will be I 5 ey2 dm 5 ey2 dw/g.

The moment of inertia may be expressed in weight units (Iw 5 ey2

X9X9 and Y9Y9, respectively. Also, let c be the angle between the respec-
tive pairs of axes, as shown. Then,

I9y 5 Iy cos2 c 1 Ix sin2 c 1 Ixy sin 2c
I9x 5 Ix cos2 c 1 Iy sin2 c 2 Ixy sin 2c

I9xy 5
Ix 2 Iy

2
sin 2c 1 Ixy cos 2c

Principal Moments of Inertia In every plane area, a given point
being taken as the origin, there is at least one pair of rectangular axes in
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dw), in which case the moment of inertia in weight units, Iw, is equal to
the moment of inertia in mass units, I, multiplied by g.

If I 5 k2m, the quantity k is called the radius of gyration or the radius of
inertia.

If a body is considered to be composed of a number of parts, its
moment of inertia about an axis is equal to the sum of the moments of
inertia of the several parts about the same axis, or I 5 I1 1 I2 1
I3 1 ? ? ? 1 In.

The moment of inertia of an area with respect to a given axis is the limit
of the sum of the products of the elementary areas into which the area
may be conceived to be divided and the square of their distance (y) from
the axis in question. I 5 ey2 dA 5 k2A, where k 5 radius of gyration.

The quantity ey2 dA is more properly referred to as the second mo-
ment of area since it is not a measure of inertia in a true sense.

Formulas for moments of inertia and radii of gyration of various areas
follow later in this section.

Relation between the Moments of Inertia of an Area and a
Solid The moment of inertia of a solid of elementary thickness about
an axis is equal to the moment of inertia of the area of one face of the
solid about the same axis multiplied by the mass per unit volume of the
solid times the elementary thickness of the solid.

Moments of Inertia about Parallel Axes The moment of inertia of
an area or solid about any given axis is equal to the moment of inertia
about a parallel axis through the center of gravity plus the square of the
distance between the two axes times the area or mass.

In Fig. 3.1.30a, the moment of inertia of the area ABCD about axis YY
is equal to I0 (or the moment of inertia about Y0Y0 through the center of
gravity of the area and parallel to YY ) plus x2

0A, where A 5 area of
ABCD. In Fig. 3.1.30b, the moment of inertia of the mass m about
YY 5 I0 1 x2

0m. Y0Y0 passes through the centroid of the mass and is
parallel to YY.

Fig. 3.1.30

Polar Moment of Inertia The polar moment of inertia (Fig. 3.1.31)
is taken about an axis perpendicular to the plane of the area. Referring to
Fig. 3.1.31, if Iy and Ix are the moments of inertia of the area A about YY
and XX, respectively, then the polar moment of inertia Ip 5 Ix 1 Iy, or
the polar moment of inertia is equal to the sum of the moments of inertia
about any two axes at right angles to each other in the plane of the area
and intersecting at the pole.

Product of Inertia This quantity will be represented by Ixy, and is
eexy dy dx, where x and y are the coordinates of any elementary part
into which the area may be conceived to be divided. Ixy may be positive
or negative, depending upon the position of the area with respect to the
coordinate axes XX and XY.

Relation between Moments of Inertia about Axes Inclined to Each
Other Referring to Fig. 3.1.32, let Iy and Ix be the moments of inertia
of the area A about YY and XX, respectively, I9y and I9x the moments about
Y9Y9 and X9X9, and Ixy and I9x y the products of inertia for XX and YY, and
Fig. 3.1.31 Fig. 3.1.32

the plane of the area about one of which the moment of inertia is a
maximum, and a minimum about the other. These moments of inertia
are called the principal moments of inertia, and the axes about which they
are taken are the principal axes of inertia. One of the conditions for
principal moments of inertia is that the product of inertia Ixy shall equal
zero. Axes of symmetry of an area are always principal axes of inertia.

Relation between Products of Inertia and Parallel Axes In Fig.
3.1.33, X0X0 and Y0Y0 pass through the center of gravity of the area
parallel to the given axes XX and YY. If Ixy is the product of inertia for
XX and YY, and Ix0y0

that for X0X0 and Y0Y0, then Ixy 5 Ix0y0
1 abA.

Fig. 3.1.33

Mohr’s Circle The principal moments of inertia and the location of
the principal axes of inertia for any point of a plane area may be estab-
lished graphically as follows.

Given at any point A of a plane area (Fig. 3.1.34), the moments of
inertia Ix and Iy about axes X and Y, and the product of inertia Ixy relative
to X and Y. The graph shown in Fig. 3.1.34b is plotted on rectangular
coordinates with moments of inertia as abscissas and products of inertia

Fig. 3.1.34

as ordinates. Lay out Oa 5 Ix and ab 5 Ixy (upward for positive products
of inertia, downward for negative). Lay out Oc 5 Iy and cd 5 negative
of Ixy. Draw a circle with bd as diameter. This is Mohr’s circle. The
maximum moment of inertia is I9x 5 Of; the minimum moment of inertia is
I9y 5 Og. The principal axes of inertia are located as follows. From axis
AX (Fig. 3.1.34a) lay out angular distance u 5 1⁄2 , bef. This locates
axis AX9, one principal axis (I9x 5 Of ). The other principal axis of inertia
is AY9, perpendicular to AX9 (I9x 5 Og).

The moment of inertia of any area may be considered to be made up of
the sum or difference of the known moments of inertia of simple fig-
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ures. For example, the dimensioned figure shown in Fig. 3.1.35 repre-
sents the section of a rolled shape with hole oprs and may be divided
into the semicircle abc, rectangle edkg, and triangles mfg and hkl, from
which the rectangle oprs is to be subtracted. Referring to axis XX,

Ixx 5 p44/8 for semicircle abc 5 (2 3 113)/3 for rectangle edkg
5 2[(5 3 33)/36 1 102(5 3 3)/2] for the two triangles mfg

and hkl

From the sum of these there is to be subtracted Ixx 5 [(2 3 32)/

Solid right circular cone about an axis through its apex and perpendic-
ular to its axis: I 5 3M[(r2/4) 1 h2]/5. (h 5 altitude of cone, r 5 radius
of base.)

Solid right circular cone about its axis of revolution: I 5 3Mr2/10.
Ellipsoid with semiaxes a, b, and c: I about diameter 2c (z axis) 5

4mpabc (a2 1 b2)/15. [Equation of ellipsoid: (x2/a2) 1 (y2/b2) 1
(z2/c2) 5 1.]

Ring with Circular Section (Fig. 3.1.36) Iyy 5 1⁄2mp2Ra2(4R2 1
3a2); Ixx 5 mp2Ra2[R2 1 (5a2/4)].
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12 1 42(2 3 3)] for the rectangle oprs.
If the moment of inertia of the

whole area is required about an axis
parallel to XX, but passing through
the center of gravity of the whole
area, I0 5 Ixx 2 x0

2A, where x0 5 dis-
tance from XX to center of gravity.
The moments of inertia of built-up sec-
tions used in structural work may be
found in the same manner, the mo-
ments of inertia of the different rolled
sections being given in Sec. 12.2.

Fig. 3.1.35

Moments of Inertia of Solids For moments of inertia of solids about
parallel axes, Ix 5 I0 1 x0

2m.
Moment of Inertia with Reference to Any Axis Let a mass particle

dm of a body have x, y, and z as coordinates, XX, YY, and ZZ being the
coordinate axes and O the origin. Let X9X9 be any axis passing through
the origin and making angles of A, B, and C with XX, YY, and ZZ,
respectively. The moment of inertia with respect to this axis then be-
comes equal to

I9x 5 cos2 Ae(y2 1 z2) dm 1 cos2 Be(z2 1 x2) dm
1 cos2 Ce(x2 1 y2) dm 2 2 cos B cos Ceyz dm

2 2 cos C cos Aezx dm 2 2 cos A cos Bexy dm

Let the moment of inertia about XX 5 Ix 5 e(y2 1 z2) dm, about
YY 5 Iy 5 e(z2 1 x2) dm, and about ZZ 5 Iz 5 e(x2 1 y2) dm. Let the
products of inertia about the three coordinate axes be

Iyz 5 eyz dm Izx 5 ezx dm Ixy 5 exy dm

Then the moment of inertia I9x becomes equal to

Ix cos2 A 1 Iy cos2 B 1 Iz cos2 C 2 2Iyz cos B cos C 2 2Izx

cos C cos A 2 2Ixy cos A cos B

The moment of inertia of any solid may be considered to be made up
of the sum or difference of the moments of inertia of simple solids of
which the moments of inertia are known.

Moments of Inertia of Important Solids
(Homogeneous)

m 5 w/g 5 mass per unit of volume of the body
M 5 W/g 5 total mass of body
r 5 radius
I 5 moment of inertia (mass units)

Iw 5 I 3 g 5 moment of inertia (weight units)

Solid circular cylinder about its axis: I 5 pr4ma/2 5 Mr2/2.
(a 5 length of axis of cylinder.)

Solid circular cylinder about an axis through the center of gravity and
perpendicular to axis of cylinder: I 5 M[r2 1 (a2/3)]/4.

Hollow circular cylinder about its axis: I 5 pma(r1
4 2 r2

4)/2. (r1 and
r2 5 outer and inner radii; a 5 length.)

Thin hollow circular cylinder about its axis: I 5 Mr2.
Solid sphere about a diameter: I 5 8mpr5/15 5 2Mr2/5.
Thin hollow sphere about a diameter: I 5 2Mr2/3.
Thick hollow sphere about a diameter: I 5 8mp(r1

5 2 r2
5)/15. (r1 and r2

are outer and inner radii.)
Rectangular prism about an axis through center of gravity and perpen-

dicular to a face whose dimensions are a and b: I 5 M(a2 1 b2)/12.
Fig. 3.1.36 Fig. 3.1.37

Approximate Moments of Inertia of Solids In order to determine
the moment of inertia of a solid, it is necessary to know all its dimen-
sions. In the case of a rod of mass M (Fig. 3.1.37) and length l, with
shape and size of the cross section unknown, making the approximation
that the weight is all concentrated along the axis of the rod, the moment

of inertia about YY will be Iyy 5 El

0

(M/l)x2 dx 5 Ml2/3.

A thin plate may be treated in the same way (Fig. 3.1.38): Iyy 5

El

0

(M/l)x2 dx. Here the mass of the plate is assumed concentrated at its

middle layer.
Thin Ring, or Cylinder (Fig. 3.1.39) Assume the mass M of the ring or

cylinder to be concentrated at a distance r from O. The moment of
inertia about an axis through O perpendicular to plane of ring or along
the axis of the cylinder will be I 5 Mr2; this will be greater than the
exact moment of inertia, and r is sometimes taken as the distance from
O to the center of gravity of the cross section of the rim.

Fig. 3.1.38 Fig. 3.1.39

Flywheel Effect The moment of inertia of a solid is often called
flywheel effect in the solution of problems dealing with rotating bodies,
and is usually expressed in lb ? ft2 (Iw).

Graphical Determination of the Centroids and Moments of Inertia
of Plane Areas Required to find the center of gravity of the area MNP
(Fig. 3.1.40) and its moment of inertia about any axis XX.

Draw any line SS parallel to XX and at a distance d from it . Draw a
number of lines such as AB and EF across the figure parallel to XX.
From E and F draw ER and FT perpendicular to SS. Select as a pole any

Fig. 3.1.40
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point on XX, preferably the point nearest the area, and draw OR and OT,
cutting EF at E9 and F9. If the same construction is repeated, using other
lines parallel to XX, a number of points will be obtained, which, if
connected by a smooth curve, will give the area M9N9P9. Project E9 and
F9 onto SS by lines E9R9 and F9T9. Join F9 and T9 with O, obtaining E99
and F99; connect the points obtained using other lines parallel to XX and
obtain an area M99N99P99. The area M9N9P9 3 d 5 moment of area MNP
about the line XX, and the distance from XX to the centroid MNP 5 area
M9N9P9 3 d/area MNP. Also, area M99N99P99 3 d 2 5 moment of inertia

A velocity-time curve offers a convenient means for the study of accel-
eration. The slope of the curve at any point will represent the acceleration
at that time. In Fig. 3.1.43a the slope is constant; so the acceleration
must be constant . In the case represented by the full line, the accelera-
tion is positive; so the velocity is increasing. The dotted line shows a
negative acceleration and therefore a decreasing velocity. In Fig.
3.1.43b the slope of the curve varies from point to point; so the acceler-
ation must also vary. At p and q the slope is zero; therefore, the acceler-
ation of the point at the corresponding times must also be zero. The area
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of MNP about XX. The areas M9N9P9 and M99N99P99 can best be obtained
by use of a planimeter.

KINEMATICS

Kinematics is the study of the motion of bodies without reference to the
forces causing that motion or the mass of the bodies.

The displacement of a point is the directed distance that a point has
moved on a geometric path from a convenient origin. It is a vector,
having both magnitude and direction, and is subject to all the laws and
characteristics attributed to vectors. In Fig. 3.1.41, the displacement of
the point A from the origin O is the directed distance O to A, symbolized
by the vector s.

The velocity of a point is the time rate of change of displacement , or
v 5 ds/dt.

The acceleration of a point is the time rate of change of velocity, or
a 5 dv/dt.

Fig. 3.1.41

The kinematic definitions of velocity and acceleration involve the
four variables, displacement, velocity, acceleration, and time. If we
eliminate the variable of time, a third equation of motion is obtained,
ds/v 5 dt 5 dv/a. This differential equation, together with the defini-
tions of velocity and acceleration, make up the three kinematic equa-
tions of motion, v 5 ds/dt, a 5 dv/dt, and a ds 5 v dv. These differential
equations are usually limited to the scalar form when expressed to-
gether, since the last can only be properly expressed in terms of the
scalar dt. The first two, since they are definitions for velocity and accel-
eration, are vector equations.

A space-time curve offers a convenient means for the study of the
motion of a point . The slope of the curve at any point will represent the
velocity at that time. In Fig. 3.1.42a the slope is constant , as the graph is
a straight line; the velocity is therefore uniform. In Fig. 3.1.42b the
slope of the curve varies from point to point , and the velocity must also
vary. At p and q the slope is zero; therefore, the velocity of the point at
the corresponding times must also be zero.

Fig. 3.1.42
under the velocity-time curve between any two ordinates such as NL
and HT will represent the distance moved in time interval LT. In the case
of the uniformly accelerated motion shown by the full line in Fig.
3.1.43a, the area LNHT is 1⁄2(NL 1 HT) 3 (OT 2 OL) 5 mean velocity
multiplied by the time interval 5 space passed over during this time
interval. In Fig. 3.1.43b the mean velocity can be obtained from the
equation of the curve by means of the calculus, or graphically by ap-
proximation of the area.

Fig. 3.1.43

An acceleration-time curve (Fig. 3.1.44) may be constructed by plot-
ting accelerations as ordinates, and times as abscissas. The area under
this curve between any two ordinates will represent the total increase in
velocity during the time interval. The area ABCD represents the total
increase in velocity between time t1 and time t2.

General Expressions Showing the Relations
between Space, Time, Velocity, and
Acceleration for Rectilinear Motion

SPECIAL MOTIONS

Uniform Motion If the velocity is constant, the acceleration must be
zero, and the point has uniform motion. The space-time curve becomes a
straight line inclined toward the time axis (Fig. 3.1.42a). The velocity-
time curve becomes a straight line parallel to the time axis. For this
motion a 5 0, v 5 constant , and s 5 s0 1 vt.

Uniformly Accelerated or Retarded Motion If the velocity is not
uniform but the acceleration is constant, the point has uniformly acceler-
ated motion; the acceleration may be either positive or negative. The
space-time curve becomes a parabola and the velocity-time curve be-
comes a straight line inclined toward the time axis (Fig. 3.1.43a). The
acceleration-time curve becomes a straight line parallel to the time axis.
For this motion a 5 constant , v 5 v0 1 at, s 5 s0 1 v0t 1 1⁄2at 2.

If the point starts from rest, v0 5 0. Care should be taken concerning
the sign 1 or 2 for acceleration.

Composition and Resolution of Velocities
and Acceleration

Resultant Velocity A velocity is said to be the resultant of two other
velocities when it is represented by a vector that is the geometric sum of
the vectors representing the other two velocities. This is the parallelo-
gram of motion. In Fig. 3.1.45, v is the resultant of v1 and v2 and is

Fig. 3.1.44 Fig. 3.1.45
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represented by the diagonal of a parallelogram of which v1 and v2 are
the sides; or it is the third side of a triangle of which v1 and v2 are the
other two sides.

Polygon of Motion The parallelogram of motion may be extended
to the polygon of motion. Let v1, v2, v3, v4 (Fig. 3.1.46a) show the
directions of four velocities imparted in the same plane to point O. If the
lines v1, v2, v3, v4 (Fig. 3.1.46b) are drawn parallel to and proportional
to the velocities imparted to point O, v will represent the resultant
velocity imparted to O. It will make no difference in what order the

path is resolved by means of a parallelogram into components tangent
and normal to the path, the normal acceleration an 5 v2/r, where
r 5 radius of curvature of the path at the point in question, and the
tangential acceleration at 5 dv/dt, where v 5 velocity tangent to the
path at the same point . a 5 √a2

n 1 a2
t. The normal acceleration is con-

stantly directed toward the center of the path.
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velocities are taken in constructing the motion polygon. As long as the
arrows showing the direction of the motion follow each other in order
about the polygon, the resultant velocity of the point will be represented
in magnitude by the closing side of the polygon, but opposite in direc-
tion.

Fig. 3.1.46

Resolution of Velocities Velocities may be resolved into component
velocities in the same plane, as shown by Fig. 3.1.47. Let the velocity of
point O be vr. In Fig. 3.1.47a this velocity is resolved into two compo-
nents in the same plane as vr and at right angles to each other.

vr 5 √(v1)2 1 (v2)2

In Fig. 3.1.47b the components are in the same plane as vr, but are not at
right angles to each other. In this case,

vr 5 √(v1)2 1 (v2)2 1 2v1v2 cos B

If the components v1 and v2 and angle B are known, the direction of vr

can be determined. sin bOc 5 (v1/vr) sin B. sin cOa 5 (v2/vr) sin B.
Where v1 and v2 are at right angles to each other, sin B 5 1.

Fig. 3.1.47

Resultant Acceleration Accelerations may be combined and re-
solved in the same manner as velocities, but in this case the lines or
vectors represent accelerations instead of velocities. If the acceleration
had components of magnitude a1 and a2, the magnitude of the resultant
acceleration would be a 5 √(a1)2 1 (a2)2 1 2a1a2 cos B, where B is
the angle between the vectors a1 and a2.

Curvilinear Motion in a Plane

The linear velocity v 5 ds/dt of a point in curvilinear motion is the same
as for rectilinear motion. Its direction is tangent to the path of the point .
In Fig. 3.1.48a, let P1P2P3 be the path of a moving point and V1, V2, V3

represent its velocity at points P1, P2, P3, respectively. If O is taken as a
pole (Fig. 3.1.48b) and vectors V1, V2, V3 representing the velocities of
the point at P1, P2, and P3 are drawn, the curve connecting the terminal
points of these vectors is known as the hodograph of the motion. This
velocity diagram is applicable only to motions all in the same plane.

Acceleration Tangents to the curve (Fig. 3.1.48b) indicate the di-
rections of the instantaneous velocities. The direction of the tangents does
not , as a rule, coincide with the direction of the accelerations as repre-
sented by tangents to the path. If the acceleration a at some point in the
Fig. 3.1.48

EXAMPLE. Figure 3.1.49 shows a point moving in a curvilinear path. At p1

the velocity is v1 ; at p2 the velocity is v2. If these velocities are drawn from pole O
(Fig. 3.1.49b), Dv will be the difference between v2 and v1 . The acceleration
during travel p1p2 will be Dv /Dt, where Dt is the time interval. The approximation
becomes closer to instantaneous acceleration as shorter intervals Dt are employed.

Fig. 3.1.49

The acceleration Dv /Dt can be resolved into normal and tangential components
leading to an 5 Dvn /Dt, normal to the path, and ar 5 Dvp /Dt, tangential to the path.

Velocity and acceleration may be expressed in polar coordinates such
that v 5 √v2

r 1 v2
u and a 5 √a2

r 1 a2
u. Figure 3.1.50 may be used to

explain the r and u coordinates.

EXAMPLE. At P1 the velocity is v1, with components v1r in the r direction and
v1u in the u direction. At P2 the velocity is v2 , with components v2r in the r
direction and v2u in the u direction. It is evident that the difference in velocities v2 2
v1 5 Dv will have components Dvr and Dvu , giving rise to accelerations ar and au

in a time interval Dt.

In polar coordinates, vr 5 dr/dt, ar 5 d 2r/dt 2 2 r(du/dt)2, vu 5
r(du/dt), and au 5 r(d 2u/dt 2) 1 2(dr/dt)(du/dt).

If a point P moves on a circular path of radius r with an angular
velocity of v and an angular acceleration of a, the linear velocity of the
point P is v 5 vr and the two components of the linear acceleration are
an 5 v2/r 5 v2r 5 vv and at 5 ar.

If the angular velocity is constant , the point P travels equal circular
paths in equal intervals of time. The projected displacement , velocity,
and acceleration of the point P on the x and y axes are sinusoidal func-
tions of time, and the motion is said to be harmonic motion. Angular
velocity is usually expressed in radians per second, and when the num-
ber (N) of revolutions traversed per minute (r/min) by the point P is
known, the angular velocity of the radius r is v 5 2pN/60 5 0.10472N.
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Fig. 3.1.50 Fig. 3.1.51

In Fig. 3.1.51, let the angular velocity of the line OP be a constant v. Let
the point P start at X9 and move to P in time t. Then the angle u 5 vt. If
OP 5 r, X9A 5 r 2 OA 5 r 2 r cos vt 5 s. The velocity V of the point A
on the x axis will equal ds/dt 5 vr sin vt, and the acceleration a 5 dv/dt
5 2 v2r cos vt. The period t is the time necessary for the point P to
complete one cycle of motion t 5 2p/v, and it is also equal to the time
necessary for A to complete a full cycle on the x axis from X9 to X and
return.

Curvilinear Motion in Space

line and relating the motion of all other parts of the rigid body to these
motions. If a rigid body moves so that a straight line connecting any two
of its particles remains parallel to its original position at all times, it is
said to have translation. In rectilinear translation, all points move in
straight lines. In curvilinear translation, all points move on congruent
curves but without rotation. Rotation is defined as angular motion about
an axis, which may or may not be fixed. Rigid body motion in which the
paths of all particles lie on parallel planes is called plane motion.
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If three dimensions are used, velocities and accelerations may be
resolved into components not in the same plane by what is known
as the parallelepiped of motion. Three coordinate systems are widely
used, cartesian, cylindrical, and spherical. In cartesian coordinates, v 5

√v2
x 1 v2

y 1 v2
z and a 5 √a2

x 1 a2
y 1 a2

z. In cylindrical coordinates, the
radius vector R of displacement lies in the rz plane, which is at an angle
with the xz plane. Referring to (a) of Fig. 3.1.52, the u coordinate is
perpendicular to the rz plane. In this system v 5 √v2

r 1 v2
u 1 v2

z and
a 5 √a2

r 1 a2
u 1 a2

z where vr 5 dr/dt, ar 5 d 2r/dt 2 2 r(du/dt)2, vu 5
r(du/dt), and au 5 r(d 2u/dt 2) 1 2(dr/dt)(du/dt). In spherical coordinates,
the three coordinates are the R coordinate, the u coordinate, and the f
coordinate as in (b) of Fig. 3.1.52. The velocity and acceleration are
v 5 √v2

R 1 v2
u 1 v2

f and a 5 √a2
R 1 a2

u 1 a2
f , where vR 5 dR/dt,

vf 5 R(df/dt), vu 5 R cos f(du/dt), aR 5 d 2R/dt 2 2 R(df/dt)2 2
R cos2 f(du/dt)2, af 5 R(d 2f/dt 2) 1 R cos f sin f (du/dt)2 1
2(dR/dt)(df/dt), and au 5 R cos f (d 2u/dt 2) 1 2[(dR/dt) cos f 2
R sin f (df/dt)] du/dt.

Fig. 3.1.52

Motion of Rigid Bodies

A body is said to be rigid when the distances between all its particles are
invariable. Theoretically, rigid bodies do not exist , but materials used in
engineering are rigid under most practical working conditions. The mo-
tion of a rigid body can be completely described by knowing the angular
motion of a line on the rigid body and the linear motion of a point on this
Angular Motion

Angular displacement is the change in angular position of a given line as
measured from a convenient reference line. In Fig. 3.1.53, consider the
motion of the line AB as it moves from its original position A9B9. The
angle between lines AB and A9B9 is the angular displacement of line AB,
symbolized as u. It is a directed quantity and is a vector. The usual
notation used to designate angular displacement is a vector normal to

Fig. 3.1.53

the plane in which the angular displacement occurs. The length of the
vector is proportional to the magnitude of the angular displacement . For
a rigid body moving in three dimensions, the line AB may have angular
motion about any three orthogonal axes. For example, the angular
displacement can be described in cartesian coordinates as u 5

ux 1 uy 1 uz , where u 5 √u2
x 1 u2

y 1 u2
z .

Angular velocity is defined as the time rate of change of angular
displacement , v 5 du/dt. Angular velocity may also have components
about any three orthogonal axes.

Angular acceleration is defined as the time rate of change of angular
velocity, a 5 dv/dt 5 d 2udt 2. Angular acceleration may also have
components about any three orthogonal axes.

The kinematic equations of angular motion of a line are analogous to
those for the motion of a point . In referring to Table 3.1.1, v 5 du/dt
a 5 dv/dt, and a du 5 v dv. Substitute u for s, v for v, and a for a.

Motion of a Rigid Body in a Plane

Plane motion is the motion of a rigid body such that the paths of all
particles of that rigid body lie on parallel planes.
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Table 3.1.1

Variables s 5 f (t) v 5 f (t) a 5 f (t) a 5 f (s,v)

Displacement s 5 s0 1 Et

t0

v dt s 5 s0 1 Et

t0

Et

t0

a dt dt s 5 s0 1 Ev

v0

(v/a) dv

v 5 v0 1 Et

t0

a dt Ev

v0

v dv 5 Es0

s

a ds
Velocity v 5 ds/dt
Acceleration a 5 d 2s/dt 2 a 5 dv/dt a 5 v dv/ds

Instantaneous Axis When the axis about which any body may be
considered to rotate changes its position, any one position is known as
an instantaneous axis, and the line through all positions of the instanta-
neous axis as the centrode.

When the velocity of two points in the same plane of a rigid body
having plane motion is known, the instantaneous axis for the body will
be at the intersection of the lines drawn from each point and perpendic-
ular to its velocity. See Fig. 3.1.54, in which A and B are two points on
the rod AB, v1 and v2 representing their velocities. O is the instantaneous
axis for AB; therefore point C will have velocity shown in a line perpen-
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dicular to OC.
Linear velocities of points in a body rotating about an instantaneous

axis are proportional to their distances from this axis. In Fig. 3.1.54,
v1 : v2 : v3 5 AO : OB : OC. If the velocities of A and B were parallel, the
lines OA and OB would also be parallel and there would be no instanta-
neous axis. The motion of the rod would be translation, and all points
would be moving with the same velocity in parallel straight lines.

If a body has plane motion, the components of the velocities of any two
points in the body along the straight line joining them must be equal. Ax
must be equal to By and Cz in Fig. 3.1.54.

EXAMPLE. In Fig. 3.1.55a, the velocities of points A and B are known—they
are v1 and v2 , respectively. To find the instantaneous axis of the body, perpendic-
ulars AO and BO are drawn. O, at the intersection of the perpendiculars, is the
instantaneous axis of the body. To find the velocity of any other point , like C,
line OC is drawn and v3 erected perpendicular to OC with magnitude equal to v1

(CO/AO). The angular velocity of the body will be v 5 v1/AO or v2/BO or v3/CO.
The instantaneous axis of a wheel rolling on a rack without slipping (Fig. 3.1.55b)
lies at the point of contact O, which has zero linear velocity. All points of the
wheel will have velocities perpendicular to radii to O and proportional in magni-
tudes to their respective distances from O.

Another way to describe the plane motion of a rigid body is with the
use of relative motion. In Fig. 3.1.56 the velocity of point A is v1 . The
angular velocity of the line AB is v1/rAB . The velocity of B relative to A
is vAB 3 rAB . Point B is considered to be moving on a circular path
around A as a center. The direction of relative velocity of B to A would
be tangent to the circular path in the direction that vAB would make B
move. The velocity of B is the vector sum of the velocity A added to the
velocity of B relative to A, vB 5 vA 1 vB/A .

The acceleration of B is the vector sum of the acceleration of A added
to the acceleration of B relative to A, aB 5 aA 1 aB/A . Care must be taken
0to include the complete relative acceleration of B to A. If B is consid-
ered to move on a circular path about A, with a velocity relative to A, it
will have an acceleration relative to A that has both normal and tangen-
tial components: aB/A 5 (aB/A)n 1 (aB/A)t .

Fig. 3.1.54 Fig. 3.1.55
Fig. 3.1.56

If B is a point on a path which lies on the same rigid body as the line
AB, a particle P traveling on the path will have a velocity vP at the instant
P passes over point B such that vP 5 vA 1 vB/A 1 vP/B , where the
velocity vP/B is the velocity of P relative to path B.

The particle P will have an acceleration aP at the instant P passes over
the point B such that aP 5 aA 1 aB/A 1 aP/B 1 2vAB 3 vP/ B . The term
aP/ B is the acceleration of P relative to the path at point B. The last term
2vAB vP/ B is frequently referred to as the coriolis acceleration. The direc-
tion is always normal to the path in a sense which would rotate the head
of the vector vP/B about its tail in the direction of the angular velocity of
the rigid body vAB .

EXAMPLE. In Fig. 3.1.57, arm AB is rotating counterclockwise about A with a
constant angular velocity of 38 r/min or 4 rad/s, and the slider moves outward
with a velocity of 10 ft /s (3.05 m/s). At an instant when the slider P is 30 in
(0.76 m) from the center A, the acceleration of the slider will have two compo-
nents. One component is the normal acceleration directed toward the center A. Its
magnitude is v2r 5 42 (30/12) 5 40 ft /s2 [v2r 5 42 (0.76) 5 12.2 m/s2]. The
second is the coriolis acceleration directed normal to the arm AB, upward and to
the left. Its magnitude is 2vv 5 2(4)(10) 5 80 ft/s2 [2vv 5 2(4)(3.05) 5 24.4 m/s2].

Fig. 3.1.57

General Motion of a Rigid Body

The general motion of a point moving in a coordinate system which is
itself in motion is complicated and can best be summarized by using
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vector notation. Referring to Fig. 3.1.58, let the point P be displaced a
vector distance R from the origin O of a moving reference frame x, y, z
which has a velocity vo and an acceleration ao . If point P has a velocity
and an acceleration relative to the moving reference plane, let these be
vr and ar . The angular velocity of the moving reference fame is v, and

plane is (3/5)(90) 2 (4/5)(36) 2 9.36 5 15.84 lbf (70.46 N) downward.
F 5 (W/9) a 5 (90/g) a; therefore, a 5 0.176 g 5 56.6 ft /s2 (1.725 m/s2). In SI
units, F 5 ma 5 70.46 5 40.8a; and a 5 1.725 m/s2. The body is acted upon by

constant forces and starts from rest; therefore, v 5 E5

0

a dt, and at the end of 5 s,

the velocity would be 28.35 ft /s (8.91 m/s).

EXAMPLE 2. The force with which a rope acts on a body is equal and opposite
to the force with which the body acts on the rope, and each is equal to the tension
in the rope. In Fig. 3.1.60a, neglecting the weight of the pulley and the rope, the
tension in the cord must be the force of 27 lbf. For the 18-lb mass, the unbalanced
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Fig. 3.1.58

the origin of the moving reference frame is displaced a vector distance
R1 from the origin of a primary (fixed) reference frame X, Y, Z. The
velocity and acceleration of P are vP 5 vo 1 v 3 R 1 vr and aP 5 ao 1
(dv/dt) 3 R 1 v 3 (v 3 R) 1 2v 3 vr 1 a r .

DYNAMICS OF PARTICLES

Consider a particle of mass m subjected to the action of forces F1, F2,
F3 , . . . , whose vector resultant is R 5 oF. According to Newton’s
first law of motion, if R 5 0, the body is acted on by a balanced force
system, and it will either remain at rest or move uniformly in a straight
line. If R Þ 0, Newton’s second law of motion states that the body will
accelerate in the direction of and proportional to the magnitude of the
resultant R. This may be expressed as oF 5 ma. If the resultant of the
force system has components in the x, y, and z directions, the resultant
acceleration will have proportional components in the x, y, and z direc-
tion so that Fx 5 max , Fy 5 may , and Fz 5 maz . If the resultant of the
force system varies with time, the acceleration will also vary with time.

In rectilinear motion, the acceleration and the direction of the unbal-
anced force must be in the direction of motion. Forces must be in balance
and the acceleration equal to zero in any direction other than the direction of
motion.

EXAMPLE 1. The body in Fig. 3.1.59 has a mass of 90 lbm (40.8 kg) and is
subjected to an external horizontal force of 36 lbf (160 N) applied in the direction
shown. The coefficient of friction between the body and the inclined plane is 0.1.
Required, the velocity of the body at the end of 5 s, if it starts from rest .

Fig. 3.1.59

First determine all the forces acting externally on the body. These are the ap-
plied force F 5 36 lbf (106 N), the weight W 5 90 lbf (400 N), and the force with
which the plane reacts on the body. The latter force can be resolved into compo-
nent forces, one normal and one parallel to the surface of the plane. Motion will be
downward along the plane since a static analysis will show that the body will slide
downward unless the static coefficient of friction is greater than 0.269. In the
direction normal to the surface of the plane, the forces must be balanced. The
normal force is (3/5)(36) 1 (4/5)(90) 5 93.6 lbf (416 N). The frictional force is
93.6 3 0.1 5 9.36 lbf (41.6 N). The unbalanced force acting on the body along the
force is 27 2 18 5 9 lbf in the upward direction, i.e., 27 2 18 5 (18/g)a, and
a 5 16.1 ft /s2 upward. In Fig. 3.1.60b the 27-lb force is replaced by a 27-lb mass.
The unbalanced force is still 27 2 18 5 9 lbf, but it now acts on two masses so that
27 2 18 5 (45/g) and a 5 6.44 ft /s2. The 18-lb mass is accelerated upward, and
the 27-lb mass is accelerated downward. The tension in the rope is equal to 18 lbf
plus the unbalanced force necessary to give it an upward acceleration of g/5 or T
5 18 1 (18/g)(g/5) 5 21.6 lbf. The tension is also equal to 27 lbf less the unbal-
anced force necessary to give it a downward acceleration of g/5 or T 5
27 2 (27/g) 3 (g/5) 5 21.6 lbf.

Fig. 3.1.60

In SI units, in Fig. 3.1.60a, the unbalanced force is 120 2 80 5 40 N, in the
upward direction, i.e., 120 2 80 5 8.16a, and a 5 4.9 m/s2 (16.1 ft /s2). In Fig.
3.1.60b the unbalanced force is still 40 N, but it now acts on the two masses so that
120 2 80 5 20.4a and a 5 1.96 m/s2 (6.44 ft /s2). The tension in the rope is the
weight of the 8.16-kg mass in newtons plus the unbalanced force necessary to give
it an upward acceleration of 1.96 m/s2, T 5 9.807(8.16) 1 (8.16)(1.96) 5 96 N
(21.6 lbf ).

General Formulas for the Motion of a Body
under the Action of a Constant Unbalanced
Force

Let s 5 space, ft; a 5 acceleration, ft /s2; v 5 velocity, ft /s; v0 5 initial
velocity, ft /s; h 5 height , ft; F 5 force; m 5 mass; w 5 weight;
g 5 acceleration due to gravity.

Initial velocity 5 0
F 5 ma 5 (w/g)a
v 5 at
s 5 1⁄2at 2 5 1⁄2vt

v 5 √2as

5 √2gh (falling freely from rest)

Initial velocity 5 v
F 5 ma 5 (w/g)a
v 5 v0 1 at
s 5 v0t 1 1⁄2at 2 5 1⁄2v0t 1 1⁄2vt

If a body is to be moved in a straight line by a force, the line of action
of this force must pass through its center of gravity.

General Rule for the Solution of Problems
When the Forces Are Constant in Magnitude
and Direction

Resolve all the forces acting on the body into two components, one in
the direction of the body’s motion and one at right angles to it . Add the
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components in the direction of the body’s motion algebraically and find
the unbalanced force, if any exists.

In curvilinear motion, a particle moves along a curved path, and the
resultant of the unbalanced force system may have components in di-
rections other than the direction of motion. The acceleration in any given
direction is proportional to the component of the resultant in that direction.
It is common to utilize orthogonal coordinate systems such as cartesian
coordinates, polar coordinates, and normal and tangential coordinates in
analyzing forces and accelerations.

the body to constantly deviate it toward the axis. This deviating force is
known as centripetal force. The equal and opposite resistance offered
by the body to the connection is called the centrifugal force. The accel-
eration toward the axis necessary to keep a particle moving in a circle
about that axis is v2/r; therefore, the force necessary is ma 5 mv2/r 5
wv2/gr 5 wp2N2r/900g, where N 5 r/min. This force is constantly
directed toward the axis.

The centrifugal force of a solid body revolving about an axis is the same as
if the whole mass of the body were concentrated at its center of gravity.

2 2 2
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EXAMPLE. A conical pendulum consists of a weight suspended from a cord
or light rod and made to rotate in a horizontal circle about a vertical axis with a
constant angular velocity of N r/min. For any given constant speed of rotation, the
angle u, the radius r, and the height h will have fixed values. Looking at Fig.
3.1.61, we see that the forces in the vertical direction must be balanced, T cos
u 5 w. The forces in the direction normal to the circular path of rotation are
unbalanced such that T sin u 5 (w/g)an 5 (w/g)v2r. Substituting r 5 l sin u in this
last equation gives the value of the tension in the cord T 5 (w/g)lv2. Dividing the
second equation by the first and substituting tan u 5 r/h yields the additional
relation that h 5 g/v2.

Fig. 3.1.61

An unresisted projectile has a motion compounded of the vertical
motion of a falling body, and of the horizontal motion due to the hori-
zontal component of the velocity of projection. In Fig. 3.1.62 the only
force acting after the projectile starts is gravity, which causes an accel-
erating downward. The horizontal component of the original velocity v0

is not changed by gravity. The projectile will rise until the velocity

Fig. 3.1.62

given to it by gravity is equal to the vertical component of the starting
velocity v0 , and the equation v0 sin u 5 gt gives the time t required to
reach the highest point in the curve. The same time will be taken in
falling if the surface XX is level, and the projectile will therefore be in
flight 2t s. The distance s 5 v0 cos u 3 2t, and the maximum height of
ascent h 5 (v0 sin u)2/2g. The expressions for the coordinates of
any point on the path of the projectile are: x 5 (v0 cos u)t, and y 5
(v0 sin u)t 2 1⁄2gt 2, giving y 5 x tan u 2 (gx2/2v0

2 cos2 u) as the equation
for the curve of the path. The radius of curvature of the highest point
may be found by using the general expression v2 5 gr and solving for r,
v being taken equal to v0 cos u.

Simple Pendulum The period of oscillation 5 t 5 2p √l /g, where l
is the length of the pendulum and the length of the swing is not great
compared to l.

Centrifugal and Centripetal Forces When a body revolves about an
axis, some connection must exist capable of applying force enough to
Centrifugal force 5 wv /gr 5 mv /r 5 wv r/g, where w and m are the
weight and mass of the whole body, r is the distance from the axis about
which the body is rotating to the center of gravity of the body, v the
angular velocity of the body about the axis in radians, and v the linear
velocity of the center of gravity of the body.

Balancing

A rotating body is said to be in standing balance when its center of
gravity coincides with the axis upon which it revolves. Standing balance
may be obtained by resting the axis carrying the body upon two hori-
zontal plane surfaces, as in Fig. 3.1.63. If the center of gravity of the
wheel A coincides with the center of the shaft B, there will be no move-
ment , but if the center of gravity does not coincide with the center of the
shaft , the shaft will roll until the center of gravity of the wheel comes

Fig. 3.1.63

directly under the center of the shaft . The center of gravity may be
brought to the center of the shaft by adding or taking away weight at
proper points on the diameter passing through the center of gravity and
the center of the shaft . Weights may be added to or subtracted from any
part of the wheel so long as its center of gravity is brought to the center
of the shaft .

A rotating body may be in standing balance and not in dynamic bal-
ance. In Fig. 3.1.64, AA and BB are two disks whose centers of gravity
are at o and p, respectively. The shaft and the disks are in standing
balance if the disks are of the same weight and the distances of o and p
from the center of the shaft are equal, and o and p lie in the same axial
plane but on opposite sides of the shaft . Let the weight of each disk be w
and the distances of o and p from the center of the shaft each be equal to

Fig. 3.1.64

r. The force exerted on the shaft by AA is equal to wv2r/g, where v
is the angular velocity of the shaft . Also, the force exerted on the shaft by
BB 5 wv2r/g. These two equal and opposite parallel forces act at a
distance x apart and constitute a couple with a moment tending to rotate
the shaft , as shown by the arrows, of (wv2r/g)x. A couple cannot be
balanced by a single force; so two forces at least must be added to or
subtracted from the system to get dynamic balance.

Systems of Particles The principles of motion for a single particle
can be extended to cover a system of particles. In this case, the vector
resultant of all external forces acting on the system of particles must equal the
total mass of the system times the acceleration of the mass center, and the
direction of the resultant must be the direction of the acceleration of the mass
center. This is the principle of motion of the mass center.
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Rotation of Solid Bodies in a Plane about
Fixed Axes

For a rigid body revolving in a plane about a fixed axis, the resultant
moment about that axis must be equal to the product of the moment of inertia
(about that axis) and the angular acceleration, oM0 5 I0a. This is a general
statement which includes the particular case of rotation about an axis
that passes through the center of gravity.

Rotation about an Axis Passing through the Center of Gravity The
rotation of a body about its center of gravity can only be caused or

body may be struck without causing any force on the axis passing
through the point of suspension.

Center of Percussion The distance from the axis of suspension to
the center of percussion is q0 5 I/mx0 , where I 5 moment of inertia
of the body about its axis of suspension to the center of gravity of the
body.

EXAMPLES. 1. Find the center of percussion of the homogeneous rod (Fig.
3.1.67) of length L and mass m, suspended at XX.

I
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changed by a couple. See Fig. 3.1.65. If a single force F is applied to the
wheel, the axis immediately acts on the wheel with an equal force to
prevent translation, and the result is a couple (moment Fr) acting on the
body and causing rotation about its center of gravity.

Fig. 3.1.65

General formulas for rotation of a body about a fixed axis through the
center of gravity, if a constant unbalanced moment is applied (Fig.
3.1.65).

Let u 5 angular displacement , rad; v 5 angular velocity, rad/s;
a 5 angular acceleration, rad/s2; M 5 unbalanced moment , ft ? lb;
I 5 moment of inertia (mass); g 5 acceleration due to gravity; t 5 time
of application of M.

Initial angular velocity 5 0 Initial angular velocity 5 v0

M 5 Ia M 5 Ia
u 5 1⁄2at 2 u 5 v0t 1 1⁄2at 2

v 5 √2au v 5 √v2
0 1 2au

General Rule for Rotating Bodies Determine all the external forces
acting and their moments about the axis of rotation. If these moments
are balanced, there will be no change of motion. If the moments are
unbalanced, this unbalanced moment , or torque, will cause an angular
acceleration about the axis.

Rotation about an Axis Not Passing through the Center of Gravity
The resultant force acting on the body must be proportional to the accelera-
tion of the center of gravity and directed along its line of action. If the axis of
rotation does not pass through the center of gravity, the center of gravity
will have a resultant acceleration with a component an 5 v2r directed
toward the axis of rotation and a component at 5 ar tangential to its
circular path. The resultant force acting on the body must also have two
components, one directed normal and one directed tangential to the path
of the center of gravity. The line of action of this resultant does not pass
through the center of gravity because of the unbalanced moment M0 5
I0a but at a point Q, as in Fig. 3.1.66. The point of application of this
resultant is known as the center of percussion and may be defined as the
point of application of the resultant of all the forces tending to cause a
body to rotate about a certain axis. It is the point at which a suspended

xo

Fig. 3.1.66
q0 5
mx0

I (approx) 5
m

L EL

0

x2 dx x0 5
L

2
.
.
. q0 5

2

L2 EL

0

x2 dx 5 2L/3

2. Find the center of percussion of a solid cylinder, of mass m, resting on a
horizontal plane. In Fig. 3.1.68, the instantaneous center of the cylinder is at A.
The center of percussion will therefore be a height above the plane equal to
q0 5 I/mx0 . Since I 5 (mr2/2) 1 mr2 and x0 5 r, q0 5 3r/2.

Fig. 3.1.67 Fig. 3.1.68

Wheel or Cylinder Rolling down a Plane In this case the component
of the weight along the plane tends to make it roll down and is treated as
a force causing rotation. The forces acting on the body should be re-
solved into components along the line of motion and perpendicular to it .
If the forces are all known, their resultant is at the center of percussion.
If one force is to be determined (the exact conditions as regards slipping
or not slipping must be known), the center of percussion can be deter-
mined and the unknown force found.

Relation between the Center of Percussion and Radius of Gyra-
tion q0 5 I/mx0 5 k2/x0 . . . k2 5 x0q0 where k 5 radius of gyration.
Therefore, the radius of gyration is a mean proportional between the
distance from the axis of oscillation to the center of percussion and the
distance from the same axis to the center of gravity.

Interchangeability of Center of Percussion and Axis of Oscilla-
tion If a body is suspended from an axis, the center of percussion for
that axis can be found. If the body is suspended from this center of
percussion as an axis, the original axis of suspension will then become
the center of percussion. The center of percussion is sometimes known
as the center of oscillation.

Period of Oscillation of a Compound Pendulum The length of an
equivalent simple pendulum is the distance from the axis of suspension
to the center of percussion of the body in question. To find the period of
oscillation of a body about a given axis, find the distance q0 5 I/mx0

from that axis to the center of percussion of the swinging body. The
length of the simple pendulum that will oscillate in the same time is this
distance q0 . The period of oscillation for the equivalent single pen-
dulum is t 5 2p √q0/g.

Determination of Moment of Inertia by Experiment To find the
moment of inertia of a body, suspend it from some axis not passing
through the center of gravity and, by swinging it , determine the period
of one complete oscillation in seconds. The known values will then be
t 5 time of one complete oscillation, x0 5 distance from axis to center
of gravity, and m 5 mass of body. The length of the equivalent simple
pendulum is q0 5 I/mx0 . Substituting this value of q0 in t 5 2p √q0/g
gives t 5 2p √I/mx0g, from which t2 5 4p2I/mx0g, or I 5 mx0gt2/
4p2.
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Fig. 3.1.69

Plane Motion of a Rigid Body

Plane motion may be considered to be a combination of translation and
rotation (see ‘‘Kinematics’’). For translation, Newton’s second law of
motion must always be satisfied, and the resultant of the external force
system must be equal to the product of the mass times the acceleration
of the center of gravity in any system of coordinates. In rotation, the
body moving in plane motion will not have a fixed axis. When the
methods of relative motion are being used, any point on the body may
be used as a reference axis to which the motion of all other points is

vector in the direction of the displacement or the product of the compo-
nent of the incremental displacement and the force in the direction of the
force. dU 5 F ? ds cos a, where a is the angle between the vector
displacement and the vector force. The increment of work done by a
couple M acting in a body during an increment of angular rotation du in
the plane of the couple is dU 5 M du. In a force-displacement or mo-
ment-angle diagram, called a work diagram (Fig. 3.1.70), force is plotted
as a function of displacement . The area under the curve represents the

work done, which is equal to Es2

F ds cos a or Eu2

M du.
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referred.
The sum of the moments of all external forces about the reference axis

must be equal to the vector sum of the centroidal moment of inertia times the
angular acceleration and the amount of the resultant force about the refer-
ence axis.

EXAMPLE. Determine the forces acting on the piston pin A and the crankpin
B of the connecting rod of a reciprocating engine shown in Fig. 3.1.69 for a
position of 30° from TDC. The crankshaft speed is constant at 2,000 r/min. As-
sume that the pressure of expanding gases on the 4-lbm (1.81-kg) piston at this
point is 145 lb/in2 (106 N/m2). The connecting rod has a mass of 5 lbm (2.27 kg)
and has a centroidal radius of gyration of 3 in (0.076 m).

The kinematics of the problem are such that the angular velocity of the crank
is vOB 5 209.4 rad/s clockwise, the angular velocity of the connecting rod is
vAB 5 45.7 rad/s counterclockwise, and the angular acceleration is aAB 5
5,263 rad/s2 clockwise. The linear acceleration of the piston is 7,274 ft /s2 in the
direction of the crank. From the free-body diagram of the piston, the horizontal
component of the piston-pin force is 145 3 (p/4)(52) 2 P 5 (4/32.2)(7,274),
P 5 1,943 lbf. The acceleration of the center of gravity G is the vector sum of the
component accelerations aG 5 aB 1 an

G/B 1 a1
G/B where an

G/B 5 v2
GB ? rGB 5

3/12(45.7)2 5 522 ft /s2 and a1
G /B 5 aGB ? rGB 5 3/12(5.263) 5 1,316 ft /s2. The

resultant acceleration of the center of gravity is 6,685 ft /s2 in the x direction and
2,284 ft /s2 in the negative y direction. The resultant of the external force system
will have corresponding components such that maGx 5 (5/32.2)(6,685) 5 1,039
lbf and maGy 5 (5/32.2)(2,284) 5 355 lbf. The three remaining unknown forces
can be found from the three equations of motion for the connecting rod.

Taking the sum of the forces in the x direction, eF 5 maGx ; P 2 Rx 5 maGx , and
Rx 5 905.4 lbf. In the y direction, oF 5 maGy ; Ry 2 N 5 magy ; this has
two unknowns, Ry and N. Taking the sum of the moments of the external
forces about the center of mass g, oMG 5 IGaAB; (N )(5) cos (7.18°) 2 (P)(5) sin
(7.18°) 1 (Ry)(3) cos (7.18°) 2 Rx (3) sin (7.18°) 2 (5/386.4)(3)2(5,263). Solving
for Ry and N simultaneously, Ry 5 494.7 lbf and N 5 140 lbf. We could have
avoided the solution of two simultaneous algebraic equations by taking the mo-
ment summation about end A, which would determine Ry independently, or about
end B, which would determine N independently.

In SI units, the kinematics would be identical, the linear acceleration of the
piston being 2,217 m/s2 (7,274 ft /s2). From the free-body diagram of the piston,
the horizontal component of the piston-pin force is (106) 3 (p/4)(0.127)2 2
P 5 (1.81)(2,217), and P 5 8,640 N. The components of the acceleration of the
center of gravity G are aN

G/B 5 522 ft /s2 and aT
G/B 5 1,315 ft /s2. The resultant

acceleration of the center of gravity is 2,037.5 m/s2 (6,685 ft /s2) in the x direc-
tion and 696.3 m/s2 (2,284 ft /s2) in the negative y direction. The resultant of the
external force system will have the corresponding components; maGx 5 (2.27)
(2,037.5) 5 4,620 N; maGy 5 (2.27)(696.3) 5 1,579 N. Rx 5 4,027 N, Ry 5
2,201 N, force N 5 623 newtons.

WORK AND ENERGY

Work When a body is displaced against resistance or accelerated,
work must be done upon it . An increment of work is defined as the
product of an incremental displacement and the component of the force
s1 u1

Fig. 3.1.70

Units of Work When the force of 1 lb acts through the distance of
1 ft , 1 lb ? ft of work is done. In SI units, a force of 1 newton acting
through 1 metre is 1 joule of work. 1.356 N ? m 5 1 lb ? ft .

Energy A body is said to possess energy when it can do work. A
body may possess this capacity through its position or condition. When a
body is so held that it can do work, if released, it is said to possess
energy of position or potential energy. When a body is moving with some
velocity, it is said to possess energy of motion or kinetic energy. An
example of potential energy is a body held suspended by a rope; the
position of the body is such that if the rope is removed work can be done
by the body.

Energy is expressed in the same units as work. The kinetic energy of
a particle is expressed by the formula E 5 1⁄2mv2 5 1⁄2(w/g)v2. The
kinetic energy of a rigid body in translation is also expressed as
E 5 1⁄2mv2. Since all particles of the rigid body have the same identical
velocity v, the velocity v is the velocity of the center of gravity. The
kinetic energy of a rigid body, rotating about a fixed axis is E 5 1⁄2 I0v2,
where I0 is the mass moment of inertia about the axis of rotation. In
plane motion, a rigid body has both translation and rotation. The kinetic
energy is the algebraic sum of the translating kinetic energy of the
center of gravity and the rotating kinetic energy about the center of
gravity, E 5 1⁄2mv2 1 1⁄2 Iv2. Here the velocity v is the velocity of the
center of gravity, and the moment of inertia I is the centroidal moment
of inertia.

If a force which varies acts through a space on a body of mass m, the

work done isEs

s1

F ds, and if the work is all used in giving kinetic energy

to the body it is equal to 1⁄2m(v2
2 2 v2

1) 5 change in kinetic energy, where
v2 and v1 are the velocities at distances s2 and s1 , respectively. This is a
specific statement of the law of conservation of energy. The principle of
conservation of energy requires that the mechanical energy of a system re-
main unchanged if it is subjected only to forces which depend on position or
configuration.
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Certain problems in which the velocity of a body at any point in its
straight-line path when acted upon by varying forces is required can be
easily solved by the use of a work diagram.

In Fig. 3.1.70, let a body start from rest at A and be acted upon by a
force that varies in accordance with the diagram AFGBA. Let the resis-
tance to motion be a constant force 5 x. Find the velocity of the body at
point B. The area AFGBA represents the work done upon the body and
the area AEDBA (5 force x 3 distance AB) represents the work that
must be done to overcome resistance. The difference of these areas, or

moment of a force. The linear impulse is represented by a directed line
segment , and the moment of the impulse is the product of the magnitude
of the impulse and the perpendicular distance from the line segment to
the point about which the moment is taken. Angular impulse over a time
interval t2 2 t1 is a product of the sum of applied moments on a rigid
body about a reference axis and time. The dimensions for angular im-
pulse are (force) 3 (time) 3 (displacement) in foot-pound-seconds or
newton-metre-seconds. Angular impulse and linear impulse cannot be
added.
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EFGDE, will represent work done in excess of that required to over-
come resistance, and consequently is equal to the increase in kinetic
energy. Equating the work represented by the area EFGDE to 1⁄2wv2/g
and solving for v will give the required velocity at B. If the body did not
start from rest , this area would represent the change in kinetic energy,
and the velocity could be obtained by the formula: Work 5 1⁄2(w/g)
(v2

1 2 v2
0), v1 being the required velocity.

General Rule for Rectilinear Motion Resolve each force acting on
the body into components, one of which acts along the line of motion of
the body and the other at right angles to the line of motion. Take the sum
of all the components acting in the direction of the motion and multiply
this sum by the distance moved through for constant forces. (Take the
average force times distance for forces that vary.) This product will be
the total work done upon the body. If there is no unbalanced compo-
nent , there will be no change in kinetic energy and consequently no
change in velocity. If there is an unbalanced component , the change in
kinetic energy will be this unbalanced component multiplied by the
distance moved through.

The work done by a system of forces acting on a body is equal to the
algebraic sum of the work done by each force taken separately.

Power is the rate at which work is performed, or the number of units
of work performed in unit time. In the English engineering system, the
units of power are the horsepower, or 33,000 lb ? ft /min 5 550 lb ? ft /s,
and the kilowatt 5 1.341 hp 5 737.55 lb ? ft /s. In SI units, the unit of
power is the watt , which is 1 newton-metre per second or 1 joule per
second.

Friction Brake In Fig. 3.1.71 a pulley revolves under the band and
in the direction of the arrow, exerting a pull of T on the spring. The
friction of the band on the rim of the pulley is (T 2 w), where w is the
weight attached to one end of the band. Let the pulley make N r/min;
then the work done per minute against friction by the rim of the pul-
ley is 2pRN(T 2 w), and the horsepower absorbed by brake 5
2pRN(T 2 w)/33,000.

Fig. 3.1.71

IMPULSE AND MOMENTUM

The product of force and time is defined as linear impulse. The impulse of a
constant force over a time interval t2 2 t1 is F(t2 2 t1). If the force is not
constant in magnitude but is constant in direction, the impulse is

Et2

t1

F dt. The dimensions of linear impulse are (force) 3 (time) in

pound-seconds, or newton-seconds.
Impulse is a vector quantity which has the direction of the resultant

force. Impulses may be added vectorially by means of a vector polygon,
or they may be resolved into components by means of a parallelogram.
The moment of a linear impulse may be found in the same manner as the
Momentum is also a vector quantity and can be added and resolved in
the same manner as force and impulse. The dimensions of linear mo-
mentum are (force) 3 (time) in pound-seconds or newton-seconds, and
are identical to linear impulse. An alternate statement of Newton’s sec-
ond law of motion is that the resultant of an unbalanced force system
must be equal to the time rate of change of linear momentum,
oF 5 d(mv)/dt.

If a variable force acts for a certain time on a body of mass m, the

quantityEt2

t1

F dt 5 m(v1 2 v2) 5 the change of momentum of the body.

The moment of momentum can be determined by the same methods as
those used for the moment of a force or moment of an impulse. The
dimensions of the moment of momentum are (force) 3 (time) 3 (dis-
placement) in foot-pound-seconds, or newton-metre-seconds.

In plane motion the angular momentum of a rigid body about a refer-
ence axis perpendicular to the plane of motion is the sum of the mo-
ments of linear momenta of all particles in the body about the reference
axes. Specifically, the angular momentum of a rigid body in plane motion is
the vector sum of the angular momentum about the reference axis and the
moment of the linear momentum of the center of gravity about the reference
axis, H0 5 I0v 1 d 3 mv.

In three-dimensional rotation about a fixed axis, the angular momen-
tum of a rigid body has components along three coordinate axes, which
involve both the moments of inertia about the x, y, and z axes, I0xx

, I0yy
,

and I0zz
, and the products of inertia, I0xy

, I0zz
, and I0yz

; H0x
2 I0xx

? vx 2
I0xy

? vy 2 I0xy
? vz , H0y

5 2 I0xy
? vx 1 I0yy

? vy 2 I0yz
? vz , and H0z

5
I0xz

? vx 2 I0zy
? vy 1 I0zz

? vz where H0 5 H0x
1 H0y

1 H0z
.

Impact

The collision between two bodies, where relatively large forces result
over a comparatively short interval of time, is called impact. A straight
line perpendicular to the plane of contact of two colliding bodies is
called the line of impact. If the centers of gravity of the two bodies lie on
the line of contact , the impact is called central impact, in any other case,
eccentric impact. If the linear momenta of the centers of gravity are also
directed along the line of impact , the impact is collinear or direct central
impact. In any other case impact is said to be oblique.

Collinear Impact When two masses m1 and m2 , having respective
velocities u1 and u2 , move in the same line, they will collide if u2 . u1

(Fig. 3.1.72a). During collision (Fig. 3.1.72b), kinetic energy is ab-

Fig. 3.1.72
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sorbed in the deformation of the bodies. There follows a period of
restoration which may or may not be complete. If complete restoration
of the energy of deformation occurs, the impact is elastic. If the restora-
tion of energy is incomplete, the impact is referred to as inelastic. After
collision (Fig. 3.1.72c), the bodies continue to move with changed ve-
locities of v1 and v2 . Since the contact forces on one body are equal to
and opposite the contact forces on the other, the sum of the linear
momenta of the two bodies is conserved; m1u1 1 m2u2 5 m1v1 1 m2v2 .

The law of conservation of momentum states that the linear momentum of

axis O, which is either a fixed axis of the center of gravity, M0x
5

(dH0x
/dt) 2 H0y

? vz 1 H0z
? vy , M0y

5 (dH0y
/dt) 2 H0z

? vx 1 H0x
? vz ,

and M0z
5 (dH0z

/dt) 2 H0x
vy 1 H0y

vx . If the coordinate axes are ori-
ented to coincide with the principal axes of inertia, I0xx

, I0yy
, and I0zz

, a
similar set of three differential equations results, involving moments,
angular velocity, and angular acceleration; M0x

5 I0xx
(dvx/dt) 1 (I0zz

2
I0yy

)vy ? vz , M0y
5 I0yy

(dvy/dt) 1 (I0xx
2 I0zz

)vz ? vx , and M0z
5 I0zz

(dvz/
dt) 1 (I0yy

2 I0xx
)vxvy . These equations are known as Euler’s equations of

motion and may apply to any rigid body.
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a system of bodies is unchanged if there is no resultant external force on the
system.

Coefficient of Restitution The ratio of the velocity of separation
v1 2 v2 to the velocity of approach u2 2 u1 is called the coefficient of
restitution e, e 5 (v1 2 v2)/(u2 2 u1).

The value of e will depend on the shape and material properties of the
colliding bodies. In elastic impact , the coefficient of restitution is unity
and there is no energy loss. A coefficient of restitution of zero indicates
perfectly inelastic or plastic impact , where there is no separation of the
bodies after collision and the energy loss is a maximum. In oblique
impact, the coefficient of restitution applies only to those components of
velocity along the line of impact or normal to the plane of impact . The
coefficient of restitution between two materials can be measured by
making one body many times larger than the other so that m2 is infi-
nitely large in comparison to m1 . The velocity of m2 is unchanged for all
practical purposes during impact and e 5 v1/u1 . For a small ball
dropped from a height H upon an extensive horizontal surface and re-
bounding to a height h, e 5 √h/H.

Impact of Jet Water on Flat Plate When a jet of water strikes a flat
plate perpendicularly to its surface, the force exerted by the water on the
plate is wv/g, where w is the weight of water striking the plate in a unit
of time and v is the velocity. When the jet is inclined to the surface by an
angle, A, the pressure is (wv/g) cos A.

Variable Mass

If the mass of a body is variable such that mass is being either added or
ejected, an alternate form of Newton’s second law of motion must be
used which accounts for changes in mass:

F 5 m
dv
dt

1
dm

dt
u

The mass m is the instantaneous mass of the body, and dv/dt is the time
rate of change of the absolute of velocity of mass m. The velocity u is
the velocity of the mass m relative to the added or ejected mass, and
dm/dt is the time rate of change of mass. In this case, care must be
exercised in the choice of coordinates and expressions of sign. If mass is
being added, dm/dt is plus, and if mass is ejected, dm/dt is minus.

Fields of Force—Attraction

The space within which the action of a physical force comes into play
on bodies lying within its boundaries is called the field of the force.

The strength or intensity of the field at any given point is the relation
between a force F acting on a mass m at that point and the mass.
Intensity of field 5 i 5 F/m; F 5 mi.

The unit of field intensity is the same as the unit of acceleration, i.e.,
1 ft /s2 or 1 m/s2. The intensity of a field of force may be represented by
a line (or vector).

A field of force is said to be homogeneous when the intensity of all
points is uniform and in the same direction.

A field of force is called a central field of force with a center O, if the
direction of the force acting on the mass particle m in every point of the
field passes through O and its magnitude is a function only of the
distance r from O to m. A line so drawn through the field of force that its
direction coincides at every point with that of the force prevailing at that
point is called a line of force.

Rotation of Solid Bodies about Any Axis

The general moment equations for three-dimensional motion are usu-
ally expressed in terms of the angular momentum. For a reference
GYROSCOPIC MOTION AND THE GYROSCOPE

Gyroscopic motion can be explained in terms of Euler’s equations. Let I1 ,
I2 , and I3 represent the principal moments of inertia of a gyroscope
spinning with a constant angular velocity v, about axis 1, the subscripts
1, 2, and 3 representing a right-hand set of reference axes (Figs. 3.1.73
and 3.1.74). If the gyroscope is precessed about the third axis, a vector
moment results along the second axis such that

M2 5 I2 (dv2/dt) 1 (I1 2 I3)v3v1

Where the precession and spin axes are at right angles, the term (dv2/dt)
equals the component of v3 3 v1 along axis 2. Because of this, in the
simple case of a body of symmetry, where I2 5 I3 , the gyroscopic

Fig. 3.1.73

moment can be reduced to the common expression M 5 IvV, where V
is the rate of precession, v the rate of spin, and I the moment of inertia
about the spin axis. It is important to realize that these are equations of
motion and relate the applied or resulting gyroscopic moment due to
forces which act on the rotor, as disclosed by a free-body diagram, to the
resulting motion of the rotor.

Physical insight into the behavior of a steady precessing gyro with
mutually perpendicular moment , spin, and precession axes is gained by
recognizing from Fig. 3.1.74 that the change dH in angular momentum
H is equal to the angular impulse M dt. In time dt, the angular-momen-

Fig. 3.1.74
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tum vector swings from H to H9, owing to the velocity of precession v3 .
The vector change dH in angular momentum is in the direction of the
applied moment M. This fact is inherent in the basic moment-momen-
tum equation and can always be used to establish the correct spatial
relationships between the moment , precessional, and spin vectors. It is
seen, therefore, from Fig. 3.1.74 that the spin axis always turns toward
the moment axis. Just as the change in direction of the mass-center
velocity is in the same direction as the resultant force, so does the
change in angular momentum follow the direction of the applied mo-

vers of a fighting airplane. No magnetic compass will indicate correctly
during such maneuvers. After the plane is back on an even keel in steady
flight , the magnetic compass once more reads the true magnetic north,
and the gyro compass has to be reset to point north again.

An example of a device operating on the second principle is the
automatic pilot for keeping a vehicle on a given course. This device has
been installed on torpedoes, ships, airplanes. When the ship or plane
turns from the chosen course, a couple is exerted on the gyro axis, which
makes it precess and this operates electric contacts or hydraulic or

I
Ri
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ment.
For example, suppose an airplane is driven by a right-handed pro-

peller (turning like a right-handed screw when moving forward). If a
gust of wind or other force turns the machine to the left, the gyroscopic
action of the propeller will make the forward end of the shaft strive to
rise; if the wing surface is large, this motion will be practically pre-
vented by the resistance of the air, and the gyroscopic forces become
effective merely as internal stresses, whose maximum value can be
computed by the formula above. Similarly, if the airplane is dipped
downward, the gyroscopic action will make the forward end of the shaft
strive to turn to the left.

Modern applications of the gyroscope are based on one of the follow-
ing properties: (1) a gyroscope mounted in three gimbal rings so as to be
entirely free angularly in all directions will retain its direction in space
in the absence of outside couples; (2) if the axis of rotation of a gyro-
scope turns or precesses in space, a couple or torque acts on the gyro-
scope (and conversely on its frame).

Devices operating on the first principle are satisfactory only for short
durations, say less than half an hour, because no gyroscope is entirely
without outside couple. The friction couples at the various gimbal bear-
ings, although small, will precess the axis of rotation so that after a
while the axis of rotation will have changed its direction in space. The
chief device based on the first principle is the airplane compass, which is
a freely mounted gyro, keeping its direction in space during fast maneu-
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Friction is the resistance that is encountered when two
slide or tend to slide over each other. The surfaces may be
lubricated. In the first case, when the surfaces are free from
pneumatic valves. These again operate on the rudders, through relays,
and bring the ship back to its course.

Another application is the ship antirolling gyroscope. This very large
gyroscope spins about a vertical axis and is mounted in a ship so that the
axis can be tipped fore and aft by means of an electric motor, the
precession motor. The gyro can exert a large torque on the ship about
the fore-and-aft axis, which is along the ‘‘rolling’’ axis. The sign of the
torque is determined by the direction of rotation of the precession
motor, which in turn is controlled by electric contacts operated by a
small pilot gyroscope on the ship, which feels which way the ship rolls
and gives the signals to apply a countertorque.

The turn indicator for airplanes is a gyro, the frame of which is held
by springs. When the airplane turns, it makes the gyro axis turn with it ,
and the resultant couple is delivered by the springs. Thus the elongation
of the springs is a measure of the rate of turn, which is suitably indicated
by a pointer.

The most complicated and ingenious application of the gyroscope is
the marine compass. This is a pendulously suspended gyroscope which is
affected by gravity and also by the earth’s rotation so that the gyro axis
is in equilibrium only when it points north, i.e., when it lies in the plane
formed by the local vertical and by the earth’s north-south axis. If the
compass is disturbed so that it points away from north, the action of the
earth’s rotation will restore it to the correct north position in a few
hours.

CTION
no) Castelli
that of complete (or viscous) lubrication. In this case, the frictional losses
are due solely to the internal fluid friction in the film. Oil ring bearings,
bearings with forced feed of oil, pivoted shoe-type thrust and journal
bearings, bearings operating in an oil bath, hydrostatic oil pads, oil lifts,
and step bearings are instances of complete lubrication.

Incomplete lubrication or mixed lubrication takes place when the load
g surfaces is carried partly by a fluid viscous film and
s of boundary lubrication. The friction is intermediate
f fluid and boundary lubrication. Incomplete lubrication
solid surfaces
either dry or
contaminat-

on the rubbin
partly by area
between that o

exists in bearings with drop-feed, waste-packed, or wick-fed lubrica-
ing fluids, or films, the resistance is called dry friction. The friction of

brake shoes on the rim of a railroad wheel is an example of dry friction.
When the rubbing surfaces are separated from each other by a very

thin film of lubricant , the friction is that of boundary (or greasy) lubrica-
tion. The lubrication depends in this case on the strong adhesion of the
lubricant to the material of the rubbing surfaces; the layers of lubricant
slip over each other instead of the dry surfaces. A journal when starting,
reversing, or turning at very low speed under a heavy load is an example
of the condition that will cause boundary lubrication. Other examples
are gear teeth (especially hypoid gears), cutting tools, wire-drawing
dies, power screws, bridge trunnions, and the running-in process of
most lubricated surfaces.

When the lubrication is arranged so that the rubbing surfaces are
separated by a fluid film, and the load on the surfaces is carried entirely
by the hydrostatic or hydrodynamic pressure in the film, the friction is
tion, or on parallel-surface bearings.

STATIC AND KINETIC COEFFICIENTS
OF FRICTION

In the absence of friction, the resultant of the forces between the sur-
faces of two bodies pressing upon each other is normal to the surface of
contact . With friction, the resultant deviates from the normal.

If one body is pressed against another by a force P, as in Fig. 3.2.1,
the first body will not move, provided the angle a included between the
line of action of the force and a normal to the surfaces in contact does
not exceed a certain value which depends upon the nature of the sur-
faces. The reaction force R has the same magnitude and line of action as
the force P. In Fig. 3.2.1, R is resolved into two components: a force N
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normal to the surfaces in contact and a force Fr parallel to the surfaces in
contact . From the above statement it follows that , for motion not to
occur,

Fr 5 N tan a0 5 Nf0

where f0 5 tan a0 is called the coefficient of friction of rest (or of static
friction) and a0 is the angle of friction at rest.

If the normal force N between the sur-
faces is kept constant , and the tangential

factor is equal to the slope of the friction curve and thus is termed
negative damping. When the slope of the friction force versus sliding
velocity is positive (positive damping) this type of instability is not pos-
sible. This is typical of fluid damping, squeeze films, dash pots, and
fluid film bearings in general.

Dry frictionm

x

,
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Fig. 3.2.1

force Fr is gradually increased, there will
be no motion while Fr , Nf0 . A state of
impending motion is reached when Fr

nears the value of Nf0 . If sliding motion
occurs, a frictional force F resisting the
motion must be overcome. The force F is
commonly expressed as F 5 fN, where f
is the coefficient of sliding friction, or ki-
netic friction. Normally, the coefficients
of sliding friction are smaller than the co-

efficients of static friction. With small velocities of sliding and very
clean surfaces, the two coefficients do not differ appreciably.

Table 3.2.4 demonstrates the typical reduction of sliding coefficients
of friction below corresponding static values. Figure 3.2.2 indicates
results of tests on lubricated machine tool ways showing a reduction of
friction coefficient with increasing sliding velocity.

Fig. 3.2.2 Typical relationship between kinetic friction and sliding velocity for
lubricated cast iron on cast iron slideways (load, 20 lb/in2; upper slider, scraped;
lower slideway, scraped). (From Birchall, Kearny, and Moss, Intl. J. Machine
Tool Design Research, 1962.)

This behavior is normal with dry friction, some conditions of bound-
ary friction, and with the break-away friction in ball and roller bearings.
This condition is depicted in Fig. 3.2.3, where the friction force de-
creases with relative velocity. This negative slope leads to locally un-
stable equilibrium and self-excited vibrations in systems such as the one
of Fig. 3.2.4. This phenomenon takes place because, for small ampli-
tudes, the oscillatory system displays damping in which the damping
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Fig. 3.2.3 Friction force decreases as velocity increases.
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Fig. 3.2.4 Belt friction apparatus with possible self-excited vibrations.

It is interesting to note that these self-excited systems vibrate at close
to their natural frequency over a large range of frictional levels and
speeds. This symptom is a helpful means of identification. Another
characteristic is that the moving body comes periodically to momentary
relative rest , that is, zero sliding velocity. For this reason, this phenom-
enon is also called stick-slip vibration. Common examples are violin
strings, chalk on blackboard, water-lubricated rubber stern tube ship
bearings at low speed, squeaky hinges, and oscillating rolling element
bearings, especially if they are supporting large flexible structures such
as radar antennas. Control requires the introduction of fluid film bear-
ings, viscous seals, or viscous dampers into the system with sufficient
positive damping to override the effects of negative damping.

Under moderate pressures, the frictional force is proportional to the
normal load on the rubbing surfaces. It is independent of the pressure
per unit area of the surfaces. The direction of the friction force opposing
the sliding motion is locally exactly opposite to the local relative veloc-
ity. Therefore, it takes very little effort to displace transversally two
bodies which have a major direction of relative sliding. This behavior,
compound sliding, is exploited when easing the extraction of a nail by
simultaneously rotating it about its axis, and accounts for the ease with
which an automobile may skid on the road or with which a plug gage
can be inserted into a hole if it is rotated while being pushed in.

The coefficients of friction for dry surfaces (dry friction) depend on
the materials sliding over each other and on the finished condition of the
surfaces. With greasy (boundary) lubrication, the coefficients depend
both on the materials and conditions of the surfaces and on the lubri-
cants employed.

Coefficients of friction are sensitive to atmospheric dust and humid-
ity, oxide films, surface finish, velocity of sliding, temperature, vibra-
tion, and the extent of contamination. In many instances the degree of
contamination is perhaps the most important single variable. For exam-
ple, in Table 3.2.1, values for the static coefficient of friction of steel on
steel are listed, and, depending upon the degree of contamination of the
specimens, the coefficient of friction varies effectively from ` (infinity)
to 0.013.

The most effective boundary lubricants are generally those which
react chemically with the solid surface and form an adhering film that is
attached to the surface with a chemical bond. This action depends upon

Table 3.2.1 Coefficients of Static Friction for Steel on Steel

Test condition f0 Ref.

Degassed at elevated temp in high
vacuum

` (weld on contact) 1

Grease-free in vacuum 0.78 2
Grease-free in air 0.39 3
Clean and coated with oleic acid 0.11 2
Clean and coated with solution of
stearic acid

0.013 4

SOURCES: (1) Bowden and Young, Proc. Roy. Soc., 1951. (2) Campbell, Trans. ASME
1939. (3) Tomlinson, Phil. Mag., 1929. (4) Hardy and Doubleday, Proc. Roy. Soc., 1923.
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the nature of the lubricant and upon the reactivity of the solid surface.
Table 3.2.2 indicates that a fatty acid, such as found in animal, vegeta-
ble, and marine oils, reduces the coefficient of friction markedly only if
it can react effectively with the solid surface. Paraffin oil is almost
completely nonreactive.

Table 3.2.2 Coefficients of Static Friction at Room Temperature

Paraffin oil Degree of
Paraffin plus 1% reactivity

cients of friction f for hard steel on hard steel as follows: powdered
mica, 0.305; powdered soapstone, 0.306; lead iodide, 0.071; silver sul-
fate, 0.054; graphite, 0.058; molybdenum disulfide, 0.033; tungsten di-
sulfide, 0.037; stearic acid, 0.029 (Trans. ASME, 1945; see footnotes to
Table 3.2.4).

Coefficients of Static Friction for Special Cases

Masonry and Earth Dry masonry on brickwork, 0.6–0.7; timber on
polished stone, 0.40; iron on stone, 0.3 to 0.7; masonry on dry clay,

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Surfaces Clean oil lauric acid of solid

Nickel
Chromium
Platinum
Silver
Glass
Copper
Cadmium
Zinc
Magnesium
Iron
Aluminum

0.7
0.4
1.2
1.4
0.9
1.4
0.5
0.6
0.6
1.0
1.4

0.3
0.3
0.28
0.8

0.3
0.45
0.2
0.5
0.3
0.7

0.28
0.3
0.25
0.7
0.4
0.08
0.05
0.04
0.08
0.2
0.3

Low
Low
Low
Low
Low
High
High
High
High
Mild
Mild

SOURCE: From Bowden and Tabor, ‘‘The Friction and Lubrication of Solids,’’ Oxford.

Values in Table 3.2.4 of sliding and static coefficients have been
selected largely from investigations where these variables have been
very carefully controlled. They are representative values for smooth
surfaces. It has been generally observed that sliding friction between
hard materials is smaller than that between softer surfaces.

Effect of Surface Films Campbell observed a lowering of the coef-
ficient of friction when oxide or sulfide films were present on metal
surfaces (Trans. ASME, 1939; footnotes to Table 3.2.4). The reductions
listed in Table 3.2.3 were obtained with oxide films formed by heating
in air at temperatures from 100 to 500° C, and sulfide films produced by
immersion in a 0.02 percent sodium sulfide solution.

Table 3.2.3 Static Coefficient of Friction f0

Clean and dry Oxide film Sulfide film

Steel-steel 0.78 0.27 0.39
Brass-brass 0.88 0.57
Copper-copper 1.21 0.76 0.74

Effect of Sliding Velocity It has generally been observed that coeffi-
cients of friction reduce on dry surfaces as sliding velocity increases.
(See results of railway brake-shoe tests below.) Dokos measured this
reduction in friction for mild steel on medium steel. Values are for the
average of four tests with high contact pressures (Trans. ASME, 1946;
see footnotes to Table 3.2.4).

Sliding velocity,
in/s 0.0001 0.001 0.01 0.1 1 10 100
f 0.53 0.48 0.39 0.31 0.23 0.19 0.18

Effect of Surface Finish The degree of surface roughness has been
found to influence the coefficient of friction. Burwell evaluated this
effect for conditions of boundary or greasy friction (Jour. SAE, 1942;
see footnotes to Table 3.2.4). The values listed in Table 3.2.5 are for
sliding coefficients of friction, hard steel on hard steel. The friction
coefficient and wear rates of polymers against metals are often lowered
by decreasing the surface roughness. This is particularly true of com-
posites such as those with polytetrafluoroethylene (PTFE) which func-
tion through transfer to the counterface.

Solid Lubricants In certain applications solid lubricants are used
successfully. Boyd and Robertson with pressures ranging from 50,000
to 400,000 lb/in2 (344,700 to 2,757,000 kN/m2) found sliding coeffi-
0.51; masonry on moist clay, 0.33.
Earth on Earth Dry sand, clay, mixed earth, 0.4 to 0.7; damp clay,

1.0; wet clay, 0.31; shingle and gravel, 0.8 to 1.1.
Natural Cork On cork, 0.59; on pine with grain, 0.49; on glass,

0.52; on dry steel, 0.45; on wet steel, 0.69; on hot steel, 0.64; on oiled
steel, 0.45; water-soaked cork on steel, 0.56; oil-soaked cork on steel,
0.42.

Coefficients of Sliding Friction for
Special Cases

Soapy Wood Lesley gives for wood on wood, copiously lubricated
with tallow, stearine, and soft soap (as used in launching practice), a
starting coefficient of friction equal to 0.036, diminishing to an average
value of 0.019 for the first 50 ft of motion of the ship. Rennie gives
0.0385 for wood on wood, lubricated with soft soap, under a load of
56 lb/in2.

Asbestos-Fabric Brake Material The coefficient of sliding friction
f of asbestos fabric against a cast-iron brake drum, according to Taylor
and Holt (NBS, 1940) is 0.35 to 0.40 when at normal temperature. It
drops somewhat with rise in brake temperature up to 300°F (149°C).
With a further increase in brake temperature from 300 to 500°F (149 to
260°C) the value of f may show an increase caused by disruption of the
brake surface.

Steel Tires on Steel Rails (Galton)

Speed, mi/h Start 6.8 13.5 27.3 40.9 54.4 60
Values of f 0.242 0.088 0.072 0.07 0.057 0.038 0.027

Railway Brake Shoes on Steel Tires Galton and Westinghouse
give, for cast-iron brakes, the following values for f, which decrease
rapidly with the speed of the rim; the coefficient f decreases also with
time, as the temperature of the shoe increases.

Speed, mi/h 10 20 30 40 50 60
f, when brakes were applied 0.32 0.21 0.18 0.13 0.10 0.06
f, after 5 s 0.21 0.17 0.11 0.10 0.07 0.05
f, after 12 s 0.13 0.10 0.08 0.06 0.05

Schmidt and Schrader confirm the marked decrease in the coefficient
of friction with the increase of rim speed. They also show an irregular
slight decrease in the value of f with higher shoe pressure on the wheel,
but they did not find the drop in friction after a prolonged application of
the brakes. Their observations are as follows:

Speed, mi/h 20 30 40 50 60
Coefficient of friction 0.25 0.23 0.19 0.17 0.16

Friction of Steel on Polymers A useful list of friction coefficients
between steel and various polymers is given in Table 3.2.6.

Grindstones The coefficient of friction between coarse-grained
sandstone and cast iron is f 5 0.21 to 0.24; for steel, 0.29; for wrought
iron, 0.41 to 0.46, according as the stone is freshly trued or dull; for
fine-grained sandstone (wet grinding) f 5 0.72 for cast iron, 0.94 for
steel, and 1.0 for wrought iron.

Honda and Yamada give f 5 0.28 to 0.50 for carbon steel on emery,
depending on the roughness of the wheel.
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Table 3.2.4 Coefficients of Static and Sliding Friction
(Reference letters indicate the lubricant used; numbers in parentheses give the sources. See footnote.)

Static Sliding

Materials Dry Greasy Dry Greasy

Hard steel on hard steel 0.78 (1) 0.11 (1, a)
0.23 (1, b)
0.15 (1, c)
0.11 (1, d )
0.0075 (18, p)
0.0052 (18, h)

0.42 (2) 0.029 (5, h)
0.081 (5, c)
0.080 (5, i)
0.058 (5, j)
0.084 (5, d )
0.105 (5, k)
0.096 (5, l)
0.108 (5, m)
0.12 (5, a)

Mild steel on mild steel 0.74 (19) 0.57 (3) 0.09 (3, a)
0.19 (3, u)

Hard steel on graphite 0.21 (1) 0.09 (1, a)
Hard steel on babbitt (ASTM No. 1) 0.70 (11) 0.23 (1, b)

0.15 (1, c)
0.08 (1, d )
0.085 (1, e)

0.33 (6) 0.16 (1, b)
0.06 (1, c)
0.11 (1, d )

Hard steel on babbitt (ASTM No. 8) 0.42 (11) 0.17 (1, b)
0.11 (1, c)
0.09 (1, d )
0.08 (1, e)

0.35 (11) 0.14 (1, b)
0.065 (1, c)
0.07 (1, d )
0.08 (11, h)

Hard steel on babbitt (ASTM No. 10) 0.25 (1, b)
0.12 (1, c)
0.10 (1, d )
0.11 (1, e)

0.13 (1, b)
0.06 (1, c)
0.055 (1, d )

Mild steel on cadmium silver 0.097 (2, f )
Mild steel on phosphor bronze 0.34 (3) 0.173 (2, f )
Mild steel on copper lead 0.145 (2, f )
Mild steel on cast iron 0.183 (15, c) 0.23 (6) 0.133 (2, f )
Mild steel on lead 0.95 (11) 0.5 (1, f ) 0.95 (11) 0.3 (11, f )
Nickel on mild steel 0.64 (3) 0.178 (3, x)
Aluminum on mild steel 0.61 (8) 0.47 93)
Magnesium on mild steel 0.42 (3)
Magnesium on magnesium 0.6 (22) 0.08 (22, y)
Teflon on Teflon 0.04 (22) 0.04 (22, f )
Teflon on steel 0.04 (22) 0.04 (22, f )
Tungsten carbide on tungsten carbide 0.2 (22) 0.12 (22, a)
Tungsten carbide on steel 0.5 (22) 0.08 (22, a)
Tungsten carbide on copper 0.35 (23)
Tungsten carbide on iron 0.8 (23)
Bonded carbide on copper 0.35 (23)
Bonded carbide on iron 0.8 (23)
Cadmium on mild steel 0.46 (3)
Copper on mild steel 0.53 (8) 0.36 (3) 0.18 (17, a)
Nickel on nickel 1.10 (16) 0.53 (3) 0.12 (3, w)
Brass on mild steel 0.51 (8) 0.44 (6)
Brass on cast iron 0.30 (6)
Zinc on cast iron 0.85 (16) 0.21 (7)
Magnesium on cast iron 0.25 (7)
Copper on cast iron 1.05 (16) 0.29 (7)
Tin on cast iron 0.32 (7)
Lead on cast iron 0.43 (7)
Aluminum on aluminum 1.05 (16) 1.4 (3)
Glass on glass 0.94 (8) 0.01 (10, p)

0.005 (10, q)
0.40 (3) 0.09 (3, a)

0.116 (3, v)
Carbon on glass 0.18 (3)
Garnet on mild steel 0.39 (3)
Glass on nickel 0.78 (8) 0.56 (3)

(a) Oleic acid; (b) Atlantic spindle oil (light mineral); (c) castor oil; (d ) lard oil; (e) Atlantic spindle oil plus 2 percent oleic acid; ( f )
medium mineral oil; (g) medium mineral oil plus 1⁄2 percent oleic acid; (h) stearic acid; (i) grease (zinc oxide base); ( j) graphite; (k) turbine oil
plus 1 percent graphite; (l) turbine oil plus 1 percent stearic acid; (m) turbine oil (medium mineral); (n) olive oil; (p) palmitic acid; (q)
ricinoleic acid; (r) dry soap; (s) lard; (t) water; (u) rape oil; (v) 3-in-1 oil; (w) octyl alcohol; (x) triolein; (y) 1 percent lauric acid in paraffin oil.

SOURCES: (1) Campbell, Trans. ASME, 1939; (2) Clarke, Lincoln, and Sterrett , Proc. API, 1935; (3) Beare and Bowden, Phil. Trans. Roy.
Soc., 1935; (4) Dokos, Trans. ASME, 1946; (5) Boyd and Robertson, Trans. ASME, 1945; (6) Sachs, Zeit f. angew. Math. und Mech., 1924;
(7) Honda and Yamaha, Jour. I of M, 1925; (8) Tomlinson, Phil. Mag., 1929; (9) Morin, Acad. Roy. des Sciences, 1838; (10) Claypoole,
Trans. ASME, 1943; (11) Tabor, Jour. Applied Phys., 1945; (12) Eyssen, General Discussion on Lubrication, ASME, 1937; (13) Brazier and
Holland-Bowyer, General Discussion on Lubrication, ASME, 1937; (14) Burwell, Jour. SAE., 1942; (15) Stanton, ‘‘Friction,’’ Longmans;
(16) Ernst and Merchant , Conference on Friction and Surface Finish, M.I.T., 1940; (17) Gongwer, Conference on Friction and Surface Finish,
M.I.T., 1940; (18) Hardy and Bircumshaw, Proc. Roy. Soc., 1925; (19) Hardy and Hardy, Phil. Mag., 1919; (20) Bowden and Young, Proc.
Roy. Soc., 1951; (21) Hardy and Doubleday, Proc. Roy. Soc., 1923; (22) Bowden and Tabor, ‘‘The Friction and Lubrication of Solids,’’
Oxford; (23) Shooter, Research, 4, 1951.
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Table 3.2.4 Coefficients of Static and Sliding Friction (Continued )
(Reference letters indicate the lubricant used; numbers in parentheses give the sources. See footnote.)

Static Sliding

Materials Dry Greasy Dry Greasy

Copper on glass 0.68 (8) 0.53 (3)
Cast iron on cast iron 1.10 (16) 0.15 (9) 0.070 (9, d )

0.064 (9, n)
Bronze on cast iron 0.22 (9) 0.077 (9, n)
Oak on oak (parallel to grain) 0.62 (9) 0.48 (9) 0.164 (9, r)

0.067 (9, s)
Oak on oak (perpendicular) 0.54 (9) 0.32 (9) 0.072 (9, s)
Leather on oak (parallel) 0.61 (9) 0.52 (9)
Cast iron on oak 0.49 (9) 0.075 (9, n)
Leather on cast iron 0.56 (9) 0.36 (9, t)

0.13 (9, n)
Laminated plastic on steel 0.35 (12) 0.05 (12, t)
Fluted rubber bearing on steel 0.05 (13, t)

(a) Oleic acid; (b) Atlantic spindle oil (light mineral); (c) castor oil; (d ) lard oil; (e) Atlantic spindle oil plus 2 percent oleic acid; ( f )
medium mineral oil; (g) medium mineral oil plus 1⁄2 percent oleic acid; (h) stearic acid; (i) grease (zinc oxide base); ( j) graphite; (k) turbine oil
plus 1 percent graphite; (l) turbine oil plus 1 percent stearic acid; (m) turbine oil (medium mineral); (n) olive oil; (p) palmitic acid; (q)
ricinoleic acid; (r) dry soap; (s) lard; (t) water; (u) rape oil; (v) 3-in-1 oil; (w) octyl alcohol; (x) triolein; (y) 1 percent lauric acid in paraffin oil.

SOURCES: (1) Campbell, Trans. ASME, 1939; (2) Clarke, Lincoln, and Sterrett , Proc. API, 1935; (3) Beare and Bowden, Phil. Trans. Roy.
Soc., 1935; (4) Dokos, Trans. ASME, 1946; (5) Boyd and Robertson, Trans. ASME, 1945; (6) Sachs, Zeit f. angew. Math. und Mech., 1924;
(7) Honda and Yamaha, Jour. I of M, 1925; (8) Tomlinson, Phil. Mag., 1929; (9) Morin, Acad. Roy. des Sciences, 1838; (10) Claypoole,
Trans. ASME, 1943; (11) Tabor, Jour. Applied Phys., 1945; (12) Eyssen, General Discussion on Lubrication, ASME, 1937; (13) Brazier and
Holland-Bowyer, General Discussion on Lubrication, ASME, 1937; (14) Burwell, Jour. SAE., 1942; (15) Stanton, ‘‘Friction,’’ Longmans;
(16) Ernst and Merchant , Conference on Friction and Surface Finish, M.I.T., 1940; (17) Gongwer, Conference on Friction and Surface Finish,
M.I.T., 1940; (18) Hardy and Bircumshaw, Proc. Roy. Soc., 1925; (19) Hardy and Hardy, Phil. Mag., 1919; (20) Bowden and Young, Proc.
Roy. Soc., 1951; (21) Hardy and Doubleday, Proc. Roy. Soc., 1923; (22) Bowden and Tabor, ‘‘The Friction and Lubrication of Solids,’’
Oxford; (23) Shooter, Research, 4, 1951.

Table 3.2.5 Coefficient of Friction of Hard Steel on Hard Steel

Surface

Superfinished Ground Ground Ground Ground Grit-blasted

Roughness, microinches
Mineral oil
Mineral oil 1 2% oleic acid
Oleic acid
Mineral oil 1 2% sulfonated sperm oil

2
0.128
0.116
0.099
0.095

7
0.189
0.170
0.163
0.137

20
0.360
0.249
0.195
0.175

50
0.372
0.261
0.222
0.251

65
0.378
0.230
0.238
0.197

55
0.212
0.164
0.195
0.165

Table 3.2.6 Coefficient of Friction of Steel on Polymers
Room temperature, low speeds.

Material Condition f

Nylon Dry 0.4
Nylon Wet with water 0.15
Plexiglas Dry 0.5
Polyvinyl chloride (PVC) Dry 0.5
Polystyrene Dry 0.5
Low-density (LD) polyethylene, no plas- Dry 0.4

Dry pavement Wet pavement

Inflation pressure, Static Sliding Static Sliding
lb/in2 f0 f f0 f

40 0.90 0.85 0.74 0.69
50 0.88 0.84 0.64 0.58
60 0.80 0.76 0.63 0.56

Tests of the Goodrich Company on wet brick pavement with tires of
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ticizer
LD polyethylene, no plasticizer Wet 0.1
High-density (HD) polyethylene, no plas-
ticizer

Dry or wet 0.15

Soft wood Natural 0.25
Lignum vitae Natural 0.1
PTFE, low speed Dry or wet 0.06
PTFE, high speed Dry or wet 0.3
Filled PTFE (15% glass fiber) Dry 0.12
Filled PTFE (15% graphite) Dry 0.09
Filled PTFE (60% bronze) Dry 0.09
Polyurethane rubber Dry 1.6
Isoprene rubber Dry 3–10
Isoprene rubber Wet (water and

alcohol)
2–4

Rubber Tires on Pavement Arnoux gives f 5 0.67 for dry mac-
adam, 0.71 for dry asphalt , and 0.17 to 0.06 for soft , slippery roads. For
a cord tire on a sand-filled brick surface in fair condition. Agg (Bull. 88,
Iowa State College Engineering Experiment Station, 1928) gives the
following values of f depending on the inflation of the tire:
different treads gave the following values of f :

Coefficients of friction

Static (before Sliding (after
slipping) slipping)

Speed, mi/h 5 30 5 30
Smooth tire 0.49 0.28 0.43 0.26
Circumferential grooves 0.58 0.42 0.52 0.36
Angular grooves at 60° 0.75 0.55 0.70 0.39
Angular grooves at 45° 0.77 0.55 0.68 0.44

Development continues using various manufacturing techniques
(bias ply, belted, radial, studs), tread patterns, and rubber compounds,
so that it is not possible to present average values applicable to present
conditions.

Sleds For unshod wooden runners on smooth wood or stone surfaces,
f 5 0.07 (0.15) when tallow (dry soap) is used as a lubricant ( 5 0.38
when not lubricated); on snow and ice, f 5 0.035. For runners with metal
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shoes on snow and ice, f 5 0.02. Rennie found for steel on ice, f 5 0.014.
However, as the temperature falls, the coefficient of friction will get
larger. Bowden cites the following data for brass on ice:

Temperature, °C f

0 0.025
2 20 0.085
2 40 0.115
2 60 0.14

surfaces well finished and clean, 0.0005 to 0.001; surfaces well oiled,
0.001 to 0.002; surfaces covered with silt , 0.003 to 0.005; surfaces
rusty, 0.005 to 0.01.

If a load L is moved on rollers (Fig. 3.2.5) and if k and k9 are the
respective coefficients of friction for the lower and upper surfaces, the
frictional force P 5 (k 1 k9)L/d.

McKibben and Davidson (Agri. Eng., 1939) give the data in Table
3.2.7 on the rolling resistance of various types of wheels for typical road
and field conditions. Note that the coefficient fr is the ratio of resistance

wit

ete

0
4
4
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ROLLING FRICTION

Rolling is substituted frequently for sliding friction, as in the case of
wheels under vehicles, balls or rollers in bearings, rollers under skids
when moving loads; frictional resistance to the rolling motion is sub-
stantially smaller than to sliding motion. The fact that a resistance arises
to rolling motion is due to several factors: (1) the contacting surfaces are
elastically deflected, so that , on the finite size of the contact , relative
sliding occurs, (2) the deflected surfaces dissipate energy due to internal
friction (hysteresis), (3) the surfaces are imperfect so that contact takes
place on asperities ahead of the line of centers, and (4) surface adhesion
phenomena. The coefficient of rolling friction fr 5 P/L where L is the
load and P is the frictional resistance.

The frictional resistance P to the rolling of a cylinder under a load L
applied at the center of the roller (Fig. 3.2.5) is inversely proportional to
the radius r of the roller; P 5 (k/r)L. Note that k has the dimensions of
length. Quite often k increases with load, particularly for cases involv-

Fig. 3.2.5

ing plastic deformations. Values of k, in inches, are as follows: hard-
wood on hardwood, 0.02; iron on iron, steel on steel, 0.002; hard pol-
ished steel on hard polished steel, 0.0002 to 0.0004.

Data on rolling friction are scarce. Noonan and Strange give, for steel
rollers on steel plates and for loads varying from light to those causing a
permanent set of the material, the following values of k, in inches:

Table 3.2.7 Coefficients of Rolling Friction fr for Wheels

Inflation
Wheel press, lb/in2 Load, lb Concr

2.5 3 36 steel
4 3 24 steel
4.00–18 4-ply 20

1,000
500
500

0.01
0.03
0.03
4 3 36 steel
4.00–30 4-ply
4.00–36 4-ply
5.00–16 4-ply
6 3 28 steel
6.00–16 4-ply
6.00–16 4-ply*
7.50–10 4-ply†
7.50–16 4-ply
7.50–28 4-ply
8 3 48 steel
7.50–36 4-ply
9.00–10 4-ply†
9.00–16 6-ply

36
36
32

20
30
20
20
16

16
20
16

1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,000
1,500
1,500
1,500
1,500
1,000
1,500

0.019
0.018
0.017
0.031
0.023
0.027
0.031
0.029
0.023
0.026
0.013
0.018
0.031
0.042

* Skid-ring tractor tire.
† Ribbed tread tractor tire.
All other pneumatic tires with implement-type tread.
force to load.
Moyer found the following average values of fr for pneumatic rubber

tires properly inflated and loaded: hard road, 0.008; dry, firm, and well-
packed gravel, 0.012; wet loose gravel, 0.06.

FRICTION OF MACHINE ELEMENTS

Work of Friction—Efficiency In a simple machine or assemblage of
two elements, the work done by an applied force P acting through the
distance s is measured by the product Ps. The useful work done is less
and is measured by the product Ll of the resistance L by the distance l
through which it acts. The efficiency e of the machine is the ratio of the
useful work performed to the total work received, or e 5 Ll/Ps. The
work expended in friction Wf is the difference between the total work
received and the useful work, or Wf 5 Ps 2 Ll. The lost-work ratio 5 V
5 Wf /Ll, and e 5 1/(1 1 V).

If a machine consists of a train of mechanisms having the respective
efficiencies e1, e2, e3 . . . en, the combined efficiency of the machine
is equal to the product of these efficiencies.

Efficiencies of Machines and Machine Elements The values for
machine elements in Table 3.2.8 are from ‘‘Elements of Machine De-
sign,’’ by Kimball and Barr. Those for machines are from Goodman’s
‘‘Mechanics Applied to Engineering.’’ The quantities given are per-
centage efficiencies.

N
2

N
2

Fig. 3.2.6

h Steel and Pneumatic Tires

Loose snow
Bluegrass Tilled Loose 10–14 in

sod loam sand deep

0.087
0.082
0.058

0.384
0.468
0.366

0.431
0.504
0.392

0.106
0.282
0.210
0.074
0.057
0.050
0.062
0.094
0.060
0.070
0.061
0.055
0.052
0.065
0.046
0.060
0.054

0.367
0.322
0.294
0.388
0.368
0.319
0.401
0.379
0.280
0.197
0.236
0.185
0.331
0.249

0.413
0.319
0.277
0.460
0.477
0.338
0.387
0.429
0.322
0.205
0.264
0.177
0.388
0.272

0.156
0.146

0.118
0.0753

0.099
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Wedges

Sliding in V Guides If a wedge-shaped slide having an angle 2b is
pressed into a V guide by a force P (Fig. 3.2.6), the total force normal to
the wedge faces will be N 5 P/sin b. A friction force F, opposing
motion along the longitudinal axis of the wedge, arises by virtue of the
coefficient of friction f between the contacting surface of the wedge and
guides: F 5 fN 5 fP/sin b. In these formulas, the fact that the elasticity
of the materials permits an advance of the wedge into the guide under
the load P has been neglected. The common efficiency for V guides is

of a single-threaded screw), both in inches; b 5 angle of inclination of
thread to a plane at right angles to the axis of screw (tan b 5 l/2pr); and
f 5 coefficient of sliding friction 5 tan a. Then for a screw in uniform

motion (friction of the root and outside
surfaces being neglected) there is re-
quired a force P acting at right angles to
the axis at the distance r. P 5
L tan (b 6 a) 5 L(l 6 2prf )/(2pr 6 f l),
where the upper signs are for motion in a

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
e 5 0.88 to 0.90.
Taper Keys In Fig. 3.2.7 if the key is moved in the direction of the

force P, the force H must be overcome. The supporting reactions K1, K2,
and K3 together with the required force P may be obtained by drawing
the force polygon (Fig. 3.2.8). The friction angles of these faces are a1,
a2, and a3, respectively. In Fig. 3.2.8, draw AB parallel to H in Fig.
3.2.7, and lay it off to scale to represent H. From the point A, draw AC

Fig. 3.2.7 Fig. 3.2.8

parallel to K1, i.e., making the angle b 1 a1 with AB; from the other
extremity of AB, draw BC parallel to K2 in Fig. 3.2.7. AC and CB then
give the magnitudes of K1 and K2, respectively. Now through C draw
CD parallel to K3 to its intersection with AD which has been drawn
through A parallel to P. The magnitudes of K3 and P are then given by
the lengths of CD and DA.

By calculation,

K1/H 5 cos a2 /cos (b 1 a1 1 a2)
P/K1 5 sin (b 1 a1 1 a3)/cos a3

P/H 5 cos a2 sin (b 1 a1 1 a3)/cos a3 cos (b 1 a1 1 a2)

If a1 5 a2 5 a3 5 a, then P 5 H tan (b 1 2a), and efficiency e 5
tan b/tan (b 1 2a). Force required to loosen the key 5 P1 5 H tan
(2a 2 b). In order for the key not to slide out when force P is removed, it
is necessary that b , (a1 1 a3), or b , 2a.

The forces acting upon the taper key of Fig. 3.2.9 may be found in a
similar way (see Fig. 3.2.10).

P 5 2H cos a sin (b 1 a)/cos (b 1 2a)
5 2H tan (b 1 a)/[1 2 tan a tan (b 1 a)]
5 2H tan (b 1 a) approx

The force to loosen the key is P1 5 2H tan (a 2 b) approx, and the
efficiency e 5 tan b/tan (b 1 a). The key will be self-locking when
b , a, or, more generally, when 2b , (a1 1 a3).

Fig. 3.2.9 Fig. 3.2.10

Screws

Screws with Square Threads (Fig. 3.2.11) Let r 5 mean radius of
the thread 5 1⁄2 (radius at root 1 outside radius), and l 5 pitch (or lead
Fig. 3.2.11

direction opposed to that of L and the
lower for motion in the same direction as
that of L. When b # a, the screw will not
‘‘overhaul’’ (or move under the action of
the load L).

The efficiency for motion opposed to
direction in which L acts 5 e 5
tan b/tan (b 1 a); for motion in the same
direction in which L acts, e 5
tan (b 2 a)/tan b.

The value of e is a maximum when b 5
45° 2 1⁄2a; e.g., emax 5 0.81 for b 5 42° and f 5 0.1. Since e increases
rapidly for values of b up to 20°, this angle is generally not exceeded;
for b 5 20°, and f1 5 0.10, e 5 0.74. In presses, where the mechanical
advantage is required to be great , b is taken down to 3°, for which value
e 5 0.34 with f 5 0.10.

Kingsbury found for square-threaded screws running in loose-fitting
nuts, the following coefficients of friction: lard oil, 0.09 to 0.25; heavy
mineral oil, 0.11 to 0.19; heavy oil with graphite, 0.03 to 0.15.

Ham and Ryan give for screws the following values of coefficients of
friction, with medium mineral oil: high-grade materials and workman-
ship, 0.10; average quality materials and workmanship, 0.12; poor
workmanship, 0.15. The use of castor oil as a lubricant lowered f from
0.10 to 0.066. The coefficients of static friction (at starting) were 30
percent higher. Table 3.2.8 gives representative values of efficiency.

Screws with V Threads (Fig.3.2.12) Let c 5 half the angle between
the faces of a thread. Then, using the same notation as for square-
threaded screws, for a screw in motion (neglecting friction of root and
outside surfaces),

P 5 L(l 6 2prf sec d)/(2pr 6 lf sec d)

d is the angle between a plane normal to the axis of the screw through
the point of the resultant thread friction, and a plane which is tangent to

Table 3.2.8 Efficiencies of Machines and Machine Elements

Common bearing (singly) 96–98
Common bearing, long lines of shafting 95
Roller bearings 98
Ball bearings 99
Spur gear, including bearings

Cast teeth 93
Cut teeth 96

Bevel gear, including bearings
Cast teeth 92
Cut teeth 95

Worm gear
Thread angle, 30° 85–95
Thread angle, 15° 75–90

Belting 96–98
Pin-connected chains (bicycle) 95–97
High-grade transmission chains 97–99
Weston pulley block (1⁄2 ton) 30–47
Epicycloidal pulley block 40–45
1-ton steam hoist or windlass 50–70
Hydraulic windlass 60–80
Hydraulic jack 80–90
Cranes (steam) 60–70
Overhead traveling cranes 30–50
Locomotives (drawbar hp/ihp) 65–75
Hydraulic couplings, max 98
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the surface of the thread at the same point (see Groat , Proc. Engs. Soc.
West. Penn, 34). Sec d 5 sec c √1 2 (sin b sin c)2. For small values of
b this reduces practically to sec d 5 sec c, and, for all cases the approxi-
mation, P 5 L(l 6 2prf sec c)/(2pr 6 lf sec c) is within the limits of
probable error in estimating values to be used for f.

In the case of worm gearing when the shafts are normal to each other
(b 1 c 5 90), the efficiency is e 5 tan c/tan (c 1 a) 5 (1 2 pf/2pr)/(1
1 2prf/p), where c is the spiral angle of the worm wheel, or the lead
angle of the worm; p the lead, or pitch of the worm thread; and r the
mean radius of the worm. Typical values of f are shown in Table 3.2.9.

Journals and Bearings

Friction of Journal Bearings If P 5 total load on journal, l 5 jour-
nal length, and 2r 5 journal diameter, then p 5 P/2rl 5 mean normal

ars

200
(61)
.04

.05
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Fig. 3.2.12

The efficiencies are: e 5 tan b(1 2 f tan b sec d)/(tan b 1 f sec d) for
motion opposed to L, and e 5 (tan b 2 f sec d)/tan b(1 1 f tan b sec d)
for motion with L. If we let tan d9 5 f sec d, these equations reduce,
respectively, to e 5 tan b/tan (b 1 d9) and e 5 tan (b 2 d9)/tan b.
Negative values in the latter case merely mean that the thread will not
overhaul. Subtract the values from unity for actual efficiency, consider-
ing the external moment and not the load L as being the driver. The
efficiency of a V thread is lower than that of a square thread of the same
helix angle, since d9 . a.

For a V-threaded screw and nut, let r1 5 outside radius of thread,
r2 5 radius at root of thread, r 5 (r1 1 r2)/2, tan d9 5 f sec d, r0 5 mean
radius of nut seat 5 1.5r (approx) and f 9 5 coefficient of friction
between nut and seat .

To tighten up the nut the turning moment required is M 5 Pr 1
Lr0 f 5 Lr[tan (d9 1 b) 1 1.5f 9]. To loosen M 5 Lr[tan (d9 2 b) 1 1.5f 9].

The total tension in a bolt due to tightening up with a moment M is
T 5 2pM/(l 1 f l sec b sec d cosec b 1 f 93pr). T 4 area at root gives
unit pure tensile stress induced, St . There is also a unit torsional stress:
Ss 5 2(M 2 1.5rf 9T)/pr3

2 . The equivalent combined stress is
S 5 0.35St 1 0.65 √S2

t 1 4S2
s .

Kingsbury, from tests on U.S. standard bolts, finds efficiencies for
tightening up nuts from 0.06 to 0.12, depending upon the roughness of
the contact surfaces and the character of the lubrication.

Toothed and Worm Gearing

The efficiency of spur and bevel gearing depends on the material and the
workmanship of the gears and on the lubricant employed. For high-
speed gears of good quality the efficiency of the gear transmission is 99
percent; with slow-speed gears of average workmanship the efficiency
of 96 percent is common. On the average, efficiencies of 97 to 98
percent can be considered normal.

In helical gears, where considerable transverse sliding of the meshing
teeth on each other takes place, the friction is much greater. If b and c
are, respectively, the spiral angles of the teeth of the driving and driven
helical gears (i.e., the angle between the teeth and the axis of rotation),
b 1 c is the shaft angle of the two gears, and f 5 tan a is the coefficient
of sliding friction of the teeth, the efficiency of the gear transmission is
e 5 [cos b cos (c 1 a)]/[cos c cos (b 2 a)].

Table 3.2.9 Coefficients of Friction for Worm Ge

Rubbing speed of worm, ft /min 100
(m/min) (30.5)

Phosphor-bronze wheel, pol-
ished-steel worm

0.054 0

Single-threaded cast-iron worm
and gear

0.060 0
pressure on the projected area of the journal. Also, if f1 is the coefficient
of journal friction, the moment of journal friction for a cylindrical journal
is M 5 f1Pr. The work expended in friction at angular velocity v is

Wf 5 vM 5 f1Prv

For the conical bearing (Fig. 3.2.13) the mean radius rm 5 (r 1 R)/2 is to
be used.

rm

Fig. 3.2.13

Values of Coefficient of Friction For very low velocities of rotation
(e.g., below 10 r/min), high loads, and with good lubrication, the coef-
ficient of friction approaches the value of greasy friction, 0.07 to 0.15
(see Table 3.2.4). This is also the ‘‘pullout’’ coefficient of friction on
starting the journal. With higher velocities, a fluid film is established
between the journal and bearing, and the values of the coefficient of
friction depend on the speed of rotation, the pressure on the bearing, and
the viscosity of the oil. For journals running in complete bearing bush-
ings, with a small clearance, i.e., with the diameter of the bushing
slightly larger than the diameter of the journal, the experimental data
of McKee give approximate values of the coefficient of friction as in
Fig. 3.2.14.

Fig. 3.2.14 Coefficient of friction of journal.

If d1 is the diameter of the bushing in inches, d the diameter of the
journal in inches, then (d1 2 d) is the diametral clearance and m 5
(d1 2 d)/d is the clearance ratio. The diagram of McKee (Fig. 3.2.14)
gives the coefficient of friction as a function of the characteristic num-

300 500 800 1200
(91.5) (152) (244) (366)

5 0.039 0.030 0.024 0.020

1 0.047 0.034 0.025
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ber ZN/p, where N is the speed of rotation in revolutions per minute,
p 5 P/(dl) is the average pressure in lb/in2 on the projected area of the
bearing, P is the load, l is the axial length of the bearing, and Z is the
absolute viscosity of the oil in centipoises. Approximate values of Z at
100 (130)°F are as follows: light machine oil, 30 (16); medium machine
oil, 60 (25); medium-heavy machine oil, 120 (40); heavy machine oil,
160 (60).

For purposes of design of ordinary machinery with bearing pressures
from 50 to 300 lb/in2 (344.7 to 2,068 kN/m2) and speeds of 100 to

d of the circle, called the friction circle, for each individual joint , is equal
to fD, where D is the diameter of the pin and f is the coefficient of
friction between the pin and the link. The choice of the proper disposi-
tion of the tangent AA with respect to the two friction circles is dictated
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3,000 rpm, values for the coefficient of journal friction can be taken
from 0.008 to 0.020.

Thrust Bearings

Frictional Resistance for Flat Ring Bearing Step bearings or pivots
may be used to resist the end thrust of shafts. Let L 5 total load in the
direction of the shaft axis and f 5 coefficient of sliding friction.

For a ring-shaped flat step bearing such as that shown in Fig. 3.2.15
(or a collar bearing), the moment of thrust friction M 5 1⁄3 fL(D3 2 d3)/
(D2 2 d 2). For a flat circular step bearing, d 5 0, and M 5 1⁄3 fLD.

Fig. 3.2.15

The value of the coefficient of sliding friction is 0.08 to 0.15 when the
speed of rotation is very slow. At higher velocities when a collar or step
bearing is used, f 5 0.04 to 0.06. If the design provides for the formation
of a load carrying oil film, as in the case of the Kingsbury thrust bearing,
the coefficient of friction has values f 5 0.001 to 0.0025.

Where oil is supplied from an external pump with such pressure as to
separate the surfaces and provide an oil film of thickness h (Fig. 3.2.15),
the frictional moment is

M 5
Zn(D4 2 d4)

67 3 107 h
5

pmv(D4 2 d4)

32 h

where D and d are in inches, m is the absolute viscosity, v is the angular
velocity, h is the film thickness, in, Z is viscosity of lubricant in centi-
poises, and n is rotation speed, r/min. With this kind of lubrication the
frictional moment depends upon the speed of rotation of the shaft and
actually approaches zero for zero shaft speeds. The thrust load will be
carried on a film of oil regardless of shaft rotation for as long as the
pump continues to supply the required volume and pressure (see also
Secs. 8 and 14).

EXAMPLE. A hydrostatic thrust bearing carries 101,000 lb, D is 16 in, d is
10 in, oil-film thickness h is 0.006 in, oil viscosity Z, 30 centipoises at operating
temperature, and n is 750 r/min. Substituting these values, the frictional torque M
is 310 in ? lb (358 cm ? kg). The oil supply pressure was 82.5 lb/in2 (569 kN/m2);
the oil flow, 12.2 gal /min (46.2 l /min).

Frictional Forces in Pin Joints of Mechanisms

In the absence of friction, or when the effect of friction is negligible, the
force transmitted by the link b from the driver a to the driven link c
(Figs. 3.2.16 and 3.2.17) acts through the centerline OO of the pins
connecting the link b with links a and c. With friction, this line of action
shifts to the line AA, tangent to small circles of diameter d. The diameter
Fig. 3.2.16 Fig. 3.2.17

by the consideration that friction always opposes the action of the link-
age. The force f opposes the motion of a; therefore, with friction it acts
on a longer lever than without friction (Figs. 3.2.16 and 3.2.17). On the
other hand, the force F drives the link c; friction hinders its action, and
the equivalent lever is shorter with friction than without friction; the
friction throws the line of action toward the center of rotation of link c.

EXAMPLE. An engine eccentric (Fig. 3.2.18) is a joint where the friction loss
may be large. For the dimensions shown and with a torque of 250 in ? lb applied to
the rotating shaft , the resultant horizontal force, with no friction, will act through
the center of the eccentric and be 250/(2.5 sin 60) or 115.5 lb. With friction
coefficient 0.1, the resultant force (which for a long rod remains approximately
horizontal) will be tangent to the friction circle of radius 0.1 3 5, or 0.5 in, and
have a magnitude of 250/(2.5 sin 60 1 0.5), or 93.8 lb (42.6 kg).

Fig. 3.2.18

Tension Elements

Frictional Resistance In Fig. 3.2.19, let T1 and T2 be the tensions
with which a rope, belt , chain, or brake band is strained over a drum,
pulley, or sheave, and let the rope or belt be on the point of slipping
from T2 toward T1 by reason of the difference of tension T1 2 T2 . Then
T1 2 T2 5 circumferential force P transferred by friction must be equal

Fig. 3.2.19

to the frictional resistance W of the belt , rope, or band on the drum or
pulley. Also, let a 5 angle subtending the arc of contact between the
drum and tension element . Then, disregarding centrifugal forces,

T1 5 T2e fa and P 5 (e fa 2 1)T1/e fa 5 (e fa 2 1)T2 5 W

where e 5 base of the napierian system of logarithms 5 2.1781.
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Table 3.2.10 Values of efa

fa°

360° 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0.1
0.2
0.3
0.4
0.425

1.06
1.13
1.21
1.29
1.31

1.1
1.21
1.32
1.46
1.49

1.13
1.29
1.45
1.65
1.70

1.17
1.37
1.60
1.87
1.95

1.21
1.46
1.76
2.12
2.23

1.25
1.55
1.93
2.41
2.55

1.29
1.65
2.13
2.73
2.91

1.33
1.76
2.34
3.10
3.33

1.37
1.87
2.57
3.51
3.80

0.45
0.475
0.5
0.525
0.55

1.33
1.35
1.37
1.39
1.41

1.53
1.56
1.60
1.64
1.68

1.76
1.82
1.87
1.93
2.00

2.03
2.11
2.19
2.28
2.37

2.34
2.45
2.57
2.69
2.82

2.69
2.84
3.00
3.17
3.35

3.10
3.30
3.51
3.74
3.98

3.57
3.83
4.11
4.41
4.74

4.11
4.45
4.81
5.20
5.63

0.6
0.7
0.8
0.9
1.0

1.46
1.55
1.65
1.76
1.87

1.76
1.93
2.13
2.34
2.57

2.13
2.41
2.73
3.10
3.51

2.57
3.00
3.51
4.11
4.81

3.10
3.74
4.52
5.45
6.59

3.74
4.66
5.81
7.24
9.02

4.52
5.81
7.47
9.60

12.35

5.45
7.24
9.60

12.74
16.90

6.59
9.02

12.35
16.90
23.14

1.5
2.0
2.5
3.0
3.5

2.57
3.51
4.81
6.59
9.02

4.11
6.59

10.55
16.90
27.08

6.59
12.35
23.14
43.38
81.31

10.55
23.14
50.75

111.32
244.15

16.90
43.38

111.32
285.68
733.14

27.08
81.31

244.15
733.14

2,199.90

43.38
152.40
535.49

1,881.5
6,610.7

69.49
285.68

1,174.5
4,828.5

19,851

111.32
535.49

2,575.9
12,391
59,608

4.0 12.35 43.38 152.40 535.49 1,881.5 6,610.7 23,227 81,610 286,744

NOTE: ep 5 23.1407, log ep 5 1.3643764.

f is the static coefficient of friction ( f0) when there is no slip of the
belt or band on the drum and the coefficient of kinetic friction ( f ) when
slip takes place. For ease of computation, the values of the quantity e fa

are tabulated on Table 3.2.10.
Average values of f0 for belts, ropes, and brake bands are as follows:

for leather belt on cast-iron pulley, very greasy, 0.12; slightly greasy,
0.28; moist , 0.38. For hemp rope on cast-iron drum, 0.25; on wooden
drum, 0.40; on rough wood, 0.50; on polished wood, 0.33. For iron
brake bands on cast-iron pulleys, 0.18. For wire ropes, Tichvinsky re-

and aB can be calculated from

aA 5 [ ln(T1/T2)]/fA aB 5 [ ln(T1/T2)]/fB
where fA and fB are the coefficients of friction on pulleys A and B,
respectively. To calculate the above values, it is necessary to know the
mean tension of the belt , T 5 (T1 1 T2)/2. Then, T1/T2 5 [T 1
M/(2R)]/[T 2 M/(2R)]. In this configuration, when the slip angles be-
come equal to p (180°), complete slip occurs.

It is interesting to note that torque is transmitted only over the slip

IC
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ports coefficients of static friction, f0 , for a 5⁄8 rope (8 3 19) on a
worn-in cast-iron groove: 0.113 (dry); for mylar on aluminum, 0.4 to
0.7.

Belt Transmissions; Effects of Belt Compliance

In the configuration of Fig. 3.2.20, pulley A drives a belt at angular
velocity vA . Pulley B, here assumed to be of the same radius R as A, is
driven at angular velocity vB . If the belt is extensible and the resistive
torque M 5 (T1 2 T2) R is applied at B, vB will be smaller than vA and
power will be dissipated at a rate W 5 M(vA 2 vB). Likewise, the
surface velocity V1 of the more stretched belt will be larger than V2 . No
slip will take place over the wraps AT -AS and BT -BS . The slip angles aA

3.3 MECHAN
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Fig. 3.2.20 Pulley transmission with extensible belt.
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Notation

a 5 acceleration, area, exponent
A 5 area
c 5 velocity of sound
C 5 coefficient
C 5 Cauchy number

Cp 5 pressure coefficient
d 5 diameter, distance
E 5 bulk modulus of elasticity, modulus of elasticity (Young’s

p 5 3.14159 . . . , dimensionless ratio
r 5 density
s 5 surface tension
t 5 unit shear stress
v 5 rotational speed

FLUIDS AND OTHER SUBSTANCES

Substances may be classified by their response when at rest to the impo-
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modulus), velocity of approach factor, specific energy
E 5 Euler number
f 5 frequency, friction factor

F 5 dimension of force, force
F 5 Froude number
g 5 acceleration due to gravity

gc 5 proportionality constant 5 32.1740 lmb/(lbf ) (ft /s2)
G 5 mass velocity
h 5 head, vertical distance below a liquid surface
H 5 geopotential altitude
i 5 ideal
I 5 moment of inertia
J 5 mechanical equivalent of heat , 778.169 ft ? lbf
k 5 isentropic exponent , ratio of specific heats
K 5 constant , resistant coefficient , weir coefficient
K 5 flow coefficient
L 5 dimension of length, length
m 5 mass, lbm
~m 5 mass rate of flow, lbm/s

M 5 dimension of mass, mass (slugs)
~M 5 mass rate of flow, slugs/s

M 5 Mach number
n 5 exponent for a polytropic process, roughness factor
N 5 dimensionless number
p 5 pressure
P 5 perimeter, power
q 5 heat added
q 5 flow rate per unit width
Q 5 volumetric flow rate
r 5 pressure ratio, radius
R 5 gas constant , reactive force
R 5 Reynolds number
Rh 5 hydraulic radius

s 5 distance, second
sp. gr. 5 specific gravity

S 5 scale reading, slope of a channel
S 5 Strouhal number
t 5 time

T 5 dimension of time, absolute temperature
u 5 internal energy
U 5 stream-tube velocity
v 5 specific volume
V 5 one-dimensional velocity, volume
V 5 velocity ratio
W 5 work done by fluid
W 5 Weber number

x 5 abscissa
y 5 ordinate
Y 5 expansion factor
z 5 height above a datum
Z 5 compressibility factor, crest height
a 5 angle, kinetic energy correction factor
b 5 ratio of primary element diameter to pipe diameter
g 5 specific weight
d 5 boundary-layer thickness
« 5 absolute surface roughness
u 5 angle
m 5 dynamic viscosity
n 5 kinematic viscosity
sition of a shear force. Consider the two very large plates, one moving,
the other stationary, separated by a small distance y as shown in Fig.
3.3.1. The space between these plates is filled with a substance whose
surfaces adhere to these plates in such a manner that its upper surface
moves at the same velocity as the upper plate and the lower surface is
stationary. The upper surface of the substance attains a velocity of U as
the result of the application of shear force Fs. As y approaches dy, U
approaches dU, and the rate of deformation of the substance becomes
dU/dy. The unit shear stress is defined by t 5 Fs /As, where As is the shear
or surface area. The deformation characteristics of various substances
are shown in Fig. 3.3.2.

Fig. 3.3.1 Flow of a substance between parallel plates.

An ideal or elastic solid will resist the shear force, and its rate of
deformation will be zero regardless of loading and hence is coincident
with the ordinate of Fig. 3.3.2. A plastic will resist the shear until its
yield stress is attained, and the application of additional loading will
cause it to deform continuously, or flow. If the deformation rate is
directly proportional to the flow, it is called an ideal plastic.

1

Fig. 3.3.2 Deformation characteristics of substances.
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If the substance is unable to resist even the slightest amount of shear
without flowing, it is a fluid. An ideal fluid has no internal friction, and
hence its deformation rate coincides with the abscissa of Fig. 3.3.2. All
real fluids have internal friction so that their rate of deformation is
proportional to the applied shear stress. If it is directly proportional, it is
called a Newtonian fluid; if not , a non-Newtonian fluid.

Two kinds of fluids are considered in this section, incompressible and
compressible. A liquid except at very high pressures and/or temperatures
may be considered incompressible. Gases and vapors are compressible

The bulk modulus of elasticity E of a fluid is the ratio of the pressure
stress to the volumetric strain. Its dimensions are F/L2. The units are
lbf/in2 or lbf/ft2. E depends upon the thermodynamic process causing
the change of state so that Ex 5 2 v(p/v)x , where x is the process. For
ideal gases, ET 5 p for an isothermal process and Es 5 kp for an
isentropic process where k is the ratio of specific heats. Values of ET and
ES for liquids are given in Table 3.3.2. For liquids, a mean value is
used by integrating the equation over a finite interval, or Exm 5
2 v1(Dp/Dv)x 5 v1(p2 2 p1)/(v1 2 v2)x.

ss
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fluids, but only ideal gases (those that follow the ideal-gas laws) are
considered in this section. All others are covered in Secs. 4.1 and 4.2.

FLUID PROPERTIES

The density r of a fluid is its mass per unit volume. Its dimensions
are M/L3. In fluid mechanics, the units are slugs/ft3 and lbf ?s2/ft4)
(515.3788 kg/m3), but in thermodynamics (Sec. 4.1), the units are lbm/
ft3 (16.01846 kg/m3). Numerical values of densities for selected liquids
are shown in Table 3.3.1. The temperature change at 68°F (20°C) re-
quired to produce a 1 percent change in density varies from 12°F
(6.7°C) for kerosene to 99°F (55°C) for mercury.

The specific volume v of a fluid is its volume per unit mass. Its dimen-
sions are L3/M. The units are ft3/ lbm. Specific volume is related to
density by v 5 1 /rgc, where gc is the proportionality constant [32.1740
(lbm/lbf )(ft /s2)]. Specific volumes of ideal gases may be computed
from the equation of state: v 5 RT/p, where R is the gas constant in
ft ? lbf/(lbm)(°R) (see Sec. 4.1), T is the temperature in degrees Ran-
kine (°F 1 459.67), and p is the pressure in lbf/ft2 abs.

The specific weight g of a fluid is its weight per unit volume and has
dimensions of F/L3 or M/(L2)(T 2). The units are lbf/ft3 or slugs/(ft2)(s2)
(157.087 N/m3). Specific weight is related to density by g 5 rg, where
g is the acceleration of gravity.

The specific gravity (sp. gr.) of a substance is a dimensionless ratio of
the density of a fluid to that of a reference fluid. Water is used as the
reference fluid for solids and liquids, and air is used for gases. Since the
density of liquids changes with temperature for a precise definition of
specific gravity, the temperature of the fluid and the reference fluid
should be stated, for example, 60/60°F, where the upper temperature
pertains to the liquid and the lower to water. If no temperatures are
stated, reference is made to water at its maximum density, which occurs
at 3.98°C and atmospheric pressure. The maximum density of water is
1.9403 slugs/ft3 (999.973 kg/m3). See Sec. 1.2 for conversion factors
for API and Baumé hydrometers. For gases, it is common practice to use
the ratio of the molecular weight of the gas to that of air (28.9644), thus
eliminating the necessity of stating the pressure and temperature for
ideal gases.

Table 3.3.1 Density of Liquids at Atmospheric Pre

Temp:
°C 0 20
°F 32 68

Liquid

Alcohol, ethyl f

Benzenea,b

Carbon tetrachloridea,b

1.564
1.746
3.168

1.532
1.705
3.093
Gasoline,c sp. gr. 0.68
Glycerina,b

Kerosene,c sp. gr. 0.81
Mercuryb

Oil, machine,c sp. gr. 0.907
Water, freshd

Water, salt e

1.345
2.472
1.630

26.379
1.778
1.940
1.995

1.310
2.447
1.564

26.283
1.752
1.937
1.988

SOURCES: Computed from data given in:
a ‘‘Handbook of Chemistry and Physics,’’ 52d ed., Chemical Rubber C
b ‘‘Smithsonian Physical Tables,’’ 9th rev. ed., 1954.
c ASTM-IP, ‘‘Petroleum Measurement Tables.’’
d ‘‘Steam Tables,’’ ASME, 1967.
e ‘‘American Institute of Physics Handbook,’’ 3d ed., McGraw-Hill, 1
f ‘‘International Critical Tables,’’ McGraw-Hill.
EXAMPLE. What pressure must be applied to ethyl alcohol at 68°F (20°C) to
produce a 1 percent decrease in volume at constant temperature?

Dp 5 2 ET(Dv/v) 5 2 (130,000)(2 0.01)
5 1,300 lbf/in2 (9 3 106 N/m2)

In a like manner, the pressure required to produce a 1 percent decrease in the
volume of mercury is found to be 35,900 lbf/in2 (248 3 106 N/m2). For most
engineering purposes, liquids may be considered as incompressible fluids.

The acoustic velocity, or velocity of sound in a fluid, is given by c 5 √Es /r. For
an ideal gas c 5 √kp/r 5 √kgcpv 5 √kgcRT. Values of the speed of sound in
liquids are given in Table 3.3.2.

EXAMPLE. Check the value of the velocity of sound in benzene at 68°F
(20°C) given in Table 3.3.2 using the isentropic bulk modulus. c 5 √Es /r 5

√144 3 223,000/1.705 5 4,340 ft /s (1,320 m/s). Additional information on the
velocity of sound is given in Secs. 4, 11, and 12.

Application of shear stress to a fluid results in the continual and
permanent distortion known as flow. Viscosity is the resistance of a fluid
to shear motion—its internal friction. This resistance is due to two
phenomena: (1) cohesion of the molecules and (2) molecular transfer
from one layer to another, setting up a tangential or shear stress. In
liquids, cohesion predominates, and since cohesion decreases with in-
creasing temperature, the viscosity of liquids does likewise. Cohesion is
relatively weak in gases; hence increased molecular activity with in-
creasing temperature causes an increase in molecular transfer with
corresponding increase in viscosity.

The dynamic viscosity m of a fluid is the ratio of the shearing stress to
the rate of deformation. From Fig. 3.3.1, m 5 t/(dU/dy). Its dimensions
are (F)(T)/L2 or M/(L)(T). The units are lbf ?s/ft2 or slugs/(ft)(s)
[47.88026(N ?s)/m2].

In the cgs system, the unit of dynamic viscosity is the poise,
2,089 3 1026 (lbf ?s)/ft2 [0.1 (N ?s)/m2], but for convenience the
centipoise (1/100 poise) is widely used. The dynamic viscosity of water
at 68°F (20°C) is approximately 1 centipoise.

Table 3.3.3 gives values of dynamic viscosity for selected liquids at
atmospheric pressure. Values of viscosity for fuels and lubricants are
given in Sec. 6. The effect of pressure on liquid viscosity is generally

ure

40 60 80 100
104 140 176 212

r, slugs/ft3 (515.4 kg/m3)

1.498
1.663
3.017

1.463
1.621
2.940

1.579
2.857
1.275
2.423
1.536

26.188
1.727
1.925
1.975

1.239
2.398
1.508

26.094
1.702
1.908

2.372
1.480

26.000
1.677
1.885

2.346

25.906
1.651
1.859

ompany, 1971–1972.

972.
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Table 3.3.2 Bulk Modulus of Elasticity, Ratio of Specific Heats of Liquids and Velocity of
Sound at One Atmosphere and 68°F (20°C)

E in lbf/in2 (6,895 N/m2)

Liquid Isothermal ET Isentropic Es

k 5
cp /cv

c in ft /s
(0.3048 m/s)

Alcohol, ethyla,e

Benzenea, f

Carbon tetrachloridea,b

Glycerin f

Kerosene,a,e sp. gr. 0.81
Mercurye

Oil, machine,f sp. gr. 0.907
Water, fresha

Water, salta,e

130,000
154,000
139,000
654,000
188,000

3,590,000
189,000
316,000
339,000

155,000
223,000
204,000
719,000
209,000

4,150,000
219,000
319,000
344,000

1.19
1.45
1.47
1.10
1.11
1.16
1.13
1.01
1.01

3,810
4,340
3,080
6,510
4,390
4,770
4,240
4,860
4,990

SOURCES: Computed from data given in:
a ‘‘Handbook of Chemistry and Physics,’’ 52d ed., Chemical Rubber Company, 1971–1972.
b ‘‘Smithsonian Physical Tables,’’ 9th rev. ed., 1954.
c ASTM-IP, ‘‘Petroleum Measurement Tables.’’
d ‘‘Steam Tables,’’ ASME, 1967.
e ‘‘American Institute of Physics Handbook,’’ 3d ed., McGraw-Hill, 1972.
f ‘‘International Critical Tables,’’ McGraw-Hill.

Table 3.3.3 Dynamic Viscosity of Liquids at Atmospheric Pressure

Temp:
°C 0 20 40 60 80 100
°F 32 68 104 140 176 212

Liquid m, (lbf ? s)/(ft2 ) [47.88 (N ? s)/(m2)] 3 106

Alcohol, ethyla,e

Benzenea

Carbon tetrachloridee

Gasoline,b sp. gr. 0.68
Glycerind

Kerosene,b sp. gr. 0.81
Mercurya

Oil, machine,a sp. gr. 0.907
‘‘Light’’
‘‘Heavy’’
Water, freshc

Water, saltd

37.02
19.05
28.12
7.28

252,000
61.8
35.19

7,380
66,100
36.61
39.40

25.06
13.62
20.28
5.98

29,500
38.1
32.46

1.810
9,470
20.92
22.61

17.42
10.51
15.41
4.93

5,931
26.8
30.28

647
2,320
13.61
18.20

12.36
8.187
12.17
4.28

1,695
20.3
28.55

299
812

9.672

9.028
6.871
9.884

666.2
16.3
27.11

164
371

7.331

309.1

25.90

102
200

5.827

SOURCES: Computed from data given in:
a ‘‘Handbook of Chemistry and Physics,’’ 52d ed., Chemical Rubber Company, 1971–1972.
b ‘‘Smithsonian Physical Tables,’’ 9th rev. ed., 1954.
c ‘‘Steam Tables,’’ ASME, 1967.
d ‘‘American Institute of Physics Handbook,’’ 3d ed., McGraw-Hill, 1972.
e ‘‘International Critical Tables,’’ McGraw-Hill.

Table 3.3.4 Viscosity of Gases at One Atmosphere

Temp:
°C 0 20 60 100 200 400 600 800 1000
°F 32 68 140 212 392 752 1112 1472 1832

Gas m, (lbf ? s)/(ft2) [47.88(N ? s)/(m2)] 3 108

Air*
Carbon dioxide*
Carbon monoxide†
Helium*
Hydrogen*,†
Methane*
Nitrogen*,†
Oxygen†
Steam‡

35.67
29.03
34.60
38.85
17.43
21.42
34.67
40.08

39.16
30.91
36.97
40.54
18.27
22.70
36.51
42.33
18.49

41.79
35.00
41.57
44.23
20.95
26.50
40.14
46.66
21.89

45.95
38.99
45.96
47.64
21.57
27.80
43.55
50.74
25.29

53.15
47.77
52.39
55.80
25.29
33.49
51.47
60.16
33.79

70.42
62.92
66.92
71.27
32.02
43.21
65.02
76.60
50.79

80.72
74.96
79.68
84.97
38.17

76.47
90.87
67.79

91.75
87.56
91.49
97.43
43.92

86.38
104.3
84.79

100.8
97.71

102.2

49.20

95.40
116.7

SOURCES: Computed from data given in:
* ‘‘Handbook of Chemistry and Physics,’’ 52d ed., Chemical Rubber Company, 1971–1972.
† ‘‘Tables of Thermal Properties of Gases,’’ NBS Circular 564, 1955.
‡ ‘‘Steam Tables,’’ ASME, 1967.
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unimportant in fluid mechanics except in lubricants (Sec. 6). The vis-
cosity of water changes little at pressures up to 15,000 lbf/in2, but for
animal and vegetable oils it increases about 350 percent and for mineral
oils about 1,600 percent at 15,000 lbf/in2 pressure.

The dynamic viscosity of gases is primarily a temperature function
and essentially independent of pressure. Table 3.3.4 gives values of
dynamic viscosity of selected gases.

The kinematic viscosity n of a fluid is its dynamic viscosity divided by
its density, or n 5 m/r. Its dimensions are L2/T. The units are ft2/s

22 2

The vapor pressure pv of a fluid is the pressure at which its liquid and
vapor are in equilibrium at a given temperature. See Secs. 4.1 and 4.2
for further definitions and values.
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(9.290304 3 10 m /s).
In the cgs system, the unit of kinematic viscosity is the stoke

(1 3 1024 m2/s2), but for convenience, the centistoke (1/100 stoke) is
widely used. The kinematic viscosity of water at 68°F (20°C) is approx-
imately 1 centistoke.

The standard device for experimental determination of kinematic viscos-
ity in the United States is the Saybolt Universal viscometer. It consists
essentially of a metal tube and an orifice built to rigid specifications and
calibrated. The time required for a gravity flow of 60 cubic centimeters
is called the SSU (Saybolt seconds Universal). Approximate conver-
sions of SSU to stokes may be made as follows:

32 , SSU , 100 seconds, stokes 5 0.00226 (SSU) 2 1.95/(SSU)
SSU . 100 seconds, stokes 5 0.00220 (SSU) 2 1.35/(SSU)

For viscous oils, the Saybolt Furol viscometer is used. Approximate
conversions of SSF (saybolt seconds Furol) may be made as follows:

25 , SSF , 40 seconds, stokes 5 0.0224 (SSF) 2 1.84/(SSF)
SSF . 40 seconds, stokes 5 0.0216 (SSF) 2 0.60/(SSF)

For exact conversions of Saybolt viscosities, see ASTM D445-71 and
Sec. 6.11.

The surface tension s of a fluid is the work done in extending the
surface of a liquid one unit of area or work per unit area. Its dimensions
are F/L. The units are lbf/ft (14.5930 N/m).

Values of s for various interfaces are given in Table 3.3.5. Surface
tension decreases with increasing temperature. Surface tension is of
importance in the formation of bubbles and in problems involving atom-
ization.

Table 3.3.5 Surface Tension of Liquids at One
Atmosphere and 68°F (20°C)

d, lbf/ft (14.59 N/m) 3 103

Liquid In vapor In air In water

Alcohol, ethyl*
Benzene*
Carbon tetrachloride*
Gasoline,* sp. gr. 0.68
Glycerin*
Kerosene,* sp. gr. 0.81
Mercury*
Oil, machine,‡ sp. gr. 0.907
Water, fresh‡
Water, salt‡

1.56
2.00
1.85

4.30

32.6§
2.5

1.53
1.98
1.83

4.35

32.8
2.6
4.99
5.04

2.40
3.08

2.7–3.6

25.7
2.3–3.7

1.3–1.6

1.6–2.2

SOURCES: Computed from data given in:
* ‘‘International Critical Tables,’’ McGraw-Hill.
† ASTM-IP, ‘‘Petroleum Measurement Tables.’’
‡ ‘‘American Institute of Physics Handbook,’’ 3d ed., McGraw-Hill, 1972.
§ In vacuum.

Capillary action is due to surface tension, cohesion of the liquid mole-
cules, and the adhesion of the molecules on the surface of a solid. This
action is of importance in fluid mechanics because of the formation of a
meniscus (curved section) in a tube. When the adhesion is greater than
the cohesion, a liquid ‘‘wets’’ the solid surface, and the liquid will rise
in the tube and conversely will fall if the reverse. Figure 3.3.3 illustrates
this effect on manometer tubes. In the reading of a manometer, all data
should be taken at the center of the meniscus.
Fig. 3.3.3 Capillarity in circular glass tubes.

FLUID STATICS

Pressure p is the force per unit area exerted on or by a fluid and has
dimensions of F/L2. In fluid mechanics and in thermodynamic equa-
tions, the units are lbf/ft2 (47.88026 N/m2), but engineering practice is
to use units of lbf/in2 (6,894.757 N/m2).

The relationship between absolute pressure, gage pressure, and vacuum
is shown in Fig. 3.3.4. Most fluid-mechanics equations and all thermo-
dynamic equations require the use of absolute pressure, and unless other-
wise designated, a pressure should be understood to be absolute pressure.
Common practice is to denote absolute pressure as lbf/ft2 abs, or psfa,
lbf/in2 abs or psia; and in a like manner for gage pressure lbf/ft2 g,
lbf/in2 g, and psig.

Fig. 3.3.4 Pressure relations.

According to Pascal’s principle, the pressure in a static fluid is the
same in all directions.

The basic equation of fluid statics is obtained by consideration of a fluid
particle at rest with respect to other fluid particles, all being subjected to
body-force accelerations of ax , ay, and az opposite the directions of x, y,
and z, respectively, and the acceleration of gravity in the z direction,
resulting in the following:

dp 5 2 r[ax dx 1 ay dy 1 (az 1 g) dz]

Pressure-Height Relations For a fluid at rest and subject only to
the gravitational force, ax, ay, and az are zero and the basic equation for
fluid statics reduces to dp 5 2 rg dz 5 g dz.

Liquids (Incompressible Fluids) The pressure-height equation inte-
grates to (p1 2 p2) 5 rg(z2 2 z1) 5 g(z2 2 z1) 5 Dp 5 gh, where h is
measured from the liquid surface (Fig. 3.3.5).

EXAMPLE. A large closed tank is partly filled with 68°F (20°C) benzene. If
the pressure on the surface is 10 lb/in2, what is the pressure in the benzene at a
depth of 11 ft below the liquid surface?

p1 5 rgh 1 p2 5
1.705 3 32.17 3 11

144
1 10

5 14.19 lbf/in2 (9.784 3 104 N/m2)
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Ideal Gases (Compressible Fluids) For problems involving the
upper atmosphere, it is necessary to take into account the variation of
gravity with altitude. For this purpose, the geopotential altitude H is used,
defined by H 5 Z/(1 1 z/r), where r is the radius of the earth (' 21 3

where R is the distance along the inclined tube. Commercial inclined
manometers also have special scales so that p1 2 p2 5 (gm 2 gf)S,
where S 5 (A2/A1 1 sin u)R.
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Fig. 3.3.5 Pressure equivalence.

106 ft ' 6.4 3 106 m) and z is the height above sea level. The integra-
tion of the pressure-height equation depends upon the thermodynamic
process. For an isothermal process p2/p1 5 e2(H22H1)/RT and for a polytro-
pic process (n Þ 1)

p2

p1

5F1 2
(n 2 1)(H2 2 H1)

nRT1
Gn/(n21)

Temperature-height relations for a polytropic process (n Þ 1) are
given by

n

1 2 n
5

H2 2 H1

R(T2 2 T1)

Substituting in the pressure-altitude equation,

p2/p1 5 (T2/T1)(H2 2H1)4R(T1 2T2)

EXAMPLE. The U.S. Standard Atmosphere 1962 (Sec. 11) is defined as hav-
ing a sea-level temperature of 59°F (15°C) and a pressure of 2,116.22 lbf/ft2.
From sea level to a geopotential altitude of 36,089 ft (11,000 m) the temperature
decreases linearly with altitude to 2 69.70°F (2 56.5°C). Check the value of pres-
sure ratio at this altitude given in the standard table.

Noting that T1 5 59 1 459.67 5 518.67, T2 5 2 69.70 1 459.67 5 389.97,
and R 5 53.34 ft ? lbf/(lbm)(°R),

p2 /p1 5 (T2 /T1)(H2 2H1)/R(T1 2T2)

5 (389.97/518.67)(36,089-0)/53.34(518.672389.97)

5 0.2233 vs. tabulated value of 0.2234

Pressure-Sensing Devices The two principal devices using liquids
are the barometer and the manometer. The barometer senses absolute
pressure and the manometer senses pressure differential. For discussion
of the barometer and other pressure-sensing devices, refer to Sec. 16.

Manometers are a direct application of the basic equation of fluid
statics and serve as a pressure standard in the range of 1⁄10 in of water to
100 lbf/in2. The most familiar type of manometer is the U tube shown in
Fig. 3.3.6a. Because of the necessity of observing both legs simulta-
neously, the well or cistern type (Fig. 3.3.6b) is sometimes used. The
inclined manometer (Fig. 3.3.6c) is a special form of the well-type ma-
nometer designed to enhance the readability of small pressure differen-
tials. Application of the basic equation of fluid statics to each of the
types results in the following equations. For the U tube, p1 2 p2 5
(gm 2 gf)h, where gm and gf are the specific weights of the manometer
and sensed fluids, respectively, and h is the vertical distance between
the liquid interfaces. For the well type, p1 2 p2 5 (gm 2 gf)(z2)
3 (1 1 A2/A1), where A1 and A2 are as shown in Fig. 3.3.6b and z2 is the
vertical distance from the fill line to the upper interface. Commercial
manufacturers of well-type manometers correct for the area ratios so
that p1 2 p2 5 (gm 2 gf)S, where S is the scale reading and is equal to
z1(1 1 A2/A1). For this reason, scales should not be interchanged be-
tween U type or well type or between well types without consulting the
manufacturer. For inclined manometers,

p1 2 p2 5 (gm 2 gf)(A2/A1 1 sin u)R
Fig. 3.3.6 (a) U-tube manometer; (b) well or cistern-type manometer; (c) in-
clined manometer.

EXAMPLE. A U-tube manometer containing mercury is used to sense the
difference in water pressure. If the height between the interfaces is 10 in and the
temperature is 68°F (20°C), what is the pressure differential?

p1 2 p2 5 (gm 2 gf)h 5 g(rm 2 rf)h
5 32.17(26.283 2 1.937)(10/12)
5 652.7 lbf/ft2 (3.152 3 104 N/m2)

Liquid Forces The force exerted by a liquid on a plane submerged
surface (Fig. 3.3.7) is given by F 5 ep dA 5 geh ? dA 5 g h, A, where hc

is the distance from the liquid surface to the center of gravity of the
surface, and A is the area of the surface. The location of the center of this
force is given by

sF 5 sc 1 IG/scA

where sF is the inclined distance from the liquid surface to the center of
force, sc the inclined distance to the center of gravity of the surface, and
IG the moment of inertia around its center of gravity. Values of IG are
given in Sec. 5.2. See also Sec. 3.1. From Fig. 3.3.7, h 5 R sin u, so that
the vertical center of force becomes

hF 5 hc 1 IG(sin u)2/hcA



FLUID STATICS 3-35

EXAMPLE. Determine the force and its location acting on a rectangular gate
3 ft wide and 5 ft high at the bottom of a tank containing 68°F (20°C) water, 12 ft
deep, (1) if the gate is vertical, and (2) if it is inclined 30° from horizontal.

1. Vertical gate

F 5 gghcA 5 rghcA
5 1.937 3 32.17(12 2 5/2)(5 3 3)
5 8,800 lbf (3.914 3 104 N)

hF 5 hc 1 IG(sin u)2/hcA, from Sec. 5.2, IG for a rectangle 5 (width)(height)3/12
hF 5 (12 2 5/2) 1 (3 3 53/12)(sin 90°)2/(12 2 5/2)(3 3 5)
hF 5 9.719 ft (2.962 m)

For rotation of liquid masses with uniform rotational acceleration, the
basic equation integrates to

p2 2 p1 5 rFv2

2
(x2

2 2 x1
2) 2 g(z2 2 z1)G

where v is the rotational speed in rad/s and x is the radial distance from
the axis of rotation.
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2. Inclined gate
F 5 ghcA 5 rghcA

5 1.937 3 32.17(12 2 5/2 sin 30°)(5 3 3)
5 10,048 lbf (4.470 3 104 N)

hF 5 hc 1 IG(sin u)2/hcA
5 (12 2 5/2 sin 30°) 1 (3 3 53/12)(sin 30°)2/(12 2 5/2 sin 30°)(3 3 5)
5 10.80 ft (3.291 m)

Fig. 3.3.7 Notation for liquid force on submerged surfaces.

Forces on irregular surfaces may be obtained by considering their hori-
zontal and vertical components. The vertical component Fz equals the
weight of liquid above the surface and acts through the centroid of the
volume of the liquid above the surface. The horizontal component Fx

equals the force on a vertical projection of the irregular surface. This
force may be calculated by Fx 5 ghcxAx, where hcx is the distance from
the surface center of gravity of the horizontal projection, and Ax is the
projected area. The forces may be combined by F 5 √F2

z 1 F2
z.

When fluid masses are accelerated without relative motion between
fluid particles, the basic equation of fluid statics may be applied. For
translation of a liquid mass due to uniform acceleration, the basic equa-
tion integrates to

p2 2 p1 5 2 r[(x2 2 x1)ax 1 (y2 2 y1)ay 1 (z2 2 z1)(az 1 g)]

EXAMPLE. An open tank partly filled with a liquid is being accelerated up an
inclined plane as shown in Fig. 3.3.8. The uniform acceleration is 20 ft /s2 and the
angle of the incline is 30°. What is the angle of the free surface of the liquid?
Noting that on the free surface p2 5 p1 and that the acceleration in the y direction
is zero, the basic equation reduces to

(x2 2 x1)ax 1 (z2 2 z1)(az 1 g) 5 0

Solving for tan u,

tan u 5
z1 2 z2

x2 2 x1

5
ax

az 1 g
5

a cos a

a sin a 1 g

5 (20 cos 30°)/(20 sin 30° 1 32.17) 5 0.4107
u 5 22°209
Fig. 3.3.8 Notation for translation example.

EXAMPLE. The closed cylindrical tank shown in Fig. 3.3.9 is 4 ft in diameter
and 10 ft high and is filled with 104°F (40°C) benzene. The tank is rotated at
250 r/min about an axis 3 ft from its centerline. Compute the maximum pressure
differential in the tank. Analysis of the rotation equation indicates that the maxi-

Fig. 3.3.9 Notation for rotation example.

mum pressure will occur at the maximum rotational radius and the minimum
elevation and, conversely, the minimum at the minimum rotational radius and
maximum elevation. From Fig. 3.3.9, x1 5 3 2 4/2 5 1 ft , x2 5 1 1 4 5 5 ft ,
z2 2 z1 5 2 10 ft , and the rotational speed v 5 2pN/60 5 2p(250)/60 5
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26.18 rad/s. Substituting into the rotational equation,

p2 2 p1 5 rFv2

2
(x2

2 2 x1
2) 2 g(z2 2 z1)G

5
1.663

144 F(26.18)2

2
(52 2 12) 2 32.17(2 10)G

5 98.70 lbf/in2 (6.805 3 105 N/m2)

Buoyancy Archimedes’ principle states that a body immersed in a
fluid is buoyed up by a force equal to the weight of the fluid displaced.

the center of buoyancy B above and on the same vertical line as the
center of gravity G. Figure 3.3.11b shows the balloon displaced from its
normal position. In this position, there is a couple Fgx which tends to
restore the balloon and its basket to its original position. For floating
bodies, the center of gravity and the center of buoyancy must lie on the
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If an object immersed in a fluid is heavier than the fluid displaced, it will
sink to the bottom, and if lighter, it will rise. From the free-body dia-
gram of Fig. 3.3.10, it is seen that for vertical equilibrium,

oFz 5 0 5 FB 2 Fg 2 FD

where FB is the buoyant force, Fg the gravity force (weight of body), and
FD the force required to prevent the body from rising. The buoyant force

Fig. 3.3.10 Free body diagram of an immersed object.

being the weight of the displaced liquid, the equilibrium equation may
be written as

FD 5 FB 2 Fg 5 gfV 2 g0V 5 (gf 2 g0)V

where gf is the specific weight of the fluid, g0 is the specific weight of
the object , and V is the volume of the object .

EXAMPLE. An airship has a volume of 3,700,000 ft3 and is filled with hydro-
gen. What is its gross lift in air at 59°F (15°C) and 14.696 psia? Noting that
g 5 p/RT,

FD 5 (gf 2 g0)V 5S p

RaT
2

p

RH2
TD V

5
pV

T S 1

Ra

2
1

RH2

D
5

144 3 14.696 3 3,700,000

59 1 459.7 S 1

53.34
2

1

766.8D
5 263,300 lbf (1.171 3 106 N)

Flotation is a special case of buoyancy where FD 5 0, and hence
FB 5 Fg.

EXAMPLE. A crude hydrometer consists of a cylinder of 1⁄2 in diameter and
2 in length surmounted by a cylinder of 1⁄8 in diameter and 10 in long. Lead shot is
added to the hydrometer until its total weight is 0.32 oz. To what depth would this
hydrometer float in 104°F (40°C) glycerin? For flotation, FB 5 Fg 5 gfV 5 rfgV
or V 5 FB/rfg 5 (0.32/16)/(2.423 3 32.17) 5 2.566 3 1024 ft3. Volume of
cylindrical portion of hydrometer 5 Vc 5 pD2L/4 5 p (0.5/12)2(2/12)/4 5
2.273 3 1024 ft3. Volume of stem immersed 5 VS 5 V 2 VC 5 2.566 3 1024 2
2.273 3 1024 5 2.930 5 1025 ft3. Length of immersed stem 5 LS 5 4 VS/pD2 5
(4 3 2.930 3 1025)/p (0.125/12)2 5 0.3438 ft 5 0.3438 3 12 5 4.126 in. Total
immersion 5 L 1 LS 5 2 1 4.126 5 6.126 in (0.156 m).

Static Stability A body is in static equilibrium when the imposition
of a small displacement brings into action forces that tend to restore the
body to its original position. For completely submerged bodies, the center
of buoyancy and the center of gravity must lie on the same vertical line
and the center of buoyancy must be located above the center of gravity.
Figure 3.3.11a shows a balloon and its basket in its normal position with
Fig. 3.3.11 Stability of an immersed body.

same vertical line, but the center of buoyancy may be below the center
of gravity, as is common practice in surface-ship design. It is required
that when displaced, the line of action of the buoyant force intersect the
centerline above the center of gravity. Figure 3.3.12a shows a floating
body in its normal position with its center of gravity G on the same
vertical line and above the center of buoyancy B. Figure 3.3.12b shows
the object displaced. The intersection of the line of action of the buoyant
force with the centerline of the body at M is called the metacenter. As
shown, this above the center of buoyancy and sets up a restoring couple.
When the metacenter is below the center of gravity, the object will
capsize (see Sec. 11.3).

Fig. 3.3.12 Stability of a floating body.

FLUID KINEMATICS

Steady and Unsteady Flow If at every point in the fluid stream,
none of the local fluid properties changes with time, the flow is said to
be steady. The mathematical conditions for steady flow are met when
(fluid properties)/t 5 0. While flow is generally unsteady by nature,
many real cases of unsteady flow may be treated as steady flow by using
average properties or by changing the space reference. The amount of
error produced by the averaging technique depends upon the nature of
the unsteady flow, but the latter technique is error-free when it can be
applied.

Streamlines and Stream Tubes Velocity has both magnitude and
direction and hence is a vector. A streamline is a line which gives the
direction of the velocity of a fluid particle at each point in the flow
stream. When streamlines are connected by a closed curve in steady
flow, they will form a boundary through which the fluid particles cannot
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pass. The space between the streamlines becomes a stream tube. The
stream-tube concept broadens the application of fluid-flow principles;
for example, it allows treating the flow inside a pipe and the flow around
an object with the same laws. A stream tube of decreasing size ap-
proaches its own axis, a central streamline; thus equations developed for
a stream tube may also be applied to a streamline.

Velocity and Acceleration In the most general case of fluid motion,
the resultant velocity U along a streamline is a function of both distance s
and time t, or U 5 f(s, t). In differential form,

so that

~m 5
V1A1

v1

5
V2A2

v2

5 . . . 5
VnAn

vn

where ~m is the flow rate in lbm/s (0.4535924 kg/s).

EXAMPLE. Air discharges from a 12-in-diameter duct through a 4-in-
diameter nozzle into the atmosphere. The pressure in the duct is 20 lbf/in2, and
atmospheric pressure is 14.7 lbf/in2. The temperature of the air in the duct just
upstream of the nozzle is 150°F, and the temperature in the jet is 147°F. If the
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dU 5
U

s
ds 1

U

t
dt

An expression for acceleration may be obtained by dividing the velocity
equation by dt, resulting in

dU

dt
5

U

s

ds

dt
1

U

t

for steady flow U/t 5 0.
Velocity Profile In the flow of real fluids, the individual streamlines

will have different velocities past a section. Figure 3.3.13 shows the
steady flow of a fluid past a section (A-A) of a circular pipe. The velocity
profile is obtained by plotting the velocity U of each streamline as it
passes A-A. The stream tube that is formed by the space between the
streamlines is the annulus whose area is dA, as shown in Fig. 3.3.13 for

Fig. 3.3.13 Velocity profile.

the stream tube whose velocity is U. The volumetric rate of flow Q for
the flow past section A-A is Q 5 eU dA. All flows take place between
boundaries that are three-dimensional. The terms one-dimensional, two-
dimensional, and three-dimensional flow refer to the number of dimen-
sions required to describe the velocity profile. For three-dimensional
flow, a volume (L3) is required; for example, the flow of a fluid in
a circular pipe. For two-dimensional flow, an area (L2) is necessary; for
example, the flow between two parallel plates. For one-dimensional flow,
a line (L) describes the profile. In cases of two- or three-dimensional
flow, eU dA can be integrated either mathematically if the equations are
known or graphically if velocity-measurement data are available. In
many engineering applications, the average velocity V may be used
where V 5 Q/A 5 (1/A)eU dA.

The continuity equation is a special case of the general physical law of
the conservation of mass. It may be simply stated for a control volume:

Mass rate entering 5 mass rate of storage 1 mass rate leaving

This may be expressed mathematically as

rU dA 5F 

t
( r dA ds)G 1FrU dA 1



s
( rU dA) dsG

where ds is an incremental distance along the control volume. For
steady flow, /t ( r dA ds) 5 0, the general equation reduces to
d( rU dA) 5 0. Integrating the steady-flow continuity equation for the
average velocity along a flow passage:

rVA 5 a constant 5 r1V1A1 5 r2V2A2 5 . . . 5 rnVnAn 5 ~M

where ~M is the mass flow rate in slugs/s (14.5939 kg/s). In many engi-
neering applications, the flow rate in pounds mass per second is desired,
velocity in the duct is 18 ft /s, compute (1) the mass flow rate in lbm/s and (2) the
velocity in the nozzle jet . From the equation of state

v 5 RT/p
vD 5 RTD/pD 5 53.34 (150 1 459.7)/(144 3 20)

5 11.29 ft3/ lbm
vJ 5 RTJ/pJ 5 53.34 (147 1 459.7)/(144 3 14.7)

5 15.29 ft3/ lbm
(1) ~m 5 VDAD/vD 5 18 [(p/4)(12/12)2]/11.29

~mJ 5 1.252 lbm/s (0.5680 kg/s)
(2) VJ 5 mvJ/Aj 5 (1.252)(15.29)/[(p/4)(4/12)2]

vJ 5 219.2 ft /s (66.82 m/s)

FLUID DYNAMICS

Equation of Motion For steady one-dimensional flow, considera-
tion of forces acting on a fluid element of length dL, flow area dA,
boundary perimeter in fluid contact dP, and change in elevation dz with
a unit shear stress t moving at a velocity of V results in

v dp 1
V dV

gc

1
g

gc

dz 1 vtSdP

dAD dL 5 0

Substituting v 5 g/gcg and simplifying,

dp

g
1

V dV

g
1 dz 1 dhf 5 0

where dhf 5 (t/g)(dP/dA) dL 5 t dL/gRh.
The expression 1/(dP/dA) is the hydraulic radius Rh and equals the

flow area divided by the perimeter of the solid boundary in contact with
the fluid. This perimeter is usually called the ‘‘wetted’’ perimeter. The
hydraulic radius of a pipe flowing full is (pD2/4)/pD 5 D/4. Values for
other configurations are given in Table 3.3.6. Integration of the equation
of motion for an incompressible fluid results in

p1

g
1

V1
2

2g
1 z1 5

p2

g
1

V2
2

2g
1 z2 1 h1 f 2

Each term of the equation is in feet and is equivalent to the height the
fluid would rise in a tube if its energy were converted into potential
energy. For this reason, in hydraulic practice, each type of energy is
referred to as a head. The static pressure head is p/g. The velocity head is
V2/2g, and the potential head is z. The energy loss between sections h1 f 2

is called the lost head or friction head. The energy grade line at any point
o(p/g 1 V2/2g 1 z), and the hydraulic grade line is o(p/g 1 z) as shown
in Fig. 3.3.14.

EXAMPLE. A 12-in pipe (11.938 in inside diameter) reduces to a 6-in pipe
(6.065 in inside diameter). Benzene at 68°F (20°C) flows steadily through this
system. At section 1, the 12-in pipe centerline is 10 ft above the datum, and at
section 2, the 6-in pipe centerline is 15 ft above the datum. The pressure at sec-
tion 1 is 20 lbf/in2 and the velocity is 4 ft /s. If the head loss due to friction is
0.05 V2

2/2g, compute the pressure at section 2. Assume g 5 gc, g 5 rg 5 1.705 3
32.17 5 54.85 lbf/ft3. From the continuity equation,

~M 5 r1A1V1 5 r2A2V2 (p1 5 p2)
V2 5 V1(A1/A2) 5 V1(pD1

2)/4)/(pD2
2/4) 5 V1(D1/D2)2

V2 5 4(11.938/6.065)2 5 15.50 ft /s

From the equation of motion,

p2

g
5

p1

g
1

V1
2

2g
1 z1 2SV2

2

2g
1 z2 1 h1 f 2D

p2

g
5

p1

g
1

V1
2 2 V2

2 2 0.05V2
2

2g
1 z1 2 z2
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Table 3.3.6 Values of Flow Area A and Hydraulic Radius Rh for Various Cross Sections

Cross section Condition Equations

Flowing full h/D 5 1 A 5 pD2/4 Rh 5 D/4

Upper half
partly full

0.5 , h/D , 1
cos (u/2) 5 (2h/D 2 1)
A 5 [p(360 2 u) 1 180 sin u](D2/1,440)
Rh 5 [1 1 (180 sin u)/(pu)] (D/4)

h/D 5 0.8128 A 5 0.6839 D2 Rh max 5 0.3043D

Lower half
partly full

h/D 5 0.5 A 5 pD2/8 Rh max 5 h/2

0 , h/D , 0.5
cos (u/2) 5 (1 2 2h/D)
A 5 (pu 2 180 sin u) (D2/1,440)
Rh 5 [1 2 (180 sin u)/(pu)](D/4)

Flowing full
h/D 5 1 A 5 bD Rh 5 bD/2(b 1 D)

Square b 5 D A 5 D2 Rh 5 D/4

Partly full
h/D , 1
h/b 5 0.5
b : `, h : 0

A 5 bh Rh 5 bh/(2h 1 b)
A 5 b2/2 Rh max 5 h/2
Rh : h (wide shallow stream)

a Þ b
Rh max 5 h/2
A 5 [b 1 1/2h(cot a 1 cot b)]h
Rh 5 A/[b 1 h(csc a 1 csc b)]

a 5 b

h

a
5

1

2
a 5 26°349

A 5 (b 1 2h)h
Rh 5 (b 1 2h)h/(b 1 4.472h)

h

a
5

√3

3
a 5 30°

A 5 (b 1 1.732h)h
Rh 5 (b 1 1.732h)h/(b 1 4h)

h

a
5

2

3
a 5 33°419

A 5 (b 1 1.5h)h
Rh 5 (b 1 1.5h)h/(b 1 3.606h)

h

a
5 1 a 5 45°

A 5 (b 1 h)h
Rh 5 (b 1 h)h/(b 1 2.828h)

h

a
5

3

2
a 5 56°199

A 5 (b 1 0.6667h)h
Rh 5 (b 1 0.6667h)h/(b 1 2.404h)

h

a
5 √3 a 5 60°

A 5 (b 1 0.5774h)h
Rh 5 (b 1 0.5774h)h/(b 1 2.309h)

u 5 any angle A 5 tan (u/2)h2 Rh 5 sin (u/2)h/2

u 5 30 A 5 0.2679h2 Rh 5 0.1294h

u 5 45 A 5 0.4142h2 Rh 5 0.1913h

u 5 60 A 5 0.5774h2 Rh 5 0.2500h

u 5 90 A 5 h2 Rh 5 0.3536h

p2

g
5

144 3 20

54.85
1

42 2 1.05(15.50)2

2 3 32.17
1 10 2 15

p2

g
5 43.83 ft

p2 5
54.88 3 43.83

144
5 16.70 lbf/in2 (1.151 3 105 N/m2)

Energy Equation Application of the principles of conservation of

done by the fluid; and u is the internal energy. Btu/ lbm (2,326 J/kg). If
the energy equation is integrated for an incompressible fluid,

J1q2 5 1W2 1
V2

2 2 V1
2

2gc

1
g

gc

(z2 2 z1) 1 J(u2 2 u1) 1 v(p2 2 p1)

The equation of motion does not consider thermal energy or steady-flow
work; the energy equation has no terms for friction. Subtracting the
differential equation of motion from the energy equation and solving for
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energy to a control volume for one-dimensional flow results in the
following for steady flow:

J dq 5 dW 1
V dV

gc

1
g

gc

dz 1 J du 1 d(pv)

where J is the mechanical equivalent of heat , 778.169 ft ? lbf/Btu; q is
the heat added, Btu/ lbm (2,326 J/kg); W is the steady-flow shaft work
friction results in

dhf 5 (dW 1 J du 1 p dv 2 J dq)(gc /g)

Integrating for an incompressible fluid (dv 5 0),

h1 f 2 5 [1W2 1 J(u2 2 u1) 2 J1q2](gc /g)

In the absence of steady-flow work in the system, the effect of friction is
to increase the internal energy and/or to transfer heat from the system.
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For steady frictionless, incompressible flow, both the equation of
motion and the energy equation reduce to

p1

g
1

V1
2

2g
1 z1 5

p2

g
1

V2
2

2g
1 z2

which is known as the Bernoulli equation.

1. Conservation of mass. As expressed by the continuity equation
M 5 r1A1V1 5 r2A2V2.

2. Conservation of energy. As expressed by the energy equation

V2

2gc

1 Ju 1 pv 5
V1

2

2gc

1 Ju1 1 p1v1 5
V2

2

2gc

1 Ju2 1 p2v2

3. Process relationship. For an ideal gas undergoing a frictionless
adiabatic (isentropic) process,

pvk 5 p vk 5 p vk
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Fig. 3.3.14 Energy relations.

Area-Velocity Relations The continuity equation may be written as
loge

~M 5 loge V 1 loge A 1 loge r, which when differentiated becomes

dA

A
5 2

dV

V
2

dr

r

For incompressible fluids, dr 5 0, so

dA

A
5 2

dV

V

Examination of this equation indicates
1. If the area increases, the velocity decreases.
2. If the area is constant , the velocity is constant .
3. There are no critical values.

For the frictionless flow of compressible fluids, it can be demonstrated
that

dA

A
5 2

dV

V F1 2SV

cD2G
Analysis of the above equation indicates:

1. Subsonic velocity V , c. If the area increases, the velocity de-
creases. Same as for incompressible flow.

2. Sonic velocity V 5 c. Sonic velocity can exist only where the
change in area is zero, i.e., at the end of a convergent passage or at the
exit of a constant-area duct .

3. Supersonic velocity V . c. If area increases, the velocity in-
creases, the reverse of incompressible flow. Also, supersonic velocity
can exist only in the expanding portion of a passage after a constriction
where sonic velocity existed.

Frictionless adiabatic compressible flow of an ideal gas in a horizontal
passage must satisfy the following requirements:
1 1 2 2

4. Ideal-gas law. The equation of state for an ideal gas

pv 5 RT

In an expanding supersonic flow, a compression shock wave will be
formed if the requirements for the conservation of mass and energy are
not satisfied. This type of wave is associated with large and sudden rises
in pressure, density, temperature, and entropy. The shock wave is so
thin that for computation purposes it may be considered as a single line.
For compressible flow of gases and vapors in passages, refer to Sec. 4.1;
for steam-turbine passages, Sec. 9.4; for compressible flow around im-
mersed objects, see Sec. 11.4.

The impulse-momentum equation is an application of the principle of
conservation of momentum and is derived from Newton’s second law.
It is used to calculate the forces exerted on a solid boundary by a moving
stream. Because velocity and force have both magnitude and direction,
they are vectors. The impulse-momentum equation may be written for
all three directions:

oFx 5 ~M(Vx2 2 Vx1)
oFy 5 ~M(Vy2 2 Vy1)
oFz 5 ~M(Vz2 2 Vz1)

Figure 3.3.15 shows a free-body diagram of a control volume. The
pressure forces shown are those imposed by the boundaries on the fluid
and on the atmosphere. The reactive force R is that imposed by the
downstream boundary on the fluid for equilibrium. Application of the
impulse-momentum equation yields

oF 5 (Fp1 1 Fa2) 2 (Fa1 1 Fp2 1 R) 5 ~M(V2 2 V1)

Solving for R,

R 5 ( p1 2 pa)A1 2 ( p2 2 pa)A2 5 ~M(V2 5 V1)

The impulse-momentum equation is often used in conjunction with the
continuity and energy equations to solve engineering problems. Be-
cause of the wide variety of possible applications, some examples are
given to illustrate the methods of attack.

Fig. 3.3.15 Notation for impulse momentum.

EXAMPLE. Compressible Fluid in a Duct. Nitrogen flows steadily through a 6-in
(5.761 in inside diameter) straight , horizontal pipe at a mass rate of 25 lbm/s. At
section 1, the pressure is 120 lbf/in2 and the temperature is 100°F. At section 2,
the pressure is 80 lbf/in2 and the temperature is 110°F. Find the friction force
opposing the motion. From the equation of state,

v 5 RT/p
v1 5 55.16 (459.7 1 100)/(144 3 120) 5 1.787 ft3/ lbm
v2 5 55.16 (459.7 1 110)/(144 3 80) 5 2.728 ft3/ lbm

Flow area of pipe 3 pD2/4 5 p (5.761/12)2/4 5 0.1810 ft2

From the continuity equation,

v 5 ~mV/A
V1 5 (25 3 1.787)/0.1810 5 246.8 ft /s
V2 5 (25 3 2.728)/0.1810 5 376.8 ft /s
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Applying the free-body equation for impulse momentum (A 5 A1 5 A2),

R 5 (p1 2 pa) A1 2 (p2 2 pa) A2 2 ~M(V2 2 V1)
5 (p1 2 p2) A 2 M(V2 2 V1) 5 144 (120 2 80) 0.1810

2 (25/32.17)(376.8 2 246.8) 5 941.5 lbf (4.188 3 103 N)

EXAMPLE. Water Flow through a Nozzle. Water at 68°F (20°C) flows through a
horizontal 12- by 6-in-diameter nozzle discharging into the atmosphere. The pres-
sure at the nozzle inlet is 65 lbf/in2 and barometric pressure is 14.7 lbf/in2. Deter-
mine the force exerted by the water on the nozzle.

A 5 pD2/4

EXAMPLE. In the nozzle-blade system of Fig. 3.3.17, water at 68°F (20°C)
enters a 3- by 11⁄2-in-diameter horizontal nozzle with a pressure 23 lbf/in2 and
discharges at 14.7 lbf/in2 (atmospheric pressure). The blade moves away from the
nozzle at a velocity of 10 ft /s and deflects the stream through an angle of 80°. For
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A1 5 p (12/12)2/4 5 0.7854 ft2

A2 5 p (6/12)2/4 5 0.1963 ft2

g 5 rg 5 1.937 3 32.17 5 62.31 lbf/ft3

From the continuity equation r1A1V1 5 r2A2V2 for r1 5 r2, V2 5 V1A1/A2 5
(0.7854/0.1963)V1 5 4V1. From Bernoulli’s equation (z1 5 z2).

p1/g 1 V1
2/2g 5 p2/g 1 V2

2/2g 5 p2/g 1 (4V1)2/2g

or V1 5 √2g(p1 2 p2)/15g

5 √2 3 32.17 3 144 (65 2 14.7)/15 3 62.31 5 22.33 ft /s
V2 5 4 3 22.33 5 89.32 ft /s

Again from the equation of continuity
~M 5 r1A1V1 5 1.937 3 0.7854 3 22.33 5 33.97 slugs/s

Applying the free-body equation for impulse momentum,

R 5 (p1 2 pa) A1 2 (p2 2 pa) A2 2 ~M(V2 2 V1)
5 144 (65 2 14.7) 0.7854 2 144 (14.7 2 14.7) 0.1963
5 (33.97) (89.32 2 22.33)
5 3,413 lbf (1.518 3 104 N)

EXAMPLE. Incompressible Flow through a Reducing Bend. Carbon tetrachloride
flows steadily without friction at 68°F (20°C) through a 90° horizontal reducing
bend. The mass flow rate is 4 slugs/s, the inlet diameter is 6 in, and the outlet is
3 in. The inlet pressure is 50 lbf/in2 and the barometric pressure is 14.7 lbf/in2.
Compute the magnitude and direction of the force required to ‘‘anchor’’ this bend.

A 5 pD2/4
A1 5 (p/4)(6/12)2 5 0.1963 ft2

A2 5 (p/4)(3/12)2 5 0.04909 ft2

From continuity,

V 5 M/rA
V1 5 4/(3.093)(0.1963) 5 6.588 ft /s
V2 5 4/(3.093)(0.04909) 5 26.35 ft /s

From the Bernoulli equation (z1 5 z2),

p2

g
5

p1

g
1

V1
2

2g
2

V2
2

2g
5

144 3 50

3.093 3 32.17
1

(6.588)2 2 (26.35)2

2 3 32.17
5 62.24 ft

p2 5
(3.093 3 32.17)(62.24)

144
5 43.01 lbf/in2

From Fig. 3.3.16,

oFx 5 (p1 2 pa)A1 2 (p2 2 pa)A2 cos a 2 Rx

5 M(V2 cos a 2 V1)
or Rx 5 (p1 2 pa)A1 2 (p2 2 pa)A2 cos a 2 ~M(V2 cos a 2 V1)

oFy 5 0 2 (p2 2 pa)A2 sin a 1 Ry 5 ~M(V2 sin a 2 0)
or Ry 5 (p2 2 pa)A2 sin a 1 MV2 sin a

Rx 5 144 (50 2 14.7) 0.1963 2 144 (43.01 2 14.7)(cos 90°)
2 4 (26.35 cos 90° 2 6.588)

5 1,024 lbf
Ry 5 144 (43.01 2 14.7)(0.04909) sin 90° 1 4(26.35)(sin 90°)

5 305.5 lbf

R 5 √Rx
2 1 Ry

2 5 √(1,024)2 1 (305.5)2

5 1,068 lbf f(4.753 3 103 N)
u 5 tan21 (Fy /Fx) 5 tan21 (305.5/1,024)

5 16°379

Forces on Blades and Deflectors The forces imposed on a fluid jet
whose velocity is VJ by a blade moving at a speed of Vb away from the
jet are shown in Fig. 3.3.17. The following equations were developed
from the application of the impulse-momentum equation for an open jet
(p2 5 p1) and for frictionless flow:

Fx 5 rAJ(VJ 2 Vb)2(1 2 cos a)
Fy 5 rAJ(VJ 2 Vb)2 sin a
F 5 2rAJ(VJ 2 Vb)2 sin (a/2)
Fig. 3.3.16 Forces on a bend.

frictionless flow, calculate the total force exerted by the jet on the blade. Assume
g 5 gc; then g 5 rg. From the continuity equation ( rI 5 rJ), rIAIVI 5 rJAJVJ, VI 5
(AJ/AI)VJ,

VJ 5
pDJ

2/4

pDI
2/4

VJ 5SDJ

DI
D2

VJ

VI 5 (1.5/3)2VJ 5 VJ/4

From the Bernoulli equation (z2 5 z1),

VJ
2

2g
5

VI
2

2g
1

pI 2 pJ

rg

VJ
2 2 (VJ/4)2

2g
5

(pI 2 pJ)

rg

VJ 5 √2(16/15)(pI 2 pJ)

r

5 √2 3 (16/15) 144 (23 2 14.7)

1.937
5 36.28 ft /s

The total force F 5 2rAJ(VJ 2 Vb)2 sin (a/2)

F 5 2 3 1.937 (p/4)(1.5/12)2(36.28 2 10)2 sin (80/2)
5 21.11 lbf (93.90 N)

Fig. 3.3.17 Notation for blade study.

Impulse Turbine In a turbine, the total of the separate forces acting
simultaneously on each blade equals that caused by the combined mass
flow rate ~M discharged by the nozzle or

oP 5 oFxVb 5 ~M(VJ 2 Vb)(1 2 cos a)Vb

The maximum value of power P is found by differentiating P with
respect to Vb and setting the result equal to zero. Solving for Vb yields
Vb 5 VJ /2, so that maximum power occurs when the velocity of the jet
is equal to twice the velocity of the blade. Examination of the power
equation also indicates that the angle a for a maximum power results
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when cos u 5 2 1 or a 5 180°. For theoretical maximum power of a
blade, 2Vb 5 VJ and a 5 180°. It should be noted that in any practical
impulse-turbine application, a cannot be 180° because the discharge
interferes with the next set of blades. Substituting Vb 5 VJ/2, a 5 180°
in the power equation,

oPmax 5 ~M(VJ 2 VJ /2)[1 2 (2 1)]VJ/2 5 MVJ
2/2 5 ~mVJ

2/2gc

or the maximum power per unit mass is equal to the total power of
the jet . Application of the Bernoulli equation between the surface of

tablishing the principles of model design and testing, (3) developing
equations, and (4) converting data from one system of units to another.
Dimensionless parameters may be generated from (1) physical equations,
(2) the principles of similarity, and (3) dimensional analysis. All physical
equations must be dimensionally correct so that a dimensionless param-
eter may be generated by simply dividing one side of the equation by the
other. A minimum of two dimensionless parameters will be formed, one
being the inverse of the other.

EXAMPLE. It is desired to generate a series of dimensionless parameters to
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a reservoir and the discharge of the turbine shows that oPmax 5
~M √2g(z2 2 z1). For design details, see Sec. 9.9.

Flow in a Curved Path When a fluid flows through a bend, it is also
rotated around an axis and the energy required to produce rotation must
be supplied from the energy already in the fluid mass. This fluid rotation
is called a free vortex because it is free of outside energy. Consider the
fluid mass r(ro 2 ri) dA of Fig. 3.3.18 being rotated as it flows through a
bend of outer radius ro, inner radius ri, with a velocity of V. Application
of Newton’s second law to this mass results in

dF 5 po dA 2 pi dA 5 [r(ro 2 ri) dA][V2/(ro 1 ri)/2]

which reduces to

po 2 pi 5 2(ro 2 ri)rV2/(ro 1 ri)

Because of the difference in fluid pressure between the inner and outer
walls of the bend, secondary flows are set up, and this is the primary
cause of friction loss of bends. These secondary flows set up turbulence
that require 50 or more straight pipe diameters downstream to dissipate.

Fig. 3.3.18 Notation for flow in a curved path.

Thus this loss does not take place in the bend, but in the downstream
system. These losses may be reduced by the use of splitter plates which
help minimize the secondary flows by reducing ro 2 ri and hence
po 2 pi.

EXAMPLE. 104°F (40°C) benzene flows at a rate of 8 ft3/s in a square hori-
zontal duct . This duct makes a 90° turn with an inner radius of 1 ft and an outer
radius of 2 ft . Calculate the difference between the walls of this bend. The area of
this duct is (ro 2 ri)2 5 (2 2 1)2 5 1 ft2. From the continuity equation V 5
Q/A 5 8/1 5 8 ft /s. The pressure difference

po 2 pi 5 2(ro 2 ri)rV2/(ro 1 ri)
5 2(2 2 1) 1.663 (8)2/(2 1 1) 5 70.95 lbf/ft2

5 70.95/144 5 0.4927 lbf/in2 (3.397 3 103 N/m2)

DIMENSIONLESS PARAMETERS

Modern engineering practice is based on a combination of theoretical
analysis and experimental data. Often the engineer is faced with the
necessity of obtaining practical results in situations where for various
reasons, physical phenomena cannot be described mathematically and
experimental data must be considered. The generation and use of dimen-
sionless parameters provides a powerful and useful tool in (1) reducing
the number of variables required for an experimental program, (2) es-
describe the ratios of static pressure head, velocity head, and potential head to total
head for frictionless incompressible flow. From the Bernoulli equation,

p

g
1

V2

2g
1 z 5 oh 5 total head

N1 5
p/g 1 V2/2g 1 z

oh
5

p/g

oh
1

V2/2g

oh
1

z

oh
5 Np 1 NV 1 Nz

or N2 5
oh

p2/g 1 V2/2g 1 z
5 N1

21

N1 and N2 are total energy ratios and Np , NV , and Nz are the ratios of the static
pressure head, velocity head, and potential head, respectively, to the total head.

Models versus Prototypes There are times when for economic or
other reasons it is desirable to determine the performance of a structure
or machine by testing another structure or machine. This type of testing
is called model testing. The equipment being tested is called a model,
and the equipment whose performance is to be predicted is called a
prototype. A model may be smaller than, the same size as, or larger than
the prototype. Model experiments on aircraft , rockets, missiles, pipes,
ships, canals, turbines, pumps, and other structures and machines have
resulted in savings that more than justified the expenditure of funds for
the design, construction, and testing of the model. In some situations,
the model and the prototype may be the same piece of equipment , for
example, the laboratory calibration of a flowmeter with water to predict
its performance with other fluids. Many manufacturers of fluid ma-
chinery have test facilities that are limited to one or two fluids and are
forced to test with what they have available in order to predict perfor-
mance with nonavailable fluids. For towing-tank testing of ship models
and for wind-tunnel testing of aircraft and aircraft-component models,
see Secs. 11.4 and 11.5.

Similarity Requirements For complete similarity between a model
and its prototype, it is necessary to have geometric, kinematic, and dy-
namic similarity. Geometric similarity exists between model and proto-
type when the ratios of all corresponding dimensions of the model and
prototype are equal. These ratios may be written as follows:

Length: Lmodel/Lprototype 5 Lratio

5 Lm/Lp 5 Lr

Area: L2
model/L2

prototype 5 L2
ratio

5 L2
m /L2

p 5 L2
r

Volume: L3
model/L3

prototype 5 L3
ratio

5 L3
m /L3

p 5 L3
r

Kinematic similarity exists between model and prototype when their
streamlines are geometrically similar. The kinematic ratios resulting
from this condition are

Acceleration: ar 5 am/ap 5 LmTm
22/LpTp

22

5 Lr /Tr
22

Velocity: Vr 5 Vm/Vp 5 LmTm
21/LpTp

21

5 Lr /Tr
21

Volume flow rate: Qr 5 Qm /Qp 5 L3
mTm

21/L3
pTp

21

5 L3
r /Tr

21

Dynamic similarity exists between model and prototype having geo-
metric and kinematic similarity when the ratios of all forces are the
same. Consider the model /prototype relations for the flow around
the object shown in Fig. 3.3.19. For geometric similarity Dm/Dp 5
Lm/Lp 5Lr and for kinematic similarity UAm/UAp 5 UBm/UBp 5 Vr 5



3-42 MECHANICS OF FLUIDS

LrTr
21. Next consider the three forces acting on point C of Fig. 3.3.19

without specifying their nature. From the geometric similarity of their
vector polygons and Newton’s law, for dynamic similarity F1m /F1p 5
F2m /F2p 5 F3m /F3p 5 MmaCm/MpaCp 5 Fr . For dynamic similarity,
these force ratios must be maintained on all corresponding fluid parti-

Viscous force Fm 5 (viscous shear stress)(shear area)
5 tL2 5 m(dU/dy)L2 5 m(V/L)L2

5 mLV
Gravity force Fg 5 (mass)(acceleration due to gravity)

5 (rL3)(g) 5 rL3g
Pressure force Fp 5 (pressure)(area) 5 pL2

Centrifugal force Fv 5 (mass)(acceleration)
5 (rL3)(L/T 2)
5 (rL3)(Lv2) 5 rL4v2
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Fig. 3.3.19 Notation for dynamic similarity.

cles throughout the flow pattern. From the force polygon of Fig. 3.3.19,
it is evident that F1 1 : F2 1 : F3 5 MaC . For total model /prototype
force ratio, comparisons of force polygons yield

Fr 5
F1m 1 : F2m 1 : F3m

F1p 1 : F2p 1 : F3p

5
MmaCm

MpaCp

Fluid Forces The fluid forces that are considered here are those
acting on a fluid element whose mass 5 rL3, area 5 L2, length 5 L, and
velocity 5 L/T.

Inertia force Fi 5 (mass)(acceleration)
5 (rL3)(L/T 2) 5 rL(L2/T 2)
5 rL2V2

Table 3.3.7 Standard Numbers

Force ratio Equations Result

Inertia

Viscous

Fi

Fm

5
rL2V2

mLV

rLV

m

Inertia

Gravity

Fi

Fg

5
rL2V2

rL3g

V2

Lg
Inertia

Pressure

Fi

Fp

5
rL2V2

rL2

rV2

p

Inertia

Centrifugal

Fi

Fv

5
rL2V2

rL4v2

V2

L2v2

Inertia

Elastic

Fi

FE

5
rL2V2

EL2

rV2

E

Inertia

Surface tension

Fi

Fs

5
rL2V2

sL

rLV 2

s

Inertia

Vibration

Fi

Ff

5
rL2V2

rL4f 2

V2

L2f 2

SOURCE: Computed from data given in Murdock, ‘‘Fluid M
Elastic force FE 5 (modulus of elasticity)(area)
5 EL2

Surface-tension force Fs 5 (surface tension)(length) 5 sL
Vibratory force Ff 5 (mass)(acceleration)

5 (rL3)(L/T 2)
5 (rL4)(T22) 5 rL4f 2

If all fluid forces were acting on a fluid element,

Fr 5
Fmm 1 : Fgm 1 : Fpm 1 : Fvm 1 : FEm 1 : Fsm 1 : Ffm

Fmp 1 : Fgp 1 : Fpp 1 : Fvp 1 : FEp 1 : Fsp 1 : Ffp

5
Fim

Fip

Examination of the above equation and the force polygon of Fig. 3.3.19
lead to the conclusion that dynamic similarity can be characterized by
an equality of force ratios one less than the total number involved. Any
force ratio may be eliminated, depending upon the quantities which are
desired. Fortunately, in most practical engineering problems, not all of
the eight forces are involved because some may not be acting, may be of
negligible magnitude, or may be in opposition to each other in such a
way as to compensate. In each application of similarity, a good under-
standing of the fluid phenomena involved is necessary to eliminate the
irrelevant , trivial, or compensating forces. When the flow phenomenon
is too complex to be readily analyzed, or is not known, only experimen-
tal verification with the prototype of results from a model test will
determine what forces should be considered in future model testing.

Standard Numbers With eight fluid forces that can act in flow situ-
ations, the number of dimensionless parameters that can be formed from

Conventional practice

Form Symbol Name

rLV

m
R Reynolds

V

√Lg
F Froude
rV2

p
E Euler

2Dp

rV2
Cp Pressure coefficient

V

DN
V Velocity ratio

rV2

E
C Cauchy

V

√E/r
M Mach

rLV2

s
W Weber

Lf

V
S Strouhal

echanics and Its Applications,’’ Houghton Mifflin, 1976.
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their ratios is 56. However, conventional practice is to ratio the inertia
force to the other fluid forces, usually by division because the inertia
force is the vector sum of all the other forces involved in a given flow
situation. Results obtained by dividing the inertia force by each of the
other forces are shown in Table 3.3.7 compared with the standard num-
bers that are used in conventional practice.

DYNAMIC SIMILARITY

P 5 FV 5S146,300

550 DS10 3 6,076

3,600 D
5 4,490 hp (3.35 3 106 W)

Compressible Flow Considered in this category are the flow of
compressible fluids under the conditions specified for incompressible
flow in the preceding paragraphs. In addition to the forces involved in
incompressible flow, the elastic force must be added. Conventional
practice is to use the square root of the inertia /elastic force ratio or Mach
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Vibration In the flow of fluids around objects and in the motion of
bodies immersed in fluids, vibration may occur because of the formation
of a wake caused by alternate shedding of eddies in a periodic fashion or
by the vibration of the object or the body. The Strouhal number S is the
ratio of the velocity of vibration Lf to the velocity of the fluid V. Since
the vibration may be fluid-induced or structure-induced, two frequen-
cies must be considered, the wake frequency fv and the natural fre-
quency of the structure fn . Fluid-induced forces are usually of small
magnitude, but as the wake frequency approaches the natural frequency
of the structure, the vibratory forces increase very rapidly. When
fv 5 fn , the structure will go into resonance and fail. This imposes on
the model designer the requirement of matching to scale the natural-fre-
quency characteristics of the prototype. This subject is treated later
under Wake Frequency. All further discussions of model /prototype re-
lations are made under the assumption that either vibratory forces are
absent or they are taken care of in the design of the model or in the test
program.

Incompressible Flow Considered in this category are the flow of
fluids around an object , motion of bodies immersed in incompressible
fluids, and the flow of incompressible fluids in conduits. It includes, for
example, a submarine traveling under water but not partly submerged,
and liquids flowing in pipes and passages when the liquid completely
fills them, but not when partly full as in open-channel flow. It also
includes aircraft moving in atmospheres that may be considered incom-
pressible. Incompressible flow in rotating machinery is considered sep-
arately.

In these situations the gravity force, although acting on all fluid parti-
cles, does not affect the flow pattern. Excluding rotating machinery,
centrifugal forces are absent . By definition of an incompressible fluid,
elastic forces are zero, and since there is no liquid-gas interface, sur-
face-tension forces are absent .

The only forces now remaining for consideration are the inertia,
viscous, and pressure. Using standard numbers, the parameters are
Reynolds number and pressure coefficient. The Reynolds number may be
converted into a kinematic ratio by noting that by definition v 5 m/r and
substituting in R 5 rLV/m 5 LV/v. In this form, Reynolds number is the
ratio of the fluid velocity V and the ‘‘shear velocity’’ v/L. For this
reason, Reynolds number is used to characterize the velocity profile.
Forces and pressure losses are then determined by the pressure coeffi-
cient .

EXAMPLE. A submarine is to move submerged through 32°F (0°C) seawater
at a speed of 10 knots. (1) At what speed should a 1 : 20 model be towed in 68°F
(20°C) fresh water? (2) If the thrust on the model is found to be 42,500 lbf, what
horsepower will be required to propel the submarine?

1. Speed of model for Reynolds-number similarity

Rm 5 Rp 5SrVL

m
D

m

5SrVL

m
D

p

Vm 5 Vp(rp /rm)(Lp/Lm)(mm /mp)
Vm 5 (10)(1.995/1.937)(20/1)(20.92 3 1026/39.40 3 1026)

5 109.4 knots (56.27 m/s)

2. Prototype horsepower

Cpp 5 Cpm 5S2Dp

rV2D
p

5S2Dp

rV2D
m

F 5 DpL2, Dp 5
F

L2
, so thatS 2 F

rV2L2D
p

5S 2 F

rV2L2D
m

Fp 5 Fm(rp /rm)(Vp/Vm)2(Lp/Lm)2

5 42,500 (1.995/1.937)(10/109.4)2(20/1)2 5 146,300 lbf
number.
Mach number is the ratio of the fluid velocity to its speed of sound and

may be written M 5 V/c 5 V √Es /r. For an ideal gas, M 5 V/ √kgcRT. In
compressible-flow problems, practice is to use the Mach number to
characterize the velocity or kinematic similarity, the Reynolds number
for dynamic similarity, and the pressure coefficient for force or pres-
sure-loss determination.

EXAMPLE. An airplane is to fly at 500 mi/h in an atmosphere whose temper-
ature is 32°F (0°C) and pressure is 12 lbf/in2. A 1 : 20 model is tested in a wind
tunnel where a supply of air at 392°F (200°C) and variable pressure is available.
At (1) what speed and (2) what pressure should the model be tested for dynamic
similarity?

1. Speed for Mach-number similarity

Mm 5 Mp 5S V

√E/r
D

m

5S V

√E/r
D

p

5S V

√kgcRT
D

m

5S V

√kgcRT
D

p

Vm 5 Vp(km/kp)1/2(Rm/Rp)1/2(Tm/Tp)1/2

For the same gas km 5 kp , Rm 5 Rp , and

Vm 5 Vp √Tm/Tp 5 500 √(851.7/491.7) 5 658.1 mi/h

2. Pressure for Reynolds-number similarity

Rm 5 Rp 5SrVL

m
D

m

5SrVL

m
D

p

rm 5 rp(Vp/Vm)(Lp/Lm)(mm/mp)

Since r 5 p/gcRT

S p

gcRTDm

5S p

gcRTDp

(Vp/Vm)(Lp/Lm)(mm /mp)

pm 5 pp(Tm/Tp)(Vp/Vm)(Lp/Lm)(mm /mp)
pm 5 12(851.7/491.7)(500/658.1)(20/1)(53.15 3 1026/35.67 3 1026)
pm 5 470.6 lbf/in2 (3.245 3 106 N/m2)

For information about wind-tunnel testing and its limitations, refer to Sec. 11.4.

Centrifugal Machinery This category includes the flow of fluids in
such centrifugal machinery as compressors, fans, and pumps. In addi-
tion to the inertia, pressure, viscous, and elastic forces, centrifugal
forces must now be considered. Since centrifugal force is really a spe-
cial case of the inertia force, their ratio as shown in Table 3.3.7 is
velocity ratio and is the ratio of the fluid velocity to the machine tangen-
tial velocity. In model /prototype relations for centrifugal machinery,
DN (D 5 diameter, ft , N 5 rotational speed) is substituted for the
velocity V, and D for L, which results in the following:

M 5 DN/ √kgcRT R 5 rD2N/m Cp 5 2Dp/rD2N2

EXAMPLE. A centrifugal compressor operating at 100 r/min is to compress
methane delivered to it at 50 lbf/in2 and 68°F (20°C). It is proposed to test this
compressor with air from a source at 140°F (60°C) and 100 lbf/in2. Determine
compressor speed and inlet-air pressure required for dynamic similarity.
Find speed for Mach-number similarity:

Mm 5 Mp 5 (DN/ √kgcRT)m 5 (DN/ √kgcRT )p

Nm 5 Np(Dp/Dm) √(km/kp)(Rm/Rp)(Tm/Tp)

5 100 (1) √(1.40/1.32)(53.34/96.33)(599.7/527.7)

5 81.70 r/min

Find pressure for Reynolds-number similarity:

Rm 5 Rp 5SrD2N

m
D

m

5SrD2N

m
D

p
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For an ideal gas r 5 p/gcRT, so that

(pD2N/gcRTm)m 5 (pD2N/gcRTm)p

pm 5 pp(Dp/Dm)2(Np/Nm)(Rm/Rp)(Tm/Tp)(mm/mp)
5 50(1)2(100/81.70)(53.34/96.33)(599.7/527.7) 3 (41.79

3 1028/22.70 3 1028) 5 70.90 lbf/in2 (4.888 3 105 N/m2)

See Sec. 14 for specific information on pump and compressor simi-
larity.

Liquid Surfaces Considered in this category are ships, seaplanes
during takeoff, submarines partly submerged, piers, dams, rivers, open-

DIMENSIONAL ANALYSIS

Dimensional analysis is the mathematics of dimensions and quantities
and provides procedural techniques whereby the variables that are as-
sumed to be significant in a problem can be formed into dimensionless
parameters, the number of parameters being less than the number of
variables. This is a great advantage, because fewer experimental runs
are then required to establish a relationship between the parameters than
between the variables. While the user is not presumed to have any
knowledge of the fundamental physical equations, the more knowl-
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channel flow, spillways, harbors, etc. Resistance at liquid surfaces is
due to surface tension and wave action. Since wave action is due to
gravity, the gravity force and surface-tension force are now added to the
forces that were considered in the last paragraph. These are expressed as
the square root of the inertia /gravity force ratio or Froude number F 5

V/ √Lg and as the inertia /surface tension force ratio or Weber number
W 5 rLV2/s. On the other hand, elastic and pressure forces are now
absent . Surface tension is a minor property in fluid mechanics and it
normally exerts a negligible effect on wave formation except when the
waves are small, say less than 1 in. Thus the effects of surface tension
on the model might be considerable, but negligible on the prototype.
This type of ‘‘scale effect’’ must be avoided. For accurate results, the
inertia /surface tension force ratio or Weber number should be consid-
ered. It is never possible to have complete dynamic similarity of liquid
surfaces unless the model and prototype are the same size, as shown in
the following example.

EXAMPLE. An ocean vessel 500 ft long is to travel at a speed of 15 knots. A
1 : 25 model of this ship is to be tested in a towing tank using seawater at design
temperature. Determine the model speed required for (1) wave-resistance similar-
ity, (2) viscous or skin-friction similarity, (3) surface-tension similarity, and
(4) the model size required for complete dynamic similarity.

1. Speed for Froude-number similarity

Fm 5 Fp 5 (V/ √Lg)m 5 (V/ √Lg)p

or Vm 5 Vp √Lm/Lp 5 15 √1/25 5 3 knots

2. Speed for Reynolds-number similarity

Rm 5 Rp 5 (rLV/m)m 5 (rLV/m)p

Vm 5 Vp(rp /rm)(Lp/Lm)(mm /mp)
Vm 5 15(1)(25/1)(1) 5 375 knots

3. Speed for Weber-number similarity

Wm 5 Wp 5 (rLV2/s)m 5 (rLV2/s)p

Vm 5 Vp √(rp /rm)(Lp/Lm)(sm /sp)

Vm 5 15 √(1)(25)(1) 5 75 knots

4. Model size for complete similarity. First try Reynolds and Froude similar-
ity; let

Vm 5 Vp(rp /rm)(Lp/Lm)(mm /mp) 5 Vp √Lm/Lp

which reduces to

Lm/Lp 5 (rp /rm)2/3(mm /mp)2/3

Next try Weber and Froude similarity; let

Vm 5 Vp √(rp /rm)(Lp/Lm)(sm /sp) 5 Vp √Lm/Lp

which reduces to

Lm/Lp 5 (rp /rm)1/2(sm /sp)1/2

For the same fluid at the same temperature, either of the above solves for Lm 5 Lp ,
or the model must be the same size as the prototype. For use of different fluids
and/or the same fluid at different temperatures.

Lm/Lp 5 (rp /rm)2/3(mm /mp)2/3 5 (rp /rm)1/2(sm /sp)1/2

which reduces to

(m4/rs3)m 5 (m4/rs3)p

No practical way has been found to model for complete similarity.
Marine engineering practice is to model for wave resistance and correct
for skin-friction resistance. See Sec. 11.3.
edgeable the user, the better the results. If any significant variable or
variables are omitted, the relationship obtained from dimensional anal-
ysis will not apply to the physical problem. On the other hand, inclusion
of all possible variables will result in losing the principal advantage of
dimensional analysis, i.e., the reduction of the amount of experimental
data required to establish relationships. Two formal methods of dimen-
sional analysis are used, the method of Lord Rayleigh and Buckingham’s II
theorem.

Dimensions used in mechanics are mass M, length L, time T, and force
F. Corresponding units for these dimensions are the slug (kilogram), the
foot (metre), the second (second), and the pound force (newton). Any
system in mechanics can be defined by three fundamental dimensions.
Two systems are used, the force (FLT) and the mass (MLT ). In the force
system, mass is a derived quantity and in the mass system, force is a
derived quantity. Force and mass are related by Newton’s law: F 5
MLT22 and M 5 FL21T 2. Table 3.3.8 shows common variables and
their dimensions and units.

Lord Rayleigh’s method uses algebra to determine interrelationships
among variables. While this method may be used for any number of
variables, it becomes relatively complex and is not generally used for
more than four. This method is most easily described by example.

EXAMPLE. In laminar flow, the unit shear stress t is some function of the
fluid dynamic viscosity m, the velocity difference dU between adjacent laminae
separated by the distance dy. Develop a relationship.

1. Write a functional relationship of the variables:

t 5 f (m, dU, dy)

Assume t 5 K(madUbdyc).
2. Write a dimensional equation in either FLT or MLT system:

(FL22) 5 K(FL22T )a(LT21)b(L)c

3. Solve the dimensional equation for exponents:

t m dU dy

Force F 1 5 a 1 0 1 0
Length L 2 2 5 2 2a 1 b 1 c
Time T 0 5 a 2 b 1 0

Solution: a 5 1, b 5 1, c 5 2 1
4. Insert exponents in the functional equation: t 5 K(madUbdyc) 5

K(m1du1dy21), or K 5 (mdU/tdy). This was based on the assumption of t 5
K(madUbdyc). The general relationship is K 5 f (mdU/tdy). The functional rela-
tionship cannot be obtained from dimensional analysis. Only physical analysis
and/or experiments can determine this. From both physical analysis and experi-
mental data,

t 5 m dU/dy

The Buckingham II theorem serves the same purpose as the method of
Lord Rayleigh for deriving equations expressing one variable in terms
of its dependent variables. The II theorem is preferred when the number
of variables exceeds four. Application of the II theorem results in the
formation of dimensionless parameters called p ratios. These p ratios
have no relation to 3.14159. . . . The II theorem will be illustrated in
the following example.

EXAMPLE. Experiments are to be conducted with gas bubbles rising in a still
liquid. Consider a gas bubble of diameter D rising in a liquid whose density is r,
surface tension s, viscosity m, rising with a velocity of V in a gravitational field of
g. Find a set of parameters for organizing experimental results.

1. List all the physical variables considered according to type: geometric, kine-
matic, or dynamic.
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Table 3.3.8 Dimensions and Units of Common Variables

Dimensions Units

Symbol Variable MLT FLT USCS* SI

Geometric

L
A
V

Length
Area
Volume

L
L2

L3

ft
ft2

ft3

m
m2

m3

Kinematic

t
v
f
V
v
Q
a
a

Time
Angular velocity
Frequency
Velocity
Kinematic viscosity
Volume flow rate
Angular acceleration
Acceleration

T

T21

LT21

L2T21

L3T21

T22

LT22

s

s21

ft /s
ft2/s
ft3/s
s22

ft /s22

s

s21

m/s
m2/s
m3/s
s22

m/s2

Dynamic

r
M
I
m
M
MV
Ft
Mv
g
p
t
E
s
F
E
W
FL
P
v

Density
Mass
Moment of inertia
Dynamic viscosity
Mass flow rate
Momentum
Impulse
Angular momentum
Specific weight
Pressure
Unit shear stress
Modulus of elasticity
Surface tension
Force
Energy
Work
Torque
Power
Specific volume

ML23

M
ML2

ML21T21

MT21

MLT21

ML2T21

ML22T22

ML21T22

MT22

MLT22

ML2T22

ML2T23

M21L3

FL24T 2

FL21T 2

FLT 2

FL22T
FL21T21

FT

FLT
FL23

FL22

FL21

F

FL

FLT21

F21L4T22

slug/ft3

slugs
slug ? ft2

slug/ft ? s
slug/s
lbf ? s

slug ? ft2/s
lbf/ft3

lbf/ft2

lbf/ft
lbf

lbf ? ft

lbf ? ft /s
ft3/ lbm

kg/m3

kg
kg ? m2

kg/m ? s
kg/s
N ? s

kg ? m2/s
N/m3

N/m2

N/m
N

J

W
m3/kg

*United States Customary System.

2. Choose either the FLT or MLT system of dimensions.
3. Select a ‘‘basic group’’ of variables characteristic of the flow as follows:

a. BG , a geometric variable
b. BK , a kinematic variable
c. BD , a dynamic variable (if three dimensions are used)

4. Assign A numbers to the remaining variables starting with A1 .

Type Symbol Description Dimensions Number

p1 5 D1V22r0g 5 Dg/V2

p2 5 (BG)x2(BK)y2(BD)z2(A2) 5 (D)x2(V )y2(r)z2(s)
(M0L0T 0) 5 (Lx2)(Lv2T2y2)(Mz2L23z2)(MT22)

Solution: x2 5 2 1, y2 5 2 2, z2 5 2 1

p2 5 D21V22r21s 5 s/DV2r
p3 5 (BG)x3(BK)y3(BD)z3(A3) 5 (D)x3(V )y3(r)z3(m)

(M0L0T 0) 5 (Lx3)(Ly3T2y3)(Mz3L23z3)(ML21T21)

Solution: x3 5 2 1, y3 5 2 1, z3 5 2 1

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Geometric D Bubble diameter L BG

Kinematic V Bubble velocity LT21 BK

g Acceleration of LT22 A1

gravity
Dynamic r Liquid density ML23 BD

s Surface tension MT22 A2

m Liquid viscosity ML21T21 A3

5. Write the basic equation for each p ratio as follows:

p1 5 (BG)x1(BK)y1(BD)z1(A1)
p2 5 (BG)x2(BK)y2(BD)z2(A2) . . . pn 5 (BG)xn(BK)yn(BD)zn(An)

Note that the number of p ratios is equal to the number of A numbers and thus
equal to the number of variables less the number of fundamental dimensions in a
problem.

6. Write the dimensional equations and use the algebraic method to determine
the value of exponents x, y, and z for each p ratio. Note that for all p ratios, the
sum of the exponents of a given dimension is zero.

p1 5 (BG)x1(BK)y1(BD)z1(A1) 5 (D)x1(V )y1(r)z1(g)
(M0L0T 0) 5 (Lx1)(Ly1T2y1)(Mz1L23z1)(LT22)

Solution: x1 5 1, y1 5 2 2, z1 5 0
p3 5 D21V21r21m 5 m/DVr

7. Convert p ratios to conventional practice. One statement of the Buckingham
II theorem is that any p ratio may be taken as a function of all the others, or f(p1 ,
p2 , p3 , . . . , pn) 5 0. This equation is mathematical shorthand for a functional
statement . It could be written, for example, as p2 5 f(p1 , p3 , . . . , pn). This
equation states that p2 is some function of p1 and p3 through pn but is not a
statement of what function p2 is of the other p ratios. This can be determined only
by physical and/or experimental analysis. Thus we are free to substitute any func-
tion in the equation; for example, p1 may be replaced with 2p1

21 or pn with apn
b .

The procedures set forth in this example are designed to produce p
ratios containing the same terms as those resulting from the application
of the principles of similarity so that the physical significance may be
understood. However, any other combinations might have been used.
The only real requirement for a ‘‘basic group’’ is that it contain the
same number of terms as there are dimensions in a problem and that
each of these dimensions be represented in it .

The p ratios derived for this example may be converted into conven-
tional practice as follows:

p1 5 Dg/V2
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is recognized as the inverse of the square root of the Froude number F

p2 5 s/DV2r

is the inverse of the Weber number W

p 5 m/DVr

is the inverse of the Reynolds number R

Let p1 5 f(p2 , p3)
Then V 5 K(Dg)142

Since the drag and lift forces may be considered independently,

FD 5 CDrV2(A)/2

where CD 5 f(R, M), and A 5 characteristic area.

FL 5 CLrV2(A)/2

where CL 5 f(R, M).
It is evident from Fig. 3.3.20 that CD and CL are also functions of the

angle of attack. Since the drag force arises from two sources, the pres-
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where K 5 f(W, R)

This agrees with the results of the dynamic-similarity analysis of liquid
surfaces. This also permits a reduction in the experimental program
from variations of six variables to three dimensionless parameters.

FORCES OF IMMERSED OBJECTS

Drag and Lift When a fluid impinges on an object as shown in Fig.
3.3.20, the undisturbed fluid pressure p and the velocity V change. Writ-
ing Bernoulli’s equation for two points on the surface of the object , the
point S being the most forward point and point A being any other point ,
we have, for horizontal flow,

p 1 rV2/2 5 pS 1 rV2
S/2 5 pA 1 rV2

A/2

At point S, VS 5 0, so that pS 5 p 1 rV2/2. This is called the stagnation
point , and pS is the stagnation pressure. Since point A is any other point ,
the result of the fluid impingement is to create a pressure pA 5 p 1
r(V2 2 V2

A)/2 acting normal to every point on the surface of the object .

Fig. 3.3.20 Notation for drag and lift.

In addition, a frictional force Ff 5 t0As tangential to the surface area As

opposes the motion. The sum of these forces gives the resultant force R
acting on the body. The resultant force R is resolved into the drag
component FD parallel to the flow and lift component FL perpendicular
to the fluid motion. Depending upon the shape of the object , a wake
may be formed which sheds eddies with a frequency of f. The angle a is
called the angle of attack. (See Secs. 11.4 and 11.5.)

From dimensional analysis or dynamic similarity,

f(Cp , R, M, S) 5 0

The formation of a wake depends upon the Reynolds number, or
S 5 f(R). This reduces the functional relation to f (Cp , R, M) 5 0.
sure or shape drag Fp and the skin-friction drag Ff due to wall shear
stress t0 , the drag coefficient is made up of two parts:

FD 5 Fp 1 Ff 5 CDrAV2/2 5 CprAV2/2 1 CfrAsV2/2
or CD 5 Cp 1 CfAs/A

where Cp is the coefficient of pressure, Cf the skin-friction coefficient ,
and As the characteristic area for shear.

Skin-Friction Drag Figure 3.3.21 shows a fluid approaching a
smooth flat plate with a uniform velocity profile of V. As the fluid
passes over the plate, the velocity at the plate surface is zero and in-
creases to V at some distance d from the surface. The region in which
the velocity varies from 0 to V is called the boundary layer. For some

Fig. 3.3.21 Boundary layer along a smooth flat plate.

distance along the plate, the flow within the boundary layer is laminar,
with viscous forces predominating, but in the transition zone as the
inertia forces become larger, a turbulent layer begins to form and in-
creases as the laminar layer decreases.

Boundary-layer thickness and skin-friction drag for incompressible
flow over smooth flat plates may be calculated from the following
equations, where RX 5 rVX/m:

Laminar

d/X 5 5.20 RX
21/2 0 , RX , 5 3 105

Cf 5 1.328 RX
21/2 0 , RX , 5 3 105

Turbulent

d/X 5 0.377 RX
21/5 5 3 104 , RX , 106

d/X 5 0.220 RX
21/6 106 , RX , 5 3 108

Cf 5 0.0735 RX
21/5 2 3 105 , RX , 107

Cf 5 0.455 (log10RX)22.58 107 , RX , 108

Cf 5 0.05863 (log10CfRX)22 108 , Rx , 109

Transition The Reynolds number at which the boundary layer
changes depends upon the roughness of the plate and degree of turbu-
lence. The generally accepted number is 500,000, but the transition can
take place at Reynolds numbers higher or lower. (Refer to Secs. 11.4
and 11.5.) For transition at any Reynolds number RX ,

Cf 5 0.455 (log10RX)22.58 2 (0.0735 Rt
4/5 2 1.328 8 Rt

1/2) RX
21

For Rt 5 5 3 105, Cf 5 0.455 (log10RX)22.58 2 1,725 RX
21.
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Pressure Drag Experiments with sharp-edged objects placed per-
pendicular to the flow stream indicate that their drag coefficients are
essentially constant at Reynolds numbers over 1,000. This means that
the drag for RX . 103 is pressure drag. Values of CD for various shapes
are given in Sec. 11 along with the effects of Mach number.

Wake Frequency An object in a fluid stream may be subject to the
downstream periodic shedding of vortices from first one side and then
the other. The frequency of the resulting transverse (lift) force is a
function of the stream Strouhal number. As the wake frequency ap-

Fig. 3.3.22. This wide zone is due to experimental and/or measurement
difficulties and the dependence on surface roughness to ‘‘trigger’’ the
boundary layer. Examination of Fig. 3.3.22 indicates an inverse relation
of Strouhal number to drag coefficient .

Observation of actual structures shows that they vibrate at their natu-
ral frequency and with a mode shape associated with their fundamental
(first) mode during vortex excitation. Based on observations of actual
stacks and wind-tunnel tests, Staley and Graven recommend a constant
Strouhal number of 0.2 for all ranges of Reynolds number. The ASME
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proaches the natural frequency of the structure, the periodic lift force
increases asymptotically in magnitude, and when resonance occurs, the
structure fails. Neglecting to take this phenomenon into account in de-
sign has been responsible for failures of electric transmission lines,
submarine periscopes, smokestacks, bridges, and thermometer wells.
The wake-frequency characteristics of cylinders are shown in Fig.
3.3.22. At a Reynolds number of about 20, vortices begin to shed alter-
nately. Behind the cylinder is a staggered stable arrangement of vortices
known as the ‘‘Kármán vortex trail.’’ At a Reynolds number of about
105, the flow changes from laminar to turbulent . At the end of the
transition zone (R ' 3.5 3 105), the flow becomes turbulent , the alter-

Fig. 3.3.22 Flow around a cylinder. (From Murdock, ‘‘Fluid Mechanics and Its
Applications,’’ Houghton Mifflin, 1976.)

nate shedding stops, and the wake is aperiodic. At the end of the super-
critical zone (R ' 3.5 3 106), the wake continues to be turbulent , but
the shedding again becomes alternate and periodic.

The alternating lift force is given by

FL(t) 5 CL rV2 A sin (2p ft)/2

where t is the time. For an analysis of this force in the subcritical zone,
see Belvins (Murdock, ‘‘Fluid Mechanics and Its Applications,’’
Houghton Mifflin, 1976). For design of steel stacks, Staley and Graven
(ASME 72PET/30) recommend CL 5 0.8 for 104 , R , 105, CL 5
2.8 2 0.4 log10 R for R 5 105 to 106, and CL 5 0.4 for 106 , R , 107.

The Strouhal number is nearly constant to R 5 105, and a nominal
design value of 0.2 is generally used. Above R 5 105, data from differ-
ent experimenters vary widely, as indicated by the crosshatched zone of
recommends S 5 0.22 for thermowell design (‘‘Temperature Measure-
ment ,’’ PTC 19.3). Until such time as the value of the Strouhal number
above R 5 105 has been firmly established, designers of structures in
this area should proceed with caution.

FLOW IN PIPES

Parameters for Pipe Flow The forces acting on a fluid flowing
through and completely filling a horizontal pipe are inertia, viscous,
pressure, and elastic. If the surface roughness of the pipe is «, either
similarity or dimensional analysis leads to Cp 5 f(R, M, L/D, «/D),
which may be written for incompressible fluids as Dp 5 CpV2/2 5
KrV2/2, where K is the resistance coefficient and «/D the relative rough-
ness of the pipe surface, and the resistance coefficient K 5 f(R, L/D,
«/D). The pressure loss may be converted to the terms of lost head:
hf 5 Dp/g 5 KV2/2g. Conventional practice is to use the friction factor f,
defined as f 5 KD/L or hf 5 KV2/2g 5 ( fL/D)V2/2g, where f 5
f (R, «/D). When a fluid flows into a pipe, the boundary layer starts at
the entrance, as shown in Fig. 3.3.23, and grows continuously until it
fills the pipe. From the equation of motion dhf 5 t dL/gRh and for
circular ducts Rh 5 D/4. Comparing wall shear stress t0 with friction
factor results in the following: t0 5 frV2/8.

Fig. 3.3.23 Velocity profiles in pipes.

Laminar Flow In this type of flow, the resistance is due to viscous
forces only so that it is independent of the pipe surface roughness, or
t0 5 m dU/dy. Application of this equation to the equation of motion
and the friction factor yields f 5 64/R. Experiments show that it is
possible to maintain laminar flow to very high Reynolds numbers if care
is taken to increase the flow gradually, but normally the slightest distur-
bance will destroy the laminar boundary layer if the value of Reynolds
number is greater than 4,000. In a like manner, flow initially turbulent
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Fig. 3.3.24 Friction factors for flow in pipes.

can be maintained with care to very low Reynolds numbers, but the
slightest upset will result in laminar flow if the Reynolds number is less
than 2,000. The Reynolds-number range between 2,000 and 4,000 is
called the critical zone (Fig. 3.3.24). Flow in the zone is unstable, and
designers of piping systems must take this into account .

EXAMPLE. Glycerin at 68°F (20°C) flows through a horizontal pipe 1 in in
diameter and 20 ft long at a rate of 0.090 lbm/s. What is the pressure loss? From
the continuity equation V 5 Q/A 5 (m/rg)/(pD2/4) 5 [0.090/(2.447 3 32.17)]/
[(p/4)(1/12)2] 5 0.2096 ft /s. The Reynolds number R 5 rVD/m 5

26

Table 3.3.9 Values of Absolute Roughness, New Clean
Commercial Pipes

Probable max
variation of f

from design, %Type of pipe or tubing

« ft (0.3048 m) 3 1026

Range Design

Asphalted cast iron
Brass and copper
Concrete
Cast iron

400
5

850

400
5

4,000
850

2 5 to 1 5
2 5 to 1 5

2 35 to 50
2 10 to 1 15

1,000 10,000
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(2.447)(0.2096)(1/12)/(29,500 3 10 ) 5 1.449. R , 2,000; therefore, flow is
laminar and f 5 64/R 5 64/1.449 5 44.17. K 5 fL/D 5 44.17 3 20(1/12) 5
10,600. Dp 5 KrV2/2 5 10,600 3 2.447 (0.2096)2/2 5 569.8 lbf/ft2 5
569.8/144 5 3.957 lbf/in2 (2.728 3 104 N/m2).

Turbulent Flow The friction factor for Reynolds number over 4,000
is computed using the Colebrook equation:

1

√f
5 2 2 log10 S«/D

3.7
1

2.51

R √f
D

Figure 3.3.24 is a graphical presentation of this equation (Moody,
Trans. ASME, 1944, pp. 671–684). Examination of the Colebrook
equation indicates that if the value of surface roughness « is small
compared with the pipe diameter («/D : 0), the friction factor is a
function of Reynolds number only. A smooth pipe is one in which the
ratio («/D)/3.7 is small compared with 2.51/R √f. On the other hand,
as the Reynolds number increases so that 2.51/R √f : 0, the friction
factor becomes a function of relative roughness only and the pipe is
called a rough pipe. Thus the same pipe may be smooth under one flow
condition, and rough under another. The reason for this is that as the
Reynolds number increases, the thickness of the laminar sublayer de-
creases as shown in Fig. 3.3.21, exposing the surface roughness to flow.
Values of absolute roughness « are given in Table 3.3.9. The variation
Galvanized iron
Wrought iron
Steel
Riveted steel
Wood stave

500
150
150

500
150
150

6,000
2,000

0 to 1 10
2 5 to 10
2 5 to 10

2 25 to 75
2 35 to 20

3,000 30,000
600 3,000

SOURCE: Compiled from data given in ‘‘Pipe Friction Manual,’’ Hydraulic Institute, 3d ed.,
1961.

of friction factor shown in Fig. 3.3.9 is for new, clean pipes. The change
of friction factor with age depends upon the chemical properties of the
fluid and the piping material. Published data for flow of water through
wrought-iron or cast-iron pipes show as much as 20 percent increase
after a few months to 500 percent after 20 years. When necessary to
allow for service life, a study of specific conditions is recommended.
The calculation of friction factor to four significant figures in the exam-
ples to follow is only for numerical comparison and should not be
construed to mean accuracy.

Engineering Calculations Engineering pipe computations usually
fall into one of the following classes:

1. Determine pressure loss Dp when Q, L, and D are known.
2. Determine flow rate Q when L, D, and Dp are known.
3. Determine pipe diameter D when Q, L, and Dp are known.

/knovel2/view_hotlink.jsp?hotlink_id=414433200
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Pressure-loss computations may be made to engineering accu-
racy using an expanded version of Fig. 3.3.24. Greater precision may
be obtained by using a combination of Table 3.3.9 and the Cole-
brook equation, as will be shown in the example to follow. Flow rate
may be determined by direct solution of the Colebrook equation. Com-
putation of pipe diameter necessitates the trial-and-error method of so-
lution.

EXAMPLE. Case 1: 2,000 gal /min of 68°F (20°C) water flow through 500 ft
of cast-iron pipe having an internal diameter of 10 in. At point 1 the pressure is

EXAMPLE. Case 3; Water at 68°F (20°C) is to flow at a rate of 500 ft3/s
through a concrete pipe 5,000 ft long with a head loss not to exceed 50 ft . Deter-
mine the diameter of the pipe. This problem may be solved by trial and error using
methods of the preceding example. First trial: Assume any diameter (say 1 ft).

R √f 5 (rD/m)(2ghf D/L)1/2

5 (1.937D/20.92 3 1026) 3 (2 3 32.17 3 50D/5,000)1/2

5 74,269D3/2 5 74,269(1)3/2 5 74,269
«/D1 5 4,000 3 1026/D 5 4,000 3 1026/(1) 5 4,000 3 1026

1
5 2 2 log10S«/D1

1
2.51D

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
10 lbf/in2 and the elevation 150 ft , and at point 2 the elevation is 100 ft . Find p2 .
From continuity V 5 Q/A 5 [2,000 3 (231/1,728)/60]/[(p/4)(10/12)2] 5 8.170

ft /s. Reynolds number R 5 rVD/m 5 (1.937)(8.170)(10/12)/(20.92 3 1026) 5
6.304 3 105. R . 4,000 .

.
. flow is turbulent . «/D 5 (850 3 1026)/

(10/12) 5 1.020 3 1023.
Determine f: from Fig. 3.3.24 by interpolation f 5 0.02. Substituting this value

on the right-hand side of the Colebrook equation,

1

√f
5 2 2 log10S«/D

3.7
1

2.51

R √f
D

5 2 2 log10F1.020 3 1023

3.7
1

2.51

(6.305 3 105) √0.02
G

1

√f
5 7.035 f 5 0.02021

Resistance coefficient K 5
fL

D
5

0.02021 3 500

10/12

K 5 12.13
h1 f 2 5 KV2/2g 5 12.13 3 (8.170)2/2 3 32.17
h1 f 2 5 12.58 ft

Equation of motion: p1/g 1 V2
1/2g 1 z1 5 p2/g 1 V2

2 /2g 1 z2 1 h1 f 2 . Noting
that V1 5 V2 5 V and solving for p2 ,

p2 5 p1 1 g(z1 2 z2 2 h1 f 2)
5 144 3 10 1 (1.937 3 32.17)(150 2 100 2 12.58)

p2 5 3,772 lbf/ft2 5 3,772/144 5 26.20 lbf/in2 (1.806 3 105 N/m2)

EXAMPLE. Case 2: Gasoline (sp. gr. 0.68) at 68°F (20°C) flows through a
6-in schedule 40 (ID 5 0.5054 ft) welded steel pipe with a head loss of 10 ft in 500
ft . Determine the flow. This problem may be solved directly by deriving equations
that do not contain the flow rate Q.

From hf 5S fL

DD V2

2g
, V 5 (2ghf D)1/2( fL)1/2

From R 5 rVD/m, V 5 Rm/rD

Equating the above and solving,

R √f 5 (rD/m)(2ghf D/L)1/2

5 (1.310 3 0.5054/5.98 3 1026)
3 (2 3 32.17 3 10 3 0.5054/500)1/2 5 89,285

which is now in a form that may be used directly in the Colebrook equation:

«/D 5 150 3 1026/0.5054 5 2.968 3 1024

From the Colebrook equation,

1

√f
5 2 2 log10S«/D

3.7
1

2.51

R √f
D

5 2 2 log10S2.968 3 1024

3.7
1

2.51

89,285D
1

√f
5 7.931 f 5 0.01590

R 5 89,285/ √f 5 89,285 3 7.93 5 7.08 3 105

R . 4,000 .
.
. flow is turbulent

V 5 Rm/rD 5 (7.08 3 105 3 5.98
3 1026)/(1.310 3 0.5054) 5 6.396 ft /s

Q 5 AV 5 (p/4)(0.5054)2(6.396)
Q 5 1.283 ft3/s (3.633 3 1022 m3/s1)
√f1 3.7 R √f1

5 2 2 log10S4,000 3 1026

3.7
1

2.51

74,269D
1

√f1
5 5.906 f1 5 0.02867

R1 5 74,269/ √f1 5 74,269 3 5.906 5 438,600
V1 5 Rm/rD1 5 (438,600 5 20.92 3 1026)/(1.937 3 1)
V1 5 4.737 ft /s
Q1 5 A1V1 5 [p (1)2/4]4.737 5 3.720 ft3/s

For the same loss and friction factor,

D2 5 D1(Q/Q1)2/5 5 (1)(500/3.720)2/5 5 7.102 ft

For the second trial use D2 5 7.102, which results in Q 5 502.2 ft3/s. Since the
nearest standard size would be used, additional trials are unnecessary.

Velocity Profile Figure 3.3.23a shows the formation of a laminar
velocity profile. As the fluid enters the pipe, the boundary layer starts at
the entrance and grows continuously until it fills the pipe. The flow
while the boundary is growing is called generating flow. When the
boundary layer completely fills the pipe, the flow is called established
flow. The distance required for establishing laminar flow is L/D '
0.028 R. For turbulent flow, the distance is much shorter because of the
turbulence and not dependent upon Reynolds number, L/D being from
25 to 50.

Examination of Fig. 3.3.23b indicates that as the Reynolds number
increases, the velocity distribution becomes ‘‘flatter’’ and the flow ap-
proaches one-dimensional. The velocity profile for laminar flow is para-
bolic, U/V 5 2[1 2 (r/ro)2] and for turbulent flow, logarithmic (except for
the very thin laminar boundary layer), U/V 5 1 1 1.43 √f 1 2.15 √f
log10 (1 2 r/ro). The use of the average velocity produces an error in the
computation of kinetic energy. If a is the kinetic-energy correction factor,
the true kinetic-energy change per unit mass between two points on a
flow system DKE 5 a1V2

1/2gc 2 a2V2
2/2gc , where a 5 (1/AV3)eU3dA.

For laminar flow, a 5 2 and for turbulent flow, a ' 1 1 2.7f. Of interest
is the pipe factor V/Umax ; for laminar flow, V/Umax 5 1/2 and for turbu-
lent flow, V/Umax 5 1 1 1.43 √f. The location at which the local velocity
equals the average velocity for laminar flow is U 5 V at r/ro 5 0.7071
and for turbulent flow is U 5 V at r/ro 5 0.7838.

Compressible Flow At the present time, there are no true analytical
solutions for the computation of actual characteristics of compressible
fluids flowing in pipes. In the real flow of a compressible fluid in a pipe,
the amount of heat transferred and its direction are dependent upon the
amount of insulation, the temperature gradient between the fluid and
ambient temperatures, and the heat-transfer coefficient . Each condition
requires an individual application of the principles of thermodynamics
and heat transfer for its solution.

Conventional engineering practice is to use one of the following
methods for flow computation.

1. Assume adiabatic flow. This approximates the flow of compress-
ible fluids in short , insulated pipelines.

2. Assume isothermal flow. This approximates the flow of gases in
long, uninsulated pipelines where the fluid and ambient temperatures
are nearly equal.

Adiabatic Flow If the Mach number is less than 1⁄4 , results within
normal engineering-accuracy requirements may be obtained by consid-
ering the fluid to be incompressible. A detailed discussion of and meth-
ods for the solution of compressible adiabatic flow are beyond the scope
of this section, and any standard gas-dynamics text should be consulted.
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Isothermal Flow The equation of motion for a horizontal piping
system may be written as follows:

dp 1 rV dV 1 g dhf 5 0

noting, from the continuity equation, that rV 5 ~M/A 5 G, where G is the
mass velocity in slugs/(ft2)(s), and that g dhf 5 [( f/D)rV2/2]dL 5 [( f/
D)GV/2]dL. Substituting in the above equation of motion and dividing
by GV/2 results in

2r dp 2dV f

friction in this line. From the equation of state, r1 5 p1/gcRT1 5 (144 3
100)/(32.17)(53.34)(527.7) 5 0.01590 slug/ft3. From Table 3.3.6, Rh 5
bD/2(b 1 D) 5 3 3 1/2(3 1 1) 5 0.375 ft , and Dh 5 4Rh 5 4 3 0.375 5
1.5 ft . For galvanized iron, «/Dh 5 500 3 1026/1.5 5 3.333 3 1024

G 5 ( ~m/gc)/A 5 (720/32.17)/(1 3 3) 5 7.460 slugs/(ft2)(s)
R 5 GDh /m 5 (7.460)(1.5)/(39.16 3 1028)

5 28,580,000 . 4,000 .
.
. flow is turbulent

From Fig. 3.3.24, f ' 0.015

1 «/D 2.51
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G2
1

V
1SDD dL 5 0

Integrating for an isothermal process (p/r 5 C) and assuming f is a
constant ,

r1p1

G2 FSp2

p1
D2

2 1G 1 2 logeSV2

V1
D 1

fL

D
5 0

Noting that A1 5 A2 , V2/V1 5 r1/r2 5 p1/p2 , and solving for G,

G 5H r1p1[1 2 (p2/p1)2]

2 loge (p1/p2) 1 fL/DJ1/2

The Reynolds number may be written as

R 5
rVD

m
5

GD

m
and G 5 R

m

D

The value of R √f may be obtained from the simultaneous solution of the
two equations for G, assuming that 2 loge p1/p2 is small compared with
fL/D.

R √f 'HD3r1p1

m2L F1 2Sp2

p1
DGJ1/2

EXAMPLE. Air at 68°F (20°C) is flowing isothermally through a horizontal
straight standard 1-in steel pipe (inside diameter 5 1.049 in). The pipe is 200 ft
long, the pressure at the pipe inlet is 74.7 lbf/in2, and the pressure drop through the
pipe is 5 lbf/in2. Find the flow rate in lbm/s. From the equation of state r1 5
p/gcRT 5 (144 3 74.7)/(32.17 3 53.34 3 527.7) 5 0.01188 slugs/ft3.

R √f 5 {[(D3r1p1/m2L)][1 2 (p2/p1)2]}1/2 5 {[(1.049/12)3(0.01188)
3 (144 3 74.7)/(39.16 3 1028)2(200)[1 2 (69.7/74.7)2]}1/2

5 18,977

For steel pipe « 5 150 3 1026 ft , «/D 5 (150 3 1026)/(1.049/12) 5 1.716 3
1023. From the Colebrook equation,

1

√f
5 2 2 log10S«/D

3.7
1

2.51

R √f
D

5 2 log10 [(1.716 3 1023/3.7) 1 (2.51)/(18,977)] 5 6.449
f 5 0.02404

R 5 (R √f )(1/ √f ) 5 (18,953)(6.449) 5 122,200
R . 4,000 .

.
. flow is turbulent

G 5H r1p1[1 2 (p2/p1)2]

2 loge (p1/p2) 1 fL/DJ
1/2

5H (0.01188)(144 3 74.7)[1 2 (69.7/74.7)2]

2 loge (74.7/69.7) 1 (0.02404)(200)/(1.049/12)J
1/2

5 0.5476 slug/(ft2)(s)
~m 5 gc AG 5 (32.17)(p/4)(1.049/12)2(0.5476)
~m 5 0.1057 lbm/s (47.94 3 1023 kg/s)

Noncircular Pipes For the flow of fluids in noncircular pipes, the
hydraulic diameter Dh is used. From the definition of hydraulic radius,
the diameter of a circular pipe was shown to be four times its hydraulic
radius; thus Dh 5 4Rh . The Reynolds number thus may be written as
R 5 rVDh/m 5 GDh/m, the relative roughness as «/Dh , and the resis-
tance coefficient K 5 fL/Dh . With the above modifications, flows
through noncircular pipes may be computed in the same manner as for
circular pipes.

EXAMPLE. Air at 68°F (20°C) and 100 lbf/in2 enters a rectangular duct 1 by
3 ft at a rate of 720 lbm/s. The duct is horizontal, 100 ft long, and made of
galvanized iron. Assuming isothermal flow, estimate the pressure loss due to
√f
5 2 2 log10S h

3.7
1

R √f
D

5 2 2 log10S3.333 3 1024

3.7
1

2.51

28,580,000 √0.015
D

f 5 0.01530

Solving the isothermal equation for p2/p1 ,

p2

p1

5H1 2S G2

r1p1
DF2 logeSp1

p2
D 1

fL

Dh
GJ1/2

For first trial, assume 2 loge(p1/p2) is small compared with fL/D:

p2/p1 5 {1 2 [(7.460)2/(0.01590)(144 3 100)][0 1 (0.01530)(100)/1.5]}1/2

5 0.8672

Second trial using first-trial values results in 0.8263. Subsequent trials result in
a balance at p2/p1 5 0.8036, p2 5 100 3 0.8036 5 80.36 lbf/in2 (5.541 3
105 N/m2).

PIPING SYSTEMS

Resistance Parameters The resistance to flow of a piping system is
similar to the resistance of an object immersed in a flow stream and is
made up of pressure (inertia) or shape drag and skin-friction (viscous)
drag. For long, straight pipes the pressure drag is characterized by the
relative roughness «/D and the skin friction by the Reynolds number R.
For other piping components, two parameters are used to describe the
resistance to flow, the resistance coefficient K 5 fL/D and the equivalent
length L/D 5 K/f. The resistance-coefficient method assumes that the
component loss is all due to pressure drag and that the flow through the
component is completely turbulent and independent of Reynold’s num-
ber. The equivalent-length method assumes that resistance of the com-
ponent varies in the same manner as does a straight pipe. The basic
assumption then is that its pressure drag is the same as that for the
relative roughness «/D of the pipe and that the friction drag varies with
the Reynolds number R in the same manner as the straight pipe. Both
methods have the inherent advantage of simplicity in application, but
neither is correct except in the fully developed turbulent region. Two
excellent sources of information on the resistance of piping-system
components are the Hydraulic Institute ‘‘Pipe Friction Manual,’’ which
uses the resistance-coefficient method, and the Crane Company Tech-
nical Paper 410 (‘‘Fluid Meters,’’ 6th ed. ASME, 1971), which uses the
equivalent-length concept .

For valves, branch flow through tees, and the type of components
listed in Table 3.3.10, the pressure drag is predominant , is ‘‘rougher’’
than the pipe to which it is attached, and will extend the completely
turbulent region to lower values of Reynolds number. For bends and
elbows, the loss is made up of pressure drag due to the change of
direction and the consequent secondary flows which are dissipated in 50
diameters or more downstream piping. For this reason, loss through
adjacent bends will not be twice that of a single bend.

In long pipelines, the effect of bends, valves, and fittings is usually
negligible, but in systems where there is little straight pipe, they are the
controlling factor. Under-design will result in the failure of the system
to deliver the required capacity. Over-design will result in inefficient
operation because it will be necessary to ‘‘throttle’’ one or more of the
valves. For estimating purposes, Tables 3.3.10 and 3.3.11 may be used
as shown in the examples. When available, the manufacturers’ data
should be used, particularly for valves, because of the wide variety of
designs for the same type. (See also Sec. 12.4.)
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Table 3.3.10 Representative Values of Resistance
Coefficient K

1

√f1
5 2 2 log10S8.706 3 1024

3.7
D f1 5 0.01899

1

√f1
5 2 2 log10S2.255 3 1024

3.7
D f2 5 0.01407

1. 2-in components K
Entrance loss, sharp-edged 5 0.5
50 ft straight pipe 5 f1 (50/0.1723) 5 290.2 f1
Globe valve 5 f1 (L/D) 5 450.0 f1
Sudden enlargement k 5 [2 (D/D2)2]2
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SOURCE: Compiled from data given in ‘‘Pipe Friction Manual,’’ 3d ed., Hy-
draulic Institute, 1961.

Table 3.3.11 Representative
Equivalent Length in Pipe Diameters
(L/D) of Various Valves and Fittings

Globe valves, fully open
Angle valves, fully open
Gate valves, fully open

3⁄4 open
1⁄2 open
1⁄4 open

Swing check valves, fully open
In line, ball check valves, fully open
Butterfly valves, 6 in and larger, fully open
90° standard elbow
45° standard elbow
90° long-radius elbow
90° street elbow
45° street elbow
Standard tee:

Flow through run
Flow through branch

450
200
13
35

160
900
135
150
20
30
16
20
50
26

20
60

SOURCE: Compiled from data given in ‘‘Flow of Fluids,’’
Crane Company Technical Paper 410, ASME, 1971.

Series Systems In a single piping system made of various sizes, the
practice is to group all of one size together and apply the continuity
equation, as shown in the following example.

EXAMPLE. Water at 68°F (20°C) leaves an open tank whose surface eleva-
tion is 180 ft and enters a 2-in schedule 40 steel pipe via a sharp-edged entrance.
After 50 ft of straight 2-in pipe that contains a 2-in globe valve, the line enlarges
suddenly to an 8-in schedule 40 steel pipe which consists of 100 ft of straight 8-in
pipe, two standard 90° elbows and one 8-in angle valve. The 8-in line discharges
below the surface of another open tank whose surface elevation is 100 ft . Deter-
mine the volumetric flow rate.

D1 5 2.067/12 5 0.1723 ft and D2 5 7.981/12 5 0.6651 ft
«/D1 5 150 3 1026/0.1723 5 8.706 3 1024

«/D2 5 150 3 1026/0.6651 5 2.255 3 1024

For turbulent flow,

1

√f1
5 2 2 log10S«/D

3.7
D

5 [1 2 (2.067/7.981)2]2 5 0.87
oK1 5 1.37 1 740.2 f1

2. 8-in components K
100 ft of straight pipe f2 (100/0.6651) 5 150.4 f2
2 standard 90° elbows 2 3 30 f2 5 60 f2
1 angle valve 200 f2 5 200 f2
Exit loss 5 1

oK2 5 1 1 410.4 f2

3. Apply equation of motion

h1 f 2 5 z1 2 z2 5 (oK1)
V2

1

2g
1 (oK2)

V2
2

2g

From continuity, r1A1V1 5 r2A2V2 for r1 5 r2

V2 5 V1(A1/A2) 5 V1(D1/D2)2

h1 f 2 5 z1 2 z2 5 [oK1 1 oK2(D1/D2)4]V2
1/2g

V1 5 {[2g(z1 2 z2)]/[oK1 1 oK2(D1/D2)4]}1/2

V1 5F 2 3 32.17 3 (180 2 100)

(1.37 1 740.2 f1) 1 (1 1 410.4f2)(2.067/7.981)4G1/2

V1 5
71.74

(1.374 1 740.2 f1 1 1.846f2)1/2

4. For first trial assume f1 and f2 for complete turbulence

V1 5
71.74

(1.374 1 740.2 3 0.01899 1 1.846 3 0.01407)1/2

V1 5 18.25 ft /s
V2 5 18.25 (2.067/7.981)2 5 1.224 ft /s
R1 5 r1V1D1/m 5 (1.937)(18.25)(0.1723)/(20.92 3 1026)
R1 5 291,100 . 4,000 .

.
. flow is turbulent

R2 5 r2V2D2/m2 5 (1.937)(1.224)(0.6651)/(20.92 3 1026)
R2 5 75,420 . 4,000 .

.
. flow is turbulent

5. For second trial use first trial V1 and V2 . From Fig. 3.3.24 and the Colebrook
equation,

1

√f1
5 2 2 log10S8.706 3 1024

3.7
1

2.51

291,100 √0.020
D

f1 5 0.02008

1

√f2
5 2 2 log10S2.255 3 1024

3.7
1

2.51

75,420 √0.020
D

f2 5 0.02008

V1 5
71.74

(1.374 1 740.2 3 0.02008 1 1.864 3 0.02008)1/2

V1 5 17.78

A third trial results in V 5 17.77 ft /s or Q 5 A1V1 5 (p/4)(0.1723)2(17.77) 5
0.4143 ft3/s (1.173 3 1022 m3/s).

Parallel Systems In solution of problems involving two or more
parallel pipes, the head loss for all of the pipes is the same as shown in
the following example.

EXAMPLE. Benzene at 68°F (20°C) flows at a rate of 0.5 ft3/s through two
parallel straight , horizontal pipes connecting two pressurized tanks. The pipes are
both schedule 40 steel, one being 1 in, the other 2 in. They both are 100 ft long and
have connections that project inwardly in the supply tank. If the pressure in the
supply tank is maintained at 100 lbf/in2, what pressure should be maintained on
the receiving tank?

D1 5 1.049/12 5 0.08742 ft and D2 5 2.067/12 5 0.1723 ft
«/D1 5 150 3 1026/0.08742 5 1.716 3 1023

«/D2 5 150 3 1026/0.1723 5 8.706 3 1024
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For turbulent flow,

1

√f
5 2 2 log10S«/D

3.7D
1

√f1
5 2 2 log10S1.716 3 1023

3.7 D f1 5 0.02249

1

√f2
5 2 2 log10S8.706 3 1024

3.7 D f2 5 0.01899

40 pipe to a Y branch connection (K 5 0.5) where 100 ft of 2-in pipe goes to tank
B, which is maintained at 80 lbf/in2 and 50 ft of 2-in pipe to tank C, which is also
maintained at 80 lbf/in2. All tank connections are flush and sharp-edged and are at
the same elevation. Estimate the flow rate to each tank.

D 5 2.067/12 5 0.1723 ft
«/D 5 850 3 1026/0.1723 5 4.933 3 1023

For turbulent flow,
1

√f
5 2 2 log10S«/D

3.7
D
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1. 1-in. components K
Entrance loss, inward projection 5 1.0
100 ft straight pipe f1 (100/0.08742) 5 1,144 f1
Exit loss 5 1.0

oK1 5 2.0 1 1,144 f1

2. 2-in components
Entrance loss, inward projection 5 1.0
100 ft straight pipe f2 (100/0.1723) 5 580.4 f2
Exit loss 5 1.0

oK2 5 2.0 1 580.4 f2

hf 5 oK1 V2
1/2g 5 oK2 V2

2/2g
From the continuity equation, Q 5 AV

oK1

Q2
1

2gA2
1

5 oK2

Q2
2

2gA2
2

Solving for Q1/Q2 ,

Q1

Q2

5
A1

A2 √oK2

oK1

5SD1

D2
D2

√oK2

oK1

5SD1

D2
D2

√2.0 1 580.4 f2
2.0 1 1,144 f1

For first trial assume flow is completely turbulent ,

Q1

Q2

5S0.08742

0.1723D2

√2.0 1 580.4 3 0.01899

2.0 1 1,144 3 0.02249

Q1

Q2

5 0.1764 Q 5 Q1 1 Q2 5 0.1764 Q2 1 Q2

0.5000 5 1.1764 Q2 Q2 5 0.4250
Q1 5 0.5000 2 0.4250 5 0.0750

for the second trial use first-trial values,

V1 5 Q1/A1 5 0.0750/(p/4)(0.08742)2 5 12.50
V2 5 Q2/A2 5 0.4250/(p/4)(0.1723)2 5 18.23
R1 5 r1V1D1/m1 5 (1.705)(12.50)(0.08742)/(13.62 3 1026)
R1 5 136,800 . 4,000 .

.
. flow is turbulent

R2 5 r2V2D2/m2 5 (1.705)(18.23)(0.1723)/(13.62 3 1026)
R2 5 393,200 . 4,000 .

.
. flow is turbulent

Using the Colebrook equation and Fig. 3.3.24,

1

√f1
5 2 2 log10S1.716 3 1023

3.7
1

2.51

136,800 √0.024
D

f1 5 0.02389

1

√f2
5 2 2 log10S8.706 3 1024

3.7
1

2.51

393,200 √0.020
D

f2 5 0.01981

hf 5 oK1

V2
1

2g
5 oK2

V2
2

2g

oK1V2
1/2g 5 (2.0 1 1,144 3 0.02389)(12.50)2/(2 3 32.17) 5 71.23

oK2V2
2/2g 5 (2.0 1 580.4 3 0.01981)(18.23)2/(2 3 32.17) 5 69.80

71.23 5 69.80; further trials not justifiable because of accuracy of f, K,
L/D. Use average or 70.52, so that Dp 5 rghf 5 (1.705 3 32.17 3 70.52)/144 5
26.86 lbf/in2 5 p1 2 p2 5 100 2 p2 , p2 5 100 2 26.86 5 73.40 lbf/in2

(5.061 3 105 N/m2).

Branch Flow Problems of a single line feeding several points may
be solved as shown in the following example.

EXAMPLE. Ethyl alcohol at 68°F (20°C) flows from tank A, which is main-
tained at a constant pressure of 100 lb/in2 through 200 ft of 2-in cast-iron schedule
1

√f
5 2 2 log10S4.933 3 1023

3.7
D f 5 0.03025

hAfB 5 (pA 2 pB)/rg 5 144(100 2 80)/(1.532 3 32.17) 5 58.44
hAfC 5 (pA 2 pC)/rg 5 hAfB 5 58.44

Let point X be just before the Y; then

1. From tank A to Y K
Entrance loss, sharp-edged 5 0.5
200 ft straight pipe 5 fAX(200/0.1723) 5 1,161 fAX

oKAX 5 0.5 1 1,161 fAX

2. From Y to tank B
Y branch 5 0.5
100 ft straight pipe 5 fXB(100/0.1723) 5 580.4 fXB

Exit loss 5 1.0

oKXB 5 1.5 1 580.4 fXB

3. From Y to tank C
Y branch 5 0.5
50 ft straight pipe 5 fXC(50/0.1723) 5 290.2 fXC

Exit loss 5 1.0

oKXC 5 1.5 1 290.2 fXC

Balance of flows:

QAX 5 QXB 1 QXC

and from continuity, (AAX 5 AXB 5 AXC), VAX 5 VXB 1 VXC ; then

hAfB 5 oKAX

V2
AX

2g
1 oKXB

V2
XB

2g

hAfC 5 oKAX

V2
AX

2g
1 oKXC

V2
XC

2g

For first trial assume completely turbulent flow

hAfB 5
(0.5 1 1,161 fAX)V2

AX

2g
1

(1.5 1 580.4 fXB)V2
XB

2g

58.44 5
(0.5 1 1,161 3 0.03025)V2

AX

2 3 32.17
1

(1.5 1 580.4 3 0.03025)V2
XB

2 3 32.17

58.44 5 0.5536 V2
AX 1 0.2962 V2

XB

and in a like manner

hAfC 5 58.44 5 0.5536 V2
XC 1 0.1598 V2

XC

Equating hAfB 5 hAfC ,

0.5536 V2
AX 1 0.2962 V2

XB 5 0.5536 V2
AX 1 0.1598 V2

XC

or VXC 5 1.3615 VXB and since VAX 5 VXB 1 VXC

VAX 5 VXB 1 1.3615 VXB 5 2.3615 VXB

so that hAfB 5 58.44 5 0.5536(2.3615 V2
XB) 1 0.2962 V2

XB

VXB 5 4.156
VXC 5 1.3615(4.156) 5 5.658
VAX 5 4.156 1 5.658 5 9.814

Second trial,

RAX 5
rVAXD

m
5

1.532 3 9.814 3 0.1723

25.06 3 1026

RAX 5 103,400 . 4,000 [ flow is turbulent

In a like manner,

RXB 5 43,780 RXC 5 59,600

Using the Colebrook equation and Fig. 3.3.24,

1

√fAX

5 2 2 log10S4.933 3 1023

3.7
1

2.51

103,400 √0.031
D

fAX 5 0.03116
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In a like manner,

fXB 5 0.03231 fXC 5 0.03179

hAfB 5
(0.5 1 1,161 3 0.03116)V2

AX

2 3 32.17
1

(1.5 1 580.4 3 0.03231)V2
XB

2 3 32.17

hAfB 5 0.5700 V2
AX 1 0.3148 V2

XB

hAfC 5 0.5700 V2
AX 1

(1.5 1 290.2 3 0.03179)V2
XC

2 3 32.17

hAfC 1 0.5700 V2
AX 1 0.1667 V2

XC

1. Components from A to B. (Note loss in second bend takes place in downstream
piping.) K

Entrance (inward projection) 5 1.0
100 ft straight pipe f (100/0.5054) 5 197.9 f
First bend 5 25 f

oKAB 5 1.0 1 227.9 f

2. Components from A to C
oKAB 5 1.0 1 2,229 f
1,900 ft of straight pipe f (1,900/0.5054) 5 3,759.4 f
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0.3148 V2
XB 5 0.1667 V2

XC

VXC 5 1.374 VXB

VAX 5 VXB 1 1.374 VXB 5 2.374 VXB

so that

hAfB 5 58.44 5 0.5700 (2.374 VXB)2 1 0.3148 V2
XB

VXB 5 4.070 VXC 5 5.592 VAX 5 9.663

Further trials are not justified.

A 5 pD2/4 5 (p/4)(0.1723)2 5 0.02332 ft2

QAB 5 VABA 5 4.070 3 0.02332 5 0.09491 ft1/s (2.686 3 1021 m1/s)
QXC 5 VXCA 5 5.592 3 0.02332 5 0.1304 ft3/s (3.693 3 1023 m3/s)

Siphons are arrangements of hose or pipe which cause liquids to flow
from one level A in Fig. 3.3.25 to a lower level C over an intermediate
summit B. Performance of siphons may be evaluated from the equation
of motion between points A and B:

pA

g
1

V2
A

2g
1 zA 5

pB

g
1

V2
B

2g
1 zB 1 hAfB

Noting that on the surface VA 5 0 and the minimum pressure that can
exist at point B is the vapor pressure pv, the maximum elevation of point
B is

zB 2 zA 5
pA

g
2Spv

g
1

V2
B

2g
1 hAfBD

The friction loss hf 5 oKABV2
B /2g, and let VB 5 V; then

zB 2 zA 5
pA 2 pv

rg
2 (1 2 oKAB)

V2

2g

Flow under this maximum condition will be uncertain. The air pump or
ejector used for priming the pipe (flow will not take place unless the
siphon is full of water) might have to be operated occasionally to re-
move accumulated air and vapor. Values of zB 2 zA less than those
calculated by the above equation should be used.

Fig. 3.3.25 Siphon.

EXAMPLE. The siphon shown in Fig. 3.3.25 is composed of 2,000 ft of 6-in
schedule 40 cast-iron pipe. Reservoir A is at elevation 800 ft and C at 600 ft .
Estimate the maximum height for zB 2 zA if the water temperature may reach
104°F (40°C), and the amount of straight pipe from A to B is 100 ft . For the
first bend L/D 5 25 and the second (at B) L/D 5 50. Atmospheric pressure
is 14.70 lbf/in2. For 6-in schedule 40 pipe D 5 6.065/12 5 0.5054 ft , «/D 5
850 3 1026/0.5054 5 1.682 3 1023. Turbulent friction factor

1/√f 5 2 2 log10S«/D

3.7D 5 2 2 log10 (1.682 3 1023/3.7) 5 0.02238
Second bend 5 50 f
Exit loss 5 1

oKAC 5 2.0 1 4,032 f

First trial assume complete turbulence. Writing the equation of motion between A
and C.

pA

g
1

V2
A

2g
1 zA 5

pC

g
1

V2
C

2g
1 zC 1 oKAC

V2

2g

Noting VA 5 VC 5 0, and pA 5 pC 5 14.7 lbf/in2,

V 5 √2g(zA 2 zC)

oKAC

5 √ 2g(zA 2 zC)

2.0 1 4,032 f

5 √2 3 32.17 (800 2 600)

2.0 1 4,032 f

5
113.44

√2.0 1 4,032 3 0.02238

5 11.81

Second trial, use first-trial values,

R 5
rVD

m
5 (1.925)(11.81)(0.5054)/(13.61 3 1026)

R 5 846,200 . 4,000 .
.
. flow is turbulent

From Fig. 3.3.24 and the Colebrook equation,

1

√f
5 2 2 log10S1.682 3 1023

3.7
1

2.51

844,200 √0.023
D

f 5 0.02263

V 5
113.44

√2.0 1 4,032 3 0.02263
5 11.75 (close check)

From Sec. 4.2 steam tables at 104°F, pv 5 1.070 lbf/in2, the maximum height

zB 2 zA 5
pA 2 pv

rg
2 (1 1 oKAB)

V2

2g

5
144(14.70 2 1.070)

1.925 3 32.17
2 (1 1 1 1 227.9

3 0.02262)
(11.75)2

2 3 32.17
5 16.58 ft (5.053 m)

Note that if a 6 10 percent error exists in calculation of pressure loss, maximum
height should be limited to ; 15 ft (5 m).

ASME PIPELINE FLOWMETERS

Parameters Dimensional analysis of the flow of an incompressible
fluid flowing in a pipe of diameter D, surface roughness «, through a
primary element (venturi, nozzle or orifice) whose diameter is d with a
velocity of V, producing a pressure drop of Dp sensed by pressure taps
located a distance L apart results in f (Cp , Rd, «/D, d/D) 5 0, which may
be written as Dp 5 CprV2/2. Conventional practice is to express the
relations as V 5 K √2Dp/r, where K is the flow coefficient, K 5 1/ √Cp,
and K 5 f(Rd , L/D, «/d, d/D). The ratio of the diameter of the primary
element to meter tube (pipe) diameter D is known as the beta ratio,
where b 5 d/D. Application of the continuity equation leads to Q 5

KA2 √2Dp/r, where A2 is the area of the primary element .
Conventional practice is to base flowmeter computations on the as-

sumption of one-dimensional frictionless flow of an incompressible
fluid in a horizontal meter tube and to correct for actual conditions by
the use of a coefficient for viscous effects and a factor for elastic ef-
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fects. Application of the Bernoulli equation for horizontal flow from sec-
tion 1 (inlet tap) to section 2 (outlet tap) results in p1/rg 1 V2

1/2g 5
p2/rg 1 V2

2/2g or (p1 2 p2)/r 5 V2
2 2 V2

1 5 Dp/r. From the equation
of continuity, Qi 5 A1V1 5 A2V2 , where Qi is the ideal flow rate. Substitut-
ing, 2Dp/r 5 Qi

2/A2
1 2 Qi

2/A2
2 , and solving for Qi, Qi 5 A2 √2Dp/r/

√1 2 (A2/A1)2, noting that A2/A1 5 (d/D)2 5 b2, Qi 5 A2 √2Dp/r/
√1 2 b4. The discharge coefficient C is defined as the ratio of the
actual flow Q to the ideal flow Qi , or C 5 Q/Qi , so that Q 5 CQi 5

CA2 √2Dp/r/ √1 2 b4. It is customary to write the volumetric-flow

chambers are connected to a pressure-differential sensor. Discharge co-
efficients for venturi tubes as established by the American Society of
Mechanical Engineers are given in Table 3.3.12. Coefficients of dis-
charge outside the tabulated limits must be determined by individual
calibrations.

EXAMPLE. Benzene at 68°F (20°C) flows through a machined-inlet venturi
tube whose inlet diameter is 8 in and whose throat diameter is 3.5 in. The differ-
ential pressure is sensed by a U-tube manometer. The manometer contains mer-
cury under the benzene, and the level of the mercury in the throat leg is 4 in.

D
02

M
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equation as Q 5 CEA2 √2Dp/r, where E 5 1/ √1 2 b4. E is called the
velocity-of-approach factor because it accounts for the one-dimensional
kinetic energy at the upstream tap. Comparing the equation from
dimensional analysis with the modified Bernoulli equation, Q 5

KA2 √2Dp/r 5 CEA2 √2Dp/r, or K 5 CE and C 5 f (Rd , L/D, b).
For compressible fluids, the incompressible equation is modified by

the expansion factor Y, where Y is defined as the ratio of the flow of a
compressible fluid to that of an incompressible fluid at the same value
of Reynolds number. Calculations are then based on inlet-tap-fluid
properties, and the compressible equation becomes

Q1 5 KYA2 √2Dp/r1 5 CEYA2 √2Dp/r1

where Y 5 f(L/D, «/D, b, M). Reynolds number Rd is also based on
inlet-fluid properties, but on the primary-element diameter or

Rd 5 r1V2d/m1 5 r1(Q1/A2)d/m1 5 4r1Q1/p dm1

Caution The numerical values of coefficients for flowmeters given
in the paragraphs to follow are based on experimental data obtained
with long, straight pipes where the velocity profile approaching the
primary element was fully developed. The presence of valves, bends,
and fittings upstream of the primary element can cause serious errors.
For approach and discharge, straight-pipe requirements, ‘‘Fluid
Meters,’’ (6th ed., ASME, 1971) should be consulted.

Venturi Tubes Figure 3.3.26 shows a typical venturi tube consisting
of a cylindrical inlet , convergent cone, throat , and divergent cone. The
convergent entrance has an included angle of about 21° and the diver-
gent cone 7 to 8°. The purpose of the divergent cone is to reduce the

Fig. 3.3.26 Venturi tube.

overall pressure loss of the meter; its removal will have no effect on the
coefficient of discharge. Pressure is sensed through a series of holes in
the inlet and throat . These holes lead to an annular chamber, and the two

Table 3.3.12 ASME Coefficients for Venturi Tubes

Reynolds number Rd

Inlet diam
(2.54 3 1

Type of inlet
cone Min Max Min

Machined 1 3 106 2

Rough welded 5

sheet metal

5 3 10 8

Rough cast

2 3 106

4

SOURCE: Compiled from data given in ‘‘Fluid Meters,’’ 6th ed., ASME, 19
Compute the volumetric flow rate. Noting that D 5 8 in (0.6667 ft) and b 5
3.5/8 5 0.4375 are within the limits of Table 3.3.12, assume C 5 0.995, and then
check Rd to verify if it is within limits. For a U-tube manometer (Fig. 3.3.6a), p2 2
p1 5 (gm 2 gf)h 5 Dp and Dp/r1 5 (rmg 2 rfg)h/rf 5 g(rm /rf 2 1)h 5
32.17(26.283/1.705 2 1)(4/12) 5 154.6. For a liquid, Y 5 1 (incompressible fluid),
E 5 1/ √1 2 b4 5 1/ √1 2 (0.4375)4 5 1.019.

Q1 5 CEY Ad √2Dp/r1

5 (0.995)(1.019)(p/4)(3.5/12)2 √2 3 154.6
5 1.192 ft3/s (3.373 3 1023 m3/s)

Rd 5 4r1Q1/p dm1 5 4(1.705)(1.192)/p (3.5/12)(13.62 3 1026)
Rd 5 651,400, which lies between 200,000 and 1,000,000 of Table

3.3.12 .
.
. solution is valid.

Flow Nozzles Figure 3.3.27 shows an ASME flow nozzle. This
nozzle is built to rigid specifications, and pressure differential may be
sensed by either throat taps or pipe-wall taps. Taps are located one pipe
diameter upstream and one-half diameter downstream from the nozzle
inlet . Discharge coefficients for ASME flow nozzles may be computed
from C 5 0.9975 2 0.00653 (106/Rd)a, where a 5 1/2 for Rd , 106 and
a 5 1/5 for Rd . 106. Most of the data were obtained for D between 2
and 15.75 in, Rd between 104 and 106, and beta between 0.15 and 0.75.
For values of C within these ranges, a tolerance of 2 percent may be
anticipated, and outside these limits, the tolerance may be greater than 2
percent . Because slight variations in form or dimension of either pipe or
nozzle may affect the observed pressures, and thus cause the exponent a
and the slope term (2 0.00653) to vary considerably, nozzles should be
individually calibrated.

EXAMPLE. An ASME flow nozzle is to be designed to measure the flow of
400 gal /min of 68°F (20°C) water in a 6-in schedule 40 (inside diameter 5
6.065 in) steel pipe. The pressure differential across the nozzle is not to exceed
75 in of water. What should be the throat diameter of the nozzle? Dp 5 hr1g,
Dp/r1 5 hg 5 (75/12)(32.17) 5 201.1, Q 5 (400/60)(231/1,728) 5 0.8912 ft3/s.
A trial-and-error solution is necessary to establish the values of C and E because
they are dependent upon b and Rd , both of which require that d be known. Since
K 5 CE ' 1, assume for first trial that CE 5 1. Since a liquid is involved,
Y 5 1, A2 5 Q1/(CE)(Y ) √2Dp/r1 5 (0.8912)/(1)(1) √2 3 201.1 5 0.04444 ft2,
d 5 √4A2/p 5 √4(0.04444)/p 5 0.2379 ft or d 5 0.2379 3 12 5 2.854 in, b 5
d/D 5 2.854/6.065 5 0.4706.

For second trial use first-trial value:

E 5 1/ √1 2 b4 5 1/ √1 2 (0.4706)4 5 1.025

Rd 5 4r1Q1/pdm1 5 4(1.937)(0.8912)/p (0.2379)(20.92 3 1026) 5 442,600 ,

106 .
.
. a 5 1/2 and C 5 0.9975 2 0.00653(106/Rd)1/2. C 5 0.9975 2

0.00653(106/442,600)1/2 5 0.9877. A2 5 (0.8912)/(0.9877 3 1.025)√2 3 201.1 5

0.04389, d2 5 √4 3 (0.04389/p) 5 0.2364, d2 5 0.2364 3 12 5 2.837 in (7.205 3
1022 m). Further trials are not necessary in view of the 6 2 percent tolerance of C.

in
2 m) b

ax Min Max C
Tolerance,

%

10 0.75 0.995 61.0

0.4

48 0.70 0.985 61.5

32 0.3 0.75 0.984 60.7

71.
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Maximum flow is obtained when the critical pressure ratio is reached.
The critical pressure ratio rc may be calculated from

r(12k)/k 1
k 2 1

2
b4r2/k 5

k 1 1

2

Table 3.3.13 gives selected values of Yc and rc .

EXAMPLE. A piping system consists of a compressor, a horizontal straight
length of 2-in-inside-diameter pipe, and a 1-in-throat-diameter ASME flow nozzle

Pr

5

0.7
0.7
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Fig. 3.3.27 ASME flow nozzle.

Compressible Flow—Venturi Tubes and Flow Nozzles The ex-
pansion factor Y is computed based on the assumption of a frictionless
adiabatic (isentropic) expansion of an ideal gas from the inlet to the
throat of the primary element , resulting in (see Sec. 4.1)

Y 5F kr2/k(1 2 r(k21)/k)(1 2 b4)

(1 2 r)(k 2 1)(1 2 b4r2/k)G1/2

where r 5 p2/p1 .

Table 3.3.13 Expansion Factors and Critical
and Flow Nozzles

Critical values

b k rc Yc r

0

1.10
1.20

0.5846
0.5644

0.6894
0.6948
1.30
1.40

0.5457
0.5282

0.7000
0.7049

0.7
0.7

0.20

1.10
1.20
1.30
1.40

0.5848
0.5546
0.5459
0.5284

0.6892
0.6946
0.6998
0.7047

0.7
0.7
0.7
0.7

0.50

1.10
1.20
1.30
1.40

0.5921
0.5721
0.5535
0.5362

0.6817
0.6872
0.6923
0.6973

0.6
0.7
0.7
0.7

0.60

1.10
1.20
1.30
1.40

0.6006
0.5808
0.5625
0.5454

0.6729
0.6784
0.6836
0.6885

0.6
0.7
0.7

0.70

1.10
1.20
1.30
1.40

0.6160
0.5967
0.5788
0.5621

0.6570
0.6624
0.6676
0.6726

0.6
0.6
0.7

0.80

1.10
1.20
1.30
1.40

0.6441
0.6238
0.6087
0.5926

0.6277
0.6331
0.6383
0.6433 0.6

SOURCE: Murdock, ‘‘Fluid Mechanics and Its Applications,’’ H
attached to the end of the pipe, discharging into the atmosphere. The compressor is
operated to maintain a flow of air with 115 lbf/in2 and 140°F (60°C) conditions in
the pipe just one pipe diameter before the nozzle inlet . Barometric pressure is
14.7 lbf/in2. Estimate the flow rate of the air in lbm/s.

From the equation of state, r1 5 p1/gcRT1 5 (144 3 115)/(32.17)(53.34)
(140 1 459.7) 5 0.01609 slug/ft3, b 5 d/D 5 1/2 5 0.5, E 5 1/ √1 2 b4 5

1/ √1 2 (0.5)4 5 1.033, r 5 p2/p1 5 14.7/115 5 0.1278, but from Table 3.3.13 at
b 5 0.5, k 5 1.4, rc 5 0.5362, and Yc 5 0.6973, so that because of critical flow the
throat pressure pc 5 115 3 0.5362 5 61.66 lbf/in2. Dpc/r1 5 144(115 2
61.66)/0.01609 5 477,375. A trial-and-error solution is necessary to obtain C. For
the first trial assume 106/Rd 5 0 or C 5 0.9975. Then Q1 5 CEYc A2 √2Dpc/r1 5

(0.9975)(1.033)(0.6973)(p/4)(1.12)2 √2 3 477,375 5 3.829 ft3/s, Rd 5 4r1Q/
p dm1 5 (4)(0.01609)(3.828)/p (1/12)(41.79 3 1028) 5 2,252,000.

Second trial, use first-trial values:

R . 106, a 5 115, C 5 0.9975 2 (0.00653)(106/2,252,000)1/5

C 5 0.9919, Q1 5 3.828(0.9919/0.9975) 5 3.806 ft3/s

Further trials are not necessary in view of 6 2 percent tolerance on C.

~m 5 Q1r1g 5 3.806 3 0.01609 3 32.17 5 1.970 lbm/s (0.8935 kg/s)

Orifice Meters When a fluid flows through a square-edged thin-
plate orifice, the minimum-flow area is found to occur downstream
from the orifice plate. This minimum area is called the vena contracta,
and its location is a function of beta ratio. Figure 3.3.28 shows the
relative pressure difference due to the presence of the orifice plate.
Because the location of the pressure taps is vital, it is necessary to
specify the exact position of the downstream pressure tap. The jet con-

essure Ratios for Venturi Tubes

Expansion factor Y

0.60 r 5 0.70 r 5 0.80 r 5 0.90

021
228
409

0.7820
0.7981
0.8119

0.8579
0.8689
0.8783

0.9304
0.9360
0.9408
568 0.8240 0.8864 0.9449

017
225
406
576

0.7817
0.7978
0.8117
0.8237

0.8577
0.8687
0.8781
0.8862

0.9303
0.9359
0.9407
0.9448

883
094
248
440

0.7699
0.7864
0.8007
0.8133

0.8485
0.8600
0.8699
0.8785

0.9250
0.9310
0.9361
0.9405

939
126
292

0.7556
0.7727
0.7875
0.8006

0.8374
0.8495
0.8599
0.8689

0.9186
0.9250
0.9305
0.9352

651
844
015

0.7290
0.7469
0.7626
0.7765

0.8160
0.8292
0.8405
0.8505

0.9058
0.9131
0.9193
0.9247

491

0.6778
0.6970
0.7140
0.7292

0.7731
0.7881
0.8012
0.8182

0.8788
0.8877
0.8954
0.9021

oughton Mifflin, 1976.
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traction amounts to about 60 percent of the orifice area; so orifice coef-
ficients are in the order of 0.6 compared with the nearly unity obtained
with venturi tubes and flow nozzles.

Three pressure-differential-measuring tap locations are specified by
the ASME. These are the flange, vena contracta, and the 1 D and 1/2 D.
In the flange tap, the location is always 1 in from either face of the

that if the orifice size is changed, a new downstream tap must be drilled.
The 1 D and 1/2 D taps incorporate the best features of the vena con-
tracta taps and are symmetrical with respect to pipe size.

Discharge coefficients for orifices may be calculated from

C 5 Co 1 DCRd
20.75 (Rd . 104)

where Co and DC are obtained from Table 3.3.14.
Tolerances for uncalibrated orifice meters are in the order of 6 1 to

6 2 percent depending upon b, D, and Rd .

tion

b

0

, all

1
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Fig. 3.3.28 Relative-pressure changes due to flow through an orifice.

orifice plate regardless of the size of the pipe. In the vena contracta tap,
the upstream tap is located one pipe diameter from the inlet face of the
orifice plate and the downstream tap at the location of the vena con-
tracta. In the 1 D and 1/2 D tap, the upstream tap is located one pipe
diameter from the inlet face of the orifice plate and downstream one-
half pipe diameter from the inlet face of the orifice plate.

Flange taps are used because they can be prefabricated, and flanges
with holes drilled at the correct locations may be purchased as off-the-
shelf items, thus saving the cost of field fabrication. The disadvantage
of flange taps is that they are not symmetrical with respect to pipe size.
Because of this, coefficients of discharge for flange taps vary greatly
with pipe size.

Vena contracta taps are used because they give the maximum differ-
ential for any given flow. The disadvantage of the vena contracta tap is

Table 3.3.14 Values of Co and DC for Use in Orifice Coefficient Equa

Pipe ID, in 0.20 0.25 0.30 0.35 0.4

DC

All 5.486 8.106 11.153 14.606 18.45
Co , vena contracta an

All 0.5969 0.5975 0.5983 0.5992 0.6003

Co, flang

2.0
2.5
3.0
3.5

0.5969
0.5969
0.5969
0.5969

0.5975
0.5975
0.5975
0.5975

0.5982
0.5983
0.5983
0.5983

0.5992
0.5993
0.5993
0.5993

0.6003
0.6004
0.6004
0.6004

4.0
5.0
6.0
8.0

0.5969
0.5969
0.5969
0.5969

0.5976
0.5976
0.5976
0.5976

0.5983
0.5983
0.5983
0.5984

0.5993
0.5993
0.5993
0.5993

0.6004
0.6004
0.6004
0.6004

10.0
12.0
16.0
24.0
48.0

0.5969
0.5970
0.5970
0.5970
0.5970

0.5976
0.5976
0.5976
0.5976
0.5976

0.5984
0.5984
0.5984
0.5984
0.5984

0.5993
0.5993
0.5993
0.5993
0.5993

0.6004
0.6004
0.6003
0.6003
0.6003

` 0.5970 0.5976 0.5984 0.5993 0.6003

SOURCE: Compiled from data given in ASME Standard MFC-3M-1984 ‘‘Measurement of Fluid
Compressible Flow through ASME Orifices As shown in Fig.
3.3.28, the minimum flow area for an orifice is at the vena contracta
located downstream of the orifice. The stream of compressible fluid is
not restrained as it leaves the orifice throat and is free to expand trans-
versely and longitudinally to the point of minimum-flow area. Thus the
contraction of the jet will be less for a compressible fluid than for a
liquid. Because of this, the theoretical-expansion-factor equation may
not be used with orifices. Neither may the critical-pressure-ratio equa-
tion be used, as the phenomenon of critical flow has not been observed
during testing of orifice meters.

For orifice meters, the following equation, which is based on experi-
mental data, is used:

Y 5 1 2 (0.41 1 0.35b4)(Dp/p1)/k

EXAMPLE. Air at 68°F (20°C) and 150 lbf/in2 flows in a 2-in schedule 40
pipe (inside diameter 5 2.067 in) at a volumetric rate of 15 ft3/min. A 0.5500-in
ASME orifice equipped with flange taps is used to meter this flow. What deflec-
tion in inches could be expected on a U-tube manometer filled with 60°F water?
From the equation of state, r1 5 p1/gcRT1 5 (144 3 150)/(32.17)(53.34)
(68 1 459.7) 5 0.02385 slug/ft3, b 5 0.5500/2.067 5 0.2661. Q1 5 15/60 5

0.25 ft3/s, A2 5 (p/4)(0.5500/12)2 5 1.650 3 1023 ft2. E 5 1/ √1 2 b4 5 1/
√1 2 (0.2661)4 5 1.003. Rd 5 4r1Q1/p dm1 5 4(0.02385)(0.25)/p(0.5500/
12)(39.16 3 1028). Rd 5 423,000.

From Table 3.3.14 at b 5 0.2661, D 5 2.067-in flange taps, by interpolation,
Co 5 0.5977, DC 5 9.087, from orifice-coefficient equation C 5 Co 1 DCRd

20.75.
C 5 0.5977 1 (9.087)(423,000)20.75 5 0.5982. A trial-and-error solution is re-
quired because the pressure loss is needed in order to compute Y. For the first trial,
assume Y 5 1, Dp 5 (Q1/CEYA2)2(r1/2) 5 [(0.25)/(0.5982)(1.003)(Y )(1.650 3
1023)]2(0.02385/2) 5 760.5/Y 2 5 760.5/(1)2 5 760.5 lbf/ft2.

0.45 0.50 0.55 0.60 0.65 0.70

taps

22.675 27.266 32.215 37.513 45.153 49.129
d 1D and 1⁄2D taps

0.6016 0.6031 0.6045 0.6059 0.6068 0.6069

e taps

0.6016
0.6017
0.6017
0.6016

0.6030
0.6032
0.6031
0.6030

0.6044
0.6046
0.6044
0.6042

0.6056
0.6059
0.6055
0.6052

0.6065
0.6068
0.6061
0.6056

0.6066
0.6068
0.6057
0.6049

0.6016
0.6016
0.6016
0.6015

0.6029
0.6028
0.6028
0.6027

0.6041
0.6039
0.6038
0.6037

0.6050
0.6047
0.6045
0.6042

0.6052
0.6047
0.6044
0.6040

0.6043
0.6034
0.6029
0.6022

0.6015
0.6015
0.6015
0.6015
0.6014

0.6026
0.6026
0.6026
0.6025
0.6025

0.6036
0.6035
0.6035
0.6034
0.6033

0.6041
0.6040
0.6039
0.6037
0.6036

0.6037
0.6035
0.6033
0.6031
0.6029

0.6017
0.6015
0.6011
0.6007
0.6004

0.6014 0.6025 0.6032 0.6035 0.6027 0.6000

Flow in Pipes Using Orifice, Nozzle and Venturi.’’
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For the second trial we use first-trial values.

Y 5 1 2 (0.41 1 0.35b4)
Dp/p1

k

5 1 2 [0.41 1 0.35(0.2661)4]
760.5/144 3 150

1.4
5 0.9896

Dp 5
760.5

Y 2
5

760.5

(0.9896)2
5 776.1 lbf/ft2

For the third trial we use second-trial values.

pipe coefficient CP is defined as the ratio of the average velocity to the
stream-tube velocity, or CP 5 V/U, and Q 5 CPA1V 5 CPCTA1 √2Dp/r.
The numerical value of CP is dependent upon the location of the tube
and the velocity profile. The values of CP may be established by (1)
making a ‘‘traverse’’ by taking data at various points in the flow stream
and determining the velocity profile experimentally (see ‘‘Fluid
Meters,’’ 6th ed., ASME, 1971, for locations of traverse points), (2)
using standard velocity profiles, (3) locating the Pitot tube at a point
where U 5 V, and (4) assuming one-dimensional flow of CP 5 1 only in

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Y 5 1 2 [0.41 1 0.35(0.2661)4]
776.1/144 3 150

1.4
5 0.9894

Dp 5
776.1

(0.9894)2
5 793.3 lbf/ft2

Resubstitution does not produce any further change in Y. From the U-tube-mano-
meter equation:

h 5
Dp

gm 5 gf

5
Dp

gc(rm 2 rf)

5
793.3

32.17
(1.937 2 0.02385) 5 12.89 ft

5 12.89 3 12 5 154.7 in (3.929 m)

PITOT TUBES

Definition A Pitot tube is a device that is shaped in such a manner
that it senses stagnation pressure. The name ‘‘Pitot tube’’ has been
applied to two general classifications of instruments, the first being a
tube that measures the impact or stagnation pressures only, and the
second a combined tube that measures both impact and static pressures
with a single primary instrument . The combined sensor is called a
Pitot-static tube.

Tube Coefficient From Fig. 3.3.29, it is evident that the Pitot tube
can sense only the stagnation pressure resulting from the local stream-
tube velocity U. The local ideal velocity Ui for an incompressible fluid
is obtained by the application of the Bernoulli equation (zS 5 z), U2

i/2g 1
p/rg 5 U2

S/2g 1 pS/rg. Solving for Ui and noting that by definition

Fig. 3.3.29 Notation for Pitot tube study.

US 5 0, Ui 5 √2(pS 2 p)/r. Conventional practice is to define the tube
coefficient CT as the ratio of the actual stream-tube velocity to the ideal
stream-tube velocity, or CT 5 U/Ui and U 5 CTUi 5 CT √2Dp/r. The
numerical value of CT depends primarily upon its geometry. The value
of CT may be established (1) by calibration with a uniform velocity, (2)
from published data for similar geometry, or (3) in the absence of other
information, may be assumed to be unity.

Pipe Coefficient For the calculation of volumetric flow rate, it is
necessary to integrate the continuity equation, Q 5 e U da 5 AV. The
the absence of other data.
Compressible Flow For compressible flow, the compression factor Z

is based on the assumption of a frictionless adiabatic (isentropic) com-
pression of an ideal gas from the moving stream tube to the stagnation
point (see Sec. 4.1), which results in

Z 5F k

k 2 1

(pS/p)(k21)/k 2 1

(pS/p) 2 1 G1/2

and the volumetric flow rate becomes

Q 5 CPCTZA1 √2Dp/r

EXAMPLE. Carbon dioxide flows at 68°F (20°C) and 20 lbf/in2 in an 8-in
schedule 40 galvanized-iron pipe. A Pitot tube located on the pipe centerline
indicates a pressure differential of 6.986 lbf/in2. Estimate the mass flow rate. For
8-in schedule 40 pipe D 5 7.981/12 5 0.6651, «/D 5 500 3 1026/0.6651 5
7.518 3 1024, A1 5 pD2/4 5 (p/4)(0.6651)2 5 0.3474 ft2, pS 5 p 1 Dp 5
20 1 6.986 5 26.986 lbf/in2. From the equation of state, r 5 p/gcRTo 5
(20 3 144)/(32.17)(35.11)(68 1 459.7) 5 0.004832,

Z 5F k

k 2 1

(pS/p)(k21)/k 2 1

(pS/p) 2 1 G1/2

5H[1.3/(1.3 2 1)] 3
(26.986/20)(1.321)/1.3 2 1

(26.986/20) 2 1 J1/2

5 0.9423

In the absence of other data, CT may be assumed to be unity. A trial-and-error
solution is necessary to determine CP , since f requires flow rate. For the first trial
assume complete turbulence.

1/ √f 5 2 2 log10 (7.518 3 1024/3.7) √f 5 0.1354
CP 5 V/U 5 V/Umax 5 1/(1 1 1.43 √f ) 5 1/(1 1 1.43 3 0.1354) 5 0.8378
V 5 CPCTZ √2Dp/r 5 (0.8378)(1)(0.9423)√2 3 144(6.987)/(0.004832)
V 5 509.4 ft /s
R 5 rVD/m 5 (0.004832)(509.4)(0.6651)/(30.91 3 10218)
R 5 5,296,000 . 4,000 .

.
. flow is turbulent

From the Colebrook equation and Fig. 3.3.24,

1

√f
5 2 2 log10S7.518 3 1024

3.7
1

2.51

5,296,000√0.018
D

√f 5 0.1357
CP 5 1/(1 1 1.43 3 0.1357) 5 0.8375 (close check)
V 5 509.4(0.8375/8378) 5 509.2 ft /s

From the continuity equation, m 5 rA1Vgc 5 (0.004832)(0.3474)(509.2)
(32.17) 5 27.50 lbm/s (12.47 kg/s).

ASME WEIRS

Definitions A weir is a dam over which liquids are forced to flow.
Weirs are used to measure the flow of liquids in open channels or in
conduits which do not flow full; i.e., there is a free liquid surface. Weirs
are almost exclusively used for measuring water flow, although small
ones have been used for metering other liquids. Weirs are classified
according to their notch or opening as follows: (1) rectangular notch
(original form); (2) V or triangular notch; (3) trapezoidal notch, which
when designed with end slopes one horizontal to four vertical is called
the Cipolletti weir; (4) the hyperbolic weir designed to give a constant
coefficient of discharge; and (5) the parabolic weir designed to give a
linear relationship of head to flow. As shown in Fig. 3.3.30, the top of
the weir is the crest and the distance from the liquid surface to the crest h
is called the head.

The sheet of liquid flowing over the weir crest is called the nappe.
When the nappe falls downstream of the weir plate, it is said to be free,
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or aerated. When the width of the approach channel Lc is greater than the
crest length Lw , the nappe will contract so that it will have a minimum
width less than the crest length. For this reason, the weir is known as a
contracted weir. For the special case where Lw 5 Lc , the contractions do
not take place, and such weirs are known as suppressed weirs.

EXAMPLE. Water flows in a channel whose width is 40 ft . At the end of the
channel is a rectangular weir whose crest width is 10 ft and whose crest height is
4 ft . The water flows over the weir at a height of 3 ft above the crest of the weir.
Estimate the volumetric flow rate. Lw/Lc 5 10/40 5 0.25, h/Z 5 3/4 5 0.75, from
Table 3.3.15 (interpolated), C 5 0.589, DL 5 0.008, La 5 Lw 1 DL 5 10 1
0.008 5 10.008 ft , ha 5 h 1 0.003 5 3 1 0.003 5 3.003 ft , Q 5 (2/3)
CLa √2g h3/2, Q 5 (2/3)(0.589)(10.008)(2 3 32.17)1/2(3.003)3/2 Q 5 164.0 ft3/s
(4.644 m3/s).

Re

/c

of

3 0.595 0.597 0.599 0.603
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Fig. 3.3.30 Notation for weir study.

Parameters The forces acting on a liquid flowing over a weir are
inertia, viscous, surface tension, and gravity. If the weir head produced
by the flow is h, the characteristic length of the weir is Lw , and the
channel width is Lc , either similarity or dimensional analysis leads to
f(F, W, R, Lw/Lc) 5 0, which may be written as V 5 K √2gh, where K is
the weir coefficient and K 5 f(W, R, Lw/Lc). Since the weir has been
almost exclusively used for metering water flow over limited tempera-
ture ranges, the effects of surface tension and viscosity have not been
adequately established by experiment .

Caution The numerical values of coefficients for weirs are based on
experimental data obtained from calibration of weirs with long ap-
proaches of straight channels. Head measurement should be made at a
distance at least three or four times the expected maximum head h.
Screens and baffles should be used as necessary to ensure steady uni-
form flow without waves or local eddy currents. The approach channel
should be relatively wide and deep.

Rectangular Weirs Figure 3.3.31 shows a rectangular weir whose
crest width is Lw . The volumetric flow rate may be computed from the
continuity equation: Q 5 AV 5 (Lwh)(K √2gh) 5 KLw √2g h3/2. The
ASME ‘‘Fluid Meters’’ report recommends the following equation for
rectangular weirs: Q 5 (2⁄3)CLa √2g ha

3/2, where C is the coefficient of
discharge C 5 f(Lw/Lc , h/Z), La is the adjusted crest length La 5 Lw 1
DL, and ha is the adjusted weir head ha 5 h 1 0.003 ft . Values of C and
DL may be obtained from Table 3.3.15. To avoid the possibility that the
liquid drag along the sides of the channel will affect side contractions,
Lc 2 Lw should be at least 4h. The minimum crest length should be
0.5 ft to prevent mutual interference of the end contractions. The mini-
mum head for free flow of the nappe should be 0.1 ft .

Table 3.3.15 Values of C and DL for Use in

Crest length

h/Z 0 0.2 0.4 0.6

Coefficient

0 0.587 0.589 0.591 0.59

0.5
1.0
1.5
2.0
2.5
3.0

0.586
0.586
0.584
0.583
0.582
0.580

0.588
0.587
0.586
0.586
0.585
0.584

0.594
0.597
0.600
0.603
0.608
0.610

0.602
0.611
0.620
0.629
0.637
0.647

Adjustment for cre

Any 0.007 0.008 0.009 0.012

SOURCE: Compiled from data given in ‘‘Fluid Meters,’’ ASM
Fig. 3.3.31 Rectangular weir.

Triangular Weirs Figure 3.3.32 shows a triangular weir whose
notch angle is u. The volumetric flow rate may be computed from the
continuity equation Q 5 AV 5 (h2 tan u/2)(K √2gh) 5 K tan (u/2) √2g
h5/2. The ASME ‘‘Fluid Meters’’ report recommends the following
for triangular weirs: Q 5 (8/15) C tan (u/2) √2g (h 1 Dh)5/2, where C
is the coefficient of discharge C 5 f(u) and Dh is the correction for head/
crest ratio Dh 5 f (u). Values of C and Dh may be obtained from Table
3.3.16.

EXAMPLE. It is desired to maintain a flow of 167 ft3/s in an open channel
whose width is 20 ft at a height of 7 ft by locating a triangular weir at the end of
the channel. The weir has a crest height of 2 ft . What notch angle is required to
maintain these conditions? A trial-and-error solution is required. For the first trial
assume u 5 60° (mean value 20 to 100°); then C 5 0.576 and Dh 5 0.004.

h 1 Z 5 7 5 h 1 2 [ h 5 5
Q 5 (8/15) C tan (u/2) √2g (h 1 Dh)5/2

167 5 (8/15)(0.576) tan (u/2) √2 3 32.17 (5 1 0.004)5/2, tan21 (u/2) 5 1.20993,
u 5 100°519.

Second trial, using u 5 100, C 5 0.581, Dh 5 0.003, 167 5 (8/15)(0.581)
tan (u/2) √2 3 32.17 (5 1 0.003)5/2, tan21 (u/2) 5 1.20012, u 5 100°399
(close check).

ctangular-Weir Equation

hannel width 5 Lw/Lc

0.7 0.8 0.9 1.0

discharge C
0.610
0.625
0.640
0.655
0.671
0.687

0.620
0.642
0.664
0.687
0.710
0.733

0.631
0.663
0.695
0.726
0.760
0.793

0.640
0.676
0.715
0.753
0.790
0.827

st length DL, ft

0.013 0.014 0.013 2 0.005

E, 1971.
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Parameters The forces acting on a liquid flowing in an open chan-
nel are inertia, viscous, surface tension, and gravity. If the channel has a
surface roughness of «, a hydraulic radius of Rh , and a slope of S, either
similarity or dimensional analysis leads to f (F, W, R, «/4Rh) 5 0, which
may be written as V 5 C √RhS, where C 5 f (W, R, «/4Rh) and is known
as the Chézy coefficient. The relationship between the Chézy coefficient
C and the friction factor may be determined by equating

V 5 √8Rhhfg/fL 5 C √RhS 5 C √(Rhhf)/L
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Fig. 3.3.32 Triangular weir.

Table 3.3.16 Values of C and Dh for Use in Triangular-Weir Equation

Weir notch angle u, deg

Item 20 30 45 60 75 90 100

C
Dh, ft

0.592
0.010

0.586
0.007

0.580
0.005

0.576
0.004

0.576
0.003

0.579
0.003

0.581
0.003

SOURCE: Compiled from data given in ‘‘Fluid Meters,’’ ASME, 1971.

OPEN-CHANNEL FLOW

Definitions An open channel is a conduit in which a liquid flows
with a free surface subjected to a constant pressure. Flows of water in
natural streams, artificial canals, irrigation ditches, sewers, and flumes
are examples where the water surface is subjected to atmospheric pres-
sure. The flow of any liquid in a pipe where there is a free liquid surface
is an example of open-channel flow where the liquid surface will be
subjected to the pressure existing in the pipe. The slope S of a channel is
the change in elevation per unit of horizontal distance. For small slopes,
this is equivalent to dividing the change in elevation by the distance L
measured along the channel bottom between two sections. For steady
uniform flow, the velocity distribution is the same at all sections of the
channel, so that the energy grade line has the same angle as the bottom
of the channel, thus:

S 5 hf /L

The distance between the liquid surface and the bottom of the channel is
sometimes called the stage and is denoted by the symbol y in Fig. 3.3.33.
When the stages between the sections are not uniform, that is, y1 Þ y2 or
the cross section of the channel changes, or both, the flow is said to be
varied. When a liquid flows in a channel of uniform cross section and
the slope of the surface is the same as the slope of the bottom of the
channel (y1 5 y 5 y2), the flow is said to be uniform.

Fig. 3.3.33 Notation for open channel flow.
or C 5 (8g/f )1/2. Although this establishes a relationship between the
Chézy coefficient and the friction factor, it should be noted that f 5
f(R, «/4Rh) and C 5 f(W,R,«/4Rh), because in open-channel flow,
pressure forces are absent and in pipe flow, surface-tension and gravity
forces are absent . For these reasons, data obtained in pipe flow should
not be applied to open-channel flow.

Roughness Factors For open-channel flow, the Chézy coefficient
is calculated by the Manning equation, which was developed from ex-
amination of experimental results of water tests. The Manning relation is
stated as

C 5
1.486

n
Rh

1/6

where n is a roughness factor and should be a function of Reynolds
number, Weber number, and relative roughness. Since only water-test
data obtained at ordinary temperatures support these values, it must be
assumed that n is the value for turbulent flow only. Since surface ten-
sion is a weak property, the effects of Weber-number variation are
negligible, leaving n to be some function of surface roughness. Design
values of n are given in Table 3.3.17. Maximum flow for a given slope
will take place when Rh is a maximum, and values of Rhmax are given in
Table 3.3.6.

Table 3.3.17 Values of Roughness Factor n for Use in
Manning Equation

Surface n Surface n

Brick
Cast iron
Concrete, finished
Concrete, unfinished
Brass pipe
Earth

0.015
0.015
0.012
0.015
0.010
0.025

Earth, with stones
and weeds

Gravel
Riveted steel
Rubble
Wood, planed
Wood, unplaned

0.035

0.029
0.017
0.025
0.012
0.013

SOURCE: Compiled from data given in R. Horton, Engineering News, 75, 373, 1916.

EXAMPLE. It is necessary to carry 150 ft3/s of water in a rectangular unplaned
timber flume whose width is to be twice the depth of water. What are the required
dimensions for various slopes of the flume? From Table 3.3.6, A 5 b2/2 and Rh 5
h/2 5 b/4. From Table 3.3.17, n 5 0.013 for unplaned wood. From Manning’s
equation, C 5 1.486/n, Rh

1/6 5 (1.486/0.013)(b1/6/(4)1/6 5 90.73 b1/6. From the
continuity equation, V 5 Q/A 5 150/(b2/2), V 5 300/b2. From the Chézy equa-
tion, V 5 C √RhS 5 300/b2 5 90.73b1/6 √(b/4)S; solving for b, b 5 2.0308/S3/16.

Assumed S: 1 3 1021 1 3 1022 1 3 1023 1 3 1024 1 3 1025 1 3 1026 ft /ft
Required b: 3.127 4.816 7.416 11.42 17.59 27.08 ft

EXAMPLE. A rubble-lined trapezoidal canal with 45° sides is to carry 360
ft3/s of water at a depth of 4 ft . If the slope is 9 3 1024 ft /ft , what should be
the dimensions of the canal? From Table 3.3.17, n 5 0.025 for rubble. From
Table 3.3.6 for a 5 45°, A 5 (b 1 h)h 5 4(b 1 4), and Rh 5 (b 1 h)h/(b 1
2.828h) 5 4(b 1 4)/(b 1 11.312). From the Manning relation, C 5 (1.486/n)
(Rh

1/6) 5 (1.486/0.025)Rh
1/6 5 59.44 Rh

1/6. For the first trial, assume Rh 5 Rhmax 5
h/2 5 4/2 5 2; then C 5 59.44(2)1/6 5 66.72 and V 5 C √RhS 5 66.72
√2 3 9 3 1024 5 2.831. From the continuity equation, A 5 Q/V 5
360/2.831 5 127.2 5 4(b 1 4); b 5 27.79 ft . Second trial, use the first trial,
Rh 5 4(27.79 1 4)/(27.79 1 11.312), Rh 5 3.252, V 5 59.44(3.252)1/6

√3.252 3 9 3 1024 5 3.914. From the equation of continuity, Q/V 5
360/3.914 5 91.97 5 4(b 1 4), b 5 18.99. Subsequent trial-and-error solutions
result in a balance at b 5 19.93 ft (6.075 m).
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Specific Energy Specific energy is defined as the energy of the fluid
referred to the bottom of the channel as the datum. Thus the specific
energy E at any section is given by E 5 y 1 V2/2g; from the continuity
equation V 5 Q/A or E 5 y 1 (Q/A)2/2g. For a rectangular channel
whose width is b, A 5 by; and if q is defined as the flow rate per unit
width, q 5 Q/b and E 5 y 1 (qb/by)2/2g 5 y 1 (q/y)2/2g.

Critical Values For rectangular channels, if the specific-energy
equation is differentiated and set equal to zero, critical values are
obtained; thus dE/dy 5 d/dy [y 1 (q/y)2/2g] 5 0 5 1 2 q2/y3g or qc

2 5
3 3 2

Qi is the coefficient of discharge C, or Q 5 CQi 5 CaVi 5 CcCva √2gh,
and C 5 CcCv . Nominal values of coefficients for various openings are
given in Fig. 3.3.36.
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ycg. Substituting in the specific-energy equation, E 5 yc 1 ycg/2gyc 5
3/2yc. Figure 3.3.34 shows the relation between depth and specific
energy for a constant flow rate. If the depth is greater than critical, the
flow is subcritical; at critical depth it is critical and at depths below
critical the flow is supercritical. For a given specific energy, there is a
maximum unit flow rate that can exist .

Fig. 3.3.34 Specific energy diagram, constant flow rate.

The Froude number F 5 V/ √gy, when substituted in the specific-
energy equation, yields E 5 y 1 (F2gy)/2g 5 y(1 1 F2/2) or E/y 5
1 1 F2/2. For critical flow, Ec/yc 5 3/2. Substituting Ec/yc 5 3/2 5
1 1 Fc

2 /2, or F 5 1,

F , 1 Flow is subcritical
F 5 1 Flow is critical
F . 1 Flow is supercritical

It is seen that for open-channel flow the Froude number determines
the type of flow in the same manner as Mach number for compressible
flow.

EXAMPLE. Water flows at a ate of 600 ft3/s in a rectangular channel 10 ft
wide at a depth of 4 ft . Determine (1) specific energy and (2) type of flow.

1. from the continuity equation,

V 5 Q/A 5 600/(10 3 4) 5 15 ft /s
E 5 y 1 V2/2g 5 4 1 (15)2/2(2 3 32.17) 5 7.497 ft

2. F 5 V/ √gy 5 15/ √32.17 3 4 5 1.322; F . 1 [ flow is supercritical.

FLOW OF LIQUIDS FROM TANK OPENINGS

Steady State Consider the jet whose velocity is V discharging from
an open tank through an opening whose area is a, as shown in Fig.
3.3.35. The liquid height above the centerline is h, and the cross-sec-
tional area of the tank at h is A. The ideal velocity of the jet is Vi 5 √2gh.
The ratio of the actual velocity V to the ideal velocity Vi is the coefficient
of velocity Cv, or V 5 CvVi 5 Cv √2gh. The ratio of the actual opening a
to the minimum area of the jet ac is the coefficient of contraction Cc , or
a 5 Ccac . The ratio of the actual discharge Q to the ideal discharge
Fig. 3.3.35 Notation for tank flow.

Unsteady State If the rate of liquid entering the tank Qin is different
from that leaving, the level h in the tank will change because of the
change in storage. For liquids, the conservation-of-mass equation may
be written as Qin 2 Qout 5 Qstored ; for a time interval dt, (Qin 2 Qout)dt 5

L
D

L
D , 1

Fig. 3.3.36 Nominal coefficients of orifices.
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A dh, neglecting fluid acceleration,

Qout dt 5 Ca √2gh dt, or (Qin 2 Ca √2gh) dt

5 A dh, or Et2

t1

dt 5 Eh2

h1

A dh

Qin 2 Qout

5 Eh2

h1

A dh

Qin 2 Ca √2gh

pressure wave traveling at sonic velocity c, ~M 5 rAc. From the im-
pulse-momentum equation, ~M(V2 2 V1) 5 p2A2 2 p1A1 ; for this appli-
cation, (rAc)(V 2 DV 2 V) 5 p2A 2 p1A, or the increase in pressure
Dp 5 2 rcDV. When the liquid is flowing in an elastic pipe, the equa-
tion for pressure rise must be modified to account for the expansion of
the pipe; thus

c 5 √ Es

r[1 1 (Es/Ep)(Do 1 Di)/(Do 2 Di)]

ib
d M
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EXAMPLE. An open cylindrical tank is 6 ft in diameter and is filled with water
to a depth of 10 ft . A 4-in-diameter sharp-edged orifice is installed on the bottom
of the tank. A pipe on the top of the tank supplies water at the rate of 1 ft3/s.
Estimate (1) the steady-state level of this tank, (2) the time required to reduce the
tank level by 2 ft .

1. Steady-state level. From Fig. 3.3.36, C 5 0.61 for a sharp-edged orifice,
a 5 (p/4)d 2 5 (p/4)(4/12)2 5 0.08727 ft2. For steady state, Qin 5 Qout 5
Ca √2gh 5 1 5 (0.61)(0.08727)(2 3 32.17h)1/2; h 5 5.484 ft .

2. Time required to lower level 2 ft , A 5 (p/4)D2 5 (p/4)(6)2 5 28.27 ft2

t2 2 t1 5 Eh2

h1

A dh

Qin 2 Ca √2gh

This equation may be integrated by letting Q 5 Ca √2g h1/2; then dh 5 2Q dQ/
(Ca √2g)2; then

t2 2 t1 5
2 A

(Ca √2g)2
FQin logeSQin 2 Q1

Qin 2 Q2
D 1 Q1 2 Q2G

At t1 : Q1 5 0.61 3 0.08727 √2 3 32.17 3 10 5 1.350 ft3/s
At t2 : Q2 5 0.61 3 0.08727 √2 3 32.17 3 8 5 1.208 ft3/s

t2 2 t1 5
2 3 28.27

(0.61 3 0.08727 √2 3 32.17)2

3F(1) logeS1 2 1.350

1 2 1.208D 1 1.350 2 1.208G
t2 2 t1 5 205.4 s

WATER HAMMER

Equations Water hammer is the series of shocks, sounding like
hammer blows, produced by suddenly reducing the flow of a fluid in a
pipe. Consider a fluid flowing frictionlessly in a rigid pipe of uniform
area A with a velocity V. The pipe has a length L, and inlet pressure p1

and a pressure p2 at L. At length L, there is a valve which can suddenly
reduce the velocity at L to V 2 DV. The equivalent mass rate of flow of a

3.4 V
by Leonar

REFERENCES: Harris, ‘‘Shock and Vibration Handbook,’’ 3d ed., McGraw-Hill.
Thomson, ‘‘Theory of Vibration with Applications,’’ 4th ed., Prentice Hall. Meir-

ovitch, ‘‘Elements of Vibration Analysis,’’ 2d ed., McGraw-Hill. Meirovitch,
‘‘Principles and Techniques of Vibrations,’’ Prentice-Hall.

SINGLE-DEGREE-OF-FREEDOM SYSTEMS

Discrete System Components A system is defined as
tion of components acting together as one entity. The com
vibratory mechanical system are of three different types, and they relate
where r 5 mass density of the fluid, Es 5 bulk modulus of elasticity of
the fluid, Ep 5 modulus of elasticity of the pipe material, Do 5 outside
diameter of pipe, and Di 5 inside diameter of pipe.

Time of Closure The time for a pressure wave to travel the length of
pipe L and return is t 5 2L/c. If the time of closure tc # t, the approxi-
mate pressure rise Dp ' 2 2 rV(L/tc). When it is not feasible to close
the valve slowly, air chambers or surge tanks may be used to absorb all or
most of the pressure rise. Water hammer can be very dangerous. See
Sec. 9.9.

EXAMPLE. Water flows at 68°F (20°C) in a 3-in steel schedule 40 pipe at a
velocity of 10 ft /s. A valve located 200 ft downstream is suddenly closed. Deter-
mine (1) the increase in pressure considering pipe to be rigid, (2) the increase
considering pipe to be elastic, and (3) the maximum time of valve closure to be
considered ‘‘sudden.’’

For water, r 5 2 1.937 slugs/ft3 5 1.937 lb ? sec2/ft4; Es 5 319,000 lb/in2;
Ep 5 28.5 3 106 lb/in2 (Secs. 5.1 and 6); c 5 4,860 ft /s; from Sec. 8.7, Do 5 3.5 in,
Di 5 3.068 in.

1. Inelastic pipe

Dp 5 2 rcDV 5 2 (1.937)(4,860)(2 10) 5 94,138 lbf/ft2

5 94,138/144 5 653.8 lbf/in2 (4.507 3 106 N/m2)

2. Elastic pipe

c 5 √ Es

r[1 1 (Es/Ep)(Do 1 Di)/(Do 2 Di)]

5 √
319,000 3 144

1.937F1 1
(319,000/28.5 3 106)(3.500 1 3.067)

(3.500 2 3.067) G
5 4,504

Dp 5 2 (1.937)(4,504)(2 10)
5 87,242 lbf/ft2 5 605.9 lbf/in2 (4.177 3 106 N/m2)

3. Maximum time for closure

t 5 2L/c 5 2 3 200/4,860 5 0.08230 s or less than 1/10 s

ration
eirovitch

forces to velocities is called a viscous damper or a dashpot (Fig. 3.4.1b).
It consists of a piston fitting loosely in a cylinder filled with liquid so

that the liquid can flow around the piston when it moves relative to the
cylinder. The relation between the damper force and the velocity of the
piston relative to the cylinder is

Fd 5 c( ~x2 2 ~x1) (3.4.2)

the coefficient of viscous damping; note that dots denote
th respect to time. Finally, the relation between forces and
an aggrega-
ponents of a in which c is

derivatives wi
forces to displacements, velocities, and accelerations. The component
relating forces to displacements is known as a spring (Fig. 3.4.1a). For a
linear spring the force Fs is proportional to the elongation d 5 x2 2 x1, or

Fs 5 kd 5 k(x2 2 x1) (3.4.1)

where k represents the spring constant, or the spring stiffness, and x1 and
x2 are the displacements of the end points. The component relating
accelerations is given by Newton’s second law of motion:

Fm 5 mẍ (3.4.3)

where m is the mass (Fig. 3.4.1c).
The spring constant k, coefficient of viscous damping c, and mass m

represent physical properties of the components and are the system pa-
rameters. By implication, these properties are concentrated at points,
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thus they are lumped, or discrete, parameters. Note that springs
and dampers are assumed to be massless and masses are assumed to be
rigid.

Springs can be arranged in parallel and in series. Then, the propor-
tionality constant between the forces and the end points is known as an

x1 x2

Table 3.4.1 Equivalent Spring Constants

keq

keq

keq

kteq
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Fig. 3.4.1

equivalent spring constant and is denoted by keq, as shown in Table 3.4.1.
Certain elastic components, although distributed over a given line seg-
ment , can be regarded as lumped with an equivalent spring constant
given by keq 5 F/d, where d is the deflection at the point of application
of the force F. A similar relation can be given for springs in torsion.
Table 3.4.1 lists the equivalent spring constants for a variety of compo-
nents.

Equation of Motion The dynamic behavior of many engineering
systems can be approximated with good accuracy by the mass-damper-
spring model shown in Fig. 3.4.2. Using Newton’s second law in con-
junction with Eqs. (3.4.1) to (3.4.3) and measuring the displacement x(t)
from the static equilibrium position, we obtain the differential equation
of motion

mẍ(t) 1 c ~x(t) 1 kx(t) 5 F(t) (3.4.4)

which is subject to the initial conditions x(0) 5 x0, ~x(0) 5 v0, where
x0 and v0 are the initial displacement and initial velocity, respectively.
Equation (3.4.4) is in terms of a single coordinate, namely x(t); the
system of Fig. 3.4.2 is therefore said to be a single-degree-of-freedom
system.

Free Vibration of Undamped Systems Assuming zero damping and
external forces and dividing Eq. (3.4.4) through by m, we obtain

ẍ 1 vn
2x 5 0 vn 5 √k/m (3.4.5)

In this case, the vibration is caused by the initial excitations alone. The
solution of Eq. (3.4.5) is

x(t) 5 A cos (vnt 2 f) (3.4.6)

which represents simple sinusoidal, or simple harmonic oscillation with
amplitude A, phase angle f, and frequency

vn 5 √k/m rad/s (3.4.7)

Systems described by equations of the type (3.4.5) are called har-
monic oscillators. Because the frequency of oscillation represents an in-
herent property of the system, independent of the initial excitation, vn

is called the natural frequency. On the other hand, the amplitude and
keq

keq

keq

keq

keq

keq

keq

keq

phase angle do depend on the initial displacement and velocity, as
follows:

A 5 √x2
0 1 (v0 /vn)2 f 5 tan2 1 v0 /x0vn (3.4.8)

The time necessary to complete one cycle of motion defines the period

T 5 2p/vn seconds (3.4.9)

The reciprocal of the period provides another definition of the natural
frequency, namely,

fn 5
1

T
5

vn

2p
Hz (3.4.10)

where Hz denotes hertz [1 Hz 5 1 cycle per second (cps)].
A large variety of vibratory systems behave like harmonic oscillators,

many of them when restricted to small amplitudes. Table 3.4.2 shows a
variety of harmonic oscillators together with their respective natural
frequency.

Free Vibration of Damped Systems Let F(t) 5 0 and divide
through by m. Then, Eq. (3.4.4) reduces to

ẍ(t) 1 2zvn ~x(t) 1 vn
2 x(t) 5 0 (3.4.11)

where z 5 c/2mvn (3.4.12)

is the damping factor, a nondimensional quantity. The nature of
the motion depends on z. The most important case is that in which
0 , z , 1.

c

k

m

x(t)

F(t)

Fig. 3.4.2
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Table 3.4.2 Harmonic Oscillators and Natural Frequencies

,

In this case, the system is said to be underdamped and the solution of Eq.
(3.4.11) is

x(t) 5 Ae2 zvnt cos(vdt 2 f) (3.4.13)
where vd 5 (1 2 z2)1/2vn (3.4.14)

is the frequency of damped free vibration and

T 5 2p/vd (3.4.15)

is the period of damped oscillation. The amplitude and phase angle de-
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k

pend on the initial displacement and velocity, as follows:

A 5 √x0
2 1 (zvnx0 1 v0)2/v2

d f 5 tan2 1 (zvnx0 1 v0)/x0vd (3.4.16)

The motion described by Eq. (3.4.13) represents decaying oscillation,
where the term Ae2 zv n t can be regarded as a time-dependent amplitude,
providing an envelope bounding the harmonic oscillation.

When z $ 1, the solution represents aperiodic decay. The case z 5 1
represents critical damping, and

cc 5 2mvn (3.4.17)

is the critical damping coefficient, although there is nothing critical about
it . It merely represents the borderline between oscillatory decay and
aperiodic decay. In fact , cc is the smallest damping coefficient for which
the motion is aperiodic. When z . 1, the system is said to be over-
damped.

Logarithmic Decrement Quite often the damping factor is not
known and must be determined experimentally. In the case in which the
system is underdamped, this can be done conveniently by plotting x(t)
versus t (Fig. 3.4.3) and measuring the response at two different times

0
t1 t2

x2

x1

T 5 2p
vd

t

x(t)

Fig. 3.4.3

separated by a complete period. Let the times be t1 and t1 1 T, introduce
the notation x(t1) 5 x1, x(t1 1 T) 5 x2, and use Eq. (3.4.13) to obtain

x1

x2

5
Ae2zvnt1 cos (vdt1 2 f)

Ae2zvn(t11T) cos [vd(t1 1 T) 2 f]
5 ezvnT (3.4.18)

where cos [vd(t1 1 T) 2 f] 5 cos (vdt1 2 f 1 2p) 5 cos (vdt1 2 f).
Equation (3.4.18) yields the logarithmic decrement

d 5 ln
x1

x2

5 zvnT 5
2pz

√1 2 z2
(3.4.19)

which can be used to obtain the damping factor

z 5
d

√(2p)2 1 d2
(3.4.20)

For small damping, the logarithmic decrement is also small, and the
damping factor can be approximated by

z '
d

2p
(3.4.21)
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Response to Harmonic Excitations Consider the case in which the
excitation force F(t) in Eq. (3.4.4) is harmonic. For convenience, ex-
press F(t) in the form kA cos vt, where k is the spring constant , A is an
amplitude with units of displacement and v is the excitation frequency.
When divided through by m, Eq. (3.4.4) has the form

ẍ 1 2zvn ~x 1 vn
2 x 5 vn

2A cos vt (3.4.22)

The solution of Eq. (3.4.22) can be expressed as

x(t) 5 A |G(v) | cos (vt 2 f) (3.4.23)

√1 2 2z2, provided z , 1/√2. The peak values are |G(v) |max 5

1/2z√1 2 z2. For small z, the peaks occur approximately at v/vn 5 1
and have the approximate values |G(v) |max 5 Q ' 1/2z, where Q is
known as the quality factor. In such cases, the phase angle tends to 90°.
Clearly, for small z the system experiences large-amplitude vibration, a
condition known as resonance. The points P1 and P2, where |G | falls to
Q/√2, are called half-power points. The increment of frequency asso-
ciated with the half-power points P1 and P2 represents the bandwidth Dv
of the system. For small damping, it has the value

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
where

|G(v) | 5
1

√[1 2 (v/vn)2]2 1 (2zv/vn)2
(3.4.24)

is a nondimensional magnitude factor* and

f(v) 5 tan21
2zv/vn

1 2 (v/vn)2
(3.4.25)

is the phase angle; note that both the magnitude factor and phase angle
depend on the excitation frequency v.

Equation (3.4.23) shows that the response to harmonic excitation is
also harmonic and has the same frequency as the excitation, but differ-
ent amplitude A |G(v) | and phase angle f(v). Not much can be learned
by plotting the response as a function of time, but a great deal of infor-
mation can be gained by plotting |G | versus v/vn and f versus v/vn.
They are shown in Fig. 3.4.4 for various values of the damping factor z.

In Fig. 3.4.4, for low values of v/vn, the nondimensional magnitude
factor |G(v) | approaches unity and the phase angle f(v) approaches
zero. For large values of v/vn, the magnitude approaches zero (see
accompanying footnote about magnification factor) and the phase angle
approaches 180°. The magnitude experiences peaks for v/vn 5

* The term |G(v)| is often referred to as magnification factor, but this is a
misnomer, as we shall see shortly.
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Fig. 3.4.4 Frequency response plots.
Dv 5 v2 2 v1 ' 2zvn (3.4.26)

The case z 5 0 deserves special attention. In this case, referring to Eq.
(3.4.22), the response is simply

x(t) 5
A

1 2 (v/vn)2
cos vt (3.4.27)

For v/vn , 1, the displacement is in the same direction as the force, so
that the phase angle is zero; the response is in phase with the excitation.
For v/vn . 1, the displacement is in the direction opposite to the force,
so that the phase angle is 180° out of phase with the excitation. Finally,
when v 5 vn the response is

x(t) 5
A

2
vnt sin vnt (3.4.28)

This is typical of the resonance condition, when the response increases
without bounds as time increases. Of course, at a certain time the dis-
placement becomes so large that the spring ceases to be linear, thus
violating the original assumption and invalidating the solution. In prac-
tical terms, unless the excitation frequency varies, passing quickly
through v 5 vn, the system can break down.

When the excitation is F(t) 5 kA sin vt, the response is

x(t) 5 A |G(v) | sin (vt 2 f) (3.4.29)

5 0z
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5 0.25z
3

5 0z
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1 2 3

/v vn
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One concludes that in harmonic response, time plays a secondary role to
the frequency. In fact , the only significant information is extracted from
the magnitude and phase angle plots of Fig. 3.4.4. They are referred to
as frequency-response plots.

Since time plays no particular role, the harmonic response is called
steady-state response. In general, for linear systems with constant param-
eters, such as the mass-damper-spring system under consideration, the
response to the initial excitations is added to the response to the excita-
tion forces. The response to initial excitations, however, represents

The transmissibility is less than 1 for v/vn . √2, and decreases as
v/vn increases. Hence, for an isolator to perform well, its natural fre-
quency must be much smaller than the excitation frequency. However,
for very low natural frequencies, difficulties can be encountered in iso-
lator design. Indeed, the natural frequency is related to the static deflec-
tion dst by vn 5 √k/m 5 √g/dst, where g is the gravitational constant . For
the natural frequency to be sufficiently small, the static deflection may
have to be impractically large. The relation between the excitation fre-
quency f measured in rotations per minute and the static deflection dst
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transient response. This is due to the fact that every system possesses
some amount of damping, so that the response to initial excitations
disappears with time. In contrast , steady-state response persists with
time. Hence, in the case of harmonic excitations, it is meaningless to
add the response to initial excitations to the harmonic response.

Vibration Isolation A problem of great interest is the magnitude of
the force transmitted to the base by a system of the type shown in Fig.
3.4.2 subjected to harmonic excitation. This force is a combination of
the spring force kx and the dashpot force c ~x. Recalling Eq. (3.4.23),
write

kx 5 kA |G | cos (vt 2 f)
c ~x 5 2 cvA |G | sin (vt 2 f)

5 cvA |G | cosSvt 2 f 1
p

2D (3.4.30)

so that the dashpot force is 90° out of phase with the spring force.
Hence, the magnitude of the force is

Ftr 5 √(kA |G |)2 1 (cvA |G |)2 5 kA |G |√1 1 (cv/k)2

5 kA |G |√1 1 (2zv/vn)2 (3.4.31)

Let the magnitude of the harmonic excitation be F0 5 kA; the force
transmitted to the base is then

T 5
Ftr

F0

5 |G |√1 1 (2zv/vn)2

5 √ 1 1 (2zv/vn)2

[1 2 (v/vn)2]2 1 (2zv/vn)2
(3.4.32)

which represents a nondimensional ratio called transmissibility. Figure
3.4.5 plots Ftr /F0 versus v/vn for various values of z.
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measured in inches is

f 5 187.7√ 2 2 R

dst(1 2 R)
rpm (3.4.33)

where R 5 1 2 T represents the percent reduction in vibration. Figure
3.4.6 shows a logarithmic plot of f versus dst with R as a parameter.

Fig. 3.4.6

Figure 3.4.7 depicts two types of isolators. In Fig. 3.4.7a, isolation is
accomplished by means of springs and in Fig. 3.4.7b by rubber rings
supporting the bearings. Isolators of all shapes and sizes are available
commercially.

Fig. 3.4.7

Rotating Unbalanced Masses Many appliances, machines, etc., in-
volve components spinning relative to a main body. A typical example
is the clothes dryer. Under certain circumstances, the mass of the spin-
ning component is not symmetric relative to the center of rotation, as
when the clothes are not spread uniformly in the spinning drum, giving
rise to harmonic excitation. The behavior of such systems can be simu-
lated adequately by the single-degree-of-freedom model shown in Fig.
3.4.8, which consists of a main mass M 2 m, supported by two springs
of combined stiffness k and a dashpot with coefficient of viscous damp-
ing c, and two eccentric masses m/2 rotating in opposite sense with the
constant angular velocity v. Although there are three masses, the mo-
tion of the eccentric masses relative to the main mass is prescribed, so
that there is only one degree of freedom. The equation of motion for the
system is

Mẍ 1 c ~x 1 kx 5 mlv2 sin vt (3.4.34)

x(t)

c

tv tv

k
2

— M – m

m/2 m/2
ll

k
2

Fig. 3.4.8
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Using the analogy with Eq. (3.4.29), the solution of Eq. (3.4.34) is

x(t) 5
m

M
lS v

vn
D2

|G(v) | sin (vt 2 f) v2
n 5

k

M
(3.4.35)

The magnitude factor in this case is (v/vn)2 |G(v) |, where |G(v) | is
given by Eq. (3.4.24); it is plotted in Fig. 3.4.9. On the other hand, the
phase angle remains as in Fig. 3.4.4.

where, assuming that the shaft is simply supported (see Table 3.4.1),
keq 5 48EI/L3, in which E is the modulus of elasticity, I the cross-sec-
tional area moment of inertia, and L the length of the shaft . By analogy
with Eq. (3.4.27), Eqs. (3.4.36) have the solution

x(t) 5
e(v/vn)2

1 2 (v/vn)2
cos vt y(t) 5

e(v/vn)2

1 2 (v/vn)2
sin vt (3.4.37)

Clearly, resonance occurs when the whirling angular velocity coincides
with the natural frequency. In terms of rotations per minute, it has the
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Whirling of Rotating Shafts Many mechanical systems involve ro-
tating shafts carrying disks. If the disk has some eccentricity, then the
centrifugal forces cause the shaft to bend, as shown in Fig. 3.4.10a. The
rotation of the plane containing the bent shaft about the bearing axis is
called whirling. Figure 3.4.10b shows a disk with the body axes x,y
rotating about the origin O with the angular velocity v. The geometrical
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vt
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Fig. 3.4.10

center of the disk is denoted by S and the mass center by C. The distance
between the two points is the eccentricity e. The shaft is massless and of
stiffness keq and the disk is rigid and of mass m. The x and y components
of the displacement of S relative to O are independent from one another
and, for no damping, satisfy the equations of motion

ẍ 1 v2
nx 5 ev2 cos vt ÿ 1 v2

ny 5 ev2 sin vt v2
n 5 keq /m

(3.4.36)
value

fc 5
60

2p
vn 5

60

2p √48EI

mL3
rpm (3.4.38)

where fc is called the critical speed.
Structural Damping Experience shows that energy is dissipated in

all real systems, including those assumed to be undamped. For example,
because of internal friction, energy is dissipated in real springs under-
going cyclic stress. This type of damping is called structural damping or
hysteretic damping because the energy dissipated in one cycle of stress is
equal to the area inside the hysteresis loop. Systems possessing struc-
tural damping and subjected to harmonic excitation with the frequency
v can be treated as if they possess viscous damping with the equivalent
coefficient

ceq 5 a/pv (3.4.39)

where a is a material constant . In this case, the equation of motion is

mẍ 1
a

pv
~x 1 kx 5 kA cos vt (3.4.40)

The solution of Eq. (3.4.40) is

x(t) 5 A|G| cos (vt 2 f) (3.4.41)

where this time the magnitude factor and phase angle have the values

G 5
1

√[1 2 (v/vn)2]2 1 g2
f 5 tan2 1

gv2
n

v[1 2 (v/vn)2]
(3.4.42)

in which

g 5
a

pk
(3.4.43)

is known as the structural damping factor. One word of caution is in
order: the analogy between structural and viscous damping is valid only for
harmonic excitation.

Balancing of Rotating Machines Machines such as electric motors
and generators, turbines, compressors, etc. contain rotors with journals
supported by bearings. In many cases, the rotors rotate relative to the
bearings at very high rates, reaching into tens of thousands of revolu-
tions per minute. Ideally the rotor is rigid and the axis of rotation coin-
cides with one of its principal axes; by implication, the rotor center of
mass lies on the axis of rotation. Such a rotor does not wobble and the
only forces exerted on the bearings are due to the weight of the rotor.
Such a rotor is said to be perfectly balanced. These ideal conditions are
seldom realized, and in practice the mass center lies at a distance e
(eccentricity) from the axis of rotation, so that there is a net centrifugal
force F 5 mev2 acting on the rotor, where m is the mass of the rotor and
v is the rotational speed. This centrifugal force is balanced by reaction
forces in the bearings, which tend to wear out the bearings with time.

The rotor unbalance can be divided into two types, static and dy-
namic. Static unbalance can be detected by placing the rotor on a pair of
parallel rails. Then, the mass center will settle in the lowest position in a
vertical plane through the rotation axis and below this axis. To balance
the rotor statically, it is necessary to add a mass m9 in the same plane at a
distance r from the rotation axis and above this axis, where m9 and r
must be such that m9r 5 me. In this manner, the net centrifugal force on
the rotor is zero. The net result of static balancing is to cause the mass
center to coincide with the rotation axis, so that the rotor will remain in
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any position placed on the rails. However, unless the mass m9 is placed
on a line containing m and at right angles with the bearings axis, the
centrifugal forces on m and m9 will form a couple (Fig. 3.4.11). Static
balancing is suitable when the rotor is in the form of a thin disk, in
which case the couple tends to be small. Automobile tires are at times
balanced statically (seems), although strictly speaking they are neither
thin nor rigid.

m9r 2v

Inertial Unbalance of Reciprocating Engines The crank-piston
mechanism of a reciprocating engine produces dynamic forces capable
of causing undesirable vibrations. Rotating parts, such as the crank-
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me 2v

Fig. 3.4.11

In general, for practical reasons, the mass m9 cannot be placed on an
axis containing m and perpendicular to the bearing axis. Hence, al-
though in static balancing the mass center lies on the rotation axis, the
rotor principal axis does not coincide with the bearing axis, as shown in
Fig. 3.4.12, causing the rotor to wobble during rotation. In this case, the
rotor is said to be dynamically unbalanced. Clearly, it is highly desirable
to place the mass m9 so that the rotor is both statically and dynamically
balanced. In this regard, note that the end planes of the rotor are conve-

v

Principal axis

Fig. 3.4.12

nient locations to place correcting masses. In Fig. 3.4.13, if the mass
center is at a distance a from the right end, then dynamic balance can be
achieved by placing masses m9a/L and m9(L 2 a)/L on the intersection
of the plane of unbalance and the rotor left end plane and right end
plane, respectively. In this manner, the resultant centrifugal force is zero

m9r
a
L

2v

me 2v

m9r
L2a

L
2v

m9
L2a

Lm9
a
L

aL2a

Fig. 3.4.13

and the two couples thus created are equal in value to m9a(L 2 a)v2/L
and opposite in sense, so that they cancel each other. This results in a
rotor completely balanced, i.e., balanced statically and dynamically.

The task of determining the magnitude and position of the unbalance
is carried out by means of a balancing machine provided with elastically
supported bearings permitting the rotor to spin (Fig. 3.4.14). The unbal-
ance causes the bearings to oscillate laterally so that electrical pickups
and stroboflash light can measure the amplitude and phase of the rotor
with respect to an arbitrary rotor.

In cases in which the rotor is very long and flexible, the position of
the unbalance depends on the elastic configuration of the rotor, which in
turn depends on the speed of rotation, temperature, etc. In such cases, it
is necessary to balance the rotor under normal operating conditions by
means of a portable balancing instrument .
Fig. 3.4.14

shaft , can be balanced. However, translating parts, such as the piston,
cannot be easily balanced, and the same can be said about the connect-
ing rod, which executes a more complex motion of combined rotation
and translation.

In the calculation of the unbalanced forces in a single-cylinder en-
gine, the mass of the moving parts is divided into a reciprocating mass
and a rotating mass. This is done by apportioning some of the mass of
the connecting rod to the piston and some to the crank end. In general,
this division of the connecting rod into two lumped masses tends to
cause errors in the moment of inertia, and hence in the torque equation.
On the other hand, the force equation can be regarded as being accurate.
(See also Sec. 8.2.)

Assuming that the rotating mass is counterbalanced, only the recipro-
cating mass is of concern, and the inertia force for a single-cylinder
engine is

F 5 mrecrv2 cos vt 1 mrec

r2

L
v2 cos 2vt (3.4.44)

where mrec is the reciprocating mass, r the radius of the crank, v the
angular velocity of the crank, and L the length of the connecting rod.
The first component on the right side, which alternates once per revolu-
tion, is denoted by X1 and referred to as the primary force, and the
second component , which is smaller and alternates twice per revolution,
is denoted by X2 and is called the secondary force.

In addition to the inertia force, there is an unbalanced torque about
the crankshaft axis due to the reciprocating mass. However, this torque
is considered together with the torque created by the power stroke, and
the torsional oscillations resulting from these excitations can be miti-
gated by means of a pendulum-type absorber (see ‘‘Centrifugal Pendu-
lum Vibration Absorbers’’ below) or a torsional damper.

The analysis for the single-cylinder engine can be extended to multi-
cylinder in-line and V-block engines by superposition. For the in-line
engine or one block of the V engine, the inertia force becomes

F 5 mrecrv2 On
j51

cos (vt 1 fj)

1 mrec

r2

L
v2 On

j51

cos 2(vt 1 fj) (3.4.45)

where fj is a phase angle corresponding to the crank position associated
with cylinder j and n is the number of cylinders. The vibration’s force
can be eliminated by proper spacing of the angular positions fj ( j 5
1, 2, . . . , n).

Even if F 5 0, there can be pitching and yawing moments due to the
spacing of the cylinders. Table 3.4.3 gives the inertial unbalance and
pitching of the primary and secondary forces for various crank-angle
arrangements of n-cylinder engines.

Centrifugal Pendulum Vibration Absorbers For a rotating system,
such as the crank mechanism just discussed, the exciting torques are
proportional to the rotational speed v, which varies over a wide range.
Hence, for a vibration absorber to be effective, its natural frequency
must be proportional to v. The centrifugal pendulum shown in Fig.
3.4.15 is ideally suited to this task. Strictly speaking, the system of Fig.
3.4.15 represents a two-degree-of-freedom nonlinear system. However,
assuming that the motion of the wheel consists of a steady rotation v
and a small harmonic oscillation at the frequency V, or

u(t) 5 vt 1 u0 sin Vt (3.4.46)
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Table 3.4.3 Inertial Unbalance of Four-Stroke-per-Cycle Engines

Unbalanced pitching
Unbalanced forces moments about 1st cylinder

No. n of
cylinders Crank phase angle fj Primary Secondary Primary Secondary

1 X1 X2 — —
2 0–180° 0 2X2 ,X1 2,X2

4 0–180°–180°–0 0 4X2 0 6,X2

4 0–90°–270°–180° 0 0 ,X1√1 1 32 0
6 0–120°–240°–

240°–120°–0
0 0 0 0

8 0–180°–90°–270°–
270°–90°–180°–0

0 0 0 0

90° V-8 0–90°–270°–180° 0 0 Rotating primary couple of
constant magnitude √10,X1

which may be completely
counterbalanced

m
r

R

v

f

u

Response to Periodic Excitations A problem of interest in me-
chanical vibrations concerns the response x(t) of the cam and follower
system shown in Fig. 3.4.17. As the cam rotates at a constant angular
rate, the follower undergoes the periodic displacement y(t), where y(t)
has the period T. The equation of motion is

mẍ 1 (k1 1 k2)x 5 k2y (3.4.51)
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Fig. 3.4.15

and that the pendulum angle f is relatively small, then the equation of
motion of the pendulum reduces to the linear single-degree-of-freedom
system

f̈ 1 v2
nf 5

R 1 r

r
V2u0 sin Vt (3.4.47)

where vn 5 v√R/r (3.4.48)

is the natural frequency of the pendulum. The torque exerted by the
pendulum on the wheel is

T 5 2
m(R 1 r)2

1 2 rV2/Rv2
ü (3.4.49)

so that the system behaves like a wheel with the effective mass moment
of inertia

Jeff 5 2
m(R 1 r)2

1 2 rV2/Rv2
(3.4.50)

which becomes infinite when V is equal to the natural frequency vn. To
suppress disturbing torques of frequency V several times larger than the
rotational speed v, the ratio r/R must be very small, which requires a
short pendulum. The bifilar pendulum depicted in Fig. 3.4.16, which
consists of a U-shaped counterweight that fits loosely and rolls on two
pins of radius r2 within two larger holes of equal radius r1, represents a
suitable design whereby the effective pendulum length is r 5 r1 2 r2.

Fig. 3.4.16
k1
x(t)

m

k2

y(t)

Fig. 3.4.17

Any periodic function can be expanded in a series of harmonic compo-
nents in the form of the Fourier series

y(t) 5
1

2
a0 1 O`

p51

(ap cos v0t 1 bp sin pv0t) v0 5 2p/T (3.4.52)

where v0 is called the fundamental harmonic and pv0 (p 5 1, 2, . . .)
are called higher harmonics, in which p is an integer. The coefficients
have the expressions

ap 5
2

T ET

0

y(t) cos pv0t p 5 0, 1, 2, . . .

bp 5
2

T ET

0

y(t) sin pv0t p 5 1, 2, . . .
(3.4.53)

Note that the limits of integration can be changed, as long as the inte-
gration covers one complete period. From Eq. (3.4.27), and a compan-
ion equation for the sine counterpart , the response is

x(t) 5
k2

k1 1 k2
F1

2
a0 1 O`

p51

1

1 2 (pv0 /vn)2

3 (ap cos pv0t 1 bp sin pv0t)G (3.4.54)

where vn 5 √(k1 1 k2)/m (3.4.55)
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is the natural frequency of the system. Equation (3.5.54) describes a
steady-state response, so that a description in terms of time is not very
informative. More significant information can be extracted by plotting
the amplitudes of the harmonic components versus the harmonic num-
ber. Such plots are called frequency spectra, and there is one for the
excitation and one for the response. Equation (3.4.54) leads to the con-
clusion that resonance occurs for pv0 5 vn.

As an example, consider the periodic excitation shown in Fig. 3.4.18
and use Eqs. (3.4.53) to obtain the coefficients

being equal to zero. For the mass-damper-spring system of Fig. 3.4.2,
the impulse response is

g(t) 5
1

mvd

e2zvnt sin vdt t . 0 (3.4.57)

1
(t 2 a)

e

d
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a0 5 2 A, ap 5 0, bp 5H0
4B/pp p odd

p even
(3.4.56)

A1B

y(t)

A2B

2 T 2T

t

A

0T
2

T
2

3T
2

Fig. 3.4.18 Example of periodic excitation.

The excitation and response frequency spectra are displayed in Figs.
3.4.19a and b, the latter for the case in which vn 5 4v0.

0
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v
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p
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4
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Fig. 3.4.19 (a) Excitation frequency spectrum; (b) response frequency spec-
trum for the periodic excitation of Fig. 3.4.18.

Unit Impulse and Impulse Response Harmonic and periodic forces
represent steady-state excitations and persist indefinitely. The response to
such forces is also steady state. An entirely different class of forces
consists of arbitrary, or transient, forces. The term transient is not en-
tirely appropriate, as some of these forces can also persist indefinitely.
Concepts pivotal to the response to arbitrary forces are the unit impulse
and the impulse response. The unit impulse, denoted by d(t 2 a), repre-
sents a function of very high amplitude and defined over a very small
time interval at t 5 a such that the area enclosed is equal to 1 (Fig.
3.4.20). The impulse response, denoted by g(t), is defined as the response
of a system to a unit impulse applied at t 5 0, with the initial conditions
0
e

a

t

Fig. 3.4.20

Convolution Integral An arbitrary force F(t) as shown in Fig. 3.4.21
can be regarded as a superposition of impulses of magnitude F(t) dt and
applied at t 5 t. Hence, the response to an arbitrary force can be re-
garded as a superposition of impulse responses g(t 2 t) of magnitude
F(t) dt, or

x(t) 5 Et

0

F(t)g(t 2 t) dt

5
1

mvd
Et

0

F(t)e2 zvn(t2t) sin vd(t 2 t) dt (3.4.58a)

which is called the convolution integral or the superposition integral; it can
also be written in the form

x(t) 5 Et

0

F(t 2 t)g(t) dt

5
1

mvd
Et

0

F(t 2 t)e2 zvnt sin vdt dt (3.4.58b)

t0
t

F(t )

Dt

F(  ) t

t

Fig. 3.4.21

Shock Spectrum Many systems are subjected on occasions to large
forces applied suddenly and over periods of time that are short com-
pared to the natural period. Such forces are capable of inflicting serious
damage on a system and are referred to as shocks. The severity of a
shock is commonly measured in terms of the maximum value of the
response of a mass-spring system. The plot of the peak response versus
the natural frequency is called the shock spectrum or response spectrum.

A shock F(t) is characterized by its maximum value F0, its duration T,
and its shape. It is common to approximate the force by the half-sine
pulse

F(t) 5H0
F0 sin vt for

for
0 , t , T 5 p/v
t , 0 and t . T

(3.4.59)

Using the convolution integral, Eq. (3.4.58b) with z 5 0, the response of
a mass-spring system during the duration of the pulse is

x(t) 5
F0

k[1 2 (v/vn)2] Ssin vt 2
v

vn

sin vntD
0 , t , p/v (3.4.60)
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The maximum response is obtained when ~x 5 0 and has the value

xmax 5
F0

k(1 2 v/vn)
sin

2ip

1 1 vn/v

i 5 1, 2, . . . ; i ,
1

2 S1 1
vn

v
D (3.4.61)

On the other hand, the response after the termination of the pulse is

F0v2
n/v

mi

the stiffness matrix, all three symmetric matrices. (In the present case the
mass matrix is diagonal, but in general it is not , although it is sym-
metric.)

Response of Undamped Systems to Harmonic Excitations Let the
harmonic excitation have the form

F(t) 5 F0 sin vt (3.4.66)

where F0 is a constant vector and v is the excitation, or driving fre-
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x(t) 5
k[1 2 (vn/v)2]

[cos vnt 1 cos vn(t 2 T)] (3.4.62)

which has the maximum value

xmax 5
2 F0vn/v

k[1 2 (vn/v)2]
cos

pvn

2v
(3.4.63)

The shock spectrum is the plot xmax versus vn/v. For vn , v, the
maximum response is given by Eq. (3.4.63) and for vn . v by Eq.
(3.4.61). The shock spectrum is shown in Fig. 3.4.22 in the form of the
nondimensional plot xmaxk/F0 versus vn/v.

n /v v

xmaxk

F0

2.25

1.50

0.75

0.00

0 2 4 6 8 10

Fig. 3.4.22

MULTI-DEGREE-OF-FREEDOM SYSTEMS

Equations of Motion Many vibrating systems require more elabo-
rate models than a single-degree-of-freedom system, such as the multi-
degree-of-freedom system shown in Fig. 3.4.23. By using Newton’s sec-
ond law for each of the n masses mi (i 5 1, 2, . . . , n), the equations of
motion can be written in the form

mi ẍi(t) 1 On
j51

cij ~xj(t) 1 On
j51

kijxj(t) 5 Fi (t)

i 5 1, 2, . . . , n (3.4.64)

where xi (t) is the displacement of mass mi, Fi (t) is the force acting on mi,
and cij and kij are damping and stiffness coefficients, respectively. The
matrix form of Eqs. (3.4.64) is

Mẍ(t) 1 C~x(t) 1 Kx(t) 5 F(t) (3.4.65)

in which x(t) is the n-dimensional displacement vector, F(t) the corre-
sponding force vector, M the mass matrix, C the damping matrix, and K

c1

k1

F1(t )

x1(t )

m1 mi21

Fi21(t )

xi21(t )

c1

ki
Fig. 3.4.23
Fi(t )

xi(t )

Fn(t )

xn(t )

mnmi11

Fi11(t )

xi11(t )
k i11 kn11

ci11 cn11

quency. The response to the harmonic excitation is a steady-state re-
sponse and can be expressed as

x(t) 5 Z21(v)F0 sin vt (3.4.67)

where Z21(v) is the inverse of the impedance matrix Z(v). In the absence
of damping, the impedance matrix is

Z(v) 5 K 2 v2M (3.4.68)

Undamped Vibration Absorbers When a mass-spring system m1, k1

is subjected to a harmonic force with the frequency equal to the natural
frequency, resonance occurs. In this case, it is possible to add a second
mass-spring system m2,k2 so designed as to produce a two-degree-of-
freedom system with the response of m1 equal to zero. We refer to m1, k1

as the main system and to m2,k2 as the vibration absorber. The resulting
two-degree-of-freedom system is shown in Fig. 3.4.24 and has the im-
pedance matrix

Z(v) 5Fk1 1 k2 2 v2m1

2 k2

2 k2

k2 2 v2m2
G (3.4.69)

tv

x2(t )

x1(t )

F1 sin

m2

m1

k1

k2

Fig. 3.4.24

Inserting Eq. (3.4.69) into Eq. (3.4.67), together with F1(t) 5 F1 sin vt,
F2(t) 5 0, write the steady-state response in the form

x1(t) 5 X1(v) sin vt (3.4.70a)
x2(t) 5 X2(v) sin vt (3.4.70b)
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where the amplitudes are given by

X1(v) 5
[1 2 (v/va)2]xst

[1 1 m(va /vn)2 2 (v/vn)2][1 2 (v/va)2] 2 m(va /vn)2

(3.4.71a)

X2(v) 5
xst

[1 1 m(va /vn)2 2 (v/vn)2][1 2 (v/va)2] 2 m(va /vn)2

(3.4.71b)

Natural Modes of Vibration In the absence of damping and external
forces, Eq. (3.4.65) reduces to the free-vibration equation

Mẍ(t) 1 Kx(t) 5 0 (3.4.74)

which has the harmonic solution

x(t) 5 u cos (vt 2 f) (3.4.75)

where u is a constant vector, v a frequency of oscillation, and f a phase
angle. Introduction of Eq. (3.4.75) into Eq. (3.4.74) and division
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in which

vn 5 √k1/m1 5 the natural frequency of the main system alone

va 5 √k2 /m2 5 the natural frequency of the absorber alone

xst 5 F1 /k1 5 the static deflection of the main system

m 5 m2 /m1 5 the ratio of the absorber mass to the main mass

From Eqs. (3.4.70a) and (3.4.71a), we conclude that if we choose m2

and k2 such that va 5 v, the response x1(t) of the main mass is zero.
Moreover, from Eqs. (3.4.70b) and (3.4.71b),

x2(t) 5 2Svn

va
D2 xst

m
sin vt 5 2

F1

k2

sin vt (3.4.72)

so that the force in the absorber spring is

k2 x2(t) 5 2 F1 sin vt (3.4.73)

Hence, the absorber exerts a force on the main mass balancing exactly
the applied force F1 sin vt.

A vibration absorber designed for a given operating frequency v can
perform satisfactorily for operating frequencies that vary slightly from
v. In this case, the motion of m1 is not zero, but its amplitude tends to be
very small, as can be verified from a frequency response plot X1(v)/xst

versus v/vn; Fig. 3.4.25 shows such a plot for m 5 0.2 and vn 5 va. The
shaded area indicates the range in which the performance can be re-
garded as satisfactory. Note that the thin line in Fig. 3.4.25 represents
the frequency response of the main system alone. Also note that the
system resulting from the combination of the main system and the ab-
sorber has two resonance frequencies, but they are removed from the
operating frequency v 5 vn 5 va.
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Fig. 3.4.25
through by cos (vt 2 f) results in

Ku 5 v2Mu (3.4.76)

which represents a set of n simultaneous algebraic equations known as
the eigenvalue problem. It has n solutions consisting of the eigenvalues
v r

2; the square roots represent the natural frequencies vr (r 5 1,
2, . . . , n). Moreover, to each natural frequency vr there corresponds
a vector ur (r 5 1, 2, . . . , n) called eigenvector, or modal vector, or
natural mode. The modal vectors possess the orthogonality property, or

us
TMur 5 0 (3.4.77a)

us
TKur 5 0 (3.4.77b)

(for r, s 5 1, 2, . . . , n; r Þ s), in which us
T is the transpose of us, a row

vector. It is convenient to adjust the magnitude of the modal vectors so
as to satisfy

ur
TMur 5 1 (3.4.78a)

ur
TKur 5 v r

2 (3.4.78b)

(for r 5 1, 2, . . . , n), a process known as normalization, in which
case ur are called normal modes. Note that the normalization process
involves Eq. (3.4.78a) alone, as Eq. (3.4.78b) follows automatically.
The solution of the eigenvalue problem can be obtained by a large
variety of computational algorithms (Meirovitch, ‘‘Principles and
Techniques of Vibrations,’’ Prentice-Hall). Commercially, they are
available in software packages for numerical computations, such as
MATLAB.

The actual solution of Eq. (3.4.74) is obtained below in the context of
the transient response.

Transient Response of Undamped Systems From Eq. (3.4.65), the
vibration of undamped systems satisfies the equation

Mẍ(t) 1 Kx(t) 5 F(t) (3.4.79)

where F(t) is an arbitrary force vector. In addition, the displacement and
velocity vectors must satisfy the initial conditions x(0) 5 x0, ~x(0) 5 v0.
The solution of Eq. (3.4.79) has the form

x(t) 5 On
r51

urqr(t) (3.4.80)

in which ur are the modal vectors and qr(t) are associated modal coordi-
nates. Inserting Eq. (3.4.80) into Eq. (3.4.79), premultiplying the result
by us

T, and using Eqs. (3.4.77) and (3.4.78) we obtain the modal equa-
tions

q̈r(t) 1 v r
2qr(t) 5 Qr(t) r 5 1, 2, . . . , n (3.4.81)

where

Qr(t) 5 ur
TF(t) r 5 1, 2, . . . , n (3.4.82)

are modal forces. Equations (3.4.81) resemble the equation of single-
degree-of-freedom system and have the solution

qr(t) 5
1

vr
Et

0

Qr(t 2 t) sin vrt dt 1 qr(0) cos vr t 1
~qr(0)

vr

sin vr t

r 5 1, 2, . . . , n (3.4.83)

where

qr(0) 5 ur
TMx0 (3.4.84a)

~qr(0) 5 ur
TMv0 (3.4.84b)

(for r 5 1, 2, . . . , n) are initial modal displacements and velocities,
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respectively. The solution to both external forces and initial excitations
is obtained by inserting Eqs. (3.4.83) into Eq. (3.4.80).

Systems with Proportional Damping When the system is damped,
the response does not in general have the form of Eq. (3.4.80), and a
more involved approach is necessary (Meirovitch, ‘‘Elements of Vibra-
tion Analysis,’’ 2d ed., McGraw-Hill). In the special case in which the
damping matrix C is proportional to the mass matrix M or the stiffness
matrix K, or is a linear combination of M and K, the preceding approach
yields the modal equations

where A and B are constants of integration, determined from specified
boundary conditions. In the case of a fixed-free rod, the boundary condi-
tions are

U(0) 5 0 (3.4.94a)

EA
dU

dx
U

x5L

5 0 (3.4.94b)

Condition (3.4.94a) gives B 5 0 and condition (3.4.94b) yields the
characteristic equation
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q̈r(t) 1 2zrvr ~qr(t) 1 vr
2qr(t) 5 Qr(t) r 5 1, 2, . . . , n (3.4.85)

where zr are modal damping factors. Equations (3.4.85) have the solution

qr(t) 5
1

vdr
Et

0

Qr(t 2 t)e2zrvrt sin vdrt dt

1
qr(0)

√1 2 z r
2

e2zrvrt cos (vdrt 2 cr) 1
~qr(0)

vdr

sin vdr t

r 5 1, 2, . . . , n (3.4.86)

in which

vdr 5 vr √1 2 z r
2 r 5 1, 2, . . . , n (3.4.87)

is the damped frequency in the rth mode and

cr 5 tan21
zr

√1 2 z r
2

r 5 1, 2, . . . , n (3.4.88)

is a phase angle associated with the r th mode. The quantities Qr(t),
qr(0), and ~qr(0) remain as defined by Eqs. (3.4.82), (3.4.84a), and
(3.4.84b), respectively.

DISTRIBUTED-PARAMETER SYSTEMS

Vibration of Rods, Shafts, and Strings The axial vibration of rods is
described by the equation

2


x HEA(x)
u(x, t)

x J 1 m(x)
2u(x, t)

t 2
5 f(x, t)

0 , x , L (3.4.89)

where u(x, t) is the axial displacement , f(x, t) the axial force per unit
length, E the modulus of elasticity, A(x) the cross-sectional area, and
m(x) the mass per unit length. The solution u(x, t) is subject to one
boundary condition at each end.

Before attempting to solve Eq. (3.4.89), consider the free vibration
problem, f(x, t) 5 0. The solution of the latter problem is harmonic and
can be expressed as

u(x, t) 5 U(x) cos (vt 2 f) (3.4.90)

where U(x) is the amplitude, v the frequency, and f an inconsequential
phase angle. Inserting Eq. (3.4.90) into Eq. (3.4.89) with f (x, t) 5 0 and
dividing through by cos (vt 2 f), we conclude that U(x) and v must
satisfy the eigenvalue problem

2
d

dx HEA(x)
dU(x)

dx J 5 v2m(x)U(x) 0 , x , L (3.4.91)

where U(x) must satisfy one boundary condition at each end. At a fixed
end the displacement U must be zero and at a free end the axial force
EA dU/dx is zero.

Exact solutions of the eigenvalue problem are possible in only a few
cases, mostly for uniform rods, in which case Eq. (3.4.91) reduces to

d2U(x)

dx2
1 b2U(x) 5 0 b2 5

v2m

EA
0 , x , L (3.4.92)

whose solution is

U(x) 5 A sin bx 1 B cos bx (3.4.93)
cos bL 5 0 (3.4.95)

which has the infinity of solutions

brL 5
(2r 2 1)p

2
r 5 1, 2, . . . (3.4.96)

where br represent the eigenvalues; they are related to the natural fre-
quencies vr by

vr 5 br√EA

m
5

(2r 2 1)p

2 √ EA

mL2
r 5 1, 2, . . . (3.4.97)

From Eq. (3.4.93), the normal modes are

Ur(x) 5 √ 2

mL
sin

(2r 2 1)px

2L
r 5 1, 2, . . . (3.4.98)

For a fixed-fixed rod, the natural frequencies and normal modes are

vr 5 rp√ EA

mL2
Ur(x) 5 √ 2

mL
sin

rpx

L
r 5 1, 2, . . . (3.4.99)

and for a free-free rod they are

v0 5 0 U0 5 √ 1

mL
(3.4.100a)

vr 5 rp√ EA

mL2
Ur(x) 5 √ 2

mL
cos

rpx

L

r 5 1, 2, . . . (3.4.100b)

Note that U0 represents a rigid-body mode, with zero natural frequency.
In every case the modes are orthogonal, satisfying the conditions

EL

0

mUs(x)Ur(x) dx 5 0 (3.4.101a)

2EL

0

Us(x)
d

dx FEA
dUr(x)

dx G dx 5 0 (3.4.101b)

(for r, s 5 0, 1, 2, . . . , r Þ s) and have been normalized to satisfy the
relations

EL

0

mU2
r (x) dx 5 1 (3.4.102a)

2EL

0

Ur(x)
d

dx FEA
dUr(x)

dx G dx 5 v2
r (3.4.102b)

(for r 5 0, 1, 2, . . .). Note that the orthogonality of the normal modes
extends to the rigid-body mode.

The response of the rod has the form

u(x, t) 5 O`
r51

Ur(x)qr(t) (3.4.103)

Introducing Eq. (3.4.103) into Eq. (3.4.89), multiplying through by
Us(x), integrating over the length of the rod, and using Eqs. (3.4.101)
and (3.4.102) we obtain the modal equations

q̈r(t) 1 v2
rqr(t) 5 Qr(t) r 5 1, 2, . . . (3.4.104)

where Qr(t) 5 EL

0

Ur(x) f (x, t) dx r 5 1, 2, . . . (3.4.105)
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Table 3.4.4 Analogous Quantities for Rods, Shafts, and Strings

Rods Shafts Strings

Displacement Axial—u(x, t) Torsional—u(x, t) Transverse—w(x, t)

Inertia (per
unit length)

Mass—m(x) Mass polar moment
of inertia— I(x)

Mass—r(x)

Stiffness Axial—EA(x)
E 5 Young’s modulus
A(x) 5 cross-sectional
area

Torsional—GJ(x)
G 5 shear modulus
J(x) 5 area polar
moment of inertia

Tension—T(x)

Load (per unit
length)

Force— f (x, t) Moment—m(x, t) Force— f (x, t)

are the modal forces. Equations (3.4.104) resemble Eqs. (3.4.81) en-
tirely; their solution is given by Eqs. (3.4.83). The displacement of the
rod is obtained by inserting Eqs. (3.4.83) into Eq. (3.4.103).

As an example, consider the response of a uniform fixed-free rod to
the uniformly distributed impulsive force

f(x, t) 5 f̂0d(t) (3.4.106)

Inserting Eqs. (3.4.98) and (3.4.106) into Eq. (3.4.105), we obtain the
modal forces

2 L (2r 2 1)px

s f

I

2

in which w(x, t) is the transverse displacement , f (x, t) the force per unit
length, I(x) the cross-sectional area moment of inertia, and m(x) the
mass per unit length. The solution w(x, t) must satisfy two boundary
conditions at each end.

The eigenvalue problem is described by the differential equation

d2

dx2 FEI(x)
d2W(x)

dx2 G 5 v2m(x)W(x) 0 , x , L (3.4.111)

and two boundary conditions at each end, depending on the type of
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Qr(t) 5 √mL E0

sin
2L

f̂0d(t) dx

5
2

(2r 2 1)p √2L

m
f̂0d(t) r 5 1, 2, . . . (3.4.107)

so that , from Eqs. (3.4.83), the modal displacements are

qr(t) 5
1

vr

2

(2r 2 1)p √2L

m
f̂0 Et

0

d(t 2 t) sin vrtdt

5F 2

(2r 2 1)pG2

√2L3

EA
f̂0 sin

(2r 2 1)p

2 √ EA

mL2
t

r 5 1, 2, . . . (3.4.108)

Finally, from Eq. (3.4.103), the response is

u(x, t) 5
8 f̂0L

p2 √ 1

mEA O`
r51

1

(2r 2 1)2
sin

(2r 2 1)px

2L

3 sin
(2r 2 1)p

2 √ EA

mL2
t (3.4.109)

The torsional vibration of shafts and the transverse vibration of
strings are described by the same differential equation and boundary
conditions as the axial vibration of rods, except that the nature of the
displacement , inertia and stiffness parameters, and external excitations
differs, as indicated in Table 3.4.4.

Bending Vibration of Beams The procedure for evaluating the re-
sponse of beams in transverse vibration is similar to that for rods, the
main difference arising in the stiffness term. The differential equation
for beams in bending is

2

x2 FEI(x)
2w(x,t)

x2 G 1 m(x)
2w(x, t)

t 2

5 f(x, t) 0 , x , L (3.4.110)

Table 3.4.6 Normalized Natural Frequencie

Beam type v1√mL4/EI v2√mL4/E

Hinged–hinged p2 4p2

Clamped–free 1.8752 4.6942

Free–free 0 0

Clamped–clamped (1.506p)2 (2.500p)
Clamped–hinged 3.9272 7.0692

Hinged–free 0 3.9272
or Various Beams

v3√mL4/EI v4√mL4/EI v5√mL2/EI

9p2 16p2 25p2

7.8552 10.9962 14.1372

(1.506p)2 (2.500p)2 (3.500p)2

(3.500p)2 (4.500p)2 (5.500p)2

support . Some possible boundary conditions are given in Table 3.4.5.
The solution of the eigenvalue problem consists of the natural frequen-
cies vr and natural modes Wr(x) (r 5 1, 2, . . .). The first five normal-
ized natural frequencies of uniform beams with six different boundary
conditions are listed in Table 3.4.6. The normal modes for the hinged-
hinged beam are

Wr(x) 5 √ 2

mL
sin

rpx

L
r 5 1, 2, . . . (3.4.112)

The normal modes for the remaining beam types are more involved and
they involve both trigonometric and hyperbolic functions (Meirovitch,
‘‘Elements of Vibration Analysis,’’ 2d ed.) The modes for every beam
type are orthogonal and can be used to obtain the response w(x, t) in the
form of a series similar to Eq. (3.4.103).

Table 3.4.5 Quantities Equal to Zero at Boundary

Bending
Boundary Displacement Slope moment Shearing force

type W dW/dx EId 2W/dx2 d(EId 2W/dx2)/dx

Hinged U U
Clamped U U
Free U U

Vibration of Membranes A membrane is a very thin sheet of mate-
rial stretched over a two-dimensional domain enclosed by one or two
nonintersecting boundaries. It can be regarded as the two-dimensional
counterpart of the string. Like a string, it derives the ability to resist
transverse displacements from tension, which acts in all directions in
the plane of the membrane and at all its points. It is commonly assumed
that the tension is uniform and does not change as the membrane de-
10.2102 13.3522 16.4932

7.0692 10.2102 13.3522
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flects. The general procedure for calculating the response of membranes
remains the same as for rods and beams, but there is one significant new
factor, namely, the shape of the boundary, which dictates the type of
coordinates to be used. For rectangular membranes cartesian coordi-
nates must be used, and for circular membranes polar coordinates are
indicated.

The differential equation for the transverse vibration of membranes is

2 T=2w 1 r
2w

t 2
5 f (3.4.113)

Table 3.4.7 Circular Membrane Normalized Natural Frequencies
v*mn 5 (vmn/2p)√ra2/T

n

m 1 2 3

0 0.3827 0.8786 1.3773
1 0.6099 1.1165 1.6192
2 0.8174 1.3397 1.8494
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which must be satisfied at every interior point of the membrane, where
w is the transverse displacement , f the transverse force per unit area, T
the tension, and r the mass per unit area. Moreover, =2 is the Laplacian
operator, whose expression depends on the coordinates used. The solu-
tion w must satisfy one boundary condition at every boundary point .
Using the established procedure, the eigenvalue problem is described by
the differential equation

2 T=2W 5 v2 rW (3.4.114)

where W is the displacement amplitude; it must satisfy one boundary
condition at every point of the boundary.

Consider a rectangular membrane fixed at x 5 0, a and y 5 0, b, in
which case the Laplacian operator in terms of the cartesian coordinates
x and y has the form

=2 5
2

x2
1

2

y2
(3.4.115)

The boundary conditions are W(0, y) 5 W(a, y) 5 W(x, 0) 5
W(x, b) 5 0. The natural frequencies are

vmn 5 p√FSm

aD2

1Sn

bD2G T

r
m, n 5 1, 2, . . . (3.4.116)

and the normal modes are

Wmn(x, y) 5
2

√rab
sin

mpx

a
sin

npy

b
m, n 5 1, 2, . . . (3.4.117)

The modes satisfy the orthogonality conditions

Ea

0
Eb

0

rWmn(x, y)Wrs(x, y) dx dy 5 0,

m Þ r and/or n Þ s (3.4.118a)

2Ea

0
Eb

0

Wmn(x, y)T=2Wrs(x, y) dx dy 5 0,

m Þ r and/or n Þ s (3.4.118b)

and have been normalized so that ea
0 eb

0 rW2
mn(x, y) dx dy 5 1(m, n 5 1,

2, . . .). Note that, because the problem is two-dimensional, it is nec-
essary to identify the natural frequencies and modes by two subscripts.
With this exception, the procedure for obtaining the response is the
same as for rods and beams.

Next , consider a uniform circular membrane fixed at r 5 a. In this case,
the Laplacian operator in terms of the polar coordinates r and u is

=2 5
2

r2
1

1

r



r
1

1

r2

2

u2
(3.4.119)

The natural modes for circular membranes are appreciably more in-
volved than for rectangular membranes. They are products of Bessel
functions of vmnr and trigonometric functions of mu, where m 5 0, 1,
2, . . . and n 5 1, 2, . . . . The modes are given in Meirovitch,
‘‘Principles and Techniques of Vibrations,’’ Prentice-Hall. Table 3.4.7
gives the normalized natural frequencies v*mn 5 (vmn/2p)√ra2/T corre-
sponding to m 5 0, 1, 2 and n 5 1, 2, 3. The modes satisfy the orthogo-
nality relations

Ea

0
E2p

0

rWmn(r, u)Wrs(r, u)r dr du 5 0

m Þ r and/or n Þ s (3.4.120a)
2Ea

0
E2p

0
Wmn(r,u)T=2Wrs(r, u)r dr du 5 0

m Þ r and/or n Þ s (3.4.120b)

The response of circular membranes is obtained in the usual manner.
Bending Vibration of Plates Consider plates whose behavior is gov-

erned by the elementary plate theory, which is based on the following
assumptions: (1) deflections are small compared to the plate thickness;
(2) the normal stresses in the direction transverse to the plate are negli-
gible; (3) there is no force resultant on the cross-sectional area of a plate
differential element: the middle plane of the plate does not undergo
deformations and represents a neutral plane, and (4) any straight line
normal to the middle plane remains so during bending. Under these
assumptions, the differential equation for the bending vibration of
plates is

D=4w 1 m
2w

t 2
5 f (3.4.121)

and is to be satisfied at every interior point of the plate, where w is the
transverse displacement , f the transverse force per unit area, m the mass
per unit area, D 5 Eh3/12(1 2 v2) the plate flexural rigidity, E Young’s
modulus, h the plate thickness, and v Poisson’s ratio. Moreover, =4 is
the biharmonic operator. The solution w must satisfy two boundary
conditions at every point of the boundary. The eigenvalue problem is
defined by the differential equation

D=4W 5 v2mW (3.4.122)

and corresponding boundary conditions.
Consider a rectangular plate simply supported at x 5 0, a and y 5 0, b.

Because of the shape of the plate, we must use cartesian coordinates, in
which case the biharmonic operator has the expression

=4 5 =2=2 5S 2

x2
1

2

y2DS 2

x2
1

2

y2D
5

4

x4
1 2

4

x2y2
1

4

y4
(3.4.123)

Moreover, the boundary conditions are W 5 0 and 2W/x2 5 0 for x 5
0, a and W 5 0 and 2W/y2 5 0 for y 5 0, b. The natural frequencies
are

vmn 5 p2FSm

aD2

1Sn

bD2G√D

m

m, n 5 1, 2, . . . (3.4.124)

and no confusion should arise because the same symbol is used for one
of the subscripts and for the mass per unit area. The corresponding
normal modes are

Wmn(x, y) 5
2

√mab
sin

mpx

n
sin

npy

b
m, n 5 1, 2, . . . (3.4.125)

and they are recognized as being the same as for rectangular membranes
fixed at all boundaries.

A circular plate requires use of polar coordinates, so that the bihar-
monic operator has the form

=4 5 =2=2 5S 2

r2
1

1

r



r
1

1

r2

2

u2DS 2

r2
1

1

r



r
1

1

r2

2

u2D
(3.4.126)
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Table 3.4.8 Circular Plate Normalized Natural Frequencies
v*mn 5 (vmn(a/p)2√m/D

n

m 1 2 3

0 1.0152 2.0072 3.0002

1 1.4682 2.4832 3.4902

2 1.8792 2.9922 4.0002

the lowest eigenvalue v2
1 than W(x) is to W1(x), thus providing a good

estimate v of the lowest natural frequency v1. Quite often, the static
deformation of the system acted on by loads proportional to the mass
distribution is a good choice. In some cases, the lowest mode of a
related simpler system can yield good results.

As an example, estimate the lowest natural frequency of a uniform
bar in axial vibration with a mass M attached at x 5 L (Fig. 3.4.26) for
the three trial functions (1) U(x) 5 x/L; (2) U(x) 5 (1 1 M/mL)(x/L) 2
(x/L)2/2, representing the static deformation; and (3) U(x) 5 sin px/2L,
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Consider a plate clamped at r 5 a, in which case the boundary conditions
are W(r, u) 5 0 and W(r, u)/r 5 0 at r 5 a. In addition, the solution
must be finite at every interior point in the plate, and in particular
at r 5 0. The natural modes have involved expressions; they are
given in Meirovitch, ‘‘Principles and Techniques of Vibrations,’’ Pren-
tice-Hall. Table 3.4.8 lists the normalized natural frequencies v*mn 5
vmn(a/p)2 √m/D corresponding to m 5 0, 1, 2 and n 5 1, 2, 3.

The natural modes of the plates are orthogonal and can be used to
obtain the response to both initial and external excitations.

APPROXIMATE METHODS FOR
DISTRIBUTED SYSTEMS

Rayleigh’s Energy Method The eigenvalue problem contains vital
information concerning vibrating systems, namely, the natural frequen-
cies and modes. In the majority of practical cases, exact solutions to the
eigenvalue problem for distributed systems are not possible, so that the
interest lies in approximate solutions. This is often the case when the
mass and stiffness are distributed nonuniformly and/or the boundary
conditions cannot be satisfied, the latter in particular for two-dimen-
sional systems with irregularly shaped boundaries.

When the objective is to estimate the lowest natural frequency, Ray-
leigh’s energy method has few equals. As discussed earlier, free vibra-
tion of undamped systems is harmonic and can be expressed as

w(x, t) 5 W(x) cos (vt 2 f) (3.4.127)

where W(x) is the displacement amplitude, v the free vibration fre-
quency, and f an inconsequential phase angle. The kinetic energy rep-
resents an integral involving the velocity squared. Hence, using Eq.
(3.4.127), the kinetic energy can be written in the form

T(t) 5
1

2 EL

0

m(x)Fw(x, t)

t G2

dx 5 v2Tref sin2(vt 2 f) (3.4.128)

where Tref 5
1

2 EL

0

m(x)W2(x) dx (3.4.129)

is called the reference kinetic energy. The form of the potential energy is
system-dependent , but in general is an integral involving the square of
the displacement and of its derivatives with respect to the spatial coor-
dinates (see Table 3.4.9). It can be expressed as

V(t) 5 Vmax cos2(vt 2 f) (3.4.130)

where Vmax is the maximum potential energy, which can be obtained by
simply replacing w(x, t) by W(x) in V(t). Using the principle of conser-
vation of energy in conjunction with Eqs. (3.4.128) and (3.4.130), we
can write

E 5 T 1 V 5 Tmax 1 0 5 0 1 Vmax (3.4.131)
in which Tmax 5 v2Tref (3.4.132)

It follows that

v2 5
Vmax

Tref

(3.4.133)

Equation (3.4.133) represents Rayleigh’s quotient, which has the remark-
able property that it has a minimum value for W(x) 5 W1(x), the mini-
mum value being v1

2. Rayleigh’s energy method amounts to selecting a
trial function W(x) reasonably close to the lowest natural mode W1(x),
inserting this function into Rayleigh’s quotient, and carrying out the
indicated integrations. Then, v2 will be one order of magnitude closer to
representing the lowest mode of the bar without the mass M. The Ray-
leigh quotient for this bar is

v2 5
EL

0

EA(x)[dU(x)/dx]2 dx

EL

0

m(x)U2(x) dx 1 MU2(L)

(3.4.134)

x

m, EA

U(x)L

M

Fig. 3.4.26

The results are:

1. v2 5
EL

0

EA(1/L)2 dx

EL

0

m(x/L)2 dx 1 M

5
EA

(M 1 mL/3)L

2.
EL

0

EA(1 1 M/mL 2 x/L)2(1/L)2 dx

EL

0

m[(1 1 M/mL)(x/L) 2 (x/L)2/2]2 dx 1 M(1 1 2M/mL)2/4

5

S M

mLD2

1
M

mL
1

1

3

1

3 S M

mLD2

1
5

12

M

mL
1

2

15
1

M

mLS1

2
1

M

mLD2

EA

mL2

(3.4.135)

3. v2 5
EL

0

EAS p

2LD2

cos2
px

2L
dx

EL

0

m sin2
px

2L
dx 1 M

5
p2

8S1

2
1

M

mLD
EA

mL2

Table 3.4.9 Potential Energy for Various Systems

System Potential energy* V(t)

Rods (also shafts
and strings)

1

2 EL

0

EA(x)[u(x, t)/x]2dx

Beams
1

2 EL

0

EI(x)[2w(x, t)/x2]2dx

Beams with axial
force

1

2 EL

0

{EI(x)[2w(x, t)/x2]2 1 P(x)[v(x, t)/x]2}dx

Membranes
1

2 EArea

T{[w(x, y, t)/x]2 1 [w(x, y, t)/y]2}dx dy

Plates
1

2EArea

D{=2w(x, y, t))2 1 2(1 2 n)[2w(x, y, t) /x y}2

2 (2w(x, y, t)/x2)(2w(x, y, t)/y2)]}dx dy

* If the distributed system has a spring at the boundary point a, then add a term kw2(a, t)/2.
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For comparison purposes, let M 5 mL, which yields the following
estimates for the lowest natural frequency:

1. v 5 0.8660 √ EA

mL2

2. v 5 0.8629 √ EA

mL2
(3.4.136)

2. v 5 0.9069
EA

2

As an illustration, consider the same rod in axial vibration used to
demonstrate Rayleigh’s energy method. Insert Eqs. (3.4.137) with W(x)
replaced by U(x) into the numerator and denominator of Eq. (3.4.134)
to obtain

EL

0

EA(x)FdU(x)

dx G2

dx

5 On
i51

On
j51
FEL

0

EA(x)
dfi(x)

dx

dfj(x)

dx
dxD aiaj (3.4.142a)
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√mL

The best estimate is the lowest one, which corresponds to case 2, with
the trial function in the form of the static displacement . Note that the
estimate obtained in case 1 is also quite good. It corresponds to the first
case in Table 3.4.2, representing a mass-spring system in which the
mass of the spring is included.

Rayleigh-Ritz Method Rayleigh’s quotient, Eq. (3.4.133), corre-
sponding to any trial function W(x) is always larger than the lowest
eigenvalue v1

2, and it takes the minimum value of v1
2 when W(x) coin-

cides with the lowest natural mode W1(x). However, this possibility
must be ruled out by virtue of the assumption that W1 is not available.
The Rayleigh-Ritz method is a procedure for minimizing Rayleigh’s quo-
tient by means of a sequence of approximate solutions converging to the
actual solution of the eigenvalue problem. The minimizing sequence
has the form

W(x) 5 a1fi(x)

W(x) 5 a1f1(x) 1 a2f2(x) 5 O2
j51

ajfj(x)
(3.4.137)

? ? ?

W(x) 5 a1f1(x) 1 a2f2(x) 1 ? ? ? 1 anfn(x) 5 On
j51

ajfj(x)

where aj are undetermined coefficients and fj(x) are suitable trial func-
tions satisfying all, or at least the geometric boundary conditions. The
coefficients aj( j 5 1, 2, . . . , n) are determined so that Rayleigh’s
quotient has a minimum. With Eqs. (3.4.137) inserted into Eq.
(3.4.133), Rayleigh’s quotient becomes

V2 5

On
i51

On
j51

kijaiaj

On
i51

On
j51

mijaiaj
n 5 1, 2, . . .

(3.4.138)

where kij 5 kji and mij 5 mji (i, j 5 1, 2, . . . , n) are symmetric
stiffness and mass coefficients whose nature depends on the potential
energy and kinetic energy, respectively. The special case in which n 5 1
represents Rayleigh’s energy method. For n $ 2, minimization of Ray-
leigh’s quotient leads to the solution of the eigenvalue problem

On
j51

kijaj 5 V2 On
j51

mijaj

i 5 1, 2, . . . , n; n 5 2, 3, . . . (3.4.139)

Equations (3.4.139) can be written in the matrix form

Ka 5 V2Ma (3.4.140)

in which K 5 [kij] is the symmetric stiffness matrix and M 5 [mij] is the
symmetric mass matrix. Equation (3.4.140) resembles the eigenvalue
problem for multi-degree-of-freedom systems, Eq. (3.4.76), and its solu-
tions possess the same properties. The eigenvalues Vr

2 provide approxi-
mations to the actual eigenvalues v r

2, and approach them from above as n
increases. Moreover, the eigenvectors ar 5 [ar1 ar2 . . . arn]T can be
used to obtain the approximate natural modes by writing

Wr(x) 5 ar1f1(x) 1 ar2f2(x) 1 ? ? ? 1 arnfn(x) 5 On
j51

arjfj (x)

r 5 1, 2, . . . , n; n 5 2, 3, . . . (3.4.141)
EL

0

m(x)U2(x) dx 1 MU2(L)

5 On
i51

On
j51
FEL

0

m(x)fi(x)fj (x) dx 1 Mfi(L)fj(L)G aiaj (3.4.142b)

so that the stiffness and mass coefficients are

kij 5 EL

0

EA(x)
dfi (x)

dx

dfj(x)

dx
dx i, j 5 1, 2, . . . , n (3.4.143a)

mij 5 EL

0

m(x)fi(x)fj(x) dx 1 Mfi(L)fj(L)

i, j 5 1, 2, . . . , n (3.4.143b)

respectively. As trial functions, use

fj(x) 5 (x/L) j j 5 1, 2, . . . , n (3.4.144)

which are zero at x 5 0, thus satisfying the geometric boundary condi-
tion. Hence, the stiffness and mass coefficients are

kij 5
EAij

Li1 j EL

0

x i21x j21 dx 5
ij

i 1 j 2 1

EA

L

i, j 5 1, 2, . . . , n (3.4.145a)

mij 5
m

Li1 j EL

0

x ix j dx 1 M 5
mL

i 1 j 1 1
1 M

i, j 5 1, 2, . . . , n (3.4.145b)

so that the stiffness and mass matrices are

1 1 1 ? ? ? 1
1 4/3 3/2 ? ? ? 2n/(n 1 1)

K 5
EA

L F1 3/2 9/5 ? ? ? 3n/(n 1 2) G? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
1 2n/(n 1 1) 3n/(n 1 2) ? ? ? n2/(2n 2 1)

(3.4.146a)

1/3 1/4 1/5 ? ? ? 1/(n 1 2)
1/4 1/5 1/6 ? ? ? 1/(n 1 3)

M 5 mLF 1/5 1/6 1/7 ? ? ? 1/(n 1 4) G? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
1/(n 1 2) 1/(n 1 3) 1/(n 1 4) ? ? ? 1/(2n 1 1)

1 1 1 ? ? ? 1
1 1 1 ? ? ? 1

1 MF1 1 1 ? ? ? 1G (3.4.146b)
? ? ? ? ? ? ? ? ? ? ? ? ?
1 1 1 ? ? ? 1

For comparison purposes, consider the case in which M 5 mL. Then,
for n 5 2, the eigenvalue problem is

F1

1

1

4/3GFa1

a2
G 5 lF4/3

5/4

5/4

6/5GFa1

a2
G
l 5 V2

mL2

EA
(3.4.147)

which has the solutions

l1 5 0.7407 a1 5 [1 2 0.1667]T

l2 5 12.0000 a2 5 [1 2 1.0976]T (3.4.148)
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Hence, the computed natural frequencies and modes are

V1 5 0.8607 √ EA

mL2
U1(x) 5

x

L
2 0.1667 Sx

L
D2

V2 5 3.4641 √ EA

mL2
U2(x) 5

x

L
2 1.0976 Sx

L
D2 (3.4.149)

Comparing Eqs. (3.4.149) with the estimates obtained by Rayleigh’s
energy method, Eqs. (3.4.136), note that the Rayleigh-Ritz method has

Introducing Eq. (3.4.151) into Eqs. (3.4.152) and considering the
boundary conditions, we obtain the element stiffness and mass matrices

K1 5
EA

h
Ke 5

EA

h F 1

2 1

2 1

1 G e 5 2, 3, . . . , n 2 1

Kn 5
EA

h F 1

2 1

2 1

Kh/EAG M1 5
hm

3

Me 5
hm F2 1G e 5 2, 3, . . . , n (3.4.153)
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produced a more accurate approximation for the lowest natural fre-
quency. In addition, it has produced a first approximation for the second
lowest natural frequency, as well as approximations for the two lowest
modes, which Rayleigh’s energy method is unable to produce. The
approximate solutions can be improved by letting n 5 3, 4, . . . .

Finite Element Method In the Rayleigh-Ritz method, the trial func-
tions extend over the entire domain of the system and tend to be compli-
cated and difficult to work with. More importantly, they often cannot be
produced, particularly for two-dimensional problems. Another version
of the Rayleigh-Ritz method, the finite element method, does not suffer
from these drawbacks. Indeed, the trial functions extending only over
small subdomains, referred to as finite elements, are known low-degree
polynomials and permit easy computer coding. As in the Rayleigh-Ritz
method, a solution is assumed in the form of a linear combination of
trial functions, known as interpolation functions, multiplied by undeter-
mined coefficients. In the finite element method the coefficients have
physical meaning, as they represent ‘‘nodal’’ displacements, where
‘‘nodes’’ are boundary points between finite elements. The computation
of the stiffness and mass matrices is carried out for each of the elements
separately and then the element stiffness and mass matrices are assem-
bled into global stiffness and mass matrices. One disadvantage of the
finite element method is that it requires a large number of degrees of
freedom.

To illustrate the method, and for easy visualization, consider the
transverse vibration of a string fixed at x 5 0 and with a spring of
stiffness K attached at x 5 L (Fig. 3.4.27) and divide the length L into n
elements of width h, so that nh 5 L. Denote the displacements of the
nodal points xe by ae and assume that the string displacement is linear
between any two nodal points. Figure 3.4.28 shows a typical element e.

w(x)

a1

ae21a2

h 2h (e21)h
Fig. 3.4.27

The process can be simplified greatly by introducing the nondimen-

sional local coordinate j 5 j 2 x/h. Then, considering the two linear
interpolation functions

f1(j) 5 j f2(j) 5 1 2 j (3.4.150)

the displacement at point j can be expressed as
6 1 2

where K1 and M1 are really scalars, because the left end of the first
element is fixed, so that the displacement is zero. Then, since the nodal

ae21

w

h

ae 2

ae

(e21)h x eh

f

ae21 1f

j

Fig. 3.4.28

displacement ae is shared by elements e and e 1 1 (e 5 1, 2, . . . ,
n 2 2), the element stiffness and mass matrices can be assembled into
the global stiffness and mass matrices

an21 an
Kae

(n21)h nh5L

x

eh
2 2 1 0 ? ? ? 0 0
2 1 2 2 1 ? ? ? 0 0

0 2 1 2 ? ? ? 0 0
K 5

EA

h F G? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
0 0 0 ? ? ? 2 2 1
0 0 0 ? ? ? 2 1 Kh/EA

(3.4.154)
v(j) 5 ae21f1(j) 1 aef2(j) (3.4.151)

where ae21 and ae are the nodal displacements for element e. Using Eqs.
(3.4.143) and changing variables from x to j , we can write the element
stiffness and mass coefficients

keij 5
1

h E1

0

EA
dfi

dj

dfj

dj
dj meij 5 h E1

0

mfifjdj,

i, j 5 1, 2 (3.4.152)
4 1 0 ? ? ? 0 0
1 4 1 ? ? ? 0 0
0 1 4 ? ? ? 0 0

M 5
hm

6 F G? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
0 0 0 ? ? ? 4 1
0 0 0 ? ? ? 1 2
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For beams in bending, the displacements consist of one translation
and one rotation per node; the interpolation functions are the Hermite
cubics

f1(j) 5 3j2 2 2j3, f2(j) 5 j2 2 j3

f3(j) 5 1 2 3j2 1 2j3, f4(j) 5 2 j 1 2j2 2 j3 (3.4.155)

and the element stiffness and mass coefficients are

1 1 d 2fi d 2fj
1

m

c

z(t)

x(t )
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keij 5
h3 E

0

EI
dj2 dj2

dj meij 5 h E
0

mfifjdj

i, j 5 1, 2, 3, 4 (3.4.156)

yielding typical element stiffness and mass matrices

12 6 2 12 6
6 4 2 6 2

Ke 5
EI

h3 F G2 12 2 6 12 2 6
6 2 2 6 4

156 22 54 2 13
22 4 13 2 3

Me 5
hm

420 F G (3.4.157)
54 13 156 2 22

2 13 2 3 2 22 4

The treatment of two-dimensional problems, such as for membranes
and plates, is considerably more complex (see Meirovitch, ‘‘Principles
and Techniques of Vibration,’’ Prentice-Hall) than for one-dimensional
problems.

The various steps involved in the finite element method lend them-
selves to ready computer programming. There are many computer
codes available commercially; one widely used is NASTRAN.

VIBRATION-MEASURING INSTRUMENTS

Typical quantities to be measured include acceleration, velocity, dis-
placement , frequency, damping, and stress. Vibration implies motion,
so that there is a great deal of interest in transducers capable of measur-
ing motion relative to the inertial space. The basic transducer of many
vibration-measuring instruments is a mass-damper-spring enclosed in a
case together with a device, generally electrical, for measuring the dis-
placement of the mass relative to the case, as shown in Fig. 3.4.29. The
equation for the displacement z(t) of the mass relative to the case is

mz̈(t) 1 c ~z(t) 1 kz(t) 5 2 mÿ(t) (3.4.158)

where y(t) is the displacement of the case relative to the inertial space. If
this displacement is harmonic, y(t) 5 Y sin vt, then by analogy with Eq.
(3.4.35) the response is

z(t) 5 Y S v

vn
D2

|G(v) | sin (vt 2 f)

5 Z(v) sin (vt 2 f) (3.4.159)

so that the magnitude factor Z(v)/Y 5 (v/vn)2 |G(v) | is as plotted in
Fig. 3.4.9 and the phase angle f is as in Fig. 3.4.4. The plot Z(v)/Y

2.5

2.0

1.5

1.0

0.5

v
Y

Z(  )

5 1.00z

5 0.50z

5 0.25z

2( )v
vn
1 20

Fig. 3.4.30
ky(t)

Fig. 3.4.29

versus v/vn is shown again in Fig. 3.4.30 on a scale more suited to our
purposes.

Accelerometers are high-natural-frequency instruments. Their useful-
ness is limited to a frequency range well below resonance. Indeed, for
small values of v/vn, Eq. (3.4.159) yields the approximation

Z(v) '
1

v2
n

v2Y (3.4.160)

so that the signal amplitude is proportional to the amplitude of the
acceleration of the case relative to the inertial space. For z 5 0.7, the
accelerometer can be used in the range 0 # v/vn # 0.4 with less than 1
percent error, and the range can be extended to v/vn # 0.7 if proper
corrections, based on instrument calibration, are made.

Commonly used accelerometers are the compression-type piezoelec-
tric accelerometers. They consist of a mass resting on a piezoelectric
ceramic crystal, such as quartz, tourmaline, or ferroelectric ceramic,
with the crystal acting both as spring and sensor. Piezoelectric actuators
have negligible damping, so that their range must be smaller, such as
0 , v/vn , 0.2. In view of the fact, however, that the natural frequency
is very high, about 30,000 Hz, this is a respectable range.

Displacement-Measuring Instruments These are low-natural-
frequency devices and their usefulness is limited to a frequency range
well above resonance. For v/vn .. 1, Eq. (3.4.159) yields the approxi-
mation

Z(v) ' Y (3.4.161)

so that the signal amplitude is proportional to the amplitude of the case
displacement . Instruments with low natural frequency compared to the
excitation frequency are known as seismometers. They are commonly
used to measure ground motions, such as those caused by earthquakes
or underground nuclear explosions. The requirement of low natural
frequency dictates that the mass, referred to as seismic mass, be very
large and the spring very soft , so that essentially the mass remains
3 4 5
/v vn
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stationary in an inertial space while the case attached to the ground
moves relative to the mass.

Seismometers tend to be considerably larger in size than acceler-
ometers. If a large-size instrument is undesirable, or even if size is
not an issue, displacements in harmonic motion, as well as velocities,
can be obtained from accelerometer signals by means of electronic inte-
grators.

Some other transducers, not mass-damper-spring transducers, are as
follows (Harris, ‘‘Shock and Vibration Handbook,’’ 3d ed., McGraw-

Differential-transformer pickups: They consist of a core of magnetic
material attached to the vibrating structure, a primary coil, and two
secondary coils. As the core moves, both the inductance and induced
voltage of one secondary coil increase while those of the other decrease.
The output voltage is proportional to the displacement over a wide
range. Such pickups are used for very low frequencies, up to 60 Hz.

Strain gages: They consist of a grid of fine wires which exhibit a
change in electrical resistance proportional to the strain experienced.
Their flimsiness requires that strain gages be either mounted on or

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Hill):
 bonded to some carrier material.
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4.1 THERMODYNAMICS
by Peter E. Liley

NOTE: References are placed throughout the text for the reader’s convenience.
(No material is presented relating to the calibration of thermometers at fixed
points, etc. Specific details of the measurement of temperature, pressure, etc. are
found in Benedict , ‘‘Fundamentals of Temperature, Pressure and Flow Measure-
ments,’’ 3d ed. Measurement of other properties is reviewed in Maglic et al.,
‘‘Compendium of Thermophysical Property Measurement Methods,’’ vol. 1, Ple-
num Press. The periodical Metrologia presents latest developments, particularly
for work of a definitive caliber.)

Thermodynamic properties of a variety of other specific m
in Secs. 4.2, 6.1, and 9.8.

cient at any temperature is the reciprocal of the (absolute) temperature.
(See also Table 6.1.10.)

UNITS OF FORCE AND MASS

Force mass, length, and time are related by Newton’s second law of
be expressed as

F ; ma

as an equality, a constant must be introduced which
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aterials are listed also

motion, which may

In order to write this
THERMOMETER SCALES

Let F and C denote the readings on the Fahrenheit and Celsius (or
centigrade) scales, respectively, for the same temperature. Then

C 5
5

9
(F 2 32) F 5

9

5
C 1 32

If the pressure readings of a constant-volume hydrogen thermometer
are extrapolated to zero pressure, it is found that the corresponding
temperature is 2 273.15°C, or 2 459.67°F. An absolute temperature
scale was formerly used on which zero corresponding with zero pressure
on the hydrogen thermometer. The basis now used is to define and give
a numerical value to the temperature at a single point , the triple point of
water, defined as 0.01°C. The scales are:

Kelvins (K) 5 degrees Celsius 1 273.15
Degrees Rankine (°R) 5 degrees Fahrenheit 1 459.67

EXPANSION OF BODIES BY HEAT

Coefficients of Expansion The coefficient of linear expansion a9 of a
solid is defined as the increment of length in a unit of length for a rise in
temperature of 1 deg. Likewise, the coefficient of cubical expansion a999 of
a solid, liquid, or gas is the increment of volume of a unit volume for a
rise of temperature of 1 deg. Denoting these coefficients by a9 and a999,
respectively, we have

a9 5
1 dl

l dt
a999 5

1 dV

V dt

in which l denotes length, V volume, and t temperature. For homoge-
neous solids a999 5 3a9, and the coefficient of area expansion a99 5 2a9.

The coefficients of expansion are, in general, dependent upon the
temperature, but for ordinary ranges of temperature, constant mean
values may be taken. If lengths, areas, and volumes at 32°F (0°C) are
taken as standard, then these magnitudes at other temperatures t1 and t2
are related as follows:

l1
l2

5
1 1 a9t1
1 1 a9t2

A1

A2

5
1 1 a99t1
1 1 a99t2

V1

V2

5
1 1 a999t1
1 1 a999t2

Since for solids and liquids the expansion is small, the preceding
formulas for these bodies become approximately

l2 2 l1 5 a9l1(t2 2 t1)
A2 2 A1 5 a99A1(t2 2 t1)
V2 2 V1 5 a999V1(t2 2 t1)

The coefficients of cubical expansion for different gases at ordinary
temperatures are about the same. From 0 to 212°F and at atmospheric
pressure, the values multiplied by 1,000 are as follows: for NH3, 2.11;
CO, 2.04; CO2, 2.07; H2, 2.03; NO, 2.07. For an ideal gas, the coeffi-

4-2
has magnitude and dimensions. For convenience, in the fps system, the
constant may be designated as 1/gc . Thus,

F 5
ma

gc

Since this equation must be homogeneous insofar as the dimensions are
concerned, the units for gc are mL/(t 2F). Consider a 1-lb mass, lbm, in
the earth’s gravitational field, where the acceleration is 32.1740 ft /s2.
The force exerted on the pound mass will be defined as the pound force,
lbf. This system of units gives for gc the following magnitude and
dimensions:

1 lbf 5
(1 lbm)(32.174 ft /s2)

gc

hence

gc 5 32.174 lbm ? ft /(lbf ?s2)

Note that gc may be used with other units, in which case the numerical
value changes. The numerical value of gc for four systems of units is

gc 5 32.174
lbm ? ft

lbf ?s2
5 1

slug ? ft

lbf ?s2
5 1

lbm ? ft

pdl ?s2
5 1

g ?cm

dyn ?s2

In SI, the constant is chosen to be unity and F(N) 5 m(kg)a(m/s2).
There are four possible constants, and all have been used. (See Black-
man, ‘‘SI Units in Engineering,’’ Macmillan.)

Consider now the relationship which involves weight , a gravitational
force, and mass by applying the basic equation for a body of fixed mass
acted upon by a gravitational force g and no other forces. The accelera-
tion of the mass caused by the gravitational force is the acceleration due
to gravity g.

Substituting gives the relationship between weight and mass

w 5
mg

gc

If the gravitational acceleration is constant , the weight and mass are
in a fixed proportion to each other; hence for accounting purposes in
mass balances they can be used interchangeably. This is not possible if g
is a variable.

We may now write the relation between mass m and weight w as

w 5 m
g

gc

The constant gc is used throughout the following paragraphs. (An ex-
tensive table of conversion factors from customary units to SI units is
found in Sec. 1.)

The SI unit of pressure is the newton per square metre. It is a very
small pressure, as normal atmospheric pressure is 1.01325 3 105 N/m2.
While some use has been made of the pressure expressed in kN/m2

or kPa (1 Pa 5 1 N/m2) and in MN/m2 or MPa, the general techni-
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cal usage now seems to favor the bar 5 105 N/m2 5 105 Pa so that
1 atm 5 1.01325 bar. For many approximate calculations the atmo-
sphere and the bar can be equated.

Many representative accounts of the measurement of low and high
pressure have appeared. (See, for example, Lawrance, Chem. Eng.
Progr., 50, 1954, p. 155; Leck, ‘‘Pressure Measurement in Vacuum
Systems,’’ Inst . Phys., London, 1957; Peggs, ‘‘High Pressure Measure-
ment Techniques,’’ Appl. Sci. Publishers, Barking, Essex.)

MEASUREMENT OF HEAT

graduate Lab. Rept. 49, Dec. 1964; Overton and Hancock, Naval Re-
search Lab. Rept. 5502, 1960; Hilsenrath and Zeigler, NBS Monograph
49, 1962. For a thorough discussion of electronic, lattice, and magnetic
contributions to specific heat , see Gopal, ‘‘Specific Heats at Low Tem-
peratures,’’ Plenum Press, New York. See also Table 6.1.11.
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Units of Heat Many units of heat have been dependent on the ex-
perimentally determined properties of some substance. To eliminate
experimental variations, the unit of heat may be defined in terms of
fundamental units. The International Steam Table Conference (London,
1929) defines the Steam Table (IT) calorie as 1⁄860 of a watthour. One
British thermal unit (Btu) is defined as 251.996 IT cal, 778.26 ft ? lb.

Previously, the Btu was defined as the heat necessary to raise one
pound of water one degree Fahrenheit at some arbitrarily chosen tem-
perature level. Similarly, the calorie was defined as the heat required to
heat one gram of water one degree Celsius at 15°C (or at 17.5°C). These
units are roughly the same in value as those mentioned above. In SI, the
joule is the heat unit , and the newton-metre the work unit of energy. The
two are equal, so that 1 J 5 1 N ?m; that is, in SI, the mechanical
equivalent of heat is unity.

Heat Capacity and Specific Heat The heat capacity of a material is
the amount of heat transferred to raise a unit mass of a material 1 deg in
temperature. The ratio of the amount of heat transferred to raise unit
mass of a material 1 deg to that required to raise unit mass of water
1 deg at some specified temperature is the specific heat of the material.
For most engineering purposes, heat capacities may be assumed numer-
ically equal to specific heats. Two heat capacities are generally used,
that at constant pressure cp and that at constant volume cv . For unit
mass, the instantaneous heat capacities are defined as

Sh

t
D

p

5 cp Su

t
D

v

5 cv

Over a range in temperature, the mean heat capacities are given by

cpm 5
1

t2 2 t1
Et2

t1

cp dt cvm 5
1

t2 2 t1
Et2

t1

cv dt

Denoting by c the heat capacity, the heat required to raise the temper-
ature of w lb of a substance from t1 to t2 is Q 5 mc(t2 2 t1), provided c is
a constant .

In general, c varies with the temperature, though for moderate tem-
perature ranges a constant mean value may be taken. If, however, c is

taken as variable, Q 5 m Et2

t1

c dt. The mean heat capacity from 0 to t

deg is given by cm 5
1

t Et

0

c dt. If c 5 a1 1 a2t 1 a3t 2 1 ? ? ?

cm 5 a1 1 1⁄2a2t 1 1⁄3a3t 2 1 ? ? ?

Data for the specific heat of some solids, liquids, and gases are found
in Tables 4.2.22 and 4.2.27.

Specific Heat of Solids For elements near room temperature, the
specific heat may be approximated by the rule of Dulong and Petit , that
the specific heat at constant volume approaches 3R. At lower tempera-
tures, Debye’s theory leads to the equation

Cv

R
5 3S T

U
D EUmaxT

0
SU

T
D4 exp (U/T)

[exp (U/T) 2 1]2
dSU

TD
commonly known as Debye’s function. Figure 4.1.1 shows the variation
of cv /R with T/U, as predicted from the equation above. The principal
difficulties in using the Debye equation arise from (1) the difficulty in
finding unique values of U for any given material and (2) the need to
consider other contributions to the specific heat . For further references
on the Debye equation, see Harrison and Neighbours, U.S. Naval Post-
Fig. 4.1.1

For solid compounds at about room temperature, Kopp’s approxima-
tion is often useful. This states that the specific heat of a solid com-
pound at room temperature is equal to the sum of the specific heats of
the atoms forming the compound.

SPECIFIC HEAT OF LIQUIDS

No general theory of any simple practical utility seems to exist for the
specific heat of liquids. In ‘‘Thermophysical Properties of Refriger-
ants,’’ ASHRAE, Atlanta, 1976, the interpolation device was a polyno-
mial in temperature, usually up to T 3.

SPECIFIC HEAT OF GASES

The following table summarizes results of kinetic theory for specific
heats of gases:

Gas type cp/R cv /R cp/cv

Monatomic 5⁄2 3⁄2 5⁄3
Diatomic 7⁄2 5⁄2 7⁄5
n degrees of freedom (n 1 2)/2 n/2 1 1 2/n

Determination of the effective number of degrees of freedom limits
extending this method to more comlex gases.

Properties of gases are, usually, most readily correlated on the mol
basis. A pound mol is the mass in pounds equal to the molecular weight .
Thus 1 pound mol of oxygen is 32 lb. At the same pressure and temper-
ature, the volume of 1 mol is the same for all perfect gases, i.e., follow-
ing the gas laws. Experimental findings led Avogadro (1776–1856) to
formulate the microscopic hypothesis now known as Avogadro’s prin-
ciple, which states that 1 mol of any perfect gas contains the same num-
ber of molecules. The number is known as the Avogadro number and is
equal to

N 5 6.02214 3 1026 molecules/(kg ?mol)
5 2.73160 3 1026 molecules/(lb ?mol)

For perfect gases, Mcp 2 Mcv 5 MR 5 1.987.

ci 5 R/(k 2 1) cp 5 Rk(k 2 1)

Passut and Danner [Ind. Eng. Chem. Process Design & Dev. (11,
1972, p. 543)] developed a set of thermodynamically consistent polyno-
mials for estimating ideal gas enthalpy, entropy, and heat capacity,
fittings being given for 89 compounds. The same journal reported 2
years later an extension of the work to another 57 compounds, by Huang
and Daubert . Fittings of a cubic-in-temperature polynomial for 408
hydrocarbons and related compounds in the ideal gas state were re-
ported by Thinh et al. in Hydrocarbon Processing, Jan. 1971, pp. 98–
104. On p. 153 of a later issue (Aug. 1976), they claimed that the
function Cp 5 A 1 B exp (2 c/Tn) fitted for 221 hydrocarbons: graphite
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and hydrogen gave a more accurate fit . A cubic polynomial in tempera-
ture was also fitted for more than 700 compounds from 273 to 1,000 K
by Seres et al. in Acta Phys. Chem., Univ. Szegediensis (Hungary), 23,
1977, pp. 433–468. A 1975 formula of Wilhoit was fitted for 62 sub-
stances by A. Harmens in Proc. Conf. Chemical Thermodynamic Data
on Fluids, IPC Sci. Tech. Press, Guildford, U.K., pp. 112–120. A cubic
polynomial fitting for 435 substances appeared in J. Chem. Eng., Pe-
king(2, 1979, pp. 109–132). The reader is reminded that specific heat at
constant pressure values can readily be calculated from tabulated en-
thalpy-temperature tables, for any physical state. Table 4.2.22 gives

M 5 molecular weight
p 5 absolute pressure, lb/ft2

Q, q 5 quantity of heat absorbed by system from surroundings, Btu
R 5 ideal gas constant

Ru 5 universal gas constant
S, s 5 entropy

t 5 temperature, °F
T 5 t 1 459.69 5 absolute temperature 5 °R

T0 5 sink or discard temperature
U, u 5 internal energy
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values for liquids and gases, while Tables 4.2.27 to 4.2.29 provide
similar information for selected solids.

SPECIFIC HEAT OF MIXTURES

If w1 lb of a substance at temperature t1 and with specific heat c1 is
mixed with w2 lb of a second substance at temperature t2 and with
specific heat c2 , provided chemical reaction, heat evolution, or heat
absorption does not occur, the specific heat of the mixture is

cm 5 (w1c1 1 w2c2)/(w1 1 w2)

and the temperature of the mixture is

tm 5 (w1c1t1 1 w2c2t2)/(w1c1 1 w2c2)

In general, tm 5 owct/owc.
To raise the temperature of w1 lb of a substance having a specific heat

c1 from t1 to tm , the weight w2 of a second substance required is

w2 5 w1c1(tm 2 t1)/c2(t2 2 tm)

SPECIFIC HEAT OF SOLUTIONS

For aqueous solutions of salts, the specific heat may be estimated by
assuming the specific heat of the solution equal to that of the water
alone. Thus, for a 20 percent by weight solution of sodium chloride in
water, the specific heat would be approximately 0.8.

Although approximate calculations of mixture properties often con-
sist simply of multiplying the mole fraction of each constituent by the
property of each constituent , more accurate calculations are possible.
(See ‘‘Technical Data Book—Petroleum Refining’’ API, Washington,
DC, 1984; Daubert , ‘‘Chemical Engineering Thermodynamics,’’
McGraw-Hill; ‘‘The Properties of Gases and Liquids,’’ 3d ed.,
McGraw-Hill; Perry, ‘‘Chemical Engineers Handbook,’’ McGraw-Hill;
Walas, ‘‘Phase Equilibria in Chemical Engineering,’’ Butterworth.)

LATENT HEAT

For pure substances, the heat effects accompanying changes in state at
constant pressure are known as latent effects, because no temperature
change is evident . Heat of fusion, vaporization, sublimation, and
change in crystal form are examples.

The values for the heat of fusion and latent heat of vaporization are
presented in Tables 4.2.21 and 4.2.28.

GENERAL PRINCIPLES OF THERMODYNAMICS

Notation

B 5 availability (by definition, B 5 H 2 ToS)
cp 5 specific heat at constant pressure
cv 5 specific heat at constant volume

E, e 5 total energy associated with system
g 5 local acceleration of gravity, ft /s2

gc 5 a dimensional constant
H, h 5 enthalpy, Btu (by definition h 5 u 1 pv)

J 5 mechanical equivalent of heat 5 778.26 ft ? lb/Btu 5
4.1861 J/cal

k 5 cp /cv

m 5 mass of substance under consideration, lbm
v 5 linear velocity
v 5 volume
V 5 total volume
w 5 weight of substance under consideration, lb
W 5 external work performed on surroundings during change of

state, ft ? lb

Y 5Sp1

p2
D(k 2 1)k

2 1

z 5 distance above or below chosen datum
g 5 free energy (by definition, g 5 h 2 Ts)
f 5 Helmholtz free energy (by definition, f 5 u 2 Ts)

In thermodynamics, unless otherwise noted, the convention followed
is that the change in any property c 5 Dc 5 final value 2 initial
value 5 c2 2 c1 .

In this notation, small letters usually denote magnitudes referred to a
unit mass of the substance, capital letters corresponding magnitudes
referred to m units of mass. Thus, v denotes the volume of 1 lb, and
V 5 mv, the volume of m lb. Similarly, U 5 mu, S 5 ms, etc. Subscripts
are used to indicate different states; thus, p1 , v1 , T1 , u1 , s1 refer to state
1; p2 , v2 , T2 , u2 , s2 refer to state 2; Q12 is used to denote the heat
transferred during the change from state 1 to state 2, and W12 denotes the
external work done during the same change.

Thermodynamics is the study which deals with energy, the various
concepts and laws describing the conversion of one form of energy to
another, and the various systems employed to effect the conversions.
Thermodynamics deals in general with systems in equilibrium. By
means of its fundamental concepts and basic laws, the behavior of an
engineering system may be described when the various variables are
altered. Thermodynamics covers a very broad field and includes many
systems, for example, those dealing with chemical, thermal, mechani-
cal, and electrical force fields and potentials. The quantity of matter
within a prescribed boundary under consideration is called the system,
and everything external to the system is spoken of as the surroundings.
With a closed system there is no interchange of matter between system
and surroundings; with an open system there is such an interchange. Any
change that the system may undergo is known as a process. Any process
or series of processes in which the system returns to its original condi-
tion or state is called a cycle.

Heat is energy in transit from one mass to another because of a tem-
perature difference between the two. Whenever a force of any kind acts
through a distance, work is done. Like heat , work is also energy in
transit . Work is to be differentiated from the capacity of a quantity of
energy to do work.

The two fundamental and general laws of thermodynamics are: (1)
energy may be neither created nor destroyed, (2) it is impossible to
bring about any change or series of changes the sole net result of which
is transfer of energy as heat from a low to a high temperature; in other
words, heat will not of itself flow from low to high temperatures.

The first law of thermodynamics, one of the very important laws of
nature, is the law of conservation of energy. Although the law has been
stated in a variety of ways, all have essentially the same meaning. The
following are examples of typical statements: Whenever energy is
transformed from one form to another, energy is always conserved;
energy can neither be created nor destroyed; the sum total of all energy
remains constant . The energy conservation hypothesis was stated by a
number of investigators; however, experimental evidence was not
available until the famous work of J. P. Joule. Transformation of matter
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into energy (E 5 mc2), as in nuclear reactions, is ignored; within the
realm of thermodynamics discussed here, mass is conserved.

It has long been the custom to designate the law of conservation
of energy, the first law of thermodynamics, when it is used in the anal-
ysis of engineering systems involving heat transfer and work. State-
ments of the first law may be written as follows: Heat and work are
mutually convertible; or, since energy can neither be created nor de-
stroyed, the total energy associated with an energy conversion remains
constant .

Before the first law may be applied to the analysis of engineering

but there is always a loss in ability to do work because of an irreversible
process. All actual processes are irreversible. Any series of reversible
processes that starts and finishes with the system in the same state is
called a reversible cycle.

Steady-Flow Processes With steady flow, the conditions at any
point in an apparatus through which a fluid is flowing do not change
progressively with time. Steady-flow processes involving only mechan-
ical effects are equivalent to similar nonflow processes occurring be-
tween two weightless frictionless diaphragms or pistons moving at con-
stant pressure with the system as a whole in motion. Under these

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
systems, it is necessary to express it in some form of expression. Thus it
may be stated for an open system as

Net amount of stored
energy added to energyFsystem as heat G 1Fof massGand all forms entering
of work system

stored net in-
energy crease

2Fof massG 5Fin stored Gleaving energy of
system system

For an open system with fluid entering only at section 1 and leaving
only at section 2 and with no electrical, magnetic, or surface-tension
effects, this equation may be written as

Q 1 W 1 E Sh1 1
v1

2

2gc

1
gz1

gc
D dm1

2E Sh2 1
v2

2

2gc

1
gz2

gc
D dm2 5 Uf 2 Ui

1
mfv

2
f 2 mivi

2

2gc

1
g

gc

(mfzf 2 mizi)

Note that the same sign is given to both heat and work transfers. Heat
and work added to the system are given a positive sign; heat lost and
work output are given a negative sign. The subscripts i and f refer to
entire systems before and after the process occurs, and dm refers to a
differential quantity of matter.

It must be remembered that all terms in the first-law equation must be
expressed in the same units.

For a closed stationary system, the first-law expression reduces to

Q 1 W 5 U2 2 U1

For an open system fixed in position but undergoing steady flow, e.g., a
turbine or reciprocating steam engine, for a mass flow rate of m is

Q 1 W 5 mF(h2 2 h1) 1
v2

2 2 v1
2

2gc

1
g

gc

(z2 2 z1)G
In a steady-flow process, the mass rate of flow into the apparatus is

equal to the mass rate of flow out; in addition, at any point in the
apparatus, the conditions are unchanging with time.

This condition is usually called the continuity equation and is writ-
ten as

~m 5
dm

dt
5

Av

v
5

A1v

v1

5
A2v2

v2

where mass flow rate ~m is related to volume flow rate ~V by ~V 5 ~mv and
A is the cross-sectional area.

Since for many processes the last two terms are often negligible, they
will be omitted for simplicity except when such omission would intro-
duce appreciable error.

Work done in overcoming a fluid pressure is measured by W 5
2 ep dv, where p is the pressure effectively applied to the surroundings
for doing work and dv represents the change in volume of the system.

Reversible and Irreversible Processes A reversible process is one
in which both the system and the surroundings may be returned to their
original states. After an irreversible process, this is not possible. No
process involving friction or an unbalanced potential can be reversible.
No loss in ability to do work is suffered because of a reversible process,
circumstances, the total work done by or on a unit amount of fluid is
made up of that done on the two diaphragms p2v2 2 p1v1 and that done
on the rest of the surroundings 2 ep dv 2 p2v2 1 p1v1 . Differentiating,
2 p dv 2 d(p)v 5 v dp. The net , useful flow work done on the
surroundings is ev dp. This is often called the shaft work. The net ,
useful or shaft work differs from the total work by p2v2 2 p1v1 . The
first-law equation may be written to indicate this result for a unit mass
flow rate as

q 1 Wnet 5 u2 2 u1 1 p2v2 2 p1v1 1
1

2gc

(v2
2 2 v1

2) 1
g

gc

(z2 2 z1)

or, since by definition

u 1 pv 5 h

q 1 Wnet 5 h2 2 h1 1
1

2gc

(v2
2 2 v1

2) 1
g

gc

(z2 2 z1)

If all net work effects are mechanical,

q 1 E v dp 5 h2 2 h1 1
1

2gc

(v2
2 2 v1

2) 1
g

gc

(z2 2 z1)

Since in evaluating ev dp the pressure is that effectively applied to the
surroundings, the integration cannot usually be performed except for
reversible processes.

If a fluid is passed adiabatically through a conduit (i.e., without heat
exchange with the conduit), without doing any net or useful work, and if
velocity and potential effects are negligible, h2 5 h1 . A process of the
kind indicated is the Joule-Thomson flow, and the ratio (T/p)h for
such a flow is the Joule-Thomson coefficient .

If a fluid is passed through a nonadiabatic conduit without doing any
net or useful work and if velocity and potential effects are negligible,
q 5 h2 2 h1 . This equation is important in the calculation of heat
balances on flow apparatus, e.g., condensers, heat exchangers, and
coolers.

In many engineering processes the movement of materials is not
independent of time; hence the steady-flow equations do not apply. For
example, the process of oxygen discharging from a storage bottle repre-
sents a transient condition. The pressure within the bottle changes as the
amount of oxygen in the tank decreases. The analysis of some transient
processes is very complex; however, in order to show the general ap-
proach, a simple case will be considered.

The quantity of material flowing into and out of the engineering
system in Fig. 4.1.2 varies with time. The amount of work and the heat
transfer crossing the system boundary are likewise dependent upon
time. According to the law of conservation of mass, the rate of change
of mass within the system is equal to the rate of mass flow into and out

Fig. 4.1.2 Variable-flow system.
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of the system. Hence, in terms of mass flow rates,

dms

dt
5

dm1

dt
2

dm2

dt

For a finite period of time, this relation may be expressed as

Dms 5 Dm1 2 Dm2

The first law may be written as follows:

dUs dQ dW v2
1 g dm1

product of two factors, T0 the lowest available temperature for heat
discard (practically always the temperature of the atmosphere) and the
net change in entropy. The increase in unavailable energy is T0 DSnet.
Any process that occurs of itself (any spontaneous process) will proceed
in such a direction as to result in a net increase in entropy. This is an
important concept in the application of thermodynamics to chemical
processes.

Three important potentials used in the Maxwell relations are:
1. The familiar potential, known as enthalpy,
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dt
5

dt
1

dt
1Sh1 1

2gc

1
gc

z1D dt

2Sh2 1
v2

2

2gc

1
g

gc

z2D dm2

dt

Under non-steady-flow conditions the variables h, v, z may change
with time as well as flow rate, in which case the solution is very in-
volved.

If steady-flow conditions prevail, then DUs is equal to 0 and the
integrands are independent of time, in which case the above equation
reduces to the familiar steady-flow relation.

The second law of thermodynamics is a statement that conversion of
heat to work is limited by the temperature at which conversion occurs. It
may be shown that:

1. No cycle can be more efficient than a reversible cycle operating
between given temperature limits.

2. The efficiency of all reversible cycles absorbing heat only at a
single constant higher temperature T1 and rejecting heat only at a single
constant lower temperature T2 must be the same.

3. For all such cycles, the efficiency is

h 5
W

Q1

5
T1 2 T2

T1

This is usually called the Carnot cycle efficiency. By the first law
W 5 Q1 2 Q2,

(Q1 2 Q2)/Q1 5 (T1 2 T2)/T1

By algebraic rearrangement ,

Q1/T1 5 Q2/T2

Clapeyron Equation

dp

dT
5

Q

TV12

This important relation is useful in calculations relating to constant-
pressure evaporation of pure substances. In that case the equation may
be written

vfg 5
hfg

T (dp/dT)

ENTROPY

For reversible cyclical processes in which the temperature varies
during heat absorption and rejection, i.e., for any reversible cycle,

E(dQ/T) 5 0. Consequently, for any reversible process, E(dQ/T) is

not a function of the particular reversible path followed. This integral is

called the entropy change, orE2

1

(dQrev/T) 5 S2 2 S1 5 S12. The entropy

of a substance is dependent only on its state or condition. Mathemati-
cally, dS is a complete or perfect differential and S is a point function in
contrast with Q and W which are path functions. For any reversible
process, the change in entropy of the system and surroundings is zero,
whereas for any irreversible process, the net entropy change is positive.

All actual processes are irreversible and therefore occur with a de-
crease in the amount of energy available for doing work, i.e., with an
increase in unavailable energy. The increase in unavailable energy is the
h 5 u 1 pv

2. The free energy or the Helmholtz function is defined by the fol-
lowing relation:

f 5 u 2 Ts

3. The free enthalpy or the Gibbs function is defined by

g 5 h 2 Ts 5 f 1 pv 5 u 1 pv 2 Ts

The names used for these potentials have not gained universal ac-
ceptance. In particular, the name free energy is used for g in many
textbooks on chemical thermodynamics. One should be very cautious
when referring to different books or technical papers and should verify
by definition, rather than rely on the name of the potential.

Availability of a system or quantity of energy is defined as g 5
h 2 T0s. In this equation, all quantities except T0 refer to the system
irrespective of the state of the surroundings. T0 is the lowest temperature
available for heat discard. The preceding definition assumes the absence
of velocity, potential, and similar effects. When these are not negli-
gible, proper allowance must be made, for example, g 5 h 2 T0s 1

v2/(2gc) 1 (g/gc)z. By substitution of Q 5 T0(S2 2 S1) in the appro-
priate first-law expressions, it may be shown that for any steady-flow
process, or for any constant-pressure nonflow process, decrease in
availability is equal to the maximum possible (reversible) net work ef-
fect with sink for heat discard at T0.

The availability function g is of particular value in the thermody-
namic analysis of changes occurring in the stages of a turbine and is of
general utility in determining thermodynamic efficiencies, i.e., the ratio
of actual work performed during a process to that which theoretically
should have been performed.

Limitations of space preclude a discussion of availability or exergy
analysis which, while basically simple, requires careful evaluation in
some processes such as combustion. Refer to the following sources,
typical of the many publications of relatively recent date: Krakow,
ASHRAE Trans. Res., 97, no. 1, 1991, pp. 328–336 (dead state analy-
sis); Szargut et al., ‘‘Exergy Analysis of Thermal, Chemical and Metal-
lurgical Processes,’’ Hemisphere (262 references); Kotas, Chem. Eng.
Res. Des., 64, May 1986, pp. 212–230, and ‘‘The Exergy Method of
Plant Analysis,’’ Butterworth; O’Toole, Proc. Inst. Mech. Eng., 204C,
1990, pp. 329–340; Gallo and Milanez, Energy, 15, no. 2, 1990, pp.
113–121; Horlock and Haywood (Proc. Inst. Mech. Engrs., 199C,
1985, pp. 11–17) analyze availability in a combined heat and power
plant .

The Gibbs function is of particular importance in processes where
chemical changes occur. For reversible isothermal steady-flow pro-
cesses, or for reversible constant-pressure isothermal nonflow pro-
cesses, change in free energy is equal to net work.

Helmholtz free energy, f 5 u 2 Ts, is equal to the work during a
constant-volume isothermal reversible nonflow process.

All these functions g and f are point functions, and like E, h, and s
their differentials are complete or perfect .

PERFECT DIFFERENTIALS.
MAXWELL RELATIONS

If z is some function of x and y, in general

dz 5Sz

xDy

dx 1Sz

yDx

dy
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Substituting M for (z/x)y and N for (z/y)x,

dz 5 M dx 1 N dy

But


ySz

xD5


xSz

yD or
M

y
5

N

x
. This is Euler’s criterion for

integrability. A perfect differential has the characteristics of dz stated
above. Many important thermodynamic relations may be derived from
the appropriate point function by the use of this relation; see Table
4.1.1.

From the third column of the bottom half of the table, by equating

Table 4.1.1 Maxwell Relations

Function Differential Maxwell relation

Du 5 q 1 W du 5 T ds 2 p dv ST

vDs

5 2Sp

sDv

h 5 u 1 pv dh 5 T ds 1 v dp ST

pDs

5Sv

sDp

f 5 u 2 Ts df 5 2 s dT 2 p dv Ss

vD 5Sp

TD
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various of the terms which are equal, one may obtain

Su

sDv

5Sh

sDp
Su

vDs

5S f

vDT

Sh

pDs

5Sg

pDT
Sg

TDp

5S f

TDv

By mathematical manipulation of equations previously given, the
following important relations may be formulated:

cv 5Sq

TDv

5 TS s

TDv

5Su

TDv

cp 5Sq

TDp

5 TS s

TDp

5Sh

TDp

cp 2 cv 5 T Sv

TDp
Sp

TDv

Scv

vDT

5 TS 2p

T 2D
v

S cp

T 2D
p

5 2 TS 2v

T 2D
p

Relations involving q, u, h, and s:

dq 5 cv dT 1 TSp

TDv

dv 5 cp dT 2 TSv

TDp

dp

du 5 cv dT 1FTSp

TDv

2 pG dv

dh 5 cp dT 2FTSv

TDp

2 vG dp

ds 5 cv

dT

T
1Sp

TDv

dv 5 cp

dT

T
2S v

TDp

dp

Since q 1 W 5 du and h 5 u 1 pv, for reversible processes,

du 5 T ds 2 p dv and dh 5 du 1 p dv 1 v dp

it follows that

v 5 TSs

pDT

1Sh

pDT

But from the Maxwell relations,

Sv

TDp

5 2Ss

pDT

Therefore,

Sh

pDT

5 v 2 T Sv

TDp

Similarly,

Su

vDT

5 2Fp 2 TSp

TDv
G

These last two equations give in terms of p, v, and T the necessary
relations that must hold for any system, however complex. An equation
in p, v, and T for the properties of a substance is called an equation of
state. These two equations applicable to any substance or system are
known as thermodynamic equations of state.
T v

g 5 h 2 Ts dg 5 2 s dT 1 v dp Ss

pDT

5 2Sv

TDp

By holding certain variables constant , a second set of relations is obtained:

Independent variable
Differential held constant Relation

du 5 T ds 2 p dv s Su

vDs

5 2 p

v Su

sDv

5 T

dh 5 T ds 1 v dp s Sh

pDs

5 v

p Sh

sDp

5 T

df 5 2 s dT 2 p dv T S f

vDT

5 2 p

v S f

TDv

5 2 s

dg 5 2 s dT 1 v dp T Sg

pDT

5 v

p Sg

TDp

5 2 s

Presentation of Thermal Properties Before the laws of thermody-
namics can be applied and quantitative results obtained in the analysis
of an engineering system, it is necessary to have available the properties
of the system, some of which are temperature, pressure, internal energy
entropy, and enthalpy. In general, the property of a pure substance under
equilibrium conditions may be expressed as a function of two other
properties. This is based on the assumption that certain effects, such as
gravitational and magnetic, are not important for the condition under
investigation. The various properties of a pure substance under equilib-
rium conditions may be expressed by an equation of state, which in
general form follows:

p 5 f(T, v)

In this relation the pressure is shown to be a function of both the tem-
perature and the specific volume. Many special forms of equations of
state are used in the analysis of engineering systems. Plots of the prop-
erties of various pure substances are very useful in studies dealing with
thermodynamics. Two-dimensional plots, such as p 2 v, p 2 h, p 2 T,
T 2 s, etc., show phase relations and are important in the analysis of
cycles.

The constants in the equations of state are usually based on experi-
mental data. The properties may be presented in many different ways,
some of which are:

1. As equations of state, e.g., the perfect gas laws and the van der
Waals equation.

2. As charts or graphs.
3. As tables.
4. As approximations which may be useful when more reliable data

are not available.



4-8 THERMODYNAMICS

IDEAL GAS LAWS

At low pressures and high enough temperatures, in the absence of
chemical reaction, all gases approach a condition such that their P-V-T
properties may be expressed by the simple relation

pv 5 RT

If v is expressed as volume per unit weight , the value of the constant R
will be different for different gases. If v is expressed as the volume of
one molecular weight of gas, then Ru is the same for all gases in any

cal quantities, e.g., the reduced temperature TR 5 Tactual/Tcritical, the
reduced volume vR 5 vactual/vcritical, the reduced pressure pR 5 pactual/
pcritical. The gas laws may be made to apply to any nonperfect gas by
the introduction of a correction factor

pV 5 ZNRuT

When the gas laws apply, Z 5 1 and on a molal basis Z 5 pV/(RuT). If
on a plot of Z versus pR lines of constant TR are drawn, for different
substances these are found to fall in narrow bands. Single TR lines may
be drawn to represent approximately the various bands. This has been

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
chosen system of units. Hence R 5 Ru /M.
In general, for any amount of gas, the ideal gas equation becomes

pV 5 nMRT 5 nRuT 5
m

M
RuT

where V is now the total gas volume, n is the number of moles of gas in
the volume V, M is the molecular weight , and Ru 5 MR the universal
gas constant . An alternative ideal gas equation of state is pv 5 RuT/M. It
is different from the preceding in the use of specific volume v rather
than total volume V.

For all ideal gases, Ru 5 MR in lb ? ft is 1,546. One pound mol of any
perfect gas occupies a volume of 359 ft3 at 32°F and 1 atm.

For many engineering purposes, use of the gas laws is permissible up
to pressures of 100 to 200 lb/in2 if the absolute temperatures are at least
twice the critical temperatures. Below the critical temperature, errors
introduced by use of the gas laws may usually be neglected up to
15 lb/in2 pressure although errors of 5 percent are often met when deal-
ing with saturated vapors.

The van der Waals equation of state, p 5 BT/(v 2 b) 2 a/v2, is a
modification of the ideal gas law which is sometimes useful at high
pressures. The quantities B, a, and b are constants.

Many empirical or semiempirical equations of state have been pro-
posed to represent the real variation of pressure with volume and tem-
perature. The Benedict-Webb-Rubin equation is among them; see
Perry, ‘‘Chemical Engineers Handbook,’’ 6th ed., McGraw-Hill. Com-
puter programs have been devised for the purpose; see Deutsch, ‘‘Mi-
crocomputer Programs for Chemical Engineers,’’ McGraw-Hill. For
computer programs and output for steam and other fluids, including air
tables, see Irvine and Liley, ‘‘Steam and Gas Tables with Computer
Programs,’’ Academic Press.

Approximate P-V-T Relations For many gases, P-V-T data are not
available. An approximation useful under such circumstances is based
on the observation of van der Waals that in terms of reduced properties
most gases approximate a common reduced equation of state. The re-
duced quantities are the actual ones divided by the corresponding criti-
Fig. 4.1.3 Compressibility factors for gases and vapors. (Fr
Wiley.)
done in Fig. 4.1.3. To use the chart , only the critical pressure and
temperature of the gas need be known.

EXAMPLE. Find the volume of 1 lb of steam at 5,500 psia and 1200°F (by
steam tables, v 5 0.1516 ft3/ lb).

For water, critical temperature 5 705.4°F; critical pressure 5 3,206.4 psia;
reduced temp 5 1660/1165 5 1.43; reduced pressure 5 5,500/3,206.4 5 1.72;
m (see Fig. 4.1.3) 5 0.83, v 5 0.83 (1,546)(1,660)/(18)(5,500)(144) 5 0.149 ft3.
Error 5 100(0.152 2 0.149)/0.152 5 1.7 percent . If the gas laws had been used,
the error would have been 17 percent .

No entirely satisfactory method for calculation for gaseous mixtures
has been developed, but the use of average critical constants as pro-
posed by Kay (Ind. Eng. Chem., 28, 1936, p. 1014) is easy and gives
satisfactory results under conditions considerably removed from the
critical. He assumes the gaseous mixture can be treated as if it were a
single pure gas with a pseudocritical pressure and temperature estimated
by a method of molar averaging.

(Tc)mixture 5 (Tc)aya 1 (Tc)byb 1 (Tc)cyc 1 ? ? ?
(pc)mixture 5 (pc)aya 1 (pc)byb 1 (pc)cyc 1 ? ? ?

where (Tc)a is the critical temperature of pure a, etc.; (pc)a is the critical
pressure of pure a, etc.; and ya is the mole fraction of a, etc. For a
gaseous mixture made up of gases, a, b, c, etc., the pseudocritical con-
stants having been determined, the gaseous mixture is handled on the m
charts as if it were a single pure gas.

IDEAL GAS MIXTURES

Many of the fluids involved in engineering systems are physical mix-
tures of the permanent gases or one or more of these with superheated or
saturated vapors. For example, normal atmospheric air is a mixture of
oxygen and nitrogen with traces of other gases, plus superheated or
saturated water vapor, or at times saturated vapor and liquid. If the
properties of each constituent of a mixture would have to be considered
individually during an analysis of a system, the procedures would be
om Hougen and Watson, ‘‘Chemical Process Principles,’’
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very complex. Experience has demonstrated that a mixture of gases may
be regarded as an equivalent gas, the properties of which depend upon
the kind and proportion of each of the constituents. The general rela-
tions applicable to a mixture of perfect gases will be presented. Let V
denote the total volume of the mixture, m1, m2, m3, . . . the masses of
the constituent gases, R1, R2, R3, . . . the corresponding gas constants,
and Rm the constant for the mixture. The partial pressures of the constit-
uents, i.e., the pressures that the constituents would have if occupying
the total volume V, are p1 5 m1R1T/V, p2 5 m2R2T/V, etc.

According to Dalton’s law, the total pressure p of the mixture is the

5. Polytropic: This name is given to the change of state which is
represented by the equation pVn 5 const . A polytropic curve usually
represents actual expansion and compression curves in motors and air
compressors for pressures up to a few hundred pounds. By giving n
different values and assuming specific heats constant , the preceding
changes may be made special cases of the polytropic change, thus,

For n 5 1, pv 5 const isothermal
n 5 k, pvk 5 const isentropic
n 5 0, p 5 const constant pressure
n 5 `, v 5 const constant volume
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sum of the partial pressures; i.e., p 5 p1 1 p2 1 p3 1 ? ? ? . Let m 5
m1 1 m2 1 m3 1 ? ? ? denote the total mass of the mixture; then
pV 5 mRmT and Rm 5 o(miRi)/m. Also p1/p 5 m1R1/(mRm), p2/p 5
m2R2/(mRm), etc.

Let V1, V2, V3 1 . . . . denote the volumes that would be occupied
by the constituents at pressure p and temperature T (these are given by
the volume composition of the gas). Then V 5 V1 1 V2 1 V3 1 ? ? ? and
the apparent molecular weight mm of the mixture is mm 5 o(miVi)/V.
Then Rm 5 1,546/mm. The subscript i denotes an individual constituent .

Volume of 1 lb at 32°F and atm pressure 5 359/mm.
Mass of 1 ft3 at 32°F and atm pressure 5 0.002788mm.
The specific heats of the mixture are, respectively,

cp 5 o(micpi)/m cv 5 o(micvi)/m

Internal Energy, Enthalpy, and Entropy of an Ideal Gas If an ideal
gas with constant specific heats changes from an initial state p1, V1, T1

to a final state p2, V2, T2, the following equations hold:

u2 2 u1 5 mcv(T2 2 T1) 5 (p2v2 2 p1v1)(k 2 1)

h2 2 h1 5 mcp(T2 2 T1) 5 k
(p2v2 2 p1v1)

k 2 1

s2 2 s1 5 mScv ln
T2

T1

1 R ln
v2

v1
D

5 mScp ln
T2

T1

2 R ln
p2

p1
D 5 mScp ln

v2

v1

1 cv ln
p2

p1
D

In general, the energy per unit mass is u 5 cvT 1 u0, the enthalpy is
h 5 cpT 1 h0, and the entropy is s 5 cv ln T 1 R ln v 1 s0 5 cp ln T 2
R ln p 1 s90 5 cp ln v 1 cp ln p 5 s990.

The two fundamental equations for ideal gases are

dq 5 cv dT 1 p dv dq 5 cp dT 2 v dp

SPECIAL CHANGES OF STATE FOR IDEAL GASES
(Specific heats assumed constant)

In the following formulas, the subscripts 1 and 2 refer to the initial and
final states, respectively.

1. Constant volume: p2/p1 5 T2/T1.

Q12 5 U2 2 U1 5 mcv(t2 2 t1) 5 V(p2 2 p1)/(k 2 1)
W12 5 0 s2 2 s1 5 mcv ln (T2/T1)

2. Constant pressure: V2/V1 5 T2/T1.

W12 5 2 p(V2 2 V1) 5 2 mR(t2 2 t1)
Q12 5 mcp(t2 2 t1) 5 kW12/(k 2 1)

s2 2 s1 5 mcp ln(T2/T1)

3. Isothermal (constant temperature): p2/p1 5 V1/V2.

U2 2 U1 5 0 W12 5 2 mRT ln (V2/V1) 5 2 p1V1 ln (V2/V1)
Q12 5 2 W12 s2 2 s1 5 Q12/T 5 mR ln (V2/V1)

4. Reversible adiabatic, isentropic: p1Vk
1 5 p2Vk

2.

T2/T1 5 (V1/V2)k21 5 (p2/p1)(k21)/k

W12 5 U1 2 U2 5 mcv(t1 2 t2)
Q12 5 0 s2 2 s1 5 0

W12 5 (p2V2 2 p1V1)/(k 2 1)
5 2 p1V1 [(p2/p1)(k21)/k 2 1]/(k 2 1)
For a polytropic change of an ideal gas (for which cv is constant), the
specific heat is given by the relation cn 5 cv(n 2 k)(n 2 1); hence for
1 , n , k, cn is negative. This is approximately the case in air com-
pression up to a few hundred pounds pressure. The following are the
principal formulas:

p1V1
n 5 p2V2

n

T2/T1 5 (V1/V2)n21 5 (p2/p1)(n21)/n

W12 5 (p2V2 2 p1V1)/(n 2 1)
5 2 p1V1 [(p2/p1)(n21)/n 2 1]/(n 2 1)

Q12 5 mcn(t2 2 t1)
W12 : U2 2 U1 : Q12 5 k 2 1 : 1 2 n : k 2 n

The quantity (p2/p1)(k21)/k 2 1 occurs frequently in calculations for
perfect gases.

Determination of Exponent n If two representative points (p1, V1

and p2, V2) be chosen, then

n 5 (log p1 2 log p2)/(log V2 2 log V1)

Several pairs of points should be used to test the constancy of n.
Changes of State with Variable Specific Heat In case of a consid-

erable range of temperature, the assumption of constant specific heat is
not permissible, and the equations referring to changes of state must be
suitably modified. (This statement does not apply to inert or monatomic
gases.) Experiments on the specific heat of various gases show that the
specific heat may sometimes be taken as a linear function of the temper-
ature: thus, cv 5 a 1 bT; cp 5 a9 1 b9T. In that case, the following
expressions apply for the change of internal energy and entropy, respec-
tively:

U2 2 U1 5 m[a(T2 2 T1) 1 0.5b(T2
2 2 T1

2)]
S2 2 S1 5 m[a ln (T2/T1) 1 b(T2 2 T1) 1 R ln (V2/V1)]

and for an isentropic change,

W12 5 U2 2 U1

R ln (V1/V2) 5 a ln (T2/T1) 1 b(T2 2 T1)

GRAPHICAL REPRESENTATION

The change of state of a substance may be shown graphically by taking
any two of the six variables p, V, T, S, U, H as independent coordinates
and drawing a curve to represent the successive values of these two
variables as the change proceeds. While any pair may be chosen, there
are three systems of graphical representation that are specially useful.

1. p and V. The curve (Fig. 4.1.4) represents the simultaneous
values of p and V during the change (reversible) from state 1 to state

Fig. 4.1.4
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2. The area between the curve and the axis OV is given by the integral

Ev2

v1

p dV and therefore represents the external work W12 done by

the gas during the change. The area included by a closed cycle repre-
sents the work of the cycle (as in the indicator diagram of the steam
engine).

2. T and S (Fig. 4.1.5). The absolute temperature T is taken as the
ordinate, the entropy S as the abscissa. The area between the curve of

change of state and the S axis is given by the integral ES2

T dS, and it

points shown in the figures. The work of the cycle is denoted by W and
the net heat absorbed by Q.

Carnot Cycle The Carnot cycle (Fig. 4.1.7) is of historic interest . It
consists of two isothermals and two isentropics. The heat absorbed
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S1

therefore represents the heat Q12 absorbed by the substance from ex-
ternal sources provided there are no irreversible effects. On the T-S
diagram, an isothermal is a straight line, as AB, parallel to the S
axis; a reversible adiabatic is a straight line, as CD, parallel to the T
axis.

Fig. 4.1.5

In the case of internal generation of heat through friction, as in steam

turbines, the increase of entropy is given by ET2

T1

(dQ9/T) and the area

under the curve represents the heat Q9 thus generated. In this case, an
adiabatic is not a straight line parallel to the T axis.

3. H and S. In the system of representation devised by Dr. Mollier,
the enthalpy H is taken as the ordinate and the entropy S as the abscissa.
If on this diagram (Fig. 4.1.6) a line of constant pressure, as 12, be
drawn, the heat absorbed during the change at constant pressure is given
by Q12 5 H2 2 H1, and this is represented by the line segment 23. The
Mollier diagram is specially useful in problems that involve the flow of
fluids, throttling, and the action of steam in turbines.

Fig. 4.1.6

IDEAL CYCLES WITH PERFECT GASES

Gases are used as heat mediums in several important types of
machines. In air compressors, air engines, and air refrigerating ma-
chines, atmospheric air is the medium. In the internal-combustion
engine, the medium is a mixture of products of combustion. Engines
using gases are operated in certain well-defined cycles, which are de-
scribed below. In the analyses given, ideal conditions that cannot be
attained by actual motors are assumed. However, conclusions derived
from such analyses are usually approximately valid for the modified
actual cycle.

In the following, the subscripts 1, 2, 3, etc., refer to corresponding
Fig. 4.1.7 Carnot cycle.

along the upper isothermal 12 is Q12 5 mRT ln (V2/V1), and the
heat transformed into work, represented by the cycle area, is W 5
Q12(1 2 T0 /T).

W 5 2 mR(T 2 T0) lnSV2

V1
D

If the cycle is traversed in the reverse sense, Q43 5 mRT0 ln (V3/V4)
is the heat absorbed from the cold body (brine), and the ratio
Q43 : (W) 5 T0 : (T 2 T0) is the coefficient of performance of the refrig-
erating machine.

Leff (Amer. J. Phys., 55, no. 7, 1987, pp. 602–610) showed that the
thermal efficiency of a heat engine producing the maximum possible
work per cycle consistent with its operating temperature range resulted
in efficiencies equal to or well approximated by h 5 1 2 √Tc /Th, where
c 5 cold and h 5 hot , as found by Curzon and Ahlborn (Amer. J. Phys.,
43, no. 1, 1975, pp. 22–24) for maximum power output . If the work
output per cycle is kept fixed, the thermal efficiency can be increased by
operating the heat engine at less than maximum work output per cycle,
the limit being an engine of infinite size having a Carnot efficiency.
Leff’s paper considers Otto, Brayton-Joule, Diesel, and Atkinson
cycles. Figure 4.1.8 illustrates the difference between maximum power
and maximum efficiency. Detailed discussion of finite time thermody-
namics appears in Sieniutcyz and Salamon, ‘‘Finite Time Thermody-
namics and Thermoeconomics,’’ Advan. Thermo., 4, 306 pp., 1990,
Taylor & Francis, London.

1.0

0.5
p

pmax

0.0
0.0 0.5

h/hC

1.0

Fig. 4.1.8 Ratio of actual power to maximum power as a function of ratio of
actual thermal efficiency to Carnot efficiency.

Finite time thermodynamics is a term applied to the consideration
that , for any finite energy transfer, a finite time must occur. A common
statement in the literature is that the analysis started from the work of
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Curzon and Ahlborn (Amer. J. Phys., 43, 1975, pp. 22–24). According
to Bejan (Amer. J. Phys., 62, no. 1, Jan. 1994, pp. 11–12), this state-
ment is not true, and the original analysis was by Novikov (At. Energy,
3, 1957, p. 409, and Nucl. Energy, pt . II, 7, 1958, pp. 125–148). Wu
(Energy Convsn. Mgmt., 34, no. 12, 1993, pp. 1239–1247) discusses
the endoreversible Carnot heat engine being one in which all the losses
are associated with the transfer of heat to and from the engine, there
being no internal losses within the engine itself and refers to Wu and
Kiang (Trans. J. Eng. Gas Turbines & Power, 113, 1991, p. 501) for a
detailed literature survey.

p2/p1 5 3 4 5 6 8 10 12 14 16
(n 5 1.4) a 5 1.70 1.94 2.13 2.31 2.62 2.88 3.10 3.31 3.50
(n 5 1.3) a 5 1.69 1.92 2.11 2.28 2.57 2.81 3.03 3.22 3.39
(n 5 1.2) a 5 1.68 1.90 2.08 2.25 2.51 2.74 2.94 3.12 3.27

A later paper by Wu and Blank (Energy Convsn. Mgmt., 34, no.
12, 1993, pp. 1255–1269) considered optimization of the endorevers-
ible Otto cycle with respect to both power and mean effective pres-
sure.
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Otto and Diesel Cycles The ideal cycles usually employed for
internal-combustion engines may be classified in two groups:
(1) explosive—Otto (the fluid is introduced in gaseous form),
(2) nonexplosive—Diesel, Joule (the fluid is introduced in liquid
form).

Otto Cycle (Fig. 4.1.9 for pressure-volume plane, Fig. 4.1.10 for
temperature-entropy plane) Isentropic compression 12 is followed by
ignition and rapid heating at constant volume 23. This is followed by
isentropic expansion, 34. Assuming constant specific heats the follow-
ing relations hold:

T2

T1

5
T3

T4

5Sp2

p1
Dk21/k

5S p3

p4
Dk21/k

5SV1

V2
Dk21

Q23 5 mcv(T1 2 T2)
W 5 Q23[1 2 (T1/T2)] 5 mcv(T3 2 T4 2 T2 1 T1)

Efficiency 5 1 2
T1

T2

5 1 2SV2

V1
Dk21

5 1 2Sp1

p2
D(k21)/k

Fig. 4.1.9 Otto cycle. Fig. 4.1.10 Otto cycle.

If the compression and expansion curves are polytropics with
the same value of n, replace k by n in the first relation above. In this
case,

W 5 [(p3V3 2 p4V4) 2 (p2V2 2 p1V1)]/(n 2 1)
5 mR(T3 2 T4 2 T2 1 T1)/(n 2 1)

The mean effective pressure of the diagram is given by

pm 5 ap1(p3/p2 2 1)

where a has the values given in the following table.
Fig. 4.1.12 Joule or Brayton cycle.
Diesel Cycle In the diesel oil engine, air is compressed to a high
pressure. Fuel is then injected into the air, which is at a temperature
above the ignition point , and it burns at nearly constant pressure (23, in
Fig. 4.1.11). Isentropic expansion of the products of combustion is fol-
lowed by exhaust and suction of fresh air, as in the Otto cycle.

Fig. 4.1.11 Diesel cycle.

The work obtained is

W 5 m[cp(T3 2 T2) 2 cv(T4 2 T1)]

and the efficiency of the ideal cycle is

1 2 [(T4 2 T1)/k(T3 2 T2)]

The Joule cycle, also called the Brayton cycle (Fig. 4.1.12), consists of
two isentropics and two constant-pressure lines. The following relations
hold:

V3/V2 5 V4/V1 5 T3/T2 5 T4/T1

T2

T1

5
T3

T4

5SV1

V2
Dk21

5SV4

V3
Dk21

5Sp2

p1
Dk21/k

W 5 mcp(T3 2 T2 2 T4 1 T1)
Efficiency 5 W/Q23 5 1 2 T1/T2

The Joule cycle has assumed renewed importance as a basis for anal-
ysis of gas turbine operation.

For additional information on internal combustion engines, see
Campbell, ‘‘Thermodynamic Analysis of Internal Combustion En-
gines,’’ Wiley; Taylor, ‘‘The Internal Combustion Engine in Theory
and Practice,’’ MIT Press. New designs for internal-combustion en-
gines were reviewed by Wallace (Sci. Progr., Oxford, 75, 1991, pp.
15–32).
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Stirling Cycle The Stirling engine may be visualized as a cylinder
with a piston at each end. Between the pistons is a regenerator. The
cylinder is assumed to be insulated except for a contact with a hot
reservoir at one end and a contact with a cold reservoir at the other end.

Starting with state 1, Fig. 4.1.13, heat from the hot reservoir is added
to the gas at TH (or TH 2 dT). During the reversible isothermal process,
the left piston moves outward, doing work as the system volume in-
creases and the pressure falls. Both pistons are then moved to the right at
the same rate to keep the system volume constant (process 2–3). No

volume remains constant . Thus the cycle is completed and is externally
reversible. The system exchanges a net amount of heat with only the
two energy reservoirs TH and TL. Two types of Stirling engines are
shown in Fig. 4.1.14. Extensive research-and-development effort has
been devoted to the Stirling engines for future use as prime movers in
space power systems operating on solar energy. (See also Sec. 9.6.)

More information can be found in Meijer, De Ingenieur, 81, nos. 18
and 19, 1969; Reader and Hooper, ‘‘Stirling Engines,’’ Spon, London;
Sternlicht, Chem. Tech., 13, 1983, pp. 28–36; Walker, ‘‘Stirling En-
gines,’’ Oxford Univ. Press.
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Fig. 4.1.13 Stirling cycle.

heat transfer occurs with either reservoir. As the gas passes through the
regenerator, heat is transferred from the gas to the regenerator, causing
the gas temperature to fall to TL by the time the gas leaves the right end
of the regenerator. For this heat-transfer process to be reversible, the
temperature of the regenerator at each point must equal the gas temper-
ature at that point . Hence there is a temperature gradient through the
regenerator from TH at the left end to TL at the right end. No work is
accomplished during this process. During the path 3–4, heat is removed
from the gas at TL (or TL 1 dT) to the reservoir at TL. To hold the gas
temperature constant , the right piston is moved inward—doing work
on the gas with a resulting increase in pressure. During process 4–1,
both pistons are moved to the left at the same rate to keep the system
volume constant . The pistons are closer together during this process
than they were during process 2–3, since V4 5 V1 , V2 5 V3. No heat is
transferred to either reservoir. As the gas passes back through the re-
generator, the energy stored in the regenerator during 2–3 is returned to
the gas. The gas emerges from the left end of the regenerator at the
temperature TH. No work is performed during this process since the

Fig. 4.1.14 Two main types of Stirling engine: (1) left, double-cylinder two
piston; (2) right, single-cylinder, piston plus displacer. Each has two variable-
volume working spaces filled with the working fluid—one for expansion and
one for compression of the gas. Spaces are at different temperatures—the ex-
treme temperatures of the working cycle—and are connected by a duct, which
holds the regenerators and heat exchangers. (Intl. Science and Technology, May
1962.)
AIR COMPRESSION

It is assumed that the compressor works under ideal reversible condi-
tions without clearance and without friction losses and that the changes
are over ranges where the gas laws are applicable. Where the gas laws
cannot be used, analysis in terms of Z charts is convenient . If the com-
pression from p1 to p2 (Fig. 4.1.15) follows the law pVn 5 const , the
work represented by the indicator diagram is

W 5 n(p2V2 2 p1V1)/(n 2 1)
5 np1V1[(p2/p1)(n21)/n 2 1]/(n 2 1)

The temperature at the end of compression is given by T2/T1 5
(p2/p1)(n21)/n. The work W is smaller the smaller the value on n, and the
purpose of the water jackets is to reduce n from the isentropic value 1.4.
Under usual working conditions, n is about 1.3.

Fig. 4.1.15 Air compressor cycle.

When the pressure p2 is high, it is advantageous to divide the process
into two or more stages and cool the air between the cylinders. The
saving effected is best shown on the T-S plane (Fig. 4.1.16). With
single-stage compression, 12 represents the compression from p1 to p2,
and if the constant-pressure line 23 is drawn cutting the isothermal
through point 1 in point 3, the area 1912339 represents the work W.
When two stages are used, 14 represents the compression from p1 to an
intermediate pressure p9, 45 cooling at constant pressure in the inter-

Fig. 4.1.16 Air compressor cycle.

cooler between the cylinders, and 56 the compression in the second
stage. The area under 14563 represents the work of the two stages and
the area 2456 the saving effected by compounding. This saving is a
maximum when T4 5 T6, and this is the case when the intermediate
pressure p9 is given by p9 5 √p1p2 (see Sec. 14.3).

The total work in two-stage compression is

np1V1[( p9/p1)(n21)/n 1 ( p2/p9)(n21)/n 2 2]/(n 2 1)
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Gas Turbine The Brayton cycle, also called the Joule or constant
pressure cycle, employs an air engine, a compressor, and a combustion
chamber. Air enters the compressor wherein the pressure is increased.
Fuel burning in the combustion chamber raises the temperature of the
compressed air under constant-pressure conditions. The resulting high-
temperature gases are then introduced to the engine where they expand
and perform work. The excess work of the engine over that required to
compress the air is available for operating other devices, such as a
generator.

Basically, the simple gas-turbine cycle is the same as the Brayton

dicated by BC, until at C the substance is in the liquid state with the
volume vf .

The curves vf and vg giving the volumes for various temperatures at
the end and beginning of liquefaction, respectively, may be called the
limit curves. A point B on curve vg represents the state of saturated vapor;
a point C on the curve vf represents the saturated liquid state; and a point
M between B and C represents a mixture of vapor and liquid of which
the part x 5 MC/BC is vapor and the part 1 2 x 5 BM/BC is liquid. The
ratio x is called the quality of the mixture. The region between the curves
vf and vg is thus the region of liquid and vapor mixtures. The region to
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cycle, except that the air compressor and engine are replaced by an axial
flow compressor and gas turbine. Air is compressed in the compres-
sor, after which it enters a combustion chamber where the temper-
ature is increased while the pressure remain constant . The resulting
high-temperature air then enters the turbine, thereby performing
work.

Boyce (‘‘Gas Turbine Engineering Handbook,’’ Gulf ) gives numer-
ous examples of ideal and actual gas-turbine cycles. The graphs in this
source as well as in a review by Dharmadhikari (Chemical Engineer
(London), Feb. 1989, pp. 16–20) show the same relation between work
output and thermal efficiency as the general graph of Gordon (Amer. J.
Phys., 59, no. 6, 1991, pp. 551–555). MacDonald (ASME Paper 89-
GT-103, Toronto Gas Turbine Exposition, 1989) describes the increas-
ing use of heat exchangers in gas-turbine plants and reviews the use of
recuperators (i.e., regenerators) (in Heat Recovery Systs. & CHP. 10,
no. 1, 1990, pp. 1–30). Gas turbines as the topping cycle with steam in
the bottoming cycle were described by Huang (ASME Paper 91-GT-
186 and J. Eng. Gas Turbines & Power, 112, Jan. 1990, pp. 117–121)
and by Cerri (Trans. ASME, 109, Jan. 1987, pp. 46–54). The use of
steam injection in gas-turbine cycles has received renewed attention;
see, e.g., Consonni (45th Congr. Nat . Assoc. Termotechnica Ital., IIID,
1990, pp. 49–60), Ediss (City Univ. London Conf. Paper, Nov. 1991),
Lundberg (ASME Cogen-Turbo IGTI, 6, 1991, pp. 9–18). Fraize and
Kinney (J. Eng. Power, 101, 1979, pp. 217–227), and Larson and Wil-
liams (J. Eng. Gas Turbines & Power, 109, Jan. 1987, pp. 55–63).

Analysis of closed-cycle gas-turbine plant for maximum and zero
power output and for maximum efficiency was made by Woods et al.
(Proc. Inst. Mech. Eng., 205A, 1991, pp. 59–66). See also pp. 287–291
and ibid., 206A, 1992, pp. 283–288. A series of papers by Najjar ap-
peared in Int. J. M. E. Educ. (15, no. 4, 1987, pp. 267–286); High
Temp. Technol. (8, no. 4, 1990, pp. 283–289); Heat Recovery Systems
& CHP (6, no. 4, 1986, pp. 323–334). For more detailed information
regarding the actual gas-turbine cycles see Sec. 9.

VAPORS

General Characteristics of Vapors Let a gas be compressed at con-
stant temperature; then, provided this temperature does not exceed a
certain critical value, the gas begins to liquefy at a definite pressure,
which depends upon the temperature. At the beginning of liquefaction, a
unit mass of gas will also have a definite volume vg, depending on
the temperature. In Fig. 4.1.17, AB represents the compression and the
point B gives the saturation pressure and volume. If the compression
is continued, the pressure remains constant with the temperature, as in-

Fig. 4.1.17
the right of curve vg is the region of superheated vapor. The curve vg

dividing these regions represents the so-called saturated vapor.
For saturated vapor, saturated liquid, or a mixture of vapor and liquid,

the pressure is a function of the temperature only, and the volume of the
mixture depends upon the temperature and quality x. That is, p 5 f(t),
v 5 F(t, x).

For the vapor in the superheated state, the volume depends on pres-
sure and temperature [v 5 F(p, t)], and these may be varied indepen-
dently.

Critical State If the temperature of the gas lies above a definite
temperature tc called the critical temperature, the gas cannot be liquefied
by compression alone. The saturation pressure corresponding to tc is
the critical pressure and is denoted by pc. At the critical states, the
limit curves vf and vg merge; hence for temperatures above tc, it is impos-
sible to have a mixture of vapor and liquid. Table 4.2.21 gives the crit-
ical data for various gases; also the boiling temperature tb correspond-
ing to atmospheric pressure. Study of the critical region is becoming
a specialized topic. NBS Misc. Publ. 273, 1966, contains 33 papers
on phenomena near critical points. The ASME symposia on thermo-
physical properties proceedings contain numerous papers on the sub-
ject .

Vapor Pressures At a specified temperature, a pure liquid can exist
in equilibrium contact with its vapor at but one pressure, its vapor
pressure. A plot of these pressures against the corresponding tempera-
tures is known as a vapor pressure curve. As noted by Martin, ‘‘Ther-
modynamic and Transport Properties of Gases, Liquids and Solids,’’
ASME, New York, p. 112, the true shape of a log vapor pressure versus
reciprocal absolute temperature curve is an S shape. But if the curvature
(often slight) is neglected, the equation of the curve becomes ln P 5
A 1 B/T. In terms of any two pairs of values (P1, T1), (P2, T2), A 5
(T2 ln P2 2 T1 ln P1)/(T2 2 T1) and B 5 T1T2/(T2 2 T1) ln (P1/P2).
(Note that B is always negative.) Once the values of A and B have
been determined, the equation can be used to determine P3 at T 5
T3 or T3 at P 5 P3. Algebraically, A and B can be eliminated to yield
ln (P3/P1) 5 [T2(T3 2 T1)/T3(T2 2 T1)] ln (P2/P1), and at any tempera-
ture T the slope of the vapor pressure curve is dP/dT 5 (1/T 2)[T1T2/
(T1 2 T2)] ln (P2/P1).

A classic survey of equations for estimating vapor pressures was
given by Miller in Ind. Eng. Chem., 56, 1964, pp. 46–57. The compre-
hensive tables of Stull in Ind. Eng. Chem., 39, 1947 pp. 517–550, are
useful though slightly dated. Table 4.2.24 gives T(K) for various P(bar)
for 50 substances; P(bar) tables for various T(K) for 16 elements are
given in Table 4.2.29. Boublik et al., ‘‘The Vapor Pressure of Pure
Substances,’’ Elsevier, presents an extensive collection of data.

THERMAL PROPERTIES OF SATURATED
VAPORS AND OF VAPOR AND LIQUID MIXTURES

Notation

vf , vg 5 specific volume of 1 lb of saturated liquid and vapor,
respectively

cf , cg 5 specific heat of saturated liquid and vapor, respec-
tively

hf, hg 5 specific enthalpy of saturated liquid and vapor, re-
spectively

uf, ug 5 specific internal energy of saturated liquid and vapor,
respectively
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sf, sg5 specific entropy of saturated liquid and vapor, respec-
tively

vfg 5 vg 2 vf 5 increase of volume during vaporization
hfg 5 hg 2 hf 5 heat of vaporization, or heat required to vaporize a

unit mass of liquid at constant pressure and tempera-
ture

And r may be used for hfg when several heats of vaporization (as r1,
r2, r3, etc.) are under consideration.

ufh 5 ug 2 uf 5 increase of internal energy during vaporization

The energy-temperature diagram reported by Bucher (Amer. J. Phys.,
54, 1986, pp. 850–851) for reversible cycles and by Wallingford (Amer.
J. Phys., 57, 1989, pp. 379–381) for irreversible cycles was claimed by
Bejan (Amer. J. Phys., 62, no. 1, Jan. 1994, pp. 11–12) to have been
first reported at an earlier date (Bejan, Mech. Eng. News, May 1977, pp.
26–28).

CHANGES OF STATE. SUPERHEATED VAPORS
AND MIXTURES OF LIQUID AND VAPOR
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sfg 5 sg 2 sf 5 hfg/T 5 increase of entropy during vaporization
pvfg 5 work performed during vaporization

The energy equation applied to the vaporization process is

hfg 5 ufg 1 pvfg

The properties of a unit mass of a mixture of liquid and vapor of quality
x are given by the following expressions:

v 5 vf 1 xvfg

h 5 hf 1 xhfg

u 5 uf 1 xufg

s 5 sf 1 xsfg

Any property c can be expressed as a function of the property of the
saturated liquid, cf , that of the saturated vapor, cg, and the quality x by
three entirely equivalent equations:

c 5 (1 2 x)cf 1 xcg

5 cf 1 xcfg

5 cg 2 (1 2 x)cfg

where cfg 5 cg 2 cf. Tables of superheated vapor usually give values of
v, h, and s per unit mass. If not tabulated, the internal energy u per unit
mass can be found from the equation

u 5 h 2 pv

CHARTS FOR SATURATED AND
SUPERHEATED VAPORS

Certain properties of vapor mixtures and superheated vapors may be
shown graphically by means of charts. Such charts show the behavior of
vapors and have a practical application in the solution of certain prob-
lems.

Temperature-Entropy Chart Figures 4.2.10 and 4.2.11 show the
temperature-entropy chart for water vapor. The liquid curve is obtained
by plotting corresponding values of T and sf , and the saturation curve by
plotting values of T and sg. The values are taken from Tables 4.2.17 to
4.2.20. The two curves merge into each other at the critical temperature
T 5 1,165.4°R (647 K). Between these two curves, constant pressure
lines are also lines of constant temperature; but at the saturation curve
the constant pressure lines show a sharp break with rising temperature.
The constant quality lines x 5 0.2, 0.4, etc., are equally spaced between
the liquid and saturation curves.

Figure 4.2.1 is a temperature-entropy chart for air.
Enthalpy-Entropy Chart (Mollier Chart) In this chart , the enthalpy h

is taken as the ordinate and the entropy s as the abscissa.
Enthalpy–Log Pressure Chart Previously, a chart with coordinates

of enthalpy and pressure was termed a pressure-enthalpy chart . In this
edition these charts are called enthalpy–log pressure charts, to more
correctly identify the scale plotted for pressure. This follows modern
usage. Charts with pressure per se as a coordinate have a greatly differ-
ent scale and appearance.

For examples of the enthalpy–log-pressure chart , see Sec. 4.2. For
enthalpy–log-pressure charts for various fluids, see ‘‘Engineering Data
Book,’’ 9th ed., Gas Processors Suppliers Assoc., Tulsa, OK; Reyn-
olds, ‘‘Thermodynamic Properties in SI,’’ Mech. Eng. Stanford Univ.
Publication.
Isothermal In the only important cases, the fluid is a mixture of
liquid and vapor in both initial and final states.

t 5 const p 5 const
x1, x2 5 initial and final qualities

Q12 5 mhfg(x2 2 x1)
W12 5 mpvfg(x2 2 x1)

U2 2 U1 5 mufg(x2 2 x1)
S2 2 S1 5 Q12/T

Constant Pressure If the fluid is a mixture at the beginning and end
of the change, the constant pressure change is also isothermal. If the
initial state is in the mixture region and the final state is that of a
superheated vapor, the following are the equations for Q12, etc. Let h2,
u2, v2, and s2 be the properties of 1 lb of superheated vapor in the final
state 2; then

Q12 5 m(h2 2 h1)
U2 2 U1 5 m(u2 2 u1)
S2 2 S1 5 m(s2 2 s1)

W12 5 2 mp(v2 2 v1)
h1 5 hf1 1 x1hfg1

u1 5 uf1 1 x1ufg1

s 5 sf1 1 x1sfg1

v1 5 vf1 1 x1vfg1

Constant Volume Since vf the liquid volume is nearly constant ,

x1vfg1 5 x2vfg2

x2 5 x1vfg1/vfg2 or x2 5 x1vg1/vg2 approx
Q12 5 U2 2 U1 5 m(u2 2 u1) W12 5 0

Isentropic s 5 const . If the fluid is a mixture in the initial and
final states,

sf1 1 x1sfg1 5 sf2 1 x2sfg2

If the initial state is that of superheated vapor,

s1 5 sf2 1 x2sfg2

in which s1 is read from the table of superheated vapor. The final value
x1 is determined from one of these equations, and the final internal
energy u2 is then

uf2 1 x2ufg2 Q12 5 0 W12 5 U2 2 U1 5 m(u2 2 u1)

For water vapor, the relation between p and v during an isentropic
change may be represented approximately by the equation pvn 5 con-
stant . The exponent n is not constant , but varies with the initial quality
and initial pressure, as shown in Table 4.1.2.

The isentropic expansion of superheated steam is fairly represented
by pvn 5 const , with n 5 1.315.

The volume at the end of expansion (or compression) is V2 5
V1(p1/p2)1/n, and the external work is

W12 5 (p2V2 2 p1V1)/(n 2 1)
5 2 p1V1[1 2 (p2/p1)(n21)/n]/(n 2 1)

If the initial state is in the region of superheat and final state in the
mixture region, two values of n must be used: n 5 1.315 for the expan-
sion to the state of saturation, and the appropriate value from the first
row of Table 4.1.2 for the expansion of the mixture.
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Table 4.1.2 Values of n (Water Vapor)

Initial pressure, psia
Initial
quality 20 40 60 80 100 120 140 160 180 200 220 240

1.00
0.95
0.90
0.85
0.80
0.75

1.131
1.127
1.123
1.119
1.115
1.111

1.132
1.128
1.123
1.119
1.115
1.110

1.133
1.129
1.124
1.119
1.114
1.110

1.134
1.130
1.124
1.119
1.114
1.109

1.136
1.131
1.125
1.120
1.114
1.109

1.137
1.131
1.125
1.120
1.114
1.108

1.138
1.132
1.126
1.120
1.113
1.107

1.139
1.133
1.126
1.120
1.113
1.106

1.141
1.134
1.127
1.120
1.113
1.106

1.142
1.135
1.127
1.120
1.113
1.105

1.143
1.136
1.128
1.120
1.112
1.104

1.145
1.137
1.129
1.121
1.112
1.104

MIXTURES OF AIR AND WATER VAPOR

Atmospheric Humidity The atmosphere is a mixture of air and
water vapor. Dalton’s law of partial pressures (for the mixture) and the
ideal gas law (for each constituent) may safely be assumed to apply. The
total pressure pt (barometric pressure) is the sum of the vapor pressure pv

and the air pressure pa.
The temperature of the atmosphere, as indicated by an ordinary ther-

mometer, is the dry-bulb temperature td. If the atmosphere is cooled
under constant total pressure, the partial pressures remain constant until

surface or compress and expand moist air. (2) Hygrometers measure
relative humidity, often by using the change in dimensions of a hygro-
scopic material such as human hair, wood, or paper; these instruments
are simple and inexpensive but require frequent calibration. The electri-
cal resistance of an electrolytic film can also be used as an indication of
relative humidity. (3) The wet- and dry-bulb psychrometer is widely
used. Humidity measurements of air flowing in ducts can be made with
psychrometers that use mercury-in-glass thermometers, thermocouples,
or resistance thermometers. Humidity measurements of still air can be
made with sling psychrometers as aspiration psychrometers. Psychro-
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a temperature is reached at which condensation of vapor begins. This
temperature is the dew point tc (condensation temperature) and is the
saturation temperature, or boiling point , corresponding to the actual
vapor pressure pv. If a thermometer bulb is covered with absorbent
material, e.g., linen, wet with distilled water and exposed to the atmo-
sphere, evaporation will cool the water and the thermometer bulb to the
wet-bulb temperature tw. This is the temperature given by a psychrome-
ter. The wet-bulb temperature lies between the dry-bulb temperature
and the dew point . These three temperatures are distinct except for a
saturated atmosphere, for which they are identical. For each of these
temperatures, there is a corresponding vapor pressure. The actual vapor
pressure pv corresponds with the dew point tc. The vapor pressures pd

and pw, corresponding with td and tw, do not represent pressures actually
appearing in the atmosphere but are used in computations.

Relative humidity r is the ratio of the actual vapor pressure to the
pressure of saturated vapor at the prevailing dry-bulb temperature
r 5 pv /pd. Within the limits of usual accuracy, this equals the ratio of
actual vapor density to the density of saturated vapor at dry-bulb tem-
perature, r 5 pv /pd. It is to be noted that relative humidity is a property
of the vapor alone; it has nothing to do with the fact that the vapor is
mixed with air. It is a method of expressing the departure of the vapor
from saturation. (See ‘‘ASHRAE Handbook’’ for information on indus-
trial applications of relative humidity.)

Molal humidity f is the mass of water vapor in mols per 1 mol of air.
The laws of Dalton and Avogadro state that the molal composition of a
mixture is proportional to the distribution of partial pressures, or f 5
pv /pa 5 pv /(pt 2 pv).

Specific humidity (humidity ratio) W is the mass of water vapor
(pounds or grains) per pound of dry air. Mass in pounds equals mass in
moles multiplied by the molecular weight . The molecular weight of
water is 18, and the equivalent molecular weight of air is 28.97. The
ratio 28.97/18 5 1.608, or 1.61 with ample accuracy. Thus W 5 f/1.61.

Air density ra is the pounds of air in one cubic foot . Vapor density rv is
the pounds of vapor in one cubic foot . Mixture density rm is the sum of
these, i.e., the pounds of air plus vapor in one cubic foot .

Notation The subscripts a, v, m, and f apply to air, vapor, mixture,
and liquid water, respectively. The subscripts d and w apply to condi-
tions pertaining to the dry- and wet-bulb temperature, respectively.

HUMIDITY MEASUREMENTS

Many methods are in use: (1) the dew point method measures the tem-
perature at which condensation begins; water-vapor pressure can then
be found from steam tables. Dew point apparatus can either cool a
metric wet-bulb temperatures must be corrected to obtain thermody-
namic wet-bulb temperatures, or there must be adequate air motion past
the wet-bulb thermometer, 800 to 900 ft /min (with duct walls at air
temperature), to ensure a proper balance between radiation and convec-
tion. (4) Chemical analysis by the use of desiccants such as sulfuric acid,
phosphorus pentoxide, lithium chloride, or silica gel can be used as
primary standards of humidity measurement .

The following equations give various properties in terms of pressure
in inches Hg and temperature in degrees Fahrenheit .

Relative humidity: r 5 pv /pd

Specific humidity: W 5 pv /1.61(pt 2 pv) lb/ lb dry air

Volume of mixture per pound of dry air:

va 5
1

ra

5 0.754(td 1 460)/(pt 2 rpd) ft3

Volume of mixture per pound of mixture:

vm 5
1

rm
5 va/(1 1 W) ft3

The enthalpy of a mixture of dry air and steam, when each constituent
is assumed to be an ideal gas, in Btu per pound of dry air, is the sum of
the enthalpy of 1 lb of dry air and the enthalpy of the W lb of steam
mixed with that air. The specific enthalpy of dry air (above 0°F) is
ha 5 0.240td (up to 130°F, the specific heat of dry air is 0.240; at
higher temperatures, it is larger). The specific enthalpy of low-pressure
steam (saturated or superheated) is nearly independent of the vapor
pressure and depends only on td. An empirical equation for the specific
enthalpy of low-pressure steam for the range of temperatures from 2 40
to 250°F is

hv 5 1,062 1 0.44td Btu/ lb

The enthalpy of a mixture of air and steam is

hm 5 0.240td 1 W(1,062 1 0.44td)

The specific heat of a mixture of dry air and steam per pound of dry
air may be called humid specific heat and is 0.240 1 0.44W Btu/ lb dry
air. For a steady-flow process without change of specific humidity, heat
transfers per pound of dry air may be computed as the product of humid
specific heat and change in dry-bulb temperature.

Thermodynamic Wet-Bulb Temperature (Temperature of Adiabatic
Saturation) The thermodynamic wet-bulb temperature t* is an impor-
tant property of state of mixtures of dry air and superheated steam; it is
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the temperature at which water (or ice), by evaporating into a mixture of
air and steam, will bring the mixture to saturation at the same tempera-
ture in a steady-flow process in the absence of external heat transfer. For
a mixture of dry air and saturated steam only, t* 5 td; where r , 1,
t* , td. By writing energy and mass balances for the process of adia-
batic saturation with water supplied at t*, the following equation may be
derived:

W 5 W* 2
(0.240 1 0.44W*)(td 2 t*)

1,094 1 0.44td 2 t*

with dry-bulb temperature as abscissa and specific humidity as ordinate.
Since the specific humidity is determined by the vapor pressure and the
barometric pressure (which is constant for a given chart), and is nearly
proportional to the vapor pressure, a second ordinate scale, departing
slightly from uniform graduations, will give the vapor pressure. The
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where W* 5 specific humidity for saturation at the total pressure of pt.
The enthalpy of a mixture of dry air and saturated steam at the total

pressure pt and thermodynamic wet-bulb temperature t* exceeds the
enthalpy of a mixture of dry air and superheated steam at the same pt and
t* for

h*m 5 hm 1 (W* 2 W)h*f

A property of the mixture that remains constant for constant pt and t*
has been called the o function, for

o* 5 h*m 2 W*h*f 5 o 5 hm 2 Wh*f
EXAMPLE. A mixture of dry air and saturated steam; pt 5 24 inHg; td 5 76°F.

Partial pressure of water vapor from tables:

pv 5 pd 5 0.905 inHg

Partial pressure of dry air: pa 5 pt 2 pv 5 23.095 inHg.
Specific humidity:

W 5 0.905/1.61(23.095) 5 0.0243 lb/ lb dry air

Volume of mixture per pound of dry air:

va 5 0.754(536)/23.095 5 17.5 ft3

Volume of mixture per pound of mixture:

vm 5 17.5/1.0243 5 17.1 ft3

Enthalpy of mixture:

hm 5 0.240(76) 1 0.0243(1,095) 5 44.85 Btu/ lb dry air

EXAMPLE. A mixture of dry air and superheated steam; pt 5 24 inHg;
td 5 76°F; tw 5 t* 5 62°F.

Pressure of saturated steam at t* 5 0.560 inHg (from tables):

W* 5 0.560/1.61(23.44) 5 0.01484 lb/ lb dry air

Specific humidity:

W 5 0.01484 2
0.2465(14)

1,065.4
5 0.0116 lb/ lb dry air

Partial pressure of water vapor:

0.0116 5 pv /[1.61(24 2 pv)] and pv 5 0.44 inHg

Relative humidity: r 5 0.44/0.905 5 0.486.
Volume of mixture per pound of dry air:

va 5 0.754(536)/23.56 5 17.2 ft3

Volume of mixture per pound of mixture:

vm 5 17.2/1.0116 5 17.0 ft3

Enthalpy of mixture:

hm 5 0.240(76) 1 0.0116(1,095) 5 30.95 Btu/ lb dry air

PSYCHROMETRIC CHARTS

For occasional use, algebraic equations are less confusing and more
reliable; for frequent use, a psychrometric chart may be preferable. A
disadvantage of charts is that each applies for only one value of baro-
metric pressure, usually 760 mm or 30 inHg. Correction to other baro-
metric readings is not simple. The equations have the advantage that the
actual barometric pressure is taken into account . The equations are
often more convenient for equal accuracy or more accurate for equal
convenience.

Psychrometric charts are usually plotted, as indicated by Fig. 4.1.18,
Fig. 4.1.18 Skeleton humidity chart.

saturation curve (r 5 1.0) gives the specific humidity and vapor pres-
sure for a mixture of air and saturated vapor. Similar curves below it
give results for various values of relative humidity. Inclined lines of one
set carry fixed values of the wet-bulb temperature, and those of another
set carry fixed values of va, cubic feet per pound of air. Many charts
carry additional scales of enthalpy or o function.

Any two values will locate the point representing the state of the
atmosphere, and the desired values can be read directly.

Psychrometric charts at different temperatures and barometric pressures
are useful in solving problems that fall outside the normal range indi-
cated in Fig. 4.1.18. A collection (‘‘trial set’’) of 17 different psychro-
metric charts in both USCS and SI units, for low, normal, and high
temperatures, at sea level and at four elevations above sea level, is
available from the Carrier Corp., Syracuse, NY.

AIR CONDITIONING

Air-conditioning processes alter the temperature and specific humidity of
the atmosphere. The weight of dry air remains constant and conse-
quently computations are best based upon 1 lb of dry air.

Liquid water may enter or leave the apparatus. Its weight mf lb of air
is often merely the difference between the specific humidities of the
entering and leaving atmospheres. Its specific enthalpy at the observed
or assumed temperature of supply or removal tf is

hf 5 tf 2 32 Btu/ lb of liquid

Because most air conditioning involves steady-flow processes, ther-
mal results are computed by the steady flow equation, written for 1 lb of
air. Using subscript 1 for entering atmosphere and liquid water, and for
heat supplied; and 2 for departing atmosphere and water, and for heat
abstracted; the equation becomes (in the absence of work)

hm1 1 mf1hf1 1 q1 5 hm2 1 mf2hf2 1 q2 Btu/ lb air

Either or both values of mf or q may be zero.
In terms of the sigma function, the steady-flow equation becomes

o1 1 W1(tw1 1 32) 1 mf1hf1 1 q1 5 o2 1 W2(tw2 2 32)
1 mf2hf2 1 q2 Btu/ lb air

Unit processes involved in air conditioning include heating and cool-
ing an atmosphere above its dew point , cooling below the dew point ,
adiabatic saturation, and mixing of two atmospheres. These, in various
sequences, make it possible to start with any given atmosphere and
produce an atmosphere of any required characteristics.

Heating and cooling above the dew point entail no condensation of
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vapor. Barometric pressure and composition being unaltered, partial
pressures remain constant . The process is represented in Fig. 4.1.19.

EXAMPLE. Initial conditions: pt 5 28 inHg; ta 5 60°F; tw 5 50°F; pv 5
0.26 inHg; V 5 1,200 ft3.

Final conditions: td 5 82°F.
Initial computed values: r 5 0.50; W 5 0.0058 lb vapor/ lb air; ra 5 0.0707 lb

air/ft3; ma 5 V 3 ra 5 1,200 3 0.0707 5 84.9 lb air; hm 5 20.7 Btu/ lb air.
Final computed values: pv, W, and ma unaltered; r 5 0.24; ra 5 0.0679 lb

air/ft3; V 5 ma/ra 5 84.9/0.0679 5 1,250 ft3; hm 5 26.1 Btu/ lb air.
Heat added: q 5 hm2 2 hm1 5 26.1 2 20.7 5 5.4 Btu/ lb air; Q 5 q 3 ma 5

wet-bulb temperature of the atmosphere is constant throughout the
chamber (Fig. 4.1.22). If the chamber is sufficiently large, the issuing
atmosphere will be saturated at the wet-bulb temperature of the entering
atmosphere; i.e., as the atmosphere passes through the chamber, tw re-
mains constant , td is reduced from its initial value to tw. In a chamber of
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5.4 3 84.9 5 458 Btu.

Fig. 4.1.19 Fig. 4.1.20

Cooling below the dew point, and dehumidification, entails condensation
of vapor; the final atmosphere will be saturated, liquid will appear (see
Fig. 4.1.20).

EXAMPLE. Initial conditions: pt 5 29 inHg; td 5 75°F; tw 5 65°F; V 5
1,500 ft3.

Final condition: td 5 45°F.
Initial computed values: W 5 0.0113 lb vapor/ lb air; ra 5 0.0706 lb air/ft3;

ma 5 1,500 3 0.0706 5 106.0 lb air; hm 5 30.4 Btu/ lb air; tc 5 60°F.
Final computed values: td 5 45°F; pv 5 0.30 inHg; r 5 1.0; W 5 0.0065 lb

vapor/ lb air; ra 5 0.0754 lb air/ft3; V 5 106.0/0.0754 5 1,406 ft3; hm 5
17.8 Btu/ lb air.

Liquid formed: mf 5 W1 2 W2 5 0.0113 2 0.0065 5 0.0048 lb liqud/ lb air;
hf 5 50 2 32 5 18 Btu/ lb liquid (assuming that the liquid is drained out at an
average temperature tf 5 50°F).

Heat abstracted: q 5 hm1 2 hm2 2 m1hf 5 30.4 2 17.8 2 0.0048 3 18 5
12.5 Btu/ lb air; Q 5 q 3 ma 5 12.5 3 106.0 5 1,325 Btu.

Dehumidification may be accomplished in a surface cooler, in which
the air passes over tubes cooled by brine or refrigerant flowing through
them. The solution of this type of problem is most easily handled on the
chart (see Fig. 4.1.21). Locate the point representing the state of the
entering atmosphere, and draw a straight line to a point on the saturation
curve (r 5 1.0) at the temperature of the cooling surface. The final state
of the issuing atmosphere is approximated by a point on this line whose
position on the line is determined by the heat abstracted by the cooling
medium. This depends upon the extent of surface and the coefficient of
heat transfer.

Fig. 4.1.21

Adiabatic saturation (humidification) may be conducted in a spray
chamber through which atmosphere flows. A large excess of water is
recirculated through spray nozzles, and evaporation is made up by a
suitable water supply. After the process has been operating for some
time, the water in the spray chamber will have been cooled to the tem-
perature of adiabatic saturation, which differs from the wet-bulb tem-
perature only because of radiation and velocity errors that affect the
wet-bulb thermometer. No heat is added or abstracted; the process is
adiabatic. The heat of vaporization for the water that is evaporated is
supplied by the cooling of the air passing through the chamber. The
Fig. 4.1.22

commercial size, the action may terminate somewhat short of this, the
precise end point being determined by the duration and effectiveness of
contact between air and spray water. In any case, the weight of water
evaporated equals the increase in the specific humidity of the atmo-
sphere.

EXAMPLE. Initial conditions pt 5 30 inHg; td 5 78°F; tw 5 55°F; r 5 0.20;
W 5 28 grains vapor/ lb air.

Final conditions: td 5 tw 5 55°F; r 5 1.0; W 5 64 grains vapor/ lb air.
Water evaporated: W2 2 W1 5 64 2 28 5 36 grains water/ lb air

The design of the spray chamber to produce this result is necessarily
based upon experience with like apparatus previously built .

In practice, the spray chamber is preceded and followed by heating
coils, the first to warm the entering atmosphere to the desired value of
tw, determined by the prescribed final specific humidity, the second to
warm the issuing atmosphere to the desired temperature, and simulta-
neously to reduce its relative humidity to the desired value.

The spray chamber that is used for adiabatic saturation (humidifica-
tion) in winter may be used for dehumidification in summer by supply-
ing the spray nozzles with refrigerated water instead of recirculated
water. In this case, the issuing atmosphere will be saturated at the tem-
perature of the spray water, which will be held at the desired dew point .
Subsequent heating of the atmosphere to an acceptable temperature will
simultaneously reduce the relative humidity to the desired value.

Mixing Two Atmospheres In recirculating ventilation systems, two
atmospheres (1 and 2) are mixed to form a third (3). The state of the
final atmosphere is readily found graphically on the psychrometric chart
(see Fig. 4.1.23). Locate the points 1 and 2 representing the states of the
initial atmospheres. Connect these points by a straight line. Locate a
point that divides this line into segments inversely proportional to the
weights of air in the respective atmospheres. The division point repre-
sents the state of the final mixture, so long as it falls below the saturation
curve (r 5 1). If the final point falls above the saturation curve, as in
Fig. 4.1.24, condensation will ensue, and the true final point 4 is found

Fig. 4.1.23 Fig. 4.1.24

by drawing a line from the apparent point 3, parallel to the lines of
constant wet-bulb temperature, to its intersection with the saturation
curve. From all the points involved, readings of specific humidity may
be taken, including point 3 when it falls above the saturation curve, and
in this case the difference between W3 and W4 will be the weight of
condensate, pounds per pounds air.

If the chart is sectional and the two points do not fall in the same
section, or in any case in which it is preferred, the same method may be
carried out arithmetically.
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For adiabatic mixing in a steady-flow process of two masses of
‘‘moist’’ air, each at the total pressure of pt,

ma3 5 ma1 1 ma2

In the absence of condensation,

ma3W3 5 ma1W1 1 ma2W2and
ma3hm3 5 ma1hm1 1 ma2hm2

When condensation occurs, assume that the condensate is removed at
the final temperature t4 and that the final mixture consists of dry air and

In an evaporative condenser, vapor is condensed within tubes that are
cooled by the evaporation of water flowing over the outside of the tubes;
the water evaporates into the atmosphere. The computation of results is
similar to that for the cooling tower.

REFRIGERATION

Vapor Compression Machines The essential parts of a vapor-
compression system are the same as in the system using air, except that
the expansion cylinder is replaced by an expansion value through which
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saturated water vapor at this same temperature. The weight of conden-
sate is

mc 5 ma1W1 1 ma2W2 2 ma3W4

where W4 is the specific humidity for saturation at temperature t4 and
total pressure pt . Also

ma1hm1 1 ma2hm2 5 ma2hm4 1 mchf4

In the case of condensation, a trial solution is necessary to find the
temperature t4 that will satisfy these relations.

EXAMPLE. Two thousand ft3 of air per min at td1 5 80°F and tw1 5 65°F are
mixed in an adiabatic, steady-flow process with 1,000 ft3 of air per min at
td2 5 95°F and tw2 5 75°F; the total pressure of each mixture is 29 inHg.

By computation, ma1 5 140 lb dry air/min; W1 5 0.010 lb/ lb dry air;
ma2 5 67.6 lb dry air/min; W2 5 0.0146 lb/ lb dry air.

ma3 5 207.6 lb dry air/min.
W3 5 0.0116 lb/ lb dry air.
hm1 5 30.3 Btu/ lb dry air and hm2 5 38.9 Btu/ lb dry air.
hm3 5 33.1 Btu/ lb dry air.
td3 5 84.9°F.

EXAMPLE. Fifteen hundred ft3 of air per min at td1 5 0°F and r1 5 0.8 are
mixed in an adiabatic, steady-flow process with 1,000 ft3 of air per min at
td2 5 100°F and r2 5 0.9; the total pressure of each mixture is 30 inHg.

By computation, ma1 5 129.6 lb of dry air/min; W1 5 0.000626 lb/ lb dry air;
ma2 5 66.9 lb of dry air/min; W2 5 0.03824 lb/ lb dry air; hm1 5 0.09 Btu/ lb dry
air; hm2 5 66.29 Btu/ lb dry air.

The three equations that must be satisfied by a choice of the terminal tempera-
ture, t4 5 td4 5 tw4, are

mc 5 2.64 2 196.5W4

4551 5 196.5hm4 1 mchf4

W4 5 pv4/1.61(30 2 pv4) for r4 5 1

The value of t4 that satisfies these equations is 55°F; condensation amounts to
0.84 lb/min.

The cooling tower is a chamber in which outdoor atmosphere flows
through a spray of entering hot water, which is to be cooled. The tem-
perature of the water is reduced in part by the warming of the air, and in
greater part by the evaporation of a portion of the water. The atmo-
sphere enters at given conditions and emerges at a higher temperature
and usually saturated (r 5 1). It is commonly possible to cool the water
below the temperature of the entering air, often to about halfway be-
tween td and tw. The volume of atmosphere per pound of entering water
and the weight of water evaporated are to be computed.

EXAMPLE. A cooling tower is to receive water at 120°F and atmosphere at
td 5 90, tw 5 80, whence pv 5 0.92, W 5 0.0196 lb vapor/ lb air, ra 5 0.0702 lb
air/ft3, and hm 5 43.2. The water is to be cooled to 85°F. What volume of atmo-
sphere must be passed through the tower, and what weight of water will be lost by
evaporation?

The issuing atmosphere will be assumed to be saturated at 115°F. Then
td 5 115°F, pv 5 3.0 inHg, W 5 0.0690 lb vapor/ lb air, ra 5 0.0623 lb air/ft3,
and hm 5 104.4 Btu/ lb air.

The two unknowns are the weight of air to be passed through the tower and
the weight of water to be evaporated. The two equations are the water-weight bal-
ance and the enthalpy balance (the steady-flow equation for zero heat transfer
to or from outside). Assume that 1 lb water enters, of which x lb are evapo-
rated. The water-weight balance 1 1 maW1 5 1 2 x 1 maW2 becomes x 5
ma(W2 2 W1) 5 ma(0.0690 2 0.0196) 5 0.0494ma. The enthalpy balance 1 3
(120 2 32) 1 mahm1 5 (1 2 x)(85 2 32) 1 mahm2 becomes 88 1 43.2ma 5
53(1 2 x) 1 104.4ma; whence 53x 5 53 2 88 1 ma(104.4 2 43.2) 5 2 35 1
61.2ma.

Solving these simultaneous equations, x 5 0.0295 lb water evaporated per
pound of water entering and ma 5 0.597 lb air per pound water entering.
the liquefied medium flows from the high-pressure condensing coils to
the low-pressure brine coils. The cycle of operation is best shown on the
T-S plane (Fig. 4.1.25). The point B represents the state of the refriger-
ating medium leaving the brine coils and entering the compressor. Usu-
ally in this state the fluid is nearly dry saturated vapor; i.e., point B is
near the saturation curve Sg. BC represents the assumed reversible adia-
batic compression, during which the fluid is usually superheated. In the
state C, the superheated vapor passes into the cooling coils and is cooled
at constant pressure, as indicated by CD, and then condensed at temper-

Fig. 4.1.25 Vapor compression refrigeration cycle.

ature T2, as shown by DE. The liquid now flows through the expansion
valve into the brine coils. This is a throttling process, and the final-state
point A is located on the T1-line in such a position as to make the
enthalpy for state A (5 area OHGAA1) equal to the enthalpy at E (5 area
OHEE1). The mixture of liquid and vapor now absorbs heat from the
brine and vaporizes, as indicated by AB.

The heat absorbed from the brine, represented by area A1ABC1, is

Q1 5 hb 2 ha 5 hb 2 he

The heat rejected to the cooling water, represented by area C1CDEE1, is

Q2 5 hc 2 he 5 cp(Tc 2 Td) 1 r2 approx

where r2 denotes the enthalpy of vaporization at the upper temperature
T2, and cp the specific heat of the superheated vapor. The work that must
be supplied per pound of fluid circulated is W 5 Q2 2 Q1 5 hc 2 hb. The
ratio Q1/W 5 (hb 2 he)/(hc 2 hb) is sometimes called the coefficient of
performance.

If Q denotes the heat to be absorbed from the brine per hour, then the
quantity of fluid circulated per hour is m 5 Q/(hb 2 ha); or, if B is taken
on the saturation curve, m 5 Q/(hg1 2 hf2).

The work per hour is W 5 m(hc 2 hg1) 5 Q(hc 2 hg1)/(hg1 2 hf2)
ft ? lb, and the horsepower required is H 5 Q(hc 2 hg1)/2544(hg1 2 hf2).
The (U.S.) ton of refrigeration represents a cooling rate of 200 Btu/min,
which is closely equivalent to that of 50 kcal /min, 210 kJ/min, or
3.5 kW. (Extensive tables of refrigerant properties are found in the
‘‘ASHRAE Handbook.’’)

If vg1 is the volume of the saturated vapor at the temperature T1 in the
brine coils, and n the number of working strokes per minute, the dis-
placement volume of the compressor cylinder is V 5 mvg1/(60n).

The work necessary for operating a refrigerator, although usually
supplied through the compressor, may be supplied in other ways. Thus
in absorption refrigerators (see Secs. 12 and 19) an absorbent , usually
water, absorbs the refrigerant , usually ammonia. The water, by its affin-
ity for the ammonia, has, in a thermodynamic sense, ability to do work.
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Having absorbed the ammonia and thereby lost its ability to do work,
the water may have its work capacity restored by passing the ammonia-
water solution through a rectifying column from which water and am-
monia emerge. With operation under a suitable pressure, the ammonia is
condensed to a liquid. This, in turn, may be evaporated, yielding refrig-
eration, the ammonia vapors being once again absorbed in the water.
Thermodynamically the analysis for these absorption cycles is similar to
that for compression cycles. See Wood, ‘‘Applications of Thermody-
namics,’’ 2d ed., Addison-Wesley, for an in-depth discussion of the
absorption refrigeration cycle.

actual steam engines and steam turbines. Figure 4.1.26 shows this cycle
on the T-S and p-V planes. AB represents the heating of the water in the
boiler, BC represents evaporation (and superheating if there is any), CD
the assumed isentropic expansion in the engine cylinder, and DA con-
densation in the condenser.
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Other papers on absorption refrigeration or heat pump systems include
Chen, Heat Recovery Systs. & CHP, 30, 1988, pp. 37–51; Narodos-
lawsky et al., Heat Recovery Systs. & CHP, 8, no. 5, 1988, pp. 459–
468, and 8, no. 3, 1988, pp. 221–233; Egrican, 8, no. 6, 1988, pp.
549–558; and for the aqua ammonia system, Ataer and Goguy, Int. J.
Refrig., 14, Mar. 1991, pp. 86–92. Kalina (J. Eng. Gas Turbines &
Power, 106, 1984, pp. 737–742) proposed a new cycle using an ammo-
nia-water solution as a bottoming cycle system. The proper selection of
the composition and parameters of the working fluid was stated to be
critical in the cycle design. Absorption replaces condensation of the
working fluid after expansion in the turbine. Special care is also needed
to regulate pressure drops between turbine stages. Chuang et al. [AES
(A.S.M.E.), 10, no. 3, 1989, pp. 73–77] evaluated exergy changes in the
cycle while Kouremenos and Rogdaikis [AES (A.S.M.E.), 19, 1990, pp.
13–19] developed a computer code for use with h-s and T-s diagrams.
For heat pumps using binary mixtures see Hihara and Sato, ASME/JSME
Thermal Eng. Proc., 3, 1991, p. 297. For supercritical heat pump cycles
see, e.g., Angelino and Invernizzi, Int. J. Refrig., 17, no. 8, 1991; pp.
543–554.

An analysis of industrial gas separation to yield minimum overall
cost , i.e., taking into account both energy and capital cost , for the
processes of distillation, absorption, adsorption, and membranes was
given by Haselden, Gas Separation & Purification, 3, Dec. 1989,
pp. 209–216. Analysis of the thermodynamic regenerator cycle with
compressed-gas throttling, called the Linde cycle, was made by
Lavrenchenko, Cryogenics, 33, no. 11, 1993, pp. 1040–1045.

Orifice pulse tube refrigerators are receiving more attention. Kittel
(Cryogenics, 32, no. 9, 1992, pp. 843–844) examines their thermody-
namic efficiency and refers to Radebaugh (Adv. Cryog. Eng., 35B,
1990, pp. 1192–1205) for a review of these devices.

de Rossi et al. (Proc Mtg. IIR–IIF Comm. B1, Tel Aviv, 1990) gave
an interactive computer code for refrigerant thermodynamic properties
which was evaluated for 20 different refrigerants in vapor compression
and a reversed Rankine cycle (Appl. Energy, 38, 1991, pp. 163–180).
The evaluation included an exergy analysis. A similar publication was
AES (A.S.M.E.), 3, no. 2, 1987, pp. 23–31. Other papers include Kumar
et al. (Heat Recovery Systems & CHP, 9, no. 2, 1989, pp. 151–157),
Alefeld (Int. J. Refrig., 10, Nov. 1987, pp. 331–341), and Nikolaidis
and Probert (Appl. Energy, 43, 1992, pp. 201–220).

The problem of deciding which refrigerants will be used in the future
is complex. Although recommendations exist as to the phasing out of
existing substances, one cannot predict the extent to which the recom-
mendations will be followed. The blends proposed by several manufac-
turers have yet to receive extensive testing. One must bear in mind that
in addition to the thermodynamic suitability considerations of material
compatibility, ozone depletion potential, etc. have to be taken into ac-
count . According to Dr. McLinden of the National Institute of Stan-
dards and Technology, Boulder, CO (private communication, March
1995), R 11, R 12, R 22, R 123, R 134a as well as ammonia (R 717)
and propane/isobutane (R 290/R 600a) blends are likely to be impor-
tant for many years. The presentation of the tables in Sec. 4.2 has been
revised to include some of these plus a few other compounds used in
ternary blends. The best single source for further information is the
‘‘ASHRAE Handbook—Fundamentals,’’ 1993 or latest edition.

STEAM CYCLES

Rankine Cycle The ideal Rankine cycle is generally employed by
engineers as a standard of reference for comparing the performance of
Fig. 4.1.26 Rankine cycle.

Let ha, hb, hc, hd represent the enthalpy per unit mass of steam in the
four states A, B, C, and D, respectively. Then the energy transformed
into work, represented by the area ABCD, is hc 2 hd (enthalpies in
Btu/lbm).

The energy expended on the fluid is hc 2 ha, hence the Rankine cycle
efficiency is et 5 (hc 2 hd)/(hc 2 ha).

The steam consumption of the ideal Rankine engine in pounds per
horsepower-hour is Nr 5 2,544/(hc 2 hd). Expressed in pounds per
kilowatthour, the steam consumption of the ideal Rankine cycle is
3,412.7/(hc 2 hd).

The performance of an engine is frequently stated in terms of the heat
used per horsepower-hour. For the ideal Rankine engine, this is

Qr 5 2,544/et 5 2,544(hc 2 ha)/(hc 2 hd)

Efficiency of the Actual Engine Let Q denote the heat transformed
into work per pound of steam by the actual engine; then if Q1 is the heat
furnished by the boiler per pound of steam, the thermal efficiency of the
engine is et 5 Q/Q1.

The efficiency thus defined is misleading, as it takes no account of
the conditions of boiler and condenser pressure, superheat , or quality of
steam. It is customary therefore to define the efficiency as the ratio
Q/Qa, where Qa is the available heat, or the heat that could be trans-
formed under ideal conditions. For steam engines and turbines, the
Rankine cycle is usually taken as the ideal, and the quantity Q/Qa 5
Q(hc 2 hd) is called the engine efficiency. For engines and turbines, this
efficiency ranges from 0.50 to 0.85. The engine efficiency e may also be
expressed in terms of steam consumed; thus, if Na is the steam con-
sumption of the actual engine and Nr is the steam consumption of the
ideal Rankine engine under similar conditions, then e 5 Nr /Na.

EXAMPLE. Suppose the boiler pressure to be 180 psia, superheat 150°F, and
the condenser pressure 3 in of mercury. From the steam tables or diagram, the
following values are found: hc 5 1,283.3, hd 5 942, ha 5 82.99. The available
heat is Qa 5 1,283.3 2 942 5 341.3 Btu, and the thermodynamic efficiency of the
cycle is 341.3/(1,283.3 2 82.99) 5 0.284. The steam consumption per horse-
power-hour is 2,544/341.3 5 7.46 lb, and the heat used per horsepower-hour is
2,544/0.284 5 8,960 Btu. If an actual engine working under the same conditions
has a steam consumption of 11.4 lb/(hp ? h), its efficiency is 7.46/11.4 5 0.655,
and its heat consumption per horsepower-hour is 8,960/0.655 5 13,680 Btu.

Reheating Cycle Let the steam after expansion from p1 to an inter-
mediate pressure p2 (cd, Fig. 4.1.27) be reheated at constant pressure p2,
as indicated by de. Then follows the isentropic expansion to pressure p3,
represented by ef.

The energy absorbed by 1 lb of steam is hc 2 ha from the boiler, and
he 2 hd from the reheating. The work done, neglecting the energy re-
quired to operate the boiler feed pump, etc., is hc 2 hd 1 he 2 hf. Hence
the efficiency of the cycle is

et 5
hc 2 hd 1 he 2 hf

hc 2 ha 1 he 2 hd

Bleeding Cycle In the regenerative or bleeding cycle, steam is drawn
from the turbine at one or more stages and used to heat the feed water.
Figure 4.1.28 shows a diagrammatic arrangement for bleeding at one
stage. Entering the turbine is 1 1 w lb of steam at p1, t1, and enthalpy
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h1. At the bleeding point w lb at p2, t2 , h2 enters the feedwater heater.
The remaining 1 lb passes through the turbine and condenser and enters
the feedwater heater as water at temperature t3. Let t9 denote the tem-
perature of the water leaving the heater, and h9 the corresponding en-

bility of efficiency improvement over the steam cycle is due to higher
inlet temperatures associated with the gas turbine. Significant advances
are predicted in the near future in expanding our energy sources and
reserves.

THERMODYNAMICS OF FLOW
OF COMPRESSIBLE FLUIDS

Important examples of the flow of compressible fluids are the follow-
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Fig. 4.1.27 Reheating cycle.

thalpy of the liquid. Then the equation for the interchange of heat in the
heater is

w(h2 2 h9) 5 h9 2 hf3

The work done by the bled steam is w(h1 2 h2) and that by the 1 lb
of steam going completely through the turbine is h1 2 h3. Total
work 5 w(h1 2 h2) 1 (h1 2 h3) if work to the pumps is neglected. The
heat supplied between feedwater heater and turbine is (1 1 w)(h1 2 h9).
Hence the ideal efficiency of the cycle is

et 5
w(h1 2 h2) 1 h1 2 h3

(1 1 w)(h 2 h9)

A computer program which is claimed to model the thermodynamic
performance of any steam power system has been described by Thelen
and Somerton [AES, (A.S.M.E.), 33, 1994, pp. 167–175], extending an
earlier analysis.

Fig. 4.1.28 Regenerative feedwater heating.

The use of selected fluid mixtures in Rankine cycles was proposed by
Radermacher (Int. J. Ht. Fluid Flow, 10, no. 2, June 1989, p. 90). Lee
and Kim (Energy Convsn. Mgmt., 33, no. 1, 1992, pp. 59–67) describe
the finite time optimization of a modified Rankine heat engine. For a
steam Wankel engine see Badr et al. (Appl. Energy, 40, 1991, pp. 157–
190).

Heat from nuclear reactors can be used for heating services or,
through thermodynamic cycles, for power purposes. The reactor coolant
transfers the heat generated by fission so as to be used directly, or
through an intermediate heat-exchange system, avoiding radioactive
contamination. Steam is the preferred thermodynamic fluid in practice
so that the Rankine-cycle performance standards with regenerative and
reheat variations prevail. Adaptation of gas-turbine cycles, using
various gases, can be expected as allowable reactor temperatures are
raised.

Many engineers and scientists are actively engaged in research deal-
ing with the location, production, utilization, transmission, storage, and
distribution of new forms of energy. Examples are the study of the
energy released in the fusion of hydrogen nuclei and research in solar
energy. Considerable effort is being expended in studying the feasibility
of combining the gas turbine with a steam-generating plant . The possi-
ing: (1) the flow of air and steam through orifices and short tubes or
nozzles, as in the steam turbine, (2) the flow of compressed air, steam,
and illuminating gas in long mains, (3) the flow of low-pressure gases,
as furnace gases in ducts and chimneys or air in ventilating ducts, and
(4) the flow of gases in moving channels, as in the centrifugal fan.

Notation

Let A 5 area of section, ft2

C5 empirically determined coefficient of discharge
D 5 inside diameter of pipe, ft
d 5 12D 5 inside diameter of pipe, in

F12 5 energy expended in overcoming internal and external friction
between sections A1 and A2

F9 5 energy used in overcoming friction, ft ? lb/ lb of fluid flowing
f5 friction factor 5 4f 9
g 5 32.2 5 local acceleration of gravity, ft /s2

gc 5 a dimensional constant
h 5 enthalpy, Btu/ lb
J 5 778.3 ft ? lb/Btu
k 5 cp /cv

L 5 equivalent length of pipe, ft
m 5 mass of fluid flowing past a given section per s, lb
m5 viscosity, cP
P 5 pressure, lb/in2 abs

DP5 differential pressure across nozzle, lb/in2

p 5 pressure of fluid at given section, lb/ft2 abs
pm 5 critical flow pressure

Q12 5 heat entering the flowing fluid between sections A1 and A2

q 5 volume of fluid flowing past section, ft3/min
R 5 ideal gas constant
r 5 density, lb/ft3

T 5 temperature, °R
v 5 mean velocity at the given section, ft /s
v 5 specific volume
w5 weight of fluid power flowing past a given section per s, lb
z5 height from center of gravity of flow to fixed base level, ft

The cross sections of the tube or channel are denoted by A1, A2, etc.
(Fig. 4.1.29), and the various magnitudes pertaining to these sections
are denoted by corresponding subscripts. Thus, at section A1, the veloc-
ity, specific volume, and pressure are, respectively, v1, v1, p1; at section
A2, they are v2, v2, p2.

Fig. 4.1.29

Fundamental Equations In the interpretation of fluid-flow phe-
nomena, three fundamental equations are of importance.

1. The continuity equation, or material balance,

A1v1

v1

5
A2v2

v2

or
dv

v
5

dA

A
1

dv

v

2. The first law of energy balance for steady flow,

q 5 (h2 2 h1) 1
v2

2 2 v2
1

2gc

1
g

gc

(z2 2 z1)
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3. The available energy balance for a steady-flow process, based on
unit weight , is

v dp 1
v dv

g
1 dF 1 dz 5 0

In the process here discussed, no net external or shaft work is per-
formed.

For most actual processes, the third equation cannot be integrated
because the actual path is not known. Usually, adiabatic flow is as-
sumed, but occasionally the assumption of isothermal conditions may

to unity . For air, assuming R 5 53.3, k 5 1.3937, and v1 negligible,

m 5 2.05CA2p2 √(1/T1)(p1/p2)0.283[(p1/p2)0.283 2 1]

Although the preceding formulas are generally applicable under the
assumed conditions, it must be remembered that irrespective of the
value of p3, p2 cannot become less than pm. When p3 is less than pm, the
flow rate becomes independent of the downstream pressure; for ideal
gases,

m 5 CA p gc 2 (k11)(k21)

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
be more nearly correct .
For adiabatic flow of imcompressible fluids, the last equation above can

be written in the more familiar form known as Bernoulli’s equation:

(p2 2 p1)/r 1 (v2
2 2 v2

1)/2 1 g/gc(z2 2 z1) 5 0

Flow through Orifices and Nozzles As a compressible fluid passes
through a nozzle, drop in pressure and simultaneous increase in velocity
result . By assuming the type of flow, e.g., adiabatic, it is possible to
calculate from the properties of the fluid the required area for the cross
section of the nozzle at any point in order that the flowing fluid may just
fill the provided space. From this calculation, it is found that for all
compressible fluids the nozzle form must first be converging but even-
tually, if the pressure drops sufficiently, a place is reached where to
accommodate the increased volume due to the expansion the nozzle
must become diverging in form. The smallest cross section of the nozzle
is called the throat , and the pressure at the throat is the critical flow
pressure (not to be confused with the critical pressure). If the nozzle is
cut off at the throat with no diverging section and the pressure at the
discharge end is progressively decreased, with fixed inlet pressure, the
amount of fluid passing increases until the discharge pressure equals the
critical, but further decrease in discharge pressure does not result in
increased flow. This is not true for thin plate orifices. For any particular
gas, the ratio of critical to inlet pressure is approximately constant . For
gases, pm/p1 5 0.53 approx; for saturated steam the ratio is about 0.575;
and for moderately superheated steam it is about 0.55.

Formulas for Orifice Computations The general fundamental rela-
tion is given by the energy balance (v2

2 2 v2
1)/(2gc) 5 2 h12. Referring

to Fig. 4.1.30, let section 2 be taken at the orifice, section 3 is somewhat

Fig. 4.1.30

beyond the orifice on the downstream side, and section 1 is before the
orifice on the upstream side. Then

v2 5 C √2gc(h1 2 h2)Y√1 2SA2

A1
D2Sv1

v2
D2

The coefficient of discharge C is discussed in Secs. 3 and 16. The
volume of gas passing is v2A2 ft3/s, and the quantity is v2A2r. For ideal
gases, assuming reversible adiabatic expansion through the orifice,

v2 5 C
√2gcp1v1

k

k 2 1F1 2Sp2

p1
D(k21)/kG

√1 2SA2

A1
D2Sp2

p1
D2/k

m 5 CA2p2

√ 2gc

RT1

k

k 2 1 Sp1

p2
D(k21)/kFSp1

p2
D(k21)/k

2 1G
√1 2SA2

A1
D2Sp2

p1
D2/k

Often v1 is small compared with v2, and under these conditions the
denominators in the preceding equations become approximately equal
2 1 √RT1

kSk 1 1D
or for air

m 5 0.53Cp1

A2

√T1

The following formula is useful for calculating the flow rate, in cubic
feet per minute, of any gas (provided no condensation occurs) through a
nozzle for pressure drops less than the critical range:

q1 5
31.5Cd2

nY9

r1

√r1 DP

In this equation,

Y9 5S k

k 2 1D1/2SP2

P1
D1/k

3 √F1 2SP2

P1
D(k21)/kGYS1 2

P2

P1
DF1 2Sdn

d1
D4SP2

P1
D2/kG

where P1 5 static pressure on upstream side of nozzle, psia; P2 5 static
pressure on downstream side of nozzle, psia; d1 5 diameter of pipe
upstream of nozzle, in; dn 5 nozzle throat diameter, in; r1 5 specific
weight of gas at upstream side of nozzle, lb/ft3. Values of Y9 are given in
Table 4.1.3.

Where the pressure drop through the orifice is small, the hydraulic
formulas applicable to incompressible fluids may be employed for gases
and other compressible fluids.

In general, the formulas of the preceding section are applicable to
nozzles. When so used, however, the proper value of the discharge
coefficient must be employed. For steam nozzles, this may be as high as
0.94 to 0.96, although for many orifice installations it is as low as 0.50
to 0.60. Steam nozzles constitute a most important type, and calcula-
tions for these are best carried out with the aid of a Mollier or similar
chart .

Formulas for Discharge of Steam When the back pressure p3 is less
than the critical pressure pm, the discharge depends upon the area of
orifice A2 and reservoir pressure p1. There are three formulas widely
used to express, approximately, the discharge m of saturated steam in
terms of A2 and p1 as follows:

1. Napier’s equation, m 5 A2 p1/70.
2. Grashof’s formula, m 5 0.0165 A2 p1

0.97.
3. Rateau’s formula, m 5 A2 p1(16.367 2 0.96 log p1)/1,000.
In these formulas, A2 is to be taken in square inches, p1 in pounds per

square inch. Napier’s formula is merely convenient as a rough check.
Formulas 2 and 3 are applicable to well-rounded convergent orifices, in
which case the coefficient of discharge may be taken as 1; i.e., no
correction is required.

When the back pressure p2 is greater than the critical flow pressure
pm, the velocity and discharge are found most conveniently from the
general formulas of flow. From the steam tables or from the Mollier
chart, find the initial enthalpy h1 and the enthalpy h2 after isentropic
expansion; also the specific volume v2 (see Fig. 4.1.31). Then

v2 5 223.7 √h1 2 h2 and m 5 A2v2/v2

The same method is used in the case of steam initially superheated.

EXAMPLE. Required the discharge through an orifice 1⁄2 in diam of steam at
140 psi superheated 110°F, back pressure, 90 psia.
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Table 4.1.3 Values for Y9

k 5 1.40 k 5 1.35 k 5 1.30

dn/d1 dn/d1 dn/d1

P2 /P1 0 0.2 0.3 0.4 0.5 0 0.2 0.3 0.4 0.5 0 0.2 0.3 0.4 0.5

1.00
0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91
0.90
0.89
0.88
0.87
0.86
0.85
0.84
0.83
0.82
0.81
0.80
0.79
0.78
0.77
0.76
0.75
0.74
0.73
0.72
0.71
0.70

1.000
0.995
0.989
0.984
0.978
0.973
0.967
0.962
0.956
0.951
0.945
0.939
0.934
0.928
0.922
0.916
0.910
0.904
0.898
0.892
0.886
0.880
0.874
0.868
0.862
0.856
0.849
0.843
0.837
0.820
0.824

1.001
0.995
0.990
0.985
0.979
0.974
0.968
0.963
0.957
0.951
0.946
0.940
0.934
0.928
0.923
0.917
0.911
0.905
0.899
0.893
0.887
0.881
0.875
0.869
0.862
0.856
0.850
0.844
0.837
0.831
0.824

1.004
0.999
0.993
0.988
0.982
0.977
0.971
0.965
0.960
0.954
0.948
0.943
0.937
0.931
0.925
0.919
0.913
0.907
0.901
0.895
0.889
0.883
0.877
0.871
0.864
0.858
0.852
0.845
0.839
0.832
0.826

1.013
1.007
1.002
0.996
0.990
0.985
0.979
0.973
0.967
0.961
0.956
0.950
0.944
0.938
0.932
0.926
0.920
0.913
0.907
0.901
0.895
0.889
0.882
0.876
0.869
0.863
0.857
0.850
0.844
0.837
0.830

1.033
1.027
1.021
1.015
1.009
1.002
0.996
0.990
0.984
0.978
0.971
0.965
0.959
0.953
0.946
0.940
0.933
0.927
0.920
0.914
0.907
0.901
0.894
0.887
0.881
0.874
0.867
0.860
0.854
0.847
0.840

1.00
0.994
0.989
0.983
0.978
0.972
0.966
0.961
0.955
0.949
0.943
0.937
0.931
0.925
0.919
0.913
0.907
0.901
0.895
0.889
0.883
0.876
0.870
0.864
0.857
0.851
0.844
0.838
0.831
0.825
0.818

1.001
0.995
0.990
0.984
0.978
0.973
0.967
0.961
0.955
0.950
0.944
0.938
0.932
0.926
0.920
0.914
0.908
0.902
0.895
0.889
0.883
0.877
0.870
0.864
0.858
0.851
0.845
0.838
0.831
0.825
0.818

1.004
0.999
0.993
0.987
0.981
0.976
0.970
0.964
0.958
0.952
0.946
0.940
0.934
0.926
0.922
0.916
0.910
0.904
0.898
0.891
0.885
0.879
0.872
0.866
0.859
0.853
0.846
0.840
0.833
0.827
0.820

1.013
1.007
1.001
0.995
0.990
0.984
0.978
0.972
0.966
0.960
0.953
0.947
0.941
0.935
0.929
0.923
0.916
0.910
0.904
0.897
0.891
0.834
0.878
0.871
0.865
0.858
0.851
0.845
0.838
0.831
0.824

1.033
1.027
1.020
1.014
1.008
1.001
0.995
0.989
0.982
0.976
0.969
0.963
0.956
0.950
0.943
0.936
0.930
0.923
0.917
0.910
0.903
0.896
0.889
0.882
0.876
0.869
0.862
0.855
0.848
0.840
0.833

1.000
0.994
0.988
0.983
0.977
0.971
0.965
0.959
0.953
0.947
0.941
0.935
0.929
0.922
0.916
0.910
0.904
0.897
0.891
0.885
0.878
0.872
0.865
0.859
0.852
0.845
0.839
0.832
0.825
0.818
0.811

1.001
0.995
0.989
0.983
0.977
0.972
0.966
0.960
0.954
0.948
0.942
0.935
0.929
0.923
0.917
0.911
0.904
0.898
0.891
0.885
0.879
0.872
0.865
0.859
0.852
0.846
0.839
0.832
0.825
0.819
0.812

1.004
0.998
0.992
0.986
0.980
0.974
0.968
0.962
0.956
0.950
0.944
0.938
0.932
0.926
0.919
0.913
0.907
0.900
0.894
0.887
0.880
0.874
0.868
0.861
0.854
0.848
0.841
0.834
0.827
0.820
0.813

1.013
1.007
1.001
0.995
0.989
0.982
0.976
0.970
0.964
0.957
0.951
0.945
0.938
0.932
0.926
0.923
0.919
0.916
0.900
0.893
0.886
0.880
0.873
0.866
0.859
0.852
0.845
0.838
0.831
0.824
0.817

1.033
1.026
1.020
1.013
1.007
1.000
0.993
0.987
0.980
0.973
0.966
0.959
0.953
0.946
0.939
0.932
0.925
0.918
0.911
0.904
0.897
0.890
0.883
0.876
0.869
0.862
0.855
0.848
0.841
0.834
0.826

If the velocity of approach is zero (as with a nozzle taking in air from the outside), d1 is infinite and dn /d1 is zero.

From the Mollier chart and the steam tables, h1 5 1,255.7, h2 5 1,214,
v2 5 5.30 ft3.

v2 5 233.7 √ 1,255.7 2 1,214 5 1,455
A2 5 0.1964 in2 5 (0.1964/144)ft2

m 5 A2v2/v2 5 (0.1964/144) 3 (1,455/5.30) 5 0.372 lb/s

This calculation assumes ideal conditions, and the results must be multiplied by
the correct coefficient of discharge to get actual results.

Flow through Converging-Diverging Nozzles At the throat , or
smallest cross section of the nozzle (Fig. 4.1.32), the pressure of satu-

frictionless expansion, h93 (. h3) is the enthalpy when friction is taken
into account; hence (v93)2/(2gc) 5 (h1 2 h93) is less than v2

3 /gc 5 h1 2 h3.
The loss of kinetic energy, in Btu, is h93 2 h3, and the ratio of this loss to
the available kinetic energy, i.e., (h93 2 h3)/(h1 2 h3), is denoted by y.
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rated steam takes the value pm 5 0.57p1. The quantity discharged is
fixed by the area A2 of the throat and the initial pressure p1. For satu-
rated steam, Grashof’s or Rateau’s formula (see above) may be used.
The diverging part of the nozzle permits further expansion to the break
pressure p3, the velocity of the jet meanwhile increasing from vm(5 v2),
the critical velocity at the throat , to v3 given by the fundamental equa-
tion v3 5 223.7√ h1 2 h3.

The frictional resistances in the nozzle have the effect of decreasing
the jet energy v2

3 / (2gc) and correspondingly increasing the enthalpy of
the flowing fluid. Thus, if h3 is the enthalpy in the final state with

Fig. 4.1.31
Fig. 4.1.32

The design of a nozzle for a given discharge m with pressures p1 and p3

is most conveniently effected with the aid of the Mollier chart . Deter-
mine pm, the critical pressure, and h1, hm, h3, assuming frictionless flow.
Then

vm 5 223.7 √h1 2 hm

and
v93 5 223.7 √(1 2 y)(h1 2 h3)

Next find vm and v93. Then, from the equation of continuity,

Am 5 mvm /vm

and

A93 5 mv93/v93

The following example illustrates the method.

EXAMPLE. Required the throat and end sections of a nozzle to deliver 0.7 lb
of steam per second. The initial pressure is 160 psia, the back pressure 15 psia, and
the steam is initially superheated 100°F; y 5 0.15.



FLOW OF FLUIDS IN CIRCULAR PIPES 4-23

The critical pressure is 160 3 0.55 5 88 lb. On the Mollier chart (Fig. 4.1.33),
the point A representing the initial state is located, and line of constant entropy
(frictionless adiabatic) is drawn from A. This cuts the curves p 5 88 and p 5 15 in
the points B and C, respectively. The three values of h are found to be h1 5 1,253,
hm 5 1,199, h3 5 1,067. Of the available drop in enthalpy, h1 2 h3 5 185.5 Btu,

practically proportional to the steam velocity, the actual discharge in
this case is 3.6 percent greater than the discharge computed on the usual
assumptions.

Velocity Coefficients, Loss of Energy y On account of friction
losses, the actual velocity v attained by the jet is less than the velocity v0

calculated under ideal conditions. That is, v 5 xv0, where x (, 1) is a
velocity coefficient . The coefficient x is connected with the coefficient
y, giving the loss of energy, by the relation, y 5 1 2 x2.

The elaborate and accurate experiments of the General Electric Co.
on turbine nozzles give convergent nozzles values of x in excess of 0.98,
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Fig. 4.1.33

15 percent or 27.9 Btu is lost through friction. Hence, CD 5 27.9 is laid off and D
is projected horizontally to point C9 on the curve p 5 15. Then C9 represents the
final state of the steam, and the quality is found to be x 5 0.943. The specific
volume in the state C9 is 26.29 3 0.943 5 24.8 ft3. Likewise, the specific volume
for the state B is found to be 5.29 ft3/ lb.

For the velocities at throat and end sections,

vm 5 223.7 √1,253 2 1,199 5 1,643 ft /s

v3 5 223.7 √185.5 2 27.9 5 2,813 ft /s
Am 5 (0.7 3 5.29)/1,643 5 0.00225 ft2 5 0.324 in2

A3 5 (0.7 3 24.8)/2,813 5 0.00617 ft2 5 0.89 in2

The diameters are dm 5 0.643 in and d3 5 1.064 in.

Divergence of Nozzles Figure 4.1.34 gives, for various ratios of
expansion, the required ‘‘divergence’’ of nozzle, i.e., the ratio of the
area of any section to the throat area. Thus in the case of saturated
steam, if the final pressure is 1⁄15 of the initial pressure the ratio of the
areas is 3.25. The curves apply to frictionless flow; the effect of friction
is to increase the divergence.

Fig. 4.1.34

Theory of Supersaturation Certain discrepancies between the dis-
charge of saturated steam through an orifice as calculated from the
preceding theory and the discharge actually observed are explained by a
hypothesis first advanced by Martin, viz., that steam when expanded
rapidly, as in turbine nozzles, becomes supersaturated; in other words,
the condensation required by the ordinary theory of adiabatic expansion
does not occur on account of the rapidity of the expansion.

The effect of supersaturation in turbines is a loss of energy, the
amount of which may be 1.5 to 3 percent of the available energy of the
steam.

Flow of Wet Steam When the steam entering a nozzle is wet , the
speed of the water particles at exit is not the same as the speed of the
steam. Denoting by v the speed of the steam, the speed of the water drop
is f v, and f may vary perhaps 0.20 to 0.05 or less, depending on the
pressure. The actual velocity v of the steam is greater than the velocity
v0 calculated on the usual assumption that steam and water have
the same velocity. If x is the quality of the steam, the ratio of these veloc-
ities is

v/v0 5 1/√x 1 f 2(1 2 x)

Thus with x 5 0.92, f 5 0.15, v/v0 5 1.036. Since the discharge is
with a corresponding loss of energy y 5 0.025 to 0.04. For similar
nozzles, the experiments of the Steam Nozzles Research Committee (of
England) by a different method give values of x around 0.96, or
y 5 0.08. In the case of divergent nozzles, the velocity coefficient may
be somewhat lower.

FLOW OF FLUIDS IN CIRCULAR PIPES

The fundamental equation as previously given on a unit weight bases,
assuming the pipe horizontal, is

(v dv/g) 1 v dp 1 dF 5 0

The friction term dF includes not only losses due to frictional flow
along the pipe but also those due to fittings, valves, etc., as well as losses
occasioned by any enlargement or contraction of the pipe as, for in-
stance, the loss occurring when a fluid passes from a pipe into a tank.
For long straight pipes of uniform diameter, dF is approximately equal
to 2 f 9 [v2 dL/(gD)]. It is usual to express friction due to fittings, etc., in
terms of additional length of pipe, adding this to the actual pipe length to
get the equivalent pipe length.

Integration of the fundamental equation leads to two sets of formulas.
1. For pressure drops, small relative to the initial pressure, the spe-

cific volume v and the velocity v may be assumed constant . Then ap-
proximately

p1 2 p2 5 2 f 9v2L/(vgD)

Expressing pressure in pounds per square inch, p9, the diameter in
inches, and v as a function of wv/d 2, this equation becomes

p91 2 p92 5 174.2 f 9w2vL/d5

2. For considerable pressure drops, when dealing with approxi-
mately isothermal flow of gases and vapors to which the gas laws are
applicable, the fundamental equation on a weight basis may be inte-
grated to give

p2
1 2 p2

2 5
2w2RT

gA2
ln

v2

v1

1
4f 9RTw2L

gA2D

Coefficients of Friction The coefficient of friction f is not a constant
but is a function of the dimensionless expression m/(rva) or mv/(vd),
which is the reciprocal of the Reynolds number. McAdams and Sher-
wood formulate the expression

f 9 5 0.0054 1 0.375[mv/(vd)]

This formula is applicable to water and other fluids. For high-pressure
steam, the second term in the expression is small and f 9 is approxi-
mately equal to 0.0054. Babcock has suggested the approximation
f 9 5 0.0027(1 1 3.6/d) for steam.

Values of f 5 4f 9 as a function of pipe surface are given in Sec. 3.3.
For predicting the capacity of a given pipe operating on a chosen fluid

with fixed pressure drop, the use of Fig. 4.1.35 eliminates the trial-and-
error methods usually involved.

Resistances due to fittings, expressed in terms of L/D, are as follows:
90° elbows, 1–21⁄2 (3–6) [7–10] in, 30 (40) [50]; 90° curves, radius of
centerline of curve 2–8 pipe diameters, 10; globe valves, 1–21⁄2 (3–6)
[7–10] in, 45 (60) [75]; tees, 1–4 in, 60. The resistance in energy units,
due to sudden enlargement in a pipe, is approximately (v1 2 v2)2/(2g).
For sudden contraction it is 1.5(1 2 r)v 2

2 /[2g(3 2 r)], where r 5 A2 /A1.
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(See ‘‘Camerons Hydraulic Data,’’ latest edition, Ingersoll Rand Co.,
Woodcliff Lake, NJ; Warring, ‘‘Hydraulic Handbook,’’ 8th ed., Gulf,
Houston and Trade & Tech. Press, Morden, Surrey; Houghton and
Brock, ‘‘Tables for the Compressible Flow of Dry Air,’’ 3d ed., E.
Arnold, London, with a review of basic equations and tabular data for
the isentropic flow of dry air with Prandtl-Meyer expansion angles,
Rayleigh flow, Fanno flow, and plane normal and oblique shock wave
tables; Shapiro, ‘‘The Dynamics and Thermodynamics of Compressible
Fluid Flow,’’ Ronald Press, New York; Blevins, ‘‘Applied Fluid Dy-
namics Handbook,’’ Van Nostrand Reinhold.)

occurs. For each gas, there are different values of pressure and tempera-
ture at which no temperature change occurs during a Joule-Thomson
expansion. That temperature is called the inversion temperature. Below
this temperature, a gas cools on throttling; above it , its temperature
rises. The ratio of the observed drop in temperature to the drop in
pressure, i.e., dT/dP, is the Joule-Thomson coefficient . In actual design,
the effect of heat leaks must be carefully evaluated before the theoreti-
cal Joule-Thomson coefficients are applied.

Figure 4.1.36 shows the variation of inversion temperature with pres-
sure and temperature; the exact values are shown in Table 4.1.4. The
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Fig. 4.1.35 Chart for estimating rate of flow from the pressure gradient.

THROTTLING

Throttling or Wire Drawing When a fluid flows from a region of
higher pressure into a region of lower pressure through a valve or con-
stricted passage, it is said to be throttled or wire-drawn. Examples are
seen in the passage of steam through pressure-reducing valves, in the
flow through ports and passages in the steam engine, and in the expan-
sion valve of the refrigerating machine.

The general equation applicable to throttling processes is

(v2
2 2 v2

1)/(2gc) 5 h1 2 h2

The velocities v2 and v1 are practically equal, and it follows that
h1 5 h2; i.e., in a throttling process there is no change in enthalpy.

For a mixture of liquid and vapor, h 5 hf 1 xhfg; hence the equation
of throttling is hf1 1 x1hfg1 5 hf 2 1 x2hfg2. In the case of a perfect gas,
h 5 cpT 1 h0; hence the equation of throttling is cpT1 1 h0 5 cpT2 1
h0, or T1 5 T2.

Joule-Thomson Effect The investigations of Joule and Lord Kelvin
showed that a gas drops in temperature when throttled. This is not
universally true. For some gases, notably hydrogen, the temperature
rises for throttling processes over ordinary ranges of temperature and
pressure. Whether there is a rise or fall in temperature depends on the
particular range of pressure and temperature over which the change

Fig. 4.1.36 Inversion curve.
inversion locus for air is shown in Table 4.1.5.
The cooling effect produced by throttling has been applied to the lique-

faction of gases.

Table 4.1.4 Approximate Inversion-Curve Locus in
Reduced Coordinates (TR 5 T /Tc; PR 5 P/Pc)*

Pr 0 0.5 1 1.5 2 2.5 3 4

TRL 0.782 0.800 0.818 0.838 0.859 0.880 0.903 0.953
TRU 4.984 4.916 4.847 4.777 4.706 4.633 4.550 4.401

Pr 5 6 7 8 9 10 11 11.79

TRL 1.01 1.08 1.16 1.25 1.35 1.50 1.73 2.24
TRU 4.23 4.06 3.88 3.68 3.45 3.18 2.86 2.24

* Calculated from the best three-constant equation recommended by Miller, Ind. Eng. Chem.
Fundam. 9, 1970, p. 585. TRL refers to the lower curve and TRU to the upper curve.

Table 4.1.5 Approximate Inversion-Curve Locus for Air

Pr,
bar 0 25 50 75 100 125 150 175 200 225

TL, K (112)* 114 117 120 124 128 132 137 143 149
TU, K 653 641 629 617 606 594 582 568 555 541

P, bar 250 275 300 325 350 375 400 425 432

TL, K 156 164 173 184 197 212 230 265 300
TU, K 526 509 491 470 445 417 386 345 300

* Hypothetical low-pressure limit .

Loss due to Throttling A throttling process in a cycle of operations
always introduces a loss of efficiency. If T0 is the temperature corre-
sponding to the back pressure, the loss of available energy is the product
of T0 and the increase of entropy during the throttling process. The
following example illustrates the calculation in the case of ammonia
passing through the expansion valve of a refrigerating machine.

EXAMPLE. The liquid ammonia at a temperature of 70°F passes through the
valve into the brine coil in which the temperature is 20 deg and the pressure is
48.21 psia. The initial enthalpy of the liquid ammonia is hf 1 5 120.5, and therefore
the final enthalpy is hf 2 1 x2hfg2 5 64.7 1 553.1x2 5 120.5, whence x2 5 0.101.
The initial entropy is sf 1 5 0.254. The final entropy is sf 2 1 (x2hfg2 /T2) 5 0.144 1
0.101 3 1.153 5 0.260. T0 5 20 1 460 5 480; hence the loss of refrigerating
effect is 480 3 (0.260 2 0.254) 5 2.9 Btu.

COMBUSTION

REFERENCES: Chigier, ‘‘Energy, Combustion and Environment ,’’ McGraw-Hill.
Campbell, ‘‘Thermodynamic Analysis of Combustion Engines,’’ Wiley. Glass-
man, ‘‘Combustion,’’ Academic Press. Lefebvre, ‘‘Gas Turbine Combustion,’’
McGraw-Hill. Strehlow, ‘‘Combustion Fundamentals,’’ McGraw-Hill. Williams
et al., ‘‘Fundamental Aspects of Solid Propellant Rockets,’’ Agardograph, 116,
Oct. 1969. Basic thermodynamic table type information needed in this area is
found in Glushko et al., ‘‘Thermodynamic and Thermophysical Properties of
Combustion Products,’’ Moscow, and IPST translation; Gordon, NASA Technical
Paper 1906, 1982; ‘‘JANAF Thermochemical Tables,’’ NSRDS-NBS-37, 1971.

Fuels For special properties of various fuels, see Sec. 7. In general,
fuels may be classed under three headings: (1) gaseous fuels, (2) liquid
fuels, and (3) solid fuels.
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The combustible elements that characterize fuels are carbon, hydro-
gen, and, in some cases, sulfur. The complete combustion of carbon
gives, as a product , carbon dioxide, CO2; the combustion of hydrogen
gives water, H2O.

Combustion of Gaseous and Liquid Fuels

Combustion Equations The approximate molecular weights of the
important elements and compounds entering into combustion calcula-
tions are:

H2

18

EXAMPLE. A producer gas having the volume composition given is burned
with 20 percent excess of air; required the volume composition of the exhaust
gases.

V
H2 0.08
CO 0.22
CH4 0.024
CO2 0.066
N2 0.61

1.0
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Material C H2 O2 N2 CO CO2

Molecular weight 12 2 32 28 28 44

For the elements C and H, the equations of complete combustion are

C 1 O2 5 CO2 H2 1 1⁄2O2 5 H2O
12 lb 1 32 lb 5 44 lb 2 lb 1 16 lb 5 18 lb

For a combustible compound, as CH4, the equation may be written
CH4 1 x ? O2 5 y ? CO2 1 z ? H2O

Taking, as a basis, 1 molecule of CH4 and making a balance of the
atoms on the two sides of the equation, it is seen that

2 1 2 0.048 0.024 0.048
0 1 0 0 0.066 0
0 0 0 0 0 0

0.198 0.31 0.128
y 5 1 z 5 2 2x 5 2y 1 z or x 5 2

Hence,

CH4 1 2O2 5 CO2 1 2H2O
16 lb 1 64 lb 5 44 lb 1 36 lb

The coefficients in the combustion equation give the combining vol-
umes of the gaseous components. Thus, in the last equation 1 ft3 of CH4

requires for combustion 2 ft3 of oxygen and the resulting gaseous prod-
ucts of combustion are 1 ft3 of CO2 and 2 ft3 of H2O. The coefficients
multiplied by the corresponding molecular weights give the combining
weights. These are conveniently referred to 1 lb of the fuel. In the
combustion of CH4, for example, 1 lb of CH4 requires 64/16 5 4 lb of
oxygen for complete combustion and the products are 44/16 5 2.75 lb
of CO2 and 36/16 5 2.25 lb of H2O.

Air Required for Combustion The composition of air is approxi-
mately 0.232 O2 and 0.768 N2 on a pound basis, or 0.21 O2 and 0.79 N2

by volume. For exact analyses, it may be necessary sometimes to take
account of the water vapor mixed with the air, but ordinarily this may be
neglected.

The minimum amount of air required for the combustion of 1 lb of a
fuel is the quantity of oxygen required, as found from the combustion
equation, divided by 0.232. Likewise, the minimum volume of air re-
quired for the combustion of 1 ft3 of a fuel gas is the volume of oxygen
divided by 0.21. For example, in the combustion of CH4 the air required
per pound of CH4 is 4/0.232 5 17.24 lb and the volume of air per cubic
foot of CH4 is 2/0.21 5 9.52 ft3. Ordinarily, more air is provided than is
required for complete combustion. Let a denote the minimum amount
required and xa the quantity of air admitted; then x 2 1 is the excess
coefficient.

Products of Combustion The products arising from the complete
combustion of a fuel are CO2, H2O, and if sulfur is present , SO2. Ac-
companying these are the nitrogen brought in with the air and the oxy-
gen in the excess of air. Hence the products of complete combustion are
principally CO2, H2O, N2, and O2. The presence of CO indicates incom-
plete combustion. In simple calculations the reaction of nitrogen with
oxygen to form noxious oxides, often termed NOx, such as nitric oxide
(NO), nitrogen peroxide (NO2), etc., is neglected. In practice, an auto-
mobile engine is run at a lower compression ratio to reduce NOx forma-
tion. The reduced pollution is bought at the expense of reduced operat-
ing efficiency. The composition of the products of combustion is readily
calculated from the combustion equations, as shown by the following
illustrative example. (See also Table 4.1.7.)
O CH4 C2H4 C2H6O S NO NO2 SO2

16 28 46 32 30 46 64

Coefficients in Coefficients
reaction equations multiplied by V

O2 CO2 H2O O2 CO2 H2O

0.5 0 1 0.04 0 0.08
0.5 1 0 0.11 0.22 0
For 1 ft3 of the producer gas, 0.198 ft3 of O2 is required for complete combus-
tion. The minimum volume of air required is 0.198/0.21 5 0.943 ft3 and with 20
percent excess the air supplied is 0.943 3 1.2 5 1.132 ft3. Of this, 0.238 ft3 is
oxygen and 0.894 ft3 is N2. Consequently, for 1 ft3 of the fuel gas, the exhaust gas
contains

CO2 0.31 ft3

H2O 0.128 ft3

N2 0.61 1 0.894 5 1.504 ft3

O2 (excess) 0.238 2 0.198 5 0.040 ft3

1.982 ft3

or

CO2 15.7 percent
H2O 6.5 percent
N2 75.8 percent
O2 2.0 percent

100.0 percent

Volume Contraction As a result of chemical action, there is often a
change of volume; for example, in the reaction 2H2 1 O2 5 2H2O, three
volumes (two of H2 and one of O2) contract to two volumes of water
vapor. In the example just given, the volume of producer gas and air
supplied is 1 ft3 gas 1 1.132 ft3 air 5 2.132 ft3, and the corresponding
volume of the exhaust gas is 1.982 ft3, showing a contraction of about 7
percent . For a hydrocarbon having the composition CmHn, the relative
volume contraction is 1 2 n/4; thus for CH4 and C2H4 there is no
change of volume, for C2H2 the contraction is half the volume, and for
C2H6 there is an increase of one-half in volume.

The change of volume accompanying a chemical reaction, such as a
combustion, causes a corresponding change in the gas constant R. Let
R9 denote the constant for the mixture of gas and air (1 lb of gas and
xa lb of air) before combustion, and R99 the constant of the mixture of
resulting products of combustion. Then, if y is the resulting contraction
of volume, R99/R9 5 (1 1 xa 2 y)/(1 1 xa).

Heat of Combustion Usually, a chemical change is accompanied by
the generation or absorption of heat . The union of a combustible with
oxygen produces heat , and the heat thus generated when 1 lb of com-
bustible is completely burned is called the heat of combustion or the heat
value of the combustible. Heat values are determined experimentally by
calorimeters in which the products of combustion are cooled to the
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initial temperature and the heat absorbed by the cooling medium is
measured. This is called the high heat value.

The heat transferred (heat of combustion) during a combustion reac-
tion is computed on either a constant-pressure or a constant-volume
basis. The first law is used in the the analysis of either process.

1. The heat value at constant volume (Qv). Consider a constant-volume
combustion process where several reactants combine under proper con-
ditions to form one or more products. The heat of combustion under
constant-volume conditions (Qv) according to the first law may be ex-
pressed as follows:

If the reactants and products are assumed to be ideal gases, then the
relation for (Qp) may be expressed as follows, where DN represents the
change in number of moles and R the universal gas constant:

Qp 5 Qv 1 DN RT

From this relation the heat transferred (heat of combustion) at constant
pressure may be found from the heat of reaction at constant volume, or
vice versa, if the temperature and molar-volume change are known.

If there is no change of volume due to the combustion, the heat values
Qp and Qv are the same. When there is a contraction of volume, Qp

B

1
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Qv 5 o(Nu)P 2 o(Nu)R

The term N refers to the amount of material, and the symbol u signifies
the internal energy per unit quantity of material. The subscripts P and R
refer to the products and reactants, respectively. Hence, it may be con-
cluded that Qv is equal to the change in internal energy. The heat of
combustion under constant-volume conditions may also be described as
the quantity of heat transferred from a calorimeter to the external
surroundings when the termperature and volume of the combustion
products are brought to the temperature and volume, respectively, of the
gaseous mixture before burning.

2. The heat value at constant pressure (Qp). For a constant-pressure
process the first law may be expressed as

Qp 5 o(Nu)P 2 o(Nu)R 1 pVP 2 pVR

Here the symbols p and V refer to the pressure and total volume, respec-
tively. Usually in combustion reactions that part of the change in inter-
nal energy resulting from a volume change is small in comparison to the
total change; hence it may usually be neglected. Assuming therefore
that the internal energy change for a constant-volume reaction is ap-
proximately equal to that for a constant-pressure change, the following
equation results:

Qp 5 Qv 1 p(VP 2 VR)

Since Qv is equal to the change in internal energy, this relation may be
changed to enthalpy values, from which it may be concluded that Qv is
equal to the change in enthalpy. The heat of combustion under constant-
pressure conditions may also be described as the heat transferred from a
calorimeter when the pressure and temperature of the products are
brought back to the pressure and temperature, respectively, of the gas-
eous mixture before burning.

Table 4.1.6 Heats of Combustion

Fuel
Chemical
symbol

Carbon to CO2 C
Carbon to CO C
CO to CO2 CO
Sulfur to SO2 S

Hydrogen H2 6
Methane CH4 2
Ethane C2H6 2
Propane C3H8 2
Butane C4H10 2
Pentane C5H12 2
Hexane (liquid) C6H14 2
Octane (liquid) C8H18 2
n-Decane (liquid) C10H22 2
Ethylene C2H4 2
Propene (propylene) C3H6 2
Acetylene (ethyne) C2H2 2
Benzene C6H6 1
Toluene (methyl benzene) C7H8 1
Methanol (methyl alcohol, liquid) CH4O
Ethanol (ethyl alcohol, liquid) C2H6O 1
Naphthalene (solid) C10H8 1

* Measured as a gas at 68°F and 14.70 psia. Multiply by 1.0154 fo
exceeds Qv by the heat equivalent of the work done on the gas during the
contraction. For example, in the burning of CO according to the equa-
tion CO 1 1⁄2O2 5 CO2, there is a contraction of 1⁄2 volume. Taking
62°F as the temperature, the volume of 1 lb CO at atmospheric pressure
is 13.6 ft3; hence the equivalent of the work done at atmospheric pres-
sure is 1⁄2 3 13.6 3 2,116/778 5 18.5 Btu, which is about 0.4 percent of
the heat value of CO. Since the difference between Qp and Qv is small in
most fuels, it is usually neglected.

It is also to be noted that heat values vary with the initial temperature
(which is also the final temperature), but the variation is usually negli-
gible.

Heat Value per Unit Volume Since the consumption of a fuel gas is
more easily measured by volume than by mass, it is convenient to
express heat values in terms of volumes. For this purpose, a standard
temperature and pressure must be assumed. It is customary to take
atmospheric pressure (14.70 psi) as standard, but there is diversity of
practice in the matter of a standard temperature. The temperature of
68°F (20°C) is generally accepted in metric countries and has been
recommended by the American delegates to the meeting of the Interna-
tional Committee of Weights and Measures and also by the ASME
Power Test Codes Committee. The American Gas Assoc. uses 60°F as
the standard temperature of reference. Conversion of density and heat
values from 68 to 60°F of dry (saturated) gas is obtained by multiplying
by the factor 1.0154 (1.0212). Conversion of specific volumes of dry
(saturated) gas is obtained by multiplying by the factor 0.9848 (0.9792).

If the gas is at some other pressure and temperature, say p1 psia and
T1 °R, the heat value per cubic foot is found by multiplying the heat
value per cubic foot under standard conditions by 35.9p1/T1.

The heat values of a few of the more common fuels per pound and per
cubic foot are given in Table 4.1.6.

Heat Value per Unit Volume of Mixture Let a denote the volume of

High heat value Low heat value

tu/ lb *Btu/ft3 Btu/ lb *Btu/ft3

4,096
3,960
4,346 316.0
3,984
1,031 319.4 51,593 270.0

3,890 994.7 21,518 896.0
2,329 1,742.6 20,431 1,594.5
1,670 2,480.1 19,944 2,282.6
1,316 3,215.6 19,679 2,968.7
1,095 3,950.2 19,513 3,654.0
0,675 . . . . . . . 19,130
0,529 . . . . . . . 19,029
0,371 . . . . . . . 19,175
1,646 1,576.1 20,276 1,477.4
1,053 2,299.4 19,683 2,151.3
1,477 1,451.4 20,734 1,402.0
8,188 3,687.5 17,446 3,539.3
8,441 4,410.1 17,601 4,212.6
9,758 . . . . . . . 8,570
2,770 . . . . . . . 11,531
7,310 . . . . . . . 13,110

r 60°F and 14.70 psia.
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air required for the combustion of 1 ft3 of fuel gas and xa the value of air
actually admitted, (x 2 1)a being therefore the excess. Then the volume
of the mixture of fuel gas and air is 1 1 xa, and the quotient Q/(1 1 xa)
may be called the heat value per cubic foot of mixture. This magnitude
is useful in comparing the relative volumes of mixture required with
different fuel gases. Thus a lean gas, as blast-furnace gas or producer
gas, has a low heat value Q, but the value of a is correspondingly low.
On the other hand, a rich gas, like natural gas, has a high heat value but
requires a large volume of air for combustion.

Low and High Heat Values Any fuel containing hydrogen yields

bomb calorimeter (constant volume) gives practically correct values of
the high heat value; a gas calorimeter (constant pressure) gives values
which, for the usual fuels, may be incorrect by a fraction of 1 percent .
The quantity to be subtracted from the high heat value to obtain the low
heat value will vary with the composition of the fuel; an approximate
value is 1,050m, where m is the number of pounds of H2O formed per
pound of fuel burned.

In Germany, the low heat value of the fuel is used in calculating
efficiencies of internal-combustion engines. In the United States, the
high value is specified by the ASME Power Test Codes.
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water as one product of combustion. At atmospheric pressure, the par-
tial pressure of the water vapor in the resulting combustion gas mixture
will usually be sufficiently high to cause water to condense out if the
temperature is allowed to fall below 120 to 140°F. This causes libera-
tion of the heat of vaporization of any water condensed. The low heat
value is evaluated assuming no water vapor condensed, whereas the
high heat value is calculated assuming all water vapor condensed.

To facilitate calculations of the temperature attained by combustion,
it is desirable to make use of the low heat value. The necessity of taking
into account the heat of vaporization of the water vapor and the differ-
ence between the specific heats of liquid water and of water vapor is
thus avoided. The high heat of combustion exceeds the low heat of
combustion by the difference between the heat actually given up on
cooling the products to the initial temperature and that which would
have been given up if the products had remained in the gaseous state. A

Table 4.1.7 Products of Combustion
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Oxygen O2 32 0.0831
Nitrogen N2 28.08 0.0727
Air 0.0753
Hydrogen H2 2.016 0.0052 2.39
Steam H2O 18.016
Carbon monoxide CO 28.00 0.0727 2.39
Carbon dioxide CO2 44.00 0.1142
Methane CH4 16.03 0.0416 9.55
Ethane C2H6 30.05 0.0779 16.71
Propane C3H8 44.06 0.1142 23.87
Butane C4H10 58.1 0.1506 30.94
Pentane C5H12 72.1 0.1869 38.08
Hexane C6H14 86.1 0.2232 45.3
Heptane C7H16 100.1 0.2596 52.5
Octane C8H18 114.1 0.2959 59.7
Nonane C9H20 128.2 0.3323 66.8

Benzene C6H6 78.0 0.2025 35.8
Toluene C7H8 92.1 0.2388 42.9
Xylene C8H10 106.2 0.2752 50.1
Cyclohexane C6H12 84.0 0.2180 43.0
Ethylene C2H4 28.03 0.0728 14.32
Propylene C3H6 42.0 0.1090 21.48
Butylene C4H8 64.1 0.1454 28.64

Acetylene C2H2 26.02 0.0675 11.93
Allylene C3H4 40.0 0.1038 19.09
Naphthalene C10H8 128.1 0.3322 57.3
Methyl alcohol CH4O 32.0 0.0830 7.16
Ethyl alcohol C2H6O 46.0 0.1194 14.32

SOURCE: Marks, ‘‘The Airplane Engine.’’
Heat of Formation The change in enthalpy resulting when a com-
pound is formed from its elements isothermally and at constant pressure
is numerically equal to, but of opposite sign to, the heat of formation,
DHf 5 2 Qf. It is equal to the difference between the heats of combus-
tion of the constituents forming the compound and the heat of combus-
tion of the compound itself. The following values for heats of formation
are in Btu per pound of the compound. The elements before the change
and the compounds formed are assumed in their ordinary stable states at
65°F and 1 atm. A plus sign indicates heat evolved on forming the
compound, a minus sign heat absorbed from the surroundings.

Fuels Methane, CH4 (gas), 2,001.4; ethane, C2H6 (gas), 1,206.1;
propane, C3H8 (vapor), 1,008.5; acetylene, C2H2 (gas), 2 3747; ethyl-
ene, C2H4 (gas), 2 805.3; benzene, C6H6 (vapor), 2 459; toluene, C7H8

(vapor), 2 234.9; methyl alcohol, CH3OH (liquid), 3,227.3; ethyl alco-
hol, C2H5OH (liquid), 2623.3.
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amount of air, ft3

1 lb of fuel in theoretical
amount of air, lb
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0 1 1.89 34.2 0.0 8.94 26.28

1 2 7.55 17.21 2.75 2.248 13.22
2 3 13.21 16.07 2.93 1.799 12.34
3 4 18.87 15.65 3.00 1.635 12.02
4 5 24.53 15.44 3.03 1.551 11.86
5 6 30.2 15.31 3.05 1.499 11.76
6 7 35.8 15.22 3.07 1.465 11.69
7 8 41.5 15.15 3.08 1.439 11.64
8 9 47.2 15.11 3.08 1.421 11.60
9 10 52.8 15.07 3.09 1.406 11.57

6 3 28.3 13.26 3.38 0.693 10.18
7 4 34.0 13.50 3.35 0.783 10.36
8 5 39.6 13.57 3.31 0.845 10.42
6 6 34.0 14.76 3.14 1.285 11.34
2 2 11.32 14.76 3.14 1.285 11.34
3 3 16.98 14.76 3.14 1.285 11.34
4 4 22.64 14.76 3.14 1.285 11.34

2 1 9.43 13.26 3.38 0.693 10.18
3 2 15.09 13.78 3.30 0.900 10.59

10 4 45.28 12.93 3.44 0.563 9.93
1 2 5.66 6.46 1.37 1.125 4.96
2 3 11.32 8.99 1.91 1.174 6.90
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Table 4.1.8 Internal Energy of Gases
Btu/(lb ?mol) above 520°R

Temp. °R O2 N2 Air CO2 H2O H2 CO Apv

520
540
560
580

600
700
800
900

1,000

1,100
1,200
1,300
1,400
1,500

1,600
1,700
1,800
1,900
2,000

2,100
2,200
2,300
2,400
2,500

2,600
2,700
2,800
2,900
3,000

3,100
3,200
3,300
3,400
3,500

3,600
3,700
3,800
3,900
4,000

4,100
4,200
4,300
4,400
4,500

4,600
4,700
4,800
4,900
5,000

5,100
5,200
5,300
5,400

0
100
200
301

402
920

1,449
1,989
2,539

3,101
3,675
4,262
4,861
5,472

6,092
6,718
7,349
7,985
8,629

9,279
9,934

10,592
11,252
11,916

12,584
13,257
13,937
14,622
15,309

16,001
16,693
17,386
18,080
18,776

19,475
20,179
20,887
21,598
22,314

23,034
23,757
24,482
25,209
25,938

26,668
27,401
28,136
28,874
29,616

30,361
31,108
31,857
32,607

0
97

196
295

395
896

1,399
1,905
2,416

2,934
3,461
3,996
4,539
5,091

5,652
6,224
6,805
7,393
7,989

8,592
9,203
9,817

10,435
11,056

11,682
12,313
12,949
13,590
14,236

14,888
15,543
16,199
16,855
17,512

18,171
18,833
19,496
20,162
20,830

21,500
22,172
22,845
23,519
24,194

24,869
25,546
26,224
26,905
27,589

28,275
28,961
29,648
30,337

0
97

196
295

395
897

1,403
1,915
2,431

2,957
3,492
4,036
4,587
5,149

5,720
6,301
6,889
7,485
8,087

8,698
9,314
9,934

10,558
11,185

11,817
12,453
13,095
13,742
14,394

15,051
15,710
16,369
17,030
17,692

18,356
19,022
19,691
20,363
21,037

21,714
22,393
23,073
23,755
24,437

25,120
25,805
26,491
27,180
27,872

28,566
29,262
29,958
30,655

0
139
280
424

570
1,320
2,120
2,965
3,852

4,778
5,736
6,721
7,731
8,764

9,819
10,896
11,993
13,105
14,230

15,368
16,518
17,680
18,852
20,033

21,222
22,419
23,624
24,836
26,055

27,281
28,513
29,750
30,991
32,237

33,487
34,741
35,998
37,258
38,522

39,791
41,064
42,341
43,622
44,906

46,193
47,483
48,775
50,069
51,365

52,663
53,963
55,265
56,569

0
122
244
357

490
1,110
1,734
2,366
3,009

3,666
4,399
5,030
5,740
6,468

7,212
7,970
8,741
9,526

10,327

11,146
11,983
12,835
13,700
14,578

15,469
16,372
17,288
18,217
19,160

20,117
21,086
22,066
23,057
24,057

25,067
26,085
27,110
28,141
29,178

30,221
31,270
32,326
33,389
34,459

35,535
36,616
37,701
38,791
39,885

40,983
42,084
43,187
44,293

0
96

193
291

390
887

1,386
1,886
2,387

2,889
3,393
3,899
4,406
4,916

5,429
5,945
6,464
6,988
7,517

8,053
8,597
9,147
9,703

10,263

10,827
11,396
11,970
12,549
13,133

13,723
14,319
14,921
15,529
16,143

16,762
17,385
18,011
18,641
19,274

19,911
20,552
21,197
21,845
22,497

23,154
23,816
24,480
25,418
25,819

26,492
27,166
27,842
28,519

0
97

196
295

396
896

1,402
1,913
2,430

2,954
3,485
4,026
4,580
5,145

5,720
6,305
6,899
7,501
8,109

8,722
9,339
9,961

10,588
11,220

11,857
12,499
13,144
13,792
14,443

15,097
15,754
16,414
17,078
17,744

18,412
19,082
19,755
20,430
21,107

21,784
22,462
23,140
23,819
24,499

25,179
25,860
26,542
27,226
27,912

28,600
29,289
29,980
30,674

1,033
1,072
1,112
1,152

1,192
1,390
1,589
1,787
1,986

2,185
2,383
2,582
2,780
2,979

3,178
3,376
3,575
3,773
3,972

4,171
4,369
4,568
4,766
4,965

5,164
5,362
5,561
5,759
5,958

6,157
6,355
6,554
6,752
6,951

7,150
7,348
7,547
7,745
7,944

8,143
8,341
8,540
8,738
8,937

9,136
9,334
9,533
9,731
9,930

10,129
10,327
10,526
10,724

SOURCE: L. C. Lichty, ‘‘Internal Combustion Engines,’’ p. 582, derived from data given by Hershey, Eberhardt , and Hottel,
Trans. SAE, 31, 1936, p. 409.
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Inorganic Compounds Al2O3, 6,710; CaO, 4,869; CaCO3, 5,206;
FeO, 1,611; Fe2O3, 2,238; Fe3O4, 2,075; FeS2, 532.7; HCl (gas), 1,089,
HNO3 (liquid), 1,190; H2O (liquid), 6,827; H2S (gas), 279.9; H2SO4

(liquid), 3,555.8; K2O, 164.7; MgO, 6,522; MnO, 2,449; NO, 2 1,296;
N2O, 2 803.5; Na2O, 2,888; NH3, 1,163; NH4CL, 1,480; NiO, 1,407;
P2O5, 5,394; PbO (red), 423.0; PbO2, 489.1; SO2, 1,933; SO3, 2,112;
SnO, 904.7; ZnO, 1,847.

INTERNAL ENERGY AND ENTHALPY OF GASES

0.072 mol O2 1 2.098 mol N2 this is 6.1 1 6.95 1 0.72 1 20.34 5 34.11 Btu.
The energy u of the mixture is next calculated for various assumed tempera-

tures, the proper values being taken from Table 4.1.8.
If the heat of combustion, 107,569 Btu, is entirely used in the increase of

energy, the temperature attained lies somewhere between 5,000 and 5,100; by
interpolation, the value 5,073° is obtained.

Loss of heat during combustion may readily be taken into account; thus if 10
percent of the heat of combustion is lost , the amount available for increasing the
energy of the products is 107,569 3 0.90 5 96,812 Btu, and this increase gives
T2 5 4,671°. If the fuel is burned at constant pressure, Qp is used instead of Qv and
values of h are determined from Table 4.1.8 instead of values of u.

t
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Table 4.1.8 gives the internal energy of various common gases in Btu/
(lb ?mol) measured above 520°R (60°F). The corresponding values
of the enthalpy are obtained by adding the value of Apv from the last
column.

TEMPERATURE ATTAINED BY COMBUSTION

Excluding the effect of dissociation, the temperature attained at the end
of combustion may be calculated by a simple energy balance. The heat
of combustion less the heat lost by conduction and radiation during the
process is equal to the increase in internal energy of the products mix-
ture if the combustion is at constant volume; or, if the combustion is at
constant pressure, the difference is equal to the increase in enthalpy of
the products mixture.

EXAMPLE. To calculate the temperature of combustion of a fuel gas having
the composition H2 5 0.50, CO 5 0.46, CO2 5 0.04. The gas is burned with 15
percent excess air at constant volume, and the initial temperature is 62°F; i.e.,
T 5 522°R.

The volume compositions of the initial mixture of fuel gas and air and of the
mixture of products are, respectively,

Initial: H2, 0.50; CO, 0.46; CO2, 0.04; O2, 0.552; N2, 2.098
Products: H2O, 0.50; CO2, 0.50; O2, 0.072; N2, 2.098

Since a volume composition is also a mol composition, the products mixture
may be regarded as made up of 0.5 mol each of H2O and CO2, 0.072 mol of O2,
and 2.098 mols of N2. If values are taken from Tables 4.1.6 and 4.1.7, the heat
generated by combustion of the fuel mixture is 0.50 3 2 3 51,593 1 0.46 3
28 3 4,346 5 107,569 Btu. The internal energy u of the products mixture at
T 5 522 is now calculated (Table 4.1.8). For 0.5 mol H2O 1 0.5 mol CO2 1

Table 4.1.9 Flame Temperatures, Deg R, a

Fuel 80 9

Hydrogen
Carbon monoxide
Methane
Carbureted water gas
Coal gas

4,210
4,280
4,050
3,940
3,920

4,3
4,3
. .
. .
. .
Natural gas
Producer gas
Blast furnace gas

4,010
3,040
2,810

. . .

. . .

. . .

SOURCE: Satterfield, ‘‘Generalized Thermodynamics of H

The volumetric compositions of the fuels o

Fuels CO H2 CH4

H2 ........ 100.0
CO 100.0
CH4 ........ ........ 100.0
Carbureted water gas 24.1 32.5 9.0
Coal gas 5.9 53.2 29.6
Natural gas ........ ........ 78.8
Producer gas 26.0 3.0 0.5
Blast furnace gas 26.5 3.5 0.2
T2 assumed 4,700 4,800 4,900 5,000 5,100
Energy 0.5 mol H2O 18,308 18,851 19,396 19,943 20,429
Energy 0.5 mol CO2 23,742 24,388 25,035 25,683 26,331
Energy 0.072 mol O2 1,973 2,026 2,079 2,132 2,185
Energy 2.098 mol N2 54,596 55,018 56,447 57,882 59,321

u2 5 97,619 100,283 102,957 105,640 108,329
u1 5 34 34 34 34 34

97,585 100,249 102,923 105,606 108,295

EFFECT OF DISSOCIATION

The maximum temperature that can be obtained by the combustion of
any fuel is limited by the dissociation of the products formed. The
dissociation and equilibriums involved in high-temperature combustion
are exceedingly complex, involving such chemical species as CO2, CO,
H2O, H2, H, OH, N2, NO, N, O2, and O. The equilibrium reached is a
direct consequence of the second law of thermodynamics. However, the
calculation of the equilibrium constant even for simple reactions is
tedious. For all possible reactions aA 1 bB : cC 1 dD (a, b, c, d # 2),
the excellent tables of the equilibrium constant kp contained in the
‘‘American Institute of Physics Handbook,’’ 3d edition, McGraw-Hill,
pp. 4-31 and 4-32, are recommended to save time. Papers describing the
calculation of kp for multicomponent reacting gases are contained in the
first ASME Symposium on Thermophysical Properties Proceedings.

Calculated flame temperatures, allowing for dissociation, for gaseous
fuels with stated amounts of air present are given in Table 4.1.9. The
combustion is assumed to be adiabatic and at 14.7 lb/in2 absolute.

14.7 psia, Allowing for Dissociation

Percent of theoretical air

100 120 140

0
0
. .
. .
. .

4,390
4,320
4,010
4,150
4,050

4,000
4,140
3,660
3,820
3,780

3,670
3,850
3,330
3,510
3,440
. .

. .

. .

4,180
3,330
3,060

3,840
3,130
2,920

3,520
2,970
2,750

igh-Temperature Combustion,’’ Sc.D. thesis, M.I.T., 1946.

f Table 4.1.9 are given below:

Illuminants
C2H4 (assumed C2H4) CO2 O2 N2

2.2 10.3 4.6 0.6 16.7
........ 2.7 1.4 0.7 6.5
14.0 ...... 0.4 ..... 6.8
........ ...... 2.50 ..... 56.0
........ ...... 12.8 0.1 56.9
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In the case of explosion in the internal-combustion engine, the figures in
Table 4.1.9 will be somewhat changed. The effect of compression is to
increase both the initial temperature and the initial pressure. The result-
ing increase in the explosion temperature will tend to increase the disso-
ciation; the increase of pressure will tend to reduce it . The net effect will
be a small reduction.

COMBUSTION OF LIQUID FUELS

For properties of fuel oils, heat values, etc., see Sec. 7. Calculations for

in which [CO2] denotes the percent by volume of the CO2 in the dry gas.
The temperature of combustion is calculated by the same method as

for gaseous fuels.
Loss due to Incomplete Combustion The loss due to incomplete

combustion of the carbon in the fuel, in Btu/ lb of fuel, is

L 5 10,136C 3 CO/(CO 1 CO2)

where 10,136 5 difference in heat evolved in burning 1 lb of carbon to
CO2 and to CO; CO and CO2 5 percentages by volume of carbon mon-
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the burning of liquid fuels are fundamentally the same as for gaseous
fuels. Liquid fuels are almost always gasified before or during actual
combustion.

COMBUSTION OF SOLID FUELS

For properties of solid fuels, heat values, etc., see Sec. 7.
Air Required for Combustion Let c, h, and o, denote, respectively,

the parts of carbon, hydrogen, and oxygen in 1 lb of the fuel. Then
the minimum amount of oxygen required for complete combustion is
2.67c 1 8h 2 o lb, and the minimum quantity of air required is a 5
(2.67c 1 8h 2 o)/0.23 5 11.6[c 1 3(h 2 o/8)] lb.

With air at 62°F and at atmospheric pressure, the minimum volume of
air required is vm 5 147[c 1 3(h 2 o/8] ft3. In practice, an excess of air
over that required for combustion is admitted to the furnace. The actual
quantity admitted per pound of fuel may be denoted by xa. Then
x 5 amount admitted 4 minimum amount .

Combustion Products If vm is the minimum volume of air required
for complete combustion and xvm the actual volume supplied, then
the products will contain per pound of fuel, O2 5 0.21vm(x 2 1) ft3,
N2 5 0.79xvm ft3.

From the reaction equation C 1 O2 5 CO2, the volume of CO2

formed is equal to the volume of oxygen required for the carbon constit-
uent alone; hence volume of CO2 5 0.21vmc/[c 1 3(h 2 0.125o)].

Of the dry gaseous products (i.e., without water), the CO2 content by
volume is therefore given by the expression

CO2 5 0.21c/[xc 1 (x 2 0.21)3(h 2 0.125o)]

The combined CO2 and O2 content is

CO2 1 O2 5 0.21H1 2 0.79YF x 1 cx

3(h 2 0.125o) 2 0.21GJ
If the fuel is all carbon, the combined CO2 and O2 is by volume 21

percent of the gaseous products. The more hydrogen contained in the
fuel, the smaller is the CO2 1 O2 content . The CO2 content depends in
the first instance on the excess of air. Thus, for pure carbon, it is
CO2 5 0.21/x.

The excess of air may be calculated from the composition of the gases
and that of the fuel. Thus

x 5 0.21 F c

[CO2]
1 3(h 2 0.125o)GY [c 1 3(h 2 0.125o)]

Fig. 4.1.37 Ratio of air supplied per pound of combustible to that theoretically
required.
oxide and carbon dioxide as found by analysis; and C 5 fraction of
quantity of carbon in the fuel which is actually burned and passes up the
stack, either as CO or CO2. The presence of 1 percent of CO in the flue
gases will represent a decrease in the boiler efficiency of 4.5 percent .
An additional loss is caused by passage through the grate to the ashpit of
any unburned or partly burned fuel.

It is generally assumed that high CO2 readings are indicative of good
combustion and, hence, of high efficiencies. Such readings are not sat-
isfactory when considered apart from the CO determination. The best
percentage of CO2 to maintain varies with different fuels and is lower
for those with a high hydrogen content than for fuel mainly composed of
carbon.

Hydrogen in a fuel increases the nitrogen content of the flue gases.
This is due to the fact that the water vapor formed by the combustion of
hydrogen will condense at the temperature at which the analysis is
made, while the nitrogen which accompanied the oxygen maintains its
gaseous form and passes in that form into the sampling apparatus. For
this reason, where highly volatile coals containing considerable hydro-
gen are burned, the flue gas contains an apparently increased amount of
nitrogen. The effect is even more pronounced when burning gaseous or
liquid hydrocarbon fuels.

The amount of flue gases per pound of fuel, including moisture
formed by the hydrogen component , is approximately 3.02[N/(CO2 1
CO)]C 1 (1 2 A), where A 5 percent of ash found in test . The quantity
of dry flue gases per pound of fuel may be approximated from the
formula W2 5 C[11CO2 1 8O 1 7(CO 1 N)]/3(CO2 1 CO). In these
formulas, the amount of gas is per pound of dry or moist fuel as the
percentage of C is referred to a dry or moist basis.

Fig. 4.1.38 Relation of CO2 to excess air for fuels.
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The ratio of air suppplied per pound of fuel to the air theoretically
required is

W1

W
5

3.02C[N/(CO2 1 CO)]

34.56(C/3 1 H 2 O/8)

The ratio of air supplied per pound of combustible to that theoreti-
cally required is N/[N 2 3.782(O 2 1⁄2CO)], on the assumption that all

the nitrogen in the flue gas comes from the air supplied. Figure 4.1.37
gives the value of this ratio for varying flue-gas analyses where there is
no CO present .

For petroleum fuels with hydrogen content from 9 to 16 percent , the
excess air can be determined from the CO2 content of the flue gases
(with no CO present) by the use of Fig. 4.1.38. The curves are based on
the assumption of 0.4 percent sulfur in the oil.
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4.2 THERMODYNAMIC PRO
by Peter

NOTE: Thermodynamic properties of a variety of other specific materials are
listed also in Secs. 4.1, 6.1, and 9.8.
Ga

T, K h, kJ/kg C T, K h, kJ/

200 200.0 2 0.473 800 821
220 220.0 2 0.329 820 844
240 240.1 2 0.197 840 866
260 260.1 2 0.076 860 888
280 280.1 0.037 880 910

300 300.2 0.142 900 933
320 320.3 0.240 920 955
340 340.4 0.332 940 978
360 360.6 0.419 960 1,000
380 380.8 0.502 980 1,023

400 401.0 0.580 1,000 1,046
420 421.3 0.655 1,020 1,068
440 441.7 0.727 1,040 1,091
460 462.1 0.795 1,060 1,114
480 482.5 0.861 1,080 1,138

500 503.1 0.925 1,100 1,161
520 523.7 0.986 1,120 1,184
540 544.4 1.045 1,140 1,207
560 565.2 1.102 1,160 1,230
580 586.1 1.158 1,180 1,254

600 607.0 1.211 1,200 1,278
620 628.1 1.264 1,220 1,301
640 649.2 1.314 1,240 1,325
660 670.5 1.364 1,260 1,349
680 691.8 1.412 1,280 1,372

700 713.3 1.459 1,300 1,396
720 734.8 1.505 1,320 1,420
740 756.4 1.550 1,340 1,444
760 778.2 1.594 1,360 1,467
780 800.0 1.637 1,380 1,491

* Values rounded off from Chappell and Cockshutt , Nat . Res. Cou
tabulates values of seven thermodynamic functions at 1-K increments fr
unit systems. An earlier report (NRC LR 381, 1963) gives a more detail
table h 5 specific enthalpy, kJ/kg, and C2 2 C1 5 log (P2 /P1), fo
C 5 [ log (e/R)]f.
PERTIES OF SUBSTANCES
E. Liley

Skip  table section and 
Jump to 4.3
s Air*
Table 4.2.1 Enthalpy and Psi Functions for Ideal-
kg C T, K h, kJ/kg C

.9 1.679 1,400 1,515 2.653

.0 1.720 1,420 1,539 2.679

.1 1.760 1,440 1,563 2.705

.3 1.800 1,460 1,587 2.730

.6 1.838 1,480 1,612 2.755

.0 1.876 1,500 1,636 2.779

.4 1.914 1,520 1,660 2.803

.0 1.950 1,540 1,684 2.827

.6 1.987 1,560 1,709 2.851

.3 2.022 1,580 1,738 2.875

.1 2.057 1,600 1,758 2.898

.9 2.091 1,620 1,782 2.921

.9 2.125 1,640 1,806 2.944

.9 2.158 1,660 1,831 2.966

.0 2.190 1,680 1,855 2.988

.1 2.223 1,700 1,880 3.010

.3 2.254 1,720 1,905 3.032

.6 2.285 1,740 1,929 3.054

.9 2.316 1,760 1,954 3.075

.3 2.346 1,780 1,979 3.096

2.376 1,800 2,003 3.117
2.406 1,840 2,053 3.158
2.435 1,880 2,102 3.198
2.463 1,920 2,152 3.238
2.491 1,960 2,202 3.277

2.519 2,000 2,252 3.215
2.547 2,050 2,315 3.262
2.574 2,100 2,377 3.408
2.601 2,150 2,440 3.453
2.627 2,200 2,504 3.496

nc. Can. Rep. NRC LR 759 (NRC No. 14300), 1974. This source
om 200 to 2,200 K in SI units and at other increments for two other
ed description of an earlier fitting from 200 to 1,400 K. In the above
r an isentrope. In terms of the Keenan and Kaye function f,
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Fig. 4.2.1 Temperature-entropy diagram for air. (Landsbaum et al., AIChE J., 1, no. 3, 1955, p. 303.) (Reproduced by
permission of the authors and editor, AIChE.)
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Table 4.2.2 International r, Standard Atmosphere*

Z, m T, K P, bar r, kg/m3 g, m/s2 M a, m/s l, m H, m

0 288.15 1.01325 1.2250 9.80665 28.964 340.29 6.63.28 0
1,000 281.65 0.89876 1.1117 9.8036 28.964 336.43 7.31.28 1,000
2,000 275.15 0.79501 1.0066 9.8005 28.964 332.53 8.07.28 1,999
3,000 268.66 0.70121 0.90925 9.7974 28.964 328.58 8.94.28 2,999
4,000 262.17 0.61660 0.81935 9.7943 28.964 324.59 9.92.28 3,997

5,000 255.68 0.54048 0.73643 9.7912 28.964 320.55 1.10.27 4,996
6,000 249.19 0.47217 0.66011 9.7882 28.964 316.45 1.23.27 5,994
7,000 242.70 0.41105 0.59002 9.7851 28.964 312.31 1.38.27 6,992
8,000 236.22 0.35651 0.52579 9.7820 28.964 308.11 1.55.27 7,990
9,000 229.73 0.30800 0.46706 9.7789 28.964 303.85 1.74.27 8,987

10,000 223.25 0.26499 0.41351 9.7759 28.964 299.53 1.97.27 9,984
15,000 216.65 0.12111 0.19476 9.7605 28.864 295.07 4.17.27 14,965
20,000 216.65 0.05529 0.08891 9.7452 28.964 295.07 9.14.27 19,937
25,000 221.55 0.02549 0.04008 9.7300 28.964 298.39 2.03.26 24,902
30,000 226.51 0.01197 0.01841 9.7147 28.964 301.71 4.42.26 29,859

40,000 250.35 2.87.23 4.00.23 9.6844 28.964 317.19 2.03.25 39,750
50,000 270.65 8.00.24 1.03.23 9.6542 28.964 329.80 7.91.25 49,610
60,000 247.02 2.20.24 3.10.24 9.6241 28.964 315.07 2.62.24 59,439
70,000 219.59 5.22.25 8.28.25 9.5942 28.964 297.06 9.81.24 69,238
80,000 198.64 1.05.25 1.85.25 9.5644 28.964 282.54 4.40.23 79,006

90,000 186.87 1.84.26 3.43.26 9.5348 28.95 2.37.22 88,744
100,000 195.08 3.20.27 5.60.27 9.5052 28.40 0.142 98,451
150,000 634.39 4.54.29 2.08.29 9.3597 24.10 33 146,542
200,000 854.56 8.47.210 2.54.210 9.2175 21.30 240 193,899
250,000 941.33 2.48.210 6.07.211 9.0785 19.19 890 240,540

300,000 976.01 8.77.211 1.92.211 8.9427 17.73 2,600 286,480
400,000 995.83 1.45.211 2.80.212 8.6799 15.98 1.6.14 376,320
500,000 999.24 3.02.212 5.22.213 8.4286 14.33 7.7.14 463,540
600,000 999.85 8.21.213 1.14.213 8.1880 11.51 2.8.15 548,252
800,000 999.99 1.70.213 1.14.214 7.7368 5.54 1.4.16 710,574

1,000,000 1,000.00 7.51.214 3.56.215 7.3218 3.94 3.1.16 864,071

* Extracted from U.S. Standard Atmosphere, 1976, National Oceanic and Atmospheric Administration, National Aeronautics and Space Administration and
the U.S. Air Force, Washington, 1976. Z 5 geometric altitude, T 5 temperature, P 5 pressure, g 5 acceleration of gravity, M 5 molecular weight , a 5
velocity of sound, l 5 mean free path, and H 5 geopotential altitude. The notation 1.79. 2 5 signifies 1.79 3 1025.

Table 4.2.3 Saturated Ammonia (R 717)*

vf vg hf hg sf sg cpf cpg mf mg kf kg
P,
bar

T,
°C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf Prg

0.5
1
1.5
2
2.5

2 46.5
2 33.6
2 25.2
2 18.9
2 13.7

0.001438
0.001466
0.001488
0.001507
0.001523

2.175
1.138
0.779
0.595
0.482

2 9.0
47.9
86.1

113.8
137.4

1,397.9
1,418.3
1,430.5
1,439.2
1,445.9

0.1643
0.4080
0.5610
0.6745
0.7658

6.3723
6.1286
5.9867
5.8863
5.8085

4.366
4.429
4.447
4.507
4.535

2.126
2.233
2.266
2.393
2.460

262.9
236.1
218.4
205.4

7.71
8.09
8.33
8.52
8.69

0.615
0.588
0.572
0.554
0.548

0.0161
0.0175
0.0184
0.0191
0.0199

1.98
1.84
1.78
1.70

1.032
1.046
1.060
1.074

3
4
5
6
8

2 9.2
2 1.9

4.1
9.3

17.9

0.001536
0.001560
0.001580
0.001598
0.001630

0.406
0.309
0.250
0.210
0.160

157.5
191.3
219.2
243.2
283.7

1,451.3
1,459.8
1,466.1
1,471.0
1,478.2

0.8426
0.9680
1.0692
1.1546
1.2946

5.7449
5.6443
5.5660
5.5017
5.3994

4.561
4.605
4.463
4.678
4.741

2.521
2.630
2.728
2.818
2.983

195.0
179.5
168.0
158.8
147.4

8.81
9.03
9.21
9.38
9.59

0.539
0.524
0.512
0.501
0.487

0.0204
0.0215
0.0225
0.0234
0.0247

1.65
1.59
1.54
1.48
1.43

1.089
1.104
1.118
1.129
1.160

10
15
20
25
30

24.9
38.7
49.4
58.2
65.8

0.001658
0.001719
0.001773
0.001823
0.001871

0.1285
0.0862
0.0644
0.0512
0.0421

317.4
384.7
437.9
483.0
522.6

1,483.0
1,489.5
1,491.1
1,489.9
1,486.7

1.4080
1.6258
1.7909
1.9259
2.0415

5.3189
5.1683
5.0564
4.9651
4.8864

4.798
4.929
5.057
5.192
5.340

3.133
3.479
3.809
4.142
4.488

134.6
115.6
104.9
96.2
89.3

9.86
10.34
10.68
11.01
11.31

0.469
0.438
0.417
0.398
0.381

0.0263
0.0292
0.0315
0.0335
0.0356

1.38
1.34
1.30
1.26
1.25

1.174
1.233
1.292
1.360
1.426

35
40
45
50
60

72.4
78.4
83.9
88.9
97.9

0.001918
0.001965
0.002012
0.002060
0.002161

0.03564
0.03069
0.02680
0.02364
0.01883

558.4
591.5
622.4
651.7
706.8

1,482.0
1,476.1
1,469.0
1,461.0
1,442.0

2.1434
2.2354
2.3198
2.3985
2.5431

4.8161
4.7516
4.6912
4.6338
4.5244

5.505
5.692
5.904
6.148
6.764

4.856
5.255
5.692
6.181
7.375

83.7
78.8
74.6
70.8
64.3

11.61
11.90
12.20
12.49
13.14

0.366
0.352
0.338
0.326
0.302

0.0375
0.0397
0.0419
0.0441
0.0489

1.26
1.28
1.30
1.33
1.36

1.50
1.57
1.66
1.75
1.98

80
100
113.4†

112.9
125.2
132.3

0.002406
0.002793
0.004260

0.01253
0.00826
0.00426

810.6
920.3

1,105.5

1,390.7
1,309.8
1,105.5

2.8052
3.0715
3.5006

4.3076
4.4131
3.5006

9.005
17.08

11.548
26.04

53.4
42.9

14.78
17.76

* The T, P, v, h, and s values interpolated, rounded, and converted from ‘‘ASHRAE Handbook—Fundamentals,’’ 1993. The cp, m, and k values from Liley and Desai, CINDAS Rep. 106, 1992.
Similar values can be found in ‘‘ASHRAE Handbook—Fundamentals,’’ 1993.

† Critical point.
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Fig. 4.2.2 Enthalpy– log pressure diagram for air.
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Fig. 4.2.3 Enthalpy– log pressure diagram for ammonia (R717).
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Table 4.2.4 Saturated Carbon Dioxide*

T, K P, bar vf, m3/kg vg, m3/kg hf, kJ/kg hg, kJ/kg sf, kJ/(kg ? K) sg, kJ/(kg ? K) cpf, kJ/(kg ? K)

216.6
220
225
230
235

5.180
5.996
7.357
8.935

10.75

8.484.24
8.574.24
8.710.24
8.856.24
9.011.24

0.0712
0.0624
0.0515
0.0428
0.0357

386.3
392.6
401.8
411.1
402.5

731.5
733.1
735.1
736.7
737.9

2.656
2.684
2.723
2.763
2.802

4.250
4.232
4.204
4.178
4.152

1.707
1.761

1.879

240
245
250
255
260

12.83
15.19
17.86
20.85
24.19

9.178.24
9.358.24
9.554.24
9.768.24
1.000.23

0.0300
0.0253
0.0214
0.0182
0.0155

430.2
440.1
450.3
460.8
471.6

738.9
739.4
739.6
739.4
738.7

2.842
2.882
2.923
2.964
3.005

4.128
4.103
4.079
4.056
4.032

1.933

1.992

2.125

270
275
280
290
300

32.03
36.59
41.60
53.15
67.10

1.056.23
1.091.23
1.130.23
1.241.23
1.470.23

0.0113
0.0097
0.0082
0.0058
0.0037

494.4
506.5
519.2
547.6
585.4

735.6
732.8
729.1
716.9
690.2

3.089
3.132
3.176
3.271
3.393

3.981
3.954
3.925
3.854
3.742

2.410

2.887
3.724

304.2† 73.83 2.145.23 0.0021 636.6 636.6 3.558 3.558 `

* The notation 8.484.24 signifies 8.484 3 1024.
† Critical point .

Table 4.2.5 Superheated Carbon Dioxide*

Temperature , K
P,
bar 300 350 400 450 500 600 700 800 900 1,000

v
1 h

s

0.5639
809.3
4.860

0.6595
853.1
4.996

0.7543
899.1
5.118

0.8494
947.1
5.231

0.9439
997.0
5.337

1.1333
1,102
5.527

1.3324
1,212
5.697

1.5115
1,327
5.850

1.7005
1,445
5.990

1.8894
1,567
6.120

v
5 h

s

0.1106
805.5
4.548

0.1304
850.3
4.686

0.1498
897.0
4.810

0.1691
945.5
4.925

0.1882
995.8
5.031

0.2264
1,101
5.222

0.2645
1,211
5.392

0.3024
1,326
5.546

0.3403
1,445
5.685

0.3782
1,567
5.814

v
10 h

s

0.0539
800.7
4.405

0.0642
846.9
4.548

0.0742
894.4
4.674

0.0841
943.5
4.790

0.0938
994.1
4.897

0.1131
1,100
5.089

0.1322
1,211
5.260

0.1513
1,326
5.414

0.1703
1,445
5.555

0.1893
1,567
5.683

v
20 h

s

0.0255
790.2
4.249

0.0311
839.8
4.402

0.0364
889.3
4.534

0.0416
939.4
4.653

0.0466
990.8
4.762

0.0564
1,098
4.955

0.0661
1,209
5.127

0.0757
1,325
5.282

0.0853
1,444
5.423

0.0948
1,567
5.551

v
30 h

s

0.0159
778.5
4.144

0.0201
832.4
4.341

0.0238
883.8
4.447

0.0274
935.2
4.569

0.0309
987.3
4.679

0.0375
1,096
4.876

0.0441
1,208
5.049

0.0505
1,324
5.204

0.0570
1,444
5.346

0.0633
1,566
5.474

v
40 h

s

0.0110
764.9
4.055

0.0146
824.6
4.239

0.0175
878.3
4.380

0.0203
931.1
4.507

0.0230
984.3
4.619

0.0281
1,094
4.818

0.0331
1,205
4.993

0.0379
1,323
5.148

0.0428
1,443
5.291

0.0476
1,566
5.419

v
50 h

s

0.0080
748.2
3.968

0.0112
816.3
4.179

0.0138
872.6
4.330

0.0161
926.9
4.457

0.0183
981.1
4.572

0.0224
1,091
4.773

0.0265
1,205
4.948

0.0304
1,322
5.104

0.0343
1,443
5.247

0.0382
1,566
5.377

v
60 h

s

0.0058
726.9
3.878

0.0090
807.7
4.126

0.0113
866.9
4.314

0.0133
922.7
4.416

0.0151
977.8
4.532

0.0187
1,089
4.736

0.0221
1,204
4.912

0.0254
1,321
5.069

0.0286
1,442
5.212

0.0318
1,565
5.341

v
80 h

s

0.0062
788.4
4.029

0.0081
855.1
4.208

0.0097
914.2
4.347

0.0112
971.3
4.468

0.0140
1,085
4.675

0.0166
1,201
4.854

0.0191
1,320
5.011

0.0216
1,441
5.155

0.0240
1,565
5.286

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 4.2.5 Superheated Carbon Dioxide* (Continued )

Temperature, K
P,
bar 300 350 400 450 500 600 700 800 900 1,000

v
100 h

s

0.0045
766.2
3.936

0.0062
843.0
4.144

0.0076
905.7
4.290

0.0089
964.9
4.417

0.0111
1,081
4.627

0.0133
1,198
4.808

0.0153
1,318
4.967

0.0173
1,440
5.111

0.0193
1,564
5.241

v
150 h

s

0.0023
704.5
3.716

0.0038
811.9
4.005

0.0049
884.8
4.177

0.0058
949.4
4.313

0.0074
1,072
4.536

0.0089
1,192
4.722

0.0103
1,314
4.884

0.0117
1,437
5.030

0.0130
1,562
5.162

v
200 h

s

0.0017
670.0
3.591

0.0027
783.2
3.894

0.0035
865.2
4.088

0.0043
934.9
4.234

0.0056
1,063
4.468

0.0067
1,186
4.668

0.0078
1,310
4.824

0.0088
1,435
4.970

0.0099
1,561
5.104

v
300 h

s

0.0018
745.3
3.747

0.0023
834.0
3.956

0.0029
910.6
4.118

0.0038
1,047
4.367

0.0046
1,176
4.573

0.0053
1,303
4.743

0.0060
1,431
4.886

0.0067
1,559
5.021

v
400 h

s

0.0015
728.1
3.663

0.0018
814.6
3.867

0.0022
893.3
4.033

0.0029
1,035
4.292

0.0035
1,168
4.497

0.0041
1,298
4.671

0.0047
1,428
4.824

0.0052
1,558
4.960

v
500 h

s

0.0016
803.5
3.805

0.0018
881.9
3.970

0.0024
1,027
4.234

0.0029
1,162
4.443

0.0034
1,294
4.620

0.0038
1,426
4.774

0.0043
1,557
4.913

* Interpolated and rounded from Vukalovich and Altunin, ‘‘Thermophysical Properties of Carbon Dioxide,’’ Atomizdat , Moscow, 1965; and
Collett , England, 1968. Note: v, h, and s units are the same as in Table 4.2.4.

Table 4.2.6 Saturated Iso-Butane (R 600a)*

vf vg hf hg sf sg cpf cpg mf mg kf kg
P,
bar T, °C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf Prg

1
1.5
2
2.5
3

2 12.13
2 1.42

6.82
13.60
19.38

0.001683
0.001720
0.001746
0.001771
0.001793

0.3601
0.2468
0.1886
0.1528
0.1290

288.2
312.8
332.3
348.5
362.6

655.5
668.2
681.2
690.5
698.3

3.4552
3.5470
3.6166
3.6734
3.7214

4.8626
4.8615
4.8631
4.8658
4.8689

2.24
2.30
2.35
2.38
2.42

1.56
1.63
1.68
1.73
1.78

229
203
184
171
160

6.63
6.93
7.18
7.38
7.57

0.112
0.108
0.104
0.101
0.098

0.0125
0.0136
0.0145
0.0153
0.0159

4.58
4.31
4.16
4.03
3.95

0.827
0.831
0.832
0.834
0.847

4
5
6
8

10

29.17
37.32
44.28
56.08
65.88

0.001834
0.001870
0.001904
0.001966
0.002026

0.0978
0.0785
0.0657
0.0490
0.0389

382.3
407.6
425.7
456.6
484.2

711.5
722.3
731.5
746.7
758.8

3.8020
3.8688
3.9254
4.0213
4.1010

4.8757
4.8824
4.8889
4.9008
4.9112

2.49
2.54
2.60
2.70
2.76

1.86
1.93
1.99
2.11
2.23

144
132
122
108
97

7.89
8.18
8.44
8.91
9.34

0.094
0.090
0.087
0.083
0.079

0.0170
0.0181
0.0190
0.0206
0.0221

3.81
3.73
3.65
3.51
3.39

0.863
0.872
0.884
0.913
0.942

15
20
25
30
35

85.29
100.38
112.83
123.33
132.33

0.002220
0.002332
0.002522
0.002786
0.003312

0.0222
0.0175
0.0135
0.0095
0.0064

556.3
588.7
631.9
673.7
720.8

786.1
795.1
802.6
802.2
782.0

4.3020
4.3878
4.4980
4.6008
4.7155

4.9345
4.9405
4.9403
4.9251
4.8663

3.04
3.38
3.92
6.3

2.56
3.01
3.79
7.4

78
64
54
44
33

10.4
11.4
12.7
14.3
17.6

0.072
0.067
0.063
0.061
0.075

0.0252
0.0284
0.0326
0.0414
0.0723

3.29
2.99
3.36
4.54

1.057
1.208
1.476
2.556

35.5† 134.85 0.004464 0.0045 752.5 752.4 4.791 4.791

* P, T, v, h, and s are interpolated and rounded from ‘‘ASHRAE Handbook—Fundamentals,’’ 1993. cp, m, and k from Liley and Desai, CINDAS Rep. 106, 1992. Substantially similar values appear
in the ‘‘ASHRAE Thermophysical Properties of Refrigerants,’’ 1993.

† Critical point .

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 4.2.7 Saturated Normal Hydrogen*

T P vf vg hf hg sf sg cpf cpg

13.95
14
15
16
17

0.072
0.074
0.127
0.204
0.314

0.0130
0.0130
0.0132
0.0133
0.0135

7.974
7.205
4.488
2.954
2.032

218.3
219.6
226.4
233.8
241.6

565.4
669.3
678.2
686.7
694.7

14.08
14.17
14.64
15.10
15.57

46.64
46.30
44.76
43.42
42.23

6.36
6.47
6.91
7.36
7.88

10.52
10.54
10.67
10.85
11.07

18
19
20
21
22

0.461
0.654
0.901
1.208
1.585

0.0137
0.0139
0.0141
0.0143
0.0146

1.449
1.064
0.802
0.618
0.483

249.9
258.8
268.3
278.4
289.2

702.1
708.8
714.8
720.2
724.4

16.03
16.50
16.97
17.44
17.92

41.16
40.19
39.30
38.49
37.71

8.42
8.93
9.45

10.13
10.82

11.34
11.66
12.04
12.49
13.03

23
24
25
26
27

2.039
2.579
3.213
3.950
4.800

0.0148
0.0151
0.0155
0.0159
0.0164

0.383
0.307
0.243
0.203
0.167

300.8
313.3
326.7
341.2
357.0

727.6
729.8
730.7
730.2
728.0

18.41
18.90
19.41
19.93
20.47

36.97
36.27
35.58
34.90
34.22

11.69
12.52
13.44
14.80
16.17

13.69
14.49
15.52
16.85
18.66

28
29
30
31
32

5.770
6.872
8.116
9.510

11.068

0.0170
0.0177
0.0185
0.0198
0.0217

0.137
0.113
0.092
0.074
0.057

374.3
393.6
415.4
441.3
474.7

723.7
716.6
705.9
689.7
663.2

21.04
21.65
22.31
23.08
24.03

33.52
32.80
32.00
31.09
29.93

18.48
22.05
26.59
36.55
65.37

21.24
25.19
31.99
46.56
87.02

33.18c 13.130 0.0318 0.032 565.4 565.4 26.68 26.68

* T 5 temperature, K; P 5 pressure, bar; c 5 critical point; v 5 specific volume, m3/kg; h 5 specific enthalpy, kJ/kg;
s 5 specific entropy, kJ/(kg ? K); cp 5 specific heat at constant pressure, kJ/(kg ? K); subscript f represents saturated liquid
and subscript g represents saturated vapor.

Table 4.2.8 Saturated Propane (R 290)*

vf vg hf hg sf sg cpf cpg mf mg kf kg
P,
bar T, °C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf Prg

0.5
1
1.5
2
2.5

2 56.95
2 42.38
2 32.83
2 25.48
2 19.43

0.001674
0.001721
0.001755
0.001783
0.001807

0.8045
0.4186
0.2871
0.2194
0.1778

388.5
420.9
442.8
460.1
474.5

831.5
849.0
860.5
869.2
876.3

3.7263
3.8705
3.9636
4.0341
4.0916

5.7747
5.7258
5.7015
5.6861
5.6753

2.181
2.246
2.294
2.336
2.371

1.374
1.457
1.517
1.568
1.610

233
198
178
164
154

6.05
6.46
6.74
6.97
7.16

0.139
0.130
0.124
0.119
0.116

0.0101
0.0113
0.0122
0.0130
0.0136

3.66
3.42
3.29
3.22
3.15

0.823
0.833
0.838
0.841
0.848

3
4
5
6
8

2 14.23
2 5.53

1.66
7.82

18.20

0.001828
0.001867
0.001901
0.001932
0.001990

0.1498
0.1138
0.0918
0.0771
0.0580

487.1
508.5
526.6
542.4
569.7

882.4
892.3
900.4
907.1
917.9

4.1404
4.2213
4.2875
4.3437
4.4379

5.6672
5.6556
5.6477
5.6418
5.6333

2.406
2.467
2.522
2.574
2.674

1.652
1.723
1.787
1.847
1.961

146
134
124
116
104

7.33
7.61
7.86
8.08
8.48

0.113
0.108
0.104
0.101
0.096

0.0141
0.0151
0.0160
0.0168
0.0182

3.11
3.06
3.01
2.96
2.90

0.859
0.868
0.878
0.888
0.914

10
15
20
25
30

26.86
43.84
57.14
68.15
77.67

0.002044
0.002173
0.002304
0.002450
0.002627

0.04609
0.03009
0.02165
0.01642
0.01269

593.1
641.6
682.3
719.0
753.8

926.4
941.1
949.9
954.1
953.8

4.5161
4.6697
4.7923
4.8979
4.9950

5.6270
5.6148
5.6026
5.5872
5.5654

2.769
3.013
3.290
3.665
4.270

2.072
2.363
2.717
3.216
4.041

95
79
67
58
50

9.04
9.63

10.4
11.6
12.4

0.092
0.084
0.078
0.073
0.071

0.0195
0.0225
0.0256
0.0295
0.0355

2.86
2.83
2.83
2.91
3.01

0.961
1.011
1.104
1.265
1.412

35
40
42.4†

85.99
93.38
96.65

0.002866
0.00336
0.00457

0.00978
0.00685
0.00457

788.7
830.0
879.2

947.5
928.9
879.2

5.0895
5.200
5.330

5.5318
5.470
5.330

5.594
12.12

5.848
14.25

44
33

13.6
17.8

0.073
0.084

0.0412
0.0728

3.37
4.76

1.93
3.48

* The T, P, v, h, and s values are interpolated, rounded, and converted from ‘‘ASHRAE Handbook—Fundamentals,’’ 1993. The cp, m, and k values are from Liley and Desai, CINDAS Rep. 106,
1992. Similar values can be found in ‘‘ASHRAE Handbook—Fundamentals,’’ 1993.

† Critical point .
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Table 4.2.9 Saturated Refrigerant 11*

vf vg hf hg sf sg cpf cpg mf mg kf kg
P,
bar T, °C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf Prg

0.5
1
1.5
2
2.5

5.18
23.55
35.26
44.42
51.90

0.000657
0.000676
0.000689
0.000700
0.000709

0.3298
0.1731
0.1186
0.0908
0.0737

204.5
220.3
230.9
239.1
245.9

392.4
401.8
407.9
412.5
416.3

1.0162
1.0711
1.1060
1.1322
1.1532

1.6916
1.6833
1.6800
1.6783
1.6774

0.873
0.887
0.896
0.905
0.913

0.560
0.580
0.594
0.604
0.614

537
440
385
341
315

10.3
11.0
11.4
11.8
12.0

0.094
0.090
0.089
0.085
0.083

0.0083
0.0088
0.0091
0.0096
0.0099

4.35
4.01
3.80
3.63
3.47

0.695
0.725
0.736
0.740
0.745

3
4
5
6
8

58.37
69.18
78.07
85.76
98.59

0.000718
0.000733
0.000746
0.000759
0.000781

0.0620
0.0470
0.0380
0.0317
0.0239

251.8
261.9
270.2
277.6
290.1

419.4
424.7
428.9
432.4
438.0

1.1711
1.2008
1.2247
1.2482
1.2790

1.6768
1.6764
1.6763
1.6764
1.6768

0.920
0.934
0.947
0.959
0.983

0.623
0.637
0.652
0.669
0.689

288
252
228
211
187

12.3
12.8
13.1
13.5
14.1

0.081
0.079
0.077
0.076
0.073

0.0102
0.0107
0.0111
0.0115
0.0122

3.27
2.98
2.80
2.66
2.52

0.751
0.762
0.770
0.779
0.792

10
15
20
25
30

109.3
130.3
146.6
160.2
171.9

0.000802
0.000853
0.000903
0.000959
0.001024

0.0190
0.0124
0.0090
0.0068
0.0053

300.8
322.6
340.5
356.4
371.1

442.3
449.9
454.5
457.0
457.6

1.3069
1.3614
1.4038
1.4399
1.4722

1.6771
1.6770
1.6754
1.6721
1.6670

1.008
1.076
1.153
1.256
1.384

0.713
0.783
0.876
1.021
1.317

170
138
118
101
86

14.6
15.7
16.9
18.1
19.3

0.070
0.065
0.062
0.059
0.058

0.0129
0.0143
0.0158
0.0174
0.0193

2.45
2.28
2.19
2.15
2.13

0.807
0.860
0.937
1.062
1.317

35
40
44.1†

182.2
191.3
198.0

0.001105
0.001246
0.00181

0.0042
0.0031
0.0018

385.5
401.1
428.6

456.1
451.3
428.6

1.5032
1.5352
1.5933

1.6583
1.6432
1.5933

1.82
2.95

1.84
2.31

* The T, P, v, h, and s values are interpolated, converted, and rounded from ‘‘ASHRAE Handbook—Fundamentals,’’ 1993. The cp, m, and k are from Liley and Desai, CINDAS Rep. 106, 1992.
Similar values appear in ‘‘ASHRAE Handbook—Fundamentals,’’ 1993.

† Critical point .

Fig. 4.2.4 Enthalpy– log pressure diagram for refrigerant 11. 1 MPa 5 10 bar. (Copyright 1981 by ASHRAE and
reproduced by permission.)

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 4.2.10 Saturated Refrigerant 12*

vf vg hf hg sf sg cpf cpg mf mg kf kg
P,
bar T, °C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf Prg

0.5
1
1.5
2
2.5

2 45.24
2 30.11
2 20.15
2 12.52
2 6.22

0.000653
0.000672
0.000686
0.000697
0.000707

0.3072
0.1611
0.1103
0.0843
0.0682

159.5
172.7
181.6
188.5
194.2

331.5
338.8
345.3
347.0
349.9

0.8386
0.8947
0.9304
0.9571
0.9788

1.5936
1.5780
1.5702
1.5654
1.5619

0.883
0.895
0.906
0.913
0.921

0.545
0.575
0.595
0.612
0.627

420
358
322
297
277

9.8
10.4
11.0
11.4
11.7

0.0940
0.0883
0.0846
0.0817
0.0793

0.0062
0.0070
0.0075
0.0079
0.0083

4.08
3.63
3.45
3.32
3.22

0.861
0.854
0.873
0.883
0.834

3
4
5
6
8

2 0.84
8.19

15.64
22.01
32.79

0.000715
0.000731
0.000744
0.000757
0.000780

0.0574
0.0436
0.0351
0.0294
0.0221

199.2
207.7
214.8
220.9
231.7

352.3
356.3
359.4
362.0
366.2

0.9972
1.0275
1.0522
1.0731
1.1082

1.5594
1.5556
1.5530
1.5510
1.5479

0.929
0.945
0.959
0.969
0.995

0.640
0.663
0.683
0.702
0.738

262
238
221
207
186

12.0
12.4
12.8
13.2
13.9

0.0774
0.0739
0.0714
0.0692
0.0653

0.0086
0.0091
0.0095
0.0098
0.0105

3.13
3.04
2.97
2.90
2.83

0.893
0.903
0.920
0.946
0.977

10
15
20
25
30

41.70
59.30
72.99
84.33
94.05

0.000802
0.000854
0.000907
0.000967
0.001040

0.0176
0.0141
0.0082
0.0062
0.0048

240.8
259.6
275.2
289.2
302.4

369.4
374.7
377.5
378.4
377.3

1.1370
1.1938
1.2386
1.2770
1.3120

1.5455
1.5400
1.5341
1.5265
1.5162

1.021
1.107
1.225
1.36
1.51

0.773
0.868
0.993
1.029
1.55

170
143
124
108
92

14.5
15.9
17.3
18.9
20.7

0.0621
0.0558
0.0512
0.0469
0.0429

0.0111
0.0125
0.0137
0.0151
0.0167

2.80
2.84
2.97
3.13
3.24

1.01
1.10
1.25
1.40
1.92

35
40
41.2†

102.6
110.1
111.8

0.001141
0.001360
0.001771

0.0036
0.0025
0.0018

315.7
332.3
347.4

373.5
362.5
347.4

1.3437
1.3871
1.4272

1.4975
1.4659
1.4272

2.50
10.9

75
55

23.2
28.2

0.0389
0.0346

0.0191
0.0222

3.04 3.04

*The T, P, v, h, and s values are interpolated, converted, and rounded from ‘‘ASHRAE Handbook—Fundamentals,’’ 1993. The cp, m, and k values are from Liley and Desai, CINDAS Rep. 106,
1992. Similar values appear in ‘‘ASHRAE Handbook—Fundamentals,’’ 1993.

† Critical point .

Fig. 4.2.5 Enthalpy– log pressure diagram for refrigerant 12. Prepared at the Center for Applied Thermodynamic
Studies, University of Idaho, Moscow. (Copyright by ASHRAE and reproduced by permission.)

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 4.2.11 Saturated Refrigerant 22*

vf vg hf hg sf sg cpf cpg mf mg kf kg
P,
bar T, °C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf Prg

0.5
1
1.5
2
2.5

2 54.80
2 41.39
2 32.07
2 25.19
2 19.52

0.000690
0.000709
0.000723
0.000734
0.000743

0.4264
0.2153
0.1472
0.1125
0.0910

138.7
153.6
163.6
171.2
177.5

381.1
387.6
393.5
394.7
397.2

0.7510
0.8173
0.8591
0.8902
0.9155

1.8619
1.8256
1.8056
1.7919
1.7814

1.080
1.092
1.104
1.115
1.126

0.574
0.605
0.630
0.650
0.669 258.6 11.02

0.121
0.114
0.110
0.107
0.105

0.0060
0.0069
0.0075
0.0079
0.0083 2.78 0.888

3
4
5
6
8

2 14.66
2 6.57

0.11
5.85

15.44

0.000752
0.000767
0.000780
0.000789
0.000815

0.0766
0.0582
0.0469
0.0392
0.0295

183.1
192.3
200.1
206.9
218.5

399.2
402.4
404.9
405.7
410.0

0.9368
0.9718
1.0005
1.0327
1.0650

1.7730
1.7599
1.7498
1.7417
1.7287

1.136
1.155
1.171
1.189
1.221

0.686
0.716
0.745
0.771
0.819

245.9
225.6
209.9
197.2
177.7

11.21
11.54
11.80
11.97
12.42

0.103
0.099
0.096
0.094
0.090

0.0086
0.0091
0.0095
0.0099
0.0104

2.71
2.63
2.56
2.50
2.42

0.894
0.907
0.924
0.936
0.974

10
15
20
25
30

23.39
39.07
51.23
61.33
70.05

0.000835
0.000883
0.000929
0.000978
0.001030

0.0236
0.0155
0.0113
0.0087
0.0068

228.3
248.5
265.0
279.6
301.3

412.3
415.7
417.1
417.0
415.7

1.0981
1.1628
1.2132
1.2560
1.2942

1.7185
1.6985
1.6822
1.6670
1.6517

1.252
1.332
1.426
1.550
1.613

0.871
1.000
1.149
1.341
2.070

163.0
137.7

12.82
13.9

0.086
0.080

0.0109
0.0118

2.36
2.29

1.026
1.12

35
40
45
49.9†

77.70
84.53
90.67
96.14

0.001087
0.001174
0.001326
0.001909

0.0056
0.0044
0.0033
0.0019

305.0
318.9
335.8
366.6

413.7
408.3
397.9
366.6

1.3275
1.3648
1.4100
1.4918

1.6371
1.6150
1.5810
1.4918

2.03
2.67
4.47

2.05
2.96
5.19

* Values are interpolated and rounded from ‘‘ASHRAE Handbook—Fundamentals,’’ 1993.
† Critical point .

Fig. 4.2.6 Enthalpy– log pressure diagram for refrigerant 22. 1 MPa 5 10 bar. (Copyright 1981 by ASHRAE and
reproduced by permission.)

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 4.2.12 Saturated Refrigerant 32*

vf vg hf hg sf sg cpf cpg mf mg kf kg
P,
bar T, °C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf Prg

1 2 51.68 0.000832 0.3361 114.6 497.5 0.6565 2.3855 1.559 0.873 278.5 10.50 0.189 0.0082 2.30 1.12
1.5 2 43.66 0.000847 0.2394 127.2 501.5 0.7123 2.3435 1.576 0.911 251.6 10.61 0.181 0.0085 2.19 1.14
2 2 37.35 0.000860 0.1773 137.3 504.5 0.7555 2.3127 1.601 0.955 226.6 10.70 0.175 0.0088 2.10 1.16
2.5 2 32.16 0.000870 0.1433 145.7 506.8 0.7906 2.2888 1.615 1.003 218.8 10.77 0.171 0.0091 2.06 1.18
3 2 27.74 0.000880 0.1205 152.7 508.6 0.8202 2.2693 1.627 1.020 207.7 10.83 0.167 0.0094 2.02 1.18

4 2 20.39 0.000897 0.0914 165.2 511.3 0.8689 2.2383 1.653 1.074 192.7 10.93 0.161 0.0100 1.98 1.18
5 2 14.34 0.000912 0.0736 175.3 513.3 0.9084 2.2140 1.678 1.123 180.8 11.02 0.156 0.0104 1.94 1.19
6 2 9.16 0.000925 0.0616 184.2 514.7 0.9418 2.1940 1.701 1.169 170.1 11.10 0.152 0.0109 1.90 1.19
8 2 0.51 0.000950 0.0463 199.1 516.7 0.9968 2.1616 1.743 1.255 154.8 11.32 0.145 0.0117 1.86 1.21

10 6.63 0.000972 0.0369 211.7 517.8 1.0415 2.1356 1.784 1.337 142.4 11.53 0.139 0.0124 1.83 1.24

15 20.64 0.001023 0.0242 237.0 518.3 1.1282 2.0855 1.895 1.541 120.7 12.08 0.128 0.0141 1.79 1.32
20 31.45 0.001072 0.0176 257.5 516.7 1.1949 2.0460 2.009 1.761 105.7 12.67 0.119 0.0156 1.78 1.43
25 40.36 0.001122 0.0136 275.3 513.7 1.2506 2.0112 2.151 2.026 94.0 13.29 0.112 0.0171 1.81 1.57
30 48.00 0.001175 0.0102 291.4 509.4 1.2997 1.9786 2.314 2.352 84.9 13.98 0.107 0.0186 1.84 1.77
35 54.69 0.001232 0.0088 306.6 503.9 1.3447 1.9463 2.524 2.791 77.7 14.74 0.101 0.0200 1.94 2.06

40 60.66 0.001299 0.0072 322.1 496.7 1.3876 1.9128 2.744 3.367 71.4 15.60 0.095 0.0215 2.06 2.44
45 66.05 0.001380 0.0060 336.5 487.8 1.4304 1.8763 4.49 66.0 16.61 0.089 0.0191 3.90
50 70.95 0.001490 0.0048 352.8 475.6 1.4759 1.8328 61.8 17.85 0.082 0.0167
58.6† 78.41 0.002383 0.0024 413.8 413.8 1.6465 1.6465

* The P, T, v, h, and s values are interpolated and rounded from ‘‘ASHRAE Handbook—Fundamentals,’’ 1993; cp values are interpolated and converted from Defbaugh et al., J. Chem. Eng. Data,
39, 1994, pp. 333–340; mf and mg are interpolated from Oliveira and Wakeham, Int. J. Thermophys., 14, no. 6, 1993, pp. 1131–1143.

† Critical point .

Table 4.2.13 Saturated Refrigerant 123*

vf vg hf hg sf sg cpf cpg mf mg kf kg
P,
bar T, °C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf Prg

0.5 9.72 0.000666 0.2995 209.9 387.3 1.0348 1.6626 1.002 0.668 503 0.0811 6.21
1 27.46 0.000686 0.1564 227.7 398.0 1.0963 1.6629 1.023 0.700 410 0.0759 5.53
1.5 39.10 0.000701 0.1068 239.7 405.0 1.1353 1.6649 1.037 0.722 362 11.36 0.0726 0.0111 5.16 0.738
2 48.05 0.000713 0.0813 249.0 410.3 1.1647 1.6670 1.049 0.741 330 11.65 0.0699 0.0119 4.78 0.728
2.5 55.38 0.000723 0.0657 256.8 414.7 1.1884 1.6692 1.059 0.756 306 11.90 0.0678 0.0122 4.78 0.736

3 61.68 0.000732 0.0552 263.5 418.4 1.2086 1.6713 1.069 0.770 287 12.11 0.0660 0.0127 4.65 0.739
4 73.20 0.000749 0.0417 274.8 424.5 1.2418 1.6751 1.086 0.796 259 12.47 0.0629 0.0134 4.47 0.742
5 80.87 0.000764 0.0335 284.3 429.4 1.2687 1.6784 1.101 0.818 238 12.75 0.0604 0.0140 4.33 0.746
6 88.34 0.000778 0.0280 292.6 433.5 1.2916 1.6815 1.116 0.840 221 13.00 0.0582 0.0145 4.23 0.754
8 100.81 0.000804 0.0217 306.7 439.3 1.3246 1.6865 1.145 0.881 195 13.41 0.0547 4.08

10 111.15 0.000828 0.0165 318.7 445.5 1.3607 1.6906 1.175 0.922 176 13.74 0.0504 4.10
15 131.50 0.000887 0.0106 343.2 454.7 1.4218 1.6974 1.262 1.037
20 147.25 0.000951 0.0075 363.4 460.3 1.4697 1.7001 1.383 1.198
25 160.24 0.001027 0.0055 381.6 463.0 1.5109 1.6990 1.590 1.481
30 171.30 0.001131 0.0041 398.8 462.6 1.5491 1.6926 2.08 2.18
35 180.88 0.001361 0.0027 418.4 455.4 1.5915 1.6730 5.71 7.22

36.6† 183.68 0.001818 0.0018 437.4 437.4 1.6290 1.6290

* The P, T, v, h, s, and cp values are interpolated and rounded from YoungIove and McLinden, J. Phys. Chem. Ref. Data, 23, no. 5, 1994, pp. 731–779; m and k interpolated from ‘‘ASHRAE
Handbook—Fundamentals,’’ 1993.

† Critical point .

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.



4-42 THERMODYNAMIC PROPERTIES OF SUBSTANCES

20
360

10

4

2

1

4

2

1

P
re

ss
ur

e,
 M

P
a

20

1.
54

1.
58

40 60 80 10
0

12
0

14
0

16
0

20
0

22
0

24
0

26
0

28
0

T
 5

 1
80

°C

0.4

0.2

0.1

0.04

0.02

0.01

20

10

0.4

0.2

0.1

0.04

0.02

0.01

400 440 480 520 560 600 640

360 400 440 480

Enthalpy, kJ/kg

520 560 600 640

11
50

11
00

1000 900
800

160

180

600

400
320

120

80
60

40
32
24

16
12

3.2

1.2

0.8

0.6

0.4

8
6

4

240

Density 5 160 kg/m
3

R-123

sa
tu

ra
te

d 
va

po
r

30
0

32
02.4

1.6

1.
62

1.
66

1.
70

1.
74

1.
78

1.
82

1.
86

1.
94

1.
98 2.
02 2.
06 2.
10 2.
14

S
 5

 1
.9

0 
kJ

/k
g-

K

Fig. 4.2.7 Enthalpy– log pressure diagram for refrigerant 123. 1 MPa 5 10 bar. (Reprinted by permission of the
ASHRAE from the 1993 ‘‘ASHRAE Handbook—Fundamentals.’’)

Table 4.2.14 Saturated Refrigerant 134a*

Spec. ht . const. ,
Spec. vol., m3/kg Enthalpy, kJ/kg Entropy, kJ/(kg ? K) P, kJ/(kg ? K)

P,
bar T, K Liquid Vapor Liquid Vapor Liquid Vapor Liquid Vapor

0.5 232.7 0.000706 0.3572 148.4 374.1 0.7966 1.7640 1.254 0.748
1 246.8 0.000726 0.1926 165.4 382.6 0.8675 1.7474 1.279 0.793
1.5 256.0 0.000741 0.1313 177.4 388.3 0.9148 1.7388 1.299 0.826
2 263.1 0.000753 0.0999 186.6 392.6 0.9502 1.7334 1.315 0.854
2.5 268.9 0.000764 0.0807 194.3 396.1 0.9789 1.7295 1.330 0.878

3 273.8 0.000774 0.0677 200.9 399.0 1.0032 1.7267 1.343 0.900
4 282.1 0.000791 0.0512 212.1 403.7 1.0433 1.7225 1.367 0.940
5 288.9 0.000806 0.0411 221.5 407.5 1.0759 1.7196 1.389 0.976
6 294.7 0.000820 0.0343 229.7 410.6 1.1037 1.7184 1.411 1.010
8 304.5 0.000846 0.0256 243.6 415.5 1.1497 1.7140 1.453 1.075

10 312.5 0.000870 0.0203 255.5 419.2 1.1876 1.7112 1.495 1.139
15 328.4 0.000928 0.0131 279.8 425.2 1.2621 1.7048 1.611 1.313
20 340.6 0.000989 0.00929 300.0 428.3 1.3208 1.6975 1.761 1.539
25 350.7 0.001057 0.00694 317.8 429.0 1.3711 1.6880 1.983 1.647
30 359.4 0.001141 0.00528 334.7 427.3 1.4170 1.6748 2.388 2.527

35 366.9 0.001263 0.00237 351.9 422.2 1.4626 1.6549 3.484 4.292
40 373.5 0.001580 0.00256 375.6 405.4 1.5247 1.6045 26.33 37.63
40.6† 374.3 0.001953 0.00195 389.6 389.6 1.5620 1.5620

* Values are rounded, converted, and interpolated from Tillner-Roth and Baehr, J. Phys. Chem. Ref. Data, 23, no. 5, 1994, pp. 657–730. Liquid enthalpy and
entropy at 0°C 5 273.15 K are 200 kJ/kg and 1.0000 kJ/kg ? K, respectively.

† Critical point .
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Fig. 4.2.8 Enthalpy– log pressure diagram for refrigerant 134a.

Table 4.2.15 Saturated Refrigerant 143a*

vf vg hf hg sf sgP, cpf, mf , kf,
bar T, °C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf

0.5 2 61.06 0.000840 0.4160 115.8 352.1 0.6541 1.769 1.291 314.6 0.1214 3.34
1 2 47.49 0.000861 0.1977 136.4 361.9 0.7474 1.738 1.327 262.4 0.1121 3.11
1.5 2 38.59 0.000875 0.1486 145.5 366.1 0.7865 1.728 1.346 243.4 0.1080 3.03
2 2 31.77 0.000889 0.1113 154.7 370.2 0.8253 1.718 1.366 225.6 0.1039 2.97
2.5 2 26.16 0.000903 0.0908 162.4 0.8567 1.710 1.384 212.5 0.1005 2.93

3 2 21.35 0.000915 0.0755 169.2 376.3 1.706 1.401 201.8 0.0976 2.90
4 2 13.34 0.000936 0.0566 180.5 380.8 0.9277 1.698 1.430 185.6 0.0928 2.86
5 2 6.72 0.000955 0.0461 190.1 384.3 0.9636 1.693 1.459 173.7 0.0889 2.85
6 2 1.04 0.000973 0.0382 198.5 387.2 0.9944 1.688 1.486 163.6 0.0856 2.84
8 8.47 0.001005 0.0284 212.8 391.8 1.0457 1.681 1.538 147.0 0.0800 2.83

10 16.34 0.001036 0.0224 225.1 395.2 1.088 1.675 1.590 134.2 0.0755 2.83
15 31.80 0.001112 0.0144 250.6 400.3 1.171 1.664 1.741 113.0 0.0667 2.95
20 43.75 0.001191 0.0102 271.8 402.4 1.238 1.651 1.943 99.1 0.0598 3.22
25 53.83 0.001288 0.0074 291.4 401.5 1.297 1.634 2.369 87.0 0.0538 3.83
30 61.96 0.001405 0.0056 308.9 398.0 1.350 1.616 2.93
35 69.26 0.001616 0.0040 329.8 338.9 1.403 1.576
38.3† 73.60 0.002311 0.0023 360.6 360.6 1.471 1.471

* The P, T, v, h, and s values are interpolated from a tabulation as a function of temperature supplied by Dr. Friend, NIST, Boulder, CO, based on REFROP 5.
† Critical point .
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Table 4.2.16 Saturated Refrigerant 152a*

vf vg hf hg sf sg cpf cpg mf mgP, kf,
bar T, °C m3/kg kJ/kg kJ/(kg ? K) kJ/(kg ? K) mPa ? s W/(m ? K) Prf

0.5 2 38.88 0.000960 0.5737 135.9 478.5 0.7477 2.2103 1.593 0.951 346.9
1 2 24.29 0.000989 0.2997 159.4 489.3 0.8448 2.1710 1.632 1.030 286.1 8.65 0.1280 3.65
1.5 2 13.05 0.001012 0.1923 178.0 497.5 0.9177 2.1464 1.665 1.098 249.2 8.98 0.1231 3.37
2 2 7.68 0.001025 0.1569 187.1 501.4 0.9523 2.1360 1.682 1.134 233.8 9.14 0.1199 3.28
2.5 2 1.60 0.001039 0.1267 197.3 505.6 0.9900 2.1254 1.702 1.175 218.3 9.32 0.1164 3.18

3 3.59 0.001052 0.1057 206.2 509.1 1.0222 2.1169 1.720 1.211 205.9 9.47 0.1134 3.10
4 12.12 0.001074 0.0800 221.8 514.7 1.0747 2.1042 1.751 1.275 187.5 9.67 0.1084 3.03
5 19.14 0.001094 0.0644 233.4 519.1 1.1173 2.0947 1.781 1.331 174.2 9.91 0.1046 2.97
6 25.17 0.001113 0.0546 244.3 522.7 1.1527 2.0871 1.809 1.383 163.6 10.12 0.1010 2.93
8 35.25 0.001146 0.0402 262.8 528.4 1.2140 2.0752 1.862 1.314 147.4 10.48 0.0953 2.88

10 43.57 0.001177 0.0320 278.5 532.6 1.2635 2.0658 1.915 1.567 135.5 10.81 0.0907 2.86
15 59.95 0.001251 0.0207 310.7 539.2 1.3608 2.0470 2.055 1.800 114.6 11.56 0.0820 2.87
20 72.61 0.001325 0.0148 337.3 542.2 1.4371 2.0299 2.224 2.083 12.32 0.0758
25 83.07 0.001405 0.0112 360.7 542.5 1.5021 2.0125 2.456 2.476 13.18
30 92.03 0.001498 0.0087 382.6 540.3 1.5605 1.9927 2.814 3.101

35 99.87 0.001615 0.0068 403.8 535.0 1.6161 1.9699 3.42 4.32
40 106.76 0.001840
45.2† 113.26 0.002717 0.0027 476.7 476.7 1.8019 1.8019

† The P, T, v, h, s, cp, m, and k values are interpolated from ‘‘ASHRAE Handbook—Fundamentals,’’ 1993.
† Critical point .

Table 4.2.17 Saturated Water Substance

T, K P, bar vc, m3/kg vg, m3/kg hc, kJ/kg hg, kJ/(kg ? K) sc, kJ/(kg ? K) sg, kJ/(kg ? K)

250 0.00076 1.087.23 1520 2 381.5 2,459 2 1.400 9.954
260 0.00196 1.088.23 612.2 2 360.5 2,477 2 1.323 9.590
270 0.00469 1.090.23 265.4 2 339.6 2,496 2 1.296 9.255
273.15 0.00611 1.091.23 206.3 2 333.5 2,502 2 1.221 9.158
273.15 0.00611 1.000.23 206.3 0.0 2,502 0.000 9.158

280 0.00990 1.000.23 130.4 28.8 2,514 0.104 8.980
290 0.01917 1.001.23 69.7 70.7 2,532 0.251 8.740
300 0.03531 1.003.23 39.13 112.5 2,550 0.393 8.520
310 0.06221 1.007.23 22.93 154.3 2,568 0.530 8.318
320 0.1053 1.011.23 13.98 196.1 2,586 0.649 8.151

330 0.1719 1.016.23 8.82 237.9 2,604 0.791 7.962
340 0.2713 1.021.23 5.74 279.8 2,622 0.916 7.804
350 0.4163 1.027.23 3.846 321.7 2,639 1.038 7.657
360 0.6209 1.034.23 2.645 363.7 2,655 1.156 7.521
370 0.9040 1.041.23 1.861 405.8 2,671 1.271 7.394

373.15 1.0133 1.044.23 1.679 419.1 2,676 1.307 7.356
380 1.2869 1.049.23 1.337 448.0 2,687 1.384 7.275
390 1.794 1.058.23 0.980 490.4 2,702 1.494 7.163
400 2.455 1.067.23 0.731 532.9 2,716 1.605 7.058
420 4.370 1.088.23 0.425 618.6 2,742 1.810 6.865

440 7.333 1.110.23 0.261 705.3 2,764 2.011 6.689
460 11.71 1.137.23 0.167 793.5 2,782 2.205 6.528
480 17.90 1.167.23 0.111 883.4 2,795 2.395 6.377
500 26.40 1.203.23 0.0766 975.6 2,801 2.581 6.233
520 37.70 1.244.23 0.0525 1,071 2,801 2.765 6.093

540 52.38 1.294.23 0.0375 1,170 2,792 2.948 5.953
560 71.08 1.355.23 0.0269 1,273 2,772 3.132 5.808
580 94.51 1.433.23 0.0193 1,384 2,737 3.321 5.654
600 123.5 1.541.23 0.0137 1,506 2,682 3.520 5.480
620 159.1 1.705.23 0.0094 1,647 2,588 3.741 5.259

647.3* 221.2 3.170.23 0.0032 2,107 2,107 4.443 4.443

Above the solid line the condensed phase is solid; below it is liquid. The notation 1.087.23 signifies 1.087 3 1023. * Critical temperature.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Fig. 4.2.9 Enthalpy– log pressure diagram for refrigerant 152a. (Reprinted by
permission of the ASHRAE from the 1993 ‘‘ASHRAE Handbook—
Fundamentals.’’)

Fig. 4.2.10 Temperature-entropy diagram for water substance, SI units.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 4.2.18 Compressed Steam*

Pressure, bar
Temperature,

K 1 10 20 40 60 80 100 200 400 600 800 1,000
Temperature,

K

v
350 h

s

1.027.23
231.8
1.037

1.027.23
322.5
1.037

1.026.23
323.3
1.036

1.025.23
324.9
1.035

1.024.23
326.4
1.034

1.023.23
328.1
1.032

1.023.23
329.7
1.031

1.018.23
337.7
1.025

1.009.23
353.8
1.013

1.002.23
369.7
1.001

9.937.24
385.7
0.991

9.865.24
401.7
0.979

350

v
400 h

s

1.827
2,730
7.502

1.067.23
533.4
1.600

1.066.23
534.1
1.599

1.065.23
535.4
1.597

1.064.23
536.8
1.595

1.063.23
538.2
1.593

1.061.23
539.6
1.592

1.056.23
546.5
1.583

1.045.23
560.6
1.565

1.035.23
574.9
1.549

1.027.23
589.3
1.533

1.018.23
603.8
1.518

400

v
450 h

s

2.063
2,830
7.736

1.124.23
749.0
2.110

1.123.23
749.8
2.107

1.121.23
750.8
2.105

1.119.23
751.9
2.102

1.118.23
753.0
2.099

1.116.23
754.1
2.097

1.108.23
759.5
2.085

1.094.23
771.0
2.061

1.082.23
783.0
2.039

1.070.23
795.3
2.019

1.059.23
807.9
2.002

450

v
500 h

s

2.298
2,929
7.944

0.221
2,891.2
6.823

0.104
2,839.4
6.422

1.201.23
975.9
2.578

1.198.23
976.3
2.575

1.196.23
976.8
2.571

1.193.23
977.3
2.567

1.181.23
980.3
2.549

1.160.23
987.4
2.517

1.142.23
995.9
2.488

1.126.23
1005.3
2.461

1.112.23
1015.4
2.437

500

v
600 h

s

2.76
3,129
8.309

0.271
3,109
7.223

0.133
3,087
6.875

0.0630
3,036
6.590

0.0396
2,976
6.224

0.0276
2,906
5.997

0.0201
2,820
5.775

1.483.23
1,489
3.469

1.392.23
1,462
3.379

1.337.23
1,452
3.316

1.296.23
1,447
3.266

1.265.23
1,447
3.223

600

v
700 h

s

3.23
2,334
8.625

0.319
3,322
7.550

0.158
3,307
7.215

0.0769
3,278
6.864

0.0500
3,247
6.644

0.0346
3,214
6.431

0.0283
3,179
6.334

1.157.22
2,965
5.770

2.630.23
2,233
4.554

1.831.23
2,021
4.192

1.639.23
1,962
4.058

1.536.23
1,931
3.972

700

v
800 h

s

3.69
3,546
8.908

0.367
3,537
7.837

0.182
3,526
7.507

0.0689
3,506
7.151

0.0589
3,485
6.965

0.0436
3,464
6.809

0.0343
3,442
6.685

1.575.22
3,325
6.252

6.391.23
3,047
5.654

3.496.23
2,734
5.175

2.484.23
2,567
4.864

2.072.23
2,465
4.701

800

v
900 h

s

4.15
3,764
9.165

0.414
3,757
8.097

0.206
3,750
7.770

0.102
3,737
7.462

0.0674
3,719
7,237

0.0501
3,704
7.092

0.0398
3,688
6.975

1.899.22
3,609
6.587

8.619.23
3,440
6.119

5.257.23
3,269
5.780

3.704.23
3,113
5.510

2.907.23
2,995
5.305

900

v
1,000 h

s

4.15
3,990
9.402

0.414
3,984
8.336

0.206
3,978
8.011

0.102
3,967
7.682

0.0674
3,955
7.486

0.0501
3,944
7.345

0.0398
3,935
7.233

2.186.22
3,874
6.867

1.038.22
3,756
6.453

6.605.23
3,640
6.172

4.792.23
3,532
5.951

3.763.23
3,435
5.727

1,000

v
1,500 h

s

6.92
5,227
10.40

0.692
5,224
9.34

0.341
5,221
9.015

0.1730
5,217
8.693

0.1153
5,212
8.503

0.0865
5,207
8.368

0.0692
5,203
8.262

0.0346
5,198
7.936

0.0173
5,171
7.597

0.0116
5,144
7.391

0.00871
5,120
7.239

0.00700
5,095
7.118

1,500

v
2,000 h

s

9.26
6,706
11.25

0.925
6,649
10.15

0.462
6,639
9.828

0.231
6,629
9.503

0.1543
6,623
9.313

0.1157
6,619
9.178

0.0926
6,616
9.073

0.0465
6,610
8.748

0.0234
6,599
8.418

0.0157
6,590
8.222

0.0119
6,581
8.082

0.0096
6,574
7.971

2,000

v
2,500 h

s

11.90
9,046
12.28

1.171
8,504
10.80

0.583
8,413
10.62

0.291
8,342
10.26

0.1942
8,307
10.06

0.1457
8,285
9.920

0.1166
8,269
9.810

0.0584
8,269
9.468

0.0294
8,267
9.129

0.0197
8,261
8.930

0.0149
8,250
8.788

0.0120
8,240
8.677

2,500

* v 5 specific volume, m3/kg; h 5 specific enthalpy, kJ/kg; s 5 specific entropy, kJ/(kg ? K). The notation 1.027.23 signifies 1.027 3 1023.
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Table 4.2.19 Saturated Water Substance, fps Units

Internal
energy,Abs press,

lb/in2
Temp.,
°F

Specific volume, ft3/ lb Enthalpy, Btu/ lb Entropy, Btu/(lb ? R)

Liquid Vapor Liquid Evap. Vapor Liquid Evap. Vapor
energy,

evap., Btu/ lb

0.08866
1.0
1.5
2
3
4
5

10
14.696
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
95

100
150
200
250
300
350
400
450
500
550
600
700
800
900

1,000
1,500
2,000
2,500
3,000
3,203.6

32.02
101.70
115.65
126.04
141.43
152.93
162.21
193.19
211.99
213.03
227.96
240.08
250.34
259.30
267.26
274.46
281.03
287.10
292.73
298.00
302.96
307.63
312.07
316.29
320.31
324.16
327.86
358.48
381.86
401.04
417.13
431.82
444.70
456.39
467.13
477.07
486.33
503.23
518.36
532.12
544.75
596.39
636.00
668.31
695.52
705.44

0.016022
0.016136
0.016187
0.016230
0.016300
0.016358
0.016407
0.016590
0.016715
0.016723
0.016830
0.016922
0.017004
0.017078
0.017146
0.017209
0.017269
0.017325
0.017378
0.017429
0.017478
0.017524
0.017570
0.017613
0.017655
0.017696
0.017736
0.018089
0.018387
0.018653
0.018896
0.019124
0.019340
0.019547
0.019748
0.019943
0.02013
0.02051
0.02087
0.02123
0.02159
0.02346
0.02565
0.02860
0.03431
0.05053

3,302
333.6
227.7
173.75
118.72
90.64
73.53
38.42
26.80
26.29
20.09
16.306
13.748
11.900
10.501
9.403
8.518
7.789
7.177
6.657
6.209
5.818
5.474
5.170
4.898
4.654
4.434
3.016
2.289
1.8448
1.5442
1.3267
1.1620
1.0326
0.9283
0.8423
0.7702
0.6558
0.5691
0.5009
0.4459
0.2769
0.18813
0.13059
0.08404
0.05053

0.01
69.74
83.65
94.02

109.39
120.89
130.17
161.23
180.15
181.19
196.26
208.52
218.93
228.04
236.16
243.51
250.24
256.46
262.25
267.67
272.79
277.61
282.21
286.58
290.76
294.76
298.61
330.75
355.6
376.2
394.1
409.9
424.2
437.4
449.5
460.9
471.7
491.5
509.7
526.6
542.4
611.5
671.9
730.9
802.5
902.5

1,075.4
1,036.0
1,028.0
1,022.1
1,013.1
1,006.4
1,000.9

982.1
970.4
969.7
960.1
952.2
945.4
939.3
933.8
928.8
924.2
919.9
915.8
911.9
908.3
904.8
901.4
898.2
895.1
892.1
889.2
864.2
843.7
825.8
809.8
795.0
781.2
768.2
755.8
743.9
732.4
710.5
689.6
669.5
650.0
557.2
464.4
360.5
213.0

0

1,075.4
1,105.8
1,111.7
1,116.1
1,122.5
1,127.3
1,131.0
1,143.3
1,150.5
1,150.9
1,156.4
1,160.7
1,164.3
1,167.4
1,170.0
1,172.3
1,174.4
1,176.3
1,178.0
1,179.6
1,181.0
1,182.4
1,183.6
1,184.8
1,185.9
1,186.9
1,187.8
1,194.9
1,199.3
1,202.1
1,203.9
1,204.9
1,205.5
1,205.6
1,205.3
1,204.8
1,204.1
1,202.0
1,199.3
1,196.0
1,192.4
1,168.7
1,136.3
1,091.4
1,015.5

902.5

0.00000
0.13266
0.15714
0.17499
0.20089
0.21983
0.23486
0.28358
0.31212
0.31367
0.33580
0.35345
0.36821
0.38093
0.39214
0.40218
0.41129
0.41963
0.42733
0.43450
0.44120
0.44749
0.45344
0.45907
0.46442
0.46952
0.47439
0.51422
0.5440
0.5680
0.5883
0.6060
0.6218
0.6360
0.6490
0.6611
0.6723
0.6927
0.7110
0.7277
0.7432
0.8082
0.8623
0.9131
0.9732
1.0580

2.1869
1.8453
1.7867
1.7448
1.6852
1.6426
1.6093
1.5041
1.4446
1.4414
1.3962
1.3607
1.3314
1.3064
1.2845
1.2651
1.2476
1.2317
1.2170
1.2035
1.1909
1.1790
1.1679
1.1574
1.1475
1.1380
1.1290
1.0562
1.0025
0.9594
0.9232
0.8917
0.8638
0.8385
0.8154
0.7941
0.7742
0.7378
0.7050
0.6750
0.6471
0.5276
0.4238
0.3196
0.1843
0

2.1869
1.9779
1.9438
1.9198
1.8861
1.8624
1.8441
1.7877
1.7567
1.7551
1.7320
1.7142
1.6996
1.6873
1.6767
1.6673
1.6589
1.6513
1.6444
1.6380
1.6321
1.6265
1.6214
1.6165
1.6119
1.6076
1.6034
1.5704
1.5464
1.5274
1.5115
1.4978
1.4856
1.4746
1.4645
1.4551
1.4464
1.4305
1.4160
1.4027
1.3903
1.3359
1.2861
1.2327
1.1575
1.0580

1,021.2
974.3
964.8
957.8
947.2
939.3
932.9
911.0
897.5
896.8
885.8
876.9
869.2
862.4
856.2
850.7
845.5
840.8
836.3
832.1
828.1
824.3
820.6
817.1
813.8
810.6
807.5
781.0
759.6
741.4
725.1
710.3
696.7
683.9
671.7
660.2
649.1
628.2
608.4
589.6
571.5
486.9
404.2
313.4
185.4

0

SOURCE: Abstracted from Keenan, Keyes, Hill, and Moore, ‘‘Steam Tables,’’ 1969.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 4.2.20 Compressed Water Substance, fps Units

Pressure, psia
(saturation
temp., °F)

Temperature of steam, °F

200 300 400 500 600 800 1,000 1,200

10
(193.19)

v
h
s

38.85
1,146.6
1.7927

44.99
1,193.7
1.8592

51.03
1,240.5
1.9171

57.04
1,287.7
1.9690

63.03
1,335.5
2.0164

74.98
1,433.3
2.1009

86.91
1,534.6
2.1755

98.84
1,639.4
2.2428

50
(281.03)

v
h
s

0.01663
168.1
0.2940

1,332.8
1.8371

8.772
1,184.4
1.6722

10.061
1,235.0
1.7348

11.305
1,284.0
1.7887

14.949
1,431.7
1.9225

17.352
1,533.5
1.9975

19.747
1,638.7
2.0650

100
(327.86)

v
h
s

0.01663
168.2
0.2939

0.01745
269.7
0.4372

4.934
1,227.5
1.6517

5.587
1,279.1
1.7085

6.216
1,329.3
1.7582

7.445
1,429.6
1.8449

8.657
1,532.1
1.9204

9.861
1,637.7
1.9882

150
(358.48)

v
h
s

0.01663
168.4
0.2938

0.01744
269.8
0.4371

3.221
1,219.5
1.5997

3.679
1,274.1
1.6598

4.111
1,325.7
1.7110

4.944
1,427.5
1.7989

5.759
1,530.7
1.8750

6.566
1,454.5
1636.7

200
(381.86)

v
h
s

0.01662
168.5
0.2938

0.01744
269.9
0.4370

2.361
1,210.8
1.5600

2.724
1,268.8
1.6239

3.058
1,322.1
1.6767

3.693
1,425.3
1.7660

4.310
1,529.3
1.8425

4.918
1,635.7
1.9109

300
(417.43)

v
h
s

0.01662
168.8
0.2936

0.01743
270.1
0.4368

0.01863
375.2
0.5665

1.7662
1,257.5
1.5701

2.004
1,314.5
1.6266

2.442
1,421.0
1.7187

2.860
1,526.5
1.7964

3.270
1,633.8
1.8653

400
(444.70)

v
h
s

0.01661
169.0
0.2935

0.01742
270.3
0.4366

0.01862
375.3
0.5662

1.2843
1,245.2
1.5282

1.4760
1,306.6
1.5892

1.8163
1,416.6
1.6844

2.136
1,523.6
1.7632

2.446
1,631.8
1.8327

500
(467.13)

v
h
s

0.01661
169.2
0.2934

0.01741
270.5
0.4364

0.01861
375.4
0.5660

.9924
1,231.5
1.4923

1.1583
1,298.3
1.5585

1.4407
1,412.1
1.6571

1.7008
1,520.7
1.7371

1.9518
1,629.8
1.8072

600
(486.33)

v
h
s

0.01660
169.4
0.2933

0.01740
270.7
0.4362

0.01860
375.5
0.5657

.7947
1,216.2
1.4592

.9456
1,289.5
1.5320

1.1900
1,407.6
1.6343

1.4108
1,517.8
1.7155

1.6222
1,627.8
1.7861

700
(503.23)

v
h
s

0.01660
169.6
0.2932

0.01740
270.9
0.4360

0.01859
375.6
0.5655

0.02042
487.6
0.6887

.7929
1,280.2
1.5081

1.0109
1,402.9
1.6145

1.2036
1,514.9
1.6970

1.3868
1,625.8
1.7682

800
(518.36)

v
h
s

0.01659
169.9
0.2930

0.01739
271.1
0.4359

0.01857
375.8
0.5652

0.02040
487.6
0.6883

.6776
1,270.4
1.4861

.8764
1,398.2
1.5969

1.0482
1,511.9
1.6807

1.2102
1,623.8
1.7526

900
(532.14)

v
h
s

0.01658
170.1
0.2929

0.01739
271.3
0.4355

0.01856
375.9
0.5650

0.02038
487.5
0.6878

.5871
1,260.0
1.4652

.7717
1,393.4
1.5810

.9273
1,508.9
1.6662

1.0729
1,621.7
1.7386

1,000
(544.75)

v
h
s

0.01658
170.3
0.2928

0.01738
271.5
0.4355

0.01855
376.0
0.5647

0.02036
487.5
0.6874

0.5140
1,248.8
1.4450

0.6878
1,388.5
1.5664

0.8305
1,505.9
1.6530

0.9630
1,619.7
1.7261

1,500
(596.39)

v
h
s

0.01655
171.5
0.2922

0.01734
272.4
0.4346

0.01849
376.6
0.5634

0.02024
487.4
0.6853

0.2816
1,174.8
1.3416

0.4350
1,362.5
1.5058

0.5400
1,490.3
1.6001

0.6334
1,609.3
1.6765

2,000
(636.00)

v
h
s

0.01653
172.6
0.2916

0.01731
273.3
0.4338

0.01844
377.2
0.5622

0.02014
487.3
0.6832

0.02330
614.0
0.8046

0.3071
1,333.8
1.4562

0.3945
1,474.1
1.5598

0.4685
1,598.6
1.6398

2,500
(668.31)

v
h
s

0.01650
173.8
0.2910

0.01727
274.3
0.4329

0.01839
377.8
0.5609

0.02004
487.3
0.6813

0.02300
611.6
0.8043

0.2291
1,301.7
1.4112

0.3069
1,457.2
1.5262

0.3696
1,587.7
1.6101

3,000
(695.52)

v
h
s

0.01648
174.9
0.2905

0.01724
275.2
0.4321

0.01833
378.5
0.5597

0.01994
487.3
0.6794

0.02274
609.6
0.8004

0.17572
1,265.2
1.3675

0.2485
1,439.6
1.4967

0.3036
1,576.6
1.5848

4,000 v
h
s

0.01643
177.2
0.2931

0.01717
277.2
0.4304

0.01824
379.9
0.5573

0.01977
487.5
0.6758

0.02229
606.5
0.7936

0.1052
1,172.9
1.2740

0.1752
1,402.6
1.4449

0.2213
1,553.9
1.5423

5,000 v
h
s

0.01638
179.5
0.2882

0.01711
279.1
0.4288

0.01814
381.3
0.5551

0.01960
487.9
0.6724

0.02191
604.2
0.7876

0.05932
1,042.1
1.1583

0.1312
1,363.4
1.3988

0.1720
1,530.8
1.5066

v 5 specific volume, ft3/ lb; h 5 enthalpy, Btu/ lb; s 5 entropy, Btu/(lb ? R).

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 4.2.11 Temperature-entropy diagram for water substance, fps units. (Data from Keenan and Keyes, ‘‘Thermody-
namic Properties of Steam,’’ Wiley.)
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Table 4.2.21 Phase Transition and Other Data for 100 Fluids*

Name Formula M Tm, K Dhfus, kJ/kg Tb, K Dhvap, kJ/kg Pc, bar vc, m3/kg Tc, K Zc

Acetaldehyde C2H4O 44.053 149.7 73.2 293.7 584.0 55.4 0.00382 461 0.243
Acetic acid C2H4O2 60.053 195.2 391.2 404.7 57.9 0.00285 594.5 0.200
Acetone C3H6O 58.080 178.5 98.5 329.3 500.9 47.2 0.00360 508.2 0.232
Acetylene C2H2 26.038 179.0 96.5 189.2 687.0 62.4 0.00435 308.3 0.276
Air Mixed 28.966 60.0 79, 82 206.5 37.7 0.00320 132.6 0.263
Ammonia NH3 17.031 195.4 331.9 239.7 1,368 112.9 0.00427 405.7 0.244
Aniline C6H7N 93.129 266.8 113.2 457.5 484.9 53.0 0.00340 698.8 0.289
Argon A 39.948 83.8 29.4 87.5 163.2 48.7 0.00187 150.8 0.290
Benzene C6H6 78.114 278.7 125.9 353.3 394.0 49.2 0.00332 562.1 0.273
Bromine Br2 159.81 264.9 66.2 331.6 187.7 103.4 0.00079 584.2 0.270
Butane, n C4H10 58.124 113.7 78.2 261.5 366.4 36.5 0.00452 408.1 0.283
Butane, iso C4H10 58.124 137.0 80.2 272.7 385.5 38.0 0.00439 425.2 0.274
Butanol C4H10O 74.123 183.9 121.2 390.8 593.2 44.1 0.00370 562.9 0.259
Butylene C4H8 56.108 87.8 68.6 266.9 391.0 40.2 0.00428 419.6 0.277
Carbon dioxide CO2 44.010 216.6 18.4 194.7 573.2 73.8 0.00214 304.1 0.274
Carbon disulfide CS2 76.131 161.1 57.7 319.4 351.6 79.0 0.00223 552.0 0.293
Carbon monoxide CO 28.010 68.1 29.8 81.6 215.1 35.0 0.00332 132.9 0.295
Carbon tetrachloride CCl4 153.82 250.3 16.3 349.8 195.0 45.6 0.00170 556.4 0.258
Carbon tetrafluoride CF4 88.005 89.5 8.0 145.2 138 37.4 0.00156 228.0 0.272
Cesium Cs 132.91 301.6 16.4 942.4 494.3 153.7 0.00230 2,043 0.240
Chlorine Cl2 70.906 172.2 90.4 238.6 287.5 77.0 0.00175 417.2 0.278
Chloroform CHCl3 119.38 209.7 77.1 334.5 248.5 54.5 0.00202 536.0 0.294
o-Cresol C7H8O 108.14 303.8 464.1 50.0 0.00291 697.6 0.271
Cyclohexane C6H12 84.162 279.8 31.7 353.9 357.4 40.7 0.00366 553.4 0.273
Cyclopropane C3H6 42.081 145.5 129.4 240.3 477 55.0 0.00387 397.8 0.271
Decane C10H22 142.29 243.4 201.8 447.3 276.2 21.0 0.00424 617.5 0.247
Deuterium D2 4.028 18.71 48.9 23.7 304.4 16.7 0.00143 38.34 0.301
Diphenyl C12H10 154.21 342.4 120.6 527.6 317.3 38.5 0.00326 789.0 0.295
Ethane C2H6 30.070 89.9 45.0 184.6 488.4 48.8 0.00486 305.4 0.281
Ethanol C2H6O 46.069 159.0 109.0 351.5 840.9 63.8 0.00362 516.2 0.248
Ethyl acetate C4H8O2 88.107 189.4 119.0 350.3 366.2 38.3 0.00325 523.2 0.252
Ethyl bromide C2H5Br 108.97 153.5 54.0 311.5 218 62.3 0.00197 503.9 0.320
Ethyl chloride C2H5Cl 64.515 134.9 68.9 285.4 382.5 52.0 0.00309 460.4 0.270
Ethyl ether C4H10O 74.123 150.0 93.1 307.8 358.9 36.8 0.00377 466.8 0.262
Ethyl formate C3H6O2 74.080 193.8 124.3 327.4 405.8 47.4 0.00310 508.5 0.257
Ethylene C2H4 28.054 104.0 119.5 169.5 480.0 50.5 0.00455 283.1 0.274
Ethylene oxide C2H4O 44.054 160.6 117.5 283.6 580.0 71.9 0.00318 468.9 0.258
Fluorine F2 37.997 53.5 13.4 85.1 172.1 52.2 0.00174 144.3 0.288
Helium 4 He 4.003 4.3 20.6 2.3 0.0144 5.189 0.303
Heptane C7H16 100.20 182.5 139.9 371.6 316.3 27.4 0.0043 540.2 0.263
Hexane C6H14 86.178 177.8 151.2 341.9 334.8 30.3 0.0043 507.6 0.265
Hydrazine N2H4 32.045 274.7 395.0 386.7 1,207 147.0 653.2 0.284
Hydrogen H2 2.016 14.0 58.0 20.4 454.0 13.0 0.0323 33.3 0.305
Hydrogen bromide HBr 80.912 186.3 37.4 206.4 217.5 85.5 0.00124 363.2 0.284
Hydrogen chloride HCl 36.461 160.0 54.7 188.1 443.0 83.1 0.00022 324.7 0.249
Hydrogen fluoride HF 20.006 181.8 196.3 272.7 374.3 64.9 0.00345 461.2 0.120
Hydrogen iodide HI 127.91 222.4 22.4 237.8 154.0 83.1 0.00106 423.9 0.318
Hydrogen sulfide H2S 34.076 187.5 69.8 213.0 248.0 89.4 0.00289 373.1 0.283

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 4.2.21 Phase Transition and Other Data for 100 Fluids* (Continued )

Name Formula M Tm, K Dhfus, kJ/kg Tb, K Dhvap, kJ/kg Pc, bar vc, m3/kg Tc, K Zc

Iodine
Krypton
Lithium
Mercury
Methane
Methanol
Methyl acetate
Methyl bromide
Methyl chloride
Methyl formate
Methylene chloride
Naphthalene
Neon
Nitric oxide
Nitrogen
Nitrogen peroxide
Nitrous oxide
Octane
Oxygen
Pentane, iso
Pentane, n
Potassium
Propane
Propanol
Propylene
Radon
Refrigerant 11
Refrigerant 12
Refrigerant 13
Refrigerant 13B1
Refrigerant 21
Refrigerant 22
Refrigerant 23
Refrigerant 113
Refrigerant 114
Refrigerant 115
Refrigerant 142b
Refrigerant 152a
Refrigerant 216
Refrigerant C318
Refrigerant 500
Refrigerant 502
Refrigerant 503
Refrigerant 504
Refrigerant 505
Refrigerant 506
Rubidium
Sodium
Sulfur dioxide
Sulfur hexafluoride
Toluene
Water
Xenon

I2

Kr
Li
Hg
CH4

CH4O
C3H6O2

CH3Br
CH3Cl
C2H4O2

CH2Cl2
C10H8

Ne
NO
N2

NO2

N2O
C8H18

O2

C5H12

C5H12

K
C3H8

C3H8O
C3H6

Rn
CFCl3
CF2Cl2
CF3Cl
CF3Br
CHFCl2
CHF2Cl
CHF3

C2F3Cl3
C2F4Cl2
C2F5Cl
C2F2H3Cl
C2F2H4

C3F6Cl2
C4F8

Mix
Mix
Mix
Mix
Mix
Mix
Rb
Na
SO2

SF6

C7H8

H2O
Xe

253.81
83.80
6.940

200.59
16.043
32.042
74.080
94.939
50.49
60.053
84.922

128.17
20.179
30.006
28.013
46.006
44.013

114.23
31.999
72.151
72.151
39.098
44.097
60.096
42.081

224
137.37
120.91
104.46
148.91
102.91
86.469
70.014

187.38
170.92
154.47
100.50
66.051

220.93
200.03
99.303

111.63
87.267
79.240

103.43
93.69
85.468
22.990
64.059

146.051
92.141
18.015

131.36

387.0
116.0
453.8
234.3
90.7

175.5
175
179.5
175.4
173.4
176.5
353.4
24.5

111
63.1

263
176
216.4
54.4

113.7
143.7
336.4
86

147.0
87.9

201
162.2
115.4
92.1

105.4
138.2
113.2
118.0
238.2
179.2
171
142.4
156

233.0
114.3

312.6
371.0
197.8

178.2
273.2
161.5

62.1
19.5

11.4
58.4
98.9

62.8
127.4
125.5
54.4

148.1
16.6
76.6
25.7

159.5
148.6
161.6
13.9
71.1

116.6
59.8
80.0
86.5
71.4
12.3
50.2
34.3

47.6
58.0

12.2
26.7

457.5
121.4

1,615
630.1
111.5
337.7
330.3
276.7
249.4
304.7
312.9
491.1
27.3

121.4
77.3

294.5
184.7
398.9
90.0

301.0
309.2

1,030
231.1
370.4
225.5
211
296.9
243.4
191.7
215.4
282.1
232.4
191.2
320.8
276.7
234.0
263.9
248
308
267
239.7
237
184
216
243.6
260.7
959.4

1,155
268.4

383.8
373.2
165

164.3
107.9

1,945
295.6
511.8

1,104
410.0
252.0
428.5
481.2
328
341
91.3

460
197.6
414.4
376.0
302.7
212.5
341.0
357.2

425.7
695.8
437.5
82.8

180.2
165.1
148.4
118.7
242.1
233.6
239
146.8
136.0
124.1
223
326
117.3
116
201.1
172.2
172.9
242.9

811.3
3,880

368.3

339.0
2,256

99.2

117.5
55.0

1,510
46.0
79.5
46.9

66.8
60.0
61.3
40.5
27.6
64.9
34.0

101.3
72.4
25.0
50.4
33.5
33.7

167
42.6
51.7
46.0
65.5
44.1
41.2
38.7
39.6
51.7
49.8
48.4
34.1
32.6
31.6
41.5
45.0
27.5
27.8
44.3
40.7

47.3
51.6

78.8
37.8
40.5

221.2
58.7

0.00054
0.00109

0.00018
0.00617
0.00368
0.00308
0.00173
0.00270
0.00287
0.00197
0.00321
0.00207
0.00192
0.00318
0.00180
0.00221
0.00426
0.00229
0.00427
0.00431

0.00453
0.00364
0.00429
0.00063
0.00181
0.00179
0.00173
0.00134
0.00192
0.00191
0.00190
0.00174
0.00172
0.00163
0.00232
0.00274
0.00174
0.00161
0.00201
0.00178

0.00288

0.00190
0.00137
0.00345
0.00315
0.00091

785.0
209.4

3,750
1,763

190.5
512.6
506.9
467.2
416.3
487.2
510.
748.4
44.4

180
126.2
431.4
309.6
508.9
154.6
460.4
469.6

2,265
369.8
536.7
365.1
377.0
471.2
385.2
302.0
340.2
451.4
369.2
299.1
487.3
418.9
353.1
410.0
386.7
453.2
388.5
378.7
355.3
293
339
391
416

2,083
2,730

430.7
318.7
594.0
647.3
290

0.248
0.288

0.287
0.220
0.254

0.277
0.255
0.255
0.270
0.311
0.249
0.287
0.233
0.274
0.258
0.288
0.270
0.268

0.277
0.253
0.275
0.293
0.280
0.278
0.279
0.280
0.271
0.267
0.259
0.274
0.275
0.271
0.279
0.253
0.281
0.272
0.281
0.275

0.269
0.285
0.260
0.234
0.290

* M 5 molecular weight , Tm 5 normal melting temperature, Dhfus 5 enthalpy (or latent heat) of fusion, Tb 5 normal boiling point temperature, Dhvap 5 enthalpy (or latent heat) of vaporization,
Tc 5 critical temperature, Pc 5 critical pressure, vc 5 critical volume, Zc 5 critical compressibility factor.

SOURCE: Prepared by the author and abstracted from Rohsenow et al., ‘‘Handbook of Heat Transfer Fundamentals,’’ McGraw-Hill.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.

/knovel2/view_hotlink.jsp?hotlink_id=414778903


4-52 THERMODYNAMIC PROPERTIES OF SUBSTANCES

Table 4.2.22 Specific Heat at Constant Pressure [kJ/(kg ? K)] of Liquids and Gases

Temperature, K

Substance 200 225 250 275 300 325 350 375 400 425 450 475 500

Acetylene
Air
Ammonia
Argon
Butane, i

1.457
1.048
4.605
0.524
1.997

1.517
1.036
4.360
0.523
2.099

1.575
1.029
2.210
0.522
2.207

1.635
1.025
2.176
0.522
1.590

1.695
1.021
2.169
0.522
1.694

1.747
1.021
2.183
0.521
1.810

1.020
2.210
0.521
1.921

1.021
2.247
0.521
2.035

1.022
2.289
0.521
2.149

1.024
2.331
0.521
2.258

1.027
2.381
0.521
2.367

1.030
2.429
0.521
2.436

1.035
2.477
0.521
2.571

Butane, n
Carbon dioxide
Ethane
Ethylene
Fluorine

2.066

1.419
1.296
0.785

2.134
0.763
1.492
1.340
0.793

2.214
0.791
1.574
1.397
0.803

1.642
0.818
1.658
1.475
0.815

1.731
0.845
1.762
1.560
0.827

1.835
0.870
1.871
1.656

1.941
0.894
1.968
1.748

2.047
0.917
2.081
1.839

2.154
0.938
2.184
1.928

2.253
0.958
2.287
2.014

2.361
0.978
2.393
2.097

2.461
0.995
2.492
2.179

2.558
1.014
2.590
2.258

Helium
Hydrogen, n
Krypton
Methane
Neon

5.193
13.53
0.252
2.105
1.030

5.193
13.83
0.251
2.122
1.030

5.193
14.05
0.250
2.145
1.030

5.193
14.20
0.249
2.184
1.030

5.193
14.31
0.249
2.235
1.030

5.193
14.38
0.249
2.297
1.030

5.193
14.43
0.249
2.375
1.030

5.193
14.46
0.249
2.454
1.030

5.193
14.48
0.249
2.534
1.030

5.193
14.49
0.249
2.617
1.030

5.193
14.50
0.249
2.709
1.030

5.193
14.50
0.249
2.797
1.030

5.193
14.51
0.248
2.892
1.030

Nitrogen
Oxygen
Propane
Propylene
Refrigerant 12

1.043
0.915
2.124
2.094

1.042
0.914
2.220
2.132

1.042
0.915
1.500
1.436
0.549

1.041
0.917
1.596
1.481
0.578

1.041
0.920
1.695
1.536
0.602

1.041
0.924
1.805
1.625
0.625

1.042
0.929
1.910
1.709
0.647

1.043
0.935
2.030
1.793
0.666

1.045
0.942
2.140
1.890
0.685

1.047
0.949
2.249
1.981
0.701

1.050
0.956
2.355
2.070
0.716

1.053
0.964
2.458
2.153
0.728

1.056
0.972
2.558
2.245
0.741

Refrigerant 21
Refrigerant 22
Water substance
Xenon

0.973
1.065
1.545
0.165

0.982
1.085
1.738
0.163

0.991
0.588
1.935
0.162

1.015
0.617
4.211
0.161

0.594
0.647
4.179
0.160

0.617
0.676
4.182
0.160

0.641
0.704
4.195
0.160

0.661
0.729
2.035
0.159

0.683
0.757
1.996
0.159

0.701
0.782
1.985
0.159

0.720
0.806
1.981
0.159

0.735
0.826
1.980
0.159

0.752
0.848
1.983
0.159

Values for the saturated liquid are tabulated up to the normal boiling point . Higher temperature values are for the dilute gas. Values for water substance below 275 K are for ice.

Table 4.2.23 Specific Heat Ratio cp /cv for Liquids and Gases at Atmospheric Pressure

Temperature, K

Substance 200 225 250 275 300 325 350 375 400 425 450 475 500

Acetylene
Air
Ammonia
Argon
Butane, i

1.313
1.399

1.663
1.357

1.289
1.399

1.665
1.356

1.269
1.399

1.666
1.359

1.250
1.399

1.666
1.116

1.234
1.399
1.327
1.666
1.103

1.219
1.399
1.302
1.666
1.094

1.205
1.398
1.295
1.666
1.086

1.397
1.285
1.666
1.080

1.395
1.278
1.666
1.075

1.393
1.269
1.666
1.070

1.391
1.262
1.666
1.066

1.388
1.256
1.666
1.063

1.386
1.249
1.666
1.060

Butane, n
Carbon dioxide
Carbon monoxide
Ethane
Ethylene

1.418

1.405

1.412
1.344
1.404
1.246

1.407
1.323
1.403
1.226
1.275

1.114
1.302
1.402
1.210
1.254

1.103
1.290
1.401
1.193
1.236

1.094
1.279
1.401
1.180
1.220

1.086
1.269
1.400
1.167
1.206

1.080
1.260
1.398
1.157
1.194

1.075
1.252
1.396
1.148
1.183

1.071
1.245
1.394
1.139
1.173

1.067
1.239
1.392
1.132
1.165

1.063
1.233
1.390
1.126
1.158

1.061
1.229
1.387
1.120
1.151

Fluorine
Helium
Hydrogen, n
Krypton
Methane

1.393
1.667
1.439
1.649
1.337

1.386
1.667
1.426
1.655
1.332

1.377
1.667
1.415
1.658
1.325

1.370
1.667
1.410
1.660
1.316

1.362
1.667
1.406
1.662
1.306

1.667
1.403
1.662
1.295

1.667
1.401
1.662
1.282

1.667
1.400
1.662
1.271

1.667
1.399
1.662
1.258

1.667
1.398
1.663
1.247

1.667
1.398
1.664
1.237

1.667
1.397
1.665
1.228

1.667
1.397
1.667
1.219

Neon
Nitrogen
Oxygen
Propane
Propylene

1.667
1.399
1.398
1.513

1.667
1.399
1.397
1.504

1.667
1.399
1.396
1.164
1.171

1.667
1.399
1.395
1.148
1.160

1.667
1.399
1.394
1.135
1.150

1.667
1.399
1.391
1.124
1.140

1.667
1.399
1.388
1.114
1.131

1.667
1.398
1.385
1.107
1.123

1.667
1.397
1.381
1.100
1.116

1.667
1.396
1.377
1.094
1.110

1.667
1.394
1.373
1.089
1.105

1.667
1.393
1.369
1.085
1.100

1.667
1.391
1.365
1.081
1.096

Refrigerant 12
Refrigerant 21
Refrigerant 22
Steam
Xenon 1.623 1.634

1.165

1.642

1.114

1.207

1.650

1.101
1.179
1.190

1.655

1.088
1.164
1.172

1.659

1.077
1.152
1.164

1.662

1.065
1.144
1.155
1.322
1.662

1.055
1.137
1.148
1.319
1.662

1.044
1.132
1.143
1.317
1.662

1.034
1.127
1.138
1.314
1.662

1.025
1.124
1.133
1.312
1.662

1.071
1.120
1.129
1.309
1.662
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Table 4.2.24 Saturation Temperature, in Kelvins, of Selected Substances
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an
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C
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C
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bo
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di
ox

id
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C
O

2

C
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n
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tr
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hl

or
id

e,
C

C
l 4

C
ar

bo
n

te
tr

afl
uo

ri
de

,
C

F 4

0.010
0.015
0.020
0.025
0.030

237.8
243.8
247.1
251.6
254.3

337.2
344.2
350.0
353.6
357.1

299.1
305.4
310.0
313.8
316.9

196.5
200.3
203.1
205.7

255.1
259.7
263.2
266.0

106.4
107.9
109.3

0.04
0.05
0.06
0.08
0.10

259.0
262.7
266.8
270.9
275.1 62.3 66.3

198.9
201.9

363.1
368.1
372.3
379.0
385.2

276.5
280.0
283.2
288.6
293.0

321.8
325.6
328.8
333.9
337.8

209.8
212.9
215.8
220.3
224.1

270.9
275.0
278.5
284.6
289.1

111.5
113.2
114.7
117.2
119.1

0.15
0.20
0.25
0.30
0.40

283.2
289.6
294.1
298.0
304.7

64.6
66.4
67.9
69.1
71.2

68.5
70.2
71.5
72.7
74.6

207.6
211.8
215.2
218.1
222.8

397.1
404.5
410.6
415.8
424.8

301.7
308.3
313.7
318.2
325.8

345.8
351.8
356.8
360.8
367.4

231.0
236.3
240.7
244.4
250.5

298.1
304.8
310.2
314.9
322.2

122.9
125.8
128.1
130.1
133.3

0.5
0.6
0.8
1.0
1.5

310.1
315.0
322.8
329.0
341.0 195.1

72.8
74.3
76.6
78.6
82.3

76.2
77.5
79.7
81.6
85.3

226.6
229.9
235.2
239.6
247.9

432.1
438.2
448.8
456.5
472.1

85.1
87.2
91.2

331.8
337.1
345.7
352.7
366.5

372.8
377.2
384.3
390.0
402.6

255.4
259.6
266.6
272.2
283.4

327.8
333.1
342.0
349.2
363.8

136.0
138.2
142.0
145.0
151.0

2.0
2.5
3.0
4.0
5.0

350.1
358.9
365.9
377.1
386.1

200.1
204.8
208.8
215.3
220.9

85.2
87.6
89.7
93.1
96.0

88.1
90.4
92.4
95.7
98.4

254.3
259.5
263.9
271.3
277.3

484.2
494.0
502.0
516.0
527.0

94.3
96.8
99.0

102.6
105.8

377.0
385.7
393.1
405.6
415.8

412.0
419.8
426.1
436.8
445.1

291.9
299.0
305.0
315.1
323.4

374.7
383.0
390.2
402.0
412.8

155.6
159.3
162.1
168.0
172.5

6
8

10
15
20

393.9
406.4
417.3
435.9
452.0

225.8
233.9
240.3
252.5
262.3

98.4
102.7
106.1
113.1
118.5

100.8
104.8
108.1
114.7
119.9

282.4
291.0
298.1
311.9
322.5

536.2
551.5
564.7
593.0
613.6

108.4
110.8
116.6
124.0
129.8

424.7
439.9
451.6
475.8
494.6

452.9
465.4
475.8
496.0
510.1

330.6
342.6
352.6
372.2
387.6

220.0
227.1
233.0
244.6
253.6

422.0
433.0
449.5
474.3
495.0

175.5
182.9
187.7
199.0
207.4

25
30
40
50
60

465.8
476.9
496.0

270.3
277.6
289.5
299.0
306.9

123.0
127.0

124.1
127.8

331.3
338.9
351.6
362.1
371.1

631.2
645.8
672.0
693.0

134.6
138.7
145.7

510.1
523.5
545.8

400.2
410.9

260.6
269.6
278.5
287.4
295.1

511.2
524.0
547.6

214.3
220.2

80
100

386.1
398.4
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Table 4.2.24 Saturation Temperature, in Kelvins, of Selected Substances (Continued )
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N
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4

0.010
0.015
0.020
0.025
0.030

173.4
176.6
179.1
181.2

172.9
176.9
179.9
182.3
184.4

384.3
393.5
400.1
405.9
410.2

127.6
131.1
133.6
135.7
137.3

266.7
272.7
277.1
280.6
283.1

207.9
212.0
215.1
217.6

117.4
120.4
122.8
124.7
126.1

58.2
59.8
61.0
62.0
62.7

266.9
273.2
277.9
281.8
285.0

244.2
250.0
254.2
257.7
260.7

285.9
293.2
298.3
302.4
306.0

0.04
0.05
0.06
0.08
0.10

184.7
186.4
189.8
193.8
197.0

282.2
288.0
292.6

187.7
190.1
192.5
196.2
199.2

418.0
423.8
428.9
436.8
443.6

140.4
142.5
144.6
147.6
150.4

287.7
291.2
294.3
299.2
303.1

221.9
225.0
227.8
232.4
236.1

128.8
130.8
132.6
136.9
138.0

64.1
65.1
66.1
67.6
68.8

2.25
2.38
2.49

290.1
294.4
298.1
304.2
309.0

265.6
269.7
273.0
278.4
282.6

311.7
315.9
319.7
325.5
330.1

0.15
0.20
0.25
0.30
0.40

203.0
207.7
211.4
214.8
219.9

301.4
308.0
313.6
318.1
325.7

205.0
209.5
213.2
216.1
221.2

456.3
466.1
473.9
480.4
491.5

155.3
158.9
161.9
164.6
168.8

310.4
315.7
320.1
323.9
330.1

243.4
248.8
253.1
256.9
263.1

143.0
146.6
149.3
151.7
155.3

71.1
72.9
74.3
75.5
77.6

2.71
2.82
3.03
3.15
3.37

318.3
325.1
330.5
335.0
343.0

291.5
298.3
304.0
308.6
316.6

339.1
345.9
350.8
355.2
362.3

0.5
0.6
0.8
1.0
1.5

224.0
227.7
233.8
238.8
248.3

331.8
337.3
346.9
353.7
368.3

225.1
228.7
234.6
239.3
249.0

499.6
506.6
518.2
528.7
548.0

172.4
175.3
180.2
184.3
192.2

335.2
339.2
345.9
351.4
362.3

267.9
272.1
279.5
285.1
297.6

158.3
161.0
165.6
169.2
176.5

79.2
80.6
82.9
84.8
88.6

3.55
3.71
3.98
4.21
4.67

349.2
354.8
363.9
371.0
385.3

321.4
326.4
334.6
341.3
355.2

368.1
372.8
380.2
386.9
399.1

2.0
2.5
3.0
4.0
5.0

255.9
262.1
267.2
275.9
283.0

378.9
387.7
395.0
407.9
418.6

260
269
275
282
287

562.2
573.8
583.8
600.3
614.3

198.2
203.1
207.4
214.5
220.4

370.6
377.5
382.9
392.0
399.1

306.9
314.6
319.6
329.4
337.0

181.9
186.3
190.6
197.7
202.9

91.4
93.7
95.8
99.2

102.0

5.03 396.7
406.0
413.5
426.0
431.9

361.0
373.7
381.7
393.3
404.0

408.1
415.6
422.0
432.4
441.2

6
8

10
15
20

289.2
290.6
307.8
325.0
338.0

427.8
443.0
455.2
481.1
499.9

292
301
309
327
342

626.6
646.6
664.2
697.8
722.5

225.5
234.0
241.1
255.1
266.0

405.0
415.6
424.1
442.4
456.0

343.5
354.7
364.1
385.9
400.4

207.2
215.0
221.2
234.1
243.9

104.4
108.4
111.8
118.5
123.7

441.5
462.1
474.9
498.9
518.9

412.2
427.0
438.9
462.0
479.1

449.0
462.5
473.7
494.3
510.2

25
30
40
50
60

80
100

349.4
359.2
376.0
389.0
400.7

516.3
528.8
551.1

355
365
379

744.2
763.4
794.0
818.2

275.1
282.9
296.0

467.0
476.0
490.4
502.8
513.4

412.8
422.2
442.4
456.5

252.3
259.9
272.7
282.7

128.1
131.8
138.1
143.3

535.0 495.0
506.3

522.2
531.7
547.8
561.8
574.0

598.0
616.2
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Table 4.2.24 Saturation Temperature, in Kelvins, of Selected Substances (Continued )
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0.010
0.015
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0.025
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448.6
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468.9
475.3
481.6

252.6
258.2
262.3
265.6
268.4

173.2
178.4
182.6
185.9
188.6

353.0
361.2
367.6
372.8
376.9

286.4
293.8
299.4
303.7
306.8

62.2
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64.3
65.2
66.2

219.1
225.0
228.8
232.0
234.7
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719
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743
752

0.04
0.05
0.06
0.08
0.10

14.0
14.4

491.2
498.2
504.7
515.2
523.6

272.9
276.5
278.8
284.4
288.4

192.7
196.0
198.6
202.8
206.0

384.3
389.9
394.8
402.7
408.9

312.4
316.9
320.8
327.1
332.0

67.6
68.8
69.8
71.4
72.7

239.2
242.8
245.9
250.8
254.9

764
776
788
811
829

0.15
0.20
0.25
0.30
0.40

15.2
15.8
16.3
16.7
17.5

161.0
164.5
167.2
169.3
172.7

189.8
192.5
197.0

538.9
551.0
561.0
569.0
582.2

92.6
95.0
97.0
98.6

101.4

295.9
301.4
305.9
309.7
315.9

211.9
216.5
220.5
223.8
229.1

420.9
429.5
437.1
443.3
454.0

64.1
65.8
67.2
68.3
70.2

341.6
348.7
354.6
359.7
368.3

75.2
77.1
78.7
80.0
82.2

263.0
269.1
274.0
277.9
284.9

861
883
899
916
940

0.5
0.6
0.8
1.0
1.5

18.1
18.6
19.5
20.2
21.7

175.2
177.5
181.0
187.8
195.6

200.4
203.1
208.0
212.5
222.0

592.7
601.8
616.8
628.9
652.1

103.7
105.6
108.8
111.5
116.6

320.8
325.0
331.9
337.5
348.1

233.4
237.0
243.1
248.0
257.9

462.1
469.4
481.1
490.2
509.0

71.8
73.2
75.4
77.2
80.8

374.9
380.6
390.2
398.0
413.3

83.9
85.5
88.0
90.1
94.1

290.0
294.7
302.1
308.6
321.6

960
977

1,006
1,029
1,074

2.0
2.5
3.0
4.0
5.0

22.8
23.8
24.6
26.0
27.1

201.5
206.1
210.0
216.7
222.0

227.9
234.3
237.9
245.1
250.9

670.0
684.5
696.7
717.1
733.5

120.6
123.9
126.7
131.4
135.3

356.1
362.6
368.1
377.2
384.6

265.4
271.5
276.6
285.5
292.6

523.3
535.0
544.8
560.3
573.2

83.6
85.9
87.9
91.2
94.0

424.6
434.4
442.1
456.3
467.4

97.2
99.8

102.0
105.7
108.8

331.1
339.2
345.7
356.7
365.4

1,108
1,137
1,176
1,203
1,238

6
8

10
15
20

28.1
29.8
31.2

226.2
233.6
241.6
254.2
263.7

256.1
264.9
272.1
283.3
299.8

747.8
770.8
790.2
827.5
857.2

138.7
144.4
149.1
158.5
165.8

390.9
401.4
410.0
426.5
439.1

298.9
309.4
318.1
332.7
348.6

584.7
605.0
620.7
652.6
677.9

96.4
100.4
103.8
110.4
115.6

477.0
494.0
507.0
532.4
553.6

111.4
115.9
119.6
127.0
132.8

373.6
387.6
398.2
420.7
436.8

1,268
1,318
1,359
1,440
1,505

25
30
40
50
60

272.3
279.9
291.9
301.1
309.5

309.4
316.7
330.0
340.4
350.3

879.2
901.0
934.4
962.8
987.6

172.0
177.2
186.1

449.4
458.2
473.0
484.9
495.3

359.4
368.6
384.3
397.2
408.5

699.0
718.4

119.9
123.6

137.6
141.7
148.6
154.4

450.4
462.1

1,558
1,606
1,689
1,759
1,819

80
100

322.9 366.9 1,028
1,065

511.9 1,920
2,000
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Table 4.2.24 Saturation Temperature, in Kelvins, of Selected Substances (Continued )
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0.010
0.015
0.020
0.025
0.030

162.0
166.2
169.4
171.9
174.1

284.0
289.8
294.0
297.3
299.9

157.8
161.9
165.1
167.4
169.6

209.9
215.0
219.1
222.2
224.7

171.5
175.8
179.1
181.8
184.1

134.1
137.6
140.3
142.4
144.2

201.8
206.6
210.5
212.9
215.5

165.7
170.0
173.1
175.6
177.8

804
825
841
854
865

190.6
195.9
199.6
202.6
204.8

275.1
282.0
286.3
290.0
293.4

280.1
286.1
290.6
294.2
297.2

0.04
0.05
0.06
0.08
0.10

177.4
180.1
182.4
186.2
189.4

304.2
307.8
310.7
315.7
319.7

172.8
175.7
177.9
181.7
184.9

229.0
232.6
235.5
240.7
244.7

187.8
190.3
193.0
197.0
200.1

147.1
149.4
151.3
154.6
157.1

219.6
222.9
225.7
230.2
233.9

180.9
183.5
185.8
189.6
192.6

883
898
910
930
946

208.7
211.8
214.3
218.6
222.0

298.9
303.3
307.1
313.7
318.6

302.1
306.0
309.3
314.7
319.0

0.15
0.20
0.25
0.30
0.40

195.6
200.1
203.9
207.0
212.1

327.4
333.2
337.8
341.7
348.1

190.7
195.2
198.7
201.7
206.8

252.1
257.8
262.4
266.4
273.1

206.3
211.1
214.9
218.2
223.5

162.1
165.9
169.0
171.7
176.0

241.0
246.3
250.6
254.2
260.2

198.5
202.9
206.6
209.6
214.7

977
1,000
1,019
1,034
1,061

228.2
232.9
236.2
239.8
244.8

328.5
335.1
341.6
346.3
354.1

327.3
333.2
338.1
342.3
349.0

0.5
0.6
0.8
1.0
1.5

216.3
219.9
225.9
230.7
240.3

352.9
357.3
364.6
370.1
381.4

211.0
214.5
221.4
225.2
234.5

278.2
282.8
290.3
296.6
308.6

227.9
231.7
237.9
243.0
253.0

179.5
182.5
187.1
191.4
199.3

265.1
269.2
276.1
281.7
292.6

218.6
220.2
227.7
232.2
241.2

1,082
1,099
1,129
1,153
1,199

248.7
252.2
258.0
262.8
272.6

360.3
366.1
375.6
383.2
398.2

354.5
359.1
366.7
372.8
384.5

2.0
2.5
3.0
4.0
5.0

247.7
253.2
258.9
267.6
274.8

389.9
396.9
402.3
411.9
419.8

241.6
247.3
252.6
262.6
267.2

317.9
325.5
331.8
342.7
351.1

260.6
266.9
272.3
281.3
288.8

205.4
210.4
214.6
221.8
227.1

299.4
307.8
313.6
323.5
331.6

248.1
253.8
258.6
266.5
273.0

1,235
1,264
1,289
1,330
1,364

279.6
285.4
290.0
298.6
305.3

409.3
419.0
427.0
441.7
451.4

393.4
400.6
406.7
416.8
425.0

6
8

10
15
20

281.0
291.4
300.0
317.0
330.3

426.8
438.5
447.8
466.6
481.4

273.9
284.0
292.3
308.9
321.8

358.8
372.2
382.7
403.7
419.2

295.2
306.0
314.9
332.6
346.3

232.8
241.4
248.5
262.7
273.7

338.5
350.2
361.0
379.1
394.0

279.0
289.1
297.1
312.3
324.9

1,393
1,430
1,480
1,556
1,623

311.1
320.7
328.6
345.2
357.8

460.9
476.8
490.0
515.8
535.5

432.0
445.6
453.0
472.0
485.5

25
30
40
50
60

493.6
503.8
511.3
536.1

332.5
341.7
357.0

432.1
444.8
463.9

357.5
367.2
383.3

282.8
290.7

406.4
417.1
434.7
449.2

335.1
343.4
358.3

1,676
1,720
1,795
1,859
1,913

368.2
377.0
391.6
403.8
414.5

552.3
566.4
589.6

497.1
507.0
523.5
537.1
548.7

80
100

2,010
2,085

568.1
584.1
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Table 4.2.25 Color Scale of Temperature
for Iron or Steel

Temperature

Color °F K

Dark blood red, black red
Dark red, blood red, low red
Dark cherry red
Medium cherry red
Cherry, full red
Light cherry, light red
Orange, free scaling heat
Light orange
Yellow
Light yellow
White

1,000
1,050
1,175
1,250
1,375
1,550
1,650
1,725
1,825
1,975
2,200

810
840
910
950

1,020
1,120
1,170
1,210
1,270
1,350
1,475

Table 4.2.26 Melting Points of Refractory Materials

Temperature

Material °F K

Aluminum nitride, AlN
Aluminum oxide, Al2O3

Aluminum oxide–beryllium oxide, Al2O3-BeO
Beryllium carbide, Be2C
Beryllium nitride, Be3N4

Beryllium oxide, BeO
Beryllium silicide, 2BeO ? SiO2

Borazon, BN
Calcia (lime), CaO
Graphite, C
Hafnia, HfO2

Magnesia, MgO
Niobium carbide, NbC
Silica, SiO2

Silicon carbide, SiC
Thoria, ThO2

Titanium carbide, TiC
Zirconium aluminide, ZrAl2
Zirconium beryllide, ZrBe13

Zirconium carbide, ZrC
Zirconium disilicide, ZrSi2
Zirconium nitride, ZrN
Zirconium oxide, ZrO2

Zirconium silicides, Zr3Si2, Zr4Si3, Zr6Si5

4,060
3,720
3,400
3,810
4,000
4,570
3,630
5,430
4,660
6,700
5,090
5,070
6,330
3,110
3,990
5,830
5,680
3,000
3,180
6,400
3,090
5,400
4,900

.4,050

2,500
2,320
2,140
2,370
2,480
2,790
2,270
3,270
2,840
3,980
3,090
3,070
3,770
1,980
2,470
3,490
3,410
1,920
2,020
3,810
1,970
3,260
2,980

.2,500

Table 4.2.27 Mean Specific Heats of Various
Solids (32–212°F, 273–373 K)

Solid c, Btu/(lb ? °F) c, kJ/(kg ? K)

Alumina
Asbestos
Ashes
Bakelite
Basalt (lava)
Bell metal
Bismuth-tin
Borax
Brass, yellow
Brass, red
Brick
Bronze
Carbon-coke
Chalk
Charcoal
Cinders
Coal
Concrete
Constantan
Cork
Corundum
D’Arcet’s metal
Dolomite
Ebonite
German silver
Glass, crown
Glass, flint
Glass, normal
Gneiss
Granite
Graphite
Gypsum
Hornblende
Humus (soil)
India rubber (para)
Kaolin
Lead oxide (PbO)
Limestone
Lipowitz’s metal
Magnesia
Magnesite (Fe3O4)

0.183
0.20
0.20

.0.35
0.20
0.086
0.043
0.229
0.088
0.090
0.22
0.104
0.203
0.215
0.20
0.18

.0.30
0.156
0.098
0.485
0.198
0.050
0.222
0.33
0.095
0.16
0.12
0.20
0.18
0.20
0.20
0.26
0.20
0.44

.0.37
0.224
0.055
0.217
0.040
0.222
0.168

0.77
0.84
0.84
1.50
0.84
0.36
0.18
0.96
0.37
0.38
0.92
0.44
0.85
0.90
0.84
0.75

.1.25
0.65
0.41
2.03
0.83
0.21
0.93
1.38
0.40
0.70
0.50
0.84
0.75
0.84
0.84
1.10
0.84
1.80
1.50
0.94
0.23
0.91
0.17
0.93
0.70

Marble
Nickel steel
Paraffin wax
Porcelain
Quartz
Quicklime
Rose’s metal
Salt , rock
Sand
Sandstone
Serpentine
Silica
Soda
Solders (Pb 1 Sn)
Sulfur
Talc
Tufa
Type metal
Vulcanite
Wood, fir
Wood, oak
Wood, pine
Wood’s metal

0.210
0.109
0.69
0.22

.0.23
0.217
0.050
0.21
0.195
0.22
0.25
0.191
0.231
0.043
0.180
0.209
0.33
0.039
0.331
0.65
0.57
0.67
0.040

0.88
0.46
2.90
0.92
0.96
0.91
0.21
0.88
0.82
0.92
1.05
0.80
0.97
0.18
0.75
0.87
1.40
0.16
1.38
2.70
2.40
2.80
0.17
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Table 4.2.28 Phase Transition and Other Data for the Elements

Name Symbol Formula weight Tm, K Dhfus, kJ/kg Tb, K Dhvap, kJ/kg Tc, K Pc, bar Ttr, K

Actinium
Aluminum
Antimony
Argon
Arsenic
Barium
Beryllium
Bismuth
Boron
Bromine
Cadmium
Calcium
Carbon
Cerium
Cesium
Chlorine
Chromium
Cobalt
Copper
Dysprosium
Erbium
Europium
Fluorine
Gadolinium
Gallium
Germanium
Gold
Hafnium
Helium
Holmium
Hydrogen
Indium
Iodine
Iridium
Iron
Krypton
Lanthanum
Lead
Lithium
Lutetium
Magnesium
Manganese
Mercury
Molybdenum
Neodymium
Neon
Neptunium
Nickel
Niobium
Nitrogen
Osmium
Oxygen
Palladium
Phosphorus
Platinum
Plutonium
Potassium
Praseodymium
Promethium
Protactinium
Radium
Radon
Rhenium
Rhodium
Rubidium

Ac
Al
Sb
Ar
As
Ba
Be
Bi
B
Br
Cd
Ca
C
Ce
Cs
Cl2
Cr
Co
Cu
Dy
Er
Eu
F2

Gd
Ga
Ge
Au
Hf
He
Ho
H2

In
I2

Ir
Fe
Kr
La
Pb
Li
Lu
Mg
Mn
Hg
Mo
Nd
Ne
Np
Ni
Nb
N2

Os
O2

Pd
P
Pt
Pu
K
Pr
Pm
Pa
Ra
Rn
Re
Rh
Rb

227.028
26.9815

121.75
39.948
74.9216

137.33
9.01218

208.980
10.81

159.808
112.41
40.08
12.011

140.12
132.905
70.906
51.996
58.9332
63.546

162.50
167.26
151.96
37.997

157.25
69.72
72.59

196.967
178.49

4.00260
164.930

2.0159
114.82
253.809
192.22
55.847
83.80

138.906
207.2

6.941
174.967
24.305
54.9380

200.59
95.94

144.24
20.179

237.048
58.70
92.9064
28.013

190.2
31.9988

106.4
30.9738

195.09
244
39.0983

140.908
145
231
226.025
222
186.207
102.906
85.4678

1,323
933.5
903.9
83

1,002
1,560

544.6
2,320

266
594

1,112
3,810
1,072

301.8
172

2,133
1,766
1,357
1,670
1,795
1,092

53.5
1,585

303
1,211
1,337
2,485

3.5
1,744

14.0
430
387

2,718
1,811

115.8
1,194

601
454

1,937
922

1,518
234.6

2,892
1,290

24.5
910

1,728
2,740

63.2
3,310

54.4
1,826

317
2,045

913
336.4

1,205
1,353
1,500

973
202

3,453
2,236

312.6

63
398
163
30

55.8
1,355

54.0
1,933

66.0
55.1

213.1

390
16.4

180.7
325.6
274.7
206.8
68.1

119.1
60.6
13.4
63.8
80.1

508.9
62.8

134.8
2.1

73.8

28.5
125.0
13.7

247.3
19.6
44.6
23.2

106.6
368.4
219.3
11.4

290.0
49.6
16.4

297.6
283.7
25.7

150.0
13.8

165.0

101
11.7
60.1
49

64.8

12.3
177.8
209.4
26.4

3,475
2,750
1,905

87.2

2,750
1,838
4,000

332
1,040
1,763
4,275

951
239

2,950
3,185
2,845
2,855
3,135
1,850

85.0
3,540
2,500
3,110
3,130
4,885

4.22
2,968

20.4
2,346

457
4,740
3,136

119.8
3,715
2,025
1,607
3.668
1,364
2,334

630
4,900
3,341

27.1
4,160
3,190
5,020

77.3
5,300

90.2
3,240

553
4,100
3,505
1,032
3,785
2,730
4,300
1,900

211
5,920
3,980

964

1,750
10,875

163
1,703
1,099

32,450
725

188
886

3.833

2,955
496
576

6.622
6,390
4,726
1,416
1,563

944
172

2,285
3,688
4,558
1,701
3,211

21
1,461

2,019

3,185
6,259

108
2,978

858
21,340
2,034
5,242
4,112

293

1,891
89

6,308
7,341

198
3,310

213
3,358

2,612
1,409
2,052
2,105

2,036

83
3,842
4,798

810

7,850
5,700

151
2,100
4,450
6,200
4,450
3,300

584
2,690
4,300
7,200
9,750
2,015

417
5,500
6,300
8,280
6,925
7,250
4,350

144
8,670
7,125
8,900
7,250

10,400
5.2

7,575

6,150
785

7,800
8,500

209.4
10,500
5,500
3,700

3,850
4,325
1,720
1,450
7,900

44.5
12,000
8,000

12,500
126.2

12,700
154.8

7,700
995

10,700
10,500
2,210
8,900

377
18,900
7,000
2,070

4,800
3,200

50

720
4,600
1,400

1,680
1,000

11,500
3,350

125

7,400
2,500

690

4,150
5,300
5,450

2.3

2,550

10,000
55

1,650
1,000

1,750
560

1,500
12,000

26.6

11,100

34.0

7,100
81

11,000
3,250

170

66
14,900

168

368, 686

643
1,530

1,473

720

103, 263, 1,003

2,113
700, 1,400

1,659
1,643

46
1,537

276

2,000
2.2

1,703

1,183, 1,671

550, 1,134

80

1,374, 1,447
194

1,132, 1,297

551, 847
631

35.6

23.8, 43.8

196, 298

395, 480, 588, 730

1,066
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Table 4.2.28 Phase Transition and Other Data for the Elements (Continued )

Name Symbol Formula weight Tm, K Dhfus, kJ/kg Tb, K Dhvap, kJ/kg Tc, K Pc, bar Ttr, K

Ruthenium
Samarium
Scandium
Selenium
Silicon
Silver
Sodium
Strontium
Sulfur
Tantalum
Technetium
Tellurium
Terbium
Thallium
Thorium
Thulium
Tin
Titanium
Tungsten
Uranium
Vanadium
Xenon
Ytterbium
Yttrium
Zinc
Zirconium

Ru
Sm
Sc
Se
Si
Ag
Na
Sr
S
Ta
Tc
Te
Tb
Tl
Th
Tm
Sn
Ti
W
U
V
Xe
Yb
Y
Zn
Zr

101.07
150.4
44.9559
78.96
28.0855

107.868
22.9898
87.62
32.06

180.948
98

127.60
158.925
204.37
232.038
168.934
118.69
47.90

183.85
238.029
50.9415

131.30
173.04
88.9059
65.38
91.22

2,525
1,345
1,813

494
1,684
1,234

371
1,043

388
3,252
2,447

723
1,631

577
2,028
1,819

505
1,943
3,660
1,406
2,191

161.3
1,098
1,775

692.7
2,125

256.3
57.3

313.6
66.2

1,802
104.8
113.1

1,042
53.4

173.5
232
137.1
67.9
20.1
69.4
99.6
58.9

323.6
192.5
35.8

410.7
17.5
44.2

128.2
113.0
185.3

4,430
2,064
3,550

958
3,540
2,435
1,155
1,650

718
5,640
4,550
1,261
3,500
1,745
5,067
2,220
2,890
3,565
5,890
4,422
3,680

164.9
1,467
3,610
1,182
4,681

5,837
1,107
6,989
1,210

14,050
2,323
4,263
1,585

4,211
5,830

895
2,083

806
2,218
1,129
2,496
8,787
4,483
1,949
8,870

96
745

4,485
1,768
6,376

9,600
5,050
6,410
1,810
5,160
6,400
2,500
4,275
1,210

16,500
11,500
2,330
8,470
4,550

14,400
6,450
7,700
5,850

15,500
12,500
11,300

290
4,080
8,950

10,500

1,780
3,750

320
540

4,450
370
375
130

12,000

1,700
6,165

2,250

15,000
5,000

10,300
58

1,150

1,300, 1,475, 1,775
1,190
1,608

398, 425

505, 893
369, 374

228, 1,575
507

1,670

286, 476
1,162, 1,353

938, 1,046

1,050
1,758

1,135

Formula weight 5 molecular weight , Tm 5 normal melting temperature, Dhfus 5 enthalpy (or latent heat) of fusion, Tb 5 normal boiling-point temperature, Dhvap 5 enthalpy (or latent heat) of
vaporization, Tc 5 critical temperature, Pc 5 critical pressure, Ttr 5 transition temperature.

SOURCE: Prepared by the author and abstracted from Rohsenow et al., ‘‘Handbook of Heat Transfer Fundamentals,’’ McGraw-Hill.
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Table 4.2.29 Thermophysical Properties of Selected Solid Elements

Temperature, K

Element Property 100 200 300 400 500 600 800 1,000

Al

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

2,732

0.481
300
2.3. 2 4

2,719

0.797
237
1.1. 2 4

2.1. 2 43
2,701
4,623
1.056
0.902
237
9.7. 2 5

4.9. 2 31
2,681
4,716
1.323
0.949
240
9.4. 2 5

1.1. 2 23
2,661
4,812
1.539
0.997
236
8.9. 2 5

1.0. 2 18
2,639
4,913
1.723
1.042
231
8.4. 2 5

1.4. 2 12
2,591
5,131
2.035
1.134
218
7.4. 2 5

6.6. 2 9
2,365
5,768
2.728
0.921

6.6. 2 5

Cr

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

7,155

0.190
160
1.2. 2 4

7,145

0.382
110
4.1. 2 5

4.6. 2 62
7,135
4,113
0.457
0.450
94
2.9. 2 5

8.9. 2 45
7,120
4,160
0.591
0.501
91
2.6. 2 5

2.1. 2 34
7,110
4,210
0.703
0.537
86
2.3. 2 5

1.6. 2 27
7,080
4,263
0.800
0.565
81
2.0. 2 5

6.3. 2 19
7,040
4,375
0.962
0.611
71
1.7. 2 5

9.1. 2 14
7,000
4,495
1.094
0.653
65
1.4. 2 5

Cu

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

9,009

0.254
480
2.2. 2 4

8,973

0.357
413
1.3. 2 4

1.1. 2 52
8,930
5,067
0.524
0.386
401
1.2. 2 4

9.0. 2 38
8,884
5,106
0.637
0.396
393
1.1. 2 4

5.5. 2 29
8,837
5,146
0.726
0.406
386
1.1. 2 4

3.8. 2 23
8,787
5,188
0.802
0.431
379
1.0. 2 4

7.6. 2 16
8,686
5,273
0.924
0.448
366
9.0. 2 5

1.7. 2 11
8,568
5,361
1.022
0.466
352
8.0. 2 5

Au

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

19,460

0.109
327
1.5. 2 4

19,380

0.124
323
1.34. 2 4

6.7. 2 58
19,300
6,046
0.241
0.129
317
1.27. 2 4

6.3. 2 42
19,210
6,059
0.279
0.131
311
1.23. 2 4

2.8. 2 32
19,130
6,072
0.309
0.133
304
1.19. 2 4

3.6. 2 25
19,040
6,086
0.333
0.136
298
1.15. 2 4

6.5. 2 18
18,860
6,113
0.373
0.141
284
1.07. 2 4

3.7. 2 13
18,660
6,142
0.404
0.147
270
9.8. 2 5

Fe

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

7,900

0.216
134
8.2. 2 5

7,880

0.384
94
3.1. 2 5

3.1. 2 65
7,860
4,523
0.491
0.450
80
2.2. 2 5

6.3. 2 54
7,830
4,570
0.626
0.491
70
1.8. 2 5

3.9. 2 47
7,800
4,621
0.740
0.524
61
1.5. 2 5

1.5. 2 36
7,760
4,676
0.840
0.555
55
1.3. 2 5

6.6. 2 20
7,690
4,801
1,018
0.692
43
1.1. 2 5

1.5. 2 14
7,650
4,958
1.193
1.034
32
1.0. 2 5

Pb

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

11,520

0.118
39.7
2.9. 2 5

11,430

0.125
36.7
2.6. 2 5

6.3. 2 29
11,330
6,929
0.314
0.129
35.3
2.4. 2 5

1.8. 2 20
11,230
6,942
0.351
0.132
34.0
2.3. 2 5

2.2 2 15
11,130
6,955
0.381
0.137
32.8
2.2. 2 5

5.4. 2 12
11,010
6,969
0.406
0.142
31.4
2.0. 2 5

6.2. 2 8
10,430
7,022
0.487
0.145

1.3. 2 5

1.6. 2 5
10,190
7,050
0.519
0.142

1.5. 2 5

Li

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

546

1.923
105
1.0. 2 4

541

3.105
90
5.4. 2 5

533
4,615
4.214
3.54
85
4.5. 2 5

526
4,919
5.289
3.76
80
3.2. 2 5

492
5,844
7.182
4.34

2.1. 2 5

482
6,274
7.967
4.26

2.3. 2 5

462
7,113
9.173
4.17

2.8. 2 5

442
7,945
10.102
4.15

3.3. 2 5

Ni

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

8,960

0.232
165
8.0. 2 5

8,930

0.383
105
3.1. 2 5

1.1. 2 67
8,900
4,837
0.512
0.444
91
2.3. 2 5

5.8. 2 49
8,860
4,883
0.645
0.490
80
1.9. 2 5

9.8. 2 38
8,820
4,934
0.758
0.540
72
1.5. 2 5

2.7. 2 30
8,780
4,990
0.859
0.590
66
1.3. 2 5

5.5. 2 21
8,690
5,099
1.017
0.530
68
1.4. 2 5

2.1. 2 15
8,610
5,207
1.137
0.556
72
1.5. 2 5

Pt

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

21,550

0.101
78
3.6. 2 5

21,500

0.127
73
2.7. 2 5

3.2. 2 91
21,450
5,837
0.214
0.134
72
2.5. 2 5

1.3. 2 66
21,380
5,850
0.253
0.136
72
2.5. 2 5

7.3. 2 52
21,330
5,864
0.283
0.138
72
2.5. 2 5

5.0. 2 42
21,270
5,878
0.309
0.140
73
2.5. 2 5

9.7. 2 30
21,140
5,907
0.350
0.146
76
2.5. 2 5

2.3. 2 22
21,010
5,937
0.383
0.152
79
2.5. 2 5
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Table 4.2.29 Thermophysical Properties of Selected Solid Elements (Continued )

Temperature, K

Element Property 100 200 300 400 500 600 800 1,000

Rh

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

12,480

0.147
190
1.0. 2 4

12,460

0.220
154
5.6. 2 5

5.5. 2 89
12,430
4,921
0.308
0.246
150
4.9. 2 5

6.5. 2 65
12,400
4,946
0.380
0.257
146
4.6. 2 5

1.8. 2 50
12,360
4,972
0.437
0.265
141
4.3. 2 5

7.1. 2 41
12,330
4,999
0.487
0.274
136
4.0. 2 5

7.0. 2 29
12,250
5,055
0.568
0.290
127
3.6. 2 5

1.1. 2 21
12,170
5,115
0.635
0.307
121
3.2. 2 5

Ag

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

10,600

0.187
450
2.3. 2 4

10,550

0.225
430
1.8. 2 4

2.1. 2 43
10,490
5,791
0.3959
0.236
429
1.7. 2 4

4.9. 2 31
10,430
5,815
0.4641
0.240
425
1.7. 2 4

1.1. 2 23
10.360
5,839
0.5180
0.245
419
1.7. 2 4

1.0. 2 18
10,300
5,864
0.5630
0.251
412
1.6. 2 4

1.4. 2 12
10,160
5,915
0.6365
0.264
396
1.5 2 4

6.6. 2 9
10,010
5,968
0.6964
0.276
379
1.3. 2 4

Ti

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

4,530

0.295
31

4,520

0.464
25

1.0. 2 74
4,510
4,857
0.643
0.525
21

4.6. 2 54
4,490
4,911
0.797
0.555
20

5.2. 2 42
4,480
4,967
0.922
0.578
20

7.2. 2 35
4,470
5,025
1.028
0.597
19

1.2. 2 23
4,440
5,147
1.205
0.627
19

1.4. 2 17
4,410
5,278
1.350
0.670
21

W

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

19,310

0.089
208

19,290

0.125
185

3.2. 2 141
19,270
6,255
0.178
0.135
174

2.9. 2 104
19,240
6,268
0.217
0.137
159

4.3. 2 82
19,220
6,282
0.248
0.139
146

2.7. 2 67
19,190
6,296
0.273
0.140
137

8.7. 2 49
19,130
6,325
0.315
0.144
125

1.1. 2 37
19,080
6,354
0.347
0.148
118

V

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

6,074

0.257
36
2.3. 2 5

6,062

0.434
31
1.2. 2 5

3.0. 2 82
6,050
4,740
0.571
0.483
31
1.1. 2 5

7.1. 2 60
6,030
4,790
0.716
0.512
31
1.0. 2 5

1.9. 2 46
6,010
4,843
0.832
0.528
32
1.0. 2 5

1.6. 2 37
6,000
4,896
0.930
0.540
33
1.0. 2 5

2.4. 2 26
5,960
5,006
1.088
0.563
36
1.1. 2 5

1.2. 2 19
5,920
5,121
1.216
0.598
38
1.1. 2 5

Zn

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

7,260

0.295
117
5.5. 2 5

7,200

0.366
118
4.7. 2 5

3.7. 2 17
7,135
5,690
0.639
0.389
116
4.1. 2 5

1.6. 2 11
7,070
5,730
0.753
0.404
111
3.9. 2 5

3.7. 2 8
7,000
5,771
0.844
0.419
107
3.7. 2 5

6.7. 2 6
6,935
5,813
0.922
0.435
103
3.4. 2 5

3.4. 2 3
6,430
5,970
1.216
0.479

1.8. 2 5

1.2. 2 1
6,260
6,114
1.323
0.479

2.2. 2 5

Zr

P, bar
r, kg/m3

h, kJ/kg
s, kJ/(kg ? K)
cp, kJ/(kg ? K)
l, W/(m ? K)
a, m2/s

6,535

0.120
33

6,525

0.126
25

2.8. 2 99
6,515
5,540
0.429
0.130
23

8.6. 2 73
6,510
5,569
0.513
0.136
22

6.6. 2 57
6,490
5,600
0.590
0.143
21

2.7. 2 46
6,480
5,632
0.640
0.153
21

4.6. 2 33
6,450
5,698
0.735
0.153
21

4.1. 2 25
6,420
5,768
0.813
0.153
23

P 5 saturation vapor pressure; r 5 density; h 5 enthalpy; s 5 entropy; cp 5 specific heat at constant pressure; l 5 thermal conductivity; a 5 thermal diffusivity.
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4.3 RADIANT HEAT TRANSFER
by Hoyt C. Hottel and Adel F. Sarofim

REFERENCES: Hottel and Sarofim, ‘‘Radiative Transfer,’’ McGraw-Hill. Siegel
and Howell, ‘‘Thermal Radiation Heat Transfer,’’ McGraw-Hill, 3d ed. Modest ,
‘‘Radiative Heat Transfer,’’ McGraw-Hill.

A heated body loses energy continuously by radiation, at a rate depen-
dent on the shape, the size, and, particularly, the temperature of the
body. In contrast to conductive energy transport , such emitted radiation
is capable of passage to a distant body, wh
reflected, scattered, or transmitted.

Consider a pencil of radiation, defined as al

i.e., when n > 1 (e.g., in a gas), El/T 5 is a unique function of lT. And
El is a maximum at lT 5 2,898 mm ?K (Wien’s displacement law). A
more useful displacement law: Half of blackbody radiation lies on either
side of lT 5 4,107 mm ?K. Another: The maximum intensity per unit
fractional change in wavelength or frequency is at lT 5 3,670 mm ?K.
Integration of El over l shows that the fraction f of blackbody radiation
lying at wavelengths below l depends only on lT. Values of f versus lT

ofold range of lT geometrically centered on
about half the energy.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
ere it may be absorbed,

l the rays passing through

appear in Table 4.3.1. A tw
lT 5 3,670 mm ?K spans
A limiting form of the Planck equation as lT : 0 is El 5

each of two small, widely separated areas dA1 and dA2. The rays at dA1

will have a solid angle of divergence dV1, equal to the apparent area of
dA2 viewed from dA1, divided by the square of the separating distance.
Let the normal to dA1 make the angle u1 with the pencil. The flux
density q [energy/(time)(area normal to beam)] per unit solid angle of
divergence is called the intensity I, and the flux dQ1 (energy/time)
through area dA1 (of apparent area dA1 cos u1 normal to the beam) is
therefore given by

d ~Q1 5 dA1 cos u1q1 5 I dA1 cos u1 dV1 (4.3.1)

The intensity I along a pencil, in the absence of absorption or scatter is
constant (unless the beam passes into a medium of different refractive
index n; I1/n1

2 5 I2/n2
2). The emissive power* of a surface is the flux

density [energy/(time)(surface area)] due to emission from it throughout
a hemisphere. If the intensity I of emission from a surface is indepen-
dent of the angle of emission, Eq. (4.3.1) may be used to show that the
surface emissive power is pI, though the emission is throughout 2p
steradians.

BLACKBODY RADIATION

Engineering calculations of thermal radiation from surfaces are best
keyed to the radiation characteristics of the blackbody, or ideal radiator.
The characteristic properties of a blackbody are that it absorbs all the
radiation incident on its surface and that the quality and intensity of the
radiation it emits are completely determined by its temperature. The
total radiative flux throughout a hemisphere from a black surface of area
A and absolute temperature T is given by the Stefan-Boltzmann law: ~Q 5
AsT4 or q 5 sT4. The Stefan-Boltzmann constant s has the value 5.67 3
1028 W/m2(K)4, 0.1713 3 1028 Btu/(ft)2(h)(oR)4 or 1.356 3 10212

cal /(cm)2(s)(K)4. From the above definition of emissive power, sT4 is
the total emissive power of a blackbody, called E; and the intensity IB of
emission from a blackbody is E/p, or sT4/p.

The spectral distribution of energy flux from a blackbody is ex-
pressed by Planck’s law

El dl 5
2phc2n2l25

ehc/(klT) 2 1
dl ;

n2c1l25

ec2/(lT ) 2 1
(4.3.2)

wherein El dl is the hemispherical flux density in W/m2 lying in the
wavelength range l to l 1 dl; h is Planck’s constant , 6.6262 3
10234 J ?s; c is the velocity of light in vacuo, 2.9979 3 108 m/s; k is the
Boltzmann constant , 1.3807 3 10223 J/K; l is the wavelength mea-
sured in vacuo, m; n is the refractive index of the emitter; c1 and c2, the
first and second Planck’s law constants, are 3.7418 3 10216 W ?m2 and
1.4388 3 1022 m ?K. To show how El varies with wavelength or tem-
perature, Planck’s law may be cast in the form

El

n2T 5
5

c1(lT)25

ec2 /(lT ) 2 1
(4.3.3)

* Variously called, in the literature, emittance, total hemispherical intensity, radi-
ant flux density or exitance.
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n2c1l25e2c2/(lT), the Wien equation, less than 1 percent in error when lT
is less than 3,000 mm ?K. This is useful for optical pyrometry (red
screen l 5 0.65 mm) when T , 4,800 K.

Table 4.3.1 Fraction f of Blackbody Radiation below l
lT 5 mm ? K

lT
f

1,200
0.002

1,600
0.020

1,800
0.039

2,000
0.067

2,200
0.101

2,400
0.140

2,600
0.183

2,800
0.228

lT
f

3,000
0.273

3,200
0.318

3,400
0.362

3,600
0.404

3,800
0.443

4,000
0.480

4,200
0.516

4,500
0.564

lT
f

4,800
0.608

5,100
0.646

5,500
0.691

6,000
0.738

6,500
0.776

7,000
0.808

7,600
0.839

8,400
0.871

lT
f

10,000
0.914

12,000
0.945

14,000
0.963

20,000
0.986

50,000
0.999

RADIATIVE EXCHANGE BETWEEN SURFACES
OF SOLIDS

The ratio of the total radiating power of a real surface to that of a black
surface at the same temperature is called the emittance of the surface (for
a perfectly plane surface, the emissivity), designated by «. Subscripts l,
u, and n may be assigned to differentiate monochromatic, directional,
and surface-normal values, respectively, from the total hemispherical
value. If radiation is incident on a surface, the fraction absorbed is called
the absorptance (absorptivity), a term in which two subscripts may be
appended, the first to identify the temperature of the surface and the
second to identify the quality of the incident radiation. According to
Kirchhoff’s law, the emissivity and absorptivity of a surface in surround-
ings at its own temperature are the same, for both monochromatic and
total radiation. When the temperatures of the surface and its surround-
ings differ, the total emissivity and absorptivity of the surface are found
often to be different , but because absorptivity is substantially indepen-
dent of irradiation density, the monochromatic emissivity and absorp-
tivity of surfaces are for all practical purposes the same. The difference
between total emissivity and absorptivity depends on the variation, with
wavelength, of «l and on the difference between the emitter temperature
and the effective source temperature.

Consider radiative exchange between a body of area A1 and tempera-
ture T1 and its black surroundings at T2. The net interchange is given by

~Q152 5 A1 Ea

0

[«lEl(T1) 2 alEl(T2)] dl

5 A1(«1sT1
4 2 a12sT2

4) (4.3.4)

where

«1 5 E1

0

«l dflT1
and a12 5 E1

0

«l dflT2
(4.3.5)

i.e., «1 (or a12) is the area under a curve of «l versus f, read as a function
of lT at T1 (or T2) from Table 4.3.1. If «l does not change with wave-
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length, the surface is called gray, and «1 5 a12 5 «l. A selective surface
is one whose «l changes dramatically with wavelength. If this change is
monotonic, «1 and a12 are, according to Eqs. (4.3.4) and (4.3.5), mark-
edly different when the absolute temperature ratio is far from 1; e.g.,
when T1 5 293 K (ambient temperature) and T2 5 5,800 K (effective
solar temperature), «1 5 0.9 and a12 5 0.1–0.2 for a white paint , but «1

can be as low as 0.12 and a12 above 0.9 for a thin layer of copper oxide
on bright aluminum, or of chromic oxide on bright nickel.

Although values of emittances and absorptances depend in very com-
plex ways on the real and imaginary components of the refractive index

ture; at moderate temperature, «n 5 0.58T √r0/T0, where T is in kelvins.
(3) Total absorptance of a metal at T1 for radiation from a black or gray
source at T2 is equal to the emissivity evaluated at the geometric mean
of T1 and T2. (4) The ratio of hemispherical to normal emittance (ab-
sorptance) varies from 1.33 at very lower «’s (a’s) to about 1.03 at an «
(a) of 0.4.

Unless extraordinary pains are taken to prevent oxidation, however, a
metallic surface may exhibit several times the emittance or absorptance
of a polished specimen. The emittance of iron and steel, for ex-
ample, varies widely with degree of oxidation and roughness—clean
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and on the geometric structure of the surface layer, some generaliza-
tions are possible.

Polished Metals (1) «l is quite low in the infrared and, for l .
8 mm, can be adequately approximated by 0.00365 √r/l, where r is the
resistivity in ohm ?cm and l is in micrometres; at shorter wavelengths,
«l increases and, for many metals, has values of 0.4 to 0.8 in the visible
(0.4–0.7 mm). «l is approximately proportional to the square root
of the absolute temperature («l ~ √r and r ~ T) in the far infrared
(l . 8 mm), is temperature insensitive in the near infrared (0.7–
1.5 mm) and, in the visible, decreases slightly as temperature increases.
(2) Total emittance is substantially proportional to absolute tempera-

Fig. 4.3.1 Variation of absorptivity with temperature of radiation source. (1)
Slate composition roofing; (2) linoleum, red-brown; (3) asbestos slate (asbestos
use is obsolete, but may be encountered in existing construction); (4) soft rubber,
gray; (5) concrete; (6) porcelain; (7) vitreous enamel, white; (8) red brick; (9)
cork; (10) white Dutch tile; (11) white chamotte; (12) MgO, evaporated; (13)
anodized aluminum; (14) aluminum paint; (15) polished aluminum; (16) graphite.
The two dashed lines bound the limits of data for gray paving brick, asbestos
paper (asbestos use is obsolete, but may be encountered in existing construction),
wood, various cloths, plaster of paris, lithopone, and paper.
metallic surfaces have an emittance of from 0.05–0.45 at ambient tem-
peratures to 0.4–0.7 at high temperatures; oxidized and/or rough sur-
faces range from 0.6–0.95 at low temperatures to 0.9–0.95 at high
temperatures.

Refractory Materials Grain size and concentration of trace impuri-
ties are important . (1) Most refractory materials have an «l of 0.8 to 1.0
at wavelengths beyond 2 to 4 mm; «l decreases rapidly toward shorter
wavelengths for materials that are white in the visible but retains its high
value for black materials such as FeO and Cr2O3. Small concentrations
of FeO and Cr2O3 or other colored oxides can cause marked increases in
the emittance of materials that are normally white. «l for refractory
materials varies little with temperature. (2) Refractory materials gener-
ally have a total emittance which is high (0.7 to 1.0) at ambient temper-
atures and decreases with increase in temperature; a change from 1,000
to 1,600°C may cause a decrease in « of one-fourth to one-third. (3) The
emittance and absorptance increase with increase in grain size over a
grain-size range of 1–200 mm. (4) The ratio «/«n of hemispherical to
normal emissivity of polished surfaces varies with refractive index from
1 at n 5 1 to 0.95 at n 5 1.5 (common glass) and back to 0.98 at
n 5 3.5. (5) The ratio «/«n for a surface composed of particulate matter
which scatters isotropically varies with « from 1 when « 5 1 to 0.8
when « 5 0.07. (6) The total absorptance shows a decrease with in-
crease in temperature of the radiation source similar to the decrease in
emittance with increase in the specimen temperature. Figure 4.3.1
shows the effect of the temperature of the radiation source on the ab-
sorptance of surfaces of various materials at room temperature. It will
be noted that polished aluminum (line 15) and anodized aluminum (line
13), representative of metals and nonmetals, respectively, respond op-
positely to a change in the temperature of the radiation source. The
absorptance of surfaces for sunlight may be read from the right of Fig.
4.3.1, assuming sunlight to consist of blackbody radiation from a source
at 10,440°R (5,800 K).

When T2 is not too different from T1, a12 may be expressed as
«1(T2/T1)n, with n determined from Fig. 4.3.1. For this case, Eq. (4.3.4)
becomes

~Q1,net 5 sA1«AV(1 1 n/4)(T1
4 2 T2

4) (4.3.6)

where «AV is evaluated at the arithmetic mean of T1 and T2.
Table 4.3.2 gives the emittance of various surfaces and emphasizes

the variation possible in a single material. The values in the table apply,
with a few exceptions, to normal radiation from the surface.

For opaque materials, the reflectance r is the complement of the ab-
sorptance. The directional distribution of the reflected radiation depends
on the material, its degree of roughness or grain size, and if a metal, its
state of oxidation. Polished surfaces of homogeneous materials reflect
specularly. In contrast , the intensity of the radiation reflected from a
perfectly diffuse, or Lambert, surface is independent of direction. The
directional distribution of reflectance of many oxidized metals, refrac-
tory materials, and natural products approximates that of a perfectly
diffuse reflector. A better model, adequate for many calculational
purposes, is achieved by assuming that the total reflectance r is the sum
of diffuse and specular components rD and rS (Hottel and Sarofim, p.
180).

Black Surface Enclosures When several surfaces are present , the
need arises for evaluating a geometric factor F, called the direct-view
factor. Restriction is temporarily to black surfaces, the intensity from
which is independent of angle of emission. Define F12 as the fraction of
the radiation leaving surface A1 in all directions which is intercepted by
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Table 4.3.2 Emissivity of Surfaces

Surface Temp.,* °C Emissivity*

Metals and their oxides

Aluminum:
Highly polished
Polished
Rough plate
Oxidized at 600°C

230–580
23
26

200–600

0.039–0.057
0.040

0.055–0.07
0.11–0.19

Table 4.3.2 Emissivity of Surfaces (Continued )

Surface Temp.,* °C Emissivity*

Refractories, building materials, paints, misc.

Alumina 260–680 0.6–0.33
Alumina, 50-mm grain size 1,010–1,570 0.39–0.28
Alumina-silica, cont’g

0.4% Fe2O3

1.7% Fe2O3

1,010–1,570
0.61–0.43
0.73–0.62
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Oxide
Alloy 75ST
75ST, repeated heating

280–830
24

230–480

0.63–0.26
0.10

0.22–0.16
Brass:

Highly polished
Rolled plate, natural
Rolled, coarse-emeried
Oxidized at 600°C

260–380
22
22

200–600

0.03–0.04
0.06
0.20

0.61–0.59
Chromium 40–540 0.08–0.26
Copper:

Electrolytic, polished
Comm’l plate, polished
Heated at 600°C
Thick oxide coating
Cuprous oxide
Molten copper

80
20

200–600
25

800–1,100
1,080–1,280

0.02
0.030

0.57–0.57
0.78

0.66–0.54
0.16–0.13

Dow metal, cleaned, heated 230–400 0.24–0.20
Gold, highly polished 230–630 0.02–0.04
Iron and steel:

Pure Fe, polished
Wrought iron, polished
Smooth sheet iron
Rusted plate
Smooth oxidized iron
Strongly oxidized
Molten iron and steel

180–980
40–250

700–1,040
20

130–530
40–250

1,500–1,770

0.05–0.37
0.28

0.55–0.60
0.69

0.78–0.82
0.95

0.40–0.45
Lead:

99.96%, unoxidized
Gray, oxidized
Oxidized at 190°C

130–230
24

190

0.06–0.08
0.28
0.63

Mercury, pure clean 0–100 0.09–0.12
Molybdenum filament 730–2590 0.10–0.29
Monel metal, K5700

Washed, abrasive soap
Repeated heating

24
230–875

0.17
0.46–0.65

Nickel and alloys:
Electrolytic, polished
Electroplated, not polished
Wire
Plate, oxid. at 600°C
Nickel oxide
Copper-nickel, polished
Nickel-silver, polished
Nickelin, gray oxide
Nichrome wire, bright
Nichrome wire, oxide
ACI-HW (60Ni, 12Cr); firm black ox,

coat

23
20

190–1,010
200–600
650–1,250

100
100
21

50–1,000
50–500

270–560

0.05
0.11

0.10–0.19
0.37–0.48
0.59–0.86

0.06
0.14
0.26

0.65–0.79
0.95–0.98
0.89–0.82

Platinum, polished plate 230–1,630 0.05–0.17
Silver, pure polished 230–630 0.02–0.03
Stainless steels:

Type 316, cleaned
316, repeated heating
304, 42 h at 520°C
310, furnace service
Allegheny #4, polished

24
230–870
220–530
220–530

100

0.28
0.57–0.66
0.62–0.73
0.90–0.97

0.13
Tantalum filament 1,330–3,000 0.194–0.33
Thorium oxide 280–830 0.58–0.21
Tin, bright 24 0.04–0.06
Tungsten, aged filament 25–3,320 0.03–0.35
Zinc, 99.1%, comm’l, polished 230–330 0.05

Galv., iron, bright 28 0.23
Galv. gray oxide 24 0.28
2.9% Fe2O3 0.78–0.68
Al paints (vary with amount of lacquer

body, age) 100 0.27–0.67
Asbestos 40–370 0.93–0.95
Calcium oxide 750–1,100 0.29–0.28
Candle soot; lampblack-waterglass 20–370 0.95 6 0.01
Carbon plate, heated 130–630 0.81–0.79
Ferric oxide (Fe2O3) 500–900 0.8–0.43
Magnesium oxide, 1 mm 260–760 0.67–0.41
Oil layers

Lube oil, 0.01 in on pol. Ni 20 0.82
Linseed, 1–2 coats on Al 20 0.56–0.57

Rubber, soft gray reclaimed 24 0.86
Silica, 3 mm 260–740 0.7–0.5
Misc. I: shiny black lacquer, planed oak,

white enamel, serpentine, gypsum,
white enamel paint , roofing paper,
lime plaster, black matte shellac

21 0.87–0.91

Misc. II: glazed porcelain, white paper,
fused quartz, polished marble,
rough red brick, smooth glass, hard
glossy rubber, flat black lacquer,
water, electrographite

21 0.92–0.96

*When two temperatures and two emissivities are given they correspond, first to first and
second to second, and linear interpolation is suggested.

surface A2 . Since the net interchange between A1 and A2 must be zero
when their temperatures are alike, it follows that A1F12 5 A2F21 . From
the definition of F and Eq. (4.3.1),

A1F12 5 E
A1
E

V

dA1 cos u1 dV1

p

5 E
A1
E

A2

dA1 cos u1 dA2 cos u2

pr2
(4.3.7)

where dA cos u is the projection of dA normal to r, the line connecting
dA1 and dA2 . The product A1F12 , having the dimensions of area, will be
called the direct-interchange area and be designated by s1s2 , sometimes
for brevity by 12 (; 21). Clearly, 11 1 12 1 13 1 ? ? ? 5 A1 ; and when
A1 cannot ‘‘see’’ itself, 11 5 0. Values of F or ss have been calculated
for various surface arrangements.

Direct-View Factors and Direct
Interchange Areas

CASE 1. Directly opposed parallel rectangles of equal dimensions,
and with lengths of sides X and Y divided by separating distance z:

s1s2 (; A1F12 ; A2F21) 5
z2

2 F1

2
ln

(1 1 X2)(1 1 Y 2)

1 1 X2 1 Y 2

1 X√1 1 Y 2 tan21
X

√1 1 Y 2
1 Y√1 1 X2 tan21

Y

√1 1 X2

2 X tan21 X 2 Y tan21 YG
See also Fig. 4.3.2.

CASE 2. Parallel circular disks with centers on a common normal
and with radii R1 and R2 divided by separating distance z:

s1s2 (; A1F12 ; A2F21) 5
pz2

2 F1 1 R1
2 1 R2

2

2 √(1 1 R1
2 1 R2

2)2 2 4R1
2R2

2G



RADIATIVE EXCHANGE BETWEEN SURFACES OF SOLIDS 4-65

Fig. 4.3.2 Variation of the factor F or F for parallel planes directly opposed.

CASE 3. Rectangles in perpendicular planes of area A1 and A2 , with a
common edge l and with other dimension divided by l 5 W1 and W2 :

s1s2 (; A1F12 ; A2F21)

5
l2

p
S1

4
ln

(1 1 W1
2)(1 1 W2

2)

1 1 W1
2 1 W2

2 F W1
2(1 1 W1

2 1 W2
2)

(1 1 W1
2)(W1

2 1 W2
2)GW 1

2

3F W2
2(1 1 W1

2 1 W2
2)

(1 1 W2
2)(W1

2 1 W2
2)GGW2

2

21
1

21
1

2 2 21
1

CASE 7. Two dimensional surfaces A1 and A2 per unit length normal
to cross section, with each area defined by the length of stretched string,
on inside face, between ends (i.e., elimination of negative curvature).
Graphical exact solution: s1s2 (per unit normal length) 5 sum of lengths
of crossed stretched strings between ends of A1 and A2 minus sum of
uncrossed strings, all divided by 2. If an obstruction lies between A1 and
A2 , there may be two sets of strings to represent views on both sides of
the obstruction, with results added. The relations for cases 8, 9, and 10
are the results of three among many applications of this principle.

CASE 8. Exchange among inside surfaces of hollow triangular shape
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1 W1 tan
W1

1 W2 tan
W2

2 √W1 1 W2 tan
√W1

2 1 W2
2
D

CASE 4. Circular cylinder of radius r1 surrounded by cylinder of
radius r2 , both of equal length l and on a common axis:

A1 5 2pr1l A2 5 2pr2l

Let r1/l 5 R1 ; r2/l 5 R2 ; [1/R1
2 2 (R2/R1)2 1 1] 5 B; [1/R1

2 1
(R2/R1)2 1 1] 5 D; and r2/r1 5 R.

s1s2 (; A1F12 ; A2F21)

5 l2HR1
2F√(D 1 2)2 2 4R2 cos21

B

DR
1 B sin21

1

R
2

p

2
DG

1 2R1Sp 2 cos21
B

DDJ
s2s2 (; A2F22) 5 l2R1 H2p(R 2 1) 1 4 tan21 (2R1 √R2 2 1)

2√4R2 1
1

R1
2 Sp

2
1 sin21

4(R2 2 1) 1 1/[R1
2(1 2 2/R2)]

4(R2 2 1) 1 1/R1
2 D

1
1

R1
Fsin21S1 2

2

R2D 1
p

2GJ
CASE 5. Two closed surfaces, one enclosing the other and neither

having any negative curvature; A1 is inside. Since F12 5 1,

s1s2 (; A1F12 ; A2F21) 5 A1

F21 5
A1

A2

F22 5 1 2
A1

A2

CASE 6. Sphere of total inside area AT ; radiative exchange between
sphere segments of areas A1 and A2 . Application of Eq. (4.3.7) shows
that , independent of relative position,

s1s2 (; A1F12 ; A2F21) 5
A1A2

AT

F12 5
A2

AT
of infinite length and areas A1 , A2 , and A3 :

s1s2 (; A1F12 ; A2F21) 5
A1 1 A2 2 A3

2
F12 5

A1 1 A2 2 A3

2 A1

CASE 9. Exchange between two long parallel circular tubes of diam-
eter D and center-to-center distance C, having areas A1a and A1b per unit
length:

s1as1b (per unit length) 5 DFsin21
D

C
1 √SC

DD2
2 1 2

C

DG
F1a:1b 5

1

p
Fsin21

D

C
1 √SC

DD2
2 1 2

C

DG
CASE 10. Exchange between a row of tubes and a plane parallel to it .

Consider a unit length along tube axes, with single tube area A1a 5 pD
and associated plane area Ap 5 C. A tube sees two tubes and two plane
areas:

A1a 5 2s1as1b 1 2s1asp

s1asp (; sps1a ; ApFp1) 5
A1a

2
2 s1as1b

Substituting from previous example (case 9) yields

Fp1 5 1 2
D

C Fsin21
D

C
1 √SC

DD2
2 1 2

p

2G
The value from case 10 appears as line 1 of Fig. 4.3.3. The same

figure gives the fraction going to the second row. Additional curves in
Fig. 4.3.3 can be obtained by considering the refractory backing as
radiatively adiabatic, i.e., by assuming that the radiation that is not
absorbed directly is reflected or reradiated, undergoing the same frac-
tional absorption as the incoming beam. In a furnace chamber one zone
of which is one or two rows of tubes backed by a refractory, one may
visualize the zone as a continuous plane of area Ap at a temperature TT ,
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inside of the larger when they are not coextensive, given the view factor for
coextensive cylinders (case 4).

Enclosures Containing Gray Source and Sink Surfaces, Refractory
Surfaces, and No Absorbing Gas The calculation of interchange be-
tween a source and a sink under conditions involving successive multi-
ple reflections from other source-sink surfaces in the enclosure, as well
as reradiation from refractory surfaces, can become complicated. Let a
zone of a furnace enclosure be an area small enough to make all ele-
ments of itself have substantially equivalent ‘‘views’’ of the rest of the
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Fig. 4.3.3 Values of F or F for a plane parallel to rows of tubes.

the tube surface-temperature, and having an effective absorptivity or
emissivity «( 5 ^pT) that is equal to the value read from Fig. 4.3.3, line
5 or 6; in total exchange area nomenclature, it is (SpST)R/Ap . Its comple-
ment is headed back toward the emitter, which is whatever faces the
replaced tube zone—radiating gas or surfaces or a mixture of them.

When the tubes are gray,

Ap

(SpST)R

5
Ap

(SpST)R

D
black
tubes

1
rT

«T

(4.3.8)

When C/D 5 2, the treatment of a single tube row system with the tubes
divided into two zones, front and rear half, reduces (SpST)R or ^pT below
the value given by Eq. (4.3.8) by only 1.7 percent (3 percent) when «T is
0.8 (0.6).

For other cases, see References.
The view factor F may often be evaluated from that for simpler

configurations by the application of three principles: that of reciprocity,
AiFij 5 AjFji ; that of conservation, oFij 5 1; and that due to Yamauti,
showing that the exchange areas AF between two pairs of surfaces are
equal when there is a one-to-one correspondence for all sets of symmet-
rically placed pairs of elements in the two surface combinations (Hottel
and Sarofim, p. 60).

EXAMPLE. The exchange area between the two squares 1 and 4 of Fig. 4.3.4
is to be evaluated. The following exchange areas may be obtained from the values
of F for common-side rectangles (case 3, direct-view factors): 13 5 0.24,
24 5 2 3 0.29 5 0.58, (1 1 2)(3 1 4) 5 3 3 0.32 5 0.96. Expression of
(1 1 2)(3 1 4) in terms of its components yields (1 1 2)(3 1 4) 5 13 1 14 1
23 1 24. And by the Yamauti principle 14 5 23, since for every pair of elements
in 1 and 4, there is a corresponding pair in 2 and 3. Therefore,

14 5 [(1 1 2)(3 1 4) 2 13 2 24]/2 5 0.07

Case 1 may be modified in the same way. Another example is the evaluation of AF
for exchange between the outside of the smaller of two coaxial cylinders and the

Fig. 4.3.4 Illustration of the Yamauti principle.
enclosure. (In a furnace containing a symmetry plane, parts of a single
zone would lie on either side of the plane.) Zones are of two classes,
source-sink surfaces, designated by numerical subscripts and having
areas A1 , A2 , . . . and emissivities «1 , «2 , . . . ; and surfaces at
which the net radiant-heat flux is zero (fulfilled by the average refrac-
tory wall where difference between internal convection and external
loss is minute compared with incident radiation), designated by letter
subscripts starting with r, and having areas Ar , As , . . . . It may be
shown that the net radiation interchange between source-sink zones i
and j is given by

~Qi5 j 5 SiSjsTi
4 2 SjSisT4

j (4.3.9)

The term SiSj is called the total interchange area shared by areas Ai and Aj

and depends on the shape of the enclosure and the emissivity and ab-
sorptivity of the source and sink zones. It is sometimes called Ai^ij .
Restriction here is to gray source-sink zones, for which SiSj 5 SjSi ; the
more general case is treated elsewhere (Hottel and Sarofim, Chaps. 3
and 5).

Evaluation of the SS ’s that characterize an enclosure involves solu-
tion of a system of radiation balances on the surfaces. If at a surface the
total leaving flux density, emitted plus reflected, is denoted by W, radia-
tion balances take the form for source-sink surface j:

Aj«jEj 1 rj O
i

(ij)Wi 5 AjWj (4.3.10)

and for adiabatic surface r:

O
i

(ir)Wi 5 ArWr (4.3.11)

where r is reflectance and the summation is over all surfaces in the
enclosure. These equations apply to surfaces which emit and reflect
diffusely (i.e., their leaving intensity Wi/p is independent of its direc-
tion. Most nonmetallic, tarnished, or rough metal surfaces correspond
reasonably well to this restriction (but see p. 4-72). In matrix notation,
Eqs. (4.3.10) and (4.3.11) become

112
A1

r1

12 ? ? ? 1r 1s ? ? ? W1 2
A1«1

r1

E1

12 222
A2

r2

? ? ? 2r 2s ? ? ? W2 2
A2«2

r2

E2F GF G5F G? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
1r 2r ? ? ? rr2 Ar rs ? ? ? Wr 0
ls 2s ? ? ? rs ss2 As ? ? ? Ws 0

? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?

(4.3.12)

This represents a system of simultaneous equations equal in number to
the number of rows of the square matrix. Each equation consists, on the
left , of the sum of the products of the members of a row of the square
matrix and the corresponding members of the W-column matrix, and, on
the right , of the member of that row in the third matrix. With the above
set of equations solved for Wi , the net flux at any surface Ai is given by

~Qi,net 5
A1«i

ri

(Ei 2 Wi) (4.3.13)

Refractory temperature is obtained from Wr 5 Er 5 sT4
r .

The more general use of Eq. (4.3.12) is to obtain the set of total-
interchange areas SS which constitute a complete description of the
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effect of shape, size, and emissivity on radiative flux, independent of the
presence or absence of other transfer mechanisms. It may be shown that

SiS j ; SjS i ; Ai^ij 5
Ai«i

ri

Aj«i

rj
S2

Dij9

D D (4.3.14)

where D is the determinant of the square coefficient matrix in Eq.
(4.3.12) and Dij9 is the cofactor of its ith row and jth column, or 2 1i1 j

times the minor of D formed by crossing out the ith row and jth column.
As an example, consider radiation between two surfaces A1 and A2

For the two-source-sink-zone system to which Eq. (4.3.20) applies, Eq.
(4.3.21) simplifies to (S1S2 )B 5 12 1 1/[1/1r 1 1/(2r )]; and if A1 and A2

each can see none of itself, there is further simplification to

(S1S2 )B 5 12 1
1

1/(A1 2 12) 1 1/(A2 2 12)

5
A1A2 2 (12)2

A1 1 A2 2 2(12)
(4.3.22)
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which together form a complete enclosure. Equation (4.3.12) takes the
form

A1^12 5
A1«1

r1

A2«2

r2

12

11 2
A1

r1

22 2
A2

r2

(4.3.15)
12

12

Only one direct-view factor F12 or direct exchange area 12 is needed
because F11 equals 1 2 F12 and F22 equals 1 2 F21 or 1 2 F12A1/A2 .
Then 11 equals A1 2 12, and 22 equals A2 2 21. With the above
substitutions, Eq. (4.3.15) becomes

A1^12 5
A1

1/F12 1 1/«1 2 1 1 (A1/A2)(1/«2 2 1)
(4.3.16)

Special cases include:
1. Parallel plates, large compared to clearance. Substitution of

F12 5 1 and A1 5 A2 gives

A1^12 5
A1

1/«1 1 1/«2 2 1
(4.3.17)

2. Sphere of area A1 concentric with surrounding sphere of area A2 .
F12 5 1. Then

A1^12 5
A1

1/«1 1 (A1/A2)(1/«2 2 1)
(4.3.18)

3. Body of surface A1 having no negative curvature, surrounded by
very much larger surface A2 . F12 5 1 and A1/A2 : 0. Then

^12 5 «1 (4.3.19)

Many furnace problems are adequately handled by dividing the en-
closure into but two source-sink zones A1 and As , and any number of
no-flux zones, Ar , As , . . . . For this case Eq. (4.3.14) yields

1

S1S2

S;
1

S2S1

D 5
1

A1

S 1

«1

2 1D
1

1

A2

S 1

«2

2 1D 5
1

(S1S2 )B

(4.3.20)

Here the expression (S1S2 )B [; (S2S1 )B] represents the total interchange
area for the limiting case of a black source and black sink (the refractory
emissivity is of no moment). The factor (S1S2 )B /A1 , called F12 , is
known exactly for a few geometrically simple cases and may be ap-
proximated for others. If A1 and A2 are equal parallel disks, squares, or
rectangles, connected by nonconducting but reradiating refractory
walls, then F is given by Fig. 4.3.2, lines 5 to 8. If A1 represents an
infinite plane and A2 is one or two rows of infinite parallel tubes in a
parallel plane, and if the only other surface is a refractory surface behind
the tubes, F12 is given by line 5 or 6 of Fig. 4.3.3. If an enclosure may be
divided into several radiant-heat sources or sinks A1 , A2 , etc., and the
rest of the enclosure (reradiating refractory surface) may be lumped
together as Ar at a uniform temperature Tr , then the total interchange
area for zone pairs in the black system is given by

(S1S2 )B(; A1F12) 5 12 1
(1r ) (r2)

Ar 2 rr
(4.3.21)
which necessitates the evaluation of but one direct-view factor F.
Equation (4.3.20) covers many problems of radiant heat interchange

between source and sink in furnace enclosures involving no radiating
gas. The error due to single zoning of source and sink is small even if
the ‘‘views’’ of the enclosure from different parts of each zone are quite
different , provided the emissivity is fairly high; the error in F is zero if
it is obtainable from Fig. 4.3.2 or 4.3.3, small if Eq. (4.3.21) is used and
the variation in temperature over the refractory is small. Approach to
any desired accuracy can be made by use of Eq. (4.3.14) with division of
the surfaces into more zones.

From the definitions of F, F , and ^ or of ss , (SS )B, and SS it is to be
noted that

F11 1 F12 1 ? ? ? 1 F1r 1 F1s 1 ? ? ? 5 1
F 11 1 F 12 1 ? ? ? 5 1
^11 1 ^12 1 ? ? ? 5 «1

J
s1s2 1 s1s2 1 ? ? ? 1 s1sr 1 s1ss 1 ? ? ? 5 A1

or (S1S1)B 1 (S1S2)B 1 ? ? ? 5 A1

S1S1 1 S1S2 1 ? ? ? 5 A1«1

EXAMPLE. A furnace chamber of rectangular parallelpipedal form is heated
by the combustion of gas inside vertical radiant tubes lining the side walls. The
tubes are on centers 2.4 diameters apart . The stock forms a continuous plane on
the hearth. Roof and end walls are refractory. Dimensions are shown in Fig. 4.3.5.
The radiant tubes and stock are gray bodies having emissivities 0.8 and 0.9, re-
spectively. What is the net rate of heat transmission to the stock by radiation when
the mean temperature of the tube surface is 1,500°F (1,089 K) and that of the stock
is 1,200°F (922 K)?

Fig. 4.3.5 Dimensions of a furnace chamber.

This problem must be broken up into two parts, first considering the walls with
their refractory-backed tubes. To imaginary planes A2 of area 6 3 10 ft and lo-
cated parallel to and inside the rows of radiant tubes, the tubes emit radiation
sT4

1A1^12 , which equals sT4
1A2^21 . To find ^21 use Fig. 4.3.3, line 5, from which

F 21 5 0.81. Then from Eq. (4.3.20).

^21 5 1/[(1/0.81) 1 (1/1 2 1) 1 (2.4/p) (1/0.8 2 1)] 5 0.702

This amounts to saying that the system of refractory-backed tubes is equal in
radiating power to a continuous plane A2 replacing the tubes and refractory back of
them, having a temperature equal to that of the tubes and an equivalent or effective
emissivity of 0.702.

The new simplified furnace now consists of an enclosure formed by two
6 3 10 ft radiating side walls (area A2 , of emissivity 0.702), a 5 3 10 ft receiving
plane on the floor (A3), and refractory surfaces (AR) to complete the enclosure
(ends, roof, and floor side strips); the desired heat transfer is

q253 5 s (T1
4 2 T3

4)A2^23

To evaluate ^23 , start with the direct interchange factor F23 . F23 5 F from A2 to
(A3 1 a strip of AR alongside A3 which has a common edge with A2) minus F from
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A2 to the strip only. These two F ’s may be evaluated from case 3 for direct-view
factors. For the first F, Y/X 5 6/10, Z/X 5 6.5/10, F 5 0.239; for the second F,
Y/X 5 6/10, Z/X 5 1.5/10, F 5 0.100. Then F23 5 0.239 2 0.10 5 0.139. Now F
may be evaluated. From Eq. (4.3.21) et seq.,

A2F 23 5 23 1
1

1/2r 1 1/3r

F 23 5 F23 1
1

1/F2r 1 (A2/A3)(1/F3r)

Since A ‘‘sees’’ A , A , and some of itself (the plane opposite), F 5 1 2

normal thereto, to blackbody radiation arriving from within the same
solid angle is called the gas emissivity. Clearly, « depends on the path
length L through the volume to dA. A hemispherical volume radiating to
a spot on the center of its base represents the case in which L is indepen-
dent of direction. Flux at that spot relative to hemispherical blackbody
flux is thus an alternative way to visualize emissivity. The flux density
to an area of interest on the envelope of an emitter volume of any shape
can be matched by that at the base of a hemispherical volume of some
radius L, which will be called the mean beam length. It is found that ,
although the ratio of L to a characteristic dimension D of the shape
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2 r 3 2r

F22 2 F23 . F22 , the direct interchange factor between parallel 6 3 10 ft rect-
angles separated by 8 ft , may be taken as the geometric mean of the factors
for 6-ft squares separated by 8 ft , and 10-ft squares separated by 8 ft . These
come from Fig. 4.3.2, line 2, according to which F22 5 √0.13 3 0.255 5 0.182.
Alternatively, the first of the 10 cases listed above under ‘‘Direct-View Fac-
tors’’ may be used. Then F2r 5 1 2 0.182 2 0.139 5 0.679. The other required
direct factor is F3r 5 1 2 F32 5 1 2 F23A2/A3 5 1 2 0.139 3 120/50 5 0.666. Then
F 23 5 0.139 {1/[(1/0.679) 1 (120/50)(1/0.666)]} 5 0.336. Having F 23 , we
may now evaluate the factor ^23 using Eq. (4.3.20) with A1 : A2 , A2 : A3 , and
[S1S2 ]13 : A2 F 23 .

^23 5
1

1/0.336 1 1/0.702 2 1 1 (120/50)(1/0.9 2 1)

5 0.273
~Qnet 5 s (T1

4 2 T3
4)A2^23 5 0.171(19.64 2 16.64)(120)(0.273)

5 402,000 Btu/h

In SI units

~Qnet 5 5.67(10.894 2 9.224)(120 3 .30482)(0.273) 5 118,000 W

A result of interest is obtained by dividing the term A2^23(120 3 0.273, or 32.7
ft2) by the actual area A1 of the radiating tubes [(p/2.4) 3 60 3 2 5 157 ft2] . This
is 32.7/157 5 0.208; i.e., the net radiation from a tube to the stock is 20.8 percent
as much as if the tube were black and completely surrounded by black stock.

Enclosures of Surfaces That Are Not Diffuse Reflectors The total
interchange-area concept has been generalized to include surfaces the
reflectance r of which can be divided into a diffuse, or Lambert-reflect-
ing, component rD and a specular component rS independent of angle of
incidence, with « 1 rS 1 rD 5 1. In application to concentric spheres or
infinite cylinders, with A1 the inner surface, the method yields (Hottel
and Sarofim, p. 181)

A1^12 ; S1S2

5
1

1

A1«1

1
1

A2
S 1

«2

2 1D 1
rS2

1 2 rS2
S 1

A1

2
1

A2
D

(4.3.23)

When there is no specular reflectance, the third term in the denom-
inator drops out , in agreement with Eq. (4.3.18). When the reflec-
tance is exclusively specular, the denominator becomes 1/(A1«1) 1
rS2/[A1(1 2 rS2)], easily derivable from first principles.

RADIATION FROM FLAMES, COMBUSTION
PRODUCTS, AND PARTICLE CLOUDS

The radiation from a flame consists of (1) radiation throughout the
spectrum from burning soot particles of microscopic and submicro-
scopic dimensions, from suspended larger particles of coal, coke, or ash,
all contributing to what is spoken of as flame luminosity, (2) infrared
radiation, mostly from the water vapor and carbon dioxide in the hot
gaseous combustion products, and (3) nonequilibrium radiation asso-
ciated with the combustion process itself, called chemiluminescence
and not a significant contributor to the total radiation. A major problem
is the effect of the shape of the emitting volume on the radiative flux;
this will be considered first .

Mean Beam Lengths Evaluation of radiation from a nonisothermal
volume is beyond the scope of this section (see Hottel and Sarofim,
Chap. 11). If a volume emitter is isothermal and at a temperature T, the
ratio of the emission from an element of its volume subtending the solid
angle dV at a receiver element dA, and making the angle u with the
varies with opacity, the variation is small enough for most engineering
purposes to permit use of a constant ratio, LM/D, where LM is the average
mean beam length. LM can be defined to apply either to a spot on the
envelope or to any finite portion of its area. An important limiting case
is that of opacity approaching zero (pD : 0, where p 5 partial pressure
of the emitter constituent). For this case, L (called L0) equals 4 3 ratio
of gas volume to bounding area when interest is in radiation to the entire
envelope. For the range of pD encountered in practice, L (now LM) is
always less. For various shapes, 0.8 to 0.95 times L0 has been found
optimum (see Table 4.3.3); for shapes not reported in Table 4.3.3, a
factor of 0.88 (or LM 5 0.88L0 5 3.5V/A) is recommended.

Soot luminosity is important where combustion occurs under such
conditions that the hydrocarbons in the flame are subject to heat in the
absence of sufficient air well mixed on a molecular scale. Because soot
particles are small relative to the wavelength of radiation of interest
(diameters 20 to 140 nm), the monochromatic emissivity «l depends on
the total particle volume per unit volume of space fv , regardless of
particle size. It is given by

«l 5 1 2 e2KfvL/l

where L is the path length.
Use of the perfect gas law and a material balance enables the restate-

ment of the above as

«l 5 1 2 e2KPSL/(lT) (4.3.24)

where P is the total pressure, atm, and S is the mole fraction of soot in
the gas. Here S depends on the fractional conversion of fc of the fuel
carbon to soot , and it is the mole fraction, wet basis, of carbon in
gaseous form (CO2, CO, CH4, etc.) times fc /(1 2 fc) or, with negligible
error, times fc , which is a very small number (more later on this). Evalu-
ation of K is complex, and its numerical value depends somewhat on the
age of the soot , the temperature at which it is formed, and its hydrogen
content . It is recommended that K 5 0.526 [K/atm] be used in the
absence of specific information on the soot in question.

The total emissivity of soot «s is obtained by integration over the
wavelength spectrum (Felske and Tien, Comb. Sci. & Tech., 7, no. 2,
1973), giving

«s 5 1 2
15

4
[c(3)(1 1 KPSL/c2)] (4.3.25)

where c(3)(x) is the pentagamma function of x. It may be shown that an
excellent approximation to Eq. (4.3.25) is

«s 5 1 2 (1 1 34.9SPL)24 (4.3.26)

where PL is in atm ? m. The error is less the lower «s and is only 0.5
percent at «s 5 0.5; 0.8 percent at 0.67. Expression of «s in e-power
form is feasible but of lower accuracy than Eq. (4.3.25) or (4.3.26). In
that form, with L in metres,

«s 5 1 2 e2143SPL 6 8% (4.3.27)

There is at present no method of predicting soot concentration of a
luminous flame analytically; reliance must be placed on experimental
measurement on flames similar to that of interest . Visual observation is
misleading; a flame so bright as to hide the wall behind it may be far
from a ‘‘black’’ radiator. The International Flame Foundation at Ijmui-
den has recorded data on many luminous flames from gas, oil, and coal
(see Jour. Inst. Fuel, 1956–present).
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Table 4.3.3 Mean Beam Lengths for Volume Radiation

Characteristic
Shape dimension D L0 /D LM /D

Sphere Diameter 0.67 0.63
Infinite cylinder Diameter 1 0.94
Semi-infinite cylinder, radiating to:

Center of base Diameter 1 0.90
Entire base Diameter 0.81 0.65

Right-circle cylinder, ht 5 diam, radiating to:
Center of base Diameter 0.76 0.71
Whole surface Diameter 0.67 0.60

Right-circle cylinder, ht 5 0.5 diam, radiating to:
End Diameter 0.47 0.43
Side Diameter 0.52 0.46
Total surface Diameter 0.50 0.45

Right-circle cylinder, ht 5 2 3 diam, radiating to:
End Diameter 0.73 0.60
Side Diameter 0.82 0.76
Total surface Diameter 0.80 0.73

Infinite cylinder, half-circle cross section, radiating to spot
on middle of flat side Radius 1.26

Rectangular parallelepipeds
1 : 1 : 1 (cube) Edge 0.67 0.60
1 : 1 : 4, radiating to:

1 3 4 face Shortest edge 0.90 0.82
1 3 1 face Shortest edge 0.86 0.71
Whole surface Shortest edge 0.89 0.81

1 : 2 : 6, radiating to:
2 3 6 face Shortest edge 1.18
1 3 6 face Shortest edge 1.24
1 3 2 face Shortest edge 1.18
Whole surface Shortest edge 1.2

Infinite parallel planes Clearance 2.00 1.76
Space outside infinite bank of tubes, centers on equilateral

triangles; tube diam 5 clearance Clearance 3.4 2.8
Same, except tube diam 5 0.5 clearance Clearance 4.45 3.8
Same, except tube centers on squares, diam 5 clearance Clearance 4.1 3.5

The chemical kinetics and fluid mechanics of soot burnout have not
progressed far enough to evaluate the soot fraction fc for relatively
complex systems. Additionally, the soot in a combustion chamber is
highly localized, and a mean value is needed for calculation of the
radiative heat transfer performance of the chamber. On the basis of
limited experience with fitting data to a model, the following procedure
is recommended when total combustion chamber performance is being
estimated: (1) When pitch or a highly aromatic fuel is burned, 1 percent
of the fuel carbon appears as soot . This produces values of «s of 0.4 to
0.5 and «G1s of 0.6 to 0.7. These values are lower than some measure-

air to produce coke residue particles having the original drop diameter,
and suspended in combustion products at 1,500 K. From stoichiometry,
fv 5 1.27 3 1025. For spherical particles b 5 3⁄2, and the flame emissiv-
ity due to the particles along a path L will be 1 2 e21.931022L/d. With
200-mm particles and an L of 3 m, the particle contribution to emissivity
will be 0.25. Soot luminosity will increase this; particle burnout will
decrease it . The combined emissivity due to several kinds of emitters
will be treated later. The correction for nonblackness of the particles is
complicated by multiple scatter of the radiation reflected by each parti-
cle. The emissivity «M of a cloud of gray particles of individual surface
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ments on pitch flames, but the measurements are usually taken through
the flame at points of high luminosity. (2) When no. 2 fuel oil is burned,
1⁄3 percent of the fuel carbon appears as soots, but that number varies
greatly with burner design. (3) When natural gas is burned, any soot
contribution to emissivity may be ignored. Admittedly the numbers
given should be functions of burner design and excess air, and they
should be considered tentative, subject to change when good data show
they are off target .

Clouds of Large Black Particles The emissivity of a cloud of parti-
cles depends on their area projected along the line of sight . The pro-
jected area per unit volume of space is the projected area A of a particle
times the particle number concentration c, or the volume fraction fv of
space occupied by particles times b/d, the projected-surface/volume
ratio, where d is the characteristic dimension. [For any randomly ori-
ented particles without dimples, A/(total area) is 1⁄4; for spheres, b 5 3⁄2.]
The emissivity of a particle cloud is then given by the alternative for-
mulations

« 5 1 2 e2bf vL/d 5 1 2 e2cAL (4.3.28)

As an example, consider heavy fuel oil (CH1.5 , s.g. 0.95) atomized to a
surface mean particle diameter of d mm, burned with 20 percent excess
emissivity «1 can be estimated by the use of Eq. (4.3.28) with its expo-
nent multiplied by «1 if the optical thickness cAL does not exceed
about 2.

Gaseous Combustion Products Radiation from water vapor and
carbon dioxide occurs in spectral bands in the infrared. Its magnitude is
3 to 10 times that of convection at furnace temperatures. It depends on
gas temperature TG, on the partial pressure-beam length products pwL
and pcL (subscripts w and c refer to water vapor and carbon dioxide),
and to a much lesser extent on total and partial pressure. The gas emis-
sivity «G is the sum of the separate contributions due to H2O and CO2,
corrected for pressure broadening of the spectral bands and for band
overlap (Hottel and Sarofim, Chap. 6). The elaborate calculations can
be combined for a restricted set of conditions, here taken to be the
practically important cases of 1-atm total pressure and partial pressures
representative of fossil fuel combustion in air. In the range of furnace
operating conditions the product «GTG varies much less than «G with TG,
and «GTG depends primarily on (pw 1 pc)L, much less on pw /(pw 1 pc),
and so little on TG as to permit linear interpolation between widely
separated TG’s. An equation of the form

log «GTG 5 a0 1 a1 log pL 1 a2 log2 pL 1 a3 log3 pL (4.3.29)
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where p is the sum of partial pressures pw 1 pc atm and L is the mean
beam length, has been found capable of fitting emissivity data over a
1000-fold range of pL, from 0.01 to 10 m ? atm (0.03 to 30 ft ? atm).

Table 4.3.4, section 2, gives values of the constants representing the
results of an averaging of all the available total and integrated spectral
data on CO2 and H2O, together with corrections for spectral band
broadening and overlap. Equation (4.3.29) represents the original data
with a precision greater than their accuracy. The constants are given for
computation in either metres and kelvins or feet and degrees Rankine
for mixtures, in nonradiating gases, of water vapor alone, CO2 alone,

constants are given for only three temperatures, which is adequate for
linear interpolation since «GT changes a maximum of only one-sixth due
to a change from one temperature base halfway to the adjacent one.
Based on metre atmospheres and kelvins, the interpolation relation, with
TH and TL representing the higher and lower base temperatures bracket-
ing T, and with the brackets in the term [A(x)] indicating that the paren-
theses refer not to a multiplier but to an argument , is

«GTG 5
[«GTH(pL)](TG 2 TL) 1 [«GTL(pL)](TH 2 TG)

500
(4.3.30)

.1

)

t
in
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and four pw /pc mixtures. Four suffice, since a change halfway from one
mixture ratio to the adjacent one changes the emissivity by a maximum
of only 5 percent; linear interpolation may be used if necessary. The

Table 4.3.4 Emissivity of «G of H2O-CO2 Mixtures
Section 1: Limited range for furnaces, valid over 25-fold range of pw1c L, 0.046–1

pw/pc 0 0.5 1

pw

pw 1 pc 0 1⁄3(0.2–0.42) 1⁄2(0.42–0.6

Corresponding
Corresponding to (CH2)x, cover
(CH)x, covering coal, distillate oils,
CO2 only heavy oils, pitch paraffins, olefine

Constants b and n of equation «GT 5 b

T, K b n b n b n

1,000
1,500
2,000

188
252
267

0.209
0.256
0.316

384
448
451

0.33
0.38
0.45

416
495
509

0.3
0.4
0.4

Constants b and n of equation «GT 5

T, °R b n b n b n

1,800
2,700
3,600

264
335
330

0.209
0.256
0.316

467
514
476

0.33
0.38
0.45

501
555
519

0.3
0.4
0.4

Section 2: Full range, valid over 2000-fold range of pw1c L, 0.005–10.0 m ?atm (0.0
Constants of equation, log «GT 5 a0 1 a1 log pL 1 a2 log2 pL 1 a3 log3 pL

pL in m ?atm, T in K

pw

pc

pw

pw 1 pc T, K a0 a1 a2

0 0
1,000
1,500
2,000

2.2661
2.3954
2.4104

0.1742
0.2203
0.2602

2 0.0390
2 0.0433
2 0.0651 2

1

2

1

3

1,000
1,500
2,000

2.5754
2.6461
2.6504

0.2792
0.3418
0.4279

2 0.0648
2 0.0685
2 0.0674

2
2

1
1

2

1,000
1,500
2,000

2.6090
2.6862
2.7029

0.2799
0.3450
0.4440

2 0.0745
2 0.0816
2 0.0859

2
2
2

2
2

3

1,000
1,500
2,000

2.6367
2.7178
2.7482

0.2723
0.3386
0.4464

2 0.0804
2 0.0990
2 0.1086

2
2

3
3

4

1,000
1,500
2,000

2.6432
2.7257
2.7592

0.2715
0.3355
0.4372

2 0.0816
2 0.0981
2 0.1122 2

` 1
1,000
1,500
2,000

2.5995
2.7083
2.7709

0.3015
0.3969
0.5099

2 0.0961
2 0.1309
2 0.1646 2

NOTE: Values of pw /(pw 1 pc) of 1⁄3, 1⁄2, 2⁄3, 3⁄4 may be used to cover the ranges 0.2–0.42, 0.42–0.6
less at lower pL’s. Linear interpolation reduces the error generally to less than 1 percent . Linear inter
of the original data.
Extrapolation to a temperature which is above the highest or below the
lowest of the three base temperatures in Table 4.3.4 uses the same

5 m ?atm (0.15–3.75 ft ?atm)

2 3 `

2⁄3(0.6–0.7) 3⁄4(0.7–0.8) 1

o
g Corresponding to CH4, Corresponding to
covering natural gas (CH6)x, covering future
s and refinery gas high-H2 fuels H2O only

(pL 2 0.015)n, pL in m ?atm, T in K

b n b n b n

4
0
8

444
540
572

0.34
0.42
0.51

455
548
594

0.35
0.42
0.52

416
548
632

0.400
0.523
0.640

b(pL 2 0.05)n, pL in ft ?atm, T in °R

b n b n b n

4
0
8

534
591
563

0.34
0.42
0.51

541
600
577

0.35
0.42
0.52

466
530
532

0.400
0.523
0.640

16–32.0 ft ?atm)

pL in ft ?atm, T in °R

a3 T, °R a0 a1 a2 a3

0.0040
0.00562
0.00155

1,800
2,700
3,600

2.4206
2.5248
2.5143

0.2176
0.2695
0.3621

2 0.0452
2 0.0521
2 0.0627

0.0040
0.00562

2 0.00155

0.0017
0.0043
0.0120

1,800
2,700
3,600

2.6691
2.7074
2.6686

0.3474
0.4091
0.4879

2 0.0674
2 0.0618
2 0.0489

0.0017
2 0.0043
2 0.0120

0.0006
0.0039
0.0135

1,800
2,700
3,600

2.7001
2.7423
2.7081

0.3563
0.4261
0.5210

2 0.0736
2 0.0756
2 0.0650

2 0.0006
2 0.0039
2 0.0135

0.0030
0.0030
0.0139

1,800
2,700
3,600

2.7296
2.7724
2.7461

0.3577
0.4384
0.5474

2 0.0850
2 0.0944
2 0.0871

0.0030
2 0.0030
2 0.0139

0.0052
0.0045
0.0065

1,800
2,700
3,600

2.7359
2.7811
2.7599

0.3599
0.4403
0.5478

2 0.0896
2 0.1051
2 0.1021

0.0052
0.0045

2 0.0065

0.0119
0.00123
0.0165

1,800
2,700
3,600

2.6720
2.7238
2.7215

0.4102
0.5330
0.6666

2 0.1145
2 0.1328
2 0.1391

0.0119
0.00123

2 0.0165

, 0.6–0.7, and 0.7–0.8, respectively, with a maximum error in «G of 5 percent at pL 5 6.5 m?atm,
polation or extrapolation on T introduces an error generally below 2 percent , less than the accuracy
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formulation, but one of the terms becomes negative. Linearization on
the constants a0 to a3 rather than on «GT may be preferable if fuel
quality is unchanging.

When pL lies in the 25-fold range of 0.046 to 1.15 m ? atm (0.15 to
3.75 ft ? atm), adequate for furnaces, a much simpler two-constant rela-
tion is adequate.

b( pL 2 0.015)n with T 5 K, pL 5 m ? atm
«GT 5Hb( pL 2 0.05)n with T 5 °R, pL 5 ft ? atm

The constants are given in Table 4.3.4, section 1.

incompletely opaque to the reflected beam. Consequently, the factor to
allow for surface lies between absorptance a1 and unity, nearer the latter
the more transparent the gas (low pL) and the more convoluted the
surface. In the absorptance range of most industrial surfaces, 0.7 to 1.0,
an adequate approximation consists in use of an effective absorptance
a91 halfway between the actual value and unity. If the surface is not gray,
q depends much more on surface absorptance, which modifies «GT4

G,
than on emittance, which modifies aG1T1

4. Absorption is treated more
rigorously later in the section.
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Combined Radiation from Gases and
Suspended Solids

The total emissivity of gases and suspended solids is less than the sum
of the separate contributions because of interference between overlap-
ping spectral emissions. The spectral overlap of H2O and CO2 radiation
has been taken into account by the constants of Table 4.3.4 used for
obtaining «G. Additional overlap occurs when soot emissivity «s is
added. If the emission bands of water vapor and CO2 were randomly
placed in the spectrum and soot radiation were gray, the combined
emissivity would be «G 1 «s minus an overlap correction «G«s. Mono-
chromatic soot emissivity is higher as the wavelength gets shorter, and
in a highly sooted flame at 1,500 K half the soot emission lies below 2.5
mm where H2O and CO2 emission is negligible. Then the correction
«G«s must be reduced, and the following is recommended:

«G1s 5 «G 1 «s 2 M«G«s (4.3.31)

where M depends mostly on TG and to a much less extent on the optical
density SPL. Values that have been calculated from this simple model
can be represented with acceptable error by

M 5 1.07 1 18SPL 2 0.27(T/1,000)

If, in addition to gas and soot , massive particles such as fly ash, coal
char, or carbonaceous cenospheres from heavy fuel oil of emissivity «M

are present , it is recommended that the total emissivity be approximated
by

«total 5 «G1s 1 «M 2 «G1s«M (4.3.32)

Radiant interchange between a gas and a completely bounding black
surface at T1 produces a surface flux density q given by

q 5 s(«GT4
G 2 aG1T1

4) (4.3.33)

where aG1 is the absorptivity of the gas at TG for radiation from a surface
at T1. The absorptivity of water vapor–CO2 mixtures may also be ob-
tained from the constants for emissivities. The product aG1T1 —the ab-
sorptivity of gas at TG for black radiation at T1 times the surface
temperature—is the product «GT1 with «G evaluated at surface temper-
ature T1 instead of TG and at pLT1/TG instead of pL, then multiplied by
(TG/T1)0.5, or

aG1T1 5 [«GT1( pLT1/TG)](TG/T1)0.5 (4.3.34)

The exponent 0.5 is an adequate average of the exponents for the pure
components. The interpolation relation for absorptivity is

aG1T1 5F«GTHSpLTH

TG
DGSTG

TH
D0.5 T1 2 TL

500

1F«GTLSpLTL

TG
DGSTG

TL
D0.5 TH 2 T1

500
(4.3.35)

The base temperature pair TH and TL can be different for the evaluation
of «G and aG1 if TG and T1 are far enough apart . Extrapolation from the
lowest TG in Eq. (4.3.35) to a much lower T1 to obtain aG1 may yield too
high a value for it . That occurs, however, only when T1 ,, TG, and the
fourth-power temperature relation makes the error in q negligible.

If the surface is not black, the right-hand side of Eq. (4.3.33) must be
modified. If the surface is gray, multiplication by a1(; «1) allows for
reduction in the primary beam from gas to surface and surface to gas,
but some of the gas radiation initially reflected from the surface has
further opportunity for absorption at the surface because the gas is but
EXAMPLE. Flue gas containing 9.5 percent CO2 and 7.1 percent H2O, wet
basis, flows through a bank of tubes of 1.5-in OD on equilateral triangular centers
4.5 in apart . In a section in which the gas and tube surface temperatures are 1,700
and 1,000°F, what is the heat transfer rate per square foot of tube area, due to gas
radiation only? Tube surface absorptance 5 0.8.
TG 5 2,160°R (1,200 K); TS 5 1,460°R (811 K)
pw /(pw 1 pc) 5 7.1/16.6 5 0.428; use 0.5
pL 5 0.166 [3.8(4.5 2 1.5)/12] 5 0.158 ft ?atm (0.0480 m ?atm)
pL(Ts/TG) 5 0.1580(1,460/2,160) 5 0.1066 ft ?atm (0.0325 m ?atm)
From Table 4.3.4, for TG 5 1,500 K and pL 5 0.0480 and 0.0325, «T 5 125 and
101 K, and for TG 5 1,000 K and pL 5 0.0480 and 0.0325, «T 5 129 and 107 K.
Then

«G 5
1

1,200

125(1,200 2 1,000) 1 129(1,500 2 1,200)

1,500 2 1,000
5 0.106

aG1 5
1

811

101(811 2 1,000) 1 107(1,500 2 811)

1,500 2 1,000
5 0.135

The effective surface absorptance factor a1 5 (0.8 1 1)/2 5 0.9. From Eq.
(4.3.33), modified,

q 5 0.9 3 0.1713(0.106 3 21.64 2 0.135 3 14.64)
5 2,612 Btu/(ft2 ?h)

or

q 5 0.9 3 5.67(0.106 3 124 2 0.135 3 8.1114) 5 8,235 W/m2

This is equivalent to a convection coefficient of 2,612/700 or 3.73
Btu/(ft2 ?F ? h) or 21.2 W/(m2 ?K). The emissivity of an equivalent gray
flame is (0.106 3 21.64 2 0.135 3 14.64)/(21.64 2 14.64) 5 0.098.

RADIATIVE EXCHANGE IN ENCLOSURES OF
RADIATING GAS

The so-called radiant section of a furnace presents a heat-transfer prob-
lem in which there enters the combined action of direct radiation from
the flame to the stock or heat sink and radiation from the flame to
refractory surfaces and thence back through the flame (with partial ab-
sorption) to the sink, convection, and external losses. Solutions of the
problem based on varying degrees of simplification are available, in-
cluding allowance for temperature variation in both gas and refractory
walls (Hottel and Sarofim, Chap. 14). A less rigorous treatment suffices,
however, for handling many problems. There are two limiting cases: the
long chamber with gas temperature varying only in the direction of gas
flow and the compact chamber containing a gas or flame at a uniform
temperature. The latter, with variations, will be considered first .

Total Exchange Areas SS and GS The arguments leading to the
development of the interchange factor Ai^ij(5 SiSj) between surface
zones [Eq. (4.3.14) et seq.] apply to the case of absorption within the gas
volume if, in the evaluation of the direct exchange area, allowance is
made for attenuation of the radiant beam through the gas. This necessi-
tates nothing more than the redefinition, in Eqs. (4.3.7) to (4.3.22), of
every term ij (; sisj ; AiFij) to represent , per unit of black emissive
power, flux from Ai through an absorbing gas to Aj; that is, the prior Fij

must be multiplied by a mean transmittance tij of the gas (5 1 2 aij 5
1 2 «G for a gray gas). In a system containing an isothermal gas and
source-sink boundaries of areas A1, A2, . . . , An, the total emission
from A1 per unit of its black emissive power is A1«1, of which
S1S1 1 S1S2 1 ? ? ? 1 S1Sn is absorbed in the surfaces by all mecha-
nisms, direct and indirect . The difference has been absorbed in the gas;
it is called the gas surface total exchange area GS1:

GS1 5 A1«1 2 O
i

S1Si (4.3.36)
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The letters identifying total exchange areas are, of course, commutative;
GS1 > S1G. Note that although S1S1 is never used in calculating radia-
tive interchange, its value is needed for use of Eq. (4.3.36) in calculating
GS1. GS1 embraces the full effect of radiation complexities on radiative
exchange between gas and A1, including multiple reflection at all sur-
faces, and it is capable of including the effects of gas nongrayness and
of assistance given by refractory surfaces to gas-A1 interchange. It is but
mildly temperature-sensitive and is independent of any changes in con-
duction, convection, mass flow, and energy balances except for their
effect on the temperature used in evaluating it .

fractional transmittance t of radiation through successive path lengths
Lm due to surface reflection, instead of being constant , keeps increasing
because at the wavelengths of high absorption the incremental absorp-
tion decreases with increasing path length. The first of these effects is
sufficiently straightforward to be introduced at this point , coupled with
allowance for refractory surfaces being substantially radiatively adia-
batic. The second, much more complicated effect will be introduced
later; it sometimes changes the computed flux significantly.

In the simplest case of gas-surface radiative exchange—a gas at TG

completely enclosed by a black surface at T1 —the net flux ~QG41 is

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
If the gas volume is not isothermal, the principles used here can be
extended to setting up balances on a zoned gas volume (see, e.g., Hottel
and Sarofim, ‘‘Radiative Transfer,’’ McGraw-Hill, Chap. 11).

Systems with a Single Gas Zone and Two
Surface Zones

An enclosure consisting of but one isothermal gas zone and two gray
surface zones, when properly specified, can model so many industrially
important radiation problems as to merit detailed presentation. One can
evaluate the total radiation flux between any two of the three zones,
including multiple reflection at all surfaces.

~QG41 5 GS1s(T4
G 2 T1

4)
(4.3.37)~Q142 5 S1S2s(T1

4 2 T2
4)

The total exchange area takes a relatively simple closed form, even
when important allowance is made for gas radiation not being gray and
when a reduction of the number of system parameters is introduced by
assuming that one of the surface zones, if refractory, is radiatively adia-
batic (see later). Before allowance is made for these factors, the case of
a gray gas enclosed by two source-sink surface zones will be presented.
Modification of Eqs. (4.3.7) to (4.3.22), discussed previously, combined
with the assumption that a single mean beam length applies to all
transfers, i.e., that there is but one gas transmittance t (5 1 2 «G), gives

S1S2 5
A1«1«2F12

1/t 1 tr1r2(1 2 F12/C2) 2 r1(1 2 F12) 2 r2(1 2 F21)

(4.3.38)

S1S1 5
A1«1

2[F11 1 r2t(F12/C2 2 1)]

same denominator
(4.3.39)

GS1 5
A1«1«G[1/t 1 r2(F12/C2 2 1)]

same denominator
(4.3.40)

(Here C is the area expressed as a ratio to the total enclosure area AT;
C1 5 A1/AT, C2 5 A2/AT; C1 1 C2 5 1.) The three equations above
suffice to formulate total exchange areas for gas-enclosing arrange-
ments which include, e.g., the four geometric cases illustrated in Table
4.3.5, to be discussed later.

An additional surface arrangement of importance is a single zone
surface fully enclosing gas. With the gas assumed gray, the simplest
derivation of GS1 is to note that the emission from surface A1 per unit
of its blackbody emissive power is A1«1, of which the fractions «G and
(1 2 «G)«1 are absorbed by the gas and the surface, respectively, and the
surface reflected residue always repeats this distribution. Therefore,

GSsingle surface
zone surrounding
gray gas

; GS1 5 A1«1

«G

«G 1 (1 2 «G)«1

5
A1

1/«G 1 1/«1 2 1

(4.3.41)

Alternatively, GS1 could be obtained from case 1 of Table 4.3.5 by
letting plane area A1 approach 0, leaving A2 as the sole surface zone.

Although departure of gas from grayness has a marked effect on
radiative transfer, the subject is complex and will be presented in stages,
as the cases shown in Table 4.3.5 are discussed.

Partial Allowance for the Effect of Gas
Nongrayness on Total Exchange Areas

A radiating gas departs from grayness in two ways: (1) Gas emissivity
«G and absorptivity aG1 are not the same unless T1 equals TG. (2) The
given by

~QG41 5 s(«GT4
G 2 aG1T1

4) ; s«G,e(T4
G 2 T1

4)

The evaluation of the absorptivity aG was covered in Eqs. (4.3.34) and
(4.3.35). The second form of the above equation defines «G,e, the equiv-
alent gray-gas emissivity

«G,e 5
«G 2 aG1(T1

4/T4
G)

1 2 (T1/TG)4
(4.3.42)

Although this introduction of «G,e has added no information, the evalua-
tion of ~QG41 in terms of «G,e rather than «G and aG1 gives a better
structure for trial-and-error solutions of problems in which either TG or
T1 is not known and a second energy relation is available.

With partial allowance for gas nongrayness having been made, the
evaluation of radiative flux ~QG41 or ~Q142 [Eq. (4.3.37)] for cases
falling in one of the categories of Table 4.3.5 is straightforward if both
A1 and A2 are source-sink surfaces. Wherever «G or t appears in the
table, or in Eqs. (4.3.38) to (4.3.41), use «G,e or 1 2 «G,e instead.

EXAMPLE (FIRST APPROXIMATION TO NONGRAYNESS). Methane is burned
to completion with 20 percent excess air (air half saturated with water vapor at 298 K
(60°F), 0.0088 mol H2O/mol dry air) in a furnace chamber with floor dimensions of
3 3 10 m and 5 m high. The whole surface is a gray energy sink of emissivity 0.8 at
1,000 K, surrounding gas at 1,500 K, well stirred. Find the effective gas emissivity
«G,e and the surface radiative flux density, assuming that the only correction neces-
sary for gas nongrayness is use of «G,e rather than «G.

SOLUTION. Combustion is 1 CH4 1 2 3 1.2 O2 1 1.2 3 (79/21)N2 1 2 3
1.2 3 100/21 3 0.0088 H2O going to 1 CO2 1 [2 1 2 3 1.2 3 (100/21) 3
0.0088] H2O 1 0.4 O2 1 9.03 N2 5 12.53 mol/mol of CH4. And PC 1 PW 5
(1 1 2.1)/12.53 5 0.2474 atm. The mean beam length Lm 5 0.88 3 4V/AT 5 0.88 3
4(10 3 3 3 5)/{2[2 3 (10 3 3 1 10 3 5 1 3 3 5)]} 5 2.779 m. And
pLm 5 0.2474 3 2.779 5 0.6875 m ?atm. From emissivity Table 4.3.4,
b(1,500) 5 540; n(1,500) 5 0.42; b(1,000) 5 444; n(1,000) 5 0.34. Also
«G(pL) 5 540(0.6875 2 0.015)0.42/1,500 5 0.3047, and aG1(pL) 5 444(0.6875 3
1,000/1,500 2 0.015)0.34(1,500/1,000)0.5/1,000 5 0.4124. Then «G,e(pL) 5
[0.3047 2 0.4124(1,000/1,500)4]/[1 2 (1,000/1,500)4] 5 0.2782. From Eq.
(4.3.41), with «G replaced by «G, e, (GS1/A1) 5 1/(1/0.2782 1 1/0.8 2 1) 5 0.2601.
Then ~QG41/A1 556.7 3 0.2601[(1,500/1,000)4 2 (1,000/1,000)4] 5 59.91 kW/
m2 [18,990 Btu/(ft2 ?h)].

Refractory Surfaces If one of the surfaces Ar of an enclosure of gas
is refractory, an extra temperature Trefr and an extra heat transfer equa-
tion are needed to determine the fluxes unless Ar can be assumed to be
radiatively adiabatic. Consider the facts that irradiation of Ar plus con-
vection from gas to it must equal back radiation plus conduction
through it if steady state exists, and irradiation is enormous compared to
convection. It then follows that the difference between convection and
conduction is so minute compared to irradiation or back radiation as to
make Ar substantially radiatively adiabatic; assume that A1 is a source-
sink zone and A2 a radiatively adiabatic zone, and call it Ar. The condi-
tion for adiabaticity of Ar is

GSr(T4
G 2 T4

r) 5 SrS1(T4
r 2 T4

1)

or, to eliminate Tr,

T4
G 2 Tr

4

1/GSr

5
Tr

4 2 T1
4

1/SrS1

5
T4

G 2 T4
1

1/GSr 1 1/SrS1

(4.3.43)

The net flux from gas G is GS1s(T4
G 2 T1

4) 1 GSrs(T4
G 2 T4

r) which,
with replacement of the last term, using Eq. (4.3.43), gives the single



Table 4.3.5 Total Exchange Areas for Four Arrangements of Two-Zone-Surface Enclosures of a Gray Gas*

Case 1 Case 2 Case 3 Case 4

A plane surface A1 and a surface A2

complete the enclosure
F12 5 1

S1S2

A1

5
«1«2

D1

GS1

A1

5
«1«G(1/t 1 r2C1/C2)

D1

GS2

A2

5
«2«G(1/t 1 r1C1/C2)

D1

S1S1

A1

5
«2

1tr2C1/C2

D1

D1;
1

t
2 r2F1 2

C1

C2

(1 2 tr1)G
t 5 1 2 «G

Infinite parallel planes
F12 5 F21 5 1

S1S2

A1

5
«1«2

D2

GS1

A1

5
«1«G(1/t 1 r2)

D2

S1S1

A1

5
«1

2r2t

D2

D2 ;
1

t
2 tr1r2

Concentric spherical or infinite
cylindrical surface zones, A1 inside

F12 5 1 F21 5
A1

A2

5
C1

C2

S1S2

A1

5
«1«2

D3

GS1

A1

5
«1«G(1/t 1 r2C1/C2)

D3

GS2

A2

5
«2«G(1/t 1 r1C1/C2)

D3

S1S1

A1

5
«2

1r2t C1/C2

D3

D3 ;
1

t
2 r2F1 2

C1

C2

(1 2 tr1)G

Two-surface-zone enclosure, each zone in one or more parts, any shape
Case A
Rigorous evaluation of F ’s, with i

and j representing parts of A1

and A2.

A1F12 5 O
i

SAi O
j

FijD
S1S2 same as in base
GS1J 5Hcase, Eqs. (4.3.38)
S1S1 to (4.3.40)

Case B
Assume that enclosing surface is

a speckled enclosure, or
spherical

F12 5 F22 5 C2

F21 5 F11 5 C1

S1S2

A1

5
«1«2C2

D4

GS1

A1

5
«1«G/t

D4

S1S1

A1

5
«1

2C1

D4

D4 ;
1

t
2 r1C1 2 r2C2

* All equations above come from Eqs. (4.3.38) to (4.3.40), with substitutions for view factor F given before equations.
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term multiplying a fourth-power temperature difference:

~QG41 5 s(T4
G 2 T1

4)FGS1 1
1

1/GSr 1 1/SrS1

G
; (GS1)Rs(T4

G 2 T1
4) (4.3.44)

The bracketed term is called (GS1)R, the total exchange area from G to
A1 with assistance from a refractory surface. Table 4.3.5 supplies the
forms for the three total exchange area terms needed to formulate
(GS1)R, with Ar substituted for A2 and with «G or t replaced by «G,e or

to a form allowing for nongrayness. For a real gas GS or SS is the
ai-weighted sum of its values based on each of the «G,i values of
Eq. (4.3.48). Into an expression for GSgray replace «G by «G,i, or t by
1 2 «G,i, multiply the result by ai and sum the resultant GS values to
obtain GSreal gas. Obviously, the number of terms n should be as small as
possible while consistent with small error. Consider an n of 2, with the
gas modeled as the sum of one gray gas plus a clear gas, with the gray
gas of absorption coefficient k occupying the energy fraction a of the
blackbody spectrum and the clear gas (k 5 0) the fraction 1 2 a. Then,
at path lengths L and 2L,

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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1 2 «G,e.
A general expression for a gray gas enclosure of two surfaces, one of

which is radiatively adiabatic, comes from Eq. (4.3.44), in which (GS1)R

becomes GS1 because SrS1 and GSr are zero, and then from Eq. (4.3.36),
which becomes GS1 [5 (GS1)R] 5 A1«1 2 S1S1. With S1S1 coming from
Eq. (4.3.39), one finally obtains

(GS1)R

A1

5
1

r1/«1 1 1/{«G[1 1 1/(C1/C2 1 «G/t F1r)]}
(4.3.45)

Note that since the first denominator term is zero when A1 is black, the
denominator of the second term is (GS1)R/A1 for a black surface.

The above equation is perfectly general when the gas is gray and the
two enclosing surfaces are a sink and a radiatively adiabatic surface.
When A1 is a plane (simulation of slab or billet heating furnaces and
glass tanks), (GS1)R/A1 is Eq. (4.3.45) with F1r 5 1. A different but
completely equivalent form is

F(GS1)R

A1
G

A1 is
plane

5
1

1/«1 1 (1/«G 2 1)2/[1/(C1«G) 2 1]
(4.3.46)

For most refinery processing furnaces, with sink and refractory assumed
to form a speckled enclosure, (GS1)R/A1 is Eq. (4.3.45) with F1r 5 Cr. A
better but completely equivalent form is

F(GS1)R

A1
G

surface is
speckled

5
1

1/«1 1 C1(1/«G 2 1)
(4.3.47)

As previously stated, partial allowance for the gas not being gray is
made by evaluating GS or (GS)R with use of «G,e rather than «G, and
1 2 «G,e rather than t, in Eqs. (4.3.45) to (4.3.47). A slightly better
but more tedious allowance for partial nongrayness in evaluating ~Qrad

is to replace GS1s(T4
G 2 T1

4), with GS1 evaluated by using «G,e,
by GS1

9:
T4

G 2 GS1
;

T1
4, where GS

9:
, and GS

;
, are evaluated by using «G and

aG,1, respectively.
This completes the presentation of procedures for evaluating the total

exchange area between gas and sink surface when the gas is gray or by
making approximate allowance for the nongrayness by using «G and
aG,1. These exchange areas can be used in the formulations below on
furnace chamber performance. Methods will be presented first for a
more rigorous treatment of gas nongrayness.

Full Allowance for Gas Nongrayness The above paragraphs failed
to allow for the previously discussed change in gas transmittance on
successive passages of reflected radiation through the gas. In many
radiative transfer problems, interchange between many different pairs
of radiators creates a system of simultaneous equations to be solved for
the energy fluxes, and a shift from use of the Stefan-Boltzmann to the
Planck equation would enormously increase the difficulty of solution.
Use will be made of the fact that the total emissivity of a real gas, the
spectral emissivity and absorptivity «l of which vary in any way with l,
can be expressed rigorously as the a-weighted mean of a suitable num-
ber, n, of gray gas emissivity or absorptivity terms «G,i or aG,i represent-
ing the gray gas emissivity or absorptivity in the energy fractions ai of
the blackbody spectrum. Then

«G 5 On
0

ai«G,i 5 On
0

ai(1 2 e2kipL) (4.3.48)

The linearity between flux ~Q and blackbody emissive power EB allows
the above relations to be used for converting GS or SS for a gray gas
[«G(pL)] 5 a(1 2 e2kpL) 1 (1 2 a)(0)
(4.3.49)

[«G(2pL)] 5 a(1 2 e22kpL) 1 (1 2 a)(0)

Solution of these gives

a 5
«G(pL)

2 2 «G(2pL)/«G(pL)
(4.3.50)

kpL 5 2 lnF1 2
«G(pL)

a G
The equivalent gray gas emissivity in the spectral range a is 1 2 e2kpL,
from Eq. (4.3.48), and from Eq. (4.3.49) that is «G(pL)/a; in the spectral
range 1 2 a, the equivalent gray gas emissivity is zero. This simple
model will be correct for the contribution of the direct gas emission
from path length L and for that of the once-reflected emission (path
length 2L); and the added contributions due to increasing numbers of
reflections will be attenuated sufficiently by surface reflections to make
errors in them unimportant . Note that a and k are not general constants;
they are specific to the subject mean beam length Lm and come from basic
data, such as Table 4.3.4. Note also that when full allowance for non-
grayness is to be made by replacing «G by «G,e, then a is also changed to
ae, which comes from Eq. (4.3.50), with «G,e replacing «G.

Conversion of gray gas total exchange areas GS and SS to their non-
gray forms is carried out as follows when the nongray model is gray-
plus-clear gas: From Eq. (4.3.49) the equivalent gray gas emissivity in
the spectral energy fraction ae is «G,e(pL)/ae, which replaces «G

wherever it or its complement t occurs in GS; the result is then multi-
plied by ae. There is no contribution from the clear gas energy fraction.
Conversion of SS from gray to gray plus clear involves making the same
substitution, but for SS another term must be added. For the clear gas
contribution, 0 and 1 are substituted for «G and t, and the result is
multiplied by the weighting factor 1 2 ae; this SS is added to the pre-
ceding one to give SSg1c.

The simplest application of this gray-plus-clear model of gas radia-
tion is the case of a single gas zone surrounded by a single surface zone,
the case covered for a gray gas by Eq. (4.3.51) and illustrated in the last
numerical example, where radiation from methane combustion products
is surrounded by a single-zone sink surface. That example will be re-
peated using the gray-plus-clear gas model, for which the total ex-
change area is

GS1

A1

5
ae

ae /«G,e 1 1/«1 2 1
(4.3.51)

EXAMPLE (GRAY-PLUS-CLEAR GAS RADIATION FROM METHANE COMBUS-
TION PRODUCTS). The computations of the previous example, radiative flux
from methane combustion products, will be repeated with the more rigorous treat-
ment of nongrayness, and the results will be compared with the more approximate
calculations for the case of a wall emissivity «1 of 0.4 and 0.8.

SOLUTION. Repeat the calculations given, in the earlier example, of «G(pL),
aG1(pL), and «G,e(pL) for pL 5 2 3 0.6875, to give «G(2 pL) 5 0.4096, aG1(2pL) 5
0.5250, and «G,e(2pL) 5 0.3812. Then ae 5 0.2782/(2 2 0.3812/0.2782) 5
0.4418, and the emissivity substitute for the gray gas portion of the gray-plus-clear
gas model is 0.2782/0.4418 5 0.6297. For a single enveloping surface zone, the
total exchange area comes from Eq. (4.3.51): GS1/A1 5 ae /(ae /«G,e 1 1/«1 2 1) 5
0.4418/(0.4418/0.2782 1 1/0.8 2 1) 5 0.2404. The flux density is ~Q/A 5
q 5 (GS1/A)s(T4

G 2 T1
4) 5 0.2404 3 56.7 3 [(1,500/1,000)4 2 (1,000/1,000)4] 5

55.37 kW/m2 [17,550 Btu/(ft2 ? h)]. This is 7.6 percent lower than it is when only
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the difference between «G and aG,1 is allowed for in finding the effect of gas
nongrayness. In some problems the difference is as high as 20 percent . (Note that
allowing for average humidity in air adds 5 percent to H2O and about 2 percent to
the gas emissivity.) Changing «1 from 0.8 to 0.4 changes the approximate solution
for GS1/A1 from 0.2501 to 0.1963 and the gray-plus-clear treatment from 0.2404 to
0.1431.

The procedures for introducing the nongray gas model can be used to convert
the total exchange areas for the basic one-gas two-surface model, Eqs. (4.3.38) to
(4.3.40), as used to evaluate the cases in Table 4.3.5, to the following gray-plus-
clear-gas model forms:

parison of Eq. (4.3.56) with it gray gas equivalent , Eq. (4.3.46), shows
the complexity introduced by allowance for gas nongrayness. [(GS1)R

for the gray-plus-clear gas model is about 15 percent higher than for
gray gas when «1 5 0.8, «G 5 0.3, C1 5 1⁄3, a 5 0.4, and «r 5 0.6, but
only 1 percent higher when «r 5 1.]

The second conversion of GS to (GS1)R will be case 4B of Table
4.3.5, the two-surface-zone enclosure with the computation simplified
by assuming that the direct-view factor from any spot to a surface equals
the fraction of the whole enclosure which the surface occupies (the
speckled furnace model). This case can be considered an idealization of
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S1S2

A1

5 F12«1«2S ae

Da

1
1 2 ae

Db
D (4.3.52)

S1S2

A1

5 F12«1
2Hae[1 2 F12 1 r2(1 2 «G,e/ae)(F12/C2 2 1)]

Da

1
(1 2 ae)[1 2 F12 1 r2(F12/C2 2 1)]

Db
J (4.3.53)

GS1

A1

5
«1«G,e[1/(1 2 «G,e/ae] 1 r2(F12/C2 2 1)

Da

(4.3.54)

Da 5
1

1 2 «G,e/ae

1S1 2
«G,e

ae
Dr1r2(1 2 F12C2)

2 r1(1 2 F12) 2 r2(1 2 F21)

Db 5 1 1 r1r2S1 2
F12

C2
D 2 r1(1 2 F12) 2 r2(1 2 F21)

or 5 «1«2 1 F12F«2 1
«1(C1 2 «2)

C2
G

The above relations, with the view factor F12 specified, may be used to
convert the geometric cases of Table 4.3.5 to their more nearly correct
forms with gray gas replaced by the gray-plus-clear gas model. That has
been done in Table 4.3.6, which covers a moderate idealization of many
practical industrial systems.

Effect of Gas Nongrayness on Refractory Zones Full allowance
for the effect of gas nongrayness on enclosures in which part of the
enclosing surface is radiatively adiabatic is straightforward but some-
times tedious. The term of Eq. (4.3.44) must be evaluated. It is tempting
to use Eq. (4.3.45), but that is invalid because, although total radiative
interchange at zone Ar is 0, the gas nongrayness makes Ar a net absorber
in the spectral energy fraction a (or ae) and a net emitter in the clear gas
fraction 1 2 a. It is necessary, then, to use the basic equation

(GS1)R 5SGS1 1
1

1/GSr 1 1/SrS1

D (4.3.55)

evaluating each of the right-hand members of a geometric system of
interest , such as found in Table 4.3.5 (where Ar is A2). As previously
discussed, «G,e/ae is substituted for «G (or its complement for t), and the
result is weighted by the factor ae; and for SrS1 an additional term based
on «G being replaced by 0 or t by 1, with weighting 1 2 ae, is added.

Of the cases covered in Table 4.3.5, only two will be evaluated to
make A2 represent the radiatively adiabatic zone Ar. The first is for the
case of heat sink A1 in a plane—the simulation of a slab-heating fur-
nace. Insertion into Eq. (4.3.44) of the gray-plus-clear terms GS1, GSr,
and SrS1 from Table 4.3.6 (with subscript r replacing subscript 2) and
rearrangement gives:

F(GS1)R

A1
G

A1 in a
plane

5
«G

D1F«1Srr

C1

Cr

1
1

1 2 «G/aD
1

«r

1

r1 1
Cr

C1
S1 2

«G

a D
1

«G/«1

a 1
(1 2 a)D1

«r 1 rr«1C1/Cr

G (4.3.56)

where D1 5 1/(1 2 «G/a) 2 rr[1 2 (C1/Cr)(«1 1 r1«G/a)]. Although «G

and a are used here, «G,e and ae should be used if allowance is to be
made for the difference between gas emissivity and absorptivity. Com-
many processing furnaces such as distilling and cracking coil furnaces,
with parts of the enclosure tube-covered and part left refractory. (The
refractory under the tubes is not to be classified as part of the refractory
zone.) Again, one starts with substitution, into Eq. (4.3.44), of the terms
GS1, GSr, and SrS1 from Table 4.3.5, case 4B, with all terms first con-
verted to their gray-plus-clear form. To indicate the procedure, one of
the components, SrS1, will be formulated.

SrS1

A1

5 a
Cr«1«r

D94
1 (1 2 a)

Cr«1«r

1 2 r1C1 2 rrCr

5
Cr«1«r

D94
F1 1

«G(1 2 a)(a 2 «G)

1 2 r1C1 2 rrCr
G

With D94 5 1/(1 2 «G/a) 2 r1C1 2 rrCr, the result of the full substitu-
tion simplifies to

(GS1)R

A1

5
1

C1S 1

«G

2
1

aD 1
1

«1

1
1/a 2 1

«1 1 «r(Cr/C1)

(4.3.57)

For a gray gas (a 5 1) the above becomes

(GS1)R

A1

5
1

C1(1/«G 2 1) 1 1/«1

(4.3.58)

Equation (4.3.57) has wide applicability.
The beginning of this subsection mentions compact chambers ( just

treated) and long chambers as limiting cases. The latter will now be
treated.

The Long Combustion Chamber If a chamber is long enough in the
x direction compared to its mean hydraulic radius, the local flux from
gas to wall sink comes substantially from gas at its local temperature,
with GS1 [or (GS1)R] calculated by methods just described but based on
a two-dimensional structure; i.e., the opposed upstream and down-
stream fluxes through the flow cross section will substantially cancel.
That limiting case will be considered, with (GS1)R/A1 evaluated by using
local mean values of TG and T1. The local (GS1)R applicable to a surface
element of length dx and perimeter P is then [(GS1)R/A1]P dx. Let TG,in,
TG,out, T1,in, and T1,out be specified; furnace length L is to be determined.
Assume a constant sink temperature T1 equal to the arithmetic mean gas
temperature minus the logarithmic mean of the temperature difference,
gas to sink, at the ends. The equation of heat transfer in the furnace
length element P dx is then

2 ~mCp dTG 5 P dxF(GS1)R

A1
Gs(T4

G 2 T1
4) 1 h(TG 2 T1)] (4.3.59)

The second of the heat-transfer terms is an order of magnitude smaller
than the first , and to permit ready integration, h(TG 2 T1) will be set
equal to bs(T4

G 2 T1
4), from which

bs 5
h

T3
G 1 T2

GT1 1 TGT1
2 1 T3

1

5
h

4T3
G1

TG1 is the mean value of TG and T1, and a 10 percent error in T1 will
make but a 1 percent error in the calculated heat transfer. Then Equation
(4.3.59) becomes

2 ~mCp dTG 5 P dxF(GS1)R

A1

1
h

4sT3
G1
Gs(T4

G 2 T1
4) (4.3.60)
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Table 4.3.6 Conversion of Total Exchange Areas for Cases of Table 4.3.5 to
Their Gray-plus-Clear Values

Case 1: Plane slab A1 and surface A2 completing an enclosure of gas; F12 5 1

S1S2

A1

5
a«1«2

D1

1
(1 2 a)«1«2

1 2 r2(1 2 «1C1/C2)

where D1 5
1

(1 2 «G/a)
2 r2F1 2

C1

C2
S«1 1

r1«G

a DG
GS1

A1

5 «1«GF1/(1 2 «G/a) 2 r2C1/C2

D1
G

GS2

A2

5 «2«GF1/(1 2 «G/a) 1 r1C1/C2

D1
G

Case 2: Infinite parallel planes, gas between; F12 5 F21 5 1

S1S2

A1

5
a«1«2

D2

1
(1 2 a)«1«2

1 2 r1r2

where D2 5
1

1 2 «G/a
2S1 2

«G

aD r1r2

GS1

A1

5 «1«GF1/(1 2 «G/a) 1 r2

D2
G

Case 3: Concentric spherical or infinite cylindrical surface zones, A1 inside; F12 5 1; F21 5
A1/A2 ; C1/C2

S1S2

A1

5
a«1«2

D3

1
(1 2 a)«1«2

1 2 r2(1 2 «1C1/C2)

where D3 5
1

1 2 «G/a
2 r2F1 2SC1

C2
DS«1 1

r1«G

a DG
GS1

A1

5 «1«GF1/(1 2 «G/a) 1 r2C1/C2

D3
G

GS2

A2

5 «2«GF1/(1 2 «G/a) 1 r1C1/C2

D3
G

Case 4A: Two-surface-zone enclosure, with F values exact

S1S1

AT

5
aC1«1

2[1 2 F12 1 r2(1 2 «G/a)(F12/C2 2 1)]

Da

1
(1 2 a)C1«1

2[1 1 F12 1 r2(F12/C2 2 1)]

(F12/C2)(C1«1r2 1 C2«2r1) 1 «1«2

S1S2

AT

5
aC1«1«2F12

Da

1
(1 2 a)C1«1«2F12

(F12/C2)(C1«1r2 1 C2«2r1) 1 «1«2

GS1

AT

5
C1«1«G[1/(1 2 «G/a) 1 r2(F12/C2 2 1)

Da

where Da ;
«G

a F 1

1 2 «G/a
1 r1r2SF12

C2

2 1DG 1
F12

C2

(C1«1r2 1 C2«2r1) 1 «1«2

Case 4B: Spherical enclosure of two surface zones or speckled A1 : A2 enclosure; F12 5 F22 5 C2;
F21 5 F11 5 C1

S1S2

A1

5
a«1«2C2

D4

1
(1 2 a)«1«2C2

1 2 r1C1 2 r2C2

where D4 5
1

1 2 «G/a
2 r1C1 2 r2C2

C1 5
A1

A1 1 A2

GS1

A1

5
«1«G/(1 2 «G/a)

D4

Integration of TG from TG,in to TG,out and of x from 0 to L, and solution
for L give

L 5

~mCpStan21
TG,out

T1

2 tan21
TG,in

T1

2
1

2
ln

TG,out 2 T1TG,in 1 T1

TG,out 1 T1TG,in 2 T1
D

2PT1
3sF(GS1)R

A1

1
h

4sT3
G1
G

(4.3.61)
Trial and error are necessary if L is specified and TG,out is to be found. If

L is not long, axial radiative flux becomes important and a much more
complex treatment is necessary. Use of a multigas zone system is one
possibility.

Partially Stirred Model of Furnace Chamber Performance An
equation representing an energy balance on a combustion chamber of
two surface zones—a heat sink A1 at temperature T1 and a refractory
surface Ar assumed radiatively adiabatic at Tr —is most simply solved
if the total enthalpy input H is expressed as ~mCp(TF 2 T0); ~m is the mass
rate of fuel plus air, and TF is a pseudo-adiabatic flame temperature

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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based on a mean specific heat from base temperature T0 up to the gas
exit temperature TE rather than up to TF. Assume that enough stirring
occurs in the chamber to produce two temperatures—the heat-transfer
temperature TG and the leaving gas enthalpy temperature TE —the two
differing by an empirical amount , zero if the stirring were perfect .

Of the many ways tried to introduce this empiricism, the best is to
assume that TG 2 TE, expressed as a ratio to TF, is a constant D. Al-
though D will vary with burner type, the effects of excess air and firing
rate are small, except that for very small chambers or abnormally low
firing rates the predicted radiative transfer is excessive. For such an

AoFo

(GS1)R

5 Lo, wall openings loss number (dimensionless)

UAr

(GS1)RsT3
F

5 Lr, refractory wall loss number (dimensionless)

The equation then becomes

D(1 2 T*E) 5 TG*4 2 T1*4 1 Nc(T*G 2 T1*)
1 Lo(TG*4 2 To*4) 1 Lr(T*G 2 T*o) (4.3.63)

T
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abnormal situation, wall cooling reduces the effective size of the
chamber. These conditions excepted and in the absence of performance
data on the subject furnace type, assume D 5 0.08, or

TG 2 TE

TF

5 D 5 0.08

This assumption bypasses complex allowance for temperature varia-
tions in the chamber gas and for the effects of fluid mechanics and
combustion kinetics, but at the cost of not permitting evaluation of flux
distribution over the surface. The heat-transfer rate ~Q out of the gas is
then ~H 2 ~mCp(TE 2 T0) or ~mCp(TF 2 TE). A combination of energy
balance and heat transfer, with the ambient temperature taken as the
enthalpy base temperature T0, gives

( ~Q 5) ~H 2 ~mCp(TE 2 T0) 5 (GS1)R s (T4
G 2 T1

4)
1 h1A1(TG 2 T1) 1 A0F0 s(T4

G 2 T4
0) 1 UAr(TG 2 T0) (4.3.62)

where U is the overall convection coefficient, gas through refractory to
ambient.

To make the relations dimensionless, divide through by (GS1)RsT4
F,

and let all temperatures, expressed as ratios to TF, be called T*. For
clarity the terms are tabulated:

~mCp/(GS1)RsT3
F [; ~H/(GS1)R sT4

F(1 2 T0*)]
5 dimensionless firing density D

After the division, the left-hand side term of Eq. (4.3.62) 5 D(1 2 T*E)
and the first right-hand side term 5 TG*4 2 T1*4.

h1A1

(GS1)RsT3
F

5 Nc, convection number (dimensionless)
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Fig. 4.3.6 The thermal performance of well-stirred furna
hA1/(GS1sT3

F) 5 0.04; LO 5 AOFO/GS 1 5 0; D 5 ~mCp/
enthalpy in fuel and oxidant). Solid lines: h1 5 (heat flux
range of D for various furnace classes: A, open hearths, T*1
boiler combustion chambers, T1

2* ' 0.2; D, soaking pits,
The two unknowns T*G and T*E are reduced to one by expressing T*E in
terms of T*G and D. Equation (4.3.63), with coefficients of TG*4 and T*G
collected, then becomes

TG*4 1
D 1 Nc 1 Lr

1 1 Lo

T*G

2
T1*4 1 NcT1* 1 LoTo*4 1 LrTo* 1 D(1 1 D)

1 1 Lo

5 0 (4.3.64)

Although Eq. (4.3.64) is a quartic equation, it is capable of explicit
solution because of the absence of second- and third-degree terms (see
end of subsection. Trial and error enter, however, because (GS1)R and
Cp are mild functions of TG and related TE, respectively, and a prelimi-
nary guess of TG is necessary. Ambiguity can exist in the interpretation
of terms. If part of the enclosure surface consists of screen tubes over
the chamber gas exit to a convection section, radiative transfer to those
tubes is included in the chamber energy balance but convection is not ,
because it has no effect on the chamber gas temperature. Although
the results must be considered approximations, depending as they do
on the empirical D, the equation may be used to find the effect of fir-
ing rate, excess air, and air preheat on efficiency. With some perfor-
mance data available, the small effect of various factors on D may be
found.

For the commonly encountered case of the sink consisting of a row of
tubes mounted on a refractory wall, A1 is the area of the whole plane in
which the tubes lie, T1 is tube surface temperature, and «1 is the effective
emissivity of the tube-row-refractory-wall combination, as in the earlier
numerical example associated with Fig. 4.3.6, where «1 5 0.702. A

C
D

B

*
1 5 0.6

T*
1 5 0.8
ed firing density D

0.2 0.4 0.6 1 2 4

ce chambers. Conditions: LR 5 UAR/(GS1sT3
F) 5 0.016; Nc 5

(GS1sT3
F). Dotted lines: hG 5 (heat flux from gas)/(entering

to sink)/(entering enthalpy in fuel and oxidant). Approximate
5 0.7 to 0.8; B, oil processing furnaces, T*1 ' 0.4; C, domestic
T*1 ' 0.6; gas-turbine combustors, off scale at right.
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further simplification is to replace A1/AT by C, the ‘‘cold’’ fraction of
the wall (AT ; A1 1 Ar).

With T*G known, the chamber efficiency hG based on heat transfer
from the gas is given by

hG 5
(1 2 TG* 1 D)

1 2 TO*
(4.3.65)

The efficiency based on energy to the sink is

LO(TG*4 2 TO*4) 1 Lr(TG* 2 TO*)

When C«1 ,, 1 because of a nonblack sink or much refractory surface,
the effect of changing flame emissivity is to produce a much less than
proportional effect on heat flux.

Equations (4.3.63) to (4.3.66) predict the effects of excess air, air
preheat , and fuel quality on performance, through the effect on TF;
through GS1 they show the effect of gas and sink emissivity and the
fraction of the chamber walls occupied by heat sink; through LO and LR

they allow for external losses. They serve as a framework for correlating
the performance of furnaces with flow patterns—plug flow, parabolic
profile, and recirculatory flow—differing from the well-stirred model
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h1 5 hG 2
D(1 2 TO*)

(4.3.66)

or h1 5
(GS1)Rs(TG

4 2 T1
4) 1 h1A1(TG 2 T1)

H

All heat transferred to the sink is included in h1, and losses from its
backside to the ambient must be subtracted.

Furnace Chamber Performance—General Although the chamber
efficiency h depends on D, Nc, Lr, LO, T1*, and TO*, the reduced firing
density D is the dominant factor; it makes allowance for such operating
variables as fuel type, excess air or air preheat—which affect flame
temperature or gas emissivity, for fractional occupancy of the walls by
sink surfaces, and for sink emissivity. Variation in the normalized sink
temperature T1* has little effect until it exceeds 0.3; TO* is generally
about 1⁄8; LO is often negligible; Nc and Lr, though significant , are sec-
ondary.

Solution of Eq. (4.3.63) gives the relation between D and TG*, and
Eqs. (4.3.65) and (4.3.66) give the relation between h1 and D. As an
example, Fig. 4.3.6 gives D versus h1 (solid lines) and versus hG (dotted
lines), for values of Nc, Lr, LO, and TO* of 0.04, 0.016, 0, and 1⁄8. Ap-
proximate operating regimes of various classes of furnaces are shown at
the top of Fig. 4.3.6. Note the significant properties of the functions
presented: (1) As firing rate D goes down, hG rises, and so does h1 until
the losses due to LO and Lr cause it to decrease. TG* approaches T1* in the
limit as D decreases to [LO(T1*4 2 TO*4) 1 Lr (T1* 2 TO*)]/(1 2 T1*),
where h1 5 0. (2) Changing T1* has a large effect only when it exceeds
about 0.4. (3) As the furnace walls approach complete coverage by a
black sink (C 5 «1 5 1), GS1 becomes «GAT and D ~ 1/«G. Thus, at
very high firing rates where hG approaches inverse proportionality to D,
the efficiency of heat transfer varies directly as «G (gas-turbine
chambers), but at low firing rates «G has relatively little effect . (4)
(Hottel and Sarofim, Chap. 14). As expected, plug-flow furnaces show
somewhat higher efficiency, mild recirculation types somewhat lower
efficiency, and strong recirculation furnaces an efficiency closely simi-
lar to that of the well-stirred model.

Explicit Solution of Limited Quartics Equations like (4.3.64) have
the general form ax4 1 bx 5 c, which can be converted to y4 1 y 5 B,
with y and B defined by y ; (a/b)1/3x and B ; (c/a)(a/b)4/3.

An explicit solution comes from

k 5 {[√(B/3)3 1 1⁄256 1 1⁄16]1/3 2 [√(B/3)3 1 1⁄256 2 1⁄16]1/3}/2

y 5 √√4k2 1 B 2 k 2 √k

Refractory Temperature Tr Though the average value of Tr in a
combustion chamber is not involved in the evaluation of TG or h, it is
sometimes of interest . It assumes a mean value between TG and T1,
given by

S Tr

TG
D4

5
1 1 E(T1/TG)4

1 1 E

For the speckled furnace gray gas model

E 5 C«1S 1

«G

2 1D
Allowance is made for the difference between emissivity and absorp-

tivity by changing «G to «G,e in the above equation. For the gray-plus-
clear-gas model,

E 5 C«1F 1

«G

2
1

a
1

1/a 2 1

C«1 1 (1 1 C)«R
G



4.4 TRANSMISSION OF HEAT BY CONDUCTION AND CONVECTION
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REFERENCES: McAdams, ‘‘Heat Transmission,’’ McGraw-Hill. Eckert and
Drake, ‘‘Analysis of Heat and Mass Transfer,’’ McGraw-Hill. Carslaw and
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Heat Exchangers,’’ McGraw-Hill. ‘‘Thermophysical Properties Data Book,’’
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Notation and

The units are
Any other co

T1, T2 5 inlet and outlet bulk temperatures, respectively, of
warmer fluid, °F

t5 bulk temperature (based on heat balance), °F
ta.w. 5 temperature of adiabatic wall

t` 5 temperature at infinity
tw 5 wall temperature, °F

der fluid, °F
°F

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Units

based on feet , pounds, hours, degrees Fahrenheit , and Btu.

t1, t2 5 inlet and outlet bulk temperatures of col
ti, to 5 temperatures of fluid inside and outside,

tf 5 (t 1 tw)/2
t 5 saturation temperature, °F
nsistent set may be used in the dimensionless relations sat
given, but for the dimensional equations the units of this table must be
used.

A 5 area of heat-transfer surface, ft2

Ai 5 inside area
Ao 5 outside area
Am 5 average value of A, ft2

a 5 empirical constant
Cp 5 specific heat at constant pressure, Btu/ lb ? °F
D 5 diameter, ft

Do 5 outside diameter, ft
Di 5 inside diameter, ft
D9 5 diameter, in
D9o 5 outside diameter, in
D9i 5 inside diameter, in
G 5 mass velocity, equals w/S, lb/h ? ft2 of cross section

occupied by fluid
Gmax 5 mass velocity through minimum free area in a row of

pipes normal to fluid stream, lb/h ? ft2

gc 5 conversion factor, equal to 4.18 3 108 (mass lb)(ft)/
(force lb)(h)2

gL 5 local acceleration due to gravity, 4.18 3 108ft /h2 at
sea level

h 5 local individual coefficient of heat transfer, equals
dq/dA Dt, Btu/h(ft2)(°F)diff

hc 1 hr 5 combined coefficient by conduction, convection, and
radiation between surface and surroundings

hm 5 mean value of h for entire surface, based on (Dt)m

ha.m. 5 average h, arbitrarily based on arithmetic-mean tem-
perature difference

hs 5 heat-transfer coefficient through scale deposits
J 5 mechanical equivalent of heat , 778 ft ? lb/Btu
K5 empirical constant
k 5 thermal conductivity, Btu/h ? ft ? °F

km 5 2
1

t1 2 t2
E2

1

k dt

kf 5 k at the ‘‘film’’ temperature, tj 5 (t 1 tw)/2
l5 thickness of material normal to heat flow, ft

L 5 length of heat-transfer surface, heated length, ft
N5 number of rows of tubes

NGr 5 Grashof number, L3
crf

2gLbf (Dt)s /m2
f

q 5 total rate of heat flow, Btu/h
~q5 heat-flux vector, Btu/h ? ft2

~qx 5 x component of heat flux vector
R 5 thermal resistances, 1/(UA), 1/(hA), 1/(hc 1 hr)A0

5 5 recovery factor
r5 radius, ft
S 5 cross section, filled by fluid, in plane normal to di-

rection of fluid flow, ft2

T 5 temperature, °R 5 t 1 460
U 5 overall coefficient of heat transfer, Btu/h ? ft2 ? °F;
Ui, Uo based on inside and outside surface, respec-
tively

V 5 mean velocity, ft /h
Vs 5 average velocity, volumetric rate divided by cross

section filled by fluid, ft /s
Vsm 5 maximum velocity, through minimum cross section,

ft /s
x 5 one of the axes of a Cartesian reference frame, ft
X 5 (t2 2 t1)/(T1 2 t1)
w5 mass rate of flow per tube, lb/h/tube
Z 5 (T1 2 T2)/(t2 2 t1)
b 5 volumetric coefficient of thermal expansion, °F21

G 5 mass rate of flow, lb/(h) (ft of wetted periphery mea-
sured on a plane normal to direction of fluid flow); 5
w/p D for a vertical and w/2L for a horizontal tube

g 5 ratio of specific heats, cp /cv ; 1.4 for air
=5 gradient operator

Dt 5 temperature difference, °F
(Dt)ave , (Dt)l.m. 5 arithmetic and logarithmic means of terminal tem-

perature differences, respectively, °F
(Dt)m 5 true mean value of the terminal temperature differ-

ences, °F
(Dt)o 5 overall temperature difference, °F
(Dt)s 5 temperature difference between surface and sur-

roundings, °F
l 5 latent heat (enthalpy) of vaporization, Btu/ lb
m5 viscosity at bulk temperature, lbm/h ? ft; equals 2.42

times centipoises; equals 116,000 times viscosity in
(lb force)(s)/ft2

mf 5 viscosity, lbm/h ? ft , at arithmetic mean of wall and
fluid temperatures

mw 5 viscosity at wall temperature, lbm/h ? ft
r 5 density, lbm/ft3

s 5 surface tension, lb force/ft

Subscripts:

l 5 liquid
v 5 vapor

Preliminary Statements The transfer of heat is usually considered
to occur by three processes:

1. Conduction is the transfer of heat from one part of a body to an-
other part or to another body by short-range interaction of molecules
and/or electrons.

2. Convection is the transfer of heat by the combined mechanisms of
fluid mixing and conduction.

3. Radiation is the emission of energy in the form of electromagnetic
waves. All bodies above absolute zero temperature radiate. Radiation
incident on a body may be absorbed, reflected, and transmitted. (See
Sec. 4.3.)
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Table 4.4.1 Thermal Conductivities of Metals*
k 5 Btu/h ? ft ? °F
kt 5 kt0 2 a(t 2 t0)

Temp Temp
Substance range, °F kt0 a Substance range, °F kt0 a

Metals
Aluminum 70–700 130 0.03
Antimony 70–212 10.6 0.006
Beryllium 70–700 80 0.027
Cadmium 60–212 53.7 0.01
Cobalt 70 28 —
Copper 70–700 232 0.032
Germanium 70 34 —
Gold 60–212 196 —
Iron, pure 70–700 41.5 0.025
Iron, wrought 60–212 34.9 0.002
Steel (1% C) 60–212 26.2 0.002
Lead 32–500 20.3 0.006
Magnesium 32–370 99 0.015
Mercury 32 4.8 —
Molybdenum 32–800 79 0.016
Nickel 70–560 36 0.0175
Palladium 70 39 —
Platinum 70–800 41 0.0014
Plutonium 70 5 —
Rhodium 70 88 —
Silver 70–600 242 0.058
Tantalum 212 32 —
Thallium 32 29 —
Thorium 70–570 17 2 0.0045

Tin 60–212 36 0.0135
Titanium 70–570 9 0.001
Tungsten 70–570 92 0.02
Uranium 70–770 14 2 0.007
Vanadium 70 20 —
Zinc 60–212 65 0.007
Zirconium 32 11 —

Alloys:
Admiralty metal 68–460 58.1 2 0.054
Brass 2 265–360 61.0 2 0.066
(70% Cu, 30% Zn) 360–810 84.6 0

Bronze, 7.5% Sn 130–460 34.4 2 0.042
7.7% Al 68–392 39.1 2 0.038

Constantan 2 350–212 12.7 2 0.0076
(60% Cu, 40% Ni) 212–950 10.1 2 0.019

Dural 24S (93.6% Al, 4.4% Cu, 2 321–550 63.8 2 0.083
1.5% Mg, 0.5% Mn) 550–800 130. 1 0.038

Inconel X (73% Ni, 15% Cr, 7%
Fe, 2.5% Ti)

27–1,070 7.62 2 0.0068

Manganin (84% Cu, 12% Mn, 1,070–1,650 3.35 2 0.0111
4% Ni) 2 256–212 11.5 2 0.015

Monel (67.1% Ni, 29.2% Cu,
1.7% Fe, 1.0% Mn)

2 415–1,470 12.0 2 0.008

Nickel silver (64% Cu, 17% Zn,
18% Ni)

68–390 18.1 2 0.0156

* For refractories see Sec. 6; for pipe coverings, Sec. 8; for building materials, Sec. 4. Conversion factors for various units are given in Sec. 1. Tables 4.4.3–4.4.7 were revised by G. B. Wilkes.

CONDUCTION

See Tables 4.4.1 to 4.4.7 and 4.4.10

The basic Fourier conduction law for an isotropic material is

~q 5 2 k=t (4.4.1)

In cartesian coordinates, the x component of this equation is ~qx 5
2 k(t/x), and if the heat flow is unidimensional, q 5 ~qA(x) 5
2 kA(x)(dt/dx). This states that the steady-state rate of heat conduction
q is proportional to the cross-sectional area A(x) normal to the direction

For unidimensional heat flow through a material of thickness l

q El

0

dx

A(x)
5 Et90

t9i

k dt 5 km(t9i 2 t90) (4.4.2)

with an obvious definition for the mean area:

q

Am

5 km(t9i 2 t90)

For flat plates, Am 5 Ai 5 A0 ; for hollow cylinders, Am 5 (A0 2 Ai)/ ln
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of flow and to the temperature gradient t/x along the conduction path.
The proportionality constant k is called the ‘‘true’’ thermal conductivity
of the material.

The thermal conductivity of a given material varies with temperature,
and the mean thermal conductivity is defined by

km 5
1

t90 2 t9i
Et9i

t90

k dt

Over moderate range, k varies linearly with t, and hence km is the value
of k at the arithmetic mean of t9i and t90 .

Thermal Conductivity of Nickel-Chromium Alloys with Iron
kt 5 kt0 2 a(t 2 t0)

Temp, range,
ANSI number °F kt0 a

301, 302, 303, 304 (303 Se, 304 L) 95–1,650 8.08 2 0.0052
310 (3105) 32–1,650 6.85 2 0.0072
314 80–572 10.01 2 0.00124

572–1,650 8.20 2 0.0045
316 (316 L) 2 60–1,750 7.50 2 0.0042
321, 347 (348) 2 100–1,650 8.22 2 0.0050
403, 410 (416, 416 Se, 420) 2 100–1,850 15.0 0
430 [430 F, 430 F (Se)] 122–1,650 12.60 2 0.0012
440 C 212–932 12.77 2 0.0043
446 32–1,850 12.96 2 0.0050
501, 502 80–1,520 21.4 1 0.0037
(A0 /Ai); for hollow spheres, Am 5 √A9A0 . For more complex shapes, Eq.
(4.4.1) must be employed. For other configurations, mean areas may
often be found elsewhere, e.g., Kutateladze and Borishanskei, ‘‘A Con-
cise Encyclopedia of Heat Transfer,’’ Pergamon Press, pp. 36–44.

CONDUCTION AND CONVECTION

Phenomena of Heat Transmission In many practical cases of heat
transmission—e.g., boilers, condensers, the cooling of engine
cylinders—heat is transmitted from one fluid to another through a wall
separating the two. The processes occurring in the fluids may be ex-
tremely complex. However, to facilitate discussion, it is convenient to
imagine that most of the fluid offers no resistance to heat transmission
but that a thin film of fluid adjacent to the wall offers considerable
resistance. This situation is depicted in Fig. 4.4.1. Then, by definition,

q 5 hiAi(ti 2 t9i ) 5
k

l
Am(t9i 2 t0) 5 h0A0(t90 2 t0)

The terms hi and h0 are the film coefficients, or unit conductances, of the
films f1 and f2 , respectively, and k is the thermal conductivity of the
wall. Since q, A, ti 2 t9i, and t90 2 t0 are susceptible to direct measure-
ment , hi and h0 are simply defined quantities and the propriety of the
above equation does not rest upon the heuristic film concept . Indeed, for
laminar flow, the film concept is a gross misrepresentation, and yet the
definition of a film coefficient (or heat-transfer coefficient) remains
convenient and valid.
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Properties of Molten Metals*

k, r, cp, m,
Btu lb Btu lb

(h)(ft)(°F) cu ft (lb)(°F) (ft)(h)
Metal

(melting point)
Tempera-
ture, °F

Bismuth 600 9.5 625 0.0345 3.92
(520°F) 1,000 9.0 608 0.0369 2.66

1,400 9.0 591 0.0393 1.91

Lead 700 10.5 658 0.038 5.80
(621°F) 900 11.4 650 0.037 4.65

1,300 — 633 — 3.31

Mercury 50 4.7 847 0.033 3.85
(2 38°F) 300 6.7 826 0.033 2.66

600 8.1 802 0.032 2.09

Potassium 300 26.0 50.4 0.19 0.90
(147°F) 800 22.8 46.3 0.18 0.43

1,300 19.1 42.1 0.18 0.31

Sodium 200 49.8 58.0 0.33 1.69
(208°F) 700 41.8 53.7 0.31 0.68

1,300 34.5 48.6 0.30 0.43

Na, 56 wt % 200 14.8 55.4 0.270 1.40
K, 44 wt % 700 15.9 51.3 0.252 0.570
(66.2°F) 1,300 16.7 46.2 0.249 0.389

Na, 22 wt % 200 14.1 53.0 0.226 1.19
K, 78 wt % 750 15.4 48.4 0.210 0.500
(12°F) 1,400 — 43.1 0.211 0.353

Pb, 44.5 wt % 300 5.23 657 0.035
Bi, 55.5 wt % 700 6.85 639 0.035 3.71
(257°F) 1,200 — 614 — 2.78

* Based largely on ‘‘Liquid-Metals Handbook,’’ 2d ed., Government Printing Office, Washington.

If t9i and t90 are eliminated from the above equation, a relation is ob-
tained for steady flow through several resistances in series:

q 5
ti 2 t0

1/(hiAi) 1 1/(kAm) 1 1/(h0A0)
(4.4.3)

Each of the terms in the denominator represents a resistance to heat
transfer. There may also be a resistance, 1/(hsAs), due to the presence of
a scale deposit on the surface. Thus, if the overall heat transfer is given
by q 5 UA(ti 2 t0), then the total thermal resistance is given by

and negligible heat losses. The resulting equation for parallel or coun-
tercurrent flow of fluids is

q 5 UA(Dt)m 5 UA[(Dt)01 2 (Dt)02]/ ln [(Dt)01/(Dt)02] (4.4.5a)

in which (Dt)m is the logarithmic mean of the terminal temperature
differences, (Dt)01 and (Dt)02, between hot and cold fluid. The value of
UA is evaluated from the resistance concept of Eq. (4.4.4) and the
values of h are obtained from the following pages. For more compli-
cated flow geometries, the logarithmic mean is not appropriate, and the
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1/(UA) 5 1/(hiAi) 1 1/(kAm) 1 1/(hoAo) 1 1/(hsAs) (4.4.4)

Coefficients for scale deposits are given in Table 4.4.9.

Fig. 4.4.1 Temperature gradients in heat flow through a wall.

Mean Temperature Difference The basic equation for any steadily
operated heat exchanger is dq 5 U(Dt)o dA, in which U is the overall
coefficient [Eq. (4.4.4)], (Dt)o is the overall temperature difference be-
tween hot and cold fluids, and dq/dA is the local rate of flow per unit
surface. In order to apply this relation to a finite exchanger, it is neces-
sary to integrate it . The assumptions usually made are constant U, con-
stant mass rates of flow, no changes in phase, constant specific heats,
true mean temperature difference may be obtained from Fig. 4.4.2,
where

Y 5 ordinate

5
true mean temp difference

logarithmic mean temp difference for counterflow

For the other symbols see. p. 4-79. (From Trans. ASME, 62, 1940, pp.
283–294.)

The above discussion focuses on the concepts of an overall coeffi-
cient and a mean-temperature difference. An alternative approach fo-
cuses on the concepts of effectiveness and the number of transfer units.
The alternatives are basically equivalent , but one or the other may enjoy
a computational advantage. The latter method is presented in detail by
Kays and London and by Mickley and Korchak (Chem. Eng., 69, 1962,
pp. 181–188 and 239–242).

EXAMPLE. Assume an exchanger in which the hot fluid enters at 400°F and
leaves at 327°F; the cold fluid enters at 100°F and leaves at 283°F. Assuming U
independent of temperature, what will be the true mean temperature difference
from hot to cold fluid, (1) for counterflow and (2) for a reversed current apparatus
with one well-baffled pass in the shell and two equal passes in the tubes?

1. With counterflow, the terminal differences are 400 2 283 5 117°F and 327
2 100 5 227°F; the logarithmic mean difference is 110/0.662 5 166°F.

2. Z 5 (400 2 327)/(283 2 100) 5 0.4; X 5 (283 2 100)/(400 2 100) 5 0.61;
from section A of Fig. 4.4.2, Y 5 0.9 5 (Dt)m /166; (Dt)m 5 149°F.
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Table 4.4.2 Thermal Conductivities of Liquids and Gases

Substance Temp, °F k Substance Temp, °F k

Liquids: Gases:
Acetone 68 0.103 Air (see below) 32 0.0140
Ammonia 45 0.29 Ammonia, vapor 32 0.0126
Aniline 32 0.104 Ammonia 212 0.0192
Benzol 86 0.089 Argon 32 0.00915
Carbon bisulfide 68 0.0931 Carbon dioxide 32 0.0084
Ethyl alcohol 68 0.105 212 0.0128
Ether 68 0.0798 Carbon monoxide 32 0.0135
Glycerin, USP, 95% 68 0.165 Chlorine 32 0.0043
Kerosene 68 0.086 Ethane 32 0.0106
Methyl alcohol 68 0.124 Ethylene 32 0.0101
n-Pentane 68 0.0787 Helium 32 0.0818
Petroleum ether 68 0.0758 n-Hexane 32 0.0072
Toluene 86 0.086 Hydrogen 32 0.0966
Water 32 0.343 212 0.124

140 0.377 Methane 32 0.0175
Oil, castor 39 0.104 Neon 32 0.0267
Oil, olive 39 0.101 Nitrogen 32 0.0140
Oil, turpentine 54 0.0734 Nitrous oxide 32 0.0088
Vaseline 59 0.106 212 0.0090

Nitric oxide 32 0.0138
Oxygen 32 0.0142
n-Pentane 32 0.0074
Sulphur dioxide 32 0.005

Thermal Conductivities of Air and Steam

Temperature, °F 32 200 400 600 800 1,000
Air, 1 atm 0.0140 0.0181 0.0225 0.0266 0.0303 0.0337
Steam, 1 lb/in2 absolute — 0.0132 0.0184 0.0238 0.0292 0.0345

SOURCE: F. G. Keyes, Tech. Rept. 37, Project Squid (Apr. 1, 1952).

Fig. 4.4.2 (A) One shell pass and two tube passes; (B) two shell passes and four tube passes; (C) three shell passes
and six tube passes; (D) four shell passes and eight tube passes; (E) cross flow, one shell pass and one tube pass, both
fluids mixed; (F ) single-pass cross-flow exchanger, both fluids unmixed; (G) single-pass cross-flow exchanger, one
fluid mixed, the other unmixed; (H) two-pass cross-flow exchanger, shell fluid mixed, tube fluid unmixed, shell
fluid first crossing the second tube pass; (I ) same as (H), but shell fluid first crosses the first tube pass.
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Table 4.4.3 Thermal Conductivities of Miscellaneous Solid Substances*
Values of k are to be regarded as rough average values for the temperature range indicated

Bulk Bulk
Material density, lb/ft3 Temp, °F k Material density, lb/ft3 Temp, °F k

Asbestos board, com-
pressed asbestos and
cement

123. 86. 0.225

Asbestos millboard 60.5 86. 0.070
Asbestos wool 25. 212. 0.058
Ashes, soft wood 12.5 68. 0.018
Ashes, volcanic 51. 300. 0.123
Carbon black 12. 133. 0.012
Cardboard, corrugated . . . . . . 0.037
Celluloid 87.3 86. 0.12
Cellulose sponge,
du Pont

3.4 82. 0.033

Concrete, sand, and
gravel

142. 75. 1.05

Concrete, cinder 97. 75. 0.41
Charcoal, powder 11.5 63. 0.029
Cork, granulated 5.4 23. 0.028
Cotton wool 5.0 100. 0.035
Diamond 151. 70. 320.
Earth plus 42% water 108. 0. 0.62
Fiber, red 80.5 68. 0.27
Flotofoam (U.S. Rub-
ber Co.)

1.6 92. 0.017

Glass, pyrex 139 200. 0.59
Glass, soda lime . . . 200. 0.59
Graphite, solid 93.5 122. 87.
Gravel 116. 68. 0.22
Gypsum board 51. 99. 0.062
Ice 57.5 . . . 1.26
Kaolin wool 10.6 800. 0.059
Leather, sole 62.4 . . . 0.092
Mica 122. . . . 0.25
Pearlite, Arizona,
spherical shell of
siliceous material

9.1 112. 0.035

Polystyrene, ex-
panded ‘‘Styro-
foam’’

1.7 . . . 0.021

Pumice, powdered 49. 300. 0.11
Quartz, crystal, per-
pendicular to C axis

. . . 2 300.
0.

300.

12.5
4.3
2.3

Quartz, crystal, paral-
lel to C axis

. . . 2 300. 25.0
0. 8.3

300. 4.2
Rubber, hard 74.3 100. 0.092
Rubber, soft , vulcan-
ized

68.6 86. 0.08

Sand, dry 94.8 68. 0.188
Sawdust , dry 13.4 68. 0.042
Silica, fused . . . 200. 0.83
Silica gel, powder 32.5 131. 0.049
Soil, dry . . . 68. 0.075
Soil, dry, including
stones

127. 68. 0.30

Snow 7–31 32. 0.34–1.3
Titanium oxide, finely
ground

52. 1000. 0.041

Wool, pure 5.6 86. 0.021
Zirconia grain 113. 600. 0.11
Woods, oven dry,
across grain†:
Aspen 26. 85. 0.069
Bald cypress 24. 85. 0.063
Balsa 10. 85. 0.034
Basswood 24. 85. 0.058
Douglas Fir 29. 85. 0.063
Elm, rock 48. 85. 0.097
Fir, white 26. 85. 0.069
Hemlock 29. 85. 0.066
Larch, western 36. 85. 0.078
Maple, sugar 43. 85. 0.094
Oak, red 42. 85. 0.099
Pine, southern yel-
low

35. 85. 0.078

Pine, white 25. 85. 0.060
Red cedar, western 21. 85. 0.053
Redwood 25. 85. 0.062
Spruce 21. 85. 0.052

* The thermal conductivity of different materials varies greatly. For metals and alloys k is high, while for certain insulating materials, such as glass wool, cork, and kapok, it is very low. In general, k
varies with the temperature, but in the case of metals, the variation is relatively small. With most other substances, k increases with rising temperatures, but in the case of many crystalline materials, the
reverse is true.

† With heat flow parallel to the grain, k may be 2 to 3 times that with heat flow perpendicular to the grain, the values for wool are taken chiefly from J. D. MacLean, Trans. ASHRAE, 47, 1941,
p. 323.

If one of the temperatures remains constant , as in a condenser or in an
evaporative cooler, Eq. (4.4.5a) applies for parallel flow, counterflow,
reversed current , and cross flow.

If U varies considerably with temperature, the apparatus should be
considered to be divided into stages, in each of which the variation of U
with temperature or temperature difference is linear. Then for parallel or
counterflow operation, the following relation may be applied to each
stage:

q 5
A[U2(Dt)01 2 U1(Dt)02]

(4.4.5b)

lent (see Sec. 3) and under these conditions the film coefficient can be
greatly increased by increasing the velocity of the fluid at the expense of
a greater power requirement . For a given velocity and fluid, the film
coefficient depends upon the direction of flow of fluid relative to the
heating surface. With free or natural convection, for a given arrange-
ment of surface, the film coefficient depends on an additional fluid
property, the coefficient of thermal expansion, on the temperature dif-
ference between surface and fluid, and on the local gravitational accel-
eration. With forced convection at low rates of flow, particularly with
viscous fluids such as oils, laminar motion may prevail and the film
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ln [U2(Dt)01/U1(Dt)02]

FILM COEFFICIENTS

The important physical properties which affect film coefficients (see
Sec. 4.1) are thermal conductivity, viscosity, density, and specific heat .
Factors within the control of the designer include fluid velocity and
shape and arrangement of the heating surface. With forced flow of gases
or water, under the conditions usually met in practice, the flow is turbu-
coefficient depends on thermal conductivity, specific heat , mass rate of
flow per tube, and length and diameter of the tube. In any event , the film
coefficients h are correlated in terms of dimensionless groups of the
controlling factors.

Turbulent Flow inside Clean Tubes (No Change in Phase),
DG/mf . 7,000

hm

CpG
SCpmf

kf
D2/3

5
0.023

(DG/mf)0.2
(4.4.6a)
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Table 4.4.4 Thermal Conductivities for Building Insulation

Bulk
density,

Material lb/ft3 Temp, °F k

Balsam wool, blanket 3.6 70. 0.021
Cabot’s Quilt , eelgrass 15.6 86. 0.027
Glass wool, blanket 3.25 100. 0.022
Hairfelt , blanket 11.0 86. 0.022
Insulating boards, Insu-

lite, Celotex, etc.
12–19 100. 0.027–0.031

m

For L/D less than 60, multiply the right-hand side of Eqs. (4.4.6a),
(4.4.6b), and (4.4.6c) by 1 1 (D/L)0.7.

Turbulent Flow of Gases inside Clean Tubes, DG/mf . 7,000

hm 5 0.024CpG0.8/(Di9)0.2 (4.4.6b)

Turbulent Flow of Water inside Clean Tubes, DG/mf . 7,000

hm 5 160(1 1 0.012tf )Vs
0.8/(Di9)0.2 (4.4.6c)

Turbulent Flow of Liquid Metals inside Clean Tubes,
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Kapok, DryZero, blan-
ket

1.6 75. 0.019

Redwood bark, loose,
shredded, Palco Bark

4.0 100. 0.025

Rock wool, loose 7. 117. 0.024
Sil-O-Cel powder 10.6 86. 0.026
Vermiculite, loose,

Zonolite
8.2 60. 0.038

Table 4.4.5 Thermal Conductivities of Material for Refrigeration
and Extreme Low Temperatures

Bulk density, Temp,
Material lb/ft3 °F k

Corkboard 6.9 100
2 100
2 300

0.022
0.018
0.010

Fiberglas with asphalt coating
(board)

11.0 100
2 100
2 300

0.023
0.014
0.007

Glass blocks, expanded cellular
glass

8.5 100
2 100
2 300

0.033
0.024
0.016

Mineral wool board, Rockcork 14.3 100
2 100
2 300

0.024
0.017
0.008

Silica aerogel, powder, Santocel 5.3 100
0

2 100

0.013
0.012
0.010

Vegetable fiberboard, asphalt
coating

14.4 100
2 100
2 300

0.028
0.021
0.013

Foams:
Polystyrene*
Polyurethane†

2.9
5.0

2 100
2 100

0.015
0.019

* Test space pressure, 1.0 atm; k 5 0.0047 at 1025 mmHg.
† Test space pressure, 1.0 atm; k 5 0.007 at 1023 mmHg.

Table 4.4.6 Thermal Conductivities of Insulating Materials for High Te

Bulk Max
density, temp,

Material lb/ft3 °F

Asbestos paper, laminated 22. 400
Asbestos paper, corrugated 16. 300
Diatomaceous earth, silica, powder 18.7 1,500
Diatomaceous earth, asbestos and bonding material 18. 1,600

Fiberglas block, PF612 2.5 500
Fiberglas block, PF614 4.25 500
Fiberglas block, PF617 9. 500
Fiberglas, metal mesh blanket, #900 . . . . . . 1,000
Cellular glass blocks, ave. value 8.5 900
Hydrous calcium silicate, ‘‘Kaylo’’ 11. 1,200
85% magnesia 12. 600
Micro-quartz fiber, blanket 3. 3,000
Potassium titanate, fibers 71.5 . . . . .
Rock wool, loose 8–12 . . . . .
Zirconia grain 113. 3,000
peratures

100°F 300°F 500°F 1,000°F 1,500°F 2,000°F

k

0.038 0.042
0.031 0.042
0.037 0.045 0.053 0.074
0.045 0.049 0.053 0.065
0.023 0.039

Cpm/k , 0.05 The equation of Sleicher and Tribus (‘‘Recent Ad-
vances in Heat Transfer,’’ p. 281, McGraw-Hill, 1961) is recommended
for isothermal tube walls:

hmD

k
5 6.3 1 0.016SDGCp

k D0.91SCpm

k D0.3

(4.4.6d)

Turbulent Flow of Gases or Water in Annull Use Eq. (4.4.6b) or
(4.4.6c), with D9 taken as the clearance, inches. If the clearance is
comparable to the diameter of the inner tube, see Kays and Crawford.

Water in Coiled Pipes Multiply hm for the staight pipe by the term
(1 1 3.5Di /Dc), where Di is the inside diameter of the pipe and Dc is that
of the coil.

Turbulent Boundary Layer on a Flat Plate, V`rf x/mf . 4 3 105,
no pressure gradient

h

rf CpV`
SCpm

k D2/3

5
0.0148

(rfV`x/m f)0.2
(4.4.6e)

hm

rf CpV`
SCpm

k Df

2/3

5
0.0185

(r fV`L/m f)0.2
(4.4.6f)

Fluid Flow Normal to a Single Tube, DoG/m f from 1,000 to 50,000

hmDo

kf

5 0.26SDoG

m f
D0.6SCpm

k Df

0.3

(4.4.7)

Gas Flow Normal to a Single Tube, DoG/uf from 1,000 to 50,000

hm 5 0.30CpG0.6/(Do9)0.4 (4.4.7a)

Fluid Flow Normal to a Bank of Staggered Tubes, DoGmax/m f from
2,000 to 40,000

hmDo

kf

5 KSCpm

k
D1/3

f
SDoGmax

m f
D0.6

(4.4.8)

Values of K are given in Table 4.4.8.
Water Flow Normal to a Bank of Staggered Tubes, DoGmax/m f

from 2,000 to 40,000

hm 5 370(1 1 0.0067tf )V0.6
sm /(Do9)0.4 (4.4.8a)
0.021 0.033
0.020 0.033
0.020 0.030 0.040
0.033 0.045 0.062
0.032 0.038 0.045
0.029 0.035
0.021 0.028 0.042 0.075 0.108 0.142
. . . . . 0.022 0.024 0.030
0.027 0.038 0.049 0.078
. . . . . . . . . . 0.108 0.129 0.163 0.217
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Table 4.4.7 Thermal Conductance across Airspaces
Btu/(h)(ft2)—Reflective insulation

Ordinary
Mean Aluminum surfaces,

Direction of temp, surfaces, nonmetallic,
Airspace, in heat flow Temp diff, °F °F « 5 0.05 « 5 0.90

Horizontal, 3⁄4 –4
across

Upward 20. 80. 0.60 1.35

Vertical, 3⁄4 –4 across Across 20. 80. 0.49 1.19
Horizontal, 3⁄4 across Downward 20. 75. 0.30 1.08
Horizontal, 4 across Downward 20. 80. 0.19 0.93

Table 4.4.8 Values of K for N Rows Deep

N 1 2 3 4 5 6 7 10
K 0.24 0.25 0.27 0.29 0.30 0.31 0.32 0.33

Table 4.4.9 Heat-Transfer Coefficients hs for Scale Deposits
from Water*

For use in Eq. (4.4.4)

Temp of heating medium

o

3
8
5
2
10

Heat Transfer to Gases Flowing at Very High Velocities If a
nonreactive gas stream is brought to rest adiabatically, as at the true
stagnation point of a blunt body, the temperature rise will be

ts 2 t` 5 V2/(2gcJCp) (4.4.9b)

where ts is the stagnation temperature and t` is the temperature of the
free stream moving at velocity V. At every other point on the body, the
gas is brought to rest partly by pressure changes and partly by viscous
effects in the boundary layer. In general, this process is not adiabatic,
even though the body transfers no heat . The thermal conductivity of the
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Up to 240°F 240 to 400°F

Temp of water

125°F or less Above 125°F

Water velocity, ft /s

3 and 3 and
less Over 3 less Over 3

Distilled 2,000 2,000 2,000 2,000
Sea water 2,000 2,000 1,000 1,000
Treated boiler feedwater 1,000 2,000 500 1,000
Treated makeup for cooling tower 1,000 1,000 500 500
City, well, Great Lakes 1,000 1,000 500 500
Brackish, clean river water 500 1,000 330 500
River water, muddy, silty† 330 500 250 330
Hard (over 15 grains per gal) 330 330 200 200
Chicago Sanitary Canal 130 170 100 130

Miscellaneous cases: Refrigerating liquids, brine clean petroleum distillates, organic vapors,
1,000; refrigerant vapor, 500; vegetable oils, 330; fuel oil (topped crude), 200.

* From standards of Tubular Exchanger Manufacturers Assoc., 1952.
† Delaware, East River (NY), Mississippi, Schuylkill, and New York Bay.

For baffled exchangers, to allow for leakage of fluids around the
baffles, use 60 percent of the values of hm from Eq. (4.4.8); for tubes in
line, deduct 25 percent from the values of hm given by Eq. (4.4.8).

Water Flow in Layer Form over Horizontal Tubes, 4G/m , 2,100

ha.m. 5 150(G/Do9)1/3 (4.4.9)

for G ranging from 100 to 1,000 lb of water per h per ft (each side).
Water Flow in Layer down Vertical Tubes, w/pD . 500

hm 5 120G1/3 (4.4.9a)

Table 4.4.10 Typical Values of hm for Heating and Co
D90 5 1.31 ln, D9i 5 1.05 in

Fluid and arrangement tf, °F ft /s

Air inside tubes . . . . . VS 5
Air normal to staggered tubes 170 VS 5
Water inside tubes 100 VS 5
Water normal to staggered tubes 100 VS 5
Trickle cooler, water . . . . . G 5

Falling water film vertical tube . . . . . G 5 1,

* Velocity in ft /s at 70°F and 1 atm 5 G/3,600r.
ling, Forced Convention

Velocity*

lb/(h ? ft2) Btu/(h ? ft2 ? °F) Eq. no.

1.8, G 5 8,600 8.0 4.4.6b
.92, Gm 5 2,000 7.5 4.4.8
.0, G 5 1.12 3 106 1260 4.4.6c
.0, Gm 5 0.448 3 106 800 4.4.8a
0 lb/(h ? ft) 640 4.4.9

gas will transfer heat from one layer of gas to another. At an insulated
surface, the gas temperature will therefore be neither the free-stream
temperature nor the stagnation temperature. In general, the rise in gas
temperature will be given by the equation

taw 2 t` 5 5(ts 2 t`) 5 5V2/(2gcJCp) (4.4.9c)

where taw is the gas temperature at the adiabatic wall and 5 is the
recovery factor.

If a given point on the surface of a body is not at the temperature taw

given by Eq. (4.4.9c) with the proper local value of 5 inserted, there
will be a transfer of heat to or from the body. This suggests defining the
coefficient of heat transfer in the usual way, except that the difference
tw 2 taw should be used:

q/A 5 h(t` 2 taw) 5 h{tw 2 [t 1 5V2/(2gcJCp)]} (4.4.9d)

where tw is the surface temperature of the heated wall. With this modifi-
cation, it is found that the correlations for h are nearly independent of
Mach number; e.g., Eq. (4.4.6a) may be used for turbulent , compress-
ible flow in a pipe. Obviously, 5 5 1.0 at a forward stagnation point .
For flows parallel to surfaces which have little or no curvature in the
direction of flow, the following are recommended:

Laminar flow 5 5SCpm

k D1/2

Turbulent flow 5 5SCpm

k D1/3

Very little is presently known about point values of the recovery factor
for flow over more complex shapes. Thus, special thermocouples
should be used to measure the temperature of high-velocity gas streams
(Hottel and Kalitinsky, Jour. Applied Mechanics, 1945, pp. A25–A32;
000 lb/(h ? ft) 1200 4.4.9a
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and Franz, Jahrb 1938 deut. Luftfahrt-Forsch II, pp. 215–218). Eckert
(Trans. ASME, 78, 1956, pp. 1273–1283) recommends that all property
values be evaluated at a film temperature defined by

tf 5 (t` 1 tw)/2 1 0.22(taw 2 t`) (4.4.9e)

Nielsen (NACA Wartime Rep. L-179) gives graphs for predicting the
heat transfer and pressure drop for airflow at Mach numbers up to 1.0, in
tubes having a uniform wall temperature.

Heat transfer from a reacting gas to a surface is treated by Lees
(‘‘Recent Advances in Heat and Mass Transfer,’’ p. 161, McGraw-

where B1 is a weak function of (Cpm/k)f . Similarly, for (Cpm/k)f , 1,

hmLc

kf

5 B2[NGr(Cpm/k)f
2]0.25 (4.4.11b)

VERTICAL FLAT PLATES. For this case, L 5 Lc and the flow of the
laminar boundary layer type will be laminar if

(Cpm/k)f . 1 109 . NGr(Cpm/k)f . 104

(Cpm/k)f , 1 ? . NGr(Cpm/k)2
f . 104

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Hill).

LAMINAR FLOW

PIPE FLOW, DG /m , 2,100. Use the Sieder-tate modification of the
Graetz equation for isothermal tube walls and wCp/kL . 10:

ha.m.D/k 5 2.0(wCp/kL)1/3(m/mw)0.14 (4.4.10)

or

(ha.m./CpG)(Cpm/k)2/3(mw/m)0.14 5 1.85(D/L)1/3(DG/m)22/3 (4.4.10a)

As shown in Fig. 4.4.3, as DG/m increases from 2,100 to 7,000, the
effect of L/D diminishes and finally becomes negligible for L/D . 60.

Fig. 4.4.3 Heating and cooling of viscous oils flowing inside tubes. [The curves
for DG/m below 2,100 are based on Eq. (4.4.10).]

LAMINAR BOUNDARY LAYER ON A FLAT PLATE. rV`x/m , 4 3 103,
isothermal plate, no pressure gradient

h

rf CpV`
SCpm

k
D2/3

f

5
0.332

(rfV`x/mf)1/2
(4.4.10b)

hm

rf CpV`
SCpm

k
D2/3

f

5
0.664

(rfV`L/mf)1/2

Extended Surfaces Fin efficiency is defined as the ratio of the
mean temperature difference from surface to fluid divided by the tem-
perature difference from fin to fluid at the base or root of the fin. Graphs
of fin efficiency for extended surfaces of various types are given by
Gardner (Trans. ASME, 67, pp. 621–628, 1945) and in numerous texts,
e.g., by Eckert and Drake, pp. 92–93. Heat-transfer coefficients for
various extended surfaces are given by Kays and London.

Natural Convection Heat transfer by natural convection is gov-
erned by relations of the form

hmLc

kf

5 f [Lc
3r2

fgLbf (Dt)s/m2
f , (Cpm/k)f] (4.4.11)

where bf is defined by the equation rf 5 r`[1 2 bf (Dt)s)]. For perfect
gases, bf 5 1/T`. The dimensionless group Lc

3r2
fgLbf (Dt)s/m2

f ; NGr

represents the ratio of the product (inertial force times buoyant force) to
(viscous force squared).

If the flow is of the laminar boundary layer type and if (Cpm/k)f . 1,
an effective correlation is

hmLc

kf

5 B1[NGr(Cpm/k)f]0.25 (4.4.11a)
Lefevre (Rept. Heat 113, National Engineering Laboratory, Great Brit-
ain, Aug. 1956) gives an interpolation formula which contains the
proper limiting forms and is in complete agreement with existing nu-
merical results:

hmLc

kf

5F NGr(Cpm/k)2

2.435 1 4.884(Cpm/k)f
1/2 1 4.953(Cpm/k)f

G0.25

(4.4.11c)

If (Cpm/k)f is in the vicinity of unity and if NGr (Cpm/k)f . 109, the
boundary layer will be turbulent and

hL

kf

5 0.13[NGr(Cpm/k)f]1/3 (4.4.11d)

HORIZONTAL CYLINDERS. Replace L in the vertical flat plate formulas
by pDo /2.

HEATED HORIZONTAL PLATES FACING UPWARD OR COOLED HORIZONTAL

PLATES FACING DOWNWARD.

2 3 107 . NGr(Cpm/k)f . 105

hmL

kf

5 0.54[NGr(Cpm/k)f]0.25 (4.4.11e)

NGr(Cpm/k)f . 2 3 107

hmL

kf

5 0.14[NGr(Cpm/k)f]1/3 (4.4.11f)

HEATED HORIZONTAL PLATES FACING DOWNWARD OR COOLED HORIZON-
TAL PLATES FACING UPWARD.

3 3 1010 . NGr(Cpm/k)f . 3 3 105

hL

kf

5 0.27[NGr(Cpm/k)f]0.25 (4.4.11g)

Equations (4.4.11e) to (4.4.11g) should not be considered reliable if
(Cpm/k)f differs greatly from unity.

For more complex systems, it is best to consult plots of experimental
data (McAdams).

For any particular fluid, the above equations may be greatly simpli-
fied. For air which is at room temperature and atmospheric pressure and
is subjected to the gravitational attraction at sea level:

VERTICAL PLATES.

103 . L3(Dt)s . 1022

hm 5 0.28[(Dt)s/L]0.25 (4.4.12a)
L3(Dt)s . 103

hm 5 0.19(Dt)s
1/3 (4.4.12b)

HORIZONTAL CYLINDERS.

102 . D3(Dt)s . 1023

hm 5 0.25[(Dt)s/D]0.25 (4.4.12c)
D3(Dt)s . 102

hm 5 0.19(Dt)s
1/3 (4.4.12d)

HEATED HORIZONTAL PLATES FACING UPWARD OR COOLED HORIZONTAL

PLATES FACING DOWNWARD.

10 . L3(Dt)s . 0.1
hm 5 0.27[(Dt)s/L]0.25 (4.4.12e)
104 . L3(Dt)s . 10

hm 5 0.22(Dt)s
1/3 (4.4.12f)
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HEATED HORIZONTAL PLATES FACING DOWNWARD OR COOLED HORIZON-
TAL PLATES FACING UPWARD.

104 . L3(Dt)s . 0.1 (4.4.12g)
hm 5 0.12[(Dt)s/L]0.25

Condensing Vapors If the condensate of a single pure vapor, satu-
rated or supersaturated, wets the surface, film-type condensation is ob-
tained. The rate of heat transfer equals hm(Dt)m, where (Dt)m is the mean
difference between the saturation temperature and the temperature of
the surface. As long as the condensate flow is laminar (4G/mf , 2,100),

Boiling Liquids The nature of the heat transfer from a submerged
heater to a pool of boiling water is shown in Fig. 4.4.5. Other liquids
exhibit the same qualitative features. In the range AB, heat transfer to
the liquid occurs solely by natural convection, and evaporation occurs at
the free surface of the pool. In the range BC, nucleate boiling occurs.
Bubbles form at active nuclei on the heating surface, detach, and rise to
the pool surface. At point C, the heat flux passes through a maximum at
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the following dimensionless equations may be used:
For horizontal tubes,

hmD/k 5 0.73[D3r2lgL/kmf N(Dt)m]0.25

5 0.76(D3r2gL/mfG)1/3 (4.4.13)

For vertical tubes,

hmL/k 5 0.94[L3r2lgL/kmf (Dt)m]0.25

5 0.93(L3r2gL/mfG)1/3 (4.4.13a)

The equations show that a tube of given dimensions, for the usual case
where L/(ND) is greater than 2.76, is more effective in a horizontal than
in a vertical position. Thus for L/(ND) 5 100, a horizontal tube gives an
average h which is 2.5 times that for a vertical tube. Since there is but
little variation in the thermal conductivity or viscosity of the condensate
at the condensing temperature at 1 atm, there is little variation in hm.
With horizontal tubes, use hm from 200 to 400 Btu/h ? ft2 ? °F for the
following vapors condensing at atmospheric pressure: benzene, carbon
tetrachloride, dichlormethane, dichlordifluoromethane, diphenyl ethyl
alcohol, heptane, hexane, methyl alcohol, octane, toluene, and xylene.
Ammonia gives hm of 1,000, and mixtures of steam and organic vapors,
forming immiscible condensates, give hm ranging from 250 to 750,
increasing with increasing proportion of steam. With film-type conden-
sation of clean steam on horizontal tubes, hm ranges from 1,000 to
3,000; see Eq. (4.4.13). With vertical tubes 10 to 20 ft long, ripples form
in the film; values of hm from Eq. (4.4.13a) should be increased 20
percent .

For long vertical tubes, 4G/mf may exceed 2,100; in that case:

hm(m2
f /k3

fr2
fgL)1/3 5 0.0077(4G/mf)0.4 (4.4.13b)

The presence of noncondensible gas, such as air, seriously reduces h,
and consequently all vapor-heated apparatus should be well vented.

With steam, small traces of certain promoters (Nagle, U.S. Patent
1,995,361) such as oleic acid and benzyl mercaptan become adsorbed in
a very thin layer on the surface of the tubes, preventing the condensate
from wetting the metal and inducing dropwise condensation, which
gives much higher values of hm (7,000 to 70,000) than film-type con-
densation. However, with dirty or corroded surfaces, it is difficult to
maintain dropwise condensation. Figure 4.4.4 shows overall coeffi-
cients Uo for condensing steam at 1 atm on a vertical 10-ft length of
copper tube, 5⁄8 in OD, 0.049-in wall, at various water velocities.

Fig. 4.4.4 Overall coefficients between condensing steam and water. Curve 1,
chromium-plated copper, oleic acid; curve 2, copper, benzyl mercaptan; curve 3,
copper, oleic acid; curve 4, admiralty metal, no promoter.
Fig. 4.4.5 Boiling of water at 212°F on a platinum surface.

a temperature difference called the critical Dt. In the range CD, transi-
tional boiling occurs. At point D, the transition is complete and the
heating surface is completely blanketed by a vapor film. This is the
point of minimum heat flux, or the Leidenfrost point. In the range DE,
the heating surface continues to be blanketed by a vapor film.

The range AB is adequately correlated by the usual natural-convec-
tion equations. No truly adequate correlation is available for the range
BC because the complex processes of nucleation and interfacial interac-
tion are only partially understood. However, the relation due to Roh-
senow (Trans. ASME, 74, 1952, pp. 969–976) is one of the best and can
be reliably used for modest extrapolations of existing data.

Cp,l(tw 2 tsat)

l
5 CfsFq/A

mll √ gcs

gL(rl 2 rv)
G1/3SCp,lml

kl
DG1.7

(4.4.14a)

The value of the constant Cfs is intimately dependent on the nature of the
particular fluid-solid pair and must be determined by experiment . It
usually assumes values in the range 0.003 , Cfs , 0.05 and is not
affected by moderate subcooling or the shape of the heating surface.

Zuber (USAEC Rep. AECU-4439, June, 1959) has presented a theo-
retical equation for the maximum heat flux from a flat , horizontal sur-
face. The analysis is based on considerations of hydrodynamic stability.
For saturated liquids,

(q/A)max 5 K1rvlFsgLgc(rl 2 rv)

r2
v

G1/4S rl

rl 1 rv
D1/2

(4.4.14b)

0.12 , K1 , 0.157 (theoretical)

Berenson (Sc.D. thesis, Mechanical Engineering Department , MIT,
1960) used a similar analysis and obtained a relation which is identical
for rl .. rv, but he found that K1 5 0.18 gives better agreement with the
data. The theoretical basis of this equation has been subject to attack,

Table 4.4.11 Maximum Flux and Corresponding Overall
Temperature Difference for Liquids Boiled at 1 atm with a
Submerged Horizontal Steam-Heated Tube

Chromium-
Aluminum Copper plated copper Steel

Liquid

q/A

1,000 (Dt)o

q/A

1,000 (Dt)o

q/A

1,000 (Dt)o

q/A

1,000 (Dt)o

Ethyl acetate 41 70 61 55 77 55
Benzene 51 80 58 70 73 100 82 100
Ethyl alcohol 55 80 85 65 124 65
Methyl alcohol . . . . . . . . . 100 95 110 110 155 110
Distilled water . . . . . . . . . 230 85 350 75 410 150
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but the correlation appears to be the best available. Zuber also per-
formed an analysis for subcooled liquids and proposed a modification
which is also in excellent agreement with experiment:

Sq

ADmax

5 K1rv[l 1 Cp,l(tsat 2 tl)]FsgLgc(rl 2 rv)

r2
v

G0.25

3S rl

rl 1 rv
D1/2

3H1 1
5.33(rlCp,lkl)1/2(tsat 2 tl) FgL(rl 2 rv)r2

vG1/8J (4.4.14c)

where (Dt)s is the temperature difference, °F, between the surface of the
hot body and the walls of the space. In evaluating (hc 1 hr), hc should be
calculated by the appropriate convection formula [see Eqs. (4.4.11c) to
(4.4.11g)] and hr from the equation

hr 5 0.00685«(Tav/100)3

where « is the emissivity of the radiating surface (see Sec. 4.3). Tav is the
average temperature of the surface and the enclosing walls, °R. For
oxidized bare steel pipe, the sum hc 1 hr may be taken directly from

tes

atu

4
4
4
4
3
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rv[l 1 Cp,l(tsat 2 tl)] s3g3
c

Zuber’s hydrodynamic analysis of the Leidenfrost point yields

(q/A)min 5 K2lrvFsgLgc(rl 2 rv)

rl
2 G1/4

0.144 , K2 , 0.177 (4.4.14d)

Berenson finds better agreement with the data if K2 5 0.09. For very
small wires, the heat flux will exceed that predicted by this flat-plate
formula. A reliable prediction of the critical temperature is not avail-
able.

For nucleate boiling accompanied by forced convection, the heat flux
may be approximated by the sum of the heat flux for pool boiling alone
and the heat flux for forced convection alone. This procedure will not be
satisfactory at high qualities, and no satisfactory correlation exists for
the maximum heat flux.

For a given liquid and system pressure, the nature of the surface may
substantially influence the flux at a given (Dt), Table 4.4.11. These data
may be used as rough approximations for a bank of submerged tubes.
Film coefficients for scale deposits are given in Table 4.4.9.

For forced-circulation evaporators, vapor binding is also encountered.
Thus with liquid benzene entering a 4-pass steam-jacketed pipe at
0.9 ft /s, up to the point where 60 percent by weight was vaporized, the
maximum flux of 60,000 Btu/h ? ft2 was obtained at an overall temper-
ature difference of 60°F; beyond this point , the coefficient and flux
decreased rapidly, approaching the values obtained in superheating
vapor, see Eq. (4.4.6b). For comparison, in a natural convection evapor-
ator, a maximum flux of 73,000 Btu/h ? ft2 was obtained at (Dt)v of
100°F.

Combined Convection and Radiation Coefficients In some cases
of heat loss, such as that from bare and insulated pipes, where loss is by
convection to the air and radiation to the walls of the enclosing space, it
is convenient to use a combined convection and radiation coefficient
hc 1 hr . The rate of heat loss thus becomes

q 5 (hc 1 hr)A(Dt)s (4.4.15)

Table 4.4.12 Values of hc 1 hr
For horizontal bare or insulated standard steel pipe of various sizes and for flat pla

(Dt)s, temper

Nominal pipe diam, in 50 100 150 200 250 300

1⁄2 2.12 2.48 2.76 3.10 3.41 3.75
1 2.03 2.38 2.65 2.98 3.29 3.62
2 1.93 2.27 2.52 2.85 3.14 3.47
4 1.84 2.16 2.41 2.72 3.01 3.33
8 1.76 2.06 2.29 2.60 2.89 3.20
12 1.71 2.01 2.24 2.54 2.82 3.13 3
24 1.64 1.93 2.15 2.45 2.72 3.03 3
Flat plates

Vertical 1.82 2.13 2.40 2.70 2.99 3.30 4
HFU* 2.00 2.35 2.65 2.97 3.26 3.59 4
HFD* 1.58 1.85 2.09 2.36 2.63 2.93 3

* HFU 5 horizontal facing upward; HFD 5 horizontal facing downward.
Table 4.4.12.
Heat Transmission through Pipe Insulation (McMillan, Trans.

ASME, 1915) For any number of layers of insulation on any size of
pipe, Eqs. (4.4.2), (4.4.4), and (4.4.15) combine to give

qo

Ao

5
(Dt)o

ro

k1

ln
r2

r1

1
ro

k2

ln
r3

r2

1 ? ? ? 1
1

hc 1 hr

(4.4.16)

where qo /Ao is the Btu/(h ? ft2) of outer surface of the last layer; (Dt)o is
the overall temperature difference (°F) between pipe and air; ro is the
radius, feet , of the outer surface; r1 is the outside radius (ft) of the pipe,
r2 5 r1 1 thickness of first layer of insulation, foot; r3 5 r2 plus the
thickness of second layer, etc.; and k1, k2, k3, etc., are the conductivities
of the respective layers. For average indoor conditions, hc 1 hr is often
taken as 2 as an approximation, since a substantial error in hc 1 hr will
have but little effect on the overall loss of heat . Figure 4.4.6 shows the
variation in Uo with pipe size and thickness of insulation (for k 5 0.042)
for pipe and air temperatures of 375 and 75°F, respectively.

Fig. 4.4.6 Variation with pipe size of overall coefficient Uo for a given thick-
ness of insulation, for k 5 0.042.

in a room at 80°F

re difference, °F, from surface to room

400 500 600 700 800 900 1,000 1,100 1,200

.47 5.30 6.21 7.25 8.40 9.73 11.20 12.81 14.65

.33 5.16 6.07 7.11 8.25 9.57 11.04 12.65 14.48

.18 4.99 5.89 6.92 8.07 9.38 10.85 12.46 14.28

.02 4.83 5.72 6.75 7.89 9.21 10.66 12.27 14.09

.88 4.68 5.57 6.60 7.73 9.05 10.50 12.10 13.93
.83 4.61 5.50 6.52 7.65 8.96 10.42 12.03 13.84

.70 4.48 5.37 6.39 7.52 8.83 10.28 11.90 13.70

.00 4.79 5.70 6.72 7.86 9.18 10.64 12.25 14.06

.31 5.12 6.04 7.07 8.21 9.54 11.01 12.63 14.45

.61 4.38 5.27 6.27 7.40 8.71 10.16 11.76 13.57
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5.1 MECHANICAL PROPERTIES OF MATERIALS
by John Symonds, Expanded by Staff

REFERENCES: Davis et al., ‘‘Testing and Inspection of Engineering Materials,’’
McGraw-Hill, Timoshenko, ‘‘Strength of Materials,’’ pt . II, Van Nostrand.
Richards, ‘‘Engineering Materials Science,’’ Wadsworth. Nadai, ‘‘Plasticity,’’
McGraw-Hill. Tetelman and McEvily, ‘‘Fracture of Structural Materials,’’ Wiley.
‘‘Fracture Mechanics,’’ ASTM STP-833. McClintock and Argon (eds.), ‘‘Me-
chanical Behavior of Materials,’’ Addison-Wesley. Dieter, ‘‘Mechanical Metal-
lurgy,’’ McGraw-Hill. ‘‘Creep D
nynski (ed.), ‘‘Plasticity and M
Science.

permanent strain. The permanent strain commonly used is 0.20 percent
of the original gage length. The intersection of this line with the curve
determines the stress value called the yield strength. In reporting the
yield strength, the amount of permanent set should be specified. The
arbitrary yield strength is used especially for those materials not ex-
hibiting a natural yield point such as nonferrous metals; but it is not

hat time-dependent , particu-
peratures, a small amount of
tectable, indicative of anelas-
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ata,’’ ASME. ASTM Standards, ASTM. Blaz-
odern Metal Forming Technology,’’ Elsevier limited to these. Plastic behavior is somew

larly at high temperatures. Also at high tem
time-dependent reversible strain may be de
tic behavior.
STRESS-STRAIN DIAGRAMS

The Stress-Strain Curve The engineering tensile stress-strain curve
is obtained by static loading of a standard specimen, that is, by applying
the load slowly enough that all parts of the specimen are in equilibrium
at any instant . The curve is usually obtained by controlling the loading
rate in the tensile machine. ASTM Standards require a loading rate not
exceeding 100,000 lb/in2 (70 kgf/mm2)/min. An alternate method of
obtaining the curve is to specify the strain rate as the independent vari-
able, in which case the loading rate is continuously adjusted to maintain
the required strain rate. A strain rate of 0.05 in/in/(min) is commonly
used. It is measured usually by an extensometer attached to the gage
length of the specimen. Figure 5.1.1 shows several stress-strain curves.

Fig. 5.1.1. Comparative stress-strain diagrams. (1) Soft brass; (2) low carbon
steel; (3) hard bronze; (4) cold rolled steel; (5) medium carbon steel, annealed; (6)
medium carbon steel, heat treated.

For most engineering materials, the curve will have an initial linear
elastic region (Fig. 5.1.2) in which deformation is reversible and time-
independent . The slope in this region is Young’s modulus E. The propor-
tional elastic limit (PEL) is the point where the curve starts to deviate
from a straight line. The elastic limit (frequently indistinguishable from
PEL) is the point on the curve beyond which plastic deformation is
present after release of the load. If the stress is increased further, the
stress-strain curve departs more and more from the straight line. Un-
loading the specimen at point X (Fig. 5.1.2), the portion XX9 is linear
and is essentially parallel to the original line OX99. The horizontal dis-
tance OX9 is called the permanent set corresponding to the stress at X.
This is the basis for the construction of the arbitrary yield strength. To
determine the yield strength, a straight line XX9 is drawn parallel to the
initial elastic line OX99 but displaced from it by an arbitrary value of

5-2
Fig. 5.1.2. General stress-strain diagram.

The ultimate tensile strength (UTS) is the maximum load sustained by
the specimen divided by the original specimen cross-sectional area. The
percent elongation at failure is the plastic extension of the specimen at
failure expressed as (the change in original gage length 3 100) divided
by the original gage length. This extension is the sum of the uniform and
nonuniform elongations. The uniform elongation is that which occurs
prior to the UTS. It has an unequivocal significance, being associated
with uniaxial stress, whereas the nonuniform elongation which occurs
during localized extension (necking) is associated with triaxial stress.
The nonuniform elongation will depend on geometry, particularly the
ratio of specimen gage length L0 to diameter D or square root of cross-
sectional area A. ASTM Standards specify test-specimen geometry for a
number of specimen sizes. The ratio L0 /√A is maintained at 4.5 for flat-
and round-cross-section specimens. The original gage length should
always be stated in reporting elongation values.

The specimen percent reduction in area (RA) is the contraction in
cross-sectional area at the fracture expressed as a percentage of the
original area. It is obtained by measurement of the cross section of the
broken specimen at the fracture location. The RA along with the load at
fracture can be used to obtain the fracture stress, that is, fracture load
divided by cross-sectional area at the fracture. See Table 5.1.1.

The type of fracture in tension gives some indications of the quality
of the material, but this is considerably affected by the testing tempera-
ture, speed of testing, the shape and size of the test piece, and other
conditions. Contraction is greatest in tough and ductile materials and
least in brittle materials. In general, fractures are either of the shear or of
the separation (loss of cohesion) type. Flat tensile specimens of ductile
metals often show shear failures if the ratio of width to thickness is
greater than 6 : 1. A completely shear-type failure may terminate in a
chisel edge, for a flat specimen, or a point rupture, for a round specimen.
Separation failures occur in brittle materials, such as certain cast irons.
Combinations of both shear and separation failures are common on
round specimens of ductile metal. Failure often starts at the axis in a
necked region and produces a relatively flat area which grows until the
material shears along a cone-shaped surface at the outside of the speci-
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Table 5.1.1 Typical Mechanical Properties at Room Temperature
(Based on ordinary stress-strain values)

Tensile Yield Ultimate
strength, strength, elongation, Reduction Brinell

Metal 1,000 lb/in2 1,000 lb/in2 % of area, % no.

Cast iron 18–60 8–40 0 0 100–300
Wrought iron 45–55 25–35 35–25 55–30 100
Commercially pure iron, annealed 42 19 48 85 70

Hot-rolled 48 30 30 75 90
Cold-rolled 100 95 200

Structural steel, ordinary 50–65 30–40 40–30 120
Low-alloy, high-strength 65–90 40–80 30–15 70–40 150

Steel, SAE 1300, annealed 70 40 26 70 150
Quenched, drawn 1,300°F 100 80 24 65 200
Drawn 1,000°F 130 110 20 60 260
Drawn 700°F 200 180 14 45 400
Drawn 400°F 240 210 10 30 480

Steel, SAE 4340, annealed 80 45 25 70 170
Quenched, drawn 1,300°F 130 110 20 60 270
Drawn 1,000°F 190 170 14 50 395
Drawn 700°F 240 215 12 48 480
Drawn 400°F 290 260 10 44 580

Cold-rolled steel, SAE 1112 84 76 18 45 160
Stainless steel, 18-S 85–95 30–35 60–55 75–65 145–160
Steel castings, heat-treated 60–125 30–90 33–14 65–20 120–250
Aluminum, pure, rolled 13–24 5–21 35–5 23–44
Aluminum-copper alloys, cast 19–23 12–16 4–0 50–80
Wrought , heat-treated 30–60 10–50 33–15 50–120
Aluminum die castings 30 2
Aluminum alloy 17ST 56 34 26 39 100
Aluminum alloy 51ST 48 40 20 35 105
Copper, annealed 32 5 58 73 45
Copper, hard-drawn 68 60 4 55 100
Brasses, various 40–120 8–80 60–3 50–170
Phosphor bronze 40–130 55–5 50–200
Tobin bronze, rolled 63 41 40 52 120
Magnesium alloys, various 21–45 11–30 17–0.5 47–78
Monel 400, Ni-Cu alloy 79 30 48 75 125
Molybdenum, rolled 100 75 30 250
Silver, cast , annealed 18 8 54 27
Titanium 6–4 alloy, annealed 130 120 10 25 352
Ductile iron, grade 80-55-06 80 55 6 225–255

NOTE: Compressive strength of cast iron, 80,000 to 150,000 lb/in2.
Compressive yield strength of all metals, except those cold-worked 5 tensile yield strength.
Stress 1,000 lb/in2 3 6.894 5 stress, MN/m2.

men, resulting in what is known as the cup-and-cone fracture. Double
cup-and-cone and rosette fractures sometimes occur. Several types of
tensile fractures are shown in Fig. 5.1.3.

Annealed or hot-rolled mild steels generally exhibit a yield point (see
Fig. 5.1.4). Here, in a constant strain-rate test , a large increment of
extension occurs under constant load at the elastic limit or at a stress just
below the elastic limit . In the latter event the stress drops suddenly from
the upper yield point to the lower yield point. Subsequent to the drop, the
yield-point extension occurs at constant stress, followed by a rise to the

to test temperature, test strain rate, and the characteristics of the tensile
machine employed.

The plastic behavior in a uniaxial tensile test can be represented as the
true stress-strain curve. The true stress s is based on the instantaneous

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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UTS. Plastic flow during the yield-point extension is discontinuous;

Fig. 5.1.3. Typical metal fractures in tension.

successive zones of plastic deformation, known as Luder’s bands or
stretcher strains, appear until the entire specimen gage length has been
uniformly deformed at the end of the yield-point extension. This behav-
ior causes a banded or stepped appearance on the metal surface. The
exact form of the stress-strain curve for this class of material is sensitive
 Fig. 5.1.4. Yielding of annealed steel.
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cross section A, so that s 5 load/A. The instantaneous true strain incre-
ment is 2 dA/A, or dL/L prior to necking. Total true strain « is

EA

A0

2
dA

A
5 lnSA0

AD
or ln (L/L0 ) prior to necking. The true stress-strain curve or flow curve
obtained has the typical form shown in Fig. 5.1.5. In the part of the test
subsequent to the maximum load point (UTS), when necking occurs,
the true strain of interest is that which occurs in an infinitesimal length

section. Methods of constructing the true stress-strain curve are de-
scribed in the technical literature. In the range between initial
yielding and the neighborhood of the maximum load point the relation-
ship between plastic strain «p and true stress often approximates

s 5 k«p
n

where k is the strength coefficient and n is the work-hardening exponent.
For a material which shows a yield point the relationship applies only to
the rising part of the curve beyond the lower yield. It can be shown that

E
du
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ou
du
00
b/
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at the region of minimum cross section. True strain for this element can
still be expressed as ln (A0 /A), where A refers to the minimum cross

Fig. 5.1.5. True stress-strain curve for 20°C annealed mild steel.

Table 5.1.3 Elastic Constants of Metals
(Mostly from tests of R. W. Vose)

Mo
el
(Y
mo
1,0

Metal l
Cast steel 28.5
Cold-rolled steel 29.5
Stainless steel 18–8 27.6
All other steels, including high-carbon, heat-treated 28.6–
Cast iron 13.5–
Malleable iron 23.6
Copper 15.6
Brass, 70–30 15.9
Cast brass 14.5
Tobin bronze 13.8
Phosphor bronze 15.9
Aluminum alloys, various 9.9–
Monel metal 25.0
Inconel 31
Z-nickel 30
Beryllium copper 17
Elektron (magnesium alloy) 6.3
Titanium (99.0 Ti), annealed bar 15–
Zirconium, crystal bar 11–
Molybdenum, arc-cast 48–
at the maximum load point the slope of the true stress-strain curve
equals the true stress, from which it can be deduced that for a material
obeying the above exponential relationship between «p and n, «p 5 n at
the maximum load point . The exponent strongly influences the spread
between YS and UTS on the engineering stress-strain curve. Values of n
and k for some materials are shown in Table 5.1.2. A point on the flow
curve indentifies the flow stress corresponding to a certain strain, that is,
the stress required to bring about this amount of plastic deformation.
The concept of true strain is useful for accurately describing large
amounts of plastic deformation. The linear strain definition (L 2 L0 )/L0

fails to correct for the continuously changing gage length, which leads
to an increasing error as deformation proceeds.

During extension of a specimen under tension, the change in the
specimen cross-sectional area is related to the elongation by Poisson’s
ratio m, which is the ratio of strain in a transverse direction to that in the
longitudinal direction. Values of m for the elastic region are shown in
Table 5.1.3. For plastic strain it is approximately 0.5.

Table 5.1.2 Room-Temperature Plastic-Flow Constants for a
Number of Metals

k, 1,000 in2

Material Condition (MN/m2) n

0.40% C steel Quenched and tempered at
400°F (478K)

416 (2,860) 0.088

0.05% C steel Annealed and temper-rolled 72 (49.6) 0.235
2024 aluminum Precipitation-hardened 100 (689) 0.16
2024 aluminum Annealed 49 (338) 0.21
Copper Annealed 46.4 (319) 0.54
70–30 brass Annealed 130 (895) 0.49

SOURCE: Reproduced by permission from ‘‘Properties of Metals in Materials Engineering,’’
ASM, 1949.

G K m
lus of Modulus of
icity rigidity
ng’s (shearing Bulk
lus). modulus). modulus.
,000 1,000,000 1,000,000 Poisson’s

in2 lb/in2 lb/in2 ratio
11.3 20.2 0.265
11.5 23.1 0.287
10.6 23.6 0.305

30.0 11.0–11.9 22.6–24.0 0.283–0.292
21.0 5.2–8.2 8.4–15.5 0.211–0.299

9.3 17.2 0.271
5.8 17.9 0.355
6.0 15.7 0.331
5.3 16.8 0.357
5.1 16.3 0.359
5.9 17.8 0.350

10.3 3.7–3.9 9.9–10.2 0.330–0.334
9.5 22.5 0.315

11 0.27–0.38
11 6 0.36
7 6 0.21
2.5 4.8 0.281

16 6.5 0.34
14
52



STRESS-STRAIN DIAGRAMS 5-5

The general effect of increased strain rate is to increase the resistance
to plastic deformation and thus to raise the flow curve. Decreasing test
temperature also raises the flow curve. The effect of strain rate is ex-
pressed as strain-rate sensitivity m. Its value can be measured in the
tension test if the strain rate is suddenly increased by a small increment
during the plastic extension. The flow stress will then jump to a higher
value. The strain-rate sensitivity is the ratio of incremental changes of
log s and log ~«

I

D

Tension or compression
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d/2
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m 5Sd log s

d log ~«
D

«

For most engineering materials at room temperature the strain rate sen-
sitivity is of the order of 0.01. The effect becomes more significant at
elevated temperatures, with values ranging to 0.2 and sometimes higher.

Compression Testing The compressive stress-strain curve is simi-
lar to the tensile stress-strain curve up to the yield strength. Thereafter,
the progressively increasing specimen cross section causes the com-
pressive stress-strain curve to diverge from the tensile curve. Some
ductile metals will not fail in the compression test . Complex behavior
occurs when the direction of stressing is changed, because of the Baus-
chinger effect, which can be described as follows: If a specimen is first
plastically strained in tension, its yield stress in compression is reduced
and vice versa.

Combined Stresses This refers to the situation in which stresses
are present on each of the faces of a cubic element of the material. For a
given cube orientation the applied stresses may include shear stresses
over the cube faces as well as stresses normal to them. By a suitable
rotation of axes the problem can be simplified: applied stresses on the
new cubic element are equivalent to three mutually orthogonal principal
stresses s1 , s2 , s3 alone, each acting normal to a cube face. Combined
stress behavior in the elastic range is described in Sec. 5.2, Mechanics
of Materials.

Prediction of the conditions under which plastic yielding will occur
under combined stresses can be made with the help of several empirical
theories. In the maximum-shear-stress theory the criterion for yielding is
that yielding will occur when

s1 2 s3 5 sys

in which s1 and s3 are the largest and smallest principal stresses, re-
spectively, and sys is the uniaxial tensile yield strength. This is the
simplest theory for predicting yielding under combined stresses. A more
accurate prediction can be made by the distortion-energy theory, accord-
ing to which the criterion is

(s1 2 s2)2 1 (s2 2 s3)2 1 (s2 2 s1)2 5 2(sys )2

Stress-strain curves in the plastic region for combined stress loading can
be constructed. However, a particular stress state does not determine a
unique strain value. The latter will depend on the stress-state path which
is followed.

Plane strain is a condition where strain is confined to two dimensions.
There is generally stress in the third direction, but because of mechani-
cal constraints, strain in this dimension is prevented. Plane strain occurs
in certain metalworking operations. It can also occur in the neighbor-
hood of a crack tip in a tensile loaded member if the member is suffi-
ciently thick. The material at the crack tip is then in triaxial tension,
which condition promotes brittle fracture. On the other hand, ductility is
enhanced and fracture is suppressed by triaxial compression.

Stress Concentration In a structure or machine part having a notch
or any abrupt change in cross section, the maximum stress will occur at
this location and will be greater than the stress calculated by elementary
formulas based upon simplified assumptions as to the stress distribu-
tion. The ratio of this maximum stress to the nominal stress (calculated
by the elementary formulas) is the stress-concentration factor Kt . This is
a constant for the particular geometry and is independent of the mate-
rial, provided it is isotropic. The stress-concentration factor may be
determined experimentally or, in some cases, theoretically from the
mathematical theory of elasticity. The factors shown in Figs. 5.1.6 to
5.1.13 were determined from both photoelastic tests and the theory of
elasticity. Stress concentration will cause failure of brittle materials if
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the concentrated stress is larger than the ultimate strength of the mate-
rial. In ductile materials, concentrated stresses higher than the yield
strength will generally cause local plastic deformation and redistribu-
tion of stresses (rendering them more uniform). On the other hand, even
with ductile materials areas of stress concentration are possible sites for
fatigue if the component is cyclically loaded.
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ig. 5.1.11. Flat plate with angular notch, in tension or bending.
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1
r transition temperature of a material selected for a particular application

is suitably matched to its intended use temperature. The DBT can be
detected by plotting certain measurements from tensile or impact tests
against temperature. Usually the transition to brittle behavior is com-
plex, being neither fully ductile nor fully brittle. The range may extend
over 200°F (110 K) interval. The nil-ductility temperature (NDT), deter-
mined by the drop weight test (see ASTM Standards), is an important
reference point in the transition range. When NDT for a particular steel
is known, temperature-stress combinations can be specified which de-
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FRACTURE AT LOW STRESSES

Materials under tension sometimes fail by rapid fracture at stresses
much below their strength level as determined in tests on carefully
prepared specimens. These brittle, unstable, or catastrophic failures origi-
nate at preexisting stress-concentrating flaws which may be inherent in
a material.

The transition-temperature approach is often used to ensure fracture-
safe design in structural-grade steels. These materials exhibit a charac-
teristic temperature, known as the ductile brittle transition (DBT) tem-
perature, below which they are susceptible to brittle fracture. The tran-
sition-temperature approach to fracture-safe design ensures that the
Fig. 5.1.14. CVN transition curves. (Data from Westinghouse R & D L
fine the limiting conditions under which catastrophic fracture can occur.
In the Charpy V-notch (CVN) impact test , a notched-bar specimen

(Fig. 5.1.26) is used which is loaded in bending (see ASTM Standards).
The energy absorbed from a swinging pendulum in fracturing the speci-
men is measured. The pendulum strikes the specimen at 16 to 19 ft
(4.88 to 5.80 m)/s so that the specimen deformation associated with
fracture occurs at a rapid strain rate. This ensures a conservative mea-
sure of toughness, since in some materials, toughness is reduced by high
strain rates. A CVN impact energy vs. temperature curve is shown in
Fig. 5.1.14, which also shows the transitions as given by percent brittle
fracture and by percent lateral expansion. The CVN energy has no
analytical significance. The test is useful mainly as a guide to the frac-
ture behavior of a material for which an empirical correlation has been
established between impact energy and some rigorous fracture criterion.
For a particular grade of steel the CVN curve can be correlated with
NDT. (See ASME Boiler and Pressure Vessel Code.)

Fracture Mechanics This analytical method is used for ultra-high-
strength alloys, transition-temperature materials below the DBT tem-
perature, and some low-strength materials in heavy section thickness.

Fracture mechanics theory deals with crack extension where plastic
effects are negligible or confined to a small region around the crack tip.
The present discussion is concerned with a through-thickness crack in a
tension-loaded plate (Fig. 5.1.15) which is large enough so that the
crack-tip stress field is not affected by the plate edges. Fracture me-
chanics theory states that unstable crack extension occurs when the
work required for an increment of crack extension, namely, surface
energy and energy consumed in local plastic deformation, is exceeded
by the elastic-strain energy released at the crack tip. The elastic-stress
ab.)
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field surrounding one of the crack tips in Fig. 5.1.15 is characterized by
the stress intensity KI, which has units of (lb √in) /in2 or (N√m) /m2. It is
a function of applied nominal stress s, crack half-length a, and a geom-
etry factor Q:

K 2
l 5 Qs2pa (5.1.1)

for the situation of Fig. 5.1.15. For a particular material it is found that
as KI is increased, a value Kc is reached at which unstable crack propa-

Table 5.1.4 Room-Temperature Klc Values on High-Strength
Materials*

0.2% YS, 1,000 in2 Klc , 1,000 in2

Material (MN/m2) √in (MN m1/2/m2)

18% Ni maraging steel 300 (2,060) 46 (50.7)
18% Ni maraging steel 270 (1,850) 71 (78)
18% Ni maraging steel 198 (1,360) 87 (96)
Titanium 6-4 alloy 152 (1,022) 39 (43)
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Fig. 5.1.15. Through-thickness crack geometry.

gation occurs. Kc depends on plate thickness B, as shown in Fig. 5.1.16.
It attains a constant value when B is great enough to provide plane-strain
conditions at the crack tip. The low plateau value of Kc is an important
material property known as the plane-strain critical stress intensity or
fracture toughness KIc . Values for a number of materials are shown in
Table 5.1.4. They are influenced strongly by processing and small
changes in composition, so that the values shown are not necessarily
typical. KIc can be used in the critical form of Eq. (5.1.1):

(KIc )2 5 Qs2pacr (5.1.2)

to predict failure stress when a maximum flaw size in the material is
known or to determine maximum allowable flaw size when the stress is
set . The predictions will be accurate so long as plate thickness B satis-
fies the plane-strain criterion: B $ 2.5(KIc/sys )2. They will be conserva-
tive if a plane-strain condition does not exist . A big advantage of the
fracture mechanics approach is that stress intensity can be calculated by
equations analogous to (5.1.1) for a wide variety of geometries, types of

Fig. 5.1.16. Dependence of Kc and fracture appearance (in terms of percentage
of square fracture) on thickness of plate specimens. Based on data for aluminum
7075-T6. (From Scrawly and Brown, STP-381, ASTM.)
itanium 6-4 alloy 140 (960) 75 (82.5)
luminum alloy 7075-T6 75 (516) 26 (28.6)
luminum alloy 7075-T6 64 (440) 30 (33)

* Determined at Westinghouse Research Laboratories.

rack, and loadings (Paris and Sih, ‘‘Stress Analysis of Cracks,’’ STP-
81, ASTM, 1965). Failure occurs in all cases when Kt reaches KIc .
racture mechanics also provides a framework for predicting the occur-
ence of stress-corrosion cracking by using Eq. (5.1.2) with KIc replaced
y KIscc , which is the material parameter denoting resistance to stress-
orrosion-crack propagation in a particular medium.

Two standard test specimens for KIc determination are specified in
STM standards, which also detail specimen preparation and test pro-

edure. Recent developments in fracture mechanics permit treatment of
rack propagation in the ductile regime. (See ‘‘Elastic-Plastic Frac-
ure,’’ ASTM.)

ATIGUE

atigue is generally understood as the gradual deterioration of a mate-
ial which is subjected to repeated loads. In fatigue testing, a specimen
s subjected to periodically varying constant-amplitude stresses by
eans of mechanical or magnetic devices. The applied stresses may

lternate between equal positive and negative values, from zero to max-
mum positive or negative values, or between unequal positive and
egative values. The most common loading is alternate tension and
ompression of equal numerical values obtained by rotating a smooth
ylindrical specimen while under a bending load. A series of fatigue
ests are made on a number of specimens of the material at different
tress levels. The stress endured is then plotted against the number of
ycles sustained. By choosing lower and lower stresses, a value may be
ound which will not produce failure, regardless of the number of ap-
lied cycles. This stress value is called the fatigue limit. The diagram is
alled the stress-cycle diagram or S-N diagram. Instead of recording the
ata on cartesian coordinates, either stress is plotted vs. the logarithm of
he number of cycles (Fig. 5.1.17) or both stress and cycles are plotted to
ogarithmic scales. Both diagrams show a relatively sharp bend in the
urve near the fatigue limit for ferrous metals. The fatigue limit may be
stablished for most steels between 2 and 10 million cycles. Nonferrous
etals usually show no clearly defined fatigue limit. The S-N curves in

hese cases indicate a continuous decrease in stress values to several
undred million cycles, and both the stress value and the number of
ycles sustained should be reported. See Table 5.1.5.

The mean stress (the average of the maximum and minimum stress
alues for a cycle) has a pronounced influence on the stress range (the
lgebraic difference between the maximum and minimum stress
alues). Several empirical formulas and graphical methods such as the
‘modified Goodman diagram’’ have been developed to show the influ-
nce of the mean stress on the stress range for failure. A simple but
onservative approach (see Soderberg, Working Stresses, Jour. Appl.
ech., 2, Sept . 1935) is to plot the variable stress Sv (one-half the stress

ange) as ordinate vs. the mean stress Sm as abscissa (Fig. 5.1.18). At
ero mean stress, the ordinate is the fatigue limit under completely
eversed stress. Yielding will occur if the mean stress exceeds the yield
tress So , and this establishes the extreme right-hand point of the dia-
ram. A straight line is drawn between these two points. The coordi-
ates of any other point along this line are values of Sm and Sv which
ay produce failure.
Surface defects, such as roughness or scratches, and notches or
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Accordingly, the pragmatic approach to arrive at a solution to a design
problem often takes a conservative route and sets q 5 1. The exact
material properties at play which are responsible for notch sensitivity
are not clear.

Further, notch sensitivity seems to be higher, and ordinary fatigue
strength lower in large specimens, necessitating full-scale tests in many
cases (see Peterson, Stress Concentration Phenomena in Fatigue of

ers
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Fig. 5.1.17. The S-N diagrams from fatigue tests. (1) 1.20% C steel, quenched
and drawn at 860°F (460°C); (2) alloy structural steel; (3) SAE 1050, quenched
and drawn at 1,200°F (649°C); (4) SAE 4130, normalized and annealed; (5) ordi-
nary structural steel; (6) Duralumin; (7) copper, annealed; (8) cast iron (reversed
bending).

shoulders all reduce the fatigue strength of a part . With a notch of
prescribed geometric form and known concentration factor, the reduc-
tion in strength is appreciably less than would be called for by the
concentration factor itself, but the various metals differ widely in their
susceptibility to the effect of roughness and concentrations, or notch
sensitivity.

For a given material subjected to a prescribed state of stress and type
of loading, notch sensitivity can be viewed as the ability of that material
to resist the concentration of stress incidental to the presence of a notch.
Alternately, notch sensitivity can be taken as a measure of the degree to
which the geometric stress concentration factor is reduced. An attempt
is made to rationalize notch sensitivity through the equation q 5 (Kf 2
1)/(K 2 1), where q is the notch sensitivity, K is the geometric stress
concentration factor (from data similar to those in Figs. 5.1.5 to 5.1.13
and the like), and Kf is defined as the ratio of the strength of unnotched
material to the strength of notched material. Ratio Kf is obtained from
laboratory tests, and K is deduced either theoretically or from laboratory
tests, but both must reflect the same state of stress and type of loading.
The value of q lies between 0 and 1, so that (1) if q 5 0, Kf 5 1 and the
material is not notch-sensitive (soft metals such as copper, aluminum,
and annealed low-strength steel); (2) if q 5 1, Kf 5 K, the material is
fully notch-sensitive and the full value of the geometric stress concen-
tration factor is not diminished (hard, high-strength steel). In practice, q
will lie somewhere between 0 and 1, but it may be hard to quantify.

Table 5.1.5 Typical Approximate Fatigue Limits for Rev

Tensile Fatigue
strength, limit ,

Metal 1,000 lb/in2 1,000 lb/in2

Cast iron 20–50 6–18
Malleable iron 50 24
Cast steel 60–80 24–32

Armco iron 44 24
Plain carbon steels 60–150 25–75
SAE 6150, heat-treated 200 80
Nitralloy 125 80
Brasses, various 25–75 7–20
Zirconium crystal bar 52 16–18

NOTE: Stress, 1,000 lb/in2 3 6.894 5 stress, MN/m2.
Fig. 5.1.18. Effect of mean stress on the variable stress for failure.

Metals, Trans. ASME, 55, 1933, p. 157, and Buckwalter and Horger,
Investigation of Fatigue Strength of Axles, Press Fits, Surface Rolling
and Effect of Size, Trans. ASM, 25, Mar. 1937, p. 229). Corrosion and
galling (due to rubbing of mating surfaces) cause great reduction of
fatigue strengths, sometimes amounting to as much as 90 percent of the
original endurance limit. Although any corroding agent will promote
severe corrosion fatigue, there is so much difference between the effects
of ‘‘sea water’’ or ‘‘tap water’’ from different localities that numerical
values are not quoted here.

Overstressing specimens above the fatigue limit for periods shorter
than necessary to produce failure at that stress reduces the fatigue limit
in a subsequent test. Similarly, understressing below the fatigue limit
may increase it. Shot peening, nitriding, and cold work usually improve
fatigue properties.

No very good overall correlation exists between fatigue properties
and any other mechanical property of a material. The best correlation is
between the fatigue limit under completely reversed bending stress and
the ordinary tensile strength. For many ferrous metals, the fatigue limit
is approximately 0.40 to 0.60 times the tensile strength if the latter is
below 200,000 lb/in2. Low-alloy high-yield-strength steels often show
higher values than this. The fatigue limit for nonferrous metals is ap-
proximately to 0.20 to 0.50 times the tensile strength. The fatigue limit
in reversed shear is approximately 0.57 times that in reversed bending.

In some very important engineering situations components are cycli-
cally stressed into the plastic range. Examples are thermal strains result-
ing from temperature oscillations and notched regions subjected to sec-
ondary stresses. Fatigue life in the plastic or ‘‘low-cycle’’ fatigue range
has been found to be a function of plastic strain, and low-cycle fatigue
testing is done with strain as the controlled variable rather than stress.
Fatigue life N and cyclic plastic strain «p tend to follow the relationship

N«2
p 5 C

where C is a constant for a material when N , 105. (See Coffin, A Study

ed Bending

Tensile Fatigue
strength, limit ,

Metal 1,000 lb/in2 1,000 lb/in2

Copper 32–50 12–17
Monel 70–120 20–50
Phosphor bronze 55 12
Tobin bronze, hard 65 21

Cast aluminum alloys 18–40 6–11
Wrought aluminum alloys 25–70 8–18
Magnesium alloys 20–45 7–17
Molybdenum, as cast 98 45
Titanium (Ti-75A) 91 45
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of Cyclic-Thermal Stresses in a Ductile Material, Trans. ASME, 76,
1954, p. 947.)

The type of physical change occurring inside a material as it is re-
peatedly loaded to failure varies as the life is consumed, and a number
of stages in fatigue can be distinguished on this basis. The early stages
comprise the events causing nucleation of a crack or flaw. This is most
likely to appear on the surface of the material; fatigue failures generally
originate at a surface. Following nucleation of the crack, it grows during

curve OA in Fig. 5.1.19 is the region of primary creep, AB the region
of secondary creep, and BC that of tertiary creep. The strain rates, or
the slopes of the curve, are decreasing, constant, and increasing,
respectively, in these three regions. Since the period of the creep test
is usually much shorter than the duration of the part in service,
various extrapolation procedures are followed (see Gittus, ‘‘Creep,
Viscoelasticity and Creep Fracture in Solids,’’ Wiley, 1975). See
Table 5.1.6.

In practical applications the region of constant-strain rate (secondary
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the crack-propagation stage. Eventually the crack becomes large
enough for some rapid terminal mode of failure to take over such as
ductile rupture or brittle fracture. The rate of crack growth in the crack-
propagation stage can be accurately quantified by fracture mechanics
methods. Assuming an initial flaw and a loading situation as shown in
Fig. 5.1.15, the rate of crack growth per cycle can generally be ex-
pressed as

da/dN 5 C0(DKI)n (5.1.3)

where C0 and n are constants for a particular material and DKI is the
range of stress intensity per cycle. KI is given by (5.1.1). Using (5.1.3),
it is possible to predict the number of cycles for the crack to grow to a
size at which some other mode of failure can take over. Values of the
constants C0 and n are determined from specimens of the same type as
those used for determination of KIc but are instrumented for accurate
measurement of slow crack growth.

Constant-amplitude fatigue-test data are relevant to many rotary-
machinery situations where constant cyclic loads are encountered.
There are important situations where the component undergoes vari-
able loads and where it may be advisable to use random-load testing.
In this method, the load spectrum which the component will experi-
ence in service is determined and is applied to the test specimen
artificially.

CREEP

Experience has shown that, for the design of equipment subjected to
sustained loading at elevated temperatures, little reliance can be placed
on the usual short-time tensile properties of metals at those tempera-
tures. Under the application of a constant load it has been found that
materials, both metallic and nonmetallic, show a gradual flow or creep
even for stresses below the proportional limit at elevated temperatures.
Similar effects are present in low-melting metals such as lead at room
temperature. The deformation which can be permitted in the satisfactory
operation of most high-temperature equipment is limited.

In metals, creep is a plastic deformation caused by slip occurring
along crystallographic directions in the individual crystals, together
with some flow of the grain-boundary material. After complete release
of load, a small fraction of this plastic deformation is recovered with
time. Most of the flow is nonrecoverable for metals.

Since the early creep experiments, many different types of tests have
come into use. The most common are the long-time creep test under
constant tensile load and the stress-rupture test. Other special forms are
the stress-relaxation test and the constant-strain-rate test.

The long-time creep test is conducted by applying a dead weight to one
end of a lever system, the other end being attached to the specimen
surrounded by a furnace and held at constant temperature. The axial
deformation is read periodically throughout the test and a curve is plot-
ted of the strain «0 as a function of time t (Fig. 5.1.19). This is repeated
for various loads at the same testing temperature. The portion of the

Fig. 5.1.19. Typical creep curve.
reep) is often used to estimate the probable deformation throughout the
ife of the part. It is thus assumed that this rate will remain constant
uring periods beyond the range of the test-data. The working stress is
hosen so that this total deformation will not be excessive. An arbitrary
reep strength, which is defined as the stress which at a given tempera-
ure will result in 1 percent deformation in 100,000 h, has received a
ertain amount of recognition, but it is advisable to determine the proper
tress for each individual case from diagrams of stress vs. creep rate
Fig. 5.1.20) (see ‘‘Creep Data,’’ ASTM and ASME).

ig. 5.1.20. Creep rates for 0.35% C steel.

Additional temperatures (°F) and stresses (in 1,000 lb/in2) for stated
reep rates (percent per 1,000 h) for wrought nonferrous metals are as
ollows:

60-40 Brass: Rate 0.1, temp. 350 (400), stress 8 (2); rate 0.01, temp
00 (350) [400], stress 10 (3) [1].

Phosphor bronze: Rate 0.1, temp 400 (550) [700] [800], stress 15 (6)
4] [4]; rate 0.01, temp 400 (550) [700], stress 8 (4) [2].

Nickel: Rate 0.1, temp 800 (1000), stress 20 (10).
70 CU, 30 NI. Rate 0.1, temp 600 (750), stress 28 (13–18); rate 0.01,

emp 600 (750), stress 14 (8–9).
Aluminum alloy 17 S (Duralumin): Rate 0.1, temp 300 (500) [600],

tress 22 (5) [1.5].
Lead pure (commercial) (0.03 percent Ca): At 110°F, for rate 0.1

ercent the stress range, lb/in2, is 150–180 (60–140) [200–220]; for
ate of 0.01 percent, 50–90 (10–50) [110–150].

Stress, 1,000 lb/in2 3 6.894 5 stress, MN/m2, tk 5 5⁄9(tF 1 459.67).

Structural changes may occur during a creep test, thus altering the
etallurgical condition of the metal. In some cases, premature rupture

ppears at a low fracture strain in a normally ductile metal, indicating
hat the material has become embrittled. This is a very insidious condi-
ion and difficult to predict. The stress-rupture test is well adapted to
tudy this effect. It is conducted by applying a constant load to the
pecimen in the same manner as for the long-time creep test. The nomi-
al stress is then plotted vs. the time for fracture at constant temperature
n a log-log scale (Fig. 5.1.21).
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Table 5.1.6 Stresses for Given Creep Rates and Temperatures*

Creep rate 0.1% per 1,000 h Creep rate 0.01% per 1,000 h

Material Temp, °F 800 900 1,000 1,100 1,200 800 900 1,000 1,100 1,200

Wrought steels:
SAE 1015
0.20 C, 0.50 Mo
0.10–0.25 C, 4–6 Cr 1 Mo
SAE 4140
SAE 1030–1045

17–27
26–33

22
27–33
8–25

11–18
18–25
15–18
20–25
5–15

3–12
9–16
9–11
7–15

5

2–7
2–6
3–6
4–7

2

1
1–2
2–3
1–2

1

10–18
16–24
14–17
19–28
5–15

6–14
11–22
11–15
12–19
3–7

3–8
4–12
4–7
3–8
2–4

1
2

2–3
2–4

1

1
1–2

1

Commercially pure iron 7 4 3 5 2
0.15 C, 1–2.5 Cr, 0.50 Mo
SAE 4340
SAE X3140
0.20 C, 4–6 Cr
0.25 C, 4–6 Cr 1 W
0.16 C, 1.2 Cu
0.20 C, 1 Mo
0.10–0.40 C, 0.2–0.5 Mo,
1–2 Mn

SAE 2340
SAE 6140
SAE 7240
Cr 1 Va 1 W, various

25–35
20–40
7–10
30
30

35

30–40
7–12
30
30

20–70

18–28
15–30

10–20
10–15

18
27

12–20
5

12
21

14–30

8–20
2–12
5–4
7–10
4–10

10–15
12

4–14
2
4

6–15
5–15

6–8
1–3

1
2–8

3

2

3–4

1

20–30
8–20
3–8

25

25–28

7
30

18–50

12–18

6–11
10–18

12

8–15

6
11

8–18

3–12
1–6
1–2
3–5
2–7
7–12

6

2–8

1
3–9
2–13

2–5

1

1–2

0.5

Temp, °F 1,100 1,200 1,300 1,400 1,500 1,000 1,100 1,200 1,300 1,400

Wrought chrome-nickel steels:
18-8†
10–25 Cr, 10–30 Ni‡

10–18
10–20

5–11
5–15

3–10
3–10

2–5
2–5

2.5 11–16 5–12
6–15

2–10
3–10 2–8

1–2
1–3

Temp, °F 800 900 1,000 1,100 1,200 800 900 1,000 1,100 1,200

Cast steels:
0.20–0.40 C
0.10–0.30 C, 0.5–1 Mo
0.15–0.30 C, 4–6 Cr 1 Mo
18–8§
Cast iron
Cr Ni cast iron

10–20
28

25–30

20

5–10
20–30
15–25

8

3
6–12
8–15

20–25
4
9

2
8

15 10

8–15
20

20–25

10

10–15
9–15

1
2–5
2–7
20
2
3

2
15 8

* Based on 1,000-h tests. Stresses in 1,000 lb/in2.
† Additional data. At creep rate 0.1 percent and 1,000 (1,600)°F the stress is 18–25 (1); at creep rate 0.01 percent at 1,500°F, the stress is 0.5.
‡ Additional data. At creep rate 0.1 percent and 1,000 (1,600)°F the stress is 10–30 (1).
§ Additional data. At creep rate 0.1 percent and 1,600°F the stress is 3; at creep rate 0.01 and 1,500°F, the stress is 2–3.

The stress reaction is measured in the constant-strain-rate test while
the specimen is deformed at a constant strain rate. In the relaxation test,
the decrease of stress with time is measured while the total strain (elastic
1 plastic) is maintained constant. The latter test has direct application to
the loosening of turbine bolts and to similar problems. Although some
correlation has been indicated between the results of these various types
of tests, no general correlation is yet available, and it has been found
necessary to make tests under each of these special conditions to obtain
satisfactory results.

The interrelationship between strain rate and temperature in the form

of a velocity-modified temperature (see MacGregor and Fisher, A Ve-
locity-modified Temperature for the Plastic Flow of Metals, Jour. Appl.
Mech., Mar. 1945) simplifies the creep problem in reducing the number
of variables.

Superplasticity Superplasticity is the property of some metals
and alloys which permits extremely large, uniform deformation at
elevated temperature, in contrast to conventional metals which neck
down and subsequently fracture after relatively small amounts of
plastic deformation. Superplastic behavior requires a metal with

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 5.1.21 Relation between time to failure and stress for a
(950°C) and furnace cooled; (2) hot rolled and annealed 1,580
small equiaxed grains, a slow and steady rate of deformation (strain
3% chromium steel. (1) Heat treated 2 h at 1,740°F
°F (860°C).
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rate), and a temperature elevated to somewhat more than half the
melting point. With such metals, large plastic deformation can be
brought about with lower external loads; ultimately, that allows the
use of lighter fabricating equipment and facilitates production of
finished parts to near-net shape.

s 5 Ke m• 1.0

known load into the surface of a material and measuring the diameter of
the indentation left after the test. The Brinell hardness number, or simply
the Brinell number, is obtained by dividing the load used, in kilograms,
by the actual surface area of the indentation, in square millimeters. The
result is a pressure, but the units are rarely stated.
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Fig. 5.1.22. Stress and strain rate relations for superplastic alloys. (a) Log-log
plot of s 5 K~«m; (b) m as a function of strain rate.

Stress and strain rates are related for a metal exhibiting superplas-
ticity. A factor in this behavior stems from the relationship between
the applied stress and strain rates. This factor m—the strain rate
sensitivity index—is evaluated from the equation s 5 K~«m, where s
is the applied stress, K is a constant, and ~« is the strain rate. Figure
5.1.22a plots a stress/strain rate curve for a superplastic alloy on
log-log coordinates. The slope of the curve defines m, which is max-
imum at the point of inflection. Figure 5.1.22b shows the variation
of m versus ln ~«. Ordinary metals exhibit low values of m—0.2 or
less; for those behaving superplastically, m 5 0.6 to 0.8 1. As m
approaches 1, the behavior of the metal will be quite similar to that
of a newtonian viscous solid, which elongates plastically without
necking down.

In Fig. 5.1.22a, in region I, the stress and strain rates are low and
creep is predominantly a result of diffusion. In region III, the stress
and strain rates are highest and creep is mainly the result of disloca-
tion and slip mechanisms. In region II, where superplasticity is ob-
served, creep is governed predominantly by grain boundary sliding.

HARDNESS

Hardness has been variously defined as resistance to local penetration,
to scratching, to machining, to wear or abrasion, and to yielding. The
multiplicity of definitions, and corresponding multiplicity of hardness-
measuring instruments, together with the lack of a fundamental defini-
tion, indicates that hardness may not be a fundamental property of a
material but rather a composite one including yield strength, work hard-
ening, true tensile strength, modulus of elasticity, and others.

Scratch hardness is measured by Mohs scale of minerals (Sec. 1.2)
which is so arranged that each mineral will scratch the mineral of the
next lower number. In recent mineralogical work and in certain micro-
scopic metallurgical work, jeweled scratching points either with a set
load or else loaded to give a set width of scratch have been used. Hard-
ness in its relation to machinability and to wear and abrasion is gener-
ally dealt with in direct machining or wear tests, and little attempt is
made to separate hardness itself, as a numerically expressed quantity,
from the results of such tests.

The resistance to localized penetration, or indentation hardness, is
widely used industrially as a measure of hardness, and indirectly as an
indicator of other desired properties in a manufactured product. The
indentation tests described below are essentially nondestructive, and in
most applications may be considered nonmarring, so that they may be
applied to each piece produced; and through the empirical relationships
of hardness to such properties as tensile strength, fatigue strength, and
impact strength, pieces likely to be deficient in the latter properties may
be detected and rejected.

Brinell hardness is determined by forcing a hardened sphere under a
here BHN is the Brinell hardness number; P the imposed load, kg; D
he diameter of the spherical indenter, mm; and d the diameter of the
esulting impression, mm.

Hardened-steel bearing balls may be used for hardness up to 450, but
eyond this hardness specially treated steel balls or jewels should be
sed to avoid flattening the indenter. The standard-size ball is 10 mm
nd the standard loads 3,000, 1,500, and 500 kg, with 100, 125, and
50 kg sometimes used for softer materials. If for special reasons any
ther size of ball is used, the load should be adjusted approximately as
ollows: for iron and steel, P 5 30D2; for brass, bronze, and other soft
etals, P 5 5D2; for extremely soft metals, P 5 D2 (see ‘‘Methods of
rinell Hardness Testing,’’ ASTM). Readings obtained with other than

he standard ball and loadings should have the load and ball size ap-
ended, as such readings are only approximately equal to those obtained
nder standard conditions.

The size of the specimen should be sufficient to ensure that no part of
he plastic flow around the impression reaches a free surface, and in no
ase should the thickness be less than 10 times the depth of the impres-
ion. The load should be applied steadily and should remain on for at
east 15 s in the case of ferrous materials and 30 s in the case of most
onferrous materials. Longer periods may be necessary on certain soft
aterials that exhibit creep at room temperature. In testing thin materi-

ls, it is not permissible to pile up several thicknesses of material under
he indenter, as the readings so obtained will invariably be lower than
he true readings. With such materials, smaller indenters and loads, or
ifferent methods of hardness testing, are necessary.

In the standard Brinell test, the diameter of the impression is mea-
ured with a low-power hand microscope, but for production work sev-
ral testing machines are available which automatically measure the
epth of the impression and from this give readings of hardness. Such
achines should be calibrated frequently on test blocks of known hard-

ess.
In the Rockwell method of hardness testing, the depth of penetration of

n indenter under certain arbitrary conditions of test is determined. The
ndenter may be either a steel ball of some specified diameter or a
pherical-tipped conical diamond of 120° angle and 0.2-mm tip radius,
alled a ‘‘Brale.’’ A minor load of 10 kg is first applied which causes an
nitial penetration and holds the indenter in place. Under this condition,
he dial is set to zero and the major load applied. The values of the latter
re 60, 100, or 150 kg. Upon removal of the major load, the reading is
aken while the minor load is still on. The hardness number may then be
ead directly from the scale which measures penetration, and this scale
s so arranged that soft materials with deep penetration give low hard-
ess numbers.

A variety of combinations of indenter and major load are possible;
he most commonly used are RB using as indenter a 1⁄16-in ball and a
ajor load of 100 kg and RC using a Brale as indenter and a major load

f 150 kg (see ‘‘Rockwell Hardness and Rockwell Superficial Hardness
f Metallic Materials,’’ ASTM).

Compared with the Brinell test, the Rockwell method makes a
maller indentation, may be used on thinner material, and is more rapid,
ince hardness numbers are read directly and need not be calculated.
owever, the Brinell test may be made without special apparatus and is

omewhat more widely recognized for laboratory use. There is also a
ockwell superficial hardness test similar to the regular Rockwell, except

hat the indentation is much shallower.
The Vickers method of hardness testing is similar in principle to the

rinell in that it expresses the result in terms of the pressure under
he indenter and uses the same units, kilograms per square millimeter.
he indenter is a diamond in the form of a square pyramid with an apical
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angle of 136°, the loads are much lighter, varying between 1 and
120 kg, and the impression is measured by means of a medium-power
compound microscope.

V 5 P/(0.5393d2)

where V is the Vickers hardness number, sometimes called the diamond-
pyramid hardness (DPH); P the imposed load, kg; and d the diagonal of
indentation, mm. The Vickers method is more flexible and is considered

of the work in hardness see Williams, ‘‘Hardness and Hardness Mea-
surements,’’ ASM.

TESTING OF MATERIALS

Testing Machines Machines for the mechanical testing of materials
usually contain elements (1) for gripping the specimen, (2) for deform-
ing it, and (3) for measuring the load required in performing the defor-
mation. Some machines (ductility testers) omit the measurement of load
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to be more accurate than either the Brinell or the Rockwell, but the
equipment is more expensive than either of the others and the Rockwell
is somewhat faster in production work.

Among the other hardness methods may be mentioned the Sclero-
scope, in which a diamond-tipped ‘‘hammer’’ is dropped on the surface
and the rebound taken as an index of hardness. This type of apparatus is
seriously affected by the resilience as well as the hardness of the mate-
rial and has largely been superseded by other methods. In the Monotron
method, a penetrator is forced into the material to a predetermined depth
and the load required is taken as the indirect measure of the hardness.
This is the reverse of the Rockwell method in principle, but the loads
and indentations are smaller than those of the latter. In the Herbert
pendulum, a 1-mm steel or jewel ball resting on the surface to be tested
acts as the fulcrum for a 4-kg compound pendulum of 10-s period. The
swinging of the pendulum causes a rolling indentation in the material,
and from the behavior of the pendulum several factors in hardness, such
as work hardenability, may be determined which are not revealed by
other methods. Although the Herbert results are of considerable signifi-
cance, the instrument is suitable for laboratory use only (see Herbert,
The Pendulum Hardness Tester, and Some Recent Developments in
Hardness Testing, Engineer, 135, 1923, pp. 390, 686). In the Herbert
cloudburst test, a shower of steel balls, dropped from a predetermined
height, dulls the surface of a hardened part in proportion to its softness
and thus reveals defective areas. A variety of mutual indentation meth-
ods, in which crossed cylinders or prisms of the material to be tested are
forced together, give results comparable with the Brinell test. These are
particularly useful on wires and on materials at high temperatures.

The relation among the scales of the various hardness methods is not
exact, since no two measure exactly the same sort of hardness, and a
relationship determined on steels of different hardnesses will be found
only approximately true with other materials. The Vickers-Brinell rela-
tion is nearly linear up to at least 400, with the Vickers approximately 5
percent higher than the Brinell (actual values run from 1 2 to 1 11
percent) and nearly independent of the material. Beyond 500, the values
become more widely divergent owing to the flattening of the Brinell
ball. The Brinell-Rockwell relation is fairly satisfactory and is shown in
Fig. 5.1.23. Approximate relations for the Shore Scleroscope are also
given on the same plot.

The hardness of wood is defined by the ASTM as the load in pounds
required to force a ball 0.444 in in diameter into the wood to a depth
of 0.222 in, the speed of penetration being 1⁄4 in/min. For a summary

Fig. 5.1.23. Hardness scales.
and substitute a measurement of deformation, whereas other machines
include the measurement of both load and deformation through appa-
ratus either integral with the testing machine (stress-strain recorders) or
auxiliary to it (strain gages). In most general-purpose testing machines,
the deformation is controlled as the independent variable and the result-
ing load measured, and in many special-purpose machines, particularly
those for light loads, the load is controlled and the resulting deformation
is measured. Special features may include those for constant rate of
loading (pacing disks), for constant rate of straining, for constant load
maintenance, and for cyclical load variation (fatigue).

In modern testing systems, the load and deformation measurements are
made with load-and-deformation-sensitive transducers which generate
electrical outputs. These outputs are converted to load and deformation
readings by means of appropriate electronic circuitry. The readings are
commonly displayed automatically on a recorder chart or digital meter, or
they are read into a computer. The transducer outputs are typically used
also as feedback signals to control the test mode (constant loading, con-
stant extension, or constant strain rate). The load transducer is usually a
load cell attached to the test machine frame, with electrical output to a
bridge circuit and amplifier. The load cell operation depends on change of
electrical resistivity with deformation (and load) in the transducer ele-
ment. The deformation transducer is generally an extensometer clipped on
to the test specimen gage length, and operates on the same principle as the
load cell transducer: the change in electrical resistance in the specimen
gage length is sensed as the specimen deforms. Optical extensometers are
also available which do not make physical contact with the specimen.
Verification and classification of extensometers is controlled by ASTM
Standards. The application of load and deformation to the specimen is
usually by means of a screw-driven mechanism, but it may also be applied
by means of hydraulic and servohydraulic systems. In each case the load
application system responds to control inputs from the load and deforma-
tion transducers. Important features in test machine design are the meth-
ods used for reducing friction, wear, and backlash. In older testing ma-
chines, test loads were determined from the machine itself (e.g., a pressure
reading from the machine hydraulic pressure) so that machine friction
made an important contribution to inaccuracy. The use of machine-inde-
pendent transducers in modern testing has eliminated much of this source
of error.

Grips should not only hold the test specimen against slippage but
should also apply the load in the desired manner. Centering of the load is
of great importance in compression testing, and should not be neglected in
tension testing if the material is brittle. Figure 5.1.24 shows the theoretical
errors due to off-center loading; the results are directly applicable to
compression tests using swivel loading blocks. Swivel (ball-and-socket)
holders or compression blocks should be used with all except the most
ductile materials, and in compression testing of brittle materials (concrete,
stone, brick), any rough faces should be smoothly capped with plaster of
paris and one-third portland cement. Serrated grips may be used to hold
ductile materials or the shanks of other holders in tension; a taper of 1 in 6
on the wedge faces gives a self-tightening action without excessive jam-
ming. Ropes are ordinarily held by wet eye splices, but braided ropes or
small cords may be given several turns over a fixed pin and then clamped.
Wire ropes should be zinced into forged sockets (solder and lead have
insufficient strength). Grip selection for tensile testing is described in
ASTM standards.

Accuracy and Calibration ASTM standards require that commer-
cial machines have errors of less than 1 percent within the ‘‘loading
range’’ when checked against acceptable standards of comparison at at
least five suitably spaced loads. The ‘‘loading range’’ may be any range
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through which the preceding requirements for accuracy are satisfied,
except that it shall not extend below 100 times the least load to which
the machine will respond or which can be read on the indicator. The use
of calibration plots or tables to correct the results of an otherwise inac-
curate machine is not permitted under any circumstances. Machines
with errors less than 0.1 percent are commercially available (Tate-
Emery and others), and somewhat greater accuracy is possible in the
most refined research apparatus.

Two standard forms of test specimens (ASTM) are shown in Figs.
5.1.25 and 5.1.26. In wrought materials, and particularly in those which

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Fig. 5.1.24. Effect of centering errors on brittle test specimens.

Dead loads may be used to check machines of low capacity; accu-
rately calibrated proving levers may be used to extend the range of
available weights. Various elastic devices (such as the Morehouse prov-
ing ring) made of specially treated steel, with sensitive disortion-mea-
suring devices, and calibrated by dead weights at the NIST (formerly
Bureau of Standards) are mong the most satisfactory means of checking
the higher loads.
5.2 MECHANICS
by J. P. V

REFERENCES: Timoshenko and MacCullough, ‘‘Elements of Strength of Materi-
als,’’ Van Nostrand. Seeley, ‘‘Advanced Mechanics of Materials,’’ Wiley. Timo-
shenko and Goodier, ‘‘Theory of Elasticity,’’ McGraw-Hill. Phillips, ‘‘Introduc-
tion to Plasticity,’’ Ronald. Van Den Broek, ‘‘Theory of Limit Design,’’ Wiley.
Hetényi, ‘‘Handbook of Experimental Stress Analysis,’’ Wiley. Dean and Doug-
las, ‘‘Semi-Conductor and Conventional Strain Gages,’’ Academic. Robertson
and Harvey, ‘‘The Engineering Uses of Holograph
London. Sellers, ‘‘Basic Training Guide to the Ne
tional Tool, Die and Precision Machining Associa
mulas for Stress and Strain,’’ McGraw-Hill. Perry
Fig. 5.1.25. Test specimen, 2-in (50-mm) gage length, 1⁄2-in (12.5-mm) diame-
ter. Others available for 0.35-in (8.75-mm) and 0.25-in (6.25-mm) diameters.
(ASTM).

Fig. 5.1.26. Charpy V-notch impact specimens. (ASTM.)

have been cold-worked, different properties may be expected in differ-
ent directions with respect to the direction of the applied work, and the
test specimen should be cut out from the parent material in such a way
as to give the strength in the desired direction. With the exception of
fatigue specimens and specimens of extremely brittle materials, surface
finish is of little practical importance, although extreme roughness tends
to decrease the ultimate elongation.
OF MATERIALS
idosic

tures,’’ Lincoln Arc Welding Foundation. ‘‘Characteristics and Applications
of Resistance Strain Gages,’’ Department of Commerce, NBS Circ. 528,
1954.

EDITOR’S NOTE: The almost universal availability and utilization of computers
in engineering practice has led to the development of many forms of software

on of specific design problems in the area of
will permit the reader to amplify and supple-
ry and tabular collection in this section, as well
tional tools in newer and more powerful tech-
y,’’ University Printing House,
w Metrics and SI Units,’’ Na-
tion. Roark and Young, ‘‘For-
and Lissner, ‘‘The Strain Gage

individually tailored to the soluti
mechanics of materials. Their use
ment a good portion of the formula
as utilize those powerful computa

niques to facilitate solutions to problems. Many of the approximate methods,
Primer,’’ McGraw-Hill. Donnell, ‘‘Beams, Plates, and Sheets,’’ Engineering So-

cieties Monographs, McGraw-Hill. Griffel, ‘‘Beam Formulas’’ and ‘‘Plate For-
mulas,’’ Ungar. Durelli et al., ‘‘Introduction to the Theoretical and Experimental
Analysis of Stress and Strain,’’ McGraw-Hill. ‘‘Stress Analysis Manual,’’ De-
partment of Commerce, Pub. no. AD 759 199, 1969. Blodgett , ‘‘Welded Struc-
involving laborious iterative mathematical schemes, have been supplanted by the
computer. Developments along those lines continue apace and bid fair to expand
the types of problems handled, all with greater confidence in the results obtained
thereby.
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Main Symbols

Unit Stress

S 5 apparent stress
Sv or Ss 5 pure shearing

T 5 true (ideal) stress
Sp 5 proportional elastic limit
Sy 5 yield point

S 5 ultimate strength, tension

paraffin; m ' 0 for cork. For concrete, m varies from 0.10 to 0.20 at
working stresses and can reach 0.25 at higher stresses; m for ordinary
glass is about 0.25. In the absence of definitive data, m for most struc-
tural metals can be taken to lie between 0.25 and 0.35. Extensive listings
of Poisson’s ratio are found in other sections; see Tables 5.1.3 and 6.1.9.
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M

Sc 5 ultimate compression
Sv 5 vertical shear in beams
SR 5 modulus of rupture

Moment

M 5 bending
Mt 5 torsion

External Action

P 5 force
G 5 weight of body
W 5 weight of load
V 5 external shear

Modulus of Elasticity

E 5 longitudinal
G 5 shearing
K 5 bulk

Up 5 modulus of resilience
UR 5 ultimate resilience

Geometric

l 5 length
A 5 area
V 5 volume
v 5 velocity
r 5 radius of gyration
I 5 rectangular moment of inertia

IP or J 5 polar moment of inertia

Deformation

e, e9 5 gross deformation
«, «9 5 unit deformation; strain

d or a 5 unit , angular
s9 5 unit , lateral
m 5 Poisson’s ratio
n 5 reciprocal of Poisson’s ratio
r 5 radius
f 5 deflection

SIMPLE STRESSES AND STRAINS

Deformations are changes in form produced by external forces or loads
that act on nonrigid bodies. Deformations are longitudinal, e, a lengthen-
ing (1) or shortening (2) of the body; and angular, a, a change of angle
between the faces.

Unit deformation (dimensionless number) is the deformation in unit
distance. Unit longitudinal deformation (longitudinal strain), « 5 e/l
(Fig. 5.2.1). Unit angular-deformation tan a equals a approx (Fig.
5.2.2).

The accompanying lateral deformation results in unit lateral defor-
mation (lateral strain) «9 5 e9/l9 (Fig. 5.2.1). For homogeneous, iso-
tropic material operating in the elastic region, the ratio «9/« is a constant
and is a definite property of the material; this ratio is called Poisson’s
ratio m.

A fundamental relation among the three interdependent constants E, G,
and m for a given material is E 5 2G(1 1 m). Note that m cannot be
larger than 0.5; thus the shearing modulus G is always smaller than the
elastic modulus E. At the extremes, for example, m ' 0.5 for rubber and
Fig. 5.2.1

Stress is an internal distributed force, or, force per unit area; it is the
internal mechanical reaction of the material accompanying deforma-
tion. Stresses always occur in pairs. Stresses are normal [tensile stress
(1) and compressive stress (2)]; and tangential, or shearing.

Fig. 5.2.2

Intensity of stress, or unit stress, S, lb/in2 (kgf/cm2), is the amount of
force per unit of area (Fig. 5.2.3). P is the load acting through the center
of gravity of the area. The uniformly distributed normal stress is

S 5 P/A

When the stress is not uniformly distributed, S 5 dP/dA.
A long rod will stretch under its own weight G and a terminal load P

(see Fig. 5.2.4). The total elongation e is that due to the terminal load
plus that due to one-half the weight of the rod considered as acting at
the end.

e 5 (Pl 1 Gl/2)/(AE)

The maximum stress is at the upper end.
When a load is carried by several paths to a support , the different paths

take portions of the load in proportion to their stiffness, which is con-
trolled by material (E) and by design.

EXAMPLE. Two pairs of bars rigidly connected (with the same elongation)
carry a load P0 (Fig. 5.2.5). A1 , A2 and E1 , E2 and P1 , P2 and S1 , S2 are cross
sections, moduli of elasticity, loads, and stresses of the bars, respectively; e 5
elongation.

e 5 P1l(E1A1) 5 P2l/(E2A2)
P0 5 2P1 1 2P2

S2 5 P2 /A2 5 1⁄2[P0E2 /(E1A1 1 E2A2)]
S1 5 1⁄2[P0E1 /(E1A1 1 E2A2)]

Temperature Stresses When the deformation arising from change
of temperature is prevented, temperature stresses arise that are propor-
tional to the amount of deformation that is prevented. Let a 5 coeffi-
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Fig. 5.2.7 Fig. 5.2.8
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Fig. 5.2.3 Fig. 5.2.4

cient of expansion per degree of temperature, l1 5 length of bar at
temperature t1 , and l2 5 length at temperature t2 . Then

l2 5 l1[1 1 a(t2 2 t1)]

If, subsequently, the bar is cooled to a temperature t1 , the proportion-
ate deformation is s 5 a(t2 2 t1) and the corresponding unit stress S 5
Ea(t2 2 t1). For coefficients of expansion, see Sec. 4. In the case of steel, a
change of temperature of 12°F (6.7 K, 6.7°C) will cause in general a
unit stress of 2,340 lb/in2 (164 kgf/cm2).

Fig. 5.2.5

Shearing stresses (Fig. 5.2.2) act tangentially to surface of contact and
do not change length of sides of elementary volume; they change the
angle between faces and the length of diagonal. Two pairs of shearing
stresses must act together. Shearing stress intensities are of equal magni-
tude on all four faces of an element. Sv 5 S9v (Fig. 5.2.6).

Fig. 5.2.6

In the presence of pure shear on external faces (Fig. 5.2.6), the result-
ant stress S on one diagonal plane at 45° is pure tension and on the other
diagonal plane pure compression; S 5 Sv 5 S9v . S on diagonal plane is
called ‘‘diagonal tension’’ by writers on reinforced concrete. Failure
under pure shear is difficult to produce experimentally, except under
torsion and in certain special cases. Figure 5.2.7 shows an ideal case,
nd Fig. 5.2.8 a common form of test piece that introduces bending
tresses.

Let Fig. 5.2.9 represent the symmetric section of area A with a shear-
ng force V acting through its centroid. If pure shear exists, Sv 5 V/A,
nd this shear would be uniformly distributed over the area A. When this
hear is accompanied by bending (transverse shear in beams), the unit shear

ig. 5.2.9

v increases from the extreme fiber to its maximum, which may or may
ot be at the neutral axis OZ. The unit shear parallel to OZ at a point d
istant from the neutral axis (Fig. 5.2.9) is

Sv 5
V

Ib Ee

d

yz dy

here z 5 the section width at distance y; and I is the moment of inertia
f the entire section about the neutral axis OZ. Note that ee

d yz dy is the
rst moment of the area above d with respect to axis OZ. For a rectangu-

ar cross section (Fig. 5.2.10a),

Sv 5
3

2

V

bh F1 2S2y

h
D2G

Sv (max) 5
3

2

V

bh
5

3

2

V

A
for y 5 0

For a circular cross section (Fig. 5.2.10b),

Sv 5
4

3

V

pr2 F1 2Sy

r
D2G

Sv (max) 5
4

3

V

pr2
5

4

3

V

A
for y 5 0

ig. 5.2.10
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Table 5.2.1 Resilience per Unit of Volume Up
(S 5 longitudinal stress; Sv 5 shearing stress; E 5 tension modulus of elasticity; G 5 shearing modulus of elasticity)

Tension or compression
Shear
Beams (free ends)

Rectangular section, bent in arc of circle;
no shear

Ditto, circular section
Concentrated center load; rectangular
cross section

Ditto, circular cross section
Uniform load, rectangular cross section
1-beam section, concentrated center load

1⁄2S2/E
1⁄2S2

v /G

1⁄6S2/E

1⁄8S2/E
1⁄18S2/E

1⁄24S2/E
5⁄36S2/E
3⁄32S2/E

Torsion
Solid circular

Hollow, radii R1 and R2

Springs
Carriage
Flat spiral, rectangular section

Helical: axial load, circular wire
Helical: axial twist
Helical: axial twist , rectangular section

1⁄4Sv
2/G

R2
1 1 R2

2

R2
1

1

4

S2
v

G

1⁄6S2/E
1⁄24S2/E
1⁄4Sv

2/G
1⁄8S2/E
1⁄6S2/E

For a circular ring (thickness small in comparison with the major
diameter), Sv(max) 5 2V/A, for y 5 0.

For a square cross section (diagonal vertical, Fig. 5.2.10c),

Sv 5
V √2

a2 F1 1
y √2

a
2 4Sy

a
D2G

Sv(max) 5 1.591
V

A
for y 5

e

4

For an I-shaped cross section (Fig. 5.2.10d),

the elastic limit . For normal stress, resilience 5 work of deformation 5
average force times deformation 5 1⁄2Pe 5 1⁄2AS 3 Sl/E 5 1⁄2S2V/E.

Modulus of resilience Up (in ? lb/in3) [(cm ?kgf/cm3)], or unit resilience,
is the elastic energy stored up in a cubic inch of material at the elastic
limit . For normal stress,

Up 5 1⁄2S2
p /E

The unit resilience for any other kind of stress, as shearing, bending,
torsion, is a constant times one-half the square of the stress divided by
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Sv(max) 5
3

4

V

a Fbe2 2 (b 2 a) f 2

be3 2 (b 2 a) f 3G for y 5 0

Elasticity is the ability of a material to return to its original dimensions
after the removal of stresses. The elastic limit Sp is the limit of stress
within which the deformation completely disappears after the removal
of stress; i.e., no set remains.

Hooke’s law states that , within the elastic limit , deformation produced
is proportional to the stress. Unless modified, the deduced formulas of
mechanics apply only within the elastic limit . Beyond this, they are
modified by experimental coefficients, as, for instance, the modulus of
rupture.

The modulus of elasticity, lb/in2 (kgf/cm2), is the ratio of the increment
of unit stress to increment of unit deformation within the elastic limit .

The modulus of elasticity in tension, or Young’s modulus,

E 5 unit stress/unit deformation 5 Pl/(Ae)

The modulus of elasticity in compression is similarly measured.
The modulus of elasticity in shear or coefficient of rigidity, G 5 Sv /a

where a is expressed in radians (see Fig. 5.2.2).
The bulk modulus of elasticity K is the ratio of normal stress, applied to

all six faces of a cube, to the change of volume.
Change of volume under normal stress is so small that it is rarely of

significance. For example, given a body with length l, width b, thick-
ness d, Poisson’s ratio m, and longitudinal strain «, V 5 lbd 5 original
volume. The deformed volume 5 (1 1 «)l (1 2 m«)b(1 2 m«)d. Ne-
glecting powers of «, the deformed volume 5 (1 1 « 2 2m«)V. The
change in volume is «(1 2 2m)V; the unit volumetric strain is «(1 2 2m).
Thus, a steel rod (m 5 0.3, E 5 30 3 106 lb/in2) compressed to a stress
of 30,000 lb/in2 will experience « 5 0.001 and a unit volumetric strain
of 0.0004, or 1 part in 2,500.

The following relationships exist between the modulus of elasticity in
tension or compression E, modulus of elasticity in shear G, bulk modu-
lus of elasticity K, and Poisson’s ratio m:

E 5 2G(1 1 m)
G 5 E/[2(1 1 m)]
m 5 (E 2 2G)/(2G)
K 5 E/[3(1 2 2m)]
m 5 (3K 2 E)/(6K)

Resilience U (in ? lb)[(cm ?kgf )] is the potential energy stored up in a
deformed body. The amount of resilience is equal to the work required
to deform the body from zero stress to stress S. When S does not exceed
the appropriate modulus of elasticity. For values, see Table 5.2.1.
Unit rupture work UR , sometimes called ultimate resilience, is mea-

sured by the area of the stress-deformation diagram to rupture.

UR 5 1⁄3eu(Sy 1 2SM) approx

where eu is the total deformation at rupture.
For structural steel, UR 5 1⁄3 3 27⁄100 3 [35,000 1 (2 3 60,000)] 5

13,950 in ? lb/in3 (982 cm ?kgf/cm3).

EXAMPLE 1. A load P 5 40,000 lb compresses a wooden block of cross-sec-
tional area A 5 10 in2 and length 5 10 in, an amount e 5 4⁄100 in. Stress S 5 1⁄10 3
40,000 5 4,000 lb/in2. Unit elongation s 5 4⁄100 4 10 5 1⁄250. Modulus of elasticity
E 5 4,000 4 1⁄250 5 1,000,000 lb/in2. Unit resilience Up 5 1⁄2 3 4,000 3 4,000/
1,000,000 5 8 in ? lb/in3 (0.563 cm ?kgf/cm3).

EXAMPLE 2. A weight G 5 5,000 lb falls through a height h 5 2 ft; V 5
number of cubic inches required to absorb the shock without exceeding a stress of
4,000 lb/in2. Neglect compression of block. Work done by falling weight 5 Gh 5
5,000 3 2 3 12 in ? lb (2,271 3 61 cm ?kgf ) Resilience of block 5 V 3 8 in ? lb 5
5,000 3 2 3 12. Therefore, V 5 15,000 in3 (245,850 cm3).

Thermal Stresses A bar will change its length when its temperature
is raised (or lowered) by the amount Dl0 5 al0(t2 2 32). The linear
coefficient of thermal expansion a is assumed constant at normal tem-
peratures and l0 is the length at 32°F (273.2 K, 0°C). If this expansion
(or contraction) is prevented, a thermal-time stress is developed, equal to
S 5 Ea(t2 2 t1), as the temperature goes from t1 to t2. In thin flat plates
the stress becomes S 5 Ea(t2 2 t1)/(1 2 m); m is Poisson’s ratio. Such
stresses can occur in castings containing large and small sections. Simi-
lar stresses also occur when heat flows through members because of the
difference in temperature between one point and another. The heat
flowing across a length b as a result of a linear drop in temperature Dt
equals Q 5 k ADt/b Btu/h (cal /h). The thermal conductivity k is in
Btu/(h)(ft2)(°F)/(in of thickness) [cal /(h)(m2)(k)/(m)]. The thermal-flow
stress is then S 5 EaQb/(kA). Note, when Q is substituted the stress
becomes S 5 Ea Dt as above, only t is now a function of distance rather
than time.

EXAMPLE. A cast-iron plate 3 ft square and 2 in thick is used as a fire wall.
The temperature is 330°F on the hot side and 160°F on the other. What is the
thermal-flow stress developed across the plate?

S 5 Ea Dt 5 13 3 106 3 6.5 3 1026 3 170
5 14,360 lb/in2 (1,010 kgf/cm2)

or Q 5 2.3 3 9 3 170/2 5 1,760 Btu/h
and S 5 13 3 106 3 6.5 3 1026 3 1,760 3 2/2.3 3 9

5 14,360 lb/in2 (1,010 kgf/cm2)
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COMBINED STRESSES

In the discussion that follows, the element is subjected to stresses lying
in one plane; this is the case of plane stress, or two-dimensional stress.

Simple stresses, defined as such by the flexure and torsion theories, lie
in planes normal or parallel to the line of action of the forces. Normal, as
well as shearing, stresses may, however, exist in other directions. A
particle out of a loaded member will contain normal and shearing
stresses as shown in Fig. 5.2.11. Note that the four shearing stresses

60° Sn 5
4,000 1 8,000

2
1

4,000 2 8,000
2

(2 0.5000) 1 0

5 7,000 lb/in2

60° Ss 5
4,000 2 8,000

2
(0.8660) 2 0 5 2 1,732 lb/in2

SM,m 5
4,000 1 8,000

2
6√S4,000 2 8,000

2 D2
1 0

s
i
i
a
t
(

F

d
c

w

F

w
o
5
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must be of the same magnitude, if equilibrium is to be satisfied.
If the particle is ‘‘cut’’ along the plane AA, equilibrium will reveal

that , in general, normal as well as shearing stresses act upon the plane
AC (Fig. 5.2.12). The normal stress on plane AC is labeled Sn , and
shearing Ss . The application of equilibrium yields

Sn 5
Sx 1 Sy

2
1

Sx 2 Sy

2
cos 2u 1 Sxy sin 2u

and Ss 5
Sx 2 Sy

2
sin 2u 2 Sxy cos 2u

Fig. 5.2.11 Fig. 5.2.12

A sign convention must be used. A tensile stress is positive while com-
pression is negative. A shearing stress is positive when directed as on
plane AB of Fig. 5.2.12; i.e., when the shearing stresses on the vertical
planes form a clockwise couple, the stress is positive.

The planes defined by tan 2u 5 2Sxy /Sx 2 Sy , the principal planes,
contain the principal stresses—the maximum and minimum normal
stresses. These stresses are

SM , Sm 5
Sx 1 Sy

2
6 √SSx 2 Sy

2 D2

1 S2
xy

The maximum and minimum shearing stresses are represented by the
quantity

Ss M,m 5 6√SSx 2 Sy

2 D2

1 S2
xy

and they act on the planes defined by

tan 2u 5 2
Sx 2 Sy

2Sxy

EXAMPLE. The steam in a boiler subjects a paticular particle on the outer
surface of the boiler shell to a circumferential stress of 8,000 lb/in2 and a longitu-
dinal stress of 4,000 lb/in2 as shown in Fig. 5.2.13. Find the stresses acting on the
plane XX, making an angle of 60°with the direction of the 8,000 lb/in2 stress. Find
the principal stresses and locate the principal planes. Also find the maximum and
minimum shearing stresses.

Fig. 5.2.13
5 6,000 6 2,000
5 8,000 and 4,000 lb/in2 (564 and 282 kgf/cm2)

at tan 2u 5
2 3 0

4,000 2 8,000
5 0 or u 5 90° and 0°

Ss M,m 5 6√S4,000 2 8,000
2 D2

1 0

5 6 2,000 lb/in2 (6 141 kgf/cm2)

Mohr’s Stress Circle The biaxial stress field with its combined
tresses can be represented graphically by the Mohr stress circle. For
nstance, for the particle given in Fig. 5.2.11, Mohr’s circle is as shown
n Fig. 5.2.14. The stress sign convention previously defined must be
dhered to. Furthermore, in order to locate the point (on Mohr’s circle)
hat yields the stresses on a plane u° from the vertical side of the particle
such as plane AA in Fig. 5.2.11), 2u° must be laid off in the same

ig. 5.2.14

irection from the radius to (Sx , Sxy ). For the previous example, Mohr’s
ircle becomes Fig. 5.2.15.

Eight special stress fields are shown in Figs. 5.2.16 to 5.2.23, along
ith Mohr’s circle for each.

ig. 5.2.15

Combined Loading Combined flexure and torsion arise, for instance,
hen a shaft twisted by a torque Mt is bent by forces produced by belts
r gears. An element on the surface, such as ABCD on the shaft of Fig.
.2.24, is subjected to a flexure stress Sx 5 Mc/I 5 8Fl(pd3) and a
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Fig. 5.2.16 Fig. 5.2.17

compression) occurring at a point in two right-angle directions, and the
change of the angle between them is gxy . The strain e at the point in any
direction a at an angle u with the x direction derives as

ea 5
ex 1 ey

2
1

ex 2 ey

2
cos 2u 1

gxy

2
sin 2u

Similarly, the shearing strain gab (change in the original right angle
between directions a and b) is defined by
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Fig. 5.2.18 Fig. 5.2.19

Fig. 5.2.20 Fig. 5.2.21

Fig. 5.2.22 Fig. 5.2.23

torsional shearing stress Sxy 5 Mtc/J 5 16Mt(pd3). These stresses will
induce combined stresses. The maximum combined stresses will be

Sn 5 1⁄2 (Sx 6 √S2
x 1 4S2

xy )

and Ss 5 6 1⁄2 √S2
x 1 4S2

xy

The above situation applies to any case of normal stress with shear, as
when a bolt is under both tension and shear. A beam particle subjected
to both flexure and transverse shear is another case.

Fig. 5.2.24

Combined torsion and longitudinal loads exist on a propeller shaft . A
particle on this shaft will contain a tensile stress computed using S 5
F/A and a torsion shearing stress equal to Ss 5 Mtc/J. The free body of a
particle on the surface of a vertical turbine shaft is subjected to direct
compression and torsion.

Fig. 5.2.25

When combined loading results in stresses of the same type and
direction, the addition is algebraic. Such a situation exists on an offset
link like that of Fig. 5.2.25.

Mohr’s Strain Circle Strain equations can also be derived for plane-
strain fields. Strains ex and ey are the extensional strains (tension or
gab 5 (ex 2 ey ) sin 2u 1 gxy cos 2u

Inspection easily reveals that the above equations for ea and gab are
mathematically identical to those for Sn and Ss . Thus, once a sign con-
vention is established, a Mohr circle for strain can be constructed and
used as the stress circle is used. The strain e is positive when an exten-
sion and negative when a contraction. If the direction associated with
the first subscript a rotates counterclockwise during straining with re-
spect to the direction indicated by the second subscript b, the shearing
strain is positive; if clockwise, it is negative. In constructing the circle,
positive extensional strains will be plotted to the right as abscissas and
positive half-shearing strains will be plotted upward as ordinates.

For the strains shown in Fig. 5.2.26a, Mohr’s strain circle becomes
that shown in Fig. 5.2.26b. The extensional strain in the direction a,
making an angle of ua with the x direction, is ea , and the shearing strain
is gab counterclockwise. The strain 90° away is eb . The maximum prin-
cipal strain is eM at an angle uM clockwise from the x direction. The
other principal or minimum strain is em 90° away.

Fig. 5.2.26

PLASTIC DESIGN

Early efforts in stress analysis were based on limit loads, that is, loads
which stress a member ‘‘wholly’’ to the yield strength. Euler’s famous
paper on column action (‘‘Sur la Force des Colonnes,’’ Academie des
Sciences de Berlin, 1757) deals with the column problem this way.
More recently, the concept of limit loads, referred to as limit, or plastic,
design, has found strong application in the design of certain structures.
The theory presupposes a ductile material, absence of stress raisers, and
fabrication free of embrittlement . Local load overstress is allowed, pro-
vided the structure does not deform appreciably.

To visualize the limit-load approach, consider a simple beam of uni-
form section subjected to a concentrated load of midspan, as depicted in
Fig. 5.2.27a. According to elastic theory, the outermost fiber on each
side and at midspan—the section of maximum bending moment—will
first reach the yield-strength value. Across the depth of the beam, the
stress distribution will, of course, follow the triangular pattern, becom-
ing zero at the neutral axis. If the material is ductile, the stress in the
outermost fibers will remain at the yield value until every other fiber
reaches the same value as the load increases. Thus the stress distribution
assumes the rectangular pattern before the plastic hinge forms and fail-
ure ensues.
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The problem is that of finding the final limit load. Elastic-flexure
theory gives the maximum load—triangular distribution—as

Fy 5
2Sybh2

3l

For the rectangular stress distribution, the limit load becomes

Sybh2

equal to one-half the moment at either end. A preferable situation, it
might be argued, is one in which the moments are the same at the three
stations—solid line. Thus, applying equilibrium to, say, the left half of
the beam yields a bending moment at each of the three plastic hinges of

ML 5
wl2

16
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FL 5
l

The ratio FL /Fy 5 1.50—an increase of 50 percent in load capability.
The ratio FL /Fy has been named shape factor (Jenssen, Plastic Design in
Welded Structures Promises New Economy and Safety, Welding Jour.,
Mar. 1959). See Fig. 5.2.27b for shape factors for some other sections.
The shape factor may also be determined by dividing the first moment
of area about the neutral axis by the section modulus.

Fig. 5.2.27

A constant-section beam with both ends fixed, supporting a uni-
formly distributed load, illustrates another application of the plastic-
load approach. The bending-moment diagram based on the elastic
theory drawn in Fig. 5.2.28 (broken line) shows a moment at the center

Fig. 5.2.28
ESIGN STRESSES

f a machine part is to safely transmit loads acting upon it , a permissible
aximum stress must be established and used in the design. This is the

llowable stress, the working stress, or preferably, the design stress. The
esign stress should not waste material, yet should be large enough to
revent failure in case loads exceed expected values, or other uncertain-
ies react unfavorably.

The design stress is determined by dividing the applicable material
roperty—yield strength, ultimate strength, fatigue strength—by a fac-
or of safety. The factor should be selected only after all uncertainties
ave been thoroughly considered. Among these are the uncertainty with
espect to the magnitude and kind of operating load, the reliability of the
aterial from which the component is made, the assumptions involved

n the theories used, the environment in which the equipment might
perate, the extent to which localized and fabrication stresses might
evelop, the uncertainty concerning causes of possible failure, and the
ndangering of human life in case of failure. Factors of safety vary from
ndustry to industry, being the result of accumulated experience with a
lass of machines or a kind of environment . Many codes, such as the
SME code for power shafting, recommend design stresses found safe

n practice.
In general, the ductility of the material determines the property upon

hich the factor should be based. Materials having an elongation of
ver 5 percent are considered ductile. In such cases, the factor of safety
s based upon the yield strength or the endurance limit . For materials
ith an elongation under 5 percent , the ultimate strength must be used
ecause these materials are brittle and so fracture without yielding.
Factors of safety based on yield are often taken between 1.5 and 4.0.

or more reliable materials or well-defined design and operating condi-
ions, the lower factors are appropriate. In the case of untried materials
r otherwise uncertain conditions, the larger factors are safer. The same
alues can be used when loads vary, but in such cases they are applied to
he fatigue or endurance strength. When the ultimate strength deter-
ines the design stress (in the case of brittle materials), the factors of

afety can be doubled.
Thus, under static loading, the design stress for, say, SAE 1020,

hich has a yield strength of 45,000 lb/in2 (3,170 kgf/cm2) may be
aken at 45,000/2, or 22,500 lb/in2 (1,585 kgf/cm2), if a reasonably
ertain design condition exists. A Class 30 cast-iron part might be de-
igned at 30,000/5 or 6,000 lb/in2 (423 kgf/cm2). A 2017S-0 aluminum-
lloy component (13,000 lb/in2 endurance strength) could be computed
t a design stress of 13,000/2.5 or 5,200 lb/in2 (366 kgf/cm2) in the
sual fatigue-load application.

EAMS

or properties of structural steel and wooden beams, see Sec. 12.2.

otation

I 5 rectangular moment of inertia
Ip 5 polar moment of inertia

I/c 5 section modulus
M 5 bending moment

P, W 9 5 concentrated load
Q or V 5 total vertical shear

R 5 reaction
S 5 unit normal stress

s or Sv 5 transverse shearing stress
W 5 total distributed load
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f 5 deflection
i 5 slope
l 5 distance between supports
r 5 radius of gyration

rc 5 radius of curvature
w 5 distributed load per longitudinal unit

A simple beam rests on supports at its ends which permit rotation. A
cantilever beam is fixed (no rotation) at one end. When computing reac-

h
x

1
3

x

2
3

x

3
5

hlx

6
2

hx3

6l
, if h is in pounds per foot and weight of beam is

neglected. The vertical shear V 5 R1 2
hx

l
3

x

2
5

hl

6
2

hx2

2l
. Note again that V 5

d

dx Shlx

6
2

hx3

6lD 5
hl

6
2

hx2

2l
.

Table 5.2.2 gives the reactions, bending-moment equations, vertical
shear equations, and the deflection of some of the more common types
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tions and moments, distributed loads may be replaced by their resultants
acting at the center of gravity of the distributed-load area.

Reactions are the forces and/or couples acting at the supports and
holding the beam in place. In general, the weight of the beam should be
accounted for.

The bending moment (pound-feet or pound-inches) (kgf ? m) at any
section is the algebraic sum of the external forces and moments acting
on the beam on one side of the section. It is also equal to the moment of
the internal-stress forces at the section, M 5 e s dA/y. A bending mo-
ment that bends a beam convex downward (tensile stress on bottom
fiber) is considered positive, while convex upward (compression on bot-
tom) is negative.

The vertical shear V (lb) (kgf ) effective on a section is the algebraic
sum of all the forces acting parallel to and on one side of the section,
V 5 oF. It is also equal to the sum of the transverse shear stresses acting
on the section, V 5 e Ss dA.

Moment and shear diagram may be constructed by plotting to scale the
particular entity as the ordinate for each section of the beam. Such
diagrams show in continuous form the variation along the length of the
beam.

Moment-Shear Relation The shear V is the first derivative of mo-
ment with respect to distance along the beam, V 5 dM/dx. This rela-
tionship does not , however, account for any sudden changes in mo-
ment .

Fig. 5.2.29

Fig. 5.2.30

EXAMPLES. Figure 5.2.29 illustrates a simple beam subjected to a uniform

load. M 5 R1x 2 wx 3
x

2
5

w/x

2
2

wx2

2
and V 5 R1 2 wx 5

wl

2
2 wx. Note also

that V 5
d

dx Swlx

2
2

wx2

2 D 5
wl

2
2 wx.

Figure 5.2.30 is a simple beam carrying a uniformly varying load; M 5 R1x 2
of beams.
Maximum Safe Load on Steel Beams See Table 5.2.3 To obtain

maximum safe load (or maximum deflection under maximum safe load)
for any of the conditions of loading given in Table 5.2.5, multiply the
corresponding coefficient in that table by the greatest safe load (or
deflection) for distributed load for the particular section under consider-
ation as given in Table 5.2.4.

The following approximate factors for reducing the load should be
used when beams are long in comparison with their breadth:

Ratio of unsupported (lateral)
length to flange width or
breadth 20 30 40 50 60 70

Ratio of greatest safe load to
calculated load 1 0.9 0.8 0.7 0.6 0.5

Theory of Flexure A bent beam is shown in Fig. 5.2.31. The con-
cave side is in compression and the convex side in tension. These are
divided by the neutral plane of zero stress A9B9BA. The intersection of
the neutral plane with the face of the beam is in the neutral line or elastic
curve AB. The intersection of the neutral plane with the cross section is
the neutral axis NN9.

Fig. 5.2.31

It is assumed that a beam is prismatic, of a length at least 10 times its
depth, and that the external forces are all at right angles to the axis of the
beam and in a plane of symmetry, and that flexure is slight . Other
assumptions are: (1) That the material is homogeneous, and obeys
Hooke’s law. (2) That stresses are within the elastic limit. (3) That every
layer of material is free to expand and contract longitudinally and later-
ally under stress as if separate from other layers. (4) That the tensile and
compressive moduli of elasticity are equal. (5) That the cross section
remains a plane surface. (The assumption of plane cross sections is
strictly true only when the shear is constant or zero over the cross
section, and when the shear is constant throughout the length of the
beam.)

It follows then that: (1) The internal forces are in horizontal balance.
(2) The neutral axis contains the center of gravity of the cross section,
where there is no resultant axial stress. (3) The stress intensity varies
directly with the distance from the neutral axis.

The moment of the elastic forces about the neutral axis, i.e., the stress
moment or moment of resistance, is M 5 SI/c, where S is an elastic unit
stress at outer fiber whose distance from the neutral axis is c; and I is the
rectangular moment of inertia about the neutral axis. I/c is the section
modulus.

This formula is for the strength of beams. For rectangular beams, M 5
1⁄6Sbh2, where b 5 breadth and h 5 depth; i.e., the elastic strength of
beam sections varies as follows: (1) for equal width, as the square of the
depth; (2) for equal depth, directly as the width; (3) for equal depth and
width, directly as the strength of the material; (4) if span varies, then for
equal depth, width, and material, inversely as the span.
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Table 5.2.2 Beams of Uniform Cross Section, Loaded Transversely

R2 5 W
Mx 5 2 Wx

Mmax 5 2 Wl, (x 5 1)
Qx 5 2 W

f 5
Wl3

3EI
(max)

R1 5
W

2
, R2 5

W

2

Mx 5
Wx

2

Mmax 5
Wl

4
,Sx 5

l

2D
Qx 5 6

W

2

f 5
W

EI

l3

48
(max)

R1 5
Wc1

l
, R2 5

Wc

l

Mx 5
Wc1x

l
, Mx9 5

Wcx1

l

Mmax 5
Wcc1

l
, (x1 5 c1 or x 5 c)

Qx 5
Wc1

l
, Qx1 5

Wc

l

f 5
Wc1

3EIl Fc(l 1 c1)

3 G3/2

(max)

Max f occurs at x 5 √c(l 2 c1)/3

R1 5
5

16
W, R2 5

11

16
W

Mx 5
5

16
Wx

Mx1 5 WlS 5

32
2

11

16

x1

lD
Mmax 5 2

3

16
Wl,Sx1 5

l

2D
Qx 5 1

5

16
W, Qx1 5 2

11

16
W

Qmax 5 2
11

16
W,

Sx 5
l

2
to x 1 lD

f 5
W

EI

7l3

768

R1 5
W

2
, R2 5

W

2

Mx 5
Wl

2 Sx

l
2

1

4D
Mx1 5

2 Wl

2 Sx

l
2

3

4D
Mmax 5

Wl

8
,Sx 5

l

2D
Qx 5

W

2
, Qx1 5 2

W

2

f 5
W

EI

l3

192
(max)

R1 5 W
R2 5 W
Mx 5 2 Wc 5 const

QW to R1
5 2 W

QR1 to R2
5 0

QR2 to W 5 1 W

f1 5
Wcl2

EI8
(max)

f2 5
Wc2

EI3 Sc 1
3l

2D (max)

If a beam is cut in halves vertically, the two halves laid side by side
each will carry only one-half as much as the original beam.

Tables 5.2.6 to 5.2.8 give the properties of various beam cross sec-
tions. For properties of structural-steel shapes, see Sec. 12.2.

Oblique Loading It should be noted that Table 5.2.6 includes certain
cases for which the horizontal axis is not a neutral axis, assuming the
common case of vertical loading. The rectangular section with the diag-
onal as a horizontal axis (Table 5.2.6) is such a case. These cases must
be handled by the principles of oblique loading.

center of gravity, and these two axes are always at right angles to each
other. The principal axes are axes with respect to which the moment of
inertia is, respectively, a maximum and a minimum, and for which the
product of inertia is zero. For symmetrical sections, axes of symmetry
are always principal axes. For unsymmetrical sections, like a rolled angle
section (Fig. 5.2.32), the inclination of the principal axis with the X axis
may be found from the formula tan 2u 5 2Ixy/(Iy 2 Ix ), in which u 5
angle of inclination of the principal axis to the X axis, Ixy 5 the product
of inertia of the section with respect to the X and Y axes, Iy 5 moment of
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Every section of a beam has two principal axes passing through the
 inertia of the section with respect to the Y axis, Ix 5 moment of inertia of
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Table 5.2.2 Beams of Uniform Cross Section, Loaded Transversely (Continued )

R2 5 W 5 wl

Mx 5 2
wx2

2

Mmax 5 2
wl2

2
, (x 5 l )

Qx 5 2 wx
Qmax 5 2 wl, (x 5 l )

f 5
W

EI

l3

8
(max)

R1 5
W

2
5

wl

2

R2 5
W

2
5

wl

2

Mx 5
wx

2
(l 2 x)

Mmax 5
wl2

8
, (x 5 1⁄2l)

Qx 5
wl

2
2 wx

Qmax 5
wl

2
, (x 5 0)

f 5
W

EI

5l3

384
(max)

R1 5
3

8
W 5

3

8
wl

R2 5
5

8
W 5

5

8
wl

Mx 5
wx

2 S3

4
l 2 xD

Mmax 5
9

128
wl2,Sx 5

3

8
lD

Mmax 5 2
wl2

8
, (x 5 l )

Qx 5
3

8
wl 2 wx

Qmax 5 2
5

8
wl

f 5
W

EI

l3

185
(max)

R1 5
W

2
5

wl

2
, R2 5

W

2
5

wl

2

Mx 5 2
wl2

2 S1

6
2

x

l
1

x2

l2D
Mmax 5 2

1

12
wl2, (x 5 0, or x 5 l)

Qx 5
wl

2
2 wx

Qmax 5 6
wl

2

f 5
W

EI

l3

384
(max)

R2 5 W 5 total load

Mx 5 2
W

3

x3

l2

Mmax 5 2
Wl

3

Qx 5 2
Wx2

l2

Qmax 5 2 W

f 5
W

EI

l3

15
(max)

R1 5
1

3
W, R2 5

2

3
W

Mx 5
Wx

3 S1 2
x2

l2D
Mmax 5

2

9√3
Wl,Sx 5

1

√3
D

Qx 5 WS1

3
2

x2

l2D
Qmax 5 2

2

3
W, (x 5 l)

f 5 0.01304
Wl3

EI
(max)
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Table 5.2.2 Beams of Uniform Cross Section, Loaded Transversely (Continued )

R1 5
W

2
, R2 5

W

2

Mx 5 WxS1

2
2

x

l
1

2x2

3l2D
Mmax 5

Wl

12
,Sx 5

1

2
lD

Qx 5 WS1

2
2

2x

l
1

2x2

l2 D
Qmax 5 6

W

2
, (x 5 0)

f 5
W

EI

3l3

320
(max)

R1 5
W

2
, R2 5

W

2

Mx 5 WxS1

2
2

2

3

x2

l2D
Mmax 5

Wl

6
,Sx 5

1

2
lD

Qx 5 WS1

2
2

2x2

l2 D
Qmax 5 6

W

2
, (x 5 0)

f 5
W

EI

l3

60
(max)

R1 5
W

5
, R2 5

4W

5

Mx 5 WxS1

5
2

x2

3l2D
Mmax 5 2

2

15
Wl at support 2

Qx 5 WS1

5
2

x2

l2D
Qmax 5 2

4W

5

f 5
16Wl3

1,500√5EI

5
0.00477Wl3

EI
(max)

R1 5
W

2
5

wl

2
, R2 5

W

2
5

wl

2

Mx 5
Wx

2 S1 2
c

x
2

x

lD, (x . c)

Mx 5 2
Wx2

2l
, (x # c)

Mmax 5
Wl

4 S1

2
2

2c

l D, c #S√2 2 1

2 D l

Qx 5
W

2
2 wx (x . c)

Qx 5 2 wx (x # c)

Concentrated load W9
Uniformly dist . load W 5 wl

R1 5 W9
c2

1(3c 1 2c1)

2l3
1

3

8
W

R2 5 W9
(2c2 1 6cc1 1 3c2

1)c

2l3
1

5

8
W

M2 5 W9
cc1(2c 1 c1)

2l2
1 WS l

8D
MW9 5 W9

cc2
1 (3c 1 2c1)

2l3
1 W

(3c1 2 c)c

8l

(a)
W9

W
,

l2

4c2
1

5c 2 3c1

3c 1 2c1

Mc max 5
R1

2

2W
l,Sx 5

R1l

WD
(b)

W9

W
,

l2(3c1 2 5c)

4c(2c2 1 6cc1 1 3c2
1)

Mc1 max 5 W9c 1
(R1 2 W9)2

2W
l,Sx 5

R1 2 W9

W
lD

Deflection under W9

f 5
W9

EI

c2c3
1(4c 1 3c1)

12l3
1

W

EI

cc2
1(3c 1 c1)

48l
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Table 5.2.2 Beams of Uniform Cross Section, Loaded Transversely (Continued )

Concentrated load W9
Uniformly dist . load W 5 wl; c , c1

R1 5 W9
c1

l
1

W2

2

R2 5 W9
c

l
1

W

2

(a)
W9

W
,

c1 2 c

2c

Mmax 5 R2

x1

2
5

R2
2l

2W
,Sx1 5

R2l

WD
(b)

W9

W
.

c1 2 c

2c

Mmax 5SW9 1
W

2D cc1

l
, (x1 5 c1)

Deflection of beam under W9:

f 5SW9 1
l2 1 cc1

8cc1

WD c2c2
1

3EIl

c , c1

R1 5 W9
(3c 1 c1)c2

1

l3
1

W

2

R2 5 W9
(c 1 3c1)c2

l3
1

W

2

Mmax 5 M1 5 W9
cc2

1

l2
1

Wl

12

Deflection under W9

f 5
1

EI SW9
c3c3

1

3l3
1 W

c2c2
1

24lD

Table 5.2.3 Uniformally Distributed Loads on Simply Supported Rectangular Beams 1-in Wide*
(Laterally Supported Sufficiently to Prevent Buckling)
[Calculated for unit fiber stress at 1,000 lb/in2 (70 kgf/cm2): nominal size]
Total load in pounds (kgf )† including the weight of beam

Depth of beam, in (cm)§
Span, ft

(m)‡ 6 7 8 9 10 11 12 13 14 15 16

5 800 1,090 1,420 1,800 2,220 2,690 3,200 3,750 4,350 5,000 5,690
6 670 910 1,180 1,500 1,850 2,240 2,670 3,130 3,630 4,170 4,740
7 570 780 1,010 1,290 1,590 1,920 2,280 2,680 3,110 3,570 4,060
8 500 680 890 1,120 1,390 1,680 2,000 2,350 2,720 3,130 3,560
9 440 600 790 1,000 1,230 1,490 1,780 2,090 2,420 2,780 3,160

10 400 540 710 900 1,110 1,340 1,600 1,880 2,180 2,500 2,840
11 360 490 650 820 1,010 1,220 1,450 1,710 1,980 2,270 2,590
12 330 450 590 750 930 1,120 1,330 1,560 1,810 2,080 2,370
13 310 420 550 690 850 1,030 1,230 1,440 1,680 1,920 2,190
14 290 390 510 640 790 960 1,140 1,340 1,560 1,790 2,030

15 270 360 470 600 740 900 1,070 1,250 1,450 1,670 1,900
16 250 340 440 560 690 840 1,000 1,170 1,360 1,560 1,780
17 230 320 420 530 650 790 940 1,100 1,280 1,470 1,670
18 220 300 400 500 620 750 890 1,040 1,210 1,390 1,580
19 210 290 380 470 590 710 840 990 1,150 1,320 1,500

20 200 270 360 450 560 670 800 940 1,090 1,250 1,420
22 180 250 320 410 500 610 730 850 990 1,140 1,290
24 160 230 290 370 460 560 670 780 910 1,040 1,180
26 150 210 270 340 420 520 610 720 840 960 1,090
28 140 190 250 320 390 480 570 670 780 890 1,010

30 130 180 240 300 370 450 530 630 730 830 950

* This table is convenient for wooden beams. For any other fiber stress S9, multiply the values in table by S9/1,000. See Sec. 12.2 for properties of wooden beams of commercial sizes.
† To change to kgf, multiply by 0.454.
‡ To change to m, multiply by 0.305.
§ To change to cm, multiply by 2.54.

the section with respect to the X axis. When this principal axis has been
found, the other principal axis is at right angles to it .

Calling the moments of inertia with respect to the principal axes I9x
and I9y , the unit stress existing anywhere in the section at a point whose
coordinates are x and y (Fig. 5.2.33) is S 5 My cos a/I9x 1 Mx sin a/I9y ,
in which M 5 bending moment with respect to the section in question,
a 5 the angle which the plane of bending moment or the plane of the

loads makes with the y axis, M cos a 5 the component of bending
moment causing bending about the principal axis which has been desig-
nated as the X axis, M sin a 5 the component of bending moment
causing bending about the principal axis which has been designated as
the Y axis. The sign of the two terms for unit stress may be determined
by inspection in the usual way, and the result will be tension or com-
pression as determined by the algebraic sum of the two terms.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 5.2.4 Approximate Safe Loads in Pounds (kgf) on Steel Beams,* Simply
Supported, Single Span
Allowable fiber stress for steel, 16,000 lb/in2 (1,127 kgf/cm2) (basis of table)

Beams simply supported at both ends.
L 5 distance between supports, ft (m) a 5 interior area, in2 (cm2)
A 5 sectional area of beam, in2 (cm2) d 5 interior depth, in (cm)
D5 depth of beam, in (cm) w 5 total working load, net tons (kgf )

Greatest safe load, lb Deflection, in

Shape of section Load in middle Load distributed Load in middle Load distributed

Solid rectangle
890AD

L

1,780AD

L

wL3

32 AD2

wL3

52 AD2

Hollow rectangle
890(AD 2 ad )

L

1,780(AD 2 ad )

L

wL3

32(AD2 2 ad 2)

wL3

52(AD2 2 ad 2)

Solid cylinder
667AD

L

1,333AD

L

wL3

24AD2

wL3

38AD2

Hollow cylinder
667(AD 2 ad )

L

1,333(AD 2 ad )

L

wL3

24(AD2 2 ad 2)

wL3

38(AD2 2 ad 2)

I beam
1,795AD

L

3,390AD

L

wL3

58AD2

wL3

93AD2

F

In general, it may be stated that when the plane of the bending mo-
ment coincides with one of the principal axes, the other principal axis is
the neutral axis. This is the ordinary case, in which the ordinary formula
for unit stress may be applied. When the plane of the bending moment
does not coincide with one of the principal axes, the above formula for
oblique loading may be applied.

Internal Moment Beyond the Elastic Limit

Ordinarily, the expression M 5 SI/c is used for stresses above the elastic

lue
S
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ig. 5.2.32 Fig. 5.2.33

Table 5.2.5 Coefficients for Correcting Va
Methods of Support and of Loading, Single

Conditions of loading

Beam supported at ends:

Load uniformly distributed over span
Load concentrated at center of span
Two equal loads symmetrically concentrated
Load increasing uniformly to one end
Load increasing uniformly to center
Load decreasing uniformly to center

Beam fixed at one end, cantilever:
Load uniformly distributed over span
Load concentrated at end
Load increasing uniformly to fixed end

Beam continuous over two supports equidistant from
Load uniformly distributed over span

1. If distance a . 0.2071l
2. If distance a , 0.2071l

3. If distance a 5 0.2071l
Two equal loads concentrated at ends

NOTE: l 5 length of beam; c 5 distance from support to ne
beam.
limit , in which case S becomes an experimental coefficient SR , the
modulus of rupture, and the formula is empirical. The true relation is
obtained by applying to the cross section a stress-strain diagram from a
tension and compression test , as in Fig. 5.2.34. Figure 5.2.34 shows the
side of a beam of depth d under flexure beyond its elastic limit; line
1–1 shows the distorted cross section; line 3–3, the usual rectilinear

s in Table 5.2.4 for Various
pan

Max relative
deflection under

Max relative max relative safe
safe load load
1.0 1.0
1⁄2 0.80

l/4c
0.974 0.976

3⁄4 0.96
3⁄2 1.08

1⁄4 2.40
1⁄8 3.20
3⁄8 1.92

ends:

l2/(4a2)
l

l 2 4a
5.83
l/(4a)

arest concentrated load; a 5 distance from support to end of
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Table 5.2.6 Properties of Various Cross Sections*
(I 5 moment of inertia; I/c 5 section modulus; r 5 √I/A 5 radius of gyration)

N.A.

I 5
bh3

12

bh3

3

b3h3

6(b2 1 h2)

bh

12
(h2 cos2 a 1 b2 sin2 a)

I

c
5

bh2

6

bh2

3

b2h2

6√b2 1 h2

bh

6
Sh2 cos2 a 1 b2 sin2 a

h cos a 1 b sin a
D

r 5
h

√12
5 0.289h

h

√3
5 0.577h

bh

√6(b2 1 h2) √h2 cos2 a 1 b2 sin2 a

12

I 5
b

12
(H3 2 h3)

H4 2 h4

12

H4 2 h4

12

bh3

36
; c 5

2

3
h

I

c
5

b

6

H3 2 h3

H

1

6

H4 2 h4

H

√2

12

H4 2 h4

H

bh2

24

r 5 √ H3 2 h3

12(H 2 h) √H2 1 h2

12 √H2 1 h2

12

h

√18

N.A.

I 5
bh3

12

5√3

16
R4

1 1 2√2

6
R4

I

c
5

bh2

12
5⁄8R3

5√3

16
R3 0.6906R3

r 5
h

√6 √ 5

24
R 0.475R

NOTE: Square, axis same as first rectangle, side 5 h; I 5 h4/12; I/c 5 h3/6; r 5 0.289h.
Square, diagonal taken as axis: I 5 h4/12; I/c 5 0.1179h3; r 5 0.289h.

relation of stress to strain; and line 2–2, an actual stress-strain diagram,
applied to the cross section of the beam, compression above and tension
below. The neutral axis is then below the gravity axis. The outer material
may be expected to develop greater ultimate strength than in simple
stress, because of the reinforcing action of material nearer the neutral
axis that is not yet overstrained. This leads to an equalization of stress
over the cross section. SR exceeds the ultimate strength SM in tension as
follows: for cast iron, SR 5 2SM ; for sandstone, SR 5 3SM ; for concrete,
SR 5 2.2SM ; for wood (green), SR 5 2.3SM .
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Fig. 5.2.34
In the case of steel I beams, failure begins practically when the elastic
limit in the compression flange is reached.

Because of the support of adjoining material, the elastic limit in flexure
Sp is also greater than in tension, depending upon the relation of breadth
to depth of section. For the same breadth, the difference decreases with
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Table 5.2.6 Properties of Various Cross Sections* (Continued )

Equilateral Polygon
A 5 area
R 5 rad circumscribed

circle
r 5 rad inscribed circle
n 5 no. sides
a 5 length of side
Axis as in preceding
section of octagon

I 5
A

24
(6R2 2 a2)

5
A

48
(12r2 1 a2)

5
AR2

4
(approx)

I

c
5

I

r

5
I

R cos
180°

n

5
AR

4
(approx)

√ I

A
5 √6R2 2 a2

24
'

R

2

5 √12r2 1 a2

48

I 5
6b2 1 6bb1 1 b2

1

36(2b 1 b1)
h3

c 5
1

3

3b 1 2b1

2b 1 b1

h

I

c
5

6b2 1 6bb1 1 b2
1

12(3b 1 2b1)
h2 r 5

h√12b2 1 12bb1 1 2b2
1

6(2b 1 b1)

I 5
BH3 1 bh3

12

I

c
5

BH3 1 bh3

6H

r 5 √ BH3 1 bh3

12(BH 1 bh)

I 5
BH3 2 bh3

12

I

c
5

BH3 2 bh3

6H

r 5 √ BH3 2 bh3

12(BH 2 bh)

I 5 1⁄3(Bc3
1 2 B1h3 1 bc3

3 2 b1h3
1)

c1 5
1

2

aH2 1 B1d2 1 b1d1(2H 2 d1)

aH 1 B1d 1 b1d1

r 5 √ I

Bd 1 bd1 1 a(h 1 h1)

I 5 1⁄3(Bc3
1 2 bh3 1 ac3

2)

c1 5
1

2

aH2 1 bd2

aH 1 bd

c2 5 H 2 c1

r 5 √ I

Bd 1 a(H 2 d)

I 5
pd4

64
5

pr4

4
5

A

4
r2

5 0.05d4 (approx)

I

c
5

pd3

32
5

pr3

4
5

A

4
r

5 0.1d3 (approx)

√ I

A
5

r

2
5

d

4

increase of height . No difference will occur in the case of an I beam, or
with hard materials.

Wide plates will not expand and contract freely, and the value of E
will be increased on account of side constraint . As a consequence of
lateral contraction of the fibers of the tension side of a beam and lateral
swelling of fibers at the compression side, the cross section becomes
distorted to a trapezoidal shape, and the neutral axis is at the center of
gravity of the trapezoid. Strictly, this shape is one with a curved perime-
ter, the radius being rc /m, where rc is the radius of curvature of the

Deflection of Beams

When a beam is subjected to bending, the fibers on one side elongate,
while the fibers on the other side shorten (Fig. 5.2.35). These changes in
length cause the beam to deflect . All points on the beam except those
directly over the support fall below their original position, as shown in
Figs. 5.2.31 and 5.2.35.

The elastic curve is the curve taken by the neutral axis. The radius of
curvature at any point is

r 5 EI/M
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neutral line of the beam, and m is Poisson’s ratio.
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Table 5.2.6 Properties of Various Cross Sections* (Continued )

dm 5 1⁄2(D 1 d )
s 5 1⁄2(D 2 d )

I 5
p

64
(D4 2 d4)

5
p

4
(R4 2 r4)

5 1⁄4A(R2 1 r2)
5 0.05(D4 2 d4)

(approx)

I

c
5

p

32

D4 2 d4

D

5
p

4

R4 2 r4

R

5 0.8d2
ms (approx)

when
s

dm

is very small

√ I

A
5

√R2 1 r2

2
5

√D2 1 d2

4

I 5 r4Sp

8
2

8

9p
D

5 0.1098r4

I

c2

5 0.1908r3

I

c1

5 0.2587r2

c1 5 0.4244r

√ I

A
5

√9p2 2 64

6p
r 5 0.264r

I 5 0.1098(R4 2 r4 )

2
0.283R2r2(R 2 r)

R 1 r

5 0.3tr1
3 (approx)

when
t

r1

is very small

c1 5
4

3p

R2 1 Rr 1 r2

R 1 r

c2 5 R 2 c1

√ I

A
5 √ 2I

p(R2 2 r2)

5 0.31r1 (approx)

I 5
pa3b

4
5 0.7854a3b

I

c
5

pa2b

4
5 0.7854a2b r 5

a

2

I 5
p

4
(a3b 2 a1

3b1

5
p

4
a2(a 1 3b)t

(approx)

I

c
5

p

4
a(a 1 3b)t

(approx)

r 5 √ I

(pab 2 a1b1 )

5
a

2 √a 1 3b

a 1 b

(approx)

I 5
1

12 F3p

16
d4 1 b(h3 2 d3 ) 1 b3(h 2 d )G

I

c
5

1

6h F3p

16
d4 1 b(h3 1 d3 ) 1 b3(h 2 d )G

r 5 √
I

p
d2

4
1 2b(h 2 d)

(approx)

I 5
t

4 SpB3

16
1 B2h 1

pBh2

2
1

2

3
h3D

h 5 H 2 1⁄2B

I

c
5

2I

H 1 t

r 5 √
I

2SpB

4
1 hD t

A beam bent to a circular curve of constant radius has a constant bending
moment .

Replacing rc in the equation by its approximate geometrical value,
1/rc 5 d 2y/dx2, the fundamental equation from which the elastic curve
of a bent beam can be developed and the deflection of any beam ob-
tained is,

M 5 EI d 2y/dx2 (approx)

Substituting the value of M, in terms of x, and integrating once, gives
the slope of the tangent to the elastic curve of the beam at point x;
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Fig. 5.2.35

tan i 5 dy/dx 5 Ex

0

M dx/(EI). Since i is usually small, tan i 5 i,
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Table 5.2.6 Properties of Various Cross Sections* (Continued )

Corrugated sheet iron,
parabolically curved

I 5
64

105
(b1h1

2 2 b2h2
3), where r 5 √ 3I

t(2B 1 5.2H )
h1 5 1⁄2(H 1 t ) U b1 5 1⁄4(B 1 2.6t )
h2 5 1⁄2(H 2 t ) b2 5 1⁄4(B 2 2.6t )

I

c
5

2I

H 1 t

Approximate values of least radius of gyration r

r 5 0.36336D 0.295D D/4.58 D/3.54 D/6

r 5 D/4.74 D/5 BD/[2.6(B 1 D)] D/4.74

* Some of the cross sections depicted in this table will be encountered most often in machinery as castings, forgings, or individual sections
assembled and joined mechanically (or welded). A number of the sections shown are obsolete and will be encountered mainly in older equipment
and/or building structures.

expressed in radians. A second integration gives the vertical deflection
of any point of the elastic curve from its original position.

EXAMPLE. In the cantilever beam shown in Fig. 5.2.35, the bending moment
at any section 5 2 P(l 2 x) 5 EI d 2y/(dx)2. Integrate and determine constant by
the condition that when x 5 0, dy/dx 5 0. Then EI dy/dx 5 2 P/x 1 1⁄2Px2.
Integrate again; and determine constant by the condition that when x 5 0, y 5 0.
Then EIy 5 2 1⁄2Plx2 1 Px3/6. This is the equation of the elastic curve. When x 5
l, y 5 f 5 2 Pl3/(3EI ). In general, the two constants of integration must be
determined simultaneously.

criterion for design, e.g., of machine tools, for which the relative posi-
tions of tool and workpiece must be maintained while the cutting loads
are applied during operation. Similarly, large steam-turbine shafts sup-
ported on two end bearings must maintain alignment and tight critical
clearances between the rotating blade assemblies and the stationary
stator blades during operation. When more than one beam shares a load,
each beam will assume a portion of the load that is proportional to its
stiffness. Superposition may be used in connection with both stresses and
deflections.
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Deflection in general, f, may be expressed by the equation f 5 Pl3/
(mEI ), where m is a coefficient . See Tables 5.2.2 and 5.2.4 for values of
f for beams of various sections and loadings. For coefficients of deflec-
tion of wooden beams and structural steel shapes, see Sec. 12.2.

Since I varies as the cube of the depth, the stiffness, or inverse deflec-
tion, of various beams varies, other factors remaining constant , in-
versely as the load, inversely as the cube of the span, and directly as the
cube of the depth. This deflection is due to bending moment only. In
general, however, the bending of beams involves transverse shearing
stresses which cause shearing strains and thus add to the total deflection.
The contribution of shearing strain to overall deflection becomes signif-
icant only when the beam span is very short . These strains may affect
substantially the strength as well as the deflection of beams. When
deflection due to transverse shear is to be accounted for, the differential
equation of the elastic curve takes the form

EI
d 2y

dx2
5 EISd 2yb

dx2
1

d 2ys

dx2D 5 M 2
kEI

AG
3

d 2M

dx2

where k is a factor dependent upon the beam cross section. Sergius
Sergev, in ‘‘The Effect of Shearing Forces on the Deflection and
Strength of Beams’’ (Univ. Wash. Eng. Exp. Stn. Bull. 114) gives k 5
1.2 for rectangular sections, 10/9 for circular sections, and 2.4 for I
beams. He also points out that in the case of a deep, rectangular-section
cantilever, carrying a concentrated load at the free end, the deflection
due to shear may be up to 3.1 percent of that due to bending moment; if
this beam supports a uniformly distributed load, it may be up to 4.1
percent . A deep, simple beam deflection may increase up to 15.6 per-
cent when carrying a uniformly distributed load and up to 12.5 percent
when the load is concentrated at midspan.

Design of beams may be based on strength (stress) or on stiffness if
deflection must be limited. Deflection rather than stress becomes the
EXAMPLE. (Fig. 5.2.36). Two wooden stringers—one (A) 8 3 16 in in cross
section and 20 ft in span, the other (B) 8 in 3 8 in 3 16 ft—carrying the center
load P0 5 22,000 lb are required, the load carried by each stringer. The deflections
f of the two stringers must be equal. Load on A 5 P1 , and on B 5 P2 . f 5
P1l3

1/(48EI1) 5 P2l3
2/(48EI2). Then P1/P2 5 l3

2I1/(l3
2I2) 5 4. P0 5 P1 1 P2 5

4P2 1 P2 , whence P2 5 22,000/5 5 4,400 lb (1,998 kgf ) and P1 5 4 3
4,400 5 17,600 lb (7,990 kgf ).

Fig. 5.2.36

Relation between Deflection and Stress

Combine the formula M 5 SI/c 5 Pl/n, where n is a constant , P 5 load,
and l 5 span, with formula f 5 Pl3/(mEI ), where m is a constant . Then

f 5 C99Sl2/(Ec)

where C99 is a new constant 5 n/m. Other factors remaining the same,
the deflection varies directly as the stress and inversely as E. If the span is
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Table 5.2.7

Beam Load n m C99

Cantilever Concentrated at end 1 3 1⁄3
Cantilever Uniform 2 8 1⁄4
Simple Concentrated at center 4 48 1⁄12

Simple Uniform 8 384/5 5⁄48

Fixed ends Concentrated at center 8 192 1⁄24

Fixed ends Uniform 12 384 1⁄32

One end fixed, one end supported Concentrated at center 16/3 768/7 7⁄144

One end fixed, one end supported Uniform 128/9 185 1⁄13

Simple Uniformly varying,
maximum at center

6 60 1⁄10

constant , a shallow beam will submit to greater deformations than a
deeper beam without exceeding a safe stress. If depth is constant , a
beam of double span will attain a given deflection with only one-quarter
the stress. Values of n, m, and C99 are given in Table 5.2.7 (for other
values, see Table 5.2.2).

Graphical Relations

Referring to Fig. 5.2.37, the shear V acting at any section is equal to the
total load on the right of the section, or

moment diagram e M dx up to that point; and a slope diagram may be
derived from the moment diagram in the same manner as the moment
diagram was derived from the shear diagram.

If I is not constant , draw a new curve whose ordinates are M/I and
use these M/I ordinates just as the M ordinates were used in the case
where I was constant; that is, e(M/I)dx 5 E(i 1 C). The ordinate at any
point of the slope curve is thus proportional to the area of the M/I curve
to the right of that point . Again, since iE 5 E df/dx.
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V 5 E w dx

Since w dx is the product of w, a loading intensity (which is expressed
as a vertical height in the load diagram), and dx, an elementary length
along the horizontal, evidently w dx is the area of a small vertical strip
of the load diagram. Then e w dx is the summation of all such vertical
strips between two indefinite points. Thus, to obtain the shear in any

Fig. 5.2.37

section mn, find the area of the load diagram up to that section, and draw
a second diagram called the shear diagram, any ordinate of which is
proportional to the shear, or to the area in the load diagram to the right
of mn. Since V 5 dM/dx,

E V dx 5 M

By similar reasoning, a moment diagram may be drawn, such that the
ordinate at any point is proportional to the area of the shear diagram to
the right of that point . Since M 5 EI d 2f/dx2,

E M dx 5 EI (df/dx 1 C) 5 EI(i 1 C)

if I is constant . Here C is a constant of integration. Thus i, the slope or
grade of the elastic curve at any point , is proportional to the area of the
E iE dx 5 E E df 5 E( f 1 C)

and thus the ordinate f to the elastic curve at any point is proportional to
the area of the slope diagram e i dx up to that point . The equilibrium
polygon may be used in drawing the deflection curve directly from the
M/I diagram.

Thus, the five curves of load, shear, moment , slope, and deflection
are so related that each curve is derived from the previous one by a
process of graphical integration, and with proper regard to scales the
deflection is thereby obtained.

The vertical distance from any point A (Fig. 5.2.38) on the elastic
curve of a beam to the tangent at any other point B equals the moment of
the area of the M/(EI) diagram from A to B about A. This distance, the
tangential deviation tAB , may be used with the slope-area relation and the
geometry of the elastic curve to obtain deflections. These theorems,
together with the equilibrium equations, can be used to compute reac-
tions in the case of statically indeterminate beams.

Fig. 5.2.38

EXAMPLE. The deflections of points B and D (Fig. 5.2.38) are

yB 5 2 tAB 5 moment area
M

EIUB

A

A

5 2
1

EI
3

Pl

4
3

l

4
3

l

3
5 2

Pl3

48EI

uC 5 =uUC

B

5 area
M

EIUC

B

5
1

EI
3

Pl

4
3

l

4
5

Pl2

16EI

yD 5 2SuC 3
l

4
2 tDCD

5 2
Pl2

16EI
3

l

4
1

l

EI
3

Pl

8
3

l

8
3

l

12
5 2

11Pl3

768EI
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Resilience of Beams

The external work of a load gradually applied to a beam, and which
increases from zero to P, is 1⁄2Pf and equals the resilience U. But , from
the formulas P 5 nSI/(cl) and f 5 nSl2/(mcE), where n and m are
constants that depend upon loading and supports, S 5 fiber stress, c 5
distance from neutral axis to outer fiber, and l 5 length of span. Substi-
tute for P and f, and

U 5
n2 SkD2 S2V

If the two moving loads are of unequal weight, the condition for maxi-
mum moment is that the maximum moment will occur under the heavy
wheel when the center of the beam bisects the distance between the
resultant of the loads and the heavy wheel. Figure 5.2.41 shows this
position and the shear and moment diagrams.

When several wheel loads constituting a system occur, the several sus-
pected wheels must be examined in turn to determine which will cause
the greatest moment . The position for the greatest moment that can occur
under a given wheel is, as stated, when the center of the span bisects the
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m c 2E

where k is the radius of gyration and V the volume of the beam. For
values of U, see Table 5.2.1.

The resilience of beams of similar cross section at a given stress is
proportional to their volumes. The internal resilience, or the elastic de-
formation energy in the material of a beam in a length x is dU, and

U 5 1⁄2 E M2 dx/(EI ) 5 1⁄2 E M di

where M is the moment at any point x, and di is the angle between the
tangents to the elastic curve at the ends of dx. The values of resilience
and deflection in special cases are easily developed from this equation.

Rolling Loads

Rolling or moving loads are those loads which may change their position
on a beam. Figure 5.2.39 represents a beam with two equal concentrated
moving loads, such as two wheels on a crane girder, or the wheels of a

Fig. 5.2.39

truck on a bridge. Since the maximum moment occurs where the shear
is zero, it is evident from the shear diagram that the maximum moment
will occur under a wheel. x , a/2:

R1 5 PS1 2
2x

l
1

a

lD
M2 5

Pl

2 S1 2
a

l
1

2x

l

a

l
2

4x2

l2 D
R2 5 PS1 1

2x

l
2

a

lD
M1 5

Pl

2 S1 2
a

l
2

2a2

l2
1

2x

l

3a

l
2

4x2

l2 D
M2 max when x 5 1⁄4a
M1 max when x 5 3⁄4a

Mmax 5
Pl

2 S1 2
a

2lD2

5
P

2l Sl 2
a

2D2

EXAMPLE. Two wheel loads of 3,000 lb each, spaced on 5-ft centers,
move on a span of l 5 15 ft , x 5 1.25 ft , and R2 5 2,500 lb. [ Mmax 5 M2 5
2,500 3 6.25 (1,135 3 1.90) 5 15,600 lb ? ft (2,159 kgf ? m).

Figure 5.2.40 shows the condition when two equal loads are equally
distant on opposite sides of the center. The moment is equal under the
two loads.
distance between the wheel in question and the resultant of all the loads
then on the span. The position for maximum shear at the support will be
when one wheel is passing off the span.

Fig. 5.2.40

Fig. 5.2.41

Constrained Beams

Constrained beams are those so held or ‘‘built in’’ at one or both ends
that the tangent to the elastic curve remains fixed in direction. These
beams are held at the ends in such a manner as to allow free horizontal
motion, as illustrated by Fig. 5.2.42. A constrained beam is stiffer than a
simple beam of the same material, because of the modification of the
moment by an end resisting moment . Figure 5.2.43 shows the two most
common cases of constrained beams. See also Table 5.2.2.

Fig. 5.2.42 Fig. 5.2.43

Continuous Beams

A continuous beam is one resting upon several supports which may or
may not be in the same horizontal plane. The general discussion for
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beams holds for continuous beams. SvA 5 V, SI/c 5 M, and d 2f/dx2 5
M/(EI). The shear at any section is equal to the algebraic sum of the
components parallel to the section of all external forces on either side of
the section. The bending moment at any section is equal to the moment
of all external forces on either side of the section. The relations stated
above between shear and moment diagrams hold true for continuous
beams. The bending moment at any section is equal to the bending
moment at any other section, plus the shear at that section times its arm,
plus the product of all the intervening external forces times their respec-

Figure 5.2.46 shows the values of the functions for a uniformly
loaded continuous beam resting on three equal spans with four supports.

Continuous beams are stronger and much stiffer than simple beams.
However, a small, unequal subsidence of piers will cause serious

e
ea
po
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tive arms. To illustrate (Fig. 5.2.44):

Vx 5 R1 1 R2 1 R3 2 P1 2 P2 2 P3

Mx 5 R1(l1 1 l2 1 x) 1 R2(l2 1 x) 1 R3x
2 P1(l2 1 c 1 x) 2 P2(b 1 x) 2 P3a

Mx 5 M3 1 V3x 2 P3a

Table 5.2.8 gives the value of the moment at the various supports of a
uniformly loaded continuous beam over equal spans, and it also gives
the values of the shears on each side of the supports. Note that the shear
is of opposite sign on either side of the supports and that the sum of the
two shears is equal to the reaction.

Fig. 5.2.44

Figure 5.2.45 shows the relation between the moment and shear dia-
grams for a uniformly loaded continuous beam of four equal spans (see
Table 5.2.8). Table 5.2.8 also gives the maximum bending moment which
will occur between supports, and in addition the position of this moment
and the points of inflection (see Fig. 5.2.46).

Table 5.2.8 Uniformly Loaded Continuous Beams over Equal Spans
(Uniform load per unit length 5 w; length of equal span 5 l )

Notation of Mom
Number of support over
supports of span sup

Shear on each
side of support.

L 5 left, R 5 right.
Reaction at any

support is L 1 R

L R
2 1 or 2 0 1⁄2 0

3 1 0 3⁄8 0
2 5⁄8 5⁄8 1⁄8

4 1 0 4⁄10 0
2 6⁄10 5⁄10 1⁄10

5 1 0 11⁄28 0
2 17⁄28 15⁄28 3⁄28

3 13⁄28 13⁄28 2⁄28

6 1 0 15⁄38 0
2 23⁄38 20⁄38 4⁄38

3 18⁄38 19⁄38 3⁄38

7 1 0 41⁄104 0
2 63⁄104 55⁄104 11⁄10

3 49⁄104 51⁄104 8⁄104

4 53⁄104 53⁄104 9⁄104

8 1 0 56⁄142 0
2 86⁄142 75⁄142 15⁄14

3 67⁄142 70⁄142 11⁄14

4 72⁄142 71⁄142 12⁄14

Values apply to: wl wl wl2

NOTE: The numerical values given are coefficients of the expressions at the foot of each column
Fig. 5.2.45

Fig. 5.2.46

Distance to point Distance to point
nt Max of max moment, of inflection,
ch moment in measured to right measured to right
rt each span from support from support
0.125 0.500 None

0.0703 0.375 0.750
0.0703 0.625 0.250

0.080 0.400 0.800
0.025 0.500 0.276, 0.724

0.0772 0.393 0.786
0.0364 0.536 0.266, 0.806
0.0364 0.464 0.194, 0.734

0.0779 0.395 0.789
0.0332 0.526 0.268, 0.783
0.0461 0.500 0.196, 0.804

0.0777 0.394 0.788
4 0.0340 0.533 0.268, 0.790

0.0433 0.490 0.196, 0.785
0.0433 0.510 0.215, 0.804

0.0778 0.394 0.789
2 0.0338 0.528 0.268, 0.788
2 0.0440 0.493 0.196, 0.790
2 0.0405 0.500 0.215, 0.785

wl2 l l

.
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Table 5.2.9 Beams of Uniform Strength (in Bending)

Elevation
Beam Cross section and plan Formulas

1. Fixed at one end, load P concentrated at other end

Rectangle:
width (b)
constant,
depth (g)
variable

Elevation: 1,
top, straight
line; bottom,
parabola. 2,
complete pa-
rabola

Plan: rectangle

y2 5
6P

bSs

x

h 5 √6Pl

bSs

Deflection at A:

f 5
8P

bE S l

hD3

Rectangle:
width (y)
variable,
depth (h)
constant

Elevation: rec-
tangle

Plan: triangle

y 5
6P

h2Ss

x

b 5
6Pl

h2Ss

Deflection at A:

f 5
6P

bE S l

hD3

Rectangle:
width (z)
variable,
depth (y)
variable

z

y
5 k(const.)

Elevation: cubic
parabola

Plan: cubic pa-
rabola

y3 5
6P

kSs

x

z 5 ky

h 5
3√6Pl

kSs

b 5 kh

Circle: diam
(y) variable

Elevation: cubic
parabola

Plan: cubic pa-
rabola

y3 5
32P

pSs

x

d 5
3√32Pl

pSs

2. Fixed at one end, load of total magnitude P uniformly distributed

Rectangle
width (b)
constant,
depth (y)
variable

Elevation:
triangle

Plan: rectangle

y 5 x √3P

blS

h 5 √3Pl

bSs

f 5 6
P

bE S l

hD3

Rectangle:
width (y)
variable,
depth (h)
constant

Elevation: rec-
tangle

Plan: two para-
bolic curves
with vertices at
free end

y 5
3Px2

lSsh2

b 5
3Pl

Ssh2

Deflection at A:

f 5
3P

bE S l

hD3
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Table 5.2.9 Beams of Uniform Strength (in Bending) (Continued )

Elevation
Beam Cross section and plan Formulas

2. Fixed at one end, load of total magnitude P uniformly distributed

Rectangle:
width (z)
variable,
depth (y)
variable,

z

y
5 k

Elevation: semi-
cubic parabola

Plan: semicubic
parabola

y3 5
3Px2

kSsl

z 5 ky

h 5
3√3Pl

kSs

b 5 kh

Circle: diam
(y) variable

Elevation: semi-
cubic parabola

Plan: semicubic
parabola

y3 5
16P

p lSs

x2

d 5
3√16Pl

pSs

3. Supported at both ends, load P concentrated at point C

Rectangle:
width (b)
constant,
depth (y)
variable

Elevation: two
parabolas, ver-
tices at points
of support

Plan: rectangle

y 5 √ 3P

Ssb
x

h 5 √ 3Pl

2bSs

f 5
P

2EbS l

hD3

Rectangle:
width (y)
variable,
depth (h)
constant

Elevation: rec-
tangle

Plan: two trian-
gles, vertices
at points of
support

y 5
3P

Ssh2
x

b 5
3Pl

2Ssh2

f 5
3Pl3

8Ebh3

Rectangle:
width (b)
constant,
depth (y or
y1) variable

Elevation: two
parabolas, ver-
tices at points
of support

Plan: rectangle

y2 5
6P(l 2 p)

blSs

x

y1
2 5

6Pp

blSs

x1

h 5 √6P( l 2 p)p

blSs

Load P moving across span

Rectangle:
width (b)
constant,
depth (y)
variable

Elevation:
ellipse

Major axis 5 l
Minor axis 5 2h

Plan: rectangle

x2

S l

2D2
1

y2

3Pl

2bSs

5 1

h 5 √ 3Pl

2bSs
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Table 5.2.9 Beams of Uniform Strength (in Bending) (Continued )

Elevation
Beam Cross section and plan Formulas

4. Supported at both ends, load of total magnitude P uniformly distributed

Rectangle:
width (b)
constant,
depth (y)
variable

Elevation:
ellipse

Plan: rectangle

x2

S l

2D2
1

y2

3Pl

4bSs

5 1

h 5 √ 3Pl

4bSs

Deflection at O:

f 5
1

64

Pl3

EI

5
3

16

P

bE S l

hD3

Rectangle:
width (y)
variable,
depth (h)
constant

Elevation: rec-
tangle

Plan: two parab-
olas with ver-
tices at center
of span

y 5
3P

Ssh2 Sx 2
x2

l D
b 5

3Pl

4Ssh2

changes in sign and magnitude of the bending stresses. reactions, and
shears.

Maxwell’s Theorem When a number of loads rest upon a beam, the
deflection at any point is equal to the sum of the deflections at this point
due to each of the loads taken separately. Maxwell’s theorem states that
if unit loads rest upon a beam at two points A and B, the deflection at A
due to the unit load at B equals the deflection at B due to the unit load
at A.

Castigliano’s theorem states that the deflection of the point of applica-
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tion of an external force acting on a beam is equal to the partial deriva-
tive of the work of deformation with respect to this force. Thus, if P is
the force, f the deflection, and U the work of deformation, which equals
the resilience,

dU/dP 5 f

According to the principle of least work, the deformation of any struc-
ture takes place in such a manner that the work of deformation is a
minimum.

Beams of Uniform Strength

Beams of uniform strength vary in section so that the unit stress S
remains constant , the I/c varies as M. For rectangular beams, of breadth
b and depth d, I/c 5 bd 2/6; and M 5 Sbd 2/6. Thus, for a cantilever beam
of rectangular cross section, under a load P, Px 5 Sbd 2/6. If b is con-
stant , d 2 varies with x, and the profile of the shape of the beam will be a
parabola, as Fig. 5.2.47. If d is constant , b will vary as x and the beam
will be triangular in plan, as shown in Fig. 5.2.48.

Shear at the end of a beam necessitates a modification of the forms
determined above. The area required to resist shear will be P/Sv in a
cantilever and R/Sv in a simple beam. The dotted extensions in Figs.
5.2.47 and 5.2.48 show the changes necessary to enable these canti-
levers to resist shear. The extra material and cost of fabrication, how-
ever, make many of the forms impractical.

Table 5.2.9 shows some of the simple sections of uniform strength. In
none of these, however, is shear taken into account .
Fig. 5.2.47 Fig. 5.2.48

TORSION

Under torsion, a bar (Fig. 5.2.49) is twisted by a couple of magnitude
Pp. Elements of the surface becomes helices of angle d, and a radius
rotates through an angle u in a length l, both d and u being expressed in
radians. Sv 5 shearing unit stress at distance r from center; Ip 5 polar
moment of inertia; G 5 shearing modulus of elasticity. It is assumed
that the cross sections remain plane surfaces. The strain on the cross
section is wholly tangential, and is zero at the center of the section.
Note that ld 5 ru.

In the case of a circular cross section, the stress Sv increases directly as
the distance of the strained element from the center.

The polar moment of inertia Ip for any section may be obtained from
Ip 5 I1 1 I2, where I1 and I2 are the rectangular moments of inertia of
the section about any two lines at right angles to each other, through the
center of gravity.
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The external twisting moment Mt is balanced by the internal resisting
moment .

For strength, Mt 5 SvIp /r.
For stiffness, Mt 5 aGIp/ l.
The torsional resilience U 5 1⁄2Ppa 5 S2

vIpl/(2r2G) 5 a2GIp /(2l).

which has the same shape as the bar and then inflated. The resulting
three-dimensional surface provides the following: (1) The torque trans-
mitted is proportional to twice the volume under the inflated membrane,
and (2) the shear stress at any point is proportional to the slope of the
curve measured perpendicular to that slope. In recent years, several
other mathematical techniques have become widely used, especially
with the aid of faster computational methods available from electronic
computers.

By using finite-difference methods, the differential operators of the

)

0
67
55
63
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Fig. 5.2.49

The state of stress on an element taken from the surface of the shaft ,
as in Fig. 5.2.50, is pure shear. Pure tension exists at right angles to one
45° helix and pure compression at right angles to the opposite helix.

Reduced formulas for shafts of various sections are given in Table
5.2.11. When the ratio of shaft length to the largest lateral dimension in
the cross section is less than approximately 2, the end effects may drasti-
cally affect the torsional stresses calculated.

Failure under torsion in brittle materials is a tensile failure at right
angles to a helical element on the surface. Plastic materials twist off
squarely. Fibrous materials separate in long strips.

Torsion of Noncircular Sections When a section is not circular, the
unit stress no longer varies directly as the distance from the center.
Cross sections become warped, and the greatest unit stress usually
occurs at a point on the perimeter of the cross section nearest the axis of
twist; thus, there is no stress at the corners of square and rectangular
sections. The analyses become complex for noncircular sections, and
the methods for solution of design problems using them most often
admit only of approximations.

Fig. 5.2.50

Torsion problems have been solved for many different noncircular
cross sections by utilizing the membrane analogy, due to Prandtl, which
makes use of the fact that the mathematical treatment of a twisted bar is
governed by the same equations as for a membrane stretched over a hole

Table 5.2.10 Factors for Torsion of Rectangular Shafts (Fig. 5.2.51

b/b 1.00 1.50 1.75 2.00 2.50 3.0
aA 0.208 0.231 0.239 0.246 0.258 0.2
aB 0.208 0.269 0.291 0.309 0.336 0.3
b 0.141 0.196 0.214 0.229 0.249 0.2
governing equations are replaced with difference operators which are
related to the desired unknown values at a gridwork of points in the
outline of the cross section being investigated.

The finite-element method, commonly referred to as FEM, deals with a
spatial approximation of a complex shape which is then analyzed to
determine deformations, stresses, etc. By using FEM, the exact structure
is replaced with a set of simple structural elements interconnected at a
finite number of nodes. The governing equations for the approximate
structure can be solved exactly. Note that inasmuch as there is an exact
solution for an approximate structure, the end result must be viewed,
and the results thereof used, as approximate solutions to the real struc-
ture.

Using a finite-difference approach to Poisson’s partial differential
equation, which defines the stress functions for solid and hollow shafts
with generalized contours, along with Prandl’s membrane analogy, Isa-
kower has developed a series of practical design charts (ARRADCOM-
MISD Manual UN 80-5, January 1981, Department of the Army). Di-
mensionless charts and tables for transmitted torque and maximum
shearing stress have been generated. Information for circular shafts with
rectangular and circular keyways, external splines and milled flats, as
well as rectangular and X-shaped torsion bars, is presented.

Assuming the stress distribution from the point of maximum stress to
the corner to be parabolic, Bach derived the approximate expression,
SsM 5 9Mt /(2b2h) for a rectangular section, b by h, where h . b. For
closer results, the shearing stresses for a rectangular section (Fig. 5.2.51)
may be expressed SA 5 Mt/(aAb2h) and SB 5 Mt /(aBb2h). The angle of
twist for these shafts is u 5 Mtl/(bGb3h). The factors aA, aB, and b are
functions of the ratio h/b and are given in Table 5.2.10.

In the case of composite sections, such as a tee or angle, the torque that
can be resisted is Mt 5 GuSbhb3; the summation applies to each of the
rectangles into which the section can be divided. The maximum stress
occurs on the component rectangle having the largest b value. It is
computed from

SA 5 MtbAbA/(aAobhb3)

Torque, deflection, and work relations for some additional sections
are given in Table 5.2.11.

Fig. 5.2.51

4.00 5.00 6.00 8.00 10.0 `
0.282 0.291 0.299 0.307 0.312 0.333
0.378 0.392 0.402 0.414 0.421
0.281 0.291 0.299 0.307 0.312 0.333
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Table 5.2.11 Torsion of Shafts of Various Cross Sections
(For strength and stiffness of shafts, see Sec. 8.2)

Angular twist, u1

(length 5 1 in, radius 5 1 in)

In terms of tor- In terms of max
sional moment shear

Torsional
resisting
moment Work of torsion

Cross section Mt (V 5 volume)

p

16
d3Sv

Mt

GIP

5
32

pd4

Mt

G
2

Svmax

G

1

d

1

4

S2
v max

G
V

(Note 1)

p

16

D4 2 d4

D
Sv

32

p (D4 2 d4)

Mt

G
2

Svmax

G

1

D

1

4

S 2
v max

G

D2 1 d2

D2
V

(Note 2)

p

16
b2hSv

(h . b)

16

p

b2 1 h2

b3h3

Mt

G

Svmax

G

b2 1 h2

bh2

1

8

S2
v max

G

b2 1 h2

h2
V

(Note 3)

2⁄9b2hSv

(h . b)
3.6*

b2 1 h2

b3h3

Mt

G
0.8*

Svmax

G

b2 1 h2

bh2

4

45

S2
v max

G

b2 1 h2

h2
V

(Note 4)

2⁄9h3Sv 7.2
1

h4

Mt

G
1.6

Svmax

G

1

h

8

45

S2
v max

G
V

(Note 5)

b2

20
Sv 46.2

1

b4

Mt

G
2.31

Svmax

G

1

b

b3

1.09
Sv 0.967

1

b4

Mt

G
0.9

Svmax

G

1

b

*When h/b 5 1 2 4 8
Coefficient 3.6 becomes 5 3.56 3.50 3.35 3.21
Coefficient 0.8 becomes 5 0.79 0.78 0.74 0.71

NOTES: (1) Svmax
at circumference. (2) Svmax

at outer circumference. (3) Svmax
at A ; SvB 5 16Mt /pbh2. (4) Svmax

at middle of side h; in middle of b,
Sv 5 9Mt /2bh2. (5) Svmax

at middle of side.

COLUMNS

Members subjected to direct compression can be grouped into three
classes. Compression blocks are so short (slenderness ratios below 30)
that bending of member is unlikely. At the other limit , columns so
slender that bending is primary, are the long columns defined by Euler’s
theory. The intermediate columns, quite common in practice, are called
short columns.

Long columns and the more slender short columns usually fail by
buckling when the critical load is reached. This is a matter of instability;

when both are fixed, n 5 4; and when one end is fixed with the other
free, n 5 1⁄4. The slenderness ratio that separates long columns from
short ones depends upon the modulus of elasticity and the yield strength
of the column material. When Euler’s formula results in (Pcr /A) . Sy,
strength rather than buckling causes failure, and the column ceases to be
long. In round numbers, this critical slenderness ratio falls between 120
and 150. Table 5.2.12 gives additional facts concerning long columns.

Short Columns The stress in a short column may be considered
partly due to compression and partly due to bending. A theoretical
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that is, the column may continue to yield and deflect even though the
load is not increased above critical. The slenderness ratio is the unsup-
ported length divided by the least radius of gyration, parallel to which it
can bend.

Long columns are handled by Euler’s column formula,

Pcr 5 np2EI/ l2 5 np2EA/(l /r)2

The coefficient n accounts for end conditions. When the column is pivoted
at both ends, n 5 1; when one end is fixed and other rounded, n 5 2;
equation has not been derived. Empirical, though rational, expressions
are, in general, based on the assumption that the permissible stress must
be reduced below that which could be permitted were it due to compres-
sion only. The manner in which this reduction is made determines the
type of equation as well as the slenderness ratio beyond which the
equation does not apply. Figure 5.2.52 illustrates the situation. Some
typical formulas are given in Table 5.2.13.

EXAMPLE. A machine member unsupported for a length of 15 in has a square
cross section 0.5 in on a side. It is to be subjected to compression. What maximum
safe load can be applied centrally, according to the AISC formula? At the com-
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Table 5.2.12 Strength of Round-ended Columns according to Euler’s Formula*

Low- Medium-
Wrought carbon carbon

Material Cast iron iron† steel steel

Ultimate compressive strength, lb/in2 107,000 53,400 62,600 89,000
Allowable compressive stress, lb/in2 7,100 15,400 17,000 20,000

(maximum)
Modulus of elasticity 14,200,000 28,400,000 30,600,000 31,300,000
Factor of safety 8 5 5 5
Smallest I allowable at worst section, in4 Pl2 Pl2 Pl2 Pl2

17,500,000 56,000,000 60,300,000 61,700,000
Limit of ratio, l/r 50.0 60.6 59.4 55.6

Rectangle (r 5 b√1⁄12), l/b . 14.4 17.5 17.2 16.0
Circle (r 5 1⁄4d ), l/d . 12.5 15.2 14.9 13.9
Circular ring of small thickness (r 5 d√1⁄8), l/d . 17.6 21.4 21.1 19.7

* P 5 allowable load, lb; l 5 length of column, in; b 5 smallest dimension of a rectangular section, in; d 5 diameter of a circular section, in; r 5 least
radius of gyration of section.

† This material is no longer manufactured but may be encountered in existing structures and machinery.

Table 5.2.13 Typical Short-Column Formulas

Formula Material Code Slenderness ratio

Sw 5 17,000 2 0.485S l

rD2

Carbon steels AISC l/r , 20

Sw 5 16,000 2 70 ( l/r) Carbon steels Chicago l/r , 120

Sw 5 15,000 2 50S l

rD Carbon steels AREA l/r , 150

Sw 5 19,000 2 100 ( l/r) Carbon steels Am. Br. Co. 60 ,
l

r
, 120

Scr* 5 135,000 2
15.9

c
S l

r
D2

Alloy-steel tubing ANC
1

√cr
, 65

Sw 5 9,000 2 40S l

rD Cast iron NYC
l

r
, 70

Scr* 5 34,500 2
245

√c
S l

r
D 2017ST Aluminum ANC

1

√cr
, 94

Scr* 5 5,000 2
0.5

c
S l

r
D2

Spruce ANC
l

√cr
, 72

Scr* 5 SyF1 2
Sy

4np2E S l

rD2G Steels Johnson
l

r
, √2np2E

Sy

Scr*† 5
Sy

1 1
ec

r2
secS l

r √ P

4AED
Steels Secant

l

r
, critical

* Scr 5 theoretical maximum, c 5 end fixity coefficient,
c 5 2, both ends pivoted; c 5 2.86, one pivoted, other fixed;
c 5 4, both ends fixed; c 5 1, one end fixed, one end free.

† e is initial eccentricity at which load is applied to center of column cross section.

puted load, what size section (also square) would be needed, if it were to be
designed according to the AREA formula?

l /r 5 15/0.5/√12 5 104 [ short column

P/A 5 17,000 2 0.485 (104)2 5 11,730

or P 5 0.25 3 11,730 5 2,940 lb (1,335 kgf )

and
2,940

a2 # 15,000 2 50S15la

√12
D 5 15,000 2

2,600
a

thus a2 2 0.173a 2 0.196 5 0 or a 5 0.536 in (1.36 cm)

two bending moments, M1 due to longitudinal load (1 for compression
and 2 for tension), and M2 due to transverse load. M 5 M2 6 M1. Here
M1 5 Pf and f 5 CSb/2/(Ec).

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Combined Flexure and Longitudinal Force Figure 5.2.53 shows a
bar under flexure due to transverse and longitudinal loads. The maxi-
mum fiber stress S is made up of S0, due to the direct action of load P,
and Sb, due to the entire bending moment M. M is the algebraic sum of
 Fig. 5.2.52
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FOR THE CASE OF LONGITUDINAL COMPRESSION. SbI/c 5 M2 1
CPSbl2/(Eo), or Sb 5 M2c(I 2 CPl2/E). The maximum stress is S 5
Sb 1 S0 compression. The constant C for the case of Fig. 5.2.53 is de-
rived from the equations P9l /4 5 SbI/c and f 5 P9l3/(48EI ). Solving for
f ; f 5 1⁄12 Sbl2/(Ec), or C 5 1⁄12. For a beam supported at the ends and
uniformly loaded, C 5 5⁄48. Other cases can be similarly calculated.

FOR THE CASE OF LONGITUDINAL TENSION. M 5 M2 2 Pf, and Sb 5
M2c/(I 1 CPl 2/E). The maximum stress is S 5 Sb 1 S0, tension.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 5.2.53

ECCENTRIC LOADS

When short blocks are loaded eccentrically in compression or in tension,
i.e., not through the center of gravity (cg), a combination of axial and
bending stress results. The maximum unit stress SM is the algebraic sum
of these two unit stresses.

In Fig. 5.2.54 a load P acts in a line of symmetry at the distance e
from cg; r 5 radius of gyration. The unit stresses are (1) Sc , due to P, as
if it acted through cg, and (2) Sb , due to the bending moment of P acting
with a leverage of e about cg. Thus unit stress S at any point y is

S 5 Sc 6 Sb

5 P/A 6 Pey/I
5 Sc (1 6 ey/r2)

y is positive for points on the same side of cg as P, and negative on the
opposite side. For a rectangular cross section of width b, the maximum
stress SM 5 Sc (1 1 6e/b). When P is outside the middle third of width b
and is a compressive load, tensile stresses occur.

For a circular cross section of diameter d, SM 5 Sc (1 1 8e/d). The
stress due to the weight of the solid will modify these relations.

NOTE. In these formulas e is measured from the gravity axis, and
gives tension when e is greater than one-sixth the width (measured in
the same direction as e), for rectangular sections; and when greater than
one-eighth the diameter for solid circular sections.

If, as in certain classes of masonry construction, the material cannot
withstand tensile stress and thus no tension can occur, the center of mo-
ments (Fig. 5.2.55) is taken at the center of stress. For a rectangular
section, P acts at distance k from the nearest edge. Length under com-
pression 5 3k, and SM 5 2⁄3P/(hk). For a circular section, SM 5
[0.372 1 0.056(k/r)]P/k √rk, where r 5 radius and k 5 distance of P
from circumference. For a circular ring, S 5 average compressive stress
on cross section produced by P ; e 5 eccentricity of P ; z 5 length of
diameter under compression (Fig. 5.2.56). Values of z/r and of the ratio
of Smax to average S are given in Tables 5.2.14 and 5.2.15.
Fig. 5.2.57
Fig. 5.2.54

CHIMNEY PROBLEM. Weight of chimney 5 563,000 lb; e 5 1.56 ft; OD of
chimney 5 10 ft 8 in; ID 5 6 ft 61⁄2 in. Overturning moment 5 Pe 5 878,000
ft ? lb, r1 /r 5 0.6. e/r 5 0.29. This gives z/r . 2. Therefore, the entire area of the
base is under compression. Area under compression 5 55.8 ft2; I 5 546; S 5
563,000/55.8 6 (878,000 3 5.33)/546 5 18,700 (max) and 1,500 (min) lb com-
pression per ft2. From Table 5.2.15, by interpolation, Smax/Sav 5 1.85. [ Smax 5
(563,000/55.8) 3 1.85 5 18,685 lb/ft2 (91,313 kgf/m2).

The kern is the area around the center of gravity of a cross section
within which any load applied will produce stress of only one sign
throughout the entire cross section. Outside the kern, a load produces
stresses of different sign. Figure 5.2.57 shows kerns (shaded) for
various sections.

For a circular ring, the radius of the kern r 5 D[1 1 (d/D)2]/8.

Fig. 5.2.55 Fig. 5.2.56
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Table 5.2.14 Values of the Ratio z/r (Fig. 5.2.56)

r1

re

r 0.0 0.5 0.6 0.7 0.8 0.9 1.0

e

r

0.25 2.00 0.25
0.30 1.82 0.30
0.35 1.66 1.89 1.98 0.35
0.40 1.51 1.75 1.84 1.93 0.40
0.45 1.37 1.61 1.71 1.81 1.90 0.45

0.50 1.23 1.46 1.56 1.66 1.78 1.89 2.00 0.50
0.55 1.10 1.29 1.39 1.50 1.62 1.74 1.87 0.55
0.60 0.97 1.12 1.21 1.32 1.45 1.58 1.71 0.60
0.65 0.84 0.94 1.02 1.13 1.25 1.40 1.54 0.65
0.70 0.72 0.75 0.82 0.93 1.05 1.20 1.35 0.70

0.75 0.59 0.60 0.64 0.72 0.85 0.99 1.15 0.75
0.80 0.47 0.47 0.48 0.52 0.61 0.77 0.94 0.80
0.85 0.35 0.35 0.35 0.36 0.42 0.55 0.72 0.85
0.90 0.24 0.24 0.24 0.24 0.24 0.32 0.49 0.90
0.95 0.12 0.12 0.12 0.12 0.12 0.12 0.25 0.95

Table 5.2.15 Values of the Ratio Smax/Savg
(In determining S average, use load P divided by total area of cross section)

r1

r
e

r 0.0 0.5 0.6 0.7 0.8 0.9 1.0

e

r

0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00
0.05 1.20 1.16 1.15 1.13 1.12 1.11 1.10 0.05
0.10 1.40 1.32 1.29 1.27 1.24 1.22 1.20 0.10
0.15 1.60 1.48 1.44 1.40 1.37 1.33 1.30 0.15
0.20 1.80 1.64 1.59 1.54 1.49 1.44 1.40 0.20

0.25 2.00 1.80 1.73 1.67 1.61 1.55 1.50 0.25
0.30 2.23 1.96 1.88 1.81 1.73 1.66 1.60 0.30
0.35 2.48 2.12 2.04 1.94 1.85 1.77 1.70 0.35
0.40 2.76 2.29 2.20 2.07 1.98 1.88 1.80 0.40
0.45 3.11 2.51 2.39 2.23 2.10 1.99 1.90 0.45

0.50 3.55 2.80 2.61 2.42 2.26 2.10 2.00 0.50
0.55 4.15 3.14 2.89 2.67 2.42 2.26 2.17 0.55
0.60 4.96 3.58 3.24 2.92 2.64 2.42 2.26 0.60
0.65 6.00 4.34 3.80 3.30 2.92 2.64 2.42 0.65
0.70 7.48 5.40 4.65 3.86 3.33 2.95 2.64 0.70

0.75 9.93 7.26 5.97 4.81 3.93 3.33 2.89 0.75
0.80 13.87 10.05 8.80 6.53 4.93 3.96 3.27 0.80
0.85 21.08 15.55 13.32 10.43 7.16 4.50 3.77 0.85
0.90 38.25 30.80 25.80 19.85 14.60 7.13 4.71 0.90
0.95 96.10 72.20 62.20 50.20 34.60 19.80 6.72 0.95
1.00 ` ` ` ` ` ` ` 1.00

For a hollow square (H and h 5 lengths of outer and inner sides), the
kern is a square similar to Fig. 5.2.57a, where

rmin 5
H

6

1

√2
F1 1S h

H
D2G 5 0.1179HF1 1S h

H
D2G

For a hollow octagon Ra and Ri 5 radii of circles circumscribing
the outer and inner sides; thickness of wall 5 0.9239(Ra 2 Ri ), the
kern is an octagon similar to Fig. 5.2.57c, where 0.2256R becomes
0.2256Ra[1 1 (Ri/Ra )2].

CURVED BEAMS

The application of the flexure formula for a straight beam to the case of
a curved beam results in error. When all ‘‘fibers’’ of a member have the
same center of curvature, the concentric or common type of curved beam
exists (see Fig. 5.2.58). Such a beam is defined by the Winkler-Bach
theory. The stress at a point y units from the centroidal axis is

S 5
M

AR F1 1
y

Z(R 1 y)G
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M is the bending moment, positive when it increases curvature; Y is
positive when measured toward the convex side; A is the cross-sectional
area; R is the radius of the centroidal axis; Z is a cross-section property
defined by

Z 5 2
1

A E y

R 1 y
dA

Analytical expressions for Z of certain sections are given in Table 5.2.16.

may be applied. This force must then be eliminated by equating it to
zero at the end.

EXAMPLE. A quadrant of radius R is fixed at one end as shown in Fig.
5.2.59b. The force F is applied in the radial direction at the free end B. Find the
deflection of B.

By moment area:

y 5 R sin u x 5 R(1 2 cos u)
ds 5 R du M 5 FR sin u

3 p/2 3

a

a

B

T
t
i

F

b
p
s
c
o
a
s
c
b
T
d
t
c
m
T
s
E

F
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Also Z can be found by graphical integration methods (see any advanced

Fig. 5.2.58

strength book). The neutral surface shifts toward the center of curvature,
or inside fiber, an amount equal to e 5 ZR/(Z 1 1). The Winkler-Bach
theory, though practically satisfactory, disregards radial stresses as well
as lateral deformations and assumes pure bending. The maximum stress
occurring on the inside fiber is S 5 Mhi /(AeRi ), while that on the out-
side fiber is S 5 Mh0 /(AeR0).

EXAMPLE. A split steel ring of rectangular cross section is subjected to a
diametral force of 1,000 lb as shown in Fig. 5.2.59a. Compute the stress at the
point 0.5 in from the outside fiber on plane mm. Also compute the maximum stress.

Z 5 2 1 1
R

h
ln

R 1 C

R 2 C

5 2 1 1
10

4
ln

10 1 2

10 2 2
5 0.0133

S1.5 5
M

AR F1 1
y

Z (R 1 y)G 1
F

A

5
2 1,000 3 10

8 3 10 F1 1
1.5

0.0133(10 1 1.5)G 1
1,000

8

5 2 1,250 1 125 5 2 1,125 lb/in2 (compr.)(79 kgf/cm2)

SM 5
2 1,000

8 F1 1
2 2

0.0133 (10 2 2)G 1
1,000

8

5 2,230 1 125 5 2,355 lb/in2 (166 kgf/cm2)

or e 5
ZR

Z 1 1
5

0.0133 3 10

0.0133 1 1
5 0.131

and SM 5
Mhi

AeRi

1
F

A
5

1,000 3 10 3 1.87

8 3 0.131 3 8
1

1,000

8

5 2,355 lb/in2 (166 kgf/cm2)

The deflection in curved beams can be computed by means of the
moment-area theory. If the origin of axes is taken at the point whose
deflection is wanted, it can be shown that the component displacements
in the x and y directions are

Dx 5 Es

0

My ds

EI
and D y 5 Es

0

Mx ds

EI

The resultant deflection is then equal to D0 5 √Dx
2 1 D2

y in the direction
defined by tan u 5 Dy /Dx . Deflections can also be found conveniently
by use of Castigliano’s theorem. It states that in an elastic system the
displacement in the direction of a force (or couple) and due to that force
(or couple) is the partial derivative of the strain energy with respect to
the force (or couple). Stated mathematically, Dz 5 U/Fz. If a force
does not exist at the point and/or in the direction desired, a dummy force
BD x 5
FR

EI E
0

sin2 du 5
pFR

4EI

BD y 5
FR3

EI Ep/2

0

sin u (1 2 cos u) du 5 2
FR3

2EI

nd DB 5
FR3

2EI √1 1
p2

4

t ux 5 tan2 1S2
FR3

2EI
3

4EI

pFR3D 5 tan2 1
2

p
5 32.5°

y Castigliano:

BD x 5
U

F
5



Fx
Ep/2

0

F2R3

2EI
sin2u du 5

pFR3

4EI

BD y 5
U

Fy

5


Fy
Ep/2

0

[FR sin u 2 FyR (1 2 cos u)]2 R du

2EI

5 2
FR3

2EI

he Fy , assumed downward, is equated to zero, after the integration and differen-
iation are performed to find BDy . The remainder of the computation is exactly as
n the moment-area method.

ig. 5.2.59

Eccentrically Curved Beams These beams (Fig. 5.2.60) are
ounded by arcs having different centers of curvature. In addition, it is
ossible for either radius to be the larger one. The one in which the
ection depth shortens as the central section is approached may be
alled the arch beam. When the central section is the largest, the beam is
f the crescent type. Crescent I denotes the beam of larger outside radius
nd crescent II of larger inside radius. The stress at the central section of
uch beams may be found from S 5 KMC/I. In the case of rectangular
ross section, the equation becomes S 5 6KM/(bh2) where M is the
ending moment, b is the width of the beam section, and h its height.
he stress factors K for the inner boundary, established from photoelastic
ata, are given in Table 5.2.17. The outside radius is denoted by Ro and
he inside by Ri . The geometry of crescent beams is such that the stress
an be larger in off-center sections. The stress at the central section deter-
ined above must then be multiplied by the position factor k, given in
able 5.2.18. As in the concentric beam, the neutral surface shifts
lightly toward the inner boundary (see Vidosic, Curved Beams with
ccentric Boundaries, Trans. ASME, 79, pp., 1317–1321).

ig. 5.2.60
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Table 5.2.16 Analytical Expressions for Z

Section Expression

Z 5 2 1 1
R

h
ln

R 1 C

R 2 C

Z 5 2 1 1 2SR

rDFR

r
2 √SR

rD
2

2 1G

Z 5 2 1 1
R

A Ft ln(R 1 C1 ) 1 (b 2 t) ln(R 2 C3 ) 2 b ln(R 2 C3 )G
A 5 tC1 2 (b 2 t)C3 1 bC2

Z 5 2 1 1
R

A Fb ln
R 1 C2

R 2 C2

1 (t 2 b) ln
R 1 C1

R 2 C1
G

A 5 2[(t 2 b)C1 1 bC2]

Table 5.2.17 Stress Factors for Inner Boundary at Central Section
(See Fig. 5.2.60)

1. For the arch-type beams

(a) K 5 0.834 1 1.504
h

Ro 1 Ri

if
Ro 1 Ri

h
, 5.

(b) K 5 0.899 1 1.181
h

Ro 1 Ri

if 5 ,
Ro 1 Ri

h
, 10.

(c) In the case of larger section ratios use the equivalent beam solution.

Table 5.2.18 Crescent-Beam Position Stress Factors
(See Fig. 5.2.60)

kAngle
u,

deg Inner Outer

10 1 1 0.055H/h 1 1 0.03H/h
20 1 1 0.164H/h 1 1 0.10H/h
30 1 1 0.365H/h 1 1 0.25H/h
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2. For the crescent I-type beams

(a) K 5 0.570 1 1.536
h

Ro 1 Ri

if
Ro 1 Ri

h
, 2.

(b) K 5 0.959 1 0.769
h

Ro 1 Ri

if 2 ,
Ro 1 Ri

h
, 20.

(c) K 5 1.092S h

Ro 1 Ri
D0.0298

if
Ro 1 Ri

h
. 20.

3. For the crescent II-type beams

(a) K 5 0.897 1 1.098
h

Ro 1 Ri

if
Ro 1 Ri

h
, 8.

(b) K 5 1.119S h

Ro 1 Ri
D0.0378

if 8 ,
Ro 1 Ri

h
, 20.

(c) K 5 1.081S h

Ro 1 Ri
D0.0270

if
Ro 1 Ri

h
. 20.
40 1 1 0.567H/h 1 1 0.467H/h

50 1.521 2
(0.5171 2 1.382H/h)1⁄2

1.382
1 1 0.733H/h

60 1.756 2
(0.2416 2 0.6506H/h)1⁄2

0.6506
1 1 1.123H/h

70 2.070 2
(0.4817 2 1.298H/h)1⁄2

0.6492
1 1 1.70H/h

80 2.531 2
(0.2939 2 0.7084H/h)1⁄2

0.3542
1 1 2.383H/h

90 1 1 3.933H/h

NOTE: All formulas are valid for 0 , H/h # 0.325. Formulas for the inner bound-
ary, except for 40 deg, may be used to H/h # 0.36. H 5 distance between centers.

IMPACT

A force or stress is considered suddenly applied when the duration of
load application is less than one-half the fundamental natural period of
vibration of the member upon which the force acts. Under impact, a
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compression wave propagates through the member at a velocity c 5

√E/r, where r is the mass density. As this compression wave travels
back and forth by reflection from one end of the bar to the other, a
maximum stress is produced which is many times larger than what it
would be statically. An exact determination of this stress is most diffi-
cult. However, if conservation of kinetic and strain energies is applied,
the impact stress is found to be

W 3W

on another. Forces due to gravity, inertia, magnetism, etc., which act
over the entire volume of a body, are called body forces. Both surface
and body forces can be best handled if resolved into three orthogonal
components. Surface forces are thus designated X, Y, and Z, while body
forces are labeled X, Y, and Z.

In general, there exists a normal stress s and a shearing stress t at
each point of a loaded member. It is convenient to deal with components
of each of these stresses on each of six orthogonal planes that bound the
point element. Thus there are at each point six stress components, s , s ,
s
i
n

a

T
d

p
t

a

T
t

p
o
i
j
s
p
A
s
c
p
s
t
c
o

a

S
fi
i

I
t

N
w
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S9 5 S √Wb
S3W 1 Wb

D
The weight of the striking mass is here denoted by W, that of the struck
bar by Wb , while S is the static stress, W/A (A is the cross-sectional area
of the bar). Above is the case of sudden impact. When the ratio W/Wb is
small, the stress computed by the above equation may be erroneous. A
better solution of this problem may result from

S9 5 S 1 S √ W

Wb

1
2

3

If a weight W falls a distance h before striking a bar of mass Wb ,
energy conservation will yield the relation

S9 5 SS1 1 √1 1
2h

e
3

3W

3W 1 Wb
D

The elongation e 5 «l 5 SI /E. When the striking mass W is assumed
rigid, the elasticity factor is taken equal to 1. Thus the equation becomes

S9 5 S (1 1 √1 1 2h/e)

If, in addition, h is taken equal to zero (sudden impact), the radical equals
1, and so the stress becomes S9 5 2S. Since Hooke’s law is applicable,
the relations

e9 5 e (1 1 √1 1 2h/e) and e9 5 2e

are also true for the same conditions.
The expression may be converted, by using v2 5 2gh, to

S9 5 S [1 1 √1 1 v2/(eg)]

This might be called the energy impact form. If the natural frequency fn of
the bar is used, the stress equation is

S9 5 S (1 1 √1 1 0.204hf 2
n)

In general, the maximum impact stress in a beam and a shaft can be
approximated from the simplified falling-weight equation. It is neces-
sary, though, to substitute the maximum deflection y for e, in the case of
beams, and for the angle of twist u in the case of shafts. Of course S 5
Mc/I and Mtc/J, respectively. Thus

S9 5 SF1 1 √1 1
2h

y (or u)G
For a more exact solution, elastic yield in each member must be consid-
ered. The theory then yields

S9 5 SF1 1 √1 1
2h

y S 35W

35W 1 17Wb
DG

for a simply supported beam struck in the middle by a weight W.

THEORY OF ELASTICITY

Loaded members in which the stress distribution cannot be estimated
fail of solution by elementary strength-of-material methods. To such
cases, the more advanced mathematical principles of the theory of elas-
ticity must be applied. When this is not possible, experimental stress
analysis has to be used. Because of the complexity of solution, only
some of the more practical problems have been solved by the theory of
elasticity. The more general concepts and methods are presented.

Two kinds of forces may act on a body. Surface forces are distributed
over the surface as the result of, for instance, the pressure of one body
x y

z , tyx 5 txy , txz 5 tzx, and tyz 5 tzy . Similarly, if the normal unit strain
s designated by the letter « and shearing unit strain by g, the six compo-
ents of strain are defined by

«x 5 u/x «y 5 v/y «z 5 w/z
gxy 5 u/y 1 v/x gyz 5 v/z 1 w/y

nd gxz 5 u/z 1 w/x

he elastic displacements of particles on the body in the x, y, and z
irections are identified as the u, v, and w components, respectively.
Since metals have the usually assumed elastic as well as isotropic

roperties, Hooke’s law holds. Therefore, the interrelationships be-
ween stress and strain can easily be obtained.

«x 5
1

E
[sx 2 m(sy 1 sz )]

«y 5
1

E
[sy 2 m(sx 1 sz )]

«z 5
1

E
[sz 2 m(sx 1 sy )]

gxy 5 txy /G gxz 5 txz /G
nd gyz 5 tyz /G

he general case of strain can be obtained by superposing the elonga-
ion strains upon the shearing strains.

Problems depending upon theories of elasticity are considerably sim-
lified if the stresses are all parallel to one plane or if all deformations
ccur in planes perpendicular to the length of the member. The first case
s one of plane stress, as when a thin plate of uniform thickness is sub-
ected to central, boundary forces parallel to the plane of the plate. The
econd is a case of plane strain, such as a gate subjected to hydrostatic
ressure, the intensity of which does not vary along the gate’s length.
ll particles therefore displace at right angles to the length, and so cross

ections remain plane. In plane-stress problems, three of the six stress
omponents vanish, thus leaving only sx , sy , and txy . Similarly, in
lane strain, only «x , «y , and gxy will not equal zero; thus the same three
tresses sx , sy , and txy remain to be considered. Plane problems can
hus be represented by the element shown in Fig. 5.2.61. Equilibrium
onsiderations applied to this particle result in the differential equations
f equilibrium which reduce to

sx

x
1

txy

y
1 X 5 0

nd
sy

y
1

txy

x
1 Y 5 0

ince the two differential equations of equilibrium are insufficient to
nd the three stresses, a third equation must be used. This is the compat-

bility equation relating the three strain components. It is

2«x

y2
1

2«y

x2
5

2gxy

x y

f strains are expressed in terms of the stresses, the compatibility equa-
ion becomes

S 2

x2
1

2

y2D (sx 1 sy) 5 0

ow, in any two-dimensional problem, the compatibility equation along
ith the differential equilibrium equations must be simultaneously
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solved for the three unknown stresses. This is accomplished using stress
functions, which permit the integration and satisfy boundary conditions
in each particular situation.

CYLINDERS AND SPHERES

A thin-wall cylinder has a wall thickness such that the assumption of
constant stress across the wall results in negligible error. Cylinders
having internal-diameter-to-thickness (D/t) ratios greater than 10 are
usually considered thin-walled. Boilers, drums, tanks, and pipes are
often treated as such. Equilibrium equations reveal the circumferential,
or hoop, stress to be S 5 pr/t under an internal pressure p (see Fig.
5.2.62). If the cylinder is closed at the ends, a longitudinal stress of
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Fig. 5.2.61

In three-dimensional problems, the third dimension must be consid-
ered. This results in three differential equations of equilibrium, as well
as three compatibility equations. The six stress components can thus be
found. The complexity involved in the solution of these equations is
such, however, that only a few special cases have been solved.

In certain problems, such as rotating circular disks, polar coordinates
become more convenient. In such cases, the stress components in a
two-dimensional field are the radial stress sr , the tangential stress su ,
and the shearing stress tru . In terms of these stresses the polar differential
equations become

sr

r
1

1

r

tru

u
1

sr 2 su

r
1 R 5 0

and
1

r

su

u
1

tru

r
1

2tru

r
5 0

The body force per unit volume is represented by R. The compatibility
equation in polar coordinates is

S 2

r2
1

1

r



r
1

1

r2

2

u2D S2f

r2
1

1

r

f

r
1

1

r2

2f

u2D 5 0

f is again a stress function of r and u that will provide a solution of the
differential equations and satisfy boundary conditions. As an example,
the exact solution of a simply supported beam carrying a uniformly dis-
tributed load w yields

sx 5
w

2I
(I2 2 x2) y 1

w

2I S2y3

3
2

2c2y

5 D
The origin of coordinates is at the center of the beam, 2c is the beam
depth, and 2l is the span length. Thus the maximum stress at x 5 0 and

y 5 c is sx 5
wl2c

2I
1

2

15

wc3

I
. The first term represents the stress as

obtained by the elementary flexure theory; the second is a correc-
tion. The second term becomes negligible when c is small compared
to l.

The important case of a flat plate of unit width with a circular hole of
diameter 2a at its center, subjected to a uniform tensile load, has been
solved using polar coordinates. If S is the uniform stress at some dis-
tance from the hole, r is measured from the center of the hole, and u is
the angle of r with respect to the longitudinal axis of the member, the
stresses are

sr 5
S

2 S1 2
a2

r2D 1
S

2 S1 1
3a4

r4
2

4a2

r2 D cos 2u

su 5
S

2 S1 1
a2

r2D 2
S

2 S1 1
3a4

r4 D cos 2u

tru 5 2
S

2 S1 2
3a4

r4
1

2a2

r2 D sin 2u
pr/(2t) is developed. The tensile stress developed in a thin hollow
sphere subjected to internal pressure is also pr/(2t).

Fig. 5.2.62

When thin-walled cylinders, such as vacuum tanks and submarines,
are subjected to external pressure, collapse becomes the mode of failure.
The shell is assumed perfectly round and of uniform thickness, the
material obeys Hooke’s law, the radial stress is negligible, and the nor-
mal stress distribution is linear. Other, lesser assumptions are also
made. Using the theory of elasticity, R. G. Sturm (Univ. Ill. Eng. Exp.
Stn. Bull., no 12, Nov. 11, 1941) derived the collapsing pressure as

Wc 5 KES t

D
D3

lb/in2

The factor K, a numerical coefficient, depends upon the L/R and D/t
ratios (D is outside-shell diameter), the kind of end support, and
whether pressure is applied radially only, or at the ends as well. Figures
5.2.63 to 5.2.66, reproduced from the bulletin, supply the K values. N on
these charts indicates the number of lobes into which the shell collapses.
These values are for materials having Poisson’s ratio m 5 0.3. It may
also be pointed out that in the case of long cylinders (infinitely long,
theoretically) the value of K approaches 2/(1 2 m2).

Fig. 5.2.63 Radial external pressure with simply supported edges.

When the cylinder is stiffened with rings, the shell may be assumed to
be divided into a series of shorter shells, equal in length to the ring
spacing. The previous equation can then be applied to a ring-to-ring
length of cylinder. However, the flexural rigidity of the combined
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stiffener and shell EIc necessary to withstand the pressure is EIc 5
WsD3Ls /24. Ws is the pressure, Ls the length between rings, and Ic the
combined moment of inertia of the ring and that portion of the shell
assumed acting with the ring.

shown in Fig. 5.2.67b and the equation is integrated, the general tangen-
tial and radial stress relations, called the Lamé equations, are derived.

St 5
r2

1p1 2 r2
2p2 1 ( p1 2 p2)r2

1r2
2 /r2

r2
2 2 r2

1

and Sr 5
r2

1p1 2 r2
2p2 2 (p1 2 p2)r2

1r2
2 /r2

r2
2 2 r2

1

When the external pressure p 5 0, the equations reduce to

a

F

A

T

S
r

D
i

I

I
e
i
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Fig. 5.2.64 Radial external pressure with fixed edges.

In some instances, cylinders collapse only after a stress in excess of
the elastic limit has been reached; that is, plastic range stresses are
present. In such cases the same equation applies, but the modulus of
elasticity must be modified.

When the average stress Sa is less than the proportional limit Sp , and
the maximum stress (direct, plus bending) is S, the modified modulus

E9 5 EF1 2
1

4 S S 2 Sl

Su 2 Sa
D2G

Su is the modulus of rupture. When the average stress is larger than the
proportional limit, the modified modulus is taken as the tangent at the
average stress.

Fig. 5.2.65 Radial and end external pressure with simply supported edges.

In thick-walled cylinders (Fig. 5.2.67a) the circumferential, hoop, or
tangential stress St is not uniform. In addition a radial stress Sr is present.
When equilibrium is applied to the annulus taken out of Fig. 5.2.67a and
2

St 5
r2

1p1

r2
2 2 r2

1
S1 1

r2
2

r2D
nd Sr 5

r2
1p1

r2
2 2 r2

1
S1 2

r2
2

r2D

ig. 5.2.66 Radial and end external pressure with fixed edges.

t the inner boundary the tangential elongation «t is equal to

«t 5 (St 2 mSr )/E

he increase in the bore radius Dr1 resulting therefrom is

Dr1 5
r1 p1

Eh
S1 1 r2

1 /r2
2

1 2 r2
1 /r2

2

1 mD
imilarly a solid shaft of r radius under external pressure p2 will have its
adius decreased by the amount

Dr 5 2
rp2

Es

(1 2 m)

In the case of a press or shrink fit, p1 5 p2 5 p. The sum of Dr1 and
r1 absolute is the radial interference; twice this sum is the diametral

nterference D or

D 5 2r1 pF 1

Eh
S1 1 r2

1 /r2
2

1 2 r2
1 /r2

2

1 mD 1
1 2 m

Es
G

f the hub and shaft materials are the same, Eh 5 Es 5 E, and

D 5
4r1r2

2 p

E (r2
2 2 r2

1)

f the equation is solved for p and this value is substituted in Lamé’s
quation, the maximum tangential stress on the inner surface of the hub
s found to be

St 5
ED

4r1r2
2

(r2
2 1 r2

1)
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PRESSURE BETWEEN BODIES
WITH CURVED SURFACES

(See Hertz, ‘‘Gesammelte Werke,’’ vol. 1, pp. 159 et seq., Barth.)

Two Spheres The radius A of the compressed area is obtained from
the formula A3 5 0.68P(c1 1 c2)/(1/r1 1 1/r2), in which P is the com-
pressing force, c1 and c2 (5 1/E1 and 1/E2) are reciprocals of the re-
spective moduli of elasticity, and r1 and r2 are the radii. (Reciprocal of
Poisson’s ratio is assumed to be n 5 10/3.) The greatest contact pressure
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Fig. 5.2.67

EXAMPLE. The barrel of a field gun has an outside diameter of 9 in and a bore
of 4.7 in. An internal pressure of 16,000 lb/in2 is developed during firing. What
maximum stress occurs in the barrel? An investigation of Lamé’s equations for
internal pressure reveals the maximum stress to be the tangential one on the inner
surface. Thus,

St 5 p1

r2
1 1 r2

2

r2
2 2 r2

1

5
16,000 (2.352 1 4.52)

4.52 2 2.352

5 28,000 lb/in2 (1,972 kgf/cm2)

Oval Hollow Cylinders In Fig. 5.2.68, let a and b be the semiminor
and semimajor axes. The bending moments at A and C will then be

M0 5 pa2/2 2 pIx /(2S) 2 pIy /(2S)
M1 5 M0 2 p(a2 2 b2)/2

where Ix and Iy are the moments of inertia of the arc AC about the x and y
axes, respectively. The bending moment at any point will be

M 5 M0 2 pa2/2 1 px2/2 1 py2/2

Thick Hollow Spheres With an internal pressure p, where p ,
T/0.65.

r2 5 r1[(T 1 0.4p)/(T 2 0.65p)]1/3

The maximum tensile stress is on the inner surface, in the direction of
the circumference. With an external pressure p, where p , T/1.05,

r2 5 r1[T/(T 2 1.05p)]1/3

In both cases T is the true stress.

Fig. 5.2.68
in the middle of the compressed surface will be Smax 5 1.5(P/pA2), and

S3
max 5 0.235P(1/r1 1 1/r2)2/(c1 1 c2)2

The total deformation of the two spheres will be Y, which is obtained
from

Y 3 5 0.46P2(c1 1 c2)2(1/r1 1 1/r2)

For c1 5 c2 5 1/E, i.e., two spheres with the same modulus of elasticity, it
follows that A3 5 1.36 P/E(1/r1 1 1/r2), S3

max 5 0.059PE2(1/r1 1
1/r2)2, and Y 3 5 1.84P2(1/r1 1 1/r2)/E2. If the radii of these spheres are
also equal, A3 5 0.68Pr/E 5 0.34Pd/E; S3

max 5 0.235PE2/r2 5
0.94PE2/d2; and Y 3 5 3.68P2/(E2r) 5 7.36P2/(E2d).

Sphere and Flat Plate In this case r1 5 r and r2 5 `, and the above
formulas become A3 5 0.68Pr(c1 1 c2) 5 1.36Pr/E, and

S3
max 5 0.235P/[r2(c1 1 c2)2] 5 0.059PE2/r2

Y 3 5 0.46P2(c1 1 c2)2/r 5 1.84P2/(E2r)

Two Cylinders The width b of the rectangular pressure surface is
obtained from (b/4)2 5 0.29P(c1 1 c2)/l[(1/r1) 1 (1/r2)], where r1 and
r2 are the radii, and l the length

S2
max 5 [4P/(pbl)]2 5 0.35P(1/r1 1 1/r2)/l(c1 1 c2)]

For cylinders with the same moduli of elasticity, c1 5 c2 5 1/E, and
(b/4)2 5 0.58P/El[(1/r1) 1 (1/r2)]; and S2

max 5 0.175PE(1/r1 1 1/r2)/l.
When r1 5 r2 5 r, (b/4)2 5 0.29Pr/(El ), and S2

max 5 0.35PE/(lr).
Cylinder and Flat Plate Here r1 5 r, r2 5 `, and the above formulas

reduce to (b/4)2 5 0.29Pr(c1 1 c2)/l 5 0.58Pr/(El), and

S2
max 5 0.35P/[lr(c1 1 c2)] 5 0.175PE/(lr)

For application to ball and roller bearings and to gear teeth, see Sec. 8.

FLAT PLATES

The analysis of flat plates subjected to lateral loads is very involved
because plates bend in all vertical planes. Strict mathematical deriva-
tions have therefore been accomplished only in some special cases.
Most of the available formulas contain some amount of rational empiri-
cism. Plates may be classified as (1) thick plates, in which transverse
shear is important; (2) average-thickness plates, in which flexure stress
predominates; (3) thin plates, which depend in part upon direct tension;
and (4) membranes, which are subject to direct tension only. However,
exact lines of demarcation do not exist.

The flat-plate formulas given apply primarily to symmetrically
loaded average-thickness plates of constant thickness. They are valid only
if the maximum deflection is small relative to the plate thickness; usu-
ally, y # 0.4t. In the mathematical analyses, allowance for stress redis-
tribution, because of slight local yielding, is usually not made. Since this
yielding, especially in ductile materials, is beneficial, the formulas gen-
erally err on the side of safety. Certain cases of symmetrically loaded
circular and rectangular plates are presented in Figs. 5.2.69 and 5.2.70.
The maximum stresses are calculated from

SM 5 k
w R2

t2
SM 5 k

P

t2
or SM 5 k

C

t2

The first equation is for a uniformly distributed load w, lb/in2; the
second supports a concentrated load P, lb; and the third a couple C, per
unit length, uniformly distributed along the edge. Combinations of these
loadings may be treated by superposition. The factors k and k1 are given
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Table 5.2.19 Coefficients k and k1 for Circular Plates
(m 5 0.3)

Case k k1

1 1.24 0.696
2 0.75 0.171
3 6.0 4.2

R/r

1.25 1.5 2 3 4 5

Case k k1 k k1 k k1 k k1 k k1 k k1

4 0.592 0.184 0.976 0.414 1.440 0.664 1.880 0.824 2.08 0.830 2.19 0.813
5 0.105 0.0025 0.259 0.0129 0.481 0.057 0.654 0.130 0.708 0.163 0.730 0.176
6 1.10 0.341 1.26 0.519 1.48 0.672 1.88 0.734 2.17 0.724 2.34 0.704
7 0.195 0.0036 0.320 0.024 0.455 0.081 0.670 0.171 1.00 0.218 1.30 0.238
8 0.660 0.202 1.19 0.491 2.04 0.902 3.34 1.220 4.30 1.300 5.10 1.310
9 0.135 0.0023 0.410 0.0183 1.04 0.0938 2.15 0.293 2.99 0.448 3.69 0.564

10 0.122 0.00343 0.336 0.0313 0.740 0.1250 1.21 0.291 1.45 0.417 1.59 0.492
11 0.072 0.00068 0.1825 0.005 0.361 0.023 0.546 0.064 0.627 0.092 0.668 0.112
12 6.865 0.2323 7.448 0.6613 8.136 1.493 8.71 2.555 8.930 3.105 9.036 3.418
13 6.0 0.196 6.0 0.485 6.0 0.847 6.0 0.940 6.0 0.801 6.0 0.658
14 0.115 0.00129 0.220 0.0064 0.405 0.0237 0.703 0.062 0.933 0.092 1.13 0.114
15 0.090 0.00077 0.273 0.0062 0.710 0.0329 1.54 0.110 2.23 0.179 2.80 0.234

in Tables 5.2.19 and 5.2.20; R is the radius of circular plates or one side
of rectangular plates, and t is the plate thickness.
[In Figs. 5.2.69 and 5.2.70, r 5 R for circular plates and r 5 smaller side
rectangular plates.]

The maximum deflection for the same cases is given by

yM 5 k1

wR4

Et3
yM 5 k1

PR2

Et3
and yM 5 k1

CR2

Et3

The factors k1 are also given in the tables. For additional information,
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including shells, refer to ASME Handbook, ‘‘Metals Engineering: De-
sign,’’ McGraw-Hill.

Fig. 5.2.69 Circular plates. Cases (4), (5), (6), (7), (8), and (13) have central
hole of radius r; cases (9), (10), (11), (12), (14), and (15) have a central piston of
radius r to which the plate is fixed.

THEORIES OF FAILURE

Material properties are usually determined from tests in which speci-
mens are subjected to simple stresses under static or fluctuating loads.
The attempt to apply these data to bi- or triaxial stress fields has resulted
Fig. 5.2.70 Rectangular and elliptical plates. [R is the longer dimension except
in cases (21) and (23).]

in the proposal of various theories of failure. Figure 5.2.71 shows the
principal stresses on a triaxially stressed element. It is assumed, for
simplicity, that S1 . S2 . S3 . Compressive stresses are negative.

1. Maximum-stress theory (Rankine) assumes failure occurs when the
largest principal stress reaches the yield stress in a tension (or compres-
sion) specimen. That is, S1 5 6 Sy .

2. Maximum-shear theory (Coulomb) assumes yielding (failure)
occurs when the maximum shearing stress equals that in a simple ten-
sion (or compression) specimen at yield. Mathematically, S1 2 S3 5
6 Sy .

3. Maximum-strain-energy theory (Beltrami) assumes failure occurs
when the energy absorbed per unit volume equals the strain energy per
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Table 5.2.20 Coefficients k and k1 for Rectangular and Elliptical Plates
(m 5 0.3)

R/r

1.0 1.5 2.0 3.0 4.0

Case k k1 k k1 k k1 k k1 k k1

16 0.287 0.0443 0.487 0.0843 0.610 0.1106 0.713 0.1336 0.741 0.1400
17 0.308 0.0138 0.454 0.0240 0.497 0.0277 0.500 0.028 0.500 0.028
18 0.672 0.140 0.768 0.160 0.792 0.165 0.798 0.166 0.800 0.166
19 0.500 0.030 0.670 0.070 0.730 0.101 0.750 0.132 0.750 0.139
20 0.418 0.0209 0.626 0.0582 0.715 0.0987 0.750 0.1276 0.750
21* 0.418 0.0216 0.490 0.0270 0.497 0.0284 0.500 0.0284 0.500 0.0284
22 0.160 0.0221 0.260 0.0421 0.320 0.0553 0.370 0.0668 0.380 0.0700
23* 0.160 0.0220 0.260 0.0436 0.340 0.0592 0.430 0.0772 0.490 0.0908
24 1.24 0.70 1.92 1.26 2.26 1.58 2.60 1.88 2.78 2.02
25 0.75 0.171 1.34 0.304 1.63 0.379 1.84 0.419 1.90 0.431

* Length ratio is r/R in cases 21 and 23.

unit volume in a tension (or compression) specimen at yield. Mathemat-
ically, S2

1 1 S2
2 1 S2

3 2 2m(S1S2 1 S2S3 1 S3S1) 5 S2
y .

4. Maximum-distortion-energy theory (Huber, von Mises, Hencky) as-
sumes yielding occurs when the distortion energy equals that in simple
tension at yield. The distortion energy, that portion of the total energy
which causes distortion rather than volume change, is

Ud 5
1 1 m

3E
(S2

1 1 S2
2 1 S2

3 2 S1S2 2 S2S3 2 S3S1)

above holds for fluctuating stresses, provided that principal stresses at the
maximum load are used and the endurance strength in simple bending is
substituted for the yield strength.

EXAMPLE. A steel shaft, 4 in in diameter, is subjected to a bending moment
of 120,000 in ? lb, as well as a torque. If the yield strength in tension is 40,000
lb/in2, what maximum torque can be applied under the (1) maximum-shear theory
and (2) the distortion-energy theory?

Sx 5
Mc

I
5

120,000 3 2

12.55
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Thus failure is defined by

S2
1 1 S2

2 1 S2
3 2 (S1S2 1 S2S3 1 S3S1) 5 S2

y

5. Maximum-strain theory (Saint-Venant) claims failure occurs when
the maximum strain equals the strain in simple tension at yield or S1 2
m(S2 1 S3) 5 Sy .

6. Internal-friction theory (Mohr). When the ultimate strengths in ten-
sion and compression are the same, this theory reduces to that of maxi-
mum shear. For principal stresses of opposite sign, failure is defined by
S1 2 (Suc /Su ) S2 5 2 Suc ; if the signs are the same S1 5 Su or 2 Suc ,
where Suc is the ultimate strength in compression. If the principal
stresses are both either tension or compression, then the larger one, say
S1 , must equal Su when S1 is tension or Suc when S1 is compression.

A graphical representation of the first four theories applied to a biaxial
stress field is presented in Fig. 5.2.72. Stresses outside the bounding
lines in the case of each theory mean failure (yield or fracture). A
comparison with experimental data proves the distortion-energy theory
(4) best for ductile materials of equal tension-compression properties.
When these properties are unequal, the internal friction theory (6) ap-
pears best. In practice, judging by some accepted codes, the maximum-

Fig. 5.2.71 Fig. 5.2.72

shear theory (2) is generally used for ductile materials, and the maxi-
mum-stress theory (1) for brittle materials.

Fatigue failures cannot be related, theoretically, to elastic strength
and thus to the theories described. However, experimental results justify
this, at least to a limited extent. Therefore, the theory evaluation given
5 19,100 lb/in2 Sxy 5
TC

J
5

T 3 2

25.1
5 0.0798T

and SM,m 5
Sx

2
6 √SSx

2D2

1 S2
xy

SM 2 Sm 5 Sy or 2 √S19,100

2 D2

1 (0.0798T)2 (1)

5 (40,000)2

or T 5 221,000 in ? lb (254,150 cm ? kgf)
S2

M 1 S2
m 2 SMSm 5 S2

y (2)

substituting and simplifying,

(9,550)2 1 3 √S19,100

2 D2

1 (0.0798T )2 5 (40,000)2

or T 5 255,000 in ? lb (293,250 cm ? kgf )

PLASTICITY

The reaction of materials to stress and strain in the plastic range is not
fully defined. However, some concepts and theories have been pro-
posed.

Ideally, a purely elastic material is one complying explicitly with
Hooke’s law. In a viscous material, the shearing stress is proportional to
the shearing strain. The purely plastic material yields indefinitely, but
only after reaching a certain stress. Combinations of these are the elasto-
viscous and the elastoplastic materials.

Engineering materials are not ideal, but usually contain some of the
elastoplastic characteristics. The total strain «t is the sum of the elastic
strain «o plus the plastic strain «p , as shown in Fig. 5.2.73, where the
stress-strain curve is approximated by two straight lines. The natural

strain, which is at the same time the total strain, is « 5 El

lo

dl /l 5

ln (l /lo ). In this equation, l is the instantaneous length, while lo is the
original length. In terms of the normal strain, the natural strain becomes
« 5 ln(1 1 «o ). Since it is assumed that the volume remains constant,
l/lo 5 Ao /A, and so the natural stress becomes S 5 P/A 5 (P/Ao )(1 1
«o ). Ao is the original cross-sectional area. If the natural stress is plotted
against strain on log-log paper, the graph is very nearly a straight line.
The plastic-range relation is thus approximated by S 5 K«n, where the
proportionality factor K and the strain-hardening coefficient n are deter-
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mined from best fits to experimental data. Values of K and n determined
by Low and Garofalo (Proc. Soc. Exp. Stress Anal., vol. IV, no. 2, 1947)
are given in Table 5.2.21.

and «3 5
Se

(12n)/n

K1/n S2
3

4
S1D 5 2 «1

The maximum-shear theory, which is applicable to a ductile material under com-
bined stress, is acceptable here. Thus rupture will occur at

S1 2 S3 5 Su, and

Se 5 √1

2 FSS1

2D2

1SS1

2D2

1 S1
2G 5 √3

4
S1

2 5S3

4
D1/2

Su

« 5
[(3/4)1/2Su](12n)/n S3

S D 5S3D110.229/0.458S 85,000D1/0.229

M

tm

d t
we

an

55,900 0.211
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Fig. 5.2.73

The geometry of Fig. 5.2.73 can be used to arrive at a second approx-
imate relation

S 5 So 1 («p 2 «o ) tan u 5 SoS1 2
H

ED 1 «p H

where H 5 tan u is a kind of plastic modulus.
The deformation theory of plastic flow for the general case of combined

stress is developed using the above concepts. Certain additional as-
sumptions involved include: principal plastic-strain directions are the
same as principal stress directions; the elastic strain is negligible com-
pared to plastic strain; and the ratios of the three principal shearing
strains—(«1 2 «2), («2 2 «3), («3 2 «1)—to the principal shearing
stresses—(S1 2 S2)/2, (S2 2 S3)/2, (S3 2 S1)/2—are equal. The rela-
tions between the principal strains and stresses in terms of the simple
tension quantities become

«1 5 «/S[S1 2 (S2 1 S3)/2]
«2 5 «/S[S2 2 (S3 1 S1)/2]
«3 5 «/S[S3 2 (S1 1 S2)/2]

If these equations are added, the plastic-flow theory is expressed:

S

«
5 √[(S1 2 S2)2 1 (S2 2 S3)2 1 (S3 2 S1)2]/2

2(«2
1 1 «2

2 1 «2
3)/3

In the above equation

√[(S1 2 S2)2 1 (S2 2 S3)2 1 (S3 2 S1)2]/2 5 Se

and √2(«2
1 1 «2

2 1 «2
3)/3 5 «e

are the effective, or significant, stress and strain, respectively,

EXAMPLE. An annealed, stainless-steel type 430 tank has a 41-in inside di-
ameter and has a wall 0.375 in thick. The ultimate strength of the stainless steel is
85,000 lb/in2. Compute the maximum strain as well as the pressure at fracture.

The tank constitutes a biaxial stress field where S1 5 pd/(2t), S2 5 pd/(4t), and
S3 5 0. Taking the power stress-strain relation

Se 5 K« e
n or «/S 5 Se

(12n)/n/K1/n

thus «1 5
Se

(12n)/n

K1/n S3

4
S1D« 5 0,

Table 5.2.21 Constants K and n for Sheet

Material Trea

0.05%C rimmed steel Annealed
0.05%C killed steel Annealed an
Decarburized 0.05%C steel Annealed in
0.05/0.07% phos. low C Annealed
SAE 4130 Annealed
SAE 4130 Normalized
Type 430 stainless Annealed
Alcoa 24-S Annealed

Reynolds R-301 Annealed
1 K1/n 4 u 4 143,000

5 0.0475 in/in (0.0475 cm/cm)

Since Su 5 S1 5
pd

2t
, then p 5

2tSu

d

or p 5
2 3 0.375 3 85,000

41
5 1,550 lb/in2 (109 kgf/cm2)

ROTATING DISKS

Rotating circular disks may be of various profiles, of constant or vari-
able thickness, with or without centrally and noncentrally located holes,
and with radial, tangential, and shearing stresses.

Solution starts with the differential equations of equilibrium and
compatibility and the subsequent application of appropriate boundary
conditions for the derivation of working-stress equations.

If the disk thickness is small compared with the diameter, the varia-
tion of stress with thickness can be assumed to be negligible, and sym-
metry eliminates the shearing stress. In the rotating case, the disk weight
is neglected, but its inertia force becomes the body-force term in the
equilibrium equations.

Thus solved, the stress components in a solid disk become

sr 5
3 1 m

8
rv2(R2 2 r2)

su 5
3 1 m

8
rv2R2 2

1 1 3m

8
rv2r2

where m 5 Poisson’s ratio; r 5 mass density, lb ? s2/in4; v 5 angular
speed, rad/s; R 5 outside disk radius; and r 5 radius to point in ques-
tion.

The largest stresses occur at the center of the solid disk and are

sr 5 su 5
3 1 m

8
rv2R2

A disk with a central hole of radius rh (no external forces) is subjected
to the following stresses:

sr 5
3 1 m

8
rv2SR2 1 r2

h 2
R2r2

h

r2
2 r2D

su 5
3 1 m

8
rv2SR2 1 r2

h 1
R2r2

h

r2
2

1 1 3m

3 1 m
r2D

The maximum radial stress sr|M occurs at r 5 √Rrh, and

sr|M 5
3 1 m

8
rv2(R 2 rh )2

aterials

ent K, lb/in2 n

77,100 0.261
empered 73,100 0.234
t H2 75,500 0.284

93,330 0.156
169,400 0.118

d tempered 154,500 0.156
143,000 0.229
48,450 0.211
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The largest tangential stress su |M exists at the inner boundary, and

su |M 5
3 1 m

4
rv2SR2 1

1 2 m

3 1 m
r2

hD
As the hole radius rh approaches zero, the tangential stress assumes a
value twice that at the center of a rotating solid disk, given above.

Stresses in Turbine Disks Explicit solutions for cases other than
those cited are not available; so approximate solutions, such as those

other property is changing rapidly. In cases of sudden or abrupt section
changes, it is best to fair in across the change; the material density
should, however, be adjusted to give a total mass equal to the actual. Six
to ten stations are often sufficient.

The modulus of elasticity has a significant effect, and its exact value
at the temperature of each station should be used. The coefficients of
thermal expansion are usually averaged for the temperature between the
station and at which no thermal stress occurs.

The first two Eqs. (5.2.2) and the last two must be worked simulta-
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proposed by Stodola, Thomson, Hetényi, and Robinson, are necessary.
Manson uses the calculus of finite differences. See commentary under
previous discussion of torsion for alternate methods of approximate
solution. The problem illustrated below is a prime example of the ele-
gance of the combination of approximate methods and electronic com-
puters, which allow a rapid solution to be obtained. The speed with
which the repetitive calculations are done allows equally rapid solutions
with changes in design variables.

The customary, simplifying assumptions of axial symmetry—no
variation of stress in the thickness direction and a completely elastic
stress situation—are made. The differential equations of equilibrium
and comparibility are rewritten in finite-difference form.

Solution of the finite-difference equations, appreciation of their linear
nature, and successive application of them yield the stresses at any
station in terms of those at a boundary station such as r0 . The equations
thus derived are

sr,n 5 Ar,nst,r0
1 Br,n

st,n 5 At,nst,r0
1 Bt,n

(5.2.1)

The finite-difference expressions yield Eqs. (5.2.2), which permit the
coefficients at station n to be computed from those at station n 2 1.

Ar,n 5 KnAr,n21 1 LnAt,n21

At,n 5 K9nAr,n21 1 L9nAt,n21 (5.2.2)Br,n 5 KnBr,n21 1 LnBt,n21 1 Mn

Bt,n 5 K9nBr,n21 1 L9nBt,n21 1 M9n

The coefficients at the first station can be established by inspection.
For a solid disk, for instance, where both stresses are equal to the tan-
gential stress at the center, the coefficients in Eqs. (5.2.1) are Ar,n 5
At,n 5 1 and Br,n 5 Bt,n 5 0. In the case of the disk with a central hole,
where sr,rh 5 0, Ar,rh 5 Br,rh 5 Bt,rh 5 0 and At,rl 5 1. Knowing
these, all others can be found from Eqs. (5.2.2).

At the outer boundary, sr,R 5 Ar,Rst,r0
1 Br,R and st,r0

5 (sr,R 2
Br,R)/Ar,R. The radial and tangential stresses at each station are succes-
sively obtained, knowing st,r0

and all the coefficients, using Eqs. (5.2.1).
The remaining coefficients in Eqs. (5.2.2), extracted from the finite-

difference equations, are defined below, where E is Young’s modulus at
the temperature of the point in question, h is the profile thickness, a is
the thermal coefficient of expansion, DT is the temperature increment
above that at which the thermal stress is zero, m is Poisson’s ratio, v is
angular velocity of disk, and r is the mass density of disk material.

Cn 5 rn /hn

C 9n 5 mn /En 1 (1 1 mn )(rn 2 rn21)/(2Enrn )
Dn 5 1⁄2(rn 2 rn21)hn

D9n 5 1/En 1 (1 1 mn)(rn 2 rn21)/(2Enrn )
Fn 5 rn21hn21

F 9n 5 (mn21 /En21) 2 (1 1 mn21) (rn 2 rn21)/(2En21rn21)
Gn 5 1⁄2 (rn 2 rn21)hn21

G9n 5 (1/En21) 2 (1 1 mn21)(rn 2 rn21)/(2En21rn21)
Hn 5 1⁄2v2(rn 2 rn21)(rnhnr2

n 1 rn21hn21r2
n21)

H9n 5 anDTn 2 an21 DTn21

Kn 5 (F9nDn 2 FnD9n)/(C 9nDn 2 CnD9n)
K 9n 5 (CnF9n 2 C9nFn)/(C9nDn 2 CnD9n )
Ln 5 2 (G9nDn 1 GnD9n )/(C9nDn 2 CnD9n )
L 9n 5 2 (C9nGn 1 CnG9n)/(C 9nDn 2 CnD9n)
Mn 5 (H9nDn 1 HnD9n )/(C9nDn 2 CnD9n )
M9n 5 (C9nHn 1 CnH9n )/(C9nDn 2 CnD9n )

Situations need not be equally spaced between the two boundaries. It
is best to space them more closely where the profile, temperature, or
neously.
At the outer boundary, loads external to the disk may be imposed,

e.g., the radial stress sr,R from the centrifuged pull of a bucket. At the
center, the disk may be shrunk on a shaft with the fit pressures causing a
radial external push at this boundary.

Numerical solutions are most expeditiously accomplished by use of a
table with column-to-column procedures. This technique lends itself
readily to programmable computers or calculators.

Disks with Noncentral Holes This case has not been solved explic-
itly, but approximations are useful (e.g., Armstrong, Stresses in Rotat-
ing Tapered Disks with Noncentral Holes, Ph.D. dissertation, Iowa
State University, 1960). The area between the holes is considered re-
moved and replaced by uniform spokes, each one with a cross-sectional
area equal to the original minimum spoke area and with a length equal
to the diameter of the noncentral holes. The higher stress in such a spoke
results in an additional extension, which is then applied to the outer
annulus according to thin-ring theory and based on the average radius of
the ring. The additional stress is considered constant and is added to the
tangential stress which would be present in a disk of the same dimen-
sions but filled (that is, no noncentral holes).

The stress in the substitute spoke is computed by adjusting the stress
at the hole-center radius in the solid or filled disk in proportion to the
areas, or Ssp 5 sr,h(Ag/Asp), where sr,h is the radial stress in the filled
disk at the radius of the hole circle, Ag is the gross circumferential area
at the same radius of the filled disk, and Asp is the area of the substitute
spoke. The increase in total strain is d 5 sr,h /[E(Ag/Asp 2 1)lsp ], where
lsp is the length of the substitute spoke.

The spoke-effect correction to be applied to the tangential stress is
therefore suc 5 dE/r 9, where r 9 is the average outer-rim or annulus
radius. This is added to the tangential stress found at the corresponding
radius in the filled disk. The final step is to adjust the tangential and
radial stresses as determined for stress concentrations caused by the
holes in the actual disk. The factors for this adjustment are those in an
infinite plate of uniform thickness having the same size hole. The
method is claimed to yield stresses within 5 percent of those measured
photoelastically at points of highest stress.

EXPERIMENTAL STRESS ANALYSIS

Analytical methods of stress analysis can reach limits of applicability.
Many experimental techniques have been suggested and tried; several
have been developed to a state of great usefulness, e.g., photoelasticity,
strain-gage measurement, brittle coating, birefringent coating, and ho-
lography.

Photoelasticity

Most transparent materials exhibit temporary double refraction, or bire-
fringence, when stressed. Light is resolved into components along the
two principal plane directions. The effect is temporary as long as the
elastic stress is not exceeded and is in direct proportion to the applied
load. The stress magnitude can be established by the amount of compo-
nent wave retardation, as given in the white and black band field (fringe
pattern) obtained when a monochromatic light source is used. The po-
lariscope, consisting of the light source, the polarizer, the model in a
loading frame, an analyzer (same as polarizer), and a screen or camera,
is used to produce and evaluate the fringe effect. Quarter-wave plates
may be placed on either side of the model, making the light components
through the model independent of the absolute orientation of polarizer
and analyzer. The polarizer is a plane polariscope and yields the direc-
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tions of principal stresses (the isoclinics); the analyzer is a circular
polariscope yielding the fringes (isochromatics) as well.

Figure 5.2.74 shows the fringe pattern and the 20° isoclinics of a disk
loaded radially at four places.

The isochromatics in the fringe pattern depict the difference between
principal stresses. At free boundaries where the normal stress is zero,
the difference automatically becomes the tangential stress. Starting at
such a boundary and proceeding into the interior, the stresses can be

pal planes at each point, two families of orthogonal curves are drawn.
Care must be exercised in the drawing of trajectories for practical accu-
racy.

Stress Separation If knowledge of each principal stress is required,
the photoelastic data must be treated to separate the stresses from the
difference given by the data. If the sum of the two stresses is also
obtained somehow, a simultaneous solution of the sum and difference
values will yield each principal stress. One can also start at a boundary
where the normal stress value is zero. There, the photoelastic reading
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separated by numerical calculation.

Fig. 5.2.74

The Stress-Optic Law In a transparent, isotropic plate subjected to
a biaxial stress field within the elastic limit, the relative retardation Rt

between the two components produced by temporary double refraction
is Rt 5 Ct( p 2 q) 5 nl, where C is the stress-optic coefficient, t is the
plate thickness, p and q are the principal stresses, n is the fringe order
(the number of fringes which have passed the point during application
of load), and l is the wavelength of monochromatic light used. Thus,

( p 2 q)/2 5 t|M 5 nl/(2Ct) 5 nf/t

If the material-fringe value f is determined with the same light source
(generally a mercury-vapor lamp emitting light having a wavelength of
5,461 Å) as used in the model study, the maximum shearing stress, or
one-half the difference between the principal stresses, is directly deter-
mined. The calibration is a matter of obtaining the material-fringe value
in lb/in2 per fringe per inch (kgf/cm2 per fringe per cm).

Isoclinics, or the direction of the principal planes, can be obtained with
a plane polariscope. A new isoclinic parameter is observed each time
the polarizer and analyzer are rotated simultaneously into a new posi-
tion. A white-light source reveals a more distinct isoclinic, as the black
curve is more distinguishable against a colored background.

Isostatics, or stress trajectories, are curves the tangents to which rep-
resent the progressive change in principal-plane directions. They are
constructed graphically using the isoclinics. Since there are two princi-
ives the principal stress parallel to the boundary. Starting with the
ingle value, methods have been developed which can be used to pro-
eed with the separation. Typical of the former are lateral-extensometer,
teration, and membrane-analogy techniques; typical of the latter are the
lope-equilibrium, shear-difference, graphical-integration, alternating-
ummation methods, and oblique incidence. Often, however, the sur-
ace stresses are the maximum valued ones. (See Frocht, ‘‘Photoeleas-
icity,’’ McGraw-Hill.)

EXAMPLE. The fringe pattern of a Homalite disk 1.31 in in diam, 0.282 in
hick, and carrying four radial loads of 155 lb each is shown in Fig. 5.2.74.

A closed solution is not known. However, by counting the fringe order at any
oint, the stress can be determined photoelastically. For instance, the dark spot at
he center marks a fringe of zero order, as do the disk edges except in the immedi-
te vicinity of the concentrated loads. The point at the center, which remained dark
hroughout the loading, is an isotropic point (zero stress difference and normal
tresses are equal in all directions). Counting out from the center toward the load,
he first ‘‘circular’’ fringe is of order 3. Therefore, anywhere along it ( p 2 q)/2 5
|M 5 nf/t 5 3 3 65/0.282 5 692 lb/in2 (49 kgf/cm2). Carefully inspected, fringe
2 can be counted at the point of load application. Therefore, r |M 5 12 3
5/0.282 5 2,770 lb/in2 (195 kgf/cm2).

HREE-DIMENSIONAL PHOTOELASTICITY

tress ‘‘freezing’’ and slicing, wherein a plastic model is brought up to
ts critical temperature, loaded as desired, and while loaded, slowly
rought back to room temperature, are techniques which freeze the
ringe pattern into the model. The model can be cut into slices without
isturbing the ‘‘frozen’’ strains. Two-dimensional models are usually
achined from plate stock, and three-dimensional models are cast. The

rozen stress model is sliced so that the desired information can be
btained by normal incidence using the previous formulations.

When normal incidence is not possible, oblique incidence becomes
ecessary. Oblique-incidence patterns are usable in two-dimensional as
ell as three-dimensional stress separation. The measurement of frac-

ional fringes is often required when using oblique incidence. With a
rossed, circular, monochromatic polariscope, oriented to the principal
tresses at a point, the analyzer is rotated through some angle f until
xtinction occurs. The fringe value n is n 5 nn 6 f/180, where nn is the
rder of the last visible fringe. Whether the fractional term is added or
ubtracted depends upon the direction in which the analyzer is rotated
established by inspection).

ig. 5.2.75

Oblique-incidence calculations are based on the stress-optic law:
n 5 R1 5 t( p 2 q)/f 5 tp/f 2 tg/f 5 np 2 nq . Also, when polarized light
s directed through the slice at an angle ux to a principal plane, either by
otating the slice away from normal to the light ray or by cutting it at the
ngle ux (see Fig. 5.2.75), the fringe order becomes

nux 5
t9

f
( p9 2 q9) 5

t

f cos ux

( p 2 q cos2 ux )

5 (np 2 nq cos2 ux)/cos ux
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Solving algebraically,

np 5 (nux
cos ux 2 nn cos2 ux )/sin2 ux

and nq 5 (nux cos ux 2 nn )/sin2 ux

If orders nn and nux are thus measured at a point, np and nq can be
computed. The principal stresses are then determined from p 5 fnp/t and
q 5 fnq /t.

The material-fringe value f in these equations is at the ‘‘freezing’’

containing the ‘‘active’’ gage, the electric-resistance temperature effect
is canceled out. Thus the active gage reports only that which is taking
place in the stressed plate. The power supply can be either ac or dc.

It is sometimes useful to make both gages active—e.g., mounted on
opposite sides of a beam, with one gage subjected to tension and the
other to compression. Temperature effects are still compensated, but the
bridge output is doubled. In other instances, it may be desirable to make
all four bridge arms active gages. The experimenter must determine the
most practical arrangement for the problem at hand and must bear in
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temperature (critical temperature). The angle of incidence, as well as the
fringe orders, must be accurately measured if errors are to be mini-
mized.

Bonded Metallic Gages

Strain measurements down to one-millionth inch per inch (one-mil-
lionth cm/cm) are possible with electrical-resistance wire gages. Such
gages can be used to measure surface strains (stress by Hooke’s law) on
any shape or size of object. Figure 5.2.76 illustrates schematically the
gage construction with a grid of fine alloy wire or thin foil, bonded to
paper and covered for protection with a felt pad. In use, the gage is
cemented rigidly to the surface of the member to be analyzed. The strain
relation is « 5 (DR/R)(1/Gf ) in/in (cm/cm). Thus, if the resistance R
and gage factor Gf (given by the gage manufacturer) are known and the
change in resistance DR is measured, the strain which caused the resist-
ance change can be determined and Hooke’s law can be applied to
determine the stress.

Fig. 5.2.76

Gages must be properly selected in accordance with manufacturer’s
recommendations. The surface to which the gage is applied must be
clean, the proper cement must be used, and the gage assembly must be
coated for protection against environmental conditions (e.g., moisture).

A gaging unit, usually a Wheatstone bridge or a ballast circuit (see
Fig. 5.2.77 and Sec. 15), is needed to detect the signal resulting from the
change in resistance of the strain gage. The strain and, therefore, the
signal are often too small for direct handling, so that amplification is
needed, with a metering discriminator for magnitude evaluation.

The signal is read or recorded by a galvanometer, oscilloscope, or
other device. Equipment specifically constructed for strain measure-
ment is available to indicate or record the signal directly in strain units.

Static strains are best gaged on a Wheatstone bridge, with strain gages
wired to it as indicated in Fig. 5.2.77a. With the bridge set so that the
only unbalance is the change of resistance in the active-strain gage, the
potential difference between the output terminals becomes a measure-
ment of strain. Since the gage is sensitive to temperature as well as
strain, it will measure the combined effect. However, if a ‘‘dummy’’
gage, cemented to an unstressed piece of the same metal subjected to the
same climatic conditions, is wired into the bridge leg adjacent to the one
mind that the bridge unbalances in proportion to the difference in the
strains of gages located in adjacent legs and to the sum of strain in gages
located in opposite legs.

Fig. 5.2.77

Dynamic strains can be detected using circuits such as the ballast type
shown in Fig. 5.2.77b. The capacitor coupling passes only rapidly vary-
ing or dynamic strains. The capacitor’s infinite impedance to a steady
voltage filters out any static effects or strains. The circuit is dc powered.

Transverse Sensitivity Grid-type gages possess some strain sensi-
tivity in the direction perpendicular to the gage axis. In a uniaxial stress
field, this transverse sensitivity is of no concern because the gage factor
was obtained in such a field. However, in a biaxial stress field, neglect
of transverse sensitivity will give slightly erroneous strains. When ac-
counted for, the true strains in the axial direction of gage, «1 , and at
right angles to it, «2 , are «1 5 (1 2 mk)(«a1 2 k«a2)/(1 2 k2) and «2 5
(1 2 mk)(«a2 2 k«a1)/(1 2 k2), where the apparent strains are «a1 5
DR1/(RGf ) and «a2 5 DR2/(RGf ,), measured by cementing a gage in
each direction 1 and 2. The factor m is Poisson’s ratio of the material to
which gages are cemented, and k (usually provided by the gage manu-
facturer) is the coefficient of transverse sensitivity of the gage. The gage
is cemented to the test piece, a uniaxial stress is applied in its axial
direction, and the resistance change and strain are measured. The gage
factor G1 5 DR1/(R«1) is computed. A uniaxial stress is next applied
transversely to the gage. Again the resistance change and strain are
measured and G2 computed. Then k 5 (G2 1 mG1)/(G1 1 mG2).

Strain Rosettes In a general biaxial stress field, the principal plane
directions, as well as the stresses, are unknown. Thus, three gages
mounted in three differing directions are needed if the three unknowns
are to be determined. Three standard gage combinations, called strain
rosettes, are commercially available and are best for the purpose. These
are the rectangular strain rosette (Fig. 5.2.78a), which covers a mini-
mum of area and is therefore best where the strain gradient is high; the
equiangular strain rosette (Fig. 5.2.78b), where the gages do not over-
lap and which can be used where the strain gradient is low; the T-delta
strain rosette (Fig. 5.2.78c), which occupies no more area than the
equiangular rosette and which provides an extra check, or ‘‘insurance’’
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Fig. 5.2.78

gage. The wiring and instrumentation of gages in rosettes do not differ
from those of individual gages.

The true strains along the gage-length directions are found according
to the following equations, in which Rn 5 DRn/[RF1(1 2 k2)] and b 5
1/k.

RECTANGULAR ROSETTE (SEE FIG. 5.2.78a)

«1 5 R1 2 R3/b
«2 5 R2(1 1 1/b) 2 (1/b)(R1 1 R3)
« 5 R 2 R /b

croinches per inch (400 microcentimeters per centimeter). If desired, the
approximate strain (probably within 10 percent) may be established
using the calibration strip sprayed with the test part. The strip is placed
in a loading device and bent as a cantilever beam by means of a cam at
the free end, causing the coating to crack on the tension surface. Crack
spacing varies with the strain, being close at the fixed end and diminish-
ing toward the free end down to threshold sensitivity values. The strip is
placed in a holder containing strain graduations. A visual comparison of
cracks on the testpart surface with those on the strip reveals the strain
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3 3 1

EQUIANGULAR ROSETTE (SEE FIG. 5.2.78b)

«1 5 R1 2 (1/b)(R2 1 R3)
«2 5 R2 2 (1/b)(R1 1 R3)
«3 5 R3 2 (1/b)(R1 1 R3)

T-DELTA ROSETTE (SEE FIG. 5.2.78c)

«1 5 R1(1 1 1/b) 2 (1/b)(R3 1 R4)
«2 5 R2(1 1 1/b) 2 (1/b)(R3 1 R4)
«3 5 R3 2 (1/b)R4

«4 5 R4 2 (1/b)R3

Foil Gages Foil gages are produced from thin foil by photoetching
techniques and are applied, instrumented, read, and evaluated just like
the wire-grid type. Foil gages, being much thinner, may be applied
easily to curved surfaces, have lower transverse sensitivity, exhibit neg-
ligible hysteresis under cycling loads, creep little under sustained loads,
and can be stacked on top of each other.

Brittle-Coating Analysis

Brittle coatings which adhere to the surface well can reveal the strain in
the underlying material. Probably the first such coating used was mill
scale, a thin iron oxide which forms on hot-rolled steel stock. Many
coatings such as whitewash, portland cement, and shellac have been
tried.

The most popular of presently available strain-indicating brittle coat-
ings are the wood-rosin lacquers supplied by the Magnaflux Corpora-
tion under the trade name Stresscoat. Several Stresscoat compositions
are available; the suitability of a particular lacquer depends upon the
prevailing temperature and humidity. The lacquer is usually sprayed to
a thickness of 0.004 to 0.008 in (0.01 to 0.02 cm) upon the surface,
which must be clean and free of grease and loose particles. Calibration
bars are sprayed at the same time. Both must be dried at an even tem-
perature for up to 24 h. To facilitate observation of cracks, an under-
coating of bright aluminum is often applied.

When the cured test piece is subjected to loads, the lacquer will first
begin to crack at its threshold sensitivity in the area of the largest princi-
pal stress, with the parallel cracks perpendicular to the principal stress.
This information is often sufficient, as it reveals the critical area and the
direction of normal stress.

The threshold sensitivity of Stresscoat lacquers is 600 to 800 mi-
croinches per inch (600 to 800 microcentimeters per centimeter) in a
uniaxial stress field. Exact control of lacquer selection, thickness, cur-
ing, and testing temperatures may reduce the threshold to 400 mi-
magnitude which caused the cracks.

Birefringent Coatings

A birefringent coating is one which becomes double refractive when
strained. The principle is quite old, but plastics, which adhere to all
kinds of materials, which have stable optical-strain constants, and which
are sufficiently sensitive to be practical, are of recent development. The
trade name applied to this technique is Photostress. Photostress plastics
can be obtained either as thin sheets (0.040, 0.080, and 0.20 in) or in
liquid form. The sheet material can be bonded to a surface with a special
adhesive. The liquid can be brushed or sprayed on, or the part can be
dipped in the liquid. The layer should be at least 0.004 in (0.010 cm)
thick. It is often necessary to apply several successive coatings, with
heat curing of each layer in turn. Two sheet types and two liquids are
available; these differ in stretching ability and in magnitude of the
strain-optical constant. Each of the sheet materials is available metal-
lized on one face, to reflect polarized light even when cemented to a dull
surface.

The principles involved are the same as those for conventional pho-
toelasticity. One frequent advantage is the fact that the plastic (sheet or
liquid) can be applied directly to the part, which can then be subjected to
actual operating loads. A special reflecting polariscope must be used. It
contains only one polarizer and quarter-wave disk because the light
passes back through the same pair after reflection by the stressed sur-
face-plastic interface. The only limitation rests in the geometry of the
structural component to be examined; not only must it be possible to
apply the plastic to the surface, but the surface must be accessible to
light.

The strain-optic law, since the light passes the plastic thickness twice,
becomes

p 2 q 5
n

2t

E

K(1 1 m)

where n is fringe order, E is modulus, m is Poisson’s ratio of workpiece
material, and K (supplied by the manufacturer) is the strain-optic coeffi-
cient of the plastic. As in conventional photoelasticity, isoclinics are
present as well.

Holography

A more recently developed technique applicable to stress, or rather,
strain analysis as well as to many other purposes is that of holography. It
is made possible by the laser, an instrument which produces a highly
concentrated, thin beam of light of single wavelength. The helium-neon
(He-Ne) laser, emitting at the red end of the visible spectrum at a wave-



PIPELINE FLEXURE STRESSES 5-55

length of 633 nanometers, has found much favor. The output of a he-
lium-cadmium (He-Cd) laser is at half the wavelength of the He-Ne
laser; accordingly, the He-Ne laser is twice as sensitive to displace-
ments.

The laser beam is split into two components, one of which is directed
upon the object (or specimen) and then onto the photographic plate. It is
identified as the object beam. The other component, referred to as the
reference beam, propagates directly to the plate. Interference between
the beams resulting from retardations caused by displacements or

bench so that beam coherence is assured, required coherence depth
satisfied, and the object/reference angle u consistent with the fringe
spacing desired. The film must also possess adequate sensitivity in the
spectral range of the laser beam used. It is important to recognize the
inherent hazards of the high-intensity radiation in laser beams and to
practice every precaution in the use of lasers.

V
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strains forms fringes which in turn provide a measure of the disturbance.
Spacing of such fringes depends upon Bragg’s law:

d 5
l

2 sin (u/2)

where d is the distance between fringes, l is the wavelength of the light
source, and u is the angle between the object and reference ray at the
plate.

A simple holographic setup consists of the laser source, beam splitter,
reflecting surfaces, filters, and the recording plate. A possible arrange-
ment is depicted in Fig. 5.2.79. Some arrangement for loading the spec-
imen must also be provided. Additional auxiliary and refining hardware
becomes necessary as the analysis assumes greater complexity. Thus
the system layout is limited only by test requirements and the experi-
menter’s imagination. However, only a thorough understanding of the
laws of optics and interferometry will make possible a reliable investi-
gation and interpretation of results.

Stability of setup must be assured via a rigid optical bench and sup-
porting brackets. Component instruments must be spaced upon the

5.3 PIPELINE FLE
by Harold

EDITOR’S NOTE: The almost universal availability and utilization of personal

computers in engineering practice has led to the development of many competing
and complementary forms of piping stress analysis software. Their use is wide-
spread, and individual packaged software allows analysis and design to take into
account static and dynamic conditions, restraint conditions, aboveground and bur-
ied configurations, etc. The reader is referred to the technical literature for the
most suitable and current software available f
problems at hand.

The brief discussion in this section addresses
and sets forth the solution of simple systems as
Fig. 5.2.79 Simple holographic setup. (1) Laser source; (2) beam splitter;
(3) reflecting surfaces; (4) circular polarizers; (5) loaded specimen (birefringent);
(6) photographic plate.

Holography, using pulsed lasers, can be used to measure transient
disturbances. Thus vibration studies are possible. Fatigue detection
using holographic techniques has also been undertaken. Holography has
been used in acoustical studies and in automatic gaging as well. It is a
versatile engineering tool.

XURE STRESSES
. Hawkins

Dy 5 same as Dx but parallel to y direction, in. Note that

Dx and Dy are positive if under the change in
temperature the end opposite the origin tends to
move in a positive x or y direction, respectively.

t 5 wall thickness of pipe, in (m)
dius of pipe cross section, in (m)
5 tR/r2

of inertia of pipe cross section about pipe
e, in4 (m4)
or use in solving the immediate

the fundamental concepts entailed
an exercise in application of the

r 5 mean ra
l 5 constant
I 5 moment

centerlin

principles.

REFERENCES: Shipman, Design of Steam Piping to Care for Expansion, Trans.
ASME, 1929, Wahl, Stresses and Reactions in Expansion Pipe Bends, Trans.
ASME, 1927. Hovgaard, The Elastic Deformation of Pipe Bends, Jour. Math.
Phys., Nov. 1926, Oct. 1928, and Dec. 1929. M. W. Kellog Co., ‘‘The Design of
Piping Systems,’’ Wiley.

For details of pipe and pipe fittings see Sec. 8.7.

Nomenclature (see Figs. 5.3.1 and 5.3.2)

M0 5 end moment at origin, in ? lb (N ?m)
M 5 max moment, in ? lb (N ?m)
Fx 5 end reaction at origin in x direction, lb (N)
Fy 5 end reaction at origin in y direction, lb (N)
Sl 5 (Mr/I)a 5 max unit longitudinal flexure stress,

lb/in2 (N/m2)
St 5 (Mr/I)b 5 max unit transverse flexure stress, lb/

in2 (N/m2)
Ss 5 (Mr/I)g 5 max unit shearing stress, lb/in2 (N/m2)

Dx 5 relative deflection of ends of pipe parallel to x
direction caused by either temperature change or
support movement, or both, in (m)
E 5 modulus of elasticity of pipe at actual working
temperature, lb/in2 (N/m2)

K 5 flexibility index of pipe. K 5 1 for all straight pipe
sections, K 5 (10 1 12l2) /(1 1 12l2) for all
curved pipe sections where l . 0.335 (see Fig.
5.3.3)

a, b, g 5 ratios of actual max longitudinal flexure, trans-
verse flexure, and shearing stresses to Mr/I for
curved sections of pipe (see Fig. 5.3.3)

Fig. 5.3.1 Fig. 5.3.2
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A, B, C, F, G, H 5 constants given by Table 5.3.2
u 5 angle of intersection between tangents to direction

of pipe at reactions
Du 5 change in u caused by movements of supports, or

by temperature change, or both, rad
ds 5 an infinitesimal element of length of pipe
s 5 length of a particular curved section of pipe, in

(m)
R 5 radius of curvature of pipe centerline, in (m)

General Discussion

Under the effect of changes in temperature of the pipeline, or of move-
ment of support reactions (either translation or rotation), or both, the
determination of stress distribution in a pipe becomes a statically inde-
terminate problem. In general the problem may be solved by a slight
modification of the standard arch theory: Dx 5 2 KeMy ds(EI), Dy 5
KeMx ds/(EI), and Du 5 KeM ds/(EI) where the constant K is intro-
duced to correct for the increased flexibility of a curved pipe, and where
the integration is over the entire length of pipe between supports. In

e (S

(CF

1

(CH

1
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Fig. 5.3.3 Flexure constants of initially curved pipes.

Table 5.3.1 General Equations for Pipelines in One Plan

Type of supports

Both ends fully fixed M0 5
EI Dx

2ABF

Fx 5
EI Dx

2ABF
Fy 5
EI Dx(BH

2ABF 1

Du 5 0

Both ends hinged M0 5 0

Fx 5
EI Dx C 1

CG

Fy 5
EI Dx B 1

CG

Du 5
Dx(AB 2

Origin end only hinged, other end fully
fixed

M0 5 0

Fx 5
EI Dx C 1

CG

Fy 5
EI Dx B 1

CG

Du 5
ux(AB 2

In general for any specific rotation Du
and movement Dx and Dy . . .

M0 5
EI Dx(CF

Fx 5
EI Dx(CH

Fy 5
EI Dx(BH
Table 5.3.1 are given equations derived by this method for moment and
thrust at one reaction point for pipes in one plane that are fully fixed,
hinged at both ends, hinged at one end and fixed at the other, or partly
fixed. If the reactions at one end of the pipe are known, the moment
distribution in the entire pipe then can be obtained by simple statics.

Since an initially curved pipe is more flexible than indicated by its
moment of inertia, the constant K is introduced. Its value may be taken
from Fig. 5.3.3, or computed from the equation given below. K 5 1 for
all straight pipe sections, since they act according to the simple flexure
theory.

In Fig. 5.3.3 are given the flexure constants K, a, b, and g for initially
curved pipes as functions of the quantity l 5 tR/r2. The flexure con-
stants are derived from the equations.

K5 (10 1 12l2) /(1 1 12l2) when l . 0.335

a 5 2⁄3K√(5 1 6l2) /18 l # 1.472
a 5 K(6l2 2 1)/(6l2 1 5) l . 1.472
b 5 18l/ (1 1 12l2)
g 5 [8l 2 36l3 1 (32l2 1 20/3)

3 √(4/3)l2 1 5/18] 4 (1 1 12l2) when l , 0.58
5 (12l2 1 18l 2 2) / (1 1 12l2) when l . 0.58

ee Figs. 5.3.1 and 5.3.2)

Symmetric
Unsymmetric about y-axis

2 AB) 1 EI Dy(BF 2 AG )

CGH 2 B2H 2 A2G 2 CF2

2 A2) 1 EI Dy(BH 2 AF )

CGH 2 B2H 2 A2G 2 CF2

M0 5
EI Dx F

GH 2 F2

Fx 5
EI Dx H

GH 2 F2
2 AF ) 1 EI Dy(GH 2 F2)

CGH 2 B2H 2 A2G 2 CF2

Fy 5 0
Du 5 0

EI Dy B

2 B2

EIDy G

2 B2

CF ) 1 Dy(AG 2 BF )

CG 2 B2

M0 5 0

Fx 5
EI Dx

G

Fy 5 0

Du 5
2 DxF

G

EI Dy B

2 B2

EI Dy G

1 B2

CF ) 1 Dy(AG 2 BF )

CG 2 B2

2 AB) 1 EI Dy(BF 2 AG ) 1 EI Du(CG 2 B2 )

2ABF 1 CGH 2 A3G 2 CF2 2 B2H

2 A2 ) 1 EI Dy(BH 2 AF ) 1 EI Du(CF 2 AB)

2ABF 1 CGH 2 A2G 2 CF2 2 B2H

2 AF ) 1 EI Dy(GH 2 F2 ) 1 EI Du(BF 2 AG )

2ABF 1 CGH 2 A2G 2 CF2 2 B2H
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The increased flexibility of the curved pipe is brought about by the
tendency of its cross section to flatten. This flattening causes a trans-
verse flexure stress whose maximum is St. Because the maximum lon-
gitudinal and maximum transverse stresses do not occur at the same
point in the pipe’s cross section, the resulting maximum shear is not
one-half the difference of Sl and St; it is Ss . In the straight sections of the
pipe, a 5 1, the transverse stress disappears, and l 5 1⁄2. This discus-
sion of Ss does not include the uniform transverse or longitudinal ten-
sion stresses induced by the internal pressure in the pipe; their effects

There is no transverse flexure stress since all sections are straight. The maxi-
mum shearing stress is either (1) one-half of the maximum longitudinal fiber stress
as given above, (2) one-half of the hoop-tension stress caused by an internal radial
pressure that might exist in the pipe, or (3) one-half the difference of the maximum
longitudinal fiber stress and hoop-tension stress, whichever of these three possi-
bilities is numerically greatest.
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should be added if appreciable.
Table 5.3.2 gives values of the constants A, B, C, F, G, and H for use

in equations listed in Table 5.3.1. The values may be used (1) for the
solution of any pipeline or (2) for the derivation of equations for stan-
dard shapes composed of straight sections and arcs of circles as of Fig.
5.3.5. Equations for shapes not given may be obtained by algebraic
addition of those given. All measurements are from the left-hand end of
the pipeline. Reactions and stresses are greatly influenced by end condi-
tions. Formulas are given to cover the extreme conditions. The follow-
ing suggestions and comments should be considered when laying out a
pipeline:

Avoid expansion bends, and design the entire pipeline to take care of its
own expansion.

The movement of the equipment to which the ends of the pipeline are
attached must be included in the Dx and Dy of the equations.

Maximum flexibility is obtained by placing supports and anchors so
that they will not interfere with the natural movement of the pipe.

That shape is most efficient in which the maximum length of pipe is
working at the maximum safe stress.

Excessive bending moment at joints is more likely to cause trouble
than excessive stresses in pipe walls. Hence, keep pipe joints away from
points of high moment.

Reactions and stresses are greatly influenced by flattening of the cross
section of the curved portions of the pipeline.

It is recommended that cold springing allowances be discounted in
stress calculations.

Application to Two- and Three-Plane Pipelines Pipelines in more
than one plane may be solved by the successive application of the
preceding data, dividing the pipeline into two or more one-plane lines.

EXAMPLE 1. The unsymmetric pipeline of Fig. 5.3.4 has fully fixed ends.
From Table 5.3.2 use K 5 1 for all sections, since only straight segments are
involved.

Upon introduction of a 5 120 in (3.05 m), b 5 60 in (1.52 m), and c 5 180 in
(4.57 m), into the preceding relations (Table 5.3.3) for A, B, C, F, G, H, the
equations for the reactions at 0 from Table 5.3.1 become

M0 5 EI Dx (2 7.1608 3 102 5) 1 EI Dy (2 8.3681 3 102 5)

Fx 5 EI Dx (1 1.0993 3 102 5) 1 EI Dy (1 3.1488 3 102 6)

Fy 5 EI Dx (1 3.1488 3 102 6) 1 EI Dy (1 1.33717 3 102 6)

Also it follows that

M1 5 M0 1 Fya 5 EI Dx (1 3.0625 3 102 4) 1 EI Dy (1 7.6779 3 102 5)

M2 5 M1 2 Fxb 5 EI Dx(2 3.5333 3 102 4) 1 EI Dy (2 1.1215 3 102 4)

M3 5 M2 1 Fyc 5 EI Dx (1 2.1345 3 102 4) 1 EI Dy (1 1.2854 3 102 4)

Thus the maximum moment M occurs at 3.
The total maximum longitudinal fiber stress (a 5 1 for straight pipe)

Sl 5
Fx

2prt
6

M3r

I

Fig. 5.3.4

EXAMPLE 2. The equations of Table 5.3.1 may be employed to develop the
solution of generalized types of pipe configurations for which Fig. 5.3.5 is a
typical example. If only temperature changes are considered, the reactions for the
right-angle pipeline (Fig. 5.3.5) may be determined from the following equations:

M0 5 C1EI Dx/R2

Fx 5 C2EI Dx/R3

Fy 5 C3EI Dx/R3

In these equations, Dx is the x component of the deflection between reaction
points caused by temperature change only. The values of C1, C2, and C3 are given
in Fig. 5.3.6 for K 5 1 and K 5 2. For other values of K, interpolation may be
employed.

Fig. 5.3.5 Right angle pipeline.

EXAMPLE 3. With a/R 5 20 and b/R 5 3, the value of C1 is 0.185 for K 5 1
and 0.165 for K 5 2. If K 5 1.75, the interpolated value of C1 is 0.175.

Elimination of Flexure Stresses Pipeline flexure stresses that nor-
mally would result from movement of supports or from the tendency of
the pipes to expand under temperature change often may be avoided
entirely through the use of expansion joints (Sec. 8.7). Their use may
simplify both the design of the pipeline and the support structure. When
using expansion joints, the following suggestions should be considered:
(1) select expansion joint carefully for maximum temperature range
(and deflection) expected so as to prevent damage to expansion fitting;
(2) provide guides to limit movement at expansion joint to direction
permitted by joint; (3) provide adequate anchors at one end of each
straight section or along their midlength, forcing movement to occur at
expansion joint yet providing adequate support for pipeline; (4) mount
expansion joints adjacent to an anchor point to prevent sagging of the
pipeline under its own weight and do not depend upon the expansion
joint for stiffness—it is intended to be flexible; (5) give consideration
to effects of corrosion, since corrugated character of expansion joints
makes cleaning difficult.



Table 5.3.2 Values of A, B C, F, G, and H for Various Piping Elements

A 5 Kex ds B 5 Kexy ds C 5 Kex2 ds F 5 Key ds G 5 Key2 ds H 5 Ke ds
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Fig. 5.3.6 Reactions for right-angle pipelines.
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Table 5.3.3 Example 1 Showing Determination of Integrals

Values of integrals
Part of
pipe A B C F G H

0–1
a2

2
0

a3

3
0 0 a

1–2 ab
ab2

2
a2b

b2

2

b3

3
b

2–3
c

2
(2a 1 c)

bc

2
(2a 1 c)

c3

3
1 ac(a 1 c) bc b2c c

Total 0–3
a2

2
1 ab

1
c

2
(2a 1 c)

ab2

2
1

bc

2
(2a 1 c)

a3

3
1 a2b 1

c3

3

1 ac(a 1 c)

b2

2
1 bc

b3

3
1 b2c a 1 b 1 c

5.4 NONDESTRUCTIVE TESTING
by Donald D. Dodge

REFERENCES: Various authors, ‘‘Nondestructive Testing Handbook,’’ 8 vols.,
American Society for Nondestructive Testing. Boyer, ‘‘Metals Handbook,’’ vol.
11, American Society for Metals. Heuter and Bolt , ‘‘Sonics,’’ Wiley.
Krautkramer, ‘‘Ultrasonic Testing of Materials,’’ Springer-Verlag. Spanner,
‘‘Acoustic Emission: Techniques and Applications,’’ Intex, American Society for
Nondestructive Testing. Crowther, ‘‘Handbook of Industrial Radiography,’’ Ar-
nold. Wiltshire, ‘‘A Further Handbook of Ind
‘‘Standards,’’ vol. 03.03, ASTM, Boiler and Pres
XI, ASME. ASME Handbook, ‘‘Metals Enginee
SAE Handbook, Secs. J358, J359, J420, J425–J4

wave direct current may be used for the location of surface defects.
Half-wave direct current is most effective for locating subsurface de-
fects. Magnetic particles may be applied dry or as a wet suspension in a
liquid such as kerosene or water. Colored dry powders are advantageous
when testing for subsurface defects and when testing objects that have

s, forgings, and weldments. Wet particles
very fine cracks, such as fatigue, stress
Fluorescent wet particles are used to in-
ltraviolet light . Fluorescent inspection is
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ustrial Radiography,’’ Arnold.
sure Vessel Code, Secs. III, V,
ring—Design,’’ McGraw-Hill.
28, J1242, J1267, SAE. Materi-

rough surfaces, such as casting
are preferred for detection of
corrosion, or grinding cracks.
spect objects with the aid of u

widely used because of its greater sensitivity. Application of particles
als Evaluation, Jour. Am. Soc. Nondestructive Testing.

Nondestructive tests are those tests that determine the usefulness, ser-
viceability, or quality of a part or material without limiting its useful-
ness. Nondestructive tests are used in machinery maintenance to avoid
costly unscheduled loss of service due to fatigue or wear; they are used
in manufacturing to ensure product quality and minimize costs. Consid-
eration of test requirements early in the design of a product may facili-
tate testing and minimize testing cost . Nearly every form of energy is
used in nondestructive tests, including all wavelengths of the electro-
magnetic spectrum as well as vibrational mechanical energy. Physical
properties, composition, and structure are determined; flaws are de-
tected; and thickness is measured. These tests are here divided into the
following basic methods: magnetic particle, penetrant, radiographic, ul-
trasonic, eddy current, acoustic emission, microwave, and infrared. Numer-
ous techniques are utilized in the application of each test method. Table
5.4.1 gives a summary of many nondestructive test methods.

MAGNETIC PARTICLE METHODS

Magnetic particle testing is a nondestructive method for detecting dis-
continuities at or near the surface in ferromagnetic materials. After the
test object is properly magnetized, finely divided magnetic particles are
applied to its surface. When the object is properly oriented to the in-
duced magnetic field, a discontinuity creates a leakage flux which at-
tracts and holds the particles, forming a visible indication. Magnetic-
field direction and character are dependent upon how the magnetizing
force is applied and upon the type of current used. For best sensitivity,
the magnetizing current must flow in a direction parallel to the principal
direction of the expected defect . Circular fields, produced by passing
current through the object , are almost completely contained within the
test object . Longitudinal fields, produced by coils or yokes, create ex-
ternal poles and a general-leakage field. Alternating, direct , or half-
while magnetizing current is on (continuous method) produces stronger
indications than those obtained if the particles are applied after the
current is shut off (residual method). Interpretation of subsurface-defect
indications requires experience. Demagnetization of the test object after
inspection is advisable.

Magnetic flux leakage is a variation whereby leakage flux due to
flaws is detected electronically via a Hall-effect sensor. Computerized
signal interpretation and data imaging techniques are employed.

Electrified particle testing indicates minute cracks in nonconducting
materials. Particles of calcium carbonate are positively charged as they
are blown through a spray gun at the test object . If the object is metal-
backed, such as porcelain enamel, no preparation other than cleaning is
necessary. When it is not metal-backed, the object must be dipped in an
aqueous penetrant solution and dried. The penetrant remaining in cracks
provides a mobile electron supply for the test . A readily visible powder
indication forms at a crack owing to the attraction of the positively
charged particles.

PENETRANT METHODS

Liquid penetrant testing is used to locate flaws open to the surface of
nonporous materials. The test object must be thoroughly cleaned before
testing. Penetrating liquid is applied to the surface of a test object by a
brush, spray, flow, or dip method. A time allowance (1 to 30 min) is
required for liquid penetration of surface flaws. Excess penetrant is then
carefully removed from the surface, and an absorptive coating, known
as developer, is applied to the object to draw penetrant out of flaws, thus
showing their location, shape, and approximate size. The developer is
typically a fine powder, such as talc usually in suspension in a liquid.
Penetrating-liquid types are (1) for test in visible light , and (2) for test
under ultraviolet light (3,650 Å). Sensitivity of penetrant testing is
greatest when a fluorescent penetrant is used and the object is observed
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Table 5.4.1 Nondestructive Test Methods*

Method Measures or detects Applications Advantages Limitations

Acoustic emission Crack initiation and growth
rate

Internal cracking in welds
during cooling

Boiling or cavitation
Friction or wear
Plastic deformation
Phase transformations

Pressure vessels
Stressed structures
Turbine or gearboxes
Fracture mechanics

research
Weldments
Sonic-signature analysis

Remote and continuous
surveillance

Permanent record
Dynamic (rather than

static) detection of
cracks

Portable
Triangulation techniques to

locate flaws

Transducers must be
placed on part surface

Highly ductile
materials yield low-
amplitude emissions

Part must be stressed or
operating

Interfering noise needs to
be filtered out

Acoustic-impact (tapping) Debonded areas or delam-
inations in metal or
nonmetal composites or
laminates

Cracks under bolt or
fastener heads

Cracks in turbine wheels or
turbine blades

Loose rivets or fastener
heads

Crushed core

Brazed or adhesive-bonded
structures

Bolted or riveted assem-
blies

Turbine blades
Turbine wheels
Composite structures
Honeycomb assemblies

Portable
Easy to operate
May be automated
Permanent record or

positive meter readout
No couplant required

Part geometry and mass
influences test results

Impactor and probe must
be repositioned to fit
geometry of part

Reference standards
required

Pulser impact rate is criti-
cal for repeatability

D-Sight (Diffracto) Enhances visual inspection
for surface abnormali-
ties such as dents pro-
trusions, or waviness’

Crushed core
Lap joint corrosion
Cold-worked holes
Cracks

Detect impact damage to
composites or honey-
comb corrosion in
aircraft lap joints

Automotive bodies for
waviness

Portable
Fast, flexible
Noncontact
Easy to use
Documentable

Part surface must reflect
light or be wetted with
a fluid

Eddy current Surface and subsurface
cracks and seams

Alloy content
Heat-treatment variations
Wall thickness, coating

thickness
Crack depth
Conductivity
Permeability

Tubing
Wire
Ball bearings
‘‘Spot checks’’ on all types

of surfaces
Proximity gage
Metal detector
Metal sorting
Measure conductivity in %

IACS

No special operator skills
required

High speed, low cost
Automation possible for

symmetric parts
Permanent-record capabil-

ity for symmetric parts
No couplant or probe con-

tact required

Conductive materials
Shallow depth of penetra-

tion (thin walls only)
Masked or false indications

caused by sensitivity
to variations such as
part geometry

Reference standards
required

Permeability variations

Magneto-optic eddy-
current imager

Cracks
Corrosion thinning in

aluminum

Aluminum aircraft
Structure

Real-time imaging
Approximately 4-in area

coverage

Frequency range of 1.6 to
100 kHz

Surface contour
Temperature range of 32 to

90°F
Directional sensitivity to

cracks

Eddy-sonic Debonded areas in metal-
core or metal-faced
honeycomb structures

Delaminations in metal
laminates or composites

Crushed core

Metal-core honeycomb
Metal-faced honeycomb
Conductive laminates such

as boron or graphite-
fiber composites

Bonded-metal panels

Portable
Simple to operate
No couplant required
Locates far-side debonded

areas
Access to only one surface

required
May be automated

Specimen or part must
contain conductive
materials to establish
eddy-current field

Reference standards
required

Part geometry

Electric current Cracks
Crack depth
Resistivity
Wall thickness
Corrosion-induced wall

thinning

Metallic materials
Electrically conductive

materials
Train rails
Nuclear fuel elements
Bars, plates other shapes

Access to only one surface
required

Battery or dc source
Portable

Edge effect
Surface contamination
Good surface contact

required
Difficult to automate
Electrode spacing
Reference standards

required

Electrified particle Surface flaws in noncon-
ducting material

Through-to-metal pinholes
on metal-backed
material

Tension, compression,
cyclic cracks

Brittle-coating stress cracks

Glass
Porcelain enamel
Nonhomogeneous

materials such as
plastic or asphalt
coatings

Glass-to-metal seals

Portable
Useful on materials not

practical for penetrant
inspection

Poor resolution on thin
coatings

False indications from
moisture streaks or lint

Atmospheric conditions
High-voltage discharge
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Table 5.4.1 Nondestructive Test Methods* (Continued )

Method Measures or detects Applications Advantages Limitations

Filtered particle Cracks
Porosity
Differential absorption

Porous materials such as
clay, carbon, powdered
metals, concrete

Grinding wheels
High-tension insulators
Sanitary ware

Colored or fluorescent
particles

Leaves no residue after
baking part over 400°F

Quickly and easily applied
Portable

Size and shape of particles
must be selected before
use

Penetrating power of
suspension medium is
critical

Particle concentration must
be controlled

Skin irritation

Infrared (radiometry)
(thermography)

Hot spots
Lack of bond
Heat transfer
Isotherms
Temperature ranges

Brazed joints
Adhesive-bonded joints
Metallic platings or

coatings; debonded
areas or thickness

Electrical assemblies
Temperature monitoring

Sensitive to 0.1°F
temperature variation

Permanent record or
thermal picture

Quantitative
Remote sensing; need not

contact part
Portable

Emissivity
Liquid-nitrogen-cooled

detector
Critical time-temperature

relationship
Poor resolution for thick

specimens
Reference standards

required

Leak testing Leaks:
Helium
Ammonia
Smoke
Water
Air bubbles
Radioactive gas
Halogens

Joints:
Welded
Brazed
Adhesive-bonded

Sealed assemblies
Pressure or vacuum

chambers
Fuel or gas tanks

High sensitivity to
extremely small, light
separations not
detectable by other
NDT methods

Sensitivity related to
method selected

Accessibility to both
surfaces of part required

Smeared metal or
contaminants may
prevent detection

Cost related to sensitivity

Magnetic particle Surface and slightly
subsurface flaws;
cracks, seams, porosity,
inclusions

Permeability variations
Extremely sensitive for

locating small tight
cracks

Ferromagnetic materials;
bar, plate, forgings,
weldments, extrusions,
etc.

Advantage over penetrant
is that it indicates
subsurface flaws,
particularly inclusions

Relatively fast and low-cost
May be portable

Alignment of magnetic
field is critical

Demagnetization of parts
required after tests

Parts must be cleaned be-
fore and after inspection

Masking by surface
coatings

Magnetic field (also
magnetic flux leakage)

Cracks
Wall thickness
Hardness
Coercive force
Magnetic anisotropy
Magnetic field
Nonmagnetic coating

thickness on steel

Ferromagnetic materials
Ship degaussing
Liquid-level control
Treasure hunting
Wall thickness of

nonmetallic materials
Material sorting

Measurement of magnetic
material properties

May be automated
Easily detects magnetic

objects in nonmagnetic
material

Portable

Permeability
Reference standards

required
Edge effect
Probe lift-off

Microwave (300 MHz–
300 GHz)

Cracks, holes, debonded
areas, etc., in
nonmetallic parts

Changes in composition,
degree of cure,
moisture content

Thickness measurement
Dielectric constant
Loss tangent

Reinforced plastics
Chemical products
Ceramics
Resins
Rubber
Wood
Liquids
Polyurethane foam
Radomes

Between radio waves and
infrared in
electromagnetic
spectrum

Portable
Contact with part surface

not normally required
Can be automated

Will not penetrate metals
Reference standards

required
Horn-to-part spacing

critical
Part geometry
Wave interference
Vibration

Liquid penetrants (dye or
fluorescent)

Flaws open to surface of
parts; cracks, porosity,
seams, laps, etc.

Through-wall leaks

All parts with
nonabsorbing surfaces
(forgings, weldments,
castings, etc.). Note:
Bleed-out from porous
surfaces can mask
indications of flaws

Low cost
Portable
Indications may be further

examined visually
Results easily interpreted

Surface films such as
coatings, scale, and
smeared metal may
prevent detection of
flaws

Parts must be cleaned
before and after
inspection

Flaws must be open to
surface

Fluoroscopy
(cinefluorography)
(kinefluorography)

Level of fill in containers
Foreign objects
Internal components
Density variations
Voids, thickness
Spacing or position

Flow of liquids
Presence of cavitation
Operation of valves and

switches
Burning in small solid-pro-

pellant rocket motors

High-brightness images
Real-time viewing
Image magnification
Permanent record
Moving subject can be

observed

Costly equipment
Geometric unsharpness
Thick specimens
Speed of event to be studied
Viewing area
Radiation hazard
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Table 5.4.1 Nondestructive Test Methods* (Continued )

Method Measures or detects Applications Advantages Limitations

Neutron radiology (thermal
neutrons from reactor,
accelerator, or
Californium 252)

Hydrogen contamination of
titanium or zirconium
alloys

Defective or improperly
loaded pyrotechnic
devices

Improper assembly of
metal, nonmetal parts

Corrosion products

Pyrotechnic devices
Metallic, nonmetallic

assemblies
Biological specimens
Nuclear reactor fuel

elements and control
rods

Adhesive-bonded structures

High neutron absorption by
hydrogen, boron,
lithium, cadmium,
uranium, plutonium

Low neutron absorption by
most metals

Complement to X-ray or
gamma-ray radiography

Very costly equipment
Nuclear reactor or

accelerator required
Trained physicists required
Radiation hazard
Nonportable
Indium or gadolinium

screens required

Gamma radiology (cobalt
60, iridium 192)

Internal flaws and
variations, porosity,
inclusions, cracks, lack
of fusion, geometry
variations, corrosion
thinning

Density variations
Thickness, gap, and

position

Usually where X-ray
machines are not
suitable because source
cannot be placed in
part with small
openings and/or power
source not available

Panoramic imaging

Low initial cost
Permanent records; film
Small sources can be

placed in parts with
small openings

Portable
Low contrast

One energy level per source
Source decay
Radiation hazard
Trained operators needed
Lower image resolution
Cost related to source size

X-ray radiology Internal flaws and
variations; porosity,
inclusions, cracks, lack
of fusion, geometry
variations, corrosion

Density variations
Thickness, gap, and

position
Misassembly
Misalignment

Castings
Electrical assemblies
Weldments
Small, thin, complex

wrought products
Nonmetallics
Solid-propellant rocket

motors
Composites
Container contents

Permanent records; film
Adjustable energy levels

(5 kV–25 meV)
High sensitivity to density

changes
No couplant required
Geometry variations do not

affect direction of
X-ray beam

High initial costs
Orientation of linear flaws

in part may not be
favorable

Radiation hazard
Depth of flaw not indicated
Sensitivity decreases with

increase in scattered
radiation

Radiometry X-ray, gamma
ray, beta ray)
(transmission or
backscatter)

Wall thickness
Plating thickness
Variations in density or

composition
Fill level in cans or

containers
Inclusions or voids

Sheet, plate, strip, tubing
Nuclear reactor fuel rods
Cans or containers
Plated parts
Composites

Fully automatic
Fast
Extremely accurate
In-line process control
Portable

Radiation hazard
Beta ray useful for

ultrathin coatings only
Source decay
Reference standards

required

Reverse-geometry digital
X-ray

Cracks
Corrosion
Water in honeycomb
Carbon epoxy honeycomb
Foreign objects

Aircraft structure High-resolution 106 pixel
image with high
contrast

Access to both sides of
object

Radiation hazard

X-ray computed
tomography (CT)

Small density changes
Cracks
Voids
Foreign objects

Solid-propellant rocket
motors

Rocket nozzles
Jet-engine parts
Turbine blades

Measures X-ray opacity of
object along many paths

Very expensive
Trained operator
Radiation hazard

Shearography electronic Lack of bond
Delaminations
Plastic deformation
Strain
Crushed core
Impact damage
Corrosion in Al honeycomb

Composite-metal
honeycomb

Bonded structures
Composite structures

Large area coverage
Rapid setup and operation
Noncontacting
Video image easy to store

Requires vacuum thermal,
ultrasonic, or
microwave stressing of
structure to cause
surface strain

Thermal (thermochromic
paint, liquid crystals)

Lack of bond
Hot spots
Heat transfer
Isotherms
Temperature ranges
Blockage in coolant

passages

Brazed joints
Adhesive-bonded joints
Metallic platings or

coatings
Electrical assemblies
Temperature monitoring

Very low initial cost
Can be readily applied to

surfaces which may
be difficult to inspect
by other methods

No special operator skills

Thin-walled surfaces only
Critical time-temperature

relationship
Image retentivity affected

by humidity
Reference standards

required

Sonic (less than 0.1 MHz) Debonded areas or
delaminations in metal
or nonmetal composites
or laminates

Cohesive bond strength
under controlled
conditions

Crushed or fractured core
Bond integrity of metal

insert fasteners

Metal or nonmetal
composite or laminates
brazed or adhesive-
bonded

Plywood
Rocket-motor nozzles
Honeycomb

Portable
Easy to operate
Locates far-side debonded

areas
May be automated
Access to only one surface

required

Surface geometry
influences test results

Reference standards
required

Adhesive or core-thickness
variations influence
results
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Table 5.4.1 Nondestructive Test Methods* (Continued )

Method Measures or detects Applications Advantages Limitations

Ultrasonic (0.1–25 MHz) Internal flaws and
variations; cracks, lack
of fusion, porosity,
inclusions,
delaminations, lack of
bond, texturing

Thickness or velocity
Poisson’s ratio, elastic

modulus

Metals
Welds
Brazed joints
Adhesive-bonded joints
Nonmetallics
In-service parts

Most sensitive to cracks
Test results known

immediately
Automating and

permanent-record
capability

Portable
High penetration capability

Couplant required
Small, thin, or complex

parts may be difficult
to inspect

Reference standards
required

Trained operators for
manual inspection

Special probes

Thermoelectric probe Thermoelectric potential
Coating thickness
Physical properties
Thompson effect
P-N junctions in

semiconductors

Metal sorting
Ceramic coating thickness

on metals
Semiconductors

Portable
Simple to operate
Access to only one surface

required

Hot probe
Difficult to automate
Reference standards

required
Surface contaminants
Conductive coatings

* From Donald J. Hagemaier, ‘‘Metal Progress Databook,’’ Douglas Aircraft Co., McDonnell-Douglas Corp., Long Beach, CA.

in a semidarkened location. After testing, the penetrant and developer
are removed by washing with water, sometimes aided by an emulsifier,
or with a solvent .

In filtered particle testing, cracks in porous objects (100 mesh or
smaller) are indicated by the difference in absorption between a cracked
and a flaw-free surface. A liquid containing suspended particles is
sprayed on a test object . If a crack exists, particles are filtered out and
concentrate at the surface as liquid flows into the additional absorbent
area created by the crack. Fluorescent or colored particles are used to

A radiograph is a shadow picture, since X-rays and gamma rays
follow the laws of light in shadow formation. Four factors determine
the best geometric sharpness of a picture: (1) The effective focal-spot
size of the radiation source should be as small as possible. (2) The
source-to-object distance should be adequate for proper definition of
the area of the object farthest from the film. (3) The film should be as
close as possible to the object . (4) The area of interest should be in
the center of and perpendicular to the X-ray beams and parallel to the
X-ray film.
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locate flaws in unfired dried clay, certain fired ceramics, concrete, some
powdered metals, carbon, and partially sintered tungsten and titanium
carbides.

RADIOGRAPHIC METHODS

Radiographic test methods employ X-rays, gamma rays, or similar pene-
trating radiation to reveal flaws, voids, inclusions, thickness, or struc-
ture of objects. Electromagnetic energy wavelengths in the range of
0.01 to 10 Å (1 Å 5 1028 cm) are used to examine the interior of opaque
materials. Penetrating radiation proceeds from its source in straight
lines to the test object . Rays are differentially absorbed by the object ,
depending upon the energy of the radiation and the nature and thickness
of the material.

X-rays of a variety of wavelengths result when high-speed electrons
in a vacuum tube are suddenly stopped. An X-ray tube contains a heated
filament (cathode) and a target (anode); radiation intensity is almost
directly proportional to filament current (mA); tube voltage (kV) deter-
mines the penetration capability of the rays. As tube voltage increases,
shorter wavelengths and more intense X-rays are produced. When the
energy of penetrating radiation increases, shorter wavelengths and more
intense X-rays are produced. Also, when the energy of penetrating radi-
ation increases, the difference in attenuation between materials de-
creases. Consequently, more film-image contrast is obtained at lower
voltage, and a greater range of thickness can be radiographed at one
time at higher voltage.

Gamma rays of a specific wavelength are emitted from the disinte-
grating nuclei of natural radioactive elements, such as radium, and from
a variety of artificial radioactive isotopes produced in nuclear reactors.
Cobalt 60 and iridium 192 are commonly used for industrial radiogra-
phy. The half-life of an isotope is the time required for half of the
radioactive material to decay. This time ranges from a few hours to
many years.

Radiographs are photographic records produced by the passage of
penetrating radiation onto a film. A void or reduced mass appears as a
darker image on the film because of the lesser absorption of energy and
the resulting additional exposure of the film. The quantity of X-rays
absorbed by a material generally increases as the atomic number in-
creases.
Radiographic films vary in speed, contrast , and grain size. Slow films
generally have smaller grain size and produce more contrast . Slow films
are used where optimum sharpness and maximum contrast are desired.
Fast films are used where objects with large differences in thickness are
to be radiographed or where sharpness and contrast can be sacrificed to
shorten exposure time. Exposure of a radiographic film comes from
direct radiation and scattered radiation. Direct radiation is desirable,
image-forming radiation; scattered radiation, which occurs in the object
being X-rayed or in neighboring objects, produces undesirable images
on the film and loss of contrast . Intensifying screens made of 0.005- or
0.010-in- (0.13-mm or 0.25-mm) thick lead are often used for radiogra-
phy at voltages above 100 kV. The lead filters out much of the low-en-
ergy scatter radiation. Under action of X-rays or gamma rays above
88 kV, a lead screen also emits electrons which, when in intimate con-
tact with the film, produce additional coherent darkening of the film.
Exposure time can be materially reduced by use of intensifying screens
above and below the film.

Penetrameters are used to indicate the contrast and definition which
exist in a radiograph. The type generally used in the United States is a
small rectangular plate of the same material as the object being X-rayed.
It is uniform in thickness (usually 2 percent of the object thickness) and
has holes drilled through it . ASTM specifies hole diameters 1, 2, and 4
times the thickness of the penetrameter. Step, wire, and bead penetram-
eters are also used. (See ASTM Materials Specification E94.)

Because of the variety of factors that affect the production and mea-
surements of an X-ray image, operating factors are generally selected
from reference tables or graphs which have been prepared from test data
obtained for a range of operating conditions.

All materials may be inspected by radiographic means, but there are
limitations to the configurations of materials. With optimum tech-
niques, wires 0.0001 in (0.003 mm) in diameter can be resolved in small
electrical components. At the other extreme, welded steel pressure ves-
sels with 20-in (500-mm) wall thickness can be routinely inspected by
use of high-energy accelerators as a source of radiation. Neutron radia-
tion penetrates extremely dense materials such as lead more readily than
X-rays or gamma rays but is attenuated by lighter-atomic-weight mate-
rials such as plastics, usually because of their hydrogen content .

Radiographic standards are published by ASTM, ASME, AWS, and
API, primarily for detecting lack of penetration or lack of fusion in
welded objects. Cast-metal objects are radiographed to detect condi-
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tions such as shrink, porosity, hot tears, cold shuts, inclusions, coarse
structure, and cracks.

The usual method of utilizing penetrating radiation employs film.
However, Geiger counters, semiconductors, phosphors (fluoroscopy),
photoconductors (xeroradiography), scintillation crystals, and vidicon
tubes (image intensifiers) are also used. Computerized digital radiogra-
phy is an expanding technology.

The dangers connected with exposure of the human body to X-rays

500 kHz and 25 MHz, with 2.25 and 5 MHz being most commonly
employed for flaw detection. Low frequencies (40 kHz to 1.0 MHz) are
used on materials of low elastic modulus or large grain size. High fre-
quencies (2.25 to 25 MHz) provide better resolution of smaller defects
and are used on fine-grain materials and thin sections. Frequencies
above 25 MHz are employed for investigation and measurement of
physical properties related to acoustic attenuation.

Wave-vibrational modes other than longitudinal are effective in detect-
ing flaws that do not present a reflecting surface to the ultrasonic beam,
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and gamma rays should be fully understood by any person responsible
for the use of radiation equipment . NIST is a prime source of informa-
tion concerning radiation safety. NRC specifies maximum permissible
exposure to be a 1.25 R/1⁄4 year.

ULTRASONIC METHODS

Ultrasonic nondestructive test methods employ high-frequency mechan-
ical vibrational energy to detect and locate structural discontinuities or
differences and to measure thickness of a variety of materials. An elec-
tric pulse is generated in a test instrument and transmitted to a trans-
ducer, which converts the electric pulse into mechanical vibrations.
These low-energy-level vibrations are transmitted through a coupling
liquid into the test object , where the ultrasonic energy is attenuated,
scattered, reflected, or resonated to indicate conditions within material.
Reflected, transmitted, or resonant sound energy is reconverted to elec-
trical energy by a transducer and returned to the test instrument , where
it is amplified. The received energy is then usually displayed on a cath-
ode-ray tube. The presence, position, and amplitude of echoes indicate
conditions of the test-object material.

Materials capable of being tested by ultrasonic energy are those which
transmit vibrational energy. Metals are tested in dimensions of up to
30 ft (9.14 m). Noncellular plastics, ceramics, glass, new concrete, or-
ganic materials, and rubber can be tested. Each material has a character-
istic sound velocity, which is a function of its density and modulus
(elastic or shear).

Material characteristics determinable through ultrasonics include
structural discontinuities, such as flaws and unbonds, physical constants
and metallurgical differences, and thickness (measured from one side).
A common application of ultrasonics is the inspection of welds for
inclusions, porosity, lack of penetration, and lack of fusion. Other ap-
plications include location of unbond in laminated materials, location of
fatigue cracks in machinery, and medical applications. Automatic test-
ing is frequently performed in manufacturing applications.

Ultrasonic systems are classified as either pulse-echo, in which a sin-
gle transducer is used, or through-transmission, in which separate send-
ing and receiving transducers are used. Pulse-echo systems are more
common. In either system, ultrasonic energy must be transmitted into,
and received from, the test object through a coupling medium, since air
will not efficiently transmit ultrasound of these frequencies. Water, oil,
grease, and glycerin are commonly used couplants. Two types of testing
are used: contact and immersion. In contact testing, the transducer is
placed directly on the test object . In immersion testing, the transducer
and test object are separated from one another in a tank filled with water
or by a column of water or by a liquid-filled wheel. Immersion testing
eliminates transducer wear and facilitates scanning of the test object .
Scanning systems have paper-printing or computerized video equip-
ment for readout of test information.

Ultrasonic transducers are piezoelectric units which convert electric
energy into acoustic energy and convert acoustic energy into electric
energy of the same frequency. Quartz, barium titanate, lithium sulfate,
lead metaniobate, and lead zirconate titanate are commonly used trans-
ducer crystals, which are generally mounted with a damping backing in
a housing. Transducers range in size from 1⁄16 to 5 in (0.15 to 12.7 cm)
and are circular or rectangular. Ultrasonic beams can be focused to
improve resolution and definition. Transducer characteristics and beam
patterns are dependent upon frequency, size, crystal material, and con-
struction.

Test frequencies used range from 40 kHz to 200 MHz. Flaw-detection
and thickness-measurement applications use frequencies between
r other characteristics not detectable by the longitudinal mode. They
re useful also when large areas of plates must be examined. Wedges of
lastic, water, or other material are inserted between the transducer face
nd the test object to convert , by refraction, to shear, transverse, sur-
ace, or Lamb vibrational modes. As in optics, Snell’s law expresses the
elationship between incident and refracted beam angles; i.e., the ratio
f the sines of the angle from the normal, of the incident and refracted
eams in two mediums, is equal to the ratio of the mode acoustic veloci-
ies in the two mediums.

Limiting conditions for ultrasonic testing may be the test-object shape,
urface roughness, grain size, material structure, flaw orientation, selec-
ivity of discontinuities, and the skill of the operator. Test sensitivity is
ess for cast metals than for wrought metals because of grain size and
urface differences.

Standards for acceptance are published in many government , national
ociety, and company specifications (see references above). Evaluation
s made by comparing (visually or by automated electronic means) re-
eived signals with signals obtained from reference blocks containing
at bottom holes between 1⁄64 and 8⁄64 in (0.40 and 0.325 cm) in diame-

er, or from parts containing known flaws, drilled holes, or machined
otches.

DDY CURRENT METHODS

ddy current nondestructive tests are based upon correlation between
lectromagnetic properties and physical or structural properties of a test
bject . Eddy currents are induced in metals whenever they are brought
nto an ac magnetic field. These eddy currents create a secondary mag-
etic field, which opposes the inducing magnetic field. The presence of
iscontinuities or material variations alters eddy currents, thus changing
he apparent impedance of the inducing coil or of a detection coil. Coil
mpedance indicates the magnitude and phase relationship of the eddy
urrents to their inducing magnetic-field current . This relationship is
ependent upon the mass, conductivity, permeability, and structure of
he metal and upon the frequency, intensity, and distribution of the
lternating magnetic field. Conditions such as heat treatment , composi-
ion, hardness, phase transformation, case depth, cold working,
trength, size, thickness, cracks, seams, and inhomogeneities are indi-
ated by eddy current tests. Correlation data must usually be obtained to
etermine whether test conditions for desired characteristics of a partic-
lar test object can be established. Because of the many factors which
ause variation in electromagnetic properties of metals, care must be
aken that the instrument response to the condition of interest is not
ullified or duplicated by variations due to other conditions.

Alternating-current frequencies between 1 and 5,000,000 Hz are used
or eddy current testing. Test frequency determines the depth of current
enetration into the test object , owing to the ac phenomenon of ‘‘skin
ffect .’’ One ‘‘standard depth of penetration’’ is the depth at which the
ddy currents are equal to 37 percent of their value at the surface. In a
lane conductor, depth of penetration varies inversely as the square root
f the product of conductivity, permeability, and frequency. High-fre-
uency eddy currents are more sensitive to surface flaws or conditions
hile low-frequency eddy currents are sensitive also to deeper internal
aws or conditions.

Test coils are of three general types: the circular coil, which surrounds
n object; the bobbin coil, which is inserted within an object; and the
robe coil, which is placed on the surface of an object . Coils are further
lassified as absolute, when testing is conducted without direct compari-
on with a reference object in another coil; or differential, when compar-
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ison is made through use of two coils connected in series opposition.
Many variations of these coil types are utilized. Axial length of a circu-
lar test coil should not be more than 4 in (10.2 cm), and its shape should
correspond closely to the shape of the test object for best results. Coil
diameter should be only slightly larger than the test-object diameter for
consistent and useful results. Coils may be of the air-core or magnetic-
core type.

Instrumentation for the analysis and presentation of electric signals
resulting from eddy current testing includes a variety of means, ranging

emit radiation at varying intensities, depending upon their temperature
and surface characteristics. A passive infrared system detects the natural
radiation of an unheated test object , while an active system employs a
source to heat the test object , which then radiates infrared energy to a
detector. Sensitive indication of temperature or temperature distribution
through infrared detection is useful in locating irregularities in materi-
als, in processing, or in the functioning of parts. Emission in the infrared
range of 0.8 to 15 mm is collected optically, filtered, detected, and
amplified by a test instrument which is designed around the characteris-
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from meters to oscilloscopes to computers. Instrument meter or alarm
circuits are adjusted to be sensitive only to signals of a certain electrical
phase or amplitude, so that selected conditions are indicated while
others are ignored. Automatic and automated testing is one of the prin-
cipal advantages of the method.

Thickness measurement of metallic and nonmetallic coatings on
metals is performed using eddy current principles. Coating thicknesses
measured typically range from 0.0001 to 0.100 in (0.00025 to 0.25 cm).
For measurement to be possible, coating conductivity must differ from
that of the base metal.

MICROWAVE METHODS

Microwave test methods utilize electromagnetic energy to determine
characteristics of nonmetallic substances, either solid or liquid. Fre-
quencies used range from 1 to 3,000 GHz. Microwaves generated in a
test instrument are transmitted by a waveguide through air to the test
object . Analysis of reflected or transmitted energy indicates certain
material characteristics, such as moisture content , composition, struc-
ture, density, degree of cure, aging, and presence of flaws. Other appli-
cations include thickness and displacement measurement in the range of
0.001 in (0.0025 cm) to more than 12 in (30.4 cm). Materials that can be
tested include most solid and liquid nonmetals, such as chemicals, min-
erals, plastics, wood, ceramics, glass, and rubber.

INFRARED METHODS

Infrared nondestructive tests involve the detection of infrared electro-
magnetic energy emitted by a test object . Infrared radiation is produced
naturally by all matter at all temperatures above absolute zero. Materials
tics of the detector material. Temperature variations on the order of
0.1°F can be indicated by meter or graphic means. Infrared theory and
instrumentation are based upon radiation from a blackbody; therefore,
emissivity correction must be made electrically in the test instrument or
arithmetically from instrument readings.

ACOUSTIC SIGNATURE ANALYSIS

Acoustic signature analysis involves the analysis of sound energy emitted
from an object to determine characteristics of the object . The object
may be a simple casting or a complex manufacturing system. A passive
test is one in which sonic energy is transmitted into the object . In this
case, a mode of resonance is usually detected to correlate with cracks or
structure variations, which cause a change in effective modulus of the
object , such as a nodular iron casting. An active test is one in which the
object emits sound as a result of being struck or as a result of being in
operation. In this case, characteristics of the object may be correlated to
damping time of the sound energy or to the presence or absence of a
certain frequency of sound energy. Bearing wear in rotating machinery
can often be detected prior to actual failure, for example. More complex
analytical systems can monitor and control manufacturing processes,
based upon analysis of emitted sound energy.

Acoustic emission is a technology distinctly separate from acoustic
signature analysis and is one in which strain produces bursts of energy
in an object . These are detected by ultrasonic transducers coupled to the
object . Growth of microcracks, and other flaws, as well as incipient
failure, is monitored by counting the pulses of energy from the object or
recording the time rate of the pulses of energy in the ultrasonic range
(usually a discrete frequency between 1 kHz and 1 MHz).
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6.1 GENERAL PROPERTIES OF MATERIALS
by Howard S. Bean

REFERENCES: ‘‘International Critical Tables,’’ McGraw-Hill. ‘‘Smithsonian
Physical Tables,’’ Smithsonian Institution. Landolt, ‘‘Landolt-Börnstein, Zahlen-
werte und Funktionen aus Physik, Chemie, Astronomie, Geophysik und Tech-
nik,’’ Springer. ‘‘Handbook of Chemistry and Physics,’’ Chemical Rubber Co.
‘‘Book of ASTM Standards,’’ ASTM. ‘‘ASHRAE Refrigeration Data Book,’’
ASHRAE. Brady, ‘‘Materials Handbook,’’ McGraw-Hill. Mantell, ‘‘Engineering
Materials Handbook,’’ McGraw-Hill. International Union of Pure and Applied
Chemistry, Butterworth Scientific Pub
Government Printing Office. Tables of T
Circ. 564, ASME Steam Tables.

virtually a definition of the term elementary substance and a limitation
of the term chemical process. There are as many different classes or
families of atoms as there are chemical elements. See Table 6.1.1.

Two or more atoms, either of the same kind or of different kinds, are,
in the case of most elements, capable of uniting with one another to
form a higher order of distinct particles called molecules. If the mole-

aterial is composed are all exactly
ce. If they are not all alike, the

lecules of any pure substances are

Barium
Berkel
Berylli
Bismu
Borond

Bromin
Cadmi
Calciu
Califor
Carbon
Cerium
Cesium
Chlorin
Chrom
Cobalt
Colum
Coppe
Curium
Dyspro
Einstei
Erbium
Europi
Fermiu
Fluorin
Franciu
Gadoli
Gallium
Germa
Gold
Hafniu
Helium
Holmiu
Hydrog
Indium
Iodined
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lications. ‘‘U.S. Standard Atmosphere,’’
hermodynamic Properties of Gases, NIST

cules or atoms of which any given m
alike, the material is a pure substan
material is a mixture.

If the atoms which compose the mo
Ato
Thermodynamic properties of a variety of other specific materials are
listed also in Secs. 4.1, 4.2, and 9.8. Sonic properties of several materi-
als are listed in Sec. 12.6.

CHEMISTRY

Every elementary substance is made up of exceedingly small particles
called atoms which are all alike and which cannot be further subdivided
or broken up by chemical processes. It will be noted that this statement is

Table 6.1.1 Chemical Elementsa

Element Symbol

Actinium Ac
Aluminum Al
Americium Am
Antimony Sb
Argonc Ar
Arsenicd As
Astatine At
Ba
ium Bk
um Be
th Bi

B
ee Br

um Cd
m Ca
nium Cf
d C

Ce
k Cs
e f Cl

ium Cr
Co

bium (see Niobium)
r Cu

Cm
sium Dy
nium Es

Er
um Eu
m Fm
eg F
m Fr

nium Gd
k Ga

nium Ge
Au

m Hf
c He
m Ho
enh H

In
I

all of the same kind, the substance is, as already stated, an elementary
substance. If the atoms which compose the molecules of a pure chemical
substance are not all of the same kind, the substance is a compound
substance. The atoms are to be considered as the smallest particles which
occur separately in the structure of molecules of either compound or
elementary substances, so far as can be determined by ordinary chemi-
cal analysis. The molecule of an element consists of a definite (usually
small) number of its atoms. The molecule of a compound consists of
one or more atoms of each of its several elements, the numbers of the

mic no. Atomic weightb Valence

89
13 26.9815 3
95
51 121.75 3, 5
18 39.948 0
33 74.9216 3, 5
85

56 137.34 2
97

4 9.0122 2
83 208.980 3, 5

5 10.811 l 3
35 79.904m 1, 3, 5
48 112.40 2
20 40.08 2
98

6 12.01115 l 2, 4
58 140.12 3, 4
55 132.905 1
17 35.453m 1, 3, 5, 7
24 51.996m 2, 3, 6
27 58.9332 2, 3

29 63.546m 1, 2
96
66 162.50 3
99
68 167.26 3
63 151.96 2, 3

100
9 18.9984 1

87
64 157.25 3
31 69.72 2, 3
32 72.59 2, 4
79 196.967 1, 3
72 178.49 4

2 4.0026 0
67 164.930 3

1 1.00797i 1
49 114.82 1, 2, 3
53 126.9044 1, 3, 5, 7
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6-4 GENERAL PROPERTIES OF MATERIALS

Table 6.1.1 Chemical Elementsa (Continued)

Element Symbol Atomic no. Atomic weightb Valence

Iridium Ir 77 192.2 2, 3, 4, 6
Iron Fe 26 55.847m 2, 3
Kryptonc Kr 36 83.80 0
Lanthanum La 57 138.91 3
Lead Pb 82 207.19 2, 4
Lithiumi Li 3 6.939 1
Lutetium Lu 71 174.97 3
Magnesium Mg 12 24.312 2
Manganese Mn 25 54.9380 2, 3, 4, 6, 7
Mendelevium Md 101
Mercurye Hg 80 200.59 1, 2
Molybdenum Mo 42 95.94 3, 4, 5, 6
Neodymium Nd 60 144.24 3
Neonc Ne 10 20.183 0
Neptunium Np 93
Nickel Ni 28 58.71 2, 3, 4
Niobium Nb 41 92.906 2, 3, 4, 5
Nitrogen f N 7 14.0067 3, 5
Nobelium No 102
Osmium Os 76 190.2 2, 3, 4, 6, 8
Oxygen f O 8 15.9994l 2
Palladium Pd 46 106.4 2, 4
Phosphorusd P 15 30.9738 3, 5
Platinum Pt 78 195.09 2, 4
Plutonium Pu 94
Polonium Po 84 2, 4
Potassium K 19 39.102 1
Praseodymium Pr 59 140.907 3
Promethium Pm 61 5
Protactinium Pa 91
Radium Ra 88 2
Radon j Rn 86 0
Rhenium Re 75 186.2 1, 4, 7
Rhodium Rh 45 102.905 3, 4
Rubidium Rb 37 85.47 1
Ruthenium Ru 44 101.07 3, 4, 6, 8
Samarium Sm 62 150.35 3
Scandium Sc 21 44.956 3
Seleniumd Se 34 78.96 2, 4, 6
Silicond Si 14 28.086l 4
Silver Ag 47 107.868m 1
Sodium Na 11 22.9898 1
Strontium Sr 38 87.62 2
Sulfurd S 16 32.064l 2, 4, 6
Tantalum Ta 73 180.948 4, 5
Technetium Tc 43
Telluriumd Te 52 127.60 2, 4, 6
Terbium Tb 65 158.924 3
Thallium Tl 81 204.37 1, 3
Thorium Th 90 232.038 3
Thulium Tm 69 168.934 3
Tin Sn 50 118.69 2, 4
Titanium Ti 22 47.90 3, 4
Tungsten W 74 183.85 3, 4, 5, 6
Uranium U 92 238.03 4, 6
Vanadium V 23 50.942 1, 2, 3, 4, 5
Xenonc Xe 54 131.30 0
Ytterbium Yb 70 173.04 2, 3
Yttrium Y 39 88.905 3
Zinc Zn 30 65.37 2
Zirconium Zr 40 91.22 4

a All the elements for which atomic weights listed are metals, except as otherwise indicated. No atomic weights are
listed for most radioactive elements, as these elements have no fixed value.

b The atomic weights are based upon nuclidic mass of C12 5 12.
c Inert gas. d Metalloid. e Liquid. f Gas. g Most active gas. h Lightest gas. i Lightest metal. j Not placed. k Liquid at

25°C.
l The atomic weight varies because of natural variations in the isotopic composition of the element. The observed ranges

are boron, 6 0.003; carbon, 6 0.00005; hydrogen, 6 0.00001; oxygen, 6 0.0001; silicon, 6 0.001; sulfur, 6 0.003.
m The atomic weight is believed to have an experimental uncertainty of the following magnitude: bromine, 6 0.001;

chlorine, 6 0.001; chromium, 6 0.001; copper, 6 0.001; iron, 6 0.003; silver, 6 0.001. For other elements, the last digit
given is believed to be reliable to 6 0.5.

SOURCE: Table courtesy IUPAC and Butterworth Scientific Publications.
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CHEMISTRY 6-5

various kinds of atoms and their arrangement being definite and fixed
and determining the character of the compound. This notion of mole-
cules and their constituent atoms is useful for interpreting the observed
fact that chemical reactions—e.g., the analysis of a compound into its
elements, the synthesis of a compound from the elements, or the chang-
ing of one or more compounds into one or more different compounds
—take place so that the masses of the various substances concerned in a
given reaction stand in definite and fixed ratios.

It appears from recent researches that some substances which cannot
by any available means be decomposed into simpler substances and

chemical elements, including those not yet known to be radioactive,
consist of several kinds of still smaller particles, three of which are
known as protons, neutrons, and electrons. The protons are bound to-
gether in the atomic nucleus with other particles, including neutrons,
and are positively charged. The neutrons are particles having approxi-
mately the mass of a proton but are uncharged. The electrons are nega-
tively charged particles, all alike, external to the nucleus, and sufficient
in number to neutralize the nuclear charge in an atom. The differences
between the atoms of different chemical elements are due to the differ-
ent numbers of these smaller particles composing them. According to

ter
g o

pos

)3

O4)
3
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which must, therefore, be defined as elements, are continually undergo-
ing spontaneous changes or radioactive transformation into other sub-
stances which can be recognized as physically and chemically different
from the original substance. Radium is an element by the definition
given and may be considered as made up of atoms. But it is assumed
that these atoms, so called because they resist all efforts to break them
up and are, therefore, apparently indivisible, nevertheless split up spon-
taneously, at a rate which scientists have not been able to influence in
any way, into other atoms, thus forming other elementary substances of
totally different properties. See Table 6.1.3.

The view generally accepted at present is that the atoms of all the

Table 6.1.2 Solubility of Inorganic Substances in Wa
(Number of grams of the anhydrous substance soluble in 1,000
parentheses)

Substance Com

Aluminum sulfate Al2(SO4

Aluminum potassium sulfate (potassium alum) Al2K2(S
Ammonium bicarbonate NH4HCO

Ammonium chloride (sal ammoniac) NH4Cl
Ammonium nitrate NH4NO3

Ammonium sulfate (NH4)2SO4

Barium chloride BaCl2 ?2H2O
Barium nitrate Ba(NO3)2

Calcium carbonate (calcite) CaCO3

Calcium chloride CaCl2
Calcium hydroxide (hydrated lime) Ca(OH)2

Calcium nitrate Ca(NO3)2 ?4
Calcium sulfate (gypsum) CaSO4 ?2H2

Copper sulfate (blue vitriol) CuSO4 ?5H2

Ferrous chloride FeCl2 ?4H2O
Ferrous hydroxide Fe(OH)2

Ferrous sulfate (green vitriol or copperas) FeSO4 ?7H2

Ferric chloride FeCl3
Lead chloride PbCl2
Lead nitrate Pb(NO3)2

Lead sulfate PbSO4

Magnesium carbonate MgCO3

Magnesium chloride MgCl2 ?6H2

Magnesium hydroxide (milk of magnesia) Mg(OH)2

Magnesium nitrate Mg(NO3)2 ?
Magnesium sulfate (Epsom salts) MgSO4 ?7H
Potassium carbonate (potash) K2CO3

Potassium chloride KCl
Potassium hydroxide (caustic potash) KOH
Potassium nitrate (saltpeter or niter) KNO3

Potassium sulfate K2SO4

Sodium bicarbonate (baking soda) NaHCO3

Sodium carbonate (sal soda or soda ash) NaCO3 ?10H
Sodium chloride (common salt) NaCl
Sodium hydroxide (caustic soda) NaOH
Sodium nitrate (Chile saltpeter) NaNO3

Sodium sulfate (Glauber salts) Na2SO4 ?10H
Zinc chloride ZnCl2
Zinc nitrate Zn(NO3)2 ?6
Zinc sulfate ZnSO4 ?7H2

* 59°F.
† 68°F.
‡ In cold water.
§ 50°F.
the original Bohr theory, an ordinary atom is conceived as a stable
system of such electrons revolving in closed orbits about the nucleus
like the planets of the solar system around the sun. In a hydrogen atom,
there is 1 proton and 1 electron; in a radium atom, there are 88 electrons
surrounding a nucleus 226 times as massive as the hydrogen nucleus.
Only a few, in general the outermost or valence electrons of such an
atom, are subject to rearrangement within, or ejection from, the atom,
thereby enabling it, because of its increased energy, to combine with
other atoms to form molecules of either elementary substances or com-
pounds. The atomic number of an element is the number of excess posi-
tive charges on the nucleus of the atom. The essential feature that dis-

f water. The common name of the substance is given in

Temperature, °F (°C)

ition 32 (0) 122 (50) 212 (100)

313 521 891
4 ?24H2O 30 170 1,540

119

297 504 760

1,183 3,440 8,710
706 847 1,033
317 436 587
50 172 345

0.018* 0.88
594 1,576

1.77 0.67
H2O 931 3,561 3,626
O 1.76 2.06 1.69
O 140 334 753

644§ 820 1,060
0.0067‡

O 156 482
730 3,160 5,369

6.73 16.7 33.3
403 1,255

0.042†
0.13‡

O 524 723
0.009‡

6H2O 665 903
2O 269 500 710

893 1,216 1,562
284 435 566
971 1,414 1,773
131 851 2,477
74 165 241
69 145

2O 204 475 452
357 366 392
420 1,448 3,388
733 1,148 1,755

2O 49 466 422
2,044 4,702 6,147

H2O 947
O 419 768 807



Table 6.1.3 Periodic Table of the Elements

Light metals
3

Lithium
Li

6.939
1

3
Lithium

Li
6.939

1

4
Beryllium

Be
9.0122

2
11

Sodium
Na

22.9898
1

12
Magnesium

Mg
24.312

2
19

Potassium
K

39.102
1

20
Calcium

Ca
40.08

2
37

Rubidium
Rd

85.47
1

38
Strontium

Sr
87.62

2

55
Cesium

Cs
132.905

1

56
Barium

Ba
137.34

2

87
Francium

Fr
(223)

5
Boron

B
10.811

3

Nonmetalic elements

13
Aluminum

Al
26.9815

3
31

Gallium
Ga

69.72
2, 3
49

Indium
In

114.82
1, 2, 3

67
Holmium

Ho
164.93

3

99
Einsteinium

Es
(254)

88
Radium

Ra
(227)

2

21
Scandium

Sc
44.956

3

Brittle metals Ductile metals Low melting

22
Titanium

Ti
47.90
3, 4

39
Yttrium

Y
88.905

3

40
Zirconium

Zr
91.22

4

57
Lanthanum

La
137.91

3

58
Cerium

Ce
140.12

3, 4

89
Actinium

Ac
(227)

90
Thorium

Th
232.038

23
Vanadium

V
50.942

1, 2, 3, 4, 5

24
Chromium

Cr
51.996
2, 3, 6

41
Niobium

Nb
92.906

2, 3, 4, 5

42
Molybdenum

Mo
95.94

3, 4, 5, 6
LANTHANIDE SERIES Rare earth elements

ACTINIDE SERIES Transuranium elements

59
Praseodymium

Pr
140.907

3

60
Neodymium

Nd
144.24

3

91
Protactinium

Pa
(231)

92
Uranium

U
238.03

25
Manganese

Mn
54.938

2, 3, 4, 6, 7

26
Iron
Fe

55.847
2, 3

43
Technetium

Tc
(99)

44
Ruthenium

Ru
101.07

3, 4, 6, 8

61
Promethium

Pm
(147)

5

62
Samarium

Sm
150.35

3

93
Neptunium

Np
(237)

94
Plutonium

Pu
(242)

27
Cobalt

Co
58.9332

2, 3

28
Nickel

Ni
58.71
2, 3, 4

45
Rhodium

Rh
103.905

3, 4

46
Palladium

Pd
106.4
2, 4

63
Europium

Eu
151.96

2, 3

64
Godalinium

Gd
157.25

3

95
Americium

Am
(243)

96
Curium

Cm
(245)

29
Copper

Cu
63.546

1, 2

30
Zinc
Zn

65.37
2

47
Silver

Ag
107.868

1

48
Cadmium

Cd
112.40

2

65
Terbium

Tb
158.924

3

66
Dysprosium

Dy
162.50

3

97
Berkelium

Bk
(249)

98
Californium

Cf
(249)

72
Hafnium

Hf
178.49

4

73
Tantalum

Ta
180.948

4, 5

74
Tungsten

W
183.85

3, 4, 5, 6

75
Rhenium

Re
186.2
1, 4, 7

76
Osmium

Os
190.2

2, 3, 4, 6, 8

77
Iridium

Ir
192.2

2, 3, 4, 6

78
Platinum

Pt
195.09

2, 4

79
Gold
Au

196.967
1, 3

80
Mercury

Hg
200.59

1, 2

81
Thallium

Tl
204.37

1, 3

6
Carbon

C
12.01115

2, 4
14

Silicon
Si

28.086
4

32
Germanium

Ge
72.59
2, 4
50
Tin
Sn

118.69
2, 4

68
Erdium

Er
167.26

3

100
Fermium

Fm
(252)

82
Lead
Pb

207.19
2, 4

7
Nitrogen

N
14.0067

3, 5
15

Phosphorus
P

30.9738
3, 5
33

Arsenic
As

74.9216
3, 5
51

Antimony
Sb

121.75
3, 5

69
Thulium

Tm
168.934

3

101
Mendelevium

Md
(256)

83
Bismuth

Bl
208.98

3, 5

8
Oxygen

O
15.9994

2
16

Sulphur
S

32.064
2, 4, 6

34
Selenium

Se
78.96
2, 4, 6

52
Tellurium

Te
127.60
2, 4, 6

70
Ytterbium

Yb
173.04

2, 3

102
Nobelium

No
(254)

84
Polonium

Po
(210)
2, 4

9
Fluorine

F
18.9984

1
17

Chlorine
Cl

35.453
1, 3, 5, 7

35
Bromine

Br
79.904
1, 3, 5

53
Iodine

I
126.9044
1, 3, 5, 7

71
Lutetium

Lu
174.97

3

103
Lawrencium

Lw
(257)

85
Astatine

At
(210)

10
Neon
Ne

20.183
0

18
Argon

Ar
39.948

0
36

Krypton
Kr

83.80
0

54
Xenon

Xe
131.30

0

86
Radon

Rn
(212)

0

1
Hydrogen

H
1.00797

1

2
Helium

He
4.0026

0

Inert gases

Atomic Number

Symbol
 

Valence

 
Element
 
Atomic weight based on C12 5 12.00
( ) denotes mass number of most stable
     known isotope
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SPECIFIC GRAVITIES AND DENSITIES 6-7

Table 6.1.4 Solubility of Gases in Water
(By volume at atmospheric pressure)

t, °F (°C) t, °F (°C)

32 (0) 68 (20) 212 (100) 32 (0) 68 (20) 212 (100)

Air 0.032 0.020 0.012 Hydrogen 0.023 0.020 0.018
Acetylene 1.89 1.12 Hydrogen sulfide 5.0 2.8 0.87
Ammonia 1,250 700 Hydrochloric acid 560 480
Carbon dioxide 1.87 0.96 0.26 Nitrogen 0.026 0.017 0.0105
Carbon monoxide 0.039 0.025 Oxygen 0.053 0.034 0.185
Chlorine 5.0 2.5 0.00 Sulfuric acid 87 43

tinguishes one element from another is this charge of the nucleus. It also
determines the position of the element in the periodic table. Modern
researches have shown the existence of isotopes, that is, two or more
species of atoms having the same atomic number and thus occupying
the same place in the periodic system, but differing somewhat in atomic
weight. These isotopes are chemically identical and are merely different
species of the same chemical element. Most of the ordinary inactive
elements have been shown to consist of a mixture of isotopes. This
convenient atomic model should be regarded as only a working hypoth-
esis for coordinating a number of phenomena about which much yet

Table 6.1.5 Approximate Specific Gravities and
Densities (Continued)

Avg density

Substance
Specific
gravity lb/ft3 kg/m3

Platinum, cast-hammered 21.5 1,330 21,300
Silver, cast-hammered 10.4–10.6 656 10,510
Steel, cold-drawn 7.83 489 7,832
Steel, machine 7.80 487 7,800
Steel, tool 7.70–7.73 481 7,703

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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remains to be known.
Calculation of the Percentage Composition of Substances Add

the atomic weights of the elements in the compound to obtain its molec-
ular weight. Multiply the atomic weight of the element to be calculated
by the number of atoms present (indicated in the formula by a subscript
number) and by 100, and divide by the molecular weight of the com-
pound. For example, hematite iron ore (Fe2O3) contains 69.94 percent
of iron by weight, determined as follows: Molecular weight of Fe2O3 5
(55.84 3 2) 1 (16 3 3) 5 159.68. Percentage of iron in compound 5
(55.84 3 2) 3 100/159.68 5 69.94.

SPECIFIC GRAVITIES AND DENSITIES

Table 6.1.5 Approximate Specific Gravities and Densities
(Water at 39°F and normal atmospheric pressure taken as unity) For
more detailed data on any material, see the section dealing with the
properties of that material. Data given are for usual room temperatures.

Avg density

Substance
Specific
gravity lb/ft3 kg/m3

Metals, Alloys, Ores*
Aluminum, cast-hammered 2.55–2.80 165 2,643
Brass, cast-rolled 8.4–8.7 534 8,553
Bronze, aluminum 7.7 481 7,702
Bronze, 7.9–14% Sn 7.4–8.9 509 8,153
Bronze, phosphor 8.88 554 8,874
Copper, cast-rolled 8.8–8.95 556 8,906
Copper ore, pyrites 4.1–4.3 262 4,197
German silver 8.58 536 8,586
Gold, cast-hammered 19.25–19.35 1,205 19,300
Gold coin (U.S.) 17.18–17.2 1,073 17,190
Iridium 21.78–22.42 1,383 22,160
Iron, gray cast 7.03–7.13 442 7,079
Iron, cast, pig 7.2 450 7,207
Iron, wrought 7.6–7.9 485 7,658
Iron, spiegeleisen 7.5 468 7,496
Iron, ferrosilicon 6.7–7.3 437 6,984
Iron ore, hematite 5.2 325 5,206
Iron ore, limonite 3.6–4.0 237 3,796
Iron ore, magnetite 4.9–5.2 315 5,046
Iron slag 2.5–3.0 172 2,755
Lead 11.34 710 11,370
Lead ore, galena 7.3–7.6 465 7,449
Manganese 7.42 475 7,608
Manganese ore, pyrolusite 3.7–4.6 259 4,149
Mercury 13.546 847 13,570
Monel metal, rolled 8.97 555 8,688
Nickel 8.9 537 8,602
Tin, cast-hammered 7.2–7.5 459 7,352
Tin ore, cassiterite 6.4–7.0 418 6,695
Tungsten 19.22 1,200 18,820
Uranium 18.7 1,170 18,740
Zinc, cast-rolled 6.9–7.2 440 7,049
Zinc, ore, blende 3.9–4.2 253 4,052

Various Solids
Cereals, oats, bulk 0.41 26 417
Cereals, barley, bulk 0.62 39 625
Cereals, corn, rye, bulk 0.73 45 721
Cereals, wheat, bulk 0.77 48 769
Cork 0.22–0.26 15 240
Cotton, flax, hemp 1.47–1.50 93 1,491
Fats 0.90–0.97 58 925
Flour, loose 0.40–0.50 28 448
Flour, pressed 0.70–0.80 47 753
Glass, common 2.40–2.80 162 2,595
Glass, plate or crown 2.45–2.72 161 2,580
Glass, crystal 2.90–3.00 184 1,950
Glass, flint 3.2–4.7 247 3,960
Hay and straw, bales 0.32 20 320
Leather 0.86–1.02 59 945
Paper 0.70–1.15 58 929
Plastics (see Sec. 6.12)
Potatoes, piled 0.67 44 705
Rubber, caoutchouc 0.92–0.96 59 946
Rubber goods 1.0–2.0 94 1,506
Salt, granulated, piled 0.77 48 769
Saltpeter 2.11 132 2,115
Starch 1.53 96 1,539
Sulfur 1.93–2.07 125 2,001
Wool 1.32 82 1,315

Timber, Air-Dry
Apple 0.66–0.74 44 705
Ash, black 0.55 34 545
Ash, white 0.64–0.71 42 973
Birch, sweet, yellow 0.71–0.72 44 705
Cedar, white, red 0.35 22 352
Cherry, wild red 0.43 27 433
Chestnut 0.48 30 481
Cypress 0.45–0.48 29 465
Fir, Douglas 0.48–0.55 32 513
Fir, balsam 0.40 25 401
Elm, white 0.56 35 561
Hemlock 0.45–0.50 29 465
Hickory 0.74–0.80 48 769
Locust 0.67–0.77 45 722
Mahogany 0.56–0.85 44 705
Maple, sugar 0.68 43 689
Maple, white 0.53 33 529
Oak, chestnut 0.74 46 737
Oak, live 0.87 54 866

/knovel2/view_hotlink.jsp?hotlink_id=414778867


6-8 GENERAL PROPERTIES OF MATERIALS

Table 6.1.5 Approximate Specific Gravities and
Densities (Continued)

Avg density

Substance
Specific
gravity lb/ft3 kg/m3

Oak, red, black 0.64–0.71 42 673
Oak, white 0.77 48 770
Pine, Oregon 0.51 32 513
Pine, red 0.48 30 481
Pine, white 0.43 27 433

Table 6.1.5 Approximate Specific Gravities and
Densities (Continued)

Avg density

Substance
Specific
gravity lb/ft3 kg/m3

Earth, etc., Excavated
Clay, dry 1.0 63 1,009
Clay, damp, plastic 1.76 110 1,761
Clay and gravel, dry 1.6 100 1,602
Earth, dry, loose 1.2 76 1,217

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Pine, Southern 0.61–0.67 38–42 610–673
Pine, Norway 0.55 34 541
Poplar 0.43 27 433
Redwood, California 0.42 26 417
Spruce, white, red 0.45 28 449
Teak, African 0.99 62 994
Teak, Indian 0.66–0.88 48 769
Walnut, black 0.59 37 593
Willow 0.42–0.50 28 449

Various Liquids
Alcohol, ethyl (100%) 0.789 49 802
Alcohol, methyl (100%) 0.796 50 809
Acid, muriatic, 40% 1.20 75 1,201
Acid, nitric, 91% 1.50 94 1,506
Acid, sulfuric, 87% 1.80 112 1,795
Chloroform 1.500 95 1,532
Ether 0.736 46 738
Lye, soda, 66% 1.70 106 1,699
Oils, vegetable 0.91–0.94 58 930
Oils, mineral, lubricants 0.88–0.94 57 914
Turpentine 0.861–0.867 54 866

Water
Water, 4°C, max density 1.0 62.426 999.97
Water, 100°C 0.9584 59.812 958.10
Water, ice 0.88–0.92 56 897
Water, snow, fresh fallen 0.125 8 128
Water, seawater 1.02–1.03 64 1,025

Gases (see Sec. 4)
Ashlar Masonry

Granite, syenite, gneiss 2.4–2.7 159 2,549
Limestone 2.1–2.8 153 2,450
Marble 2.4–2.8 162 2,597
Sandstone 2.0–2.6 143 2,290
Bluestone 2.3–2.6 153 2,451

Rubble Masonry
Granite, syenite, gneiss 2.3–2.6 153 2,451
Limestone 2.0–2.7 147 2,355
Sandstone 1.9–2.5 137 2,194
Bluestone 2.2–2.5 147 2,355
Marble 2.3–2.7 156 2,500

Dry Rubble Masonry
Granite, syenite, gneiss 1.9–2.3 130 2,082
Limestone, marble 1.9–2.1 125 2,001
Sandstone, bluestone 1.8–1.9 110 1,762

Brick Masonry
Hard brick 1.8–2.3 128 2,051
Medium brick 1.6–2.0 112 1,794
Soft brick 1.4–1.9 103 1,650
Sand-lime brick 1.4–2.2 112 1,794

Concrete Masonry
Cement, stone, sand 2.2–2.4 144 2,309
Cement, slag, etc. 1.9–2.3 130 2,082
Cement, cinder, etc. 1.5–1.7 100 1,602
Various Building Materials
Ashes, cinders 0.64–0.72 40–45 640–721
Cement, portland, loose 1.5 94 1,505
Portland cement 3.1–3.2 196 3,140
Lime, gypsum, loose 0.85–1.00 53–64 849–1,025
Mortar, lime, set 1.4–1.9 103 1,650

94 1,505
Mortar, portland cement 2.08–2.25 135 2,163
Slags, bank slag 1.1–1.2 67–72 1,074–1,153
Slags, bank screenings 1.5–1.9 98–117 1,570–1,874
Slags, machine slag 1.5 96 1,538
Slags, slag sand 0.8–0.9 49–55 785–849
Earth, dry, packed 1.5 95 1,521
Earth, moist, loose 1.3 78 1,250
Earth, moist, packed 1.6 96 1,538
Earth, mud, flowing 1.7 108 1,730
Earth, mud, packed 1.8 115 1,841
Riprap, limestone 1.3–1.4 80–85 1,282–1,361
Riprap, sandstone 1.4 90 1,441
Riprap, shale 1.7 105 1,681
Sand, gravel, dry, loose 1.4–1.7 90–105 1,441–1,681
Sand, gravel, dry, packed 1.6–1.9 100–120 1,602–1,922
Sand, gravel, wet 1.89–2.16 126 2,019

Excavations in Water
Sand or gravel 0.96 60 951
Sand or gravel and clay 1.00 65 1,041
Clay 1.28 80 1,281
River mud 1.44 90 1,432
Soil 1.12 70 1,122
Stone riprap 1.00 65 1,041

Minerals
Asbestos 2.1–2.8 153 2,451
Barytes 4.50 281 4,504
Basalt 2.7–3.2 184 2,950
Bauxite 2.55 159 2,549
Bluestone 2.5–2.6 159 2,549
Borax 1.7–1.8 109 1,746
Chalk 1.8–2.8 143 2,291
Clay, marl 1.8–2.6 137 2,196
Dolomite 2.9 181 2,901
Feldspar, orthoclase 2.5–2.7 162 2,596
Gneiss 2.7–2.9 175 2,805
Granite 2.6–2.7 165 2,644
Greenstone, trap 2.8–3.2 187 2,998
Gypsum, alabaster 2.3–2.8 159 2,549
Hornblende 3.0 187 2,998
Limestone 2.1–2.86 155 2,484
Marble 2.6–2.86 170 2,725
Magnesite 3.0 187 2,998
Phosphate rock, apatite 3.2 200 3,204
Porphyry 2.6–2.9 172 2,758
Pumice, natural 0.37–0.90 40 641
Quartz, flint 2.5–2.8 165 2,645
Sandstone 2.0–2.6 143 2,291
Serpentine 2.7–2.8 171 2,740
Shale, slate 2.6–2.9 172 2,758
Soapstone, talc 2.6–2.8 169 2,709
Syenite 2.6–2.7 165 2,645

Stone, Quarried, Piled
Basalt, granite, gneiss 1.5 96 1,579
Limestone, marble, quartz 1.5 95 1,572
Sandstone 1.3 82 1,314
Shale 1.5 92 1,474
Greenstone, hornblend 1.7 107 1,715

Bituminous Substances
Asphaltum 1.1–1.5 81 1,298
Coal, anthracite 1.4–1.8 97 1,554
Coal, bituminous 1.2–1.5 84 1,346
Coal, lignite 1.1–1.4 78 1,250
Coal, peat, turf, dry 0.65–0.85 47 753
Coal, charcoal, pine 0.28–0.44 23 369
Coal, charcoal, oak 0.47–0.57 33 481
Coal, coke 1.0–1.4 75 1,201
Graphite 1.64–2.7 135 2,163
Paraffin 0.87–0.91 56 898
Petroleum 0.87 54 856
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Table 6.1.5 Approximate Specific Gravities and
Densities (Continued)

Avg density

Substance
Specific
gravity lb/ft3 kg/m3

Petroleum, refined 0.78–0.82 50 801
(kerosene)

Petroleum, benzine 0.73–0.75 46 737
Petroleum, gasoline 0.70–0.75 45 721
Pitch 1.07–1.15 69 1,105

Compressibility of Liquids

If v1 and v2 are the volumes of the liquids at pressures of p1 and p2 atm,
respectively, at any temperature, the coefficient of compressibility b is
given by the equation

b 5
1

v1

v1 2 v2

p2 2 p1

The value of b 3 106 for oils at low pressures at about 70°F varies

r a

40 0.99224 61.9428 992.228
42 0.99147 61.894 991.447
44 0.99066 61.844 990.647
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Tar, bituminous 1.20 75 1,201
Coal and Coke, Piled

Coal, anthracite 0.75–0.93 47–58 753–930
Coal, bituminous, lignite 0.64–0.87 40–54 641–866
Coal, peat, turf 0.32–0.42 20–26 320–417
Coal, charcoal 0.16–0.23 10–14 160–224
Coal, coke 0.37–0.51 23–32 369–513

* See also Sec. 6.4.

Table 6.1.6 Specific Gravity and Density of Wate
(Weights are in vacuo)

Density
Temp, Specific
°C gravity lb/ft3 kg/m3

0 0.99987 62.4183 999.845
2 0.99997 62.4246 999.946
4 1.00000 62.4266 999.955

6 0.99997 62.4246 999.946
8 0.99988 62.4189 999.854

10 0.99973 62.4096 999.706
12 0.99952 62.3969 999.502
14 0.99927 62.3811 999.272
16 0.99897 62.3623 998.948
18 0.99862 62.3407 998.602
20 0.99823 62.3164 998.213
22 0.99780 62.2894 997.780
24 0.99732 62.2598 997.304
26 0.99681 62.2278 996.793
28 0.99626 62.1934 996.242

30 0.99567 62.1568 995.656
32 0.99505 62.1179 995.033
34 0.99440 62.0770 994.378
36 0.99371 62.0341 993.691
38 0.99299 61.9893 992.973

* See also Secs. 4.2 and 6.10.
from about 55 to 80; for mercury at 32°F, it is 3.9; for chloroform at
32°F, it is 100 and increases with the temperature to 200 at 140°F; for
ethyl alcohol, it increases from about 100 at 32°F and low pressures to
125 at 104°F; for glycerin, it is about 24 at room temperature and low
pressure.

t Atmospheric Pressure*

Density
Temp, Specific
°C gravity lb/ft3 kg/m3
46 0.98982 61.791 989.797
48 0.98896 61.737 988.931

50 0.98807 61.682 988.050
52 0.98715 61.624 987.121
54 0.98621 61.566 986.192
56 0.98524 61.505 985.215
58 0.98425 61.443 984.222
60 0.98324 61.380 983.213
62 0.98220 61.315 982.172
64 0.98113 61.249 981.113
66 0.98005 61.181 980.025
68 0.97894 61.112 978.920

70 0.97781 61.041 977.783
72 0.97666 60.970 976.645
74 0.97548 60.896 975.460
76 0.97428 60.821 974.259
78 0.97307 60.745 973.041
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OTHER PHYSICAL DATA

Table 6.1.7 Average Composition of Dry Air between Sea
Level and 90-km (295,000-ft) Altitude

Molecular
Element Formula % by Vol. % by Mass weight

Nitrogen N2 78.084 75.55 28.0134
Oxygen O2 20.948 23.15 31.9988
Argon Ar 0.934 1.325 39.948
Carbon Dioxide CO2 0.0314 0.0477 44.00995
Neon Ne 0.00182 0.00127 20.183
Helium He 0.00052 0.000072 4.0026
Krypton Kr 0.000114 0.000409 83.80
Methane CH4 0.0002 0.000111 16.043

From 0.0 to 0.00005 percent by volume of nine other gases.
Average composite molecular weight of air 28.9644.
SOURCE: ‘‘U.S. Standard Atmosphere,’’ Government Printing Office.

Table 6.1.8 Volume of Water as a Function of Pressure and Temperature

Pressure, atm
Temp,
°F (°C) 0 500 1,000 2,000 3,000 4,000 5,000 6,500 8,000

32 (0) 1.0000 0.9769 0.9566 0.9223 0.8954 0.8739 0.8565 0.8361
68 (20) 1.0016 0.9804 0.9619 0.9312 0.9065 0.8855 0.8675 0.8444 0.8244

122 (50) 1.0128 0.9915 0.9732 0.9428 0.9183 0.8974 0.8792 0.8562 0.8369
176 (80) 1.0287 1.0071 0.9884 0.9568 0.9315 0.9097 0.8913 0.8679 0.8481

SOURCE: ‘‘International Critical Tables.’’
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Table 6.1.9 Basic Properties of Several Metals
(Staff contribution)*

Coefficient
of linear
thermal Thermal Specific Approx Modulus of Ultimate

Density,† expansion,‡ conductivity, heat,‡ melting elasticity, Poisson’s Yield stress, stress, Elongation,
Material g/cm3 in/(in ? °F) 3 1026 Btu/(h ? ft ? °F) Btu/(lb ? °F) temp, °F lb/ in2 3 106 ratio lb/ in2 3 103 lb/ in2 3 103 %

Aluminum 2024-T3 2.77 12.6 110 0.23 940 10.6 0.33 50 70 18
Aluminum 6061-T6 2.70 13.5 90 0.23 1,080 10.6 0.33 40 45 17
Aluminum 7079-T6 2.74 13.7 70 0.23 900 10.4 0.33 68 78 14
Beryllium, QMV 1.85 6.4–10.2 85 0.45 2,340 40–44 0.024–0.030 27–38 33–51 1–3.5
Copper, pure 8.90 9.2 227 0.092 1,980 17.0 0.32 See ‘‘Metals Handbook’’
Gold, pure 19.32 172 0.031 1,950 10.8 0.42 18 30
Lead, pure 11.34 29.3 21.4 0.031 620 2.0 0.40–0.45 1.3 2.6 20–50
Magnesium AZ31B-H24 (sheet) 1.77 14.5 55 0.25 1,100 6.5 0.35 22 37 15
Magnesium HK31A-H24 1.79 14.0 66 0.13 1,100 6.4 0.35 29 37 8
Molybdenum, wrought 10.3 3.0 83 0.07 4,730 40.0 0.32 80 120–200 Small
Nickel, pure 8.9 7.2 53 0.11 2,650 32.0 0.31§ See ‘‘Metals Handbook’’
Platinum 21.45 5.0 40 0.031 3,217 21.3 0.39 20–24 35–40
Plutonium, alpha phase 19.0–19.7 30.0 4.8 0.034 1,184 14.0 0.15–0.21 40 60 Small
Silver, pure 10.5 11.0 241 0.056 1,760 10–11 0.37 8 18 48
Steel, AISI C1020 (hot-worked) 7.85 6.3 27 0.10 2,750 29–30 0.29 48 65 36
Steel, AISI 304 (sheet) 8.03 9.9 9.4 0.12 2,600 28 0.29 39 87 65
Tantalum 16.6 3.6 31 0.03 5,425 27.0 0.35 50–145 1–40
Thorium, induction melt 11.6 6.95 21.7 0.03 3,200 7–10 0.27 21 32 34
Titanium, B 120VCA (aged) 4.85 5.2 4.3 0.13 3,100 14.8 0.3 190 200 9
Tungsten 19.3 2.5 95 0.033 6,200 50 0.28 18–600 1–3
Uranium D-38 18.97 4.0–8.0 17 0.028 2,100 24 0.21 28 56 4

Room-temperature properties are given. For further information, consult the ‘‘Metals Handbook’’ or a manufacturer’s publication.
* Compiled by Anders Lundberg, University of California, and reproduced by permission.
† To obtain the preferred density units, kg/m3, multiply these values by 1,000.
‡ See also Tables 6.1.10 and 6.1.11.
§ At 25°C.
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6-12 GENERAL PROPERTIES OF MATERIALS

Table 6.1.10 Coefficient of Linear Thermal Expansion for Various Materials
[Mean values between 32 and 212°F except as noted; in/(in ? °F) 3 1024]

Metals
Aluminum bronze 0.094
Brass, cast 0.104
Brass, wire 0.107
Bronze 0.100
Constantan (60 Cu, 40 Ni) 0.095
German silver 0.102
Iron:

Cast 0.059
Soft forged 0.063
Wire 0.080

Magnalium (85 Al, 15 Mg) 0.133
Phosphor bronze 0.094
Solder 0.134
Speculum metal 0.107
Steel:

Bessemer, rolled hard 0.056
Bessemer, rolled soft 0.063
Nickel (10% Ni) 0.073

Type metal 0.108

Other Materials
Bakelite, bleached 0.122
Brick 0.053
Carbon—coke 0.030
Cement, neat 0.060
Concrete 0.060
Ebonite 0.468
Glass:

Thermometer 0.045
Hard 0.033
Plate and crown 0.050
Flint 0.044
Pyrex 0.018

Granite 0.04–0.05
Graphite 0.044
Gutta percha 0.875
Ice 0.283
Limestone 0.023–0.05
Marble 0.02–0.09
Masonry 0.025–0.050

Paraffin:
32–61°F 0.592
61–100°F 0.724
100–120°F 2.612

Porcelain 0.02
Quarts:

Parallel to axis 0.044
Perpend. to axis 0.074

Quarts, fused 0.0028
Rubber 0.428
Vulcanite 0.400
Wood (|| to fiber):

Ash 0.053
Chestnut and maple 0.036
Oak 0.027
Pine 0.030

Across the fiber:
Chestnut and pine 0.019
Maple 0.027
Oak 0.030

Table 6.1.11 Specific Heat of Various Materials
[Mean values between 32 and 212°F; Btu/(lb ? °F)]

Solids
Alloys:

Bismuth-tin 0.040–0.045
Bell metal 0.086
Brass, yellow 0.0883
Brass, red 0.090
Bronze 0.104
Constantan 0.098
German silver 0.095
Lipowits’s metal 0.040
Nickel steel 0.109
Rose’s metal 0.050
Solders (Pb and Sn) 0.040–0.045
Type metal 0.0388
Wood’s metal 0.040
40 Pb 1 60 Bi 0.0317
25 Pb 1 75 Bi 0.030

Asbestos 0.20
Ashes 0.20
Bakelite 0.3–0.4
Basalt (lava) 0.20
Borax 0.229
Brick 0.22
Carbon-coke 0.203
Chalk 0.215
Charcoal 0.20
Cinders 0.18
Coal 0.3
Concrete 0.156
Cork 0.485
Corundum 0.198
Dolomite 0.222
Ebonite 0.33
Glass:

Normal 0.199
Crown 0.16
Flint 0.12

Granite 0.195
Graphite 0.201
Gypsum 0.259
Hornblende 0.195
Humus (soil) 0.44
Ice:

2 4°F 0.465
32°F 0.487

India rubber (Para) 0.27–0.48
Kaolin 0.224
Limestone 0.217
Marble 0.210
Oxides:

Alumina (Al3O2) 0.183
Cu2O 0.111
Lead oxide (PbO) 0.055
Lodestone 0.156
Magnesia 0.222
Magnetite (Fe3O4) 0.168
Silica 0.191
Soda 0.231
Zinc oxide (ZnO) 0.125

Paraffin wax 0.69
Porcelain 0.22
Quarts 0.17–0.28
Quicklime 0.21
Malt, rock 0.21
Sand 0.195
Sandstone 0.22
Serpentine 0.25
Sulfur 0.180
Talc 0.209
Tufa 0.33
Vulcanite 0.331

Wood:
Fir 0.65
Oak 0.57
Pine 0.67

Liquids
Acetic acid 0.51
Acetone 0.544
Alcohol (absolute) 0.58
Aniline 0.49
Bensol 0.40
Chloroform 0.23
Ether 0.54
Ethyl acetate 0.478
Ethylene glycol 0.602
Fusel oil 0.56
Gasoline 0.50
Glycerin 0.58
Hydrochloric acid 0.60
Kerosene 0.50
Naphthalene 0.31
Machine oil 0.40
Mercury 0.033
Olive oil 0.40
Paraffin oil 0.52
Petroleum 0.50
Sulfuric acid 0.336
Sea water 0.94
Toluene 0.40
Turpentine 0.42
Molten metals:

Bismuth (535–725°F) 0.036
Lead (590–680°F) 0.041
Sulfur (246–297°F) 0.235
Tin (460–660°F) 0.058
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6.2 IRON AND STEEL
by Harold W. Paxton

REFERENCES: ‘‘Metals Handbook,’’ ASM International, 10th ed., ASTM Stan-
dards, pt. 1. SAE Handbook. ‘‘Steel Products Manual,’’ AISI. ‘‘Making, Shaping
and Treating of Steel,’’ AISE, 10th ed.

CLASSIFICATION OF IRON AND STEEL

Iron (Fe) is not a high-purity metal commercially but contains other
chemical elements which have a large effect on its
chanical properties. The amount and distribution of t
dependent upon the method of manufacture. The mo

ing hot gas. The gas is produced by the burning of coke in the hearth of
the furnace and contains about 34 percent carbon monoxide. This gas
reduces the iron ore to metallic iron, which melts and picks up consider-
able quantities of carbon, manganese, phosphorus, sulfur, and silicon.
The gangue (mostly silica) of the iron ore and the ash in the coke com-
bine with the limestone to form the blast-furnace slag. The pig iron and

f at intervals from the hearth through the iron notch
respectively. Some of the larger blast furnaces pro-
0 tons of pig iron per day. The blast furnace produces

for one of three applications: (1) the huge majority
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physical and me-
hese elements are
st important com-

slag are drawn of
and cinder notch,
duce around 10,00
a liquid product
mercial forms of iron are listed below.
Pig iron is the product of the blast furnace and is made by the reduc-

tion of iron ore.
Cast iron is an alloy of iron containing enough carbon to have a low

melting temperature and which can be cast to close to final shape. It is
not generally capable of being deformed before entering service.

Gray cast iron is an iron which, as cast, has combined carbon (in the
form of cementite, Fe3C) not in excess of a eutectoid percentage—the
balance of the carbon occurring as graphite flakes. The term ‘‘gray
iron’’ is derived from the characteristic gray fracture of this metal.

White cast iron contains carbon in the combined form. The presence
of cementite or iron carbide (Fe3C) makes this metal hard and brittle,
and the absence of graphite gives the fracture a white color.

Malleable cast iron is an alloy in which all the combined carbon in a
special white cast iron has been changed to free or temper carbon by
suitable heat treatment.

Nodular (ductile) cast iron is produced by adding alloys of magnesium
or cerium to molten iron. These additions cause the graphite to form into
small nodules, resulting in a higher-strength, ductile iron.

Ingot iron, electrolytic iron (an iron-hydrogen alloy), and wrought iron
are terms for low-carbon materials which are no longer serious items of
commerce but do have considerable historical interest.

Steel is an alloy predominantly of iron and carbon, usually containing
measurable amounts of manganese, and often readily formable.

Carbon steel is steel that owes its distinctive properties chiefly to the
carbon it contains.

Alloy steel is steel that owes its distinctive properties chiefly to some
element or elements other than carbon, or jointly to such other elements
and carbon. Some alloy steels necessarily contain an important percent-
age of carbon, even as much as 1.25 percent. There is no complete
agreement about where to draw the line between the alloy steels and the
carbon steels.

Basic oxygen steel and electric-furnace steel are steels made by the basic
oxygen furnace and electric furnace processes, irrespective of carbon
content; the effective individual alloy content in engineering steels can
range from 0.05 percent up to 3 percent, with a total usually less than 5
percent. Open-hearth and Bessemer steelmaking are no longer practiced
in the United States.

Iron ore is reduced in a blast furnace to form pig iron, which is the raw
material for practically all iron and steel products. Formerly, nearly 90
percent of the iron ore used in the United States came from the Lake
Superior district; the ore had the advantages of high quality and the
cheapness with which it could be mined and transported by way of the
Great Lakes. With the rise of global steelmaking and the availability of
high-grade ores and pellets (made on a large scale from low-grade ores)
from many sources, the choice of feedstock becomes an economic deci-
sion.

The modern blast furnace consists of a vertical shaft up to 10 m or
40 ft in diameter and over 30 m (100 ft) high containing a descending
column of iron ore, coke, and limestone and a large volume of ascend-
passes to the steelmaking process for refining; (2) pig iron is used in
foundries for making castings; and (3) ferroalloys, which contain a
considerable percentage of another metallic element, are used as addi-
tion agents in steelmaking. Compositions of commercial pig irons and
two ferroalloys (ferromanganese and ferrosilicon) are listed in Table
6.2.1.

Physical Constants of Unalloyed Iron Some physical properties of
iron and even its dilute alloys are sensitive to small changes in composi-
tion, grain size, or degree of cold work. The following are reasonably
accurate for ‘‘pure’’ iron at or near room temperature; those with an
asterisk are sensitive to these variables perhaps by 10 percent or more.
Those with a dagger (†) depend measurably on temperature; more ex-
tended tables should be consulted.

Specific gravity, 7.866; melting point, 1,536°C (2,797°F); heat of
fusion 277 kJ/kg (119 Btu/ lbm); thermal conductivity 80.2 W/(m ? C)
[557 Btu/(h ? ft2 ? in ? °F)*†; thermal coefficient of expansion 12 3
1026/°C (6.7 3 1026/°F)†; electrical resistivity 9.7 mV ? cm*†; and
temperature coefficient of electrical resistance 0.0065/°C (0.0036/°F).†

Mechanical Properties Representative mechanical properties of
annealed low-carbon steel (often similar to the former ingot iron) are as
follows: yield strength 130 to 150 MPa (20 to 25 ksi); tensile strength
260 to 300 MPa (40 to 50 ksi); elongation 20 to 45 percent in 2 in;
reduction in area of 60 to 75 percent; Brinell hardness 65 to 100. These
figures are at best approximate and depend on composition (especially
trace additives) and processing variables. For more precise data, suppli-
ers or broader databases should be consulted.

Young’s modulus for ingot iron is 202,000 MPa (29,300,000 lb/in2)
in both tension and compression, and the shear modulus is 81,400 MPa
(11,800,000 lb/in2). Poisson’s ratio is 0.28. The effect of cold rolling on
the tensile strength, yield strength, elongation, and shape of the stress-
strain curve is shown in Fig. 6.2.1, which is for Armco ingot iron but
would not be substantially different for other low-carbon steels.

Uses Low-carbon materials weld evenly and easily in all processes,
can be tailored to be readily paintable and to be enameled, and with
other treatments make an excellent low-cost soft magnetic material with
high permeability and low coercive force for mass-produced motors and
transformers. Other uses, usually after galvanizing, include culverts,
flumes, roofing, siding, and housing frames; thin plates can be used in
oil and water tanks, boilers, gas holders, and various nondemanding
pipes; enameled sheet retains a strong market in ranges, refrigerators,
and other household goods, in spite of challenges from plastics.

STEEL

Steel Manufacturing

Steel is produced by the removal of impurities from pig iron in a basic
oxygen furnace or an electric furnace.

Basic Oxygen Steel This steel is produced by blowing pure (99
percent) oxygen either vertically under high pressure (1.2 MPa or

6-13
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Table 6.2.1 Types of Pig Iron for Steelmaking and Foundry Use

Chemical composition, %*

Designation Si P Mn C† Principal use

Basic pig, northern 1.50 max 0.400 max 1.01–2.00 3.5–4.4 Basic oxygen steel
In steps of 0.25 0.50

Foundry, northern 3.50 max 0.301–0.700 0.50–1.25 3.0–4.5 A wide variety of castings
In steps of 0.25 0.25

Foundry, southern 3.50 max 0.700–0.900 0.40–0.75 3.0–4.5 Cast-iron pipe
In steps of 0.25 0.25

Ferromanganese (3 grades) 1.2 max 0.35 max 74–82 7.4 max Addition of manganese to steel or cast iron
Ferrosilicon (silvery pig) 5.00–17.00 0.300 max 1.00–2.00 1.5 max Addition of silicon to steel or cast iron

* Excerpted from ‘‘The Making, Shaping and Treating of Steel,’’ AISE, 1984; further information in ‘‘Steel Products Manual,’’ AISI, and ASTM Standards, Pt. 1.
† Carbon content not specified—for information only. Usually S is 0.05 max (0.06 for ferrosilicon) but S and P for basic oxygen steel are typically much lower today.

nomic competition is fierce and has served to improve choices for cus-
tomers.

Early processes used three-phase alternating current, but increasingly
the movement is to a single dc electrode with a conducting hearth. The
high-power densities necessitate water cooling and improved basic re-
fractory linings. Scrap is charged into the furnace, which usually con-
tains some of the last heat to improve efficiency. Older practices often
had a second slag made after the first meltdown and refining by oxygen
blowing, but today, final refining takes place outside the melting unit in
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Fig. 6.2.1 Effect of cold rolling on the stress-strain relationship of Armco ingot
iron. (Kenyon and Burns.)

175 lb/in2) onto the surface of molten pig iron (BOP) or through tuyeres
in the base of the vessel (the Q-BOP process). Some facilities use a
combination depending on local circumstances and product mix. This is
an autogenous process that requires no external heat to be supplied. The
furnaces are similar in shape to the former Bessemer converters but
range in capacity to 275 metric tons (t) (300 net tons) or more. The
barrel-shaped furnace or vessel may or may not be closed on the bottom,
is open at the top, and can rotate in a vertical plane about a horizontal
axis for charging and for pouring the finished steel. Selected scrap is
charged into the vessel first, up to 30 percent by weight of the total
charge. Molten pig iron (often purified from the raw blast-furnace hot
metal to give lower sulfur, phosphorus, and sometimes silicon) is
poured into the vessel. In the Q-BOP, oxygen must be flowing through
the bottom tuyeres at this time to prevent clogging; further flow serves
to refine the charge and carries in fluxes as powders. In the BOP pro-
cess, oxygen is introduced through a water-cooled lance introduced
through the top of the vessel. Within seconds after the oxygen is turned
on, some iron in the charge is converted to ferrous oxide, which reacts
rapidly with the impurities of the charge to remove them from the metal.
As soon as reaction starts, limestone is added as a flux. Blowing is
continued until the desired degree of purification is attained. The reac-
tions take place very rapidly, and blowing of a heat is completed in
about 20 min in a 200-net-ton furnace. Because of the speed of the
process, a computer is used to calculate the charge required for making
a given heat of steel, the rate and duration of oxygen blowing, and to
regulate the quantity and timing of additions during the blow and for
finishing the steel. Production rates of well over 270 t per furnace hour
(300 net tons) can be attained. The comparatively low investment cost
and low cost of operation have already made the basic oxygen process
the largest producer of steel in the world, and along with electric fur-
naces, it almost completely replaces the basic open hearth as the major
steelmaking process. No open hearths operate in the United States
today.

Electric Steel The biggest change in steelmaking over the last
20 years is the fraction of steel made by remelting scrap in an elec-
tric furnace (EF), originally to serve a relatively nondemanding local
market, but increasingly moving up in quality and products to compete
with mills using the blast-furnace/oxygen steelmaking route. The eco-
a ladle furnace, which allows refining, temperature control, and alloying
additions to be made without interfering with the next heat. The materi-
als are continuously cast with various degrees of sophistication includ-
ing slabs only 50 mm (2 in) thick.

The degree to which electric melting can replace more conventional
methods is of great interest and depends in large part on the availability
of sufficiently pure scrap at an attractive price and some improvements
in surface quality to be able to make the highest-value products. Ad-
vances in EF technology are countered aggressively by new develop-
ments and cost control in traditional steelmaking; it may well be a
decade or more before the pattern clarifies.

The induction furnace is simply a fairly small melting furnace to
which the various metals are added to make the desired alloy, usually
quite specialized. When steel scrap is used as a charge, it will be a
high-grade scrap the composition of which is well known (see also
Sec. 7).

Ladle Metallurgy One of the biggest contributors to quality in steel
products is the concept of refining liquid steel outside the first melting
unit—BOP, Q-BOP, or EF, none of which is well designed to perform
the refining function. In this separate unit, gases in solution (oxygen,
hydrogen, and, to a lesser extent, nitrogen) can be reduced by vacuum
treatment, carbon can be adjusted to desirable very low levels by reac-
tion with oxygen in solution, alloy elements can be added, the tempera-
ture can be adjusted, and the liquid steel can be stirred by inert gases to
float out inclusions and provide a homogeneous charge to the continu-
ous casters which are now virtually ubiquitous. Reducing oxygen in
solution means a ‘‘cleaner’’ steel (fewer nonmetallic inclusions) and a
more efficient recovery of alloying elements added with a purpose and
which otherwise might end up as oxides.

Steel Ingots With the advent of continuous casters, ingot casting is
now generally reserved for the production of relatively small volumes
of material such as heavy plates and forgings which are too big for
current casters. Ingot casting, apart from being inefficient in that the
large volume change from liquid to solid must be handled by discarding
the large void space usually at the top of the ingot (the pipe), also has
several other undesirable features caused by the solidification pattern in
a large volume, most notably significant differences in composition
throughout the piece (segregation) leading to different properties, inclu-
sions formed during solidification, and surface flaws from poor mold
surfaces, splashing and other practices, which if not properly removed
lead to defects in finished products (seams, scabs, scale, etc.). Some de-
fects can be removed or attenuated, but others cannot; in general, with
the exception of some very specialized tool and bearing steels, products
from ingots are no longer state-of-the-art unless they are needed for
size.
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Continuous Casting This concept, which began with Bessemer in
the 1850s, began to be a reliable production tool around 1970 and since
then has replaced basically all ingot casting. Industrialized countries all
continuously cast well above 90 percent of their production. Sizes cast
range from 2-m (80-in)—or more—by 0.3-m (12-in) slabs down to
0.1-m (4-in) square or round billets. Multiple strands are common where
production volume is important. Many heats of steel can be cast in a
continuous string with changes of width possible during operation.
Changes of composition are possible in succeeding ladles with a discard
of the short length of mixed composition. There is great interest in

along the train. Process controls allow each mill stand to run sufficiently
faster than the previous one to maintain tension and avoid pileups be-
tween stands. The temperature of the sheet is a balance between heat
added by deformation and that lost by heat transfer, sometimes with
interstand water sprays. Ideally the temperature should not vary be-
tween head and tail of the sheet, but this is hard to accomplish.

The deformation encourages recrystallization and even some grain
growth between stands; even though the time is short, temperatures are
high. Emerging from the last stand between 815 and 950°C, the austen-
ite may or may not recrystallize, depending on the temperature. At
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casting much thinner slabs or even casting directly to sheet; this is
currently possible with some quality loss, but major efforts around the
world to reduce differences are underway.

By intensive process control, it is often possible to avoid cooling the
cast slabs to room temperature for inspection, enabling energy savings
since the slabs require less reheating before hot rolling. If for some
reason the slabs are cooled to room temperature, any surface defects
which might lead to quality problems can be removed—usually by
scarfing with an oxyacetylene torch or by grinding. Since this represents
a yield loss, there is a real economic incentive to avoid the formation of
such defects by paying attention to casting practices.

Mechanical Treatment of Steel

Cast steel, in the form of slabs, billets, or bars (these latter two differ
somewhat arbitrarily in size) is treated further by various combinations
of hot and cold deformation to produce a finished product for sale from
the mill. Further treatments by fabricators usually occur before delivery
to the final customer. These treatments have three purposes: (1) to
change the shape by deformation or metal removal to desired toler-
ances; (2) to break up—at least partially—the segregation and large
grain sizes inevitably formed during the solidification process and to
redistribute the nonmetallic inclusions which are present; and (3) to
change the properties. For example, these may be functional—strength
or toughness—or largely aesthetic, such as reflectivity.

These purposes may be separable or in many cases may be acting
simultaneously. An example is hot-rolled sheet or plate in which often
the rolling schedule (reductions and temperature of each pass, and the
cooling rate after the last reduction) is a critical path to obtain the
properties and sizes desired and is often known as ‘‘heat treatment on
the mill.’’

Most steels are reduced after appropriate heating (to above 1,000°C)
in various multistand hot rolling mills to produce sheet, strip, plate, tubes,
shaped sections, or bars. More specialized deformation, e.g., by hammer
forging, can result in working in more than one direction, with a distri-
bution of inclusions which is not extended in one direction. Rolling,
e.g., more readily imparts anisotropic properties. Press forging at slow
strain rates changes the worked structure to greater depths and is pre-
ferred for high-quality products. The degree of reduction required to
eliminate the cast structure varies from 4:1 to 10:1; clearly smaller
reductions would be desirable but are currently not usual.

The slabs, blooms, and billets from the caster must be reheated in an
atmosphere-controlled furnace to the working temperature, often from
room temperature, but if practices permit, they may be charged hot to
save energy. Coupling the hot deformation process directly to slabs at
the continuous caster exit is potentially more efficient, but practical
difficulties currently limit this to a small fraction of total production.

The steel is oxidized during heating to some degree, and this oxida-
tion is removed by a combination of light deformation and high-pres-
sure water sprays before the principal deformation is applied. There are
differences in detail between processes, but as a representative example,
the conventional production of wide ‘‘hot-rolled sheet’’ [. 1.5 m
(60 in)] will be discussed.

The slab, about 0.3 m (12 in) thick at about 1200°C is passed through
a scale breaker and high-pressure water sprays to remove the oxide
film. It then passes through a set of roughing passes (possibly with
some modest width reduction) to reduce the thickness to just over
25 mm (1 in), the ends are sheared perpendicular to the length to remove
irregularities, and finally they are fed into a series of up to seven roll
stands each of which creates a reduction of 50 to 10 percent passing
higher temperatures, when austenite does recrystallize, the grain size is
usually small (often in the 10- to 20-mm range). At lower exit tempera-
tures austenite grains are rolled into ‘‘pancakes’’ with the short dimen-
sion often less than 10 mm. Since several ferrite grains nucleate from
each austenite grain during subsequent cooling, the ferrite grain size can
be as low as 3 to 6 mm (ASTM 14 to 12). We shall see later that small
ferrite grain sizes are a major contributor to the superior properties of
today’s carbon steels, which provide good strength and superior tough-
ness simultaneously and economically.

Some of these steels also incorporate strong carbide and nitride
formers in small amounts to provide extra strength from precipitation
hardening; the degree to which these are undissolved in austenite during
hot rolling affects recrystallization significantly. The subject is too
complex to treat briefly here; the interested reader is referred to the
ASM ‘‘Metals Handbook,’’ 10th ed., vol. 1, pp. 389–423.

After the last pass, the strip may be cooled by programmed water
sprays to between 510 and 730°C so that during coiling, any desired
precipitation processes may take place in the coiler. The finished coil,
usually 2 to 3 mm (0.080 to 0.120 in) thick and sometimes 1.3 to 1.5 mm
(0.052 to 0.060 in) thick, which by now has a light oxide coating, is
taken off line and either shippped directly or retained for further pro-
cessing to make higher value-added products. Depending on composi-
tion, typical values of yield strength are from 210 up to 380 MPa (30 to
55 ksi), UTS in the range of 400 to 550 MPa (58 to 80 ksi), with an
elongation in 200 mm (8 in) of about 20 percent. The higher strengths
correspond to low-alloy steels.

About half the sheet produced is sold directly as hot-rolled sheet. The
remainder is further cold-worked after scale removal by pickling and
either is sold as cold-worked to various tempers or is recrystallized to
form a very formable product known as cold-rolled and annealed, or more
usually as cold-rolled, sheet. Strengthening by cold work is common in
sheet, strip, wire, or bars. It provides an inexpensive addition to strength
but at the cost of a serious loss of ductility, often a better surface finish,
and finished product held to tighter tolerances. It improves springiness
by increasing the yield strength, but does not change the elastic moduli.
Examples of the effect of cold working on carbon-steel drawn wires are
shown in Figs. 6.2.2 and 6.2.3.

To make the highest class of formable sheet is a very sophisticated
operation. After pickling, the sheet is again reduced in a multistand
(three, four, or five) mill with great attention paid to tolerances and
surface finish. Reductions per pass range from 25 to 45 percent in early
passes to 10 to 30 percent in the last pass. The considerable heat gener-
ated necessitates an oil-water mixture to cool and to provide the neces-
sary lubrication. The finished coil is degreased prior to annealing.

The purpose of annealing is to provide, for the most demanding appli-
cations, pancake-shaped grains after recrystallization of the cold-
worked ferrite, in a matrix with a very sharp crystal texture containing
little or no carbon or nitrogen in solution. The exact metallurgy is com-
plex but well understood. Two types of annealing are possible: slow
heating, holding, and cooling of coils in a hydrogen atmosphere (box
annealing) lasting several days, or continuous feeding through a furnace
with a computer-controlled time-temperature cycle. The latter is much
quicker but very capital-intensive and requires careful and complex
process control.

As requirements for formability are reduced, production controls can
be relaxed. In order of increasing cost, the series is commercial quality
(CQ), drawing quality (DQ), deep drawing quality (DDQ), and extra
deep drawing quality (EDDQ). Even more formable steels are possible,
but they are not often commercially interesting.
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Constitution and Structure of Steel

As a result of the methods of production, the following elements are
always present in steel: carbon, manganese, phosphorus, sulfur, silicon,
and traces of oxygen, nitrogen, and aluminum. Various alloying ele-
ments are frequently added, such as nickel, chromium, copper, molyb-
denum, niobium (columbium), and vanadium. The most important of
the above elements in steel is carbon, and it is necessary to understand
the effect of carbon on the internal structure of steel to understand the
heat treatment of carbon and low-alloy steels.
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Fig. 6.2.2 Increase of tensile strength of plain carbon steel with increasing
amounts of cold working by drawing through a wire-drawing die.

Fig. 6.2.3 Reduction in ductility of plain carbon steel with increasing amounts
of cold working by drawing through a wire-drawing die.

Some other deformation processes are occasionally of interest, such
as wire drawing, usually done cold, and extrusion, either hot or cold.
Hot extrusion for materials that are difficult to work became practical
through the employment of a glass lubricant. This method allows the hot
extrusion of highly alloyed steels and other exotic alloys subjected to
service at high loads and/or high temperatures.
The iron–iron carbide equilibrium diagram in Fig. 6.2.4 shows the
phases that are present in steels of various carbon contents over a range
of temperatures under equilibrium conditions. Pure iron when heated to
910°C (1,670°F) changes its internal crystalline structure from a body-
centered cubic arrangement of atoms, alpha iron, to a face-centered
cubic structure, gamma iron. At 1,390°C (2,535°F), it changes back to
the body-centered cubic structure, delta iron, and at 1,539°C (2,802°F)
the iron melts. When carbon is added to iron, it is found that it has only
slight solid solubility in alpha iron (much less than 0.001 percent at
room temperature at equilibrium). These small amounts of carbon,
however, are critically important in many high-tonnage applications
where formability is required. On the other hand, gamma iron will hold
up to 2.0 percent carbon in solution at 1,130°C (2,066°F). The alpha
iron containing carbon or any other element in solid solution is called
ferrite, and the gamma iron containing elements in solid solution is
called austenite. Usually when not in solution in the iron, the carbon
forms a compound Fe3C (iron carbide) which is extremely hard and
brittle and is known as cementite.

Fig. 6.2.4 Iron– iron carbide equilibrium diagram, for carbon content up to 5
percent. (Dashed lines represent equilibrium with cementite, or iron carbide; adja-
cent solid lines indicate equilibrium with graphite.)

The temperatures at which the phase changes occur are called critical
points (or temperatures) and, in the diagram, represent equilibrium con-
ditions. In practice there is a lag in the attainment of equilibrium, and
the critical points are found at lower temperatures on cooling and at
higher temperatures on heating than those given, the difference increas-
ing with the rate of cooling or heating.

The various critical points have been designated by the letter A; when
obtained on cooling, they are referred to as Ar, on the heating as Ac. The
subscripts r and c refer to refroidissement and chauffage, respectively,
and reflect the early French contributions to heat treatment. The various
critical points are distinguished from each other by numbers after the
letters, being numbered in the order in which they occur as the tempera-
ture increases. Ac1 represents the beginning of transformation of ferrite
to austenite on heating; Ac3 the end of transformation of ferrite to aus-
tenite on heating, and Ac4 the change from austenite to delta iron
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on heating. On cooling, the critical points would be referred to as Ar4,
Ar3, and Ar1, respectively. The subscript 2, not mentioned here, refers to
a magnetic transformation. It must be remembered that the diagram
represents the pure iron-iron carbide system at equilibrium. The varying
amounts of impurities in commercial steels affect to a considerable
extent the position of the curves and especially the lateral position of the
eutectoid point.

Carbon steel in equilibrium at room temperature will have present
both ferrite and cementite. The physical properties of ferrite are approx-
imately those of pure iron and are characteristic of the metal. Cementite

Heat Treatment An operation, or combination of operations, in-
volving the heating and cooling of a metal or an alloy in the solid state,
for the purpose of obtaining certain desirable conditions or properties.

Quenching Rapid cooling by immersion in liquids or gases or by
contact with metal.

Hardening Heating and quenching certain iron-base alloys from a
temperature either within or above the critical range for the purpose of
producing a hardness superior to that obtained when the alloy is not
quenched. Usually restricted to the formation of martensite.

Annealing A heating and cooling operation implying usually a rela-
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is itself hard and brittle; its shape, amount, and distribution control
many of the mechanical properties of steel, as discussed later. The fact
that the carbides can be dissolved in austenite is the basis of the heat
treatment of steel, since the steel can be heated above the A1 critical
temperature to dissolve all the carbides, and then suitable cooling
through the appropriate range will produce a wide and predictable range
of the desired size and distribution of carbides in the ferrite.

If austenite with the eutectoid composition at 0.76 percent carbon
(Fig. 6.2.4) is cooled slowly through the critical temperature, ferrite and
cementite are rejected simultaneously, forming alternate plates or la-
mellae. This microstructure is called pearlite, since when polished and
etched it has a pearly luster. When examined under a high-power optical
microscope, however, the individual plates of cementite often can be
distinguished easily. If the austenite contains less carbon than the eutec-
toid composition (i.e., hypoeutectoid compositions), free ferrite will first
be rejected on slow cooling through the critical temperature until the
remaining austenite reaches eutectoid composition, when the simulta-
neous rejection of both ferrite and carbide will again occur, producing
pearlite. A hypoeutectoid steel at room temperature will be composed of
areas of free ferrite and areas of pearlite; the higher the carbon percent-
age, the greater the amount of pearlite present in the steel. If the austen-
ite contains more carbon than the eutectoid composition (i.e., hypereu-
tectoid composition) and is cooled slowly through the critical
temperature, then cementite is rejected and appears at the austenitic
grain boundaries, forming a continuous cementite network until the
remaining austenite reaches eutectoid composition, at which time pearl-
ite is formed. A hypereutectoid steel, when slowly cooled, will exhibit
areas of pearlite surrounded by a thin network of cementite, or iron
carbide.

As the cooling rate is increased, the spacing between the pearlite
lamellae becomes smaller; with the resulting greater dispersion of car-
bide preventing slip in the iron crystals, the steel becomes harder. Also,
with an increase in the rate of cooling, there is less time for the separa-
tion of excess ferrite or cementite, and the equilibrium amount of these
constituents will not be precipitated before the austenite transforms to
pearlite. Thus with a fast rate of cooling, pearlite may contain less or
more carbon than given by the eutectoid composition. When the cooling
rate becomes very rapid (as obtained by quenching), the carbon does
not have sufficient time to separate out in the form of carbide, and
the austenite transforms to a highly elastically stressed structure super-
saturated with carbon called martensite. This structure is exceed-
ingly hard but brittle and requires tempering to increase the ductility.
Tempering consists of heating martensite to some temperature below
the critical temperature, causing the carbide to precipitate in the form of
small spheroids, or especially in alloy steels, as needles or platelets. The
higher the tempering temperature, the larger the carbide particle size,
the greater the ductility of the steel, and the lower the hardness.

In a carbon steel, it is possible to have a structure consisting either of
parallel plates of carbide in a ferrite matrix, the distance between the
plates depending upon the rate of cooling, or of carbide spheroids in a
ferrite matrix, the size of the spheroids depending upon the temperature
to which the hardened steel was heated. (Some spheroidization occurs
when pearlite is heated, but only at high temperatures close to the criti-
cal temperature range.)

Heat-Treating Operations

The following definitions of terms have been adopted by the ASTM,
SAE, and ASM in substantially identical form.
tively slow cooling. The purpose of such a heat treatment may be (1) to
remove stresses; (2) to induce softness; (3) to alter ductility, toughness,
electrical, magnetic, or other physical properties; (4) to refine the crys-
talline structure; (5) to remove gases; or (6) to produce a definite micro-
structure. The temperature of the operation and the rate of cooling de-
pend upon the material being heat-treated and the purpose of the
treatment. Certain specific heat treatments coming under the compre-
hensive term annealing are as follows:

Full Annealing Heating iron base alloys above the critical tempera-
ture range, holding above that range for a proper period of time, fol-
lowed by slow cooling to below that range. The annealing temperature
is usually about 50°C (' 100°F) above the upper limit of the critical
temperature range, and the time of holding is usually not less than 1 h
for each 1-in section of the heaviest objects being treated. The objects
being treated are ordinarily allowed to cool slowly in the furnace. They
may, however, be removed from the furnace and cooled in some me-
dium that will prolong the time of cooling as compared with unre-
stricted cooling in the air.

Process Annealing Heating iron-base alloys to a temperature
below or close to the lower limit of the critical temperature range fol-
lowed by cooling as desired. This heat treatment is commonly applied in
the sheet and wire industries, and the temperatures generally used are
from 540 to 705°C (about 1,000 to 1,300°F).

Normalizing Heating iron base alloys to approximately 40°C (about
100°F) above the critical temperature range followed by cooling to
below that range in still air at ordinary temperature.

Patenting Heating iron base alloys above the critical temperature
range followed by cooling below that range in air or a molten mixture of
nitrates or nitrites maintained at a temperature usually between 425 and
565°C (about 800 to 1,050°F), depending on the carbon content of the
steel and the properties required of the finished product. This treatment
is applied in the wire industry to medium- or high-carbon steel as a
treatment to precede further wire drawing.

Spheroidizing Any process of heating and cooling steel that pro-
duces a rounded or globular form of carbide. The following spheroidiz-
ing methods are used: (1) Prolonged heating at a temperature just below
the lower critical temperature, usually followed by relatively slow cool-
ing. (2) In the case of small objects of high-carbon steels, the spheroid-
izing result is achieved more rapidly by prolonged heating to tempera-
tures alternately within and slightly below the critical temperature
range. (3) Tool steel is generally spheroidized by heating to a tempera-
ture of 750 to 805°C (about 1,380 to 1,480°F) for carbon steels and
higher for many alloy tool steels, holding at heat from 1 to 4 h, and
cooling slowly in the furnace.

Tempering (also termed Drawing) Reheating hardened steel to some
temperature below the lower critical temperature, followed by any de-
sired rate of cooling. Although the terms tempering and drawing are
practically synonymous as used in commercial practice, the term tem-
pering is preferred.

Transformation Reactions in Carbon Steels Much of, but not all,
the heat treatment of steel involves heating into the region above Ac3 to
form austenite, followed by cooling at a preselected rate. If the parts are
large, heat flow may limit the available cooling rates. As an example
selected for simplicity rather than volume of products, we may follow
the possible transformations in a eutectoid steel over a range of temper-
ature. (The reactions to produce ferrite in hypoeutectoid steels, which
are by far the most common, do not differ in principle; the products are,
of course, softer.) The curve is a derivative of the TTT (time-tempera-
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ture-transformation) curves produced by a systematic study of austenite
transformation rates isothermally on specimens thin enough to avoid
heat flow complications. The data collected for many steels are found in
the literature.

Figure 6.2.5 summarizes the rates of decomposition of a eutectoid
carbon steel over a range of temperatures. Various cooling rates are
shown diagrammatically, and it will be seen that the faster the rate of
cooling, the lower the temperature of transformation, and the harder the
product formed. At around 540°C (1,000°F), the austenite transforms
rapidly to fine pearlite; to form martensite it is necessary to cool very

the discussion that follows, it is pointed out that hardenability is signifi-
cantly affected by most alloying elements. This term should not be
confused with the ability of a steel to attain a certain hardness. The
intensity of hardening, i.e., the maximum hardness of the martensite
formed, is very largely dependent upon the carbon content of the steel.

Determination of Hardenability A long-established test for harden-
ability is the Jominy test which performs controlled water cooling on one
end of a standard bar. Since the thermal conductivity of steel does not
vary significantly, each distance from the quenched end (DQE) corre-
sponds to a substantially unique cooling rate, and the structure obtained
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rapidly through this temperature range to avoid the formation of pearlite
before the specimen reaches the temperature at which the formation of
martensite begins (Ms ). The minimum rate of cooling that is required to
form a fully martensite structure is called the critical cooling rate. No
matter at what rate the steel is cooled, the only products of transforma-
tion of this steel will be pearlite or martensite. However, if the steel can
be given an interrupted quench in a molten bath at some temperature
between 205 and 540°C (about 400 and 1,000°F), an acicular structure,
called bainite, of considerable toughness, combining high strength with

Fig. 6.2.5 Influence of cooling rate on the product of transformation in a eutec-
toid carbon steel.

high ductility, is obtained, and this heat treatment is known as austem-
pering. A somewhat similar heat treatment called martempering can be
utilized to produce a fully martensitic structure of high hardness, but
free of the cracking, distortion, and residual stresses often associated
with such a structure. Instead of quenching to room temperature, the
steel is quenched to just above the martensitic transformation tempera-
ture and held for a short time to permit equalization of the temperature
gradient throughout the piece. Then the steel may be cooled relatively
slowly through the martensitic transformation range without superim-
posing thermal stresses on those introduced during transformation. The
limitation of austempering and martempering for carbon steels is that
these two heat treatments can be applied only to articles of small cross
section, since the rate of cooling in salt baths is not sufficient to prevent
the formation of pearlite in samples with diameter of more than 1⁄2 in.

The maximum hardness obtainable in a high-carbon steel with a fine
pearlite structure is approximately 400 Brinell, although a martensitic
structure would have a hardness of approximately 700 Brinell. Besides
being able to obtain structures of greater hardness by forming marten-
site, a spheroidal structure will have considerably higher proof stress
(i.e., stress to cause a permanent deformation of 0.01 percent) and duc-
tility than a lamellar structure of the same tensile strength and hardness.
It is essential, therefore, to form martensite when optimum properties
are desired in the steel. This can be done with a piece of steel having a
small cross section by heating the steel above the critical and quenching
in water; but when the cross section is large, the cooling rate at the
center of the section will not be sufficiently rapid to prevent the forma-
tion of pearlite. The characteristic of steel that determines its capacity to
harden throughout the section when quenched is called hardenability. In
is a surrogate for the TTT curve on cooling. For a detailed account of the
procedure, see the SAE Handbook. The figures extracted from the Jo-
miny test can be extended to many shapes and quenching media. In
today’s practices, the factors discussed below can often be used to cal-
culate hardenability from chemical composition with considerable con-
fidence, leaving the actual test as a referee or for circumstances where a
practice is being developed.

Three main factors affect the hardenability of steel: (1) austenite
composition; (2) austenite grain size; and (3) amount, nature, and distri-
bution of undissolved or insoluble particles in the austenite. All three
determine the rate of decomposition, in the range of 540°C (about
1,000°F). The slower the rate of decomposition, the larger the section
that can be hardened throughout, and therefore the greater the hardena-
bility of the steel. Everything else being equal, the higher the carbon
content, the greater the hardenability; this approach, however, is often
counterproductive in that other strength properties may be affected in
undesirable ways. The question of austenitic grain size is of considerable
importance in any steel that is to be heat-treated, since it affects the
properties of the steel to a considerable extent. When a steel is heated to
just above the critical temperature, small polyhedral grains of austenite
are formed. With increase in temperature, there is an increase in the size
of grains, until at temperatures close to the melting point the grains are
very large. Since the transformation of austenite to ferrite and pearlite
usually starts at grain boundaries, a fine-grained steel will transform
more rapidly than a coarse-grained steel because the latter has much less
surface area bounding the grains than a steel with a fine grain size.

The grain size of austenite at a particular temperature depends pri-
marily on the ‘‘pinning’’ of the boundaries by undissolved particles.
These particles, which can be aluminum nitride from the deoxidation or
various carbides and/or nitrides (added for their effect on final proper-
ties), dissolve as temperature increases, allowing grain growth. While
hardenability is increased by large austenite grain size, this is not usu-
ally favored since some properties of the finished product can be seri-
ously downgraded. Small particles in the austenite will act as nuclei for
the beginning of transformation in a manner similar to grain boundaries,
and therefore the presence of a large number of small particles (some-
times submicroscopic in size) will also result in low hardenability.

Determination of Austenitic Grain Size The subject of austenite
grain size is of considerable interest because of the fact noted above that
the grain size developed during heat treatment has a large effect on the
physical properties of the steel. In steels of similar chemical analysis,
the steel developing the finer austenitic grain size will have a lower
hardenability but will, in general, have greater toughness, show less
tendency to crack or warp on quenching, be less susceptible to grinding
cracks, have lower internal stresses, and retain less austenite than
coarse-grained steel. There are several methods of determining the
grain-size characteristics of a steel.

The McQuaid-Ehn test (ASTM E112), which involves the outlining of
austenite grains by cementite after a specific carburizing treatment, is
still valid. It has been largely replaced, however, by quenching from the
austenitizing treatment under investigation and observing the grain size
of the resulting martensite after light tempering and etching with Vi-
lella’s reagent. There are several ways to report the grain size observed
under the microscope, the one used most extensively being the ASTM
index numbers. In fps or English units, the numbers are based on the
formula: number of grains per square inch at 100x 5 2N21, in which N
is the grain-size index. The usual range in steels will be from 1 to 128
grains/in2 at 100x, and the corresponding ASTM numbers will be 1 to 8,
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although today grain sizes up to 12 are common. Whereas at one time
‘‘coarse’’ grain sizes were 1 to 4, and ‘‘fine’’ grain sizes 5 to 8, these
would not serve modern requirements. Most materials in service would
be no coarser than 7 or 8, and the ferritic low-alloy high-strength steels
routinely approach 12 or smaller. Grain-size relationships in SI units are
covered in detail in Designation E112 of ASTM Standards. For further
information on grain size, refer to the ASM ‘‘Metals Handbook.’’

EFFECT OF ALLOYING ELEMENTS ON THE

are other processing reasons to actively keep the amount in solution
small by adding strong carbide and/or nitride formers to give intersti-
tial-free (IF) steels.

A final important effect of alloying elements discussed above is their
influence on the austenitic grain size. Martensite formed from a fine-
grained austenite has considerably greater resistance to shock than when
formed from a coarse-grained austenite.

In Table 6.2.2, a summary of the effects of various alloying elements
is given. Remember that this table indicates only the trends of the
various elements, and the fact that one element has an important influ-
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PROPERTIES OF STEEL

When relatively large amounts of alloying elements are added to steel,
the characteristic behavior of carbon steels is not lost. Most alloy steel is
medium- or high-carbon steel to which various elements have been
added to modify its properties to an appreciable extent; the alloys as a
minimum allow the properties characteristic of the carbon content to be
fully realized even in larger sections, and in some cases may provide
additional benefits. The percentage of alloy element required for a given
purpose ranges from a few hundredths of 1 percent to possibly as high
as 5 percent.

When ready for service, these steels will usually contain only two
constituents, ferrite and carbide. The only way that an alloying element
can affect the properties of the steel is to change the dispersion of
carbide in the ferrite, change the properties of the ferrite, or change the
characteristics of the carbide. The effect on the distribution of carbide is
the most important factor, since in sections amenable to close control of
structure, carbon steel is only moderately inferior to alloy steel. How-
ever, in large sections where carbon steels will fail to harden throughout
the section even on a water quench, the hardenability of the steel can be
increased by the addition of any alloying element (except possibly co-
balt). The increase in hardenability permits the hardening of a larger
section of alloy steel than of plain carbon steel. The quenching opera-
tion does not have to be so drastic. Consequently, there is a smaller
difference in temperature between the surface and center during
quenching, and cracking and warping resulting from sharp temperature
gradients in a steel during hardening can be avoided. The elements most
effective in increasing the hardenability of steel are manganese, silicon,
and chromium, or combinations of small amounts of several elements
such as chromium, nickel, and molybdenum in SAE 4340, where the
joint effects are greater than alloys acting singly.

Elements such as molybdenum, tungsten, and vanadium are effective
in increasing the hardenability when dissolved in the austenite, but not
when present in the austenite in the form of carbides. When dissolved in
austenite, and thus contained in solution in the resulting martensite, they
can modify considerably the rate of coarsening of carbides in tempered
martensite. Tempering relieves the internal stresses in the hardened
steel in part by precipitating various carbides of iron at fairly low tem-
perature, which coarsen as the tempering temperature is increased. The
increasing particle separation results in a loss of hardness and strength
accompanied by increased ductility. See Fig. 6.2.6. Alloying elements
can cause slower coarsening rates or, in some cases at temperatures
from 500 to 600°C, can cause dissolution of cementite and the precipi-
tation of a new set of small, and thus closely spaced, alloy carbides
which in some cases can cause the hardness to actually rise again with
no loss in toughness or ductility. This is especially important in tool
steels. The presence of these stable carbide-forming elements enables
higher tempering temperatures to be used without sacrificing strength.
This permits these alloy steels to have a greater ductility for a given
strength, or, conversely, greater strength for a given ductility, than plain
carbon steels.

The third factor which contributes to the strength of alloy steel is the
presence of the alloying element in the ferrite. Any element in solid
solution in a metal will increase the strength of the metal, so that these
elements will materially contribute to the strength of hardened and tem-
pered steels. The elements most effective in strengthening the ferrite are
phosphorus, silicon, manganese, nickel, molybdenum, and chromium.
Carbon and nitrogen are very strong ferrite strengtheners but generally
are not present in interstitial solution in significant amounts, and there
ence on one factor does not prevent it from having a completely differ-
ent influence or another one.

PRINCIPLES OF HEAT TREATMENT OF IRON
AND STEEL

When heat-treating a steel for a given part, certain precautions have to
be taken to develop optimum mechanical properties in the steel. Some
of the major factors that have to be taken into consideration are outlined
below.

Heating The first step in the heat treatment of steel is the heating of
the material to above the critical temperature to make it fully austenitic.
The heating rate should be sufficiently slow to avoid injury to the mate-
rial through excessive thermal and transformational stresses. In general,
hardened steel should be heated more slowly and uniformly than is
necessary for soft stress-free materials. Large sections should not be
placed in a hot furnace, the allowable size depending upon the carbon
and alloy content. For high-carbon steels, care should be taken in heat-
ing sections as small as 50-mm (2-in) diameter, and in medium-carbon
steels precautions are required for sizes over 150-mm (6-in) diameter.
The maximum temperature selected will be determined by the chemical
composition of the steel and its grain-size characteristics. In hypoeutec-
toid steel, a temperature about 25 to 50°C above the upper critical range
is used, and in hypereutectoid steels, a temperature between the lower
and the upper critical temperature is generally used to retain enough
carbides to keep the austenite grain size small and preserve what is often
limited toughness. Quenching temperatures are usually a little closer to
the critical temperature for hypoeutectoid steels than to those for nor-
malizing; annealing for softening is carried out just below Ac1 for steels
up to 0.3 percent C and just above for higher-carbon steels. Tables of
suggested temperatures can be found in the ASM ‘‘Metals Handbook,’’
or a professional heat treater may be consulted.

The time at maximum temperature should be such that a uniform
temperature is obtained throughout the cross section of the steel. Care
should be taken to avoid undue length of time at temperature, since this
will result in undesirable grain growth, scaling, or decarburization of the
surface. A practical figure often given for the total time in the hot
furnace is 12 min/cm (about 1⁄2 h/in) of cross-sectional thickness. When
the steel has attained a uniform temperature, the cooling rate must be
such as to develop the desired structure; slow cooling rates (furnace or
air cooling) to develop the softer pearlitic structures and high cooling
rates (quenching) to form the hard martensitic structures. In selecting a
quenching medium (see ASM ‘‘Metals Handbook’’), it is important to
select the quenching medium for a particular job on the basis of size,
shape, and allowable distortion before choosing the steel composition. It
is convenient to classify steels in two groups on the basis of depth of
hardening: shallow hardening and deep hardening. Shallow-hardening
steels may be defined as those which, in the form of 25-mm- (1-in-)
diameter rounds, have, after brine quenching, a completely martensitic
shell not deeper than 6.4 mm (1⁄4 in). The shallow-hardening steels are
those of low or no alloy content, whereas the deep-hardening steels have
a substantial content of those alloying elements that increase penetration
of hardening, notably chromium, manganese, and nickel. The high
cooling rates required to harden shallow-hardening steel produce severe
distortion and sometimes quench cracking in all but simple, symmetric
shapes having a low ratio of length to diameter or thickness. Plain
carbon steels cannot be used for complicated shapes where distortion
must be avoided. In this case, water quenching must be abandoned and a
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metal cost and loss in machinability, though it may be well justified
when applied to expensive tools or dies. In this case, danger of cracking
is negligible.

Liquids for Quenching Shallow-Hardening Steels Shallow-hard-
ening steels require extremely rapid surface cooling in the quench, par-
ticularly in the temperature range around 550°C (1,020°F). A sub-
merged water spray will give the fastest and most reproducible quench
practicable. Such a quench is limited in application to simple short
objects which are not likely to warp. Because of difficulty in obtaining
symmetric flow of the water relative to the work, the spray quench is
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Fig. 6.2.6 Range of tensile properties in several quenched and tempered steels
at the same hardness values. (Janitzky and Baeyertz. Source: ASM; reproduced by
permission.)

less active quench used which materially reduces the temperature gra-
dient during quenching. Certain oils are satisfactory but are incapable of
hardening shallow-hardening steels of substantial size. A change in
steel composition is required with a change from water to an oil quench.
Quenching in oil does not entirely prevent distortion. When the degree
of distortion produced by oil quenching is objectionable, recourse is
taken to air hardening. The cooling rate in air is very much slower than
in oil or water; so an exceptionally high alloy content is required. This
means that a high price is paid for the advantage gained, in terms of both

Table 6.2.2 Trends of Influence of Some Alloying Elemen

Element

Strengthening as
dissolved in

ferrite

Hardenability effe
if dissolved
in austenite

Al * *
Cr * †
Co † Negative

Cu † *
Mn † *
Mo * †
Nb (Cb) None †‡
Ni * *
P † *
Si * *
Ta ‡ †‡
Ti † †
W * †
V * †

* Effects are moderate at best.
† Effects are strong to very strong.
‡ Effects not clear, or not used significantly.
conducive to warping. The ideal practical quench is one that will give
the required surface cooling without agitation of the bath. The addition
of ordinary salt, sodium chloride, greatly improves the performance of
water in this respect, the best concentration being around 10 percent.
Most inorganic salts are effective in suppressing the formation of vapor
at the surface of the steel and thus aid in cooling steel uniformly and
eliminating the formation of soft spots. To minimize the formation of
vapor, water-base quenching liquids must be kept cold, preferably under
20°C (about 70°F). The addition of some other soluble materials to
water such as soap is extremely detrimental because of increased for-
mation of vapor.

Liquids for Quenching Deeper-Hardening Steels When oil
quenching is necessary, use a steel of sufficient alloy content to produce
a completely martensitic structure at the surface over the heaviest sec-
tion of the work. To minimize the possibility of cracking, especially
when hardening tool steels, keep the quenching oil warm, preferably
between 40 and 65°C (about 100 and 150°F). If this expedient is insuf-
ficient to prevent cracking, the work may be removed just before the
start of the hardening transformation and cooled in air. Whether or not
transformation has started can be determined with a permanent magnet,
the work being completely nonmagnetic before transformation.

The cooling characteristics of quenching oils are difficult to evaluate
and have not been satisfactorily correlated with the physical properties
of the oils as determined by the usual tests. The standard tests are
important with regard to secondary requirements of quenching oils.
Low viscosity assures free draining of oil from the work and therefore
low oil loss. A high flash and fire point assures a high boiling point and
reduces the fire hazard which is increased by keeping the oil warm. A
low carbon residue indicates stability of properties with continued use
and little sludging. The steam-emulsion number should be low to ensure
low water content, water being objectionable because of its vapor-film-
forming tendency and high cooling power. A low saponification num-
ber assures that the oil is of mineral base and not subject to organic
deterioration of fatty oils which give rise to offensive odors. Viscosity
index is a valuable property for maintenance of composition.

Effect on grain
coarsening in austenite

if undissolved
as compound

Effects on tempered
hardness, strength,

and toughness

† None
† *

None None

None None

* *
† None
† †

None None
None None
None None

† †
† ‡
† †
† †
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In recent years, polymer-water mixtures have found application be-
cause of their combination of range of heat abstraction rates and relative
freedom from fire hazards and environmental pollution. In all cases, the
balance among productivity, danger of distortion and cracking, and
minimum cost to give adequate hardenability is not simple; even though
some general guides are available (e.g., ‘‘Metals Handbook,’’ vol. 1,
10th ed.), consultation with experienced professionals is recommended.

Effect of the Condition of Surface The factors that affect the depth
of hardening are the hardenability of the steel, the size of specimen, the
quenching medium, and finally the condition of the surface of the steel

(galvanizing); tinplate for cans and other containers; chromium plating;
or a light coherent scale of iron oxide. These processes are continually
being improved, and they may be used in combinations, e.g., paint on a
galvanized surface for exposed areas of automobiles. (See Sec. 6.6.)

Carburizing Various methods are available depending on the pro-
duction volume. Pack carburizing can handle diverse feedstock by en-
closing the parts in a sealed heat-resistant alloy box with carbonates and
carbonaceous material, and by heating for several hours at about 925°C.
The carbon dioxide evolved reacts with carbon to form carbon monox-
ide as the carrier gas, which does the actual carburizing. While the

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
before quenching. Steel that carries a heavy coating of scale will not
cool so rapidly as a steel that is comparatively scale-free, and soft spots
may be produced; or, in extreme cases, complete lack of hardening may
result. It is therefore essential to minimize scaling as much as possible.
Decarburization can also produce undesirable results such as nonuni-
form hardening and thus lowers the resistance of the material to alter-
nating stresses (i.e., fatigue).

Tempering, as noted above, relieves quenching stresses and offers the
ability to obtain useful combinations of properties through selection of
tempering temperature. The ability of alloying elements to slow temper-
ing compared to carbon steel allows higher temperatures to be used to
reach a particular strength. This is accompanied by some usually mod-
est increases in ductility and toughness. Certain high-hardenability
steels are subject to delayed cracking after quenching and should be
tempered without delay. Data on tempering behavior are available from
many sources, such as ASM ‘‘Metals Handbook’’ or Bain and Paxton,
‘‘Functions of the Alloying Elements in Steel,’’ 3d ed., ASM Interna-
tional.

Relation of Design to Heat Treatment

Care must be taken in the design of a machine part to prevent cracking
or distortion during heat treatment. With proper design the entire piece
may be heated and cooled at approximately the same rate during the
heat-treating operation. A light section should never be joined to a
heavy section. Sharp reentrant angles should be avoided. Sharp corners
and inadequate fillets produce serious stress concentration, causing the
actual service stresses to build up to a point where they amount to two to
five times the normal working stress calculated by the engineer in the
original layout. The use of generous fillets is especially desirable with
all high-strength alloy steels.

The modulus of elasticity of all commercial steels, either carbon or
alloy, is the same so far as practical designing is concerned. The deflec-
tion under load of a given part is, therefore, entirely a function of the
section of the part and is not affected by the composition or heat treat-
ment of the steel. Consequently if a part deflects excessively, a change
in design is necessary; either a heavier section must be used or the
points of support must be increased.

COMPOSITE MATERIALS

For some applications, it is not necessary or even desirable that the part
have the same composition throughout. The oldest method of utilizing
this concept is to produce a high-carbon surface on low-carbon steel by
carburizing, a high-temperature diffusion treatment, which after
quenching gives a wear-resistant case 1 or 2 mm (0.04 or 0.08 in) thick
on a fairly shock-resistant core. Clearly, this is an attractive process for
gears and other complex machined parts. Other processes which pro-
duce a similar product are nitriding (which can be carried out at lower
temperatures) and carbonitriding (a hybrid), or where corrosion resis-
tance is important, by chromizing. Hard surfaces can also be obtained on
a softer core by using selective heating to produce surface austenite
(induction, flames, etc.) before quenching, or by depositing various
hard materials on the surface by welding.

Many other types of surface treatment which provide corrosion pro-
tection and sometimes aesthetic values are common, beginning with
paint or other polymeric films and ranging through enamels (a glass
film); films such as zinc and its alloys which can be applied by dipping
in molten baths or can be deposited electrolytically on one or both sides
process can be continuous, much of it is done as a batch process, with
consequent high labor costs and uncertain quality to be balanced against
the flexibility of custom carburizing.

For higher production rates, furnaces with controlled atmospheres
involving hydrocarbons and carbon monoxide provide better controls,
low labor costs, shorter times to produce a given case depth [4 h versus
9 h for a 1-mm (0.04-in) case], and automatic quenching. Liquid car-
burizing using cyanide mixtures is even quicker for thin cases, but often
it is not as economical for thicker ones; its great advantage is flexibility
and control in small lots.

To provide the inherent value in this material of variable composi-
tion, it must be treated to optimize the properties of case and core by a
double heat treatment. In many cases, to avoid distortion of precision
parts, the material is first annealed at a temperature above the carburiz-
ing temperature and is cooled at a rate to provide good machinability.
The part is machined and then carburized; through careful steel selec-
tion, the austenite grain size is not large at this point, and the material
can be quenched directly without danger of cracking or distortion. Next
the part is tempered; any retained austenite from the low Ms of the
high-carbon case has a chance to precipitate carbides, raise its Ms , and
transform during cooling after tempering. Care is necessary to avoid
internal stresses if the part is to be ground afterward. An alternative
approach is to cool the part reasonably slowly after carburizing and then
to heat-treat the case primarily by suitable quenching from a tempera-
ture typical for hypereutectoid steels between A1 and Acm. This avoids
some retained austenite and is helpful in high-production operations.
The core is often carbon steel, but if alloys are needed for hardenability,
this must be recognized in the heat treatment.

Nitriding A very hard, thin case can be produced by exposing an
already quenched and tempered steel to an ammonia atmosphere at
about 510 to 540°C, but unfortunately for periods of 50 to 90 h. The
nitrogen diffuses into the steel and combines with strong nitride formers
such as aluminum and chromium, which are characteristically present in
steels where this process is to be used. The nitrides are small and finely
dispersed; since quenching is not necessary after nitriding, dimensional
control is excellent and cracking is not an issue. The core properties do
not change since tempering at 550°C or higher temperature has already
taken place. A typical steel composition is as follows: C, 0.2 to 0.3
percent; Mn, 0.04 to 0.6 percent; Al, 0.9 to 1.4 percent; Cr, 0.9 to 1.4
percent; and Mo, 0.15 to 0.25 percent.

Carbonitriding (Cyaniding) An interesting intermediate which rap-
idly adds both carbon and nitrogen to steels can be obtained by immers-
ing parts in a cyanide bath just above the critical temperature of the core
followed by direct quenching. A layer of about 0.25 mm (0.010 in) can
be obtained in 1 h. The nitrides add to the wear resistance.

Local Surface Hardening For some parts which do not readily fit in
a furnace, the surface can be hardened preferentially by local heating
using flames, induction coils, electron beams, or lasers. The operation
requires skill and experience, but in proper hands it can result in very
good local control of structure, including the development of favorable
surface compressive stresses to improve fatigue resistance.

Clad steels can be produced by one of several methods, including
simple cladding by rolling a sandwich out of contact with air at a tem-
perature high enough to bond (1,200°C); by explosive cladding where
the geometry is such that the energy of the explosive causes a narrow
molten zone to traverse along the interface and provide a good fusion
bond; and by various casting and welding processes which can deposit a
wide variety of materials (ranging from economical, tough, corrosion-
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resistant, or high-thermal-conductivity materials to hard and stable car-
bides in a suitable matrix). Many different product shapes lend them-
selves to these practices.

Chromizing Chromizing of low-carbon steel is effective in improv-
ing corrosion resistance by developing a surface containing up to 40
percent chromium. Some forming operations can be carried out on
chromized material. Most chromizing is accomplished by packing the
steel to be treated in a powdered mixture of chromium and alumina and
then heating to above 1,260°C (2,300°F) for 3 or 4 h in a reducing
atmosphere. Another method is to expose the parts to be treated to

COMMERCIAL STEELS

The wide variety of applications of steel for engineering purposes is due
to the range of mechanical properties obtainable by changes in carbon
content and heat treatment. Some typical applications of carbon steels
are given in Table 6.2.4. Carbon steels can be subdivided roughly into
three groups: (1) low-carbon steel, 0.01 to 0.25 percent carbon, for use
where only moderate strength is required together with considerable
plasticity; (2) machinery steels, 0.30 to 0.55 percent carbon, which can
be heat-treated to develop high strength; and (3) tool steels, containing
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gaseous chromium compounds at temperatures above 845°C (about
1,550°F). Flat rolled sheets for corrosive applications such as auto
mufflers can thus be chromized in open-coil annealing facilities.

THERMOMECHANICAL TREATMENT

The effects of mechanical treatment and heat treatment on the mechani-
cal properties of steel have been discussed earlier in this section. Ther-
momechanical treatment consists of combining controlled (sometimes
large) amounts of plastic deformation with the heat-treatment cycle to
achieve improvements in yield strength beyond those attainable by the
usual rolling practices alone or rolling following by a separate heat
treatment. The tensile strength, of course, is increased at the same time
as the yield strength (not necessarily to the same degree), and other
properties such as ductility, toughness, creep resistance, and fatigue life
can be improved. However, the high strength and hardness of thermo-
mechanically treated steels limit their usefulness to the fabrication of
components that require very little cold forming or machining, or very
simple shapes such as strip and wire that can be used as part of a
composite structure. Although the same yield strength may be achieved
in a given steel by different thermomechanical treatments, the other
mechanical properties (particularly the toughness) are not necessarily
the same.

There are many possible combinations of deformation schedules and
time-temperature relationships in heat treatment that can be used for
thermomechanical treatment, and individual treatments cannot be dis-
cussed here. Table 6.2.3 classifies broadly thermomechanical treat-
ments into three principal groups related to the time-temperature depen-
dence of the transformation of austenite discussed earlier under heat
treatment. The names in parentheses following the subclasses in the
table are those of some types of thermomechanical treatments that have
been used commercially or have been discussed in the literature. At one
time it was thought that these procedures would grow in importance, but
in fact they are still used in a very minor way with the important excep-
tion of class 1a and class 1c, which are critically important in large
tonnages.

Table 6.2.3 Classification of Thermomechanical Treatments

Class I. Deformation before austenite transformation
a. Normal hot-working processes

(hot/cold working)
b. Deformation before transformation to martensite

(ausforming, austforming, austenrolling, hot-cold working, marworking,
warm working)

c. Deformation before transformation to ferrite-carbide aggregates (austen-
tempering)

Class II. Deformation during austenite transformation
a. Deformation during transformation to martensite (Zerolling and Ardeform

processes)
b. Deformation during transformation to ferrite-carbide aggregates (flow

tempering of bainite and isoforming)
Class III. Deformation after austenite transformation

a. Deformation of martensite followed by tempering
b. Deformation of tempered martensite followed by aging (flow tempering,

marstraining, strain tempering, tempforming, warm working)
c. Deformation of isothermal transformation products (patenting, flow tem-

pering, warm working)

SOURCE: Radcliffe Kula, Syracuse University Press, 1964.
from 0.60 to 1.30 percent carbon (this range also includes rail and spring
steels).

Table 6.2.4 Some Typical Applications of Carbon Steels

Percent C Uses

0.01–0.10 Sheet, strip, tubing, wire nails
0.10–0.20 Rivets, screws, parts to be case-hardened
0.20–0.35 Structural steel, plate, forgings such as camshafts
0.35–0.45 Machinery steel—shafts, axles, connecting rods, etc.
0.45–0.55 Large forgings—crankshafts, heavy-duty gears, etc.
0.60–0.70 Bolt-heading and drop-forging dies, rails, setscrews
0.70–0.80 Shear blades, cold chisels, hammers, pickaxes, band saws
0.80–0.90 Cutting and blanking punches and dies, rock drills, hand chisels
0.90–1.00 Springs, reamers, broaches, small punches, dies
1.00–1.10 Small springs and lathe, planer, shaper, and slotter tools
1.10–1.20 Twist drills, small taps, threading dies, cutlery, small lathe tools
1.20–1.30 Files, ball races, mandrels, drawing dies, razors

The importance of various types of steel products, as measured by

consumption over the last 20 years, is shown in Fig. 6.2.7. Of approxi-
mately 100,000,000 tons used annually, some 60 percent is now low-
carbon sheet and strip, roughly equally divided between hot-rolled and
cold-rolled. When bars (of all compositions), plates, and structurals are
added (note the log scale), it is seen that the tonnages of all others are
minor. However, some of the specialized forms of steel products are
very important, and their capabilities are sometimes unique. Challenges
frequently arise from newer nonmetallic materials; e.g., the use of oxide
cutting tools to compete with high-service-temperature tool steels. The
combination of property, performance, and price must be evaluated for
each case.

The chemical compositions and mechanical and physical properties
of many of the steels whose uses are listed in Table 6.2.4 are covered by
specifications adopted by the American Society for Testing and Materi-
als (ASTM), the Society of Automotive Engineers (SAE), and the
American Society of Mechanical Engineers (ASME); other sources in-
clude government specifications for military procurement, national
specifications in other industrial countries, and smaller specialized
groups with their own interests in mind. The situation is more complex
than necessary because of mixtures of chemical composition ranges and
property and geometric ranges. Simplification will take a great deal of
time to develop, and understanding among users, when and if it is
reached, will require a major educational endeavor. For the time being,
most of the important specifications and equivalents are shown in the
ASM ‘‘Metals Handbook,’’ 10th ed., vol. 1.

Understanding Some Mechanical Properties
of Steels

Before we give brief outlines of some of the more important classes of
steels, a discussion of the important factors influencing selection of
steels and an appreciation of those for relevent competitive materials
may be helpful. The easy things to measure for a material, steel or
otherwise, are chemical composition and a stress-strain curve, from
which one can extract such familiar quantities as yield strength, tensile
strength, and ductility expressed as elongation and reduction of area.
Where the application is familiar and the requirements are not particu-
larly crucial, this is still appropriate and, in fact, may be overkill; if the
necessary properties are provided, the chemical composition can vary
outside the specification with few or no ill effects. However, today’s
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Fig. 6.2.7 Annual U.S. steel shipments, thousands of tons from 1974 to 1994.

designs emphasize total life-cycle cost and performance and often will
require consideration of several other factors such as manufacturing and
assembly methods; costs involving weldability (or more broadly join-
ability), formability, and machinability; corrosion resistance in various
environments; fatigue, creep, and fracture; dimensional tolerances; and
acceptable disposability at the end of the life cycle. These factors inter-
act with each other in such complex ways that merely using tabulated
data can invite disaster in extreme cases. It is not possible to cover all
these issues in detail, but a survey of important factors for some of the
most common ones may be helpful.

exhibiting an equivalent viscosity for movement. As a practical matter,
this may be up to about 20 ksi (135 MPa) and is the same for all iron-
based materials.

2. Dislocations need energy to cut through each other; thus, the stress
necessary to continue deformation rises continuously as the dislocation
density increases (work hardening). This is an important, inexpensive
source of strength as various tempers are produced by rolling or draw-
ing (see Table 6.2.5); it is accompanied by a significant loss of ductility.

3. Precipitates interfere with dislocation movement. The magnitude
of interference depends sensitively on precipitate spacing, rising to a

of
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Yield Strength In technical terms the yield stress, which measures
the onset of plastic deformation (for example, 0.1 or 0.2 percent perma-
nent extension), occurs when significant numbers of ‘‘dislocations’’
move in the crystal lattice of the major phase present, usually some form
of ferrite. Dislocations are line discontinuities in the lattice which allow
crystal planes to slide over each other; they are always present at levels
of 104 to 106 per square centimeter in undeformed metals, and this
dislocation density can increase steadily to 1010 to 1012 per square cen-
timeter after large deformations. Any feature which interferes with dis-
location movement increases the yield stress. Such features include the
following:

1. The lattice itself provides a lower limit (the Peierls’ stress) by

Table 6.2.5 Approximate Mechanical Properties for Various Tempers

Elongation in
50 mm or 2 in
for 1.27-mm

(0.050-in)Tensile strength
thickness of

Temper MPa 1,000 lb/in2 strip, %

No. 1 (hard) 621 6 69 90 6 10
No. 2 (half-hard) 448 6 69 65 6 10 10 6 6
No. 3 (quarter-hard) 379 6 69 55 6 10 20 6 7

No. 4 (skin-rolled) 331 6 41 48 6 6 32 6 8

No. 5 (dead-soft) 303 6 41 44 6 6 39 6 6

SOURCE: ASTM A109. Complete specification should be consulted in ASTM Standards (latest e
maximum at a spacing from 10 to 30 nm for practical additions. If a
given heat treatment cannot develop these fine spacings (e.g., because
the piece is so large that transformations take place at high tempera-
tures), the strengthening is more limited. Precipitates are an important
source of strength; martensite is used as an intermediate structure for
carbon and alloy steels precisely because the precipitate spacing can be
accurately controlled by tempering.

4. Small grain sizes, by interfering with the passage of dislocations
across the boundaries, result in important increases in yield strength. To
a very good approximation, the increase in yield is proportional to
(grain diameter)21/2. A change from ASTM 8 to 12, for example, in-
creases the yield strength by about 100 MPa.

Cold-Rolled Carbon Strip Steel

Remarks

A very stiff cold-rolled strip intended for flat blanking only, and not requiring
ability to withstand cold forming
A moderately stiff cold-rolled strip intended for limited bending
A medium-soft cold-rolled strip intended for limited bending, shallow drawing,
and stamping

A soft ductile cold-rolled strip intended for deep drawing where no stretcher
strains or fluting are permissible

A soft ductile cold-rolled strip intended for deep drawing where stretcher
strains or fluting are permissible. Also for extrusions

dition).
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5. Elements in solid solution also cause local lattice strains and make
dislocation motion more difficult. The effect depends on the element;
1 percent P, for example, can double the hardness of iron or low-carbon
steel. It is not used to this degree because of deleterious effects on
toughness.

To a first approximation, these effects are additive; Fig. 6.2.8 depicts
the effects of the iron lattice itself, solid solution strengthening, and
grain size. Working the material would move all curves up the y axis by

500

400
Precipitation

Observed yield stress

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
400

300

200

100

P
re

di
ct

ed
 y

ie
ld

 s
tr

es
s,

 M
P

a

0 5 10 15

Ferrite grain size (d21/2), mm21/2

Ferrite grain size

Nitrogen

Manganese

Silicon

Constant

Fig. 6.2.8 The components of yield stress predicted for an air-cooled carbon-
manganese steel containing 1.0 percent manganese, 0.25 percent silicon, and 0.01
percent nitrogen. (Source: Union Carbide Corp.; reproduced by permission.)

adding a work-hardening term. Figure 6.2.9 shows typical effects in an
LAHS steel (see later) on the separated effects of manganese on yield
strength. Manganese provides a little solid solution hardening and by its
effect on ferrite grain size provides nonlinear strengthening. Figure
6.2.10 is a schematic of some combinations to obtain desired yield
strengths and toughness simultaneously.

Tensile Properties Materials fail in tension when the increment of
nominal stress from work hardening can no longer support the applied
load on a decreasing diameter. The load passes through a maximum [the
ultimate tensile stress (UTS)], and an instability (necking) sets in at that
point. The triaxial stresses thus induced encourage the formation of
internal voids nucleated at inclusions or, less commonly, at other parti-
cles such as precipitates. With increasing strain, these voids grow until
they join and ultimately lead to a ductile failure.

Some plastic behavior of steels is sensitive to the number and type of
inclusions. In a tensile test the UTS and elongation to failure are not
affected much by increasing the number of inclusions (although the
uniform ductility prior to necking is), but the reduction in area is; of
greater importance, the energy absorbed to propagate a crack (related to
the fracture toughness) is very sensitive to inclusion content. This relates
directly to steelmaking practices, and to ladle metallurgy in particular,
which has proved extremely effective in control of deleterious inclu-
sions (not all inclusions are equally bad).
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Fig. 6.2.9 The effect of increasing manganese content on the components of the
yield stress of steels containing 0.2 percent carbon, 0.2 percent silicon, 0.15 per-
cent vanadium, and 0.015 percent nitrogen, normalized from 900°C (1650°F).
(Source: Union Carbide Corp., reproduced by permission.)

Toughness A full treatment of this topic is not possible here, but we
note the following:

1. As strength increases, toughness falls in all cases except where
strengthening arises from grain-size reduction. Fine grain size thus is a
double blessing; it will increase strength and toughness simultaneously.

2. The energy involved in crack growth depends on carbon content
(Fig. 6.2.11). High-carbon materials have not only much lower propa-
gation energies (e.g., the ‘‘shelf’’ in a Charpy test, or the value of Kc),
but also higher impact transition temperatures (ITTs). Below the ITT the
energy for crack propagation becomes very small, and we may loosely
describe the steel as ‘‘brittle.’’ There is, then, a real incentive to keep
carbon in steel as low as possible, especially because pearlite does not
increase the yield strength, but does increase the ITT, often to well
above room temperature.

3. Welding is an important assembly technique. Since the hardenabil-
ity of the steel can lead to generally undesirable martensite in the heat-
affected zone (HAZ) and possibly to cracks in this region, the toughness
of welds necessitates using steels with the lowest possible carbon
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and whatever is placed on it without buckling. This involves considera-
tion of the minimum weight and maximum aspect ratio of the legs.
Examination of the mechanics shows that for minimum weight, we need
a maximum value of the quantity M1 5 E1/2/r, where E is Young’s
modulus and r is the density. For resistance to buckling, we need the
maximum value of M2 5 E. If we plot E versus r of several materials,
we can evaluate regions where both M1 and M2 are large. In doing so,
we find attractive candidates are carbon-fiber-reinforced polymers
(CFRPs) and certain engineering ceramics. They win out over wood,
steel, and aluminum by their combination of high modulus and light
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Fig. 6.2.10 Combinations of yield strength and impact transition temperature
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equivalent. Carbon equivalent is based on a formula which includes C
and strong hardenability agents such as Mn, Ni, and Cr (see Sec. 6.3).
Furthermore, the natural tendency of austenite to grow to a very coarse
grain size near the weld metal may be desirably restrained by adding
elements such as Ti, which as undissolved carbides, interfere with grain
growth. In critical applications, finer grain sizes after transformation
during cooling increase toughness in the HAZ.

Other mechanical properties such as fatigue strength, corrosion re-
sistance, and formability are frequently important enough to warrant
consideration, but too short a description here may be misleading; stan-
dard texts and/or professional journals and literature should be con-
sulted when necessary.

Steel is not necessarily the only material of choice in today’s compet-
itive world. The issue revolves on the method to make a legitimate and
rational choice between two or more materials with many different
properties and characteristics. Consider a very simple example (see
Ashby, ‘‘Materials Selection in Mechanical Design,’’ Pergamon Press,
Oxford).

A furniture designer conceives of a lightweight table—a flat sheet of
toughened glass supported on slender unbraced cylindrical legs. The
legs must be solid, as light as possible, and must support the tabletop
weight. If we had other constraints such as cost, the CFRPs would be
eliminated; as for toughness, the engineering ceramics would be unsuit-
able. Whenever many constraints must be satisfied simultaneously,
their priority must be established. The net result is a compromise—but
one which is better than an off-the-cuff guess!

This simple example can be generalized and used to develop a short
list of very different alternatives in a reasonably quantitative and non-
judgmental manner for a wide variety of necessary properties. Ashby
(op. cit.) provides a large collection of data.

Low-Carbon Steels Of the many low-carbon-steel products, sheet
and strip steels are becoming increasingly important. The consumption
of steel in the sheet and tinplate industry has accounted for approxi-
mately 60 percent of the total steel production in the United States (Fig.
6.2.7). This large production has been made possible by refinement of
continuous sheet and strip rolling mills. Applications in which large
quantities of sheet are employed are tinplate for food containers; black,
galvanized, and terne-coated sheets for building purposes; and high-
quality sheets for automobiles, furniture, refrigerators, and countless
other stamped, formed, and welded products. The difference between
sheet and strip is based on width and is arbitrary. Cold working produces
a better surface finish, improves the mechanical properties, and permits
the rolling of thinner-gage material than hot rolling. Some hot-rolled
products are sold as sheet or strip directly after coiling from the hot mill.
Coils may be pickled and oiled for surface protection. Thicker coiled
material up to 2 m (80 in) or more wide may be cut into plates, while
thicker plates are produced directly from mills which may involve roll-
ing a slab in two dimensions to produce widths approaching 5 m (200
in). Some plates are subject to heat treatment, occasionally elaborate, to
produce particular combinations of properties for demanding applica-
tions. Structurals (beams, angles, etc.) are also produced directly by hot
rolling, normally without further heat treating. Bars with various cross
sections are also hot-rolled; some may undergo further heat treatment
depending on service requirements. Wire rods for further cold drawing
are also hot-rolled.

Roughly one-half of the total hot-rolled sheet produced is cold-rolled
further; the most demanding forming applications (automobiles and
trucks, appliances, containers) require careful annealing, as discussed
earlier. See Table 6.2.5.

Steels for deep-drawing applications must have a low yield strength
and sufficient ductility for the intended purpose. This ductility arises
from having a very small amount of interstitial atoms (carbon and nitro-
gen) in solution in the ferrite (IF or interstitial-free steels) and a sharp
preferred orientation of the pancake-shaped ferrite grains. The proce-
dures to obtain these are complex and go all the way back to steelmak-
ing practices; they will not be discussed further here. They must also
have a relatively fine grain size, since a large grain size will cause a
rough finish, an ‘‘orange-peel’’ effect, on the deep drawn article. The
sharp yield point characteristic of conventional low-carbon steel must
be eliminated to prevent sudden local elongations in the sheet during
forming, which result in strain marks called stretcher strains or Lüders
lines. This can be done by cold working (Fig. 6.2.1), a reduction of only
1 percent in thickness usually being sufficient. This cold reduction is
usually done by cold rolling, known as temper rolling, followed by
alternate bending and reverse bending in a roller leveler. Temper
rolling must always precede roller leveling because soft annealed
sheets will ‘‘break’’ (yield locally) in the roller leveler. An important
phenomenon in these temper-rolled low-carbon sheets is the return,
partial or complete, of the sharp yield point after a period of
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time. This is known as aging in steel. The return of the yield point is
accompanied by an increase in hardness and a loss in ductility. While a
little more expensive, IF steels do not display a yield point and would
not really require temper rolling, although they normally receive about
0.25 percent to improve surface finish. (The 1 percent typically used for
non-IF steels would cause harmful changes in the stress-strain curve.)
With these options available, aging is no longer the problem it used to
be.

High-strength hot-rolled, cold-rolled, and galvanized sheets are now
available with specified yield strengths. By the use of small alloy addi-

and A373. The controlled composition of A36 steel provides good weld-
ability and furnishes a significant improvement in the economics of
steel construction. The structural carbon steels are available in the form
of plates, shapes, sheet piling, and bars, all in the hot-rolled condition. A
uniform strength over a range of section thickness is provided by ad-
justing the amount of carbon, manganese, and silicon in the A36 steel.

High-Strength Low-Alloy Steels These steels have in the past been
referred to as ‘‘high-tensile steels’’ and ‘‘low-alloy steels,’’ but the
name high-strength low-alloy steels, abbreviated HSLA steels, is now the
generally accepted designation.

2

rbo
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tions of niobium, vanadium, and sometimes copper, it is possible to
meet the requirements of ASTM A607-70 for hot-rolled and cold-rolled
sheets—345 MPa (50,000 lb/in2) yield point, 483 MPa (70,000 lb/in2)
tensile strength, and 22 percent elongation in 2 in. By further alloy
additions, sheets are produced to a minimum of 448 MPa (65,000 lb/in2)
yield point, 552 MPa (80,000 lb/in2) tensile strength, and 16 percent
elongation in 2 in. The sheets are available in coil form and are used
extensively for metallic buildings and for welding into tubes for con-
struction of furniture, etc.

Structural Carbon Steels Bridges and buildings frequently are con-
structed with structural carbon steel meeting the requirements of ASTM
A36 (Table 6.2.6). This steel has a minimum yield point of 248 MPa
(36,000 lb/in2) and was developed to fill the need for a higher-strength
structural carbon steel than the steels formerly covered by ASTM A7

Table 6.2.6 Mechanical Properties of Some Constructional Steels*

ASTM Thickness range,
Yield point, min

designation mm (in) MPa 1,000 lb/in

Structural ca

ASTM A36 To 100 mm (4 in), incl. 248 36
Low- and intermediate-tensile

ASTM A283 (structural quality)
Grade A All thicknesses 165 24
Grade B All thicknesses 186 27
Grade C All thicknesses 207 30
Grade D All thicknesses 228 33

Carbon-silicon steel plates for mach

ASTM A284
Grade A To 305 mm (12 in) 172 25
Grade B To 305 mm (12 in) 159 23
Grade C To 305 mm (12 in) 145 21
Grade D To 200 mm (8 in) 145 21

Carbon-steel press

ASTM A285
Grade A To 50 mm (2 in) 165 24
Grade B To 50 mm (2 in) 186 27
Grade C To 50 mm (2 in) 207 30

Structural steel for loc

ASTM A113
Grade A All thicknesses 228 33
Grade B All thicknesses 186 27
Grade C All thicknesses 179 26

Structural ste

ASTM A131 (all grades) 221 32

Heat-treated constructio

ASTM A514 To 64 mm (21⁄2 in), incl. 700 100
Over 64 to 102 mm 650 90
(21⁄2 to 4 in), incl.

* See appropriate ASTM documents for properties of other plate steels, shapes, bars, wire, tubin
† Elongation in 50 mm (2 in), min.
HSLA steels are a group of steels, intended for general structural and
miscellaneous applications, that have minimum yield strengths above
about 40,000 lb/in2. These steels typically contain small amounts of
alloying elements to achieve their strength in the hot-rolled or normal-
ized condition. Among the elements used in small amounts, singly or in
combination, are niobium, titanium, vanadium, manganese, copper, and
phosphorus. A complete listing of HSLA steels available from produc-
ers in the United States and Canada shows hundreds of brands or varia-
tions, many of which are not covered by ASTM or other specifications.
Table 6.2.7 lists ASTM and SAE specifications that cover a large num-
ber of some common HSLA steels. These steels generally are available
as sheet, strip, plates, bars, and shapes and often are sold as proprietary
grades.

HSLA steels have characteristics and properties that result in econo-

Elongation
in 200 mm
(8 in) min, Suitable

Tensile strength

MPa 1,000 lb/in2 % for welding?

n-steel plates

400–552 58–80 20 Yes
-strength carbon-steel plates

310 45 28 Yes
345 50 25 Yes
379 55 22 Yes
414 60 20 Yes

ine parts and general construction

345 50 25 Yes
379 55 23 Yes
414 60 21 Yes
414 60 21 Yes

ure-vessel plates

303–379 44–55 27 Yes
345–414 50–60 25 Yes
379–448 55–65 23 Yes

omotives and railcars

414–496 60–72 21 No
345–427 50–62 24 No
331–400 48–58 26 No

el for ships

400–490 58–71 21 No

nal alloy-steel plates

800–950 115–135 18† Yes
750–950 105–135 17† Yes

g, etc.
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Table 6.2.7 Specifications of ASTM and SAE for Some High-Strength Low-Alloy (HSLA) Steels

Min yield pointa Min tensile strength Min thicknessb

Society Designation MPa 1,000 lb/ in2 MPa 1,000 lb/ in2 mm in

SAE J410b grade 42X 290 42 414 60 9.5 3⁄8
ASTM A572 grade 42 290 42 414 60 101.6 4

SAE J410b grade 945X 310 45 414 60 9.5 3⁄8
ASTM A572 grade 45 310 45 414 60 38.1 11⁄2
ASTM A607 grade 45 310 45 414 60 c c

ASTM A606 310 45 448 65 c c

SAE J410b grades 945A, Cd 310 45 448 65e 12.7 1⁄2 f

SAE J410b grade 950X 345 50 448 65 9.5 3⁄8
ASTM A572 grade 50 345 50 448 65 38.1 11⁄2
ASTM A607 grade 50 345 50 448 65 c c

SAE J410b grades 950A, B, C, Dd 345 50 483 70 38.1 11⁄2 f

ASTM A242 345 50 483 70 19.1 3⁄4 f

ASTM A440d 345 50 483 70 19.1 3⁄4 f

ASTM A441 345 50 483 70 19.1 3⁄4 f

ASTM A588 345 50 483 70 101.6 4f

SAE J410b grade 955X 379 55 483 70 9.5 3⁄8
ASTM A572 grade 55 379 55 483 70 38.1 11⁄2
ASTM A607 grade 55 378 55 483 70 c c

SAE J410b grade 960X 414 60 517 75 9.5 3⁄8
ASTM A572 grade 60 414 60 517 75 25.4 1
ASTM A607 grade 60 414 60 517 75 c c

SAE J410b grade 965X 448 65 552 80 9.5 3⁄8
ASTM A572 grade 65 448 65 552 80 12.7 1⁄2
ASTM A607 grade 65 448 65 552 80 c c

SAE J410b grade 970X 483 70 586 85 9.5 3⁄8
ASTM A607 grade 70 483 70 586 85 c c

SAE J410b grade 980X 552 80 655 95 9.5 3⁄8

a SAE steels specify minimum yield strength.
b Applies to plates and bars, approximate web thickness for structurals.
c ASTM A606 and A607 apply to sheet and strip only.
d SAE J410b grades 945C and 950C and ASTM A440 steels are high-strength carbon-manganese steels rather than HSLA steels.
e Reduced 34.5 MPa (5,000 ibf/in2) for sheet and strip.
f Available in heavier thickness at reduced strength levels.

mies to the user when the steels are properly applied. They are consid-
erably stronger, and in many instances tougher, than structural carbon
steel, yet have sufficient ductility, formability, and weldability to be
fabricated successfully by customary shop methods. In addition, many
of the steels have improved resistance to corrosion, so that the necessary
equal service life in a thinner section or longer life in the same section is
obtained in comparison with that of a structural carbon steel member.
Good resistance to repeated loading and good abrasion resistance in
service may be other characteristics of some of the steels. While high
strength is a common characteristic of all HSLA steels, the other prop-

and for pressure-vessel applications, by ASME Code Case 1204. They
are available in plates, shapes, and bars and are readily welded. Since
they are heat-treated to a tempered martensitic structure, they retain
excellent toughness at temperatures as low as 2 45°C (2 50°F). Major
cost savings have been effected by using these steels in the construction
of pressure vessels, in mining and earthmoving equipment, and for
major members of large steel structures.

Ultraservice Low-Carbon Alloy Steels (Quenched and Tempered)
The need for high-performance materials with higher strength-to-
weight ratios for critical military needs, for hydrospace explorations,
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erties mentioned above may or may not be, singly or in combination,
exhibited by any particular steel.

HSLA steels have found wide acceptance in many fields, among
which are the construction of railroad cars, trucks, automobiles, trailers,
and buses; welded steel bridges; television and power-transmission
towers and lighting standards; columns in highrise buildings; portable
liquefied petroleum gas containers; ship construction; oil storage tanks;
air conditioning equipment; agricultural and earthmoving equipment.

Dual-Phase Steels The good properties of HSLA steels do not pro-
vide sufficient cold formability for automotive components which in-
volve stretch forming. Dual-phase steels generate a microstructure of
ferrite plus islands of austenite-martensite by quenching from a temper-
ature between A1 and A3 . This leads to continuous yielding (rather than
a sharp yield point) and a high work-hardening rate with a larger elon-
gation to fracture. Modest forming strains can give a yield strength in
the deformed product of 350 MPa (about 50 ksi), comparable to HSLA
steels.

Quenched and Tempered Low-Carbon Constructional Alloy
Steels These steels, having yield strengths at the 689-MPa (100,000-
lb/in2) level, are covered by ASTM A514, by military specifications,
and for aerospace applications has led to the development of quenched
and tempered ultraservice alloy steels. Although these steels are similar
in many respects to the quenched and tempered low-carbon construc-
tional alloy steels described above, their significantly higher notch
toughness at yield strengths up to 965 MPa (140,000 lb/in2) distin-
guishes the ultraservice alloy steels from the constructional alloy steels.
These steels are not included in the AISI-SAE classification of alloy
steels. There are numerous proprietary grades of ultraservice steels in
addition to those covered by ASTM designations A543 and A579. Ul-
traservice steels may be used in large welded structures subjected to
unusually high loads, and must exhibit excellent weldability and tough-
ness. In some applications, such as hydrospace operations, the steels
must have high resistance to fatigue and corrosion (especially stress
corrosion) as well.

Maraging Steels For performance requiring high strength and
toughness and where cost is secondary, age-hardening low-carbon mar-
tensites have been developed based on the essentially carbon-free iron-
nickel system. The as-quenched martensite is soft and can be shaped
before an aging treatment. Two classes exist: (1) a nominal 18 percent
nickel steel containing cobalt, molybdenum, and titanium with yield
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strengths of 1,380 to 2,070 MPa (200 to 300 ksi) and an outstanding
resistance to stress corrosion cracking (normally a major problem at
these strengths) and (2) a nominal 12 percent nickel steel containing
chromium, molybdenum, titanium, and aluminum adjusted to yield
strengths of 1,034 to 1,379 MPa (150 to 200 ksi). The toughness of this
series is the best available of any steel at these yield strengths.

Cryogenic-Service Steels For the economical construction of
cryogenic vessels operating from room temperature down to the tem-
perature of liquid nitrogen (2 195°C or 2 320°F) a 9 percent nickel
alloy steel has been developed. The mechanical properties as specified

this distinction is rarely necessary today. Steels are ‘‘melted’’ in the
BOP or EF and ‘‘made’’ in the ladle. A series of four numerals desig-
nates the composition of the AISI steels; the first two indicate the steel
type, and the last two indicate, as far as feasible, the average carbon
content in ‘‘points’’ or hundredths of 1 percent. Thus 1020 is a carbon
steel with a carbon range of 0.18 to 0.23 percent, probably made in the
basic oxygen furnace, and E4340 is a nickel-chromium molybdenum
steel with 0.38 to 0.43 percent carbon made in the electric-arc furnace.
The compositions for the standard steels are listed in Tables 6.2.8 and
6.2.9. A group of steels known as H steels, which are similar to the

1118 0.14–0.20 1.30–1.60 0.08–0.13

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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by ASTM A353 are 517 MPa (75,000 lb/in2) minimum yield strength
and 689 to 827 MPa (100,000 to 120,000 lb/in2) minimum tensile
strength. The minimum Charpy impact requirement is 20.3 J (15
ft ? lbf ) at 2 195°C (2 320°F). For lower temperatures, it is necessary to
use austenitic stainless steel.

Machinery Steels A large variety of carbon and alloy steels is used
in the automotive and allied industries. Specifications are published by
AISI and SAE on all types of steel, and these specifications should be
referred to for detailed information.

A numerical index is used to identify the compositions of AISI (and
SAE) steels. Most AISI and SAE alloy steels are made by the basic
oxygen or basic electric furnace processes; a few steels that at one time
were made in the electric furnace carry the prefix E before their number,
i.e., E52100. However, with the almost complete use of ladle furnaces,

Table 6.2.8 Chemical Composition of AISI Carbon Steels

Chemical composition limits (ladle analyses), %

C Mn P S
AISI grade
designation

1006 0.08 max 0.25–0.40 0.04 max 0.05 max
1008 0.10 max 0.30–0.50
1010 0.08–0.13 0.30–0.60
1012 0.10–0.15 0.30–0.60
1015 0.13–0.18 0.30–0.60
1016 0.13–0.18 0.60–0.90

1017 0.15–0.20 0.30–0.60
1018 0.15–0.20 0.60–0.90
1019 0.15–0.20 0.70–1.00
1020 0.18–0.23 0.30–0.60
1021 0.18–0.23 0.60–0.90
1022 0.18–0.23 0.70–1.00
1023 0.20–0.25 0.30–0.60
1025 0.22–0.28 0.30–0.60
1026 0.22–0.28 0.60–0.90
1030 0.28–0.34 0.60–0.90
1035 0.32–0.38 0.60–0.90
1037 0.32–0.38 0.70–1.00
1038 0.35–0.42 0.60–0.90
1039 0.37–0.44 0.70–1.00
1040 0.37–0.44 0.60–0.90
1042 0.40–0.47 0.60–0.90
1043 0.40–0.47 0.70–1.00
1045 0.43–0.50 0.60–0.90
1046 0.43–0.50 0.70–0.90
1049 0.46–0.53 0.60–0.90
1050 0.48–0.55 0.60–0.90
1055 0.50–0.60 0.60–0.90
1060 0.55–0.65 0.60–0.90
1064 0.60–0.70 0.50–0.80
1065 0.60–0.70 0.60–0.90
1070 0.65–0.75 0.60–0.90
1078 0.72–0.85 0.30–0.60
1080 0.75–0.88 0.60–0.90
1084 0.80–0.93 0.60–0.90
1086 0.80–0.93 0.30–0.50
1090 0.85–0.98 0.60–0.90
1095 0.90–1.03 0.30–0.50 p p

*Except for free-machining steels, the nominal 0.04 percent P and 0.05 percent S are much lowe
standard AISI steels, are being produced with a specified Jominy har-
denability; these steels are identified by a suffix H added to the conven-
tional series number. In general, these steels have a somewhat greater
allowable variation in chemical composition but a smaller variation in
hardenability than would be normal for a given grade of steel. This
smaller variation in hardenability results in greater reproducibility of the
mechanical properties of the steels on heat treatment; therefore, H steels
have become increasingly important in machinery steels.

Boron steels are designated by the letter B inserted between the second
and third digits, e.g., 50B44. The effectiveness of boron in increasing
hardenability was a discovery of the late thirties, when it was noticed
that heats treated with complex deoxidizers (containing boron) showed
exceptionally good hardenability, high strength, and ductility after heat
treatment. It was found that as little as 0.0005 percent of boron in-

Chemical composition limits (ladle analyses), %

C Mn P S
AISI grade
designation

Resulfurized (free-machining) steels*

1108 0.08–0.13 0.50–0.80 0.04 max 0.08–0.13
1109 0.08–0.13 0.60–0.90 0.08–0.13
1117 0.14–0.20 1.00–1.30 0.08–0.13
1119 0.14–0.20 1.00–1.30 0.24–0.33
1132 0.27–0.34 1.35–1.65 0.08–0.13
1137 0.32–0.39 1.35–1.65 0.08–0.13
1139 0.35–0.43 1.35–1.65 0.13–0.20
1140 0.37–0.44 0.70–1.00 0.08–0.13
1141 0.37–0.45 1.35–1.65 0.08–0.13
1144 0.40–0.48 1.35–1.65 0.24–0.33
1145 0.42–0.49 0.70–1.00 0.04–0.07
1146 0.42–0.49 0.70–1.00 0.08–0.13
1151 0.48–0.55 0.70–1.00 p 0.08–0.13

Rephosphorized and resulfurized (free-machining) steels*

1110 0.08–0.13 0.30–0.60 0.04 max 0.08–0.13
1211 0.13 max 0.60–0.90 0.07–0.12 0.10–0.15
1212 0.13 max 0.70–1.00 0.07–0.12 0.16–0.23
1213 0.13 max 0.70–1.00 0.07–0.12 0.24–0.33
1116 0.14–0.20 1.10–1.40 0.04 max 0.16–0.23
1215 0.09 max 0.75–1.05 0.04–0.09 0.26–0.35
12L14 0.15 max 0.85–1.15 0.04–0.09 0.26–0.35

High-manganese carbon steels

1513 0.10–0.16 1.10–1.40 0.04 max 0.05 max
1518 0.15–0.21 1.10–1.40
1522 0.18–0.24 1.10–1.40
1524 0.19–0.25 1.35–1.65
1525 0.23–0.29 0.80–1.10
1526 0.22–0.29 1.10–1.40
1527 0.22–0.29 1.20–1.50
1536 0.30–0.37 1.20–1.50
1541 0.36–0.44 1.35–1.65
1547 0.43–0.51 1.35–1.65
1548 0.44–0.52 1.10–1.40
1551 0.45–0.56 0.85–1.15
1552 0.47–0.55 1.20–1.50
1561 0.55–0.65 0.75–1.05
1566 0.60–0.71 0.85–1.15
1572 0.65–0.76 1.00–1.30 p p

r in modern steels; S contents of less than 0.01 percent are readily achieved.
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Table 6.2.9 Alloy-Steel Compositionsa,b,c,d

Chemical composition limits (ladle analyses), % c,d

AISI no. C Mn P, max f S, max f Si Ni Cr Mo V

1330 0.28–0.33 1.60–1.90 0.035 0.040 0.20–0.35
1335 0.33–0.38 1.60–1.90 0.035 0.040 0.20–0.35
1340 0.38–0.43 1.60–1.90 0.035 0.040 0.20–0.35
1345 0.43–0.48 1.60–1.90 0.035 0.040 0.20–0.35

4012 0.09–0.14 0.75–1.00 0.035 0.040 0.20–0.35 0.15–0.25
4023 0.20–0.25 0.70–0.90 0.035 0.040 0.20–0.35 0.20–0.30
4024 0.20–0.25 0.70–0.90 0.035 0.035–0.050 0.20–0.35 0.20–0.30
4027 0.25–0.30 0.70–0.90 0.035 0.040 0.20–0.35 0.20–0.30
4028 0.25–0.30 0.70–0.90 0.035 0.035–0.050 0.20–0.35 0.20–0.30
4037 0.35–0.40 0.70–0.90 0.035 0.040 0.20–0.35 0.20–0.30
4047 0.45–0.50 0.70–0.90 0.035 0.040 0.20–0.35 0.20–0.30

4118 0.18–0.23 0.70–0.90 0.035 0.040 0.20–0.35 0.40–0.60 0.08–0.15
4130 0.28–0.33 0.40–0.60 0.035 0.040 0.20–0.35 0.80–1.10 0.15–0.25
4137 0.35–0.40 0.70–0.90 0.035 0.040 0.20–0.35 0.80–1.10 0.15–0.25
4140 0.38–0.43 0.75–1.00 0.035 0.040 0.20–0.35 0.80–1.10 0.15–0.25
4142 0.40–0.45 0.75–1.00 0.035 0.040 0.20–0.35 0.80–1.10 0.15–0.25
4145 0.43–0.48 0.75–1.00 0.035 0.040 0.20–0.35 0.80–1.10 0.15–0.25
4147 0.45–0.50 0.75–1.00 0.035 0.040 0.20–0.35 0.80–1.10 0.15–0.25
4150 0.48–0.53 0.75–1.00 0.035 0.040 0.20–0.35 0.80–1.10 0.15–0.25

4320 0.17–0.22 0.45–0.65 0.035 0.040 0.20–0.35 1.65–2.00 0.40–0.60 0.20–0.30
4340 0.38–0.43 0.60–0.80 0.035 0.040 0.20–0.35 1.65–2.00 0.70–0.90 0.20–0.30

4419 0.18–0.23 0.45–0.65 0.035 0.040 0.20–0.35 0.45–0.60

4615 0.13–0.18 0.45–0.65 0.035 0.040 0.20–0.35 1.65–2.00 0.20–0.30
4620 0.17–0.22 0.45–0.65 0.035 0.040 0.20–0.35 1.65–2.00 0.20–0.30
4621 0.18–0.23 0.70–0.90 0.035 0.040 0.20–0.35 1.65–2.00 0.20–0.30
4626 0.24–0.29 0.45–0.65 0.035 0.040 0.20–0.35 0.70–1.00 0.15–0.25

4718 0.16–0.21 0.70–0.90 0.90–1.20 0.35–0.55 0.30–0.40
4720 0.17–0.22 0.50–0.70 0.035 0.040 0.20–0.35 0.90–1.20 0.35–0.55 0.15–0.25

4815 0.13–0.18 0.40–0.60 0.035 0.040 0.20–0.35 3.25–3.75 0.20–0.30
4817 0.15–0.20 0.40–0.60 0.035 0.040 0.20–0.35 3.25–3.75 0.20–0.30
4820 0.18–0.23 0.50–0.70 0.035 0.040 0.20–0.35 3.25–3.75 0.20–0.30

5015 0.12–0.17 0.30–0.50 0.035 0.040 0.20–0.35 0.30–0.50
50B44e 0.43–0.48 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.60
50B46e 0.44–0.49 0.75–1.00 0.035 0.040 0.20–0.35 0.20–0.35
50B50 e 0.48–0.53 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.60
50B60 e 0.56–0.64 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.60

5120 0.17–0.22 0.70–0.90 0.035 0.040 0.20–0.35 0.70–0.90
5130 0.28–0.33 0.70–0.90 0.035 0.040 0.20–0.35 0.80–1.10
5132 0.30–0.35 0.60–0.80 0.035 0.040 0.20–0.35 0.75–1.00
5135 0.33–0.38 0.60–0.80 0.035 0.040 0.20–0.35 0.80–1.05
5145 0.43–0.48 0.70–0.90 0.035 0.040 0.20–0.35 0.70–0.90
5147 0.46–0.51 0.70–0.95 0.035 0.040 0.20–0.35 0.85–1.15
5150 0.48–0.53 0.70–0.90 0.035 0.040 0.20–0.35 0.70–0.90
5155 0.51–0.59 0.70–0.90 0.035 0.040 0.20–0.35 0.70–0.90
5160 0.56–0.64 0.75–1.00 0.035 0.040 0.20–0.35 0.70–0.90
51B60 e 0.56–0.64 0.75–1.00 0.035 0.040 0.20–0.35 0.70–0.90
51100 e 0.98–1.10 0.25–0.45 0.025 0.025 0.20–0.35 0.90–1.15
52100 e 0.98–1.10 0.25–0.45 0.025 0.025 0.20–0.35 1.30–1.60

6118 0.16–0.21 0.50–0.70 0.035 0.040 0.20–0.35 0.50–0.70 0.10–0.15
6150 0.48–0.53 0.70–0.90 0.035 0.040 0.20–0.35 0.80–1.10 0.15

81B45e 0.43–0.48 0.75–1.00 0.035 0.040 0.20–0.35 0.20–0.40 0.35–0.55 0.08–0.15

8615 0.13–0.18 0.70–0.90 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8617 0.15–0.20 0.70–0.90 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8620 0.18–0.23 0.70–0.90 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8622 0.20–0.25 0.70–0.90 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8625 0.23–0.28 0.70–0.90 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8627 0.25–0.30 0.70–0.90 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8630 0.28–0.33 0.70–0.90 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8637 0.35–0.40 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8640 0.38–0.43 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8642 0.40–0.45 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8645 0.43–0.48 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25
8655 0.51–0.59 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.15–0.25

8720 0.18–0.23 0.70–0.90 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.20–0.30
8740 0.38–0.43 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.20–0.30

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 6.2.9 Alloy-Steel Compositionsa,b,c,d (Continued )

Chemical composition limits (ladle analyses), % c,d

AISI no. C Mn P, max f S, max f Si Ni Cr Mo V

8822 0.20–0.25 0.75–1.00 0.035 0.040 0.20–0.35 0.40–0.70 0.40–0.60 0.30–0.40

9255 0.51–0.59 0.70–0.95 0.035 0.040 1.80–2.20
9260 0.56–0.64 0.75–1.00 0.035 0.040 1.80–2.20

94B17e 0.15–0.20 0.75–1.00 0.035 0.040 0.20–0.35 0.30–0.60 0.30–0.50 0.08–0.15
94B30e 0.28–0.33 0.75–1.00 0.035 0.040 0.20–0.35 0.30–0.60 0.30–0.50 0.08–0.15

a These tables are subject to change from time to time, with new steels sometimes added, other steels eliminated, and compositions of retained steels occasionally altered. Current publications of
AISI and SAE should be consulted for latest information.

b Applicable to blooms, billets, slabs, and hot-rolled and cold-rolled bars.
c These steels may be produced by the basic oxygen or basic electric steelmaking process.
d Small quantities of certain elements which are not specified or required may be found in alloy steels. These elements are considered to be incidental and are acceptable up to the following

maximum amounts: copper to 0.35 percent, nickel to 0.25 percent, chromium to 0.20 percent, and molybdenum to 0.06 percent.
e Boron content is 0.0005 percent minimum.
f P max and S max can easily be much lower.

creased the hardenability of steels with 0.15 to 0.60 carbon, whereas
boron contents of over 0.005 percent had an adverse effect on hot work-
ability. Boron steels achieve special importance in times of alloy short-
ages, for they can replace such critical alloying elements as nickel,
molybdenum, chromium, and manganese and, when properly heat-
treated, possess physical properties comparable to the alloy grades they
replace. Additional advantages for the use of boron in steels are a de-
crease in susceptibility to flaking, formation of less adherent scale,
greater softness in the unhardened condition, and better machinability.
It is also useful in low-carbon bainite and acicular ferrite steels.

TOOL STEELS

The application of tool steels can generally be fitted into one of the
following categories or types of operations: cutting, shearing, forming,
drawing, extruding, rolling, and battering. Each of these operations re-
quires in the tool steel a particular physical property or a combination of
such metallurgical characteristics as hardness, strength, toughness, wear
resistance, and resistance to heat softening, before optimum perfor-
mance can be realized. These considerations are of prime importance in
tool selection; but hardenability, permissible distortion, surface decar-
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Specific applications of these steels cannot be given, since the selec-
tion of a steel for a given part must depend upon an intimate knowledge
of factors such as the availability and cost of the material, the detailed
design of the part, and the severity of the service to be imposed.
However, the mechanical properties desired in the part to be heat-
treated will determine to a large extent the carbon and alloy content of
the steel. Table 6.2.10 gives a résumé of mechanical properties that can
be expected on heat-treating AISI steels, and Table 6.2.11 gives an
indication of the effect of size on the mechanical properties of heat-
treated steels.

The low-carbon AISI steels are used for carburized parts, cold-
headed bolts and rivets, and for similar applications where high quality
is required. The AISI 1100 series are low-carbon free-cutting steels for
high-speed screw-machine stock and other machining purposes. These
steels have high sulfur present in the steel in the form of manganese
sulfide inclusions causing the chips to break short on machining. Man-
ganese and phosphorus harden and embrittle the steel, which also con-
tributes toward free machining. The high manganese contents are in-
tended to ensure that all the sulfur is present as manganese sulfide. Lead
was a common additive, but there are environmental problems; experi-
ments have been conducted with selenium, tellurium, and bismuth as
replacements.

Cold-finished carbon-steel bars are used for bolts, nuts, typewriter and
cash register parts, motor and transmission power shafting, piston pins,
bushings, oil-pump shafts and gears, etc. Representative mechanical
properties of cold-drawn steel are given in Table 6.2.12. Besides im-
proved mechanical properties, cold-finished steel has better machining
properties than hot-rolled products. The surface finish and dimensional
accuracy are also greatly improved by cold finishing.

Forging steels, at one time between 0.30 and 0.40 percent carbon and
used for axles, bolts, pins, connecting rods, and similar applications, can
now contain up to 0.7 percent C with microalloying additions to refine
the structure (for better toughness) and to deliver precipitation strength-
ening. In some cases, air cooling can be used, thereby saving the cost of
alloy steels. These steels are readily forged and, after heat treatment,
develop considerably better mechanical properties than low-carbon
steels. For heavy sections where high strength is required, such as in
crankshafts and heavy-duty gears, the carbon may be increased and
sufficient alloy content may be necessary to obtain the desired hardena-
bility.
burization during heat treatment, and machinability of the tool steel are
a few of the additional factors to be weighed in reaching a final decision.
In actual practice, the final selection of a tool steel represents a compro-
mise of the most desirable physical properties with the best overall
economic performance. Tool steels have been identified and classified
by the SAE and the AISI into six major groups, based upon quenching
methods, applications, special characteristics, and use in specific indus-
tries. These six classes are water-hardening, shock-resisting, cold-work,
hot-work, high-speed, and special-purpose tool steels. A simplified
classification of these six basic types and their subdivisions is given in
Table 6.2.13.

Water-hardening tool steels, containing 0.60 to 1.40 percent carbon,
are widely used because of their low cost, good toughness, and excellent
machinability. They are shallow-hardening steels, unsuitable for nonde-
forming applications because of high warpage, and possess poor resis-
tance to softening at elevated temperatures. Water-hardening tool steels
have the widest applications of all major groups and are used for files,
twist drills, shear knives, chisels, hammers, and forging dies.

Shock-resisting tool steels, with chromium-tungsten, silicon-molybde-
num, or silicon-manganese as the dominant alloys, combine good har-
denability with outstanding toughness. A tendency to distort easily is
their greatest disadvantage. However, oil quenching can minimize this
characteristic.

Cold-work tool steels are divided into three groups: oil-hardening, me-
dium-alloy air-hardening, and high-carbon, high-chromium. In general,
this class possesses high wear resistance and hardenability, develops
little distortion, but at best is only average in toughness and in resistance
to heat softening. Machinability ranges from good in the oil-hardening
grade to poor in the high-carbon, high-chromium steels.

Hot-work tool steels are either chromium- or tungsten-based alloys
possessing good nondeforming, hardenability, toughness, and resist-
ance to heat-softening characteristics, with fair machinability and wear
resistance. Either air or oil hardening can be employed. Applications are
blanking, forming, extrusion, and casting dies where temperatures may
rise to 540°C (1,000°F).

High-speed tool steels, the best-known tool steels, possess the best
combination of all properties except toughness, which is not critical for
high-speed cutting operations, and are either tungsten or molybdenum-
base types. Cobalt is added in some cases to improve the cutting
qualities in roughing operations. They retain considerable hardness at a
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Table 6.2.10 Mechanical Properties of Certain AISI Steels with Various Heat Treatments
Sections up to 40 mm (or 11⁄2 diam or thickness)

Tempering temp Tensile strength Yield point

1,000 1,000
°C °F MPa lb/in2 MPa lb/in2

Elongation
Reduction in 50 mm Brinell
of area, % (2 in), % hardness

AISI 1040 quenched in water from 815°C (1,500°F)

315 600 862 125 717 104 46 11 260
425 800 821 119 627 91 53 13 250
540 1,000 758 110 538 78 58 15 220
595 1,100 745 108 490 71 60 17 216
650 1,200 717 104 455 66 62 20 210
705 1,300 676 98 414 60 64 22 205

AISI 1340 normalized at 865°C (1,585°F), quenched in oil from 845°C (1,550°F)

315 600 1,565 227 1,420 206 43 11 448
425 800 1,248 181 1,145 166 51 13 372
540 1,000 966 140 834 121 58 17.5 297
595 1,100 862 125 710 103 62 20 270
650 1,200 793 115 607 88 65 23 250
705 1,300 758 110 538 78 68 25.5 234

AISI 4042 normalized at 870°C (1,600°F), quenched in oil from 815°C (1,500°F)

315 600 1,593 231 1,448 210 41 12 448
425 800 1,207 175 1,089 158 50 14 372
540 1,000 966 140 862 125 58 19 297
595 1,100 862 125 758 110 62 23 260
650 1,200 779 113 683 99 65 26 234
705 1,800 724 105 634 92 68 30 210

Table 6.2.11 Effect of Size of Specimen on the Mechanical Properties of Some AISI Steels

Diam of
section

in mm

Tensile strength Yield point

1,000 1,000
MPa lb/in2 MPa lb/in2

Elongation
Reduction in 50 mm Brinell
of area, % (2 in), % hardness

AISI 1040, water-quenched, tempered at 540°C (1,000°F)

1 25 758 110 538 78 58 15 230
2 50 676 98 448 65 49 20 194
3 75 641 93 407 59 48 23 185
4 100 621 90 393 57 47 24.5 180
5 125 614 89 372 54 46 25 180

AISI 4140, oil-quenched, tempered at 540°C (1,000°F)

1 25 1,000 145 883 128 56 18 297
2 50 986 143 802 125 58 19 297
3 75 945 137 814 118 59 20 283
4 100 869 126 758 110 60 18 270
5 125 841 122 724 105 59 17 260

AISI 8640, oil-quenched, tempered at 540°C (1,000°F)

1 25 1,158 168 1,000 145 44 16 332
2 50 1,055 153 910 132 45 20 313
3 75 951 138 807 117 46 22 283
4 100 889 129 745 108 46 23 270
5 125 869 126 724 105 45 23 260

red heat. Very high heating temperatures are required for the heat treat-
ment of high-speed steel and, in general, the tungsten-cobalt high-
speed steels require higher quenching temperatures than the molyb-
denum steels. High-speed steel should be tempered at about 595°C
(1,100°F) to increase the toughness; owing to a secondary hardening
effect, the hardness of the tempered steels may be higher than as
quenched.

Special-purpose tool steels are composed of the low-carbon, low-alloy,
carbon-tungsten, mold, and other miscellaneous types.

SPRING STEEL

For small springs, steel is often supplied to spring manufacturers in a
form that requires no heat treatment except perhaps a low-temperature
anneal to relieve forming strains. Types of previously treated steel wire
for small helical springs are music wire which has been given a special
heat treatment called patenting and then cold-drawn to develop a high
yield strength, hard-drawn wire which is of lower quality than music
wire since it is usually made of lower-grade material and is seldom
patented, and oil-tempered wire which has been quenched and tempered.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 6.2.12 Representative Average Mechanical Properties of Cold-Drawn Steel

Tensile strength Yield strength

1,000 1,000
MPa lb/in2 MPa lb/in2

Elongation
AISI in 50 mm Reduction Brinell
no. (2 in), % of area, % hardness

1010 462 67 379 55.0 25.0 57 137
1015 490 71 416 60.3 22.0 55 149
1020 517 75 439 63.7 20.0 52 156
1025 552 80 469 68.0 18.5 50 163
1030 600 87 509 73.9 17.5 48 179
1035 634 92 539 78.2 17.0 45 187
1040 669 97 568 82.4 16.0 40 197
1045 703 102 598 86.7 15.0 35 207
1117 552 80 469 68.0 19.0 51 163
1118 569 82.5 483 70.1 18.5 50 167
1137 724 105 615 89.2 16.0 35 217
1141 772 112 656 95.2 14.0 30 223

Sizes 16 to 50 mm (% to 2 in) diam, test specimens 50 3 13 mm (2 3 0.505 in).
SOURCE: ASM ‘‘Metals Handbook.’’

Table 6.2.13 Simplified Tool-Steel Classification*

Major grouping Symbol Types

Water-hardening tool steels W
Shock-resisting tool steels S
Cold-work tool steels O Oil hardening

A Medium-alloy air hardening
D High-carbon, high-chromium

Hot-work tool steels H H10–H19 chromium base
H20–H39 tungsten base

fo

u

30
00
00

SPECIAL ALLOY STEELS

Many steel alloys with compositions tailored to specific requirements
are reported periodically. Usually, the compositions and/or treatments
are patented, and they are most likely to have registered trademarks and
trade names. They are too numerous to be dealt with here in any great
detail, but a few of the useful properties exhibited by some of those
special alloys are mentioned.

Iron-silicon alloys with minimum amounts of both carbon and other
alloying elements have been used by the electrical equipment industry

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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H40–H59 molybdenum base

High-speed tool steels T
M

Tungsten base
Molybdenum base

Special-purpose tool steels F
L
P

Carbon-tungsten
Low-alloy
Mold steels
P1–P19 low carbon
P20–P39 other types

* Each subdivision is further identified as to type by a suffix number which follows the letter
symbol.

The wire usually has a Brinell hardness between 352 and 415, although
this will depend on the application of the spring and the severity of the
forming operation. Steel for small flat springs has either been cold-
rolled or quenched and tempered to a similar hardness.

Steel for both helical and flat springs which is hardened and tempered
after forming is usually supplied in an annealed condition. Plain carbon
steel is satisfactory for small springs; for large springs it is necessary to
use alloy steels such as chrome-vanadium or silicon-manganese steel in
order to obtain a uniform structure throughout the cross section. Table
6.2.14 gives the chemical composition and heat treatment of several
spring steels. It is especially important for springs that the surface of the
steel be free from all defects and decarburization, which lowers fatigue
strength.

Table 6.2.14 Type of Steel and Heat Treatment
Helical Springs

AISI
steel
no.

Normalizing temp* Q

°C °F °C

1095 860–885 1,575–1,625 800–8
6150 870–900 1,600–1,650 870–9
9260 870–900 1,600–1,650 870–9

5150 870–900 1,600–1,650 800–830
8650 870–900 1,600–1,650 870–900

* These normalizing temperatures should be used as the forming
† Quench in oil at 45 to 60°C (110 to 140°F).
r Large Hot-Formed Flat, Leaf, and

enching temp† Tempering temp

°F °C °F

1,475–1,525 455–565 850–1,050
1,600–1,650 455–565 850–1,050
1,600–1,650 455–565 850–1,050
1,475–1,525 455–565 850–1,050

for a long time; often these alloys are known as electrical sheet steel.
Iron-nickel alloys with high proportions of nickel, and often with other
alloying elements, elicit properties such as nonmagnetic behavior, high
permeability, low hysteresis loss, low coefficient of expansion, etc.;
iron-cobalt alloys combined with other alloying elements can result in
materials with low resistivity and high hysteresis loss. The reader inter-
ested in the use of materials with some of these or other desired proper-
ties is directed to the extensive literature and data available.

STAINLESS STEELS
by James D. Redmond

REFERENCES: ‘‘Design Guidelines for the Selection and Use of Stainless Steel,’’
Specialty Steel Institute of North America (SSINA), Washington, DC. Publica-
tions of the Nickel Development Institute, Toronto, Ontario, Canada. ‘‘Metals
Handbook,’’ 10th ed., ASM International. ASTM Standards.

When the chromium content is increased to about 11 percent in an
iron-chromium alloy, the resulting material is generally classified as a
stainless steel. With that minimum quantity of chromium, a thin, pro-
tective, passive film forms spontaneously on the steel. This passive film
acts as a barrier to prevent corrosion. Further increases in chromium
content strengthen the passive film and enable it to repair itself if it is
damaged in a corrosive environment. Stainless steels are also heat-resistant
1,600–1,650 455–565 850–1,050

temperature whenever feasible.



STAINLESS STEELS 6-33

because exposure to high temperatures (red heat and above) causes the
formation of a tough oxide layer which retards further oxidation.

Other alloying elements are added to stainless steels to improve
corrosion resistance in specific environments or to modify or optimize
mechanical properties or characteristics. Nickel changes the crystal
structure to improve ductility, toughness, and weldability. Nickel im-
proves corrosion resistance in reducing environments such as sulfuric
acid. Molybdenum increases pitting and crevice corrosion resistance in
chloride environments. Carbon and nitrogen increase strength. Alumi-
num and silicon improve oxidation resistance. Sulfur and selenium are

Ferritic stainless steels are iron-chromium alloys with 11 to 30 percent
chromium. They can be strengthened slightly by cold working. They are
magnetic. They are difficult to produce in plate thicknesses, but are
readily available in sheet and bar form. Some contain molybdenum for
improved corrosion resistance in chloride environments. They exhibit
excellent resistance to chloride stress corrosion cracking. Resistance to
pitting and crevice corrosion is a function of the total chromium and
molybdenum content. The coefficient of thermal expansion is similar to
that of carbon steel. The largest quantity produced is Type 409 (11 Cr),
used extensively for automobile catalytic converters, mufflers, and ex-
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added to improve machinability. Titanium and niobium (columbium)
are added to prevent sensitization by preferentially combining with car-
bon and nitrogen, thereby preventing intergranular corrosion.

Stainless Steel Grades There are more than 200 different grades of
stainless steel. Each is alloyed to provide a combination of corrosion
resistance, heat resistance, mechanical properties, or other specific
characteristics. There are five families of stainless steels: austenitic,
ferritic, duplex, martensitic, and precipitation hardening. Table 6.2.15 is
a representative list of stainless steel grades by family and chemical
composition as typically specified in ASTM Standards. The mechanical
properties of many of these grades are summarized in Table 6.2.16.
Note that the number designation of a stainless steel does not describe
its performance when utilized to resist corrosion.

Austenitic stainless steels are the most widely used, and while most
are designated in the 300 series, some of the highly alloyed grades,
though austenitic, have other identifying grade designations, e.g., alloy
20, 904L, and the 6 percent molybdenum grades. These latter are often
known by their proprietary designation. These stainless steel grades are
available in virtually all wrought product forms, and many are em-
ployed as castings. Some austenitic grades in which manganese and
nitrogen are substituted partially for nickel are also designated in the
200 series. Types 304 (18 Cr, 8 Ni) and 316 (17 Cr, 10 Ni, 2 Mo) are the
workhorse grades, and they are utilized for a broad range of equipment
and structures. Austenitic grades can be hardened by cold work but not
by heat treatment; cold work increases strength with an accompanying
decrease in ductility. They provide excellent corrosion resistance, re-
spond very well to forming operations, and are readily welded. When
fully annealed, they are not magnetic, but may become slightly mag-
netic when cold-worked. Compared to carbon steel, they have higher
coefficients of thermal expansion and lower thermal conductivities.
When austenitic grades are employed to resist corrosion, their perfor-
mance may vary over a wide range, depending on the particular corro-
sive media encountered. As a general rule, increased levels of chro-
mium, molybdenum, and nitrogen result in increased resistance to
pitting and crevice corrosion in chloride environments. Type 304 is
routinely used for atmospheric corrosion resistance and to handle low-
chloride potable water. At the other end of the spectrum are the 6% Mo
austenitic stainless steels, which have accumulated many years of ser-
vice experience handling seawater in utility steam condensers and in
piping systems on offshore oil and gas platforms. Highly alloyed aus-
tenitic stainless steels are subject to precipitation reactions in the range
of 1,500 to 1,800°F (815 to 980°C), resulting in a reduction of their
corrosion resistance and ambient-temperature impact toughness.

Low-carbon grades, or L grades, are restricted to very low levels of
carbon (usually 0.030 wt % maximum) to reduce the possibility of
sensitization due to chromium carbide formation either during welding
or when exposed to a high-temperature thermal cycle. When a sensi-
tized stainless steel is exposed subsequently to a corrosive environment,
intergranular corrosion may occur. Other than improved resistance to
intergranular corrosion, the low-carbon grades have the same resistance
to pitting, crevice corrosion, and chloride stress corrosion cracking as
the corresponding grade with the higher level of carbon (usually 0.080
wt % maximum).

There is a trend to dual-certify some pairs of stainless-steel grades.
For example, an 18 Cr–8 Ni stainless steel low enough in carbon to
meet the requirements of an L grade and high enough in strength to
qualify as the standard carbon version may be dual-certified. ASTM
specifications allow such a material to be certified and marked, for
example, 304/304L and S30400/S30403.
haust system components. The most highly alloyed ferritic stainless
steels have a long service history in seawater-cooled utility condensers.

Duplex stainless steels combine some of the best features of the austen-
itic and the ferritic grades. Duplex stainless steels have excellent chlo-
ride stress corrosion cracking resistance and can be produced in the full
range of product forms typical of the austenitic grades. Duplex stainless
steels are comprised of approximately 50 percent ferrite and 50 percent
austenite. They are magnetic. Their yield strength is about double that
of the 300-series austenitic grades, so economies may be achieved from
reduced piping and vessel wall thicknesses. The coefficient of thermal
expansion of duplex stainless steels is similar to that of carbon steel and
about 30 to 40 percent less than that of the austenitic grades. The gen-
eral-purpose duplex grade is 2205 (22 Cr, 5 Ni, 3 Mo, 0.15 N). Because
they suffer embrittlement with prolonged high-temperature exposure,
ASME constructions using the duplex grades are limited to a maximum
600°F (315°C) service temperature. Duplex stainless steel names often
reflect their chemical composition or are proprietary designations.

Martensitic stainless steels are straight chromium grades with relatively
high levels of carbon. The martensitic grades can be strengthened by
heat treatment. To achieve the best combination of strength, corrosion
resistance, ductility, and impact toughness, they are tempered in the
range of 300 to 700°F (150 to 370°C). They have a 400-series designa-
tion; 410 is the general-purpose grade. They are magnetic. The marten-
sitic grades containing up to about 0.15 wt % carbon—e.g., grades 403,
410, and 416 (a free-machining version) can be hardened to about 45
RC. The high-carbon martensitics, such as Types 440A, B, and C, can
be hardened to about 60 RC. The martensitics typically exhibit excellent
wear or abrasion resistance but limited corrosion resistance. In most
environments, the martensitic grades have less corrosion resistance than
Type 304.

Precipitation-hardening stainless steels can be strengthened by a rela-
tively low-temperature heat treatment. The low-temperature heat treat-
ment minimizes distortion and oxidation associated with higher-tem-
perature heat treatments. They can be heat-treated to strengths greater
than can the martensitic grades. Most exhibit corrosion resistance supe-
rior to the martensitics and approach that of Type 304. While some
precipitation-hardening stainless steels have a 600-series designation,
they are most frequently known by names which suggest their chemical
composition, for example, 17-4PH, or by proprietary names.

The commonly used stainless steels have been approved for use in
ASME boiler and pressure vessel construction. Increasing the carbon
content increases the maximum allowable stress values. Nitrogen addi-
tions are an even more powerful strengthening agent. This may be seen
by comparing the allowable stresses for 304L (0.030 C maximum),
304H (0.040 C minimum), and 304N (0.10 N minimum) in Table
6.2.17. In general, increasing the total alloy content—especially chro-
mium, molybdenum, and nitrogen—increases the allowable design
stresses. However, precipitation reactions which can occur in the most
highly alloyed grades limit their use to a maximum of about 750°F
(400°C). The duplex grade 2205 has higher allowable stress values than
even the most highly alloyed of the austenitic grades, up to a maximum
service temperature of 600°F (315°C). The precipitation-hardening
grades exhibit some of the highest allowable stress values but also are
limited to about 650°F (345°C).

Copious amounts of information and other technical data regarding
physical and mechanical properties, examples of applications and histo-
ries of service lives in specific corrosive environments, current costs,
etc. are available in the references and elsewhere in the professional and
trade literature.



Table 6.2.15 ASTM/AWS/AMS Chemical Composition (Wt. Pct.)a

UNS
number Grade C Cr NI Mo Cu N Other

Austenitic stainless steels

S20100 201 0.15 16.00–18.00 3.50–5.50 —b — 0.25 Mn: 5.50–7.50
S20200 202 0.15 17.00–19.00 4.00–6.00 — — 0.25 Mn: 7.50–10.00
S30100 301 0.15 16.00–18.00 6.00–8.00 — — 0.10 —
S30200 302 0.15 17.00–19.00 8.00–10.00 — — 0.10 —
S30300 303 0.15 17.00–19.00 8.00–10.00 — — — S: 0.15 min
S30323 303Se 0.15 17.00–19.00 8.00–10.00 — — — Se: 0.15 min
S30400 304 0.08 18.00–20.00 8.00–10.50 — — 0.10 —
S30403 304L 0.030 18.00–20.00 8.00–12.00 — — 0.10 —
S30409 304H 0.04–0.10 18.00–20.00 8.00–10.50 — — — —
S30451 304N 0.08 18.00–20.00 8.00–10.50 — — 0.10–0.16 —
S30500 305 0.12 17.00–19.00 10.50–13.00 — — — —
S30800 308 0.08 19.00–21.00 10.00–12.00 — — — —
S30883 308L 0.03 19.50–22.00 9.00–11.00 0.05 0.75 Si: 0.39–0.65
S30908 309S 0.08 22.00–24.00 12.00–15.00 — — — —
S31008 310S 0.08 24.00–26.00 19.00–22.00 — — — —
S31600 316 0.08 16.00–18.00 10.00–14.00 2.00–3.00 — 0.10 —
S31603 316L 0.030 16.00–18.00 10.00–14.00 2.00–3.00 — 0.10 —
S31609 316H 0.04–0.10 16.00–18.00 10.00–14.00 2.00–3.00 — 0.10 —
S31703 317L 0.030 18.00–20.00 11.00–15.00 3.00–4.00 — 0.10 —
S31726 317LMN 0.030 17.00–20.00 13.50–17.50 4.0–5.0 — 0.10–0.20 —
S32100 321 0.080 17.00–19.00 9.00–12.00 — — 0.10 Ti: 5(C 1 N) min; 0.70 max
S34700 347 0.080 17.00–19.00 9.00–13.00 — — — Nb: 10C min; 1.00 max
N08020 Alloy 20 0.07 19.00–21.00 32.00–38.00 2.00–3.00 3.00–4.00 — Nb 1 Ta: 8C min; 1.00 max
N08904 904L 0.020 19.00–23.00 23.00–28.00 4.0–5.0 1.0–2.0 0.10 —
S31254 254 SMQc 0.020 19.50–20.50 17.50–18.50 6.00–6.50 0.50–1.00 0.18–0.22 —
N08367 AL-6XNd 0.030 20.00–22.00 23.50–25.50 6.00–7.00 0.75 0.18–0.25 —
N08926 25-6MO (3)/1925hMoe 0.020 19.00–21.00 24.00–26.00 6.0–7.0 0.5–1.0 0.15–0.25 —
S32654 654 SMOc 0.020 24.00–25.00 21.00–23.00 7.00–8.00 0.30–0.60 0.45–0.55 Mn: 2.00–4.00

Duplex stainless steels

S31260 DP-3g 0.030 24.0–26.0 5.50–7.50 2.50–3.50 0.20–0.80 0.10–0.30 W 0.10–0.50
S31803 2205 0.030 21.0–23.0 4.50–6.50 2.50–3.50 — 0.08–0.20 —
S32304 2304 0.030 21.5–24.5 3.00–5.00 0.05–0.60 0.05–0.60 0.05–0.20 —
S32550 Ferralium 255h 0.040 24.0–27.0 4.50–6.50 2.90–3.90 1.5–2.5 0.10–0.25 —
S32750 2507 0.030 24.0–26.0 6.00–8.00 3.00–5.00 0.50 0.24–0.32 —
S32900 329 0.08 23.00–28.00 2.50–5.00 1.00–2.00 — — —
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Ferritic stainless steels

S40500 405 0.08 11.50–14.50 0.60 — — — Al: 0.10–0.30
S40900 409 0.08 10.50–11.75 0.50 — — — Ti: 6xC min; 0.75 max
S43000 430 0.12 16.00–18.00 — — — — —
S43020 430F 0.12 16.00–18.00 — — — — S: 0.15 min
S43035 439 0.07 17.00–19.00 0.5 — — 0.04 Ti: 0.20 1 4(C 1 N) min; 1.10 max Al: 0.15 max
S43400 434 0.12 16.00–18.00 — 0.75–1.25 — — —
S44400 444 (18 Cr–2 Mo) 0.025 17.5–19.5 1.00 1.75–2.50 — 0.035 Ti 1 Nb: 0.20 1 4(C 1 N) min; 0.80 max
S44600 446 0.20 23.00–27.50 — — — 0.25 —
S44627 E-BRITE 26-1d 0.01 25.00–27.00 — 0.75–1.50 0.20 0.015 Nb: 0.05–0.20
S44660 SEA-CUREi 0.030 25.00–28.00 1.0–3.50 3.00–4.00 — 0.040 Ti 1 Nb: 0.20–1.00 and 6(C 1 N) min
S44735 AL 29-4Cc 0.030 28.00–30.00 1.00 3.60–4.20 — 0.045 Ti 1 Nb: 0.20–1.00 and 6(C 1 N) min

Martensitic stainless steels

S40300 403 0.15 11.50–13.50 — — — — —
S41000 410 0.15 11.50–13.50 0.75 — — — —
S41008 410S 0.08 11.50–13.50 0.60 — — — —
S41600 416 0.15 12.00–14.00 — — — — —
S41623 416Se 0.15 12.00–14.00 — — — — Se: 0.15 min
S42000 420 0.15 min 12.00–14.00 — — — — —
S42020 420F 0.08 12.00–14.00 0.50 — 0.60 — S: 0.15 min
S43100 431 0.20 15.00–17.00 1.25–2.50 — — — —
S44002 440A 0.60–0.75 16.00–18.00 — 0.75 — — —
S44003 440B 0.75–0.95 16.00–18.00 — 0.75 — — —
S44004 440C 0.95–1.20 16.00–18.00 — 0.75 — — —
S44020 440F 0.95–1.20 16.00–18.00 0.50 — 0.6 — S: 0.15 min

Precipitation-hardening stainless steels

S13800 XM-13/13-8Mo PH 0.05 12.25–13.25 7.50–8.50 2.00–2.50 — 0.01 Al: 0.90–1.35
S15700 632/15-7PH 0.09 14.00–16.00 6.50–7.75 2.00–3.00 — — Al: 0.75–1.00
S17400 630/17-4PH 0.07 15.00–17.50 3.00–5.00 — 3.00–5.00 — Nb 1 Ta: 0.15–0.45
S17700 631/17-7PH 0.09 16.00–18.00 6.50–7.75 — — — Al: 0.75–1.00
S35000 AMS 350 0.07–0.11 16.00–17.00 4.00–5.00 2.50–3.25 — 0.07–0.13 —
S35500 634/AMS 355 0.10–0.15 15.00–16.00 4.00–5.00 2.50–3.25 — 0.07–0.13 Mn: 0.50–1.25
S45000 XM-25/Custom 450 j 0.05 14.00–16.00 5.00–7.00 0.50–1.00 1.25–1.75 — Nb: 8C min
S45500 XM-16/Custom 455 j 0.03 11.00–12.50 7.50–9.50 0.5 1.50–2.50 — Ti: 0.90–1.40

a Maximum unless range or minimum is indicated.
b None required in the specification.
c Trademark of Avesta Sheffield AB.
d Trademark of Allegheny Ludlum Corp.
e Trademark of the INCO family of companies.
f Trademark of Krupp-VDM.
g Trademark of Sumitomo Metals.
h Trademark of Langley Alloys Ltd.
i Trademark of Crucible Materials Corp.
j Trademark of Carpenter Technology Corp.
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Table 6.2.16 ASTM Mechanical Properties (A 240, A 276, A 479, A 564, A 582)

Tensile Yield
strength, min strength, min Hardness, max

Grade Condition* ksi MPa ksi MPa Brinell Rockwell B†

Elongation in
UNS 2 in or 50 mm
no. min, %

Austenitic stainless steels

S20100 201 Annealed 95 655 38 260 40.0 —‡ 95
S20200 202 Annealed 90 620 38 260 40.0 241 —
S30100 301 Annealed 75 515 30 205 40.0 217 95
S30200 302 Annealed 75 515 30 205 40.0 201 92
S30300 303 Annealed — — — — — 262 —
S30323 303Se Annealed — — — — — 262 —
S30400 304 Annealed 75 515 30 205 40.0 201 92
S30403 304L Annealed 70 485 25 170 40.0 201 92
S30409 304H Annealed 75 515 30 205 40.0 201 92
S30451 304N Annealed 80 550 35 240 30.0 201 92
S30500 305 Annealed 75 515 30 205 40.0 183 88
S30908 309S Annealed 75 515 30 205 40.0 217 95
S31008 310S Annealed 75 515 30 205 40.0 217 95
S31600 316 Annealed 75 515 30 205 40.0 217 95
S31603 316L Annealed 70 485 30 170 40.0 217 95
S31609 316H Annealed 75 515 30 205 40.0 217 95
S31703 317L Annealed 75 515 30 205 40.0 217 95
S31726 317LMN Annealed 80 550 35 240 40.0 223 96
S32100 321 Annealed 75 515 30 205 40.0 217 95
S34700 347 Annealed 75 515 30 205 40.0 201 92
N08020 Alloy 20 Annealed 80 551 35 241 30.0 217 95
N08904 904L Annealed 71 490 31 215 35.0 — —
S31254 254 SMO Annealed 94 650 44 300 223 96
N08367 AL-6XN Annealed 95 655 45 310 30.0 233 —
N08926 25-6MO/1925hMo Annealed 94 650 43 295 35.0 — —
S32654 654 SMO Annealed 109 750 62 430 40.0 250 —

Duplex stainless steels

S31260 DP-3 Annealed 100 690 70 485 20.0 290 —
S31803 2205 Annealed 90 620 65 450 25.0 293 31HRC
S32304 2304 Annealed 87 600 58 400 25.0 290 32HRC
S32550 Ferralium 255 Annealed 110 760 80 550 15.0 302 32HRC
S32750 2507 Annealed 116 795 80 550 15.0 310 32HRC
S32900 329 Annealed 90 620 70 485 15.0 269 28HRC

Ferritic stainless steels

S40500 405 Annealed 60 415 25 170 20.0 179 88
S40900 409 Annealed 55 380 25 205 20.0 179 88
S43000 430 Annealed 65 450 30 205 22.0 183 89
S43020 430F Annealed — — — — — 262 —
S43035 439 Annealed 60 415 30 205 22.0 183 89
S43400 434 Annealed 65 450 35 240 22.0 — —
S44400 444 (18 Cr–2 Mo) Annealed 60 415 40 275 20.0 217 96
S44600 446 Annealed 65 515 40 275 20.0 217 96
S44627 E-BRITE 26-1 Annealed 65 450 40 275 22.0 187 90
S44660 SEA-CURE Annealed 85 585 65 450 18.0 241 100
S44735 AL 29-4C Annealed 80 550 60 415 18.0 255 25HRC

Martensitic stainless steels

S40300 403 Annealed 70 485 40 275 20.0 223 —
S41000 410 Annealed 65 450 30 205 20.0 217 96
S41008 410S Annealed 60 415 30 205 22.0 183 89
S41600 416 Annealed — — — — — 262 —
S41623 416Se Annealed — — — — — 262 —
S42000 420 Annealed — — — — — 241 —
S42020 420F Annealed — — — — — 262 —
S43100 431 Annealed — — — — — 285 —
S44002 440A Annealed — — — — — 269 —
S44003 440B Annealed — — — — — 269 —
S44004 440C Annealed — — — — — 269 —
S44020 440F Annealed — — — — — 285 —

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 6.2.16 ASTM Mechanical Properties (A 240, A 276, A 479, A 564, A 582) (Continued )

Tensile Yield
strength, min strength, min Hardness, max

Grade Condition* ksi MPa ksi MPa Brinell Rockwell B†

Elongation in
UNS 2 in or 50 mm
no. min, %

Precipitation-hardening stainless steels

S13800 XM-13/13-8Mo PH Annealed — — — — — 363 38HRC
H950 220 1,520 205 1,410 10.0 430 45HRC
H1000 205 1,410 190 1,310 10.0 400 43HRC
H1050 175 1,210 165 1,140 12.0 372 40HRC
H1150 135 930 90 620 14.0 283 30HRC

S15700 632/15-7PH Annealed — — — — — 269 100
RH950 200 1,380 175 1,210 7.0 415 —

S17400 630/17-4PH Annealed — — — — — 363 38HRC
H900 190 1,310 170 1,170 10.0 388 40HRC
H925 170 1,170 155 1,070 10.0 375 38HRC
H1025 155 1,070 145 1,000 12.0 331 35HRC
H1100 140 965 115 795 14.0 302 31HRC

S17700 631/17-7PH Annealed — — — — — 229 98
RH950 185 1,275 150 1,035 6.0 388 41HRC

S35500 634/AMS 355 Annealed — — — — — 363 —
H1000 170 1,170 155 1,070 12.0 341 37HRC

S45000 XM-25/Custom 450 Annealed 130 895 95 655 10.0 321 32HRC
H900 180 1,240 170 1,170 10.0 363 39HRC
H950 170 1,170 160 1,100 10.0 341 37HRC
H1000 160 1,100 150 1,030 12.0 331 36HRC
H1100 130 895 105 725 16.0 285 30HRC

S45500 XM-16/Custom 455 Annealed — — — — — 331 36HRC
H900 235 1,620 220 1,520 8.0 444 47HRC
H950 220 1,520 205 1,410 10.0 415 44HRC
H1000 205 1,410 185 1,280 10.0 363 40HRC

* Condition defined in applicable ASTM specification.
† Rockwell B unless hardness Rockwell C (HRC) is indicated.
‡ None required in ASTM specifications.

Table 6.2.17 Maximum Allowable Stress Values (ksi), Plate: ASME Section I; Section III, Classes 2 and 3; Section VIII, Division 1

UNS
no. Grade 2 20 to 100°F 300°F 400°F 500°F 600°F 650°F 700°F 750°F 800°F 850°F 900°F

Austenitic stainless steels

S30403 304L 16.7 12.8 11.7 10.9 10.3 10.5 10.0 9.8 9.7 —* —
S30409 304H 18.8 14.1 12.9 12.1 11.4 11.2 11.1 10.8 10.6 10.4 10.2
S30451 304N 20.0 16.7 15.0 13.9 13.2 13.0 12.7 12.5 12.3 12.1 11.8
S31603 316L 16.7 12.7 11.7 10.9 10.4 10.2 10.0 9.8 9.6 9.4 —
N08904 904L 17.8 15.1 13.8 12.7 12.0 11.7 11.4 — — — —
S31254 254 SMO 23.5 21.4 19.9 18.5 17.9 17.7 17.5 17.3 — — —

Duplex stainless steel

S31803 2205 22.5 21.7 20.9 20.4 20.2 — — — — — —

Ferritic stainless steels

S40900 409 13.8 12.7 12.2 11.8 11.4 11.3 11.1 10.7 10.2 — —
S43000 430 16.3 15.0 14.4 13.9 13.5 13.3 13.1 12.7 12.0 11.3 10.5

Precipitation-hardening stainless steel

S17400 630/17-4 35.0 35.0 34.1 33.3 32.8 32.6 — — — — —

* No allowable stress values at this temperature; material not recommended for service at this temperature.
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6.3 IRON AND STEEL CASTINGS
by Malcolm Blair and Robert E. Eppich

REFERENCES: ‘‘Metals Handbook,’’ ASM. ‘‘Iron Casting Handbook,’’ Iron
Casting Society. ‘‘Malleable Iron Castings,’’ Malleable Founders’ Society.
ASTM Specifications. ‘‘Ductile Iron Handbook,’’ American Foundrymen’s Soci-
ety. ‘‘Modern Casting,’’ American Foundrymen’s Society. ‘‘Ductile Iron Data for
Design Engineers,’’ Quebec Iron and Titanium (QIT). ‘‘History Cast in Metal,’’
American Foundrymen’s Society. ‘‘Steel Castings Handbook,’’ 5th ed., Steel
Founders’ Society of America.

CLASSIFICATION OF CASTINGS

The chemistry for a specific grade within each type is usually up to the
foundry producing the casting. There are situations where the chemistry
for particular elements is specified by ASTM, SAE, and others; this
should always be fully understood prior to procuring the casting.

Steel Castings There are two main classes of steel castings: carbon
and low-alloy steel castings, and high-alloy steel castings. These classes

the following groups: (1) low-carbon steels
dium-carbon steels (C between 0.20 and 0.50
eels (C . 0.50 percent), (4) low-alloy steels
nd (5) high-alloy steels (total alloy . 8 per-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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may be broken down into
(C , 0.20 percent), (2) me
percent), (3) high-carbon st
(total alloy # 8 percent), a
Cast-Iron Castings The term cast iron covers a wide range of iron-
carbon-silicon alloys containing from 2.0 to 4.0 percent carbon and
from 0.5 to 3.0 percent silicon. The alloy typically also contains varying
percentages of manganese, sulfur, and phosphorus along with other
alloying elements such as chromium, molybdenum, copper, and tita-
nium. For a type and grade of cast iron, these elements are specifically
and closely controlled. Cast iron is classified into five basic types; each
type is generally based on graphite morphology as follows:

Gray iron
Ductile iron
Malleable iron
Compacted graphite iron
White iron

Even though chemistry is important to achieve the type of cast iron,
the molten metal processing and cooling rates play major roles in devel-
oping each type. Different mechanical properties are generally asso-
ciated with each of the five basic types of cast iron.

Figure 6.3.1 illustrates the range of carbon and silicon for each type.
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Fig. 6.3.1 Approximate ranges of carbon and silicon for steels and various cast
irons. (QIT-Fer Titane, Inc.)
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cent). The tensile strength of cast steel varies from 60,000 to 250,000
lb/in2 (400 to 1,700 MPa) depending on the composition and heat treat-
ment. Steel castings are produced weighing from ounces to over 200
tons. They find universal application where strength, toughness, and
reliability are essential.

CAST IRON

The engineering and physical properties of cast iron vary with the type
of iron; the designer must match the engineering requirements with all
the properties of the specific type of cast iron being considered. Ma-
chinability, e.g., is significantly affected by the type of cast iron speci-
fied. Gray cast iron is the most machinable; the white cast irons are the
least machinable.

Composition The properties of cast iron are controlled primarily by
the graphite morphology and the quantity of graphite. Also to be con-
sidered is the matrix microstructure, which may be established either
during cooling from the molten state (as-cast condition) or as a result of
heat treatment. Except where previous engineering evaluations have
established the need for specific chemistry or the cast iron is to be
produced to a specific ASTM specification, such that chemistry is a part
of that specification, the foundry normally chooses the composition
that will meet the specified mechanical properties and/or graphite mor-
phology.

Types of Cast Iron

Gray Iron Gray iron castings have been produced since the sixth
century B.C. During solidification, when the composition and cooling
rate are appropriate, carbon will precipitate in the form of graphite
flakes that are interconnected within each eutectic cell. Figure 6.3.2 is a
photomicrograph of a typical gray iron structure. The flakes appear
black in the photograph. The sample is unetched; therefore the matrix
microstructure does not show. Gray iron fractures primarily along the
graphite. The fracture appears gray; hence the name gray iron. This
graphite morphology establishes the mechanical properties. The cooling
rate of the casting while it solidifies plays a major role in the size and
shape of the graphite flakes. Thus the mechanical properties in a single
casting can vary by as much as 10,000 lb/in2 with thinner sections
having higher strength (Fig. 6.3.3).

The flake graphite imparts unique characteristics to gray iron, such as
excellent machinability, ability to resist galling, excellent wear resis-
tance (provided the matrix microstructure is primarily pearlite), and
excellent damping capacity. This same flake graphite exhibits essen-
tially zero ductility and very low impact strength.

Mechanical Properties Gray iron tensile strength normally ranges
from 20,000 to 60,000 lb/in2 and is a function of chemistry, graphite
morphology, and matrix microstructure. ASTM A48 recognizes nine
grades based on the tensile strength of a separately cast test bar whose
dimensions are selected to be compatible with the critical controlling
section size of the casting. These dimensions are summarized in Table
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6.3.1. Test bars are machined to the specified size prior to testing. Table
6.3.2 summarizes the various specifications under ASTM A48. Most
engineering applications utilize gray iron with tensile strengths of
30,000 to 35,000 lb/in2 (typically a B bar). An alternate method of
specifying gray iron is to utilize SAE J431. This specification, shown in
Table 6.3.3, is based on hardness (BHN) rather than tensile test bars.

Table 6.3.1 ASTM A48: Separately Cast
Test Bars for Use when a Specific
Correlation Has Not Been Established
between Test Bar and Casting

Test bar
Thickness of wall of controlling diameter

section of casting, in (mm) (See Table 6.3.2)

Under 0.25 (6) S
0.25 to 0.50 (6 to 12) A

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 6.3.2 Gray iron with flake graphite. Unetched, 100 3.

Yield strength is not normally shown and is not specified because it is
not a well-defined property of the material. There is no abrupt change in
the stress-strain relation as is normally observed in other material. A
proof stress or load resulting in 0.1 percent permanent strain will range
form 65 to 80 percent of the tensile strength.
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Fig. 6.3.3 The influence of casting section thickness on the tensile strength and
hardness for a series of gray irons classified by their strength as cast in 1.2-in-
(30-mm-) diameter, B bars. (Steel Founders Society of America.)

Table 6.3.4 summarizes the mechanical properties of gray iron as
they are affected by a term called the carbon equivalent. Carbon equiva-
lent is often represented by the equation

CE 5 carbon (C) 1 1⁄3 silicon (Si) 1 1⁄3 phosphorus (P)

Typical applications for gray iron are engine blocks, compressor hous-
ings, transmission cases, and valve bodies.

Ductile Iron Whereas gray iron has been used as an engineering
material for hundreds of years, ductile iron was developed recently. It
was invented in the late 1940s and patented by the International Nickel
Company. By adding magnesium to the molten metal under controlled
0.51 to 1.00 (13 to 25) B
1.01 to 2 (26 to 50) C
Over 2 (50) S

SOURCE: Abstracted from ASTM data, by permission.

conditions, the graphite structure becomes spherical or nodular. The
material resulting has been variously named spheroidal graphite iron,
sg iron, nodular iron, and ductile iron. Ductile iron is preferred since it
also describes one of its characteristics. The structure is shown in Fig.
6.3.4. As would be expected, this nodular graphite structure, when com-
pared to the graphite flakes in gray iron, shows significant improvement
in mechanical properties. However, the machinability and thermal con-
ductivity of ductile iron are lower than those for gray iron.

Table 6.3.2 ASTM A48: Requirements for Tensile
Strength of Gray Cast Irons in Separately Cast
Test Bars

Tensile strength, min, Nominal test bar diameter,
Class no. ksi (MPa) in (mm)

20 A 20 (138) 0.88 (22.4)
20 B 1.2 (30.5)
20 C 2.0 (50.8)
20 S Bars S*

25 A 25 (172) 0.88 (22.4)
25 B 1.2 (30.5)
25 C 2.0 (50.8)
25 S Bars S*

30 A 30 (207) 0.88 (22.4)
30 B 1.2 (30.5)
30 C 2.0 (50.8)
30 S Bars S*

35 A 35 (241) 0.88 (22.4)
35 B 1.2 (30.5)
35 C 2.0 (50.8)
35 S Bars S*

40 A 40 (276) 0.88 (22.4)
40 B 1.2 (30.5)
40 C 2.0 (50.8)
40 S Bars S*

45 A 45 (310) 0.88 (22.4)
45 B 1.2 (30.5)
45 C 2.0 (50.8)
45 S Bars S*

50 A 50 (345) 0.88 (22.4)
50 B 1.2 (30.5)
50 C 2.0 (50.8)
50 S Bars S*

55 A 55 (379) 0.88 (22.4)
55 B 1.2 (30.5)
55 C 2.0 (50.8)
55 S Bars S*

60 A 60 (414) 0.88 (22.4)
60 B 1.2 (30.5)
60 C 2.0 (50.8)
60 S Bars S*

* All dimensions of test bar S shall be as agreed upon between the manufacturer
and the purchaser.

SOURCE: Abstracted from ASTM data, by permission.
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Table 6.3.3 SAE J431: Grades of Automotive Gray Iron Castings Designed by Brinell Hardness

Minimum
tensile strength

(for design purposes)

SAE grade
Specified

hardness BHN* lb/in2 MPa Other requirements

G1800 187 max 18,000 124
G2500 170–229 25,000 173
G2500a† 170–229 25,000 173 3.4% min C and microstructure specified
G3000 187–241 30,000 207
G3500 207–255 35,000 241
G3500b† 207–255 35,000 241 3.4% min C and microstructure specified
G3500c† 207–255 35,000 241 3.5% min C and microstructure specified
G4000 217–269 40,000 276

* Hardness at a designated location on the castings.
† For applications such as brake drums, disks, and clutch plates to resist thermal shock.
SOURCE: Abstracted from SAE data, by permission.

The generally accepted grades of ductile iron are shown in Table
6.3.5, which summarizes ASTM A-536. In all grades the nodularity of
the graphite remains the same. Thus the properties are controlled by the
casting microstructure, which is influenced by both the chemistry and

Figure 6.3.5 illustrates the mechanical properties and impact strength as
they are affected by temperature and test conditions.

An important new material within the nodular iron family has been
developed within the last 20 years. This material, austempered ductile
iron (ADI), exhibits tensile strengths up to 230,000 lb/in2, but of greater
significance is higher elongation, approximately 10 percent, compared
to 2 percent for conventional ductile iron at equivalent tensile strength.

ksi
Temperature, °C

Gr

n in
n, in
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Fig. 6.3.4 Ductile iron with spherulitic graphite. Unetched, 100 3.

the cooling rate after solidification. The grades exhibiting high elonga-
tion with associated lower tensile and yield properties can be produced
as cast, but annealing is sometimes used to enhance these properties.
Grades 60-40-18 and 60-45-12 have a ferrite microstructure. Both
major elements (C and S) and minor elements (Mn, P, Cr, and others)
are controlled at the foundry in order to achieve the specified properties.

Table 6.3.4 Effect of Carbon Equivalent on Mechanical Properties of

Tensile Modulus of elasticity
Carbon strength, in tension at 1⁄2 load, Modulus of Deflectio

equivalent lb/in2* lb/in2 3 106† rupture, lb/in2* 18-in spa

4.8 20,400 8.0 48,300 0.370
4.6 22,400 8.7 49,200 0.251
4.5 25,000 9.7 58,700 0.341
4.3 29,300 10.5 63,300 0.141
4.1 32,500 13.6 73,200 0.301

4.0 35,100 13.3 77,000 0.326
3.7 40,900 14.8 84,200 0.308
3.3 47,700 20.0 92,000 0.230

* 3 6.89 5 kPa. † 3 0.00689 5 MPa. ‡ 3 25.4 5 mm.
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Fig. 6.3.5 Effect of temperature on low-temperature properties of ferritic duc-
tile iron. (QIT-Fer Titane, Inc.)

ay Cast Irons

Shear Endurance Compressive Brinell Izod impact,
strength, limit, strength, hardness, unnotched,

‡ lb/in2* lb/in2* lb/in2* 3,000-kg load ft ? lb

29,600 10,000 72,800 146 3.6
33,000 11,400 91,000 163 3.6
35,500 11,800 95,000 163 4.9
37,000 12,300 90,900 179 2.2
44,600 16,500 128,800 192 4.2

47,600 17,400 120,800 196 4.4
47,300 19,600 119,100 215 3.9
60,800 25,200 159,000 266 4.4
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Table 6.3.5 ASTM A536: Ductile Irons. Tensile Requirements

Grade Grade Grade Grade Grade
60-40-18 65-45-12 80-55-06 100-70-03 120-90-02

Tensile strength, min, lb/in2 60,000 65,000 80,000 100,000 120,000
Tensile strength, min, MPa 414 448 552 689 827
Yield strength, min, lb/in2 40,000 45,000 55,000 70,000 90,000
Yield strength, min, MPa 276 310 379 483 621
Elongation in 2 in or 50 mm, min, % 18 12 6.0 3.0 2.0

SOURCE: Abstracted from ASTM data, by permission.

The material retains the spherical graphite nodules characteristic of
ductile iron, but the matrix microstructure of the heat-treated material
now consists of acicular ferrite in a high-carbon austenite. Since 1990,
ADI has been specified per ASTM 897. Properties associated with this
specification are shown in Table 6.3.6 and are summarized in Fig. 6.3.6.
Significant research has resulted in excellent documentation of other
important properties such as fatigue resistance (Fig. 6.3.7), abrasion
resistance (Fig. 6.3.8), and heat-treating response to specific composi-
tions.

The properties of several grades of malleable iron are shown in Table
6.3.7. The properties are similar to those of ductile iron, but the anneal-
ing cycles still range from 16 to 30 h. Production costs are higher than
for ductile iron, so that virtually all new engineered products are de-
signed to be of ductile iron. Malleable iron accounts for only 3 percent
of total cast-iron production and is used mainly for pipe and electrical
fittings and replacements for existing malleable-iron castings.
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Malleable Iron Whiteheart malleable iron was invented in Europe in
1804. It was cast as white iron and heat-treated for many days, resulting
in a material with many properties of steel. Blackheart malleable iron
was invented in the United States by Seth Boyden. This material con-
tains no free graphite in the as-cast condition, but when subjected to an
extended annealing cycle (6 to 10 days), the graphite is present as irreg-
ularly shaped nodules called temper carbon (Fig. 6.3.9). All malleable
iron castings produced currently are of blackheart malleable iron; the
terms blackheart and whiteheart are obsolete.

Table 6.3.6 ASTM A897: Austempered Ductile Irons

Grade
125/80/10 1

Tensile strength, min, ksi 125
Yield strength, min, ksi 80
Elongation in 2 in, min % 10
Impact energy, ft ? lb† 75
Typical hardness, BHN, kg/mm2‡ 269–321 3

* Elongation and impact requirements are not specified. Although gr

resistance applications, Grade 200/155/1 has applications where some sacrifi
ductility and toughness.

† Unnotched charpy bars tested at 72 6 7°F. The values in the table are a
samples.

‡ Hardness is not mandatory and is shown for information only.
SOURCE: Abstracted from ASTM data, by permission.
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echanical Property Requirements

ade Grade Grade Grade
100/7 175/125/4 200/155/1 230/185/—

50 175 200 230
00 125 155 185
7 4 1 *

60 45 25 *
–363 341–444 388–477 444–555

s 200/155/1 and 230/185/— are both primarily used for gear and wear

ce in wear resistance is acceptable in order to provide a limited amount of

minimum for the average of the highest three test values of the four tested
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Fig. 6.3.9 Temper carbon form of graphite in malleable iron. Unetched, 100 3.

Table 6.3.7 SAE J158a: Malleable Irons. Mechanical
Property Requirements

Grade Casting hardness Heat treatment

M 3210 156 BHN max. Annealed
M 4504 163–217 BHN Air-quenched and tempered
M 5003 187–241 BHN Air-quenched and tempered
M 5503 187–241 BHN Liquid-quenched and tempered
M 7002 229–269 BHN Liquid-quenched and tempered
M 8501 269–302 BHN Liquid-quenched and tempered

SOURCE: Abstracted from SAE data, by permission.

Compacted Graphite Iron Compacted graphite iron was developed
in the mid-1970s. It is a controlled class of iron in which the graphite
takes a form between that in gray iron and that in ductile iron. Figure
6.3.10 shows the typical graphite structure that is developed during
casting. It was desired to produce a material that, without extensive
alloying, would be stronger than the highest-strength grades of gray iron
but would be more machinable than ductile iron. These objectives were
met. The properties of the various grades of compacted iron are summa-
rized in Table 6.3.8, which summarizes ASTM A842. Several other
properties of this material should be considered. For example, its galling
resistance is superior to that of ductile iron, and it is attractive for
hydraulic applications; its thermal conductivity is superior to that of
ductile iron but inferior to that of gray iron. Compacted graphite iron
properties have resulted in its applications to satisfy a number of unique
requirements.

White Iron When white iron solidifies, virtually all the carbon ap-
pears in the form of carbides. White irons are hard and brittle, and they
break with a white fracture. These irons are usually alloyed with chro-
mium and nickel; Table 6.3.9 summarizes ASTM A532. Their hardness
is in the range of 500 to 600 BHN. The specific alloying that is required
is a function of section size and application; there must be coordination
Fig. 6.3.10 Compacted graphite iron. Unetched, 100 3.

Table 6.3.8 ASTM A842: Compacted Graphite Irons.
Mechanical Property Requirements

Grade* Grade Grade Grade Grade†
250 300 350 400 450

Tensile strength, min, MPa 250 300 350 400 450
Yield strength, min, MPa 175 210 245 280 315
Elongation in 50 mm, min, % 3.0 1.5 1.0 1.0 1.0

* The 250 grade is a ferritic grade. Heat treatment to attain required mechanical properties
and microstructure shall be the option of the manufacturer.

† The 450 grade is a pearlitic grade usually produced without heat treatment with addition of
certain alloys to promote pearlite as a major part of the matrix.

SOURCE: Abstracted from ASTM data, by permission.

between designer and foundry. These irons exhibit outstanding wear
resistance and are used extensively in the mining industry for ballmill
shell liners, balls, impellers, and slurry pumps.

Specialty Irons There are a number of highly alloyed gray and duc-
tile iron grades of cast iron. These grades typically contain between 20
and 30 percent nickel along with other elements such as chromium and
molybdenum. They have the graphite morphology characteristic of con-
ventional gray or ductile iron, but alloying imparts significantly en-
hanced performance when wear resistance or corrosion resistance is
required. Tables 6.3.10 and 6.3.11 summarize ASTM A436 for austen-
itic gray iron and ASTM A439 for austenitic ductile iron. This family of
alloys is best known by its trade name Ni-Resist. Corrosion resistance of
several of Ni-Resist alloys is summarized in Tables 6.3.12 and 6.3.13.
Castings made from these alloys exhibit performance comparable to
many stainless steels.

Several other specialty irons utilize silicon or aluminum as the major
alloying elements. These also find specific application in corrosion or
elevated-temperature environments.

Allowances for Iron Castings

Dimension allowances that must be applied in the production of cast-
ings arise from the fact that different metals contract at different rates
during solidification and cooling. The shape of the part has a major
influence on the as-cast dimensions of the casting. Some of the principal
allowances are discussed briefly here.
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Table 6.3.9 ASTM A532: White Irons. Chemical Analysis Requirements

Class Type Designation Carbon Manganese Silicon Nickel Chromium Molybdenum Copper Phosphorus Sulfur

I A Ni-Cr-Hc 2.8–3.6 2.0 max 0.8 max 3.3–5.0 1.4–4.0 1.0 max — 0.3 max 0.15 max
I B Ni-Cr-Lc 2.4–3.0 2.0 max 0.8 max 3.3–5.0 1.4–4.0 1.0 max — 0.3 max 0.15 max
I C Ni-Cr-GB 2.5–3.7 2.0 max 0.8 max 4.0 max 1.0–2.5 1.0 max — 0.3 max 0.15 max
I D Ni-HiCr 2.5–3.6 2.0 max 2.0 max 4.5–7.0 7.0–11.0 1.5 max — 0.10 max 0.15 max
II A 12% Cr 2.0–3.3 2.0 max 1.5 max 2.5 max 11.0–14.0 3.0 max 1.2 max 0.10 max 0.06 max
II B 15% Cr-Mo 2.0–3.3 2.0 max 1.5 max 2.5 max 14.0–18.0 3.0 max 1.2 max 0.10 max 0.06 max
II D 20% Cr-Mo 2.0–3.3 2.0 max 1.0–2.2 2.5 max 18.0–23.0 3.0 max 1.2 max 0.10 max 0.06 max
III A 25% Cr 2.0–3.3 2.0 max 1.5 max 2.5 max 23.0–30.0 3.0 max 1.2 max 0.10 max 0.06 max

SOURCE: Abstracted from ASTM data, by permission.

Table 6.3.10 ASTM A436: Austenitic Gray Irons. Chemical Analysis and Mechanical Property Requirements

Composition, %

Element Type 1 Type 1b Type 2 Type 2b Type 3 Type 4 Type 5 Type 6

Carbon, total, max 3.00 3.00 3.00 3.00 2.60 2.60 2.40 3.00
Silicon 1.00–2.80 1.00–2.80 1.00–2.80 1.00–2.80 1.00–2.00 5.00–6.00 1.00–2.00 1.50–2.50
Manganese 0.5–1.5 0.5–1.5 0.5–1.5 0.5–1.5 0.5–1.5 0.5–1.5 0.5–1.5 0.5–1.5
Nickel 13.50–17.50 13.50–17.50 18.00–22.00 18.00–22.00 28.00–32.00 29.00–32.00 34.00–36.00 18.00–22.00
Copper 5.50–7.50 5.50–7.50 0.50 max 0.50 max 0.50 max 0.50 max 0.50 max 3.50–5.50
Chromium 1.5–2.5 2.50–3.50 1.5–2.5 3.00–6.00* 2.50–3.50 4.50–5.50 0.10 max 1.00–2.00
Sulfur, max 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Molybdenum, max — — — — — — — 1.00

Type 1 Type 1b Type 2 Type 2b Type 3 Type 4 Type 5 Type 6

Tensile strength, min, ksi (MPa) 25 (172) 30 (207) 25 (172) 30 (207) 25 (172) 25 (172) 20 (138) 25 (172)
Brinell hardness (3,000 kg) 131–183 149–212 118–174 171–248 118–159 149–212 99–124 124–174

* Where some matching is required, the 3.00 to 4.00 percent chromium range is recommended.
SOURCE: Abstracted from ASTM data, by permission.

Table 6.3.11 ASTM A439: Austenitic Ductile Irons. Chemical Analysis and Mechanical Property Requirements

Type

D-2* D-2B D-2C D-3* D-3A D-4 D-5 D-5B D-5S

Element Composition, %

Total carbon, max 3.00 3.00 2.90 2.60 2.60 2.60 2.40 2.40 2.30
Silicon 1.50–3.00 1.50–3.00 1.00–3.00 1.00–2.80 1.00–2.80 5.00–6.00 1.00–2.80 1.00–2.80 4.90–5.50
Manganese 0.70–1.25 0.70–1.25 1.80–2.40 1.00 max† 1.00 max† 1.00 max† 1.00 max† 1.00 max† 1.00 max
Phosphorus, max 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Nickel 18.00–22.00 18.00–22.00 21.00–24.00 28.00–32.00 28.00–32.00 28.00–32.00 34.00–36.00 34.00–36.00 34.00–37.00
Chromium 1.75–2.75 2.75–4.00 0.50 max† 2.50–3.50 1.00–1.50 4.50–5.50 0.10 max 2.00–3.00 1.75–2.25

Type

D-2 D-2B D-2C D-3 D-3A D-4 D-5 D-5B D-5S

Element Properties

Tensile strength, min, ksi (MPa) 58 (400) 58 (400) 58 (400) 55 (379) 55 (379) 60 (414) 55 (379) 55 (379) 65 (449)
Yield strength (0.2% offset), min, ksi (MPa) 30 (207) 30 (207) 28 (193) 30 (207) 30 (207) — 30 (207) 30 (207) 30 (207)
Elongation in 2 in or 50 mm, min, % 8.0 7.0 20.0 6.0 10.0 — 20.0 6.0 10
Brinell hardness (3,000 kg) 139–202 148–211 121–171 139–202 131–193 202–273 131–185 139–193 131–193

* Additions of 0.7 to 1.0% of molybdenum will increase the mechanical properties above 800°F (425°C).
† Not intentionally added.
SOURCE: Abstracted from ASTM data, by permission.

Shrinkage allowances for iron castings are of the order of 1⁄8 in/ft (0.1
mm/cm). The indiscriminate adoption of this shrinkage allowance can
lead to problems in iron casting dimensions. It is wise to discuss shrink-
age allowances with the foundry that makes the castings before patterns
are made.

Casting finish allowances (unmachined) and machine finish allowances
are based on the longest dimension of the casting, although the weight
of the casting may also influence these allowances. Other factors which
affect allowances include pattern materials and the method of pattern
construction. A useful guide is the international standard. ISO 8062

and machine finish allowance requirements with the foundry to avoid
unnecessary costs.

STEEL CASTINGS

Composition There are five classes of commercial steel castings:
low-carbon steels (C , 0.20 percent), medium-carbon steels (C be-
tween 0.20 and 0.50 percent), high-carbon steels (C . 0.50 percent),
low-alloy steels (total alloy # 8 percent), and high-alloy steels (total
alloy . 8 percent).

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
(Castings—System of Dimensional Tolerances and Machining Allow-
ances). It is strongly recommended that designers discuss dimensional
Carbon Steel Castings Carbon steel castings contain less than 1.00
percent C, along with other elements which may include Mn (0.50 to
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Table 6.3.12 Corrosion Resistance of Ductile Ni-Resist Irons D-2 and D-2C

Penetration, in/yr

Corrosive media Type D-2C Type D-2

Ammonium chloride solution: 10% NH4Cl, pH 5.15, 13 days at 30°C (86°F), 6.25 ft /min 0.0280 0.0168
Ammonium sulfate solution: 10% (NH4)2SO4, pH 5.7, 15 days at 30°C (86°F), 6.25 ft /min 0.0128 0.0111
Ethylene vapors & splash: 38% ethylene glycol, 50% diethylene glycol, 4.5% H2O, 4% Na2SO4, 2.7% NaCl, 0.8% Na2CO3 1
trace NaOH, pH 8 to 9, 85 days at 275–300°F

0.0023 0.0019*

Fertilizer: commercial ‘‘5-10-5’’, damp, 290 days at atmospheric temp — 0.0012
Nickel chloride solution: 15% NiCl2, pH 5.3, 7 days at 30°C (86°F), 6.25 ft /min 0.0062 0.0040
Phosphoric acid, 86%, aerated at 30°C (86°F), velocity 16 ft /min, 12 days 0.213 0.235
Raw sodium chloride brine, 300 gpl of chlorides, 2.7 gpl CaO, 0.06 gpl NaOH, traces of NH3 & H2S, pH 6–6.5, 61 days at 50°F,
0.1 to 0.2 fps

0.0023 0.0020*

Seawater at 26.6°C (80°F), velocity 27 ft /s, 60-day test 0.039 0.018
Soda & brine: 15.5% NaCl, 9.0% NaOH, 1.0% Na2SO4, 32 days at 180°F 0.0028 0.0015
Sodium bisulfate solution: 10% NaHSO4, pH 1.3, 13 days at 30°C (86°F), 6.25 ft /min 0.0431 0.0444
Sodium chloride solution: 5% NaCl, pH 5.6, 7 days at 30°C (86°F), 6.25 ft /min 0.0028 0.0019
Sodium hydroxide:

50% NaOH 1 heavy conc. of suspended NaCl, 173 days at 55°C (131°F), 40 gal /min. 0.0002 0.0002
50% NaOH saturated with salt, 67 days at 95°C (203°F), 40 gal /min 0.0009 0.0006
50% NaOH, 10 days at 260°F, 4 days at 70°F 0.0048 0.0049
30% NaOH 1 heavy conc. of suspended NaCl, 82 days at 85°C (185°F) 0.0004 0.0005
74% NaOH, 193⁄4 days, at 260°F 0.005 0.0056

Sodium sulfate solution: 10% Na2SO4, pH 4.0, 7 days at 30°C (86°F), 6.25 ft /min 0.0136 0.0130
Sulfuric acid: 5%, at 30°C (86°F) aerated, velocity 14 ft /min, 4 days 0.120 0.104
Synthesis of sodium bicarbonate by Solvay process: 44% solid NaHCO3 slurry plus 200 gpl NH4Cl, 100 gpl NH4HCO3, 80 gpl
NaCl, 8 gpl NaHCO3, 40 gpl CO2, 64 days at 30°C (86°F)

0.0009 0.0003

Tap water aerated at 30°F, velocity 16 ft /min, 28 days 0.0015 0.0023
Vapor above ammonia liquor: 40% NH3, 9% CO2, 51% H2O, 109 days at 85°C (185°F), low velocity 0.011 0.025
Zinc chloride solution: 20% ZnCl2, pH 5.25, 13 days at 30°C (86°F), 6.25 ft /min 0.0125 0.0064

*Contains 1% chromium.
SOURCE: QIT-Fer Titane, Inc.

Table 6.3.13 Oxidation Resistance of
Ductile Ni-Resist, Ni-Resist, Conventional
and High-Silicon Ductile Irons, and Type 309
Stainless Steel

Oxidation resistance

Penetration (in/yr)

Test 1 Test 2

Ductile iron (2.5 Si) 0.042 0.50
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(Hadfield) in this group. High-alloy steels include corrosion-resistant,
heat-resistant, and duplex stainless steels. Many of the cast corrosion-
resistant and duplex stainless steels are similar to the wrought stainless
steels, but their performance may not be the same. Table 6.3.14 lists cast
high-alloy steels and similar wrought grades.

Weight Range Steel castings weigh from a few ounces to over 200
tons. Steel castings may be made in any thickness down to 0.25 in
(6 mm), and in special processes a thickness of 0.080 in (2 mm) has
been achieved. In investment castings, wall thicknesses of 0.060 in

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Ductile iron (5.5 Si) 0.004 0.051
Ductile Ni-Resist type D-2 0.042 0.175
Ductile Ni-Resist type D-2C 0.07 —
Ductile Ni-Resist type D-4 0.004 0.0
Conventional Ni-Resist type 2 0.098 0.30
Type 309 stainless steel 0.0 0.0

Test 1—Furnace atmosphere—air, 4,000 h at 1,300°F.
Test 2—Furnace atmosphere—air, 600 h at 1,600–1,700°F,

600 h between 1,600–1,700°F, and 800–900°F, 600 h at 800–900°F.
SOURCE: QIT-Fer Titane, Inc.

.00 percent), Si (0.20 to 0.70 percent), max P (0.05 percent), and max S
0.06 percent). In addition, carbon steels, regardless of whether they are
ast or wrought, may contain small percentages of other elements as
esiduals from raw materials or additives incorporated in the steelmak-
ng process.

Low-Alloy Steel Castings In a low-alloy steel casting, the alloying
lements are present in percentages greater than the following: Mn,
.00; Si, 0.70; Cu, 0.50; Cr, 0.25; Mo, 0.10; V, 0.05; W, 0.05; and Ti,
.05. Limitations on phosphorus and sulfur contents apply to low-alloy
teels as well as carbon steels unless they are specified to be different
or the purpose of producing some desired effect, e.g., free machining.
arbon and low-alloy steels account for approximately 85 percent of the

teel castings produced in the United States.
High-Alloy Steel Castings Steel castings with total alloy content

reater than 8 percent are generally considered to be high-alloy, and
sually the steel castings industry requires that the composition contain
reater than 11 percent Cr. This Cr content requirement eliminates the
otential confusion arising from including austenitic manganese steels
(1.5 mm) with sections tapering down to 0.030 in (0.75 mm) are com-
mon.

Mechanical Properties The outstanding mechanical properties of
cast steel are high strength, ductility, resistance to impact, stiffness,
endurance strength, and resistance to both high and low temperatures. It
is also weldable. The mechanical properties of carbon steel castings are
shown in Figs. 6.3.11 and 6.3.12; those of low-alloy cast steels are
shown in Figs. 6.3.13 and 6.3.14.

Tensile and Yield Strength Ferritic steels of a given hardness or
hardenability have the same tensile strength whether cast, wrought, or
forged regardless of alloy content. For design purposes involving tensile
and yield properties, cast, wrought, and forged properties are considered
the same.

Ductility If the ductility values of steels are compared with the
hardness values, the cast, wrought, and forged values are almost identi-
cal. The longitudinal properties of wrought and forged steels are slightly
higher than those for castings. The transverse properties of the wrought
and forged steels are lower, by an amount that depends on the degree of
working. Since most service conditions involve several directions of
loading, the isotropic behavior of cast steels is particularly advan-
tageous (Fig. 6.3.15).

Impact The notched-bar impact test is used often as a measure of
the toughness of materials. Cast steels have excellent impact properties
at normal and low temperatures. Generally wrought steels are tested in
the direction of rolling, show higher impact values than cast steels of
similar composition. Transverse impact values will be 50 to 70 percent
lower than these values. Cast steels do not show directional properties.
If the directional properties are averaged for wrought steels, the values
obtained are comparable to the values obtained for cast steels of similar
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Table 6.3.14 ACI Designations for Heat- and Corrosion-Resistant
High-Alloy Castings
(See also Secs. 6.2 and 6.4.)

Wrought alloy Wrought alloy
Cast desig UNS type* Cast desig UNS type*

CA15 J91150 410† CA15M J91151 —
CA28MWV J91422 422† CA40 J91153 420†
CA6NM J91540 F6NM¶ CA6N J91650 —
CB30 J91803 431† CB7Cu-1 J92180 17-4§
CB7Cu-2 J92110 15-5§ CC50 J92615 446†
CD3MWCuN J93380 —
CD3MN J92205 2205§ CD4MCu J93370 255§
CD6MN J93371 — CE3MN J93404 —
CE30 J93423 — CE8MN J93345 —
CF3 J92500 304L† CF8 J92600 304†
CF10SMnN J92972 Nitronic60‡*
CF20 J92602 302† CF3M J92800 316L†
CF3MN J92804 316LN† CF8M J92900 D319(316)†
CF8C J92710 347† CF16F J92701 303†
CG6MMN J93790 Nitronic50‡
CG12 J93001 — CG8M J93000 317†
CH20 J93402 309† CK20 J94202 310†
CK3MCuN J93254 254SMO‡2 CN3MN — AL6XN‡3

CN7M N08007 — CN7MS N02100 —
CU5MCuC — 825§ CW2M N26455 C4§
CW6M N30107 — CW6MC N26625 625§
CW12MW N30002 C§ CX2MW N26022 C22§
CY5SnBiM N26055 — HA — —
HC — 446† HD — 327†
HE — — HF — 302B†
HH — 309† HI — —
HK — 310† HL — —
HN — — HP — —
HT — 330† HU — —
HW — — HX — —
M25S N24025 — M30C N24130 —
M30H N24030 — M35-1 N24135 400§
M35-2 N04020 400§ N7M N30007 B2§
N12MV N30012 B§

* Wrought alloy type references are listed only for the convenience of those who want corresponding wrought and cast grades.
This table does not imply that the performance of the corresponding cast and wrought grades will be the same. Because the cast
alloy chemical composition ranges are not the same as the wrought composition ranges, buyers should use cast alloy designa-
tions for proper identification of castings.

† Common description, formerly used by AISI.
‡ Proprietary trademark: ‡1 Armco, Inc, ‡2 Avesta Sheffield, ‡3 Allegheny Ludlum Corp.
§ Common name used by two or more producers; not a trademark.
¶ ASTM designation.
NOTE: Most of the standard grades listed are covered for general applications by ASTM specifications.
SOURCE: Steel Founders Society of America Handbook, 5th ed.

composition. The hardenability of cast steels is influenced by composi-
tion and other variables in the same manner as the hardenability of
wrought steels. The ratio of the endurance limit to the tensile strength for
cast steel varies from 0.42 to 0.50, depending somewhat on the compo-
sition and heat treatment of the steel. The notch-fatigue ratio varies from
0.28 to 0.32 for cast steels and is the same for wrought steels (Fig.
6.3.16).

In wear testing, cast steels react similarly to wrought steels and give
corresponding values depending on composition, structure, and hard-
ness. Carbon cast steels of approximately 0.50 percent C and low-alloy

the 4.0 to 6.5 percent Cr cast steels, particularly with additions of 0.75 to
1.25 percent W, or 0.40 to 0.70 percent Mo, and 0.75 to 1.00 percent Ti,
show good strength and considerable resistance to scaling up to 1,000°F
(550°C).

Many cast high-alloy nickel-chromium steels have creep and rupture
properties superior to those of wrought materials. In many cases
wrought versions of the cast grades are not available due to hot-working
difficulties. These cast materials may be used in service conditions up to
2,000°F (1,100°C), with some grades capable of withstanding tempera-
tures of 2,200°F (1,200°C).
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cast steels of the chromium, chromium-molybdenum, nickel-chromium,
chromium-vanadium, and medium-manganese types, all of which con-
tain more than 0.40 percent C, exhibit excellent resistance to wear in
service.

Corrosion Resistance Cast and wrought steels of similar composi-
tion and heat treatment appear to be equally resistant to corrosion in the
same environments. Small amounts of copper in cast steels increase the
resistance of the steel to atmospheric corrosion. High-alloy steels of
chromium, chromium-nickel, and chromium-nickel-molybdenum types
are normally used for corrosion service.

Heat Resistance Although not comparable to the high-alloy steels
of the nickel-chromium types developed especially for heat resistance,
Machinability of carbon and alloy cast steels is comparable to that of
wrought steels having equivalent strength, ductility, hardness, and simi-
lar microstructure. Factors influencing the machinability of cast steels
are as follows: (1) Microstructure has a definite effect on machinability
of cast steels. In some cases it is possible to improve machinability by as
much as 100 to 200 percent through heat treatments which alter the
microstructure. (2) Generally speaking, hardness alone cannot be taken
as the criterion for predicting tool life in cutting cast steels. (3) In
general, for a given structure, plain carbon steels machine better than
alloy steels. (4) When machining cast carbon steel (1040) with car-
bides, tool life varies with the ratio of ferrite to pearlite in the micro-
structure of the casting, the 60 : 40 ratio resulting in optimum tool life.
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Fig. 6.3.11 Yield strength and elongation versus carbon content for cast carbon
steels. (1) Water quenched and tempered at 1,200°F; (2) normalized; (3) normal-
ized and tempered at 1,200°F; (4) annealed.

Fig. 6.3.12 Tensile properties of carbon steel as a function of hardness.

For equal tool life, the skin of a steel casting should be machined at
approximately one-half the cutting speed recommended for the base
metal. The machinability of various carbon and low-alloy cast steels is
given in Table 6.3.15.

Welding steel castings presents the same problems as welding
wrought steels. It is interesting to note that cast low-alloy steels show
greater resistance to underbead cracking than their wrought counter-
parts.

Purchase Specifications for Steel Castings Many steel castings
are purchased according to mechanical property specifications, al-
though more frequent use of specifications which indicate the use of
steel castings may be more helpful. Note that it is now possible to order
steel castings as cast equivalents of the SAE/AISI chemical composition
Fig. 6.3.13 Properties of normalized and tempered low-alloy cast steels.

Fig. 6.3.14 Properties of quenched and tempered low-alloy cast steels.

/knovel2/view_hotlink.jsp?hotlink_id=414433204
/knovel2/view_hotlink.jsp?hotlink_id=414433205
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Table 6.3.15 Machinability Index for Cast Steels

Conventional Metcut*

Steel BHN Carbide HSS HSS Carbide

B1112 Free machining steel (wrought) 179 . . . 100
1020 Annealed 122 10 90 160 400
1020 Normalized 134 6 75 135 230
1040 Double normalized 185 11 70 130 400
1040 Normalized and annealed 175 10 75 135 380
1040 Normalized 190 6 65 120 325
1040 Normalized and oil-quenched 225 6 45 80 310
1330 Normalized 187 2 40 75 140
1330 Normalized and tempered 160 3 65 120 230
4130 Annealed 175 4 55 95 260
4130 Normalized and spheroidized 175 3 50 90 200
4340 Normalized and annealed 200 3 35 60 210
4340 Normalized and spheroidized 210 6 55 95 290
4340 Quenched and tempered 300 2 25 45 200
4340 Quenched and tempered 400 1⁄2 20 35 180
8430 Normalized and tempered at 1,200°F (660°C) 200 3 50 90 200
8430 Normalized and tempered at 1,275°F (702°C) 180 4 60 110 240
8630 Normalized 240 2 40 75 180
8630 Annealed 175 5 65 120 290

* The Metcut speed index number is the actual cutting speed (surface ft /min) which will give 1 h tool life in turning.
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Fig. 6.3.15 Influence of forging reduction on anisotropy for a 0.35 percent
carbon wrought steel. Properties for a cast of 0.35 percent carbon steel are shown
with an asterisk for comparison purposes. (Steel Founders Society of America
Handbook, 5th ed.)

ranges using ASTM A915. It is preferable to order steel castings to
conform with national standards such as ASTM. ASTM standards are
prepared by purchasers and suppliers and are well understood by steel
foundries. The property levels specified in ASTM specifications A27
and A148 are shown in Table 6.3.16. Table 6.3.17 lists current applica-
ble ASTM steel castings standards.

Steel Melting Practice Steel for steel castings is produced commer-
cially by processes similar to those used for wrought steel production,
but electric arc and electric induction melting furnaces predominate.
Some steel foundries also use secondary refining processes such as
argon oxygen decarburization (AOD) and/or vacuum oxygen degassing
(VOD). Wire injection is also used selectively depending on service and
process requirements for the steel casting. In addition to the materials
Fig. 6.3.16 Variations of endurance limit with tensile strength for comparable
carbon and low-alloy cast and wrought steels.

listed in the ASTM standards, the steel casting industry will produce
compositions tailored especially for particular service applications, and
even in small quantity.

Allowances for Steel Castings

Dimensional allowances that must be applied in the production of cast-
ings are due to the fact that different metals contract at different rates
during solidification and cooling. The shape of the part has a major
influence on the as-cast dimensions of the casting. Some of the principal
allowances are discussed briefly here.

Shrinkage allowances for steel castings vary from 9⁄32 to 1⁄16 in/ft (0.03
to 0.005 cm/cm). The amount most often used is 1⁄4 in/ft (0.021 cm/cm),
but if it is applied indiscriminately, it can lead to problems in steel
casting dimensions. The best policy is to discuss shrinkage allowances
with the foundry that makes the castings before patterns are made.

Minimum Section Thickness The fluidity of steel when compared
to other metals is low. In order that all sections may be completely
filled, a minimum value of section thickness must be adopted that is a
function of the largest dimension of the casting. These values are sug-
gested for design use:
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Table 6.3.16 ASTM Requirements for Steel Castings in A27 and A148

Tensile strength, Yield point min, Elongation, Reduction of
Grade min, ksi (MPa) ksi (MPa) min, % area, min, %

ASTM A27

U-60-30 60 (415) 30 (205) 22 30
60-30 60 (415) 30 (205) 24 35
65-35 65 (450) 35 (240) 24 35
70-36 70 (485) 36 (250) 22 30
70-40 70 (485) 40 (275) 22 30

ASTM A148

80-40 80 (550) 40 (275) 18 30
80-50 80 (550) 50 (345) 22 35
90-60 90 (620) 60 (415) 20 40
105-85 105 (725) 85 (585) 17 35
115-95 115 (795) 95 (655) 14 30
130-115 130 (895) 115 (795) 11 25
135-125 135 (930) 125 (860) 9 22
150-135 150 (1,035) 135 (930) 7 18
160-145 160 (1,105) 145 (1,000) 6 12
165-150 165 (1,140) 150 (1,035) 5 20
165-150L 165 (1,140) 150 (1,035) 5 20
210-180 210 (1,450) 180 (1,240) 4 15
210-180L 210 (1,450) 180 (1,240) 4 15
260-210 260 (1,795) 210 (1,450) 3 6
260-210L 260 (1,795) 210 (1,450) 3 6

SOURCE: Abstracted from ASTM data, by permission.

Max length
Min section of

thickness section

in mm in cm

1⁄4 6 12 30
1⁄2 13 50 125

mended that designers discuss allowance requirements with the foundry
to avoid unnecessary costs.

Machining finish allowances added to the casting dimensions for ma-
chining purposes will depend entirely on the casting design. Definite
values are not established for all designs, but Table 6.3.19 presents a
brief guide to machining allowances on gears, wheels, and circular, flat
castings.

Use of Steel Castings

as

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Casting finish allowances (unmachined) are based on the longest di-
mension of the casting, but the casting weight may also influence these
allowances. Other factors which affect allowances include pattern ma-
terials and the method of pattern construction. Average values of allow-
ance as a function of pattern type are shown in Table 6.3.18; other
sources of similar data are ‘‘Steel Castings Handbook,’’ Supplement 3,
‘‘Tolerances,’’ SFSA, and ISO 8062 (Castings—System of Dimen-
sional Tolerances and Machining Allowances). It is strongly recom-

Table 6.3.17 A Summary of ASTM Specifications for Steel and Alloy C

A 27 Steel Castings, Carbon, for General Application
A 128 Steel Castings, Austenitic Manganese
A 148 Steel Castings, High Strength, for Structural Purposes
A 216 Steel Castings, Carbon, Suitable for Fusion Welding, for High-Tem-

perature Service
A 217 Steel Castings, Martensitic Stainless and Alloy, for Pressure-Contain-

ing Parts, Suitable for High-Temperature Service
A 297 Steel Castings, Iron-Chromium and Iron-Chromium-Nickel, Heat-

Resistant, for General Application

A 351 Steel Castings, Austenitic, Austenitic-Ferritic (Duplex), for Pressure-

Containing Parts
A 352 Steel Castings, Ferritic and Martensitic, for Pressure-Containing Parts,

Suitable for Low-Temperature Service
A 356 Steel Castings, Carbon, Low-Alloy, and Stainless Steel, Heavy-Walled

for Steam Turbines
A 389 Steel Castings, Alloy, Specially Heat-Treated, for Pressure-Containing

Parts, Suitable for High-Temperature Service
A 426 Centrifugally Cast Ferritic Alloy Steel Pipe for High-Temperature Ser-

vice
A 447 Steel Castings, Chromium-Nickel-Iron Alloy (25-12 Class), for

High-Temperature Service

SOURCE: Abstracted from ASTM data, by permission.
All industries use steel castings. They are used as wheels, sideframes,
bolsters, and couplings in the railroad industry; rock crushers in the
mining and cement industries; components in construction vehicles;
suspension parts and fifth wheels for trucks; valves; pumps; armor.
High-alloy steel castings are used in highly corrosive environments in
the chemical, petrochemical, and paper industries. Generally, steel cast-
ings are applied widely when strength, fatigue, and impact properties

tings

A 451 Centrifugally Cast Austenitic Steel Pipe for High-Temperature Service
A 487 Steel Castings, Suitable for Pressure Service
A 494 Castings, Nickel and Nickel Alloy
A 560 Castings, Chromium-Nickel Alloy
A 660 Centrifugally Cast Carbon Steel Pipe for High-Temperature Service
A 703 Steel Castings, General Requirements, for Pressure-Containing Parts
A 732 Castings, Investment, Carbon and Low-Alloy Steel for General Appli-

cation, and Cobalt Alloy for High Strength at Elevated Temperatures
A 743 Castings, Iron-Chromium, Iron-Chromium-Nickel, Corrosion-Resis-
tant, for General Application
A 744 Castings, Iron-Chromium, Iron-Chromium-Nickel, Corrosion-Resis-

tant, for Severe Service
A 747 Steel Castings, Stainless, Precipitation Hardening
A 757 Steel Castings, Ferritic and Martensitic, for Pressure-Containing and

Other Applications, for Low-Temperature Service
A 781 Castings, Steel and Alloy, Common Requirements, for General Indus-

trial Use
A 890 Castings, Iron-Chromium-Nickel-Molybdenum, Corrosion-Resistant,

Duplex (Austenitic /Ferritic) for General Application
A 915 Steel Castings, Carbon and Alloy, Chemical Requirements Similar to

Standard Wrought Grades
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Table 6.3.18 Dimensional Tolerances for Steel Castings*
(Deviation from the design dimension)

Drawing dimension, in†

Pattern type 0–3.0 3.1–7.0 7.1–20.0 20.1–100.0

Metal match plate 1 1⁄32, 2 1⁄16 1 3⁄32, 2 1⁄16 1 1⁄8, 2 1⁄16 1 1⁄8, 2 1⁄8
Metal pattern mounted on cope and drag boards 1 1⁄16, 2 1⁄16 1 3⁄32, 2 3⁄32 1 1⁄8, 2 3⁄32 1 7⁄32, 2 1⁄8
Hardwood pattern mounted on cope and drag boards 1 3⁄32, 2 1⁄16 1 1⁄8, 2 3⁄32 1 1⁄8, 2 3⁄32 1 1⁄4, 2 3⁄32

* Surfaces that are not to be machined. † 3 2.54 5 cm.

Table 6.3.19 Machining Allowances for Steel Castings

Greatest dimension of casting

10 in 10–20 in 20–100 in Over 100 in*

0.xx in* X/32 in* 0.xx in* X/32 in* 0.xx in* X/32 in* 0.xx in* X/32 in*

Greater than
But not

exceeding 1 1 1 1 1 1 1 1

Specific dimension
or reference line (plane)

distance, in

0 2 0.187 6 0.218 7 0.25 8 0.312 10
2 5 0.25 8 0.281 9 0.312 10 0.437 14
5 10 0.312 10 0.344 11 0.375 12 0.531 17

10 20 0.406 13 0.468 15 0.625 20
20 50 0.562 18 0.75 24
50 75 0.656 21 0.875 28
75 100 0.75 24 1.00 32

100 500 1.25 40

Machine tolerances on section thickness

0.XXX in* X/32 in*

1 1
0 1⁄2 0.062 2

1⁄2 1⁄2 0.092 3
11⁄2 4 0.187 6
4 7 0.25 8
7 10 0.344 11

10 0.50 16

* 3 2.54 5 cm.

are required, as well as weldability, corrosion resistance, and high-tem-
perature strength. Often, overall economy of fabrication will dictate a
steel casting as opposed to a competing product.

Casting Design Maximum service and properties can be obtained
from castings only when they are properly designed. Design rules for
castings have been prepared in detail to aid design engineers in prepar-

ing efficient designs. Engineers are referred to the following organiza-
tions for the latest publications available:

Steel Founders’ Society of America, Des Plaines, IL 60016.
American Foundrymen’s Society, Des Plaines, IL 60016.
Investment Casting Institute, Dallas, TX 75206.

A
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6.4 NONFERROUS METALS AND
REFERENCES: Current edition of ‘‘Metals Handbook,’’ American Society for
Materials. Current listing of applicable ASTM, AISI, and SAE Standards. Publi-

cations of the various metal-producing companies. Publications of the profes-
sional and trade associations which contain educational material and physical
property data for the materials promoted.

INTRODUCTION

by L. D. Kuns

Seven nonferr
LLOYS; METALLIC SPECIALTIES
Metallic Properties Metals are substances that characteristically are

opaque crystalline solids of high reflectivity having good electrical and

thermal conductivities, a positive chemical valence, and, usually, the
important combination of considerable strength and the ability to flow
before fracture. These characteristics are exhibited by the metallic ele-
ments (e.g., iron, copper, aluminum, etc.), or pure metals, and by combi-
nations of elements (e.g., steel, brass, dural), or alloys. Metals are com-

til they fill the
hough the ex-
espect to each
man and C. L. Carlson; Amended by Staff

ous metals are of primary commercial importance: copper,

posed of many small crystals, which grow individually un
intervening spaces by abutting neighboring crystals. Alt
ternal shape of these crystals and their orientation with r
zinc, lead, tin, aluminum, nickel, and magnesium. Some 40 other ele-
ments are frequently alloyed with these to make the commercially im-
portant alloys. There are also about 15 minor metals that have important
specific uses. The properties of these elements are given in Table 6.4.1.
(See also Sec. 4, 5, and 6.1.)
other are usually random, within each such grain, or crystal, the atoms
are arranged on a regular three-dimensional lattice. Most metals are
arranged according to one of the three common types of lattice, or crystal
structure: face-centered cubic, body-centered cubic, or hexagonal close-
packed. (See Table 6.4.1.)
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Table 6.4.1 Physical Constants of the Principal Alloy-Forming Elements
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Aluminum 13 26.97 0.09751 1,220.4 4,520 0.215 170 13.3 1,540 2.655 10 FCC Al
Antimony 51 121.76 0.239 1,166.9 2,620 0.049 68.9 4.7–7.0 131 39.0 11.3 Rhom Sb
Arsenic 33 74.91 0.207 1,497 1,130 0.082 159 2.6 35 11 Rhom As
Barium 56 137.36 0.13 1,300 2,980 0.068 (10) 50 1.8 BCC Ba
Beryllium 4 9.02 0.0658 2,340 5,020 0.52 470 6.9 1,100 5.9 37 HCP Be
Bismuth 83 209.00 0.354 520.3 2,590 0.029 22.5 7.4 58 106.8 4.6 Rhom Bi
Boron 5 10.82 0.083 3,812 4,620 0.309 4.6 1.8 3 1022 O B
Cadmium 48 112.41 0.313 609.6 1,409 0.055 23.8 16.6 639 6.83 8 HCP Cd
Calcium 20 40.08 0.056 1,560 2,625 0.149 100 12 871 3.43 3 FCC/BCC 867 Ca
Carbon 6 12.010 0.0802 6,700 8,730 0.165 0.3–2.4 165 1,375 0.7 Hex/D C
Cerium 58 140.13 0.25 1,460 4,380 0.042 27.2 78 HCP/FCC 572/1328 Ce
Chromium 24 52.01 0.260 3,350 4,500 0.11 146 3.4 464 13 36 BCC/FCC 3344 Cr
Cobalt 27 58.94 0.32 2,723 6,420 0.099 112 6.8 479 6.24 30 HCP/FCC/HCP 783/2048 Co
Columbium (niobium) 41 92.91 0.310 4,380 5,970 0.065 4.0 13.1 15 BCC Cb
Copper 29 63.54 0.324 1,981.4 4,700 0.092 91.1 9.2 2,730 1.673 16 FCC Cu
Gadolinium 64 156.9 0.287 HCP Gd
Gallium 31 69.72 0.216 85.5 3,600 0.0977 34.5 10.1 232 56.8 1 O Ga
Germanium 32 72.60 0.192 1,756 4,890 0.086 205.7 (3.3) 60 3 106 11.4 D Ge
Gold 79 197.2 0.698 1,945.4 5,380 0.031 29.0 7.9 2,060 2.19 12 FCC Au
Hafnium 72 178.6 0.473 3,865 9,700 0.0351 (3.3) 32.4 20 HCP/BCC 3540 Hf
Hydrogen 1 1.0080 3.026 3 1026 2 434.6 2 422.9 3.45 27.0 1.18 Hex H
Indium 49 114.76 0.264 313.5 3,630 0.057 12.2 18 175 8.37 1.57 FCT In
Iridium 77 193.1 0.813 4,449 9,600 0.031 47 3.8 406 5.3 75 FCC Ir
Iron 26 55.85 0.284 2,802 4,960 0.108 117 6.50 523 9.71 28.5 BCC/FCC/BCC 1663/2554 Fe
Lanthanum 57 138.92 0.223 1,535 8,000 0.0448 59 5 HCP/FCC/? 662/1427 La
Lead 82 207.21 0.4097 621.3 3,160 0.031 11.3 16.3 241 20.65 2.6 FCC Pb
Lithium 3 6.940 0.019 367 2,500 0.79 286 31 494 11.7 1.7 BCC Li
Magnesium 12 24.32 0.0628 1,202 2,030 0.25 160 14 1,100 4.46 6.5 HCP Mg
Manganese 25 54.93 0.268 2,273 3,900 0.115 115 12 185 23 CCX/CCX/FCT 1340/2010/2080 Mn
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Mercury 80 200.61 0.4896 2 37.97 675 0.033 4.9 33.8 58 94.1 Rhom Hg
Molybdenum 42 95.95 0.369 4,750 8,670 0.061 126 3.0 1,020 5.17 50 BCC Mo
Nickel 28 58.69 0.322 2,651 4,950 0.105 133 7.4 639 6.84 30 FCC Ni
Niobium (see Nb
Columbium)

Nitrogen 7 14.008 0.042 3 1023 2 346 2 320.4 0.247 11.2 0.147 Hex N
Osmium 76 190.2 0.813 4,900 9,900 0.031 2.6 9.5 80 HCP Os
Oxygen 8 16.000 0.048 3 1023 2 361.8 2 297.4 0.218 5.9 0.171 C O
Palladium 46 106.7 0.434 2,829 7,200 0.058 69.5 6.6 494 10.8 17 FCC Pd
Phosphorus 15 30.98 0.0658 111.4 536 0.177 9.0 70 1017 C P
Platinum 78 195.23 0.7750 3,224.3 7,970 0.032 49 4.9 494 9.83 21 FCC Pt
Plutonium 94 239 0.686 1,229 50–65 150 MC 6 forms Pu
Potassium 19 39.096 0.031 145 1,420 0.177 26.1 46 697 6.15 0.5 BCC K
Radium 88 226.05 0.18 1,300 ? Ra
Rhenium 75 186.31 0.765 5,733 10,700 0.0326 76 21 75 HCP Re
Rhodium 45 102.91 0.4495 3,571 8,100 0.059 4.6 610 4.5 54 FCC Rh
Selenium 34 78.96 0.174 428 1,260 0.084 29.6 21 3 12 8.4 MC/Hex 248 Se
Silicon 14 28.06 0.084 2,605 4,200 0.162 607 1.6–4.1 581 105 16 D Si
Silver 47 107.88 0.379 1,760.9 4,010 0.056 45.0 10.9 2,900 1.59 11 FCC Ag
Sodium 11 22.997 0.035 207.9 1,638 0.295 49.5 39 929 4.2 1.3 BCC Na
Sulfur 16 32.066 0.0748 246.2 832.3 0.175 16.7 36 1.83 2 3 1023 Rhom/FCC 204 S
Tantalum 73 180.88 0.600 5,420 9,570 0.036 3.6 377 12.4 27 BCC Ta
Tellurium 52 127.61 0.225 840 2,530 0.047 13.1 9.3 41 2 3 105 6 Hex Te
Thallium 81 204.39 0.428 577 2,655 0.031 9.1 16.6 2,700 18 1.2 HCP/BCC 446 Tl
Thorium 90 232.12 0.422 3,348 8,100 0.0355 35.6 6.2 18.6 11.4 FCC Th
Tin 50 118.70 0.264 449.4 4,120 0.054 26.1 13 464 11.5 6 D/BCT 55 Sn
Titanium 22 47.90 0.164 3,074 6,395 0.139 187 4.7 119 47.8 16.8 HCP/BCC 1650 Ti
Tungsten 74 183.92 0.697 6,150 10,700 0.032 79 2.4 900 5.5 50 BCC W
Uranium 92 238.07 0.687 2,065 7,100 0.028 19.8 11.4 186 29 29.7 O/Tet /BCC 1229/1427 U
Vanadium 23 50.95 0.217 3,452 5,430 0.120 4.3 215 26 18.4 BCC 2822 V
Zinc 30 65.38 0.258 787 1,663 0.092 43.3 9.4–22 784 5.92 12 HCP Zn
Zirconium 40 91.22 0.23 3,326 9,030 0.066 3.1 116 41.0 11 HCP/BCC 1585 Zr

NOTE: See Sec. 1 for conversion factors to SI units.
*Cal /(g ?°C) at room temperature equals Btu/(lb ?°F) at room temperature.
†FCC 5 face-centered cubic; BCC 5 body-centered cubic; C 5 cubic; HCP 5 hexagonal closest packing; Rhomb 5 rhombohedral; Hex 5 hexagonal; FCT 5 face-centered tetragonal; O 5 orthorhombic; FCO 5

face-centered orthorhombic; CCX 5 cubic complex; D 5 diamond cubic; BCT 5 body-centered tetragonal; MC 5 monoclinic.
SOURCE: ASM ‘‘Metals Handbook,’’ revised and supplemented where necessary from Hampel’s ‘‘Rare Metals Handbook’’ and elsewhere.
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The several properties of metals are influenced to varying degrees by
the testing or service environment (temperature, surrounding medium)
and the internal structure of the metal, which is a result of its chemical
composition and previous history such as casting, hot rolling, cold ex-
trusion, annealing, and heat treatment. These relationships, and the dis-
cussions below, are best understood in the framework of the several
phenomena that may occur in metals processing and service and their
general effect on metallic structure and properties.

Ores, Extractions, Refining All metals begin with the mining of
ores and are successively brought through suitable physical and chemi-

if the piece is held at that temperature for a long time, the average grain
size increases. This generally softens and decreases the strength of the
piece still further.
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cal processes to arrive at commercially useful degrees of purity. At the
higher-purity end of this process sequence, scrap metal is frequently
combined with that derived from ore. Availability of suitable ores and
the extracting and refining processes used are specific for each metal
and largely determine the price of the metal and the impurities that are
usually present in commercial metals.

Melting Once a metal arrives at a useful degree of purity, it is
brought to the desired combination of shape and properties by a series of
physical processes, each of which influences the internal structure of the
metal. The first of these is usually melting, during which several ele-
ments can be combined to produce an alloy of the desired composition.
Depending upon the metal, its container, the surrounding atmosphere,
the addition of alloy-forming materials, or exposure to vacuum, various
chemical reactions may be utilized in the melting stage to achieve opti-
mum results.

Casting The molten metal of desired composition is poured into
some type of mold in which the heat of fusion is dissipated and the melt
becomes a solid of suitable shape for the next stage of manufacture.
Such castings either are used directly (e.g., sand casting, die casting,
permanent-mold casting) or are transferred to subsequent operations
(e.g., ingots to rolling, billets to forging or extrusion). The principal
advantage of castings is their design flexibility and low cost. The typical
casting has, to a greater or lesser degree, a large crystal size (grain size),
extraneous inclusions from slag or mold, and porosity caused by gas
evolution and/or shrinking during solidification. The foundryman’s art
lies in minimizing the possible defects in castings while maximizing the
economies of the process.

Metalworking (See also Sec. 13.) The major portion of all metals is
subjected to additional shape and size changes in the solid state. These
metalworking operations substantially alter the internal structure and
eliminate many of the defects typical of castings. The usual sequence
involves first hot working and then, quite often, cold working. Some
metals are only hot-worked, some only cold-worked; most are both hot-
and cold-worked. These terms have a special meaning in metallurgical
usage.

A cast metal consists of an aggregate of variously oriented grains,
each one a single crystal. Upon deformation, the grains flow by a pro-
cess involving the slip of blocks of atoms over each other, along definite
crystallographic planes. The metal is hardened, strengthened, and ren-
dered less ductile, and further deformation becomes more difficult. This
is an important method of increasing the strength of nonferrous metals.
The effect of progressive cold rolling on brass (Fig. 6.4.1) is typical.
Terms such as ‘‘soft,’’ ‘‘quarter hard,’’ ‘‘half hard,’’ and ‘‘full hard’’
are frequently used to indicate the degree of hardening produced by
such working. For most metals, the hardness resulting from cold work-
ing is stable at room temperature, but with lead, zinc, or tin, it will
decrease with time.

Upon annealing, or heating the cold-worked metal, the first effect is to
relieve macrostresses in the object without loss of strength; indeed, the
strength is often increased slightly. Above a certain temperature, soft-
ening commences and proceeds rapidly with increase in temperature
(Fig. 6.4.2). The cold-worked distorted metal undergoes a change called
recrystallization. New grains form and grow until they have consumed
the old, distorted ones. The temperature at which this occurs in a given
time, called the recrystallization temperature, is lower and the resulting
grain size finer, the more severe the working of the original piece. If the
original working is carried out above this temperature, it does not
harden the piece, and the operation is termed hot working. If the anneal-
ing temperature is increased beyond the recrystallization temperature or
T
en

si
le

Fig. 6.4.1 Effect of cold rolling on annealed brass (Cu 72, Zn 28).

Hot working occurs when deformation and annealing proceed simul-
taneously, so that the resulting piece of new size and shape emerges in a
soft condition roughly similar to the annealed condition.

Alloys The above remarks concerning structure and property con-
trol through casting, hot working, cold working, and annealing gener-
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Fig. 6.4.2 Effect of annealing on cold-rolled brass (Cu 72, Zn 28).

ally apply both to pure metals and to alloys. The addition of alloying
elements makes possible other means for controlling properties. In
some cases, the addition to a metal A of a second element B simply
results in the appearance of some new crystals of B as a mixture with
crystals of A; the resulting properties tend to be an average of A and B.
In other cases, an entirely new substance will form—the intermetallic
compound AB, having its own set of distinctive properties (usually hard
and brittle). In still other cases, element B will simply dissolve in ele-
ment A to form the solid solution A(B). Such solid solutions have the
characteristics of the solvent A modified by the presence of the solute B,
usually causing increased hardness, strength, electrical resistance, and
recrystallization temperature. The most interesting case involves the
combination of solid solution A(B) and the precipitation of a second
constituent, either B or AB, brought about by the precipitation-harden-
ing heat treatment, which is particularly important in the major non-
ferrous alloys.

Precipitation Hardening Many alloys, especially those of alumi-
num but also some alloys of copper, nickel, magnesium, and other
metals, can be hardened and strengthened by heat treatment. The heat
treatment is usually a two-step process which involves (1) a solution
heat treatment followed by rapid quenching and (2) a precipitation or
aging treatment to cause separation of a second phase from solid solu-
tion and thereby cause hardening. After a solution treatment, these
alloys are comparatively soft and consist of homogeneous grains of
solid solution generally indistinguishable microscopically from a pure
metal. If very slowly cooled from the solution treatment temperature,
the alloy will deposit crystals of a second constituent, the amount of
which increases as the temperature decreases. Rapid cooling after a
solution treatment will retain the supersaturated solution at room tem-
perature, but if the alloy is subsequently reheated to a suitable tempera-
ture, fine particles of a new phase will form and in time will grow to a
microscopically resolvable size. At some stage in this precipitation pro-
cess the hardness, the tensile strength, and particularly the yield strength
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of the alloy, will be increased considerably. If the reheating treatment is
carried out too long, the alloy will overage and soften. The temperature
and time for both solution and precipitation heat treatments must be
closely controlled to obtain the best results. To some extent, precipita-
tion hardening may be superimposed upon hardening resulting from
cold working. Precipitation-hardened alloys have an unusually high
ratio of proportional limit to tensile strength, but the endurance limit in
fatigue is not increased to nearly the same extent.

Effect of Environment The properties of metals under ‘‘normal’’
conditions of 70°F and 50 percent relative humidity in clean air can be

modifications of the original alloy or impurity limits. Experimental
alloys are indicated by the prefix X.

Cast aluminum and aluminum alloys are also designated by a four-
digit number, but with a decimal point between the last two digits. The
first digit indicates the alloy group according to the main alloying ele-
ment as follows:

Aluminum, 99.00 percent or more 1xx.x
Copper 2xx.x
Silicon, with added copper and/or magnesium 3xx.x
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markedly changed under other conditions, with the various metals dif-
fering greatly in their degree of response to such changing conditions.
The topic of corrosion is both important and highly specific (see Sec.
6.5). Oxidation is a chemical reaction specific to each metal and, wher-
ever important, is so treated. The effect of temperature, however, can be
profitably considered in general terms. The primary consequence of
increase in temperature is increased atom movement, or diffusion. In the
discussion above, the effects of recrystallization, hot working, solution
treatment, and precipitation were all made possible by increased diffu-
sion at elevated temperatures. The temperature at which such atom
movements become appreciable is roughly proportional to the melting
point of the metal. If their melting points are expressed on an absolute-
temperature scale, then various metals can be expected to exhibit com-
parable effects at about the same fraction of their melting points. Thus
the recrystallization temperatures of lead, zinc, aluminum, copper,
nickel, molybdenum, and tungsten are successively higher. The conse-
quent rule of thumb is that alloys do not have useful structural strength
at temperatures above about 0.5 of their absolute melting temperatures.

ALUMINUM AND ITS ALLOYS

by J. Randolph Kissell

REFERENCES: Kissell and Ferry, ‘‘Aluminum Structures,’’ Wiley. Aluminum
Association Publications: ‘‘Aluminum Standards and Data, 1993,’’ ‘‘Aluminum
Design Manual,’’ ‘‘Aluminum with Food and Chemicals,’’ and ‘‘Standards for
Aluminum Sand and Permanent Mold Castings, 1992.’’

Aluminum owes most of its applications to its low density [about 0.1
lb/in3 (0.16 kg/m3)] and to the relatively high strength of its alloys.
Other uses depend upon its comparatively good corrosion resistance,
good working properties, high electrical and thermal conductivity, re-
flectivity, and toughness at low temperatures. Designs utilizing alu-
minum should take into account its relatively low modulus of elasticity
(10 3 103 ksi) (69 3 103 MPa) and high coefficient of thermal expan-
sion [13 3 102 6/°F (2.3 3 102 5/°C)]. Commercially pure aluminum
contains a minimum of 99 percent aluminum and is a soft and ductile
metal used for many applications where high strength is not necessary.
Aluminum alloys, on the other hand, possess better casting and machin-
ing characteristics and better mechanical properties than the pure metal
and, therefore, are used more extensively.

Aluminum alloys are divided into two general classes: wrought alloys
and cast alloys, each with its own alloy designation system as specified
in ANSI H35.1, Alloy and Temper Designation Systems for Aluminum,
maintained by the Aluminum Association.

Aluminum Alloy Designation System Wrought aluminum and alu-
minum alloys are designated by a four-digit number. The first digit
indicates the alloy group according to the main alloying element as
follows:

Aluminum, 99.00 percent or more 1xxx
Copper 2xxx
Manganese 3xxx
Silicon 4xxx
Magnesium 5xxx
Magnesium and silicon 6xxx
Zinc 7xxx
Other element 8xxx
Unused series 9xxx

The last two digits identify the aluminum alloy or indicate the alumi-
num purity in the case of the 1xxx series. The second digit indicates
Silicon 4xx.x
Magnesium 5xx.x
Zinc 7xx.x
Tin 8xx.x
Other element 9xx.x
Unused series 6xx.x

The second two digits identify the aluminum alloy or indicate the
aluminum purity in the case of the 1xx.x series. The last digit indicates
whether the product form is a casting (designated by 0) or ingot (desig-
nated by 1 or 2). A modification of the original alloy or impurity limits
is indicated by a serial letter prefix before the numerical designation.
The serial letters are assigned in alphabetical order but omitting I, O, Q,
and X. The prefix X is used for experimental alloys.

The temper designation system applies to all aluminum and alumi-
num alloys, wrought and cast, except ingot. The temper designation
follows the alloy designation, separated by a hyphen. The basic tempers
are designated by letters as follows:

F as fabricated (no control over thermal conditions or strain hard-
ening)

O annealed (the lowest-strength temper of an alloy)
H strain-hardened (applies to wrought products only)
T thermally treated

The H and T tempers are always followed by one or more numbers,
say, T6 or H14, indicating specific sequences of treatments. The prop-
erties of alloys of H and T tempers are discussed further below.

Wrought Aluminum Alloys The alloys listed in Table 6.4.2 are di-
vided into two classes: those which may be strengthened by strain hard-
ening only (non-heat-treatable, designated by the H temper) and those
which may be strengthened by thermal treatment (heat-treatable, desig-
nated by the T temper).

The heat-treatable alloys (see Table 6.4.3) first undergo solution heat
treatment at elevated temperature to put the soluble alloying elements
into solid solution. For example, alloy 6061 is heated to 990°F (530°C).
This is followed by rapidly dropping the temperature, usually by
quenching in water. At this point, the alloy is very workable, but if it is
held at room temperature or above, strength gradually increases and
ductility decreases as precipitation of constituents of the supersaturated
solution begins. This gradual change in properties is called natural
aging. Alloys that have received solution heat treatment only are desig-
nated T4 temper and may be more readily cold-worked in this condition.
Some materials that are to receive severe forming operations, such as
cold-driven rivets, are held in this workable condition by storing at
freezing temperatures.

By applying a second heat treatment, precipitation heat treatment or
artificial aging, at slightly elevated temperatures for a controlled period,
further strengthening is achieved and properties are stabilized. For ex-
ample, 6061 sheet is artificially aged when held at 320°F (160°C) for
18 h. Material so treated is designated T6 temper. Artificial aging
changes the characteristic shape of the stress-strain curve above yield-
ing, thus affecting the tangent modulus of elasticity. For this reason,
inelastic buckling strengths are determined differently for artificially
aged alloys and for alloys that have not received such treatment.

Non-heat-treatable alloys cannot be strengthened by heating, but may
be given a heat treatment to stabilize mechanical properties. Strength-
ening is achieved by cold-working, also called strain hardening.

All wrought alloys may be annealed by heating to a prescribed tem-
perature. For example, 6061 is annealed when held at 775°F (415°C) for
approximately 2 to 3 h. Annealing reduces the alloy to its lowest strength
but increases ductility. Strengths are degraded whenever strain-hard-
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Table 6.4.2 Composition and Typical Room-Temperature Properties of Wrought Aluminum Alloys

Mechanical properties

Aluminum
Assoc. alloy
designation* Cu Si Mn Mg

Other
elements Temper†

Density,
lb/in3

Electrical
conductivity,

% IACS

Brinell hardness,
500-kg load,
10-mm ball

Tensile yield
strength,‡

1,000 lb/in2

Tensile
strength,

1,000 lb/in2
Elong, %, in

2 in§

Nominal composition, % (balance
aluminum)

Work-hardenable alloys

1100 0.12 0 0.098 59 23 5 13 35
H14 32 17 18 9
H18 57 44 22 24 5

3003 0.12 1.2 0 0.099 50 28 6 16 30
H14 41 40 21 22 8
H18 40 55 27 29 4

5052 2.5 0.25 Cr 0 0.097 35 47 13 28 25
H34 68 31 38 10
H38 35 77 37 42 7

5056 0.12 5.0 0.12 Cr 0 0.095 29 65 22 42 35
H18 27 105 59 63 10

Heat-treatable alloys

2011 5.5 0.4 Pb T3 0.102 39 95 43 55 15
0.4 Bi T8 45 100 45 59 12

2014 4.4 0.8 0.8 0.5 0 0.101 50 45 14 27 18
T4, 451 34 105 42 62 20
T6, 651 40 135 60 70 13

Alclad 2014 0 0.101 40 10 25 21
T4, 451 37 61 22
T6, 651 60 68 10

2017 4.0 0.5 0.7 0.6 0 0.101 50 45 10 26 22
T4, 451 34 105 40 62 22

2024 4.4 0.6 1.5 0 0.100 50 47 11 27 20
T3 30 120 50 70 18

T4, 351 30 120 47 68 20
Alclad 2024 0 0.100 11 26 20

T3 45 65 18
T4, 351 42 64 19

2025 4.4 0.8 0.8 T6 0.101 40 110 37 58 19
2219 6.3 0.3 0.18 Zr 0 44 11 25 18

0.10 V T351 36 52 17
0.06 Ti T851 51 66 10

6053 0.7 1.2 0.25 Cr 0 0.097 45 26 8 16 35
T6 42 80 32 37 13

6061 0.28 0.6 1.0 0.20 Cr 0 0.098 47 30 8 18 25
T6, 651 43 95 40 45 12

6063 0.4 0.7 0 0.097 58 25 7 13 25
T6 53 73 31 35 12

7075 1.6 2.5 5.6 Zn 0 0.101 60 15 33 17
0.23 Cr T6, 651 33 150 73 83 11

Alclad 7075 0 0.101 14 32 17
T6, 651 67 76 11

7178 2.0 2.8 0.23 Cr, 6.8 Zn T6, 651 0.102 31 78 88 10

NOTE: See Sec. 1 for conversion factors for SI units.
* Aluminum Association Standardized System of Alloy Designation adopted October 1954.
† Standard temper designations: 0 5 fully annealed. H14 and H34 correspond to half-hard and H18 to H38 to hard strain-hardened tempers. T3 5 solution treated and then cold-worked; T4 5

solution heat-treated; T6 5 solution treated and then artificially aged; T-51 5 stretcher stress-relieved; T8 5 solution treated, cold-worked, and artificially aged.
‡ At 0.2% offset.
§ Percent in 2 in, 1⁄16-in thick specimen.

Table 6.4.3 Conditions for Heat Treatment of Aluminum Alloys

Solution heat treatment Precipitation heat treatment

Temp, Temper Time of Temper
Alloy Product °F designation Temp, °F aging designation

2014 Extrusions 925–945 T4 315–325 18 h T6
2017 Rolled or cold finished wire, rod and bar 925–945 T4 Room 4 days
2024 Coiled Sheet 910–930 T4 Room 4 days
6063 Extrusions 940–960 T4 340–360 8 h T6
6061 Sheet 980–1,000 T4 310–330 18 h T6

7075 Forgings 860–880 W
215–235J* 6–8 h

T73
340–360 8–10 h

°C 5 (°F 2 32)/1.8.
* This is a two-stage treatment.
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ened or heat-treated material is reheated. The loss in strength is propor-
tional to the time at elevated temperature. For example, 6061-T6 heated
to 400°F (200°C) for no longer than 30 min or to 300°F (150°C) for 100
to 200 h suffers no appreciable loss in strength. Table 6.4.4 shows the
effect of elevated temperatures on the strength of aluminum alloys.

Some common wrought alloys (by major alloying element) and ap-
plications are as follows:

1xxx Series: Aluminum of 99 percent purity is used in the electrical
and chemical industries for its high conductivity, corrosion resistance,

and workability. It is available in extruded or rolled forms and is hard-
ened by cold working but not by heat treatment.

2xxx Series: These alloys are heat-treatable and may attain strengths
comparable to those of steel alloys. They are less corrosion-resistant
than other aluminum alloys and thus are often clad with pure aluminum
or an alloy of the 6xxx series (see alclad aluminum, below). Alloys 2014
and 2024 are popular, 2024 being perhaps the most widely used aircraft
alloy. Many of the alloys in this group, including 2014, are not usually
welded.

3xxx Series: Alloys in this series are non-heat-treatable. Alloys 3003,
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Table 6.4.4 Typical Tensile Properties of Aluminum Alloys at
Elevated Temperatures

Temp, °F*
Alloy and

temper Property* 75 300 400 500 700

Wrought

1100-H18 T.S. 24 18 6 4 2.1
Y.S. 22 14 3.5 2.6 1.6
El. 15 20 65 75 85

2017-T4 T.S. 62 40 16 9 4.3
Y.S. 40 30 13 7.5 3.5
El. 22 15 35 45 70

2024-T4 T.S. 68 45 26 11 5
Y.S. 47 36 19 9 4
El. 19 17 27 55 100

3003-H18 T.S. 29 23 14 7.5 2.8
Y.S. 27 16 9 4 1.8
El. 10 11 18 60 70

3004-H38 T.S. 41 31 22 12 5
Y.S. 36 27 15 7.5 3
El. 6 15 30 50 90

5052-H34 T.S. 38 30 24 12 5
Y.S. 31 27 15 7.5 3.1
El. 16 27 45 80 130

6061-T6 T.S. 45 34 19 7.5 3
Y.S. 40 31 15 5 1.8
El. 17 20 28 60 95

6063-T6 T.S. 35 21 9 4.5 2.3
Y.S. 31 20 6.5 3.5 2
El. 18 20 40 75 105

7075-T6 T.S. 83 31 16 11 6
Y.S. 73 27 13 9 4.6
El. 11 30 55 65 70

Temp, °F*

75 300 400 500 600

Sand castings

355-T51 T.S. 28 24 14 10 6
Y.S. 23 19 10 5 3
El. 2 3 8 16 36

356-T6 T.S. 33 23 12 8 4
Y.S. 24 20 9 5 3
El. 4 6 18 35 60

Permanent-mold castings

355-T51 T.S. 30 23 15 10 6
Y.S. 24 20 10 5 3
El. 2 4 9 33 98

356-T6 T.S. 38 21 12 8 4
Y.S. 27 17 9 5 3
El. 5 10 30 55 70

*T.S., tensile strength ksi. Y.S., yield strength, ksi, 0.2 percent offset. El., elongation in 2 in,
percent.

ksi 3 6.895 5 MPa °C 5 (°F 2 32)/1.8.
Tensile tests made on pieces maintained at elevated temperatures for 10,000 h under no load.

Stress applied at 0.05 in/( in/min) strain rate.
3004, and 3105 are popular general-purpose alloys with moderate
strengths and good workability, and they are often used for sheet metal
work.

4xxx Series: Silicon added to alloys in this group lowers the melting
point, making these alloys suitable for use as weld filler wire (such as
4043) and brazing alloys.

5xxx Series: These alloys attain moderate-to-high strengths by strain
hardening. They usually have the highest welded strengths among alu-
minum alloys and good corrosion resistance. Alloys 5083, 5086, 5154,
5454, and 5456 are used in welded structures, including pressure ves-
sels. Alloy 5052 is a popular sheet metal alloy.

6xxx Series: Although these alloys usually are not as strong as those
in the other heat-treatable series, 2xxx and 7xxx, they offer a good
combination of strength and corrosion resistance. Alloys 6061 and 6063
are used widely in construction, with alloy 6061 providing better
strength at a slightly greater cost.

7xxx Series: Heat-treating alloys in this group produces some of the
highest-strength alloys, frequently used in aircraft, such as 7050, 7075,
7178, and 7475. And 7178-T651 plate has a minimum ultimate tensile
strength of 84 ksi (580 MPa). Corrosion resistance is fair. Many alloys
in this group (such as 7050, 7075, and 7178) are not arc-welded.

Aluminum-lithium alloys have been produced with higher strength
and modulus of elasticity than those of any of the alloys previously
available, but they are not as ductile.

Wrought alloys are available in a number of product forms. Extru-
sions, produced by pushing the heated metal through a die opening, are
among the most useful. A great variety of custom shapes, as well as
standard shapes such as I beams, angles, channels, pipe, rectangular
tube, and many others, are extruded. Extrusion cross-sectional sizes
may be as large as those fitting within a 31-in (790-mm) circle, but more
commonly are limited to about a 12-in (305-mm) circle. Alloys ex-
truded include 1100, 1350, 2014, 2024, 3003, 5083, 5086, 5454, 5456,
6005, 6061, 6063, 6101, 6105, 6351, 7005, 7075, and 7178. The most
common are 6061 and 6063. Rod, bar, and wire are also produced rolled
or cold-finished as well as extruded. Tubes may be drawn or extruded.

Flat rolled products include foil, sheet, and plate. Foil is defined as
rolled product less than 0.006 in (0.15 mm) thick. Sheet thickness is less
than 0.25 in (6.4 mm) but not less than 0.006 in; aluminum sheet gauge
thicknesses are different from those used for steel, and decimal thick-
nesses are preferred when ordering. Sheet is available flat and coiled.
Plate thickness is 0.25 in and greater, and it ranges up to about 6 in
(150 mm). Minimum bend radii for sheet and plate depend on alloy and
temper, but are generally greater than bend radii for mild carbon steel.
Commercial roofing and siding sheet is available in a number of pro-
files, including corrugated, ribbed, and V-beam.

Aluminum forgings are produced by open-die and closed-die meth-
ods. Minimum mechanical strengths are not published for open-die
forgings, so structural applications usually require closed-die forgings.
Like castings, forgings may be produced in complex shapes, but have
more uniform properties and better ductility than castings and are used
for products such as wheels and aircraft frames. For some forging
alloys, minimum mechanical properties are slightly lower in directions
other than parallel to the grain flow. Alloy 6061-T6 is popular for forg-
ings.

Minimum mechanical properties (typically tensile ultimate and yield
strengths and elongation) are specified for most wrought alloys and
tempers by the Aluminum Association in ‘‘Aluminum Standards and
Data.’’ These minimum properties are also listed in ASTM specifica-
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tions, but are grouped by ASTM by product (such as sheet and plate)
rather than by alloy. The minimum properties are established at levels at
which 99 percent of the material is expected to conform at a confidence
level of 0.95. The strengths of aluminum members subjected to axial
force, bending, and shear under static and fatigue loads, listed in the
Aluminum Association ‘‘Specifications for Aluminum Structures,’’ are
calculated using these minimum properties. Aluminum and some of its
alloys are also used in structural applications such as storage tanks at
temperatures up to 400°F (200°C), but strengths are reduced due to
creep and the annealing effect of heat.

drilled, or reamed, but punching is not used if the metal thickness is
greater than the diameter of the hole. Applications of adhesive joining
are increasing.

Welding (see Sec. 13) Most wrought aluminum alloys are weldable
by experienced operators using either the fusion or resistance method.
Fusion welding is typically by gas tungsten arc welding (GTAW), com-
monly called TIG (for tungsten inert gas) welding, or gas metal arc
welding (GMAW), referred to as MIG (for metal inert gas) welding. TIG
welding is usually used to join parts from about 1⁄32 to 1⁄8 in 0.8 to
3.2 mm) thick; MIG welding is usually used to weld thicker parts. The
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Cast Aluminum Alloys These are used for parts of complex shapes
by sand casting, permanent mold casting, and die casting. The composi-
tions and minimum mechanical properties of some cast aluminum
alloys are given in Tables 6.4.5a to 6.4.5d. Castings generally exhibit
more variation in strength and less ductility than wrought products.
Tolerances, draft requirements, heat treatments, and quality standards
are given in the Aluminum Association ‘‘Standards for Aluminum Sand
and Permanent Mold Castings.’’ Tolerances and the level of quality and
frequency of inspection must be specified by the user if desired.

Sand castings (see ASTM B26) produce larger parts—up to 7,000 lb
(3,200 kg)—in relatively small quantities at slow solidification rates.
The sand mold is used only once. Tolerances and minimum thicknesses
for sand castings are greater than those for other casting types.

Permanent mold castings (see ASTM B108) are produced by pouring
the molten metal into a reusable mold, sometimes with a vacuum to
assist the flow. While more expensive than sand castings, permanent
mold castings can be used for parts with wall thicknesses as thin as
about 0.09 in (2.3 mm).

In die casting (see ASTM B85), aluminum is injected into a reusable
steel mold, or die, at high velocity; fast solidification rates are achieved.

The lowest-cost general-purpose casting alloy is 356-T6, while
A356-T6 is common in aerospace applications. Alloy A444-T4 pro-
vides excellent ductility, exceeding that of many wrought alloys. These
three rank among the most weldable of the casting alloys. The cast
alloys utilizing copper (2xx.x) generally offer the highest strengths at
elevated temperatures. In addition to end use, alloy selection should
take into account fluidity, resistance to hot cracking, and pressure tight-
ness.

Machining (see Sec. 13) Many aluminum alloys are easily ma-
chined without special technique at cutting speeds generally much
higher than those for other metals. Pure aluminum and alloys of alumi-
num-manganese (3xxx) and aluminum-magnesium (5xxx) are harder to
machine than alloys of aluminum-copper (2xxx) and aluminum-zinc
(7xxx). The most machinable wrought alloy is 2011 in the T3, T4, T6,
and T8 tempers, producing small broken chips and excellent finish; they
are used where physical properties are subordinate to high machin-
ability, such as for screw machine products. Castings are also machined;
aluminum-copper (such as 201, 204, and 222), aluminum-magnesium
(5xx.x), aluminum-zinc (7xx.x), and aluminum-tin (8xx.x) alloys are
among the best choices.

Joining Mechanical fasteners (including rivets, bolts, and screws)
are the most common methods of joining, because the application of
heat during welding decreases the strength of aluminum alloys. Alumi-
num bolts (usually 2024-T4, 6061-T6, or 7075-T73) are available in
diameters from 1⁄4 in (6.4 mm) to 1 in (25 mm), with properties con-
forming to ASTM F468. Mechanical properties are given in Table 6.4.6.
Aluminum nuts (usually 2024-T4, 6061-T6, and 6262-T9) are also
available. Galvanized steel and 300-series stainless steel bolts are also
used to join aluminum. Hole size usually exceeds bolt diameter by 1⁄16 in
(1.6 mm) or less. Rivets are used to resist shear loads only; they do not
develop sufficient clamping force between the parts joined and thus
cannot reliably resist tensile loads. In general, rivets of composition
similar to the base metal are used. Table 6.4.7 lists common aluminum
rivet alloys and their minimum ultimate shear strengths. Hole diameter
for cold-driven rivets may be no larger than 4 percent greater than the
nominal rivet diameter; hole diameter for hot-driven rivets may be no
larger than 7 percent greater than the nominal rivet diameter. Screws of
2024-T4, 7075-T73 aluminum, or 300-series stainless steels are often
used to fasten aluminum sheet. Holes for fasteners may be punched,
American Welding Society Standard D1.2, Structural Welding Code—
Aluminum, provides specifications for structural applications of alumi-
num fusion-welding methods. Filler rod alloys must be chosen carefully
for strength, corrosion resistance, and compatibility with the parent
alloys to be welded. Cast alloys may also be welded, but are more
susceptible to cracking than wrought alloy weldments. All aluminum
alloys suffer a reduction in strength in the heat-affected weld zone,
although this reduction is less in some of the aluminum-magnesium
(5xxx series) alloys. Postweld heat treatment may be used to counter the
reduction in strength caused by welding, but extreme care must be taken
to avoid embrittling or warping the weldment. Resistance welding in-
cludes spot welding, often used for lap joints, and seam welding. Meth-
ods of nondestructive testing of aluminum welds include dye-penetrant
methods to detect flaws accessible to the surface and ultrasonic and
radiographic inspection.

Brazing is also used to join aluminum alloys with relatively high
melting points, such as 1050, 1100, 3003, and 6063, using aluminum-
silicon alloys such as 4047 and 4145. Aluminum may also be soldered,
but corrosion resistance of soldered joints is inferior to that of welded,
brazed, or mechanically fastened joints.

Corrosion Resistance Although aluminum is chemically active,
the presence of a rapidly forming and firmly adherent self-healing oxide
surface coating inhibits corrosive action except under conditions that
tend to remove this surface film. Concentrated nitric and acetic acids are
handled in aluminum not only because of its resistance to attack but also
because any resulting corrosion products are colorless. For the same
reason, aluminum is employed in the preparation and storage of foods
and beverages. Hydrochloric acid and most alkalies dissolve the protec-
tive surface film and result in fairly rapid attack. Moderately alkaline
soaps and the like can be used with aluminum if a small amount of
sodium silicate is added. Aluminum is very resistant to sulfur and most
of its gaseous compounds.

Galvanic corrosion may occur when aluminum is electrically con-
nected by an electrolyte to another metal. Aluminum is more anodic
than most metals and will be sacrificed for the benefit of the other metal,
which is thereby cathodically protected from attack. Consequently, alu-
minum is usually isolated from other metals such as steel (but not stain-
less steel) where moisture is present.

Another form of corrosion is exfoliation, a delamination or peeling of
layers of metal in planes approximately parallel to the metal surface,
caused by the formation of corrosion product. Alloys with more than 3
percent magnesium (such as 5083, 5086, 5154, and 5456) and held at
temperatures above 150°F (65°C) for extended periods are susceptible
to this form of attack.

Care should be taken to store aluminum in a manner to avoid trapping
water between adjacent flat surfaces, which causes water stains. These
stains, which vary in color from dark gray to white, do not compromise
strength but are difficult to remove and may be cosmetically unaccept-
able.

Ordinary atmospheric corrosion is resisted by aluminum and most of
its alloys, and they may be used outdoors without any protective coat-
ing. (An exception is 2014-T6, which is usually painted when exposed
to the elements.) The pure metal is most resistant to attack, and addi-
tions of alloying elements usually decrease corrosion resistance, partic-
ularly after heat treatment. Under severe conditions of exposure such as
may prevail in marine environments or where the metal is continually in
contact with wood or other absorbent material in the presence of mois-
ture, a protective coat of paint will provide added protection.

Alclad Aluminum The corrosion resistance of aluminum alloys may



Table 6.4.5a Composition Limits of Aluminum Casting Alloys (Percent)

Others

Alloy Product* Silicon Iron Copper Manganese Magnesium Chromium Nickel Zinc Titanium Tin Each Total

201.0 S 0.10 0.15 4.0–5.2 0.20–0.50 0.15–0.55 — — — 0.15–0.35 — 0.05 0.10
204.0 S&P 0.20 0.35 4.2–5.0 0.10 0.15–0.35 — 0.05 0.10 0.15–0.30 — 0.05 0.15
208.0 S&P 2.5–3.5 1.2 3.5–4.5 0.50 0.10 — 0.35 1.0 0.25 — — 0.50
222.0 S&P 2.0 1.5 9.2–10.7 0.50 0.15–0.35 — 0.50 0.8 0.25 — — 0.35
242.0 S&P 0.7 1.0 3.5–4.5 0.35 1.2–1.8 0.25 1.7–2.3 0.35 0.25 — 0.05 0.15
295.0 S 0.7–1.5 1.0 4.0–5.0 0.35 0.03 — — 0.35 0.25 — 0.05 0.15
296.0 P 2.0–3.0 1.2 4.0–5.0 0.35 0.05 — 0.35 0.50 0.25 — — 0.35
308.0 P 5.0–6.0 1.0 4.0–5.0 0.50 0.10 — — 1.0 0.25 — — 0.50
319.0 S&P 5.5–6.5 1.0 3.0–4.0 0.50 0.10 — 0.35 1.0 0.25 — — 0.50
328.0 S 7.5–8.5 1.0 1.0–2.0 0.20–0.6 0.20–0.6 0.35 0.25 1.5 0.25 — — 0.50
332.0 P 8.5–10.5 1.2 2.0–4.0 0.50 0.50–1.5 — 0.50 1.0 0.25 — — 0.50
333.0 P 8.0–10.0 1.0 3.0–4.0 0.50 0.05–0.50 — 0.50 1.0 0.25 — — 0.50
336.0 P 11.0–13.0 1.2 0.50–1.5 0.35 0.7–1.3 — 2.0–3.0 0.35 0.25 — 0.05 —
354.0 S&P 8.6–9.4 0.20 1.6–2.0 0.10 0.40–0.6 — — 0.10 0.20 — 0.05 0.15
355.0 S&P 4.5–5.5 0.6 1.0–1.5 0.50 0.40–0.6 0.25 — 0.35 0.25 — 0.05 0.15

C355.0 S&P 4.5–5.5 0.20 1.0–1.5 0.10 0.40–0.6 — — 0.10 0.20 — 0.05 0.15
356.0 S&P 6.5–7.5 0.6 0.25 0.35 0.20–0.45 — — 0.35 0.25 — 0.05 0.15

A356.0 S&P 6.5–7.5 0.20 0.20 0.10 0.25–0.45 — — 0.10 0.20 — 0.05 0.15
357.0 S&P 6.5–7.5 0.15 0.05 0.03 0.45–0.6 — — 0.05 0.20 — 0.05 0.15

A357.0 S&P 6.5–7.5 0.20 0.20 0.10 0.40–0.7 — — 0.10 0.04–0.20 — 0.05 0.15
359.0 S&P 8.5–9.5 0.20 0.20 0.10 0.50–0.7 — — 0.10 0.20 — 0.05 0.15
360.0 D 9.0–10.0 2.0 0.6 0.35 0.40–0.6 — 0.50 0.50 — 0.15 — 0.25

A360.0 D 9.0–10.0 1.3 0.6 0.35 0.40–0.6 — 0.50 0.50 — 0.15 — 0.25
380.0 D 7.5–9.5 2.0 3.0–4.0 0.50 0.10 — 0.50 3.0 — 0.35 — 0.50

A380.0 D 7.5–9.5 1.3 3.0–4.0 0.50 0.10 — 0.50 3.0 — 0.35 — 0.50
383.0 D 9.5–11.5 1.3 2.0–3.0 0.50 0.10 — 0.30 3.0 — 0.15 — 0.50
384.0 D 10.5–12.0 1.3 3.0–4.5 0.50 0.10 — 0.50 3.0 — 0.35 — 0.50
390.0 D 16.0–18.0 1.3 4.0–5.0 0.10 0.45–0.65 — — 0.10 0.20 — — 0.20

B390.0 D 16.0–18.0 1.3 4.0–5.0 0.50 0.45–0.65 — 0.10 1.5 0.10 — — 0.20
392.0 D 18.0–20.0 1.5 0.40–0.80 0.20–0.60 0.80–1.20 — 0.50 0.50 0.20 0.30 — 0.50
413.0 D 11.0–13.0 2.0 1.0 0.35 0.10 — 0.50 0.50 — 0.15 — 0.25

A413.0 D 11.0–13.0 1.3 1.0 0.35 0.10 — 0.50 0.50 — 0.15 — 0.25
C433.0 D 4.5–6.0 2.0 0.6 0.35 0.10 — 0.50 0.50 — 0.15 — 0.25

443.0 S&P 4.5–6.0 0.8 0.6 0.50 0.05 0.25 — 0.50 0.25 — — 0.35
B443.0 S&P 4.5–6.0 0.8 0.15 0.35 0.05 — — 0.35 0.25 — 0.05 0.15
A444.0 P 6.5–7.5 0.20 0.10 0.10 0.05 — — 0.10 0.20 — 0.05 0.15

512.0 S 1.4–2.2 0.6 0.35 0.8 3.5–4.5 0.25 — 0.35 0.25 — 0.05 0.15
513.0 P 0.30 0.40 0.10 0.30 3.5–4.5 — — 1.4–2.2 0.20 — 0.05 0.15
514.0 S 0.35 0.50 0.15 0.35 3.5–4.5 — — 0.15 0.25 — 0.05 0.15
518.0 D 0.35 1.8 0.25 0.35 7.5–8.5 — 0.15 0.15 — 0.15 — 0.25
520.0 S 0.25 0.30 0.25 0.15 9.5–10.6 — — 0.15 0.25 — 0.05 0.15
535.0 S&P 0.15 0.15 0.05 0.10–0.25 6.2–7.5 — — — 0.10–0.25 — 0.05 0.15
705.0 S&P 0.20 0.8 0.20 0.40–0.6 1.4–1.8 0.20–0.40 — 2.7–3.3 0.25 — 0.05 0.15
707.0 S&P 0.20 0.8 0.20 0.40–0.6 1.8–2.4 0.20–0.40 — 4.0–4.5 0.25 — 0.05 0.15
710.0 S 0.15 0.50 0.35–0.65 0.05 0.6–0.8 — — 6.0–7.0 0.25 — 0.05 0.15
711.0 P 0.30 0.7–1.4 0.35–0.65 0.05 0.25–0.45 — — 6.0–7.0 0.20 — 0.05 0.15
712.0 S 0.30 0.50 0.25 0.10 0.50–0.65 0.40–0.6 — 5.0–6.5 0.15–0.25 — 0.05 0.20
713.0 S&P 0.25 1.1 0.40–1.0 0.6 0.20–0.50 0.35 0.15 7.0–8.0 0.25 — 0.10 0.25
771.0 S 0.15 0.15 0.10 0.10 0.8–1.0 0.06–0.20 — 6.5–7.5 0.10–0.20 — 0.05 0.15
850.0 S&P 0.7 0.7 0.7–1.3 0.10 0.10 — 0.7–1.3 — 0.20 — — 0.30
851.0 S&P 2.0–3.0 0.7 0.7–1.3 0.10 0.10 — 0.30–0.7 — 0.20 — — 0.30
852.0 S&P 0.40 0.7 1.7–2.3 0.10 0.6–0.9 — 0.9–1.5 — 0.20 — — 0.30

* S 5 sand casting, P 5 permanent mold casting, D 5 die casting.
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Table 6.4.5b Mechanical Properties of Aluminum Sand Castings

Minimum properties

Tensile strength

Ultimate Yield (0.2% offset)

Alloy Temper ksi (MPa) ksi (MPa)

% Elongation
in 2 in, or 4

times diameter

201.0 T7 60.0 (414) 50.0 (345) 3.0
204.0 T4 45.0 (310) 28.0 (193) 6.0
208.0 F 19.0 (131) 12.0 ( 83) 1.5
222.0 O 23.0 (159) — — —
222.0 T61 30.0 (207) — — —
242.0 O 23.0 (159) — — —
242.0 T571 29.0 (200) — — —
242.0 T61 32.0 (221) 20.0 (138) —
242.0 T77 24.0 (165) 13.0 ( 90) 1.0
295.0 T4 29.0 (200) 13.0 ( 90) 6.0
295.0 T6 32.0 (221) 20.0 (138) 3.0
295.0 T62 36.0 (248) 28.0 (193) —
295.0 T7 29.0 (200) 16.0 (110) 3.0
319.0 F 23.0 (159) 13.0 ( 90) 1.5
319.0 T5 25.0 (172) — — —
319.0 T6 31.0 (214) 20.0 (138) 1.5
328.0 F 25.0 (172) 14.0 ( 97) 1.0
328.0 T6 34.0 (234) 21.0 (145) 1.0
354.0 * — — — — —
355.0 T51 25.0 (172) 18.0 (124) —
355.0 T6 32.0 (221) 20.0 (138) 2.0
355.0 T7 35.0 (241) — — —
355.0 T71 30.0 (207) 22.0 (152) —

C355.0 T6 36.0 (248) 25.0 (172) 2.5
356.0 F 19.0 (131) — — 2.0
356.0 T51 23.0 (159) 16.0 (110) —
356.0 T6 30.0 (207) 20.0 (138) 3.0
356.0 T7 31.0 (214) 29.0 (200) —
356.0 T71 25.0 (172) 18.0 (124) 3.0

A356.0 T6 34.0 (234) 24.0 (165) 3.5
357.0 * — — — — —

A357.0 * — — — — —
359.0 * — — — — —
443.0 F 17.0 (117) 7.0 ( 49) 3.0

B433.0 F 17.0 (117) 6.0 ( 41) 3.0
512.0 F 17.0 (117) 10.0 ( 69) —
514.0 F 22.0 (152) 9.0 ( 62) 6.0
520.0 T4 42.0 (290) 22.0 (152) 12.0
535.0 F or T5 35.0 (241) 18.0 (124) 9.0
705.0 F or T5 30.0 (207) 17.0 (117) 5.0
707.0 T5 33.0 (228) 22.0 (152) 2.0
707.0 T7 37.0 (255) 30.0 (207) 1.0
710.0 F or T5 32.0 (221) 20.0 (138) 2.0
712.0 F or T5 34.0 (234) 25.0 (172) 4.0
713.0 F or T5 32.0 (221) 22.0 (152) 3.0
771.0 T5 42.0 (290) 38.0 (262) 1.5
771.0 T51 32.0 (221) 27.0 (186) 3.0
771.0 T52 36.0 (248) 30.0 (207) 1.5
771.0 T53 36.0 (248) 27.0 (186) 1.5
771.0 T6 42.0 (290) 35.0 (241) 5.0
771.0 T71 48.0 (331) 45.0 (310) 2.0
850.0 T5 16.0 (110) — — 5.0
851.0 T5 17.0 (117) — — 3.0
852.0 T5 24.0 (165) 18.0 (124) —

Values represent properties obtained from separately cast test bars. Average properties of specimens cut from castings shall not
be less than 75% of tensile and yield strength values and shall not be less than 25% of elongation values given above.

* Mechanical properties for these alloys depend on casting process. Consult individual foundries.

be augmented by coating the material with a surface layer of high-purity
aluminum or, in some cases, a more corrosion-resistant alloy of alumi-
num. Such products are referred to as alclad. This cladding becomes an
integral part of the material, is metallurgically bonded, and provides
cathodic protection in a manner similar to zinc galvanizing on steel.
Because the cladding usually has lower strength than the base metal,
alclad products have slightly lower strengths than uncoated material.
Cladding thickness varies from 1.5 to 10 percent. Products available

clad are 3003 tube, 5056 wire, and 2014, 2024, 2219, 3003, 3004, 6061,
7075, 7178, and 7475 sheet and plate.

Anodizing The corrosion resistance of any of the alloys may also be
improved by anodizing, done by making the parts to be treated the
anode in an electrolytic bath such as sulfuric acid. This process pro-
duces a tough, adherent coating of aluminum oxide, usually 0.4 mil
(0.01 mm) thick or greater. Any welding should be performed before
anodizing, and filler alloys should be chosen judiciously for good ano-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 6.4.5c Mechanical Properties of Aluminum Permanent Mold Castings

Minimum properties

Tensile strength

Ultimate Yield (0.2% offset)

Alloy Temper ksi (MPa) ksi (MPa)

% Elongation
in 2 in, or 4

times diameter

204.0 T4 48.0 (331) 29.0 (200) 8.0
208.0 T4 33.0 (228) 15.0 (103) 4.5
208.0 T6 35.0 (241) 22.0 (152) 2.0
208.0 T7 33.0 (228) 16.0 (110) 3.0
222.0 T551 30.0 (207) — — —
222.0 T65 40.0 (276) — — —
242.0 T571 34.0 (234) — — —
242.0 T61 40.0 (276) — — —
296.0 T6 35.0 (241) — — 2.0
308.0 F 24.0 (165) — — —
319.0 F 28.0 (193) 14.0 ( 97) 1.5
319.0 T6 34.0 (234) — — 2.0
332.0 T5 31.0 (214) — — —
333.0 F 28.0 (193) — — —
333.0 T5 30.0 (207) — — —
333.0 T6 35.0 (241) — — —
333.0 T7 31.0 (214) — — —
336.0 T551 31.0 (214) — — —
336.0 T65 40.0 (276) — — —
354.0 T61 48.0 (331) 37.0 (255) 3.0
354.0 T62 52.0 (359) 42.0 (290) 2.0
355.0 T51 27.0 (186) — — —
355.0 T6 37.0 (255) — — 1.5
355.0 T62 42.0 (290) — — —
355.0 T7 36.0 (248) — — —
355.0 T71 34.0 (234) 27.0 (186) —

C355.0 T61 40.0 (276) 30.0 (207) 3.0
356.0 F 21.0 (145) — — 3.0
356.0 T51 25.0 (172) — — —
356.0 T6 33.0 (228) 22.0 (152) 3.0
356.0 T7 25.0 (172) — — 3.0
356.0 T71 25.0 (172) — — 3.0

A356.0 T61 37.0 (255) 26.0 (179) 5.0
357.0 T6 45.0 (310) — — 3.0

A357.0 T61 45.0 (310) 36.0 (248) 3.0
359.0 T61 45.0 (310) 34.0 (234) 4.0
359.0 T62 47.0 (324) 38.0 (262) 3.0
443.0 F 21.0 (145) 7.0 ( 49) 2.0

B443.0 F 21.0 (145) 6.0 ( 41) 2.5
A444.0 T4 20.0 (138) — — 20.0

513.0 F 22.0 (152) 12.0 ( 83) 2.5
535.0 F 35.0 (241) 18.0 (124) 8.0
705.0 T5 37.0 (255) 17.0 (117) 10.0
707.0 T7 45.0 (310) 35.0 (241) 3.0
711.0 T1 28.0 (193) 18.0 (124) 7.0
713.0 T5 32.0 (221) 22.0 (152) 4.0
850.0 T5 18.0 (124) — — 8.0
851.0 T5 17.0 (117) — — 3.0
851.0 T6 18.0 (124) — — 8.0
852.0 T5 27.0 (186) — — 3.0

Values represent properties obtained from separately cast test bars. Average properties of specimens cut from castings shall not
be less than 75% of tensile and yield strength values and shall not be less than 25% of elongation values given above.

dized color match with the base alloy. The film is colorless on pure
aluminum and tends to be gray or colored on alloys containing silicon,
copper, or other constituents. To provide a consistent color appearance
after anodizing, AQ (anodizing quality) grade may be specified in certain
alloys. Where appearance is the overriding concern, 5005 sheet and
6063 extrusions are preferred for anodizing. If a colored finish is de-
sired, the electrolytically oxidized article may be treated with a dye
solution. Care must be taken in selecting the dye when the part will be
exposed to the weather, for not all have proved to be colorfast. Two-step
electrolytic coloring, produced by first clear anodizing and then electro-

tant that the surface be properly prepared prior to the application of
paint. A thin anodic film makes an excellent paint base. Alternately, the
aluminum surface may be chemically treated with a dilute phosphoric
acid solution. Abrasion blasting may be used on parts thicker than 1⁄8 in
(3.2 mm). Zinc chromate is frequently used as a primer, especially for
corrosive environments. Most paints are baked on. That affects the
strength of the metal, for baking tends to anneal it, and must be taken
into account where strength is a factor. Sometimes the paint baking
process is used as the artificial aging heat treatment. Aluminum sheet is
available with factory-baked paint finish; minimum mechanical proper-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
lytically depositing another metal oxide, can produce shades of bronze,
burgundy, and blue.

Painting When one is painting or lacquering aluminum, it is impor-
ties must be obtained from the supplier. High-, medium-, and low-gloss
paint finishes are available and are determined in accordance with
ASTM D523.
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Table 6.4.5d Mechanical Properties of Aluminum Die
Castings

Typical yield
strength Typical

Typical tensile (0.2% offset), elongation
Alloy

ANSI ASTM strength, ksi ksi in 2 in, %

360.0 SG100B 44 25 2.5
A360.0 SG100A 46 24 3.5

380.0 SC84B 46 23 2.5

Table 6.4.6 Mechanical Properties of
Aluminum Fasteners

Minimum Minimum
tensile shear

strength, strength,
Alloy and temper ksi ksi

2024-T4 62 37
6061-T6 42 25
7075-T73 68 41

or

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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A380.0 SC84A 47 23 3.5
383.0 SC102A 45 22 3.5
384.0 SC114A 48 24 2.5
390.0 SC174A 40.5 35 , 1

B390.0 SC174B 46 36 , 1
392.0 S19 42 39 , 1
413.0 S12B 43 21 2.5

A413.0 S12A 42 19 3.5
C443.0 S5C 33 14 9.0

518.0 G8A 45 28 5

ksi 3 6.895 5 MPa

Aluminum Conductors On a weight basis, aluminum has twice the
electrical conductance of copper; on a volume basis, the conductivity of
aluminum is about 62 percent that of copper. For electrical applications,
a special, high-purity grade of aluminum is used (designated 1350, also
referred to as EC) or alloyed to improve strength with minimum sacri-
fice in conductivity. Table 6.4.8 lists common conductor alloys and
gives their strengths and conductivities in various forms and treatments.
In power transmission lines, the necessary strength for long spans is

Table 6.4.8 Aluminum Electrical Conduct

Product, alloy, treatment* (size)

Drawing stock (rod)
1350-O (0.375- to 1.000-in diam)
1350-H12 and H22 (0.375- to 1.000-in diam)
1350-H14 and H24 (0.375- to 1.000-in diam)

1350-H16 and H26 (0.375- to 1.000-in diam)
5005-O (0.375-in diam)
5005-H12 and H22 (0.375-in diam)
5005-H14 and H24 (0.375-in diam)
5005-H16 and H26 (0.375-in diam)
8017-H12 and H22 (0.375-in diam)
8030-H12 (0.375-in diam)
8176-H14 (0.375-in diam)
8177-H13 and H23 (0.375-in diam)

Wire
1350-H19 (0.0801- to 0.0900-in diam)
5005-H19 (0.0801- to 0.0900-in diam)
6201-T81 (0.0612- to 0.1327-in diam)
8176-H24 (0.0500- to 0.2040-in diam)

Extrusions
1350-H111 (all)
6101-H111 (0.250 to 2.000 in thick)
6101-T6 (0.125 to 0.500 in thick)
6101-T61 (0.125 to 0.749 in thick)
6101-T61 (0.750 to 1.499 in thick)
6101-T61 (1.500 to 2.000 in thick)

Rolled bar
1350-H12 (0.125 to 1.000 in thick)

Sawed plate bar
1350-H112 (0.125 to 0.499 in thick)
1350-H112 (0.500 to 1.000 in thick)
1350-H112 (1.001 to 1.500 in thick)

Sheet
1350-O (0.006 to 0.125 in thick)

ksi 3 6.895 5 MPa, in 3 25.4 5 mm
IACS 5 International Annealed Copper Standard.
* Treatments: O 5 annealed; H 5 cold-worked; T 5 heat
ksi 3 6.895 5 MPa

Table 6.4.7 Minimum Shear
Strength of Aluminum Rivets

Minimum
shear

Alloy and temper strength,
before driving ksi

1100-H14 9.5
2017-T4 33
2117-T4 26
5056-H32 25
6053-T61 20
6061-T6 25
7050-T7 39

ksi 3 6.895 5 MPa

s

Ultimate
tensile Min. electrical

strength, conductivity,
ksi % IACS

8.5–14.0 61.8
12.0–17.0 61.5
15.0–20.0 61.4

17.0–22.0 61.3
14.0–20.0 54.3
17.0–23.0 54.0
20.0–26.0 53.9
24.0–30.0 53.8
16.0–22.0 58.0
16.0–20.5 60.0
16.0–20.0 59.0
16.0–22.0 58.0

26.0 min 61.0
37.0 min 53.5
46.0 min 52.5
15.0 min 61.0

8.5 min 61.0
12.0 min 59.0
29.0 min 55.0
20.0 min 57.0
18.0 min 57.0
15.0 min 57.0

12.0 min 61.0

11.0 min 61.0
10.0 min 61.0
9.0 min 61.0

8.0–14.0 61.8

-treated
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obtained by stranding aluminum wires about a core wire of steel
(ACSR) or a higher-strength aluminum alloy.

BEARING METALS

by Frank E. Goodwin

REFERENCES: Current edition of ASM ‘‘Metals Handbook.’’ Publications of the
various metal producers. Trade association literature containing material proper-
ties. Applicable current ASTM and SAE Standards.

graphite in cast iron develops a glazed surface which is useful at surface
speeds up to 130 ft/min and at loads up to 150 lb/in2 approx. Because of
the poor conformability of cast iron, good alignment and freedom from
dirt are essential.

Copper-base bearing alloys have a wide range of bearing properties
that fit them for many applications. Used alone or in combination with
steel, Babbitt (white metal), and graphite, the bronzes and copper-leads
meet the conditions of load and speed given in Table 6.4.10. Copper-lead
alloys are cast onto steel backing strips in very thin layers (0.02 in) to
provide bearing surfaces.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Babbitt metal is a general term used for soft tin and lead-base alloys
which are cast as bearing surfaces on steel, bronze, or cast-iron shells.
Babbits have excellent embedability (ability to embed foreign particles
in itself) and conformability (ability to deform plastically to compensate
for irregularities in bearing assembly) characteristics. These alloys may
be run satisfactorily against a soft-steel shaft. The limitations of Babbit
alloys are the tendency to spread under high, steady loads and to fatigue
under high, fluctuating loads. These limitations apply more particularly
at higher temperatures, for increase in temperature between 68 and
212°F (20 and 100°C) reduces the metal’s strength by 50 percent. These
limitations can be overcome by properly designing the thickness and
rigidity of the backing material, properly choosing the Babbitt alloy for
good mechanical characteristics, and ensuring a good bond between
backing and bearing materials.

The important tin- and lead-base (Babbitt) bearing alloys are listed in
Table 6.4.9. Alloys 1 and 15 are used in internal-combustion engines.
Alloy 1 performs satisfactorily at low temperatures, but alloy 15, an
arsenic alloy, provides superior performance at elevated temperatures
by virtue of its better high-temperature hardness, ability to support
higher loads, and longer fatigue life. Alloys 2 and 3 contain more anti-
mony, are harder, and are less likely to pound out. Alloys 7 and 8 are
lead-base Babbitts which will function satisfactorily under moderate
conditions of load and speed. Alloy B is used for diesel engine bearings.
In general, increasing the lead content in tin-based Babbitt provides
higher hardness, greater ease of casting, but lower strength values.

Silver lined bearings have an excellent record in heavy-duty applica-
tions in aircraft engines and diesels. For reciprocating engines, silver
bearings normally consist of electrodeposited silver on a steel backing
with an overlay of 0.001 to 0.005 in of lead. An indium flash on top of
the lead overlay is used to increase corrosion resistance of the material.

Aluminum and zinc alloys are used for high-load, low-speed applica-
tions but have not replaced Babbits for equipment operating under a
steady high-speed load. The Al 20 to 30, Sn 3 copper alloy is bonded to
a steel bearing shell. The Al 6.25, Sn 1, Ni 1, copper alloy can be either
used as-cast or bonded to a bearing shell. The Al 3 cadmium alloy with
varying amounts of Si, Cu, and Ni can also be used in either of these two
ways. The Zn 11, Al 1, Cu 0.02, magnesium (ZA-12) and Zn 27, Al 2,
Cu 0.01 magnesium (ZA-27) alloys are used in cast form, especially in
continuous-cast hollow-bar form.

Mention should be made of cast iron as a bearing material. The flake

Table 6.4.9 Compositions and Properties of Some Babbitt Alloys

ASTM B23
grade

Composition, %

Sn Sb Pb

1 91.0 4.5 0.35
2 89.0 7.5 0.35
3 84.0 8.0 0.35

7 10.0 15.0 74.5
8 5.0 15.0 79.5

15 1.0 16.0 82.5
Other alloys

B 0.8 12.5 83.3
ASTM B102, alloy Py 1815A 65 15 18

SOURCE: ASTM, reprinted with permission.
Three families of copper alloys are used for bearing and wear-resis-
tant alloys in cast form: phosphor bronzes (Cu-Sn), Cu-Sn-Pb alloys, and
manganese bronze, aluminum bronze, and silicon bronze. Typical compo-
sitions and applications are listed in Table 6.4.10. Phosphor bronzes
have residual phosphorus ranging from 0.1 to 1 percent. Hardness in-
creases with phosphorus content. Cu-Sn-Pb alloys have high resistance
to wear, high hardness, and moderate strength. The high lead composi-
tions are well suited for applications where lubricant may be deficient.
The Mn, Al, and Si bronzes have high tensile strength, high hardness,
and good resistance to shock. They are suitable for a wide range of
bearing applications.

Porous bearing materials are used in light- and medium-duty applica-
tions as small-sized bearings and bushings. Since they can operate for
long periods without an additional supply of lubricant, such bearings are
useful in inaccessible or inconvenient places where lubrication would
be difficult. Porous bearings are made by pressing mixtures of copper
and tin (bronze), and often graphite, Teflon, or iron and graphite, and
sintering these in a reducing atmosphere without melting. Iron-based,
oil-impregnated sintered bearings are often used. By controlling the
conditions under which the bearings are made, porosity may be adjusted
so that interconnecting voids of up to 35 percent of the total volume may
be available for impregnation by lubricants. Applicable specifications
for these bearings are given in Tables 6.4.11 and 6.4.12.

Miscellaneous A great variety of materials, e.g., rubber, wood,
phenolic, carbon-graphite, ceramets, ceramics, and plastics, are in use
for special applications. Carbon-graphite is used where contamination
by oil or grease lubricants is undesirable (e.g., textile machinery, phar-
maceutical equipment, milk and food processing) and for elevated-tem-
perature applications. Notable among plastic materials are Teflon and
nylon, the polycarbonate Lexan, and the acetal Delrin. Since Lexan and
Delrin can be injection-molded easily, bearings can be formed quite
economically from these materials.

CEMENTED CARBIDES

by Don Graham

REFERENCE: Schwartzkopf and Kieffer, ‘‘Refractory Hard Metals,’’ Macmillan.
German, ‘‘Powder Metallurgy Science,’’ 2d ed., Metal Powder Industries Federa-
tion. ‘‘Powder Metallurgy Design Manual,’’ 2d ed., Metal Powder Industries Fed-
eration, Princeton, NJ. Goetzal, ‘‘Treatise on Powder Metallurgy,’’ Interscience.
Schwartzkopf, ‘‘Powder Metallurgy,’’ Macmillan.

Compressive
ultimate strength Brinell hardness

68°F, 20°C, 68°F 212°F
lb/ in2 MPa (20°C) (100°C)Cu As

4.5 — 12.9 88.6 17 8
3.5 — 14.9 103 24.5 12
8.0 — 17.6 121 27.0 14.5

0.5 0.45 15.7 108 22.5 10.5
0.5 0.45 15.6 108 20.0 9.5
0.5 1.10 — — 21.0 13.0

0.1 3.05 — —
2 0.15 15 103 23 10
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Table 6.4.10 Compositions, Properties, and Applications of Some Copper-Base Bearing Metals

Minimum
Composition, % tensile strength

Specifications Cu Sn Pb Zn P Other ksi MPa Applications

C86100, SAE J462 64 — — 24 — 3 Fe, 5 Al, 4 Mn 119 820 Extra-heavy-duty bearings
C87610, ASTM B30 90 — 0.2 5 — 4 Si 66 455 High-strength bearings
C90700, ASTM B505 89 11 0.3 — 0.2 — 44 305 Wormgears and wheels; high-speed

low-load bearings
C91100 84 16 — — — — 35 240 Heavy load, low-speed bearings
C91300 81 19 — — — — 35 240 Heavy load, low-speed bearings
C93200, SAE J462 83 7 7 3 — — 35 240 General utility bearings, automobile

fittings
C93700, ASTM B22 80 10 10 — — — 35 240 High-speed, high-pressure bearings,

good corrosion resistance
C93800, ASTM B584 78 7 15 — — — 30 205 General utility bearings, backing for

Babbit bearings
C94300, ASTM B584 70 5 25 — — — 27 185 Low-load, high-speed bearings

SOURCE: ASTM, reprinted with permisstion.

Cemented carbides are a commercially and technically important class of
composite material. Comprised primarily of hard tungsten carbide
(WC) grains cemented together with a cobalt (Co) binder, they can
contain major alloying additions of titanium carbide (TiC), titanium
carbonitride (TiCN), tantalum carbide (TaC), niobium carbide (NbC),
chromium carbide (CrC), etc., and minor additions of other elements.
Because of the extremely high hardness, stiffness, and wear resistance
of these materials, their primary use is in cutting tools for the material
(usually metal, wood, composite, or rock) removal industry. Secondary
applications are as varied as pen balls, food processing equipment, fuel

close tolerances, often with a slight radius imparted to the cutting edge.
Both procedures induce longer tool life between sharpenings.

The first cemented carbides developed consisted only of WC and Co.
As cutting speeds increased, temperatures at the tool/workpiece inter-
face increased. In the presence of iron or steel at high temperatures,
carbide tools interact chemically with the work material and result in
‘‘cratering,’’ or removal of tool material at the cutting edge. Additions
of secondary carbides like TiC and TaC minimize cratering by virtue of
their greater chemical stability. Because of the desire for even higher
metal removal rates (and accompanying higher temperatures), chemical

nte
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pumps, wear surfaces, fishing line guide rings, and large high-pressure
components. Since their introduction in the mid-1920s, a very large
variety of grades of carbides has been developed and put into use in a
diverse number of applications. They are ubiquitous throughout in-
dustry, particularly so in the high-production metalworking sector.

Most cemented carbide parts are produced by powder metallurgical
techniques. Powders of WC, Co, and sometimes TiC and TaC are
blended by either ball or attritor milling. The mixed powder is then
compacted under very high pressure in appropriately shaped molds.
Pressed parts are sintered at temperatures between 1,250 and 1,500°C,
depending on the composition of the powder. During the sintering pro-
cess, cobalt melts and wets the carbide particles. On cooling, cobalt
‘‘cements’’ the carbide grains together. Essentially complete densifica-
tion takes place during sintering. While binder metals such as iron or
nickel are sometimes used, cobalt is preferred because of its ability to
wet the tungsten carbide. A cemented carbide workpiece should be as
close as possible to its final shape before sintering, for the final product
is extremely hard and can be shaped further only by grinding with
silicon carbide or diamond wheels.

The metal removal industry consumes most of the cemented carbide
that is produced. Tips having unique geometries, called inserts, are
pressed and sintered. Many of these pressed and sintered parts are ready
for use directly after sintering. Others are finish-ground and/or honed to

Table 6.4.11 Oil-Impregnated Iron-Base Si

Element Grade 1

Copper
Iron 96.25 min
Total other elements by dif-
ference, max

3.0

Combined carbon† (on basis 0.25 max

of iron only)

Silicon, max 0.3
Aluminum, max 0.2

* Total of iron plus copper shall be 97% min.
† The combined carbon may be a metallographic estimate of
SOURCE: ASTM, reprinted with permission.
vapor deposition (CVD) overlay coatings were developed. Titanium car-
bide coatings became available in 1969; titanium nitride coatings fol-
lowed shortly after that. Aluminum oxide coatings for very high-speed
operations first appeared in 1973. Coatings usually result in tool life
increases of 50 percent; in some extreme cases, phenomenal increases
of 10,000 percent have been reported. The CVD coatings have the syn-
ergistic effect not only to increase wear resistance (i.e., reduce crater-
ing), but also to allow much higher cutting speeds (i.e., operating cut-
ting temperatures).

In the late 1980s, physical vapor deposition (PVD) coatings became
popular for specific applications. Coatings such as titanium nitride
(TiN), titanium aluminum nitride (TiAlN), titanium carbonitride
(TiCN), zirconium nitride (ZrN), chromium-based coatings, and amor-
phous coatings are used for special-purpose applications such as ma-
chining of high-temperature alloys, machining of ductile irons at low
speeds, and as wear surfaces. About 70 percent of all cemented carbide
tools sold today are coated, strong testimony to the effectiveness of
coatings.

Design Considerations

Cemented carbide, in common with all brittle materials, may fragment in
service, particularly under conditions of impact or upon release from
high compressive loading. Precautionary measures must be taken to

red Bearings (ASTM Standard B439-83)

Composition, %

Grade 2 Grade 3 Grade 4

7.0–11.0 18.0–22.0
95.9 min Remainder* Remainder*

3.0 3.0 3.0

0.25–0.60 — —
0.3 — —
0.2 — —

the carbon in the iron.
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Table 6.4.12 Oil-Impregnated Sintered Bronze Bearings (ASTM Standard B438-83)

Composition, %

Grade 1 Grade 2

Element Class A Class B Class A Class B

Copper 87.5–90.5 87.5–90.5 82.6–88.5 82.6–88.5
Tin 9.5–10.5 9.5–10.5 9.5–10.5 9.5–10.5
Graphite, max 0.1 1.75 0.1 1.75
Lead * * 2.0–4.0 2.0–4.0
Iron, max 1.0 1.0 1.0 1.0
Total other elements by
difference, max

0.5 0.5 1.0 1.0

* Included in other elements.
SOURCE: ASTM, reprinted with permission.

ensure that personnel and equipment are protected from flying frag-
ments and sharp edges when working with carbides.

Failure of brittle materials frequently occurs as a result of tensile
stress at or near the surface; thus the strength of brittle materials is very
dependent on surface conditions. Chips, scratches, thermal cracks, and
grinding marks, which decrease the strength and breakage resistance of
cemented carbide parts, should be avoided. Even electric-discharge ma-
chined (EDM) surfaces should be ground or lapped to a depth of
0.05 mm to remove damaged material.

Special care must be taken when one is grinding cemented carbides.

high operating temperatures. For example, the temperatures of the in-
terface between the chip and the cutting edge of a carbide cutting tool
may reach between 500 and 1,100°C. Wear parts may have point con-
tact temperatures in this range. The extent to which the cemented car-
bide maintains its hardness at the elevated temperatures encountered in
use is an important consideration. The cemented carbides not only have
high room-temperature hardness, but also maintain hardness at elevated
temperatures better than do steels and cast alloys.

Corrosion Resistance The corrosion resistance of the various ce-
mented carbide alloys is fairly good when compared with other materi-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Adequate ventilation of grinding spaces must comply with existing
government regulations applicable to the health and safety of the work-
place environment. During the fabrication of cemented carbide parts,
particularly during grinding of tools and components, adequate provi-
sions must be made for the removal and collection of generated dusts
and cutting fluid mists that contain microscopic metal particles, even
though those concentrations may be very low. Although the elements
contained in these alloys are not radioactive, note that they may become
radioactive when exposed to a sufficiently strong radiation source. The
cobalt in the cemented carbide alloys, in particular, could be made
radioactive.

Physical and Mechanical Properties

Typical property data are shown in Table 6.4.13. In addition to being an
effective binder, cobalt is the primary component that determines me-
chanical properties. For example, as cobalt content increases, toughness
increases but hardness and wear resistance decrease. This tradeoff is
illustrated in Table 6.4.13. A secondary factor that affects mechanical
properties is WC grain size. Finer grain size leads to increased hardness
and wear resistance but lower toughness.

Mechanical Properties The outstanding feature of these materials
is their hardness, high compressive strength, stiffness, and wear resis-
tance. Unfortunately, but as might be expected of hard materials, tough-
ness and ductility of carbides are low. Table 6.4.13 lists some mechani-
cal and physical property data for typical and popular cemented carbide
compositions.

Hardness and Wear Resistance Most applications of cemented
carbide alloys involve wear and abrasive conditions. In general, the
wear resistance of these materials can be estimated based on hardness.
Note that wear is a complex process and can occur by means other than
normal abrasion. Should wear occur by microchipping, fracture, chemi-
cal attack, or metallurgical interactions, it will be obvious that perfor-
mance does not correlate directly with hardness.

The data presented in Table 6.4.13 under the heading Abrasion Re-
sistance were determined by using an abrasive wheel. Results from this
simplified test should be used only as a rough guide in the selection of
those alloys, since abrasive wear that occurs under actual service condi-
tions is usually complex and varies greatly with particular circum-
stances. The performance characteristics of a given grade are, of course,
best determined under actual service conditions.

In many applications, cemented carbides are subjected to relatively
als, and they may be employed very advantageously in some corrosive
environments where outstanding wear resistance is required. Generally
they are not employed where corrosion resistance alone is the require-
ment because other materials usually can be found which are either
cheaper or more corrosion-resistant.

Corrosion may cause strength deterioration due to the preferential
attack on the binder matrix phase. This results in the creation of micro-
scopic surface defects to which cemented carbides, in common with
other brittle materials, are sensitive.

Special corrosion-resistant grades have been developed in which the
cobalt binder has been modified or replaced by other metals or alloys,
resulting in improved resistance to acid attack. Other factors such as
temperature, pressure, and surface condition may significantly influ-
ence corrosive behavior, so that specific tests under actual operating
conditions should be performed when possible to select a cemented
carbide grade for service under corrosive conditions.

Micrograin Carbides

As carbide grain size decreases, hardness increases but toughness de-
creases. However, once the WC grain size diameter drops below ap-
proximately 1 mm, this tradeoff becomes much more favorable. Further
decreases in grain size result in further increase in hardness but are
accompanied by a much smaller drop in toughness. As a result, micro-
grain cemented carbides have outstanding hardness, wear resistance, and
compressive strength combined with surprising toughness. This combi-
nation of properties makes these grades particularly useful in machining
nickel-, cobalt-, and iron-based superalloys and other difficult-to-ma-
chine alloys, such as refractories and titanium alloys.

Cermets

Another class of cemented carbides is called cermets. These alloys usu-
ally are composed of TiC or TiCN with a binder of nickel, nickel-iron,
or nickel-molybdenum with small amounts of other elements such as
cobalt. These alloys usually find application in the high-speed finish
machining of steels, stainless steels, and occasionally, cast irons and
high-temperature alloys. As a rule, cermets are wear-resistant but less
tough than traditional cemented tungsten carbides. Recent processing
improvements, such as sinter HIP (hot isostatic pressing) and a better
understanding of the alloying characteristics of cermets, have helped
improve their toughness immensely, so that very tough cermets are
currently available.



Table 6.4.13 Properties of Cemented Carbides

Abrasion Transverse Ultimate Ultimate Modulus Thermal
Grain resistance, rupture compressive tensile of Proportional Fracture expansion Thermal Electrical

Composition, size, Hardness, 1/vol. loss Density, strength, strength, strength, elasticity, limit, Ductility, toughness, 75 to 400°F, conductivity, resistivity,
wt. % mm Ra cm3 g/cm3 1,000 lb/in2 1,000 lb/ in2 1,000 lb/ in2 106 lb/ in2 1,000 lb/ in2 % elong (lb/ in2)(√in) in/(in ? °F) 3 1026 cal/(s ? °C ? cm) mV ? cm

WC-3% Co 1.7 93 60 15.3 290 850 98 350 2.2 0.3 17
WC-6% Co 0.8 93.5 62 15
WC-6% Co 1.1 92.8 60 15 335 860 160 92 370 0.2 2.9
WC-6% Co 2.1 92 35 15 380 790 92 280 9,200 2.5 0.25 17
WC-6% Co 3 91 15 15 400 750 220 92 210 11,500 2.4 0.25 17
WC-9% Co 4 89.5 10 14.7 425 660 87 140 13,000 2.7 0.25
WC-10% Co 1.8 91 13 14.6 440 750 85 230 11,500
WC-10% Co 5.2 89 7 14.5 460 630 85 130 2.5 17
WC-13% Co 4 88.2 4 14.2 500 600 81 140 0.3 14,500 3 0.25 17
WC-16% Co 4 86.8 3 13.9 500 560 270 77 100 0.4 15,800 3.2 0.02
WC-25% Co 3.7 84 2 13 440 450 67 60 21,000 3.5 0.2 18

Other materials*

Tool steel (T-8) 85 (66 Rc) 2 8.4 575 600 34 6.5
Carbon steel (1095) 79 (55 Rc) 7.8 300 30 0.12 20
Cast iron 7.3 105 15–30
Copper 8.9 9.2 0.94 1.67

*Data for other materials are included to aid in comparing carbide properties with those of the referenced materials.
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COPPER AND COPPER ALLOYS

by Arthur Cohen

REFERENCES: ASM ‘‘Metals Handbook,’’ Applicable current ASTM and SAE
Standards. Publications of the Copper Development Association Standards
promulgated by industrial associations related to specific types of products.

Copper and copper alloys constitute one of the major groups of commer-
cial metals. They are widely used because of their excellent electrical
and thermal conductivities, outstanding corrosion resistance, and ease

The designation system is an orderly method of defining and identi-
fying the alloys. The copper section is administered by the Copper
Development Association, but it is not a specification. It eliminates the
limitations and conflicts of alloy designations previously used and at the
same time provides a workable method for the identification marking of
mill and foundry products.

In the designation system, numbers from C10000 through C79999
denote wrought alloys. Cast alloys are numbered from C80000 through
C999999. Within these two categories, compositions are further grouped

lloy
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of fabrication. They are generally nonmagnetic and can be readily
joined by conventional soldering, brazing, and welding processes (gas
and resistance).

Primary Copper

Copper used in the manufacture of fabricated brass mill or wire and
cable products may originate in the ore body of open-pit or underground
mines or from rigidly controlled recycled high-grade copper scrap.

Traditional sulfide ores require conventional crushing, milling, con-
centration by flotation, smelting to form a matte, conversion to blister
copper, and final refining by either the electrolytic or the electrowinning
processes to produce copper cathode, which is fully described in ASTM
B115 Electrolytic Cathode Copper. This electrochemical refining step
results in the deposition of virtually pure copper, with the major impu-
rity being oxygen.

Probably the single most important innovation in the copper industry
in the past 30 years has been the introduction of continuous cast wire rod
technology. Within this period, the traditional 250-lb wire bar has been
almost completely replaced domestically (and largely internationally)
with continuous cast wire rod product produced to meet the require-
ments of ASTM B49 Copper Redraw Rod for Electrical Purposes.

Generic Classification of Copper Alloys

The most common way to categorize wrought and cast copper and
copper alloys is to divide them into six families: coppers, high-copper
alloys, brasses, bronzes, copper nickels, and nickel silvers. They are
further subdivided and identified via the Unified Numbering System
(UNS) for metals and alloys.

Table 6.4.14 Generic Classification of Copper A

Generic name

Wrought alloys
Coppers
High-copper alloys
Brasses
Leaded brasses
Tin brasses
Phosphor bronzes

Leaded phosphor bronzes
Copper-phosphorus and copper-silver-phosphorus alloys
Aluminum bronzes
Silicon bronzes
Other copper-zinc alloys
Copper nickels
Nickel silvers

Cast alloys
Coppers
High-copper alloys
Red and leaded red brasses
Yellow and leaded yellow brasses
Manganese bronzes and leaded manganese bronzes
Silicon bronzes, silicon brasses
Tin bronzes and leaded tin bronzes
Nickel-tin bronzes
Aluminum bronzes
Copper nickels
Nickel silvers
Leaded coppers
Miscellaneous alloys
into families of coppers and copper alloys shown in Table 6.4.14.
Coppers These metals have a designated minimum copper content

of 99.3 percent or higher.
High-Copper Alloys In wrought form, these are alloys with desig-

nated copper contents less than 99.3 percent but more than 96 percent
which do not fall into any other copper alloy group. The cast high-cop-
per alloys have designated copper contents in excess of 94 percent, to
which silver may be added for special properties.

Brasses These alloys contain zinc as the principal alloying element
with or without other designated alloying elements such as iron, alumi-
num, nickel, and silicon. The wrought alloys comprise three main fami-
lies of brasses: copper-zinc alloys; copper-zinc-lead alloys (leaded
brasses); and copper-zinc-tin alloys (tin brasses). The cast alloys com-
prise four main families of brasses: copper-tin-zinc alloys (red, semired,
and yellow brasses); manganese bronze alloys (high-strength yellow
brasses); leaded manganese bronze alloys (leaded high-strength yellow
brasses); and copper-zinc-silicon alloys (silicon brasses and bronzes).
Ingot for remelting for the manufacture of castings may vary slightly
from the ranges shown.

Bronzes Broadly speaking, bronzes are copper alloys in which the
major element is not zinc or nickel. Originally bronze described alloys
with tin as the only or principal alloying element. Today, the term
generally is used not by itself, but with a modifying adjective. For
wrought alloys, there are four main families of bronzes: copper-tin-
phosphorus alloys (phosphor bronzes); copper-tin-lead-phosphorus
alloys (leaded phosphor bronzes); copper-aluminum alloys (aluminum
bronzes); and copper-silicon alloys (silicon bronzes).

The cast alloys comprise four main families of bronzes: copper-tin
alloys (tin bronzes); copper-tin-lead alloys (leaded and high leaded tin

s

UNS Nos. Composition

C10100–C15815 . 99% Cu
C16200–C19900 . 96% Cu
C21000–C28000 Cu-Zn
C31200–C38500 Cu-Zn-Pb
C40400–C48600 Cu-Zn-Sn-Pb
C50100–C52400 Cu-Sn-P

C53200–C54400 Cu-Sn-Pb-P
C55180–C55284 Cu-P-Ag
C60800–C64210 Cu-Al-Ni-Fe-Si-Sn
C64700–C66100 Cu-Si-Sn
C66400–C69710 —
C70100–C72950 Cu-Ni-Fe
C73500–C79800 Cu-Ni-Zn

C80100–C81200 . 99% Cu
C81400–C82800 . 94% Cu
C83300–C84800 Cu-Zn-Sn-Pb (75–89% Cu)
C85200–C85800 Cu-Zn-Sn-Pb (57–74% Cu)
C86100–C86800 Cu-Zn-Mn-Fe-Pb
C87300–C87800 Cu-Zn-Si
C90200–C94500 Cu-Sn-Zn-Pb
C94700–C94900 Cu-Ni-Sn-Zn-Pb
C95200–C95900 Cu-Al-Fe-Ni
C96200–C96900 Cu-Ni-Fe
C97300–C97800 Cu-Ni-Zn-Pb-Sn
C98200–C98840 Cu-Pb
C99300–C99750 —



Table 6.4.15 ASTM B601 Temper Designation Codes for Copper and Copper Alloys

Temper Former temper name Temper Former temper name Temper Former temper name
designation or material conditioned designation or material condition designation or material condition

Cold-worked tempersa

H00 1/8 hard
H01 1/4 hard
H02 1/2 hard
H03 3/4 hard
H04 Hard
H06 Extra hard
H08 Spring
H10 Extra spring
H12 Special spring
H13 Ultra spring
H14 Super spring
Cold-worked tempersb

H50 Extruded and drawn
H52 Pierced and drawn
H55 Light drawn
H58 Drawn general-purpose
H60 Cold heading; forming
H63 Rivet
H64 Screw
H66 Bolt
H70 Bending
H80 Hard-drawn
H85 Medium hard-drawn electrical wire
H86 Hard-drawn electrical wire
H90 As-finned
Cold-worked and stress-relieved tempers
HR01 H01 and stress-relieved
HR02 H02 and stress-relieved
HR04 H04 and stress-relieved
HR08 H08 and stress-relieved
HR10 H10 and stress-relieved
HR20 As-finned
HR50 Drawn and stress-relieved
Cold-rolled and order-strengthened tempersc

HT04 H04 and treated
HT08 H08 and treated
As-manufactured tempers
M01 As sand cast
M02 As centrifugal cast
M03 As plaster cast
M04 As pressure die cast
M05 As permanent mold cast
M06 As investment cast
M07 As continuous cast
M10 As hot-forged and air-cooled
M11 As forged and quenched
M20 As hot-rolled
M30 As hot-extruded
M40 As hot-pierced
M45 As hot-pierced and rerolled

Annealed tempersd

O10 Cast and annealed (homogenized)
O11 As cast and precipitation heat-treated
O20 Hot-forged and annealed
O25 Hot-rolled and annealed
O30 Hot-extruded and annealed
O31 Extruded and precipitation heat-treated
O40 Hot-pierced and annealed
O50 Light anneal
O60 Soft anneal
O61 Annealed
O65 Drawing anneal
O68 Deep-drawing anneal
O70 Dead soft anneal
O80 Annealed to temper-1/8 hard
O81 Annealed to temper-1/4 hard
O82 Annealed to temper-1/2 hard
Annealed temperse

OS005 Nominal Avg. grain size, 0.005 mm
OS010 Nominal Avg. grain size, 0.010 mm
OS015 Nominal Avg. grain size, 0.015 mm
OS025 Nominal Avg. grain size, 0.025 mm
OS035 Nominal Avg. grain size, 0.035 mm
OS050 Nominal Avg. grain size, 0.050 mm
OS060 Nominal Avg. grain size, 0.060 mm
OS070 Nominal Avg. grain size, 0.070 mm
OS100 Nominal Avg. grain size, 0.100 mm
OS120 Nominal Avg. grain size, 0.120 mm
OS150 Nominal Avg. grain size, 0.150 mm
OS200 Nominal Avg. grain size, 0.200 mm
Solution-treated temper
TB00 Solution heat-treated (A)
Solution-treated and cold-worked tempers
TD00 TB00 cold-worked: 1/8 hard
TD01 TB00 cold-worked: 1/4 hard
TD02 TB00 cold-worked: 1/2 hard
TD03 TB00 cold-worked: 3/4 hard
TD04 TB00 cold-worked: hard
Solution treated and precipitation-hardened temper
TF00 TB00 and precipitation-hardened
Cold-worked and precipitation-hardened tempers
TH01 TD01 and precipitation-hardened
TH02 TD02 and precipitation-hardened
TH03 TD03 and precipitation-hardened
TH04 TD04 and precipitation-hardened
Precipitation-hardened or spinodal heat treated and cold-worked
tempers
TL00 TF00 cold-worked: 1/8 hard
TL01 TF01 cold-worked: 1/4 hard
TL02 TF00 cold-worked: 1/2 hard
TL04 TF00 cold-worked: hard
TL08 TF00 cold-worked: spring
TL10 TF00 cold-worked: extra spring

Mill-hardened tempers
TM00 AM
TM01 1/4 HM
TM02 1/2 HM
TM04 HM
TM06 XHM
TM08 XHMS
Quench-hardened tempers
TQ00 Quench-hardened
TQ30 Quench-hardened and tempered
TQ50 Quench-hardened and temper-annealed
TQ55 Quench-hardened and temper-annealed,

cold-drawn and stress-relieved
TQ75 Interrupted quench-hardened
Precipitation-hardened, cold-worked, and thermal-stress-
relieved tempers

TR01 TL01 and stress-relieved
TR02 TL02 and stress-relieved
TR04 TL04 and stress-relieved
Tempers of welded tubing f

WH00 Welded and drawn: 1/8 hard
WH01 Welded and drawn: 1/4 hard
WH02 Welded and drawn: 1/2 hard
WH03 Welded and drawn: 3/4 hard
WH04 Welded and drawn: full hard
WH06 Welded and drawn: extra hard
WM00 As welded from H00 (1/8-hard) strip
WM01 As welded from H01 (1/4-hard) strip
WM02 As welded from H02 (1/2-hard) strip
WM03 As welded from H03 (3/4-hard) strip
WM04 As welded from H04 (hard) strip
WM06 As welded from H06 (extra hard) strip
WM08 As welded from H08 (spring) strip
WM10 As welded from H10 (extra spring) strip
WM15 WM50 and stress-relieved
WM20 WM00 and stress-relieved
WM21 WM01 and stress-relieved
WM22 WM02 and stress-relieved
WM50 As welded from annealed strip
WO50 Welded and light annealed
WR00 WM00; drawn and stress-relieved
WR01 WM01; drawn and stress-relieved
WR02 WM02; drawn and stress-relieved
WR03 WM03; drawn and stress-relieved
WR04 WM04; drawn and stress-relieved
WR06 WM06; drawn and stress-relieved

a Cold-worked tempers to meet standard requirements based on cold rolling or cold drawing.
b Cold-worked tempers to meet standard requirements based on temper names applicable to specific products.
c Tempers produced by controlled amounts of cold work followed by a thermal treatment to produce order strengthening.
d Annealed to meet mechanical properties.
e Annealed to meet nominal average grain size.
f Tempers of fully finished tubing that has been drawn or annealed to produce specified mechanical properties or that has been annealed to produce a prescribed nominal average grain size are commonly identified by the property

H, O, or OS temper designation.
SOURCE: ASTM, reprinted with permission.
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COPPER AND COPPER ALLOYS 6-67

bronzes); copper-tin-nickel alloys (nickel-tin bronzes); and copper-alu-
minum alloys (aluminum bronzes).

The family of alloys known as manganese bronzes, in which zinc is the
major alloying element, is included in the brasses.

Copper-Nickels These are alloys with nickel as the principal alloy-
ing element, with or without other designated alloying elements.

Copper-Nickel-Zinc Alloys Known commonly as nickel silvers,
these are alloys which contain zinc and nickel as the principal and
secondary alloying elements, with or without other designated ele-
ments.

Similarly, chromium and zirconium are added to increase elevated-
temperature strength with little decrease in conductivity.

Copper-beryllium alloys are precipitation-hardening alloys that com-
bine moderate conductivity with very high strengths. To achieve these
properties, a typical heat treatment would involve a solution heat treat-
ment for 1 h at 1,450°F (788°C) followed by water quenching, then a
precipitation heat treatment at 600°F (316°C) for 3 h.

Wrought Copper Alloys (Brasses and Bronzes)

There are approximately 230 wrought brass and bronze compositions.

42.
45.
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Leaded Coppers These comprise a series of cast alloys of copper
with 20 percent or more lead, sometimes with a small amount of silver,
but without tin or zinc.

Miscellaneous Alloys Alloys whose chemical compositions do not
fall into any of previously described categories are combined under
‘‘miscellaneous alloys.’’

Temper Designations

Temper designations for wrought copper and copper alloys were origi-
nally specified on the basis of cold reduction imparted by the rolling of
sheet or drawing of wire. Designations for rod, seamless tube, welded
tube, extrusions, castings and heat-treated products were not covered. In
1974, ASTM B601 Standard Practice for Temper Designations for
Copper and Copper Alloys—Wrought and Cast, based on an alphanu-
meric code, was created to accommodate this deficiency. The general
temper designation codes listed in ASTM B601 by process and product
are shown in Table 6.4.15.

Coppers

Coppers include the oxygen-free coppers (C10100 and C10200), made by
melting prime-quality cathode copper under nonoxidizing conditions.
These coppers are particularly suitable for applications requiring high
electrical and thermal conductivities coupled with exceptional ductility
and freedom from hydrogen embrittlement.

The most common copper is C11000—electrolytic tough pitch. Its
electrical conductivity exceeds 100 percent IACS and is invariably se-
lected for most wire and cable applications. Selective properties of wire
produced to ASTM B1 Hard Drawn Copper Wire, B2 Medium Hard
Drawn Copper Wire, and B3 Soft or Annealed Copper Wire are shown
in Table 6.4.16.

Where resistance to softening along with improved fatigue strength is
required, small amounts of silver are added. This permits the silver-
containing coppers to retain the effects of cold working to a higher
temperature than pure copper (about 600°F versus about 400°F), a
property particularly useful where comparatively high temperatures are
to be withstood, as in soldering operations or for stressed conductors
designed to operate at moderately elevated temperatures.

If superior machinability is required, C14500 (tellurium copper),
C14700 (sulfur copper), or C18700 (leaded copper) can be selected.
With these coppers, superior machinability is gained at a modest sacri-
fice in electrical conductivity.

Table 6.4.16 Mechanical Properties of Copper Wire

Hard-drawn

Elongation
(nominal) in

10 in (250 mm),
Diameter

Tensile strength
(nominal)

in mm ksi MPa % min

0.460 11.7 49.0 340 3.8
0.325 8.3 54.5 375 2.4

0.229 5.8 59.0 405 1.7 48.
0.162 4.1 62.1 430 1.4 49.
0.114 2.9 64.3 445 1.2 50.
0.081 2.05 65.7 455 1.1 51.
0.057 1.45 66.4 460 1.0 52.
0.040 1.02 67.0 460 1.0 53.

SOURCE: ASTM, abstracted with permission.
The most widely used is alloy C26000, which corresponds to a 70 : 30
copper-zinc composition and is most frequently specified unless high
corrosion resistance or special properties of other alloys are required.
For example, alloy C36000—free-cutting brass—is selected when ex-
tensive machining must be done, particularly on automatic screw ma-
chines. Other alloys containing aluminum, silicon, or nickel are speci-
fied for their outstanding corrosion resistance. The other properties of
greatest importance include mechanical strength, fatigue resistance,
ability to take a good finish, corrosion resistance, electrical and thermal
conductivities, color, ease of fabrication, and machinability.

The bronzes are divided into five alloy families: phosphor bronzes,
aluminum bronzes, silicon bronzes, copper nickels, and nickel silvers.

Phosphor Bronzes Three tin bronzes, commonly referred to as
phosphor bronzes, are the dominant alloys in this family. They contain 5,
8, and 10 percent tin and are identified, respectively, as alloys C51000,
C52100, and C52400. Containing up to 0.4 percent phosphorus, which
improves the casting qualities and hardens them somewhat, these alloys
have excellent elastic properties.

Aluminum Bronzes These alloys with 5 and 8 percent aluminum
find application because of their high strength and corrosion resistance,
and sometimes because of their golden color. Those with 10 percent
aluminum content or higher are very plastic when hot and have excep-
tionally high strength, particularly after heat treatment.

Silicon Bronzes There are three dominant alloys in this family in
which silicon is the primary alloying agent but which also contain ap-
preciable amounts of zinc, iron, tin, or manganese. These alloys are as
corrosion-resistant as copper (slightly more so in some solutions) and
possess excellent hot workability with high strengths. Their outstanding
characteristic is that of ready weldability by all methods. The alloys are
extensively fabricated by arc or acetylene welding into tanks and ves-
sels for hot-water storage and chemical processing.

Copper Nickels These alloys are extremely malleable and may be
worked extensively without annealing. Because of their excellent corro-
sion resistance, they are used for condenser tubes for the most severe
service. Alloys containing nickel have the best high-temperature prop-
erties of any copper alloy.

Nickel Silvers Nickel silvers are white and are often applied be-
cause of this property. They are tarnish resistant under atmospheric
conditions. Nickel silver is the base for most silver-plated ware.

Overall, the primary selection criteria can be met satisfactorily by one
or more of the alloys listed in Table 6.4.17.

Medium hard Soft or annealed

Elongation
Elongation (nominal) in

in 10 in (250 mm), 10 in (250 mm),
Tensile strength

ksi MPa % min % min

0–49.0 290–340 3.8 35
0–52.0 310–360 3.0 35
0–55.0 330–380 2.2 30

0–56.0 340–385 1.5 30
0–57.0 345–395 1.3 30
0–58.0 350–400 1.1 25
0–59.0 360–405 1.0 25
0–60.0 365–415 1.0 25



Table 6.4.17 Composition and Properties of Selected Wrought Copper and Copper Alloys

Mechanical propertiesb

Tensile strength Yield strength

Alloy no. (and name) Nominal composition, %
Commercial

formsa ksi MPa ksi MPa
Elongation in 2 in

(50 mm), %b

C10200 (oxygen-free copper) 99.95 Cu F, R, W, T, P, S 32–66 221–455 10–53 69–365 55–4
C11000 (electrolytic tough pitch copper) 99.90 Cu, 0.04 O F, R, W, T, P, S 32–66 221–455 10–53 69–365 55–4
C12200 (phosphorus-deoxidized copper,
high residual phosphorus)

99.90 Cu, 0.02 P F, R, T, P 32–55 221–379 10–50 69–345 45–8

C14500 (phosphorus-deoxidized tellurium-
bearing copper)

99.5 Cu, 0.50 Te, 0.008 P F, R, W, T 32–56 221–386 10–51 69–352 50–3

C14700 (sulfur-bearing copper) 99.6 Cu, 0.40 S R, W 32–57 221–393 10–55 69–379 52–8
C15000 (zirconium copper) 99.8 Cu, 0.15 Zr R, W 29–76 200–524 6–72 41–496 54–1.5
C17000 (beryllium copper) 99.5 Cu, 1.7 Be, 0.20 Co F, R 70–190 483–1,310 32–170 221–1,172 45–3
C17200 (beryllium copper) 99.5 Cu, 1.9 Be, 0.20 Co F, R, W, T, P, S 68–212 469–1,462 25–195 172–1,344 48–1
C18200 (chromium copper) 99.0 Cuc, 1.0 Cr F, W, R, S, T 34–86 234–593 14–77 97–531 40–5
C18700 (leaded copper) 99.0 Cu, 1.0 Pb R 32–55 221–379 10–50 69–345 45–8
C19400 97.5 Cu, 2.4 Fe, 0.13 Zn, 0.03 P F 45–76 310–524 24–73 165–503 32–2
C21000 (gilding, 95%) 95.0 Cu, 5.0 Zn F, W 34–64 234–441 10–58 69–400 45–4
C22000 (commercial bronze, 90%) 90.0 Cu, 10.0 Zn F, R, W, T 37–72 255–496 10–62 69–427 50–3
C23000 (red brass, 85%) 85.0 Cu, 15.0 Zn F, W, T, P 39–105 269–724 10–63 69–434 55–3
C24000 (low brass, 80%) 80.0 Cu, 20.0 Zn F, W 42–125 290–862 12–65 83–448 55–3
C26000 (cartridge brass, 70%) 70.0 Cu, 30.0 Zn F, R, W, T 44–130 303–896 11–65 76–448 66–3
C26800, C27000 (yellow brass) 65.0 Cu, 35.0 Zn F, R, W 46–128 317–883 14–62 97–427 65–3
C28000 (Muntz metal) 60.0 Cu, 40.0 Zn F, R, T 54–74 372–510 21–55 145–379 52–10
C31400 (leaded commercial bronze) 89.0 Cu, 1.8 Pb, 9.2 Zn F, R 37–60 255–414 12–55 83–379 45–10
C33500 (low-leaded brass) 65.0 Cu, 0.5 Pb, 34.5 Zn F 46–74 317–510 14–60 97–414 65–8
C34000 (medium-leaded brass) 65.0 Cu, 1.0 Pb, 34.0 Zn F, R, W, S 47–88 324–607 15–60 103–414 60–7
C34200 (high-leaded brass) 64.5 Cu, 2.0 Pb, 33.5 Zn F, R 49–85 338–586 17–62 117–427 52–5
C35000 (medium-leaded brass) 62.5 Cu, 1.1 Pb, 36.4 Zn F, R 45–95 310–655 13–70 90–483 66–1
C35300 (high-leaded brass) 62.0 Cu, 1.8 Pb, 36.2 Zn F, R 49–85 338–586 17–62 117–427 52–5
C35600 (extra-high-leaded brass) 63.0 Cu, 2.5 Pb, 34.5 Zn F 49–74 338–510 17–60 117–414 50–7
C36000 (free-cutting brass) 61.5 Cu, 3.0 Pb, 35.5 Zn F, R, S 49–68 338–469 18–45 124–310 53–18
C36500 to C36800 (leaded Muntz metal)c 60.0 Cue, 0.6 Pb, 39.4 Zn F 54 372 20 138 45
C37000 (free-cutting Muntz metal) 60.0 Cu, 1.0 Pb, 39.0 Zn T 54–80 372–552 20–60 138–414 40–6
C37700 (forging brass)d 59.0 Cu, 2.0 Pb, 39.0 Zn R, S 52 359 20 138 45
C38500 (architectural bronze)d 57.0 Cu, 3.0 Pb, 40.0 Zn R, S 60 414 20 138 30
C40500 95.0 Cu, 1.0 Sn, 4.0 Zn F 39–78 269–538 12–70 83–483 49–3
C41300 90.0 Cu, 1.0 Sn, 9.0 Zn F, R, W 41–105 283–724 12–82 83–565 45–2
C43500 81.0 Cu, 0.9 Sn, 18.1 Zn F, T 46–80 317–552 16–68 110–469 46–7
C44300, C44400, C44500 (inhibited admi-
ralty)

71.0 Cu, 28.0 Zn, 1.0 Sn F, W, T 48–55 331–379 18–22 124–152 65–60

C46400 to C46700 (naval brass) 60.0 Cu, 39.3 Zn, 0.7 Sn F, R, T, S 55–88 379–607 25–66 172–455 50–17
C48200 (naval brass, medium-leaded) 60.5 Cu, 0.7 Pb, 0.8 Sn, 38.0 Zn F, R, S 56–75 386–517 25–53 172–365 43–15
C48500 (leaded naval brass) 60.0 Cu, 1.8 Pb, 37.5 Zn, 0.7 Sn F, R, S 55–77 379–531 25–53 172–365 40–15
C51000 (phosphor bronze, 5% A) 95.0 Cu, 5.0 Sn, trace P F, R, W, T 47–140 324–965 19–80 131–552 64–2
C51100 95.6 Cu, 4.2 Sn, 0.2 P F 46–103 317–710 50–80 345–552 48–2
C52100 (phosphor bronze, 8% C) 92.0 Cu, 8.0 Sn, trace P F, R, W 55–140 379–965 24–80 165–552 70–2
C52400 (phosphor bronze, 10% D) 99.0 Cu, 10.0 Sn, trace P F, R, W 66–147 455–1,014 28 193 70–3
C54400 (free-cutting phosphor bronze) 88.0 Cu, 4.0 Pb, 4.0 Zn, 4.0 Sn F, R 44–75 303–517 19–63 131–434 50–16
C60800 (aluminum bronze, 5%) 95.0 Cu, 5.0 Al T 60 414 27 186 55
C61000 92.0 Cu, 8.0 Al R, W 70–80 483–552 30–55 207–379 65–25
C61300 92.7 Cu, 0.3 Sn, 7.0 Al F, R, T, P, S 70–85 483–586 30–58 207–400 42–35
C61400 (aluminum bronze, D) 91.0 Cu, 7.0 Al, 2.0 Fe F, R, W, T, P, S 76–89 524–614 33–60 228–414 45–32
C63000 82.0 Cu, 3.0 Fe, 10.0 Al, 5.0 Ni F, R 90–118 621–814 50–75 345–517 20–15
C63200 82.0 Cu, 4.0 Fe, 9.0 Al, 5.0 Ni F, R 90–105 621–724 45–53 310–365 25–20
C64200 91.2 Cu, 7.0 Al F, R 75–102 517–703 35–68 241–469 32–22
C65100 (low-silicon bronze, B) 98.5 Cu, 1.5 Si R, W, T 40–95 276–655 15–69 103–476 55–11
C65500 (high-silicon bronze, A) 97.0 Cu, 3.0 Si F, R, W, T 56–145 386–1,000 21–70 145–483 63–3
C67500 (manganese bronze, A) 58.5 Cu, 1.4 Fe, 39.0 Zn, 1.0

Sn, 0.1 Mn
R, S 65–84 448–579 30–60 207–414 33–19

C68700 (aluminum brass, arsenical) 77.5 Cu, 20.5 Zn, 2.0 Al, 0.1 As T 60 414 27 186 55
C70600 (copper nickel, 10%) 88.7 Cu, 1.3 Fe, 10.0 Ni F, T 44–60 303–414 16–57 110–393 42–10
C71500 (copper nickel, 30%) 70.0 Cu, 30.0 Ni F, R, T 54–75 372–517 20–70 138–483 45–15
C72500 88.2 Cu, 9.5 Ni, 2.3 Sn F, R, W, T 55–120 379–827 22–108 152–745 35–1
C74500 (nickel silver, 65–10) 65.0 Cu, 25.0 Zn, 10.0 Ni F, W 49–130 338–896 18–76 124–524 50–1
C75200 (nickel silver, 65–18) 65.0 Cu, 17.0 Zn, 18.0 Ni F, R, W 56–103 386–710 25–90 172–621 45–3
C77000 (nickel silver, 55–18) 55.0 Cu, 27.0 Zn, 18.0 Ni F, R, W 60–145 414–1,000 27–90 186–621 40–2
C78200 (leaded nickel silver, 65–8–2) 65.0 Cu, 2.0 Pb, 25.0 Zn, 8.0 Ni F 53–91 365–627 23–76 159–524 40–3

a F, flat products; R, rod; W, wire; T, tube; P, pipe; S, shapes.
b Ranges are from softest to hardest commercial forms. The strength of the standard copper alloys depends on the temper (annealed grain size or degree of cold work) and the section thickness of the

mill product. Ranges cover standard tempers for each alloy.
c Values are for as-hot-rolled material.
d Values are for as-extruded material.
e Rod, 61.0 Cu min.
SOURCE: Copper Development Association Inc.
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Melting point

Machinability
rating, %c

Solidus, °F
(°C)

Liquidus, °F
(°C)

Density,
lb/in3

Specific
gravity

Coefficient of thermal
expansion 3 1026 at

77–572°F (25–300°C)

Electrical conductivity
(annealed)
% IACS

Thermal conductivity
Btu ? ft /(h ? ft2 ?°F)

[cal ?cm/(s ?cm2 ?°C)]

20 1,981 (1,083) 1,981 (1,083) 0.323 8.94 9.8 (17.7) 101 226 (0.934)
20 1,949 (1,065) 1,981 (1,083) 0.321–0.323 8.89–8.94 9.8 (17.7) 101 226 (0.934)
20 1,981 (1,083) 1,981 (1,083) 0.323 8.94 9.8 (17.7) 85 196 (0.81)

85 1,924 (1,051) 1,967 (1,075) 0.323 8.94 9.9 (17.8) 93 205 (0.85)

85 1,953 (1,067) 1,969 (1,076) 0.323 8.94 9.8 (17.7) 95 216 (0.89)
20 1,796 (980) 1,976 (1,080) 0.321 8.89 9.8 (17.7) 93 212 (0.876)
20 1,590 (865) 1,800 (980) 0.304 8.41 9.9 (17.8) 22 62–75 (0.26–0.31)
20 1,590 (865) 1,800 (980) 0.298 8.26 9.9 (17.8) 22 62–75 (0.26–0.31)
20 1,958 (1,070) 1,967 (1,075) 0.321 8.89 9.8 (17.6) 80 187 (0.77)
85 1,747 (953) 1,976 (1,080) 0.323 8.94 9.8 (17.6) 96 218 (0.93)
20 1,980 (1,080) 1,990 (1,090) 0.322 8.91 9.8 (17.9) 65 150 (0.625)
20 1,920 (1,050) 1,950 (1,065) 0.320 8.86 10.0 (18.1) 56 135 (0.56)
20 1,870 (1,020) 1,910 (1,045) 0.318 8.80 10.2 (18.4) 44 109 (0.45)
30 1,810 (990) 1,880 (1,025) 0.316 8.75 10.4 (18.7) 37 92 (0.38)
30 1,770 (965) 1,830 (1,000) 0.313 8.67 10.6 (19.1) 32 81 (0.33)
30 1,680 (915) 1,750 (955) 0.308 8.53 11.1 (19.9) 28 70 (0.29)
30 1,660 (905) 1,710 (930) 0.306 8.47 11.3 (20.3) 27 67 (0.28)
40 1,650 (900) 1,660 (905) 0.303 8.39 11.6 (20.8) 28 71 (0.29)
80 1,850 (1,010) 1,900 (1,040) 0.319 8.83 10.2 (18.4) 42 104 (0.43)
60 1,650 (900) 1,700 (925) 0.306 8.47 11.3 (20.3) 26 67 (0.28)
70 1,630 (885) 1,700 (925) 0.306 8.47 11.3 (20.3) 26 67 (0.28)
90 1,630 (885) 1,670 (910) 0.306 8.47 11.3 (20.3) 26 67 (0.28)
70 1,640 (895) 1,680 (915) 0.305 8.44 11.3 (20.3) 26 67 (0.28)
90 1,630 (885) 1,670 (910) 0.306 8.47 11.3 (20.3) 26 67 (0.28)

100 1,630 (885) 1,660 (905) 0.307 8.50 11.4 (20.5) 26 67 (0.28)
100 1,630 (885) 1,650 (900) 0.307 8.50 11.4 (20.5) 26 67 (0.28)
60 1,630 (885) 1,650 (900) 0.304 8.41 11.6 (20.8) 28 71 (0.29)
70 1,630 (885) 1,650 (900) 0.304 8.41 11.6 (20.8) 27 69 (0.28)
80 1,620 (880) 1,640 (895) 0.305 8.44 11.5 (20.7) 27 69 (0.28)
90 1,610 (875) 1,630 (890) 0.306 8.47 11.6 (20.8) 28 71 (0.29)
20 1,875 (1,025) 1,940 (1,060) 0.319 8.83 — (—) 41 95 (0.43)
20 1,850 (1,010) 1,900 (1,038) 0.318 8.80 10.3 (18.6) 30 77 (0.32)
30 1,770 (965) 1,840 (1,005) 0.313 8.66 10.8 (19.4) 28 — (—)
30 1,650 (900) 1,720 (935) 0.308 8.53 11.2 (20.2) 25 64 (0.26)

30 1,630 (885) 1,650 (900) 0.304 8.41 11.8 (21.2) 26 67 (0.28)
50 1,630 (885) 1,650 (900) 0.305 8.44 11.8 (21.2) 26 67 (0.28)
70 1,630 (885) 1,650 (900) 0.305 8.44 11.8 (21.2) 26 67 (0.28)
20 1,750 (950) 1,920 (1,050) 0.320 8.86 9.9 (17.8) 15 40 (0.17)
20 1,785 (975) 1,945 (1,060) 0.320 8.86 9.9 (17.8) 20 48.4 (0.20)
20 1,620 (880) 1,880 (1,020) 0.318 8.80 10.1 (18.2) 13 36 (0.15)
20 1,550 (845) 1,830 (1,000) 0.317 8.78 10.2 (18.4) 11 29 (0.12)
80 1,700 (930) 1,830 (1,000) 0.321 8.89 9.6 (17.3) 19 50 (0.21)
20 1,920 (1,050) 1,945 (1,063) 0.295 8.17 10.0 (18.1) 17 46 (0.19)
20 — — 1,905 (1,040) 0.281 7.78 9.9 (17.9) 15 40 (0.17)
30 1,905 (1,040) 1,915 (1,045) 0.287 7.95 9.0 (16.2) 12 32 (0.13)
20 1,905 (1,040) 1,915 (1,045) 0.285 7.89 9.0 (16.2) 14 39 (0.16)
30 1,895 (1,035) 1,930 (1,054) 0.274 7.58 9.0 (16.2) 7 22.6 (0.09)
30 1,905 (1,040) 1,940 (1,060) 0.276 7.64 9.0 (16.2) 7 20 (0.086)
60 1,800 (985) 1,840 (1,005) 0.278 7.69 10.0 (18.1) 8 26 (0.108)
30 1,890 (1,030) 1,940 (1,060) 0.316 8.75 9.9 (17.9) 12 33 (0.14)
30 1,780 (970) 1,880 (1,025) 0.308 8.53 10.0 (18.0) 7 21 (0.09)
30 1,590 (865) 1,630 (890) 0.302 8.36 11.8 (21.2) 24 61 (0.26)

30 1,740 (950) 1,765 (965) 0.296 8.33 10.3 (18.5) 23 58 (0.24)
20 2,010 (1,100) 2,100 (1,150) 0.323 8.94 9.5 (17.1) 9.0 26 (0.11)
20 2,140 (1,170) 2,260 (1,240) 0.323 8.94 9.0 (16.2) 4.6 17 (0.07)
20 1,940 (1,060) 2,065 (1,130) 0.321 8.89 9.2 (16.5) 11 31 (0.13)
20 — (—) 1,870 (1,020) 0.314 8.69 9.1 (16.4) 9.0 26 (0.11)
20 1,960 (1,070) 2,030 (1,110) 0.316 8.73 9.0 (16.2) 6.0 19 (0.08)
30 — (—) 1,930 (1,055) 0.314 8.70 9.3 (16.7) 5.5 17 (0.07)
60 1,780 (970) 1,830 (1,000) 0.314 8.69 10.3 (18.5) 10.9 28 (0.11)
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6-70 NONFERROUS METALS AND ALLOYS; METALLIC SPECIALTIES

Cast Copper-Base Alloys

Casting makes it possible to produce parts with shapes that cannot be
achieved easily by fabrication methods such as forming or machining.
Often it is more economical to produce a part as a casting than to
fabricate it by other means.

Copper alloy castings serve in applications that require superior
corrosion resistance, high thermal or electrical conductivity, good bear-
ing surface qualities, or other special properties.

All copper alloys can be successfully sand-cast, for this process

Extruded sections of many copper alloys are made in a wide variety of
shapes. In addition to architectural applications of extrusions, extrusion
is an important production process since many objects such as hinges,
pinions, brackets, and lock barrels can be extruded directly from bars.

While the copper-zinc alloys (brasses) may contain up to 40 percent
zinc, those with 30 to 35 percent zinc find the greatest application for
they exhibit high ductility and can be readily cold-worked. With de-
creasing zinc content, the mechanical properties and corrosion resis-
tance of the alloys approach those of copper. The properties of these
alloys are listed in Table 6.4.20.

ion
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allows the greatest flexibility in casting size and shape and is the most
economical and widely used casting method, especially for limited pro-
duction quantities. Permanent mold casting is best suited for tin, silicon,
aluminum, and manganese bronzes, as well as yellow brasses. Most
copper alloys can be cast by the centrifugal process.

Brass die castings are made when great dimensional accuracy and/or a
better surface finish is desired. While inferior in properties to hot-
pressed parts, die castings are adaptable to a wider range of designs, for
they can be made with intricate coring and with considerable variation
in section thickness.

The estimated market distribution of the dominant copper alloys by
end-use application is shown in Table 6.4.18. Chemical compositions
and selective mechanical and physical properties of the dominant alloys
used to produce sand castings are listed in Table 6.4.19.

Test results obtained on standard test bars (either attached to the cast-
ing or separately poured) indicate the quality of the metal used but not
the specific properties of the casting itself because of variations of
thickness, soundness, and other factors. The ideal casting is one with a
fairly uniform metal section with ample fillets and a gradual transition
from thin to thick parts.

Properties and Processing of Copper Alloys

Mechanical Properties Cold working copper and copper alloys in-
creases both tensile and yield strengths, with the more pronounced in-
crease imparted to yield strength. For most alloys, tensile strength of the
hardest cold-worked temper is approximately twice the tensile strength
of the annealed temper, whereas the yield strength of the hardest cold-
worked temper can be up to 5 to 6 times that of the annealed temper.
While hardness is a measure of temper, it is not an accurate one, because
the determination of hardness is dependent upon the alloy, its strength
level, and the method used to test for hardness.

All the brasses may be hot-worked irrespective of their lead content.
Even for alloys having less than 60 percent copper and containing the
beta phase in the microstructure, the process permits more extensive
changes in shape than cold working because of the plastic (ductile)
nature of the beta phase at elevated temperatures, even in the presence
of lead. Hence a single hot-working operation can often replace a se-
quence of forming and annealing operations. Alloys for extrusion, forg-
ing, or hot pressing contain the beta phase in varying amounts.

Table 6.4.18 Estimated Casting Shipment Distribut

End use

Plumbing and heating
Industrial valves and fittings

Bearings and bushings
Water meters, hydrants, and water system components
Electrical connectors and components

Pumps, impellers, and related components C9
Outdoor sprinkler systems C8
Heavy equipment components C8
Hardware, plaques, and giftware C8
Marine C8
Locksets C8
Railroad journal bearings and related parts C9
Other C8
Heat Treating Figures 6.4.3 and 6.4.4 show the progressive effects
of cold rolling and annealing of alloy C26000 flat products. Cold rolling
clearly increases the hardness and the tensile and yield strengths while
concurrently decreasing the ductility.
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Fig. 6.4.3 Effect of cold working on annealed brass (alloy C26000).
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Fig. 6.4.4 Effect of annealing on cold-rolled brass (alloy C26000).

Annealing below a certain minimum temperature has practically no
effect, but when the temperature is in the recrystallization range, a rapid
decrease in strength and an increase in ductility occur. With a proper
anneal, the effects of cold working are almost entirely removed. Heating
beyond this point results in grain growth and comparatively little further
increase in ductility. Figures 6.4.5 and 6.4.6 show the variation of prop-
erties of various brasses after annealing at the temperatures indicated.

by Alloy for End-Use Application

Dominant copper alloys—Estimated

4400 (75%), C83800/C84800 (25%)
3600 (45%), C83800/C84400 (15%)
0300 (5%), C92200 (15%), Misc. (20%)
3200 (80%), C93700 (20%)
3600 (25%), C84400 (75%)
3300 (50%), C83600 (20%), C95400 (15%), C94600 (15%)

2200 (20%), C95400/C95500 (50%), Misc. (30%)
4400 (100%)
6300 (80%), C95500 (20%)
3600 (15%), C85200/C85400/C85700 (50%), C92200 (35%)
6500 (30%), C95800 (50%), C96200 (5%), C96400 (15%)
5200 (90%), Misc. (10%)
3200 (90%), Misc. (10%)
7300 (35%), C87610 (65%)



Table 6.4.19 Composition and Properties of Selected Cast Copper Alloys

Mechanical properties

Tensile
strength

Yield
strength

Melting point

Alloy Number
(and name) Nominal composition, % ksi MPa ksi MPa

Elongation
in 50 mm
(2 in), %b

Solidus °F
(°C)

Liquidus °F
(°C)

Density,
lb/in3

Specific
gravity

Coefficient of
thermal

expansion 3 1026

at 77–572°F
(25–300°C)

Electrical
conductivity
(annealed),

% IACS

Thermal
conductivity,

Btu ? ft /(h ? ft2 ?°F)
[cal ?cm/(s ?cm2 ?°C)]

C83600 85 Cu, 5 Sn, 5 Pb, 5 Zn 37 255 17 117 30 1,570 (855) 1,850 (1,010) 0.318 8.83 10.0 (18.0) 15 41.6 (0.172)
C83800 83 Cu, 4 Sn, 6 Pb, 7 Zn 35 240 16 110 25 1,550 (845) 1,840 (1,005) 0.312 8.64 10.0 (18.0) 15 41.9 (0.173)
C84400 81 Cu, 3 Sn, 7 Pb, 9 Zn 34 235 15 105 26 1,540 (840) 1,840 (1,005) 0.314 8.70 10.0 (18.0) 16.4 41.9 (0.173)
C84800 76 Cu, 3 Sn, 6 Pb, 15 Zn 37 255 14 97 35 1,530 (832) 1,750 (954) 0.310 8.58 10.4 (18.7) 16.4 41.6 (0.172)
C85200 72 Cu, 1 Sn, 3 Pb, 24 Zn 38 260 13 90 35 1,700 (925) 1,725 (940) 0.307 8.50 11.5 (21) 18.6 48.5 (0.20)
C85400 67 Cu, 1 Sn, 3 Pb, 29 Zn 34 235 12 83 35 1,700 (925) 1,725 (940) 0.305 8.45 11.2 (20.2) 19.6 51 (0.21)
C86300 62 Cu, 26 Zn, 3 Fe, 6 Al, 3 Mn 119 820 67 460 18 1,625 (885) 1,693 (923) 0.278 7.69 12 (22) 9 21 (0.085)
C87300 95 Cu, 1 Mn, 4 Si 55 380 25 170 30 1,680 (916) 1,510 (821) 0.302 8.36 10.9 (19.6) 6.7 28 (0.113)
C87610 92 Cu, 4 Zn, 4 Si 55 380 25 170 30 — (—) — (—) 0.302 8.36 — (—) 6.0 — (—)
C90300 88 Cu, 8 Sn, 4 Zn 45 310 21 145 30 1,570 (854) 1,830 (1,000) 0.318 8.80 10.0 (18.0) 12 43 (0.18)
C92200 88 Cu, 6 Sn, 1.5 Pb, 3.5 Zn 40 275 20 140 30 1,520 (825) 1,810 (990) 0.312 8.64 10.0 (18.0) 14.3 40 (0.17)
C93200 83 Cu, 7 Sn, 7 Pb, 3 Zn 35 240 18 125 20 1,570 (855) 1,790 (975) 0.322 8.93 10.0 (18.0) 12 34 (0.14)
C93700 80 Cu, 10 Sn, 10 Sn 35 240 18 125 20 1,403 (762) 1,705 (930) 0.323 8.95 10.3 (18.5) 10 27 (0.11)
C95400 88.5 Cu, 4 Fe, 10.5 Al 75 515 30 205 12 1,880 (1,025) 1,900 (1,040) 0.269 7.45 9.0 (16.2) 13 34 (0.14)
C95400 (TQ50) 88.5 Cu, 4 Fe, 10.5 Al 90 620 45 310 6 1,880 (1,025) 1,900 (1,040) 0.269 7.45 9.0 (16.2) 13 34 (0.14)
C95500 81 Cu, 4 Fe, 11 Al, 4 Ni 90 620 40 275 6 1,930 (1,055) 1,900 (1,040) 0.272 7.53 9.0 (16.2) 8.5 24 (0.10)
C95500 (TQ50) 81 Cu, 4 Fe, 11 Al, 4 Ni 110 760 60 415 5 1,930 (1,055) 1,900 (1,040) 0.272 7.53 9.0 (16.2) 8.5 24 (0.10)
C95800 81.5 Cu, 4 Fe, 9 Al, 4 Ni, 1.5 Mn 85 585 35 240 15 1,910 (1,045) 1,940 (1,060) 0.276 7.64 9.0 (16.2) 7.1 21 (0.085)
C96200 88.5 Cu, 1.5 Fe, 10 Ni 45 310 25 172 20 2,010 (1,100) 2,100 (1,150) 0.323 8.94 9.5 (17.3) 11 26 (0.11)
C96400 69 Cu, 1 Fe, 30 Ni 68 470 27 255 28 2,140 (1,170) 2,260 (1,240) 0.323 8.94 9.0 (16.2) 5 17 (0.068)
C97600 64 Cu, 4 Pb, 20 Ni, 4 Sn, 8 Zn 45 310 24 165 20 2,027 (1,108) 2,089 (1,143) 0.321 8.90 9.3 (17) 5 13 (0.075)
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Table 6.4.20 Mechanical Properties of Rolled Yellow Brass (Alloy C26800)

Tensile
strength

Approximate Rockwell
hardness†

Standard temper
designation (ASTM B 601)* Nominal grain size, mm ksi MPa F 30T

OS120 0.120 — — 50–62 21 max
OS070 0.070 — — 52–67 3–27
OS050 0.050 — — 61–73 20–35
OS035 0.035 — — 65–76 25–38
OS025 0.025 — — 67–79 27–42
OS015 0.015 — — 72–85 33–50

Approximate Rockwell hardness‡
B scale Superficial 30-T

Standard temper
designation

(ASTM B 601)*
Former temper

designation ksi MPa

0.020 (0.058)
to 0.036 in

(0.914 mm) incl
Over 0.036 in
(0.914 mm)

0.012 (0.305)
to 0.028 in

(0.711 mm) incl
Over 0.028 in

(0.711 mm)

Tensile strength

M20 As hot-rolled 40–50 275–345 — — — —
H01 Quarter-hard 49–59 340–405 40–61 44–65 43–57 46–60
H02 Half-hard 55–65 380–450 57–71 60–74 54–64 56–66
H03 Three-quarters hard 62–72 425–495 70–77 73–80 65–69 67–71
H04 Hard 68–78 470–540 76–82 78–84 68–72 69–73
H06 Extra hard 79–89 545–615 83–87 85–89 73–75 74–76
H08 Spring 86–95 595–655 87–90 89–92 75–77 76–78
H10 Extra spring 90–99 620–685 88–91 90–93 76–78 77–79

* Refer to Table 6.4.15 for definition of temper designations.
† Rockwell hardness values apply as follows: The F scale applies to metal 0.020 in (0.508 mm) in thickness and over; the 30-T scale applies to metal 0.015 in (0.381 mm) in thickness and over.
‡ Rockwell hardness values apply as follows: The B scale values apply to metal 0.020 in (0.508 mm) and over in thickness, and the 30-T scale values apply to metal 0.012 in (0.305 mm) and over in

thickness.
SOURCE: ASTM, abstracted with permission.

Work-hardened metals are restored to a soft state by annealing. Sin-
gle-phase alloys are transferred into unstressed crystals by recovery,
recrystallization, and grain growth. In severely deformed metal, recrys-
tallization occurs at lower temperatures than in lightly deformed metal.
Also, the grains are smaller and more uniform in size when severely
deformed metal is recrystallized.

P
a

Grain size can be controlled by proper selection of cold-working and
annealing practices. Large amounts of prior cold work, rapid heating to
annealing temperature, and short annealing times foster formation of
fine grains. Larger grains are normally produced by a combination of
limited deformation and long annealing times.

Practically all wrought copper alloys are used in the cold-worked
condition to gain additional strength. Articles are often made from an-
nealed stock and depend on the cold work of the forming operation to
shape and harden them. When the cold work involved is too small to do
this, brass rolled to a degree of temper consistent with final require-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 6.4.5 Tensile strengths of copper-zinc alloys.

Fig. 6.4.6 Percent of elongation in 2 in of copper-zinc alloys.
ments should be used.
Brass for springs should be rolled as hard as is consistent with the

subsequent forming operations. For articles requiring sharp bends, or
for deep-drawing operations, annealed brass must be used. In general,
smaller grain sizes are preferred.

Table 6.4.20 summarizes the ASTM B36 specification requirements
for alloy C26800 (65 : 35 copper-zinc) for various rolled and annealed
tempers.

Effect of Temperature Copper and all its alloys increase in strength
slightly and uniformly as temperature decreases from room tempera-
ture. No low-temperature brittleness is encountered. Copper is useless
for prolonged-stress service much above 400°F (204°C), but some of its
alloys may be used up to 550°F (287°C). For restricted service above
this temperature, only copper-nickel and copper-aluminum alloys have
satisfactory properties.

For specific data, see Elevated-Temperature Properties of Copper
Base Alloys, ASTM STP 181; Low-Temperature Properties of Copper
and Selected Copper Alloys, NBS Mono. 101, 1967; and Wilkens and
Bunn, ‘‘Copper and Copper Base Alloys,’’ McGraw-Hill, 1943.

Electrical and Thermal Conductivities The brasses (essentially
copper-zinc alloys) have relatively good electrical and thermal conductiv-
ities, although the levels are somewhat lower than those of the coppers
because of the effect of solute atoms on the copper lattice. For this
reason, copper and high-copper alloys are preferred over the brasses
containing more than a few percent total alloy content when high elec-
trical or thermal conductivity is required for the application.
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Machinability Machinability of copper alloys is governed by their
metallurgical structure and related properties. In that regard, they are
divided into three subgroups. All leaded brasses are yellow, have mod-
erate electrical conductivity and fair hot-working qualities, but are rela-
tively poor with respect to fabrication when compared with C26000.

While they all have excellent to satisfactory machinability ratings,
the most important alloy for machined products is C36000, free-cutting
brass, which is the standard material for automatic screw machine work
where the very highest machinability is necessary.

ASTM B16 Free-Cutting Brass Rod, Bar, and Shapes for Use

than 15 percent zinc generally are not susceptible to stress corrosion
cracking.

Arsenical copper (C14200), arsenical admiralty metal (C44300), and
arsenical aluminum brass (C68700) were once popular condenser tube
alloys for freshwater power plant applications. They have been success-
fully replaced largely with alloy 706 (90 : 10 copper-nickel). In seawater
or brackish water, copper, admiralty metal, and aluminum brass are
even less suitable because of their inability to form protective films.

Caution must be exercised, for copper and its alloys are not suitable
for use in oxidizing acidic solutions or in the presence of moist ammo-
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in Screw Machines is the dominant specification. Use of this material
will often result in considerable savings over the use of steel. Most
copper alloys are readily machined by usual methods using standard
tools designed for steel, but machining is done at higher cutting speeds.
Consideration of the wide range of characteristics presented by various
types of copper alloys and the adaptation of machining practice to the
particular material concerned will improve the end results to a marked
degree.

Group A is composed of alloys of homogeneous structure: copper,
wrought bronzes up to 10 percent tin, brasses and nickel silvers up to 37
percent zinc, aluminum bronzes up to 8 percent aluminum, silicon
bronzes, and copper nickel. These alloys are all tough and ductile and
form long, continuous chips. When they are severely cold-worked, they
approach the group B classification in their characteristics.

Group B includes lead-free alloys of duplex structure, some cast
bronzes, and most of the high-strength copper alloys. They form contin-
uous but brittle chips by a process of intermittent shearing against the
tool edge. Chatter will result unless work and tool are rigid.

Many of the basic Group C brasses and bronzes are rendered particu-
larly adaptable for machining operations by the addition of 0.5 to 3.0
percent lead, which resides in the structure as minute, uniformly distrib-
uted droplets. They serve to break the chip and lubricate the tool cutting
edge. Chips are fine, almost needlelike, and are readily removed. Very
little heat is evolved, but the tendency to chatter is greater than for
Group A alloys. Lead additions may be made to most copper alloys, but
its low melting point makes hot working impossible. Tellurium and
sulfur additions are used in place of lead when the combination of hot
workability and good machinability is desired.

For turning operations, the tough alloys of Group A need a sharp top
rake angle (20° to 30° for copper and copper nickel; 12° to 16° for the
brasses, bronzes, and silicon bronzes with high-speed tools; 8° to 12°
with carbide tools, except for copper, for which 16° is recommended).
Type C (leaded) materials require a much smaller rake angle to mini-
mize chatter, a maximum of 8° with high-speed steels and 3° to 6° with
carbide. Type B materials are intermediate, working best with 6° to 12°
rake angle with high-speed tools and 3° to 8° with carbide, the higher
angle being used for the tougher materials. Side clearance angle should
be 5° to 7° except for tough, ‘‘sticky’’ materials like copper and copper
nickel, where a side rake of 10° to 15° is better.

Many copper alloys will drill satisfactorily with standard helix angle
drills. Straight fluted tools (helix angle 0°) are preferable for the Group
C leaded alloys. A helix angle of 10° is preferred for Group B and 40°
for copper and copper nickel. Feed rates generally are 2 to 3 times faster
than those used for steel. With Type B alloy, a fairly course feed helps to
break the chip, and with Type A, a fine feed and high speed give best
results, provided that sufficient feed is used to prevent rubbing and work
hardening.

Corrosion Resistance For over half a century, copper has been the
preferred material for tubing used, to convey potable water in domestic
plumbing systems because of its outstanding corrosion resistance. In
outdoor exposure, however, copper alloys containing less than 20 per-
cent zinc are preferred because of their resistance to stress corrosion
cracking, a form of corrosion originally called season cracking. For this
type of corrosion to occur, a combination of tensile stress (either resid-
ual or applied) and the presence of a specific chemical reagent such as
ammonia, mercury, mercury compounds, and cyanides is necessary.
Stress relief annealing after forming alleviates the tendency for stress
corrosion cracking. Alloys that are either zinc-free or contain less
nia and its compounds. Specific alloys are also limited to maximum
flow velocities.

Fabrication Practically any of the copper alloys listed in Table
6.4.17 can be obtained in sheet, rod, and wire form, and many can be
obtained as tubes. Most, in the annealed condition, will withstand ex-
tensive amounts of cold work and may be shaped to the desired form by
deep drawing, flanging, forming, bending, and similar operations. If
extensive cold work is planned, the material should be purchased in the
annealed condition, and it may need intermediate annealing either to
avoid metal failure or to minimize power consumption. Annealing is
done at 900 to 1,300°F (482 to 704°C), depending on the alloy, and is
usually followed by air cooling. Because of the ready workability of
brass, it is often less costly to use than steel. Brass may be drawn at
higher speeds than ferrous metals and with less wear on the tools. In
cupping operations, a take-in of 45 percent is usual and on some jobs, it
may be larger. Brass hardened by cold working is softened by annealing
at about 1,100 F (593°C).

Joining by Welding, Soldering, and Brazing

Welding Deoxidized copper will weld satisfactorily by the oxyacet-
ylene method. Sufficient heat input to overcome its high thermal con-
ductivity must be maintained by the use of torches considerably more
powerful than those customary for steel, and preferably by additional
preheating. The filler rod must be deoxidized. Gas-shielded arc welding
is preferred. Tough-pitch copper will not result in high-strength welds
because of embrittlement due to the oxygen content. Copper may be
arc-welded, using shielded metal arc, gas metal arc (MIG), or gas tung-
sten arc (TIG) welding procedures using experienced operators. Filler
rods of phosphor bronze or silicon bronze will give strong welds more
consistently and are used where the presence of a weld of different
composition and corrosion-resistance characteristics is not harmful.
Brass may be welded by the oxyacetylene process but not by arc weld-
ing. A filler rod of about the same composition is used, although silicon
is frequently added to prevent zinc fumes.

Copper-silicon alloys respond remarkably well to welding by all
methods. The conductivity is not too high, and the alloy is, to a large
extent, self-fluxing.

Applicable specifications for joining copper and copper alloys by
welding include

ANSI/AWS A5.6 Covered Copper and Copper Alloy Arc Welding
Electrodes

ANSI/AWS A5.7 Copper and Copper Alloy Bare Welding Rods
and Electrodes

ANSI/AWS A5.27 Copper and Copper Alloy Rods for Oxyfuel
Gas Welding

The fluxes used for brazing copper joints are water-based and function
by dissolving and removing residual oxides from the metal surface; they
protect the metal from reoxidation during heating and promote wetting
of the joined surfaces by the brazing filler metal.

Soldering Soldered joints with capillary fittings are used in plumb-
ing for water and sanitary drainage lines. Such joints depend on capil-
lary action drawing free-flowing molten solder into the gap between the
fitting and the tube.

Flux acts as a cleaning and wetting agent which permits uniform
spreading of the molten solder over the surfaces to be joined.

Selection of a solder depends primarily on the operating pressure and
temperature of the system. Lead-free solders required for joining copper
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tube and fittings in potable water systems are covered by ASTM B32
Solder Metal.

As in brazing, the functions of soldering flux are to remove residual
oxides, promote wetting, and protect the surfaces being soldered from
oxidation during heating.

Fluxes best suited for soldering copper and copper alloy tube should
meet the requirements of ASTM B813 Liquid and Paste Fluxes for
Soldering Applications of Copper and Copper Alloy Tube with the
joining accomplished per ASTM B828 Making Capillary Joints by Sol-
dering of Copper and Copper Alloy Tube and Fittings.

flectivity and freedom from oxidation films, it is frequently used as an
electroplate for jewelry and for reflectors for motion-picture projectors,
aircraft searchlights, and the like.

LOW-MELTING-POINT METALS AND ALLOYS

by Frank E. Goodwin

REFERENCES: Current edition of ASM ‘‘Metals Handbook.’’ Current listing of
applicable ASTM and AWS standards. Publications of the various metal-produc-
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Staff Contribution

REFERENCES: ASM ‘‘Metals Handbook.’’ Publications of the metal-producing
companies. Standards applicable to classes of metals available from manufactur-
ers’ associations. Trade literature pertinent to each specific metal.

Gold is used primarily as a monetary standard; the small amount put to
metallurgical use is for jewelry or decorative purposes, in dental work,
for fountain-pen nibs, and as an electrodeposited protecting coating.
Electroplated gold is widely used for electronic junction points (transis-
tors and the like) and at the mating ends of telephone junction wires. An
alloy with palladium has been used as a platinum substitute for labora-
tory vessels, but its present price is so high that it does not compete with
platinum.

Silver has the highest electrical conductivity of any metal, and it
found some use in bus bars during World War II, when copper was in
short supply. Since its density is higher than that of copper and since
government silver frequently has deleterious impurities, it offers no
advantage over copper as an electrical conductor. Heavy-duty electrical
contacts are usually made of silver. It is used in aircraft bearings and
solders. Its largest commercial use is in tableware as sterling silver,
which contains 92.5 percent silver (the remainder is usually copper).
United States coinage used to contain 90 percent silver, 10 percent
copper, but coinage is now manufactured from a debased alloy consist-
ing of copper sandwiched between thin sheets of nickel.

Platinum has many uses because of its high melting point, chemical
inertness, and catalytic activity. It is the standard catalyst for the oxida-
tion of sulfur dioxide in the manufacture of sulfuric acid. Because it is
inert toward most chemicals, even at elevated temperatures, it can be
used for laboratory apparatus. It is the only metal that can be used for an
electric heating element about 2,300°F without a protective atmosphere.
Thermocouples of platinum with platinum-rhodium alloy are standard
for high temperatures. Platinum and platinum alloys are used in large
amounts in feeding mechanisms of glass-working equipment to ensure
constancy of the orifice dimensions that fix the size of glass products.
They are also used for electrical contacts, in dental work, in aircraft
spark-plug electrodes, and as jewelry. It has been used for a long time as
a catalyst in refining of gasoline and is in widespread use in automotive
catalytic converters as a pollution control device.

Palladium follows platinum in importance and abundance among the
platinum metals and resembles platinum in most of its properties. Its
density and melting point are the lowest of the platinum metals, and it
forms an oxide coating at a dull-red heat so that it cannot be heated in air
above 800°F (426°C) approx. In the finely divided form, it is an excel-
lent hydrogenation catalyst. It is as ductile as gold and is beaten into leaf
as thin as gold leaf. Its hardened alloys find some use in dentistry,
jewelry, and electrical contacts.

Iridium is one of the platinum metals. Its chief use are as a hardener
for platinum jewelry alloys and as platinum contacts. Its alloys with
osmium are used for tipping fountain-pen nibs. Isotope Ir 192 is one of
the basic materials used in radiation therapy and is widely employed as
a radioactive implant in oncological surgical procedures. It is the most
corrosion-resistant element known.

Rhodium is used mainly as an alloying addition to platinum. It is a
component of many of the pen-tipping alloys. Because of its high re-
ing companies.

Metals with low-melting temperatures offer a diversity of industrial
applications. In this field, much use is made of the eutectic-type alloy, in
which two or more elements are combined in proper proportion so as to
have a minimum melting temperature. Such alloys melt at a single,
fixed temperature, as does a pure metal, rather than over a range of
temperatures, as with most alloys.

Liquid Metals A few metals are used in their liquid state. Mercury
[mp, 2 39.37°F (2 40°C)] is the only metal that is liquid below room
temperature. In addition to its use in thermometers, scientific instru-
ments, and electrical contacts, it is a constituent of some very low-melt-
ing alloys. Its application in dental amalgams is unique and familiar to
all. It has been used as a heat-exchange fluid, as have sodium and the
sodium-potassium alloy NaK (see Sec. 9.8).

Moving up the temperature scale, tin melts at 449.4°F (232°C) and
finds its largest single use in coating steel to make tinplate. Tin may be
applied to steel, copper, or cast iron by hot-dipping, although for steel
this method has been replaced largely by electrodeposition onto contin-
uous strips of rolled steel. Typical tin coating thicknesses are 40 min
(1 mm). Solders constitute an important use of tin. Sn-Pb solders are
widely used, although Sn-Sb and Sn-Ag solders can be used in applica-
tions requiring lead-free compositions. Tin is alloyed in bronzes and
battery grid material. Alloys of 12 to 25 percent Sn, with the balance
lead, are applied to steel by hot-dipping and are known as terneplate.

Modern pewter is a tarnish-resistant alloy used only for ornamental
ware and is composed of 91 to 93 percent Sn, 1 to 8 percent Sb, and 0.25
to 3 percent Cu. Alloys used for casting are lower in copper than those
used for spinning hollowware. Pewter does not require intermediate
annealing during fabrication. Lead was a traditional constituent of
pewter but has been eliminated in modern compositions because of the
propensity for lead to leach out into fluids contained in pewter vessels.

Pure lead melts at 620°F (327°C), and four grades of purities are
recognized as standard; see Table 6.4.21. Corroding lead and common
lead are 99.94 percent pure, while chemical lead and copper-bearing
lead are 99.9 percent pure. Corroding lead is used primarily in the
chemical industry, with most used to manufacture white lead or litharge
(lead monoxide, PbO). Chemical lead contains residual copper that im-
proves both its corrosion resistance and stiffness, allowing its extensive
employment in chemical plants to withstand corrosion, particularly
from sulfuric acid. Copper-bearing lead also has high corrosion resis-
tance because of its copper content. Common lead is used for alloying
and for battery oxides. Lead is strengthened by alloying with antimony
at levels between 0 and 15 percent. Lead-tin alloys with tin levels over
the entire composition range are widely used.

The largest use of lead is in lead-acid batteries. Deep cycling batteries
typically use Pb 6 7 antimony, while Pb 0.1 Ca 0.3 tin alloys are used for
maintenance-free batteries found in automobiles. Battery alloys usually
have a minimum tensile strength of 6,000 lb/in2 (41 MPa) and 20 per-
cent elongation. Pb 0.85 percent antimony alloy is also used for sheath-
ing of high-voltage power cables. Other cable sheathing alloys are
based on Sn-Cd, Sn-Sb, or Te-Cu combined with lead. The lead content
in cable sheathing alloys always exceeds 99 percent.

Lead sheet for construction applications, primarily in the chemical
industries, is based on either pure lead or Pb 6 antimony. When cold-
rolled, this alloy has a tensile strength of 4,100 lb/in2 (28.3 MPa) and an
elongation of 47 percent. Lead sheet is usually 3⁄64 in (1.2 mm) thick and
weighs 3 lb/ft2 (15 kg/m2). Architectural uses for lead are numerous,
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Table 6.4.21 Composition Specifications for Lead, According to ASTM B-29-79

Composition, wt %

Corroding Common Chemical Copper-bearing
Element lead lead lead lead

Silver, max 0.015 0.005 0.020 0.020
Silver, min — — 0.002 —
Copper, max 0.0015 0.0015 0.080 0.080
Copper, min — — 0.040 0.040
Silver and copper together, max 0.025 — — —
Arsenic, antimony, and tin together, max 0.002 0.002 0.002 0.002
Zinc, max 0.001 0.001 0.001 0.001
Iron, max 0.002 0.002 0.002 0.002
Bismuth, max 0.050 0.050 0.005 0.025
Lead (by difference), min 99.94 99.94 99.90 99.90

SOURCE: ASTM, reprinted with permission.

Table 6.4.22 Compositions and Properties of Type Metal

Composition, % Liquidus Solidus

Service Sn Sb Pb °F °C °F °C
Brinell

hardness*

Electrotype 4 3 93 561 294 473 245 12.5
Linotype 5 11 84 475 246 462 239 22
Stereotype 6.5 13 80.5 485 252 462 239 22
Monotype 8 17 75 520 271 462 239 27

* 0.39-in (10-mm) ball, 550-lb (250-kg) load
SOURCE: ‘‘Metals Handbook,’’ ASM International, 10th ed.

primarily directed to applications where water is to be contained
(shower and tiled bathing areas overlaid by ceramic tile). Often, copper
is lead-coated to serve as roof flashing or valleys; in those applications,
the otherwise offending verdigris coating which would develop on pure
copper sheet is inhibited.

Ammunition for both sports and military purposes uses alloys con-
taining percentages up to 8 Sb and 2 As. Bullets have somewhat higher
alloy content than shot.

Type metals use the hardest and strongest lead alloys. Typical com-

original ingredients. Likewise, the alloy is often contaminated by shop
dirt and residue from fluxes. In the ordinary course of its use, type metal
composition is checked regularly and adjusted as required to restore its
original properties. (Note that printing using type metal is termed hot
metal, in contrast to printing methods which eliminate type metal alto-
gether, or cold type. Hot-metal techniques are obsolescent, although
they are still employed where the existing machinery exists and is in
use.)

Fusible Alloys (See Table 6.4.23.) These alloys are used typically

llo
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positions are shown in Table 6.4.22. A small amount of copper may
be added to increase hardness. Electrotype metal contains the lowest
alloy content because it serves only as a backing to the shell and need
not be hard. Linotype, or slug casting metal, must be fluid and capable
of rapid solidification for its use in composition of newspaper type; thus
metal of nearly eutectic composition is used. It is rarely used as the ac-
tual printing surface and therefore need not be as hard as stereotype and
monotype materials. Repeated remelting of type metal gradually results
in changes in the original composition due to oxidation and loss of

Table 6.4.23 Compositions, Properties, and Applications of Fusible A

Composition, % Solidus

Sn Bi Pb Cd In °F °C

8.3 44.7 22.6 5.3 19.10 117 47
13.3 50 26.7 10.0 — 158 70

— 55.5 44.5 — — 255 124
12.4 50.5 27.8 9.3 — 163 73
14.5 48.0 28.5 (9% Sb) — 440 227

60 40 — — — 338 170

SOURCE: ‘‘Metals Handbook,’’ ASM International, 10th ed.
as fusible links in sprinkler heads, as electric cutouts, as fire-door links,
for making castings, for patterns in making match plates, for making
electroforming molds, for setting punches in multiple dies, and for dye-
ing cloth. Some fusible alloys can be cast or sprayed on wood, paper,
and other materials without damaging the base materials, and many of
these alloys can be used for making hermetic seals. Since some of these
alloys melt below the boiling point of water, they can be used in bending
tubing. The properly prepared tubing is filled with the molten alloy and
allowed to solidify, and after bending, the alloy is melted out by immer-

ys

Liquidus

°F °C Typical application

117 47 Dental models, part anchoring, lens chucking
158 70 Bushings and locators in jigs and fixtures, lens chucking,

reentrant tooling, founding cores and patterns, light
sheet-metal embossing dies, tube bending

255 124 Inserts in wood, plastics, bolt anchors, founding cores and

patterns, embossing dies, press-form blocks, duplicating
plaster patterns, tube bending, hobbyist parts

158 70 Wood’s metal-sprinkler heads
217 103 Punch and die assemblies, small bearings, anchoring for

machinery, tooling, forming blocks, stripper plates in
stamping dies

281 138 Locator members in tools and fixtures, electroforming
cores, dies for lost-wax patterns, plastic casting molds,
prosthetic development work, encapsulating avionic com-
ponents, spray metallizing, pantograph tracer molds
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sion of the tube in boiling water. The volume changes during the solidi-
fication of a fusible alloy are, to a large extent, governed by the bismuth
content of the alloy. As a general rule, alloys containing more than
about 55 percent bismuth expand and those containing less than about
48 percent bismuth contract during solidification; those containing 48 to
55 percent bismuth exhibit little change in volume. The change in vol-
ume due to cooling of the solid metal is a simple linear shrinkage, but
some of the fusible alloys owe much of their industrial importance to
other volume changes, caused by change in structure of the solid alloy,
which permit the production of castings having dimensions equal to, or

Table 6.4.25 Brazing Filler Metals

AWS-ASTM filler-metal
classification Base metals joined

BAlSi (aluminum-silicon) Aluminum and aluminum alloys
BCuP (copper-phosphorus) Copper and copper alloys; limited use on

tungsten and molybdenum; should not be
used on ferrous or nickel-base metals

BAg (silver) Ferrous and non-ferrous metals except alumi-
num and magnesium; iron, nickel, cobalt-
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greater than, those of the mold in which the metal was cast.
For fire-sprinkler heads, with a rating of 160°F (71°C) Wood’s metal is

used for the fusible-solder-alloy link. Wood’s metal gives the most
suitable degree of sensitivity at this temperature, but in tropical coun-
tries and in situations where industrial processes create a hot atmo-
sphere (e.g., baking ovens, foundries), solders having a higher melting
point must be used. Alloys of eutectic compositions are used since they
melt sharply at a specific temperature.

Fusible alloys are also used as molds for thermoplastics, for the pro-
duction of artificial jewelry in pastes and plastic materials, in foundry
patterns, chucking glass lenses, as hold-down bolts, and inserts in plas-
tics and wood.

Solders are filler metals that produce coalescence of metal parts by
melting the solder while heating the base metals below their melting
point. To be termed soldering (versus brazing), the operating tempera-
ture must not exceed 840°F (450°C). The filler metal is distributed
between the closely fitting faying surfaces of the joint by capillary
action. Compositions of solder alloys are shown in Table 6.4.24. The Pb
63 tin eutectic composition has the lowest melting point—361°F
(183°C)—of the binary tin-lead solders. For joints in copper pipe and
cables, a wide melting range is needed. Solders containing less than 5
percent Sn are used to seal precoated containers and in applications
where the surface temperatures exceed 250°F (120°C). Solders with 10
to 20 percent Sn are used for repairing automobile radiators and bodies,
while compositions containing 40 to 50 percent Sn are used for manu-
facture of automobile radiators, electrical and electronic connections,
roofing seams, and heating units. Silver is added to tin-lead solders for
electronics applications to reduce the dissolution of silver from the sub-
strate. Sb-containing solders should not be used to join base metals
containing zinc, including galvanized iron and brass. A 95.5 percent
Sn 4 Cu 0.5 Ag solder has supplanted lead-containing solders in potable
water plumbing.

Table 6.4.24 Compositions and Properties of Selected Solder

Solidus Liquidus
Composition, % temperature temperatur

Tin Lead °C °F °C °

2 98 316 601 322 6
5 95 305 581 312 5

10 90 268 514 302 5
15 85 227 440 288 5

20 80 183 361 277 531

25 75 183 361 266 511
30 70 183 361 255 491
35 65 183 361 247 477
40 60 183 361 238 460

45 55 183 361 227 441
50 50 183 361 216 421
60 40 183 361 190 374

63 37 183 361 183 361
40 58 (2% Sb) 185 365 231 448
95 0 (5% Sb) 232 450 240 464

0 97.5 (2.5% Ag) 304 580 308 580
95.5 0 (4% Cu, 0.5% Ag) 226 440 260 500

SOURCE: ‘‘Metals Handbook,’’ vol. 2, 10th ed., p. 553.
base alloys; thin-base metals
BCu (copper) Ferrous and non-ferrous metals except alumi-

num and magnesium
RBCuZn (copper-zinc) Ferrous and non-ferrous metals except alumi-

num and magnesium; corrosion resistance
generally inadequate for joining copper, sili-
con, bronze, copper, nickel, or stainless steel

BMg (magnesium) Magnesium-base metals
BNi (nickel) AISI 300 and 400 stainless steels; nickel- and

cobalt-base alloys; also carbon steel, low-
alloy steels, and copper where specific prop-
erties are desired

Table 6.4.26 Compositions and Melting Ranges
of Brazing Alloys

AWS designation Nominal composition, % Melting temp, °F

BAg-1 45 Ag, 15 Cu, 16 Zn, 24 Cd 1,125–1,145
BNI-7 13 Cr, 10 P, bal. Ni 1,630
BAu-4 81.5 Au, bal. Ni 1,740
BAlSi-2 7.5 Si, bal. Al 1,070–1,135
BAlSi-5 10 Si, 4 Cu, 10 Zn, bal. Al 960–1,040
BCuP-5 80 Cu, 15 Ag, 5 P 1,190–1,475
BCuP-2 93 Cu, 7 P 1,310–1,460
BAg-1a 50 Ag, 15.5 Cu, 16.5 Zn, 18 Cd 1,160–1,175
BAg-7 56 Ag, 22 Cu, 17 Zn, 5 Sn 1,145–1,205
RBCuZn-A 59 Cu, 40 Zn, 0.6 Sn 1,630–1,650
RBCuZn-D 48 Cu, 41 Zn, 10 Ni, 0.15 Si, 0.25 P 1,690–1,715
BCu-1 99.90 Cu, min 1,980
BCu-1a 99.9 Cu, min 1,980
BCu-2 86.5 Cu, min 1,980

°C 5 (°F 2 32)/1.8.
SOURCE: ‘‘Metals Handbook,’’ ASM.

ys

Uses

Side seams for can manufacturing
Coating and joining metals
Sealing cellular automobile radiators, filling seams or dents
Sealing cellular automobile radiators, filling seams or dents

Coating and joining metals, or filling dents or seams in automobile

bodies
Machine and torch soldering

General-purpose and wiping solder
Wiping solder for joining lead pipes and cable sheaths; also for au-

tomobile radiator cores and heating units
Automobile radiator cores and roofing seams
Most popular general-purpose solder
Primarily for electronic soldering applications where low soldering

temperatures are required
Lowest-melting (eutectic) solder for electronic applications
General-purpose, not recommended on zinc-containing materials
Joints on copper, electrical plumbing, heating, not recommended

on zinc-containing metals
Copper, brass, not recommended in humid environments
Potable water plumbing
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Brazing is similar to soldering but is defined as using filler metals
which melt at or above 840°F (450°C). As in soldering, the base metal is
not melted. Typical applications of brazing filler metals classified by
AWS and ASTM are listed in Table 6.4.25; their compositions and
melting points are given in Table 6.4.26.

METALS AND ALLOYS FOR USE AT ELEVATED
TEMPERATURES

where T 5 test temp in °R (°F 1 460) and t 5 test time, h. The constant
C depends upon the material but is frequently taken to be 20.

Many alloys have been developed specifically for such applications.
The selection of an alloy for a specific high-temperature application is
strongly influenced by service conditions (stress, stress fluctuations,
temperature, heat shock, atmosphere, service life), and there are
hundreds of alloys from which to choose. The following illustrations,
data, and discussion should be regarded as examples. Vendor literature
and more extensive references should be consulted.

Figure 6.4.7 indicates the general stress-temperature range in which
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by John H. Tundermann

REFERENCES: ‘‘High Temperature High Strength Alloys,’’ AISI. Simmons and
Krivobok, Compilation of Chemical Compositions and Rupture Strength of
Super-strength Alloys, ASTM Tech. Pub. 170-A. ‘‘Metals Handbook,’’ ASM.
Smith, ‘‘Properties of Metals at Elevated Temperatures,’’ McGraw-Hill. Clark,
‘‘High-Temperature Alloys,’’ Pittman. Cross, Materials for Gas Turbine Engines,
Metal Progress, March 1965. ‘‘Heat Resistant Materials,’’ ASM Handbook, vol.
3, 9th ed., pp. 187–350. Lambert, ‘‘Refractory Metals and Alloys,’’ ASM Hand-
book, vol. 2, 10th ed., pp. 556–585. Watson et al., ‘‘Electrical Resistance
Alloys,’’ ASM Handbook, vol. 2, 10th ed., pp. 822–839.

Some of data presented here refer to materials with names which are
proprietary and registered trademarks. They include Inconel, Incoloy,
and Nimonic (Inco Alloys International); Hastelloy (Haynes Interna-
tional); MAR M (Martin Marietta Corp.); and René (General Electric
Co.).

Metals are used for an increasing variety of applications at elevated
temperatures, ‘‘elevated’’ being a relative term that depends upon the
specific metal and the specific service environment. Elevated-tempera-
ture properties of the common metals and alloys are cited in the several
subsections contained within this section. This subsection deals with
metals and alloys whose prime use is in high-temperature applications.
[Typical operating temperatures are compressors, 750°F (399°C); steam
turbines, 1,100°F (593°C); gas turbines, 2,000°F (1,093°C); resistance-
heating elements, 2,400°F (1,316°C); electronic vacuum tubes, 3,500°F
(1,926°C), and lamps, 4,500°F (2,482°C).] In general, alloys for high-
temperature service must have melting points above the operating tem-
perature, low vapor pressures at that temperature, resistance to attack
(oxidation, sulfidation, corrosion) in the operating environment, and
sufficient strength to withstand the applied load for the service life
without deforming beyond permissible limits. At high temperatures,
atomic diffusion becomes appreciable, so that time is an important fac-
tor with respect to surface chemical reactions, to creep (slow deforma-
tion under constant load), and to internal changes within the alloy during
service. The effects of time and temperature are conveniently combined
by the empirical Larson-Miller parameter P 5 T(C 1 log t) 3 102 3,

S
tr

es
s,

 M
P

a

Fig. 6.4.7 Stress-temperature application ranges for several alloy types; stress
to produce rupture in 1,000 h.
various alloy types find application in elevated-temperature service.
Figure 6.4.8 indicates the important effect of time on the strength of
alloys at high temperatures, comparing a familiar stainless steel (type
304) with superalloy (M252).
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Fig. 6.4.8 Effect of time on rupture strength of type 304 stainless steel and alloy
M252.

Common Heat-Resisting Alloys A number of alloys containing
large amounts of chromium and nickel are available. These have excel-
lent oxidation resistance at elevated temperatures. Several of them have
been developed as electrical-resistance heating elements; others are
modifications of stainless steels, developed for general corrosion resis-
tance. Selected data on these alloys are summarized in Table 6.4.27.
The maximum temperature value given is for resistance to oxidation
with a reasonable life. At higher temperatures, failure will be rapid
because of scaling. At lower temperatures, much longer life will be
obtained. At the maximum useful temperature, the metal may be very
weak and frequently must be supported to prevent sagging. Under load,
these alloys are generally useful only at considerably lower tempera-
tures, say up to 1,200°F (649°C) max, depending upon permissible
creep rate and the load.

Superalloys were developed largely to meet the needs of aircraft gas
turbines, but they have also been used in other applications demanding
high strength at high temperatures. These alloys are based on nickel
and/or cobalt, to which are added (typically) chromium for oxidation
resistance and a complex of other elements which contribute to hot
strength, both by solid solution hardening and by forming relatively
stable dispersions of fine particles. Hardening by cold work, hardening
by precipitation-hardening heat treatments, and hardening by deliber-
ately arranging for slow precipitation during service are all methods
used to enhance the properties of these alloys. Fabrication of these alloys
is difficult since they are designed to resist distortion even at elevated
temperatures. Forging temperatures of about 2,300°F (1,260°C) are
used with small reductions and slow rates of working. Many of these
alloys are fabricated by precision casting. Cast alloys that are given a
strengthening heat treatment often have better properties than wrought
alloys, but the shapes that can be made are limited.

Vacuum melting is an important factor in the production of superal-
loys. The advantages which result from its application include the abil-
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Table 6.4.27 Properties of Common Heat-Resisting Alloys

Alloy

Max temp
for oxidation

resistance Nominal chemical composition, %

Stress to rupture in
1,000 h, ksi

0.2 percent
offset yield
strength, ksi
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UNS no. Name °F °C C Cr Ni Fe Other

N 06004 62 Ni, 15 Cr 1,700 926 15 62 Bal 8.19 9.35
N 06003 80 Ni, 20 Cr 2,100 1,148 20 80 8.4 9.8 63

Kanthal 2,450 1,371 25 Bal 3 Co, 5 Al 7.15
N 06600 Inconel alloy

600
2,050 1,121 13 79 Bal 8.4 14.5 3.7 36 22 22

G 10150 1,015 1,000 537 0.15 Bal 7.8 8.36 2.7 42 20 10
S 50200 502 1,150 621 0.12 5 Bal 0.5 Mo 7.8 7.31 6 1.5 27 18 12
S 44600 446 2,000 1,093 0.12 26 0.3 Bal 7.6 6.67 4 1.2
S 30400 304 1,650 871 0.06 18 9 Bal 7.9 10.4 11 3.5 32 14 11
S 34700 347 1,650 871 0.08 18.5 11.5 Bal 0.8 Nb 8.0 10.7 20 41 31 26
S 31600 316 1,650 871 0.07 18 13 Bal 2.5 Mo 8.0 10.3 25 7 41 22 21
S 31000 310 2,000 1,093 0.12 25 20 Bal 7.9 9.8 13.2 3.0 2.7 34 28 25
S 32100 321 1,650 899 0.06 18 10 Bal 0.5 Ti 8.0 10.7 17.5 3.7 39 27 25

NA 22H 2,200 1,204 0.5 28 48 Bal 5W 8.6 30 18 3.6
N 06617 Inconel alloy

617
2,050 1,121 0.1 22 Bal 3 9 Mo, 12.5 Co,

1.2 Al, 0.6 Ti
8.36 6.4 52 14 4 43 29 25

N 08800 Inconel alloy
800

1,800 982 0.1 21 32 Bal 7.94 7.9 24 7 2 36 26 26

N 08330 330 1,850 1,010 0.05 19 36 Bal 8.08 8.3 5 1.3 40 26 21

ity to melt higher percentages of reactive metals, improved mechanical
properties (particularly fatigue strength), decreased scatter in mechani-
cal properties, and improved billet-to-bar stock-conversion ratios in
wrought alloys.

Table 6.4.28 to 6.4.31 list compositions and properties of some su-
peralloys, and Fig. 6.4.9 indicates the temperature dependence of the
rupture strength of a number of such alloys.

Cast tool alloys are another important group of materials having high-
temperature strength and wear resistance. They are principally alloys of
cobalt, chromium, and tungsten. They are hard and brittle, and they

106 lb/in2 (242 GPa); specific gravity 5 8.8; hardness, BHN at room
temp 5 660; 1,500°F (815°C), 435, and 2,000°F (1,093°C) 340.

For still higher-temperature applications, the possible choices are
limited to a few metals with high melting points, all characterized by
limited availability and by difficulty of extraction and fabrication. Ad-
vanced alloys of metals such as chromium, niobium, molybdenum, tan-
talum, and tungsten are still being developed. Table 6.4.33 cites proper-
ties of some of these alloys. Wrought tool steel materials are described
in ‘‘Tool Steels,’’ ASM Handbook, vol. 3, 9th ed., pp. 421–447.

Chromium with room-temperature ductility has been prepared exper-
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must be cast and ground to shape. Their most important application is
for hard facing, but they compete with high-speed steels and cemented
carbides for many applications, in certain instances being superior to
both. (See Cemented Carbides, Sec. 6.4.) Typical compositions are
given in Table 6.4.32; typical properties are: elastic modulus 5 35 3

Table 6.4.28 Wrought Superalloys, Compositions*

Common designation C Mn Si Cr Ni

19-9D L 0.2 0.5 0.6 19 9
Timken 0.1 0.5 0.5 16 25
L.C. N-155 0.1 0.5 0.5 20 20
S-590 0.4 0.5 0.5 20 20
S-816 0.4 0.5 0.5 20 20

Nimonic alloy 80A 0.05 0.7 0.5 20 76 .
K-42-B 0.05 0.7 0.7 18 42 2
Hastelloy alloy B 0.1 0.5 0.5 . . 65 .
M 252† 0.10 1.0 0.7 19 53.5 1
J1570 0.20 0.1‡ 0.2‡ 20 29 3
HS-R235 0.10 . . . . . . . . 16 Bal
Hastelloy alloy X 0.10 . . . . . . . . 21 48
HS 25 (L605) 0.05 1.5 1.0‡ 20 10 5
A-286 0.05 . . . . . . . . 15 26 .
Inconel alloy 718 0.05 0.2 0.2 19 52.5 .
Inconel alloy X-750 0.1 1.0 0.5 15 72

* For a complete list of superalloys, both wrought and cast, experimental and under
and Rupture Strengths of Superstrength Alloys.’’

† Waspaloy has a similar composition (except for lower Mo content), and similar
‡ Max.
imentally as a pure metal and as strong high-temperature alloys. It is not
generally available on a commercial basis. Large quantities of chro-
mium are used as melt additions to steels, stainless steels, and nickel-
base alloys.

Molybdenum is similar to tungsten in most of its properties. It can be

hemical composition, %

Co Mo W Nb Ti Al Fe Other

. . . 1.2 1.25 0.3 0.3 . . . . Bal

. . . 6 . . . . . . . . . . . . . . . Bal 0.15 N
0 3 2 1 . . . . . . . Bal 0.15 N
0 4 4 4 . . . . . . . Bal
al 4 4 4 . . . . . . . 4

. . . . . . . . . . . . . . . 2.3 1.0 0.5
2 . . . . . . . . . . . . 2.0 0.2 14
. . . 28 . . . . . . . . . . . . . . . 6 0.4 V
0 10 . . . . . . . . 2.5 0.75 2
7.5 . . . . 7 . . . 4.1 . . . . 2
1.5 6 . . . . . . . . 3.0 1.8 8
2.0 9 1.0 . . . . . . . . . . 18
3 . . . . 15 . . . . . . . . . . 1.0
. . . 1.3 . . . . . . . . 2.0 0.35 55 0.3 V
. . . 3 . . . . . 5 0.9 0.5 18.5
1.0 . . . . . . . . . . . . 2.5 0.7 7

development, see ASTM Spec. Pub. 170, ‘‘Compilation of Chemical Compositions

properties.
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Table 6.4.29 Wrought Superalloys, Properties

Stress to rupture, ksi

Short-time tensile properties, ksi

Alloy
Max temp
under load

At
1,200°F At 1,500°F

Yield strength 0.2% offset Tensile strength
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1,000 h 100 h 1,000 h

K63198 19-9 DL 1,200 649 9.7 7.75 38 17 10 115 39 30 140 75 33 13
Timken 1,350 732 9.25 8.06 36 13.5 9 96* 70* 16* 134 90 40 18

R30155 L.C. N-155 1,400 760 9.4 8.2 48 20.0 15 53 40 33 12 115 53 35 19
S-590 1,450 788 8.0 8.34 40 19.0 15 78* 70 47 20 140 82 60 22

R30816 S-816 1,500 816 8.3 8.66 53 29.0 18 63* 45 41 140 112 73 25
N07080 Nimonic alloy

80A
1,450 788 7.56 56 24 15 80* 73 47 150 101 69

— K-42-B 1,400 760 8.5 8.23 38 22 15 105 84 52 158 117 54
N10001 Hastelloy alloy B 1,450 788 6.9 9.24 36 17 10 58 42 135 94 66 24
N07252 M 252 1,500 816 7.55 8.25 70 26 18 90 75 65 160 140 80 20

— J 1570 1,600 871 8.42 8.66 84 34 24 81 70 71 17 152 135 82 20
— HS-R235 1,600 871 8.34 7.88 70 35 23 100 90 80 22 170 145 83 25

N06002 Hastelloy alloy X 1,350 732 30 14 10 56 41 37 113 83 52 15
R30605 HS 25 (L605) 1,500 816 54 22 18 70 35 75 50 23
K66286 A-286 1,350 732 45 13.8 7.7
N07718 Inconel alloy 718 1,400 760 7.2 8.19 54 19 13 152 126 186 149
N07750 Inconel alloy

X-750
1,300 704 7.0 8.25 92 82 45 162 120 52

* 0.02 percent offset.

prepared in the massive form by powder metallurgy techniques, by
inert-atmosphere or vacuum-arc melting. Its most serious limitation is
its ready formation of a volatile oxide at temperatures of 1,400°F ap-
prox. In the worked form, it is inferior to tungsten in melting point,
tensile strength, vapor pressure, and hardness, but in the recrystallized
condition, the ultimate strength and elongation are higher. Tensile
strengths up to 350,000 lb/in2 (2,413 MPa) have been reported for hard-
drawn wire, and to 170,000 lb/in2 (1,172 MPa) for soft wire. In the
hard-drawn condition, molybdenum has an elongation of 2 to 5 percent,
but after recrystallizing, this increases to 10 to 25 percent. Young’s

num is generally used for winding electric furnaces for temperatures up
to 3,000°F (1,649°C). As it must be protected against oxidation, such
furnaces are usually operated in hydrogen. It is the common material for
cathodes for radar devices, heat radiation shields, rocket nozzles and
other missile components, and hot-working tools and die-casting cores
in the metalworking industry. Its principal use is still as an alloying
addition to steels, especially tool steels and high-temperature steels.

Molybdenum alloys have found increased use in aerospace and com-
mercial structural applications, where their high stiffness, microstruc-
tural stability, and creep strength at high temperatures are required.

Ni

2
1.5
6
0
0 Bal 4 4 4 5 —
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modulus is 50 3 106 lb/in2 (345 GPa). It costs about the same as tung-
sten, per pound, but its density is much less. It has considerably better
forming properties than tungsten and is extensively used for anodes,
grids, and supports in vacuum tubes, lamps, and X-ray tubes. Molybde-

Table 6.4.30 Cast Superalloys, Nominal Composition

Common designation C Mn Si Cr

Vitallium (Haynes 21) 0.25 0.6 0.6 27
61 (Haynes 23) 0.4 0.6 0.6 26
422-19 (Haynes 30) 0.4 0.6 0.6 26 1
X-40 (Haynes 31) 0.4 0.6 0.6 25 1
S-816 0.4 0.6 0.6 20 2

HE 1049 0.45 0.7 0.7 25 10
Hastelloy alloy C 0.10 0.8 0.7 16 56

B 1900 1 Hf 0.1 — — 8 Bal

MAR-M 247 0.15 — — 8.5 Bal

René 80 0.15 — — 14 Bal

MO-RE 2 0.2 0.3 0.3 32 48

* Trace elements not shown.
They are generally stronger than niobium alloys but are not ductile in
the welded condition. Molybdenum alloys are resistant to alkali metal
corrosion.

Niobium (also known as columbium) is available as a pure metal and

Chemical composition, %

Co Mo W Nb Fe Other*

Bal 6 — — 1 —
Bal — 5 — 1 —
Bal 6 — — 1 —
Bal — 7 — 1 —
45 — 15 — 1.5 0.4B
1 17 4 — 5.0 0.3V

H6 Al 4 Ta
10 6 — — —

1 Ti 1.5 Hf

5.5 Al 3Ta
10 0.5 10 — — H1 Ti 1.5 Hf
9.5 4 4 — — 3 Al 5 Ti

— — 15 — Bal 1 Al
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Table 6.4.31 Cast Superalloys, Properties

Short-time tensile properties, ksi

Max temp
under load

Stress to rupture in
1,000 h, ksi

Yield strength, 0.2%
offset Tensile strength

Common designation °F °C

Vitallium (Haynes 21) 1,500 816 8.35 8.3 44 14 7 82 71 49 101 89 59 33
61 (Haynes 23) 1,500 816 8.5 8.53 47 22 5.5 58 74 40 33 105 97 58 45
422-19 (Haynes 30) 1,500 816 8.07 8.31 21 7 55 37* 48 98 59* 64 37
N-40 (Haynes 31) 1,500 816 8.18 8.60 46 23 9.8 74 37* 44 101 77* 59 29
S-816 1,500 816 8.27 8.66 46 21 9.8 112
HE 1049 1,650 899 8.9 75 35 7 80 72 62 36 90 82 81 52
Hastelloy alloy C 7.73 8.91 42.5 14.5 1.4 54 50 130 87 51 19
B 1900 1 Hf 1,800 982 7.7 8.22 55 15 120 134 109 60 140 146 126 80
MAR-M 247 1,700 927 8.53 18 117 117 108 48 140 152 130 76
René 80 1,700 927 8.16 15 124 105 90 149 149 123

* Specimen not aged.
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Fig. 6.4.9 Temperature dependence of strengths of some high-temperature alloys; stress to produce rupture in 1,000 h.

Table 6.4.32 Typical Compositions of Cast Tool Alloys

Name C Cr W Co Fe V Ta B Other

Rexalloy 3 32 20 45
Stellite 98 M2 3 28 18 35 9 4 0.1 0.1 3 Ni
Tantung G-2 3 15 21 40 . . . . . . 19 0.2
Borcoloy no. 6 0.7 5 18 20 Bal 1.3 . . . . 0.7 6 Mo
Colmonoy WCR 100 . . . 10 15 . . . Bal . . . . . . . 3

as the base of several niobium alloys. The alloys are used in nuclear
applications at temperatures of 1,800 to 2,200°F (980 to 1,205°C) be-
cause of their low thermal neutron cross section, high strength, and
good corrosion resistance in liquid or gaseous alkali metal atmospheres.
Niobium alloys are used in leading edges, rocket nozzles, and guidance
structures for hypersonic flight vehicles. A niobium-46.5 percent tita-
nium alloy is used as a low-temperature superconductor material for
magnets in magnetic resonance imaging machines.

Tantalum has a melting point that is surpassed only by tungsten. Its
early use was as an electric-lamp filament material. It is more ductile

the size of the original pressed compact. Tantalum carbide is used in
cemented-carbide tools, where it decreases the tendency to seize and
crater. The stability of the anodic oxide film on tantalum leads to recti-
fier and capacitor applications. Tantalum and its alloys become compet-
itive with niobium at temperatures above 2,700°F (1,482°C). As in the
case of niobium, these materials are resistant to liquid or vapor metal
corrosion and have excellent ductility even in the welded condition.

Tungsten has a high melting point, which makes it useful for high-
temperature structural applications. The massive metal is usually pre-
pared by powder metallurgy from hydrogen-reduced powder. As a
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than molybdenum or tungsten; the elongation for annealed material may
be as high as 40 percent. The tensile strength of annealed sheet is about
50,000 lb/in2 (345 MPa). In this form, it is used primarily in electronic
capacitors. It is also used in chemical-processing equipment, where its
high rate of heat transfer (compared with glass or ceramics) is particu-
larly important, although it is equivalent to glass in corrosion resistance.
Its corrosion resistance also makes it attractive for surgical implants.
Like tungsten and molybdenum, it is prepared by powder metallurgy
techniques; thus, the size of the piece that can be fabricated is limited by

Table 6.4.33 Properties of Selected Refractory Metals

Density, Elastic
Melting lb/in3 at modulus at

Alloy temp, °F 75°F 75°F

Chromium 3,450 0.760 42
Columbium 4,474 0.310 16

F48 (15 W, 5 Mo, 1 Zr, 0.05 C) 25
Cb74 or Cb752 (10 W, 2 Zr) 0.326
Molybdenum 4,730 0.369 47
Mo (1⁄2 Ti)
TZM (0.5 Ti, 0.08 Zr)

Tantalum 5,425 0.600 27
Ta (10 W)

Rhenium 5,460 0.759 68
Tungsten 6,170 0.697 58

W (10 Mo)
W (2 ThO2)
metal, its chief use is as filaments in incandescent lamps and electronic
tubes, since its vapor pressure is low at high temperatures. Tensile
strengths over 600,000 lb/in2 (4,136 MPa) have been reported for fine
tungsten wires; in larger sizes (0.040 in), tensile strength is only
200,000 lb/in2 (1,379 MPa). The hard-drawn wire has an elongation of 2
to 4 percent, but the recrystallized wire is brittle. Young’s modulus is 60
million lb/in2 (415 GPa). It can be sealed directly to hard glass and so is
used for lead-in wires. A considerable proportion of tungsten rod and
sheet is used for electrical contacts in the form of disks cut from rod or

Ductile-to-
brittle

transition
temp, °F

Tensile strength, ksi (recrystallized condition)

75°F 1,800°F 2,200°F 3,000°F 3,500°F

625 12 8
2185 45 12 10

121 75 50
84 60 36
85 75 34 22 6 3
110 70 48 8 4
130 85 70 14 5

, 2 320 30 22 15 8 4
65 35 12 8

, 75 170 85 60 25 11
645 85 36 32 19 10

28 10
40 30 25
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sheet and brazed to supporting elements. The major part of the tungsten
used is made into ferroalloys for addition to steels or into tungsten
carbide for cutting tools. Other applications include elements of elec-
tronic tubes, X-ray tube anodes, and arc-welding electrodes. Alloys of
tungsten that are commercially available are W-3 Re, W-25 Re, and
thoriated tungsten. The rhenium-bearing alloys are more ductile than
unalloyed tungsten at room temperature. Thoriated tungsten is stronger
than unalloyed tungsten at temperatures up to the recrystallization tem-
perature.

are given in Tables 6.4.35 to 6.4.37. The absorption data apply to slow,
or thermal, neutrons; entirely different cross sections obtain for fast
neutrons, for which few materials have significantly high capture affin-
ity. Fast neutrons have energies of about 106 eV, while slow, or thermal,

Table 6.4.35 Moderating Properties
of Materials

Slowing-down Moderating
Moderator power, cm21 ratio

ne
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METALS AND ALLOYS FOR NUCLEAR ENERGY
APPLICATIONS

by L. D. Kunsman and C. L. Carlson; Amended by Staff

REFERENCES: Glasstone, ‘‘Principles of Nuclear Reactor Engineering,’’ Van
Nostrand. Hausner and Roboff, ‘‘Materials for Nuclear Power Reactors,’’ Rein-
hold. Publications of the builders of reactors (General Electric Co., Westinghouse
Corp., General Atomic Co.) and suppliers of metal used in reactor components.
See also Sec. 9.8 commentary and other portions of Sec. 6.4.

The advent of atomic energy not only created a demand for new metals
and alloys but also focused attention on certain properties and combina-
tions of properties which theretofore had been of little consequence.
Reactor technology requires special materials for fuels, fuel cladding,
moderators, reflectors, controls, heat-transfer mediums, operating
mechanisms, and auxiliary structures. Some of the properties pertinent
to such applications are given in a general way in Table 6.4.34. In
general, outside the reflector, only normal engineering requirements
need be considered.

Nuclear Properties A most important consideration in the design of
a nuclear reactor is the control of the number and speed of the neutrons
resulting from fission of the fuel. The designer must have knowledge of
the effectiveness of various materials in slowing down neutrons or in
capturing them. The slowing-down power depends not only on the rela-
tive energy loss per atomic collision but also on the number of collisions
per second per unit volume. The former will be larger, the lower the
atomic weight, and the latter larger, the greater the atomic density and
the higher the probability of a scattering collision. The effectiveness of a
moderator is frequently expressed in terms of the moderating ratio, the
ratio of the slowing-down power to the capture cross section. The cap-
turing and scattering tendencies are measured in terms of nuclear cross
section in barns (102 24 cm2). Data for some of the materials of interest

Table 6.4.34 Requirements of Materials for Nuclear Reactor Compo

Neutron Effect
absorption in Resistance to

cross slowing radiation
Component section neutrons Strength damage

Moderator
and
reflector

Low High Adequate —

Fuel* Low — Adequate High

Control rod High — Adequate Adequate
Shield High High High —

Cladding Low — Adequate —

Structural Low — High Adequate

Coolant Low — — —

U, Th, and Pu are used as fuels in the forms of metals, oxides, and carbides.
H2O 1.53 70
D2O 0.177 21,000
He 1.6 3 1025 83
Be 0.16 150
BeO 0.11 180
C (graphite) 0.063 170

SOURCE: Adapted from Glass, ‘‘Principles of Nuclear Reactor Engi-
neering,’’ Van Nostrand.

neutrons have energies of about 2.5 3 102 2 eV. Special consideration
must frequently be given to the presence of small amounts of high
cross-section elements such as Co or W which are either normal inci-
dental impurities in nickel alloys and steels or important components of
high-temperature alloys.

Table 6.4.36 Slow-Neutron Absorption by Structural Materials

Relative neutron
absorpton for pipes
of equal strength,

68°F (20°C)

Melting point

°F °CMaterial

Relative neutron
absorption per cm3

3 103

Magnesium 3.5 10 1,200 649
Aluminum 13 102 1,230 666
Stainless steel 226 234 2,730 1,499
Zirconium 12.6 16 3,330 1,816

SOURCE:: Leeser, Materials & Methods, 41, 1955, p. 98.

Effects of Radiation Irradiation affects the properties of solids in a
number of ways: dimensional changes; decrease in density; increase in
hardness, yield, and tensile strengths; decrease in ductility; decrease
in electrical conductivity; change in magnetic susceptibility. Another
consideration is the activation of certain alloying elements by irradia-
tion. Tantalum181 and Co60 have moderate radioactivity but long half-

nts

Thermal Corrosion Typical
conductivity resistance Cost Other material

— High Low Low atomic
wt

H2O
graphite,
Be

High High Low — U, Th, Pu

High — — — Cd, B4C

— — — High g
radiation
absorption

Concrete

High High Low — Al, Zr,
stainless
steel

— High — — Zr,
stainless
steel

High — — Low
corrosion
rate, high
heat
capacity

H2O, Na,
NaK,
CO2 , He
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Table 6.4.37 Slow-Neutron Absorption Cross Sections

Low Intermediate High

Cross Cross Cross
section, section, section,

Element barns Element barns Element barns

Oxygen 0.0016 Zinc 1.0 Manganese 12
Carbon 0.0045 Columbium 1.2 Tungsten 18
Beryllium 0.009 Barium 1.2 Tantalum 21
Fluorine 0.01 Strontium 1.3 Chlorine 32
Bismuth 0.015 Nitrogen 1.7 Cobalt 35
Magnesium 0.07 Potassium 2.0 Silver 60
Silicon 0.1 Germanium 2.3 Lithium 67
Phosphorus 0.15 Iron 2.4 Gold 95
Zirconium 0.18 Molybdenum 2.4 Hafnium 100
Lead 0.18 Gallium 2.8 Mercury 340
Aluminum 0.22 Chromium 2.9 Iridium 470
Hydrogen 0.32 Thallium 3.3 Boron 715
Calcium 0.42 Copper 3.6 Cadmium 3,000
Sodium 0.48 Nickel 4.5 Samarium 8,000
Sulphur 0.49 Tellurium 4.5 Gadolinium 36,000
Tin 0.6 Vanadium 4.8

Antimony 5.3
Titanium 5.8

SOURCE: Leeser, Materials & Methods, 41, 1955, p. 98.

lives; isotopes having short lives but high-activity levels include Cr51,
Mn56, and Fe59.

Metallic Coolants The need for the efficient transfer of large quan-
tities of heat in a reactor has led to use of several metallic coolants.
These have raised new problems of pumping, valving, and corrosion. In
addition to their thermal and flow properties, consideration must also be
given the nuclear properties of prospective coolants. Extensive thermal,
flow, and corrosion data on metallic coolants are given in the ‘‘Liquid
Metals Handbook,’’ published by USNRC. The resistances of common
materials to liquid sodium and NaK are given qualitatively in Table

uranium it corrodes readily, particularly at elevated temperatures.
Owing to its crystal structure, its properties are isotropic. Plutonium is
unusual in possessing six allotropic forms, many of which have anoma-
lous physical properties. The electrical resistivity of the alpha phase is
greater than that for any other metallic element. Because of the poor
corrosion resistance of nuclear-fuel metals, most fuels in power reactors
today are in the form of oxide UO2 , ThO2 , or PuO2 , or mixtures of
these. The carbides UC and UC2 are also of interest in reactors using
liquid-metal coolants.

Control-Rod Materials Considerations of neutron absorption cross

nd
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a
g
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6.4.38. Water, however, remains the most-used coolant; it is used under
pressure as a single-phase liquid, as a boiling two-phase coolant, or as
steam in a superheat reactor.

Fuels There are, at present, only three fissionable materials, U233,
U235, and Pu239. Of these, only U235 occurs naturally as an isotopic
‘‘impurity’’ with natural uranium U238. Uranium233 may be prepared
from natural thorium, and Pu239 from U238 by neutron bombardment.
Both uranium and thorium are prepared by conversion of the oxide to
the tetrafluoride and subsequent reduction to the metal.

The properties of uranium are considerably affected by the three allo-
tropic changes which it undergoes, the low-temperature forms being
highly anisotropic. The strength of the metal is low (see Table 6.4.39)
and decreases rapidly with increasing temperature. The corrosion resist-
ance is also poor. Aluminum-base alloys containing uranium-aluminum
intermetallic compounds have been used to achieve improved proper-
ties. Thorium is even softer than uranium but is very ductile. Like

Table 6.4.38 Resistance of Materials to Liquid Sodium a

Good

, 1,000°F Carbon steels, low-alloy steels, alloy
steels, stainless steels, nickel
alloys, cobalt alloys, refractory
metals, beryllium, aluminum
oxide, magnesium oxide,
aluminum bronze
1,000–1,600°F Armco iron, stainless steels, nickel
alloys,† cobalt alloys, refractory
metals‡

Ca
M
ry
n

* For more complete details, see ‘‘Liquid Metals Handbook.’’
† Except Monel.
‡ Except titanium and zirconium.
sections and melting points limit the possible control-rod materials to a
very small group of elements, of which only four—boron, cadmium,
hafnium, and gadolinium—have thus far been prominent. Boron is a
very light metal of high hardness (; 3,000 Knoop) prepared by thermal
or hydrogen reduction of BCl3 . Because of its high melting point, solid
shapes of boron are prepared by powder-metallurgy techniques. Boron
has a very high electrical resistivity at room temperature but becomes
conductive at high temperatures. The metal in bulk form is oxidation-
resistant below 1,800°F (982°C) but reacts readily with most halogens
at only moderate temperatures. Rather than the elemental form, boron is
generally used as boron steel or as the carbide, oxide, or nitride. Cad-
mium is a highly ductile metal of moderate hardness which is recovered
as a by-product in zinc smelting. Its properties greatly resemble those of
zinc. The relatively low melting point renders it least attractive as a
control rod of the four metals cited. Hafnium metal is reduced from
hafnium tetrachloride by sodium and subsequently purified by the io-

NaK*

Limited Poor

ay cast iron, copper, aluminum
lloys, magnesium alloys,
lasses

Sb, Bi, Cd, Ca, Au, Pb, Se,
Ag, S, Sn, Teflon
rbon steels, alloy steels,
onel, titanium, zirconium, be-
llium, aluminum oxide, mag-

esium oxide

Gray cast iron, copper
alloys, Teflon, Sb, Bi, Cd,
Ca, Au, Pb, Se, Ag, S, Sn,
Pt, Si, Magnesium alloys
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Table 6.4.39 Mechanical Properties of Metals for Nuclear Reactors

Room temp

Longitudinal

Yield strength,
ksi

Ult strength,
ksi

Elong,†
%

Transverse

Ult str,
ksi

Elong,†
%

Charpy
impact
ft ? lb

Elevated temp*

Material °F
Ult str,

ksi Elong, %

Beryllium:
Cast, extruded and
annealed 40 1.82 16.6 0.18 392 62 23.5

Flake, extruded and
annealed 63.7 5.0 25.5 0.30 752 43 29

Powder, hot-extruded 39.5 81.8 15.8 45.2 2.3 4.1 1,112 23 8.5
Powder, vacuum hot-
pressed 32.1 45.2 2.3 45.2 2.3 0.8 1,472 5.2 10.5

Zirconium:
Kroll-50% CW 82.6 14.8 250 32
Kroll-annealed 49.0 500 23
Iodide 15.9 35.9 31 2.5–6.0 700 17

900 12
1,500 3

Uranium 25 53 ,10 15 302 27
1,112 12

Thorium 27 37.5 40 570 22
930 17.5

* All elevated-temperature data on beryllium for hot-extruded powder; on zirconium for iodide material.
† Beryllium is extremely notch-sensitive. The tabulated data have been obtained under very carefully controlled conditions, but ductility values in practice will be found in general to be much lower

and essentially zero in the transverse direction.

dide hot-wire process. It is harder and less readily worked than zirco-
nium, to which it is otherwise very similar in both chemical and physi-
cal properties. Hafnium reacts easily with oxygen, and its properties are
sensitive to traces of most gases. The very high absorption cross section
of gadolinium renders it advantageous for fast-acting control rods. This
metal is one of the rare earths and as yet is of very limited availability. It
is most frequently employed as the oxide.

Beryllium Great interest attaches to beryllium because it is unique
among the metals with respect to its very low neutron-absorption cross
section and high neutron-slowing power. It may also serve as a source

tron-absorption cross section than do the zirconium alloys, its good
corrosion resistance, high strength, low cost, and ease of fabrication
make it a strong competitor with zirconium alloys as a fuel-cladding
material for water-cooled power-reactor applications. Types 348 and
304 stainless are used in major reactors.

MAGNESIUM AND MAGNESIUM ALLOYS

by James D. Shearouse, III
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of neutrons when subjected to alpha-particle bombardment. Beryllium
is currently prepared almost entirely by magnesium reduction of the
fluoride, although fused-salt electrolysis is also practicable and has been
used. The high affinity of the metal for oxygen and nitrogen renders its
processing and fabrication especially difficult. At one time, beryllium
was regarded as almost hopelessly brittle. Special techniques, such as
vacuum hot pressing, or vacuum casting followed by hot extrusion of
clad slugs, led to material having marginally acceptable, though highly
directional, mechanical properties. The extreme toxicity of beryllium
powder necessitates special precautions in all operations.

Zirconium Zirconium’s importance in nuclear technology derives
from its low neutron-absorption cross section, excellent corrosion re-
sistance, and high strength at moderate temperatures. The metal is pro-
duced by magnesium reduction of the tetrachloride (Kroll process). The
Kroll product is usually converted to ingot form by consumable-elec-
trode-arc melting. An important step in the processing for many appli-
cations is the difficult chemical separation of the 11⁄2 to 3 percent haf-
nium with which zirconium is contaminated. Unless removed, this
small hafnium content results in a prohibitive increase in absorption
cross section from 0.18 to 3.5 barns. The mechanical properties of zir-
conium are particularly sensitive to impurity content and fabrication
technique. In spite of the high melting point, the mechanical properties
are poor at high temperatures, principally because of the allotropic
transformation at 1,585°F (863°C). A satisfactory annealing tempera-
ture is 1,100°F (593°C). The low-temperature corrosion behavior is
excellent but is seriously affected by impurities. The oxidation resis-
tance at high temperatures is poor. Special alloys (Zircoloys) have been
developed having greatly improved oxidation resistance in the interme-
diate-temperature range. These alloys have a nominal content of 1.5
percent Sn and minor additions of iron-group elements.

Stainless Steel Although stainless steel has a higher thermal neu-
REFERENCES: ‘‘Metals Handbook,’’ ASM. Beck, ‘‘Technology of Magnesium
and Its Alloys.’’ Annual Book of Standards, ASTM. Publications of the Dow
Chemical Co.

Magnesium is the lightest metal of structural importance [108 lb/ft3

(1.740 g/cm3)]. The principal uses for pure magnesium are in aluminum
alloys, steel desulfurization, and production of nodular iron. Principal
uses for magnesium alloys are die castings (for automotive and computer
applications), wrought products, and, to a lesser extent, gravity castings
(usually for aircraft and aerospace components). Because of its chemi-
cal reactivity, magnesium can be used in pyrotechnic material and for
sacrificial galvanic protection of other metals. Since magnesium in its
molten state reacts with the oxygen in air, a protective atmosphere
containing sulfur hexafluoride is employed as a controlled atmosphere.

Commercially pure magnesium contains 99.8 percent magnesium
and is produced by extraction from seawater or by reduction from mag-
nesite and dolomite ores. Chief impurities are iron, silicon, manganese,
and aluminum. The major use of magnesium, consuming about 50 per-
cent of total magnesium production, is as a component of aluminum
alloys for beverage can stock. Another use for primary magnesium is in
steel desulfurization. Magnesium, usually mixed with lime or calcium
carbide, is injected beneath the surface of molten steel to reduce the
sulfur content.

A growing application for magnesium alloys is die cast automotive
components. Their light weight can be used to help achieve reduced fuel
consumption, while high-ductility alloys are used for interior compo-
nents which must absorb impact energy during collisions. These alloys
can be cast by hot or cold chamber die-casting methods, producing a
diverse group of components ranging from gear cases to steering wheel
frames. Some vehicles use magnesium die castings as structural mem-
bers to serve as instrument panel support beams and steering columns.
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Designs employing magnesium must account for the relatively low
value of the modulus of elasticity (6.5 3 106 lb/in2) and high ther-
mal coefficient of expansion [14 3 102 6 per °F at 32°F (0°C) and
16 3 102 6 for 68 to 752°F (20 to 400°C)]. (See Tables 6.4.40 and
6.4.41.)

The development of jet engines and high-velocity aircraft, missiles,
and spacecraft led to the development of magnesium alloys with im-
proved elevated-temperature properties. These alloys employ the addi-
tion of some combination of rare earth elements, yttrium, manganese,
zirconium, or, in the past, thorium. Such alloys have extended the useful

can be used, but they are not as effective in inhibiting contact corrosion.
Rivets should be anodized to prevent contact corrosion. Adhesive bond-
ing is another accepted method for joining magnesium. It saves weight
and improves fatigue strength and corrosion resistance.

Arc welding with inert-gas (helium or argon) shielding of the molten
metal produces satisfactory joints. Butt joints are preferred, but any type
of welded joint permissible for mild steel can be used. After welding, a
stress relief anneal is necessary. Typical stress relief anneal times are 15
min at 500°F (260°C) for annealed alloys and 1 h at 400°F (204°C) for
cold-rolled alloys.

llo
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temperatures at which magnesium can serve in structural applications to
as high as 700 to 800°F.

Magnesium alloy forgings are used for applications requiring proper-
ties superior to those obtainable in castings. They are generally press-
forged. Alloy AZ61 is a general-purpose alloy, while alloys AZ80A-T5
and ZK60A-T5 are used for the highest-strength press forgings of sim-
ple design. These alloys are aged to increase strength.

A wide range of extruded shapes are available in a number of compo-
sitions. Alloys AZ31B, AZ61A, AZ80A-T5, and ZK60A-T5 increase in
cost and strength in the order named. Impact extrusion produces smaller,
symmetric tubular parts.

Sheet is available in several alloys (see Table 6.4.41), in both the soft
(annealed) and the hard (cold-rolled) tempers. Magnesium alloy sheet
usually is hot-formed at temperatures between 400 and 650°F, although
simple bends of large radius are made cold.

Joining Magnesium alloys are joined by riveting or welding. Rivet-
ing is most common. Aluminum alloy rivets are used; alloy 5052 is
preferred, to minimize contact corrosion. Other aluminum alloy rivets

Table 6.4.40 Typical Mechanical Properties of Magnesium Casting A

Con-
dition

or
tem-
per*

Nominal composition, %
(balance Mg plus trace elements)

Mn,
Alloy Al Zn min Zr Other

Permanent mold and

sand casting
alloys:

AM100A 2 T6 10.0 0.10
AZ63A 2 F 6.0 3.0 0.15

2 T4
2 T5
2 T6

AZ81A 2 T4 7.5 0.7 0.13
AZ91E 2 F 8.7 0.7 0.17

2 T4
2 T5
2 T6

AZ92A 2 F 9.0 2.0 0.10
2 T4
2 T5
2 T6

EZ33A 2 T5 2.5 0.8 3.5 RE†
K1A 2 F 0.7
QE22A 2 T6 0.7 2.0 RE,†

2.5 Ag
ZE41A 2 T5 4.0 0.7 1.3 RE†
ZK51A 2 T5 4.5 0.8
ZK61A 2 T6 6.0 0.8

Die casting alloys:
AZ91D 2 F 9.0 0.7 0.15
AM60B 2 F 6.0 0.22 max 0.24
AM50A 2 F 5.0 0.22 max 0.26
AS41B 2 F 4.2 0.12 max 0.35 1.0 Si
AE42X1 2 F 4.0 0.22 max 0.25 2.4 RE†

ksi 3 6.895 5 MPa
* 2 F 5 as cast; 2 T4 5 artificially aged; 2 T5 5 solution heat-treated; 2 T6 5 solution heat-tr
† RE 5 rare-earth mixture.
‡ Percent electrical conductivity/100 approximately equals thermal conductivity in cgs units.
Machining Magnesium in all forms is a free-machining metal.
Standard tools such as those used for brass and steel can be used with
slight modification. Relief angles should be from 7° to 12°; rake angles
from 0° to 15°. High-speed steel is satisfactory and is used for most
drills, taps, and reamers. Suitable grades of cemented carbides are better
for production work and should be used where the tool design permits it.
Finely divided magnesium constitutes a fire hazard, and good house-
keeping in production areas is essential. (see also Sec. 13.4.)

Corrosion Resistance and Surface Protection All magnesium
alloys display good resistance to ordinary inland atmospheric exposure,
to most alkalies, and to many organic chemicals. High-purity alloys
introduced in the mid-1980s demonstrate excellent corrosion resistance
and are used in under-vehicle applications without coatings. However,
galvanic couples formed by contact with most other metals, or by con-
tamination of the surface with other metals during fabrication, can cause
rapid attack of the magnesium when exposed to salt water. Protective
treatments or coated fasteners can be used to isolate galvanic couples
and prevent this type of corrosion.
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ength,
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Tensile
yield
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Elonga-
tion, %,
in 2 in

Shear
strength,

ksi

Strength, ksi

Ten- Hardness
sile Yield BHN

Elec-
trical

conduc-
tivity, %
IACS‡
40 22 1 22 70 14
29 14 6 18 60 40 50 14
40 13 12 17 60 44 55 12
30 14 4 17 60 40 55
40 19 5 20 75 52 73 15
40 12 15 17 60 44 55 12
24 14 2 18 60 40 52 13
40 12 14 17 60 44 53 11
26 17 3
40 19 5 20 75 52 66 13
24 14 2 18 50 46 65 12
40 14 9 20 68 46 63 10
26 16 2 19 50 46 70
40 21 2 22 80 65 84 14
23 15 3 22 57 40 50 25
25 7 19 8 31
40 30 4 23 25

30 20 3.5 22 70 51 62 31
40 24 8 22 72 47 65 27
45 28 10 26 70 27

34 23 3 20 75
32 19 6–8 62
32 18 8–10 57
31 18 6 75
33 20 8–10 57

eated.
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Table 6.4.41 Properties of Wrought Magnesium Alloys

Physical properties

Thermal
conduc-
tivity,

cgs units,
68°F

(20°C)

Room-temperature mechanical properties (typical)

Electrical
resistivity,
mV ? cm,

68°F
(20°C)

Tensile
strength,

ksi

Tensile
yield

strength,
ksi

Elonga-
tion in
2 in, %

Com-
pressive

yield
strength,

ksi

Shear
strength,

ksi

Bearing
strength, ksi

Ten-
sile Yield

Hardness
BHN

Alloy and
temper*

Nominal composition, %
(balance Mg plus trace elements)

Al Mn Zn Zr
Density,

lb/in3

Extruded bars, rods, shapes

AZ31B-F 3.0 1.0 0.0639 0.18 9.2 38 29 15 14 19 56 33 49
AZ61A-F 6.5 1.0 0.0647 0.14 12.5 45 33 16 19 22 68 40 60
AZ80A-T5 8.5 0.5 0.0649 0.12 14.5 55 40 7 35 24 60 58 82
ZK60A-F 5.7 0.5 0.0659 0.28 6.0 49 38 14 33 24 76 56 75

-T5 5.7 0.5 0.0659 0.29 5.7 53 44 11 36 26 79 59 82

Extruded tube

AZ31B-F 3.0 1.0 0.0639 0.18 9.2 36 24 16 12 46
AZ61A-F 6.5 1.0 0.0647 0.14 12.5 41 24 14 16 50
ZK60A-F 5.7 0.5 0.0659 0.28 6.0 47 35 13 25 75

-T5 5.7 0.5 0.0659 0.29 5.7 50 40 11 30 82
M1A 1.2 0.0635 0.31 5.4 37 26 11 12

Sheet and plate

AZ31B-H24 3.0 1.0 0.0639 0.18 9.2 42 32 15 26 29 77 47 73
40 29 17 23 28 72 45
39 27 19 19 27 70 40

AZ31B-O 3.0 1.0 0.0639 0.18 9.2 37 22 21 16 26 66 37 56
M1A 1.2 0.0635 0.31 5.4 37 26 11 12

Tooling plate

AZ31B 3.0 1.0 0.0639 0.18 9.2 35 19 12 10

Tread plate

AZ31B 3.0 1.0 0.0639 0.18 9.2 35 19 14 11 52

See Sec. 1 for conversion factors to SI units.
NOTE: For all above alloys: coefficient of thermal expansion 5 0.0000145; modulus of elasticity 5 6,500,000 lb/in2 ; modulus of rigidity 5 2,400,000 lb/in2 ; Poisson’s ratio 5 0.35.
* Temper: 2 F 5 as fabricated; 2 H24 5 strain-hardened, then partially annealed; 2 O 5 fully annealed; 2 T5 5 artificially aged.
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POWDERED METALS

by Peter K. Johnson

REFERENCES: German, ‘‘Powder Metallurgy Science,’’ 2d ed., Metal Powder
Industries Federation, Princeton, NJ. ‘‘Powder Metallurgy Design Manual,’’ 2d
ed., Metal Powder Industries Federation.

Powder metallurgy (PM) is an automated manufacturing process to make
precision metal parts from metal powders or particulate materials. Basi-
cally a net or near-net shape metalworking process, a PM operation

precision shapes: conventional powder metallurgy (PM) (the dominant
sector of the industry), metal injection molding (MIM), powder forging
(PF), hot isostatic pressing (HIP), and cold isostatic pressing (CIP).

PM processes use a variety of alloys, giving designers a wide range of
material properties (Tables 6.4.42 to 6.4.44). Major alloy groups in-
clude powdered iron and alloy steels, stainless steel, bronze, and brass.
Powders of aluminum, copper, tungsten carbide, tungsten, and heavy-
metal alloys, tantalum, molybdenum, superalloys, titanium, high-speed
tool steels, and precious metals are successfully fabricated by PM tech-
niques.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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usually results in a finished part containing more than 97 percent of the
starting raw material. Most PM parts weigh less than 5 lb (2.26 kg),
although parts weighing as much as 35 lb (15.89 kg) can be fabricated
in conventional PM equipment.

In contrast to other metal-forming techniques, PM parts are shaped
directly from powders, whereas castings originate from molten metal,
and wrought parts are shaped by deformation of hot or cold metal, or by
machining (Fig. 6.4.10). The PM process is cost-effective in manufac-
turing simple or complex shapes at, or very close to, final dimensions in
production rates which can range from a few hundred to several thou-
sand parts per hour. Normally, only a minimum amount of machining is
required.
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Fig. 6.4.10 Comparison of material strengths.

Powder metallurgy predates melting and casting of iron and other
metals. Egyptians made iron tools, using PM techniques from at least
3000 B.C. Ancient Inca Indians made jewelry and artifacts from
precious metal powders. The first modern PM product was the tungsten
filament for electric light bulbs, developed in the early 1900s. Oil-im-
pregnated PM bearings were introduced for automotive use in the
1920s. This was followed by tungsten carbide cutting tool materials in
the 1930s, automobile parts in the 1960s and 1970s, aircraft gas-turbine
engine parts in the 1980s, and powder forged (PF) and metal injection
molding (MIM) parts in the 1990s.

PM parts are used in a variety of end products such as lock hardware,
garden tractors, snowmobiles, automobile automatic transmissions and
engines, auto antilock brake systems (ABS), washing machines, power
tools, hardware, firearms, copiers, and postage meters, off-road equip-
ment, hunting knives, hydraulic assemblies, X-ray shielding, oil and gas
drilling well-head components, and medical equipment. The typical
five- or six-passenger car contains about 30 lb of PM parts, a figure that
could increase within the next several years. Iron powder is used as a
carrier for toner in electrostatic copying machines. People in the United
States consume about 2 million lb of iron powder annually in iron-
enriched cereals and breads. Copper powder is used in antifouling
paints for boat hulls and in metallic pigmented inks for packaging and
printing. Aluminum powder is used in solid-fuel booster rockets for the
space shuttle program. The spectrum of applications of powdered
metals is very wide indeed.

There are five major processes that consolidate metal powders into
A PM microstructure can be designed to have controlled micropor-
osity. This inherent advantage of the PM process can often provide
special useful product properties. Sound and vibration damping can be
enhanced. Components are impregnated with oil to function as self-lu-
bricating bearings, resin impregnated to seal interconnecting micropor-
osity, infiltrated with a lower-melting-point metal to increase strength
and impact resistance, and steam-treated to increase corrosion resis-
tance and seal microporosity. The amount and characteristics of the
microporosity can be controlled within limits through powder charac-
teristics, powder composition, and the compaction and sintering pro-
cesses.

Powder metallurgy offers the following advantages to the designer:
1. PM eliminates or minimizes machining.
2. It eliminates or minimizes material losses.
3. It maintains close dimensional tolerances.
4. It offers the possibility of utilizing a wide variety of alloyed

materials.
5. PM produces good surface finishes.
6. It provides components that may be heat-treated for increased

strength or wear resistance.
7. It provides part-to-part reproducibility.
8. It provides controlled microporosity for self-lubrication or filtra-

tion.
9. PM facilitates the manufacture of complex or unique shapes that

would be impractical or impossible with other metalworking processes.
10. It is suitable for moderate- to high-volume production.
11. It offers long-term performance reliability for parts in critical

applications.
Metal powders are materials precisely engineered to meet a wide

range of performance requirements. Major metal powder production
processes include atomization (water, gas, centrifugal); chemical (re-
duction of oxides, precipitation from a liquid, precipitation from a gas)
and thermal; and electrolytic. Particle shape, size, and size distribution
strongly influence the characteristics of powders, particularly their be-
havior during die filling, compaction, and sintering. The range of shapes
covers highly spherical, highly irregular, flake, dendritic (needlelike),
and sponge (porous). Metal powders are classified as elemental, par-
tially alloyed, or prealloyed.

The three basic steps for producing conventional-density PM parts
are mixing, compacting, and sintering.

Elemental or prealloyed metal powders are mixed with lubricants
and/or other alloy additions to produce a homogeneous mixture.

In compacting, a controlled amount of mixed powder is automatically
gravity-fed into a precision die and is compacted, usually at room tem-
peratures at pressures as low as 10 or as high as 60 or more tons/in2 (138
to 827 MPa), depending on the density requirements of the part. Nor-
mally compacting pressures in the range of 30 to 50 tons/in2 (414 to 690
MPa) are used. Special mechanical or hydraulic presses are equipped
with very rigid dies designed to withstand the extremely high loads
experienced during compaction. Compacting loose powder produces a
green compact which, with conventional pressing techniques, has the
size and shape of the finished part when ejected from the die and is
sufficiently rigid to permit in-process handling and transport to a sinter-
ing furnace. Other specialized compacting and alternate forming meth-
ods can be used, such as powder forging, isostatic pressing, extrusion,
injection molding, and spray forming.

During sintering, the green part is placed on a wide mesh belt and
moves slowly through a controlled-atmosphere furnace. The parts are
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Table 6.4.42 Properties of Powdered Ferrous Metals

Tensile strength*

Material Density, g/cm3 MPa lb/in2 Comments

Carbon steel
MPIF F-0008 6.9 370† 54,000† Often cost-effective
0.8% combined carbon (c.c.) 6.9 585‡ 85,000‡

Copper steel
MPIF FC-0208 6.7 415† 60,000† Good sintered strength
2% Cu, 0.8% c.c. 6.7 585‡ 85,000‡

Nickel steel
MPIF FN-0205 6.9 345† 50,000† Good heat-treated strength,

impact energy2% Ni, 0.5% c.c. 6.9 825‡ 120,000‡
MPIF FN-0405 6.9 385† 56,000†
4% Ni, 0.5% c.c. 6.9 845‡ 123,000‡

Infiltrated steel
MPIF FX-1005 7.3 530† 77,000† Good strength, closed-off

internal porosity10% Cu, 0.5% c.c. 7.3 825‡ 120,000‡
MPIF FX-2008 7.3 550† 80,000†
20% Cu, 0.8% c.c. 7.3 690‡ 100,000‡

Low-alloy steel, prealloyed Ni, Mo, Mn
MPIF FL-4605 HT 6.95 895‡ 130,000‡ Good hardenability, con-

sistency in heat treatment
Stainless steels

MPIF SS-316 N2 (316 stainless) 6.5 415† 60,000† Good corrosion resistance,
appearance

MPIF SS-410 HT (410 stainless) 6.5 725‡ 105,000‡

* Reference: MPIF Standard 35, Materials Standards for P/M Structural Parts. Strength and density given as typical values.
† As sintered.
‡ Heat-treated.

Table 6.4.43 Properties of Powdered Nonferrous Metals

Material Use and characteristics

Copper Electrical components
Bronze Self-lubricating bearings: @ 6.6 g/cm3 oiled

density, 160 MPa (23,000 lb/in2) K strength,*
17% oil content by volume

MPIF CTG-1001
10% tin, 1% graphite

Brass Electrical components, applications requiring
good corrosion resistance, appearance, and
ductility @ 7.9 g/cm3, yield strength 75 MPa
(11,000 lb/in2)MPIF CZ-1000

ing. If required, parts can also be repressed, impregnated, machined,
tumbled, plated, or heat-treated. Depending on the material and pro-
cessing technique, PM parts demonstrate tensile strengths exceeding
200,000 lb/in2 (1,379 MPa).

Conventional PM bearings generally can absorb additive-free, non-
automotive-grade engine oils into 10 to 30 percent of their compacted
volume. Impregnation is brought about either by vacuum techniques or
by soaking the finished parts in hot oil. Frictional heat generated during
operation of the machinery heats the impregnated PM part, causing the
oil to expand and flow to the bearing surface. Upon cooling, the flow is
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10% zinc
MPIF CZ-3000 @7.9 g/cm3, yield strength 125 MPa (18,300

lb/in2)30% zinc
Nickel silver Improved corrosion resistance, toughness @ 7.9

g/cm3, yield strength 140 MPa (20,000 lb/in2)MPIF CNZ-1818
18% nickel, 18% zinc

Aluminum alloy Good corrosion resistance, lightweight, good
electrical and thermal conductivity

Titanium Good strength/mass ratio, corrosion resistance

* Radial crushing constant. See MPIF Standard 35, Materials Standards for P/M Self-Lubri-
cating Bearings.

Table 6.4.44 Properties of Powdered Soft Magnetic Metals

Density, Maximum magnetic Coercive
Material g/cm3 induction, kG* field, Oe

Iron, low-density 6.6 10.0 2.0
Iron, high-density 7.2 12.5 1.7
Phosphorous iron, 0.45% P 7.0 12.0 1.5
Silicon iron, 3% Si 7.0 11.0 1.2
Nickel iron, 50% Ni 7.0 11.0 0.3
410 Stainless steel 7.1 10.0 2.0
430 Stainless steel 7.1 10.0 2.0

* Magnetic field—15 oersteds (Oe).

heated to below the melting point of the base metal, held at the sintering
temperature, and then cooled. Basically a solid-state diffusion process,
sintering transforms compacted mechanical bonds between the powder
particles to metallurgical bonds. Sintering gives the PM part its primary
functional properties. PM parts generally are ready for use after sinter-
reversed, and oil is drawn into the pores by capillary action.
Development continues in the five major processes cited previously

that function with metal powders as the raw material. The basic advan-
tages of the processes make it attractive to seek wider application in a
host of new products, to increase the size and complexity of parts that
can be handled, and to expand further the types of powders that can be
processed. Included among the newer materials are advanced particu-
lates such as intermetallics, cermets, composites, nanoscale materials,
and aluminides.

NICKEL AND NICKEL ALLOYS

by John H. Tundermann

REFERENCES: Mankins and Lamb, ‘‘Nickel and Nickel Alloys,’’ ASM Hand-
book, vol. 2, 10th ed., pp. 428–445. Tundermann et al., ‘‘Nickel and Nickel
Alloys,’’ Kirk Othmer Encyclopedia of Chemical Technology, vol. 17. Frantz,
‘‘Low Expansion Alloys,’’ ASM Handbook, vol. 2, 10th ed., pp. 889–896.

Nickel is refined from sulfide and lateritic (oxide) ores using pyromet-
allurgical, hydrometallurgical, and other specialized processes. Sulfide
ores are used to produce just over 50 percent of the nickel presently used
in the world. High-purity nickel (99.71 percent) products are produced
via electrolytic, carbonyl, and powder processes.

Electroplating accounts for about 10 percent of the total annual con-
sumption of nickel. Normal nickel electroplate has properties approxi-
mating those of wrought nickel, but special baths and techniques can
give much harder plates. Bonds between nickel and the base metal are
usually strong. The largest use of nickel in plating is for corrosion
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Table 6.4.45 Nominal Compositions, %, of Selected Nickel Alloys

Alloy Ni Cu Fe Cr Mo Al Si Mn W C Co Nb Ti Y2O3

Nickel 200 99.5 0.05 0.1 0.05 0.25 0.05
Duranickel alloy 301 93.5 0.2 0.2 4.4 0.5 0.3 0.2 0.5
Monel alloy 400 65.5 31.5 1.5 0.25 1.0 0.15
Monel alloy K-500 65.5 29.5 1.0 3.0 0.15 0.5 0.15
Hastelloy alloy C-276 56 5 15.5 16 0.05 1.0 4 0.02 2.5
Inconel alloy 600 75.5 0.5 8 15.5 0.2 0.5 0.08
Inconel alloy 625 62 2.5 22 9 0.2 0.2 0.2 0.05 3.5 0.2
Inconel alloy 718 52.5 18.5 19 3 0.5 0.2 0.2 0.04 5 0.9
Inconel alloy X-750 71 0.5 7 15.5 0.7 0.5 1.0 0.08 1.0 2.5
Inconel alloy MA 754 78.5 20 0.3 0.05 0.5 0.6
Incoloy alloy 825 42 2.2 30 21 3 0.1 0.25 0.5 0.03 0.9
Incoloy alloy 909 38 42 0.4 0.1 13.0 4.7 1.5
Hastelloy alloy X 45 19.5 22 9 1.0 1.0 0.6 0.1 1.5

protection of iron and steel parts and zinc-base die castings for automo-
tive use. A 0.04- to 0.08-mm (1.5- to 3-mil) nickel plate is covered with
a chromium plate only about one hundredth as thick to give a bright,
tarnish-resistant, hard surface. Nickel electrodeposits are also used to
facilitate brazing of chromium-containing alloys, to reclaim worn parts,
and for electroformed parts.

Wrought nickel and nickel alloys are made by several melting tech-
niques followed by hot and cold working to produce a wide range of
product forms such as plate, tube, sheet, strip, rod, and wire.

The nominal composition and typical properties of selected commer-

1.5 percent silicon and lesser amounts of carbon and manganese is
necessary to obtain good casting properties. Data on nickel and nickel
alloy castings can be found in Spear, ‘‘Corrosion-Resistant Nickel
Alloy Castings,’’ ASM Handbook, vol. 3, 9th ed, pp. 175–178.

Nickel has good to excellent resistance to corrosion in caustics and
nonoxidizing acids such as hydrochloric, sulfuric, and organic acids, but
poor resistance to strongly oxidizing acids such as nitric acid. Nickel is
resistant to corrosion by chlorine, fluorine, and molten salts.

Nickel is used as a catalyst for the hydrogenation or organic fats and
for several industrial processes. Porous nickel electrodes are used for

llo
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cial nickel and various nickel alloys are summarized in Tables 6.4.45 to
6.4.48.

Commercially pure nickels, known as Nickel 200 and 201, are avail-
able as sheet, rod, wire, tubing, and other fabricated forms. They are
used where the thermal or electrical properties of nickel are required
and where corrosion resistance is needed in parts that have to be worked
extensively.

Commercial nickel may be forged or rolled at 871 to 1,260°C (1,600
to 2300°F). It becomes increasingly harder below 871°C (1,600°F) but
has no brittle range. The recrystallization temperature of cold-worked
pure nickel is about 349°C (660°F), but commercial nickel recrystal-
lizes at about 538°C (1,100° F) and is usually annealed at temperatures
between 538 and 954°C (1,100 and 1,750°F).

The addition of certain elements to nickel renders it responsive to
precipitation or aging treatments to increase its strength and hardness.
In the unhardened or quenched state, Duranickel alloy 301 fabricates
almost as easily as pure nickel, and when finished, it may be hardened
by heating for about 8 h at 538 to 593°C (1,000 to 1,100°F). Interme-
diate anneals during fabrication are at 900 to 954°C (1,650 to 1,750°F).
The increase in strength due to aging may be superimposed on that due
to cold work.

Nickel castings are usually made in sand molds by using special
techniques because of the high temperatures involved. The addition of

Table 6.4.46 Typical Physical Properties of Selected A

Elastic
Density, modulus,

Alloy UNS no. g/cm3 GPa

Nickel 200 N02200 8.89 204
Duranickel alloy 301 N03301 8.25 207
Monel alloy 400 N04400 8.80 180
Monel alloy K-500 N05500 8.44 180

Hastelloy alloy C-276 N10276 8.89 205
Inconel alloy 600 N06600 8.47 207
Inconel alloy 625 N06625 8.44 207
Inconel alloy 718 N07718 8.19 211
Inconel alloy X-750 N07750 8.25 207
Inconel alloy MA 754 N07754 8.30 160
Incoloy alloy 825 N08825 8.14 206
Incoloy alloy 909 N19909 8.30 159
Hastelloy alloy X N06002 8.23 205
battery and fuel cell applications.
Nickel-Copper Alloys Alloys containing less than 50 percent nickel

are discussed under ‘‘Copper and Copper Alloys.’’ Monel alloy 400 (see
Tables 6.4.45 to 6.4.47) is a nickel-rich alloy that combines high
strength, high ductility, and excellent resistance to corrosion. It is a
homogeneous solid-solution alloy; hence its strength can be increased
by cold working alone. In the annealed state, its tensile strength is about
480 MPa (70 ksi), and this may be increased to 1,170 MPa (170 ksi) in
hard-drawn wire. It is available in practically all fabricated forms. Alloy
400 is hot-worked in the range 871 to 1,177°C (1,600 to 2,150°F) after
rapid heating in a reducing, sulfur-free atmosphere. It can be cold-
worked in the same manner as mild steel, but requires more power. Very
heavily cold-worked alloy 400 may commence to recrystallize at 427°C
(800°F), but in normal practice no softening will occur below 649°C
(1,200°F). Annealing can be done for 2 to 5 h at about 760°C (1,400°F)
or for 2 to 5 min at about 940°C (1,725°F). Nonscaling, sulfur-free
atmospheres are required.

Because of its toughness, alloy 400 must be machined with high-
speed tools with slower cutting speeds and lighter cuts than mild steel.
A special grade containing sulfur, Monel alloy 405, should be used
where high cutting speeds must be maintained. This alloy is essentially
the same as the sulfur-free alloy in mechanical properties and corrosion
resistance, and it can be hot-forged.

ys

Thermal Thermal Electrical
Specific expansion conductivity resistivity

heat (20°C), (20°–93°C), (20°C), (annealed),
J /(Kg ?K) mm/(m ?K) W/(m ?K) mV?m

456 13.3 70 0.096
435 13.0 23.8 0.424
427 13.9 21.8 0.547
419 13.9 17.5 0.615

427 11.2 9.8 1.29
444 13.3 14.9 1.19
410 12.8 9.8 1.29
450 13.0 11.4 1.25
431 12.6 12.0 1.22
440 12.2 14.3 1.075
440 14.0 11.1 1.13
427 7.7 14.8 0.728
461 13.3 11.6 1.16
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Table 6.4.47 Typical Mechanical Properties of Selected
Nickel Alloys

Yield Tensile
strength, strength, Elongation,

Alloy MPa MPa % in 2 in Hardness

Nickel 201 150 462 47 110 HB
Duranickel alloy 301 862 1,170 25 35 HRC
Monel alloy 400 240 550 40 130 HB
Monel alloy K-500 790 1,100 20 300 HB
Hastelloy alloy C-276 355 790 60 90 HRB

least up to 538°C (1,000°F). It is nonmagnetic down to 2 101°C
(2 150°F).

Heat-Resistant Nickel-Chromium and Nickel-Chromium-Iron
Alloys See ‘‘Metals and Alloys for Use at Elevated Temperatures’’ for
further information on high-temperature properties of nickel alloys.

The addition of chromium to nickel improves strength and corrosion
resistance at elevated temperature. Nickel chromium alloys such as 80
Ni 20 Cr are extensively used in electrical resistance heating applica-
tions. Typically, additions of up to 4 percent aluminum and 1 percent
yttrium are made to these alloys to increase hot oxidation and corrosion

es
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14
5
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Inconel alloy 600 310 655 40 36 HRC
Inconel alloy 625 520 930 42 190 HB
Inconel alloy 718 1,036 1,240 12 45 HRC
Inconel alloy X-750 690 1,137 20 330 HB
Inconel alloy MA 754 585 965 22 25 HRC
Incoloy alloy 825 310 690 45 75 HRB
Incoloy alloy 909 1,035 1,275 15 38 HRC
Hasteloy alloy X 355 793 45 90 HRB

The short-time tensile strengths of alloy 400 at elevated temperatures
are summarized in Table 6.4.48.

The fatigue endurance limit of alloy 400 is about 240 MPa (34 ksi)
when annealed and 325 MPa (47 ksi) when hard-drawn. The action of
corrosion during fatigue is much less drastic on alloy 400 than on steels
of equal or higher endurance limit.

Alloy 400 is highly resistant to atmospheric action, seawater, steam,
foodstuffs, and many industrial chemicals. It deteriorates rapidly in the
presence of moist chlorine and ferric, stannic, or mercuric salts in acid
solutions. It must not be exposed when hot to molten metals, sulfur, or
gaseous products of combustion containing sulfur.

Small additions of aluminum and titanium to the alloy 400 base
nickel-copper alloy produces precipitation-hardenable Monel alloy
K-500. This alloy is sufficiently ductile in the annealed state to permit
drawing, forming, bending, or other cold-working operations but work-
hardens rapidly and requires more power than mild steel. It is hot-
worked at 927 to 1,177°C (1,700 to 2,150°F) and should be quenched
from 871°C (1,600°F) if the metal is to be further worked or hardened.
Heat treatment consists of quenching from 871°C (1,600°F), cold work-
ing if desired, and reheating for 10 to 16 h at 538 to 593°C (1,000 to
1,100°F). If no cold working is intended, the quench may be omitted on
sections less than 50 mm (2 in) thick and the alloy hardened at 593°C
(1,100°F). The properties of the heat-treated alloy remain quite stable, at

Table 6.4.48 Short-Time High-Temperature Properti

21 316

Nick

Tensile strength, MPa 505 575
Yield strength 0.2% offset, MPa 165 150
Elongation, % in 2 in 40 50
Monel all

Tensile strength, MPa 560 540 49
Yield strength 0.2% offset, MPa 220 195 20
Elongation, % in 2 in 46 51 5

Inconel al

Tensile strength, MPa 585 545 57
Yield strength 0.2% offset, MPa 385 185 19
Elongation, % in 2 in 50 51 5

Inconel al

Tensile strength, MPa 1,280
Yield strength 0.2% offset, MPa 1,050
Elongation, % in 2 in 22

* See also data on metals and alloys for use at elevated temperature elsew
† Nickel 200 is not recommended for use above 316°C; low-carbon nicke
resistance. Incorporating fine dispersions of inert oxides to this system
significantly enhances high-temperature properties and microstructural
stability. Inconel alloy MA 754, which contains 0.6 percent Y2O3, ex-
hibits good fatigue strength and corrosion resistance at 1,100°C
(2,010°F) and is used in gas-turbine engines and other extreme service
applications.

Inconel alloy 600 is a nickel-chromium-iron alloy. Alloy 600 is a
high-strength nonmagnetic [at 2 40°C (2 40°F)] alloy which is used
widely for corrosion- and heat-resisting applications at temperatures up
to 1,204°C (2,200°F) in sulfidizing atmospheres. In sulfidizing atmo-
spheres, the maximum recommended temperature is 816°C (1,500°F).
Inconel alloy X-750 is an age-hardenable modification suitable for
stressed applications at temperatures up to 649 to 816°C (1,200 to
1,500°F). The addition of molybdenum to this system provides alloys,
e.g., Hastelloy alloy X, with additional solid-solution strengthening and
good oxidation resistance up to 1,200°C (2,200°F).

The combination of useful strength and oxidation resistance makes
nickel alloys frequent choices for high-temperature service. Table
6.4.48 indicates the changes in mechanical properties with temperature.

Corrosion-Resistant Nickel-Molybdenum and Nickel-Iron-Chro-
mium Alloys A series of solid-solution nickel alloys containing mo-
lybdenum exhibit superior resistance to corrosion by hot concentrated
acids such as hydrochloric, sulfuric, and nitric acids. Hastelloy alloy
C-276, which also contains chromium, tungsten, and cobalt, is resistant
to a wide range of chemical process environments including strong
oxidizing acids, chloride solutions, and other acids and salts. Incoloy
alloy 825, a nickel-iron-chromium alloy with additions of molybdenum,
is especially resistant to sulfuric and phosphoric acids. These alloys are
used in pollution control, chemical processing, acid production, pulp
and paper production, waste treatment, and oil and gas applications.
Although these types of alloys are used extensively in aqueous environ-
ments, they also have good elevated-temperature properties.

of Hot-Rolled Nickel and Its Alloys*

Temperature, °C

7 540 650 816 982 1,093

200†

5 315 235 170 55
5 115 105
2 55 57 65 91
oy 400

0 350 205 110 55
0 160 125 60
2 29 34 58 45

loy 600

0 545 490 220 105 75
5 150 150
0 21 5 23 51 67

loy 718

1,140 1,030
945 870
26 15

here in Sec. 6.4.
l 201 is the preferred substitute.
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Nickel-Iron Alloys Nickel is slightly ferromagnetic but loses its
magnetism at a temperature of 368°C (695°F) when pure. For commer-
cial nickel, this temperature is about 343°C (650°F). Monel alloy 400 is
lightly magnetic and loses all ferromagnetism above 93°C (200°F). The
degree of ferromagnetism and the temperature at which ferromagnetism
is lost are very sensitive to variations in composition and mechanical
and thermal treatments.

An important group of soft magnetic alloys is the nickel irons and
their modifications, which exhibit high initial permeability, high maxi-
mum magnetization, and low residual magnetization. Nickel-iron alloys

Production Processes

The commercial production of titanium begins with an ore, either il-
menite (FeTiO3 ) or rutile (TiO2 ), more often the latter, which passes
through a series of chemical reduction steps leading to elemental tita-
nium particles, referred to as titanium sponge. The sponge raw material
then follows a sequence of processing operations resembling those em-
ployed in steelmaking operations. Beginning with the melting of tita-
nium or titanium alloy ingots, the process follows a hot-working se-
quence of ingot breakdown by forging, then rolling to sheet, plate, or
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also exhibit low coefficients of thermal expansion that closely match
those of many glasses and are therefore often used for glass-sealing
applications. Nickel-iron alloys such as Incoloy alloy 909, which con-
tains cobalt, niobium, and titanium, have found wide applications in
gas-turbine and rocket engines, springs and instruments, and as con-
trolled-expansion alloys designed to provide high strength and low co-
efficients of thermal expansion up to 650°C (1,200°F).

Low-Temperature Properties of Nickel Alloys Several nickel-base
alloys have very good properties at low temperatures, in contrast to
ferrous alloys whose impact strength (the index of brittleness) falls off
very rapidly with decreasing temperature. The impact strength remains
nearly constant with most nickel-rich alloys, while the tensile and yield
strengths increase as they do in the other alloys. Specific data on low-
temperature properties may be found in White and Siebert, ‘‘Literature
Survey of Low-Temperature Properties of Metals,’’ Edwards, and
‘‘Mechanical Properties of Metals at Low Temperatures,’’ NBS Circ
520, 1952.

Welding Alloys Nickel alloys can be welded with similar-composi-
tion welding materials and basic welding processes such as gas tungsten
arc welding (GTAW), gas metal arc welding (GMAW), shielded metal
arc welding (SMAW), brazing, and soldering. The procedures used are
similar to those for stainless steels. Nickel-base welding products are
also used to weld dissimilar materials. Nickel-base filler metals, espe-
cially with high molybdenum contents, are typically used to weld other
alloys to ensure adequate pitting and crevice corrosion resistance in
final weld deposits. Nickel and nickel iron welding electrodes are used
to weld cast irons.

(Note: Inconel, Incoloy, and Monel are trademarks of the Inco family
of companies. Hastelloy is a trademark of Haynes International.)

TITANIUM AND ZIRCONIUM

by John R. Schley

REFERENCES: J. Donachie, ‘‘Titanium, A Technical Guide,’’ ASM International,
Metals Park, OH. ‘‘Titnanium, The Choice,’’ rev. 1990, Titanium Development
Association, Boulder, CO. ASM Metals Handbook, ‘‘Corrosion,’’ vol. 13, 1987
edition, ASM International, Metals Park, OH. Schemel, ‘‘ASTM Manual on Zir-
conium and Hafnium,’’ ASTM STP-639, Philadelphia, PA. ‘‘Corrosion of Zirco-
nium Alloys,’’ ASTM STP 368, Philadelphia. ‘‘Zircadyne Properties and Appli-
cations,’’ Teledyne Wah Chang Albany, Albany, OR. ‘‘Basic Design Facts about
Titanium,’’ RMI Titanium Company, Niles, OH.

Titanium

The metal titanium is the ninth most abundant element in the earth’s
surface and the fourth most abundant structural metal after aluminum,
iron, and magnesium. It is a soft, ductile, silvery-gray metal with a
density about 60 percent of that of steel and a melting point of 1,675°C
(3,047°F). A combination of low density and high strength makes tita-
nium attractive for structural applications, particularly in the aerospace
industry. These characteristics, coupled with excellent corrosion resis-
tance, have led to the widespread use of titanium in the chemical pro-
cessing industries and in oil production and refining.

Like iron, titanium can exist in two crystalline forms: hexagonal
close-packed (hcp) below 883°C (1,621°F) and body-centered cubic
(bcc) at higher temperatures up to the melting point. Titanium combines
readily with many common metals such as aluminum, vanadium, zirco-
nium, tin, and iron and is available in a variety of alloy compositions
offering a broad range of mechanical and corrosion properties. Certain
of these compositions are heat-treatable in the same manner as steels.
bar product. Titanium is commercially available in all common mill
product forms such as billet and bar, sheet and plate, as well as tubing
and pipe. It also is rendered into castings.

Mechanical Properties

Commercial titanium products fall into three structural categories
corresponding to the allotropic forms of the metal. The alpha structure is
present in commercially pure (CP) products and in certain alloys con-
taining alloying elements that promote the alpha structure. The alpha-
beta form occurs in a series of alloys that have a mixed structure at room
temperature, and the beta class of alloys contains elements that stabilize
the beta structure down to room temperature. Strength characteristics of
the alpha-beta and beta alloys can be varied by heat treatment. Typical
alloys in each class are shown in Table 6.4.49, together with their nomi-
nal compositions and tensile properties in the annealed condition. Cer-
tain of these alloys can be solution-heat-treated and aged to higher
strengths.

Corrosion Properties

Titanium possesses outstanding corrosion resistance to a wide variety of
environments. This characteristic is due to the presence of a protective,
strongly adherent oxide film on the metal surface. This film is normally
transparent, and titanium is capable of healing the film almost instantly
in any environment where a trace of moisture or oxygen is present. It is
very stable and is only attacked by a few substances, most notably
hydrofluoric acid. Titanium is unique in its ability to handle certain
chemicals such as chlorine, chlorine chemicals, and chlorides. It is es-
sentially inert in seawater, for example. The unalloyed CP grades typi-
cally are used for corrosion applications in industrial service, although
the alloyed varieties are used increasingly for service where higher
strength is required.

Fabrication

Titanium is cast and forged by conventional practices. Both means of
fabrication are extensively used, particularly for the aerospace industry.
Wrought titanium is readily fabricated in the same manner as and on the
same equipment used to fabricate stainless steels and nickel alloys. For
example, cold forming and hot forming of sheet and plate are done on
press brakes and hydraulic presses with practices modified to accom-
modate the forming characteristics of titanium. Titanium is machinable
by all customary methods, again using practices recommended for tita-
nium. Welding is the most common method used for joining titanium,
for the metal is readily weldable. The standard welding process is gas
tungsten arc welding (GTAW), or TIG. Two other welding processes,
plasma arc welding (PAW) and gas metal arc welding (GMAW), or MIG,
are used to a lesser extent. Since titanium reacts readily with the atmo-
spheric gases oxygen and nitrogen, precautions must be taken to use an
inert-gas shield to keep air away from the hot weld metal during weld-
ing. Usual standard practices apply to accomplish this. Titanium can be
torch-cut by oxyacetylene flame or by plasma torch, but care must be
taken to remove contaminated surface metal. For all titanium fabricat-
ing practices cited above, instructional handbooks and other reference
materials are available. Inexperienced individuals are well advised to
consult a titanium supplier or fabricator.

Applications

Titanium as a material of construction offers the unique combination of
wide-ranging corrosion resistance, low density, and high strength. For
this reason, titanium is applied broadly for applications that generally
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Table 6.4.49 Typical Commercial Titanium Alloys

Tensile 0.2% Yield
strength strength

Designation MPa ksi MPa ksi
Elonga-
tion, %

Nominal composition, wt %

Al V Sn Zr Mo Other

Impurity limits, wt %

N
(max)

C
(max)

H
(max)

Fe
(max)

O
(max)

Unalloyed (CP grades:
ASTM grade 1 240 35 170 25 24 — — — — — — 0.03 0.10 0.015 0.20 0.18
ASTM grade 2 340 50 280 40 20 — — — — — — 0.03 0.10 0.015 0.30 0.25
ASTM grade 7 340 50 280 40 20 — — — — — 0.2 Pd 0.03 0.10 0.015 0.30 0.25

Alpha and near-alpha alloys:
Ti-6 Al-2 Sn-4 Zr-2 Mo 900 130 830 120 10 6.0 — 2.0 4.0 2.0 — 0.05 0.05 0.0125 0.25 0.15
Ti-8 Al-1 Mo-1 V 930 135 830 120 10 8.0 1.0 — — 1.0 — 0.05 0.08 0.012 0.30 0.12
Ti-5 Al-2 5 Sn 830 120 790 115 10 5.0 — 2.5 — — — 0.05 0.08 0.02 0.50 0.20

Alpha-beta alloys:
Ti-3 Al-2 5 V 620 90 520 75 15 3.0 2.5 — — — — 0.015 0.05 0.015 0.30 0.12
Ti-6 Al-2 V* 900 130 830 120 10 6.0 4.0 — — — — 0.05 0.10 0.0125 0.30 0.20
Ti-6 Al-6 V-2 Sn* 1,030 150 970 140 8 6.0 6.0 2.0 — — 0.75

Cu 0.04 0.05 0.015 1.0 0.20
Ti-6 Al-2 Sn-4 Zr-6 Mo† 1,170 170 1,100 160 8 6.0 — 2.0 4.0 6.0 — 0.04 0.04 0.0125 0.15 0.15

Beta alloys:
Ti-10 V-2 Fe-3 Al† 1,170 180 1,100 170 8 3.0 10.0 — — — — 0.05 0.05 0.015 2.2 0.13
Ti-15 V-3 Al-3 Sn-3 Cr† 1,240 180 1,170 170 10 3.0 15.0 3.0 — — 3.0 Cr 0.03 0.03 0.015 0.30 0.13
Ti-3 Al-8 V-6 Cr-4 Mo-4 Zr* 900 130 860 125 16 3.0 8.0 — 4.0 4.0 6.0 Cr 0.03 0.05 0.020 0.25 0.12

* Mechanical properties given for annealed condition; may be solution-treated and aged to increase strength.
† Mechanical properties given for solution-treated and aged condition.

are categorized as aerospace and nonaerospace, the latter termed indus-
trial. The aerospace applications consume about 70 percent of the annual
production of titanium, and the titanium alloys rather than the CP grades
predominate since these applications depend primarily on titanium’s
high strength/weight ratio. This category is best represented by aircraft
gas-turbine engines, the largest single consumer of titanium, followed by
airframe structural members ranging from fuselage frames, wing beams,
and landing gear to springs and fasteners. Spacecraft also take a grow-
ing share of titanium. Nonaerospace or industrial applications more of-
ten use titanium for its corrosion resistance, sometimes coupled with

fuel-efficient vehicles appears to portend a large use of titanium and its
alloys.

Zirconium

Zirconium was isolated as a metal in 1824 but was only developed
commercially in the late 1940s, concurrently with titanium. Its first use
was in nuclear reactor cores, and this is still a major application. Zirco-
nium bears a close relationship to titanium in physical and mechanical
properties, but has a higher density, closer to that of steel. Its melting
point is 1,852°C (3,365°F) and, like titanium, it exhibits two allotropic

irc

— 2.0–3.0 2.0–3.0
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a requirement for high strength. The unalloyed, commercially pure
grades predominate in most corrosion applications and are typically
represented by equipment such as heat exchangers, vessels, and pip-
ing.

A recent and growing trend is the application of titanium in the off-
shore oil industry for service on and around offshore platforms. As
applied there, titanium uses are similar to those onshore, but with a
growing trend toward large-diameter pipe for subsea service. Strength is
a major consideration in these applications, and titanium alloys are
utilized increasingly.

In the automotive field, the irreversible mandate for lightweight,

Table 6.4.50 Chemical Compositions of Z

Grade (ASTM designation) R60702

Zr 1 Hf, min 99.2
Hafnium, max 4.5
Fe 1 Cr max 0.20
Tin —
Hydrogen, max 0.005
Nitrogen, max 0.025
Carbon, max 0.05
Niobium —

Oxygen, max 0.16

Table 6.4.51 Minimum ASTM Requirements
Zirconium at Room Temperature (Cold-Work

Grade (ASTM designation) R607

Tensile strength, min, ksi (MPa) 55 (3
Yield strength, min, ksi (MPa) 30 (2
Elongation (0.2% offset), min, percent 16
Bend test radius* 5T

* Bend tests are not applicable to material over 0.187 in (
sample.
crystalline forms. The pure metal is body-centered cubic (bcc) above
865°C (1,590°F) and hexagonal close-packed (hcp) below this temper-
ature. Zirconium is available commercially in unalloyed form and in
several alloyed versions, combined most often with small percentages of
niobium or tin. It is corrosion-resistant in a wide range of environments.

Zirconium is derived from naturally occurring zircon sand processed
in a manner similar to titanium ores and yielding a zirconium sponge. The
sponge is converted to mill products in the same manner as titanium
sponge. The principal commercial compositions intended for corrosion
applications together with corresponding mechanical properties are
listed in Tables 6.4.50 and 6.4.51.

onium Alloys (Percent)

R60704 R60705 R60706

97.5 95.5 95.5
4.5 4.5 4.5

0.2–0.4 max 0.2 max 0.2
1.0–2.0 — —

0.005 0.005 0.005
0.025 0.025 0.025
0.05 0.05 0.05
0.18 0.18 0.16

for the Mechanical Properties of
ed and Annealed)

02 R60704 R60705 R60706

79) 60 (413) 80 (552) 74 (510)
07) 35 (241) 55 (379) 50 (345)

14 16 20
5T 3T 2.5T

4.75 mm) thick, and T equals the thickness of the bend test

/knovel2/view_hotlink.jsp?hotlink_id=414778882
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Zirconium is a reactive metal that owes its corrosion resistance to the
formation of a dense, stable, and highly adherent oxide on the metal
surface. It is resistant to most organic and mineral acids, strong alkalies,
and some molten salts. A notable corrosion characteristic is its resis-
tance to both strongly reducing hydrochloric acid and highly oxidizing
nitric acid, relatively unique among metallic corrosion-resistant mat-
erials.

Zirconium and its alloys can be machined, formed, and welded by
conventional means and practices much like those for stainless steels
and identical to those for titanium. Cast shapes are available for equip-

Table 6.4.52 ASTM Specification B-6-77 for Slab Zinc

Composition, %

Zinc,
Lead, Iron, Cadmium, min, by

Grade max max max difference

Special high grade* 0.003 0.003 0.003 99.990
High grade 0.03 0.02 0.02 99.90
Prime western† 1.4 0.05 0.20 98.0
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ment such as pumps and valves, and the wrought metal is produced in
all standard mill product forms. Persons undertaking the fabrication of
zirconium for the first time are well advised to consult a zirconium
supplier.

The traditional application of zirconium in the nuclear power industry
takes the form of fuel element cladding for reactor fuel bundles. The
zirconium material used here is an alloy designated Zircaloy, containing
about 1.5 percent tin and small additions of nickel, chromium, and iron.
It is selected because of its low neutron cross section coupled with the
necessary strength and resistance to water corrosion at reactor operating
temperatures. Most zirconium is employed here. An interesting non-
corrosion zirconium application in photography had been its use as a
foil in flash bulbs, but the advent of the electronic flash has curtailed
this. An active and growing corrosion application centers on fabricated
chemical processing equipment, notably heat exchangers, but also a
variety of other standard equipment.

ZINC AND ZINC ALLOYS

by Frank E. Goodwin

REFERENCES: Porter, ‘‘Zinc Handbook,’’ Marcel Dekker, New York. ASM
‘‘Metals Handbook,’’ 10th ed., vol. 2. ASTM, ‘‘Annual Book of Standards.’’
‘‘NADCA Product Specification Standards for Die Casting,’’ Die Casting Devel-
opment Council.

Zinc, one of the least expensive nonferrous metals, is produced from
sulfide, silicate, or carbonate ores by a process involving concentration
and roasting followed either by thermal reduction in a zinc-lead blast
furnace or by leaching out the oxide with sulfuric acid and electrolyzing
the solution after purification. Zinc distilled from blast-furnace produc-
tion typically contains Pb, Cd, and Fe impurities that may be eliminated
by fractional redistillation to produce zinc of 99.99 1 percent purity.
Metal of equal purity can be directly produced by the electrolytic pro-
cess. Zinc ingot range from cast balls weighing a fraction of a pound to a
1.1-ton [1 metric ton (t)] ‘‘jumbo’’ blocks. Over 20 percent of zinc
metal produced each year is from recycled scrap.

The three standard grades of zinc available in the United States are
described in ASTM specification B-6 (see Table 6.4.52). Special high
grade is overwhelmingly the most commercially important and is used
in all applications except as a coating for steel articles galvanized after
fabrication. In other applications, notably die casting, the higher levels
of impurities present in grades other than special high grade can have
harmful effects on corrosion resistance, dimensional stability, and form-
ability. Special high grade is also used as the starting point for brasses
containing zinc.

Galvanized Coatings

Protective coatings for steel constitute the largest use of zinc and rely
upon the galvanic or sacrificial property of zinc relative to steel. Lead
can be added to produce the solidified surface pattern called spangle
preferred on unpainted articles. The addition of aluminum in amounts of
5 and 55 percent results in coatings with improved corrosion resistance
termed Galfan and Galvalume, respectively.

Zinc Die Castings

Zinc alloys are particularly well suited for making die castings since the
melting point is reasonably low, resulting in long die life even with
ordinary steels. High accuracies and good surface finish are possible.
* Tin in special high grade shall not exceed 0.001%.
† Aluminum in prime western zinc shall not exceed 0.05%.
SOURCE: ASTM, reprinted with permission.

Alloys currently used for die castings in the United States are covered
by ASTM Specifications B-86 and B-669. Nominal compositions and
typical properties of these compositions are given in Table 6.4.53. The
low limits of impurities are necessary to avoid disintegration of the
casting by intergranular corrosion under moist atmospheric conditions.
The presence of magnesium or nickel prevents this if the impurities are
not higher than the specification values. The mechanical properties
shown in Table 6.4.53 are from die-cast test pieces of 0.25-in (6.4-mm)
section thickness. Zinc die castings can be produced with section thick-
nesses as low as 0.03 in (0.75 mm) so that considerable variations in
properties from those listed must be expected. These die-casting alloys
generally increase in strength with increasing aluminum content. The 8,
12, and 27 percent alloys can also be gravity-cast by other means.

Increasing copper content results in growth of dimensions at elevated
temperatures. A measurement of the expansion of the die casting after
exposure to water vapor at 203°F (95°C) for 10 days is a suitable index
of not only stability but also freedom from susceptibility to intergranu-
lar corrosion. When held at room temperature, the copper-containing
alloys begin to shrink immediately after removal from the dies; total
shrinkage will be approximately two-thirds complete in 5 weeks. The
maximum extent of this shrinkage is about 0.001 in/in (10 mm/cm). The
copper-free alloys do not exhibit this effect. Stabilization may be ef-
fected by heating the alloys for 3 to 6 h at 203°F (95°C), followed by air
cooling to room temperature.

Wrought Zinc

Zinc rolled in the form of sheet, strip, or plate of various thicknesses is
used extensively for automobile trim, dry-cell battery cans, fuses, and
plumbing applications. Compositions of standard alloys are shown in
Table 6.4.54. In addition, a comparatively new series of alloys contain-
ing titanium, exhibiting increased strength and creep resistance together
with low thermal expansion, has become popular in Europe. A typical
analysis is 0.5 to 0.8 percent Cu, 0.08 to 0.16 percent Ti, and maximum
values of 0.2 percent Pb, 0.015 percent Fe, 0.01 percent Cd, 0.01 per-
cent Mn, and 0.02 percent Cr. All alloys are produced by hot rolling
followed by cold rolling when some stiffness and temper are required.
Deep-drawing or forming operations are carried out on the softer
grades, while limited forming to produce architectural items, plumbing,
and automotive trim can be carried out using the harder grades.

Alloys containing 0.65 to 1.025 percent Cu are significantly stronger
than unalloyed zinc and can be work-hardened. The addition of 0.01
percent Mg allows design stresses up to 10,000 lb/in2 (69 MPa). The
Zn-Cu-Ti alloy is much stronger, with a typical tensile strength of
25,000 lb/in2 (172 MPa).

Rolled zinc may be easily formed by all standard techniques. The
deformation behavior of rolled zinc and its alloys varies with direction;
its crystal structure renders it nonisotropic. In spite of this, it can be
formed into parts similar to those made of copper, aluminum, and brass,
and usually with the same tools, provided the temperature is not below
70°F (21°C). More severe operations can best be performed at tempera-
tures up to 125°F (52°C). When a cupping operation is performed, a
take-in of 40 percent on the first draw is usual. Warm, soapy water is
widely used as a lubricant. The soft grades are self-annealing at room
temperature, but harder grades respond to deformation better if they are
annealed between operations. The copper-free zincs are annealed at
212°F (100°C) and the zinc-copper alloys at 440°C (220°C). Welding is
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Table 6.4.53 Composition and Typical Properties of Zinc-Base Die Casting Alloys

Composition, %

UNS Z33521 UNS Z33522 UNS Z35530
(AG40A) (AG40B) (AC41A) UNS Z25630 UNS Z35630 UNS Z35840

Element Alloy 3 Alloy 7 Alloy 5 ZA-8 ZA-12 ZA-27

Copper 0.25 max 0.25 max 0.75–1.25 0.8–1.3 0.5–1.25 2.0–2.5
Aluminum 3.5–4.3 3.5–4.3 3.5–4.3 8.0–8.8 10.5–11.5 25.0–28.0
Magnesium 0.020–0.05 0.005–0.020 0.03–0.08 0.015–0.030 0.015–0.030 0.010–0.020
Iron, max 0.100 0.075 0.100 0.10 0.075 0.10
Lead, max 0.005 0.0030 0.005 0.004 0.004 0.004
Cadmium, max 0.004 0.0020 0.004 0.003 0.003 0.003
Tin, max 0.003 0.0010 0.003 0.002 0.002 0.002
Nickel — 0.005–0.020 — — —
Zinc Rest Rest Rest Rest Rest Rest

Yield strength
lb/in2 32 32 39 41–43 45–48 52–55
MPa 221 221 269 283–296 310–331 359–379

Tensile strength
lb/in2 41.0 41.0 47.7 54 59 62
MPa 283 283 329 372 400 426

Elongation in 2 in (5 cm), % 10 14 7 6–10 4–7 2.0–3.5
Charpy impact on square

specimens
ft/lb 43 43 48 24–35 15–27 7–12
J 58 58 65 32–48 20–37 9–16

Brinell Hardness number
on square specimens,
500-kg load, 10-mm
ball, 30 s

82 80 91 100–106 95–105 116–122

SOURCE: ASTM, reprinted with permission.
Compositions from ASTM Specifications B-86-83 and B-669-84. Properties from NADCA Product Specification Standards for Die Castings.

Table 6.4.54 Typical Composition of Rolled Zinc ASTM Specification B69-66, %

Lead Iron, max Cadmium Copper Magnesium Zinc

0.05 max 0.010 0.005 max 0.001 max — Remainder
0.05–0.12 0.012 0.005 max 0.001 max — Remainder
0.30–0.65 0.020 0.20–0.35 0.005 max — Remainder
0.05–0.12 0.012 0.005 max 0.65–1.25 — Remainder
0.05–0.12 0.015 0.005 max 0.75–1.25 0.007–0.02 Remainder

SOURCE: ASTM, reprinted with permission.

possible with a wire of composition similar to the base metals. Solder-
ing with typical tin-lead alloys is exceptionally easy. The impact ex-
trusion process is widely used for producing battery cups and similar
articles.

Effect of Temperature

Properties of zinc and zinc alloys are very sensitive to temperature.
Creep resistance decreases with increasing temperature, and this must be

considered in designing articles to withstand continuous load. When
steel screws are used to fasten zinc die castings, maximum long-term
clamping load will be reached if an engagement length 4 times the
diameter of the screw is used along with cut (rather than rolled) threads
on the fasteners.
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INTRODUCTION

Corrosion is the deterioration of a material or its properties due to its
reaction with the environment. Materials may include metals and alloys,
nonmetals, woods, ceramics, plastics, composites, etc. Although corro-
sion as a science is barely 150 years old, its effects have affected people
for thousands of years. The importance of understanding the causes,
initiation, and propagation of corrosion and the methods for controlling
its degradation is threefold. First, corrosion generates an economic im-
pact through materials losses and failures of various structures and

Oxygen reduction
(neutral or basic): O2 1 2H2O : 4e2 : 4OH2 (6.5.4)

Metal-iron reduction: Fe1 3 1 e2 : Fe2 1 (6.5.5)
Metal deposition: Cu2 1 1 2e2 : Cu (6.5.6)

THERMODYNAMICS OF CORROSION

For an anodic oxidation reaction of metal to occur, a simultaneous
reduction must take place. In corroding metal systems, the anodic and
cathodic half-reactions are mutually dependent and form a galvanic or
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components. An SSINA-Battelle study estimated that the combined
economic loss to the United States in 1995 due to metal and alloy
corrosion (nonmetallics not included) was $300 billion [Mater. Perf.
v. 34, No. 6, p. 5 (1995)]. Studies of corrosion costs in other countries
have determined that 3 to 4 percent of GNP is related to economic losses
from corrosion. These estimates consider only the direct economic
costs. Indirect costs are difficult to assess but can include plant down-
time, loss of products or services, lowered efficiency, contamination,
and overdesign of structures and components. Application of current
corrosion control technology (discussed later) could recover or avoid 15
to 20 percent of the costs due to corrosion.

Second, an important consideration of corrosion prevention or con-
trol is improved safety. Catastrophic degradation and failures of pressure
vessels, petrochemical plants, boilers, airplane sections, tanks contain-
ing toxic materials, and automotive parts have led to thousands of per-
sonal injuries and deaths, which often result in subsequent litigation. If
the safety of individual workers or the public is endangered in some
manner by selection of a material or use of a corrosion control method,
that approach should be abandoned. Once assurance is given that this
criterion is met through proper materials selection and improved design
and corrosion control methods, other factors can be evaluated to provide
the optimum solution.

Third, understanding factors leading to corrosion can conserve re-
sources. The world’s supply of easily extractable raw materials is lim-
ited. Corrosion also imparts wastage of energy water resources, and raw
or processed materials.

Corrosion can occur through chemical or electrochemical reactions
and is usually an interfacial process between a material and its environ-
ment. Deterioration solely by physical means such as erosion, galling,
or fretting is not generally considered corrosion. Chemical corrosion may
be a heterogeneous reaction which occurs at the metal/environment
interface and involves the material (metal) itself as one of the reactants.
Such occurrences may include metals in strong acidic or alkaline solu-
tions, high-temperature oxidation metal/gas reactions where the oxide
or compound is volatile, breakdown of chemical bonds in polymers,
dissolution of solid metals or alloys in a liquid metal (e.g., aluminum in
mercury), or dissolution of metals in fused halides or nonaqueous solu-
tions.

However, even in acidic or alkaline solutions and in most high-tem-
perature environments, electrochemical corrosion consisting of two or
more partial reactions involves the transfer of electrons or charges. An
electrochemical reaction requires (1) an anode, (2) a cathode, (3) an
electrolyte, and (4) a complete electric circuit. In the reaction of a metal
(M) in hydrochloric acid, the metal is oxidized and electrons are gener-
ated at the anode [see Eq. (6.5.1)]. At the same time, hydrogen cations
are reduced and electrons are consumed, to evolve hydrogen gas at the
cathode—the hydrogen evolution reaction (HER) described in Eq.
(6.5.2).

Anodic (oxidation) reaction: M : M1n 1 ne2 (6.5.1)
Cathodic (reduction) reaction: 2H1 1 2e2 : H2 (6.5.2)

Generally, oxidation occurs at the anode, while reduction occurs at
the cathode. Corrosion is usually involved at the anode where the metal
or alloy is oxidized; this causes dissolution, wastage, and penetration.
Cathodic reactions significant to corrosion are few. These may include,
in addition to HER, the following:

Oxygen reduction
(acidic solutions): O2 1 4H1 1 4e2 : 2H2O (6.5.3)
spontaneous cell. A cell in which electrons are driven by an external
energy source in the direction counter to the spontaneous half-reactions
is termed an electrolytic cell. A metal establishes a potential or emf with
respect to its environment and is dependent on the ionic strength and
composition of the electrolyte, the temperature, the metal or alloy itself,
and other factors. The potential of a metal at the anode in solution arises
from the release of positively charged metal cations together with the
creation of a negatively charged metal. The standard potential of a metal
is defined by fixing the equilibrium concentration of its ions at unit
activity and under reversible (zero net current) and standard conditions
(1 atm, 101 kPa; 25°C). At equilibrium, the net current density
(mA/cm2) of an electrochemical reaction is zero. The nonzero anodic
and cathodic currents are equal and opposite, and the absolute magni-
tude of either current at equilibrium is equal to the exchange current
density (that is, ian 5 icath 5 io ).

The potential, a measure of the driving influence of an electrochemi-
cal reaction, cannot be evaluated in absolute terms, but is determined by
the difference between it and another reference electrode. Common
standard reference electrodes used are saturated calomel electrode (SCE,
0.2416 V) and saturated Cu/CuSO4 (0.337 V) whose potentials are
measured relative to standard hydrogen electrode (SHE), which by defi-
nition is 0.000 V under standard conditions. Positive electrochemical
potentials of half-cell reactions versus the SHE (written as a reduction
reaction) are more easily reduced and noble, while negative values sig-
nify half-cell reactions that are more difficult to reduce and, conversely,
more easily oxidized or active than the SHE. The signs of the potentials
are reversed if the SHE and half-cell reactions of interest are written as
oxidation reactions. The potential of a galvanic cell is the sum of the
potentials of the anodic and cathodic half-cells in the environment
surrounding them.

From thermodynamics, the potential of an electrochemical reaction is
a measure of the Gibbs free energy DG 5 2 nFE, where n is the number
of electrons participating in the reaction, F is Faraday’s constant
(96,480 C/mol), and E is the electrode potential. The potential of the
galvanic cell will depend on the concentrations of the reactants and
products of the respective partial reactions, and on the pH in aqueous
solutions. The potential can be related to the Gibbs free energy by the
Nernst equation

DE 5 DE° 1
2.3RT

nF
log

(ox)x

(red)r

where DE° is the standard electrode potential, (ox) is the activity of an
oxidized species, (red) is the activity of the reduced species, and x and r
are stoichiometric coefficients involved in the respective half-cell reac-
tions. Corrosion will not occur unless the spontaneous direction of the
reaction (that is, DG , 0) indicates metal oxidation. The application of
thermodynamics to corrosion phenomena has been generalized by use
of potential-pH plots or Pourbaix diagrams. Such diagrams are con-
structed from calculations based on the Nernst equation and solubility
data for various metal compounds. As shown in Fig. 6.5.1, it is possible
to differentiate regions of potential versus pH in which iron either is
immune or will potentially passivate from regions in which corrosion
will thermodynamically occur. The main uses of these diagrams are to:
(1) predict the spontaneous directions of reactions, (2) estimate the
composition of corrosion products, and (3) predict environmental
changes that will prevent or reduce corrosion. The major limitations of
Pourbaix diagrams are that (1) only pure metals, and not alloys, are
usually considered; (2) pH is assumed to remain constant, whereas HER
may alter the pH; (3) they do not provide information on metastable



6-96 CORROSION

films; (4) possible aggressive solutions containing Cl2, Br2, I2, or
NH4

1 are not usually considered; and (5) they do not predict the kinetics
or corrosion rates of the different electrochemical reactions. The pre-
dictions possible are based on the metal, solution, and temperature des-
ignated in the diagrams. Higher-temperature potential-pH diagrams

1.6

) Fe13

0.120 V per decade of current) of the anodic half-reaction. A similar
expression can be written for the cathodic half-reaction.

Resistance polarization hR includes the ohmic potential drop through a
portion of the electrolyte surrounding the electrode, or the ohmic resis-
tance in a metal-reaction product film on the electrode surface, or both.
High-resistivity solutions and insulating films deposited at either the
cathode or anode restrict or completely block contact between the metal
and the solution and will promote a high-resistance polarization. Mixed
polarization occurs in most systems and is the sum of hc , ha , and hR .
Given b, i , and i , the kinetics of almost any corrosion reaction can be
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Fig. 6.5.1 Simplified potential-pH diagram for the Fe-H2O system. (Pourbaix,
‘‘Atlas of Electrochemical Equilibria in Aqueous Solutions.’’)

have been developed (Computer-Calcuated Potential-pH Diagrams to
300°C, NP-3137, vol. 2. Electric Power Research Institute, Palo Alto,
CA). Ellingham diagrams provide thermodynamically derived data for
pure metals in gaseous environments to predict stable phases, although
they also do not predict the kinetics of these reactions.

CORROSION KINETICS

Corrosion is thermodynamically possible for most environmental con-
ditions. It is of primary importance to assess the kinetics of corrosion.
While free energy and electrode potential are thermodynamic parame-
ters of an electrochemical reaction, the equilibrium exchange current
density i0 is a fundamental kinetic property of the reaction. It is depen-
dent on the material, surface properties, and temperature.

Anodic or cathodic electrochemical reactions such as established in
Eqs. (6.5.1) to (6.5.6) often proceed at finite rates. When a cell is short-
circuited, net oxidation and reduction occur at the anode and cathode,
respectively. The potentials of these electrodes will no longer be at
equilibrium. This deviation from equilibrium potential is termed polar-
ization and results from the flow of a net current. Overvoltage or over-
potential is a measure of polarization. Deviations from the equilibrium
potential may be caused by (1) concentration polarization, (2) activation
polarization, (3) resistance polarization, or (4) mixed polarization. Con-
centration polarization hc is caused by the limiting diffusion of the elec-
trolyte and is generally important only for cathodic reactions. For ex-
ample, at high reduction rates of HER, the cathode surface will become
depleted of hydrogen ions. If the reduction is increased further, the
diffusion rate of hydrogen ions to the cathode will approach a limiting
diffusion current density iL . This limiting current density can be in-
creased by agitation, higher temperatures, and higher reactant concen-
trations.

Activation polarization ha refers to the electrochemical process that is
controlled by the slow rate-determining step at the metal/electrolyte
interface. Activation polarization is characteristic of cathodic reactions
such as HER and metal-ion deposition or dissolution. The relationship
between activation polarization and the rate of reaction iA at the anode is
ha(A) 5 bA log iA/io ), where bA represents the Tafel slope (; 0.60 to
L o

described.
When polarization occurs mostly at the anodes of a cell, the corrosion

reaction is anodically controlled. When polarization develops mostly at
the cathode, the corrosion rate is cathodically controlled. Resistance
control occurs when the electrolyte resistance is so high that the resul-
tant current is insufficient to polarize either the anode or the cathode.
Mixed control is common in most systems in which both anodes and
cathodes are polarized to some degree.

Hydrogen overpotential is a dominant factor in controlling the corro-
sion rate of many metals either in deaerated water or in nonoxidizing
acids at cathodic areas; the overpotential is dependent on the metal,
temperature, and surface roughness. The result of hydrogen overpoten-
tial often will be a surface film of hydrogen atoms. Decreasing pH
usually will promote the HER reaction and corrosion rate; acids and
acidic salts create a corrosive environment for many metals. Con-
versely, high-pH conditions may increase hydrogen overpotential and
decrease corrosion and may provide excellent protection even without
film formation, such as when caustic agents, ammonia, or amines are
added to condensate or to demineralized or completely softened water.

Oxygen dissolved in water reacts with the atomic hydrogen film on
cathodic regions of the metal surface by depolarization and enables
corrosion to continue. The rate of corrosion is approximately limited by
the rate at which oxygen diffuses toward the cathode (oxygen polariza-
tion); thus, extensive corrosion occurs near or at the waterline of a
partially immersed or filled steel specimen. In systems where both hy-
drogen ions and oxygen are present, the initial predominant cathodic
reaction will be the one that is most thermodynamically and kinetically
favorable.

Corrosion rates have been expressed in a variety of ways. Mils per
year (mils/yr) and mm/yr (SI) are desirable forms in which to measure
corrosion or penetration rates and to predict the life of a component
from the weight loss data of a corrosion test, as shown by Eqs. (6.5.7a)
and (6.5.7b).

mils/yr 5
534W

DAT
(6.5.7a)

mm/yr 5
87,600W

DAT
(6.5.7b)

where W 5 weight loss, mg; D 5 density of specimen, g/cm3; A 5 area
of specimen (mpy; sq. in.) (mm/yr., sq. cm); T 5 exposure time, h. The
corrosion rate considered detrimental for a metal or an alloy will depend
on its initial cost, design life, cost of materials replacement, environ-
ment, and temperature.

During metallic corrosion, the sum of the anodic currents must equal
the sum of the cathodic currents. The corrosion potential of the metal
surface is defined by the intersection of the anodic and cathodic polar-
ization curves, where anodic and cathodic currents are equal. Figure
6.5.2 illustrates an idealized polarization curve common for most
metals, while Fig. 6.5.3 displays typical anodic dissolution behavior of
active/passive metals such as iron, chromium, cobalt, molybdenum,
nickel, titanium, and alloys containing major amounts of these ele-
ments. Anodic currents increase with higher anodic potentials until a
critical anodic current density ipp is reached at the primary passive po-
tential Epp . Higher anodic potentials will result in formation of a passive
film.

Generally, metals and alloys (with the possible exception of gold) are
not in their most stable thermodynamic state. Corrosion tends to convert
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these pure materials back to their stable thermodynamic form. The
major factor controlling corrosion of metals and alloys is the nature of
the protective, passive film in the environment. Passivity may be defined
as the loss of chemical reactivity under certain environmental condi-
tions. A second definition is illustrated by Fig. 6.5.3; a metal becomes
passive if, on increasing its potential to more anodic or positive values,
the rate of anodic dissolution decreases (even though the rate should
increase as the potential increases). A metal can passivate by (1) chemi-
sorption of the solvent, (2) salt film formation, (3) oxide/oxyhydroxide

FACTORS INFLUENCING CORROSION

A number of factors influence the stability and breakdown of the passive
film, and include (1) surface finish, (2) metallurgy, (3) stress, (4) heat
treatment, and (5) environment. Polished surfaces generally resist
corrosion initiation better than rough surfaces. Surface roughness tends
to increase the kinetics of the corrosion reaction by increasing the ex-
change current density of the HER or the oxygen reduction at the cath-
odes.

Metallurgical structures and properties often have major effects on
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formation (Hoar et al., Corr. Sci., 5, 1965, p. 279; Agladze et al., Prot.
of Metals, 22, 1987, p. 404), and (4) electropolymerization (Shifler et
al., Electrochim. Acta, 38, 1993, p. 881). The stability of the passive
film will depend on its chemical, ionic, and electronic properties; its
degree of crystallinity; the film’s flexibility; and the film mechanical
properties in a given environment [Frankenthal and Kruger (eds.),
‘‘Passivity of Metals—Proc. of the Fourth International Symposium on
Passivity,’’ Electrochemical Society, Pennington, NJ]. The oxide/oxyhy-
droxide film is the most common passive film at ambient temperatures
in most environments. The passive layer thickness, whether considered
as an absorbed oxygen structure or an oxide film, is generally 50 nm or
less.

EM/M1

; Epp

EPP 5 critical potential
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Fig. 6.5.3 Idealized anodic polarization curve for active/passive metals that
exhibit passivity. Three different potential regions are identified. (Adapted from
‘‘Fontana’s Book on Corrosive Engineering,’’ McGraw-Hill.)
corrosion. Regions of varying composition exist along the surface of
most metals or alloys. These local compositional changes have different
potentials that may initiate local-action cells. Nonmetallic inclusions,
particularly sulfide inclusions, are known to initiate corrosion on carbon
and stainless steels. The size, shape, and distribution of sulfide inclu-
sions in 304 stainless steel may have a large impact on dissolution
kinetics and pitting susceptibility and growth. Elements such as chro-
mium and nickel improve the corrosion resistance of carbon steel by
improving the stability of the passive oxide film. Copper (0.2 percent)
added to carbon steel improves the atmospheric corrosion resistance of
weathering steels.

Stresses, particularly tensile stresses, affect corrosion behavior.
These stresses may be either applied or residual. Residual stresses may
either arise from dislocation pileups or stacking faults due to deforming
or cold-working the metal; these may arise from forming, heat-treating,
machining, welding, and fabrication operations. Cold working increases
the stresses applied to the individual grains by distorting the crystals.
Corrosion at cold-worked sites is not increased in natural waters, but
increases severalfold in acidic solutions. Possible segregation of carbon
and nitrogen occurs during cold working. Welding can induce residual
stresses and provide sites that are subject to preferential corrosion and
cracking. The welding of two dissimilar metals with different thermal
expansion coefficients may restrict expansion of one member and in-
duce applied stresses during service. Thermal fluctuations of fabrication
bends or attachments welded to components may cause applied stresses
to develop that may lead to cracking.

Improper heat treatment or welding can influence the microstructure
of different alloys by causing either precipitation of deleterious phases
at alloy grain boundaries or (as is the case of austenitic stainless steels)
depletion of chromium in grain boundary zones, which decreases the
local corrosion resistance. Welding also can cause phase transforma-
tions, formation of secondary precipitates, and induce stresses in and
around the weld. Rapid quenching of steels from austenizing tempera-
tures may form martensite, a distorted tetragonal structure, that often
suffers from preferential corrosion.

The nature of the environment can affect the rate and form of corro-
sion. Environments include (1) natural and treated waters, (2) the atmo-
sphere, (3) soil, (4) microbiological organisms, and (5) high tempera-
ture. Corrosivity in freshwater varies with oxygen content, hardness,
chloride and sulfur content, temperature, and velocity. Water contains
colloidal or suspended matter and dissolved solids and gases. All these
constituents may stimulate or suppress corrosion either by affecting the
cathodic or anodic reaction or by forming a protective barrier. Oxygen
is probably the most significant constituent affecting corrosion in neu-
tral and alkaline solutions; hydrogen ions are more significant in acidic
solutions. Freshwater can be hard or soft. In hard waters, calcium car-
bonate often deposits on the metal surface and protects it; pitting may
occur if the calcareous coating is not complete. Soft waters are usually
more corrosive because protective deposits do not form. Several satura-
tion indices are used to provide scaling tendencies. Nitrates and chlo-
rides increase aqueous conductivity and reduce the effectiveness of nat-
ural protective films. The chloride/bicarbonate ratio has been observed
to predict the probability of dezincification. Sulfides in polluted waters
tend to cause pitting. Deposits on metal surfaces may lead to local
stagnant conditions which may lead to pitting. High velocities usually
increase corrosion rates by removing corrosion products which other-
wise might suppress the anodic reaction and by stimulating the cathodic
reaction by providing more oxygen. High-purity water, used in nuclear
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and high-pressure power units, decreases corrosion by increasing the
electrical resistance of the fluid. Temperature effects in aqueous sys-
tems are complex, depending on the nature of the cathodic and anodic
reactions.

Seawater is roughly equivalent to 31⁄2 percent sodium chloride, but
also contains a number of other major constituents and traces of almost
all naturally occurring elements. Seawater has a higher conductivity
than freshwater, which alone can increase the corrosion of many metals.
The high conductivity permits larger areas to participate in corrosion
reactions. The high chloride content in seawater can increase localized

fluenced corrosion (MIC). Most MIC involves localized corrosion. Bio-
logical organisms are present in virtually all natural aqueous environ-
ments (freshwater, brackish water, seawater, or industrial water) and in
some soils. In these environments, the tendency is for the microorga-
nisms to attach to and grow as a biofilm on the surface of structural
materials. Environmental variables (pH, velocity, oxidizing power,
temperature, electrode polarization, and concentration) under a biofilm
can be vastly different from those in the bulk environment. MIC can
occur under aerobic or anaerobic conditions. Biofilms may cause corro-
sion under conditions that otherwise would not cause dissolution in the
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breakdown of oxide films. The pH of seawater is usually 8.1 to 8.3.
Plant photosynthesis and decomposition of marine organisms can raise
or lower the pH, respectively. Because of the relatively high pH, the
most important cathodic reaction in seawater corrosion processes is
oxygen reduction. Highly aerated waters, such as tidal splash zones, are
usually regions of very high corrosion rates. Barnacles attached to metal
surfaces can cause localized attack if present in discontinuous barriers.
Copper and copper alloys have the natural ability to suppress barnacles
and other microfouling organisms. Sand, salt, and abrasive particles sus-
pended in seawater can aggravate erosion corrosion. Increased seawater
temperatures generally increase corrosivity (Laque, ‘‘Marine
Corrosion—Causes and Prevention,’’ Wiley-Interscience, New York).

In general, atmospheric corrosion is the result of the conjoint action of
oxygen and water, although contaminants such as sodium chloride and
sulfur dioxide accelerate corrosion rates. In the absence of moisture
(below 60 to 70 percent relative humidity), most metals corrode very
slowly at ambient temperatures. Water is required to provide an electro-
lyte for charge transfer. Damp corrosion requires moisture from the
atmosphere; wet corrosion occurs when water pockets or visible water
layers are formed on the metal surface due to salt spray, rain, or dew
formation. The solubility of the corrosion products can affect the corro-
sion rate during wet corrosion; soluble corrosion products usually in-
crease corrosion rates.

Time of wetness is a critical variable that determines the duration of
the electrochemical corrosion processes in atmospheric corrosion.
Temperature, climatic conditions, relative humidity, and surface shape
and conditions that affect time of wetness also influence the corrosion
rate. Metal surfaces that retain moisture generally corrode faster than
surfaces exposed to rain. Atmospheres can be classified as rural, marine,
or industrial. Rural atmospheres tend to have the lowest corrosion rates.
The presence of NaCl near coastal shores increases the aggressiveness
of the atmosphere. Industrial atmospheres are more corrosive than rural
atmospheres because of sulfur compounds. Under humid conditions
SO2 can promote the formation of sulfurous or sulfuric acid. Other
contaminants include nitrogen compounds, H2S, and dust particles.
Dust particles adhere to the metal surface and absorb water, prolonging
the time of wetness; these particles may include chlorides that tend to
break down passive films [Ailor (ed.), ‘‘Atmospheric Corrosion,’’
Wiley-Interscience, New York].

Soil is a complex, dynamic environment that changes continuously,
both chemically and physicially, with the seasons of the year. Charac-
terizing the corrosivity of soil is difficult at best. Soil resistivity is a mea-
sure of the concentration and mobility of ions required to migrate
through the soil electrolyte to a metal surface for a corrosion reaction to
continue. Soil resistivity is an important parameter in underground
corrosion; high resistivity values often suggest low corrosion rates. The
mineralogical composition and earth type affect the grain size, effective
surface area, and pore size which, in turn, affect soil corrosivity. Fur-
ther, soil corrosivity can be strongly influenced by certain chemical
species, microorganisms, and soil acidity or alkalinity. A certain water
content in soil is required for corrosion to occur. Oxygen also is gener-
ally required for corrosion processes, although steel corrosion can occur
under oxygen-free, anaerobic conditions in the presence of sulfate-
reducing bacteria (SRB). Soil water can regulate the oxygen supply and
its transport. [Romanoff, Underground Corrosion, NBS Circ., 579,
1957, available from NACE International, Houston; Escalante (ed.),
‘‘Underground Corrosion,’’ STP 741, ASTM, Philadelphia].

Almost all commercial alloys are affected by microbiological in-
environment, may change the mode of corrosion, may increase or de-
crease the corrosion rate, or may not influence corrosion at all. MIC
may be active or passive. Active MIC directly accelerates or establishes
new electrochemical corrosion reactions. In passive MIC, the biomass
acts as any dirt or deposition accumulation where concentration cells
can initiate and propagate. Several forms of bacteria are linked to accel-
erated corrosion by MIC: (1) SRB, (2) sulfur or sulfide-oxidizing bacte-
ria, (3) acid-producing bacteria and fungi, (4) iron-oxidizing bacteria,
(5) manganese-fixing bacteria, (6) acetate-oxidizing bacteria, (7) ace-
tate-producing bacteria, and (8) slime formers [Dexter (ed.), ‘‘Biologi-
cal Induced Corrosion,’’ NACE-8, NACE International, Houston; Ko-
brin (ed.), ‘‘A Practical Manual on Microbiological Influenced
Corrosion,’’ NACE International Houston; Borenstein, ‘‘Microbiologi-
cal Influenced Corrosion Handbook,’’ Industrial Press, New York].

High-temperature service ($ 100°C) is especially damaging to many
metals and alloys because of the exponential increase in the reaction
rate with temperature. Hot gases, steam, molten or fused salts, molten
metals, or refractories, ceramics, and glasses can affect metals and
alloys at high temperatures. The most common reactant is oxygen;
therefore all gas-metal reactions are usually referred to as oxidations,
regardless of whether the reaction involves oxygen, steam, hydrogen
sulfide, or combustion gases. High-temperature oxidation reactions are
generally not electrochemical; diffusion is a fundamental property in-
volved in oxidation reactions. The corrosion rate can be influenced
considerably by the presence of contaminants, particularly if they are
adsorbed on the metal surface. Pressure generally has little effect on the
corrosion rate unless the dissociation pressure of the oxide or scale
constituent lies within the pressure range involved. Stress may be im-
portant when attack is intergranular. Differential mechanical properties
between a metal and its scale may cause periodic scale cracking which
leads to accelerated oxidation. Thermal cycling can lead to cracking and
flaking of scale layers. A variety of molten salt baths are used in indus-
trial processes. Salt mixtures of nitrates, carbonates, or halides of alka-
line or alkaline-earth metals may adsorb on a metal surface and cause
beneficial or deleterious effects.

There are three major types of cells that transpire in corrosion reac-
tions. The first is the dissimilar electrode cell. This is derived from poten-
tial differences that exist between a metal containing separate electri-
cally conductive impurity phases on the surface and the metal itself,
different metals or alloys connected to one another, cold-worked metal
in contact with the same metal annealed, a new iron pipe in contact with
an old iron pipe, etc.

The second cell type, the concentration cell, involves having identical
electrodes each in contact with an environment of differing composi-
tion. One kind of concentration cell involves solutions of differing salt
levels. Anodic dissolution or corrosion will tend to occur in the more
dilute salt or lower-pH solution, while the cathodic reaction will tend to
occur in the more concentrated salt or higher-pH solution. Identical
pipes may corrode in soils of one composition (clay) while little corro-
sion occurs in sandy soil. This is due, in part, to differences in soil
composition and, in part, to differential aeration effects. Corrosion will
be experienced in regions low in oxygen; cathodes will exist in high-
oxygen areas.

The third type of cell, the thermogalvanic cell, involves electrodes of
the same metal that are exposed, initially, in electrolytes of the same
composition but at different temperatures. Electrode potentials change
with temperature, but temperature also may affect the kinetics of disso-
lution. Depending on other aspects of the environment, thermogalvanic
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cells may accelerate or slow the rate of corrosion. Denickelification of
copper-nickel alloys may occur in hot areas of a heat exchanger in
brackish water, but are unaffected in colder regions.

FORMS OF CORROSION

It is convenient to classify corrosion by the various forms in which it
exists, preferably by visual examination, although in many cases analy-
sis may require more sophisticated methods. An arbitrary list of corro-
sion types includes (1) uniform corrosion, (2) galvanic corrosion,

Corrosion from galvanic effects is usually worse near the couple
junction and decreases with distance from the junction. The distance
influenced by galvanic corrosion will be affected by solution conduc-
tivity. In low-conductivity solutions, galvanic attack may be a sharp,
localized groove at the junction, while in high-conductivity solutions,
galvanic corrosion may be shallow and may spread over a relatively
long distance. Another important factor in galvanic corrosion is the
cathodic-to-anodic area ratio. Since anodic and cathodic currents (mA)
must be equal in a corrosion reaction, an unfavorable area ratio is com-
posed of a large cathode and a small anode. The current density
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(3) crevice corrosion, (4) pitting, (5) intergranular corrosion, (6) deal-
loying or selective leaching, (7) erosion corrosion, (8) environmentally
induced cracking, and (9) high-temperature corrosion.

Uniform attack is the most common form of corrosion. It is typified by
an electrochemical or chemical attack that affects the entire exposed
surface. The metal becomes thinner and eventually fails. Unlike many
of the other forms of corrosion, uniform corrosion can be easily mea-
sured by weight-loss tests and by using equations such as (6.5.7a) and
(6.5.7b). The life of structures and components suffering from uniform
corrosion then can be accurately estimated.

Stray-current corrosion or stray-current electrolysis is caused by exter-
nally induced electric currents and is usually independent of environ-
mental factors such as oxygen concentration of pH. Stray currents are
escaped currents that follow paths other than their intended circuit via a
low-resistance path through soil, water, or any suitable electrolyte. Di-
rect currents from electric mass-transit systems, welding machines, and
implied cathodic protection systems (discussed later) are major sources
of stray-current corrosion. At the point where stray currents enter the
unintended structure, the sites will become cathodic because of changes
in potential. Areas where the stray currents leave the metal structure
become anodic and become sites where serious corrosion can occur.
Alternating currents generally cause less severe damage than direct
currents. Stray-current corrosion may vary over short periods, and it
sometimes looks similar to galvanic corrosion.

Galvanic corrosion occurs when a metal or an alloy is electrically
coupled to another metal, alloy, or conductive nonmetal in a common,
conductive medium. A potential difference usually exists between dis-
similar metals, which causes a flow of electrons between them. The
corrosion rate of the less corrosion-resistant (active) anodic metal is
increased, while that of the more corrosion-resistant (noble) cathodic
metal or alloy is decreased. Galvanic corrosion may be affected by
many factors, including (1) electrode potential, (2) reaction kinetics, (3)
alloy composition, (4) protective-film characteristics, (5) mass transport
(migration, diffusion, and/or convection), (6) bulk solution properties
and environment, (7) cathode/anode ratio and total geometry, (8) polar-
ization, (9) pH, (10) oxygen content and temperature, and (11) type of
joint [Hack (ed.), ‘‘Galvanic Corrosion,’’ STP 978, ASTM, Philadel-
phia].

The driving force for corrosion or current flow is the potential differ-
ence formed between dissimilar metals. The extent of accelerated
corrosion resulting from galvanic corrosion is related to potential dif-
ferences between dissimilar metals or alloys, the nature of the environ-
ment, the polarization behavior of metals involved in the galvanic cou-
ple, and the geometric relationship of the component metals. A galvanic
series of metals and alloys is useful for predicting the possibility of gal-
vanic corrosion (see Fig. 6.5.4) (Baboian, ‘‘Galvanic and Pitting
Corrosion—Field and Laboratory Studies,’’ STP 576, ASTM, Phila-
delphia). A galvanic series must be arranged according to the potentials
of the metals or alloys in a specific electrolyte at a given temperature
and conditions. Separation of two metals in the galvanic series may
indicate the possible magnitude of the galvanic corrosion. Since corro-
sion-product films and other changes in the surface composition may
occur in different environments, no singular value may be assigned for a
particular metal or alloy. This is important since polarity reversal may
occur. For example, at ambient temperatures, zinc is more active than
steel and is used to cathodically protect steel; however, above 60°C
(e.g., in hot-water heaters), corrosion products formed on zinc may
cause the steel to become anodic and corrode preferentially to zinc.
(mA/cm2) and corrosion rate are greater for the small anode than for the
large cathode. Corrosion rates depending on the area ratio may be 100 to
1,000 times greater than if the cathode and anode areas were equal. The
method by which dissimilar metals or alloys are joined may affect the
degree of galvanic corrosion. Welding, where a gradual transition from
one material to another often exists, could react differently in a system
where two materials are insulated by a gasket but electrically connected
elsewhere through the solution, or differently still in a system connected
by fasteners.

Galvanic corrosion may be minimized by (1) selecting combinations
of metals or alloys near each other in the galvanic series; (2) avoiding
unfavorably large cathode/anode area ratios; (3) completely insulating
dissimilar metals whenever possible to disrupt the electric circuit;
(4) adding inhibitors to decrease the aggressiveness of the environment;
(5) avoiding the use of threaded joints to connect materials far apart in
the galvanic series; (6) designing for readily replaceable anodic parts;
and (7) adding a third metal that is anodic to both metals or alloys in the
galvanic couple.

Crevice corrosion is the intensive localized corrosion that may occur
because of the presence of narrow openings or gaps between metal-to-
metal (under bolts, lap joints, or rivet heads) or nonmetal-to-metal
(under gaskets, surface deposits, or dirt) components and small volumes
of stagnant solution. Crevice corrosion sometimes is referred to as un-
derdeposit corrosion or gasket corrosion. Resistance to crevice corrosion
can vary from one alloy/environmental system to another. Crevice
corrosion may range from near uniform attack to severe localized disso-
lution at the metal surface within the crevice and may occur in a variety
of metals and alloys ranging from relatively noble metals such as silver
and copper to active metals such as aluminum and titanium. Stainless
steels are susceptible to crevice corrosion. Fibrous gasket materials that
draw solution into a crevice by capillary action are particularly effective
in promoting crevice corrosion. The environment can be any neutral or
acidic aggressive solution, but solutions containing chlorides are partic-
ularly conducive to crevice corrosion. In cases where the bulk environ-
ment is particularly aggressive, general corrosion may deter localized
corrosion at a crevice site.

A condition for crevice corrosion is a crevice or gap that is wide
enough to permit solution entry but is sufficiently narrow to maintain a
stagnant zone within the crevice to restrict entry of cathodic reactants
and removal of corrosion products through diffusion and migration.
Crevice gaps are usually 0.025 to 0.1 mm (0.001 to 0.004 in) wide. The
critical depth for crevice corrosion is dependent on the gap width and
may be only 15 to 40 mm deep. Most cases of crevice corrosion occur in
near-neutral solutions in which dissolved oxygen is the cathodic reac-
tant. In seawater, localized corrosion of copper and its alloys (due to
differences in Cu2 1 concentration) is different from that of the stainless
steel group because the attack occurs outside the crevice rather than
within it. In acidic solutions where hydrogen ions are the cathodic reac-
tant, crevice corrosion actually occurs at the exposed surface near the
crevice. Decreasing crevice width or increasing crevice depth, bulk
chloride concentration, and/or acidity will increase the potential for
crevice corrosion. In some cases, deep crevices may restrict propagation
because of the voltage drop through the crevice solution (Lee et al.,
Corrosion/83, paper 69, NACE International, Houston).

A condition common to crevice corrosion is the development of an
occluded, localized environment that differs considerably from the bulk
solution. The basic overall mechanism of crevice corrosion is the disso-
lution of a metal [Eq. (6.5.1)] and the reduction of oxygen to hydroxide
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Fig. 6.5.4 Galvanic series for metals and alloys in seawater. Flowing seawater at 2.4 to 4.0 m/s; immersion for 5 to 15
days at 5 to 30°C. (Source: ASTM.)

ions [Eq. (6.5.4)]. Initially, these reactions take place uniformly, both
inside and outside the crevice. However, after a short time, oxygen
within the crevice is depleted because of restricted convection and oxy-
gen reduction ceases in this area. Because the area within the crevice is
much smaller than the external area, oxygen reduction remains virtually
unchanged. Once oxygen reduction ceases within the crevice, the con-
tinuation of metal dissolution tends to produce an excess of positive
charge within the crevice. To maintain charge neutrality, chloride or
possibly hydroxide ions migrate into the crevice. This results in an
increased concentration of metal chlorides within the crevice, which

joints in favor of properly welded joints, designing vessels for complete
drainage and removal of sharp corners and stagnant areas, removing
deposits frequently, and using solid, nonabsorbent gaskets (such as Tef-
lon) wherever possible.

Pitting is a form of extremely localized attack forming a cavity or hole
in the metal or alloy. Deterioration by pitting is one of the most danger-
ous types of localized corrosion, but its unanticipated occurrences and
propagation rates are difficult to consider in practical engineering de-
signs. Pits are often covered by corrosion products. Depth of pitting is
sometimes expressed by the pitting factor, which is the ratio of deepest
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hydrolyzes in water according to Eq. (6.5.8) to form an insoluble hy-
droxide and a free acid.

M1Cl2 1 H2O : MOH p 1 H1Cl2 (6.5.8)

The increased acidity boosts the dissolution rates of most metals and
alloys, which increases migration and results in a rapidly accelerating
and autocatalytic process. The chloride concentration within crevices
exposed to neutral chloride solutions is typically 3 to 10 times higher
than that in the bulk solution. The pH within the crevice is 2 to 3. The
pH drop with time and critical crevice solution that will cause break-
down in stainless steels can be calculated (Oldfield and Sutton, Brit.
Corrosion J., 13, 1978, p. 13).

Optimum crevice corrosion resistance can be achieved with an ac-
tive/passive metal that possesses (1) a narrow active-passive transition,
(2) a small critical current density, and (3) an extended passive region.
Crevice corrosion may be minimized by avoiding riveted, lap, or bolted
metal penetration to average metal penetration, as determined by weight-
loss measurements. A pitting factor of 1 denotes uniform corrosion.

Pitting is usually associated with the breakdown of a passive metal.
Breakdown involves the existence of a critical potential Eb , induction
time at a potential .Eb , presence of aggressive species (Cl2, Br2,
ClO4

2, etc.), and discrete sites of attack. Pitting is associated with local
imperfections in the passive layer. Nonmetallic inclusions, second-
phase precipitates, grain boundaries, scratch lines, dislocations, and
other surface inhomogeneities can become initiation sites for pitting
(Szklarska-Smialowska, ‘‘Pitting of Metals,’’ NACE International,
Houston). The induction time before pits initiate may range from days
to years. The induction time depends on the metal, the aggressiveness of
the environment, and the potential. The induction time tends to decrease
if either the potential or the concentration of aggressive species in-
creases.

Once pits are initiated, they continue to grow through an autocatalytic
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process (i.e., the corrosion conditions within the pit are both stimulating
and necessary for continuing pit growth). Pit growth is controlled by the
rate of depolarization at the cathodic areas. Oxygen in aqueous environ-
ments and ferric chloride in various industrial environments are effec-
tive depolarizers. The propagation of pits is virtually identical to crevice
corrosion. Factors contributing to localized corrosion such as crevice
corrosion and pitting of various materials are found in other publica-
tions [‘‘Localized Corrosion—Cause of Metal Failure,’’ STP 516,
ASTM, Philadelphia; Brown et al. (eds.), ‘‘Localized Corrosion,’’
NACE-3, NACE International, Houston; Isaacs et al. (eds.), ‘‘Advances

phases during heat treatment or welding. Alloys with these intergranular
precipitates are subject to intergranular corrosion.

Dealloying involves the selective removal of the most electrochemi-
cally active component metal in the alloy. Selective removal of one
metal can result in either localized attack, leading to possible perfora-
tion (plug dealloying), or a more uniform attack (layer dealloying),
resulting in loss of component strength. Although selective removal of
metals such as Al, Fe, Si, Co, Ni, and Cr from their alloys has occurred,
the most common dealloying is the selective removal of zinc from
brasses, called dezincification. Dezincification of brasses (containing 15

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
in Localized Corrosion,’’ NACE-9, NACE International, Houston;
Frankel and Newman (eds.), ‘‘Critical Factors in Localized Corrosion,’’
vol. 92-9, The Electrochemical Society, Pennington, NJ].

Copper and its alloys suffer localized corrosion by nodular pitting in
which the attacked areas are covered with small mounds or nodules
composed of corrosion product and CaCO3 precipitated from water. The
pit interior is covered with CuCl which prevents formation of a protec-
tive Cu2O layer. Pitting occurs most often in cold, moderately hard to
hard waters, but it also happens in soft waters above 60°C. Pitting is
associated with the presence of very thin carbon (cathodic) films from
lubricants used during tube manufacture. Copper pitting is favored by a
high sulfate/chloride ratio. Copper-nickel tubing suffers from acceler-
ated corrosion in seawater due to the presence of both sulfides and
oxygen. Sulfides prevent the formation of a protective oxide layer,
which allows the anodic reaction to proceed unabated and supported by
the oxygen reduction reaction.

Caustic corrosion, frequently referred to as caustic gouging or ductile
gouging, is a form of localized corrosion that occurs as a result of fouled
heat-transfer surfaces of water-cooled tubes and the presence of an ac-
tive corrodent in the water of high-pressure boilers. Porous deposits that
form and grow in these high-heat-input areas produce conditions that
allow sodium hydroxide to permeate the deposits by a process called
wick boiling and that concentrate to extremely high levels (for example,
100 ppm bulk water concentrated to 220,000 ppm NaOH in water film
under these deposits) which dissolves the protective magnetite and then
reacts directly with the steel to cause rapid corrosion. A smooth, irreg-
lar thinning occurs, usually downstream of flow disruptions or in hori-
zontal or inclined tubing.

Intergranular corrosion is localized attack that follows a narrow path
along the grain boundaries of a metal or an alloy. Intergranular corro-
sion is caused by the presence of impurities, precipitation of one of the
alloying elements, or depletion of one of these elements at or along
the grain boundaries. The driving force of intergranular corrosion is the
difference in corrosion potential that exists between a thin grain bound-
ary zone and the bulk of immediately adjacent grains. Intergranular
corrosion most commonly occurs in aluminum or copper alloys and
austenitic stainless steels.

When austenitic stainless steels such as 304 are heated or placed in
service at temperatures of 950 to 1450°C, they become sensitized and
susceptible to intergranular corrosion, because chromium carbide
(Cr26C6 ) is formed. This effectively removes chromium from the vicin-
ity of the grain boundaries, thereby approaching the corrosion resistance
of carbon steel in these chromium-depleted areas. Methods to avoid
sensitization and to control intergranular corrosion of austenitic stainless
steels (1) employ high-temperature heat treatment (solution quenching)
at 1,950 to 2,050°C; (2) add elements that are stronger carbide formers
(stabilizers such as columbium, columbium plus tantalum, or titanium)
than chromium; and (3) lower the carbon content below 0.03 percent.
Stabilized austenitic stainless steels can experience intergranular corro-
sion if heated above 2,250°C, where columbium carbides dissolve, as
may occur during welding. Intergranular corrosion of stabilized stain-
less steels is called knife-line attack. This attack transpires in a narrow
band in the parent metal adjacent to a weld. Reheating the steel to
around 1,950 to 2,250°C reforms the stabilized carbides.

Surface carburization also can cause intergranular corrosion in cast
austenitic stainless steels. Overaging of aluminum alloys can form pre-
cipitates such as CuAl2 , FeAl3 , MgAl3 , MgZn2 , and MnAl6 along
grain boundaries and can promote intergranular corrosion. Some nickel
alloys can form intergranular precipitates of carbides and intermetallic
percent or more zinc) takes place in soft waters, especially if the carbon
dioxide content is high. Other factors that increase the susceptibility of
brasses to dealloying are high temperatures, waters with high chloride
content, low water velocity, crevices, and deposits on the metal surface.
Dezincification is experienced over a wide pH range. Layer dezincifica-
tion is favored when the environment is acidic and the brass has a high
zinc content. Plug dezincification tends to develop when the environ-
ment is slightly acidic, neutral, or alkaline and the zinc content is rela-
tively low. It has been proposed that either zinc is selectively dissolved
from the alloy, leaving a porous structure of metallic copper in situ
within the brass lattice, or both copper and zinc are dissolved initially,
but copper immediately redeposits at sites close to where the zinc was
dissolved.

Dezincification can be minimized by reducing oxygen in the envi-
ronment or by cathodic protection. Dezincification of a-brass (70 per-
cent Cu, 30 percent Zn) can be minimized by alloy additions of 1 per-
cent tin. Small amounts (; 0.05 percent) of arsenic, antimony, or
phosphorus promote effective inhibition of dezincification for 70/30
a-brass (inhibited admiralty brass). Brasses containing less than 15
percent zinc have not been reported to suffer dezincification.

Gray cast iron selectively leaches iron in mild environments, particu-
larly in underground piping systems. Graphite is cathodic to iron, which
sets up a galvanic cell. The dealloying of iron from gray cast iron leaves
a porous network of rust, voids, and graphite termed graphitization or
graphite corrosion. The cast iron loses both its strength and its metallic
properties, but it experiences no apparent dimensional changes. Graphi-
tization does not occur in nodular or malleable cast irons because
a continuous graphite network is not present. White cast iron also
is immune to graphitization since it has essentially no available free
carbon.

Dealloying also can occur at high temperatures. Exposure of stainless
steels to low-oxygen atmospheres at 1,800°F (980°C) results in the
selective oxidation of chromium, the creation of a more protective scale,
and the depletion of chromium under the scale in the substrate metal.
Decarburization can occur in carbon steel tubing if it is heated above
1,600°F (870°C). Denickelification of austenitic stainless steels occurs
in liquid sodium.

Erosion corrosion is the acceleration or increase of attack due to the
relative movement between a corrosive fluid and the metal surface.
Mechanically, the conjoint action of erosion and corrosion damages not
only the protective film but also the metal or alloy surface itself by the
abrasive action of a fluid (gas or liquid) at high velocity. The inability to
maintain a protective passive film on the metal or alloy surface raises
the corrosion rate. Erosion corrosion is characterized by grooves, gul-
lies, waves, rounded holes, and valleys—usually exhibited in a direc-
tional manner. Components exposed to moving fluids and subject to
erosion corrosion include bends, elbows, tees, valves, pumps, blowers,
propellers, impellers, agitators, condenser tubes, orifices, turbine
blades, nozzles, wear plates, baffles, boiler tubes, and ducts.

The hardness of the alloy or metal and/or the mechanical or protec-
tive nature of the passive film will affect the resistance to erosion corro-
sion in a particular environment. Copper and brasses are particularly
susceptible to erosion corrosion. Often, an escalation in the fluid veloc-
ity increases the attack by erosion corrosion. The effect may be nil until
a critical velocity is reached, above which attack may increase very
rapidly. The critical velocity is dependent on the alloy, passive layer,
temperature, and nature of the fluid environment. The increased attack
may be attributed, in part, to increasing cathodic reactant concentration
to the metal surface. Increased velocity may decrease attack by increas-
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ing the effectiveness of inhibitors or by preventing silt or dirt from
depositing and causing crevice corrosion.

Erosion corrosion includes impingement, cavitation, and fretting
corrosion. Impingement attack occurs when a fluid strikes the metal
surface at high velocity at directional-change sections such as bends,
tees, turbine blades, and inlets of pipes or tubes. In the majority of cases
involving impingement attack, a geometric feature of the system results
in turbulence. Air bubbles or solids present in turbulent flow will accen-
tuate attack. Cavitation damage is caused by the formation and collapse
of vapor bubbles in a liquid near a metal surface. Cavitation occurs

Hydrogen damage is temperature dependent with a threshold tempera-
ture of about 400°F (204°C). Hydrogen damage has been observed in
boilers operating at pressures of 450 to 2,700 lb/in2 (3.1 to 18.6 MPa)
and tube metal temperatures of 600 to 950°F (316 to 510°C). Hydrogen
damage may occur in either acidic or alkaline conditions, although this
contention is not universally accepted.

Hydrogen embrittlement results from penetration and adsorption of
atomic hydrogen into an alloy matrix. This process results in a decrease
of toughness and ductility of alloys due to hydrogen ingress. Hydrogen
may be removed by baking at 200 to 300°F (93 to 149°C), which returns
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where high-velocity water and hydrodynamic pressure changes are en-
countered, such as with ship propellers or pump impellers. If pressure
on a liquid is lowered drastically by flow divergence, water vaporizes
and forms bubbles. These bubbles generally collapse rapidly, producing
shock waves with pressures as high as 60,000 lb/in2 (410 MPa), which
destroys the passive film. The newly exposed metal surface corrodes,
re-forms a passive film which is destroyed again by another cavitation
bubble, and so forth. As many as 2 million bubbles may collapse over a
small area in 1 s. Cavitation damage causes both corrosion and mechan-
ical effects. Fretting corrosion is a form of damage caused at the interface
of two closely fitting surfaces under load when subjected to vibration
and slip. Fretting is explained as (1) the surface oxide is ruptured at
localized sites prompting reoxidation or (2) material wear and friction
cause local oxidation. The degree of plastic deformation is greater for
softer materials than for hard; seizing and galling may often occur.
Lubrication, increased hardness, increased friction, and the use of gas-
kets can reduce fretting corrosion.

Environmentally induced cracking is a brittle fracture of an otherwise
ductile material due to the conjoint action of tensile stresses in a specific
environment over a period of time. Environmentally induced cracking
includes (1) stress corrosion cracking, (2) hydrogen damage, (3) corro-
sion fatigue, (4) liquid-metal embrittlement, and (5) solid-metal-
induced embrittlement.

Stress corrosion cracking (SCC) refers to service failures due to the
joint interaction of tensile stress with a specific corrodent and a suscep-
tible, normally ductile material. The observed crack propagation is the
result of mechanical stress and corrosion reactions. Stress can be exter-
nally applied, but most often it is the result of residual tensile stresses.
SCC can initiate and propagate with little outside evidence of corrosion
or macroscopic deformation and usually provides no warning of im-
pending failure. Cracks often initiate at surface flaws that were preex-
isting or were formed during service. Branching is frequently associated
with SCC; the cracks tend to be very fine and tight and are visible only
with special techniques or microscopic instrumentation. Cracking can
be intergranular or transgranular. Intergranular SCC is often associated
with grain boundary precipitation or grain boundary segregation of
alloy constituents such as found in sensitized austenitic stainless steels.
Transgranular SCC is related to crystal structure, anisotropy, grain size
and shape, dislocation density and geometry, phase composition, yield
strength, ordering, and stacking fault energies. The specific corrodents
of SCC include (1) carbon steels, such as sodium hydroxide; (2) stain-
less steels, such as NaOH or chlorides; (3) a-brass, such as ammoniacal
solutions; (4) aluminum alloys, such as aqueous Cl2, Br2, I2 solutions;
(5) titanium alloys, such as aqueous Cl2, Br2, I2 solutions and organic
liquids; and (6) high-nickel alloys, high-purity steam [Gangloff and Ives
(eds.), ‘‘Environment-Induced Cracking of Metals,’’ NACE-10, NACE
International, Houston; Bruemmer et al. (eds.), ‘‘Parkins Symposium
on Fundamental Aspects of Stress Corrosion Cracking,’’ The Minerals,
Metals, and Materials Society, Warrendale, PA].

Hydrogen interactions can affect most engineering metals and alloys.
Terms to describe these interactions have not been universally agreed
upon. Hydrogen damage or hydrogen attack is caused by the diffusion
of hydrogen through carbon and low-alloy steels. Hydrogen reacts with
carbon, either in elemental form or as carbides, to form methane gas.
Methane accumulates at grain boundaries and can cause local pressures
to exceed the yield strength of the material. Hydrogen damage causes
intergranular, discontinuous cracks and decarburization of the steel.
Once cracking occurs, the damage is irreversible. In utility boilers, hy-
drogen damage has been associated with fouled heat-transfer surfaces.
the alloy mechanical properties very nearly to those existing before
hydrogen entry. Hydrogen embrittlement can affect most metals and
alloys. Hydrogen blistering results from atomic hydrogen penetration at
internal defects near the surface such as laminations or nonmetallic
inclusions where molecular hydrogen forms. Pressure from H2 can
cause local plastic deformation or surface exfoliation [Moody and
Thompson (eds.), ‘‘Hydrogen Effects on Material Behavior,’’ The Min-
erals, Metals, and Materials Society, Warrendale, PA].

When a metal or an alloy is subjected to cyclic, changing stresses,
then cracking and fracture can occur at stresses lower than the yield
stress through fatigue. A clear relationship exists between stress ampli-
tude and number of cyclic loads; an endurance limit is the stress level
below which fatigue will not occur indefinitely. Fracture solely by fa-
tigue is not viewed as an example of environmental cracking. However,
the conjoint action of a corrosive medium and cyclic stresses on a
material is termed corrosion fatigue. Corrosion fatigue failures are usu-
ally ‘‘thick-walled,’’ brittle ruptures showing little local deformation.
An endurance limit often does not exist in corrosion fatigue failures.
Cracking often begins at pits, notches, surface irregularities, welding
defects, or sites of intergranular corrosion. Surface features of corrosion
fatigue cracking vary with alloys and specific environmental conditions.
Crack paths can be transgranular (carbon steels, aluminum alloys, etc.)
or intergranular (copper, copper alloys, etc.); exceptions to the norm are
found in each alloy system. ‘‘Oyster shell’’ markings may denote
corrosion fatigue failures, but corrosion products and corrosion often
cover and obscure this feature. Cracks usually propagate in the direction
perpendicular to the principal tensile stress; multiple, parallel cracks are
usually present near the principal crack which led to failure. Applied
cyclic stresses are caused by mechanical restraints or thermal fluctua-
tions; susceptible areas may also include structures that possess residual
stresses from fabrication or heat treatment. Low pH and high stresses,
stress cycles, and oxygen content or corrosive species concentrations
will increase the probability of corrosion fatigue cracking [Crooker and
Leis (eds.), ‘‘Corrosion Fatigue-Mechanics, Metallurgy, Electrochem-
istry, and Engineering,’’ STP-801, ASTM, Philadelphia; McEvily and
Staehle (eds.), ‘‘Corrosion Fatigue-Chemistry, Mechanics, and Micro-
structure,’’ NACE International, Houston].

Liquid-metal embrittlement (LME) or liquid-metal-induced embrittle-
ment is the catastrophic brittle fracture of a normally ductile metal when
coated by a thin film of liquid metal and subsequently stressed in ten-
sion. Cracking may be either intergranular or transgranular. Usually, a
solid that has little or no solubility in the liquid and forms no intermetal-
lic compounds with the liquid constitutes a couple with the liquid. Frac-
ture can occur well below the yield stress of the metal or alloy (Jones,
‘‘Engineering Failure Analysis,’’ 1, 1994, p. 51). A partial list of exam-
ples of LME includes (1) aluminum (by mercury, gallium, indium,
tin-zinc, lead-tin, sodium, lithium, and inclusions of lead, cadmium, or
bismuth in aluminum alloys); (2) copper and select copper alloys (mer-
cury, antimony, cadmium, lead, sodium, lithium, and bismuth); (3) zinc
(mercury, gallium, indium, Pb-Sn solder); (4) titanium or titanium
alloys (mercury, zinc, and cadmium); (5) iron and carbon steels (alumi-
num, antimony, cadmium, copper, gallium, indium, lead, lithium, zinc,
and mercury); and (6) austenitic and nickel-chromium steels (tin and
zinc).

Solid-metal-induced embrittlement (SMIE) occurs below the melting
temperature Tm of the solid in various LME couples. Many instances of
loss of ductility or strength and brittle fracture have taken place with
electroplated metals or coatings and inclusions of low-melting-point
alloys below Tm . Cadmium-plated steel, leaded steels, and titanium
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embrittled by cadmium, silver, or gold are materials affected by SMIE.
The prerequisites for SMIE and LME are similar, although multiple
cracks are formed in SMIE and SMIE crack propagation is 100 to 1,000
times slower than LME cracking. More detailed descriptions of LME
and SMIE are given elsewhere [Kambar (ed.), ‘‘Embrittlement of
Metals,’’ American Institute of Mining, Metallurgical and Petroleum
Engineers, St. Louis].

High-temperature corrosion reactions are generally not electrochemi-
cal; diffusion is a fundamental property involved in the reactions. Oxide
growth advances with time at parabolic, linear, cubic, or logarithmic

of the test specimen should mirror the plant conditions, a standard test
condition should be selected and maintained. This often requires pre-
scribed procedures for cutting, surface-finishing, polishing, cleaning,
chemical treatment or passivation, measuring and weighing, and han-
dling. The exposure technique should provide easy assess of the envi-
ronment to the sample and should not directly cause conditions for test
corrosion (e.g., crevice corrosion) unrelated to field conditions.

The type, interval, and duration of the tests should be seriously con-
sidered. Corrosion rates of the material may decrease with time because
of the formation of protective films or the removal of a less resistant
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rates. The corrosion rate can be influenced considerably by the presence
of contaminants, particularly if they are adsorbed on the metal surface.
Each alloy has an upper temperature limit where the oxide scale, based
on its chemical composition and mechanical properties, cannot protect
the underlying alloy. Catastrophic oxidation refers to metal-oxygen re-
actions that occur at continuously increasing rates or break away from
protective behavior very rapidly. Molybdenum, tungsten, vanadium,
osmium, rhenium, and alloys containing Mo or V may oxidize cata-
strophically. Internal oxidation may take place in copper- or silver-
based alloys containing small levels of Al, Zn, Cd, or Be when more
stable oxides are possible below the surface of the metal-scale interface.
Sulfidation forms sulfide phases with less stable base metals, rather than
oxide phases, when H2S, S2 , SO2 , and other gaseous sulfur species
have a sufficiently high concentration. In corrosion-resistant alloys, sul-
fidation usually occurs when Al or Cr is tied up with sulfides, which
interferes with the process of developing a protective oxide. Carburiza-
tion of high-temperature alloys is possible in reducing carbon-contain-
ing environments. Hot corrosion involves the high-temperature, liquid-
phase attack of alloys by eutectic alkali-metal sulfates that solubilize a
protective alloy oxide, and exposes the bare metal, usually iron, to
oxygen which forms more oxide and promotes subsequent metal loss at
temperatures of 1,000 to 1,300°F (538 to 704°C). Vanadium pentoxide
and sodium oxide can also form low-melting-point [; 1,000°F
(538°C)] liquids capable of causing alloy corrosion. These are usually
contaminants in fuels, either coal or oil.

Alloy strength decreases rapidly when metal temperatures approach
900 to 1,000°F and above. Creep entails a time-dependent deformation
involving grain boundary sliding and atom movements at high tempera-
tures. When sufficient strain has developed at the grain boundaries,
voids and microcracks develop, grow, and coalesce to form larger
cracks until failure occurs. The creep rate will increase and the projected
time to failure decrease when stress and/or the tube metal temperature is
increased [Rapp (ed.), ‘‘High Temperature Corrosion,’’ NACE-10,
NACE International, Houston; Lai, ‘‘High Temperature Corrosion of
Engineering Alloys,’’ ASM International, Materials Park, OH].

CORROSION TESTING

Corrosion testing can reduce cost, improve safety, and conserve re-
sources in industrial, commercial, and personal components, processes,
and applications. Corrosion evaluation includes laboratory, pilot-plant,
and field monitoring and testing. The selection of materials for corro-
sion resistance in specific industrial services is best made by field test-
ing and actual service performance. However, uncontrollable environ-
mental factors may skew precise comparison of potential alloys or
metals, and test times may be unrealistically long. Accelerated corro-
sion tests in the laboratory can provide practical information to assess
potential material candidates in a given environment, predict the service
life of a product or component, evaluate new alloys and processes,
assess the effects of environmental variations or conditions on corrosion
and corrosion control methods, provide quality control, and study
corrosion mechanisms.

Careful planning is essential to obtain meaningful, representative,
and reliable test results. Metallurgical factors, environmental variables,
statistical treatment, and proper interpretation and correlation of accel-
erated test results to actual field conditions are considerations in the
planning and conducting of corrosion tests. The chemical composition,
fabrication and metallurgical history, identification, and consistency of
materials should be known. Even though, ideally, the surface condition
surface metal. Corrosion rates may increase with time if corrosion-in-
ducing salts or scales are produced or if a more resistant metal is re-
moved. The environment may change during testing because of the
decrease or increase in concentration of a corrosive species or inhibitor,
or the formation of autocatalytic products or other metal-catalyzed vari-
ations in the solution. These test solution variations should be recog-
nized and related to field-condition changes over time, if possible. Test-
ing conditions should prescribe the presence or absence of oxygen in the
system. Aeration, or the presence of oxygen, can influence the corrosion
rate of an alloy in solution. Aeration may increase or decrease the
corrosion rate according to the influence of oxygen in the corrosion
reaction or the nature of the passive films which develop on different
metals and alloys. Temperature is an extremely important parameter in
corrosion reactions. The temperature at the specimen surface should be
known; a rough rule of thumb is that the corrosion rate doubles for each
10°C rise in temperature.

Laboratory accelerated corrosion tests are used to predict corrosion
behavior when service history is unavailable and cost and time prohibit
simulated field testing. Laboratory tests also can provide screening
evaluations prior to field testing. Such tests include nonelectrochemical
and sophisticated electrochemical tests. Nonelectrochemical laboratory
techniques include immersion and various salt spray tests that are used
to evaluate the corrosion of ferrous and nonferrous metals and alloys, as
well as the degree of protection afforded by both organic and inorganic
coatings. Since these are accelerated tests by design, the results must be
interpreted cautiously. Standardized test methods are very effective for
both specifications and routine tests used to evaluate experimental or
candidate alloys, inhibitors, coatings, and other materials. Many such
tests are described in the Annual Book of ASTM Standards (vol. 3.02,
‘‘Metal Corrosion, Erosion, and Wear’’) and in standard test methods
from the NACE International Book of Standards.

Electrochemical techniques are attractive because (1) they allow a di-
rect method of accelerating corrosion processes without changing the
environment, (2) they can be used as a nondestructive tool to evaluate
corrosion rates, and (3) they offer in situ (field) or ex situ (laboratory)
investigations. Most typical forms of corrosion can be investigated by
electrochemical techniques. Electrochemical tests may include linear
polarization resistance, ac electrochemical impedance, electrochemical
noise, cyclic voltammetry, cyclic potentiodynamic polarization, poten-
tiodynamic and potentiostatic polarization, and scratch repassivation.
AC impedance has been used to monitor coating integrity and to evalu-
ate the effectiveness of cathodic protection and coating systems in un-
derground piping. There are complications involved in various electro-
chemical test methods which must be resolved or eliminated before
interpretation is possible. The methods used above employ a potentio-
stat, an instrument that regulates the electrode potential and measures
current as a function of potential. A galvanostat varies potential as a
function of current.

Corrosion coupons are generally easy to install, reflect actual envi-
ronmental conditions, and can be used for long-exposure tests. Coupons
can evaluate inhibitor programs and are designed to measure specific
forms of corrosion. A simple embrittlement detector covered by ASTM
D807 permits concentration of boiler water on a stressed steel specimen
to detect caustic cracking. Field coupon testing has several limitations:
(1) It cannot detect brief process upsets. (2) It cannot guarantee initia-
tion of localized corrosion rates before the coupons are removed. (3) It
cannot directly correlate the calculated coupon corrosion rate to equip-
ment or component corrosion. (4) It cannot detect certain forms of
corrosion. Corrosion rate sensors created to monitor the corrosion of
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large infrastructural components in real time have been developed for
aqueous, soil, and concrete environments using linear polarization re-
sistance (Ansuini et al., Corrosion/95, paper 14, NACE International,
Houston). Ultrasonic thickness, radiography, or eddy current measure-
ments can evaluate corrosion rates in situ. The component surfaces must
be clean (free of dirt, paint, and corrosion products) to make measure-
ments. Ultrasonic attenuation techniques have been applied to evaluate
the extent of hydrogen damage. A noncontact, nondestructive inspec-
tion technique for pitting, SCC, and crevice corrosion has been devel-
oped using digital speckle correlation (Jin and Chiang, Corrosion/95,

ronmental conditions. The design should avoid local differences in con-
centration, temperature, and velocity or turbulence. All parts requiring
maintenance or replacement must be easily accessible. All parts to be
coated must be accessible for the coating application.

Protective coatings are used to provide an effective barrier to corrosion
and include metallic, chemical conversion, inorganic nonmetallic, and
organic coatings. Before the application of an effective coating on
metals and alloys, it is necessary to clean the surface carefully to re-
move, dirt, grease, salts, and oxides such mill scale and rust. Metallic
coatings may be applied by cladding, electrodeposition (copper, cad-
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paper 535, NACE International, Houston). An ASTM publication
[Baboian (ed.), ‘‘Manual 20—Corrosion Tests and Standards: Appli-
cation and Interpretation,’’ ASTM, Philadelphia] provides a detailed,
comprehensive reference for field and laboratory testing in different
environments for metals and alloys, coatings, and composites. It in-
cludes testing for different corrosion forms and for different industrial
applications.

CORROSION PREVENTION OR REDUCTION
METHODS

The basis of corrosion prevention or reduction methods involves restrict-
ing or controlling anodic and/or cathodic portions of corrosion reac-
tions, changing the environmental variables, or breaking the electrical
contact between anodes and cathodes. Corrosion prevention or reduc-
tion methods include (1) proper materials selection, (2) design, (3) coat-
ings, (4) use of inhibitors, (5) anodic protection, and (6) cathodic pro-
tection [Treseder et al. (eds.), ‘‘NACE Corrosion Engineer’s Reference
Book,’’ 2d ed., NACE International, Houston].

The most common method to reduce corrosion is selecting the right
material for the environmental conditions and applications. Ferrous and
nonferrous metals and alloys, thermoplastics, nonmetallic linings, resin
coatings, composites, glass, concrete, and nonmetal elements are a few
of the materials available for selection. Experience and data, either in-
house or from outside vendors and fabricators, may assist in the materi-
als selection process. Many materials can be eliminated by service con-
ditions (temperature, pressure, strength, chemical compatibility).
Corrosion data for a particular chemical or environment may be ob-
tained through a literature survey (‘‘Corrosion Abstracts,’’ NACE In-
ternational; ‘‘Corrosion Data Survey—Metals Section,’’ 6th ed.,
‘‘Corrosion Data Survey—Nonmetals Section,’’ NACE International,
Houston) or from expert systems or databases. Different organizations
(ASTM, ASM International, ASME, NACE International) may offer
references to help solve problems and make predictions about the
corrosion behavior of candidate materials. The material should be cost-
effective and resistant to the various forms of corrosion (discussed ear-
lier) that may be encountered in its application. General rules may be
applied to determine the resistance of metals and alloys. For reducing or
nonoxidizing environments (such as air-free acids and aqueous solu-
tions), nickel, copper, and their alloys are usually satisfactory. For oxi-
dizing conditions, chromium alloys are used, while in extremely power-
ful oxidizing environments, titanium and its alloys have shown superior
resistance. The corrosion resistance of chromium and titanium can be
enhanced in hot, concentrated oxidizer-free acid by small additions of
platinum, palladium, or rhodium.

Many costs related to corrosion could be eliminated by proper design.
The designer should have a credible knowledge of corrosion or should
work in cooperation with a materials and corrosion engineer. The de-
sign should avoid gaps or structures where dirt or deposits could easily
form crevices; horizontal faces should slope for easy drainage. Tanks
should be properly supported and should employ the use of drip skirts
and dished, fatigue-resistant bottoms (‘‘Guidelines for the Welded Fab-
rication of Nickel Alloys for Corrosion-Resistant Service,’’ part 3,
Nickel Development Institute, Toronto, Canada). Connections should
not be made of dissimilar metals or alloys widely separated in the gal-
vanic series for lap joints or fasteners, if possible. Welded joints should
avoid crevices, microstructural segregation, and high residual or applied
stresses. Positioning of parts should take into account prevailing envi-
mium, nickel, tin, chromium, silver, zinc, gold), hot dipping (tin, zinc-
galvanizing, lead, and aluminum), diffusion (chromium-chromizing,
zinc-sherardizing, boron, silicon, aluminum-calorizing or aluminizing,
tin, titanium, molybdenum), metallizing or flame spraying (zinc, alumi-
num, lead, tin, stainless steels), vacuum evaporation (aluminum), ion
implantation, and other methods. All commercially prepared coatings
are porous to some degree. Corrosion or galvanic action may influence
the performance of the metal coating. Noble (determined by the gal-
vanic series) coatings must be thicker and have a minimum number of
pores and small pore size to delay entry of any deleterious fluid. Some
pores of noble metal coatings are filled with an organic lacquer or a
second lower-melting-point metal is diffused into the initial coating.
Sacrificial or cathodic coatings such as cadmium zinc, and in some
environments, tin and aluminum, cathodically protect the base metal.
Porosity of sacrificial coatings is not critical as long as cathodic protec-
tion of the base metal continues. Higher solution conductivity allows
larger defects in the sacrificial coating; thicker coatings provide longer
times of effective cathodic protection.

Conversion coatings are produced by electrochemical reaction of the
metal surface to form adherent, protective corrosion products. Anodiz-
ing aluminum forms a protective film of Al2O3 . Phosphate and chro-
mate treatments provide temporary corrosion resistance and usually a
basis for painting. Inorganic nonmetallic coatings include vitreous
enamels, glass linings, cement, or porcelain enamels bonded on metals.
Susceptibility to mechanical damage and cracking by thermal shock are
major disadvantages of these coatings. An inorganic coating must be
perfect and defect-free unless cathodic protection is applied.

Paints, lacquers, coal-tar or asphalt enamels, waxes, and varnishes are
typical organic coatings. Converted epoxy, epoxy polyester, moisture-
cured polyurethane, vinyl, chlorinated rubber, epoxy ester, oil-modified
phenolics, and zinc-rich organic coatings are other barriers used to con-
trol corrosion. Paints, which are a mixture of insoluble particles of
pigments (for example, TiO2 , Pb3O4 , Fe2O3 , and ZnCrO4 ) in a contin-
uous organic or aqueous vehicle such as linseed or tung oil, are the most
common organic coatings. All paints are permeable to water and oxy-
gen to some degree and are subject to mechanical damage and eventual
breakdown. Inhibitor and antifouling agents are added to improve pro-
tection against corrosion. Underground pipelines and tanks should be
covered with thicker coatings of asphalt or bituminous paints, in con-
junction with cloth or plastic wrapping. Polyester and polyethylene
have been used for tank linings and as coatings for tank bottoms
(Munger, ‘‘Corrosion Prevention by Protective Coatings,’’ NACE In-
ternational, Houston).

Inhibitors, when added above a threshold concentration, decrease the
corrosion rate of a material in an environment. If the level of an inhibitor
is below the threshold concentration, corrosion could occur more
quickly than if the inhibitor were completely absent. Inhibitors may be
organic or inorganic and fall into several different classes: (1) passiva-
tors or oxidizers, (2) precipitators, (3) cathodic or anodic, (4) organic
adsorbents, (5) vapor phase, and (6) slushing compounds. Any one
inhibitor may be found in one or more classifications. Factors such as
temperature, fluid velocity, pH, salinity, cost, solubility, interfering
species, and metal or alloy may determine both the effectiveness and the
choice of inhibitor. Federal EPA regulations may limit inhibitor choices
(such as chromate use) based on its toxicity and disposal requirements.

Passivators in contact with the metal surface act as depolarizers, ini-
tiating high anodic current densities and shifting the potential into the
passivation range of active/passive metal and alloys. However, if
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present in concentrations below 102 3 to 102 4 M, these inhibitors can
cause pitting. Passivating inhibitors are anodic inhibitors and may in-
clude oxidizing anions such as chromate, nitrite, and nitrate. Phosphate,
molybdate, and tungstate require oxygen to passivate steel and are con-
sidered nonoxidizing. Nonoxidizing sodium benzoate, cinnamate, and
polyphosphate compounds effectively passivate iron in the near-neutral
range by facilitating oxygen adsorption. Alkaline compounds (NaOH,
Na3PO4 , Na2B4O7 , and Na2O-nSiO4 ) indirectly assist iron passivation
by enhancing oxygen adsorption.

Precipitators are film-forming compounds which create a general ac-

field usually can be accurately and quickly determined by electrochem-
ical laboratory tests (Riggs and Locke, ‘‘Anodic Protection—Theory
and Practice in the Prevention of Corrosion,’’ Plenum Press, New
York).

Cathodic protection (CP) controls corrosion by supplying electrons to
a metal structure, thereby suppressing metal dissolution and increasing
hydrogen evolution. Figure 6.5.5 shows that when an applied cathodic
current density (iapp 5 ired 2 ioxid ) of 10,000 mA/cm2 on a bare metal
surface shifts the potential in the negative or active direction to Ec , the
corrosion rate has been reduced to 1 mA/cm2. CP is applicable to all
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tion over the metal surface and subsequently indirectly interfere with
both anodes and cathodes. Silicates and phosphates in conjunction with
oxygen provide effective inhibition by forming deposits. Calcium and
magnesium interfere with inhibition by silicates; 2 to 3 ppm of poly-
phosphates is added to overcome this. The levels of calcium and phos-
phate must be balanced for effective calcium phosphate inhibition. Ad-
dition of a zinc salt often improves polyphosphate inhibition.

Cathodic inhibitors (cathodic poisons, cathodic precipitates, oxygen
scavengers) are generally cations which migrate toward cathode sur-
faces where they are selectively precipitated either chemically or elec-
trochemically to increase circuit resistance and restrict diffusion of re-
ducible species to the cathodes. Cathodic poisons interfere with and
slow the HER, thereby slowing the corrosion process. Depending on the
pH level, arsenic, bismuth, antimony, sulfides, and selenides are useful
cathodic poisons. Sulfides and arsenic can cause hydrogen blistering
and hydrogen embrittlement. Cathodic precipitation-type inhibitors
such as calcium and magnesium carbonates and zinc sulfate in natural
waters require adjustment of the pH to be effective. Oxygen scavengers
help inhibit corrosion, either alone or with another inhibitor, to prevent
cathodic depolarization. Sodium sulfite, hydrazine, carbohydrazide, hy-
droquinone, methylethylketoxime, and diethylhydroxylamine are oxy-
gen scavengers.

Organic inhibitors, in general, affect the entire surface of a corroding
metal and affect both the cathode and anode to differing degrees, de-
pending on the potential and the structure or size of the molecule. Cat-
ionic, positively charged inhibitors such as amines and anionic, nega-
tively charged inhibitors such as sulfonates will be adsorbed
preferentially depending on whether the metal surface is negatively or
positively charged. Soluble organic inhibitors form a protective layer
only a few molecules thick; if an insoluble organic inhibitor is added,
the film may become about 0.003 in (76 mm) thick. Thick films show
good persistence by continuing to inhibit even when the inhibitor is no
longer being injected into the system.

Vapor-phase inhibitors consist of volatile aliphatic and cyclic amines
and nitrites that possess high vapor pressures. Such inhibitors are placed
in the vicinity of the metal to be protected (e.g., inhibitor-impregnated
paper), which transfers the inhibiting species to the metal by sublima-
tion or condensation where they adsorb on the surface and retard the
cathodic, anodic, or both corrosion processes. This inhibitor protects
against water and/or oxygen. Vapor-phase inhibitors are usually effec-
tive only if used in closed spaces and are used primarily to retard atmo-
spheric corrosion. Slushing compounds are polar inorganic or organic
additives in oil, grease, or wax that adsorb on the metal surface to form a
continuous protective film. Suitable additives include organic amines,
alkali and alkaline-earth metal salts of sulfonated oils, sodium nitrite,
and organic chromates [Nathan (ed.), ‘‘Corrosion Inhibitors,’’ NACE
International, Houston].

Anodic protection is based on the formation of a protective film on
metals by externally applied anodic currents. Figure 6.5.5 illustrates the
effect. The applied anodic current density is equal to the difference
between the total oxidation and reduction rates of the system, or iapp 5
ioxid 2 ired . The potential range in which anodic protection is achieved is
the protection range or passive region. At the optimum potential EA , the
applied current is approximately 1 mA/cm2. Anodic protection is limited
to active/passive metals and alloys and can be utilized in environments
ranging from weak to very aggressive. The applied current is usually
equal to the corrosion of the protected system which can be used to
monitor the instantaneous corrosion rate. Operating conditions in the
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Fig. 6.5.5 Effect of applied anodic and cathodic currents on behavior of an
active/passive alloy necessary for anodic and cathodic protection, respectively.
(Adapted from ‘‘Fontana’s Book on Corrosive Engineering,’’ McGraw-Hill.)

metals and alloys and is common for use in aqueous and soil environ-
ments. CP can be accomplished by (1) impressed current from an exter-
nal power source through an inert anode or (2) the use of galvanic
couplings by sacrificial anodes. Sacrificial anodes include zinc, alumi-
num, magnesium, and alloys containing these metals. The total protec-
tive current is directly proportional to the surface area of the metal being
protected; hence, CP is combined with surface coatings where only the
coating pores or holidays and damaged spots need be cathodically pro-
tected [e.g., for 10 miles of bare pipe, a current of 500 A would be
required, while for 10 miles of a superior coated pipe (5 3 106 V/ft2)
0.03 A would be required]. The polarization potential can be measured
versus a reference, commonly saturated Cu/CuSO4 . The criterion for
proper CP is 2 0.85 V versus this reference electrode. Overprotection
by CP (denoted by potentials less than 2 0.85 V) can lead to blistering
and debonding of pipe coatings and hydrogen embrittlement of steel
from hydrogen gas evolution. Another problem with CP involves stray
currents to unintended structures. The proper CP for a system is deter-
mined empirically and must resolve a number of factors to be effective
(Peabody, ‘‘Control of Pipeline Corrosion,’’ NACE International,
Houston; Morgan, ‘‘Cathodic Protection,’’ 2d ed., NACE International,
Houston).

CORROSION IN INDUSTRIAL AND UTILITY
STEAM-GENERATING SYSTEMS

Boiler Corrosion

Corrosion can be initiated from the fireside or the waterside of the
surfaces in the boiler. In addition to corrosion, there are a number of
other types of failure mechanisms for boiler components, including
fatigue, erosion, overheating, manufacturing defects, and maintenance
problems. Some of the actual failure mechanisms are combinations of
mechanical and chemical mechanisms, such as corrosion fatigue and
stress corrosion cracking (SCC). The identification, cause(s), and cor-
rective action(s) for each type of failure mechanism are presented in
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‘‘The Boiler Tube Failure Metallurgical Guide,’’ vol. 1, Tech. Rep.
TR-102433-V1, EPRI, Palo Alto, CA.

Corrosion in Other Steam/Water Cycle
Components

Corrosion in turbines, condensers, heat exchangers, tanks, and piping in
the steam/water cycle can occur by general corrosion, pitting, crevice
corrosion, intergranular corrosion, SCC, corrosion fatigue, erosion
corrosion, dealloying (e.g., dezincification), or galvanic corrosion. A
detailed (370-page) discussion of corrosion of steam/water cycle mate-

A wide variety of oxygen scavengers are utilized. For boilers below
700 to 900 lb/in2 (4.8 to 6.2 MPa), sodium sulfite (often catalyzed with
cobalt) is commonly used although other nonvolatile (e.g., erythorbate)
or volatile oxygen scavengers can be effective. A slight excess of so-
dium sulfite is applied to the feedwater, resulting in a residual of sulfite
in the boiler water. The exact level of sulfite maintained depends pri-
marily on the boiler pressure and oxygen concentrations in the feed-
water, although other factors such as boiler water pH, steam and con-
densate purity, and feedwater temperatures are involved. Sodium sulfite
should not be used in boilers operating above 900 lb/in2 (gage) (6.2
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rials is presented in the ASME ‘‘Handbook on Water Technology for
Thermal Power Systems,’’ chap. 9, ASME, New York.

Control of Waterside Corrosion

To minimize corrosion associated with the watersides of the boiler and
steam/water cycle components, a comprehensive chemistry program
should be instituted. A wide variety of chemical treatment programs are
utilized for these systems depending on the materials of construction,
operating temperatures, pressures, heat fluxes, contaminant levels, and
purity criteria for components using the steam.

General chemistry guidelines for feedwater, boiler water, and steam
for industrial boilers are presented in ‘‘Consensus on Operating Prac-
tices for the Control of Feedwater and Boiler Water Chemistry in Mod-
ern Industrial Boilers,’’ ASME, New York. The limits in this reference
are somewhat generic and do not indicate the details of a complete
chemistry program. For electric utility boilers and fluidized-bed com-
bustion boilers, more stringent and detailed chemistry guidelines are
provided in ‘‘Interim Consensus Guidelines on Fossil Plant Cycle
Chemistry,’’ CS-4629, EPRI, Palo Alto, CA, and ‘‘Guidelines on Cycle
Chemistry for Fluidized-Bed Combustion Plants,’’ TR-102976, EPRI,
Palo Alto. As indicated later in this section, subsequent publications
detail updated versions of the treatment programs.

A good chemistry control program requires a high-purity makeup
water to the steam/water cycle. For high-pressure electric utility boilers,
two-stage demineralization (e.g., cation/anion/mixed-bed ion ex-
change) is generally utilized. Consult ‘‘Guidelines for Makeup Water
Treatment,’’ GS-6699, EPRI, Palo Alto, for information on the design
of makeup treatment systems. For industrial boilers, one- or two-stage
demineralization or softening (sometimes with dealkalization) are uti-
lized for makeup water treatment, depending on the boiler pressure.
Unsoftened makeup water has been utilized in small, low-pressure [e.g.,
15 lb/in2 (gage) (100 kPa)] boiler systems which receive large amounts
of condensate return, but this practice is not optimal.

In addition to providing a high-purity makeup water, condensate re-
turns often require purification or polishing. Condensate polishing can be
achieved with specially designed filters, softeners, or mixed-bed ion
exchangers. Industrial boilers typically use softeners and/or filters (e.g.,
electromagnetic). Once-through boilers, full-flow mixed-bed polishers
(preferred), or precoat (with crushed ion-exchange resin) filters are
standard practice. Also, for high-pressure, drum-type boilers, mixed-
bed condensate polishers are often used.

Minimizing the transport of corrosion products to the boiler is essen-
tial for corrosion control in the boiler. Corrosion products from the
feedwater deposit on boiler tubes, inhibit cooling of tube surfaces, and
can provide an evaporative-type concentration mechanism of dissolved
salts under boiler tube deposits.

Except for oxygenated treatment (discussed later), feedwater treat-
ment relies on raising the feedwater pH to 8.5 to 10 and eliminating
dissolved oxygen. In this environment, the predominant oxide formed
on steel is a mixed metal oxide composed primarily of magnetite
(Fe3O4 ). The mixed oxide layer formed in deoxygenated solutions re-
sists dissolution or erosion and thus minimizes iron transport to the
boiler and corrosion of the underlying metal.

Oxygen removal is normally achieved through thermal deaeration
followed by the addition of chemical oxygen scavengers. Thermal
deaerators are direct-contact steam heaters which spray feedwater in
fine droplets and strip the dissolved oxygen from the water with steam.
Deaerators normally operate at pressures of 5 to 150 lb/in2 (gage) (35 to
1,035 kPa), although a few deaerator designs maintain a vacuum.
MPa), because a significant amount of the sulfite decomposes to vola-
tile sulfur species at elevated temperatures. These species are acidic and
lower steam and condensate pH values, contributing to increased corro-
sion in steam/water cycle components. Sulfur species in steam may also
contribute to SCC.

Commonly used volatile oxygen scavengers include hydrazine, car-
bohydrazide, hydroquinone, diethylhydroxylamine, and methylethylke-
toxime. These are normally applied to obtain a free residual of the
scavenger in the feedwater at the economizer inlet to the boiler. Due to
the slower reaction rates, routine dissolved-oxygen monitoring is more
crucial for boilers using volatile oxygen scavengers than for boilers
using sulfite. One benefit of some of the volatile oxygen scavengers
listed is their ability to enhance metal passivation. Sulfite is an effective
oxygen scavenger, but has little effect on passivation beyond the effect
of oxygen removal.

Aqueous solutions of ammonia or volatile amines are usually applied
to the feedwater to control feedwater, steam, and condensate pH. In all
steel cycles, these pH levels are typically controlled at 9.2 to 9.6. In
boiler systems containing both steel and copper alloys, pH levels in
the feedwater, steam, and condensate are typically controlled from 8.5
to 9.2.

Amines utilized in steam/water cycles include cyclohexylamine,
morpholine, ethanolamine, diethanolamine, diethylaminoethanol, di-
methyl isopropanolamine, and methoxypropylamine, and the list is ex-
panding. For large steam distribution systems, a blend of two to four
amines with different distribution coefficients (ratio of amine in steam
to condensate) is often applied to provide pH control throughout the
steam and condensate system.

In addition to the feedwater treatment program, chemistry must be
controlled in the boiler to minimize corrosion. Currently, the basic types
of boiler treatment programs used in the United States are coordinated
phosphate treatment, congruent phosphate treatment (CPT), equilib-
rium phosphate treatment (EPT), phosphate treatment with low-level
caustic, caustic treatment, all-volatile treatment (AVT), and oxygenated
treatment (OT). With the exception of oxygenated treatment, all these
treatment programs are based on oxygen-free feedwater and the forma-
tion of a mixed metal oxide of predominantly magnetite (Fe3O4 ).

A wide variety of phosphate and caustic treatments are currently
utilized in industrial and electric utility boilers. The treatments are de-
signed to provide a reserve of alkalinity to minimize pH fluctuations.
Caustic and acid concentrating underneath deposits in boiler tubing
contributes to most types of waterside corrosion. It is generally desired
to control the pH in a range which keeps the level of free caustic alka-
linity and acidic constituents within acceptable values.

Research studies indicate the optimal boiler water treatment program
varies considerably with boiler pressure (Tremaine et al., Phosphate
Interactions with Metal Oxides under High-Performance Boiler Hideout
Conditions, paper 35, International Water Conference, Pittsburgh, PA,
1993). Currently, there is not a consensus regarding optimal treatment
programs. Phosphate treatment programs used by electric utility boilers
are presented in the literature ‘‘Cycle Chemistry Guidelines for Fossil
Plants: Phosphate Treatment for Drum Units,’’ TR-103665, EPRI, Palo
Alto; ‘‘Sodium Hydroxide for Conditioning the Boiler Water of Drum-
Type Boilers,’’ TR-104007, EPRI, Palo Alto).

AVT is an extension of the feedwater treatment program. Boiler
water pH control is maintained by the portion of amines or ammonia
from the feedwater which remains in the boiler water. Due to the low
concentrations and poor buffering capacity of ammonia or amines in
boiler water, strict purity limits are maintained on the feedwater and
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boiler water. AVT is generally only utilized in high-pressure boilers
(. 1,800 lb/in2 (gage) (12.4 kPa)] with condensate polishers, although
some lower-pressure boilers [850 lb/in2 (gage) (5.9 kPa)] also utilize
this treatment.

Although it was used for many years in Germany and Russia, OT was
not utilized in the United States until the 1990s. It involves a completely
different approach from the other treatment programs since it relies on
the formation of a gamma ferric oxide (Fe2O3 ) or gamma ferric oxide
hydrate (FeOOH) layer on the steel surfaces in the preboiler cycle.

Originally, oxygenated treatment was based on neutral pH values

from forming on system components (‘‘Design and Operating Guide-
lines Manual for Cooling-Water Treatment,’’ CS-2276, EPRI, Palo
Alto, 1982; ‘‘Special Report: Cooling-Water Treatment for Control of
Scaling, Fouling, Corrosion,’’ Power, McGraw-Hill, New York, June
1984). The primary reason for this emphasis is to maintain the perfor-
mance of the cooling system. However, minimizing deposition is inte-
gral to corrosion control to avoid problems with underdeposit corrosion
or MIC attack. Also, suspended particles can lead to erosion of piping,
particularly copper tubing.

Depending on the inherent corrosivity of the cooling water, corrosion
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(7 to 8) and oxygen levels of 50 to 250 ppb in pure feedwater (cation
conductivities , 0.15 mS/cm). Later, a program based on slightly alka-
line pH values (8.0 to 8.5) and 30 to 150 ppb of dissolved oxygen was
developed. This treatment program was originally referred to as com-
bined water treatment, but it is now commonly referred to as oxygenated
treatment (OT) in the United States. Its application is primarily limited
to once-through boilers with all-steel steam/water cycles (if full-flow
condensate polishing is provided, as recommended, copper alloys are
permitted in the condensers). The primary benefit of OT appears to be
minimization of deposit-induced pressure drop through the boiler dur-
ing service. The reduction in iron oxide transport into and deposition in
the boiler can also significantly reduce the frequency of chemical clean-
ings. The details of oxygenated treatment programs for once-through
boilers are presented in ‘‘Cycle Chemistry Guidelines for Fossil Plants:
Oxygenated Treatment,’’ TR-102285, EPRI, Palo Alto. Although this
document also presents guidance for utilizing OT for drum-type boilers,
currently there is insufficient information to indicate whether this is an
appropriate application of this treatment philosophy.

Control of Fireside Corrosion

Corrosive fuel constituents in coal or oil at appropriate metal tempera-
tures may promote fireside corrosion in boiler tube steel. The corrosive
ingredients can form liquids that solubilize the oxide film on tubing and
react with the underlying metal to reduce the tube wall thickness. Coal
ash or oil ash corrosion and waterwall fireside corrosion occur at differ-
ent areas of the boiler and at different temperatures. Dew point corro-
sion may occur on the fireside surfaces of the economizer or on other
low-temperature surfaces when condensation can form acidic products
(Reid, ‘‘External Corrosion and Deposits—Boiler and Gas Turbine,’’
American Elsevier, New York; Barna et al., ‘‘Fireside Corrosion In-
spections of Black Liquor Recovery Boilers,’’ 1993 Kraft Recovery
Short Course Notes, TAPPI, Atlanta).

Fireside corrosion often can be mitigated by (1) material selection,
(2) purchase of fuels with low impurity levels (limit levels of sulfur,
chloride, sodium, vanadium, etc.), (3) purification of fuels (e.g., coal
washing), (4) application of fuel additives (e.g., magnesium oxide), (5)
adjustment of operating conditions (e.g., percent excess air, percent
solids in recovery boilers), and (6) modification of lay-up practices
(e.g., dehumidification systems).

CORROSION IN HEATING AND COOLING
WATER SYSTEMS AND COOLING TOWERS

Control of corrosion in the waterside of cooling and heating water sys-
tems begins with proper preconditioning of the system, as covered in
‘‘Standard Recommended Practice: Initial Conditioning of Cooling
Water Equipment,’’ RP0182-85, NACE, Houston, 1985, and ‘‘Guide-
lines for Treatment of Galvanized Cooling Towers to Prevent White
Rust,’’ Cooling Tower Institute, Houston, 1994. Objectives of the sub-
sequent cooling water treatment program are as follows:

Prevent corrosion of metals in the system.
Prevent the formation of scale (e.g., calcium carbonate, calcium sul-

fate, calcium phosphate).
Minimize the amount and deposition of suspended solids.
Minimize biological growths.

Substantial emphasis in a cooling tower treatment program is placed
on preventing deposits of scale, suspended solids, or biological matter
control in open recirculating cooling water systems may consist merely
of controlling the pH, conductivity, and alkalinity levels. However, in
systems with extensive piping networks, applications of corrosion in-
hibitors are often utilized to protect materials in the system. These in-
hibitors can include the following compounds: zinc salts, molybdate
salts, triazoles, orthophosphates, polyphosphates, phosphonates, and
polysilicates. Often, two or more of these inhibitors are used together.
Oxidizing or nonoxidizing biocides also are required in cooling tower
systems to inhibit biological activity.

For closed cooling and heating water systems, corrosion inhibitors
are usually applied and pH levels are controlled at 8 to 11. Corrosion
inhibitors utilized in closed cooling and heating water systems include
the inhibitors listed for open recirculating cooling water systems except
for zinc salts. Also, nitrite salts are often used in closed water systems.

Corrosion control in closed cooling systems is greatly facilitated by
minimizing water loss from the system. Makeup water introduced to
replace leakage introduces oxygen, organic matter to support biological
activity, and scale constituents. Utilization of pumps with mechanical
seals (with filtered seal water) rather than packing seals can greatly
reduce water losses from closed systems. Control of water leakage is
probably the single most important operational factor in reducing corro-
sion in these systems.

In heating and cooling water systems, concerns regarding corrosion
control generally focus on the waterside or interior of piping and com-
ponents. However, substantial corrosion can occur on the exterior of
these piping systems underneath insulation. External corrosion of pip-
ing generally requires a source of external moisture. In chill water and
secondary water systems, moisture can be introduced through exposure
to the air and subsequent condensation of moisture on the pipe surface.

While chill water piping systems generally are installed with vapor
barriers, breaks in the vapor barrier can exist due to inadequate installa-
tion or subsequent maintenance activities. Secondary water system pip-
ing is sometimes not installed with vapor barriers because the cooling
water temperature is designed to be above the expected dew point.
However, humidity levels in the building can sometimes be elevated
and can lead to condensation at higher temperatures than initially ex-
pected.

Leaks from piping at fittings or joints can saturate the insulation with
moisture and can lead to corrosion. This type of moisture source can be
particularly troublesome in hot water piping because the moisture can
be evaporated to dryness and wet/dry corrosion can result. Corrosion
rates during this transition from wetness to dryness can be many times
higher than that of a fully wetted surface [Pollock and Steely (eds.),
‘‘Corrosion under Wet Thermal Insulation,’’ NACE International,
Houston]. If the moisture can be eliminated, corrosion underneath insu-
lation should be negligible. However, if the moisture cannot be elimi-
nated, coatings may need to be applied to the metal surface. Inhibitors
are also available to mitigate corrosion underneath insulation.

CORROSION IN THE CHEMICAL PROCESS
INDUSTRY

Corrosion control in the chemical process industry is important to pro-
vide continuous operation in order to meet production schedules and to
maintain purity of manufactured products. Also, protection of personnel
and the environment is of primary importance to the chemical process
industry. Many of the chemicals utilized have high toxicity, and their
release due to unexpected corrosion failures of piping and vessels is not
permitted. Corrosion prevention and control in the chemical process
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industry are largely focused on material selection. Nondestructive eval-
uation methods are routinely used to evaluate material integrity. (See
Sec. 5.4.)

Due to the wide range of chemicals and operating conditions in the
chemical process industry, the types of corrosion cannot be adequately
addressed here. The following references address the corrosivity of the
various environments and appropriate material selection and opera-

tional and maintenance practices: Moniz and Pollock, ‘‘Process Indus-
tries Corrosion,’’ NACE, Houston. Degnan, ‘‘Corrosion in the Chemi-
cal Processing Industry,’’ ‘‘Metals Handbook.’’ Aller et al., ‘‘First In-
ternational Symposium on Process Industry Piping,’’ Materials
Technology Institute, Houston. Dillon, ‘‘Corrosion Control in the
Chemical Process Industries,’’ McGraw-Hill, New York.

O
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6.6 PAINTS AND PR
by Harold M. Werner
REFERENCES: Keane (ed.). ‘‘Good Painting Practice,’’ Steel Structures Painting
Council. Levinson and Spindel, ‘‘Recent Developments in Architectural and
Maintenance Painting.’’ Levinson, ‘‘Electrocoat, Powder Coat, Radiate.’’ Re-
prints, Journal of Coatings Technology, 1315 Walnut St., Philadelphia. Roberts,
‘‘Organic Coatings—Their Properties, Selection and Use,’’ Government Printing
Office. ‘‘Paint /Coatings Dictionary,’’ Federation of Societies for Coatings Tech-
nology. Weismantel (ed.), ‘‘Paint Handbook,’’ McGraw-Hill. Publications of the
National Paint and Coatings Association.

Paint is a mixture of filmogen (film
pigment. The pigment imparts color, and the filmogen, continuity; to-
TECTIVE COATINGS
use is in oleoresinous varnishes. Oiticica oil resembles tung oil in many
of its properties. Castor oil is nondrying, but heating chemically ‘‘dehy-
drates’’ it and converts it to a drying oil. The dehydrated oil resembles
tung oil but is slower drying and less alkali-resistant. Nondrying oils, like
coconut oil, are used in some baking enamels. An oxidizing hydrocar-
bon oil, made from petroleum, contains no esters or fatty acids.

linked to the amount and nature of
ular distillation or solvent extraction
il can be separated. Drying is also
of the unsaturated compounds (iso-
-forming material, binder) and

The drying properties of oils are
unsaturated compounds. By molec
the better drying portions of an o
improved by changing the structure
gether, they create opacity. Most paints require volatile thinner to re-
duce their consistencies to a level suitable for application. An important
exception is the powder paints made with fusible resin and pigment.

In conventional oil-base paint, the filmogen is a vegetable oil. Driers
are added to shorten drying time. The thinner is usually petroleum
spirits.

In water-thinned paints, the filmogen may be a material dispersible in
water, such as solubilized linseed oil or casein, an emulsified polymer,
such as butadiene-styrene or acrylate, a cementitious material, such as
portland cement, or a soluble silicate.

Varnish is a blend of resin and drying oil, or other combination of
filmogens, in volatile thinner. A solution of resin alone is a spirit var-
nish, e.g., shellac varnish. A blend of resin and drying oil is an oleoresin-
ous varnish, e.g., spar varnish. A blend of nonresinous, nonoleaginous
filmogens requiring a catalyst to promote the chemical reaction neces-
sary to produce a solid film is a catalytic coating.

Enamel is paint that dries relatively harder, smoother, and glossier
than the ordinary type. These changes come from the use of varnish or
synthetic resins instead of oil as the liquid portion. The varnish may be
oleoresinous, spirit, or catalytic.

Lacquer is a term that has been used to designate several types of
painting materials; it now generally means a spirit varnish or enamel,
based usually on cellulose nitrate or cellulose acetate butyrate, acrylate
or vinyl.

PAINT INGREDIENTS

The ingredients of paints are drying and semidrying vegetable oils,
resins, plasticizers, thinners (solvents), driers or other catalysts, and
pigments.

Drying oils dry (become solid) when exposed in thin films to air. The
drying starts with a chemical reaction of the oil with oxygen. Subse-
quent or simultaneous polymerization completes the change. The most
important drying oil is linseed oil. Addition of small percentages of
driers shortens the drying time.

Soybean oil, with poorer drying properties than linseed oil, is classed
as a semidrying oil. Tung oil dries much faster than linseed oil, but the
film wrinkles so much that it is reminiscent of frost; heat treatment
eliminates this tendency. Tung oil gels after a few minutes cooking at
high temperatures. It is more resistant to alkali than linseed oil. Its chief
merization) and by modifying the oils with small amounts of such com-
pounds as phthalic acid and maleic acid.

Driers are oil-soluble compounds of certain metals, mainly lead,
manganese, and cobalt. They accelerate the drying of coatings made
with oil. The metals are introduced into the coatings by addition of
separately prepared compounds. Certain types of synthetic nonoil coat-
ings (catalytic coatings) dry by baking or by the action of a catalyst other
than conventional drier. Drier action begins only after the coating has
been applied. Catalyst action usually begins immediately upon its addi-
tion to the coating; hence addition is delayed until the coating is about to
be used.

Resins Both natural and synthetic resins are used. Natural resins
include fossil types from trees now extinct, recent types (rosin, Manila,
and dammar), lac (secretion of an insect), and asphalts (gilsonite). Syn-
thetic resins include ester gum, phenolic, alkyd, urea, melamine, amide,
epoxy, urethane, vinyl, styrene, rubber, petroleum, terpene, cellulose
nitrate, cellulose acetate, and ethyl cellulose.

Latex filmogens contain a stable aqueous dispersion of synthetic resin
produced by emulsion polymerization as the principal constituent.

Plasticizers In an oleoresinous varnish the oil acts as a softening
agent or plasticizer for the resin. There are other natural compounds and
substances, and many synthetic ones, for plasticizing film formers such
as the cellulosics. Plasticizers include dibutyl phthalate, tricresyl phos-
phate, dibutyl sebacate, dibutyltartrate, tributyl citrate, methyl abietate,
and chlorinated biphenyl.

Thinners As the consistency of the film-forming portion of most
paints and varnishes is too high for easy application, thinners (solvents)
are needed to reduce it. If the nonvolatile portion is already liquid, the
term thinner is used; if solid, the term solvent is used. Petroleum or
mineral spirits has replaced turpentine for thinning paints in the factory.
The coal-tar products— toluene, xylene, and solvent naphtha—are used
where solvency better than that given by petroleum spirits is needed.
Esters, alcohols, and ketones are standard for cellulosic or vinyl lac-
quers. Finally, water is used to thin latex paints, to be thinned at point
of use.

Pigments may be natural or synthetic, organic or inorganic, opaque or
nonopaque, white or colored, chemically active or inert. Factors enter-
ing into the selection of a pigment are color, opacity, particle size,
compatibility with other ingredients, resistance to light, heat, alkali, and
acid, and cost. The most important pigments are: white—zinc oxide,
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leaded zinc oxide, titanium dioxide; red—iron oxides, red lead* (for
rust prevention rather than color), chrome orange, molybdate orange,
toluidine red, para red; yellow—iron oxide, chrome yellow, zinc yellow
(for rust prevention rather than color), Hansa; green—chrome green,
chrome oxide; blue—iron, ultramarine, phthalocyanine; extenders (non-
opaque), i.e., magnesium silicate, calcium silicate, calcium carbonate,
barium sulfate, aluminum silicate.

Miscellany Paint contains many other ingredients, minor in amount
but important in function, such as emulsifiers, antifoamers, leveling
agents, and thickeners.

glass beads may be added for greater night visibility. Catalytically cured
resinous coating are also a recent development for fast-drying traffic
paints.

Heat-Reflecting Paint Light colors reflect more of the sun’s radia-
tion than do dark colors. White is somewhat better than aluminum, but
under some conditions, aluminum may retain its reflecting power
longer.

Heat-Resistant Paint Silicone paint is the most heat-resistant paint
yet developed. Its first use was as an insulation varnish for electric
motors, but types for other uses, such as on stoves and heaters, have
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Ecological Considerations Many jurisdictions restrict the amounts
of volatile organic compounds that may be discharged into the atmo-
sphere during coating operations. Users should examine container
labels for applicable conditions.

PAINTS

Aluminum paint is a mixture of aluminum pigment and varnish, from 1
to 2 lb of pigment per gal of varnish. The aluminum is in the form of
thin flakes. In the paint film, the flakes ‘‘leaf’’; i.e., they overlap like
leaves fallen from trees. Leafing gives aluminum paint its metallic ap-
pearance and its impermeability to moisture. Aluminum paint ranks
high as a reflector of the sun’s radiation and as a retainer of heat in
hot-air or hot-water pipes or tanks.

Bituminous Paint Hard asphalts, like gilsonite, cooked with drying
oils, and soft asphalts and coal tar, cut back with thinner, may be used to
protect metal and masonry wherever their black color is not objection-
able.

Chemical-Resistant Paint Chemical resistance is obtained by use
of resins such as vinyls, epoxies and urethanes. Vinyls are air-drying
types. Epoxies are catalytically cured with acids or amino resins. The
latter are two-component paints to be mixed just prior to use. Urethanes
can be two-component also, or single-component paints that react with
moisture in the air to cure.

Emulsion paints are emulsions in water of oil or resin base mixed with
pigment. The latex paints (acrylic, butadiene-styrene, polyvinylacetate,
etc.) belong to this class. Emulsion or latex paints are designed for both
exterior and interior use.

Strippable coatings are intended to give temporary protection to arti-
cles during storage or shipment.

Powder coatings are 100 percent solids coatings applied as a dry
powder mix of resin and pigment and subsequently formed into a film
with heat. The solid resin binder melts upon heating, binds the pigment,
and results in a pigment coating upon cooling. The powder is applied
either by a electrostatic spray or by passing the heated object over a
fluidized bed of powder with subsequent oven heating to provide a
smooth continuous film.

Marine Paint Ocean-going steel ships require antifouling paint over
the anticorrosive primer. Red lead or zinc yellow is used in the primer.
Antifouling paints contain ingredients, such as cuprous oxide and mer-
curic oxide, that are toxic to barnacles and other marine organisms.
During World War II, the U.S. Navy developed hot plastic ship-bottom
paint. It is applied by spray gun in a relatively thick film and dries or
sets as it cools. Copper powder paint is suitable for small wooden craft.

Fire-Retardant Paint Most paint films contain less combustible
matter than does wood. To this extent, they are fire-retardant. In addi-
tion they cover splinters and fill in cracks. However, flames and intense
heat will eventually ignite the wood, painted or not. The most that
ordinary paint can do is to delay ignition. Special compositions fuse and
give off flame-smothering fumes, or convert to spongy heat-insulating
masses, when heated. The relatively thick film and low resistance to
abrasion and cleaning make these coatings unsuited for general use as
paint, unless conventional decorative paints are applied over them.
However, steady improvement in paint properties is being made.

Traffic paint is quick-drying, so that traffic is inconvenienced as little
as possible. Rough texture and absence of gloss increase visibility. Tiny

* The use of lead pigment (red lead) is prohibited by law. (See discussion
below under Painting Steel.)
been developed. Since it must be cured by baking, it is primarily a
product finish.

Fungicides should be added to paint that is to be used in bakeries,
breweries, sugar refineries, dairies, and other places where fungi flour-
ish. Until ecological considerations forbade their use, mercury com-
pounds were important fungicides. Their place has been filled by chlor-
inated phenols and other effective chemical compounds. Fungi-infected
surfaces should be sterilized before they are painted. Scrub them with
mild alkali; if infection is severe, add a disinfectant.

Wood preservatives of the paintable type are used extensively to treat
wood windows, doors, and cabinets. They reduce rotting that may be
promoted by water that enters at joints. They comprise solutions of
compounds, such as chlorinated phenols, and copper and zinc naphthe-
nates in petroleum thinner. Water repellants, such as paraffin wax, are
sometimes added but may interfere with satisfactory painting.

Clear water repellents are treatments for masonry to prevent wetting
by water. Older types are solutions of waxes, drying oils, or metallic
soaps. Silicone solutions, recently developed, are superior, both in re-
pelling water and in effect on appearance.

Zinc-Rich Primer Anticorrosive primers for iron and steel, incorpo-
rating zinc dust in a concentration sufficient to give electrical conduc-
tivity in the dried film, enable the zinc metal to corrode preferentially to
the substrate, i.e., to give cathodic protection. The binders can be or-
ganic resins or inorganic silicates.

Painting

Exterior Architectural Painting Surfaces must be clean and dry, ex-
cept that wood to be painted with emulsion paint will tolerate a small
amount of moisture and masonry to be painted with portland cement–
base paint should be damp. Scrape or melt the resin from the knots in
wood, or scrub it off with paint thinner or alcohol. As an extra precau-
tion, seal the knots with shellac varnish, aluminum paint, or proprietary
knot sealer. When painting wood for the first time, fill nail holes and
cracks with putty, after the priming coat has dried. If the wood has been
painted before, remove loose paint with a scraper, wire brush, or sand-
paper. Prime all bare wood. In bad cases of cracking and scaling, re-
move all the paint by dry scraping or with paint and varnish remover or
with a torch.

Paint on new wood should be from 4 to 5 mils (0.10 to 0.13 mm)
thick. This usually requires three coats. A system consisting of nonpen-
etrating primer and special finish coat may permit the minimum to be
reached with two coats. Repainting should be frequent enough to pre-
serve a satisfactory thickness of the finish coat. Nonpenetrating primers
stick on some types of wood better than regular house paint does.

Interior Architectural Painting Interior paints are used primarily for
decoration, illumination, and sanitation. Enamels usually are used for
kitchen and bathroom walls, where water resistance and easy cleaning
are needed; semiglossy and flat types are used on walls and ceilings
where it is desired to avoid glare. Wet plaster will eventually destroy
oil-base paints. Fresh plaster must be allowed to dry out. Water from
leaks and condensation must be kept away from aged plaster. Several
coats of paint with low permeability to water vapor make an effective
vapor barrier.

Painting Concrete and Masonry Moisture in concrete and masonry
brings alkali to the surface where it can destroy oil paint. Allow 2 to 6
months for these materials to dry out before painting; a year or more, if
they are massive. Emulsion or latex paints may be used on damp con-
crete or masonry if there is reason to expect the drying to continue.
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Portland-cement paint, sometimes preferred for masonry, is especially
suitable for first painting of porous surfaces such as cinder block. Be-
fore applying this paint, wet the surface so that capillarity will not
extract the water from the paint. Scrubbing the paint into the surface
with a stiff brush of vegetable fiber gives the best job, but good jobs are
also obtained with usual brushes or by spraying. Keep the paint damp
for 2 or 3 days so that it will set properly. Latex and vinyl paints are
much used on concrete, because of their high resistance to alkali.

Painting Steel Preparation of steel for painting, type of paint, and
condition of exposure are closely related. Methods of preparation,

primers are not needed. Paint or varnish all copper to prevent corrosion
products from staining the adjoining paint.

Painting Aluminum The surface must be clean and free from grease.
Highly polished sheet should be etched with phosphoric acid or chromic
acid. Zinc-yellow primers give the best protection against corrosion.
The only preparation needed for interior aluminum is to have the sur-
face clean; anticorrosive primers are not needed.

Magnesium and its alloys corrode readily, especially in marine at-
mospheres. Red-lead primers must not be used. For factory finishing,
it is customary to chromatize the metal and then apply a zinc-yellow
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arranged in order of increasing thoroughness, include (1) removal of oil
with solvent; (2) removal of dirt, loose rust, and loose mill scale with
scraper or wire brush; (3) flame cleaning; (4) sandblasting; (5) pickling;
(6) phosphating. Exposure environments, arranged in order of increas-
ing severity, include (a) dry interiors, or arid regions; (b) rural or light
industrial areas, normally dry; (c) frequently wet; (d) continuously wet;
(e) corrosive chemical. Paint systems for condition (a) often consist of a
single coat of low-cost paint. For other conditions, the systems comprise
one or two coats of rust-inhibitive primer, such as a zinc-rich primer,
and one or more finish coats, selected according to severity of condi-
tions.

The primer contains one or more rust-inhibitive pigments, selected
mainly from red lead (found mostly in existing painted surfaces), zinc
yellow, and zinc dust. It may also contain zinc oxide, iron oxide, and
extender pigments. Of equal importance is the binder, especially for the
top coats. For above-water surfaces, linseed oil and alkyd varnish give
good service; for underwater surfaces, other binders, like phenolic and
vinyl resin, are better. Chemical-resistant binders include epoxy, syn-
thetic rubber, chlorinated rubber, vinyl, urethanes, and neoprene.

Paint for structural steel is normally air-drying. Large percentages for
factory-finished steel products are catalytic-cured, or are baked.

By virtue of the health problems associated with lead-based paint,
this product has effectively been proscribed by law from further use. A
problem arises in the matter of removal and repainting areas which have
previously been coated with lead-based paints; this is particularly true in
the case of steel structures such as bridges, towers, and the like.

Removal of leaded paints from such structures requires that extreme
care be exercised in the removal of the paint, due diligence being paid to
the protection of not only the personnel involved therein but also the
general public and that, further, the collection and disposal of the haz-
ardous waste be effectuated in accordance with prescribed practice.
Reference to current applicable OSHA documents will provide guid-
ance in this regard.

The removal of leaded paints can be accomplished by chipping, sand
blasting, use of solvents (strippers), and so forth. In all cases, stringent
precautions must be emplaced to collect all the residue of old paint as
well as the removal medium. Alternatively, recourse may be had to
topcoating the existing leaded paint, effectively sealing the surface of
the old paint and relying on the topcoating medium to keep the leaded
undercoat from flaking away. In this type of application, urethane coat-
ings, among others, have proved suitable. While the topcoating proce-
dure will alleviate current problems in containment of existing lead-
painted surfaces, it is not likely that this procedure will prove to be the
final solution. Ultimately, as with any painted surface, there will come a
time when the leaded-paint subcoat can no longer be contained in situ
and must be removed. It is expected that better and more economical
procedures will evolve in the near future, so that the extant problems
associated with removal of leaded paint will become more tractable.
The AISI and AASHTO have collaborated in this regard and have is-
sued a guide addressing these problems.

Galvanized Iron Allow new galvanized iron to weather for 6
months before painting. If there is not enough time, treat it with a
proprietary etching solution. For the priming coat, without pretreatment,
a paint containing a substantial amount of zinc dust or portland cement
should be used. If the galvanizing has weathered, the usual primers for
steel are also good.

Painting Copper The only preparation needed is washing off any
grease and roughening the surface, if it is a polished one. Special
primer.
Water-Tank Interiors Among the best paints for these are asphaltic

compositions. For drinking-water tanks, select one that imparts no taste.
Zinc-dust paints made with phenolic varnish are also good.

Wood Products Finishes may be lacquer or varnish, or their corre-
sponding enamels. High-quality clear finishes may require many opera-
tions, such as sanding, staining, filling, sealing, and finishing. Furniture
finishing is done mostly by spray. Small articles are often finished by
tumbling; shapes like broom handles, by squeegeeing.

Plastics Carefully balanced formulations are necessary for satisfac-
tory adhesion, to avoid crazing and to prevent migration of plasticizer.

Paint Deterioration Heavy dew, hot sun, and marine atmospheres
shorten the life of paint. Industrial zones where the atmosphere is con-
taminated with hygroscopic and acidic substances make special atten-
tion to painting programs necessary. Dampness within masonry and
plaster walls brings alkali to the surface where it can destroy oil-base
paints. Interior paints on dry surfaces endure indefinitely; they need
renewal to give new color schemes or when it becomes impractical to
wash them. Dry temperate climates are favorable to long life of exterior
paints.

Application Most industrial finishing is done with spray guns. In
electrostatic spraying, the spray is charged and attracted to the grounded
target. Overspray is largely eliminated. Other methods of application
include dipping, electrocoating, flowing, tumbling, doctor blading, roll-
ing, fluid bed, and screen stenciling.

An increasing proportion of maintenance painting is being done with
spray and hand roller. The spray requires up to 25 percent more paint
than the brush, but the advantage of speed is offsetting. The roller
requires about the same amount of paint as the brush.

Dry finishing is done by flame-spraying powdered pigment-filmogen
compositions or by immersing heated articles in a fluid bed of the pow-
dered composition.

Spreading Rates When applied by brush, approximate spreading
rates for paints on various surfaces are as shown in Table 6.6.1.

OTHER PROTECTIVE AND DECORATIVE
COATINGS

Porcelain enamel as applied to metal or clay products is a vitreous, inor-
ganic coating which is set by firing. Enameling is done in several differ-
ent ways, but the resulting surface qualities and properties are largely
similar. The coating finds utility in imparting to the product a surface
which is hard and scratch-resistant, possesses a remarkable resistance to
general corrosion, and perhaps even has the constituents of the coating
material tailored for the enamel to be resistant to specific working envi-
ronments.

Frit is the basic unfired raw coating material, composed of silica,
suitable fluxes, and admixtures to impart either opacity or color.

The surface to be enameled must be rendered extremely clean, after
which a tightly adhering undercoat is applied. The surface is covered
with powdered frit, and the product finally is fired and subsequently
cooled. Despite its demonstrated advantageous properties, porcelain
enamel has effectively zero tolerance for deformation, and it will craze
or spall easily when mechanically distressed.

Fused dry resin coatings employing polymers as the active agent can
be bonded to most metals, with the resin applied in a fluidized bed or by
means of electrostatic deposition. The surface to be treated must be
extremely clean. Resinous powders based on vinyl, epoxy, nylon, poly-
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Table 6.6.1 Spreading Rates for Brushed Paints

First coat Second and third coats

Surface Type ft2/gal m2/L ft2/gal m2/L

Wood Oil emulsion 400–500 10–12 500–600 12–15
Wood, primed Emulsion 500–600 12–15 500–600 12–15
Structural steel Oil 450–600 11–15 650–900 16–22
Sheet metal Oil 500–600 12–15 550–650 13–16
Brick, concrete Oil 200–300 5–7 400–500 10–12
Brick, concrete Cement 100–125 2.5–3 125–175 3–4.5
Brick, concrete Emulsion 200–300 5–7 400–500 10–12
Smooth plaster Oil 550–650 13–16 550–650 13–16
Smooth plaster Emulsion 400–500 10–12 500–600 12–15
Concrete floor Enamel 400–500 10–12 550–650 13–16
Wood floor Varnish 550–650 13–16 550–650 13–16

ethylene, and the like are used. Intermediate bonding agents may be
required to foster a secure bond between the metal surface and the resin.
After the resin is applied, the metal piece is heated to fuse the resin into
a continuous coating. The tightly bonded coating imparts corrosion re-
sistance and may serve decorative functions.

Bonded phosphates provide a corrosion-resistant surface coat to
metals, principally steel. Usually, the phosphated surface layer exhibits
a reduced coefficient of friction and for this reason can be applied to
sheet steel to be deep-drawn, resulting in deeper draws per die pass.
Passing the raw sheet metal through an acid phosphate bath results in

the anode becomes sacrificial to the benefit of the cathode, which ac-
cretes the metal to be plated out.) Most commercial metals and some of
the more exotic ones can be electroplated; they include, among others,
cadmium, zinc, nickel, chromium, copper, gold, silver, tin, lead, rho-
dium, osmium, selenium, platinum, and germanium. This list is not
exclusive; other metals may be pressed into use as design requirements
arise from time to time.

Plating most often is used to render the workpiece more corrosion-
resistant, but decorative features also are provided or enhanced thereby.
On occasion, a soft base metal is plated with a harder metal to impart
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the deposition of an insoluble crystalline phosphate on the surface.
Hot dipping permits the deposition of metal on a compatible substrate

and serves a number of purposes, the primary ones being to impart
corrosion resistance and to provide a base for further surface treatment,
e.g., paint. In hot dip galvanizing, a ferrous base metal, usually in the
form of sheet, casting, or fabricated assembly, is carefully cleaned and
then passed through a bath of molten zinc. The surface coating is metal-
lographically very complex, but the presence of zinc in the uppermost
surface layer provides excellent corrosion resistance. In the event that
the zinc coating is damaged, leaving the base metal exposed to corrosive
media, galvanic action ensues and zinc will corrode preferentially to the
base metal. This sacrificial behavior thereby protects the base metal.
(See Secs. 6.4 and 6.5.)

Automotive requirements in recent years have fostered the use of
galvanized sheet steel in the fabrication of many body components,
often with the metal being galvanized on one side only.

Hardware and fittings exposed to salt water historically have been hot
dip galvanized to attain maximum service life.

Terne, a lead coating applied to steel (hence, terne sheet), is applied
by hot dipping. The sheet is cleaned and then passed through a bath of
molten lead alloyed with a small percentage of tin. The product is
widely applied for a variety of fabricated pieces and is employed archi-
tecturally when its dull, though lasting, finish is desired. It exhibits
excellent corrosion resistance, is readily formed, and lends itself easily
to being soldered.

Lead-coated copper is used largely as a substitute for pure copper
when applied as an architectural specialty for roof flashing, valleys, and
the like, especially when the design requires the suppression of green
copper corrosion product (verdigris). Its corrosion resistance is effec-
tively equivalent to that of pure lead. It is produced by dipping copper
sheet into a bath of molten lead.

Electroplating, or electrodeposition, employs an electric current to coat
one metal with another. The method can be extended to plastics, but
requires that the plastic surface be rendered electrically conductive by
some means. In the basic electroplating circuit, the workpiece is made
the cathode (negative), the metal to be plated out is made the anode
(positive), and both are immersed in an electrolytic bath containing salts
of the metal to be plated out. The circuit is completed with the passage
of a direct current, whence ions migrate from anode to cathode, where
they lose their charge and deposit as metal on the cathode. (In essence,
wear resistance; likewise, the resultant composite material may be de-
signed to exhibit different and/or superior mechanical or other physical
properties.

Electroplating implies the addition of metal to a substrate. Accord-
ingly, the process lends itself naturally to buildup of worn surfaces on
cutting and forming tools and the like. This buildup must be controlled
because of its implications for the finished dimensions of the plated
part.

The most familiar example we observe is the universal use of chro-
mium plating on consumer goods and pieces of machinery. Gold plating
and silver plating abound. Germanium is electroplated in the production
of many solid-state electronic components. Brass, while not a pure
metal, can be electroplated by means of a special-composition electro-
lyte.

Of particular concern in the current working environment is the
proper handling and disposition of spent plating solutions. There are
restrictions in this regard, and those people engaged in plating opera-
tions must exercise stringent precautions in the matter of their ultimate
disposal.

Aluminum normally develops a natural thin surface film of aluminum
oxide which acts to inhibit corrosion. In anodizing, this surface film is
thickened by immersion in an electrolytic solution. The protection pro-
vided by the thicker layer of oxide is increased, and for many products,
the oxide layer permits embellishment with the addition of a dye to
impart a desired color. (See Sec. 6.4.)

Vacuum deposition of metal onto metallic or nonmetallic substrates
provides special functional or decorative properties. Both the workpiece
to be coated and the metal to be deposited are placed in an evacuated
chamber, wherein the deposition metal is heated sufficiently to enable
atom-size particles to depart from its surface and impinge upon the
surface to be coated. The atomic scale of the operation permits deposi-
tion of layers less than 1 mm thick; accordingly, it becomes economical
to deposit expensive jewelry metals, e.g., gold and silver, on inexpen-
sive substrates. Some major applications include production of highly
reflective surfaces, extremely thin conductive surface layers for elec-
tronic components, and controlled buildup of deposited material on a
workpiece.

A companion process, sputtering, operates in a slightly different fash-
ion, but also finds major application in deposition of 1-mm thicknesses
on substrates. Other than for deposition of 1-mm thicknesses on solid-
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state components and circuitry, it enables deposition of hard metals on
edges of cutting tools.

Chemical vapor deposition (CVD) is employed widely, but is noted
here for its use to produce diamond vapors at ambient temperatures,
which are deposited as continuous films from 1 to 1,000 mm thick. The
CVD diamond has a dense polycrystalline structure with discrete dia-
mond grains, and in this form it is used to substitute for natural and
artificial diamonds in abrasive tools.

Flat varnish is made by adding materials, such as finely divided
silica or metallic soap, to glossy varnish. Synthetic latex or other
emulsion, or aqueous dispersion, such as glue, is sometimes called
water varnish.

LACQUER

The word lacquer has been used for (1) spirit varnishes used especially
for coating brass and other metals, (2) Japanese or Chinese lacquer, (3)
coatings in which cellulose nitrate (pyroxylin), cellulose acetate, or cel-
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VARNISH

Oleoresinous varnishes are classed according to oil length, i.e., the
number of gallons of oil per 100 lb of resin. Short oil varnishes contain
up to 10 gal of oil per 100 lb of resin; medium, from 15 to 25 gal; long,
over 30 gal.

Floor varnish is of medium length and is often made with modified
phenolic resins, tung, and linseed oils. It should dry overnight to a tough
hard film. Some floor varnishes are rather thin and penetrating so that
they leave no surface film. They show scratches less than the orthodox
type. Moisture-cured urethane or epoxy ester varnishes are more dura-
ble types.

Spar varnish is of long oil length, made usually with phenolic or
modified-phenolic resins, tung or dehydrated castor oil, and linseed oil.
Other spar varnishes are of the alkyd and urethane types. Spar varnishes
dry to a medium-hard glossy film that is resistant to water, actinic rays
of the sun, and moderate concentrations of chemicals.

Chemical-resistant varnishes are designed to withstand acid, alkali, and
other chemicals. They are usually made of synthetic resins, such as
chlorinated rubber, cyclized rubber, phenolic resin, melamine, urea-
aldehyde, vinyl, urethane, and epoxy resin. Some of these must be dried
by baking. Coal-tar epoxy and coal-tar urethane combinations are
also used. Catalytic varnish is made with a nonoxidizing film former,
and is cured with a catalyst, such as hydrochloric acid or certain amines.

6.7
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(Note: This section was written and compiled by U.S. government employees on official time. I
REFERENCES Freas and Selbo, Fabrication and Design of Glued Laminated
Wood Structural Members, U.S. Dept. Agr. Tech. Bull. no. 1069, 1954. Hunt and
Garratt, ‘‘Wood Preservation,’’ McGraw-Hill. ‘‘Wood Handbook,’’ U.S. Dept.
Agr. Handbook. ‘‘Design Properties of Round, Sawn and Laminated Preserva-
tively Treated Construction Poles as Posts,’’ ASAE Eng. Practice EP 388.2,
lulose acetate butyrate is the dominant ingredient, (4) oleoresinous bak-
ing varnishes for interior of food cans.

Present-day lacquer primarily refers to cellulosic coatings, clear or
pigmented. These lacquers dry by evaporation. By proper choice of
solvents, they are made to dry rapidly. Besides cellulosic compounds,
they contain resins, plasticizers, and solvent. Cellulose acetate, cellu-
lose acetate butyrate, and cellulose acetate propionate lacquers are non-
flammable, and the clear forms have better exterior durability than the
cellulose nitrate type. Although cellulosic and acrylic derivatives domi-
nate the lacquer field, compositions containing vinyls, chlorinated hy-
drocarbons, or other synthetic thermoplastic polymers are of growing
importance.

Lac is a resinous material secreted by an insect that lives on the sap of
certain trees. Most of it comes from India. After removal of dirt, it is
marketed in the form of grains, called seed-lac; cakes, called button lac;
or flakes, called shellac. Lac contains up to 7 percent of wax, which is
removed to make the refined grade. A bleached, or white, grade is also
available.

Shellac varnish is made by ‘‘cutting’’ the resin in alcohol; the cut is
designated by the pounds of lac per gallon of alcohol, generally 4 lb.
Shellac varnish should always be used within 6 to 12 months of manu-
facture, as some of the lac combines with the alcohol to form a soft,
sticky material.
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ture can exist in wood as free water in the cell cavities, as well as water
bound chemically within the intermolecular regions of the cell wall. The
moisture content at which cell walls are completely saturated but at
which no water exists in the cell cavities is called the fiber saturation
point. Below the fiber saturation point, the cell wall shrinks as moisture
is removed, and the physical and mechanical properties begin to change
as a function of moisture content. Air-dry wood has a moisture content of
12 to 15 percent. Green wood is wood with a moisture content above the
fiber saturation point. The moisture content of green wood typically
ranges from 40 to 250 percent.
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COMPOSITION, STRUCTURE, AND
NOMENCLATURE
by David W. Green

Wood is a naturally formed organic material consisting essentially of
elongated tubular elements called cells arranged in a parallel manner for
the most part. These cells vary in dimensions and wall thickness with
position in the tree, age, conditions of growth, and kind of tree. The
walls of the cells are formed principally of chain molecules of cellulose,
polymerized from glucose residues and oriented as a partly crystalline
material. These chains are aggregated in the cell wall at a variable angle,
roughly parallel to the axis of the cell. The cells are cemented by an
amorphous material called lignin. The complex structure of the gross
wood approximates a rhombic system. The direction parallel to the
grain and the axis of the stem is longitudinal (L), the two axes across the
grain are radial (R) and tangential (T) with respect to the cylinder of
the tree stem. This anisotropy and the molecular orientation account for
the major differences in physical and mechanical properties with respect
to direction which are present in wood.

Natural variability of any given physical measurement in wood ap-
proximates the normal probability curve. It is traceable to the differ-
ences in the growth of individual samples and at present cannot be
controlled. For engineering purposes, statistical evaluation is employed
for determination of safe working limits.

Lumber is classified as hardwood, which is produced by the broad-
level trees (angiosperms), such as oak, maple, ash; and softwood, the
product of coniferous trees (gymnosperms), such as pines, larch, spruce,
hemlock. The terms ‘‘hard’’ and ‘‘soft’’ have no relation to actual hard-
ness of the wood. Sapwood is the living wood of pale color on the
outside of the stem. Heartwood is the inner core of physiologically inac-
tive wood in a tree and is usually darker in color, somewhat heavier, due
to infiltrated material, and more decay-resistant than the sapwood.
Other terms relating to wood, veneer, and plywood are defined in
ASTM D9, D1038 and the ‘‘Wood Handbook.’’

Standard nomenclature of lumber is based on commercial practice
which groups woods of similar technical qualities but separate botanical
identities under a single name. For listings of domestic hardwoods and
softwoods see ASTM D1165 and the ‘‘Wood Handbook.’’

The chemical composition of woody cell walls is generally about 40 to
50 percent cellulose, 15 to 35 percent lignin, less than 1 percent mineral,
20 to 35 percent hemicellulose, and the remainder extractable matter of
a variety of sorts. Softwoods and hardwoods have about the same cellu-
lose content.

PHYSICAL AND MECHANICAL PROPERTIES OF
CLEAR WOOD
by David Green, Robert White, Anton TenWolde,
William Simpson, Joseph Murphy, and Robert Ross

Moisture Relations

Wood is a hygroscopic material which contains water in varying
amounts, depending upon the relative humidity and temperature of the
surrounding atmosphere. Equilibrium conditions are established as
shown in Table 6.7.1. The standard reference condition for wood is
oven-dry weight, which is determined by drying at 100 to 105°C until
there is no significant change in weight.

Moisture content is the amount of water contained in the wood, usu-
ally expressed as a percentage of the mass of the oven-dry wood. Mois-
Dimensional Changes

Shrinkage or swelling is a result of change in water content within the cell
wall. Wood is dimensionally stable when the moisture content is above
the fiber saturation point (about 28 percent for shrinkage estimates).
Shrinkage is expressed as a percentage of the dimensional change based
on the green wood size. Wood is an anisotropic material with respect to
shrinkage. Longitudinal shrinkage (along the grain) ranges from 0.1 to
0.3 percent as the wood dries from green to oven-dry and is usually
neglected. Wood shrinks most in the direction of the annual growth
rings (tangential shrinkage) and about half as much across the rings (ra-
dial shrinkage). Average shrinkage values for a number of commercially
important species are shown in Table 6.7.2. Shrinkage to any moisture
condition can be estimated by assuming that the change is linear from
green to oven-dry and that about half occurs in drying to 12 percent.

Swelling in polar liquids other than water is inversely related to the size
of the molecule of the liquid. It has been shown that the tendency to
hydrogen bonding on the dielectric constant is a close, direct indicator
of the swelling power of water-free organic liquids. In general, the
strength values for wood swollen in any polar liquid are similar when
there is equal swelling of the wood.

Swelling in aqueous solutions of sulfuric and phosphoric acids, zinc
chloride, and sodium hydroxide above pH 8 may be as much as 25
percent greater in the transverse direction than in water. The transverse
swelling may be accompanied by longitudinal shrinkage up to 5 per-
cent. The swelling reflects a chemical change in the cell walls, and the
accompanying strength changes are related to the degradation of the
cellulose.

Dimensional stabilization of wood cannot be completely attained. Two
or three coats of varnish, enamel, or synthetic lacquer may be 50 to 85
percent efficient in preventing short-term dimensional changes. Metal
foil embedded in multiple coats of varnish may be 90 to 95 percent
efficient in short-term cycling. The best long-term stabilization results
from internal bulking of the cell wall by the use of materials such as
phenolic resins polymerized in situ or water solutions of polyethylene
glycol (PEG) on green wood. The presence of the bulking agents alters
the properties of the treated wood. Phenol increases electrical resis-
tance, hardness, compression strength, weight, and decay resistance but
lowers the impact strength. Polyethylene glycol maintains strength
values at the green-wood level, reduces electric resistance, and can be
finished only with polyurethane resins.

Mechanical Properties

Average mechanical properties determined from tests on clear, straight-
grained wood at 12 percent moisture content are given in Table 6.7.2.
Approximate standard deviation(s) can be estimated from the following
equation:

s 5 CX

where X 5 average value for species

0.10 for specific gravity
0.22 for modulus of elasticity
0.16 for modulus of rupture

C 5





0.18 for maximum crushing strength parallel to grain
0.14 for compression strength perpendicular to grain
0.25 for tensile strength perpendicular to grain
0.25 for impact bending strength
0.10 for shear strength parallel to grain



Table 6.7.1 Moisture Content of Wood in Equilibrium with Stated Dry-Bulb Temperature and Relative Humidity

Temperature
(dry-bulb) Moisture content, % at various relative-humidity levels

°F (°C) 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 98

30 2 1.3 1.4 2.6 3.7 4.6 5.5 6.3 7.1 7.9 8.7 9.5 10.4 11.3 12.4 13.5 14.9 16.5 18.5 21.0 24.3 26.9
40 4.2 1.4 2.6 3.7 4.6 5.5 6.3 7.1 7.9 8.7 9.5 10.4 11.3 12.3 13.5 14.9 16.5 18.5 21.0 24.3 26.9
50 9.8 1.4 2.6 3.6 4.6 5.5 6.3 7.1 7.9 8.7 9.5 10.3 11.2 12.3 13.4 14.8 16.4 18.4 20.9 24.3 26.9
60 15 1.3 2.5 3.6 4.6 5.4 6.2 7.0 7.8 8.6 9.4 10.2 11.1 12.1 13.3 14.6 16.2 18.2 20.7 24.1 26.8
70 21 1.3 2.5 3.5 4.5 5.4 6.2 6.9 7.7 8.5 9.2 10.1 11.0 12.0 13.1 14.4 16.0 17.9 20.5 23.9 26.6
80 26 1.3 2.4 3.5 4.4 5.3 6.1 6.8 7.6 8.3 9.1 9.9 10.8 11.7 12.9 14.2 15.7 17.7 20.2 23.6 26.3
90 32 1.2 2.3 3.4 4.3 5.1 5.9 6.7 7.4 8.1 8.9 9.7 10.5 11.5 12.6 13.9 15.4 17.3 19.8 23.3 26.0

100 38 1.2 2.3 3.3 4.2 5.0 5.8 6.5 7.2 7.9 8.7 9.5 10.3 11.2 12.3 13.6 15.1 17.0 19.5 22.9 25.6
110 43 1.1 2.2 3.2 4.0 4.9 5.6 6.3 7.0 7.7 8.4 9.2 10.0 11.0 12.0 13.2 14.7 16.6 19.1 22.4 25.2
120 49 1.1 2.1 3.0 3.9 4.7 5.4 6.1 6.8 7.5 8.2 8.9 9.7 10.6 11.7 12.9 14.4 16.2 18.6 22.0 24.7
130 54 1.0 2.0 2.9 3.7 4.5 5.2 5.9 6.6 7.2 7.9 8.7 9.4 10.3 11.3 12.5 14.0 15.8 18.2 21.5 24.2
140 60 0.9 1.9 2.8 3.6 4.3 5.0 5.7 6.3 7.0 7.7 8.4 9.1 10.0 11.0 12.1 13.6 15.3 17.7 21.0 23.7
150 65 0.9 1.8 2.6 3.4 4.1 4.8 5.5 6.1 6.7 7.4 8.1 8.8 9.7 10.6 11.8 13.1 14.9 17.2 20.4 23.1
160 71 0.8 1.6 2.4 3.2 3.9 4.6 5.2 5.8 6.4 7.1 7.8 8.5 9.3 10.3 11.4 12.7 14.4 16.7 19.9 22.5
170 76 0.7 1.5 2.3 3.0 3.7 4.3 4.9 5.6 6.2 6.8 7.4 8.2 9.0 9.9 11.0 12.3 14.0 16.2 19.3 21.9
180 81 0.7 1.4 2.1 2.8 3.5 4.1 4.7 5.3 5.9 6.5 7.1 7.8 8.6 9.5 10.5 11.8 13.5 15.7 18.7 21.3
190 88 0.6 1.3 1.9 2.6 3.2 3.8 4.4 5.0 5.5 6.1 6.8 7.5 8.2 9.1 10.1 11.4 13.0 15.1 18.1 20.7
200 93 0.5 1.1 1.7 2.4 3.0 3.5 4.1 4.6 5.2 5.8 6.4 7.1 7.8 8.7 9.7 10.9 12.5 14.6 17.5 20.0
210 99 0.5 1.0 1.6 2.1 2.7 3.2 3.8 4.3 4.9 5.4 6.0 6.7 7.4 8.3 9.2 10.4 12.0 14.0 16.9 19.3
220 104 0.4 0.9 1.4 1.9 2.4 2.9 3.4 3.9 4.5 5.0 5.6 6.3 7.0 7.8 8.8 9.9 * * * *
230 110 0.3 0.8 1.2 1.6 2.1 2.6 3.1 3.6 4.2 4.7 5.3 6.0 6.7 * * * * * * *
240 115 0.3 0.6 0.9 1.3 1.7 2.1 2.6 3.1 3.5 4.1 4.6 * * * * * * * * *
250 121 0.2 0.4 0.7 1.0 1.3 1.7 2.1 2.5 2.9 * * * * * * * * * * *
260 126 0.2 0.3 0.5 0.7 0.9 1.1 1.4 * * * * * * * * * * * * *
270 132 0.1 0.1 0.2 0.3 0.4 0.4 * * * * * * * * * * * * * *

* Conditions not possible at atmospheric pressure.
SOURCE: ‘‘Wood Handbook,’’ Forest Products Laboratory, 1987.
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Table 6.7.2 Strength and Related Properties of Wood at 12% Moisture Content (Average Values from Tests on Clear Pieces 2 3 2 inches in Cross Section
per ASTM D143)

Static bending
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Hardwoods
Ash, white 0.60 42 4.9 7.8 15,400 1,740 7,410 1,160 940 43 1,910 1,320
Basswood 0.37 26 6.6 9.3 8,700 1,460 4,730 370 350 16 990 410
Beech 0.64 45 5.5 11.9 14,900 1,720 7,300 1,010 1,010 41 2,010 1,300
Birch, yellow 0.62 43 7.3 9.5 16,600 2,010 8,170 970 920 55 1,880 1,260
Cherry, black 0.50 35 3.7 7.1 12,300 1,490 7,110 690 560 29 1,700 950
Cottonwood, eastern 0.40 28 3.9 9.2 8,500 1,370 4,910 380 580 20 930 430
Elm, American 0.50 35 4.2 9.5 11,800 1,340 5,520 690 660 39 1,510 830
Elm, rock 0.63 44 4.8 8.1 14,800 1,540 7,050 1,230 56 1,920 1,320
Sweetgum 0.52 36 5.4 10.2 12,500 1,640 6,320 620 760 32 1,600 850
Hickory, shagbark 0.72 50 7.0 10.5 20,200 2,160 9,210 1,760 67 2,430
Maple, sugar 0.63 44 4.8 9.9 15,800 1,830 7,830 1,470 39 2,330 1,450
Oak, red, northern 0.63 44 4.0 8.6 14,300 1,820 6.760 1,010 800 43 1,780 1,290
Oak, white 0.60 48 5.6 10.5 15,200 1,780 7,440 1,070 800 37 2,000 1,360
Poplar, yellow 0.42 29 4.6 8.2 10,100 1,580 5,540 500 540 24 1,190 540
Tupelo, black 0.50 35 4.2 7.6 9,600 1,200 5,520 930 500 22 1,340 810
Walnut, black 0.35 38 5.5 7.8 14,600 1,680 7,580 1,010 690 34 1,370 1,010

Softwoods
Cedar, western red 0.32 23 2.4 5.0 7,500 1,110 4,560 460 220 17 990 350
Cypress, bald 0.46 32 3.8 6.2 10,600 1,440 6,360 730 300 24 1,900 510
Douglas-fir, coast 0.48 34 4.8 7.6 12,400 1,950 7,230 800 340 31 1,130 710
Hemlock, eastern 0.40 28 3.0 6.8 8,900 1,200 5,410 650 21 1,060 500
Hemlock, western 0.45 29 4.2 7.8 11,300 1,630 7,200 550 340 26 1,290 540
Larch, western 0.52 38 4.5 9.1 13,000 1,870 7,620 930 430 35 1,360 830
Pine, red 0.46 31 3.8 7.2 11,000 1,630 6,070 600 460 26 1,210 560
Pine, ponderosa 0.40 28 3.9 6.2 9,400 1,290 5,320 580 420 19 1,130 460
Pine, eastern white 0.35 24 2.1 6.1 8,600 1,240 4,800 440 310 18 900 380
Pine, western white 0.38 27 4.1 7.4 9,700 1,460 5,040 470 23 1,040 420
Pine, shortleaf 0.51 36 4.6 7.7 13,100 1,750 7,270 820 470 33 1,390 690
Redwood 0.40 28 2.6 4.4 10,000 1,340 6,150 700 240 19 940 480
Spruce, sitka 0.40 28 4.3 7.5 10,200 1,570 5,610 580 370 25 1,150 510
Spruce, black 0.42 29 4.1 6.8 10,800 1,610 5,960 550 20 1,230 520

SOURCE: Tabulated from ‘‘Wood Handbook,’’ Tropical Woods no. 95, and unpublished data from the USDA Forest Service, Forest Products Laboratory.
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Relatively few data are available on tensile strength parallel to the grain.
The modulus of rupture is considered to be a conservative estimate for
tensile strength.

Mechanical properties remain constant as long as the moisture con-
tent is above the fiber saturation point. Below the fiber saturation point,
properties generally increase with decreasing moisture content down to
about 8 percent. Below about 8 percent moisture content, some proper-
ties, principally tensile strength parallel to the grain and shear strength,
may decrease with further drying. An approximate adjustment for clear
wood properties between about 8 percent moisture and green can be

Specific gravity and strength properties vary directly in an exponential
relationship S 5 KGn. Table 6.7.3 gives values of K and the exponent n
for various strength properties. The equation is based on more than 160
kinds of wood and yields estimated average values for wood in general.
This relationship is the best general index to the quality of defect-free
wood.

Load Direction and Relation to Grain of Wood

All strength properties vary with the orthotropic axes of the wood in a
manner which is approximated by the Hankinson’s formula (‘‘Wood

eci

pec

od

Ha

2
17,
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obtained by using an annual compound-interest type of formula:

P2 5 P1S1 1
C

100D2 (M2 2 M1)

where P1 is the known property at moisture content M1 , P2 is the prop-
erty to be calculated at moisture content M2 , and C is the assumed
percentage change in property per percentage change in moisture con-
tent. Values of P1 at 12 percent moisture content are given in Table
6.7.2, and values of C are given in Table 6.7.3. For the purposes of
property adjustment, green is assumed to be 23 percent moisture con-
tent. The formula should not be used with redwood and cedars. A more
accurate adjustment formula is given in ‘‘Wood Handbook.’’ Addi-
tional data and tests on green wood can be found in the ‘‘Wood Hand-
book.’’ Data on foreign species are given in ‘‘Tropical Timbers of the
World.’’

Specific Gravity and Density

Specific gravity Gm of wood at a given moisture condition, m, is the ratio
of the weight of the oven-dry wood Wo to the weight of water displaced
by the sample at the given moisture condition wm .

Gm 5 Wo /wm

This definition is required because volume and weight are constant only
under special conditions. The weight density of wood D (unit weight) at
any given moisture content is the weight of oven-dry wood and the
contained water divided by the volume of the piece at that same mois-
ture content. Average values for specific gravity oven-dry and weight
density at 12 percent moisture content are given in Table 6.7.2. Specific
gravity of solid, dry wood substance based on helium displacement is
1.46, or about 91 lb/ft3.

Conversion of weight density from one moisture condition to another
can be accomplished by the following equation (‘‘Standard Handbook
for Mechanical Engineers,’’ 9th ed., McGraw-Hill).

D2 5 D1

100 1 M2

100 1 M1 1 0.0135 D1(M2 2 M1)

D1 is the weight density, lb/ft3, which is known for some moisture
condition M1 . D2 is desired weight density at a moisture content M2 .
Moisture contents M1 and M2 are expressed in percent.

Table 6.7.3 Functions Relating Mechanical Properties to Sp
Straight-Grained Wood

S

Green wo

Property Softwood

Static bending
Modulus of elasticity (106 lb/ in2) 2.331G0.76

Modulus of rupture (lb/ in2) 15,889G1.01

0.94
Maximum crushing strength parallel to grain
(lb/ in2)

7,207G 7,

Shear parallel to grain (lb/ in2) 1,585G0.73 2,
Compression perpendicular to grain at pro-
portional limit (lb/ in2)

1,360G1.60 2,

Hardness perpendicular to grain (lb) 1,399G1.41 3,

* The properties and values should be read as equations; e.g., modulus of rupture for g
wood, based on the oven-dry weight and the volume at the moisture condition indicated
Handbook’’):

N 5
PQ

P sin2 u 1 Q cos2 u

where N 5 allowable stress induced by a load acting at an angle to the
grain direction, lb/in2; P 5 allowable stress parallel to the grain, lb/in2;
Q 5 allowable stress perpendicular to the grain, lb/in2; and u 5 angle
between direction of load and direction of grain.

The deviation of the grain from the long axis of the member to which
the load is applied is known as the slope of grain and is determined by
measuring the length of run in inches along the axis for a 1-in deviation
of the grain from the axis. The effect of grain slope on the important
strength properties is shown by Table 6.7.4.

Rheological Properties

Wood exhibits viscoelastic characteristics. When first loaded, a wood
member deforms elastically. If the load is maintained, additional time-
dependent deformation occurs. Because of this time-dependent relation,
the rate of loading is an important factor to consider in the testing and
use of wood. For example, the load required to produce failure in 1 s is
approximately 10 percent higher than that obtained in a standard 5-min
strength test. Impact and dynamic measures of elasticity of small speci-
mens are about 10 percent higher than those for static measures. Impact
strengths are also affected by this relationship. In the impact bending
test, a 50-lb (23-kg) hammer is dropped upon a beam from increasing
heights until complete rupture occurs. The maximum height, as shown
in Table 6.7.2, is for comparative purposes only.

When solid material is strained, some mechanical energy is dissi-
pated as heat. Internal friction is the term used to denote the mechanism
that causes this energy dissipation. The internal friction of wood is a
complex function of temperature and moisture content. The value of
internal friction, expressed by logarithmic decrement, ranges from 0.1
for hot, moist wood to less than 0.02 for hot, dry wood. Cool wood,
regardless of moisture content, has an intermediate value.

The term fatigue in engineering is defined as progressive damage that
occurs in a material subjected to cyclic loading. Fatigue life is a term
used to define the number of cycles sustained before failure. Re-
searchers at the Forest Products Laboratory of the USDA Forest Service
have found that small cantilever bending specimens subjected to fully
reversed stresses, at 30 Hz with maximum stress equal to 30 percent of

fic Gravity and Moisture Content of Clear,

ific gravity–strength relation*

Wood at 12% moisture content

rdwood Softwood Hardwood

Change
for 1% change

in moisture
content, %

.02G0.72 2.966G0.84 2.39G0.70 2.0
209G1.16 24,763G1.01 24,850G1.13 5

1.11 0.97 0.89
111G 13,592G 11,033G 6.5

576G1.24 2,414G0.85 3,174G1.13 4.0
678G2.48 2,393G1.57 3,128G2.09 6.5

721G2.31 1,931G1.50 3,438G2.10 3.0

reen wood of softwoods 5 15,889G1.01, where G represents the specific gravity of
.
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Table 6.7.4 Strength of Wood Members with Various Grain Slopes
as Percentages of Straight-Grained Members

Impact
bending; Maximum

drop height crushing
to failure strength

(50-lb parallel
Maximum slope of hammer), to grain,
grain in member % %

Static bending

Modulus of Modulus of
rupture, elasticity,

% %

Straight-grained 100 100 100 100
1 in 25 96 97 95 100
1 in 20 93 96 90 100
1 in 15 89 94 81 100
1 in 10 81 89 62 99
1 in 5 55 67 36 93

SOURCE: ‘‘Wood Handbook.’’

estimated static strength and at 12 percent moisture content and 75°F
(24°C), have a fatigue life of approximately 30 million cycles.

Thermal Properties

The coefficients of thermal expansion in wood vary with the structural
axes. According to Weatherwax and Stamm (Trans. ASME, 69, 1947,
p. 421), the longitudinal coefficient for the temperature range 1 50°C
to 2 50°C averages 3.39 3 102 6/°C and is independent of specific
gravity. Across the grain, for an average specific gravity oven-dry of
0.46, the radial coefficient ar is 25.7 3 102 6/°C and the tangential at

2 1.33 3 102 4 in SI units. These formulas are valid for wood below
fiber saturation at temperatures between 45°F (7°C) and 297°F (147°C).
T is the temperature at which cp0 is desired.

The fuel value of wood depends primarily upon its dry density, mois-
ture content, and chemical composition. Moisture in wood decreases the
fuel value as a result of latent heat absorption of water vaporization. An
approximate relation for the fuel value of moist wood (Btu per pound on
wet weight basis)(2,326 Btu/ lb 5 1 J/kg) is

H
100 2 u/7

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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is 34.8 3 102 6/°C. Both ar and at vary with specific gravity approxi-
mately to the first power. Thermal expansions are usually overshad-
owed by the larger dimensional changes due to moisture.

Thermal conductivity of wood varies principally with the direction of
heat with respect to the grain. Approximate transverse conductivity can be
calculated with a linear equation of the form

k 5 G(B 1 CM) 1 A

where G is specific gravity, based on oven-dry weight and volume at a
given moisture content M percent. For specific gravities above 0.3,
temperatures around 75°F (24°C), and moisture contents below 25 per-
cent, the values of constants, A, B, and C are A 5 0.129, B 5 1.34, and
C 5 0.028 in English units, with k in Btu ? in/(h ? ft2 ? °F) (TenWolde
et al., 1988). Conductivity in watts per meter per kelvin is obtained by
multiplying the result by 0.144. The effect of temperature on thermal
conductivity is relatively minor and increases about 1 to 2 percent per
10°F (2 to 3 percent per 10°C). Longitudinal conductivity is considerably
greater than transverse conductivity, but reported values vary widely. It
has been reported as 1.5 to 2.8 times larger than transverse conductivity,
with an average of about 1.8.

Specific heat of wood is virtually independent of specific gravity and
varies principally with temperature and moisture content. Wilkes found
that the approximate specific heat of dry wood can be calculated with

cp0 5 a0 1 a1T

where a0 5 0.26 and a1 5 0.000513 for English units (specific heat in
Btu per pound per degree Fahrenheit and temperature in degrees Fahr-
enheit) or a0 5 0.103 and a1 5 0.00387 for SI units [specific heat in
kJ/(kg ? K) and temperature in kelvins]. The specific heat of moist
wood can be derived from

cp 5
cp0 1 0.01Mcp,w

1 1 0.01M
1 A

where cp,w is the specific heat of water [1 Btu/lb ? °F), or 4.186 kJ/
(kg ? K), M is the moisture content (percent), and A is a correction
factor, given by

A 5 M(b1 1 b2T 1 b3M )

with b1 5 2 4.23 3 102 4, b2 5 3.12 3 102 5, and b3 5 2 3.17 3 102 5

in English units, and b1 5 2 0.06191, b2 5 2.36 3 102 4, and b3 5
w 5 HDS 100 1 u D
where HD is higher fuel value of dry wood, averaging 8,500 Btu/ lb for
hardwoods and 9,000 Btu/ lb for conifers, and u is the moisture content
in percent. The actual fuel value of moist wood in a furnace will be less
since water vapor interferes with the combustion process and prevents
the combustion of pyrolytic gases. (See Sec. 7 for fuel values and Sec. 4
for combustion.)

Wood undergoes thermal degradation to volatile gases and char when
it is exposed to elevated temperature. When wood is directly exposed to
the standard fire exposure of ASTM E 199, the char rate is generally
considered to be 11⁄2 in/h (38 mm/h). The temperature at the base of the
char layer is approximately 550°F (300°C). Among other factors, the
ignition of wood depends on the intensity and duration of exposure to
elevated temperatures. Typical values for rapid ignition are 570 to
750°F (300 to 400°C). In terms of heat flux, a surface exposure to 1.1
Btu/ft2 (13 kW/m2) per second is considered sufficient to obtain piloted
ignition. Recommended ‘‘maximum safe working temperatures’’ for
wood exposed for prolonged periods range from 150 to 212°F (65 to
100°C). Flame spread values as determined by ASTM E 84 generally
range from 65 to 200 for nominal 1-in- (25-mm-) thick lumber. Flame
spread can be reduced by impregnating the wood with fire-retardant
chemicals or applying a fire-retardant coating.

The reversible effect of temperature on the properties of wood is a func-
tion of the change in temperature, moisture content of the wood, dura-
tion of heating, and property being considered. In general, the mechani-
cal properties of wood decrease when the wood is heated above normal
temperatures and increase when it is cooled. The magnitude of the
change is greater for green wood than for dry. When wood is frozen, the
change in property is reversible; i.e., the property will return to the value
at the initial temperature. At a constant moisture content and below
about 150°F (65°C), mechanical properties are approximately linearly
related to temperature. The change in property is also reversible if the
wood is heated for a short time at temperatures below about 150°F.
Table 6.7.5 lists the changes in properties at 2 58°F (2 50°C) and
122°F (50°C) relative to those at 68°F (20°C).

Permanent loss in properties occurs when wood is exposed to higher
temperatures for prolonged periods and then is cooled and tested at
normal temperatures. If the wood is tested at a higher temperature after
prolonged exposure, the actual strength loss is the sum of the reversible
and permanent losses in properties. Permanent losses are higher for
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Table 6.7.5 Approximate Middle-Trend Effects of Temperature on Mechanical
Properties of Clear Wood at Various Moisture Conditions

Relative change
in mechanical property

from 68°F, %

Property
Moisture
condition At 2 58°F At 1 122°F

Modulus of elasticity parallel to grain 0 1 11 2 6
12 1 17 2 7

. FSP* 1 50 —
Modulus of rupture # 4 1 18 2 10

11–15 1 35 2 20
18–20 1 60 2 25

. FSP* 1 110 2 25
Tensile strength parallel to grain 0–12 — 2 4
Compressive strength parallel to grain 0 1 20 2 10

12–45 1 50 2 25
Shear strength parallel to grain . FSP* — 2 25
Compressive strength perpendicular to grain at
proportional limit

0–6 — 2 20
$ 10 — 2 35

* Moisture content higher than the fiber saturation point (FSP).
TC 5 (TF 2 32) 0.55.

heating in steam than in water, and higher when heated in water than
when heated in air. Repeated exposure to elevated temperatures is as-
sumed to have a cumulative effect on wood properties. For example, at a
given temperature the property loss will be about the same after six
exposures of 1-year duration as it would be after a single exposure of 6
years. Figure 6.7.1 illustrates the effect of heating at 150°F (65°C) at 12
percent moisture content on the modulus of rupture relative to the
strength at normal temperatures for two grades of spruce-pine-fir and
clear southern pine. Over the 3-year period, there was little or no change
in the modulus of elasticity.

salts (some preservatives and fire-retardants) reduce resistivity by only
a minor amount when the wood has 8 percent moisture content or less,
but they have a much larger effect when moisture content exceeds 10 to
12 percent.

The dielectric constant of oven-dry wood ranges from about 2 to 5 at
room temperature, and it decreases slowly with increasing frequency.
The dielectric constant increases as either temperature or moisture con-
tent increases. There is a negative interaction between moisture and
frequency: At 20 Hz, the dielectric constant may range from about 4 for
dry wood to 106 for wet wood; at 1 kHz, from 4 dry to 5,000 wet; and at

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Fig. 6.7.1 Permanent loss in bending strength at 12 percent moisture content.
Specimens exposed at 150°F (65°C) and tested at 68°F (20°C). SPF 5 spruce/
pine/fir.

Electrical Properties

The important electrical properties of wood are conductivity (or resistiv-
ity), dielectric constant, and dielectric power factor (see James, 1988).

Resistivity approximately doubles for each 10°C decrease in tempera-
ture. As moisture content increases from zero to the fiber saturation
point (FSP), the resistivity decreases by 1010 to 1013 times in an approx-
imately linear relationship between the logarithm of each. The resistiv-
ity is about 1014 to 1016 V ? m for oven-dry wood and 103 to 104 V ? m
for wood at FSP. As the moisture content increases up to complete
saturation, the decrease in resistivity is a factor of only about 50. Wood
species also affect resistivity (see James), and the resistivity perpendic-
ular to the grain is about twice that parallel to the grain. Water-soluble
1 MHz, from about 3 dry to 100 wet. The dielectric constant is about 30
percent greater parallel to the grain than perpendicular to it.

The power factor of wood varies from about 0.01 for dry, low-density
woods to as great as 0.95 for wet, high-density woods. It is usually
greater parallel to the grain than perpendicular. The power factor is
affected by complex interactions of frequency, moisture content, and
temperature (James, 1975).

The change in electrical properties of wood with moisture content has
led to the development of moisture meters for nondestructive estimation
of moisture content. Resistance-type meters measure resistance be-
tween two pins driven into the wood. Dielectric-type meters depend on
the correlation between moisture content and either dielectric constant
or power factor, and they require only contact with the wood surface,
not penetration.

Wood in Relation to Sound

The transmission of sound and vibrational properties in wood are func-
tions of the grain angle. The speed of sound transmission is described by
the expression v 5 E/r, in which v is the speed of sound in wood, in/s, E
is the dynamic Young’s modulus, lb/in2, and r is the density of the
wood, slugs/in3 (Ross and Pellerin, 1994). Various factors influence the
speed of sound transmission; two of the most important factors are grain
angle and the presence of degradation from decay. Hankinson’s for-
mula, cited previously, adequately describes the relationship between
speed of sound transmission and grain angle. The dynamic modulus is
about 10 percent higher than the static value and varies inversely with
moisture changes by approximately 1.3 percent for each percentage
change in moisture content.

Degradation from biological agents can significantly alter the speed
at which sound travels in wood. Speed of sound transmission values are
greatly reduced in severely degraded wood members. Sound transmis-
sion characteristics of wood products are used in one form of nonde-
structive testing to assess the performance characteristics of wood prod-
ucts. Because speed of sound transmission is a function of the extent of
degradation from decay, this technique is used to estimate the extent of
severe degradation in large timbers.
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PROPERTIES OF LUMBER PRODUCTS
by Russell Moody and David Green

Visually Graded Structural Lumber

Stress-graded structural lumber is produced under two systems: visual
grading and machine grading. Visual structural grading is the oldest
stress grading system. It is based on the premise that the mechanical
properties of lumber differ from those of clear wood because many
growth characteristics of lumber affect its properties; these characteris-
tics can be seen and judged by eye (ASTM D245). The principal growth

assigned property. The allowable strength properties are based on an
assumed normal duration of load of 10 years. Tables 6.7.6 and 6.7.7
show the grades and allowable properties for the four most commonly
used species groupings sold in the United States. The allowable strength
values in bending, tension, shear, and compression parallel to the grain
can be multiplied by factors for other load durations. Some commonly
used factors are 0.90 for permanent (50-year) loading, 1.15 for snow
loads (2 months), and 1.6 for wind/earthquake loading (10 min). The
most recent edition of ‘‘National Design Specification’’ should be con-
sulted for updated property values and for property values for other
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features affecting lumber properties are the size and location of knots,
sloping grain, and density.

Grading rules for lumber nominally 2 3 4 in (standard 38 3 89 mm)
thick (dimension lumber) are published by grading agencies (listing and
addresses are given in ‘‘National Design Specification,’’ American
Forest & Paper Association, 1992 and later). For most species, allow-
able properties are based on test results from full-size specimens graded
by agency rules, sampled according to ASTM D2915, and tested ac-
cording to ASTM D4761. Procedures for deriving allowable properties
from these tests are given in ASTM D1990. Allowable properties for
visually graded hardwoods and a few softwoods are derived from clear-
wood data following principles given in ASTM D2555. Derivation of
the allowable strength properties accounts for within-species variability
by starting with a nonparametric estimate of the 5th percentile of the
data. Thus, 95 of 100 pieces would be expected to be stronger than the

Table 6.7.6 Base Design Values for Visually Graded Dimension Lu
(Tabulated design values are for normal load duration and dry service conditio

Tension
parallel

Species and Size Bending to grain
commercial grade classification, in Fb Ft

Dougl
Select structural
No. 1 and better
No. 1
No. 2
No. 3
Stud
Construction
Standard
Utility

2–4 thick

2 and wider

2–4 thick

2–4 wide

1,000
1,150
1,000

875
500
675

1,000
550
275

1,000
775
675
575
325
450
650
375
175

Hem-

Select structural
No. 1 and better
No. 1
No. 2
No. 3
Stud
Construction
Standard
Utility

2–4 thick

2 and wider

2–4 thick

2–4 wide

1,400
1,050

950
850
500
675
975
550
250

900
700
600
500
300
400
575
325
150

Spruce-P

Select structural
No. 1–No. 2
No. 3
Stud
Construction
Standard
Utility

2–4 thick

2 and wider

2–4 thick

2–4 wide

1,250
875
500
675
975
550
250

675
425
250
325
475
275
125

* Lumber dimensions—Tabulated design values are applicable to lumber that will be used u
dressed sizes shall be used regardless of the moisture content at the time of manufacture or use. In
has been taken into consideration as well as the reduction in size that occurs when unseasoned lum
from drying more than offsets the design effect of size reductions due to shrinkage. Size factor C
6.7.8.

SOURCE: Table used by permission of the American Forest & Paper Association.
species and size classifications.
Allowable properties are assigned to visually graded dimension

lumber at two moisture content levels: green and 19 percent maximum
moisture content (assumed 15 percent average moisture content). Be-
cause of the influence of knots and other growth characteristics on
lumber properties, the effect of moisture content on lumber properties is
generally less than its effect on clear wood. The CM factors of Table
6.7.8 are for adjusting the properties in Tables 6.7.6 and 6.7.7 from 15
percent moisture content to green. The Annex of ASTM D1990 pro-
vides formulas that can be used to adjust lumber properties to any
moisture content between green and 10 percent. Below about 8 percent
moisture content, some properties may decrease with decreasing values,
and care should be exercised in these situations (Green and Kretsch-
mann, 1995).

Shrinkage in commercial lumber differs from that in clear wood pri-

er*

Design values, (lb/ in2)

hear Compression Compression Modulus
rallel perpendicular parallel of Grading
grain to grain to grain elasticity rules
Fv Fc' Fc E agency

ir-Larch
95
95
95
95
95
95
95
95
95

625
625
625
625
625
625
625
625
625

1,700
1,500
1,450
1,300

750
825

1,600
1,350

875

1,900,000
1,800,000
1,700,000
1,600,000
1,400,000
1,400,000
1,500,000
1,400,000
1,300,000

WCLIB
WWPA

Fir

75
75
75
75
75
75
75
75
75

405
405
405
405
405
405
405
405
405

1,500
1,350
1,300
1,250

725
800

1,500
1,300

850

1,600,000
1,500,000
1,500,000
1,300,000
1,200,000
1,200,000
1,300,000
1,200,000
1,100,000

WCLIB
WWPA

ine-Fir

70
70
70
70
70
70
70

425
425
425
425
425
425
425

1,400
110
625
675

1,350
1,100

725

1,500,000
1,400,000
1,200,000
1,200,000
1,300,000
1,200,000
1,100,000

NLGA

nder dry conditions such as in most covered structures. For 2- to 4-in-thick lumber, the DRY
calculating design values, the natural gain in strength and stiffness that occurs as lumber dries
ber shrinks. The gain in load-carrying capacity due to increased strength and stiffness resulting
F , repetitive-member factor Cr , flat-use factor C fu , and wet-use factor CM are given in Table



6-120 WOOD

Table 6.7.7 Design Values for Visually Graded Southern Pine Dimension Lumber*
(Tabulated design values are for normal load duration and dry service conditions.)

Design values, lb/ in2

Tension Shear Compression Compression Modulus
parallel parallel perpendicular parallel of Grading

Species and Size Bending to grain to grain to grain to grain elasticity rules
commercial grade classification, in Fb Ft Fv Fc' Fc E agency

Dense select structural 2–4 thick 3,050 1,650 100 660 2,250 1,900,000 SPIB
Select structural 2,850 1,600 100 565 2,100 1,800,000
Nondense select structural 2–4 wide 2,650 1,350 100 480 1,950 1,700,000
No. 1 dense 2,000 1,100 100 660 2,000 1,800,000
No. 1 1,850 1,050 100 565 1,850 1,700,000
No. 1 nondense 1,700 900 100 480 1,700 1,600,000
No. 2 dense 1,700 875 90 660 1,850 1,700,000
No. 2 1,500 825 90 656 1,650 1,600,000
No. 2 nondense 1,350 775 90 480 1,600 1,400,000
No. 3 850 475 90 565 975 1,400,000
Stud 875 500 90 565 975 1,400,000

Construction 2–4 thick 1,100 625 100 565 1,800 1,500,000
Standard 625 350 90 565 1,500 1,300,000
Utility 4 wide 300 175 90 565 975 1,300,000

Dense select structural 2–4 thick 2,700 1,500 90 660 2,150 1,900,000
Select structural 2,550 1,400 90 565 2,000 1,800,000
Nondense select structural 5–6 wide 2,350 1,200 90 480 1,850 1,700,000
No. 1 dense 1,750 950 90 660 1,900 1,800,000
No. 1 1,650 900 90 565 1,750 1,700,000
No. 1 nondense 1,500 800 90 480 1,600 1,600,000
No. 2 dense 1,450 775 90 660 1,750 1,700,000
No. 2 1,250 725 90 565 1,600 1,600,000
No. 2 nondense 1,150 675 90 480 1,500 1,400,000
No. 3 750 425 90 565 925 1,400,000
Stud 775 425 90 565 925 1,400,000

Dense select structural 2–4 thick 2,450 1,350 90 660 2,050 1,900,000
Select structural 2,300 1,300 90 565 1,900 1,800,000
Nondense select structural 8 wide 2,100 1,100 90 480 1,750 1,700,000
No. 1 dense 1,650 875 90 660 1,800 1,800,000
No. 1 1,500 825 90 565 1,650 1,700,000
No. 1 nondense 1,350 725 90 480 1,550 1,600,000
No. 2 dense 1,400 675 90 660 1,700 1,700,000
No. 2 1,200 650 90 565 1,550 1,600,000
No. 2 nondense 1,100 600 90 480 1,450 1,400,000
No. 3 700 400 90 565 875 1,400,000

Dense select structural 2–4 thick 2,150 1,200 90 660 2,000 1,900,000
Select structural 2,050 1,100 90 565 1,850 1,800,000
Nondense select structural 10 wide 1,850 950 90 480 1,750 1,700,000
No. 1 dense 1,450 775 90 660 1,750 1,800,000
No. 1 1,300 725 90 565 1,600 1,700,000
No. 1 nondense 1,200 650 90 480 1,500 1,600,000
No. 2 dense 1,200 625 90 660 1,650 1,700,000
No. 2 1,050 575 90 565 1,500 1,600,000
No. 2 nondense 950 550 90 480 1,400 1,400,000
No. 3 600 325 90 565 850 1,400,000

Dense select structural 2–4 thick 2,050 1,100 90 660 1,950 1,900,000
Select structural 1,900 1,050 90 565 1,800 1,800,000
Nondense select structural 12 wide 1,750 900 90 480 1,700 1,700,000
No. 1 dense 1,350 725 90 660 1,700 1,800,000
No. 1 1,250 675 90 565 1,600 1,700,000
No. 1 nondense 1,150 600 90 480 1,500 1,600,000
No. 2 dense 1,150 575 90 660 1,600 1,700,000
No. 2 975 550 90 565 1,450 1,600,000
No. 2 nondense 900 525 90 480 1,350 1,400,000
No. 3 575 325 90 565 825 1,400,000

* For size factor CF , appropriate size adjustment factors have already been incorporated in the tabulated design values for most thicknesses of southern pine dimension lumber. For dimension
lumber 4 in thick, 8 in and wider, tabulated bending design values Fb shall be permitted to be multiplied by the size factor CF 5 1.1. For dimension lumber wider than 12 in, tabulated bending, tension,
and compression parallel-to-grain design values for 12-in-wide lumber shall be multiplied by the size factor CF 5 0.9. Repetitive-member factor Cr , flat-use factor C fu , and wet-service factor CM are
given in Table 6.7.8.

SOURCE: Table used by permission of the American Forest & Paper Association.
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Table 6.7.8 Adjustment Factors

Size factor CF for Table 6.7.6 (Douglas–Fir–Larch, Hem–Fir, Spruce–Pine–Fir)

Tabulated bending, tension, and compression parallel to grain design values for dimension lumber 2 to 4
inches thick shall be multiplied by the following size factors:

Fb

Thickness, in

Grades Width, in 2 & 3 4 Ft Fc

Select structural no. 1 and
better no. 1, no. 2, no. 3

2, 3, and 4
5
6
8

10
12

14 and wider

1.5
1.4
1.3
1.2
1.1
1.0
0.9

1.5
1.4
1.3
1.3
1.2
1.1
1.0

1.5
1.4
1.3
1.2
1.1
1.0
0.9

1.15
1.1
1.1
1.05
1.0
1.0
0.9

Stud 2, 3, and 4 1.1 1.1 1.1 1.05
5 and 6 1.0 1.0 1.0 1.0

Construction and standard 2, 3, and 4 1.0 1.0 1.0 1.0

Utility 4 1.0 1.0 1.0 1.0
2 and 3 0.4 — 0.4 0.6

Repetitive-member factor Cr for Tables 6.7.6 and 6.7.7

Bending design values Fb for dimension lumber 2 to 4 in thick shall be multiplied by the repetitive factor
Cr 5 1.15, when such members are used as joists, truss chords, rafters, studs, planks, decking, or similar
members which are in contact or spaced not more than 24 in on centers, are not less than 3 in number and are
joined by floor, roof, or other load-distributing elements adequate to support the design load.

Flat-use factor C fu for Tables 6.7.6 and 6.7.7

Bending design values adjusted by size factors are based on edgewise use (load applied to narrow face).
When dimension lumber is used flatwise (load applied to wide face), the bending design value Fb shall also
be multiplied by the following flat-use factors:

Thickness, in

Width, in 2 and 3 4

2 and 3 1.0 —
4 1.1 1.0
5 1.1 1.05
6 1.15 1.05
8 1.15 1.05

10 and wider 1.2 1.1

Wet-use factor CM for Tables 6.7.6 and 6.7.7

When dimension lumber is used where moisture content will exceed 19 percent for an extended period, de-
sign values shall be multiplied by the appropriate wet service factors from the following table:

Fb Ft Fv Fc' Fc E

0.85* 1.0 0.97 0.67 0.8† 0.9

* When FbCF # 1150 lb/ in2, CM 5 1.0.
† When FcCF # 750 lb/ in2, CM 5 1.0.
SOURCE: Used by permission of the American Forest & Paper Association.

marily because the grain in lumber is seldom oriented in purely radial
and tangential directions. Approximate formulas used to estimate
shrinkage of lumber for most species are

Sw 5 6.031 2 0.215M
St 5 5.062 2 0.181M

where Sw is the shrinkage across the wide [8-in (203-mm)] face of the
lumber in a 2 3 8 (standard 38 3 184 mm), St is the shrinkage across
the narrow [2-in (51-mm)] face of the lumber, and M 5 moisture con-

tent (percent). As with clear wood, shrinkage is assumed to occur below
a moisture content of 28 percent. Because extractives make wood less
hygroscopic, less shrinkage is expected in redwood, western redcedar,
and northern white cedar (Green, 1989).

The effect of temperature on lumber properties appears to be similar
to that on clear wood. For simplicity, ‘‘National Design Specification’’
uses conservative factors to account for reversible reductions in proper-
ties as a result of heating to 150°F (65°C) or less (Table 6.7.9). No
increase in properties is taken for temperatures colder than normal be-

E
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.0
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Table 6.7.9 Temperature Factors Ct for Short-Term

Design values
In-service

moisture conditions T #

Ft , E Green or dry 1
Fb , Fv , Fc , and Fc' # 19% green 1

1

SOURCE: Table used by permission of the American Forest & Pape
xposure

Ct

°F 100°F , T # 125°F 125°F , T # 150°F

0.9 0.9
0.8 0.7
0.7 0.5

sociation.
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Table 6.7.10 Design Values for Mechanically Graded Dimension Lumber
(Tabulated design values are for normal load duration and dry service conditions.)

Design values, lb/ in2

Species and Tension Compression
commercial grade Size classification, in Bending parallel parallel MOE Grading rules agency

Machine-stress-rated lumber

900f-1.0E 900 350 1,050 1,000,000 WCLIB
1200f-1.2E 1,200 600 1,400 1,200,000 NLGA, SPIB, WCLIB, WWPA
1250f-1.4E 1,250 800 1,450 1,400,000 WCLIB
1350f-1.3E 1,350 750 1,600 1,300,000 SPIB, WCLIB, WWPA
1400f-1.2E 1,400 800 1,600 1,200,000 SPIB
1450f-1.3E 1,450 800 1,625 1,300,000 NLGA, WCLIB, WWPA

1500f-1.3E 1,500 900 1,650 1,300,000 SPIB
1500f-1.4E 1,500 900 1,650 1,400,000 NLGA, SPIB, WCLIB, WWPA
1600f-1.4E 1,600 950 1,675 1,400,000 SPIB
1650f-1.4E 1,650 1,020 1,700 1,400,000 SPIB
1650f-1.5E 1,650 1,020 1,700 1,500,000 NLGA, SPIB, WCLIB, WWPA
1650f-1.6E 1,650 1,075 1,700 1,600,000 WCLIB

1800f-1.5E 1,800 1,300 1,750 1,500,000 SPIB
1800f-1.6E 2 and less in thickness 1,800 1,175 1,750 1,600,000 NLGA, SPIB, WCLIB, WWPA
1950f-1.5E 1,950 1,375 1,800 1,500,000 SPIB
1950f-1.7E 1,950 1,375 1,800 1,700,000 NLGA, SPIB, WCLIB, WWPA
2000f-1.6E 2 and wider 2,000 1,300 1,825 1,600,000 SPIB
2100f-1.8E 2,100 1,575 1,875 1,800,000 NLGA, SPIB, WCLIB, WWPA

2250f-1.6E 2,250 1,750 1,925 1,600,000 SPIB
2250f-1.9E 2,250 1,750 1,925 1,900,000 NLGA, SPIB, WCLIB, WWPA
2400f-1.7E 2,400 1,925 1,975 1,700,000 SPIB
2400f-1.8E 2,400 1,925 1,975 1,800,000 SPIB
2400f-2.0E 2,400 1,925 1,975 2,000,000 NLGA, SPIB, WCLIB, WWPA
2500f-2.2E 2,500 1,750 2,000 2,200,000 WCLIB

2550f-2.1E 2,550 2,050 2,025 2,100,000 NLGA, SPIB, WWPA
2700f-2.0E 2,700 1,800 2,100 2,000,000 WCLIB
2700f-2.2E 2,700 2,150 2,100 2,200,000 NLGA, SPIB, WCLIB, WWPA
2850f-2.3E 2,850 2,300 2,150 2,300,000 SPIB, WWPA
3000f-2.4E 3,000 2,400 2,200 2,400,000 NLGA, SPIB
3150f-2.5E 3,150 2,500 2,250 2,500,000 SPIB
3300f-2.6E 3,300 2,650 2,325 2,600,000 SPIB

900f-1.2E 900 350 1,050 1,200,000 NLGA, WCLIB
1200f-1.5E 2 and less in thickness 1,200 600 1,400 1,500,000 NLGA, WCLIB
1350f-1.8E 1,350 750 1,600 1,800,000 NLGA
1500f-1.8E 6 and wider 1,500 900 1,650 1,800,000 WCLIB
1800f-2.1E 1,800 1,175 1,750 2,100,000 NLGA, WCLIB

Machine-evaluated lumber

M-10 1,400 800 1,600 1,200,000
M-11 1,550 850 1,650 1,500,000
M-12 1,600 850 1,700 1,600,000
M-13 1,600 950 1,700 1,400,000
M-14 1,800 1,000 1,750 1,700,000
M-15 1,800 1,100 1,750 1,500,000
M-16 1,800 1,300 1,750 1,500,000
M-17 2 and less in thickness 1,950 1,300 2,050 1,700,000
M-18 2,000 1,200 1,850 1,800,000 SPIB
M-19 2 and wider 2,000 1,300 1,850 1,600,000
M-20 2,000 1,600 2,100 1,900,000
M-21 2,300 1,400 1,950 1,900,000
M-22 2,350 1,500 1,950 1,700,000
M-23 2,400 1,900 2,000 1,800,000
M-24 2,700 1,800 2,100 1,900,000
M-25 2,750 2,000 2,100 2,200,000
M-26 2,800 1,800 2,150 2,000,000
M-27 3,000 2,000 2,400 2,100,000

Lumber dimensions: Tabulated design values are applicable to lumber that will be used under dry conditions such as in most covered structures. For 2- to 4-in-thick lumber, the dry
dressed sizes shall be used regardless of the moisture content at the time of manufacture or use. In calculating design values, natural gain in strength and stiffness that occurs as lumber
dries had been taken into consideration as well as reduction in size that occurs when unseasoned lumber shrinks. The gain in load-carrying capacity due to increased strength and stiffness
resulting from drying more than offsets the design effect of size reductions due to shrinkage. Shear parallel to grain Fv and compression perpendicular to grain Fc' : Design values
for shear parallel to grain Fv1 and compression perpendicular to grain Fc' are identical to the design values given in Tables 6.7.6 and 6.7.7 for No. 2 visually graded lumber of the
appropriate species. When the Fv or Fc' values shown on the grade stamp differ from the values shown in the tables, the values shown on the grade stamp shall be used for design.
Modulus of elasticity E and tension parallel to grain Ft : For any given bending design value Fb , the average modulus of elasticity E and tension parallel to grain F' design value may
vary depending upon species, timber source, or other variables. The E and Ft values included in the Fb and E grade designations are those usually associated with each Fb level. Grade
stamps may show higher or lower values if machine rating indicates the assignment is appropriate. When the E or Ft values shown on a grade stamp differ from the values in Table 6.7.10
the values shown on the grade stamp shall be used for design. The tabulated Fb and Fc values associated with the designated Fb value shall be used for design.

SOURCE: Table used by permission of the American Forest & Paper Association.
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cause in practice it is difficult to ensure that the wood temperature
remains consistently low.

Mechanically Graded Structural Lumber

Machine-stress-rated (MSR) lumber and machine-evaluated lumber (MEL)
are two types of mechanically graded lumber. The three basic compo-
nents of both mechanical grading systems are (1) sorting and prediction
of strength through machine-measured nondestructive determination of
properties coupled with visual assessment of growth characteristics, (2)
assignment of allowable properties based upon strength prediction, and

Table 6.7.11 Example Design Values for Structural
Composite Lumber

Horizontal
Bending stress Modulus of elasticity shear

Product lb/in2 MPa 3 103 lb/in2 GPa lb/in2 MPa

LVL 2,800 19.2 2,000 13.8 190 1.31
PSL, type A 2,900 20.0 2,000 13.8 210 1.45
PSL, type B 1,500 10.3 1,200 8.3 150 1.03

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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(3) quality control to ensure that assigned properties are being obtained.
Grade names for MEL lumber start with an M designation. Grade
‘‘names’’ for MSR lumber are a combination of the allowable bending
stress and the average modulus of elasticity [e.g., 1650f-1.4E means an
allowable bending stress of 1,650 lb/in2 (11.4 MPa) and modulus of
elasticity of 1.4 3 106 lb/in2 (9.7 GPa)]. Grades of mechanically graded
lumber and their allowable properties are given in Table 6.7.10.

Structural Composite Lumber

Types of Structural Composite Lumber Structural composite
lumber refers to several types of reconstituted products that have been
developed to meet the demand for high-quality material for the manu-
facture of engineered wood products and structures. Two distinct types
are commercially available: laminated veneer lumber (LVL) and paral-
lel-strand lumber (PSL).

Laminated veneer lumber is manufactured from layers of veneer with
the grain of all the layers parallel. This contrasts with plywood, which
consists of adjacent layers with the grain perpendicular. Most manufac-
turers use sheets of 1⁄10- to 1⁄6-in- (2.5- to 4.2-mm-) thick veneer. These
veneers are stacked up to the required thickness and may be laid end to
end to the desired length with staggered end joints in the veneer. Water-
proof adhesives are generally used to bond the veneer under pressure.
The resulting product is a billet of lumber that may be up to 13⁄4 in
(44 mm) thick, 4 ft (1.2 m) wide, and 80 ft (24.4 m) long. The billets
are then ripped to the desired width and cut to the desired length. The
common sizes of LVL closely resemble those of sawn dimension
lumber.

Parallel-strand lumber is manufactured from strands or elongated
flakes of wood. One North American product is made from veneer
clipped to 1⁄2 in (13 mm) wide and up to 8 ft (2.4 m) long. Another
product is made from elongated flakes and technology similar to that
used to produce oriented strandboard. A third product is made from
mats of interconnected strands crushed from small logs that are assem-
bled into the desired configuration. All the products use waterproof
adhesive that is cured under pressure. The size of the product is con-
trolled during manufacture through adjustments in the amount of mate-
rial and pressure applied. Parallel-strand lumber is commonly available
in the same sizes as structural timbers or lumber.

Properties of Structural Composite Lumber Standard design
values have not been established for either LVL or PSL. Rather, stan-
dard procedures are available for developing these design values
(ASTM D5456). Commonly, each manufacturer follows these proce-
dures and submits supporting data to the appropriate regulatory author-
ity to establish design properties for the product. Thus, design informa-
tion for LVL and PSL varies among manufacturers and is given in their
product literature. Generally, the engineering design properties compare
favorably with or exceed those of high-quality solid dimension lumber.
Example design values accepted by U.S. building codes are given in
Table 6.7.11.

Glulam Timber

Structural glued-laminated (glulam) timber is an engineered, stress-rated
product of a timber laminating plant, consisting of two or more layers of
wood glued together with the grain of all layers (or laminations) ap-
proximately parallel. Laminations are typically made of specially se-
lected and prepared sawn lumber. Nominal 2-in (standard 38-mm)
lumber is used for straight or slightly curved members, and nominal
1-in (standard 19-mm) lumber is used for other curved mem-
bers. A national standard, ANSI A190.1, contains requirements for pro-
duction, testing, and certification of the product in the United States.

Manufacture Straight members up to 140 ft (42 m) long and more
than 7 ft (2.1 m) deep have been manufactured with size limitations
generally resulting from transportation constraints. Curved members
have been used in domed structures spanning over 500 ft (152 m), such
as the Tacoma Dome. Manufacturing and design standards cover many
softwoods and hardwoods; Douglas-fir and southern pine are the most
commonly used softwood species.

Design standards for glulam timber are based on either dry or wet
use. Manufacturing standards for dry use, which is defined as use con-
ditions resulting in a moisture content of 16 percent or less, permits
manufacturing with nonwaterproof adhesives; however, nearly all man-
ufacturers in North America use waterproof adhesives exclusively. For
wet-use conditions, these waterproof adhesives are required. For wet-
use conditions in which the moisture content is expected to exceed 20
percent, pressure preservative treatment is recommended (AWPA C28).
Lumber can be pressure-treated with water-based preservatives prior to
gluing, provided that special procedures are followed in the manufac-
ture. For treatment after gluing, oil-based preservatives are generally
recommended. Additional information on manufacture is provided in
the ‘‘Wood Handbook.’’

Glulam timber is generally manufactured at a moisture content below
16 percent. For most dry-use applications, it is important to protect the
glulam timber from increases in moisture content. End sealers, surface
sealers, primer coats, and wrappings may be applied at the manufactur-
ing plant to provide protection from changes in moisture content. Pro-
tection will depend upon the final use and finish of the timber.

Special precautions are necessary during handling, storage, and erec-
tion to prevent structural damage to glulam members. Padded or non-
marring slings are recommended; cable slings or chokers should be
avoided unless proper blocking protects the members. AITC 111 pro-
vides additional details on protection during transit, storage, and erec-
tion.

Design Glulam timber beams are available in standard sizes with
standardized design properties. The following standard widths are es-
tablished to match the width of standard sizes of lumber, less an allow-
able amount for finishing the edges of the manufactured beams:

3 or 31⁄8 in (76 or 79 mm)
5 or 51⁄8 in (127 or 130 mm)
63⁄4 in (171 mm)
81⁄2 or 83⁄4 in (216 or 222 mm)
101⁄2 or 103⁄4 in (267 or 273 mm)

Standard beam depths are common multiples of lamination thickness
of either 13⁄8 or 11⁄2 in (35 or 38 mm). There are no standard beam
lengths, although most uses will be on spans where the length is from 10
to 20 times the depth. Allowable spans for various loadings of the
standard sizes of beams are available from either the American Institute
of Timber Construction or American Wood Systems.

The design stresses for beams in bending for dry-use applications are
standardized in multiples of 200 lb/in2 (1.4 MPa) within the range of
2,000 to 3,000 lb/in2 (13.8 to 20.7 MPa). Modulus of elasticity values
associated with these design stresses in bending vary from 1.6 to 2.0 3
106 lb/in2. A bending stress of 2,400 lb/in2 (16.5 MPa) and a modulus of
elasticity of 1.8 3 106 lb/in2 (12.4 GPa) are most commonly specified,
and the designer needs to verify the availability of beams with higher
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Table 6.7.12 Design Stresses for Selected Species of Round Timbers
for Building Construction

Design stress

Bending Compression Modulus of elasticity
Type of timber

and species lb/in2 MPa lb/in2 MPa 3 106 lb/in2 GPa

Poles*
Southern pine and Douglas-fir 2,100 14.5 1,000 6.9 1.5 10.3
Western redcedar 1,400 9.6 800 5.5 0.9 6.2

Piles†
Southern pine 2,400 16.5 1,200 8.3 1.5 10.3
Douglas-fir 2,450 16.9 1,250 8.6 1.5 10.3
Red pine 1,900 13.1 900 6.2 1.3 8.8

* From ‘‘Timber Construction Manual’’ (AITC, 1994).
† From ‘‘National Design Specification’’ (AF&PA, 1991).

values. Design properties must be adjusted for wet-use applications.
Detailed information on other design properties for beams as well as
design properties and procedures for arches and other uses are given in
‘‘National Design Specification’’ (AF&PA).

Round Timbers

Round timbers in the form of poles, piles, or construction logs represent
some of the most efficient uses of forest products because of the mini-
mum of processing required. Poles and piles are generally debarked or
peeled, seasoned, graded, and treated with a preservative prior to use.

strands, wafers, or flakes; (3) particleboard, made from particles; and
(4) fiberboard and hardboard, made from wood fibers. Plywood and
flakeboard make up a large percentage of the panels used in structural
applications such as roof, wall, and floor sheathing; thus, only those two
types will be described here.

Plywood

Plywood is the name given to a wood panel composed of relatively thin
layers or plies of veneer with the wood grain of adjacent layers at right
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Construction logs are often shaped to facilitate their use. See Table
6.7.12.

Poles The primary use of wood poles is to support utility and trans-
mission lines. An additional use is for building construction. Each of
these uses requires that the poles be pressure-treated with preservatives
following the applicable AWPA standard (C1). For utility structures,
pole length may vary from 30 to 125 ft (9.1 to 38.1 m). Poles for build-
ing construction rarely exceed 30 ft (9.1 m). Southern pines account for
the highest percentage of poles used in the United States because of
their favorable strength properties, excellent form, ease of treatment,
and availability. Douglas-fir and western redcedar are used for longer
lengths; other species are also included in the ANSI O5.1 standard
(ANSI 1992) that forms the basis for most pole purchases in the United
States.

Design procedures for the use of ANSI O5.1 poles in utility structures
are described in the ‘‘National Electric Safety Code’’ (NESC). For
building construction, design properties developed based on ASTM
D2899 (see ASTM, 1995) are provided in ‘‘Timber Construction Man-
ual’’ (AITC, 1994) or ASAE EP 388.

Piles Most piles used for foundations in the United States utilize
either southern pine or Douglas-fir. Material requirements for timber
piles are given in ASTM D25, and preservative treatment should follow
the applicable AWPA standard (C1 or C3). Design stress and proce-
dures are provided in ‘‘National Design Specifications.’’

Construction Logs Log buildings continue to be a popular form of
construction because nearly any available species of wood can be used.
Logs are commonly peeled prior to fabrication into a variety of shapes.
There are no standardized design properties for construction logs, and
when they are required, log home suppliers may develop design proper-
ties by following an ASTM standard (ASTM D3957).

PROPERTIES OF STRUCTURAL
PANEL PRODUCTS

by Roland Hernandez

Structural panel products are a family of wood products made by bond-
ing veneer, strands, particles, or fibers of wood into flat sheets. The
members of this family are (1) plywood, which consists of products
made completely or in part from wood veneer; (2) flakeboard, made from
angles. The outside plies are called faces or face and back plies, the inner
plies with grain parallel to that of the face and back are called cores or
centers, and the plies with grain perpendicular to that of the face and
back are called crossbands. In four-ply plywood, the two center plies are
glued with the grain direction parallel to each ply, making one center
layer. Total panel thickness is typically not less than 1⁄16 in (1.6 mm) nor
more than 3 in (76 mm). Veneer plies may vary as to number, thickness,
species, and grade. Stock plywood sheets usually measure 4 by 8 ft (1.2
by 2.4 m), with the 8-ft (2.4-m) dimension parallel to the grain of the
face veneers.

The alternation of grain direction in adjacent plies provides plywood
panels with dimensional stability across their width. It also results in
fairly similar axial strength and stiffness properties in perpendicular
directions within the panel plane. The laminated construction results in
a distribution of defects and markedly reduces splitting (compared to
solid wood) when the plywood is penetrated by fasteners.

Two general classes of plywood, covered by separate standards, are
available: construction and industrial plywood and hardwood and decora-
tive plywood. Construction and industrial plywood are covered by Prod-
uct Standard PS 1-83, and hardwood and decorative plywood are cov-
ered by ANSI/HPVA HP-1-1994. Each standard recognizes different
exposure durability classifications, which are primarily based on the
moisture resistance of the glue used, but sometimes also address the
grade of veneer used.

The exposure durability classifications for construction and industrial
plywood specified in PS-1 are exterior, exposure 1, intermediate glue
(exposure 2), and interior. Exterior plywood is bonded with exterior
(waterproof ) glue and is composed of C-grade or better veneers
throughout. Exposure 1 plywood is bonded with exterior glue, but it
may include D-grade veneers. Exposure 2 plywood is made with glue
of intermediate resistance to moisture. Interior-type plywood may be
bonded with interior, intermediate, or exterior (waterproof ) glue. D-
grade veneer is allowed on inner and back plies of certain interior-type
grades.

The exposure durability classifications for hardwood and decorative
plywood specified in ANSI/HPVA HP-1-1994 are, in decreasing order
of moisture resistance, as follows: technical (exterior), type I (exterior),
type II (interior), and type III (interior). Hardwood and decorative ply-
wood are not typically used in applications where structural perfor-
mance is a prominent concern. Therefore, most of the remaining discus-
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sion of plywood performance will concern construction and industrial
plywood.

A very significant portion of the market for construction and indus-
trial plywood is in residential construction. This market reality has re-
sulted in the development of performance standards for sheathing and
single-layer subfloor or underlayment for residential construction by the
American Plywood Association (APA). Plywood panels conforming to
these performance standards for sheathing are marked with grade
stamps such as those shown in Fig. 6.7.2 (example grade stamps are
shown for different agencies). As seen in this figure, the grade stamps

ber, (4) plywood bond-line type, (5) flame spread index class, (6) de-
scription of layup, (7) formaldehyde emission characteristics, (8) face
species, and (9) veneer grade of face.

The span-rating system for plywood was established to simplify
specification of plywood without resorting to specific structural engi-
neering design. This system indicates performance without the need to
refer to species group or panel thickness. It gives the allowable span
when the face grain is placed across supports.

If design calculations are desired, a design guide is provided by
APA-EWS in ‘‘Plywood Design Specifications’’ (PDS). The design
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must show (1) conformance to the plywood product standards; (2) rec-
ognition as a quality assurance agency by the National Evaluation Ser-
vice (NES), which is affiliated with the Council of American Building
Officials; (3) exposure durability classification; (4) thickness of panel;
(5) span rating, 32/16, which refers to the maximum allowable roof
support spacing of 32 in (813 mm) and maximum floor joist spacing of
16 in (406 mm); (6) conformance to the performance-rated standard
of the agency; (7) manufacturer’s name or mill number; and (8) grades
of face and core veneers.

(a) (b)

Fig. 6.7.2 Typical grade marks for (a) sheathing-grade plywood conforming to
Product Standard PS 1-83 and (b) sheathing-grade structural-use panel conform-
ing to Product Standard PS 2-92. (1) Conformance to indicated product standard,
(2) recognition as a quality assurance agency, (3) exposure durability classifica-
tion, (4) thickness, (5) span rating, (6) conformance to performance-rated product,
(7) manufacturer’s name or mill number, and (8) grade of face and core veneers.

All hardwood plywood represented as conforming to American Na-
tional Standard ANSI/HPVA-HP-1-1994 is identified by one of two
methods—either marking each panel with the HPVA plywood grade
stamp (Fig. 6.7.3) or including a written statement with this information
with the order or shipment. The HPVA grade stamp shows (1) HPVA
trademark, (2) standard that governs manufacture, (3) HPVA mill num-

Table 6.7.13 Effective Section Properties for Plywood—Unsanded P

Stress applied para

Nominal
thickness,

in

Approximate
weight,
lb/ft2

ts
Effective
thickness
for shear,

in

A
Area,
in2/ft

I
Moment

of inertia,
in4/ft

5⁄16-U 1.0 0.268 1.491 0.022

3⁄8-U 1.1 0.278 1.868 0.039 0
15⁄32 & 1⁄2-U 1.5 0.298 2.292 0.067 0
19⁄32 & 5⁄8-U 1.8 0.319 2.330 0.121 0
23⁄32 & 3⁄4-U 2.2 0.445 3.247 0.234 0
7⁄8-U 2.6 0.607 3.509 0.340 0
1-U 3.0 0.842 3.916 0.493 0
11⁄8-U 3.3 0.859 4.725 0.676 1

* 1 in 5 25.4 mm; 1 ft 5 0.3048 m; 1 lb/ft2 5 4.882 kg/m2.
guide contains tables of grade stamp references, section properties, and
allowable stresses for plywood used in construction of buildings and
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Fig. 6.7.3 Grade stamp for hardwood plywood conforming to ANSI/HPVA
HP-1-1994. (1) Trademark of Hardwood Plywood and Veneer Association, (2)
standard that governs manufacture, (3) HPVA mill number, (4) plywood bond-
line type, (5) flame spread index class, (6) layup description, (7) formaldehyde
emission characteristics, (8) face species, and (9) veneer grade of face.

similar related structures. For example, given the grade stamp shown in
Fig. 6.7.2, the grade stamp reference table in the PDS specifies that this
particular plywood is made with veneer from species group 1, has sec-
tion property information based on unsanded panels (Table 6.7.13), and
is assigned allowable design stresses from the S-3 grade level (Table
6.7.14). Design information for grade stamps other than that shown in
Fig. 6.7.2 is available in the PDS.

If calculations for the actual physical and mechanical properties of
plywood are desired, formulas relating the properties of the particular
wood species in the component plies to the laminated panel are pro-
vided in ‘‘Wood Handbook’’ (Forest Products Laboratory, 1987).
These formulas could be applied to plywood of any species, provided
the basic mechanical properties of the species were known. Note, how-
ever, that the formulas yield predicted actual properties (not design
values) of plywood made of defect-free veneers.

ls*

to face grain Stress applied perpendicular to face grain

KS
ective
ction
dulus,
n3/ft

Ib/Q
Rolling
shear

constant,
in2/ft

A
Area,
in2/ft

I
Moment

of inertia,
in4/ft

KS
Effective
section

modulus,
in3/ft

Ib/Q
Rolling
shear

constant,
in2/ft

.112 2.569 0.660 0.001 0.023 4.497
.152 3.110 0.799 0.002 0.033 5.444

.213 3.921 1.007 0.004 0.056 2.450

.379 5.004 1.285 0.010 0.091 3.106

.496 6.455 1.563 0.036 0.232 3.613

.678 7.175 1.950 0.112 0.397 4.791

.859 9.244 3.145 0.210 0.660 6.533

.047 9.960 3.079 0.288 0.768 7.931
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Table 6.7.14 Allowable Stresses for Construction and Industrial Plywood
(Species Group 1)*

Grade stress level

S-1 S-2 S-3Type of
stress,
lb/in2 Wet Dry Wet Dry Dry only

Fb and Ft 1,430 2,000 1,190 1,650 1,650
Fc 970 1,640 900 1,540
Fv 155 190 155 190 160
Fs 63 75 63 75 —
G 70,000 90,000 70,000 90,000 82,000
Fc 210 340 210 340 340
E 1,500,000 1,800,000 1,500,000 1,800,000 1,800,000

* Stresses are based on normal duration of load and on common structural applications where panels are 24 in
(610 mm) or greater in width. For other use conditions, see PDS for modifications. Fb is extreme fiber stress in bending;
Ft , tension in plane of plies; Fc , compression in plane of plies; Fv , shear through the thickness; Fs , rolling shear in plane
of plies; G, modulus of rigidity; Fc , bearing on face; and E, modulus of elasticity in plane of plies. 1 lb/in2 5 6.894 kPa.

Structural Flakeboards

Structural flakeboards are wood panels made from specially produced
flakes—typically from relatively low-density species, such as aspen or
pine—and bonded with an exterior-type water-resistant adhesive. Two
major types of flakeboards are recognized, oriented strandboard (OSB)
and waferboard. OSB is a flakeboard product made from wood strands
(long and narrow flakes) that are formed into a mat of three to five
layers. The outer layers are aligned in the long panel direction, while the
inner layers may be aligned at right angles to the outer layers or may be

organisms. These same natural recyclers may pose a practical biological
challenge to wood used in construction under conditions where one or
more of these microorganisms or insects can thrive. Under those condi-
tions, wood that has natural durability or that has been treated with
preservatives should be employed to ensure the integrity of the struc-
ture.

Termites are a recognized threat to wood in construction, but decay
fungi are equally important. Wood-boring beetles can also be important
in some regions of the United States and in certain species of wood
products. Several types of marine organisms can attack wood used in
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randomly aligned. In waferboard, a product made almost exclusively
from aspen wafers (wide flakes), the flakes are not usually oriented in
any direction, and they are bonded with an exterior-type resin. Because
flakes are aligned in OSB, the bending properties (in the aligned direc-
tion) of this type of flakeboard are generally superior to those of wafer-
board. For this reason, OSB is the predominant form of structural flake-
board. Panels commonly range from 0.25 to 0.75 in (6 to 19 mm) thick
and 4 by 8 ft (1 by 2 m) in surface dimension. However, thicknesses up
to 1.125 in (28.58 mm) and surface dimensions up to 8 by 24 ft (2 by
7 m) are available by special order.

A substantial portion of the market for structural flakeboard is in
residential construction. For this reason, structural flakeboards are usu-
ally marketed as conforming to a product standard for sheathing or
single-layer subfloor or underlayment and are graded as a performance-
rated product (PRP-108) similar to that for construction plywood. The
Voluntary Product Standard PS 2-92 is the performance standard for
wood-based structural-use panels, which includes such products as ply-
wood, composites, OSB, and waferboard. The PS 2-92 is not a replace-
ment for PS 1-83, which contains necessary veneer grade and glue bond
requirements as well as prescriptive layup provisions and includes many
plywood grades not covered under PS 2-92.

Design capacities of the APA performance-rated products, which
include OSB and waferboard, can be determined by using procedures
outlined in the APA-EWS Technical Note N375A. In this reference,
allowable design strength and stiffness properties, as well as nominal
thicknesses and section properties, are specified based on the span rat-
ing of the panel. Additional adjustment factors based on panel grade and
construction are also provided.

Because of the complex nature of structural flakeboards, formulas for
determining actual strength and stiffness properties, as a function of the
component material, are not available.

DURABILITY OF WOOD IN CONSTRUCTION

by Rodney De Groot and Robert White

Biological Challenge

In the natural ecosystem, wood residues are recycled into the nutrient
web through the action of wood-degrading fungi, insects, and other
brackish and salt waters. Because suppression of established infesta-
tions of any of the wood-destroying organisms in existing structures
probably would require services of professional pest control specialists,
methodologies for remedial treatments to existing structures will not be
discussed further.

Role of Moisture

Three environmental components govern the development of wood-
degrading organisms within terrestrial wood construction: moisture,
oxygen supply, and temperature. Of these, moisture content of wood
seems most directly influenced by design and construction practices.
The oxygen supply is usually adequate except for materials submerged
below water or deep within the soil. Temperature is largely a climatic
function; within the global ecosystem, a variety of wood-degrading
organisms have evolved to survive within the range of climates where
trees grow. For these reasons, most of the following discussion will
focus on relationships between wood moisture and potential for wood
deterioration.

Soil provides a continuing source of moisture. Nondurable wood in
contact with the ground will decay most rapidly at the groundline where
the moisture from soil and the supply of oxygen within the wood sup-
port growth of decay fungi. Deep within the soil, as well as in wood
submerged under water, a limited supply of oxygen prevents growth of
decay fungi. As the distance from groundline increases above ground,
wood dries out and the moisture content becomes limiting for fungal
growth, unless wood is wetted through exposure to rain or from water
entrapped as a consequence of design and/or construction practices that
expose wood to condensate from air conditioners, plumbing failures,
etc. Wood absorbs water through exposed, cut ends about 11 times
faster than through lateral surfaces. Consequently decay fungi, which
require free water within the wood cells (above 20 to 25 percent mois-
ture content) to survive, develop first at the joints in aboveground con-
struction.

Naturally Durable Woods

The heartwood of old-growth trees of certain species, such as bald
cypress, redwood, cedars, and several white oaks, is naturally resistant
or very resistant to decay fungi. Heartwood of several other species,
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such as Douglas-fir, longleaf pine, eastern white pine, and western
larch, is moderately resistant to wood decay fungi. Similarly, these
species are not a wood of choice for subterranean termites. A more
complete listing of naturally durable woods is given in ‘‘Wood Hand-
book.’’ These woods historically have been used to construct durable
buildings, but some of these species are becoming less available as
building materials. Consequently, other forms of protection are more
frequently used in current construction. (See section on protection from
decay).

utilize designs and construction practices that will keep wood at low
moisture content in use. Finally, chemical treatments may be needed for
certain specific applications.

Protection from Fire In general, proper design for fire safety allows
the use of untreated wood. When there is a need to reduce the potential
for heat contribution or flame spread, fire-retardant treatments are avail-
able. Although fire-retardant coatings or dip treatments are available,
effective treatment often requires that the wood be pressure-impreg-
nated with the fire-retardant chemicals. These chemicals include inor-
ganic salts such as monoammonium and diammonium phosphate, am-
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Methods for Protecting Wood

Protection with Good Design The most important aspect to con-
sider when one is protecting structural wood products is their design.
Many wood structures are several hundred years old, and we can learn
from the principles used in their design and construction. For example,
in nearly all those old buildings, the wood has been kept dry by a barrier
over the structure (roof plus overhang), by maintaining a separation
between the ground and the wood elements (foundation), and by pre-
venting accumulation of moisture in the structure (ventilation). Today’s
engineered wood products will last for centuries if good design prac-
tices are used.

Protection from Weathering The combination of sunlight and other
weathering agents will slowly remove the surface fibers of wood prod-
ucts. This removal of fibers can be greatly reduced by providing a wood
finish; if the finish is properly maintained, the removal of fibers can be
nearly eliminated. Information on wood finishes is available in Cassens
and Feist, ‘‘Exterior Wood in the South.’’

Protection from Decay As naturally durable woods become less
available in the marketplace, greater reliance is being placed on preser-
vative-treated wood. Wood that is treated with a pressure-impregnated
chemical is used for most load-bearing applications. In non-load-bear-
ing applications such as exterior millwork around windows and doors,
wood is usually protected with water-repellent preservative treatments
that are applied by nonpressure processes. Standards for preservative
treatment are published by the American Wood-Preservers’ Associa-
tion, and detailed information on wood preservation is given in ‘‘Wood
Handbook.’’

An extremely low oxygen content in wood submerged below water
will prevent growth of decay fungi, but other microorganisms can
slowly colonize submerged wood over decades or centuries of expo-
sure. Thus, properties of such woods need to be reconfirmed when old,
submerged structures are retrofitted.

Protection from Insects Subterranean termites, native to the U.S.
mainland, establish a continuous connection with soil to maintain ade-
quate moisture in wood that is being attacked above ground. One funda-
mental approach most often utilized in the protection of buildings
from subterranean termites is to establish a physical or chemical bar-
rier between soil and building. The function of that barrier is to bar ac-
cess of termites to the building. The use of preservative-treated wood is
relied upon to protect wood products such as poles, piling, and bridges
that cannot be protected from exposure to termites via other mecha-
nisms.

Formosan termites have the capacity to use sources of aboveground
moisture without establishing a direct connection with the soil. Thus,
where these termites occur, good designs and construction practices that
eliminate sources of aboveground moisture are particularly important.

Dry-wood termites survive only in tropical or neotropical areas with
sufficiently high relative humidity to elevate the wood moisture content
to levels high enough to provide moisture for insect metabolism. Where
these termites occur, use of naturally durable wood or preservative-
treated wood warrants consideration.

Wood-destroying beetles may occur in wood members where the
ambient moisture content is high enough for them to complete certain
phases of their life cycle. Many beetles attack only certain species or
groups of woods that may be used in specialty items such as joinery.
Consequently, the first step in good construction practice is to use wood
that is not preinfested at the time of construction. The next step is to
monium sulfate, zinc chloride, sodium tetraborate, and boric acid. Resin
polymerized after impregnation into wood is used to obtain a leach-
resistant treatment. Such amino resin systems are based on urea, mela-
mine, dicyandiamide, and related compounds. An effective treatment
can reduce the ASTM E84 flame spread to less than 25. When the
external source of heat is removed, the flames from fire-retardant-
treated wood will generally self-extinguish. Many fire-retardant treat-
ments reduce the generation of combustible gases by lowering the ther-
mal degradation temperature. Fire-retardant treatments may increase
the hygroscopic properties of wood.

Protection from Marine Organisms Pressure treatment of native
wood species with wood preservatives is required to protect wood used
in marine or brackish waters from attack by marine borers.

Effect of Long-Term Exposure

Long exposure of wood to the atmosphere also causes changes in the cellu-
lose. A study by Kohara and Okamoto of sound old timbers of a soft-
wood and hardwood of known ages from temple roof beams shows that
the percentage of cellulose decreases steadily over a period up to 1,400
years while the lignin remains almost constant. These changes are re-
flected in strength losses (Fig. 6.7.4). Impact properties approximate a
loss that is nearly linear with the logarithm of time. Allowable working
stresses for preservative-treated lumber usually need not be reduced to
account for the effect of the treating process. Tests made by the USDA
Forest Service, Forest Products Laboratory, of preservative-treated

Fig. 6.7.4 Strength loss with age in a hardwood (Zelkowa serrata). (From Sci.
Rpts. Saikyo Univ., no. 7, 1955.)

lumber when undergoing bending, tension, and compression perpendic-
ular to grain show reductions in mean extreme fiber stress from a few
percent up to 25 percent, but few reductions in working stresses. Com-
pression parallel to grain is affected less and modulus of elasticity very
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little. The effect on horizontal shear can be estimated by inspection for
an increase in shakes and checks after treatment. AWPA Standards keep
temperatures, heating periods, and pressures to a minimum for required
penetration and retention, which precludes the need for adjustment in
working stresses.

COMMERCIAL LUMBER STANDARDS

Standard abbreviations for lumber description and size standards for yard
lumber are given in ‘‘Wood Handbook.’’

Cross-sectional dimensions and section properties for beams, stringers,
joists, and planks are given in the National Design Specification.

Standard patterns for finish lumber are shown in publications of the
grading rules for the various lumber associations.

Information and specifications for construction and industrial plywood
are given in Product Standard PS 1-83 and in ANSI/HPVA HP-1-1994
for hardwood and decorative plywood. Information and specifications
for structural flakeboard are given in PS 2-92.

LLIC MATERIALS

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
6.8 NONMETA

by Antonio

ABRASIVES

REFERENCES: ‘‘Abrasives: Their History and Development,’’ The Norton Co.
Searle, ‘‘Manufacture and Use of Abrasive Materials,’’ Pitman. Heywood,
‘‘Grinding Wheels and Their Uses,’’ Penton. ‘‘Boron Carbide,’’ The Norton Co.
‘‘Abrasive Materials,’’ annual review in ‘‘Minerals Yearbook,’’ U.S. Bureau of
Mines. ‘‘Abrasive Engineering,’’ Hitchcock Pub
Manufacturer’s Institute, ‘‘Coated Abrasives—
McGraw-Hill. Wick, Abrasives; Where They Stan
neering and Management, 69, no. 4, Oct. 1972. B
cent Research and Development,’’ Mills and Boon, Ltd., London. Coes, Jr.,
F. Baldo

ture with discrete diamond grains. Deposition can be directly on tools
such as wheels or other surfaces. CVD diamond can be polished to any
required surface texture and smoothness.

Crystalline alumina, as chemically purified Al2O3 , is very adaptable in
operations such as precision grinding of sensitive steels. However, a

by the addition of TiO2 , Fe2O3 , SiO2 , ZrO2 .
dditions and the method of cooling the pig
perties. Advantage is taken of this phenome-
e most desirable grain for particular machin-
lishing Co. Coated Abrasives
Modern Tool of Industry,’’
d Today, Manufacturing Engi-
urls, ‘‘Diamond Grinding; Re-

tougher grain is produced
The percentage of such a
greatly influence grain pro
non to ‘‘custom’’ make th

ing needs. Alumina crystals have conchoidal fracture, and the grains
‘‘Abrasives,’’ Springer-Verlag, New York. Proceedings of the American Society
for Abrasives Methods. 1971, ANSI B74.1 to B74.3 1977 to 1993. Washington
Mills Abrasive Co., Technical Data, Mechanical Engineering, Mar. 1984. ‘‘Mod-
ern Abrasive Recipes,’’ Cutting Tool Engineering, April 1994. ‘‘Diamond Wheels
Fashion Carbide Tools,’’ Cutting Tool Engineering, August 1994. Synthetic
Gemstones, Compressed Air Magazine, June 1993. Krar and Ratterman, ‘‘Super-
abrasives,’’ McGraw-Hill.

Manufactured (Artificial) Abrasives

Manufactured abrasives dominate the scene for commercial and indus-
trial use, because of the greater control over their chemical composition
and crystal structure, and their greater uniformity in size, hardness, and
cutting qualities, as compared with natural abrasives. Technical ad-
vances have resulted in abrasive ‘‘machining tools’’ that are economi-
cally competitive with many traditional machining methods, and in
some cases replace and surpass them in terms of productivity. Fused
electrominerals such as silicon carbide, aluminum oxide, alumina zir-
conia, alumina chromium oxide, and alumina titania zirconia are the
most popular conventional manufactured abrasives.

Grains

Manufactured (industrial or synthetic) diamonds are produced from
graphite at pressures 29.5 to 66.5 3 106 N/m2 (8 to 18 3 105 lb/in2) and
temperatures from 1,090 to 2,420°C (2,000 to 4,400°F), with the aid of
metal catalysts. The shape of the crystal is temperature-controllable,
with cubes (black) predominating at lower temperatures and octahedra
(yellow to white) at higher. General Electric Co. produces synthetics
reaching 0.01 carat sizes and of quality comparable to natural diamond
powders. Grade MBG-11 (a blocky powder) is harder and tougher and
is used for cutting wheels. Diamond hardness (placed at 10 on the Mohs
scale) ranges from 5,500 to 7,000 on the Knoop scale. Specific gravity
is 3.521.

Recently, chemical vapor deposition (CVD) has produced diamond
vapors at ambient temperatures, which are then deposited on a substrate
as a continuous film which may be from 1 to as much as 1,000 mm
thick. Microscopically, CVD diamond is a dense polycrystalline struc-
when crushed or broken reveal sharp cutting edges and points. Average
properties are: density ;3.8, coefficient of expansion ;0.81 3 1025/°C
(0.45 3 1025/°F), hardness ;9 (Mohs scale), and melting temperature
;2,040°C (3,700°F). Applications cover the grinding of high-tensile-
strength materials such as soft and hard steels, and annealed malleable
iron.

Silicon carbide (SiC) corresponds to the mineral moissanite, and has a
hardness of about 9.5 (Mohs scale) or 2,500 (Knoop), and specific
gravity 3.2. It is insoluble in acid and is infusible but decomposes above
2,230°C (4,060°F). It is manufactured by fusing together coke and sand
in an electric furnace of the resistance type. Sawdust is used also in the
batch and burns away, leaving passages for the carbon monoxide to
escape. The grains are characterized by great brittleness. Abrasives of
silicon carbide are best adapted to the grinding of low-tensile-strength
materials such as cast iron, brass, bronze, marble, concrete, stone, and
glass. It is available under several trade names such as Carborundum,
Carbolon, Crystolon.

Boron carbide (B4C), a black crystal, has a hardness of about 9.32
(Mohs scale) or about 2,800 (Knoop), melts at about 2,460°C (4,478°F)
but reacts with oxygen above 983°C (1,800°F), and is not resistant to
fused alkalies. Boron carbide powder for grinding and lapping is ob-
tainable in standard mesh sizes to 240, and to 800 in special finer sizes.
It is being used in loose grain form for the lapping of cemented-carbide
tools. In the form of molded shapes, it is used for pressure blast nozzles,
wire-drawing dies, bearing surfaces for gages, etc.

Boron nitride (BN) when produced at extremely high pressures and
temperatures forms tiny reddish to black grains of cubic crystal struc-
ture having hardness equal to diamond, and moreover is stable to
1,930°C (3,500°F). Abrasive powders, such as Borazon, are used exten-
sively for coated-abrasive applications as for grinding tool and die steels
and high-alloy steels, particularly where chemical reactivity of dia-
monds is a problem. Ease of penetration and free-cutting action mini-
mize heat generation, producing superior surface integrity.

Crushed steel is made by heating high-grade crucible steel to white
heat and quenching in a bath of cold water. The fragments are then
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crushed to sizes ranging from fine powder to 1⁄16 in diam. They are
classified as diamond crushed steel, diamond steel, emery, and steelite,
used chiefly in the stone, brick, glass, and metal trades.

Rouge and crocus are finely powdered oxide of iron used for buffing
and polishing. Rouge is the red oxide; crocus is purple.

Natural Abrasives

Diamond of the bort variety, crushed and graded into usable sizes and
bonded with synthetic resin, metal powder, or vitrified-type bond, is
used extensively for grinding tungsten- and tantalum-carbide cutting

and cam grinding, and in the cutlery trade. In the rubber process the bond
is either natural or synthetic rubber. The initial mixture of grain, rubber,
and sulfur (and such special ingredients as accelerators, fillers, and
softeners) may be obtained by rolling or other methods. Having formed
the wheel, the desired hardness is then developed by vulcanization.
Wheels can be made in a wide variety of grain combinations and grades
and have a high factor of safety as regards resistance to breakage in
service. Wheels made by the rubber process are used for cutoff service
on wet-style machines, ball-race punchings, feed wheels and centerless
grinders, and for grinding stainless-steel billets and welds, which usu-
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tools, and glass, stone, and ceramics.
Corundum is a mineral composed chiefly of crystallized alumina (93

to 97 percent Al2O3). It has been largely replaced by the manufactured
variety.

Emery, a cheap and impure form of natural corundum which has been
used for centuries as an abrasive, has been largely superseded by manu-
factured aluminum oxide for grinding. It is still used to some extent in
the metal- and glass-polishing trades.

Garnet Certain deposits of garnet having a hardness between quartz
and corundum are used in the manufacture of abrasive paper. Quartz is
also used for this purpose. Garnet costs about twice as much as quartz
and generally lasts proportionately longer.

Buhrstones and millstones are generally made from cellular quartz.
Chasers (or stones running on edge) are also made from the same min-
eral.

Natural oilstones, the majority being those quarried in Arkansas, are of
either the hard or the soft variety. The hard variety is used for tools
requiring an extremely fine edge like those of surgeons, engravers, and
dentists. The soft variety, more porous and coarser, is used for less
exacting applications.

Pumice, of volcanic origin, is extensively used in leather, felt, and
woolen industries and in the manufacture of polish for wood, metal, and
stone. An artificial pumice is made from sand and clay in five grades of
hardness, grain, and fineness.

Infusorial earth or tripoli resembles chalk or clay in physical proper-
ties. It can be distinguished by absence of effervescence with acid, is
generally white or gray in color, but may be brown or even black.
Owing to its porosity, it is very absorptive. It is used extensively in
polishing powders, scouring soaps, etc., and, on account of its porous
structure, in the manufacture of dynamite as a holder of nitroglycerin,
also as a nonconductor for steam pipes and as a filtering medium. It is
also known as diatomaceous silica.

Grinding Wheels For complete coverage and details see current
ANSI/ASTM Standards D896 to D3808.

Vitrified Process In wheels, segments, and other abrasive shapes of
this type, the abrasive grains are bonded with a glass or porcelain ob-
tained by mixing the grains with such materials as clays and feldspars in
various proportions, molding the wheel, drying, and firing at a tempera-
ture of 1,370°C (2,500°F) approx. It is possible to manufacture wheels
as large as 60 in diam by this process, and even larger wheels may be
obtained by building up with segments. Most of the grinding wheels and
shapes (segments, cylinders, bricks, etc.) now manufactured are of the
vitrified type and are very satisfactory for general grinding operations.

Silicate Process Wheels and shapes of the silicate type are manu-
factured by mixing the abrasive grain with sodium silicate (water glass)
and fillers that are more or less inert, molding the wheel by tamping, and
baking at a moderate temperature. Silicate bonded wheels are consid-
ered relatively ‘‘mild acting’’ and, in the form of large wheels, are still
used to some extent for grinding-edge tools in place of the old-
fashioned sandstone wheels.

Organic Bonded Wheels Organic bonds are used for high-speed
wheels, and are equally well adapted to the manufacture of very thin
wheels because of their flexibility compared with vitrified wheels.
There are three distinct types in the group. The shellac process consists of
mixing abrasive grains with shellac, heating the mass until the shellac is
viscous, stirring, cooling, crushing, forming in molds, and reheating
sufficiently to permit the shellac to set firmly upon cooling. Wheels
made by this process are used for saw gumming, roll grinding, ball-race
ally require a high-quality finish. With the resinoid process, the practice
is to form the wheel by the cold-press process using a synthetic resin.
After heating, the resultant bond is an insoluble, infusible product of
notable strength and resiliency. Resinoid bond is used for the majority
of high-speed wheels in foundries, welding shops, and billet shops, and
also for cutoff wheels. The rate of stock removal is generally in direct
proportion to the peripheral speed. Resinoid-bonded wheels are capable
of being operated at speeds as high as 2,900 m/min (9,500 surface
ft /min), as contrasted with 1,980 m/min (6,500 surface ft /min) for most
vitrified bonds.

Silicone-coated abrasives, such as Silkote are reported to resist dele-
terious coolant effects on the bond between resin and grain, because of
the silicone’s ability to repel entry of coolant.

The grain size or grit of a wheel is determined by the size or combina-
tion of sizes of abrasive grain used. The Grinding Wheel Institute has
standardized sizes 8, 10, 12, 14, 16, 20, 24, 30, 36, 46, 54, 60, 70, 80, 90,
100, 120, 150, 180, 200, 220, and 240. The finer sizes, known as flours,
are designated as 280, 320, 400, 500, 600, 800, 900, or as F, FF, FFF,
and XF.

The grade is the hardness or relative strength of bonding of a grinding
wheel. The wheel from which grain particles are easily broken away,
causing it to wear rapidly, is called soft, and one that is able to retain its
particles longer is called hard. The complete range of grade letters used
for the order of increasing hardness is

Soft Hard

A, B, C, D, E, F, G, H, I, J, K, L, M, N, O, P, Q, R, S, T, U, V, W, X, Y, Z

Table 6.8.1 provides a guide to surface finishes attainable with dia-
mond grit.

Table 6.8.1 Guide to Surface Finish Attainable with
Diamond Grit

Recommended max
DOC* per pass

in mm

Surface finish

m in mm
Grit size (AA) Ra

80 26–36
100 24–32
105 18–30
100S 16–26 0.4–0.8 0.001–0.002 25–50
110
120 16–18
150 14–16
180 12–14 0.25–0.50 0.0007–0.0010 17–25
220 10–12
240 8–10
320 8 0.12–0.25 0.0004–0.0006 10–15
400 7–8 0.08–0.15 0.0003–0.0005 8–12

30–40 mm 7
20–30 6–7 0.05–0.10 0.0002–0.0004 5–10

6
10–20 5–6
8–16
6–12 3–5
4–8 2–4 0.013–0.025 0.00005–0.00007 1–2
3–6 2
0–2 1

* DOC 5 depth of cut.
SOURCE: Cutting Tool Engineering, Aug. 1994.
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Coated Abrasives

Coated abrasives are ‘‘tools’’ consisting of an abrasive grit, a backing,
and an adhesive bond. Grits are generally one of the manufactured
variety listed above, and are available in mesh sizes ranging from the
coarsest at 12 to the finest at 600. Backings can be cloth, paper, fiber, or
combinations and are made in the form of belts and disks for power-
operated tools and in cut sheets for both manual and power usage.
Adhesive bonds consist of two layers, a ‘‘make coat’’ and a ‘‘size
coat.’’ Both natural and synthetic adhesives serve for bond materials.

aluminum oxide, such as Alundum, or silicon carbide, such as Crysto-
lon. Grit sizes of fine, medium, and coarse are available.

ADHESIVES

REFERENCES: Cagle (ed.), ‘‘Handbook of Adhesive Bonding,’’ McGraw-Hill.
Bikerman, ‘‘The Science of Adhesive Joints,’’ Academic. Shields, ‘‘Adhesives
Handbook,’’ CRC Press (Division of The Chemical Rubber Co.). Cook, ‘‘Con-
struction Sealants and Adhesives,’’ Wiley. Patrick, ‘‘Treatise on Adhesives,’’

e (
ara
ax,

sil
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Abrasive coatings can be closed-coat, in which the abrasive grains are
adjacent to one another without voids, or open-coat, in which the grains
are set at a predetermined distance from one another. The flex of the
backing is obtained by a controlled, directional, spaced backing of the
adhesive bond.

Abrasive Waterjets

Such tough-to-cut materials as titanium, ceramics, metallic honeycomb
structures, glass, graphite, and bonding compounds can be successfully
cut with abrasive waterjets. Abrasive waterjets use pressurized water,
up to 60 lb/in2, to capture solid abrasives by flow momentum, after
which the mixture is expelled through a sapphire nozzle to form a highly
focused, high-velocity cutting ‘‘tool.’’ Advantages of this cutting
method include: minimal dust, high cutting rates, multidirectional cut-
ting capability, no tool dulling, no deformation or thermal stresses, no
fire hazards, ability to cut any material, small power requirements,
avoidance of delamination, and reduction of striation. (See also Sec.
13.)

Abrasive waterjet cutting, however, has some limitations including
high noise level (80 to 100 dB), safety problems, low material removal
rates, inability to machine blind holes or pockets, damage to acciden-
tally exposed machine elements by the particles and/or high-pressure
water, and the size of the overall system.

Industrial Sharpening Stones

Sharpening stones come in several forms such as bench stones, files,
rubbing bricks, slip stones, and specialties, and are made chiefly from

Table 6.8.2a Classification of Adhesives

Origin and basic type

Natural Animal
Vegetable

Albumen, animal glu
Natural resins (gum
waxes (carnauba w
dextrins)

Mineral Inorganic materials (

waxes (paraffin); mine

Synthetic Elastomers Natural rubber (and der
hydrochloride)

Synthetic rubbers and d
(including styrene and
polyurethane, silicone
polypropylene)

Reclaim rubbers
Thermoplastic Cellulose derivatives (a

hydroxy ethyl cellulos
Vinyl polymers and cop
polyvinylidene chlorid

Polyesters (saturated) [
Polyacrylates (methacry
Polyethers (polyhydrox
Polysulfones

Thermosetting Amino plastics (urea an
Epoxides and modificat
polysulfide, epoxy nyl

Phenolic resins and mo
phenolic-nitrile, pheno

Polyesters (unsaturated
Polyaromatics (polyimi
Furanes (phenol furfura

SOURCE: Shields, ‘‘Adhesives Handbook,’’ CRC Press (Division of t
Marcel Dekker. NASA SP-5961 (01) Technology Utilization, ’’Chemistry Tech-
nology: Adhesives and Plastics,’’ National Technical Information Services, Vir-
ginia. Simonds and Church, ‘‘A Concise Guide to Plastics,’’ Reinhold. Lerner,
Kotsher, and Sheckman, ‘‘Adhesives Red Book,’’ Palmerton Publishing Co., New
York. Machine Design, June 1976. ISO 6354-1982. ‘‘1994 Annual Book of
ASTM Standards,’’ vol. 15.06 (Adhesives). ANSI/ASTM Standards D896–
D3808.

Adhesives are substances capable of holding materials together in a
useful manner by surface attachment. Some of the advantages and dis-
advantages of adhesive bonding are as follows:

Advantages Ability to bond similar or dissimilar materials of dif-
ferent thicknesses; fabrication of complex shapes not feasible by other
fastening means; smooth external joint surface; economic and rapid
assembly; uniform distribution of stresses; weight reduction; vibration
damping; prevention or reduction of galvanic corrosion; insulating
properties.

Disadvantages Surface preparation; long cure times; optimum
bond strength not realized instantaneously, service-temperature limita-
tions; service deterioration; assembly fire or toxicity; tendency to creep
under sustained load.

A broad scheme of classification is given in Table 6.8.2a.
For the vocabulary of adhesives the reader should refer to ISO 6354-

1982, and for standard definitions refer to ASTM D907-82. Procedures
for the testing of adhesive strength viscosity, storage life, fatigue prop-
erties, etc. can be found in ANSI/ASTM D950–D3808.

Thermoplastic adhesives are a general class of adhesives based upon

Adhesive material

including fish), casein, shellac, beeswax
bic, tragacanth, colophony, Canada balsam, etc.); oils and
linseed oils); proteins (soybean); carbohydrates (starch,

icates, magnesia, phosphates, litharge, sulfur, etc.); mineral

ral resins (copal, amber); bitumen (including asphalt)
ivatives, chlorinated rubber, cyclized rubber, rubber

erivatives (butyl, polyisobutylene, polybutadiene blends
acylonitrile), polyisoprenes, polychloroprene,

, polysulfide, polyolefins (ethylene vinyl chloride, ethylene

cetate, acetate-butyrate, caprate, nitrate, methyl cellulose,
e, ethyl cellulose, carboxy methyl cellulose)
olymers (polyvinyl acetate, alcohol, acetal, chloride,
e, polyvinyl alkyl ethers

polystyrene, polyamides (nylons and modifications)]
late and acrylate polymers, cyanoacrylates, acrylamide)
y ether, polyphenolic ethers)

d melamine formaldehydes and modifications)
ions (epoxy polyamide, epoxy bitumen, epoxy
on)
difications (phenol and resorcinol formaldehydes,
lic-neoprene, phenolic-epoxy)
)
de, polybenzimidazole, polybenzothiazole, polyphenylene)
l)

he Chemical Rubber Co.).
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long-chained polymeric structure, and are capable of being softened by
the application of heat.

Thermosetting adhesives are a general class of adhesives based upon
cross-linked polymeric structure, and are incapable of being softened
once solidified. A recent development (1994) in cross-linked aromatic
polyesters has yielded a very durable adhesive capable of withstanding
temperatures of 700°F before failing. It retains full strength through
400°F. It is likely that widespread applications for it will be found first
in the automotive and aircraft industries.

Thermoplastic and thermosetting adhesives are cured (set, polymer-

Bearing mounting Anaerobic acrylic—compatible materials nec-
essary and flow into bearing area to be pre-
vented.
Modified acrylic—for lowest cost

Structural joining Epoxies and modified epoxies—for maximum
strength (highest cost)
Acrylics—anaerobic or modified cyanacrylates

Gasketing Silicones—primarily anaerobic

Table 6.8.3 presents a sample of a number of adhesives (with practi-
cal information) that are available from various sources. The table is

er
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ized, solidified) by heat, catalysis, chemical reaction, free-radical activ-
ity, radiation, loss of solvent, etc., as governed by the particular adhe-
sive’s chemical nature.

Elastomers are a special class of thermoplastic adhesive possessing
the common quality of substantial flexibility or elasticity.

Anaerobic adhesives are a special class of thermoplastic adhesive
(polyacrylates) that set only in the absence of air (oxygen). The two
basic types are: (1) machinery—possessing shear strength only, and (2)
structural—possessing both tensile and shear strength.

Pressure-sensitive adhesives are permanently (and aggressively) tacky
(sticky) solids which form immediate bonds when two parts are brought
together under pressure. They are available as films and tapes as well as
hot-melt solids.

The relative performance of a number of adhesives is given in Table
6.8.2b.

For high-performance adhesive applications (engineering or machine
parts) the following grouping is convenient.

Thread locking Anaerobic acrylic
Hub mounting Anaerobic acrylic—compatible materials or

flow migration unimportant.
Modified acrylic—large gaps or migration
must be avoided.
Epoxy—maximum strength at high tempera-
tures

Table 6.8.2b Performance of Adhesive Resins
(Rating 1 5 poorest or lowest, 10 5 best or highest)

Adherence to

Adhesive resin Paper Wood Metal C

Alkyd 6 7 5
Cellulose acetate 4 3 1
Cellulose acetate butyrate 3 3 1
Cellulose nitrate 5 5 1
Ethyl cellulose 3 3 1
Methyl cellulose 5 1 1
Carboxy methyl cellulose 6 1 2
Epoxy resin 10 10 8

Furane resin 8 7 1
Melamine resin 10 10 2
Phenolic resins 9 8 2
Polyester, unsaturated 6 8 2

Polyethylacrylate 3 4 3
Polymethylmethacrylate 2 3 2
Polystyrene 1 3 2
Polyvinylacetate 8 7 7

Polyvinyl alcohol 6 2 2
Polyvinyl acetal 5 7 8
Polyvinyl chloride 5 7 6
Polyvinyl acetate chloride 6 8 6

Polyvinylidene copolymer 4 7 6
Silicone T.S. 4 6 7
Urethane T.S. 8 10 10
Acrylonitrile rubber 3 6 8

Polybutene rubber 3 3 6
Chlorinated rubber 3 5 7
Styrene rubber 5 7 6

SOURCE: Adapted from Herbert R. Simonds and James M. Church, ‘‘A Concise Guide to P
adapted from the rather extensive one found in J. Shields, ‘‘Adhesives
Handbook,’’ CRC Press (Division of The Chemical Rubber Co.), 1970,
by permission of the publisher. Domestic and foreign trade sources are
listed there (pages 332–340) and appear coded (in parentheses) in the
second column. For other extensive lists of trade sources, the reader is
referred to Charles V. Cagle (ed.), ‘‘Handbook of Adhesive Bonding,’’
McGraw-Hill, and ‘‘Adhesives Red Book,’’ Palmerton Publishing Co.,
New York.

BRICK, BLOCK, AND TILE

REFERENCES: Plummer and Reardon, ‘‘Principles of Brick Engineering, Hand-
book of Design,’’ Structural Clay Products Institute. Stang, Parsons, and McBur-
ney, Compressive Strength of Clay Brick Walls, B. of S. Research Paper 108.
Hunting, ‘‘Building Construction,’’ Wiley. Amrhein, ‘‘Reinforced Masonry En-
gineering Handbook,’’ Masonry Institute of America. Simpson and Horrbin
(eds.), ‘‘The Weathering and Performance of Building Materials,’’ Wiley. SVCE
and Jeffers (eds.), ‘‘Modern Masonry Panel Construction Systems,’’ Cahners
Books (Division of Cahners Publishing Co.). ASTM Standards C67-C902. ANSI/
ASTM Standards C62-C455.

Brick

In the case of structural and road building material, a small unit, solid or
practically so, commonly in the form of a rectangular prism, formed

Resistance

amics Rubbers Water Solvents Alkali Acids

6 7 7 2 2 5
3 5 2 3 1 3
4 5 2 3 1 3
5 5 3 2 2 4
3 5 2 3 3 3
3 3 1 6 3 3
3 2 1 6 1 4
8 8 8 9 9 8

8 7 8 9 10 8
2 2 7 9 5 5
6 7 8 10 7 8
5 7 7 6 1 6

5 6 8 2 6 7
3 6 8 3 8 7
2 5 8 1 10 8
7 3 3 3 4 6

4 6 1 7 1 3
7 7 8 5 3 5
7 6 8 6 10 9
7 5 8 5 9 9

7 7 8 7 10 9
7 8 10 7 6 6
9 10 7 8 4 4
6 9 7 5 8 8

2 8 8 3 10 9
4 7 6 3 10 9
5 8 7 3 10 9

lastics,’’ 2d ed., Reinhold, 1963, with permission of the publisher.
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Table 6.8.3 Properties and Uses of Various Adhesives

Service
Curing cycle, temp range,

Basic type time at temp °C Adherends Main uses Remarks

Animal

Animal (hide) Melted at 70–75°C. Sets on
cooling

Paper, wood, textiles Woodworking, carpet
materials, paper,
bookbinding

May be thinned with water

Animal (hide) 1
plasticizers

Applied as a melt at 60°C ,60 Paper, cellulosic materials Bookbinding, stationery
applications

Cures to permanent flexible
film

Fish glue 1 h at 20°C 60 Wood, chipboard, paper General-purpose for porous
materials

Rapid setting. Good
flexibility

Moderate resistance to water.
High tack.

Casein Cold setting after 20-min
standing period on mixing

Timber with moisture content Laminated timber arches and
beams, plybox beams, and
engineering timber work

Full bond strength developed
after seasoning period of
48 h

Casein 1 60% latex Cold setting after 20-min
standing period on mixing

Aluminum, wood, phenolic
formaldehyde (rigid),
leather, rubber

Bonding of dissimilar
materials to give flexible,
water-resistant bond

Flexible

Vegetable

Dextrine Air drying Paper, cardboard, leather,
wood, pottery

General-purpose glue for ab-
sorbent materials

Medium drying period of 2–
3 h

Dextrine-starch blend Applied above 15°C air dry-
ing

48 Cellulosic materials, card-
board, paper

Labeling, carton sealing,
spiral-tube winding

Fast setting. May be diluted
with water

Gum arabic Cold setting Paper, cardboard Stationery uses Fast drying

Mineral

Silicate 8 h at 20°C 10–430 Asbestos, magnesia Lagging asbestos cloth on
high-temperature insulation

Unsuitable where moisture:
not recommended for glass
or painted surfaces

Silicate with china-
clay filler

Dried at 80°C before expo-
sure to heat

2 180–1,500 Asbestos, ceramics, brick-
work, glass, silver, alumi-
num, steel (mild)-steel

General-purpose cement for
bonding refractory materials
and metals. Furnace repairs
and gastight jointing of pipe
work. Heat-insulating mate-
rials

Resistant to oil, gasoline, and
weak acids

Sodium silicate Dried at 20–80°C before ex-
posure to heat

0–850 Aluminum (foil), paper,
wood-wood

Fabrication of corrugated fi-
berboard. Wood bonding,
metal foil to paper lamina-
tion

Suitable for glass-to-stone
bonding

Aluminum
phosphate 1 silica
filler

Dried 1⁄2 h at 20°C, then 1⁄2 h
at 70°C 1 1⁄2 h at 100°C 1
1 h at 200°C 1 1 h at
250°C. Repeat for 2 over-
coatings and finally cure
1 h at 350°C

750 Steels (low-alloy), iron,
brass, titanium, copper, alu-
minum

Strain-gage attachment to
heat-resistant metals.
Heater-element bonding

Particularly suited to heat-re-
sistant steels where surface
oxidation of metal at high
temperatures is less detri-
mental to adhesion

Bitumen/latex emul-
sion

Dried in air to a tacky state 0–66 Cork, polystyrene (foam),
polyvinyl chloride, con-
crete, asbestos

Lightweight thermal-insula-
tion boards, and preformed
sections to porous and non-
porous surfaces. Building
applications

Not recommended for con-
structions operated below
0°C

Elastomers

Natural rubber Air-dried 20 min at 20°C and
heat-cured 5 min at 140°C

Rubber (styrene butadiene),
rubber (latex), aluminum,
cardboard, leather, cotton

Vulcanizing cement for rub-
ber bonding to textiles and
rubbers

May be thinned with toluene

Natural rubber in hy-
drocarbon solvent

Air-dried 10 min at 20°C and
heat-cured for 20 min at
150°C

100 Hair (keratin), bristle, polya-
mide fiber

Brush-setting cement for nat-
ural- and synthetic-fiber
materials

Resistant to solvents em-
ployed in oil, paint and var-
nish industries. Can be
nailed without splitting

Rubber latex Air drying within 15 min Canvas, paper, fabrics, cellu-
losic materials

Bonding textiles, papers,
packaging materials. Carpet
bonding

Resistant to heat. Should be
protected from frosts, oils

Chlorinated rubber in
hydrocarbon solvents

Air-dried 10 min at 20°C and
contact bonded

2 20–60 Polyvinyl chloride acryloni-
trile butadiene styrene,
polystyrene, rubber, wood

General-purpose contact ad-
hesive

Resistant to aging, water,
oils, petroleum
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Table 6.8.3 Properties and Uses of Various Adhesives (Continued )

Service
Curing cycle, temp range,

Basic type time at temp °C Adherends Main uses Remarks

Elastomers (Continued)

Styrene-butadiene
rubber lattices

Air drying Polystyrene (foam), wood,
hardboard, asbestos,
brickwork

Bonding polystyrene foams
to porous surface

Neoprene/nitrile
rubbers in

Dried 30 min in air and
bonded under pressure
while tacky

Wood, linoleum, leather,
paper, metals, nitrile
rubbers, glass, fabrics

Cement for bonding
synthetic rubbers to metals,
woods, fabrics

May be thinned with ketones

Acrylonitrile rubber 1
phenolic resin

Primer air-dried 60 min at
20°C film cured 60 min at
175°C under pressure.
Pressure released on
cooling at 50°C

2 10–130 Aluminum (alloy)-aluminum
to DTD 746

Metal bonding for structural
applications at elevated
temperatures

Subject to creep at 150°C for
sustained loading

Polysulfide rubber in
ketone solvent and
catalyst

3 days at 25°C 2 50–130,
withstands
higher
temps. for
short
periods

Metals Sealant for fuel tanks and
pressurized cabins in
aircraft, where good
weatherproof and
waterproof properties are
required

Resistant to gasoline, oil,
hydraulic fluids, ester
lubricants. Moderate
resistance to acids and
alkalies

Silicone rubber 24 h at 20°C (20% R.H.).
Full cure in 5 days

2 65–260 Aluminum, titanium, steel
(stainless), glass, cork,
silicone rubber, cured
rubber-aluminum, cured
rubber-titanium, cured
rubber-steel (stainless),
aluminum-aluminum (2024
Alclad), cork-cork
(phenolic bonded)

General-purpose bonding and
sealing applications.
Adhesive/sealant for
situations where material is
expected to support
considerable suspended
weight.
High pressure exposure
conditions

Resistant to weathering and
moisture

Reclaim rubber Contact bonded when tacky Fabric, leather, wood, glass,
metals (primed)

General industrial adhesive
for rubber, fabric, leather,
porous materials

May be thinned with toluene

Polychloroprene Air-dried 10–20 min at 20°C Rubber, steel, wood, concrete Bonding all types of rubber
flooring to metals, woods,
and masonry

Good heat resistance

Modified polyurethane 3 h at 18°C to 16 h at 2 15°C 2 80–110 Concrete, plaster, ceramics,
glass, hardboards, wood,
polyurethane (foam),
phenol formaldehyde
(foam), polystyrene (foam),
copper, lead, steel,
aluminum

Bonding rigid and semirigid
panels to irregular wall
surfaces, wall cladding and
floor laying. Building
industry applications

Foam remains flexible on
aging even at elevated
temperatures. Will with-
stand a 12% movement

Thermoplastic

Nitrocellulose in ester
solvent

Heat set 1 h at 60°C after
wet bonding

60 Paper, leather, textiles, sili-
con carbide, metals

Labeling, general bonding of
inorganic materials includ-
ing metals

Good resistance to mineral
oils

Modified methyl cellu-
lose

Dries in air Vinyl-coated paper, polysty-
rene foam

Heavy-duty adhesive. Deco-
rating paper and plastics

Contains fungicide to prevent
biodeterioration

Ethylene vinyl acetate
copolymer 1 resins

Film transfer at 70–80°C
followed by bonding at
150–160°C

60 or 1 h at
90

Cotton (duck)-cotton, resin
rubber-leather, melamine
laminate—plywood, steel
(mild)-steel, acrylic (sheet)-
acrylic

Metals, laminated plastics,
and textiles. Fabrication of
leather goods. Lamination
work

Good electrical insulation

Polyvinyl acetate Rapid setting Paper, cardboard Carton sealing in packaging
industry

Resistant to water

Synthetic polymer
blend

Applied as a melt at 177°C 71 Paper, cardboard, poly-
thene (coated materials)

Carton and paper-bag
sealing. Packaging

Resistant to water

Polychloroprene/resin
blend in solvent

Air-dried 10 min at 20°C and
cured 4 days at 20°C to 7
h at 75°C

Chlorosulfonated polythene,
polychloroprene fabrics,
polyamide fabrics, leather,
wood, textiles

Bonding synthetic rubbers
and porous materials.
Primer for polyamide-
coated fabrics such as
nylon, terylene

Polychloroprene Air-dried 10–20 min at 20°C Rubber, steel, wood, concrete Bonding all types of rubber
flooring to metals, woods,
and masonry

Good heat resistance

Saturated polyester 1
isocyanate catalyst
in ethyl acetate

Solvent evaporation and
press cured at 40–80°C
when tacky

Cellulose, cellulose acetate,
polyolefins (treated film),
polyvinyl chloride (rigid),
paper, aluminum (foil),
copper (foil)

Lamination of plastic films
to themselves and metal
foils for packaging industry,
printed circuits

Resistant to heat, moisture,
and many solvents
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Table 6.8.3 Properties and Uses of Various Adhesives (Continued )

Service
Curing cycle, temp range,

Basic type time at temp °C Adherends Main uses Remarks

Thermoplastic (Continued)

Cyanoacrylate
(anaerobic)

15 s to 10 min at 20°C
substrate-dependent

Melts at 165 Steel-steel, steel-aluminum,
aluminum-aluminum, butyl
rubber-phenolic

Rapid assembly of metal,
glass, plastics, rubber
components

Anaerobic adhesive. Curing
action is based on the rapid
polymerization of the
monomer under the
influence of basic catalysts.
Absorbed water layer on
most surfaces suffices to
initiate polymerization and
brings about bonding

Polyacrylate resin
(anaerobic)

3 min at 120°C to 45 min at
65°C or 7 days at 20°C

2 55–95 Aluminum-aluminum Assembly requirements
requiring high resistance to
impact or shock loading.
Metals, glass, and
thermosetting plastics

Anaerobic adhesive

Thermosetting

Urea
formaldehyde

9 h at 10°C to 1 h at 21°C
after mixing powder with
water (22%)

Wood, phenolic laminate Wood gluing and bonding on
plastic laminates to wood.
Plywood, chipboard manu-
facture. Boat building and
timber engineering

Excess glue may be removed
with soapy water

Phenolic
formaldehyde 1 cata-
lyst PX-2Z

Cold setting Wood Timber and similar porous
materials for outdoor-expo-
sure conditions. Shop fascia
panels

Good resistance to weather-
ing and biodeterioration

Resorcinol
formaldehyde 1 cata-
lyst RXS-8

Cured at 16°C to 80°C under
pressure

Wood, asbestos, aluminum,
phenolic laminate, polysty-
rene (foam), polyvinyl chlo-
ride, polyamide (rigid)

Constructional laminates for
marine craft. Building and
timber applications. Alumi-
num-plywood bonding.
Laminated plastics

Recommended for severe
outdoor-exposure conditions

Epoxy resin 1 catalyst 24–48 h at 20°C to 20 min
at 120°C

100 Steel, glass, polyester-glass
fiber composite,
aluminum-aluminum

General-purpose structural
adhesive

Epoxy resin 1 catalyst 8 h at 24°C to 2 h at 66°C to
45 min at 121°C

65 Steel, copper, zinc, silicon
carbide, wood, masonry,
polyester-glass fiber com-
posite, aluminum-aluminum

Bonding of metals, glass, ce-
ramics, and plastic compos-
ites

Cures to strong, durable bond

Epoxy 1 steel filler
(80% w/w)

1–2 h at 21°C 120 Iron, steel, aluminum, wood,
concrete, ceramics, alumi-
num-aluminum

Industrial maintenance re-
pairs. Metallic tanks, pipes,
valves, engine casings, cast-
ings

Good resistance to chemi-
cals, oils, water

Epoxy 1 amine cata-
lyst (ancamine LT)

2–7 days at 20°C for 33%
w/w catalyst content

2 5–60 Concrete, stonework Repair of concrete roads and
stone surfaces

Excellent pigment-wetting
properties. Effective under
water and suited to applica-
tions under adverse wet or
cold conditions

Epoxy resin (modified) 4–5 h at 149°C to 20 min at
230°C to 7 min at 280°C

150 Aluminum, steel, ceramics One-part structural adhesive
for high-temperature appli-
cations

Good gap-filling properties
for poorly fitting joints. Re-
sistant to weather, galvanic
action

Epoxy 45 s at 20°C Gem stones, glass, steel, alu-
minum-aluminum

Rapid assembly of electronic
components, instrument
parts, printed circuits. Stone
setting in jewelry, and as
an alternative to soldering

Epoxy resin in
solvent 1 catalyst

8 h at 52°C to 1⁄2 h at 121°C 2 270–371 Aluminum and magnesium
alloys for elevated-tempera-
ture service

Strain gages for cryogenic
and elevated-temperature
use. Micro measurement
strain gages

Cured material resists out-
gassing in high vacuum

Epoxy polyamide 8 h at 20°C to 15 min at
100°C

100 Copper, lead, concrete, glass,
wood, fiberglass, steel-steel,
aluminum-aluminum

Metals, ceramics, and plas-
tics bonding. Building and
civil engineering applica-
tions

Resists water, acids, oils,
greases
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Table 6.8.3 Properties and Uses of Various Adhesives (Continued)

Service
Curing cycle, temp range,

Basic type time at temp °C Adherends Main uses Remarks

Thermosetting (Continued)

Epoxy/polysulfide 24 h at 20°C to 3 h at 60°C
to 20 min at 100°C

Asbestos (rigid), ceramics,
glass-fiber composites,
carbon, polytetrafluoro-
ethylene (treated), polyester
(film), polystyrene
(treated), rubber (treated),
copper (treated), tungsten
carbide, magnesium alloys,
aluminum-aluminum, steel
(stainless)-steel

Cold-setting adhesive
especially suitable for
bonding materials with
differing expansion
properties

Cures to flexible material.
Resistant to water,
petroleum, alkalies, and
mild acids

Phenol furfural 1 acid
catalyst

2 days at 21°C Alumina, carbon (graphite) Formulation of chemically
resistant cements. Bedding
and joining chemically
resistant ceramic tiles

Extremely resistant to
abrasion and heat

Pressure-sensitive

Heated by air drying for sev-
eral hours or 15–30 min
at 210°F

Teflon-Teflon, Teflon-metal Good resistance to acids and
alkalies. Excellent electrical
properties

Miscellaneous

Ceramic-based Dried for 1⁄2 h at 77°C and
cured 1⁄2 h at 100°C 1 1 h
at 200°C 1 1 h at 250°C.
Postcured, 1 h at 350°C

816 Metals Strain gages, temperature
sensors for elevated-tem-
perature work

SOURCE: Adapted from J. Shields, ‘‘Adhesives Handbook,’’ CRC Press (Division of The Chemical Rubber Co., 1970), with the permission of the publisher.

from inorganic, nonmetallic substances and hardened in its finished
shape by heat or chemical action. Note that the term is also used collec-
tively for a number of such units, as ‘‘a carload of brick.’’ In the present
state of the art, the term brick, when used without a qualifying adjective,
should be understood to mean such a unit, or a collection of such units,
made from clay or shale hardened by heat. When other substances are
used, the term brick should be suitably qualified unless specifically
indicated by the context.

It is recognized that unless suitably qualified, a brick is a unit of
burned clay or shale.

Although brick have always been used in construction, their use has
been limited, until recently, to resisting compressive-type loadings. By
adding steel in the mortar joints to take care of tensile stresses, rein-
forced brick masonry extends the use of brick masonry to additional
types of building construction such as floor slabs.

Sand-lime brick are made from a mixture of sand and lime, molded
under pressure and cured under steam at 200°F. They are usually a light
gray in color and are used primarily for backing brick and for interior
facing.

Cement brick are made from a mixture of cement and sand, manufac-
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Brick (Common) Any brick made primarily for building purposes
and not especially treated for texture or color, but including clinker and
oven-burn brick.

Brick (Facing) A brick made especially for facing purposes, usually
treated to produce surface texture or made of selected clays or otherwise
treated to produce the desired color.

Brick are manufactured by the dry-press, the stiff-mud, or the soft-
mud process. The dry-press brick are made in molds under high pressure
and from relatively dry clay mixes. Usually all six surfaces are smooth
and even, with geometrical uniformity. The stiff-mud brick are made
from mixes of clay or shale with more moisture than in the dry-press
process, but less moisture than used in the soft-mud process. The clay is
extruded from an auger machine in a ribbon and cut by wires into the
required lengths. These brick may be side-cut or end-cut, depending on
the cross section of the ribbon and the length of the section cut off. The
two faces cut by wires are rough in texture; the other faces may be
smooth or artificially textured. The soft-mud process uses a wet mix of
clay which is placed in molds under slight pressure.

Brick are highly resistant to freezing and thawing, to attacks of acids
and alkalies, and to fire. They furnish good thermal insulation and good
insulation against sound transference.

Paving brick are made of clay or shale, usually by the stiff-mud
or dry-press process. Brick for use as paving brick are burned to vitrifi-
cation. The common requirements are as follows: size, 81⁄2 3 21⁄2 3 4,
81⁄2 3 3 3 31⁄2, 81⁄2 3 3 3 4, with permissible variations of 1⁄8 in in either
transverse dimension, and 1⁄4 in in length.
tured in the same manner as sand-lime brick. In addition to their use as
backing brick, they are used where there is no danger of attack from acid
or alkaline conditions.

Firebrick (see this section, Refractories).
Specialty Brick A number of types of specialty brick are available

for important uses, particularly where refractory characteristics are
needed. These include alumina brick, silicon carbide brick, and boron
carbide brick.

Other Structural Blocks Important structural units which fall out-
side the classic definition of brick are as follows: Concrete blocks are
made with portland cement as the basic binder. Often, these are referred
to as concrete masonry units (CMUs). The choice of aggregate ranges
from relatively dense aggregate such as small crushed stone, small
gravel, or coal cinders (the latter, if available) to light aggregate such as
sand, limestone tailings, or the like. Gypsum blocks are generally used
for fire protection in non-load-bearing situations. Glass blocks are avail-
able where transparency is desired. Structural clay tile is widely used in
both load-bearing and non-load-bearing situations; a variety of complex
shapes are available for hollow-wall construction. For classification of
all these products with respect to dimensions and specifications for
usage, the references should be consulted.

Brick and block can come with porcelain glazed finish for appear-
ance, ease of cleaning, resistance to weathering, corrosion, etc.

Brick panels (prefabricated brick walls) are economic and find exten-
sive use in modern high-rise construction. Such panels can be con-
structed on site or in factories.



6-136 NONMETALLIC MATERIALS

New tile units requiring no mortar joint, only a thin epoxy line, form
walls which resemble brick and can be installed three times as fast as
conventional masonry.

For further definitions relating to structural clay products, the reader
is referred to ANSI/ASTM C43-70(75).

See Table 6.8.4 for brick properties.

CERAMICS

blocks and most glasses, where formation of the shaped article is carried
out after fusion of the starting materials.

Properties The physical properties of ceramic materials are
strongly dependent on composition, microstructure (phases present and
their distribution), and the history of manufacture. Volume pore con-
centration can vary widely (0 to 30 percent) and can influence shock
resistance, strength, and permeability. Most traditional ceramics have a
glassy phase, a crystalline phase, and some porosity. The last can be
eliminated at the surface by glazing. Most ceramic materials are resis-

ha

A
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Ceramic materials are a diverse group of nonmetallic, inorganic solids
with a wide range of compositions and properties. Their structure may
be either crystalline or glassy. The desired properties are often achieved
by high-temperature treatment (firing or burning).

Traditional ceramics are products based on the silicate industries,
where the chief raw materials are naturally occurring minerals such as
the clays, silica, feldspar, and talc. While silicate ceramics dominate the
industry, newer ceramics, sometimes referred to as electronic or technical
ceramics, are playing a major role in many applications. Glass ceramics
are important for electrical, electronic, and laboratory-ware uses. Glass
ceramics are melted and formed as glasses, then converted, by con-
trolled nucleation and crystal growth, to polycrystalline ceramic mate-
rials.

Manufacture Typically, the manufacture of traditional-ceramic
products involves blending of the finely divided starting materials with
water to form a plastic mass which can be formed into the desired shape.
The plasticity of clay constituents in water leads to excellent forming
properties. Formation processes include extrusion, pressing, and ram-
ming. Unsymmetrical articles can be formed by ‘‘slip-casting’’ tech-
niques, where much of the water is taken up by a porous mold. After the
water content of formed articles has been reduced by drying, the ware is
fired at high temperature for fusion and/or reaction of the components
and for attainment of the desired properties. Firing temperatures can
usually be considerably below the fusion point of the pure components
through the use of a flux, often the mineral feldspar. Following burning,
a vitreous ceramic coating, or glaze, may be applied to render the surface
smooth and impermeable.

Quite different is the fusion casting of some refractories and refractory

Table 6.8.4 Building Brick Made from Clay or S
(Standard specifications, ANSI/ASTM C62-81)

Min compressive
strength (brick flatwise),

lb/in2 gross area

Designation* Avg of 5 Indiv.

Grade SW 3,000 2,500
Grade MW 2,500 2,200

Grade NW 1,500 1,250

* Grade SW includes brick intended for use where a high degree of
brick may be frozen when permeated with water.

Grade MW includes brick intended for use where exposed to temp
where a moderate and somewhat nonuniform degree of resistance to

Grade NW includes brick intended for use as backup or interior ma
action occurs, where the average annual precipitation is less than 20

† The saturation coefficient is the ratio of absorption by 24 h subm
tant to large compressive stresses but fail readily in tension. Resistance
to abrasion, heat, and stains, chemical stability, rigidity, good weather-
ability, and brittleness characterize many common ceramic materials.

Products Many traditional-ceramic products are referred to as
whiteware and include pottery, semivitreous wares, electrical porcelains,
sanitary ware, and dental porcelains. Building products which are ce-
ramic include brick and structural tile and conduit, while refractory
blocks, as well as many abrasives, are also ceramic in nature. Porcelain
enamels for metals are opacified, complex glasses which are designed to
match the thermal-expansion properties of the substrate. Important tech-
nical ceramics include magnetic ceramics, with magnetic properties but
relatively high electrical resistance; nuclear ceramics, including ura-
nium dioxide fuel elements; barium titanate as a material with very high
dielectric constant. Several of the pure oxide ceramics with superior
physical properties are being used in electrical and missile applications
where high melting and deformation temperatures and stability in oxy-
gen are important. Fibrous ceramic composed of ziconium oxide fibers,
such as Zircar, provide optimum combination of strength, low thermal
conductivity, and high temperature resistance to about 2,490°C
(4,500°F). Partially stabilized zirconia, because of its steel-strong and
crack-resisting properties, is finding high-temperature applications, for
example, in diesel engines.

Various forms of ceramics are available from manufacturers such as
paper, ‘‘board,’’ blankets, tapes, and gaskets.

A fair amount of development is under way dealing with reinforcing
ceramics to yield ceramic matrix composite materials. The driving interest
here is potential applications in high-temperature, high-stress environ-
ments, such as those encountered in aircraft and aerospace structural
components. None of the end products are available yet ‘‘off the shelf,’’
and applications are likely to be quite circumscribed and relegated to
solution of very specialized design problems.

Ceramic inserts suitably shaped and mechanically clamped in tool
holders are applied as cutting tools, and they find favor especially for
cutting abrasive materials of the type encountered in sand castings or
forgings with abrasive oxide crusts. They offer the advantage of resist-
ing abrasion at high tool /chip interface temperatures, and consequently
they exhibit relatively long tool life between sharpenings. They tend to
be somewhat brittle and see limited service in operations requiring in-
terrupted cuts; when they are so applied, tool life between sharpenings
is very short.

le

Max water absorption
by 5-h boil, %

Max saturation
coefficient†

vg of 5 Indiv. Avg of 5 Indiv.

17.0 20.0 0.78 0.80
22.0 25.0 0.88 0.90
No limit No limit

resistance to frost action is desired and the exposure is such that the

eratures below freezing but unlikely to be permeated with water or
frost action is permissible.
sonry, or if exposed, for use where no frost action occurs; or if frost

in.
ersion in cold water to that after 5 h submersion in boiling water.
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CLEANSING MATERIALS

REFERENCES: McCutcheon, ‘‘Detergents and Emulsifiers,’’ McCutcheon, Inc.
Schwartz, Perry, and Berch, ‘‘Surface Active Agents and Detergents,’’ Inter-
science. ASTM Special Tech. Pub. 197. Niven, ‘‘Industrial Detergency,’’ Rein-
hold. McLaughlin, ‘‘The Cleaning, Hygiene, and Maintenance Handbook,’’ Pren-
tice-Hall. Hackett, ‘‘Maintenance Chemical Specialties,’’ Chemical Publishing
Co. Bennett (ed.), ‘‘Cold Cleaning with Halogenated Solvents,’’ ASTM Special
Technical Publication 403, 1966. ANSI/ASTM D459, D534-1979 (definitions
and specifications).

tively charged in solution), cationic (positively charged), and nonionic.
Germicidal properties may influence detergent choice.

For specific applications, the supplier should be consulted since there
is a large variety of available formulations and since many detergent
systems contain auxiliary compounds which may be diluents, foam pro-
motors, or alkali chemicals. Additives are designed for pH control,
water softening, and enhanced suspending power. Formulations have
been developed for cleaning food and dairy process equipment, metals
processing, metal cleaning prior to electroplating, textile fiber and fab-
ric processing, and industrial building maintenance. Strong, improperly
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Cleansing is the removal of dirt, soil, and impurities from surfaces of all
kinds. Means of soil attachment to the surface include simple entrap-
ment in interstices, electrostatically held dirt, wetting of the surface with
liquid soils, and soil-surface chemical reaction. A variety of cleansing
systems has been developed which are difficult to classify since several
soil-removal mechanisms are often involved. A liquid suspending me-
dium, an active cleansing agent, and mechanical action are usually
combined. The last may involve mechanical scrubbing, bath agitation,
spray impingement, or ultrasonic energy. Cleansing involves detach-
ment from the surface, suspension of solids or emulsification of liquids,
or dissolution, either physical or by chemical reaction.

Organic Solvents

Both petroleum solvents (mineral spirits or naphtha) and chlorinated hy-
drocarbons (trichloroethylene and perchloroethylene) are used to re-
move solvent-soluble oils, fats, waxes, and greases as well as to flush
away insoluble particles. Petroleum solvents are used in both soak-tank
and spray equipment. Chlorinated hydrocarbons are widely used in
vapor degreasing (where the metal stock or part is bathed in the con-
densing vapor), their high vapor density and nonflammability being
advantageous. Solvent recovery by distillation can be used if the opera-
tion is of sufficient size. Both solvent types are used in garment dry
cleaning with solvent-soluble detergents.

Fluorocarbons such as UCON solvent 113-LRI (trichlorotrifluoroeth-
ane) are nonflammable and are ideal for critical cleaning of mechanical
electrical and electronic equipment, especially for white-room condi-
tions.

Fluorocarbon solvents are highly proscribed and regulated and are to
be used only with utmost care, under close supervision and accountable
control. The reader should become familiar with the several references
pertaining to health hazards of industrial materials listed under Chlorin-
ated Solvents in this section.

Emulsifiable solvent cleaners contain a penetrating solvent and dis-
solved emulsifying agent. Following soaking, the surface is flushed
with hot water, the resulting emulsion carrying away both soil and
solvent. These cleaners are usually extended with kerosinelike solvents.

Alkali Cleansers

Alkali cleansers are water-soluble inorganic compounds, often strong
cleansers. Carbonates, phosphates, pyrophosphates, and caustic soda
are common, with numerous applications in plant maintenance, material
processing, and process-water treatment. Cleansing mechanisms vary
from beneficial water softening and suspension of solids to chemical
reaction in the solubilization of fats and oils. Certain of these com-
pounds are combined with detergents to improve efficiency; these are
referred to as builders. Boiler and process equipment scales can some-
times be controlled or removed with selected alkali cleansers.

Synthetic Detergents

Detergents concentrate strongly at a solid-liquid or liquid-liquid inter-
face and are thus characterized as surface active. In contrast to soaps,
they can be tailored to perform over a wide range of conditions of
temperature, acidity, and presence of dissolved impurities with little or
no foaming. Detergents promote wetting of the surface by the suspend-
ing medium (usually water), emulsification of oils and greases, and sus-
pension of solids without redeposition, the last function being the prime
criterion of a good detergent. Detergents are classified as anionic (nega-
selected detergent systems can cause deterioration of masonry or marble
floors, aluminum window frames, water-based paints, and floor tiles,
whereas detergents matched to the job at hand can result in increased
plant efficiency.

Soaps, the oldest surface-active cleansers, lack the versatility of syn-
thetic detergents but are widely used in the home and in the laundry
industry. Properties depend on the fat or oil and alkali used in their
preparation and include solvent-soluble soaps for dry cleaning.

Chemical cleaners which attack specific soils include dilute acid for
metal oxide removal, for the cleaning of soldered or brazed joints, and
for the removal of carbonate scale in process equipment. Oxalic acid
(usually with a detergent) is effective on rust.

Chelating agents are organic compounds which complex with several
metal ions and can aid in removal of common boiler scales and metal
oxides from metal surfaces.

Steam cleaning in conjunction with a detergent is effective on grease-
laden machinery.

There are numerous cleansers for the hands, including Boraxo, soap
jelly and sawdust, lard for loosening oil grime, and linseed oil for paints;
repeated use of solvents can be hazardous.

Alcohol ethoxylates are nonionic surfactants suitable for use in the
production of maintenance and institutional cleaners. Products such as
Tergitol and Neodol 23-6.5 serve in the formulation of liquid detergents
for household and industrial uses.

Alcohol ethoxysulfates are anionic surfactants which are suited to the
formulation of high-foaming liquid detergents, as for manual dishwash-
ing. They offer the advantages of excellent solubility and biodegrad-
ability. Neodol 25-3S40 also exhibits low sensitivity to water hardness.

Enzyme cleaners containing a combination of bacteria culture, en-
zymes, and nutrients are used to dissolve grease, human waste, and
protein stains.

CORDAGE

REFERENCE: Himmelfarb, ‘‘The Technology of Cordage Fibers and Rope,’’
Textile Book Publishers, Inc. (division of Interscience Publishers, Inc.).

The term cordage denotes any flexible string or line. Usage includes
wrapping, baling, hauling, and power transmission in portable equip-
ment. Twine and cord generally imply lines of 3⁄8 in diam or less, with
larger sizes referred to as rope.

Natural fibers used in cordage are abaca, sisal, hemp, cotton, and jute.
For heavy cordage abaca and manila predominate. Hemp is used for
small, tarred lines, and henequen for agricultural binder twine.

Rope is made by twisting yarns into strands, with the strands (usually
three) twisted (laid) into a line. The line twist may be S or Z (see Sec.
10), generally opposite to the twist of the strands, which, in turn, is
opposite to the twist of the yarns. The term lay designates the number of
turns of the strands per unit length of rope but may also characterize the
rope properties, a function of the degree of twist of each component.
Grades range from soft lay (high ultimate strength) to hard lay (high
abrasion resistance). Cable-laid rope results from twisting together con-
ventional, three-strand rope.

Synthetic fibers are used in cordage because of resistance to rot, high
strength, and other special properties. These fibers include nylon for
strength, polyester (Dacron) for strength and dimensional stability,
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vinyls for chemical-plant use, fiberglass for electrical stability, vinyls
for chemical-plant use, fiberglass for electrical and chemical properties,
and polypropylene for strength and flotation (see Sec. 8).

Braided cordage has been used largely for small diameter lines such as
sash cord and clothesline. However, braided lines are now available in
larger diameters between 2 and 3 in. The strength of braided rope is
slightly superior, and the line has less tendency to elongate in tension
and cannot rotate or unlay under load. These properties are balanced
against a somewhat higher cost than that of twisted rope.

A no. 1 common-lay rope will conform to the strength and weight

strength and no power loss at any frequency; glass has great dielectric
strength yet much lower resistance than air. The ideal insulator is one
having the maximum dielectric strength and resistance, minimum
power loss, and also mechanical strength and chemical stability. Mois-
ture is by far the greatest enemy of insulation; consequently the absence
of hygroscopic quality is desirable.

The common insulating materials are described below. For their elec-
trical properties, see Sec. 15.

Rubber See Rubber and Rubberlike Materials.
Mica and Mica Compounds Mica is a natural mineral varying

la

0.
2.
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table of the Federal Specification TR601A listed below.
For comparison, a nylon rope of a given diameter will have about 3

times the breaking strength given above and a polyester rope about 21⁄2
times the strength of manila. Both have substantially greater flex and
abrasion resistance.

See Table 6.8.5 for manila rope properties.

ELECTRICAL INSULATING MATERIALS

REFERENCES: Plastics Compositions for Dielectrics, Ind. Eng. Chem., 38, 1946,
p. 1090. High Dielectric Ceramics, Ind. Eng. Chem., 38, 1946, p. 1097. Polysty-
rene Plastics as High Frequency Dielectrics, Ind. Eng. Chem., 38, 1946, p. 1121.
Paper Capacitors Containing Chlorinated Impregnants, Ind. Eng. Chem., 38, 1946,
p. 1110. ‘‘Contributions of the Chemist to Dielectrics,’’ National Research Coun-
cil, 1947. National Research Council, Conference on Electrical Insulation, (1)
Annual Report, (2) Annual Digest of Literature on Dielectrics. Von Hippel, ‘‘Di-
electric Materials and Applications,’’ Wiley. Birks (ed.), ‘‘Modern Dielectric Ma-
terials,’’ Academic. Saums and Pendelton, ‘‘Materials for Electrical Insulating
and Dielectric Functions,’’ Hayden Book, Inc. Licari, ‘‘Plastic Coatings for Elec-
tronics,’’ McGraw-Hill. Clark, ‘‘Insulating Materials for Design and Engineering
Practice,’’ Wiley. Mayofis, ‘‘Plastic Insulating Materials,’’ Illiffe, Ltd., London.
Bruins (ed.), ‘‘Plastic for Electrical Insulation,’’ Interscience Publishers. Swiss
Electrochemical Committee, ’’Encyclopedia of Electrical Insulating Materials,’’
Bulletin of the Swiss Association of Electrical Engineers, vol. 48, 1958. ISO
455-3-1 1981. ‘‘1986 Annual Book of ASTM Standards,’’ vols. 10.01–10.03
(Electrical Insulating Materials).

The insulating properties of any material are dependent upon dielectric
strength, or the ability to withstand high voltages without breakdown;
ohmic resistance, or the ability to prevent leakage of small currents; and
power loss, or the absorption of electrical energy that is transformed into
heat. Power loss depends upon a number of influences, particularly the
molecular symmetry of the insulation and frequency of the voltage, and
is the basis of power factor, an important consideration whenever effi-
cient handling of alternating currents is concerned, and a dominating
consideration when high frequencies are used, as in radio circuits. Ma-
terials may have one of these qualities to a far greater extent than the
other; e.g., air has a very high specific resistance but very little dielectric

Table 6.8.5 Weight and Strength of Different Sizes of Mani
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3⁄16 5⁄8 0.015 450 13⁄16 21⁄2
1⁄4 3⁄4 0.020 600 15⁄16 23⁄4

5⁄16 1 0.029 1,000 1 3 0.
3⁄8 11⁄8 0.041 1,350 11⁄16 31⁄4 0.
7⁄16 11⁄4 0.053 1,750 13⁄16 31⁄2 0.

1⁄2 11⁄2 0.075 2,650 11⁄4 33⁄4 0.
9⁄16 13⁄4 0.104 3,450 15⁄16 4 0.

11⁄16 2 0.133 4,400 11⁄2 41⁄2 0.
3⁄4 21⁄4 0.167 5,400 15⁄8 5 0.

The approximate length of coil is 1,200 ft for diam 7⁄16 in and larger. For smaller s
* 1 in 5 0.0254 m; 1 ft 5 0.3048 m.
† 1 lbf 5 4.448 N.
SOURCE: U.S. government specification TR601A, dated Nov. 26, 1935, formulate
widely in color and composition, and occurs in sheets that can be subdi-
vided down to a thickness of 0.00025 in. White mica is best for electri-
cal purposes. The green shades are the softest varieties, and the white
amber from Canada is the most flexible. Mica has high insulating quali-
ties, the best grades having a dielectric strength of 12,000 V per
0.1 mm. Its lack of flexibility, its nonuniformity, and its surface leakage
are disadvantages. To offset these, several mica products have been
developed, in which small pieces of mica are built up into finished
shapes by means of binders such as shellac, gum, and phenolic resins.

Micanite consists of thin sheets of mica built into finished forms with
insulating cement. It can be bent when hot and machined when cold, and
is obtainable in thicknesses of 0.01 to 0.12 in. Flexible micanite plates,
cloth, and paper are also obtainable in various thicknesses. Megohmit is
similar to micanite except that it is claimed not to contain adhesive
matter. It can be obtained in plates, paper, linen, and finished shapes.
Megotalc, built up from mica and shellac, is similar to the above-named
products and is obtainable in similar forms.

Insulating Varnishes Two general types of insulating varnish are
used: (1) asphalt, bitumen, or wax, in petroleum solvent, and (2) drying-
oil varnishes based on natural oils compounded with resins from natural
or synthetic sources. Varnishes have changed greatly in the last few
years, since new oils have become available, and particularly since
phenolic and alkyd resins have been employed in their manufacture.

Silicone varnishes harden by baking and have electrical properties
similar to those of the phenol-aldehyde resins. They are stable at tem-
peratures up to 300°F (138°C). They can be used as wire coatings, and
such wire is used in the manufacture of motors that can operate at high
temperatures.

Impregnating Compounds Bitumens and waxes are used to im-
pregnate motor and transformer coils, the melted mix being forced into
the coil in a vacuum tank, forming a solid insulation when cooled.
Brittle compounds, which gradually pulverize owing to vibration in
service, and soft compounds, which melt and run out under service
temperatures, should be avoided as far as possible.

Oil Refined grades of petroleum oils are extensively used for the
insulation of transformers, switches, and lightning arresters. The fol-
lowing specification covers the essential points:

Rope Specification Values
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195 6,500 113⁄16 51⁄2 0.895 26,500
225 7,700 2 6 1.08 31,000

270 9,000 21⁄4 7 1.46 41,000
313 10,500 25⁄8 8 1.91 52,000
360 12,000 3 9 2.42 64,000

418 13,500 31⁄4 10 2.99 77,000
480 15,000 35⁄8 11 3.67 91,000
600 18,500 4 12 4.36 105,000
744 22,500

izes it is longer, up to 3,000 ft for 3⁄16 in diam.

d jointly by cordage manufacturers and government representatives.
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Specific gravity, 0.860; flash test, not less than 335°F; cold test, not
more than 210°C (14°F); viscosity (Saybolt) at 37.8°C (100°F), not
more than 120 s; loss on evaporation (8 h at 200°F), not more than 0.5
percent; dielectric strength, not less than 35,000 V; freedom from water,
acids, alkalies, saponifiable matter, mineral matter or free sulfur. Mois-
ture is particularly dangerous in oil.

Petroleum oils are used for the impregnation of kraft or manila paper,
after wrapping on copper conductors, to form high-voltage power
cables for services up to 300,000 V. Oil-impregnated paper insulation is
sensitive to moisture, and such cables must be lead-sheathed. The trans-

types, are being used increasingly where fabrication of the electrical
component permits either wrapping or insertion of film chips.

Heat-shrinkable tubing of polyvinylchloride, polyolefin, or polytetra-
fluoroethylene compositions allow for very tight-fitting insulation
around a member, thus affording efficient protection of electrical wires
or cables.

FIBERS AND FABRICS
(See also Cordage.)

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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mission of power at high voltages in underground systems is universally
accomplished by such cables.

Chlorinated Hydrocarbons Chlorinated hydrocarbons have the ad-
vantage of being nonflammable and are used as filling compounds for
transformers and condensers where this property is important. Chlorin-
ated naphthalene and chlorinated diphenyl are typical of this class of
material. They vary from viscous oils to solids, with a wide range of
melting points. The reader is cautioned to investigate the use of such
insulation carefully because of alleged carcinogenic propensities.

Impregnated Fabrics Fabrics serve as a framework to hold a film of
insulating material and must therefore be of proper thickness, texture,
and mechanical strength, and free from nap and acidity. A wide variety
of drying varnishes is used for the impregnation, and the dipping is
followed by baking in high-temperature towers. Varnished cambric is
used for the wrapping of coils and for the insulation of conductors.
These cables have high power factor and must be kept free of moisture,
but they are desirable for resisting electrical surges.

Thermosetting substances of the phenol-aldehyde type and of the urea-
formaldehyde type first soften and then undergo a chemical reaction
which converts them quickly to a strong infusible product. Good prop-
erties are available in the phenolics, while numerous special types have
been developed for high heat resistance, low-power-factor arc resist-
ance, and other specialized properties. A wide variety of resins is avail-
able. The urea plastics are lacking in heat resistance but are suitable for
general-purpose molding and have fair arc resistance.

Thermoplastic resins (see Plastics, below) are used for molding and
extruding electrical insulations. They differ from the thermosetting
resins in that they do not become infusible. Polyethylene softens between
99 and 116°C (210 and 240°F). Its dielectric strength and resistivity are
high, its power factor is only 0.0003, and its dielectric constant is 2.28.
It is used extensively in high-frequency and radar applications and as
insulation on some power and communication cables. Teflon is a fluoro-
carbon resin which has electrical properties similar to those of polyeth-
ylene. Its softening point is 750°F approx, and it extrudes and molds
with difficulty; however, more tractable grades of Teflon are now avail-
able. It is resistant to nearly all chemicals and solvents.

Nylon is a synthetic plastic with interesting mechanical and electrical
properties. It has only fair water resistance. Its melting point is 198 to
249°C (390 to 480°F), and is used for the molding of coil forms. It can
be extruded onto wire in thin layers. Such wires are used in place of the
conventional varnish-coated magnet wires in coils and motors. Opera-
tion may be at temperatures up to 127°C (260°F).

Paper Except in lead-sheathed telephone cables, the present ten-
dency is to use paper only as a backing or framework for an insulating
film or compound, owing to its hygroscopic qualities. Manila and kraft
papers possess the best dielectric and mechanical strength and, when
coated with good insulating varnish, are excellent insulators. Various
types of paraffined paper are used in condensers. (See also Paper,
below.)

Silicone rubber (see Silicones) is a rubberlike material of good physi-
cal properties [tensile strength, 400 to 700 lb/in2 (2.78 to 4.85 3 106

N/m2) elongation, 200 percent]. It can be operated for long periods of
time at temperatures up to 138°C (300°F) or intermittently up to 249°C
(480°F).

Ceramics and glasses find wide usage as insulating materials where
brittleness and lack of flexibility can be tolerated.

Polymeric (plastic) films, particularly the polyester and fluorocarbon
REFERENCES: Matthews-Mauersberger, ‘‘The Textile Fibers,’’ Wiley. Von Ber-
gen and Krauss, ‘‘Textile Fiber Atlas,’’ Textile Book Publishers, Inc. Hess,
‘‘Textile Fibers and Their Use,’’ Lippincott. Sherman and Sherman, ‘‘The New
Fibers,’’ Van Nostrand. Kaswell, ‘‘Textile Fibers, Yarns and Fabrics,’’ Reinhold.
‘‘Harris’ Handbook of Textile Fibers,’’ Waverly House. Kaswell, ‘‘Wellington
Sears Handbook of Industrial Textiles,’’ Wellington Sears Co. Fiber Charts, Tex-
tile World, McGraw-Hill. ASTM Standards. C. Z. Carroll-Porcynski, ‘‘Advanced
Materials; Refractory Fibers, Fibrous Metals, Composites,’’ Chemical Publishing
Co. Marks, Atlas, and Cernia, ‘‘Man-Made Fibers, Fibrous Metals, Composites,’’
Chemical Publishing Co. Marks, Atlas, and Cernia, ‘‘Man-Made Fibers, Science
and Technology,’’ Interscience Publishers. Frazer, High Temperature Resistant
Fibers, Jour. Polymer Sci., Part C, Polymer Symposia, no. 19, 1966. Moncrieff,
‘‘Man-Made Fibers,’’ Wiley. Preston and Economy, ‘‘High Temperature and
Flame Resistant Fibers,’’ Wiley. ANSI/ASTM Standards D1175-D 3940. ANSI/
AATCC Standards 79, 128. ‘‘1986–1994 Annual Book of ASTM Standards,’’
vols. 07.01, 07.02 (Textiles).

Fibers are threadlike structural materials, adaptable for spinning,
weaving, felting, and similar applications. They may be of natural or
synthetic origin and of inorganic or organic composition. Fabrics are
defined by the ASTM as ‘‘planar structures produced by interlacing
yarns, fibers, or filaments.’’ A bonded fabric (or nonwoven fabric) con-
sists of a web of fibers held together with a cementing medium which
does not form a continuous sheet of adhesive material. A braided fabric
is produced by interlacing several ends of yarns such that the paths of
the yarns are not parallel to the fabric axis. A knitted fabric is produced
by interlooping one or more ends of yarn. A woven fabric is produced by
interlacing two or more sets of yarns, fibers or filaments such that the
elements pass each other essentially at right angles and one set of ele-
ments is parallel to the fabric axis. A woven narrow fabric is 12 in or
less in width and has a selvage on either side.

Inorganic Fibers

Asbestos is the only mineral fiber of natural origin. Its demonstrated
carcinogenic properties, when its particles lodge in the lung, have led to
its removal from most consumer products. Formerly ubiquitously ap-
plied as a thermal insulator, e.g., it has now been proscribed from that
use and has been supplanted largely by fiberglass. One of the few re-
maining products in which it is still used is a component in automotive
and aircraft brake shoe material. In that service, its superior heat-resis-
tant property is paramount in the design of the brake shoes, for which
application there is no readily available peer, as to both performance
and economy. The quest for an equivalent substitute continues; eventu-
ally, asbestos may well be relegated to history or to some limited exper-
imental and/or laboratory use. In this environmental climate regarding
asbestos, for further information see Natalis, ‘‘The Asbestos Product
Guide,’’ A&E Insul-Consult Inc., Box 276, Montvale, NJ.

Synthetic mineral fibers are spun glass, rock wool, and slag wool. These
fibers can endure high temperatures without substantial loss of strength.
Glass fibers possess a higher strength-to-weight ratio at the elastic limit
than do other common engineering materials.

Metal filaments (wires) are used as textile fibers where their particular
material properties are important.

Carbon (graphite) fibers, such as Thornel, are high-modulus, highly
oriented structures characterized by the presence of carbon crystallites
(polycrystalline graphite) preferentially aligned parallel to the fiber
axis. Depending on the particular grade, tensile strengths can range
from 10.3 to 241 3 107 N/m2 (15,000 to 350,000 lb/in2). Hybrid com-
posites of carbon and glass fibers find aerospace and industrial applica-
tions.
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Zirconia fibers (ZrO2 1 HFO2 1 stabilizers), such as Zircar, have
excellent temperature resistance to about 2,200°C (4,000°F), and fab-
rics woven from the fibers serve as thermal insulators.

Natural Organic Fibers

The animal fibers include wool from sheep, mohair from goats, camel’s
hair, and silk. Wool is the most important of these, and it may be pro-
cessed to reduce its susceptibility to moth damage and shrinkage. Silk is
no longer of particular economic importance, having been supplanted
by one or another of the synthetic fibers for most applications.

over long periods of time above certain temperatures: cellulose, 149°C
(300°F); cellulose acetate, 93.5°C (200°F); nylon, 224°C (435°F); ca-
sein, 100°C (212°F); and glass, 316°C (600°F).

Creep Textile fibers exhibit the phenomenon of creep at relatively
low loads. When a textile fiber is subjected to load, it suffers three kinds
of distortion: (1) an elastic deformation, closely proportioned to load
and fully and instantly recoverable upon load removal; (2) a primary
creep, which increases at a decreasing rate with time and which is fully,
but not instantaneously, recoverable upon load removal; and (3) a sec-
ondary creep, which varies obscurely with time and load and is com-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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The vegetable fibers of greatest utility consist mainly of cellulose and
may be classified as follows: seed hairs, such as cotton; bast fibers, such
as flax, hemp, jute, and ramie; and vascular fibers. Those containing the
most cellulose are the most flexible and elastic and may be bleached
white most easily. Those which are more lignified tend to be stiff,
brittle, and hard to bleach. Vegetable fibers are much less hygroscopic
than wool or silk.

Mercerized cotton is cotton fiber that has been treated with strong
caustic soda while under tension. The fiber becomes more lustrous,
stronger, and more readily dyeable.

Synthetic Organic Fibers

In recent years, a large and increasing portion of commercial fiber pro-
duction has been of synthetic or semisynthetic origin. These fibers pro-
vide generally superior mechanical properties and greater resistance to
degradation than do natural organic fibers and are available in a variety
of forms and compositions for particular end-use applications. Generic
categories of man-made fibers have been established by the Textile
Fiber Products Identification Act, 15 USC 70, 72 Stat. 1717.

Among the important fibers are rayons, made from regenerated cellu-
lose, plain or acetylated, which has been put into a viscous solution and
extruded through the holes of a spinneret into a setting bath. The types
most common at present are viscose and acetate. Cuprammonium rayon,
saponified acetate rayon, and high-wet-modulus rayon are also manu-
factured and have properties which make them suitable for particular
applications. Rayon is generally less expensive than other synthetic
fibers.

In contrast to these regenerated fibers are a variety of polymer fibers
which are chemically synthesized. The most important is nylon, includ-
ing nylon 6.6, a condensation polymer of hexamethylene diamine-
adipic acid, and nylon 6, a polymer of caprolactam. Nylon possesses
outstanding mechanical properties and is widely used in industrial fab-
rics. Nomex, a high-temperature-resistant nylon retains its most impor-
tant properties at continuous operating temperatures up to 260°C
(500°F). Other polymer fibers possess mechanical or chemical proper-
ties which make them a specific material of choice for specialized ap-
plications. These include polyester fibers, made from polyethylene ter-
ephthalate; acrylic and modacrylic fibers, made from copolymers of
acrylonitrile and other chemicals; Saran, a polymer composed essen-
tially of vinylidene chloride; and the olefins, including polyethylenes
and polypropylene.

Teflon, a fluorocarbon resin, has excellent chemical resistance to
acids, bases, or solvents. Its useful physical properties range from cryo-
genic temperatures to 260°C (500°F), high dielectric strength, low dis-
sipation factor, and high resistivity, along with the lowest coefficient of
friction of any solid. It is nonflammable and is inert to weather and
sunlight.

As part of their manufacture, substantially all synthetic fibers are
drawn (hot- or cold-stretched) after extrusion to achieve desirable
changes in properties. Generally, increases in draw increase breaking
strength and modulus and decrease ultimate elongation.

Proximate Identification of Fibers Fibers are most accurately dis-
tinguished under the microscope, with the aid of chemical reagents and
stains. A useful rough test is burning, in which the odor of burned meat
distinguishes animal fibers from vegetable and synthetic fibers. Animal
fibers, cellulose acetate, and nylon melt before burning and fuse to hard
rounded beads. Cellulose fibers burn off sharply. Cellulose acetate dis-
solves in either acetone or chloroform containing some alcohol.

Heat Endurance Fibers of organic origin lose strength when heated
pletely nonrecoverable upon load removal. The relative amounts of
these three components, acting to produce the total deformation, vary
with the different fibers. The two inelastic components give rise to
mechanical hysteresis on loading and unloading.

Felts and Fabrics

A felt is a compacted formation of randomly entangled fibers. Wool felt
is cohesive because the scaly structure of the wool fibers promotes
mechanical interlocking of the tangled fibers. Felts can be made with
blends of natural or synthetic fibers, and they may be impregnated with
resins, waxes or lubricants for specific mechanical uses. Felts are avail-
able in sheets or cut into washers or shaped gaskets in a wide range of
thicknesses and densities for packing, for vibration absorption, for heat
insulation, or as holders of lubricant for bearings.

Fabrics are woven or knitted from yarns. Continuous-filament syn-
thetic fibers can be made into monofilament or multifilament yarns with
little or no twist. Natural fibers, of relatively short length, and synthetic
staple fibers, which are purposely cut into short lengths, must be twisted
together to form yarns. The amount of twist in yarns and the tension and
arrangement of the weaving determine the appearance and mechanical
properties of fabrics. Staple-fiber fabrics retain less than 50 percent of
the intrinsic fiber strength, but values approaching 100 percent are re-
tained with continuous-filament yarns. Industrial fabrics can be modi-
fied by mechanical and chemical treatments, as well as by coatings and
impregnations, to meet special demands for strength and other mechan-
ical, chemical, and electrical properties or to resist insect, fungus, and
bacterial action and flammability.

Nomenclature There are literally dozens of different numbering
systems for expressing the relationship between yarn weight and length,
all differing and each used in connection with particular fiber types or in
different countries. The most common currently used unit is the denier,
which is the weight in grams of 9,000 m of yarn. A universal system,
based on the tex (the weight in grams of 1,000 m of yarn), has been
approved by the International Standards Organization and by the
ASTM. Relative strengths of fibers and yarns are expressed as the te-
nacity, which reflects the specific gravity and the average cross section
of the yarn. Units are grams per denier (gpd) or grams per tex (gpt).

Many textiles can sustain high-energy impact loads because of their
considerable elongation before rupture. The total work done per unit
length on a fiber or yarn which is extended to the point of rupture can be
approximated by multiplying the specific strength by one-half the final
extension of that length.

Yarn twist direction is expressed as S or Z twist, with the near-side
helical paths of a twisted yarn held in a vertical position comparable in
direction of slope to the center portion of one of these letters. Amount of
twist is expressed in turns per inch (tpi).

Fabrics are characterized by the composition of the fiber material, the
type of weave or construction, the count (the number of yarns per inch
in the warp and the filling directions), and the weight of the fabric,
usually expressed in ounces per running yard. Cover factor is the ratio of
fabric surface covered by yarn to the total fabric surface. Packing factor
is the ratio of fiber volume to total fabric volume.

Tables 6.8.6 to 6.8.8 give physical data and other information about
commercial fibers and yarns. The tabulated quantities involving the
denier should be regarded as approximate; they are not absolute values
such as are used in engineering calculations.

With the continuing phasing out of asbestos products, one can substi-
tute, under appropriate conditions, fiberglass woven fabrics. See Fiber-
glass in this section.
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Table 6.8.6 Fiber Properties*

Width Moisture
Length of or diam Specific regain,‡ Chemical

Kind Source fiber, in of cells, mm gravity % description Principal uses

Cotton Plant seed
hair

5/8–2 8–27 1.52 8.5 Cellulose Industrial, household, apparel

Jute† Plant bast 50–80 15–20 1.48 13.7 Lignocellulose Bagging, twine, carpet backing
Wool Animal 2–16 10–50 1.32 17 Protein Apparel, household, industrial
Viscose Manufactured Any 8–43 1.52 11 Regenerated cellulose Apparel, industrial, household
Cellulose
acetate

Manufactured Any 12–46 1.33 6 Cellulose ester Apparel, industrial, household

Nylon Manufactured Any 8 1.14 4.2 Polyamide Apparel, industrial, household
Casein Manufactured Any 11–28 1.3 4.1 Protein Apparel
Flax† Plant bast 12–36 15–17 1.5 12 Cellulose Household, apparel, industrial
Hemp† Plant bast — 18–23 1.48 12 Cellulose Twine, halyards, rigging
Sisal† Plant leaf 30–48 10–30 — — Lignocellulose Twine, cordage
Manila† Plant leaf 60–140 10–30 — — Lignocellulose Rope, twine, cordage
Ramie† Plant bast 3–10 24–70 1.52 — Cellulose Household, apparel, seines
Silk Silkworm Any 5–23 1.35 11 Protein Apparel, household, industrial
Glass Manufactured Any 3 2.5 0 Fused metal oxides Industrial, household
Dacron Manufactured Any 8 1.38 0.4 Polyester Apparel, industrial, household

1 in 5 0.025 1 m; 1 m 5 1026 m. The more up-to-date term for the micron (m) is the micrometer (mm).
* Adapted from Smith, Textile Fibers, proc. ASTM, 1944; Appel, A Survey of the Synthetic Fibers, Am. Dyestuff Reporter, 34, 1945, pp. 21–26; and other sources.
† These fibers are commercially used as bundles of cells. They vary greatly in width. Width figures given are for the individual cells.
‡ In air at 70°F and 65 percent relative humidity.

Table 6.8.7 Tensile Properties of Single Fibers

Elastic
Breaking Extension recovery at Elastic
tenacity, at break, corresponding modulus,*

Fiber gpd % strain, % gpd

Glass 6.0–7.3 3.0–4.0 100 at 2.9 200–300
Fortisan (rayon) 6.0–7.0 100 at 1.2 150–200

60 at 2.4
Flax 2.6–7.7 2.7–3.3 65 at 2
Nylon 6,6 4.6–9.2 16–32 100 at 8 25–50

FREEZING PREVENTIVES

Common salt is sometimes used to prevent the freezing of water; it does
not, however, lower the freezing point sufficiently to be of use in very
cold weather, and in concentrated solution tends to ‘‘creep’’ and to
crystallize all over the receptacle. It also actively corrodes metals and
has deleterious effects on many other materials, e.g., concrete. For
freezing temperatures, see Sec. 18.

Calcium chloride (CaCl2) is a white solid substance widely used for
preventing freezing of solutions and (owing to its great hygroscopic

ct
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Nylon 6 4.5–8.6 16–40 100 at 8 25–50
Silk 2.4–5.1 10–25 92 at 2 75–125
Saran 1.1–2.3 15–25 95 at 10
Cotton 3.0–4.9 3–7 74 at 2 50–100
Steel (90,000 lb/in2

T.S.)
0.9 28 — 300

Steel (music wire) 3.5 8 — 300
Viscose rayon 1.5–5.0 15–30 82 at 2 50–150
Wool 1.0–1.7 25–35 99 at 2 25–40
Acetate rayon 1.3–1.5 23–34 100 at 1 25–40
Polyester 4.4–7.8 10–25 100 at 2 50–80
Polypropylene 4.0–7.0 15–25 95 at 7 15–50
Polytetrafluoroeth-
ylene

1.7 13 —

* From Kaswell, ‘‘Textile Fibers, Yarns, and Fabrics,’’ Reinhold.
SOURCE: Kaswell ‘‘Wellington Sears Handbook of Industrial Textiles,’’ Wellington Sears

Co., Inc.

Table 6.8.8 Temperature and Chemical Effe

Fiber Temperature limit, °F

Cottom Yellows 250; decomposes 300
Flax 275
Silk Decomposes 300
Glass Softens 1,350
Nylon 6 Sticky 400; melts 420–430

Nylon 6,6 Sticky 455; melts 482
Viscose rayon Decomposes 350–400
Acetate Sticky 350–400; melts 500
Wool Decomposes 275
Asbestos 1,490
Polyester Sticky 455; melts 480
Polypropylene Softens 300–310; melts 325–33
Polyethylene Softens 225–235; melts 230–25
Jute 275

Temperature conversion: tc 5 (5⁄9)(tF 2 32).
SOURCE: Fiber Chart, Textile World, McGraw-Hill, 1962.
power) for keeping sizing materials and other similar substances moist.
It does not ‘‘creep’’ as in the case of salt. It does not rust metal but
attacks solder.

Calcium chloride solutions are much less corrosive on metal if made
alkaline by the use of lime, and also if a trace of sodium chromate is
present. They are not suitable for use in automobile radiators, because
of corrosive action while hot, and because of tendency of any spray
therefrom to ruin the insulation of spark plugs and high-tension cables.
For freezing temperatures, see Sec. 18.

Glycerol is a colorless, viscid liquid without odor and miscible with
water in all proportions. It should have a specific gravity of approxi-
mately 1.25. It has no effect on metals but disintegrates rubber and
loosens up iron rust.

Denatured alcohol is free from the disadvantages of calcium chloride,
salt, and glycerin solutions, but is volatile from water mixtures which

s on Textiles

Resistance
Resistance to to

chemicals mildew

Poor resistance to acids Attacked
Poor resistance to acids Attacked
Attacked Attacked
Resists Resists
Generally good Resists

Generally good Resists
Poor resistance to acids Attacked
Poor resistance to acids Resists
Poor resistance to alkalies Attacked
Resists Resists
Generally good Resists

5 Generally good Resists
0 Generally good Resists

Poor resistance to acids Attacked
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Table 6.8.9 Nonfreezing Percentages by Volume in Solution

Temperature, °C (°F)

2 6.7 (20) 2 12.2 (10) 2 17.8 (0) 2 23.4 (2 10)

Methyl alcohol 13 20 25 30
Prestone 17 25 32 38
Denatured alcohol 17 26 34 42
Glycerol 22 33 40 47

and DS, which are, respectively, 1⁄16 and 1⁄8 in. Both thicknesses are
made in A, B, C, and D grades.

Reflective-coated glass, such as Vari-Tran, insulates by reflecting hot
sun in summer. Various colors are available, with heat transmissions
ranging from 8 to 50 percent.

Borosilicate glass is the oldest type of glass to have significant heat
resistance. It withstands higher operating temperatures than either limed
or lead glasses and is also more resistant to chemical attack. It is used
for piping, sight glasses, boiler-gage glasses, sealed-beam lamps, labo-
ratory beakers, and oven cooking ware. This type of glass was the first
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run hot. A solution containing 50 percent alcohol becomes flammable,
but it is rarely necessary to use more than 30 percent.

Methyl alcohol solutions were sold widely in the past for use as auto-
motive antifreeze. It is an effective antifreeze, but its fumes are poison-
ous and it must be used with extreme care. It has been largely sup-
planted for this use by ethylene glycol solutions, which are applied in
automotive practice and for stationary applications where, e.g., it is
circulated in subgrade embedded pipes and thus inhibits formation of
ice on walking surfaces.

Ethylene glycol (Prestone) is used as a freezing preventive and also
permits the use of high jacket temperatures in aircraft and other engines.
Sp gr 1.125 (1.098) at 32 (77)°F; boiling point, 387°F; specific heat,
0.575 (0.675) at 68 (212)°F. Miscible with water in all proportions.

See Table 6.8.9 for nonfreezing percentages by volume.
Winter-summer concentrates, such as Prestone 11, an ethylene glycol

base combined with patented inhibitor ingredients, give maximum
freezing protection to about 292°F (262°C) at 68 percent mixture, and
to about 234°F (237°C) at 50 percent mixture.

Anti-icing of fuels for aircraft is accomplished by adding ethylene
glycol monomethyl ether mixtures as Prist.

GLASS

REFERENCES: Journal of American Ceramic Society, Columbus, Ohio. Journal
of the Society of Glass Technology, Sheffield, England. Morey, ‘‘Properties of
Glass,’’ Reinhold. Scholes, ‘‘Handbook of the Glass Industry,’’ Ogden-Watney.
‘‘Non-Silica Glasses,’’ Chem. & Met. Eng., Mar. 1946. Phillips, ‘‘Glass the Mira-
cle-Maker,’’ Pitman. Long, ‘‘Propriétés physiques et fusion du verre,’’ Dunod.
Eitel-Pirani-Scheel, ‘‘Glastechnische Tabellen,’’ Springer. Jebsen-Marwedel,
‘‘Glastechnische Fabrikationsfehler,’’ Springer. Shand, ‘‘Glass Engineering
Handbook,’’ McGraw-Hill. Phillips, ‘‘Glass: Its Industrial Applications,’’ Rein-
hold. Persson, ‘‘Flat Glass Technology,’’ Plenum Press, 1969. McMillan,
‘‘Glass-Ceramics,’’ Academic. Pye, Stevens, and La Course (eds.), ‘‘Introduction
to Glass Science,’’ Plenum Press. Jones, ‘‘Glass,’’ Chapman & Hall. Doremus,
‘‘Glass Science,’’ Wiley. Technical Staffs Division, ‘‘Glass,’’ Corning Glass
Works. ANSI/ASTM C ‘‘1986 Annual Book of ASTM Standards,’’ vol. 15.02
(Glass).

Glass is an inorganic product of fusion which has cooled to a rigid
condition without crystallizing. It is obtained by melting together silica,
alkali, and stabilizing ingredients, such as lime, alumina, lead, and bar-
ium. Bottle, plate, and window glass usually contain SiO2 , Al2O3 , CaO,
and Na2O. Small amounts of the oxides of manganese and selenium are
added to obtain colorless glass.

Special glasses, such as fiberglass, laboratory ware, thermometer
glass, and optical glass, require different manufacturing methods and
different compositions. The following oxides are either substituted for
or added to the above base glass: B2O3 , ZnO, K2O, As2O3 , PbO, etc., to
secure the requisite properties. Colored glasses are obtained by adding
the oxides of iron, manganese, copper, selenium, cobalt, chromium,
etc., or colloidal gold.

Molten glass possesses the ability to be fabricated in a variety of ways
and to be cooled down to room temperature rapidly enough to prevent
crystallization of the constituents. It is a rigid material at ordinary tem-
peratures but may be remelted and molded any number of times by the
application of heat. Ordinary glass is melted at about 1,430°C (2,600°F)
and will soften enough to lose its shape at about 594°C (1,100°F).

Window glass is a soda-lime-silica glass, fabricated in continuous
sheets up to a width of 6 ft. The sheets are made in two thicknesses, SS
to carry the Pyrex trademark.
Aluminosilicate glass is similar to borosilicate glass in behavior but is

able to withstand higher operating temperatures. It is used for top-of-
stove cooking ware, lamp parts, and when coated, as resistors for elec-
tronic circuitry.

Plate glass and float glass are similar in composition to window glass.
They are fabricated in continuous sheets up to a width of 15 ft and are
polished on both sides. They may be obtained in various thicknesses and
grades, under names like Parallel-O-Plate and Parallel-O-Float.

Before the introduction of float glass, plate glass sheets were polished
mechanically on both sides, which turned out to be the most expensive
part of the entire production process. Pilkington, in England, invented
the concept of pouring molten glass onto a bed of molten tin and to float
it thereon—hence the name float glass. In that process, the underside of
the glass conforms to the smooth surface of the molten tin surface, and
the top surface flows out to a smooth surface. The entire grinding and
polishing operations are eliminated, with attendant impact on reducing
the cost of the final product. With rare exceptions, all plate glass is
currently produced as float glass.

Safety glass consists of two layers of plate glass firmly held together
by an intermediate layer of organic material, such as polyvinyl butyral.
Safety glass is ordinarily 1⁄4 in thick but can be obtained in various
thicknesses. This plate is shatter proof and is used for windshields, bank
cashier’s windows, etc.

Tempered glass is made from sheet glass in thicknesses up to 1 in. It
possesses great mechanical strength, which is obtained by rapidly chill-
ing the surfaces while the glass is still hot. This process sets up a high
compression on the glass surfaces, which have the capacity of with-
standing very high tensile forces.

Wire glass is a glass having an iron wire screen thoroughly embedded
in it. It offers about 11⁄2 times the resistance to bending that plain glass
does; even thin sheets may be walked on. If properly made, it does not
fall apart when cracked by shocks or heat, and is consequently fire-re-
sistant. It is used for flooring, skylights, fireproof doors, fire walls, etc.

Pressed glass is made by forming heat-softened glass in molds under
pressure. Such articles as tableware, lenses, insulators, and glass blocks
are made by this process.

Glass blocks find wide application for building purposes, where they
form easy-to-clean, attractive, airtight, light-transmitting panels. Glass
blocks, such as Vistabrik, are solid throughout, and exceptionally
rugged and virtually indestructible. Glass blocks manufactured to have
an internal, partially depressurized air gap have energy-conserving, in-
sulating qualities, with ‘‘thermal resistance’’ or R values ranging from
1.1 to almost 2.3 (h ? ft2 ?°F)/Btu. Solar heat transmission can be varied
within wide limits by using different colored glasses and by changing
the reflection characteristics by means of surface sculpting. Standard
blocks are 37⁄8 in thick, and can be had in 6 by 6, 8 by 8, 12 by 12, 3 by 6,
4 by 8, and 4 by 12-in sizes. Thinner blocks are also available.

Fiberglass is a term used to designate articles that consist of a multi-
tude of tiny glass filaments ranging in size from 0.0001 to 0.01 in in
diam. The larger fibers are used in air filters; those 0.0005 in in diam,
for thermal insulation; and the 0.0001- to 0.0002-in-diam fibers, for
glass fabrics, which are stronger than ordinary textiles of the same size.
Insulating tapes made from glass fabric have found wide application in
electrical equipment, such as motors and generators and for mechanical
uses. Woven fiberglass has supplanted woven asbestos, which is no
longer produced.

Glass is used for many structural purposes, such as store fronts and
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tabletops, and is available in thicknesses upward of 5⁄16 in and in plates
up to 72 3 130 in. Plates with customized dimensions to suit specific
architectural requirements are available on special order.

Cellular glass is a puffed variety with about 14–15 million cells per
cubic foot. It is a good heat insulator and makes a durable marine float.
See also Sec. 4.

Vycor is a 96 percent silica glass having extreme heat-shock resis-
tance to temperatures up to 900°C (1,652°F), and is used as furnace
sight glasses, drying trays, and space-vehicle outer windows.

Fused silica (silicon dioxide) in the noncrystalline or amorphous state

of the natural-stone industry—dimension stone and crushed or broken
stone. The uses of the latter vary from aggregate to riprap, in which
stones in a broad range of sizes are used as structural support in a matrix
or to provide weathering resistance. Dimension stones are blocks or
slabs of stone processed to specifications of size, shape, and surface
finish. The largest volume today lies in the use of slabs varying from 1
to 4 in in thickness that are mounted on a structure as a protective and
aesthetic veneer.

There are two major types of natural stone: igneous and metamorphic
stones, composed of tightly interlocking crystals of one or more miner-
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shows the maximum resistance to heat shock and the highest permissi-
ble operating temperature, 900°C (1,652°F) for extended periods, or
1,200°C (2,192°F) for short periods. It has maximum ultraviolet trans-
mission and the highest chemical-attack resistance. It is used for astro-
nomical telescopes, ultrasonic delay lines, and crucibles for growing
single metal crystals.

Vitreous silica, also called fused quartz is made by melting rock crystal
or purest quartz sand in the electric furnace. It is unaffected by changes
of temperature, is fireproof and acid-resistant, does not conduct elec-
tricity, and has practically no expansion under heat. It is used considera-
bly for high-temperature laboratory apparatus. See Plastics, below, for
glass substitutes.

Glass ceramics, such as Pyroceram, are melted and formed as glasses,
then converted by controlled nucleation and crystal growth to polycrys-
talline ceramic materials. Most are opaque and stronger than glass, and
may also be chemically strengthened.

Leaded glass used to fabricate fine crystal (glasses, decanters, vases,
etc.) has a lead content which has been shown to leach out into the liquid
contents if the two are in contact for a long time, certainly in the range
of months or longer. Often the optical properties of this glass are en-
hanced by elaborate and delicate designs cut into the surface. The addi-
tion of lead to the base glass results in a softer product which lends itself
more readily to such detailed artisanry.

Glass beads are used extensively for reflective paints.
Properties of Glass Glass is a brittle material and can be considered

perfectly elastic to the fracture point. The range of Young’s modulus is
4 to 14 3 103 kg/mm2 (6 to 20 3 106 lb/in2), with most commercial
glasses falling between 5.5 and 9.0 3 103 kg/mm2 (8 and 13 3 106

lb/in2). Theory predicts glass strength as high as 3,500 kg/mm2 (5 3 106

lb/in2); fine glass fibers have shown strengths around 700 kg/mm2 (106

lb/in2); however, glass products realize but a fraction of such properties
owing to surface-imperfection stress-concentration effects. Often de-
sign strengths run from 500 to 1,000 times lower than theoretical. Glass
strength also deteriorates when held under stress in atmospheric air
(static fatigue), an apparent result of reaction of water with glass; high-
strength glasses suffer the greater penalty. Glass also exhibits a time-
load effect, or creep, and may even break when subjected to sustained
loads, albeit the stresses induced may be extremely low. There exist
samples of very old glass (centuries old) which, while not broken, show
evidence of plastic flow albeit at ambient temperature all the while. A
cylindrical shape, e.g., will slowly degenerate into a teardrop shape,
with the thickening at the bottom having been caused by the deadweight
alone of the piece of glass. At room temperatures the thermal conduc-
tivity of glasses ranges from 1.6 3 1023 to 2.9 3 1023 cal /(s ?cm2 ?°C/
cm) [4.65 to 8.43 Btu/(h ? ft2 ?°F/in)].

NATURAL STONES

REFERENCES: Kessler, Insley, and Sligh, Jour. Res. NBS, 25, pp. 161–206.
Birch, Schairer, and Spicer, Handbook of Physical Constants, Geol. Soc. Am.
Special Paper 36. Currier, Geological Appraisal of Dimension Stone Deposits,
USGS Bull. 1109. ANSI/ASTM Standards C99–C880. ‘‘1986 Annual Book of
ASTM Standards,’’ vol. 04.08 (Building Stones).

A stone or a rock is a naturally occurring composite of minerals. Stone
has been used for thousands of years as a major construction material
because it possesses qualities of strength, durability, architectural
adaptability, and aesthetic satisfaction. There are two principal branches
als, and sedimentary rocks, composed of cemented mineral grains in
which the cement may or may not be of the same composition as the
grains. The major groups of natural stone used commercially are:

Granite, a visibly crystalline rock made of silicate minerals, primarily
feldspar and quartz. Commercially, ‘‘granite’’ refers to all stones geo-
logically defined as plutonic, igneous, and gneissic.

Marble, generally a visibly carbonate rock; however, microcrystalline
rocks, such as onyx, travertine, and serpentine, are usually included by
the trade as long as they can take a polish.

Limestone, a sedimentary rock composed of calcium or magnesium
carbonate grains in a carbonate matrix.

Sandstone, a sedimentary rock composed chiefly of cemented, sand-
sized quartz grains. In the trade, quartzites are usually grouped with
sandstones, although these rocks tend to fracture through, rather than
around, the grains. Conglomerate is a term used for a sandstone contain-
ing aggregate in sizes from the gravel range up.

The above stones can be used almost interchangeably as dimension
stone for architectural or structural purposes.

Slate, a fine-grained rock, is characterized by marked cleavages by
which the rock can be split easily into relatively thin slabs. Because of
this characteristic, slate was at one time widely used for roofing tiles.
See Roofing Materials, later in this section.

It is still widely applied for other building uses, such as steps, risers,
spandrels, flagstones, and in some outdoor sculptured work.

Formerly, it was used almost universally for blackboards and electri-
cal instrument panels, but it has been supplanted in these applications by
plastic materials. Plastic sheets used as a writing surface for chalk are
properly called chalkboards; the surface on which writing is done with
crayons or fluid tip markers is termed marker board.

Miscellaneous stones, such as traprock (fine-grained black volcanic
rock), greenstone, or argillite, are commonly used as crushed or broken
stone but rarely as dimension stone.

Table 6.8.10 lists physical properties and contains the range of values
that can be obtained from stones in various orientations relative to their
textural and structural anisotropy. For a particular application, where
one property must be exactly determined, the value must be obtained
along a specified axis.

Selected Terms Applying to the Use of
Dimension Stone

Anchor, a metal tie or rod used to fasten stone to backup units.
Arris, the meeting of two surfaces producing an angle, corner, or

edge.
Ashlar, a facing of square or rectangular stones having sawed,

dressed, or squared beds.
Bond stones, stones projecting a minimum of 4 in laterally into the

backup wall; used to tie the wall together.
Cut stone, finished dimension stone—ready to set in place. The finish

may be polished, honed, grooved (for foot traffic), or broken face.
Bearing wall, a wall supporting a vertical load in addition to its own

weight.
Cavity wall, a wall in which the inner and outer parts are separated by

an air space but are tied together with cross members.
Composite wall, a wall in which the facing and backing are of different

materials and are united with bond stones to exert a common reaction
under load. It is considered preferable, however, not to require the fac-
ing to support a load; thus the bond stones merely tie the facing to the
supporting wall, as in the case of a veneer.
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Table 6.8.10 Physical and Thermal Properties of Common Stones
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Granite 160–190 13–55 1.4–5.5 3.5–6.5 4–16 2–6 0.05–0.2 37–88 0.6–3.8 0.02–0.58 20–35 3.6–4.6
Marble 165–179 8–27 0.6–4.0 1.3–6.5 5–11.5 2–4.5 0.1–0.2 8–42 0.4–2.1 0.02–0.45 8–36 3.0–8.5
Slate 168–180 9–10 6–15 2.0–3.6 6–16 2.5–6 0.1–0.3 6–12 0.1–1.7 0.01–0.6 12–26 3.3–5.6
Sandstone 119–168 5–20 0.7–2.3 0.3–3.0 0.7–10 0.3–4 0.1–0.3 2–26 1.9–27.3 2.0–12.0 4–40 3.9–6.7
Limestone 117–175 2.5–28 0.5–2.0 0.8–3.6 3–9 1–4 0.1–0.3 1–24 1.1–31.0 1.0–10.0 20–32 2.8–4.5

Conversion factors: 1 lbm/ft3 5 16,018 kg/m3. 1 lb/in2 5 6.894.8 N/m2. 1 Btu/(ft ? h ? °F) 5 623 W/(m ? °C).

Veneer or faced wall, a wall in which a thin facing and the backing are
of different materials but are not so bonded as to exert a common
reaction under load.

Definitions may be found in ANSI/ASTM, C119-74 (1980).

PAPER

REFERENCES: Calkin, ‘‘Modern Pulp and Papermaking,’’ Reinhold. Griffin and
Little, ‘‘Manufacture of Pulp and Paper,’’ McGraw-Hill. Guthrie, ‘‘The Econom-
ics of Pulp and Paper,’’ State College of Washington Press. ‘‘Dictionary of

ucts are made on multicylinder machines, where layers of fiber are built
up to the desired thickness. Interior plies are often made from waste-
paper furnishes, while surface plies are from bleached, virgin fiber.
Boards are often coated for high brightness and good printing qualities.

Printing papers include publication papers (magazines), book papers,
bond and ledger papers, newsprint, and catalog papers. In all cases,
printability, opacity, and dimensional stability are important.

Linerboard and bag paper are principally unbleached, long-fiber, kraft
products of various weights. Their principal property requirements are
high tensile and bursting strengths.
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Paper,’’ American Pulp and Paper Assoc. Sutermeister, ‘‘Chemistry of Pulp and
Papermaking,’’ Wiley. Casey, ‘‘Pulp and Paper—Chemistry and Technology,’’
Interscience, TAPPI Technical Information Sheets. TAPPI Monograph Series.
‘‘Index of Federal Specifications, Standards and Handbooks,’’ GSA. Lockwoods
Directory of the Paper and Allied Trades. Casey, ‘‘Pulp and Paper; Chemistry and
Chemical Technology,’’ 3 vols., Interscience. Libby (ed.), ‘‘Pulp and Paper
Science and Technology,’’ 2 vols., McGraw-Hill. ASTM Committee D6 on Paper
and Paper Products, ‘‘Paper and Paperboard Characteristics, Nomenclature, and
Significance of Tests,’’ ASTM Special Technical Publication 60-B, 3d ed., 1963.
Britt, ‘‘Handbook of Pulp and Paper Technology,’’ Van Nostrand Reinhold.
Johnson, ‘‘Synthetic Paper from Synthetic Fibers,’’ Noyes Data Corp., New Jer-
sey. ‘‘1986 Annual Book of ASTM Standards,’’ vol. 15.09 (Paper).

Paper Grades

Specific paper qualities are achieved in a number of ways: (1) By select-
ing the composition of the furnish for the paper machine. Usually more
than one pulp (prepared by different pulping conditions or processes) is
required. The ratio of long-fibered pulp (softwood) to short-fibered pulp
(hardwood or mechanical type), the reused-fiber content, and the use of
nonfibrous fillers and chemical additives are important factors. (2) By
varying the paper-machine operation. Fourdrinier wire machines are
most common, although multicylinder machines and high-speed tissue
machines with Yankee driers are also used. (3) By using various finish-
ing operations (e.g., calendering, supercalendering, coating, and lamin-
ating).

There is a tremendous number of paper grades, which are, in turn,
used in a wide variety of converted products. The following broad clas-
sifications are included as a useful guide:

Sanitary papers are tissue products characterized by bulk, opacity,
softness, and water absorbency.

Glassine, greaseproof, and waxing papers—in glassine, high transpar-
ency and density, low grease penetration, and uniformity of formation
are important requirements.

Food-board products require a good brightness and should be odorless
and have good tear, tensile, and fold-endurance properties, opacity, and
printability. More stringent sanitary requirements in current practice
have caused this product to be supplanted largely by foamed plastics
(polyethylene and the like).

Boxboard, misnomered cardboard, and a variety of other board prod-
Corrugating medium, in combined fiberboard, serves to hold the two
linerboards apart in rigid, parallel separation. Stiffness is the most im-
portant property, together with good water absorbency for ease of
corrugation.

Corrugated paper, often misnomered corrugated cardboard, is an end
product of kraft paper, in which a corrugated layer is sandwiched and
glued between two layers of cover paper. The whole assembly, when
the glue has set, results in a material having a high flexural strength
(although it may be directional, depending on whether the material is
flexed parallel or crosswise to the corrugations), and high penetration
strength. For heavier-duty applications, several sandwiches are them-
selves glued together and result in a truly superior load-carrying mate-
rial.

Pulps

The most important source of fiber for paper pulps is wood, although
numerous other vegetable substances are used. Reused fiber (wastepa-
per) constitutes about 30 percent of the total furnish used in paper,
principally in boxboard and other packaging or printing papers.

There are three basic processes used to convert wood to papermaking
fibers: mechanical, chemical, and ‘‘chemimechanical.’’

Mechanical Pulping (Groundwood) Here, the entire log is reduced
to fibers by grinding against a stone cylinder, the simplest route to
papermaking fiber. Wood fibers are mingled with extraneous materials
which can cause weakening and discoloration in the finished paper.
Nonetheless, the resulting pulp imparts good bulk and opacity to a
printing sheet. Some long-fibered chemical pulp is usually added.
Groundwood is used extensively in low-cost, short-service, and throw-
away papers, e.g., newsprint and catalog paper.

Chemical Pulping Fiber separation can also be accomplished by
chemical treatment of wood chips to dissolve the lignin that cements the
fibers together. From 40 to 50 percent of the log is extracted, resulting in
relatively pure cellulosic fiber. There are two major chemical-pulping
processes, which differ both in chemical treatment and in the nature of
the pulp produced. In sulfate pulping, also referred to as the kraft or
alkaline process, the pulping chemicals must be recovered and reused
for economic reasons. Sulfate pulps result in papers of high physical
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strength, bulk, and opacity; low unbleached brightness; slow beating
rates; and relatively poor sheet-formation properties. Both bleached and
unbleached sulfate pulps are used in packaging papers, container board,
and a variety of printing and bond papers. In sulfite pulping, the deligni-
fying agents are sulfurous acid and an alkali, with several variations of
the exact chemical conditions in commercial use. In general, sulfate
pulps have lower physical strength properties and lower bulk and opac-
ity than kraft pulps, with higher unbleached brightness and better sheet-
formation properties. The pulps are blended with groundwood for news-
print and are used in printing and bond papers, tissues, and glassine.

mainder, together with almost all other paper products, finds a ready
market for recycling into other end products. The small portion that
ends up discarded is increasingly used as feedstock for incineration
plants which produce power and/or process steam by converting ‘‘scrap
paper’’ and other refuse to refuse-derived fuel (RDF). See Sec. 7.4.
Only in those geographic areas where it is impractical to collect and
recycle paper does the residue finally find its way to landfill dumps.
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‘‘Chemimechanical’’ processes combine both chemical and mechanical
methods of defibration, the most important commercial process being
the NSSC (Neutral Sulfite Semi Chemical). A wide range of yields and
properties can be obtained.

Bleaching

Chemical pulps may be bleached to varying degrees of brightness, de-
pending on the end use. During some bleaching operations, the remain-
ing lignin is removed and residual coloring matter destroyed. Alterna-
tively, a nondelignifying bleach lightens the color of high-lignin pulps.

Refining

The final character of the pulp is developed in the refining (beating)
operation. Pulp fibers are fibrillated, hydrated, and cut. The fibers are
roughened and frayed, and a gelatinous substance is produced. This
results in greater fiber coherence in the finished paper.

Sizing, Loading, and Coating

Sizing is used, principally in book papers, to make the paper water-re-
pellant and to enhance interfiber bonding and surface characteristics.
Sizing materials may be premixed with the pulp or applied after sheet
formation.

Loading materials, or fillers, are used by the papermaker to smooth the
surface, to provide ink affinity, to brighten color, and to increase opac-
ity. The most widely used fillers are clay and kaolin.

Coatings consisting of pigment and binder are often applied to the
base stock to create better printing surfaces. A variety of particulate,
inorganic materials are combined with binders such as starch or casein
in paper coatings. Coating is generally followed by calendering.

Converting and Packaging

A host of products are made from paper; the converting industry repre-
sents a substantial portion of the total paper industry. Principal products
are in the fine-paper and book-paper fields. Slush pulps are used to
make molded pulp products such as egg cartons and paper plates.

Combinations of paper laminated with other materials such as plastic
film and metal foil have found wide use in the packaging market.

Plastic-Fiber Paper

A tough, durable product, such as Tyvek, can be made from 100 percent
high-density polyethylene fibers by spinning very fine fibers and then
bonding them together with heat and pressure. Binders, sizes, or fillers
are not required. Such sheets combine some of the best properties of the
fabrics, films, and papers with excellent puncture resistance. They can
readily be printed by conventional processes, dyed to pastel colors,
embossed for decorative effects, coated with a range of materials, and
can be folded, sheeted, die-cut, sewn, hot-melt-sealed, glued, and
pasted. Nylon paper, such as Nomex type 410, is produced from short
fibers (floc) and smaller binder particles (fibrids) of a high-tempera-
ture-resistant polyamide polymer, formed into a sheet product without
additional binders, fillers, or sizes, and calendered with heat and pres-
sure to form a nonporous structure. It possesses excellent electrical,
thermal, and mechanical properties, and finds use in the electrical in-
dustry. Fiber impregnation of ordinary paper, using glass or plastic
fibers, produces a highly tear-resistant product.

Recycling

In the current environmentally conscious climate, almost 50 percent of
newsprint itself contains a portion of recycled old newsprint. The re-
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REFERENCES: Abraham, ‘‘Asphalts and Allied Substances,’’ Van Nostrand.
Grondal, ‘‘Certigrade Handbook of Red Cedar Shingles,’’ Red Cedar Shingle
Bureau, Seattle, Wash. ASTM Special Technical Publication 409, ‘‘Engineering
Properties of Roofing Systems,’’ ASTM. Griffin, Jr., ‘‘Manual of Built-up Roof
Systems,’’ McGraw-Hill. ‘‘1986 Annual Book of ASTM Standards,’’ vol. 04.04
(Roofing, Waterproofing and Bituminous Materials).

Asphalt Asphalts are bitumens, and the one most commonly seen in
roofing and paving is obtained from petroleum residuals. These are
obtained by the refining of petroleum. The qualities of asphalt are af-
fected by the nature of the crude and the process of refining. When the
flux asphalts obtained from the oil refineries are treated by blowing air
through them while the asphalt is maintained at a high temperature, a
material is produced which is very suitable and has good weathering
properties.

Coal Tar Coal tar is more susceptible to temperature change than
asphalt; therefore, for roofing purposes its use is usually confined to flat
decks.

Asphalt prepared roofing is manufactured by impregnating a dry roof-
ing felt with a hot asphaltic saturant. A coating consisting of a harder
asphalt compounded with a fine mineral filler is applied to the weather
side of the saturated felt. Into this coating is embedded mineral surfacing
such as mineral granules, powdered talc, mica, or soapstone. The re-
verse side of the roofing has a very thin coating of the same asphalt
which is usually covered with powdered talc or mica to prevent the
roofing from sticking in the package. The surfacing used on smooth-sur-
faced roll roofing is usually powdered talc or mica. The surfacing used on
mineral- or slate-surfaced roll roofing is roofing granules either in natural
colors prepared from slate or artificial colors usually made by applying
a coating to a rock granule base. Asphalt shingles usually have a granular
surfacing. They are made in strips and as individual shingles. The dif-
ferent shapes and sizes of these shingles provide single, double, and
triple coverage of the roof deck.

Materials Used in Asphalt Prepared Roofing The felt is usually
composed of a continuous sheet of felted fibers of selected rag, specially
prepared wood, and high-quality waste papers. The constituents may be
varied to give a felt with the desired qualities of strength, absorbency,
and flexibility. (See above, Fibers and Fabrics.)

The most satisfactory roofing asphalts are obtained by air-blowing a
steam- or vacuum-refined petroleum residual. Saturating asphalts must
possess a low viscosity in order for the felt to become thoroughly im-
pregnated. Coating asphalts must have good weather-resisting qualities
and possess a high fusion temperature in order that there will be no
flowing of the asphalt after the application to the roof.

Asphalt built-up roof coverings usually consist of several layers of as-
phalt-saturated felt with a continuous layer of hot-mopped asphalt be-
tween the layers of felt. The top layer of such a roof covering may
consist of a hot mopping of asphalt only, a top pouring of hot asphalt
with slag or gravel embedded therein, or a mineral-surfaced cap sheet
embedded in a hot mopping of asphalt.

Wood shingles are usually manufactured in three different lengths: 16,
18, and 24 in. There are three grades in each length: no. 1 is the best, and
no. 3 is intended for purposes where the presence of defects is not
objectionable. Red-cedar shingles of good quality are obtainable from
the Pacific Coast; in the South, red cypress from the Gulf states is
preferable. Redwood shingles come 51⁄2 butts to 2 in; lesser thicknesses
are more likely to crack and have shorter life. Shingles 8 in wide or over
should be split before laying. Dimension shingles of uniform width are
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obtainable. Various stains are available for improved weathering resis-
tance and altered appearance.

Asbestos shingles and (siding) are no longer made, but will be found
from applications made in the past. The following is presented for in-
formation in the event the reader has occasion to deal with this product.
They are composed of portland cement reinforced with asbestos fiber
and are formed under pressure. They resist the destructive effects of
time, weather, and fire. Asbestos shingles (American method) weigh
about 500 lb per square (roofing to cover 100 ft2) and carry Under-
writer’s class A label. Asbestos shingles are made in a variety of colors

Asphalt-base aluminum roof coatings are used to renew old asphalt
roofs, and to prolong the service life of smooth-surfaced roofs, new or
old.

Tile Hard-burned clay tiles with overlapping or interlocking edges
cost about the same as slate. They should have a durable glaze and be
well made. Unvitrified tiles with slip glaze are satisfactory in warm
climates, but only vitrified tiles should be used in the colder regions.
Tile roofs weigh from 750 to 1,200 lb per square. Properly made, tile
does not deteriorate, is a poor conductor of heat and cold, and is not as
brittle as slate. Fiberglass, saturated with asphalt and embedded with
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and shapes. Asbestos roofing shingles have either a smooth surface or a
textured surface which represents wood graining.

Slate should be hard and tough and should have a well-defined vein
that is not too coarse. Roofing slates in place will weigh from 650 to
over 1,000 lb per square, depending on the thickness and the degree of
overlap. Prudent roofing practice in installing slate roofs requires use of
copper (or stainless steel) nails and, as appropriate, the installation of
snow guards to prevent snow slides. When applied thus, slate proved
long-lasting and able to maintain weathertight integrity in all climates.
The quarrying is labor-intensive, however, as is the splitting required to
render it into suitably thin pieces; installation labor is extremely expen-
sive, and the substructure must be of heavier than usual construction to
withstand the higher dead load of the roofing slates. For these reasons,
among others, slate is used rarely for roofing in the current market. Slate
roofing is available in a variety of sizes and colors and has good fire
resistance. (See above, Natural Stones.)

Metallic roofings are usually laid in large panels, often strengthened by
corrugating, but they are sometimes cut into small sizes bent into inter-
locking shapes and laid to interlock with adjacent sheets or shingles.
Metallic roofing panels of both aluminum and steel are available with a
variety of prefinished surface treatments to enhance weatherability.
Metal tile and metal shingles are usually made of copper, copper-bear-
ing galvanized steel, tinplate, zinc, or aluminum. The lightest metal
shingle is the one made from aluminum, which weighs approximately
40 lb per square. The metal radiates solar heat, resulting in lower tem-
peratures beneath than with most other types of uninsulated roofs.
Terne-coated stainless steel is unusually resistant to weathering and
corrosion.

Roofing cements and coatings are usually made from asphalt, a fibrous
filler, and solvents to make the cement workable. Asbestos fibers tradi-
tionally were used as filler, but asbestos is no longer used; instead,
fiberglass largely has replaced it. The cements are used for flashings and
repairs and contain slow-drying oils so that they will remain plastic on
long exposure. Roof coatings are used to renew old asphalt roofings.

Table 6.8.11 Elastomeric Membranes

Material

Fluid-applied Neoprene-Hypalon*
Silicone
Polyurethane foam,
Hypalon* coating

Clay-type asphalt
emulsion reinforced
with chopped glass

fibers†

Sheet-applied Chlorinated polyethylene
on foam

Hypalon* on asbestos felt
Neoprene-Hypalon*
Tedlar‡ on asbestos felt
Butyl rubber

Traffic decks Silicone plus sand
Neoprene with aggregate§

* Registered trademark of E. I. du Pont de Nemours & Co., for chlorosu
† Frequently used with coated base sheet.
‡ Registered trademark of E. I. du Pont de Nemours & Co. for polyviny
§ Aggregate may be flint, sand, or crushed walnut shells.
SOURCE: C. W. Griffin, Jr., ‘‘Manual of Built-up Roof Systems,’’ McG
ceramic granules, is made into roof shingles having an exceptionally
long life. Such shingles possess class A fire-resistant qualities, and tend
also to be dimensionally very stable. Glass-fiber mats coated with
weathering-grade asphalt can be had in rolls.

Elastomers

The trend toward irregular roof surfaces—folded plates, hyperbolic
paraboloids, domes, barrel shells—has brought the increased use of
plastics or synthetic rubber elastomers (applied as fluid or sheets) as
roofing membranes. Such membranes offer light weight, adaptability to
any roof slope, good heat reflectivity, and high elasticity at moderate
temperatures. Negatively, elastomeric membranes have a more limited
range of satisfactory substrate materials than conventional ones. Table
6.8.11 presents several such membranes, and the method of use.

RUBBER AND RUBBERLIKE MATERIALS
(ELASTOMERS)

REFERENCES: Dawson and Porritt, ‘‘Rubber: Physical and Chemical Proper-
ties,’’ Research Association of British Rubber Manufacturers. Davis and Blake,
‘‘The Chemistry and Technology of Rubber,’’ Reinhold. ASTM Standards on
Rubber Products. ‘‘Rubber Red Book Directory of the Rubber Industry,’’ The
Rubber Age. Flint, ‘‘The Chemistry and Technology of Rubber Latex,’’ Van Nos-
trand. ‘‘The Vanderbilt Handbook,’’ R. T. Vanderbilt Co. Whitby, Davis, and
Dunbrook, ‘‘Synthetic Rubber,’’ Wiley. ‘‘Rubber Bibliography,’’ Rubber Divi-
sion, American Chemical Society. Noble, ‘‘Latex in Industry,’’ The Rubber Age.
‘‘Annual Report on the Progress of Rubber Technology,’’ Institution of the Rub-
ber Industry. Morton (ed.). ‘‘Rubber Technology,’’ Van Nostrand Reinhold. ISO
188-1982. ‘‘1986 Annual Book of ASTM Standards,’’ vols. 09.01, 09.02 (Rub-
ber).

To avoid confusion by the use of the word rubber for a variety of natural
and synthetic products, the term elastomer has come into use, particu-
larly in scientific and technical literature, as a name for both natural and

Method of application Number of coats or sheets

Roller, brush, or spray 2 1 2
Roller, brush, or spray 2
Spray 2

Spray 1
Adhesive 1

Adhesive 1
Adhesive 1 1 surface paint
Adhesive 1
Adhesive 1

Trowel 1 1 surface coat
Trowel 1 1 surface coat

lfonated polyethylene.

l fluoride.

raw-Hill, 1970, with permission of the publisher.
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synthetic materials which are elastic or resilient and in general resemble
natural rubber in feeling and appearance.

The utility of rubber and synthetic elastomers is increased by com-
pounding. In the raw state, elastomers are soft and sticky when hot, and
hard or brittle when cold. Vulcanization extends the temperature range
within which they are flexible and elastic. In addition to vulcanizing
agents, ingredients are added to make elastomers stronger, tougher, and
harder, to make them age better, to color them, and in general to modify
them to meet the needs of service conditions. Few rubber products today
are made from rubber or other elastomers alone.

used instead of styrene. This type of elastomer is a butadiene-acryloni-
trile copolymer.

Butyl, one of the most important of the synthetic elastomers, is made
from petroleum raw materials, the final process being the copolymeri-
zation of isobutylene with a very small proportion of butadiene or iso-
prene.

Polysulfide rubbers having unique resistance to oxidation and to soft-
ening by solvents are commercially available and are sold under the
trademark Thiokol.

Ethylene-propylene rubbers are notable in their oxidation resistance.
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The elastomers of greatest commercial and technical importance
today are natural rubber, GR-S, Neoprene, nitrile rubbers, and butyl.

Natural rubber of the best quality is prepared by coagulating the latex
of the Hevea brasilensis tree, cultivated chiefly in the Far East. This
represents nearly all of the natural rubber on the market today.

Unloaded vulcanized rubber will stretch to approximately 10 times its
length and at this point will bear a load of 13.8 3 106 N/m2 (10 tons/in2).
It can be compressed to one-third its thickness thousands of times with-
out injury. When most types of vulcanized rubber are stretched, their
resistance increases in greater proportion than the extension. Even when
stretched almost to the point of rupture, they recover very nearly their
original dimensions on being released, and then gradually recover a part
of the residual distortion.

Freshly cut or torn raw rubber possesses the power of self-adhesion
which is practically absent in vulcanized rubber. Cold water preserves
rubber, but if exposed to the air, particularly to the sun, rubber goods
tend to become hard and brittle. Dry heat up to 49°C (120°F) has little
deteriorating effect; at temperatures of 181 to 204°C (360 to 400°F)
rubber begins to melt and becomes sticky; at higher temperatures, it
becomes entirely carbonized. Unvulcanized rubber is soluble in gaso-
line, naphtha, carbon bisulfide, benzene, petroleum ether, turpentine,
and other liquids.

Most rubber is vulcanized, i.e., made to combine with sulfur or sulfur-
bearing organic compounds or with other chemical cross-linking agents.
Vulcanization, if properly carried out, improves mechanical properties,
eliminates tackiness, renders the rubber less susceptible to temperature
changes, and makes it insoluble in all known solvents. It is impossible to
dissolve vulcanized rubber unless it is first decomposed. Other ingre-
dients are added for general effects as follows:

To increase tensile strength and resistance to abrasion: carbon black,
precipitated pigments, as well as organic vulcanization accelerators.

To cheapen and stiffen: whiting, barytes, talc, silica, silicates, clays,
fibrous materials.

To soften (for purposes of processing or for final properties): bitu-
minous substances, coal tar and its products, vegetable and mineral oils,
paraffin, petrolatum, petroleum oils, asphalt.

Vulcanization accessories, dispersion and wetting mediums, etc.:
magnesium oxide, zinc oxide, litharge, lime, stearic and other organic
acids, degras, pine tar.

Protective agents (natural aging, sunlight, heat, flexing): condensa-
tion amines, waxes.

Coloring pigments: iron oxides, especially the red grades, lithopone,
titanium oxide, chromium oxide, ultramarine blue, carbon and lamp-
blacks, and organic pigments of various shades.

Specifications should state suitable physical tests. Tensile strength
and extensibility tests are of importance and differ widely with different
compounds.

GR-S is an outgrowth and improvement of German Buna S. The
quantity now produced far exceeds all other synthetic elastomers. It is
made from butadiene and styrene, which are produced from petroleum.
These two materials are copolymerized directly to GR-S, which is
known as a butadiene-styrene copolymer. GR-S has recently been im-
proved, and now gives excellent results in tires.

Neoprene is made from acetylene, which is converted to vinylacety-
lene, which in turn combines with hydrogen chloride to form chloro-
prene. The latter is then polymerized to Neoprene.

Nitrile rubbers, an outgrowth of German Buna N or Perbunan, are
made by a process similar to that for GR-S, except that acrylonitrile is
Polyurethane elastomers can have a tensile strength up to twice that of
conventional rubber, and solid articles as well as foamed shapes can be
cast into the desired form using prepolymer shapes as starting materials.
Silicone rubbers have the advantages of a wide range of service tempera-
tures and room-temperature curing. Fluorocarbon elastomers are avail-
able for high-temperature service. Polyester elastomers have excellent
impact and abrasion resistance.

No one of these elastomers is satisfactory for all kinds of service
conditions, but rubber products can be made to meet a large variety of
service conditions.

The following examples show some of the important properties re-
quired of rubber products and some typical services where these prop-
erties are of major importance:

Resistance to abrasive wear: auto-tire treads, conveyor-belt covers,
soles and heels, cables, hose covers, V belts.

Resistance to tearing: auto inner tubes, tire treads, footwear, hot-
water bags, hose covers, belt covers, V belts.

Resistance to flexing: auto tires, transmission belts, V belts, (see Sec.
8.2 for information concerning types, sizes, strengths, etc., of V belts),
mountings, footwear.

Resistance to high temperatures: auto tires, auto inner tubes, belts
conveying hot materials, steam hose, steam packing.

Resistance to cold: airplane parts, automotive parts, auto tires, refrig-
eration hose.

Minimum heat buildup: auto tires, transmission belts, V belts, mount-
ings.

High resilience: auto inner tubes, sponge rubber, mountings, elastic
bands, thread, sandblast hose, jar rings, V belts.

High rigidity: packing, soles and heels, valve cups, suction hose,
battery boxes.

Long life: fire hose, transmission belts, tubing, V belts.
Electrical resistivity: electricians’ tape, switchboard mats, electri-

cians’ gloves.
Electrical conductivity: hospital flooring, nonstatic hose, matting.
Impermeability to gases: balloons, life rafts, gasoline hose, special

diaphragms.
Resistance to ozone: ignition distributor gaskets, ignition cables,

windshield wipers.
Resistance to sunlight: wearing apparel, hose covers, bathing caps.
Resistance to chemicals: tank linings, hose for chemicals.
Resistance to oils: gasoline hose, oil-suction hose, paint hose, cream-

ery hose, packinghouse hose, special belts, tank linings, special foot-
wear.

Stickiness: cements, electricians’ tapes, adhesive tapes, pressure-sen-
sitive tapes.

Low specific gravity: airplane parts, forestry hose, balloons.
No odor or taste: milk tubing, brewery and wine hose, nipples, jar

rings.
Special colors: ponchos, life rafts, welding hose.
Table 6.8.12 gives a comparison of some important characteristics of

the most important elastomers when vulcanized. The lower part of the
table indicates, for a few representative rubber products, preferences in
the use of different elastomers for different service conditions without
consideration of cost.

Specifications for rubber goods may cover the chemical, physical,
and mechanical properties, such as elongation, tensile strength, perma-
nent set, and oven tests, minimum rubber content, exclusion of re-
claimed rubber, maximum free and combined sulfur contents, maxi-
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Table 6.8.12 Comparative Properties of Elastomers

Natural Nitrile
rubber GR-S Neoprene rubbers Butyl Thiokol

Tensile properties Excellent Good Very good Good Good Fair
Resistance to abrasive wear Excellent Good Very good Good Good Poor
Resistance to tearing Very good Poor Good Fair Very good Poor
Resilience Excellent Good Good Fair Poor Poor
Resistance to heat Good Fair Good Excellent Good Poor
Resistance to cold Excellent Good Good Good Excellent Poor
Resistance to flexing Excellent Good Very good Good Excellent Poor
Aging properties Excellent Excellent Good Good Excellent Good
Cold flow (creep) Very low Low Low Very low Fairly low High
Resistance to sunlight Fair Fair Excellent Good Excellent Excellent
Resistance to oils and solvents Poor Poor Good Excellent Fair Excellent
Permeability to gases Fairly low Fairly low Low Fairly low Very low Very low
Electrical insulation Fair Excellent Fair Poor Excellent Good
Flame resistance Poor Poor Good Poor Poor Poor

Auto tire tread Preferred Alternate
Inner tube Alternate Preferred
Conveyor-belt cover Preferred Alternate
Tire sidewall Alternate Preferred
Transmission belting Preferred Alternate
Druggist sundries Preferred
Gasoline and oil hose Preferred
Lacquer and paint hose Preferred
Oil-resistant footwear Preferred
Balloons Alternate Preferred
Jar rings Alternate Preferred
Wire and cable insulation Alternate Preferred

mum acetone and chloroform extracts, ash content, and many construc-
tion requirements. It is preferable, however, to specify properties such
as resilience, hysteresis, static or dynamic shear and compression mod-
ulus, flex fatigue and cracking, creep, electrical properties, stiffening,
heat generation, compression set, resistance to oils and chemicals, per-
meability, brittle point, etc., in the temperature range prevailing in ser-
vice, and to leave the selection of the elastomer to a competent manu-
facturer.

Latex, imported in stable form from the Far East, is used for various
rubber products. In the manufacture of such products, the latex must be

valuable for insulation. Hypalon (chlorosulphonated polyethylene) is
highly resistant to many important chemicals, notably ozone and con-
centrated sulfuric acid, for which other rubbers are unsuitable.

SOLVENTS

REFERENCES: Sax, ‘‘Dangerous Properties of Industrial Materials,’’ Reinhold.
Perry, ‘‘Chemical Engineers’ Handbook,’’ McGraw-Hill. Doolittle, ‘‘The Tech-
nology of Solvents and Plasticizers,’’ Wiley. Riddick and Bunger, ‘‘Organic Sol-
vents,’’ Wiley. Mellan, ‘‘Industrial Solvents Handbook,’’ Noges Data Corp., New
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compounded for vulcanizing and otherwise modifying properties of the
rubber itself. Important products made directly from compounded latex
include surgeons’ and household gloves, thread, bathing caps, rubber-
ized textiles, balloons, and sponge. A recent important use of latex is for
‘‘foam sponge,’’ which may be several inches thick and used for cush-
ions, mattresses, etc.

Gutta-percha and balata, also natural products, are akin to rubber
chemically but more leathery and thermoplastic, and are used for some
special purposes, principally for submarine cables, golf balls, and
various minor products.

Rubber Derivatives

Rubber derivatives are chemical compounds and modifications of rub-
ber, some of which have become of commercial importance.

Chlorinated rubber, produced by the action of chlorine on rubber in
solution, is nonrubbery, incombustible, and extremely resistant to many
chemicals. As commercial Parlon, it finds use in corrosion-resistant
paints and varnishes, in inks, and in adhesives.

Rubber hydrochloride, produced by the action of hydrogen chloride on
rubber in solution, is a strong, extensible, tear-resistant, moisture-resis-
tant, oil-resistant material, marketed as Pliofilm in the form of tough
transparent films for wrappers, packaging material, etc.

Cyclized rubber is formed by the action of certain agents, e.g., sulfonic
acids and chlorostannic acid, on rubber, and is a thermoplastic, nonrub-
bery, tough or hard product. One form, Thermoprene, is used in the
Vulcalock process for adhering rubber to metal, wood, and concrete, and
in chemical-resistant paints. Pliolite, which has high resistance to many
chemicals and has low permeability, is used in special paints, paper, and
fabric coatings. Marbon-B has exceptional electrical properties and is
Jersey. ‘‘1986 Annual Book of ASTM Standards,’’ vol: 15.05 (Halogenated Or-
ganic Solvents).

The use of solvents has become widespread throughout industry. The
health of personnel and the fire hazards involved should always be
considered. Generally, solvents are organic liquids which vary greatly in
solvent power, flammability, volatility, and toxicity.

Solvents for Polymeric Materials

A wide choice of solvents and solvent combinations is available for use
with organic polymers in the manufacture of polymer-coated products
and unsupported films. For a given polymer, the choice of solvent sys-
tem is often critical in terms of solvent power, cost, safety, and evapora-
tion rate. In such instances, the supplier of the base polymer should be
consulted.

Alcohols

Methyl alcohol (methanol) is now made synthetically. It is completely
miscible with water and most organic liquids. It evaporates rapidly and
is a good solvent for dyes, gums, shellac, nitrocellulose, and some vege-
table waxes. It is widely used as an antifreeze for automobiles, in shellac
solutions, spirit varnishes, stain and paint removers. It is toxic; imbibi-
tion or prolonged breathing of the vapors can cause blindness. It should
be used only in well-ventilated spaces. Flash point 11°C (52°F).

Ethyl alcohol (ethanol) is produced by fermentation and synthetically.
For industrial use it is generally denatured and sold under various trade
names. There are numerous formulations of specially denatured alco-
hols which can legally be used for specified purposes.

This compound is miscible with water and most organic solvents. It
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evaporates rapidly and, because of its solvent power, low cost, and
agreeable odor, finds a wide range of uses. The common uses are anti-
freeze (see Freezing Preventives, above), shellac solvent, in mixed sol-
vents, spirit varnishes, and solvent for dyes, oils, and animal greases.

Denatured alcohols are toxic when taken orally. Ethyl alcohol vapors
when breathed in high concentration can produce the physiological ef-
fects of alcoholic liquors. It should be used in well-ventilated areas.
Flash point 15.3 to 16.7°C (960 to 62°F).

Isopropyl alcohol (isopropanol) is derived mainly from petroleum
gases. It is not as good a solvent as denatured alcohol, although it can be

widely used in turpentine substitutes for oil paints. Flash point 100 to
110°F.

Kerosine, a No. 1 fuel oil, is a good solvent for petroleum greases,
oils, and fats. Flash point 100 to 165°F.

Chlorinated Solvents

Solvents can pose serious health and environmental problems, therefore
the reader’s attention is called to the following publications: (1)
‘‘Industrial Health and Safety; Mutagens and Carcinogens; Solution;
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used as a substitute for ethyl alcohol in some instances. It is used as a
rubbing alcohol and in lacquer thinners. Flash point is 11°C (52°F).

Butyl alcohol (normal butanol) is used extensively in lacquer and syn-
thetic resin compositions and also in penetrating oils, metal cleaners,
insect sprays, and paints for application over asphalt. It is an excellent
blending agent for otherwise incompatible materials. Flash point is
29°C (84°F).

Esters

Ethyl acetate dissolves a large variety of materials, such as nitrocellulose
oils, fats, gums, and resins. It is used extensively in nitrocellulose lac-
quers, candy coatings, food flavorings, and in chemical synthesis. On
account of its high rate of evaporation, it finds a use in paper, leather,
and cloth coatings and cements. Flash point 24.5°C (24°F).

Butyl acetate is the acetic-acid ester of normal butanol. This ester is
used extensively for dissolving various cellulose esters, mineral and
vegetable oils, and many synthetic resins, such as the vinylites, polysty-
rene, methyl methacrylate, and chlorinated rubber. It is also a good
solvent for natural resins. It is the most important solvent used in lac-
quer manufacture. It is useful in the preparation of perfumes and syn-
thetic flavors. Flash point 22.3°C (72°F).

Amyl acetate, sometimes known as banana oil, is used mainly in lac-
quers. Its properties are somewhat like those of butyl acetate. Flash
point 21.1°C (70°F).

Hydrocarbons

Some industrial materials can be dangerous, toxic, and carcinogenic.
The reader should become familiar with the references listed under
Chlorinated Solvents in this section, which discuss the health hazards of
industrial materials.

The aromatic hydrocarbons are derived from coal-tar distillates, the
most common of which are benzene, toluene, xylene (also known as
benzol, toluol, and xylol), and high-flash solvent naphtha.

Benzene is an excellent solvent for fats, vegetable and mineral oils,
rubber, chlorinated rubber; it is also used as a solvent in paints, lacquers,
inks, paint removers, asphalt, coal tar. This substance should be used
with caution. Flash point 12°F.

Toluene General uses are about the same as benzol, in paints, lac-
quers, rubber solutions, and solvent extractions. Flash point 40°F.

Xylene is used in the manufacture of dyestuffs and other synthetic
chemicals and as a solvent for paints, rubber, lacquer, and varnishes.
Flash point 63°F.

Hi-flash naphtha or coal-tar naphtha is used mainly as a diluent in
lacquers, synthetic enamels, paints, and asphaltic coatings. Flash point
100°F.

Petroleum

These hydrocarbons, derived from petroleum, are, next to water, the
cheapest and most universally used solvents.

V. M. &. P. naphtha, sometimes called benzine, is used by paint and
varnish makers as a solvent or diluent. It finds wide use as a solvent for
fats, oils, greases and is used as a diluent in paints and lacquers. It is also
used as an extractive agent as well as in some specialized fields of
cleansing (fat removal). It is used to compound rubber cement, inks,
varnish removers. It is relatively nontoxic. Flash point 20 to 45°F.

Mineral spirits, also called Stoddard solvent, is extensively used in dry
cleaning because of its high flash point and clean evaporation. It is also
Toxicology,’’ vols. 1 to 3, Wiley. (2) ‘‘Patty’s Industrial Hygiene
and Toxicology,’’ vol. 1 (General Principles), vol. 2 (Toxicology),
vol. 3 (Industrial Hygiene Practices). (3) Peterson, ‘‘Industrial,’’ Pren-
tice-Hall. (4) Sax and Lewis, ‘‘Dangerous Properties of Industrial Ma-
terials,’’ 7th ed., Van Nostrand Reinhold. Section 18 of this hand-
book.

The chlorinated hydrocarbons and fluorocarbon solvents are highly
proscribed for use in industry and in society in general because of the
inherent health and/or environmental problems ascribed to them. These
materials are highly regulated and when used should be handled with
utmost care and under close supervision and accountable control.

Carbon tetrachloride is a colorless nonflammable liquid with a chlor-
oformlike odor. It is an excellent solvent for fats, oils, greases, waxes,
and resins and was used in dry cleaning and in degreasing of wool,
cotton waste, and glue. It is also used in rubber cements and adhesives,
as an extracting agent, and in fire extinguishers. It should be used only
in well-ventilated spaces; prolonged inhalation is extremely dangerous.

Trichlorethylene is somewhat similar to carbon tetrachloride but is
slower in evaporation rate. It is the solvent most commonly used for
vapor degreasing of metal parts. It is also used in the manufacture of
dyestuffs and other chemicals. It is an excellent solvent and is used in
some types of paints, varnishes, and leather coatings.

Tetrachlorethylene, also called perchlorethylene, is nonflammable and
has uses similar to those of carbon tetrachloride and trichlorethylene. Its
chief use is in dry cleaning; it is also used in metal degreasing.

Ketones

Acetone is an exceptionally active solvent for a wide variety of organic
materials, gases, liquids, and solids. It is completely miscible with water
and also with most of the organic liquids. It can also be used as a
blending agent for otherwise immiscible liquids. It is used in the manu-
facture of pharmaceuticals, dyestuffs, lubricating compounds, and pyr-
oxylin compositions. It is a good solvent for cellulose acetate, ethyl
cellulose, vinyl and methacrylate resins, chlorinated rubber, asphalt,
camphor, and various esters of cellulose, including smokeless powder,
cordite, etc. Some of its more common uses are in paint and varnish
removers, the storing of acetylene, and the dewaxing of lubricating oils.
It is the basic material for the manufacture of iodoform and chloroform.
It is also used as a denature for ethyl alcohol. Flash point 0°F.

Methylethylketone (MEK) can be used in many cases where acetone is
used as a general solvent, e.g., in the formulation of pyroxylin cements
and in compositions containing the various esters of cellulose. Flash
point 30°F.

Glycol ethers are useful as solvents for cellulose esters, lacquers, var-
nishes, enamels, wood stains, dyestuffs, and pharmaceuticals.

THERMAL INSULATION

REFERENCES: ‘‘Guide and Data Book,’’ ASHRAE. Glaser, ‘‘Aerodynamically
Heated Structures,’’ Prentice-Hall. Timmerhaus, ‘‘Advances in Cryogenic Engi-
neering,’’ Plenum. Wilkes, ‘‘Heat Insulation,’’ Wiley. Wilson, ‘‘Industrial Ther-
mal Insulation,’’ McGraw-Hill. Technical Documentary Report ML-TDR-64-5,
‘‘Thermophysical Properties of Thermal Insulating Materials,’’ Air Force Materi-
als Laboratory, Research and Technology Division, Air Force Systems Command;
Prepared by Midwest Research Institute, Kansas City, MO. Probert and Hub
(eds.), ‘‘Thermal Insulation,’’ Elsevier. Malloy, ‘‘Thermal Insulation,’’ Van Nos-
trand Reinhold. ‘‘1986 Annual Book of ASTM Standards,’’ vol. 04.06 (Thermal
Insulation). ANSI/ASTM Standards.
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Thermal insulation consisting of a single material, a mixture of materi-
als, or a composite structure is chosen to reduce heat flow. Insulating
effectiveness is judged on the basis of thermal conductivity and depends
on the physical and chemical structure of the material. The heat trans-
ferred through an insulation results from solid conduction, gas conduction,
and radiation. Solid conduction is reduced by small particles or fibers in
loose-fill insulation and by thin cell walls in foams. Gas conduction is
reduced by providing large numbers of small pores (either intercon-
nected or closed off from each other) of the order of the mean free paths
of the gas molecules, by substituting gases of low thermal conductivity,

nated with aluminum foil, and polyester films. Insulations which have
an impervious outer skin or structure require a vaportight sealant at ex-
posed joints to prevent collection of moisture or ice underneath the
insulation. (See also Secs. 12 and 19.)

Loose-fill insulations include powders and granules such as perlite,
vermiculite (an expanded form of mica), silica aerogel, calcium silicate,
expanded organic plastic beads, granulated cork (bark of the cork tree),
granulated charcoal, redwood wool (fiberized bark of the redwood tree),
and synthetic fibers. The most widely used fibers are those made of
glass, rock, or slag produced by centrifugal attenuation or attenuation by
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or by evacuating the pores to a low pressure. Radiation is reduced by
adding materials which absorb, reflect, or scatter radiant energy. (See
also Sec. 4, Transmission of Heat by Conduction and Convection.)

The performance of insulations depends on the temperature of the
bounding surfaces and their emittance, the insulation density, the type
and pressure of gas within the pores, the moisture content, the thermal
shock resistance, and the action of mechanical loads and vibrations. In
transient applications, the heat capacity of the insulation (affecting the
rate of heating or cooling) has to be considered.

The form of the insulations can be loose fill (bubbles, fibers, flakes,
granules, powders), flexible (batting, blanket, felt, multilayer sheets,
and tubular), rigid (block, board, brick, custom-molded, sheet and pipe
covering), cemented, foamed-in-place, or sprayed.

The choice of insulations is dictated by the service-temperature range
as well as by design criteria and economic considerations.

Cryogenic Temperatures [below 2102°C
(2150°F)]
(See also Sec. 19.)

At the low temperatures experienced with cryogenic liquids, evacuated
multilayer insulations, consisting of a series of radiation shields of high
reflectivity separated by low-conductivity spacers, are effective materi-
als. Radiation shield materials are aluminum foils or aluminized polyes-
ter films used in combination with spacers of thin polyester fiber or
glass-fiber papers; radiation shields of crinkled, aluminized polyester
film without spacers are also used. To be effective, multilayer insula-
tions require a vacuum of at least 1024 mmHg. Evacuated powder and
fiber insulations can be effective at gas pressures up to 0.1 mmHg over a
wide temperature range. Powders include colloidal silica (8 3 1027 in
particle diam), silica aerogel (1 3 1026 in), synthetic calcium silicate
(0.001 in), and perlite (an expanded form of glassy volcanic lava parti-
cles, 0.05 in diam). Powder insulations can be opacified with copper,
aluminum, or carbon particles to reduce radiant energy transmis-
sion. Fiber insulations consist of mats of fibers arranged in ordered paral-
lel layers either without binders or with a minimum of binders. Glass
fibers (1025 in diam) are used most frequently. For large process installa-
tions and cold boxes, unevacuated perlite powder or mineral fibers are
useful.

Cellular glass (see Glass, this section) can be used for temperatures as
low as 2450°F (2268°C) and has found use on liquefied natural gas
tank bases.

Foamed organic plastics, using either fluorinated hydrocarbons or
other gases as expanding agents, are partially evacuated when gases
within the closed cells condense when exposed to low temperatures.
Polystyrene and polyurethane foams are used frequently. Gastight
barriers are required to prevent a rise in thermal conductivity with aging
due to diffusion of air and moisture into the foam insulation. Gas
barriers are made of aluminum foil, polyester film, and polyester film
laminated with aluminum foil.

Refrigeration, Heating, and Air Conditioning
up to 120°C (250°F)

At temperatures associated with commercial refrigeration practice and
building insulation, vapor barriers resistant to the diffusion of water
vapor should be installed on the warm side of most types of insulations
if the temperature within the insulation is expected to fall below the dew
point (this condition would lead to condensation of water vapor within
the insulation and result in a substantial decrease in insulating effective-
ness). Vapor barriers include oil- or tar-impregnated paper, paper lami-
hot gases.
Flexible or blanket insulations include those made from organically

bonded glass fibers; rock wool, slag wool, macerated paper, or hair felt
placed between or bonded to paper laminate (including vapor-barrier
material) or burlap; foamed organic plastics in sheet and pad form
(polyurethane, polyethylene); and elastomeric closed-cell foam in
sheet, pad, or tube form.

Rigid or board insulations (obtainable in a wide range of densities and
structural properties) include foamed organic plastics such as polysty-
rene (extended or molded beads); polyurethane, polyvinyl chloride,
phenolics, and ureas; balsa wood, cellular glass, and corkboard (com-
pressed mass of baked-cork particles).

Moderate Temperatures [up to 650°C (1200°F)]

The widest use of a large variety of insulations is in the temperature
range associated with power plants and industrial equipment. Inorganic
insulations are available for this temperature range, with several capable
of operating over a wider temperature range.

Loose-fill insulations include diatomaceous silica (fossilized skeletons
of microscopic organisms), perlite, vermiculite, and fibers of glass,
rock, or slag. Board and blanket insulations of various shapes and de-
grees of flexibility and density include glass and mineral fibers, asbes-
tos paper, and millboard [asbestos is a heat-resistant fibrous mineral
obtained from Canadian (chrysotile) or South African (amosite) depos-
its]; asbestos fibers bonded with sodium silicate, 85 percent basic mag-
nesium carbonate, expanded perlite bonded with calcium silicate, cal-
cium silicate reinforced with asbestos fibers, expanded perlite bonded
with cellulose fiber and asphalt, organic bonded mineral fibers, and
cellulose fiberboard.

Sprayed insulation (macerated paper or fibers and adhesive or frothed
plastic foam), insulating concrete (concrete mixed with expanded perlite
or vermiculite), and foamed-in-place plastic insulation (prepared by mix-
ing polyurethane components, pouring the liquid mix into the void, and
relying on action of generated gas or vaporization of a low boiling
fluorocarbon to foam the liquid and fill the space to be insulated) are
useful in special applications.

Reflective insulations form air spaces bounded by surfaces of high
reflectivity to reduce the flow of radiant energy. Surfaces need not be
mirror bright to reflect long-wavelength radiation emitted by objects
below 500°F. Materials for reflective insulation include aluminum foil
cemented to one or both sides of kraft paper and aluminum particles
applied to the paper with adhesive. Where several reflective surfaces are
used, they have to be separated during the installation to form airspaces.

Cellular glass can be used up to 900°F (482°C) alone and to 1,200°F
(649°C) or higher when combined with other insulating materials and
jackets.

High Temperatures [above 820°C (1,500°F)]

At the high temperatures associated with furnaces and process applica-
tions, physical and chemical stability of the insulation in an oxidizing,
reducing, or neutral atmosphere or vacuum may be required. Loose-fill
insulations include glass fibers 538°C (1,000°F) useful temperature
limit, asbestos fibers 650°C (1,200°F), fibrous potassium titanate
1,040°C (1,900°F), alumina-silica fibers 1,260°C (2,300°F), micro-
quartz fibers, 1,370°C (2,500°F), opacified colloidal alumina 1,310°C
(2,400°F in vacuum), zirconia fibers 1,640°C (3,000°F), alumina bub-
bles 1,810°C (3,300°F), zirconia bubbles 2,360°C (4,300°F), and car-
bon and graphite fibers 2,480°C (4,500°F) in vacuum or an inert atmo-
sphere.
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Rigid insulations include reinforced and bonded colloidal silica
1,090°C (2,000°F), bonded diatomaceous earth brick 1,370°C
(2,500°F), insulating firebrick (see Refractories, below), and aniso-
tropic pyrolitic graphite (100 : 1 ratio of thermal conductivity parallel to
surface and across thickness).

Reflective insulations, forming either an airspace or an evacuated
chamber between spaced surfaces, include stainless steel, molybdenum,
tantalum, or tungsten foils and sheets.

Insulating cements are based on asbestos, mineral, or refractory fibers
bonded with mixtures of clay or sodium silicate. Lightweight, castable

Materials and Technology,’’ Wiley. Norton, ‘‘Refractories,’’ 4th ed., McGraw-
Hill. Clauss, ‘‘Engineer’s Guide to High-Temperature Materials,’’ Addison-Wes-
ley. Shaw, ‘‘Refractories and Their Uses,’’ Wiley. Chesters, ‘‘Refractories; Pro-
duction and Properties,’’ The Iron and Steel Institute, London. ‘‘1986 Annual
Book of ASTM Standards,’’ vol. 15.01 (Refractories). ANSI Standards B74.10–
B74.8.

Types of Refractories

Fire-Clay Refractories Fire-clay brick is made from fire clays,
which comprise all refractory clays that are not white burning. Fire
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insulating materials consisting of mineral or refractory fibers in a cal-
cium aluminate cement are useful up to 2,500°F.

Ablators are composite materials capable of withstanding high tem-
peratures and high gas velocities for limited periods with minimum
erosion by subliming and charring at controlled rates. Materials include
asbestos, carbon, graphite, silica, nylon or glass fibers in a high-temper-
ature resin matrix (epoxy or phenolic resin), and cork compositions.

SILICONES
(See also discussion in Sealants later.)

Silicones are organosilicon oxide polymers characterized by remarkable
temperature stability, chemical inertness, waterproofness, and excellent
dielectric properties. The investigations of Prof. Kipping in England for
over forty years established a basis for the development of the numerous
industrially important products now being made by the Dow-Corning
Corp. of Medland, Mich., the General Electric Co., and by others.
Among these products are the following:

Water repellents in the form of extremely thin films which can be
formed on paper, cloth, ceramics, glass, plastics, leather, powders, or
other surfaces. These have great value for the protection of delicate
electrical equipment in moist atmospheres.

Oils with high flash points [above 315°C (600°F)], low pour points,
284.3°C (2120°F), and with a constancy of viscosity notably superior
to petroleum products in the range from 260 to 273.3°C (500 to
2100°F). These oil products are practically incombustible. They are in
use for hydraulic servomotor fluids, damping fluids, dielectric liquids
for transformers, heat-transfer mediums, etc., and are of special value in
aircraft because of the rapid and extreme temperature variations to
which aircraft are exposed. At present they are not available as lubri-
cants except under light loads.

Greases and compounds for plug cocks, spark plugs, and ball bearings
which must operate at extreme temperatures and speeds.

Varnishes and resins for use in electrical insulation where tempera-
tures are high. Layers of glass cloth impregnated with or bounded by
silicone resins withstand prolonged exposure to temperatures up to
260°C (500°F). They form paint finishes of great resistance to chemical
agents and to moisture. They have many other industrial uses.

Silicone rubbers which retain their resiliency for 245 to 270°C (250
to 520°F) but with much lower strength than some of the synthetic
rubbers. They are used for shaft seals, oven gaskets, refrigerator gas-
kets, and vacuum gaskets.

Dimethyl silicone fluids and emulsions; organomodified silicone
fluids and emulsions; organomodified reactive silicone fluids and
emulsions; and silicone antifoam fluids, compounds, and emulsions
find applications in coatings, paints, inks, construction, electrical and
electronic industries, the foundry industry, etc.

REFRACTORIES

REFERENCES: Buell, ‘‘The Open-Hearth Furnace,’’ 3 vols., Penton. Bull. R-2-E,
The Babcock & Wilcox Co. ‘‘Refractories,’’ General Refractories Co. Chesters,
‘‘Steel Plant Refractories,’’ United Steel Companies, Ltd. ‘‘Modern Refractory
Practice,’’ Harbison Walker Refractories Co. Green and Stewart, ‘‘Ceramics: A
Symposium,’’ British Ceramic Soc. ASTM Standards on Refractory Materials
(Committee C-8). Trinks, ‘‘Industrial Furnaces,’’ vol. I, Wiley. Campbell, ‘‘High
Temperature Technology,’’ Wiley. Budnikov, ‘‘The Technology of Ceramics and
Refractories,’’ MIT Press. Campbell and Sherwood (eds.), ‘‘High-Temperature
clays can be divided into plastic clays and hard flint clays; they may also
be classified as to alumina content.

Firebricks are usually made of a blended mixture of flint clays and
plastic clays which is then formed, after mixing with water, to the
required shape. Some or all of the flint clay may be replaced by highly
burned or calcined clay, called grog. A large proportion of modern
bricks are molded by the dry press or power press process where the
forming is carried out under high pressure and with a low water content.
Some extruded and hand-molded bricks are still made.

The dried bricks are burned in either periodic or tunnel kilns at tem-
peratures varying between 1,200 and 1,480°C (2,200 and 2,700°F).
Tunnel kilns give continuous production and a uniform temperature of
burning.

Fire-clay bricks are used for boiler settings, kilns, malleable-iron
furnaces, incinerators, and many portions of steel and nonferrous metal
furnaces. They are resistant to spalling and stand up well under many
slag conditions, but are not generally suitable for use with high lime
slags, fluid-coal ash slags, or under severe load conditions.

High-alumina bricks are manufactured from raw materials rich in alu-
mina, such as diaspore and bauxite. They are graded into groups with
50, 60, 70, 80, and 90 percent alumina content. When well fired, these
bricks contain a large amount of mullite and less of the glassy phase
than is present in firebricks. Corundum is also present in many of these
bricks. High-alumina bricks are generally used for unusually severe
temperature or load conditions. They are employed extensively in lime
kilns and rotary cement kilns, the ports and regenerators of glass tanks,
and for slag resistance in some metallurgical furnaces; their price is
higher than that for firebrick.

Silica bricks are manufactured from crushed ganister rock containing
about 97 to 98 percent silica. A bond consisting of 2 percent lime is
used, and the bricks are fired in periodic kilns at temperatures of 1,480
to 1,540°C (2,700 to 2,800°F) for several days until a stable volume is
obtained. They are especially valuable where good strength is required
at high temperatures. Recently, superduty silica bricks are finding some
use in the steel industry. They have a lowered alumina content and often
a lowered porosity.

Silica brick are used extensively in coke ovens, the roofs and walls of
open-hearth furnaces, in the roofs and sidewalls of glass tanks, and as
linings of acid electric steel furnaces. Although silica brick is readily
spalled (cracked by a temperature change) below red heat, it is very
stable if the temperature is kept above this range, and for this reason
stands up well in regenerative furnaces. Any structure of silica brick
should be heated up slowly to the working temperature; a large structure
often requires 2 weeks or more to bring up.

Magnesite bricks are made from crushed magnesium oxide which is
produced by calcining raw magnesite rock to high temperatures. A rock
containing several percent of iron oxide is preferable, as this permits the
rock to be fired at a lower temperature than if pure materials were used.
Magnesite bricks are generally fired at a comparatively high tempera-
ture in periodic or tunnel kilns, though large tonnages of unburned
bricks are now produced. The latter are made with special grain sizing
and a bond such as an oxychloride. A large proportion of magnesite
brick made in this country uses raw material extracted from seawater.

Magnesite bricks are basic and are used whenever it is necessary to
resist high lime slags, e.g., formerly in the basic open-hearth furnace.
They also find use in furnaces for the lead and copper refining industry.
The highly pressed unburned bricks find extensive use as linings for
cement kilns. Magnesite bricks are not so resistant to spalling as fire-
clay bricks.
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Dolomite This rock contains a mixture of Mg(OH)2 and Ca(OH2),
is calcined, and is used in granulated form for furnace bottoms.

Chrome bricks are manufactured in much the same way as magnesite
bricks but are made from natural chromite ore. Commercial ores always
contain magnesia and alumina. Unburned hydraulically pressed chrome
bricks are also made.

Chrome bricks are very resistant to all types of slag. They are used as
separators between acid and basic refractories, also in soaking pits and
floors of forging furnaces. The unburned hydraulically pressed bricks
now find extensive use in the walls of the open-hearth furnace and are

They are particularly suitable for constructing experimental or labora-
tory furnaces because they can be cut or machined readily to any shape.
However, they are not resistant to fluid slag.

There are a number of types of special brick, obtainable from individ-
ual manufactories. High burned kaolin refractories are particularly
valuable under conditions of severe temperature and heavy load, or
severe spalling conditions, as in the case of high temperature oil-fired
boiler settings, or piers under enameling furnaces. Another brick for the
same uses is a high-fired brick of Missouri aluminous clay.

There are a number of bricks on the market made from electrically

. .

. .

. .
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often enclosed in a metal case. Chrome bricks are used in sulfite recov-
ery furnaces and to some extent in the refining of nonferrous metals.
Basic bricks combining various proportions of magnesite and chromite
are now made in large quantities and have advantages over either mate-
rial alone for some purposes.

The insulating firebrick is a class of brick which consists of a highly
porous fire clay or kaolin. They are lightweight (about one-half to one-
sixth that of fireclay), low in thermal conductivity, and yet sufficiently
resistant to temperature to be used successfully on the hot side of the
furnace wall, thus permitting thin walls of low thermal conductivity and
low heat content. The low heat content is particularly valuable in saving
fuel and time on heating up, allows rapid changes in temperature to be
made, and permits rapid cooling. These bricks are made in a variety of
ways, such as mixing organic matter with the clay and later burning it
out to form pores; or a bubble structure can be incorporated in the
clay-water mixture which is later preserved in the fired brick. The insu-
lating firebricks are classified into several groups according to the max-
imum use limit; the ranges are up to 872, 1,090, 1,260, 1,420, and above
1,540°C (1,600, 2,000, 2,300, 2,600, and above 2,800°F).

Insulating refractories are used mainly in the heat-treating industry
for furnaces of the periodic type; the low heat content permits notewor-
thy fuel savings as compared with firebrick. They are also extensively in
stress-relieving furnaces, chemical-process furnaces, oil stills or heat-
ers, and in the combustion chambers of domestic-oilburner furnaces.
They usually have a life equal to the heavy bricks that they replace.

Table 6.8.13 Chemical Composition of Typical Refractories*

No. Refractory type Si
O

2

A
l 2

O
3

Fe
2O

3

T
iO

2

1 Alumina (fused) 8–10 85–90 1–1.5 1.5–2.2
2 Chrome 6 23 15† . . . . . . .
3 Chrome (unburned) 5 18 12† . . . . . . .

4 Fireclay (high-heat

duty)
50–57 36–42 1.5–2.5 1.5–2.5 . .

5 Fireclay (super-
duty)

52 43 1 2 . .

6 Forsterite 34.6 0.9 7.0 . . . . . . . 1.3
7 High-alumina 22–26 68–72 1–1.5 3.5 . .
8 Kaolin 52 45.4 0.6 1.7 0.1
9 Magnesite 3 2 6 . . . . . . . 3

10 Magnesite (un-
burned)

5 7.5 8.5 . . . . . . . 2

11 Magnesite (fused) . . . . . . . . . . . . . . . . . . . . . . . . . . . .
12 Refractory porce-

lain
25–70 25–60 . . . . . . . . . . . . . . . .

13 Silica 96 1 1 . . . . . . . 2
14 Silicon carbide

(clay-bonded)
7–9 2–4 0.3–1 1 . .

15 Sillimanite (mul-
lite) 35 62 0.5 1.5 . .

16 Insulating firebrick
(2,600°F)

57.7 36.8 2.4 1.5 0.6

E 5 excellent. G 5 good. F 5 fair. P 5 poor.
* Many of these data have been taken from a table prepared by Trostel, Chem. Met. Eng., Nov. 1
† As FeO.
‡ Includes lime and magnesia.
§ Excellent if left above 1200°F.
¶ Oxidizing atmosphere.
fused materials, such as fused mullite, fused alumina, and fused zircon.
These bricks, although high in cost, are particularly suitable for certain
severe conditions, such as bottoms and walls of glass-melting furnaces.

Bricks of silicon carbon, either nitride or clay bonded, have a high
thermal conductivity and find use in muffle walls and as a slag-resisting
material.

Other types of refractory that find certain limited use are forsterite and
zirconia. Acid-resisting bricks consisting of a dense body like stoneware
are used for lining tanks and conduits in the chemical industry. Carbon
blocks are used as linings for the crucibles of blast furnaces.

The chemical composition of some of the refractories is given in Table
6.8.13. The physical properties are given in Table 6.8.14. Reference
should be made to ASTM Standards for details of standard tests, and to
ANSI Standards for further specifications and properties.

Standard and Special Shapes

There are a large number of standard refractory shapes carried in stock
by most manufacturers. Their catalogs should be consulted in selecting
these shapes, but the common ones are shown in Table 6.8.15. These
shapes have been standardized by the American Refractories Institute
and by the Bureau of Simplification of the U.S. Department of Com-
merce.

Regenerator tile sizes a 3 b 3 c are: 18 3 6 or 9 3 3; 18 3 9 or 12 3
4; 221⁄2 3 6 or 9 3 3; 221⁄2 3 9 or 12 3 4; 27 3 9 3 3; 27 3 9 or 12 3 4;
311⁄2 3 12 3 4; 36 3 12 3 4.
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Table 6.8.14 Physical Properties of Typical Refractories*
(Refractory numbers refer to Table 6.8.13)

Fusion point

Refractory
no. °F

Pyrometric
cone

Deformation under load,
% at °F and lb/in2

Spalling
resistance

Reheat shrinkage
after 5 h, % at (°F)

Wt. of straight
9-in brick, lb

1 3,3901 39 1 1 at 2,730 and 50 Good 1 0.5 (2,910) 9–10.6
2 3,580 1 41 1 Shears 2,740 and 28 Poor 2 0.5 to 1.0 (3,000) 11.0
3 3,580 1 41 1 Shears 2,955 and 28 Fair 2 0.5 to 1.0 (3,000) 11.3
4 3,060–3,170 31–33 2.5–10 at 2,460 and 25 Good 6 0 to 1.5 (2,550) 7.5
5 3,170–3,200 33–34 2–4 at 2,640 and 25 Excellent 6 0 to 1.5 (2,910) 8.5
6 3,430 40 10 at 2,950 Fair . . . . . . . . . . . . . . . . 9.0
7 3,290 36 1–4 at 2,640 and 25 Excellent 2 2 to 4 (2,910) 7.5
8 3,200 34 0.5 at 2,640 and 25 Excellent 2 0.7 to 1.0 (2,910) 7.7
9 3,580 1 41 1 Shears 2,765 and 28 Poor 2 1 to 2 (3,000) 10.0

10 3,580 1 41 1 Shears 2,940 and 28 Fair 2 0.5 to 1.5 (3,000) 10.7
11 3,580 1 41 1 Fair . . . . . . . . . . . . . . . . 10.5
12 2,640–3,000 16–30 Good
13 3,060–3,090 31–32 Shears 2,900 and 25 Poor† 1 0.5 to 0.8 (2,640) 6.5
14 3,390 39 0–1 at 2,730 and 50 Excellent 1 2‡ (2,910) 8–9.3
15 3,310–3,340 37–38 0–0.5 at 2,640 and 25 Excellent 2 0 to 0.8 (2,910) 8.5
16 2,980–3,000 29–30 0.3 at 2,200 and 10 Good 2 0.2 (2,600) 2.25

Mean thermal conductivity, Btu/(ft2 ?h ?°F ? in)

Mean temperatures between hot and cold face, °F

Refractory
no. Porosity

Specific heat at
60–1,200°F

Mean coefficient of thermal
expansion from 60°F
shrinkage point 3 105 200 400 800 1,200 1,600 2,000 2,400

1 20–26 0.20 0.43 . . . 20 22 24 27 30 32
2 20–26 0.20 0.56 . . . 8 9 10 11 12 12
3 10–12 0.21
4 15–25 0.23 0.25–0.30 5 6 7 8 10 11 12
5 12–15 0.23 0.25–0.30 6 7 8 9 10 12 13
6 23–26 0.25
7 28–36 0.23 0.24 6 7 8 9 10 12 13
8 18 0.22 0.23 . . . . . . . 11 12 13 13 14
9 20–26 0.27 0.56–0.83 . . . 40 35 30 27 26 25

10 10–12 0.26
11 20–30 0.27 0.56–0.80
12 . . . . . . . 0.23 0.30 . . . 14 15 17 18 19 20
13 20–30 0.23 0.46§ . . . 8 10 12 13 14 15
14 13–28 0.20 0.24 . . . . . . . 100 80 65 55 50
15 20–25 0.23 0.30 . . . 10 11 12 13 14 15
16 75 0.22 0.25 . . . 1.6 2.0 2.6 3.2 3.8

* Many of these data have been taken from a table prepared by Trostel, Chem. Met. Eng., Nov. 1938.
† Excellent if left above 1,200°F
‡ Oxidizing atmosphere.
§ Up to 0.56 at red heat.

The following arch, wedge, and key bricks have maximum dimensions,
a 3 b 3 c of 9 3 41⁄2 3 21⁄2 in. The minimum dimensions a9, b9, c9, are
as noted: no. 1 arch, c9 5 21⁄8; no. 2 arch, c9 5 13⁄4; no. 3 arch, c9 5 1;
no. 1 wedge, c9 5 17⁄8; no. 2 wedge, c9 5 11⁄2; no. 3 wedge, c9 5 2; no. 1
key, b9 5 4; no. 2 key, b9 5 31⁄2; no. 3 key, b9 5 3; no. 4 key, b9 5 21⁄4;
edge skew, b9 5 11⁄2; feather edge, c9 5 1⁄8; no. 1 neck, a9 5 31⁄2, c9 5 5⁄8;

Table 6.8.15 Shapes of Firebricks

no. 2 neck, a9 5 121⁄2; c 5 5⁄8; no. 3 neck, a9 5 0, c9 5 5⁄8; end skew,
a9 5 63⁄4; side skew, b9 5 21⁄4; jamb brick, 9 3 21⁄2; bung arch, c9 5 23⁄8.

Special shapes are more expensive than the standard refractories, and,
as they are usually hand-molded, will not be so dense or uniform in
structure as the regular brick. When special shapes are necessary, they
should be laid out as simply as possible and the maximum size should
be kept down below 30 in if possible. It is also desirable to make all
special shapes with the vertical dimension as an even multiple of 21⁄2 in
plus one joint so that they will bond in with the rest of the brickwork.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Refractory Mortars, Coatings, Plastics,
Castables, and Ramming Mixtures

Practically all brickwork is laid up with some type of jointing material
to give a more stable structure and to seal the joints. This material may
be ground fire clay or a specially prepared mortar containing grog to
reduce the shrinkage. The bonding mortars may be divided into three
general classes. The first are air-setting mortars which often contain
chemical or organic binder to give a strong bond when dried or fired at
comparatively low temperatures. Many of the air-setting mortars should
not be used at extremely high temperatures because the fluxing action of
the air-setting ingredient reduces the fusion point. The second class is
called heat-setting mortar and requires temperatures of over 1,090°C
(2,000°F) to produce a good bond. These mortars vary in vitrifying
point, some producing a strong bond in the lower temperature ranges,

/knovel2/view_hotlink.jsp?hotlink_id=414778884
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and the others requiring very high temperatures to give good strength.
The third classification comprises special base mortars such as silica,
magnesite, silicon carbide, or chrome, which are specially blended for
use with their respective bricks. The chrome-base mortar may be satis-
factorily used with fire-clay bricks in many cases.

The refractory bonding mortars should preferably be selected on the
advice of the manufacturer of the refractory to obtain good service,
although there are a considerable number of independent manufacturers
of mortars who supply an excellent product. From 1,330 to 1,778 N
(300 to 400 lb) of dry mortar per 1,000 bricks is required for thin joints,

Many modern furnaces are constructed with air-cooled walls, with
refractory blocks held in place against a casing by alloy steel holders.
Sectional walls made up with steel panels having lightweight insulating
refractories attached to the inner surface are also used and are especially
valuable for use in the upper parts of large boiler furnaces, oil stills, and
similar types of construction. The sections can be made up at the plant
and shipped as a unit. They have the advantage of low cost because of
the light ironwork required to support them.

Many failures in furnace construction result from improper expan-
sion joints. Expansion joints should usually be installed at least every

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
which are desirable in most furnace construction. For thicker trowel
joints, up to 2,220 N (500 lb) per 1,000 bricks is required. In the case of
chrome base mortars, 2,660 N (600 lb) per 1,000 bricks should be al-
lowed, and for magnesite cement 3,550 N (800 lb) per 1,000 bricks.

The working properties of the bonding mortar are important. Mortars
for insulating refractories should be carefully selected, as many of the
commercial products do not retain water sufficiently long to enable a
good joint to be made. There are special mortars for this purpose which
are entirely satisfactory.

Coatings are used to protect the hot surface of the refractories, espe-
cially when they are exposed to dust-laden gases or slags. These coat-
ings usually consist of ground grog and fireclay of a somewhat coarser
texture than the mortar. There are also chrome-base coatings which are
quite resistant to slags, and in a few cases natural clays containing silica
and feldspar are satisfactory.

The coatings can be applied to the surface of the brickwork with a
brush in thin layers about 1⁄16 in thick, or they may be sprayed on with a
cement gun, the latter method generally giving the best results. Some
types of coating can be put on in much thicker layers, but care should be
taken to assure that the coating selected will fit the particular brick used;
otherwise it is apt to peel off in service. The coating seals the pores and
openings in the brickwork and presents a more continuous and impervi-
ous service to the action of the furnace gases and slag. It is not a cure-all
for refractory troubles.

Plastics and ramming mixtures are generally a mixture of fire clay and
coarse grog of somewhat the same composition as the original fire-clay
brick. They are used in repairing furnace walls which have been dam-
aged by spalling or slag erosion, and also for making complete furnace
walls in certain installations such as small boiler furnaces. They are also
used to form special or irregular shapes, in temporary wooden forms, in
the actual furnace construction.

Some of the plastics and ramming mixtures contain silicate of soda
and are air-setting, so that a strong structure is produced as soon as the
material is dry. Others have as a base chrome ore or silicon carbide,
which make a mixture having a high thermal conductivity and a good
resistance to slag erosion. These mixtures are often used in the water
walls of large boiler furnaces; they are rammed around the tubes and
held in place by small studs welded to the tube walls. The chrome
plastic has been used with good success for heating-furnace floors and
subhearths of open-hearth furnaces.

Castable mixes are a refractory concrete usually containing high-alu-
mina cement to give the setting properties. These find considerable use
in forming intricate furnace parts in wooden molds; large structures
have been satisfactorily cast by this method. This type of mixture is
much used for baffles in boilers where it can be cast in place around the
tubes. Lightweight castables with good insulating properties are used to
line furnace doors.

Furnace Walls

The modern tendency in furnace construction is to make a compara-
tively thin wall, anchored and supported at frequent intervals by cast-
ings or heat-resisting alloys which, in turn, are held by a structural
framework and does not rest on the base. The wall may be made of
heavy refractories backed up with insulating material, or of insulating
refractory. Table 6.8.16 gives heat losses and heat contents of a number
of wall combinations and may enable designers to pick out a wall sec-
tion to suit their purpose. Solid walls built with standard 9-in brick are
made up in various ways, but the hot face has usually four header
courses and one stretcher course alternating.
10 ft, although in some low-temperature structures the spacing may be
greater. For high-temperature construction, the expansion joint allow-
ance per foot in inches should be as follows: fire clay, 1⁄16 to 3⁄32; high
alumina, 3⁄32 to 1⁄8; silica, 1⁄8 to 3⁄16; magnesite, 1⁄4; chrome, 5⁄32; forsterite,
1⁄4. Corrugated cardboard is often used in the joints.

The roof of the furnace is usually either a sprung arch or a suspended
arch. A sprung arch is generally made of standard shapes using an inside
radius equal to the total span. In most cases, it is necessary to build a
form on which the arch is sprung.

In the case of arches with a considerable rise, it has been found that an
inverted catenary shape is better than a circular shape for stability, and it
is possible to run the sidewalls of the furnace right down to the floor in
one continuous arch with almost complete elimination of the ironwork.
The catenary can be readily laid out by hanging a flexible chain from
two points of a vertical wall.

The suspended arch is used when it is desirable to have a flat roof
(curved suspended arches are also made); it presents certain advantages
in construction and repair but is more difficult to insulate than the
sprung arch. Special suspended arch shapes are commercially available.
The insulating refractory is suited to this type of construction because
the steel supports are light and the heat loss is low.

Selection of Refractories

The selection of the most suitable refractory for a given purpose de-
mands experience in furnace construction. A brick that costs twice as
much as another brand and gives twice the life is preferable since the
total cost includes the laying cost. Furthermore, a brick that gives longer
service reduces the shutdown period of the furnace. Where slag or abra-
sion is severe, brick with a dense structure is desirable. If spalling
conditions are important, a brick with a more flexible structure is better,
although there are cases where a very dense structure gives better spall-
ing resistance than a more open one.

High-lime slag can be taken care of with magnesite, chrome, or high-
alumina brick, but if severe temperature fluctuations are encountered
also, no brick will give long life. For coal-ash slag, dense fire-clay
bricks give fairly good service if the temperature is not high. At the
higher temperatures, a chrome-plastic or silicon carbide refractory often
proves successful. When the conditions are unusually severe, air- or
water-cooled walls must be resorted to; the water-cooled stud-tube wall
has been very successful in boiler furnaces.

With a general freedom from slag, it is often most economical to use
an insulating refractory. Although this brick may cost more per unit, it
allows thinner walls, so that the total construction cost may be no
greater than the regular brick. The substitution of insulating refractory
for heavy brick in periodic furnaces has sometimes halved the fuel
consumption.

The stability of a refractory installation depends largely on the brick-
laying. The total cost, in addition to the bricks, of laying brick varies
with the type of construction, locality, and refractory.

Recent Developments in Refractories

Pure-oxide refractories have been developed to permit fabrication of
parts such as tubes, crucibles, and special shapes. Alumina (Al2O3) is
the most readily formed into nonporous pieces and, up to its softening
point of 2,040°C (3,690°F), is most useful. Mullite (2SiO2 : 3Al2O3),
softening at 1,820°C (3,290°F), is used for thermocouple protection
tubes, crucibles, and other small pieces. Magnesium oxide (MgO), fus-
ing at 2,800°C (5,070°F), is resistant to metals and slags. Zirconia
(ZrO2), softening at 4,600°F, is very sensitive to temperature changes
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Table 6.8.16 Transmitted Heat Losses and Heat-Storage Capacities of Wall Structures under Equilibrium
Conditions
(Based on still air at 80°F)

Hot face temperature, °FThickness, in

1,200 1,600 2,000 2,400 2,800

Wall

Of insulating
refractory and

firebrick HL HS HL HS HL HS HL HS HL HS

41⁄2 20 355 1,600 537 2,300 755 2,900
41⁄2 41⁄2 28 441 2,200 658 3,100 932 4,000 1,241 4,900 1,589 5,900

41⁄2 FB 1,180 8,400 1,870 11,700 2,660 14,800 3,600 18,100 4,640 21,600

7 41⁄2 28 1 21⁄2 20 265 3,500 408 4,900 567 6,500 751 8,100 970 9,800
41⁄2 FB 423 12,500 660 17,700 917 23,000 1,248 28,200

9 41⁄2 28 1 41⁄2 20 203 4,100 311 5,900 432 7,900 573 9,900 738 12,200
41⁄2 FB 1 41⁄2 20 285 13,700 437 19,200 615 24,800
9 20 181 3,100 280 4,300 395 5,500
9 28 233 4,100 349 5,800 480 7,500 642 9,300 818 11,100
9 FB 658 15,800 1,015 21,600 1,430 27,600 1,900 34,000 2,480 40,300

111⁄2 9 28 1 21⁄2 20 169 5,700 260 8,000 364 10,500 484 13,100 623 15,800
9 FB 1 21⁄2 20 335 22,300 514 31,400 718 40,600 962 50,400 1,233 60,300
9 28 1 41⁄2 20 143 6,500 217 9,300 305 12,300 404 15,300 514 18,700
9 FB 1 41⁄2 20 241 24,100 367 34,500 516 44,800 690 55,100

131⁄2 9 20 1 41⁄2 FB 165 5,300 255 7,300 348 9,900
9 28 1 41⁄2 FB 200 6,900 302 9,700 415 12,600 556 15,700 710 19,100

131⁄2 FB 452 22,300 700 31,000 980 39,900 1,310 49,100 1,683 58,300

16 131⁄2 FB 1 21⁄2 20 275 31,200 423 43,300 588 56,300 780 70,000 994 84,200

18 9 20 1 9 FB 147 8,500 225 11,900 319 15,700
9 28 1 9 FB 175 10,700 266 15,100 375 19,700 493 24,600 635 29,800

131⁄2 FB 1 41⁄2 20 210 34,100 318 48,400 440 62,600 587 77,500 753 92,600
18 FB 355 28,800 532 40,300 745 52,200 1,000 64,200 1,283 76,500

201⁄2 18 FB 1 21⁄2 20 234 39,000 356 55,400 500 72,000 665 89,200 847 107,000

221⁄2 18 FB 1 41⁄2 20 182 43,200 281 61,000 392 79,200 519 97,700 667 117,600
221⁄2 FB 287 36,000 435 49,500 612 64,100 814 78,800 1,040 93,400

Conversion factors: tc 5 5⁄9(tF 2 32); 1 in 5 0.0254 m.
HL 5 heat loss in Btu/(ft2) /(h). HS 5 heat storage capacity in Btu/ft2. 20 5 2,000°F insulating refractory. 28 5 2,800°F insulating refractory. FB 5 fireclay brick.
SOURCE: Condensed from ‘‘B & W Insulating Firebrick’’ Bulletin of The Babcock & Wilcox Co.

but can be stabilized with a few percent of lime. Beryllium oxide (BeO),
softening at 2,570°C (4,660°F), has a very high thermal conductivity
but must be fabricated with great care because of health hazards. Thoria
(ThO2) softens at 3,040°C (5,520°F) and has been used in crucibles for
melting active metals and as a potential nuclear fuel.

Refractory carbides, sulfides, borides, silicides, and nitrides have been
developed for special uses. Many have high softening points, but all
have limited stability in an oxidizing atmosphere. Silicon carbide (SiC)
is the most used because of its high thermal and electrical conductivity,
its resistance against certain slags, and its relatively good stability in air.

Physical Properties of High-Purity Refractories

In Table 6.8.17 are shown the properties of some of the more important
pure refractory materials. It should be realized that, as purer materials
become available and testing methods become more refined, some of
these values will be changed.

SEALANTS

REFERENCES: Damusis (ed.), ‘‘Sealants,’’ Reinhold. Flick, ‘‘Adhesives and Seal-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Molybdenum silicide (MoSi2) also has considerable resistance to oxi-
dation and, like SiC, can be used for metal-melting crucibles. Cerium
sulfide (CeS2) is a metallic-appearing material of high softening point
but no resistance to oxidation. Zirconium nitride (ZrN) and titanium
nitride (TiN) are also metalliclike but are not stable when heated in air.
Graphite has valuable and well-known refractory properties but is not
resistant to oxidation.

Refractory fibers are coming into use quite extensively. Fibers of sil-
ica-alumina glass have a use limit of about 1,090°C (2,000°F). They are
used for insulating blankets, expansion joints, and other high tempera-
ture insulation. Development of higher-temperature fibers is being
carried out on a small scale for use as high temperature insulation or
mechanical reenforcement.

Nuclear fuels of uranium, thorium, and plutonium oxides or carbides
are now extensively used in high temperature reactors.

Space vehicles are using nozzles of refractories of various kinds to
withstand the high temperatures and erosion. Nose cones of sintered
alumina are now used extensively because of their excellent refractory
and electrical properties. Heat shields to protect space vehicles upon
reentry are an important use of special refractories.
ant Compound Formulations,’’ 2d ed., Noyes Publ. Mech. Eng., April 1991. Engr.
News Record, Nov. 12, 1987; 1972–1993 ‘‘Annual Book of ASTM Standards.’’
Baldwin, Selecting High Performance Building Sealants, Plant Eng., Jan. 1976,
pp. 58–62. Panek and Cook, ‘‘Construction Sealants and Adhesives,’’ 2d ed,
Wiley-Interscience. Panek (ed.), Building Seals and Sealants, ASTM Spec. Tech.
Publ. 606, American Society for Testing Materials, Philadelphia. Klosowski,
‘‘Sealants in Construction,’’ Marcel Dekker.

Klosowski’s book is an excellent source of information on sealants and
serves as an excellent reference. The reader should treat the following
material as a guide and should consult the references and manufactur-
ers’ catalogs for expanded coverage.

Classifying sealants is somewhat arbitrary, depending as such on a
multitude of properties. One of these properties tends to be more impor-
tant than the rest, and that is the ability to take cyclic movement. Low
movement ability together with short useful lifetimes tends to be found
for the lower-cost sealants, and ability to take cyclic movement along
with long useful lifetimes is found for the higher-cost sealants. The
remaining key properties are adhesion/cohesion, hardness, modulus,
stress relaxation, compression set, and weather resistance. Table 6.8.18
provides a rough comparison of sealant classes.
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Table 6.8.17 Physical Properties of Some Dense,* Pure Refractories
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Al2O3 100 60 53 3,690 5.0 210 55 Good
BeO 20 10 45 4,660 4.9 1,450 130 Very good
MgO 14 12 31 5,070 7.5 240 47 Poor
ThO2 12 7 21 5,520 5.0 62 20 Fair
ZrO2 20 15 22 4,600 5.5 15 15 Fair
UO2 12 25 5,070 5.6 58 20 Fair
SiC 24 24 68 5,000† 2.2 390 145 Excel.
BC 50 40 42 4,440 2.5 200 145 Good
BN 7 1 12 5,000 2.6 150 130 Good
MoSi2 100 40 50 3,890 5.1 220 100 Good
C 3 4 2 7,000 2.2 870 290 Good

Conversion factors: 1 lb/in2 5 6,894.8 N/m2 ? tc 5 5⁄9(tF 2 32). 1 Btu/(ft2 ? h ? °F ? in) 5 225 W/(m2 ? °C ? m). 1 Btu/(lbm ? °F) 5 4,190
kg ? °C.

* Porosity, 0 to 5 percent.
† Stabilized.
SOURCES: Norton, ‘‘Refractories,’’ 3d ed.; Green and Stewart, ‘‘Ceramics: A Symposium’’; Ryschkewitsch, ‘‘Oxydekramik, der Finstuff-

systemme,’’ Springer; Campbell, ‘‘High Temperature Technology’’; Kingery, ‘‘Property Measurements at High Temperatures,’’ Wiley.

Key Properties

Adhesion/Cohesion A sealant must stick or adhere to the joint ma-
terials to prevent fluid penetration. The sealant must also stick or cohere
to itself internally so that it does not split apart and thus allow leakage to
occur. The ASTM C-719 test method is recommended for crucial de-
signs and applications.

Hardness The resistance of a sealant to a blunt probe penetration on
a durometer is a measure of its hardness. Any change in this hardness
over time will alert the user to check the sealant’s useful performance

marginal substrates it becomes a decided disadvantage. For instance,
concrete joints, having rather low tensile strength, will perform poorly
with high-modulus sealants.

Stress-Relaxation Under stress some sealants relax internally over
time and stretch; an extreme example is bubble gum. Certain sealants
have internal polymer chains that exhibit stress relaxation over time;
mastics behave likewise, and low modulus sealants are more likely to do
so than are high-modulus sealants.

A small amount of relaxation is useful in continuously tensed joints
since it lowers the bond line force. In moving joints, however, a high

ilit

ics
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span.
Modulus The springiness or elastic quality of a sealant is defined by

the ratio of force (stress) needed to unit elongation (strain). A high-mod-
ulus sealant can exert a rather high force on a joint, so that for weak or

Table 6.8.18 Sealant Classes by Movement Capab

Range or movement
capability Sealant types

Low—near or at 0% of
joint movement

1. Oil-based
2. Resin-based
3. Resinous caulks
4. Bituminous-based mast
5. Polybutene-based

6. PVA (vinyl) latex

Medium—0–121⁄2% of
joint width

1. Butyls
2. Latex acrylics
3. Neoprenes
4. Solvent-release acrylics

High—greater than
121⁄2% of joint width

1. Polysulfides
2. Urethanes
3. Silicones
4. Proprietary modifications

of above

SOURCE: Adapted from Klosowski, ‘‘Sealants in Construction,’’ Dekke
degree of stress relaxation is problematical because the sealant tends to
recover its original shape slowly and incompletely. Such joints tend to
pump out their sealants.

ies*

Comments

Short service life
Low cost
Major component usually low-cost mineral fillers.
For example, putty is mostly finely ground chalk
mixed with oil to form a doughlike entity.
Some recent ones may contain about 0.2–2% silicone

Longer service life
Medium cost
For protected environments and low movement, ser-
vice life is perhaps 10–15 years. Typical is 3–10
years

Common disadvantage is shrinkage, which may be
near 30% in some products. Plasticized types tend to
discolor walls

Long service life
Higher cost
Some advertised as allowing movements of 6 25 to
6 50%, or 1 100 to 2 50%

Generally used in commercial jobs
Expanding market into do-it-yourself and over-the-
counter trade

r.
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Compression Set If a sealant is unable to reexpand to its original
shape after it is compressed, it has experienced compression set; i.e., the
compressed shape becomes permanent. When the joint reopens, the
sealant must sustain high internal and bonding stresses which can cause
the sealant to tear off the joint and/or cause internal tearing in the
sealant itself as well as possible surface failure of the joint substrate.
Polysulfide sealants are prone to such failure. Urethane sealants under
combined conditions of joint movement and weathering will exhibit
such failure.

Resistance to Weathering Construction sealants are designed to

Disadvantages include the need to heat the cartridge or dispensing
container for easy application in cool weather, offensive odor during
cure (thus requiring ventilation in restricted quarters), and slow recov-
ery from either extension or contraction. The cured seal gets very hard
in cold weather and loses flexibility, thus compromising movement
capability.

Two-Part Polysulfide Sealants These sealants are the pioneers of
high-range products with life expectancies (in certain environments) of
up to 20 years and movement capability of up to 6 25 percent of joint
width. It is widely used in curtain wall construction and in concrete/ma-
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resist weathering. The nature of the polymer system in silicones pro-
vides that resistance, while urethane and polysulfides achieve equiva-
lent resistance only by the use of heavy filler loads. Screening from the
sun is important. Heavy filler loads or chemical sunscreens help stop
radiation penetration to the internal polymer. Deep joints and opaque
joint materials help sealants weather successfully.

Sealant Types

Oil-Based Caulks Combining a drying oil (such as linseed) with
mineral fillers will result in a doughlike material (putty) that can be
tooled into a joint. The oils dry and/or oxidize and in about 24 h develop
sufficient skin to receive paint. Movement ability is about 6 21⁄2 percent
of the joint. To prevent porous substrates from wicking in the caulk’s
oil, a primer should be applied.

Butyl Sealants (Almost Totally Cured Systems Dispersed in a Sol-
vent) Chemically combining isobutylene and isoprene results in a
butyl rubber. End-product variations are gotten by varying both the
proportion of starting ingredients and the polymer chain length. Carbon
black serves as a reinforcer and stabilizer in the final product. Chlorbu-
tyl rubber is a similar sealant.

Butyl sealants are available as solvent-release caulks, soft deformable
types, more rigid gaskets, and hot melts. The better butyls have move-
ment capabilities of 6 121⁄2 percent. For applications needing 20 to 30
percent compression, butyl tapes serve well and are used extensively in
glazing applications.

Advantages of butyl sealants include moderate cost, good water re-
sistance (not for immersion), and good adhesion without primers.

Disadvantages include poor extension recovery, limited joint move-
ment capability, and odor plus stickiness during application. They also
pick up dirt and cause staining. They tend to soften under hot sun
conditions such as found in cars with closed windows.

Acrylic Latex (Almost Fully Reacted in a Cartridge) Acrylic poly-
mers are made by using a surfactant, water, and a catalyst plus appropri-
ate monomers, which results in a high molecular weight polymer,
coated with surfactant and dispersed in water. The addition of fillers,
plasticizers, and other additives such as silanes for adhesion and ethyl
glycol for freeze/thaw stability completes the product. Once extruded, it
dries rapidly and can be painted in 30 to 50 min. Movement capability
lies between 6 71⁄2 and 6 121⁄2 percent of joint width.

Advantages include excellent weathering, ease of application, ease of
cleanup, low odor, low toxicity, no flammability during cure, and ability
to be applied to damp substrates.

Disadvantages include the need for a primer for concrete, most wood,
and plastics where joints will move and cause sealant stress. Since they
harden when cold and soften when hot, they are not recommended for
extremes of temperature cycling. They are not recommended for below-
grade, underwater, or chronically damp applications.

Solvent Acrylic Sealants (Solvent Release Sealants) (Almost Totally
Cured Systems Dispersed in a Solvent) This sealant is an acrylic
polymer of short chain length, and it is based on an alkyl ester of acrylic
and methacrylic acids with various modifications. The system does not
quite cure to be a true elastomer, winding up somewhat more like a
dry-feeling mastic, and so it exhibits stress relaxation. The best can
tolerate 6 121⁄2 percent of joint movement, with the more typical be-
tween 6 8 percent and 6 10 percent.

Advantages include excellent adhesion without priming to most sub-
strates (and, by some claims, through dirt and light oils and perhaps
even damp surfaces), good weathering, and moderate cost.
sonry applications. In glazing applications shielded from direct sun-
light, polysulfide sealant is suitable. Since polysulfides also can be
produced with excellent solvent resistance, they are used as fuel tank
sealants and in other fuel contact applications. Fillers are generally
carbon blacks, clays, and mineral materials. Curing agents may be lead
peroxide, cyclic amides, diisocyanates, etc. Silanes act as adhesion pro-
moters and stabilizers. Most polysulfides are mixed and dispensed on
the job at the time of use.

Advantages include good extensibility, recovery, cure with two-
package systems (tack-free in about 36 to 48 h and about 1 week for full
cure), adhesion, and resistance to weathering and aging.

Disadvantages include the need for site mixing, requirements for
primers on porous surfaces, sun exposure cracking, and compression set
effects which emerge in about 5 to 10 years.

One-Part Polysulfide Sealants These sealants are almost on a par
in cured performance to two-part polysulfide sealants. They need no
mixing at the time of use and are thus ready to apply. Curing depends
upon moisture or oxygen from the air and is relatively slow, requiring
days, weeks, or more, after which they become tack-free. Dry and cold
weather can lengthen the curing process.

Two-Part Polyurethane Sealants These sealants are second-gener-
ation premium products, and they outperform the polysulfides. They
weather well, perform well in expansion joints by tolerating large
movement (6 25 percent of joint movement), and are tough and resil-
ient. The top of the product line can achieve 85 to 90 percent recovery
from compression set. Adhesion is very good. They stay clean for al-
most the life of the sealant, or about 10 to 20 years. Urethanes tend to be
water-sensitive and to bubble if they contact water at the curing surface,
and they tend to stiffen with age. Urethane sealants are widely used in
construction and for nonglazing joints in walkways and pedestrian traf-
fic areas.

One-Part Urethane Sealants These sealants are comparable to
two-part urethanes, but come in a single package ready to use. Package
stability is problematical because of moisture sensitivity. One-part sys-
tems take a long time to cure, especially at low temperatures and low
humidities.

Silicone Sealants In some aspects of performance, these sealants
represent third-generation products, and others are at least second-gen-
eration in quality. Only silicone polymers comprise a true silicone seal-
ant. They generally contain mineral or other inorganic fillers along with
functional silane or siloxane cross-crosslinker, with special additives
included for specific purposes.

In terms of temperature exposure, silicone polymers are about one-
tenth as sensitive as typical hydrocarbons or polyether chains. Thus they
extrude easily at both low and high temperatures. Temperature stability
ranges from about 2 40 to 250°F and for some to more than 400°F.
Once cured, they maintain elasticity very well at both temperature ex-
tremes and weather quite well (lasting 12 to 20 times longer than typical
organic sealants, as indicated by weatherometer tests). Warranties often
extend from 20 to 50 years. Joint movement performance embraces a
wide range from 6 12 to 1 100/2 50 percent of joint width. Adhesion
qualities are excellent, allowing some common silicones unprimed ap-
plication to most substrates (including concrete), and some are applica-
ble for service under conditions of total submersion in water.

These performance levels have made silicone sealants the industry
standard to which others are compared. Competitive products marketed
using terms such as siliconized, siliconelike, modified with silicone,
modified silicone, and so forth contain a minimal amount of true sili-



Table 6.8.19 Summary of Sealant Properties*

Medium performance

Latex Butyl
(acrylic), skinning,

Type of scalant

Low performance

Oil-based,
one-part one-part one-part

Acrylic

Solvent-
release

Polysulfide Urethane Silicone

One-part Two-part One-part Two-part One-part Two-part

Movement ability in per-
cent of joint width (rec-
ommended maximum
joint movement)

6 3 6 5, 6 121⁄2 6 7.5 6 10–121⁄2 6 25 6 25 6 25 6 25 6 25–1 100/
–50

6 121⁄2 –6 50

Life expectancy, years† 2–10 2–10 5–15 5–20 10–20 10–20 10–20 10–20 10–50 10–50

Service temperature range,
°F 2 20 to 1 150 2 20 to 1 180 2 40 to 1 80 2 20 to 1 180 2 40 to 1 180 2 60 to 1 180 2 40 to 1 180 2 25 to 1 180 2 65 to 1 400 2 65 to 1 400¶
(°C) (2 29 to 1 66) (2 20 to 1 82) (2 40 to 1 82) (2 29 to 1 82) (2 40 to 1 82) (2 51 to 1 82) (2 40 to 1 82) (2 32 to 1 82) (2 54 to 1 200) (2 54 to 1 200)

Recommended application
temperature range, °F‡

40–120 40–120 40–120 40–180 40–120 40–120 40–120 40–180 2 20 to 1 160 2 20 to 1 160

Cure time§ to a tack-free
condition, h

6 1⁄2 –1 24 36 24§ 36–48§ 12–36 24 1–3 1⁄2 –2

Cure time§ to specified
performance, days

Continues 5 Continues 14 30–45 7 8–21 3–5 5–14 1⁄4 –3

Shrinkage, % 5 20 20 10–15 8–12 0–10 0–5 0–5 0–5 0–5

Hardness, new (1–6 mo),
A scale at 75°F

15–40 10–30 10–25 20–40 20–45 20–45 10–45 15–40 15–40

Hardness, old (5 yr),
A scale at 75°F

30–45 30–50 30–55 30–55 20–55 30–55 20–60 15–40 15–50

Resistance to extension at
low temperature

Low to moderate Moderate to high Moderate to high High Low to high Low to moderate Low to high Low to high Low Low

Primer required for sealant
bond to:

Masonry No Yes No No Yes Yes Yes Yes No No
Metal No Sometimes No No Yes Yes No No ? ?
Glass No No No No No No No No No No

Applicable specifications:
United States TT-C-00593b ASTM

TTS-00230
ASTM
TT-S-001657

ASTM C-920
ITS-00230

ASTM C-920
TT-C-00230C

ASTM C-920
TTS-00227E

ASTM C-920
TTS-00230C

ASTM C-920
TTS-00227C

ASTM C-920
TTS-00230C
TTS-001543A

ASTM C-920
TTS-001543A
TTS-00230C

Canada CAN 2-19.2M CGSB 19-GP-14M CGSB 19-GP-SM CAN 2-19.13M CAN 2-19.13M CAN 2-19.18M

* Data from manufacturer’s data sheets; U.S.-made sealants are generally considered.
† Affected by conditions of exposure.
‡ Some sealants may require heating in low temperatures.
§ Affected by temperature and humidity.
¶ The wide range in performance of the various types of silicone sealants is discussed briefly in the text preceding this table.
SOURCE: Adapted from J. M. Klosowski, ‘‘Sealants in Construction,’’ Marcel Dekker, 1989. By permission.
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cone, usually from 0.1 to 10 percent. Most silicones are fully elastic and
exhibit the smallest compression or tension set, ranging from 85 to 99
percent recovery.

Some silicones pick up dirt to varying degrees, but owing to their
relatively fast curing times (tack-free in 15 min to 3 h), they are less
prone to do so when compared with polyurethane and polysulfides,
which have longer cure times. After curing, however, because of their
relatively soft surface, silicones tend to accumulate dirt faster. Unfortu-
nately, the dirt cannot be completely washed off. To obtain the advan-
tage of silicone’s durability and to avoid dirt pickup, one resorts to

are inexpensive and easy to use, but deteriorate rapidly in typical U.S.
climate and suffer surface crazing and lose elasticity (stiffen) in cold
weather.

Forever Tacky Nonhardening sealants, such as Hylomar, remain
tacky for years and retain their original sealing qualities very well. They
were originally developed for jet-engine joints in the 1950s, but have
been applied to resist extreme vibrations and to make emergency re-
pairs. Continued improvements in this product are directed toward
broadening its compatibility with a wider range of chemicals and oils.
Its stable, tacky condition for long periods enables easy disassembly of

A
L
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overcoating the silicone sealant with a hard silicone resin. Alternately,
one can dust the surface of the uncured, tacky silicone with powdered
chalk or some similar material; this can be used as a base upon which to
apply paint. Some silicone sealants are formulated to be paintable, but,
in general, silicones simply will not accept paint. Silicones abrade easily
and are not used in heavily trafficked areas. Silicones which release
acetic acid should not be used on marble, galvanized metal, copper,
cementaceous substances, or other corrodable materials. Silicones
which release amines and the like must not be used on copper and for
electrical applications. Neutral-cure systems are available which can be
safely used on almost all substrates. The reader is directed to consult the
supplier when in doubt about compatibility.

Water-Based Silicones Water-based silicones combine the dura-
bility and longevity of silicones with ease of cleanup, ease of applica-
tion, and paintability. They are true silicone systems, being dispersions
of polymers, crosslinkers, and catalysts in water.

Table 6.8.19 gives a summary of sealant properties.

Miscellaneous

Hot Pours Several categories of materials are softened by heating
and so can be injected or poured into joints (almost exclusively horizon-
tal). The majority of these materials are filled out with bituminous
substances such as asphalt tars, coal tars, etc. Such bituminous bases can
be blended with urethanes, polysulfides, polyvinyl chlorides, etc. High-
way joint sealing constitutes the largest use of hot-pour sealants. They
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parts it has bonded.
Formed-in-Place Gasket Replacing die-cut gaskets can reduce

costs, and for this reason, formed-in-place gaskets have been developed.
One such product, Dynafoam, a curable thermoplastic elastomer, forms
in-place gaskets by pouring the sealant into the desired shape. Automo-
tive applications include taillight assemblies and sunroof gaskets to seal
out moisture, wind, and dust. This type of sealant is designed to fill the
niche between traditional hot-melt adhesives and gaskets, such as butyl
rubbers or ethyl vinyl acetates, and curable silicone and urethane seal-
ants. Curing time is within a few minutes, and they resist softening up to
about 280°F (continuous exposure) and up to 400°F (for periods of 1 h
or less).

Foamed-in-Place Sealants In commercial operations, a sealant
such as Dynafoam is heated to 180°F, pumped through a heated hose
into a pressurized, dry gas chamber (usually nitrogen), and pumped
further through a heated hose and dispensing nozzle. Upon exiting the
nozzle, the sealant expands to bead size as the entrained nitrogen ex-
pands. The wormlike bead is then applied directly to a part and forms a
gasket. The sealant begins curing upon contact with air.

Similar materials in small pressurized canisters contain a room-tem-
perature curing sealant. Upon release, the sealant expands into a foam,
fills the joint, and cures in place. It is applied easily to provide local
insulation, to fill crevices (e.g., to block wind), and so forth. For exten-
sive operations of this kind, this material is supplied in much larger, yet
portable, containers.

R, AND CONCRETE
. Gamble
6.91; iron oxide (Fe2O3), 2.91; calcium oxide (CaO), 62.92; magnesium
oxide (MgO), 2.54; sulfuric oxide (SO3), 1.72; alkalies (R2O3), 0.82;
loss on ignition, 1.50, insoluble residue 0.20.

Types and Kinds of Cements Five types of portland cements are
covered by ASTM specification C150.

Normal portland cement, type I, is used for purposes for which another
ot required. Most structures, pave-
type I cement.

, generates less heat from its hydra-
etroit. ‘‘Building Code Requirements
2/ASCE 5),’’ American Concrete Insti-
Society of Civil Engineers.

type having special properties is n
ments, and reservoirs are built with

Modified portland cement, type II

tion and is more resistant to sulfate attacks than type I. This cement is
CEMENT

Normal portland cement is used for concrete, for reinforced concrete, and
either with or without lime, for mortar and stucco. It is made from a
mixture of about 80 percent carbonate of lime (limestone, chalk, or
marl) and about 20 percent clay (in the form of clay, shale, or slag).
After being intimately mixed, the materials are finely ground by a wet
or dry process and then calcined in kilns to a clinker. When cool, this
clinker is ground to a fine powder. During the grinding, a small amount
of gypsum is usually added to regulate the setting of the cement. The
chemical analysis of 32 American type I cements gives the following
average percentage composition: silica (SiO2), 21.92; alumina (Al2O3),
used in structures having large cross sections, such as large abutments
and heavy retaining walls. It may also be used in drainage where a
moderate sulfate concentration exists.

High-early-strength portland cement, type III, is used when high
strengths are required in a few days. Use of high-early-strengths will
allow earlier removal of forms and shorter periods of curing.

Low-heat portland cement, type IV, generates less heat during hydra-
tion than type II and is used for mass concrete construction such as large
dams where large temperature increases would create special problems.
Type IV cement gains strength more slowly than type I. The tricalcium
aluminate content is limited to 7 percent.

Sulfate-resisting portland cement, type V, is a special cement, not read-
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ily available, to be used when concrete is exposed to severe sulfate
attack. Type V cements gain strength more slowly than type I cement.
The tricalcium aluminate content is limited to a maximum of 5 percent.

Air-entraining portland cements purposely cause air, in minute, closely
spaced bubbles, to occur in concrete. Entrained air makes the concrete
more resistant to the effects of repeated freezing and thawing and of the
deicing agents used on pavements. To obtain such cements, air-entrain-
ing agents are interground with the cement clinker during manufacture.
Types I to III can be obtained as air-entraining cements and are then
designated as types IA, IIA, and IIIA, under ASTM C150.

a 1 in sq neat cement bar 10 in long which, after 24-h storage in 90
percent or greater humidity, is placed in an autoclave, where the pres-
sure is raised to 295 lb/in2 in about 1 h, maintained for 3 h, and then
brought back to normal in 11⁄2 h. Cements that show over 1 percent
expansion may show unsoundness after some years of service; the
ASTM allows a maximum of 0.80 percent.

Time of Setting Initial set should not be less than 45 min when
Vicat needle is used or 60 min when Gilmore needle is used. Final set
should be within 10 h. Cement paste must remain plastic long enough to
be properly placed and yet submit to finishing operations in a reason-

om

. . . . . . . . 2,500 3,000
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Portland blast-furnace slag cements are made by grinding granulated
high-quality slag with portland-cement clinker. Portland blast-furnace
slag cement type IS and air-entraining portland blast-furnace slag ce-
ment type IS-A are covered by ASTM specification C595. Provisions
are also made for moderate-heat-of-hydration cements (MH) and
moderate-sulfate-resistance cements (MS), or both (MH-MS). Type IS
cements initially gain strength more slowly but have about the same
28-day strength as type I cements.

White portland cement is used for architectural and ornamental work
because of its white color. It is high in alumina and contains less than
0.5 percent iron. The best brands are true portlands in composition.

Portland-pozzolan cement is a blended cement made by intergrinding
portland cement and pozzolanic materials. Two types, type IP (port-
land-pozzolan cement) and type IP-A (air-entraining portland-pozzolan
cement), are covered in ASTM specification C595.

Masonry cement, ASTM specification C91, is a blended cement used
in place of job cement-lime mixtures to reduce the number of materials
handled and to improve the uniformity of the mortar. These cements are
made by combining either natural or portland cements with fattening
materials such as hydrated lime and, sometimes, with air-entraining
admixtures.

Waterproofed cement is sometimes used where a waterproof or water-
repellent concrete or mortar is particularly desirable. It is cement
ground with certain soaps and oils. The effectiveness is limited to 3 or
4 ft of water pressure.

Shrinkage-compensated cements are special portland cements which
expand slightly during the moist curing period, compensating for the
shrinkage accompanying later drying. They are used primarily to aid in
producing crack-free concrete floor slabs and other members. ASTM
C845 covers these cements.

Regulated-set cements are special portland cements formulated to set
in very short times, producing usable concrete strengths in regulated
times of as little as 1 h or less. Such concretes are obviously well suited
to repair work done when it is important to minimize downtime.

Portland Cement Tests Cement should be tested for all but unim-
portant work. Tests should be made in accordance with the standard
specifications of the ASTM or with the federal specifications where
they apply. Samples should be taken at the mill, and tests completed
before shipments are made. When this is not possible, samples should
be taken at random from sound packages, one from every 10 bbl or 40
bags, and mixed. The total sample should weigh about 6 lb. ASTM
requirements for standard portland cements are given in ASTM specifi-
cation C150.

The autoclave soundness test consists of determining the expansion of

Table 6.9.1 Minimum Requirements for Average C

Age of
test, Storage of test
days pieces Normal

1 1 day moist air . . . .
3 1 day moist air, 2 days water 1,800
7 1 day moist air, 6 days water 2,800
28 1 day moist air, 27 days water . . . .
1,000 lb/in2 5 6.895 MPa.
SOURCE: Reprinted from ASTM C150, with permission from ASTM.
able time.
Compressive Strength Minimum requirements for average com-

pressive strength of not less than three 2-in cubes composed of 1 part
(by weight) cement and 2.75 parts standard graded mortar sand tested in
accordance with ASTM method C109, are shown in Table 6.9.1.

LIME

Common lime, or quicklime, when slaked or hydrated, is used for interior
plastering and for lime mortar. Mixed with cement, it is used for lime
and cement mortar and for stucco. Mortars made with lime alone are not
satisfactory for thick walls because of slow-setting qualities. They must
never be used under water. Quicklime slakes rapidly with water with
much heat evolution, forming calcium hydrate (CaH2O2). With proper
addition of water, it becomes plastic, and the volume of putty obtained
is 2 or 3 times the loose volume of the lime before slaking, and its
weight is about 21⁄2 times the weight of the lime. Plastic lime sets by
drying, by crystallization of calcic hydrate, and by absorbing carbonic
acid from the air. The process of hardening is very slow. Popping is
likely to occur in plaster unless the lime is sound, as indicated by an
autoclave test at 120 lb/in2 pressure for 2 h.

Magnesium lime, used for the same purposes as common or high-
calcium lime, contains more than 20 percent magnesium oxide. It slakes
more slowly, evolves less heat, expands less, sets more rapidly, and
produces higher-strength mortars than does high-calcium quicklime.

Pulverized and granulated limes slake completely much more quickly
than ordinary lump lime. They are sometimes waterproofed by the addi-
tion of stearates and other compounds similar to those used in cement
for the same purpose. The waterproofing treatment retards the slaking.

Hydrated lime is a finely divided white powder manufactured by slak-
ing quicklime with the requisite amount of water. It has the advantage
over lime slaked on the job of giving a more uniform product, free from
unslaked lime. It does not have plasticity or water retention equal to
freshly slaked quicklime.

Hydraulic hydrated lime is used for blending with portland cement and
as a masonry cement. It is the hydrated product of calcined impure
limestone which contains enough silica and alumina to permit the for-
mation of calcium silicates.

Quicklime is covered by ASTM C5 and hydrated limes by ASTM C6,
C206, and C821. The testing methods are covered by other ASTM
specifications referenced in the above specifications. ASTM C5 con-
tains instructions and cautions for slaking quicklime, as the chemical
reactions following the addition of water to quicklime are exothermic
and potentially dangerous.

pressive Strength

Compressive strength, lb/in2

Moderate High early Low Sulfate-
heat strength heat resistant

. . . . 1,800 . . . . . . . .
1,500 3,500 . . . . 1,200
2,500 . . . . 1,000 2,200
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Table 6.9.2

Sieve no. 100 50 30 16 8 4

Sieve opening, in 0.0059 0.0117 0.0234 0.0469 0.0937 0.187
Wire diam, in 0.0043 0.0085 0.0154 0.0256 0.0394 0.0606

Sieve size, in 3⁄8 3⁄4 1 11⁄2 2 3

Sieve opening, in 0.375 0.750 1.00 1.50 2.00 3.00
Wire diam, in 0.0894 0.1299 0.1496 0.1807 0.1988 0.2283

AGGREGATES

Sand

Sand to be used for mortar, plaster, and concrete should consist of clean,
hard, uncoated grains free from organic matter, vegetable loam, alkali,
or other deleterious substances. Vegetable or organic impurities are
particularly harmful. A quantity of vegetable matter so small that it
cannot be detected by the eye may render a sand absolutely unfit for use
with cement. Stone screenings, slag, or other hard inert material may be
substituted for or mixed with sand. Sand for concrete should range in

Coarse Aggregate

Broken Stone and Gravel Coarse aggregate for concrete may con-
sist of broken stone, gravel, slag, or other hard inert material with simi-
lar characteristics. The particles should be clean, hard, durable, and free
from vegetable or organic matter, alkali, or other deleterious matter
and should range in size from material retained on the no. 4 sieve to the
coarsest size permissible for the structure. For reinforced concrete and
small masses of unreinforced concrete, the maximum size should be
that which will readily pass around the reinforcement and fill all parts of

1
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size from fine to coarse, with not less than 95 percent passing a no. 4
sieve, not less than 10 percent retained on a no. 50 sieve, and not more
than 5 percent (or 8 percent, if screenings) passing a no. 100 sieve. A
straight-line gradation on a graph, with percentages passing plotted as
ordinates to normal scale and sieve openings as abscissas to logarithmic
scale, gives excellent results.

The grading of sand for mortar depends upon the width of joint, but
normally not less than 95 percent should pass a no. 8 sieve, and it should
grade uniformly from coarse to fine without more than 8 percent pass-
ing a no. 100 sieve.

Sand for plaster should have at least 90 percent passing a no. 8 sieve
and not more than 5 percent passing the no. 100 sieve.

Silt or clayey material passing a no. 200 sieve in excess of 2 percent is
objectionable.

Test of Sand Sand for use in important concrete structures should
always be tested. The strength of concrete and mortar depends to a large
degree upon the quality of the sand and the coarseness and relative
coarseness of the grains. Sand or other fine aggregate when made into a
mortar of 1 part portland cement to 3 parts fine aggregate by weight
should show a tensile strength at least equal to the strength of 1 : 3
mortar of the same consistency made with the same cement and stan-
dard sand. If the aggregate is of poor quality, the proportion of cement
in the mortar or concrete should be increased to secure the desired
strength. If the strength is less than 90 percent that of Ottawa sand
mortar, the aggregate should be rejected unless compression tests of
concrete made with selected aggregates pass the requirements. The
standard Ottawa sand gradation is described in ASTM specification
C109. This sand is supplied by the Ottawa Silica Co., Ottawa, Ill. The
compressive strength of 2-in cubes made from a cement and sand mix-
ture with a 0.9 water-cement ratio and a flow of 100 percent should
equal 90 percent of the strength of similar cubes made with graded
Ottawa sand.

The ASTM standard test (C40) for the presence of injurious organic
compounds in natural sands for cement mortar or concrete is as follows:
A 12-oz graduated glass prescription bottle is filled to the 41⁄2-oz mark
with the sand to be tested. A 3 percent solution of sodium hydroxide
(NaOH) in water is then added until the volume of sand and liquid, after
shaking, gives a total volume of 7 liquid oz. The bottle is stoppered,
shaken thoroughly, and then allowed to stand for 24 h. A standard-
reference-color solution of potassium dichromate in sulfuric acid is pre-
pared as directed in ASTM D154. The color of the clear liquid above the
sand is then compared with the standard-color solution; if the liquid is
darker than the standard color, further tests of the sand should be made
before it is used in mortar or concrete. The standard color is similar to
light amber.
the forms. Either 1- or 1 ⁄2-in diam is apt to be the maximum. For heavy
mass work, the maximum size may run up to 3 in or larger.

The coarse aggregate selected should have a good performance
record, and especially should not have a record of alkali-aggregate reac-
tion which may affect opaline and chert rocks.

Lightweight aggregates are usually pumice, lava, slag, burned clay or
shale, or cinders from coal and coke. It is recommended that lightweight
fine aggregate not be used in conjunction with lightweight coarse ag-
gregate unless it can be demonstrated, from either previous performance
or suitable tests, that the particular combination of aggregates results in
concrete that is free from soundness and durability problems. In case of
doubt, the concrete mix should be designed using sand fine aggregate,
and lightweight coarse aggregate. Their application is largely for con-
crete units and floor slabs where saving in weight is important and
where special thermal insulation or acoustical properties are desired.

Heavyweight aggregates are generally iron or other metal punchings,
ferrophosphate, hematite, magnetite, barite, limenite, and similar heavy
stones and rocks. They are used in concrete for counterweights, dry
docks, and shielding against rays from nuclear reactions.

Fineness Modulus The fineness modulus, which is used in the
Abrams method as an index of the characteristics of the aggregates, is
the sum of the cumulative percentages (divided by 100) which would be
retained by all the sieves in a special sieve analysis. The sieves used in
this method are nos. 100, 50, 30, 16, 8, and 4 for fine aggregates and
these plus the 3⁄8-, 3⁄4-, 11⁄2-, and 3-in sizes for coarse aggregates. A high
fineness modulus indicates a relatively low surface area because the
particles are relatively large, which means less water required and,
therefore, a higher concrete strength. Aggregates of widely different
gradation may have the same fineness modulus.

ASTM standard sieves for analysis of aggregates for concrete have
the sizes of opening and wire shown in Table 6.9.2.

WATER

Water for concrete or mortar should be clean and free from oil, acid,
alkali, organic matter, or other deleterious substance. Cubes or bri-
quettes made with it should show strength equal to those made with
distilled water. Water fit for drinking is normally satisfactory for use
with cement. However, many waters not suitable for drinking may be
suitable for concrete. Water with less than 2,000 ppm of total dissolved
solids can usually be used safely for making concrete. (See Sec. 6.10,
Water.)

Seawater can be used as mixing water for plain concrete, although
28-day strength may be lower than for normal concrete. If seawater is
used in reinforced concrete, care must be taken to provide adequate
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cover with a dense air-entrained concrete to minimize risks of corro-
sion. Seawater should not be used with prestressed concrete.

ADMIXTURES

Admixtures are substances, other than the normal ingredients, added to
mortars or concrete for altering the normal properties so as to improve
them for a particular purpose. Admixtures are frequently used to entrain
air, increase workability, accelerate or retard setting, provide a pozzo-
lanic reaction with lime, reduce shrinkage, and reduce bleeding. How-

protects the reinforcement from corrosion for longer periods. Chloride
sources include both deicing chemicals and seawater, and these con-
cretes have been successfully used to resist both these severe environ-
ments. They are also sulfate-resistant, which is important in those geo-
graphic areas which have sulfate-bearing groundwater.

Other admixtures may be classed as gas-forming agents, pozzolanic
materials, curing aids, water-repelling agents, and coloring agents.

MORTARS
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ever, before using an admixture, consideration must be given to its
effect on properties other than the one which is being improved. Most
important is consideration of possible changes in the basic mix which
might make the admixture unnecessary. Particular care must be used
when using two or more admixtures in the same concrete, such as a
retarding agent plus an air-entraining agent, to ensure that the materials
are compatible with each other when mixed in concrete. The properties
of chemical admixtures should meet ASTM C494 and air-entraining
agents should meet ASTM C260.

Air-entraining agents constitute one of the most important groups of
admixtures. They entrain air in small, closely spaced, separated bubbles
in the concrete, greatly improving resistance to freezing and thawing
and to deicing agents.

Accelerators are used to decrease the setting time and increase early
strength. They permit shorter curing periods, earlier form removal, and
placing at lower temperatures. Calcium chloride is the most frequently
used accelerator and can be used in amounts up to 2 percent of the
weight of the cement, but must never be used with prestressed concrete.

Retarders increase the setting time. They are particularly useful in hot
weather and in grouting operations.

Water reducers are used to increase the workability of concrete with-
out an accompanying increase in the water content. The most recent
development is the use of high-range water reducers, or superplasti-
cizers, which are polymer liquid materials added to the concrete in the
mixer. These materials lead to spectacular temporary increases in slump
for a given water content, and may be used to obtain several different
results. A normal mix can be transformed into a ‘‘flowing’’ concrete
which will practically level itself. Or the addition of the superplasticizer
can allow the mix to be redesigned for the same consistency at the time
of mixing, but considerably less water will be required and conse-
quently a higher concrete strength can be reached without adding ce-
ment, or the same strength can be reached with a lower cement content.

Fly ash from coal-burning power plants can be added to concrete
mixes to achieve several effects. The very fine material tends to act as a
lubricant to the wet concrete, and thus may be added primarily to in-
crease the workability. Fly ash also enters the chemical reactions in-
volved in the setting of concrete and leads to higher strengths. Fly ash is
often used in mass concrete such as dams as a replacement for part of
the cement, in order to save some material costs, to reduce the rate at
which the hydration produces heat, and to increase the long-term
strength gain potential of the concrete. Fly ash is a pozzolan, and should
meet requirements of ASTM C618. Free carbon from incomplete com-
bustion must be strictly limited.

Silica Fume Silica fume, also called condensed silica fume or microsil-
ica, is another pozzolan which may be added to concrete as a supplement
or partial replacement to the cement. This material reacts with the lime
in the cement and helps lead to very high-strength, low-permeability
concrete. The silica-lime reaction can occur very quickly, and retarders
are often necessary in concretes containing silica fume. Concretes con-
taining silica fume tend to be quite dark gray compared with ordinary
concrete mixes, and concretes containing fly ash tend to be lighter than
the usual concrete gray.

Ground Granulated Blast-Furnace Slag Ground granulated blast-
furnace slag has been used in Europe as a supplement to or partial
replacement for portland cement for several decades but has become
available in North America relatively recently. Concretes made with
this material tend to develop very low permeabilities, which improves
durability by retarding oxygen and chloride penetration, which in turn
Properties desirable in a mortar include (1) good plasticity or workabil-
ity, (2) low volume change or volume change of the same character as
the units bonded, (3) low absorption, (4) low solubility and thus free-
dom from efflorescence, (5) good strength in bond and ample strength
to withstand applied loads, (6) high resistance to weathering.

Mortar Types There are several different types of mortar which are
suitable for masonry construction of different kinds, uses, and exposure
conditions. The BOCA Basic Building Code lists several mortar types,
and their permitted uses are given in Table 6.9.3. The makeup of these
mortars is specified in terms of volumes of materials, as listed in Table
6.9.4, also from BOCA. There is considerable leeway given for the
proportions, and the materials are mixed with water to the consistency
desired by the mason. The portland cement, masonry cement, and lime
may be purchased separately or blended, and for small jobs a dry mix
mortar containing everything except the water may be purchased in
bags. The hydrated lime tends to give the fresh mortar plasticity, or
stickiness, which is necessary for the proper bedding of the masonry or
concrete units being laid.

Additional mortar types may be used for reinforced masonry, in
which steel bars are used to increase the strength in the same way that
concrete is reinforced. Other mortars may be used for filling the cavities
in concrete block construction, or concrete masonry unit construction,
and this mortar may be referred to as grout.

Design procedures and requirements for concrete and clay masonry
are contained in ACI 530/ TMS 402/ASCE 5. Unreinforced masonry
cannot be relied on to resist tension stresses. Compressive stresses per-
mitted under the empirical design rules vary widely, depending on the
strength and type of masonry unit. The highest stress permitted is 350
lb/in2 for high-strength solid bricks, while the lowest is 60 lb/in2 for the
lowest-strength hollow-concrete blocks, where the stresses are com-
puted on the gross area and the units are laid with type M or S mortar.
Type N mortar leads to stresses which are 10 to 15 percent lower.

Mortars for Plastering and Stucco Interior plastering is much less
common than it was in the past because of the use of gypsum board
products for walls, but is done in various instances. Common lime plas-
ter consists of hydrated lime (usually purchased in prepared, bagged

Table 6.9.3 Masonry and Mortar Types

Type of masonry
Type of mortar

permitted

Masonry in contact with earth M or S
Grouted and filled cell masonry M or S
Masonry above grade or interior masonry

Piers of solid units M, S, or N
Piers of hollow units M or S
Walls of solid units M, S, N, or O
Walls of hollow units M, S, or N
Cavity walls and masonry bonded hollow walls

Design wind pressure exceeds 20 lb/ft2 M or S
Design wind pressure 20 lb/ft2 or less M, S, or N

Glass block masonry S or N
Non-load-bearing partitions and fireproofing M, S, N, O, or gypsum
Firebrick Refractory air-setting

mortar
Linings of existing masonry, above or below grade M or S
Masonry other than above M, S, or N

1 lb/ft2 5 47.9 Pa.
SOURCE: BOCA Basic Building Code, 1984.
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Table 6.9.4 Mortar Proportions Specification Requirements (Parts by Volume)

Hydrated lime
or

lime putty
Mortar Portland Masonry

type cement cement Min Max Damp loose aggregate

M 1 1⁄4
1 1

S 1 1⁄4 1⁄2
1⁄2 1

Not less than 21⁄4 and not more than
3 times the sum of the volumes
of the cements and lime used

N 1 1⁄2 11⁄4
1

O 1
1 11⁄4 21⁄2

SOURCE: BOCA Basic Building Code, 1984.

form), clean coarse sand, and hair or fiber. The plastering is normally
done in two or three layers, with the base coats containing about equal
volumes of lime and sand, plus hair or fiber, and the final layer contain-
ing less sand. In three-layer work, the first layer is the scratch coat, the
second the brown coat, and the last the white or skim coat. The scratch
coat is applied directly to either a masonry wall or the lath in a frame
wall.

Skim coat is a finish coat composed of lime putty and fine white sand.
It is placed in two layers and troweled to a hard finish. Gaged skim coat is
skimming mixed with a certain amount of plaster of paris, which makes

should be thin, i.e., 1⁄8 in or not more than 1⁄4 in. The second coat should
generally be applied 24 h after the first or scratch coat. The finish coat
should not be applied in less than 1 week after the second coat. Propor-
tions of mix for all coats may be 1⁄5 part hydrated lime, 1 part portland
cement, 3 parts fairly coarse sand, measured by volume. Stucco work
should not be put on in freezing weather and must be kept moist for at
least 7 days after application of the mortar.

Mineral colors for stucco, if used, should be of such composition that
they will not be affected by cement, lime, or the weather. The best
method is to use colored sands when possible. The most satisfactory
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it a hard finish. Hard finish consists of 1 part lime putty to 1 or 2 parts
plaster of paris.

Keene’s cement, which is an anhydrous calcined gypsum with an ac-
celerator, is much used as a hard-finish plaster.

Gypsum plaster (ASTM C28) lacks the plasticity and sand-carrying
capacity of lime plaster but is widely used because of its more rapid
hardening and drying and because of the uniformity obtainable as the
result of its being put up in bags ready-mixed for use.

Gypsum ready-mixed plaster should contain not more than 3 ft3 of
mineral aggregate per 100 lb of calcined gypsum plaster, to which may
be added fiber and material to control setting time and workability.
Gypsum neat plaster used in place of sanded plaster for second coat
should contain at least 66 percent CaSO4 : 1⁄2H2O; the remainder may be
fiber and retarders. Calcined gypsum for finishing coat may be white or
gray. If it contains no retarder, it should set between 20 and 40 min; if
retarded, it should set between 40 min and 6 h.

Cement plaster is used where a very hard or strong plaster is required,
e.g., for thin metal-lath partitions or as a fire protection. It should con-
tain not more than 2 parts sand, by dry and loose volume, to 1 part
portland cement. Lime putty or hydrated lime is added up to 15 percent
by volume of the cement.

Under moisture conditions where the plaster will not dry rapidly,
curing at temperatures above 60 and below 90°F is absolutely necessary
if cracking is to be avoided.

Stucco Stucco is used for exterior plastering and is applied to brick
or stone or is plastered onto wood or metal lath. For covering wooden
buildings, the stucco is plastered either on wood lath or on metal lath in
three coats, using mortar similar to that for brick or stone. Concrete in
northern climates exposed to frost should never be plastered but should
be finished by rubbing down with carborundum brick or similar tool
when the surface is comparatively green. It may also be tooled in
various ways. Whenever stucco is used, extreme care must be taken to
get a good bond to the supporting surface. While stucco has traditionally
been applied with a trowel, it can also be applied pneumatically. Similar
material used for lining metal pipes can be applied with a centrifugal
device which ‘‘slings’’ the material onto the pipe wall.

For three-coat work on masonry or wood lath, the first or scratch coat
should average 1⁄4 in thick outside the lath or surface of the brick. The
thickness of the second coat should be 3⁄8 to 1⁄2 in, while the finish coat
results with colored mortar are obtained by using white portland ce-
ment. Prepared patented stuccos which are combinations of cement,
sand, plasticizers, waterproofing agents, and pigment are widely used.

CONCRETE

Concrete is made by mixing cement and an aggregate composed of hard
inert particles of varying size, such as a combination of sand or broken-
stone screenings, with gravel, broken stone, lightweight aggregate, or
other material. Portland cement should always be used for reinforced
concrete, for mass concrete subjected to stress, and for all concrete laid
under water.

Proportioning Concrete Compressive strength is generally ac-
cepted as the principal measure of the quality of concrete, and although
this is not entirely true, there is an approximate relation between com-
pressive strength and the other mechanical properties. Methods of pro-
portioning generally aim to give concrete of a predetermined compres-
sive strength.

The concrete mixture is proportioned or designed for a particular
condition in various ways: (1) arbitrary selection based on experience
and common practice, such as 1 part cement, 2 parts sand, 4 parts stone
(written 1 : 2 : 4); (2) proportioning on the basis of the water/cement
ratio, either assumed from experience or determined by trial mixtures
with the given materials and conditions; (3) combining materials on the
basis of either the voids in the aggregates or mechanical-analysis curves
so as to obtain the least voids and thus concrete of the maximum density
for a given cement content.

Concrete mixes for small jobs can generally be determined by consulta-
tion with a ready-mixed concrete supplier, on the basis of the supplier’s
experience. If this information is not available, the mixes recommended
by ACI Committee 211 and reproduced in Table 6.9.5 can be used as
long as the required compressive strength is not higher than perhaps
3,500 lb/in2. It is important that the mix be kept as dry as can be satis-
factorily compacted, by vibration, into the form work since excess water
reduces the eventual compressive strength. And the air entrainment is
important for concretes which will be exposed to freeze-thaw cycles
after curing.

For larger jobs and in all cases where high compressive strength is
necessary, the mix must be designed on a more thorough basis. Again,
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Table 6.9.5 Concrete Mixes for Small Jobs
Procedure: Select the proper maximum size of aggregate. Use mix B, adding just enough water to
produce a workable consistency. If the concrete appears to be undersanded, change to mix A, and,
if it appears oversanded, change to mix C.

Approximate weights of solid ingredients per ft3 of concrete, lb

Sand* Coarse aggregate
Maximum

size of Air- Concrete Gravel or Iron blast-
aggregate, Mix entrained without crushed furnace

in designation Cement concrete† air stone slag

1⁄8 A 25 48 51 54 47
B 25 46 49 56 49
C 25 44 47 58 51

3⁄4 A 23 45 49 62 54
B 23 43 47 64 56
C 23 41 45 66 58

1 A 22 41 45 70 61
B 22 39 43 72 63
C 22 37 41 74 65

11⁄2 A 20 41 45 75 65
B 20 39 43 77 67
C 20 37 41 79 69

2 A 19 40 45 79 69
B 19 38 43 81 71
C 19 36 41 83 72

* Weights are for dry sand. If damp sand is used, increase tabulated weight of sand 2 lb and, if very wet sand is used, 4 lb.
† Air-entrained concrete should be used in all structures which will be exposed to alternate cycles of freezing and thawing.

Air-entrainment can be obtained by the use of an air-entraining cement or by adding an air-entraining admixture. If an admixture
is used, the amount recommended by the manufacturer will, in most cases, produce the desired air content.

SOURCE: ACI 211.

local suppliers of ready-mixed concrete may have records which will be
of considerable help. The concrete mix has several contradictory re-
quirements placed on it, so the final product represents a compromise.
The hardened concrete must be strong enough for its intended use, it
must be durable enough for its expected exposure conditions, and the
freshly mixed concrete must be workable enough to be placed and com-
pacted in the forms.

For a given aggregate type and size, the strength is controlled primar-
ily by the water/cement ratio, with a decrease in water content, relative
to cement, leading to an increase in strength, as long as the concrete

Table 6.9.6 Maximum Permissible Water/Cement Ratios for
Concrete in Severe Exposures

Structure wet
continuously or
frequently and Structure

exposed to exposed to
freezing and seawater

Type of structure thawing* or sulfates

Thin sections (railings, curbs, sills, 0.45 0.40†
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remains workable enough to be placed. The durability is controlled by
the water/cement ratio and the air content, assuming a suitable aggre-
gate for the exposure condition. Table 6.9.6, from ACI Committee 211,
gives the maximum water/cement ratios which should be used in severe
exposure conditions, and Table 6.9.7 gives the water/cement ratios re-
quired for various concrete strengths.

For the severe-exposure cases, the air content should be between 4.5
and 7.5 percent, with the smaller value being for larger maximum sized
aggregate. These tables establish two of the constraints on the mix
design. A third constraint is the consistency of the concrete, as deter-
mined by the slump test which is described later. Table 6.9.8 gives the
same committee’s recommendations about the maximum and minimum
slump values for various kinds of members. Stiffer mixes, with slumps
less than 1 in, can be placed only with very heavy vibration and with
great care to achieve the necessary compaction, but the dry mixes can
produce very high concrete strengths with only moderate cement con-
tents. Greater slumps are sometimes necessary when the reinforcement
is very congested or the members small, such as thin walls or cast-in-
place piling. The higher slumps may be produced with the high-range
water reducers, or superplasticizers, without the penalty of requiring
excessive water content.

The next constraint on the mix is the maximum size of aggregate.
Larger aggregate sizes tend to lead to lower cement contents, but the
maximum size used is limited by what is available, and in addition
usually should be limited to not more than one-fifth the narrowest width
between forms, one-third the thickness of slabs, three-fourths the mini-
ledges, ornamental work) and sec-
tions with less than 1-in cover over
steel

All other structures 0.50 0.45†

* Concrete should also be air-entrained.
† If sulfate-resisting cement (type II or type V of ASTM C150) is used, permissible water/

cement ratio may be increased by 0.05.
SOURCE: ACI 211.

Table 6.9.7 Relationships between Water/Cement Ratio and
Compressive Strength of Concrete

Water/cement ratio, by weight

Compressive strength Non-air-entrained Air-entrained
at 28 days, lb/in2* concrete concrete

6,000 0.41 —
5,000 0.48 0.40
4,000 0.57 0.48
3,000 0.68 0.59
2,000 0.82 0.74

* Values are estimated average strengths for concrete containing not more than the percent-
age of air shown in Table 6.9.9. For a constant water/cement ratio, the strength of concrete is
reduced as the air content is increased.

Strength is based on 6 3 12 in cylinders moist-cured 28 days at 73.4 6 3°F (23 6 1.7°C) in
accordance with Section 9(b) of ASTM C31 for Making and Curing Concrete Compression and
Flexure Test Specimens in the Field.

Relationship assumes maximum size of aggregate about 3⁄4 to 1 in; for a given source, strength
produced for a given water/cement ratio will increase as maximum size of aggregate decreases.

SOURCE: ACI 211.
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Table 6.9.8 Recommended Slumps for Various Types of
Construction

Slump, in

Types of construction Maximum* Minimum

Reinforced foundation walls and footings 3 1
Plain footings, caissons, and substructure
walls

3 1

Beams and reinforced walls 4 1

Table 6.9.10 Volume of Coarse Aggregate per Unit Volume
of Concrete

Volume of dry-rodded coarse aggregate*
per unit volume of concrete for different

fineness moduli of sandMaximum size
of aggregate,

in 2.40 2.60 2.80 3.00

3⁄8 0.50 0.48 0.46 0.44
1⁄2 0.59 0.57 0.55 0.53
3

Air
eg

ete

na

ain

5
0
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Building columns 4 1
Pavements and slabs 3 1
Mass concrete 2 1

* May be increased 1 in for methods of consolidation other than vibration.
SOURCE: ACI 211.

mum clear spacing between reinforcing steel. Extremely strong con-
cretes will require smaller rather than larger maximum aggregate sizes.
Once the maximum-size stone has been selected, the water content to
produce the desired slump can be estimated from Table 6.9.9, and once
the water content has been determined, the cement content is deter-
mined from the required water/cement ratio determined earlier. The
volume of coarse aggregate is then determined from Table 6.9.10, and
when the fraction is multiplied by the dry rodded unit weight, the weight
of coarse aggregate per unit volume of concrete can be found.

The weight of sand needed to make a cubic yard of concrete can then
be estimated by adding up the weights of materials determined so far,

Table 6.9.9 Approximate Mixing Water and
Slumps and Nominal Maximum Sizes of Aggr

Water, lb/yd3 of concr

Slump, in 3⁄8 ina 1⁄2 ina 3⁄4 i

Non-air-entr

1–2 350 335 31
3–4 385 365 34

6–7 410 385 360
Approximate amount of
entrapped air in non-
air-entrained concrete, %

3 2.5 2

Air-entraine

1–2 305 295 280
3–4 340 325 305
6–7 365 345 325
Recommended averaged

total air content, per-
cent for level of expo-
sure:
Mild exposure 4.5 4.0 3.5
Moderate exposure 6.0 5.5 5.0
Extreme exposureg 7.5 7.0 6.0

a These quantities of mixing water are for use in computing ce
well-shaped angular coarse aggregates graded within limits of ac

b The slump values for concrete containing aggregate larger
particles larger than 11⁄2 in by wet-screening.

c These quantities of mixing water are for use in computing
maximum size aggregate is used. They are average for reasonab
fine.

d Additional recommendations for air content and necessary t
number of ACI documents, including ACI 201, 345, 318, 301
air-content limits. The requirements in other documents may not a
must be given to selecting an air content that will meet the need

e For concrete containing large aggregates which will be wet-s
percentage of air expected in the 11⁄2 in minus material should be a
calculations should include the air content as a percent of the wh

f When using large aggregate in low cement factor concrete, air
mixing water requirement is reduced sufficiently to improve th
reducing effect of entrained air concrete. Generally, therefore, fo
mended for extreme exposure should be considered even though

g These values are based on the criteria that 9 percent air is ne
will be substantially different from that determined in this recomm
content by taking 9 percent of the actual mortar volume.

SOURCE: ACI 211.
⁄4 0.66 0.64 0.62 0.60
1 0.71 0.69 0.67 0.65
11⁄2 0.75 0.73 0.71 0.69
2 0.78 0.76 0.74 0.72
3 0.82 0.80 0.78 0.76
6 0.87 0.85 0.83 0.81

a Volumes are based on aggregates in dry-rodded condition as described in ASTM C 29 for
Unit Weight of Aggregate.

These volumes are selected from empirical relationships to produce concrete with a degree of
workability suitable for usual reinforced construction. For less workable concrete such as re-
quired for concrete pavement construction they may be increased about 10 percent.

SOURCE: ACI 211.

and subtracting from the expected weight of a cubic yard of concrete,
which might be estimated at 3,900 lb for an air-entrained concrete and
4,000 lb for a mix without air. This weight should be the surface-dry
saturated weight, with a correction made for the moisture content of the
sand by increasing the weight of sand and decreasing the amount of mix

Content Requirements for Different
ates

for indicated nominal maximum sizes of aggregate

1 ina 11⁄2 ina 2 ina,b 3 inb,c 6 inb,c

ed concrete

300 275 260 220 190
325 300 285 245 210

340 315 300 270 —
1.5 1 0.5 0.3 0.2

d concrete

270 250 240 205 180
295 275 265 225 200
310 290 280 260 —

3.0 2.5 2.0 1.5e,g 1.0e,g

4.5 4.5 4.0 3.5e,g 3.0e,g

6.0 5.5 5.0 4.5e,g 4.0e,g

ment factors for trial batches. They are maxima for reasonably
cepted specifications.
than 11⁄2 in are based on slump tests made after removal of

cement factors for trial batches when 3 in or 6 in nominal
ly well-shaped coarse aggregates, well-graded from coarse to

olerances on air content for control in the field are given in a
, and 302. ASTM C 94 for ready-mixed concrete also gives
lways agree exactly so in proportioning concrete consideration

s of the job and also meet the applicable specifications.
creened over the 11⁄2 in sieve prior to testing for air content, the
s tabulated in the 11⁄2 in column. However, initial proportioning
ole.
entrainment need not be detrimental to strength. In most cases

e water/cement ratio and to thus compensate for the strength
r these large maximum sizes of aggregate, air contents recom-
there may be little or no exposure to moisture and freezing.

eded in the mortar phase of the concrete. If the mortar volume
ended practice, it may be desirable to calculate the needed air
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water. Table 6.9.11 gives the expected ranges of water content of fine
and coarse aggregates. Concretes with small-maximum-size aggregates
will be lighter than the values just cited, and concretes with aggregates
larger than 1 in will probably be heavier, and the kind of stone making
up the coarse aggregate will also make some difference.

Table 6.9.11 Free Moisture
Content

Dry Damp Wet

Machine-mixed concrete is employed almost universally. The mixing
time for the usual batch mixer of 1 yd3 or less capacity should not be less
than 1 min from the time all materials are in the mixer until the time of
discharge. Larger mixers require 25 percent increase in mixing time per
1⁄2-yd3 increase in capacity. Increased mixing times up to 5 min increase
the workability and the strength of the concrete. Mixing should always
continue until the mass is homogeneous.

Concrete mixers of the batch type give more uniform results; few
continuous mixers are used. Batch mixers are either (1) rotating mixers,
consisting of a revolving drum or a square box revolving about its
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Gravel 0.2 1.0 2.0
Sand 2.0 4.0 7.0

The mix properties just determined represent a starting point, and the
final mix will usually be adjusted somewhat after trials have been con-
ducted. Ideally, the trials should be done in a laboratory before the
job-site concrete work starts, and the trial mixes should be evaluated for
slump, tendency for segregation, ease with which the surface can be
finished (especially important for slabs), air content, actual unit weight,
actual water requirements for the desired slump, and the compressive
strength of the concrete. It must be recognized that the various tables are
based on average conditions, and that a particular combination of ce-
ment and aggregate may produce a concrete considerably stronger or
weaker than expected from these values, and this can be true even when
all of the materials meet the appropriate limitations in the ASTM speci-
fications. Admixtures will also change the required mix proportions,
and water reducers have the potential of allowing significant reductions
in cement content. The tables include values for very large aggregate,
up to 6-in maximum size, but aggregate larger than 11⁄2 in will seldom
be used in ordinary structures, and such concretes should be left to
specialists.

It must also be recognized that consistent quality will be achieved
only when care is taken to ensure that the various materials are of
consistently good quality. Variations in the size of the sand and coarse
aggregate, dirty aggregate, improperly stored cement, very high or low
temperatures, and carelessness in any of the batching and mixing opera-
tions can reduce the uniformity and quality of the resulting concrete.
The addition of extra water ‘‘to make it easier to place’’ is a too-
common field error leading to poor concrete, since the extra water in-
creases the water/cement ratio, which reduces the strength and durabil-
ity. Some of the tests used are described in the following paragraphs.

The dry rodded weight is determined by filling a container, of a diam-
eter approximately equal to the depth, with the aggregate in three equal
layers, each layer being rodded 25 times using a bullet-pointed rod 5⁄8 in
diam and 24 in long.

Measurement of materials is usually done by weight. The bulking ef-
fect of moisture, particularly on the fine aggregate, makes it difficult to
keep proportions uniform when volume measurement is used. Water is
batched by volume or weight.

Mixing In order to get good concrete, the cement and aggregates
must be thoroughly mixed so as to obtain a homogeneous mass and coat
all particles with the cement paste. Mixing may be done either by hand
or by machine, although hand mixing is rare today.

Quality Control of Concrete Control methods include measuring
materials by weight, allowing for the water content of the aggregates;
careful limitation of the total water quantity to that designed; frequent
tests of the aggregates and changing the proportions as found necessary
to maintain yield and workability; constant checks on the consistency
by the slump test, careful attention to the placing of steel and the filling
of forms; layout of the concrete distribution system so as to eliminate
segregation; check on the quality of the concrete as placed by means of
specimens made from it as it is placed in the forms; and careful attention
to proper curing of the concrete. The field specimens of concrete are
usually 6 in diam by 12 in high for aggregates up to 11⁄2 in max size and
8 by 16 in for 3-in aggregate. They are made by rodding the concrete in
three layers, each layer being rodded 25 times using a 5⁄8-in diam bullet-
pointed rod 24 in long.
diagonal axis and usually provided with deflectors and blades to im-
prove the mixing; or (2) paddle mixers, consisting of a stationary box
with movable paddles which perform the mixing. Paddle mixers work
better with relatively dry, high-sand, small-size aggregate mixtures and
mortars and are less widely used than rotating mixers.

Ready-mixed concrete is (1) proportioned and mixed at a central plant
(central-mixed concrete) and transported to the job in plain trucks or
agitator trucks, or (2) proportioned at a central plant and mixed in a
mixer truck (truck-mixed concrete) equipped with water tanks, during
transportation. Ready-mixed concrete is largely displacing job-mixed
concrete in metropolitan areas. The truck agitators and mixers are es-
sentially rotary mixers mounted on trucks. There is no deleterious effect
on the concrete if it is used within 1 h after the cement has been added to
the aggregates. Specifications often state the minimum number of revo-
lutions of the mixer drum following the last addition of materials.

Materials for concrete are also centrally batched, particularly for road
construction, and transported to the site in batcher trucks with compart-
ments to keep aggregates separated from the cement. The truck dis-
charges into the charging hopper of the job mixer. Road mixers some-
times are arranged in series—the first mixer partly mixes the materials
and discharges into a second mixer, which completes the mixing.

Consistency of Concrete The consistency to be used depends upon
the character of the structure. The proportion of water in the mix is of
vital importance. A very wet mixture of the same cement content is
much weaker than a dry or mushy mixture. Dry concrete can be em-
ployed in dry locations for mass foundations provided that it is carefully
spread in layers not over 6 in thick and is thoroughly rammed. Medium,
or quaking, concrete is adapted for ordinary mass-concrete uses, such as
foundations, heavy walls, large arches, piers, and abutments. Mushy
concrete is suitable as rubble concrete and reinforced concrete, for such
applications as thin building walls, columns, floors, conduits, and tanks.
A medium, or quaking, mixture has a tenacious, jellylike consistency
which shakes on ramming; a mushy mixture will settle to a level surface
when dumped in a pile and will flow very sluggishly into the forms or
around the reinforcing bars; a dry mixture has the consistency of damp
earth.

The two methods in common use for measuring the consistency or
workability of concrete are the slump test and the flow test. In the slump
test, which is the more widely used of the two, a form shaped as a
frustum of a cone is filled with the concrete and immediately removed.
The slump is the subsidence of the mass below its height when in the
cone. The form has a base of 8-in diam, a top of 4-in diam, and a height
of 12 in. It is filled in three 4-in layers of concrete, each layer being
rodded by 25 strokes of a 5⁄8-in rod, 24 in long and bullet-pointed at the
lower end.

A test using the penetration of a half sphere, called the Kelly ball test,
is sometimes used for field control purposes. A 1-in penetration by the
Kelly ball corresponds to about 2 in of slump.

Usual limitations on the consistency of concrete as measured by the
slump test are given in Table 6.9.8.

The consistency of concrete has some relation to its workability, but a
lean mix may be unworkable with a given slump and a rich mix may be
very workable. Certain admixtures tend to lubricate the mix and, there-
fore, increase the workability at certain slumps. The slump at all times
should be as small as possible consistent with the requirements of han-
dling and placing. A slump over 7 in is usually accompanied by segre-
gation and low strength of concrete, unless the high slump was pro-
duced with the aid of a superplasticizer.
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Forms for concrete should maintain the lines required and prevent
leakage of mortar. The pressure on forms is equivalent to that of a liquid
with the same density as the concrete, and of the depth placed within
2 h. Dressed lumber or plywood is used for exposed surfaces, and rough
lumber for unexposed areas. Wood or steel forms should be oiled before
placing concrete.

Placement of concrete for most structures is by chutes or buggies.
Chutes should have a slope not less than one vertical to two horizontal;
the use of flatter slopes encourages the use of excess water, leading to
segregation and low strengths. Buggies are preferable to chutes because

provided the mixture is homogeneous; (3) materially with age; and (4)
with thickness of the concrete, but in a much larger ratio. It decreases
uniformly with increase in pressure and rapidly with increase in the
water/cement ratio.

Air-Entrained Concrete The entrainment of from 3 to 6 percent by
volume of air in concrete by means of vinsol resin or other air-bubble-
forming compounds has, under certain conditions, improved the resis-
tance of concrete in roads to frost and salt attack. The air entrainment
increases the workability and reduces the compressive strength and the
weight of the concrete. As the amount of air entrainment produced by a
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they handle drier concrete and allow better placement control. Drop-
bottom buckets are desirable for large projects and dry concrete. Con-
crete pumped through pipelines by mechanically applied pressure is
sometimes economical for construction spread over large areas. When
concrete is to be pumped, it should be a fairly rich mix, with slump of
4 in or more and aggregate not over about 3⁄4 in, unless it has been
determined that the pump can handle harsher concretes. Concrete for
tunnels is placed by pneumatic pumps. Underwater concrete is depos-
ited by drop-bottom bucket or by a tremie or pipe. Such concrete should
have a cement-content increase of 15 percent to allow for loss of cement
in placement.

Compaction of concrete (working it into place) is accomplished by
tampers or vibrators. Vibrators are applied to the outside of the forms
and to the surface or interior of the concrete; they should be used with
care to avoid producing segregation. The frequency of vibrators is usu-
ally between 3,000 and 10,000 pulsations per minute.

Curing of concrete is necessary to ensure proper hydration. Concrete
should be kept moist for a period of at least 7 days, and the temperature
should not be allowed to fall below 50°F for at least 3 days. Sprayed-on
membrane curing compounds may be used to retain moisture. Special
precautions must be taken in cold weather and in hot weather.

Weight of Concrete The following are average weights, lb/ft 3, of
portland cement concrete:

Sand-cinder concrete 112 Limestone concrete 148

Burned-clay or shale concrete 105 Sandstone concrete 143

Gravel concrete 148 Traprock concrete 155

Watertightness Concrete can be made practically impervious to
water by proper proportioning, mixing, and placing. Leakage through
concrete walls is usually due to poor workmanship or occurs at the
joints between 2 days’ work or through cracks formed by contraction.
New concrete can be bonded to old by wetting the old surface, plaster-
ing it with neat cement, and then placing the concrete before the neat
cement has set. It is almost impossible to prevent contraction cracks
entirely, although a sufficient amount of reinforcement may reduce their
width so as to permit only seepage of water. For best results, a low-
volume-change cement should be used with a concrete of a quaking
consistency; the concrete should be placed carefully so as to leave no
visible stone pockets, and the entire structure should be made without
joints and preferably in one continuous operation. The best waterproof-
ing agent is an additional proportion of cement in the mix. The concrete
should contain not less than 6 bags of cement per yd3.

For maximum watertightness, mortar and concrete may require more
fine material than would be used for maximum strength. Gravel pro-
duces a more watertight concrete than broken stone under similar con-
ditions. Patented compounds are on the market for producing watertight
concrete, but under most conditions, equally good results can be ob-
tained for less cost by increasing the percentage of cement in the mix.
Membrane waterproofing, consisting of asphalt or tar with layers of felt
or tarred paper, or plastic or rubber sheeting in extreme cases, is advis-
able where it is expected that cracks will occur. Mortar troweled on very
hard may produce watertight work.

Concrete to be placed through water should contain at least 7 bags of
cement per yd3 and should be of a quaking consistency.

According to Fuller and Thompson (Trans. ASCE, 59, p. 67), water-
tightness increases (1) as the percentage of cement is increased and in a
very much larger ratio; (2) as the maximum size of stone is increased,
given percentage of vinsol resin varies with the cement, mixture, aggre-
gates, slump, and mixing time, good results are dependent on very
careful control.

Concrete for Masonry Units Mixtures for concrete masonry units,
which are widely used for walls and partitions, employ aggregates of a
maximum size of 1⁄2 in and are proportioned either for casting or for
machine manufacture. Cast units are made in steel or wooden forms and
employ concrete slumps of from 2 to 4 in. The proportions used are 1
part cement and 3 to 6 parts aggregate by dry and loose volumes. The
forms are stripped after 24 h, and the blocks piled for curing. Most
blocks are made by machine, using very dry mixtures with only enough
water present to enable the concrete to hold together when formed into a
ball. The proportions used are 1 part cement and 4 to 8 parts aggregate
by dry and loose volumes. The utilization of such a lean and dry mixture
is possible because the blocks are automatically tamped and vibrated in
steel molds. The blocks are stripped from the molds at once, placed on
racks on trucks, and cured either in air or in steam. High-pressure-steam
(50 to 125 lb/in2) curing develops the needed strength of the blocks in
less than 24 h. Most concrete blocks are made with lightweight aggre-
gates such as cinders and burned clay or shale in order to reduce the
weight and improve their acoustical and thermal insulating properties.
These aggregates not only must satisfy the usual requirements for gra-
dation and soundness but must be limited in the amount of coal, iron,
sulfur, and phosphorus present because of their effect on durability,
discoloration and staining, fire resistance, and the formation of ‘‘pops.’’
Pops form on the surface of concrete blocks using cinders or burned
clay and shale as a result of the increase in volume of particles of iron,
sulfur, and phosphorus when acted on by water, oxygen, and the alkalies
of the cement.

Strength of Concrete

The strength of concrete increases (1) with the quantity of cement in a
unit volume, (2) with the decrease in the quantity of mixing water
relative to the cement content, and (3) with the density of the concrete.
Strength is decreased by an excess of sand over that required to fill the
voids in the stone and give sufficient workability. The volume of fine
aggregate should not exceed 60 percent of that of coarse aggregate
11⁄2-in max size or larger.

Compressive Strength Table 6.9.7 gives the results obtainable with
first-class materials and under first-class conditions. Growth in strength
with age depends in a large measure upon the consistency characteris-
tics of the cement and upon the curing conditions. Table 6.9.12 gives the
change in relative strength with age for several water/cement ratios and
a wide range of consistencies for a cement with a good age-strength gain
relation. Many normal portland cements today show very little gain in
strength after 28 days.

Tensile Strength The tensile strength of concrete is of less impor-
tance than the crushing strength, as it is seldom relied upon. The true

Table 6.9.12 Variation of Compressive Strength with Age
(Strength at 28 days taken as 100)

Water-cement ratio
by weight 3 days 7 days 28 days 3 months 1 year

0.44 40 75 100 125 145
0.62 30 65 100 135 155
0.80 25 50 100 145 165
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tensile strength is about 8 percent of the compression strength and must
not be confused with the tensile fiber stress in a concrete beam, which is
greater.

The tensile strength is not easily measured, and an ‘‘indirect tension’’
test is used, in which a cylinder is loaded along a diametral line. Details
of the test are given in ASTM C496. Nearly all the concrete in the plane
of the two load strips is in tension. The tensile strength may be com-
puted as T 5 2P/(pld), where T 5 splitting tensile strength, lb/in2;
P 5 maximum load, lb; l 5 length of cylinder, in; d 5 diameter of
cylinder, in.

Deleterious Actions and Materials

Freezing retards the setting and hardening of portland-cement concrete
and is likely to lower its strength permanently. On exposed surfaces
such as walls and sidewalks placed in freezing weather, a thin scale
may crack from the surface. Natural cement is completely ruined by
freezing.

Concrete laid in freezing weather or when the temperature is likely to
drop to freezing should have the materials heated and should be pro-
tected from the frost, after laying, by suitable covering or artificial heat.

W
S
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Transverse Strength There is an approximate relationship between
the tensile fiber stress of plain concrete beams and their compressive
strength. The modulus of rupture is greatly affected by the size of the
coarse aggregate and its bond and transverse strength. Quartzite gener-
ally gives low-modulus-of-rupture concrete.

The transverse or beam test is generally used for checking the quality
of concrete used for roads. The standard beam is 6 by 6 by 20 in, tested
on an 18-in span and loaded at the one-third points.

The tensile strength of the concrete as determined by the split cylin-
der (indirect tension) test is likely to be in the range of 4 to 5 times √f 9c ,
where both f 9c and √f 9c have units of lb/in2. The modulus of rupture
values are likely to be somewhat higher, in the range of 6 to 7.5 times
√f 9c .

The strength of concrete in direct shear is about 20 percent of the
compressive strength.

Deformation Properties Young’s modulus for concrete varies with
the aggregates used and the concrete strength but will usually be 3 to 5
3 106 lb/in2 in short-term tests. According to the ACI Code, the modu-
lus may be expressed as

Ec 5 33w3/2 √f 9c
where w 5 unit weight of concrete in lb/ft3 and both f 9c and √f 9c have
lb/in2 units. For normal-weight concretes, Ec 5 57,000 √f 9c lb/in2.

In addition to the instantaneous deformations, concrete shrinks with
drying and is subjected to creep deformations developing with time.
Shrinkage strains, which are independent of external stress, may reach
0.05 percent at 50 percent RH, and when restrained may lead to crack-
ing. Creep strains typically reach twice the elastic strains. Both creep
and shrinkage depend strongly on the particular aggregates used in the
concrete, with limestone usually resulting in the lowest values and river
gravel or sandstone in the largest. In all cases, the longer the period of
wet curing of the concrete, the lower the final creep and shrinkage
values.

6.10
by Arnold

(See also Secs. 4.1, 4.2, and 6.1.)
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The use of calcium chloride, salt, or other ingredients in sufficient
quantities to lower the temperature of freezing significantly is not per-
mitted, since the concrete would be adversely affected.

Mica and Clay in Sand Mica in sand, if over 2 percent, reduces the
density of mortar and consequently its strength, sometimes to a very
large extent. In crushed-stone screenings, the effect of the same per-
centage of mica in the natural state is less marked. Black mica, which
has a different crystalline form, is not injurious to mortar. Clay in sand
may be injurious because it may introduce too much fine material or
form balls in the concrete. When not excessive in quantity, it may
increase the strength and watertightness of a mortar of proportions 1 : 3
or leaner.

Mineral oils which have not been disintegrated by use do not injure
concrete when applied externally. Animal fats and vegetable oils tend to
disintegrate concrete unless it has thoroughly hardened. Concrete after
it has thoroughly hardened resists the attack of diluted organic acids but
is disintegrated by even dilute inorganic acids; protective treatments are
magnesium fluorosilicate, sodium silicate, or linseed oil. Green con-
crete is injured by manure but is not affected after it has thoroughly
hardened.

Electrolysis injures concrete under certain conditions, and electric
current should be prevented from passing through it. (See also Sec. 6.5,
Corrosion.)

Seawater attacks cement and may disintegrate concrete. Deleterious
action is greatly accelerated by frost. To prevent serious damage, the
concrete must be made with a sulfate-resisting cement, a rich mix (not
leaner than 1 : 2 : 4), and exceptionally good aggregates, including a
coarse sand, and must be allowed to harden thoroughly, at least 7 days,
before it is touched by the seawater. Although tests indicate that there is
no essential difference in the strengths of mortars gaged with fresh
water and with seawater, the latter tends to retard the setting and may
increase the tendency of the reinforcement to rust.

ATER
. Vernick

WATER RESOURCES
Oceans cover 70 percent of the earth’s surface and are the basic source
of all water. Ocean waters contain about 31⁄2 percent by weight of dis-
solved materials, generally varying from 32,000 to 36,000 ppm and as
high as 42,000 ppm in the Persian Gulf.

percent of the sun’s energy falling on the ocean causes
The vapors form clouds which precipitate pure water as
ost rain falls on the sea, land rainfall returns to the sea in

colates into the ground and back to the sea or is reevapor-
. 1980, U.S.
eports, U.S.
WA, 1971.
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About 50
evaporation.
rain. While m
rivers or per
‘‘National Primary and Secondary Drinking Water Regulations,’’ Title 40 CFR
Parts 141–143, U.S. Environmental Protection Agency. ‘‘The A-B-C of Desalt-
ing,’’ OSW, U.S. Department of the Interior, 1977. ‘‘New Water for You,’’ OSW,
U.S. Department of the Interior, 1970. Howe, ‘‘Fundamentals of Water Desalina-
tion,’’ Marcel Dekker, New York. Ammerlaan, ‘‘Seawater Desalting Energy Re-
quirements,’’ Desalination, 40, pp. 317–326, 1982. ‘‘National Water Summary
1985,’’ U.S. Geological Survey. ‘‘Second National Water Assessment, The Na-
tion’s Water Resources 1975–2000,’’ U.S. Water Resources Council, December
1978. Vernick and Walker, ‘‘Handbook of Wastewater Treatment Processes,’’
Marcel Dekker, New York.
ated. This is known as the hydrological cycle. It is a closed distillation
cycle, without additions or losses from outer space or from the interior
of the earth.

Water supply to the United States depends on an annual rainfall aver-
aging 30 in (76 cm) and equal to 1,664,800 billion gal (6,301 Gm3) per
year, or 4,560 billion gal (17.3 Gm3) per day. About 72 percent returns
to the atmosphere by direct evaporation and transpiration from trees and
plants. The remaining 28 percent, or 1,277 billion gal (4.8 Gm3) daily, is
the maximum supply available. This is commonly called runoff and
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properly includes both surface and underground flows. Between 33 and
40 percent of runoff appears as groundwater.

Two-thirds of the runoff passes into the ocean as flood flow in one-
third of the year. By increased capture, it would be possible to retain
about one-half of the 1,277 billion gal (4.8 Gm3), or 638 billion gal
(2.4 Gm3), per day as maximum usable water.

Withdrawal use is the quantity of water removed from the ground or
diverted from a body of surface water. Consumptive use is the portion of
such water that is discharged to the atmosphere or incorporated in
growing vegetation or in industrial or food products.

(L) and the larger unit is the cubic metre, expressed as m3, which equals
a metric ton of water.

Conversion Table

1 acre ? ft 5 325,850 U.S. gal or 326,000 approx
1 acre ? ft 5 1,233 t or m3

1 acre ? ft 5 43,560 ft3

1 imperial gal 5 1.20 U.S. gal
1 m3 5 1000 L

1 L 5 0.2642 gal

u

9

1
7
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The estimated withdrawal use of water in the United States in 1990
was 408 billion gal per day, including some saline waters (see Table
6.10.1). This figure increased historically from 140 billion gal per day to
a maximum of 440 billion gal per day in 1980. The reduction of 7.3
percent in the decade since then reflects an increased emphasis on water
conservation and reuse.

Fresh-water withdrawal is about 30 percent of runoff, and consump-
tive use is about 8 percent of runoff. The consumptive use of water for
irrigation is about 55 percent, but another 15 percent is allowed for
transmission and distribution losses.

Dividing total water withdrawal by the population of the United
States shows a 1990 water use, the water index, of 1,620 gal (6,132 L)
per capita day (gpcd). It reflects the great industrial and agricultural
uses of water, because the withdrawal and consumption of water for
domestic purposes is relatively small. The average domestic consump-
tion of water in urban areas of the United States in 1980 was 38 gpcd
(144 Lpcd). However, since public water utilities also supply industrial
and commercial customers, the average withdrawal by U.S. municipal
water systems in 1990 was 195 gpcd (738 Lpcd). The reduction in water
withdrawal since 1980 cited above is also reflected in water consump-
tion. Consumption per capita per day peaked at 451 gpcd (1,707 Lpcd)
in 1975 and was 370 gpcd (1,400 Lpcd) in 1990, a reduction of 18
percent.

Additions to water resources for the future can be made by (1) increase
in storage reservoirs, (2) injection of used water or flood water into
underground strata called aquifers, (3) covering reservoirs with films to
reduce evaporation, (4) rainmaking, (5) saline-water conversion, or
(6) wastewater renovation and reuse.

It is equally important to improve the efficient use of water supplies
by (1) multiple use of cooling water, (2) use of air cooling instead of
water cooling, (3) use of cooling towers, (4) reclamation of waste
waters, both industrial and domestic, (5) abatement of pollution by
treatment rather than by dilution, which requires additional fresh water.

MEASUREMENTS AND DEFINITIONS

Water quantities in this country are measured by U.S. gallons, the larger
unit being 1,000 U.S. gal. For agriculture and irrigation, water use is
measured in acre-feet, i.e., the amount of water covering 1 acre of
surface to a depth of 1 ft. In the British-standard area, the imperial
gallon is used. In SI or metric-system areas, water is measured in litres

Table 6.10.1 U.S. Water Withdrawals and Consumption per Day by End

P

Per
Total, capita,b Irrigation, To

109 gala gal 109 gal 10

Withdrawal 408 1,620 137 4
Consumption 96 370 76
a Conversion factor: gal 3 3.785 5 L.
b Based on Bureau of the Census resident population as of July 1.
c Includes domestic and commercial water withdrawals.
d Rural farm and nonfarm household and garden use, and water for farm stock and dairies.
e Includes manufacturing, mining, and mineral processing, ordnance, construction, and miscellan
f 1980 data—latest available.
SOURCE: ‘‘Statistical Abstract of the United States, 1994,’’ U.S. Dept. of Commerce, Economic
1 metric ton (t)5 1,000 kg
5 2,204 lb
5 (264.2 U.S. gal)
5 220 imperial gal

1 U.S. ton 5 240 U.S. gal
1,000,000 U.S. gal 5 3.07 acre ? ft

For stream flow and hydraulic purposes, water is measured in cubic
feet per second.

1,000,000 U.S. gal per day 5 1.55 ft3/s (0.044 m3/s)
5 1,120 acre ? ft (1,380,000 m3)

per year

Water costs are expressed in terms of price per 1,000 gal, per
acre ? foot, per cubic foot, or per cubic metre.

10¢ per 1,000 gal 5 $32.59 per acre ? ft
5 0.075¢ per ft3

5 2.64¢ per m3

Water quality is measured in terms of solids, of any character, which
are suspended or dissolved in water. The concentration of solids is
usually expressed in parts per million or in grains per gallon. One grain
equals 1/7,000 lb (64.8 mg). Therefore, 17.1 ppm 5 1 grain per U.S.
gal. In the metric system, 1 ppm 5 1 g/m3 5 1 mg/L.

Standards for drinking water, or potable water, have been established
by the U.S. Environmental Protection Agency. The recommended limit
for a specific containment is shown in Table 6.10.2. The limitations
indicated in the table apply to public water systems, with the primary
regulations being established to protect public health, while the second-
ary regulations control aesthetic qualities relating to the public accep-
tance of drinking water.

For agricultural water, mineral content of up to 700 mg/L is consid-
ered excellent to good. However, certain elements are undesirable, par-
ticularly sodium and boron. The California State Water Resources
Board limits class I irrigation water to:

Max mg/L
Sodium, as % of total sodium, potassium,
magnesium, and calcium equivalents

60

Boron 0.5
Chloride 177
Sulfate 960

Class II irrigation water may run as high as 2,100 mg/L total dis-
solved solids, with higher limits on the specific elements, but whether

Use, 1990

blic water utilitiesc

Steam
Per Rural Industrial electric

tal, capita,b domestic,d and misc.,e utilities,
gal gal 109 gal 109 gal 109 gal

195 7.9 30 195
.1f 38 f 8.9 6.7 4.0
eous.

s and Statistics Administration, Bureau of the Census, 114th ed., Bernan Press, Lanham, MD.
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Table 6.10.2 Potable Water Contaminant Limitations

Primary standards

Organic contaminants Inorganic contaminants

Contaminant MCL, mg/L Contaminant MCL, mg/L

Vinyl chloride 0.002
Benzene 0.005
Carbon tetrachloride 0.005
1,2-Dichloroethane 0.005
Trichloroethylene 0.005
para-Dichlorobenzene 0.075
1,1-Dichloroethylene 0.007
1,1,1-Trichloroethane 0.2
cis-1,2-Dichloroethylene 0.07
1,2-Dichloropropane 0.005
Ethylbenzene 0.7
Monochlorobenzene 0.1
o-Dichlorobenzene 0.6
Styrene 0.1
Tetrachloroethylene 0.005
Toluene 1
trans-1,2-Dichloroethylene 0.1
Xylenes (total) 10
Dichloromethane 0.005
1,2,4-Trichlorobenzene 0.07
1,1,2-Trichloroethane 0.005
Alachlor 0.002
Aldicarb 0.003
Aldicarb sulfoxide 0.004
Aldicarb sulfone 0.003
Atrazine 0.003
Carbofuran 0.04
Chlordane 0.002
Dibromochloropropane 0.0002
2,4-D 0.07
Ethylene dibromide 0.00005
Heptachlor 0.0004
Heptachlor epoxide 0.0002
Lindane 0.0002
Methoxychlor 0.04
Polychlorinated biphenyls 0.0005
Pentachlorophenol 0.001
Toxaphene 0.003
2,4,5-TP 0.05
Benzo(a)pyrene 0.0002
Dalapon 0.2
Di(2-ethylhexyl)adipate 0.4
Di(2-ethylhexyl)phthalate 0.006
Dinoseb 0.007
Diquat 0.02
Endothall 0.1
Endrin 0.002
Glyphosate 0.7
Hexachlorobenzene 0.001
Hexachlorocyclopentadiene 0.05
Oxamyl (Vydate) 0.2
Picloram 0.5
Simazine 0.004
2,3,7,8-TCDD (Dioxin) 3 3 102 8

Fluoride 4.0
Asbestos 7 million fibers/L

(longer than 10 mm)
Barium 2
Cadmium 0.005
Chromium 0.1
Mercury 0.002
Nitrate 10 (as nitrogen)
Nitrite 1 (as nitrogen)
Total nitrate and nitrite 10 (as nitrogen)
Selenium 0.05
Antimony 0.006
Beryllium 0.004
Cyanide (as free cyanide) 0.2
Nickel 0.1
Thallium 0.002
Arsenic 0.05
Lead 0.015
Copper 1.3

Radionuclides

Contaminant MCL, pCi/L*

Gross alpha emitters 15
Radium 226 plus 228 5
Radon 300
Gross beta particle and photon 4m Rem
Emitters
Uranium 20 mL (equivalent to

30 pCi/L)

Bacteria, Viruses, Turbidity, Disinfectants and By-products—
Refer to 40CFR141

Secondary standards†

Contaminant Level

Aluminum 0.05 to 0.2 mg/L
Chloride 250 mg/L
Color 15 color units
Copper 1.0 mg/L
Corrosivity Noncorrosive
Fluoride 2.0 mg/L
Foaming agents 0.5 mg/L
Iron 0.3 mg/L
Manganese 0.05 mg/L
Odor 3 threshold odor number
pH 6.5–8.5
Silver 0.1 mg/L
Sulfate 250 mg/L
Total dissolved solids (TDS) 500 mg/L
Zinc 5 mg/L

* Except as noted.
† Not federally enforceable; intended as guidelines for the states.
SOURCE: EPA Primary Drinking Water Regulations (40CFR141). EPA Secondary Drinking Water Regulations (40CFR143).

such water is satisfactory or injurious depends on the character of soil,
climate, agricultural practice, and type of crop.

Waters containing dissolved salts are called saline waters, and the
lower concentrations are commonly called brackish; these waters are
defined, in mg/L, as follows:

Saline All concentrations up to 42,000
Slightly brackish 1,000–3,000
Brackish 3,000–10,000
Seawaters, average 32,000–36,000

Hardness of water refers to the content of calcium and magnesium
salts, which may be bicarbonates, carbonates, sulfates, chlorides, or
nitrates. Bicarbonate content is called temporary hardness, as it may be
removed by boiling. The salts in ‘‘hard water’’ increase the amount of
soap needed to form a lather and also form deposits or ‘‘scale’’ as water
is heated or evaporated.

Hardness is a measure of calcium and magnesium salts expressed as
equivalent calcium carbonate content and is usually stated in mg/L (or
in grains per gal) as follows: very soft water, less than 15 mg/L; soft
water, 15 to 50 mg/L, slightly hard water, 50 to 100 mg/L; hard water,

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Brine Over 42,000
 100 to 200 mg/L; very hard water, over 220 mg/L.
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Table 6.10.3 Water Use in U.S. Manufacturing by Industry Group, 1983

Gross water used

Total

Average per Water Water
Establishments Quantity, establishment, intake, recycled,† Quantity Percent

Industry reporting* 109 gal 106 gal 109 gal 109 gal 109 gal untreated

Water discharged

Food and kindred products 2,656 1,406 529 648 759 552 64.5
Tobacco products 20 34 1,700 5 29 4 N/A
Textile mill products 761 333 438 133 200 116 52.6
Lumber and wood products 223 218 978 86 132 71 63.4
Furniture and fixtures 66 7 106 3 3 3 100.0
Paper and allied products 600 7,436 12,393 1,899 5,537 1,768 27.1
Chemicals and allied products 1,315 9,630 7,323 3,401 6,229 2,980 67.0
Petroleum and coal products 260 6,177 23,758 818 5,359 699 46.2
Rubber, miscellaneous plastic products 375 328 875 76 252 63 63.5
Leather and leather products 69 7 101 6 1 6 N/A
Stone, clay, and glass products 602 337 560 155 182 133 75.2
Primary metal products 776 5,885 7,584 2,363 3,523 2,112 58.1
Fabricated metal products 724 258 356 65 193 61 49.2
Machinery, excluding electrical 523 307 587 120 186 105 67.6
Electrical and electronic equipment 678 335 494 74 261 70 61.4
Transportation equipment 380 1,011 2,661 153 859 139 67.6
Instruments and related products 154 112 727 30 82 28 50.0
Miscellaneous manufacturing 80 15 188 4 11 4 N/A

Total 10,262 33,835 3,297 10,039 23,796 8,914 54.9

* Establishments reporting water intake of 20 million gal or more, representing 96 percent of the total water use in manufacturing industries.
† Refers to water recirculated and water reused.
N/A 5 not available.
SOURCE: ‘‘The Water Encyclopedia,’’ 1990.

INDUSTRIAL WATER

The use of water within a given industry varies widely because of
conditions of price, availability, and process technology (see Table
6.10.3).

When a sufficient water supply of suitable quality is available at low
cost, plants tend to use maximum volumes. When water is scarce and
costly at an otherwise desirable plant site, improved processes and care-
ful water management can reduce water usage to the minimum. Indus-
trial water may be purchased from local public utilities or self-supplied.

Table 6.10.4 Sources of Water for Chemical Plants

Quantity,
billion gal/year

(3 3.785 3 102 3 5 billion m3/year)

By source

Public water systems 727
Company systems 3,399

Surface water 2,251
Groundwater 366
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Approximately 79 percent of the water used by the chemical industry in
the United States comes from company systems, and 66 percent of those
self-supplied plants utilize surface water as their source of supply as
shown in Table 6.10.4.

The cost of usable water is highly sensitive to a variety of factors
including geographic location, proximity to an abundant water source,
quality of the water, regulatory limitations, and quantity of water used.
Raw surface water not requiring much treatment prior to use can cost as
little as 7¢ to 15¢ per 1,000 gal (1.8¢ to 4¢ per m3) in areas of the United
States where water is plentiful, or as much as $1.75 to $2.00 per 1,000
gal (46¢ to 53¢ per m3) in water-scarce areas. These costs include col-
lection, pumping, storage tanks, distribution and fire-protection facili-
ties, but treatment, if needed, would add materially to these figures.

The cost of water obtained from public supply systems for industrial
use also varies considerably depending upon geographic location and
water usage. An EPA survey of over 58,000 public water systems in
1984 indicated water costs as high as $2.30 per 1,000 gal (61¢ per m3)
in New England for water use of 3,750 gal, to a low of 88¢ per 1,000 gal
(23¢ per m3) in the northwest for water use of 750,000 gal. Water cost in
1983 in Houston, Texas, for the highest volume users, which includes
refineries and chemical plants, was $1.14 per 1,000 gal (30¢ per m3).

The use of water by the chemical industry is reflected in Table 6.10.5.
About 80 percent of industrial water is used for cooling, mostly on a

once-through system. An open recirculation system with cooling tower
or spray pond (Fig. 6.10.1) reduces withdrawal use of water by over 90
percent but increases consumptive use by 3 to 8 percent because of
evaporation loss. Even more effective reduction in water demand can be
achieved by multiple reuse. An example is shown in Fig. 6.10.2.

Quality requirements for general plant use (nonprocess) are that the
water be low in suspended solids to prevent clogging, low in total dis-
Tidewater 782
Other 200

By type

Fresh 3,425
Brackish 182
Salt 719

Table 6.10.5 How Water Is Used in Chemical Plants

Quantity,
billion gal/year

Use (3 3.785 3 102 3 5 billion m3/year)

Process 754
Cooling and condensing

Electric power generation 480
Air conditioning 71
Other 2,760

Sanitary service 38
Boiler feed 112
Other 81

solved solids to prevent depositions, free of organic growth and color,
and free of iron and manganese salts. Where the water is also used for
drinking, quality must meet the Environmental Protection Agency regu-
lations.

Cooling service requires that water be nonclogging. Reduction in sus-
pended solids is made by settling or by using a coagulating agent such
as alum and then settling. For recirculating-type cooling systems, corro-
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sion inhibitors such as polyphosphates and chromates are added; algi-
cides and biocides may be needed to control microorganism growth; for
cooling jackets on equipment, hardness may cause scaling and should
be reduced by softening.

Control of water pollution in the United States is a joint responsibility of
the U.S. Environmental Protection Agency and the state environmental
protection departments. Promulgation of regulations controlling both
industrial and municipal wastewater discharges has been accomplished
by the EPA as mandated by the Clean Water Act. Enforcement has been
largely delegated to the States, with the EPA serving in an oversight
role. Water quality standards for specific streams and lakes have been
established by the States, or interstate agencies where appropriate,
which frequently mandate tighter control of discharges where local
conditions warrant such action.
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Fig. 6.10.1 Open recirculating system.

Process-water quality requirements are often more exacting than pot-
able-water standards; e.g., boiler feedwater must have less than 1 mg/L
of dissolved solids (see Sec. 6, Corrosion, and Sec. 9, Steam Boilers).
The required quality may be met by the general plant water as available
or must be provided by treatment.

Table 6.10.6 shows methods and objectives for industrial-water treat-
ment.

WATER POLLUTION CONTROL

A pollutant is defined in the Federal Clean Water Act as ‘‘dredge spoil, solid
waste, incinerator residue, sewage, garbage, sewage sludge, munitions, chemical
wastes, biological materials, heat, wrecked or discarded equipment, rock, sand,
cellar dirt, and industrial, municipal, and agricultural waste discharged into
water.’’
Fig. 6.10.2 Stepwise or cascade cooling sys

Table 6.10.6 Water Treatment

Treatment Method

Clarification Presedimentation
Coagulation
Settling
Filtering

Disinfection Add chlorine, 5 to 6 ppm, or continuou
to maintain 0.2 to 0.3 ppm residual

Softening Cold-lime process

Hot-lime-soda process
Zeolite

Membrane processes Reverse osmosis

Electrodialysis

Demineralization Ion exchange: two-stage or mixed-bed

Distillation Evaporation using steam heat
For the support of fish and aquatic life, water must contain a supply of
dissolved oxygen (DO). Organic wastes consume oxygen by microbio-
logical action, and this effect is measured by the biochemical oxygen-
demand (BOD) test.

The discharge of industrial wastewater in the United States is con-
trolled by permits issued by the States and/or the EPA to each facility.
The permits set specific limits for applicable pollutant parameters such
as suspended solids, BOD, COD, color, pH, oil and grease, metals,
ammonia, and phenol. In order to achieve these limitations, most indus-
trial facilities must treat their wastewater effluent by either physical,
chemical or biological methods.

The investment by industry in water pollution abatement facilities
and the annual cost of operating these facilities have increased dramati-
cally over the last two decades. In 1992, manufacturing industries in the
United States spent a total of $2.5 billion in capital expenditures and
$6.6 billion in operating costs on water pollution abatement facilities
(see Table 6.10.7). These amounts represented 32 and 38 percent, re-
spectively, of the total amount spent by industry for all pollution abate-
ment and environmental protection activities. The chemical industry
was the major contributor to these totals, spending approximately 40
percent of its capital expenditures and 30 percent of its operating costs
for water pollution abatement.
tem.

Objective

Remove suspended solids and reduce turbidity,
color, organic matter

s-feed
-free Cl2

Prevent algae and slime growth

Reduce temporary hardness to 85 ppm; also
reduce iron and manganese

Reduce total hardness to 25 ppm
Reduce total hardness to 5 ppm
Partial removal of ions; can reduce seawater

and brackish water to 550 ppm or less
Partial removal of ions; can reduce 10,000 ppm

brackish water to 500 ppm or less
Remove both positive and negative ions (cat-

ions and anions) to provide very pure water
Produce very pure water—10 ppm or less total

solids



WATER DESALINATION 6-173

Table 6.10.7 Water Pollution Abatement Capital Expenditures and Operating Costs of
Manufacturing Industry Groups, 1992

Pollution abatement Pollution abatement gross
capital expenditures, operating costs,

million $ million $*

Industry group Total† Water Total† Water

Food and kindred products 316.8 202.6 1,312.0 835.7
Lumber and wood products 94.5 18.9 243.0 49.5
Paper and allied products 1,004.6 373.4 1,860.7 822.7
Chemicals and allied products 2,120.9 1,017.3 4,425.1 1,946.8
Petroleum and coal products 2,685.0 492.6 2,585.4 742.8
Stone, clay, and glass products 138.8 20.2 491.2 94.6
Primary metal industries 525.7 123.5 1,993.4 575.0
Fabricated metal products 103.3 42.4 761.2 284.3
Machinery, excluding electrical 150.3 31.7 463.7 160.5
Electrical, electronic equipment 126.6 45.6 657.1 288.8
Transportation equipment 281.0 69.2 1,171.7 347.0
Instruments, related products 89.1 18.8 331.9 89.4

All industries‡ 7,866.9 2,509.8 17,466.4 6,576.9

* Includes payments to governmental units.
† Includes air, water, hazardous waste, and solid waste.
‡ Includes industries not shown separately; excludes apparel and other textile products, and establishments with less than 20 employees.
SOURCE: ‘‘Statistical Abstract of the United States,’’ 1994.

Physical treatment includes screening, settling, flotation, equalization,
centrifuging, filtration, and carbon adsorption. Chemical treatment in-
cludes coagulation or neutralization of acids with soda ash, caustic soda,
or lime. Alkali wastes are treated with sulfuric acid or inexpensive
waste acids for neutralization. Chemical oxidation is effective for cer-
tain wastes. Biological treatment is accomplished by the action of two
types of microorganisms: aerobic, which act in the presence of oxygen,
and anaerobic, which act in the absence of oxygen. Most organic wastes
can be treated by biological processes.

The principal wastewater treatment techniques include the activated

For potable water, it is desirable to have a chloride content below
250 mg/L. The oldest method of purification of seawater is distillation.
This technique has been practiced for over a century on oceangoing
steamships. Distillation is used in over 95 percent of all seawater con-
version plants and is principally accomplished by multiple-effect
distillation, flash distillation, and vapor-compression distillation.

Purification of brackish water requires dissolved solids reductions
ranging from a low of 3 to 1, to a high of 30 to 1. In this range,
membrane desalting processes are more economical. Over 95 percent of
all brackish water plants use either the reverse-osmosis process or the
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sludge process, trickling filters and aerated lagoons, which all employ
aerobic microorganisms to degrade the organic waste material. Anaero-
bic processes are mainly employed for digestion of the sludge produced
by biological wastewater treatment.

WATER DESALINATION

An average seawater contains 35,000 ppm of dissolved solids, equal to
31⁄2 percent by weight of such solids, or 3.5 lb per 100 lb; in 1,000 gal,
there are 300 lb of dissolved chemicals in 8,271 lb of pure water. The
principal ingredient is sodium chloride (common salt), which accounts
for about 80 percent of the total. Other salts are calcium sulfate (gyp-
sum), calcium bicarbonate, magnesium sulfate, magnesium chloride,
potassium chloride, and more complex salts. Because these dissolved
chemicals are dissociated in solution, the composition of seawater is
best expressed by the concentration of the major ions (see Table 6.10.8).
Even when the content of total solids in seawater varies because of
dilution or concentration, for instance Arabian Gulf water with total
dissolved solids concentrations of 45,000 to 50,000 ppm, the proportion
of the ions remains almost constant.

The composition of brackish waters varies so widely that no average
analysis can be given. In addition to sodium chloride and sulfate, brack-
ish well waters often contain substantial amounts of calcium, magne-
sium, bicarbonate, iron, and silica.

Desalination is the process by which seawater and brackish water are
purified. It has been practiced for centuries, primarily aboard sailing
vessels, but recently its application has grown significantly in the form
of land-based facilities. The International Desalination Association re-
ports that there are more than 9,000 commercial desalination plants in
operation worldwide in 1995, whose total capacity exceeds approxi-
mately 4 billion gal per day.

Purification of seawater normally requires reduction of 35,000 ppm
of total dissolved solids to less than 500 ppm, or a reduction of 70 to 1.
electrodialysis process.
In flash distillation, the salt water is heated in a tubular brine heater and

then passed to a separate chamber where a pressure lower than that in
the heating tubes prevails. This causes some of the hot salt water to
vaporize, or ‘‘flash,’’ such vapor then being condensed by cooler in-
coming salt water to produce pure distilled water. Flash distillation can
be carried on in a number of successive stages (Fig. 6.10.3) wherein the
heated salt water flashes to vapor in a series of chambers, each at a
lower pressure than the preceding one. The higher the number of stages
in such a multistage flash (MSF) system, the better the overall yield per
heat unit. Today’s large-scale MSF plants are designed with 15 to 30
stages and operate at performance ratios of 6 to 10, which means that for
every 1 lb (kg) of steam, 6 to 10 lb (kg) of product water is produced.

An advantageous feature of flash distillation is that the separate heat-
ing of salt water without boiling causes fewer scale deposits. No scale
occurs in the flash chambers as they contain no heated surfaces, the
increased concentration of salts remaining in the seawater. Designs of
MSF evaporators provide a great number of horizontal stages in one

Table 6.10.8 Ions in Seawater

Ions ppm lb/1,000 gal mg/L

Chloride 19,350 165.6 19,830
Sodium 10,600 91.2 10,863
Sulfate 2,710 23.2 2,777
Magnesium 1,300 11.1 1,332
Calcium 405 3.48 415
Potassium 385 3.30 395
Carbonate and bicarbonate 122 1.05 125
Total principal ingredients 34,872 298.9 35,737
Others 128 1.1 131
Total dissolved solids 35,000 300.0 35,868

SOURCE: Compiled from Spiegler, ‘‘Salt Water Purification,’’ and Ellis, ‘‘Fresh Water from
the Ocean.’’
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vessel by putting vertical partition walls inside the vessel (Fig. 6.10.3).
All large MSF plants are designed this way.

If a saline water is made to boil, by heating it with steam through a
heat-transfer surface, and the vapors from the saline water are subse-
quently condensed, a distillate of practically pure water (, 10 ppm salt)
is obtained. This is known as single-effect distillation.

sure and the relatively large quantities of brine (65 to 80 percent of feed)
discharged.

Electrodialysis (Fig. 6.10.9) is a proven method of desalination, but
where used on ocean water, it is not competitive. The purification of
brackish or low-saline waters lends itself most advantageously to the
process. The ions of dissolved salts are pulled out of saline water by
electric forces and pass from the salt-water compartment into adjacent
compartments through membranes which are alternately permeable to
positively charged ions or to negatively charged ions.

Electrodialysis equipment typically contains 100 or more compart-
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Fig. 6.10.3 Multiple-stage (four-stage) flash distillation process.

Multiple-effect distillation is achieved by using the condensation heat
of the saline water vapor for boiling additional seawater in a following
vessel or effect and repeating this step several more times. Each subse-
quent effect is operating at a somewhat lower temperature and vapor
pressure than the previous one. In a single effect, 1 lb (kg) of steam will
produce nearly 0.9 lb (kg) of distilled water, a double effect will yield
1.75 lb (kg) of product, and so on. In commercial seawater desalting
plants, up to 17 effects have been employed.

Older multieffect plants used tubes submerged in seawater (sub-
merged-tube evaporators), but scaling was always a serious problem and
this type of design has been phased out in favor of thin-film designs.
Only for small, low-temperature waste heat evaporators is a sub-
merged-tube design sometimes applied. In a thin-film evaporator, saline
water flows as a thin film of water through the inside of a vertical tube
(VTE), or over the outside of a bundle of horizontal tubes (HT) after
being sprayed on the bundle. Heating of the thin film of seawater is
accomplished by condensing steam on the opposite side of the tube
wall. See Figs. 6.10.4 and 6.10.5. Horizontal tube designs with verti-
cally stacked effects have been developed.

In vapor-compression distillation (Fig. 6.10.6), the energy is supplied
by a compressor which takes the vapor from boiling salt water and
compresses it to a higher pressure and temperature to furnish the heat
for vaporization of more seawater. In so doing, the vapor is condensed
to yield distilled water. Vapor compression is theoretically a more effi-
cient method of desalination than other distillation methods. The princi-
ple was widely applied during World War II in the form of small,
portable units, and still is often used for relatively small plants of up to
200,000 gpd (32 m3/h). The disadvantages of this process lie in the cost,
mechanical operation, and maintenance of the compressors.

Reverse osmosis (Figs. 6.10.7 and 6.10.8), in which a membrane per-
mits fresh water to be forced through it but holds back dissolved solids,
has now emerged as the most commonly used process for desalting
brackish waters containing up to 10,000 ppm of total dissolved solids.

Two commercially available membrane configurations exist: (1) hol-
low thin-fiber membrane cartridges and (2) spiral-wound sheet mem-
brane modules. Brackish water plants operate at pressures ranging from
250 to 400 lb/in2 (17 to 27 bar), which is sufficient to reverse the
osmotic flow between brackish water and fresh water.

In the last few years, high-pressure membranes capable of operating
at 800 to 1,000 lb/in2 (55 to 70 bar) have been commercialized for
one-stage desalting of seawater. Several reverse-osmosis seawater
plants exceeding 1 mgd (160 m3/h) are presently in operation in Saudi
Arabia, Malta, Bahrain, and Florida. Recovery of power from the high-
pressure brine discharged from the reverse-osmosis plant is economi-
cally attractive for seawater plants because of the high operating pres-
ments between one set of electrodes. The number of cells and the
amount of electric current required increase with the amount of purifi-
cation to be done. A brackish water of 5,000 ppm max dissolved salts
can be reduced to potable water with less than 500 ppm. Over 600
electrodialysis plants have been installed since the commercialization of
the process 40 years ago. Most of these plants are relatively small:
50,000 gpd (8 m3/h) or less.

Other methods of purifying seawater include freezing and solar evap-
oration. The freezing process yields ice crystals of pure water, but a
certain amount of salt water is trapped in the crystals which then has to
be removed by washing, centrifugation, or other means. This process is
promising because theoretically it takes less energy to freeze water than
to distill it; but it is not yet in major commercial application because in
several pilot plants the energy consumption was much higher, and the
yield of ice much lower, than anticipated.

Solar evaporation produces about 0.1 gpd of water per ft2 of area
[0.17 L/(m2 ?h)], depending on climatic conditions. Capital and mainte-
nance costs for the large areas of glass that are required so far have not
made solar evaporation competitive.

A major problem in desalting processes, especially distillation, is the
concentration of dissolved salts. Heating seawater above 150°F (65°C)
causes scale, a deposition of insoluble salts on the heating surfaces,
which rapidly reduces the heat transfer. For initial temperatures of 160
to 195°F (71 to 90°C), the addition of polyphosphates results in the
formation of a sludge rather than a hard scale. This practice is widely
used in ships and present land-based plants but is limited to 195°F
(90°C). Some plants use acid treatment that permits boiling of seawater
at 240 to 250°F (115 to 121°C). This improves the performance of the
process and reduces costs.

In recent years, polymer additives have become available that allow
operating temperatures of 230 to 250°F (110 to 121°C) and eliminate
the hazardous handling of strong acids and the possibility of severe
corrosion of equipment. In reverse osmosis and electrodialysis, scale
formation on the membranes is also controlled by adding acid and other
additives or by the prior removal of the hardness from the feed by lime
softening. Reversing the polarity of the applied dc power can greatly
minimize or entirely eliminate the need for pretreatment and additives
for the electrodialysis process.

Energy requirements for the various commercial desalting processes
are shown in Fig. 6.10.10 in terms of primary energy sources, such as
oil, coal, or gas. The method and arrangement by which primary energy
is converted to usable energy, e.g., mechanical shaft power, steam, or
electricity, has a profound impact on the energy requirements and cost
of every desalting process.

Cost of desalting equipment at the 1-mgd level (160 m3/h), complete
and installed, generally ranges from $6 to $8 per gpd ($37,500 to
$50,000 per m3/h) installed capacity for both distillation and reverse-
osmosis seawater plants.

Electrodialysis and reverse-osmosis brackish water plants of similar
capacity usually range from $1.50 to $2.00 per gpd ($9,400 to $12,500
per m3/h). Total operating costs, including capital depreciation, power
and chemical consumption, maintenance and operating personnel, for a
1-mgd (160-m3/h) facility fall into three categories: (1) seawater single-
purpose distillation and reverse osmosis without power recovery 5 $6
to $8 per 1,000 gal ($1.60 to $2.10 per m3), (2) seawater dual-purpose
distillation and reverse osmosis with power recovery 5 $4 to $6 per
1,000 gal ($1.00 to $1.50 per m3), and (3) brackish water electrodialysis
and reverse osmosis 5 $1 to $2 per 1,000 gal ($0.25 to $0.50 per m3).



Fig. 6.10.4 Vertical tube evaporator (VTE). Multieffect distillation process.

Fig. 6.10.5 Horizontal tube multieffect evaporator (HTME). Multieffect distillation process.
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Fig. 6.10.6 Vapor compression distillation process.

Fig. 6.10.7 Reverse-osmosis cell.

Fig. 6.10.9 Electrodialysis single-compartment process.

Fig. 6.10.10 Desalting primary energy requirements (Ammerlaan. Desalina-
tion, 40, 1982, pp. 317–326.) Note: 1 metric ton (t) of oil 5 43,800 MJ; 1 barrel
(bbl) of oil 5 6.2 TBtu; 1 kWh 5 10.9 MJ 5 10,220 Btu (large utility).

Fig. 6.10.8 Reverse-osmosis plant block flow diagram.
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6.11 LUBRICANTS AND LUBRICATION
by Julian H. Dancy

(For general discussion of friction, viscosity, bearings, and coefficients of friction, see Secs. 3
and 8.)

REFERENCES: STLE, ‘‘Handbook of Lubrication,’’ 3 vols., CRC Press. ASME,
‘‘Wear Control Handbook.’’ ASM, ‘‘ASM Handbook,’’ vol. 18, ‘‘Friction, Lu-
brication, and Wear Technology.’’ ASTM, ‘‘Annual Book of ASTM Standards,’’
3 vols., ‘‘Petroleum Products and Lubricants.’’ NLGI, ‘‘Lubricating Grease
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Tribology, a term introduced in the 1960s, is the science of rubbing
surfaces and their interactions, including friction, wear, and lubrication
phenomena. Lubrication primarily concerns modifying friction and re-
ducing wear and damage at the surface contacts of solids rubbing
against one another. Anything introduced between the surfaces to ac-
complish this is a lubricant.

LUBRICANTS

Lubricants can be liquids, solids, or even gases, and they are most often
oils or greases. Liquid lubricants often provide many functions in addi-
tion to controlling friction and wear, such as scavenging heat, dirt, and
wear debris; preventing rust and corrosion; transferring force; and act-
ing as a sealing medium.

Engineers are called upon to select and evaluate lubricants, to follow
their performance in service, and to use them to best advantage in the
design of equipment. Lubricant manufacturers and distributors may
have hundreds of lubricants in their product line, each described sepa-
rately in the product literature as to intended applications, properties,
and benefits, as well as performance in selected standard tests. Lubri-
cants are selected according to the needs of the particular application.
Careful lubricant selection helps obtain improved performance, lower
operating cost, and longer service life, for both the lubricant and the
equipment involved. Industry’s demands for efficient, competitive
equipment and operations, which meet the latest environmental regula-
tions, create continued demand for new and improved lubricants.
Equipment manufacturers and suppliers specify lubricants that suit their
particular equipment and its intended operating conditions, and their
recommendations should be followed.

LIQUID LUBRICANTS

A liquid lubricant consists of (1) a mixture of selected base oils and
additives, (2) blended to a specific viscosity, with (3) the blend designed
to meet the performance needs of a particular type of service. A lubri-
cant may contain several base oils of different viscosities and types,
blended to meet viscosity requirements and to help meet performance
requirements, or to minimize cost. Additives may be used to help meet
viscosity as well as various performance needs.

Petroleum Oils Lubricants made with petroleum base oils are
widely used because of their general suitability to much of existing
equipment and availability at moderate cost. Most petroleum base oils,
often called mineral oils, are prepared by conventional refining processes
index, and lower levels of sulfur, aromatics, and nitrogen compounds.
Use of these oils is destined to grow as the trend toward higher-perfor-
mance lubricants continues.

Synthetic oils are artificially made, as opposed to naturally occurring
petroleum fluids. Synthetic oil types include polyalphaolefins (PAOs),
diesters, polyol esters, alkylbenzenes, polyalkylene glycols, phosphate
esters, silicones, and halogenated hydrocarbons. Synthetic oils include
diverse types of chemical compounds, so few generalities apply to all
synthetic oils. Generally, synthetic oils are organic chemicals. Synthetic
oils cost much more than petroleum oils, and usually they have some
lubricant-related properties that are good or excellent, but they are not
necessarily strong in all properties. Their stronger properties often in-
clude greater high-temperature stability and oxidation resistance, wider
temperature operating range, and improved energy efficiency. As with
petroleum base oils, some of their weaknesses are correctable by addi-
tives. Some synthetic esters, such as polyol esters, have good biode-
gradability, a property of increasing need for environmental protection.

Synthetic lubricants, because of their high cost, often are used only
where some particular property is essential. There are instances where
the higher cost of synthetics is justified, even though petroleum lubri-
cants perform reasonably well. This may occur, e.g., where use of syn-
thetics reduces the oxidation rate in high-temperature service and as a
result extends the oil life substantially. Properties of some synthetic
lubricants are shown in Table 6.11.1, the assessments based on formu-
lated lubricants, not necessarily the base oils. Synthetic oil uses include
lubricants for gears, bearings, engines, hydraulic systems, greases,
compressors, and refrigeration systems, although petroleum oils tend to
dominate these applications. Lubricants blended with both petroleum
and synthetic base oils are called semisynthetic lubricants.

Vegetable oils have very limited use as base stocks for lubricants, but
are used in special applications. Naturally occurring esters, such as from
rapeseed or castor plants, are used as the base oils in some hydraulic
fluids, and are used where there are environmental concerns of possibil-
ity of an accidental fluid spill or leakage. These oils have a shorter life
and lower maximum service temperature, but have a high degree of
biodegradability.

Fatty oils, extracted from vegetable, animal, and fish sources, have
excellent lubricity because of their glyceride structure, but are seldom
used as base oils because they oxidize rapidly. A few percent of fatty
oils are sometimes added to petroleum oils to improve lubricity (as in
worm-gear applications), or to repel moisture (as in steam engines), and
this use is often referred to as compounding. They also are used widely in
forming soaps which, in combination with other oils, set up grease
structures.

Additives are chemical compounds added to base oils to modify or
enhance certain lubricant performance characteristics. The amount of
additives used varies with the type of lubricant, from a few parts per
million in some types of lubricants to over 20 percent in some engine
oils. The types of additives used include antioxidants, antiwear agents,
extreme-pressure agents, viscosity index improvers, dispersants, deter-
gents, pour point depressants, friction modifiers, corrosion inhibitors,
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Table 6.11.1 Relative Properties of Synthetic Lubricants*

High- Low-
Viscosity temperature temperature Hydrolytic Fire

index stability Lubricity properties stability resistance Volatility

Polyalphaolefins Good Good Good Good Excellent Poor Good
Diesters Varies Excellent Good Excellent Fair Fair Average
Polyol esters Good Excellent Good Good Good Poor Average
Alkylbenzenes Poor Fair Good Good Excellent Poor Average
Polyalkylene glycols Excellent Good Good Good Good Poor Good
Phosphate esters Poor Excellent Good Varies Fair Excellent Average
Silicones Excellent Excellent Poor Excellent Fair — Good
Fluorinated lubes Excellent Excellent Varies Fair Excellent Excellent Average

* Comparisons made for typical formulated products with additive packages, not for the base oils alone.
SOURCE: Courtesy of Texaco’s magazine Lubrication, 78, no. 4, 1992.

rust inhibitors, metal deactivators, tackiness agents, antifoamants, air-
release agents, demulsifiers, emulsifiers, odor control agents, and bio-
cides.

LUBRICATION REGIMES

The viscosity of a lubricant and its additive content are to a large extent
related to the lubrication regimes expected in its intended application. It
is desirable, but not always possible, to design mechanisms in which the
rubbing surfaces are totally separated by lubricant films. Hydrostatic

pour point, API gravity, flash point, fire point, odor, and color. Chemical
tests measure such things as the amount of certain elements or com-
pounds in the additives, or the acidity of the oil, or the carbon residue
after heating the oil at high temperature. Performance tests evaluate par-
ticular aspects of in-service behavior, such as oxidation stability, rust
protection, ease of separation from water, resistance to foaming, and
antiwear and extreme-pressure properties. Many of the tests used are
small-size or bench tests, for practical reasons. To more closely simu-
late service conditions, full-scale standardized performance tests are
required for certain types of lubricants, such as oils for gasoline and
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lubrication concerns equipment designed such that the lubricant is sup-
plied under sufficient pressure to separate the rubbing surfaces. Hydro-
dynamic lubrication is a more often used regime, and it occurs when the
motion of one surface over lubricant on the other surface causes suffi-
cient film pressure and thickness to build up to separate the surfaces.
Achieving this requires certain design details, as well as operation
within a specific range of speed, load, and lubricant viscosity. Increas-
ing speed or viscosity increases the film thickness, and increasing load
reduces film thickness. Plain journal bearings, widely used in automo-
tive engines, operate in this regime. For concentrated nonconforming
contacts, such as rolling-element bearings, cams, and certain type of
gears, the surface shape and high local load squeeze the oil film toward
surface contact. Under such conditions, elastohydrodynamic lubrication
(EHL) may occur, where the high pressures in the film cause it to
become very viscous and to elastically deform and separate the sur-
faces.

Boundary lubrication occurs when the load is carried almost entirely
by the rubbing surfaces, separated by films of only molecular dimen-
sions. Mixed-film lubrication occurs when the load is carried partly by
the oil film and partly by contact between the surfaces’ roughness peaks
(asperities) rubbing one another. In mixed-film and boundary lubrica-
tion, lubricant viscosity becomes less important and chemical composi-
tion of the lubricant film more important. The films, although very thin,
are needed to prevent surface damage. At loads up to a certain level,
antiwear additives, the most common one being zinc dithiophosphate
(ZDTP), are used in the oil to form films to help support the load and
reduce wear. ZDTP films can have thicknesses from molecular to much
larger dimensions. In very highly loaded contacts, such as hypoid gears,
extreme-pressure (EP) additives are used to minimize wear and prevent
scuffing. EP additives may contain sulfur, phosphorus, or chlorine, and
they react with the high-temperature contact surfaces to form molecu-
lar-dimension films. Antiwear, EP, and friction modifier additives
function only in the mixed and boundary regimes.

LUBRICANT TESTING

Lubricants are manufactured to have specific characteristics, defined by
physical and chemical properties, and performance characteristics.
Most of the tests used by the lubricants industry are described in ASTM
(American Society for Testing and Materials) Standard Methods. Physi-
cal tests are frequently used to characterize petroleum oils, since lubri-
cant performance often depends upon or is related to physical proper-
ties. Common physical tests include measurements of viscosity, density,
diesel engines. Beyond these industry standard tests, many equipment
builders require tests in specific machines or in the field. The full scope
of lubricant testing is rather complex, as simple physical and chemical
tests are incapable of fully defining in-service behavior.

VISCOSITY TESTS

Viscosity is perhaps the single most important property of a lubricant.
Viscosity needs to be sufficient to maintain oil films thick enough to
minimize friction and wear, but not so viscous as to cause excessive
efficiency losses. Viscosity reduces as oil temperature increases. It in-
creases at high pressure and, for some fluids, reduces from shear, during
movement in small clearances.

Kinematic viscosity is the most common and fundamental viscosity
measurement, and it is obtained by oil flow by gravity through
capillary-type instruments at low-shear-rate flow conditions. It is
measured by ASTM Standard Method D445. A large number of
commercially available capillary designs are acceptable. Automated
multiple-capillary machines also are sold. Kinematic viscosity is
typically measured at 40 and 100°C and is expressed in centistokes,
cSt (mm2/s).

Saybolt viscosity, with units of Saybolt universal seconds (SUS), was
once widely used. There is no longer a standard method for direct mea-
surement of SUS. Some industrial consumers continue to use SUS, and
it can be determined from kinematic viscosity using ASTM D2161.

Dynamic viscosity is measured for some lubricants at low temperatures
(ASTM D4684, D5293, and D2983); it is expressed in centipoise
cP (mPa ?s). Kinematic and dynamic viscosities are related by the equa-
tion cSt 5 cP/density, where density is in g/cm3.

Viscosity grades, not specific viscosities, are used to identify viscosi-
ties of lubricants in the marketplace, each viscosity grade step in a
viscosity grade system having minimum and maximum viscosity limits.
There are different viscosity grade systems for automotive engine oils,
gear oils, and industrial oils. Grade numbers in any one system are
independent of grade numbers in other systems.

ISO Viscosity Grades The International Standards Organization
(ISO) has a viscosity grade system (ASTM D2422) for industrial oils.
Each grade is identified by ISO VG followed by a number representing
the nominal 40°C (104°F) kinematic viscosity in centistokes for that
grade. This system contains 18 viscosity grades, covering the range
from 2 to 1,500 cSt at 40°C, each grade being about 50 percent higher in
viscosity than the previous one. The other viscosity grade systems are
described later.
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The variation of viscosity with temperature for petroleum oils can be
determined from the viscosities at any two temperatures, such as 40 and
100°C kinematic viscosity, using a graphical method or calculation
(ASTM D341). The method is accurate only for temperatures above the
wax point and below the initial boiling point, and for oils not containing
certain polymeric additives.

The viscosity index (VI) is an empirical system expressing an oil’s rate
of change in viscosity with change in temperature. The system, devel-
oped some years ago, originally had a 0 to 100 VI scale, based on two
oils thought to have the maximum and minimum limits of viscosity-

Density and Gravity ASTM D1298 may be used for determining
density (mass), specific gravity, and the API (American Petroleum In-
stitute) gravity of lubricating oils. Of these three, petroleum lubricants
tend to be described by using API gravity. The specific gravity of an oil
is the ratio of its weight to that of an equal volume of water, both
measured at 60°F (16°C), and the API gravity of an oil can be calcu-
lated by

API gravity, deg 5 (141.5/sp. gr. @ 60°/60°F) 2 131.5

The gravity of lubricating oils is of no value in predicting their per-
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temperature sensitivity. Subsequent experience identified oils far out-
side the VI scale in both directions. The VI system is still used, and the
VI of an oil can be calculated from its 40 and 100°C kinematic viscosity
using ASTM D2270, or by easy-to-use tables (ASTM Data Series, DS
39B). Lubricants with high VI have less change in viscosity with tem-
perature change, desirable for a lubricant in service where temperatures
vary widely.

Base oils with more than 100 VI can be made from a wide variety of
crude oil distillates by solvent refining, by hydrogenation, by selective
blending of paraffinic base oils, by adding a few percent of high-
molecular-weight polymeric additives called viscosity index improvers,
or by combinations of these methods. A few highly processed petro-
leum base oils and many synthetic oils have high VIs.

Effect of Pressure on Viscosity When lubricating oils are subjected
to high pressures, thousands of lb/in2, their viscosity increases. When
oil-film pressures are in this order of magnitude, their influence on
viscosity becomes significant. Empirical equations are available to esti-
mate the effect of pressure on viscosity. In rolling-contact bearings,
gears, and other machine elements, the high film pressures will influ-
ence viscosity with an accompanying increase in frictional forces and
load-carrying capacity.

Effect of Shear on Viscosity The viscosity of lubricating oils not
containing polymeric additives is independent of shear rate, except at
low temperatures where wax is present. Where polymeric additives are
used, as in multigrade engine oils, high shear rates in lubricated ma-
chine elements cause temporary viscosity loss, as the large polymer mole-
cules temporarily align in the direction of flow. Engine oils consider this
effect by high-temperature/high-shear-rate measurements (ASTM
D4683 or ASTM D4741). Such oils can suffer permanent viscosity loss in
service, as polymer molecules are split by shear stresses into smaller
molecules with less thickening power. The amount of the permanent
viscosity loss depends on the type of polymeric additive used, and it is
measurable by comparing the viscosity of the new oil to that of the used
oil, although other factors need considering, such as any oxidative
thickening of the oils.

OTHER PHYSICAL AND CHEMICAL TESTS

Cloud Point Petroleum oils, when cooled, may become plastic
solids, either from wax formation or from the fluid congealing. With
some oils, the initial wax crystal formation becomes visible at tempera-
tures slightly above the solidification point. When that temperature is
reached at specific test conditions, it is known as the cloud point (ASTM
D2500). The cloud point cannot be determined for those oils in which
wax does not separate prior to solidification or in which the separation is
invisible.

The cloud point indicates the temperature below which clogging of
filters may be expected in service. Also, it identifies a temperature
below which viscosity cannot be predicted by ASTM D2270, as the wax
causes a higher viscosity than is predicted.

Pour point is the temperature at which cooled oil will just flow under
specific test conditions (ASTM D97). The pour point indicates the low-
est temperature at which a lubricant can readily flow from its container.
It provides only a rough guide to its flow in machines. Pour point
depressant additives are often used to reduce the pour point, but they do
not affect the cloud point. Other tests, described later, are used to more
accurately estimate oil flow properties at low temperatures in automo-
tive service.
formance. Low-viscosity oils have higher API gravities than higher-
viscosity oils of the same crude-oil series. Paraffinic oils have the low-
est densities or highest API gravities, naphthenic are intermediate, and
animal and vegetable oils have the heaviest densities or lowest API
gravities.

Flash and Fire Points The flash point of an oil is the temperature to
which an oil has to be heated until sufficient flammable vapor is driven
off to flash when brought into momentary contact with a flame. The fire
point is the temperature at which the oil vapors will continue to burn
when ignited. ASTM D92, which uses the Cleveland open-cup (COC)
tester, is the flash and fire point method used for lubricating oils. In
general, for petroleum lubricants, the open flash point is 30°F or
(17°C) higher than the closed flash (ASTM D93), and the fire point is
some 50 to 70°F or (28 to 39°C) above the open flash point.

Flash and fire points may vary with the nature of the original crude
oil, the narrowness of the distillation cut, the viscosity, and the method
of refining. For the same viscosities and degree of refinement, paraffinic
oils have higher flash and fire points than naphthenic oils. While these
values give some indication of fire hazard, they should be taken as only
one element in fire risk assessment.

Color The color of a lubricating oil is obtained by reference to
transmitted light; the color by reflected light is referred to as bloom. The
color of an oil is not a measure of oil quality, but indicates the uniform-
ity of a particular grade or brand. The color of an oil normally will
darken with use. ASTM D1500 is for visual determination of the color
of lubricating oils, heating oils, diesel fuels, and petroleum waxes, using
a standardized colorimeter. Results are reported in terms of the ASTM
color scale and can be compared with the former ASTM union color.
The color scale ranges from 0.5 to 8; oils darker than color 8 may be
diluted with kerosene by a prescribed method and then observed. Very
often oils are simply described by visual assessment of color: brown,
black, etc. For determining the color of petroleum products lighter than
0.5, the ASTM D156 Test for Saybolt Color of Petroleum Products can
be used.

Carbon residue, the material left after heating an oil under specified
conditions at high temperature, is useful as a quality control tool in the
refining of viscous oils, particularly residual oils. It does not correlate
with carbon-forming tendencies of oils in internal-combustion engines.
Determination is most often made by the Conradson procedure (ASTM
D189). Values obtained by the more complex Ramsbottom procedure
(ASTM D524) are sometimes quoted. The correlation of the two values
is given in both methods.

Ash Although it is unlikely that well-refined oils that do not contain
metallic additives will yield any appreciable ash from impurities or
contaminants, measurement can be made by ASTM D482. A more use-
ful determination is sulfated ash by ASTM D874, as applied to lubricants
containing metallic additives.

Neutralization number and total acid number are interchangeable terms
indicating a measure of acidic components in oils, as determined by
ASTM D664 or D974. The original intent was to indicate the degree of
refining in new oils, and to follow the development of oxidation in
service, with its effects on deposit formation and corrosion. However,
many modern oils contain additives which, in these tests, act similar to
undesirable acids and are indistinguishable from them. Caution must be
exercised in interpreting results without knowledge of additive behav-
ior. Change in acid number is more significant than the absolute value in
assessing the condition of an oil in service. Oxidation of an oil is usually
accompanied by an increase in acid number.
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Total base number (TBN) is a measure of alkaline components in oils,
especially those additives used in engine oils to neutralize acids formed
during fuel combustion. Some of these acids get in the crankcase with
gases that blow by the rings. Today, TBN is generally measured by
ASTM D2896 or D4739, as it provides a better indication of an oil’s
ability to protect engines from corrosive wear than ASTM D664, which
was previously used for TBN measurement.

Antifoam The foaming characteristic of crankcase, turbine, or cir-
culating oils is checked by a foaming test apparatus (ASTM D892),
which blows air through a diffuser in the oil. The test measures the

grease and provides the principal lubrication, while the thickener holds
the oil in place. Additives are often added to the grease to impart special
properties. Grease helps seal the lubricating fluid in and the contami-
nants out. Grease also can help reduce lubrication frequency, particu-
larly in intermittent operation.

The lubricating liquid is usually a napthenic or paraffinic petroleum
oil or a mixture of the two. Synthetic oils are used also, but because of
their higher cost, they tend to be used only for specialty greases, such as
greases for very low or high temperature use. Synthetic oils used in
greases include polyalphaolefins, dialkylbenzenes, dibasic acid esters,
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amount of foam generated and the rate of settling. Certain additive oils
tend to foam excessively in service. Many types of lubricants contain a
minute quantity of antifoam inhibitor to prevent excessive foaming in
service. At this writing, a new high-temperature foam test is under
development in ASTM for passenger-car engine oil use, and a Navistar
engine test is used to test for diesel-engine-oil aeration.

Oxidation Tests Lubricating oils may operate at relatively high
temperatures in the presence of air and catalytically active metals or
metallic compounds. Oxidation becomes significant when oil is oper-
ated above 150°F (66°C). Some lubricating-oil sump temperatures may
exceed 250°F (121°C). The oxidation rate doubles for about every 18°F
(10°C) rise in oil temperature above 150°F (66°C). The resultant oil
oxidation increases viscosity, acids, sludge, and lacquer.

To accelerate oxidation to obtain practical test length, oxidation tests
generally use temperatures above normal service, large amounts of cat-
alytic metals, and sufficient oxygen. Two standard oxidation tests,
ASTM D943 and D2272, are often applied to steam turbine and similar
industrial oils. There are many other standard oxidation tests for other
specific lubricants. Because test conditions are somewhat removed from
those encountered in service, care should be exercised in extrapolating
results to expected performance in service.

Rust Prevention Lubricating oils are often expected to protect
ferrous surfaces from rusting when modest amounts of water enter the
lubricating system. Many oils contain additives specifically designed
for that purpose. Steam turbine and similar industrial oils often are
evaluated for rust prevention by ASTM D665 and D3603. Where more
protection is required, as when a thin oil film must protect against a
moisture-laden atmosphere, ASTM D1748 is a useful method.

Water Separation In many applications, it is desirable for the oil to
have good water-separating properties, to enable water removal before
excessive amounts accumulate and lead to rust and lubrication prob-
lems. The demulsibility of an oil can be measured by ASTM D1401 for
light- to moderate-viscosity oils and by ASTM D2711 for heavier-
viscosity oils.

Wear and EP Tests A variety of test equipment and methods have
been developed for evaluating the wear protection and EP properties
(load-carrying capacity before scuffing) of lubricant fluids and greases
under different types of heavy-duty conditions. The tests are simplified,
accelerated tests, and correlations to service conditions are seldom
available, but they are important in comparing different manufacturers’
products and are sometimes used in lubricant specifications. Each appa-
ratus tends to emphasize a particular characteristic, and a given lubri-
cant will not necessarily show the same EP properties when tested on
different machines. ASTM methods D2783 (fluids) and D2509 (grease)
use the Timken EP tester to characterize the EP properties of industrial-
type gear lubricants, in tests with incremented load steps. ASTM D3233
(fluids) uses the Falex pin and vee block tester for evaluating the EP
properties of oils and gear lubricants, using either continuous (method
A) or incremented (method B) load increase during the test. Evaluation
of wear-prevention properties also can be conducted using this appa-
ratus, by maintaining constant load. ASTM methods D2783 (fluids) and
D2596 (grease) use the four-ball EP tester for evaluating the EP proper-
ties of oils and greases. ASTM methods D4172 (fluids) and D2266
(grease) use the four-ball wear tester to evaluate the wear-prevention
properties of oils and grease.

GREASES

Lubricating greases consist of lubricating liquid dispersed in a thickening
agent. The lubricating liquid is about 70 to 95 wt % of the finished
polyalkylene glycols, silicones, and fluorinated hydrocarbons. The vis-
cosity of the lubricating liquid in the grease should be the same as would
be selected if the lubricant were an oil.

Soaps are the most common thickeners used in greases. Complex
soaps, pigments, modified clays, chemicals (such as polyurea), and
polymers are also used, alone or in combination. Soaps are formed by
reaction of fatty material with strong alkalies, such as calcium hydrox-
ide. In this saponification reaction, water, alcohol, and/or glycerin may
be formed as by-products. Soaps of weak alkalies, such as aluminum,
are formed indirectly through further reactions. Metallic soaps, such as
sodium, calcium, and lithium, are the most widely used thickeners
today.

Additives may be incorporated in the grease to provide or enhance
tackiness, to provide load-carrying capability, to improve resistance to
oxidation and rusting, to provide antiwear or EP properties, and to
lessen sensitivity to water. The additives sometimes are solid lubricants
such as graphite, molybdenum disulfide, metallic powders, or polymers,
which grease can suspend better than oil. Solid fillers may be used to
improve grease performance under extremely high loads or shock loads.

The consistency or firmness is the characteristic which may cause
grease to be chosen over oil in some applications. Consistency is deter-
mined by the depth to which a cone penetrates a grease sample under
specific conditions of weight, time, and temperature. In ASTM D217, a
standardized cone is allowed to drop into the grease for 5 s at 77°F
(25°C). The resulting depth of fall, or penetration, is measured in tenths
of millimeters. If the test is made on a sample simply transferred to a
standard container, the results are called unworked penetration. To ob-
tain a more uniform sample, before the penetration test, the grease is
worked for 60 strokes in a mechanical worker, a churnlike device. Vari-
ations on unworked and worked penetrations, such as prolonged work-
ing, undisturbed penetration, or block penetration, also are described in
ASTM D217. The worked 60-stroke penetration is the most widely used
indication of grease consistency. The National Lubricating Grease In-
stitute (NLGI) used this penetration method to establish a system of
consistency numbers to classify differences in grease consistency or
firmness. The consistency numbers range from 000 to 6, each repre-
senting a range of 30 penetration units, and with a 15 penetration unit
gap between each grade, as shown in Table 6.11.2.

As grease is heated, it may change gradually from a semisolid to a
liquid state, or its structure may weaken until a significant amount of oil
is lost. Grease does not exhibit a true melting point, which implies a
sharp change in state. The weakening or softening behavior of grease
when heated to a specific temperature can be defined in a carefully
controlled heating program with well-defined conditions. This test gives
a temperature called the dropping point, described in ASTM D566 or

Table 6.11.2 Grease Consistency Ranges

Consistency
no. Appearance Worked penetration

000 Semifluid 445–475
00 Semifluid 400–430
0 Semifluid 355–385
1 Soft 310–340
2 Medium 265–295
3 Medium hard 220–250
4 Hard 175–205
5 Very hard 130–160
6 Block type 85–115
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D2265. Typical dropping points are given in Table 6.11.3. At its drop-
ping point, a grease already has become fluid, so the maximum applica-
tion temperature must be well below the dropping point shown in the
table.

The oil constituent of a grease is loosely held. This is necessary for
some lubrication requirements, such as those of ball bearings. As a
result, on opening a container of grease, free oil is often seen. The
tendency of a grease to bleed oil may be measured by ASTM D1742.
Test results are related to bleeding in storage, not in service or at ele-
vated temperatures.

bricant used, the method of application, the bearing-surface-material
finish and its hardness, the binder-solid lubricant mix, the film and
surface pretreatment, and the application’s operating conditions. Solid-
lubricant films can be evaluated in certain standard tests, including
ASTM D2510 (adhesion), D2511 (thermal shock sensitivity), D2625
(wear endurance and load capacity), D2649 (corrosion characteristics),
and D2981 (wear life by oscillating motion).

Many plastics are also solid lubricants compared to the friction coef-
ficients typical of metals. Plastics are used without lubrication in many
applications. Strong plastics can be compounded with a variety of solid

abl
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Texture of a grease is determined by formulation and processing.
Typical textures are shown in Table 6.11.3. They are useful in identifi-
cation of some products, but are of only limited assistance for predicting
behavior in service. In general, smooth, buttery, short-fiber greases are
preferred for rolling-contact bearings and stringy, fibrous products for
sliding service. Stringiness or tackiness imparted by polymeric addi-
tives helps control leakage, but this property may be diminished or
eliminated by the shearing action encountered in service.

Grease performance depends only moderately on physical test char-
acteristics, such as penetration and dropping point. The likelihood of
suitable performance may be indicated by these and other tests. How-
ever, the final determination of how a lubricating grease will perform in
service should be based on observations made in actual service.

SOLID LUBRICANTS

Solid lubricants are materials with low coefficients of friction compared
to metals, and they are used to reduce friction and wear in a variety of
applications. There are a large number of such materials, and they in-
clude graphite, molybdenum disulfide, polytetrafluoroethylene, talc,
graphite fluoride, polymers, and certain metal salts. The many diverse
types have a variety of different properties, operating ranges, and meth-
ods of application. The need for lubricants to operate at extremes of
temperature and environment beyond the range of organic fluids, such
as in the space programs, helped foster development of solid lubricants.

One method of using solid lubricants is to apply them as thin films on
the bearing materials. The film thicknesses used range from 0.0002 to
0.0005 in (0.005 to 0.013 mm). There are many ways to form the films.
Surface preparation is very important in all of them. The simplest
method is to apply them as unbonded solid lubricants, where granular or
powdered lubricant is applied by brushing, dipping, or spraying, or in a
liquid or gas carrier for ease of application. Burnishing the surfaces is
beneficial. The solid lubricant adheres to the surface to some degree by
mechanical or molecular action. More durable films can be made by
using bonded solid lubricants, where the lubricant powders are mixed
with binders before being applied to the surface. Organic binders, if
used, can be either room-temperature air-cured type or those requiring
thermal setting. The latter tend to be more durable. Air-cured films are
generally limited to operating temperatures below 300°F (260°C), while
some thermoset films may be satisfactory to 700°F (371°C). Inorganic
ceramic adhesives combined with certain powdered metallic solid lu-
bricants permit film use at temperatures in excess of 1,200°F (649°C).
The performance of solid-lubricant films is influenced by the solid lu-

Table 6.11.3 General Characteristics of Greases

Max us
Typical dropping tempera

Base Texture point, °F (°C) °F (°

Sodium Fibrous 325–350 (163–177) 200
Calcium Smooth 260–290 (127–143) 200
Lithium Smooth 380–395 (193–202) 250 (1
12-hydroxystearate

Polyurea Smooth 4501 (2321) 350 (1

Calcium complex Smooth 5001 (2601) 350 (177)
Lithium complex Smooth 4501 (2321) 325 (163)
Aluminum complex Smooth 5001 (2601) 350 (177)
Organoclay Smooth 5001 (2601) 250 (121)

* Continuous operation with relatively infrequent lubrication.
lubricants to make plastics having both strength and low friction. Solid-
lubricant powders and plastics can be mixed, compacted, and sintered to
form a lubricating solid, such as for a bearing. Such materials also can
be made by combining solid-lubricant fibers with other stronger plastic
fibers, either woven together or chopped, and used in compression-
molded plastics. Bushings made of low-friction plastic materials may be
press-fitted into metal sleeves. The varieties of low-friction plastic ma-
terials are too numerous to mention. Bearings made with solid low-
friction plastic materials are commercially available.

Solid lubricants may also be embedded in metal matrices to form
solid-lubricant composites of various desirable properties. Graphite is
the most common solid lubricant used, and others include molybdenum
disulfide and other metal-dichalcogenides. The base metals used in-
clude copper, aluminum, magnesium, cadmium, and others. These ma-
terials are made by a variety of processes, and their uses range from
electrical contacts to bearings in heavy equipment.

LUBRICATION SYSTEMS

There are many positive methods of applying lubricating oils and
greases to ensure proper lubrication. Bath and circulating systems are
common. There are constant-level lubricators, gravity-feed oilers, mul-
tiple-sight feeds, grease cups, forced-feed lubricators, centralized lubri-
cation systems, and air-mist lubricators, to name a few. Selecting the
method of lubricant application is as important as the lubricant itself.
The choice of the device and the complexity of the system depend upon
many factors, including the type and quantity of the lubricant, reliability
and value of the machine elements, maintenance schedules, accessibil-
ity of the lubrication points, labor costs, and other economic considera-
tions, as well as the operating conditions.

The importance of removing foreign particles from circulating oil has
been increasingly recognized as a means to minimize wear and avoid
formation of potentially harmful deposits. Adequate filtration must be
provided to accomplish this. In critical systems involving closely fitting
parts, monitoring of particles on a regular basis may be undertaken.

LUBRICATION OF SPECIFIC EQUIPMENT

Internal-combustion-engine oils are required to carry out numerous func-
tions to provide adequate lubrication. Crankcase oils, in addition to
reducing friction and wear, must keep the engine clean and free from
rust and corrosion, must act as a coolant and sealant, and must serve as a
hydraulic oil in engines with hydraulic valve lifters. The lubricant may

e
,* Water

resistance Primary uses

P–F Older, slower bearings with no water
E Moderate temperature, water present
G General bearing lubrication

G–E Sealed-for-life bearings

F–E 




Used at high temperatures, with frequent relubricationG–E
G–E
F–E
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function over a wide temperature range and in the presence of atmo-
spheric dirt and water, as well as with combustion products that blow by
the rings into the crankcase. It must be resistant to oxidation, sludge,
and varnish formation in a wide range of service conditions.

Engine oils are heavily fortified with additives, such as detergents, to
prevent or reduce deposits and corrosion by neutralizing combustion
by-product acids; dispersants, to help keep the engine clean by solubiliz-
ing and dispersing sludge, soot, and deposit precursors; oxidation inhibi-
tors, to minimize oil oxidation, particularly at high temperatures; corro-
sion inhibitors, to prevent attack on sensitive bearing metals; rust

line-engine-oil performance levels, not counting systems outside the
United States. The API service category system has been used for many
years and is the result of joint efforts of many organizations. Since 1970,
gasoline engine performance categories in this system have used the
letter S (spark ignition) followed by a second letter indicating the spe-
cific performance level. Performance category requirements are based
primarily on performance in various standard engine tests. The catego-
ries available change periodically as higher performance categories are
needed for newer engines, and as older categories become obsolete
when tests on which they are based are no longer available. At this

ngi

max

c

40
35
30
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inhibitors, to prevent attack on iron and steel surfaces by condensed
moisture and acidic corrosion products, aggravated by low-temperature
stop-and-go operation; pour point depressants, to prevent wax gelation
and improve low-temperature flow properties; viscosity-index improvers,
to help enable adequate low-temperature flow, along with sufficient
viscosity at high temperatures; antiwear additives, to minimize wear
under boundary lubrication conditions, such as cam and lifter, and cyl-
inder-wall and piston-ring surfaces; defoamants, to allow air to break
away easily from the oil; and friction modifiers, to improve fuel effi-
ciency by reducing friction at rubbing surfaces.

The SAE viscosity grade system for engine oils (SAE J300), shown in
Table 6.11.4 provides W (winter) viscosity grade steps (for example,
5W) for oils meeting certain primarily low-temperature viscosity limits,
and non-W grade steps (for example, 30) for oils meeting high-temper-
ature viscosity limits. The system covers both single-grade oils (for
example, SAE 30), not designed for winter use, and multigrade oils (for
example, SAE 5W-30), formulated for year-round service. This system
is subject to revision as improvements are made, and the table shows the
December 1995 version. Each W grade step has maximum low-temper-
ature viscosity limits for cranking (D5293) and pumping (D4684)
bench tests, and a minimum 100°C kinematic viscosity limit. The lower
the W grade, the colder the potential service use. Pumping viscosity
limits are based on temperatures 10°C below those used for cranking
limits, to provide a safety margin so that an oil that will allow engine
starting at some low temperature also will pump adequately at that
temperature. Each non-W grade step has a specific 100°C kinematic
viscosity range and a minimum 150°C high-shear-rate viscosity limit.
High-temperature high-shear-rate viscosity limits are a recent addition
to J300, added in recognition that critical lubrication in an engine occurs
largely at these conditions. Two 150°C high-shear-rate viscosity limits
are shown for 40 grade oils, each for a specific set of W grades, the limit
being higher for viscosity grades used in heavy-duty diesel engine
service.

Gasoline Engines Two systems are used at this time to define gaso-

Table 6.11.4 SAE Viscosity Grades for E

Low temperature
SAE viscosity, cP, max, at temp, °C,

viscosity
grade Crankingb Pumping

0W 3,250 at 2 30 60,000 at 2
5W 3,500 at 2 25 60,000 at 2

10W 3,500 at 2 20 60,000 at 2

15W 3,500 at 2 15 60,000 at 2 25
20W 4,500 at 2 10 60,000 at 2 20
25W 6,000 at 2 5 60,000 at 2 15
20 — —
30 — —
40 — —
40 — —
50 — —
60 — —

a All values are critical specifications as defined in ASTM
b ASTM D5293.
c ASTM D4684. Note that the presence of any yield stress d

viscosity.
d ASTM D445 Note: 1 cP 5 1 mPa ? s 1 cSt 5 1
e ASTM D4683, CEC L-36-A-90 (ASTM D4741)
f 0W-40, 5W-40, and 10W-40 grade oils.
g 15W-40, 20W-40, 25W-40, and 40 grade oils.
writing, SH is the highest performance level in this system.
The newer ILSAC system is based primarily on the same tests, but

has a few additional requirements. This system was developed by the
International Lubricant Standardization and Approval Committee
(ILSAC), a joint organization of primarily U.S. and Japanese automo-
bile and engine manufacturers. The first category is in use, ILSAC
GF-1.

There are similarities as well as distinct differences between the two
systems. Both are displayed on oil containers using API licensed marks.
The API service category system uses the API service symbol, and
ILSAC system uses the API certification mark, both shown in Fig.
6.11.1. Either or both marks can be displayed on an oil container. In the
API service symbol, the performance level (for example, SH), viscosity
grade (for example, SAE 5W-30), and energy-conserving level (for
example, energy-conserving II) are shown. None of these are shown in
the API certification mark of the ILSAC system. The API certification
mark remains unchanged as new performance levels are developed and
regardless of the viscosity grade of the oil in the container. ILSAC
categories require the highest energy-conserving level, and only allow a
few viscosity grades, those recommended for newer engines. The vis-

API Service Symbol API Certification Mark

Fig. 6.11.1 API marks for engine oil containers. (From API Publication 1509,
12th ed., 1993. Reprinted by courtesy of the American Petroleum Institute.)

ne Oila (SAE J300 DEC95)

Viscosity,d cSt, High-shear-rate
at 100°C viscosity,e cP,

min, at 150°C
Min Max and 106 s21

3.8 — —
3.8 — —
4.1 — —

5.6 — —
5.6 — —
9.3 — —
5.6 , 9.3 2.6
9.3 , 12.5 2.9

12.5 , 16.3 2.9 f

12.5 , 16.3 3.7g

16.3 , 21.9 3.7
21.9 , 26.1 3.7

D3244.

etectable by this method constitutes a failure, regardless of

mm2/s
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cosity grades allowed are SAE 0W-20, 5W-20, 5W-30, and 10W-30.
The viscosity grade may be displayed separately. In the ILSAC system,
to ensure high-performance-level oils, the API certification mark is
licensed annually and only for oils meeting the latest ILSAC perfor-
mance level.

Diesel Engines API performance-level categories for commercial
heavy-duty diesel engine oils, using the API service category system,
begin with the letter C (compression ignition), followed by additional
letters and numbers indicating the performance level and engine type,
the performance letter changing as category improvements are needed.

Gas turbines in industrial service are lubricated with oils similar to the
ISO VG 32 product recommended for steam turbines; but to obtain
acceptable service life under higher-temperature conditions, they may
be inhibited against oxidation to a greater extent. There is demand for
longer-life oils for gas turbines, and, as for steam turbines, the demand
is being met by using more severely processed base oils and improved
R&O inhibitors. Gas turbines aboard aircraft operate at still higher
bearing temperatures which are beyond the capability of petroleum oils.
Synthetic organic esters are used, generally complying with military
specifications.
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At this writing, CG-4 is the highest performance category for four-cycle
low-sulfur-fueled turbocharged heavy-duty diesel engines, and CF-2 is
the highest for two-cycle turbocharged heavy-duty diesel engines.
ILSAC intends to develop a new performance category system for
heavy-duty diesel engine oils and to use a different design API mark for
this system. Viscosity grades used depend on engine manufacturer’s
recommendations for the ambient temperature range. SAE 15W-40 oils
are very popular for most four-cycle diesel engines, and single-grade
oils, such as SAE 40, are used primarily in hotter climates and for
two-cycle diesel engines.

The engine oil is increasingly becoming a major part in the total
design, affecting performance of critical components as well as engine
life. Emission control restrictions are tightening up on diesel engines,
and this is affecting the engine oils. Designs of pistons are changing,
and rings are being located higher on the pistons and are more subject to
carbon deposits. Deposits are being controlled partly by use of proper
engine oils. One new engine design with reduced emissions uses the
engine oil as hydraulic fluid to operate and improve control of the fuel
injectors, and this has created a need for improved oil deaeration per-
formance. Most engine manufacturers maintain lists of oils that perform
well in their engines.

Larger diesel engines found in marine, railroad, and stationary ser-
vice use crankcase oils that are not standardized as to performance
levels, unlike the oils discussed above. They are products developed by
reputable oil suppliers working with major engine builders. In general,
they are formulated along the same lines as their automotive counter-
parts. However, particularly in marine service where fuels often contain
relatively high levels of sulfur, the detergent additive may be formu-
lated with a high degree of alkalinity to neutralize sulfuric acid resulting
from combustion.

Gas engines pose somewhat different lubrication requirements. They
burn a clean fuel which gives rise to little soot, but conditions of opera-
tion are such that nitrogen oxides formed during combustion can have a
detrimental effect on the oil. Suitable lubricants may contain less addi-
tive than those which must operate in a sootier environment. However,
the quality of the base oil itself assumes greater importance. Special
selection of crude source and a high degree of refining must be observed
to obtain good performance. The most common viscosity is SAE 40,
although SAE 30 is also used. Where cold starting is a factor, SAE
15W-40 oils are available.

Steam Turbines Although they do not impose especially severe
lubrication requirements, steam turbines are expected to run for very
long periods, often measured in many years, on the same oil charge.
Beyond that, the oil must be able to cope with ingress of substantial
amounts of water. Satisfactory products consist of highly refined base
oils with rust and oxidation (R&O) inhibitors, and they must show good
water-separating properties (demulsifiability). There is demand for
longer-life turbine oil in the power generation industry, such as 6,000 h
or more of life in the ASTM D943 oxidation bench test. This demand is
being met by using more severely processed base oils and with im-
proved R&O inhibitors. Most large utility turbines operate with oil
viscosity ISO VG 32. Where gearing is involved, ISO VG 100 is pre-
ferred. Smaller industrial turbines, which do not have circulating sys-
tems typical of large units, may operate with ISO VG 68. Circulating
systems should be designed with removal of water in mind, whether by
centrifuge, coalescer, settling tank, or a combination of these methods.
Where the turbine governor hydraulic system is separate from the cen-
tral lubrication system, fire-resistant phosphate ester fluids are often
used in the governor hydraulic system.
Gears API System of Lubricant Service Designations for Automo-
tive Manual Transmissions and Axles (SAE J308B) defines service
levels for automotive gear oils. The service levels include API GL-1 to
GL-6 and API PL-1 to PL-2, related to gear types and service condi-
tions. Also, there are SAE Viscosity Grades for Axle and Transmission
Lubricants (SAE J306C) for gear oils in automotive service. In this
system, there are winter grades from SAE 70W to 85W, based on
low-temperature viscosity (ASTM D2983) limits and 100°C kinematic
viscosity (ASTM D445) limits, and grades from SAE 90 to 250, based
on 100°C kinematic viscosity limits. Many multigrade oils are marketed
based on it, capable of year-round operation.

The American Gear Manufacturers Association (AGMA) has classi-
fication systems for industrial gear lubricants, defined in AGMA 250.04
and 251.02. These systems specify lubricant performance grades by
AGMA lubricant numbers, each grade linked to a specific ISO viscosity
grade. There are three systems for enclosed gear drives, and they cover
(1) rust- and oxidation-inhibited, (2) extreme pressure, and (3) com-
pounded lubricants. Three systems for open gear drives cover (1) rust-
and oxidation-inhibited, (2) extreme pressure, and (3) residual lubri-
cants.

The various gear types in use differ in severity of lubrication require-
ments. For spur, bevel, helical, and herringbone gears, clastohydrody-
namic lubrication occurs at rated speeds and loads. Oils used for these
types of gears need not contain additives that contribute to oil film
strength, but may contain antioxidants, rust inhibitors, defoamants, etc.,
depending on the application. Worm gears need oils with film strength
additives, such as compounded lubricants (containing fatty oils in a
petroleum base), and use oils of relatively high viscosity, such as ISO
VG 460. Other gear types, such as spur, use oils of widely varying
viscosities, from ISO VG 46 to 460 or higher. The choice relates to
operating conditions, as well as any need to lubricate other mechanisms
with the same oil. Hypoid gears, widely used in automobiles, need oils
containing effective EP additives. There is increased use of synthetic
gear oils where wide operating temperature ranges and need for long
life are involved. For example, polyalkylene glycol gear oils, which
have high viscosity indices and excellent load capacities, are being used
in industrial applications involving heavily loaded or high-temperature
worm gears. Synthetic gear oils based on PAO base stocks have per-
formed well in closed gearbox applications. With open gears, the lubri-
cant often is applied sporadically and must adhere to the gear for some
time, resisting being scraped off by meshing teeth. Greases, and viscous
asphaltic-base lubricants, often containing EP additives, are among the
gear lubricants used in this service. Asphaltic products may be diluted
with a solvent to ease application, the solvent evaporating relatively
quickly from the gear teeth.

Rolling-Contact Bearings These include ball bearings of various
configurations, as well as roller bearings of the cylindrical, spherical,
and tapered varieties and needle bearings. They may range in size from
a few millimetres to several metres. They are basically designed to carry
load under EHL conditions, but considerable sliding motion may exist
as well as rolling motion at points of contact between rolling elements
and raceways. In addition, sliding occurs between rolling elements and
separators and, in roller bearings, between the ends of rollers and race-
way flanges. In many instances, it is desirable to incorporate antiwear
additives to deal with these conditions.

A choice can frequently be made between oil and grease. Where the
lubricant must carry heat away from the bearings, oil is the obvious
selection, especially where large quantities can be readily circulated.
Also, where contamination by water and solids is difficult to avoid, oil
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is preferred, provided an adequate purification system is furnished. If
circulation is not practical, then grease may be the better choice. Where
access to bearings is limited, grease may be indicated. Grease is also
preferred in instances where leakage of lubricant might be a problem.

Suitable oils generally contain rust and oxidation inhibitors, and anti-
wear additives. Viscosity is selected on the basis of EHL considerations
or builder recommendations for the particular equipment, and it may
range anywhere from ISO VG 32 to 460, typically perhaps ISO VG 68.

Where grease is employed, the selection of type will be governed by
operating conditions including temperature, loading, possibility of water

fluid is inadequate in this respect, premature wear occurs, leading to
erratic operation of the hydraulic system. For indoor use, it is best to
select specially formulated antiwear hydraulic oils. These contain rust
and oxidation inhibitors as well as antiwear additives, and they provide
good overall performance in ISO VG 32 to 68 for many applications.
Newer hydraulic systems have higher operating temperatures and pres-
sures and longer drain intervals. These systems require oils with im-
proved oxidation stability and antiwear protection. Fluids with good
filterability are being demanded to allow use of fine filters to protect the
critical clearances of the system. Hydraulic fluids may contain VI im-
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contamination, and frequency and method of application. Lithium
12-hydroxystearate grease, particularly of no. 2 consistency grade, is
widely used. Where equipment is lubricated for life at the time of man-
ufacture, such as electric motors in household appliances, polyurea
greases are often selected.

Air Compressors Reciprocating compressors require lubrication of
the cylinder walls, packing, and bearings. Temperatures at the cylinder
wall are fairly high, and sufficient viscosity must be provided. Oils of
ISO VG from about 68 to 460 may be specified. Since water condensa-
tion may be encountered, rust inhibitor is needed in addition to oxida-
tion inhibitor. A principal operating problem concerning the lubricant is
development of carbonaceous deposits on the valves and in the piping.
This can seriously interfere with valve operation and can lead to disas-
trous fires and explosions. It is essential to choose an oil with a mini-
mum tendency to form such deposits. Conradson and Ramsbottom car-
bon residue tests are of little value in predicting this behavior, and
builders and reputable oil suppliers should be consulted. Maintenance
procedures need to ensure that any deposits are cleaned on a regular
basis and not be allowed to accumulate. In units which call for all-loss
lubrication to the cylinders, feed rates should be reduced to the mini-
mum recommended levels to minimize deposit-forming tendencies. In-
creasingly, certain synthetic oils, such as fully formulated diesters,
polyalkylene glycols, and PAOs, are being recommended for longer,
trouble-free operation.

Screw compressors present a unique lubrication problem in that large
quantities of oil are sprayed into the air during compression. Exposure
of large surfaces of oil droplets to hot air is an ideal environment for
oxidation to occur. This can cause lacquer deposition to interfere with
oil separator operation which is essential to good performance. Al-
though general-purpose rust- and oxidation-inhibited oils, as well as
crankcase oils, are often used, they are not the best choice. Specially
formulated petroleum oils, in ISO VG 32 to 68, are available for these
severe conditions. For enhanced service life, synthetic organic ester
fluids of comparable viscosity are often used.

Refrigeration compressors vary in their lubricant requirements de-
pending on the refrigerant gas involved, particularly as some lubricant
may be carried downstream of the compressor into the refrigeration
system. If any wax from the lubricant deposits on evaporator surfaces,
performance is seriously impaired. Ammonia systems can function with
petroleum oils, even though ammonia is only poorly miscible with such
oils. Many lubricants of ISO VG 15 to 100 are suitable, provided that
the pour point is somewhat below evaporator temperature and that it
does not contain additives that react with ammonia. Miscibility of re-
frigerant and lubricant is important to lubrication of some other types of
systems. Chlorinated refrigerants (CFCs and HCFCs) are miscible with
oil, and highly refined, low-pour, wax-free naphthenic oils of ISO VG
32 to 68 are often used, or certain wax-free synthetic lubricants. CFC
refrigerants, which deplete the ozone layer, will cease being produced
after 1995. Chlorine-free hydrofluorocarbon (HFC) refrigerants are
now widely used, as they are non-ozone-depleting. HFCs are largely
immisible in petroleum-based lubricants, but partial miscibility of re-
frigerant and lubricant is necessary for adequate lubrication in these
systems. Synthetic lubricants based on polyol ester or polyalkylene gly-
col base oils have miscibility with HFCs and are being used in HFC air
conditioning and refrigeration systems.

Hydraulic Systems Critical lubricated parts include pumps, motors,
and valves. When operated at rated load, certain pumps and motors are
very sensitive to the lubricating quality of the hydraulic fluid. When the
prover and/or pour point depressant for use in low-temperature outside
service, and antifoamants and demulsifiers for rapid release of entrained
air and water. Hydraulic equipment on mobile systems has greater ac-
cess to automotive crankcase oils and automatic transmission fluids and
manufacturers may recommend use of these oils in their equipment.
Where biodegradability is of concern, fluids made of vegetable oil
(rapeseed) are available.

Systems Needing Fire-Resistant Fluids Where accidental rupture
of an oil line may cause fluid to splash on a surface above about 600°F
(310°C), a degree of fire resistance above that of petroleum oil is desir-
able. Four classes of fluids, generally used in hydraulic systems operat-
ing in such an environment, are available. Phosphate esters offer the
advantages of a good lubricant requiring little attention in service, but
they require special seals and paints and are quite expensive. Water-
glycol fluids contain some 40 to 50 percent water, in a uniform solution
of diethylene glycol, or glycol and polyglycol, to achieve acceptable fire
resistance. They require monitoring in service to ensure proper content
of water and rust inhibitor. Invert emulsions contain 40 to 50 percent
water dispersed in petroleum oil. With oil as the outside phase of the
emulsion, lubrication properties are fairly good, but the fluid must be
monitored to maintain water content and to ensure that the water re-
mains adequately dispersed. Finally, there are conventional emulsions
which contain 5 to 10 percent petroleum oil dispersed in water. With the
water as the outside phase, the fluid is a rather poor lubricant, and
equipment requiring lubrication must be designed and selected to oper-
ate with these emulsions. Steps must also be taken to ensure that prob-
lems such as rusting, spoilage, and microbial growth are controlled.

Note that fire-resistant is a relative term, and it does not mean non-
flammable. Approvals of the requisite degree of fire resistance are is-
sued by Factory Mutual Insurance Company and by the U.S. Bureau of
Mines where underground mining operations are involved.

Metal Forming The functions of fluids in machining operation are
(1) to cool and (2) to lubricate. Fluids remove the heat generated by the
chip/tool rubbing contact and/or the heat resulting from the plastic
deformation of the work. Cooling aids tool life, preserves tool hardness,
and helps to maintain the dimensions of the machined parts. Fluids
lubricate the chip/tool interface to reduce tool wear, frictional heat, and
power consumption. Lubricants aid in the reduction of metal welding
and adhesion to improve surface finish. The fluids may also serve to
carry away chips and debris from the work as well as to protect ma-
chined surfaces, tools, and equipment from rust and corrosion.

Many types of fluids are used. Most frequently they are (1) mineral
oils, (2) soluble oil emulsions, or (3) chemicals or synthetics. These are
often compounded with additives to impart specific properties. Some
metalworking operations are conducted in a controlled gaseous atmo-
sphere (air, nitrogen, carbon dioxide).

The choice of a metalworking fluid is very complicated. Factors to be
considered are (1) the metal to be machined, (2) the tools, and (3) the
type of operation. Tools are usually steel, carbide, or ceramic. In opera-
tions where chips are formed, the relative motion between the tool and
chip is high-speed under high load and often at elevated temperature.
In chipless metal forming—drawing, rolling, stamping, extruding,
spinning—the function of the fluid is to (1) lubricate and cool the die
and work material and (2) reduce adhesion and welding on dies. In
addition to fluids, solids such as talc, clay, and soft metals may be used
in drawing operations.

In addition to the primary function to lubricate and cool, the cutting
fluids should not (1) corrode, discolor, or form deposits on the work;
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(2) produce undesirable fumes, smoke, or odors; (3) have detrimental
physical effects on operators. Fluids should also be stable, resist bacte-
rial growth, and be foam-resistant.

In the machining operations, many combinations of tools, work-
pieces, and operating conditions may be encountered. In some in-
stances, straight mineral oils or oils with small amounts of additives will
suffice, while in more severe conditions, highly compounded oils are
required. The effectiveness of the additives depends upon their chemi-
cal activity with newly formed, highly reactive surfaces; these com-
bined with the high temperatures and pressures at the contact points are

Water-soluble chemicals, and synthetics, are essentially solutions or
microdispersions of a number of ingredients in water. These materials
are used for the same purposes described above for mineral and soluble
oils. Water-soluble synthetic fluids are seeing increased use and have
greater bioresistance than soluble oils and provide longer coolant life
and lower maintenance.

Health Considerations Increased attention is being focused on haz-
ards associated with manufacture, handling, and use of all types of
industrial and consumer materials, and lubricants are no exception.
Much progress has been made in removing substances suspected of

L
nt

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
ideal for chemical reactions. Additives include fatty oils, sulfur, sulfur-
ized fatty oils, and sulfurized, chlorinated, and phosphorus additives.
These agents react with the metals to form compounds which have a
lower shear strength and may possess EP properties. Oils containing
additives, either dark or transparent, are most widely used in the in-
dustry.

Oils with sulfur- and chlorine-based additives raise some issues of
increasing concern, as the more active sulfurized types stain copper and
the chlorinated types have environmental concerns and are not suitable
for titanium. New cutting oils have been developed which perform well
and avoid these concerns.

Water is probably the most effective coolant available but can seldom
be used as an effective cutting fluid. It has little value as a lubricant and
will promote rusting. One way of combining the cooling properties of
water with the lubricating properties of oil is through the use of soluble
oils. These oils are compounded so they form a stable emulsion with
water. The main component, water, provides effective cooling while the
oil and compounds impart desirable lubricating, EP, and corrosion-
resistance properties.

The ratio of water to oil will influence the relative lubrication and
cooling properties of the emulsion. For these nonmiscible liquids to
form a stable emulsion, an emulsifier must be added. Water hardness is
an important consideration in the forming of an emulsion, and protec-
tion against bacterial growth should be provided. Care in preparing and
handling the emulsion will ensure more satisfactory performance and
longer life. Overheating, freezing, water evaporation, contamination,
and excessive air mixing will adversely affect the emulsion. When one
is discarding the used emulsion, it is often necessary to ‘‘break’’ the
emulsion into its oil and water components for proper disposal.

Newer-technology soluble oils, using nonionic emulsifiers instead of
anionic emulsifiers, have improved properties over earlier-technology
oils, and have less tendency to form insoluble soaps with hard water,
which results in fewer filter changes, less machine downtime, and lower
maintenance costs. They also have longer emulsion life, from greater
bacterial and fungal resistance.

6.12 P
(Staff Co
REFERENCES: Billmyer, ‘‘Textbook of Polymer Science,’’ 3d ed. Brydson,
‘‘Plastics Materials,’’ 4th ed. Birley, Heath, and Scott, ‘‘Plastics Materials: Prop-
erties and Applications.’’ Current publications of and sponsored by the Society of
the Plastics Industry (SPI) and similar plastics industry organizations. Manufac-
turers’ specifications, data, and testing reports. ‘‘Modern Plastics Encyclopedia,’’
McGraw-Hill.

GENERAL OVERVIEW OF PLASTICS

Plastics are ubiquitous engineering materials which are whol
creating adverse effects on health. Suppliers can provide information on
general composition and potential hazards requiring special handling of
their products, in the form of Material Safety Data Sheets (MSDSs). It is
seldom necessary to go further to ascertain health risks. It is necessary
that personnel working with lubricants observe basic hygienic practices.
They should avoid wearing oil-soaked clothing, minimize unnecessary
exposure of skin, and wash exposed skin frequently with approved
soaps.

Used-Lubricant Disposal The nonpolluting disposal of used lubri-
cants is becoming increasingly important and requires continual atten-
tion. More and more legislation and control are being enacted, at local,
state, and national levels, to regulate the disposal of wastes. Alternative
methods of handling specific used lubricants may be recommended,
such as in situ purification and refortifying the oil and returning it to
service, often in mobile units provided by the lubricant distributor.
Also, waste lubricating oils may be reprocessed into base oils for re-
refined lubricant manufacture. The use of waste lubricating oils as fuels
is being increasingly regulated because of air pollution dangers. If
wastes are dumped on the ground or directly into sewers, they may
eventually be washed into streams and water supplies and become water
pollutants. They may also interfere with proper operation of sewage
plants. Improper burning may contribute to air pollution. Wastes must
be handled in such a way as to ensure nonpolluting disposal. Reputable
lubricant suppliers are helpful in suggesting general disposal methods,
although they cannot be expected to be knowledgeable about all local
regulations.

Lubricant management programs are being used increasingly by in-
dustry to minimize operating cost, including lubricant, labor, and waste
disposal costs. These programs can be managed by lubricant user/sup-
plier teams. Fluid management programs include the following activi-
ties: lubrication selection; lubricant monitoring during service; recla-
mation and refortification; and disposal. The supplier and/or lubricant
service firms often have the major role in performing the last three
activities. These programs can be beneficial to both lubricant user and
supplier.

ASTICS
ribution)
proportions. High polymers may be divided into two classes: thermo-
plastic and thermosetting. The former reversibly melt to become highly
viscous liquids and solidify upon cooling (Fig. 6.12.1). The resultant
solids will be elastic, ductile, tough, or brittle, depending on the struc-
ture of the solid as evolved from the molten state. Thermosetting poly-
mers are infusible without thermal or mechanical degradation. Thermo-

mers (often termed thermosets) cure by a chain-linking
ction usually initiated at elevated temperature and pressure,
re are types which cure at room temperature through the use
The more highly cured the polymer, the higher its heat
ly or in part

setting poly
chemical rea
although the
of catalysts.
composed of long, chainlike molecules called high polymers. While car-
bon is the element common to all commercial high polymers, hydrogen,
oxygen, nitrogen, sulfur, halogens, and silicon can be present in varying
distortion temperature and the harder and more brittle it becomes.
As a class, plastics possess a combination of physical and mechanical

properties which are attractive to the designer. There are certain proper-



Table 6.12.1 Properties of Plastic Resins and Compounds

ABSa

Injection molding grades (Continued)

ASTM 20%
test Extrusion Heat- Medium- High- Platable glass fiber-

Properties method grade ABS/Nylon resistant impact impact grade reinforced

1a. Melt flow, g/10 min D1238 0.85–1.0 1.1–1.8 1.1–1.8 1.1–18 1.1

1. Melting temperature, °C.
Tm (crystalline)

Tg (amorphous) 88–120 110–125 102–115 91–110 100–110 100–110

2. Processing temperature range,
°F. (C 5 compression; T 5
transfer; I 5 injection; E 5
extrusion)

E : 350–500 I : 460–520 C : 325–500
I : 475–550

C : 325–350
I : 390–525

C : 325–350
I : 380–525

C : 325–400
I : 350–500

C : 350–500
I : 350–500

3. Molding pressure range,
103 lb/ in2

8–25 8–25 8–25 8–25 8–25 15–30

4. Compression ratio 2.5–2.7 1.1–2.0 1.1–2.0 1.1–2.0 1.1–2.0 1.1–2.0

5. Mold (linear) shrinkage, in/ in D955 0.004–0.007 0.003–0.010 0.004–0.009 0.004–0.009 0.004–0.009 0.005–0.008 0.001–0.002

6. Tensile strength at break, lb/ in2 D638b 2,500–8,000 4,000–6,000 4,800–7,500 5,500–7,500 4,400–6,300 5,200–6,400 10,500–13,000

7. Elongation at break, % D638b 20–100 40–300 3–45 5–60 5–75 2–3

8. Tensile yield strength, lb/ in2 D638b 4,300–6,400 4,300–6,300 4,300–7,000 5,000–7,200 2,600–5,900 6,700

9. Compressive strength (rupture
or yield), lb/ in2

D695 5,200–10,000 7,200–10,000 1,800–12,500 4,500–8,000 13,000–14,000

10. Flexural strength (rupture or
yield), lb/ in2

D790 4,000–14,000 8,800–10,900 9,000–13,000 7,100–13,000 5,400–11,000 10,500–11,500 14,000–17,500

11. Tensile modulus, 103 lb/ in2 D638b 130–420 260–320 285–360 300–400 150–350 320–380 740–880

12. Compressive modulus, 103 lb/in2 D695 150–390 190–440 200–450 140–300 800

13. Flexural modulus,
103 lb/ in2 73°F D790 130–440 250–310 300–400 310–400 179–375 340–390 650–800

200°F D790

250°F D790

300°F D790

14. Izod impact, ft ? lb / in of notch
(1⁄8-in-thick specimen)

D256A 1.5–12 15–20 2.0–6.5 3.0–6.0 6.0–9.3 4.0–8.3 1.1–1.4

15. Hardness Rockwell D785 R75–115 R93–105 R100–115 R102–115 R85–106 R103–109 M85–98, R107

Shore/Barcol D2240/
D2583

16. Coef. of linear thermal
expansion, 106 in/( in ? °C)

D696 60–130 90–110 60–93 80–100 95–110 47–53 20–21

17. Deflection temperature
under flexural
load, °F 264 lb/ in2 D648 170–220 130–150 220–240

annealed
181–193g

200–220
annealed

205–215
annealed

190–222
annealed

210–220

66 lb/ in2 D648 170–235 180–195 230–245
annealed

215–225
annealed

210–225
annealed

215–222
annealed

220–230

18. Thermal conductivity, 1024

cal ? cm/(s ? cm2 ? °C)
C177 4.5–8.0 4.8

19. Specific gravity D792 1.02–1.08 1.06–1.07 1.05–1.08 1.03–1.06 1.01–1.05 1.04–1.07 1.18–1.22

20. Water absorption (1⁄8-in-thick
specimen), %

24 h D570 0.20–0.45 0.20–0.45 0.20–0.45 0.20–0.45 0.18–0.20

Saturation D570

21. Dielectric strength (1⁄8-in-
thick specimen), short time,
V/mil

D149 350–500 350–500 350–500 350–500 420–550 450–460

SOURCE: Abstracted from ‘‘Modern Plastics Encyclopedia,’’ 1995.
NOTE: Footnotes a to f are at end of table.
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Acetal

Extrusion
and blow
molding 20% Glass- 25% Glass- 2–20% Chemically

grade reinforced coupled PTFE-filled lubricated
Homopolymer Copolymer (terpolymer) homopolymer copolymer copolymer homopolymer

1–20 1–90 1.0 6.0 6

172–184 160–175 160–170 175–181 160–180 160–175 175

I : 380–470 C : 340–400
I : 360–450

E : 360–400 I : 350–480 I : 365–480 I : 350–445
I : 325–500

E : 360–500

I : 400–
440

10–20 8–20 10–20 8–20 8–20

3.0–4.5 3.0–4.5 3.0–4.0 3.0–4.5 3.0–4.5

0.018–0.025 0.020 (Avg.) 0.02 0.009–0.012 0.004 (flow)
0.018 (trans.)

0.018–0.029

9,700–10,000 8,500–9,000 16,000–18,500 8,300 9,500

10–75 15–75 67 6–12 2–3 30 40

9,500–12,000 8,300–10,400 8,700 7,500–8,250 16,000 8,300 9,500

15,600–18,000
@ 10%

16,000 @ 10% 16,000 18,000 @ 10% 17,000 @ 10% 11,000–12,600

13,600–16,000 13,000 12,800 10,700–16,000 18,000–28,000 11,500 13,000

400–520 377–464 900–1,000 1,250–1,400 250–280 450

670 450

380–490 370–450 350 600–730 1,100 310–360 400

120–135 300–360 130

75–90 250–270 80

1.1–2.3 0.8–1.5 1.7 0.5–1.0 1.0–1.8 0.5–1.0 1.4

M92–94, R120 M75–90 M84 M90 M79–90, R110 M79 M90

50–112 61–110 33–81 17–44 52–68

253–277 185–250 205 315 320–325 198–225 257

324–342 311–330 318 345 327–331 280–325 329

5.5 5.5 4.7

1.42 1.40 1.41 1.54–1.56 1.58–1.61 1.40 1.42

0.25–1 0.20–0.22 0.22 0.25 0.22–0.29 0.15–0.26 0.27

0.90–1 0.65–0.80 0.8 1.0 0.8–1.0 0.5 1.00

400–500
(90 mil)

500
(90 mil)

490
(125 mil)

480–580 400–410 400
(125 mils)
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Table 6.12.1 Properties of Plastic Resins and Compounds (Continued )

Acrylic

Molding and extrusion compounds

Impact- Heat-
PMMA modified resistant

Sheet

Acrylonitrile

ASTM Molding
test and

Properties method Cast extrusion Injection

1a. Melt flow, g/10 min D1238 1.4–27 1–11 1.6–8.0 12

1. Melting temperature, °C.
Tm (crystalline) 135

Tg (amorphous) 90–105 85–105 80–103 100–165 95

2. Processing temperature range,
°F. (C 5 compression; T 5
transfer; I 5 injection; E 5
extrusion)

C : 300–425
I : 325–500

E : 360–500

C : 300–400
I : 400–500

E : 380–480

C : 350–500
I : 400–625

E : 360–550

C : 320–345
I : 410

E : 350–410

380–420

3. Molding pressure range,
103 lb/ in2

5–20 5–20 5–30 20 20

4. Compression ratio 1.6–3.0 1.2–2.0 2 2–2.5

5. Mold (linear) shrinkage, in/ in D955 1.7 0.001–0.004 (flow)
0.002–0.008 (trans.)

0.002–0.008 0.002–0.008 0.002–0.005 0.002–0.005

6. Tensile strength at break, lb/ in2 D638b 66–11,000 7,000–10,500 5,000–9,000 9,300–11,500 9,000

7. Elongation at break, % D638b 2–7 2–5.5 4.6–70 2–10 3–4 3–4

8. Tensile yield strength, lb/ in2 D638b 7,800–10,600 5,500–8,470 10,000 7,500 9,500

9. Compressive strength (rupture
or yield), lb/ in2

D695 11,000–19,000 10,500–18,000 4,000–14,000 15,000–17,000 12,000 12,000

10. Flexural strength (rupture or
yield), lb/ in2

D790 12,000–17,000 10,500–19,000 7,000–14,000 12,000–18,000 14,000 14,000

11. Tensile modulus, 103 lb/ in2 D638b 450–3,100 325–470 200–500 350–650 510–580 500–550

12. Compressive modulus, 103 lb/in2 D695 390–475 370–460 240–370 450

13. Flexural modulus,
103 lb/ in2 73°F D790 390–3,210 325–460 200–430 450–620 500–590 480

200°F D790 150–440

250°F D790 350–420

300°F D790

14. Izod impact, ft ? lb / in of notch
(1⁄8-in-thick specimen)

D256A 0.3–0.4 0.2–0.4 0.40–2.5 0.2–0.4 2.5–6.5 2.5

15. Hardness Rockwell D785 M80–102 M68–105 M35–78 M94–100 M72–78 M60

Shore/Barcol D2240/
D2583

16. Coef. of linear thermal
expansion, 106 in/( in ? °C)

D696 50–90 50–90 48–80 40–71 66 66

17. Deflection temperature
under flexural
load, °F 264 lb/ in2 D648 98–215 155–212 165–209 190–310 164 151

66 lb/ in2 D648 165–235 165–225 180–205 200–315 172 166

18. Thermal conductivity, 1024

cal ? cm/(s ? cm2 ? °C)
C177 4.0–6.0 4.0–6.0 4.0–5.0 2.0–4.5 6.2 6.1

19. Specific gravity D792 1.17–1.20 1.17–1.20 1.11–1.18 1.16–1.22 1.15 1.15

20. Water absorption (1⁄8-in-thick
specimen), %

24 h D570 0.2–0.4 0.1–0.4 0.19–0.8 0.2–0.3 0.28

Saturation D570

21. Dielectric strength (1⁄8-in-
thick specimen), short time,
V/mil

D149 450–550 400–500 380–500 400–500 220–240 220–240
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Cellulosic

Cellulose
acetate
butyrate

Molding
compound

Cellulose acetate

Molding
Sheet compound

Epoxy

Bisphenol
molding compounds

Glass
fiber- Mineral-

reinforced filled

Casting resins and compounds

Aluminum-
Unfilled filled Flexibilized

Ethyl
cellulose
molding

compound
and sheet

135 230 230 140 Thermoset Thermoset Thermoset Thermoset Thermoset

C : 250–390
I : 350–500

C : 260–420
I : 335–490

C : 265–390
I : 335–480

C : 300–330
T : 280–380

C : 250–330
T : 250–380

8–32 8–32 8–32 1–5 0.1–3

1.8–2.4 1.8–2.6 1.8–2.4 3.0–7.0 2.0–3.0

0.005–0.009 0.003–0.010 0.003–0.009 0.001–0.008 0.002–0.010 0.001–0.010 0.001–0.005 0.001–0.010

2,000–8,000 4,500–8,000 1,900–9,000 2,600–6,900 5,000–20,000 4,000–10,800 4,000–13,000 7,000–12,000 2,000–10,000

5–40 20–50 6–70 40–88 4 3–6 0.5–3 20–85

2,500–6,300

3,000–8,000 2,100–7,500 18,000–40,000 18,000–40,000 15,000–25,000 15,000–33,000 1,000–14,000

4,000–12,000 6,000–10,000 2,000–16,000 1,800–9,300 8,000–30,000 6,000–18,000 13,000–21,000 8,500–24,000 1,000–13,000

50–200 3,000 350 350

650 1–350

1,200–4,000 90–300 2,000–4,500 1,400–2,000

0.4 2.0–8.5 1.0–7.8 1.0–10.9 0.3–10.0 0.3–0.5 0.2–1.0 0.4–1.6 2.3–5.0

R50–115 R85–120 R17–125 R31–116 M100–112 M100–M112 M80–110 M55–85

Shore D65–89

100–200 100–150 80–180 110–170 11–50 20–60 45–65 5.5 20–100

115–190 111–195 113–202 225–500 225–500 115–550 190–600 73–250

120–209 130–227

3.8–7.0 4–8 4–8 4–8 4.0–10.0 4–35 4.5 15–25

1.09–1.17 1.28–1.32 1.22–1.34 1.15–1.22 1.6–2.0 1.6–2.1 1.11–1.40 1.4–1.8 0.96–1.35

0.8–1.8 2.0–7.0 1.7–6.5 0.9–2.2 0.04–0.20 0.03–0.20 0.08–0.15 0.1–4.0 0.27–0.5

350–500 250–600 250–600 250–400 250–400 250–420 300–500 235–400
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Table 6.12.1 Properties of Plastic Resins and Compounds (Continued )

Fluoroplastics

Polyvinylidene fluoride

EMI
shielding

Molding (conductive);
and 30% PAN

extrusion carbon fiber

Polytetrafluoroethylene
Modified
PE-TFE

25% 25%
Glass fiber- Glass fiber-
reinforced reinforced

ASTM Polychloro-
test trifluoro-

Properties method ethylene Granular

1a. Melt flow, g/10 min D1238

1. Melting temperature, °C.
Tm (crystalline) 327 327 141–178 270

Tg (amorphous) 220 2 60 to 2 20

2. Processing temperature range,
°F. (C 5 compression; T 5
transfer; I 5 injection; E 5
extrusion)

C : 460–580
I : 500–600

E : 360–590

C : 360–550
I : 375–550

E : 375–550

I : 430–500 C : 575–625
I : 570–650

3. Molding pressure range,
103 lb/ in2

1–6 2–5 3–8 2–5 2–20

4. Compression ratio 2.6 2.5–4.5 3

5. Mold (linear) shrinkage, in/ in D955 0.010–0.015 0.030–0.060 0.018–0.020 0.020–0.035 0.001 0.002–0.030

6. Tensile strength at break, lb/ in2 D638b 4,500–6,000 3,000–5,000 2,000–2,700 3,500–7,250 14,000 12,000

7. Elongation at break, % D638b 80–250 200–400 200–300 12–600 0.8 8

8. Tensile yield strength, lb/ in2 D638b 5,300 2,900–8,250

9. Compressive strength (rupture
or yield), lb/ in2

D695 4,600–7,400 1,700 1,000–1,400
@ 1% strain

8,000–16,000 10,000

10. Flexural strength (rupture or
yield), lb/ in2

D790 7,400–11,000 2,000 9,700–13,650 19,800 10,700

11. Tensile modulus, 103 lb/ in2 D638b 58–80 200–240 200–80,000 2,800 1,200

12. Compressive modulus, 103 lb/in2 D695 150–300 60 304–420

13. Flexural modulus,
103 lb/ in2 73°F D790 170–200 80 190–235 170–120,000 2,100 950

200°F D790 180–260 450

250°F D790 310

300°F D790 200

14. Izod impact, ft ? lb / in of notch
(1⁄8-in-thick specimen)

D256A 2.5–5 3 2.7 2.5–80 1.5 9.0

15. Hardness Rockwell D785 R75–112 R79–83, 85 R74

Shore/Barcol D2240/
D2583

Shore D75–80 Shore D50–65 Shore D60–70 Shore D80, 82
65–70

16. Coef. of linear thermal
expansion, 106 in/( in ? °C)

D696 36–70 70–120 77–100 70–142 10–32

17. Deflection temperature
under flexural
load, °F 264 lb/ in2 D648 115 183–244 318 410

66 lb/ in2 D648 258 160–250 280–284 510

18. Thermal conductivity, 1024

cal ? cm/(s ? cm2 ? °C)
C177 4.7–5.3 6.0 8–10 2.4–3.1

19. Specific gravity D792 2.08–2.2 2.14–2.20 2.2–2.3 1.77–1.78 1.74 1.8

20. Water absorption (1⁄8-in-thick
specimen), %

24 h D570 0 , 0.01 0.03–0.06 0.12 0.02

Saturation D570

21. Dielectric strength (1⁄8-in-
thick specimen), short time,
V/mil

D149 500–600 480 320 260–280 425
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Phenolic

Molding compounds, phenol-formaldehyde

Furan Impact-modified

Asbestos- Fabric- and Cellulose-
filled

Wood
flour-filled

High-strength
glass fiber-
reinforced rag-filled filled

Casting
resins

Unfilled

0.5–10

Thermoset Thermoset Thermoset Thermoset Thermoset Thermoset

C : 275–300 C : 290–380
I : 330–400

C : 300–380
I : 330–390

T : 300–350

C : 290–380
I : 330–400

T : 300–350

C : 290–380
I : 330–400

0.1–0.5 2–20 1–20 2–20 2–20

1.0–1.5 2.0–10.0 1.0–1.5 1.0–1.5

0.004–0.009 0.001–0.004 0.003–0.009 0.004–0.009

3,000–4,500 5,000–9,000 7,000–18,000 6,000–8,000 3,500–6,500 5,000–9,000

0.4–0.8 0.2 1–4 1–2 1.5–2.0

10,000–13,000 25,000–31,000 16,000–70,000 20,000–28,000 22,000–31,000 12,000–15,000

600–9,000 7,000–14,000 12,000–60,000 10,000–14,000 5,500–11,000 11,000–17,000

1,580 800–1,700 1,900–3,300 900–1,100 400–700

2,740–3,500

1,000–1,200 1,150–3,300 700–1,300 900–1,300

0.2–0.6 0.5–18.0 0.8–3.5 0.4–1.1 0.24–0.4

R110 M100–115 E54–101 M105–115 M95–115 M93–120

Barcol 72

30–45 8–34 18–24 20–31 68

300–370 350–600 325–400 300–350 165–175

4–8 8–14 9–12 6–9 3.5

1.75 1.37–1.46 1.69–2.0 1.37–1.45 1.38–1.42 1.24–1.32

0.01–0.02 0.3–1.2 0.03–1.2 0.6–0.8 0.5–0.9 0.1–0.36

0.12–1.5

260–400 140–400 200–370 300–380 250–400
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Table 6.12.1 Properties of Plastic Resins and Compounds (Continued )

Polyamide

Nylon, Type 6

Toughened

33%
Glass
fiber-

reinforced

High-impact
copolymers
and rubber-

modified
compounds

Impact-
modified;

30%
glass fiber-
reinforced CastProperties

ASTM Molding and 30–35%
test extrusion Glass fiber-

method compound reinforced

1a. Melt flow, g/10 min D1238 0.5–10 1.5–5.0

1. Melting temperature, °C.
Tm (crystalline) 210–220 210–220 210–220 210–220 220 227–238

Tg (amorphous)

2. Processing temperature range,
°F. (C 5 compression; T 5
transfer; I 5 injection; E 5
extrusion)

I : 440–550
E : 440–525

I : 460–550 I : 520–550 I : 450–580
E : 450–550

I : 480–550

3. Molding pressure range,
103 lb/ in2

1–20 2–20 1–20 3–20

4. Compression ratio 3.0–4.0 3.0–4.0 3.0–4.0 3.0–4.0

5. Mold (linear) shrinkage, in/ in D955 0.003–0.015 0.001–0.005 0.001–0.003 0.008–0.026 0.003–0.005

6. Tensile strength at break, lb/ in2 D638b 6,000–24,000 24–27,600c ; 18,900d 17,800c 6,300–11,000c 21,000c ; 14,500d 12,500

7. Elongation at break, % D638b 30–100c ; 300d 2.2–3.6c 4.0c 150–270c 5c –8d 20–30

8. Tensile yield strength, lb/ in2 D638b 13,100c ; 7,400d 9,000c –9,500

9. Compressive strength (rupture
or yield), lb/ in2

D695 13,000–16,000c 19,000–24,000c 3,900c 17,000

10. Flexural strength (rupture or
yield), lb/ in2

D790 15,700c ; 5,800d 34–3,600c ; 21,000d 25,800c 5,000–12,000c 16,500

11. Tensile modulus, 103 lb/ in2 D638b 380–464c ; 100–247d 1,250–1,600c ; 1,090d 1,220c –754d 500

12. Compressive modulus, 103 lb/in2 D695 250d 325

13. Flexural modulus,
103 lb/ in2 73°F D790 390–410c ; 140d 1,250–1,400c ;

800–950d
1,110c 110–320c ; 130d 1,160c –600d 430

200°F D790 60–130c

250°F D790

300°F D790

14. Izod impact, ft ? lb / in of notch
(1⁄8-in-thick specimen)

D256A 0.6–2.2c ; 3.0d 2.1–3.4c ; 3.7–5.5d 3.5c 1.8–No breakc

1.8–No breakd
2.2c –6d 0.7–0.9

15. Hardness Rockwell D785 R119c ; M100–105c M93–96c ; M78d R81–113c ; M50 R115–125

Shore/Barcol D2240/
D2583

D78.83

16. Coef. of linear thermal
expansion, 106 in/( in ? °C)

D696 80–83 16–80 72–120 20–25 50

17. Deflection temperature
under flexural
load, °F 264 lb/ in2 D648 155–185c 392–420c 400c 113–140c 410c 330–400

66 lb/ in2 D648 347–375c 420–430c 430c 260–367c 428c 400–430

18. Thermal conductivity, 1024

cal ? cm/(s ? cm2 ? °C)
C177 5.8 5.8–11.4

19. Specific gravity D792 1.12–1.14 1.35–1.42 1.33 1.07–1.17 1.33 1.15–1.17

20. Water absorption (1⁄8-in-thick
specimen), %

24 h D570 1.3–1.9 0.90–1.2 0.86 1.3–1.7 2.0 0.3–0.4

Saturation D570 8.5–10.0 6.4–7.0 8.5 6.2 5–6

21. Dielectric strength (1⁄8-in-
thick specimen), short time,
V/mil

D149 400c 400–450c 450–470c 500–600
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Polyamide (Continued)

Nylon, Type 66

Lubricated

Antifriction 5% Molybdenum
molybdenum disulfide and

disulfide-filled 5% Silicone 30% PTFE 30% PTFEMolding compound

30–33%
Glass fiber-
reinforced

Toughened

15–33% Glass
fiber-reinforced

255–265 260–265 256–265 249–265 260–265 260–265 260–265

I : 500–620 I : 510–580 I : 530–575 I : 500–600 I : 530–570 I : 530–570 I : 530–570

1–25 5–20 5–25

3.0–4.0 3.0–4.0

0.007–0.018 0.002–0.006 0.0025–0.0045c 0.007–0.018 0.015 0.007 0.01

13,700c ; 11,000d 27,600c ; 20,300d 10,900–20,300c ; 14,500d 10,500–13,700c 8,500c 5,500c 7,500c

15–80c ; 150–300d 2.0–3.4c ; 3–7d 4.7c ; 8d 4.4–40c

8,000–12,000c ; 6,500–8,500d 25,000c

12,500–15,000c (yld.) 24,000–40,000c 15,000c –20,000 12,000–12,500c

17,900–1,700c; 6,100d 40,000c ; 29,000d 17,400–29,900c 15,000–20,300c 15,000c 8,000c 1,200c

230–550c ; 230–500d 1,380c ; 1,090d 1,230c ; 943d 350–550c

410–470c ; 185d 1,200–1,450c ; 800d ; 900 479–1,100c 420–495c 300c 460c 400c

0.55–1.0c ; 0.85–2.1d 1.6–4.5c ; 2.6–3.0d . 3.2–5.0 0.9–4.5c 1.0c 0.5c 0.6c

R120c ; M83c ; M95–105d R101–119c ; M101–102c ;
M96d

R107c ; R115; R116;
M86c ; M70d

R119c

80 15–54 43 54 63.0 45.0

158–212c 252–490c 446–470 190–260c 170 180 185

425–474c 260–500c 480–495 395–430

5.8 5.1–11.7

1.13–1.15 1.15–1.40 1.2–1.34 1.15–1.18 1.16 1.34 1.37

1.0–2.8 0.7–1.1 0.7–1.5 0.8–1.1 1.0 0.55 0.55

8.5 5.5–6.5 5 8.0

600c 360–500 360c
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Table 6.12.1 Properties of Plastic Resins and Compounds (Continued )

Polycarbonate

Unfilled
molding and

extrusion
resins

High
viscosity

Lubricated

10–15%
PTFE, 20%
glass fiber-
reinforced

Glass fiber-
reinforced

10% glassProperties

ASTM
test

method

Impact-
modified

polycarbonate/
polyester

blends

1a. Melt flow, g/10 min D1238 3–10 7.0

1. Melting temperature, °C.
Tm (crystalline)

Tg (amorphous) 150 150 150

2. Processing temperature range,
°F. (C 5 compression; T 5
transfer; I 5 injection; E 5
extrusion)

I : 560 I : 520–650 I : 475–560 I : 590–650

3. Molding pressure range,
103 lb/ in2

10–20 10–20 15–20

4. Compression ratio 1.74–5.5 2–2.5

5. Mold (linear) shrinkage, in/ in D955 0.005–0.007 0.002–0.005 0.006–0.009 0.002

6. Tensile strength at break, lb/ in2 D638b 9,100–10,500 7,000–10,000 7,600–8,500 12,000–15,000

7. Elongation at break, % D638b 110–120 4–10 120–165 2

8. Tensile yield strength, lb/ in2 9,000 8,500–11,600 7,400–8,300

9. Compressive strength (rupture
or yield), lb/ in2

D695 10,000–12,500 12,000–14,000 7,000 11,000

10. Flexural strength (rupture or
yield), lb/ in2

D790 12,500–13,500 13,700–16,000 10,900–12,500 18,000–23,000

11. Tensile modulus, 103 lb/ in2 D638b 345 450–600 1,200

12. Compressive modulus, 103 lb/in2 D695 350 520

13. Flexural modulus,
103 lb/ in2 73°F D790 330–340 460–580 280–325 850–900

200°F D790 275 440

250°F D790 245 420

300°F D790

14. Izod impact, ft ? lb / in of notch
(1⁄8-in-thick specimen)

D256A 12–18 @ 1⁄8 in
2.3 @ 1⁄4 in

2–4 2–18 1.8–3.5

15. Hardness Rockwell D785 M70–M75 M62–75;
R118–122

R114–122

Shore/Barcol D2240/
D2583

16. Coef. of linear thermal
expansion, 106 in/( in ? °C)

D696 68 32–38 80–95 21.6–23.4

17. Deflection temperature
under flexural
load, °F 264 lb/ in2 D648 250–270 280–288 190–250 280–290

66 lb/ in2 D648 280–287 295 223–265 290

18. Thermal conductivity, 1024

cal ? cm/(s ? cm2 ? °C)
C177 4.7 4.6–5.2 4.3

19. Specific gravity D792 1.2 1.27–1.28 1.20–1.22 1.43–1.5

20. Water absorption (1⁄8-in-thick
specimen), %

24 h D570 0.15 0.12–0.15 0.12–0.16 0.11

Saturation D570 0.32–0.35 0.25–0.32 0.35–0.60

21. Dielectric strength (1⁄8-in-
thick specimen), short time,
V/mil

D149 380–. 400 470–530 440–500
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Polyester, thermoplastic Polyester, thermoset and alkyd

Polybutylene Polyethylene Glass fiber-
terephthalate terephthalate reinforced

30% 30% Preformed,
Glass fiber- Glass fiber- chopped

Unfilled reinforced Unfilled reinforced roving

Cast

Rigid Flexible

220–267 220–267 212–265 245–265 Thermoset Thermoset Thermoset

68–80

I : 435–525 I : 440–530 I : 440–660
E : 520–580

I : 510–590 C : 170–320

4–10 5–15 2–7 4–20 0.25–2

3.1 2–3 1.0

0.009–0.022 0.002–0.008 0.002–0.030 0.002–0.009 0.0002–0.002

8,200–8,700 14,000–19,000 7,000–10,500 20,000–24,000 600–13,000 500–3,000 15,000–30,000

50–300 2–4 30–300 2–7 , 2.6 40–310 1–5

8,200–8,700 8,600 23,000

8,600–14,500 18,000–23,500 11,000–15,000 25,000 13,000–30,000 15,000–30,000

12,000–16,700 22,000–29,000 12,000–18,000 30,000–36,000 8,500–23,000 10,000–40,000

280–435 1,300–1,450 400–600 1,300–1,440 300–640 800–2,000

375 700

330–400 850–1,200 350–450 1,200–1,590 490–610 1,000–3,000

520

390

0.7–1.0 0.9–2.0 0.25–0.7 1.5–2.2 0.2–0.4 . 7 2–20

M68–78 M90 M94–101; R111 M90; M100

Barcol 35–75 Shore D84–94 Barcol 50–80

60–95 15–25 65 3 1026 18–30 55–100 20–50

122–185 385–437 70–150 410–440 140–400 . 400

240–375 421–500 167 470–480

4.2–6.9 7.0 3.3–3.6 6.0–7.6

1.30–1.38 1.48–1.53 1.29–1.40 1.55–1.70 1.04–1.46 1.01–1.20 1.35–2.30

0.08–0.09 0.06–0.08 0.1–0.2 0.05 0.15–0.6 0.5–2.5 0.01–1.0

0.4–0.5 0.35 0.2–0.3

420–550 460–560 420–550 430–650 380–500 250–400 350–500
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Table 6.12.1 Properties of Plastic Resins and Compounds (Continued )

Polyethylene and ethylene copolymers

Low and medium density

LDPE
copolymers

Ethylene-
vinyl

acetateProperties

ASTM
test

method
Linear

copolymer

High density

Poly- Ultrahigh
ethylene molecular 30% Glass

homopolymer weight fiber-reinforced

Cross-
linked

Molding
grade

1a. Melt flow, g/10 min D1238 1.4–2.0 5–18

1. Melting temperature, °C.
Tm (crystalline) 122–124 103–110 130–137 125–138 120–140

Tg (amorphous)

2. Processing temperature range,
°F. (C 5 compression; T 5
transfer; I 5 injection; E 5
extrusion)

I : 350–500
E : 450–600

C : 200–300
I : 350–430

E : 300–380

I : 350–500
E : 350–525

C : 400–500 I : 350–600 C : 240–450
I : 250–300

3. Molding pressure range,
103 lb/ in2

5–15 1–20 12–15 1–2 10–20

4. Compression ratio 3 2

5. Mold (linear) shrinkage, in/ in D955 0.020–0.022 0.007–0.035 0.015–0.040 0.040 0.002–0.006 0.007–0.090

6. Tensile strength at break, lb/ in2 D638b 1,900–4,000 2,200–4,000 3,200–4,500 5,600–7,000 7,500–9,000 1,600–4,600

7. Elongation at break, % D638b 100–965 200–750 10–1,200 420–525 1.5–2.5 10–440

8. Tensile yield strength, lb/ in2 D638b 1,400–2,800 1,200–6,000 3,800–4,800 3,100–4,000

9. Compressive strength (rupture
or yield), lb/ in2

D695 2,700–3,600 6,000–7,000 2,000–5,500

10. Flexural strength (rupture or
yield), lb/ in2

D790 11,000–12,000 2,000–6,500

11. Tensile modulus, 103 lb/ in2 D638b 38–75 7–29 155–158 700–900 50–500

12. Compressive modulus, 103 lb/in D695 50–150

13. Flexural modulus,
103 lb/ in2 73°F D790 40–105 7.7 145–225 130–140 700–800 70–350

200°F D790

250°F D790

300°F D790

14. Izod impact, ft ? lb / in of notch
(1⁄8-in-thick specimen)

D256A 1.0–No break No break 0.4–4.0 No break 1.1–1.5 1–20

15. Hardness Rockwell D785 R50 R75–90

Shore/Barcol D2240/
D2583

Shore D55–56 Shore D17–45 Shore D66–73 Shore D61–63 Shore D55–80

16. Coef. of linear thermal
expansion, 106 in/( in. ? °C)

D696 160–200 59–110 130–200 48 100

17. Deflection temperature
under flexural
load, °F 264 lb/ in2 D648 110–120 250 105–145

66 lb/ in2 D648 175–196 155–180 260–265 130–225

18. Thermal conductivity, 1024

cal ? cm/(s ? cm2 ? °C)
C177 11–12 8.6–11

19. Specific gravity D792 0.918–0.940 0.922–0.943 0.952–0.965 0.94 1.18–1.28 0.95–1.45

20. Water absorption (1⁄8-in-thick
specimen), %

24 h D570 0.005–0.13 , 0.01 , 0.01 0.02–0.06 0.01–0.06

Saturation D570

21. Dielectric strength (1⁄8-in-
thick specimen), short time,
V/mil

D149 620–760 450–500 710 500–550 230–550
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Polypropylene

Homopolymer

Impact-
10–30% modified,

Glass fiber- 40% mica-
reinforced filled

Polyimide

Thermoplastic Thermoset Copolymer

30% 50% 10–20%
Glass fiber- Glass fiber- Glass fiber-

Unfilled reinforced Unfilled reinforced Unfilled Unfilled reinforced

4.5–7.5 0.4–38.0 1–20 0.6–44.0 0.1–20

388 388 Thermoset Thermoset 160–175 168 168 150–175 160–168

250–365 250 2 20 2 20

C : 625–690
I : 734–740

E : 734–740

I : 734–788 460–485 C : 460
I : 390

T : 390

I : 375–550
E : 400–500

I : 425–475 I : 350–470 I : 375–550
E : 400–500

I : 350–480

3–20 10–30 7–29 3–10 10–20 10–20

1.7–4 1.7–2.3 1–1.2 2.0–2.4 2–2.4

0.0083 0.0044 0.001–0.01 0.002 0.010–0.025 0.002–0.008 0.007–0.008 0.010–0.025 0.003–0.01

10,500–17,100 24,000 4,300–22,900 6,400 4,500–6,000 6,500–13,000 4,500 4,000–5,500 5,000–8,000

7.5–90 3 1 100–600 1.8–7 4 200–500 3.0–4.0

12,500–13,000 4,300–22,900 4,500–5,400 7,000–10,000 3,000–4,300

17,500–40,000 27,500 19,300–32,900 34,000 5,500–8,000 6,500–8,400 3,500–8,000 5,500–5,600

10,000–28,800 35,200 6,500–50,000 21,300 6,000–8,000 7,000–20,000 7,000 5,000–7,000 7,000–11,000

300–400 1,720 460–4,650 165–225 700–1,000 700 130–180

315–350 458 421 150–300

360–500 1,390 422–3,000 1,980 170–250 310–780 600 130–200 355–510

50 40

35 30

210 1,175 1,030–2,690

1.5–1.7 2.2 0.65–15 5.6 0.4–1.4 1.0–2.2 0.7 1.1–14.0 0.95–2.7

E52–99, R129, M95 R128, M104 110M–120M M118 R80–102 R92–115 R65–96 R100–103

Shore D70–73

45–56 17–53 15–50 13 81–100 21–62 68–95

460–680 469 572–. 575 660 120–140 253–288 205 130–140 260–280

225–250 290–320 185–220 305

2.3–4.2 8.9 5.5–12 8.5 2.8 5.5–6.2 3.5–4.0

1.33–1.43 1.56 1.41–1.9 1.6–1.7 0.900–0.910 0.97–1.14 1.23 0.890–0.905 0.98–1.04

0.24–0.34 0.23 0.45–1.25 0.7 0.01–0.03 0.01–0.05 0.03 0.01

1.2

415–560 528 480–508 450 600 600
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Table 6.12.1 Properties of Plastic Resins and Compounds (Continued )

Polystyrene and styrene copolymers

Styrene copolymers

High
heat-resistant
copolymers

20%
glass fiber-
reinforced

Styrene-
acrylonitrile

(SAN)

Molding
and extrusion

Polystyrene homopolymers

20% Long
High and and short
medium Heat- glass fiber-

flow resistant reinforced

Rubber-
modified

High-
impactProperties

ASTM
test

method

1a. Melt flow, g/10 min D1238 5.8

1. Melting temperature, °C.
Tm (crystalline)

Tg (amorphous) 74–105 100–110 115 9.3–105 100–200

2. Processing temperature range,
°F. (C 5 compression; T 5
transfer; I 5 injection; E 5
extrusion)

C : 300–400
I : 350–500

E : 350–500

C : 300–400
I : 350–500

E : 350–500

I : 400–550 I : 350–525
E : 375–500

C : 300–400
I : 360–550

E : 360–450

I : 425–550

3. Molding pressure range,
103 lb/ in2

5–20 5–20 10–20 10–20 5–20

4. Compression ratio 3 3–5 4 3

5. Mold (linear) shrinkage, in/ in D955 0.004–0.007 0.004–0.007 0.001–0.003 0.004–0.007 0.003–0.005 0.003–0.004

6. Tensile strength at break, lb/ in2 D638b 5,200–7,500 6,440–8,200 10,000–12,000 1,900–6,200 10,000–11,900 10,000–14,000

7. Elongation at break, % D638b 1.2–2.5 2.0–3.6 1.0–1.3 20–65 2–3 1.4–3.5

8. Tensile yield strength, lb/ in2 D638b 6,440–8,150 2,100–6,000 9,920–12,000

9. Compressive strength (rupture
or yield), lb/ in2

D695 12,000–13,000 13,000–14,000 16,000–17,000 14,000–15,000

10. Flexural strength (rupture or
yield), lb/ in2

D790 10,000–14,600 13,000–14,000 14,000–18,000 3,300–10,000 11,000–19,000 16,300–22,000

11. Tensile modulus, 103 lb/ in2 D638b 330–475 450–485 900–1,200 160–370 475–560 850–900

12. Compressive modulus, 103 lb/in2 D695 480–490 495–500 530–580

13. Flexural modulus,
103 lb/ in2 73°F D790 380–490 450–500 950–1,100 160–390 500–610 800–1,050

200°F D790

250°F D790

300°F D790

14. Izod impact, ft ? lb / in of notch
(1⁄8-in-thick specimen)

D256A 0.35–0.45 0.4–0.45 0.9–2.5 0.95–7.0 0.4–0.6 2.1–2.6

15. Hardness Rockwell D785 M60–75 M75–84 M80–95, R119 R50–82; L–60 M80, R83

Shore/Barcol D2240/
D2583

16. Coef. of linear thermal
expansion, 106 in/( in ? °C)

D696 50–83 68–85 39.6–40 44.2 65–68 20

17. Deflection temperature
under flexural
load, °F 264 lb/ in2 D648 169–202 194–217 200–220 170–205 214–220 231–247

66 lb/ in2 D648 155–204 200–224 220–230 165–200 220–224

18. Thermal conductivity, 1024

cal ? cm/(s ? cm2 ? °C)
C177 3.0 3.0 5.9 3.0

19. Specific gravity D792 1.04–1.05 1.04–1.05 1.20 1.03–1.06 1.06–1.08 1.20–1.22

20. Water absorption (1⁄8-in-thick
specimen), %

24 h D570 0.01–0.03 0.01 0.07–0.01 0.05–0.07 0.15–0.25 0.1

Saturation D570 0.01–0.03 0.01 0.3 0.5

21. Dielectric strength (1⁄8-in-
thick specimen), short time,
V/mil

D149 500–575 500–525 425 425
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Polyurethane Silicone

Thermoset Thermoplastic

55–65% 10–20%
Mineral- Glass fiber-

filled potting reinforced
and casting Unreinforced molding
compounds molding compounds

Casting resins

Liquid Unsaturated

Liquid Molding and
Casting injection encapsulating
resins molding compounds

Flexible Liquid Mineral-
(including silicone and/or

RTV) rubber glass-filled

Thermoset Thermoset Thermoset 75–137 Thermoset Thermoset Thermoset

120–160

C : 43–250 25 (casting) I : 430–500
E : 430–510

I : 360–410 I : 360–420 C : 280–360
I : 330–370

T : 330–370

0.1–5 8–11 1–2 0.3–6

2.0–8.0

0.020 0.001–0.002 0.004–0.006 0.004–0.010 0.0–0.006 0.0–0.005 0.0–0.005

175–10,000 10,000–11,000 1,000–7,000 7,200–9,000 4,800–7,500 350–1,000 725–1,305 500–1,500

100–1,000 3–6 5–55 60–180 3–70 20–700 300–1,000 80–800

7,800–11,000

20,000 5,000

700–4,500 19,000 10,200–15,000 1,700–6,200

10–100 190–300 0.6–1.40

10–100

10–100 610 235–310 40–90

25 to flexible 0.4 1.5–1.8 10–14-No break

R . 100; M48 R45–55

Shore A10–13,
D90

Barcol 30–35 Shore A90,
D52–85

Shore A10–70 Shore A20–70 Shore A10–80

100–200 71–100 34 10–19 10–20 20–50

Varies over
wide range

190–200 158–260 115–130 . 500

176–275 140–145

5 6.8–10 3.5–7.5 7.18

1.03–1.5 1.05 1.37–2.1 1.2 1.22–1.36 0.97–2.5 1.08–1.14 1.80–2.05

0.2–1.5 0.1–0.2 0.06–0.52 0.17–0.19 0.4–0.55 0.1 0.15

0.5–0.6 1.5 0.15–0.40

300–500 500–750
@ 1⁄16 in.

400 600 400–550 200–550
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Table 6.12.1 Properties of Plastic Resins and Compounds (Continued )

Vinyl polymers and copolymers

Molding and
extrusion

compounds

Chlorinated
polyvinyl
chloride

PVC and PVC-acetate MC, sheets, rods, and tubes

Flexible, Flexible,
Rigid unfilled filled

PVC
molding

compound,
20%

glass fiber-
reinforced

ASTM
test

method

1a. Melt flow, g/10 min D1238

1. Melting temperature, °C.
Tm (crystalline)

Tg (amorphous) 75–105 75–105 75–105 75–105 110

2. Processing temperature range,
°F. (C 5 compression; T 5
transfer; I 5 injection; E 5
extrusion)

I : 380–400
E : 390–400

C : 285–400
I : 300–415

C : 285–350
I : 320–385

C : 285–350
I : 320–385

C : 350–400
I : 395–440

E : 360–420

3. Molding pressure range,
103 lb/ in2

5–15 10–40 8–25 1–2 15–40

4. Compression ratio 1.5–2.5 2.0–2.3 2.0–2.3 2.0–2.3 1.5–2.5

5. Mold (linear) shrinkage, in/ in D955 0.001 0.002–0.006 0.010–0.050 0.008–0.035
0.002–0.008

0.003–0.007

6. Tensile strength at break, lb/ in2 D638b 8,600–12,800 5,900–7,500 1,500–3,500 1,000–3,500 6,800–9,000

7. Elongation at break, % D638b 2–5 40–80 200–450 200–400 4–100

8. Tensile yield strength, lb/ in2 D638b 5,900–6,500 6,000–8,000

9. Compressive strength (rupture
or yield), lb/ in2

D695 8,000–13,000 900–1,700 1,000–1,800 9,000–22,000

10. Flexural strength (rupture or
yield), lb/ in2

D790 14,200–22,500 10,000–16,000 14,500–17,000

11. Tensile modulus, 103 lb/ in2 D638b 680–970 350–600 341–475

12. Compressive modulus, 103 lb/in2 D695 335–600

13. Flexural modulus,
103 lb/ in2 73°F D790 680–970 300–500 380–450

200°F D790

250°F D790

300°F D790

14. Izod impact, ft ? lb / in of notch
(1⁄8-in-thick specimen)

D256A 1.0–1.9 0.4–22 Varies over
wide range

Varies over
wide range

1.0–5.6

15. Hardness Rockwell D785 R108–119 R117–112

Shore/Barcol D2240/
D2583

Shore D85–89 Shore D65–85 Shore A50–100 Shore A50–100

16. Coef. of linear thermal
expansion, 106 in/( in ? °C)

D696 24–36 50–100 70–250 62–78

17. Deflection temperature
under flexural
load, °F 264 lb/ in2 D648 165–174 140–170 202–234

66 lb/ in2 D648 135–180 215–247

18. Thermal conductivity, 1024

cal ? cm/(s ? cm2 ? °C)
C177 3.5–5.0 3–4 3–4 3.3

19. Specific gravity D792 1.43–1.50 1.30–1.58 1.16–1.35 1.3–1.7 1.49–1.58

20. Water absorption (1⁄8-in-thick
specimen), %

24 h D570 0.01 0.04–0.4 0.15–0.75 0.5–1.0 0.02–0.15

Saturation D570

21. Dielectric strength (1⁄8-in-
thick specimen), short time,
V/mil

D149 350–500 300–400 250–300 600–625
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a Acrylonitrile-butadiene-styrene. b Tensile test method varies with material: D638 is standard for thermoplastics; D651 for rigid thermoset
plastics; D412 for elastomeric plastics; D882 for thin plastics sheeting. c Dry, as molded (approximately 0.2% moisture content). d As
conditioned to equilibrium with 50% relative humidity. e Test method is ASTM D4092. f Pseudo indicates that the thermoset and thermo-
plastic components were mixed in the form of pellets or powder prior to fabrication.
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ADDITIVES 6-201

ties of plastics which cannot be replicated in metals, including light
weight and density (specific gravity rarely greater than 2, with the nor-
mal value in the range of 1.1 to 1.7—compare this with magnesium, the
lightest structural metal of significance, whose specific gravity is 1.75);
optical properties which may range from complete clarity to complete
opacity, with the ability to be compounded with through colors in an

In those cases where secondary operations are required to be per-
formed on plastic parts, the usual chip-producing material-removal pro-
cesses are employed. In those regards, due diligence must be paid to the
nature of the material being cut. Thermoplastics will soften from heat
generated during cutting, and their low flexural modulus may require
backing to prevent excessive deflection in response to cutting forces;
thermosets may prove abrasive (even without fillers) and cause rapid
wear of cutting edges. Cutting operations on some soft thermoplastics
will experience elastic flow of the material beyond the cutting region,
necessitating multiple cuts, each of smaller magnitude.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 6.12.1 Tensile stress-strain curve for thermoplastic Lucite. (The Du Pont
Co.)

almost limitless range; low thermal conductivity and good electrical
resistance; the ability to impart excellent surface finish to parts made by
many of the primary production processes. Conversely, when compared
to metals, plastics generally have lower elastic modulus—and thus, are
inherently more flexible; have lower flexural and impact strength, and
inferior toughness; and have lower dimensional stability generally than
for most metals.

Some properties of plastics which are most desirable are high
strength/weight ratios and the ability to process raw materials through
to a finished size and shape in one of several basic operations; this last
item has a large impact on the overall costs of finished products by
virtue of eliminating secondary operations.

The seemingly endless variety of all types of plastics which are avail-
able in the marketplace is continually augmented by new compositions;
if an end product basically lends itself to the use of plastics, there is
most likely to be some existing composition available to satisfy the
design requirements. See Table 6.12.1.

The properties of a given plastic can often be modified by the incor-
poration of additives into the basic plastic resin and include colorants,
stabilizers, lubricants, and fibrous reinforcement. Likewise, where local
strength requirements are beyond the capacity of the plastic, ingenious
configurations of metallic inserts can be incorporated into the manufac-
ture of the plastic part and become structurally integral with the part
itself; female threaded inserts and male threaded studs are the most
common type of inserts found in plastic part production.

Plastic resins may themselves be used as adhesives to join other plas-
tics or other paired materials including wood/wood, wood/plastic,
metal /plastic, metal /metal, and wood/metal. Structural sandwich panels,
with the inner layer of sheet or foamed plastic, are an adaptation of
composite construction.

Foamed plastic has found widespread use as thermal insulation, a
volume filler, cushioning material, and many lightweight consumer
items.

The ability to be recycled is an important attribute of thermoplastics;
thermosets are deficient in this regard. In view of the massive amounts
of plastic in the consumer stream, recycling has become more the norm
than the exception; indeed, in some jurisdictions, recycling of spent
plastic consumables is mandated by law, while in others, the incentive
to recycle manifests itself as a built-in cost of the product—a tax, as it
were, imposed at the manufacturing phase of production to spur recy-
cling efforts. (See Recycling on next page.)
The raw-materials cost for plastics will vary. The economies of quan-
tity production are self-evident from a study of applicable statistics of
plastics production. Consider that in 1993, global production of plastic
raw materials was in excess of 100 million metric tons (t). The final
overall cost of a finished plastic part is impacted by the cost of raw
materials, of course, but further, the use of plastic itself affects the
design, manufacture, and shipping components of the final cost; these
latter are not inconsequential in arriving at cost comparisons of produc-
tion with plastics vis-à-vis metals. Suffice it to say that in general, when
all costs are accounted for and when design requirements can be met
with plastics, the end cost of a plastic item is often decidedly favorable.

RAW MATERIALS

The source of virgin raw materials, or feedstock, is generally petroleum
or natural gas. The feedstock is converted to monomers, which then
become the basis for plastic resins. As recycling efforts increase, con-
version of postconsumer plastic items (i.e., scrap) may result in increas-
ing amounts of plastics converted back to feedstock by application of
hydrolytic and pyrolitic processes.

The plastic is supplied to primary processers usually in the form of
powder, solid pellets, or plastisols (liquid or semisolid dispersions of
finely powdered polymer in a nonmigrating liquid).

Compounding, mixing, and blending prepare plastic materials to be
fed into any of the various fabrication processes.

PRIMARY FABRICATION PROCESSES

A number of processes are used to achieve finished plastic parts, in-
cluding some conventional ones usually associated with metalworking
and others synonymous with plastics processing. Casting, blow mold-
ing, extrusion, forming in metal molds (injection, compression, and
transfer molding), expanded-bead molding to make foams, thermo-
forming of sheet plastic, filament winding over a form, press laminat-
ing, vacuum forming, and open molding (hand layup) are widespread
plastics fabrication processes.

ADDITIVES

The inherent properties of most plastics can be tailored to impart other
desired properties or to enhance existing ones by the introduction of
additives. A wide variety of additives allow compounding a specific
type of plastic to meet some desired end result; a few additive types are
listed below.

Fillers Wood flour, mica, silica, clay, and natural synthetic fibers
reduce weight, reduce the volume of bulk resin used, impart some spe-
cific strength property (and often, directionality of strength properties),
etc.

Blowing or Foaming Agents Compressed gas or a liquid which will
evolve gas when heated is the agent which causes the network of inter-
stices in expanded foam. A popular foaming agent, CFC (chlorinated
fluorocarbon) is being displaced because of environmental concerns.
Non-CFC foaming agents will increasingly replace CFCs.

Mold-Release Compounds These facilitate the removal of molded
parts from mold cavities with retention of surface finish on the finished
parts and elimination of pickup of molding material on mold surfaces.

Lubricants They ease fabrication and can serve to impart lubricant
to plastic parts.
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Antistatic Compounds The inherent good electrical insulation
property of plastic often leads to buildup of static electric charges. The
static charge enhances dust pickup and retention to the plastic surface.
At the very least, this may inhibit the action of a mold-release agent; at
worst, the leakage of static electric charge may be an explosion or fire
hazard.

Antibacterial Agents These act to inhibit the growth of bacteria,
especially when the type of filler used can be an attractive host to
bacterial action (wood flour, for example).

Colorants Color is imparted to the resin by dyes or pigments. Dyes

quantity of bonding is performed via radiation-curable adhesives. The
source of energy is ultraviolet radiation or electron beam radiation.

The adhesives cited above, and others, display a range of properties
which must be assessed as to suitability for the application intended.

Welding of plastics most often implies bonding or sealing of plastic
sheet through the agent of ultrasonic energy, which, when applied lo-
cally, transforms high-frequency ultrasonic energy to heat, which, in
turn, fuses the plastic locally to achieve the bond. The design of the joint
is critical to the successful application of ultrasonic welding when the
pieces are other than thin sheets. Solvent welding consists of localized

R
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allow a wider range of color. Colorants enhance the utility of plastic
products where cosmetic and/or aesthetic effects are required. Ultravio-
let (uv) radiation from sunlight degrades the color unless a uv-inhibiting
agent is incorporated into the plastic resin. (See below.)

Flame Retardants These are introduced primarily for safety, and
they work by increasing the ignition temperature and lowering the rate
of combustion.

Heat Stabilizers Plastics will degrade when subjected to high tem-
peratures; thermoplastics will soften and eventually melt; thermosets
will char and burn. Either type of plastic part is subjected to heat during
processing and may see service above room temperature during its use-
ful life. The judicious addition of an appropriate heat-stabilizing com-
pound will prevent thermal degradation under those circumstances.
Some of the more effective heat-stabilizing agents contain lead, anti-
mony, or cadmium and are subject to increasingly stringent environ-
mental limits.

Impact Modifiers When added to the basic resin, these materials
increase impact strength or toughness.

Plasticizers These materials increase the softness and flexibility of
the plastic resin, but often there is an accompanying loss of tensile
strength, increased flammability, etc.

Ultraviolet Stabilizers These additives retard or prevent the degra-
dation of some strength properties as well as color, which result from
exposure to sunlight.

ADHESIVES AND ASSEMBLY

Most adhesives operate to effect solvent-based bonding, and they are
either one- or two-part materials. While these adhesives cure, the evap-
oration of volatile organic compounds (VOCs) constitutes an environ-
mental hazard which is subject to increasing regulation. Water-based
bonding agents, on the other hand, emit no VOCs and effectively are
environmentally benign. Adhesives which are constituted of all solid
material contain no solvents or water, hence no evaporants. A small

6.13 FIBER COMP
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INTRODUCTION

Composite materials are composed of tw
Examples of engineering use of composi
in clay by the Egyptians. Modern com
softening of the pieces to be joined and the intimate mixture of the
plastic surface material of both parts. The solvent is usually applied with
the parts fixed or clamped in place, and sufficient time is allowed for the
solvent to react locally with the plastic surfaces and then evaporate.

RECYCLING

The feedstock for all plastics is either petroleum or natural gas. These
materials constitute a valuable and irreplaceable natural resource.
Plastic materials may degrade; plastic parts may break or no longer
be of service; certainly, very little plastic per se ‘‘wears away.’’ The
basic idea behind plastic recycling takes a leaf from the metal indus-
tries, where recycling scrap metals has been the modus operendi from
ancient times. The waste of a valuable resource implicit in discarding
scrap plastic in landfills or the often environmentally hazardous incin-
eration of plastics has led to very strong efforts toward recycling plastic
scrap.

Separation of plastic by types, aided by unique identification symbols
molded into consumer items, is mandated by law in many localities
which operate an active recycling program. Different plastic types
present a problem when comingled during recycling, but some postre-
cycling consumer goods have found their way to the market. Efforts will
continue as recycling of plastics becomes universal; the costs associated
with the overall recycling effort will become more attractive as econo-
mies of large-scale operations come into play.

Ideally, plastic recycling responds best to clean scrap segregated as to
type. In reality, this is not the case, and for those reasons, a number of
promising scrap processing directions are being investigated. Among
those is depolymerization, whereby the stream of plastic scrap is sub-
jected to pyrolitic or hydrolytic processing which results in reversion of
the plastic to feedstock components. This regenerated feedstock can
then be processed once more into the monomers, then to virgin poly-
meric resins. Other concepts will come under consideration in the near
future.

OSITE MATERIALS
. Swanson

performance comes the freedom to select the orientation of the fibers for

optimum performance. Modern composites have been described as
being revolutionary in the sense that the material can be designed as
well as the structure.

The stiffness and strength-to-weight properties make materials such as
carbon fiber composites attractive for applications in aerospace and

posites often have superior resistance to
s fiber composites are used extensively in
marine applications because of this ad-

n fiber composites are being considered
o or more discrete constituents.
tes date back to the use of straw
posites using fiber-reinforced

sporting goods. In addition, com
environmental attack, and glas
the chemical industries and in
vantage. Both glass and carbo
matrices of various types have created a revolution in high-performance
structures in recent years. Advanced composite materials offer signifi-
cant advantages in strength and stiffness coupled with light weight,
relative to conventional metallic materials. Along with this structural
for infrastructure applications, such as for bridges and to reinforced
concrete, because of this environmental resistance.

The cost competitiveness of composites depends on how important
the weight reduction or environmental resistance provided by them is to
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the overall function of the particular application. While glass fibers
usually cost less than aluminum on a weight basis, carbon fibers are still
considerably more expensive. Equally important or more important than
the material cost is the cost of manufacturing. In some cases composite
structures can achieve significant cost savings in manufacturing, often
by reducing the number of parts involved in a complex assembly. There
is a large variability in cost and labor content between the various
methods of composite manufacture, and much attention is currently
given to reduce manufacturing costs.

Carbon Fiber Carbon fibers are used widely in aerospace and for
some sporting goods, because of their relatively high stiffness and high
strength/weight ratios. Carbon fibers vary in strength and stiffness with
processing variables, so that different grades are available (high modu-
lus or intermediate modulus), with the tradeoff being between high
modulus and high strength. The intermediate-modulus and high-
strength grades are almost universally made from a PAN (polyacryloni-
trile) precursor, which is then heated and stretched to align the structure
and remove noncarbon material. Higher-modulus but lower-cost fibers
with much lower strength are made from a petroleum pitch precursor.

l F
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g
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TYPICAL ADVANCED COMPOSITES

Modern composite materials usually, but not always, utilize a reinforce-
ment phase and a binder phase, in many cases with more rigid and
higher-strength fibers embedded and dispersed in a more compliant
matrix. Modern applications started with glass fibers, although the word
advanced fibers often means the more high-performance fibers that fol-
lowed, such as carbon, aramid, boron, and silicon carbide. A typical
example is carbon fiber that is being widely introduced into aerospace
and sporting goods applications. The tensile strength of carbon fiber
varies with the specific type of fiber being considered, but a typical
range of values is 3.1 to 5.5 GPa (450 to 800 ksi) for fiber tensile
strength and stiffness on the order of 240 GPa (35 Msi), combined with
a specific gravity of 1.7. Thus the fiber itself is stronger than 7075 T6
aluminum by a factor of 5 to 10, is stiffer by a factor of 3.5, and weighs
approximately 60 percent as much. The potential advantages of high-
performance fiber structures in mechanical design are obvious. On the
other hand, current costs for carbon fibers are on the order of several
times to an order of magnitude or more higher than those for aluminum.
The cost differential implies that composite materials will be utilized in
demanding applications, where increases in performance justify the in-
creased material cost. However, the material cost is only part of the
story, for manufacturing costs must also be considered. In many in-
stances it has been possible to form composite parts with significantly
fewer individual components compared to metallic structures, thus
leading to an overall lower-cost structure. On the other hand, composite
components may involve a significant amount of hand labor, resulting
in higher manufacturing costs.

FIBERS

Glass Fiber Glass fiber in a polymeric matrix has been widely used in
commercial products such as boats, sporting goods, piping, and so forth.
It has relatively low stiffness, high elongation, moderate strength and
weight, and generally lower cost relative to other composites. It has
been used extensively where corrosion resistance is important, for pip-
ing for the chemical industry, and in marine applications.

Aramid Fiber Aramid fibers (sold under the trade name Kevlar) offer
higher strength and stiffness relative to glass, coupled with light weight,
high tensile strength but lower compressive strength. Both glass fiber
and aramid fiber composites exhibit good toughness in impact environ-
ments. Aramid fiber is used as a higher-performance replacement for
glass fiber in industrial and sporting goods and in protective clothing.

Table 6.13.1 Mechanical Properties of Typica

Fib
dens

Fiber

Fiber
diameter,

mm lb/in3

E-glass 8–14 0.092
S-glass 8–14 0.090
Polyethylene 10–12 0.035
Aramid (Kevlar 49) 12 0.052
HS carbon, T300 7 0.063

AS4 carbon 7 0.065
IM7 carbon 5 0.065
GY80 carbon 8.4 0.071
Boron 50–203 0.094
Other Fibers Boron fibers offer very high stiffness, but at very high
cost. These fibers have been used in specialized applications in both
aluminum and polymeric matrices. A new fiber being used in textile
applications is oriented polyethylene, marketed under the trademark
Spectra. This fiber combines high strength with extremely light weight.
The fiber itself has a specific gravity of 0.97. It is limited to a very low
range of temperature, and the difficulty of obtaining adhesion to matrix
materials has limited its application in structural composites. A number
of other fibers are under development for use with ceramic matrices, to
enable use in very high-temperature applications such as engine com-
ponents. An example is silicon carbide fiber, used in whisker form.

Table 6.13.1 lists data pertinent to fibers currently available.

MATRICES

Most current applications utilize polymeric matrices. Thermosetting
polymers (such as epoxies) are widely utilized, and a large amount of
characterization data are available for these materials. Epoxies provide
superior performance but are more costly. Typical cure temperatures are
in the range of 121 to 177°C (250 to 350°F). A recent development has
been high-toughness epoxies, which offer significantly improved resis-
tance to damage from accidental impact, but at higher cost. Polyester
and vinyl ester are often used in less demanding applications, and poly-
urethane matrices are being considered because of short cure times in
high-production-rate environments. Thermoplastic matrices are under
development and have had limited applications to date. Wider use
awaits accumulation of experience in their application and is inhibited
in some instances by high material costs. Their use is likely to increase
because of the increased toughness they may provide, as well as the
potential for forming complex shapes. Composites using thermoplastics
often are formed to final shape at temperatures of about 315°C (600°F),
and they need no cure cycle.

Polymeric matrix materials have a limited temperature range for
practical application, with epoxies usually limited to 150°C (300°F) or
less, depending on the specific material. Higher-temperature polymers
available, such as polyimides, usually display increased brittleness.
They are used for cowlings and ducts for jet engines.

Metal matrix composites are utilized for higher-temperature applica-
tions than is possible with polymeric matrices. Aluminum matrix has
been utilized with boron and carbon fibers. Ceramic matrix materials
are being developed for service at still higher temperatures. In this case,
the fiber is not necessarily higher in strength and stiffness than the
matrix, but is used primarily to toughen the ceramic matrix.

ibers

Tensile Tensile
strength modulus

/cm3 ksi GPa Msi GPa

2.54 500 3.45 10.5 72.4
2.49 665 4.58 12.5 86.2
0.97 392 2.70 12.6 87.0
1.44 525 3.62 19.0 130.0
1.74 514 3.54 33.6 230

1.80 580 4.00 33.0 228
1.80 785 5.41 40.0 276
1.96 270 1.86 83.0 572
2.60 500 3.44 59.0 407
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MATERIAL FORMS AND MANUFACTURING

Composite materials come in a wide variety of material forms. The fiber
itself may be used in continuous form or as a chopped fiber. Chopped
glass fibers are used typically to reinforce various polymers, with con-
comitant lower strength and stiffness relative to continuous fiber com-
posites. Chopped fibers in conjunction with automated fabrication tech-
niques have been utilized to fabricate automotive body parts at high
production rates.

Continuous-fiber materials are available in a number of different

Textile Forms The individual tows may be combined in a variety of
textile processes such as braiding and weaving. Preforms made in these
ways then can be impregnated with resin, often called resin transfer
molding (RTM). These textile processes can be designed to place fibers
in the through-the-thickness direction, to impart higher strength in this
direction and to eliminate the possibility of delamination. There is con-
siderable development underway in using braided and/or stitched pre-
forms with RTM because of the potential for automation and high pro-
duction rates.
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forms, with the specific form utilized depending on the manufacturing
process. Thus it is useful to consider both the material and the manufac-
turing process at the same time. The fibers themselves have a small
diameter, with sizes of 5 to 7 mm (0.0002 to 0.0003 in) typical for
carbon fibers. A large number of fibers, from 2,000 to 12,000, are
gathered in the manufacturing process to form a tow (also called a roving
or yarn). The filament winding process utilizes these tows directly. The
tows may be further processed by prepregging, the process of coating the
individual fibers with the matrix material. This process is widely used
with thermosetting polymeric resins. The resin is partially cured, and
the resulting ‘‘ply’’ is placed on a paper backing. The prepregged mate-
rial is available in continuous rolls in widths of 75 to 1,000 mm
(3 to 40 in). These rolls must be kept refrigerated until they are utilized
and the assembled product is cured. Note that the ply consists of a
number of fibers through its thickness, and that the fibers are aligned
and continuous. Typical volume fractions of fiber are on the order of 60
percent. The material forms discussed here are used in a variety of
specific manufacturing techniques. Some of the more popular tech-
niques are described briefly below.

Filament Winding The process consists of winding the fiber around
a mandrel to form the structure. Usually the mandrel rotates while fiber
placement is synchronized to proceed in a longitudinal direction. The
matrix may be added to the fiber by passing the fiber tow through a
matrix bath at the time of placement, a process called wet winding; or the
tows may be prepregged prior to winding. Filament winding is widely
used to make glass fiber pipe, rocket motor cases, and similar products.
Filament winding is a highly automated process, with typical low man-
ufacturing costs. Obviously, it lends itself most readily to axisymmetric
shapes, but a number of specialized techniques are being considered for
nonaxisymmetric shapes.

Prepreg Layup This common procedure involves laying together
individual plies of prepregged composite into the final laminated struc-
ture. A mold may be used to control the part geometry. The plies are laid
down in the desired pattern, and then they are wrapped with several
additional materials used in the curing process. The objective is to re-
move volatiles and excess air to facilitate consolidation of the laminate.
To this end, the laminate is covered with a peel ply, for removal of the
other curing materials, and a breather ply, which is often a fiberglass net.
Optionally, a bleeder may be used to absorb excess resin, although the
net resin process omits this step. Finally, the assembly is covered with a
vacuum bag and is sealed at the edges. A vacuum is drawn, and after
inspection heat is applied. If an autoclave is used, pressure on the order
of 0.1 to 0.7 MPa (20 to 100 lb/in2) is applied to ensure final consolida-
tion. Autoclave processing ensures good lamination but requires a
somewhat expensive piece of machinery. Note that the individual plies
are relatively thin [on the order of 0.13 mm (0.005 in)], so that a large
number of plies will be required for thick parts. The lamination process
is often performed by hand, although automated tape-laying machines
are available. Although unidirectional plies have been described here,
cloth layers can also be used. The bends in the individual fibers that
occur while using cloth layers carry a performance penalty, but manu-
facturing considerations such as drapeability may make cloth layers
desirable.

Automated Tape and Tow Placement Automated machinery is
used for tape layup and fiber (tow) placement. These machines can be
large enough to construct wing panels or other large structures. Ther-
mosetting matrices have been used extensively, and developments using
thermoplastic matrices are underway.
DESIGN AND ANALYSIS

The fundamental way in which fiber composites, and in particular con-
tinuous-fiber composites, differ from conventional engineering materi-
als such as metals is that their properties are highly directional. Stiffness
and strength in the fiber direction may be higher than in the direction
transverse to the fibers by factors of 20 and 50, respectively. Thus a
basic principle is to align the fibers in directions where stiffness and
strength are needed. A well-developed theoretical basis called classical
lamination theory is available to predict stiffness and to calculate stresses
within the layers of a laminate. This theory is often applied to filament-
wound structures and to textile preform structures, if allowances are
made for the undulations in the fiber path. The basic assumption is that
fiber composites are orthotropic materials. Thin composite layers re-
quire four independent elasticity constants to characterize the stiffness;
those are the fiber direction modulus, transverse direction modulus,
in-plane shear modulus, and one of the two Poisson ratios, with the
other related through symmetry of the orthotropic stress-strain matrix.
The material constants are routinely provided by material suppliers.
Lamination theory is then used to predict the overall stiffness of the
laminate and to calculate stresses within the individual layers under
mechanical and thermal loads.

Transverse properties are much lower than those in the fiber direc-
tion, so that fibers must usually be oriented in more than one direction,
even if only to take care of secondary loads. For example, a laminate
may consist of fibers in an axial direction combined with fibers oriented
at 6 60° to this direction, commonly designated as an [0m /6 60n]s lam-
inate, where m and n refer to the number of plies in the axial and 6 60°
directions and s stands for symmetry with respect to the midplane of the
laminate. Although not all laminates are designed to be symmetric,
residual stresses will cause flat panels to curve when cooled from ele-
vated-temperature processing unless they are symmetric. Other popular
laminates have fibers oriented at 0°, 6 45°, and 90°. If the relative
amounts of fibers are equal in the [0/6 60] or the [0/6 45/90] directions,
the laminate has in-plane stiffness properties equal in all directions and
is thus termed quasi-isotropic.

Note that the stiffness of composite laminates is less than that of the
fibers themselves for two reasons. First, the individual plies contain
fibers and often a much less stiff matrix. With high-stiffness fibers and
polymeric matrices, the contribution of the matrix can be neglected, so
that the stiffness in the fiber direction is essentially the fiber volume
fraction VF times the fiber stiffness. Fiber volume fractions are often on
the order of 60 percent. Second, laminates contain fibers oriented in
more than one direction, so that the stiffness in any one direction is less
than it would be in the fiber direction of a unidirectional laminate. As an
example, the in-plane stiffness of a quasi-isotropic carbon fiber/poly-
meric matrix laminate is about 45 percent of unidirectional plies, which
in turn is approximately 60 percent of the fiber modulus for a 60 percent
fiber volume fraction material.

Strength Properties Fiber composites typically have excellent
strength-to-weight properties; see Table 6.13.1. Like stiffness proper-
ties, strength properties are reduced by dilution by the weaker matrix,
and because not all the fibers can be oriented in one direction. The
overall reduction in apparent strength because of these two factors is
similar to that for stiffness, although this is a very rough guide. As an
example, the strength of a quasi-isotropic carbon/epoxy laminate under
uniaxial tensile load has been reported to be about 35 to 40 percent of
that provided by the same material in a unidirectional form.
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Fiber composite materials can fail in several different modes. The
design goal is usually to have the failure mode be in-plane failure due to
fiber failure, as this takes advantage of the strong fibers. Unanticipated
loads, or poorly designed laminates, can lead to ultimate failure of the
matrix, which is much weaker. For example, in-plane shear loads on a
[0/90] layup would be resisted by the matrix, with the potential result of
failure at low applied load. Adding [6 45] fibers will resist this shear
loading effectively.

Fiber composites respond differently to compressive loads than they
do to tensile loads. Some fibers, such as aramid and the very high-modu-

ultimate fiber failure. This is caused by the lower failure strain of the
matrix and the stress concentration effect of the fibers, and it can also
depend on residual thermal stresses caused by the differences in coeffi-
cients of thermal expansion in the fibers and matrix. In some cases these
matrix cracks are tolerated, while in other cases they produce undesir-
able effects. An example of the latter is that matrix cracking increases
the permeability in unlined pressure vessels, which can result in pipes
weeping.

Another potential failure mode is delamination. Delamination is often
caused by high interlaminar shear and through-the-thickness tensile
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lus carbon fibers, are inherently weaker in compression than in tension.
It is believed that this is not the case with intermediate-modulus carbon
fibers, but even these fibers often display lower compressive strength.
The mechanism is generally believed to involve bending or buckling of
the very small-diameter fibers against the support provided by the matrix.

Matrix cracking usually occurs in the transverse plies of laminates
with polymeric matrices, often at an applied load less than half that for
stresses, perhaps combined with manufacturing deficiencies such as
inadequate cure or matrix porosity. Delamination can start at the edges
of laminates due to ‘‘edge stresses’’ which have no counterpart in iso-
tropic materials such as metals.

Fiber composites usually have excellent fatigue properties. However,
stress concentrations or accidental damage can result in localized dam-
age areas that can lead to failure under fatigue loading.
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COAL
by Martin D. Schlesinger
Wallingford Group, Ltd.

REFERENCES: Petrography of American Coals, U.
‘‘Chemistry of Coal Utilization,’’ Wiley. ASTM, ‘
Coal and Coke.’’ Methods of Analyzing and T
BuMines Bull. 638. Karr, ‘‘Analytical Methods f
Academic. Preprints, Division of Fuel Chemistry, A

structure and composition. It usually is slow to ignite and difficult to
burn. It has little commercial importance.

Anthracite, sometimes called hard coal, is hard, compact, and shiny
black, with a generally conchoidal fracture. It ignites with some diffi-

hort, smokeless, blue flame. Anthracite is used
ng and as a source of carbon. It is also used in
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merican Chemical Society.

culty and burns with a s
primarily for space heati
Coal is a black or brownish-black combustible solid formed by the
decomposition of vegetation in the absence of air. Microscopy can
identify plant tissues, resins, spores, etc. that existed in the original
structure. It is composed principally of carbon, hydrogen, oxygen, and
small amounts of sulfur and nitrogen. Associated with the organic ma-
trix are water and as many as 65 other chemical elements. Many trace
elements can be determined by spectrometric method D-3683. Coal is
used directly as a fuel, a chemical reactant, and a source of organic
chemicals. It can also be converted to liquid and gaseous fuels.

Classification and Description

Coal may be classified by rank, by variety, by size and sometimes by
use. Rank classification takes into account the degree of metamorphism
or progressive alteration in the natural series from lignite to anthracite.
Table 7.1.1 shows the classification of coals by rank adopted as stan-
dard by the ASTM (method D-388). The basic scheme is according to
fixed carbon (FC) and heating value (HV) from a proximate analysis,
calculated on the mineral-matter-free (mmf ) basis. The higher-rank
coals are classified according to the FC on a dry basis and the lower-
rank according to HV in Btu on a moist basis. Agglomerating character is
used to differentiate between certain adjacent groups. Coals are consid-
ered agglomerating if, in the test to determine volatile matter, they
produce either a coherent button that will support a 500-g weight or a
button that shows swelling or cell structure.

For classifying coals according to rank, FC and HV can be calculated
to a moisture-free basis by the Parr formulas, Eqs. (7.1.1) to (7.1.3)
below:

FC (dry, mmf ) 5
FC 2 0.15S

100 2 (M 1 1.08A 1 0.55S)
3 100 (7.1.1)

VM (dry, mmf ) 5 100 2 FC (7.1.2)

HV (moist, mmf ) 5
Btu 2 50S

100 2 (1.08A 1 0.55S)
(7.1.3)

where FC 5 percentage of fixed carbon, VM 5 percentage of volatile
matter, M 5 percentage of moisture, A 5 percentage of ash, S 5 per-
centage of sulfur, all on a moist basis. ‘‘Moist’’ coal refers to the natural
bed moisture, but there is no visible moisture on the surface. HV 5
heating value, Btu/lb (Btu/lb 3 0.5556 5 g ?cal/g). Because of its com-
plexity, the analysis of coal requires care in sampling, preparation, and
selection of the method of analysis.

Figure 7.1.1 shows representative proximate analyses and heating
values of various ranks of coal in the United States. The analyses were
calculated to an ash-free basis because ash is not a function of rank.
Except for anthracite, FC and HV increase from the lowest to the high-
est rank as the percentages of volatile matter and moisture decrease. The
sources and analyses of coals representing various ranks are given in
Table 7.1.2.

Meta-anthracite is a high-carbon coal that approaches graphite in

7-2
Fig. 7.1.1 Proximate analysis and heating values of various ranks of coal (ash-
free basis).

electric power generating plants in or close to the anthracite-producing
area. The iron and steel industry uses some anthracite in blends with
bituminous coal to make coke, for sintering iron-ore fines, for lining
pots and molds, for heating, and as a substitute for coke in foundries.

Semianthracite is dense, but softer than anthracite. It burns with a
short, clean, bluish flame and is somewhat more easily ignited than
anthracite. The uses are about the same as for anthracite.

Low-volatile bituminous coal is grayish black, granular in structure and
friable on handling. It cakes in a fire and burns with a short flame that is
usually considered smokeless under all burning conditions. It is used for
space heating and steam raising and as a constituent of blends for im-
proving the coke strength of higher-volatile bituminous coals. Low-
volatile bituminous coals cannot be carbonized alone in slot-type ovens
because they expand on coking and damage the walls of the ovens.

Medium-volatile bituminous coal is an intermediate stage between
high-volatile and low-volatile bituminous coal and therefore has some
of the characteristics of both. Some are fairly soft and friable, but others
are hard and do not disintegrate on handling. They cake in a fuel bed and
smoke when improperly fired. These coals make cokes of excellent
strength and are either carbonized alone or blended with other bitumi-
nous coals. When carbonized alone, only those coals that do not expand
appreciably can be used without damaging oven walls.

High-volatile A bituminous coal has distinct bands of varying luster. It
is hard and handles well with little breakage. It includes some of the best
steam and coking coal. On burning in a fuel bed, it cakes and gives off
smoke if improperly fired. The coking property is often improved by
blending with more strongly coking medium- and low-volatile bitumi-
nous coal.

High-volatile B bituminous coal is similar to high-volatile A bituminous
coal but has slightly higher bed moisture and oxygen content and is less
strongly coking. It is good coal for steam raising and space heating.



Table 7.1.1 Classification of Coals by Rank (ASTM D388)*

Fixed-carbon limits, Volatile-matter Calorific value limits,
percent limits, percent Btu/lb (moist,†

(dry, mineral-matter- (dry, mineral-matter- mineral-matter-
free basis) free basis) free basis)

Equal or Equal or Equal or
greater Less Greater less greater Less Agglomerating

Class Group than than than than than than character

I. Anthracitic 1. Meta-anthracite 98 . . . . . . 2
2. Anthracite 92 98 2 8
3. Semianthracite 86 92 8 14 . . . . . . . . . . . . . Nonagglomerating‡

II. Bituminous 1. Low-volatile bituminous coal 78 86 14 22 . . . . . . . . . . . . .
2. Medium-volatile bituminous coal 69 78 22 31 . . . . . . . . . . . . .
3. High-volatile A bituminous coal . . . 69 31 . . . 14,000§ . . . . . .





Commonly
agglomerating¶4. High-volatile B bituminous coal . . . . . . . . . . . . 13,000§ 14,000

5. High-volatile C bituminous coal . . . . . . . . . . . . H 11,500 13,000
10,500 11,500 Agglomerating

III. Subbituminous 1. Subbituminous A coal . . . . . . . . . . . . 10,500 11,500 Nonagglomerating
2. Subbituminous B coal . . . . . . . . . . . . 9,500 10,500
3. Subbituminous C coal . . . . . . . . . . . . 8,300 9,500

IV. Lignitic 1. Lignite A . . . . . . . . . . . . 6,300 8,300
2. Lignite B . . . . . . . . . . . . . . . . . . . 6,300

* This classification does not include a few coals, principally nonbanded varieties, which have unusual physical and chemical properties and which come within the limits of fixed-carbon or calorific value of the high-vola-
tile bituminous and subbituminous ranks. All of these coals either contain less than 48 percent dry, mineral-matter-free fixed carbon or have more than 15,500 moist, mineral-matter-free British thermal units per pound. Btu/lb 3
2.323 5 kJ/kg.

† Moist refers to coal containing its natural inherent moisture but not including visible water on the surface of the coal.
‡ If agglomerating, classify in low-volatile group of the bituminous class.
§ Coals having 69 percent or more fixed carbon on the dry, mineral-matter-free basis are classified according to fixed carbon, regardless of calorific value.
¶ It is recognized that there may be nonagglomerating varieties in these groups of the bituminous class, and there are notable exceptions in the high-volatile C bituminous group.
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Table 7.1.2 Sources and Analyses of Various Ranks of Coal as Received

Proximate, % Ultimate, %

Classification by Volatile Fixed
Calorific

value,
rank State County Bed Moisture matter carbon Ash† Sulfur Hydrogen Carbon Nitrogen Oxygen Btu/lb*

Meta-anthracite Rhode Island Newport Middle 13.2 2.6 65.3 18.9 0.3 1.9 64.2 0.2 14.5 9,310
Anthracite Pennsylvania Lackawanna Clark 4.3 5.1 81.0 9.6 0.8 2.9 79.7 0.9 6.1 12,880
Semianthracite Arkansas Johnson Lower Hartshorne 2.6 10.6 79.3 7.5 1.7 3.8 81.4 1.6 4.0 13,880
Low-volatile
bituminous
coal

West Virginia Wyoming Pocahontas no. 3 2.9 17.7 74.0 5.4 0.8 4.6 83.2 1.3 4.7 14,400

Medium-volatile
bituminous
coal

Pennsylvania Clearfield Upper Kittanning 2.1 24.4 67.4 6.1 1.0 5.0 81.6 1.4 4.9 14,310

High-volatile A
bituminous
coal

West Virginia Marion Pittsburgh 2.3 36.5 56.0 5.2 0.8 5.5 78.4 1.6 8.5 14,040

High-volatile B
bituminous
coal

Kentucky,
western field

Muhlenburg No. 9 8.5 36.4 44.3 10.8 2.8 5.4 65.1 1.3 14.6 11,680

High-volatile C
bituminous
coal

Illinois Sangamon No. 5 14.4 35.4 40.6 9.6 3.8 5.8 59.7 1.0 20.1 10,810

Subbituminous
A coal

Wyoming Sweetwater No. 3 16.9 34.8 44.7 3.6 1.4 6.0 60.4 1.2 27.4 10,650

Subbituminous
B coal

Wyoming Sheridan Monarch 22.2 33.2 40.3 4.3 0.5 6.9 53.9 1.0 33.4 9,610

Subbituminous
C coal

Colorado El Paso Fox Hill 25.1 30.4 37.7 6.8 0.3 6.2 50.5 0.7 35.5 8,560

Lignite North Dakota McLean Unnamed 36.8 27.8 29.5 5.9 0.9 6.9 40.6 0.6 45.1 7,000

* Btu/lb 3 2.325 5 J/g; Btu/lb 3 0.5556 5 g ?cal/g.
† Ash is part of both the proximate and ultimate analyses.
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Some of it is blended with more strongly coking coals for making
metallurgical coke.

High-volatile C bituminous coal is a stage lower in rank than the B
bituminous coal and therefore has a progressively higher bed moisture
and oxygen content. It is used primarily for steam raising and space
heating.

Subbituminous coals usually show less evidence of banding than bitu-
minous coals. They have a high moisture content, and on exposure to
air, they disintegrate or ‘‘slack’’ because of shrinkage from loss of

but this moisture usually is considered part of the coal substance. The
moisture obtained by the standard method consists of (1) surface or
extraneous moisture that may come from external sources such as per-
colating waters in the mine, rain, condensation from the air, or water
from a coal washery; (2) inherent moisture, sometimes called bed mois-
ture, which is so closely held by the coal substance that it does not
separate these two types of moisture. A coal may be air-dried at room
temperature or somewhat above, thereby determining an ‘‘air-drying
loss,’’ but this result is not the extraneous moisture because part of the

l. A
ous
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moisture. They are noncaking and noncoking, and their primary use is
for steam raising and space heating.

Lignites are brown to black in color and have a bed moisture content
of 30 to 45 percent with a resulting lower heating value than higher-rank
coals. Like subbituminous coals, they have a tendency to ‘‘slack’’ or
disintegrate during air drying. They are noncaking and noncoking. Lig-
nite can be burned on traveling or spreader stokers and in pulverized
form.

The principal ranks of coal mined in the major coal-producing states
are shown in Table 7.1.3. Their analyses depend on several factors, e.g.,
source, size of coal, and method of preparation. Periodic reports are
issued by the U.S. Department of Energy, Energy Information Agency.
They provide statistics on production, distribution, end use, and analyti-
cal data.

Composition and Characteristics

Proximate analysis, sulfur content, and calorific values are the analyti-
cal determination most commonly used for industrial characterization
of coal. The proximate analysis is the simplest means for determining the
distribution of products obtained during heating. It separates the prod-
ucts into four groups: (1) water or moisture, (2) volatile matter consist-
ing of gases and vapors, (3) fixed carbon consisting of the carbonized
residue less ash, and (4) ash derived from the mineral impurities in the
coal. ASTM methods D3712 and D5142 are used; the latter is an instru-
mental method.

Moisture is the loss in weight obtained by drying the coal at a temper-
ature between 104 and 110°C (220 and 230°F) under prescribed condi-
tions. Further heating at higher temperatures may remove more water,

Table 7.1.3 Principal Ranks of Coal Mined in Various States*

Semi- Low-volatile Medium-vol. High-vo
State Anthracite anthracite bituminous bituminous bitumin

Alabama x x
Alaska
Arkansas x x x x
Colorado x
Illinois x

Indiana
Iowa
Kansas x
Kentucky

Eastern x
Western x

Maryland x x x
Missouri
Montana
New Mexico x
North Dakota
Ohio x
Oklahoma x x x
Pennsylvania x x x x x
South Dakota
Tennessee x x
Texas
Utah x
Virginia x x x x
Washington x
West Virginia x x x
Wyoming

* Compiled largely from Typical Analyses of Coals of the United States, BuMines Bull. 446, and
inherent moisture also vaporizes during the drying.
Mine samples taken at freshly exposed faces in the mine, which are

free from visible surface moisture, give the best information as to inher-
ent or bed moisture content. Such moisture content ranges in value from
2 to 4 percent for anthracite and for bituminous coals of the eastern
Appalachian field, such as the Pocahontas, Sewell, Pittsburgh, Freeport,
and Kittaning beds. In the western part of this field, especially in Ohio,
the inherent moisture ranges from 4 to 10 percent. In the interior fields
of Indiana, Illinois, western Kentucky, Iowa, and Missouri, the range is
from 8 to 17 percent. In subbituminous coals the inherent moisture
ranges from 15 to 30 percent, and in lignites from 30 to 45 percent. The
total amount of moisture in commercial coal may be greater or less than
that of the coal in the mine. Freshly mined subbituminous coal and
lignite lose moisture rapidly when exposed to the air. The extraneous or
surface moisture in coal is a function of the surface exposed, each
surface being able to hold a film of moisture. Fine sizes hold more
moisture than lump. Coal which in the mine does not contain more than
4 percent moisture may in finer sizes hold as much as 15 percent; the
same coal in lump sizes, even after underwater storage, may contain
little more moisture than originally in the mine.

In the standard method of analysis, the volatile matter is taken as the
loss in weight, less moisture, obtained by heating the coal for 7 min in a
covered crucible at about 950°C (1,742°F) under specified conditions.
Volatile matter does not exist in coal as such but is produced by decom-
position of the coal when heated. It consists chiefly of the combustible
gases, hydrogen, carbon monoxide, methane and other hydrocarbons,
tar vapors, volatile sulfur compounds, and some noncombustible gases
such as carbon dioxide and water vapor. The composition of the volatile

High-vol. B High-vol. C Subbitumi- Subbitumi- Subbitumi-
bituminous bituminous nous A nous B nous C Lignite

x x x x x x
x

x x x x x x
x x
x x
x
x

x
x x

x
x x x x x x
x x x

x
x x
x x

x

x x x
x x x x

x x x x

x x x x x

Coal Reserves of the United States, Geol. Survey Bull. 1136.
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matter varies greatly with different coals: the amount can vary with the
rate of heating. The inert or noncombustible gas may range from 4
percent of the total volatile matter in low-volatile coals to 40 percent in
subbituminous coals.

The standard method of determining the fixed carbon is to subtract
from 100 the sum of the percentages of the moisture, volatile matter,
and ash of the proximate analysis. It is the carbonaceous residue less ash
remaining in the test crucible in the determination of the volatile matter.
It does not represent the total carbon in the coal because a considerable

Sulfur occurs in three forms in coal: (1) pyritic sulfur, or sulfur com-
bined with iron as pyrite or marcasite; (2) organic sulfur, or sulfur com-
bined with coal substance as a heteroatom or as a bridge atom; (3)
sulfate sulfur, or sulfur combined mainly with iron or calcium together
with oxygen as iron sulfate or calcium sulfate. Pyrite and marcasite are
recognized by their metallic luster and pale brass-yellow color, although
some marcasite is almost white. Organic sulfur may comprise from
about 20 to 85 percent of the total sulfur in the coal. Most freshly mined
coal contains only very small quantities of sulfate sulfur; it increases in
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part of the carbon is expelled as volatile matter in combination with
hydrogen as hydrocarbons and with oxygen as carbon monoxide and
carbon dioxide. It also is not pure carbon because it may contain several
tenths percent of hydrogen and oxygen, 0.4 to 1.0 percent of nitrogen,
and about half of the sulfur that was in the coal.

In the standard method, ash is the inorganic residue that remains after
burning the coal in a muffle furnace to a final temperature of 700 to
750°C (1,292 to 1,382°F). It is composed largely of compounds of
silicon, aluminum, iron, and calcium, with smaller quantities of com-
pounds of magnesium, titanium, sodium, and potassium. The ash as
determined is usually less than the inorganic mineral matter originally
present in the coal. During incineration, various weight changes take
place, such as loss of water of constitution of the silicate minerals, loss
of carbon dioxide from carbonate minerals, oxidation of iron pyrites to
iron oxide, and fixation of a part of the oxides of sulfur by bases such as
calcium and magnesium.

The chemical composition of coal ash varies widely depending on the
mineral constituents associated with the coal. Typical limits of ash
composition of U.S. bituminous coals are as follows:

Constituent Percent

Silica, SiO2 20–40
Alumina, M2O3 10–35
Ferric oxide, Fe2O3 5–35
Calcium oxide, CaO 1–20
Magnesium oxide, MgO 0.3–4
Titanium dioxide, TiO2 0.5–2.5
Alkalies, Na2O and K2O 1–4
Sulfur trioxide, SO3 0.1–12

The ash of subbituminous coals may have more CaO, MgO, and SO3

than the ash of bituminous coals; the trend may be even more pro-
nounced for lignite ash.

Ultimate analysis expresses the composition of coal as sampled in
percentages of carbon, hydrogen, nitrogen, sulfur, oxygen, and ash. The
carbon includes that present in the organic coal substance as well as a
minor amount that may be present as mineral carbonates. In ASTM
practice, the hydrogen and oxygen values include those of the organic
coal substance as well as those present in the form of moisture and the
water of constitution of the silicate minerals. In certain other countries,
the values for hydrogen and oxygen are corrected for the moisture in the
coal and are reported separately. The ash is the same as reported in the
proximate analysis; the sulfur, carbon, hydrogen, and nitrogen are de-
termined chemically. Oxygen in coal is usually estimated by subtracting
the sum of carbon, hydrogen, nitrogen, sulfur, and ash from 100. Many
of the analyses discussed can be performed with modern instruments in
a short time. ASTM methods are applied when referee data are required.

Table 7.1.4 Fusibility of Ash from Some Coals

Pocahontas
Seam no. 3 Ohio no. 9 Pittsburgh

Type Low volatile High volatile High volatile
Ash, % 12.3 14.1 10.9
Temperature, °C*

Initial deformation . 1,600 1,325 1,240
Softening 1,430 1,305
Fluid 1,465 1,395
* In an oxidizing atmosphere.
weathered coal. The total sulfur content of coal mined in the United
States varies from about 0.4 to 5.5 percent by weight on a dry coal basis.

The gross calorific value of a fuel expressed in Btu/lb of fuel is the heat
produced by complete combustion of a unit quantity, at constant vol-
ume, in an oxygen bomb calorimeter under standard conditions. It in-
cludes the latent heat of the water vapor in the products of combustion.
Since the latent heat is not available for making steam in actual opera-
tion of boilers, a net caloric value is sometimes determined, although
not in usual U.S. practice, by the following formula:

Net calorific value, Btu/lb 5 gross calorific value, Btu/lb
2 (92.70 3 total hydrogen, % in coal)

The gross calorific value may also be approximated by Dulong’s
formula

Btu/lb 5 14,544C 1 62,028SH 2
O

8D 1 4,050S

(Btu/lb 3 2.328 5 kJ/kg)

where C, H, O, and S are weight fractions from the ultimate analysis.
For anthracites, semianthracites, and bituminous coals, the calculated
values are usually with 11⁄2 percent of those determined by the bomb
calorimeter. For subbituminous and lignitic coals, the calculated values
show deviations often reaching 4 and 5 percent.

Because coal ash is a mixture of various components, it does not have
a definite melting point; the gradual softening and fusion of the ash is
not merely the successive melting of the various ash constituents but is a
more complicated process in which reactions involving the formation of
new and more fusible compounds take place.

The fusibility of coal ash is determined by heating a triangular pyra-
mide (cone), 3⁄4 in high and 1⁄4 in wide at each side of the base, made up
of the ash together with a small amount of organic binder. As the cone is
heated, three temperatures are noted: (1) the initial deformation temper-
ature (IDT), or the temperature at which the first rounding of the apex or
the edges of the cone occurs; (2) the softening temperature (ST), or the
temperature at which the cone has fused down to a spherical lump; and
(3) the fluid temperature (FT), or the temperature at which the cone has
spread out in a nearly flat layer. The softening interval is the degrees of
temperature difference between (2) and (1), the flowing interval the
difference between (3) and (2), and the fluidity range the difference
between (3) and (1). Of the three, the softening temperature is most
widely used. Table 7.1.4 shows ash-fusion data typical of some impor-
tant U.S. coals.

Data on ash fusion characteristics are useful to the combustion engi-
neer concerned with evaluation of the clinkering tendencies of coals
used in combustion furnaces and with corrosion of metal surfaces in
boilers due to slag deposits. The kinds of mineral matter occurring in
different coals are not well related to rank or geographic location, al-

Illinois Utah Wyoming Texas

High volatile High volatile Subbituminous Lignite
17.4 6.6 6.6 12.8

1,260 1,160 1,200 1,190
1,330 1,215 1,200
1,430 1,350 1,260 1,255
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though there is a tendency for midcontinent coals (Indiana to Okla-
homa) to have low ash fusion temperatures. Significance is attached to
all of the previously indicated fusion temperatures and the intervals
between them. The IDT is sometimes identified with surface stickiness,
the ST with plastic distortion or sluggish flow, and the FT with liquid
mobility. Long fusion intervals often produce tough, dense, slags; short
intervals favor porous, friable structures.

Most bituminous coals, when heated at uniformly increasing temper-

termed continuous and conventional mining. The former makes use of
continuous miners which break the coal from the face and load it onto
conveyors, shuttle cars, or railcars in one operation. Continuous miners
are of ripping, boring, or milling types or hybrid combinations of these.
In conventional mining the coal is usually broken from the face by
means of blasting agents or by pressurized air or carbon dioxide de-
vices. In preparation for breaking, the coal may be cut horizontally or
vertically by cutting machines and holes drilled for charging explosives.
The broken coal is then picked up by loaders and discharged to
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atures in the absence or partial absence of air, fuse and become plastic.
These coals may be designated as either caking or coking in different
degrees. Caking usually refers to the fusion process in a boiler furnace.
Coking coals are those that make good coke, suitable for metallurgical
purposes where the coke must withstand the burden of the ore and flux
above it. Coals that are caking in a fuel bed do not necessarily make
good coke in a coke oven. Subbituminous coal, lignite, and anthracite
are noncaking.

The free-swelling index test measures the free-swelling properties of
coal and gives an indication of the caking characteristics of the coal
when burned on fuel beds. It is not intended to determine the expansion
of coals in coke ovens. The test consists in heating 1 g of pulverized
coal in a silica crucible over a gas flame under prescribed conditions to
form a coke button, the size and shape of which are then compared with
a series of standard profiles numbered 1 to 9 in increasing order of
swelling.

The specific gravity of coal is the ratio of the weight of solid coal to the
weight of an equal volume of water. It is useful in calculating the weight
of solid coal as it occurs in the ground for estimating the tonnage of coal
per acre of surface. An increase in ash-forming mineral matter increases
the specific gravity; e.g., bituminous coals of Alabama, ranging from 2
to 15 percent ash and from 2 to 4.5 percent moisture, vary in specific
gravity from 1.26 to 1.37.

Bulk density is the weight per cubic foot of broken coal. It varies
according to the specific gravity of the coal, its size distribution, its
moisture content, and the amount of orientation when piled. The range
of weight from subbituminous coal to anthracite is from 44 to 59 lb/ft3

when loosely piled; when piled in layers and compacted, the weight per
cubic foot may increase as much as 25 percent. The weight of fuel in a
pile can usually be determined to within 10 to 15 percent by measuring
its volume. Typical weights of coal, as determined by shoveling it
loosely into a box of 8 ft3 capacity, are as follows: anthracite, 50 to 58
lb/ft3; low- and medium-volatile bituminous coal, 49 to 57 lb/ft3; high-
volatile bituminous and subbituminous coal, 42 to 57 lb/ft3.

The grindability of coal, or the ease with which it can be ground fine
enough for use as a pulverized fuel, is a composite of several specific
physical properties such as hardness, tensile strength, and fracture. A
laboratory procedure adopted by ASTM (D409) for evaluating grinda-
bility, known as the Hardgrove machine method, uses a specially de-
signed grinding apparatus to determine the relative grindability or ease
of pulverizing coal in comparison with a standard coal, chosen as 100
grindability. Primarily, the ASTM Hardgrove grindability test is used
for estimating how various coals affect the capacity of commercial pul-
verizers. A general relationship exists between grindability of coal and
its rank. Coals that are easiest to grind (highest grindability index) are
those of about 14 to 30 percent volatile matter on a dry, ash-free basis.
Coals of either lower or higher volatile-matter content usually are more
difficult to grind. The relationship of grindability and rank, however, is
not sufficiently precise for grindability to be estimated from the chemi-
cal analysis, partly because of the variation in grindability of the various
petrographic and mineral components. Grindability indexes of U.S.
coals range from about 20 for an anthracite to 120 for a low-volatile
bituminous coal.

Mining

Coal is mined by either underground or surface methods. In under-
ground mining the coal beds are made accessible through shaft, drift, or
slope entries (vertical, horizontal, or inclined, respectively), depending
on location of the bed relative to the terrain.

The most widely used methods of coal mining in the United States are
conveyors or cars. A method that is increasing in use is termed long-wall
mining. It employs shearing or plowing machines to break coal from
more extensive faces. Eighty long-wall mines are now in operation.
Pillars to support the roof are not needed because the roof is caved under
controlled conditions behind the working face. About half the coal pres-
ently mined underground is cut by machine and nearly all the mined
coal is loaded mechanically.

An important requirement in all mining systems is roof support. When
the roof rock consists of strong sandstone or limestone, relatively un-
common, little or no support may be required over large areas. Most
mine roofs consist of shales and must be reinforced. Permanent supports
may consist of arches, crossbars and legs, or single posts made of steel
or wood. Screw or hydraulic jacks, with or without crossbars, often
serve as temporary supports. Long roof bolts, driven into the roof and
anchored in sound strata above, are used widely for support, permitting
freedom of movement for machines. Drilling and insertion of bolts is
done by continuous miners or separate drilling machines. Ventilation is
another necessary factor in underground mining to provide a proper
atmosphere for personnel and to dilute or remove dangerous concentra-
tions of methane and coal dust. The ventilation system must be well-de-
signed so that adequate air is supplied across the working faces without
stirring up more dust.

When coal occurs near the surface, strip or open-pit mining is often
more economical than underground mining. This is especially true in
states west of the Mississippi River where coal seams are many feet
thick and relatively low in sulfur. The proportion of coal production
from surface mining has been increasing rapidly and now amounts to
over 60 percent.

In preparation for surface mining, core drilling is conducted to survey
the underlying coal seams, usually with dry-type rotary drills. The over-
burden must then be removed. It is first loosened by ripping or drilling
and blasting. Ripping can be accomplished by bulldozers or scrapers.
Overburden and coal are then removed by shovels, draglines, bulldoz-
ers, or wheel excavators. The first two may have bucket capacities of
200 yd3 (153 m3). Draglines are most useful for very thick cover or long
dumping ranges. Hauling of stripped coal is usually done by trucks or
tractor-trailers with capacities up to 240 short tons [218 metric tons (t)].
Reclamation of stripped coal land is becoming increasingly necessary.
This involves returning the land to near its original contour, replanting
with ground cover or trees, and sometimes providing water basins and
arable land.

Preparation

About half the coal presently mined in the United States is cleaned
mechanically to remove impurities and supply a marketable product.
Mechanical mining has increased the proportion of fine coal and non-
coal minerals in the product. At the preparation plant run-of-mine coal
is usually given a preliminary size reduction with roll crushers or rotary
breakers. Large or heavy impurities are then removed by hand picking
or screening. Tramp iron is usually removed by magnets. Before wash-
ing, the coal may be given a preliminary size fractionation by screening.
Nearly all preparation practices are based on density differences be-
tween coal and its associated impurities. Heavy-medium separators using
magnetite or sand suspensions in water come closest to ideal gravity
separation conditions. Mechanical devices include jigs, classifiers, wash-
ing tables, cyclones, and centrifuges. Fine coal, less than 1⁄4 in (6.3 mm)
is usually treated separately, and may be cleaned by froth flotation.
Dewatering of the washed and sized coal may be accomplished by
screening, centrifuging, or filtering, and finally, the fine coal may be



7-8 FUELS

heated to complete the drying. Before shipment the coal may be dust-
proofed and freezeproofed with oil or salt.

Removal of sulfur from coal is an important aspect of preparation
because of the role of sulfur dioxide in air pollution. Pyrite, the main
inorganic sulfur mineral, is partly removed along with other minerals in
conventional cleaning. Processes to improve pyrite removal are being
developed. These include magnetic and electrostatic separation, chemi-
cal leaching, and specialized froth flotation.

and whether it meets the standards imposed by customers abroad. At-
tempts at international standardization have met with only limited suc-
cess. Most of the previously discussed factors in this section must be
taken into consideration, for example, the sulfur content and swelling
properties of a coal used for metallurgical coke production, the heating
value of a coal used for steam generation, and the slagging properties of
its ash formed after combustion.

Statistics
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Storage

Coal may heat spontaneously, with the likelihood of self-heating great-
est among coals of lowest rank. The heating begins when freshly broken
coal is exposed to air. The process accelerates with increase in temper-
ature, and active burning will result if the heat from oxidation is
not dissipated. The finer sizes of coal, having more surface area per
unit weight than the larger sizes, are more susceptible to spontaneous
heating.

The prevention of spontaneous heating in storage poses a problem of
minimizing oxidation and of dissipating any heat produced. Air may
carry away heat, but it also brings oxygen to create more heat. Sponta-
neous heating can be prevented or lessened by (1) storing coal under-
water; (2) compressing the pile in layers, as with a road roller, to retard
access of air; (3) storing large-size coal; (4) preventing any segregation
of sizes in the pile; (5) storing in small piles; (6) keeping the storage pile
as low as possible (6 ft is the limit for many coals); (7) keeping storage
away from any external sources of heat; (8) avoiding any draft of air
through the coal; (9) using older portions of the storage first and avoid-
ing accumulations of old coal in corners. It is desirable to watch the
temperature of the pile. A thermometer inserted in an iron tube driven
into the coal pile will reveal the temperature. When the coal reaches a
temperature of 50°C (120°F), it should be moved. Using water to put
out a fire, although effective for the moment, may only delay the neces-
sity of moving the coal. Furthermore, this may be dangerous because
steam and coal can react at high temperatures to form carbon monoxide
and hydrogen.

Sampling

Because coal is a heterogeneous material, collection and handling of
samples that adequately represent the bulk lot of coal are required if the
analytical and test data are to be meaningful. Coal is best sampled when
in motion, as it is being loaded or unloaded from belt conveyors or other
coal-handling equipment, by collecting increments of uniform weight
evenly distributed over the entire lot. Each increment should be suffi-
ciently large and so taken to represent properly the various sizes of the
coal.

Two procedures are recognized: (1) commercial sampling and (2)
special-purpose sampling, such as classification by rank or perfor-
mance. The commercial sampling procedure is intended for an accuracy
such that, if a large number of samples were taken from a large lot of
coal, the test results in 95 out of 100 cases would fall within 6 10
percent of the ash content of these samples. For commercial sampling of
lots up to 1,000 tons, it is recommended that one gross sample represent
the lot taken. For lots over 1,000 tons, the following alternatives may be
used: (1) Separate gross samples may be taken for each 1,000 tons of
coal or fraction thereof, and a weighted average of the analytical deter-
minations of these prepared samples may be used to represent the lot.
(2) Separate gross samples may be taken for each 1,000 tons or fraction
thereof, and the 2 20 or 2 60 mesh samples taken from the gross sam-
ples may be mixed together in proportion to the tonnage represented by
each sample and one analysis carried out on the composite sample. (3)
One gross sample may be used to represent the lot, provided that at least
four times the usual minimum number of increments are taken. In spe-
cial-purpose sampling, the increment requirements used in the commer-
cial sampling procedure are increased according to prescribed rules.

Specifications

Specifications for the purchase of coal vary widely depending on the
intended use, whether for coke or a particular type of combustion unit,
oal production in 1994 was 1.03 billion short tons, 0.5 percent anthra-
ite, 93 percent bituminous, and 6.5 percent lignite. The industry em-
loyed about 228,000 miners, 150,000 of them underground. Over 6000
oal mines are in operation in 26 states but over half the production
omes from Kentucky, West Virginia, Wyoming, and Pennsylvania. Of
he total production, 62 percent is from surface mines. Transportation to
he point of consumption is primarily by rail (67 percent) followed by
arges (11 percent) and trucks (10 percent); about 1 percent moves
hrough pipelines. About 11 percent of the coal consumed is burned at
ine-mouth power plants, for it is cheaper and easier to transport elec-

ric power than bulk coal.
Several long-distance coal-slurry pipelines are proposed but only

ne, 273 mi (439 km) long, is in commercial use. The Black Mesa
ipeline runs from a coal mine near Kayenta, AZ to the Mohave Power
lant in Nevada. Nominal capacity is 4.8 million short tons (4.35 t) per
ear, but it usually operates at 3 to 4 million tons per year. The coal
oncentration is about 47 percent and the particle size distribution is
ontrolled carefully. Other pipelines will be constructed where feasible
nd when the problems of eminent domain are resolved.

Overall energy statistics for the United States show that coal accounts
or about 30 percent of the total energy production, with the balance
oming from petroleum and natural gas. Below is a distribution of 1
illion tons of coal produced:

lectric power 87.2 percent
ndustrial 8.4 percent
oke 3.8 percent
ommercial and residential 0.6 percent

n 1994 over 100 million tons was exported. The industrial use is pri-
arily for power in the production of food, cement, paper, chemicals,

nd ceramics.
Reserves of coal in the United States are ample for several hundred

ears even allowing for the increased production of electric power and
he synthesis of fuels and chemicals. The total reserve base is estimated
o be almost 4 million tons, of which 1.7 trillion tons is identified
esources.

IOMASS FUELS
y Martin D. Schlesinger
allingford Group Ltd.

EFERENCES: Peat, ‘‘U.S. Bureau of Mines Mineral Commodities Summaries.’’
ryling, ‘‘Combustion Engineering,’’ Combustion Engineering, Inc., New York.
‘Standard Classification of Peats, Mosses, Humus and Related Products,’’ ASTM
2607. Lowry, ‘‘Chemistry of Coal Utilization,’’ Wiley. United Nations Indus-

rial Development Organization publications.

iomass conversion to energy continues to be a subject of intensive
tudy for both developed and less developed countries. In the United
tates, combustion of biomass contributes only a few percent of the

otal U.S. energy supply, and it is mostly in the form of agricultural
astes and paper. Almost any plant material can be the raw material for
asification from which a variety of products can be created catalyti-
ally from the carbon monoxide, carbon dioxide, and hydrogen. Typical
ommercial products are methanol, ethanol, methyl acetate, acetic an-
ydride, and hydrocarbons. Alcohols are of particular interest as fuels
or transportation and power generation. Producer gas has been intro-
uced into small compression ignition engines, and the diesel oil feed
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has been reduced. Technical and environmental problems are still not
solved in the large-scale use of biomass.

Plants and vegetables are another source of biomass-derived oils.
Fatty acid esters have been used in diesel engines alone and in blends
with diesel oil, and although the esters are effective, some redesign and
changes in operation are required. In developing countries where fossil
fuels are costly, deforestation has led to land erosion and its conse-
quences.

Table 7.1.5 Typical Analysis of Dry
Wood Fuels

Most woods,
range

Proximate analysis, %:
Volatile matter 74–82
Fixed carbon 17–23
Ash 0.5–2.2
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Useful biomass materials include most of the precoal organic vegeta-
tion such as peat, wood, and food processing wastes like bagasse from
sugar production. Digestable food processing wastes can be converted
to biogas.

Peat, an early stage in the metamorphosis of vegetable matter into
coal, is the product of partial decomposition and disintegration of plant
remains in water bogs, swamps or marshlands, and in the absence of air.
Like all material of vegetable origin, peat is a complex mixture of
carbon, hydrogen, and oxygen in a ratio similar to that of cellulose and
lignin. Generally peat is low in essential growing elements (K, S, Na, P)
and ash. Trace elements, when found in the peat bed, are usually intro-
duced by leaching from adjacent strata. The Federal Trade Commission
specifies that to be so labeled, peat must contain at least 75 percent peat
with the rest composed of normally related soil materials. The water
content of undrained peat in a bog is 92 to 95 percent but it is reduced to
10 to 50 percent when peat is used as a fuel. Peat is harvested by large
earth-moving equipment from a drained bog dried by exposure to wind
and sun. The most popular method used in Ireland and the Soviet Union
involves harrowing of drum-cut peat and allowing it to field dry before
being picked up mechanically or pneumatically.

The chemical and physical properties of peat vary considerably, de-
pending on the source and the method of processing. Typical ranges are:

Processed peat Air-Dried Mulled Briquettes

Moisture, wt % 25–50 50–55 10–12
Density, lb/ft3 15–25 30–60
Caloric value, Btu/lb 6,200 3,700–5,300 8,000

Proximate analyses of samples, calculated back to a dry basis, follow a
similar broad pattern: 55 to 70 percent volatile matter, 30 to 40 percent
fixed carbon and 2 to 10 percent ash. The dry, ash-free ultimate analysis
ranges from 53 to 63 percent carbon, 5.5. to 7 percent hydrogen, 30 to
40 percent oxygen, 0.3 to 0.5 percent sulfur, and 1.2 to 1.5 percent
nitrogen.

World production of peat in 1993 was about 150 million tons, mostly
from the former Soviet states. Other significant producers are Ireland,
Finland, and Germany. Annual U.S. imports are primarily from Canada,
about 650,000 tons per annum. Several states produce peat, Florida and
Michigan being the larger producers. Over a 10-year period, U.S. pro-
duction declined from 730,000 to about 620,000 short tons (590,000 t)
per year. The value of production was $16 million from 67 operations.

By type, peat was about 66 percent reed sedge with the balance
distributed between humus, sphagnum, and hypnum. The main uses for
peat in the United States are soil improvement, mulch, filler for fertiliz-
ers, and litter for domestic animals.

Wood, when used as a fuel, is often a by-product of the sawmill or
papermaking industries. The conversion of logs to lumber results in 50
percent waste in the form of bark, shavings, and sawdust. Fresh timber
contains 30 to 50 percent moisture, mostly in the cell structure of the
wood, and after air drying for a year, the moisture content reduces to 18
to 25 percent. Kiln-dried wood contains about 8 percent moisture. A
typical analysis range is given in Table 7.1.5. When additional fuel is
required, supplemental firing of coal, oil, or gas is used.

Combustion systems for wood are generally designed specially for
the material or mixture of fuels to be burned. When the moisture content
is high, 70 to 80 percent, the wood must be mixed with low moisture
fuel so that enough energy enters the boiler to support combustion. Dry
wood may have a heating value of 8,750 Btu/lb but at 80 percent mois-
ture a pound of wet wood has a heating value of only 1,750 Btu/lb. The
heat required just to heat the fuel and evaporate the water is over 900
Ultimate analysis, %:*
Carbon 49.6–53.1
Hydrogen 5.8–6.7
Oxygen 39.8–43.8

Heating value
Btu/ lb 8,560–9,130
kJ/kg 19,900–21,250

Ash-fusion temperature, °F:
Initial 2,650–2,760
Fluid 2,730–2,830

* Typically, wood contains no sulfur and about 0.1 per-
cent nitrogen. Cellulose 5 44.5 percent C, 6.2 percent H,
49.3 percent O.

Btu, and combustion may not occur. Table 7.1.6 shows the moisture-
energy relationship. The usual practice when burning wood is to propel
the wood particles into the furnace through injectors along with pre-
heated air with the purpose of inducing high turbulence to the boiler.
Furthermore, the wood is injected high enough in the combustion
chamber so that it is dried, and all but the largest particles are burned
before they reach the grate at the bottom of the furnace. Spreader stok-
ers and cyclone burners work well.

Table 7.1.6 Available Energy in Wood

Moisture, % Heating value, Btu/ lb Wt water/wt wood

0 8,750 0
20 7,000 0.25
50 4,375 1.00
80 1,750 4.00

Wood for processing or burning is usually sold by the cord, an or-
dered pile 8 ft long, 4 ft high, and 4 ft wide or 128 ft3 (3.625 m3). Its
actual solid content is only about 70 percent, or 90 ft3. Other measures
for wood are the cord run, which is measured only by the 8-ft length and
4-ft height; the width may vary. Sixteen-inch-long wood is called stove-
wood or blockwood.

Small wood-burning power plants and home heating became popular,
but in some areas there was an adverse environmental impact under
adverse weather conditions.

Wood charcoal is made by heating wood to a high temperature in the
absence of air. Wood loses up to 75 percent of its weight and 50 percent
of its volume owing to the elimination of moisture and volatile matter.
As a result, charcoal has a higher heating value per cubic foot than the
original wood, especially if the final product is compacted in the form of
briquettes. Charcoal is marketed in the form of lumps, powder, or bri-
quettes and finds some use as a fuel for curing, restaurant cooking, and a
picnic fuel. Its nonfuel uses, particularly in the chemical industry, are as
an adsorption medium for purifying gas and liquid streams and as a
decolorizing agent.

In addition to peat and wood, several lesser-known fuels are in com-
mon use for the generation of industrial steam and power. Aside from
their value as a fuel, the burning of wastes minimizes a troublesome
disposal problem that could have serious environmental impact. Nearly
all these waste fuels are cellulosic in character, and the heating value is a
function of the carbon content. Ash content is generally low, but much
moisture could be present from processing, handling, and storage. On a
moisture- and ash-free basis the heating values can be estimated at
8,000 Btu/lb; more resinous materials about 9,000 Btu/lb. Table 7.1.7 is
a list of some typical by-product solid fuels.
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Table 7.1.7 By-product Fuels

Moisture,
Heating value, % as Ash, %
Btu/ lb (dry) received moisture-free

Black liquor (sulfate) 6,500 35 40–45
Cattle manure 7,400 50–75 17
Coffee grounds 10,000 65 1.5
Corncobs 9,300 10 1.5

product fuels in Table 7.1.7 might be used alone or with a binder. An
ideal situation would be nearby waste streams from a major production
facility. After mixing and extrusion, the pellets would be storable and
transported only a short distance. If the pellet density is close to the
normal boiler feed, the problems of separation during transportation and
firing are reduced or eliminated. The problem of hazardous emissions
remains if the waste streams are contaminated; if they are clean-burn-
ing, hazardous emissions might reduce the apparent cleanliness of the
effluent. (See Sec. 7.4.).
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Cottonseed cake 9,500 10 8
Municipal refuse 9,500 43 8
Pine bark 9,500 40–50 5–10
Rice straw or hulls 6,000 7 15
Scrap tires 16,400 0.5 6
Wheat straw 8,500 10 4

Bagasse is the fibrous material left after pressing the juice from sugar-
cane or harvesting the seeds from sunflowers. The chopped waste usu-
ally contains about 50 percent moisture and is burned in much the same
manner as wood waste. Spreader stokers or cyclone burners are used.
Supplemental fuel is added sometimes to maintain steady combustion
and to provide energy for the elimination of moisture. Bagasse can
usually supply all the fuel requirements of raw sugar mills. A typical
analysis of dry bagasse from Puerto Rico is 44.47 percent C, 6.3
percent H, 49.7 percent O, and 1.4 percent ash. Its heating value is
8,390 Btu/lb.

Furnaces have been developed to burn particular wastes, and some
preferences emerge by virtue of particular operating characteristics.
Spreader stokers are preferred for wood waste and bagasse. Tangential
firing seems to be used for coffee grounds, rice hulls, some wood waste,
and chars from coal or lignite. Traveling-grate stokers are used for
industrial wastes and coke breeze.

Biogas is readily produced by the anaerobic digestion of wastes. The
process is cost-effective in areas remote from natural gas lines. In Asia,
for example, there are millions of family biodigesters with a capacity of
8 to 10 m3. Larger-capacity systems of about 2,000 m3 are installed
where industrial biodegradable wastes are generated as in communes,
feed lots, wineries, food processors, etc. Not only is the gas useful, but
also the sludge is a good fertilizer. Remaining parasite eggs and bacteria
are destroyed by lime or ammonia treatment. Harvest increases of 10 to
35 percent are reported for rice and corn.

Biogas contains an average of 62 percent methane and 36 percent
carbon dioxide; it also has a small amount of nitrogen and hydrogen
sulfide. Raw gas heating value is about 600 Btu/ft3 (5,340 cal/m3). The
raw gas will burn in an engine, but corrosion can occur unless proper
materials of construction are selected. Gas from a garbage site in Cali-
fornia is treated to remove acid gases, and the methane is sold to a
pipeline system. Most sites, however, do not produce enough gas to use
economically and merely flare the collected gas.

Other methods have been demonstrated for converting biomass of
variable composition to an energy source of relatively consistent com-
position. One procedure is to process bulk volume wastes with pressur-
ized carbon monoxide. A yield of about 2 barrels of oil per ton of dry
feed is obtained, with a heating value of about 15,000 Btu/lb. Heavy
fuel oil from petroleum has a heating value of 18,000 Btu/lb. Pyrolysis
is also possible at temperatures up to 1,000°C in the absence of air. The
gas produced has a heating value of 400 to 500 Btu/ft3 (about 4,000
kcal/m3). The oil formed has a heating value about 10,500 Btu/lb
(24,400 J/g).

Refuse-derived fuels (RDFs) usually refer to waste material that has
been converted to a fuel of consistent composition for commercial ap-
plication. Although several sources exist, the problem lies in gathering
the raw material, processing it into a usable form and composition, and
delivering it to the point of combustion. Almost any carbonaceous ma-
terial and a suitable binder can be converted to a form that can be fired
into a pulverized fuel or a stoker boiler. Each application should be
evaluated to eliminate carryover of low-density material, such as loose
paper, and where in the boiler that combustion takes place.

Some installations are cofired with fossil fuels. Most of the by-
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etroleum and Petroleum Products

etroleum accumulates over geological time in porous underground
ock formations called reservoirs, where it has been trapped by over-
ying and adjacent impermeable rock. Oil reservoirs sometimes exist
ith an overlying gas ‘‘cap’’ in communication with aquifers or with
oth. The oil resides together with water, and sometimes free gas, in
ery small holes (pore spaces) and fractures. The size, shape, and de-
ree of interconnection of the pores vary considerably from place to
lace in an individual reservoir. The anatomy of a reservoir is complex,
oth microscopically and macroscopically. Because of the various types
f accumulations and the existence of wide ranges of both rock and fluid
roperties, reservoirs respond differently and must be treated individu-
lly.

Petroleum occurs throughout the world, and commercial fields have
een located on every continent. Reservoir depths vary, but most reser-
oirs are several thousand feet deep, and the oil is produced through
ells that are drilled to penetrate the oil-bearing formations.
Petroleum is an extremely complex mixture and consists predomi-

antly of hydrocarbons as well as compounds containing nitrogen, oxy-
en, and sulfur. Most petroleums also contain minor amounts of nickel
nd vanadium.

Petroleum may be qualitatively described as brownish green to black
iquids of specific gravity from about 0.810 to 0.985 and having a
oiling range from about 20°C (68°F) to above 350°C (660°F), above
hich active decomposition ensues when distillation is attempted. The
ils contain from 0 to 35 percent or more of components boiling in the
asoline range, as well as varying proportions of kerosene hydrocarbons
nd higher-boiling-point constituents up to the viscous and nonvolatile
ompounds present in lubricants and the asphalts. The composition of
he petroleum obtained from the well is variable and depends on both
he original composition of the petroleum in situ and the manner of
roduction and stage reached in the life of the well or reservoir.

The chemical and physical properties of petroleum vary considerably
ecause of the variations in composition. The specific gravity of petro-
eum ranges from 0.8 (45.3 degrees API) for the lighter crude oils to
ver 1 (, 10 degrees API) for the near-solid bitumens which are found
n many tar (oil) sand deposits. There is also considerable variation in
iscosity; lighter crude oils range from 2 to 100 cSt, bitumens have
iscosities in excess of 50,000 cSt.

The ultimate analysis (elemental composition) of petroleum is not
eported to the same extent as it is for coal since there is a tendency for
he ultimate composition of petroleum to vary over narrower limits—
arbon: 83.0 to 87.0 percent; hydrogen: 10.0 to 14.0 percent; nitrogen:
.1 to 1.5 percent; oxygen: 0.1 to 1.5 percent; sulfur: 0.1 to 5.0 percent;
etals (nickel plus vanadium): 10 to 500 ppm. The heat content of petro-
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Table 7.1.8 Analyses and Heat Values of Petroleum and Petroleum Products

Ultimate analysis, %

C H S N O

Specific High-heat
Gravity, gravity value,

Product deg API at 60°F Wt lb/gal Btu/lb*

California crude 22.8 0.917 7.636 18,910 84.00 12.70 0.75 1.70 1.20
Kansas crude 22.1 0.921 7.670 19,130 84.15 13.00 1.90 0.45
Oklahoma crude (east) 31.3 0.869 7.236 19,502 85.70 13.11 0.40 0.30
Oklahoma crude (west) 31.0 0.871 7.253 19,486 85.00 12.90 0.76
Pennsylvania crude 42.6 0.813 6.769 19,505 86.06 13.88 0.06 0.00 0.00
Texas crude 30.2 0.875 7.286 19,460 85.05 12.30 1.75 0.70 0.00
Wyoming crude 31.5 0.868 7.228 19,510
Mexican crude 13.6 0.975 8.120 18,755 83.70 10.20 4.15
Gasoline 67.0 0.713 5.935 . . . . . . 84.3 15.7
Gasoline 60.0 0.739 6.152 20,750 84.90 14.76 0.08
Gasoline-benzene blend 46.3 0.796 6.627 . . . . . . 88.3 11.7
Kerosine 41.3 0.819 6.819 19,810
Gas oil 32.5 0.863 7.186 19,200
Fuel oil (Mex.) 11.9 0.987 8.220 18,510 84.02 10.06 4.93
Fuel oil (midcontinent) 27.1 0.892 7.428 19,376 85.62 11.98 0.35 0.50 0.60
Fuel oil (Calif.) 16.7 0.9554 7.956 18,835 84.67 12.36 1.16

* Btu/ lb 3 2.328 5 kJ/kg.

leum generally varies from 18,000 to 20,000 Btu/lb while the heat con-
tent of petroleum products may exceed 20,000 Btu/lb (Table 7.1.8).

Refining Crude Oil Crude oils are seldom used as fuel because they
are more valuable when refined to petroleum products. Distillation sep-
arates the crude oil into fractions equivalent in boiling range to gasoline,
kerosene, gas oil, lubricating oil, and residual. Thermal or catalytic
cracking is used to convert kerosene, gas oil, or residual to gasoline,
lower-boiling fractions, and a residual coke. Catalytic reforming,
isomerization, alkylation, polymerization, hydrogenation, and com-
binations of these catalytic processes are used to upgrade the various
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refinery intermediates into improved gasoline stocks or distillates. The
major finished products are usually blends of a number of stocks, plus
additives. Distillation curves for these products are shown in Fig. 7.1.2.

Physical Properties of Petroleum Products Petroleum products are
sold in the United States by barrels of 42 gal corrected to 60°F, Table
7.1.9. Their specific gravity is expressed on an arbitrary scale termed
degrees API.

The high heat value (hhv) of petroleum products is determined
by combustion in a bomb with oxygen under pressure (ASTM D240).
It may also be calculated, in products free from impurities, but the
formula

Qv 5 22,320 2 3,780d2

in which Qv is the hhv at constant volume in Btu/lb and d is the specific
gravity at 60/60°F.

The low heat value at constant pressure Qp may be calculated by the
relation

Qp 5 Qv 2 90.8H

where H is the weight percentage of hydrogen and can be obtained from
the relation

H 5 26 2 15d

Typical heats of combustion of petroleum oils free from water, ash, and
sulfur vary (within an estimated accuracy of 1 percent) with the API
gravity (i.e., with the ‘‘heaviness’’ or ‘‘lightness’’ of the material)
(Table 7.1.10). The heat value should be corrected when the oil contains
sulfur by using an hhv of 4,050 Btu/lb for sulfur (ASTM D1405).

The specific heat c of petroleum products of specific gravity d and at
temperature t (°F) is given by the equation

c 5 (0.388 1 0.00045t)/√d

The heat of vaporation L (Btu/lb) may be calculated from the equation

L 5 (110.9 2 0.09t)/d

The heat of vaporization per gallon (measured at 60°F) is

8.34Ld 5 925 2 0.75t
Fig. 7.1.2 Typical distillation curves.

indicating that the heat of vaporization per gallon depends only on the
temperature of vaporization t and varies over the range of 450 for the
heavier products to 715 for gasoline (Table 7.1.11). These data have an
estimated accuracy within 10 percent when the vaporization is at con-
stant temperature and at pressures below 50 lb/in2 without chemical
change.

/knovel2/view_hotlink.jsp?hotlink_id=414433207
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Table 7.1.9 Coefficients of Expansion of Petroleum Products at 60°F

Deg API , 15 15–34.9 35–50.9 51–63.9 64–78.9 79–88.9 89–93.9 94–100
Coef of expansion 0.00035 0.0004 0.0005 0.0006 0.0007 0.0008 0.00085 0.0009

Table 7.1.10 Heat Content of Different Petroleums and
Petroleum Products

High heat value
at constant

Low heat value
at constant

volume Qv , Btu pressure Qp , Btu

Per lb Per gal Per lb Per gal
Deg API Density,
at 60°F lb/gal*

10 8.337 18,540 154,600 17,540 146,200
20 7.787 19,020 148,100 17,930 139,600

Antiknock characteristics of gasolines are very important because en-
gine power output and fuel economy are limited by the antiknock char-
acteristics of the fuel. The antiknock index is currently defined as the
average of the research octane number (RON) and motor octane num-
ber (MON). The research octane number is a measure of antiknock per-
formance under mild operating conditions at low to medium engine
speeds. The motor octane number is indicative of antiknock performance
under more severe conditions, such as those encountered during power
acceleration at relatively high engine speeds.
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30 7.305 19,420 141,800 18,250 133,300
40 6.879 19,750 135,800 18,510 127,300
50 6.500 20,020 130,100 18,720 121,700
60 6.160 20,260 124,800 18,900 116,400
70 5.855 20,460 119,800 19,020 112,500
80 5.578 20,630 115,100 19,180 107,000

* Btu/ lb 3 2.328 5 kJ/kg; Btu/gal 3 279 5 kJ/m3.

Table 7.1.11 Latent Heat of Vaporization of
Petroleum Products

Heat of vaporization

Btu/ lb Btu/gal

Average
Gravity, boiling

Product deg API temp, °F

Gasoline 60 280 116 715
Naphtha 50 340 103 670
Kerosine 40 440 86 595
Fuel oil 30 580 67 490

Properties and Specifications
for Motor Gasoline

Gasoline is a complex mixture of hydrocarbons that distills within the
range of 100 to 400°F. Commercial gasolines are blends of straight-run,
cracked, reformed, and natural gasolines.

Straight-run gasoline is recovered from crude petroleum by distillation
and contains a large proportion of normal hydrocarbons of the paraffin
series. Its octane number is too low for use in modern engines, and it is
reformed and blended with other products to improve its combustion
properties.

Cracked gasoline is manufactured by heating crude-petroleum distilla-
tion fractions or residues under pressure, or by heating with or without
pressure in the presence of a catalyst. Heavier hydrocarbons are broken
into smaller molecules, some of which distill in the gasoline range. The
octane number of cracked gasoline is usually above that of straight-run
gasoline.

Reformed gasoline is made by passing gasoline fractions over catalysts
in such a manner that low-octane-number hydrocarbons are molecularly
rearranged to high-octane-number components. Many of the catalysts
use platinum and other metals deposited on a silica and/or alumina
support.

Natural gasoline is obtained from natural gas by liquefying those con-
stituents which boil in the gasoline range either by compression and
cooling or by absorption in oil. Natural gasoline is too volatile for
general use, but proper characteristics can be secured by distillation or
by blending. It is often blended with gasolines to adjust their volatility
characteristics to meet climatic conditions.

Catalytic hydrogenation is used extensively to upgrade gasoline and
cracking stocks for blending or further refining. Hydrogenation im-
proves octane number, removes sulfur and nitrogen, and increases stor-
age stability.

The specifications for gasoline (ASTM D439) provide for various
volatility classes, varying from low-volatility gasolines to minimize
vapor lock to high-volatility gasoline that permits easier starting during
cold weather.
Reformulated motor gasoline is believed to be the answer to many
environmental issues that arise from the use of automobiles. In fact,
there has been a serious effort to produce reformulated gasoline compo-
nents from a variety of processes (Table 7.1.12). In addition, methyl-t-
butyl ether (MTBE), an additive to maintain the octane ratings of gaso-
line in the absence of added lead, is claimed to reduce (through more
efficient combustion of the hydrocarbons) the emissions of unburned
hydrocarbons during gasoline use. However, the ether (MTBE) is be-
lieved to have an adverse effect insofar as it appears that aldehyde
emissions may be increased.

Table 7.1.12 Production of Reformulated Gasoline
Constituents

Process Objective

Catalytic reformer prefractionation Reduce benzene
Reformate fractionation Reduce benzene
Isomerization Increase octane
Aromatics saturation Reduce total aromatics
Catalytic reforming Oxygenate for octane enhancement
MTBE synthesis Provide oxygenates
Isobutane dehydrogenation Feedstock for oxygenate synthesis
Catalytic cracker naphtha fractionation Increase alkylate

Increase oxygenates
Reduce olefins and sulfur

Feedstock hydrotreating Reduce sulfur

Diesel Fuel

Diesel is a liquid product distilling over the range of 150 to 400°C (300
to 750°F). The carbon number ranges on average from about C13 to
about C21 .

The chemical composition of a typical diesel fuel and how it applies
to the individual specifications—API gravity, distillation range, freez-
ing point, and flash point—are directly attributable to both the carbon
number and the compound classes present in the finished fuel (Tables
7.1.13 and 7.1.14).

Aviation Gasolines Gasolines for aircraft piston engines have a

Table 7.1.13 General ASTM Specifications for Various
Types of Diesel Fuels

No. No. No. No.
Specification Military* 1-D† 2-D‡ 1§ 2¶

API gravity, deg 40 34.4 40.1 35 30
Total sulfur, percent 0.5 0.5 0.5 0.5 0.5
Boiling point, °C 357 288 338 288 338
Flash point, °C 60 38 52 38 38
Pour point, °C 2 6 2 18 2 6 2 18 2 6
Hydrogen, wt % 12.5 — — — —
Cetane number 43 40 40 — —
Acid number 0.3 0.3 0.3 — —

* MIL-F-16884J (1993) is also NATO F-76.
† High-speed, high-load engines.
‡ Low-speed, high-load engines.
§ Special-purpose burners.
¶ General-purpose heating fuel oil.
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narrower boiling range than motor gasolines; i.e., they have fewer low-
boiling and fewer high-boiling components. The three grades of avia-
tion gasolines are indicated in Table 7.1.15. Specifications applicable to
all three grades of military gasoline are given in Table 7.1.16.

Table 7.1.14 ASTM
Methods for Determining
Fuel Properties (see also
Table 7.1.13)

Kerosine is less volatile than gasoline and has a higher flash point, to
provide greater safety in handling. Other quality tests are specific grav-
ity, color, odor, distillation range, sulfur content, and burning quality.
Most kerosine is used for heating, ranges, and illumination, so it is
treated with sulfuric acid to reduce the content of aromatics, which burn

Table 7.1.17 Commercial
and Military Specifications
for Jet Fuels

as
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Specification ASTM method

API gravity D1298
Total sulfur, percent D129
Boiling point, °C D86
Flash point, °C D93
Pour point, °C D97
Hydrogen, wt % D3701
Cetane number D613, D976
Acid number D974

Jet or aviation turbine fuels are not limited by antiknock requirements,
and they have wider boiling-point ranges to provide greater availability
(ASTM D1655). Fuel JP-4 is a relatively wide-boiling-point range dis-
tillate that encompasses the boiling point range of gasoline and kero-
sene. The average initial boiling point is about 140°F, and the endpoint
is about 455°F. Fuel JP-5 is a high-flash point kerosine type of fuel with
an initial boiling point of 346°F and endpoint of 490°F.

Table 7.1.15 Grades of Aviation
Gasoline (ASTM D910)

Tetraethyl lead
content

Grade Color mL/gal, max

80 Red 0.6
100 Green 4.0
100 LL Blue 2.0

There are a variety of grades (Table 7.1.15) and specifications (Table
7.1.16) for jet fuel because of its use as a commercial and a military fuel
(Table 7.1.17). The chemical composition of each jet fuel type, API
gravity, distillation range, freezing point, and flash point are directly
attributable to both the carbon number and the compound classes
present in the finished fuel.

Table 7.1.16 Specifications for Aviation G

Test

Distillation:
Fuel evaporated, 10% min at
Fuel evaporated, 40% max at
Fuel evaporated, 50% min at
Fuel evaporated, 90% min at

Endpoint, max

Sum of 10% and 50% evaporated temp, min

Residue, vol, max %
Distillation loss, vol, max %

Existent gum, max, mg/100 mL
Potential gum, 16 h aging, max, mg/100 mL
Precipitate, max, mg/100 mL
Sulfur, max, wt %
Reid vapor pressure at 100°F, min, lb/in2

Reid vapor pressure at 100°F, max, lb/in2

Freezing point, max
Copper corrosion, max
Water reaction:

Interface rating, max
Vol. change, max, mL

Heating value:
Net heat of combustion, min, Btu/ lb
Aniline-gravity product, min
Fuel types Specification

Jet-A ASTM D1655
JP-4 Mil-T-5624
JP-5 Mil-T-5624
JP-8 Mil-T-83133
JP-10 Mil-P-87107

with a smoky flame. Specification tests for quality control include flash
point (minimum 115°F), distillation endpoint (maximum 572°F), sulfur
(maximum 0.13 percent), and color (minimum 1 16) (ASTM D187).

Diesel fuel for diesel engines requires variability in its performance
since the engines range from small, high-speed engines used in trucks
and buses to large, low-speed stationary engines for power plants. Thus
several grades of diesel fuel are needed (Table 7.1.18) (ASTM D975)
for different classes of service:

Grade 1-D: A volatile distillate fuel for engines in service requiring
frequent speed and load changes

Grade 2-D: A distillate fuel of lower volatility for engines in indus-
trial and heavy mobile service

Grade 4-D: A fuel for low- and medium-speed engines

An additional guide to fuel selection is the grouping of fuels according
to these types of service:

Type C-B: Diesel fuel oils for city bus and similar operations
Type T-T: Fuels for diesel engines in trucks, tractors, and similar

service
Type R-R: Fuels for railroad diesel engines
Type S-M: Heavy-distillate and residual fuels for large stationary

and marine diesel engines

The combustion characteristics of diesel fuels are expressed in terms
of the cetane number, a measure of ignition delay. A short ignition

oline

Test limit Test method

167°F (75°C) D86
167°F (75°C)
221°F (105°C)
275°F (135°C)
338°F (170°C)
307°F

1.5
1.5
3.0 D381
6.0 D873
2.0 D873
0.05 D1266 or D2622
5.5 D323
7.0 D323
2 76°F (2 60°C) D2386
No. 1 D130

2 D1094
2 D1094

18,700 D1405
7,500 D611 and D287
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Table 7.1.18 Specifications* for Diesel Fuels

ASTM grade of diesel fuel

1-D 2-D 4-D

Limit

U.S. Military
ASTM spec. Mil-F-

Test method 16884G

Flash point, min, °F D93 100 or legal 125 or legal 130 or legal 140
Water and sediment, vol %, max D1796 Trace 0.10 0.50
Viscosity, kinematic, cSt, 100°F D445

Min 1.3 1.9 5.5 1.8
Max 2.4 4.1 24.0 4.5

Carbon residue on 10% residuum, % max D524 015 0.35 0.20
Ash, wt %, max D482 0.01 0.01 0.10 0.005
Sulfur, wt %, max D129 0.50 0.50 2.0 1.00
Ignition quality, cetane number, min D613 40 40 30 45

Distillation temp, °F, 90% evaporated: D86
Min 540
Max 550 640

* See ASTM D975 and Mil-F-16884G specifications for full details.

delay, i.e., the time between injection and ignition, is desirable for a
smooth-running engine. Some diesel fuels contain cetane improvers,
which usually are alkyl nitrates. The cetane number is determined by an
engine test (ASTM D613) or an approximate value, termed the cetane
index (ASTM D976), can be calculated for fuels that do not contain
cetane improvers.

The list of additives used in diesel fuels has grown in recent years
because of the increased use of catalytically cracked fuels, rather than
exclusively straight-run distillate. In addition to cetane improvers, the

the legal requirements of the locality in which they are to be used. The
additional refinery processing needed by some residual fuels to meet
low-sulfur-content regulations may lower the viscosity enough to cause
the fuels to change the grade classification.

Fuel oil used for domestic purposes or for small heating installations
will have lower viscosities and lower sulfur content. In large-scale in-
dustrial boilers, heavier-grade fuel oil is used with sulfur content
(ASTM D129 and D1552) requirements regulated according to the en-
vironmental situation of each installation and the local environmental
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list includes antioxidants, corrosion inhibitors, and dispersants. The dis-
persants are added to prevent agglomeration of gum or sludge deposits
so these deposits can pass through filters, injectors, and engine parts
without plugging them.

Gas-Turbine Fuels

Five grades of gas-turbine fuels are specified (ASTM D2880) according
to the types of service and engine:

Grade O-GT: A naphtha or other low-flash-point hydrocarbon liq-
uid which also includes jet B fuel

Grade 1-GT: A volatile distillate for gas turbines that requires a fuel
that burns cleaner than grade 2-GT

Grade 2-GT: A distillate fuel of low ash and medium volatility,
suitable for turbines not requiring grade 1-GT

Grade 3-GT: A low-volatility, low-ash fuel that may contain resid-
ual components

Grade 4-GT: A low-volatility fuel containing residual components
and having higher vanadium content than grade 3-GT

Grade 1-GT corresponds in physical properties to no. 1 burner fuel
and grade 1-D diesel fuel. Grade 2-GT corresponds in physical proper-
ties to no. 2 burner fuel and grade 2-D diesel fuel. The viscosity ranges
of grades 3-GT and 4-GT bracket the viscosity ranges of no. 4, no. 5
light, no. 5 heavy, and no. 6 burner fuels.

Fuel Oils

The characteristics of the grades of fuel oil (ASTM D396) are as fol-
lows:

No. 1: A distillate oil intended for vaporizing pot-type burners and
other burners requiring this grade of fuel.

No. 2: A distillate oil for general-purpose domestic heating in burn-
ers not requiring no. 1 fuel oil.

No. 4 and no. 4 light: Preheating not usually required for handling
or burning.

No. 5 light: Preheating may be required depending upon climate and
equipment.

No. 5 heavy: Preheating may be required for burning and, in cold
climates, may be required for handling.

No. 6: Preheating required for burning and handling.

The sulfur content of no. 1 and no. 2 fuel oil is limited to 0.5 percent
(ASTM D396). The sulfur content of fuels heavier than no. 2 must meet
regulations.
The flash point (ASTM D93) is usually limited to 60°C (140°F) mini-

mum because of safety considerations. Asphaltene content (ASTM
D3279), carbon residue value (ASTM D189 and D524), ash (ASTM
D482), water content (ASTM D95), and metal content requirements are
included in some specifications.

The pour point (ASTM D97), indicating the lowest temperature at
which the fuel will retain its fluidity, is limited in the various specifica-
tions according to local requirements and fuel-handling facilities. The
upper limit is sometimes 10°C (50°F), in warm climates somewhat
higher.

Another important specification requirement is the heat of combus-
tion (ASTM D240). Usually, specified values are 10,000 cal/kg (gross)
or 9,400 cal/kg (net).

Because of economic considerations residual fuel oil has been re-
placing diesel fuel for marine purposes. Viscosity specifications had to
be adjusted to the particular operational use, and some additional qual-
ity requirements had to be allowed for. The main problem encountered
during the use of residual fuel oils for marine purposes concerns the
stability properties (sludge formation) and even more so the compatibil-
ity properties of the fuel.

Blending of fuel oils to obtain lower viscosity values and to mix fuel
oils of different chemical characteristics is a source of deposit and
sludge formation in the vessel fuel systems. This incompatibility is
mainly observed when high-asphaltene fuel oils are blended with di-
luents or other fuel oils of a paraffinic nature.

Gas oil is a general term applied to distillates boiling between kero-
sine and lubricating oils. The name was derived from its initial use for
making illuminating gas, but it is now used as burner fuel, diesel fuel,
and catalytic-cracker charge stock.

GASEOUS FUELS
by James G. Speight
Western Research Institute

REFERENCES: Bland and Davidson, ‘‘Petroleum Processing Handbook,’’
McGraw-Hill, New York. Francis and Peters, ‘‘Fuels and Fuel Technology,’’ 2d
ed., Pergamon, New York, Sec. C, Gaseous Fuels. Goodger, ‘‘Alternative Fuels:
Chemical Energy Resources,’’ Wiley, New York. Kohl and Riesenfeld, ‘‘Gas
Purification,’’ Gulf Publishing Co., Houston, TX. Kumar, ‘‘Gas Production Engi-
neering,’’ Gulf Publishing Co., TX. Reid, Prausnitz, and Sherwood, ‘‘The Proper-
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Table 7.1.19 Composition of Natural Gases*

Natural gas from oil or gas wells Natural gas from pipelines

Sample no. 299 318 393 522 732 1177 1214 1225 1249 1276 1358

Composition, mole percent:
Methane 92.1 96.3 67.7 63.2 43.6 96.9 94.3 72.3 88.9 75.4 85.6
Ethane 3.8 0.1 5.6 3.1 18.3 1.7 2.1 5.9 6.3 6.4 7.8
Propane 1.0 0.0 3.1 1.7 14.2 0.3 0.4 2.7 1.8 3.6 1.4
Normal butane 0.3 0.0 1.5 0.5 8.6 0.1 0.2 0.3 0.2 1.0 0.0
Isobutane 0.3 0.0 1.2 0.4 2.3 0.0 0.0 0.2 0.1 0.6 0.1
Normal pentane 0.1 0.0 0.6 0.1 2.7 0.3 Tr Tr 0.0 0.1 0.0
Isopentane Tr 0.0 0.4 0.2 3.3 0.0 Tr 0.2 Tr 0.2 0.1
Cyclopentane Tr 0.0 0.2 Tr 0.9 Tr Tr 0.0 Tr Tr 0.0
Hexanes plus 0.2 0.0 0.7 0.1 2.0 0.1 Tr Tr Tr 0.1 Tr
Nitrogen 0.9 1.0 17.4 27.9 3.0 0.6 0.0 17.8 2.2 12.0 4.7
Oxygen 0.2 0.0 Tr 0.1 0.5 Tr Tr Tr Tr Tr Tr
Argon Tr Tr 0.1 0.1 Tr 0.0 0.0 Tr 0.0 Tr Tr
Hydrogen 0.0 0.2 0.0 0.0 0.1 0.0 Tr 0.1 0.1 0.0 0.0
Carbon dioxide 1.1 2.3 0.1 0.4 0.5 0.0 2.8 0.1 0.1 0.1 0.2
Helium Tr Tr 1.4 2.1 Tr Tr Tr 0.4 0.1 0.4 0.1

Heating value† 1,062 978 1,044 788 1,899 1,041 1,010 934 1,071 1,044 1,051
Origin of sample La. Miss. N. Mex. Okla. Tex. W. Va. Colo. Kan. Kan. Okla. Tex.

* Analyses from BuMines Bull. 617 (Tr 5 trace).
† Calculated total (gross) Btu/ft3, dry, at 60°F and 30 in Hg.

ties of Gases and Liquids,’’ McGraw-Hill. Shekhtman, ‘‘Gasdynamic Functions
of Real Gases,’’ Hemisphere Publishing Corp., Washington. Speight, ‘‘Fuel
Science and Technology Handbook,’’ J. G. Speight, ed., Marcel Dekker, New
York, pt. 5, pp. 1055 et seq. Speight, ‘‘Gas Processing: Environmental Aspects
and Methods.’’ Butterworth-Heinemann, Oxford, England. Sychev et al., ‘‘Ther-
modynamic Properties of Propane,’’ Hemisphere Publishing Corp.

Natural gas, which is predominantly methane, occurs in underground
reservoirs separately or in association with crude petroleum. But manu-

and butylenes result from cracking other hydrocarbons in a petroleum
refinery and are two important chemical feedstocks.

Composition of Gaseous Fuels The principal constituent of natural
gas is methane (CH4 ) (Table 7.1.19). Other constituents are paraffinic
hydrocarbons such as ethane, propane, and the butanes. Many natural
gases contain nitrogen as well as carbon dioxide and hydrogen sulfide.
Trace quantities of argon, hydrogen, and helium may also be present. A
portion of the heavier hydrocarbons, carbon dioxide, and hydrogen sul-
fide are removed from natural gas prior to its use as a fuel. Typical

G
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factured gas is a fuel-gas mixture made from other solid, liquid, or gas-
eous materials, such as coal, coke, oil, or natural gas. The principal
types of manufactured gas are retort coal gas, coke oven gas, water gas,
carbureted water gas, producer gas, oil gas, reformed natural gas, and
reformed propane or liquefied petroleum gas (LPG). Several processes
for making substitute natural gas (SNG) from coal have been devel-
oped. Mixed gas is a gas prepared by adding natural gas or liquefied
petroleum gas to a manufactured gas, giving a product with better utility
and higher heat content or Btu value.

Liquefied petroleum gas (LPG) is the term applied to certain specific
hydrocarbons and their mixtures, which exist in the gaseous state under
atmospheric ambient conditions but can be converted to the liquid state
under conditions of moderate pressure at ambient temperature. Thus
liquefied petroleum gas is a hydrocarbon mixture usually containing
propane (CH3.CH2.CH3), n-butane (CH3 .CH2 .CH2 .CH3 ), isobutane
[CH3CH(CH3 )CH3 ], and to a lesser extent propylene (CH3 .CH : CH2 )
or butylene (CH3CH2CH : CH2 ). The most common commercial prod-
ucts are propane, butane, or some mixture of the two, and they are
generally extracted from natural gas or crude petroleum. Propylene

Table 7.1.20 Specifications* for Liquefied Petroleum

Propane

Vapor pressure at 100°F, max, psig 210
Volatile residue:

Butane and heavier, %, max 2.5
Pertane and heavier, %, max

Residual matter:

Residue on evaporation, 1 100 mL, max mL 0.05
Oil-stain observation Pass

Specific gravity at 60°/60°F
Corrosion, copper strip, max No. 1
Sulfur, grains/100 ft3, max 15
Moisture content
Free-water content

* Refer to ASTM D1835 for full details.
natural-gas analyses are given in Table 7.1.19. Manufactured gases
contain methane, ethane, ethylene, propylene, hydrogen, carbon mon-
oxide, carbon dioxide, and nitrogen, with low concentrations of water
vapor, oxygen, and other gases.

Specifications Since the composition of natural, manufactured, and
mixed gases can vary so widely, no single set of specifications could
cover all situations. The requirements are usually based on perfor-
mances in burners and equipment, on minimum heat content, and on
maximum sulfur content. Gas utilities in most states come under the
supervision of state commissions or regulatory bodies, and the utilities
must provide a gas that is acceptable to all types of consumers and that
will give satisfactory performance in all kinds of consuming equipment.

Specifications for liquefied petroleum gases (Table 7.1.20) (ASTM
D1835) depend upon the required volatility.

Odorization Since natural gas as delivered to pipelines has practi-
cally no odor, the addition of an odorant is required by most regulations
in order that the presence of the gas can be detected readily in case of
accidents and leaks. This odorization is provided by the addition of trace
amounts of some organic sulfur compounds to the gas before it reaches

as

Product designation

Butane PB mixtures Test method

70 D1267 or D2598

D2163
2.0 2.0 D2163

0.05 0.05 D2158

Pass Pass D2158
To be reported D1657 or D2598
No. 1 No. 1 D1838
15 15 D1266
To be reported
None None D1657



7-16 FUELS

the consumer. The standard requirement is that a user will be able to
detect the presence of the gas by odor when the concentration reaches 1
percent of gas in air. Since the lower limit of flammability of natural gas
is approximately 5 percent, this 1 percent requirement is essentially
equivalent to one-fifth the lower limit of flammability. The combustion
of these trace amounts of odorant does not create any serious problems
of sulfur content or toxicity.

Table 7.1.21 Flammability Limits of
Gases in Air

Flammable limits in air,
vol %

Gas Lower Upper

Methane 5.0 15.0
Ethane 3.0 12.4
Propane 2.1 9.5
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Analysis

The different methods for gas analysis include absorption, distillation,
combustion, mass spectroscopy, infrared spectroscopy, and gas chro-
matography (ASTM D2163, D2650, and D4424). Absorption methods
involve absorbing individual constituents one at a time in suitable sol-
vents and recording of contraction in volume measured. Distillation
methods depend on the separation of constituents by fractional distilla-
tion and measurement of the volumes distilled. In combustion methods,
certain combustible elements are caused to burn to carbon dioxide and
water, and the volume changes are used to calculate composition. Infra-
red spectroscopy is useful in particular applications. For the most accu-
rate analyses, mass spectroscopy and gas chromatography are the pre-
ferred methods.

ASTM has adopted a number of methods for gas analysis, including
ASTM D2650, D2163, and D1717.

Physical Constants The specific gravity of gases, including LP
gases, may be determined conveniently by a number of methods and a
variety of instruments (ASTM D1070 and D4891).

The heat value of gases is generally determined at constant pressure
in a flow calorimeter in which the heat released by the combustion of a
definite quantity of gas is absorbed by a measured quantity of water or
air. A continuous recording calorimeter is available for measuring heat
values of natural gases (ASTM D1826).

Flammability The lower and upper limits of flammability indicate
the percentage of combustible gas in air below which and above which
flame will not propagate. When flame is initiated in mixtures having
compositions within these limits, it will propagate and therefore the
mixtures are flammable. A knowledge of flammable limits and their use
in establishing safe practices in handling gaseous fuels is important,
e.g., when purging equipment used in gas service, in controlling factory
or mine atmospheres, or in handling liquefied gases.

Many factors enter into the experimental determination of flammable
limits of gas mixtures, including the diameter and length of the tube or
vessel used for the test, the temperature and pressure of the gases, and
the direction of flame propagation—upward or downward. For these
and other reasons, great care must be used in the application of the data.
In monitoring closed spaces where small amounts of gases enter the
atmosphere, often the maximum concentration of the combustible gas is
limited to one fifth of the concentration of the gas at the lower limit of
flammability of the gas-air mixture. (See Table 7.1.21.)

The calculation of flammable limits is accomplished by Le Chate-
lier’s modification of the mixture law, which is expressed in its simplest
form as

L 5
100

p1 /N1 1 p2 /N2 1 ? ? ? 1 pn /Nn

where L is the volume percentage of fuel gas in a limited mixture of air
and gas; p1 , p2 , . . . , pn are the volume percentages of each combusti-
ble gas present in the fuel gas, calculated on an air- and inert-free basis
so that p1 1 p2 1 ? ? ? 1 pn 5 100; and N1, N2 , . . . , Nn are the
volume percentages of each combustible gas in a limit mixture of the
individual gas and air. The foregoing relation may be applied to gases
with inert content of 10 percent or less without introducing an absolute
error of more than 1 or 2 percent in the calculated limits.

The rate of flame propagation or burning velocity in gas-air mixtures is
of importance in utilization problems, including those dealing with
burner design and rate of energy release. There are several methods that
have been used for measuring such burning velocities, in both laminar
and turbulent flames. Results by the various methods do not agree, but
Butane 1.8 8.4
Isobutane 1.8 8.4
Pentane 1.4 7.8
Isopentane 1.4 7.6
Hexane 1.2 7.4
Ethylene 2.7 36.0
Propylene 2.4 11.0
Butylene 1.7 9.7
Acetylene 2.5 100.0
Hydrogen 4.0 75.0
Carbon monoxide 12.5 74.2
Ammonia 15.0 28.0
Hydrogen sulfide 4.0 44.0
Natural 4.8 13.5
Producer 20.2 71.8
Blast-furnace 35.0 73.5
Water 6.9 70.5
Carbureted-water 5.3 40.7
Coal 4.8 33.5
Coke-oven 4.4 34.0
High-Btu oil 3.9 20.1

ny one method does give relative values of utility. Maximum burning
elocities for turbulent flames are greater than those for laminar flames.
he bunsen flame method gives results that have significance in gas
tilization problems. In this method, the burning velocity is determined
y dividing the volume rate of gas flow from the bunsen burner by the
rea of the inner cone of the flame.

The use of other fuels and equipment to supplement the regular sup-
ly of gas during periods of peak demand or in emergencies is known as
eak shaving. Most gas utilities, particularly natural-gas utilities at the
nd of long-distance transmission lines, maintain peak-shaving or
tandby equipment. Also, gas utilities in many cases have established
atural-gas storage facilities close to their distribution systems. This
llows gas to be stored underground near the point of consumption
uring periods of low demand, as in summer, and then withdrawn to
eet peak or emergency demands, as may occur in winter. Propane-air
ixtures are the major supplements to natural gas for peak shaving use.
as manufactured by cracking various petroleum distillates supplies
ost of the remaining peak requirements.

YNTHETIC FUELS
y Martin D. Schlesinger
allingford Group Ltd.

EFERENCES: U.S. Department of Energy, Fossil Energy Reports. Whitehurst et
l., ‘‘Coal Liquefaction,’’ Academic. Speight, ‘‘The Chemistry and Technology
f Coal,’’ Marcel Dekker. Preprints, Division of Fuel Chemistry, American
hemical Society. Annual International Conferences on Coal Gasification, Lique-

action, and Conversion to Electricity, Department of Chemical and Petroleum
ngineering, University of Pittsburgh.

iquid and gaseous fuels in commercial use can be produced from
ources other than petroleum and natural gas. Much new technology has
een developed during the twentieth century as the threat of petroleum
hortages or isolation loomed periodically. The result was the improve-
ent of known processes and the introduction of new concepts.
A generalized flow sheet Fig. 7.1.3, shows the routes that can be

ollowed from coal to finished products. Liquid and gaseous fuels are
ormed from coal by increasing its hydrogen to carbon ratio. Primary
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Fig. 7.1.3 Clean fuels from coal.

conversion products are deashed, desulfurized, and further upgraded to
a wide range of clean fuels. Gasification can yield clean gases for com-
bustion or synthesis gas with a controlled ratio of hydrogen to carbon
monoxide. Catalytic conversion, of synthesis gas to fluids (indirect liq-
uefaction) can be carried out in fixed and fluidized beds and in dilute
phase systems. Both gases and liquids are used as the temperature con-
trol medium for the exothermic reactions.

Direct liquefaction is accomplished by pyrolysis or hydrogenation and
several processes are available for each approach for adding hydrogen
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to the coal and removing undesirable constituents. The amount of hy-
drogen consumed is determined by the properties desired in the final
product, whether it be a heavy fuel oil, diesel oil, jet fuel, gasoline, or
gases. Clean solid fuels, i.e, with low ash and low sulfur contents, can be
produced as a product of pyrolysis, from liquefaction residues, or by
chemical treatment of the coal.

What must be done with some naturally occurring sources of fuels is
exemplified in Fig. 7.1.4. Upgrading involves the addition of hydrogen
and more hydrogen is required to upgrade coal than to process petro-
leum into finished products. The ranges are generalized to indicate the
relative need for processing and the range of product distributions. Coal
contains very little hydrogen, averaging 0.8 H : C atomic ratio and pe-
troleum has about twice the relative amounts. Premium fuels are in the
kerosene/gasoline range, which includes diesel and jet fuels. Commer-
cial transportation fuels contain 15 to 18 wt % hydrogen. At the upper
end of the scale is methane with an H : C ratio of 4 : 1. Not considered in
the above is the elimination of mineral matter and constituents such as
oxygen, sulfur, and nitrogen, where hydrogen is consumed to form
water, hydrogen sulfide, and ammonia. Some oxygen is removed as
carbon dioxide.
 Fig. 7.1.4 Upgrading of carbonaceous sources.
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Coal liquefaction is accomplished by four principal methods: (1) direct
catalytic hydrogenation, (2) solvent extraction, (3) indirect catalytic by
hydrogenation (of carbon monoxide), and (4) pyrolysis. In one approach
to direct hydrogenation, coal and the catalyst are mixed with a coal-
derived recycle oil and the slurry is pumped into a high-pressure system
where hydrogen is present. Operating conditions are generally 400 to
480°C and 1,500 to 5,000 lb/in2 (10 3 106 to 35 3 106 N/m2). A heavy
syncrude is produced at the milder conditions, and high yields of distill-
able oils are produced at the more severe conditions. Effective catalysts

cling some of the mineral matter from the coal as a catalyst and increas-
ing the severity of the operating conditions, a lighter hydrocarbon prod-
uct is formed. SRC I product is a solid at room temperature. Further
improvement can be achieved by hydrogenation of the solvent to con-
trol the hydroaromatic content of the recycle stream and to improve the
product quality. The Exxon donor solvent (EDS) process uses this latter
technique, and no catalyst is required in the first contacting vessel.

One version of the solvent extraction system is two-stage hydrogenoly-
sis. The integrated sequence starts with pulverized coal in a recycle
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contain iron, molybdenum, cobalt, nickel, and tungsten. Figure 7.1.5 is
a schematic flow sheet of the H-coal process that carries out the direct
hydrogenation by bringing the coal-oil slurry into contact with an ebul-
lating bed of catalyst. The product is generally aromatic, and the gaso-
line fraction produced after further hydrogenation has a high octane
number. Many chemicals of commercial value are also found in the oil.

Fig. 7.1.5 H-coal schematic.

Solvent extraction processing solubilizes and disperses coal in a hy-
droaromatic solvent that transfers some of its hydrogen to the coal. Ash
and insoluble coal are separated from the liquid product to recover
recycle oil and product oil. The carbonaceous residue is reacted with
steam in a gasifier to produce the hydrogen needed. Figure 7.1.6 is a
schematic flow sheet of the solvent-refined coal (SRC I) process. By recy-
Fig. 7.1.6 Solvent-refined coal.
solvent pumped into a reactor where the slurry is hydrogenated for a
short time at 2,400 lb/in2 (16.5 3 106 N/m3) and 425 and 450°C. Par-
tially hydrogenated product is vacuum distilled to recover solvent and
primary product. Solids are next separated by a critical solvent or an
antisolvent process and the ash-free oil is hydrogenated at 2,700 lb/in2

and 400°C to produce a final product boiling below 350°C. Some oil is
recovered in this below 350°C range, and excess higher-boiling oil is
recovered in the vacuum distillation step.

Pyrolysis depends on the controlled application of heat without the
addition of hydrogen. Most of the carbon is recovered as solid product;
liquids and gases having a hydrogen : carbon ratio higher than the origi-
nal coal are liberated. The liquid product can be hydrotreated further for
sulfur removal and upgrading to specification fuels. By-product gas and
char must be utilized in order for the process to be economical. Yields of
primary products depend on the coal source, the rate of heating, the
ultimate temperature reached, and the atmosphere in which the reaction
takes place. Both single and multistage processes were developed but
few are used commercially except for the production of metallurgical
coke and chars.

Catalytic hydrogenation of carbon monoxide is a flexible method of
liquefaction. Catalysts can be prepared from Fe, Ni, Co, Ru, Zn, and Th
either alone or promoted on a support. Each catalyst gives a different
product distribution that is also a function of the method of preparation
and pretreatment. Primary products are normally methane and higher-
molecular-weight, straight-chain hydrocarbons, alcohols, and organic
acids. Operating conditions for the Fischer-Tropsch-type synthesis are
usually in the range of 300 to 500 lb/in2 (2 to 3.5 3 106 N/m3) and 200
to 400°C. Temperature of the exothermic reaction [2 39.4 kcal/
(g ?mol)] is controlled by carrying out the reaction in fixed beds, fluid-
ized beds, slurry, and dilute phase systems with heat removal. Diesel oil
from this type of synthesis has a high cetane number; the paraffin waxes
can be of high quality. Generally, the gasoline produced by indirect
synthesis has a low octane number because of its aliphatic nature. One
method of producing a high-octane gasoline is to make methanol from
2 : 1 H : CO in a first stage and then process the alcohol over a zeolite
catalyst. The hydrocarbon product has a narrow boiling range and con-
tains about 30 percent aromatics.

In South Africa there are three commercial coal conversion plants
that use the indirect liquefaction method. About 28 million t/yr of coal is
gasified under pressure in 97 Lurgi gasifiers; and the synthesis gas, after
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Fig. 7.1.7 Flow sheet of SASOL II and III.

cleaning and adjustment of the hydrogen/carbon monoxide ratio, is
passed through catalyst beds. A total output of 150,000 bpd (23,850 m3)
of automotive fuel provides about one-half of the nation’s needs. There
is also produced about 1,600 tpd of chemicals. The simplified flow
sheet in Fig. 7.1.7 shows some of the main features of the plants.

SASOL I (SASOL Chemical Industries) uses fixed-bed reactors and
dilute phase systems; the fixed bed makes higher-molecular-weight
products. SASOL II and III (SASOL synthetic fuels) do not produce the
fixed-bed heavy hydrocarbons but maximize gasoline and diesel oil

Reserves of tar sands in the United States are equivalent to about 30
billion barrels of petroleum. Most of the deposits are too deep for sur-
face mining and require in situ treatment before extraction. Some of the
surface deposits are worked to produce asphalt for highway application
and other minor uses.

Tar sand is a source of hydrocarbon fuels at Syncrude Canada in
Alberta. Two commercial plants with combined capacity of 190,000
bpd of synthetic crude oil operate in this region and use the principle of
ore mining, hot-water extraction, coking (delayed and fluid), and distil-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
formation by hydrotreating and reforming.
Research is reported to be continuing on the application of the slurry

process and direct hydrogenation to coal conversion technology.
Shale oil is readily produced by the thermal processing of many

shales. The basic technology is available and commercial plants are
operated in many parts of the world. The first modern plant in the
United States was put on stream in 1983 by the Union Oil Co. in Colo-
rado. About 12,500 tons of raw shale, averaging 35 gal/ton (0.145 m3/
1,000 kg), crushed to 5-cm particles, is pushed upward into the retort
each day, and at 400 to 500°C crude shale oil is produced from the
kerogen in the shale.

The refined product yield was 7,000 bpd (1,115 m3/d) of diesel oil
and 3,000 bpd (475 m3/d) of jet fuel. The present low cost of petroleum
has not justified the continued development of this and other systems.
Estimated reserves are equivalent to about 3 billion barrels of shale oil.
Figure 7.1.8 is a generalized flow sheet of the process.

Tar sand is a common term for oil-impregnated sediments that can be
found in almost every continent. High-grade tar sands have a porosity of
25 to 35 percent and contain about 18 percent by weight of bitumen. The
sand grains are wetted by about 2 percent of water, making them hydro-
philic and thus more amenable to hot-water extraction. Solvent extrac-
tion, thermal retorting, in situ combustion, and steam injection methods
have been tested.

Fig. 7.1.8 Shale oil processing.
late hydrogenation. Methods for modification of the bitumen in situ and
recovery without mining are also under investigation. Properties of con-
ventional petroleum, tar sand bitumen, and synthetic crude oil from the
bitumen are given in Table 7.1.22.

Table 7.1.22 Comparison of Tar Sand Bitumen and
Synthetic Crude Oil from the Bitumen with Petroleum

Tar sand Synthetic
Petroleum bitumen crude oil

API gravity 25–27° 8°
Viscosity

cSt at 100°F 3–7 120,000 6
cSt at 210°F 2,000

Carbon, wt % 86.0 83.1 86.3
Hydrogen, wt % 13.5 10.6 13.4
Nickel, ppm 2–10 100 0
Sulfur, wt % 1–2 4.8 0.15
Nitrogen 0.2 0.4 0.06
Vanadium, ppm 2–10 250 0
Ash, wt % 0 1.0 0
Carbon residue, wt % 1–5 14.0 0
Pentane insolubles, wt % , 5 17.0 0

EXPLOSIVES
by J. Edmund Hay
U.S. Department of the Interior

REFERENCES: Meyer, ‘‘Explosives,’’ Verlag Chemie. Cook, ‘‘The Science of
High Explosives,’’ Reinhold. Johansson and Persson, ‘‘Detonics of High Explo-
sives,’’ Academic. Davis, ‘‘The Chemistry of Powder and Explosives,’’ Wiley.
‘‘Manual on Rock Blasting.’’ Aktiebolaget Atlas Diesel, Stockholm. Dick,
Fletcher, and D’Andrea, Explosives and Blasting Procedures Manual, BuMines
Inf. Circ. 8925, 1983.

The term explosives refers to any substance or article which is able to
function by explosion (i.e., the extremely rapid release of gas and heat)
by chemical reaction within itself.

Explosive substances are commonly divided into two types: (1) high
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or detonating explosives are those which normally function by detona-
tion, in which the chemical reaction is propagated by a shock wave that
in turn is driven by the energy released; and (2) low or deflagrating
explosives, normally function by deflagration, in which the chemical
reaction is propagated by convective, conductive, and/or radiative heat
transfer. High explosives are further divided into two types: primary
explosives are those for which detonation is the only mode of reaction,
and secondary explosives may either detonate or deflagrate, depending

shipment and storage are practiced in certain operations. ANFO has a
density of 0.85 to 1.0 g/cm3 and a detonation velocity in the range of
10,000 to 14,000 ft/s (3,000 to 4,300 m/s). ANFO may also incorporate
densifying agents and other fuels such as aluminum, and it may be
blended with emulsions (see below). The density of such compositions
may run as high as 1.5 g/cm3, and the detonation rate as high as 16,000
ft/s (4,800 m/s). ANFO and other blasting agents require the use of
high-explosive primers to initiate detonation. Commonly used primers
are cartridges of ordinary dynamite or specially cast charges of 1⁄4 to
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on a variety of conditions. Low explosives are usually pyrotechnics or
propellants for guns, rockets, or explosive-actuated devices.

It is important to note the word normally. Not only can many high
explosives deflagrate rather than detonate under certain conditions, but
also some explosives which are normally considered to be ‘‘low’’ ex-
plosives can be forced to detonate. Also note that the definition of
explosive is itself somewhat elastic—the capability to react explosively
is strongly dependent on the geometry, density, particle size, confine-
ment, and initiating stimulus, as well as the chemical composition. His-
torically, immense grief has resulted from ignorance of these facts. In
normal use, the term explosive refers to those substances or articles
which have been classified as explosive by the test procedures recom-
mended by the United Nations (UN) Committee on the Transport of
Dangerous Goods.

According to the UN scheme of classification, most high explosives
are designated class 1.1 (formerly called class A), and most low explo-
sives are designated class 1.3 (formerly called class B). Explosive de-
vices of minimal hazard (formerly called class C) are designated class
1.4.

However, a very important subclass of secondary high explosives is
designated class 1.5 (formerly called blasting agents or nitrocarboni-
trates). The distinction is based primarily on sensitivity: In simplified
terms, the initiation of detonation of a class 1.5 explosive requires a
stronger stimulus than that provided by a detonator with a 0.45-g PETN
base charge which exhibits a low tendency to the deflagration-to-deto-
nation transition.

The important physical properties of high explosives include their
bulk density, detonation rate, critical and ‘‘ideal’’ diameters (or thick-
ness), ‘‘sensitivity,’’ and strength.

The detonation rate is the linear speed at which the detonation propa-
gates through the explosive, and it ranges from about 6,000 ft/s (1.8
km/s) to about 28,000 ft/s (8.4 km/s), depending on the density and
other properties of the explosive.

The critical diameter (or thickness, in the case of a sheet explosive) is
the minimum diameter or thickness at which detonation can propagate
through the material. For most class 1.1 explosives, this is between 1
and 30 mm; for class 1.5 explosives, it is usually greater than 50 mm.
This value depends to some extent on the confinement provided by the
material adjacent to the explosive. For explosives whose diameter
(thickness) is only slightly above the critical value, the detonation rate
increases with increasing diameter (thickness), finally attaining a value
for which no increase in rate is observed for further increases in dimen-
sion. The diameter or thickness at which this occurs is called the ideal
diameter or thickness.

Sensitivity and strength are two of the most misunderstood properties
of explosives, in that there is a persistent belief that each of these terms
refers to a property with a unique value. Each of these properties can be
quantitatively determined by a particular test or procedure, but there are
far more such procedures than can even be listed in this space, and there
are large deviations from correlation between the values determined by
these different tests.

Descriptions of some of the more common explosives or types of
high explosive are given below.

Ammonium nitrate–fuel oil (ANFO) blasting agents are the most widely
used type of explosive product, accounting for about 90 percent of
explosives in the United States. They usually contain 5.5 to 6 percent
fuel oil, typically no. 2 diesel fuel. If used underground, the oil content
must be carefully regulated to minimize the production of toxic fumes.
Some ANFO compositions contain aluminum or densifying agents.
Premixed ANFO is usually shipped in 50- to 100-lb bags, although bulk
⁄4 lb of military-type explosives such as composition B or pentolite. The
fficiency of ANFO lies in the method of loading, which fills the bore-
ole completely and provides good coupling with the burden.

Water-based compositions fall into two types. Water gels are gelled
olutions of ammonium nitrate containing other oxidizers, fuels, and
ensitizers such as amine nitrates or finely milled aluminum, in solution
r suspension. Emulsions are emulsions of ammonium nitrate solution
ith oil, and they may contain additional oxidizers, fuels, and sensi-

izers. These compositions are classified either as explosives or as blast-
ng agents depending on their sensitivity. Both types contain a thicken-
ng agent to prevent segregation of suspended solids. For larger
perations, mobile mixing trucks capable of high-speed mixing and
oading of the composition directly into the large-diameter vertical bore-
oles have become popular. Another advantage of this on-site mixing
nd loading is the ability to change composition and strength between
ottom and top loads. The density of the explosive-sensitized composi-
ion is usually about 1.4 g/cm3 but may be as high as 1.7 g/cm3 for the
luminum-sensitized type; detonation velocities vary from 10,000 to
7,000 ft/s (3,000 to 5,200 m/s).

Dynamite is a generic term covering a multitude of nitroglycerine-
ensitized mixtures of carbonaceous materials (wood, flour, starch) and
xygen-supplying salts such as ammonium nitrate and sodium nitrate.
he nitroglycerin contains ethylene glycol dinitrate or other nitrated com-
ounds to lower its freezing point, and antacids, such as chalk or zinc
xide, are divided into nongelatinous or granular and gelatinous types, the
atter containing nitrocellulose. All dynamites are capsensitive.

Straight dynamites are graded by the percentage of explosive oil they
ontain; this may be as low as 15 percent and as high as 60 percent. A
ypical percentage formulation for a 40 percent straight dynamite is:
itroglycerin, 40; sodium nitrate, 44; antacid, 2; carbonaceous material,
4. The rate of detonation increases with grade from 9,000 to 19,000 ft/s
2,700 to 5,800 m/s). Straight dynamites now find common use only in
itching where propagation by influence is practiced.

Ammonia dynamites differ from straight dynamites in that some of the
odium nitrate and much of the explosive oil have been replaced by
mmonium nitrate. Strength of ammonia dynamites ranges from 15 to
0 percent, each grade having the same weight strength as the corre-
ponding straight dynamite when compared in the ballistic mortar. A
ypical percentage formula for a 40 percent ammonia dynamite is: ex-
losive oil, 14; ammonium nitrate, 36; sodium nitrate, 33; antacid, 1;
arbonaceous material, 16. The rate of detonation, 4,000 to 17,000 ft/s
1,200 to 5,200 m/s), again increases with grade. Low-density, high-
eight-strength compositions are popular in many applications, but
NFO has displaced them in numerous operations.
Blasting gelatin is the strongest and highest-velocity explosive used in

ndustrial operations. It consists essentially of explosive oil (nitroglyc-
rin plus ethylene glycol dinitrate) colloided with about 7 percent nitro-
ellulose. It is completely water-resistant but has a poor fume rating and
onsequently finds only limited use.

Gelatin dynamites correspond to straight dynamites except that the
xplosive oil has been gelatinized by nitrocellulose; this results in a
ohesive mixture having improved water resistance. Under confine-
ent, the gelatins develop high velocity, ranging from 8,500 to 22,000

t/s (2,600 to 6,700 m/s) and increasing between the grades of 20 and 90
ercent. An approximate percentage composition for a 40 percent grade
s: explosive oil, 32; nitrocellulose, 0.7; sulfur, 2; sodium nitrate, 52;
ntacid, 1.5; and carbonaceous material, 11. In the common grades of
0 and 60 percent, fume characteristics are good, making these types
seful for underground hard-rock blasting.
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Ammonia gelatin dynamites are similar to the ammonia dynamites ex-
cept for their nitrocellulose content. These used to be popular in quarry-
ing and hard-rock mining. Their excellent fume characteristics make
them suitable for use underground, but again ANFO is widely used. The
rates of detonation of 7,000 to 20,000 ft/s (2,000 to 6,000 m/s) are
somewhat less than the straight gelatins. A typical percentage composi-
tion for the 40 percent grade is: gelatinized explosive oil, 21; ammo-
nium nitrate, 14; sodium nitrate, 49; with antacid and combustible
making up the remainder.

today. Typically, a granular permissible contains the following, in per-
cent: explosive oil, 9; ammonium nitrate, 65; sodium nitrate, 5; sodium
chloride, 10; carbonaceous material, 10; and antacid, 1. Gels contain
nitrocellulose for improved water resistance and more explosive oil.
Detonation velocities for the granular grades vary from 4,500 to 11,000
ft/s (1,400 to 3,400 m/s), and for the gels from 10,500 to 18,500 ft/s
(3,200 to 5,600 m/s). Many water-based permissible formulations with
comparable physical and safety properties are now marketed as well.

Liquid oxygen explosives (LOX) once saw considerable use in coal strip
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The semigels are important variants of the ammonia gels; these con-
tain less explosive oil, sodium nitrate, and nitrocellulose and more am-
monium nitrate than the corresponding grade of ammonia gel. Rates of
detonation fall in the limited range of 10,000 to 13,000 ft/s (3,000 to
4,000 m/s). These powders are cohesive and have good water resistance
and good fume characteristics.

Permissible explosives are powders especially designed for use in un-
derground coal mines, which have passed a series of tests established by
the Bureau of Mines. The most important of these tests concern incen-
divity of the explosives—their tendency to ignite methane-air or meth-
ane-coal dust-air mixtures. Permissible explosives are either granular or
gelatinous; the granular type makes up the bulk of the powders used

Table 7.1.23 Physical Characteristics of Military Explosives

Explosive Composition, %

80/20 amatol Ammonium nitrate, 80; TNT, 20
50/50 amatol Ammonium nitrate, 50; TNT, 50
Composition A (pressed) RDX, 91; wax, 9
Composition B (cast) RDX, 59.5; TNT, 39.5; wax, 1
Composition C-3 (plastic) RDX, 77; tetryl, 3; mononitrotoluene, 5; dinitroto

TNT, 4; nitrocellulose, 1
Composition C-4 (plastic) RDX, 91; dioctyl sebacate, 5.3; polyisobutylene, 2
Explosive D Ammonium picrate

HBX-1 RDX, 40; TNT, 38; aluminum, 17; desensitizer, 5
Lead azide* Lead azide

PETN Pentaerythritol tetranitrate

50/50 Pentolite PETN, 50; TNT, 50

Pieric acid Trinitrophenol

RDX (cyclonite) Cyclotrimethylene trinitramine

Tetryl Trinitrophenylmethylnitramine

75/25 Tetrytol Tetryl, 75; TNT, 25
TNT Trinitrotoluene

* Primary compound for blasting caps.
mines but have been completely displaced by ANFO or water-based
compositions. LOX consisted of bags of pressed carbon black or spe-
cially processed char that were saturated with liquid oxygen just before
loading into the borehole. The rate of detonation ranged from 12,000 to
18,000 ft/s (3,700 to 5,500 m/s).

Military explosives, originally developed for such uses as bomb, shell,
and mine loads and demolition work, have been adapted to many indus-
trial explosive applications. The more common military explosives are
listed in Table 7.1.23, with their compositions, ballistic mortar
strengths, and detonation velocities.

Amatol was used early in World War II, largely because of the short
supply of TNT. Modifications of amatol have been used as industrial

Ballistic
mortar strength Density, Rate of
(TNT 5 100) g/cm3 detonation, m/s

117 Cast 4,500
122 Cast 5,600
134 0.80 4,560

1.20 6,340
1.50 7,680

1.60 8,130

130 1.65 7,660
luene, 10; 145 1.55 8,460

.1; oil, 1.6 — 1.59 8,000
97 0.80 4,000

1.20 5,520
1.50 6,660
1.60 7,040

130 1.70 7,310
— 2.0 4,070

3.0 4,630
4.0 5,180

145 0.80 4,760
1.20 6,340
1.50 7,520
1.60 7,920

120 1.20 5,410
1.50 7,020
1.60 7,360
Cast 7,510

108 1.20 5,840
1.50 6,800
Cast 7,350

150 0.80 5,110
1.20 6,550
1.50 7,650
1.60 8,000
1.65 8,180

121 0.80 4,730
1.20 6,110
1.50 7,160
1.60 7,510

113 1.60 7,400
100 0.80 4,170

1.20 5,560
1.50 6,620
1.60 6,970
Cast 6,790
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blasting agents. Explosive D, or ammonium picrate, by virtue of its ex-
treme insensitivity, was used in explosive-filled armor-piercing shells
and bombs.

RDX, a very powerful explosive compound, was widely used during
World War II in many compositions, of which Compositions A, B, and
C were typical. Composition A was used as a shell loading; B was used as
a bomb and shaped charge filling; C, being plastic enough to allow
molding to desired shapes, was developed for demolition work. Com-

ated at a higher rate than it is dissipated. In a confined space, the explo-
sion is characterized by relatively rapid development of pressure with
the evolution of large quantities of heat and reaction products. The
condition necessary for a dust explosion to occur is the simultaneous
presence of a dust cloud of proper concentration in air or gas that will
support combustion and an ignition source.

Dust means particles of materials smaller than 0.016 in in diameter,
or those particles passing a no. 40 U.S. standard sieve, 425 mm (this
definition relates to the limiting size, not to the average particle size of
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positions that also contained aluminum powder were developed for im-
proved underwater performance (Torpex, HBX). RDX has found limited
commercial application as the base charge in some detonators, the fill-
ing for special-purpose detonating fuses or cordeau detonants, and the
explosive in small shaped charges used as oil well perforators and tap-
pers for openhearth steel furnaces.

PETN has never found wide military application because of its sensi-
tivity and relative instability. It is used extensively, however, as the core
of detonating fuses and in caps and, mixed with TNT, in boosters.

Tetryl, once widely used by the military as a booster loading and
commercially as a base charge in detonators, has been displaced by
other compositions. Tetrytol found limited application as a demolition
charge.

TNT is a very widely used military explosive. Its stability, insensitiv-
ity, convenient melting point (81°C), and relatively low cost have made
it the explosive of choice either alone or in admixture with other materi-
als for loadings which are to be cast. A free-flowing pelletized form has
found application in certain types of blasting requiring high loading
density, where it is used to fill the cavity formed in sprung holes or the
free space around the column of other explosives in the borehole.

DUST EXPLOSIONS
by Harry C. Verakis and John Nagy (Retired)
Mine Safety and Health Administration

REFERENCES: Nagy and Verakis, ‘‘Development and Control of Dust Explo-
sions,’’ Dekker. ‘‘Classification of Dusts Relative to Electrical Equipment in
Class II Hazardous Locations,’’ NMAB 353-4, National Academy of Sciences,
Washington. ‘‘Fire Protection Handbook,’’ 17th ed., National Fire Protection
Assoc. BuMines Rept. Inv. 4725, 5624, 5753, 5971, 7132, 7208, 7279, 7507.
Eckhoff, ‘‘Dust Explosions in the Process Industries,’’ Butterworth-Heinemann.

A dust explosion hazard exists where combustible dusts accumulate or
are processed, handled, or stored. The possibility of a dust explosion
may often be unrecognized because the material in bulk form presents
little or no explosion hazard. However, if the material is dispersed in the
atmosphere, the potential for a dust explosion is increased significantly.
The first well-recorded dust explosion occurred in a flour mill in Italy in
1785. Dust explosions continue to plague industry and cause serious
disasters with loss of life, injuries, and property damage. For example,
there were about 100 reportable dust explosions (excluding grain dust)
from 1970 to 1980 which caused about 25 deaths and a yearly property
loss averaging about $20 million. A complete and accurate record of the
number of dust explosions, deaths, injuries, and property damage is
unavailable because reporting of each incident is not required unless
a fatality occurs or more than five persons are seriously injured. In re-
cent years, most dust explosions have involved wood, grain, resins and
plastics, starch, and aluminum. Most of the incidents occurred during
crushing or pulverizing, buffing or grinding, conveying, and at dust
collectors.

Despite the well-recognized hazards inherent with explosible dusts,
the vast amount of technical data accumulated and published, and stan-
dards for prevention of and protection from dust explosions, severe
property damage and loss of life occur every year. As an example of the
severity of dust explosions, there was a series of explosions in four grain
elevators during December 1977, which caused 59 deaths, 47 injuries,
and nearly $60 million in property damage.

A dust explosion is the rapid combustion of a cloud of particulate
matter in a confined or partially confined space in which heat is gener-
he material); and explosible dust means a dust which, when dispersed,
s ignited by spark, flame, heated coil, or in the Godbert-Greenwald
urnace at or below 730°C, when tested in accordance with the equip-
ent and procedures described in BuMines Rept. Inv. 5624.

xplosibility Factors

mpirical methods and experimental data are the chief guides in evalu-
ting relative dust explosion hazards. A mathematical model correlating
ome of the numerous interrelated factors affecting dust explosion de-
elopment in closed vessels has been developed. Details of the model
re presented in Nagy and Verakis, ‘‘Development and Control of Dust
xplosions.’’
Dust Composition Many industrial dusts are not pure compounds.

he severity of a dust explosion varies with the chemical constitution
nd certain physical properties of the dust. High percentages of non-
ombustible material, such as mineral matter or moisture, reduce the
ase of oxidation, and oxygen requirements influence the explosibility
f dusts. Volatile, combustible components in such materials as coals,
sphalts, and pitches increase explosibility.

Dust composition also affects the amount and type of products pro-
uced in an explosion. Organic materials evolve new gaseous products,
hereas most metals form solid oxides during combustion in an air

tmosphere.
Particle Size and Surface Area Explosibility of dusts increases

ith a decrease in particle size. Fine dust particles have greater surface
rea, more readily disperse into a cloud, mix better with air, remain
onger in suspension, and oxidize more rapidly and completely than
oarse particles. Decrease of particle size generally results in lower
gnition temperature, lower igniting energy, lower minimum explosive
oncentration, and higher pressure and rates of pressure rise. Some
etals, such as chromium, become explosive only at very fine particle

izes (average particle diameter of 3 mm), and almost all metals become
yrophoric if reduced to very fine powder.

Range of Explosibility Most combustible dusts have a well-defined
ower limit, but the upper limit is usually indefinite. The upper limit has
een determined for only a few dusts, but these data have only limited
mportance in practice. The range of dust explosibility is normally 0.015
o greater than 10 oz/ft3 (10 kg/m3). The optimum concentration pro-
ucing the strongest dust explosions is about 0.5 to 1.0 oz/ft3. Table
.1.24 gives explosion characteristics for a number of dusts at a concen-
ration of 0.5 oz/ft3. A typical example of the effect of dust concentra-
ion on maximum pressure and maximum rate of pressure rise from
xplosions in closed vessels of various size and shape is shown in Figs.
.1.9 and 7.1.10.

Ignition Source Ignition sources known to have initiated dust ex-
losions in industry include electric sparks and arcs in fuses, faulty
iring, motors and other appliances, static electrical fuses, faulty wir-

ng, motors and other appliances, static electrical discharges, open
ames, frictional, or metallic sparks, glowing particles, overheated
earings and other machine parts; hot electric bulbs, overheated driers,
nd other hot surfaces; dust layers may also ignite by these sources as
ell as by spontaneous ignition. Ignition temperatures of many dust

louds are given in Table 7.1.24. Normally the ignition temperature of a
ust layer is considerably less than for a dust cloud. The position and
ntensity of the ignition source affect dust-explosion development; de-
ailed information on these factors is presented in BuMines Rept. Inv.
507.

Turbulence Turbulence has a slight effect on maximum pressure,
ut a marked effect on the rates of pressure rise for dust explosions.
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Table 7.1.24 Explosive Characteristics of Various Dusts*

Minimum Maximum Maximum Terminal
Ignition Minimum explosive explosion rate of oxygen

temperature of igniting concentration, pressure, pressure rise, concentration,
Type of dust dust cloud, °C energy, J oz/ft3 lb/in2 gage lb/(m2)(s) %†

Agricultural:
Alfalfa 530 0.320 0.105 92 2,200
Cereal grass 550 0.800 0.250 52 500
Cinnamon 440 0.030 0.060 114 3,900
Citrus peel 730 0.045 0.065 71 2,000
Cocoa 500 0.120 0.065 55 900
Coffee 720 0.160 0.085 53 300
Corn 400 0.040 0.055 95 6,000
Corncob 480 0.080 0.040 110 3,100
Corn dextrine 410 0.040 0.040 105 7,000
Cornstarch 390 0.030 0.040 115 9,000
Cotton linters 520 1.920 0.500 48 150
Cottonseed 530 0.120 0.055 96 3,000
Egg white 610 0.640 0.140 58 500
Flax shive 430 0.080 0.080 81 800
Garlic 360 0.240 0.100 80 2,600
Grain, mixed 430 0.030 0.055 115 5,500
Grass seed 490 0.260 0.290 34 400
Guar seed 500 0.060 0.040 98 2,400
Gum, Manila (copal) 360 0.030 0.030 88 5,600
Hemp hurd 440 0.035 0.040 103 10,000
Malt, brewers 400 0.035 0.055 92 4,400
Milk, skim 490 0.050 0.050 83 2,100
Pea flour 560 0.040 0.050 95 3,800
Peanut hull 460 0.050 0.045 82 4,700
Peat, sphagnum 460 0.050 0.045 84 2,200
Pecan nutshell 440 0.050 0.030 106 4,400
Pectin 410 0.035 0.075 112 8,000
Potato starch 440 0.025 0.045 97 8,000
Pyrethrum 460 0.080 0.100 82 1,500
Rauwolfia vomitoria root 420 0.045 0.055 106 7,500
Rice 440 0.050 0.050 93 2,600
Safflower 460 0.025 0.055 84 2,900
Soy flour 550 0.100 0.060 111 1,600 15
Sugar, powdered 370 0.030 0.045 91 1,700
Walnut shell, black 450 0.050 0.030 97 3,300
Wheat flour 440 0.060 0.050 104 4,400
Wheat, untreated 500 0.060 0.065 98 4,400
Wheat starch 430 0.025 0.045 100 6,500
Wheat straw 470 0.050 0.055 99 6,000
Yeast, torula 520 0.050 0.050 105 2,500

Carbonaceous:
Asphalt, resin, volatile content 57.5% 510 0.025 0.025 94 4,600
Charcoal, hardwood mix, volatile content
27.1%

530 0.020 0.140 100 1,800 18

Coal, Colo., Brookside, volatile content,
38.7%

530 0.060 0.045 88 3,200

Coal, Ill., no. 7, volatile content 48.6% 600 0.050 0.040 84 1,800 15
Coal, Ky., Breek, volatile content 40.6% 610 0.030 0.050 88 4,000
Coal, Pa., Pittsburgh, volatile content 37.0% 610 0.060 0.055 83 2,300 17
Coal, Pa., Thick Freeport, volatile content,
35.6%

595 0.060 0.060 77 2,200

Coal, W. Va., no. 2 Gas, volatile content
37.1%

600 0.060 0.060 82 1,600

Coal, Wyo., Laramie no. 3, volatile content
43.3%

575 0.050 0.050 92 2,000

Gilsonite, Utah, volatile content 86.5% 580 0.025 0.020 78 3,700
Lignite, Calif., volatile content 60.4% 450 0.030 0.030 90 8,000
Pitch, coal tar, volatile content 58.1% 710 0.020 0.035 88 6,000

Chemical compounds:
Benzoic acid, C6H5COOH 620 0.020 0.030 74 5,500
Phosphorus pentasulfide, P2S5 , slowly
cooled to give single crystals

280 0.015 0.050 54 10,0001

Phosphorus pentasulfide, P2S5 , cooled
quickly

290 0.015 0.050 58 7,500 13
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Table 7.1.24 Explosive Characteristics of Various Dusts* (Continued)

Minimum Maximum Maximum Terminal
Ignition Minimum explosive explosion rate of oxygen

temperature of igniting concentration, pressure, pressure rise, concentration,
Type of dust dust cloud, °C energy, J oz/ft3 lb/in2 gage lb/(m2)(s) %†

Chemical compounds (Continued ):
Phthalimide, C6H4(CO)2NH 630 0.050 0.030 79 4,500
Potassium bitartrate, KHC4H4O6 520
Salicylanilide, o-HOC6H4CONHC6H5 610 0.020 0.040 61 4,400
Sodium thiosulfate, anhydrous, Na2S2O3 510
Sorbic acid,
CH3(CH:CH)2 COOH

470 0.015 0.020 88 10,0001

Sucrose, C12H22O11 420 0.040 0.045 82 4,200 14
Sulfur, S8 100% finer than 44 mm 210 0.020 0.045 56 3,100
Sulfur, S8 , avg particle size 4 mm 190 0.015 0.035 78 4,700 12

Drugs:
Aspirin (acetylsalicylic acid),
o-CH3COOC6H4COOH, fine

660 0.025 0.050 83 10,0001

Mannitol (hexahydric alcohol),
CH2OH(CHOH)4CH2OH

460 0.040 0.065 82 2,800

Secobarbital sodium,
C12H17N2O3Na

520 0.960 0.100 54 500

Vitamin C, ascorbic acid,
C6H8O6

460 0.060 0.070 88 4,800 15

Explosives and related compounds:
Dinitrobenzamide 500 0.045 0.040 94 6,500
Dinitrobenzoic acid 460 0.045 0.040 92 4,300
Dinitro-sym-diphenyl-urea
(dinitrocarbanilide)

550 0.060 0.095 87 2,500

Dinitrotoluamide (3,5-dinitro-ortho-
toluamide)

500 0.015 0.050 106 10,0002 13

Metals:
Aluminum 650 0.015 0.045 100 10,0001 2
Antimony 420 1.920 0.420 8 100 16
Boron 470 0.060 0.100 90 2,400
Cadmium 570 4.000
Chromium 580 0.140 0.230 56 5,000 14
Cobalt 760
Copper 900
Iron 420 0.020 0.100 46 6,000 10
Lead 710
Magnesium 520 0.020 0.020 94 10,0001 0
Molybdenum 720
Nickel 9501
Selenium 9501
Silicon 780 0.080 0.100 106 10,0001 12
Tantalum 630 0.120 0.200 51 3,700
Tellurium 550
Thorium 270 0.005 0.075 48 3,300 0
Tin 630 0.080 0.190 37 1,300 15
Titanium 460 0.010 0.045 80 10,0001 0
Tungsten 9501
Uranium 20 0.045 0.060 53 3,400 0
Vanadium, 86% 500 0.060 0.220 48 600 13
Zinc 600 0.640 0.480 48 1,800 9
Zirconium 20 0.005 0.045 65 9,000 0

Alloys and compounds:
Aluminum-cobalt 950 0.100 0.180 78 8,500
Aluminum-copper 930 1.920 0.280 27 500
Aluminum-iron 550 0.720 0.500 21 100
Aluminum-magnesium 430 0.020 0.020 90 10,000 0
Aluminum-nickel 940 0.080 0.190 79 10,000 14
Aluminum-silicon, 12% Si 670 0.060 0.040 74 7,500
Calcium silicide 540 0.130 0.060 73 10,0001 8
Ferrochromium, high-carbon 790 2.000 19
Ferromanganese, medium-carbon 450 0.080 0.130 47 4,200
Ferrosilicon, 75% Si 860 0.400 0.420 87 3,600 16
Ferrotitanium, low-carbon 370 0.080 0.140 53 9,500 13
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Table 7.1.24 Explosive Characteristics of Various Dusts* (Continued)

Minimum Maximum Maximum Terminal
Ignition Minimum explosive explosion rate of oxygen

temperature of igniting concentration, pressure, pressure rise, concentration,
Type of dust dust cloud, °C energy, J oz/ft3 lb/in2 gage lb/(m2)(s) %†

Alloys and compounds (Continued ):
Ferrovanadium 440 0.400 1.300 17
Thorium hydride 260 0.003 0.080 60 6,500 6
Titanium hydride 440 0.060 0.070 96 10,0001 13
Uranium hydride 20 0.005 0.060 43 6,500 0
Zirconium hydride 350 0.060 0.085 69 9,000 8

Plastics:
Acetal resin
(polyformaldehyde)

440 0.020 0.035 89 4,100 11

Acrylic polymer resin
Methyl methacrylate-ethyl acrylate

480 0.010 0.030 85 6,000 11

Alkyd resin
Alkyd molding compound

500 0.120 0.155 15 150 15

Allyl resin, allyl alcohol derivative, CR-39 500 0.020 0.035 106 10,0001 13
Amino resin, urea-formaldehyde molding
compound

450 0.080 0.075 89 3,600 17

Cellulosic fillers, wood flour 430 0.020 0.035 110 5,500 17
Cellulosic resin, ethyl cellulose molding
compound

320 0.010 0.025 102 6,000 11

Chlorinated polyether resin, chlorinated
polyether alcohol

460 0.160 0.045 66 1,000

Cold-molded resin, petroleum resin 510 0.030 0.025 94 4,600
Coumarone-indene resin 520 0.010 0.015 93 10,0001 14
Epoxy resin 530 0.020 0.020 86 6,000 12
Fluorocarbon resin, fluorethylene polymer 600
Furane resin, phenol furfural 520 0.010 0.025 90 8,500 14
Ingredients, hexamethylenetetramine 410 0.010 0.015 98 10,0001 14
Miscellaneous resins, petrin acrylate
monomer

220 0.020 0.045 104 10,0001

Natural resin, rosin, DK 390 0.010 0.015 87 10,0001 14
Nylon polymer resin 500 0.020 0.030 89 7,000 13
Phenolic resin, phenol-formaldehyde
molding compound

500 0.020 0.030 92 10,0001 14

Polycarbonate resin 710 0.020 0.025 78 4,700 15
Polyester resin, polyethylene terephthalate 500 0.040 0.040 91 5,500 13
Polyethylene resin 410 0.010 0.020 83 5,000 12
Polymethylene resin,
carboxypolymethylene

520 0.640 0.115 70 5,500

Polypropylene resin 420 0.030 0.020 76 5,000
Polyurethane resin, polyurethane foam 510 0.020 0.025 88 3,700
Rayon (viscose) flock 520 0.240 0.055 88 1,700
Rubber, synthetic 320 0.030 0.030 93 3,100 15
Styrene polymer resin, polystyrene latex 500 0.020 0.020 91 7,000 13
Vinyl polymer resin, polyvinyl butyral 390 0.010 0.020 84 2,000 14

* Data taken from the following Bureau of Mines Reports of Investigations: RI 5753, ‘‘Explosibility of Agricultural Dusts’’; RI 5971, ‘‘Explosibility of Dusts Used in the Plastics Industry’’; RI
6516, ‘‘Explosibility of Metal Powders’’; RI 7132, ‘‘Dust Explosibility of Chemicals, Drugs, Dyes and Pesticides’’; RI 7208, ‘‘Explosibility of Miscellaneous Dusts.’’ The data were obtained using
the equipment described in RI 5624, ‘‘Laboratory Equipment and Test Procedures for Evaluating Explosibility of Dusts.’’

† The terminal oxygen concentration is the limiting oxygen concentration in air-CO2 atmosphere required to prevent ignition of dust clouds by electric spark.

Experiments show the maximum rate of pressure rise in a highly turbu-
lent dust-air mixture can be as much as 8 times higher than in a nontur-
bulent mixture (BuMines Repts. Inv. 5815 and 7507 and Nagy and Ver-
akis).

Moisture and Other Inerts Moisture in a dust absorbs heat and
tends to reduce the explosibility of a dust. A high concentration of
moisture in the dust also tends to reduce the dispersibility of a dust. An
increase in moisture content causes an increase in ignition temperature
and a reduction in maximum pressure and rates of pressure rise. How-

Atmospheric Oxygen Concentration The pressure and rate of pres-
sure development decrease as the oxygen concentration in the atmo-
sphere decreases. The ignition sensitivity of dusts decreases with de-
crease in oxygen concentration and for most dusts, ignition and
explosion can be prevented by reducing the oxygen concentration to a
safe value. Carbon dioxide, nitrogen, argon, helium, and water vapor
are effective diluents. For highly reactive metal powders, only argon
and helium are chemically inert. Limiting oxygen concentrations using
carbon dioxide as a diluent are given in Table 7.1.24 for many dusts.
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ever, the amount of moisture required to produce a marked lowering of
the explosibility parameters is higher than can ordinarily be tolerated in
industrial processes. Most mineral inert dusts admixed with a combusti-
ble absorb heat during the combustion reaction and reduce explosibility
similar to the action of water. Some chemical compounds, such as so-
dium and potassium carbonates, act as inhibitors and are more effective
than mineral inerts; the limiting inert dust concentration required to
prevent ignition and explosion depends on the strength of the igniting
source.
With carbon dioxide as a diluent, a reduction of oxygen in the atmo-
sphere to 11 percent is sufficient to prevent ignition by sparks for all
dusts tested except the metallic powders. With nitrogen as the diluent,
ignition of nonmetallic dusts is prevented by diluting the atmosphere to
8 percent oxygen. Some metal dusts, such as magnesium, titanium, and
zirconium, ignite by spark in a pure carbon dioxide atmosphere. Freon
and halons are sometimes used as diluent gases, but if metal dusts are
involved, they can intensify rather than suppress ignition. The limiting
oxygen concentration decreases as the dust becomes finer in particle
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Ignition Temperature The ignition temperature of a dust cloud was
determined by dispersing dust through a heated cylindrical furnace. The
ignition temperature is the minimum furnace temperature at which
flame appears at the bottom of the furnace in one or more trials in a
group of four.

Minimum Energy The minimum electrical spark energy required
to ignite a dust cloud was determined by dispersing the dust in a verti-
cally mounted, 23⁄4-in-diameter, 12-in-long tube. The dust is dispersed
by an air blast and then a condenser of known capacitance and voltage
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Fig. 7.1.9 Effect of dust concentration on maximum pressure produced by ex-
plosions of cellulose acetate dust in closed vessels.

size; limiting oxygen concentration varies slightly with dust concentra-
tion and is lowest at concentrations two to five times the stoichiometric
mixture.

Relative Dust Explosion Hazards

Table 7.1.24 gives test results of selected dusts whose explosive charac-
teristics have been evaluated in the laboratory by the Bureau of Mines.
The data were obtained for dusts passing a no. 200 sieve and represent
the most hazardous of the specific materials tested. The values are rela-
tive rather than absolute since the test apparatus and experimental pro-
cedures affect the results to some degree. The samples were dried before
testing only if the moisture content exceeded 5 percent. Detailed de-
scription of the equipment and procedures for the small-scale testing are
given in BuMines Rept. Inv. 5624.

Fig. 7.1.10 Effect of dust concentration on maximum rate of pressure rise by
explosions of cellulose acetate dust in closed vessels.
is discharged through a spark gap located within the dust dispersion.
The top of the tube is enclosed with a paper diaphragm. The min-
imum energy for ignition of the dust cloud is the least amount of en-
ergy required to produce flame propagation 4 in or longer in the
tube.

Minimum Concentration The minimum explosive concentration or
the lower explosive limit of a dust cloud was determined in a vertically
mounted, 23⁄4-in diameter, 12-in-long tube using a continuous spark-
igniting source. A known weight of dust was dispersed within the tube
by an air blast. The lowest weight of dust at which sufficient pressure
develops to burst a paper diaphragm enclosing the tube or which causes
flame to fill the tube is used to calculate the minimum explosive con-
centration; this calculation is made utilizing the tube volume.

Maximum Pressure and Rates of Pressure Rise The maximum
pressure and rates of pressure rise developed by a dust explosion were
determined by dispersing dust in a closed steel tube. A continuous spark
is used for ignition. A transcribed pressure-time record is obtained dur-
ing the test. The maximum rate is the steepest slope of the pressure-time
curve. Normally, explosion tests are made at dust concentrations of 0.10
to 2.0 oz/ft3. Maximum pressure is primarily dependent on dust compo-
sition and independent of vessel size and shape. The maximum rate of
pressure rise increases as vessel size decreases.

Explosibility Index The overall explosion hazard of a dust is related
to the ignition sensitivity and to explosion severity and is characterized
by empirical indexes. The ignition sensitivity of a dust cloud depends on
the ignition temperature, minimum energy, and minimum concentra-
tion. The explosion severity of a dust depends on the maximum pressure
and maximum rate of pressure rise. The indexes are not derived from
theoretical considerations, but provide a numerical rating consistent
with research observations and practical experience. Results obtained
for a sample dust are compared with values for a standard Pittsburgh-
seam coal dust. The indexes are defined as follows:

Ignition sensitivity 5

(ign temp 3 min energy 3 min conc) Pittsburgh coal dust

(ign temp 3 min energy 3 min conc) sample dust

Explosion severity 5

(max explosive pressure
3 max rate of pressure rise) sample dust

(max explosive pressure
3 max rate of pressure rise) Pittsburgh coal dust

Explosibility index 5 ignition sensitivity 3 explosion severity

A dust having ignition and explosion characteristics equivalent to the
standard Pittsburgh-seam coal has an explosibility index of unity. The
relative hazard of dusts is further classified by the following adjective
ratings: fire, weak, moderate, strong, or severe. The notation ,, 0.1
designates a combustible dust presenting primarily a fire hazard as igni-
tion of the dust cloud is not obtained by a spark or flame source, but
only by an intense, heated surface source. These ratings are correlated
with the empirical indexes as follows:

Type of Ignition Explosion Index of
explosion sensitivity severity explosibility

Fire , 0.1
Weak , 0.2 , 0.5 , 0.1
Moderate 0.2–1.0 0.50–1.0 0.1–1.0
Strong 1.0–5.0 1.0–2.0 1.0–10
Severe . 5.0 . 2.0 . 10
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Prevention of Dust Explosions
(See also Sec. 12.1)

There are codes published by the National Fire Protection Association
which contain recommendations for a number of dust-producing indus-
tries.

Additional sources of information may be found in the NFPA ‘‘Fire
Protection Handbook,’’ the Factory Mutual ‘‘Handbook of Industrial
Loss Prevention,’’ BuMines Rept. Inv. 6543, Nagy and Verakis, and
Eckhoff.

nel from dust explosions, dust collectors and other equipment and the
rooms in which dust-producing machinery is located should be provided
with relief vents. Relief vents properly designed and located will suffi-
ciently relieve explosion pressures in most instances and direct explo-
sion gases away from occupied areas. The vents may be unrestricted or
free openings; hinged or pivoted sash that swing outward at a low
internal pressure; fixed sash with light wall anchorages; scored glass
panes; light wall panels; monitors or skylights; paper, metal foil, or
other diaphragms that burst at low pressures; poppet-type vent closures;

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Safeguards against explosions include, but are not limited to the fol-
lowing:

Good housekeeping: An excellent means to minimize the potential for
and extent of an explosion is good housekeeping. Control of dust spil-
lage or leakage and elimination of dust accumulations removes the fuel
required for an explosion.

Limited personnel: Wherever a hazardous operation must be per-
formed, the number of persons should be limited to the minimum re-
quired for safe operation.

Elimination of Ignition Sources All sources of ignition should be
eliminated from equipment containing combustible dust and from adja-
cent areas. Open flames or lights and smoking should be prohibited. The
use of electric or gas cutting and welding equipment for repairs should
be avoided unless dust-producing machinery is shut down and all dust
has been removed from the machines and from their vicinity. Proper
control methods should be instituted for materials susceptible to sponta-
neous combustion. Additional safety measures to follow are ground and
bonding of all equipment to prevent the accumulation of static electrical
charges; strict adherence to the National Electric Code when installing
electrical equipment and wiring in hazardous locations; use of magnetic
separators to prevent entrance of ferrous materials into dust-grinding
mills; use of nonferrous blades in fans through which dust passes; and
avoidance of spark-producing tools in certain industries and of high-
speed shafting and belts. Safeguards against ignition by lightning
should also be considered. (See also NFPA no. 77, Static Electricity and
NFPA no. 78, Lightning Protection.)

Building and Equipment Construction Buildings should be con-
structed to minimize the collection of dust on beams, ledges, and other
surfaces, particularly overhead. Vacuum cleaning is preferable to other
methods for dust removal, but soft push brooms may be used without
serious hazard. Buildings, including inside partitions, where combusti-
ble dusts are handled or stored should be detached units of incombusti-
ble construction. Hazardous units within buildings should be separated
by substantial fire walls.

Grinders, conveyors, elevators, collectors, and other equipment
which may produce dust clouds should be as dust-tight as possible; they
should have the smallest practical interior volume and should be con-
structed to withstand dust explosion pressures. The degree of turbulence
within and around an enclosure should be kept to a minimum to prevent
dust from being suspended.

Dust collectors should preferably be located outside of buildings or
detached rooms and near the dust source. The choice of a suitable dust
collector depends on the particle size, dryness, explosibility, dust con-
centration, gas velocity and temperature, efficiency and space require-
ments, and economic considerations. (See also Secs. 9 and 18.)

Inerted Atmosphere Equipment such as grinders, conveyors, pul-
verizers, mixers, dust collectors, and sacking machines can frequently
be protected by using an inerted atmosphere or explosion suppression
systems. The inert gas for this purpose may be obtained by dilution of
air with flue gases from boilers, internal-combustion engines, or other
sources, or by dilution with carbon dioxide, nitrogen, helium from high-
pressure cylinders, or gas from inert-gas generators. The amount and
rate of application of inert gas required depend upon the permissible
oxygen concentration, leakage loss, atmospheric and operating condi-
tions, equipment to be protected, and application method. Addition of
inert dusts to the combustible dust may also prevent explosive dust-air
mixtures from forming in and around equipment. (See NFPA no. 69,
Explosion Prevention Systems.)

Relief Venting To reduce structural damage and to protect person-
pullout diaphragms; or other similar arrangements. Vents should be
located near potential sources of ignition to keep explosion pressure at a
minimum and to prevent a dust explosion from developing into a deto-
nation in long ducts.

Empirical formulas and mathematical methods for calculating the
vent area to limit pressure from an explosion have been developed.
Unfortunately, because of the many factors involved in determining
venting requirements, none of these methods can be considered entirely
satisfactory to cover the complete range of situations confronting an
equipment or building designer. For example, the maximum pressure
that can develop in a vented enclosure during a dust explosion is af-
fected by factors such as the chemical affinity of the combustible mate-
rial with oxygen, heat of combustion, particle size distribution, degree
of turbulence, uniformity of the dust cloud, size and energy of the
igniting source, location of the igniting source relative to the vent, area
of the vent opening, bursting strength or inertial resistance of the vent
closure, initial pressure and initial temperature within an enclosure, and
the oxygen concentration of the atmosphere. Because of the complexity
of the phenomena during explosion in a vented vessel, information on
the required vent area to limit the excess or explosion pressure to be a
safe value for a given vessel or structure under specific conditions is still
estimated from data obtained by physical tests usually made under se-
vere test conditions. Extremely reactive dusts such as magnesium and
aluminum are difficult or nearly impossible to vent successfully if an
explosion occurs under optimum conditions. Agricultural dusts, most
plastic-type dusts, and other metallic dusts can usually be vented suc-
cessfully. Materials containing oxygen or a mixture with an oxidant
should be subjected to tests before venting is attempted. Information
and recommendations on venting are given in NFPA no. 68, ‘‘Guide for
Venting of Deflagrations’’ (1994). A mathematical analysis showing
the relationship of numerous factors affecting the venting of explosions
is presented in ‘‘Development and Control of Dust Explosions’’ (Nagy
and Verakis, Dekker).

Information published by others shows that higher values of maxi-
mum pressures and rates of pressure rise are normally obtained in ves-
sels larger and differently shaped than the Hartmann apparatus de-
scribed in BuMines RI 5624. Data on maximum pressures and rates
obtained from the Hartmann apparatus are shown in Table 7.1.24. A
comparison of test data from the Hartmann apparatus and a 1-m3 vessel
is shown in ‘‘Development and Control of Dust Explosions.’’ NFPA no.
68, ‘‘Guide for Venting of Deflagrations’’ (1994), recommends using
the rate of pressure rise data obtained from closed vessels, 1-m3 or
larger, in venting calculations.

Combating Dust Fires

The following points should be observed when one is dealing with dust
fires, in addition to the usual recommendations for fire prevention and
firefighting, including sprinkler protection (see also Secs. 12 and 18).

1. Attention should be directed to the potential hazard of spontane-
ous heating of dust products, particularly when grinding or pulverizing
processes are used.

2. First-aid and firefighting equipment should be installed. Small
hoses with spray nozzles or automatic sprinkler systems fitted with
spray or fog nozzles are particularly satisfactory. The fine spray wets
the dust and is not so likely to raise a dust cloud as with a solid stream.
Portable extinguishers used to combat dust fires should be provided
with similar devices for safe discharge.

3. Large hose of fire department size giving solid water streams
should be used with caution; a dust cloud may be formed with conse-
quent risk of explosion. Plant employees and the fire department should
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be advised of this potential hazard in advance. Hose equipped with
spray or fog nozzles should be provided and kept ready for an emer-
gency.

4. Fires involving aluminum, magnesium, or some other metal
powders are difficult to extinguish. Sand, talc, or other dry inert materi-
als, and special proprietary powders designed for this purpose should be
used. These materials should be applied gently to smother the fire.
Materials such as hard pitch can completely seal the dust from oxygen
and may be used. (See NFPA Code nos. 48, 65, and 651.)

the rocket motor will be in service. It is, in general, less expensive to
make a number of rocket motors at a time and then store them, than to
make the same number in several small lots over a period of time with
the accordingly increased start-up and shutdown costs. A very short
service life leads to heightened costs for repetitive shipping to and from
storage, as well as rework and replacement of overaged units. There is
yet another hidden cost of a very short service life: the risk that an
overaged unit will be inadvertently used with potentially catastrophic
results.
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ROCKET FUELS
by Randolph T. Johnson
Indian Head Division, Naval Surface Warfare Center

REFERENCES: Billig, Tactical Missile Design Concepts, Johns Hopkins Applied
Physics Laboratory, Technical Digest, 1983, 4, no. 3. Roth and Capener, Propel-
lants, Solid, ‘‘Encyclopedia of Explosives and Related Items,’’ Kave, ed., PATR
2700, vol. 8, U.S. Army Armament Research and Development Command, Dover,
NJ, 1978. ‘‘Solid Propellant Selection and Characterization,’’ NASA Design Cri-
teria Guide, NASA SP 8064, 1971.

Until the development of the solid-fueled Polaris missile in the late
1950s and early 1960s, rocket motors tended to be divided into two
distinct categories: rocket motors greater than 3 ft in diameter were
liquid-fueled, while smaller rocket motors were solid-fueled. Since that
time, a number of quite large rocket motors have been developed which
use solid fuel; these include the Minuteman series and, most recently,
the solid rocket boosters used on the space shuttle, each of which has
over 1,000,000 lb of propellant. There are exceptions to the rule in the
other direction, too; e.g., the air-launched Bullpup rocket motor started
out as a liquid-fueled unit, changed to a solid fuel, then back to a liquid
fuel.

Design Criteria

Before selecting the proper propellant system for a given rocket motor,
the designer must consider the parameters by which the design is con-
strained. The following criteria generally need to be considered when
choosing the propellant(s) for a given rocket motor:

Envelope Constraints The designer must consider the volume,
mass and shape limits within which the rocket motor is constrained. For
example, an air-launched rocket may be limited by the carrying capacity
of the aircraft, the size of the launcher, and the size of the payload.

Performance Requirements In general, the requirements imposed
on a rocket motor are expressed as the minimum required and/or the
maximum allowed to complete the mission and the maximum allowed
to prevent damage to the payload, launcher, etc. Such parameters in-
clude velocity, range, burn time, and acceleration.

Environmental Conditions The environments seen by various
rocket motors differ dramatically, depending on the intended use. For
example, a submarine-launched strategic missile lives a pampered life
in near ideal conditions while a field-launched barrage rocket or an
air-launched missile see near worse-case environments. Some of the
parameters to consider in the choice of propellants include temperature
limits of storage and operation, vibration and shock spectra to be expe-
rienced and survived, and the moisture and corrosion environments the
rocket motor (and possibly the propellant) may be expected to en-
counter. It may be possible to reduce the effects of these environments
on the propellant by rocket motor design, but the propellant chemist and
the rocket motor designer must be willing to work together to come up
with a viable combination.

Safety Requirements Safety considerations include toxic and ex-
plosion hazards in the manufacture of the rocket motor and in servicing,
handling, and use. The use of the rocket must be considered in the safety
margin built into its design. If it is to be used in a ‘‘human-rated’’
system, such as an ejection seat, it must be of more conservative design
than if it were to be used in a barrage rocket, for instance.

Service Life The designer must consider the duration over which
Maintenance The availability of maintenance will affect the choice
of propellants for the given unit. The unit with readily available mainte-
nance facilities will have far less severe constraints than the unit which
must function after years of storage and/or far from the reach of service
facilities.

Smokiness The choice of propellants must be influenced by
whether or not the mission will allow the use of a propellant which
leaves a smoky trail. Propellants containing a metal fuel, as well as
certain other ingredients, leave a large smoky trail which reveals the
location of the launch point. This is particularly undesirable in tactical
rocket systems for it leaves the user revealed to the enemy. The smoke
from metal fuels is termed primary smoke as it is a product of the
primary combustion, secondary smoke comes from the reaction of pro-
pellant combustion products with the atmosphere, such as the reaction
of hydrogen chloride with moisture in the air to leave a hydrochloric
acid cloud, or water vapor condensing in cold air to leave a contrail.

Cost The cost of a rocket motor must be divided into a number of
categories including design, test, ingredients, processing, components,
surveillance, maintenance, rework, and disposal. The hidden cost of
nonfunction (reliability) should also be factored into the equation.

Liquid Propellants versus Solid Propellants

The first choice to be made in the selection of propellants is whether to
use a liquid or a solid propellant. Each of these comes with its own set of
advantages and disadvantages which must be weighed in the selection
process.

Liquid propellants offer the possibility of extremely high impulse per
unit weight of propellant. The thrust of a liquid-propellant rocket motor
may be easily modulated by controlling the flow rate of the propellant
into the combustion chamber.

Liquid propellants, however, tend to be of low density, which leads to
large packages for a given total energy. Most liquid propellants have a
very limited usable temperature range because of freezing or vaporiza-
tion. Because they require the use of valves, pipes, pumps, and the like,
liquid-propellant rocket motors are relatively complex and require a
high level of maintenance.

The use of liquid rocket propellants is predominant in older strategic
rocket motors, such as Titan, and in space flight, such as the space
shuttle main engines and attitude-control motors.

Solid propellants offer the possibility of use over a wide range of
environmental conditions. They offer a significantly higher density than
liquid propellants. Solid-propellant rocket motors are much simpler
than liquid rocket motors, as the propellant grain forms at least one wall
of the combustion chamber. This simplicity of design leads to low
maintenance and high reliability. Safety is somewhat higher than with
liquid propellants, for there are no volatile and hazardous liquids to spill
during handling and storage.

Solid propellants, however, do not attain the impulse levels of the
more energetic liquid propellants. Furthermore, once ignited, the thrust-
time profile will be as dictated by the propellant surface history and
propellant burn rate for the nozzle given; this profile is not easily al-
tered, unlike that of a liquid-propellant rocket motor suitably equipped.

Solid-propellant rocket motors are now used in every size from small
thrusters on the Dragon antitank round to the boosters on the space
shuttle. They are used when a preprogrammed thrust-time history is
appropriate.

Liquid Propellants Once the decision has been made to use liquid
propellant, the designer is confronted with the decision of whether to
use a monopropellant or a bipropellant system.
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A monopropellant is a fuel which requires no separate oxidizer, but
provides its propulsive energy through its own decomposition. The ad-
vantage of a monopropellant is the inherent simplicity of having only
one liquid to supply to the combustion chamber. The principal disad-
vantage of the commonly used monopropellants is their very low im-
pulse compared to most bipropellant or solid-propellant systems. Two
of the more commonly used monopropellants are ethylene oxide and
hydrogen peroxide.

Bipropellant systems use two liquids, an oxidizer and a fuel, which are

also allows the interior ballistician a free hand in configuring the pro-
pellant surface to obtain optimal ballistics. Since the propellant grain is
held in the motor case mechanically, it is a simple matter to remove the
propellant at the end of its service life and reuse the motor case and
associated hardware.

The cartridge-loaded propellant grain must be inhibited in a separate
operation, as opposed to the case-bonded grain. The free-standing grain
must be supported so that it is not damaged by vibration and shock;
correspondingly, the propellant must have substantial strength of its
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merged and burned in a combustion chamber. There is a much wider
selection of fuel constituents for bipropellant systems than for mono-
propellant systems. Bipropellants offer much higher impulse values
than do the monopropellants, and higher than those available with solid
propellants. The primary disadvantage of bipropellant systems is the
need for a far more complex piping and metering system than is re-
quired for monopropellants.

Bipropellants may be subdivided further into two categories, hyper-
golic (in which the two constituents ignite on contact) and nonhyper-
golic. Hypergolic systems eliminate the need for a separate igniter, thus
decreasing system complexity; however, this increases the fire hazard if
the fuel system should leak.

When cryogenic liquids such as liquid hydrogen and liquid oxygen are
used, the problems of storage become of major significance. A signifi-
cant penalty in weight and complexity must be paid to store these liq-
uids and hold them at temperature. Furthermore, these liquids charge a
significant penalty, because their very low density enlarges the packag-
ing requirements even more. This penalty is in the parasitic weight of
the packaging and the increased drag induced by the increased skin area.
These problems have limited the use of these propellants to systems
where immediate response is not required, such as space launches, as
opposed to strategic or tactical systems.

Fuels for bipropellant systems include methyl alcohol, ethyl alcohol,
aniline, turpentine, unsymmetrical dimethylhydrazine (UDMH), hydra-
zine, JP-4, kerosene, hydrogen, and ammonia. Oxidizers for bipropellant
systems include nitric acid, hydrogen peroxide, oxygen, fluorine, and
nitrogen tetroxide. In some cases, mixtures of these will yield superior
properties to either ingredient used alone; e.g., 50 : 50 mixture of
UDMH with hydrazine is sometimes used in lieu of either alone.

Solid Propellants Once the decision has been made to use a solid
propellant, one must decide between a case-bonded and cartridge-
loaded propellant grain. The decision then must be made among com-
posite, double-base, and composite modified double-base propellants.

Case-Bonded versus Cartridge-Loaded Case bonding refers to the
technique by which the propellant grain is mechanically (adhesively)
linked to the motor case. Cartridge-loaded propellant grains are retained
in the motor case by purely mechanical means.

Case bonding takes advantage of the strength of the motor case to
support the propellant grain radially and longitudinally; this permits the
use of low-modulus propellants. This technique also yields high volu-
metric efficiency.

Since the propellant-to-case bond effectively inhibits the outer sur-
face of the propellant, the quality of this bond becomes critical to the
proper function of the rocket motor. This outer inhibition also tends to
limit the potential propellant grain surface configurations, thus limiting
the interior ballistician’s leeway in tailoring the rocket motor ballistics.
Since the propellant grain is bonded to the motor case, the grain must be
cast into the motor case or secondarily bonded to it. The former method
leads to reduced flexibility in scheduling motor manufacture. The sec-
ond technique can lead to quality control problems if a bare, uninhibited
grain is bonded to the motor case, or to a loss in volumetric loading
efficiency if a bare grain is inhibited or cast into a premolded form that
is bonded to the motor case. Bonding the propellant grain to the motor
case also makes it difficult to dispose of the rock motor when it reaches
the end of its service life, especially in regard to making the motor case
suitable for reuse.

Cartridge loading of the propellant grain offers flexibility of manu-
facture of the rocket motor, as the motor-case manufacture and propel-
lant-grain manufacture may be pursued independently. This technique
own to withstand the rigors of the support system and the vibrations and
shocks that filter through the system. The presence of the mechanical
support system and the inhibitor, and the space required to slide the
propellant grain into the motor case, prevent the cartridge-loaded pro-
pellant grain from having the volumetric loading efficiency of a case
bonded propellant grain.

Composite versus Double-Base versus Composite Modified
Double-Base Composite propellants consist primarily of a binder ma-
terial such as polybutadiene (artificial rubber) and finely ground solid
fuels (such as aluminum) and oxidizers (such as ammonium perchlo-
rate). Double-base propellants consist primarily of stabilized nitrocellu-
lose and nitroglycerine. Composite modified double-base propellants
use a double-base propellant for a binder, with the solid fillers com-
monly found in composite propellants.

Composite propellants offer moderately high impulse levels and
widely tailorable physical properties. They may be designed to function
over a wide range of temperatures and, depending upon the fillers, have
high ignition temperatures and consequently very favorable safety fea-
tures.

Composite propellants at the present time are limited to cast applica-
tions. The binders are petroleum-based, and subject to the vagaries of
oil availability and price. Many of the formulations for their binders
contain toxic ingredients as well as ingredients which are sensitive to
moisture. The water sensitivity carries over to the filler materials which
tend to dissolve or agglomerate in the presence of moisture in the air.
Composite propellants also are notoriously difficult to adequately in-
hibit once the propellant has fully cured.

Historically, a number of binder materials have been used in the
manufacture of composite propellants. Among these are asphalt,
polysulfides, polystyrene-polyester, and polyurethanes. Propellants of
recent development have been predominantly products of the polybuta-
diene family: carboxy-terminated polybutadiene (CTPB), hydroxy-
terminated polybutadiene (HTPB), and carboxy-terminated polybuta-
diene-acrylonitrile (CTBN). It should be pointed out that the binder
material also serves as a fuel, so a satisfactory propellant for many
purposes may be manufactured without a separate fuel added to it.
While the addition of metallic fuels to the propellant significantly in-
creases the energy of the propellant, it also produces primary smoke in
the form of metal oxides. The most commonly added metal is alumi-
num, but magnesium, beryllium, and other metals have been tried. The
most commonly used oxidizer (which makes up the preponderance of
the weight of the propellant) is ammonium perchlorate. Other oxidizers
which have been used include ammonium nitrate, potassium nitrate, and
potassium perchlorate.

Double-base propellants have been used in guns since Alfred Nobel’s
discovery of ballistite in the nineteenth century. Their first significant
use in rocketry came during World War II in barrage rockets. All our
modern double-base propellants are descended from JPN, of World War
II vintage. These propellants may be cast or extruded, use relatively
nontoxic ingredients which are relatively insensitive to water, do not
use petroleum derivatives to any appreciable extent, and are easily in-
hibited by solvent bonding an inert material to the surface of the propel-
lant. It is possible to attain very low temperature coefficients of burn
rate with these propellants; it is also possible to attain a double-base
propellant which declines in burn rate with pressure over a portion of its
usable pressure range, as opposed to the more usual monotonic increase
in burn rate. This ‘‘mesa’’ burning, as it is called, allows the interior
ballistician to more easily stabilize the pressure and thrust of the rocket
motor.
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Double-base propellants tend to have low to moderate impulse levels
and are limited in temperature range not only by a high glass transition
temperature, but also by their tendency to soften, liberate nitroglycerine,
and decompose at higher temperatures. These propellants tend to auto-
ignite at low temperatures and tend to be explosive hazards. Their phys-
ical properties are essentially fixed by the properties of nitrocellulose
and are not easily tailored to changing requirements.

Double-base propellants contain nitrocellulose of various nitration
levels (usually 12.6 percent nitrogen), nitroglycerine, and a stabilizer.

the amount and areas in which the propellant grain is inhibited. This
surface area tends to change in configuration as the propellant burns.
The propellant grain designer must evolve a grain configuration which
yields the desired pressure-time and thrust-time history. Most often, the
objective in grain design is to achieve a neutral to slightly regressive
(constant to slightly decreasing) thrust-time history.

In some cases (as where a high-thrust phase is to be followed by a
low- to moderate-thrust phase), it is necessary to develop a grain or
grains with varying geometries and/or varying burn rates to achieve the

C
C.
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Various inert plasticizers are added to modify either the flame tempera-
ture or the physical properties of the propellant.

Composite modified double-base propellants offer the highest energy
levels presently available with solid propellants. This energy comes at
an extremely high price, however: the storage and operating tempera-
ture limits only differ from minimum to maximum by about 20°F. These
propellants are also extremely shock-sensitive and have very low auto-
ignition temperatures. They are limited in use to systems such as sub-
marine-launched ballistic missiles, where the temperature and vibration
conditions are closely controlled. Classically, these compositions have
contained nitrocellulose, nitroglycerine, aluminum, ammonium per-
chlorate, and the explosive HMX, which serves both as an oxidizer and
gas-producing additive.

Propellant Properties and Interior Ballistics

The thrust and pressure profiles of a rocket motor must be controlled in
order to meet the design criteria noted earlier. With liquid and solid
propellants, the nominal controls differ dramatically, but in the elimina-
tion of spurious pulses and the control of nozzle erosion, the two types
of propellant are more similar than different.

Pressure and Thrust Control In design of a liquid-propellant rocket
motor, the prime considerations are properly sizing the combustor and
nozzle and metering the propellant flow to attain the desired thrust. If
variations in thrust are desired, these may be carried out either through
preprogramming the flow by orifice size or by pump pressure; similarly,
the flow may be varied on command by the operator.

The situation with a solid rocket motor is less clear-cut. The rate of
gas generation inside the rocket motor is controlled by the burn rate
of the propellant and the amount of burn surface available.

The burn rate of the propellant may be varied by the addition of
various chemical catalysts; iron compounds are sometimes added to
composite propellants and lead compounds to double-base propellants
in order to speed burning. Coolants such as oxamide are added to com-
posite propellants and inert plasticizers are added to double-base pro-
pellants to slow burn rates. The burn rate of composite propellants may
be changed by changing oxidizers or by modifying the size distribution
of the oxidizer. In efforts to achieve ultra-high burn rates, silver or
aluminum wires have been added to propellants to increase heat con-
duction and so speed burning.

The surface area of a propellant grain is controlled by its shape and by
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desired thrust-time profile. These results may require such techniques as
using tandem or coaxial grains with different geometries and/or differ-
ent burn rates and perhaps different propellants.

The pressure within the combustion chamber depends not only on the
rate of combustion, but also on the size of the nozzle throat. Throat size
tends to decrease with heating, but the surface tends to wear away with
the hot gases and embedded particles eroding material from the surface
of the throat and nozzle exit cone. In some cases, this loss of material
may serve to assist the interior ballistician in the quest for the ideal
thrust-time profile.

Combustion Instability Rocket motors are sometimes given to sud-
den, erratic pressure excursions for a number of reasons. Liquid-propel-
lant fuel may surge; solid propellant grains may crack; material may be
ejected from the motor and temporarily block the nozzle. Sometimes
these excursions cannot be explained by any of the above possibilities,
but will be attributed to ‘‘unstable combustion.’’ The causes of unstable
or ‘‘resonant’’ combustion are still under investigation.

A number of techniques have been developed to reduce or eliminate
the pressure excursions brought on by unstable combustion, but there is,
as yet, no panacea.

Nozzle Erosion As the propellant gases pass out of the rocket motor
through the nozzle, their heat is partially transferred to the nozzle. The
heated nozzle material softens and tends to be eroded by the mechanical
and chemical action of the propellant gases. The degree of erosion is
heightened when a metal fuel is added to the propellant gases, particu-
late matter is contained in the gases, the gases are corrosive, or the
propellant gases are oxidizing.

One technique widely used in reducing nozzle erosion is to add cool-
ant to the propellant formulation. Ablatives are sometimes added to the
nozzle or chamber ahead of the nozzle throat; gases generated by the
ablating material form a boundary layer to protect the nozzle from
the hot propellant gases in the core flow. In liquid propellant rockets, the
fuel (where stability permits) may be used as a coolant fluid. Nozzle
inserts are probably the most commonly used technique to limit nozzle
erosion. The nozzle shell is usually made of aluminum or steel when
inserts are used and the nozzle throat is made of heat-resistant material.
For a small amount of permissible erosion, carbon inserts are used;
when no erosion is acceptable, tungsten or molybdenum inserts are
used.
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Carbonization of coal, or the breaking down of its constituent sub-
stances by heat in the absence of air, is carried on for the production of
coke for metallurgical, gas-making, and general fuel purposes; and gas
of industrial and public-utility use. Coal chemicals recovered in this
country include tar from which are produced crude chemicals and mate-
rials for creosoting, road paving, roofing, and waterproofing; light oils,
mostly benzene and its homologues, used for motor fuels and chemical
synthesis; ammonia, usually as ammonium sulfate, used mostly for fer-
tilizer; to a lesser extent, tar acids (phenol), tar bases (pyridine), and

valuable products are fuel gas with a heating value of 550 Btu/ft3

(20,500 kJ/m3); tar and light oils that contain benzene, toluene, xylene,
and naphthalene; ammonia; phenols; etc.

The requirements for foundry coke are somewhat different from those
for blast-furnace coke. Chemically, in the cupola the only function of
the coke is to furnish heat to melt the iron, whereas in the blast furnace
the function is twofold: to supply carbon monoxide for reducing the ore
and to supply heat to melt the iron. Foundry coke should be of large size
(more than 3 in or 75 mm) and strong enough to prevent excessive

As-
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various other chemicals. Developments in new designs, pollution con-
trol equipment, and the production of formed coke are discussed.

Gas making, as treated here, includes gas from coal carbonization,
gasification of solid carbonaceous feedstocks via fixed and fluid-bed
units, gasification in suspension or entrainment, and gasification of liq-
uid hydrocarbons.

CARBONIZATION OF COAL

Coke is the infusible, cellular, coherent, solid material obtained from the
thermal processing of coal, pitch, and petroleum residues, and from
some other carbonaceous materials, such as the residue from destructive
distillation. This residue has a characteristic structure resulting from the
decomposition and polymerization of a fused or semiliquid mass. Spe-
cific varieties of coke, other than those from coal, are distinguished by
prefixing a qualifying word to indicate their source, such as ‘‘petroleum
coke’’ and ‘‘pitch coke.’’ A prefix may also be used to indicate the
process by which coke is manufactured, e.g., ‘‘coke from coal,’’ ‘‘slot
oven coke,’’ ‘‘beehive coke,’’ ‘‘gashouse coke,’’ and ‘‘formcoke.’’ See
Table 7.2.1.

High-temperature coke, for blast-furnace or foundry use, is the most
common form in the United States. In 1982, almost 100 percent of the
production of high-temperature coke was from slot-type ovens, with
minimal quantities being produced from nonrecovery beehive and other
types of ovens. Blast furnaces utilized 93.1 percent; foundries, 4.3 per-
cent; and other industries, the remainder. Low- and medium-temperature
cokes have limited production in the United States because of a limited
market for low-temperature tar and virtually no market for the coke.

The following data on the properties of blast-furnace coke were ob-
tained from a survey of plants representing 30 percent of the U.S. pro-
duction; volatile matter of the cokes ranged from 0.6 to 1.4 percent; ash,
from 7.5 to 10.7 percent; sulfur, from 0.6 to 1.1 percent; 2-in shatter
index, from 59 to 82; 11⁄2-in shatter index, from 83 to 91; 1-in tumbler
(stability factor), from 35 to 57; and 1⁄4-in tumbler (hardness factor), 61
to 68. Comparison of this survey with a prior survey made in 1949
indicates that the quality of blast-furnace coke has been improved by
reducing the ash and sulfur contents and increasing the average ASTM
tumbler stability from 39 to 52. The tumbler stability is the principal
index for evaluating the physical properties of blast-furnace coke in the
United States. Other tests for determining the physical properties of
blast-furnace and foundry cokes that are cited in export specifications
are the MICUM, IRSID, ISG, and JIS methods.

During the coking process, several additional products of commercial
value are produced. If the plant is large enough to recover these prod-
ucts, their value can approach 35 percent of the coal cost. The more

Table 7.2.1 Analyses of Cokes

‘‘

Proximate, %

Volatile Fixed
Coke type Moisture matter carbon Ash*

By-product coke 0.4 1.0 89.6 9.0
Beehive coke 0.5 1.2 88.8 9.5

Low-temperature coke 0.9 9.6 80.3 9.2
Pitch coke 0.3 1.1 97.6 1.0
Petroleum coke 1.1 7.0 90.7 1.2

* Ash is part of both the proximate and ultimate analyses.
† Btu/ lb 3 2.328 5 kJ/kg.
degradation by impact of the massive iron charged into the cupola shaft.
The following characteristics are desired in foundry coke: volatile mat-
ter, not over 2 percent; fixed carbon, not under 86 percent; ash, not over
12 percent; and sulfur, not over 1 percent. In the coke production sur-
vey, foundry coke from two plants showed the following properties;
volatile matter, 0.6 and 1.4 percent; fixed carbon, 89.6 and 91.4 percent;
ash, 8.7 and 7.5 percent; and sulfur, 0.6 percent. The 11⁄2- and 2-in
shatter indexes, which are a measure of the ability of coke to withstand
breakage by impact, were 98 and 97, respectively, for both cokes.

Pitch coke is made from coal tar pitch, whereas petroleum coke is made
from petroleum-refining residues. Both are characterized by high-car-
bon and low-ash contents and are used primarily for the production of
electrode carbon. Coke consumption in the United States was approxi-
mately 29.2 million tons in 1989 and 23.9 million tons in 1993. The
major user is blast-furnace operations, with others using 100,000 tons.
(American Iron and Steel Inst., Annual Statistical Report, Washington,
1993). This trend is expected to continue as electric-arc furnace (EAF)
use increases and as direct reduction and coal injection systems are
installed. (Chem. Engrg., March 1995, p. 37.)

High-temperature carbonization or coking is carried on in ovens or
retorts with flue-wall temperatures of 6 1,800°F (980°C) for the pro-
duction of foundry coke and up to 6 2,550°F (1,400°C) for the produc-
tion of blast-furnace coke. Typical yields from carbonizing 2,204 lb
[1.0 metric ton (t)] of dry coal, containing 30 to 31 percent volatile
matter, in a modern oven are: coke, 1,590 lb (720 kg); gas, 12,350 ft3

(330 m3); tar, 10 gal (37.85 L); water, 10.5 gal (39.8 L); light oil, 3.3
gal (12.5 L); ammonia, 4.9 lb (2.22 kg).

Coal Characteristics Despite the vast coal reserves in the United
States, most of the coal is not coking coal. Coking coals are only those
coals which, according to the ASTM classification by rank, fall into the
class of bituminous coal and are in the low-volatile, medium-volatile,
high-volatile A or high-volatile B groups and which, when heated in the
absence of air, pass through a plastic state and resolidify into a porous
mass that is termed coke. In determining if an unknown coal is a coking
coal, prime importance is placed upon obtaining a freshly mined sample
since all coking coals experience oxidation or weathering which can
cause a loss in coking ability.

Laboratory tests are used by coal investigators to determine if particu-
lar coals have coking properties and how they can best be used to make
coke. The most common of these tests is proximate analysis (ASTM
D3172), which provides the coal rank and ash content. It is desirable to
have low ash coals (below 8 percent), since the ash does not contribute
to the blast furnace or foundry processes. Sulfur content (ASTM D3177)
passes through the coking process and appears in the final coke and in
the evolved gases during coking. High sulfur contents (above 1.0 per-

received’’ basis

Ultimate, %

Hydrogen Carbon Nitrogen Oxygen Sulfur

High
heat

value,
Btu/ lb†

0.7 87.7 1.5 0.1 1.0 13,200
0.7 87.5 1.1 0.2 1.0 13,100

3.1 81.0 1.9 2.8 1.0 12,890
0.6 96.6 0.7 0.6 0.5 14,100
3.3 90.8 0.8 3.1 0.8 15,050
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cent) affect the iron quality and require additional gas processing for
removal. Free-swelling index (ASTM D720) is a fast method to deter-
mine if a coke will form a coherent mass. Some observers feel the size
of the ‘‘button’’ produced is important while others use it only as a
screening device. Gieseler plastomer (ASTM D2639) is the most popular
of several dilatometer testers which measure the fluid properties of the
coal through the plastic state and into the solidification phase. It is
generally agreed that the test is useful, although some investigators feel

increase and decomposition cause hardening into coherent porous
coke.

As a result of the low thermal conductivity of coal (less than one-
sixth of that of fire clay), and also of semicoke, heat penetrates slowly
into the pieces and through the plastic layer; uniform plasticity or com-
plete coalescence does not appear until the temperature (at the heated
side of a softening layer) is considerably higher than the softening point
of the coal. (See Fig. 7.2.1.)

The plastic zone moves slowly from the hot wall of the oven toward
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it only indicates that a coal is coking. Others feel that the temperatures at
which the coal begins to soften and then resolidify serve as guides to
establish which coals are suitable for blending. Still others couple the
use of these data with petrographic analysis to predict coke strengths of
various blends. While Gieseler is widely used in the United States, two
other methods, Audibert-Arnu and the Ruhr test, are frequently used
throughout the world. Petrographic composition is determined by the
examination of coal under a microscope. Results were first reported in
1919 but it was not until 1960 that a method for predicting coke strength
was introduced by Schapiro and Gray (Petrographic Constituents of
Coal, Illinois Mining Institute Proc., 1960); it has become an important
and popular test for the selection of coal for coke manufacturing. The
method consists of determining which portion of the coal becomes plas-
tic during heating (reactive entities) and which portion does not undergo
plastic change (inert entities). These observations are then correlated
with pilot oven tests and are used to predict coke strength.

Coal Blending The use of a single coal to produce strong metallur-
gical coke without resultant high coking pressures and oven wall dam-
age is very rare, and coke producers rely on the blending of coals of
varying coking properties to produce strong coke. It is common practice
in the coking industry to mix two or more coals to make a better grade of
coke or to avoid excessive expansion pressures in the oven. One coal is
usually of high volatile content (31 to 40 percent) and the other of low
volatile content (15 to 22 percent). The amount of low-volatile coal in
the mixture is generally in the range of 15 to 25 percent although as
much as 50 percent may be used in mixtures for producing foundry
coke. High-volatile coals tend to shrink during coking, while low-vola-
tile coals tend to expand. Examinations of the plastic properties of coals
when heated are valuable in selecting the best types for blending. Be-
cause of the risks of oven wall damage from unknown coal mixtures,
most operators will not rely solely on laboratory tests but will insist on
some pilot-scale oven testing.

Pilot-Scale Tests A number of designs of pilot-scale ovens which
closely approximate commercial coke ovens have been developed. A
few have been used solely to produce coke for testing but most have
been designed with one fixed wall and one movable wall so that data
about carbonization pressures in the oven during coking can be col-
lected while making coke for testing. These ovens usually hold between
400 and 1,000 lb (180 to 450 kg) of coal. Another test oven in use was
developed by W. T. Brown (Proc. ASTM, 43, 1943, pp. 314–316) and
differs from the movable wall oven by applying a constant pressure on
the charge while heating the coal from only one side.

The European Cokemaking Technology Center (EEZK, Essen Ger-
many) has operated a mini-jumbo reactor, which has a chamber width of
34 in (864 mm) and length and height of 40 in (101.6 mm). A demon-
stration facility, the Jumbo Coking Reactor, is operational, at 100 mt/d.
The chambers of this unit are 34 in (864 mm) wide, 32.8 ft (10 m) high,
and 65.6 ft (20 m) long. The concept of such large chambers is sup-
ported by full-scale tests conducted on 17-, 24-, and 30-in-wide (450-,
610-, and 760-mm-wide) ovens and is based on preheated coal charg-
ing. (Bertling, Rohde, and Weissiepe, 51st Ironmaking Conf. Proc.,
Toronto, Apr. 1992.)

Coking Process Coal produces coke because the particles of coal
soften and fuse together when sufficiently heated. Initial softening of
the coal, as determined by plastometer tests, occurs at 570 to 820°F (300
to 440°C). At or near the softening temperature gases of decomposition
begin to appear in appreciable quantities, gas evolution increasing rap-
idly as the temperature is raised. This evolution of gases within the
plastic mass causes the phenomenon that finally results in the cellu-
lar structure which is so characteristic of coke. Further temperature
he center, at a rate first decreasing with the distance from the wall and
hen increasing again at the middle of the oven. For several hours after
harging a red-hot oven, the center of the charge remains cool. The
lastic layer’s temperature variation, from one border to the other, is
rom 700 to 875°F (370 to 468°C), and its thickness is 3⁄8 to 3⁄4 in
epending on the coal, the charge density, and the oven temperature.

ig. 7.2.1 Diagrammatic illustration of the progress of carbonization and of
omposition of the plastic zone.

In the modern coal-chemical-recovery coke oven, the average rate of
ravel of the plastic zone is about 0.70 in (17.8 mm) per h, and the
verage coking rate, to finished coke in the center, is 0.50 to 0.58 in
12.7 to 14.7 mm); i.e., a 17-in (432-mm) oven may be run on a net
oking time of 16 to 17 h. (See Fig. 7.2.2.)

New designs of wide ovens with chamber widths of 21.6 in
550 mm) have been built. The coking time increases slightly, to about
3 h, but not in proportion to the width increase. (Beckmann and
eyer, 52d Ironmaking Conf. Proc., Dallas, Mar. 1993.)
The gases and tar vapors travel chiefly outward toward the wall from

he plastic layer and from the intermediate partly coked material, find-
ng exit upward through coke and semicoke. Exit through the center
ore of uncoked coal, except for a very small fraction of the early
ormed gases, is barred by the relative impermeability of the plastic
ayer. The final chemical products, including gas, are the result of sec-
ndary decompositions and interreactions in the course of this travel.

ig. 7.2.2 Temperature gradients in a cross section of a coal-chemical-recovery
oke oven, 17 in wide, at about middepth on a 17-h coking time.
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Average temperatures in various parts of the carbonizing system, for
modern rapid coal-chemical-recovery oven operation, are about as fol-
lows: heating flues, at bottom, 2,500 to 2,600°F (1,370 to 1,425°C);
heating flues, upper part, 2,150 to 2,450°F (1,175 to 1,345°C); oven
wall, inner side (average final), 1,850 to 2,100°F (1,010 to 1,150°C).

Temperature Effects during Carbonization In industrial carboniz-
ing, higher temperatures at the oven wall and in the outer layers of the
charge produce higher gas yield and less tar. The gases and tar vapors

Table 7.2.4 Heat Balance as a Function of the Volatile
Matter Content*

% Volatile matter (DAF)

23.8 26.5 28.7 33.2

Moisture, % 10.6 10.3 9.7 10.1
Consumption of heat, kcal/kg 492 496 522 559
Waste-gas loss, % 10.9 10.7 10.8 9.6
Surface loss, % 10.1 9.9 9.5 8.8

ion
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change in quality and quantity continuously during the carbonizing pe-
riod. The percentage content of hydrocarbons and condensables in the
oven gases decreases and that of hydrogen increases. Passage through
the highly heated free space above the charge has the effect of increas-
ing the yield of gas and light oil (reducing, however, the toluene and
xylenes) and lowering tar yield, with increase of naphthalene, anthra-
cene, and lowering tar yield, with increase of naphthalene, anthracene,
and free carbon. Modern ovens tend to exercise control of the tempera-
ture in this free space. The rate of decomposition of ammonia increases
above 1,450°F (788°C).

The progressive change in gas yield and composition during the car-
bonizing period for a good gas-making coal is about as in Table 7.2.2.
Some gas yields and composition are shown in Table 7.2.3.

The overall thermal efficiency of industrial coal carbonization (useful
recovery of heat from total input of heat) is between 86 and 92 percent
approx. External sensible-heat efficiencies are between 65 and 80 per-
cent approx. Typical heat balances on coal-chemical-recovery ovens are
shown in Table 7.2.4.

Heat Used for Carbonization The total heating value of the gas
burned in the flues to heat the ovens varies from 950 to 1,250 Btu/ lb
(528 to 695 kcal /kg) of wet coal carbonized in efficient installations
depending on the heat required by the individual coals in the blend.
Producer and blast-furnace gases are called lean gases. When underfir-
ing with lean gas, both air and gas are regenerated (preheated) in order
to get sufficient flame temperature for the flues. Natural, refinery, and
I.P. gases have been used to a limited extent for underfiring. These and
coke-oven gas are rich gases and are not preheated, as their flame tem-

Table 7.2.2 Variation in Gas Yield during Carbonizat

Volume Volume
Period m3/Mt kcal /m3 ft3/ton

First quarter 1,130 5,800 3,630
Second quarter 1,000 3,400 3,190
Third quarter 1,010 5,050 3,250

Fourth quarter 585 3,230 1,875

Table 7.2.3 Gas Yields and Composition from Various Coal Types with H

Temp in Gas yield,
inner wall, ft3/ton Carbon Carbo

Coal °F (°C) (m3/Mt) dioxide monox

Pittsburgh bed, 1,950 11,700 1.3 6.8
Fayette Co., (1,065) (365)
Pa., V.M.* 33.6

Elkhorn bed, 1,950 11,500 1.1 7.7
Letcher Co., Ky., (1,065) (358)
V.M. 36.6

Sewell bed, 1,950 12,000 0.7 5.5
W. Va., V.M. 26.5 (1,065) (375)

Pocahontas no. 4, 1,950 11,900 0.4 5.0
W. Va., V.M. 16.4 (1,065) (372)

Illinois, Franklin Co., 1,950 12,000 3.8 14.5
V.M. 32.1 (1,065) (375)

Utah, Sunnyside, 1,950 12,600 3.0 14.5
V.M. 38.8 (1,065) (394)

*V.M. 5 percentage of volatile matter.
Total loss, % 21.0 20.6 20.3 18.4
kcal/kg 103.3 102.2 106.0 102.9

Effective heat (heat of coking),
kcal/kg

388.7 393.8 416.0 456.1

Sensible heat in coke, kcal/kg 284.1 278.2 281.0 260.2
Sensible heat in gas, kcal/kg 144.1 152.3 164.9 188.3
Total sensible heat, kcal/kg 428.4 430.5 445.9 448.5
Heat of reaction (exothermic) 1 39.7 1 36.7 1 29.9 2 7.6

The heat of reaction is the difference between effective heat and loss by sensible heats.
* W. Weskamp, Influence of the Properties of Coking Coal as a Raw Material on High

Temperature Coking in Horizontal Slot Ovens, Glückauf, 103 (5), 1967, 215–225.

peratures are sufficiently high and regeneration would crack their hy-
drocarbons. Air is preheated in all cases.

CARBONIZING APPARATUS

The current trend in design of coal-chemical-recovery coke ovens is to
larger-capacity ovens and improved, oven-wall liner brick and wall
design to afford increased heat transfer from the heating flues to the
oven chamber. Formerly, ovens were usually about 40 ft (12 m) long
and from 12 to 16 ft (3.7 to 5.0 m) high. Modern ovens are about 50 ft
(15 m) long and 20 to 23 ft (6 to 7 m) high and hold a charge of 35 tons
(32 mt) or more. Average oven width is 16 to 19 in (400 to 475 mm),
usually 18 in (450 mm), with a taper of 3.0 to 4.5 in (75 to 115 mm)
from the pushing end to the coke-discharge end of the oven. New de-

Approx composition, %

Oxides
of

Btu/ft3 Hydrocarbons Hydrogen carbon

651 41 46 7
610 37 53 7
567 32 59 6
363 8 82 5
igh-Temperature Carbonization

Gas composition, %

Unsat’d
n hydro- Ethane,
ide carbons Methane etc. Hydrogen Nitrogen

3.2 31.1 0 56.5 1.1

4.0 31.0 0.2 55.0 1.0

2.5 26.5 0 64.8 1.0

1.1 18.0 0 75.0 0.5

2.8 21.0 0 56.9 1.0

3.7 26.0 0.5 51.3 1.0
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signs, tending toward larger ovens, have been built with oven widths
from 21.6 to 24.0 in (550 to 610 mm), 24.75 ft (7.85 m) high, and 54 ft
(16.5 m) long. Coke production of the 21.6-in oven is about 47.3 tons
(43 mt) per charge. The larger oven yields more coke per push, reducing
environmental problems while increasing productivity (Hermann and
Schonmuth, 52d Ironmaking Conf. Proc., Detroit, Mar. 1993; Beck-
mann and Meyer, op. cit.).

Various oven designs are used, distinguished chiefly by their ar-

from the ammonia saturator liquor and tar. Distillation of the tar pro-
duces cresols, naphthalene, and various grades of road tar and pitches.
Acid gases (hydrogen sulfide, hydrogen cyanide) are removed from the
gas. The hydrogen sulfide is converted to elemental sulfur. The cyano-
gen may be recovered as sodium cyanide.

Pollution Control Enactment of pollution-control laws has moti-
vated many developments of control devices and new operating tech-
niques. The continuous emissions caused by leakage from oven doors,
charging hold lids, standpipe lids, and oven stacks are being controlled
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rangements of the vertical heating flues and wasteheat ducts. Two basic
designs are used for heating with rich gas (coke-oven gas): (1) the
gun-flue design wherein the fuel gas is introduced via horizontal ducts
atop the regenerators and thence through nozzles which meter the gas
into the vertical flues, and (2) the underjet design which incorporates a
basement, located underneath the regenerators, in the battery structure.
Horizontal headers running parallel with the vertical heating walls con-
vey the fuel gas via riser pipes through the regenerators to the vertical
heating flues. One design recirculates waste combustion gas from the
adjacent heating wall through a duct underneath the oven and regenera-
tor by the jet action of the fuel gas through specially designed nozzles.
This provides a leaner gas at the place combustion occurs and affords a
more even vertical heat distribution for tall ovens. Designs for lean gas
(blast-furnace gas, producer gas) employ sole flues beneath the regen-
erators for introducing the fuel gas. Ports control the quantity of gas fed
from the sole flues into the regenerators. To prevent equalization of gas
distribution after the gas leaves the sole flues, the regenerator chambers
are divided into compartments. All modern ovens use regenerators for
preheating the combustion air and lean gas. Average wastegas (stack)
temperatures range from 450 to 700°F (230 to 370°C).

Coke ovens are built in batteries of 15 to 106 and arranged so that
each row of heating flues, or wall, heats half of two adjacent ovens.
Modern practice is to build batteries of the maximum number of ovens
in a single battery that can be operated by a single work crew to opti-
mize productivity. This is in the range of 79 to 85 ovens per battery.
Coal is charged from a larry car through openings in the top of the oven.
After coking, doors are removed from both ends of the oven and coke is
pushed out of the oven horizontally by a ram operated by a pusher
machine. Gas is removed continuously at constant pressure (few milli-
meters of water column) via oven standpipes connected to a gas collect-
ing main.

Computerized control is being used for new facilities and is being
applied to existing ones to improve efficiency. This integrates control of
variables such as charge weight and moisture, excess combustion air,
flue temperature, and coke temperature. The performance improvement
in one case was the reduction in heating requirements from about 1,500
Btu/ lb (832 Kcal /kg) dry coal to under 1,200 Btu/ lb (666 Kcal /kg) dry
coal and the stabilization of coking times, ranging from 18 to 40 to 24 h
(Pfeiffer, 47th Ironmaking Conf. Proc., Toronto, Apr. 1988).

Coal Chemical Recovery The gas is first cooled in either direct or
indirect coolers which condense most of the tar and water from the gas.
Some ammonia is absorbed in the water, forming a weak ammonia
liquor. Exhausters (usually centrifugal) follow and operate from 6- to
12-in (150- to 300-mm) water column suction at the inlet to 50- to 80-in
(1,250- to 2,000-mm) pressure discharge. Electrical precipitators re-
move the last traces of tar fog. The gas, combined with ammonia vapor
stripped from the weak ammonia liquor, then passes through dilute
sulfuric acid in saturators or scrubbers which recover the ammonia as
ammonium sulfate. Phosphoric acid may be used as the absorbent to
recover the ammonia as mono- or diammonium phosphate. Low-cost
synthetic ammonia produced via reforming of natural gas and hydrocar-
bons has made recovery of coke-oven ammonia uneconomical. Some
recent coke plants have been designed with ammonia destruction units.

After direct cooling with water, which removes much of the naph-
thalene from the gas, the gas is scrubbed of light oil (benzol, toluol,
xylol, and solvents) with a petroleum oil. The enriched petroleum
oil is stripped of the light oil by steam distillation, and the light oil
is usually sold to the local oil companies. Only a few coke plants
continue to refine light oil. Phenols and tar acids are recovered from
the ammonia liquor and tar. Pyridine and tar bases are recovered
y closer attention to operations and maintenance. Emissions from
harging are being contained by the use of a second collecting main,
umper pipes and U-tube cars.

Pushing emissions equipment includes hood duct arrangements with
et scrubbers or baghouses, mobile hoods with wet scrubbers, and coke

ide enclosures with baghouses. There has been much interest in Japan
nd the Soviet Union in dry quenching of coke with inert gases for
ollution control and coke quality improvements, but so far in the
nited States the capital and maintenance costs have dampened any

nthusiasm for dry quenching. In the coal chemical plant area, proposed
aws for benzene emissions will require many plants to revise and re-
uild major portions of their equipment. Sulfur emissions standards
ave caused most plants to install sulfur recovery equipment.

Systems for charging preheated coal into coke ovens by either pipeline
Marting and Auvil, Pipeline Charging Preheated Coal to Coke Ovens,
NEC Symposium, Rome, Mar. 1973), hot conveyors, or hot larry cars
ave been built to eliminate charging emissions, improve oven produc-
ivity, and to use larger amounts of weakly coking coals. It appears that
he economics are positive only if very poor and cheap coking coals are
vailable. No systems are operating in the United States because good
oking coal is readily available. The Japanese have looked at preheating
f coal and have decided that it is more effective to briquette a portion of
he poorer-quality coals and mix them with the normal coal mixture
eing charged to the ovens. Briquettes usually make up about 30 percent
f the blend, and many Japanese plants have adopted a form of briquette
lending. Preheating is becoming important again in the development of
ider ovens and jumbo reactors, which are based on using this tech-
ique.

Form coke, the production of shaped coke pieces by extrusion or
riquetting of coal fines followed by carbonization, has been practiced
or many years in the United Kingdom and Europe to provide a
‘smokeless’’ fuel primarily for domestic heating. Form coke for use in
ow shaft blast furnaces is produced commercially from brown coal
lignite) at large plants in Lauchhammer and Schwarze-Pumpe, East
ermany. As much as 60 to 70 percent of form coke is used in combi-
ation with conventional slot oven coke.

A major development is FMC coke process which is operating com-
ercially at the FMC plant in Kemmerer, Wyoming. The facility is

roducing coke for use in the elemental phosphorus plant in Pocatello,
daho. The process produces a low-volatile char, called calcinate, and a
itch binder. Crushed coal is dried, carbonized, and calcined at succes-
ively higher temperatures, while solids flow continuously through a
eries of fluid-bed reactors. Operating temperatures range from 300 to
00°F (150 to 315°C) in the first bed to 1,500 to 2,200°F (815 to
,200°C) in the third. The calcinate is cooled before being mixed with
he pitch binder. The mix is briquetted into pillow shapes up to 2-in
izes and is sent to curing ovens to be devolatilized and hardened into
he finished coke product. Off-gases from all systems are cooled and
leaned, recycling dusts into the process to be included in the product.
leaned gases have a heating value of 100 to 140 Btu/SCF (890 to
,240 kcal /m3) and can be used as best suit the local conditions. Typi-
ally, it is fuel for process needs, and for steam generation, while resid-
al gas can be used in cogeneration applications.

The process is continuous, and fully contained, so that environmental
ontrols can be met with conventional equipment. The Kemmerer plant
ully meets EPA and OSHA regulations. Coal types suitable for pro-
essing include lignites and extend to anthracites. Different volatility,
uidity, and swelling characteristics can be accommodated by appro-
riate adjustment of operating parameters. This permits the use of non-
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metallurgical coals for coke production. The coke product has been
tested in blast furnaces for many years. A major effort was the 20,000-
ton trial at Indiana Harbor Works of Inland Steel by a consortium of
steel companies. Furnace operation was normal up to 50 percent of
FMC product in the coke burden, with indications that higher propor-
tions would also be satisfactory. The process is illustrated in Fig. 7.2.3.
(FMC personal communications)

The Bergbau-Forschung process [Peters, Status of Development of

and the projects were canceled during the latter part of their design.
A notable exception is the commercial-scale Lurgi plant, which was
built as the Great Plains Project in North Dakota and funded by the
Department of Energy to produce SNG. Dakota Gasification Inc. oper-
ates this plant and is planning ammonia production due to low natural-
gas pricing.

Interest in gasification continued for chemicals manufacture, and
power, for several reasons. With respect to power, environmental regu-
lations could be met more readily for sulfur emissions by treating a
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Bergbau-Forschung Process for Continuous Production of Formed
Coke, Glückauf, 103 (25), 1967] involves devolatilization of low-rank
coal to yield a hot char. The hot char is mixed with a fluid coking coal
(about 70 percent char and 30 percent coking coal) which becomes
plastic at the mixing temperature, and the mixture is briquetted hot in
roll presses to produce ‘‘green’’ briquettes containing 7 to 8 percent
volatile matter. If required, further devolatilization of the briquettes is
accomplished in a vertical hot-sand carbonizer. The Ancit process (Goos-
ens and Hermann, ‘‘The Production of Blast Furnace Fuel by the Hot
Briquetting Process of Eschweiler Bergwerks-Verein,’’ ECEC, Rome,
Mar. 1973). The process is similar to the B-F process in that it uses
about 70 percent noncoking coal with about 30 percent coking coal as
binder. The noncoking coal component is conveyed pneumatically from
bunkers and introduced at two locations into a horizontal, parallel-flight
stream reactor heated by hot products of combustion. The coal is heated
to 600°C in a fraction of a second and is thermally decomposed by the
rapid evolution of water and volatile matter. Coal and gas are separated
in a cyclone with the gas passing to a second reactor (installed in tan-
dem arrangement) into which the coking coal is fed. Coal and gas pass
to a second cyclone for separation. The two heated coals are fed by
screw feeders into a vertical cylindrical mixer, and the mixture is fed to
roll presses and briquetted. The Consolidation Coal process employs a
heated rotary kiln to produce medium-temperature coke pellets from a
mixture of char and coking coal. Pellets are then subjected to final
high-temperature carbonization in a vertical-shaft unit. Other processes
receiving attention were the Sumitomo process, Japan; Auscoke (BHP),
Australia; the Sapozhnikov process, Russia; and INIEX, Belgium. After
years of work on these various processes, it became apparent that pro-
duction rates, costs, and product quality could not compete with con-
ventional by-product coke ovens and the test facilities in the United
States were shut down.

GASIFICATION

Producer gas and carbureted water gas were common in Europe and the
United States for many years and were based on coal and coke. These
units gasified the solid fuels by the reaction of oxygen (as air or
enriched oxygen) and steam. Oil injection was practiced to improve the
heating value. With the widespread distribution of natural gas, these
plants have all been closed.

Gasification is achieved by partial oxidation of carbon to CO (exo-
thermic reaction). To obtain a mixture of CO and H2 , water is intro-
duced, typically as steam, which reacts endothermically with the coal.
The partial oxidation supplies heat to the endotherm. These reactions
are described in detail in Elliott, ‘‘Chemistry of Coal Utilization’’ (2d
suppl. vol., Wiley-Interscience). The heating values of the producer gas
were approximately 120 Btu/SCF (1,068 kcal /m3) for air-blow units,
250 Btu/SCF (2,225 kcal /m3) or more for oxygen-blown units, and as
much as 500 Btu/SCF (4,450 kcal /m3) for the oil-carbureted units. The
development of abundant natural-gas supplies and their distribution to
most areas of the world have supplanted these processes. In 1974, an oil
supply crisis combined with a distribution pinch on natural gas. Interest
in converting coal to gaseous and oil fuels was rekindled in the United
States. Many processes were piloted by government and industry. These
included Hi-Gas, Bi-Gas, CO2 Acceptor, Synthane, Atgas, and molten salt
processes. A demonstration program was established by the U.S. gov-
ernment as the Synthetic Fuels Corporation. The program funded com-
mercial-size units for Cogas and Slagging Lurgi for synthetic natural gas
(SNG), and H-coal and solvent-refined coal (SRC) for liquids. As natural-
gas distribution and the oil supplies improved, the urgency diminished,
smaller stream than the corresponding flue gas from a fossil-fueled
plant, while yielding a saleable product as opposed to landfill material.
The potential efficiency improvement in combined cycles with gas tur-
bines and steam turbines would further reduce the size of the treated
streams, because of the need for less fuel. Corollary benefits ensue in
reducing CO2 emissions, and allow the use of high-sulfur coals. This
has led to the construction of several integrated gasification combined
cycle (IGCC) plants for power.

As part of this continuity of interest, research on hot gas desulfuriza-
tion is in progress to reduce thermal losses in gas cooling. Other ap-
proaches such as the demonstration of underground gasification are being
pursued.

Gasifiers come in three types:
1. Fixed-bed with the coal supported by a rotating grate
2. Fluidized-bed, in which the fuel is supported by gaseous reactants
3. Entrained flow gasifiers that use very fine particles suspended in a

high-velocity gas stream
Fixed-Bed Gasifiers Representative units are Lurgi, Wellman-Galu-

sha, Koppers-Kerpley, Heurtey, and Woodall Duckham. Early units were
air-blown and used coke, with a number built for anthracite. Agitators
were added to permit feeding of bituminous coal. Coal feed is a sized
lump, with 11⁄2 in (37 mm) being typical. Fines are tolerated only in
small amounts. Early units operated at essentially atmospheric pressure,
but later units operate at elevated pressure. Temperatures are limited to
avoid softening and clinkering of the ash. With air, gas having heating
values of 120 to 150 Btu/SCF (1,068 to 1,335 kcal /m3) was produced.
Use of oxygen allowed gas heating values of 250 to 300 Btu/SCF
(2,225 to 2,673 kcal /m3). Coal is fed through lock hoppers to prevent
loss of gases and to permit charging into pressurized units. The gasifiers
have a distinct upper reduction zone, which dries and preheats the coal.
The gasification reactions take place at 1,150 to 1,600°F (620 to
870°C), and the gases leave the unit at 700 to 1,100°F (370 to 595°C).
Under these conditions, methane and other light hydrocarbons, naphtha,
phenols, tars, oils, and ammonia are generated. The CH4 is an advantage
in SNG production. Tars and oils are removed from the gas stream
before further processing to absorb ammonia and acid gases, including
carbon dioxide and hydrogen sulfide.

The devolatilized coal passes into the lower combustion zone, reach-
ing temperatures of 1,800 to 2,500°F (980 to 1,370°C), depending on
the ash softening temperatures. It is removed by a rotating grate through
lock hoppers.

The Lurgi process advanced this concept of a pressurized, oxygen-
blown system. Gasifier pressure is 350 to 450 psig (24 to 31 bar).
Typical composition of gas from the gasifier with oxygen blowing is as
follows:

Vol % dry basis

C2H4 0.42
C2H6 0.62
CH4 11.38
CO 20.24
H2 37.89
N2 1 A 0.33
CO2 28.69
H2S 1 COS 0.49

After removal of the acid gases (CO2 , H2S, COS), the gas can be used
as fuel gas or can be upgraded to SNG by using the CO shift reaction to
adjust the H2 /CO ratio for methanation. This can also be shifted to ratios
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suited to the synthesis of methanol, or ammonia if H2 is suitably opti-
mized. A flow diagram of the process is shown in Fig. 7.2.4. This
process has been used in a number of commercial plants (Rudolph, Oil
& Gas Jour. Jan. 22, 1973) including one at Sasolburg in South Africa
and one in North Dakota.

A later development is the British Gas/Lurgi slagging gasifier. Coal is
fed with a size distribution of 2 in by 0 with up to 35 percent minus
1⁄4 in. The operation is similar to the dry bottom unit except that molten
slag is removed through a slag tap, is water-quenched, and is discharged

The Kellogg gasifier is an extension of the design developed by West-
inghouse, which used limestone or dolomite to capture sulfur in the bed,
similar to fluid-bed combustion. The gasifier is shown in Fig. 7.2.5. The
coal is quickly pyrolyzed in the jet, which supplies the endothermic heat
for reaction. This permits a high proportion of fines to be used. The
agitation of this region and the rapid approach to high temperature
permit the use of highly caking coals. Operating conditions are 1,900 to
2,000°F (1,040 to 1,050°C), at pressures to 300 psig (21 bar). Further,
the combination of retention time and temperature cracks tars and oils to
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through a lock hopper. Tars, oils, and naphtha can be recycled to the
gasifier. Gas composition differs from the conventional dry ash unit in
that water vapor, CO2 , and CH4 are lower, and CO is higher, resulting
in cold gas efficiencies of 88 percent or more. The unit was tested
extensively on a variety of coals including caking types at the British
Gas Town Gas Plant in Westfield, Scotland. This was to have been one
of the demonstration plants of the Synfuels Corp. (Lurgi Corp., private
communication).

Fluid-Bed Gasifiers The Winkler and Kellogg KRW (formerly
Westinghouse) gasifiers constitute this design. Since the bed is truly
fluidized, it permits the flexibility of processing solids such as coal and
coke. Particle sizes of 1⁄8 to 3⁄8 in (3 to 10 mm) are required. Lock hop-
pers are the method of coal feed. The Winkler process employs the
fluidized-bed technique, and it has been commercialized in a number of
plants (Banchik, ‘‘Clean Fuels from Coal,’’ IGT symposium, Chicago,
Sept. 1973). Caking coals may be preoxidized to avoid agglomeration.
The mixing of the bed causes a uniform temperature, so that the distinct
regions of oxidation and reduction of the fixed-bed units are absent. To
avoid agglomeration by softening of the ash and loss of fluidization,
temperatures are limited to 1,800 to 2,000°F (980 to 1,095°C). Because
of the relatively low temperature, these units are primarily useful with
reactive coals such as lignite and subbituminous. It has been further
developed in a pressure mode as the high-temperature Winkler (HTW)
process by Rheinbraun, Uhde, and Lurgi. This process is being used for
a 300-MW ICGG plant at 25 bar (362 lb/in2) and is scheduled for
start-up in 1995. (Adloch et al., The Development of the HTW Coal
Gasification Process, Rheinbraun, Uhde, Lurgi brochure.)
Fig. 7.2.4 Lurgi process.
CH4 , CO, and H2 . Product gas is removed through cyclones, where
carbon dust and ash are collected and recycled to the gasifier. The gas
has a residual concentration of H2S and COS so that desulfurization
may be required. Regenerable hot-gas desulfurization (HGD) systems,
with zinc reagents, have been developed which recover the sulfur as
SO2 . The gas is further cleaned by removing residual fines by ceramic
filter candles. The gases then go to gas turbines in a combined cycle.

The residual solids contain carbon, sulfided sorbent, and ash. With
the alkaline components, the mixture forms eutectics with melting
points of 1,000 to 2,000°F (540 to 1,090°C). In the zone between the
combustion jet and the fluid bed, the smaller particles tend to agglomer-
ate, and fall, while char particles rise into the reaction zone. The solids,
called lash, contain sulfided components which are converted to sulfates
after leaving the gasifier in a sulfator/combustor.

This design has been selected by the Sierra Pacific Power Company
for commercial demonstration as a 100-MW IGCC plant at the Piñon
Pine Station near Reno, Nevada. In addition, further development of the
process is proceeding with a transport gasifier, based on petroleum fluid
catalytic cracking technology. The particle size in this unit is smaller
than that in the fluid bed, improving reaction kinetics and allowing
shorter residence times. Limestone is used as the sulfur sorbent. This
technique is also being applied to the hot-gas desulfurizer (HGD) to
incorporate the regeneration of zinc sorbent on a continuous basis. The
transport HGD is incorporated into the Sierra Pacific project. The trans-
port gasifier concept is under test operation at Southern Company Ser-
vices, in Wilsonville, Alabama, under a cooperative agreement with the
Department of Energy. (Campbell, ‘‘Kellogg’s KRW Fluid Bed Process
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for Gasification of Petroleum Coke,’’ The M. W. Kellogg Co., De-
cember 1994.)

Entrained Flow Gasifiers These have been developed as coal gasi-
fiers, and as partial oxidation units to produce synthesis gas from liquid
hydrocarbons, petroleum residues, or coke. They are characterized by a

Product gas

short residence time (, 1 s) and concurrent flow of the feed and gasify-
ing agents. Operating temperatures are high, from 2,200 to 3,500°F
(1,200 to 1,927°C) and pressures are as high as 80 bar (1,200 psig). Coal
feed systems may be dry with lock hoppers and pneumatic transport, or
water slurries of coal. Thus, any feedstock which can be pulverized and
dispersed can be processed, including highly caking coals. Oxygen
is used as the oxidant reactant to achieve the high temperatures re-
quired. This has the additional advantage of not diluting the product
gas with nitrogen, particularly if the gas is for synthesis. Product gases

xa
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Fines dipleg

Recycle gas

Steam

Air or oxygen

Coal, limestone, and transport gas

Ash agglomerates and spent sorbent

Feed tube
Transport gas

Ash separation

Combustion jet
(combustion and coal

devolatilization)

Fluid bed gasification
and desulfurization

Freeboard
(fines disengaging)

Rotary feeder

Gasifier

Cyclone

Fig. 7.2.5 KRW fluid-bed gasifier. (M. W. Kellogg Co.)

Table 7.2.5 Syngas Production from Various Carbonaceous Feeds (Te

Coal

Feed type: Pittsb. no. 8 French Utah

Feedstock dry anal., wt. %
Carbon 74.16 78.08 68.21
Hydrogen 5.15 5.26 4.78
Nitrogen 1.18 0.85 1.22

Sulfur 3.27 0.47 0.37
Oxygen 6.70 8.23 15.69
Ash 9.54 7.11 9.73

Higher heating value
Btu/lb 13,600 14,000 11,800
kcal/kg 7,540 7,780 6,570

Product composition mol %
Carbon monoxide 39.95 37.36 30.88
Hydrogen 30.78 29.26 26.71
Carbon dioxide 11.43 13.30 15.91
Water 16.43 19.43 25.67
Methane 0.04 0.16 0.22
Nitrogen and argon 0.49 0.37 0.50
Hydrogen sulfide 1 carbonyl sulfide 0.88 0.12 0.11
are free of tars, condensable hydrocarbons, phenols, and ammonia. Sul-
fur compounds such as H2S and COS must be scrubbed from the
gas. The high temperature results in slagging operation of these units.
Commercial processes include Texaco, Shell, and Destec. All operate at
elevated pressure. The Koppers-Totzek was an atmospheric unit, but
it has been developed into a pressurized system, now the PRENFLO
gasifier.

The Texaco gasification process (TGP) is the application of the Texaco
partial oxidation process to the use of a slurry feed of coal (60 to
70 wt %) in water. The unit is operated at temperatures of 1,200 to
1,500°C (2,200 to 2,700°F) at pressures of 27 to 80 bar (400 to 1,200
psig). The slurry is fed with oxygen through a special injection nozzle
into the refractory-lined gasifier to produce syngas, while slagging the
ash. The syngas goes to a water-quenched unit or a waste heat boiler.
The latter is typical for an IGCC facility. Fine ash is removed by a
scrubber before conventional removal of H2S. The molten ash or slag
exits the gasifier, is water-quenched, and is removed through lock hop-
pers for disposal. The slag forms a glassy solid which is nonhazardous.
Typical gasifier products are shown in Table 7.2.5. The cleaned gas is
used for gas-turbine fuel or for chemicals manufacture. The plant con-
figuration can be modified for optimal heat recovery for a power cycle
or for maximum H2 and CO generation for chemical production. A con-
figuration for power application is shown in Fig. 7.2.6. The process was
demonstrated at a commercial-size (110-MW) combined-cycle (IGCC)
unit at the Coolwater project, which tested many coals during its opera-
tion from 1984 to 1989. Emissions of SO2 from the Coolwater demon-
stration plant were as low as 0.076 lb/ TBtu (0.033 kgs/106 kJ) and of
NOx of 0.07 lb/ TBtu (0.03 kg/106 kJ). Under the Clean Coal Program
of DOE, a facility to provide 260 MW at Tampa Electric Co. Polk
Station is under construction, to be in operation in early 1996, with
projected heat rates below 8,500 Btu/kWh (8,960 kJ/kWh). The pro-
cess has been selected for power projects from 250 to 600 MW world-
wide and for several chemical plants, particularly in the People’s Re-
public of China. Eastman Chemical Co. has employed TGP for over 12

co)

Coal Liquef.
Petroleum Coke Residue

German S. African Delayed Fluid Molten Slurry

73.93 65.60 88.50 85.98 68.39 68.39
4.65 3.51 3.90 2.00 4.75 4.75
1.50 1.53 1.50 0.98 0.98 0.98

1.08 0.87 5.50 8.31 1.87 1.87
5.85 7.79 0.10 2.27 2.21 2.21

13.01 20.70 0.50 0.46 21.80 21.80

13,200 11,200 15,400 13,800 12,700 12,700
7,330 6,220 8,550 7,665 7,060 7,060

39.46 36.53 46.20 47.14 46.31 33.48
29.33 26.01 28.69 24.33 35.54 28.56
12.59 15.67 10.68 13.16 6.41 13.09
17.47 20.82 12.37 12.67 10.46 23.72
0.25 0.02 0.17 0.09 0.27 0.23
0.60 0.68 0.55 0.42 0.45 0.42
0.30 0.27 1.34 2.19 0.56 0.50
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Fig. 7.2.6 TGP-Gas cooler mode. (Texaco Development Corp.)

years, using 1,150 tons/d of coal to make acetic anhydride for photo-
graphic films and chemicals. Ube Industries produces 1,000 Mt/d of
ammonia in Japan. (Gerstbrein and Guenther, International VGB Con-
ference, Dortmund, May 1991; Janke, American Power Conference,
Chicago, Apr. 1995; Texaco Gasification Process for Solid Feedstocks,
Texaco Dev’t Corp. Bull. Z-2154, 1993; Watts, 6th Annual International
Coal Conference, Pittsburgh, Sept. 1989.)

Variations in the configuration of other gasifiers are made to improve
thermal efficiency. An example is the Destec unit, which has two stages.

ation of several characteristics: coal seam characteristics such as dip,
thickness, partings and rock lenses; coal chemistry; its agglomerating
and free-swelling properties; water, ash, and sulfur content; boundary
strata; overburden height; faults; bulking factor; and hydrology. The
program was begun in Wyoming with a series of test burns, which
continue under private auspices. Design is underway in New Zealand
for an IGCC based on test burns of their coal seams. (Energy Interna-
tional Corp, private communication.)

Gasification of Liquid Hydrocarbons In the era of manufactured

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
The coal slurry is fed to both stages, that going to the first providing the
exothermic heat by partial oxidation by the oxidant. This is absorbed
later, in the second stage, by the endothermic gasification of the coal,
without oxidant. Operating conditions of the first stage are 1,450°C
(2,600°F) at 27 bar (400 psig), the exit gas being about 1,040°C
(1,900°F). The syngas from the gasifier is cooled, generating high-pres-
sure steam used in steam turbines. Particulates are removed, and the gas
is scrubbed to remove H2S before it is being fed to the gas turbine-gen-
erator sets. The Destec gasifier is illustrated in Fig. 7.2.7. The system has
been operating in a 160-MW facility at Dow Chemical, Plaquemine,
LA, since 1987. The Destec technology is being used at the PSI Energy
Inc. Wabash River plant to combine a 100-MW steam-turbine facility
with a gas turbine to yield 262 MW. The net plant heat rate of this unit is
9,000 Btu/kWh (9,500 kJ/kWh), compared to typical values of 10,500
Btu/kWh (11,077 kJ/kWh) for a new coal-fired plant with SO2 scrub-
bers. (Destec Energy, Inc., Tecnotes nos. 8 and 14, personal communi-
cation.)

New Developments The research in coal conversion has been lim-
ited by available resources, i.e., an abundant oil and gas supply. One
effort which has continued involves is underground coal gasification
(UGC), wherein the coal seam is both reactor and reactant in place. It
has been practiced in Russia for some time for local industrial and
residential heating. During the oil crisis of the 1970s, this research
program was supported by the U.S. Department of Energy and a con-
sortium of industrial companies. The technology depends on the evalu-
gas in the United States, both base-load and peak-shaving gases were
produced by gasifying oils via thermal cracking techniques. Most of the
processes produced gases having calorific values compatible with coal
gas (coke-oven gas). As natural gas became available, some processes
were modified to produce a high-heating-value gas interchangeable
with natural gas. These oil-gas units operated on a cyclic (heat-make)
basis. To supply the heat for the endothermic thermal cracking of oil, a
mass of checker brick was heated to 1,300 to 1,700°F (705 to 925°C) by
burning oil and deposited carbon with air. During the ‘‘make’’ cycle,
steam and oil were introduced to produce a mixture of hydrogen, meth-
ane, saturated and unsaturated hydrocarbons, aromatic oils, tar, and
carbon.

The supply of natural gas throughout the world displaced the manu-
factured gas plants by virtue of lower cost, operational simplicity, and
the reduction of emissions. Some manufactured gas and coke-oven gas
were distributed into the early 1980s, but this is no longer current prac-
tice.

Increased demand for chemicals resulted in the development of pro-
cesses for production of carbon monoxide, hydrogen, and carbon diox-
ide. These are for the chemical synthesis of ammonia and methanol,
which are feedstocks for many other products. The processes include
partial oxidation, catalytic reforming, and hydrogasification

Partial oxidation processes were developed to produce syngas from
liquid feedstocks of any weight, particularly heavy residual oils. These
processes produce principally a carbon-monoxide-rich gas which is
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Fig. 7.2.7 Dow two-stage gasifier. (Destec Energy, Inc.)

reacted with water in a shift reactor to add hydrogen. Catalytic systems
then produce methane or other chemicals. Texaco and Shell developed
their processes originally for these reasons and later adapted them to
coal gasification.

Catalytic reforming of naphtha, natural-gas liquids, and LPG is pres-
ently applied commercially for the production of synthetic natural gas.
Over 30 plants with a total capacity of 6.5 3 109 SCF/d (184 million
m3/d) are planned, but the actual number of installations is limited by
availability of feedstock. Commercial processes available are the CRG
(catalytic-rich gas), British Gas Council; MRG (methane-rich gas), Japan
Gasoline Co.; and Gasynthan, BASF/Lurgi. Processes are similar in that
each uses steam reforming of light hydrocarbons over a bed of nickel
catalyst. The product gas is a mixture of methane, carbon monoxide,
carbon dioxide, and hydrogen. Upgrading to synthetic natural gas re-
quires methanation steps. The four basic steps of the process are desul-
furization, gasification, methanation, and purification (CO2 removal
and drying).

Hydrogasification The British Gas Corporation has developed the
GRH (gas recycle hydrogenator) for hydrogenating vaporizable oils to
produce synthetic natural gas, and the FHB (fluid-bed hydrogenation) of
gasifying crudes or heavy oils for synthetic natural-gas production. In
the GRH process, naphthas, middle distillates, and gas oils that need not
be desulfurized are reacted directly with hydrogen-rich gas prepared by
steam reforming a rich gas sidestream. Exothermic reactions decom-
pose paraffins and naphthenes into methane and ethane. In the FBH
process, crude or heavy oil is preheated and atomized in the presence of
coke particles fluidized by a supply of preheated hydrogen-rich gas.
Paraffins and naphthenes are hydrogenated to methane and ethane, and
an aromatic condensate is recovered. Desulfurization, followed by sec-
ondary hydrogenation, allows reduction of hydrogen and ethane to pro-
duce synthetic natural gas.
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7.3 COMBUSTION FURNACES
by Glenn W. Baggley

REFERENCE: Trinks-Mawhinney, ‘‘Industrial Furnaces,’’ vols. 1 and 2, Wiley.

FUELS

The selection of the best fuel should be b
comparative prepared costs, cleanliness of
temperature control, labor required, and the e
material to be heated and upon the furnace
paid to the quantity to be burned in each bu

Burners for crude gas (raw producer-gas, blast-furnace gas, or coke-
oven gas):

Simple mixing systems with large orifices and simple mechanisms
which cannot become clogged by tar and dirt contained in these gases.

plies to the furnace, with all mixture taking

HEATING FURNACES

Fig. 7.3.1 Methods of firing ove
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ased upon a study of the
operation, adaptability to

ffects of each fuel upon the
lining. Attention must be

rner, the atmosphere (fuel /

Separate gas and air sup
place within the furnace.

TYPES OF INDUSTRIAL

air ratio) desired in the furnace, and the uniformity of temperature dis-
tribution required, which determines the number and the location of the
burners. Common methods of burning furnace fuels are as follows:

Solid Fuels (Almost Entirely Bituminous Coals)

Coal was once a common fuel for industrial furnaces, either hand-fired,
stoker-fired, or with powdered coal burners. With the increasing neces-
sity for accurate control of temperature and atmosphere in industrial
heating, coal has been almost entirely replaced by liquid and gaseous
fuels. It can be expected that methods will be developed for the produc-
tion of a synthetic gas (natural-gas equivalent) from coal.

Liquid Fuels (Fuel Oil and Tar)

To burn liquid fuels effectively, first it is necessary to atomize the oil
into tiny droplets which then vaporize and burn. Atomization can be
accomplished mechanically or with the aid of steam or air. With heavy
oils and tar, it is important to maintain the proper viscosity of the oil at
the atomizer by preheating the fuel.

For larger industrial burners, combustion air is supplied by fans of
appropriate capacity and pressure. Combustion air is induced with some
smaller burner designs.

Gaseous Fuels

Burners for refined gases (natural gas, synthetic gas, coke-oven gas, clean
producer gas, propane, butane):

Two-pipe systems: Include blast burners (open or closed setting), noz-
zle mixing, luminous flame, excess air (tempered flame), baffle, and
radiant-tube burners, all for low-pressure gas and air.

Premix systems: Air and gas mixed in a blower and supplied through
one pipe.

Proportioning low-pressure mixers: Air and gas supplied under pres-
sure and proportioned automatically (air aspirating gas or gas inspirat-
ing air). The resulting mixture is burned in tunnel burners, radiant-cup,
baffle, radiant-tube, ribbon, and line burners.

Pilot flames are generally used to ensure ignition for gas and oil
burners. Insurance frequently requires additional safety provision in two
main categories: an interconnected pressure system to prevent lighting
if any burner in a zone is open, and burner monitors using heat or light
to permit ignition.
n furnaces.
Heating furnaces are usually classified according to (1) the purpose for
which the material is heated, (2) the nature of the transfer of heat to the
material, (3) the method of firing the furnace, or (4) the method of
handling material through the furnace.

Purpose Primarily a metallurgical distinction, according as the fur-
nace is intended for tempering, annealing, carburizing, cyaniding, case
hardening, forging, heating for forming or rolling, enameling, or for
some other purpose.

Transfer of Heat The principal varieties are oven furnaces, in which
the heat is transferred from the products of combustion of the fuel, in
direct contact with the heated material, by convection and direct radia-
tion from the hot gases or by reradiation from the hot walls of the
furnace; muffle furnaces, in which the heat is conducted through a metal
or refractory muffle which protects the heated material from contact
with the gases, and is then transferred from the interior of the muffle by
radiation to the heated material, which is sometimes surrounded by inert
gases to exclude air; or liquid-bath furnaces, in which a metal pot is
heated on the outside or by immersion. This pot contains a liquid heat-
ing or processing medium which transfers heat to the material contained
in it. This type includes low-temperature tempering furnaces with oil as
the heating medium, hardening furnaces using a bath of lead, hardening
and cyaniding furnaces with baths of special salts, and galvanizing or
tinning furnaces for coating the heating material with zinc or tin. The
generally accepted form of muffle is the radiant-tube fired furnace, in
which the fuel is burned in metal or refractory tubes which radiate heat
to the charge. An important form of furnace for temperatures below
1,300°F (700°C) is the recirculating type, in which the atmosphere
(products of combustion, air, or protective gases) is recirculated rapidly
through the heating chamber. Forced convection heating is accomplished
by a large number of jets of hot gas at high velocity. In high-speed
heating (or patterned combustion), premixed burners are arranged for
close application of heat, and with a high-temperature head, very rapid
heating is achieved.

Method of Firing This classification applies principally to the oven
type of furnace, and it indicates whether the furnace is direct-fired,
overfired, underfired, or heated by radiant tubes. Figure 7.3.1 shows the
principles of each of these types. The direct-fired method finds increased
utilization from constant improvement in the design and control of gas
and oil burners, especially for temperatures above 1,200°F (650°C). In
7-41
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overfired furnaces, radiant burners fire through the roof and are arranged
in patterns to obtain the best temperature distribution. The underfired
furnace is excellent for temperatures between 800 and 1,800°F (ca. 400
to 1,000°C) because the heated product is protected from the burning
fuel. The temperature and atmosphere can be closely controlled, but the
temperature is limited by the life of the refractories to about 1,800°F
(1,000°C). Many furnaces are now designed for the use of special pro-
tective atmospheres and involve the use of radiant tubes to avoid any
contact with the combustion gases. These fuel-fired tubes of heat-resist-

rate of heating that is too great, it should be reduced by making the
furnace larger. If the rate is too small, it can sometimes be increased by
piling material in a smaller furnace.

EXAMPLE. To determine furnace size. If a furnace is required to heat 20
pieces per h weighing 30 lb each and requiring a heating time of 1⁄2 h, the furnace
must be large enough to hold 1⁄2 3 20 5 10 pieces. If each piece requires an area of
2 ft2, the area of the hearth will be 2 3 10 5 20 ft2 for a single layer of pieces in
the furnace. If the furnace is of the batch type, a size of 4 ft wide 3 5 ft deep
would probably be about right for convenient handling. On checking, the rate of
heating is 20 pieces per h 3 30 lb/20 ft2 5 30 lb/(ft3 ? h). For this rate an under-

mb
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ing alloy may be horizontal across the furnace above and below the
heated material or may be vertical on the sidewalls of the furnace.

Method of Material Handling In the batch type, the heated material
charged into the furnace remains in the same position until it is with-
drawn after sufficient heating. In a continuous furnace, the material is
moved through the furnace by mechanical means which include
pushers, chain conveyors, reciprocating hearths, rotating circular
hearths, cars, walking beams, and roller hearths. Continuous furnaces
are principally labor-saving devices and may or may not save fuel.

SIZE AND ECONOMY OF FURNACES

The size of furnace required depends upon the amount of material to be
heated per hour, the heating time required, the size of the pieces to be
heated, and the amount of heat that can be liberated without excessive
damage to the furnace. The efficiency and refractory life obtained de-
pend upon the correctness of furnace size.

Heating Time For the usual relation of refractory area to stock area,
time to heat steel plate from one side for each 1⁄8 in (3.18 mm) of thick-
ness varies from 3 min for high-speed heating and 6 to 12 min for
heating for forming by usual methods to 20 min for heat treating. Steel
cylinders will be heated in one-half these times per 1⁄8-in (3.18-mm)
diam. Below 800°F (ca. 400°C), the time may be 2 to 3 times these
values. Brass requires about one-half as long as steel to heat, copper 40
percent as long, and aluminum 85 percent as long. The preceding heat-
ing times are based on a furnace temperature 50 to 100°F (ca. 25 to
50°C) higher than the final temperature of the heated material. It is
assumed that the material is fully exposed to the heat of the furnace.
Piling of material in a furnace lengthens the heating time by an amount
that must be determined by actual trial. In addition to simple heating,
there is frequently additional time required for soaking (holding at fur-
nace temperature) to cause metallurgical changes in the material or for
some other reason.

The weight of material in the furnace at any time is the product of
weight of material per hour multiplied by the heating time in hours. If
the weight and sizes of pieces involved are known, the area of the fur-
nace can then be fixed. The width and length of the furnace to produce
this hearth are fixed by the method of firing to be used and by the
method of handling material.

The life of a furnace at given temperature depends upon the rate of
heating, which may be expressed in pounds per square foot of hearth
area per hour. The maximum allowable rate of heating steel is about 35
lb/(ft2 ? h) for heat treating, 70 lb for in-and-out rolling-mill furnaces,
100 lb for single-zone continuous furnaces, and 150 lb for multiple-
zone furnaces. These are upper limits which should not be used if long
life of furnace refractories is expected. These rates are for heating mild
steel; they may be about twice as great when heating brass, 21⁄2 times as
great for copper, 0.7 as great for alloy steel, and 1.1 times as great when
heating aluminum. These maximum allowable rates should be used only
for checking the calculation of size, because some shapes and sizes of
pieces cannot be properly heated when piled in such a manner as to
produce these rates. If the calculated size of the furnace corresponds to a

Table 7.3.1 Average Heat in Waste Products of Co
of Low Heat Value of the Fuel

Temp of gases, °F 1,000 1,200
Temp of gases, °C 540 650
% of low heat value in gases 24 28
fired furnace would be satisfactory, although for other methods of firing, a smaller
furnace could be used if the pieces could be more densely piled without seriously
interfering with the circulation in the furnace.

The heat released by the fuel in a furnace (heat input) is equal to the
sum of the heat required in the heating process (useful heat) plus the
heat losses from the furnace. Heat input includes the heat of combustion
of the fuel, sensible heat in preheated air or fuel, and heat in the material
charged. Low-heat values of the fuel are used, and the sensible heat can
be calculated from the specific heats of the preheated air, fuel, or mate-
rial. Useful heat includes the heat absorbed by the material in the fur-
nace. Figure 7.3.2 gives heat contents for different metals. In the simple
heating of metals, the useful heat applied to the metal includes only the
heat absorption, as given in Fig. 7.3.2; but there are many processes that
include other requirements, such as drying, where moisture must
be heated and evaporated, heating of chemical products where heat is
utilized to cause chemical changes, and other special cases. (See also
Sec. 4.3.)

Fig. 7.3.2 Heat content of metals.

Heat losses in a heating furnace include heat lost in waste gases, radia-
tion from and heat absorbed by refractories, heat carried out of the
furnace by containers or conveyors, heat lost through openings, and heat
in unburned fuel escaping with the products of combustion. The heat
contained in waste gases depends upon the temperature of these gases as
they leave the heating chamber. Table 7.3.1 gives the approximate per-
centage of heat contained in the flue gases from perfect combustion at
different temperatures. These values are about the same for most fuels
except producer gas and blast-furnace gas, the losses with which are
higher than those given in the table.

Radiation and heat absorption by refractories depend also upon the rate
of heating (which determines the interior temperature of the refracto-

ustion at Various Temperatures, Percent

1,400 1,600 1,800 2,000 2,200
760 870 980 1,090 1,200
34 38 45 50 55



SIZE AND ECONOMY OF FURNACES 7-43

Table 7.3.2 Radiation through Openings in Furnace Walls, kBtu/h

Furnace temp, °F (°C)

1,400 (760) 2,200 (1,200)

Wall thickness, in* Wall thickness, in*

Size of opening, in* 41⁄2 9 18 41⁄2 9 18

41⁄2 3 41⁄2 1.4 1.1 0.8 5.1 4.1 2.8
9 3 9 7.8 6.1 4.5 28.5 22.7 16.8

18 3 18 37 30.5 24.3 137 114 90
24 3 24 71 60 48 264 225 180
36 3 36 173 150 124 650 560 465

* 3 25.4 5 mm.

ries) and upon the refractory area and thickness. Figure 7.3.3 shows the
heat radiated through walls of different thickness at various furnace
temperatures, for equilibrium conditions, when the wall has reached
steady temperatures throughout (see also references at the beginning of
this section and Keller, ‘‘Flow of Heat through Furnace Hearths,’’
ASME). The heat carried out by containers and conveyors is the sensible
heat content of these items as they leave the heating chamber. Such
losses include the heat in carburizing boxes, pans, chain conveyors, and
furnace cars. Radiation from furnace openings depend upon the size and
shape of the opening and the thickness of the walls in which they are

equir

F

400
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Fig. 7.3.3 Heat loss from thoroughly heated walls, based on interior area.

Table 7.3.4 Average Net Efficiencies and Fuel R
with Good Operation

Type Temp, °

Ingot heating, soaking pits, recuperative 2,000–2,
Billet heating for forming:
Batch, in-and-out 2,000–2,400
Continuous 2,000–2,400

Wire annealing of coils, hood type 1,300–1,500
Wire annealing of strands, in lead 1,300–1,500
Wire patenting, strands 1,650
Wire baking, coils, continuous 450
Tube annealing, continuous, bright 1,300–1,500
Skelp heating, butt weld, continuous 2,900
Slab heating, continuous, recuperative 2,400
Strip coil annealing, hood type 1,250–1,400
Hardening, continuous conveyor 1,650
Drawing, continuous conveyor 900–1,100
Carburizing, gas, continuous 1,750

* 3 2.326 5 kJ/kg.
located, as well as upon the temperature of the furnace. Some idea of the
magnitude of these losses is given by the values in Table 7.3.2.

The heat lost in unburned fuel escaping with the flue gases is small in
most furnaces because the fuel can be almost completely consumed.

The efficiency of an industrial furnace is the ratio of the heat absorbed
by the heated material to the heat of combustion of the fuel burned.

The magnitude of the various heat losses is indicated in Table 7.3.3.

Table 7.3.3 Heat Balances for Various Furnace Types,
Percent of Heat of Combustion

Disposition of heat Type I Type II Type III

Heat to material, or efficiency 16 49 23
Heat to refractories 20 17 22
Heat lost in flue gases 44 19 40
Heat to water cooling — 5 —
Heat through openings 20 10 15

Column 1 is for a high-temperature batch-type billet-heating furnace,
heating 4,200 lb of billets, per hour, a furnace load at a time, to 2,300°F,

ements of Various Furnace Types

Avg heat
Avg required from

efficiency, fuel, Btu/ lb,* of
Temp, °C % steel

1,100–1,300 20 500

1,100–1,300 20 1,750

1,100–1,300 32 1,100

700–800 16 1,350
700–800 19 1,100

900 21 1,250
230 20 250

700–800 35 600
1,600 25 1,500
1,300 42 800

680–760 30 600
900 21 1,250

500–600 20 750
950 19 1,500
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at a rate of 25 lb/(ft2 ? h), averaged over 10 h of operation, and with a
fuel consumption of 30 gal of oil per ton of steel heated. Column II is
for a large continuous billet-heating furnace of the usual pusher type
with a flow of gases opposite to that of the steel, and operating at a rate
of 60 lb of steel heated to 2,300°F/ft2 of hearth area per hour. Column
III is for an underfired batch-type furnace, heating steel to 1,600°F for
annealing, at a rate of 30 lb/(ft3 ? h).

Table 7.3.4 gives average requirements in fuel of typical industrial
heating furnaces. The values are for furnaces without heat-saving appli-

)

rtifi

required to maintain a high furnace temperature or to obtain high ther-
mal efficiency. When one regenerator serves an entire furnace, it is
usually constructed of fire brick and consists of two chambers com-
pletely filled with a checkerwork. The flow of flue gases and that of air
or gas to be heated are periodically reversed so that the hot gases and
cold gases alternately flow through the two sets of chambers. The
checkerwork retains the heat of the hot gases and gives it up to the cold
gases with each reversal. Another regenerator design employs metal
plates. Regenerators are frequently used with glass-melting furnaces
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ances (recuperators, regenerators, or waste-heat boilers) except as noted
and show the efficiency and the Btu required in the fuel per net pound of
steel heated. To obtain the average amount of any fuel required, this
latter figure is divided by the low heat value of the fuel. The values are
for average rates of heating. Fuel economy is of small importance as
compared with the quality of the product.

FURNACE CONSTRUCTION

When furnace refractories are made up largely of standard bricks and
shapes, it is advisable to specify furnace dimensions that can be built
with a minimum of cutting. Horizontal flues are made a multiple of 21⁄2
or 3 in (63 or 76 mm) in height, and most other flue dimensions are
multiples of 41⁄2 in (114 mm) to correspond to the width and length of
standard bricks. The area of furnace flues must be large enough to avoid
excessive pressures at maximum fuel rates. Flues should be located so
as to promote the circulation of gases in all parts of the furnace. Average
allowable velocities in flues for furnaces without stacks are:

Furnace temp, °F (°C) 200 (93
Allowable velocity (hot gases), ft/s (m/s) 9 (2.74)

The total flue areas required in in2/ft3 of fuel /h (or per gal /h for fuel
oil) for furnaces without stacks as temperatures of the products of com-
bustion of 1,000 and 2,000°F are as follows:

Temp, °F
(°C) Fuel oil Natural gas A
1,000 (538) 14.0 0.11 0.06 0.05 0.02
2,000 (1,093) 19.0 0.15 0.08 0.06 0.02
The metal parts of a furnace, consist of the steel and cast-iron binding,
alloy parts exposed to the direct heat of the furnace, and water-cooled
steel members. The alloy parts are of nickel or chromium alloys and
must be made heavy enough to offset the loss of strength at high tem-

peratures. They are resistant to oxidation at temperatures below 2,000°F
(1,093°C). To reduce heat losses, water-cooled members must be insu-
lated.

HEAT-SAVING METHODS

must show a satisfactory net savings after all costs of investment, re-
pairs, and associated shutdown time lost by such repairs are subtracted
from the savings in fuel used or investment savings related to the heat
recovery system. For example, it is often possible to reduce the length of
continuous furnaces using regenerative burners compared to more con-
Methods of conserving heat include the use of recuperators or regenera-
tors, waste-heat boilers (see Sec. 9), insulation of refractories, automatic
control of temperature and atmosphere, and special attention to the
construction and operation of the furnace.

Recuperators and regenerators extract some heat from the escaping
flue gases and return it to the furnace by preheating the combustion air
or the entering fuel. In recuperators, continuous flow of hot gases and
cold entering air or gas is maintained through metal or refractory ducts
which keep the two gas streams apart but which conduct heat from the
hotter stream to the colder. Recuperators are built in the form of self-en-
closed units set above the ground or in pits below floor level, and are
made of fire-clay tile, silicon carbide, or heat-resisting metal. Overall
coefficients of heat transfer in metallic recuperators are between 2.5 and
6.0 Btu/(ft2 ? h ? °F) [14 and 34 W/(m2 ? °C)] and in silicon carbide
recuperators about the same; the coefficient for fire-clay recuperators is
considerably less than these values. Usual velocities of hot air in recu-
perators do not exceed 12 ft /s (3.6 m/s) in order to keep pressure drop to
a reasonable value.

Regenerators are used where the high temperature of air preheat is
1,000 (538) 1,500 (816) 2,000 (1,093)
13 (3.97) 15 (4.57) 17 (5.2)

cial gas Coke-oven gas Raw producer gas

and are used almost exclusively where open-hearth furnaces are still
employed. Overall coefficient of heat transfer in regenerators is from
1.5 to 2.5 Btu/ft2 of checkerbrick surface per h per °F temperature
difference ([8.5 to 14 W/(m2 ? C)], and the usual mass velocity of hot
gas through the openings of the checker is about 0.065 lb/(ft2 ? s)
[0.32 kg/(m2 ? s)].

Each burner may also be equipped with its own regenerator. With this
design, burners are installed in pairs. When one burner is firing, the
products of combustion pass through the second burner and the attached
regenerator. The medium in the regenerator recovers and stores heat
from the products of combustion. After one cycle, which typically lasts
for 20 to 90 s, the functions of the two burners reverse. The burner that
was firing now becomes the flue. Combustion air passes through the
regenerator of the other burner and is heated by the medium. Typical
medium is high-alumina material in ball or grain form. Air is preheated
to a temperature within 300°F of the products of combustion. This type
of regenerative burner is typically installed in continuous and batch
reheating furnaces and aluminum-melting furnaces.

The savings effected by recuperators or regenerators depend upon the
flue gas temperature and the temperature to which the incoming air or
gas is preheated. With a flue gas temperature of 1,600°F, the theoretical
savings in fuel with 200°F preheat of combustion air is about 4 percent,
with 400°F, 11 percent; with 600°F, 15 percent; and with 800°F, 19
percent.

A recuperator or a regenerator installation, to be a good investment,
ventional designs.
Automatic control prevents the waste of heat by unnecessarily high

temperatures, preventable cold periods, and excessive air or unburned
fuel from poor combustion. Of even greater importance is the preven-
tion of damage to the heated product from overheating, excessive
oxidation, and objectionable chemical reaction between furnace atmo-
sphere and the product (principally decarburization and recarburiza-
tion). Automatic temperature controllers are actuated by thermocouples
in the furnace. The thermocouple must not be located in the direct path
of the flames, which are not only several hundred degrees hotter than
the furnace temperature but are also of extremely variable temperature
and not an indication of the average temperature. Automatic control of
atmosphere for the consistent maintenance of good combustion is ac-
complished by properly proportioning the fuel and combustion air as
they enter the furnace. This is accomplished by the utilization of some
characteristic of the flow of one fluid to regulate the flow of the other
fluid. Automatic pressure control operates the flue dampers of a furnace
to maintain a constant predetermined pressure [usually about 0.01 to
0.05 in (0.25 to 1.25 mm) water] in the heating chamber, which ex-
cludes free oxygen from the surrounding atmosphere.
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Table 7.3.5 Protective Gas Atmospheres

Typical analysis

Type CO2 CO CH4 H2 N2

Dew point, °F
(°C)

I. Hydrogen, purified 100.0 2 60 (2 51)
II. Dissociated ammonia 75.0–5.0 25.0–95.0

III. Rich hydrocarbon gas, not conditioned 5.5 9.0 0.8 15.0 69.7 1 50 (10)
IV. Lean hydrocarbon gas, not conditioned 11.5 0.7 0.7 87.1 1 50 (10)
V. Rich hydrocarbon gas, completely conditioned 0.1 9.5 0.8 15.8 73.8 2 60 (2 51)

VI. Lean hydrocarbon gas, completely conditioned 0.1 2.8 3.9 93.2 2 60 (2 51)
VII. Endothermic generator gas 0.5 20.0 1.0 38.0 40.5 1 50 (10)

Care in furnace construction, operation, and maintenance is the sim-
plest but often most neglected of all methods of heat savings. A large
quantity of fuel can be saved by care in the construction of furnace
refractories so that they will remain tight, by attention to the sealing of
doors, by taking care that the doors and other openings are closed when
not in use, and by maintaining insulation on any water-cooled members
in the furnace.

steels containing nickel, short-cycle heating of all carbon and alloy
steels, treatment of silicon iron, and the treatment of cuprous products.

Type III Rich hydrocarbon gas is produced by combustion with
about 60 percent of theoretical air (6 : 1 air/gas ratio when using natural
gas) in the presence of a nickel catalyst, followed by cooling to reduce
the moisture content. It is used for the annealing of low-carbon steels,
for short-cycle hardening of low-carbon steels, for clean annealing of
chrome-type stainless steels, for treatment of silicon iron, and for braz-
ing of copper alloys.

d Roger S. Hecklinger
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SPECIAL ATMOSPHERES
(See also Sec. 7.5.)

In an increasing number of heat-treating operations, the necessity for
improved quality has created a demand for clean- or bright-heating
furnaces, in which the heating material is surrounded by a suitable
protective gas while it is heated by radiation from electric resis-
tors, radiant tubes, or the walls of a muffle. Table 7.3.5 gives the chem-
ical analysis of common protective gases used in the heat-treating in-
dustry.

Type I Purified hydrogen is used for annealing, brazing, and other
treatment of low-carbon steel; for the sintering of low-carbon ferrous
powders; for the treatment of silicon iron (electrical sheets and strip);
for the bright annealing of stainless steels, and the sintering of molyb-
denum, tungsten, and other metals.

Type II Ammonia is dissociated by steam or electric heat, and is
dried by chemical driers. By partial combustion the relative percentages
of hydrogen and nitrogen may be varied as shown in Table 7.3.5. The
resulting gases from this treatment are cheaper and are used for brazing
and sintering copper alloys, and for annealing low-carbon steels. Disso-
ciated ammonia without combustion is used for annealing stainless

7.4 INCIN
by Charles O. Velzy an
REFERENCES: Proc. Biennial ASME National Waste Processing Conf., 1964–
1994. ‘‘Design Considerations in Heat Recovery from Refuse,’’ International
Symposium on Energy Recovery from Refuse, 1975. Velzy et al., eds., ‘‘CRC
Handbook on Energy Efficiency,’’ chap. 4, Waste-to-Energy Combustion, in
press. ‘‘Steam, Its Generation and Use,’’ 40th ed., B
lin et al., The Variability of Municipal Solid Was
Determination of the Calorific Value of Refuse D
Conservation, 9, 1982, pp. 281–300.
Type IV This gas is similar to type III except that about 90 percent of
theoretical air is used for combustion. It is used for bright annealing of
copper (straight N2 and CO2 can also be used for this purpose) and for
clean heating of brass and bronze.

Type V This gas is the same as type III but is conditioned by chemi-
cal removal of carbon dioxide by monoethanolamine and by drying in
chemical driers. It is used for short-cycle treatment of all carbon, alloy,
and high-speed steels; for sintering of all ferrous powders; and as a
carrier gas for carburizing and carbon restoration with the addition of
natural gas or propane.

Type VI This gas is similar to type V except that about 90 percent of
theoretical air is used in the combustion. The resulting gas is used for
long-cycle treatment of all ferrous materials except stainless steels con-
taining nickel, and is effective in controlling decarburization in all car-
bon and alloy steels. It is also used for the annealing of brass and bronze.

Type VII This endothermic gas is made in an externally heated gen-
erator with only 25 percent of theoretical air and is cooled to reduce
moisture. It is used for short-cycle (under 2 h) heat treating and brazing,
usually with small furnace installations. It is also used for dry cyaniding
and as a carrier gas for carburizing and carbon restoration.

ERATION
NATURE OF THE FUEL

The refuse which is received at an incinerator today will contain a high
proportion of paper; plastics; some wood; vegetable and animal waste;

th, leather, and rubber—together with metal
ombustible matter. Collections may also in-
rniture, tree limbs, other yard waste, waste
oncrete, and other coarse waste matter, com-
. With little or no regulation of the handling
abcock and Wilcox Co. Kirk-
te and Its Relationship to the
erived Fuels, Resources and

olid wastes by the burning

and varying amounts of clo
cans, glass, and other nonc
clude metal appliances, fu
building material, broken c
monly classified as rubbish
Incineration is a method for processing of s

of the combustible portions. It reduces the volume of solid wastes and
eliminates the possibility of pollution of groundwater from putrescible
organic waste, and the residue may serve as a source of mineral constit-
uents and as a fill. With the application of boilers, beneficial use of the
energy generated from burning of the waste is possible.
of refuse by the homeowner, there may be a wide variation in moisture
content of refuse, depending on the weather. Thus, after a storm, the
moisture content may be so high that it is difficult to sustain combus-
tion. Industrial and hazardous waste should be specifically identified
and combustion facilities designed for the particular waste.
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TYPES OF FURNACES

The type of furnace for incinerators is dictated largely by the type of
grate around which the furnace is built. Except in small plants, the
modern furnace is equipped with a mechanical grate.

The ‘‘Controlled Air’’ Furnace In the late 1970s, a type of combus-
tion unit, batch fed, utilizing two chambers for staged combustion and
followed by a waste heat boiler, was installed in smaller communities in
the United States. Such units, while less efficient than larger furnaces,

In a more modern furnace using mechanized grates, a vertical charg-
ing chute, 12 to 14 ft (3.6 to 4.2 m) long, leads from the hopper to the
front end of the furnace. This chute is kept full of refuse; feeding is
accomplished by the operation of the mechanical grate, or by a ram; the
front of the furnace is sealed from cold air; and the fuel is spread over
the grate in a relatively thin bed.

In some newer plants, conveyors, live-bottom bins, and shred-
ding and pneumatic handling of the combustible fraction of the ref-
use have been utilized to produce a refuse-derived fuel (RDF). See
F
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can be factory assembled in large segments (or modular components)
and therefore are less expensive than large, field-erected units. Thus
they extended the economics of energy-from-waste plants to the smaller
communities. In such plants, the refuse is normally dumped on a re-
ceiving floor and is then pushed into a ram for feeding into the com-
bustion units. The smallest units do not have grates, while larger units
are fitted with rams to move the material through the furnace as it is
burned.

The Rectangular Furnace Mechanical-grate furnaces are rectan-
gular in shape, with movement provided by travel of the grate or
by a reciprocating or rocking action of the grate sections. Refuse is
fed by gravity through a vertical chute, by a ram or similar arrange-
ments.

PLANT DESIGN

Capacity The capacity to be provided is a function of (1) the area
and population to be served; (2) the number of shifts (one, two, or three)
the plant is to operate; and (3) the rate of refuse production for the
population served. If records of collections have been kept, the capacity
can be determined and forecasts made; lacking records, the quantity of
refuse may be estimated as approximately 4 lb (1.8 kg) per capita per
day, when there is little or no waste from industry, to 5 lb (2.3 kg) per
capita per day where there is some waste from industry. A small plant
(100 tons/d) [90 metric tons per day (t/d)] will probably operate one
shift per day; for capacities above 400 tons (360 t) per day, economic
considerations usually dictate three-shift operation.

Location An isolated site may be preferred to avoid the possible
objections of neighbors to the proximity of a waste disposal plant.
However, well-designed and well-operated incinerators which do not
present a nuisance may also be installed in light industrial and commer-
cial areas, thereby avoiding the economic burden of extended truck
routes. Since considerable vertical distance is involved in passing refuse
through an incinerator, there is an advantage in a sloping or hillside site.
Collection trucks can then deliver refuse at the higher elevation while
the residue trucks operate at the lower elevation with a minimum of site
grading.

Refuse-Handling Facilities Scales should be provided for recording
the weight of material delivered by collection trucks. Trucks should
then proceed to the tipping floor at the edge of the storage pit. This area,
which may be open or enclosed, must be large enough to permit
more than one truck at a time to maneuver to and from the dumping
position.

Since collections usually are limited to one 8-h daily shift (with par-
tial weekend operation) while burning may be continuous over 24 h,
ample storage must be provided. Seasonal and cyclic variations must
also be considered in establishing the storage requirements.

Refuse storage in larger plants is normally in long, narrow, and deep
pits extending either along the front of the furnaces, or split in two
halves extending from either side of the front end of the furnace. If the
pit is much over 25 ft in width, it is generally necessary to rehandle
refuse dumped from trucks. In smaller plants, floor dumping and stor-
age of refuse is common practice.

Feeding the Furnaces In a large incinerator (pit and crane type),
burning continuously, refuse is transferred from storage pit to furnace
hopper by a crane equipped with a grapple. (See Sec. 10.) Batch feeding
or batch discharge of residue is undesirable because of the resulting
variations in furnace temperatures, adverse impact on furnace side
walls, and increased air emissions.
ig. 7.4.1.

URNACE DESIGN

he basic design factors which determine furnace capacity are grate
rea and furnace volume. Both provision for and quantity of underfire
ir, and provision for quantity and method of applying overfire air in-
uence capacity. The required grate area depends upon the selected
urning rate, which varies between 60 and 90 lb/(ft2 ? h) of refuse in
ractice. Conservative design, with reasonable reserve capacity and
easonable refractory maintenance, calls for a burning rate between 60
nd 70 lb/ft2 of grate area.

Furnace volume is a function of the rate of heat release from the fuel.
commonly accepted minimum volume is that which results from a

eat release of 20,000 Btu/(ft3 ? h). Thus, at this rate, if the fuel has a
eat content of 5,000 Btu/ lb, the burning rate would be 4 lb/(h ? ft3) of
urnace volume. A conservative design, allowing for some overload and
ossible quantities of refuse of high heat content, would be from 30 to
5 ft3/ton of rated capacity.

The primary objective of a mechanical grate is to convey the ref-
se automatically from the point of feed through the burning zone
o the point of residue discharge with a proper depth of fuel and in a
eriod of time to accomplish complete combustion. The rate of move-
ent of the grate or its parts should be adjustable to meet varying con-

itions.
A secondary, but important, objective is to stir gently or tumble the

efuse to aid in completeness of combustion. In the United States, there
re several types of mechanical grates: (1) traveling, (2) rocking,
3) reciprocating, and (4) a proprietary water-cooled rotary combustor.

ith the traveling grate, stirring is accomplished by building the grate
n two or more sections with a drop between sections to tumble the
aterial. The reciprocating and rocking grates tumble the material by
ovement of the grate elements. The rotary grate slowly rotates to

umble the material which is inside the cylinder. In Europe, variations of
he U.S. designs as well as other types have been developed. The Vo-
und incinerator (Danish) uses a slowly rotating, refractory-lined cylin-
er or kiln through which the fuel passes as it is burned; the so-called
uesseldorf grate uses a series of rotating cylindrical grates in an in-

lined arrangement.
Furnace configuration is largely dictated by the type of grate used.
hen built with a mechanical grate, the furnace is rectangular in plan

nd the height is dependent upon the volume required by the limiting
ate of heat release.

The total air capacity provided in a refractory-walled incinerator must
e more than the theoretical amount required for combustion in order to
btain complete combustion and to control temperatures—particularly
ith dry, high-heat-content refuse. The total combustion-air require-
ents may range to 10 lb of air/ lb of refuse. For the modern mechani-

al-grate furnace chamber, two blower systems should be provided to
upply combustion air to the furnace. Blower capacities can be divided,
ith half or more from the underfire blower and somewhat less than half

rom the overfire blower and with dampers on fan inlets and air distri-
ution ducts for control. The pressure on the underfire system for most
.S. grate systems approximates 3 in of water. The pressure on the
verfire air should be high enough so that the jet effect on passage
hrough properly proportioned and distributed nozzles in the furnace
oof and walls produces sufficient turbulence and retains the gases in
he primary furnace chamber long enough to ensure complete combus-
ion.
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Fig. 7.4.1 Process diagram for a typical RDF system. (Roy F. Weston, Inc.)

Heat Recovery Perhaps the most potentially attractive form of re-
covery, or extraction, of resources from municipal solid wastes is re-
covery of energy from the incineration process.

Several options exist when one is considering recovery of energy
from incineration. These options include mass burning in a refractory-

walled furnace with a waste-heat boiler inserted in the flue downstream;
mass burning in a water-walled furnace with the convection surface
immediately downstream; and refuse preprocessing and separation of
the combustible fraction with combustion taking place in a utility-type
boiler partially in suspension and partially on a grate. This latter option

Table 7.4.1 Energy-from-Waste Plants Larger than 300 tons/day Commissioned 1990–1995

rt-
ear

1
1
1
1
0
4
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Plant size Sta
Plant location (tons/d) y

Broward County, FL, north 2,250 199
Broward County, FL, south 2,250 199
Camden, NJ 1,050 199
Chester, PA 2,688 199
Essex County, NJ 2,250 199
Fort Myers, FL (Lee County) 1,200 199

Gloucester County, NJ 575 1990
Honolulu, HI 2,165 1990
Hudson Falls, NY 400 1992
Huntington, NY 750 1991
Huntsville, AL 690 1990
Kent County, MI 625 1990
Lake County, FL 528 1991
Lancaster County, PA 1,200 1991
Long Beach, CA 1,380 1990
Lorton, VA (Fairfax County) 3,000 1990
Montgomery County, PA 1,200 1991
Pasco County, FL 1,050 1991
Rochester, MA 2,700 1988/1
Southeast CT (Preston, CT) 600 1992
Spokane, WA 800 1991
Union County, NJ 1,440 1994
Wallingford, CT 420 1990
up
Type Energy sold

Mass burn water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity
Rotary kiln water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity

Mass burn water wall Electricity
RDF water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Steam
Mass burn water wall Electricity/steam
Mass burn water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity

993 RDF water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity
Mass burn water wall Electricity/steam
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is generally termed combustion of a refuse-derived fuel. A list of water-
wall and RDF plants in North America in start-up or operation as of the
end of 1994 extracting energy from combustion of municipal-type
waste is shown in Table 7.4.1. This list excludes plants built for devel-
opmental or experimental purposes and plants that utilize specialized
industrial wastes.

Figure 7.4.2 illustrates a plant with heat recovery, while Fig. 7.4.3
shows a cross section through a typical RDF facility.

In considering the above options, one should taken into account the

Other factors to consider in selection and design of heat-recovery
facilities include efficiency of boiler facilities, furnace-chamber design,
and combustion air supply. While in older plants with waste-heat boil-
ers installed in downstream flues, steam production averaged 1.5 to 1.8
lb/ lb of refuse, in newer water-walled furnaces and suspension-fired
units, steam production is of the order of 3.0 lb/ lb of refuse. The lower
efficiency in waste-heat boiler units is due to higher heat losses in the
plant stack effluent, in turn caused by higher excess air levels required
to control combustion temperatures properly in the refractory-lined pri-
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overall energy balance in the various systems. These systems can be
grouped under the following general categories: burning as-received
refuse; burning mechanically processed refuse; burning thermochemi-
cally processed refuse; and burning biochemically processed refuse. In
all the processing systems, less heat will be available for use than there
was prior to processing.

The tabulation below from published data regarding the production of
a fuel gas from refuse will partially illustrate the net energy loss in
converting the available energy to another form:

Percent Percent by Percent of
Composition by volume weight total carbon

CO 47 62.1 70
H2 33 3.1
CO2 14 29.1 21
CH4 4 3.0 6
C2H2 1 1.4 3
N2 1 1.3

Note that 21 percent of the carbon is in CO2 which will not burn,
while 70 percent of the carbon is in CO where 30 percent of the elemen-
tal energy in carbon is no longer available. While this heat is not wasted,
it is lost energy not available to do further work.

A tabulation of energy losses and total net available energy, based on
information published in 1974–1975 for refuse with an initial heat con-
tent of 4,400 Btu/ lb, is given in Table 7.4.2.

Of the 4,400 Btu/ lb in the refuse as received, the tabulated data
indicate the useful energy that may be made available through combus-
tion. While the data are not absolute, the relative magnitudes are mean-
ingful, provided similar degrees of design efficiency and sophistication
of control are used for each process.

Superheater
Tipping floor

Refuse pit Furnace/

Grates

Overhead
crane

Charging
hopper

Fig. 7.4.2 Typical cross section of a mass burn facility. (Roy F. Weston, Inc.)
mary furnace enclosure.
In most water-walled furnaces and furnaces in which shredded com-

bustible refuse fractions are burned, the usual configuration is a tall
primary chamber with the gases passing out the top and into the convec-
tion boiler surface after completion of combustion. It has been found
desirable in mass-burning water-wall plants to coat a substantial height
of the primary combustion chamber (where boiler-tube metal tempera-
tures will exceed 500°F) with a refractory material and to limit average
gas velocities to under 15 ft /s. Gas velocity entering the boiler convec-
tion bank should be less than 30 ft /s. Water-table studies have been
found to be very useful in checking combinations of furnace configura-
tions and introduction of combustion air.

In mass burning, combustion air is usually supplied from both under
and over the grate. This is not necessarily the case when burning pre-
pared refuse. In a water-wall mass-burning type of furnace, overfire air
is utilized to enhance turbulence and mixing of combustion gases with
the combustion air, and for completion of combustion. Accordingly,
this air is best introduced through numerous relatively small (11⁄2- to
3-in-diameter) nozzles, at pressures of 20 in of water and higher. Ide-
ally, provision should be made for the introduction of the overfire air at
several different elevations in the furnace.

As this nation’s energy needs become more critical in the future, this
readily available source of energy should be tapped more frequently.
The technology is available now for successful application of these
techniques if provision is made for adequate funding and properly
trained operating staffs.

Flues and chambers beyond the furnace convey gases to the stack and
house facilities for removal of fly ash and other pollutants. The draft for
an incinerator furnace may be provided by a stack of adequate diameter
and height or by an induced-draft fan. (See Secs. 4 and 14.) Most mod-
ern plants include heat recovery equipment and extensive air pollution

Evaporator

Economizer
boiler
Scrubber Baghouse Stack
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RDF storage
building

RDF processing
system

Superheater

Furnace/boiler
Scrubber Baghouse Stack

Evaporator

Economizer

Air preheater

Tipping floor

RDF return
from boiler

RDF to boiler

RDF to storage

Fig. 7.4.3 Typical cross section of an RDF facility. (Roy F. Weston, Inc.)

control equipment. In these plants, draft losses are so high that an in-
duced-draft fan is required.

Air Pollution Control The federal new source emission standard for
air pollution control at new or enlarged municipal sized incinerators is
0.015 grain per dry standard cubic foot (gr/DSCF) (34 mg/DSCM)
corrected to 7 percent O2 . (This is approximately 0.03 lb/1,000 lb
of flue gas corrected to 50 percent excess air.) Some jurisdictions
have promulgated emission requirements lower than the federal stan-
dards. Designers of modern plants will also have to include facilities to

truck through a bottom gate. The residue may also be discharged
through a chute into a conveyor trough filled with water for quenching
and then carried by flight conveyor to an elevated storage hopper for
truck delivery. Usually there are two conveyor troughs, so arranged that
the residue can be discharged to either, one trough being used at a time.
A European system uses a ram discharger submerged in a water-filled
container.

The lower end of the discharge chute leading to the trough is sub-
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reduce acid gas emissions and, at some plants, NOx and mercury emis-
sions.

To meet current emission requirements, two basic techniques have
been utilized on incinerators: electrostatic precipitation and fabric filters
preceded by lime addition in a slurry, so-called ‘‘dry scrubbing.’’ Elec-
trostatic precipitation has performed reliably and has given predictable
emission test results. The fabric filter/dry scrubber air pollution control
system is considered by many to represent the most efficient combina-
tion of pollution control systems currently available for particulates and
acid gases. Nonselective catalytic reduction using ammonia has been
applied at some plants for NOx control, while limited experience
has been gained in the use of activated carbon for control of mercury
emissions. Good combustion control is used to limit emission of or-
ganics.

Residue Discharge and Disposal The residue from refuse burning
consists of relatively fine, light ash mixed with items such as burned tin
cans, partly melted glass, and pieces of metal. Discharge from furnaces
may be through manually operated dump grates or from mechanically
operated grates to a hopper, where it is quenched and delivered to a

Table 7.4.2 Energy Losses and Total Net A
Heat Content of 4,400 Btu/lb, 1974–1975

Energy

Process Processing Co

As received 1
Dry shredding 18
Wet shredding 35
Pyrolysis, oil 62

Pyrolysis, gas 32 2
Pyrolysis with oxygen 37 1
Anaerobic digestion 72
merged in a water seal to prevent entrance of cold air to the furnace. In
design of the conveyor mechanism, the proportions should be large
because of the nature of the material handled, and the metal used should
be selected to withstand severe abrasive service. Final disposal of the
residue is by dumping at a suitable location, which for modern plants
usually means a monofill. Volume required for disposal is 5 to 15 per-
cent of that required for dumping raw refuse.

Miscellaneous Facilities Good working environment and reason-
able comfort for the staff should be provided.

COMBUSTION CALCULATIONS

Among the factors directly affecting design are moisture and combustible
content of refuse as received, heat released by combustion, temperature
control, and water requirements. The design of furnaces, chambers,
flues, and other plant elements should be based on characteristics which
result in large sizes. Controls should provide satisfactory operation for
loads below the maximum. The computations which follow are for
relatively high heat releases.

The prime factors in heat calculations are the moisture and combusti-

ilable Energy for Refuse with Initial

s, %

ustion Total
Total net

available energy Btu/ lb

9 40 2,640
0 48 2,288
1 56 1,936
9 71 1,276

5 57 1,892
5 52 2,112
6 78 968
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ble content of the refuse and heat released by burning the combustible
portion of the refuse. The moisture content may vary from 20 to 50
percent by weight, and the combustible content may range from 25 to 70
percent. The combustible portion is composed largely of cellulose and
similar materials, mixed with proteins, fats, oils, waxes, rubber, and
plastics. The heat released by burning cellulose is approximately 8,000
Btu/ lb, while that released by the plastics, fats, oils, etc., is approxi-
mately 17,000 Btu/ lb. If cellulose, plastics, oil, and fat exist in the
refuse in the ratio of 5 : 1, the heat content of the combustible matter will

combustion, e.g., 140 percent of theoretical so that, in the example
cited:

Total air 5 1.8 3 374.4 5 674 lb/100 lb refuse

To summarize the quantities for a computation of furnace tempera-
ture, a materials balance is given in Table 7.4.4 equating the input to the
furnace and output for 100 lb of refuse. In this tabulation, allowance is

3
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be 9,500 Btu/ lb. The heat content per pound of refuse as received, for
varying proportions of moisture and noncombustibles, is given in Table
7.4.3 and Fig. 7.4.4

Determination of the air requirement is illustrated by computation
with refuse of 5,000 Btu/ lb heat content where (from Fig. 7.4.4) the
composition is: combustible, 58.6 percent; noncombustible, 19.0 per-
cent.

Carbon and hydrogen are the essential fuel elements in combustion of
refuse; sulfur and other elements which oxidize during combustion are
present in trace amounts and do not contribute significantly to the heat
of combustion. Carbon and hydrogen content can be determined from a
complete analysis of the refuse, but such an analysis is of questionable
value because of the variable character of refuse and the difficulty of
obtaining representative samples. For the purpose of this computation, a
typical analysis is used in which the total carbon is 28 lb and the hydro-
gen 1.5 lb/100 lb of refuse. It is probable that 1 to 3 lb of combustible
material per 100 lb of refuse will escape unburned with the residue. For
the sake of clarity in the illustrated computations, complete combustion
is assumed.

Oxygen requirements and products of combustion can be determined
from the reactions as follows:

Cellulose C6H10O5 1 6O2 : 6CO2 1 5H2O
Atomic wt: 72 1 10 1 80 1 192 5 264 1 90

162 1 192 5 264 1 90
Ratios:

Referred to carbon: 1 1 0.14 1 1.11 1 2.667 5 3.667 1 1.25
Referred to cellulose: 1 1 1.185 5 1.63 1 0.555

Carbon C 1 O2 : CO2

Atomic wt: 12 1 32 5 44
Ratio: 1 1 2.667 5 3.667

Hydrogen 2H2 1 O2 : 2H2O
Atomic wt: 4 1 32 5 36
Ratio: 1 1 8 5 9

The theoretical air required per 100 lb of refuse follows from these
figures where air is considered to contain 23.15 percent oxygen.

Air required 5 28 3 2.667/0.2315 1 1.5
3 8/0.2315 5 374.4 lb/100 lb refuse

For incineration, furnace temperature must be controlled to minimize
refractory maintenance. With no other provision for heat absorption, it
is necessary to introduce excess air well beyond the needs for complete

Table 7.4.3 Heat Content of Refuse, as Received

N

10 15

Comb., Heat Comb., H
Moisture, % % content* % con

50 40 3,800 35 3,

40 50 4,750 45 4,2
30 60 5,700 55 5,2
20 70 6,650 65 6,1

* Btu/ lb.
20 30
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Fig. 7.4.4 Moisture–heat content relation with 9,500 Btu/ lb combustible
material.

made for moisture in the air at a commonly accepted rate of 0.0132 lb/ lb
of dry air. Some residue quench water will be evaporated, and the mois-
ture added to the flue gases is estimated at 5 lb for each 100 lb of refuse
burned. Since the assumed analyses are not precise, an exact balance is
not obtained, but the indicated computations are sufficiently accurate
for incinerator design.

oncombustible, %

20 25

eat Comb., Heat Comb., Heat
tent* % content* % content*

25 30 2,850 25 2,375

75 40 3,800 35 3,325
25 50 4,750 45 4,275
75 60 5,700 55 5,225
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Table 7.4.4 Materials Balance for Furnace lb/100 lb of Refuse

Input:
Refuse

Combustible material
Cellulose 43.75
Plastics, oils, fats, etc. 8.75 52.5

Moisture 25.0
Noncombustible 22.5 100.0

In Table 7.4.4, total air is broken down into oxygen and nitrogen on
the basis that 23.15 percent of the air is oxygen. To compute the air in
the ‘‘output,’’ or flue gas, the nitrogen is the same as the ‘‘input.’’
Oxygen is diminished by the amount consumed in combustion. Since
carbon and hydrogen unite with oxygen during combustion, the oxygen
consumed per 100 lb refuse is:

For carbon, 28 3 2.667 5 74.68 lb
For hydrogen, 1.5 3 8 5 12.00 lb
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Total air, at 140% excess air
Oxygen 156.0
Nitrogen 517.9 673.9

Moisture in air 8.9
Residue quench water 5.0

Total 787.8
Output:

CO2 (28 3 3.667) 102.7
Air

Oxygen (156-87) 69.0
Nitrogen 517.9 586.9

Moisture
In refuse 25.0
From burning cellulose 24.3
From burning hydrogen 13.5
In air 8.9
In residue quench water 5.0 76.7

Furnace gas subtotal 766.3
Noncombustible material 22.5
Unaccounted for 2 1.0

Total 787.8
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Fig. 7.4.5 Enthalpy of flue gas above 80°F.
Total 86.68, say 87 lb

The moisture from burning cellulose and hydrogen is: for cellulose,
0.555 3 43.75 5 29.3 lb; for hydrogen, 9 3 1.5 5 13.5 lb.

Abiabatic flame temperature is the maximum theoretical temperature
that can be reached by the products of combustion of a specific fuel-air
combination. To calculate this temperature, the total heat input in the
fuel is adjusted to subtract the heat input required to vaporize moisture
in the fuel, moisture produced in combustion of cellulose and hydrogen,
and the residue quench water that is vaporized. A loss is assumed to
account for incomplete combustion and other small losses. The remain-
ing heat energy is the sensible heat available in the furnace gas. It can be
calculated per 100 lb of refuse from the data of Table 7.4.4 and the
enthalpy data of Fig. 7.4.5 as follows:

Input, 100 lb 3 5,000 Btu/ lb 500,000 Btu
Losses:

Heat of vaporization deduction
Moisture
In refuse 25.0
From burning cellulose 24.3
From burning hydrogen 13.5
From reside quench 5.0

67.8
67.8 3 1,050 Btu/ lb 71,900

Assumed loss due to incomplete
combustion and other losses 2% 10,000

Total deduction 2 81,190
Sensible heat available in furnace gas 418,810 Btu
Enthalpy of gas, 418,810 Btu 4 766.3 lb 547 Btu/ lb
% Moisture in furnace gas

Moisture vaporized 67.8
Moisture in air 8.9

76.7
76.74 766.3 5 10.0%

Temperature of furnace gas at 547
Btu/ lb and 10.0% moisture from
Fig. 7.4.5

1,950°F

RECOVERY

Many modern waste-to-energy (WTE) plants incorporate waste pro-
cessing/materials recovery facilities. Such facilities are a natural ad-
junct at plants producing RDF. Relatively active stable markets have
developed for newsprint, glass, metals, and certain specific plastics.
Recent surveys of waste composition indicate that after recycling, paper
and noncombustibles have decreased slightly while high-heat-value
plastics have increased significantly as a percentage of municipal solid
waste going to disposal. The impact of these changes in waste composi-
tion has been to increase slightly the heat content of waste available for
processing in WTE plants and to remove some of the more troublesome
materials from a materials handling standpoint.

Fly ash has been used to a limited extent as a concrete additive and as
a road base. Incinerator residue has been used for land reclamation in
low areas and, in some cases, as a road-base material. Generally, before
such use, the fly ash and residue must be tested to ensure that they
cannot be classified as hazardous waste.



7.5 ELECTRIC FURNACES AND OVENS
by George J. Roddam

REFERENCES: Robiette, ‘‘Electric Melting and Smelting Practice,’’ Griffin.
Campbell, ‘‘High-Temperature Technology,’’ Wiley. ‘‘Electric-Furnace Steel
Proceedings,’’ Annual, AIME. Paschkis, ‘‘Industrial Electric Furnaces and Appli-
ances,’’ Interscience. Stansel, ‘‘Induction Heating,’’ McGraw-Hill. Ess, The
Modern Arc Furnace, Iron Steel Eng.,

CLASSIFICATION AND SERVICE

The furnaces and ovens addresse
small and medium-size units use

process. This freedom is often a primary reason for the use of electric
heat.

3. The maximum temperature is limited only by the nature of the
material of the charge.

e the design of all electric heating
rmal processes for the production
any other way.

Fig. 7.5.1
hearth resisto
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d in general foundry practice, heat

The first two characteristics underli
apparatus. The third is utilized in the
of certain materials not obtainable in

RESISTOR FURNACES

treating, and associated processes. The larger units are generally used
for melting large quantities of metal as part of specific production pro-
cesses such as the production of high-purity alloy steels, processing
batches of processed parts receiving vitreous enamel, annealing glass,
and so on.

In resistor furnaces and ovens, heat is developed by the passage of
current through distributed resistors (heating units) mounted apart from
the charge. Alternating current of a standard power frequency is used.
The furnace service is for heat applications to solids such as heat treat-
ment of metals, annealing glass, and firing of vitreous enamel. Oven
service is limited to drying and baking processes usually below 500°F
(260°C).

In induction heaters heat is developed by currents induced in the
charge. The service is heating metals to temperatures below the melting
points.

In induction furnaces heat is developed by currents induced in the
charge. The service is melting metals and alloys.

In arc furnaces heat is developed by an arc, or arcs, drawn either to
the charge or above the charge. Direct-arc furnaces are those in which
the arcs are drawn to the charge itself. In indirect-arc furnaces the arc is
drawn between the electrodes and above the charge. A standard power
frequency is used in either case. Direct-current (dc) electric power is an
alternative source of energy. The general service is melting and refining
metals and alloys. The ladle arc furnace is used particularly when a
charge of metal is to be processed primarily to refine its chemistry.

In resistance furnaces of the submerged-arc type, heat is developed by
the passage of current from electrode to electrode through the charge.
The manufacture of basic products, such as ferroalloys, graphite, cal-
cium carbide, and silicon carbide, is the general service. Alternating
current at a standard power frequency is used. An exception is the use of
direct current where the product is obtained by electrolytic action in a
molten bath, e.g., in the production of aluminum.

The characteristics of electric heat are:
1. Precision of the control of the development of heat and of its

distribution.
2. The heat development is independent of the nature of the gases

surrounding the charge. This atmosphere can be selected at will with
reference to the nature of the charge and the chemistry of the heat
Heating chamber with sidewall and
rs.
Resistor furnaces may be either the batch or the continuous type. Batch
furnaces include box furnaces, elevator furnaces, car-bottom furnaces,
and bell furnaces. Continuous furnaces include belt-conveyor furnaces,
chain-conveyor furnaces, rotary-hearth furnaces, and roller-hearth fur-
naces.

Standard resistor furnaces are designed to operate at temperatures
within the range 1,000 to 2,000°F (550 to 1,200°C). For higher heating
chamber temperatures, see Resistors, later in this section.

The heating chamber of a standard furnace is an enclosure with a
refractory lining, a surrounding layer of heat insulation, and an outer
casing of steel plate, or for large furnaces an outer layer of brick or tile,
as indicated by Figs. 7.5.1 and 7.5.2. The hearth of a batch furnace often
is constructed of a heat-resisting alloy, made in sections to prevent
warping. In some continuous furnaces the conveyor forms the hearth; in
others a separate hearth is required.

Insulating firebrick—a semirefractory material—is commonly used
for the inner lining of the heating chamber. This material has thermal
and physical properties intermediate between those of fire-clay brick
and heat-insulating materials. A lining of this kind has less heat-storage
capacity than a fire-clay brick lining, and its use accordingly decreases
the time periods of heating and cooling the chamber and also decreases
the stored-heat loss for a given cycle of operation. Other advantages are
its high heat-insulating value and light weight.

The maximum temperature of the inner face of the layer of heat
insulation determines the character of material required for the insula-
tion. Practically all resistor furnaces have insulation made of diatomite.
Composite wall structures with a 41⁄2-in (11-cm) semirefractory lining
and a 9- to 13-in (23- to 33-cm) layer of heat insulation represent gen-
eral practice for standard furnaces. (See also Sec. 4.3.)

Atmospheres A mixture of air and the gases evolved from the
charge constitutes a natural atmosphere in the heating chamber of a
resistor furnace. The composition of such an atmosphere in a batch
furnace is variable during a heating cycle. A natural atmosphere in the
heating chamber of a continuous furnace is mainly air. Natural atmo-
spheres are used where the extent of the action of oxygen on the charge
during the heating cycle is not objectionable and for processes where
that chemical action is desired. (See also Sec. 7.3.)
Fig. 7.5.2 Heating chamber with roof and
hearth resistors.
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The basis of an artificial atmosphere is the exclusion of oxygen (air)
from the heating chamber by the substitution of some other gas or
mixture of gases. This gas or mixture of gases is selected with reference
to the chemical activity of that atmosphere on the charge at the tempera-
ture of the heat application. A definite chemical action may be desired,
for example, the reduction of any metallic oxide present on the charge,
or it may be required that the artificial atmosphere to be chemically
inactive. Thus artificial atmospheres are divided into (1) active or pro-
cess atmospheres and (2) inactive or protective atmospheres. The term

bon dioxide-carbon system (F) the volume ratio of the two gases at
equilibrium with the carbon in low- and medium-carbon steel at a given
temperature is somewhat greater than the value shown by curve F; for
high-carbon steels the equilibrium volume-ratios approach the values of
curve F.

In the case of the hydrogen-iron oxide reaction, curve A, the water
vapor content of the mixture of gases at equilibrium decreases with
decrease of temperature. Hence if a steel is to be cooled in a controlled
atmosphere of this kind, the permissible water vapor content of the
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‘‘controlled’’ atmosphere refers generally to a protective atmosphere,
but it also includes artificial atmospheres of some degree of chemical
activity. An example of a process atmosphere is the use of a hydrocar-
bon gas to carburize steel. Examples of controlled atmospheres are: the
bright annealing of metals, the prevention of decarburization of steel
during a heat application, the use of a reducing gas (hydrogen or carbon
monoxide) in a copper brazing furnace, etc. In this last example the
reducing gas serves to clean the faces of the joint to be made (by
removal of any oxide present) and to maintain that cleanliness during
the operation. The primary gases for controlled atmospheres are hydro-
gen and carbon monoxide and nitrogen.

The main uses of controlled atmospheres are (1) the prevention of the
formation of oxides on the material of the charge, or conversely the
reduction of any oxides present, and (2) the prevention of a change in
the carbon content of a steel undergoing a heat treatment. Each of these
uses denotes a chemical system in which the reactions are reversible.

The chemical systems relating to metallic oxides are:

A: Oxide 1 hydrogen N metal 1 water vapor
B: Oxide 1 carbon monoxide N metal 1 carbon dioxide

The chemical systems relating to carbon in steel are

E: Methane N hydrogen 1 carbon
F: Carbon monoxide N carbon dioxide 1 carbon

In artificial atmospheres the volume ratio of the two gases in the
heating chamber should be so maintained as to correspond to the desired
direction of the chemical activity of the system, or, if no chemical action
is desired, to maintain that volume ratio at (or near) its equilibrium
value for the temperature of the heat application. The equilibrium vol-
ume ratios for each of the four chemical systems A, B, E, and F for
carbon steel over the usual range of temperature of heat-treatment pro-
cesses and for atmospheric pressure are shown in Fig. 7.5.3. There is
little tendency toward a change in the carbon content of a steel below
the critical range. Oxidation is active down to about 1,100°F (650°C).

Curves E and F of Fig. 7.5.3 show the volume ratios of systems E
and F for equilibriums with graphite. The equilibrium volume ratios of
these two chemical systems for carbon in solid solution in steel (austen-
ite) depend in each case on the carbon content of the steel. For the
methane-hydrogen-carbon system (E) the volume ratio of the two gases
at equilibrium with carbon in an unsaturated steel at a given temperature
is less than the value shown by curve E. For the carbon monoxide-car-

Fig. 7.5.3 Equilibrium volume ratios of chemical systems A, B, E, and F for
steel. C 5 carburizing condition; O 5 oxidizing; D 5 decarburizing; R 5 reduc-
ing.
controlled atmosphere is dictated by the lowest temperature of the oper-
ation. The reverse is true of the carbon monoxide–iron oxide reaction,
curve B. Thus if at a given temperature the carbon dioxide content of the
mixture of carbon monoxide and carbon dioxide is less than the volume
for equilibrium at that temperature it will be less than the volume for
equilibrium at any lower temperatures and the steel can be cooled in that
atmosphere without oxidation.

In the use of mixtures of the gases of the chemical systems noted to
form controlled atmospheres for the heat treatment of steel, the interac-
tions of the gases at elevated temperatures must be controlled by re-
moval of all or nearly all the carbon dioxide and water vapor from the
heating chamber.

The available data concerning controlled atmospheres for the protec-
tion of alloy steels during heat-treatment processes indicate that the
technique for alloy steels is much the same as for carbon steels; i.e., a
controlled atmosphere suitable for a carbon steel would, in general, be
suitable for an alloy steel of the same carbon content.

In the heat treatment of nonferrous metals and alloys the use of either
chemical system A or B requires for each oxide a knowledge of the
equilibrium volume ratios of the chemical system used over the range of
the operating temperature. Individual problems may arise. For example,
copper can be bright-annealed in an atmosphere of dry steam—an inac-
tive gas for this application—but the resultant staining of the copper
during cooling may be objectionable. Copper usually contains a small
percentage of oxide, and when annealing such copper in an atmosphere
containing a reducing gas the temperature of the metal must be kept
below about 750°F (420°C); otherwise the oxide will be reduced and the
copper made brittle.

The foregoing discussion of atmosphere in heating chambers is in-
tended to indicate the principles involved in the use of gases at elevated
temperatures. The terms oxidation, reduction, carburization, and decar-
burization refer here to the chemical condition of a particular atmo-
sphere and not to the extent of its effect on a charge. In all cases the
concentration of the active gas or gases, time, temperature, in case of
steel the carbon content and the gas pressure, and the catalytic action of
hot surfaces within the chamber are important factors in the result ob-
tained.

Bath Heating Heating for local hardening of edge tools is the most
general service. The lead-bath furnace has a working temperature range
of 650 to 1,700°F (360 to 950°C). The salt-bath furnace can be adapted
to working-temperature ranges within a total range of 300 to 2,350°F
(170 to 1,300°C) by the selection of suitable mixture of salts. The two
salt baths most generally used are cyanide mixtures and chloride mix-
tures. The rate of heating by immersion is much faster than obtained by
radiation. The rate of heat transfer in a salt bath is about one-half that in
the lead bath. An additional use of the salt bath is for cyaniding, in effect
a process atmosphere.

Resistors The resistor of a standard furnace is a sinuous winding
mounted on the inner surfaces of the heating chamber as shown in Figs.
7.5.1 and 7.5.2. The resistor winding covers practically the entire sur-
face of the space chosen. Resistors are applied on the basis of 2 to
3 kW/ft2 (20 to 30 kW/m2) of wall surface in general practice. The basis
of resistor location is radiation to all surfaces of the charge. Hence, the
height and width dimensions of the heating chamber indicate the choice
between sidewall and roof resistors. In some cases both locations are
used. Uniform distribution of heat flow to the charge is obtained by a
designed distribution of the surfaces of the resistors supplemented by
reradiation from the inner surfaces of the chamber.

Resistors for the majority of standard furnaces are made of 80 Ni,
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20 Cr alloy. A nickel-chromium-iron alloy is used in some furnaces for
operation only over the lower portion of the furnace temperature range.
Both ribbon and cast shapes are in use. The effort in each case is to
obtain the maximum surface area per unit length of resistor and at the
same time retain sufficient mechanical strength in the resistor winding.

The 80 Ni, 20 Cr alloy is self-protecting against oxidation, but this
protection decreases with rise of temperature. The operating tempera-
ture of a resistor should be no higher than is needed in each case and
should always be at a safe margin below the softening point of the alloy,

Temperature protection for resistor furnaces is obtained by means of a
temperature fuse mounted in the heating chamber and connected in the
control circuit of the power supply to the furnace.

Multiple-Temperature Control The resistors of the larger furnaces
are divided into two or more circuits. Each circuit can be equipped with
individual temperature control. That arrangement provides temperature
regulation at more than one location in the heating chamber and is an aid
toward maintaining uniform temperature distribution within the
chamber.

,
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which is about 2,500°F (1,390°C). This corresponds to a maximum
furnace temperature of about 2,100°F (1,170°C). The life of a resistor is
also affected by the frequency of heating and cooling. Barring acci-
dents, the resistor of a standard furnace under average conditions of
operation has a long life, usually measured in years of service.

The nickel-chromium alloy resistor is used in artificial atmospheres
as well as in natural atmospheres. This alloy is not resistant to com-
pounds of sulfur and is affected to some extent by carbon monoxide.

The electric insulation of the resistor circuit is that of its refractory
supports at elevated temperatures. This limits the voltage of the circuit
to about 600 V. Small furnaces are usually designed for 110 V, medium
sizes for 220 V, and the larger units for 440 V. Single phase up to 25 or
30 kW and three phase for higher ratings is general practice.

The resistivity-temperature coefficient of the nickel-chromium alloy
permits the operation of resistors of this material on constant-voltage
circuits. The rate of heat development in a resistor is proportional to the
square of the applied voltage; hence maintenance of normal voltage is
desirable. Voltage regulation is not as important as for other types of
electrical apparatus because of the heat-storage capacity of the structure
of the heating chamber. The power factor of the resistor circuit is practi-
cally unity.

High-Temperature Furnaces Silicon carbide is the basis of a type of
nonmetallic resistor for heating-chamber temperatures up to about
2,800°F (1,560°C). The material is formed into rods. Resistors of this
material do not require protection against oxidation and are operated on
constant-voltage circuits.

Molybdenum resistors are suitable for temperatures up to 3,000°F
(1,670°C). Above that temperature the metal begins to vaporize. A mo-
lybdenum resistor cannot be operated in a natural atmosphere, and also
it must be protected from reactions with silica and carbon. The metal is
immune from reactions with sulfur compounds, nitrogen, and water
vapor. Hydrogen is the most common artificial atmosphere used with
molybdenum resistors. The difference between the cold and hot resis-
tances of the circuit makes a starting device necessary.

Other materials used to some extent for resistors are iron, tungsten,
and graphite. These require protection against oxidation.

Temperature Regulation The temperature of the heating chamber
of a resistor furnace is in most cases regulated by a more or less inter-
mittent application of current—the on-and-off method—which is
made automatic by instrument control. This method utilizes the heat-
storage capacity of the inner lining of the heating chamber as a tempera-
ture equalizer. The variation from the normal temperature of the
chamber can be kept within less than 7°F (4°C) plus or minus, without
undue wear of the temperature-control equipment. Temperature regula-
tion by voltage control is equally applicable to resistor furnaces, and the
trend is toward the use of this more accurate method particularly for the
more important installations.

Table 7.5.1 Box Resistor Furnaces, 1,850°F (1,030°C) Class

Connected
load, kW

Power supply,
200 V

Steel, lb/h
at 1,500°F

Time to heat to
1,500°F (830°C)

when used previous
day, min

Radiation
kWh/h,

at 1,500°F

29 1-phase 300 35 4.9
45 3-phase 500 35 6.9
60 3-phase 650 25 7.8

72 3-phase 750 25 9.1
The subdivision of resistor circuits is used also for zone heating—
and zone cooling where needed—in continuous furnaces.

Melting Pots Resistor heating is applied to melting pots for the soft
metals and alloys and for lead baths and for salt baths. The immersion
heating unit is used for temperatures up to 950°F (530°C). For higher
temperatures the metal pot is heated by resistors mounted outside and
around the pot. The assembly in each case includes a heat-insulating
wall similar to that of a resistor furnace. Another method of heating
applicable only to salt baths is the passage of alternating current (of any
frequency) between electrodes immersed in the bath.

Tempering Furnaces The temperature is comparatively low—
below 1,300°F (720°C). Electrically heated oil baths and salt baths are
used for tempering many kinds of small parts. Another form of temper-
ing furnace is a vertical resistor furnace with the addition of a removable
metal cylinder (or basket) to contain the charge and to provide an annu-
lar passageway for the circulation of air (by a fan mounted on the
furnace) over the resistors and thence through the charge—an applica-
tion of forced convection heating.

Sizes The electrical rating is the general method of expressing the
size of a resistor furnace. Sizes up to 100 kW predominate, 100- to
500-kW furnaces are common, and others within the range 500 to
1,000 kW are in service. The data in Table 7.5.1 refer to common sizes
of so-called box furnaces for general service.

The losses from a resistor furnace for a given heating chamber tem-
perature are as follows: The open-door loss is a variable depending on
the area of the door (or doors) and the percentage of the time that the
door is open—from a continuous furnace this loss also varies with the
type and speed of the conveyor; with artificial atmospheres, the loss of
heat in the gases discharged for atmosphere control; the stored-heat
loss, a variable that depends on the extent and frequency of the cooling
of the furnace within a given period of operation; the heat dissipated
from the outer surfaces of the furnace.

The operating efficiency is expressed as either pounds of material
treated or kWh or kWh per ton. Representative values for average ser-
vice for the heat treatment of steel range from 7 to 12 lb/kWh. Corre-
sponding values for nonferrous metals and alloys are within the range
12 to 22 lb/kWh.

The general field of the batch furnace is defined by the following
conditions: (1) intermittent and varied production; (2) long periods of
heating (and in some cases slow cooling); (3) heating service beyond
the range of the handling capacity of furnace conveyors; and (4) supple-
mentary heating service. A continuous furnace is indicated where the
flow of material to be heated is reasonably uniform and continuous, i.e.,
mass-production conditions. In some cases, batch furnaces with auto-
matic charging and discharging equipment are essentially continuous
furnaces.

Resistor Ovens The resistor oven is a modification of the resistor

Approx dimension, in

Inside Overall

Height, Height,
Width Depth Height Width Depth door closed door open

18 36 18 55 89 86 97
24 54 20 61 108 90 101
30 63 23 78 125 90 98
36 72 23 84 135 90 98
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furnace to correspond to the low temperatures of drying and baking
processes. The heating chamber is an insulated metal structure with a
fresh-air inlet and an exhaust fan for ventilation (the removal of vapors
and gases evolved from the charge). A refractory lining is not required.
Ovens may be of the batch type with conventional methods of handling
the charge of the continuous type, usually with chain conveyors.

The most common type of electric oven is heated by resistors
mounted in a separate compartment of the heating-chamber enclosure.

in Fig. 7.5.5. An alternating current in the coil establishes the required
alternating magnetic flux around the charge.

A peculiar feature of such assemblies, termed ‘‘induction heaters,’’ is
the absence of heat insulation; the coil is water-cooled. Thus, the charge
is heated in the open air, or an artificial atmosphere can be used, if the
assembly is enclosed. This requires rapid heating with heat cycles mea-
sured in minutes or seconds.

The frequency required is a function of the electric and magnetic
properties of the charge at the temperature specified for the heat appli-
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The heat transfer is by forced convection which is accomplished by
recirculation of the chamber atmosphere by a motor-driven fan.

A resistor oven with filament-type lamps as heating units provides
what is generally known as infrared heating. The lamps, usually with
self-contained reflectors, surround the charge, and the heat transfer is by
radiation, mainly in the infrared portion of the spectrum. This type of
oven is best adapted to the continuous heating of charges which present
a large surface area in proportion to the mass and which require only
surface heating, e.g., baking finishes on sheet products.

Ventilation The vapors and gases evolved from the charge during
baking processes are often flammable, and the continuous discharge of
these products from the oven chamber is essential for protection against
explosions. For detailed recommendations, see Pamphlet 74 of the
Assoc. Factory Mutual Fire Ins. Cos., Boston.

DIELECTRIC HEATING

The term relates to the heat developed in dielectric materials, such as
rubber, glue, textiles, paper, and plastics, when exposed to an alternat-
ing electric field. The material to be heated is placed between plate-form
electrodes, as indicated in Fig. 7.5.4. It is not necessary that the elec-
trodes be in contact with the charge; hence continuous heating is often
practicable.

Fig. 7.5.4 Assembly for dielectric heating.

If the material of the charge is homogeneous and the electric field
uniform, heat is developed uniformly and simultaneously throughout
the mass of the charge. The thermal conductivity of the material is a
negligible factor in the rate of heating. The temperatures and services
are within the oven classification.

The frequency and voltage for this class of service depend in each
case on the electrical properties of the material of the charge at the
temperature specified for the heat application. The frequencies in use
range from 2 to 40 MHz; the most common frequencies are from 10 to
30 MHz. It is advisable to select the frequency for heating by trial.

The upper limit of voltage across the electrodes is fixed by the spark-
over value and by corona. The permissible voltage gradient depends on
the nature of the material of the charge. Values within the range 2,000 to
6,000 V/in (790 to 2,400 V/cm) are found in practice; the voltage across
the electrodes should not exceed 15,000 V.

Applications of dielectric heating include setting glue as in plywood
manufacture, curing rubber, drying textiles, and the heat treatment of
plastics.

INDUCTION HEATING

In induction heating, the lateral surface of the charge is exposed to an
alternating magnetic flux. The currents thus induced in the charge flow
wholly within its mass. The term ‘‘eddy-current heating’’ is sometimes
applied to the method.

A common assembly, if the charge is to be heated to a temperature
below its melting point, is to place the charge within a coil as indicated
cation and of the radius, or one-half the thickness, of the charge. This
frequency for a given material increases with decrease of the dimension
noted. The frequency in any case is not critical. In practice, 480, 960,
3,000, and 9,600 Hz and around 450 kHz suffice for the entire range of

Fig. 7.5.5 Assembly for induction heating.

induction heating. The highest frequencies needed are those for heating
steel charges to temperatures above the Curie point. About 1⁄2 in
(11⁄4 cm) diam in this case is the lower limit for 9,600 Hz. This limit
dimension is decreased for steel heated to temperatures below the Curie
point and for all charges of nonferrous materials.

The operation can be either batch heating or continuous heating as
required. Applications include heating for forging, for annealing, for
hardening steel, for brazing, soldering, and strain relief. As most of the
heat is developed within the annular zone of the charge, the method is
particularly well adapted to heating steel parts for surface hardening. A
recent application of induction heating is the raising in temperature of
billet-size ingots for rolling into merchant bars.

ARC FURNACES

Two types of arc furnaces are in common use: (1) the three-phase fur-
nace and (2) the single-phase furnace. The general field of the three-
phase furnace is the melting and refining of carbon and alloy steels; that
of the single-phase furnace is the melting of nonferrous alloys. There is
an increasing amount of arc-furnace capacity used for melting and re-
fining various types of iron.

Three-Phase Arc Furnaces The general design of this type of fur-
nace is shown in Fig. 7.5.6. In operation, each heat is started by swing-
ing the furnace roof aside and then loading the refractory-lined furnace
body with scrap dropped from a crane-handled clamshell charging
bucket. Arcs next are drawn between the lower ends of the graphite
electrodes and the scrap; melting proceeds under automatic control until
the hearth carries the molten metal. This fluidizing stage is effected at
about 85 percent thermal efficiency. Several charges usually are needed
to build up the bath—particularly in ingot practice. The furnace tilts
forward for pouring; the back tilt serves in the removal of slag and
permits the furnace hearth to be kept in proper condition. The slagging
door is opposite the pouring spout. Large furnaces frequently also have
a side door, known as a working door.

Refractories Furnaces that produce foundry steels operate with
acid lining. This means silica brick form the walls; the hearth is of
gannister or the equivalent. Silica-brick roofs are the more widely used
although, for intermittent operation, clay brick may be preferred. The
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slags of acid-lining practice remove no phosphorus or sulfur. Essen-
tially all ingot operations are carried on with basic linings. This means
magnesite bottom and sidewalls, so that the limey slags employed will
not erode them. Entry ports for the electrodes may be of extra-quality
refractories to prolong roof life, particularly where the furnace is in
continuous operation. In basic practice phosphorus joins the slag read-
ily; sulfur can be removed next by a second slag, when this slag has
been made highly reducing. Slag covering the molten bath serves in

verting scrap charges into steel for pouring into ingots, castings, or a
continuous caster. This type of equipment finds increasing use also in
the cold melting and duplexing of gray and white irons. Hand and chute
charging have practically disappeared, at least insofar as furnaces of a
ton charge size upward are concerned. One of the main advantages of
the top-charge furnace is that the scrap used does not need to be cut to
door size, as was the case formerly.

Although first employed only for the more expensive grades of steel,
the arc furnace now is used widely in making ingots for rolling into
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refining the metal and reduces the heating of wall and roof brick. In
modern arc furnace operations, foamy slag practice is employed,
wherein a deep, foamy slag prevents the arcs from damaging the wall
and roof linings. Superrefractories find application in high-temperature,
long-refining operations. Electric irons are made in acid-lined furnaces.

Fig. 7.5.6 Three-phase arc furnace with basic lining.

Temperature Arcs approximate 6,300°F (3,500°C); hence opera-
tion must be carried out so as to protect the refractories as much as
possible. As the top-charge furnace now has supplanted the door-charge
furnace in nearly all cold-melt work, the conditions for shielding the
refractories during the melt-down stage of each heat are good. With the
furnace filled to the top with scrap, the electrodes bore down through
that scrap, and the heat of the arcs is liberated right in the metallic
charge itself. When the charge, and any back charges made, approach
the fluid stage it is customary to reduce both the power input and the
length of arcs employed. During the finishing stages, roof and sidewalls
are protected both by the slag and by the ‘‘umbrella’’ effect of the
electrodes themselves. Deserving mention is the expanding use of oxy-
gen to gain speed in production, which makes for increasing furnace
temperatures. The higher sidewalls of modern furnaces aid in obtaining
good roof life. Additionally, water-cooled sidewalls extend refractory
life and thus minimize the cost of replacing refractory.

Charges The three-phase arc furnace is primarily a unit for con-
erchant bars and similar grades and supplies liquid metal fed into a
ontinuous caster. The speed of production on this type of working—
ermed single-slag dephosphorizing basic practice—can be double that
btained with the same furnace used to make two slag dephosphorized
nd desulfurized basic alloy steels. Acid working on foundry steels
enerally approximates the same speed as single-slag dephosphorizing
asic practice, and some alloy steels require about half again as much
ime. While most carbon steel for castings is made on an acid hearth, a
asic bottom is regularly used for making manganese steels, for refining
ickel and copper, and for the furnacing of many heat-resistant alloys.
ection 13.1 discusses steel-foundry practice.
In general, approximately 320 kWh at 100 percent thermal efficiency

ill be needed to melt 1 ton of cold steel scrap. This means about 400
Wh will be needed to fluidize each ton. Additionally, about 100 kWh/
on will be needed to finish the heat and superheat the bath—this in the
ase of ordinary plain carbon steels made on single-slag acid or basic
ractice. Double-slag steel heats will require no more power than others
or fluidizing the scrap charge, but the additional power needed for
elting new slag, refining, melting added alloys, etc., may require as
uch as 250 kWh/ton of bath, or even more.
Three-phase arc furnaces are usually given an hourly productive rat-

ng in terms of acid foundry steels when these equipments are supplied
n sizes up to and including the 11-ft (3.4-m) diam unit. However, with
any furnaces extra-powered, quite a few shops exceed the normal

ourly rating considerably—in some cases by essentially 100 percent.
epresentative sizes of furnaces are listed in Table 7.5.2.
Arcs The arc in each phase is maintained between the lower end of

he electrode and the top of the charge (or bath, after the molten state is
eached). Higher voltages can serve for melting as the size of the fur-
ace increases; thus, where a 7-ft (2.1-m) diam furnace employs 215 V
s its highest melting potential, a 15-ft furnace would use 290 V or
igher as the top tap. For such a furnace constructed with water-cooled
idewall and roof panels, the application of 500 V would be normal.
he furnace transformer is universally of the motor-operated tap-
hanger type, and in the case of, say, a 10,000 kVA at 55°C rise substa-
ion, a secondary voltage variation of more than 150 V is customary.
he range of lower voltages used for refining the molten metal is ob-

ained by changing the primary of the main transformer from delta to
tar connection; this reduces both voltage and capacity to 58 percent of
heir values with delta primary connection. If, say, 12 tons of steel scrap
re to be melted down to fluid in 1 h, then the electric energy needed
ill approximate 5,000 kWh. With 245 V used as the principal melt-
own voltage, the current per phase will have to average close to

able 7.5.2 Sizes of Three-Phases Arc Furnaces

Normal productive
iam of Normal charge, Normal powering, rate, single-slag

shell, ft tons kVA steels, tons/h*

5 11⁄2 600 1⁄2
7 31⁄2 1,500 11⁄2
9 8 3,000 3

11 16 6,000 6
121⁄2 27 9,000 9
15 50 12,500 13
20 115 25,000 27
24 225 36,000 40

* Many users exceed these outputs, particularly those using burners and oxygen to speed
perations.
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12,000 A. A 12-in (30-cm) diam graphite electrode would amply carry
this current. Small furnaces operate with 600 kVa and even higher
powering per ton of charge, whereas in the case of the larger equipments
the electrical backing of the furnace normally does not exceed 300
kVA/ton of charge.

Reactance is required in the circuits of an arc furnace to give stability
and to limit the current when an electrode makes contact with the metal-
lic charge. The inherent reactance (impedance) in the instance of

porated in the metal since the bath washes over much of the interior of a
rocking furnace. The oscillation approximates 200°.

Rocking furnaces usually do not exceed 500 kW in powering. A
single operating voltage can suffice. In regulating a rocking furnace,
only one electrode need be movable, on a carriage under automatic
control, to maintain the requisite amperage by varying the length, and
therefore the resistance, of the arc gap.
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10,000-kVa installations and above normally is sufficient. The total
stabilizing reactance provided in the case of a 1,000-kVa load normally
approximates 30 percent.

Regulation The characteristics of an arc furnace circuit for a given
applied voltage are shown in Fig. 7.5.7. For each voltage there is a value
of current that gives maximum power in the furnace. This optimum
current is the basis of the regulation of the circuit.

Fig. 7.5.7 Characteristics of an arc furnace circuit.

The control of the power input into direct-arc electric furnaces is
effected by the adjustment of the arc length. To accomplish this, the
electrode arms are positioned in the ‘‘raise’’ or in the ‘‘lower’’ direc-
tion by an automatic regulator. This regulator, which responds within
a few cycles, causes the electrode arms to be lowered by extra-fast
motor-driven winches when voltage is obtained by closing the circuit
breaker. As soon as contact between electrode and scrap charge is es-
tablished, melting current flows, and this current, whenever exces-
sive, functions immediately through the medium of the winch motor
to elevate that particular electrode arm and electrode by the distance
corresponding to the diminution in power input needed just at that in-
stant.

Formerly, the so-called contactor regulator was used universally to
energize the winch motors. More recently the rotary regulator—this, in
effect, being a particularly responsive motor generator set for each of
the three phases—has forged to the forefront by reason of giving more
precise control with minimized maintenance. Currently, even faster re-
sponse and electrode-travel speed are provided by low-inertia static-
regulating equipment.

Single-Phase Arc Furnaces Single-phase arc furnaces usually are
manufactured in the two-electrode type. When the electrodes operate
vertically, the furnace melts much as a three-phase direct-arc furnace
does. However, most vertical-electrode single-phase furnaces are of
laboratory size—that is, up to 150 kVa in powering.

When two electrodes are mounted horizontally in a rocking furnace
an indirect-arc unit is obtained. Many rocking furnaces serve well in the
melting of brasses, bronzes, and in similar work. Volatiles are reincor-
INDUCTION FURNACES

There are two basic types of metal-melting induction furnaces: (1) core-
less and (2) core-type. Both types utilize the principle of a transformer.
The high-voltage circuit is coupled with that of the low voltage without
directly connecting the two circuits. The element responsible for this
coupling effect is the magnetic field. Induction heating utilizes the
property of the magnetic field, which enables heat to be transferred
without direct contact. By correctly disposing the high-voltage winding,
which in the case of the induction furnace would be an induction coil or
inductor, the magnetic field is directed so that the metal to be heated or
melted is made to absorb energy. The temperature attainable is limited
solely by the resistance to heat of the surrounding lining material. In-
duction heating enables any temperature to be achieved while providing
for excellent regulation of temperature and metallurgical properties.
Any metal which will conduct electric current can be melted in an
induction furnace.

Coreless Induction Furnaces (See Fig. 7.5.8.) This type of furnace
consists of a crucible, copper coil, and framework on supports arranged
for tilting and pouring. The specially designed induction coil acts as the
primary of the transformer. The crucible conforms to conventional re-
fractory practice. A rammed crucible is used for furnaces above 50 kW,
and preformed crucibles are used on smaller furnaces such as laboratory
units.

Fig. 7.5.8 Coreless induction furnace.

The principle of operation is essentially the same as that of the induc-
tion heater previously described. The initial charge in the furnace is cold
scrap metal—pieces of assorted dimensions and shapes and a large
percentage of voids. As the power is applied and the heat cycle pro-
gresses, the charge changes to a body of molten metal; additional cold
metal is added until the molten-metal level is brought to the desired
temperature and metallurgical chemistry. The furnace then is tapped.

When the metal in the furnace becomes fluid, depending on whether a
line frequency or medium-frequency supply by means of convectors is
used, a certain electromagnetic stirring action will occur. This stirring
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action is peculiar to the induction furnace and aids in the production of
certain types of alloys. The stirring action increases as the frequency is
reduced.

Line-frequency applications are generally reserved to furnaces hav-
ing a metal-holding capacity of 800 lb (360 kg) and above. There is
always an ideal relationship between the size of a coreless furnace and
its operating frequency. As a general rule, a small furnace gives best
results at high to medium frequencies and large furnaces work best at

The melting output is controlled by varying the voltage supplied to
the inductors with the aid of a variable-voltage transformer connected to
the primary circuit of the supply. Core-type furnaces always use line
frequencies. Voltage or power-input regulation, therefore, can be per-
formed by adjusting the tap setting of the transformer feeding the fur-
nace transformer attached to the furnace shell. These transformers are
single-phase units, and by using three such units, a balanced three-phase
input can be obtained. The current flowing through the primary induc-
tors by transformation causes a much larger current in the metal loop,
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the lower frequencies. A frequency is suited to a given furnace when it
yields good, fast melting with a gentle stirring action. Too high or too
low frequencies are accompanied by undesirable side effects. The tabu-
lation below gives the charge weights and frequencies generally to be
used:

Charge Frequency,
weight, lb Hz

2–50 9,600
12–500 3,000

200–15,000 960
800–75,000 60

The coreless induction furnace is usually charged full and tapped
empty, although at line frequencies, it may be necessary to retain a
certain amount of metal in the furnace to continue the operation, since it
is difficult to start the furnace with small metal particles, such as turn-
ings and borings, in a cold crucible. As a result, it is general practice to
retain a heel in the furnace of about one-third its molten-metal volume.
This problem can be avoided in furnaces of higher frequencies, where
start-up can be performed with small-size metal charges without carry-
ing the heel.

Coreless induction furnaces are particularly attractive for melting
charges and alloys of known analysis; in essence, the operation be-
comes one of metal melting with rapidly absorbed electric heat without
disturbing the metallurgical properties of the initial charge.

These furnaces are supplied from a single-phase source. In order to
obtain a balanced three-phase input, it is necessary specifically to design
the electrical equipment for the inclusion of capacitors and suitable
reactors, which are generally automatically switched (by inductance
changes) during the operation in order to provide a reasonably high
power factor. Power factors on such furnaces can be kept at or near
unity. In high-frequency coreless induction furnaces, high power factors
are necessary to prevent overburdening the motor-generator equipment.

Core-Type Induction Furnaces (See Fig. 7.5.9.) The transformer is
actually wound to conform to a typical transformer design having an
iron core and layers of wire acting as a primary circuit. The melting
channel acts as a ring short circuit around this transformer in the melting
chamber. According to the desired melting capacity, one, two, or three
such transformers (or inductors, as they are called) may be added to the
furnace shell. At all times, the channel must hold sufficient metal to
maintain a short circuit around the transformer core. Air cooling is used
as required to prevent undue heating of the inductor coils and magnetic
cores.

Fig. 7.5.9 Core-type induction furnace.
hose resistance creates heat for melting.
The core-type furnace is the most efficient type of induction furnace

ecause its iron core concentrates magnetic flux in the area of the mag-
etic loop, ensuring maximum power transfer from primary to second-
ry. Efficiency in the use of power can be as high as 95 to 98 percent.

The essential loop of metal must always be maintained in the core-
ype furnace. If this loop is allowed to freeze by cooling, extreme care is
ecessary in remelting because the loop may rupture and disrupt the
ircuit. This could require extensive work in dismantling the coil and
estoring the loop. Consequently, core-type furnaces rarely are permit-
ed to cool. This makes alloy changes difficult because a heel of molten
etal always is required.
The relatively narrow melting channels must be kept as clean as

ossible since a high metal temperature exists in this loop. Nonmetallics
r tramps in the charge metal tend to accumulate on the walls in the
hannel area, restricting the free flow of metal and ultimately closing
he passage.

This furnace is particularly useful for melting of nonferrous metals
uch as aluminum, copper, copper alloys, and zinc.

OWER REQUIREMENTS
OR ELECTRIC FURNACES

he energy required for melting metals in electric furnaces varies for a
iven metal or alloy with the size of the furnace, the thickness of the
efractory lining, the temperature of the molten metal, the rate of melt-

able 7.5.3 Energy Consumption of Electric Furnaces

Process Type of furnace lb/kWh

aking finishes on sheet metal Batch oven 10–18
aking finishes on sheet metal Continuous oven 25–30
aking bread Continuous oven 10–12
nnealing brass and copper Batch furnace 10–25
nnealing steel Batch furnace 5–15
ardening steel Batch furnace 7–11
empering steel Batch furnace 15–25
nnealing glass Continuous furnace 40–100
itreous enameling, single coat Batch furnace 5–8
itreous enameling, single coat Continuous furnace 10–15
alvanizing Batch furnace 12–20

kWh/ton
Melting metals Type of furnace (2,000 lb)

ead Resistor 40–50
older 50–50 Resistor 40–50
in Resistor 35–50
inc Induction 80–100
rass Arc and induction 250–400
teel, melting only Arc and induction 450–700
teel, melting and refining Arc 600–750
ray iron Arc and induction 450–600

kWh/ton
Furnace products Type of furnace (2,000 lb)

luminum Electrolytic 22,000–27,000
alcium carbide Resistance 3,000–6,000
erroalloys Resistance 4,000–8,000
raphite Resistance 3,000–8,000
hosphoric acid Resistance 5,000–6,000
ilicon carbide Resistance 8,500–10,000
melting iron ore Resistance 1,650–2,400
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ing, and with the degree of the continuity of the operation of the furnace.
An estimated efficiency of 50 to 60 percent is often used for preliminary
purposes. As is well known, 3- to 6-ton direct-arc furnaces often are
used to tap acid foundry steels with the consumption of less than 500
kWh to the ton, and large ingot furnaces of this same type, operating
basic-lined on common steels for ingots, give even better results despite
the call for several more charges of scrap per heat.

Average values in kWh/ton of molten metal are as follows: yellow

terials in batches and is usually rectangular in shape with an electrode at
each end for single-phase operation. The length and cross-sectional area
of the path of the current are proportioned to suit the power characteris-
tics of the charge. Refractory materials have negative temperature-re-
sistance coefficients, and hence to maintain constant power in the fur-
nace circuit the applied voltage must be reduced as the temperature of
the charge rises in proportion to the square root of the ratio of the initial
resistance of the furnace circuit to the resistance of the furnace circuit at
the end of the heat cycle. If the materials of the charge are nonconduc-
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brass, 200 to 350; red brass, 250 to 400; copper, 250 to 400; lead, 30 to
50; steel melting, when making high-quality double-slag basic heats,
650 to 800 (Table 7.5.3).

Electrode consumption varies considerably in arc furnaces because of
their different constructions and operations. Average values in pounds
of electrode per ton of molten metal are: steel melting, with graphite
electrodes, 5 to 10; brass melting, with graphite electrodes, 3 to 5.
Graphite electrodes have largely superseded carbon electrodes.

SUBMERGED-ARC AND RESISTANCE FURNACES

The resistance furnace is essentially a refractory-lined chamber with
electrodes—movable or fixed—buried in the charge. This simplicity
permits a wide range of designs and much latitude in dimensions. The
general service is heating charges of a refractory nature to bring about
chemical reactions or changes in the physical structure of the material of
the charge. The energy requirement of each of such processes is a large
item in the cost of production. Large units and a favorable power loca-
tion are the rule. Resistance furnaces also are termed submerged-arc
furnaces and/or, in quite a few instances, smelting-type furnaces.

The only limit on the temperature to which a charge can be heated by
this method is the temperature at which the materials of the charge are
vaporized. For temperatures beyond the limit of refractory linings, the
materials of the charge are used to form a protective layer between the
core of the charge (through which the current passes) and the walls of
the furnace.

Resistance furnaces with movable electrodes may be either single-phase
or polyphase. The materials of the charge are fed more or less continu-
ously, and the product is discharged intermittently or continuously as
required. In some cases the product is in the molten state; in others
the product is a vapor. The usual method of operation is the use of a
single operating voltage and a constant power input. The power is regu-
lated by adjustment of the depths of the electrodes in the charge.
The load is fairly uniform and, if polyphase, is kept reasonably well
balanced.

The resistance furnace with fixed electrodes is designed for heating ma-
tors at room temperature, a starting circuit is provided by means of a
core of carbon—usually coke—placed in the charge. The heat cycles
of furnaces of this class generally extend over a period of several days.

Some of the more common uses of the resistance furnace are:
Calcium carbide furnaces are charged continuously with lime and

coke. These equipments can be either open or closed top. This type of
furnace has been built up to 70,000 kVA in electrical powering—
covered and sealed for gas collection.

Ferroalloy furnaces for the production of ferrochrome, ferrosilicon,
ferromanganese, etc., are usually three-phase furnaces with movable
electrodes and are similar in construction to the three-phase arc furnace.
The charge is a mixture of the ore (oxide) of the selected metal, scrap
iron, and a reducing agent, generally carbon except for very low carbon
content alloys, for which some other reducing agent such as aluminum
or silicon is required. Six-electrode furnaces often are used for power
inputs of 15,000 kVA and more.

The graphitizing furnace is of the single-phase batch type. Artificial
graphite is made by heating amorphous carbon (coal or coke) while
shielded from air to a high temperature—around 4,500°F (2,500°C).
The presence of some metallic impurity, such as iron oxide, in the
charge appears to be necessary for the conversion of amorphous carbon
to graphitic carbon. The raw material for making bulk graphite consti-
tutes both the charge and the protective layer around the core of the
charge. Graphite shapes are made from the corresponding shapes of
amorphous carbon which are embedded—between the electrodes—in
raw material as noted for the manufacture of bulk graphite.

The silicon carbide furnace is similar to the graphitizing furnace. The
charge is a mixture of sand (silica), coke, sawdust, and a small amount
of salt. This mixture is packed around a core of granulated coke to form
the initial circuit between the electrodes. The sand and coke are the
reacting materials. The sawdust serves to make the charge porous so
that the gases formed during the heating of the charge can escape freely.
The salt vaporizes and removes impurities, such as iron, in the form of
chlorides. The temperature of the process is 2,700 to 3,400°F (1,500 to
1,880°C).
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8.1 MECHANISM
by Heard K. Baumeister, Amended by Staff

REFERENCES: Beggs, ‘‘Mechanism,’’ McGraw-Hill. Hrones and Nelson,
‘‘Analysis of the Four Bag Linkage,’’ Wiley. Jones, ‘‘Ingenious Mechanisms for
Designers and Inventors,’’ 4 vols., Industrial Press. Moliam, ‘‘The Design of Cam
Mechanisms and Linkages,’’ Elsevier. Chironis, ‘‘Gear Design and Application,’’
McGraw-Hill.

NOTE: The reader is referred to the current an
literature for extensive material on linkage mec
ber of combinations thereof has led to the de
software programs to aid in the design of speci

(Fig. 8.1.6), A will rotate and E will oscillate and the infinite links C and
D may be indicated as shown. This gives the swinging-block linkage.
When used as a quick-return motion the slotted piece and slide are
usually interchanged (Fig. 8.1.7) which in no way changes the resulting
motion. If the short link A is fixed (Fig. 8.1.8), B and E can both rotate,
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d near-past professional
hanisms. The vast num-
velopment of computer
fic linkages.
Definition A mechanism is that part of a machine which contains two
or more pieces so arranged that the motion of one compels the motion
of the others, all in a fashion prescribed by the nature of the combina-
tion.

LINKAGES

Links may be of any form so long as they do not interfere with the
desired motion. The simplest form is four bars A, B, C, and D, fastened
together at their ends by cylindrical pins, and which are all movable in
parallel planes. If the links are of different lengths and each is fixed in

Fig. 8.1.1 Beam-and-crank
mechanism.

Fig. 8.1.2 Drag-link
mechanism.

turn, there will be four possible combinations; but as two of these are
similar there will be produced three mechanisms having distinctly dif-
ferent motions. Thus, in Fig. 8.1.1, if D is fixed A can rotate and C
oscillate, giving the beam-and-crank mechanism, as used on side-wheel
steamers. If B is fixed, the same motion will result; if A is fixed (Fig.
8.1.2), links B and D can rotate, giving the drag-link mechanism used to

Fig. 8.1.3 Rocker
mechanism.

feather the floats on paddle wheels. Fix-
ing link C (Fig. 8.1.3), D and B can only
oscillate, and a rocker mechanism some-
times used in straight-line motions is pro-
duced. It is customary to call a rotating
link a crank; an oscillating link a lever, or
beam; and the connecting link a connect-
ing rod, or coupler. Discrete points on the
coupler, crank, or lever can be pressed
into service to provide a desired motion.
The fixed link is often enlarged and used
as the supporting frame.

If in the linkage (Fig. 8.1.1) the pin
joint F is replaced by a slotted piece E (Fig. 8.1.4), no change will be
produced in the resulting motion, and if the length of links C and D is
made infinite, the slotted piece E will become straight and the motion of
the slide will be that of pure translation, thus obtaining the engine, or
sliding-block, linkage (Fig. 8.1.5).

If in the sliding-block linkage (Fig. 8.1.5) the long link B is fixed
Figs. 8.1.4 and 8.1.5 Sliding-block linkage.

and the mechanism known as the turning-block linkage is obtained. This
is better known under the name of the Whitworth quick-return motion,
and is generally constructed as in Fig. 8.1.9. The ratio of time of advance
to time of return H/K of the two quick-return motions (Figs. 8.1.7 and

Fig. 8.1.6 Swinging-block
linkage.

Fig. 8.1.7 Slow-advance,
quick-return linkage.

8.1.9) may be found by locating, in the case of the swinging block (Fig.
8.1.7), the two tangent points (t) and measuring the angles H and K
made by the two positions of the crank A. If H and K are known, the axis
of E may be located by laying off the angles H and K on the crank circle

Fig. 8.1.8 Turning-block linkage.

and drawing the tangents E, their intersection giving the desired point.
For the turning-block linkage (Fig. 8.1.9), determine the angles H and K
made by the crank B when E is in the horizontal position; or, if the
angles are known, the axis of E may be determined by drawing a hori-
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zontal line through the two crankpin positions (S) for the given angle,
and the point where a line through the axis of B cuts E perpendicularly
will be the axis of E.

Velocities of any two or more points on a link must fulfill the follow-

scaling the length of the perpendiculars M and N from the axes of
rotation to the centerline of the movable link. The angular velocity ratio
is inversely proportional to these perpendiculars, or OC /OA 5 M/N. This
method may be applied directly to a linkage having a sliding pair if the
two infinite links are redrawn perpendicular to the sliding pair, as indi-
cated in Fig. 8.1.14. M and N are shown also in Figs. 8.1.1, 8.1.2, 8.1.3,
8.1.5, 8.1.6, 8.1.8. In Fig. 8.1.5 one of the axes is at infinity; therefore, N
is infinite, or the slide has pure translation.
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Fig. 8.1.9 Whitworth quick-return motion.

ing conditions (see Sec. 3). (1) Components along the link must be equal
and in the same direction (Fig. 8.1.10): Va 5 Vb 5 Vc . (2) Perpendicu-
lars to VA , VB , VC from the points A, B, C must intersect at a common
point d, the instant center (or instantaneous axis). (3) The velocities of
points A, B, and C are directly proportional to their distances from this
center (Fig. 8.1.11): VA /a 5 VB /b 5 VC /c. For a straight link the tips of

Fig. 8.1.10 Fig. 8.1.11

the vectors representing the velocities of any number of points on the
link will be on a straight line (Fig. 8.1.12); abc 5 a straight line. To find
the velocity of any point when the velocity and direction of any two
other points are known, condition 2 may be used, or a combination of
conditions 1 and 3. The linear velocity ratio of any two points on a

Fig. 8.1.12

linkage may be found by determining the distances e and f to the instant
center (Fig. 8.1.13); then Vc /Vb 5 e/f. This may often be simplified by
noting that a line drawn parallel to e and cutting B forms two similar
triangles efB and sAy, which gives Vc /Vb 5 e/f 5 s/A. The angular
velocity ratio for any position of two oscillating or rotating links A and C
(Fig. 8.1.1), connected by a movable link B, may be determined by

Fig. 8.1.13
Fig. 8.1.14

Forces A mechanism must deliver as much work as it receives,
neglecting friction; therefore, the force at any point F multiplied by the
velocity VF in the direction of the force at that point must equal the force
at some other point P multiplied by the velocity VP at that point; or the
forces are inversely as their velocities and F/P 5 VP/VF . It is at times
more convenient to equate the moments of the forces acting around each
axis of rotation (sometimes using the instant center) to determine the
force acting at some other point. In Fig. 8.1.15, F 3 a 3 c/(b 3 d) 5 P.

Fig. 8.1.15

CAMS

Cam Diagram A cam is usually a plate or cylinder which communi-
cates motion to a follower as dictated by the geometry of its edge or of a
groove cut in its surface. In the practical design of cams, the follower (1)
must assume a definite series of positions while the driver occupies a
corresponding series of positions or (2) must arrive at a definite location
by the time the driver arrives at a particular position. The former design
may be severely limited in speed because the interrelationship between
the follower and cam positions may yield a follower displacement vs.
time function that involves large values for the successive time deriva-
tives, indicating large accelerations and forces, with concomitant large
impacts and accompanying noise. The second design centers about
finding that particular interrelationship between the follower and cam
positions that results in the minimum forces and impacts so that the
speed may be made quite large. In either case, the desired interrelation-
ship must be put into hardware as discussed below. In the case of high-
speed machines, small irregularities in the cam surface or geometry may
be severely detrimental.

A stepwise displacement in time for the follower running on a cam
driven at constant speed is, of course, impossible because the follower
would require infinite velocities. A step in velocity for the follower
would result in infinite accelerations; these in turn would bring into
being forces that approach infinite magnitudes which would tend to
destroy the machine. A step in acceleration causes a large jerk and large
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Table 8.1.1 Displacement, Velocity, Acceleration, and Jerk for Some Cams

SOURCE: Adapted from Gutman, Mach. Des., Mar. 1951.

shock waves to be transmitted and reflected throughout the parts that
generate noise and would tend to limit the life of the machine. A step in
jerk, the third derivative of the follower displacement with respect to
time, seems altogether acceptable. In those designs requiring or exhibit-
ing clearance between the follower and cam (usually at the bottom of
the stroke), as gentle and slow a ramp portion as can be tolerated must
be inserted on either side of the clearance region to limit the magnitude
of the acceleration and jerk to a minimum. The tolerance on the clear-
ance adjustment must be small enough to assure that the follower will be
left behind and picked up gradually by the gentle ramp portions of the

into the same number of parts with lengths increasing by a constant
increment to a maximum and then decreasing by the same decrement,
as, for example, 1, 3, 5, 5, 3, 1, or 1, 3, 5, 7, 9, 9, 7, 5, 3, 1. In order to
prevent shock when the direction of motion changes, as at a and b in the
uniform motion, the harmonic motion may be used; if the cam is to be
operated at high speed, the uniformly accelerated and retarded motion
should preferably be employed; in either case there is a very gradual
change of velocity.
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cam.
Table 8.1.1 shows the comparable and relative magnitudes of veloc-

ity, acceleration, and jerk for several high-speed cam, where the dis-
placements are all taken as 1 at time 1 without any overshoot in any of
the derivatives.

The three most common forms of motion used are uniform motion
(Fig. 8.1.16), harmonic motion (Fig. 8.1.17), and uniformly accelerated
and retarded motion (Fig. 8.1.18). In plotting the diagrams (Fig. 8.1.18)
for this last motion, divide ac into an even number of equal parts and bc

Fig. 8.1.16 Fig. 8.1.17
Fig. 8.1.18 Fig. 8.1.19

Pitch Line The actual pitch line of a cam varies with the type of
motion and with the position of the follower relative to the cam’s axis.
Most cams as ordinarily constructed are covered by the following four
cases.

FOLLOWER ON LINE OF AXIS. (Fig. 8.1.19). To draw the pitch line, sub-
divide the motion bc of the follower in the manner indicated in Figs.
8.1.16, 8.1.17, and 8.1.18. Draw a circle with a radius equal to the
smallest radius of the cam a0 and subdivide it into angles 0a19, 0a29,
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0a39, etc., corresponding with angular displacements of the cam for
positions 1, 2, 3, etc., of the follower. With a as a center and radii a1, a2,
a3, etc., strike arcs cutting radial lines at d, e, f, etc. Draw a smooth
curve through points d, e, f, etc.

OFFSET FOLLOWER (Fig. 8.1.20). Divide bc as indicated in Figs.
8.1.16, 8.1.17, and 8.1.18. Draw a circle of radius ac (highest point of
rise of follower) and one tangent to cb produced. Divide the outer circle
into parts 19, 29, 39, etc., corresponding with the angular displacement of

diagram in Fig. 8.1.22: Total motion of follower 5 bc; circumference of
cam 5 2pr. Follower moves harmonically 4 units to right in 0.6 turn,
then rests (or ‘‘dwells’’) 0.4 turn, and finishes with uniform motion 6
units to right and 10 units to left in 2 turns.

Cam Design In the practical design of cams the following points
must be noted. If only a small force is to be transmitted, sliding contact
may be used, otherwise rolling contact. For the latter the pitch line must
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Fig. 8.1.20

the cam for positions 1, 2, 3, etc., of the follower, and draw tangents
from points 19, 29, 39, etc., to the small circle. With a as a center and
radii a1, a2, a3, etc., strike arcs cutting tangents at d, e, f, etc. Draw a
smooth curve through d, e, f, etc.

ROCKER FOLLOWER (Fig. 8.1.21). Divide the stroke of the slide S in
the manner indicated in Figs. 8.1.16, 8.1.17, and 8.1.18, and transfer
these points to the arc bc as points 1, 2, 3, etc. Draw a circle of radius ak
and divide it into parts 19, 29, 39, etc., corresponding with angular dis-

Fig. 8.1.21

placements of the cam for positions 1, 2, 3, etc., of the follower. With k,
19, 29, 39, etc., as centers and radius bk, strike arcs kb, 19d, 29e, 39f, etc.,
cutting at bdef arcs struck with a as a center and radii ab, a1, a2, a3, etc.
Draw a smooth curve through b, d, e, f, etc.

CYLINDRICAL CAM (Fig. 8.1.22). In this type of cam, more than one
complete turn may be obtained, provided in all cases the follower re-
turns to its starting point. Draw rectangle wxyz (Fig. 8.1.22) represent-
ing the development of cylindrical surface of the cam. Subdivide the
desired motion of the follower bc horizontally in the manner indicated
in Figs. 8.1.16, 8.1.17, and 8.1.18, and plot the corresponding angular
displacement 19, 29, 39, etc., of the cam vertically; then through the
intersection of lines from these points draw a smooth curve. This may
best be shown by an example, assuming the following data for the
Fig. 8.1.22 Cylindrical cam.

be corrected in order to get the true slope of the cam. An approximate
construction (Fig. 8.1.23) may be employed by using the pitch line as
the center of a series of arcs the radii of which are equal to that of the
follower roll to be used; then a smooth curve drawn tangent to the arcs
will give the slope desired for a roll working on the periphery of the cam

Fig. 8.1.23

(Fig. 8.1.23a) or in a groove (Fig. 8.1.23b). For plate cams the roll
should be a small cylinder, as in Fig. 8.1.24a. In cylindrical cams it is
usually sufficiently accurate to make the roll conical, as in Fig. 8.1.24b,
in which case the taper of the roll produced should intersect the axis of
the cam. If the pitch line abc is made too sharp (Fig. 8.1.25) the follower

Fig. 8.1.24 Plate cam.

will not rise the full amount. In order to prevent this loss of rise, the pitch
line should have a radius of curvature at all parts of not less than the
roll’s diameter plus 1⁄8 in. For the same rise of follower, a, the angular
motion of the cam, O, the slope of the cam changes considerably, as
indicated by the heavy lines A, B, and C (Fig. 8.1.26). Care should be
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taken to keep a moderate slope and thereby keep down the side thrust on
the follower, but this should not be carried too far, as the cam would
become too large and the friction increase.

Modern gear tooth systems are described in greater detail in Sec. 8.3.
This brief discussion is limited to the kinematic considerations of some
common gear combinations.

EPICYCLIC TRAINS

Epicyclic trains are combinations of gears in which some of or all the
gears have a motion compounded of rotation about an axis and a trans-
lation or revolution of that axis. The gears are usually connected by a
link called an arm, which often rotates about the axis of the first gear.
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Fig. 8.1.25 Fig. 8.1.26

ROLLING SURFACES

In order to connect two shafts so that they shall have a definite angular
velocity ratio, rolling surfaces are often used; and in order to have no
slipping between the surfaces they must fulfill the following two condi-
tions: the line of centers must pass through the point of contact,

Fig. 8.1.27

and the arcs of contact must be of
equal length. The angular velocities,
expressed usually in r/min, will be in-
versely proportional to the radii: N/n 5
r/R. The two surfaces most commonly
used in practice, and the only ones having
a constant angular velocity ratio, are cyl-
inders where the shafts are parallel, and
cones where the shafts (projected) inter-
sect at an angle. In either case there are

two possible directions of rotation, depending upon whether the sur-
faces roll in opposite directions (external contact) or in the same
direction (internal contact). In Fig. 8.1.27, R 5 nc/(N 1 n) and
r 5 Nc/(N 1 n); in Fig. 8.1.28, R 5 nc/(N 2 n) and r 5 Nc/(N 2 n).
In Fig. 8.1.29, tan B 5 sin A/(n /N 1 cos A) and tan C 5 sin A/

Fig. 8.1.28 Fig. 8.1.29

(N/n 1 cos A); in Fig. 8.1.30, tan B 5 sin A/(N/n 2 cos A), and
tan C 5 sin A/(n/N 2 cos A). With the above values for the angles B and
C, and the length d or e of one of the cones, R and r may be calculated.

Fig. 8.1.30

The natural limitations of rolling without slip, with the use of pure
rolling surfaces limited to the transmission of very small amounts of
torque, led historically to the alteration of the geometric surfaces to
include teeth and tooth spaces, i.e., toothed wheels, or simply gears.
Such trains may be calculated by first considering all gears locked and
the arm turned; then the arm locked and the gears rotated. The algebraic
sum of the separate motions will give the desired result. The following
examples and method of tabulation will illustrate this. The figures on
each gear refer to the number of teeth for that gear.

A B C D

Gear locked,
Fig. 8.1.31 1 1 1 1 1 1 1 1

Arm locked, Fig.
8.1.31 0 2 1 1 1 3 50⁄20 2 1 3 50⁄20 3 20⁄40

Addition, Fig.
8.1.31 1 1 0 1 31⁄2 2 1⁄4

Gears locked,
Fig. 8.1.32 1 1 1 1 1 1 1 1

Arm locked, Fig.
8.1.32 0 2 1 1 1 3 30⁄20 1 1 3 30⁄20 3 20⁄70

Addition, Fig.
8.1.32 1 1 0 1 21⁄2 1 13⁄7

In Figs. 8.1.31 and 8.1.32 lock the gears and turn the arm A right-
handed through 1 revolution (1 1); then lock the arm and turn the gear B
back to where it started (2 1); gears C and D will have rotated the
amount indicated in the tabulation. Then the algebraic sum will give the
relative turns of each gear. That is, in Fig. 8.1.31, for one turn of the

Figs. 8.1.31 and 8.1.32 Epicyclic trains.

arm, B does not move and C turns in the same direction 31⁄2 r, and D in
the opposite direction 1⁄4 r; whereas in Fig. 8.1.32, for one turn of the
arm, B does not turn, but C and D turn in the same direction as the arm,
respectively, 21⁄2 and 13⁄7 r. (Note: The arm in the above case was turned
1 1 for convenience, but any other value might be used.)

Figs. 8.1.33 and 8.1.34 Bevel epicyclic trains.
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Bevel epicyclic trains are epicyclic trains containing bevel gears and
may be calculated by the preceding method, but it is usually simpler to
use the general formula which applies to all cases of epicyclic trains:

Turns of C relative to arm

Turns of B relative to arm
5

absolute turns of C 2 turns of arm

absolute turns of B 2 turns of arm

The left-hand term gives the value of the train and can always be ex-
pressed in terms of the number of teeth (T ) on the gears. Care must be
used, however, to express it as either plus (1) or minus (2), depending

Differential Chain Block (Fig. 8.1.36)

F 5 VWW/VF 5 W(D 2 d)/(2D)

NE
nio
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upon whether the gears turn in the same or opposite directions.

Relative turns of C

Relative turns of B
5

C 2 A

B 2 A
5 2 1 (in Fig. 8.1.33)

5 1
TE

TC

3
TB

TD

(Fig. 8.1.34)

HOISTING MECHANISMS

Pulley Block (Fig. 8.1.35) Given the weight W to be raised, the force
F necessary is F 5 VWW/VF 5 W/n 5 load/number of ropes, VW and VF

being the respective velocities of W and F.

Fig. 8.1.35 Pulley block. Fig. 8.1.36 Differential chain
block.

8.2 MACHI
by Anto
REFERENCES: American National Standards Institute (ANSI) Standards. Interna-
tional Organization for Standardization (ISO) Standards. Morden, ‘‘Industrial
Fasteners Handbook,’’ Trade and Technical Press. Parmley, ‘‘Standard Handbook
of Fastening and Joining,’’ McGraw-Hill. Bickford, ‘‘An Introduction to the De-
sign and Behavior of Bolted Joints,’’ Marcel Dekker. Maleev, ‘‘Machine De-
sign,’’ International Textbook. Shigley, ‘‘Mechanical Engineering Design,’’
McGraw-Hill. Machine Design magazine, Penton/IPC. ANSI/Rubber Manufac-
turers Assn. (ANSI/RMA) Standards. ‘‘Handbook of
Belting,’’ Goodyear Rubber Products Co. ‘‘Industria
Rubber Products Co. Carlson, ‘‘Spring Designer’s Han
Fig. 8.1.37 Worm and worm wheel.

Fig. 8.1.38 Triplex chain block.

Fig. 8.1.39 Toggle joint.

Worm and Wheel (Fig. 8.1.37) F 5 pd(n /T)W/(2pR) 5 WP(d/D)/
(2pR), where n 5 number of threads, single, double, triple, etc.

Triplex Chain Block (Fig. 8.1.38) This geared hoist makes use of the
epicyclic train. W 5 FL/{M[1 1 (TD/TC ) 3 (TB /TA )]}, where T 5
number of teeth on gears.

Toggle Joint (Fig. 8.1.39) P 5 Fs (cos A)/t.

ELEMENTS
F. Baldo
SCREW FASTENINGS

At present there exist two major standards for screw threads, namely
Unified inch screw threads and metric screw threads. Both systems
enjoy a wide application globally, but movement toward a greater use of
the metric system continues.

hreads (or Unified Screw

Standard originated by an accord of screw thread
Power Transmission Flat
l V-Belting,’’ Goodyear
dbook,’’ Marcel Dekker.

Unified Inch Screw T
Threads)

The Unified Thread

American Chain Assn., ‘‘Chains for Power Transmission and Material Handling
—Design and Applications Handbook,’’ Marcel Dekker. ‘‘Power Transmission
Handbook,’’ DAYCO. ‘‘Wire Rope User’s Manual,’’ American Iron and Steel
Institute. Blake, ‘‘Threaded Fasteners—Materials and Design,’’ Marcel Dekker.

NOTE. At this writing, conversion to metric hardware and machine elements
continues. SI units are introduced as appropriate, but the bulk of the material is
still presented in the form in which the designer or reader will find it available.
standardization committees of Canada, the United Kingdom, and the
United States in 1984. The Unified Screw-Thread Standard was pub-
lished by ANSI as American Unified and American Screw Thread Pub-
lication B1.1-1974, revised in 1982 and then again in 1989. Revisions
did not tamper with the basic 1974 thread forms. In conjunction with
Technical Committee No. 1 of the ISO, the Unified Standard was
adopted as an ISO Inch Screw Standard (ISO 5864-1978).
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Of the numerous and different screw thread forms, those of greatest
consequence are

UN—unified (no mandatory radiused root)
UNR—unified (mandatory radiused root; minimum 0.108 5 p)
UNJ—unified (mandatory larger radiused root; recommended

0.150 5 p)
M—metric (inherently designed and manufactured with radiused

root; has 0.125 5 p)
MJ—metric (mandatory larger radiused root; recommended

screw fastener is realized with an increase in root rounding radius,
because minor diameter (hence cross-sectional area at the root)
growth is small. Thus the basic tensile stress area formula is used
in stress calculations for all thread forms. See Tables 8.2.2, 8.2.3,
and 8.2.4. The designer should take into account such factors as
stress concentration as applicable.
b. Dynamic loading. Few mechanical joints can remain abso-
lutely free of some form of fluctuating stress, vibration, stress
reversal, or impact. Metal-to-metal joints of very high-modulus
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0.150 5 p)

The basic American screw thread profile was standardized in 1974,
and it now carries the UN designations (UN 5 unified). ANSI publishes
these standards and all subsequent revisions. At intervals these stan-
dards are published with a ‘‘reaffirmation date’’ (that is, R1988). In
1969 an international basic thread profile standard was established, and
it is designated as M. The ISO publishes these standards with yearly
updates. The UN and M profiles are the same, but UN screws are manu-
factured to inch dimensions while M screws are manufactured to metric
dimensions.

The metric system has only the two thread forms: M, standard for
commercial uses, and MJ, standard for aerospace use and for aero-
space-quality commercial use.

Certain groups of diameter and pitch combinations have evolved over
time to become those most used commercially. Such groups are called
thread series. Currently there are 11 UN series for inch products and 13
M series for metric products.

The Unified standard comprises the following two parts:

1. Diameter-pitch combinations. (See Tables 8.2.1 to 8.2.5.)
a. UN inch series:

Coarse UNC or UNRC
Fine UNF or UNRF
Extra-fine UNEF or UNREF
Constant-pitch UN or UNR

b. Metric series:
Coarse M
Fine M

NOTE: Radiused roots apply only to external threads. The prepon-
derance of important commercial use leans to UNC, UNF, 8UN
(eight-threaded), and metric coarse M. Aerospace and aerospace-
quality applications use UNJ and MJ.

2. Tolerance classes. The amounts of tolerance and allowance distin-
guish one thread class from another. Classes are designated by one
of three numbers (1, 2, 3), and either letter A for external threads
or letter B for internal threads. Tolerance decreases as class num-
ber increases. Allowance is specified only for classes 1A and 2A.
Tolerances are based on engagement length equal to nominal di-
ameter. 1A/1B—liberal tolerance and allowance required to per-
mit easy assembly even with dirty or nicked threads. 2A/2B—
most commonly used for general applications, including produc-
tion of bolts, screws, nuts, and similar threaded fasteners. Permits
external threads to be plated. 3A/3B—for closeness of fit and/or
accuracy of thread applications where zero allowance is needed.
2AG—allowance for rapid assembly where high-temperature ex-
pansion prevails or where lubrication problems are important.

Unified screw threads are designated by a set of numbers and
letter symbols signifying, in sequence, the nominal size, threads
per inch, thread series, tolerance class, hand (only for left hand),
and in some instances in parentheses a Thread Acceptability Sys-
tem Requirement of ANSI B1.3.

EXAMPLE. 1⁄4-20 UNC-2A-LH (21), or optionally 0.250-20 UNC-2A-
LH (21), where 1⁄4 5 nominal size (fractional diameter, in, or screw number,
with decimal equivalent of either being optional); 20 5 number of threads
per inch, n; UNC 5 thread form and series; 2A 5 tolerance class; LH 5 left
hand (no symbol required for right hand); (21) 5 thread gaging system per
ANSI B1.3.

3. Load considerations
a. Static loading. Only a slight increase in tensile strength in a
materials or non-elastic-gasketed high-modulus joints plus pre-
loading at assembly (preload to be greater than highest peak of the
external fluctuating load) can realize absolute static conditions
inside the screw fastener. For ordinary-modulus joints and elastic-
gasketed joints, a fraction of the external fluctuating load will be
transmitted to the interior of the screw fastener. Thus the fastener
must be designed for fatigue according to a static plus fluctuating
load model. See discussion under ‘‘Strength’’ later.

Since fatigue failures generally occur at locations of high stress
concentration, screw fasteners are especially vulnerable because of
the abrupt change between head and body, notchlike conditions at
the thread roots, surface scratches due to manufacturing, etc. The
highest stress concentrations occur at the thread roots. The stress
concentration factor can be very large for nonrounded roots,
amounting to about 6 for sharp or flat roots, to less than 3 for UNJ
and MJ threads which are generously rounded. This can effec-
tively double the fatigue life. UNJ and MJ threads are especially
well suited for dynamic loading conditions.

Screw Thread Profile

Basic Profile The basic profiles of UN and UNR are the same, and
these in turn are identical to those of ISO metric threads. Basic thread
shape (60° thread angle) and basic dimensions (major, pitch, and minor
diameters; thread height; crest, and root flats) are defined. See Fig.
8.2.1.

Design Profile Design profiles define the maximum material (no
allowance) for external and internal threads, and they are derived from
the basic profile. UN threads (external) may have either flat or rounded
crests and roots. UNR threads (external) must have rounded roots, but
may have flat or rounded crests. UN threads (internal) must have
rounded roots. Any rounding must clear the basic flat roots or crests.

Basic major diameter Largest diameter of basic screw
thread.

Basic minor diameter Smallest diameter of basic
screw thread.

Basic pitch diameter Diameter to imaginary lines
through thread profile and paral-
lel to axis so that thread and
groove widths are equal. These
three definitions apply to both
external and internal threads.

Maximum diameters (external
threads)

Basic diameters minus allow-
ance.

Minimum diameters (internal
threads)

Basic diameters.

Pitch 1/n (n 5 number of threads per
inch).

Tolerance Inward variation tolerated on
maximum diameters of external
threads and outward variation
tolerated on minimum diameters
of internal threads.

Metric Screw Threads

Metric screw thread standardization has been under the aegis of the
International Organization for Standardization (ISO). The ISO basic
profile is essentially the same as the Unified screw thread basic form,



Table 8.2.1 Standard Series Threads (UN/UNR)*

Threads per inch

Nominal size, in Series with graded pitches Series with constant pitches

Coarse Fine Extra-fine
Nominal

Primary Secondary

Basic
major

diameter,
in UNC UNF UNEF 4UN 6UN 8UN 12UN 16UN 20UN 28UN 32UN

size,
in

0 0.0600 — 80 — — — — — — — — — 0
1 0.0730 64 72 — — — — — — — — — 1

2 0.0860 56 64 — — — — — — — — — 2
3 0.0990 48 56 — — — — — — — — — 3

4 0.1120 40 48 — — — — — — — — — 4
5 0.1250 40 44 — — — — — — — — — 5
6 0.1380 32 40 — — — — — — — — UNC 6
8 0.1640 32 36 — — — — — — — — UNC 8

10 0.1900 24 32 — — — — — — — — UNF 10
12 0.2160 24 28 32 — — — — — — UNF UNEF 12

1⁄4 0.2500 20 28 32 — — — — — UNC UNF UNEF 1⁄4
5⁄16 0.3125 18 24 32 — — — — — 20 28 UNEF 5⁄16

3⁄8 0.3750 16 24 32 — — — — UNC 20 28 UNEF 3⁄8
7⁄16 0.4375 14 20 28 — — — — 16 UNF UNEF 32 7⁄16

1⁄2 0.5000 13 20 28 — — — — 16 UNF UNEF 32 1⁄2
9⁄16 0.5625 12 18 24 — — — UNC 16 20 28 32 9⁄16

5⁄8 0.6250 11 18 24 — — — 12 16 20 28 32 5⁄8
11⁄16 0.6875 — — 24 — — — 12 16 20 28 32 11⁄16

3⁄4 0.7500 10 16 20 — — — 12 UNF UNEF 28 32 3⁄4
13⁄16 0.8125 — — 20 — — — 12 16 UNEF 28 32 13⁄16

7⁄8 0.8750 9 14 20 — — — 12 16 UNEF 28 32 7⁄8
15⁄16 0.9275 — — 20 — — — 12 16 UNEF 28 32 15⁄16

1 1.0000 8 12 20 — — UNC UNF 16 UNEF 28 32 1
11⁄16 1.0625 — — 18 — — 8 12 16 20 28 — 11⁄16

11⁄8 1.1250 7 12 18 — — 8 UNF 16 20 28 — 11⁄8
13⁄16 1.1875 — — 18 — — 8 12 16 20 28 — 13⁄16

11⁄4 1.2500 7 12 18 — — 8 UNF 16 20 28 — 11⁄4
15⁄16 1.3125 — — 18 — — 8 12 16 20 28 — 15⁄16

13⁄8 1.3750 6 12 18 — UNC 8 UNF 16 20 28 — 13⁄8
17⁄16 1.4375 — — 18 — 6 8 12 16 20 28 — 17⁄16

11⁄2 1.5000 6 12 18 — UNC 8 UNF 16 20 28 — 11⁄2
1 19⁄16 1.5625 — — 18 — 6 8 12 16 20 — — 19⁄16

15⁄8 1.6250 — — 18 — 6 8 12 16 20 — — 15⁄8
111⁄16 1.6875 — — 18 — 6 8 12 16 20 — — 111⁄16

13⁄4 1.7500 5 — — — 6 8 12 16 20 — — 13⁄4
113⁄16 1.8125 — — — — 6 8 12 16 20 — — 113⁄16

17⁄8 1.8750 — — — — 6 8 12 16 20 — — 17⁄8
115⁄16 1.9375 — — — — 6 8 12 16 20 — — 115⁄16

8-10
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2 2.0000 41⁄2 — — — 6 8 12 16 20 — — 2
21⁄8 2.1250 — — — — 6 8 12 16 20 — — 21⁄8

21⁄4 2.2500 41⁄2 — — — 6 8 12 16 20 — — 21⁄4
23⁄8 2.3750 — — — — 6 8 12 16 20 — — 23⁄8

21⁄2 2.5000 4 — — UNC 6 8 12 16 20 — — 21⁄2
25⁄8 2.6250 — — — 4 6 8 12 16 20 — — 25⁄8

23⁄4 2.7500 4 — — UNC 6 8 12 16 20 — — 23⁄4
27⁄8 2.8750 — — — 4 6 8 12 16 20 — — 27⁄8

3 3.0000 4 — — UNC 6 8 12 16 20 — — 3
31⁄8 3.1250 — — — 4 6 8 12 16 — — — 31⁄8

31⁄4 3.2500 4 — — UNC 6 8 12 16 — — — 31⁄4
33⁄8 3.3750 — — — 4 6 8 12 16 — — — 33⁄8

31⁄2 3.5000 4 — — UNC 6 8 12 16 — — — 31⁄2
35⁄8 3.6250 — — — 4 6 8 12 16 — — — 35⁄8

33⁄4 3.7500 4 — — UNC 6 8 12 16 — — — 33⁄4
37⁄8 3.8750 — — — 4 6 8 12 16 — — — 37⁄8

4 4.0000 4 — — UNC 6 8 12 16 — — — 4
41⁄8 4.1250 — — — 4 6 8 12 16 — — — 41⁄8

41⁄4 4.2500 — — — 4 6 8 12 16 — — — 41⁄4
43⁄8 4.3750 — — — 4 6 8 12 16 — — — 43⁄8

41⁄2 4.5000 — — — 4 6 8 12 16 — — — 41⁄2
45⁄8 4.6250 — — — 4 6 8 12 16 — — — 45⁄8

43⁄4 4.7500 — — — 4 6 8 12 16 — — — 43⁄4
47⁄8 4.8750 — — — 4 6 8 12 16 — — — 47⁄8

5 5.0000 — — — 4 6 8 12 16 — — — 5
51⁄8 5.1250 — — — 4 6 8 12 16 — — — 51⁄8

51⁄4 5.2500 — — — 4 6 8 12 16 — — — 51⁄4
53⁄8 5.3750 — — — 4 6 8 12 16 — — — 53⁄8

51⁄2 5.5000 — — — 4 6 8 12 16 — — — 51⁄2
55⁄8 5.6250 — — — 4 6 8 12 16 — — — 55⁄8

53⁄4 5.7500 — — — 4 6 8 12 16 — — — 53⁄4
57⁄8 5.8750 — — — 4 6 8 12 16 — — — 57⁄8

6 6.0000 — — — 4 6 8 12 16 — — — 6

* Series designation shown indicates the UN thread form; however, the UNR thread form may be specified by substituting UNR in place of UN in all designations for external use only.
SOURCE: ANSI B1.1-1982; reaffirmed in 1989, reproduced by permission.
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Table 8.2.1 Standard Series Threads (UN/UNR)* (continued)

Threads per inch

Nominal size, in Series with graded pitches Series with constant pitches

Coarse Fine Extra-fine
Nominal

Primary Secondary

Basic
major

diameter,
in UNC UNF UNEF 4UN 6UN 8UN 12UN 16UN 20UN 28UN 32UN

size,
in
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Table 8.2.2 Basic Dimensions for Coarse Thread Series (UNC/UNRC)

UNR design
Basic major Basic pitch minor diameter Basic minor Section at Tensile

Nominal diameter D, Threads per diameter* external† diameter minor diameter stress
size, in in inch n E, in Ks , in internal K, in at D 2 2hb, in2 area,‡ in2

1 (0.073)§ 0.0730 64 0.0629 0.0544 0.0561 0.00218 0.00263
2 (0.086) 0.0860 56 0.0744 0.0648 0.0667 0.00310 0.00370
3 (0.099)§ 0.0990 48 0.0855 0.0741 0.0764 0.00406 0.00487
4 (0.112) 0.1120 40 0.0958 0.0822 0.0849 0.00496 0.00604

5 (0.125) 0.1250 40 0.1088 0.0952 0.0979 0.00672 0.00796
6 (0.138) 0.1380 32 0.1177 0.1008 0.1042 0.00745 0.00909
8 (0.164) 0.1640 32 0.1437 0.1268 0.1302 0.01196 0.0140

10 (0.190) 0.1900 24 0.1629 0.1404 0.1449 0.01450 0.0175
12 (0.216)§ 0.2160 24 0.1889 0.1664 0.1709 0.0206 0.0242

1⁄4 0.2500 20 0.2175 0.1905 0.1959 0.0269 0.0318
5⁄16 0.3125 18 0.2764 0.2464 0.2524 0.0454 0.0524
3⁄8 0.3750 16 0.3344 0.3005 0.3073 0.0678 0.0775
7⁄16 0.4375 14 0.3911 0.3525 0.3602 0.0933 0.1063
1⁄2 0.5000 13 0.4500 0.3334 0.4167 0.1257 0.1419

9⁄16 0.5625 12 0.5084 0.4633 0.4723 0.162 0.182
5⁄8 0.6250 11 0.5660 0.5168 0.5266 0.202 0.226
3⁄4 0.7500 10 0.6850 0.6309 0.6417 0.302 0.334
7⁄8 0.8750 9 0.8028 0.7427 0.7547 0.419 0.462

1 1.0000 8 0.9188 0.8512 0.8647 0.551 0.606
11⁄8 1.1250 7 1.0322 0.9549 0.9704 0.693 0.763
11⁄4 1.2500 7 1.1572 1.0799 1.0954 0.890 0.969
13⁄8 1.3750 6 1.2667 1.1766 1.1946 1.054 1.155
11⁄2 1.5000 6 1.3917 1.3016 1.3196 1.294 1.405

13⁄4 1.7500 5 1.6201 1.5119 1.5335 1.74 1.90
2 2.0000 41⁄2 1.8557 1.7353 1.7594 2.30 2.50
21⁄4 2.2500 41⁄2 2.1057 1.9853 2.0094 3.02 3.25
21⁄2 2.5000 4 2.3376 2.2023 2.2294 3.72 4.00
23⁄4 2.7500 4 2.5876 2.4523 2.4794 4.62 4.93

3 3.0000 4 2.8376 2.7023 2.7294 5.62 5.97
31⁄4 3.2500 4 3.0876 2.9523 2.9794 6.72 7.10
31⁄2 3.5000 4 3.3376 3.2023 3.2294 7.92 8.33
33⁄4 3.7500 4 3.5876 3.4523 3.4794 9.21 9.66
4 4.0000 4 3.8376 3.7023 3.7294 10.61 11.08

* British: effective diameter.
† See formula under definition of tensile stress area in Appendix B of ANSI B1.1-1987.
‡ Design form. See Fig. 2B in ANSI B1.1-1982 or Fig. 1 in 1989 revision.
§ Secondary sizes.
SOURCE: ANSI B1.1-1982, revised 1989; reproduced by permission.

Fig. 8.2.1 Basic thread profile.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 8.2.3 Basic Dimensions for Fine Thread Series (UNF/UNRF)

UNR design
Basic major Basic pitch minor diameter Basic minor Section at Tensile

Nominal diameter D, Threads per diameter* external† diameter minor diameter stress
size, in in inch n E, in Ks , in internal K, in at D 2 2hb, in2 area,‡ in2

0 (0.060) 0.0600 80 0.0519 0.0451 0.0465 0.00151 0.00180
1 (0.073)§ 0.0730 72 0.0640 0.0565 0.0580 0.00237 0.00278
2 (0.086) 0.0860 64 0.0759 0.0674 0.0691 0.00339 0.00394
3 (0.099)§ 0.0990 56 0.0874 0.0778 0.0797 0.00451 0.00523
4 (0.112) 0.1120 48 0.0985 0.0871 0.0894 0.00566 0.00661

5 (0.125) 0.1250 44 0.1102 0.0979 0.1004 0.00716 0.00830
6 (0.138) 0.1380 40 0.1218 0.1082 0.1109 0.00874 0.01015
8 (0.164) 0.1640 36 0.1460 0.1309 0.1339 0.01285 0.01474

10 (0.190) 0.1900 32 0.1697 0.1528 0.1562 0.0175 0.0200
12 (0.216)§ 0.2160 28 0.1928 0.1734 0.1773 0.0226 0.0258

1⁄4 0.2500 28 0.2268 0.2074 0.2113 0.0326 0.0364
5⁄16 0.3125 24 0.2854 0.2629 0.2674 0.0524 0.0580
3⁄8 0.3750 24 0.3479 0.3254 0.3299 0.0809 0.0878
7⁄16 0.4375 20 0.4050 0.3780 0.3834 0.1090 0.1187
1⁄2 0.5000 20 0.4675 0.4405 0.4459 0.1486 0.1599

9⁄16 0.5625 18 0.5264 0.4964 0.5024 0.189 0.203
5⁄8 0.6250 18 0.5889 0.5589 0.5649 0.240 0.256
3⁄4 0.7500 16 0.7094 0.6763 0.6823 0.351 0.373
7⁄8 0.8750 14 0.8286 0.7900 0.7977 0.480 0.509

1 1.0000 12 0.9459 0.9001 0.9098 0.625 0.663
11⁄8 1.1250 12 1.0709 1.0258 1.0348 0.812 0.856
11⁄4 1.2500 12 1.1959 1.1508 1.1598 1.024 1.073
13⁄8 1.3750 12 1.3209 1.2758 1.2848 1.260 1.315
11⁄2 1.5000 12 1.4459 1.4008 1.4098 1.521 1.581

* British: effective diameter.
† See formula under definition of tensile stress area in Appendix B of ANSI B1.1-1982.
‡ Design form. See Fig. 2B of ANSI B1.1-1982 or Fig. 1 in 1989 revision.
§ Secondary sizes.
SOURCE: ANSI B1.1-1982, revised 1989; reproduced by permission.

Table 8.2.4 Basic Dimensions for Extra-Fine Thread Series (UNEF/UNREF)

Section at
Basic UNR design Basic minor minor

Basic major pitch minor diameter diameter diameter at Tensile
diameter D, Threads per diameter* external† internal K, D 2 2hb, stress area,‡

Primary Secondary in inch n E, in Ks, in in in2 in2

Nominal size, in

12 (0.216) 0.2160 32 0.1957 0.1788 0.1822 0.0242 0.0270
1⁄4 0.2500 32 0.2297 0.2128 0.2162 0.0344 0.0379
5⁄16 0.3125 32 0.2922 0.2753 0.2787 0.0581 0.0625
3⁄8 0.3750 32 0.3547 0.3378 0.3412 0.0878 0.0932
7⁄16 0.4375 28 0.4143 0.3949 0.3988 0.1201 0.1274

1⁄2 0.5000 28 0.4768 0.4573 0.4613 0.162 0.170
9⁄16 0.5625 24 0.5354 0.5129 0.5174 0.203 0.214
3⁄8 0.6250 24 0.5979 0.5754 0.5799 0.256 0.268

11⁄16 0.6875 24 0.6604 0.6379 0.6424 0.315 0.329

3⁄4 0.7500 20 0.7175 0.6905 0.6959 0.369 0.386
13⁄16 0.8125 20 0.7800 0.7530 0.7584 0.439 0.458

7⁄8 0.8750 20 0.8425 0.8155 0.8209 0.515 0.536
15⁄16 0.9375 20 0.9050 0.8780 0.8834 0.598 0.620

1 1.0000 20 0.9675 0.9405 0.9459 0.687 0.711
11⁄16 1.0625 18 1.0264 0.9964 1.0024 0.770 0.799

11⁄8 1.1250 18 1.0889 1.0589 1.0649 0.871 1.901
13⁄16 1.1875 18 1.1514 1.1214 1.1274 0.977 1.009

11⁄4 1.2500 18 1.2139 1.1839 1.1899 1.090 1.123
15⁄16 1.3125 18 1.2764 1.2464 1.2524 1.208 1.244

13⁄8 1.3750 18 1.3389 1.3089 1.3149 1.333 1.370
17⁄16 1.4375 18 1.4014 1.3714 1.3774 1.464 1.503

11⁄2 1.5000 18 1.4639 1.4339 1.4399 1.60 1.64
19⁄16 1.5625 18 1.5264 1.4964 1.5024 1.74 1.79

15⁄8 1.6250 18 1.5889 1.5589 1.5649 1.89 1.94
111⁄16 1.6875 18 1.6514 1.6214 1.6274 2.05 2.10

* British: effective diameter.
† Design form. See Fig. 2B in ANSI B1.1-1982 or Fig. 1 in 1989 revision.
‡ See formula under definition of tensile stress area in Appendix B in ANSI B1.1-1982.
SOURCE: ANSI B1.1-1982 revised 1989; reproduced by permission.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 8.2.5 ISO Metric Screw Thread Standard Series

Pitches, mm

Series with
graded pitches Series with constant pitches

Nominal size diam, mm

Column*

1 2 3 Coarse Fine 6 4 3 2 1.5 1.25 1 0.75 0.5 0.35 0.25 0.2

Nominal
size

diam,
mm

0.25 0.075 — — — — — — — — — — — — — 0.25
0.3 0.8 — — — — — — — — — — — — — 0.3

0.35 0.09 — — — — — — — — — — — — — 0.35
0.4 0.1 — — — — — — — — — — — — — 0.4

0.45 0.1 — — — — — — — — — — — — — 0.45

0.5 0.125 — — — — — — — — — — — — — 0.5
0.55 0.125 — — — — — — — — — — — — — 0.55

0.6 0.15 — — — — — — — — — — — — — 0.6
0.7 0.175 — — — — — — — — — — — — — 0.7

0.8 0.2 — — — — — — — — — — — — — 0.8
0.9 0.225 — — — — — — — — — — — — — 0.9

1 0.25 — — — — — — — — — — — — 0.2 1
1.1 0.25 — — — — — — — — — — — — 0.2 1.1

1.2 0.25 — — — — — — — — — — — — 0.2 1.2
1.4 0.3 — — — — — — — — — — — — 0.2 1.4

1.6 0.35 — — — — — — — — — — — — 0.2 1.6
1.8 0.35 — — — — — — — — — — — — 0.2 1.8

2 0.4 — — — — — — — — — — — 0.25 — 2
2.5 0.45 — — — — — — — — — — — 0.25 — 2.2

2.5 0.45 — — — — — — — — — — 0.35 — — 2.5

3 0.5 — — — — — — — — — — 0.35 — — 3
3.5 0.6 — — — — — — — — — — 0.35 — — 3.5

4 0.7 — — — — — — — — — 0.5 — — — 4
4.5 0.75 — — — — — — — — — 0.5 — — — 4.5

5 0.8 — — — — — — — — — 0.5 — — — 5

5.5 — — — — — — — — — — 0.5 — — — 5.5
6 1 — — — — — — — — 0.75 — — — — 6

7 1 — — — — — — — — 0.75 — — — — 7
8 1.25 1 — — — — — — 1 0.75 — — — — 8

9 1.25 — — — — — — — 1 0.75 — — — — 9

10 1.5 1.25 — — — — — 1.25 1 0.75 — — — — 10
11 1.5 — — — — — — — 1 0.75 — — — — 11

12 1.75 1.25 — — — — 1.5 1.25 1 — — — — — 12
14 2 1.5 — — — — 1.5 1.25† 1 — — — — — 14

15 — — — — — — 1.5 — 1 — — — — — 15

16 2 1.5 — — — — 1.5 — 1 — — — — — 16
17 — — — — — — 1.5 — 1 — — — — — 17

18 2.5 1.5 — — — 2 1.5 — 1 — — — — — 18
20 2.5 1.5 — — — 2 1.5 — 1 — — — — — 20

22 2.5 1.5 — — — 2 1.5 — 1 — — — — — 22

24 3 2 — — — 2 1.5 — 1 — — — — — 24
25 — — — — — 2 1.5 — 1 — — — — — 25
26 — — — — — — 1.5 — 1 — — — — — 26

27 3 2 — — — 2 1.5 — 1 — — — — — 27
28 — — — — — 2 1.5 — 1 — — — — — 28

30 3.5 2 — — (3) 2 1.5 — 1 — — — — — 30
32 — — — — 2 1.5 — — — — — — — 32

33 3.5 2 — — (3) 2 1.5 — — — — — — — 33
35‡ — — — — — — 1.5 — — — — — — — 35‡

36 4 3 — — — 2 1.5 — — — — — — — 36

38 — — — — — — 1.5 — — — — — — — 38
39 4 3 — — — 2 1.5 — — — — — — — 39

40 — — — — 3 2 1.5 — — — — — — — 40
42 4.5 3 — 4 3 2 1.5 — — — — — — — 42

45 4.5 3 — 4 3 2 1.5 — — — — — — — 45

* Thread diameter should be selected from column 1, 2 or 3; with preference being given in that order.
† Pitch 1.25 mm in combination with diameter 14 mm has been included for spark plug applications.
‡ Diameter 35 mm has been included for bearing locknut applications.
NOTE: The use of pitches shown in parentheses should be avoided wherever possible. The pitches enclosed in the bold frame, together with the corresponding nominal diameters in columns 1 and 2,

are those combinations which have been established by ISO Recommendations as a selected ‘‘coarse’’ and ‘‘fine’’ series for commercial fasteners. Sizes 0.25 mm through 1.4 mm are covered in ISO
Recommendation R68 and, except for the 0.25-mm size, in ANSI B1.10.

SOURCE: ISO 261-1973, reproduced by permission.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.



Table 8.2.6 Limiting Dimensions of Standard Series Threads for Commercial Screws, Bolts, and Nuts

External thread (bolt), mm Internal thread (nut), mm

Major diameter Pitch diameter Minor diameter Minor diameter Pitch diameterNominal
size diam,

mm
Pitch

p, mm
Basic thread
designation

Tol.
class Allowance Max Min Max Min Tol. Max* Min†

Tol.
class Min Max Min Max Tol.

Major
diam,
min

1.6 0.35 M1.6 6g 0.019 1.581 1.496 1.354 1.291 0.063 1.151 1.063 6H 1.221 1.321 1.373 1.458 0.085 1.600
1.8 0.35 M1.8 6g 0.019 1.781 1.696 1.554 1.491 0.063 1.351 1.263 6H 1.421 1.521 1.573 1.568 0.085 1.800
2 0.4 M2 6g 0.019 1.981 1.886 1.721 1.654 0.067 1.490 1.394 6H 1.567 1.679 1.740 1.830 0.090 2.000
2.2 0.45 M2.2 6g 0.020 2.180 2.080 1.888 1.817 0.071 1.628 1.525 6H 1.713 1.838 1.908 2.000 0.095 2.200
2.5 0.45 M2.5 6g 0.020 2.480 2.380 2.188 2.117 0.071 1.928 1.825 6H 2.013 2.138 2.208 2.303 0.095 2.500
3 0.5 M3 6g 0.020 2.980 2.874 2.655 2.580 0.075 2.367 2.256 6H 2.459 2.599 2.675 2.775 0.100 3.000
3.5 0.6 M3.5 6g 0.021 3.479 3.354 3.089 3.004 0.085 2.742 2.614 6H 2.850 3.010 3.110 3.222 0.112 3.500
4 0.7 M4 6g 0.022 3.978 3.838 3.523 3.433 0.090 3.119 2.979 6H 3.242 3.422 3.545 3.663 0.118 4.000
4.5 0.75 M4.5 6g 0.022 4.478 4.338 3.991 3.901 0.090 3.558 3.414 6H 3.688 3.878 4.013 4.131 0.118 4.500
5 0.8 M5 6g 0.024 4.976 4.826 4.456 4.361 0.095 3.994 3.841 6H 4.134 4.334 4.480 4.605 0.125 5.000
6 1 M6 6g 0.026 5.974 5.794 5.324 5.212 0.112 4.747 4.563 6H 4.917 5.153 5.350 5.500 0.150 6.000
7 1 M7 6g 0.026 6.974 6.794 6.234 6.212 0.112 5.747 5.563 6H 5.917 6.153 6.350 6.500 0.150 7.000

8
1.25 M8 6g 0.028 7.972 7.760 7.160 7.042 0.118 6.439 6.231 6H 6.647 6.912 7.188 7.348 0.160 8.000
1 M8 3 1 6g 0.026 7.974 7.794 7.324 7.212 0.112 6.747 6.563 6H 6.918 7.154 7.350 7.500 0.150 8.000

10
1.5 M10 6g 0.032 9.968 9.732 8.994 8.862 0.132 8.127 7.879 6H 8.376 8.676 9.026 9.206 0.180 10.000
1.25 M10 3 1.25 6g 0.028 9.972 9.760 9.160 9.042 0.118 8.439 8.231 6H 8.646 8.911 9.188 9.348 0.160 10.000

12
1.75 M12 6g 0.034 11.966 11.701 10.829 10.679 0.150 9.819 9.543 6H 10.106 10.441 10.863 11.063 0.200 12.000
1.25 M12 3 1.25 6g 0.028 11.972 11.760 11.160 11.028 0.118 10.439 10.217 6H 10.646 10.911 11.188 11.368 0.180 12.000

14
2 M14 6g 0.038 13.962 13.682 12.663 12.503 0.160 11.508 11.204 6H 11.835 12.210 12.701 12.913 0.212 14.000
1.5 M14 3 1.5 6g 0.032 13.968 13.732 12.994 12.854 0.140 12.127 11.879 6H 12.376 12.676 13.026 13.216 0.190 14.000

16
2 M16 6g 0.038 15.962 15.682 14.663 14.503 0.160 13.508 13.204 6H 13.385 14.210 14.701 14.913 0.212 16.000
1.5 M16 3 1.5 6g 0.032 15.968 15.732 14.994 14.854 0.140 14.127 13.879 6H 14.376 14.676 15.026 15.216 0.190 16.000

18
2.5 M18 6g 0.038 17.958 17.623 16.334 16.164 0.170 14.891 14.541 6H 15.294 15.744 16.376 16.600 0.224 18.000
1.5 M18 3 1.5 6g 0.032 17.968 17.732 16.994 15.854 0.140 16.127 15.879 6H 16.376 16.676 17.026 17.216 0.190 18.000

20
2.5 M20 6g 0.042 19.958 19.623 18.334 18.164 0.170 16.891 16.541 6H 17.294 17.744 18.376 18.600 0.224 20.000
1.5 M20 3 1.5 6g 0.032 19.968 19.732 18.994 18.854 0.140 18.127 17.879 6H 18.376 18.676 19.026 19.216 0.190 20.000

22
2.5 M22 6g 0.042 21.958 21.623 20.334 20.164 0.170 18.891 18.541 6H 19.294 19.744 20.376 20.600 0.224 22.000
1.5 M22 3 1.5 6g 0.032 21.968 21.732 20.994 20.854 0.140 20.127 19.879 6H 20.376 20.676 21.026 21.216 0.190 22.000

24
3 M24 6g 0.048 23.952 23.577 22.003 21.803 0.200 20.271 19.855 6H 20.752 21.252 22.051 22.316 0.265 24.000
2 M24 3 2 6g 0.038 23.962 23.682 22.663 22.493 0.170 21.508 21.194 6H 21.835 22.210 22.701 22.925 0.224 24.000

27
3 M27 6g 0.048 26.952 26.577 25.003 24.803 0.200 23.271 22.855 6H 23.752 24.252 25.051 25.316 0.265 27.000
2 M27 3 2 6g 0.038 26.962 26.682 25.663 25.493 0.170 24.508 24.194 6H 24.835 25.210 25.701 25.925 0.224 27.000

30
3.5 M30 6g 0.053 29.947 29.522 27.674 27.462 0.212 25.653 25.189 6H 26.211 26.771 27.727 28.007 0.280 30.000
2 M30 3 2 6g 0.038 29.962 29.682 28.663 28.493 0.170 27.508 27.194 6H 27.835 28.210 28.701 28.925 0.224 30.000

33
3.5 M33 6g 0.053 32.947 32.522 30.674 30.462 0.212 28.653 28.189 6H 29.211 29.771 30.727 31.007 0.280 33.000
2 M33 3 2 6g 0.038 32.962 32.682 31.663 31.493 0.170 30.508 30.194 6H 30.835 31.210 31.701 31.925 0.224 33.000

36
4 M36 6g 0.060 35.940 35.465 33.342 33.118 0.224 31.033 30.521 6H 31.670 32.270 33.402 33.702 0.300 36.000
3 M36 3 3 6g 0.048 35.952 35.577 34.003 33.803 0.200 32.271 31.855 6H 32.752 33.252 34.051 34.316 0.265 36.000

39
4 M39 6g 0.060 38.940 38.465 36.342 36.118 0.224 34.033 33.521 6H 34.670 35.270 36.402 36.702 0.300 39.000
3 M39 3 3 6g 0.048 38.952 38.577 37.003 36.803 0.200 35.271 34.855 6H 35.752 36.252 37.051 37.316 0.265 39.000

* Design form, see Figs. 2 and 5 of ANSI B1.13M-1979 (or Figs. 1 and 4 in 1983 revision).
† Required for high-strength applications where rounded root is specified.
SOURCE: [Appeared in ASME/SAE Interpretive document, Metric Screw Threads, B1.13 (Nov. 3, 1966), pp. 9, 10.] ISO 261-1973, reproduced by permission.8-15
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and it is shown in Fig. 8.2.1. The ISO thread series (see Table 8.2.5) are
those published in ISO 261-1973. Increased overseas business sparked
U.S. interest in metric screw threads, and the ANSI, through its Special
Committee to Study Development of an Optimum Metric Fastener Sys-
tem, in joint action with an ISO working group (ISO/TC 1/TC 2),
established compromise recommendations regarding metric screw
threads. The approved results appear in ANSI B1.13-1979 (Table
8.2.6). This ANSI metric thread series is essentially a selected subset
(boxed-in portion of Table 8.2.5) of the larger ISO 261-1973 set. The M

ISO metric screw threads are designated by a set of number and letter
symbols signifying, in sequence, metric symbol, nominal size, 3 (sym-
bol), pitch, tolerance grade (on pitch diameter), tolerance position (for
pitch diameter), tolerance grade (on crest diameter), and tolerance posi-
tion (for crest diameter).

EXAMPLE. M6 3 0.75-5g6g, where M 5 metric symbol; 6 5 nominal size,
3 5 symbol; 0.75 5 pitch-axial distance of adjacent threads measured between
corresponding thread points (millimeters); 5 5 tolerance grade (on pitch diame-
ter); g 5 tolerance position (for pitch diameter); 6 5 tolerance grade (on crest
diameter); g 5 tolerance position (for crest diameter).

ngth

olera
(no

p

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
profiles of tolerance class 6H/6g are intended for metric applications
where inch class 2A/2B has been used.

Metric Tolerance Classes for Threads Tolerance classes are a se-
lected combination of tolerance grades and tolerance positions applied
to length-of-engagement groups.

Tolerance grades are indicated as numbers for crest diameters of nut
and bolt and for pitch diameters of nut and bolt. Tolerance is the accept-
able variation permitted on any such diameter.

Tolerance positions are indicated as letters, and are allowances (fun-
damental deviations) as dictated by field usage or conditions. Capital
letters are used for internal threads (nut) and lower case for external
threads (bolt).

There are three established groups of length of thread engagement,
S (short), N (normal), and L (long), for various diameter-pitch combi-
nations. Normal length of thread engagement is calculated from the
formula N 5 4.5pd0.2, where p is pitch and d is the smallest nominal
size within each of a series of groupings of nominal sizes.

In conformance with coating (or plating) requirements and demands
of ease of assembly, the following tolerance positions have been estab-
lished:

Bolt Nut
e Large allowance
g G Small allowance
h H No allowance

See Table 8.2.7 for preferred tolerance classes.

Table 8.2.7 Preferred Tolerance Classes

Le

External threads (bolts)

Tolerance position e Tolerance position g T
(large allowance) (small allowance)

Group Group Group Group Group Group Grou
Quality S N L S N L S
Fine 3h4h
Medium 6e 7e6e 5g6g 6g 7g6g 5h6h
Coarse 8g 9g8g

NOTE: Fine quality applies to precision threads where little variation in fit character is permissib
threading of hot-rolled bars or tapping deep blind holes.

SOURCE: ISO 261-1973, reproduced by permission.

Table 8.2.8 Acme Thread Series
(D 5 outside diam, p 5 pitch. All dimensions in inches.)
(See Figs. 8.2.2 to 8.2.5.)

Symbols 29° general purpose

t 5 thickness of thread 0.5p 0.5p
R 5 basic depth of thread 0.5p 0.3p
F 5 basic width of flat 0.3707p 0.4224
G 5 (see Figs. 8.2.2,
8.2.3, 8.2.4)

F 2 (0.52 3 clearance) F 2 (0

E 5 basic pitch diam D 2 0.5p D 2 0.
K 5 basic minor diam D 2 p D 2 0.
Range of threads, per inch 1–16 2–16

* A clearance of at least 0.010 in is added to h on threads of 10-pitch and coarser,
with threads of mating parts of a minor or major diameters.

† Measured at crest of screw thread.
Power Transmission Screw Threads: Forms
and Proportions

The Acme thread appears in four series [ANSI B1.8-1973 (revised 1988)
and B1.5-1977]. Generalized dimensions for the series are given in
Table 8.2.8.

The 29° general-purpose thread (Fig. 8.2.2) is used for all Acme
thread applications outside of special design cases.

The 29° stub thread (Fig. 8.2.3) is used for heavy-loading designs and
where space constraints or economic factors make a shallow thread
advantageous.

The 60° stub thread (Fig. 8.2.4) finds special applications in the
machine-tool industry.

The 10° modified square thread (Fig. 8.2.5) is, for all practical pur-
poses, equivalent to a ‘‘square’’ thread.

For selected Acme diameter-pitch combinations, see Table 8.2.9.

Fig. 8.2.2 29° Acme general-purpose thread.

of engagement

Internal threads (nuts)

nce position h Tolerance position G Tolerance position H
allowance) (small allowance) (no allowance)

Group Group Group Group Group Group Group Group
N L S N L S N L
4h 4h5h 4H 5H 6H
6h 7h6h 5G 6G 7G 5H 6H 7H

7G 8G 7H 8H

le. Coarse quality applies to those threads which present manufacturing difficulties, such as the

Thread dimensions

29° stub 60° stub 10° modified

0.5p 0.5p
0.433p 0.5p*

p 0.250p 0.4563p†
.52 3 clearance) 0.227p F 2 (0.17 3 clearance)

3p D 2 0.433p D 2 0.5p
6p D 2 0.866p D 2 p

4–16

and 0.005 in on finer pitches, to produce extra depth, thus avoiding interference
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Table 8.2.9 Acme Thread Diameter-Pitch Combinations
(See Figs. 8.2.2 to 8.2.5.)

Threads per Threads per Threads per Threads per Threads per
Size inch Size inch Size inch Size inch Size inch

1⁄4 16 5⁄8 8 11⁄4 5 21⁄4 3 4 2
5⁄16 14 3⁄4 6 13⁄8 4 21⁄2 3 41⁄2 2
3⁄8 12 7⁄8 6 11⁄2 4 23⁄4 3 5 2
7⁄16 12 1 5 13⁄4 4 3 2
1⁄2 10 11⁄8 5 2 4 31⁄2 2

Three classes (2G, 3G, 4G) of general-purpose threads have clear-
ances on all diameters for free movement. A fourth class (5G) of
general-purpose threads has no allowance or clearance on the pitch
diameter for purposes of minimum end play or backlash.

series include: NPSM 5 free-fitting mechanical joints for fixtures,
NPSL 5 loose-fitting mechanical joints with locknuts, NPSH 5 loose-
fitting mechanical joints for hose coupling.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 8.2.3 29° stub Acme thread.

Fig. 8.2.4 60° stub Acme thread.

Fig. 8.2.5 10° modified square thread.

High-Strength Bolting Screw Threads

High-strength bolting applications include pressure vessels, steel pipe
flanges, fittings, valves, and other services. They can be used for either
hot or cold surfaces where high tensile stresses are produced when the
joints are made up. For sizes 1 in and smaller, the ANSI coarse-thread
series is used. For larger sizes, the ANSI 8-pitch thread series is used
(see Table 8.2.10).

Screw Threads for Pipes

American National Standard Taper Pipe Thread (ANSI/ASME
B1.20.1-1983) This thread is shown in Fig. 8.2.6. It is made to the
following specifications: The taper is 1 in 16 or 0.75 in/ft. The basic
length of the external taper thread is determined by L2 5 p(0.8D 1 6.8),
where D is the basic outside diameter of the pipe (see Table 8.2.11).
Thread designation and notation is written as: nominal size, number of
threads per inch, thread series. For example: 3⁄8-18 NPT, 1⁄8-27 NPSC,
1⁄2-14 NPTR, 1⁄8-27 NPSM, 1⁄8-27 NPSL, 1-11.5 NPSH, where N 5
National (American) Standard, T 5 taper, C 5 coupling, S 5 straight,
M 5 mechanical, L 5 locknut, H 5 hose coupling, and R 5 rail fittings.
Where pressure-tight joints are required, it is intended that taper pipe
threads be made up wrench-tight with a sealant. Descriptions of thread
Fig. 8.2.6 American National Standard taper pipe threads.

American National Standard Straight Pipe Thread (ANSI/ASME
B1.20.1-1983) This thread can be used to advantage for the following:
(1) pressure-tight joints with sealer; (2) pressuretight joints without
sealer for drain plugs, filler plugs, etc.; (3) free-fitting mechanical joints
for fixtures; (4) loose-fitting mechanical joints with locknuts; and
(5) loose-fitting mechanical joints for hose couplings. Dimensions are
shown in Table 8.2.12.

American National Standard Dry-Seal Pipe Threads (ANSI
B1.20.3-1976 (inch), ANSI B1.20.4-1976 (metric translation) Thread
designation and notation include nominal size, number of threads per
inch, thread series, class. For example, 1⁄8-27 NPTF-1, 1⁄8-27 NPTF-2,
1⁄8-27 PTF-SAE short, 1⁄8-27 NPSI, where N 5 National (American)
standard, P 5 pipe, T 5 taper, S 5 straight, F 5 fuel and oil, I 5
intermediate. NPTF has two classes: class 1 5 specific inspection of
root and crest truncation not required; class 2 5 specific inspection of
root and crest truncation is required. The series includes: NPTF for all
types of service; PTF-SAE short where clearance is not sufficient for
full thread length as NPTF; NPSF, nontapered, economical to produce,
and used with soft or ductile materials; NPSI nontapered, thick sections
with little expansion.

Dry-seal pipe threads resemble tapered pipe threads except the form
is truncated (see Fig. 8.2.7), and L4 5 L2 1 1 (see Fig. 8.2.6). Although
these threads are designed for nonlubricated joints, as in automobile
work, under certain conditions a lubricant is used to prevent galling.
Table 8.2.13 lists truncation values.

Tap drill sizes for tapered and straight pipe threads are listed in Table
8.2.14.

Fig. 8.2.7 American National Standard dry-seal pipe thread.

Wrench bolt heads, nuts, and wrench openings have been standard-
ized (ANSI 18.2-1972). Wrench openings are given in Table 8.2.15;
bolt head and nut dimensions are in Table 8.2.16.

Machine Screws

Machine screws are defined according to head types as follows:
Flat Head This screw has a flat surface for the top of the head with a
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Table 8.2.10 Screw Threads for High-Strength Bolting
(All dimensions in inches)

Max
Major Max pitch Nut max Nut max

Threads Allowance Major diam pitch diam Minor Nut max minor diam Nut max pitch diam
Size per inch (minus) diam tolerance diam* tolerance diam max minor diam tolerance pitch diam* tolerance

1⁄4 20 0.0010 0.2490 0.0072 0.2165 0.0026 0.1877 0.2060 0.0101 0.2211 0.0036
5⁄16 18 0.0011 0.3114 0.0082 0.2753 0.0030 0.2432 0.2630 0.0106 0.2805 0.0041
3⁄8 16 0.0013 0.3737 0.0090 0.3331 0.0032 0.2990 0.3184 0.0111 0.3389 0.0045
7⁄16 14 0.0013 0.4362 0.0098 0.3898 0.0036 0.3486 0.3721 0.0119 0.3960 0.0049
1⁄2 13 0.0015 0.4985 0.0104 0.4485 0.0037 0.4041 0.4290 0.0123 0.4552 0.0052

9⁄16 12 0.0016 0.5609 0.0112 0.5068 0.0040 0.4587 0.4850 0.0127 0.5140 0.0056
5⁄8 11 0.0017 0.6233 0.0118 0.5643 0.0042 0.5118 0.5397 0.0131 0.5719 0.0059
3⁄4 10 0.0019 0.7481 0.0128 0.6831 0.0045 0.6254 0.6553 0.0136 0.6914 0.0064
7⁄8 9 0.0021 0.8729 0.0140 0.8007 0.0049 0.7366 0.7689 0.0142 0.8098 0.0070

1 8 0.0022 0.9978 0.0152 0.9166 0.0054 0.8444 0.8795 0.0148 0.9264 0.0076

11⁄8 8 0.0024 1.1226 0.0152 1.0414 0.0055 0.9692 1.0045 0.0148 1.0517 0.0079
11⁄4 8 0.0025 1.2475 0.0152 1.1663 0.0058 1.0941 1.1295 0.0148 1.1771 0.0083
13⁄8 8 0.0025 1.3725 0.0152 1.2913 0.0061 1.2191 1.2545 0.0148 1.3024 0.0086
11⁄2 8 0.0027 1.4973 0.0152 1.4161 0.0063 1.3439 1.3795 0.0148 1.4278 0.0090
15⁄8 8 0.0028 1.6222 0.0152 1.5410 0.0065 1.4688 1.5045 0.0148 1.5531 0.0093
13⁄4 8 0.0029 1.7471 0.0152 1.6659 0.0068 1.5937 1.6295 0.0148 1.6785 0.0097
17⁄8 8 0.0030 1.8720 0.0152 1.7908 0.0070 1.7186 1.7545 0.0148 1.8038 0.0100

2 8 0.0031 1.9969 0.0152 1.9157 0.0073 1.8435 1.8795 0.0148 1.9294 0.0104
21⁄8 8 0.0032 2.1218 0.0152 2.0406 0.0075 1.9682 2.0045 0.0148 2.0545 0.0107
21⁄4 8 0.0033 2.2467 0.0152 2.1655 0.0077 2.0933 2.1295 0.0148 2.1798 0.0110
21⁄2 8 0.0035 2.4965 0.0152 2.4153 0.0082 2.3431 2.3795 0.0148 2.4305 0.0117
23⁄4 8 0.0037 2.7463 0.0152 2.6651 0.0087 2.5929 2.6295 0.0148 2.6812 0.0124

3 8 0.0038 2.9962 0.0152 2.9150 0.0092 2.8428 2.8795 0.0148 2.9318 0.0130
31⁄4 8 0.0039 3.2461 0.0152 3.1649 0.0093 3.0927 3.1295 0.0148 3.1820 0.0132
31⁄2 8 0.0040 3.4960 0.0152 3.4148 0.0093 3.3426 3.3795 0.0148 3.4321 0.0133

The Unified form of thread shall be used. Pitch diameter tolerances include errors of lead and angle.
* The maximum pitch diameters of screws are smaller than the minimum pitch diameters of nuts by these amounts.

Table 8.2.11 ANSI Taper Pipe Thread
(All dimensions in inches)
(See Fig. 8.2.6.)

Wrench
Effective makeup Overall

Hand-tight thread length for length
Nominal OD of Threads Pitch of engagement external internal thread external
pipe size pipe per inch thread length L1 length L2 length L3 thread L4

1⁄16 0.3125 27 0.03704 0.160 0.2611 0.1111 0.3896
1⁄8 0.405 27 0.03704 0.180 0.2639 0.1111 0.3924
1⁄4 0.540 18 0.05556 0.200 0.4018 0.1667 0.5946
3⁄8 0.675 18 0.05556 0.240 0.4078 0.1667 0.6006
1⁄2 0.840 14 0.07143 0.320 0.5337 0.2143 0.7815

3⁄4 1.050 14 0.07143 0.339 0.5457 0.2143 0.7935
1 1.315 111⁄2 0.08696 0.400 0.6828 0.2609 0.9845
11⁄4 1.660 111⁄2 0.08696 0.420 0.7068 0.2609 1.0085
11⁄2 1.900 111⁄2 0.08696 0.420 0.7235 0.2609 1.0252
2 2.375 111⁄2 0.08696 0.436 0.7565 0.2609 1.0582

21⁄2 2.875 8 0.12500 0.682 1.1375 0.2500 1.5712
3 3.500 8 0.12500 0.766 1.2000 0.2500 1.6337
31⁄2 4.000 8 0.12500 0.821 1.2500 0.2500 1.6837
4 4.500 8 0.12500 0.844 1.3000 0.2500 1.7337
5 5.563 8 0.12500 0.937 1.4063 0.2500 1.8400

6 6.625 8 0.12500 0.958 1.5125 0.2500 1.9462
8 8.625 8 0.12500 1.063 1.7125 0.2500 2.1462

10 10.750 8 0.12500 1.210 1.9250 0.2500 2.3587
12 12.750 8 0.12500 1.360 2.1250 0.2500 2.5587
14 OD 14.000 8 0.12500 1.562 2.2500 0.2500 2.6837

16 OD 16.000 8 0.12500 1.812 2.4500 0.2500 2.8837
18 OD 18.000 8 0.12500 2.000 2.6500 0.2500 3.0837
20 OD 20.000 8 0.12500 2.125 2.8500 0.2500 3.2837
24 OD 24.000 8 0.12500 2.375 3.2500 0.2500 3.6837

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 8.2.12 ANSI Straight Pipe Threads
(All dimensions in inches)

Pressure-tight Pressure-tight
with seals without seals

Free-fitting (NPSM) Loose-fitting (NPSL)

External Internal External Internal

Pitch Minor Pitch Minor Pitch Major Pitch Minor Pitch Major Pitch Minor
Nominal Threads diam, diam, diam, diam, diam, diam, diam, diam, diam, diam, diam, diam,
pipe size per inch max min max min max max max min max max max min

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

1⁄8 27 0.3782 0.342 0.3736 0.3415 0.3748 0.399 0.3783 0.350 0.3840 0.409 0.3989 0.362
1⁄4 18 0.4951 0.440 0.4916 0.4435 0.4899 0.527 0.4951 0.453 0.5038 0.541 0.5125 0.470
3⁄8 18 0.6322 0.577 0.6270 0.5789 0.6270 0.664 0.6322 0.590 0.6409 0.678 0.6496 0.607
1⁄2 14 0.7851 0.715 0.7784 0.7150 0.7784 0.826 0.7851 0.731 0.7963 0.844 0.8075 0.753

3⁄4 14 0.9956 0.925 0.9889 0.9255 0.9889 1.036 0.9956 0.941 1.0067 1.054 1.0179 0.964
1 111⁄2 1.2468 1.161 1.2386 1.1621 1.2386 1.296 1.2468 1.181 1.2604 1.318 1.2739 1.208
11⁄4 111⁄2 1.5915 1.506 — — 1.5834 1.641 1.5916 1.526 1.6051 1.663 1.6187 1.553
11⁄2 111⁄2 1.8305 1.745 — — 1.8223 1.880 1.8305 1.764 1.8441 1.902 1.8576 1.792
2 111⁄2 2.3044 2.219 — — 2.2963 2.354 2.3044 2.238 2.3180 2.376 2.3315 2.265

21⁄2 8 2.7739 2.650 — — 2.7622 2.846 2.7739 2.679 2.7934 2.877 2.8129 2.718
3 8 3.4002 3.277 — — 3.3885 3.472 3.4002 3.305 3.4198 3.503 3.4393 3.344
31⁄2 8 3.9005 3.777 — — 3.8888 3.972 3.9005 3.806 3.9201 4.003 3.9396 3.845
4 8 4.3988 4.275 — — 4.3871 4.470 4.3988 4.304 4.4184 4.502 4.4379 4.343
5 8 — — — — 5.4493 5.533 5.4610 5.366 5.4805 5.564 5.5001 5.405

6 8 — — — — 6.5060 6.589 6.5177 6.423 6.5372 6.620 6.5567 6.462
8 8 — — — — — — — — 8.5313 8.615 8.5508 8.456

10 8 — — — — — — — — 10.6522 10.735 10.6717 10.577
12 8 — — — — — — — — 12.6491 12.732 12.6686 12.574

countersink angle of 82°. It is standard for machine screws, cap screws,
and wood screws.

Round Head This screw has a semielliptical head and is standard
for machine screws, cap screws, and wood screws except that for the
cap screw it is called button head.

Fillister Head This screw has a rounded surface for the top of the
head, the remainder being cylindrical. The head is standard for machine
screws and cap screws.

Oval Head This screw has a rounded surface for the top of the head

of head and point styles, as shown in Fig. 8.2.11. A complete tabulation
of dimensions is found in ANSI/ASME B18.3-1982 (R86), ANSI
18.6.2-1977 (R93), and ANSI 18.6.3-1977 (R91). Holding power for
various sizes is given in Table 8.2.19.

Locking Fasteners

Locking fasteners are used to prevent loosening of a threaded fastener in
service and are available in a wide variety differing vastly in design,
performance, and function. Since each has special features which may

; (c)
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and a countersink angle of 82°. It is standard for machine screws and
wood screws.

Hexagon Head This screw has a hexagonal head for use with exter-
nal wrenches. It is standard for machine screws.

Socket Head This screw has an internal hexagonal socket in the
head for internal wrenching. It is standard for cap screws.

These screw heads are shown in Fig. 8.2.8; pertinent dimensions are
in Table 8.2.17. There are many more machine screw head shapes
available to the designer for special purposes, and many are found in the
literature. In addition, lots of different screw head configurations have
been developed to render fasteners ‘‘tamperproof’’; these, too, are
found in manufacturers’ catalogs or the trade literature.

Eyebolts

Eyebolts are classified as rivet, nut, or screw, and can be had on a
swivel. See Fig. 8.2.9 and Table 8.2.18. The safe working load may be
obtained for each application by applying an appropriate factor of
safety.

Driving recesses come in many forms and types and can be found in
company catalogs. Figure 8.2.10 shows a representative set.

Setscrews are used for fastening collars, sheaves, gears, etc. to shafts
to prevent relative rotation or translation. They are available in a variety

Fig. 8.2.8 Machine screw heads. (a) Flat; (b) fillister
make it of particular value in the solution of a given machine problem, it
is important that great care be exercised in the selection of a particular

Table 8.2.13 ANSI Dry-Seal Pipe Threads*
(See Fig. 8.2.7.)

Truncation, in Width of flat
Threads

per inch n Min Max Min Max

27 Crest 0.047p 0.094p 0.054p 0.108p
Root 0.094p 0.140p 0.108p 0.162p

18 C 0.047p 0.078p 0.054p 0.090p
R 0.078p 0.109p 0.090p 0.126p

14 C 0.036p 0.060p 0.042p 0.070p
R 0.060p 0.085p 0.070p 0.098p

111⁄2 C 0.040p 0.060p 0.046p 0.069p
R 0.060p 0.090p 0.069p 0.103p

8 C 0.042p 0.055p 0.048p 0.064p
R 0.055p 0.076p 0.064p 0.088p

* The truncation and width-of-flat proportions listed above are also valid in
the metric system.

round; (d ) oval; (e) hexagonal; ( f ) socket.
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Table 8.2.14 Suggested Tap Drill Sizes for Internal Pipe Threads

Taper pipe thread

Straight pipe thread

Minor diameter at
distance Drill for use

without reamer Drill for use with reamer
Minor diameterProbable

drill oversize
cut (mean)

L1 from
large end

L1 1 L3

from
large end

Theoretical
drill size*

Suggested
drill size†

Theoretical
drill size‡

Suggested
drill size† NPSF NPSI

Theoretical
drill size§

Suggested
drill size†

Size 1 2 3 4 5 6 7 8 9 10 11

Inch

1⁄16 –27 0.0038 0.2443 0.2374 0.2405 ‘‘C’’ (0.242) 0.2336 ‘‘A’’ (0.234) 0.2482 0.2505 0.2444 ‘‘D’’ (0.246)
1⁄32 –27 0.0044 0.3367 0.3298 0.3323 ‘‘Q’’ (0.332) 0.3254 21⁄64 (0.328) 0.3406 0.3429 0.3362 ‘‘R’’ (0.339)
1⁄4 –18 0.0047 0.4362 0.4258 0.4315 7⁄17 (0.438) 0.4211 27⁄64 (0.422) 0.4422 0.4457 0.4375 7⁄16 (0.438)
3⁄8 –18 0.0049 0.5708 0.5604 0.5659 9⁄16 (0.562) 0.5555 9⁄16 (0.563) 0.5776 0.5811 0.5727 27⁄64 (0.578)

1⁄2 –14 0.0051 0.7034 0.6901 0.6983 45⁄64 (0.703) 0.6850 11⁄16 (0.688) 0.7133 0.7180 0.7082 45⁄64 (0.703)
3⁄4 –14 0.0060 0.9127 0.8993 0.9067 29⁄32 (0.906) 0.8933 57⁄64 (0.891) 0.9238 0.9283 0.9178 59⁄64 (0.922)
1–111⁄2 0.0080 1.1470 1.1307 1.1390 19⁄64 (1.141) 1.1227 11⁄8 (1.125) 1.1600 1.1655 1.1520 15⁄32 (1.156)

11⁄4 –111⁄2 0.0100 1.4905 1.4742 1.4805 131⁄64 (1.484) 1.4642 111⁄32 (1.469)

11⁄2 –111⁄2 0.0120 1.7295 1.7132 1.7175 123⁄32 (1.719) 1.7012 145⁄64 (1.703)
2–111⁄2 0.0160 2.2024 2.1861 2.1864 23⁄16 (2.188) 2.1701 211⁄64 (2.172)

21⁄2 –8 0.0180 2.6234 2.6000 2.6054 239⁄64 (2.609) 2.5820 227⁄64 (2.578)
3–8 0.0200 3.2445 3.2211 3.2245 315⁄64 (3.234) 3.2011 313⁄64 (3.203)

Metric

1⁄16 –27 0.097 6.206 6.029 6.109 6.1 5.932 6.0 6.304 6.363 6.207 6.2
1⁄8 –27 0.112 8.551 8.363 8.438 8.4 8.251 8.2 8.651 8.710 8.539 8.5
1⁄4 –18 0.119 11.080 10.816 10.961 11.0 10.697 10.8 11.232 11.321 11.113 11.0
3⁄8 –18 0.124 14.499 14.235 14.375 14.5 14.111 14.0 14.671 14.760 14.547 14.5

1⁄2 –14 0.130 17.867 17.529 17.737 17.5 17.399 17.5 18.118 18.237 17.988 18.0
3⁄4 –14 0.152 23.182 22.842 23.030 23.0 22.690 23.0 23.465 23.579 23.212 23.0
1–111⁄2 0.203 29.134 28.720 28.931 29.0 28.517 28.5 29.464 29.604 29.261 29.0

11⁄4 –111⁄2 0.254 37.859 37.444 37.605 37.5 37.190 37.0

11⁄2 –111⁄2 0.305 43.929 43.514 43.624 43.5 43.209 43.5
2–111⁄2 0.406 55.941 55.527 55.535 56.0 55.121 55.0

21⁄2 –8 0.457 66.634 66.029 66.177 66.0 65.572 65.0
3–8 0.508 82.410 81.815 81.902 82.0 81.307 81.0

* Column 4 values equal column 2 values minus column 1 values.
† Some drill sizes listed may not be standard drills, and in some cases, standard metric drill sizes may be closer to the theoretical inch drill size and standard inch drill sizes may be closer

to the theoretical metric drill size.
‡ Column 6 values equal column 3 values minus column 1 values.
§ Column 10 values equal column 8 values minus column 1 values.
SOURCE: ANSI B1.20.3-1976 and ANSI B1.20.4-1976, reproduced by permission.

Table 8.2.15 Wrench Bolt Heads, Nuts, and Wrench Openings
(All dimensions in inches)

Wrench Wrench Wrench Wrench
openings openings openings openings

Basic or max
width across

flats, bolt
heads, and nuts Max Min

Basic or max
width across

flats, bolt
heads, and nuts Max Min

Basic or max
width across

flats, bolt
heads, and nuts Max Min

Basic or max
width across

flats, bolt
heads, and nuts Max Min

5⁄32 0.163 0.158 13⁄16 0.826 0.818 113⁄16 1.835 1.822 3 3.035 3.016
3⁄16 0.195 0.190 7⁄8 0.888 0.880 17⁄8 1.898 1.885 31⁄8 3.162 3.142
1⁄4 0.257 0.252 15⁄16 0.953 0.944 2 2.025 2.011 33⁄8 3.414 3.393
5⁄16 0.322 0.316 1 1.015 1.006 21⁄16 2.088 2.074 31⁄2 3.540 3.518
11⁄32 0.353 0.347 11⁄16 1.077 1.068 23⁄16 2.225 2.200 33⁄4 3.793 3.770

3⁄8 0.384 0.378 11⁄8 1.142 1.132 21⁄4 2.277 2.262 37⁄8 3.918 3.895
7⁄16 0.446 0.440 11⁄4 1.267 1.257 23⁄8 2.404 2.388 41⁄8 4.172 4.147
1⁄2 0.510 0.504 15⁄16 1.331 1.320 27⁄16 2.466 2.450 41⁄4 4.297 4.272
9⁄16 0.573 0.566 13⁄8 1.394 1.383 29⁄16 2.593 2.576 41⁄2 4.550 4.524
19⁄32 0.605 0.598 17⁄16 1.457 1.446 25⁄8 2.656 2.639 45⁄8 4.676 4.649

5⁄8 0.636 0.629 11⁄2 1.520 1.508 23⁄4 2.783 2.766 5 5.055 5.026
11⁄16 0.699 0.692 15⁄8 1.646 1.634 213⁄16 2.845 2.827 53⁄8 5.434 5.403
3⁄4 0.763 0.755 111⁄16 1.708 1.696 215⁄16 2.973 2.954 53⁄4 5.813 5.780
25⁄32 0.794 0.786 61⁄8 6.192 6.157

Wrenches shall be marked with the ‘‘nominal size of wrench’’ which is equal to the basic or maximum width across flats of the corresponding bolt head or nut.
Allowance (min clearance) between maximum width across flats of nut or bolt head and jaws of wrench equals 1.005W 1 0.001. Tolerance on wrench opening equals plus 0.005W 1 0.004 from

minimum (W equals nominal size of wrench).

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 8.2.16 Width Across Flats of Bolt Heads and Nuts
(All dimensions in inches)

Dimensions of
regular bolt

heads
unfinished,
square, and

hexagon

Dimensions of
heavy bolt heads

unfinished,
square, and

hexagon

Dimensions of
cap-screw heads

hexagon
Dimensions of
setscrew heads

Dimensions of
regular nuts and
regular jam nuts,

unfinished,
square, and

hexagon (jam
nuts, hexagon

only)

Dimensions of
machine-screw
and stove-bolt

nuts, square and
hexagon

Dimensions of
heavy nuts and
heavy jam nuts,

unfinished,
square, and

hexagon (jam
nuts, hexagon

only)

Nominal
size or basic
major diam
of thread Max Min Max Min Max Min Max Min Max Min Max Min Max Min

No. 0 — — — — — — — — — — 0.1562 0.150
No. 1 — — — — — — — — — — 0.1562 0.150
No. 2 — — — — — — — — — — 0.1875 0.180
No. 3 — — — — — — — — — — 0.1875 0.180
No. 4 — — — — — — — — — — 0.2500 0.241

No. 5 — — — — — — — — — — 0.3125 0.302
No. 6 — — — — — — — — — — 0.3125 0.302
No. 8 — — — — — — — — — — 0.3438 0.332
No. 10 — — — — — — — — — — 0.3750 0.362
No. 12 — — — — — — — — — — 0.4375 0.423

1⁄4 0.3750 0.362 — — 0.4375 0.428 0.2500 0.241 0.4375 0.425 0.4375 0.423 0.5000 0.488
5⁄16 0.5000 0.484 — — 0.5000 0.489 0.3125 0.302 0.5625 0.547 0.5625 0.545 0.5938 0.578
3⁄8 0.5625 0.544 — — 0.5625 0.551 0.3750 0.362 0.6250 0.606 0.6250 0.607 0.6875 0.669
7⁄16 0.6250 0.603 — — 0.6250 0.612 0.4375 0.423 0.7500 0.728 — — 0.7812 0.759
1⁄2 0.7500 0.725 0.8750 0.850 0.7500 0.736 0.5000 0.484 0.8125 0.788 — — 0.8750 0.850

9⁄16 0.8750 0.847 0.9375 0.909 0.8125 0.798 0.5625 0.545 0.8750 0.847 — — 0.9375 0.909
5⁄8 0.9375 0.906 1.0625 1.031 0.8750 0.860 0.6250 0.606 1.0000 0.969 — — 1.0625 1.031
3⁄4 1.1250 1.088 1.2500 1.212 1.0000 0.983 0.7500 0.729 1.1250 1.088 — — 1.2500 1.212
7⁄8 1.3125 1.269 1.4375 1.394 1.1250 1.106 0.8750 0.852 1.3125 1.269 — — 1.4375 1.394

1 1.5000 1.450 1.6250 1.575 1.3125 1.292 1.0000 0.974 1.5000 1.450 — — 1.6250 1.575
11⁄8 1.6875 1.631 1.8125 1.756 1.5000 1.477 1.1250 1.096 1.6875 1.631 — — 1.8125 1.756
11⁄4 1.8750 1.812 2.0000 1.938 1.6875 1.663 1.2500 1.219 1.8750 1.812 — — 2.0000 1.938
13⁄8 2.0625 1.994 2.1857 2.119 — — 1.3750 1.342 2.0625 1.994 — — 2.1875 2.119

11⁄2 2.2500 2.175 2.3750 2.300 — — 1.5000 1.464 2.2500 2.175 — — 2.3750 2.300
15⁄8 2.4375 2.356 2.5625 2.481 — — — — 2.4375 2.356 — — 2.5625 2.481
13⁄4 2.6250 2.538 2.7500 2.662 — — — — 2.6250 2.538 — — 2.7500 2.662
17⁄8 2.8125 2.719 2.9375 2.844 — — — — 2.8125 2.719 — — 2.9375 2.844

2 3.0000 2.900 3.1250 3.025 — — — — 3.0000 2.900 — — 3.1250 3.025
21⁄4 3.3750 3.262 3.5000 3.388 — — — — 3.3750 3.262 — — 3.5000 3.388
21⁄2 3.7500 3.625 3.8750 3.750 — — — — 3.7500 3.625 — — 3.8750 3.750
23⁄4 4.1250 3.988 4.2500 4.112 — — — — 4.1250 3.988 — — 4.2500 4.112
3 4.5000 4.350 4.6250 4.475 — — — — 4.5000 4.350 — — 4.6250 4.475

31⁄4 — — — — — — — — — — — — 5.0000 4.838
31⁄2 — — — — — — — — — — — — 5.3750 5.200
33⁄4 — — — — — — — — — — — — 5.7500 5.562
4 — — — — — — — — — — — — 6.1250 5.925

Regular bolt heads are for general use. Unfinished bolt heads are not finished on any surface. Semifinished bolt heads are finished under head.
Regular nuts are for general use. Semifinished nuts are finished on bearing surface and threaded. Unfinished nuts are not finished on any surface but are threaded.

design in order that its properties may be fully utilized. These fasteners
may be divided into six groups, as follows: seating lock, spring stop nut,
interference, wedge, blind, and quick-release. The seating-lock type
locks only when firmly seated and is therefore free-running on the bolt.
The spring stop-nut type of fastener functions by a spring action clamp-
ing down upon the bolt. The prevailing torque type locks by elastic or
plastic flow of a portion of the fastener material. A recent development
employs an adhesive coating applied to the threads. The wedge type
locks by relative wedging of either elements or nut and bolt. The blind
type usually utilizes spring action of the fastener, and the quick-release

Wood screws [ANSI B18.22.1-1975 (R81)] are made in lengths from
1⁄4 to 5 in for steel and from 1⁄4 to 31⁄2 in for brass screws, increasing by 1⁄8
in up to 1 in, by 1⁄4 in up to 3 in, and by 1⁄2 in up to 5 in. Sizes are given in
Table 8.2.21. Screws are made with flat, round, or oval heads. Figure
8.2.13b shows several heads.

Washers [ANSI B18.22.1-1975 (R81)] for bolts and lag screws, either
round or square, are made to the dimensions given in Table 8.2.22. For
other types of washers, see Fig. 8.2.14a and b.

Self-tapping screws are available in three types. Thread-forming tap-
ping screws plastically displace material adjacent to the pilot hole.
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type utilizes a quarter-turn release device. An example of each is shown
in Fig. 8.2.12.

One such specification developed for prevailing torque fasteners by
the Industrial Fasteners Institute is based on locking torque and may
form a precedent for other types of fasteners as well.

Coach and lag screws find application in wood, or in masonry with an
expansion anchor. Figure 8.2.13a shows two types, and Table 8.2.20
lists pertinent dimensions.
Thread-cutting tapping screws have cutting edges and chip cavities
(flutes) and form a mating thread by removing material adjacent to the
pilot hole. Thread-cutting screws are generally used to join thicker and
harder materials and require a lower driving torque than thread-forming
screws. Metallic drive screws are forced into the material by pressure and
are intended for making permanent fastenings. These three types are
further classified on the basis of thread and point form as shown in
Table 8.2.23. In addition to these body forms, a number of different
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Table 8.2.17 Head Diameters (Maximum), In

Machine screws

Nominal Hexagonal head
size Screw diam Flat head Round head Fillister head Oval head across flats

2 0.086 0.172 0.162 0.140 0.172 0.125
3 0.099 0.199 0.187 0.161 0.199 0.187
4 0.112 0.225 0.211 0.183 0.225 0.187
5 0.125 0.252 0.236 0.205 0.252 0.187

6 0.138 0.279 0.260 0.226 0.279 0.250
8 0.164 0.332 0.309 0.270 0.332 0.250

10 0.190 0.385 0.359 0.313 0.385 0.312
12 0.216 0.438 0.408 0.357 0.438 0.312

1⁄4 0.250 0.507 0.472 0.414 0.507 0.375
5⁄16 0.3125 0.636 0.591 0.519 0.636 0.500
3⁄8 0.375 0.762 0.708 0.622 0.762 0.562

Cap screws

Nominal
size Screw diam Flat head Button head Fillister head Socket head

1⁄4 0.250 1⁄2 7⁄16 3⁄8 3⁄8
5⁄16 0.3125 5⁄8 9⁄16 7⁄16 7⁄16

3⁄8 0.375 3⁄4 5⁄8 9⁄16 9⁄16

7⁄16 0.4375 13⁄16 3⁄4 5⁄8 5⁄8

1⁄2 0.500 7⁄8 13⁄16 3⁄4 3⁄4
9⁄16 0.5625 1 15⁄16 13⁄16 13⁄16

5⁄8 0.625 11⁄8 1 7⁄8 7⁄8
3⁄4 0.750 13⁄8 11⁄4 1 1

7⁄8 — — — 11⁄8 11⁄8
1 — — — 15⁄16 15⁄16

head types are available. Basic dimensional data are given in Table
8.2.24.

Carriage bolts have been standardized in ANSI B18.5-1971, revised
1990. They come in styles shown in Fig. 8.2.15. The range of bolt
diameters is no. 10 (5 0.19 in) to 1 in, no. 10 to 3⁄4 in, no. 10 to 1⁄2 in, and
no. 10 to 3⁄4 in, respectively.
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Fig. 8.2.9 Eyebolts.

Materials, Strength, and Service Adaptability
of Bolts and Screws Materials

Table 8.2.25 shows the relationship between selected metric bolt classes
and SAE and ASTM grades. The first number of a metric bolt class
equals the minimum tensile strength (ultimate) in megapascals (MPa)
divided by 100, and the second number is the approximate ratio between
minimum yield and minimum ultimate strengths.
Fig. 8.2.10 Driving recesses. (Adapted, with permission, from Machine De-
sign.)

EXAMPLE. Class 5.8 has a minimum ultimate strength of approximately
500 MPa and a minimum yield strength approximately 80 percent of minimum
ultimate strength.

Strength The fillet between head and body, the thread runout point,
and the first thread to engage the nut all create stress concentrations
causing local stresses much greater than the average tensile stress in the
bolt body. The complexity of the stress patterns renders ineffective the
ordinary design calculations based on yield or ultimate stresses. Bolt
strengths are therefore determined by laboratory tests on bolt-nut as-
semblies and published as proof loads. Fastener manufacturers are re-
quired to periodically repeat such tests to ensure that their products meet
the original standards.

In order that a bolted joint remain firmly clamped while carrying its
external load P, the bolt must be tightened first with sufficient torque to
induce an initial tensile preload Fi . The total load FB experienced by the
bolt is then FB 5 Fi 1 «P. The fractional multiplier « is given by « 5
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Table 8.2.18 Regular Nut Eyebolts—Selected Sizes
(Thomas Laughlin Co., Portland, Me.)
(All dimensions in inches)
(See Fig. 8.2.9.)

Eye dimension Eye dimension
Diam and

shank length
Thread
length ID OD

Approx
breaking
strength,

lb
Diam and

shank length
Thread
length ID OD

Approx
breaking
strength,

lb

1⁄4 3 2 11⁄2 1⁄2 1 2,200 3⁄4 3 6 3 11⁄2 3 23,400
5⁄16 3 21⁄4 11⁄2 5⁄8 11⁄4 3,600 3⁄4 3 10 3 11⁄2 3 23,400
3⁄8 3 41⁄2 21⁄2 3⁄4 11⁄2 5,200 3⁄4 3 15 5 11⁄2 3 23,400
1⁄2 3 31⁄4 11⁄2 1 2 9,800 7⁄8 3 8 4 13⁄4 31⁄2 32,400
1⁄2 3 6 3 1 2 9,800 1 3 6 3 2 4 42,400

1⁄2 3 10 3 1 2 9,800 1 3 9 4 2 4 42,400
5⁄8 3 4 2 11⁄4 21⁄2 15,800 1 3 18 7 2 4 42,400
5⁄8 3 6 3 11⁄4 21⁄2 15,800 11⁄4 3 8 4 21⁄2 5 67,800
5⁄8 3 10 3 11⁄4 21⁄2 15,800 11⁄4 3 20 6 21⁄2 5 67,800

Table 8.2.19 Cup-Point Setscrew
Holding Power

Nominal Seating torque, Axial holding
screw size lb?in power, lb

No. 0 0.5 50
No. 1 1.5 65
No. 2 1.5 85
No. 3 5 120
No. 4 5 160

KB /(KB 1 KM), where KB 5 elastic constant of the bolt and 1/KM 5
1/KN 1 1/KW 1 1/KG 1 1/KJ. KN 5 elastic constant of the nut;
KW 5 elastic constant of the washer; KG 5 elastic constant of the gasket;
KJ 5 elastic constant of the clamped surfaces or joint.

By manipulation, the fractional multiplier can be written « 5
1/(1 1 KM /KB). When KM /KB approaches 0, « : 1. When KM /KB ap-
proaches infinity, « : 0. Generally, KN , KW , and KJ are much stiffer
than KB , while KG can vary from very soft to very stiff. In a metal-to-
metal joint, KG is effectively infinity, which causes KM to approach
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No. 5 9 200
No. 6 9 250
No. 8 20 385
No. 10 33 540
1⁄4 in 87 1,000
5⁄16 in 165 1,500
3⁄8 in 290 2,000
7⁄16 in 430 2,500
1⁄2 in 620 3,000
9⁄16 in 620 3,500
5⁄8 in 1,225 4,000
3⁄4 in 2,125 5,000
7⁄8 in 5,000 6,000
1 in 7,000 7,000

NOTES: 1. Torsional holding power in inch-pounds is equal to one-half of the axial holding
power times the shaft diameter in inches.

2. Experimental data were obtained by seating an alloy-steel cup-point setscrew against a
steel shaft with a hardness of Rockwell C 15. Screw threads were class 3A, tapped holes were
class 2B. Holding power was defined as the minimum load necessary to produce 0.01 in of
relative movement between the shaft and the collar.

3. Cone points will develop a slightly greater holding power; flat, dog, and oval points,
slightly less.

4. Shaft hardness should be at least 10 Rockwell C points less than the setscrew point.
5. Holding power is proportional to seating torque. Torsional holding power is increased

about 6% by use of a flat on the shaft.
6. Data by F. R. Kull, Fasteners Book Issue, Mach. Des., Mar. 11, 1965.
Fig. 8.2.11 Setscrews.
infinity and « to approach 0. On the other hand, for a very soft gasketed
joint, KM : 0 and « : 1. For a metal-to-metal joint, then, FB 5
Fi 1 0 3 P 5 Fi ; thus no fluctuating load component enters the bolt.
In that case, the bolt remains at static force Fi at all times, and the static
design will suffice. For a very soft gasketed joint, FB 5 Fi 1 1 3 P 5
Fi 1 P, which means that if P is a dynamically fluctuating load, it will be
superimposed onto the static value of Fi . Accordingly, one must use the
fatigue design for the bolt. Of course, for conditions between « 5 0 and
« 5 1, the load within the bolt body is FB 5 Fi 1 «P, and again the
fatigue design must be used.

In general, one wants as much preload as a bolt and joint will tolerate,
without damaging the clamped parts, encouraging stress corrosion, or
reducing fatigue life. For ungasketed, unpressurized joints under static
loads using high-quality bolt materials, such as SAE 3 or better, the
preload should be about 90 percent of proof load.

The proof strength is the stress obtained by dividing proof load by
stress area. Stress area is somewhat larger than the root area and can be
found in thread tables, or calculated approximately from a diameter
which is the mean of the root and pitch diameters.

Initial sizing of bolts can be made by calculating area 5 (% 3 proof
load)/(proof strength). See Table 8.2.26 for typical physical properties.

NOTE. In European practice, proof stress of a given grade is inde-
pendent of diameter and is accomplished by varying chemical composi-
tion with diameters.
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Fig. 8.2.12 Locking fasteners.

General Notes on the Design of Bolted Joints

Bolts subjected to shock and sudden change in load are found to be more
serviceable when the unthreaded portion of the bolt is turned down or
drilled to the area of the root of the thread. The drilled bolt is stronger in
torsion than the turned-down bolt.

When a number of bolts are employed in fastening together two parts of
a machine, such as a cylinder and cylinder head, the load carried by each
bolt depends on its relative tightness, the tighter bolts carrying the

greater loads. When the conditions of assembly result in differences in
tightness, lower working stresses must be used in designing the bolts
than otherwise are necessary. On the other hand, it may be desirable to
have the bolts the weakest part of the machine, since their breakage
from overload in the machine may result in a minimum replacement
cost. In such cases, the breaking load of the bolts may well be equal to
the load which causes the weakest member of the machine connected to
be stressed up to the elastic limit.

sc

21

2
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Table 8.2.20 Coach and Lag Screws

Diam of screw, in 1⁄4 5⁄16

No. of threads per inch 10 9
Across flats of hexagon and square heads, in 3⁄8 15⁄32

Thickness of hexagon and square heads, in 3⁄16 1⁄4

Length of threads for

Length of screw, in 11⁄2 2
Length of thread, in To head 11⁄2
Length of screw, in 5 51⁄2 6
Length of thread, in 4 4 41

Table 8.2.21 American National Standard Wood Screws

Number 0 1 2 3
Threads per inch 32 28 26 24
Diameter, in 0.060 0.073 0.086 0.099

Number 9 10 11 12
Threads per inch 14 13 12 11
Diameter, in 0.177 0.190 0.203 0.216

Table 8.2.22 Dimensions of Steel Washers, i

Plain washer

Bolt size Hole diam OD Thickne

3⁄16 1⁄4 9⁄16 3⁄64

1⁄4 5⁄16 3⁄4 1⁄16

5⁄16 3⁄8 7⁄8 1⁄16

3⁄8 7⁄16 1 5⁄64

7⁄16 1⁄2 11⁄4 5⁄64

1⁄2 9⁄16 13⁄8 3⁄32

9⁄16 5⁄8 11⁄2 3⁄32

5⁄8 11⁄16 13⁄4 1⁄8
3⁄4 13⁄16 2 1⁄8
7⁄8 15⁄16 21⁄4 5⁄32

1 11⁄16 21⁄2 5⁄32

11⁄8 11⁄4 23⁄4 5⁄32

11⁄4 13⁄8 3 5⁄32

13⁄8 11⁄2 31⁄4 11⁄64

11⁄2 15⁄8 31⁄2 11⁄64

15⁄8 13⁄4 33⁄4 11⁄64

13⁄4 17⁄8 4 11⁄64

17⁄8 2 41⁄4 11⁄64

2 21⁄8 41⁄2 11⁄64

21⁄4 23⁄8 43⁄4 3⁄16

21⁄2 25⁄8 5 7⁄32
3⁄8 7⁄16 1⁄2 5⁄8 3⁄4 7⁄8 1
7 7 6 5 41⁄2 4 31⁄2

9⁄16 21⁄32 3⁄4 15⁄16 11⁄8 15⁄16 11⁄2
5⁄16 3⁄8 7⁄16 17⁄32 5⁄8 3⁄4 7⁄8

rews of all diameters

⁄2 3 31⁄2 4 41⁄2
21⁄4 21⁄2 3 31⁄2
7 8 9 10–12
⁄2 5 6 6 7

4 5 6 7 8
22 20 18 16 15
0.112 0.125 0.138 0.151 0.164

14 16 18 20 24
10 9 8 8 7
0.242 0.268 0.294 0.320 0.372

n

Lock washer

ss Hole diam OD Thickness

0.194 0.337 0.047
0.255 0.493 0.062
0.319 0.591 0.078
0.382 0.688 0.094
0.446 0.781 0.109

0.509 0.879 0.125
0.573 0.979 0.141
0.636 1.086 0.156
0.763 1.279 0.188
0.890 1.474 0.219

1.017 1.672 0.250
1.144 1.865 0.281
1.271 2.058 0.312
1.398 2.253 0.344
1.525 2.446 0.375
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Table 8.2.23 Tapping Screw Forms

ASA type
and thread

form Description and recommendations

Spaced thread, with gimlet point, designed for use in sheet metal, resin-impregnated ply-
wood, wood, and asbestos compositions. Used in pierced or punched holes where a sharp
point for starting is needed.

Type B is a blunt-point spaced-thread screw, used in heavy-gage sheet-metal and non-
ferrous castings.

Same as type B, but has a 45 deg included angle unthreaded cone point. Used for locating
and aligning holes or piercing soft materials.

Blunt point with threads approximating machine-screw threads. For applications where a
machine-screw thread is preferable to the spaced-thread form. Unlike thread-cutting
screws, type C makes a chip-free assembly.

Multiple-threaded drive screw with steep helix angle and a blunt, unthreaded starting
pilot. Intended for making permanent fastenings in metals and plastics. Hammered or
mechanically forced into work. Should not be used in materials less than one screw di-
ameter thick.

Blunt point with single narrow flute and threads approximating machine-screw threads.
Flute is designed to produce a cutting edge which is radial to screw center. For low-
strength metals and plastics; for high-strength brittle metals; and for rethreading clogged
pretapped holes.

Approximate machine-screw thread and blunt point.

Approximate machine-screw thread with single through slot which forms two cutting
edges. For low-strength metals and plastics.

Same as type D with single wide flute for more chip clearance.

Spaced thread with blunt point and five evenly spaced cutting grooves and chip cavities.
Wall thickness should be 11⁄2 times major diameter of screw. Reduces stripping in brittle
plastics and die castings.

Same as type BF except for single wide flute which provides room for twisted, curly chips.

Thread-rolling screws roll-form clean, screw threads. The plastic movement of the mate-
rial it is driven into locks it in place. The Taptite form is shown here.

SOURCE: Mach. Des., Mar. 11, 1965.

Bolts screwed up tight have an initial stress due to the tightening (pre-
load) before any external load is applied to the machine member. The
initial tensile load due to screwing up for a tight joint varies approxi-
mately as the diameter of the bolt, and may be estimated at 16,000 lb/in
of diameter. The actual value depends upon the applied torque and the
efficiency of the screw threads. Applying this rule to bolts of 1-in diam
or less results in excessively high stresses, thus demonstrating why bolts
of small diameter frequently fail during assembly. It is advisable to use

as large-diameter bolts as possible in pressure-tight joints requiring high
tightening loads.

In pressure-tight joints without a gasket the force on the bolt under
load is essentially never greater than the initial tightening load. When a
gasket is used, the total bolt force is approximately equal to the initial
tightening load plus the external load. In the first case, deviations from
the rule are a result of elastic behavior of the joint faces without a
gasket, and inelastic behavior of the gasket in the latter case. The fol-
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Table 8.2.24 Self-Tapping Screws

Threads per inch

Type U

Max Number
Screw Basic major outside of thread
size diam, in AB B, BP C D, F, G, T BF, BT diam, in starts

00 — — — — — — 0.060 6
0 0.060 40 48 — — 48 0.075 6
1 0.073 32 42 — — 42
2 0.086 32 32 56 and 64 56 and 64 32 0.100 8
3 0.099 28 28 48 and 56 48 and 56 28
4 0.112 24 24 40 and 48 40 and 48 24 0.116 7
5 0.125 20 20 40 and 44 40 and 44 20
6 0.138 18 20 32 and 40 32 and 40 20 0.140 7
7 0.151 16 19 — — 19 0.154 8
8 0.164 15 18 32 and 36 32 and 36 18 0.167 8

10 0.190 12 16 24 and 32 24 and 32 16 0.182 8
12 0.216 11 14 24 and 28 24 and 28 14 0.212 8
14 0.242 10 — — — — 0.242 9

1⁄4 0.250 — 14 20 and 28 20 and 28 14
16 0.268 10
18 0.294 9

5⁄16 0.3125 — 12 18 and 24 18 and 24 12 0.315 14
20 0.320 9
24 0.372 9

3⁄8 0.375 — 12 16 and 24 16 and 24 12 0.378 12
7⁄16 0.4375 — 10 — — 10
1⁄2 0.500 — 10 — — 10

lowing generalization will serve as a guide. If the bolt is more yielding
than the connecting members, it should be designed simply to resist the
initial tension or the external load, whichever is greater. If the probable
yielding of the bolt is 50 to 100 percent of that of the connected mem-
bers, take the resultant bolt load as the initial tension plus one-half the
external load. If the yielding of the connected members is probably four
to five times that of the bolt (as when certain packings are used), take
the resultant bolt load as the initial tension plus three-fourths the exter-
nal load.

In cases where bolts are subjected to cyclic loading, an increase in the
initial tightening load decreases the operating stress range. In certain
applications it is customary to fix the tightening load as a fraction of the
yield-point load of the bolt.

A T

W Enlarged section

to tiB
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Fig. 8.2.13a Coach and lag
screws.

Fig. 8.2.13b Wood screws.

Table 8.2.25 ISO Metric Fastener Materials

Roughly equivalent U.S. bolt materials

Metric Metric nut class SAE J429
bolt normally used grades ASTM grades

4.6 4 or 5 1 A193, B8; A307, grade A
4.8 4 or 5 2
5.8 5 2
8.8 8 5 A325, A449
9.9 9 51 A193, B7 and B16

10.9 10 or 12 8 A490; A354, grade 8D
12.9 10 or 12 A540; B21 through B24

SOURCE: Bickford, ‘‘An Introduction to the Design and Behavior of Bolted Joints,’’ Marcel
Dekker, 1981; reproduced by permission. See Appendix G for additional metric materials.
A 5 I. D.
B 5 O. D.

W 5 width
T 5 ave. thickness

5 t o 1 t i

2

Fig. 8.2.14a Regular helical spring lock washer.

B

External tooth

Internal tooth

A

B

A

B

A

C

Internal–external tooth

C

C

B

Countersunk external tooth

A

C

80° - 82°

A 5 I. D.
B 5 O. D.
C 5 Thickness

Fig. 8.2.14b Toothed lock washers.



RIVET FASTENINGS 8-27

Table 8.2.26a Specifications and Identification Markings for Bolts, Screws, Studs, Sems,a and U Boltsb

(Multiply the strengths in kpsi by 6.89 to get the strength in MPa.)

Core
Proof Tensile Yieldd hardness,

SAE ASTM Metricc Nominal strength, strength, strength, Rockwell
grade grade grade diameter, in kpsi kpsi kpsi min/max Productse

1 A307 4.6 1⁄4 thru 11⁄2 33 60 36 B70/B100 B, Sc, St
2 5.8 1⁄4 thru 3⁄4 55 74 57 B80/B100 B, Sc, St

4.6 Over 3⁄4 thru 11⁄2 33 60 36 B70/B100 B, Sc, St
4 8.9 1⁄4 thru 11⁄2 65 f 115 100 C22/C32 St
5 A449 or A325 8.8 1⁄4 thru 1 85 120 92 C25/C34 B, Sc, St

type 1
7.8 Over 1 thru 11⁄2 74 105 81 C19/C30 B, Sc, St
8.6 Over 11⁄2 to 3 55 90 58 B, Sc, St

5.1 8.8 No. 6 thru 5⁄8 85 120 C25/C40 Se
8.8 No. 6 thru 1⁄2 85 120 C25/C40 B, Sc, St

5.2 A325 type 2 8.8 1⁄4 thru 1 85 120 92 C26/C36 B, Sc
7g 10.9 3⁄4 thru 11⁄2 105 133 115 C28/C34 B, Sc
8 A354 Grade

BD
10.9 1⁄4 thru 11⁄2 120 150 130 C33/C39 B, Sc, St

8.1 10.9 1⁄4 thru 11⁄2 120 150 130 C32/C38 St
8.2 10.9 1⁄4 thru 1 120 150 130 C35/C42 B, Sc

A574 12.9 0 thru 1⁄2 140 180 160 C39/C45 SHCS
12.9 5⁄8 thru 11⁄2 135 170 160 C37/C45 SHCS

NOTE: Company catalogs should be consulted regarding proof loads. However, approximate values of proof loads may be calculated from: proof load 5 proof strength 3 stress area.
a Sems are screw and washer assemblies.
b Compiled from ANSI/SAE J429j; ANSI B18.3.1-1978; and ASTM A307, A325, A354, A449, and A574.
c Metric grade is xx.x where xx is approximately 0.01 Sut in MPa and .x is the ratio of the minimum Sy to Sut.
d Yield strength is stress at which a permanent set of 0.2% of gage length occurs.
e B 5 bolt, Sc 5 Screws, St 5 studs, Se 5 sems, and SHCS 5 socket head cap screws.
f Entry appears to be in error but conforms to the standard, ANSI/SAE J429j.
g Grade 7 bolts and screws are roll-threaded after heat treatment.
SOURCE: Shigley and Mitchell, ‘‘Mechanical Engineering Design,’’ 4th ed., McGraw-Hill, 1983, by permission.

In order to avoid the possibility of bolt failure in pressure-tight joints
and to obtain uniformity in bolt loads, some means of determining
initial bolt load (preload) is desirable. Calibrated torque wrenches are
available for this purpose, reading directly in inch-pounds or inch-
ounces. Inaccuracies in initial bolt load are possible even when using a
torque wrench, owing to variations in the coefficient of friction between
the nut and the bolt and, further, between the nut or bolthead and the
abutting surface.

An exact method to determine the preload in a bolt requires that the
bolt elongation be measured. For a through bolt in which both ends are
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accessible, the elongation is measured, and the preload force P is ob-
tained from the relationship

P 5 AEe 4 l

where E 5 modulus of elasticity, l 5 original length, A 5 cross-
sectional area, e 5 elongation. In cases where both ends of the bolt are
not accessible, strain-gage techniques may be employed to determine
the strain in the bolt, and thence the preload.

High-strength bolts designated ASTM A325 and A490 are almost
exclusively employed in the assembly of structural steel members, but
they are applied in mechanical assemblies such as flanged joints. The
direct tension indicator (DTI) (Fig. 8.2.16), for use with high-strength
bolts, allows bolt preload to be applied rapidly and simply. The device is
a hardened washer with embossed protrusions (Fig. 8.2.16a). Tighten-
ing the bolt causes the protrusions to flatten and results in a decrease in
the gap between washer and bolthead. The prescribed degree of bolt-
tightening load, or preload, is obtained when the gap is reduced to a
predetermined amount (Fig. 8.2.16c). A feeler gage of a given thickness
is used to determine when the gap has been closed to the prescribed
amount (Fig. 8.2.16b and c). With a paired bolt and DTI, the degree of
gap closure is proportional to bolt preload. The system is reported to
provide bolt-preload force accuracy within 1 15 percent of that pre-
scribed (Fig. 8.2.16d). The devices are available in both inch and metric
series and are covered under ASTM F959 and F959M.

Preload-indicating bolts and nuts provide visual assurance of preload in
that tightening to the desired preload causes the wavy flange to flatten
flush with the clamped assembly (Fig. 8.2.17).

In drilling and tapping cast iron for steel studs, it is necessary to tap to a
Fig. 8.2.15 Carriage bolts.

depth equal to 11⁄2 times the stud diameter so that the strength of the
cast-iron threads in shear may equal the tensile strength of the stud. Drill
sizes and depths of hole and thread are given in Table 8.2.27.

It is not good practice to drill holes to be tapped through the metal
into pressure spaces, for even though the bolt fits tightly, leakage will
result that is difficult to eliminate.

Screw thread inserts made of high-strength material (Fig. 8.2.18) are
useful in many cases to provide increased thread strength and life. Soft
or ductile materials tapped to receive thread inserts exhibit improved
load-carrying capacity under static and dynamic loading conditions.
Holes in which threads have been stripped or otherwise damaged can be
restored through the use of thread inserts.

Holes for thread inserts are drilled oversize and specially tapped to
receive the insert selected to mate with the threaded fastener used. The
standard material for inserts is 18-8 stainless steel, but other materials
are available, such as phosphor bronze and Inconel. Recommended in-
sert lengths are given in Table 8.2.28.

Drill Sizes Unified thread taps are listed in Table 8.2.29.

RIVET FASTENINGS

Forms and Proportion of Rivets The forms and proportions of
small and large rivets have been standardized and conform to ANSI
B18.1.1-1972 (R89) and B18.1.2-1972 (R89) (Figs. 8.2.19a and b).

Materials Specifications for Rivets and Plates See Sec. 6 and 12.2.
Conventional signs to indicate the form of the head to be used and



Table 8.2.26b ASTM and SAE Grade Head Markings for Steel Bolts and Screws

Grade marking Specification Material

SAE grade 1 Low- or medium-carbon steel

ASTM A307 Low-carbon steel

No mark

SAE grade 2 Low- or medium-carbon steel

SAE grade 5

ASTM A449
Medium-carbon steel, quenched and tempered

SAE grade 5.2 Low-carbon martensite steel, quenched and tempered

ASTM A325
type 1

Medium-carbon steel, quenched and tempered; radial dashes optional

ASTM A325
type 2

Low-carbon martensite steel, quenched and tempered

ASTM A325
type 3

Atmospheric corrosion (weathering) steel, quenched and tempered

ASTM A354
grade BC

Alloy steel, quenched and tempered

SAE grade 7 Medium-carbon alloy steel, quenched and tempered, roll-threaded
after heat treatment

SAE grade 8 Medium-carbon alloy steel, quenched and tempered

ASTM A354
grade BD

Alloy steel, quenched and tempered

SAE grade 8.2 Low-carbon martensite steel, quenched and tempered

ASTM A490
type 1

Alloy steel, quenched and tempered

ASTM A490
type 3

Atmospheric corrosion (weathering) steel, quenched and tempered

SOURCE: ANSI B18.2.1–1981 (R92), Appendix III, p. 41. By permission.

8-28
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325 490
Feeler gage

DTI

(a) (b)

Gap
Feeler
gage

Hardened
washer

DTI

Feeler
gage

Hardened
washer

DTI

(c)

(d)

DTI Gaps To Give Required
Minimum Bolt Tension
DTI Fitting
Under bolt head

Plain finish DTIs
Mechanically
galvanized DTIs

With hardened
washers (plain finish)

Under turned

With average gaps equal or less than above, bolt tensions will
be greater than in adjacent listing

Element

Epoxy coated
on mechanically
galvanized DTIs

325

0.0150 (.40 mm)

0.0050 (.125 mm)

0.0050 (.125 mm)

—

—

0.0050 (.125 mm)

490

Minimum Bolt Tensions
In thousands of pounds (Kips)

A325Bolt dia. A490
1/20
5/80
3/40
7/80

1     0
11/80
11/40
13/80
11/20

12
19
28
39
51
56
71
85

103

— 
— 
35
49
64
80

102
121

— 

0.0150

0.0050

Fig. 8.2.16 Direct tension indicators; gap and tension data. (Source: J & M Turner Inc.)

whether the rivet is to be driven in the shop or the field at the time of
erection are given in Fig. 8.2.20. Rivet lengths and grips are shown in
Fig. 8.2.19b.

For structural riveting, see Sec. 12.2.
Punched vs. Drilled Plates Holes in plates forming parts of riveted

structures are punched, punched and reamed, or drilled. Punching, while

Tubular Rivets

In tubular rivets, the end opposite the head is made with an axial hole
(partway) to form a thin-walled, easily upsettable end. As the material
at the edge of the rivet hole is rolled over against the surface of the joint,
a clinch is formed (Fig. 8.2.21a).
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Fig. 8.2.17 Load-indicating wavy-flange bolt (or nut).

cheaper, is objectionable. The holes in different plates cannot be spaced
with sufficient accuracy to register perfectly on being assembled. If the
hole is punched out, say 1⁄16 in smaller than is required and then reamed
to size, the metal injury by cold flow during punching will be removed.
Drilling, while more expensive, is more accurate and does not injure the
metal.
Fig. 8.2.18 Screw thread insert.

Two-part tubular rivets have a thin-walled head with attached thin-
walled rivet body and a separate thin-walled expandable plug. The
head-body is inserted through a hole in the joint from one side, and the
plug from the other. By holding an anvil against the plug bottom and
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Table 8.2.27 Depths to Drill and Tap Cast Iron for Studs

Diam of stud, in 1⁄4 5⁄16 3⁄8 7⁄16 1⁄2 9⁄16 5⁄8 3⁄4 7⁄8 1
Diam of drill, in 13⁄64 17⁄64 5⁄16 3⁄8 27⁄64 31⁄64 17⁄32 41⁄64 3⁄4 55⁄64

Depth of thread, in 3⁄8 15⁄32 9⁄16 21⁄32 3⁄4 27⁄32 15⁄16 11⁄8 15⁄16 11⁄2
Depth to drill, in 7⁄16 17⁄32 5⁄8 23⁄32 27⁄32 15⁄16 11⁄32 11⁄4 17⁄16 15⁄8

Table 8.2.28 Screw-Thread Insert Lengths
(Heli-Coil Corp.)

Bolt material ultimate tensile strength, lb/in2

60,000 90,000 125,000 170,000 220,000

Shear strength
of parent
material,

lb/in2 Length in terms of nominal insert diameter

15,000 11⁄2 2 21⁄2 3
20,000 1 11⁄2 2 21⁄2 3
25,000 1 11⁄2 2 2 21⁄2

mandrel remains permanently in the rivet body after setting, contribut-
ing additional shear strength to the fastener. In the pull-through type, the
entire mandrel is pulled through, leaving the installed rivet empty.

In a drive-pin rivet, the rivet body is slotted. A pin is driven forward
into the rivet, causing both flaring of the rivet body and upset of the
blind side (Fig. 8.2.21b).
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30,000 1 1 11⁄2 2 2
40,000 1 1 11⁄2 11⁄2 2
50,000 1 1 1 11⁄2 11⁄2

hammering on the head, the plug is caused to expand within the head,
thus locking both parts together (Fig. 8.2.21a).

Blind Rivets

Blind rivets are inserted and set all from one side of a structure. This is
accomplished by mechanically expanding, through the use of the rivet’s
built-in mandrel, the back (blind side) of the rivet into a bulb or upset
head after insertion. Blind rivets include the pull type and drive-pin
type.

The pull-type rivet is available in two configurations: a self-plugging
type and a pull-through type. In the self-plugging type, part of the

Fig. 8.2.20 Conventional signs for rivets.
Table 8.2.29 Tap-Drill Sizes for American National Standard S
(The sizes listed are the commercial tap drills to produce approx 75% full

Coarse-thread Fine-thread
series series

Threads Tap Threads Tap
Size per inch drill size per inch drill size

No. 0 — — 80 3⁄64

No. 1 64 No. 53 72 No. 53
No. 2 56 No. 50 64 No. 50
No. 3 48 No. 47 56 No. 45
No. 4 40 No. 43 48 No. 42

No. 5 40 No. 38 44 No. 37
No. 6 32 No. 36 40 No. 33
No. 8 32 No. 29 36 No. 29
No. 10 24 No. 25 32 No. 21
No. 12 24 No. 16 28 No. 14

1⁄4 20 No. 7 28 No. 3
5⁄16 18 F 24 I
3⁄8 16 5⁄16 24 Q
7⁄16 14 U 20 25⁄64

1⁄2 13 27⁄64 20 29⁄64

9⁄16 12 31⁄64 18 33⁄64

5⁄8 11 17⁄32 18 37⁄64
Fig. 8.2.19a Rivet heads.

Fig. 8.2.19b Rivet length and grip.
crew Threads
thread)

Coarse-thread Fine-thread
series series

Threads Tap Threads Tap
Size per inch drill size per inch drill size

3⁄4 10 21⁄32 16 11⁄16

7⁄8 9 49⁄64 14 13⁄16

1 8 7⁄8 14 15⁄16

11⁄8 7 63⁄64 12 13⁄64

11⁄4 7 17⁄64 12 111⁄64

13⁄8 6 17⁄32 12 119⁄64

11⁄2 6 121⁄64 12 127⁄64

13⁄4 5 135⁄64

2 41⁄2 125⁄32

21⁄4 41⁄2 21⁄32

21⁄2 4 21⁄4
23⁄4 4 21⁄2
3 4 23⁄4
31⁄4 4 3
31⁄2 4 31⁄4

33⁄4 4 31⁄2
4 4 33⁄4
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Tubular rivet Two-part tubular rivet

Fig. 8.2.21a Tubular rivets.

Self-plugging
blind rivet

Blind side
upset

KEYS, PINS, AND COTTERS

Keys and key seats have been standardized and are listed in ANSI
B17.1-1967 (R89). Descriptions of the principal key types follow.

Woodruff keys [ANSI B17.2-1967 (R90)] are made to facilitate re-
moval of pulleys from shafts. They should not be used as sliding keys.
Cutters for milling out the key seats, as well as special machines for
using the cutters, are to be had from the manufacturer. Where the hub of
the gear or pulley is relatively long, two keys should be used. Slightly
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Pull-through
blind rivet

Blind side
upset

Drive pin
blind rivet

Blind side
upset

Closed-end
break mandrel

blind rivet

Blind side
upset

Open-end
break mandrel

blind rivet

Blind side
upset

Fig. 8.2.21b Blind rivets.
rounding the corners or ends of these keys will obviate any difficulty
met with in removing pulleys from shafts. The key is shown in Fig.
8.2.22 and the dimensions in Table 8.2.30.

Square and flat plain taper keys have the same dimensions as gib-head
keys (Table 8.2.31) up to the dotted line of Fig. 8.2.23. Gib-head keys
(Fig. 8.2.23) are necessary when the smaller end is inaccessible for
drifting out and the larger end is accessible. It can be used, with care,

Fig. 8.2.22 Woodruff key.

Fig. 8.2.23 Gib-head taper stock key.

with all sizes of shafts. Its use is forbidden in certain jobs and places for
safety reasons. Proportions are given in Table 8.2.31.

The minimum stock length of keys is 4 times the key width, and
maximum stock length of keys is 16 times the key width. The incre-
ments of increase of length are 2 times the width.

Sunk keys are made to the form and dimensions given in Fig. 8.2.24
and Table 8.2.32. These keys are adapted particularly to the case of
fitting adjacent parts with neither end of the key accessible. Feather keys
prevent parts from turning on a shaft while allowing them to move in a
lengthwise direction. They are of the forms shown in Fig. 8.2.25 with
dimensions as given in Table 8.2.32.

In transmitting large torques, it is customary to use two or more keys.
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Table 8.2.30 Woodruff Key Dimensions [ANSI B17.2-1967 (R90)]
(All dimensions in inches)

Height of key

Width of key A Diam of key B C D
Key
no.

Nominal
key size,
A 3 B Max Min Max Min Max Min Max Min

Distance
below

E

204 1⁄16 3 1⁄2 0.0635 0.0625 0.500 0.490 0.203 0.198 0.194 0.188 3⁄64

304 3⁄32 3 1⁄2 0.0948 0.0928 0.500 0.490 0.203 0.198 0.194 0.188 3⁄64

305 3⁄32 3 5⁄8 0.0948 0.0938 0.625 0.615 0.250 0.245 0.240 0.234 1⁄16

404 1⁄8 3 1⁄2 0.1260 0.1250 0.500 0.490 0.203 0.198 0.194 0.188 3⁄64

405 1⁄8 3 5⁄8 0.1260 0.1250 0.625 0.615 0.250 0.245 0.240 0.234 1⁄16

406 1⁄8 3 3⁄4 0.1260 0.1250 0.750 0.740 0.313 0.308 0.303 0.297 1⁄16

505 5⁄32 3 5⁄8 0.1573 0.1563 0.625 0.615 0.250 0.245 0.240 0.234 1⁄16

506 5⁄32 3 3⁄4 0.1573 0.1563 0.750 0.740 0.313 0.308 0.303 0.297 1⁄16

507 5⁄32 3 7⁄8 0.1573 0.1563 0.875 0.865 0.375 0.370 0.365 0.359 1⁄16

606 3⁄16 3 3⁄4 0.1885 0.1875 0.750 0.740 0.313 0.308 0.303 0.297 1⁄16

607 3⁄16 3 7⁄8 0.1885 0.1875 0.875 0.865 0.375 0.370 0.365 0.359 1⁄16

608 3⁄16 3 1 0.1885 0.1875 1.000 0.990 0.438 0.433 0.428 0.422 1⁄16

609 3⁄16 3 11⁄8 0.1885 0.1875 1.125 1.115 0.484 0.479 0.475 0.469 5⁄64

807 1⁄4 3 7⁄8 0.2510 0.2500 0.875 0.865 0.375 0.370 0.365 0.359 1⁄16

808 1⁄4 3 1 0.2510 0.2500 1.000 0.990 0.438 0.433 0.428 0.422 1⁄16

809 1⁄4 3 11⁄8 0.2510 0.2500 1.125 1.115 0.484 0.479 0.475 0.469 5⁄64

810 1⁄4 3 11⁄4 0.2510 0.2500 1.250 1.240 0.547 0.542 0.537 0.531 5⁄64

811 1⁄4 3 13⁄8 0.2510 0.2500 1.375 1.365 0.594 0.589 0.584 0.578 3⁄32

812 1⁄4 3 11⁄2 0.2510 0.2500 1.500 1.490 0.641 0.636 0.631 0.625 7⁄64

1008 5⁄16 3 1 0.3135 0.3125 1.000 0.990 0.438 0.433 0.428 0.422 1⁄16

1009 5⁄16 3 11⁄8 0.3135 0.3125 1.125 1.115 0.484 0.479 0.475 0.469 5⁄64

1010 5⁄16 3 11⁄4 0.3135 0.3125 1.250 1.240 0.547 0.542 0.537 0.531 5⁄64

1011 5⁄16 3 13⁄8 0.3135 0.3125 1.375 1.365 0.594 0.589 0.584 0.578 3⁄32

1012 5⁄16 3 11⁄2 0.3135 0.3125 1.500 1.490 0.641 0.636 0.631 0.625 7⁄64

1210 3⁄8 3 11⁄4 0.3760 0.3750 1.250 1.240 0.547 0.542 0.537 0.531 5⁄64

1211 3⁄8 3 13⁄8 0.3760 0.3750 1.375 1.365 0.594 0.589 0.584 0.578 3⁄32

1212 3⁄8 3 11⁄2 0.3760 0.3750 1.500 1.490 0.641 0.636 0.631 0.625 7⁄64

Numbers indicate the nominal key dimensions. The last two digits give the nominal diameter (B) in eighths of an inch, and the digits preceding the last two give the
nominal width (A) in thirty-seconds of an inch. Thus, 204 indicates a key 2⁄32 3 6⁄8 or 1⁄16 3 1⁄2 in; 1210 indicates a key 12⁄32 3 10⁄8 or 3⁄8 3 11⁄4 in.

Another means for fastening gears, pulleys flanges, etc., to shafts is
through the use of mating pairs of tapered sleeves known as grip springs.
A set of sleeves is shown in Fig. 8.2.26. For further references see data
issued by the Ringfeder Corp., Westwood, NJ.

Tapered pins (Fig. 8.2.27) can be used to transmit very small torques
or for positioning. They should be fitted so that the parts are drawn
together to prevent their working loose when the pin is driven home.
Table 8.2.33 gives dimensions of Morse tapered pins.

The Groov-Pin Corp., New Jersey, has developed a special grooved

pin (Fig. 8.2.28) which may be used instead of smooth taper pins in
certain cases.

Straight pins, likewise, are used for transmission of light torques or for
positioning. Spring pins have come into wide use recently. Two types
shown in Figs. 8.2.29 and 8.2.30 deform elastically in the radial direc-
tion when driven; the resiliency of the pin material locks the pin in
place. They can replace straight and taper pins and combine the advan-
tages of both, i.e., simple tooling, ease of removal, reusability, ability to
be driven from either side.

ey

Ma
id
W

1⁄8
3⁄16 ⁄8 ⁄4 ⁄16 ⁄32 0.0020 0.0020
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Table 8.2.31 Dimensions of Square and Flat Gib-Head Taper Stock K

Square type

Key Gib head

Shaft
diam

Max
width

W

Height at
large

end,† H
Height

C
Length

D

Height
edge of

chamfer E
w

1⁄2 – 9⁄16 1⁄8 1⁄8 1⁄4 7⁄32 5⁄32

5⁄8 – 7⁄8 3⁄16 3⁄16 5⁄16 9⁄32 7⁄32
15⁄16 –11⁄4 1⁄4 1⁄4 7⁄16 11⁄32 11⁄32 1⁄4
15⁄16 –13⁄8 5⁄16 5⁄16 9⁄16 13⁄32 13⁄32 5⁄1
17⁄16 –13⁄4 3⁄8 3⁄8 11⁄16 15⁄32 15⁄32 3⁄8

113⁄16 –21⁄4 1⁄2 1⁄2 7⁄8 19⁄32 5⁄8 1⁄2

25⁄16 –23⁄4 5⁄8 5⁄8 11⁄16 23⁄32 3⁄4 5⁄8
27⁄8 –31⁄4 3⁄4 3⁄4 11⁄4 7⁄8 7⁄8 3⁄4
33⁄8 –33⁄4 7⁄8 7⁄8 11⁄2 1 1 7⁄8
37⁄8 –41⁄2 1 1 13⁄4 13⁄16 13⁄16 1
43⁄4 –51⁄2 11⁄4 11⁄4 2 17⁄16 17⁄16 11⁄4
53⁄4 –6 11⁄2 11⁄2 21⁄2 13⁄4 13⁄4 11⁄2

* Stock keys are applicable to the general run of work and the tolerances have been set accordin
† This height of the key is measured at the distance W equal to the width of the key, from the gi
s, in

Flat type

Key Gib head Tolerance

x
th

Height at
large end,†

H
Height

C
Length

D

Height
edge of

chamfer E

On
width
(2)

On
height

(1)

3⁄32 3⁄16 1⁄8 1⁄8 0.0020 0.0020
1 1 3 5
3⁄16 5⁄16 1⁄4 3⁄16 0.0020 0.0020
6 1⁄4 3⁄8 5⁄16 1⁄4 0.0020 0.0020

1⁄4 7⁄16 3⁄8 5⁄16 0.0020 0.0020
3⁄8 5⁄8 1⁄2 7⁄16 0.0025 0.0025

7⁄16 3⁄4 5⁄8 1⁄2 0.0025 0.0025
1⁄2 7⁄8 3⁄4 5⁄8 0.0025 0.0025
5⁄8 11⁄16 7⁄8 3⁄4 0.0030 0.0030
3⁄4 11⁄4 1 13⁄16 0.0030 0.0030
7⁄8 11⁄2 11⁄4 1 0.0030 0.0030

1 13⁄4 11⁄2 11⁄4 0.0030 0.0030

gly. They are not intended to cover the finer applications where a closer fit may be required.
b head.
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Cotter pins (Fig. 8.2.31) are used to secure or lock nuts, clevises, etc.
Driven into holes in the shaft, the eye prevents complete passage, and
the split ends, deformed after insertion, prevent withdrawal.

Fig. 8.2.27 Taper pins.
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Fig. 8.2.24 Sunk key.

Fig. 8.2.25 Feather key.

Fig. 8.2.26 Grip springs.

When two rods are to be joined so as to permit movement at the joint,
a round pin is used in place of a cotter. In such cases, the proportions
may be as shown in Fig. 8.2.32 (knuckle joint).

Table 8.2.32 Dimensions of Sunk Keys
(All dimensions in inches. Letters refer to Fig. 8.2.24)

Key Key
no. L W no. L W

1 1⁄2 1⁄16 13 1 3⁄16

2 1⁄2 3⁄32 14 1 7⁄32

3 1⁄2 1⁄8 15 1 1⁄4
4 5⁄8 3⁄32 B 1 5⁄16

5 1 1 3
5 ⁄8 ⁄8 16 1 ⁄8 ⁄16

6 5⁄8 5⁄32 17 11⁄8 7⁄32

7 3⁄4 1⁄8 18 11⁄8 1⁄4
8 3⁄4 5⁄32 C 11⁄8 5⁄16

9 3⁄4 3⁄16 19 11⁄4 3⁄16

10 7⁄8 5⁄32 20 11⁄4 7⁄32

11 7⁄8 3⁄16 21 11⁄4 1⁄4
12 7⁄8 7⁄32 D 11⁄4 5⁄16

A 7⁄8 1⁄4 E 11⁄4 3⁄8
Fig. 8.2.28 Grooved pins. Fig. 8.2.29 Roll pin.

Fig. 8.2.30 Spiral pins. Fig. 8.2.31 Cotter pin.

Fig. 8.2.32 Knuckle joint.

SPLINES

Involute spline proportions, dimensions, fits, and tolerances are given in
detail in ANSI B92.1-1970. External and internal involute splines (Fig.
8.2.33) have the same general form as involute gear teeth, except that
the teeth are one-half the depth of standard gear teeth and the pressure
angle is 30°. The spline is designated by a fraction in which the numera-
tor is the diametral pitch and the denominator is always twice the nu-
merator.

Fig. 8.2.33 Involute spline.

Key Key
no. L W no. L W

22 13⁄8 1⁄4 54 21⁄4 1⁄4
23 13⁄8 5⁄16 55 21⁄4 5⁄16

F 13⁄8 3⁄8 56 21⁄4 3⁄8
24 11⁄2 1⁄4 57 21⁄4 7⁄16

1 5 1 5
25 1 ⁄2 ⁄16 58 2 ⁄2 ⁄16

G 11⁄2 3⁄8 59 21⁄2 3⁄8
51 13⁄4 1⁄4 60 21⁄2 7⁄16

52 13⁄4 5⁄16 61 21⁄2 1⁄2
53 13⁄4 3⁄8 30 3 3⁄8
26 2 3⁄16 31 3 7⁄16

27 2 1⁄4 32 3 1⁄2
28 2 5⁄16 33 3 9⁄16

29 2 3⁄8 34 3 5⁄8
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Table 8.2.33 Morse Standard Taper Pins
(Taper, 1⁄8 in/ft. Lengths increase by 1⁄4 in. Dimensions in inches)

Size no. 0 1 2 3 4 5 6 7 8 9 10
Diam at large end 0.156 0.172 0.193 0.219 0.250 0.289 0.341 0.409 0.492 0.591 0.706
Length 0.5–3 0.5–3 0.75–3.5 0.75–3.5 0.75–4 0.75–4 0.75–5 1–5 1.25–5 1.5–6 1.5–6

There are 17 series, as follows: 2.5/5, 3/6, 4/8, 5/10, 6/12, 8/16,
10/20, 12/24, 16/32, 20/40, 24/48, 32/64, 40/80, 48/96, 64/128, 80/160,
128/256. The number of teeth within each series varies from 6 to 50.
Both a flat-root and a fillet-root type are provided. There are three types
of fits: (1) major diameter—fit controlled by varying the major diameter
of the external spline; (2) sides of teeth—fit controlled by varying tooth
thickness and customarily used for fillet-root splines; (3) minor
diameter—fit controlled by varying the minor diameter of the internal
spline. Each type of fit is further divided into three classes: (a) sliding—
clearance at all points; (b) close—close on either major diameter, sides

Fillet Root Only

1⁄2 through 12⁄24 16⁄32 through 48⁄96

DO (internal) 5
N 1 1.8

P
DO (internal) 5

N 1 1.8

P

DR (external) 5
N 2 1.8

P
DR (external) 5

N 2 2

P

b (internal) 5 0.900/P b (internal) 5 0.900/P
b (external) 5 0.900/P b (external) 5 1.000/P
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of teeth, or minor diameter; (c) press—interference on either the major
diameter, sides of teeth, or minor diameter. Important basic formulas for
tooth proportions are:

D 5 pitch diam
N 5 number of teeth
P 5 diametral pitch
p 5 circular pitch
t 5 circular tooth thickness
a 5 addendum
b 5 dedendum

DO 5 major diam
TIF 5 true involute form diam
DR 5 minor diam

Flat and Fillet Roots

D 5 N/P
p 5 p/P
t 5 p/2
a 5 0.5000/P

DO (external) 5
N 1 1

P

TIF (internal) 5
N 1 1

P

DR 5
N 1 1

P
(minor-diameter fits only)

TIF (external) 5
N 2 1

P

b 5 0.600/P 1 0.002 (For major-diameter fits, the internal spline de-
dendum is the same as the addendum; for minor-diameter fits,

the dedendum of the external spline is the same as the addendum.)
Fig. 8.2.34 Parallel-sided splines.
Internal spline dimensions are basic while external spline dimensions
are varied to control fit.

The advantages of involute splines are: (1) maximum strength at the
minor diameter, (2) self-centering equalizes bearing and stresses among
all teeth, and (3) ease of manufacture through the use of standard gear-
cutting tools and methods.

The design of involute splines is critical in shear. The torque capacity
may be determined by the formula T 5 LD2Ss /1.2732, where L 5 spline
length, D 5 pitch diam, Ss 5 allowable shear stress.

Parallel-side splines have been standardized by the SAE for 4, 6, 10,
and 16 spline fittings. They are shown in Fig. 8.2.34; pertinent data are
in Tables 8.2.34 and 8.2.35.

DRY AND VISCOUS COUPLINGS

A coupling makes a semipermanent connection between two shafts.
They are of three main types: rigid, flexible, and fluid.

Rigid Couplings

Rigid couplings are used only on shafts which are perfectly aligned. The
flanged-face coupling (Fig. 8.2.35) is the simplest of these. The flanges
must be keyed to the shafts. The keyless compression coupling (Fig.
8.2.36) affords a simple means for connecting abutting shafts without
the necessity of key seats on the shafts. When drawn over the slotted
tapered sleeve the two flanges automatically center the shafts and pro-
vide sufficient contact pressure to transmit medium or light loads.
Ribbed-clamp couplings (Fig. 8.2.37) are split longitudinally and are
bored to the shaft diameter with a shim separating the two halves. It is
necessary to key the shafts to the coupling.

Flexible Couplings

Flexible couplings are designed to connect shafts which are misaligned
either laterally or angularly. A secondary benefit is the absorption of
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Table 8.2.34 Dimensions of Spline Fittings, in
(SAE Standard)

4-spline for all fits 6-spline for all fits 10-spline for all fits 16-spline for all fits
Nominal

diam D max* W max† D max* W max† D max* W max† D max* W max†

3⁄4 0.750 0.181 0.750 0.188 0.750 0.117
7⁄8 0.875 0.211 0.875 0.219 0.875 0.137

1 1.000 0.241 1.000 0.250 1.000 0.156
11⁄8 1.125 0.271 1.125 0.281 1.125 0.176
11⁄4 1.250 0.301 1.250 0.313 1.250 0.195

13⁄8 1.375 0.331 1.375 0.344 1.375 0.215
11⁄2 1.500 0.361 1.500 0.375 1.500 0.234
15⁄8 1.625 0.391 1.625 0.406 1.625 0.254
13⁄4 1.750 0.422 1.750 0.438 1.750 0.273
2 2.000 0.482 2.000 0.500 2.000 0.312 2.000 0.196

21⁄4 2.250 0.542 2.250 0.563 2.250 0.351
21⁄2 2.500 0.602 2.500 0.625 2.500 0.390 2.500 0.245
3 3.000 0.723 3.000 0.750 3.000 0.468 3.000 0.294
31⁄2 — — — — 3.500 0.546 3.500 0.343
4 — — — — 4.000 0.624 4.000 0.392

41⁄2 — — — — 4.500 0.702 4.500 0.441
5 — — — — 5.000 0.780 5.000 0.490
51⁄2 — — — — 5.500 0.858 5.500 0.539
6 — — — — 6.000 0.936 6.000 0.588

* Tolerance allowed of 2 0.001 in for shafts 3⁄4 to 13⁄4 in, inclusive; of 2 0.002 for shafts 2 to 3 in, inclusive; 2 0.003 in for shafts 31⁄2 to 6 in, inclusive, for 4-, 6-,
and 10-spline fittings; tolerance of 2 0.003 in allowed for all sizes of 16-spline fittings.

† Tolerance allowed of 2 0.002 in for shafts 3⁄4 in to 13⁄4 in, inclusive; of 2 0.003 in for shafts 2 to 6 in, inclusive, for 4-, 6-, and 10-spline fittings; tolerance of
2 0.003 allowed for all sizes of 16-spline fittings.

Table 8.2.35 Spline Proportions

To slide when not
Permanent fit under load To slide under load

No. of
splines

W
for all fits h d h d h d

4 0.241D 0.075D 0.850D 0.125D 0.750D
6 0.250D 0.050D 0.900D 0.075D 0.850D 0.100D 0.800D

10 0.156D 0.045D 0.910D 0.070D 0.860D 0.095D 0.810D
16 0.098D 0.045D 0.910D 0.070D 0.860D 0.095D 0.810D

impacts due to fluctuations in shaft torque or angular speed. The Old-
ham, or double-slider, coupling (Fig. 8.2.38) may be used to connect
shafts which have only lateral misalignment. The ‘‘Fast’’ flexible cou-
pling (Fig. 8.2.39) consists of two hubs each keyed to its respective
shaft. Each hub has generated splines cut at the maximum possible

dard roller chain can be used with the proper mating sprockets. Nylon
links enveloping the sprockets are another variation of the chain cou-
pling.
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Fig. 8.2.35 Flanged face
coupling.

Fig. 8.2.36 Keyless com-
pression coupling.

distance from the shaft end. Surrounding the hubs is a casing or sleeve
which is split transversely and bolted by means of flanges. Each half of
this sleeve has generated internal splines cut on its bore at the end
opposite to the flange. These internal splines permit a definite error of
alignment between the two shafts.

Another type, the Waldron coupling (Midland-Ross Corp.), is shown
in Fig. 8.2.40.

The chain coupling shown in Fig. 8.2.41 uses silent chain, but stan-
Fig. 8.2.37 Ribbed-clamp coupling.

Steelflex couplings (Fig. 8.2.42) are made with two grooved steel hubs
keyed to their respective shafts. Connection between the two halves is
secured by a specially tempered alloy-steel member called the ‘‘grid.’’

Fig. 8.2.38 Double-slider coupling.

In the rubber flexible coupling shown in Fig. 8.2.43, the torque is
transmitted through a comparatively soft rubber section acting in shear.
The type in Fig. 8.2.44 loads the intermediate rubber member in com-
pression. Both types permit reasonable shaft misalignment and are rec-
ommended for light loads only.
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Fig. 8.2.39 ‘‘Fast’’ flexible coupling.

bisects the angle between the shafts. Other variations of constant veloc-
ity universal joints are found in the Rzeppa, Tracta, and double Cardan
types.
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Universal joints are used to connect shafts with much larger values of
misalignment than can be tolerated by the other types of flexible
couplings. Shaft angles up to 30° may be used. The Hooke’s-type joint
(Fig. 8.2.45) suffers a loss in efficiency with increasing angle which

Fig. 8.2.40 Waldron coupling.

may be approximated for angles up to 15° by the following relation:
efficiency 5 100(1 2 0.003u), where u is the angle between the shafts.
The velocity ratio between input and output shafts with a single univer-
sal joint is equal to

v2 /v1 5 cos u/1 2 sin2 u sin2 (a 1 90°)

where v2 and v1 are the angular velocities of the driven and driving
shafts respectively, u is the angle between the shafts, and a is the angu-

Fig. 8.2.41 Chain coupling.

lar displacement of the driving shaft from the position where the pins on
the drive-shaft yoke lie in the plane of the two shafts. A velocity ratio of
1 may be obtained at any angle using two Hooke’s-type joints and an
intermediate shaft. The intermediate shaft must make equal angles with
the main shafts, and the driving pins on the yokes attached to the inter-
mediate shaft must be set parallel to each other.

Fig. 8.2.42 Falk Steelflex coupling.

The Bendix-Weiss ‘‘rolling-ball’’ universal joint provides constant
angular velocity. Torque is transmitted between two yokes through a set
of four balls such that the centers of all four balls lie in a plane which
Fig. 8.2.43 Rubber flexible coupling, shear type.

Fig. 8.2.44 Rubber flexible coupling, compression type.

Fig. 8.2.45 Hooke’s universal joint.

Fluid Couplings
(See also Sec. 11.)

Fluid couplings (Fig. 8.2.46) have two basic parts—the input member,
or impeller, and the output member, or runner. There is no mechanical
connection between the two shafts, power being transmitted by kinetic
energy in the operating fluid. The impeller B is fastened to the flywheel
A and turns at engine speed. As this speed increases, fluid within the
impeller moves toward the outer periphery because of centrifugal force.
The circular shape of the impeller directs the fluid toward the runner C,
where its kinetic energy is absorbed as torque delivered by shaft D. The
positive pressure behind the fluid causes flow to continue toward the
hub and back through the impeller. The toroidal space in both the im-
peller and runner is divided into compartments by a series of flat radial
vanes.

Fig. 8.2.46a Fluid coupling. (A) Flywheel; (B) impeller; (C ) runner; (D) output
shaft.



CLUTCHES 8-37

Tin Nin Tout Nout

Optimum efficiency (Fig. 8.2.49) over the range of input-output
speed ratios is obtained by a combination converter coupling. When the
output speed rises to the point where the torque multiplication factor is
1.0, the clutch point, the torque reaction on the reactor element reverses
direction. If the reactor is mounted to freewheel in this opposite direc-
tion, the unit will act as a coupling over the higher speed ranges. An
automatic friction clutch (see ‘‘Clutches,’’ below) set to engage at or
near the clutch point will also eliminate the poor efficiency of the con-
verter at high output speeds.
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Fig. 8.2.46b Schematic of viscous coupling.

The torque capacity of a fluid coupling with a full-load slip of about
2.5 percent is T 5 0.09n2D5, where n is the impeller speed, hundreds of
r/min, and D is the outside diameter, ft. The output torque is equal to the
input torque over the entire range of input-output speed ratios. Thus the
prime mover can be operated at its most effective speed regardless of
the speed of the output shaft. Other advantages are that the prime mover
cannot be stalled by application of load and that there is no transmission
of shock loads or torsional vibration between the connected shafts.

Fig. 8.2.47 Hydraulic
torque converter. (A) Fly-
wheel; (B) impeller; (C ) run-
ner; (D) output shaft; (E ) re-
actor.

A hydraulic torque converter (Fig.
8.2.47) is similar in form to the hydraulic
coupling, with the addition of a set of sta-
tionary guide vans, the reactor, inter-
posed between the runner and the im-
peller. All blades in a converter have
compound curvature. This curvature is
designed to control the direction of fluid
flow. Kinetic energy is therefore trans-
ferred as a result of both a scalar and vec-
torial change in fluid velocity. The blades
are designed such that the fluid will be
moving in a direction parallel to the blade
surface at the entrance (Fig. 8.2.48) to
each section. With a design having fixed
blading, this can be true at only one value
of runner and impeller velocity, called the
design point. Several design modifica-
tions are possible to overcome this diffi-
culty. The angle of the blades can be
made adjustable, and the elements can be
divided into sections operating indepen-

dently of each other according to the load requirements. Other refine-
ments include the addition of multiple stages in the runner and reactor
stages as in steam reaction turbines (see Sec. 9). The advantages of a
torque converter are the ability to multiply starting torque 5 to 6 times
and to serve as a stepless transmission. As in the coupling, torque varies
as the square of speed and the fifth power of diameter.

Fig. 8.2.48 Schematic of converter blading. (1) Absolute fluid velocity;
(2) velocity vector—converter elements; (3) fluid velocity relative to converter
elements.
Fig. 8.2.49 Hydraulic coupling characteristic curves. (Heldt, ‘‘Torque Con-
verters and Transmissions,’’ Chilton.)

Viscous couplings are becoming major players in mainstream front-
wheel-drive applications and are already used in four-wheel-drive vehi-
cles.

Torque transmission in a viscous coupling relies on shearing forces in
an entrapped fluid between axially positioned disks rotating at different
angular velocities (Fig. 8.2.46b), all encased in a lifetime leakproof
housing. A hub carries the so-called inner disks while the housing
carries the so-called outer disks. Silicone is the working fluid.

Operation of the coupling is in normal (slipping) mode when torque
is being generated by viscous shear. However, prolonged slipping under
severe starting conditions causes heat-up, which in turn causes the fluid,
which has a high coefficient of thermal expansion, to expand considera-
bly with increasing temperature. It then fills the entire available space,
causing a rapid pressure increase, which in turn forces the disks together
into metal-to-metal frictional contact. Torque transmission now in-
creases substantially. This self-induced torque amplification is known
as the hump effect. The point at which the hump occurs can be set by the
design and coupling setup. Under extreme conditions, 100 percent
lockup occurs, thus providing a self-protecting relief from overheating
as fluid shear vanishes. This effect is especially useful in autos using
viscous couplings in their limited-slip differentials, when one wheel is
on low-friction surfaces such as ice. The viscous coupling transfers
torque to the other gripping wheel. This effect is also useful when one is
driving up slopes with uneven surface conditions, such as rain or snow,
or on very rough surfaces. Such viscous coupling differentials have
allowed a weight and cost reduction of about 60 percent. A fuller ac-
count can be found in Barlage, Viscous Couplings Enter Main Stream
Vehicles, Mech. Eng., Oct. 1993.

CLUTCHES

Clutches are couplings which permit the disengagement of the coupled
shafts during rotation.

Positive clutches are designed to transmit torque without slip. The jaw
clutch is the most common type of positive clutch. These are made with
square jaws (Fig. 8.2.50) for driving in both directions or spiral jaws
(Fig. 8.2.51) for unidirectional drive. Engagement speed should be lim-
ited to 10 r/min for square jaws and 150 r/min for spiral jaws. If disen-
gagement under load is required, the jaws should be finish-machined
and lubricated.

Friction clutches are designed to reduce coupling shock by slipping
during the engagement period. They also serve as safety devices by
slippping when the torque exceeds their maximum rating. They may be
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divided into two main groups, axial and rim clutches, according to the
direction of contact pressure.

The cone clutch (Fig. 8.2.52) and the disk clutch (Fig. 8.2.53) are
examples of axial clutches. The disk clutch may consist of either a

are often run wet, either immersed in oil or in a spray. The advantages
are reduced wear, smoother action, and lower operating temperatures.
Disk clutches are often operated automatically by either air or hydraulic
cylinders as, for examples, in automobile automatic transmissions.

wa

F
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Fig. 8.2.50 Square-jaw clutch.

Fig. 8.2.51 Spiral-jaw clutch.

single plate or multiple disks. Table 8.2.36 lists typical friction materi-
als and important design data. The torque capacity of a disk clutch is
given by T 5 0.5ifFaDm , where T is the torque, i the number of pairs of
contact surfaces, f the applicable coefficient of friction, Fa the axial

Fig. 8.2.52 Cone clutch.

engaging force, and Dm the mean diameter of the clutch facing. The
spring forces holding a disk clutch in engagement are usually of rela-
tively high value, as given by the allowable contact pressures. In order
to lower the force required at the operating lever, elaborate linkages are
required, usually having lever ratios in the range of 10 to 12. As these
linkages must rotate with the clutch, they must be adequately balanced
and the effect of centrifugal forces must be considered. Disk clutches

Table 8.2.36 Friction Coefficients and Allo

Materials in contact Dry

Cast iron on cast iron 0.2–0.15
Bronze on cast iron —
Steel on cast iron 0.30–0.20
Wood on cast iron 0.25–0.20
Fiber on metal —

Cork on metal 0.35
Leather on metal 0.5–0.3
Wire asbestos on metal 0.5–0.35
Asbestos blocks on metal 0.48–0.40
Asbestos on metal, short action —
Metal on cast iron, short action —

SOURCE: Maleev, Machine Design, International Textbook,
Fig. 8.2.53 Multidisk clutch.

Fig. 8.2.54 Band clutch.

Fig. 8.2.55 Overrunning clutch.

ble Pressures

Allowable
pressure,

lb/in2

riction coefficient f

Greasy Lubricated

0.10–0.06 0.10–0.05 150–250
0.10–0.05 0.10–0.05 80–120
0.12–0.07 0.10–0.06 120–200
0.12–0.08 — 60–90
0.20–0.10 — 10–30

0.30–0.25 0.25–0.22 8–15
0.20–0.15 0.15–0.12 10–30
0.30–0.25 0.25–0.20 40–80
0.30–0.25 — 40–160

— 0.25–0.20 200–300
— 0.10–0.05 200–300

by permission.
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Rim clutches may be subdivided into two groups: (1) those employing
either a band or block (Fig. 8.2.54) in contact with the rim and
(2) overrunning clutches (Fig. 8.2.55) employing the wedging action of
a roller or sprag. Clutches in the second category will automatically
engage in one direction and freewheel in the other.

HYDRAULIC POWER TRANSMISSION

Hydraulic power transmission systems comprise machinery and auxil-

Fig. 8.2.58 Needle valve.
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iary components which function to generate, transmit, control, and uti-
lize hydraulic power. The working fluid, a pressurized incompressible
liquid, is usually either a petroleum base or a fire-resistant type. The
latter are water and oil emulsions, glycol-water mixtures, or synthetic
liquids such as silicones or phosphate esters.

Liquid is pressurized in a pump by virtue of its resistance to flow; the
pressure difference between pump inlet and outlet results in flow. Most
hydraulic applications employ positive-displacement pumps of the gear,
vane, screw, or piston type; piston pumps are axial, radial, or recipro-
cating (see Sec. 14).

Power is transmitted from pump to controls and point of application
through a combination of conduit and fittings appropriate to the particu-
lar application. Flow characteristics of hydraulic circuits take into ac-
count fluid properties, pressure drop, flow rate, and pressure-surging
tendencies. Conduit systems must be designed to minimize changes in
flow velocity, velocity distribution, and random fluid eddies, all of
which dissipate energy and result in pressure drops in the circuit (see
Sec. 3). Pipe, tubing, and flexible hose are used as hydraulic power
conduits; suitable fittings are available for all types and for transition
from one type to another.

Controls are generally interposed along the conduit between the pump
and point of application (i.e., an actuator or motor), and act to control
pressure, volume, or flow direction.

Fig. 8.2.56 Relief valve.

Fig. 8.2.57 Reducing valve.

Pressure control valves, of which an ordinary safety valve is a common
type (normally closed), include relief and reducing valves and pressure
switches (Figs. 8.2.56 and 8.2.57). Pressure valves, normally closed,
can be used to control sequential operations in a hydraulic circuit. Flow
control valves throttle flow to or bypass flow around the unit being
controlled, resulting in pressure drop and temperature increase as pres-
sure energy is dissipated. Figure 8.2.58 shows a simple needle valve
with variable orifice usable as a flow control valve. Directional control
valves serve primarily to direct hydraulic fluid to the point of applica-
tion. Directional control valves with rotary and sliding spools are shown
in Figs. 8.2.59 and 8.2.60.
Fig. 8.2.59 Rotary-spool directional flow valve.

Fig. 8.2.60 Sliding-spool directional flow valve.

A poppet (valve) mechanism is shown in Fig. 8.2.61, a diaphragm
valve in Fig. 8.2.62, and a shear valve in Fig. 8.2.63.

Accumulators are effectively ‘‘hydraulic flywheels’’ which store po-
tential energy by accumulating a quantity of pressurized hydraulic fluid

Fig. 8.2.61 Poppet valve.

in a suitable enclosed vessel. The bag type shown in Fig. 8.2.64 uses
pressurized gas inside the bag working against the hydraulic fluid out-
side the bag. Figure 8.2.65 shows a piston accumulator.

Pressurized hydraulic fluid acting against an actuator or motor con-
verts fluid pressure energy into mechanical energy. Motors providing

Fig. 8.2.62 Diaphragm valve. Fig. 8.2.63 Shear valve.

continuous rotation have operating characteristics closely related to
their pump counterparts. A linear actuator, or cylinder (Fig. 8.2.66),
provides straight-line reciprocating motion; a rotary actuator (Fig.
8.2.67) provides arcuate oscillatory motion. Figure 8.2.68 shows a one-
shot booster (linear motion) which can be used to deliver sprays through
a nozzle.
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Hydraulic fluids (liquids and air) are conducted in pipe, tubing, or
flexible hose. Hose is used when the lines must flex or in applications in
which fixed, rigid conduit is unsuitable. Table 8.2.37 lists SAE standard
hoses. Maximum recommended operating pressure for a broad range of

industrial applications is approximately
25 percent of rated bursting pressure. Due
consideration must be given to the oper-
ating-temperature range; most applica-
tions fall in the range from 2 40 to 200°F

Table 8.2.37 SAE Standard Hoses

100R1A One-wire-braid reinforcement, synthetic rubber cover
100R1T Same as R1A except with a thin, nonskive cover
100R2A Two-wire-braid reinforcement, synthetic rubber cover
100R2B Two spiral wire plus one wire-braid reinforcement, synthetic

rubber cover
100R2AT Same as R2A except with a thin, nonskive cover
100R2BT Same as R2B except with a thin, nonskive cover
100R3 Two rayon-braid reinforcement, synthetic rubber cover
100R5 One textile braid plus one wire-braid reinforcement, textile braid
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Fig. 8.2.64 Bag accu-
mulator.

(2 40 to 95°C). Higher operating temper-
atures can be accommodated with appro-
priate materials.

Hose fittings are of the screw-type or
swaged, depending on the particular ap-
plication and operating pressure and tem-
perature. A broad variety of hose-end fit-
tings is available from the industry.

Pipe has the advantage of being rela-
tively cheap, is applied mainly in straight

runs, and is usually of steel. Fittings for pipe are either standard pipe
fittings for fairly low pressures or more elaborate ones suited to leak-
proof high-pressure operation.

Fig. 8.2.65 Piston accumulator.

Fig. 8.2.66 Linear actuator or hydraulic cylinder.

Tubing is more easily bent into neat forms to fit between inlet
and outlet connections. Steel and stainless-steel tubing is used for the
highest-pressure applications; aluminum, plastic, and copper tubing is
also used as appropriate for the operating conditions of pressure and
temperature. Copper tubing hastens the oxidation of oil-base hydraulic
fluids; accordingly, its use should be restricted either to air lines or with
liquids which will not be affected by copper in the operating range.

Fig. 8.2.67 Rotary actuator.

Fig. 8.2.68 One-shot booster.
cover
100R7 Thermoplastic tube, synthetic fiber reinforcement, thermoplastic

cover (thermoplastic equivalent to SAE 100R1A)
100R8 Thermoplastic tube, synthetic fiber reinforcement, thermoplastic

cover (thermoplastic equivalent to SAE 100R2A)
100R9 Four-ply, light-spiral-wire reinforcement, synthetic rubber cover
100R9T Same as R9 except with a thin, nonskive cover
100R10 Four-ply, heavy-spiral-wire reinforcement, synthetic rubber cover
100R11 Six-ply, heavy-spiral-wire reinforcement, synthetic rubber cover

Tube fittings for permanent connections allow for brazed or welded
joints. For temporary or separable applications, flared or flareless fittings
are employed (Figs. 8.2.69 and 8.2.70). ANSI B116.1-1974 and
B116.2-1974 pertain to tube fittings. The variety of fittings available is
vast; the designer is advised to refer to manufacturers’ literature for
specifics.

Fig. 8.2.69 Flared tube fittings.
(a) A 45° flared fitting; (b) Tri-
ple-lok flared fitting. (Parker-
Hannafin Co.)

Fig. 8.2.70 Ferulok flareless
tube fitting. (Parker-Hannafin
Co.)

Parameters entering into the design of a hydraulic system are volume
of flow per unit time, operating pressure and temperature, viscosity
characteristics of the fluid within the operating range, and compatibility
of the fluid/conduit material.

Flow velocity in suction lines is generally in the range of 1 to 5 ft/s (0.3
to 1.5 m/s); in discharge lines it ranges from 10 to 25 ft/s (3 to 8 m/s).

The pipe or tubing is under internal pressure. Selection of material
and wall thickness follows from suitable equations (see Sec. 5). Safety
factors range from 6 to 10 or higher, depending on the severity of the
application (i.e., vibration, shock, pressure surges, possibility of physi-
cal abuse, etc.). JIC specifications provide a guide to the designer of
hydraulic systems.

BRAKES

Brakes may be classified as: (1) rim type—internally expanding or
externally contracting shoes, (2) band type, (3) cone type, (4) disk or
axial type, (5) miscellaneous.

Rim Type—Internal Shoe(s) (Fig. 8.2.71)

MN 2 Mm

d
clockwise rotation

F 5H MN 1 Mm

d
counterclockwise rotation
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where

Mm 5
mPaBr

sin ua
Eu2

u1

(sin u)(r 2 d cos u) du

B 5 face width of frictional material; Pa 5 maximum pressure;
ua 5 angle to point of maximum pressure (if u2 . 90°; then ua 5 90°;
u2 , 90°, then ua 5 u2); m 5 coefficient of friction; r 5 radius of drum;
d 5 distance from drum center to brake pivot;

PaBrd u2
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MN 5
sin ua

E
u1

sin2 u du

and torque on drum is

T 5
mPaBr2(cos u1 2 cos u2)

sin ua

Self-locking of the brake (F 5 0) will occur for clockwise rotation
when MN 5 Mm. This self-energizing phenomenon can be used to ad-
vantage without actual locking if m is replaced by a larger value m9 so
that 1.25 m # m9 # 1.50, from which the pivot position a can be solved.

Fig. 8.2.71 Rim brake: internal friction shoe.

In automative use there are two shoes made to pivot in opposition, so
that self-energization is present and can be used to great advantage (Fig.
8.2.72).

Fig. 8.2.72 Internal brake.

Rim Type—External Shoe(s) (Fig. 8.2.73)

The equations for MN and Mm are the same as above:

MN 1 Mm

d
clockwise rotation

F 5H MN 2 Mm

d
counterclockwise rotation

Self-locking (F 5 0) can occur for counterclockwise rotation at
MN 5 Mm.
Fig. 8.2.73 Rim brake: external friction shoe.

Band Type (Fig. 8.2.74a, b, and c)

Flexible band brakes are used in power excavators and in hoisting. The
bands are usually of an asbestos fabric, sometimes reinforced with cop-
per wire and impregnated with asphalt.

In Fig. 8.2.74a, F 5 force at end of brake handle; P 5 tangential
force at rim of wheel; f 5 coefficient of friction of materials in contact;

Fig. 8.2.74 Band brakes.

a 5 angle of wrap of band, deg; T1 5 total tension in band on tight side;
T2 5 total tension in band on slack side. Then T1 2 T2 5 P and
T1 /T2 5 100.0076fa 5 10b, where b 5 0.0076fa. Also, T2 5 P/(10b 2 1) and
T1 5 P 3 10b/(10b 2 1). The values of 100.0076fa are given in Fig. 8.2.90
for a in radians.

For the arrangement shown in Fig. 8.2.74a,

FA 5 T2B 5 PB/(10b 2 1)
and F 5 PB/[A(10b 2 1)]

For the construction illustrated in Fig. 8.2.74b,

F 5 PB/{A[10b/(10b 2 1)]}

For the differential brake shown in Fig. 8.2.74c,

F 5 (P/A)[(B2 2 10bB1)/(10b 2 1)]

In this arrangement, the quantity 10bB1 must always be less than B2 ,
or the band will grip the wheel and the brake, or part of the mechanism
to which it is attached, will rupture.

It is usual in practice to have the leverage ratio A/B for band brakes
about 10 : 1.

If f for wood on iron is taken at 0.3 and the angle of wrap for the band
is 270°, i.e., subtends three-fourths of the circumference, then 10b 5 4
approx; the loads required for a given torque will be as follows for the
cases just considered and for the leverage ratios stated above:

Band brake, Fig. 8.2.74a F 5 0.033P
Band brake, Fig. 8.2.74b F 5 0.133P
Band brake, Fig. 8.2.74c F 5 0.016P

In the case of Fig. 8.2.74c, the dimension B2 must be greater than
B1 3 10b. Accordingly, B1 is taken as 1⁄4 , A as 10, and, since 10b 5 4, B2

is taken as 11⁄2 .
The principal function of a brake is to absorb energy. This energy

appears at the surface of the brake as heat, which must be carried away
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at a sufficiently rapid rate to prevent burning of the wooden blocks.
Suitable proportions may be arrived at as follows:

Let p 5 unit pressure on brake surface, lb/in2 5 R (reaction against
block)/area of block; v 5 velocity of brake rim surface, ft/s 5 2prn/60,
where n 5 speed of brake wheel, r/min. Then pv 5 work absorbed per
in2 of brake surface per second, and pv # 1,000 for intermittent applica-
tions of load with comparatively long periods of rest and poor means for
carrying away heat (wooden blocks); pv # 500 for continuous applica-
tion of load and poor means for carrying away heat (wooden blocks);

Uniform Pressure

F 5
pPa

4
(D2 2 d2)

T 5
Fm

3
3

D3 2 d3

D2 2 d2

These relations apply to a single surface of contact. For caliper disk, or
multidisk brakes, the above relations are applied for each surface of
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pv # 1,400 for continuous application of load with effective means
for carrying away heat (oil bath).

Cone Brake (see Fig. 8.2.75)

Uniform Wear

F 5
pPad

2
(D 2 d)

T 5
pmPad

8 sin a
(D2 2 d)

where Pa 5 maximum pressure occurring at d/2.

Fig. 8.2.75 Cone break.

Uniform Pressure

F 5
pPa

4
(D2 2 d2)

T 5
pmPa

12 sin a
(D3 2 d3) 5

Fm

3 sin a
3

D3 2 d3

D2 2 d2

Figure 8.2.76 shows a cone brake arrangement used for lowering heavy
loads.

Fig. 8.2.76 Cone brake for lowering loads.

Disk Brakes (see Fig. 8.2.77)

Disk brakes are free from ‘‘centrifugal’’ effects, can have large fric-
tional areas contained in small space, have better heat dissipation quali-
ties than the rim type, and enjoy a favorable pressure distribution.

Uniform Wear

F 5
pPad

2
(D 2 d)

T 5
Fm

4
(D 1 d)
contact.

Fig. 8.2.77 Disk brake.

Selected friction materials and properties are listed in Table 8.2.38.
Frequently disk brakes are made as shown in Fig. 8.2.78. The pinion

Q engages the gear in the drum (not shown). When the load is to be
raised, power is applied through the gear and the connection between B
and C is accomplished by the advancing of B along A and the clamping
of the friction disks D and D and the ratchet wheel E. The reversal of the
motor disconnects B and C. In lowering the load, only as much reversal
of rotation of the gear is given as is needed to reduce the force in the
friction disks so that the load may be lowered under control.

Fig. 8.2.78 Disk brake.

A multidisk brake is shown in Fig. 8.2.79. This type of construction
results in an increase in the number of friction faces. The drum shaft is
geared to the pinion A, while the motive power for driving comes
through the gear G. In raising the load, direct connection is had between
G, B, and A. In lowering, B moves relatively to G and forces the friction
plates together, those plates fast to E being held stationary by the pawl
on E. In the figure, there are three plates fast to E, one fast to G, and one
fast to C.

Fig. 8.2.79 Multidisk brake.

Eddy-current brakes (Fig. 8.2.80) are used with flywheels where
quick braking is essential, and where large kinetic energy of the rotating
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Table 8.2.38 Selected Friction Materials and Properties

Friction coefficient Max pressure Max temperature

Material
Opposing
material Dry Wet In oil lb/in2 kPa °F °C

Sintered metal Cast iron or steel 0.1–0.4 0.05– .01 0.05–0.08 150–250 1,000–1,720 450–1,250 232–677
Wood Cast iron or steel 0.2–0.35 0.16 0.12–0.16 60–90 400–620 300 149
Leather Cast iron or steel 0.3–0.5 0.12 10–40 70–280 200 93
Cork Cast iron or steel 0.3–0.5 0.15–0.25 0.15–0.25 8–14 55–95 180 82
Felt Cast iron or steel 0.22 0.18 5–10 35–70 280 138
Asbestos-woven Cast iron or steel 0.3–0.6 0.1–0.2 0.08–0.10 50–100 350–700 400–500 204–260
Asbestos-molded Cast iron or steel 0.2–0.5 0.08–0.12 0.06–0.09 50–150 350–1,000 400–500 204–260
Asbestos-impregnated Cast iron or steel 0.32 0.12
Cast iron Cast iron 0.15–0.20 0.05 0.03–0.06 150–250 1,000–1,720 500 260
Cast iron Steel 0.03–0.06 100–250 690–1,720 500 260
Graphite Steel 0.25 0.05–0.1 0.12 (av) 300 2,100 370–540 188–282

masses precludes the use of block brakes due to excessive heating, as in
reversible rolling mills. A number of poles a are electrically excited
(north and south in turn) and create a magnetic flux which permeates the
gap and the iron of the rim, causing eddy current. The flywheel energy

SHRINK, PRESS, DRIVE, AND RUNNING FITS

Inch Systems ANSI B4.1-1967 (R87) recommends preferred sizes,
allowances, and tolerances for fits between plain cylindrical parts. Such
fits include bearing, shrink and drive fits, etc. Terms used in describing
fits are defined as follows: Allowance: minimum clearance (positive
allowance) or maximum interference (negative allowance) between
mating parts. Tolerance: total permissible variation of size. Limits of size:
applicable maximum and minimum sizes. Clearance fit: one having
limits of size so prescribed that a clearance always results when mating
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Fig. 8.2.80 Eddy-current brake.

is converted through these currents into heat. The hand brake b may be
used for quicker stopping when the speed of the wheel is considerably
decreased; i.e., when the eddy-current brake is inefficient. Two brakes
are provided to avoid bending forces on the shaft.

Electric brakes are often used in cranes, bridges, turntables, and ma-
chine tools, where an automatic application of the brake is important as
soon as power is cut off. The brake force is supplied by an adjustable
spring which is counteracted by the force of a solenoid or a centrifugal
thrustor. Interruption of current automatically applies the spring-
activated brake shoes. Figures 8.2.81 and 8.2.82 show these types of
electric brake.

Fig. 8.2.81 Solenoid-type electric brake.

Fig. 8.2.82 Thrustor-type electric brake.
parts are assembled. Interference fit: In this case, limits are so prescribed
that interference always results on assembly. Transition fit: This may
have either a clearance or an interference on assembly. Basic size: one
from which limits of size are derived by the application of allowances
and tolerances. Unilateral tolerance: In this case a variation in size is
permitted in only one direction from the basic size.

Fits are divided into the following general classifications: (1) running
and sliding fits, (2) locational clearance fits, (3) transition fits, (4) loca-
tional interference fits, and (5) force or shrink fits.

1. Running and sliding fits. These are intended to provide similar run-
ning performance with suitable lubrication allowance throughout the
range of sizes. These fits are further subdivided into the following
classes:

Class RC1: close-sliding fits. Intended for accurate location of parts
which must assemble without perceptible play.

Class RC2: sliding fits. Parts made with this fit move and turn easily
but are not intended to run freely; also, in larger sizes they may seize
under small temperature changes.

Class RC3: precision-running fits. These are intended for precision
work at slow speeds and light journal pressures but are not suitable
where appreciable temperature differences are encountered.

Class RC4: close-running fits. For running fits on accurate machinery
with moderate surface speeds and journal pressures, where accurate
location and minimum play is desired.

Classes RC5 and RC6: medium-running fits. For higher running speeds
or heavy journal pressures.

Class RC7: free-running fits. For use where accuracy is not essential,
or where large temperature variations are likely to be present, or both.

Classes RC8 and RC9: loose-running fits. For use with materials such
as cold-rolled shafting or tubing made to commercial tolerances.

Limits of clearance given in ANSI B4.1-1967 (R87) for each of these
classes are given in Table 8.2.39. Hole and shaft tolerances are listed on
a unilateral tolerance basis in this reference to give the clearance limits
of Table 8.2.39, the hole size being the basic size.

2. Locational clearance fits. These are intended for normally station-
ary parts which can, however, be freely assembled or disassembled.
These are subdivided into various classes which run from snug fits for
parts requiring accuracy of location, through medium clearance fits
(spigots) to the looser fastener fits where freedom of assembly is of
prime importance.
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Table 8.2.39 Limits of Clearance for Running and Sliding Fits (Basic Hole)
(Limits are in thousandths of an inch on diameter)

Class
Nominal size

range, in RC1 RC2 RC3 RC4 RC5 RC6 RC7 RC8 RC9

0–0.12 0.1 0.1 0.3 0.3 0.6 0.6 1.0 2.5 4.0
0.45 0.55 0.95 1.3 1.6 2.2 2.6 5.1 8.1

0.12–0.24 1.5 0.15 0.4 0.4 0.8 0.8 1.2 2.8 4.5
0.5 0.65 1.2 1.6 2.0 2.7 3.1 5.8 9.0

0.24–0.40 0.2 0.2 0.5 0.5 1.0 1.0 1.6 3.0 5.0
0.6 0.85 1.5 2.0 2.5 3.3 3.9 6.6 10.7

0.40–0.71 0.25 0.25 0.6 0.6 1.2 1.2 2.0 3.5 6.0
0.75 0.95 1.7 2.3 2.9 3.8 4.6 7.9 12.8

0.71–1.19 0.3 0.3 0.8 0.8 1.6 1.6 2.5 4.5 7.0
0.95 1.2 2.1 2.8 3.6 4.8 5.7 10.0 15.5

1.19–1.97 0.4 0.4 1.0 1.0 2.0 2.0 3.0 5.0 8.0
1.1 1.4 2.6 3.6 4.6 6.1 7.1 11.5 18.0

1.97–3.15 0.4 0.4 1.2 1.2 2.5 2.5 4.0 6.0 9.0
1.2 1.6 3.1 4.2 5.5 7.3 8.8 13.5 20.5

3.15–4.73 0.5 0.5 1.4 1.4 3.0 3.0 5.0 7.0 10.0
1.5 2.0 3.7 5.0 6.6 8.7 10.7 15.5 24.0

3. Transition fits. These are for applications where accuracy of loca-
tion is important, but a small amount of either clearance or interference
is permissible.

4. Locational interference fits. Used where accuracy of location is of
prime importance and for parts requiring rigidity and alignment with no
special requirements for bore pressure.

Data on clearance limits, interference limits, and hole and shaft di-
ameter tolerances for locational clearance fits, transition fits, and loca-
tional interference fits are given in ANSI B4.1-1967 (R87).

Table 8.2.40 Limits of Interference for Force and Shrink Fits
(Limits are in thousandths of an inch on diameter)

Class
Nominal size

range, in FN 1 FN 2 FN 3 FN 4 FN 5

0.04–0.12 0.05 0.2 0.3 0.3
0.5 0.85 0.95 1.3

0.12–0.24 0.1 0.2 0.95 1.3
0.6 1.0 1.2 1.7
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5. Force or shrink fits. These are characterized by approximately
constant bore pressures throughout the range of sizes; interference
varies almost directly as the diameter, and the differences between
maximum and minimum values of interference are small. These are
divided into the following classes:

Class FN1: light-drive fits. For applications requiring light assembly
pressures (thin sections, long fits, cast-iron external members).

Class FN2: medium-drive fits. Suitable for ordinary steel parts or for
shrink fits on light sections. These are about the tightest fits that can be
used on high-grade cast-iron external members.

Class FN3: heavy-drive fits. For heavier steel parts or shrink fits in
medium sections.

Classes FN4 and FN5: force fits. These are suitable for parts which can
be highly stressed. Shrink fits are used instead of press fits in cases
where the heavy pressing forces required for mounting are impractical.

In Table 8.2.40 are listed the limits of interference (maximum and
minimum values) for the above classes of force or shrink fits for various
diameters, as given in ANSI B4.1-1967 (R87). Hole and shaft toler-
ances to give these interference limits are also listed in this reference.

Metric System ANSI B4.2-1978 (R94) and ANSI B4.3-1978 (R94)
define limits and fits for cylindrical parts, and provide tables listing
preferred values.

The standard ANSI B4.2-1978 (R94) is essentially in accord with
ISO R286.

ANSI B4.2 provides 22 basic deviations, each for the shaft (a to z
plus js), and the hole (A to Z plus Js). International has 18 tolerance
grades: IT 01, IT 0, and IT 1 through 16.

IT grades are roughly applied as follows: measuring tools, 01 to 7;
fits, 5 to 11; material, 8 to 14; and large manufacturing tolerances, 12 to
16. See Table 8.2.42 for metric preferred fits.

Basic size—The basic size is the same for both members of a fit, and is
the size to which limits or deviations are assigned. It is designated by 40
in 40H7.
0.24–0.40 0.1 0.4 0.6 0.5
0.75 1.4 1.6 2.0

0.40–0.56 0.1 0.5 0.7 0.6
0.8 1.6 1.8 2.3

0.56–0.71 0.2 0.5 0.7 0.8
0.9 1.6 1.8 2.5

0.71–0.95 0.2 0.6 0.8 1.0
1.1 1.9 2.1 3.0

0.95–1.19 0.3 0.6 0.8 1.0 1.3
1.2 1.9 2.1 2.3 3.3

1.19–1.58 0.3 0.8 1.0 1.5 1.4
1.3 2.4 2.6 3.1 4.0

1.58–1.97 0.4 0.8 1.2 1.8 2.4
1.4 2.4 2.8 3.4 5.0

1.97–2.56 0.6 0.8 1.3 2.3 3.2
1.8 2.7 3.2 4.2 6.2

2.56–3.15 0.7 1.0 1.8 2.8 4.2
1.9 2.9 3.7 4.7 7.2

3.15–3.94 0.9 1.4 2.1 3.6 4.8
2.4 3.7 4.4 5.9 8.4

3.94–4.73 1.1 1.6 2.6 4.6 5.8
2.6 3.9 4.9 6.9 9.4

4.73–5.52 1.2 1.9 3.4 5.4 7.5
2.9 4.5 6.0 8.0 11.6

5.52–6.30 1.5 2.4 3.4 5.4 9.5
3.2 5.0 6.0 8.0 13.6

6.30–7.09 1.8 2.9 4.4 6.4 9.5
3.5 5.5 7.0 9.0 13.6
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Deviation—The algebraic difference between a size and the corre-
sponding basic size.

Upper deviation—The algebraic difference between the maximum
limit of size and the corresponding basic size.

Lower deviation—The algebraic difference between the minimum
limit of size and the corresponding basic size.

Fundamental deviation—That one of the two deviations closest to the
basic size. It is designated by the letter H in 40H7.

Tolerance—The difference between the maximum and minimum size

Table 8.2.41 Preferred Sizes (Metric)

Basic size, mm Basic size, mm Basic size, mm

First Second First Second First Second
choice choice choice choice choice choice

1 10 100
1.1 11 110

1.2 12 120
1.4 14 140

M

an

mm
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limits on a part.
International tolerance grade (IT)—A group of tolerances which vary

depending on the basic size, but which provide the same relative level of
accuracy within a grade. It is designated by 7 in 40H7 (IT 7).

Tolerance zone—A zone representing the tolerance and its position in
relation to the basic size. The symbol consists of the fundamental devia-
tion letter and the tolerance grade number (i.e., H7).

Hole basis—The system of fits where the minimum hole size is basic.
The fundamental deviation for a hole basis system is H.

Shaft basis—Maximum shaft size is basic in this system. Fundamen-
tal deviation is h. NOTE: Capital letters refer to the hole and lowercase
letters to the shaft.

Clearance fit—A fit in which there is clearance in the assembly for all
tolerance conditions.

Interference fit—A fit in which there is interference for all tolerance
conditions. Table 8.2.41 lists preferred metric sizes. Table 8.2.42 lists
preferred tolerance zone combinations for clearance, transition and in-
terference fits. Table 8.2.43 lists dimensions for the grades correspond-
ing to preferred fits. Table 8.2.44a and b lists limits (numerical) of
preferred hole-basis clearance, transitions, and interference fits.

Stresses Produced by Shrink or Press Fit
STEEL HUB ON STEEL SHAFT. The maximum equivalent stress, pounds

per square inch, set up by a given press-fit allowance (in inches per inch
of shaft diameter) is equal to 3x 3 107, where x is the allowance per inch
of shaft diameter (Baugher, Trans. ASME, 1931, p. 85). The press-fit
pressures set up between a steel hub and shaft, for various ratios d/D
between shaft and hub outside diameters, are given in Fig. 8.2.83. These

Table 8.2.42 Description of Preferred Fits (

ISO symbol

Hole Shaft
basis basis

Clear

H11/c11 C11/h11 Loose-running fit for wide co
external members.
H9/d9 D9/h9 Free-running fit not for use whe
temperature variations, high ru

H8/f7 F8/h7 Close-running fit for running on
location at moderate speeds an

H7/g6 G7/h6 Sliding fit not intended to run fr
locate accurately.

H7/h6 H7/h6 Locational clearance fit provide
can be freely assembled and di

Transiti

H7/k6 K7/h6 Locational transition fit for accu
clearance and interference.

H7/n6 N7/h6 Locational transition fit for mor
ence is permissible.

Interfere

H7/p6* P7/h6 Locational interference fit for p
prime accuracy of location but

H7/s6 S7/h6 Medium-drive fit for ordinary st
the tightest fit usable with cast

H7/u6 U7/h6 Force fit suitable for parts whic
where the heavy pressing force

* Transition fit for basic sizes in range from 0 through 3 mm
SOURCE: ANSI B4.2-1978 (R94), reproduced by permission
1.6 16 160
1.8 18 180

2 20 200
2.2 22 220

2.5 25 250
2.8 28 280

3 30 300
3.5 35 350

4 40 400
4.5 45 450

5 50 500
5.5 55 550

6 60 600
7 70 700

8 80 800
9 90 900

1000

SOURCE: ANSI B 4.2-1978 (R94), reproduced by permission.

curves are accurate to 5 percent even if the shaft is hollow, provided the
inside shaft diameter is not over 25 percent of the outside. The equiva-
lent stress given above is based on the maximum shear theory and is
numerically equal to the radial-fit pressure added to the tangential ten-
sion in the hub. Where the shaft is hollow, with an inside diameter equal
to more than about 25 percent of the outside diameter, the allowance in
inches per inch to obtain an equivalent hub stress of 30,000 lb/in2 may
be determined by using Lamé’s thick-cylinder formulas (Jour. Appl.
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Table 8.2.43 International Tolerance Grades

Basic sizes

Up to
and

Over including

Tolerance grades, mm

IT6 IT7 IT8 IT9 IT10 IT11

0 3 0.006 0.010 0.014 0.025 0.040 0.060
3 6 0.008 0.012 0.018 0.030 0.048 0.075
6 10 0.009 0.015 0.022 0.036 0.058 0.090

10 18 0.011 0.018 0.027 0.043 0.070 0.110

tion, and d the shaft diameter. Values of f varying from 0.03 to 0.33 have
been reported, the lower values being due to yielding of the hub as a
consequence of too high a fit allowance; the average is around 0.10 to
0.15. (For additional data see Horger and Nelson, ‘‘Design Data and
Methods,’’ ASME, 1953, pp. 87–91.)
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18 30 0.013 0.021 0.033 0.052 0.084 0.130
30 50 0.016 0.025 0.039 0.062 0.100 0.160
50 80 0.019 0.030 0.046 0.074 0.120 0.190
80 120 0.022 0.035 0.054 0.087 0.140 0.220

120 180 0.025 0.040 0.063 0.100 0.160 0.250
180 250 0.029 0.046 0.072 0.115 0.185 0.290
250 315 0.032 0.052 0.081 0.130 0.210 0.320
315 400 0.036 0.057 0.089 0.140 0.230 0.360
400 500 0.040 0.063 0.097 0.155 0.250 0.400
500 630 0.044 0.070 0.110 0.175 0.280 0.440
630 800 0.050 0.080 0.125 0.200 0.320 0.500
800 1,000 0.056 0.090 0.140 0.230 0.360 0.560

1,000 1,250 0.066 0.105 0.165 0.260 0.420 0.660
1,250 1,600 0.078 0.125 0.195 0.310 0.500 0.780
1,600 2,000 0.092 0.150 0.230 0.370 0.600 0.920
2,000 2,500 0.110 0.175 0.280 0.440 0.700 1.100
2,500 3,150 0.135 0.210 0.330 0.540 0.860 1.350

SOURCE: ANSI B4.2-1978 (R94), reproduced by permission.

Mech., 1937, p. A-185). It should be noted that these curves hold only
when the maximum equivalent stress is below the yield point; above the
yield point, plastic flow occurs and the stresses are less than calculated.

Fig. 8.2.83 Press-fit pressures between steel hub and shaft.

Cast-Iron Hub on Steel Shaft Where the shaft is solid, or hollow
with an inside diameter not over 25 percent of the outside diameter, Fig.
8.2.84 may be used to determine maximum tensile stresses in the cast-
iron hub, resulting from the press-fit allowance; for various ratios d/D,
Fig. 8.2.85 gives the press-fit pressures. These curves are based on a
modulus of elasticity of 30 3 106 lb/in2 for steel and 15 3 106 for cast
iron. For a hollow shaft with an inside diameter more than about 1⁄4 the
outside, the Lamé formulas may be used.

Pressure Required in Making Press Fits The force required to
press a hub on the shaft is given by p fpdl, where l is length of fit, p the
unit press-fit pressure between shaft and hub, f the coefficient of fric-
Fig. 8.2.84 Variation of tensile stress in cast-iron hub in press-fit allowance.

Fig. 8.2.85 Press-fit pressures between cast-iron hub and shaft.

Torsional Holding Ability The torque required to cause complete
slippage of a press fit is given by T 5 1⁄2p fpld2. Local slippage will
usually occur near the end of the fit at much lower torques. If the torque
is alternating, stress concentration and rubbing corrosion will occur at
the hub face so that, eventually, fatigue failure may occur at considera-
bly lower torques. Only in cases of static torque application is it justifi-
able to use ultimate torque as a basis for design.

A designer can often improve shrink-, press-, and slip-fit cylindrical
assemblies with adhesives. When applied, adhesives can achieve high
frictional force with attendant greater torque transmission without extra
bulk, and thus augment or even replace press fits, compensate for dif-
ferential thermal expansion, make fits with leakproof seals, eliminate
backlash and clearance, etc.

The adhesives used are the anaerobic (see Sec. 6.8, ‘‘Adhesives’’)
variety, such as Loctite products. Such adhesives destabilize and tend to
harden when deprived of oxygen. Design suggestions on the use of such
adhesives appear in industrial catalogs.
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SHAFTS, AXLES, AND CRANKS

Most shafts are subject to combined bending and torsion, either of
which may be steady or variable. Impact conditions, such as sudden
starting and stopping, will cause momentary peak stresses greater than
those related to the steady or variable portions of operation.

Design of shafts requires a theory of failure to express a stress in
terms of loads and shaft dimensions, and an allowable stress as fixed by
material strength and safety factor. Maximum shear theory of failure
and distortion energy theory of failure are the two most commonly used

Reliability Factor kc

Reliability, % kc

50 1.00
90 0.89
95 0.87
99 0.81

Temperature Factor kd

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
in shaft design. Material strengths can be estimated from any one of
several analytic representations of combined-load fatigue test data,
starting from the linear (Soderberg, modified Goodman) which tend to
give conservative designs to the nonlinear (Gerber parabolic, quadratic,
Kececioglu, Bagci) which tend to give less conservative designs.

When linear representations of material strengths are used, and where
both bending and torsion stresses have steady and variable components,
the maximum shear theory and the distortion energy theory lead to
somewhat similar formulations:

d 5H«
n

p
FSTa

Sse

1
Tm

Ssy
D2

1SMa

Sse

1
Mm

Ssy
D2G1/2J1/3

where « 5 32 (maximum shear theory) or 48 (distortion energy theory);
d 5 shaft diameter; n 5 safety factor; Ta 5 amplitude torque 5 (Tmax 2
Tmin)/2; Tm 5 mean torque 5 (Tmax 1 Tmin)/2; Ma 5 amplitude bending
moment 5 (Mmax 2 Mmin)/2; Mm 5 mean bending moment 5 (Mmax 1
Mmin)/2; Ssy 5 yield point in shear; Sse 5 completely corrected shear
endurance limit 5 S9sekakbkckd /Kf ; S9se 5 statistical average endurance
limit of mirror finish, standard size, laboratory test specimen at standard
room temperature; ka 5 surface factor, a decimal to adjust S9e for other
than mirror finish; kb 5 size factor, a decimal to adjust S9e for other than
standard test size; kc 5 reliability factor, a decimal to adjust S9se to other
than its implied statistical average of 50 percent safe, 50 percent fail rate
(50 percent reliability); kd 5 temperature factor, decimal, to adjust S9se to
other than room temperature; Kf 5 1 1 q(Kt 2 1) 5 actual or fatigue
stress concentration factor, a number greater than unity to adjust the
nominal stress implied by Ta and Ma to a peak stress as induced by
stress-raising conditions such as holes, fillets, keyways, press fits, etc.
(Kf for Ta need not necessarily be the same as Kf for Ma ); q 5 notch
sensitivity; Kt 5 theoretical or geometric stress concentration factor.

For specific values of endurance limits and various factors the reader
is referred to the technical literature (e.g., ASTM, NASA technical re-
ports, ASME technical papers) or various books [e.g., ‘‘Machinery’s
Handbook’’ (Industrial Press, New York) and machine design text-
books].

If one allows for a variation of at least 15 percent, the following
approximation is useful for the endurance limit in bending: S9e 5 0.5Sut .
This becomes for maximum shear theory S9se 5 0.5(0.5Sut ) and for dis-
tortion energy theory S9se 5 0.577(0.5Sut ).

Representative or approximate values for the various factors men-
tioned above were abstracted from Shigley, ‘‘Mechanical Engineering
Design,’’ McGraw-Hill, and appear below with permission.

Surface Factor ka

Sut , kips

Surface condition 60 120 180 240

Polished 1.00 1.00 1.00 1.00
Ground 0.89 0.89 0.89 0.89
Machined or cold-drawn 0.84 0.71 0.66 0.63
Hot-rolled 0.70 0.50 0.39 0.31
As forged 0.54 0.36 0.27 0.20

Size Factor kb

0.869d20.097 0.3 in , d # 10 in
kb 5H1 d # 0.3 in or d # 8 mm

1.189d20.097 8 mm , d , 250 mm
Temperature

°F °C kd

840 450 1.00
940 482 0.71

1,020 550 0.42

Notch Sensitivity q

Notch radius r, in

Sut , kips 0.02 0.06 0.10 0.14

60 0.56 0.70 0.74 0.78
100 0.68 0.79 0.83 0.85
150 0.80 0.90 0.91 0.92
200 0.90 0.95 0.96 0.96

See Table 8.2.45 for fatigue stress concentration factors for plain press
fits.

A general representation of material strengths (Marin, Design for
Fatigue Loading, Mach. Des. 29, no. 4, Feb. 21, 1957, pp. 128–131, and
series of the same title) is given as

SSa

Se
Dm

1SKSm

Sut
Dp

5 1

where Sa 5 variable portion of material strength; Sm 5 mean portion of
material strength; Se 5 adjusted endurance limit; Sut 5 ultimate
strength. Table 8.2.46 lists the constants m, K, and P for various failure
criteria.

For purposes of design, safety factors are introduced into the equation
resulting in:

S s9a,p

Se/nse
Dm

1SK s9m,p

Sut/nut
DP

5 1

where

s9a,p 5
1

pd3
√(32nMaMa)2 1 3(16ntaTa)2

s9m,p 5
1

pd3
√(32nMmMm)2 1 3(16ntmTm)2

and nij 5 safety factor pertaining to a particular stress (that is, na 5
safety factor for amplitude shear stress).

Stiffness of shafting may become important where critical speeds, vi-
bration, etc., may occur. Also, the lack of sufficient stiffness in shafts
may give rise to bearing troubles. Critical speeds of shafts in torsion or
bending and shaft deflections may be calculated using the methods of
Sec. 5. For shafts of variable diameter see Spotts, ‘‘Design of Machine
Elements,’’ Prentice-Hall. In order to avoid trouble where sleeve bear-
ings are used, the angular deflections at the bearings in general must be
kept within certain limits. One rule is to make the shaft deflection over
the bearing width equal to a small fraction of the oil-film thickness.
Note that since stiffness is proportional to the modulus of elasticity,
alloy-steel shafts are no stiffer than carbon-steel shafts of the same
diameter.

Crankshafts For calculating the torsional stiffness of crankshafts,
the formulas given in Sec. 5 may be used.



Table 8.2.44a Limits of Fits
(Dimensions in mm)

Preferred hole basis clearance fits

Loose-running Free-running Close-running Sliding Locational clearance

Basic Hole Shaft Hole Shaft Hole Hole Hole Shaft
size H11 c11 Fit H9 d9 Fit H8 Shaft f7 Fit H7 g6 Fit H7 h6 Fit

1 max 1.060 0.940 0.180 1.025 0.980 0.070 1.014 0.994 0.030 1.010 0.998 0.018 1.010 1.000 0.016
min 1.000 0.880 0.060 1.000 0.955 0.020 1.000 0.984 0.006 1.000 0.992 0.002 1.000 0.994 0.000

1.2 max 1.260 1.140 0.180 1.225 1.180 0.070 1.214 1.194 0.030 1.210 1.198 0.018 1.210 1.200 0.016
min 1.200 1.080 0.060 1.200 1.155 0.020 1.200 1.184 0.006 1.200 1.192 0.002 1.200 1.194 0.000

1.6 max 1.660 1.540 1.180 1.625 1.580 0.070 1.614 1.594 0.030 1.610 1.598 0.018 1.610 1.600 0.016
min 1.600 1.480 0.060 1.600 1.555 0.020 1.600 1.584 0.006 1.600 1.592 0.002 1.600 1.594 0.000

2 max 2.060 1.940 0.180 2.025 1.980 0.070 2.014 1.994 0.030 2.010 1.998 0.018 2.010 2.000 0.016
min 2.000 1.880 0.060 2.000 1.955 0.020 2.000 1.984 0.006 2.000 1.992 0.002 2.000 1.994 0.000

2.5 max 2.560 2.440 0.180 2.525 2.480 0.070 2.514 2.494 0.030 2.510 2.498 0.018 2.510 2.500 0.016
min 2.500 2.380 0.060 2.500 2.455 0.020 2.500 2.484 0.006 2.500 2.492 0.002 2.500 2.494 0.000

3 max 3.060 2.940 0.180 3.025 2.980 0.070 3.014 2.994 0.030 3.010 2.998 0.018 3.010 3.000 0.016
min 3.000 2.880 0.060 3.000 2.955 0.020 3.000 2.984 0.006 3.000 2.992 0.002 3.000 2.994 0.000

4 max 4.075 3.930 0.220 4.030 3.970 0.090 4.018 3.990 0.040 4.012 3.996 0.024 4.012 3.000 0.020
min 4.000 3.855 0.070 4.000 3.940 0.030 4.000 3.978 0.010 4.000 3.988 0.004 4.000 3.992 0.000

5 max 5.075 4.930 0.220 5.030 4.970 0.090 5.018 4.990 0.040 5.012 4.996 0.024 5.012 5.000 0.020
min 5.000 4.855 0.070 5.000 4.940 0.030 5.000 4.978 0.010 5.000 4.988 0.004 5.000 4.992 0.000

6 max 6.075 5.930 0.220 6.030 5.970 0.090 6.018 5.990 0.040 6.012 5.996 0.024 6.012 6.000 0.020
min 6.000 5.855 0.070 6.000 5.940 0.030 6.000 5.978 0.010 6.000 5.988 0.004 6.000 5.992 0.000

8 max 8.090 7.920 0.260 8.036 7.960 0.112 8.022 7.987 0.050 8.015 7.995 0.029 8.015 8.000 0.024
min 8.000 7.830 0.080 8.000 7.924 0.040 8.000 7.972 0.013 8.000 7.986 0.005 8.000 7.991 0.000

10 max 10.090 9.920 0.260 10.036 9.960 0.112 10.022 9.987 0.050 10.015 0.995 0.029 10.015 10.000 0.024
min 10.000 9.830 0.080 10.000 9.924 0.040 10.000 9.972 0.013 10.000 9.986 0.005 10.000 9.991 0.000

12 max 12.110 11.905 0.315 12.043 11.950 0.136 12.027 11.984 0.061 12.018 11.994 0.035 12.018 12.000 0.029
min 12.000 11.795 0.095 12.000 11.907 0.050 12.000 11.966 0.016 12.000 11.983 0.006 12.000 11.989 0.000

16 max 16.110 15.905 0.315 16.043 15.950 0.136 16.027 15.984 0.061 16.018 15.994 0.035 16.018 16.000 0.029
min 16.000 15.795 0.095 16.000 15.907 0.050 16.000 15.966 0.016 16.000 15.983 0.006 16.000 15.989 0.000

20 max 20.130 19.890 0.370 20.052 19.935 0.169 20.033 19.980 0.074 20.021 19.993 0.041 20.021 20.000 0.034
min 20.000 19.760 0.110 20.000 19.883 0.065 20.000 19.959 0.020 20.000 19.980 0.007 20.000 19.987 0.000

25 max 25.130 24.890 0.370 25.052 24.935 0.169 25.033 24.980 0.074 25.021 24.993 0.041 25.021 25.000 0.034
min 25.000 24.760 0.110 25.000 24.883 0.065 25.000 24.959 0.020 25.000 24.980 0.007 25.000 24.987 0.000

30 max 30.130 29.890 0.370 30.052 29.935 0.169 30.033 29.980 0.074 30.021 29.993 0.041 30.021 30.000 0.034
min 30.000 29.760 0.110 30.000 29.883 0.065 30.000 29.959 0.020 30.000 29.980 0.007 30.000 29.987 0.000

40 max 40.160 39.880 0.440 40.062 39.920 0.204 40.039 39.975 0.089 40.025 39.991 0.050 40.025 40.000 0.041
min 40.000 39.720 0.120 40.000 39.858 0.080 40.000 39.950 0.025 40.000 39.975 0.009 40.000 39.984 0.000

50 max 50.160 49.870 0.450 50.062 49.920 0.204 50.039 49.975 0.089 50.025 49.991 0.050 50.025 50.000 0.041
min 50.000 49.710 0.130 50.000 49.858 0.080 50.000 49.950 0.025 50.000 49.975 0.009 50.000 49.984 0.000

60 max 60.190 59.860 0.520 60.074 59.900 0.248 60.046 59.970 0.106 60.030 59.990 0.059 60.030 60.000 0.049
min 60.000 59.670 0.140 60.000 59.826 0.100 60.000 59.940 0.030 60.000 59.971 0.010 60.000 59.981 0.000

80 max 80.190 79.850 0.530 80.074 79.900 0.248 80.046 79.970 0.106 80.030 79.990 0.059 80.030 80.000 0.049
min 80.000 79.660 0.150 80.000 79.826 0.100 80.000 79.940 0.030 80.000 70.971 0.010 80.000 79.981 0.000

100 max 100.220 99.830 0.610 100.087 99.880 0.294 100.054 99.964 0.125 100.035 99.988 0.069 100.035 100.000 0.057
min 100.000 99.610 0.170 100.000 99.793 0.120 100.000 99.929 0.036 100.000 99.966 0.012 100.000 99.978 0.000

120 max 120.220 119.820 0.620 120.087 119.880 0.294 120.054 119.964 0.125 120.035 119.988 0.069 120.035 120.000 0.057
min 120.000 119.600 0.180 120.000 119.793 0.120 120.000 119.929 0.036 120.000 119.966 0.012 120.000 119.978 0.000

160 max 160.250 159.790 0.710 160.100 159.855 0.345 160.063 159.957 0.146 160.040 159.986 0.079 160.040 160.000 0.065
min 160.000 159.540 0.210 160.000 159.755 0.145 160.000 159.917 0.043 160.000 159.961 0.014 160.000 159.975 0.000
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Table 8.2.44b Limits of Fits
(Dimensions in mm)

Preferred hole basis transition and interference fits

Locational transition Locational transition Locational interference Medium drive Force

Basic Hole Shaft Hole Shaft Hole Shaft Hole Hole Shaft
size H7 k6 Fit H7 n6 Fit H7 p6 Fit H7 Shaft s6 Fit H7 u6 Fit

1 max 1.010 1.006 0.010 1.010 1.010 0.006 1.010 1.012 0.004 1.010 1.020 2 0.004 1.010 1.024 2 0.008
min 1.000 1.000 2 0.006 1.000 1.004 2 0.010 1.000 1.006 2 0.012 1.000 1.014 2 0.020 1.000 1.018 2 0.024

1.2 max 1.210 1.206 0.010 1.210 1.210 0.006 1.210 1.212 0.004 1.210 1.220 2 0.004 1.210 1.224 2 0.008
min 1.200 1.200 2 0.006 1.200 1.204 2 0.010 1.200 1.206 2 0.012 1.200 1.214 2 0.020 1.200 1.218 2 0.024

1.6 max 1.610 1.606 0.010 1.610 1.610 0.006 1.610 1.612 0.004 1.610 1.620 2 0.004 1.610 1.624 2 0.008
min 1.600 1.600 2 0.006 1.600 1.604 2 0.010 1.600 1.606 2 0.012 1.600 1.614 2 0.020 1.600 1.618 2 0.024

2 max 2.010 2.006 0.010 2.010 2.010 0.006 2.010 2.012 0.004 2.010 2.020 2 0.004 2.010 2.024 2 0.008
min 2.000 2.000 2 0.006 2.000 2.004 2 0.010 2.000 2.006 2 0.012 2.000 2.014 2 0.020 2.000 2.018 2 0.024

2.5 max 2.510 2.506 0.010 2.510 2.510 0.006 2.510 2.512 0.004 2.510 2.520 2 0.004 2.510 2.524 2 0.008
min 2.500 2.500 2 0.006 2.500 2.504 2 0.010 2.500 2.506 2 0.012 2.500 2.514 2 0.020 2.500 2.518 2 0.024

3 max 3.010 3.006 0.010 3.010 3.010 0.006 3.010 3.012 0.004 3.010 3.020 2 0.004 3.010 3.024 2 0.008
min 3.000 3.000 2 0.006 3.000 3.004 2 0.010 3.000 3.006 2 0.012 3.000 3.014 2 0.020 3.000 3.018 2 0.024

4 max 4.012 4.009 0.011 4.012 4.016 0.004 4.012 4.020 0.000 4.012 4.027 2 0.007 4.012 4.031 2 0.011
min 4.000 4.001 2 0.009 4.000 4.008 2 0.016 4.000 4.012 2 0.020 4.000 4.019 2 0.027 4.000 4.023 2 0.031

5 max 5.012 5.009 0.011 5.012 5.016 0.004 5.012 5.020 0.000 5.012 5.027 2 0.007 5.012 5.031 2 0.011
min 5.000 5.001 2 0.009 5.000 5.008 2 0.016 5.000 5.012 2 0.020 5.000 5.019 2 0.027 5.000 5.023 2 0.031

6 max 6.012 6.009 0.011 6.012 6.016 0.004 6.012 6.020 0.000 6.012 6.027 2 0.007 6.012 6.031 2 0.011
min 6.000 6.001 2 0.009 6.000 6.008 2 0.016 6.000 6.012 2 0.020 6.000 6.019 2 0.027 6.000 6.023 2 0.031

8 max 8.015 8.010 0.014 8.015 8.019 0.005 8.015 8.024 0.000 8.015 8.032 2 0.008 8.015 8.037 2 0.013
min 8.000 8.001 2 0.010 8.000 8.010 2 0.019 8.000 8.015 2 0.024 8.000 8.023 2 0.032 8.000 8.028 2 0.037

10 max 10.015 10.010 0.014 10.015 10.019 0.005 10.015 10.024 0.000 10.015 10.032 2 0.008 10.015 10.037 2 0.013
min 10.000 10.001 2 0.010 10.000 10.010 2 0.019 10.000 10.015 2 0.024 10.000 10.023 2 0.032 10.000 10.028 2 0.037

12 max 12.018 12.012 0.017 12.018 12.023 0.006 12.018 12.029 0.000 12.018 12.039 2 0.010 12.018 12.044 2 0.015
min 12.000 12.001 2 0.012 12.000 12.012 2 0.023 12.000 12.018 2 0.029 12.000 12.028 2 0.039 12.000 12.033 2 0.044

16 max 16.018 16.012 0.017 16.018 16.023 0.006 16.018 16.029 0.000 16.018 16.039 2 0.010 16.018 16.044 2 0.015
min 16.000 16.001 2 0.012 16.000 16.012 2 0.023 16.000 16.018 2 0.029 16.000 16.028 2 0.039 16.000 16.033 2 0.044

20 max 20.021 20.015 0.019 20.021 20.028 0.006 20.021 20.035 2 0.001 20.021 20.048 2 0.014 20.021 20.054 2 0.020
min 20.000 20.002 2 0.015 20.000 20.015 2 0.028 20.000 20.022 2 0.035 20.000 20.035 2 0.048 20.000 20.041 2 0.054

25 max 25.021 25.015 0.019 25.021 25.028 0.006 25.021 25.035 2 0.001 25.021 25.048 2 0.014 25.021 25.061 2 0.027
min 25.000 25.002 2 0.015 25.000 25.015 2 0.028 25.000 25.022 2 0.035 25.000 25.035 2 0.048 25.000 25.048 2 0.061

30 max 30.021 30.015 0.019 30.021 30.028 0.006 30.021 30.035 2 0.001 30.021 30.048 2 0.014 30.021 30.061 2 0.027
min 30.000 30.002 2 0.015 30.000 30.015 2 0.028 30.000 30.022 2 0.035 30.000 30.035 2 0.048 30.000 30.048 2 0.061

40 max 40.025 40.018 0.023 40.025 40.033 0.008 40.025 40.042 2 0.001 40.025 40.059 2 0.018 40.025 40.076 2 0.035
min 40.000 40.002 2 0.018 40.000 40.017 2 0.033 40.000 40.026 2 0.042 40.000 40.043 2 0.059 40.000 40.060 2 0.076

50 max 50.025 50.018 0.023 50.025 50.033 0.008 50.025 50.042 2 0.001 50.025 50.059 2 0.018 50.025 50.086 2 0.045
min 50.000 50.002 2 0.018 50.000 50.017 2 0.033 50.000 50.026 2 0.042 50.000 50.043 2 0.059 50.000 50.070 2 0.086

60 max 60.030 60.021 0.028 60.030 60.039 0.010 60.030 60.051 2 0.002 60.030 60.072 2 0.023 60.030 60.106 2 0.057
min 60.000 60.002 2 0.021 60.000 60.020 2 0.039 60.000 60.032 2 0.051 60.000 60.053 2 0.072 60.000 60.087 2 0.106

80 max 80.030 80.021 0.028 80.030 80.039 0.010 80.030 80.051 2 0.002 80.030 80.078 2 0.029 80.030 80.121 2 0.072
min 80.000 80.002 2 0.021 80.000 80.020 2 0.039 80.000 80.032 2 0.051 80.000 80.059 2 0.078 80.000 80.102 2 0.121

100 max 100.035 100.025 0.032 100.035 100.045 0.012 100.035 100.059 2 0.002 100.035 100.093 2 0.036 100.035 100.146 2 0.089
min 100.000 100.003 2 0.025 100.000 100.023 2 0.045 100.000 100.037 2 0.059 100.000 100.071 2 0.093 100.000 100.124 2 0.146

120 max 120.035 120.025 0.032 120.035 120.045 0.012 120.035 120.059 2 0.002 120.035 120.101 2 0.044 120.035 120.166 2 0.109
min 120.000 120.003 2 0.025 120.000 120.023 2 0.045 120.000 120.037 2 0.059 120.000 120.079 2 0.101 120.000 120.144 2 0.166

160 max 160.040 160.028 0.037 160.040 160.052 0.013 160.040 160.068 2 0.003 160.040 160.125 2 0.060 160.040 160.215 2 0.150
min 160.000 160.003 2 0.028 160.000 160.027 2 0.052 160.000 160.043 2 0.068 160.000 160.100 2 0.125 160.000 160.190 2 0.215

SOURCE: ANSI B4.2-1978 (R94), reprinted by permission.
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8-50 MACHINE ELEMENTS

Table 8.2.45 Kf Values for Plain Press Fits
Obtained from fatigue tests in bending)

Shaft Collar or hub
Shaft material diam, in material Kf Remarks

0.42% carbon steel 15⁄8 0.42% carbon 2.0 No external reaction
steel through collar

0.45% carbon axle steel 2 Ni-Cr-Mo steel 2.3 No external reaction
(case-hardened) through collar

0.45% carbon axle steel 2 Ni-Cr-Mo steel 2.9 External reaction
(case-hardened) taken through collar

Cr-Ni-Mo steel (310 Brinell) 2 Ni-Cr-Mo steel 3.9 External reaction
(case-hardened) taken through collar

2.6% Ni steel (57,000 lb/in2 fatigue limit) 2 Ni-Cr-Mo steel 3.3–3.8 External reaction
(case-hardened) taken through collar

Same, heat-treated to 253 Brinell 2 Ni-Cr-Mo steel 3.0 External reaction
(case-hardened) taken through collar

Marine-engine shafts and diesel-engine crankshafts should be designed
not only for strength but for avoidance of critical speed. (See Applied
Mechanics, Trans. ASME, 50, no. 8, for methods of calculating critical
speeds of diesel engines.)

Table 8.2.46 Constants for Use in
(Sa/Se )m + (KSm/Sut)P 5 1

Failure theory K P m

Soderberg Sut/Sy 1 1

For high-speed pulleys and flywheels, it becomes necessary to check
the arm for tension due to rim expansion. It will be safe to assume that
each arm is in tension due to one-half the centrifugal force of that
portion of the rim which it supports. That is, T 5 Ast 5 Wv2/(2NgR), lb,
where T 5 tension in arm, lb; N 5 number of arms; v 5 speed of rim,
ft /s; R 5 radius of pulley, ft; A 5 area of arm section, in2 ; W 5 weight
of pulley rim, lb; and st 5 intensity of tensile stress in arm section,
lb/in2, whence st 5 WRn2/(6,800NA), where n 5 r/min of pulley.

Arms of flywheels having heavy rims may be subjected to severe stress
action due to the inertia of the rim at sudden load changes. There being

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Bagci Sut/Sy 4 1
Modified Goodman 1 1 1
Gerber parabolic 1 2 1
Kececioglu 1 2 m†
Quadratic (elliptic) 1 2 2

H0.8914 UNS G 10180 HB 5 130
0.9266 UNS G 10380 HB 5 164†m 5
1.0176 UNS G 41300 HB 5 207
0.9685 UNS G 43400 HB 5 233

PULLEYS, SHEAVES, AND FLYWHEELS

Arms of pulleys, sheaves, and flywheels are subjected to stresses due to
condition of founding, to details of construction (such as split or solid),
and to conditions of service, which are difficult to analyze. For these
reasons, no accurate stress relations can be established, and the follow-
ing formulas must be understood to be only approximately correct. It
has been established experimentally by Benjamin (Am. Mach., Sept. 22,
1898) that thin-rim pulleys do not distribute equal loads to the several
pulley arms. For these, it will be safe to assume the tangential force on
the pulley rim as acting on half of the number of arms. Pulleys with
comparatively thick rims, such as engine band wheels, have all the arms
taking the load. Furthermore, while the stress action in the arms is
similar to that in a beam fixed at both ends, the amount of restraint at the
rim depending on the rim’s elasticity, it may nevertheless be assumed
for purposes of design that cantilever action is predominant. The bend-
ing moment at the hub in arms of thin-rim pulleys will be M 5
PL/(1⁄2N), where M 5 bending moment, in ? lb; P 5 tangential load
on the rim, lb; L 5 length of the arm, in; and N 5 number of
arms. For thick-rim pulleys and flywheels, M 5 PL/N.

For arms of elliptical section having a width of two times the thick-
ness, where E 5 width of arm section at the rim, in, and st 5 intensity of
tensile stress, lb/in2

E 5
3
√40PL/(stN) (thin rim) 5

3
√20PL/(stN) (thick rim)

For single-thickness belts, P may be taken as 50B lb and for double-
thickness belts P 5 75B lb, where B is the width of pulley face, in.
Then E 5 k 3

3
√BL/(stN), where k has the following values: for thin

rim, single belt, 13; thin rim, double belt, 15; thick rim, single belt, 10;
thick rim, double belt, 12. For cast iron of good quality, st due to bend-
ing may be taken at 1,500 to 2,000. The arm section at the rim may be
made from 2⁄3 to 3⁄4 the dimensions at the hub.
no means of predicting the probable maximum to which the inertia may
rise, it will be safe to make the arms equal in strength to 3⁄4 of the shaft
strength in torsion. Accordingly, for elliptical arm sections,

N 3 0.5E3st 5 3⁄4 3 2ss d3 or E 5 1.4d
3
√ss /(stN)

For steel shafts with ss 5 8,000 and cast-iron arms with s 5 1,500,

E 5 2.4d/
3
√N 5 1.3d (for 6 arms) 5 1.2d (for 8 arms)

where 2E 5 width of elliptical arm section at hub, in (thickness 5 E),
and d 5 shaft diameter, in.

Rims of belted pulleys cast whole may have the following proportions
(see Fig. 8.2.86):

t2 5 3⁄4h 1 0.005D t1 5 2t2 1 C W 5 9⁄8B to 5⁄4B

where h 5 belt thickness, C 5 1⁄24W, and B 5 belt width, all in inches.

Fig. 8.2.86 Rims for belted pulleys.

Engine band wheels, flywheels, and pulleys run at high speeds are
subjected to the following stress actions in the rim:

Considering the rim as a free ring, i.e., without arm restraint, and
made of cast iron or steel, st 5 v2/10 (approx), where st 5 intensity of
tensile stress, lb/in2, and v 5 rim speed, ft/s. For beam action between
the arms of a solid rim, M 5 Pl/12 (approx), where M 5 bending
moment in rim, in ? lb; P 5 centrifugal force of that portion of rim
between arms, lb, and l 5 length of rim between arms, in; from which
st 5 WR2n2/(450N2Z), where W 5 weight of entire rim, lb; R 5 radius
of wheel, ft; n 5 r/min of wheel; and Z 5 section modulus of rim sec-
tion, in3. In case the rim section is of the forms shown in Fig. 8.2.86,
care must be taken that the flanges do not reduce the section modulus
from that of the rectangular section. For split rims fastened with bolts
the stress analysis is as follows:

Let w 5 weight of rim portion, lb (with length L, in) lb; w1 5 weight of
lug, lb; L1 5 lever arm of lug, in; and st 5 intensity of tensile stress lb/in2

in rim section joining arm. Then st 5 0.00034n2R(w1L1 1 wL/2)/Z, where
n 5 r/min of wheel; R 5 wheel radius, ft; and Z 5 section modulus of
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rim section, in3. The above equation gives the value of st for bending
when the bolts are loose, which is the worst possible condition that may
arise. On this basis of analysis, st should not be greater than 8,000 lb/in2.
The stress due to bending in addition to the stress due to rim expansion
as analyzed previously will be the probable maximum intensity of stress
for which the rim should be checked for strength. The flange bolts,
because of their position, do not materially relieve the bending action.
In case a tie rod leads from the flange to the hub, it will be safe to
consider it as an additional factor of safety. When the tie rod is kept

cotton or rayon. Nylon cord and steel cord or cable are also available.
Advantages are high tensile strength, strength to hold metal fasteners
satisfactorily, and resistance to deterioration by moisture. The best rub-
ber fabric construction for most types of service is made from hard or
tight-woven fabric with a ‘‘skim coat’’ or thin layer of rubber between
plies. The cord type of construction allows the use of smaller pulley
diameters than the fabric type, and also develops less stretch in service.
It must be used in the endless form, except in cases where the oil-field
type of clamp may be used.

Initial tensions in rubber belts run from 15 to 25 lb/ply/in width. A
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tight, it very materially strengthens the rim.
A more accurate method for calculating maximum stresses due to

centrifugal force in flywheels with arms cast integral with the rim is
given by Timoshenko, ‘‘Strength of Materials,’’ Pt. II, 1941, p. 98.
More exact equations for calculating stresses in the arms of flywheels
and pulleys due to a combination of belt pull, centrifugal force, and
changes in velocity are given by Heusinger, Forschung, 1938, p. 197. In
both treatments, shrinkage stresses in the arms due to casting are ne-
glected.

Large flywheels for high rim speeds and severe working conditions (as
for rolling-mill service) have been made from flat-rolled steel plates
with holes bored for the shaft. A group of such plates may be welded
together by circumferential welds to form a large flywheel. By this
means, the welds do not carry direct centrifugal loads, but serve merely
to hold the parts in position. Flywheels up to 15-ft diam for rolling-mill
service have been constructed in this way.

BELT DRIVES

Flat-Belt Drives

The primary drawback of flat belts is their reliance on belt tension to
produce frictional grip over the pulleys. Such high tension can shorten
bearing life. Also, tracking may be a problem. However, flat belts, being
thin, are not subject to centrifugal loads and so work well over small
pulleys at high speeds in ranges exceeding 9,000 ft /min. In light service
flat belts can make effective clutching drives. Flat-belt drives have
efficiencies of about 90 percent, which compares favorably to geared
drives. Flat belts are also quiet and can absorb torsional vibration
readily.

Leather belting has an ultimate tensile strength ranging from 3,000 to
5,000 lb/in2. Average values of breaking strength of good oak-tanned
belting (determined by Benjamin) are as follows: single (double) in
solid leather 900 (1,400); at riveted joint 600 (1,200); at laced joint
350 lb/in of width. Well-made cemented joints have strengths equal to
the belt, leather-laced and riveted joints about one-third to two-thirds as
strong, and wire-laced joints about 85 to 95 percent as strong.

Rubber belting is made from fabric or cord impregnated and bound
together by vulcanized rubber compounds. The fabric or cord may be of

Table 8.2.47a Service Factors S

Squirrel-cage ac motor

Normal
torque, High

Application line start torque

Agitators 1.0–1.2 1.2–1.4
Compressors 1.2–1.4

Belt conveyors (ore, coal, — 1.4
sand)

Screw conveyors — 1.8
Crushing machinery — 1.6
Fans, centrifugal 1.2 —
Fans, propeller 1.4 2.0
Generators and exciters 1.2 —
Line shafts 1.4 —
Machine tools 1.0–1.2 —
Pumps, centrifugal 1.2 1.4
Pumps, reciprocating 1.2–1.4 —
common rule is to cut belts 1 percent less than the minimum tape-line
measurement around the pulleys. For heavy loads, a 11⁄2 percent allow-
ance is usually required, although, because of shrinkage, less initial
tension is required for wet or damp conditions. Initial tensions of
25 lb/ply/in may overload shafts or bearings. Maximum safe tight-
side tensions for rubber belts are as follows:

Duck weight, oz 28 32 32.66 34.66 36
Tension, lb/ply/in width 25 28 30 32 35

Centrifugal forces at high speeds require higher tight-side tensions to
carry rated horsepower.

Rubber belting may be bought in endless form or made endless in the
field by means of a vulcanized splice produced by a portable electric
vulcanizer. For endless belts the drive should provide take-up of 2 to 4
percent to allow for length variation as received and for stretch in ser-
vice. The amount of take-up will vary with the type of belt used. For
certain drives, it is possible to use endless belts with no provision for
take-up, but this involves a heavier belt and a higher initial unit tension
than would be the case otherwise. Ultimate tensile strength of rubber
belting varies from 280 to 600 lb or more per inch width per ply. The
weight varies from 0.02 to 0.03 or more lb/in width/ply. Belts with steel
reinforcement are considerably heavier. For horsepower ratings of rub-
ber belts, see Table 8.2.47c.

Arrangements for Belt Drives In belt drives, the centerline of the
belt advancing on the pulley should lie in a plane passing through the
midsection of the pulley at right angles to the shaft. Shafts inclined to
each other require connections as shown in Fig. 8.2.87a. In case guide
pulleys are needed their positions can be determined as shown in Fig.
8.2.87a, b, and c. In Fig. 8.2.87d the center circles of the two pulleys to
be connected are set in correct relative position in two planes, a being
the angle between the planes (5 supplement of angle between shafts). If
any two points as E and F are assumed on the line of intersection MN of
the planes, and tangents EG, EH, FJ, and FK are drawn from them to the
circles, the center circles of the guide pulleys must be so arranged that
these tangents are also tangents to them, as shown. In other words, the
middle planes of the guide pulleys must lie in the planes GEH and JFK.

Wound
rotor

ac motor
(slip ring)

Single-
phase

capacitor
motor

DC
shunt-
wound
motor

Diesel
engine,

4 or more
cyl, above
700 r/min

1.2
1.4 1.2 1.2 1.2

— — 1.2

— — 1.6
1.4 — — 1.4–1.6
1.4 — 1.4 1.4
1.6 — 1.6 1.6
— — 1.2 2.0
1.4 1.4 1.4 1.6

1.2–1.4 1.0 1.0–1.2
1.4 1.2 1.2

1.4–1.6 — — 1.8–2.0
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Table 8.2.47b Arc of Contact Factor K—Rubber Belts

Arc of contact, deg 140 160 180 200 220
Factor K 0.82 0.93 1.00 1.06 1.12

When these conditions are met, the belts will run in either direction on
the pulleys.

To avoid the necessity of taking up the slack in belts which have
become stretched and permanently lengthened, a belt tightener such as

distance C is given by C 5 0.25b 1 0.25 √b2 2 2(D 2 d)2, where
b 5 L 2 1.57(D 1 d). When a crossed belt is used, the length in L 5
2C 1 1.57(D 1 d) 1 (D 1 d)2/(4C).

Step or Cone Pulleys For belts operating on step pulleys, the pulley
diameters must be such that the belt will fit over any pair with equal
tightness. With crossed belts, it will be apparent from the equation for
length of belt that the sum of the pulley diameters need only be constant
in order that the belt may fit with equal tightness on each pair of pulleys.
With open belts, the length is a function of both the sum and the differ-
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shown in Fig. 8.2.88 may be employed. It should be placed on the slack
side of the belt and nearer the driving pulley than the driven pulley.
Pivoted motor drives may also be used to maintain belt tightness with
minimum initial tension.

Length of Belt for a Given Drive The length of an open belt for a
given drive is equal to L 5 2C 1 1.57(D 1 d) 1 (D 2 d)2/(4C), where
L 5 length of belt, in; D 5 diam of large pulley, in; d 5 diam of
small pulley, in; and C 5 distance between pulley centers, in. Center

Table 8.2.47c Horsepower Ratings of Rubber Belts
(hp/in of belt width for 180° wrap)

Ply 500 1,000 1,500 2,000

32-oz fabric 3 0.7 1.4 2.1 2.7
4 0.9 1.9 2.8 3.6
5 1.2 2.3 3.4 4.5
6 1.4 2.8 4.1 5.4

7 1.6 3.2 4.7 6.2
8 1.8 3.6 5.3 7.0

32-oz hard fabric 3 0.7 1.5 2.2 2.9
4 1.0 2.0 3.0 3.9
5 1.3 2.5 3.7 4.9
6 1.5 3.0 4.5 5.9
7 1.7 3.5 5.2 6.9
8 1.9 4.0 5.9 7.9
9 2.1 4.5 6.6 8.9

10 2.3 5.0 7.3 9.8

No. 70 rayon cord 3 1.6 3.1 4.6 6.0
4 2.1 4.1 6.1 8.0
5 2.6 5.1 7.6 10.1
6 3.1 6.2 9.2 12.1
7 3.6 7.2 10.7 14.1
8 4.1 8.2 12.2 16.2

Table 8.2.47d Minimum Pulley Diameters—Rubber Belts, in

Ply 500 1,000 1,500 2,000

32-oz fabric 3 4 4 4 4
4 4 5 6 6
5 6 7 9 10
6 9 10 11 13
7 13 14 16 17
8 18 19 21 22

32-oz hard fabric 3 3 3 3 4
4 4 4 5 5
5 5 6 7 8
6 6 8 10 11
7 10 12 14 15
8 14 16 17 18
9 18 20 21 22

10 22 24 25 26

No. 70 rayon cord 3 5 6 7 7
4 7 8 9 9
5 9 10 11 12
6 13 14 15 16
7 16 17 18 19
8 19 20 22 23
ence of the pulley diameters; hence no direct solution of the problem is
possible, but a graphical approach can be of use.

A graphical method devised by Smith (Trans. ASME, 10) is shown in
Fig. 8.2.89. Let A and B be the centers of any pair of pulleys in the set,
the diameters of which are known or assumed. Bisect AB in C, and draw
CD at right angles to AB. Take CD 5 0.314 times the center distance L,
and draw a circle tangent to the belt line EF. The belt line of any other
pair of pulleys in the set will then be tangent to this circle. If the angle

Belt speed, ft/min

2,500 3,000 4,000 5,000 6,000 7,000 8,000

3.3 3.9 4.9 5.6 6.0
4.4 5.2 6.5 7.4 7.9
5.5 6.5 8.1 9.2 9.8
6.6 7.8 9.6 11.0 11.7

7.7 9.0 11.2 12.8 13.6
8.7 10.2 12.7 14.6 15.5

3.5 4.1 5.1 5.8 6.2 6.1 5.5
4.7 5.5 6.8 7.8 8.3 8.1 7.3
5.9 6.9 8.5 9.8 10.3 9.1 9.0
7.1 8.3 10.2 11.7 12.3 12.1 10.7
8.3 9.7 11.9 13.6 14.3 14.1 12.4
9.5 11.1 13.6 15.5 16.3 16.0 14.1

10.6 12.4 15.3 17.4 18.3 17.9 15.8
11.7 13.7 17.0 19.3 20.3 19.8 17.5

7.3 8.6 10.6 12.0 12.7 12.3 10.7
9.8 11.5 14.5 16.6 17.8 17.8 16.4

12.3 14.5 18.3 21.1 23.0 23.5 22.2
14.8 17.5 22.1 25.7 28.1 28.9 27.9
17.4 20.4 26.0 30.3 33.2 34.5 33.7
19.9 23.4 29.8 34.8 38.4 40.0 39.4

Belt speed, ft/min

2,500 3,000 4,000 5,000 6,000 7,000 8,000

5 5 5 6 6
7 7 8 9 10

10 11 12 13 14
14 14 16 18 19
18 19 21 22 24
23 24 25 27 29

4 4 4 5 5 6 7
6 6 7 7 8 9 12
8 9 10 11 12 13 16

11 12 13 15 16 18 21
15 16 17 19 20 22 26
19 20 21 23 24 27 31
23 24 25 27 28 31 36
27 28 29 31 33 35 41

8 8 9 10 11 12 13
10 11 12 12 14 15 17
13 13 15 16 17 19 21
16 17 18 19 21 23 25
20 21 22 23 24 26 29
23 24 25 26 28 30 33
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EF makes with AB is greater than 18°, draw a tangent to the circle D,
making an angle of 18° with AB; and from a center on CD distant
0.298L above C, draw an arc tangent to this 18° line. All belt lines with
angles greater than 18° will be tangent to this last drawn arc.

16, (16 3 1.584 5) 25.34, (25.34 3 1.584 5) 40.14, and similarly 63.57, 100.7,
159.5, 252.6, and 400. The first four speeds are with the back gear in; hence the
back-gear ratio must be 100.7 4 16 5 6.29.

Transmission of Power by Flat Belts The theory of flat-belt drives
takes into account changes in belt tension caused by friction forces
between belt and pulley, which, in turn, cause belt elongation or con-
traction, thus inducing relative movement between belt and pulley. The
transmission of power is a complex affair. A lengthy mathematical
presentation can be found in Firbank, ‘‘Mechanics of the Flat Belt
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Fig. 8.2.87 Arrangements for flat-belt drives.

A very slight error in a graphical solution drawn to any scale much
under full size will introduce an error seriously affecting the equality of
belt tensions on the various pairs of pulleys in the set, and where much
power is to be transmitted it is advisable to calculate the pulley diame-
ters from the following formulas derived from Burmester’s graphical
method (‘‘Lehrbuch der Mechanik’’).

Fig. 8.2.88 Belt tightener. Fig. 8.2.89 Symbols for cone
pulley graphical method.

Let D1 and D2 be, respectively, the diameters of the smaller and larger
pulleys of a pair, n 5 D2 /D1 , and l 5 distance between shaft centers, all
in inches. Also let m 5 1.58114l 2 D0 , where D0 5 diam of both
pulleys for a speed ratio n 5 1. Then (D1 1 m)2 1 (nD1 1 m)2 5 5l2.
First settle on values of D0 , l, and n, and then substitute in the equation
and solve for D1 . The diameter D2 of the other pulley of the pair will
then be nD1 . The values are correct to the fourth decimal place.

The speeds given by cone pulleys should increase in a geometric ratio;
i.e., each speed should be multiplied by a constant a in order to obtain
the next higher speed. Let n1 and n2 be, respectively, the lowest and
highest speeds (r/min) desired and k the number of speed changes. Then
a 5

k21
√n2 /n1 . In practice, a ranges from 1.25 up to 1.75 and even 2.

The ideal value for a in machine-tool practice, according to Carl G.
Barth, would be 1.189. In the example below, this would mean the use
of 18 speeds instead of 8.

EXAMPLE. Let n1 5 16, n2 5 400, and k 5 8, to be obtained with four pairs of
pulleys and a back gear. From formula, a 5

7
√25 5 1.584, whence speeds will be
Drive,’’ ASME Paper 72-PTG-21. A simpler, more conventional analy-
sis used for many years yields highly serviceable designs.

The turning force (tangential) on the rim of a pulley driven by a
flat belt is equal to T1 2 T2 , where T1 and T2 are, respectively, the ten-
sions in the driving (tight) side and following (slack) side of the belt.
(For the relations of T1 and T2 at low peripheral speeds, see Sec. 3.)
Log (T1/T2) 5 0.0076fa when the effect of centrifugal force is ne-
glected and T1/T2 5 100.0076 fa. Figure 8.2.90 gives values of this func-
tion. When the speeds are high, however, the relations of T1 to T2 are
modified by centrifugal stresses in the belt, in which case log (T1/T2) 5
0.0076f(1 2 x)a, where f 5 coefficient of friction between the belt and
pulley surface, a 5 angle of wrap, and x 5 12wv2/(gt) in which w 5

Fig. 8.2.90 Values of 100.0076 fa.

weight of 1 in3 of belt material, lb; v 5 belt speed, ft/s; g 5 32.2 ft/s2; and
t 5 allowable working tension, lb/in2. Values of x for leather belting
(with w 5 0.035 and t 5 300) are as follows:

u 30 40 50 60 70
x 0.039 0.070 0.118 0.157 0.214

uv 80 90 100 110 120 130
x 0.279 0.352 0.435 0.526 0.626 0.735

Researches by Barth (Trans. ASME, 1909) seem to show that f is
a function of the belt velocity, varying according to the formula f 5
0.54 2 140/(500 1 V) for leather belts on iron pulleys, where V 5
belt velocity for ft/min. For practical design, however, the following
values of f may be used: for leather belts on cast-iron pulleys, f 5
0.30; on wooden pulleys, f 5 0.45; on paper pulleys, f 5 0.55. The
treatment of belts with belt dressing, pulleys with cork inserts, and damp-
ness are all factors which greatly modify these values, tending to make
them higher.

The arc of contact on the smaller of two pulleys connected by an open
belt, in degrees, is approximately equal to 180 2 60(D 2 d)/l, where D
and d are the larger and smaller pulley diameters and l the distance
between their shaft centers, all in inches. This formula gives an error not
exceeding 0.5 percent.

Selecting a Belt Selecting an appropriate belt involves calculating
horsepower per inch of belt width as follows:

hp/in 5 (demanded hp 3 S)/(K 3 W)
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where demanded hp 5 horsepower required by the job at hand; S 5
service factor; K 5 arc factor; W 5 proposed belt width (determined
from pulley width). One enters a belt manufacturer’s catalog with hp/in,
belt speed, and small pulley diameter, then selects that belt which has a
matching maximum hp/in rating. See Table 8.2.47a, b, c, and d for
typical values of S, K, hp/in ratings, and minimum pulley diameters.

V-Belt Drives

V-belt drives are widely used in power transmission, despite the fact

Sheaves are specified by their pitch diameters, which are used for ve-
locity ratio calculations in which case inside belt lengths must be con-
verted to pitch lengths for computational purposes. Pitch lengths are
calculated by adding a conversion factor to inside length (i.e., Lp 5
Ls 1 D). See Table 8.2.49 for conversion factors. Table 8.2.50 lists
standard inside inch lengths Ls and Table 8.2.51 lists standard metric
pitch (effective) lengths Lp .
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that they may range in efficiency from about 70 to 96 percent. Such
drives consist essentially of endless belts of trapezoidal cross section
which ride in V-shaped pulley grooves (see Fig. 8.2.93a). The belts are
formed of cord and fabric, impregnated with rubber, the cord material
being cotton, rayon, synthetic, or steel. V-belt drives are quiet, able to
absorb shock and operate at low bearing pressures. A V belt should ride
with the top surface approximately flush with the top of the pulley
groove; clearance should be present between the belt base and the base
of the groove so that the belt rides on the groove walls. The friction
between belt and groove walls is greatly enhanced beyond normal
values because sheave groove angles are made somewhat less than belt-
section angles, causing the belt to wedge itself into the groove. See
Table 8.2.56a for standard groove dimensions of sheaves.

The cross section and lengths of V belts have been standardized by
ANSI in both inch and SI (metric) units, while ANSI and SAE have
standardized the special category of automobile belts, again in both
units. Standard designations are shown in Table 8.2.48, which also in-
cludes minimum sheave diameters. V belts are specified by combining a
standard designation (from Table 8.2.48) and a belt length; inside length
for the inch system, and pitch (effective) length for metric system.

Table 8.2.48 V-Belt Standard Designations—A Selection

Inch standard Metric standard

Minimum Minimum
sheave sheave

diameter, diameter,
Type Section in Section mm

Heavy-duty A 3.0 13 C 80
B 5.4 16 C 140
C 9.0 22 C 214
D 13.0 32 C 355
E 21.04

Automotive 0.25 2.25 6 A 57
0.315 2.25 8 A 57
0.380 2.40 10 A 61
0.440 2.75 11 A 70
0.500 3.00 13 A 76
11⁄16 3.00 15 A 76
3⁄4 3.00 17 A 76
7⁄8 3.50 20 A 89
1.0 4.00 23 A 102

Heavy-duty 3 V 2.65
narrow 5 V 7.1

8 V 12.3

Notched narrow 3 VX 2.2
5 VX 4.4

Light-duty 2 L 0.8
3 L 1.5
4 L 2.5
5 L 3.5

Synchronous MXL
belts XL

L
H
XH
XXH

NOTE: The use of smaller sheaves than minimum will tend to shorten belt life.
SOURCE: Compiled from ANSI/RMA IP-20, 21, 22, 23, 24, 25, 26; ANSI/SAE J636C.
Table 8.2.49 Length Conversion Factors D

Belt Size Conversion Belt Size Conversion
section interval factor section interval factor

A 26–128 1.3 D 120–210 3.3
B 35–210 1.8 D $ 240 0.8
B $ 240 0.3 E 180–210 4.5
C 51–210 2.9 E $ 240 1.0
C $ 240 0.9

SOURCE: Adapted from ANSI/RMA IP-20-1977 (R88) by permission.

Table 8.2.50 Standard Lengths Ls , in, and Length
Correction Factors K2 : Conventional Heavy-Duty
V Belts

Cross section

Ls A B C D E

26 0.78
31 0.82
35 0.85 0.80
38 0.87 0.82
42 0.89 0.84

46 0.91 0.86
51 0.93 0.88 0.80
55 0.95 0.89
60 0.97 0.91 0.83
68 1.00 0.94 0.85

75 1.02 0.96 0.87
80 1.04
81 0.98 0.89
85 1.05 0.99 0.90
90 1.07 1.00 0.91

96 1.08 0.92
97 1.02

105 1.10 1.03 0.94
112 1.12 1.05 0.95
120 1.13 1.06 0.96 0.88

128 1.15 1.08 0.98 0.89
144 1.10 1.00 0.91
158 1.12 1.02 0.93
173 1.14 1.04 0.94
180 1.15 1.05 0.95 0.92

195 1.17 1.06 0.96 0.93
210 1.18 1.07 0.98 0.95
240 1.22 1.10 1.00 0.97
270 1.24 1.13 1.02 0.99
300 1.27 1.15 1.04 1.01

330 1.17 1.06 1.03
360 1.18 1.07 1.04
390 1.20 1.09 1.06
420 1.21 1.10 1.07
480 1.13 1.09

540 1.15 1.11
600 1.17 1.13
660 1.18 1.15

SOURCE: ANSI/RMA IP-20-1977 (R88), reproduced by permission.
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Table 8.2.51 Standard Pitch Lengths Lp (Metric Units)
and Length Correction Factors K2

13C 16C 22C 32C

Lp K2 Lp K2 Lp K2 Lp K2

710 0.83 960 0.81 1,400 0.83 3,190 0.89
750 0.84 1,040 0.83 1,500 0.85 3,390 0.90
800 0.86 1,090 0.84 1,630 0.86 3,800 0.92
850 0.88 1,120 0.85 1,830 0.89 4,160 0.94
900 0.89 1,190 0.86 1,900 0.90 4,250 0.94

where Hr 5 rated horsepower for inch units (rated power kW for metric
units); C1 , C2 , C3 , C4 5 constants from Table 8.2.53; r 5 r/min of
high-speed shaft times 1023 ; KA 5 speed ratio factor from Table 8.2.52;
d 5 pitch diameter of small sheave, in (mm).

Selecting a Belt Selecting an appropriate belt involves calculating
horsepower per belt as follows:

NHr 5 (demanded hp 3 Ks)/(K1K2)

where Hr 5 hp/belt rating, either from ANSI formulation above, or
from manufacturer’s catalog (see Table 8.2.55); demanded hp 5 horse-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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950 0.90 1,250 0.87 2,000 0.91 4,540 0.95
1,000 0.92 1,320 0.88 2,160 0.92 4,720 0.96
1,075 0.93 1,400 0.90 2,260 0.93 5,100 0.98
1,120 0.94 1,500 0.91 2,390 0.94 5,480 0.99
1,150 0.95 1,600 0.92 2,540 0.96 5,800 1.00
1,230 0.97 1,700 0.94 2,650 0.96 6,180 1.01
1,300 0.98 1,800 0.95 2,800 0.98 6,560 1.02
1,400 1.00 1,900 0.96 3,030 0.99 6,940 1.03
1,500 1.02 1,980 0.97 3,150 1.00 7,330 1.04
1,585 1.03 2,110 0.99 3,350 1.01 8,090 1.06
1,710 1.05 2,240 1.00 3,550 1.02 8,470 1.07
1,790 1.06 2,360 1.01 3,760 1.04 8,850 1.08
1,865 1.07 2,500 1.02 4,120 1.06 9,240 1.09
1,965 1.08 2,620 1.03 4,220 1.06 10,000 1.10
2,120 1.10 2,820 1.05 4,500 1.07 10,760 1.11
2,220 1.11 2,920 1.06 4,680 1.08 11,530 1.13
2,350 1.13 3,130 1.07 5,060 1.10 12,290 1.14
2,500 1.14 3,330 1.09 5,440 1.11
2,600 1.15 3,530 1.10 5,770 1.13
2,730 1.17 3,740 1.11 6,150 1.14
2,910 1.18 4,090 1.13 6,540 1.15
3,110 1.20 4,200 1.14 6,920 1.16
3,310 1.21 4,480 1.15 7,300 1.17

4,650 1.16 7,680 1.18
5,040 1.18 8,060 1.19
5,300 1.19 8,440 1.20
5,760 1.21 8,820 1.21
6,140 1.23 9,200 1.22
6,520 1.24
6,910 1.25
7,290 1.26
7,670 1.27

SOURCE: ANSI/RMA IP-20-1988 revised, reproduced by permission.

For given large and small sheave diameters and center-to-center dis-
tance, the needed V-belt length can be computed from

Lp 5 2C 1 1.57(D 1 d) 1
(D 2 d)2

4C

C 5
K 1 √K2 2 32(D 2 d)2

16
K 5 4Lp 2 6.28 (D 1 d)

where C 5 center-to-center distance; D 5 pitch diameter of large
sheave; d 5 pitch diameter of small sheave; Lp 5 pitch (effective)
length.

Arc of contact on the smaller sheave (degrees) is approximately

u 5 180 2
60(D 2 d)

C

Transmission of Power by V Belts Unfortunately there is no theory
or mathematical analysis that is able to explain all experimental results
reliably. Empirical formulations based on experimental results, how-
ever, do provide very serviceable design procedures, and together with
data published in V-belt manufacturers’ catalogs provide the engineer
with the necessary V-belt selection tools.

For satisfactory performance under most conditions, ANSI provides
the following empirical single V-belt power-rating formulation (inch
and metric units) for 180° arc of contact and average belt length:

Hr 5SC1 2
C2

d
2 C3(r 2 d)2 2 C4 log rdDrd 1 C2rS1 2

1

KA
D

power required by the job at hand; Ks 5 service factor accounting for
driver and driven machine characteristics regarding such things as
shock, torque level, and torque uniformity (see Table 8.2.54); K1 5
angle of contact correction factor (see Fig. 8.2.91a); K2 5 length
correction factor (see Tables 8.2.50 and 8.2.51); N 5 number of belts.

See Fig. 8.2.91b for selection of V-belt cross section.
V band belts, effectively joined V belts, serve the function of multiple

single V belts (see Fig. 8.2.93b).
Long center distances are not recommended for V belts because

excess slack-side vibration shortens belt life. In general D % C %
3(D 1 d). If longer center distances are needed, then link-type V belts
can be used effectively.

Since belt-drive capacity is normally limited by slippage of the
smaller sheave, V-belt drives can sometimes be used with a flat, larger
pulley rather than with a grooved sheave, with little loss in capacity. For
instance the flat surface of the flywheel in a large punch press can serve
such a purpose. The practical range of application is when speed ratio is
over 3 : 1, and center distance is equal to or slightly less than the diame-
ter of the large pulley.

Table 8.2.52 Approximate Speed-Ratio Factor KA for Use in
Power-Rating Formulation

D/d range KA D/d range KA

1.00–1.01 1.0000 1.15–1.20 1.0586
1.02–1.04 1.0112 1.21–1.27 1.0711
1.05–1.07 1.0226 1.28–1.39 1.0840
1.08–1.10 1.0344 1.40–1.64 1.0972
1.11–1.14 1.0463 Over 1.64 1.1106

SOURCE: Adapted from ANSI/RMA IP-20-1977 (R88), by permission.

Table 8.2.53 Constants C1 , C2 , C3 , C4 for Use in
Power-Rating Formulation

Belt
section C1 C2 C3 C4

Inch

A 0.8542 1.342 2.436 3 1024 0.1703
B 1.506 3.520 4.193 3 1024 0.2931
C 2.786 9.788 7.460 3 1024 0.5214
D 5.922 34.72 1.522 3 1023 1.064
E 8.642 66.32 2.192 3 1023 1.532

Metric

13C 0.03316 1.088 1.161 3 1028 5.238 3 1023

16C 0.05185 2.273 1.759 3 1028 7.934 3 1023

22C 0.1002 7.040 3.326 3 1028 1.500 3 1022

32C 0.2205 26.62 7.037 3 1028 3.174 3 1022

SOURCE: Compiled from ANSI/RMA IP-20-1977 (R88), by permission.

Table 8.2.54 Approximate Service Factor Ks for V-Belt Drives

Load

Light Medium Heavy
Power source torque Uniform shock shock shock

Average or normal 1.0–1.2 1.1–1.3 1.2–1.4 1.3–1.5
Nonuniform or heavy 1.1–1.3 1.2–1.4 1.4–1.6 1.5–1.8

SOURCE: Adapted from ANSI/RMA IP-20-1977 (R88), by permission.
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Table 8.2.55 Horsepower Ratings of V Belts

Speed
of

faster
Belt shaft,

section r/min

Rated horsepower per belt for small sheave pitch diameter, in Additional horsepower per belt for speed ratio

2.60 3.00 3.40 3.80 4.20 4.60 5.00 1.02–1.04 1.08–1.10 1.15–1.20 1.28–1.39 1.65–over

A 200 0.20 0.27 0.33 0.40 0.46 0.52 0.59 0.00 0.01 0.01 0.02 0.03
800 0.59 0.82 1.04 1.27 1.49 1.70 1.92 0.01 0.04 0.06 0.08 0.11

1,400 0.87 1.25 1.61 1.97 2.32 2.67 3.01 0.02 0.06 0.10 0.15 0.19
2,000 1.09 1.59 2.08 2.56 3.02 3.47 3.91 0.03 0.09 0.15 0.21 0.27
2,600 1.25 1.87 2.47 3.04 3.59 4.12 4.61 0.04 0.12 0.19 0.27 0.35
3,200 1.37 2.08 2.76 3.41 4.01 4.57 5.09 0.05 0.14 0.24 0.33 0.43
3,800 1.43 2.23 2.97 3.65 4.27 4.83 5.32 0.06 0.17 0.28 0.40 0.51
4,400 1.44 2.29 3.07 3.76 4.36 4.86* 5.26* 0.07 0.20 0.33 0.46 0.59
5,000 1.39 2.28 3.05 3.71 4.24* 4.48* 4.64* 0.07 0.22 0.37 0.52 0.65
5,600 1.29 2.17 2.92 3.50* 0.08 0.25 0.42 0.58 0.75
6,200 1.11 1.98 2.65* 0.09 0.28 0.46 0.64 0.83
6,800 0.87 1.68* 2.24* 0.10 0.30 0.51 0.71 0.91
7,400 0.56 1.28* 0.11 0.33 0.55 0.77 0.99
7,800 0.31* 0.12 0.35 0.58 0.81 1.04

4.60 5.20 5.80 6.40 7.00 7.60 8.00

B 200 0.69 0.86 1.02 1.18 1.34 1.50 1.61 0.01 0.02 0.04 0.05 0.07
600 1.68 2.12 2.56 2.99 3.41 3.83 4.11 0.02 0.07 0.12 0.16 0.21

1,000 2.47 3.16 3.84 4.50 5.14 5.78 6.20 0.04 0.12 0.19 0.27 0.35
1,400 3.13 4.03 4.91 5.76 6.59 7.39 7.91 0.05 0.16 0.27 0.38 0.49
1,800 3.67 4.75 5.79 6.79 7.74 8.64 9.21 0.07 0.21 0.35 0.49 0.63
2,200 4.08 5.31 6.47 7.55 8.56 9.48 10.05 0.09 0.26 0.43 0.60 0.77
2,600 4.36 5.69 6.91 8.01 9.01 9.87 10.36 0.10 0.30 0.51 0.71 0.91
3,000 4.51 5.89 7.11 8.17 9.04 9.73* 0.12 0.35 0.58 0.82 1.05
3,400 4.51 5.88 7.03 7.95* 0.13 0.40 0.66 0.93 1.19
3,800 4.34 5.64 6.65* 0.15 0.44 0.74 1.04 1.33
4,200 4.01 5.17* 0.16 0.49 0.82 1.15 1.47
4,600 3.48 0.18 0.54 0.90 1.25 1.61
5,000 2.76* 0.19 0.59 0.97 1.36 1.75

7.00 8.00 9.00 10.00 11.00 12.00 13.00

C 100 1.03 1.29 1.55 1.81 2.06 2.31 2.56 0.01 0.03 0.05 0.08 0.10
400 3.22 4.13 5.04 5.93 6.80 7.67 8.53 0.04 0.13 0.22 0.30 0.39
800 5.46 7.11 8.73 10.31 11.84 13.34 14.79 0.09 0.26 0.43 0.61 0.78

1,000 6.37 8.35 10.26 12.11 13.89 15.60 17.24 0.11 0.33 0.54 0.76 0.97
1,400 7.83 10.32 12.68 14.89 16.94 18.83 20.55 0.15 0.46 0.76 1.06 1.36
1,800 8.76 11.58 14.13 16.40 18.37 20.01 21.31* 0.20 0.59 0.98 1.37 1.75
2,000 9.01 11.90 14.44 16.61 18.37 19.70* 0.22 0.65 1.08 1.52 1.95
2,400 9.04 11.87 14.14 0.26 0.78 1.30 1.82 2.34
2,800 8.38 10.85* 0.30 0.91 1.52 2.12 2.73
3,000 7.76 0.33 0.98 1.63 2.28 2.92
3,200 6.44* 0.36 1.07 1.79 2.50 3.22

* For footnote see end of table on next page.

In general the V-belting of skew shafts is discouraged because of the
decrease in life of the belts, but where design demands such arrange-
ments, special deep-groove sheaves are used. In such cases center dis-
tances should comply with the following:

For 90° turn Cmin 5 5.5(D 1 W)
For 45° turn Cmin 5 4.0(D 1 W)
For 30° turn Cmin 5 3.0(D 1 W)

where W 5 width of group of individual belts. Selected values of W are
shown in Table 8.2.56d.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 8.2.91a Angle-of-contact correction factor, where A 5 grooved sheave to
grooved pulley distance (V to V) and B 5 grooved sheave to flat-face pulley
distance (V to flat).
Fig. 8.2.91b V-belt section for required horsepower ratings. Letters A, B, C, D,
E refer to belt cross section. (See Table 8.2.54 for service factor.)

Figure 8.2.92 shows a 90° turn arrangement, from which it can be
seen that the horizontal shaft should lie some distance Z higher than the
center of the vertical-shaft sheave. Table 8.2.56c lists the values of Z for
various center distances in a 90° turn arrangement.

Cogged V belts have cogs molded integrally on the underside of the
belt (Fig. 8.2.94a). Sheaves can be up to 25 percent smaller in diameter
with cogged belts because of the greater flexibility inherent in the
cogged construction. An extension of the cogged belt mating with a
sheave or pulley notched at the same pitch as the cogs leads to a drive
particularly useful for timing purposes.
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Table 8.2.55 Horsepower Ratings of V Belts (Continued)

Speed
of

faster
Belt shaft,

section r/min

Rated horsepower per belt for small sheave pitch diameter, in Additional horsepower per belt for speed ratio

12.00 14.00 16.00 18.00 20.00 22.00 24.00 1.02–1.04 1.08–1.10 1.15–1.20 1.28–1.39 1.65–over

D 50 1.96 2.52 3.08 3.64 4.18 4.73 5.27 0.02 0.06 0.10 0.13 0.17
200 6.28 8.27 10.24 12.17 14.08 15.97 17.83 0.08 0.23 0.38 0.54 0.69
400 10.89 14.55 18.12 21.61 25.02 28.35 31.58 0.15 0.46 0.77 1.08 1.38
600 14.67 19.75 24.64 29.33 33.82 38.10 42.15 0.23 0.69 1.15 1.61 2.07
800 17.70 23.91 29.75 35.21 40.24 44.83 48.94 0.31 0.92 1.54 2.15 2.77

1,000 19.93 26.94 33.30 38.96 43.86 47.93 51.12 0.38 1.15 1.92 2.69 3.46
1,200 21.32 28.71 35.05 40.24 44.18* 0.46 1.39 2.31 3.23 4.15
1,400 21.76 29.05 34.76* 0.54 1.62 2.69 3.77 4.84
1,600 21.16 27.81* 0.62 1.85 3.08 4.30 5.53
1,800 19.41 0.69 2.08 3.46 4.84 6.22
1,950 17.28* 0.75 2.25 3.75 5.25 6.74

18.00 21.00 24.00 27.00 30.00 33.00 36.00

E 50 4.52 5.72 6.91 8.08 9.23 10.38 11.52 0.04 0.11 0.18 0.26 0.33
100 8.21 10.46 12.68 14.87 17.04 19.19 21.31 0.07 0.22 0.37 0.51 0.66
200 14.68 18.86 22.97 27.00 30.96 34.86 38.68 0.15 0.44 0.73 1.03 1.32
300 20.37 26.29 32.05 37.67 43.13 48.43 53.58 0.22 0.66 1.10 1.54 1.98
400 25.42 32.87 40.05 46.95 53.55 59.84 65.82 0.29 0.88 1.47 2.06 2.64
500 29.86 38.62 46.92 54.74 62.05 68.81 75.00 0.37 1.10 1.84 2.57 3.30
600 33.68 43.47 52.55 60.87 68.36 74.97 80.63 0.44 1.32 2.20 3.08 3.96
700 36.84 47.36 56.83 65.15 72.22 77.93* 0.51 1.54 2.57 3.60 4.62
800 39.29 50.20 59.61 67.36 73.30* 0.59 1.76 2.94 4.11 5.28
900 40.97 51.89 60.73 0.66 1.98 3.30 4.63 5.94

1,000 41.84 52.32 60.04* 0.73 2.21 3.67 5.14 6.60
1,100 41.81 51.40* 0.81 2.43 4.04 5.65 7.26
1,200 40.83 0.88 2.65 4.41 6.17 7.93
1,300 38.84* 0.95 2.87 4.77 6.68 8.59

* Rim speed above 6,000 ft/min. Special sheaves may be necessary.
SOURCE: Compiled from ANSI/RMA IP-20-1988 revised, by permission.

Ribbed V belts are really flat belts molded integrally with longitudinal
ribbing on the underside (Fig. 8.2.94b). Traction is provided principally
by friction between the ribs and sheave grooves rather than by wedging
action between the two, as in conventional V-belt operation. The flat

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 8.2.92 Quarter-turn drive for V belts.

upper portion transmits the tensile belt loads. Ribbed belts serve well
when substituted for multiple V-belt drives and for all practical pur-
poses eliminate the necessity for belt-matching in multiple V-belt
drives.

Fig. 8.2.93 V- and V-band belt cross section.
Fig. 8.2.94 Special V belts. (a) Cogged V belt; (b) ribbed V belt.

Adjustable Motor Bases

To maintain proper belt tensions on short center distances, an adjustable
motor base is often used. Figure 8.2.95 shows an embodiment of such a
base made by the Automatic Motor Base Co., in which adjustment for
proper belt tension is made by turning a screw which opens or closes the
center distance between pulleys, as required. The carriage portion of the
base is spring loaded so that after the initial adjustment for belt tension

Fig. 8.2.95 Adjustable motor base.



Table 8.2.56a Standard Sheave Groove Dimensions, in

Standard groove dimensions Drive design factors

Minimum
recommended

Cross Outside diameter Groove angle hg RB Pitch diameter pitch
section range a 6 0.33° bg min min dB 6 0.0005 Sg 6 0.025 Se range diameter 2a

A Up through 5.65 34 0.494 0.148 0.4375 0.625 1 0.090 Up through 5.40 3.0 0.250
6 0.005 0.460 0.375

Over 5.65 38 0.504 0.149 (7⁄16) 2 0.062 Over 5.40

B Up through 7.35 34 0.637 0.189 0.5625 0.750 1 0.120 Up through 7.00 5.4 0.350
6 0.006 0.550 0.500

Over 7.35 38 0.650 0.190 (9⁄16) 2 0.065 Over 7.00

A/B Up through 7.35 34 0.612 0.230 0.5625 0.750 1 0.120 A 5 3.0 A 5 0.620*
6 0.006 0.612 0.500

Over 7.35 38 0.625 0.226 (9⁄16) 1 0.065 B 5 5.4 B 5 0.280

C Up through 8.39 34 0.879 0.274 0.7812 Up through 7.99
Over 8.39 to 36 0.877 6 0.007 0.750 0.276 1.000 1 0.160 Over 7.99 to 9.0 0.400

0.688
and incl. 12.40 (25⁄32) 2 0.70 and incl. 12.00

Over 12.40 38 0.895 0.277 Over 12.00

D Up through 13.59 34 1.256 0.410 1.1250 Up through 12.99
Over 13.59 to 36 1271 6 0.008 1.020 0.410 1.438 1 0.220 Over 12.99 to 13.0 0.600

and incl. 17.60 (11⁄8) 2 0.80 and incl. 17.00
Over 17.60 38 1.283 0.411 Over 17.00

E Up through 24.80 36 1.527 0.476 1.3438 1 0.280 Up through 24.00 21.0 0.800
6 0.010 1.270 1.750 1.125

Over 24.80 38 1.542 0.477 (111⁄32) 2 0.090 Over 24.00

* The a values shown for the A/B combination sheaves are the geometrically derived values. These values may be different than those shown in manufacturers’ catalogs.
SOURCE: ‘‘Dayco Engineering Guide for V-Belt Drives,’’ Dayco Corp., Dayton, OH, 1981, reprinted by permission.
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Table 8.2.56b Classical Deep Groove Sheave Dimensions, in

Deep groove dimensions

Cross Outside diameter Groove hg

section range angle a 6 0.33° bg min 2a Sg 6 0.025 Se

A Up through 5.96 34 0.539 1 0.090
6 0.005 0.615 0.560 0.750 0.438

Over 5.96 38 0.611 2 0.062

B Up through 7.71 34 0.747 1 0.120
6 0.006 0.730 0.710 0.875 0.562

Over 7.71 38 0.774 2 0.065

C Up through 9.00 34 1.066 1 0.160
1 0.007 0.812

Over 9.00 to 36 1.085 1.055 1.010 1.250 2 0.070
and incl. 13.01

Over 13.01 38 1.105

D Up through 14.42 34 1.513 1 0.220
1.062

Over 14.42 to 36 1.541 6 0.008 1.435 1.430 1.750 2 0.080
and incl. 18.43

Over 18.43 38 1.569

E Up through 25.69 36 1.816 1 0.280
1 0.010 1.715 1.690 2.062 1.312

Over 25.69 38 1.849 2 0.090

SOURCE: ‘‘Dayco Engineering Guide for V-Belt Drives,’’ Dayco Corp., Dayton, OH, 1981, reprinted by permission.

Table 8.2.56c Z Dimensions for
Quarter-Turn Drives, in

Center 3V, 5V, 8V A B, C, D
distance Z dimension Z dimension

20 0.2
30 0.2
40 0.4
50 0.4
60 0.2 0.5

CHAIN DRIVES

Roller-Chain Drives

The advantages of finished steel roller chains are high efficiency
(around 98 to 99 percent), no slippage, no initial tension required, and
chains may travel in either direction. The basic construction of roller
chains is shown in Fig. 8.2.96 and Table 8.2.57.

The shorter the pitch, the higher the permissible operating speed of
roller chains. Horsepower capacity in excess of that provided by a single
chain may be had by the use of multiple chains, which are essentially

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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80 0.3 0.5
100 0.4 1.0
120 0.6 1.5
140 0.9 2.0
160 1.2 2.5
180 1.5 3.5
200 1.8 4.0
220 2.2 5.0
240 2.6 6.0

SOURCE: ‘‘Dayco Engineering Guide for V-
Belt Drives,’’ Dayco Corp., Dayton, OH, 1981,
reprinted by permission.

Table 8.2.56d Width W of Set of Belts Using Deep-Groove
Sheaves, in

V-belt cross section
No. of
belts 3V 5V 8V A B C D

1 0.4 0.6 1.0 0.5 0.7 0.9 1.3
2 0.9 1.4 2.3 1.3 1.6 2.2 3.1
3 1.4 2.2 3.6 2.0 2.5 3.4 4.8
4 1.9 3.0 4.0 2.8 3.3 4.7 6.6
5 2.4 3.8 6.2 3.5 4.2 5.9 8.3
6 2.9 4.7 7.6 4.3 5.1 7.2 10.1
7 3.4 5.5 8.9 5.0 6.0 8.4 11.8
8 3.9 6.3 10.2 5.8 6.8 9.7 13.6
9 4.4 7.1 11.5 6.5 7.7 10.9 15.3

10 4.9 7.9 12.8 7.3 8.6 12.2 17.1

SOURCE: ‘‘Dayco Engineering Guide for V-Belt Drives,’’ Dayco Corp., Dayton, OH, 1981,
reprinted by permission.

has been made by the screw, the spring will compensate for a normal
amount of stretch in the belts. When there is more stretch than can be
accommodated by the spring, the screw is turned to provide the neces-
sary belt tensions. The carriage can be moved while the unit is in opera-
tion, and the motor base is provided for vertical as well as horizontal
mounting.
parallel single chains assembled on pins common to all strands. Because
of its lightness in relation to tensile strength, the effect of centrifugal
pull does not need to be considered; even at the unusual speed of
6,000 ft /min, this pull is only 3 percent of the ultimate tensile strength.

Fig. 8.2.96 Roller chain construction.

Sprocket wheels with fewer than 16 teeth may be used for relatively
slow speeds, but 18 to 24 teeth are desirable for high-speed service.
Sprockets with fewer than 25 teeth, running at speeds above 500 or
600 r/min, should be heat-treated to give a tough wear-resistant surface
testing between 35 and 45 on the Rockwell C hardness scale.

If the speed ratio requires the larger sprocket to have as many as 128
teeth, or more than eight times the number on the smaller sprocket, it is
usually better, with few exceptions, to make the desired reduction in
two or more steps. The ANSI tooth form ASME B29.1 M-1993 allows
roller chain to adjust itself to a larger pitch circle as the pitch of the
chain elongates owing to natural wear in the pin-bushing joints. The
greater the number of teeth, the sooner the chain will ride out too near
the ends of the teeth.

Idler sprockets may be used on either side of the standard roller chain,
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Table 8.2.57 Roller-Chain Data and Dimensions, in*

Roller link Recommended max speed
Roller plate r/min

Pin Height 12 18 24
ANSI
chain
no.

ISO
chain
no. Pitch Width Diam diam Thickness H

Tensile
strength

per
strand,

lb teeth teeth teeth

Dimension

A B C

25 04C-1 1⁄4 1⁄8 0.130 0.091 0.030 0.230 0.150 0.190 0.252 925 5,000 7,000 7,000
35 06C-1 3⁄8 3⁄16 0.200 0.141 0.050 0.344 0.224 0.290 0.399 2,100 2,380 3,780 4,200
41 085 1⁄2 1⁄4 0.306 0.141 0.050 0.383 0.256 0.315 — 2,000 1,750 2,725 2,850
40 08A-1 1⁄2 5⁄16 0.312 0.156 0.060 0.452 0.313 0.358 0.566 3,700 1,800 2,830 3,000
50 10A-1 5⁄8 3⁄8 0.400 0.200 0.080 0.594 0.384 0.462 0.713 6,100 1,300 2,030 2,200
60 12A-1 3⁄4 1⁄2 0.469 0.234 0.094 0.679 0.493 0.567 0.897 8,500 1,025 1,615 1,700
80 16A-1 1 5⁄8 0.625 0.312 0.125 0.903 0.643 0.762 1.153 14,500 650 1,015 1,100

100 20A-1 11⁄4 3⁄4 0.750 0.375 0.156 1.128 0.780 0.910 1.408 24,000 450 730 850
120 24A-1 11⁄2 1 0.875 0.437 0.187 1.354 0.977 1.123 1.789 34,000 350 565 650
140 28A-1 13⁄4 1 1.000 0.500 0.218 1.647 1.054 1.219 1.924 46,000 260 415 500
160 32A-1 2 11⁄4 1.125 0.562 0.250 1.900 1.250 1.433 2.305 58,000 225 360 420
180 21⁄4 113⁄32 1.406 0.687 0.281 2.140 1.421 1.770 2.592 76,000 180 290 330
200 40A-1 21⁄2 11⁄2 1.562 0.781 0.312 2.275 1.533 1.850 2.817 95,000 170 260 300
240 48A-1 3 17⁄8 1.875 0.937 0.375 2.850 1.722 2.200 3.458 135,000 120 190 210

* For conversion to metric units (mm) multiply table values by 25.4.

Table 8.2.58 Selected Values of Horsepower Ratings of Roller Chains

Number of
ANSI no. teeth in

and small
pitch, in socket

Small sprocket, r /min

50 500 1,200 1,800 2,500 3,000 4,000 5,000 6,000 8,000 10,000

25 11 0.03 0.23 0.50 0.73 0.98 1.15 1.38 0.99 0.75 0.49 0.35
1⁄4 15 0.04 0.32 0.70 1.01 1.36 1.61 2.08 1.57 1.20 0.78 0.56

20 0.06 0.44 0.96 1.38 1.86 2.19 2.84 2.42 1.84 1.201 0.86
25 0.07 0.56 1.22 1.76 2.37 2.79 3.61 3.38 2.57 1.67 1.20
30 0.08 0.68 1.49 2.15 2.88 3.40 4.40 4.45 3.38 2.20 1.57
40 0.12 .092 2.03 2.93 3.93 4.64 6.00 6.85 5.21 3.38 2.42

35 11 0.10 0.77 1.70 2.45 3.30 2.94 1.91 1.37 1.04 0.67 0.48
3⁄8 15 0.14 1.08 2.38 3.43 4.61 4.68 3.04 2.17 1.65 1.07 0.77

20 0.19 1.48 3.25 4.68 6.29 7.20 4.68 3.35 2.55 1.65 1.18
25 0.24 1.88 4.13 5.95 8.00 9.43 6.54 4.68 3.56 2.31 1.65
30 0.29 2.29 5.03 7.25 9.74 11.5 8.59 6.15 4.68 3.04 2.17
40 0.39 3.12 6.87 9.89 13.3 15.7 13.2 9.47 7.20 4.68 —

41 11 0.13 1.01 1.71 0.93 (0.58) 0.43 0.28 0.20 0.15 0.10
1⁄2 15 0.18 1.41 2.73 1.49 (0.76) 0.69 0.45 0.32 0.24 0.16

20 0.24 1.92 4.20 2.29 (1.41) 1.06 0.69 0.49 0.38
25 0.31 2.45 5.38 3.20 (1.97) 1.49 0.96 0.69 0.53
30 0.38 2.98 6.55 4.20 (2.58) 1.95 1.27 0.91 0.69
40 0.51 4.07 8.94 6.47 (3.97) 3.01 1.95 1.40

40 11 0.23 1.83 4.03 4.66 (3.56) 2.17 1.41 1.01 0.77 0.50
1⁄2 15 0.32 2.56 5.64 7.43 (4.56) 3.45 2.24 1.60 1.22 0.79

20 0.44 3.50 7.69 11.1 (7.03) 5.31 3.45 2.47 1.88
25 0.56 4.45 9.78 14.1 (9.83) 7.43 4.82 3.45 2.63
30 0.68 5.42 11.9 17.2 (12.9) 9.76 6.34 4.54 3.45
40 0.93 7.39 16.3 23.4 (19.9) 15.0 9.76 6.99

50 11 0.45 3.57 7.85 5.58 (3.43) 2.59 1.68 1.41 1.20 0.92
5⁄8 15 0.63 4.99 11.0 8.88 (5.46) 4.13 2.68 2.25 1.92

20 0.86 6.80 15.0 13.7 (8.40) 6.35 4.13 3.46 2.95
25 1.09 8.66 19.0 19.1 (11.7) 8.88 5.77 4.83
30 1.33 10.5 23.2 25.1 (15.4) 11.7 7.58
40 1.81 14.4 31.6 38.7 (23.7) 18.0
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Table 8.2.58 Selected Values of Horsepower Ratings of Roller Chains (Continued )

Number of
ANSI no. teeth in

and small
pitch, in sprocket 10 50 100 200 500 700 1,000 1,400 2,000 2,700 4,000

Small sprocket, r/min

60 11 0.18 0.77 1.44 2.69 6.13 8.30 11.4 9.41 5.51 (3.75) 1.95
3⁄4 15 0.25 1.08 2.01 3.76 8.57 11.6 16.0 15.0 8.77 (6.18) 3.10

20 0.35 1.47 2.75 5.13 11.7 15.8 21.8 23.1 13.5 (9.20)
25 0.44 1.87 3.50 6.52 14.9 20.1 27.8 32.2 18.9 (12.9)
30 0.54 2.28 4.26 7.94 18.1 24.5 33.8 42.4 24.8 (16.9)
40 0.73 3.11 5.81 10.8 24.7 33.5 46.1 62.5 38.2

80 11 0.42 1.80 3.36 6.28 14.3 19.4 19.6 11.8 6.93 4.42
1 15 0.59 2.52 4.70 8.77 20.0 27.1 31.2 18.9 11.0 7.04

20 0.81 3.44 6.41 12.0 27.3 37.0 48.1 29.0 17.0
25 1.03 4.37 8.16 15.2 34.7 47.0 64.8 40.6 23.8
30 1.25 5.33 9.94 18.5 42.3 57.3 78.9 53.3 31.2
40 1.71 7.27 13.6 25.3 57.7 78.1 108 82.1 48.1

100 11 0.81 3.45 6.44 12.0 27.4 37.1 23.4 14.2 8.29
11⁄4 15 1.13 4.83 9.01 16.8 38.3 51.9 37.3 22.5 13.2

20 1.55 6.58 12.3 22.9 52.3 70.8 57.5 34.7 20.3
25 1.97 8.38 15.5 29.2 66.6 90.1 80.3 48.5 28.4
30 2.40 10.2 19.0 35.5 81.0 110 106 63.7 10.0
40 3.27 13.9 26.0 48.5 111 150 163 98.1

120 11 1.37 5.83 10.9 20.3 46.3 46.3 27.1 16.4 9.59
11⁄2 15 1.91 8.15 15.2 28.4 64.7 73.8 43.2 26.1

20 2.61 11.1 20.7 38.7 88.3 114 66.5 40.1
25 3.32 14.1 26.4 49.3 112 152 92.9 56.1
30 4.05 17.2 32.1 60.0 137 185 122 73.8
40 5.52 23.5 43.9 81.8 187 253 188 59.5

140 11 2.12 9.02 16.8 31.4 71.6 52.4 30.7 18.5
13⁄4 15 2.96 12.6 23.5 43.9 100 83.4 48.9 29.5

20 4.04 17.2 32.1 59.9 137 128 75.2 45.4
25 5.14 21.9 40.8 76.2 174 180 105 63.5
30 6.26 26.7 49.7 92.8 212 236 138
40 8.54 36.4 67.9 127 289 363 213

160 11 3.07 13.1 24.4 45.6 96.6 58.3 34.1
2 15 4.30 18.3 34.1 63.7 145 92.8 54.4

20 5.86 25.0 46.4 86.9 198 143 83.7
25 7.40 31.8 59.3 111 252 200 117
30 9.08 38.7 72.2 125 307 263 154
40 12.4 52.8 98.5 184 419 404

180 11 4.24 18.1 33.7 62.9 106 64.1 37.5
21⁄4 15 5.93 25.3 47.1 88.0 169 102 59.7

20 8.10 34.5 64.3 120 260 157 92.0
25 10.3 43.9 81.8 153 348 220
30 12.5 53.4 99.6 186 424 289
40 17.1 72.9 136 254 579 398

200 11 5.64 24.0 44.8 83.5 115
21⁄2 15 7.88 33.5 62.6 117 184

20 10.7 45.8 85.4 159 283
25 13.7 58.2 109 203 396

240 11 9.08 38.6 72.1 135
3 15 12.7 54.0 101 188

20 17.3 73.7 138 257
25 22.0 93.8 175 327

NOTE: The sections separated by heavy lines denote the method of lubrication as follows: type A (left section), manual; type B (middle section), bath or disk; type C (right section), oil stream.
SOURCE: Supplementary section of ANSI B29.1-1975 (R93), adapted by permission.

to take up slack, to guide the chain around obstructions, to change the
direction of rotation of a driven shaft, or to provide more wrap on
another sprocket. Idlers should not run faster than the speeds recom-
mended as maximum for other sprockets with the same number of teeth.
It is desirable that idlers have at least two teeth in mesh with the chain,
and it is advisable, though not necessary, to have an idler contact the
idle span of chain.

Horsepower ratings are based upon the number of teeth and the rota-
tive speed of the smaller sprocket, either driver or follower. The pin-
bushing bearing area, as it affects allowable working load, is the impor-
tant factor for medium and higher speeds. For extremely slow speeds,
the chain selection may be based upon the ultimate tensile strength of
the chain. For chain speeds of 25 ft /min and less, the chain pull should
be not more than 1⁄5 of the ultimate tensile strength; for 50 ft /min, 1⁄6; for
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100 ft /min, 1⁄7; for 150 ft /min, 1⁄8; for 200 ft /min, 1⁄9; and for 250 ft /
min, 1⁄10 of the ultimate tensile strength.

Ratings for multiple-strand chains are proportional to the number of
strands. The recommended numbers of strands for multiple chains are
2, 3, 4, 6, 8, 10, 12, 16, 20, and 24, with the maximum overall width in
any case limited to 24 in.

The horsepower ratings in Table 8.2.58 are modified by the service
factors in Table 8.2.59. Thus for a drive having a nominal rating of 3 hp,
subject to heavy shock, abnormal conditions, 24-h/day operation, the

Actual chain lengths should be in even numbers of pitches. When
necessary, an odd number of pitches may be secured by the use of an
offset link, but such links should be avoided if possible. An offset link is
one pitch; half roller link at one end and half pin link at the other end. If
center distances are to be nonadjustable, they should be selected to give
an initial snug fit for an even number of pitches of chain. For the aver-
age application, a center distance equal to 40 6 10 pitches of chain
represents good practice.

There should be at least 120° of wrap in the arc of contact on a power

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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chain rating obtained from Table 8.2.58 should be at least 3 3 1.7 5
5.1 hp.

Table 8.2.59 Service Factors for Roller Chains

Load

Moderate Heavy
Power source Smooth shock shock

Internal combustion engine
with hydraulic drive

1.0 1.2 1.4

Electric motor or turbine 1.0 1.3 1.5
Internal combustion engine
with mechanical drive

1.2 1.4 1.7

SOURCE: ANSI B29.1-1975, adapted by permission.

Chain-Length Calculations Referring to Fig. 8.2.97, L 5 length of
chain, in; P 5 pitch of chain, in; R and r 5 pitch radii of large and small
sprockets, respectively, in; D 5 center distance, in; A 5 tangent length,
in; a 5 angle between tangent and centerline; N and n 5 number

Fig. 8.2.97 Symbols for chain length calculations.

of teeth on larger and smaller sprockets, respectively; 180 1 2a and
180 2 2a are angles of contact on larger and smaller sprockets, respec-
tively, deg.

a 5 sin21[(R 2 r)/D] A 5 D cos a

L 5 NP(180 1 2a)/360 1 nP(180 2 2a)/360 1 2D cos a

If Lp 5 length of chain in pitches and Dp 5 center distance in pitches,

Lp 5 (N 1 n)/2 1 a(N 2 n)/180 1 2Dp cos a

Avoiding the use of trigonometric tables,

Lp 5 2C 1 (N 1 n)/2 1 K(N 2 n)2/C

where C is the center distance in pitches and K is a variable depending
upon the value of (N 2 n)/C. Values of K are as follows:

(N 2 n)/C 0.1 1.0 2.0 3.0
K 0.02533 0.02538 0.02555 0.02584

(N 2 n)/C 4.0 5.0 6.0
K 0.02631 0.02704 0.02828

Formulas for chain length on multisprocket drives are cumbersome
except when all sprockets are the same size and on the same side of the
chain. For this condition, the chain length in pitches is equal to the sum
of the consecutive center distances in pitches plus the number of teeth
on one sprocket.
sprocket. For ratios of 3 : 1 or less, the wrap will be 120° or more for any
center distance or number of teeth. To secure a wrap of 120° or more,
for ratios greater than 3 : 1, the center distance must be not less than the
difference between the pitch diameters of the two sprockets.

Sprocket Diameters N 5 number of teeth; P 5 pitch of chain, in;
D 5 diameter of roller, in. The pitch of a standard roller chain is mea-
sured from the center of a pin to the center of an adjacent pin.

Pitch diam 5 P/sin
180

N

Bottom diam 5 pitch diam 2 D

Outside diam 5 PS0.6 1 cot
180

N D
Caliper diam 5Spitch diam 3 cos

90

ND 2 D

The exact bottom diameter cannot be measured for an odd number of
teeth, but it can be checked by measuring the distance (caliper diameter)
between bottoms of the two tooth spaces nearest opposite to each other.
Bottom and caliper diameters must not be oversize—all tolerances
must be negative. ANSI negative tolerance 5 0.003 1 0.001P√N in.

Design of Sprocket Teeth for Roller Chains The section profile for
the teeth of roller chain sprockets, recommended by ANSI, has the
proportions shown in Fig. 8.2.98. Let P 5 chain pitch; W 5 chain width
(length of roller); n 5 number of strands of multiple chain; M 5 overall
width of tooth profile section; H 5 nominal thickness of the link
plate, all in inches. Referring to Fig. 8.2.98, T 5 0.93W 2 0.006, for

Fig. 8.2.98 Sprocket tooth sections.

single-strand chain; 5 0.90W 2 0.006, for double- and triple-strand
chains; 5 0.88W 2 0.006, for quadruple- or quintuple-strand chains;
and 5 0.86W 2 0.006, for sextuple-strand chain and over. C 5 0.5P.
E 5 1⁄8P. R(min) 5 1.063P. Q 5 0.5P. A 5 W 1 4.15H 1 0.003.
M 5 A(n 2 1) 1 T.

Inverted-tooth (silent) chain drives have a typical tooth form shown in
Fig. 8.2.99. Such chains should be operated in an oil-retaining casing
with provisions for lubrication. The use of offset links and chains with
an uneven number of pitches should be avoided.

Horsepower ratings per inch of silent chain width, given in ANSI
B29.2-1957 (R1971), for various chain pitches and speeds, are shown in

Fig. 8.2.99 Inverted tooth (silent-chain) drive.
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Table 8.2.60 Horsepower Rating per Inch of Chain Width, Silent-Chain Drive (Small Pitch)

No. of teeth
Pitch, in small

in sprocket

Small sprocket, r/min

500 600 700 800 900 1,200 1,800 2,000 3,500 5,000 7,000 9,000

21 0.41 0.48 0.55 0.62 0.68 0.87 1.22 1.33 2.03 2.58 3.12 3.35
25 0.49 0.58 0.66 0.74 0.82 1.05 1.47 1.60 2.45 3.13 3.80 4.10
29 0.57 0.67 0.76 0.86 0.95 1.21 1.70 1.85 2.83 3.61 4.40 4.723

16 33 0.64 0.75 0.86 0.97 1.07 1.37 1.90 2.08 3.17 4.02 4.85 —
37 0.71 0.84 0.96 1.08 1.19 1.52 2.11 2.30 3.48 4.39 5.24 —
45 0.86 1.02 1.15 1.30 1.43 1.83 2.53 2.75 4.15 5.21 — —

Type* I II III

No. of teeth
Pitch, in small

in sprocket 100 500 1,000 1,200 1,500 1,800 2,000 2,500 3,000 3,500 4,000 5,000 6,000

Small sprocket, r /min

21 0.58 2.8 5.1 6.0 7.3 8.3 9.0 10 11 12 12 12 10
25 0.69 3.3 6.1 7.3 8.8 10 11 13 14 15 5 15 143

8
29 0.80 3.8 7.3 8.5 10 12 13 15 16 18 19 19 18
33 0.90 4.4 8.3 9.8 12 14 15 18 19 21 21 21 20
37 1.0 4.9 9.1 11 14 15 16 20 21 24 24 24 —
45 1.3 6.0 11 13 16 19 20 24 26 28 29 — —

Type* I II III

No. of teeth
Pitch, in small

in sprocket

Small sprocket, r /min

100 500 700 1,000 1,200 1,800 2,000 2,500 3,000 3,500 4,000

21 1.0 5.0 6.3 8.8 10 14 14 15 16 16 —
25 1.2 5.0 7.5 10 13 16 18 20 21 21 201

2
29 1.4 6.3 8.8 13 14 19 21 24 25 25 25
33 1.6 7.5 10 14 16 23 24 28 29 30 29
37 1.9 8.8 11 16 19 25 26 30 33 33 —
45 2.5 10 14 19 23 30 30 36 39 — —

Type* I II III

No of teeth
Pitch, in small

in sprocket

Small sprocket, r /min

100 500 700 1,000 1,200 1,800 2,000 2,500 3,000 3,500

21 1.6 7.5 10 13 15 19 20 20 20 —
25 1.9 8.8 11 16 19 24 25 26 26 245

8 29 2.1 10 14 19 21 28 30 31 31 29
33 2.5 11 16 21 25 33 34 36 36 34
37 2.8 13 18 24 28 36 39 43 41 —
45 3.4 16 21 29 34 44 46 — — —

Type* I II III

No. of teeth
Pitch, in small

in sprocket

Small sprocket, r /min

100 500 700 1,000 1,200 1,500 1,800 2,000 2,500

21 2.3 10 14 18 20 23 24 25 24
25 2.8 13 16 21 25 29 31 31 303

4
29 3.1 15 20 26 30 34 36 38 38
33 3.6 16 23 30 34 39 43 44 44
37 4.0 19 25 34 39 44 48 49 49
45 4.9 23 30 40 46 53 56 58 —

Type* I II III

* Type I: manual, brush, or oil cup. Type II: bath or disk. Type III: circulating pump.
NOTE: For best results, smaller sprocket should have at least 21 teeth.
SOURCE: Adapted from ANSI B29.2M-1982.

Tables 8.2.60 and 8.2.61. These ratings are based on ideal drive condi-
tions with relatively little shock or load variation, an average life of
20,000 h being assumed. In utilizing the horsepower ratings of the
tables, the nominal horsepower of the drive should be multiplied by a
service factor depending on the application. Maximum, or worst-case
scenario, service factors are listed in Table 8.2.62.

For details on lubrication, sprocket dimensions, etc., see ANSI
B29.2M-1957(R71). In utilizing Tables 8.2.60 and 8.2.61 (for a com-
plete set of values, see ANSI B29.2M-1982) the required chain width is
obtained by dividing the design horsepower by the horsepower ratings
given. For calculating silent-chain lengths, the procedure for roller-
chain drives may be used.
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Table 8.2.61 Horsepower Rating per Inch of Chain Width, Silent-Chain Drive (Large Pitch)

No. of teeth
Pitch, in small

in sprocket

Small sprocket, r /min

100 200 300 400 500 700 1,000 1,200 1,500 1,800 2,000

21 3.8 7.5 11 15 18 23 29 31 33 33 —
1 25 5.0 8.8 14 18 21 28 35 39 41 41 41

29 5.0 11 16 20 25 33 11 46 50 51 50
33 6.3 13 18 24 29 38 49 54 59 59 58
37 6.8 14 20 26 33 43 54 60 65 66 —
45 8.8 16 25 31 39 51 65 71 76 — —

Type* I II III

No. of teeth
Pitch, in small

in sprocket

Small sprocket, r /min

100 200 300 400 500 600 700 800 1,000 1,200 1,500

21 6.3 11 18 23 26 30 33 36 40 41 —
25 7.5 14 20 26 31 36 40 44 50 53 53

1
1

4
29 8.6 16 24 31 38 43 48 53 59 63 64
33 9.9 19 28 35 43 49 55 60 69 73 74
37 11 21 30 40 48 55 63 68 76 81 —
45 13 26 38 49 59 68 75 81 91 — —

Type* I II III

No. of teeth
Pitch, in small

in sprocket

Small sprocket, r /min

100 200 300 400 500 600 700 800 900 1,000 1,200

21 8.8 16 24 30 36 40 44 46 49 49 —
25 10 20 29 38 44 50 55 59 61 65 64

1
1

2
29 13 24 34 44 51 59 65 70 74 75 76
33 14 28 39 50 59 68 75 80 85 88 89
37 16 30 44 59 66 76 84 90 96 99 —
45 19 38 54 68 81 93 101 108 113 — —

Type* I II III

No. of teeth
Pitch, in small

in sprocket

Small sprocket, r /min

100 200 300 400 500 600 700 800 900

21 16 29 40 50 53 63 65 — —
25 18 35 49 61 70 78 83 85 85

2 29 21 41 58 73 84 93 99 103 103
33 25 46 66 83 96 106 114 118 118
37 28 53 75 72 110 124 128 131 —
45 34 64 90 113 131 144 151 — —

Type* I II III

* Type I: manual, brush, or oil cup. Type II: bath or disk. Type III: circulating pump.
NOTE: For best results, small sprocket should have at least 21 teeth.
SOURCE: Adapted from ANSI B29.2-1982.

Table 8.2.62 Service Factors* for Silent-Chain Drives

Fluid- Engine with Fluid- Engine with
coupled straight Torque coupled straight Torque

engine or mechanical converter engine or mechanical converter
electric motor drive drives electric motor drive drives

Application 10 h 24 h 10 h 24 h 10 h 24 h Application 10 h 24 h 10 h 24 h 10 h 24 h

Agitators 1.1 1.4 1.3 1.6 1.5 1.8
Brick and clay ma-
chinery

1.4 1.7 1.6 1.9 1.8 2.1

Centrifuges 1.4 1.7 1.6 1.9 1.8 2.1
Compressors 1.6 1.9 1.8 2.1 2.0 2.3
Conveyors 1.6 1.9 1.8 2.1 2.0 2.3
Cranes and hoists 1.4 1.7 1.6 1.9 1.8 2.1
Crushing machinery 1.6 1.9 1.8 2.1 2.0 2.3
Dredges 1.6 1.9 1.8 2.1 2.0 2.3
Elevators 1.4 1.7 1.6 1.9 1.8 2.1
Fans and blowers 1.5 1.8 1.7 2.0 1.9 2.2
Mills—flour, feed, ce-
real

1.4 1.7 1.6 1.9 1.8 2.1

Generator and excitors 1.2 1.5 1.4 1.7 1.6 1.9
Laundry machinery 1.2 1.5 1.4 1.7 1.6 1.9

Line shafts 1.6 1.9 1.8 2.1 2.0 2.3
Machine tools 1.4 1.7 — — — —
Mills—ball, hardinge,
roller, etc.

1.6 1.9 1.8 2.1 — —

Mixer—concrete, liquid 1.6 1.9 1.8 2.1 2.0 2.3
Oil field machinery 1.6 1.9 1.8 2.1 2.0 2.3
Oil refinery equipment 1.5 1.8 1.7 2.0 1.9 2.2
Paper machinery 1.5 1.8 1.7 2.0 1.9 2.2
Printing machinery 1.5 2.0 1.4 1.7 1.6 1.9
Pumps 1.6 1.9 1.8 2.1 2.0 2.3
Rubber plant machinery 1.5 1.8 1.7 2.0 1.9 2.2
Rubber mill equipment 1.6 1.9 1.8 2.1 2.0 2.3
Screens 1.5 1.8 1.7 2.0 1.9 2.2
Steel plants 1.3 1.6 1.5 1.8 1.7 2.0
Textile machinery 1.1 1.4 — — — —

* The values shown are for the maximum worst-case scenario for each application. The table was assembled from ANSI B29.2M-1982, by permission. Because the listings above are maximum
values, overdesign may result when they are used. Consult the ANSI tables for specific design values.
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ROTARY AND RECIPROCATING ELEMENTS

Slider Crank Mechanism

Kinematics The slider crank mechanism is widely used in automo-
bile engines, punch presses, feeding mechanisms, etc. For such mecha-
nisms, displacements, velocities, and accelerations of the parts are im-
portant design parameters. The basic mechanism is shown in Fig.
8.2.100. The slider displacement x is given by

x 5 r cos u 1 l √1 2 [(r/l) sin u]2

condition is approximately

MDev2 5 MAav2 1 Meffev2

where a 5 distance from crankshaft to center of mass of crank (note that
most often a is approximately equal to the crank radius r); e 5 distance
from crankshaft to center of mass of countermass; Meff 5 additional
mass of countermass to ‘‘balance’’ connecting rod and slider.

From one-half to two-thirds the slider mass (e.g., 1⁄2Mc # Meff #
2⁄3Mc) is usually added to the countermass for a single-cylinder engine.
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where r 5 crank length, l 5 connecting-rod length, u 5 crank angle
measured from top dead center position. Slider velocity is given by

~x 5 V 5 2 rvSsin u 1
r sin 2u

2 l cos b
D

where v 5 instantaneous angular velocity of the crank at position u and

cos b 5 √1 2 (r/l)2 sin2 u

Slider acceleration is given by

a 5 ẍ 5 2 raSsin u 1
r

l

sin 2u

2 cos b
D

2 rv2Scos u 1
r

l

cos 2u

cos b
1

r

l3

sin2 2u

4 cos3 b
D

where a 5 instantaneous angular acceleration of the crank at position u.

Fig. 8.2.100 Basic slider-crank mechanism.

Forces Neglecting gravity effects, the forces in a mechanism arise
from those produced by input and output forces or torques (herewith
called static components). Such forces may be produced by driving
motors, shaft loads, expanding cylinder gases, etc. The net forces on the
various links cause accelerations of the mechanism’s masses, and can
be thought of as dynamic components. The static components must be
borne by the various links, thus giving rise to internal stresses in those
parts. The supporting bearings and slide surfaces also feel the effects of
these components, as do the support frames. Stresses are also induced
by the dynamic components in the links, and such components cause
shaking forces and shaking moments in the support frame.

By building onto the basic mechanism appropriately designed coun-
termasses, the support frame and its bearings can be relieved of a signif-
icant portion of the dynamic component effects, sometimes called iner-
tia effects. The augmented mechanism is then considered to be
‘‘balanced.’’ The static components cannot be relieved by any means,
so that the support frame and its bearings must be designed to carry
safely the static component forces and not be overstressed. Figure
8.2.101 illustrates a common, simple form of approximate balancing.
Sizing of the countermass is somewhat complicated because the total

Fig. 8.2.101 ‘‘Balanced’’ slider-crank mechanism where T 5 center of mass,
S 5 center of mass of crank A, and Q 5 center of mass of connecting rod B.

inertia effect is the vector sum of the separate link inertias, which
change in magnitude and direction at each position of the crank. The
countermass D is sized to contain sufficient mass to completely balance
the crank plus an additional mass (effective mass) to ‘‘balance’’ the
other links (connecting rod and slider). In simple form, the satisfying
For critical field work, single and multiple slider crank mechanisms are
dynamically balanced by experimental means.

Forces and Torques Figure 8.2.102a shows an exploded view of
the slider crank mechanism and the various forces and torques on the
links (neglecting gravity and weight effects). Inertial effects are shown
as broken-line vectors and are manipulated in the same manner as the
actual or real forces. The inertial effects are also known as D’Alembert
forces. The meanings are as follows: F1 5 2 MDev2, parallel to crank
A; F2 5 2 Maea, perpendicular to crank A; F3 5 (z/l)F9; F4 5 as found
in Fig. 8.2.102b; F5 5 F2 2 F7; F6 5 F1 2 F8; F7 5 2 MArv2, parallel
to crank A; F8 5 2 MAra, perpendicular to crank A; F9 5 2 MB 3
absolute acceleration of Q, where acceleration of point Q can be found

Fig. 8.2.102 (a) Forces and torques; (b) force polygons.

graphically by constructing an acceleration polygon of the mechanism
(see for example Shigley, ‘‘Kinematic Analysis of Mechanisms,’’
McGraw-Hill); F10 5 (y/l)F9; F11 5 2 Mc 3 absolute acceleration of
slider ẍ; F12 5 normal wall force (neglecting friction); F 5 external
force on slider’s face, where the vector sum F 1 F4 1 F10 1 F11 1
F12 5 0; T 5 external crankshaft torque, where the algebraic sum T 1
F3E 1 F4W 1 F2e 1 F7a 5 0 (note that signs must reflect direction
of torque); Tt 5 F3E 1 FwW 5 transmitted torque; K 5 the effective
location of force F9 . The distance D of force F9 from the center of mass
of connecting rod B (see Fig. 8.2.102a) is given by D 5 JB (cm) 3
angular acceleration of link B/MB 3 absolute acceleration of point Q.
Figure 8.2.102b shows the force polygons of the separate links of the
mechanism.

Flywheel

One can surmise that both F and T may be functions of crank angle u.
Even if one or the other were deliberately kept constant, the remaining
one would still be a function of u. If a steady-speed crank is desired
(v 5 constant and a 5 zero), then external crankshaft torque T must
be constantly adjusted to equal transmitted torque Ti . In such a situa-
tion a motor at the crankshaft would suffer fatigue effects. In a com-
bustion engine the crankshaft would deliver a fluctuating torque to its
load.

Inserting a flywheel at the crankshaft allows the peak and valley
excursions of v to be considerably reduced because of the flywheel’s
ability to absorb energy over periods when T . Tt and to deliver back



8-66 MACHINE ELEMENTS

into the system such excess energy when T , Tt . Figure 8.2.103a illus-
trates the above concepts, also showing that over one cycle of a repeated
event the excess (1) energies and the deficient (2) energies are equal.
The greatest crank speed change tends to occur across a single large
positive loop, as illustrated in Fig. 8.2.103a.

which can be done graphically or by a numerical technique such as
Simpson’s rule.

Wittenbauer’s Analysis for Flywheel Performance This method
does not involve more computation work than the one described above,
but it is more accurate where the reciprocating parts are comparatively
heavy. Wittenbauer’s method avoids the inaccuracy resulting from the
evaluation of the inertia forces on the reciprocating parts on the basis of
the uniform nominal speed of rotation for the engine.

Let the crankpin velocity be represented by vr and the velocity of any
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Fig. 8.2.103 Sizing the flywheel. (a) Variation of torque and crank speed vs.
crank angle, showing DEab; (b) graphics for Wittenbauer’s analysis.

Sizing the Flywheel For the single largest energy change we can
write

DEab Eb

a

(T 2 Tt) du 5
J0

2
(v2

2 2 v2
1)

5
J0

2
(v2 2 v1)(v2 1 v1)

where J0 5 flywheel moment of inertia plus effective mechanism mo-
ment of inertia.

Define v 8 (v2 1 v1)/2 and Cs 5 coefficient of speed fluctuation 5
(v2 2 v1)/v. Hence DEab 5 J0Csv2. Acceptable values of Cs are:

Pumps 0.03–0.05
Machine tools 0.025–0.03
Looms 0.025
Paper mills 0.025
Spinning mills 0.015
Crusher 0.02
Electric generators, ac 0.003
Electric generators, dc 0.002

Evaluating DEab involves finding the integral

Eb

a

(T 2 T1) du
moving masses (m1 , m2 , m3 , etc.) at any instant of phase be repre-
sented, respectively, by v1 , v2 , v3 , etc. The kinetic energy of the entire
engine system of moving masses may then be expressed as

E 5 1⁄2(m1v2
1 1 m2v2

2 1 m3v2
3 1 ? ? ?) 5 1⁄2Mrv2

r

or, the single reduced mass Mr at the crankpin which possesses the
equivalent kinetic energy is

Mr 5 [m1(v1 /vr)2 1 m2(v2 /vr)2 1 m3(v3 /vr)2 1 ? ? ?]

In an engine mechanism, sufficiently accurate values of Mr can be
obtained if the weight of the connecting rod is divided between the
crankpin and the wrist pin so as to retain the center of gravity of the rod
in its true position; usually 0.55 to 0.65 of the weight of the connecting
rod should be placed on the crankpin, and 0.45 to 0.35 of the weight on
the wrist pin. Mr is a variable in engine mechanisms on account of the
reciprocating parts and should be found for a number of crank positions.
It should include all moving masses except the flywheel.

The total energy E used in accelerating reciprocating parts from the
beginning of the forward stroke up to any crank position can be obtained
by finding from the indicator cards the total work done in the cylinder
(on both sides of the piston) up to that time and subtracting from it the
work done in overcoming the resisting torque, which may usually be
assumed constant. The mean energy of the moving masses is E0 5
1⁄2Mrv2

r .
In Fig. 8.2.103b, the reduced weights of the moving masses GF 1 Gr5

are plotted on the X axis corresponding to different crank positions.
GF 5 gMF is the reduced flywheel weight and Gr5 5 gMr5 is the sum of
the other reduced weights. Against each of these abscissas is plotted
the energy E available for acceleration measured from the beginning
of the forward stroke. The curve O123456 is the locus of these plotted
points.

The diagram possesses the following property: Any straight line
drawn from the origin O to any point in the curve is a measure of the
velocity of the moving masses; tangents bounding the diagram measure
the limits of velocity between which the crankpin will operate. The
maximum linear velocity of the crankpin in feet per second is v2 5

√2g tan a2 , and the minimum velocity is v1 5 √2g tan a1 . Any desired
change in v1 and v2 may be accomplished by changing the value of GF ,
which means a change in the flywheel weight or a change in the fly-
wheel weight reduced to the crankpin. As GF is very large compared
with Gr and the point 0 cannot be located on the diagram unless a very
large drawing is made, the tangents are best formed by direct calcula-
tion:

tan a2 5
v2

r

2g
(1 1 k) tan a1 5

v2
r

2g
(1 2 k)

where k is the coefficient of velocity fluctuation. The two tangents ss
and tt to the curve O123456, thus drawn, cut a distance DE and on the
ordinate E0 . The reduced flywheel weight is then found to be

GF(DE)g/(v2
rk)

SPRINGS

It is assumed in the following formulas that the springs are in no case
stressed beyond the elastic limit (i.e., that they are perfectly elastic) and
that they are subject to Hooke’s law.
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Notation

P 5 safe load, lb
f 5 deflection for a given load P, in
l 5 length of spring, in

V 5 volume of spring, in3

Ss 5 safe stress (due to bending), lb/in2

Sv 5 safe shearing stress, lb/in2

U 5 resilience, in ? lb

For sheet metal and wire gages, ferrous and nonferrous, see Table

are given (Bruce, Am. Mach., July 19, 1900) by the formulas h 5 al2/f
and b 5 cPl/h2. The volume of the spring is given by V 5 vlbh. The
values of constants a and c and the resilience in inch-pounds per cubic
inch are given in Table 8.2.63, in terms of the safe stress Ss . Values of v
are given also.
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8.2.76 and metal suppliers’ catalogs.
The work in inch-pounds performed in deflecting a spring from 0 to f

(spring duty) is U 5 Pf/2 5 s2
sV/(CE). This is based upon the assump-

tion that the deflection is proportional to the load, and C is a constant
dependent upon the shape of the springs.

The time of vibration T (in seconds) of a spring (weight not considered)
is equal to that of a simple circular pendulum whose length l0 equals the
deflection f (in feet that is produced in the spring by the load P.
T 5 p √l0 /g, where g 5 acceleration of gravity, ft /s2.

Springs Subjected to Bending

1. Rectangular plate spring (Fig. 8.2.104).

P 5 bh2Ss /(6l) I 5 bh3/12 U 5 Pf/2 5 VS2
s /(18E)

f 5 Pl3/(3EI ) 5 4Pl3/(bh3E) 5 2l2Ss /(3hE )

Fig. 8.2.104 Rectangular plate
spring.

Fig. 8.2.105 Triangular plate
spring.

2. Triangular plate spring (Fig. 8.2.105). The elastic curve is a cir-
cular arc.

P 5 bh2Ss /(6l) I 5 bh3/12 U 5 Pf/2 5 S2
sV/(6E)

f 5 Pl3/(2EI ) 5 6Pl3/(bh3E) 5 l2Ss /(hE )

3. Rectangular plate spring with end tapered in the form of a cubic
parabola (Fig. 8.2.106). The elastic curve is a circular arc; P, I, and f
same as for triangular plate spring (Fig. 8.2.105); U 5 Pf/2 5 S2

sV/(9E).
The strength and deflection of single-leaf flat springs of various forms

Table 8.2.63 Strength and Deflection of Single-Leaf Flat Springs

Load applied at end of spring;
c 5 6/Ss

Plans and elevations
of springs a U v

Ss

E

S2
s

6E

1

2

4Ss

3E

S2
s

6E

2

3

2Ss

3E

0.33S2
s

6E
1

0.87Ss

E

0.70S2
s

6E

5

8

1.09Ss

E

0.725S2
s

6E

3

4

Fig. 8.2.106 Rectangular plate spring: tapered end.

4. Compound (leaf or laminated) springs. If several springs of rectan-
gular section are combined, the resulting compound spring should
(1) form a beam of uniform strength that (2) does not open between the
joints while bending (i.e., elastic curve must be a circular arc). Only the
type immediately following meets both requirements, the others meet-
ing only the second requirement.

5. Laminated triangular plate spring (Fig. 8.2.107). If the triangular
plate spring shown at I is cut into an even number (5 2n) of strips of
equal width (in this case eight strips of width b/2), and these strips are
combined, a laminated spring will be formed whose carrying capacity
will equal that of the original uncut spring; or P 5 nbh2Ss /(6l); n 5
6Pl/(bh2Ss).

Fig. 8.2.107 Laminated triangular plate spring.

Load applied at center of spring;
c 5 6/4Ss

Plans and elevations
of springs a U v

Ss

4E

S2
s

6E

1

2

0.87Ss

4E

0.70S2
s

6E

5

8

Ss

3E

S2
s

6E

2

3

1.09Ss

4E

0.725S2
s

6E

3

4

Ss

6E

0.33S2
s

6E
1
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6. Laminated rectangular plate spring with lead ends tapered in the
form of a cubical parabola (Fig. 8.2.108); see case 3.

between bolt eyes (less 1⁄2 length of center band, where used); deflection
f 5 4l2SsK/(hE ), where

K 5
1

(1 2 r)3 F1 2 r2

2
2 2r(1 2 r) 2 r2 ln rG

r being the number of full-length leaves 4 total number (n) of leaves in
the spring. All dimensions in inches. For semielliptic springs, the de-
flection is only half as great. Safe load 5 nbh2Ss /(3l). (Peddle, Am.
Mach., Apr. 17, 1913.)
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Fig. 8.2.108 Laminated rectangular plate spring with leaf end tapered.

7. Laminated trapezoidal plate spring with leaf ends tapered (Fig.
8.2.109). The ends of the leaves are trapezoidal and are tapered accord-
ing to the formula

z 5
h

3
√1 1 (b1 /b)(a/x 2 1)

8. Semielliptic springs (for locomotives, trucks, etc.). Referring to
Fig. 8.2.110, the load 2P (lb) acting on the spring center band produces
a tensional stress P/cos a in each of the inclined shackle links. This is
resolved into the vertical force P and the horizontal force P tan a, which
together produce a bending moment M 5 P(l 1 p tan a). The equations

Fig. 8.2.109 Laminated trapezoidal plate spring with leaf ends tapered.

given in (1), (2), and (3) apply to curved as well as straight springs. The
bearing force 5 2P 5 (2nbh2/6)[Ss /(l 1 p tan a)], and the deflection 5
[6l2/(nbh3)]P(l 1 p tan a)/E 5 l2S2 /(hE).

In addition to the bending moment, the leaves are subjected to the
tension force P tan a and the transverse force P, which produce in the
upper leaf an additional stress S 5 P tan a/(bh), as well as a transverse
shearing stress.

Fig. 8.2.110 Semielliptic springs.

In determining the number of leaves n in a given spring, allowance
should be made for an excess load on the spring caused by the vibration.
This is usually done by decreasing the allowable stress about 15 per-
cent.

The foregoing does not take account of initial stresses caused by the
band. For more detailed information, see Wahl, ‘‘Mechanical Springs,’’
Penton.

9. Elliptic springs. Safe load P 5 nbh2Ss /(6l), where l 5 1⁄2 distance
Coiled Springs In these, the load is applied as a couple Pr which
turns the spring while winding or holds it in place when wound up. If the
spindle is not to be subjected to bending moment, P must be replaced by
two equal and opposite forces (P/2) acting at the circumference of a
circle of radius r. The formulas are the same in both cases. The springs
are assumed to be fixed at one end and free at the other. The bending
moment acting on the section of least resistance is always Pr. The
length of the straightened spring 5 l. See Benjamin and French, Experi-
ments on Helical Springs, Trans. ASME, 23, p. 298.

For heavy closely coiled helical springs the usual formulas are inaccu-
rate and result in stresses greatly in excess of those assumed. See Wahl,
Stresses in Heavy Closely-Coiled Helical Springs, Trans. ASME, 1929.
In springs 10 to 12 and 15 to 18, the quantity k is unity for lighter springs
and has the stated values (supplied by Wahl) for heavy closely coiled
springs.

10. Spiral coiled springs of rectangular cross section (Fig. 8.2.111).

P 5 bh2Ss /(6rk) I 5 bh3/12 U 5 Pf/2 5 Ss
2V/(6Ek2)

f 5 ra 5 Plr2/(EI ) 5 12Plr2/(Ebh3) 5 2rlSs /(hEk)

For heavy closely coiled springs, k 5 (3c 2 1)/(3c 2 3), where c 5
2R/h and R is the minimum radius of curvature at the center of the
spiral.

Fig. 8.2.111 Spiral coiled spring:
rectangular cross section.

Fig. 8.2.112 Cylindrical
helical spring: circular cross
section.

11. Cylindrical helical spring of circular cross section (Fig. 8.2.112).

P 5 pd3Ss /(32rk) I 5 pd4/64 U 5 Pf/2 5 Ss
2V/(8Ek2)

f 5 ra 5 Plr2/(EI ) 5 64Plr2/(pEd4) 5 2rlSs /(dEk)

For heavy closely coiled springs, k 5 (4c 2 1)/(4c 2 4), where c 5
2r/d.

12. Cylindrical helical spring of rectangular cross section (Fig. 8.2.113).

P 5 bh2Ss /(6rk) I 5 bh3/12 U 5 Pf/2 5 Ss
2V/(8Ek2)

f 5 ra 5 Plr2/(EI ) 5 12Plr2/(Ebh3) 5 2rlSs /(hEk)

For heavy closely coiled springs, k 5 (3c 2 1)/(3c 2 3), where c 5
2r/h.

Fig. 8.2.113 Cylindrical helical spring: rectangular cross section.
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Springs Subjected to Torsion

The statements made concerning coiled springs subjected to bending
apply also to springs 13 and 14.

13. Straight bar spring of circular cross section (Fig. 8.2.114).

P 5 pd3Sv /(16r) 5 0.1963d3Sv /r U 5 Pf/2 5 Sv
2V/(4G)

f 5 ra 5 32r2lP/(pd4G) 5 2rlSv /(dG)

14. Straight bar spring of rectangular cross section (Fig. 8.2.115).

P 5 2b2hSv /(9r) K 5 b/h

For heavy closely coiled springs, k 5 (4c 2 1)/(4c 2 4) 1 0.615/c,
where c 5 2r/b.
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U 5 Pf/2 5 4Sv
2V(K2 1 1)/(45G) max when K 5 1

f 5 ra 5 3.6r2lP(b2 1 h2)/(b3h3G) 5 0.8rlSv(b2 1 h2)/(bh2G)

Fig. 8.2.114 Straight bar
spring: circular cross section.

Fig. 8.2.115 Straight bar
spring: rectangular cross section.

Springs Loaded Axially in Either Tension
or Compression

NOTE. For springs 15 to 18, r 5 mean radius of coil; n 5 number of
coils.

15. Cylindrical helical spring of circular cross section (Fig. 8.2.116).

P 5 pd3Sv/(16rk) 5 0.1963d3Sv /(rk)
U 5 Pf/2 5 S2

vV/(4Gk2)
f 5 64nr3P/(d4G) 5 4pnr2Sv /(dGk)

For heavy closely coiled springs, k 5 (4c 2 1)/(4c 2 4) 1 0.615/c,
where c 5 2r/d.

Fig. 8.2.116 Cylindrical helical spring: circular cross section.

Fig. 8.2.117 Wahl correction factor.

16. Cylindrical helical spring of rectangular cross section (Fig. 8.2.118).

P 5 2b2hSv/(9rk) K 5 b/h
U 5 Pf/2 5 4Sv

2V(K 2 1 1)/(45Gk2) max when K 5 1
f 5 7.2pnr3P(b2 1 h2)/(b3h3G) 5 1.6pnr2Sv(b2 1 h2)/(bh2Gk)
Fig. 8.2.118 Cylindrical helical spring: rectangular cross section.

17. Conical helical spring of circular cross section (Fig. 8.2.119a).

l 5 length of developed spring
d 5 diameter of wire
r 5 maximum mean radius of coil

P 5 pd3Sv/(16rk) 5 0.1963d3Sv/(rk)
U 5 Pf/2 5 Sv

2V/(8Gk2)
f 5 16r2lP/(pd4G) 5 16nr3P/(d4G)

5 rlSv /(dGk) 5 pnr2Sv/(dGk)

For heavy closely coiled springs, k 5 (4c 2 1)/(4c 2 4) 1 0.615/c,
where c 5 2r/d.

Fig. 8.2.119a Conical helical
spring: circular cross section.

Fig. 8.2.119b Conical helical
spring: rectangular cross section.

18. Conical helical spring of rectangular cross section (Fig. 8.2.119b).

b 5 small dimension of section
d 5 large dimension of section
r 5 maximum mean radius of coil

K 5 b/h (# 1) P 5 2b2hSv/(9rk)
U 5 Pf/2 5 2Sv

2V(K 2 1 1)/(45Gk2) max when K 5 1
f 5 1.8r2lP(b2 1 h2)/(b3h3G) 5 1.8pnr3P(b2 1 h2)/(b3h3G)

5 0.4rlSv(b2 1 h2)/(bh2Gk) 5 0.4pnr2Sv(b2 1 h2)/(bh2Gk)

For heavy closed coiled springs, k 5 (4c 2 1)/(4c 2 4) 1 0.615c,
where c 5 2r/ro 2 ri .

19. Truncated conical springs (17 and 18). The formulas under 17 and
18 apply for truncated springs. In calculating deflection f, however, it is
necessary to substitute r1

2 1 r2
2 for r2, and pn(r1 1 r2) for pnr, r1 and r2

being, respectively, the greatest and least mean radii of the coils.

NOTE. The preceding formulas for various forms of coiled springs are suf-
ficiently accurate when the cross-section dimensions are small in comparison
with the radius of the coil, and for small pitch. Springs 15 to 19 are for either
tension or compression but formulas for springs 17 and 18 are good for compres-
sion only until the largest coil flattens out; then r becomes a variable, depending
on the load.

Design of Helical Springs

When sizing a new spring, one must consider the spring’s available
working space and the loads and deflections the spring must experience.
Refinements dictated by temperature, corrosion, reliability, cost, etc.
may also enter design considerations. The two basic formulas of load
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and deflection (see item 15, Fig. 8.2.116) contain eight variables ( f, P,
d, S, r, k, n, G) which prevent one from being able to use a one-step
solution. For instance, if f and P are known and S and G are chosen,
there still remain d, r, k, and n to be found.

A variety of solution approaches are available, including: (1) slide-
rule-like devices available from spring manufacturers, (2) nomographic
methods (Chironis, ‘‘Spring Design and Application,’’ McGraw-Hill;
Tsai, Speedy Design of Helical Compression Springs by Nomography
Method, J. of Eng. for Industry, Feb. 1975), (3) table methods (Carlson,

and Sv 5 0.577Sy results in the following relationship:

Sv 5
0.43A

dm

where A and m are constants (see Table 8.2.65).
Substituting Sv and rearranging yield the following useful formula:

d32m 5
Ksf16rPk

p0.43A
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‘‘Spring Designer’s Handbook,’’ Marcel Dekker), (4) formula method
(ibid.), and (5) computer programs and subroutines.

Design by Tables

Safe working loads and deflections of cylindrical helical springs of round
steel wire in tension or compression are given in Table 8.2.64. The table
is based on the formulas given for spring 15. d 5 diameter of steel wire,
in; D 5 pitch diameter (center to center of wire), in; P 5 safe working
load for given unit stress, lb; f 5 deflection of 1 coil for safe working
load, in.

The table is based on the values of unit stress indicated, and G 5
12,500,000. For any other value of unit stress, divide the tabular value
by the unit stress used in the table and multiply by the unit stress to be
used in the design. For any other value of G, multiply the value of f in
the table by 12,500,000 and divide by the value of G chosen. For square
steel wire, multiply values of P by 1.06, and values of f by 0.75. For
round brass wire, take Ss 5 10,000 to 20,000, and multiply values of f by
2 (Howe).

EXAMPLES OF USE OF TABLE 8.2.64. 1. Required the safe load (P) for a
spring of 3⁄8-in round steel with a pitch diameter (D) of 31⁄2 in. In the line headed D,
under 31⁄2, is given the value of P, or 678 lb. This is for a unit stress of 115,000
lb/in2. The load P for any other unit stress may be found by dividing the 678 by
115,000 and multiplying by the unit stress to be used in the design. To determine
the number of coils this spring would need to compress (say) 6 in under a load of
(say) 678 lb, take the value of f under 678, or 0.938, which is the deflection of one
coil under the given load. Therefore, 6/0.938 5 6.4, say 7, equals the number of
coils required. The spring will therefore be 25⁄8 in long when closed (7 3 3⁄8),
counting the working coils only, and must be 85⁄8 in long when unloaded. Whether
there is an extra coil at one end which does not deflect will depend upon the details
of the particular design. The deflection in the above example is for a unit stress of
115,000 lb/in2. The rule is, divide the deflection by 115,000 and multiply by the
unit stress to be used in the design.

2. A 7⁄16-in steel spring of 31⁄2-in OD has its coils in close contact. How much
can it be extended without exceeding the limit of safety? The maximum safe load
for this spring is found to be 1,074 lb, and the deflection of one coil under this load
is 0.810 in. This is for a unit stress of 115,000 lb/in2. Therefore, 0.810 is the
greatest admissible opening between any two coils. In this way, it is possible to
ascertain whether or not a spring is overloaded, without knowledge of the load
carried.

Design by Formula

A design formula can be constructed by equating calculated stress sv

(from load formula, Fig. 8.2.117) to an allowable working stress in
torsion:

sv 5 smax 5
16rP

pd3 S4c 2 1

4c 2 4
1

0.615

c D 5
16rPk

pd3
5

Sv

Ksf

where P 5 axial load on spring, lb; r 5 D/2 5 mean radius of coil, in;
D 5 mean diameter of coil, in (outside diameter minus wire diameter);
d 5 wire diameter, in; smax 5 torsional stress, lb/in2; Ksf 5 safety factor
and c 5 D/d. Note that the expression in parentheses [(4c 2 1)(4c 2
4) 1 0.615/c] is the Wahl correction factor k, which accounts for the
added stresses in the coils due to curvature and direct shear. See Fig.
8.2.117. Values of Sv , yield point in shear from standard tests, are
strongly dependent on d, hence the availability of Sv in the literature is
limited. However, an empirical relationship between SuT and d is avail-
able (see Shigley, ‘‘Mechanical Engineering Design,’’ McGraw-Hill,
4th ed., p. 452). Using also the approximate relations Sy 5 0.75Sut
EXAMPLE. A slow-speed follower is kept in contact with its cam by means of
a helical compression spring, in which the minimum spring force desired is 20 lb
to assure firm contact, while maximum spring force is not to exceed 60 lb to
prevent excessive surface wear on the cam. The follower rod is 1⁄4 inch in diame-
ter, and the rod enclosure where the spring is located is 7⁄8 inch in diameter.
Maximum displacement is 1.5 in.

Choose r 5 0.5 3 0.75 5 0.375. From Table 8.2.65 choose m 5 0.167 and A 5
169,000. Choose Ksf 5 2. Assume k 5 1 to start.

d320.167 5
(2)(0.375)(60)(16)

(p)(0.43)(169,000)
5 0.00315

d 5 (0.00315)0.35298 5 0.131 in

Spring constant 5
DP

Df
5

40

1.5
5 26.667

and from the deflection formula, the number of active turns

n 5
(0.131)4(11,500,000)

(26.667)(64)(0.375)3
5 37.6

For squared and ground ends add two dead coils, so that

ntotal 5 40
H 5 solid height 5 (40)(0.131) 5 5.24 in
f0 5 displacement from zero to maximum load

5 60/26.667 5 2.249
L0 5 approximate free length 5 5.24 1 2.249 5 7.49 in

NOTE. Some clearance should be added between coils so that at
maximum load the spring is not closed to its solid height. Also, the
nearest commercial stock size should be selected, and recalculations
made on this stock size for Sv , remembering to include k at this juncture.
If recalculated Sv is satisfactory as compared to published values, the
design is retained, otherwise enough iterations are performed to arrive
at a satisfactory result. Figure 8.2.120 shows a plot of SuT versus d. To
convert SuT to Sv , multiply SuT by 0.43.

c 5 2(0.375/0.131) 5 5.73

k 5
4(5.73) 2 1

4(5.73) 2 4
1

0.615

5.73
5 1.257

Sv 5
(Ksf)(16)(0.375)(1.257)(60)

p (0.131)3
5 (Ksf)(64,072)

Now SuT 5 235,000 lb/in2 (from Fig. 8.2.120) and Sv (tabulated) 5
(0.43)(235,000) 5 101,696 lb/in2 so that Ksf 5 101,696/64,072 5 1.59,
a satisfactory value.

NOTE. The original choice of a generous Ksf 5 2 was made to hedge
against the large statistical variations implied in the empirical formula
Sv 5 0.43A/dm.

The basis for design of springs in parallel or in series is shown in Fig.
8.2.121.

Belleville Springs Often called dished, or conical spring, washers,
Belleville springs occupy a very small space. They are stressed in a very
complex manner, and provide unusual spring rate curves (Fig.
8.2.122a). These springs are nonlinear, but for some proportions, they
behave with approximately linear characteristics in a limited range.
Likewise, for some proportions they can be used through a spectrum of
spring rates, from positive to flat and then through a negative region.
The snap-through action, shown at point A in Fig. 8.2.122b, can be
useful in particular applications requiring reversal of spring rates. These



Table 8.2.64 Safe Working Loads P and Deflections f of Cylindrical Helical Steel Springs of Circular Cross Section
(For closely coiled springs, divide given load and deflection values by the curvature factor k.)

Allowable
unit

stress,
lb/in2

Diam,
in

Pitch diameter D, in

D 5⁄32 3⁄16 1⁄4 5⁄16 3⁄8 7⁄16 1⁄2 5⁄8 3⁄4 7⁄8 1 11⁄8 11⁄4 13⁄8 11⁄2 15⁄8 13⁄4 17⁄8 2 21⁄4 21⁄2

150,000 0.035 P 16.2 13.4 10.0 8.10 6.66 5.75 4.96 4.05 3.39
f .026 .037 .067 .105 .149 .200 .276 .420 .608

0.041 P 26.2 21.6 16.2 13.0 10.8 9.27 8.10 6.52 5.35 4.57
f .023 .032 .057 .089 .128 .175 .229 .362 .512 .697

0.047 P 39.1 32.6 24.5 19.6 16.4 13.9 12.3 9.80 8.10 6.92 6.14
f .019 .028 .049 .078 .112 .153 .200 .311 .449 .610 .800

0.054 P 59.4 49.6 37.2 29.7 24.6 21.2 18.5 14.7 12.4 10.5 9.25 8.23
f .016 .024 .043 .067 .098 .133 .174 .273 .390 .532 .695 .878

0.062 P 74.9 56.1 44.9 37.3 32.0 28.0 22.4 18.6 16.1 13.9 12.5 11.2
f .021 .037 .058 .084 .115 .151 .235 .340 .460 .605 .760 .947

0.063 P 78.2 58.7 46.9 39.2 33.9 29.4 23.5 19.6 16.8 14.7 13.2 11.9 10.7
f .020 .037 .057 .083 .113 .148 .233 .335 .445 .591 .748 .930 1.12

0.072 P 117. 80.7 70.0 58.7 50.2 43.6 35.2 29.0 25.0 21.9 19.5 17.5 16.0
f .018 .032 .050 .077 .100 .130 .203 .294 .405 .521 .652 .802 .986

0.080 P 121 96.6 80.5 69.1 60.4 48.2 48.2 34.6 30.1 26.7 24.2 22.1 20.2
f .029 .045 .065 .090 .117 .183 .262 .359 .470 .593 .735 .886 1.105

140,000 0.092 P 171 136 113 97.6 85.5 68.9 57.3 48.8 42.6 37.8 34.5 31.3 28.6
f .023 .037 .053 .072 .098 .148 .214 .291 .388 .481 .596 .720 .854

0.093 P 178 142 118 99.5 89.0 71.2 59.1 50.9 44.3 39.6 35.7 32.3 29.6 27.3
f .023 .036 .052 .071 .093 .146 .211 .286 .376 .473 .585 .707 .841 .986

0.105 P 204 170 147 127 102 85.4 73.0 63.4 56.6 51.1 46.3 42.6 38.9
f .032 .047 .064 .083 .122 .188 .256 .336 .425 .512 .632 .755 .880

0.120 P 303 253 217 190 152 126 108 95.2 84.2 76.2 69.2 63.5 58.5 54.3
f .028 .041 .055 .073 .114 .174 .223 .296 .368 .449 .551 .657 .768 .893

0.125 P 286 245 214 171 143 121 107 95.5 85.2 78.0 71.5 65.8 60.8 57.2
f .039 .053 .069 .109 .169 .213 .278 .353 .437 .528 .626 .731 .855 .981

0.135 P 359 309 270 217 171 154 135 120 108 98.7 90.2 82.7 72.2 71.8 67.5
f .036 .049 .064 .106 .145 .198 .260 .327 .399 .486 .581 .680 .791 .908 1.04

0.148 P 408 356 285 237 207 178 158 142 130 118 109 102 95.0 89.0
f .045 .059 .092 .132 .180 .236 .293 .370 .448 .530 .620 .723 .828 .945
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Table 8.2.64 Safe Working Loads P and Deflections f of Cylindrical Helical Steel Springs of Circular Cross Section (Continued )

Allowable
unit

stress,
lb/in2

Diam,
in

Pitch diameter D, in

D 7⁄16 1⁄2 5⁄8 3⁄4 7⁄8 1 11⁄8 11⁄4 13⁄8 11⁄2 15⁄8 13⁄4 17⁄8 2 21⁄4 21⁄2 23⁄4 3 31⁄2 4 41⁄2 5

140,000 0.156 P 480 418 330 270 234 208 185 167 152 139 128 119 111 104 92.7
f 0.42 .056 .087 .125 .171 .223 .282 .350 .422 .509 .588 .685 .785 .896 1.12

0.162 P 468 376 311 276 234 207 187 170 156 143 134 125 117 103
f .054 .085 .121 .165 .216 .273 .338 .409 .488 .566 .663 .757 .863 1.09

0.177 P 608 487 406 347 305 270 243 223 205 187 174 163 152 135 122
f .049 .077 .115 .151 .198 .251 .311 .375 .447 .522 .606 .695 .793 1.00 1.24

125,000 0.187 P 642 522 426 367 320 284 256 233 213 197 183 170 160 142 128
f .041 .065 .093 .127 .166 .210 .260 .314 .373 .487 .510 .584 .665 .832 1.04

0.192 P 696 556 465 396 348 309 278 254 233 214 199 186 174 154 139 126
f .040 .063 .091 .124 .160 .205 .252 .308 .366 .428 .499 .571 .652 .825 1.02 1.23

0.207 P 694 579 495 432 385 346 315 288 266 247 232 216 192 173 158 144
f .059 .085 .115 .151 .191 .236 .286 .342 .396 .462 .570 .607 .757 .943 1.11 1.36

0.218 P 812 678 580 509 452 408 360 339 310 291 270 255 225 204 185 169
f .055 .080 .109 .142 .180 .223 .269 .321 .374 .437 .488 .570 .710 .891 1.08 1.28

0.225 P 895 746 640 560 498 447 407 372 345 320 299 280 248 224 203 187
f .054 .078 .106 .138 .175 .213 .262 .312 .372 .425 .486 .565 .691 .866 1.05 1.24

0.244 P 1120 950 811 711 632 570 517 475 438 406 381 356 316 284 259 237
f .049 .071 .098 .138 .161 .200 .240 .287 .336 .391 .449 .537 .646 .800 .965 1.14

0.250 P 1027 880 760 685 617 560 513 476 440 410 385 342 308 281 266 222
f .070 .095 .131 .157 .191 .236 .281 .328 .385 .439 .524 .624 .780 .946 1.12 1.53
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0.263 P 1195 1125 895 795 717 652 598 551 501 478 448 400 359 326 298 256
f .066 .089 .118 .149 .183 .224 .266 .312 .363 .416 .475 .592 .740 .896 1.06 1.44

0.281 P 1450 1240 1087 969 863 794 724 665 620 580 543 482 437 395 362 310
f .062 .085 .111 .140 .172 .209 .250 .292 .340 .390 .443 .562 .692 .840 1.02 1.36

0.283 P 1264 1110 985 886 805 740 682 634 592 564 492 439 402 370 317
f .084 .111 .139 .169 .207 .246 .289 .338 .386 .440 .559 .690 .883 .990 1.35

115,000 0.312 P 1575 1376 1220 1100 1000 915 845 775 733 687 610 550 500 460 392 343
f .070 .092 .116 .144 .174 .207 .242 .283 .322 .368 .467 .577 .697 .829 1.12 1.47

0.331 P 1636 1455 1316 1187 1090 1000 932 870 818 725 653 594 545 468 410
f .088 .109 .135 .163 .194 .227 .264 .343 .346 .437 .541 .654 .770 1.05 1.30

0.341 P 1820 1620 1452 1325 1214 1120 1040 970 910 808 728 661 608 520 454
f .082 .105 .127 .156 .186 .218 .256 .293 .330 .413 .522 .625 .745 1.02 1.32

0.362 P 2140 1910 1714 1560 1430 1318 1220 1147 1070 950 858 778 714 612 535
f .079 .100 .123 .149 .177 .207 .243 .273 .317 .400 .495 .598 .713 .965 .126

0.375 P 2110 1940 1780 1580 1458 1354 1265 1185 1058 950 860 790 678 592 528
f .079 .117 .144 .172 .201 .234 .268 .308 .382 .478 .579 .688 .938 1.22 1.54

0.393 P 2430 2180 1984 1820 1680 1560 1458 1365 1212 1092 990 910 780 682 670
f .092 .114 .137 .164 .195 .223 .256 .292 .369 .457 .550 .657 .890 1.16 1.47

0.406 P 2400 2170 2000 1840 1710 1600 1500 1330 1200 1090 1000 855 750 666
f .108 .134 .159 .168 .217 .248 .284 .353 .444 .525 .640 .867 1.13 1.43

0.430 P 2875 2610 2400 2210 2050 1918 1798 1598 1440 1308 1200 1028 900 800
f .104 .126 .150 .175 .204 .234 .267 .338 .418 .503 .600 .815 1.06 1.35

0.437 P 3000 2730 2500 2310 2140 2000 1800 1665 1500 1365 1250 1074 940 835 750
f .100 .124 .148 .173 .201 .231 .264 .327 .412 .490 .593 .810 1.05 1.33 1.64

8-73

C
opyright (C

) 1999 by T
he M

cG
raw

-H
ill C

om
panies, Inc.  A

ll rights reserved.  U
se of

this product is subject to the term
s of its L

icense A
greem

ent.   C
lick here to view

.

Allowable
unit

stress,
lb/in2

Diam,
in

Pitch diameter D, in

D 7⁄16 1⁄2 5⁄8 3⁄4 7⁄8 1 11⁄8 11⁄4 13⁄8 11⁄2 15⁄8 13⁄4 17⁄8 2 21⁄4 21⁄2 23⁄4 3 31⁄2 4 41⁄2 5

Table 8.2.64 Safe Working Loads P and Deflections f of Cylindrical Helical Steel Springs of Circular Cross Section (Continued )



Table 8.2.64 Safe Working Loads P and Deflections f of Cylindrical Helical Steel Springs of Circular Cross Section (Continued )

Allowable
unit

stress,
lb/in2

Diam,
in

Pitch diameter D, in

D 11⁄4 13⁄8 11⁄2 15⁄8 13⁄4 17⁄8 2 21⁄4 21⁄2 23⁄4 3 31⁄2 4 41⁄2 5 51⁄2 6

110,000 0.460 P 3065 2800 2580 2400 2230 2100 1865 1680 1530 1400 1200 1058 952 840
f .112 .134 .157 .183 .209 .239 .303 .374 .447 .536 .729 .956 1.21 1.49

0.468 P 3265 2940 2725 2530 2375 2210 1970 1770 1610 1472 1265 1110 935 885
f .111 .132 .154 .182 .206 .235 .295 .368 .444 .530 .720 .943 1.19 1.47

0.490 P 3675 3270 3115 2890 2710 2535 2245 2025 1840 1690 1445 1268 1125 1015 920
f .106 .126 .148 .172 .196 .225 .284 .351 .424 .506 .688 .900 1.13 1.40 1.70

0.500 P 3610 3320 3090 2890 2710 2410 2160 1970 1810 1550 1352 1205 1082 985
f .123 .144 .168 .192 .220 .274 .347 .415 .495 .672 .880 1.11 1.37 1.65

0.562 P 4700 4390 4090 3830 3420 3080 2790 2565 2190 1913 1710 1535 1395 1280
f .128 .149 .175 .195 .248 .306 .372 .440 .596 .782 .990 1.22 1.47 1.75

0.625 P 6100 5600 5260 4660 4210 3825 3505 3000 2630 2340 2110 1913 1750
f .134 .154 .176 .218 .275 .328 .397 .538 .705 .875 1.05 1.33 1.58

100,000 0.687 P 6325 5660 5090 4630 4250 3625 3195 2825 2560 2330 2125
f .145 .183 .228 .274 .3278 .443 .580 .733 .908 1.00 1.30

0.750 P 7400 6640 6030 5540 4745 4150 3690 3325 3025 2770
f .178 .218 .252 .299 .402 .532 .671 .832 1.00 1.19

0.812 P 8420 7660 7000 6000 5260 4675 4200 3825 3500
f .192 .232 .276 .376 .490 .620 .766 .880 1.10

0.875 P 10830 9550 8700 7500 6560 5740 5250 4770 4730
f .179 .218 .257 .348 .456 .577 .712 .860 1.02

90,000 0.937 P 10600 9700 8400 7160 6470 5810 5290 4850
f .179 .217 .290 .383 .480 .591 .715 .855

1.000 P 11780 10100 8800 7850 7050 6330 5870
f .206 .276 .360 .454 .561 .680 .803

1,125 P 14400 12600 11230 10100 9200 8400
f .244 .320 .405 .496 .600 .718

1.250 P 24700 18200 15300 13250 12540 11500
f .260 .287 .364 .442 .545 .648

80,000 1.375 P 20400 18100 16150 14850 13600
f .280 .294 .364 .440 .522

8-74

C
opyright (C

) 1999 by T
he M

cG
raw

-H
ill C

om
panies, Inc.  A

ll rights reserved.  U
se of

this product is subject to the term
s of its L

icense A
greem

ent.   C
lick here to view

.



WIRE ROPE 8-75

Table 8.2.65 Constants for Use in Sv 5 0.43A/dm

Constant A

kips MPa
Size range, Size range, Exponent

Material in mm m

Music wire* 0.004–0.250 0.10–6.55 0.146 196 2,170
Oil-tempered wire† 0.020–0.500 0.50–12 0.186 149 1,880
Hard-drawn wire‡ 0.028–0.500 0.70–12 0.192 136 1,750
Chrome vanadium§ 0.032–0.437 0.80–12 0.167 169 2,000
Chrome silicon¶ 0.063–0.375 1.6–10 0.112 202 2,000

* Surface is smooth, free from defects, and has a bright, lustrous finish.
† Has a slight heat-treating scale which must be removed before plating.
‡ Surface is smooth and bright, with no visible marks.
§ Aircraft-quality tempered wire; can also be obtained annealed.
¶ Tempered to Rockwell C49 but may also be obtained untempered.
SOURCE: Adapted from ‘‘Mechanical Engineering Design,’’ Shigley, McGraw-Hill, 1983 by permission.
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Fig. 8.2.122a Sectional view of Belleville spring.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Fig. 8.2.120 Minimum tensile strength for the most popular spring materials,
spring-quality wire. (Reproduced from Carlson, ‘‘Spring Designer’s Handbook,’’
Marcel Dekker, by permission.)

PT

Parallel
PT 5 PI 1 PII

DT 5 DI 5 DII

KT 5 KI 1 KII

where P 5 load, lb
D 5 deflection, in.
K 5 spring rate, lb/in.

I II

Series
PT 5 PI 5 PII

DT 5 DI 1 DII

KT 5
KIKII

KI 1 KII

PT

II

I

Fig. 8.2.121 Springs in parallel and in series.
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Fig. 8.2.122b Load deflection curves for a family of Belleville springs. (Asso-
ciated Spring Corp.)

springs are used for very high and special spring rates. They are ex-
tremely sensitive to slight variations in their geometry. A wide range is
available commercially.

WIRE ROPE

When power source and load are located at extreme distances from one
another, or loads are very large, the use of wire rope is suggested.
Design and use decisions pertaining to wire ropes rest with the user, but
manufacturers generally will help users toward appropriate choices. The
following material, based on the Committee of Wire Rope Producers,
‘‘Wire Rope User’s Manual,’’ 2d ed., 1981, may be used as an initial
guide in selecting a rope.

Wire rope is composed of (1) wires to form a strand, (2) strands
wound helically around a core, and (3) a core. Classification of wire
ropes is made by giving the number of strands, number of minor strands
in a major strand (if any), and nominal number of wires per strand. For
example 6 3 7 rope means 6 strands with a nominal 7 wires per strand
(in this case no minor strands, hence no middle number). A nominal
value simply represents a range. A nominal value of 7 can mean any-
where from 3 to 14, of which no more than 9 are outside wires. A full
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Fig. 8.2.123 Cross sections of some commonly used wire rope construction. (Reproduced from ‘‘Wire Rope User’s
Manual,’’ AISI, by permission.)

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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WIRE ROPE 8-77

rope description will also include length, size (diameter), whether wire
is preformed or not prior to winding, direction of lay (right or left,
indicating the direction in which strands are laid around the core), grade
of rope (which reflects wire strength), and core. The most widely used
classifications are: 6 3 7, 6 3 19, 6 3 37, 6 3 61, 6 3 91, 6 3 127, 8 3
19, 18 3 7, 19 3 7. Some special constructions are: 3 3 7 (guardrail
rope); 3 3 19 (slusher), 6 3 12 (running rope); 6 3 24 and 6 3 30
(hawsers); 6 3 42 and 6 3 6 3 7 (tiller rope); 6 3 3 3 19 (spring lay);
5 3 19 and 6 3 19 (marlin clad); 6 3 25B, 6 3 27H, and 6 3 30G

The grades most commonly available and tabulated are IPS and EIP.
Two specialized categories, where selection requires extraordinary at-
tention, are elevator and rotation-resistant ropes.

Elevator rope can be obtained in four principal grades: iron, traction
steel, high-strength steel, and extra-high-strength steel.

Bronze rope has limited use; iron rope is used mostly for older exist-
ing equipment.

Selection of Wire Rope

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
(flattened strand). The diameter of a rope is the circle which just con-
tains the rope. The right-regular lay (in which the wire is twisted in one
direction to form the strands and the strands are twisted in the opposite
direction to form the rope) is most common. Regular-lay ropes do not
kink or untwist and handle easily. Lang-lay ropes (in which wires and
strands are twisted in the same direction) are more resistant to abrasive
wear and fatigue failure.

Cross sections of some commonly used wire rope are shown in Fig.
8.2.123. Figure 8.2.124 shows rotation-resistant ropes, and Fig. 8.2.125
shows some special-purpose constructions.

The core provides support for the strands under normal bending and
loading. Core materials include fibers (hard vegetable or synthetic) or
steel (either a strand or an independent wire rope). Most common core
designations are: fiber core (FC), independent wire-rope core (IWRC),
and wire-strand core (WSC). Lubricated fiber cores can provide lubri-
cation to the wire, but add no real strength and cannot be used in high
temperature environments. Wire-strand or wire-rope cores add from 7
to 10 percent to strength, but under nonstationary usage tend to wear
from interface friction with the outside strands. Great flexibility can be
achieved when wire rope is used as strands. Such construction is very
pliable and friction resistant. Some manufacturers will provide plastic
coatings (nylon, Teflon, vinyl, etc.) upon request. Such coatings help
provide resistance to abrasion, corrosion, and loss of lubricant. Crush-
ing refers to rope damage caused by excessive pressures against drum or
sheave, improper groove size, and multiple layers on drum or sheave.
Consult wire rope manufacturers in doubtful situations.

Wire-rope materials and their strengths are reflected as grades. These
are: traction steel (TS), mild plow steel (MPS), plow steel (PS), im-
proved plow steel (IPS), and extra improved plow (EIP). The plow steel
strength curve forms the basis for calculating the strength of all steel
rope wires. American manufacturers use color coding on their ropes to
identify particular grades.
Fig. 8.2.125 Some special constructions. (Rep
Appraisal of the following is the key to choosing the rope best suited to
the job: resistance to breaking, resistance to bending fatigue, resistance
to vibrational fatigue, resistance to abrasion, resistance to crushing, and
reserve strength. Along with these must be an appropriate choice of
safety factor, which in turn requires careful consideration of all loads,
acceleration-deceleration, shocks, rope speed, rope attachments, sheave

Fig. 8.2.124 Cross section of some rotation-resistant wire ropes. (Reproduced
from ‘‘Wire Rope User’s Manual,’’ AISI, by permission.)
roduced from ‘‘Wire Rope User’s Manual,’’ AISI, by permission.)
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Table 8.2.66 Selected Values of Nominal Strengths of Wire Rope

Fiber core IWRC

Nominal strength
Nominal
diameter

Approximate
mass

Nominal
strength IPS

Approximate
mass IPS EIP

Classification in mm lb/ft kg/m tons t lb/ft kg/m tons t tons t

6 3 7 Bright 1⁄4 6.4 0.09 0.14 2.64 2.4 0.10 0.15 2.84 2.58
(uncoated) 3⁄8 9.5 0.21 0.31 5.86 5.32 0.23 0.34 6.30 5.72

1⁄2 13 0.38 0.57 10.3 9.35 0.42 0.63 11.1 10.1
5⁄8 16 0.59 0.88 15.9 14.4 0.65 0.97 17.1 15.5
7⁄8 22 1.15 1.71 30.7 27.9 1.27 1.89 33.0 29.9

11⁄8 29 1.90 2.83 49.8 45.2 2.09 3.11 53.5 48.5
13⁄8 35 2.82 4.23 73.1 66.3 3.12 4.64 78.6 71.3

6 3 19 Bright 1⁄4 6.4 0.11 0.16 2.74 2.49 0.12 0.17 2.94 2.67 3.40 3.08
(uncoated) 3⁄8 9.5 0.24 0.35 6.10 5.53 0.26 0.39 6.56 5.95 7.55 6.85

1⁄2 13 0.42 0.63 10.7 9.71 0.46 0.68 11.5 10.4 13.3 12.1
5⁄8 16 0.66 0.98 16.7 15.1 0.72 1.07 17.7 16.2 20.6 18.7
7⁄8 22 1.29 1.92 32.2 29.2 1.42 2.11 34.6 31.4 39.8 36.1

11⁄8 29 2.13 3.17 52.6 47.7 2.34 3.48 56.5 51.3 65.0 59.0
13⁄8 35 3.18 4.73 77.7 70.5 3.5 5.21 83.5 75.7 96.0 87.1
15⁄8 42 4.44 6.61 107 97.1 4.88 7.26 115 104 132 120
17⁄8 48 5.91 8.8 141 128 6.5 9.67 152 138 174 158
21⁄8 54 7.59 11.3 179 162 8.35 12.4 192 174 221 200
23⁄8 60 9.48 14.1 222 201 10.4 15.5 239 217 274 249
25⁄8 67 11.6 17.3 268 243 12.8 19.0 288 261 331 300

6 3 37 Bright 1⁄4 6.4 0.11 0.16 2.74 2.49 0.12 0.17 2.94 2.67 3.4 3.08
(uncoated) 3⁄8 9.5 0.24 0.35 6.10 5.53 0.26 0.39 6.56 5.95 7.55 6.85

1⁄2 13 0.42 0.63 10.7 9.71 0.46 0.68 11.5 10.4 13.3 12.1
5⁄8 16 0.66 0.98 16.7 15.1 0.72 1.07 17.9 16.2 20.6 18.7
7⁄8 22 1.29 1.92 32.2 29.2 1.42 2.11 34.6 31.4 39.5 36.1

11⁄8 29 2.13 3.17 52.6 47.7 2.34 3.48 56.5 51.3 65.0 59.0
13⁄8 35 3.18 4.73 77.7 70.5 3.50 5.21 83.5 75.7 96.0 87.1
15⁄8 42 4.44 6.61 107 97.1 4.88 7.26 115 104 132 120
17⁄8 48 5.91 8.8 141 128 6.5 9.67 152 138 174 158
21⁄8 54 7.59 11.3 179 162 8.35 12.4 192 174 221 200
23⁄8 60 9.48 14.1 222 201 10.4 15.5 239 217 274 249
27⁄8 67 11.6 17.3 268 243 12.8 19.0 288 261 331 300
31⁄8 74 13.9 20.7 317 287 15.3 22.8 341 309 392 356

80 16.4 24.4 371 336 18.0 26.8 399 362 458 415

6 3 61 Bright 11⁄8 29 2.13 3.17 50.1 45.4 2.34 3.48 53.9 48.9 61.9 56.2
(uncoated) 15⁄8 42 4.44 6.61 103 93.4 4.88 7.62 111 101 127 115

2 52 6.77 10.1 154 140 7.39 11.0 165 150 190 172
25⁄8 67 11.6 17.3 260 236 12.8 18.3 279 253 321 291
3 77 15.1 22.5 335 304 16.6 24.7 360 327 414 376
4 103 26.9 40.0 577 523 29.6 44.1 620 562 713 647
5 128 42.0 62.5 872 791 46.2 68.8 937 850 1,078 978

6 3 91 Bright 2 51 6.77 10.1 146 132 7.39 11.0 157 142 181 164
(uncoated) 3 77 15.1 22.5 318 288 16.6 24.7 342 310 393 357

4 29.6 44.1 589 534 677 614
5 46.2 68.7 891 808 1,024 929
6 65.0 96.7 1,240 1,125 1,426 1,294

6 3 25B 1⁄2 13 0.45 0.67 11.8 10.8 0.47 0.70 12.6 11.4 14 12.7
6 3 27H 9⁄16 14.5 0.57 0.85 14.9 13.5 0.60 0.89 16.0 14.5 17.6 16
6 3 30G 3⁄4 19 1.01 1.50 26.2 23.8 1.06 1.58 28.1 25.5 31 28.1
Flattened strand bright 1 26 1.80 2.68 46.0 41.7 1.89 2.83 49.4 44.8 54.4 49.4
(uncoated) 11⁄4 32 2.81 4.18 71.0 64.4 2.95 4.39 76.3 60.2 84 76.2

11⁄2 38 4.05 6.03 101 91.6 4.25 6.32 108 98 119 108
13⁄4 45 5.51 8.20 136 123 5.78 8.60 146 132 161 146
2 52 7.20 10.70 176 160 7.56 11.3 189 171 207 188

8 3 19 Bright 1⁄4 6.4 0.10 0.15 2.35 2.13 0.47 0.70 10.1 9.16 11.6 10.5
(uncoated) 3⁄8 9.5 0.22 0.33 5.24 4.75 0.73 1.09 15.7 14.2 18.1 16.4

1⁄2 13 0.39 0.58 9.23 8.37 1.44 2.14 30.5 27.7 35.0 31.8
5⁄8 16 0.61 0.91 14.3 13.0 2.39 3.56 49.8 45.2 57.3 51.7

1 26 1.57 2.34 36.0 32.7 4.24 6.31 87.3 79.2 100.0 90.7
11⁄2 38 3.53 5.25 79.4 72.0

18 3 7 1⁄2 13 0.43 0.64 9.85 8.94 0.45 0.67 9.85 8.94 10.8 9.8
Rotation resistant, bright 3⁄4 19 0.97 1.44 21.8 19.8 1.02 1.52 21.8 19.8 24.0 21.8
(uncoated) 1 26 1.73 2.57 38.3 34.7 1.82 2.71 38.3 34.7 42.2 38.3

11⁄4 32 2.70 4.02 59.2 53.7 2.84 4.23 59.2 53.7 65.1 59.1
11⁄2 38 3.89 5.79 84.4 76.6 4.08 6.07 84.4 76.6 92.8 84.2

SOURCE: ‘‘Wire Rope User’s Manual,’’ AISI, adapted by permission.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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arrangements as well as their number and size, corrosive and/or abra-
sive environment, length of rope, etc. An approximate selection formula
can be written as:

DSL 5
(NS)Kb

Ksf

where DSL (demanded static load) 5 known or dead load plus addi-
tional loads caused by sudden starts or stops, shocks, bearing friction,
etc., tons; NS (nominal strength) 5 published test strengths, tons (see

effects also arise out of relative motion between strands during passage
around the drum or sheave. Additional adverse effects can be traced to
poor match between rope and groove size, and to lack of rope lubrica-
tion. Table 8.2.68 lists suggested and minimum sheave and drum ratios
for various rope construction. Table 8.2.69 lists relative bending life
factors; Figure 8.2.127 shows a plot of relative rope service life versus
D/d. Table 8.2.70 lists minimum drum (sheave) groove dimensions.
Periodic groove inspection is recommended, and worn or corrugated
grooves should be remachined or the drum replaced, depending on se-

s o

6
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Table 8.2.66); Kb 5 a factor to account for the reduction in nominal
strength due to bending when a rope passes over a curved surface such
as a stationary sheave or pin (see Fig. 8.2.126); Ksf 5 safety factor. (For
average operation use Ksf 5 5. If there is danger to human life or other
critical situations, use 8 # Ksf # 12. For instance, for elevators moving
at 50 ft /min, Ksf 5 8, while for those moving at 1,500 ft /min, Ksf 5 12.)

Having made a tentative selection of a rope based on the demanded
static load, one considers next the wear life of the rope. A loaded rope

Fig. 8.2.126 Values of Kbend vs. D/d ratios (D 5 sheave diameter, d 5 rope
diameter), based on standard test data for 6 3 9 and 6 3 17 class ropes. (Compiled
from ‘‘Wire Rope User’s Manual,’’ AISI, by permission.)

bent over a sheave stretches elastically and so rubs against the sheave,
causing wear of both members. Drum or sheave size is of paramount
importance at this point.

Sizing of Drums or Sheaves

Diameters of drums or sheaves in wire rope applications are controlled
by two main considerations: (1) the radial pressure between rope and
groove and (2) degree of curvature imposed on the rope by the drum or
sheave size.

Radial pressures can be calculated from p 5 2T/(Dd), where p 5 unit
radial pressure, lb/in2; T 5 rope load, lb; D 5 tread diameter of drum or
sheave, in; d 5 nominal diameter of rope, in. Table 8.2.67 lists sug-
gested allowable radial bearing pressures of ropes on various sheave
materials.

All wire ropes operating over drums or sheaves are subjected to cy-
clical stresses, causing shortened rope life because of fatigue. Fatigue
resistance or relative service life is a function of the ratio D/d. Adverse

Table 8.2.67 Suggested Allowable Radial Bearing Pressures of Rope

Regular lay rope, lb/in2

Material 6 3 7 6 3 19 6 3 37 8 3 19

Wood 150 250 300 350

Cast iron 300 480 585 680
Carbon-steel casting 550 900 1,075 1,260

Chilled cast iron 650 1,100 1,325 1,550

Manganese steel 1,470 2,400 3,000 3,500

SOURCE: ‘‘Wire Rope User’s Manual,’’ AISI, reproduced by permission.
verity of damage.
Seizing and Cutting Wire Rope Before a wire rope is cut, seizings

(bindings) must be applied on either side of the cut to prevent rope
distortion and flattening or loosened strands. Normally, for preformed
ropes, one seizing on each side of the cut is sufficient, but for ropes that

Table 8.2.68 Sheave and Drum Ratios

Construction* Suggested Minimum

6 3 7 72 42
19 3 7 or 18 3 7 Rotation-resistant 51 34
6 3 19 S 51 34
6 3 25 B flattened strand 45 30
6 3 27 H flattened strand 45 30
6 3 30 G flattened strand 45 30
6 3 21 FW 45 30
6 3 26 WS 45 30
6 3 25 FW 39 26
6 3 31 WS 39 26
6 3 37 SFW 39 26
6 3 36 WS 35 23
6 3 43 FWS 35 23
6 3 41 WS 32 21
6 3 41 SFW 32 21
6 3 49 SWS 32 21
6 3 46 SFW 28 18
6 3 46 WS 28 18
8 3 19 S 41 27
8 3 25 FW 32 21
6 3 42 Tiller 21 14

* WS—Warrington Seale; FWS—Filler Wire Seale; SFW—Seale Filler Wire;
SWS—Seale Warrington Seale; S—Seale; FW—Filler Wire.

† D 5 tread diameter of sheave; d 5 nominal diameter of rope. To find any tread
diameter from this table, the diameter for the rope construction to be used is multi-
plied by its nominal diameter d. For example, the minimum sheave tread diameter
for a 1⁄2-in 6 3 21 FW rope would be 1⁄2 in (nominal diameter) 3 30 (minimum
ratio), or 15 in.

NOTE: These values are for reasonable service. Other values are permitted by
various standards such as ANSI, API, PCSA, HMI, CMAA, etc. Similar values
affect rope life.

SOURCE: ‘‘Wire Rope User’s Manual,’’ AISI, reproduced by permission.

n Various Sheave Materials

Flattened
strand

lang lay,
Lang lay rope, lb/in2

3 7 6 3 19 6 3 37 lb/in2 Remarks

165 275 330 400 On end grain of beech,
hickory, gum.

350 550 660 800 Based on minimum
Brinell hardness of

125.

600 1,000 1,180 1,450 30–40 carbon. Based
on minimum Brinell
hardness of 160.

715 1,210 1,450 1,780 Not advised unless sur-
face is uniform in
hardness.

1,650 2,750 3,300 4,000 Grooves must be
ground and sheaves
balanced for high-
speed service.
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Table 8.2.69 Relative Bending Life Factors

Rope construction Factor Rope construction Factor

6 3 7 0.61 6 3 36 WS 1.16
19 3 7 or 18 3 7 0.67 6 3 43 FWS 1.16
Rotation-resistant 0.81 6 3 41 WS 1.30
6 3 19 S 0.90 6 3 41 SFW 1.30
6 3 25 B flattened strand 0.90 6 3 49 SWS 1.30
6 3 27 H flattened strand 0.90 6 3 43 FW (2 op) 1.41
6 3 30 G flattened strand 0.89 6 3 46 SFW 1.41

are not preformed a minimum of two seizings on each side is recom-
mended, and these should be spaced six rope diameters apart (see Fig.
8.2.128). Seizings should be made of soft or annealed wire or strand,
and the width of the seizing should never be less than the diameter of the
rope being seized. Table 8.2.71 lists suggested seizing wire diameters.

Wire Rope Fittings or Terminations End terminations allow forces
to be transferred from rope to machine, or load to rope, etc. Figure
8.2.129 illustrates the most commonly used end fittings or terminations.
Not all terminations will develop full strength. In fact, if all of the rope

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
6 3 21 FW 0.89 6 3 46 WS 1.41
6 3 26 WS 1.00 8 3 19 S 1.00
6 3 25 FW 1.00 8 3 25 FW 1.25
6 3 31 WS 1.00 6 3 42 Tiller 2.00
6 3 37 SFW

SOURCE: ‘‘Wire Rope User’s Manual,’’ AISI, reproduced by permission.

Table 8.2.70 Minimum Sheave- and Drum-Groove
Dimensions*

Groove radius

New Worn
Nominal rope

diameter

in nm in mm in mm

1⁄4 6.4 0.135 3.43 .129 3.28
5⁄16 8.0 0.167 4.24 .160 4.06
3⁄8 9.5 0.201 5.11 .190 4.83
7⁄16 11 0.234 5.94 .220 5.59
1⁄2 13 0.271 6.88 .256 6.50

9⁄16 14.5 0.303 7.70 .288 7.32
5⁄8 16 0.334 8.48 .320 8.13
3⁄4 19 0.401 10.19 .380 9.65
7⁄8 22 0.468 11.89 .440 11.18

1 26 0.543 13.79 .513 13.03

11⁄8 29 0.605 15.37 .577 14.66
11⁄4 32 0.669 16.99 .639 16.23
13⁄8 35 0.736 18.69 .699 17.75
11⁄2 38 0.803 20.40 .759 19.28
15⁄8 42 0.876 22.25 .833 21.16

13⁄4 45 0.939 23.85 .897 22.78
17⁄8 48 1.003 25.48 .959 24.36
2 52 1.085 27.56 1.025 26.04
21⁄8 54 1.137 28.88 1.079 27.41
21⁄4 58 1.210 30.73 1.153 29.29

23⁄8 60 1.271 32.28 1.199 30.45
21⁄2 64 1.338 33.99 1.279 32.49
25⁄8 67 1.404 35.66 1.339 34.01
23⁄4 71 1.481 37.62 1.409 35.79
27⁄8 74 1.544 39.22 1.473 37.41

3 77 1.607 40.82 1.538 39.07
31⁄8 80 1.664 42.27 1.598 40.59
31⁄4 83 1.731 43.97 1.658 42.11
33⁄8 87 1.807 45.90 1.730 43.94
31⁄2 90 1.869 47.47 1.794 45.57

33⁄4 96 1.997 50.72 1.918 48.72
4 103 2.139 54.33 2.050 52.07
41⁄4 109 2.264 57.51 2.178 55.32
41⁄2 115 2.396 60.86 2.298 58.37
43⁄4 122 2.534 64.36 2.434 61.82

5 128 2.663 67.64 2.557 64.95
51⁄4 135 2.804 71.22 2.691 68.35
51⁄2 141 2.929 74.40 2.817 71.55
53⁄4 148 3.074 78.08 2.947 74.85
6 154 3.198 81.23 3.075 78.11

* Values given are applicable to grooves in sheaves and drums; they are not generally suit-
able for pitch design since this may involve other factors. Further, the dimensions do not apply
to traction-type elevators; in this circumstance, drum- and sheave-groove tolerances should
conform to the elevator manufacturer’s specifications. Modern drum design embraces extensive
considerations beyond the scope of this publication. It should also be noted that drum grooves
are now produced with a number of oversize dimensions and pitches applicable to certain
service requirements.

SOURCE: ‘‘Wire Rope User’s Manual,’’ AISI, reproduced by permission.
elements are not held securely, the individual strands will sustain un-
equal loads causing unequal wear among them, thus shortening the
effective rope service life. Socketing allows an end fitting which re-
duces the chances of unequal strand loading.

Fig. 8.2.127 Service life curves for various D/d ratios. Note that this curve
takes into account only bending and tensile stresses. (Reproduced from ‘‘Wire
Rope User’s Manual,’’ AISI, by permission.)

Wire rope manufacturers have developed a recommended procedure
for socketing. A tight wire serving band is placed where the socket base
will be, and the wires are unlaid, straightened, and ‘‘broomed’’ out.
Fiber core is cut close to the serving band and removed, wires are
cleaned with a solvent such as SC-methyl chloroform, and brushed to
remove dirt and grease. If additional cleaning is done with muriatic acid
this must be followed by a neutralizing rinse (if possible, ultrasonic
cleaning is preferred). The wires are dipped in flux, the socket is posi-
tioned, zinc (spelter) is poured and allowed to set, the serving band is
removed, and the rope lubricated.

A somewhat similar procedure is used in thermoset resin socketing.
Socketed terminations generally are able to develop 100 percent of

nominal strength.

Fig. 8.2.128 Seizings. (Reproduced from ‘‘Wire Rope User’s Manual,’’ AISI,
by permission.)
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Table 8.2.71 Seizing*

Suggested seizing wire
diameter†Rope diameter

in mm in mm

1⁄8 – 5⁄16 3.5–8.0 0.032 0.813
3⁄8 – 9⁄16 9.4–14.5 0.048 1.21
5⁄8 – 15⁄16 16.0–24.0 0.063 1.60
1–15⁄16 26.0–33.0 0.080 2.03

3 11

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 8.2.129 End fittings, or terminations, showing the six most commonly
used. (Reproduced from ‘‘Wire Rope User’s Manual,’’ AISI, by permission.)

Table 8.2.72 Breaking Strength of Fiber Lines, Lb

Sisal Sisal
Size, in

Diam Cir. Manila Composite Sisal mixed hemp

3⁄16 5⁄8 450 — 360 340 310
1⁄4 3⁄4 600 — 480 450 420
5⁄16 1 1,000 — 800 750 700
3⁄8 11⁄8 1,350 — 1,080 1,010 950

7⁄16 11⁄4 1,750 — 1,400 1,310 1,230

1⁄2 11⁄2 2,650 — 2,120 1,990 1,850
9⁄16 13⁄4 3,450 — 2,760 2,590 2,410
5⁄8 2 4,400 — 3,520 3,300 3,080
3⁄4 21⁄4 5,400 — 4,320 4,050 3,780
13⁄16 21⁄2 6,500 — 5,200 4,880 4,550
7⁄8 23⁄4 7,700 — — — —

1 3 9,000 — 7,200 6,750 6,300
11⁄16 31⁄4 10,500 — 8,400 7,870 7,350
11⁄8 31⁄2 12,000 — 9,600 9,000 8,400
11⁄4 33⁄4 13,500 — 10,800 10,120 9,450
15⁄16 4 15,000 — 12,000 11,250 10,500
11⁄2 41⁄2 18,500 16,600 14,800 13,900 12,950
15⁄8 5 22,500 20,300 18,000 16,900 15,800
13⁄4 51⁄2 26,500 23,800 21,200 19,900 18,500

2 6 31,000 27,900 24,800 23,200 21,700
21⁄8 61⁄2 36,000 — — — —
21⁄4 7 41,000 36,900 32,800 30,800 28,700
21⁄2 71⁄2 46,500 — — — —
25⁄8 8 52,000 46,800 41,600 39,000 36,400
27⁄8 81⁄2 58,000 — — — —

3 9 64,000 57,500 51,200 48,000 44,800
31⁄4 10 77,000 69,300 61,600 57,800 53,900
31⁄2 11 91,000 — — — —
4 12 105,000 94,500 84,000 78,800 73,500

Breaking strength is the maximum load the line will hold at the time of breaking. The working l
SOURCE: Adapted, by permission of the U.S. Naval Institute, Annapolis, MD, and Wall Rope W
1 ⁄8 –1 ⁄16 35.0–43.0 0.104 2.64
13⁄4 and larger 45.0 and larger 0.124 3.15

* Length of the seizing should not be less than the rope diameter.
† The diameter of seizing wire for elevator ropes is usually somewhat smaller than that

shown in this table. Consult the wire rope manufacturer for specific size recommendations. Soft
annealed seizing strand may also be used.

SOURCE: ‘‘Wire Rope User’s Manual,’’ AISI, reproduced by permission.

FIBER LINES

The breaking strength of various fiber lines is given in Table
8.2.72.

Knots, Hitches, and Bends

No two parts of a knot which would move in the same direction
if the rope were to slip should lie alongside of and touching each
other. The knots shown in Fig. 8.2.130 are known by the following
names:

A, bight of a rope; B, simple or overhand knot; C, figure 8 knot;
D, double knot; E, boat knot; F, bowline, first step; G, bowline,
second step; H, bowline, completed; I, square or reef knot; J, sheet
bend or weaver’s knot; K, sheet bend with a toggle; L, carrick bend;

Poly-
propylene

Agave or Poly- (mono- Esterlon
jute Nylon Dacron ethylene filament) (polyester)

270 1,000 850 700 800 720
360 1,500 1,380 1,200 1,200 1,150
600 2,500 2,150 1,750 2,100 1,750
810 3,500 3,000 2,500 3,100 2,450
1,050 4,800 4,500 3,400 3,700 3,400

1,590 6,200 5,500 4,100 4,200 4,400
2,070 8,300 7,300 4,600 5,100 5,700
2,640 10,500 9,500 5,200 5,800 7,300
3,240 14,000 12,500 7,400 8,200 9,500
3,900 17,000 15,000 8,900 9,800 11,500
— 20,000 17,500 10,400 11,500 13,500

5,400 24,000 20,000 12,600 14,000 16,500
6,300 28,000 22,500 14,500 16,100 19,000
7,200 32,000 25,000 16,500 18,300 21,500
8,100 36,500 28,500 18,600 21,000 24,300
9,000 42,000 32,000 21,200 24,000 28,000

11,100 51,000 41,000 26,700 30,000 34,500
13,500 62,000 50,000 32,700 36,500 41,500
15,900 77,500 61,000 39,500 44,000 51,000

18,600 90,000 72,000 47,700 53,000 61,000
— 105,000 81,000 55,800 62,000 70,200
— 125,000 96,000 63,000 70,000 81,000
— 138,000 110,000 72,500 80,500 92,000
— 154,000 125,000 81,000 90,000 103,000
— 173,000 140,000 92,000 100,000 116,000

— 195,000 155,000 103,000 116,000 130,000
— 238,000 190,000 123,000 137,000 160,000
— 288,000 230,000 146,000 162,000 195,000
— 342,000 275,000 171,000 190,000 230,000

oad of a line is one-fourth to one-fifth of the breaking strength.
orks, Inc., New York, NY.
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turn and half hitch; Z, wall knot commenced; AA, wall knot com-
pleted; BB, wall-knot crown commenced; CC, wall-knot crown com-
pleted.

The bowline H, one of the most useful knots, will not slip, and after
being strained is easily untied. Knots H, K, and M are easily untied after
being under strain. The knot M is useful when the rope passes through
an eye and is held by the knot, as it will not slip, and is easily untied after
being strained. The wall knot is made as follows: Form a bight with
strand 1 and pass the strand 2 around the end of it, and the strand

s

Ba

ag

—
13
12

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 8.2.130 Knots, hitches, and bends.

M, ‘‘stevedore’’ knot completed; N, ‘‘stevedore’’ knot commenced;
O, slip knot; P, Flemish loop; Q, chain knot with toggle; R, half
hitch; S, timber hitch; T, clove hitch; U, rolling hitch; V, timber hitch
and half hitch; W, blackwall hitch; X, fisherman’s bend; Y, round

Table 8.2.73 Wire Nails for Special Purpose
(Steel wire gage)

Barrel nails

Length, in Gage No. per lb G

5⁄8 151⁄2 1,570
3⁄4 151⁄2 1,315
7⁄8 141⁄2 854
1 141⁄2 750 12
11⁄8 141⁄2 607 12
11⁄4 14 539 11
13⁄8 13 386 11
11⁄2 13 355 10
13⁄4 — — 10
2 — — 9

Clout nails Slating

Length, in Gage No. per lb Gage N

3⁄4 15 999
7⁄8 14 733

1 14 648 12
11⁄8 14 580 101⁄2
11⁄4 13 398 —
13⁄8 13 365
11⁄2 13 336 101⁄2
13⁄4 — — 10
2 — — 9
3 around the end of 2, and then through the bight of 1, as shown at Z
in the figure. Haul the ends taut when the appearance is as shown in
AA. The end of the strand 1 is now laid over the center of the knot,
strand 2 laid over 1, and 3 over 2, when the end of 3 is passed through
the bight of 1, as shown at BB. Haul all the strands taut, as shown at
CC. The ‘‘stevedore’’ knot (M, N) is used to hold the end of a rope from
passing through a hole. When the rope is strained, the knot draws up
tight, but it can be easily untied when the strain is removed. If a knot or
hitch of any kind is tied in a rope, its failure under stress is sure to oc-
cur at that place. The shorter the bend in the standing rope, the weaker
is the knot. The approximate strength of knots compared with the
full strength of (dry) rope (5 100), based on Miller’s experiments
(Mach., 1900, p. 198), is as follows: eye splice over iron thimble, 90;
short splice in rope, 80; S and Y, 65; H, O, and T, 60; I and J, 50; B and
P, 45.

NAILS AND SPIKES

Nails are either wire nails of circular cross section and constant
diameter or cut nails of rectangular cross section with taper from
head to point. The larger sizes are called spikes. The length of the
nail is expressed in the ‘‘penny’’ system, the equivalents in inches
being given in Tables 8.2.73 to 8.2.75. The letter d is the accepted
symbol for penny. A keg of nails weighs 100 lb. Heavy hinge nails
or track nails with countersunk heads have chisel points unless dia-
mond points are specified. Plasterboard nails are smooth with circum-
ferential grooves and have diamond points. Spikes are made either
with flat heads and diamond points or with oval heads and chisel
points.

rbed roofing nails Barbed dowel nails

e No. per lb Gage No. per lb

— 8 394
729 8 306
478 8 250

416 8 212
368 8 183
250 8 16
228 8 145
167 8 131
143
104

nails Fine nails

o. per lb Length, in Gage No. per lb

425 1 161⁄2 1,280
229
— 1 17 1,492

190 11⁄8 15 757
144 11⁄8 16 984
104
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Table 8.2.74 Wire Nails and Spikes
(Steel wire gage)

Casing nails Finishing nails Clinch nails Shingle nails

No. No. No. No.Size of Length,
nail in Gage per lb Gage per lb Gage per lb Gage per lb

2d 1 151⁄2 940 161⁄2 1.473 14 723 13 434
3d 11⁄4 141⁄2 588 151⁄2 880 13 432 12 271
4d 11⁄2 14 453 15 634 12 273 12 233
5d 13⁄4 14 389 15 535 12 234 12 203
6d 2 121⁄2 223 13 288 11 158

7d 21⁄4 121⁄2 200 13 254 11 140
8d 21⁄2 111⁄2 136 121⁄2 196 10 101
9d 23⁄4 111⁄2 124 121⁄2 178 10 91.4

10d 3 101⁄2 90 111⁄2 124 9 70
12d 31⁄4 101⁄2 83 111⁄2 113 9 64.1

16d 31⁄2 10 69 11 93 8 50
20d 4 9 51 10 65 7 36.4
30d 41⁄2 9 45
40d 5 8 37

Boat nails Hinge nails

Heavy Light Heavy Light

Size of Length, Diam, No. Diam, No. Diam, No. Diam, No. No.
nail in in per lb in per lb in per lb in per lb

Flooring
nails

Gage per lb

4d 11⁄2 1⁄4 47 3⁄16 82 1⁄4 53 3⁄16 90
6d 2 1⁄4 36 3⁄16 62 1⁄4 39 3⁄16 66 11 168
8d 21⁄2 1⁄4 29 3⁄16 50 1⁄4 31 3⁄16 53 10 105

10d 3 3⁄8 11 1⁄4 24 3⁄8 12 1⁄4 25 9 72
12d 31⁄4 3⁄8 10.4 1⁄4 22 3⁄8 11 1⁄4 23 8 56
16d 31⁄2 3⁄8 9.6 1⁄4 20 3⁄8 10 1⁄4 22 7 44
20d 4 3⁄8 8 1⁄4 18 3⁄8 8 1⁄4 19 6 32

Barbed car nails
Common wire
nails and brads Heavy Light

Size
of

nail
Length,

in Gage
No.

per lb Gage
No.

per lb Gage
No.

per lb

Spikes

Approx
Length, no.

Size in Gage per lb

2d 1 15 847 — — — — 10d 3 6 43
3d 11⁄4 14 548 — — — — 12d 31⁄4 6 39
4d 11⁄2 121⁄2 294 10 179 12 284 16d 31⁄2 5 31
5d 13⁄4 121⁄2 254 9 124 10 152 20d 4 4 23
6d 2 111⁄2 167 9 108 10 132 30d 41⁄2 3 18

7d 21⁄4 111⁄2 150 8 80 9 95 40d 5 2 14
8d 21⁄2 101⁄4 101 8 72 9 88 50d 51⁄2 1 11
9d 23⁄4 101⁄4 92 7 55 8 65 50d 6 1 10

10d 3 9 66 7 50 8 59 — 7 5⁄16 in. 7
12d 31⁄4 9 61 6 39 7 46 — 8 3⁄8 4.1

16d 31⁄2 8 47 6 36 7 43 — 9 3⁄8 3.7
20d 4 6 30 5 27 6 32 — 10 3⁄8 3.3
30d 41⁄2 5 23 5 24 6 28 — 12 3⁄8 2.7
40d 5 4 18 4 18 5 22
50d 51⁄2 3 14 3 14 4 17

60d 6 2 11 3 13 4 15

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 8.2.75 Cut Steel Nails and Spikes
(Sizes, lengths, and approximate number per lb)

Length, Casing
Size in Common Clinch Finishing and box Fencing Spikes Barrel Slating Tobacco Brads Shingle

2d 1 740 400 1,100 — — — 450 340
3d 11⁄4 460 260 880 — — — 280 280
4d 11⁄2 280 180 530 420 — — 190 220
5d 13⁄4 210 125 350 300 100 — — 180 130
6d 2 160 100 300 210 80 — — — 97 120

7d 21⁄4 120 80 210 180 60 — — — 85 94
8d 21⁄2 88 68 168 130 52 — — — 68 74 90
9d 23⁄4 73 52 130 107 38 — — — 58 62 72

10d 3 60 48 104 88 26 — — — 48 50 60
12d 31⁄4 46 40 96 70 20 — — — — 40

16d 31⁄2 33 34 86 52 18 17 — — — 27
20d 4 23 24 76 38 16 14
25d 41⁄4 20 — — — — —
30d 41⁄2 161⁄2 — — 30 — 11
40d 5 12 — — 26 — 9

50d 51⁄2 10 — — 20 — 71⁄2
60d 6 8 — — 16 — 6
— 61⁄2 — — — — — 51⁄2
— 7 — — — — — 5
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WIRE AND SHEET-METAL GAGES

In the metal industries, the word gage has been used in various systems,
or scales, for expressing the thickness or weight per unit area of thin
plates, sheet, and strip, or the diameters of rods and wire. Specific
diameters, thicknesses, or weights per square foot have been or are
denoted in gage systems by certain numerals followed by the word
gage, for example, no. 12 gage, or simply 12 gage. Gage numbers for
flat rolled products have been used only in connection with thin materi-

als (Table 8.2.76). Heavier and thicker, flat rolled materials are usually
designated by thickness in English or metric units.

There is considerable danger of confusion in the use of gage number
in both foreign and domestic trade, which can be avoided by specifying
thickness or diameter in inches or millimeters.

DRILL SIZES

See Table 8.2.77.

U
Am

a

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 8.2.76 Comparison of Standard Gages*
Thickness of diameter, in

BWG; Stubs W
Gage no. Iron Wire AWG; B&S

0000000 — —

000000 — 0.580000

00000 — 0.516500
0000 0.454 0.460000

000 0.425 0.409642

00 0.380 0.364796
0 0.340 0.324861
1 0.300 0.289297
2 0.284 0.257627
3 0.259 0.229423

4 0.238 0.204307
5 0.220 0.181940
6 0.203 0.162023
7 0.180 0.144285
8 0.165 0.128490

9 0.148 0.114423
10 0.134 0.101897
11 0.120 0.090742
12 0.109 0.080808
13 0.095 0.071962

14 0.083 0.064084
15 0.072 0.057068
16 0.065 0.050821
17 0.058 0.045257
18 0.049 0.040303

19 0.042 0.035890
20 0.035 0.031961
21 0.032 0.028462
22 0.028 0.025346
23 0.025 0.022572

24 0.022 0.020101
25 0.020 0.017900
26 0.018 0.015941
27 0.016 0.014195
28 0.014 0.012641

29 0.013 0.011257
30 0.012 0.010025
31 0.010 0.008928
32 0.009 0.007950
33 0.008 0.007080

34 0.007 0.006305
35 0.005 0.005615
36 0.004 0.005000
37 — 0.004453
38 — 0.003965

39 — 0.003531
40 — 0.003144

* Principal uses—BWG: strips, bands, hoops, and wire; AWG or
except music wire; manufacturers’ standard: uncoated steel sheets.
.S. Steel Wire;
. Steel & Wire;

shburn & Moen; Galv. sheet Manufacturers’
Steel Wire steel standard

0.4900 — —

0.4615 — —
0.4305 — —
0.3938 — —
0.3625 — —

0.3310 — —
0.3065 — —
0.2830 — —
0.2625 — —
0.2437 — 0.2391

0.2253 — 0.2242
0.2070 — 0.2092
0.1920 — 0.1943
0.1770 — 0.1793
0.1620 0.1681 0.1644

0.1483 0.1532 0.1495
0.1350 0.1382 0.1345
0.1205 0.1233 0.1196
0.1055 0.1084 0.1046
0.0915 0.0934 0.0897

0.0800 0.0785 0.0747
0.0720 0.0710 0.0673
0.0625 0.0635 0.0598
0.0540 0.0575 0.0538
0.0475 0.0516 0.0478

0.0410 0.0456 0.0418
0.0348 0.0396 0.0359
0.03175 0.0366 0.0329
0.0286 0.0336 0.0299
0.0258 0.0306 0.0269

0.0230 0.0276 0.0239
0.0204 0.0247 0.0209
0.0181 0.0217 0.0179
0.0173 0.0202 0.0164
0.0162 0.0187 0.0149

0.0150 0.0172 0.0135
0.0140 0.0157 0.0120
0.0132 0.0142 0.0105
0.0128 0.0134 0.0097
0.0118 — 0.0090

0.0104 — 0.0082
0.0095 — 0.0075
0.0090 — 0.0067
0.0085 — 0.0064
0.0080 — 0.0060

0.0075 — —
0.0070 — —

B&S: nonferrous sheets, rod, and wire; U.S. Steel Wire: steel wire
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Table 8.2.77 Diameters of Small Drills
Number, letter, metric, and fractional drills in order of size (rounded to 4 decimal places)

No. Ltr mm in Diam, in No. Ltr mm in Diam, in No. Ltr mm in Diam, in

0.10 0.0039
0.15 0.0059
0.20 0.0079
0.25 0.0098
0.30 0.0118

80 0.0135
0.35 0.0137

79 0.0145
1⁄64 0.0156

0.40 0.0157
78 0.0160

0.45 0.0177
77 0.0180

0.50 0.0197
76 0.0200
75 0.0210

0.55 0.0216
74 0.0225

0.60 0.0236
73 0.0240
72 0.0250

0.65 0.0255
71 0.0260

0.70 0.0275
70 0.0280
69 0.0292

0.75 0.0295
68 0.0310

1⁄32 0.0312
0.80 0.0314

67 0.0320
66 0.0330

0.85 0.0334
65 0.0350

0.90 0.0354
64 0.0360
63 0.0370

0.95 0.0374
62 0.0380
61 0.0390

1.00 0.0393
60 0.0400
59 0.0410

1.05 0.0413
58 0.0420
57 0.0430

1.10 0.0433
1.15 0.0452

56 0.0465
3⁄64 0.0468

1.20 0.0472
1.25 0.0492
1.30 0.0512

55 0.0520
1.35 0.0531

54 0.0550
1.40 0.0551
1.45 0.0570
1.50 0.0590

53 0.0595
1.55 0.0610

1⁄16 0.0625
1.60 0.0630

52 0.0635
1.65 0.0649
1.70 0.0669

51 0.0670
1.75 0.0688

50 0.0700
1.80 0.0709
1.85 0.0728

49 0.0730
1.90 0.0748

48 0.0760
1.95 0.0767

5⁄64 0.0781
47 0.0785

2.00 0.0787
2.05 0.0807

46 0.0810
45 0.0820

2.10 0.0827
2.15 0.0846

44 0.0860
2.20 0.0866
2.25 0.0885

43 0.0890
2.30 0.0906
2.35 0.0925

42 0.0935
3⁄32 0.0937

2.40 0.0945
41 0.0960

2.45 0.0964
40 0.0980

2.50 0.0984
39 0.0995
38 0.1015

2.60 0.1024
37 0.1040

2.70 0.1063
36 0.1065

2.75 0.1082
7⁄64 0.1093

35 0.1100
2.80 0.1102

34 0.1110
33 0.1130

2.90 0.1142
32 0.1160

3.00 0.1181
31 0.1200

3.10 0.1220
1⁄8 0.1250

3.20 0.1260
3.25 0.1279

30 0.1285
3.30 0.1299
3.40 0.1339

29 0.1360
3.50 0.1378

28 0.1405
9⁄64 0.1406

3.60 0.1417
27 0.1440

3.70 0.1457
26 0.1470

3.75 0.1476
25 0.1495

3.80 0.1496
24 0.1520

3.90 0.1535
23 0.1540

5⁄32 0.1562
22 0.1570

4.00 0.1575
21 0.1590
20 0.1610

4.10 0.1614
4.2 0.1654

19 0.1660
4.25 0.1673
4.30 0.1693

18 0.1695
11⁄64 0.1718

17 0.1730

4.40 0.1732
16 0.1770

4.50 0.1772
15 0.1800

4.60 0.1811
14 0.1820
13 0.1850

4.70 0.1850
4.75 0.1850

3⁄16 0.1875
4.80 0.1890

12 0.1890
11 0.1910

4.90 0.1920
10 0.1935
9 0.1960

5.00 0.1968
8 0.1990

5.10 0.2008
7 0.2010

13⁄64 0.2031
6 0.2040

5.20 0.2047
5 0.2055

5.25 0.2066
5.30 0.2087

4 0.2090
5.40 0.2126

3 0.2130
5.50 0.2165

7⁄32 0.2187
5.60 0.2205

2 0.2210
5.70 0.2244
5.75 0.2263

1 0.2280
5.80 0.2283
5.90 0.2323

A 0.2340
15⁄64 0.2340

6.00 0.2362
B 0.2380

6.10 0.2402
C 0.2420

6.20 0.2441
D 0.2460

6.25 0.2460
6.30 0.2480

E 1⁄4 0.2500
6.40 0.2519
6.50 0.2559

F 0.2570
6.60 0.2598

G 0.2610
6.70 0.2637

17⁄64 0.2656
6.75 0.2657

H 0.2660
6.80 0.2677
6.90 0.2717

I 0.2720
7.00 0.2756

J 0.2770
7.10 0.2795

K 0.2810
9⁄32 0.2812

7.20 0.2835
7.25 0.2854
7.30 0.2874

L 0.2900
7.40 0.2913

M 0.2950
7.50 0.2953

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 8.2.77 Diameters of Small Drills (Continued )

No. Ltr mm in Diam, in No. Ltr mm in Diam, in No. Ltr mm in Diam, in

19⁄64 0.2968
7.60 0.2992

N 0.3020
7.70 0.3031
7.75 0.3051
7.80 0.3071
7.90 0.3110

5⁄16 0.3125
8.00 0.3150

O 0.3160
8.10 0.3189
8.20 0.3228

P 0.3230
8.25 0.3248
8.30 0.3268

21⁄64 0.3281
8.40 0.3307

Q 0.3320
8.50 0.3346
8.60 0.3386

R 0.3390
8.70 0.3425

11⁄32 0.3437
8.75 0.3444
8.80 0.3464

S 0.3480
8.90 0.3504
9.00 0.3543

T 0.3580
9.10 0.3583

23⁄64 0.3593
9.20 0.3622
9.25 0.3641
9.30 0.3661

U 0.3680
9.40 0.3701
9.50 0.3740

3⁄8 0.3750
V 0.3770

9.60 0.3780

9.70 0.3819
9.75 0.3838
9.80 0.3858

W 0.3860
9.90 0.3898

25⁄64 0.3906
10.00 0.3937

X 0.3970
Y 0.4040

13⁄32 0.4062
Z 0.4130

10.50 0.4134
27⁄64 0.4218

11.00 0.4331
7⁄16 0.4375

11.50 0.4528
29⁄64 0.4531
15⁄32 0.4687

12.00 0.4724
31⁄64 0.4843

12.50 0.4921
1⁄2 0.5000

13.00 0.5118
33⁄64 0.5156
17⁄32 0.5312

13.50 0.5315
35⁄64 0.5468

14.00 0.5512
9⁄16 0.5625

14.50 0.5708
37⁄64 0.5781

15.00 0.5905
19⁄32 0.5937
39⁄64 0.6093

15.50 0.6102
5⁄8 0.6250

16.00 0.6299
41⁄64 0.6406

16.50 0.6496
21⁄32 0.6562

17.00 0.6693
43⁄64 0.6718
11⁄16 0.6875

17.50 0.6890
45⁄64 0.7031

18.00 0.7087
23⁄32 0.7187

18.50 0.7283
47⁄64 0.7374

19.00 0.7480
3⁄4 0.7500
49⁄64 0.7656

19.50 0.7677
25⁄32 0.7812

20.00 0.7874
51⁄64 0.7968

20.50 0.8070
13⁄16 0.8125

21.00 0.8267
53⁄64 0.8281
27⁄32 0.8437

21.50 0.8464
55⁄64 0.8593

22.00 0.8661
7⁄8 0.8750

22.50 0.8858
57⁄64 0.8906

23.00 0.9055
29⁄32 0.9062
59⁄64 0.9218

23.50 0.9251
15⁄16 0.9375

24.00 0.9448
61⁄64 0.9531

24.50 0.9646
31⁄32 0.9687

25.00 0.9842
63⁄64 0.9843
1.0 1.0000

25.50 1.0039

SOURCE: Adapted from Colvin and Stanley, ‘‘American Machinists’ Handbook,’’ 8th ed., McGraw-Hill, New York, 1945.

8.3 GEARING
by George W. Michalec

REFERENCES: Buckingham, ‘‘Manual of Gear Design,’’ Industrial Press. Cun-
ningham, Noncircular Gears, Mach. Des., Feb. 19, 1957. Cunningham and Cun-
ningham, Rediscovering the Noncircular Gear, Mach. Des., Nov. 1, 1973. Dudley,
‘‘Gear Handbook,’’ McGraw-Hill. Dudley, ‘‘Handbook of Practical Gear De-
sign,’’ McGraw-Hill. Michalec, ‘‘Precision Gearing: Theory and Practice,’’
Wiley. Shigely, ‘‘Engineering Design,’’ McGraw-Hill. AGMA Standards.
‘‘Gleason Bevel and Hypoid Gear Design,’’ Gleason Works, Roch
book of Gears: Inch and Metric’’ and ‘‘Elements of Metric Gear
Designatronics, New Hyde Park, NY. Adams, ‘‘Plastics Gearing:
Application,’’ Marcel Dekker.

C 5 center distance
d 5 pitch diam of pinion

db 5 base circle diam of pinion
do 5 outside diam of pinion
dr 5 root diam of pinion
D 5 pitch diameter of gear

itch diam of pinion
itch diam of gear
utside diam of gear

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
ester. ‘‘Hand-
Technology,’’
Selection and

DP 5 p
DG 5 p
Do 5 o
Notation

a 5 addendum
b 5 dedendum
B 5 backlash, linear measure along pitch circle
c 5 clearance
Db 5 base circle diam of gear
Dt 5 throat diam of wormgear
F 5 face width
hk 5 working depth
ht 5 whole depth

inv f 5 involute function (tan f 2 f)
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l 5 lead (advance of worm or helical gear in 1 rev)
lp(lG) 5 lead of pinion (gear) in helical gears

L 5 lead of worm in one revolution
m 5 module

mG 5 gear ratio (mG 5 NG /NP )
mp 5 contact ratio (of profiles)
M 5 measurement of over pins

nP(nG ) 5 speed of pinion (gear), r/min
NP(NG ) 5 number of teeth in pinion (gear)

implies a large tooth. Conversely, there is a direct relationship between
tooth size and circular pitch p. A small tooth has a small p, but a large
tooth has a large p. (See Fig. 8.3.1b.) In terms of Pd , coarse teeth
comprise Pd less than 20; fine teeth comprise Pd of 20 and higher. (See
Fig. 8.3.1b.) Quality of gear teeth is classified as commercial, precision,
and ultraprecision.

)

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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nw 5 number of threads in worm
p 5 circular pitch

pb 5 base pitch
pn 5 normal circular pitch of helical gear
Pd 5 diametral pitch

Pdn 5 normal diametral pitch
R 5 pitch radius

Rc 5 radial distance from center of gear to center of measuring
pin

RP(RG ) 5 pitch radius of pinion (gear)
RT 5 testing radius when rolled on a variable-center-distance in-

spection fixture
s 5 stress
t 5 tooth thickness

tn 5 normal circular tooth thickness
TP(TG) 5 formative number of teeth in pinion (gear) (in bevel gears)

v 5 pitch line velocity
X 5 correction factor for profile shift
a 5 addendum angle of bevel gear
g 5 pitch angle of bevel pinion

gR 5 face angle at root of bevel pinion tooth
go 5 face angle at tip of bevel pinion tooth
G 5 pitch angle of bevel gear

GR 5 face angle at root of bevel gear tooth
Ggo 5 face angle at tip of bevel gear tooth

d 5 dedendum angle of bevel gear
DC 5 relatively small change in center distance C

f 5 pressure angle
fn 5 normal pressure angle
c 5 helix or spiral angle

cP(cG ) 5 helix angle of teeth in pinion (gear)
o 5 shaft angle of meshed bevel pair

BASIC GEAR DATA

Gear Types Gears are grouped in accordance with tooth forms,
shaft arrangement, pitch, and quality. Tooth forms and shaft arrange-
ments are:

Tooth form Shaft arrangement

Spur Parallel
Helical Parallel or skew
Worm Skew
Bevel Intersecting
Hypoid Skew

Pitch definitions (see Fig. 8.3.1). Diametral pitch Pd is the ratio of
number of teeth in the gear to the diameter of the pitch circle D mea-
sured in inches, Pd 5 N/D. Circular pitch p is the linear measure in
inches along the pitch circle between corresponding points of adjacent
teeth. From these definitions, Pdp 5 p. The base pitch pb is the distance
along the line of action between successive involute tooth surfaces. The
base and circular pitches are related as pb 5 p cos f, where f 5 the
pressure angle.

Pitch circle is the imaginary circle that rolls without slippage with
a pitch circle of a mating gear. The pitch (circle) diameter equals
D 5 N/Pd 5 Np /p. The basic relation between Pd and p is Pdp 5 p.

Tooth size is related to pitch. In terms of diametral pitch Pd , the
relationship is inverse; i.e., large Pd implies a small tooth, and small Pd
Pitch circle

Tooth profile
Pitch circle

Outside
Diameter (d

o )

Base circle

Pitch
point

Base circle

Pitch circle

Pinion

Gear

Line-of
action

Pressure
angle (  )f

r b

ro

r

Center
distance (C

Root
(tooth)
fillet

Circular tooth
thickness (t)

Chordal tooth
thickness
Base pitch (Pb)
Circular
pitch (p)

Addendum (a)
Whole depth (ht)

Dedendum (b)

Working
depth (hk)

Clearance (c)
Base circle Top

land

Rb

R
o

R

(D
G

) P
itc

h 
D

ia
.

Root diameter

Line of
Centers

Fig. 8.3.1a Basic gear geometry and nomenclature.

Pd 5 10
p 5 0.3142

Pd 5 20
p 5 0.1571

Fig. 8.3.1b Comparison of pitch and tooth size.

Pressure angle f for all gear types is the acute angle between the
common normal to the profiles at the contact point and the common
pitch plane. For spur gears it is simply the acute angle formed by the
common tangent between base circles of mating gears and a normal to
the line of centers. For standard gears, pressure angles of 141⁄2°, 20°, and
25° have been adopted by ANSI and the gear industry (see Fig. 8.3.1a).
The 20° pressure angle is most widely used because of its versatility.
The higher pressure angle 25° provides higher strength for highly
loaded gears. Although 141⁄2° appears in standards, and in past decades
was extensively used, it is used much less than 20°. The 141⁄2° standard
is still used for replacement gears in old design equipment, in applica-
tions where backlash is critical, and where advantage can be taken of
lower backlash with change in center distance.
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The base circle (or base cylinder) is the circle from which the involute
tooth profiles are generated. The relationship between the base-circle
and pitch-circle diameter is Db 5 D cos f.

Tooth proportions are established by the addendum, dedendum, work-
ing depth, clearance, tooth circular thickness, and pressure angle (see
Fig. 8.3.1). In addition, gear face width F establishes thickness of the
gear measured parallel to the gear axis.

For involute teeth, proportions have been standardized by ANSI and
AGMA into a limited number of systems using a basic rack for specifi-

Table 8.3.2 Gear System Standards

Gear type ANSI/AGMA no. Title

Spur and helical 201.02 Tooth Proportions for Coarse-
Pitch Involute Spur Gears

Spur and helical 1003-G93 Tooth Proportions for Fine-
Pitch Spur and Helical
Gearing

Spur and helical 370.01 Design Manual for Fine-Pitch
Gearing

ea

T
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cation (see Fig. 8.3.2 and Table 8.3.1). Dimensions for the basic rack are
normalized for diametral pitch 5 1. Dimensions for a specific pitch are

Fig. 8.3.2 Basic rack for involute gear systems. a 5 addendum; b 5 dedendum;
c 5 clearance; hk 5 working depth; ht 5 whole depth; p 5 circular pitch;
rf 5 fillet radius; t 5 tooth thickness; f 5 pressure angle.

obtained by dividing by the pitch. Standards for basic involute spur,
helical and face gear designs, and noninvolute bevel and wormgear
designs are listed in Table 8.3.2.

Gear ratio (or mesh ratio) mG is the ratio of number of teeth in a
meshed pair, expressed as a number greater than 1; mG 5 NG /NP , where
the pinion is the member having the lesser number of teeth. For spur and
parallel-shaft helical gears, the base circle ratio must be identical to the
gear ratio. The speed ratio of gears is inversely proportionate to their
numbers of teeth. Only for standard spur and parallel-shaft helical gears
is the pitch diameter ratio equal to the gear ratio and inversely propor-
tionate to the speed ratio.

Metric Gears—Tooth Proportions
and Standards

Metric gearing not only is based upon different units of length measure
but also involves its own unique design standard. This means that metric
gears and American-standard-inch diametral-pitch gears are not inter-
changeable.

In the metric system the module m is analogous to pitch and is de-
fined as

m 5
D

N
5 mm of pitch diameter per tooth

Table 8.3.1 Tooth Proportions of Basic Rack for Standard Involute G

1 2

Symbol,
Tooth parameter Figs. 8.3.1a Full-depth Full-depth
(of basic rack) and 8.3.2 involute, 141⁄2° involute, 20°

1. System sponsors ANSI and ANSI

AGMA

2. Pressure angle f 141⁄2° 20°
3. Addendum a 1/Pd 1/Pd

4. Min dedendum b 1.157/Pd 1.157/Pd

5. Min whole depth ht 2.157/Pd 2.157/Pd

6. Working depth hk 2/Pd 2/Pd

7. Min clearance hc 0.157/Pd 0.157/Pd

8. Basic circular tooth
thickness on pitch line

t 1.5708/Pd 1.5708/Pd

9. Fillet radius in basic rack rf 11⁄3 3 clearance 11⁄2 3 clearance
10. Diametral pitch range Not specified Not specified
11. Governing standard:

ANSI B6.1 B6.1
AGMA 201.02
Bevel gears 2005-B88 Design Manual for Bevel
Gears (Straight, Zerol, Spiral,
and Hypoid)

Worm gearing 6022-C93 Design of General Industrial
Coarse-Pitch Cylindrical
Worm Gearing

Worm gearing 6030-C87 Design of Industrial
Double-Enveloping Worm
Gearing

Face gears 203.03 Fine-Pitch on Center-Face
Gears for 20-Degree Involute
Spur Pinions

Note that, for the module to have proper units, the pitch diameter must
be in millimeters.

The metric module was developed in a number of versions that differ
in minor ways. The German DIN standard is widely used in Europe and
other parts of the world. The Japanese have their own version defined in
JS standards. Deviations among these and other national standards are
minor, differing only as to dedendum size and root radii. The differ-
ences have been resolved by the new unified module standard promoted
by the International Standards Organization (ISO). This unified version
(Fig. 8.3.3) conforms to the new SI in all respects. All major industrial

Fig. 8.3.3 The ISO basic rack for metric module gears.

countries on the metric system have shifted to this ISO standard, which
also is the basis for American metric gearing. Table 8.3.3 lists pertinent
current ISO metric standards.

r Systems

ooth proportions for various standard systems

3 4 5 6

Coarse-pitch Coarse-pitch Fine-pitch
Stub involute involute involute,

involute, 20° spur gears, 20° spur gears, 25° 20°

ANSI and
AGMA

AGMA AGMA ANSI and AGMA
20° 20° 25° 20°
0.8/Pd 1.000/Pd 1.000/Pd 1.000/Pd

1/Pd 1.250/Pd 1.250/Pd 1.200/Pd 1 0.002
1.8/Pd 2.250/Pd 2.250/Pd 2.2002/Pd 0.002 in
1.6/Pd 2.000/Pd 2.000/Pd 2.000/Pd

0.200/Pd 0.250/Pd 0.250/Pd 0.200/Pd 1 0.002 in
1.5708/Pd p/(2Pd) p/(2Pd) 1.5708/Pd

Not standardized 0.300/Pd 0.300/Pd Not standardized
Not specified 19.99 and coarser 19.99 and coarser 20 and finer

B6.1
201.02 201.02 201.02 1,003–G93
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Table 8.3.3 ISO Metric Gearing Standards

ISO 53 : 1974 Cylindrical gears for general and heavy engineering—
Basic rack

ISO 54 : 1977 Cylindrical gears for general and heavy engineering—
Modules and diametral pitches

ISO 677 : 1976 Straight bevel gears for general and heavy engineer-
ing—Basic rack

ISO 678 : 1976 Straight bevel gears for general and heavy engineer-
ing—Modules and diametral pitches

ISO 701 : 1976 International gear notation—symbols for geometric

Tooth form: Straight-sided and full-depth, forming the basis of a
family of full-depth interchangeable gears.

Pressure angle: 20°, conforming to worldwide acceptance.
Addendum: Equal to module m, which corresponds to the American

practice of 1/Pd 5 addendum.
Dedendum: Equal to 12.5m, which corresponds to the American

practice of 1.25/Pd 5 dedendum.
Root radius: Slightly greater than American standards specifications.
Tip radius: A maximum is specified, whereas American standards do

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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data
ISO 1122-1 : 1983 Glossary of gear terms—Part 1: Geometric definitions
ISO 1328 : 1975 Parallel involute gears—ISO system of accuracy
ISO 1340 : 1976 Cylindrical gears—Information to be given to the

manufacturer by the purchaser in order to obtain the
gear required

ISO 1341 : 1976 Straight bevel gears—Information to be given to the
manufacturer by the purchaser in order to obtain the
gear required

ISO 2203 : 1973 Technical drawings—Conventional representation of
gears

Tooth proportions for standard spur and helical gears are given in
terms of the basic rack. Dimensions, in millimeters, are normalized for
module m 5 1. Corresponding values for other modules are obtained by
multiplying each dimension by the value of the specific module m.
Major tooth parameters are described by this standard:

Table 8.3.4 Metric and American Gear Equivalents

Circular pitch
Diametral
pitch Pd Module m in mm

1/2 50.8000 6.2832 159.593
0.5080 50 6.1842 157.080
0.5644 45 5.5658 141.372
0.6048 42 5.1948 131.947

0.6513 39 4.8237 122.522
0.7056 36 4.4527 113.097

3/4 33.8667 4.1888 106.396
0.7697 33 4.0816 103.673
0.8467 30 3.7105 94.248
0.9407 27 3.3395 84.823

1 25.4000 3.1416 79.800
1.0583 24 2.9685 75.398
1.1546 22 2.7210 69.115
1.2700 20 2.4737 62.832
1.4111 18 2.2263 56.548

1.5 16.9333 2.0944 53.198
1.5875 16 1.9790 50.267
1.8143 14 1.7316 43.983

2 12.7000 1.5708 39.898
2.1167 12 1.4842 37.699

2.5 10.1600 1.2566 31.918
2.5400 10 1.2368 31.415
2.8222 9 1.1132 28.275

3 8.4667 1.0472 26.599
3.1416 8.0851 1.0000 25.400
3.1750 8 0.9895 25.133

3.5 7.2571 0.8976 22.799
3.6286 7 0.8658 21.991
3.9078 6.5 0.8039 20.420

4 6.3500 0.7854 19.949

4.2333 6 0.7421 18.850
4.6182 5.5 0.6803 17.279

5 5.0801 0.6283 15.959
5.0802 5 0.6184 15.707
5.3474 4.75 0.5875 14.923
5.6444 4.5 0.5566 14.138

6 4.2333 0.5236 13.299
6.3500 4 0.4947 12.565
6.7733 3.75 0.4638 11.781

7 3.6286 0.4488 11.399
not specify. In practice, U.S. manufacturers can specify a tip radius as
near zero as possible.

Note that the basic racks for metric and American inch gears are
essentially identical, but metric and American standard gears are not
interchangeable.

The preferred standard gears of the metric system are not inter-
changeable with the preferred diametral-pitch sizes. Table 8.3.4 lists
commonly used pitches and modules of both systems (preferred values
are boldface).

Metric gear use in the United States, although expanding, is still a
small percentage of total gearing. Continuing industry conversions and
imported equipment replacement gearing are building an increasing de-
mand for metric gearing. The reference list cites a domestic source of
stock metric gears of relatively small size, in medium and fine pitches.
Large diameter coarse pitch metric gears are made to order by many
gear fabricators.

Circular tooth
thickness Addendum

in mm in mm

3.1416 79.7965 2.0000 50.8000
3.0921 78.5398 1.9685 50
2.7850 70.6858 1.7730 45
2.5964 65.9734 1.6529 42

2.4129 61.2610 1.5361 39
2.2249 56.5487 1.4164 36
2.0943 53.1977 1.3333 33.8667
2.0400 51.8363 1.2987 33
1.8545 47.1239 1.1806 30
1.6693 42.4115 1.0627 27

1.5708 39.8984 1.0000 25.4001
1.4847 37.6991 0.9452 24
1.3600 34.5575 0.8658 22
1.2368 31.4159 0.7874 20
1.1132 28.2743 0.7087 18
1.0472 26.5988 0.6667 16.933
0.9894 25.1327 0.6299 16
0.8658 21.9911 0.5512 14
0.7854 19.949 0.5000 12.7000
0.7420 18.8496 0.4724 12

0.6283 15.9593 0.4000 10.1600
0.6184 15.7080 0.3937 10
0.5565 14.1372 0.3543 9
0.5235 13.2995 0.3333 8.4667
0.5000 12.7000 0.3183 0.0851
0.4948 12.5664 0.3150 8.00
0.4488 11.3994 0.2857 7.2571
0.4329 10.9956 0.2756 7.000
0.4020 10.2101 0.2559 6.5
0.3927 9.9746 0.2500 6.3500

0.3710 9.4248 0.2362 6.0000
0.3401 8.6394 0.2165 5.5
0.3142 7.9794 0.2000 5.080
0.3092 7.8537 0.1968 5.000
0.2938 7.4612 0.1870 4.750
0.2783 7.0688 0.1772 4.500
0.2618 6.6497 0.1667 4.233
0.2473 6.2827 0.1575 4.000
0.2319 5.8903 0.1476 3.750
0.2244 5.6998 0.1429 3.629
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Table 8.3.4 Metric and American Gear Equivalents (Continued )

Circular tooth
Circular pitch thickness Addendum

Diametral
pitch Pd Module m in mm in mm in mm

7.2571 3.5 0.4329 10.996 0.2164 5.4979 0.1378 3.500
7.8154 3.25 0.4020 10.211 0.2010 5.1054 0.1279 3.250

8 3.1750 0.3927 9.974 0.1964 4.9886 0.1250 3.175
8.4667 3 0.3711 9.426 0.1855 4.7130 0.1181 3.000

9 2.8222 0.3491 8.867 0.1745 4.4323 0.1111 2.822
9.2364 2.75 0.3401 8.639 0.1700 4.3193 0.1082 2.750
10 2.5400 0.3142 7.981 0.1571 3.9903 0.1000 2.540

10.1600 2.50 0.3092 7.854 0.1546 3.9268 0.0984 2.500
11 2.3091 0.2856 7.254 0.1428 3.6271 0.0909 2.309

11.2889 2.25 0.2783 7.069 0.1391 3.5344 0.0886 2.250

12 2.1167 0.2618 6.646 0.1309 3.3325 0.0833 2.117
12.7000 2 0.2474 6.284 0.1236 3.1420 0.0787 2.000

13 1.9538 0.2417 6.139 0.1208 3.0696 0.0769 1.954
14 1.8143 0.2244 5.700 0.1122 2.8500 0.0714 1.814

14.5143 1.75 0.2164 5.497 0.1082 2.7489 0.0689 1.750
15 1.6933 0.2094 5.319 0.1047 2.6599 0.0667 1.693
16 1.5875 0.1964 4.986 0.0982 2.4936 0.0625 1.587

16.9333 1.5 0.1855 4.712 0.0927 2.3562 0.0591 1.500
18 1.4111 0.1745 4.432 0.0873 2.2166 0.0556 1.411
20 1.2700 0.1571 3.990 0.0785 1.9949 0.0500 1.270

20.3200 1.25 0.1546 3.927 0.0773 1.9635 0.0492 1.250
22 1.1545 0.1428 3.627 0.0714 1.8136 0.0455 1.155
24 1.0583 0.1309 3.325 0.0655 1.6624 0.0417 1.058

25.4000 1 0.1237 3.142 0.0618 1.5708 0.0394 1.000
28 0.90701 0.1122 2.850 0.0561 1.4249 0.0357 0.9071

28.2222 0.9 0.1113 2.827 0.0556 1.4137 0.0354 0.9000
30 0.84667 0.1047 2.659 0.0524 1.3329 0.0333 0.8467

31.7500 0.8 0.0989 2.513 0.04945 1.2566 0.0315 0.8000
32 0.79375 0.0982 2.494 0.04909 1.2468 0.0313 0.7937

33.8667 0.75 0.0928 2.357 0.04638 1.1781 0.0295 0.7500

36 0.70556 0.0873 2.217 0.04363 1.1083 0.0278 0.7056
36.2857 0.7 0.0865 2.199 0.04325 1.0996 0.0276 0.7000

40 0.63500 0.0785 1.994 0.03927 0.9975 0.0250 0.6350
42.3333 0.6 0.0742 1.885 0.03710 0.9423 0.0236 0.6000

44 0.57727 0.0714 1.814 0.03570 0.9068 0.0227 0.5773
48 0.52917 0.0655 1.661 0.03272 0.8311 0.0208 0.5292
50 0.50800 0.0628 1.595 0.03141 0.7976 0.0200 0.5080

50.8000 0.5 0.06184 1.5707 0.03092 0.7854 0.0197 0.5000
63.5000 0.4 0.04947 1.2565 0.02473 0.6283 0.0157 0.4000

64 0.39688 0.04909 1.2469 0.02454 0.6234 0.0156 0.3969

67,7333 0.375 0.04638 1.1781 0.02319 0.5890 0.0148 0.3750
72 0.35278 0.04363 1.1082 0.02182 0.5541 0.0139 0.3528

72.5714 0.35 0.04329 1.0996 0.02164 0.5498 0.0138 0.3500
78.1538 0.325 0.04020 1.0211 0.02010 0.5105 0.0128 0.3250

80 0.31750 0.03927 0.9975 0.01964 0.4987 0.0125 0.3175
84.6667 0.3 0.03711 0.9426 0.01856 0.4713 0.0118 0.3000
92.3636 0.275 0.03401 0.8639 0.01700 0.4319 0.0108 0.2750

96 0.26458 0.03272 0.8311 0.01636 0.4156 0.0104 0.2646
101.6000 0.25 0.03092 0.7854 0.01546 0.3927 0.00984 0.2500

120 0.21167 0.02618 0.6650 0.01309 0.3325 0.00833 0.2117

125 0.20320 0.02513 0.6383 0.01256 0.3192 0.00800 0.2032
127.0000 0.2 0.02474 0.6284 0.01237 0.3142 0.00787 0.2000

150 0.16933 0.02094 0.5319 0.01047 0.2659 0.00667 0.1693
169.3333 0.15 0.01855 0.4712 0.00928 0.2356 0.00591 0.1500

180 0.14111 0.01745 0.4432 0.00873 0.2216 0.00555 0.1411
200 0.12700 0.01571 0.3990 0.00786 0.1995 0.00500 0.1270

203.2000 0.125 0.01546 0.3927 0.00773 0.1963 0.00492 0.1250

FUNDAMENTAL RELATIONSHIPS OF SPUR
AND HELICAL GEARS

Center distance is the distance between axes of mating gears and is
determined from C 5 (nG 1 NP)/(2Pd), or C 5 (DG 1 DP )/2. Devia-
tion from ideal center distance of involute gears is not detrimental to
proper (conjugate) gear action which is one of the prime superiority
features of the involute tooth form.

Contact Ratio Referring to the top part of Fig. 8.3.4 and assuming
no tip relief, the pinion engages in the gear at a, where the outside circle
of the gear tooth intersects the line of action ac. For the usual spur gear
and pinion combinations there will be two pairs of teeth theoretically in
contact at engagement (a gear tooth and its mating pinion tooth consid-
ered as a pair). This will continue until the pair ahead (bottom part of
Fig. 8.3.4) disengages at c, where the outside circle of the pinion inter-
sects the line of action ac, the movement along the line of action being
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ab. After disengagement the pair behind will be the only pair in contact
until another pair engages, the movement along the line of action for
single-pair contact being bd. Two pairs are theoretically in contact dur-
ing the remaining intervals, ab 1 dc.

Tooth Thickness For standard gears, the tooth thickness t of mating
gears is equal, where t 5 p/2 5 p/(2Pd ) measured linearly along the
arc of the pitch circle. The tooth thickness t1 at any radial point of the
tooth (at diameter D1) can be calculated from the known thickness t at
the pitch radius D/2 by the relationship t1 5 t(D1/D) 2 D1 (inv f1 2
inv f), where inv f 5 tan f 2 f 5 involute function. Units for f
must be radians. Tables of values for inv f from 0 to 45° can be found in
the references (Buckingham and Dudley).

Over-plus measurements (spur gears) are another means of deriving

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 8.3.4 Contact conditions at engagement and disengagement.

Contact ratio expresses the average number of pairs of teeth theoreti-
cally in contact and is obtained numerically by dividing the length of the
line of action by the normal pitch. For full-depth teeth, without under-
cutting, the contact ratio is mp 5 (√D2

0 2 D2
b 1 √d2

0 2 d2
b 2 2C sin f)/

(2p cos f). The result will be a mixed number with the integer portion
the number of pairs of teeth always in contact and carrying load, and the
decimal portion the amount of time an additional pair of teeth are en-
gaged and share load. As an example, for mp between 1 and 2:

Load is carried by one pair, (2 2 mp)/mp of the time.
Load is carried by two pairs, 2(mp 2 1)/mp of the time.
In Figs. 8.3.5 to 8.3.7, contact ratios are given for standard generated

gears, the lower part of Figs. 8.3.5 and 8.3.6 representing the effect of
undercutting.

These charts are applicable to both standard dimetral pitch gears
made in accordance with American standards and also standard metric
gears that have an addendum of one module.
Fig. 8.3.5 Contact ratio, spur gear pairs—full depth, s
tooth thickness. If cylindrical pins are inserted in tooth spaces diametri-
cally opposite one another (or nearest space for an odd number of teeth)
(Fig. 8.3.8), the tooth thickness can be derived from the measurement M
as follows:

t 5 D(p/N 1 inv f1 2 inv f 2 dw/Db)
cos f1 5 (D cos f)/2Rc

Rc 5 (M 2 dw)/2 for even number of teeth
Rc 5 (M 2 dw)/[2 cos (90/N)] for odd number of teeth

where dw 5 pin diameter, Rc 5 distance from gear center to center of
pin, and M 5 measurement over pins.

For the reverse situation, the over-pins measurement M can be
found for a given tooth thickness t at diameter D and pressure angle f
by the following: inv f1 5 t/D 1 inv f 1 dw/(D cos f) 2 p/N,
M 5 D cos f/cos f1 1 dw (for even number of teeth), M 5
(D cos f/cos f1) cos (90°/N) 1 dw (for odd number of teeth).

Table values of over-pins measures (see Dudley and Van Keuren)
facilitate measurements for all standard gears including those with
slight departures from standard. (For correlation with tooth thickness
and testing radius, see Michalec, Product Eng., May 1957, and ‘‘Preci-
sion Gearing: Theory and Practice,’’ Wiley.)

Testing radius RT is another means of determining tooth thickness and
refers to the effective pitch radius of the gear when rolled intimately
with a master gear of known size calibration. (See Michalec, Product
Eng., Nov. 1956, and ‘‘Precision Gearing: Theory and Practice,’’ op.
cit.) For standard design gears the testing radius equals the pitch radius.
The testing radius may be corrected for small departures Dt from ideal
tooth thickness by the relationship, RT 5 R 1 Dt/2 tan f, where Dt 5
t1 2 t and is positive and negative respectively for thicker and thinner
tooth thicknesses than standard value t.

Backlash B is the amount by which the width of a tooth space exceeds
the thickness of the engaging tooth measured on the pitch circle. Back-
lash does not adversely affect proper gear function except for lost mo-
tandard generated teeth, 141⁄2° pressure angle.
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Fig. 8.3.6 Contact ratio, spur gear pairs—full-depth standard generated teeth, 20° pressure angle.
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tion upon reversal of gear rotation. Backlash inevitably occurs because
of necessary fabrication tolerances on tooth thickness and center dis-
tance plus need for clearance to accommodate lubricant and thermal
expansion. Proper backlash can be introduced by a specified amount of
tooth thinning or slight increase in center distance. The relationship
between small change in center distance DC and backlash is B 5 2 DC
tan f (see Michalec, ‘‘Precision Gearing: Theory and Practice’’).

Total composite error (tolerance) is a measure of gear quality in terms
of the net sum of irregularity of its testing radius RT due to pitch-circle
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Fig. 8.3.7 Contact ratio for large numbers of teeth—spur gear pairs, full-depth
standard teeth, 20° pressure angle. (Data by R. Feeney and T. Wall.)

Fig. 8.3.8 Geometry of over-pins measurements (a) for an even number of teeth
and (b) for an odd number of teeth.
runout and tooth-to-tooth variations (see Michalec, op. cit.).
Tooth-to-tooth composite error (tolerance) is the variation of testing

radius RT between adjacent teeth caused by tooth spacing, thickness,
and profile deviations (see Michalec, op. cit.).

Profile shifted gears have tooth thicknesses that are significantly dif-
ferent from nominal standard value; excluded are deviations caused by
normal allowances and tolerances. They are also known as modified
gears, long and short addendum gears, and enlarged gears. They are pro-
duced by cutting the teeth with standard cutters at enlarged or reduced
outside diameters. The result is a relative shift of the two families of
involutes forming the tooth profiles, simultaneously with a shift of the
tooth radially outward or inward (see Fig. 8.3.9). Calculation of operat-
ing conditions and tooth parameters are

C1 5
(C cos f)

cos f1

inv f1 5 inv f 1
NP(t9G 1 t9P) 2 pDP

DP (NP 1 NG)

t9G 5 t 1 2XG tan f
t9P 5 t 1 2XP tan f

D9G 5 (NG /Pd) 1 2XG

D9P 5 (NP /Pd) 1 2XP

D9o 5 D9G 1 (2/Pd)
d9o 5 D9P 1 (2/Pd)

where f 5 standard pressure angle, f1 5 operating pressure angle,
C 5 standard center distance 5 (NG 1 NP) /2Pd, C1 5 operating center
distance, XG 5 profile shift correction of gear, and XP 5 profile shift
correction of pinion. The quantity X is positive for enlarged gears and
negative for thinned gears.
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Table 8.3.5 Metric Spur Gear Design Formulas

To obtain: From known Use this formula*

Pitch diameter D Module; diametral pitch D 5 mN

Circular pitch pc Module; diametral pitch pc 5 mp 5
D

N
p 5

p

P

Module m Diametral pitch m 5
25.4

P

No. of teeth N Module and pitch diameter N 5
D

m

Addendum a Module a 5 m
Dedendum b Module b 5 1.25m
Outside diameter Do Module and pitch diameter or number of teeth Do 5 D 1 2m 5 m (N 1 2)
Root diameter Dr Pitch diameter and module Dr 5 D 2 2.5m
Base circle diameter Db Pitch diameter and pressure angle f Db 5 D cos f
Base pitch pb Module and pressure angle pb 5 mp cos f

Tooth thickness at standard pitch diameter Tstd Module Tstd 5
p

2
m

Center distance C Module and number of teeth C 5
m (N1 1 N2)

2

Contact ratio mp Outside radii, base-circle radii, center distance, pressure
angle

mp 5
√1Ro

2 2 1Rb
2 1 √2Ro

2 2 2Rb
2 2 C sin f

mp cos f

Backlash (linear) B (along pitch circle) Change in center distance B 5 2(DC ) tan f
Backlash (linear) B (along pitch circle) Change in tooth thickness, T B 5 DT
Backlash (linear) (along line of action) BLA Linear backlash (along pitch circle) BLA 5 B cos f

Backlash (angular) Ba Linear backlash (along pitch circle) Ba 5 6,880
B

D
(arc minutes)

Min. number teeth for no undercutting, Nc Pressure angle Nc 5
2

sin2 f

* All linear dimensions in millimeters.

verse planes by tan fn 5 tan f cos c. The transverse pressure angle,
which is effectively the real pressure angle, is always greater than the
normal pressure angle.

Tooth thickness t of helical gears can be measured in the plane of
rotation, as with spur gears, or normal to the tooth surface tn. The
relationship of the two thicknesses is tn 5 t cos c.

Over-Pins Measurement of Helical Gears Tooth thicknesses t
at diameter d can be found from a known over-pins measurement
M at known pressure angle f, corresponding to diameter D as follows:
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Fig. 8.3.9 Geometry of profile-shifted teeth. (a) Enlarged case; (b) thinned
tooth thickness case.

Metric Module Gear Design Equations Basic design equations for
spur gearing utilizing the metric module are listed in Table 8.3.5. (See
Designatronics, ‘‘Elements of Metric Gear Technology.’’)

HELICAL GEARS

Helical gears divide into two general applications: for driving parallel
shafts and for driving skew shafts (mostly at right angles), the latter
often referred to as crossed-axis helical gears. The helical tooth form
may be imagined as consisting of an infinite number of staggered lami-
nar spur gears, resulting in the curved cylindrical helix.

Pitch of helical gears is definable in two planes. The diametral and
circular pitches measured in the plane of rotation (transverse) are de-
fined as for spur gears. However, pitches measured normal to the tooth
are related by the cosine of the helix angle; thus normal diametral
pitch 5 Pdn 5 Pd/cos c, normal circular pitch 5 pn 5 p cos c, and
Pdnpn 5 p. Axial pitch is the distance between corresponding sides of
adjacent teeth measured parallel to the gear axis and is calculated as
pa 5 p cot c.

Pressure angle of helical gears is definable in the normal and trans-
Rc 5 (M 2 dw) /2 for even number of teeth
Rc 5 (M 2 dw) /[2 cos (180/2N)] for odd number of teeth

cos f1 5 (D cos f) /2Rc

tan fn 5 tan f cos c
cos cb 5 sin fn /sin f

t 5 D[p /N 1 inv f1 2 inv f 2 dw /(D cos f cos cb)]

Parallel-shaft helical gears must conform to the same conditions and
requirements as spur gears with parameters (pressure angle and pitch)
consistently defined in the transverse plane. Since standard spur gear
cutting tools are usually used, normal plane values are standard, result-
ing in nonstandard transverse pitches and nonstandard pitch diameters
and center distances. For parallel shafts, helical gears must have identi-
cal helix angles, but must be of opposite hand (left and right helix
directions). The commonly used helix angles range from 15 to 35°. To
make most advantage of the helical form, the advance of a tooth should
be greater than the circular pitch; recommended ratio is 1.5 to 2 with 1.1
minimum. This overlap provides two or more teeth in continual contact
with resulting greater smoothness and quietness than spur gears. Be-
cause of the helix, the normal component of the tangential pressure on
the teeth produces end thrust of the shafts. To remove this objection,
gears are made with helixes of opposite hand on each half of the face
and are then known as herringbone gears (see Fig. 8.3.10).

Crossed-axis helical gears, also called spiral or screw gears (Fig.
8.3.11), are a simple type of involute gear used for connecting nonpar-
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allel, nonintersecting shafts. Contact is point and there is considerably
more sliding than with parallel-axis helicals, which limits the load ca-
pacity. The individual gear of this mesh is identical in form and specifi-
cation to a parallel-shaft helical gear. Crossed-axis helicals can connect

Table 8.3.6 Helical Gears on Parallel Shafts

To find: Formula

Center distance C
NG 1 NP

2Pdn cos c

Pitch diameter D
N

Pd

5
N

Pdn cos c

Normal diametral
pitch Pdn

Pd

cos c
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Fig. 8.3.10 Herringbone gears.

any shaft angle o, although 90° is prevalent. Usually, the helix angles
will be of the same hand, although for some extreme cases it is possible
to have opposite hands, particularly if the shaft angle is small.

Fig. 8.3.11 Crossed-axis helical gears.

Helical Gear Calculations For parallel shafts the center distance is a
function of the helix angle as well as the number of teeth, that is, C 5
(NG 1 NP )/(2Pdn cos c). This offers a powerful method of gearing
shafts at any specified center distance to a specified velocity ratio. For
crossed-axis helicals the problem of connecting a pair of shafts for any
velocity ratio admits of a number of solutions, since both the pitch radii
and the helix angles contribute to establishing the velocity ratio. The
formulas given in Tables 8.3.6 and 8.3.7 are of assistance in calcula-
tions. The notation used in these tables is as follows:

NP(NG ) 5 number of teeth in pinion (gear)
DP(DG ) 5 pitch diam of pinion (gear)
pP(pG ) 5 circular pitch of pinion (gear)

p 5 circular pitch in plane of rotation for both gears
Pd 5 diametral pitch in plane of rotation for both gears
pn 5 normal circular pitch for both gears

Pdn 5 normal diametral pitch for both gears
cG 5 tooth helix angle of gear
cP 5 tooth helix angle of pinion

lP(lG ) 5 lead of pinion (gear)
5 lead of tooth helix

nP(nG ) 5 r/min of pinion (gear)
o 5 angle between shafts in plan
C 5 center distance
Fig. 8.3.12 Bevel gear types. (a) Old-type straight teeth; (
(c) Zerol teeth; (d) spiral teeth; (e) hypoid teeth.
Normal circular
pitch pn

p cos c

Pressure angle f tan21
tan fn

cos c

Contact ratio mp

√GDo
2 2 GDb

2 1 √PDo
2 2 PDb

2 1 2C sin f

2p cos f
1

F sin c

pn

Velocity ratio mG

NG

NP

5
DG

DP

Table 8.3.7 Crossed Helical Gears on Skew Shafts

To find: Formula

Center distance C
Pn

2p
S NG

cos cG

1
NP

cos cP
D

Pitch diameter DG , DP DG 5
NG

PdG

5
NG

Pdn cos cG

5
NGpn

p cos cG

DP 5
NP

PdP

5
NP

Pdn cos cP

5
nPpn

p cos cP

Gear ratio mG

NG

NP

5
DG cos cG

DP cos cP

Shaft angle o cG 1 cP

NONSPUR GEAR TYPES*

Bevel gears are used to connect two intersecting shafts in any given
speed ratio. The tooth shapes may be designed in any of the shapes
shown in Fig. 8.3.12. A special type of gear known as a hypoid was
developed by Gleason Works for the automotive industry (see Jour.
SAE, 18, no. 6). Although similar in appearance to a spiral bevel, it is
not a true bevel gear. The basic pitch rolling surfaces are hyperbolas of
revolution. Because a ‘‘spherical involute’’ tooth form has a curved
crown tooth (the basic tool for generating all bevel gears), Gleason used
a straight-sided crown tooth which resulted in bevel gears differing
slightly from involute form. Because of the figure 8 shape of the com-
plete theoretical tooth contact path, the tooth form has been called ‘‘oc-
toid.’’ Straight-sided bevel gears made by reciprocating cutters are of
this type. Later, when curved teeth became widely used (spiral and
Zerol), practical limitations of such cutters resulted in introduction of
the ‘‘spherical’’ tooth form which is now the basis of all curved tooth
bevel gears. (For details see Gleason’s publication, ‘‘Guide to Bevel
Gears.’’) Gleason Works also developed the generated tooth form

* In the following text relating to bevel gearing, all tables and figures have been
extracted from Gleason Works publications, with permission.

b) modern Coniflex straight teeth (exaggerated crowning);



8-96 GEARING

Revecycle and the nongenerated tooth forms Formate and Helixform,
used principally for mass production of hypoid gears for the automotive
industry.

Referring to Fig. 8.3.13, we see that the pitch surfaces of bevel gears
are frustums of cones whose vertices are at the intersection of the axes;
the essential elements and definitions follow.

Addendum angle a: The angle between elements of the face cone and
pitch cone.

Back angle: The angle between an element of the back cone and a

determined by nP /nG 5 sin G/sin g, where nP(nG ) 5 r/min of pinion
(gear), and g(G) 5 pitch angle of pinion (gear).

All standard bevel gear designs in the United States are in accordance
with the Gleason bevel gear system. This employs a basic pressure angle
of 20° with long and short addendums for ratios other than 1 : 1 to avoid
undercut pinions and to increase strength.

20° Straight Bevel Gears for 90° Shaft Angle Since straight bevel
gears are the easiest to produce and offer maximum precision, they are
frequently a first choice. Modern straight-bevel-gears generators pro-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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plane of rotation. It is equal to the pitch angle.
Back cone: The angle of a cone whose elements are tangent to a

sphere containing a trace of the pitch circle.
Back-cone distance: The distance along an element of the back cone

from the apex to the pitch circle.
Cone distance Ao : The distance from the end of the tooth (heel) to the

pitch apex.
Crown: The sharp corner forming the outside diameter.
Crown-to-back: The distance from the outside diameter edge (crown)

to the rear of the gear.
Dedendum angle d: The angle between elements of the root cone and

pitch cone.
Face angle go : The angle between an element of the face cone and its

axis.
Face width F: The length of teeth along the cone distance.
Front angle: The angle between an element of the front cone and a

plane of rotation.
Generating mounting surface, GMS: The diameter and/or plane of ro-

tation surface or shaft center which is used for locating the gear blank
during fabrication of the gear teeth.

Heel: The portion of a bevel gear tooth near the outer end.
Mounting distance, MD: For assembled bevel gears, the distance

from the crossing point of the axes to the registering surface, measured
along the gear axis. Ideally, it should be identical to the pitch apex to
back.

Mounting surface, MS: The diameter and/or plane of rotation surface
which is used for locating the gear in the application assembly.

Octoid: The mathematical form of the bevel tooth profile. Closely
resembles a spherical involute but is fundamentally different.

Pitch angle G: The angle formed between an element of the pitch cone
and the bevel gear axis. It is the half angle of the pitch.

Pitch apex to back: The distance along the axis from apex of pitch
cone to a locating registering surface on back.

Registering surface, RS: The surface in the plane of rotation which
locates the gear blank axially in the generating machine and the gear
in application. These are usually identical surfaces, but not necessar-
ily so.

Root angle gR: The angle formed between a tooth root element and the
axis of the bevel gear.

Shaft angle o: The angle between mating bevel-gear axes; also, the
sum of the two pitch angles.

Spiral angle c: The angle between the tooth trace and an element of
the pitch cone, corresponding to helix angle in helical gears. The spiral
angle is understood to be at the mean cone distance.

Toe: The portion of a bevel tooth near the inner end.

Bevel gears are described by the parameter dimensions at the large
end (heel) of the teeth. Pitch, pitch diameter, and tooth dimensions, such
as addendum are measurements at this point. At the large end of the
gear, the tooth profiles will approximate those generated on a spur gear
pitch circle of radius equal to the back cone distance. The formative
number of teeth is equal to that contained by a complete spur gear. For
pinion and gear, respectively, this is TP 5 NP /cos g; TG 5 NG /cos G,
where TP and TG 5 formative number teeth and NP and NG 5 actual
number teeth.

Although bevel gears can connect intersecting shafts at any angle,
most applications are for right angles. When such bevels are in a 1 : 1
ratio, they are called mitre gears. Bevels connecting shafts other than 90°
are called angular bevel gears. The speeds of the shafts of bevel gears are
duce a tooth with localized tooth bearing designated by the Gleason
registered tradename Coniflex. These gears, produced with a circular
cutter, have a slightly crowned tooth form (see Fig. 8.3.12b). Because of
the superiority of Coniflex bevel gears over the earlier reciprocating
cutter produced straight bevels and because of their faster production,
they are the standards for all bevel gears. The design parameters of Fig.
8.3.13 are calculated by the formulas of Table 8.3.8. Backlash data are
given in Table 8.3.9.

Fig. 8.3.13 Geometry of bevel gear nomenclature. (a) Section through axes;
(b) view along axis Z/Z.
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Table 8.3.8 Straight Bevel Gear Dimensions*
(All linear dimensions in inches)

1. Number of pinion teeth† n 5. Working
depth hk 5

2.000

Pd

2. Number of gear teeth† N 6. Whole depth hi 5
2.188

Pd

1 0.002

3. Diametral pitch Pd 7. Pressure angle f
4. Face width F 8. Shaft angle o

Pinion Gear

9. Pitch diameter d 5
n

Pd

D 5
N

Pd

10. Pitch angle g 5 tan21
n

N
G 5 90° 2 g

11. Outer cone distance AO 5
D

2 sin G

12. Circular pitch p 5
3.1416

Pd

13. Addendum aOP 5 hk 2 aOG aOG 5
0.540

Pd

1
0.460

Pd (N/n)2

14. Dedendum‡ bOP 5
2.188

Pd

2 aOP bOG 5
2.188

Pd

2 aOG

15. Clearance c 5 ht 2 hk

16. Dedendum angle dP 5 tan21
bOP

AO

dG 5 tan21
bOG

AO

17. Face angle of blank gO 5 g 1 dG GO 5 G 1 dP

18. Root angle gR 5 g 2 dP GR 5 G 2 dG

19. Outside diameter dO 5 d 1 2aOP cos g DO 5 D 1 2aOG cos G

20. Pitch apex to crown xO 5
D

2
2 aOP sin g XO 5

d

2
2 aOG sin G

21. Circular thickness t 5 p 2 T T 5
p

2
2 (aOP 2 aOG) tan f 2

K

Pd

(see Fig. 8.3.14)
22. Backlash B See Table 8.3.9

23. Chordal thickness tC 5 t 2
t2

6d2
2

B

2
TC 5 T 2

T2

6D2
2

B

2

24. Chordal addendum aCP 5 aOP 1
t2 cos g

4d
aCG 5 aOG 1

T2 cos G

4D

25. Tooth angle
3,438

AO
S t

2
1 bOP tan fD minutes

3,438

AO
ST

2
1 bOG tan fD minutes

26. Limit-point width (L.F.) WLOP 5 (T 2 2bOP tan f) 2 0.0015 WLOG 5 (t 2 2bOG tan f) 2 0.0015

27. Limit-point width (S.E.) WLiP 5
AO 2 F

AO

(T 2 2bOP tan f) 2 0.0015 WLiG 5
AO 2 F

AO

(t 2 2bOG tan f) 2 0.0015

28. Tool-point width W 5 WLiP 2 stock allowance W 5 WLiG 2 stock allowance

* Abstracted from ‘‘Gleason Straight Bevel Gear Design,’’ Tables 8.3.8 and 8.3.9 and Fig. 8.3.4. Gleason Works, Inc.
† Numbers of teeth; ratios with 16 or more teeth in pinion: 15/17 and higher; 14/20 and higher; 13/31 and higher. These can be cut with 20° pressure angle

without undercut.
‡ The actual dedendum will be 0.002 in greater than calculated.

Table 8.3.9 Recommended Normal Backlash for Bevel Gear
Meshes*

Pd Backlash range Pd Backlash range

1.00–1.25 0.020–0.030
1.25–1.50 0.018–0.026
1.50–1.75 0.016–0.022
1.75–2.00 0.014–0.018
2.00–2.50 0.012–0.016
2.50–3.00 0.010–0.013
3.00–3.50 0.008–0.011

3.50–4.00 0.007–0.009
4–5 0.006–0.008
5–6 0.005–0.007
6–8 0.004–0.006
8–10 0.003–0.005

10–12 0.002–0.004
Finer than 12 0.001–0.003

* The table gives the recommended normal backlash for gears assembled ready to run. Because of
manufacturing tolerances and changes resulting from heat treatment, it is frequently necessary to reduce
the theoretical tooth thickness by slightly more than the tabulated backlash in order to obtain the correct
backlash in assembly. In case of choice, use the smaller backlash tolerances.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Angular straight bevel gears connect shaft angles other than 90° (larger
or smaller), and the formulas of Table 8.3.8 are not entirely applicable,
as shown in the following:

Item 8, shaft angle, is the specified non-90° shaft angle.
Item 10, pitch angles. Shaft angle o less than 90°, tan g 5

sin o/(N/n 1 cos o); shaft angle o greater than 90°, tan g 5
sin (180 2 o)/[N/n 2 cos (180° 2 o)].

For all shaft angles, sin g/sin G 5 n/N; G 5 o 2 g.
Item 13, addendum, requires calculation of the equivalent 90° bevel

Angular Spiral Bevel Gears Several items deviate from the formu-
las of Table 8.3.10 in the same manner as angular straight bevel gears.
Therefore, the same formulas apply for the deviating items with only the
following exception:

Item 21, circular thickness, the value of K in Fig. 8.3.15 must be
determined from the equivalent 90° bevel ratio (m90) and the equivalent
90° bevel pinion. The latter is computed as n90 5 n sin G90 /cos g, where
tan G90 5 m90 .

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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gear ratio m90 , m90 5 [N cos g/(n cos G)]1/2. The value m90 is used as
the ratio N/n when applying the formula for addendum. The quantity
under the radical is always the absolute value and is therefore always
positive.

Item 20, pitch apex to crown, xo 5 A0 cos g 2 aop sin g, Xo 5
A0 cos G 2 aoG sin G.

Item 21, circular thickness, except for high ratios, K may be zero.

Spiral Bevel Gears for 90° Shaft Angle The spiral curved teeth pro-
duce additional overlapping tooth action which results in smoother gear
action, lower noise, and higher load capacity. The spiral angle has been
standardized by Gleason at 35°. Design parameters are calculated by
formulas of Table 8.3.10.

Table 8.3.10 Spiral Bevel Gear Dimensions
(All linear dimensions in inches)

1. Number of pinion teeth n

2. Number of gear teeth N

3. Diametral pitch P
d

4. Face width F

Pinion

9. Pitch diameter d 5
n

Pd

10. Pitch angle g 5 tan21
n

N

11. Outer cone distance AO 5
D

2 sin G

12. Circular pitch p 5
3.1416

Pd

13. Addendum AOP 5 hk 2 aOG

14. Dedendum bOP 5 ht 2 aOP

15. Clearance c 5 ht 2 hk

16. Dedendum angle dp 5 tan21
bOP

AO

17. Face angle of blank gO 5 g 1 dG

18. Root angle gR 5 g 2 dP

19. Outside diameter dO 5 d 1 2aOP c

20. Pitch apex to crown xO 5
D

2
2 aOP si

21. Circular thickness t 5 p 2 T

22. Backlash See Table 8.3.9
23. Hand of spiral Left or right

24. Spiral angle

25. Driving member

26. Direction of rotation C

SOURCE: Gleason, ‘‘Spiral Bevel Gear System.’’
Fig. 8.3.14 Circular thickness factor for straight bevel gears.

5. Working depth hk 5
1.700

Pd

6. Whole depth hi 5
1.888

Pd

7. Pressure angle f

8. Shaft angle o

Gear

D 5
N

Pd

1 5 90° 2 g

aOG 5
0.460

Pd

1
0.390

Pd(N/n)2

bOG 5 ht 2 aOG

dG 5 tan21
bOG

AO

GO 5 G 1 dP

GR 5 G 2 dG

os g DO 5 D 1 2aOG cos G

n g XO 5
d

2
2 aOG sin G

T 5
p

2
(aOP 2 aOG)

tan f

cos f
2

K

Pd

(see Fig. 8.3.15)

Right or left

35°

Pinion or gear

lockwise or counterclockwise
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The zerol bevel gear is a special case of a spiral bevel gear and is
limited to special applications. Design and fabrication details can be
obtained from Gleason Works.

Hypoid gears are special and are essentially limited to automotive
applications.

With worm gearing, the velocity ratio is the ratio between the number
of teeth on the wormgear and the number of threads on the worm. Thus,
a 30-tooth wormgear meshing with a single threaded worm will have a
velocity ratio of 1 : 30; that is, the worm must make 30 rv in order to
revolve the wormgear once. For a double threaded worm, there will be
15 rv of the worm to one of the wormgear, etc. High-velocity ratios are
thus obtained with relatively small wormgears.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Fig. 8.3.15 Circular thickness factors for spiral bevel gears with 20° pressure
angle and 35° spiral angle. Left-hand pinion driving clockwise or right-hand pin-
ion driving counterclockwise.

WORMGEARS AND WORMS

Worm gearing is used for obtaining large speed reductions between
nonintersecting shafts making an angle of 90° with each other. If a
wormgear such as shown in Fig. 8.3.16 engages a straight worm, as
shown in Fig. 8.3.17, the combination is known as single enveloping
worm gearing. If a wormgear of the kind shown in Fig. 8.3.16 engages a
worm as shown in Fig. 8.3.18, the combination is known as double
enveloping worm gearing.

Fig. 8.3.16 Single enveloping
worm gearing.

Fig. 8.3.17 Straight worm.
Fig. 8.3.18 Double enveloping worm gearing.

Tooth proportions of the worm in the central section (Fig. 8.3.17)
follow standard rack designs, such as 141⁄2, 20, and 25°. The mating
wormgear is cut conjugate for a unique worm size and center distance.
The geometry and related design equations for a straight-sided cylin-
drical worm are best seen from a development of the pitch plane (Fig.
8.3.19).

Dw 5 pitch diameter of worm 5
nwpn

p sin l

pn 5 p cos l 5
pDw

nw

sin l

L 5 lead of worm 5 nwp
Dg 5 pitch diameter of wormgear

5
Ng

Pd

5
pNg

p
5

PnNg

p cos l

C 5 center distance

5
Dw 1 Dg

2
5

pn

2p
S Ng

cos l
1

nw

sin l
D

where nw 5 number of threads in worm; Ng 5 number of teeth in
wormgear; Z 5 velocity ratio 5 Ng/nw .

The pitch diameter of the wormgear is established by the number of
teeth, which in turn comes from the desired gear ratio. The pitch diame-
ter of the worm is somewhat arbitrary. The lead must match the worm-
gear’s circular pitch, which can be satisfied by an infinite number of
worm diameters; but for a fixed lead value, each worm diameter has a
unique lead angle. AGMA offers a design formula that provides near
optimized geometry:

Dw 5
C0.875

2.2

where C 5 center distance. Wormgear face width is also somewhat
arbitrary. Generally it will be 3⁄5 to 2⁄3 of the worm’s outside diameter.

Worm mesh nonreversibility, a unique feature of some designs, occurs
because of the large amount of sliding in this type of gearing. For a
given coefficient of friction there is a critical value of lead angle below
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which the mesh is nonreversible. This is generally 10° and lower but is
related to the materials and lubricant. Most single thread worm meshes
are in this category. This locking feature can be a disadvantage or in
some designs can be put to advantage.

Double enveloping worm gearing is special in both design and fabrica-
tion. Application is primarily where a high load capacity in small space
is desired. Currently, there is only one source of manufacture in the
United States: Cone Drive Division of Ex-Cello Corp. For design de-
tails and load ratings consult publications of Cone Drive and AGMA

ing; and spur and helical racks. Special sections cover gear applications
and suggested quality number; gear materials and treatments; and stan-
dard procedure for identifying quality, material, and other pertinent
parameters. These data are too extensive for inclusion in this handbook,
and the reader is referred to the cited AGMA references.

STRENGTH AND DURABILITY

Gear teeth fail in two classical manners: tooth breakage and surface
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Standards.

Fig. 8.3.19 Cylindrical worm geometry and design parameters.

Other Gear Types

Gears for special purposes include the following (details are to be found
in the references):

Spiroid (Illinois Tool Works) gears, used to connect skew shafts,
resemble a hypoid-type bevel gear but in performance are more like
worm meshes. They offer very high ratios and a large contact ratio
resulting in high strength. The Helicon (Illinois Tool Works) gear is a
variation in which the pinion is not tapered, and ratios under 10 : 1 are
feasible.

Beveloid (Vinco Corp.) gears are tapered involute gears which can
couple intersecting shafts, skew shafts, and parallel shafts.

Face gears have teeth cut on the rotating face plane of the gear and
mate with standard involute spur gears. They can connect intersecting
or nonparallel, nonintersecting shafts.

Noncircular gears or function gears are used for special motions or as
elements of analog computers. They can be made with elliptical, loga-
rithmic, spiral, and other functions. See Cunningham references; also,
Cunningham Industries, Inc., Stamford, CT.

DESIGN STANDARDS

In addition to the ANSI and AGMA standards on basic tooth propor-
tions, the AGMA sponsors a large number of national standards dealing
with gear design, specification, and inspection. (Consult AGMA, 1500
King St., Arlington, VA 22314, for details.) Helpful general references
are AGMA, ‘‘Gear Handbook,’’ 390.03 and ANSI/AGMA, ‘‘Gear
Classification and Inspection Handbook,’’ 2000-A88, which establish a
system of quality classes for all gear sizes and pitches, ranging from
crude coarse commercial gears to the highest orders of fine and coarse
ultra-precision gears.

There are 13 quality classes, numbered from 3 through 15 in ascend-
ing quality. Tolerances are given for key functional parameters: runout,
pitch, profile, lead, total composite error, tooth-to-tooth composite
error, and tooth thickness. Also, tooth thickness tolerances and recom-
mended mesh backlash are included. These are related to diametral
pitch and pitch diameter in recognition of fabrication achievability.
Data are available for spur, helical, herringbone, bevel, and worm gear-
fatigue pitting. Instrument gears and other small, lightly loaded gears
are designed primarily for tooth-bending beam strength since minimiz-
ing size is the priority. Power gears, usually larger, are designed for both
strengths, with surface durability often more critical. Expressions for
calculating the beam and surface stresses started with the Lewis-
Buckingham formulas and now extend to the latest AGMA formulas.

The Lewis formula for analysis of beam strength, now relegated to
historical reference, serves to illustrate the fundamentals that current
formulas utilize. In the Lewis formula, a tooth layout shows the load
assumed to be at the tip (Fig. 8.3.20). From this Lewis demonstrated
that the beam strength Wb 5 FSY/Pd , where F 5 face width; S 5
allowable stress; Y 5 Lewis form factor; Pd 5 diametral pitch. The form
factor Y is derived from the layout as Y 5 2Pd /3. The value of Y varies
with tooth design (form and pressure angle) and number of teeth. In the
case of a helical gear tooth, there is a thrust force Wth in the axial
direction that arises and must be considered as a component of bearing
load. See Fig. 8.3.21b. Buckingham modified the Lewis formula to
include dynamic effects on beam strength and developed equations for
evaluating surface stresses. Further modifications were made by other
investigators, and have resulted in the most recent AGMA rating for-
mulas which are the basis of most gear designs in the United States.

Fig. 8.3.20 Layout for beam strength (Lewis formula).

AGMA Strength and Durability Rating Formulas

For many decades the AGMA Gear Rating Committee has developed
and provided tooth beam strength and surface durability (pitting resis-
tance) formulas suitable for modern gear design. Over the years, the
formulas have gone through a continual evolution of revision and im-
provement. The intent is to provide a common basis for rating various
gear types for differing applications and thus have a uniformity of prac-
tice within the gear industry. This has been accomplished via a series of
standards, many of which have been adopted by ANSI.

The latest standards for rating bending beam strength and pitting
resistance are ANSI/AGMA 2001-C95, ‘‘Fundamental Rating Factors
and Calculation Methods for Involute, Spur, and Helical Gear Teeth’’
(available in English and metric units) and AGMA 908-B89, ‘‘Geome-
try Factors for Determining the Pitting Resistance and Bending Strength
of Spur, Helical, and Herringbone Gear Teeth.’’ These standards have
replaced AGMA 218.01 with improved formulas and details.

The rating formulas in Tables 8.3.11 and 8.3.12 are abstracted from
ANSI/AGMA 2001-B88, ‘‘Fundamental Rating Factors and Calcula-
tion Methods for Involute Spur and Helical Gear Teeth,’’ with permis-
sion.

Overload factor Ko is intended to account for an occasional load in
excess of the nominal design load Wt . It can be established from experi-
ence with the particular application. Otherwise use Ko 5 1.
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Fig. 8.3.21 Forces on spur and helical teeth. (a) Spur gear; (b) helical gear.

Table 8.3.11 AGMA Pitting Resistance Formula for Spur and
Helical Gears
(See Note 1 below.)

sc 5 Cp√WtKoKvKs

Km

dF

Cf

I
where sc 5 contact stress number, lb/ in2

Cp 5 elastic coefficient,* ( lb/ in2)0.5 (see text and Table 8.3.13)
Wt 5 transmitted tangential load, lb
Ko 5 overload factor (see text)

Table 8.3.12 AGMA Bending Strength Fundamental Formula
for Spur and Helical Gears
(See Note 1 in Table 8.3.11.)

st 5 WtKoKvKs

Pd

F

KmKB

J

where st 5 bending stress number, lb/ in2

KB 5 rim thickness factor (see Fig. 8.3.38)
J 5 geometry factor for bending strength (see text and Figs. 8.3.25 to

8.3.31)
21
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Kv 5 dynamic factor (see Fig. 8.3.22)
Ks 5 size factor (see text)
Km 5 load distribution factor (see text and Table 8.3.14)
Cf 5 surface condition factor for pitting resistance (see text)
F 5 net face width of narrowest member, in
I 5 geometry factor for pitting resistance (see text and Figs. 8.3.23 and

8.3.24)
d 5 operating pitch diameter of pinion, in

5
2C

mG 1 1
for external gears

5
2C

mG 2 1
for internal gears

where C 5 operating center distance, in
mG 5 gear ratio (never less than 1.0)

Allowable contact stress number sac

sc #
sacZNCH

SHKTKR

where sac 5 allowable contact stress number, lb/ in2 (see Tables 8.3.15 and
8.3.16; Fig. 8.3.34)

ZN 5 stress cycle factor for pitting resistance (see Fig. 8.3.35)
CH 5 hardness ratio factor for pitting resistance (see text and Figs. 8.3.36

and 8.3.37)
SH 5 safety factor for pitting (see text)
KT 5 temperature factor (see text)
KR 5 reliability factor (see Table 8.3.19)

* Elastic coefficient Cp can be calculated from the following equation when the
paired materials in the pinion-gear set are not listed in Table 8.3.13:

Cp 5 √ 1

p[(1 2 m2
P)/EP 1 (1 2 m2

G)/EG]

where mP( mG) 5 Poisson’s ratio for pinion (gear)
EP(EG) 5 modulus of elasticity for pinion (gear), lb/ in2

Note 1: If the rating is calculated on the basis of uniform load, the transmitted
tangential load is

Wt 5
33,000P

vt

5
2T

d
5

126,000P

npd

where P 5 transmitted power, hp
T 5 transmitted pinion torque, lb ? in
vt 5 pitch line velocity at operating pitch diameter, ft /min 5

pnpd

12
Pd 5 transverse diametral pitch, in * ;
Pdn for helical gears

Pd 5
p

px tan cs

5 Pdn cos cs for helical gears

where Pdn 5 normal diametral pitch, in21

px 5 axial pitch, in
cs 5 helix angle at standard pitch diameter

cs 5 arcsin
p

pxPdn

Allowable bending stress numbers sat

st #
satYN

SFKTKR

where sat 5 allowable bending stress number, lb/ in2 (see Tables 8.3.17 and
8.3.18 and Figs. 8.3.39 to 8.3.41)

YN 5 stress cycle factor for bending strength (see Fig. 8.3.42)
SF 5 safety factor for bending strength (see text)

Qv refers to AGMA quality
classes, numbered from
3–15, in ascending
quality.

10 0008000

Qv 5 5

Qv 5 6

Qv 5 8

Qv 5 9

“Very accurate gearing”

D
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or
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1.4

1.3

1.2
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Qv 5 10

Qv 5 11

Qv 5 7

6000

Pitch line velocity vt, ft /min

400020000

Fig. 8.3.22 Dynamic factor Kv. (Source: ANSI/AGMA 2001-C95, with permis-
sion.)
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Table 8.3.13 Elastic Coefficient Cp

Gear material and modulus of elasticity EG , lb / in2 (MPa)

Malleable Nodular Aluminum
Steel iron iron Cast iron bronze Tin bronze

30 3 106 25 3 106 24 3 106 22 3 106 17.5 3 106 16 3 106

Pinion material

Pinion
modulus of
elasticity

EP , lb / in2

(MPa) (2 3 105) (1.7 3 105) (1.7 3 105) (1.5 3 105) (1.2 3 105) (1.1 3 105)

Steel 30 3 106 2,300 2,180 2,160 2,100 1,950 1,900
(2 3 105) (191) (181) (179) (174) (162) (158)

Malleable iron 25 3 106 2,180 2,090 2,070 2,020 1,900 1,850
(1.7 3 105) (181) (174) (172) (168) (158) (154)

Nodular iron 24 3 106 2,160 2,070 2,050 2,000 1,880 1,830
(1.7 3 105) (179) (172) (170) (166) (156) (152)

Cast iron 22 3 106 2,100 2,020 2,000 1,960 1,850 1,800
(1.5 3 105) (174) (168) (166) (163) (154) (149)

Aluminum bronze 17.5 3 106 1,950 1,900 1,880 1,850 1,750 1,700
(1.2 3 105) (162) (158) (156) (154) (145) (141)

Tin bronze 16 3 106 1,900 1,850 1,830 1,800 1,700 1,650
(1.1 3 105) (158) (154) (152) (149) (141) (137)

Poisson’s ratio 5 0.30.
SOURCE: ANSI/AGMA 2001-B88; with permission.

Size factor Ks is intended to factor in material nonuniformity due to
tooth size, diameter, face width, etc. AGMA has not established factors
for general gearing; use Ks 5 1 unless there is information to warrant
using a larger value.

Load distribution factor Km reflects the nonuniform loading along the
lines of contact due to gear errors, installation errors, and deflections.
Analytical and empirical methods for evaluating this factor are
presented in ANSI/AGMA 2001-C95 but are too extensive to include
here. Alternately, if appropriate for the application, Km can be extrapo-

upper values are for high-quality materials and high-quality control.
(See ANSI/AGMA 2001-C95, tables 7 through 10, regarding detailed
metallurgical specifications; stress grades 1, 2, and 3; and type A and B
hardness patterns.)

For reversing loads, allowable bending stress values, sat are to be re-
duced to 70 percent. If the rim thickness cannot adequately support the
load, an additional derating factor KB is to be applied. See Fig. 8.3.38.

Hardness ratio factor CH applies when the pinion is substantially
harder than the gear, and it results in work hardening of the gear and

r G

efl

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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lated from values given in Table 8.3.14.
Surface condition factor Cf is affected by the manufacturing method

(cutting, shaving, grinding, shotpeening, etc.). Standard factors have not
been established by AGMA. Use Cf 5 1 unless experience can establish
confidence for a larger value.

Geometry factors I and J relate to the shape of the tooth at the point of
contact, the most heavily loaded point. AGMA 908-B89 (Information
Sheet, Geometry Factors for Determining the Pitting Resistance and
Bending Strength for Spur, Helical and Herringbone Gear Teeth)
presents detailed procedures for calculating these factors. The standard
also includes a collection of tabular values for a wide range of gear tooth
designs, but they are too voluminous to be reproduced here in their
entirety. Earlier compact graphs of I and J values in AGMA 218.01 are
still valid. They are presented here along with several curves from
AGMA 610-E88, which are based upon 218.01. See Figs. 8.3.23 to
8.3.31.

Allowable contact stress sac and allowable bending stress sat are obtain-
able from Tables 8.3.15 to 8.3.18. Contact stress hardness specification
applies to the start of active profile at the center of the face width, and
for bending stress at the root diameter in the center of the tooth space
and face width. The lower stress values are for general design purposes;

Table 8.3.14 Load-Distribution Factor Km for Spu

Characteristics of support

Accurate mountings, small bearing clearances, minimum d
sion gears
Less rigid mountings, less accurate gears, contact across full f
Accuracy and mounting such that less than full face contact e

* An approximate guide only. See ANSI/AGMA 2001-C95 for deriv
SOURCE: Darle W. Dudley, ‘‘Gear Handbook,’’ McGraw-Hill, New Y
increasing its capacity. Factor CH applies to only the gear, not the pin-
ion. See Figs. 8.3.36 and 8.3.37.

Safety factors SH and SF are defined by AGMA as factors beyond KO

and KR ; they are used in connection with extraordinary risks, human or
economic. The values of these factors are left to the designer’s judgment
as she or he assesses all design inputs and the consequences of possible
failure.

Temperature factor KT 5 1 when gears operate with oil temperature
not exceeding 250°F.

Reliability factor KR accounts for statistical distribution of mater-
ial failures. Typically, material strength ratings (Tables 8.3.13, and
8.3.15 to 8.3.18; Fig. 8.3.34 and 8.3.42) are based on probability of
one failure in 100 at 107 cycles. Table 8.3.19 lists reliability factors that
may be used to modify the allowable stresses and the probability of
failure.

Strength and Durability of Bevel, Worm,
and Other Gear Types

For bevel gears, consult the referenced Gleason publications; for worm
gearing refer to AGMA standards; for other special types, refer to Dud-
ley, ‘‘Gear Handbook.’’

ears*

Face width, in

0–2 6 9 16 up

ection, preci- 1.3 1.4 1.5 1.8
ace 1.6 1.7 1.8 2.2
xists Over 2.2

ation of more exact values.
ork, 1962.
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Fig. 8.3.23 Geometry factor I for 20° full-depth standard spur gears. (Source: ANSI/AGMA 2018-01, with permission.)
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Fig. 8.3.24 Geometry factor I for 25° full-depth standard spur gears. (Source: ANSI/AGMA 2018-01, with permission.)
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Fig. 8.3.25 Geometry factor J for 20° standard addendum spur gears. (Source: ANSI/AGMA 2018-01, with permission.)
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Table 8.3.15 Allowable Contact Stress Number sac for Steel Gears

Allowable contact stress number sac ,
lb/ in2

Material designation Heat treatment

Minimum
surface

hardness* Grade 1 Grade 2 Grade 3

Through-hardened* Fig. 8.3.34 Fig. 8.3.34 Fig. 8.3.34 —

Flame-* or induction-hardened* 50 HRC 170,000 190,000 —
54 HRC 175,000 195,000 —

Steel
Carburized and hardened* Table 9

Note 1
180,000 225,000 275,000

Nitrided* (through-hardened steels) 83.5 HR15N 150,000 163,000 175,000
84.5 HR15N 155,000 168,000 180,000

2.5% Chrome (no aluminum) Nitrided* 87.5 HR15N 155,000 172,000 189,000

Nitralloy 135M Nitrided* 90.0 HR15N 170,000 183,000 195,000

Nitralloy N Nitrided* 90.0 HR15N 172,000 188,000 205,000

2.5% Chrome (no aluminum) Nitrided* 90.0 HR15N 176,000 196,000 216,000

Note 1: Table 9 and Tables 7, 8, and 10 cited in Tables 8.3.16 to 8.3.18 are in ANSI/AGMA 2001-95.
* The allowable-stress numbers indicated may be used with the case depths shown in Figs. 8.3.32 and 8.3.33.
SOURCE: Abstracted from ANSI/AGMA 2001-C95, with permission.

Table 8.3.16 Allowable Contact Stress Number sac for Iron and Bronze Gears

Allowable contact
Material Typical minimum stress number

Material designation* Heat treatment surface hardness sac , lb / in2

ASTM A48 gray cast
iron

Class 20 As cast — 50,000–60,000
Class 30 As cast 174 HB 65,000–75,000
Class 40 As cast 201 HB 75,000–85,000

ASTM A536 ductile
(nodular) iron

Grade 60-40-18 Annealed 140 HB 77,000–92,000
Grade 80-55-06 Quenched & tempered 179 HB 77,000–92,000
Grade 100-70-03 Quenched & tempered 229 HB 92,000–112,000
Grade 120-90-02 Quenched & tempered 269 HB 103,000–126,000

Bronze — Sand-cast Minimum tensile
strength 40,000 lb/ in2

30,000

ASTM B-148
Alloy 954

Heat-treated Minimum tensile
strength 90,000 lb/ in2

65,000

* See ANSI/AGMA 2004–B89, ‘‘Gear Materials and Heat Treatment Manual.’’
SOURCE: Abstracted from ANSI/AGMA 2001-C95, with permission.
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Table 8.3.17 Allowable Bending Stress Number sat for Steel Gears

Allowable bending stress number sat ,
lb / in2

Material designation Heat treatment

Minimum
surface

hardness Grade 1 Grade 2 Grade 3

Steel

Through-hardened Fig. 8.3.39 Fig. 8.3.39 Fig. 8.3.39 —

Flame* or induction-hardened*
with type A pattern

Table 8§ 45,000 55,000 —

Flame* or induction hardened*
with type B pattern

Table 8§
Note 1

22,000 22,000 —

Carburized and hardened* Table 9§
Note 2

55,000 65,000 or
70,000†

75,000

Nitrided*‡ (through-hardened
steels)

83.5 HR15N Fig. 8.3.40 Fig. 8.3.40 —

Nitralloy 135M, nitralloy N,
and 2.5% Chrome (no alu-
minum)

Nitrided‡ 87.5 HR15N Fig. 8.3.41 Fig. 8.3.41 Fig. 8.3.41

Note 1: See Table 8 in ANSI/AGMA 2001-C95.
Note 2: See Table 9 in ANSI/AGMA 2001-C95.
* The allowable-stress numbers indicated may be used with the case depths shown in Figs. 8.3.32 and 8.3.33.
† If bainite and microcracks are limited to grade 3 levels, 70,000 lb/ in2 may be used.
‡ The overload capacity of nitrided gears is low. Since the shape of the effective S–N curve is flat, the sensitivity to shock should be investigated before one proceeds with

the design.
§ The tabular material is too extensive to record here. Refer to ANSI/AGMA 2001-C95, tables 7 to 10.
SOURCE: Abstracted from ANSI/AGMA 2001-C95, with permission.

Table 8.3.18 Allowable Bending Stress Number sat for Iron and Bronze Gears

Allowable bending
Material Typical minimum stress number

Material designation* Heat treatment surface hardness sat , lb / in2

ASTM A48 gray
cast iron

Class 20
Class 30
Class 40

As cast
As cast
As cast

—
174 HB
201 HB

5,000
8,500

13,000

ASTM A536 ductile
(nodular) iron

Grade 60-40-18
Grade 80-55-06
Grade 100-70-03
Grade 120-90-02

Annealed
Quenched & tempered
Quenched & tempered
Quenched & tempered

140 HB
179 HB
229 HB
269 HB

22,000–33,000
22,000–33,000
27,000–40,000
31,000–44,000

Bronze Sand-cast Minimum tensile strength
40,000 lb/ in2

5,700

ASTM B-148
Alloy 954

Heat-treated Minimum tensile strength
90,000 lb/ in2

23,600

* See ANSI/AGMA 2004-B89, ‘‘Gear Materials and Heat Treatment Manual.’’
SOURCE: Abstracted from ANSI/AGMA 2001-C95, with permission.

Table 8.3.19 Reliability
Factors KR

Requirements of application KR*

Fewer than one failure in 10,000 1.50
Fewer than one failure in 1,000 1.25
Fewer than one failure in 100 1.00

GEAR MATERIALS

(See Tables 8.3.15 to 8.3.18.)

Metals

Plain carbon steels are most widely used as the most economical; simi-
larly, cast iron is used for large units or intricate body shapes. Heat-
treated carbon and alloy steels are used for the more severe load- and
wear-resistant applications. Pinions are usually made harder to equalize
wear. Strongest and most wear-resistant gears are a combination of

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Fewer than one failure in 10 0.85†
Fewer than one failure in 2 0.70†,‡

* Tooth breakage is sometimes considered a greater
hazard than pitting. In such cases a greater value of KR is
selected for bending.

† At this value, plastic flow might occur rather than
pitting.

‡ From test data extrapolation.
SOURCE: Abstracted from ANSI/AGMA 2001-C95,

with permission.
heat-treated high-alloy steel cores with case-hardened teeth. (See Dud-
ley, ‘‘Gear Handbook,’’ chap. 10.) Bronze is particularly recommended
for wormgears and crossed helical gears. Stainless steels are limited to
special corrosion-resistant environment applications. Aluminum alloys
are used for light-duty instrument gears and airborne lightweight re-
quirements.

Sintered powdered metals technology offers commercial high-quality
gearing of high strength at very economical production costs. Die-cast
gears for light-duty special applications are suitable for many products.
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For power gear applications, heat treatment is an important part of
complete and proper design and specification. Heat treatment descrip-
tions and specification tolerances are given in the reference cited below.

Precision gears of the small device and instrument types often require
protective coatings, particularly for aircraft, marine, space, and military
applications. There is a wide choice of chemical and electroplate coat-
ings offering a variety of properties and protection.

For pertinent properties and details of the above special materials and
protective coatings see Michalec, ‘‘Precision Gearing,’’ chap. 9, Wiley.

Plastics

In recent decades, various forms of nonmetallic gears have displaced
metal gears in particular applications. Most plastics can be hobbed or
shaped by the same methods used for metallic gears. However, high-
strength composite plastics suitable for good-quality gear molding have
become available, along with the development of economical high-
speed injection molding machines and improved methods for producing
accurate gear molds.

tR
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The most significant features and advantages of plastic gear materials
are:

Cost-effectiveness of injection molding process
Wide choice of characteristics: mechanical strength, density, friction,

corrosion resistance, etc.
One-step production; no preliminary or secondary operations
Uniformity of parts
Ability to integrate special shapes, etc., into gear body
Elimination of machining operations

GEAR LUBRICATION

Proper lubrication is important to prevention of premature wear of tooth
surfaces. In the basic action of involute tooth profiles there is a signifi-
cant sliding component along with rolling action. In worm gearing slid-
ing is the predominant consideration. Thus, a lubricant is essential for
all gearing subject to measurable loadings, and even for lightly or negli-
gibly loaded instrument gearing it is needed to reduce friction. Excellent
oils and greases are available for high unit load, high speed gearing. See
Secs. 6.11 and 8.4; also consult lubricant suppliers for recommenda-
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Capability to mold with metallic insert hubs, if required, for more
precise bore diameter or body stability

Capability to mold with internal solid lubricants
Ability to operate without lubrication
Quietness of operation
Consistent with trend toward greater use of plastic housings and

components

Plastic gears do have limitations relative to metal gears. The most
significant are:

Less load-carrying capacity
Cannot be molded to as high accuracy as machined metal gears
Much larger coefficient of expansion compared to metals
Less environmentally stable with regard to temperature and water

absorption
Can be negatively affected by some chemicals and lubricants
Initial high cost in mold manufacture to achieve proper tooth geome-

try accuracies
Narrower range of temperature operation, generally less than 250°F

and not lower than 0°F

For further information about plastic gear materials and achievable pre-
cision, consult the cited reference: Michalec, ‘‘Precision Gearing:
Theory and Practice.’’

For a comprehensive presentation of gear molding practices, design,
plastic materials, and strength and durability of plastic gears, consult the
cited reference: Designatronics, ‘‘Handbook of Gears: Inch and Met-
ric,’’ pp. T131–T158.
tions and latest available high-quality lubricants with special-purpose
additives.

General and specific information for lubrication of gearing is found
in ANSI/AGMA 9005-D94, ‘‘Industrial Gear Lubrication,’’ which
covers open and enclosed gearing of all types. AGMA lists a family of
lubricants in accordance with viscosities, numbered 1 through 13, with a
cross-reference to equivalent ISO grades. See Table 8.3.20. For
AGMA’s lubrication recommendations for open and closed gearing re-
lated to pitch line speed and various types of lubrication systems, refer
to Tables 8.3.21 to 8.3.23. For worm gearing and other information, see
ANSI/AGMA 9005-D94.

Information in Table 8.3.24 may be used as a quick guide to gear
lubricants and their sources for general-purpose instrument and
medium-size gearing. Lubricant suppliers should be consulted for spe-
cific high-demand applications.

Often gear performance can be enhanced by special additives to the
oil. For this purpose, colloidal additives of graphite, molybdenum disul-
fide (MoS2), and Teflon are very effective. These additives are particu-
larly helpful to reduce friction and prevent wear; they are also very
beneficial to reduce the rate of wear once it has begun, and thus they
prolong gear life. The colloidal additive combines chemically with the
metal surface material, resulting in a tenacious layer of combined mate-
rial interposed between the base metals of the meshing teeth. The size of
the colloidal additives is on the order of 2 mm, sufficiently fine not to
interfere with the proper operation of the lubricant system filters. Table
8.3.25 lists some commercial colloidal additives and their sources of
supply.

Plastic gears are often operated without any external lubrication, and



Table 8.3.20 Viscosity Ranges for AGMA Lubricants

Extreme pressure
Rust- and oxidation-inhibited gear Viscosity rangea mm2/s (cSt) Equivalent gear lubricants,b Synthetic gear oils,c

oils, AGMA lubricant no. at 40°C ISO gradea AGMA lubricant no. AGMA lubricant no.

0 28.8–35.2 32 0 S
1 41.4–50.6 46 1 S
2 61.2–74.8 68 2 EP 2 S
3 90–110 100 3 EP 3 S
4 135–165 150 4 EP 4 S
5 198–242 220 5 EP 5 S
6 288–352 320 6 EP 6 S

7, 7 Compd 414–506 460 7 EP 7 S
8, 8 Compd 612–748 680 8 EP 8 S
8A Compd 900–1,100 1,000 8A EP —

9 1,350–1,650 1,500 9 EP 9 S
10 2,880–3,520 — 10 EP 10 S
11 4,140–5,060 — 11 EP 11 S
12 6,120–7,480 — 12 EP 12 S
13 190–220 cSt at 100°C (212°F)e — 13 EP 13 S

Residual compounds, f Viscosity rangese

AGMA lubricant no. cSt at 100°C (212°F)

14R 428.5–857.0
15R 857.0–1,714.0

a Per ISO 3448, ‘‘Industrial Liquid Lubricants—ISO Viscosity Classification,’’ also ASTM D2422 and British Standards Institution B.S. 4231.
b Extreme-pressure lubricants should be used only when recommended by the gear manufacturer.
c Synthetic gear oils 9S to 13S are available but not yet in wide use.
d Oils marked Comp are compounded with 3% to 10% fatty or synthetic fatty oils.
e Viscosities of AGMA lubricant no. 13 and above are specified at 100°C (210°F) since measurement of viscosities of these heavy lubricants at 40°C (100°F) would not be practical.
f Residual compounds—diluent type, commonly known as solvent cutbacks—are heavy oils containing a volatile, nonflammable diluent for ease of application. The diluent evaporates, leaving a

thick film of lubricant on the gear teeth. Viscosities listed are for the base compound without diluent.
CAUTION: These lubricants may require special handling and storage procedures. Diluent can be toxic or irritating to the skin. Do not use these lubricants without proper ventilation. Consult

lubricant supplier’s instructions.
SOURCE: Abstracted from ANSI/AGMA 9005-D94, with permission.

Table 8.3.21 AGMA Lubricant Number Guidelines for Open Gearing (Continuous Method of Application)a,b

Pressure lubrication Splash lubrication Idler immersion

Pitch line velocity Pitch line velocity Pitch line velocity

Character of Under 5 m/s Over 5 m/s Under 5 m/s 5–10 m/s Up to 1.5 m/sAmbient temperaturec

°C (°F) operation (1,000 ft/min) (1,000 ft/min) (1,000 ft/min) (1,000–3,000 ft/min) (300 ft/min)

210 to 15d

(15–60)

Continuous 5 or 5 EP 4 or 4 EP 5 or 5 EP 4 or 4 EP 8–9
8 EP–9 EP

Reversing or frequent
‘‘start /stop’’

5 or 5 EP 4 or 4 EP 7 or 7 EP 6 or 6 EP 8–9
8 EP–9 EP

10 to 50d

(50–125)

Continuous 7 or 7 EP 6 or 6 EP 7 or 7 EP

Reversing or frequent
‘‘start /stop’’

7 or 7 EP 6 or 6 EP 9–10e

9 EP–10 EP

8–9 f

8 EP–9 EP 11 or 11 EP

a AGMA lubricant numbers listed above refer to gear lubricants shown in Table 8.3.20. Physical and performance specifications are shown in Tables 1 and 2 of ANSI/ASMA 9005-D94.
Although both R & O and EP oils are listed, the EP is preferred. Synthetic oils in the corresponding viscosity grades may be substituted where deemed acceptable by the gear manufacturer.

b Does not apply to worm gearing.
c Temperature in vicinity of the operating gears.
d When ambient temperatures approach the lower end of the given range, lubrication systems must be equipped with suitable heating units for proper circulation of lubricant and

prevention of channeling. Check with lubricant and pump suppliers.
e When ambient temperature remains between 30°C (90°F) and 50°C (125°F) at all times, use 10 or 10 EP.
f When ambient temperature remains between 30°C (90°F) and 50°C (125°F) at all times, use 9 or 9 EP.
SOURCE: Abstracted from ANSI/AGMA 9005-D94, with permission.

Table 8.3.22 AGMA Lubricant Number Guidelines for Open Gearing Intermittent
Applicationsa,b,c

Gear pitch line velocity does not exceed 7.5 m/s (1,500 ft /min)

Gravity feed or
forced-drip method gIntermittent spray systems e

Ambient temperature,d R&O or EP Synthetic Residual R&O or EP Synthetic
°C (°F) lubricant lubricant compound f lubricant lubricant

2 10–15 (15–60) 11 or 11 EP 11 S 14 R 11 or 11 EP 11 S
5–40 (40–100) 12 or 12 EP 12 S 15 R 12 or 12 EP 12 S

20–50 (70–125) 13 or 13 EP 13 S 15 R 13 or 13 EP 13 S

a AGMA viscosity number guidelines listed above refer to gear oils shown in Table 8.3.20.
b Does not apply to worm gearing.
c Feeder must be capable of handling lubricant selected.
d Ambient temperature is temperature in vicinity of gears.
e Special compounds and certain greases are sometimes used in mechanical spray systems to lubricate open gearing.

Consult gear manufacturer and spray system manufacturer before proceeding.
f Diluents must be used to facilitate flow through applicators.
g EP oils are preferred, but may not be available in some grades.
SOURCE: Abstracted from ANSI/AGMA 9005-D94, with permission.
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Table 8.3.23 AGMA Lubricant Number Guidelines for Enclosed
Helical, Herringbone, Straight Bevel, Spiral Bevel, and Spur Gear
Drivesa

AGMA lubricant numbers,a,d,e

ambient temperature °C (°F) f,g

Pitch line velocityb,c 2 40 to 2 10 2 10 to 1 10 10 to 35 35 to 55
of final reduction stage (2 40 to 1 14) (14 to 50) (50 to 95) (95 to 131)

Less than 5 m/s (1,000 ft /min)h 3 S 4 6 8
5–15 m/s (1,000–3,000 ft /min) 3 S 3 5 7

15–25 m/s (3,000–5,000 ft /min) 2 S 2 4 6
Above 25 m/s (5,000 ft /min)h 0 S 0 2 3

a AGMA lubricant numbers listed above refer to R&O and synthetic gear oil shown in Table 8.3.20. Physical and performance
specifications are shown in Tables 1 and 3 of ANSI/AGMA 9005-D94. EP or synthetic gear lubricants in the corresponding viscosity
grades may be substituted where deemed acceptable by the gear drive manufacturer.

b Special considerations may be necessary at speeds above 40 m/s (8,000 ft /min). Consult gear drive manufacturer for specific
recommendations.

c Pitch line velocity replaces previous standards’ center distance as the gear drive parameter for lubricant selection.
d Variations in operating conditions such as surface roughness, temperature rise, loading, speed, etc., may necessitate use of a

lubricant of one grade higher or lower. Contact gear drive manufacturer for specific recommendations.
e Drives incorporating wet clutches or overrunning clutches as backstopping devices should be referred to the gear manufacturer, as

certain types of lubricants may adversely affect clutch performance.
f For ambient temperatures outside the ranges shown, consult the gear manufacturer.
g Pour point of lubricant selected should be at least 5°C (9°F) lower than the expected minimum ambient starting temperature. If the

ambient starting temperature approaches lubricant pour point, oil sump heaters may be required to facilitate starting and ensure proper
lubrication (see 5.1.6 in ANSI/AGMA 9005-D94).

h At the extreme upper and lower pitch line velocity ranges, special consideration should be given to all drive components,
including bearing and seals, to ensure their proper performance.

SOURCE: Abstracted from ANSI/AGMA 9005-D94, with permission.

Table 8.3.24 Typical Gear Lubricants

Commercial source and specification
(a partial listing)

Lubricant type
Military

specification

Useful
temp range,

°F Source Identification Remarks and applications

Oils
Petroleum MIL-L-644B 2 10 to 250 Exxon Corporation

Franklin Oil and Gas Co.
Royal Lubricants Co.
Texaco

#4035 or Unvis P-48
L-499B
Royco 380
1692 Low Temp. Oil

Good general-purpose lubricant for all
quality gears having a narrow range
of operating temperature

Diester MIL-L-6085A 2 67 to 350 Anderson Oil Co.
Eclipse Pioneer Div., Bendix
Shell Oil Co.
E. F. Houghton and Co.

Windsor Lube I-245X
Pioneer P-10
AeroShell Fluid 12
Cosmolubric 270

General-purpose, low-starting torque,
and stable over a wide temperature
range. Particularly suited for preci-
sion instrument gears and small ma-
chinery gears

Diester MIL-L-7808C 2 67 to 400 Sinclair Refining Co.
Socony Mobil Oil Co.
Bray Oil Co.
Exxon Corporation

Aircraft Turbo S Oil
Avrex S Turbo 251
Brayco 880
Exxon Turbine Oil 15

Suitable for oil spay or mist system at
high temperature. Particularly suit-
able for high-speed power gears

Silicone 2 75 to 350 Dow-Corning Corp. DC200 Rated for low-starting torque and
lightly loaded instrument gears

Silicone 2 100 to 600 General Electric Co. Versilube 81644 Best load carrier of silicone oils with
widest temperature range. Applicable
to power gears requiring wide tem-
perature ranges

Greases
Diester oil-lithium
soap

MIL-G-7421A 2 100 to 200 Royal Lubricants Co.
Texaco

Royco 21
Low Temp. No. 1888

For moderately loaded gears requiring
starting torques at low temperatures

Diester oil-lithium
soap

MIL-G-3278A 2 67 to 250 Exxon Corporation
Shell Oil Co.
Sinclair Refining Co.
Bray Oil Co.

Beacon 325
AeroShell Grease II
Sinclair 3278 Grease
Braycote 678

General-purpose light grease for preci-
sion instrument gears, and generally
lightly loaded gears

Petroleum oil-sodium
soap

MIL-L-3545 2 20 to 300 Exxon Corporation
Standard Oil Co. of Calif.

Andok 260
RPM Aviation Grease #2

A high-temperature lubricant for high
speed and high loads

Mineral oil-sodium
soap

— 2 25 to 250 Exxon Corporation Andok C Stiff grease that channels readily. Suit-
able for high speeds and highly
loaded gears
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Table 8.3.25 Solid Oil Additives

Temperature
Lubricant type range, °F Source Identification Remarks

Colloidal graphite Up to 1,000 Acheson Colloids Co. SLA 1275 Good load capacity, excellent temperature
resistance

Colloidal MoS2 Up to 750 Acheson Colloids Co. SLA 1286 Good antiwear
Colloidal Teflon Up to 575 Acheson Colloids Co. SLA 1612 Low coefficient of friction

they will provide long service life if the plastic chosen is correct for the
application. Plastics manufacturers and their publications can be con-
sulted for guidance. Alternatively, many plastic gear materials can be
molded with internal solid lubricants, such as MoS2, Teflon, and graphite.

GEAR INSPECTION AND QUALITY CONTROL

Gear performance is not only related to the design, but also depends
upon obtaining the specified quality. Details of gear inspection and

application of computer-aided design. Gear design equations and
strength and durability rating equations have been computer modeled by
many gear manufacturers, users, and university researchers. Numerous
software programs, including integrated CAD/CAM, are available from
these places, and from computer system suppliers and specialty soft-
ware houses. It is not necessary for gear designers, purchasers, and
fabricators to create their own computer programs.

With regard to gear tooth strength and durability ratings, many cus-
tom gear house designers and fabricators offer their own computer

IL
(R
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control of subtle problems relating to quality are given in Michalec,
‘‘Precision Gearing,’’ Chap. 11.

COMPUTER MODELING AND CALCULATIONS

A feature of the latest AGMA rating standards is that the graphs, in-
cluding those presented here, are accompanied by equations which allow

8.4 FLUID F
by Vittorio

REFERENCES: ‘‘General Conference on Lubrication and Lubricants,’’ ASME.
Fuller, ‘‘Theory and Practice of Lubrication for Engineers,’’ 2d ed., Wiley.

Booser, ‘‘Handbook of Lubrication, Theory and Design,’’ vol. 2, CRC Press.
Barwell, ‘‘Bearing Systems, Principles and Practice,’’ Oxford Univ. Press. Cam-
eron, ‘‘Principles of Lubrication,’’ Longmans Greene. ‘‘Proceedings,’’ Second
International Symposium on Gas Lubrication, ASME. Gross, ‘‘Fluid-Film Lubri-
cation,’’ Wiley. Gunter, ‘‘Dynamic Stability of Rotor-
SP-113, Government Printing Office.

Plain bearings, according to their function, may
modeling which incorporates modifications of AGMA formulas based
upon experiences from a wide range of applications.

The following organizations offer software programs for design and
gear ratings according to methods outlined in AGMA publications:
Fairfield Manufacturing Company Gear Software; Geartech Software,
Inc.; PC Gears; Universal Technical Systems, Inc. For details and current
listings, refer to AGMA’s latest ‘‘Catalog of Technical Publications.’’

M BEARINGS
ino) Castelli

Fluid or complete lubrication, when the rubbing surfaces are com-
pletely separated by a fluid film, provides the lowest friction losses and

prevents wear. A certain amount of oil must be fed to the oil film in
order to compensate for end leakage and maintain its carrying capacity.
Such lubrication can be provided under pressure from a pump or gravity
tank, by automatic lubricating devices in self-contained bearings (oil

y submersion in an oil bath (thrust bearings for

Bearing Systems,’’ NASA

be

rings or oil disks), or b
vertical shafts).

Notation

Journal bearings, cylindrical, carrying a rotating shaft and a radial

load
Thrust bearings, the function of which is to prevent axial motion of a

rotating shaft
Guide bearings, to guide a machine element in its translational motion,

usually without rotation of the element

In exceptional cases of design, or with a complete failure of lubrica-
tion, a bearing may run dry. The coefficient of friction is then between
0.25 and 0.40, depending on the materials of the rubbing surfaces. With
the bearing barely greasy, or when the bearing is well lubricated but the
speed of rotation is very slow, boundary lubrication takes place. The
coefficient of friction may vary from 0.08 to 0.14. This condition occurs
also in any bearing when the shaft is starting from rest if the bearing is
not equipped with an oil lift.

Semifluid, or mixed, lubrication exists between the journal and bearing
when the conditions are not such as to form a load-carrying fluid film
and thus separate the surfaces. Semifluid lubrication takes place at com-
paratively low speed, with intermittent or oscillating motion, heavy
load, insufficient oil supply to the bearing (wick or waste-lubrication,
drop-feed lubrication). Semifluid lubrication may also exist in thrust
bearings with fixed parallel-thrust collars, in guide bearings of machine
tools, in bearings with copious lubrication where the shaft is bent or the
bearing is misaligned, or where the bearing surface is interrupted by
improperly arranged oil grooves. The coefficient of friction in such
bearings may range from 0.02 to 0.08 (Fuller, Mixed Friction Condi-
tions in Lubrication, Lubrication Eng., 1954).
R 5 radius of bearing, length
r 5 radius of journal, length
c 5 mr 5 R 2 r 5 radial clearance, length

W 5 bearing load, force
m 5 viscosity 5 force 3 time/ length2

Z 5 viscosity, centipoise (cP); 1 cP 5 1.45 3 1027 lb ? s/in2

(0.001 N ? s/m2)
b 5 angle between load and entering edge of oil film
h 5 coefficient for side leakage of oil
n 5 kinematic viscosity 5 m /r, length2/time

Re 5 Reynolds number 5 umr/n
Pa 5 absolute ambient pressure, force/area
P 5 W/(ld) 5 unit pressure, lb/in2

N 5 speed of journal, r/min
m 5 clearance ratio (diametral clearance/diameter)
F 5 friction force, force
A 5 operating characteristic of plain cylindrical bearing

P 9 5 alternate operating characteristic of plain cylindrical bearing
h0 5 minimum film thickness, length
« 5 eccentricity ratio, or ratio of eccentricity to radial clearance
e 5 eccentricity 5 distance between journal and bearing centers,

length
f 5 coefficient of friction

f 9 5 friction factor 5 F/(prlru2)
l 5 length of bearing, length
d 5 2r 5 diameter of journal, length
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Global energy requirements are supplied primarily by fossil fuels, nu-
clear fuels, and hydroelectric sources; about 1 to 2 percent of global
requirements are supplied from other miscellaneous sources. In the
United States in 1994, total domestic power requirements were supplied
approximately as follows: 70 percent fossil fuel (of which coal ac-
counted for 58 percent), 20 percent nuclear fuel, 10 percent from hydro-
electric sources, and less than 1 percent from all other sources. In spite
of the large increase in nuclear generated power, both in the United
States and globally, coal continues to be the major fuel consumed.

In the United States, new power plants constructed at this time are
designed to consume fossil fuels—primarily coal, many with gas, and a
few with petroleum. The situation with regard to nuclear power is com-
plicated by a number of circumstances; see Sec. 9.8. Energy statistics
and accompanying data stay current for a short time. Bear in mind that
when quantities of known reserves of fuel of all types are stated, there is
implied the significant matter of whether they are, indeed, producible in
a given economic climate. Estimates for additional reserves remaining
to be discovered are available, by and large, only for the United States.
At any given time, the situation with regard to estimates of recoverable
fuel sources is subject to wide swings whose source is manifold: na-
tional and international politics, environmental concerns, significant
progress in energy conservation, unsettled political and social condi-
tions in locations within which reside much of the world reserves of
fossil fuels, economic impact of financing, effects of inflation, and so
on. The references cited, in their most current form, will provide the
reader with realistic and authoritative compilations of data.

Fossil Fuels

Petroleum Proved reserves of crude oil and natural gas liquids in
the United States, based upon estimated discovered quantities which
geological and engineering data demonstrate with reasonable certainty
to be recoverable in future years from presently known reservoirs under
existing economic and operating conditions, are published annually by
the American Petroleum Institute. Estimates of additional remaining
producible reserves which will be discovered, proved, and produced in
the future from the total original oil in place, are derived by U.S. Geol.
Surv. Circ. 725 from present and projected conditions in the industry.

Estimates of proved crude oil reserves in all countries of the world are
published by Oil and Gas Journal. New discoveries are continually
adding to and changing proved reserves in many parts of the world, and
these estimates are indicative of producible quantities.

Natural Gas Proved reserves of natural gas in the United States,
based upon the same definition as for crude oil and natural gas liquids,
are estimated annually by the American Gas Association. The estimated
reserves of coal is presented in Geol. Surv. Bull. 1412, Coal Resources
of the United States. Remaining U.S. proved reserves (1974) of bitu-
minous, subbituminous, lignite, and anthracite have been estimated by
mapping and exploration of areas with 0 to 3,000-ft overburden. The
U.S. Geological Survey (USGS) estimates probable additional re-
sources in unmapped and unexplored areas with 0 to 3,000-ft overbur-
den and in areas with 3,000- to 6,000-ft overburden. Slightly more than
one-half of the proved reserves are considered producible (at this time)
because of favorable depth of overburden and thickness of coal strata.
Approximately 30 percent of all ranks of coal are commerically avail-
able in beds less than 1,000 ft deep. The USGS estimates that about 65
percent contains less than 1 percent sulfur; most of the low-sulfur coals
are located west of the Mississippi. USGS Bull. 1412 also estimates
global coal resources, but in view of the questionable validity of much
of the global data, it can but offer gross approximations. (See Sec. 7.1.)

Shale Oil The portion of total U.S. reserves of oil from oil shale,
measured or proved, considered minable and amenable to processing is
estimated to be over 150 billion bbl (30 billion m3), based upon grades
averaging 30 gal / ton in beds at least 100 ft thick (USGS Bull. 1412).
Most oil shale occurs in Colorado. No commercial production is ex-
pected for many years. World reserves occur largely in the United States
and Brazil, with small quantities elsewhere.

Tar Sands Large deposits are in the Athabasca area of northern
Alberta, Canada, estimated capable of producing 100 to 300 billion bbl
(15.9 to 47.7 billion m3) of oil. About 6.3 billion bbl (1.0 billion m3) has
been proved economically recoverable within the radius of the present
large mining and recovery plant in Athabasca. Commercial quantities of
oil have been produced there since the 1960s. Sizable deposits are lo-

Table 9.1.1 Major U.S.
Coal-Producing Locations

Anthracite and semianthracite
Pennsylvania

Bituminous coal
Illinois
West Virginia
Kentucky
Colorado
Pennsylvania
Ohio
Indiana
Missouri

Subbituminous coal
Montana
Alaska
Wyoming
New Mexico

Lignite
North Dakota
Montana
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cated elsewhere; they have not been exploited to date, meaningful data
for them are not available, and there is no report of those other deposits
having been worked. (See Sec. 7.1.)

Nuclear Fuels

Uranium Reserves of uranium in the United States are reported by
the Department of Energy (DOE). The proved reserves, usually
presented in terms of quantity of U3O8 , refer to ore deposits (concentra-
tions of 0.01 percent, or 0.0016 oz/ lb ore, are viable) of grade, quantity,

must be self-contained. For stationary service there is wider latitude for
choice.

The dominant end product, especially for stationary applications, is
electricity, because of its favorable distribution and control features.
However, there is no practical way of storing electric energy. Electricity
must be generated at the instant of its use. Reliability and continuity of
service consequently dictate the need for reserve, alternate, and inter-
connection supports. Pumped storage, coal piles, and tanks of liquid and
gaseous fuels, e.g., offer the necessary continuity, flexibility, and reli-
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and geological configuration that can be mined and processed profitably
with existing technology. Estimated additional resources refer to ura-
nium surmised to occur in unexplored extensions of known deposits or
in undiscovered deposits in known uranium districts, and which are
expected to be discovered and economically exploitable in the given
price range. The total of these uranium reserves would yield about 3,000
tons of U3O8 . United States uranium resources are located mainly in
New Mexico, Wyoming, and Colorado.

Thorium Total known resources of thorium, the availability of
which is considered reasonably assured, are estimated in the millions of
tons of thorium oxide. Additional actual reserves will increase in re-
sponse to the demand and concomitant market price. Most of the larger
known resources are in India and Brazil. There seems to be little pros-
pect of significant requirements for thorium as a nuclear fuel in the near
future.

Hydroelectric Power

Hydroelectric and Pumped Storage for Electric Generation Al-
though most available sites for economical production of hydroelectric
energy have been developed, some additional hydroelectric capacity
will be provided at new sites or by additions at existing plants. Increased
pumped storage capacity will be limited by the availability of suitable
sites and a dependable supply of economical pumping energy. The flex-
ibility of operation of a pumped storage plant in meeting sudden load
changes and its ability to provide high inertia spinning reserve at low
operating cost are additional benefits that can weigh heavily in favor of
this type of installation, particularly in the future if (when) the propor-
tion of nuclear capacity in service increases. At this time, hydro and
pumped storage account for about 10 percent of electricity generated by
all sources of energy in the United States.

World installed hydropower capacity presently is located about 40
percent in North America and 40 percent in Europe.

ALTERNATIVE ENERGY, RENEWABLE ENERGY,
AND ENERGY CONVERSION:
AN INTRODUCTION
Staff Contribution

REFERENCES: AAAS, Science. Hottell and Howard, ‘‘New Energy Technology
—Some Facts and Assessments,’’ MIT Press. Fisher, ‘‘Energy Crises in Perspec-
tive,’’ Wiley-Interscience. Hammond, Metz, and Maugh, ‘‘Energy and the Fu-
ture,’’ AAAS.

Many sources of raw energy have been proposed or used for the genera-
tion of power. Only a few sources—fossil fuels, nuclear fission, and
elevated water—are dominant in practical applications today.

A more complete list of sources would include fossil fuels (coal,
petroleum, natural gas); nuclear (fission and fusion); wood and vegeta-
tion; elevated water supply; solar; winds; tides; waves; geothermal;
muscles (human, animal); industrial, agricultural, and domestic wastes;
atmospheric electricity; oceanic thermal gradients; oceanic currents.
There are others.

Historically, wood, muscles, elevated water, and wind were promi-
nent. These sources were superseded in the industrial era by fossil fuels,
with nuclear energy the most recent addition. This dominance rests in
the suitability of the thermal sources for practical stationary and trans-
portation power plants. Features of acceptability include reliability,
flexibility, portability, maneuverability, size, bulk, weight, efficiency,
economy, maintenance, and costs. The plant for transportation service
ability.
Raw energy sources, other than fuels (fossil and nuclear) and ele-

vated water, are particularly deficient in this storage aspect. For exam-
ple, wind power is best for jobs that can wait for the wind, e.g., pumping
water or grinding grain. Solar power, to avoid foul weather and
the darkness of night, could call for desert locations or extraterrestrial
satellites.

Despite such limitations an energy-intensive society can expect to see
increasing efforts to harness many of the raw energy sources cited.
Several of these topics are treated in the following pages to show the
factual and technical progress that has been made to adapt sources to
practicality.

MUSCLE-GENERATED POWER
by Ezra S. Krendel, Amended by Staff

REFERENCES: Whitt and Wilson, ‘‘Bicycling Science,’’ 2d ed., MIT Press.
Harrison, Maximizing Human Power Output by Suitable Selection of Motion
Cycle and Load, Human Factors, 12, 1970. Krendel, Design Requirements for
Man-Generated Power, Ergonomics, 3, 1960. Wilkie, Man as a Source of Me-
chanical Power, Ergonomics, 3, 1960. Brody, ‘‘Bioenergetics and Growth,’’
Reinhold.

The use of human muscles to generate work will be examined from two
points of view. The first is that of measuring the energy expended in
gross, long duration physical activities such as marching, forestry work,
freight handling, and factory work. The second is that of determining
the useful mechanical work which can be performed by specified mus-
cle groups for brief or extended periods of time in well defined work
situations, such as pedaling or cranking.

Labor

Over an 8-h day for a 48-h week, a useful norm for a 35-year-old laborer
for total power expenditure, including basal metabolism energy, is
0.49 hp (366 W). Of this total expenditure, approximately 0.1 hp
(75 W) is available for useful work. A 20-year-old man can generate
about 15 percent more power than this norm, and a 60-year-old man
about 20 percent less. The total energy or power expenditure is needed
for determining nutritional requirements for classes of labor. A rule of
thumb for power developed by European males can be expressed as a
function of age and duration of effort in minutes for work lasting from 4
to about 480 min, assuming that 20 percent of the total output is useful
power.

Age, years Useful horsepower (t in min)

20 hp 5 0.40 2 0.10 log t
35 hp 5 0.35 2 0.09 log t
60 hp 5 0.30 2 0.08 log t

For a well-trained man, useful power production by pedaling, hand
cranking, or a combination of the two for working durations of from 20
to 120 s may be summarized as follows (t is in seconds):

Arms and legs hp 5 4.4t20.40

Legs only hp 5 2.8t20.40

Arms only hp 5 1.5t20.40

There are examples of well-trained athletes generating between 1.5
and 2 hp for efforts of 5 to 20 s, using both arms and legs to generate
power.
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For pedaling efforts of from 1 to about 100 min, the useful power
generated may be expressed as hp 5 0.53 2 0.13 log t (t is in minutes).

Work scheduling, either as rhythmic work activity or with rest stops
for recuperation, the temperature and humidity of the environment, and
the detailed nature of the laborer’s diet are factors which influence
ability to generate and maintain the above nominal power values. These
considerations should be factored in for specific work situations.

Steady State and Transient

pull 10 percent of its body weight for a total of 20 mi/day, and retain its
vigor to an advanced age. Brody’s work allows the following approxi-
mations for estimating the useful power output of work animals of
varying sizes: The ratio of the power exerted in maximal energy pro-
duction for a few seconds to the maximum steady-state power main-
tained for 5 to 30 min to the power produced in sustained heavy work
over a 6- to 10-h day is approximately 25 : 4 : 1. For any one of these
conditions, it has been found that, for healthy, mature specimens,

hp 5 hp (mass of animal/mass of man)0.73
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When a human and a passive mechanism are working together to gener-
ate power, the following conditions obtain: Energy is available both
from stores residing in the muscles [a total usefully available energy of
about 0.6 hp ?min (27 kJ), usually applied in transient bursts of activity]
and from the oxidation of foods (for producing steady state power). For
an aerobic transient activity, energy production depends on the mass of
muscle which can be brought into effective contact with the power
transmission mechanism. For example, bicycle pedaling is an effective
use of a large muscle mass. For steady-state activity, assuming adequate
food for fuel energy, power generated depends on the oxygen supply
and the efficiency with which oxygenated blood can be transported to
the muscles as well as on the muscle mass.

The physiological limit, determined by oxygen-respiration capacity,
for steady-state useful mechanical power generation is between 0.4 and
0.54 hp (300 and 400 W), depending on the man’s physical condition.

Useful power production may be achieved by such methods as row-
ing, cranking, or pedaling. The highest values of human-generated
horsepower using robust subjects have been achieved using a rowing
assembly which restrained nonuseful motions of the torso and major
limbs. Under these conditions up to 2 hp (1,500 W) was generated over
intervals of 0.6 s, and averages of about 1 hp (750 W) were generated
over 2 min.

In order to approach an optimal conversion efficiency (mechanical
work/food energy) of 25 percent, a mechanism would be required to
store and to transmit energy from the body muscle masses when they
were operating at optimal efficiency. This condition occurs when the
force exerted by the muscle is about one-half of its maximum and the
speed of muscle movement one-quarter of its maximum. Data on both
force and speed for a given set of muscles are best measured in situ.
Optimal conversion efficiency and maximum output power do not occur
together.

Examples of High Output

Data for human-generated power come from measurements of subjects
with different kinds of training, skill, body builds, diets, and motivation
using a variety of mechanical devices such as bicycles, ergonometers,
and variations on rowing machines. For strong, healthy young men,
aggregations of such data for power produced in an interval t of 10 to
120 s can be approximated as follows:

hp 5 2.5t20.40

For world-class athletes this becomes hp 5 0.25 1 2.5t20.40. These
values can be exceeded for bursts of power of less than 10 s. For long-
term efforts of from 2 to about 200 min, the aggregated data for useful
power generated by strong, healthy young men can be approximated as
follows (t in minutes):

hp 5 0.50 2 0.13 log t

For world-class athletes this becomes hp 5 0.65 2 0.13 log t. The pilot
of the Gossamer Albatross, who flew 22 mi from England to France in
2 h 55 min on August 12, 1979 entirely by pedal-generated power,
sustained an output of about 1⁄3 hp (250 W) during the flight.

Maximum power output occurs at a load impedance of 5 to 10 times
the size of the human being’s source impedance.

Brody has developed detailed nomograms for determining the ener-
getic cost of muscular work by farm animals; these nomograms are
useful for precise cost-effectiveness comparisons between animal and
mechanical power generation methods. A 1,500- to 1,900-lb horse can
work continuously for up to 10 h/day at a rate of 1 hp, or equivalently
animal man

Thus, from the previously given horsepower magnitudes for men, one
can compute the power generated by ponies, horses, bullocks, or ele-
phants under the specified working conditions.

WIND POWER
by R. Ramakumar and C. P. Butterfield

REFERENCES: NREL technical information at Internet address: http://
gopher.nrel.gov.70. AWEA information at Internet address: awea.wind-
net@notes.igc.apc.org. Hansen and Butterfield, Aerodynamics of Horizontal-
Axis Wind Turbines, Ann. Rev. Fluid Mech., 25, 1993, pp. 115–149. Touryan,
Strickland, and Berg, ‘‘Electric Power from Vertical-Axis Wind Turbines,’’ J.
Propulsion, 3, no. 6, 1987. Betz, ‘‘Introduction to the Theory of Flow Machines,’’
Pergamon, New York. Eldridge, ‘‘Wind Machines,’’ 2d ed., Van Nostrand Rein-
hold, New York. Glauert, ‘‘Aerodynamic Theory,’’ Durand, ed., 6, div. L, p. 324,
Springer, Berlin, 1935. Richardson and McNerney, Wind Energy Systems, Proc.
IEEE, 81, no. 3, Mar. 1993, pp. 378–389. Elliott et al., ‘‘Wind Energy Resource
Atlas,’’ Wilson and Lissaman, Applied Aerodynamics of Wind Power Machines,
Oregon State University Report, 1974. Eggleston and Stoddard, Wind Turbine
Engineering Design, New York, Van Nostrand Reinhold. Spera, Wind Turbine
Technology, ASME Press, New York. Gipe, ‘‘Wind Power for Home and Busi-
ness,’’ Chelsea Green Publishing Company. Ramakumar et al., Economic Aspects
of Advanced Energy Technologies, Proc. IEEE, 81, no. 3, Mar. 1993, pp. 318–
332.

Wind is one of the oldest widely used sources of energy. Although its
use is many centuries old, it has not been a dominant factor in the energy
picture of developed countries for the past 50 years because of the
abundance of fossil fuels. Recently, the realization that fossil fuels are
in limited supply has awakened the need to develop wind power with
modern technology on a large scale. Consequently, there has been a
tremendous resurgence of effort in wind power in just the past few
years. The state of knowledge is rapidly increasing, and the reader is
referred to the current literature and the NREL Internet address cited
above for information on the latest technology. Wind energy is one of
the lowest-cost forms of renewable energy. In 1995, more than
1,700 MW of wind energy capacity was operating in California, gener-
ating enough energy to supply a city the size of San Francisco with all
its energy needs. European capacity was almost the same. For the latest
status on worldwide use of wind energy, the reader is referred to the
American Wind Energy Association (AWEA) at the Internet address
cited above. The fundamental principles of wind power technology do
not change and are discussed here.

Wind Turbines The essential ingredient in a wind energy conversion
system (WECS) is the wind turbine, traditionally called the windmill.
The predominant configurations are horizontal-axis propeller turbines
(HAWTs) and vertical-axis wind turbines (VAWTs), the latter most often
termed Darrieus rotors. In the performance analysis of wind turbines, the
propeller devices were studied first, and their analysis set the current
conventions for the evaluation of all turbines.

General Momentum Theory for Horizontal-Axis Turbines Conven-
tional analysis of horizontal-axis turbines begins with an axial momen-
tum balance originated by Rankine using the control volume depicted in
Fig. 9.1.1. The turbine is represented by a porous disk of area A which
extracts energy from the air passing through it by reducing its pressure:
on the upstream side the pressure has been raised above atmospheric by
the slowing airstream; on the downstream side pressure is lower, and
atmospheric pressure will be recovered by further slowing of the
stream. V is original wind speed, decelerated to V(1 2 a) at the turbine
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disk, and to V(1 2 2a) in the wake of the turbine (a is called the
interference factor). Momentum analysis predicts the axial thrust on the
turbine of radius R to be

T 5 2pR2rV2a(1 2 a) (9.1.1)

where air density, r, equals 0.00237 lbf ?s2/ft4 (or 1.221 kg/m3) at sea-
level standard-atmosphere conditions.

Blade Element Theory for Horizontal-Axis Turbines Wilson and
Eggleston describe blade element theory as a mechanism for analyzing
the relationship between the individual airfoil properties and the inter-
ference factor a, the power produced P, and the axial thrust T of the
turbine. Rather than the stream tube of Fig. 9.1.1, the control volume
consists of the annular ring bounded by streamlines depicted in Fig.
9.1.3. It is assumed that the flow in each annular ring is independent of
the flow in all other rings.
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Fig. 9.1.1 Control volume.

Application of the mechanical energy equation to the control volume
depicted in Fig. 9.1.1 yields the prediction of power to the turbine of

P 5 2pR2rV3a(1 2 a)2 (9.1.2)

This power can be nondimensionalized with the energy flux E in the
upstream wind covering an area equal to the rotor disk, i.e.,

E 5 1⁄2rV3pR2 (9.1.3)

The resulting power coefficient is

Cp 5
P

E
5 4a(1 2 a)2 (9.1.4)

This power coefficient has a theoretical maximum at a 5 1⁄3 of Cp 5
0.593. This result was first predicted by Betz and shows that the load
placed on a windmill must be optimized to obtain the best power output:
If the load is too small (small a), too much of the power is carried off
with the wake; if the load is too large (large a), the flow is excessively
obstructed and most of the approaching wind passes around the turbine.

This derivation includes some important assumptions which limit its
accuracy and applicability. In particular, the portion of the kinetic en-
ergy in the swirl component of the wake is neglected. Partial accounting
for the rotation in the wake has been included in the analysis of Glauert
with the resulting prediction of ideal power coefficient as a function of
turbine tip speed ratio X 5 VR/V (where V is the angular velocity of the
turbine) shown in Fig. 9.1.2. Clearly, the swirl is made up of wasted
kinetic energy and is largest for a high-torque, low-speed turbine. Ac-
tual farm, multiblade, and two- or three-bladed turbines show somewhat
lower than ideal performance because of drag effects neglected in ideal
flow analysis, but the high-speed two- or three-bladed turbines do tend
to yield higher efficiency than low-speed multiblade windmills.

Fig. 9.1.2 Performance curves for wind turbines.
Fig. 9.1.3 Annular ring control volume.

A schematic of the velocity and force vector diagrams is given in Fig.
9.1.4. The turbine is defined by the number B of its blades, by the
variation of chord c, by the variation in blade angle u, and by the shape
of blade sections a9 5 v/(2V), where v is the angular velocity of the air
just behind the turbine and V is the turbine angular velocity. Also W is
the velocity of the wind relative to the airfoil. Note that the angle f will
be different for each blade element, since the velocity of the blade is a
function of the radius. In order to keep the local flow angle of attack a 5
u 2 f at a suitable value, it will generally be necessary to construct
twisted blades, varying u with the radius. The sectional lift and drag
coefficients CL and CD are obtained from empirical airfoil data and are
unique functions of the local flow angle of attack a 5 u 2 w and the
local Reynolds number of the flow. The entire calculation requires trial-
and-error procedures to obtain the axial interference factor a and the
angular velocity fraction a9. It can, however, be reduced to programs for
small computers.

Fig. 9.1.4 Velocity and force vector diagrams.

A typical solution for steady-state operation of a two- or three-bladed
wind axis turbine is shown in Fig. 9.1.2. When optimized, these turbines
run at high tip speed ratios. The curve shown in Fig. 9.1.2 for the two- or
three-bladed wind turbine is for constant blade pitch angle. These tur-
bines typically have pitch change mechanisms which are used to feather
the blades in extreme wind conditions. In some instances the blade pitch
is continuously controlled to assist the turbine to maintain constant
speed and appropriate output. Turbines with continuous pitch control
typically have flatter, more desirable operating curves than the one
depicted in Fig. 9.1.2.

The traditional U.S. farm windmill has a large number of blades with a
high solidity ratio s. (s is the ratio of area of the blades to swept area of
the turbine pR2.) It operates at slower speed with a lower power coeffi-
cient than high-speed turbines and is primarily designed for good start-
ing torque.
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The curves depicted in Fig. 9.1.2 representing the performance of
high- and low-speed wind axis turbines are theoretically predicted per-
formance curves which have been experimentally confirmed.

Vertical-Axis Turbines The Darrieus rotor looks somewhat like an
eggbeater (Fig. 9.1.5). The blades are high-performance symmetric air-
foils formed into a gentle curve to minimize the bending stresses in the
blades. There are usually two or three blades in a turbine, and as shown
in Fig. 9.1.2, the turbines operate efficiently at high speed. Wilson
shows that VAWT performance analysis also takes advantage of the

Coning angle

Wind
Wind

Teeter axis

Teeter motion
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same momentum principles as the horizontal axis wind turbines. How-
ever, the blade element momentum analysis becomes much more com-
plicated (see Touryan et al.).

Fig. 9.1.5 Darrieus rotor.

Care must be taken not to overemphasize the aerodynamic efficiency
of wind turbine configurations. The most important criterion in evaluat-
ing WECSs is the power produced on a per-unit-cost basis.

Drag Devices Rotors utilizing drag rather than lift have been con-
structed since antiquity, even though they are bulky and limited to low
coefficients of performance. The Savonius rotor is a modern variation
of these devices; in practice it is limited to small sizes. Eldridge de-
scribes the history and theory of this type of windmill.

Augmentation Occasionally, the use of structures designed to con-
centrate and equalize the wind at the turbine is proposed. For its size, the
most effective of these has been a short diffuser (hollow cone) placed
around and downwind of a wind turbine. The disadvantage of such
augmentation devices is the cost of the bulky static structures required.

Rotor Configuration Trends Hansen and Butterfield describe some
trends in turbine configurations which have developed from 1975 to
1995. Although no single configuration has emerged which is clearly
superior, HAWTs have been more widely used than VAWTs. Only
about 3 percent of turbines installed to date are VAWTs.

HAWT rotors are generally classified according to rotor orientation
(upwind or downwind of the tower), blade articulation (rigid or teeter-
ing), and number of blades (generally two or three). Downwind turbines
were favored initially in the United States, but the trend has been toward
greater use of upwind turbines with a current split between upwind (55
percent) and downwind (45 percent) configurations.

Downwind orientation allows blades to deflect away from the tower
when thrust loading increases. Coning can also be easily introduced to
decrease mean blade loads by balancing aerodynamic loads with cen-
trifugal loads. Figure 9.1.6 shows typical upwind and downwind con-
figurations along with definitions for blade coning and yaw orientation.

Free yaw, or passive orientation with the wind direction, is also possi-
ble with downwind configurations, but yaw must be actively controlled
with upwind configurations. Free-yaw systems rely on rotor thrust loads
and blade moments to orient the turbine. Net yaw moments for rigid
rotors are sensitive to inflow asymmetry caused by turbulence, wind
shear, and vertical wind. These are in addition to the moments caused by
changes in wind direction which are commonly, though often incor-
rectly, considered the dominant cause of yaw loads.
Upwind Downwind

Fig. 9.1.6 HAWT configurations. (Courtesy of Atlantic Orient Corp.)

Some early downwind turbine designs developed a reputation for
generating subaudible noise as the blades passed through the tower
shadow (tower wake). Most downwind turbines operating today have
greater tower clearances and lower tip speeds, which result in negligible
infrasound emissions (Kelley and McKenna, 1985).

Blade Articulation Several different rotor blade articulations have
been tested. Only two have survived—the three-blade, rigid rotor and
the two-blade, teetered rotor. The rigid, three-blade rotor attaches the
blade to a hub by using a stiff cantilevered joint. The first bending
natural frequency of such a blade is typically greater than twice the rotor
rotation speed 2p. Cyclic loads on rigid blades are generally higher than
on teetering blades of the same diameter. Richardson and McNerney
describe a 33-m, 300-kW turbine currently under development which
reflects a mature version of this configuration.

Teetered, two-blade rotors use relatively stiff blades rigidly con-
nected to a hub, but the hub is attached to the main drive shaft through a
teeter hinge. This type rotor is commonly used in tail rotors and some
main rotors on helicopters. Two-blade rotors usually require teeter
hinges or flexible root connections to reduce dynamic loading resulting
from nonaxisymmetric mass moments of inertia. In normal operation,
the cyclic loads on the teetering rotor are low, but there is risk of teeter-
stop bumping (‘‘mast bumping’’ in helicopter terminology) that can
greatly increase dynamic loads in unusual situations.

Number of Blades Most two-blade rotors operating today use tee-
tering hinges, but all three-blade rotors use rigid root connections. For
small turbines (smaller than 50-ft diameter) rigid, three-blade rotors are
inexpensive and simple and have the lowest system cost. As the turbines
become larger, blade weight (and hence cost) increases in proportion to
the third power of the rotor diameter, whereas power output increases
only as the square of the diameter. This makes it cost-effective to reduce
the number of blades to two and to add the complexity of a teeter hinge
or flex beams to reduce blade loads. In the midscale rotor size (15 to
30 m), it is difficult to determine whether three rigidly mounted blades
or two teetered blades are more cost-effective. In many cases, the choice
between two- and three-blade rotors has been driven by designers’ lack
of experience and the potential risk of high development cost rather than
by technical and economic merit. Currently 10 percent of the turbines
installed are two-bladed, yet approximately 60 percent of all new de-
signs being considered in the United States are two-blade, teetered
rotors.

Design Problems A key design consideration is survival in severe
storms. Various systems for furling the rotor, feathering the blades, or
braking the shaft have been employed; failure of these systems in a high
wind has been known to cause severe damage to the turbine.

A different, but related, consideration is the control of the turbine
after a loss of electrical load, which also could cause severe overspeed-
ing and catastrophic failure.
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The other major cause of mechanical failure is the high level of
vibration and alternating stresses. Loosening of inappropriately chosen
fasteners is common. Fatigue considerations must be taken into account,
especially at the rotor blade root.

Resonant oscillations are also possible if exciting frequencies and
structural frequencies coincide. The dominant exciting frequency tends
to be the blade passage frequency, which is equal to the number of
blades times the revolutions per second. An important structural fre-
quency in HAWTs is the natural frequency of the tower. One design

ac power, has become attractive. Richardson describes the modern use
of variable speed in wind turbines.

Gipe explains that in remote locations, where the power grid is not
accessible and the first few units of electric energy may be very valu-
able, dc generation with storage and/or wind and diesel ‘‘village power
systems’’ have been used. These systems are now being optimized to
supply stable, constant-frequency ac electric energy.

Power in the Wind Since wind is air in motion, the power in wind
can be expressed as
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approach is to make the tower so stiff that the exciting frequency is
always below the lowest natural frequency of the tower. Another is to
permit the tower to be more flexible, but manage the speed of the
turbine such that the exciting frequency is never at a structural fre-
quency for any significant length of time.

Use of Wind Energy Conversion Systems Historically, wind en-
ergy conversion systems were first used for milling grain and for pump-
ing water. These tasks were ideally suited for wind power sources,
since the intermittent nature of the wind did not adversely affect the
operation.

The largest impact of wind power on the energy picture in the devel-
oped countries of the world is expected to be in the generation of elec-
tric power. In most cases, this involves feeding power into the power
grid, and requires induction or synchronous generators. These genera-
tors require that the rotor turn at a constant speed. Wind turbines operate
more efficiently (aerodynamically speaking) if they turn at an optimum
ratio of tip speed to wind speed. Thus the use of variable-speed opera-
tion, using power electronics to obtain constant-frequency utility-grade
50 m (164 ft)
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Fig. 9.1.7 Gridded map of annual average wind energy res
are 1⁄4° latitude by 1⁄3° longitude.
Pw 5 1⁄2rV3A (9.1.5)

where Pw 5 power, W; A 5 reference area, m2 ; V 5 wind speed, m/s;
r 5 air density, kg/m3. Since V appears to the third power, the wind
speed is clearly very important. Figure 9.1.7 is a map of the United
States showing regions of annual average available wind power.

The wind speed at a location is random; thus it can be modeled as a
continuous random variable in terms of a density function f(v) or a
distribution function F(v). The Weibull distribution is commonly used
to model wind:

F(v) 5 1 2 exp [2(v/a)b ] (9.1.6)

f(v) 5 b(vb21/ab ) exp [2(v/a)b ] (9.1.7)

In Eqs. (9.1.6) and (9.1.7), a and b are two parameters which can be
adjusted to fit available data over the study period, typically one month.
They can be calculated from the sample mean mv and the sample var-
iance s2

v using the following equations:
ource estimates in the contiguous United States. Grid cells
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mv 5 aG(1 1 1/b) (9.1.8)
(sv/mv)2 5 G(1 1 2/b)/G2(1 1 1/b) 2 1 (9.1.9)

Typically, the sample mean is the only piece of information readily
available for many potential sites. In such cases, a knowledge of the
variability of the wind speed can be used to select an appropriate value
for b, which can be used in (9.1.8) to obtain a. A good compromise
value for b is about 4 for wind regimes with low variances.

In addition to a and b, several other parameters are used to character-

Wind speed varies with the height above ground level (Fig. 9.1.9).
Anemometers are usually located at a height of 10 m above ground
level. The long-term average wind speed at height h above ground can
be expressed in terms of the average wind speed at 10-m height using a
one-seventh power law:

(v/v10 m) 5 (h/10)1/7 (9.1.14)

The power 1⁄7 in the power law equation above depends on surface
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ize wind regimes. Some of the important ones are listed below.

Mean cubed wind speed 5 kv3l

5 E`

0

v3f(v)dv (9.1.10)

Cube factor Kc 5 (kv3l)1/3/mv (9.1.11)

5 a3G(1 1 3/b)
for Weibull model

Average power density 5 Pav 5 1⁄2rkv3l W/m2 (9.1.12)

Energy pattern factor 5 Kep 5 kv3l/m3
v 5 K3

c (9.1.13)

Values of Kep range from 1.5 to 3 for typical wind regimes.
The annual average available wind power for the contiguous United

States is shown in Fig. 9.1.7. The values shown must be regarded as
averages over large areas. The possibility of finding small pockets of
sites with excellent wind regimes because of special terrain anywhere in
the country should not be overlooked. The variability of the wind can
also be shown in terms of a speed duration curve. Figure 9.1.8 shows the
wind speed duration curve for Plum Brook, OH, for 1972.

Fig. 9.1.8 Wind variability at Plum Brook, OH (1972).

Table 9.1.2 Wind Velocities in the United States

Avg
velocity, Prevailing Fastest

Station mi/h direction mile

Albany, N.Y. 9.0 S 71
Albuquerque, N.M. 8.8 SE 90
Atlanta, Ga. 9.8 NW 70
Boise, Idaho 9.6 SE 61
Boston, Mass. 11.8 SW 87

Bismarck, N. Dak. 10.8 NW 72
Buffalo, N.Y. 14.6 SW 91
Burlington, Vt. 10.1 S 72
Chattanooga, Tenn. 6.7 — 82
Cheyenne, Wyo. 11.5 W 75
Chicago, Ill. 10.7 SSW 87
Cincinnati, Ohio 7.5 SW 49
Cleveland, Ohio 12.7 S 78
Denver, Colo. 7.5 S 65
Des Moines, Iowa 10.1 NW 76
Detroit, Mich. 10.6 NW 95
Duluth, Minn. 12.4 NW 75
El Paso, Tex. 9.3 N 70
Galveston, Tex. 10.8 — 91
Helena, Mont. 7.9 W 73
Kansas City, Mo. 10.0 SSW 72
Knoxville, Tenn. 6.7 NE 71

U.S. Weather Bureau records of the average wind velocity, and fastest mile, at selected stations. The
ground.
roughness and other terrain-related factors and can range from 0.1 to
0.3. The value of 1⁄7 should be regarded as a compromise value in the
absence of other information regarding the terrain. Clearly, it is advan-
tageous to construct an adequately high support tower for a wind energy
conversion system.

Fig. 9.1.9 Typical variation of mean wind velocity with height.

Table 9.1.2 shows average and peak wind velocities at locations
within the continental United States.

Wind to Electric Power Conversion The ease with which wind en-
ergy can be converted to rotary mechanical energy and the maturity of
electromechanical energy converters and solid-state power conditioning
equipment clearly point to wind-to-electric conversion as the most
promising approach to harnessing wind power in usable form.

The electric power output of a wind-to-electric conversion system
can be expressed as

Pe 5 1⁄2rhghmhpACpV3 (9.1.15)

Avg
velocity, Prevailing Fastest

Station mi/h direction mile

Louisville, Ky. 8.7 S 68
Memphis, Tenn. 9.9 S 57
Miami, Fla. 12.6 — 132
Minneapolis, Minn. 11.2 SE 92
Mt. Washington, N.H. 36.9 W 150
New Orleans, La. 7.7 — 98

New York, N.Y. 14.6 NW 113
Oklahoma City, Okla. 14.6 SSE 87
Omaha, Neb. 9.5 SSE 109
Pensacola, Fla. 10.1 NE 114
Philadelphia, Pa. 10.1 NW 88
Pittsburgh, Pa. 10.4 WSW 73
Portland, Maine 8.4 N 76
Portland, Ore. 6.8 NW 57
Rochester, N.Y. 9.1 SW 73
St. Louis, Mo. 11.0 S 91
Salt Lake City, Utah 8.8 SE 71
San Diego, Calif. 6.4 WNW 53
San Francisco, Calif. 10.5 WNW 62
Savannah, Ga. 9.0 NNE 90
Spokane, Wash. 6.7 SSW 56
Washington, D.C. 7.1 NW 62

period of record ranges from 6 to 84 years, ending 1954. No correction for height of station above
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where Pe 5 electric power output, W; hg and hm 5 efficiencies of the
electric generator and the mechanical interface, respectively; hr 5 effi-
ciency of the power conditioning equipment (if employed). The product
of these efficiencies and the coefficient of performance (Fig. 9.1.2)
usually will be in the range of 20 to 35 percent.

The electrical equipment needed for wind-to-electric conversion de-
pends, above all, on whether the aeroturbine is operated in the constant-
speed, nearly constant-speed, or variable-speed mode. With constant-
speed and nearly constant-speed operation, the power coefficient Cp in

where AEP is in kWh, 8,760 is the number of hours in 1 year, and PR is
the unit’s nameplate rating in kW.

In order of decreasing importance, Cf is affected by the average
power available in the wind, speed vs. duration curve of the wind re-
gime, efficiency of the turbine, and reliability of the turbine. Variable-
speed turbines which tend to have low cut-in speeds and high efficiency
in low winds exhibit better capacity factors than constant-speed tur-
bines. Modern utility-grade turbines at good sites (class 4) can achieve
capacity factors in the range of 25 to 30 percent.
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Eq. (9.1.15) becomes a function of wind speed. If variable-speed mode
is used, it is possible to operate the turbine at a constant optimum Cp

over a range of wind speeds, thus extracting a larger fraction of the
energy in the wind.

Synchronous and induction generators are ideally suited for constant-
speed and nearly constant-speed operation, respectively. Variable-
speed operation requires special and/or additional electrical hardware if
constant-frequency utility-grade ac power output is desired. Most of the
early prototypes employed constant-speed operation and synchronous
generators. However, power oscillations due to tower interference and
wind shear effects can be nearly eliminated by operating the turbine and
the generator in variable-speed mode over at least some limited range of
speeds. It appears likely that large (greater than 100-kW) wind-to-
electric systems may employ some kind of a variable-speed constant-
frequency power generation scheme in the future.

Several options are available for obtaining constant frequency
utility-grade ac output from wind-to-electric systems operated in the
variable-speed mode. Some of the schemes suggested are: permanent
magnet alternator with output rectification and inversion, dc generator
feeding a line commutated (synchronous) or force commutated inverter,
ac commutator generator, ac-dc-ac link, field modulated generator sys-
tem, and slip ring induction machines operated as generators with rotor
power conditioning. The last type is also known as a double output
induction generator or simply a doubly fed machine. In general, the
simpler the electrical generation scheme, the poorer the quality of the
constant-frequency ac output. For example, synchronous inverters are
very simple, are economical, and have been popular in small (less than
50 kW) commercial units; however, they have power quality and har-
monic injection problems, and they absorb (on the average) more reactive
voltamperes from the utility line than the watts they deliver. The latter is
also a problem with simple induction generators. Schemes such as the
field modulated generator system and doubly fed machine deliver ex-
cellent power quality, but at a higher cost for the hardware.

Economics Costs of wind energy systems are often divided into
two categories: annualized fixed costs and operation and maintenance
(O&M) costs. Annualized fixed costs are comprised primarily of the
cost of capital required to purchase and install the turbines. In addition,
they include certain fixed costs such as taxes and insurance. O&M costs
include scheduled and unscheduled maintenance and the levelized cost
for major equipment overhauls.

The initial capital cost of a wind turbine system includes the cost of
the turbine, installation, and balance of plant. Turbine costs are often
expressed in terms of nameplate rating ($/kW). In 1995, utility-grade
turbines cost on the order of $800 per kilowatt. Installation and balance
of plant costs add approximately 20 percent. The cost of capital varies,
but (in 1995) was often estimated as 8 percent per annum for wind
energy projects. Other fixed costs were estimated at around 3 percent of
the installed turbine cost. The fixed charge rate (FCR), combined capital
and other fixed costs, was approximately 11 percent per annum. O&M
costs in modern wind farms are around $0.01 per kilowatthour (1995).

In addition to capital and O&M costs, an economic assessment of
wind energy systems must account for system performance. A com-
monly used parameter that describes the production of useful energy by
wind and other energy systems is the capacity factor C, also called the
plant factor or load factor. It is the ratio of the annual energy produced
(AEP) to the energy that would be produced if the turbine operated at
full-rated output throughout the year:

Cf 5
AEP

8,760 PR

(9.1.16)
The combination of cost and performance can be used to calculate the
cost of energy (COE) as follows:

COE 5
FCR 3 ICC

8,760Cf

1 (O&M) (9.1.17)

where FCR is the fixed charge rate for the cost of capital and for other
fixed charges such as taxes and insurance, ICC is the installed capital
cost of the turbine and balance of plant in dollars per kilowatt. This
method is useful to estimate the cost of energy for different technologies
or sites. However, for investment decisions, more detailed analyses that
include the effects of various investment strategies, tax incentives, and
environmental factors should be performed. Ramakumar et al. discuss
the economic aspects of advanced energy technologies, including wind
energy systems.

POWER FROM VEGETATION AND WOOD
Staff Contribution

Vegetation offers, by photosynthesis, a natural process for the storage of
solar energy. The efficiency of the photosynthetic process for the con-
version of the sun’s rays into a usable fuel form is low (less than 2
percent is probably realistic). Wood, wood waste, sawdust, hogged fuel,
bagasse, straw, and tanbark have heating values ranging to 10,000 6
Btu/lb (see Sec. 7.1). They may be incinerated for disposal as waste
material or burned directly for the subsequent production of steam or
hot water, most often used in the processing activities of the plant, e.g.,
hot water soak of logs for plywood peeling and steam for drying in
paper mills. In food processing, fruit pits and nut shells have been used
to generate a portion of the in-house requirements for steam.

The alternative to direct burning of the so-called biofuels lies in their
possible conversion to gaseous fuel by gasification at high temperature
in the presence of air. Pyrolitic treatment can render biofuels to fractions
of liquids and gases that have thermal value. In both cases, the solid
residue remaining also has some thermal value which can be utilized in
normal combustion.

Tree farming, with controlled growth and cutting, proposes to bal-
ance harvesting plans to load demands; e.g., Szego and Kemp (Chem.
Tech., May 1973) project a 400-mi2 ‘‘energy plantation’’ to serve a
400-MW steam electric plant. Such proposals would utilize proved
steam power plant cycles and equipment for novel breeding, growing,
harvesting, preparation, and combustion of vegetation. (See also Sec.
7.1.)

The photosynthesis process is basic to all agricultural practice. The
human animal has long known how to convert grain to alcohol. It can be
said that as long as we can grow green stuff we should be able to harness
some of the sun’s energy. The prohibition era in the United States saw
many efforts to use the alcohol production capacity of the nation to offer
alcohol as a substitute or supplementary fuel for internal combustion
engines. Ethanol (C2H5OH) and methanol (CH3OH) have properties
that are basically attractive for internal combustion engines, to wit,
smokeless combustion, high volatility, high octane ratings, high com-
pression ratios (Rv . 10). Heating values are 9,600 Btu/ lb for methanol
and 12,800 Btu/ lb for ethanol. On a volume basis these translate, re-
spectively, to 63,000 and 85,000 Btu/gal for methanol and ethanol.
Gasoline, by comparison, has 126,000 Btu/gal (20,700 Btu/ lb). (See
Sec. 7 for values.) The blending of ethanol and methanol with gasolines
(9 6 gasoline to 1 6 alcohol) has been used particularly in Europe since
the 1930s as a suitable internal combustion engine fuel. The miscibility
of the lighter alcohols with water and gasoline introduces corrosion
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problems for engine parts and lowers the octane number. Higher-carbon
alcohols (e.g., butyl) which are immiscible with water are possible
blending substitutes, but their availability and cost are not presently
attractive. Such properties as flash point would introduce further prob-
lems. While these constitute some of the unsolved technical problems,
the basic principle of harnessing the sun’s energy through vegetation
will continue as a provocative challenge not only in the field of power
generation but also as a solution for the perennial farm problem of waste
disposal.

implicit in many subject areas treated elsewhere in the Handbook; only
the more direct uses such as water heating, space heating and cooling,
swimming pool heating, solar distillation, solar drying and cooking,
solar furnaces, solar engines, solar electricity generation, and solar as-
sisted transportation will be treated here. The total field is widely
termed alternative or renewable sources of energy and their conver-
sion.

Solar Energy Utilization Solar energy reaches the earth’s surface as
shortwave electromagnetic radiation in the wavelength band between
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Notation

A, R, T 5 subscripts denoting absorbed, reflected, and transmitted solar
radiation

C 5 concentration ratio
c 5 subscript denoting collector cover

cp 5 specific heat of fluid, Btu/(lb ?°F)
IDN 5 direct normal solar intensity, Btu/(ft2 ?h)

Id 5 diffuse radiation, Btu/(ft2 ?h)
Io 5 radiation intensity beyond earth’s atmosphere, Btu/(ft2 ?h)
Ir 5 reflected solar radiation, Btu/(ft2 ?h)

ISC 5 solar constant; normal incidence intensity at average earth-
sun distance, Btu/(ft2 ?h)

It 5 total solar radiation, Btu/(ft2 ?h)
L 5 latitude, deg
m 5 air mass

o, i 5 subscripts denoting outgoing and incoming fluid conditions
q 5 rate of heat flux, Btu/(ft2 ?h)
qI 5 heat flow through insulation, Btu/(ft2 ?h)
Tp 5 temperature of absorbing surface, °R
U 5 overall coefficient of heat transfer, Btu/(ft2 ?h ?°F)
wf 5 flow rate of collecting fluid, lb/(h ? ft2)
f 5 solar azimuth, deg from south

a, r, t 5 absorptance, reflectance, and transmittance for solar radia-
tion

b 5 solar altitude, deg
d 5 solar declination, deg
« 5 emittance for long-wave radiation
g 5 wall-solar azimuth, deg
l 5 unit of wavelength, mm
o 5 angle of tilt from horizontal, deg
u 5 incident angle, deg, from perpendicular to surface

Introduction and Scope

The sun exerts forces upon the earth and radiates solar energy produced
within the sun by nuclear fusion. A small fraction of that energy is
intercepted by the earth and is converted by nature to heat, winds, ocean
currents, waves, tides; makes plants grow, some of which over millions
of years produced fossil fuels (oil, coal, and gas); and creates biomass
which can be burned to generate heat and/or power. Solar energy is
0.3 and 3.0 mm; its peak spectral sensitivity occurs at 0.48 mm (Fig.
9.1.10). Total solar radiation intensity on a horizontal surface at sea
level varies from zero at sunrise and sunset to a noon maximum which
can reach 340 Btu/(ft2 ?h) (1,070 W/m2) on clear summer days. This
inexhaustible source of energy, despite its variability in magnitude and

°

Fig. 9.1.10 Spectral distribution of solar radiation and radiation emitted by
blackbody at 95°F (35°C).

direction, can be used in three major processes (Daniels, ‘‘Direct Use of
the Sun’s Energy,’’ Yale; Zarem and Erway, ‘‘Introduction to the Utili-
zation of Solar Energy,’’ McGraw-Hill): (1) Heliothermal, in which the
sun’s radiation is absorbed and converted into heat which can then be
used for many purposes, such as evaporating seawater to produce salt or
distilling it into potable water; heating domestic hot water supplies;
house heating by warm air or hot water; cooling by absorption refriger-
ation; cooking; generating electricity by vapor cycles and thermoelec-
tric processes; attaining temperatures as high as 6,500°F (3,600°C) in
solar furnaces. (2) Heliochemical, in which the shorter wavelengths can
cause chemical reactions, can sustain growth of plants and animals, can
convert carbon dioxide to oxygen by photosynthesis, can cause degra-
dation and fading of fabrics, plastics, and paint, can be used to detoxify
toxic waste, and can increase the rate of chemical reactions. (3) Helio-
electrical, in which part of the energy between 0.33 and 1.3 mm can be
converted directly to electricity by photovoltaic cells. Silicon solar bat-
teries have become the standard power sources for communication sat-
ellites, orbiting laboratories, and space probes. Their use for terrestrial
power generation is currently under intensive study, with primary em-
phasis upon cost reduction. Other methods include thermoelectric, ther-
mionic, and photoelectromagnetic processes and the use of very small
antennas in arrays for the conversion of solar energy to electricity (An-
tenna Solar Energy to Electricity Converter/ASETEC, Air Force Re-
port, AF C FO 8635-83-C-0136, Task 85-6, Nov. 1988).

Solar Radiation Intensity In space at the average earth-sun distance,
92.957 million mi (150 million km), solar radiation intensity on a sur-
face normal to the sun’s rays is 434.6 6 1 Btu/(ft2 ?h) (1,370 6 3
W/m2). This quantity, called the solar constant ISC , undergoes small
(61 percent) periodic variations which affect primarily the shortwave
portion of the spectrum (Abbott, in Moon, Standard Polar Radiation
Curves, Jour. Franklin Inst., Nov. 1940). Recent measurements using
satellites give essentially the same results. Since the earth-sun distance
varies throughout the year, the intensity beyond the earth’s atmosphere
Io also varies by 6 3.3 percent (Table 9.1.3). The great seasonal varia-
tions in terrestrial solar radiation intensity are due to the earth’s tilted
axis, which causes the solar declination d (the angle between the earth’s
equatorial plane and earth-sun line) to change from 0° on Mar. 21 and
Sept. 21 to 223.5° on Dec. 21 and 123.5° on June 21.

In passing through the earth’s atmosphere, the sun’s radiation is par-
tially and selectively absorbed, scattered, and reflected by water vapor
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Table 9.1.3 Annual Variation in Solar Declination and Solar Radiation Intensity beyond the Earth’s Atmosphere

Feb. 1 Mar. 1 Apr. 1 May 1 June 1
Date Jan. 1 Nov. 10 Oct. 13 Sept. 12 Aug. 12 July 12 July 1

Declination, deg 2 23.0 2 17.1 2 7.7 1 4.4 1 15.0 1 22.0 1 23.1
Ratio, Io/Isc 1.033 1.029 1.017 1.000 0.983 0.971 0.967
Intensity Io , 449 447 442 435 427 422 420
Btu/(ft2 ? h) (W/m2) 1,416 1,409 1,393 1,370 1,347 1,331 1,324

and ozone, air molecules, natural dust, clouds, and artificial pollutants.
Some of the scattered and reflected energy reaches the earth as diffuse
or sky radiation Id .

The intensity of the direct normal radiation IDN depends upon the
clarity and the amount of precipitable moisture in the atmosphere and
the length of the atmospheric path, which is determined by the solar
altitude b and expressed in terms of the air mass m, which is the ratio of
the existing path length to the path length when the sun is at the zenith.
Except at very low solar altitudes, m 5 1.0/sin b.

Solar Optical Properties of Transparent Materials When solar ra-
diation with total intensity It falls on a transparent material, part of the
energy is reflected, part is absorbed, and the remainder is transmitted.
At any instant,

It 5 qt 1 qA 1 qR 5 It(t 1 a 1 r)

The sum of the solar optical properties t, a, and r must equal unity,
but the individual values depend upon the incident angle and wave-
length of the radiation, the composition of the material, and the nature of

To

ati
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Figure 9.1.10 shows relative values of the spectral intensity of solar
radiation in space for m 5 0 (Thekaekara, Solar Energy outside the
Earth’s Atmosphere, Solar Energy, 14, no. 2, 1973) and at sea level
(Moon, Standard Solar Radiation Curves, Jour. Franklin Inst., Nov.
1940) for a solar altitude of 30° (m 5 2.0). Table 9.1.4 shows the
variation at 40° north latitude throughout typical clear summer (June
21) and winter (Dec. 21) days of solar altitude and azimuth (measured
from the south), direct normal radiation, total solar irradiation of hori-
zontal and vertical south-facing surfaces.

The total solar irradiation reaching a terrestrial surface is the sum of
the direct, diffuse, and reflected components: It 5 IDN cos u 1 Id 1 Ir ,
where u is the incident angle between the sun’s rays and a line perpen-
dicular to the receiving surface and, Ir is the shortwave radiation re-
flected from adjacent surfaces.

Direct beam solar radiation intensity is measured by pyroheliometers
with collimating tubes to exclude all but the direct rays from their
sensors, which may use calorimetric, thermoelectric, or photovoltaic
means to produce a response proportional to the irradiation rate. Similar
but uncollimated instruments called pyranometers are used to measure
the total radiation from sun and sky; when their sensors are shaded from
the sun’s direct rays, they also can measure the diffuse component.

Incident Angle Determination The incident angle u affects both the
direct solar intensity and the solar optical properties of the irradi-
ated surface. For a flat surface tilted at an angle o from the horizontal,
cos u 5 cos b cos g sin o 1 sin b cos o. For vertical surfaces, o 5
90°; so cos u 5 cos b cos g; for horizontal surfaces, o 5 0° and u 5
90° 2 b. (See ASHRAE, ‘‘Handbook of Fundamentals,’’ for values of
solar altitude, azimuth, and direct normal radiation throughout the year
for 0 to 56° north latitude.)

Table 9.1.4 Solar Altitude and Azimuth, Direct Normal Radiation, and
Surfaces, June 21 and Dec. 21, for 40° North Latitude

June 21, declin

Time: A.M.: P.M. 6; 6 7; 5
Solar altitude, deg 14.8 26.0
Solar azimuth, deg 108.4 99.7
Direct normal irradiation, Btu/(ft2 ? h) 154 215
Total irradiation, Btu/(ft2 ? h)
On horizontal surface 60 123

On vertical south surface 10 14

Dec. 21, declinati

Time: A.M.; P.M. 6; 6 7; 5
Solar altitude, deg
Solar azimuth, deg
Direct normal irradiation, Btu/(ft2 ? h)
Total irradiation, Btu/(ft2 ? h)
On horizontal surface
On vertical south surface

Values adapted from ASHRAE, ‘‘Handbook of Applications,’’ 1982.
any coatings which may be applied to the surfaces.
For uncoated single-strength (3⁄32-in or 2.4-mm) clear window glass

(Fig. 9.1.11), solar transmittance at normal incidence (u 5 0°) is ap-
proximately 0.90, but the transmittance for longwave thermal radiation
(5 mm) is virtually zero. Thus glass acts as a ‘‘heat trap’’ by admitting
solar radiation readily but retaining most of the heat produced by the
absorbed sunshine. This ‘‘greenhouse effect,’’ which is also exhibited
but to a lesser degree by some plastic films (see Whillier, Plastic Covers
for Solar Collectors, Solar Energy, 7, no. 3, 1964), is the basis for most
heliothermal processes. Heat absorbing glass [1⁄4 in (6.3 mm) thick (Fig.
9.1.11)], which absorbs more than 50 percent of the incident solar radi-
ation, is widely used by architects to reduce the heat and glare admitted
through unshaded windows. Reflective coatings (Yellott, Selective Re-
flectance, Trans. ASHRAE, 69, 1963) have been developed to serve
similar purposes.

For all types of glass, transmittance falls and reflectance rises as u
exceeds about 30°. Absorptance increases somewhat owing to the
increased path length and then drops off sharply toward zero as u ex-
ceeds 60°.

Absorptance and Emittance of Opaque Surfaces Opaque materi-
als absorb or reflect all the incident sunshine. The absorptance a for
solar radiation and the emittance « for longwave radiation at the tem-
perature of the receiving surface are particularly important in heliotech-
nology. For a true blackbody, the absorptance and emittance are equal
and do not change with wavelength. Most real surfaces have reflec-
tances and absorptances which vary with wavelength (Fig. 9.1.12).
Aluminum foil has a consistently low absorptance and high reflectance
over the entire spectrum from 0.25 to 25 mm, while black paint has a
high absorptance and low reflectance. White paint, however, has low

tal Solar Radiation on Horizontal and Vertical South-Facing

on 5 1 23.45°

8; 4 9; 3 10; 2 11; 1 12; 12
37.4 48.8 59.8 69.2 73.5
90.7 80.2 65.8 41.9 0.0
246 262 272 276 278

182 233 273 296 304

16 47 74 92 98

on 5 2 23.45°

8; 4 9; 3 10; 2 11; 1 12; 12
5.5 14.0 20.7 25.0 26.6
53.0 41.9 29.4 15.2 0.0
88 217 261 279 284

14 65 107 119 143
56 163 221 252 263
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shortwave (solar) absorptance, but beyond 3 mm its absorptance and
reflectance are virtually the same as for black paint.

Solar collectors require a high a/« ratio, while surfaces which should
remain cool, such as rooftops or space vehicles, should have low ratios

Table 9.1.5 Solar Absorptance, Longwave Emittance, and
Radiation Ratio for Typical Surfaces

Shortwave
(solar) Longwave Radiation

Surface or material absorptance a emittance « ratio, a/«

Flat, oil-based paints:
Black 0.90 0.90 1.00
Red 0.74 0.90 0.82
Green 0.50 0.90 0.55
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Fig. 9.1.11 Variation with incident angle of solar optical properties of 3⁄32-in
(2.4-mm) clear glass and 1⁄4-in (6.3-mm) heat-absorbing glass.

since their objective usually is to absorb as little solar radiation and emit
as much longwave radiation as possible. Special surface treatments
have been developed (see ASHRAE, ‘‘Solar Energy Use for Heating
and Cooling of Buildings,’’ 1977) for which the ratio a/« is above 7.0,
making them suitable for solar collectors; others with ratios as low as
0.15 are useful as heat rejectors for space applications (see Table 9.1.5).
In addition, the absorptance can be changed and controlled by paint
Fig. 9.1.12 Variation with wavelength of reflectance a
Aluminum 0.45 0.90 0.50
White 0.25 0.90 0.28

Whitewash on galvanized iron 0.22 0.90 0.25
Building materials:
Asbestos slate 0.81 0.96 0.84
Tar paper, black 0.93 0.93 1.00
Brick, red 0.55 0.92 0.59
Concrete 0.60 0.88 0.68
Sand, dry 0.82 0.90 0.92
Glass 0.04–0.70 0.84

Metals:
Copper, polished 0.18 0.04 4.50
Copper, oxidized 0.64 0.60–0.90 1.03–0.71
Aluminum, polished 0.30 0.05 6.00

Selective surfaces:
Tabor, electrolytic 0.90 0.12 7.50
Silicon cell, uncoated 0.94 0.30 3.13
Black cupric oxide on copper 0.91 0.16 5.67

composition (grain material and size, binder, thickness etc.) and surface
configuration, both large and small.

Equilibrium Temperatures for Concentrating Collectors When a
surface is irradiated, its temperature rises until the rate of solar radiation
absorption equals the rate at which heat is removed from the surface. If
no heat is intentionally removed, the maximum temperature which
can be attained by a blackbody (a 5 «) is found from IDNCa 5
0.1713«(Tp/100)4, where C is the concentration ratio. Figure 9.1.13
shows the variation of blackbody equilibrium temperatures for earth and
near space where IDN 5 320 and Io 5 435 Btu/ft2 ?h (1,000 and
1,370 W/m2).

For flat plate collectors, C 5 1.0; so their maximum attainable tem-
peratures are below 212°F (100°C) unless a selective surface is used
with a/« . 1.0, or both radiation and convection loss are suppressed by
the use of multiple glass cover plates. Only the direct component of the
total solar radiation can be concentrated, and concentrating collectors
must follow the sun’s apparent motion across the sky or use heliostats
nd absorptance for opaque surfaces.
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Fig. 9.1.13 Variation with concentration ratio of equilibrium temperatures for earth and space.

which serve the same function. Diffuse radiation cannot be concentrated
effectively.

Flat-Plate Collectors Direct, diffuse, and reflected solar radiation
can be collected and converted into heat by flat-plate collectors (Fig.
9.1.14). These generally use blackened metal plates which are finned,
tubed, or otherwise provided with passages through which water, air, or

Table 9.1.6 Transmittance and Overall Heat-Transfer
Coefficients for Collectors with Glass and Plastic Covers

Type and number of None One One Two Two
covers glass plastic glass plastic

Solar transmittance 1.00 0.90 0.92 0.81 0.85
Overall coefficient U 3.90 1.12 1.30 0.71 0.87

tors, Solar Energy, 9, no. 3, 1965). For the transparent covers, glass is
best since it lets through the shortwave solar radiation but stops the
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Fig. 9.1.14 Typical flat-plate solar radiation collectors.

other fluids may flow and be heated to temperatures as much as 100 to
150°F (55 to 86°C) above the ambient air. The actual temperature rise
may be estimated from the heat balance for a unit area of collector
surface:

qA 5 Ittcap 5 wf cp(to 2 Ti) 4 qI 1 U(tp 2 ta)

The loss from the back of the collector plate qI can be minimized by the
use of adequate insulation. The radiation component of the loss from the
upper surface can be reduced (Zarem and Erway, ‘‘Introduction to
the Utilization of Solar Energy,’’ McGraw-Hill; ASHRAE, ‘‘Solar En-
ergy Use for Heating and Cooling of Buildings’’) by using selective
reflectance coatings with high a/« ratios and by using covers which are
transparent to solar radiation but opaque to longwave emissions (see
Table 9.1.6). Both convection and radiation can be reduced by the use of
honeycomb structures in the airspace between the cover and the collec-
tor plate (see Hollands, Honeycomb Devices in Flat-Plate Solar Collec-
longwave radiation given off by the collector plate. Plastics do not have
this trapping characteristic, do have a shorter life, may lose their trans-
parency, and outgas when heated. The fumes may condense on other
surfaces, forming a film to reduce the collector performance.

Applications of Heliotechnology

Solar Drying Probably the largest use of solar energy over the
centuries—the drying of agricultural crops, evaporation of ocean and
salt lake ponds for salt production, etc.—has led more recently to more
efficient dryers. The newer dryers prevent rain and dew from rewetting
the materials. Simple inexpensive solar dryers—essentially transparent
covers—sometimes are supplemented by air heaters providing hot air
to dry crops, fish, etc., especially in tropical regions where daily rains
prevent efficient natural drying. They are used for curing wood and to
remove moisture from mining ores (especially if they have been
washed) to reduce shipping costs. Some uneconomical mining opera-
tions have been made profitable by the use of solar drying.

Swimming Pool Heating Probably the widest U.S. commercial ap-
plication of solar energy today is in swimming pool heating. To extend
the swimming season, a transparent cover floating on the surface of the
pool, with as few air bubbles underneath as possible, will raise the
temperature of the water by up to 20°F (11°C). Flat-plate type of heaters
on roofs, often made of rubber or plastics, can be used instead of
or in addition to the pool cover. Approximately 1,000 Btu/ft2 ?day
(3.1 kWh/m2 ?day) can be expected on average from a reasonably good
collector. Since in many places a fence is required around a pool, the
fence can incorporate collectors. They are not as efficient because
of less favorable orientation, but they serve a dual purpose. The
developing countries are interested in solar swimming pool heating
since they lack fossil fuels and the currency to buy them, but want
to attract tourists with modern conveniences.
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Solar Ponds If water in ponds or reservoirs contains salts in solu-
tion, the warmer layers will have higher concentrations and, being
heavier, will sink to the bottom. The hot water on the bottom is insulated
against heat losses by the cooler layers above. Heat can be extracted
from these ponds for power generation. Large solar ponds have been
used in the Mideast along the Dead and Red seas, along the Salton Sea;
a number of artificial ponds have been established elsewhere. The inex-
pensive extraction of heat at over 200°F (94°C) still requires improve-
ment. Solar ponds are, effectively, large inexpensive solar collectors.

basin with transparent cover—or tube collector type, described previ-
ously. The simple thermosiphon solar water heater (Fig. 9.1.16) with a
glass-covered flat-plate collector is used in thousands of homes all over
the world, but mainly in Australia, Japan, Israel, North Africa, and
Central and South America. Under favorable climatic conditions (abun-
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Their heat can be used to power vapor engines and turbines; these, in
turn, drive electric generators.

Solar Stills Covering swimming pools, ponds, or basins with air-
tight covers (glass or plastic) will condense the water vapors on the
underside of the covers. The condensate produced by the solar energy
can be collected in troughs as distilled water. Deep-basin stills have a
water depth of several feet (between approximately 0.5 and 1.5 m) and
require renewal only every few months. Shallow-basin stills have a
water depth of about 0.5 to 2.0 in (approximately 1 to 5 cm) and have to
be fed and flushed out frequently. Solar stills can be designed to also
collect rainwater (in Florida this can double the freshwater production).
If the supply water is not contaminated and only too high in solids
content, it can be mixed with the distilled water to increase the actual
output. This is often done for farm animal water and water used for
irrigation.

The glass-covered roof-type solar still (Fig. 9.1.15a) is in wide use in
arid areas for the production of drinking water from salty or brackish
sources. The sun’s rays enter through the cover glasses, warm the water,
and thus produce vapor which condenses on the inner surface of the
cover. The water droplets coalesce and flow downward into the dis-
charge troughs, while the remaining brine is periodically replaced with
a new supply of nonpotable water. Daily yield ranges from 0.4 lb/ft2

(2 kg/m2) of water surface in winter to 1.0 lb/ft2 (5 kg/m2) in summer
(Daniels, ‘‘Direct Use of the Sun’s Energy,’’ Yale, p. 174).

Fig. 9.1.15 Shallow-basin horizontal-surface solar stills. (a) Glass-covered roof
type; (b) inflated plastic type.

Inflated plastic films (Fig. 9.1.15b) have also been used to cover solar
stills, but their greatest success has been achieved in controlled-envi-
ronment greenhouses where the vapor which transpires from plant
leaves is condensed and reused at the plant roots. Stills made of inflat-
able plastic also are equipment in survival kits, on lifeboats, etc. Wicks
in some of the solar stills can improve their performance. Most plastics
have to be surface-treated for this application to produce film condensa-
tion (for good solar transmission) rather than dropwise condensation,
which reflects a considerable fraction of the impinging solar radiation.

Solar Water Heaters These can be the pan (batch) type—a tank or
A*
Fig. 9.1.16 Thermosiphon type of water heater. (*The collector angle A de-
pends on the latitude. More favorable orientation toward the winter sun when days
are shorter can produce the same amount of hot water all year round. In Florida, A
is 10°.)

dant sunshine and moderate winter temperatures) they can produce 30
to 50 gal (110 to 190 L) of water at temperatures up to 160°F (70°C) in
summer and 120°F (50°C) in winter. Auxiliary electric heaters are often
used to produce higher temperatures during unfavorable winter weather.

In the United States and Europe, solar collectors are usually placed on
the roof, with the hot water storage tank lower. This requires a small
circulating pump. The pump is controlled by a timer, a temperature
sensor in the collector, or a differential temperature controller. Ideally,
the pump runs when heat can be added to the water in the tank.

To protect the system from freezing, the collectors are drained, man-
ually or automatically. The system can also be designed with a primary
circuit containing antifreeze and effecting heat transfer with a heat ex-
changer in the tank, or by use of a double-walled tank. Another method
for protection is a dual system, in which the water drains from the
collectors when the pump stops. This is the preferred method for large
systems.

Auxiliary heaters, usually electric, are used often in solar water heat-
ers to handle overloads and unusually bad weather conditions.

Solar House Heating and Cooling House heating can be accom-
plished in temperate climates by collecting solar radiation with flat-
plate devices (Fig. 9.1.14) mounted on south-facing roofs or walls (in
the northern hemisphere). Water or air, warmed by solar radiation, can
be used in conventional heating systems, with small auxiliary fuel-
burning apparatus available for use during protracted cloudy periods.
Excess heat collected during the day can be stored for use at night in
insulated tanks of hot water or beds of heated gravel. Heat-of-fusion
storage systems, which use salts that melt and freeze at moderate tem-
peratures, may also be used to improve heat storage capacity per unit
volume.

Solar air conditioning and refrigeration can be done with absorption
systems supplied with moderately high-temperature (200°F or 93°C)
working fluids from high-performance good flat-plate collectors. The
economics of solar energy utilization for domestic purposes become
much more favorable when the same collection and storage apparatus
can be used for both summer cooling and winter heating. One such
system (see Hay, Natural Air Conditioning with Roof Ponds and Mov-
able Insulation, Trans. ASHRAE, 75, part I, 1969, p. 165) uses a combi-
nation of shallow ponds of water on horizontal rooftops with panels of
insulation which may be moved readily to cover or uncover the water
surfaces. During the winter, the ponds are uncovered during the day to
absorb solar radiation and covered at night to retain the absorbed heat.
The house is warmed by radiation from metallic ceiling panels which
are in thermal contact with the roof ponds. During the summer, the
ponds are covered at sunrise to shield them from the daytime sun, and
uncovered at sunset to enable them to dissipate heat by radiation, con-
vection, and evaporation to the sky.
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Fig. 9.1.17 Schematic of typical solar house heating, cooling, and hot water system.

Figure 9.1.17 is a schematic of a more typical active solar house
heating, cooling, and hot water system. Flat-plate collectors, roughly
1,000 ft2 (93 m2) to provide both 3 tons of air conditioning and hot
water, properly oriented on the roof (they can actually be the roof ),
supply hot water to a storage tank (usually buried) of about 2,000 gal
(about 7,570-L) capacity. A heat-exchanger coil, submerged in and near
the top of the tank, provides domestic hot water. When heat is needed,
the thermostat orders the following: Valves V1 and V2 close, V3 and V4

open, and pump PC circulates hot water through the house as long as
required. When cooling is required, the thermostat orders the following:

highly purified materials through zone refining, in a vacuum or con-
trolled atmosphere. This allows us to grow crystals of high-temperature
materials, crystals not existing in nature, or to do simple things such as
determining the melting points of exotic materials. Other methods of
heating contaminate these materials before they melt. With solar energy
the materials can be sealed in a glass or plastic bulb, and the solar
energy can be concentrated through the glass or plastic onto the target.
The glass or plastic is not heated appreciably since the energy is not
highly concentrated when it passes through it.
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Valves V1 and V2 open, V3 and V4 close, and pumps PB and PC feed hot
water to the air conditioner, which, in turn, produces chilled water for
circulation through the house as long as needed. This system can be
used over a wide range of latitudes, and only the heating and cooling
duty cycles will change (i.e., more heating in the north and more cool-
ing in the south). The proper orientation of the collectors will depend
upon the duty cycles. In the northern hemisphere, the collectors will
face south. When used mostly for heating, they are inclined to the
horizontal by latitude plus up to 20°. When they are used mostly for
cooling, the inclination will be latitude minus up to 10°. The basic idea
is to orient the collectors more favorably toward the winter sun when
mostly heating and more favorably toward the summer sun when mostly
cooling. The collectors can be made adjustable at extra cost. Air can be
used instead of water with rock bin storage and blowers instead of
pumps. Blowers require more energy to run.

The air conditioner can be a conventional type, driven by solar en-
gines or solar electricity, or preferably an absorption system (e.g., low-
temperature NH3/H2O), a jet air conditioning system, a liquid or solid
dessicant system, or other direct energy conversion systems described
later (in ‘‘Direct Energy Conversion’’).

Solar cooking utilizes (1) a sun-following broiler-type device with a
metallized parabolic reflector and a grid in the focal area where cooking
pots can be placed; (2) an oven-type cooker comprising an insulated box
with glass covers over an open end which is pointed toward the sun.
When reflecting wings are used to increase the solar input, temperatures
as high as 400°F (204°C) are reached at midday. Large solar cookers for
community cooking in third world country villages can be floated on
water and thus easily adjusted to point at the sun. For cooking when the
sun does not shine, oils or other fluids can be heated to a high tempera-
ture, 800°F (around 425°C), with a solar concentrator when the sun
shines, and then stored. A range similar to an electric range but with the
hot oil flowing through the coils, at adjustable rates, is then used to cook
with solar energy 24 h/day.

Solar Furnaces Precise paraboloid concentrators can focus the
sun’s rays upon small areas, and if suitable receivers are used, tempera-
tures up to 6,500°F (3,600°C) can be attained. The concentrator must be
able to follow the sun, either through movement of the paraboloidal
reflector itself (Fig. 9.1.13) or by the use of a heliostat which tracks the
sun and reflects the rays along a horizontal or vertical axis into the
concentrator. This pure, noncontaminating heat can be used to produce
Solar furnaces are used in high-temperature research, can simulate
the effects of nuclear blasts on materials, and at the largest solar furnace
in the world (France) produce considerable quantities of highly purified
materials for industry.

Power from Solar Energy During the past century (Zarem and
Erway, ‘‘Introduction to the Utilization of Solar Energy,’’ McGraw-
Hill) many attempts have been made to generate power from solar
radiation through the use of both flat-plate and concentrating collectors.
Hot air and steam engines have operated briefly, primarily for pumping
irrigation water, but none of these attempts have succeeded commer-
cially because of high cost, intermittent operation, and lack of a suitable
means for storing energy in large quantities. With the rapid rise in the
cost of conventional fuels and the increasing interest in finding pollu-
tion-free sources of power, attention has again turned to parabolic
trough concentrators and selective surfaces (high a/« ratios) for pro-
ducing high-temperature working fluids for Rankine and Brayton
cycles. Because of the cost of Rankine engines, often operating on other
than water-based working fluids, Stirling engines (discussed later) and
other small engines (phase shift), turbines, gravity machines, etc., have
been developed, their application and use being directly related to the
cost and availability of fossil fuels. The price of crude oil rose from
$2.50 to $32.00 per barrel during the period from 1973 to the 1980s, and
it stands at about $18.00 per barrel now (1995). When fossil fuel costs
are high, solar energy conversion methods become competitive and
attractive.

Flat-plate collectors utilizing both direct and diffuse solar radiation
can be used to drive small, low-temperature Stirling engines, which
operate off the available hot water; in turn, the engines can circulate
water from the buried storage tank through the collectors on the roof.
These engines have low efficiency, but that is not quite so important
since solar energy is free. Low efficiency generally implies larger, and
thus more expensive, equipment. The application cited above is ideal
for small circulating electric pumps powered by solar cells.

Concentrating collector systems, having higher conversion efficien-
cies, can only utilize the direct portion of the solar radiation and in most
cases need tracking mechanisms, adding to the cost. A 10-MW plant
was built and had been operating in Barstow, CA until recently. That
plant was used both for feasibility studies and to gather valuable operat-
ing experience and data. Although intrinsically attractive by virtue of
zero fuel cost, solar-powered central plants of this type are not quite yet
state of the art. Proposed plants of this and competitive types require
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abundant sunshine most of the time; obviously, they are not very effec-
tive on cloudy days, and their siting would appear to be circumscribed
to desertlike areas.

Direct Conversion of Solar Radiation to Electricity Photovoltaic
cells made from silicon, cadmium sulfide, gallium arsenide, and other
semiconductors (see ‘‘Solar Cells,’’ National Academy of Science,
Washington, 1972) can convert solar radiation directly to electricity
without the intervention of thermal cycles. Of primary importance today
are the silicon solar batteries which are used in large numbers to provide

There are several reasons why solar energy conversion has not had a
wider impact, especially in the fossil-fuel-rich countries: lack of aware-
ness of the long-term problems associated with fossil fuel consumption;
the fact that solar energy conversion equipment is not as available as
would be desirable; the current continuing supply of fossil fuels at very
competitive prices; and so forth. There will come a time, however, when
the bank of fossil fuels will have been exhausted; solar energy conver-
sion looms large in the future.

A significant consideration with regard to fossil fuels is the realiza-
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power for space probes, orbiting laboratories, and communication satel-
lites. Their extremely high cost and relatively low efficiency have thus
far made them noncompetitive with conventional power sources for
large-scale terrestrial applications, but intensive research is currently
underway to reduce their production cost and to improve their effi-
ciency. Generation of power from solar radiation on the earth’s surface
encounters the inherent problems of intermittent availability and rela-
tively low intensity. At the maximum noon intensity of 340 Btu/(ft2 ?h)
(1,080 W/m2) and 100 percent energy conversion, 10 ft2 (1.1 m2) of
collection area would produce 1 thermal kilowatt, but with a conversion
efficiency of 10 percent, the area required for an electrical kilowatt
approaches 100 ft2 (9.3 m2). Thus very large collection areas are essen-
tial, regardless of what method of conversion may be employed. How-
ever, the total amount of solar radiation falling on the arid southwestern
section of the United States is great enough to supply all the nation’s
electrical needs, provided that the necessary advances are made in col-
lection, conversion, and storage of the unending supply of energy from
the sun.

Solar Transportation Presently the best application of solar energy
to transportation seems to be electric vehicles, although solar-produced
hydrogen could be used in hydrogen-propelled cars. Since there is not
enough surface area on these vehicles to collect the solar energy needed
for effective propulsion, storage is needed. Vehicles have been designed
and built so that batteries are charged by solar energy. Charging is by
Rankine engine-, Stirling engine-, or other engine-driven generators or
by photovoltaic panels. A number of utilities, government agencies,
municipalities, and universities have electric vehicles, cars, trucks, or
buses, the batteries in which are charged by solar energy. For general
use a nationwide pollution-free system is proposed, with solar battery
charging stations replacing filling stations. They would provide, for a
fee, charged batteries in exchange for discharged ones. A design objec-
tive to help implement this concept would require that the change of
batteries be effected quickly and safely. Electric cars with top speeds of
over 65 mi/h (88 km/h) and a range of 200 mi (320 km) have been
built. Regenerative braking (the motor becomes a generator when slow-
ing down, charging the batteries), especially in urban driving, can in-
crease the range by up to 25 percent.

Closure Our inherited energy savings, in the form of fossil fuels,
cannot last forever; indeed, an energy income must be part of the overall
picture. That income, in the form of solar energy, will have to assume a
larger role in the future. Fossil fuels will definitely fade from the picture
at some time; it behooves us to plan now for the benefit of future
generations.

For the successful application of solar energy, as with any other
source of energy, each potential use must be analyzed carefully and the
following criteria must be met:

1. Use the minimum amount of energy to do the task (efficiency).
2. Use the best overall energy source available.
3. The end result must be feasible and workable.
4. Cost must be reasonable.
5. The end result must fit the lifestyle and habits of the user.

Schemes which have failed in the past have violated one or more of
these criteria.

In utilizing conventional fossil fuels, the energy conversion equip-
ment is a capital cost to which must be added the periodic cost of fuel.
Solar energy conversion systems, likewise, represent a capital cost, but
there is no periodic cost for fuel. To be competitive, solar capital costs
must be less than the total cost of a conventional plant (capital cost plus
fuel). There exist circumstances where this is, indeed, the case. Financ-
ing will continue to look favorably on such investments.
tion that they constitute an irreplaceable source of raw materials which
ought really to be husbanded for their greater utility as feedstocks for
medicines, fertilizers, petrochemicals, etc. Their utility in serving these
purposes overrides their convenient use as cheap fossil fuels burned for
their energy content alone.

GEOTHERMAL POWER
by Kenneth A. Phair

REFERENCES: Assessment of Geothermal Resources of the United States—
1978, U.S. Geol. Surv. Circ. 790, 1979, ‘‘Geothermal Resources Council Trans-
actions,’’ vol. 17, Geothermal Resources Council, Davis, CA. Getting the Most
out of Geothermal Power, Mech. Eng., publication of ASME, Sept. 1994. ‘‘Geo-
thermal Program Review XII,’’ U.S. Department of Energy, DOE/GO 10094-005,
1994.

Geothermal energy is a naturally occurring, semirenewable source of
thermal energy. Thermal energy within the earth approaches the surface
in many different geologic formations. Volcanic eruptions, geysers, fu-
maroles, hot springs, and mud pots are visual indications of geothermal
energy.

Significant geothermal reserves exist in many parts of the world. The
U.S. Geological Survey, in Circ. 790, has estimated that in the United
States alone there is the potential for 23,000 megawatts (MW) of elec-
tric power generation for 30 years from recoverable hydrothermal (liq-
uid- or steam-dominated) geothermal energy. Undiscovered reserves
may add significantly to this total. Many of the known resources can be
developed using current technology to generate electric power and for
various direct uses. For other reserves, technical breakthroughs are nec-
essary before this energy source can be fully developed.

Power generation from geothermal energy is cost-competitive with
most combustion-based power generation technologies. In a broader
picture, geothermal power generation offers additional benefits to soci-
ety by producing significantly less carbon dioxide and other pollutants
per kilowatt-hour than combustion-based technologies.

Electric power was first generated from geothermal energy in 1904.
Active worldwide development of geothermal resources began in ear-
nest in 1960 and continues. In 1993, the capacity of geothermal power
plants worldwide exceeded 6,000 MW. Table 9.1.7 lists the installed
capacity by country.

Table 9.1.7 Worldwide
Geothermal Capacity, 1993

Capacity installed,
Country MW

United States 2,913
Philippines 894
Mexico 700
Italy 545
New Zealand 295
Japan 270
Indonesia 142
El Salvador 95
Nicaragua 70
Iceland 45
Kenya 45
Others 65

Total 6,079

SOURCE: From ‘‘Geothermal Resources Coun-
cil Transactions,’’ vol. 17, Geothermal Resources
Council, Davis, CA, 1993.
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Geothermal power plants are typically found in areas with ‘‘re-
cently’’ active volcanoes and continuing seismic activity. In 1994 and
1995, significant additional geothermal power generation facilities were
installed in Indonesia and the Philippines. Many countries not included
in Table 9.1.7 also have significant geothermal resources that are not yet
developed.

Although geothermal energy is a renewable resource, economic de-
velopment of geothermal resources usually extracts energy from the
reservoir at a much higher rate than natural recharge can replenish it.

cific drilling sites. Geophysical methods include drilling, measuring the
temperature gradient in the drill hole, and measuring the thermal con-
ductivity of rock samples taken at various depths.

Resource Development Extraction of fluids from a geothermal re-
source entails drilling large-diameter production wells into the reservoir
formation. Bottom hole temperatures in hydrothermal wells and hot dry
rock formations can exceed 450°F (232°C). Geopressured resources
have lower temperatures but offer energy in the form of fluids at unusu-
ally high pressures that frequently contain significant amounts of dis-
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Therefore, facilities that use geothermal energy should be designed for
high efficiency to obtain maximum benefit from the resource.

Geothermal Resources Geothermal resources may be described as
hydrothermal, hot dry rock, geopressured, or magma.

Hydrothermal resources contain hot water, steam, or a mixture of
water and steam. These fluids transport thermal energy from the reser-
voir to the surface. Reservoir pressures are usually sufficient to deliver
the fluids to the surface at useful pressures, although some liquid-
dominated resources require downhole pumps for fluid production. Hy-
drothermal resources may be geologically closed or open systems. In a
closed system, the reservoir fluids are contained within an essentially
impermeable boundary. Communication and fluid transport within the
reservoir occur through fractures in the reservoir rock. There is little, if
any, natural replenishment of fluids from outside the reservoir bound-
ary. An open system allows influx of cold subsurface fluids into the
reservoir as the reservoir pressure decreases. Hydrothermal reservoirs
have been found at depths ranging from 400 ft (122 m) to over
10,000 ft (3,050 m).

Hot dry rock resources are geologic formations that have high heat
content but do not contain meteoric or magmatic waters to transport
thermal energy. Thus water must be injected to carry the energy to the
surface. The difficulty in recovering a sufficient percentage of the in-
jected water and the limited thermal conductivity of rock have hindered
development of hot dry rock resources. Because of the vast amount of
energy in these resources, additional research and development is justi-
fied to evaluate whether it is technically exploitable. In 1994 research
and development of hot dry rock resources was proceeding in Australia,
France, Japan, and the United States.

Geopressured resources are liquid-dominated resources at unusually
high pressure. They occur between 5,000 and 20,000 ft (1,500 and
6,100 m), contain water that varies widely in salinity and dissolved
minerals, and usually contain a significant amount of dissolved gas.
Pressures in such reservoirs vary from about 3,000 to 14,000 lb/in2 gage
(21 to 96 MPa) with temperatures between 140°F (60°C) and 360°F
(182°C). The largest geopressured zones in the United States exist be-
neath the continental shelf in the Gulf of Mexico, near the Texas, Loui-
siana, and Mississippi coasts. Other zones of lesser extent are scattered
throughout the United States.

Magma resources occur as formations of molten rock that have tem-
peratures as high as 1,300°F (700°C). In most regions in the continental
United States, such resources occur at depths of 100,000 ft (30,500 m)
or more. However, in the vicinity of current or recent volcanic activity,
magma chambers are believed to be within 20,000 ft (6,100 m) of the
surface. The Department of Energy initiated a magma energy research
program in 1975, and an exploratory well was drilled in the Long Valley
Caldera in California in 1989. The drilling program was planned in four
phases to reach a final depth of 20,000 ft (6,100 m) or a temperature of
900°F (500°C), whichever is reached first. The first phases have been
completed, but the deep, and most significant, drilling remains to be
done.

Exploration Technology Geothermal sites historically have been
identified from obvious surface manifestations such as hot springs, fu-
maroles, and geysers. Some discoveries have been made accidentally
during exploring or drilling for other natural resources. This approach
has been replaced by more scientific prospecting methods that appraise
the extent, as well as the physical and thermodynamic properties, of the
reservoir. Modern methods include geological studies involving aerial,
surface, and subsurface investigations (including remote infrared sens-
ing) and geochemical analyses which provide a guide for selecting spe-
solved combustible gases. Although research and development projects
continue to seek ways to efficiently extract and use the energy contained
in hot dry rock, geopressured, and magma resources, virtually all
current geothermal power plants operate on hydrothermal resources.

Production Facilities For most projects, a number of wells drilled
into different regions of the reservoir are connected to an aboveground
piping system. This system delivers the geothermal fluid to the power
plant. As with any fluid flow system, the geothermal reservoir, wells,
and production facilities operate with a specific flow vs. pressure rela-
tionship. Fig. 9.1.18 shows a typical steam deliverability curve for a
110-MW geothermal power plant.
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Fig. 9.1.18 Typical deliverability curve; steam flow to power plant
[1,000 lb/h 5 (453 kg/h)] vs. turbine inlet pressure [100 lb/in2 gage (689 kPa
gage)].

Resource permeability; the number, depth, and size of the wells; and
the surface equipment and piping arrangement all contribute to make
the deliverability curve different for each power plant. Production of
geothermal fluids over time results in declining deliverability. For one-
half or more of the operating life of a reservoir, the deliverability can
usually be held constant by drilling additional production wells into
other regions of the resource. As the resource matures, this technique
ceases to provide additional production. The deliverability curve begins
to change shape and slope as deliverability declines. The power plant
design must be matched to the deliverability curve if maximum genera-
tion from the resource is to be achieved.

Geothermal Power Plants A steam-cycle geothermal power plant
is very much like a conventional fossil-fueled power plant, but without a
boiler. There are, however, significant differences. The turbines, con-
densers, noncondensable gas removal systems, and materials used to
fabricate the equipment are designed for the specific geothermal appli-
cation. With geothermal steam delivered to the power plant at approxi-
mately 100 lb/in2 gage (689 kPa), only the low-pressure sections of a
conventional turbine generator are used. Additionally, the geothermal
turbine must operate with steam that is far from pure. Chemicals and
compounds in solid, liquid, and gaseous phases are transported with the
steam to the power plant. At the power plant, the steam passes through a
separator that removes water droplets and particulates before it is deliv-
ered to the turbine. Geothermal turbines are of conventional design with
special materials and design enhancements to improve reliability in
geothermal service. Turbine rotors, blades, and diaphragms operate in a
wet, corrosive, and erosive environment. High-alloy steels, stainless
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steels, and titanium provide improved durability and reliability. Still,
frequent overhauls are necessary to maintain reliability and perfor-
mance. The high moisture content and the corrosive nature of the con-
densed steam require effective moisture removal techniques in the later
(low-pressure) stages of the turbine. Scale formation on rotating and
stationary parts of the turbine occurs frequently. Water washing of the
turbine at low-load operation is sometimes used between major over-
hauls to remove scale.

Most geothermal power plants use direct-contact condensers. Only

sive to the materials normally used for power plant equipment and
facilities. The chemical content of geothermal fluids is unique to each
resource; therefore, each resource must be evaluated separately to de-
termine suitable materials for system components. Carbon steel usually
will degrade at alarmingly high rates when exposed to geothermal
fluids. Corrosion-resistant materials such as stainless steel may perform
satisfactorily, but may experience rapid, unpredictable local failures
depending upon the composition of the geothermal fluid. Based on
experience with a number of geothermal resources:
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when control of hydrogen sulfide emissions has been required or antici-
pated have surface condensers been used. Surface condensers in geo-
thermal service are subject to fouling on both sides of the tubes. Power
plants in The Geysers in northern California use conservative cleanli-
ness factors to account for the expected tube-side and shell-side fouling.
Some plants have installed on-line tube-cleaning systems to combat
tube-side fouling on a continuous basis, whereas other plants mechani-
cally clean the condenser tubes to restore lost performance.

Noncondensable gas is transported with the steam from the geother-
mal resource. The gas is primarily carbon dioxide but contains lesser
amounts of hydrogen sulfide, ammonia, methane, nitrogen, and other
gases. Noncondensable gas content can range from 0.1 percent to more
than 5 percent of the steam. The makeup and quantity of noncondens-
able gas vary not only from resource to resource but also from well to
well within a resource. The noncondensable gas removal system for a
geothermal power plant is substantially larger than the same system for
a conventional power plant. The equipment that removes and com-
presses the noncondensable gas from the condenser is one of the largest
consumers of auxiliary power in the facility, requiring up to 15 percent
of the thermal energy delivered to the power plant. A typical system
uses two stages of compression. The first stage is a steam jet ejector.
The second stage may be another steam jet ejector, a liquid ring vacuum
pump, or a centrifugal compressor. The choice of equipment selected
for the second stage is influenced by project economics and the amount
of gas to be compressed.

The chemicals and compounds in geothermal fluids are highly corro-
(a) Direct steam cycle

(c) Binary cycle

Fig. 9.1.19 Geothermal power cycles. T 5 turbine, G 5 g
Carbon steel with a corrosion allowance is usually suitable for trans-
porting dry geothermal steam.

Geothermal condensate and cooling water usually require corrosion-
resistant piping and equipment.

Because noncondensable gas is also corrosive, special materials are
usually required.

Copper is extremely vulnerable to attack from the atmosphere
surrounding a geothermal power plant. Therefore, copper wire and elec-
trical components should be protected with tin plating and isolated from
the corrosive atmosphere.

Within the context of these generalities, the fluids at each resource must
be evaluated before construction materials are chosen.

The steam Rankine cycle used in fossil-fueled power plants is also
used in geothermal power plants. In addition, a number of plants operate
with binary cycles. Combined cycles also find application in geothermal
power plants. The basic cycles are shown in Fig. 9.1.19.

The direct steam cycle shown in Fig. 9.1.19a is typical of power
plants at The Geysers in northern California, the world’s largest geo-
thermal field. Steam from geothermal production wells is delivered
to power plants through steam-gathering pipelines. The wells are up
to 1 mi or more from the power plant. The number of wells required to
supply steam to the power plant varies with the geothermal resource as
well as the size of the power plant. The 55-MW power plants in The
Geysers receive steam from between 8 and 23 production wells.

A flash steam cycle for a liquid-dominated resource is shown in
(b) Flash steam cycle

(d) Combined cycle

enerator, C 5 condenser, S 5 separator, E 5 heat exchanger.
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Fig. 9.1.19b. Geothermal brine or a mixture of brine and steam is deliv-
ered to a flash vessel at the power plant by either natural circulation or
pumps in the production wells. At the entrance to the flash vessel, the
pressure is reduced to produce flash steam, which then is delivered to
the turbine. This cycle has been used at power plants in California,
Nevada, Utah, and many other locations around the world. Increased
thermal efficiency is available from the use of a second, lower-pressure
flash to extract more energy from the geothermal fluid. However, this
technique must be approached carefully as dissolved solids in the geo-

environmental protection and resource conservation, spent geothermal
liquids are returned to the reservoir in injection wells. This limits the
release of compounds to the environment to a small amount of liquid
lost as drift from the cooling tower and noncondensable gases. Prob-
lems with arsenic and boron contamination have been encountered in
the immediate vicinity of cooling towers at geothermal power plants.
The noncondensable gases, composed primarily of carbon dioxide, usu-
ally also contain hydrogen sulfide. Along with its noxious odor, hydro-
gen sulfide is hazardous to human and animal life. Although many
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thermal fluids will concentrate and may precipitate as more steam is
flashed from the fluid. The solids also tend to form scale at lower
temperatures, resulting in clogged turbine nozzles and rapid buildup in
equipment and piping to unacceptable levels.

A binary cycle is the economic choice for hydrothermal resources
with temperatures below approximately 330°F (166°C). A binary cycle
uses a secondary heat-transfer fluid instead of steam in the power gen-
eration equipment. A typical binary cycle is shown in Fig. 9.1.19c.
Binary cycles can be used to generate electric power from resources
with temperatures as low as 250°F (121°C). The binary cycle shown in
Fig. 9.1.19c uses isobutane as the heat-transfer fluid. It is representative
of units of about 10-MW capacity. Many small modular units of 1- or
2-MW capacity use pentane as the binary fluid. Heat from geothermal
brine vaporizes the binary fluid in the brine heat exchanger. The binary
fluid vapor drives a turbine generator. The turbine exhaust vapor is
delivered to an air-cooled condenser where the vapor is condensed.
Liquid binary fluid drains to an accumulator vessel before being
pumped back to the brine heat exchangers to repeat the cycle. Binary-
cycle geothermal plants are in operation in several countries. In the
United States, they are located in California, Nevada, Utah, and Hawaii.

A geothermal combined cycle is shown in Fig. 9.1.19d. Just as com-
bustion-based power plants have achieved improved efficiencies by
using combined cycles, geothermal combined cycles also show im-
proved efficiencies. Some new power plants in the Philippines use a
combination of steam and binary cycles to extract more useful energy
from the geothermal resource. Existing steam-cycle plants can be modi-
fied with a binary bottoming cycle to improve efficiency.

Cycle optimization is critically important to maximize the power gen-
eration potential of a geothermal resource. Selecting optimum cycle
design parameters for a geothermal power plant does not follow the
practices used for fossil-fueled power plants. While a higher turbine
inlet pressure will improve the efficiency of the power plant, a lower
turbine inlet pressure may result in increased generation over the life of
the resource. The resource deliverability curve (Fig. 9.1.18) is used with
turbine and cycle performance predictions to determine the flow and
turbine inlet pressure that will yield maximum generation. The technical
optimum must then be subjected to an economic analysis to identify the
best parameters for the power plant design. Because the shape and slope
of the deliverability curve vary from resource to resource, the optimum
turbine inlet conditions will likewise vary.

Direct Use There are substantial geothermal resources with temper-
atures less than 250°F (121°C). While these resources cannot currently
be used to generate electric power economically, they can be used for
various low-temperature direct uses. Services such as district heating,
industrial process heating, greenhouse heating, food processing, and
aquaculture farming have been provided by geothermal fluids. For these
applications, corrosion and fouling of surface equipment must be ad-
dressed in the system design.

The geothermal heat pump (GHP) is another direct use of the earth’s
thermal energy. The GHP, however, does not require a high-tempera-
ture geothermal reservoir. The GHP uses essentially constant-tempera-
ture groundwater as a heat source or heat sink in a conventional, revers-
ible, water-to-air heat pump cycle for building heating or cooling. The
ground, groundwater, and local climatic conditions must be included in
the design of a GHP for a specific location. Systems are currently avail-
able for residential (single- and multifamily) dwellings, offices, and
small industrial buildings.

Environmental Considerations Geothermal fluids contain many
chemicals and compounds in solid, liquid, and gaseous phases. For both
geothermal power plants do not currently control the release of hydro-
gen sulfide, others use process systems to oxidize the hydrogen sulfide
to less toxic compounds. A number of the process systems produce 99.9
percent pure sulfur that can be sold as a by-product. Using geothermal
energy for power generation and other direct applications provides en-
vironmental benefits. Carbon dioxide released from a geothermal power
plant is approximately 90 percent less than the amount released from a
combustion-based power plant of equal size, and they create little, if
any, liquid or solid waste.

STIRLING (HOT AIR) ENGINES
by Erich A. Farber

Hot air engines, frequently referred to as Stirling engines, are heat en-
gines with regenerative features in which air; other gases such as H2 ,
He, N2 ; or even vapors are used as working fluids, operating, theoreti-
cally at least, on the Stirling or Ericsson cycle (see Sec. 4.1) or modifi-
cations of them. While the earlier engines of this type were bulky, slow,
and low in efficiency, a number of new developments have addressed
these deficiencies. Stirling engines are multifuel engines and have been
driven by solid, liquid, or gaseous fuels, and in some cases with solar
energy. They can be reciprocating or rotary, include special features,
run quietly, are relatively simple in construction (no valves, no electri-
cal systems), and if used with solar energy, produce no waste products.
(See Walker, ‘‘Stirling Engines,’’ Clarendon Press, Oxford; Proceed-
ings, 19th Intersociety Energy Conversion Engineering Conference,
Aug. 1984, San Francisco.)

The Philips Stirling Engines The Philips Laboratory (in Holland)
seems to have developed the first efficient, compact hot air or Stirling
engine. It operates at 3,000 r/min, with a hot chamber temperature of
1,200°F (650°C), maximum pressure of 50 atm, and mep of 14 atm
(14.1 bar). The regenerator consists of a porous coil of thin wires having
95 percent efficiency, saving about three-fourths of the heat required by
the working fluid. The exhaust gases preheat the air, saving about 70
percent of this loss.

Single-cylinder engines, up to 90 hp (67 kW), and multicylinder en-
gines of several hundred horsepower have been constructed with me-
chanical efficiencies of 90 percent and thermal efficiencies of 40 per-
cent. Heat pipes incorporated in the designs improve the heat transfer
characteristics. Philips Stirling engines have been installed in clean-air
buses on an experimental basis. Exhaust estimates for an 1,800-kg car
are Cx Hy , 0.02 g/mi (0.012 g/km); CO, 1.00 g/mi (0.62 g/km); NO (25
percent recirculated), 0.16 g/mi (0.099 g/km).

Much of the efforts at Philips in recent years have gone into Stirling
engine component development, special design features, and even spe-
cial fuel sources. Engines with rhombic drive were replaced by double-
acting machines with ‘‘wobble-plate’’ or, as later referred to, as ‘‘swash
plate’’ drive, reducing the weight and complexity of the design. Work
with high temperature, efficient hydrogen storage in metallic hydrides
offers the possibility of using hydrogen as fuel for transportation appli-
cations.

GMR Stirling Thermal Engines A cooperative program between the
Philips Research Laboratory and General Motors Corporation resulted
in the development of several engines. One, weighing 450 lb (200 kg)
and operating at mean pressure of 1,500 lb/in2 (103.4 bar), produces
30 hp (22 kW) at 1,500 r/min with a 39 percent efficiency and 40 hp
(30 kW) at 2,500 r/min with a 33.3 percent efficiency. Another weigh-
ing 127 lb (57 kg) and operating at a mean pressure of 1,000 lb/in2
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(6.9 MN/m2 ), produces 6 hp (4.5 kW) at 2,400 r/min with a 29.6 per-
cent efficiency and 8.63 hp (6.4 kW) at 3,600 r/min with a 26.4 percent
efficiency.

One such engine was used for a portable Stirling engine electric
generator set; another was installed in a Stirling engine electric hybrid
car. A 360 hp (265 kW) marine engine was delivered to the U.S. Navy.
Another 400-hp (295-kW) engine with special control features was built
and tested, and could reverse its direction of rotation almost instanta-
neously.

quire coupling to the external environment. Such engines can be pow-
ered by specially prepared fuel sources or by stored energy.

Artificial-Heart Stirling Engines Considerable interest has been
shown in the possible use of Stirling engines either to assist weakened
hearts or to replace them if they have been damaged beyond repair. The
program is supported by the National Heart Institute and has involved
many organizations (e.g., Philips, Westinghouse, Aerojet-General,
McDonnell-Douglas, University of California, Washington State Uni-
versity). Most of the engines are powered by nuclear fuel sources.
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Ford-Philips Stirling Engine Development In 1972, Ford Motor
Company and Philips entered into a joint development program and
developed Stirling engines which were installed experimentally in then-
current automobile models.

MAN/MWM Stirling Engines The German company Entwicklungs-
gruppe Stirlingmotor MAN/MWM, in cooperation with Philips, devel-
oped a single acting engine with rhombic drive which developed 30 hp
(22 kW) at 1500 r/min and formed the basic test unit for a four-cylinder
120-hp (88-kW) engine. Some double acting engines have been devel-
oped. In cooperation with the Battelle Institut, Frankfurt, a 15-kVA
Stirling engine hydroelectric generator was developed. It operated at
3,000 r/min, pressurized with helium, with an efficiency of 25 percent.

United Stirling Engines United Stirling AB (Sweden) in coopera-
tion with Philips developed Stirling engines for boats, including those
of the Swedish Royal Navy, and engines for buses. One generated
200 hp (145 kW) at 3,000 r/min and a mean helium pressure of 220 atm
(22.3 MN/m2 ).

Internally Focusing Regenerative Gas Engines These engines,
conceived at the Solar Energy Laboratory of the University of Wiscon-
sin, use solar energy, concentrated by a parabolic reflector and directed
through a quartz dome upon an internal absorber. This reduces the heat
losses, since the engine has no external high-temperature heat transfer
surfaces. A small working model of this engine has been built at Battelle
Memorial Institute and was demonstrated driving a small fan.

Fractional-Horsepower Solar Hot Air Engines The Solar Energy
and Energy Conversion Laboratory of the University of Florida has
developed small (1⁄4 to 1⁄3 hp; 0.186 to 0.25 kW) solar hot air engines
(some of them converted lawnmower engines). The actual power output
of the engines is determined by the size of the solar concentrator rather
than by the engine. Some of these engines are self-supercharging to
increase power. Water injection, self-acting, increased power by 19
percent. The average speed of the closed-cycle engines is about 500
r/min; average conversion efficiency is about 9 percent. Open-cycle
engines separate the heating process from the working cycle, allowing
the design of high-speed or low-speed engines as desired. Any heat
source can be used with these engines, such as solar, wood, farm wastes,
etc. They are simple, rugged, and designed for possible use in develop-
ing countries.

The Stirling Engine for Space Power General Motors Corporation,
under contract to the U.S. Air Force Aeronautical Systems Command,
adapted the GMR Stirling engine to possible space applications. A
3-kW engine was built utilizing NaK heated to 1,250°F (677°C) as a
heat source and water at 150°F (66°C) as the cooling medium. The
engine is pressurized to a mean pressure of 1,500 lb/in2 (103.4 bar),
giving an efficiency of 27 percent at 2,500 r/min. The weight of this
solar energy conversion system is 550 lb (249 kg). Chemical, nuclear,
or other energy sources can also be used.

Free-Piston Stirling Engines The free-piston Stirling engines, pio-
neered principally by William Beale, consist of displacer and power
pistons, coupled by springs, inside one cylinder. They are relatively
simple, self-starting, and if pressurized, can be hermetically sealed. The
power piston can be coupled to a pump piston since the motion is
reciprocating. Single- and double-acting engines have been designed,
built, and demonstrated for water pumping and electricity generation.
Some of the engines are presently under evaluation by the U.S. Agency
for International Development for possible use in developing countries.
They can use alternative energy sources, principally solar energy.

Closed-Environment Stirling Engines A number of Stirling en-
gines have been developed to utilize energy sources which do not re-
Low-Temperature Stirling Engines In many applications, low-tem-
perature sources such as exhaust gases from combustion, waste steam,
and hot water from solar collectors are available. Several groups (Uni-
versity of Florida, University of Wisconsin, Zagreb University in
former Yugoslavia, etc.) are working on the development of low-tem-
perature Stirling engines. Models for demonstration have been built and
their performance has been evaluated.

Heat Pump and Cryocooler Stirling Engines A Stirling engine can
be driven by any mechanical source or by another Stirling engine, and
when so motored becomes a heat pump or cooler, depending upon the
effects desired and utilized. Special duplex designs for Stirling engines
lend themselves especially well for these applications. A number of
private companies and public laboratories are involved in this develop-
ment. Philips manufactured small cryocoolers in the past and sold them
throughout the world.

Liquid Piston Stirling Engines Liquid piston engines are extremely
simple. The basic liquid piston Stirling engine consists of two U tubes.
A pipe connects the two ends of one of the U tubes with one end of the
other. The unconnected end of the second U tube is left open. Both U
tubes are filled with liquid, thus forming the liquid pistons. The closed
U tube liquid acts as the displacer and the other as the power unit. The
section of the connecting pipe between the displacer U tube ends con-
tains the regenerator. This engine is referred to as the basic Fluidyne.
Even though these engines have been around for a long time much
development work is still needed. Their efficiencies are still extremely
low.

Closure During their history, Stirling engines have experienced pe-
riods of high interest and rapid development. Stirling Engines for En-
ergy Conversion in Solar Energy Units (Trukhov and Tursunbaev,
Geliotekhnika, 29, no. 2, 1993, pp. 27–31) summarizes the perfor-
mance of 15 Stirling engines. With supply temperatures of about 600°C,
their output varies from 0.55 to 43.2 kW, their speed varies from 833 to
4,000 r/min, and their conversion efficiencies vary from 12.5 to 30.3
percent. Development work continues on some problem areas (seals,
hydrogen embrittlement, weight, etc.). Interest in the potential of these
engines remains high, as indicated by an average of about 50 Stirling
engine papers presented and published yearly in each of the 1991 (26th)
through 1994 (29th) ‘‘Proceedings of the Intersociety Energy Conver-
sion Conferences.’’

POWER FROM THE TIDES
Staff Contribution

REFERENCES: The Rance Estuary Tidal Power Project, Pub. Util. Ftly., Dec. 3,
1964. Mech. Eng., Ap. 1984. ASCE Symposium, 1987: Tidal Power. Gray and
Gashus, ‘‘Tidal Power,’’ Department of Commerce, NOAA, Water for Energy,
Proc. 3d Intl. Symp., 1986.

The tides are a renewable source of energy originating in the gravita-
tional pull of the moon and sun, coupled with the rotation of the earth.
The consequent portion of the earth’s rotation is a mean ocean tide of
2 6 ft (0.6 m). The seashore periodic variation of the tides averages
12 h 25 min.

Tidal power is derivable from the large periodic variations in tidal
flows and water levels in certain oceanic coastal basins. Suitable con-
figurations of the continental shelves and of the coastal profiles result in
reflection and resonance that amplify normally small bulges to ranges as
high as 50 6 ft (15 6 m).
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Principal tidal-power sites include the North Sea [12 ft (3.6 m) average
tidal range]; the Irish Sea [22 ft (6.7 m)]; the west coast of India [23 ft
(7 m)]; the Kimberly coast of western Australia [40 ft (12 m)]; San Jose
Bay on the east coast of the Argentine [23 ft (7 m)]; the Kislaya Guba
(Kisgalobskaia Bay) near the White Sea (no data); St. Michel (including
the Rance estuary) on the Brittany coast of France [26 ft (8 m)]; the
Bristol Channel (Severn) in England [32 ft (9.8 m)]; the Bay of Fundy
(including the Chignecto Bay between New Brunswick and Nova Sco-
tia and the Minas Basin in Nova Scotia) [40 ft (12 m)]; Passamaquoddy

UTILIZATION OF ENERGY OF THE WAVES
Staff Contribution

According to Albert W. Stahl, USN (Trans, ASME, 13, p. 438), the total
energy of a series of trochoidal deep-sea waves may be expressed as
follows: hp per ft of breadth of wave 5 0.0329 3 H2 √L(1 2 4.935H2/
L2), where H 5 height of wave, ft, and L 5 length of wave between
successive crests, ft. For example, with L 5 25 ft and L /H 5 50, hp 5
0.04; with L 5 100 ft and L /H 5 10, hp 5 31.3. Not much more than a
quarter of the total energy of such waves would probably be available
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Bay between Maine and New Brunswick [18 ft (5.5 m)].
The harnessing of the tides reaches back into ancient history. Tidal

mills, typically with undershot water wheels, were used in New England
raceway estuaries, with reversible features for ebb and flood conditions.
These power applications were suitable for purposes such as grinding
grain, but their number and size were small. In recent times the unique
tidal ranges to 50 6 ft (15 6 m) have prompted many studies, propos-
als, and projects for most of the regions cited above. The attraction for
the utilization of tides to generate electric power lies in the facts that
there results no air or thermal pollution, the source is effectively inex-
haustible, and the construction work related to the tidal power plant is
relatively benign in its environmental impact. Despite these efforts for
the generation of electricity, there are only four tidal power develop-
ments in actual service (1995)—the Rance estuary in France (240,000
kW), the Kislaya Guba in Russia (400 kW), the Bay of Fundy in Canada
(20,000 kW), and a small pilot plant in Kiangshia, China.

Developments take one of two general forms: single-basin or multiple-
basin. A single-basin project, such as the Rance, has a dam, sluices,
locks, and generating units in a structure separating a tidal basin from
the sea. Water is trapped in the basin after a high tide. As the water level
outside the basin falls with the tide, flow from the basin through tur-
bines generates power. Power also may be generated when a basin
emptied during a low tide is refilled on a rising tide. Numerous varia-
tions in operation are possible, depending on tide conditions and the
relationship between the tide cycles and the load cycles. Pumping into
or out of the basin increases the availability of the installed capacity for
peak load service. A multiple-basin development, such as projected for
Chignecto or Passamaquoddy, generally has the power house between
two basins. Sluices between the sea and the basins are so arranged that
one basin is filled twice a day on high tide and the other emptied twice a
day on low tide. Power output can be made continuous.

The amount of energy available from a tidal development is propor-
tional to the basin area and to the square of the tidal range. Head varia-
tions are large in tidal projects during generating cycles and on a daily,
monthly, and annual basis owing to various cosmic factors. Intermittent
power, as from all single-basin plans and from two-basin plans with
low-capacity factor, implies that the output can best be utilized as peak-
ing capacity. Because of low heads, particularly toward the end of any
generating cycle when pools have been drawn down, the cost of adding
generating units only to tidal projects is well over the total installation
cost of alternative peaking capacity. To be economically competitive
with alternative capacity, the tidal projects must produce enough energy
to pay the power-plant costs and also to pay for the dams and other
costs, such as general site development, transmission, operation, and
replacements.

The risks and uncertainties involved in designing, pricing, building,
and operating capital-intensive tidal works, and the technological de-
velopments in alternative types of generating capacity, have tended to
defeat tidal developments. Civil works are too extensive; transmission
distances to load centers are too great; the required scale of develop-
ment is too large for existing loads; the coordination of system demands
and tidal generation requires interconnections for economic loading; the
ultimate capacity of all the world’s tidal potential is practically insignif-
icant to meet the world’s demands for electricity. In addition, the matter
of interrupting tidal action and storage of tidewaters in large basins for
extended periods of time raises the possibility of saltwater infiltration of
adjacent underground fresh water supplies which, in many cases, are the
source of drinking water for the contiguous areas.
after reaching shallow water, and apparatus rugged enough for this
purpose would doubtless be unable to utilize more than a third of this
amount. Wave motors brought out from time to time have depended for
their operation largely on the lifting power of the waves.

Gravity waves may be only a few feet high yet develop as much as 50
kW/ft of wavefront. Historical wave motors utilize (1) the kinetic en-
ergy of the waves by a device such as a paddle wheel or turbine or (2)
the potential energy from devices such as a series of floats or by im-
poundment of water above sea level. Few devices proposed utilize both
forms of energy. Jacobs (Power Eng., Sept. 1956) has analyzed the
periodic fluctuation of ‘‘seiching’’ of the water level of harbors or basins
where, with a resonant port, a 1,000-ft wavefront might be used to
achieve a liquid piston effect for the compression of air, the air to be
subsequently used in an air turbine.

The principle of using an oscillating column of displaced air has been
employed for many years in buoys and at lighthouses, where the wave-
actuated rise and fall of the column of air actuated sound horns. A
wave-actuated air turbine and electric generator have been operating on
the Norwegian coast to study feasibility and to gather operating data.
Another similar unit has been emplaced recently off the Scottish coast,
and while serving to provide operational data, it also feeds about 2 MW
of power into the local grid. If the results are favorable, this particular
type of unit may be expanded at this site or emplaced at other similar
sites.

A variation of capture of sea wave energy is to cause waves to spill
over a low dam into a reservoir, whence water is conducted through
water turbines as it flows back to sea level. Any attempt to channel
significant quantities of water by this method would require either a
natural location or one in which large concrete structures (much of them
under water) are emplaced in the form of guides and dams. The capital
expenses implicit in this scheme would be enormous.

The extraction of sea wave energy is attractive because not only is the
source of energy free, but also it is nonpolluting. Most probably, the
capture of wave energy for beneficial transformation to electric power
may be economically effected in isolated parts of the world where there
are no viable alternatives. Remote island locations are candidates for
such installations.

UTILIZATION OF HEAT ENERGY
OF THE SEA
Staff Contribution

REFERENCES: Claude and Boucherot, Compt. rend., 183, 1926, pp. 929–933.
The Engineer, 1926, p. 584. Anderson and Anderson, Mech. Eng., Apr. 1966.
Othmer and Roels, Power, Fresh Water, and Food from Cold, Deep Sea Water,
Science, Oct. 12, 1973. Roe and Othmer, Mech. Eng., May 1971. Veziroglu,
‘‘Alternate Energy Sources: An International Compendium.’’ Department of
Commerce, NOAA, Water for Energy, Proc. 3d Intl. Symp., 1986.

Deep seawater, e.g., at 1-mi (1.6-km) depth in some tropical regions,
may be as much as 50°F (28°C) colder than the surface water. This
difference in temperature is a fundamental challenge to the power engi-
neer, as it offers a potential for the conversion of heat into work. The
Carnot cycle (see Sec. 4.1) specifies the limits of conversion efficiency.
Typically, with a heat source surface temperature T1 5 85°F (545°R,
29.4°C, 303 K), and a heat sink temperature T2 50° lower, or T2 5 35°F
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(495°R, 1.7°C, 275 K), the ideal Carnot cycle thermal efficiency 5
(T1 2 T2 )/T1 5 [(545 2 495)/545]100 5 9.2 percent.

Some units in experimental or pilot operation have demonstrated
actual thermal efficiency in the range of 2 to 3 percent. These efficien-
cies, both ideal and actual, are far lower than those obtained with fossil
or nuclear fuel-burning plants. The fundamental attraction of ocean ther-
mal energy conversion (OTEC) is the vast quantity of seawater exhibiting
sufficient difference in temperature between shallow and deep layers. In
reality, the sea essentially represents a limitless store of solar energy
which manifests itself in the warmth of seawater, especially in the top,

Problems encountered in the implementation of any OTEC system
revolve on material selection, corrosion, maintenance, and significant
fouling of equipment and heat-transfer surfaces by marine flora and
fauna. Although development of OTEC systems will continue, with a
view to their application in fairly restricted locales, there is no prospect
that the systems will make any significant impact on power generation
in the foreseeable future.

POWER FROM HYDROGEN

d F
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shallow layers. Water temperatures fluctuate very little over time; thus
the thermodynamic properties are relatively constant. In addition, the
thermal energy is available on a 24-h basis, can be harnessed to serve a
plant on land or offshore, provides ‘‘free’’ fuel, and results in a nonpol-
luting recycled effluent.

Consider the extent of the ocean between latitudes of 30°S and 30°N,
and ascribe a temperature difference between shallow and very deep
waters of 20°F. The theoretical energy content comes to about 8 3 1021

Btu. Of this enormous amount of raw energy, the actual amount posited
for eventual recovery in the best of circumstances via an OTEC system
is a miniscule percentage of that total. The challenge is to develop
practical machinery to harness thermal energy of the sea in a competi-
tive way.

The concept was put forward first in the nineteenth century, and it has
been reduced to practice in several experimental or pilot plants in the
past decades. There are three basic conversion schemes: closed Rankine
cycle, open Rankine cycle, and mist cycle. In the closed cycle, warm
surface water is pumped through a heat exchanger (boiler) which
transfers heat to a low-temperature, high-vapor-pressure working fluid
(e.g., ammonia). The working fluid vaporizes and expands, drives a
turbine, and is subsequently cooled by cold deep water in another heat
exchanger (condenser). The heat exchangers are large; the turbine, like-
wise, is large, by virtue of the low pressure of the working fluid flowing
through; enormous quantities of water are pumped through the system.
In the open cycle, seawater itself is the working fluid. Steam is gener-
ated by flash evaporation of warm surface water in an evacuated
chamber (boiler), flows through a turbine, and is cooled by pumped
cold deep water in a direct-contact condenser. The reduction of heat-
transfer barriers between working fluid and seawater increases the
overall system efficiency and requires smaller volumes of seawater than
are used in the closed cycle. Introduction of a closed-cycle heat ex-
changer into the open-cycle scheme results in a slightly reduced thermal
efficiency, but provides a valuable by-product in the form of freshwater,
which is suitable for human and animal consumption and may be used
to irrigate vegetation. A plant of this last type operates in Hawaii and
generates 210 kW of electric power, with a 50-kW net surplus power
available after supplying all pumping and other house power. This plant
continues to provide operational and feasibility data for further devel-
opment.

The mist cycle mimics the natural cycle which converts evaporated
seawater to rain which is collected and impounded and ultimately flows
through a hydraulic turbine to generate power.

Table 9.1.8 Bulk and Calorific Power of Selecte

Sp. wt.,
Fuel State lb/ft3

Hydrogen Gas (NTP) 0.0052
Natural gas Gas (NTP) 0.042
Gasoline (reg., Liquid 46
90 oct.)

Ethanol (99 Liquid 49
oct.)
Methanol (98 Liquid 49
oct.)

Hydrogen Liquid (36°R, 14.7 4.4
lb/in2 abs)

Coal Piled 50
Staff Contribution

REFERENCES: Stewart and Edeskuty, Alternate Fuels for Transportation, Mech.
Eng., June 1974. Winshe et al., Hydrogen: Its Future Role in the Nation’s Energy
Economy, Science, 180, 1973.

Hydrogen offers many attractive properties for use as fuel in a power
plant. Fundamentally it is a ‘‘clean’’ fuel, smokeless in combustion with
no particulate products, and if burned with oxygen, water vapor is the
sole end product. If, however, it is burned with air, some of the nitrogen
may combine at elevated temperature to form NOx , a troublesome con-
taminant. If carbon is present as a fuel constituent, or if it can be picked
up from a source such as a lubricant, the carbon introduces further
contaminant potentials, e.g., carbon monoxide and cyanogens.

Basically the potential cleanliness of combustion is supported by
other properties that make hydrogen a significant fuel, to wit, preva-
lence as a chemical element, calorific value, ignition temperature, ex-
plosibility limits, diffusivity, flame emissivity, flame velocity, ignition
energy, and quenching distance.

Hydrogen offers a unique calorific value of 61,000 Btu/ lb (140,000
kJ/kg). With a specific volume of 190 ft3/ lb (12 m3/kg) this translates to
319 Btu/ft3 (12,000 kJ/m3) at normal pressure and temperature, 14.7
lb/in2 absolute and 32°F (1 bar at 0°C). These figures, particularly on
the volume basis, introduce many practical problems because hydrogen,
with a critical point of 2 400°F (33 K) at 12.8 atm, is a gas at all
normal, reasonable temperatures. When compared with alternative
fuels, results are as shown in Table 9.1.8.

These figures demonstrate the volumetric deficiency of gaseous hy-
drogen. High-pressure storage (50 to 100 atm) is a dubious substitute for
the gasoline tank of an automobile. Liquefaction calls for cryogenic
elements (Secs. 11 and 19). Chemical compounds, metallic hydrides,
hydrazene, and alcohols are potential alternates, but practicality and
cost are presently disadvantageous.

Hydrogen has been used to power a number of different vehicles. Its
use as a rocket fuel is well documented; in that application, cost is no
concern. Experimental use in automotive and other commercial vehicles
with slightly altered internal combustion engines has not advanced
beyond very early stages. Aircraft jet engines have been powered suc-
cessfully for short flight times on an experimental basis, and it is con-
jectured that the first successful commercial application of hydrogen as
a source of power will be as fuel for jet aircraft early in the twenty-first
century.

In spite of the demonstrated thermodynamic advantages inherent in

uels (Approximate and Comparative)

Sp. gr. Btu/lb Btu/ft3 Btu/gal

0.07 61,000 320 (40)
0.67 24,000 1,000 (130)
0.72 20,500 950,000 125,000

0.79 12,800 620,000 82,000
0.79 9,600 480,000 64,000

0.07 56,000 240,000 32,000

0.8 12,000 600,000 80,000
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hydrogen as a source of power, in the current competitive economic
market for fuels, hydrogen still faces daunting problems because of its
high cost and difficulties related to its efficient storage and transporta-
tion.

DIRECT ENERGY CONVERSION
by Erich A. Farber

REFERENCES: Kaye and Welsh, ‘‘Direct Conversion of Heat to Electricity,’’

Typical semiconductor thermoelectric materials are compounds and
alloys of lead, selenium, tellurium, antimony, bismuth, germanium, tin,
manganese, cobalt, and silicon. To these materials, minute quantities of
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In contrast to the conventional thermal cycle for the conversion of heat
into electricity are several more direct methods of converting thermal
and chemical energy into electric power. The methods which seem to
have the greatest potential possibilities are thermoelectric, thermionic,
magnetohydrodynamic (MHD), fuel cell, and photovoltaic. The princi-
ples of operation of these processes have long been known, but techno-
logical and economic obstacles have limited their use. New applica-
tions, materials, and technology now provide increased impetus to the
development of these processes.

Thermoelectric Generation

Thermoelectric generation is based on the phenomenon, discovered by
Seebeck in 1821, that current is produced in a closed circuit of two
dissimilar metals if the two junctions are maintained at different tem-
peratures, as in thermocouples for measuring temperature. A thermo-
electric generator is a low-voltage, dc device. To obtain higher voltages,
the elements must be stacked. Typical thermocouples produce poten-
tials on the order of 50 to 70 mV/°C and power at efficiencies on the
order of 1 percent.

Certain semiconductors have thermoelectric properties superior to
conductor materials, with resultant improved efficiency. The criterion
for evaluating material characteristics for thermoelectric generation is
the figure of merit Z, measured in (°C)2 1 and defined as Z 5 S2/(rK),
where S 5 Seebeck coefficient, V/°C; r 5 electrical resistivity, V ? cm;
K 5 thermal conductivity, W/(°C ? cm).

An ideal thermoelectric material would have a high Seebeck coeffi-
cient, low electrical resistivity, and low thermal conductivity. Unfortu-
nately, materials with low electrical resistivity have a high thermal con-
ductivity since both properties are dependent, to some extent, on the
number of free electrons in the material. The maximum conversion
efficiency of a thermoelectric generator is a function of the figure of
merit, the hot junction temperature, and the temperature difference be-
tween the hot and cold junctions.

In some types of thermoelectric materials, the voltage difference be-
tween the hot and cold junctions results from the flow of negatively
charged electrons (n type, hot junction positive), whereas in other types,
the voltage difference between the cold and hot junctions results from
the flow of positively charged voids vacated by electrons (p type, cold
junction positive). Since the voltage output of a typical semiconductor
thermoelectric couple is low (about 100 to 300 mV/°C temperature
difference between the hot and cold junctions), it is advantageous to use
both p- and n-type materials in constructing a thermoelectric generator.
The two types of materials make it possible to connect the thermojunc-
tions in series electrically and in parallel thermally (Fig. 9.1.20).
Fig. 9.1.20

‘‘dopants’’ such as boron, phosphorus, sodium, and iodine are some-
times added to improve properties. Typical Z values for the more com-
monly used thermoelectric materials are in the range of 0.5 3 102 3 to
3.0 3 102 3 (°C)2 1. The onset of deleterious thermochemical effects at
elevated temperatures, such as sublimation or reaction, limit the materi-
als’ application. Bismuth telluride alloys, which have the highest Z
values, cannot be used beyond a hot-side temperature of about 300°C
without encountering undue degradation. Silicon-germanium alloys
have high-temperature capability up to 1,000°C that can take advantage
of higher Carnot efficiencies. However, these alloys possess low Z
values. Optimized designs of thermoelectric junctions using semicon-
ductor materials have resulted in experimental conversion efficiencies
as high as 13 percent; however, the efficiency of practical thermoelec-
tric generators is lower, e.g., 4 to 9 percent. Materials which have higher
figures of merit (2 or 3 3 102 3) and which are capable of operating at
higher temperatures (800 to 1,000°C) are required for an appreciable
improvement in efficiency.

Thermoelectric-generation technology has matured considerably
through its application to nuclear power systems for space vehicles
where modules as large as 500 W have been used. It is also used in
terrestrial applications such as gas pipeline cathodic protection and
power for microwave repeater stations. Development work continues,
but the use of this technology is expected to be limited to special cases
where power source selection criteria other than efficiency and first cost
will dominate.

Thermoelectric Cooling

The Peltier effect, discovered in 1834, is the inverse of the Seebeck
effect. It involves the heating or cooling of the junction of two thermo-
electric materials by passing current through the junction. The effec-
tiveness of the thermojunction as a cooling device has been greatly
increased by the application of semiconductor thermoelectric materials.
Typical applications of thermoelectric coolers include electronic circuit
cooling, small-capacity ice makers, and dew-point hygrometers, small
refrigerators, freezers, portable coolers or heaters, etc. These devices
make it possible to preserve vaccines, medicines, etc., in remote areas
and in third world countries during disasters or military conflicts.

Thermionic Generation

Thermionic generation, proposed by Schlicter in 1915, uses a thermionic
converter (Fig. 9.1.21), which is a vacuum or gas-filled device with a
hot electron ‘‘emitter’’ (cathode) and a cold electron ‘‘collector’’
(anode) in or as part of a suitable gastight enclosure, with electrical
connections to the anode and cathode, and with means for heating the
cathode and cooling the anode. A thermionic generator is a low-voltage
dc device.

Figure 9.1.22 is a plot of the electron energy at various places in the
converter. The abscissa is cathode-anode spacing, and the ordinate is
electron energy. The base line corresponds to the energy of the electrons
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in the cathode before heating. Heating the cathode imparts sufficient
energy to some of the electrons to lift them over the work function
barrier (retaining force) at the surface of the cathode into the interelec-
trode space. (The lower the work function, the easier it is for an electron

(electrodes and electrolyte) of the cell itself. It is a low-voltage, dc
device. To obtain higher voltages, the elements must be stacked. The
fact that electrode and electrolyte are invariant distinguishes the fuel
cell from the primary cell and storage battery. The fuel cell dates back to
1839, when Grove demonstrated that the electrolysis of water could be
reversed using platinum electrodes. The fuel cell is unique in that it
converts chemical energy to electric energy without an intermediate
conversion to heat energy; its efficiency is therefore independent of the
thermodynamic limitation of the Carnot cycle. In practical units, how-
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Fig. 9.1.21

to escape from the surface of the cathode.) If it is assumed that the
electrons can follow path a to the anode with only a small loss of
energy, they will ‘‘drop down’’ the work function barrier as they join
the electrons in the anode still retaining some of their potential energy
(Fermi level), which is available to cause an electric current to flow in
the external circuit. The work function of the anode should be as small
as possible. The anode should be maintained at a lower temperature to
prevent anode emission or back current. This pattern presumes that the
electrons could follow path a from the cathode to the anode with little
interference. Since, however, electrons are charged particles, those in
the space between the cathode and anode form a space charge barrier, as
shown by b. This space charge barrier limits the electrons emitted from
the cathode. Space charge formation can be reduced by close spacing of
the cathode and anode surfaces or by the introduction of a suitable gas
atmosphere that can be ionized by heating and thus neutralize the space
charge. In vacuum-type thermionic converters, the spacing between
cathode and anode must be less than 0.02 mm to get as many as 10
percent of the electrons over to the cathode and to achieve an efficiency
of 4 to 5 percent. In gas-filled converters, the negative electron space
charge is neutralized by positive ions. Cesium vapor is used for this
purpose. At low pressure, it will also lower the work function of the

Fig. 9.1.22

anode, and at high pressure, it can, in addition, be used to adjust the
work function of the cathode. Efficiencies as high as 17 percent have
been obtained with gas-filled converters operating at a cathode temper-
ature of 1,900°C (2,173 K). The output voltage is 1 to 2 V, so the units
must be connected in series for reasonable utilization voltages.

Thermionic development results have been encouraging, but major
technical challenges remain to be resolved before reliable, long-life
converters become available. Effort has been focused on problem areas
such as the limited life of emitter materials, leaktightness of the con-
verter, and dimensional stability of the converter gap. Studies of ther-
mionic converters incorporated into nuclear reactors and as a topping
cycle for fossil fuel fired steam generators as well as for space and solar
applications have received the greatest attention.

Fuel Cells

The fuel cell is an electrochemical device in which electric energy is
generated by chemical reaction without altering the basic components
ever, its efficiency is comparable with the efficiency of Carnot limited
engines.

Figure 9.1.23 is a simplified version of a hydrogen or hydrocarbon
fuel cell with air or oxygen as the other reactant. The fuel is supplied to
the anode, where it is ionized, freeing electrons, which flow in the
external circuit, and hydrogen ions, which pass through the electrolyte
to the cathode, which is supplied with oxygen. The oxygen is ionized by

Fig. 9.1.23

electrons flowing into the cathode from the external circuit. The ionized
oxygen and hydrogen ions react to form water. Electrodes for this type
of cell are usually porous and impregnated with a catalyst. In a simple
cell of this type, chemical and catalytic action take place only at the line
(notable surface of action) where the electrolyte, gas, and electrode meet.
One of the objectives in designing a practical fuel cell is to increase the
notable surface of action. This has been accomplished in a number of
ways, but usually by the creation of porous electrodes within which, in
the case of gas diffusion electrodes, the fuel and oxidant in gaseous state
can come in contact with the electrolyte at many sites. If the electrolyte
is a liquid, a delicate balance must be achieved in which surface tension
and density of the liquid must be considered and gas pressure and elec-
trode pore size must be chosen to hold their interface inside the elec-
trode. If the gas pressure is too high, the electrolyte is excluded from the
electrode, gas leaks into the electrolyte, and ion flow stops; if the gas
pressure is too low, drowning of the electrode occurs and electron flow
stops.

Fuel cells may be classified broadly by operating temperature level,
type of electrolyte, and type of fuel. Low-temperature (less than 150°C)
fuel cells are characterized by the need for good and expensive cata-
lysts, such as platinum and relatively simple fuel, such as hydrogen.
High temperatures (500 to 1,000°C) offer the potential for use of hydro-
carbon fuels and lower-cost catalysts. Electrolytes may be either acidic
or alkaline in liquid, solid, or solid-liquid composite form. In one type
of fuel cell, the electrolyte is a solid polymer.

Low-temperature fuel cells of the hydrogen-oxygen type, one a solid-
polymer electrolyte type, and the other using free KOH as an electro-
lyte, have been successfully applied in generating systems for U.S.
space vehicles. High-temperature fuel cell development has been pri-
marily in molten carbonate cells (500 to 700°C) and solid-electrolyte
(zirconia) cells (1,100°C), but no significant practical applications have
resulted.

Considerable study and development work has been done toward the
application of fuel cell generating systems to bulk utility power sys-
tems. Low-temperature cells of the phosphoric acid matrix and solid-
polymer electrolyte types using petroleum fuels and air have been con-
sidered. Cell efficiencies of about 50 percent have been achieved; but
with losses in the fuel reformers and electrical inverters, the overall
system efficiency becomes of the order of 37 percent. In this application
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fuel cells have environmental advantages, such as low noise, low
atmospheric emissions, and low heat rejection requirements. Additional
development work is necessary to overcome the disadvantage of high
catalyst costs and requirements for expensive fuels. More than 50 phos-
phoric acid fuel cell units, having a capacity of 200 kW, are in use.
Companies in Canada, Germany, and the United States have demon-
strated fuel cells in passenger bus propulsion systems. They are cooper-
ating now on the development of proton exchange fuel cells. Other U.S.
and Japanese companies are developing power plants for transportation.

Closed-cycle MHD generators are also under study for bulk power
generation. They are of two types: first, one in which the working fluid
is an inert gas such as argon seeded with cesium; and second, the liquid-
metal type in which the working fluid is a helium-sodium mixture.
Closed-cycle MHD generation offers the potential for high efficiency
with considerably lower peak cycle temperatures, lower pressure ratios,
and lower average magnetic-flux density.

Photovoltaic Generation
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Magnetohydrodynamic Generation

Magnetohydrodynamic generation utilizes the movement of electrically
conducting gas through a magnetic field. Normally, it results in a high-
voltage, dc output, but it can be designed to provide alternating current.
In the simple open-cycle MHD generator (Fig. 9.1.24), hot, partially
ionized, compressed gas, which is the product of combustion, is ex-
panded in a duct and forced through a strong magnetic field. Electrodes
in the sides of the duct pick up the potential generated in the gas, so that
current flows through the gas, electrodes, and external load. Tempera-
ture in excess of 3,000 K is necessary for the required ionization of gas,
but this can be reduced by the addition of a seeding material such as
potassium or cesium. With seeding, the gas temperature may be reduced
to the order of 2,750 K. The temperature of the gas leaving the generator
is about 2,250 K. Although the efficiency of the basic MHD channel is

Fig. 9.1.24

on the order of 70 percent, only a portion of the available thermal energy
can be removed in the channel. The remainder of the energy contained
in the hot exhaust gas must be removed by a more conventional steam
cycle. In this combined-cycle plant, the exhaust gas from the MHD
generator is passed sequentially through an air preheater, the steam
superheater and boiler, and an economizer and stack gas cooler. The air
preheater is necessary to raise the temperature of incoming combustion
air to some 1,900 K in order to obtain the initial gas temperature of
2,750 K.

The potential improvement in efficiency from the use of MHD gen-
erator in a combined-cycle plant is in the order of 15 to 30 percent. An
overall steam plant efficiency of 38 percent could be raised to some 45
to 54 percent. Contrasted to other methods for direct conversion, MHD
generation appears best suited to large blocks of power. For example, an
MHD generator 75 m long with an average magnetic field of 5 T (at-
tained by means of a superconductive magnet) would have a net output
of about 1,000 MW dc at 5 to 10 kV. Typically, this would provide
topping energy for a steam plant of about 500 MW.

Although the MHD topping cycle offers the highest peak cycle tem-
perature and thermodynamic cycle efficiency of any system that has
been studied, none of the generators tested have yielded enough effi-
ciency to account for even half of the power required to supply oxidant
to the combustor. Serious materials problems have also been experi-
enced, with severe erosion, corrosion, and thermal stresses in the elec-
trodes and insulators. Slow progress in the solution of these and other
difficulties diminishes the prospect for a viable MHD system in the
foreseeable future.
Photovoltaic generation utilizes the direct conversion of light energy to
electric energy and stems from the discovery by Becquerel in 1839 that a
voltage is generated when light is directed on one of the electrodes in an
electrolyte solution. Subsequent work using selenium led to the devel-
opment of the photoelectric cell and the exposure meter. It results in
low-voltage direct current. To obtain higher voltages, the elements must
be stacked.

Photovoltaic effect is the generation of electric potential by the ion-
ization by light energy (photons) of the area at or near the p-n junction
of a semiconductor. The p-n junction constitutes a one-way potential
barrier which permits the passage of photon-generated (2) electrons
from the p to the n material and (1) ‘‘holes’’ from the n to the p
material. The resulting excess of (2) electrons in the n material and
(1) holes in the p material produces a voltage at the terminals compara-
ble to the junction potential.

Solar cells have been a useful source of electricity since about 1960
and have enjoyed widespread use for small amounts of electric energy
in remote locations. They have proved particularly well suited for use in
spacecraft; in fact, much of the effort in photovoltaic R&D has been
funded by the space program. Solar cells have been applied also to
remote weather monitoring and recording stations (some of them
equipped with transmitters to send the data to collecting stations), traffic
control devices, buoys, channel markers, navigational beacons, etc.
They can also be used for applications such as battery chargers for cars,
boats, flashlights, tools, watches, calculators, and emergency radios.
Cost reduction through the use of polycrystalline or thin-film techniques
constitutes a major development effort.

A commercially available solar cell is constructed of a 0.3-mm-thick
silicon wafer (2 3 2 cm or 2 3 6 cm) that is doped with boron to give it
a p-type characteristic. It is then diffused with phosphorus to a depth of
about 102 4 cm (n-type layer), and subsequently electrically contacted
with titanium-silver or gold-nickel. Contacting on the light exposure
side is limited to maximize transmission of light into the cell. The cell is
coated with antireflection material to reduce losses due to light reflec-
tion. The cell is then electrically coupled to the intercell circuit by
soldering. The method of fabricating solar cells is complex and expen-
sive.

The efficiency of a photovoltaic cell varies with the spectrum of the
light. The maximum theoretical efficiency of a single-junction, single-
transition silicon cell with solar illumination is about 22 percent. Actual
cell performance has been realized at 12 to 15 percent efficiency at
0.6 V open circuit and 0.02 W/cm2. Advanced cells using materials
such as gallium arsenide and cadmium telluride offer maximum theo-
retical efficiencies above 25 percent. Further cell efficiency improve-
ment is being investigated by concentrating the sunlight with a Fresnel
lens or parabolic mirror and by selecting the light spectrum.

Factors reducing the efficiency of conversion of light energy into
electricity using solar cells include: (1) the fact that only a certain band-
width of the solar spectrum can be effective, (2) structural defects and
chemical impurities within the materials, (3) reflection of incident light,
and (4) cell internal resistance. These factors lower the overall effi-
ciency of solar arrays to about 6 to 8 percent. Another drawback is the
intermittent nature of the solar source, which necessitates the use of an
energy storage facility.

It is commonly agreed that substantial investments will be necessary
to make solar cell energy conversion economically competitive with
terrestrial fossil fuel fired or nuclear power plants. Space applications
remain a practical use of this technology, since long life and reliability
override cost considerations.
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Other Energy Converters

Each of the converters described in the following section has character-
istics which makes it suitable for specific tasks. Some produce low-vol-
tage direct current and must be stacked for higher voltage output. Other
converters produce high-voltage direct or alternating current depending
upon their design. High voltages can be used to drive Klystron or X-ray
tubes, or similar equipment, and can be transmitted without step-up
transformers. Some medium- or low-temperature converters can be
used in low-grade energy (heat) applications; in medical practice, e.g.,

Thermophotovoltaic Converters A radiant heat source surrounded
by photovoltaic cells will result in the radiant energy being converted to
electricity. Source radiation and photovoltaic cell characteristics can be
controlled to operate anywhere in the spectrum.

Photoelectromagnetic Converters When certain semiconductors
(Cu2O, for example) are placed in a tangential magnetic field and illu-
minated by visible light, there will result an electric potential difference
along an axis orthogonal to the other two axes. The resulting flow of
electric current can be used to do work.
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body heat can drive heart pacemakers, artificial heart pumps, internal
medicine dispensing devices, and organ monitoring equipment.

Electrohydrodynamic Converters When positive ions are trans-
ported by neutral hot gases against an electric field, high potential dif-
ferences result. The charges produced by the ions do work when al-
lowed to flow through a load. These devices are also called
electrogas-dynamic (EGD) converters. If the gases are allowed to con-
dense, producing small liquid droplets, the devices are often referred to
as aerosol EGD converters. A number of different basic designs exist.

Van der Graaff Converter This device operates on the same princi-
ple as the EHD converter, except that a belt is used instead of hot gases
to transport the ions against an electric field. Very high potential differ-
ences are produced, which may be utilized in high-energy particle ac-
celerators, atom smashers, artificial lightning generators, and the like.

Ferroelectric Converters Certain materials exhibit a rapid change
in their dielectric constant k around their Curie temperature. The voltage
produced by a charge is the charge divided by the capacitance, or V 5
Q/C. The variation between capacitance and dielectric constant is ex-
pressed by Ch 5 (kh /kc )Cc , where c 5 cold and h 5 hot.

A capacitor containing ferroelectric material is charged when the
capacitance is high. When the temperature is changed to lower the
dielectric constant, the capacitance is lowered, with an accompanying
increase in voltage. The charge is dissipated through a load when the
voltage is high, resulting in the performance of work. Barium titenate,
e.g., can produce a fivefold voltage swing between temperatures of 100
and 120°C. Thermocycling could be produced by the sun on a spinning
satellite.

Ferromagnetic Converters Ferromagnetic material is used to com-
plete the magnetic circuit of a permanent magnet. The ferromagnetic
material is heat-cycled through its Curie point, producing flux changes
in a coil wrapped around the magnet. The operating conditions can be
selected by the Curie temperature of the ferromagnetic material. Gado-
linium, e.g., has a Curie point near room temperature.

Piezoelectric Converters When axisymmetric crystals are com-
pressed parallel to their polar axes, they become polarized; i.e., positive
charges are generated on one side, and negative charges are generated
on the other side of the crystal. The induced compressive stresses can be
produced mechanically or by heating the crystal. The resulting potential
difference will do work when allowed to flow through a load. In a
reverse process, imposing a potential difference between the ends of the
crystal will result in a compressive stress within the crystal. The impo-
sition of alternating current will result in controlled oscillations useful
in sonar, ultrasound equipment, and the like.

Pyroelectric Converters Some materials become electrically polar-
ized when heated, and the conversion of heat to electricity can be uti-
lized as it is in piezoelectric converters.

Bioenergetic Converters Energy requirements for medical devices
used to monitor or control the performance of human organs (heart,
brain, etc.) range from a few microwatts to a few watts. In many cases,
body heat is sufficient to operate an energy converter which, in turn,
will power the device.

Nernst Effect Converters When heat flows through certain semi-
conductors exposed to a magnetic field perpendicular to the direction of
heat flow, an electric potential difference will be induced along a third
orthogonal axis. This conversion of heat to electricity can be utilized to
do work. In a reverse fashion, crossing a magnetic and an electric field
will produce a temperature difference (Ettinghausen effect, the reverse
of the Nernst effect). This reverse conversion is useful in electric heat-
ing, cooling, and refrigeration.
Magnetothermoelectric Converters A magnetic field applied to
certain thermoelectric semiconductors produces electric potential dif-
ferences, useful in power generation.

Superconducting Converters The phase transition in a supercon-
ductor can be utilized similarly to a ferroelectric converter. Thermal
cycling of the superconductor material will produce alternating current
in the coil surrounding it. An idealized analysis for niobium at 8 K
yields a conversion efficiency of about 44 percent.

Magnetostrictive Converters Changes in dimensions of materials
in a magnetic field produce electric potential differences, thus convert-
ing mechanical energy to electricity. The effects can be reversed by
combining an electric field with a magnetic field to produce dimen-
sional changes.

Electron Convection Converters When a liquid is heated (some-
times to the boiling point), electrons and neutral atoms are emitted from
the liquid surface. The flow of vapor transports the electrons upward,
where they are collected on screens. The vapor condenses and recycles
into the liquid pool. High electric potential differences can be produced
in this manner between the screens and the liquid pool, allowing the
subsequent flow of current to do work. The process is similar to that for
EGD converters.

Electrokinetic Converters Certain fluids flowing through capillary
tubes due to pressure gradients produce an electric potential difference
between the ends of the capillaries, converting flow (kinetic) energy to
electricity.

Particle-Collecting Converters When an alpha, beta, or gamma
particle emitter is surrounded by a collector surface, an electric potential
difference is produced between the emitter and the collector. Biased
screen grids can improve the performance.

EHD Water Drop Converter Two separate streams of water coming
from the same reservoir, in falling, are allowed to break up into droplets.
At the breakup points, each stream is surrounded by a short metal cylin-
der. Each cylinder is connected electrically to a screen at the bottom of
the opposite stream. High potential differences are produced between
the two metal cylinders.

Photogalvanic Converters Photochemical reactions often pro-
duced by solar radiation (especially at the shorter wavelengths) can be
used to generate electricity. Concentration of solar energy can increase
the power of the converters considerably. The actual processes are simi-
lar to those in fuel cells.

The field of instrumentation provides other techniques which could
become useful as energy conversion devices. While many of the meth-
ods cited and described above are not economically competitive with
conventional conversion methods in current use, some are adapted to
unique situations where the matter of cost becomes inconsequential.
Certainly, it is expected that as progress is made in the field of energy
conversion, certain techniques will be refined to greater practicality, and
others will be developed.

FLYWHEEL ENERGY STORAGE
by Sherwood B. Menkes

REFERENCES: The Oerlikon Electrogyro: Its Development and Application for
Omnibus Service, Auto Eng., Dec. 1955. Beams, Magnetic Bearings, SAE Auto-
motive Congress Proc., Jan. 1964. Beachley and Frank, Electric and Electric-Hy-
brid Cars, SAE paper 730619, Mar. 1973. Clerk, The Utilization of Flywheel
Energy, SAE Paper 711A, June 1963. Lawson and Hellman, Design and Testing
of High Energy Density Flywheels for Application to Flywheel /Heat Engine Hy-
brid Drives, SAE Paper 719150, Aug. 1971. Post and Post, Flywheels, Sci. Am.,
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For many years a flywheel has been defined as a heavy wheel which is

Lockheed has achieved a shape factor of 0.832; such a wheel con-
structed of maraging steel results in a T value of 52 Wh/kg.

The parameter T is useful to compare candidate energy storage con-
cepts. Table 9.1.9, prepared by Weber and Menkes as part of a feasibil-
ity study of a flywheel powered local-duty automobile, indicates the
range of possible values. Note the inclusion of the Oerlikon gyrobus, the
first vehicular application of flywheel energy storage. Advanced aniso-
tropic materials offer great promise as flywheel materials, and many
organizations are now engaged in the design and development of fiber
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used to oppose and moderate by its inertia any fluctuation of speed in
the machinery with which it revolves. Shafts in many different kinds of
machinery are subjected to torque loading that is not uniform through-
out a work cycle. By utilizing a flywheel, the designer can incorporate a
smaller driving motor, and achieve a smoother operation.

Until recently, design of flywheels has not posed any serious difficul-
ties, for work cycles have been relatively short, and the flywheel func-
tioned solely to regulate speed. The kinetic energy has been relatively
small. Concentration of material in a massive rim provides the maxi-
mum moment of inertia for a given amount of material.

Within the last few years, as a result of concern about fuel shortages
and environmental pollution, suggestions have been made to utilize
unconventional energy sources. Accordingly, there is much interest in
the use of flywheels to store large amounts of kinetic energy. Thus the
flywheel is proposed as a major storage device, rather than as a means
to effect speed regulation.

As Post and Post observed, old concepts often reappear in technology
as our needs change. Flywheels were probably first used as energy
storage devices in the potter’s wheel, perhaps 5,000 years ago. The
spindle was vertical; there was a head, on which clay was placed, and a
separate flywheel below. The flywheel was used to store enough energy
to turn rapidly and for a long time.

A power plant is designed to operate most efficiently under a set of
stated conditions. When it is necessary to operate the plant at off-design
conditions, efficiency decreases, often quite severely. If the plant is
operated only at high efficiency, and the excess energy is stored until it
is needed, fuel is conserved. In addition, certain sources of energy (solar
radiation, wind, etc.) become attractive provided that we can deal effec-
tively with the question of storing energy thus freely available until
such time as it can be used.

The flywheel is an attractive energy storage concept for several rea-
sons: (1) it is simple; (2) it is possible to store and abstract energy
readily, either by mechanical means or by using electric motors and
generators; (3) high power rates are practicable; (4) there is no stringent
limitation on the number of charge and discharge cycles that can be
used; (5) reliability promises to be high; and (6) maintenance costs
should be low.

Modern flywheel technology is in its infancy. The first symposium on
the state of the art was held in November 1975. Any specific application
will require consideration of technical alternatives and a cost analysis.
The following must be evaluated in each case: (1) how much energy can
be stored per unit weight or volume of flywheel material, which in turn
controls (2) the size flywheel required, (3) relative importance of fric-
tion losses and associated inefficiency, (4) system safety, and (5) nature
of controls and systems needed to provide the proper interface between
source of energy and the demand for it.

A uniform flat disk with a central hole was suggested to replace the
massive rim flywheel, but the resultant dynamic stress distribution
limits its use.

Improved stress distribution (for an isotropic material) can be effected
by thickening the flywheel toward the center and making it possible to
achieve a constant tangential stress distribution. The energy density
capability of a flywheel in which constraints other than those due to
stress considerations are removed can be calculated from

T 5 Kss/r

in which T is the specific energy, Ks a flywheel shape factor, s the
material working stress, and r the material density. For a solid metal
wheel, the ideal shape is one in which Ks is unity. Lawson reports that
composite flywheels. These high-strength fibers, which include E glass,
PRD 2 49 (Kevlar), S glass, fused silica, and others, dictate radical
changes in design concepts.

The size range for suggested flywheels is considerable, as are the
recommended speed and energy capacity. Some applications are dis-
cussed below.

Central Stations Long-range energy storage in central stations is
accomplished by storing fuel (coal, oil, or gas), using a hydro reservoir
and, more recently, cryogenic tanks. The basic problem is brought about
by highly fluctuating power demand. A typical electric utility load cycle
has a peak on weekdays nearly double the demand at night, while there
are no comparable peak demands on weekends.

Considerations of economy and efficiency make it attractive to in-
crease the base capacity of the central station, to generate and store
excess energy when it is available, and to draw on the stored energy
when it is needed. One technique, in limited use, employs a pumped
hydrostorage installation. The principal advantage there is that while the
potential energy of fluid is stored at a higher elevation, there is no
continuous loss of energy; this cannot be said for flywheel energy stor-
age. Furthermore, pumped hydrostorage systems are completely safe
and make use of existing technology both to store and to abstract the
energy.

Unfortunately, severe geographical constraints limit the use of
pumped hydrostorage as a universal solution.

Flywheels offer a good alternative to pumped hydrostorage, on the
grounds of (1) compactness, (2) high power density, (3) reliability and
low maintenance, (4) unlimited cycle life, and (5) good thermal com-
patibility with the environment. Several technological advances must be
achieved, however, before flywheel energy storage becomes cost-effec-
tive. These necessary improvements are: (1) development of low-cost,
high-energy-density composite rotors, (2) development of very low-
friction bearing systems, and (3) development of improved motor gen-
erator systems and controls.

The first two factors are self-evident; the last is not. A generator must
extract energy from a constantly decelerating flywheel, and then feed it
into a power network at constant voltage and frequency. The generator
must either invert the variable-frequency input to the desired frequency

Table 9.1.9 Energy Density T for
Various Storage Elements

Storage element Wh/kg

Internal combustion engine 550*
system

Electrochemical storage:
Lead-acid 18–33
Nickel-cadmium 26–40
Silver-zinc 66–132
Zinc-air (experimental) 110–176
Sodium-sulfur (experimental) 154–220
Lithium-halide (experimental) 220

Flywheels:
Gyreacta transmission 0.7†
Oerlikon gyrobus 7.0†
4340 steel 26
Maraging steel 55
Advanced anisotropic materials 190–870

Hydraulic accumulator 7–15
Natural elastic band 9

* Based on specific fuel consumption of 0.5 lb/(bhp ? h) and
engine weight equal to that of gasoline carried.

† Systems actually operated.
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or use some other scheme to accomplish the same result. Several sys-
tems are being developed which will do this.

Transportation Applications Ground transport vehicles are pow-
ered, by and large, exclusively by internal combustion engines. In pas-
senger vehicles in particular, the thermal efficiency of the cycle is of the
order of 10 to 15 percent. The waste of fossil fuel distillates and the
concomitant problem of air pollution are well documented. Accord-
ingly, it is attractive to consider the possibility of generating electricity
at a remote site, and providing on-board energy storage. Under certain

conventional vehicles lies in the need for a continuously variable trans-
mission unit coupled to the flywheel.

A modification of the all-electric vehicle would require the addition of a
small heat engine, perhaps 25 percent the size of those now in use. This
heat engine can be operated at maximum efficiency, with the storage
element being used to supply energy for acceleration. The driver could
switch to all-electric mode for urban driving or short trips.

Greater attention is being paid to hybrid vehicles utilizing flywheels
in conjunction with either an all-electric vehicle or a combined internal

C
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circumstances, an auxiliary supply can be maintained external to the
vehicle (as in a third rail), but for reasonable route flexibility, a self-
contained store of energy is required.

A number of suggestions have been made which are in various stages
of development. At one extreme is an all-electric local-duty vehicle; at
the other is a hybrid heat engine and flywheel energy storage without
electric energy utilization at all. An intermediate arrangement would
use a heat engine, a flywheel, and an electric traction motor drive
system.

In the all-electric vehicle, major design problems include (1) develop-
ment of a passive bearing system with an ultra-low-energy drain, (2) an
increase in energy density capability of flywheels to provide reasonable
range and speed, (3) a design safe enough to withstand collisions, and
(4) development of a compact and efficient motor generator unit.

In the heat engine flywheel hybrid with entirely mechanical means of
using flywheel energy, no new technology is needed. Such a vehicle can
make fairly impressive gains in fuel economy, especially by means of
regenerative dynamic braking. The major difference between this and

9.2 STEAM
by Joseph
REFERENCES: The Babcock & Wilcox Co., ‘‘Steam—Its Generation and Use.’’
Combustion Engineering, Inc., ‘‘Combustion—Fossil Power Systems.’’ Staniar,
‘‘Plant Engineering Handbook,’’ McGraw-Hill. Powell, ‘‘Water Conditioning for
Industry,’’ McGraw-Hill. ‘‘Boiler and Pressure Vessel Code,’’ ‘‘Power Test Code
for Steam Generating Units,’’ American Society of Mechanical Engineers. Also,
Proceedings of the ASME, the Joint Power Generation Conference, and the
American Power Conference.

FUELS AVAILABLE FOR STEAM GENERATION
combustion/electric battery drive vehicle. Together with continuing at-
tention given to flywheel material and construction, efforts are being
made to introduce electric drive vehicles for passenger automobiles
within the next several years in several states. Those efforts are accom-
panied by continued advances in high-strength composite materials for
flywheels, frictionless magnetic bearings, high-efficiency motor gener-
ators, and continued miniaturization of power components and control
electronics. The reference to Olszewski et al. is particularly instructive
as to recent data and design details which have met with some success in
the continuing development work in this generic area.

Regenerative dynamic braking is in use in the New York subway sys-
tem; a flywheel trolley coach was developed for the city of San Francisco.

The output from an exotic source—sun or wind—is cyclical in na-
ture. Exploitation of this type of energy source, especially for generat-
ing electric power, must be accompanied by suitable ‘‘flywheel’’ en-
ergy storage devices. Toward that end, rotating flywheels may hold
promise for small units adaptable to residential use, especially in remote
areas.

BOILERS
. Delibert
the use of their own combustible or heat-bearing by-products. The use
of municipal wastes for steam generation is also accelerating (Sec. 7.4).

EFFECT OF FUEL ON BOILER DESIGN

Fuel is the governing factor in boiler design. Clean natural gas leads to
n. If it is the only fuel, the boiler can be relatively
. When solid or liquid fuels are to be used, the boilers
use of the need to provide the required furnace vol-
the simplest desig
small and compact
will be larger beca
(See also Secs. 7, 9.1, and 9.8.)

A large variety of materials and heat sources can be used for steam
generation. In the absence of other considerations, boilers are designed
to use the most economical fuel or combinations of fuels available.
These include natural gas, residual oil, and coal. Some typical solid
fuels are: anthracite coal, bituminous and subbituminous coal, coke
breeze, fluid petroleum coke (4 to 5 percent volatile), lignite, low-tem-
perature fluid coal char (with auxiliary fuel), petroleum coke (9 to 14
percent volatile; with auxiliary fuel), pipeline slurry, wood and bark,
and bagasse and other agricultural wastes. Other less common energy
sources, many suitable for steam generation, are described in Sec. 9.1.

Sources of fuel nearest the plant are generally favored, but the spread
of oil and gas pipelines throughout the United States and improved
efficiency of coal transportation (unit trains, pipeline slurry) have
greatly altered regional use patterns. Restrictions by the Environmental
Protection Agency (EPA) on air and water pollution (Sec. 18) and the
potential for interruption of oil supplies must also be considered. Many
industries use their by-products for steam generation. Paper mills burn
the black liquor from the cooking of wood pulp. Steel mill boilers may
be fired with blast furnace and coke oven gases. Oil refineries burn lean
CO gas, a waste product, in combination with a richer gas. The in-
creased cost of basic fuels has caused many other industries to consider
ume for combustion and to accommodate ash and slag. Also, unless the
fuel is low in sulfur content, the resultant combustion products will
contribute to air pollution and must be reduced to approved levels be-
fore release. Equipment for this purpose can be large and expensive
(Secs. 17.5 and 18). Some manufacturers offer fluidized-bed firing which
uses a mixture of fine coal and limestone to trap most of the sulfur
compounds in the ash. The equipment is not yet in general use.

Depending on the type of firing, considerable amounts of fly ash may
be carried to the stack. Fly ash collectors and electrostatic precipitators
are usually required to meet governmental requirements (Sec. 18).
Oxides of nitrogen can also contribute to air pollution. These are formed
from both fuel-bound nitrogen and the nitrogen contained in the com-
bustion air. Nitric oxide omission can be controlled primarily by equip-
ment design and operating techniques without appreciable impact on
costs (Secs. 4, 7, and 18).

SLAG AND ASH

Boilers fired with pulverized coal can be designed for either dry-ash or
slag-tap operation. The dry-ash type is particularly suited for coals with
high ash-fusion temperatures. The ash impinging on the water-cooled
furnace walls can be readily removed. The slag-tap furnace uses coals
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having low ash-fusion temperatures and is designed to have high tem-
peratures near the furnace floor, thus keeping the ash molten for tap-
ping.

When sintered or fused, ash forms deposits on furnace walls, boiler
surfaces, and superheater tubes, thus reducing heat absorption, increas-
ing draft loss and possibly causing overheating of tubes. Two general
types of slag deposition can occur on furnace walls and convection
surfaces. Slagging takes place when molten or partially fused ash parti-
cles entrained in the gas strike a wall or tube surface, become chilled,

as long as it remains a true liquid with a viscosity below 250 poise. The
most troublesome form is plastic slag which is arbitrarily defined to
exist in the region where the viscosity is 250 to 10,000 poise.

Slagging Indices The most accurate indicator of potential slagging
for eastern or western coals is the viscosity-temperature relationship of
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and solidify. Coals with low ash-fusion temperatures [i.e., those that are
plastic or semimolten at temperatures less than 2,000°F (1,093°C)] have
a high potential for slagging. Although normally confined to the furnace
area, slagging can occur in the convection sections if proper design and
operating parameters are not observed.

Fouling occurs when the volatile constituents in the ash condense on
fly-ash particles, convection tubes, and existing ash deposits, at temper-
atures which keep the volatile constituents liquid and allow them to
react chemically to form bonded deposits.

Slagging and fouling characteristics can be evaluated from the chem-
ical composition of the ash by empirically determined relationships.
The amount and the chemical and physical characteristics of coal ash
vary over a wide range, not only from mine to mine, but also from
different parts of the same mine. Thus, in design of boilers or selection
of new coal sources for existing units, it is essential to have a thorough
knowledge of the coal ash characteristics. Considerable data have been
accumulated over the years, much of it based on eastern coals. Western
coals are being used more extensively, and new criteria, often at var-
iance with eastern experience, are being developed (Heil and Durrant,
Proc. JPGC, 1978).

Coal ash may be classified as eastern or lignitic. By definition, if MgO
1 CaO is greater than Fe2O3 , the ash is lignitic. If it is smaller, the ash is
bituminous. This is important because subbituminous coal can have a
lignitic type ash. Ash from eastern coals generally falls in the bitumin-
ous category while that from the west tends to be lignitic. Some of the
parameters used to evaluate the effect of an ash on furnace slagging and
deposition on both furnace walls and convection surfaces include:

Ash fusion temperatures
Iron content and ferritic percentage

(Fe2O3 ) 3 100

Fe2O3 1 1.11FeO 1 1.43Fe

Silica ratio

(SiO2) 3 100

SiO2 1 Fe2O3 1 CaO 1 MgO

Base/acid ratio B/A

Fe2O3 1 CaO 1 MgO 1 Na2O 1 K2O

SiO2 1 Al2O3 1 TiO2

Dolomite percentage

(CaO 1 MgO) 3 100

Fe2O3 1 CaO 1 MgO 1 Na2O 1 K2O

Viscosity
Sintered strength

The preferred procedure for determining ash fusion temperatures is out-
lined in ASTM Standard D-1857, which defines and provides proce-
dures to determine initial deformation temperature (IDT), softening tem-
perature (ST), hemispherical temperature (HT), and fluid temperature
(FT).

Iron has a significant effect on the behavior of coal ash. In the com-
pletely oxidized form it tends to raise fusion temperatures; in the lesser
oxidized form it tends to lower them (Fig. 9.2.1). The iron content and
its degree of oxidation also have a great influence on the viscosity,
which increases with ferritic percentage. Liquid slag is not troublesome
Fig. 9.2.1 Influence of iron on hemispherical temperature of ash.

the ash (Moore and Ehrler, Proc. ASME, WAM, 1973). Since viscosity
measurements are costly and time-consuming, means have been devel-
oped to calculate furnace slagging potential from chemical analyses.
For eastern bituminous coals the index is (B/A)S, where S is the percent
sulfur, as S, on the dry-coal basis. The potential of ash with an index less
than 0.6 is low; 0.6 to 2.0, medium; 2.0 to 2.6, high; above 2.6, severe.

For lignitic-type ash, slagging indices are based on fusion tempera-
tures: [max HT 1 4(min IDT)]/S, where the temperatures are the high-
est and the lowest reducing or oxidizing temperatures. Indices less than
2,100°F (1,149°C) are classed as severe slagging; 2,100 to 2,250°F
(1,149 to 1,232°C), high; 2,250 to 2,450°F (1,232 to 1,343°C), medium.

Fouling Indices The volatile constituents of the ash (i.e., Na2SO4 or
CaSO4 ? Na2SO4 ) cause fouling and can be used as an indication of the
fouling potential of a given coal. Two factors that affect fouling are
deposit hardness and rate of deposition. Ash fusion temperatures bear
little relation to the tendency to form bonded deposits (Fig. 9.2.2). De-
posit hardness is affected by the chemical composition, temperature,

Fig. 9.2.2 Comparative sintered strengths and ash fusion temperatures for a
fouling and a nonfouling coal.

and, to some extent, time. The rate of deposition is dependent on the
volatile constituents and the amount of ash in the coal. Sintering
strength of the ash, as determined in the laboratory, is an indication of
how hard a deposit might become at different temperatures and has been
used to predict fouling potential. Since these tests are expensive, the
sintering strength has been related to the chemical composition (Fig.
9.2.3). (See Attig and Duzy, Proc. Amer. Pwr. Conf., 1969). For eastern
coals the chemical index is (B/A) 3 Na2O2 where Na2O is the weight
percent in the ash prepared in accordance with ASTM D-271. For an
index less than 0.2, fouling potential is low; 0.2 to 0.5, medium; 0.5 to
1.0 high; above 1.0, severe.

For lignitic ash, Na2O is the determinant. Fouling tendency is low to
medium for less than 3 percent, high for 3 to 6 percent, and severe for
over 6 percent.

Additives such as dolomite, lime and magnesia are effective in reduc-
ing the sintered strength of ash (Fig. 9.2.4). Dolomite is also effective in
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neutralizing the acid in the flue gas and eliminating condensation and
subsequent plugging in the cold end of air heaters.

The ash content of residual fuel oil seldom exceeds 0.2 percent but this
relatively small amount is capable of causing severe problems of depos-
its on tubes and corrosion. To predict the effect of oil ash on slagging

vanadates, and sulfates. Many of these have melting points between 480
and 1,250°F (249 and 677°C), falling within the range of tube metal
temperatures in the furnaces and superheaters of oil-fired boilers. As
indicated in the analyses of Table 9.2.1, some oil ashes with high alkali
sulfates can be troublesome. Dolomite added in quantities equal to the
weight of the ash can be used to produce a softer slag which can be
removed easily by soot blowing. In some installations air heater corro-
sion and pluggage and acid stack discharge are also minimized by dolo-
mite additives.
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Fig. 9.2.3 Effect of sodium oxide content of coal on the sintered strength of fly
ash.

and tube bank fouling, several variables are considered, including (1)
ash content, (2) ash analysis, (3) melting and freezing temperatures of
the ash, and (4) the total sulfur content. When oil is burned, complex
chemical reactions occur, resulting in the formation of various oxides,

Fig. 9.2.4 Effect of additives on the sintered strength of fly ash (1 part additive
to 4 parts fly ash).

Table 9.2.1 Analyses of Ash from Heavy Fuel Oil

Analysis, %

Troublefree Troublesome
fuel oil fuel oils

Ferric oxide, Fe2O3 56 8 6
Silica, SiO2 25 9 5
Alumina, Al2O3 6 4 1
Lime, CaO 3 10 1
Magnesia, MgO 9 3 2
Vandium pentoxide, V2O5 1 39
Alkali sulfates 1 65 46

Melting point in air

Constituent °F °C

V2O5 1,274 690
NaSO4 1,625 885
MgSO4 2,165 1,185
CaSO4 2,640 1,449
Fe2O3 2,850 1,566
SOOT BLOWER SYSTEMS

While slagging and fouling of coal- and oil-fired boilers can be mini-
mized by proper design and operation, auxiliary equipment for cleaning
furnace walls and removing deposits from convection surfaces must be
supplied to maintain capacity and efficiency. Steam or air jets from the
soot blower nozzles dislodge the dry or sintered ash and slag, which
then fall into hoppers or travel along with the gaseous products of
combustion to the removal equipment.

Types of soot blowers vary with their location in the boiler unit, the
severity of ash or slag conditions, and the arrangement of the heat-
absorbing surfaces.

Furnace walls are generally cleaned with wall blowers (Fig. 9.2.5)
which project a nozzle assembly into the furnace for blowing and then
retract it behind the wall tubes for protection after operation.

Fig. 9.2.5 Retracting soot blowers. (a) Furnace wall blower; (b) long-lance
blower.

Tube banks in high-gas-temperature zones, such as slag screens, su-
perheaters, and reheaters, where slag or sintered ash may accumulate,
are generally cleaned by long-lance retracting-type blowers (Fig. 9.2.5).
The lance, which rotates or oscillates as it advances into the boiler, is
fitted with large nozzles to supply a powerful cleaning action and is
retracted from the boiler for protection when it is not operating.

Tube banks located in low-gas temperature zones, including the
economizer and boiler sections, where uncooled metals have satisfac-
tory life and ash removal is easier, usually can be cleaned by multiple-
nozzle rotating-type soot blowers (Fig. 9.2.6). However, long-lance re-
tracting-type blowers may be necessary for very wide boilers, for
extended cleaning ranges, or where the ash tends to pack or cake.

Soot blowers for air heaters generally are arranged to blow through the
plate or tube assemblies with single- or multiple-nozzle elements mov-
ing in an arc or straight-line motion. These blowers may also supply
water for washing the air-heater surface.

Additives to soften oil slag for easier removal by soot blowers may be
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introduced as a slurry spray through long-lance retractable blowers or
through separate spraying equipment.

Automatic controls for soot blower systems often are used and can be
arranged to operate the blowers in a prescribed sequence at time inter-
vals adjusted to blower-cleaning requirements or to receive signals from
the blower unit’s instruments and controls so as to operate the soot
blowers selectively in the various heat-absorbing sections in order to
maintain the required cleanliness and heat absorption.

admixture, replacing 20 to 30 percent of portland cement, and as a
lightweight aggregate after sintering.

STOKERS

Almost any coal can be burned successfully on some type of stoker. In
addition, waste materials and by-products such as coke breeze, wood
waste, bark, agricultural residues such as bagasse, and municipal wastes
can be burned either as a base or auxiliary fuel.
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Fig. 9.2.6 Rotating soot blower with multiple nozzles.

ASH AND SLAG REMOVAL

Dust collectors (see also Sec. 18) are required for all large coal-burning
blower units in order to reduce atmospheric pollution. The amount of
ash entrained in the flue gas varies from about 80 percent of the ash in
the coal for dry-ash pulverized-coal firing to approximately 50 percent
for slag-tap pulverized-coal firing, and from 20 to 30 percent for cy-
clone-furnace firing. Mechanical separators and electrostatic dust collec-
tors (Fig. 9.2.7) may be used in series, but most pulverized-coal-fired
units use only electrostatic collectors. The fly ash from spreader-stoker-
fired units is coarse, and consequently, mechanical separators generally
are used. Although the gas-dust loading is low in cyclone-furnace boil-
ers, electrostatic dust collectors are usually required to meet the restric-
tions on air pollution.

Fig. 9.2.7 Mechanical and electrostatic dust collectors in series.

The bottom ash recovered from the ashpits of chain-grate and
spreader-type stokers is usually sold for cement-block aggregate. Slag
from slag-tap furnaces can be used as a black granular coating for as-
bestos roofing shingles, as a mixture containing slag, fly ash, lime, and
water for Poz-o-pac roads, or as an antiskid material for icy roads.

Fly ash presents disposal problems because of its low density and the
consequent large volume which must be handled. It is not suitable for
fill materials unless quickly covered. However, it can be utilized as an
The grate area required for a given stoker type and capacity is deter-
mined by the maximum allowable burning rate per square foot, estab-
lished by experience. The practical limit to steam output for stoker-fired
boilers is about 400,000 lb (181,600 kg) per hour.

Chain- and traveling-grate stokers have been extensively used to burn
noncoking coals, but only a few installations have been made in recent
years because of their slow response to load changes, possible loss of
ignition on swinging loads, high ashpit heat losses, high excess-air re-
quirements, and limitations on size.

Spreader stokers with continuous-ash-discharge traveling grates (Fig.
9.2.8), intermittent-cleaning dump grates, or reciprocating continuous-
cleaning grates are capable of burning all types of bituminous and ligni-
tic coals. The fines are burned in suspension, and the larger fuel parti-
cles are burned on the grate. The use of a thin, fast-burning fuel bed
provides rapid response to variations in load. Rotating mechanical feed-
ing and distributing devices are generally used with spreader stokers.
These stokers operate with low excess air and high efficiencies when
the carbon in the fly ash is reinjected above the grate. However, rela-
tively low gas velocities through the boiler are necessary to prevent
fly-ash erosion, and fly-ash collectors should be used to reduce air
pollution.

Fig. 9.2.8 Spreader stoker with traveling grate.

Single- or double-retort underfeed stokers with side ash dump and
multiple-retort underfeed stokers with rear ash discharge are well suited
for the burning of coking coals. These stokers operate best at steady
loads. Both the ashpit heat loss and the maintenance are high.

PULVERIZERS

Pulverized coal firing is rarely used for boilers of less than 100,000 lb
(45 t*) per hour steaming capacity since the use of stokers is more
economical for those capacities. Most installations use the direct-fired
system in which the coal and air pass directly from the pulverizers to the
burners, and the desired firing rate is regulated by the rate of pulveriza-
tion. Some types of direct-fired pulverizers are capable of grinding as
much as 100 tons (91 t) per hour (Fig. 9.2.9). Primary air enters the
pulverizer at temperatures that may run 650°F (343°C) or higher, de-
pending on the amount of moisture in the coal and the type of pulver-
izer. The pulverizer provides the active mixing necessary for drying.
The percentage of volatile matter in the fuel has a direct bearing on the

* 1 metric ton (t) 5 1,000 kg 5 2,205 lb.
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recommended primary-air-fuel temperature for combustion. The gener-
ally accepted safe values for pulverizer exit fuel-air temperatures are:

Exit temperature

Fuel °F °C

Lignite 120–140 49–60
High-volatile bituminous 150 66
Low-volatile bituminous 150–175 66–79
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Fig. 9.2.9 Slow-speed pulverizer, roll-and-race type.

Fig. 9.2.10 Medium-speed pulverizer, contrarotation ball-and-race type.
Anthracite 175–212 79–100

Fig. 9.2.11 Medium-speed pulverizer, roller type.

Fig. 9.2.12 High-speed pulverizer, attrition type.



9-34 STEAM BOILERS

The three principal types of pulverizers may be classified as slow
speed (below 75 r/min), medium speed (75–225 r/min), and high speed
(above 225 r/min). Figure 9.2.9 shows a slow-speed pulverizer using the
roll-and-race principle. Medium-speed pulverizers are generally of ei-
ther the ball-and-race type (Fig. 9.2.10) or the bowl-and-roller type
(Fig. 9.2.11). High-speed pulverizers are usually of the attrition type
(Fig. 9.2.12).

When a variety of coal is to be used, the pulverizer should be sized for
the coal that gives the highest base capacity, which is the desired capac-

type burner is designed to fire coal and can be equipped to fire any
combination of the three principal fuels if proper precautions are taken
to prevent coke formation on the coal element when oil and coal are
being burned. This design has a capacity up to 165 million Btu/h
(41,600 kcal /h) for coal and higher for oil or gas.

Oil, when fired, can be atomized by the fuel pressure or by a com-
pressed gas, usually steam or air. Atomizers utilizing fuel pressure gen-
erally are of the uniflow or return-flow mechanical types. The uniflow type
uses an oil pressure of 300 to 600 lb/in2 (21 to 42 kgf/cm2) at the
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ity divided by the capacity factor, a function of the grindability of the
coal and the fineness required (Fig. 9.2.13). Capacities are established
by testing with coals of different grindability. The required fineness of
pulverization varies with the type of coal and with the size and kind of
furnace. It usually ranges from 65 to 80 percent through a 200-mesh
screen. [The U.S. Standard sieve 200-mesh screen has 200 openings per
linear inch, resulting in a nominal aperture of 0.0029 in (0.074 mm).]
The ASTM equivalent is 74 mm.

Fig. 9.2.13 Pulverizer capacity factors for varying fineness and grindability;
medium-speed, ball-and-race type of pulverizers.

BURNERS

The primary purpose of a fuel burner is to mix and direct the flow of fuel
and air so as to ensure rapid ignition and complete combustion. In
pulverized-coal burners, a part (15 to 25 percent) of the air, called
primary air, is initially mixed with the fuel to obtain rapid ignition and to
act as a conveyor for the fuel. The remaining portion, or secondary air, is
introduced through registers in the windbox (Fig. 9.2.14). This circular-

Regulating
rod

Coal nozzle
Windbox

Air register door
(secondary air) (Oil)

lighter

Fig. 9.2.14 Circular burner for pulverized coal, oil, or gas.

Water-cooled            Coal impeller          Refactory throat
furnace wall                                              with studded tubes
maximum flow rate and is limited to an operating range of about 2 to 1.
If a load range greater than 2 to 1 is required, the return-flow type of
atomizer is used. This type of atomizer uses oil pressures up to 1,000
lb/in2 (70 kgf/cm2) and provides an operating range of as much as 10 to
1 under favorable conditions. Steam- and air-type atomizers also pro-
vide an operating range of approximately 10 to 1, but with a relatively
low oil pressure (300 lb/in2; 21 kgf/cm2). The steam consumption re-
quired for good atomization usually is less than 1 percent of the boiler’s
steam output.

Natural gas and some process gases [provided they are sufficiently
clean and have a calorific heating value of more than 500 Btu/ft3 (4.45
kcal /m3)] can be burned by admission through a perforated ring,
through radial spuds or through a centrally located center-fire-type fuel
element. The center-fire fuel element can be removed for cleaning;
consequently, restrictions on gas cleanliness are less severe for this type
burner.

The circular pulverized-coal burner (Fig. 9.2.14) uses two or three

Fig. 9.2.15 Corner fired tangential tilting burners for pulverized coal, oil, or
gas. (a) Plan section; (b) burners tilted down; (c) burners tilted up.
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fuel nozzles and provides the excellent ignition characteristics of the
circular burner. Gas, when fired in these burners, is introduced through
fixed-spud-type elements located in the burner throat, and return-flow
or steam- or compressed-air-type atomizers are used for firing oil.

When corner-fired burners (Fig. 9.2.15) are used, the mixing of fuel
and combustion air takes place in the furnace (Fig. 9.2.15a). Oil and gas
also can be fired in these burners by inserting fuel elements in the corner
ports adjacent to the pulverized-coal nozzles. The burner tips can be
tilted, as shown in Fig. 9.2.15b and c, to control the steam temperature.

of slag-tap or dry-ash removal, volatility and fineness of the coal, excess
air, and type of burner (see Fig. 9.2.17). There is practically no combus-
tible in the fluid slag from slag-tap furnaces. Although the hopper refuse
from dry-ash furnaces usually is low in combustible, the combustible
may be appreciable in some cases. The fly ash from cyclone-furnace
boilers has a very low combustible content, varying from an equivalent
0.03 percent efficiency loss when burning Illinois coal to 0.15 percent
for Ohio coal.
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A properly designed pulverized-coal installation should operate sat-
isfactorily over a range of 2 or 3 to 1 without the need of auxiliary fuel
to maintain ignition and without increasing or decreasing the number of
burners in service. If some of the pulverizers and burners on large units
are taken out of service as the load decreases, it is possible to operate at
ratings down to one-sixth of full-load steam flow without the use of
auxiliary fuel.

Blast-furnace and coke-oven gas burners are usually of the circular
type, in which the gas is introduced either through a centrally positioned
nozzle or through an annular port surrounding the coal nozzle, or of the
intertube type, where the fuel and air ports are alternated across the
width of the burner.

CYCLONE FURNACES

The cyclone furnace is designed to burn low-ash fusion coals and to
retain most of the coal ash in the slag, which is then tapped from the
furnace, thus preventing the passage of the ash through the heat-absorb-
ing surfaces. The coal, crushed to 4-mesh size, is admitted with primary
air in a tangential manner to the primary burner (Fig. 9.2.16). The finer
particles burn in suspension while the coarser particles are thrown by
centrifugal force to the outer wall of the cyclone furnace. The wall
surface with its sticky coating of molten slag retains most of the parti-
cles of coal until they burn and leave their molten ash on the wall. The
molten ash drains into the boiler furnace and then, through an opening
in the boiler furnace floor, into the slag-collecting tank.

Fig. 9.2.16 Cyclone furnace.

The secondary air, which is admitted tangentially at the top of the
cyclone, vigorously scrubs the coal particles on the wall, and combus-
tion is completed at a firing rate of about 1⁄2 million Btu/(ft3 ? h) [4,450
kcal /(m3 ? h)]. The primary-furnace walls (consisting of fully studded
tubes) also are wetted with molten ash and help to catch ash particles
that are not retained in the cyclone furnaces. Gas, when available, can
be burned by injection through openings at the bottom of the secondary-
air ports. Oil is burned by spraying it axially into the cyclone through
the primary burner or by firing it tangentially through an oil element
located in the secondary-air port.

Figure 9.2.24 shows a boiler fired with twenty-three 10-ft-diam cy-
clone furnaces.

UNBURNED COMBUSTIBLE LOSS

The unburned combustible loss in the fly ash from pulverized-coal fir-
ing varies with the furnace-heat liberation, type of furnace cooling, use
Fig. 9.2.17 Principal factors affecting combustible loss for pulverized coal fir-
ing in various types of furnaces.

Fly-ash combustible from spreader stokers varies widely with the
rating, size, and type of coal burned. The combustible carryover at high
rates of firing is relatively large, but reinjection of the fly ash is common
and the loss in efficiency can be reduced as shown in Fig. 9.2.18.

The combustible loss in the fly ash from solid fuels is determined by
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withdrawing a representative sample of fly ash and flue gas from the
boiler outlet flue, or stack, at the same velocity in the sampling tip as the
gas velocity in the flue (see ASME Test Code). The rates of flue-gas
flow and fly-ash collection are measured, and the dust loading in pounds
per 1,000 lb of flue gas is then calculated. The combustible in fly ash
also can be measured. The data in Fig. 9.2.19 can be used for rapid
determination of efficiency loss when the dust loading and amount of
combustible are known.

BOILER TYPES

The greater safety of water-tube boilers was recognized more than 100
years ago, and water-tube boilers have generally superseded the fire-
tube type except in special cases such as small package-boiler designs
and waste-heat boiler designs for medium- and low-pressure applica-
tions.

Water-tube boilers are available in a wide range of capacities—from
as low as 5,000 lb (2.3 t) to as high as 9,000,000 lb (4,082 t) of steam per
hour. By coordinating the various components—boilers, furnaces, fuel
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Fig. 9.2.18 Combustible efficiency loss, spreader stoker.
Fig. 9.2.19 Chart for determining combustible efficiency l
ash is

F DL(C /100)(14

10,000,000/[7.6(TA/100) 1 0.9]

where DL 5 dust loading, lb/1,000 lb flue gas (3 2.2 5 kg/1
air, percent.
burners, fans, and controls—boiler manufacturers have produced a
broad series of standardized and economical steam generating units,
with capacities up to 550,000 lb (249 t) of steam per hour, burning oil or
natural gas. For capacities up to 200,000 lb (90.7 t) per hour most units
can be shipped by rail or truck as a completely shop-assembled package
(Fig. 9.2.20). For larger units, barges or selected ocean vessels may be
used if the site is suitably located. Beyond the limits for shop assembly,
greatest economy is obtained by using modularized sections and ship-
ping large assembled components. The two-drum-type boiler shown in
Fig. 9.2.21, which comes in capacities up to 1,200,000 lb (544 t) per
hour, is one example of modularized design.

Boilers utilizing banks of tubes directly connected to the steam and
water drums are, in general, limited to a maximum steam pressure of
1,650 lb/in2 (116 kgf/cm2 ), since the wide tube spacing required to
maintain high drum-ligament efficiency reduces the effectiveness of
heat absorption.
oss in fly ash. Heat loss in percent from combustible in fly

,600)

1 [DL(C /100)(14,600)]
G 3 100

,000 kg); C 5 combustible in fly ash, percent; TA 5 total
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and Fig. 9.2.23 shows a tangentially pulverized coal-fired, supercriti-
cal-pressure, combined-circulation type of boiler. The cyclone furnace
forced-flow, once-through unit shown in Fig. 9.2.24 is known as a uni-
versal pressure boiler, since it can be designed for operation at pressures
either above or below the critical pressure (3,206 lb/in2; 225 kgf/cm2 ).

Drum-type natural or assisted-circulation boilers are restricted to a
maximum pressure of about 2,600 lb/in2 (183 kgf/cm2) at the super-
heater outlet because of circulation and steam separation characteristics.
However, once-through forced-flow-type boilers are not restricted to
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Fig. 9.2.20 Water-tube package boiler, single-pass gas.

Many designs of high-pressure, high-temperature, utility-type boil-
ers, ranging from capacities of 500,000 to 9,000,000 lb (230 to 4,100 t)
of steam per hour, are used, but they can generally be classed as radiant-
type boilers. In radiant boilers, little or no steam is generated by con-
vection-heat-absorbing surfaces since virtually all the steam is gener-
ated in the tubes forming the furnace enclosure walls from heat radiated
to these tubes from the hot combustion gases. Figure 9.2.22 illustrates a
large oil- and/or gas-fired natural-circulation type radiant-boiler unit,

Fig. 9.2.21 Two-drum type of boiler designed for pulverized-coal firing.
any pressure plateau by circulation limits.
In once-through forced-flow boilers, the water generally flows from

the economizer to the furnace-wall tubes, then to the gas-convection-
pass enclosure tubes and the primary superheater. Usually, the transition
to the vapor phase (if operation is below the critical pressure) begins in
the furnace circuits and, depending upon the operating conditions and
the design, is completed either in the gas-convection-pass enclosure or
in the primary superheater. The steam from the primary superheater
passes to the secondary (and possibly to a tertiary) superheater. One or
more reheaters are provided to reheat the low-pressure steam.

In addition to boilers for the conversion of energy in conventional
fuels (coal, oil, and gas) to steam for power, heating or process use,
many boilers have been developed for special requirements.

Waste-heat and exhaust-gas boilers utilize the sensible heat in the gas
to generate steam. In the recovery of heat from the gas, water-tube
boilers, often in conjunction with superheaters and economizers, are
generally used; but fire-tube boilers may be used for cooling process or
other gases when the containment of pressurized gas is a factor and the
steam requirements are small.

High-temperature-water boilers provide hot water, under pressure,
for space heating of large areas. Water is circulated at pressures up to
450 lb/in2 (31.6 kgf/cm2 ) through the generator and the heating system.
The water leaves the generator at subsaturated temperatures ranging up
to 400°F (200°C). The boilers usually incorporate a water-cooled fur-
nace and convection-gas-pass enclosure, with the convection-heat-ab-
sorbing surface arranged in sections similar to those of an economizer.
Sizes generally range up to 60 million Btu/h (15,120 kcal /h) for pack-
age units, and field-erected units can be designed for much higher ca-
pacities.

The exhaust CO gas from oil refinery fluid catalytic-cracking units is
used as the fuel for carbon monoxide boilers. Generally, a cylindrical
furnace is used to contain the pressurized gas and the CO burners are
arranged tangentially to increase the residence time of the gas in the
furnace. The furnace walls are water cooled and tubes are refractory
covered to promote ignition. Conventional-type gas and/or burners are
provided for startup, for continuous pilots, and for the generation of
steam when the cracker is out of service.

Recovery-type boilers are designed specifically for the recovery of
chemicals in the spent cooking liquors from kraft, sulfite, soda, and
other papermaking processes. The liquor is fired in a water-cooled
furnace, either in suspension or in a smelt bed on the furnace floor.
The chemicals, depending upon the process, are recovered from the
smelt or the flue gas in a form which permits economical conversion for
reuse.

FURNACES

A furnace is an enclosure provided for the combustion of fuel. The
enclosure confines the products of combustion and is capable of with-
standing the high temperatures developed and the pressures used. Its
dimension and geometry are adapted to the rate of heat release, the type
of fuel, and the method of firing so as to promote complete burning of
combustible and provide suitable disposal of the ash.

Water-cooled furnaces are used with most boiler units and for all
types of fuel and methods of firing. Water cooling of the furnace walls
reduces the transfer of heat to the structural members and, consequently,
their temperature can be limited to that which will meet the require-
ments of strength and resistance to oxidation. Water-cooled tube con-
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Fig. 9.2.22 Natural circulation radiant boiler, oil- and gas-fired; 4,200,000 lb (1,900 t) steam per hour; 2,600 lb/ in2

(183 kgf/cm2) pressure; 1,005°F (540°C) steam temperature; 1,005°F (540°C) reheat steam temperature.
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Fig. 9.2.23 Once-through boiler with combined circulation; twin pressurized furnaces; pulverized coal tangentially
fired; 6,400,000 lb (2,900 t) steam per hour; 3,650 lb/in2 (257 kgf/cm2) pressure; 1,003°F (539°C) steam temperature;
1,003°F (539°C) reheat steam temperature.

structions facilitate large furnace dimensions and optimum arrange-
ments of roofs, hoppers, arches, and mountings for burners; and the use
of tubular screens, platens, or division walls to increase the amount of
heat-absorbing surface in the combustion zone. The use of water-cooled
furnaces reduces the external heat losses; these losses for conventional-
type furnaces are shown in Fig.9.2.37.

Heat-absorbing surfaces in the furnace receive heat from the products
of combustion and, consequently, contribute directly to steam genera-
tion while lowering the furnace exit-gas temperature. The principal

Furnaces vary in shape and size, in the location and spacing of burn-
ers, in the disposition of heat-absorbing surface, and in the arrangement
of arches and hoppers. Flame shape and length affect the geometry of
radiation and the rate and distribution of heat absorption by the water-
cooled surfaces.

Analytical solutions of the transfer of heat in the furnaces of steam-
generating units are extremely complex, and it is most difficult to
calculate furnace outlet-gas temperature by theoretical methods. Never-
theless, the furnace outlet-gas temperature must be accurately predicted,
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mechanisms of heat transfer take place simultaneously. These include
intersolid radiation from the fuel bed or fuel particles, nonluminous
radiation from the products of combustion, convection heat transfer
from the furnace gases, and heat conduction through deposits and tube
metals. (See also Sec. 4.) The absorption effectiveness of the furnace
surfaces is influenced by the deposits of ash or slag.
since this temperature determines the design of the remainder of the
boiler unit, particularly that of the superheater and reheater. The calcu-
lations must therefore be based upon test results supplemented by data
accumulated from operating experience and by judgments predicated
upon knowledge of the principles of heat transfer and the characteristics
of fuels and slags.
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Fig. 9.2.24 Universal Pressure boiler; pressurized cyclone furnace, coal-fired; 8,000,000 lb (3,640 t) steam per hour;
3,650 lb/ in2 (257 kgf/cm2) pressure; 1,003°F (539°C) steam temperature; 1,003°F (539°C) reheat steam temperature.

The curves in Figs. 9.2.25 and 9.2.26 show the gas temperatures
at the furnace outlet of typical boiler units when firing coal, oil, and gas.
The furnace exit-gas temperatures vary considerably with coal firing
because of the insulating effect of ash and slag deposits on the heat-
absorbing surfaces. The amount of surface is the major factor in overall
furnace heat absorption, and the heat released and available for absorp-
tion per hour per square foot of effective heat-absorbing surface is

therefore a satisfactory basis for correlation. The heat released and
available for absorption is the sum of the calorific heat content of the
fuel fired and the sensible heat of the combustion air, less the sum of the
heat unavailable owing to the unburned portion of the fuel and latent
heat of the water vapor formed from moisture in the fuel and the com-
bustion of hydrogen.

Furnace-wall tubes often are pitched on close centers to obtain maxi-
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mum heat absorption and to facilitate ash removal. The arrangement
takes the form of the so-called tangent tube construction (Fig. 9.2.27)
wherein the adjacent tubes are almost touching with only a small clear-
ance provided for erection purposes. However, most boilers now use
membrane tube walls in which a steel bar, or membrane, is welded be-
tween adjacent tubes. This construction facilitates the fabrication of
water-cooled walls in large shop-assembled tube panels. Less effective
cooling is obtained, at a lower cost, by placing the tubes on wider
spacing and using extended metal surface in the form of flat studs

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Fig. 9.2.25 Approximate gas temperatures at water-cooled furnace outlet with
different fuels.

Fig. 9.2.26 General range of furnace exit gas temperatures, pulverized-coal
firing. (MHVT 5 multiple-shield, high-velocity thermocouple.)

Fig. 9.2.27 Water-cooled furnace wall construction types. (a) Tangent tube
wall; (b) welded membrane tube wall; (c) flat studs welded to sides of tubes;
(d ) full stud tube wall, refractory-covered; (e) tube and tile wall; ( f ) tubes spaced
from refractory wall.
welded to the tubes. If even less cooling is desired, the tube spacing can
be increased and refractory installed between or behind the tubes to
form the wall enclosure.

Additional furnace cooling in the form of tubular platens, division
walls, or wide-spaced tubular screens may be used. In high heat input
zones, the tubes can be protected by refractory coverings anchored to
the tubes by studs. Peak heat-absorption rates of furnace-wall tubes
in the combustion zone may, in some designs, approximate 200,000
Btu/h ? ft2 [542 kcal /(h ? m2 )] of projected surface, but the average
heat absorption rate for the furnace is considerably lower (Fig. 9.2.28).

Fig. 9.2.28 General range of average heat absorption rate in water-cooled pul-
verized-coal-fired furnaces.

Furnace walls must be adequately supported with provision for ther-
mal expansion and with reinforcing buckstays to withstand the lateral
forces caused by the difference between the furnace pressure and the
surrounding atmosphere. The furnace enclosure must prevent air infil-
tration when the furnace is operated under suction and gas leakage when
the furnace is operated at pressures above atmospheric.

SUPERHEATERS AND REHEATERS

The addition of heat to steam after evaporation, or change of state, is
accompanied by an increase in the temperature and the enthalpy of the
fluid. The heat is added to the steam in boiler components called super-
heaters and reheaters, which are comprised of tubular elements exposed
to the high-temperature gaseous products of combustion.

The advantages of superheat and reheat in power generation result
from thermodynamic gain in the Rankine cycle (see Sec. 4) and from
the reduction of heat losses due to moisture in the low-pressure stages of
the turbine. With high steam pressures and temperatures, more useful
energy is available, but the advances to high steam temperature often
are restricted by the strength and the oxidation resistance of the steel and
the ferrous alloys currently available and economically practical for use
in boiler pressure-part and turbine-blade constructions.

The term superheating is applied to the higher-pressure steam and the
term reheating to the lower-pressure steam which has given up some of
its energy during expansion in the high-pressure turbine. With high
initial steam pressure, one or more stages of reheating may be employed
to improve the thermal efficiency.

Separately fired superheaters may be used, but superheaters usually
are installed as an integral part of the steam-generating unit and broadly
classified as radiant or convection types, depending upon the predomi-
nant method of heat transfer to the heat-absorbing surfaces.

The quantity of heat absorbed and the amount of superheat attained



9-42 STEAM BOILERS

are dependent upon the size, location, and arrangement of the heat-
absorbing surfaces; the temperature differentials between the gas, the
tube metal, and the steam; and the heat-transfer coefficients. Steam-
temperature characteristics of radiant- and convection-type super-
heaters are shown in Fig. 9.2.29, as well as the effect of using a combi-
nation of these types to produce a more uniform steam temperature over
a wide operating range.

spaces and also by convection due to the relatively high rate of gas flow
through the tube banks, have both radiant and convection characteris-
tics.

Superheaters may utilize tubes arranged in the form of hairpin loops
connected in parallel to inlet and outlet headers; or they may be of the
continuous-tube type, where each element consists of a number of tube
loops in series between the inlet and outlet headers. The latter arrange-
ment permits the use of large tube banks, thus increasing the amount of
heat-absorbing surface that can be installed and providing economy of
space and reduction of cost. Either type may be designed for the drain-
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Fig. 9.2.29 Comparative radiant and convection superheater characteristics.

Superheaters of the predominantly radiant type usually are arranged
for direct exposure to the furnace gases and, in some designs, form a
part of the furnace enclosure. In other designs, the surface is arranged in
the form of tubular loops or platens, on wide lateral spacing, extending
into the furnace. Such surface is exposed to high-temperature furnace
gases traveling at relatively low velocities, and the transfer of heat is
principally by radiation.

Convection-type superheaters are installed beyond the furnace exit
where the gas temperatures are lower than those in the zones where
radiant-type superheaters are used. The tubes are usually arranged in the
form of parallel elements on close lateral spacing and in tube banks
extending partially or completely across the width of the gas stream,
with the gas flowing through the relatively narrow spaces between the
tubes. High rates of gas flow and, thus, high convection heat-transfer
rates are obtained at the expense of gas-pressure drop through the tube
bank.

Superheaters, shielded from the furnace combustion zone by arches
or wide-spaced screens of steam-generating tubes, which receive heat
by radiation from the high-temperature gases in cavities or intertube

Table 9.2.2 Superheater and Reheater Tubes—Maximum A

ASME spec. no. 900 950
Material and type (482) (510)

Carbon steel SA210, grade C 5,000 3,000
Carbon moly SA209, T1a 13,600 8,200
Croloy 1⁄2 SA213, T2 12,800 9,200
Croloy 11⁄4 SA213, T11 13,100 11,000

Croloy 21⁄4 SA213, T22 11,000 7
Croloy 5 SA213, T5
Croloy 9 SA213, T9
Croloy 304H SA213, TP 304H
Croloy 32H SA213, TP 321H

SOURCE: ASME Code, 1983.

Table 9.2.3 Range of Steam Mass Flow Valu

Temp, °F (°C)

Steam Gas

Less than 750 (399) 1200 (649)
700–800 (371–426) 1600 (871)
800–900 (426–482) 2400 (1316)

900–1,000 (482–538) 2400 (1316)
1,000–1,100 (538–593) 2400 (1316)
age of the condensate which forms within the tubes during outages of
the unit, or they may be used in pendent arrangements which are not
drainable but, usually, have simpler and better supports. Nondrainable
superheaters require additional care during start-up to remove the con-
densate by evaporation. Both types require that every tube have suffi-
cient steam flow to prevent overheating during operation. In start-up,
when flow is insufficient, gas temperatures entering the superheater
must be controlled to limit tube metal temperatures to safe values for the
material used.

The heat transferred from high-temperature gases by radiation and
convection is conducted through the metal tube wall and imparted by
convection to the high-velocity steam in the tubes. The removal of heat
by the steam is necessary to keep the tube metals within a safe tempera-
ture range consistent with the temperature limits of oxidation and the
creep or rupture strength of the materials (see Sec. 5). Allowable design
stresses for various steels and alloys, as established by the ASME Code,
are listed in Table 9.2.2 (see also Sec. 6). The practical use limit for each
material also is indicated. Current editions of the code should be
checked for latest revisions. For economic reasons, it is customary to
use low-carbon steel in the steam inlet sections of the superheater and,
progressively, more costly alloys as the metal temperatures increase.

The rate of steam flow through superheater tubes must be sufficiently
high to keep the metal temperatures within a safe operating range and to
ensure good distribution of flow through all the elements connected in
parallel circuits. This can be accomplished by arrangements which pro-
vide for multiple passes of the steam flow through the superheater tube
banks. Excessive steam-flow rates, while providing lower tube-metal
temperatures, should be avoided, since they result in high pressure drop
with consequent loss of thermodynamic efficiency. As a general guide,
the range of the steam-flow rates required for various steam and gas
temperature conditions is shown in Table 9.2.3.

wable Design Stress, lb/in2 (3 0.070307 5 kgf/cm2)

Temp, °F (°C)

,000 1,050 1,100 1,150 1,200 1,300
538) (566) (593) (621) (649) (704)

,900
,800 5,800 4,200
4,200 2,900 2,000
5,500 3,300 2,200 1,500
9,500 8,900 7,700 6,100 3,700

10,100 8,800 6,900 5,400 3,200

es of Convection Superheaters

Steam mass flow

lb/(h ? ft2 flow area) kg/(m2 ?s)

75,000–150,000 102–204
250,000–350,000 340–475
400,000–500,000 545–680
500,000–600,000 680–816

700,000 and higher 950
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The spacing of the tubular elements in the tube bank and, conse-
quently, the rate of gas flow and convection heat transfer are governed
primarily by the types of fuel fired, draft-loss considerations, and the
fouling and erosive characteristics of fuel ash carried in the gas stream.
With clean gases, or in the low-gas-temperature zones of coal-fired
units, a gas flow rate of about 6,000 lb/(h ? ft2 ) [8.2 kg/(m2 ? s)] of
free-flow area is generally within economic limits. In the higher-gas-
temperature zones, 1,600 to 2,300°F (871 to 1,260°C), the adherence
and the accumulation of ash deposits can reduce the gas-flow area and,

corrosion and pitting also may be experienced if the feedwater contains
more than 0.007 ppm of dissolved oxygen. Therefore, it is imperative to
maintain feedwater temperatures above the dew-point temperature of
the gas and to provide suitable deaeration of the feedwater for the re-
moval of oxygen.

AIR HEATERS

Air heaters, like economizers, remove heat from the relatively low-tem-
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in some cases, may completely bridge the space between tubes. Thus, as
gas temperatures increase, it is customary to increase the tube spacings
in the tube banks to avoid excessive draft loss and to facilitate ash
removal.

ECONOMIZERS

Economizers remove heat from the moderately low-temperature com-
bustion gases after the gases leave the steam-generating and superheat-
ing/reheating sections of the boiler unit. Economizers are, in effect,
feedwater heaters which receive water from the boiler feed pumps and
deliver it at a higher temperature to the steam generator. Economizers
are used instead of additional steam-generating surface, since the feed-
water and, consequently, the heat-receiving surface are at temperatures
below the saturated-steam temperature. Thus, the gases can be cooled to
lower temperature levels for greater heat recovery and economy.

Economizers are forced-flow, once-through, convection heat-transfer
devices, usually consisting of steel tubes, to which feedwater is supplied
at a pressure above that in the steam-generating section and at a rate
corresponding to the steam output of the boiler unit. They are classed as
horizontal- or vertical-tube types, according to geometrical arrange-
ment; as longitudinal or crossflow, depending upon the direction of gas
flow with respect to the tubes; as parallel or counterflow, with respect to
the relative direction of gas and water flow; as steaming or nonsteam-
ing, depending on the thermal performance; as return-bend or continu-
ous-tube, depending upon the details of design; and as bare-tube or
extended-surface, according to the type of heat-absorbing surface. Stag-
gered or in-line tube arrangements may be used. The arrangement of
tubes affects the gas flow through the tube bank, the draft loss, the
heat-transfer characteristics, and the ease of cleaning.

The size of an economizer is governed by economic considerations
involving the cost of fuel, the comparative cost and thermal perfor-
mance of alternate steam-generating or air-heater surface, the feedwater
temperature, and the desired exit-gas temperature. In many cases, it is
more economical to use both an economizer and an air heater.

The temperatures of the economizer tube metals generally approxi-
mate those of the water flowing within the tubes, and thus with low
feedwater temperatures, condensation and external corrosion are en-
countered in those locations where the tube-metal temperature is below
that of the acid or water dew point of the gas (see Fig. 9.2.30). Internal

Fig. 9.2.30 Limiting metal temperatures to avoid external corrosion in econo-
mizers or air heaters when fuel containing sulfur is burned.
perature combustion gases. The temperature of the inlet air is less than
that of the water to the economizer, and thus it is possible to reduce the
temperature of the gaseous products of combustion further before they
are discharged to the stack.

The heat recovered from the combustion gases is recycled to the
furnace with the combustion air and, when added to the thermal energy
released from the fuel, is available for absorption by the steam-generat-
ing unit, with a resultant gain in overall thermal efficiency. The use of
preheated combustion air accelerates ignition and promotes rapid and
complete burning of the fuel.

Air heaters are usually classed as recuperative or regenerative. Both
types utilize the convection transfer of heat from the gas stream to a
metal or other solid surface and the convection transfer of heat from this
surface to the air. In recuperative air heaters, exemplified by the tubular
or plate types (Fig. 9.2.31), the stationary metal parts form a separating
boundary between the heating and cooling fluids, and the heat passes by

Fig. 9.2.31 Recuperative-type tubular air heaters, two gas passes, single air
pass.

conduction through the metal wall. There are two commonly used types
of regenerative air heaters (Fig. 9.2.32). In Fig. 9.2.32a, the heat
transfer members are moved alternately through the gas and air streams
undergoing successive heating and cooling cycles and transferring heat
by the thermal-storage capacity of the members. The other type of re-
generative air heater (Fig. 9.2.32b) has stationary elements, and the
alternate flow of gas and air is controlled by rotating the inlet and outlet
connections.

Recuperative and regenerative air heaters may be arranged either
vertically or horizontally and for either parallel or counterflow of the
gas and air. The gases are usually passed through the tubes of tubular air
heaters to facilitate cleaning, although in some designs, particularly for
marine installations, the air flows through the tubes.

Improved heat transfer and better utilization of the heat-absorbing
surfaces are obtained with a counterflow of the gases and the use of
small flow channels. Regenerative type air heaters readily lend them-
selves to these two principles and thus offer high capability in minimum
space. However, regenerative air heaters have the disadvantages of air
leakage into the gas stream and the transport of fly ash into the combus-
tion air system. Tubular-type recuperative air heaters do not encounter
these problems.

The products of combustion from most fuels contain a high percent-
age of water vapor, and thus condensation will be experienced in air
heaters if the exposed metal surfaces are cooled below the dew point of
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the gas. Minute concentrations of sulfur trioxide in the gases, originat-
ing from the combustion of sulfur and varying with the sulfur content of
the fuel and the method of firing, combine with the water vapor in the
combustion gases to form sulfuric acid, which may condense on the
metal surfaces at acid-dew-point temperatures as high as 250 to 300°F
(121 to 149°C), well above the water dew point (Huge and Piotter,
Trans. ASME, 1955). Such condensation leads to corrosion and/or the
fouling of the gas-flow area. It is most likely to occur during the winter
when the entering-air temperature is low, and at low operating loads or

ing, steam temperatures below the design temperature reduce the ther-
modynamic efficiency and increase fuel cost, and temperatures above
the design temperature reduce the margins of reserve in the strength of
tubes, headers, piping, valves, and turbine elements. Further, sudden or
extreme temperature variations may cause destructive stresses, particu-
larly in rotating equipment.

It is sometimes necessary, because of the complexities involved in
the design evaluation of heat-transfer rates and fuel characteristics, to
modify installed equipment to obtain the required steam temperatures.
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in localized sections at the cold-air inlet if there is poor distribution of
the air or the gas flowing through the air heater. Corrosion and fouling
can be prevented by the use of auxiliary steam-heated air heaters located
ahead of the air inlet, by recirculating heated air from the outlet duct, or
by bypassing a portion of the cold air to reduce the airflow through the
air heater. Both recuperative and regenerative air heaters often are de-
signed with separate corrosion sections arranged to facilitate the re-
placement of the vulnerable cold-end portions.

Fig. 9.2.32 Two designs of rotary regenerative air heaters.

STEAM TEMPERATURE, ADJUSTMENT
AND CONTROL

The control of steam temperatures is vital to the life of high-temperature
equipment and to the economy of power generation. Actual, or operat-
Such changes might involve the installation of baffles for the distribu-
tion of gas through the superheater and the removal, or addition, of
tubular elements in the superheater or in those components preceding
the superheater which affect the temperature of the gas to the super-
heater. Therefore, it is desirable, and usually essential, to provide some
means of controlling steam temperature to compensate for the variations
in fuel, heat transfer, and surface cleanliness conditions encountered
during operation. These may include (1) damper control of the gases to
the superheater and/or reheater; (2) recirculation of the low-temperature
gaseous products of combustion to the furnace to change the relative
amounts of heat absorbed in the furnace, in the superheater, and/or in
the reheater; (3) selective use of burners at different elevations in the
furnace or the use of tilting burners to change the location of the
combustion zone with respect to the furnace heat-absorbing surface;
(4) attemperation or controlled cooling of the steam at superheater in-
let, at superheater outlet, or between the primary and secondary stages
of the superheater; (5) control of the firing rate in divided furnaces;
and (6) control of the firing rate relative to the pumping rate of water
in forced-flow once-through boilers.

The speed of response differs for the various methods, and the control
of steam temperature by gas bypass or flame position is slower than that
by spray-water attemperation. The operating controls for these methods
can be arranged for manual, automatic, or combination adjustment, and
the use of more than one method often facilitates the maintaining of
constant steam temperature over a wider range of boiler load (Fig.
9.2.33).

The attemperation of superheated steam by direct-contact water spray
(Fig. 9.2.34) results in an equivalent increase in high-pressure steam
generation without thermal loss. Spray attemperation requires the use of

Fig. 9.2.33 Steam temperature control by flue gas recirculation and attempera-
tion.

Fig. 9.2.34 Spray-type direct-contact attemperator.
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essentially pure water, such as condensate, to avoid impurities in the
steam. Submerged-type attemperators, when used, are generally re-
stricted to relatively low-pressure boilers operating with steam temper-
atures of 850°F (454°C) or less. Usually, spray attemperators are not
used for the control of reheat-steam temperature since their use reduces
the overall thermal-cycle efficiency. They are, however, often installed
for the emergency control of reheat-steam temperatures.

Ash and slag deposits on superheater and reheater surfaces reduce
heat transfer and lower steam temperatures. Similar deposits on the

through the system balances the circulating force at the desired total
circulating flow.

The forced-recirculation or assisted-circulation type boiler uses a
steam drum similar to that used with natural-circulation boilers. The
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furnace walls and steam-generating surface ahead of the superheater
and/or reheater also reduce heat transfer to those surfaces, resulting in
higher-temperature gas to the superheater and reheater and, conse-
quently, increased steam temperatures. Thus the control of surface
cleanliness is an important factor in the control of steam temperature.

Increased excess air results in higher steam temperatures because of
reduction in furnace radiant-heat absorption, the greater amount of gas,
and the increased convection heat transfer in the superheater and/or
reheater. Operation with feedwater temperatures below that anticipated
also results in increased steam temperatures because of the greater firing
rate required to maintain steam generation.

OPERATING CONTROLS
(See also Sec. 16.)

The need for operating instruments and manual or automatic controls
varies with the size and type of equipment, method of firing, and profi-
ciency of operating personnel.

Safe operation and efficient performance require information relative
to the (1) water level in the boiler drum; (2) burner performance; (3)
steam and feedwater pressures; (4) superheated and reheated steam
temperatures; (5) pressures of the gas and air entering and leaving prin-
cipal components; (6) feedwater and boiler-water chemical conditions
and particle carryover; (7) operation of feed pumps, fans, and fuel-
burning and fuel-preparation equipment; (8) relationship of the actual
combustion air passing through the furnace to that theoretically required
for the fuel fired; (9) temperatures of the fuel, water, gas, and air enter-
ing and leaving the principal components of the boiler unit; and (10)
fuel, feedwater, steam, and air flows so as to monitor operating condi-
tions continuously and to make such adjustments as might be necessary.

Control of the various functions to maintain the desired operating
conditions may be accomplished on small-capacity boilers by the man-
ual adjustment of valves, dampers, and motor speeds. Most oil- and
gas-fired package boilers are equipped with automatic controls to purge
the furnace, to start and stop the burners, and to maintain the required
steam pressure and water level. The operating requirements of utility
and large industrial boilers dictate the use of automatic controls for the
major variables, such as feedwater flow, firing rate, and steam tempera-
ture. The type of boiler and its components generally establishes the
basic mode of control. Analog controls of either the pneumatic or the
electric type are available. Digital control is being used more exten-
sively.

Sequence controls often are applied in the start-up of utility boilers to
program the furnace purge, burner light-off, and burner control. Inter-
locks are essential to ensure the proper starting and firing sequence and
to alarm or automatically shut down the unit in the event of the failure of
essential auxiliaries.

BOILER CIRCULATION

Adequate circulation in the steam-generating section of a boiler is re-
quired to prevent overheating of the heat-absorbing surfaces, and it may
be provided naturally by gravitational forces, mechanically by pumps,
or by a combination of both methods.

Natural circulation is produced by the difference in the densities of
the water in the unheated downcomers and the steam water mixture in
the heated steam generating tubes. This density differential provides a
large circulating force (curve A, Fig. 9.2.35). The downcomers and the
heated circuits are so designed that the friction, or resistance to flow,
Fig. 9.2.35 Maximum percent steam by volume and circulating force for
natural-circulation boilers.

supply of water to the furnace walls and the boiler surfaces flows from
this drum to a circulating pump, which supplies the pressure necessary
to force the water through the water-steam mixture circuits and then
back to the drum, where the steam and water are separated. The total
quantity of water pumped usually is 4 to 6 times the amount of steam
evaporated, as shown in Fig. 9.2.36. The recirculating pump produces a
differential pressure of 30 to 40 lb/in2 (2.1 to 2.8 kgf/cm2 ), and the
power required is equivalent to about 0.5 percent of the heat input to the
boiler. Resistor orifices are required at the entrance to each tube, or
circuit, to control flow distribution.

In assisted-circulation designs, the velocities or flows are indepen-
dent of boiler rating, thus facilitating the use of smaller connect-
ing piping and, sometimes, smaller-diameter furnace-wall tubing than
that used with natural-circulation units. Both drum-type natural- and
assisted-circulation boilers operate with essentially saturated steam
temperatures in all parts of the steam-evaporating sections, and they
can be used for drum operating pressures ranging up to approximately
2,800 lb/in2 (197 kgf/cm2 ).

In natural- and assisted-circulation boilers, it is essential to wet the
inside surfaces continually with water of the two-phase water-steam
mixture to prevent overheating these heat-absorbing surfaces.

Satisfactory cooling of the heat-absorbing steam-generating surfaces
is dependent upon the pressure, heat flux, water-steam mass velocity,
percent steam by weight (quality), tube diameter, and the tube’s internal
geometry. The heat flux is one of the most predominant of these param-
eters, and the rate of furnace heat absorption at the maximum firing rate
generally dictates design considerations.

In forced-flow once-through boilers, the water from the feed supply
is pumped to the inlet of the heat-absorbing circuits. Evaporation, or
change of state, takes place along the length of the circuit, and when
evaporation is completed the steam is superheated. These units do not
require steam or water drums and, in most cases, use relatively small-
diameter tubes. The boilers can be started rapidly owing to the elimina-
tion of the drums and the reduced amount of metal. The water flow to
the unit is the same as the steam output (Fig. 9.2.36), and fluid velocities
greater than those needed for natural- or assisted-circulation units must
be used at full load so as to maintain adequate velocities at the low loads
and, thus, satisfactory tube-metal temperatures at all loads.

The transition from a liquid to a vapor at, or above, the critical steam
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pressure of 3,206 lb/in2 (225 kgf/cm2 ) is dependent upon temperature
and takes place without a change in density. Thus, separation of steam
and water is impossible and forced-flow once-through boilers must be
used.

Forced-flow once-through boilers must be operated above a specified
minimum flow—usually one-quarter to one-third of full-load flow—in
order to maintain adequate water velocities in the furnace-wall tubes.
However, the turbogenerator can be operated at any load by the use of a
bypass system that diverts the excess flow to a flash tank for heat recov-

FLOW OF GAS THROUGH BOILER UNIT

During the combustion of fuel and the transfer of heat to the heat-
absorbing surfaces, it is necessary to maintain sufficient pressure to
overcome the resistance to flow imposed by the burning equipment,
tube banks, directional turns, and the flues and dampers in the system.
The resistance to air and gas flows depends upon the arrangement of the
equipment and varies with the rates of flow and the temperatures of the
air and gas.

The term draft denotes the difference between atmospheric pressure
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ery. The bypass system also can be used as a pressure relieving system,
as the source of low-pressure steam to the turbine during start-up, and as
a means of controlling steam temperature to the turbine during hot
restarts.

Combined circulation units utilize forced once-through flow with
flow recirculation in the furnace walls to provide satisfactory water
velocities during start-up and low-load operations. In this design, some
of the water at the exit of the furnace circuits is mixed with the incoming
feedwater, flows to and through a circulating pump, and then passes to
the furnace-wall inlet headers. The use of combined circulation in-
creases the water velocities in the furnace tubes at low loads, and since
recirculation is not used at the higher loads, there is no increase in
velocity or in the resistance to flow at the higher loads.

Fig. 9.2.36 Circulating flow for natural- and forced-circulation systems.
and some lower pressure existing in the furnace or gas passages of a
steam-generating unit. Draft loss is defined as the difference in static
pressure of a gas between two points in a system, both of which are
below atmospheric pressure, and is the result of the resistance to flow.
These terms originated with the use of the so-called natural-draft units
in which the pressure differentials are obtained from a chimney or stack
which produces static pressures throughout the boiler setting that are
below that of the atmosphere. The terms are rather loosely applied to
modern boilers using induced draft and/or forced draft, mechanically
produced by fans, in which the pressures throughout the boiler unit may
be well above atmospheric pressure.

Forced-draft fans, handling cold, clean air, provide the most econom-
ical source of energy to produce flow through high-capacity units (see
Sec. 14.5). Induced-draft fans, handling hot flue gases, require more
power and are subject to fly-ash erosion. However, they facilitate oper-
ation by providing a draft in the boiler setting and thus prevent the
outward leakage of gas through joints or crevices in the boiler enclo-
sure. As a result of advances in furnace and boiler-setting designs to
eliminate gas leakage, modern units often are built for positive-pressure
operation, thus eliminating the need for induced-draft fans. Such units
are generally referred to as pressure-fired units, while those using in-
duced-draft fans are classed as suction units. When both forced- and
induced-draft fans are used, the boilers are designated as balanced-draft
units.

The pressure drop throughout the unit is caused by the fluid friction in
the gas stream and the shock losses at the turns or the contractions and
enlargements of sections. It can be calculated as a function of the fluid
mass flow and fluid properties in accordance with the principles of fluid
flow (see Sec. 3). It is essential in the design of a boiler to determine the
sum of all component resistances in the flow system at the maximum
load in order to establish the fan requirements. It is customary to specify
test-block static head, temperature, and capacity requirements of the fan
in excess of those calculated so as to allow for departure from ideal flow
conditions and to provide a satisfactory margin of reserve.

Stack effect is caused by the difference in densities resulting from the
difference in the temperatures of two vertical columns of gas. In a
chimney, or stack, the stack effect is due to the difference between the
confined hot gas and the cooler surrounding air and the equal static
pressure at the top or free outlet of the stack. The stack effect, which
varies with the height and the mean temperature of the columns, can be
calculated from the data in Table 9.2.4. The effect is the static draft
produced by a stack, at sea level, with no gas flow. When flow occurs, a
portion of the stack effect is used to establish gas velocity and the
remainder is used to overcome the resistance of the connected system,
including the dampers and the stack. The limit of natural-draft capacity
is reached when these forces are in balance with the dampers in a
wide-open position. Stack performance may be favorably or adversely
affected by external factors such as the wind and the atmospheric condi-
tions. The available draft varies directly with the barometric pressure
for altitudes above sea level.

Stack effects also exist within the boiler setting and are most pro-
nounced in tall units with vertical gas passes. The individual gas col-
umns within the setting may aid the head produced by the fan or chim-
ney if the flow is upward or may reduce it if the flow is downward. The
net stack effect, and its overall influence on the performance of the fan,
may be calculated from the data in Table 9.2.4, taking into account the
positive or negative effects. The relationship between local static pres-
sures and the atmospheric pressure is most important, since gas may
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Table 9.2.4 Stack Effect of Pressure Difference, in of Water for 1 ft of Vertical Height
(mm of Water for Each 1 m of Vertical Height)
Barometer 5 29.92 inHg (759.97 mmHg)

Air temp outside flue, °F (°C)
Avg temp in
flue, °F (°C) 40°F (5°C) 60°F (15°C) 80°F (25°C) 100°F (35°C)

250 (125) 0.0041 inH2O/ft 0.0035 (0.303) 0.0030 (0.262) 0.0025 (0.224)
(0.346 mmH2O/m)

500 (250) 0.0070 (0.563) 0.0064 (0.520) 0.0058 (0.480) 0.0053 (0.442)
1,000 (500) 0.0098 (0.788) 0.0092 (0.774) 0.0086 (0.708) 0.0081 (0.665)
1,500 (750) 0.0111 (0.902) 0.0106 (0.858) 0.0100 (0.818) 0.0095 (0.780)

2,000 (1,000) 0.0120 (0.972) 0.0114 (0.925) 0.0108 (0.887) 0.0103 (0.850)
2,500 (1,250) 0.0125 (1.018) 0.0119 (0.975) 0.0114 (0.934) 0.0109 (0.896)

blow into the room through an open inspection door at the top of a
furnace, even though a strong draft, or negative pressure, exists at some
lower elevation.

PERFORMANCE

Steam-generating units are designed for specific operating conditions
and are generally sold with a guarantee of performance. The boiler
rating is usually specified and guaranteed in terms of steam output
(lb/h) at a given pressure and temperature at full load or maximum

Heat balances account for the thermal energy entering the system in
terms of its ultimate useful heat absorption or thermal loss. Methods of
measuring and calculating the quantities involved in heat balances are
presented in the ASME Power Test Code for Stationary Steam Generat-
ing Units.

The heat input is predicated upon the hourly firing rate, the calorific
heating value of the fuel, and any additional heat supplied from an
outside source. Heat in the preheated combustion air obtained from an
air heater integral with the boiler unit is not considered in the determi-
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continuous operation. When the steam is reheated, the rating includes
this requirement in terms of the quantity of reheat steam at stated inlet
and outlet steam pressures and temperatures.

Generally, either the efficiency or the gas temperature leaving the
unit is guaranteed at a specified rate of operation, and the draft loss and
the quality or purity of the steam also may be guaranteed at this rate.
When component equipment such as stokers, pulverizers, burners, and
air heaters are supplied by different manufacturers, the performance of
the individual components is usually guaranteed by the various manu-
facturers and then, in turn, guaranteed by the prime contractor.

Anticipated-performance data for several rates of operation may be
given to the purchaser in addition to the guaranteed-performance data.
Guarantees may be demonstrated by acceptance tests, conducted in ac-
cordance with established codes, as agreed upon by the parties to the
contract. However, acceptance tests are more difficult to perform as unit
size and capacity increase, and overall performance usually is deter-
mined from the operating data. Guarantees of materials and the quality
of manufacture and erection are usually considered separately from
those pertaining to operating performance.
Fig. 9.2.37 External heat loss from boiler setting (ABM
nation of heat input, since this heat is recycled within the system.
The heat absorption in a boiler is calculated from the rate of steam

output and the increase in fluid enthalpy from feedwater conditions to
that at the superheater outlet. The amount of heat absorbed by the steam
passing through the reheater, if used, is added to the heat absorbed in the
boiler, economizer, and superheater. The total heat absorption also must
take into account any steam generated which bypasses the superheater.
Usually, the heat absorption is determined on an hourly basis.

In its simplest form,

Efficiency (percent) 5 [(heat absorbed, Btu/h (cal /h)/
(heat input, Btu/h (cal /h)] 3 100

Both the heat input and the heat absorption may be very large quanti-
ties. Therefore, unless elaborate precautions are taken in the sampling
and the measurement of fuel and steam quantities, it is difficult to obtain
test data having the degree of accuracy required to determine the actual
efficiency of the boiler unit. For this reason, boiler efficiency usually is
established from the heat losses, since each of the thermal losses is a
relatively small percentage of the heat entering the system and reason-
able errors in measurement will not appreciably affect the final result.
A).
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The principal thermal losses are those due to the sensible heat in the
gases leaving the unit, latent-heat losses associated with the evaporation
of fuel moisture and formation of water vapor resulting from burning of
hydrogen in the fuel, unburned-combustible loss, loss from the boiler
setting or enclosure due to external convection and radiation, and ashpit
loss. The first two losses can be derived from the fuel analysis, the
exit-gas temperature, and the analysis of the flue gas (see Sec. 4). The
unburned-combustible loss can be established by a qualitative and
quantitative sampling of refuse and fly ash. The radiation from the

obtained depend upon the diligence and integrity of routine sampling
and the control carried out by plant personnel.

Raw Water

All natural waters contain impurities, many of which may be harmful in
boiler operation. These impurities originate from the earth and the at-
mosphere (or from municipal and industrial wastes) and are broadly
classed as suspended or dissolved organic and inorganic matter and as
dissolved gases.
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boiler setting can be estimated in detail, but it also can be approximated
from Fig. 9.2.37. The heat loss to the ashpit of large units can be deter-
mined by measuring the quantity of quenching water evaporated from
the furnace ash hopper or the slag tank; and for small units the ashpit
loss is included in the heat loss from the boiler setting. The sum of these
heat losses, expressed as a percentage of the total heat input, is the total
measurable loss. The anticipated or guaranteed performance data in-
clude a tolerance for the so-called manufacturer’s margin (unaccount-
able losses) in the order of 0.5 to 0.75 percent, depending upon the type
of fuel fired. The thermal efficiency of the unit is established by sub-
tracting the sum of all these losses from 100 percent.

Tests of the individual components of the boiler unit, such as the
furnace, superheater, economizer, or air heater, may be conducted for
the determination of heat-transfer and gas-flow characteristics, for com-
parisons with other units, or to facilitate changes in operating proce-
dures or equipment. Available ASME codes delineate such tests.

WATER TREATMENT AND STEAM PURIFICATION
(Also see Secs. 6.5 and 6.10.)

Purity of the water used in steam generation and of the steam leaving the
unit is of paramount importance. The following discusses the general
problem and then reviews the four areas of concern: raw water, feed-
water, boiler water, and steam purification.

General

With few exceptions, the waters found in nature are not suitable for use
as boiler feedwater; but they can be used after proper treatment. In
essence, this entails the removal from the raw water of those constitu-
ents which are known to be harmful; supplementary treatment, within
the boiler or connected system, of residual impurities to convert them
into harmless forms; and systematic removal, by blowdown of boiler-
water concentrates, to prevent excessive accumulation of solids within
the boiler unit.

The ultimate purpose of water treatment is to prevent deposits of
scale or sludge on and corrosion of the internal boiler surfaces. Hard-
scale formations, formed by certain constituents in the zones of high-
heat input, retard the flow of heat and raise the metal temperatures. This
can lead to overheating and the failure of pressure parts. Sludge or solid
particles normally carried in suspension may settle locally and restrict
the flow of cooling water or, in some cases, deposit in the form of
insulating layers with a resultant effect similar to that of hard scale. Oil
and grease prevent adequate wetting of internal boiler surfaces and, in
areas of high heat input, may cause overheating. Further, oil and grease
may carbonize and form a tightly adherent insulating coating. Corrosion
(see also Sec. 6.5), due to acidic conditions or to dissolved gases, can
weaken a boiler because of the loss of metal. Corrosion usually occurs
as cavities and pits in localized areas which, as they deepen, may pene-
trate the metal. Frequently, corrosion occurs under internal deposits
because of elevated temperatures and solids concentrations. Therefore,
corrosion and solids deposits are closely related. Certain chemical reac-
tions produce an intergranular attack of the metal that may lead to
embrittlement and ultimate fracture.

The treatment best suited, or economically justified, for any given
plant depends upon the characteristics of the water supply, the amount
of makeup water, and the design of the steam-generating and related
equipment. Usually, the feedwater and boiler-water treatment is super-
vised by a chemist, and often it is desirable to engage a reputable feed-
water specialist to prescribe specific procedures. However, the results
The concentration of the impurities is customarily expressed in terms
of the parts by weight of the constituent per million parts of water
(ppm). This is equivalent to the percentage of concentration multiplied
by 104 and has the advantage of using positive whole numbers for small
concentrations. However, for exceedingly small concentrations, espe-
cially those involving gases, the quantities are sometimes expressed as
parts per billion (ppb). Concentrations also may be expressed in terms
of the number of grains per gallon, but in boiler practice this has gener-
ally been superseded by the gravimetric relation, ppm. One grain per
gallon is equal to 17.1 ppm.

The treatment of raw water for makeup and boiler feedwater involves
one or more of the following:

1. The removal of suspended solids. Large particles in the water are
removed by settling and decantation or by filtering through screens,
fabrics, or beds of granular material. Small particles which settle slowly
or colloidal particles which do not settle can be removed by coagulation
using floc-forming chemicals, such as alum or ferrous sulfate, to trap
the particles in the floc. The floc is then removed by settling or filtra-
tion. The solids can be removed intermittently or on a continuous basis.

2. Chemical treatment for removal of hardness. Calcium, magne-
sium, and silica are the principal scale-forming impurities in water and,
if present in the boiler water, may form compounds whose solubility
decreases with an increase in temperature.

In the lime-soda process for softening water, lime (calcium hydrox-
ide) reacts with the soluble calcium and magnesium bicarbonates to
form precipitates of calcium carbonate and magnesium hydroxide
which can be removed as sludge. The soda ash (sodium carbonate)
reacts with the scale-forming calcium sulfate and magnesium sulfate,
and precipitates the calcium and magnesium as insoluble carbonates.
Both reactions produce sodium sulfate, a soluble and non-scale-forming
compound. When the hot-lime-soda process is carried out at tempera-
tures of 200 to 250°F (93 to 121°C), the reactions are accelerated and
some of the silica may be removed.

The reactions, as in all chemical processes, tend to approach equi-
librium but they are affected by time, completeness of mixing, and
removal of the products. Therefore, in either the intermittent batch
or the continuous process some residual hardness is left in the treated
water.

3. Cation exchange for removal of hardness. Certain naturally oc-
curring minerals, such as sodium aluminum silicate, or synthetic resins,
such as the polystyrenes or phenolic materials, have the ability to ex-
change sodium ions for calcium and magnesium ions if present in a
water solution. Thus softening can be accomplished by passing raw or
filtered water through beds of granulated zeolite particles. The calcium
and magnesium ions are retained by the zeolite material, while their
equivalents of non-scale-forming sodium ions are released to the water
solution. Before complete exhaustion of the sodium is reached, the soft-
ening equipment must be isolated from the system and regenerated by
the passage of a strong brine of sodium chloride through the softener.
Sodium ions are thus restored to the zeolite, and calcium, or magne-
sium, is removed as a soluble chloride and drained to waste. After the
regenerating cycle, the equipment is purged of the brine by flushing
with filtered water and then returned to softening service.

The most popular system today combines chemical treatment and
cation exchange, and utilizes hot lime (with or without magnesium for
silicate removal) followed by hot sodium-cation exchange.

4. Demineralization for complete removal of dissolved solids. Sev-
eral types of synthetic organic resins are capable of selectively remov-
ing undesirable cations or anions from water solutions by their ex-
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change for hydrogen or hydroxyl ions. When used in combination, as
separate or mixed beds of small-sized beads or particles through which
the water flows, they can produce an effluent that is virtually free of
mineral solutes and satisfactory for boiler feedwater. The cation ex-
changer is regenerated by acid which restores hydrogen ions to the resin
in exchange for the calcium, sodium, or other metallic cations removed
from the water. The anion exchanger is regenerated by the use of caustic
soda, or another appropriate base, which restores the hydroxyl ions in
exchange for the chloride, sulfate, or other negative chemical radicals

solution in the condenser. These gases in the condenser produce an
acidic reaction leading to corrosion, even in the absence of dissolved
oxygen. The corrosion products in the preboiler cycle often are carried
into the boiler and may deposit on the heat-absorbing surfaces, with
resultant overheating of these surfaces.

A small amount of alkaline boiler water is sometimes recirculated to
the feedwater heaters to raise the pH of the feedwater and thus prevent
corrosion in the preboiler system. However, this procedure may precip-
itate sludge in the feedwater piping if appreciable hardness is present in
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previously removed from the water. The hydrogen and hydroxyl ions
released from the resins during the heating process combine to form
pure water. The greatest effectiveness is attained by a mixed-bed ar-
rangement of resins, since the interchange of cation and anion compo-
nents proceeds in minute increments and with less probability of the
escape of unexchanged ions. With individual regeneration, the mixed
resins are separated hydraulically because of differences in specific
gravity. The resins can then be sluiced to external regeneration facilities
or regenerated in place. The resins must be remixed before the deminer-
alizer is returned to service.

5. Evaporation. Essentially pure water can be obtained by the
evaporation of raw water and the collection of the distillate. Evapora-
tion leaves the soluble constituents as concentrates in the residual water
which can be removed by blowdown, or as scale on the heat-absorbing
surfaces which can be mechanically removed. There may be some con-
tamination in the distillate because of the carryover of water particles
with the vapor and the reabsorption of noncondensable gases.

Feedwater

Boiler feedwater may consist of condensate, treated water, or a mixture
of both. Usually, there is only a small amount of dissolved and sus-
pended solids as a result of the treatment and, generally, the removal of
additional solids is not required. However, any dissolved gases present
must be removed to prevent corrosion in the boiler and the preboiler
system.

When condensate is used as the feedwater to a boiler, water treatment
is minimized, since it is required only for the small amounts of raw
water that may leak into the system and the makeup water needed
(usually 1⁄2 to 3 percent) to replace the loss of steam and condensate
from the system. However, in industrial plants using a large portion of
the steam generated for process work, the makeup-water requirements
may be 90 to 100 percent of the total feedwater flow. Such plants
require a considerable amount of water treatment.

Dissolved oxygen is, perhaps, the greatest factor in the corrosion of
steel surfaces in contact with water. It may be present in the makeup
water or the feedwater because of previous contacts with atmospheric
air, or it may be added to the water by the leakage of air into the system
through low-pressure-pump seals, storage tanks, etc.

Oxygen may be partially removed (to a residual of 0.2 to 0.3 ppm) by
heating the water to boiling temperature in open type feedwater heaters.
Tray or spray-type deaerating heaters are more effective in removing
oxygen (to residuals of 0.02 to 0.04 ppm), and the amount of oxygen in
the water can be reduced to 0.007 ppm or less by the use of multistage
deaerators arranged for the countercurrent scavenging of noncondens-
able gases. (See Sec. 9.5.)

It is customary to supplement feedwater deaeration by adding a sca-
venging agent, such as sodium sulfite or hydrazine, to effect the com-
plete removal of residual oxygen. Sodium sulfite combines with oxygen
to form sodium sulfate, but it should not be used at operating pressures
in excess of 1,800 lb/in2 (127 kgf/cm2 ), since it decomposes to corro-
sive products at high temperatures. Thus hydrazine should be used at
high pressures.

In boiler plants using high-purity feedwater, corrosion may be expe-
rienced in the condensate piping and the preboiler system because of
dissolved gases such as carbon dioxide, sulfur dioxide, or hydrogen
sulfide in the water. These gases may originate from the atmosphere or
from constituents in the boiler water. They are released in the steam
generators, intimately mixed with the outgoing steam, and with the
exception of those partially removed by the vacuum pumps, returned to
the boiler water.
The pH of the feedwater can be increased by the addition of ammonia

or volatile amines, such as morpholine or cyclohexylamine. Generally,
these compounds are added as early as possible in the preboiler system.
This procedure prevents corrosion in the early stages of moisture for-
mation in the turbine and the condenser, as well as in the entire conden-
sate-return system.

Filming amines also can be used and are generally introduced to the
system through chemical pumps in the feedwater or steam lines. These
materials do not change the pH of the fluid but protect against corrosion
by forming a monomolecular coating on the metal surfaces. However,
caution must be exercised since excessive use of filming amines has
been known to agglomerate boiler sludge and produce strongly adherent
internal deposits.

Boiler Water

In boilers, water is converted into steam and the steam leaves the boiler
drum in a relatively pure state. Impurities, other than the gases which
enter with the feedwater, are thus retained and concentrated in the boiler
water. High concentrations of foam-producing solids in the boiler water
contribute to particle and water carryover and contamination of the
steam. Chemical and solubility changes also take place in the boiler,
particularly as temperature is increased.

Boiler water is treated internally to prevent corrosion, the fouling of
heat-absorbing surfaces, and the contamination of steam. Internal treat-
ment also aids in maintaining water conditions within satisfactory
limits. The internal treatment requires the introduction of chemicals in
suitable amounts to react with the residual impurities in the feedwater.

Corrosion in boilers is prevented or minimized by maintaining alka-
line boiler water. This condition may be expressed in terms of pH or as
total alkalinity.

Acid or alkaline reactions of aqueous solutions are due to the pres-
ence of free or excess hydrogen (H1) or hydroxyl (OH2) ions, and the
strength of the reaction varies with the concentration or activity of the
excess ions. Some compounds enter into solution without dissociation
while others dissociate partially or completely into ions carrying posi-
tive or negative electrical charges. If such ionizable compounds con-
tribute hydrogen (H1) ions to the solution (e.g., HCl), they add to the
strength of its acid reaction; if they contribute hydroxyl (OH2) ions
(e.g., NaOH), they add to its alkaline or base reaction. When the ions of
many different compounds are present, as is the usual case with boiler
waters, their interaction or buffering affects the resulting concentration
of the specific ions, and the solution tends to approach a balance or
equilibrium in accordance with the principles of chemical mass action.
It is therefore possible by the addition of some compounds which in
themselves contain neither hydrogen nor hydroxyl components to sup-
press or release these ions from other constituent solutes and thereby
change the acidity of alkalinity of the solution.

The pH value of a solution, which designates its acidity or alkalinity,
refers to a logarithmic scale proposed by Sorenson in 1909. The symbol
p is derived from the German word Potenz, meaning power or exponent;
and the symbol H represents the hydrogen-ion concentrations. Thus, by
definition, the pH value is equal to the logarithm of the reciprocal of the
hydrogen-ion concentration measured in gram-moles per litre.

Pure water, which may be considered as composed primarily of mo-
lecular H2O, exhibits a slight degree of dissociation to hydrogen (1)
and hydroxyl (2) ions in the equilibrium amounts, at room temperature,
of 0.0000001 gmol each per litre of water. It thus has the somewhat
unusual capability of reacting, under proper conditions, as a weak acid
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or as a weak base and is said to be amphoteric. The H1 and OH2 ions
are in exact balance, and the water is electrically neutral.

The equation which expresses the equilibrium dissociation of water
and also applies to water solutions is

H1OH2 5 K H2O 5 102 14 at 25°C

H1 and OH2 represent the respective concentrations of the ionized
hydrogen and hydroxyl groups, and the dissociation product K H2O is
found by experimental methods to be 1/1014 at 25°C.

Since the product of the two concentrations is a constant, some OH2

cators that change color in certain pH ranges as the result of their reac-
tion with the solution. The pH of boiler water usually is maintained
within the range of 10.2 to 11.5 for boilers operating at pressures com-
patible with an 1,800 lb/in2 (127 kgf/cm2 ) turbine throttle pressure.
Above these pressures, mixed-bed demineralizers are generally used to
treat the makeup water, the boiler-water treatment is low in solids, and
the pH ranges from 9.0 to 10.0.

In forced-flow once-through units the recommended pH range is 8.8
to 9.2 for preboiler systems using copper alloys. If the preboiler system
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ions are present even in a highly acidic solution and some H1 ions are
present in a basic solution, and the relationship of these factors can be
determined from the measurement of either term. Thus, in the case of
neutral water, the value of each is 102 7, or 0.0000001, gmol/L.

In a solution having a hydrogen-ion concentration of 102 3 gmol/L,
the corresponding hydroxyl-ion concentration is 102 11, as a result of the
dominating influence of the solvent, which is present in great excess and
maintains the product equilibrium. Although either factor in the equa-
tion can be used, the conventional scale is based upon the measurement
of the hydrogen ion.

Numerical values of this relationship extend over an extremely wide
range and can best be expressed in terms of logarithms or exponents;
thus:

log H1 1 log OH2 5 2 14
2 log H1 2 log OH2 5 14

log (1/H1) log 5 14 2 (1/OH2) 5 pH

The term pH is used to represent log(1/H1) and is therefore the
logarithm of the reciprocal of the hydrogen-ion concentration (more
properly, the hydrogen-ion activity which is equal to the concentration
multiplied by an activity factor that approaches unity in dilute solu-
tions).

For neutral water, the pH 5 log (1/H1) 5 log (1/0.0000001) 5
log (1/102 7) 5 7.0.

For an acid solution in which H1 exceeds OH2, say H1 5 102 3, the
pH 5 log (1/102 3) 5 3.0.

For an alkaline solution in which OH2 exceeds H1, say OH2 5
102 3, the pH 5 log (1/102 11) 5 11.0.

In practical terms, the pH scale extends from 0 to 14, as shown in
Table 9.2.5. The value 7.0, corresponding to pure water, is considered
the neutral point; values below 7.0 are increasingly acidic, and values
above 7.0 are increasingly alkaline. Since the pH scale is logarithmic, a
change from one number to the next in series is equivalent to a change
of ten times the activity. Beyond the range of the scale, the strength of
acid or alkaline solutions is expressed in terms of normality or percent-
age of concentration.

The pH of a water sample can be determined accurately by the mea-
surement of its electrical potential. It also can be approximated by indi-

Table 9.2.5 Relationship of pH and Hydrogen-Ion
Concentration

pH
Hydrogen-ion

concentration, gmol/L

0 1.0 100

1 0.1 1021

2 0.01 1022

Acid range 3 0.001 1023

4 0.000,1 1024

5 0.000,01 1025

6 0.000,001 1026

Neutral 7 0.000,000,1 1027

8 0.000,000,01 1028

9 0.000,000,001 1029

10 0.000,000,000,1 10210

Alkaline range 11 0.000,000,000,01 10211

12 0.000,000,000,001 10212

13 0.000,000,000,000,1 10213

14 0.000,000,000,000,01 10214
does not incorporate the use of copper alloys, the recommended pH is
9.2 to 9.5.

Total alkalinity (expressed in ppm) is a measure of all reactives that
have the ability to neutralize acids. It is determined by titrating a water
sample with a standard acid, and it is frequently expressed as equivalent
calcium carbonate, which has a molecular weight of 100. Total alkalin-
ity, as determined in this manner, is not exactly the same as the pH
measurement of alkalinity because of the buffering action which occurs
in complex solutions. However, it is widely used as a reference and in
the case of low-pressure boilers where higher concentrations of greater
diversity of solids can be tolerated, it often is more satisfactory than the
measurement of pH as an index of boiler-water conditions.

The elimination of hardness in boiler water is necessary to prevent
scale. Hardness can be removed by introducing one of the forms of
sodium or potassium phosphate and thoroughly mixing it with the boiler
water. The residual calcium ions entering with the feedwater are precip-
itated as an insoluble phosphate sludge and the magnesium is precipi-
tated as a nonadherent magnesium hydroxide, if the alkalinity is main-
tained at a pH of 10 or higher. A lower pH may result in the formation of
magnesium phosphate, an adherent type of sludge. Routine control fa-
cilitates the adjustment of the pH by the addition of sodium hydroxide,
or its equivalent, and the maintenance of a moderate excess of phos-
phate ions in the boiler water.

Early methods of internal treatment employed the use of soda ash for
hardness removal. However, the hydrolysis of soda ash at the tempera-
tures encountered with high operating pressures releases carbon dioxide
into the steam, making it difficult to maintain an excess of carbonate
and promoting corrosion in the condensate system. In some services,
sodium carbonate in combination with the hydroxides and phosphates
of sodium is used for hardness removal. A phosphate sludge is preferred
since it is less adherent and more easily kept in suspension.

Silica may enter the system in the form of soluble compounds or as
finely divided particles which are not removed by filtration. It dissolves
in alkaline boiler waters and will, with unreacted calcium or magnesium
hardness in the water, form an adherent scale. Under some conditions, it
may produce complex scale-forming silicates with soluble or colloidal
iron oxide (acmite) or alumina (analcite). The crystalline matrix of these
deposits tends to trap sludge particles and contributes to the accumula-
tion of scale on heated surfaces.

Silica also is soluble in steam, and its solubility increases rapidly at
temperatures above 500°F (260°C). Thus it can be transported in a
vapor phase into the turbine and deposited on the turbine blading. This
characteristic necessitates the limiting of the silica concentration in the
boiler water in order to avoid turbine deposits, and the limits, varying
with operating pressure, range from about 10 ppm at 1,000 lb/in2 (70
kgf/cm2 ) to 0.3 ppm at 2,500 lb/in2 (176 kgf/cm2 ).

Silica is partially removed from raw water by the hot lime-soda soft-
ening process and can be completely removed by the evaporation of the
makeup water. Soluble silica can be removed by demineralization, but
in colloidal forms it may pass through the treating beds. The silica
concentration in the boiler water can be controlled by blowdown.

Many operators of industrial boilers use the Chelant methods of water
treatment. Chelants react with the residual divalent metal ions (calcium,
magnesium, and iron) in the boiler water to form soluble complexes.
The resultant soluble complexes are removed by use of continuous
blowdown. One of the most popular methods uses the sodium salt of
ethylenediaminetetraacetic acid (Na4 EDTA). Chelant methods of
treatment have been used in boilers operating at pressures as high as
1,500 lb/in2 (105 kgf/cm2 ).
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Table 9.2.6 Recommended Limits of Boiler-Water
Concentration (ABMA)

Pressure at outlet of
steam-generating unit, Total

lb/in2 gage Total solids, alkalinity, Suspended
(3 0.07037 5 kgf/cm2) ppm ppm solids, ppm

0–300 3,500 700 300
301–450 3,000 600 250
451–600 2,500 500 150

provide a separating force, many times greater than that of gravity, in
centrifugal separating devices such as the cyclone steam separators
shown in Fig. 9.2.38. These separators deliver steam-free water to the
drum and downcomers, and discharge steam with a minimum of water
entrainment. Secondary steam-and-water separation is accomplished by
passing the steam at a low velocity through sinuously shaped passages
between closely spaced corrugated plates, which provide a large surface
area for intercepting entrained boiler-water particles. In modern high-
capacity boilers, the steam leaving the steam drum contains less than
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601–750 2,000 400 100
751–900 1,500 300 60
901–1,000 1,250 250 40

1,001–1,500 1,000 200 20
1,501–2,000 750 150 10
2,001 and higher 500 100 5

The recommended limits of boiler-water concentration, as defined in
the ABMA manual, are listed in Table 9.2.6. These data are not applica-
ble to forced-flow once-through boilers. The total solids content can be
determined by weighing the residue of a water sample which has been
evaporated by dryness. The dissolved-solids content can be determined
in a similar manner from a filtered sample, but for immediate determi-
nations and control purposes, it can be quickly approximated by an
electrical-conductivity measurement and the use of conversion factors
previously established by comparisons with gravimetric determinations.

Solids concentration also can be controlled by intermittent or contin-
uous blowdown. The amount of blowdown and the time interval be-
tween blows should be coordinated with operation and should consider
or anticipate load changes, water conditioning, and chemical treatment.

In forced-flow once-through boilers, the impurities entering with the
feedwater must leave with the steam or be deposited within the unit.
Thus, such units require high-purity feedwater and the control of corro-
sion by volatile bases, such as ammonia, which will prevent or mini-
mize deposits in the boiler unit or the turbine. Raw-water leakage into
the system must be prevented, and the makeup must be evaporated or
demineralized water.

When sampling water from high-pressure, high-temperature sources,
cooling is required to prevent the flashing or selective loss of water
vapor at atmospheric pressure. The approved methods for water sam-
pling and analysis are discussed in the Annual Book of ASTM Stan-
dards, Part 23.

STEAM PURIFICATION

In drum-type boilers, using either natural or assisted circulation, a mix-
ture of steam and water is delivered to the upper or steam drum where
separation of the steam and water takes place and a water level is main-
tained. The water is recycled through downcomers to the heat-absorbing
circuits, and the steam is discharged from the top of the drum for use as
saturated steam or the supply to the superheater.

Separation of the steam and water by buoyant or gravitational force
requires a relatively large cross-sectional area and, consequently, a low
fluid velocity within the drum as well as an effective difference in the
fluid densities, which decreases as pressure is increased. Steam entrain-
ment in the recycled water impedes circulation; and water entrainment
in the outlet steam transports dissolved or suspended particulate matter
into the superheater, steam piping, and turbine, where particle deposi-
tion can cause overheating of the tubes or flow obstructions in the
turbine blading with subsequent loss of capacity, efficiency, and dy-
namic balance.

Gravity separation of steam and water may be satisfactory in low-
pressure, low-duty boilers. This type of separation can be augmented by
the use of baffles which utilize a change in direction to throw out the
water droplets, or by dry pipes which impose a pressure drop that pro-
motes evaporation of the moisture and reduces the tendency of solids to
deposit in the superheater.

In high-pressure boiler units, particularly those employing high
evaporative ratings, a part of the circulating head can be utilized to
0.1 ppm of total solids.

Fig. 9.2.38 Drum internal arrangement with cyclone steam separators and
scrubber elements.

Mechanical steam separators do not prevent the transport of silica in a
vapor solution. The amount of silica dissolved in the steam is dependent
upon its concentration in the boiler water, and for a given concentration,
the ratio of silica in the steam to the silica in the water increases rapidly
with an increase in the operating pressure (see Fig. 9.2.39). Silica can be
removed by steam washers which provide a large surface area for con-
tact with the relatively pure feedwater and which reabsorb the silica and
return it to the boiler-water system. Turbine deposits can be practically
eliminated and the requirements of boiler blowdown materially reduced
by the use of steam washers for steam purification. Steam washers are
used to best advantage in medium-pressure boilers operating with large
amounts of makeup water, particularly if the makeup water contains
silica in an insoluble form.

Fig. 9.2.39 Equilibrium relationship of silica ratio and operating pressure for a
given concentration of silica in boiler water.
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Impurities in the water entering a forced-flow once-through boiler
leave with the steam unless they are deposited in the boiler unit. There-
fore, the equivalent of steam purification must be accomplished by
treatment of the feedwater before the water enters the boiler so as to
prevent the accumulation of deposits in the boiler unit and the turbine.
In the treatment, most of the feedwater, including the steam condensate,
is passed through a mixed-bed demineralizer that removes suspended as
well as dissolved impurities.

burner flame-out. Automatic safety interlocks usually are installed
which trip the fuel supply and shut down the unit if these or other
hazardous conditions are experienced. Abnormal operating conditions,
which might become hazardous if allowed to persist, such as low (fuel-
rich) or high (air-rich) air-fuel ratios or the failure of essential auxilia-
ries, require appropriate action to correct operating conditions. An op-
erator who cannot correct an abnormal condition must determine
whether operation can continue and, if not, must shut down the unit in
the proper manner or activate the emergency trip through the automatic
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CARE OF BOILERS

The care of boilers is delineated in Section VII of the ASME Boiler and
Pressure Vessel Code. Principal considerations include the initial prep-
aration of new equipment for service; normal operation, including rou-
tine start-up and shutdown; emergency operations; inspection and
maintenance; and idle storage. In all these phases, the handling of
equipment is the responsibility of the operator, but recommendations
and operating instructions supplied by the manufacturer should be thor-
oughly understood and followed.

The initial preparation of new boiler units for service, or of old
equipment after completing major alterations or repairs, involves the
removal of construction or foreign material from the setting and from
the interior of pressure parts, hydrostatic testing and inspection for
leaks, and the boiling out of the unit with a caustic solution for the
removal of grease and other deposits in the steam-generating pressure
parts. The boiler unit is fired at a low rate during boil-out. This proce-
dure facilitates the desired slow drying of any refractories used in the
setting. Boil-out pressure should be approximately 50 percent of normal
operating pressure but should not exceed 600 lb/in2 (42 kgf/cm2 ). Dur-
ing the boil-out period, ranging from 12 to 36 h, the unit is blown down
periodically through all the blowdown connections so as to eject any
sediment removed from the surfaces. The boil-out often is supple-
mented, particularly in high-pressure boilers, by inhibited-acid cleaning
for the removal of mill scale.

It is general practice, following the boil-out, to reduce the concentra-
tion of boil-out chemicals to a satisfactory level for operation by blow-
ing down and replenishing the amount of water blown down with fresh
water. The pressure is then raised to test and set the safety valves to code
requirements; the superheater and the steam piping are blown out to
remove any foreign material; and the boiler is placed on the line for a
period of low-load operation, during which the auxiliary equipment,
controls, and interlocks are test-operated. After these operations, it is
advisable to shut down, cool, and drain the boiler unit prior to a thor-
ough internal and external inspection and any adjustments or modifica-
tions required to the equipment.

Normal operation involves the orderly start-up and shut-down of
equipment and operation, under controlled conditions, to meet plant
requirements. Statistics show that about 80 percent of the recorded fur-
nace explosions occur during start-up and low-load operation, and par-
ticular care must be taken during such operations to prevent such explo-
sions. The National Fire Protection Association’s Committee on Boiler
Furnace Explosions has prepared standards for the prevention of fur-
nace explosions. These standards delineate the preferred sequence of
starting fuel-burning equipment, the recommended minimum flame-
monitoring equipment and safety interlocks, the recommended fuel-
transport piping systems, the recommended purging procedures, and the
procedures to be taken in the event of burner or furnace flame-out.

Normal operation also entails the maintenance of specified feedwater
and boiler water conditioning, designed steam and metal temperatures,
clean gas passages and heat-absorbing surfaces, and ash removal.

The rate of firing during start-up is limited by the allowable metal
temperatures in the superheater and reheater until steam flow through
the turbine is established. Then, after the steam flow is established, the
temperatures and the temperature differentials in the various parts of the
boiler and turbine control the permissible rate of firing.

Emergency operations are usually the direct result of abnormal con-
ditions such as the failure of the feedwater supply, the rupture of a
pressure part, the interruption of the fuel supply, the loss of air, or a
interlock system.
Inspection and maintenance should be performed during regularly

scheduled outages. A list of the known items requiring repair or mainte-
nance should be prepared before the outage and should be supplemented
by any additional items noted in thorough inspection of the boiler and
auxiliary equipment during the outage. A major item on the work list
should be the maintenance of internal and external cleanliness. External
cleaning is usually accomplished by water washing or air lancing. The
internal surfaces of small boiler units are usually mechanically cleaned,
but the large-capacity units are generally chemically cleaned. Under
competent supervision, which can be obtained from several firms spe-
cializing in chemical cleaning, this method can be used with complete
confidence for boilers of all sizes. The chemical-cleaning solution nor-
mally is composed of a 3 to 5 percent solution of hydrochloric acid,
wetting and complexing agents for the removal of silica or other hard-
to-remove deposits (such as iron and copper oxides), and a suitable
inhibitor to prevent excessive chemical attack on the pressure parts of
the boiler unit. Hydrochloric acid, however, should not be used for
cleaning stainless-steel surfaces, since it can cause stress-corrosion
cracking. Thus other organic or inorganic acids are used depending
upon the type of material to be cleaned and the composition of the
deposit to be removed.

The chemical cleaning of drum-type boilers involves filling the boiler
[which has previously been uniformly heated to a temperature of about
175°F (79°C)] with the cleaning solution at 150 to 160°F (65 to 71°C)
and allowing it to soak for 6 to 8 h or until samples of the solution show
no appreciable further reduction in acid strength. The boiler should
never be fired while it contains an acid solution, and open lights or other
ignition sources must be prohibited in the area to avoid the ignition of
the explosive gases, usually hydrogen, evolved during the cleaning
operation. The unit is then drained and flushed several times, preferably
under a nitrogen blanket, with neutral or slightly acidic water to remove
the loosened deposits and to displace the acid solution and any corrosive
gases. The flushing is followed by boil-out with an alkaline solution to
neutralize any residual acid and to passivate the surfaces. The unit is
then flushed with clean water to remove the remaining loose deposits,
and it is inspected before being returned to service.

When chemically cleaning forced-flow once-through units, the sol-
vent is continuously circulated through the unit for 4 to 6 h. Generally,
the solvent is an inhibited solution of hydroxyacetic-formic acids at a
temperature of 200°F (93°C).

Boiler units removed from service for long periods of time may be
stored wet or dry. It is practically impossible to drain and dry modern
high-pressure utility boilers completely with their complex furnace and
superheater circuitry. Thus wet lay-up of the unit with water treated
with 10 ppm ammonia and 200 ppm hydrazine is the best means of
protection for both short- and long-term lay-up. If, however, dry storage
is utilized, the system must be kept dry; and low humidity within the
pressure parts and setting can be maintained by the use of trays of
moisture-absorbing materials, such as silica gel or lime, which must be
replenished at intervals to retain their effectiveness. When using either
wet or dry storage, the system should be pressurized to a few pounds
above atmospheric pressure with nitrogen gas.

CODES

The ASME Boiler and Pressure Vessel Code, initiated in 1914 and
supplemented by continuing revisions, contains the basic rules for the
safe design, the construction, and the materials for steam generating
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units. Its legal status depends upon its adoption by state or municipal
authority. The Code is administered by the National Board of Boiler and
Pressure Vessel Inspectors. This organization also has established the
‘‘Recommended Rules for Repairs by Fusion Welding to Power Boilers
and Unfired Pressure Vessels.’’ The adoption of both codes has been
widespread, and they form the basis for the pertinent legal requirements
in all but a few localities throughout the country. The National Bureau
of Casualty and Surety Underwriters’ book titled ‘‘Synopsis of Boiler
Rules and Regulations’’ lists the states and the communities having

low-alloy steel, and the primary head and primary tube-sheet faces are
completely clad with stainless steel or Inconel.

Design considerations are similar to those for fossil-fuel boiler units,
but particular emphasis is placed upon possible hazards, codes and
specifications, and system economics.

1. Hazards. In the design of nuclear systems, great consideration
must be given to the damage and the loss of life that could result from an
accident, and also the psychological effect of such an accident. Potential
dangers that must be considered by the boiler designer include the fol-
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laws which govern the installation and the operation of steam boilers.

NUCLEAR BOILERS
(See also Sec. 9.8.)

Nuclear power boilers are usually identified by the primary fluid used as
the reactor coolant. A number of coolants and system design concepts
have been studied, but only three basic coolants have been used in U.S.
power plants—liquid metals, gases, and water.

Most of the nuclear systems for commercial power production use
water in some form as the primary coolant, principally the pressurized-
water-reactor (PWR) and the boiling-water-reactor (BWR) systems.
The preference for water as the reactor coolant is due to the fact that its
physical, chemical, and thermodynamic characteristics are well known
and materials and equipment are available for its handling and contain-
ment.

The steam-generating unit shown in Fig. 9.2.40 is typical of those
used in PWR installations. In this design, hot primary fluid enters one
side of the divided primary head, passes through the U-type tubes, and
leaves through the primary outlet nozzle. Boiling takes place on the
outside, or secondary side, of the tubes, and the steam-water mixture
passes upward through the riser section and then the steam and water
separators. The steam is discharged from the scrubbers into the outlet
connection. The separated water flows downward, mixes with the in-
coming feedwater, and is then circulated downward through the annulus
around the tube bundle to reenter the tube bundle at the bottom.

Generally, in units of this type, stainless-steel or Inconel tubes are
used to minimize corrosion, the structural components are of carbon or

Fig. 9.2.40 Nuclear power boiler.
lowing:
Radioactivity. The primary fluid and any materials transported in the

primary passages may become radioactive from neutron bombardment.
This radioactivity can hold at a high level for varying lengths of time,
and since the radioactive products may be deposited anywhere in the
primary system, the boiler designer must design the equipment for min-
imum exposure of personnel to radiation.

Chemical poisons. Some fission products are lethal, not only because
they are radioactive but because they are chemically poisonous by both
ingestion and inhalation. Personnel must be protected against exposure
to these poisons.

Chemical reactions. In some nuclear systems, possible contact be-
tween the primary and secondary fluids could cause strong chemical
reactions. Sodium and water, for example, react violently, yet sodium
has been selected as the primary fluid in some systems because of its
excellent nuclear properties and good heat-transfer and heat-transport
characteristics. Therefore, steam generators in which sodium is used for
the primary fluid must be designed so that direct contact between the
sodium and the water is unlikely and so that the effects of such a con-
tact, if one should occur, are minimized.

2. Codes and specifications. The requirements for safe design and fab-
rication are delineated in the ASME Boiler and Pressure Vessel Code,
augmented by Special Code Cases. The special cases applying specifi-
cally to nuclear components establish design, inspection, and fabrica-
tion rules which are more stringent than those usually required for other
types of equipment. The construction of commercial nuclear compo-
nents is governed by the ASME Code, Section III, ‘‘Nuclear Power
Plant Components’’ while that of equipment for military use is gov-
erned by special military specifications.
3 Economics. Basic design considerations of PWR and the BWR sys-
tems differ greatly from those of fossil-fuel systems. The temperature
difference that produces the flow or transfer of heat between the pri-
mary and secondary water is dependent upon the difference in the pres-
sures of the two fluids, and the hotter primary fluid is maintained at the
higher pressure. Therefore, an optimized steam-generator design using
a minimum amount of heat-absorbing surface should have the boiling
secondary fluid on the outside of the tubes since a tube, or cylinder, can
withstand greater internal pressures. This contrasts with fossil-fuel-fired
water-tube boiler designs in which the boiling fluid is contained within
the tubes.

Both internal and external heat-transfer coefficients are high in nu-
clear steam generators, and consequently, in most cases the tube metal
and the fouling film coefficients control the overall rate of heat transfer.
Thus tube diameters should be small and tube walls as thin as practical.
Further, the water must be conditioned to minimize scale and sludge
formations and, thus, fouling coefficients.

Primary-water systems are designed for relatively high pressures
1,200 to 2,500 lb/in2 (84 to 176 kgf/cm2 ), and extremely compact sys-
tems are economically justified in the efforts to minimize the size and
the weight of the steam generator, reactor, and other pressure vessels.
Fluid-temperature differences are necessarily small when operating
with the highest practical secondary-steam pressure; this tends to
increase surface requirements and, consequently, the size of the steam
generator.



9.3 STEAM ENGINES
Staff Contribution

REFERENCES: Ewing, ‘‘The Steam Engine and Other Engines,’’ Cambridge.
Ripper, ‘‘Steam Engine Theory and Practice,’’ Longmans. Heck, ‘‘The Steam
Engine and Turbine,’’ Van Nostrand. Allen, ‘‘Uniflow, Back Pressure, and Steam
Extraction Engines,’’ Pitman. Peabody, ‘‘Valve Gears for Steam Engines,’’
Wiley. Zeuner, ‘‘Treatise on Valve Gears,’’ Spon. Spangler, ‘‘Valve Gears,’’
Wiley. Dalby, ‘‘Valves and Valve Gear Mechanisms,’’ Longmans.

EDITOR’S NOTE: Although largely relegated to history and n
engines are still manufactured in the United States, prim
items. Steam locomotives in the United States cater only to t
are kept in repair and in service mainly with parts manuf

where pm 5 mep, lb/in2 ; L 5 stroke, ft; a 5 effective piston area, in2 ;
n 5 number of cycles completed per min; 33,000 5 mechanical
equivalent of horsepower, ft ? lb/min, by definition.

A typical steam-engine indicator card is shown in Fig. 9.3.1, identi-
fying the established nomenclature for the events of the cycle. Superim-
posed is a theoretical diagram, with expansion, but without clearance or

terminal pressure controls the steam, or water, rate.
ressure’’ is used for pressures above the atmosphere,
pressure’’ is used when engines operate with nega-
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compression. The
The term ‘‘back p
while ‘‘condenser

tive exhaust pressure. The volume ratio v /v 5 R is called the ratio of
remaining steam locomotives in India are in the last stage of being phased out of

service; all are scrapped and replaced by diesel, electric, or diesel-electric loco-
motives. China is still engaged in the manufacture of steam locomotives, and has
based its railroad system on their continued use.

The reciprocating steam engine was the heart of the early industrial era.
It dominated power generation for stationary and transportation service
for more than a century until the development of the steam turbine and
the internal-combustion engine. The mechanisms were numerous (see
Patent Office listings), but practicality essentially standardized the posi-
tive-displacement, double-acting, piston and cylinder design in a verti-
cal or horizontal configuration. These engines were heavy, cast-iron
structures, e.g., 50 to 100 lb/hp; they had low piston speed (600 to
1,200 ft/min); long stroke (up to 6 ft); low turning speeds (50 to 500
r/min); steam conditions less than 300 lb/in2 (dry saturated, or 100 to
200°F superheat); noncondensing or condensing (25 6 in Hg vacuum);
sized from children’s toys to 25,000 hp. Diversity of valve gear was an
inventor’s paradise with many suitable for reversible operation, as in
locomotive, rolling-mill, and ship applications. Most of the machine
elements known today, such as cylinders, piston rods, crossheads, con-
necting rods, crankshafts, flywheels, and governors, were developed in
steam engines.

These engines utilize the expansive power of steam. Theoretically,
the more the steam can be expanded in the engine cylinder, the better
will be the economy. Practical losses, which occur in every steam en-
gine, limit the expansion ratio and result in a minimum steam rate for a
definite degree of expansion. Cylinder dimensions preclude the practi-
cal utilization of high-vacuum conditions because of the high specific
volume (e.g., 339 ft3/ lb dry and saturated at 2 inHg abs). The steam
turbine can effectively utilize maximum vacuum.

WORK AND DIMENSIONS OF THE STEAM ENGINE

Thermodynamic principles define the limits of the conversion effi-
ciency of heat into work (see Rankine and Carnot cycles, Sec. 4). In
fact, the historical development of thermodynamic principles was pri-
marily aimed in the nineteenth century at defining the thermal perfor-
mance of steam engines and steam power plants. It can be said that the
steam engine did more for thermodynamics than thermodynamics did
for the steam engine. Steam tables and steam charts (e.g., temperature-
entropy; enthalpy-entropy; and pressure-volume) are essential to evalu-
ate theoretical and actual equipment performance.

The pressure-volume diagram, or indicator card, is of primary signif-
icance in both the design and operation of the reciprocating piston and
cylinder mechanism—not only steam engines, but also internal-com-
bustion engines, air compressors, and pumps. The utility of the p-v
diagram is often lost in attempts to improve fluid-dynamic reciprocating
mechanisms. The work and power are the consequence of the difference
in pressure on the two sides of the piston, expressed as mean effective
pressure (mep or pm). This is applied to the cylinder dimensions and
rotating speed in the ‘‘plan’’ equation

hp 5
pmLan

33,000
(9.3.1)

9-54
j h

expansion.

Fig. 9.3.1 Typical steam engine indicator diagram.

The average ordinate, or mean effective pressure pm [applicable in Eq.
(9.3.1)] for the ideal cycle diagram ghjkl is

pm 5 P[(1 1 loge R)/R] 2 p (9.3.2)

The expansion phase h to j of the cycle is logarithmic where pv 5
constant. It is not isothermal but reasonably approximates expansion
(and compression) in actual engines where condensation and evapora-
tion on cylinder walls, heads, pistons, and valves are cyclically recur-
rent.

The value of R is commonly around 4 in simple engines. It should
increase as P increases and as p decreases, usually between 3 and 5. It
should be higher in jacketed than in unjacketed engines. The efficiency
of the engine depends largely on the value chosen for R. This is dictated
by service requirements, e.g., load variation, load fluctuation, engine
governing type (cutoff vs. throttle), overload capacity, steam cost, and
economics. Efficiency, however, is not the sole requirement for all in-
stallations. The high starting torque of a steam locomotive dictates a
valve gear that allows full-stroke admission of steam with zero expan-
sion, a rectangular indica tor card with consequent maximum pm .

Figure 9.3.1 shows that the theoretical card has a larger area than the
actual card. The value of pm obtained from Eq. (9.3.2) must be multi-
plied by the diagram factor to obtain the actual pm under the assumed
conditions. This factor may have a value between 0.7 and 0.95. The
actual pm is obtained from the card drawn on the indicator drum under
running conditions of the engine. The card area, graphically measured
by a planimeter (see Sec. 16), is divided by the card length to get the
average equivalent height of the card. The spring scale of the instru-
ment, applied to this average height, gives the mean effective pressure
actually obtaining within the engine cylinder. This value, when intro-
duced in Eq. (9.3.1), gives the indicated horsepower (ihp) of the engine.

Losses in steam-engine cylinders are (1) incomplete expansion; (2) ini-
tial condensation; (3) throttling, affected by valve and port area;
and (4) radiation, which can be considered constant. The point of best
steam economy occurs with the pm at which the total of all losses is
a minimum.

Mechanical Efficiency and Shaft Output

Brake horsepower (bhp) 5 ihp 3 mechanical efficiency (9.3.3)
Friction horsepower 5 ihp 2 bhp (9.3.4)
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bhp 25 50 75 100
Friction hp 6 6 6 6
ihp 31 56 81 106
Mechanical efficiency, % 81 89.5 92.5 94

Figure 9.3.2 shows the effect of mechanical efficiency and generator
efficiency on the steam rate of an engine-generator set, both as to rela-
tive magnitude and as to location of the minimum values.

engines are built with steam valves only (two-valve type), Fig. 9.3.3.
Clearance pockets are provided, with either hand-operated or automatic
valves to permit operation with atmospheric exhaust or against back
pressure. Noncondensing uniflow engines have, in addition, auxiliary ex-
haust valves to reduce the otherwise large clearance required (four-
valve type). If back pressure is variable, exhaust-valve gears are de-
signed to change the length of compression while the engine is in
operation (Fig. 9.3.4).

Engine Steam (Water) Rates The efficiency of steam engines has
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Fig. 9.3.2 Engine steam rate curves (a) at the steam cylinder, lb/(ihp ?h); (b) at
the engine shaft, lb/(bhp ?h); (c) at the generator, lb/kWh.

Engine economy may be improved by a number of methods: (1) sepa-
ration of inlet and outlet ports; (2) steam jackets, applied to cylinders and
heads to keep surfaces hot and dry; (3) multiple expansion. Condensation
losses are related to the temperature difference existing in the cylinder.
Cylinders in series reduce this temperature difference and allow more
complete overall expansion of the steam. Two, three, and four cylinders
in series, as in compound-, triple-, and quadruple-expansion engines were
common constructions, but the successive improvement is smaller for
each additional stage. (4) Superheating gives the vapor the properties of
a gas, reduces cylinder condensation, and necessitates decisive changes
in engine design. The overall improvement in performance and water
rate is so substantial that superheat is prevalent in practice. (5) The
uniflow arrangement was the last great improvement in design (Figs.
9.3.3 and 9.3.4). Its high economy results from the high temperature of
the residual steam at the end of compression. This temperature, aided by
jackets, is higher than the live steam temperature, so that initial conden-
sation is reduced to a negligible amount. For condensing operation the

Fig. 9.3.3 Condensing uniflow engine cylinder, with clearance pockets.

Fig. 9.3.4 Noncondensing uniflow engine cylinder, with auxiliary exhaust
valves.
generally been expressed in terms of pounds of steam per horsepower-
hour. The term water rate was frequently used because of the convenient
accuracy in weighing liquid water in the condensing plant. Figure 9.3.5
shows, on a percentage basis, two types of performance curves, one in
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Fig. 9.3.5 Actual steam (water) rate, lb/(hp ?h), and Willans line, lb/h, for a
noncondensing uniflow engine, percentage basis.

lb/hph and the other in lb/h. The latter is identified as the ‘‘total steam’’
or Willans line and is straight for an engine with fixed cutoff and variable
initial pressure. Figure 9.3.6 reflects the impact of steam pressure and
superheat on the steam consumption of a condensing uniflow engine.

Fig. 9.3.6 Steam consumption of uniflow engine with 27.5-in vacuum.

The Rankine cycle (see Sec. 4) is the accepted thermodynamic stan-
dard for comparing the performance of steam prime movers (engines
and turbines). It is predicated on complete isentropic (reversible adia-
batic) expansion of the steam from initial to back pressure. It is shown
on the p-v basis in Fig. 9.3.7. There is no compression or clearance. The
water rate of this cycle is most conveniently calculated by use of the
Mollier chart (Sec. 4) where

Rankine steam rate 5 2,545/(h1 2 h2) lb/hph (9.3.5)

Fig. 9.3.7 Rankine cycle, p-v diagram.
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and h1 and h2 are the initial and exhaust enthalpies, Btu/ lb (constant
entropy). The lowest point of the actual steam-rate curve (Fig. 9.3.6) is
usually referred to as the Rankine rate, and the ratio of Rankine rate to
actual rate is the Rankine efficiency ratio (RER). This ratio may vary from
0.5 to 0.9, depending on the type of engine.

When clearance, compression, and incomplete expansion are intro-
duced, the methods of Sec. 4 should be used to evaluate steam rate. This
involves steam tables and charts to find the net work of the indicator
card from the positive and negative areas of the several component
phases. Figure 9.3.8 shows a theoretical steam-rate curve, computed by

parts design must allow for free expansion. Poppet and piston-valve
cylinders can easily meet these requirements. The orthodox type of
Corliss cylinder, however, is not suitable for highly superheated steam.

ick
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such methods, together with the actual test curve for the engine.
Engine Details Valves and valve-gear types range from the simplest

D slide to gridiron, double-slide (Meyer or Rider), rocking, piston, re-
leasing and nonreleasing Corliss, and poppet.

Volumetric clearance should be made as small as possible. Slide and
piston valves bring clearance volumes to 12 to 15 percent, Corliss
valves 6 to 10 percent, and poppet valves 4 to 8 percent.

Valve and Port Sizes Flow area of valves and cross section of ports
are usually determined by port area 5 AS/C in2, where A is net piston
area, in2, S is mean piston speed, ft/min, and C is a constant, ft/min.
Values of C are approximately 9,000 to 15,000 ft/min for inlet and
6,000 to 7,000 ft/min for outlet. Small valves and ports represent lost
work.

Superheated Steam With high-temperature steam, the cylinder and

9.4 STEAM
by Freder
REFERENCES: Stodola, ‘‘Steam and Gas Turbines,’’ trans. by L. C. Loewenstein,
McGraw-Hill. Bartlett, ‘‘Steam Turbine Performance and Economics,’’ McGraw-
Hill. Warren, Development of Steam Turbines for Main Propulsion of High-
Powered Combatant Ships, Trans. Soc. Naval Architects Marine Engrs., 1946.
Newman, Modern Extraction Turbines, Power Plant Eng., Jan.–Apr., 1945. Salis-
bury, ‘‘Steam Turbines and Their Cycles,’’ Wiley. Campbell and Heckman, Tan-
gential Vibration of Steam Turbine Buckets, Trans. ASME, 47, 1925, pp. 643–
671. Campbell, Protection of Steam Turbine Disk Wheels f
Trans. ASME, 46, 1924, pp. 31–139. Deak and Baird, A Pr
ing the Packet Frequencies of Steam Turbine Exhaust Blade
series A, Oct. 1963.
Fig. 9.3.8 Theoretical and test steam rate curves. Uniflow engine 20 3 24 at
200 r/min; throttle conditions 150 lb/in2 saturated steam; exhaust to atmosphere.

TURBINES
G. Baily
not been used; there are quite a few such machines abroad. Axial-flow
units predominate; some small turbines in this country operate on the
tangential-flow principle.

6. Whether single-stage or multistage. Small turbines, or those de-
signed for small energy drop, may have only one stage; larger units are
always multistage.

iven apparatus, e.g., generator, mechanical, or ship

steam supply, e.g., fossil-fuel-fired boiler, or light-
or.
rom Axial Vibration,
ocedure for Calculat-
s, Trans. ASME, 85,

7. By type of dr
drive.

8. By nature of
water nuclear react
Steam turbines have established a wide usefulness as prime movers, and
are manufactured in many different forms and arrangements. They are
used to drive many different types of apparatus, e.g., electric generators,
pumps, compressors, and for driving ship propellers, through suitable
gears. When designed for variable-speed operation, a turbine may be
operated over a considerable speed range, which may be of advantage in
many applications. Steam turbines range in output capacity from a few
horsepower to over 1,300 MW. The largest ones are used for generator
drive in central power stations.

Turbines are classified descriptively in various ways.
1. By steam supply and exhaust conditions, e.g., condensing, noncon-

densing, automatic extraction, mixed pressure (in which steam is sup-
plied from more than one source at more than one pressure), regenera-
tive extractions, reheat.

2. By casing or shaft arrangement, e.g., single casing, tandem com-
pound (two or more casings with the shaft coupled together in line),
cross-compound (two or more shafts not in line, often at different
speeds).

3. By number of exhaust stages in parallel as regards steam flow, e.g.,
two-flow, four-flow, six-flow.

4. By details of stage design, e.g., impulse or reaction.
5. By direction of steam flow in the turbine, e.g., axial flow, radial

flow, tangential flow. In this country, radial-flow steam turbines have
Any particular turbine unit may be described under one or more of
these classifications, e.g., a single-casing, condensing, regenerative ex-
traction fossil unit, or a tandem-compound, three-casing, four-flow
steam-reheat nuclear unit.

Turbine-Stage Design A turbine stage consists of a stationary set of
blades, often called nozzles, and a moving set adjacent thereto, called
buckets, or rotor blades. These stationary and rotating blades act together
to allow the steam flow to do work on the rotor, which can be transmit-
ted to the load through the shaft on which the rotor assembly is carried.
Classical turbine-stage design recognized two distinct designs of tur-
bine stage, ‘‘impulse’’ and ‘‘reaction’’ (see classification 4 above). In
the impulse stage, the total pressure drop for the stage is taken across the
nozzles or stationary element, the flow through the buckets or rotor
blades then being substantially at constant static pressure. This may be
extended to include flow through an additional set of stationary ‘‘inter-
mediate’’ blades and another row of buckets, or rotor blades (Curtis or
two row stages). See velocity diagrams, Figs. 9.4.1 and 9.4.2.

In the reaction stage, the total pressure drop assigned to the stage is
divided equally between the stationary blades and the rotor blades, giv-
ing rise to a velocity diagram, as shown in Fig. 9.4.3. As can be seen,
there arises a marked difference in the shapes of the rotor blades in the
two classical designs; the impulse buckets do much more turning of the
stream; the reaction-bucket shape is more nearly the same as the nozzle-
blade shape.
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Fluid flow theory recognizes that only in rare cases can an axial-flow
turbine stage be either pure impulse or pure reaction. The annulus fol-
lowing the nozzle exit is filled with steam flowing with a high tangential
velocity, i.e., a vortex, confined between inner and outer boundaries,

The designers of multistage steam turbines have continued to refine
the efficiency of their steam paths over the years. For example, the
1950s saw the broad introduction of twisted free-vortex staging. Vane
profiles have been improved since the 1950s by drawing on develop-
ments made in their aerodynamic laboratories and those of others.
Complex computational fluid-dynamics computer codes based on true
three-dimensional formulations of the inviscid Euler and viscous Na-
vier-Stokes equations, and the supercomputers on which to run them,
have recently become available. Manufacturing technology advance-
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Fig. 9.4.1 Impulse turbine with single-velocity stages.

and for equilibrium to exist, there must be a gradient in static pressure
from a lower-than-average value at the inner boundary to a higher-than-
average value at the outer boundary. The amount of this depends upon
the boundary radius ratio Router /Rinner . Thus only for a radius ratio near

Fig. 9.4.2 Impulse turbine with multivelocity stages.

1.0 (small-height blades) can it be said that any one pressure condition
exists for the stage. All axial-flow turbine stages of larger radius tend to
be more nearly impulse at the inner diameter and more nearly reaction at
the outer diameter.

Fig. 9.4.3 Reaction turbine.
ment permits the creation of steam-path components of almost any de-
sired three-dimensional configuration. The result has been the introduc-
tion of controlled-vortex staging in the 1990s, in which the flow is biased
toward the more efficient midsection of the blade, and secondary flow
and profile losses are minimized by refinement in nozzle and bucket
profiles.

Differences in basic mechanical construction of axial-flow turbine
stages exist. Generally, the reaction type of turbine has continued as in
the past with a ‘‘drum rotor’’ and stationary blades fixed in the casing,
while the impulse type continues as a ‘‘diaphragm-and-wheel’’ con-
struction. However, the mechanical construction bears no fixed relation
to the degree of impulse or reaction adopted in the blading design.
Designers employ the mechanical construction which they deem suit-
able for best reliability and efficiency.

An impulse stage, when employed for the first expansion, permits
nozzle group control, i.e., steam admission to each group, opening and
closing, successively, in response to load changes. This improves the
efficiency at low loads through the reduction of the loss due to throt-
tling.

A greater enthalpy drop can be employed per stage with the impulse
element, particularly in the case of multivelocity elements, thus reduc-
ing the number of stages in a turbine. This is of special importance in the
first expansion if the nozzle chamber is not integral with the turbine
casing, so that the casing is not subjected to the initial steam conditions.
If turbine elements of equal blade speed could have equal efficiency,
one 2 row impulse element would equal four 1 row impulse elements or
16 rows (8 pairs) of reaction elements.

General Advantages of Steam Turbines Compared with recipro-
cating engines steam turbines require less floor space, lighter founda-
tions, and less attendance; have a lower lubricating-oil consumption,
with no internal lubrication, the exhaust steam being free from oil; have
no reciprocating masses with their resulting vibrations; have uniform
torque; have no rubbing parts excepting the bearings; have great over-
load capacity, great reliability, low maintenance cost, and excellent
regulation; are capable of operating with higher steam temperature and
of expanding to lower exhaust pressure than the reciprocating steam
engine. Their efficiencies may be as good as steam engines for small
powers, and much better at large capacities. Single units can be built of
greater capacity than can any other type of prime mover. Small turbines
cost about the same as reciprocating engines; larger turbines cost much
less than corresponding sizes of reciprocating engines, and they can be
built in capacities never reached by reciprocating engines. Combustion-
gas turbines possess many of the advantages of steam turbines but are
not available in ratings much exceeding 175 and 225 MW for 60- and
50-Hz service, respectively.

STEAM FLOW THROUGH NOZZLES AND
BUCKETS IN IMPULSE TURBINES

Nozzles For the general treatment of the flow of steam and for
maximum weight of flow of saturated steam, see Sec. 4.

The theoretical work obtainable from the expansion of 1 lb of steam is
equal to the enthalpy drop in isentropic expansion h1 2 hs2 , in Btu/ lb,
and the spouting velocity in 223.8 √h 2 hs2 ft /s (m/s 5 44.7 √h91 2 h9s2 ,
where h9 is in kJ/kg). The actual expansion is not isentropic but follows
a path such as h1h2 on the enthalpy-entropy diagram (Fig. 9.4.4), and
the available work becomes h1 2 h2 .

The nozzle efficiency is (h1 2 h2 )/(h1 2 hs2 ).
The required throat area of the nozzle is At 5 Wvt /Vt , and the mouth
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area is Am 5 Wvm /Vm , where v is specific volume, V is velocity, and the
subscripts relate to throat and mouth, respectively.

In the case of a subcritical pressure ratio, throat and mouth conditions
will coincide; with a supercritical pressure ratio, the mouth area will be

blades); (2) friction losses in buckets (rotor blades); (3) rotation loss of
rotor; (4) leakage loss between inner circumference of stationary ele-
ment and rotor; (5) leakage loss between tip of rotor blades and casing;
(6) moisture and supersaturation losses, if steam is wet (not included in
curves of Fig. 9.4.6).
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Fig. 9.4.4 Enthalpy-entropy diagram.

larger than the throat area. For nozzle velocity coefficients based on tests,
see Keenan and Kraft, Trans. ASME, 71, 1949, pp. 773–787. The
bucket-velocity coefficient is the ratio of the average exit velocity from the
bucket divided by the velocity equivalent of the total energy available to
the bucket, i.e., the sum of inlet-velocity energy and pressure-drop en-
ergy. Typical values of tests on impulse buckets are shown in Fig. 9.4.5,
when the bucket inlet angle is 3 to 5° larger than the exit angle. These
are for subsonic flow. Reaction buckets can have the same coefficients
as nozzles. For intermediate cases between pure impulse and pure reac-
tion, interpolate between the values for these limiting cases.

Fig. 9.4.5 Impulse-bucket velocity coefficients.

If, in the velocity diagram for a usual turbine stage, V1 5 actual
nozzle exit velocity, V2 5 bucket relative entrance velocity, V3 5
bucket relative exit velocity, V4 5 absolute leaving velocity, V0 5 ve-
locity corresponding to total stage available energy, then the diagram
efficiency is (V1

2 2 V2
2 1 V3

2 2 V2
4)/V0

2 .
Diagram efficiencies calculated with nozzle and bucket coefficients

given above will be higher than the efficiencies derived by turbine tests,
because of losses not existing in stationary tests of nozzles and buckets.

For supersonic bucket velocities, the impulse bucket-velocity coeffi-
cient is lower by the factors in Table 9.4.1.

Turbine Stage Efficiency Single-row stages of short blade length
have relatively lower efficiency, owing to inner and outer sidewall
losses; stages with longer blades are therefore higher in efficiency.
Figure 9.4.6 shows typical values of stage efficiency for single-row
stages, plotted against the wheel-speed steam-speed ratio, with pitch
diam, inches/nozzle area, square inches, as a parameter. These curves
reflect the net total of losses: (1) friction losses in nozzles (stationary

Table 9.4.1 Impulse Bucket-Velocity Coefficient Factors

Mach no. , 1.0 1.2 1.3 1.5 1.75 2.0
Factor 1.0 0.997 0.995 0.978 0.928 0.816
Fig. 9.4.6 Turbine single-row stage efficiency.

Nozzles and bucket friction losses are minimized by good aerody-
namic design and by increasing aspect ratio (blade length/steam passage
width). Rotation losses depend upon disk or rotor dimensions and
surrounding stationary parts. Exact values for rotation loss depend on
several factors; the following formulas may be relied upon for all usual
purposes:

Ld 5 0.042D2w(U/100)2.9 5 (1.4 3 102 12)(D9)2w9(U9)2.9

Lb 5 0.187Dwh1.25(U/100)2.9

5 3.34 3 102 11D9w9(h9)1.25(U9)2.9

where Ld 5 rotation loss of disk carrying buckets, kW; Lb 5 rotation
loss of one row of buckets, kW; U 5 wheel speed at pitch diameter, ft /s;
U9, m/s; D 5 pitch diameter (at center line of nozzle), ft; D9, mm; w 5
density of steam, lb/ft3; w9, kg/m3; h 5 mean bucket height, in; h9, mm.
Lb must be figured for each row of buckets. Ld plus the sum of the
values of Lb gives the total rotation loss in kilowatts for dry saturated
steam. The formula for Lb is approximate.

Leakage loss of steam between inner circumference of stationary ele-
ment and rotor is minimized by maintaining minimum practical clear-
ance and by use of labyrinth packings (see Figs. 9.4.14 and 9.4.15 and
accompanying text). Leakage loss of steam between tip of rotor blades
and casing is similar to that through labyrinths between shaft and sta-
tionary parts; the magnitude depends upon the clearance area and the
amount of reaction; other things being equal, the larger the percentage
of reaction, the larger the leakage (see Fig. 9.4.9). Thus designers often
employ considerable amounts of reaction in stages with long blades
where such losses are small; this improves the net efficiency. In stages
with short blades, the best net efficiency obtains with near impulse
design. The curves in Fig. 9.4.6 reflect the effects of these practices.

The presence of moisture in the steam causes extra losses. These are
probably mainly due to three factors:

1. Effect of supersaturation; i.e., the steam in expanding rapidly does
not remain in equilibrium but tends to be more or less supercooled; thus
less than theoretical equilibrium energy is available.

2. The presence of water drops increases friction losses in the steam
itself.

3. Water drops tend to move more slowly than the vapor; they strike
the rotor blades at unfavorable velocities and exert a braking effect.
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Figure 9.4.7 gives correction factors which may be applied to the
values from Fig. 9.4.6 to arrive at stage efficiencies in the ‘‘wet’’ re-
gion. Curves are identified by initial superheat, °F, or by initial quality,
percent.

factors such as space or weight limitations, efficiency requirements,
stress limits, or required exhaust area. Often several preliminary layouts
are needed to arrive at the best design. If it appears that a single stage
will suffice, the problem is simple, since the entire available energy is
allotted to the one stage. If a multistage machine is required, the total
available energy must be divided properly between the various stages.
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Fig. 9.4.7 Supersaturation and moisture loss.

Two-row stages, with one set of nozzles, have lower basic efficiency
than single-row stages; they are useful for the first, or governing, stage
in small to medium units. They are no longer employed in large central
station designs. The approximate relative efficiency level of these
stages is shown in Fig. 9.4.9.

Fig. 9.4.8 Energy regain chart.

The losses occurring in a turbine stage are partially recoverable in
succeeding stages in a multistage turbine because the energy available
to succeeding stages is increased above that resulting from isentropic
expansion. The amount of this factor depends upon the temperature at
which the loss takes place, and the turbine exhaust temperature. Values
for the reheat or energy-regain factor are shown in Fig. 9.4.8.

Turbine Steam-Flow Requirements The steam flow required by a
turbine is related to its power output and steam conditions by the fol-
lowing expressions:

Flow, lb/h 5 (TSR/efficiency) 3 power output, hp or kW

where TSR 5 theoretical steam rate, lb/(hp ? h) 5 2,545/available en-
ergy, Btu/ lb, or TSR, lb/kWh 5 3,412.14/available energy, Btu/ lb.

Values of TSR are given in tables or may be calculated. In case of
mixed-pressure or extraction turbines, the various sections of the tur-
bine where flows are added or subtracted must be treated separately.

Turbine Steam-Path Design The basic quantities required for this
are the steam conditions (i.e., inlet pressure and temperature and ex-
haust pressure), the required flow (see above), and the turbine speed.
The latter is often fixed by the requirements of the driven machine; if
not, the choice of speed by the designer is based upon experience, and
Fig. 9.4.9 Variation of the efficiency of turbine elements with velocity ratio.

For a given wheel-speed/steam-speed ratio, the energy to be allotted
to the stage is directly proportional to the square of the product (r/min 3
D), D being the rotor mean diameter. If available energy AE is in Btu/
lb, D, in, and velocity ratio, 0.50, then

AE 5 (r/min 3 D)2/(6.57 3 108)

The sum of the AE values per stage for all the stages must equal the total
energy on the turbine, which is greater than the isentropic available
energy by the amount of the reheat factor.

Having determined the energy to be assigned to each stage, the steam
pressure in each stage is fixed, and this, together with the enthalpy
determined from the efficiency of the machine from inlet, determines
the steam specific volume. The velocity ratio and the degree of reaction
decided upon fix the velocity diagram, from which the velocities
through the stationary and rotating blades are determined. With the flow
Q, lb/h, the velocity V, ft /s, and the volume v, ft3/ lb, determined, theo-
retical areas required are given by

A 5 Qv/(25V ) in2

The actual area required will be larger than theoretical because of fric-
tion losses; a value of 0.98 for nozzle flow coefficient is reasonable.

There is no fixed criterion for the number of stages to be used in a
steam-turbine design, and experienced designers differ in the number
they will choose for any particular design. The stage velocity ratio, the
mean diameter, and often the r/min are subject to judgment, bearing in
mind the general relationships shown in Figs. 9.4.6, 9.4.7, and 9.4.8.
Cross-compound arrangements are possible, allowing higher speed for
the high-pressure section, where steam volume flow is smaller, and a
lower speed for the low-pressure section, where the final exhaust area
desired may require long blades on a large diameter.

A detailed calculation of the efficiencies and energy outputs of each
stage can be summed up to the total ‘‘internal used energy’’ of the
turbine, which, when divided by the isentropic available energy, results
in an ‘‘internal efficiency.’’ Then, account must be taken of other losses
to arrive at the turbine overall efficiency. These losses are

1. Exhaust loss, i.e., the kinetic energy corresponding to the absolute
velocity of the steam leaving the last stage, plus the pressure drop
through the exhaust connection to the turbine outlet flange, where ex-
haust pressure is by custom measured as a static pressure.

2. Pressure drops through interconnecting piping if turbine has more
than one casing

3. Shaft end-packing leakages
4. Valve-stem leakages, if any
5. Inlet-valve and intermediate-valve pressure-drop losses
6. Bearing, oil-pump, and coupling power losses
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7. If the turbine drives a generator or gear, the losses of these ele-
ments

LOW-PRESSURE ELEMENTS OF TURBINES

In condensing turbines expanding to high vacuum, the steam increases
in specific volume as it passes through the stages, exhausting at about
1,000 times the inlet volume. The increase in specific volume from
stage to stage is greatest in the latter few stages, which are commonly

being arranged for double flow. This arrangement is commonly ex-
tended to provide tandem-compound turbines with four and six exhaust
ends. Figure 9.4.11 illustrates the application of a double-flow low-
pressure casing to a unit of medium rating.

3. Cross-compound turbines, in which the steam expansion is di-
vided between two or more separate casings driving separate genera-
tors, electrically synchronized. The low-pressure casings are usually
double-flow and can be arranged so as to provide two, four, or six
exhaust ends. This system permits the turbine elements to be operated at
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designed for pressure ratios of about 2 : 1. Considerations of efficiency
and economics dictate providing reasonably low interstage steam ve-
locity in these stages, and reasonable leaving loss from the last-stage
blades. These requirements are satisfied by providing a steam path
whose cross-sectional area increases in proportion to the specific vol-
ume. The area increase may be achieved by increasing blading length,
by increasing the mean diameter of the steam path, by arranging the last
expansions in multiple flow, or by some combination of two or more.
The relatively small single casing unit of Fig. 9.4.10 is provided with
increasing area by the first two techniques.

The ratio of the last-stage blade height to the mean diameter of the
steam path may be as high as 0.35 in the last stage of large central
station units. With such a ratio, there is a variation in blade velocity
between the inner and the outer radii of the steam path that cannot be
properly satisfied by any one steam velocity. Losses incidental to this
may be minimized or eliminated by providing blades with warped sur-
faces, the sections at the inner radius partaking of impulse form with
relatively small inlet angles, and those at the outer radius of reaction
form with large inlet angles. The longest last-stage blades in service
today have tips whose speed exceeds sonic velocity. Many are of tran-
sonic design employing subsonic profiles toward the inner radius,
blending into supersonic profiles at the tip.

Among the methods of obtaining increased low-pressure blade areas
through multiple flowing are:

1. A single-casing turbine with the last elements arranged for double
flow.

2. The steam expansion divided between two casings, coupled in
tandem, and driving a single main generator, the low-pressure casing
Fig. 9.4.10 Cross section of a multistage impulse condensing turbine r
different speeds, selected as appropriate to the respective steam vol-
umes. It lends itself to geared applications, such as marine propulsion
machinery, when two or more pinions of different diameters and speeds
drive a single-output gear wheel.

4. Divided-flow turbines in which steam expands in a series of ele-
ments in a single flow to a point where the flow is divided, with, per-
haps, one-third continuing expansion within the same casing to con-
denser pressure, the remaining two-thirds expanding to condenser
pressure in a separate double-flow casing. This construction has been
used to provide triple-flow exhaust ends.

The leaving loss at the exit from the last row of blades is V 2
c2 /50,100

Btu/ lb of steam, where Vc2 is the absolute terminal velocity in feet per
second [or (V 9c2)2/2,000 kJ/kg, where V 9c2 is in m/s]. The presence of
moisture in the steam causes moisture loss. The acceleration of moisture
particles is less as the density of the steam decreases; hence the differ-
ence between the velocities of the particles and the steam increases. As
indicated in Fig. 9.4.12, with steam velocity, Vs1 and moisture velocity
Vm leaving the stationary blades and with bucket velocity Vb , the veloc-
ities relative to the moving blades of the steam are Vc1 and of the
moisture Vm1 . The component Vm2 of the moisture relative to the mov-
ing blades is opposite to the direction of their motion and is proportional
to the force acting on the back of the blades, needed to accelerate the
water to blade speed, and results in negative work. This negative work
can be calculated when the weight of moisture per pound of steam and
Vm are known. The results of many tests indicate that the efficiency of a
stage is reduced about 1 percent for each 1 percent moisture present in
the steam.

The presence of moisture particles will result in erosion of the blades
ated at 30,000 kW. (General Electric Co.)



Fig. 9.4.11 Cross section of a 160,000-kW tandem-compound, double-flow reheat turbine. (Westinghouse Electric Corp.)

9-61

C
opyright (C

) 1999 by T
he M

cG
raw

-H
ill C

om
panies, Inc.  A

ll rights reserved.  U
se of

this product is subject to the term
s of its L

icense A
greem

ent.   C
lick here to view

.



9-62 STEAM TURBINES

along their inlet edges if Vm1 is too large—unless the moisture content
is very small. The rate of erosion is reduced by using materials of
inherently high erosion resistance, or protective shielding of hardened
materials along the inlet edge. Attached Stellite shields and thermally
hardened edges are commonly employed. Protective materials and pro-
cesses are carefully chosen to minimize the possibility of corrosion.

the length of the rotor. Five balance planes are commonly used for the
rotors of large central-station turbines, of which three are in the rotor
body between bearings and two are in the overhung couplings.

Unsatisfactory operation of turbine rotors in service, resembling a
simple unbalance, may be caused by nonuniform material or nonuni-
form heating of the rotor. The latter may be caused by permitting a rotor
to remain stationary in a hot casing, or by packing rubbing which may
apply frictional heating to the ‘‘high’’ side of the rotor, leading to fur-
ther bowing into the rub. Care must be taken to see that nonuniformity
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Fig. 9.4.12 Velocity of steam and of the moisture in steam.

Experience with the usual 12-chrome alloy bucket steels indicates that a
threshold velocity exists at about Vb 5 900 ft /s (270 m/s), below which
impact erosion does not normally occur. With alloys specifically se-
lected for their erosion resistance and with Stellite shields, satisfactory
service has been obtained with values of Vb in excess of 1,900 ft /s (580
m/s). Centrifugal stress limits the application of steel blades to a tip
velocity of about 2,000 ft /s (610 m/s). Titanium alloys provide high
strength, low density (and hence low centrifugal stress), combined with
excellent inherent moisture erosion resistance. Titanium bucket designs
are available with a tip speed of 2,200 ft /s (670 m/s), without the need
for separate erosion protection shielding. The severity of erosion pene-
tration is dependent upon the thermodynamic properties of the stage and
the effectiveness of reducing moisture content by means of interstage
collection and drainage as well.

Rotative Speed The speed selected greatly influences weight and
cost. With two geometrically similar turbines, one having twice the
linear dimensions of the other, the steampath areas of the larger, and
hence its capacity, would be 4 times and its weight 8 times as great as
those of the smaller. The weight per unit of capacity with similar ma-
chines increases inversely as the speed with strict geometrical similar-
ity. For this reason, the highest possible low-pressure blade speeds and
r/min are selected. Machines of different speeds are not usually made
strictly geometrically similar, and the reduction of specific weight is not
so rapid as the above rule would indicate. With large-capacity turbines,
blade speeds, at the outer radius, can reach 2,200 ft /s (670 m/s). With
high speeds and small dimensions, the turbine can operate with higher
steam temperature and greater temperature fluctuations because of
lighter casing walls and less mass of rotor; the amount of distortion is
less with more uniform heating; the turbine can be heated and put in
service more quickly; space requirements are less; and dynamic load-
ings on foundations are less.

Balancing (see Secs. 3 and 5) With a rotor, or a component of a
rotor, of relatively short axial length (such as a disk), static balancing
may suffice. Single bodies of more than half the diameter in axial length
are usually dynamically balanced by the use of balancing machines. The
balancing may be done at less than the running speed, since a bladed
turbine rotor cannot be rotated in air at a speed approaching the running
speed, or at high speed in an evacuated spin facility, or with a combina-
tion of both. Balance at full speed may not be satisfactory unless the
balance weights are applied at points diametrically opposite the errors in
balance, so that balance corrections must frequently be provided along
of material which could cause rotor distortion with heat is avoided, and
to avoid rubbing of the packings on the rotor. Turning gears are gener-
ally used to keep the rotor turning at low speed to maintain uniform
temperature when the turbine is shut down and cooling, and for a pro-
longed period before starting.

TURBINE BUCKETS, BLADING, AND PARTS

Figure 9.4.13 shows various blade fastenings. Blades are subject to
vibration and possible fatigue fracture if their natural frequency is reso-

Fig. 9.4.13 Steam-turbine blade fastenings.

nant with some applied vibration force. Forced vibrations may arise
from the following causes (see also Sec. 5):

1. Variations in steam forces. The blade frequencies should not be
even multiples of the running speed, nor should they be resonant with
the frequency of passing nozzle partitions or exhaust-hood struts.

2. Shock, the result of blades being subjected to discontinuous steam
flow, such as may be caused by incomplete peripheral steam admission
or extraction.

3. Torsional vibrations of the rotor.
High-speed, low-pressure blades of condensing turbines are usually

of tapering section and have a warped surface in order to provide appro-
priate blade angles throughout their length. Long blades of this type
frequently have their natural frequency between three and four times the
running speed or even lower. Such blades should always be specially
tuned to have a margin in frequency away from running-speed stimuli.

Margins from running speed to assure freedom from fatigue due to
resonant vibration and transverse to the plane of the wheel are as fol-
lows:

Frequency, cycles per revolution 2 3 4 5
Margin between critical and running speeds, %:

Within wheel plane (tangential) 15 10 5 5
Transverse to wheel plane (axial) 20 10 10 5

Higher-frequency buckets whose frequencies cannot assuredly be
made nonresonant should be designed with adequate strength to resist
such stimuli as may occur under service conditions.

Blade Materials The material in most general use is a low-carbon
stainless steel of the following composition: Cr, 12 to 14 percent; C,
0.10 to 0.12; Mn, 0.08 max; P, 0.03 max; S, 0.05 max; Si, 0.25 max. Its
physical characteristics in the heat-treated condition at room tempera-
ture may be tensile strength, 100,000 lb/in2 (690 MPa); yield point,
80,000 lb/in2 (550 MPa); elongation, 21 percent; reduction of area, 60
percent. For the higher-temperature blades, particularly on large ma-
chines, it is practice to use alloyed chrome steel to achieve the required
strength and oxidation-erosion resistance (see also Sec. 6).

Rotor Materials Since steam turbines operate at high speeds, rotor
materials must be of very high integrity and of basically high strength.
In addition, the material should be ‘‘tough’’ at the temperatures at
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which it is to be highly stressed. A measure of this toughness may be
obtained by running Charpy notch impact tests at various temperatures
(see Sec. 5). In large modern machines the rotor forgings are almost
exclusively made of steel melted in basic electric furnaces and vacuum
poured to achieve freedom from internal defects. Turbine rotor forgings
are usually made with small amounts of alloying elements such as Ni,
Cr, V, or Mo.

Casing and Bolting Materials High-temperature and -pressure cas-
ings are almost always made of castings in order to achieve the compli-

pressure, lb/in2 abs; V1 5 initial specific volume of steam, ft3/ lb; P2 5
final pressure, lb/in2 abs; N 5 number of throttlings.

The value of K for interlocking labyrinths where the flow velocity is
effectively destroyed between throttlings is approximately 50 and is
independent of clearance for usual clearance values.
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cated shapes required by these components. The alloy compositions
used are selected so as to provide good weldability and castability as
well as good physical properties. Low-temperature and -pressure cas-
ings are usually fabricated from steel plate. Bolts are made of forged or
rolled materials.

The practical use of higher steam pressures and temperatures is lim-
ited by the strength and cost of available materials.

Leakage Metallic labyrinth packings are employed to (1) reduce
internal steam leakage from stage to stage, (2) prevent steam from
escaping the turbine from elevated-pressure ends, and (3) prevent air
from leaking into the turbine at subatmospheric-pressure shaft ends.
Interstage packings usually employ single rings with multiple teeth. End
packings are arranged in multiple rings. At the high-pressure end, the
leakage of steam past the first few rings may be carried to a lower-pres-
sure stage of the turbine so that the outer rings need only prevent the
leakage of low-pressure steam to atmosphere. The annulus above the
last ring, or group of rings, is connected to a packing exhauster which
maintains a pressure slightly below atmospheric. In consequence, no
steam leaks out along the shaft, while a small amount of air is drawn
past the final packing to the exhauster. Vacuum packings are provided
with an inner annulus which is supplied with steam above atmospheric
pressure. Steam flows inward from that annulus to supply the leakage
toward the vacuum end, and outward toward a packing-exhauster con-
nection. Thus steam is prevented from escaping along the shaft, while
air is prevented from being drawn into the turbine.

Some turbines use carbon end packings or water seals. Carbon pack-
ings consist of one or more rings of pure carbon made in sections of 90
or 120° and held toward the shaft with small clearances by means of
springs. The springs should have an axial component of force to hold
the rings against the side of the box.

Labyrinths dependent upon radial clearances are shown in Fig. 9.4.14.
In the design with ‘‘high and low’’ teeth, heavy teeth are cut on the
turbine shaft, and thin teeth are part of a renewable packing ring which
is made in segments backed and held inward by flat springs. The key
indicated in the figure prevents turning of the segments. These types
require that the rotor remain sensibly concentric with the stator but do
not require a close axial adjustment.

Labyrinths dependent upon axial clearances are shown in Fig. 9.4.15.
These require the maintenance of a close axial adjustment of the rotor.

The flow through a labyrinth may be approximately determined by
the formula

W 5 25KA √(P1 /V1 )[1 2 (P2 /P1 )]

N 2 ln (P2 /P1 )

where W 5 mass flow of steam, lb/h; K 5 experimentally determined
coefficient; A 5 area through packing clearance space, in2; P1 5 initial
Fig. 9.4.14 Labyrinths with radial clearance.
Fig. 9.4.15 Labyrinths with axial clearance.

For noninterlocking labyrinths, i.e., stationary teeth against a straight
cylindrical shaft, the value of K varies with the ratio of tooth spacing to
radial clearance, being about 120 for tooth spacing of five times the
radial clearance, reducing to approximately 50 for a tooth spacing fifty
times the clearance.

Turning Gears Large turbines are equipped with turning gears to
rotate the rotors slowly during warming up, cooling off, and particularly
during shutdown periods of several days when it may be necessary to
start the turbine again on short notice. The object is to maintain the shaft
or rotor at an approximately uniform temperature circumferentially, so
as to maintain straightness and preserve the balance. Turning gears
permit an appreciable reduction in starting time, particularly following a
relatively short shutdown.

It is seldom necessary to use high-pressure oil to lift the journals off
their bearings when using a turning gear. A low-pressure motor-driven
oil pump is used which floods the bearings with about half their usual
flow of oil. The turning gear is made powerful enough to start the rotor
and rotate it at low speed.

High-Temperature Bolting The bolting of high-pressure, high-tem-
perature joints, particularly turbine-shell or valve-bonnet joints, is very
exacting. It is worthwhile to taper the threads of either the male or the
female element so that the engagement of the threads throughout the
length of the engaged thread portion will give approximately uniform
bearing. The reliability of taper-threaded bolts is superior to that of
parallel-threaded bolts.

Thrust bearings must usually be designed to carry axial rotor thrust in
either direction, with sufficient margin to take care of unusual operating
conditions. Thrust runners may be machined solid on the shaft or can be
a separate piece shrunk on and secured from endwise motion. The sta-
tionary bearing surfaces may be of the pivoted-shoe type, or made in
solid plates with babbitt or other bearing-material facing, with grooves
for oil supply and ‘‘lands’’ to carry the thrust load.

Axial thrust on the turbine rotor is caused by pressure and velocity
differences across the rotor blades, pressure differences from one side to
the other on wheels or rotor bodies, and pressure differences across
shaft labyrinths which have steps in diameter. The net thrust is the sum
of all these effects, some of which may be in one direction, and some in
the opposite direction. Rotor-blade and wheel or body thrust are usually
in the direction of steam flow. It is usual to balance this thrust either
partially or completely by proper choice of shaft packing diameters and
pressure differences so that the net thrust is not too large. The thrust
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bearing must be made large enough so that it is not overloaded by the
net thrust. In this respect it is necessary to foresee all operating condi-
tions which may influence the net thrust and allow for these; in addition
some margin must be allowed for abnormal or unforeseen circum-
stances which may occur in service. (See also Sec. 8.)

Controls Steam turbines are nearly always equipped with speed-
control governors, and with separate overspeed governors. The only
exceptions are special cases where it is judged that the possibility of
overspeed due to loss of load is exceedingly remote. The speed-control

be rehabilitated and its capacity increased. Two methods of operation
are in use: (1) with constant intermediate pressure as when the lower-
pressure power units operate also with steam from existing lower-pres-
sure boilers and (2) with variable intermediate pressure as when the
low-pressure units receive steam only from the back-pressure turbine.

Boiler-feed-pump-drive turbines have been used extensively as part of
the power-plant system, especially for large, high-pressure plants where
the required feed-pump power may amount to 4 percent of the gross
plant output, and for large nuclear units. The turbine and pump can be
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governor may be arranged for a wide range of speed setting in the case
of a variable-speed turbine. The steam flow-control valve or valves are
operated by this governor, usually through a hydraulic relay mecha-
nism. The overspeed governor is usually of an overisochronous type,
arranged to trip at 10 percent over normal full speed (on some small
turbines, 15 percent), actuating quick-closing stop valves to shut off the
steam supply to the turbine. Speed-control governing systems are usu-
ally designed so that the overspeed-governing system is not brought into
action on sudden loss of full load.

On automatic extraction machines, the speed governor must be corre-
lated with the extraction-pressure controlling-valve system.

On fossil-reheat turbines, because of the large stored steam volume in
the reheater and piping, and on nuclear turbines, because of the moisture
separator/steam reheater and piping volumes, it is necessary to protect
the turbine from overspeed on sudden loss of load by shutting off this
stored steam ahead of the lower-pressure stages. It is done by interme-
diate intercept valves, actuated by a governor set slightly higher than the
speed-control governor. An intermediate stop valve actuated by the
overspeed trip is usually added in series for additional protection.

Speed-governing systems can be supplied of various sensitivities and
speed ranges, to suit the requirements of the driven apparatus. Both
mechanical-hydraulic and electrohydraulic systems are employed. Ana-
log electrohydraulic systems were introduced during the 1960s as elec-
tronic components of sufficient reliability for turbine service became
available. Digital systems were introduced in the 1980s and have be-
come the standard control technology. Modern systems control transient
thermal stress and the expenditure of low-cycle fatigue life of high-tem-
perature components, in addition to controlling speed and load. (See
‘‘Steam Temperature—Starting and Loading.’’)

Steam turbines are usually provided with a supervisory instrumenta-
tion system. That for a large central station unit may process several
hundred channels of information, providing alarms and/or trips for ab-
normal parameters. Data may be stored on paper charts, on magnetic
media, or in computer memory depending upon the design of the sys-
tem. Displays frequently employ color cathode-ray tubes.

INDUSTRIAL AND AUXILIARY TURBINES

Low-capacity turbines are employed for services such as engine-room
auxiliaries and small generating sets. Usually they comprise a single
turbine element. Their efficiency may be less than that of a correspond-
ing reciprocating engine, but they are employed because of their com-
pactness and because they require no internal lubrication. The exhaust
steam is free from oil and grease and is available for heating purposes.
They are frequently coupled to the driven machine by means of speed-
reducing gears. Turbines of this type are usually of the axial-flow type,
but the tangential helical-flow turbine, in which the steam is directed
tangentially and radially inward by nozzles against buckets milled in the
wheel rim and made to flow in a helical path reentering the buckets one
or more times, is also used. Such machines have generally been limited
to small single-stage designs, and are very simple and rugged.

In back-pressure turbines, the exhaust steam is employed for some
heating process, and the turbine work may be a by-product. If all the
exhaust steam is condensed in heat-absorbing apparatus and returned to
the system, the thermal efficiency of the system may be over 90 percent.
One application is the superposition of a high-pressure system on lower-
pressure power units, with the exhaust from the high-pressure turbine
power units, with the exhaust from the high-pressure turbine going to
the low-pressure steam mains. By this device, an old power station can
matched as to rotative speed. These turbines are variously integrated
into the main cycle. The most common present practice is to use con-
densing, nonextracting turbines supplied with steam in the range of 150
to 200 lb/in2 abs (1,000 to 1,400 kPa) taken from the exhaust of the
intermediate sections of fossil turbines, or from the inlet of the low-
pressure sections of nuclear units. These turbines normally have a con-
nection to the main steam supply for starting and low-load operation.
Similar auxiliary turbines are frequently used to drive the forced- or
induced-draft fans of large fossil-fuel-fired boilers.

With extraction turbines, partly expanded steam is extracted for exter-
nal process use at one or more points. The turbines may be either con-
densing or noncondensing. Extraction turbines are usually designed to
sustain full rated output, with or without extraction, and are provided
with automatic regulating mechanisms to deliver steam from the extrac-
tion points at constant pressure, as long as there is sufficient power load
to permit the necessary flow. The use of such extraction turbines, par-
ticularly with high initial pressures in connection with many industrial
processes requiring moderate- or low-pressure steam, results frequently
in a high efficiency of power production, i.e., the only heat required in
such a plant over and above that to provide the required process steam is
the heat equivalent of the power generated by the steam before extrac-
tion. This means that such power can be produced at nearly 100 percent
thermal efficiency.

Figure 9.4.16 illustrates a typical double-automatic, condensing ex-
traction turbine, providing two controlled extraction pressures. In this
case, the unit is equipped with internal spool valves at both extraction
points. Grid and poppet-type valves have been used for this purpose.
The extraction-stage valves are under the control of an extraction-pres-
sure-actuated governor; they determine the flow to the subsequent
stages of the turbine and maintain the pressure in the extraction stage.
The operation of the valves is by means of a pilot valve controlling the
admission of high-pressure fluid to an actuating cylinder, which, in turn,
opens or closes the valves to the nozzle ports to the succeeding stage.
Extractions of this kind are called pressure-controlled extractions, and
the pressure is maintained practically constant over a wide range if the
load is sufficient to permit the required steam flow.

Mechanical-drive turbines are commonly applied where moderate to
high power and/or precise speed control of the driven machine are
needed. Typical applications include the powering of papermaking ma-
chines and the driving of fluid compressors in petrochemical plants. So
many sizes and types are available from the manufacturers, and they
have been adapted to so many applications, that it is impossible to give
here more than a general description. These turbines are commonly
built in sizes from a few to several thousand horsepower. If the speed of
the driven machine is low, a reduction gear may be used in order to
reduce the size and cost of the driving turbine and to improve its effi-
ciency. Mechanical-drive turbines have a wide range of application,
being adaptable for any steam conditions and a wide variety of speeds.
They can be equipped with speed governors suited to the requirements,
i.e., of very good stability and accuracy, if this is desirable, and arranged
for various constant speed settings over a speed range as wide as 10 : 1.

Main Propulsion Marine Turbines (see also Sec. 11.3) Steam tur-
bines were commonly employed for the propulsion of naval and mer-
chant ships into the 1970s. The availability of aero-derivative gas tur-
bines of light weight, high capacity, and acceptable efficiency has led to
their use for the propulsion of oil-fired naval vessels. The rapid rise in
the price of fuel oil in the 1970s led merchant ship operators away from
steam propulsion to the use of the more efficient diesel engine. Steam
turbines continue to be used for the propulsion of all nuclear-powered
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Fig. 9.4.16 Double automatic condensing extracting turbine, 25,000 kW. (General Electric Co.)

Fig. 9.4.17a A 16,000-hp cross-compound marine turbine designed for steam conditions of 600 lb/in2 gage, 850°F,
11⁄2 inHg abs. High-pressure section for 6,550-r/min normal speed. Low-pressure section in Fig. 9.4.17b. (General Elec-
tric Co.)
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Fig. 9.4.17b Same marine turbine as in Fig. 9.4.17a, but showing low-pressure section for 3,750-r/min normal speed.
Low-pressure section contains two-stage reversing element. (General Electric Co.)

vessels. Marine turbines are basically the same as central-station or
industrial turbines except that usually the turbine is divided into a high-
pressure and a low-pressure element, each geared through a common
low-speed gear to the propeller shaft. The advantages of this compound
arrangement are that two high-speed pinions divide the load on a com-
mon low-speed gear, thus reducing gear weight when compared with a
single turbine. The high-pressure turbine can be made higher-speed than
the low-pressure turbine and so be better adapted to the low volume
flow. Each turbine can have a short rugged shaft, and either turbine can
be used to propel the ship in an emergency.

vacuum under normal ahead conditions. The rotation loss of such an
astern turbine is about 1⁄2 percent under normal ahead conditions.

Being directly geared to the propeller shaft, marine turbines must
work at variable speeds. Overspeed governors are not required but are
sometimes applied as a precautionary measure. Control is effected in
most cases by sequentially operated nozzle valves. A typical marine
turbine rated 16,000 hp is shown in Fig. 9.4.17. Ratings of 70,000 hp
have been built, and larger sizes are realistic.
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Geared marine turbines require a reversing element for operating the
vessel astern. This is typically a two-stage impulse turbine with two
2-row, or one 2-row and one 1-row, velocity stages arranged in the
exhaust space of the low-pressure ahead turbine, so as to operate under
Fig. 9.4.18 Cross section of a 500-MW tandem-compound,
Electric Corp.)
LARGE CENTRAL-STATION TURBINES

Figures 9.4.18 and 9.4.19 show examples of large central-station tur-
bines as built by two manufacturers.

Figure 9.4.18 illustrates a 3,600-r/min tandem-compound four-flow
quadruple-flow 3,600-r/min reheat turbine. (Westinghouse
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Fig. 9.4.19 Cross section of a 1,300-MW class tandem-compound, six-flow 1,800-r/min turbine for steam from
light-water nuclear reactors, showing one of the three low-pressure sections. (General Electric Co.)

unit rated 500 MW. It is a single-reheat fossil unit for nominal inlet-
steam conditions of 2,400 lb/in2 gage (16,650 kPa) 1,000°F (538°C),
reheat to 1,000°F (538°C). The right-hand casing is a combined high-
pressure and reheat section. Steam flows from the left center to the right
through the impulse-type governing stage, then reverses, flowing to the
left through the nine reaction-type high-pressure stages, and exhausts
from the casing to the reheat section of the boiler. Reheated steam
reenters that casing at its right center, flowing to the right through five
reheat stages, turning once more to flow to the left between the inner
and outer casings, finally exhausting up and to the left to the two dou-

pressure casings. Figure 9.4.20 is a cross section through a combination
moisture separator and two-stage steam reheater. The exhaust from the
high-pressure turbine enters the shell at the bottom, flowing upward
through the inclined corrugated-plate moisture-separating elements,
which remove essentially all the entrained water. It continues upward,
flowing over the tubes of the first-stage bundle, which are supplied with
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ble-flow low-pressure casings on the left end of the unit. The inlet stop
and control valves, the reheat stop and intercepter valves, and the gener-
ator are not shown.

Four-flow units of this general type employ last-stage rotor blades
from 25 to 40 in. (600 to 900 mm) long and in ratings up to about
700 MW. Significantly higher ratings require dividing the functions of
the combined casing into a separate single-flow high-pressure casing
and a separate two-flow reheat casing, for a total of four casings. The
use of the long titanium last-stage buckets makes this configuration
suitable for ratings up to 1,200 MW. In cases requiring additional ex-
haust area, a third double-flow low-pressure element can be employed
for a total of five casings. Tandem-compound 3,600- and 3,000-r/min
units are commonly offered for ratings up to about 1,200 MW. Some-
what larger ratings can be accommodated by 3,600/3,600- or 3,600/
1,800-r/min cross-compound units, but economic considerations makes
their application infrequent.

Figure 9.4.19 illustrates an 1,800-r/min tandem-compound six-flow
turbine designed for steam from light-water nuclear reactors. Reactors
of both the boiling and pressurized-water types raise steam at 1,000
lb/in2 abs (7,000 kPa) approximately with little or no initial superheat,
so that the initial temperature is about 545°F (285°C), with a fraction of
1 percent of moisture frequently present. The poorer steam conditions
result in higher steam rates than seen by fossil turbines. The lower initial
pressure causes larger initial specific volume. In consequence, a typical
nuclear turbine must accommodate 2.5 to 4 times the initial volume
flow, and about 11⁄2 times the exhaust volume flow of a fossil unit of the
same rating. These considerations and the fact that the low temperature
of the steam results in high moisture content in the expansion lead to the
choice of 1,800 r/min. In halving the speed, diameters are less than
doubled, balancing the advantages of larger steam-path area to accom-
modate large flow, while reducing velocities to minimize the occur-
rence of impact moisture erosion. The shortened energy range due to the
lower initial conditions requires only two kinds of casings, high pres-
sure and low pressure, compared with the three needed by fossil-reheat
units.

Referring to Fig. 9.4.19, the steam enters the double-flow nozzle
boxes of the high-pressure section, to the left, through stop and control
valves which are not shown. It flows in both directions through the
impulse-type stages, exhausting through four connections on each end
of the shell. At the exhaust, the pressure is reduced to 200 lb/in2 abs
(1,400 kPa) approximately, and the moisture content is increased to 12
percent. That moisture poses an erosion risk and a performance loss to
the low-pressure section following. It is current practice to dry the steam
in an external moisture separator, frequently combined with one or
two stages of steam-to-steam reheating, before admission to the low-
Fig. 9.4.20 Cross section of a combination moisture separator and two-stage
steam reheater for use with nuclear reactor turbines.

steam extracted from the high-pressure turbine, approaching to within
20 to 50°F (11 to 28°C) of that temperature. Next, it flows over the tubes
of the second stage bundle, which are supplied with initial steam, ap-
proaching to within 20 to 50°F (11 to 28°C) of that temperature, or to
495 to 525°F (257 to 274°C). The steam leaves the vessel at the top and
is admitted to the low-pressure sections of Fig. 9.4.19, through stop and
intercept valves, not shown. The last-stage blade length is in the range
of 38 to 52 in (960 to 1,320 mm).

Units of the type described are built to ratings of approximately
1,300 MW with larger sizes available. Similar four-flow units are em-
ployed for ratings up to approximately 1,000 MW.

Other types of nuclear reactors, such as the high-temperature gas-
cooled reactor and the liquid-metal-cooled fast-breeder reactor, produce
steam conditions at temperature and pressure levels comparable with
fossil-fuel-fired boilers, leading to the use of 3,600-r/min units similar
to fossil practice.
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STEAM TURBINES FOR COMBINED CYCLES
(See also Sec. 9.7)

Modern combustion gas turbines (GTs) have ratings approaching
250 MW. Considerable sensible heat is available in the gas-turbine ex-
haust-gas flow which ranges from 1,000 to 1,100°F (530 to 600°C) in
temperature. In the combined cycle, the gas-turbine exhaust is directed to
an unfired steam boiler called a heat-recovery steam generator (HRSG).
The steam generated in the HRSG is admitted to a steam turbine, whose
electrical output is approximately one-half that of the gas turbine. The

for overspeed protection in the event of loss of load. The result is a very
simple symmetric casing arrangement which reduces transient thermal
stress and helps the steam turbine follow the potentially rapid changes
in gas-turbine output. These features can be seen in Fig. 9.4.21. A
two-casing reheat unit with single-flow exhaust is illustrated.

STEAM-TURBINE PERFORMANCE

The ideal steam rate (steam consumption, lb/kWh) of a simple turbine
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resulting combined thermal efficiency can range from 50 to 55 percent,
better than that of any other available power cycle. High efficiency
combined with the clean exhaust of gas turbines burning natural gas has
created a broad field of application for combined cycles and the asso-
ciated steam turbines.

Combined cycles can be arranged in several ways. In the single-shaft
configuration, the gas and steam turbines are coupled together, driving a
single generator. Units rated 352 MW have been manufactured for 50-
Hz power systems, in which the gas turbine contributes 223 MW while
the steam turbine generates 129 MW. The multiple-shaft arrangement
uses a separate generator for each steam turbine and gas turbine. Each
gas turbine has its own HRSG. The steam output from two or more
GT/HRSG pairs can be manifolded to a single steam turbine. For exam-
ple, a typical application for 60-Hz power systems combines two 164-
MW gas turbines with one 188-MW steam turbine for a combined out-
put of 516 MW. The steam conditions are 1,400 lb/in2 gage (9,760 kPa),
1,000°F (538°C) with reheat in the HRSGs back to 1,000°F (538°C).

Steam turbines in combined-cycle service operate following the gas
turbine(s), with their admission valves wide open accepting the full
instantaneous output of the HRSG(s). The valves are located away from
the turbine casings and are used only for speed control upon starting and

Table 9.4.2 Theoretical Steam Rates for Typical Steam Conditions, lb

Initial

150 250 400 600 600 850 850

365.9 500 650 750 825 825 900

Ini
0 94.0 201.9 261.2 336.2 297.8 372.8 29

Initial
Exhaust
pressure 1,195.5 1,261.8 1,334.9 1,379.6 1,421.4 1,410.6 1,453.5 1,4

inHg abs
2.0 10.52 9.070 7.831 7.083 6.761 6.580 6.282 6.
2.5 10.88 9.343 8.037 7.251 6.916 6.723 6.415 6.
3.0 11.20 9.582 8.217 7.396 7.052 6.847 6.530 6.
4.0 11.76 9.996 8.524 7.644 7.282 7.058 6.726 7.

lb/in2 gage
5 21.69 16.57 13.01 11.05 10.42 9.838 9.288 9.

10 23.97 17.90 13.83 11.64 10.95 10.30 9.705 10.
20 28.63 20.44 15.33 12.68 11.90 11.10 10.43 10.
30 33.69 22.95 16.73 13.63 12.75 11.80 11.08 11.
40 39.39 25.52 18.08 14.51 13.54 12.46 11.66 12.
50 46.00 28.21 19.42 15.36 14.30 13.07 12.22 12.
60 53.90 31.07 20.76 16.18 15.05 13.66 12.74 13.
75 69.4 35.77 22.81 17.40 16.16 14.50 13.51 14.
80 75.9 37.47 23.51 17.80 16.54 14.78 13.77 14.

100 45.21 26.46 19.43 18.05 15.86 14.77 15.
125 57.88 30.59 21.56 20.03 17.22 16.04 16.
150 76.5 35.40 23.83 22.14 18.61 17.33 18.
160 86.8 37.57 24.79 23.03 19.17 17.85 18.
175 41.16 26.29 24.43 20.04 18.66 19.
200 48.24 29.00 26.95 21.53 20.05 20.
250 69.1 35.40 32.89 24.78 23.08 23.
300 43.72 40.62 28.50 26.53 27.
400 72.2 67.0 38.05 35.43 35.
425 84.2 78.3 41.08 38.26 38.
600 78.5 73.1 68.

* From Theoretical Steam Rate Tables—compatible with the 1967 ASME Steam Tables, ASME
cycle is 3,412.14/(h1 2 hs2 ), where h is in Btu/lb [or kg/kWs 5
1/(h91 2 h9s2 ), h9 in kJ/kg]. (See Fig. 9.4.4.)

The actual steam rate is 3,412.14/[ht(h1 2 hs2 )], where ht is the
engine efficiency of the turbine only, inclusive of mechanical losses {or
kg/kWs 5 1/[ht (h91 2 h9s2)]}.

The actual steam rate of turbine and generator is 3,412.14/he (h1 2
hs2 )], where he is the engine efficiency including all mechanical and
electrical losses {or kg/kWs 5 1/[he (h91 2 h9s2 )]}.

The enthalpy of the steam leaving the turbine elements h2 is

h2 5 h1 2 hs (h1 2 hs2) 5 (Wh1 2 3,412.14Pg )/W

where hs is the engine efficiency of the steam path, inclusive of leak-
ages and losses but exclusive of mechanical and electrical losses; W is
the steam flow, lb/h; and the gross output Pg is the net output plus
mechanical and electrical losses, kW [or h92 5 h91 2 hs (h91 2 h9s2

) 5
(W9h91 2 Pg)/W9, where W9 is flow in kg/s].

Table 9.4.2 gives steam rates for the ideal simple turbine cycle
through a wide range of operating conditions. The performance of a
turbine is usually expressed as a steam rate in the case of machines
having no extraction or admission of steam between inlet and exhaust,
which is generally true of small units and most noncondensing turbines.

Wh*

ressure, lb/in2 gage

00 900 1,200 1,250 1,250 1,450 1,450 1,800 2,400

itial temp, °F

25 900 825 900 950 825 950 1000 1000

l Superheat, °F
1.1 366.1 256.3 326.1 376.1 232.0 357.0 377.9 337.0

enthalpy, Btu/lb

08.4 1,451.6 1,394.7 1,438.4 1,468.1 1,382.7 1,461.2 1,480.1 1,460.4

555 6.256 6.451 6.133 5.944 6.408 5.900 5.668 5.633
696 6.388 6.584 6.256 6.061 6.536 6.014 5.773 5.733
819 6.502 6.699 6.362 6.162 6.648 6.112 5.862 5.819
026 6.694 6.894 6.541 6.332 6.835 6.277 6.013 5.963

755 9.209 9.397 8.820 8.491 9.218 8.351 7.874 7.713
202 9.617 9.797 9.180 8.830 9.593 8.673 8.158 7.975
982 10.327 10.490 9.801 9.415 10.240 9.227 8.642 8.421
67 10.952 11.095 10.341 9.922 10.801 9.704 9.057 8.799
304 11.52 11.646 10.831 10.380 11.309 10.134 9.427 9.136
90 12.06 12.16 11.284 10.804 11.779 10.531 9.767 9.442
47 12.57 12.64 11.71 11.20 12.22 10.90 10.08 9.727
28 13.30 13.34 12.32 11.77 12.85 11.43 10.53 10.12
55 13.55 13.56 12.52 11.95 13.05 11.60 10.67 10.25
59 14.50 14.42 13.27 12.65 13.83 12.24 11.21 10.73
87 15.70 15.46 14.17 13.51 14.76 13.01 11.84 11.28
18 16.91 16.47 15.06 14.35 15.65 13.75 12.44 11.80
71 17.41 16.88 15.41 14.69 16.00 14.05 12.68 12.00
52 18.16 17.48 15.94 15.20 16.52 14.49 13.03 12.29
91 19.45 18.48 16.84 16.05 17.39 15.23 13.62 12.77
90 22.24 20.57 18.68 17.81 19.11 16.73 14.78 13.69
27 25.37 22.79 20.62 19.66 20.89 18.28 15.95 14.59
71 33.22 27.82 24.99 23.82 24.74 21.64 18.39 16.41
33 35.65 29.24 26.21 24.98 25.78 22.55 19.03 16.87
11 63.4 42.10 37.03 35.30 34.50 30.16 24.06 20.29

1969.
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Turbines having automatic pressure-controlled extractions or admis-
sions of steam between inlet and exhaust usually have their performance
expressed by a chart showing required throttle flow vs. load for varying
amounts of steam extracted or admitted at specified conditions.

Turbines working on regenerative and/or reheat cycles, condensing,
usually have performance expressed as a heat rate, based upon a care-
fully specified heat cycle arrangement. This is usually illustrated by a
diagram that defines all the surrounding conditions. See, for example,
Fig. 9.4.26, actual cycle.

charts; TSR1 for 850 lb/in2, 825°F, 2 inHg is 6.58 lb/kWh; TSR2 for 850 lb/in2,
825°F to 150 lb/in2 is 18.61 lb/kWh.

Turbine-generator efficiency from Table 9.4.3, single autoextraction at 80 per-
cent rating (10,000 kW on a 12,500-kW unit), is 78 percent. Efficiency correc-
tion for autoextraction (see Table 9.4.3) is 0.92. Then actual steam rate (ASR)
is TSR/(efficiency 3 correction); ASR1 5 6.58/78% 3 0.92 5 9.17 lb/kWh;
ASR2 5 18.61/78% 3 0.92 5 25.9 lb/kWh; kW generation from extraction
flow 5 extraction flow/ASR2 5 175,000/25.9 5 6,760 kW.

kW to be generated by condenser flow 5 10,000 2 6,760 5 3,240.
Condenser steam flow required is 3,240 3 9.17 5 29,700 lb/h, or (say) 30,000

lb/h. Total steam flow to throttle then is 175,000 1 30,000 5 205,000 lb/h.

Str

al s

0 lb
50

63
67
69
74
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The above methods for expressing turbine performance are more
satisfactory for most application than the use of turbine ‘‘engine effi-
ciencies.’’ However, it is useful to know the general range of turbine
efficiency realized in practice. The engine efficiency of a turbine de-
pends mainly upon the flow areas and diameter of stages, the average
velocity ratio, as can be deduced from Fig. 9.4.6, 9.4.7, and 9.4.8, the
number of turbine stages, and the steam conditions. With so many vari-
ables, it is not possible to do more than show a general picture of
efficiency as a function of rating, as in Fig. 9.4.22, for multistage con-
densing turbines. Noncondensing turbines will usually have similar ef-
ficiency levels; automatic extraction turbines will generally be slightly
lower because of extra losses in the control-stage sections.

Fig. 9.4.22 Turbine efficiencies vs. capacity.

Approximate steam rates for turbines operating without auxiliary ad-
missions or extractions of steam between inlet and exhaust may be
estimated for any turbine rating by dividing theoretical steam rate,
corresponding to inlet steam pressure and temperature and exhaust
pressure, by the appropriate turbine efficiency from Fig. 9.4.22.

A short method for calculating extraction-turbine performance is illus-
trated by the following example:

Assume a 12,500-kW automatic-extraction-condensing unit operating at
10,000 kW, with 175,000 lb/h extraction for process at 150 psig with no extrac-
tion for feedwater heating, and throttle steam conditions of 850 lb/in2, 825°F,
exhaust at 2 inHg abs.

PROCEDURE. Find theoretical steam rates (TSR) from Table 9.4.2 or steam

Table 9.4.3 Basic Efficiency for Steam Turbines,

Initi

250 lb/in2 40
kW capacity drive, hp 500°F 6

Equivalent
mechanical

875 1,200 63
1,875 2,600 76
2,500 3,500 69
5,000 6,900

7,500 10,300 76

12,500 17,200 78
15,625 21,500 79
20,000 27,100 79

* Efficiency correction factors, mechanical drive and auto extraction-

Single autoextraction-condensing
Double autoextraction-condensing
Figure 9.4.23 gives correction factors for speed which differ from
3,600 r/min and is representative of units designed for about 4 inHg abs
exhaust pressure.

Fig. 9.4.23 Correction factor for condensing mechanical-drive turbines.

Mechanical-Drive Turbines Table 9.4.3 and Figs. 9.4.22 and 9.4.23
provide efficiency-estimating data for typical condensing turbines, pri-
marily for 3600-r/min generator drive. Figure 9.4.24 shows approxi-
mate values for turbine efficiency to be expected for noncondensing
mechanical-drive units designed for a broad range of horsepower rating,
speed, and inlet steam conditions.

Large Central-Station Turbine-Generators

REFERENCES: Spencer, Cotton, and Cannon, A Method for Predicting the Per-
formance of Steam Turbine-Generators . . . 16,500 kW and Larger, Trans.
ASME, ser. A, Oct. 1963. Baily, Cotton, and Spencer, Predicting the Performance
of Large Steam Turbine-Generators Operating with Saturated and Low Superheat
Steam Conditions, Proc. Amer. Power Conf., 1967; discussion of foregoing,
Combustion, Sept. 1967. Spencer and Booth, Heat Rate Performance of Nuclear
Steam Turbine-Generators, Proc. Amer. Power Conf., 1968. Baily, Booth, Cotton,
and Miller, ‘‘Predicting the Performance of 1800-rpm Large Steam Turbine-Gen-
erators Operating with Light Water-Cooled Reactors,’’ General Electric publica-
tion GET-6020, 1973. ‘‘Heat Rates for Fossil Reheat Cycles Using General Elec-
tric Steam Turbine-Generators 150,000 kW and Larger,’’ General Electric
publication GET-2050C, 1974.

aight Condensing at Rated Load*

team conditions (gage pressure and temp.)

/in2 600 lb/in2 800 lb/in2 1,250 lb/in2

°F 750°F 825°F 900°F

62
66
68
73 73

75 75
78 78 77
79 79 77
80 79 79

condensing turbines—multiply basic efficiencies by:

At 80% At 100%
rating rating

0.92 0.96
0.88 0.92
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Fig. 9.4.24 Mechanical-drive turbine efficiencies. (a) Basic efficiency, 3,600 r/min. Figures on curve are inlet
steam pressure in lb/in2 gage. (b) Superheat correction factor. (c) Rated-load speed-correction factor.

The performance of central-station turbine-generators is generally ex-
pressed as heat rate, Btu/kWh, the ratio of the heat added to the cycle in
Btu/h, to generation, in kW. Heat rate may be converted to thermal
efficiency using the relationship, Efficiency 5 3,412.14/heat rate (or
1/heat rate expressed in kJ/kWs). Heat rates are calculated by the prep-
aration of a heat balance, which considers steam conditions, steam flow,
turbine-expansion efficiency, packing leaking losses, exhaust loss at the
end of the low-pressure expansion (perhaps other casings as well), me-
chanical losses, electrical losses associated with the generator, moisture

of today’s types and steam conditions. Steam pressures in excess of
3,500 lb/in2 gage (24,200 kPa) and initial and reheat temperatures in
excess of 1,000°F (538°C) were frequently employed in the past. How-
ever, a number of operating and economic considerations have led to
near standardization on the single reheat cycle with initial pressure of
2,400 or 3,500 lb/in2 gage (16,650 or 24,240 kPa), with initial and
reheat temperature of 1,000°F (538°C).

Table 9.4.5 lists some representative net heat rates for large nuclear
turbines for service with steam from boiling-water reactors (BWR), at

2 1

ta

mi

us
ft2

2,860 Motor 8,240 8,240 8,290 8,380 8,500

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
separation and reheat if present, and extraction for feedwater heating.
Gross heat rate is calculated without consideration of the power con-
sumed by the boiler feed pump. Net heat rate does consider pump power
and is higher (poorer) than gross by a factor related to the initial steam
pressure. If the pump is driven by an auxiliary turbine, as is the present
usual practice, net heat rate is the natural result of the heat-balance
calculation, and gross heat rate has little meaning. Net station heat rate
considers the auxiliary power required by the rest of the power-plant
equipment, and the boiler efficiency of fossil plants. It is generally
about 3 percent higher than net heat rate in nuclear plants (3 percent
auxiliary power, 100 percent ‘‘boiler’’ efficiency), and about 16 percent
higher than net heat in the case of a coal-fired plant (4 percent auxiliary
power, 90 percent boiler efficiency).

A typical current value of net station heat rate for the fossil steam
conditions is 9,000 Btu/kWh (2.64 kJ/kWs), equivalent to a thermal
efficiency of 38 percent. A typical net station heat rate for a large
light-water nuclear-reactor plant is about 10,100 Btu/kWh (2.96 kJ/
kWs), or about 34 percent thermal efficiency.

Table 9.4.4 lists representative net heat rates for large fossil turbines

Table 9.4.4 Representative Net Heat Rates for Large Fossil Central-S

Nominal
rating,

MW, at
1.5 inHg

abs

Steam conditions

Throttle Reheat
pressure Temp, temp,

lb/in2 gage °F °F

Tandem compound, 3,600 r/
buckets

No. of Length, Exha
rows in area,

150 1,800 1,000 1,000 2 26 82
235 1,800 1,000 1,000 2 26 82

250 1,800 1,000 1,000 2 30 111
250 1,800 1,000 1,000 2 30 111
250 2,400 1,000 1,000 2 30 111
500 2,400 1,000 1,000 4 30 222
700 2,400 1,000 1,000 4 33.5 264

1,000 2,400 1,000 1,000 6 30 334
500 3,500 1,000 1,000 4 30 222
700 3,500 1,000 1,000 4 33.5 264

1,000 3,500 1,000 1,000 6 30 334
1,100 3,500 1,000 1,000 6 33.5 397
950 lb/in gage (6,650 kPa), ⁄2 percent initial moisture. Values for other
light-water reactors may be approximated by reducing heat rate by 1
percent for each 100 lb/in2 (690 kPa) pressure increase, reducing heat
rate by 0.15 percent for reducing initial moisture to 0 percent, reducing
heat rate by 0.3 percent for each 10°F (6°C) of initial superheat pro-
vided.

Reheating with Regenerative Cycle

REFERENCES: Reynolds, Reheating in Steam Turbines, Trans. ASME, 71, 1949,
p. 701. Harris and White, Development in Resuperheating in Steam Power Plants,
Trans. ASME, 71, 1949, p. 685.

Reheating is currently used on all new large fossil central-station tur-
bines. It is accomplished by taking the steam from the turbine after
partial expansion, reheating it in a separate section of the boiler, and
returning it to the next lower-pressure section of the turbine. Reheating
results in lowering of the turbine heat rate by approximately 5 percent;
the exact improvement is dependent on several factors. Roughly speak-
ing, 40 percent of the improvement comes from having added heat to

tion Turbine-Generators

n. last-stage

t Approx Boiler feed-
kW/ft2 pump drive

Net heat rate, Btu/kWh, at rated load and steam
conditions, and at exhaust pressure, inHg abs

1.5 2 3 4 5

1,820 Motor 8,010 8,060 8,230 8,440 8,630
2,250 Motor 8,080 8,100 8,220 8,400 8,620
2,250 Turbine 8,030 8,060 8,200 8,390 8,610
2,250 Turbine 7,850 7,890 8,030 8,240 8,450
2,250 Turbine 7,790 7,830 7,970 8,170 8,370
2,650 Turbine 7,860 7,870 7,970 8,130 8,320
3,000 Turbine 7,920 7,930 8,000 8,100 8,250
2,250 Turbine 7,620 7,660 7,820 8,030 8,220
2,650 Turbine 7,670 7,690 7,810 7,980 8,170
3,000 Turbine 7,710 7,730 7,810 7,940 8,090
2,770 Turbine 7,680 7,700 7,810 7,960 8,140
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Table 9.4.5 Representative Net Heat Rates for Large Nuclear Central-Station Turbine-Generators

Nominal
turbine
rating,

MWe at
2 inHg

abs

Tandem compound, 1,800 r/min, last-stage buckets

Length, Exhaust Approx
No. of rows in area, ft2 kW/ft2

Net heat rate, Btu/kWh, at warranted reactor thermal power, at
rated steam conditions, and at exhaust pressure, inHg abs

1.5 2 3 4 5

Warranted
reactor
thermal
power,
MWt

2,440 840 4 38 423 1,980 9,950 9,950 10,090 10,190 10,410
2,440 850 4 43 495 1,720 9,810 9,820 9,950 10,170 10,440
2,890 1,010 6 38 634 1,590 9,750 9,780 9,950 10,200 10,480
2,890 990 4 43 495 2,000 9,980 9,980 10,050 10,200 10,410
3,580 1,230 6 38 634 1,940 9,910 9,920 10,000 10,170 10,380
3,580 1,250 6 43 743 1,680 9,780 9,790 9,930 10,160 10,430
3,830 1,310 6 38 634 2,070 9,990 9,990 10,050 10,190 10,390
3,830 1,330 6 43 743 1,790 9,840 9,850 9,960 10,170 10,420

All units boiling-water reactor steam conditions of 965 lb/in2 abs, 1,190.8 Btu/lb, and two stage steam reheat with 25°F approach to reheating steam temperature.

the cycle at a higher-than-average temperature (thermodynamic gain),
and the remaining 60 percent comes from improvement in turbine effi-
ciency due to reduced moisture loss and increased reheat factor.

Reheating can theoretically be done any number of times, but be-
cause of extra cost of apparatus and piping, and the steam pressure
drops required in practice (8 to 10 percent of the reheat pressure),
the economic gains diminish rapidly with more than one reheating (see
Fig. 9.4.25). In a few cases, two reheatings are employed. (See also
Sec. 4.)

Fig. 9.4.26. Other variations are the use of (1) all open-contact heaters, or
(2) drain coolers to reduce the loss due to cascading the drips, or
(3) a desuperheating section on the top heater to get a higher final
feed temperature, thereby approaching most closely to the ideal
cycle.

Figures 9.4.27 and 9.4.28 and Table 9.4.6 supply data on the results
of regenerative heating based on the ideal cycle of Fig. 9.4.26. Figure
9.4.27 shows the reduction in heat rate for various initial pressures and
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Fig. 9.4.25 Approximate gains due to reheating.

The throttle and condenser steam-flow rates for a given turbine out-
put are reduced approximately 17 and 13 percent, respectively, by re-
heating once to the initial temperature, as compared with no reheat with
the same initial steam conditions.

The maximum gain in heat rate from one reheating with a fixed-per-
centage pressure drop through the reheating system occurs when the
reheat pressure is about 0.15 of the initial pressure. In practice, how-
ever, the reheat pressure is higher, 0.20 to 0.30 times initial pressure,
because of the extra cost of larger piping, valves, etc., required for lower
reheater pressures owing to the larger steam volume.

Regenerative Feedwater Heating
(See also Sec. 4.)

The heat consumption of a turbine may be reduced by heating the con-
densate (feedwater) in stages by the condensation of steam extracted at
various points from the turbine. This is shown diagrammatically for an
ideal cycle and a more practical cycle in Fig. 9.4.26. The difference
between the two is in the use of mixing heaters in the ideal cycle with
each discharge pumped back while the practical cycle has closed heaters
with cascaded drains in the upper and pumped drains in the lowest
heater, together with some pressure drop between turbine and heaters
and a terminal temperature difference between saturated-steam temper-
ature in the heater and feedwater temperature coming out. Usually the
difference between such an ideal and a practical cycle is about 11⁄2
percent. A deaerating type of contact heater with no terminal difference
may be substituted for one of the closed heaters as is shown in
Fig. 9.4.26 Comparison of ideal and actual cycles for regenerative feedwater
heating.
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Fig. 9.4.27 Reduction in heat rate by use of ideal regenerative cycle, with 1-inHg back pressure.

Fig. 9.4.28 Increase in steam flow necessary to maintain the same power output when using the ideal regenerative
cycle, with 1-inHg back pressure.

temperatures at 1 inHg abs (3.4 kPa) exhaust pressure, for various feed-
water temperatures and number of heaters. The increase in throttle flow
necessary to maintain the same power output when extracting steam for
feedwater heating is shown in Fig. 9.4.28.

INSTALLATION, OPERATION, AND
MAINTENANCE CONSIDERATIONS

Steam turbines are capable of long life and high reliability with rela-

operation, and preventive maintenance. This section considers four
areas proved to be of particular importance by operating experience.

Steam Temperature—Starting and Loading

REFERENCES: Mora et al., ‘‘Design and Operation of Large Fossil-Fueled Steam
Turbines Engaged in Cyclic Duty,’’ ASME/IEEE Joint Power Generation Con-
ference, Oct. 1979. Spencer and Timo, Starting and Loading of Large Steam
Turbines, Proc. Amer. Power Conf., 1974. Ipsen and Timo, The Design of Tur-
bines for Frequent Starting, Proc. Amer. Power Conf., 1969. Timo and Sarney,
‘‘The Operation of Large Steam Turbines to Limit Cyclic Shell Cracking,’’
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tively little maintenance, if proper attention is paid to their installation,

Table 9.4.6 Total Steam Bled, Percent of Throttle Flo

S

600 lb
400 lb/in2 gage 825°F

(2,900 kPa) kPa,

Final feed
temp

°F °C 2 10 2
150 65 7.0 7.1 6.9
200 93 11.4 11.8 11.3
250 121 15.6 16.2 15.5
300 149 19.6 20.6 19.5
350 177 23.6 24.8 23.5
400 204 27.1 29.0 27.1
450 232 30.2
500 260
ASME Paper 67-WA/PWR-4, 1967.

m pressure and temperature

gage 1,250 lb/in2 gage 1,500 lb/in2 gage
,200 950°F (8,700 1,050°F 10,400
°C) kPa, 510°C) kPa, 565°C)

ages of feedwater heating

10 2 10 2 10
7.0
11.6 11.2 11.5 10.7 11.0
16.0 15.5 15.9 12.6 13.1
20.4 19.5 20.3 18.8 19.5
24.6 23.6 24.6 20.7 21.6
28.8 27.4 28.9 26.4 27.8
32.5 31.1 33.2 30.0 32.0

35.0 37.4 33.9 36.1
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Changing steam temperature at constant load or changing load at con-
stant temperature subjects rotors and shells to thermal transients.
Whereas temperature and load may be changed in seconds, it may take
heavy metal sections hours to reach equilibrium with the new tempera-
tures imposed on their surfaces. Parts are subjected to transient thermal
stresses which may deplete their low-cycle thermal fatigue life. Re-
peated thermal cycles may lead to full expenditure of the available
fatigue life of the part, followed by surface cracking. Further cycles tend
to drive the cracks deeper into the affected part, leading to steam

Turbine manufacturers provide equipment such as conditioners to
maintain bulk lubricating oil purity and full-flow filters to remove con-
taminants before they enter bearings. Further, they provide instructions
for cleaning oil systems by oil flushing between installation and first
operation, and for maintaining the required oil and hydraulic-fluid pu-
rity. It is important that these be followed carefully.

Steam Purity

REFERENCES: Lindinger and Curren, ‘‘Corrosion Experience in Large Steam
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leakage through shells or vibration problems with rotors. Cracks tend
to be driven deeper by downward steam-temperature changes, since
the surface chills faster than the underlying material and is stressed in
tension.

Steam-turbine manufacturers publish specific starting and loading
instructions for their units. Data are provided such that the operator may
select loading rates that stay within an acceptable expenditure of total
low-cycle fatigue life per starting or loading cycle. For example, if a
unit is expected to be started and loaded daily for a 30-year life, total
cycles will be about 10,000, and it would be desirable to avoid exceed-
ing 0.01 percent life expenditure per daily cycle.

Water-Induction Damage

REFERENCES: Recommended Practices for the Prevention of Water Damage to
Steam Turbines Used for Electric Power Generation, ANSI/ASME TDP-1-1985
Fossil Fueled Plants. ASME Standard No. TWPDS-1, Part 2—Nuclear Fueled
Plants, Apr. 1973.

Any connection to a steam turbine is a potential source of water either
by induction from external equipment or by accumulation of condensed
steam. The sources include the following along with their piping and
drains: main and reheat steam systems; reheat attemperating system
(fossil units); bypass systems, crossaround piping, moisture separator/
reheater system (nuclear units); extraction system and feedwater heat-
ers; steam-seal system; turbine-drain system. Water induction may lead
to steam-path damage such as broken buckets, thrust-bearing failure,
rotor bowing, and shell distortion, which may be indicated by abnormal
vibration or differential expansion, or inability to turn the rotor on turn-
ing gear.

Water induction may be prevented by proper system installation,
provision of protective and indicating devices, and periodic testing,
inspection, and maintenance. Detailed recommendations are given in
the ANSI/ASME and ASME standards and in manufacturers’ instruc-
tions.

Lubricating-Oil and Hydraulic-Fluid Purity

Most steam turbines are provided with a lubricating-oil system consist-
ing of reservoir, pumps, coolers, and piping to provide the thrust and
journal bearings with a generous supply of oil at the proper temperature
and viscosity. Some units also use the lube-oil system as a source
of fluid power for control devices and steam-valve actuation. It is
most important to assure the cleanliness and purity of the lube oil at all
times to avoid bearing and journal damage, or control-system malfunc-
tion. Bearings have failed because of oil starvation caused by clogged
lines. At least one overspeed failure has resulted from the silting of
control devices with rust caused by the entry of water into the oil
system.

Units employing an electrohydraulic control system frequently use a
synthetic fire-resistant fluid for the high-pressure control hydraulics,
separate from the petroleum oil used in the bearing lubrication system.
High-pressure hydraulic systems employing synthetic fluid offer ad-
vantages in size reduction, speed of response, and fire safety. However,
because of the need for very close clearances between small parts at
high pressures, and because of the poorer rust-preventing properties of
the fluid, cleanliness is of even greater importance than with oil-based
systems.
Turbines,’’ ASME/IEEE Joint Power Generation Conference, Oct. 1981. Bussert
et al., ‘‘The Effect of Water Chemistry on the Reliability of Modern Large Steam
Turbines,’’ ASME/IEEE Joint Power Generation Conference, Sept. 1978.
McCord et al., ‘‘Stress Corrosion Cracking of Steam Turbine Materials,’’ Na-
tional Association of Corrosion Engineers, Apr. 1975.

Boiler feedwater treatments have traditionally been designed to remove
solids that might clog steam passages in the boiler, remove salts that
could cause scaling of tube surfaces and interfere with heat transfer,
prevent corrosion of tube surfaces by reducing oxygen content and by
maintaining pH at a high level, and provide ‘‘clean’’ steam to the tur-
bine.

At one time the main concern with steam quality in the turbine was
the level of silica present, since that chemical tends to deposit in the
steam passages and causes reduction in capacity and efficiency. In gen-
eral, the monitoring and control of silica has been well developed, and
as steam turbines have increased in rating, the passages have increased
in area, so that the net effect has been a reduction in the extent of losses
in efficiency and capacity from deposits.

On the other hand, the growth in unit ratings has been accomplished
without a proportional growth in physical size, and has resulted in
greater power densities per casing, per stage, and per pound of material.
Such increased duty has required the use of higher-strength alloys oper-
ating at higher stresses. As a result, modern turbine components are
more susceptible to stress-corrosion cracking than those in older,
smaller units, and therefore require better control of contaminants in the
steam.

The feedwater treatment in most fossil fuel stations is designed to
provide a sufficiently low level of contaminants so that stress-corrosion
cracking of turbine components should not be a problem. Both the
‘‘zero solids’’ and the ‘‘coordinated phosphate’’ treatments can be con-
trolled to provide steam of acceptable chemistry. Unfortunately, there
are a number of situations in which undesirable chemicals can be intro-
duced in the steam in spite of well-intentioned ‘‘normal’’ water-control
practices. For example, the composition of coatings put on turbine com-
ponents for corrosion protection during shipment, storage, and installa-
tion must be controlled. The chemistry of solutions used for the removal
of coatings during installation, and the methods used, must be carefully
regulated. The turbine must be protected during the chemical cleaning
of related components such as the boiler, condenser, and feedwater
heaters. Critical components have been damaged by fumes from clean-
ing. The feedwater system must be designed so that only water of high
purity is used for boiler desuperheater sprays, and for the turbine ex-
haust-hood sprays used to limit temperature during light-load operation.
Condensate demineralizers must be operated and regenerated so as to
ensure that they do not introduce the harmful chemical they are intended
to remove. In the event of a leak into the condenser of impure cooling
water, it is important to avoid changing the feedwater treatment in such
a way that the turbine is subjected to harmful contaminants introduced
to protect other station components.

In each of these undesirable instances, the average concentration of
chemicals in the steam can be quite low, but high local concentrations
can be developed through several mechanisms. For example, dilute so-
lutions can enter crevices not washed by flowing steam; as water evapo-
rates on heating, the concentration of the solution wetting the surfaces
tends to increase. In the case of expansion-joint bellows, chemicals
contained in steam condensing on shutdown or cold start-up tend to be
trapped and concentrated in the bottom of the bellows convolutions.
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Succeeding cycles can lead to dry residue or to concentrated solutions
during operating conditions which provide moisture. In the case of the
steam path, as the expansion crosses into the moisture region, the first
droplets of water condensed from the steam will tend to contain most
of the contaminants. Concentration-enhancement factors of 100 to
1,000 can be achieved. In modern reheat turbines the early-moisture
region occurs in one of the later few stages of the low-pressure sec-

tion, and at light loads can occur on the most highly stressed last-stage
buckets.

Extreme care must be exercised in protecting turbines from chemical
contamination during installation, operation, and maintenance. Any de-
viation from sound feedwater-treatment practice during condenser leaks
should be done with the full realization that damage to the turbine may
result.

sis
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9.5 POWER PLANT
by William J. Bow, as
NOTE: Standards for this industry retain USCS units except as indicated in
the text.

SURFACE CONDENSERS

REFERENCE: Heat Exchange Institute Standards for Steam Surface Condensers.

The power plant surface condenser
haust of a steam turbine (see Figs. 9
HEAT EXCHANGERS
ted by Donald E. Bolt
moval section, where it is discharged to the atmosphere by the air-re-
moval equipment.

To remove the last traces of O2 from the condensate, an ammonia
compound such as hydrazine is normally added. Free ammonia is liber-
ated in the cycle and is either removed with the noncondensables as a
gas or is condensed and retained in the condensate, depending on the

ir-removal section. If the ammonia is
very corrosive to certain copper-base

rs have tube-bundle configurations
is attached to the low-pressure ex-
.5.1 and 9.5.2). Its purposes are (1)

detailed design of the condenser a
concentrated as a liquid, it can be
materials.

Most condenser manufacture
to produce a vacuum or desired back pressure at the turbine exhaust for
the improvement of plant heat rate, (2) to condense turbine exhaust
steam for reuse in the closed cycle, (3) to deaerate the condensate, and
(4) to accept heater drains, makeup water, steam drains, and start-up and
emergency drains.

Fig. 9.5.1 Equipment arrangement, schematic.

An economical turbine back pressure is from 1.0 to 3.5 inHg abs.
The factors involved in establishing this pressure are involved and will
not be discussed here.

An equipment diagram of a closed power plant cycle is shown in Fig.
9.5.1.

For a condenser to deaerate the condensate, it must remove oxygen
and other noncondensable gases to an acceptable level compatible with
material selection and/or chemical treatment of the feedwater (conden-
sate). Depending on materials and treatment, the dissolved O2 level
must normally be kept below 0.005 cm3/L for turbine units operating
with high-pressure and -temperature steam.

Deaeration in a condenser is accomplished by applying Henry’s law,
which states that the concentration of the dissolved gas in a solution is
directly proportional to the partial pressure of that gas in the free space
above the condensate level in the hot well, with the exception of those
gases (e.g., CO2 1 NH3) which unite chemically with the solvent. In a
condenser droplets of condensate are continually scrubbed with steam,
liberating the O2 and permitting it to flow to the low-pressure air-re-
unique to their design philosophy. Basically, pressure losses from tur-
bine exhaust to the air offtake are kept to a minimum and tubes are
arranged to promote good heat-transfer rates. Small condensers are usu-
ally cylindrical, whereas large ones are rectangular for better utilization
of space. Most turbines exhaust downward into the condenser, but con-
densers are also built to accommodate side as well as axial exhaust
turbines.

Because of the inherent strength of cylindrical shapes as opposed to
flat plates, condenser water boxes are generally made with curved sur-
faces. This has come about because of the increased pressure resulting
from cooling towers, which in turn, are the result of environmental
influences. With a cooling tower, pressures are in the 60 to 80 lb/ in2

range, whereas with water from lakes, rivers, etc., where a siphon sys-
tem can be employed, water-box design pressures are in the 20 to 30
lb/ in2 range.

As a general rule, tube selection is based on economics; 18 BWG
admiralty metal has been satisfactory for freshwater service and 90-10
copper-nickel material likewise for seawater. The current trend is to use
22 BWG titanium or one of the new specially formulated stainless-steel
tube materials for this application. Material prices fluctuate greatly, and
selection can be influenced by first cost. Lost revenue due to downtime
caused by tube leaks or other causes, particularly in larger units, can
usually justify the use of more exotic and expensive materials.

Low-pressure feedwater heaters are frequently located in the steam-
inlet neck of a condenser. This is done to minimize pressure drop in the
extraction steam piping and to utilize floor space surrounding the con-
denser better.

A sufficient number of tube supports must be provided within the
condenser so that the tubes will not vibrate excessively, which will
cause tubes to rub or crack circumferentially. During low-water-tem-
perature operation, the steam entering the condenser will often reach
sonic velocities, causing severe flow-induced vibration and ultimate tube
failures if the tube support system is inadaquate.

Where once-through boiler or nuclear steam generators are used, it is
imperative to dispose of large quantities of steam during starting and
stopping of a turbine unit. The condenser, because of its large volume,
has been used as a convenient dumping place for this steam. Means
must be provided within the condenser to accommodate the high-energy
steam without damage to condenser tubing, structural members, or the
low-pressure end of the turbine.
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10.1 MATERIAL HOLDING, FEEDING, AND METERING
by Vincent M. Altamuro

FACTORS AND CONSIDERATIONS

The movement of material from the place where it is to the place where
it is needed can be time consuming, expensive, and troublesome. The
material can be damaged or lost in transit. It is important, therefore, that
it be done smoothly, directly, with the proper equipment and so that it is
under control at all times. T
a material handling system

1. Form of material at
etc.

Other factors to be considered include:
1. Labor skills available
2. Degree of mechanization desired
3. Capital available
4. Return on investment
5. Expected life of installation

ut not value, it should be
time, distance, frequency,

f material is usually most

Move to shipping d

Fig. 10.1.1 Mater

10-2

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
he several factors that must be known when
is designed include:

point of origin, e.g., liquid, granular, sheets,

Since material handling adds expense, b
reduced as much as possible with respect to
and overall cost. A straight steady flow o

efficient. The use of mechanical equipment rather than humans is usu-
2. Characteristics of the material, e.g., fragile, radioactive, oily,
etc.

3. Original position of the material, e.g., under the earth, in cartons,
etc.

4. Flow demands, e.g., amount needed, continuous or intermittent,
timing, etc.

5. Final position, where material is needed, e.g., distance, elevation
differences, etc.

6. In-transit conditions, e.g., transocean, jungle, city traffic, in-
plant, etc., and any hazards, perils, special events or situations that could
occur during transit

7. Handling equipment available, e.g., devices, prices, reliability,
maintenance needs, etc.

8. Form and position needed at destination
9. Integration with other equipment and systems

10. Degree of control required

Unload from truck to receiving dock
ock

ial flowchart.
ally, but not always, desirable—depending upon the duration of the job,
frequency of trips, load factors, and characteristics of the material.
When equipment is used, maximizing its utilization, using the correct
equipment, proper maintenance, and safety are important considera-
tions.

The proper material handling equipment can be selected by analyzing
the material, the route it must take from point of origin to destination,
and knowing what equipment is available.

FLOW ANALYSIS

The path materials take through a plant or process can be shown on a
flowchart and floor plan. See. Figs. 10.1.1 and 10.1.2. These show not
only distances and destinations, but also time required, loads, and other
information to suggest which type of handling equipment will be
needed.

People

req.
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heated, mixed, macerated, dyed, etc.), and how it is to be fed out of the
device. Some such devices are tanks, bins, hoppers, reels, spools, bob-
bins, trays, racks, magazines, tubes, and totes. Such devices may be
stationary—either with or without moving parts—or moving, e.g., vi-
brating, rotating, oscillating, or jogging.

The material holding system is the first stage of a material handling
system. Efforts should be made to assure that the holding devices never
become empty, lest the entire system’s flow stops. They can be refilled
manually or automatically and have signals to call for refills at carefully
calculated trigger points.
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Fig. 10.1.2 Material flow floor plan.

CLASSIFICATIONS

Material handling may be divided into classifications or actions related
to the stage of the process. For some materials the first stage is its
existence in its natural state in nature, e.g., in the earth or ocean. In other
cases the first stage would be its receipt at the factory’s receiving dock.
Subsequent material handling actions might be:

1. Holding, feeding, metering
2. Transferring, positioning
3. Lifting, hoisting, elevating
4. Dragging, pulling, pushing
5. Loading, carrying, excavating
6. Conveyor moving and handling
7. Automatic guided vehicle transporting
8. Robot manipulating
9. Identifying, sorting, controlling

10. Storing, warehousing
11. Order picking, packing
12. Loading, shipping

FORMS OF MATERIAL

Material may be in solid, liquid, or gaseous form. Solid material may be
in end-product shapes or in intermediate forms of slabs, sheets, bars,
wire, etc., which may be rigid, soft, or amorphous. Further, each item
may be unique or all may be the same, allowing for indiscriminate
selection and handling. Items may be segregated according to some
characteristic or all may be commingled in a mixed container. They
might have to be handled as discrete items, or portions of a bulk supply
may be handled. If bulk, as coal or powder, their size, size distribution,
flowability, angle of repose, abrasiveness, contaminants, weight, etc.,
must be known. In short, before any material can be held, fed, sorted,
and transported, all important characteristics of its form must be known.

HOLDING DEVICES

Devices used to hold material should be selected on the basis of the
form of the material, what is to be done to it while being held (e.g.,
Fig. 10.1.3 Reciprocating feeder. Either hopper or tube reciprocates to obtain,
orient, and feed items.

MATERIAL FEEDING AND METERING MODES

Material can be fed from its holding devices to processing areas in
several modes:

1. Randomly or by selection of individual items
2. Pretested or untested
3. Linked together or separated
4. Oriented or in any orientation
5. Continuous flow or interruptible flow
6. Specified feed rate or any rate of flow
7. Live (powered) or unpowered action
8. With specific spaces between items or not

Fig. 10.1.4 Centerboard feeder. Board, with edge shaped to match part,
dips and then rises through parts to select part, which then slides into feed
groove.
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FEEDING AND METERING DEVICES

The feeding and metering devices selected depend on the above factors
and the properties of the material. Some, but not all, possible devices
include:

1. Pumps, dispensers, applicators
2. Feedscrews, reciprocating rams, pistons
3. Oscillating blades, sweeps, arms
4. Belts, chains, rotaries, turntables
5. Vibratory bowl feeders, shakers

TRANSFERRING AND POSITIONING

There is frequently a need to transfer material from one machine to
another, to reposition it within a machine, or to move it a short distance.
This can be accomplished through the use of ceiling-, wall-, column-, or
floor-mounted hoists, mechanical-advantage linkages, powered manip-

IN
bu
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6. Escapements, mechanisms, pick-and-place devices

Fig. 10.1.5 Rotary centerboard feeder. Blade, with edge shaped to match part,
rotates through parts, catching those oriented correctly. Parts slide on contour of
blade to exit onto feeder rail.

Figures 10.1.3 to 10.1.8 illustrate some possible feeding and metering
devices.

Fig. 10.1.6 Escapement feeder. One of several variations. Escapement is
weighted or spring-loaded to stop part from leaving track until it is snared by the
work carrier. Slope of track feeds next part into position.

10.2 LIFTING, HOIST
by Ernst K. H. Mar
CHAIN
by Joseph S. Dorson and Ernst K. H. Marburg
Columbus McKinnon Corporation

Chain, because of its energy absorption properties, flexibility, and abil-
ity to follow contours, is a versatile medium for lifting, towing, pulling,
and securing. The American Society
and National Association of Chain
vided chain into two main groups: w
is further categorized into grades by strength and used for many high-
Fig. 10.1.7 Spring blade escapement. Advancing work carrier strips off one
part. Remainder of parts slide down feed track. Work carrier may be another part
of the product being assembled, resulting in an automated assembly.

ulators, robots, airflow units, or special devices. Also turrets, dials,
indexers, carousels, or conveyors can be used; their motion and action
can be:

1. In-line (straight line)
a. Plain (without pallets or platens)
b. Pallet or platen equipped

Fig. 10.1.8 Lead screw feeder. Parts stack up behind the screw. Rotation of
screw feeds parts with desired separation and timing.

2. Rotary (dial, turret, or table)
a. Horizontal
b. Vertical

3. Shuttle table
4. Trunnion
5. Indexing or continuous motion
6. Synchronous or nonsynchronous movement
7. Single- or multistation

G, AND ELEVATING
rg and Associates
As an example, the mean stress of Grade 30 chain at its minimum
breaking load is 300 N/mm2 while those for Grades 80, 70, and 43 are
800, 700, and 430 N/mm2 respectively.

Graded welded steel chain is further divided by material and use.
Grades 30, 43, and 70 are welded carbon-steel chains intended for a
variety of uses in the trucking, construction, agricultural, and lumber

d alloy-steel chain used primarily for
s.
en discussing graded steel chains,
for Testing and Materials (ASTM)
Manufacturers (NACM) have di-
elded and weldless. Welded chain

industries, while Grade 80 is welde
overhead lifting (sling) application

As a matter of convenience wh

chain designers have developed an expression which contains a constant
strength industrial applications, while weldless chain is used for light-
duty low-strength industrial and commercial applications. The grade
designations recognized by ASTM and NACM for welded steel chain
are 30, 43, 70, and 80. These grade numbers relate the mean stress in
newtons per square millimeter (N/mm2) at the minimum breaking load.
for each given grade of chain regardless of the material size. This ex-
pression is M 5 N 3 (dia.)2 3 2000 where M is the chain minimum
ultimate strength in pounds; N is a constant: 91 for Grade 80, 80 for
Grade 70, 49 for Grade 43, and 34 for Grade 30. Note that N has units of
lb/in2 and dia. is the actual material stock diameter in inches.
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Table 10.2.1 Grade 80 Alloy Chain Mechanical and Dimensional Requirements

Nominal Material Working load Proof test,* Minimum breaking Inside length, Inside width,
chain size diameter limit, max min force* max min to max

in mm in mm lb kg lb kN lb kN in mm in mm

7⁄32 5.5 0.217 5.5 2,100 970 4,300 19.0 8,500 38.0 0.693 17.6 0.270 to 0.325 6.87 to 8.25
9⁄32 7.0 0.276 7.0 3,500 1,570 7,000 30.8 13,800 61.6 0.900 22.9 0.344 to 0.430 8.75 to 10.92
3⁄8 10.0 0.394 10.0 7,100 3,200 14,200 63.0 28,300 126.0 1.260 32.0 0.492 to 0.591 12.50 to 15.00
1⁄2 13.0 0.512 13.0 12,000 5,400 23,900 107.0 47,700 214.0 1.640 41.6 0.640 to 0.768 16.25 to 19.50
5⁄8 16.0 0.630 16.0 18,100 8,200 36,200 161.0 72,300 322.0 2.020 51.2 0.787 to 0.945 20.00 to 24.00
3⁄4 20.0 0.787 20.0 28,300 12,800 56,500 252.0 113,000 504.0 2.520 64.0 0.984 to 1.180 25.00 to 30.00
7⁄8 22.0 0.866 22.0 34,200 15,500 68,400 305.0 136,700 610.0 2.770 70.4 1.080 to 1.300 27.50 to 33.00
1 26.0 1.024 26.0 47,700 21,600 95,400 425.0 191,000 850.0 3.280 83.2 1.280 to 1.540 32.50 to 39.00
11⁄4 32.0 1.260 32.0 72,300 32,800 144,600 644.0 289,300 1288.0 4.030 102.4 1.580 to 1.890 40.00 to 48.00

* The proof test and minimum breaking force loads shall not be used as criteria for service or design purposes.
SOURCE: ASTM and NACM; copyright material reprinted with permission.

Note that the foregoing expression can also be stated as chain ulti-
mate strength 5 N 3 (dia.)2 3 (short tons) where short tons 5 2,000.
Therefore, knowing the value of the constant N and the stock diameter
of the chain, the minimum ultimate strength can be determined.

As an example, the ultimate strength of 1⁄2-in Grade 80 chain can be
verified as follows by using the information contained in Table 10.2.1:

M 5 (91 lb/in2) (0.512 in)2 3 2,000 5 47,700 lb (214 kN)

While graded steel chains are not classified as calibrated chain, since
links are manufactured to accepted commercial tolerances, they are

warning of overloading. For low-hardness carbon-steel chains (under
200 Brinell) in use prior to the advent of hardened alloy steel, the
requirement for sling chains to have 15 percent minimum elongation at
rupture provided some usefulness as an overload warning signal. How-
ever, since high-quality Grade 80 alloy steel chain of 360 Brinell or
higher has replaced carbon-steel chain in high-strength applications,
elongation as an indicator of overload is not so apparent. Grade 80 chain
achieves about 50 percent of its total elongation during the final 10
percent of loading just prior to rupture. For this reason, only about 50
percent of the total elongation is useful as a visual indicator of over-
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sometimes used for power transmission in pocket wheel applications. In
most such applications, however, power transmission chain is special in
that link dimensions are held to very close tolerances and the chain is
processed to achieve special wear and strength properties. More in-
depth discussions of chain, chain fittings, power transmission, and spe-
cial chain follow in this section.

Grade 80 Welded Alloy-Steel Chain
(Sling Chains)

The ASTM and NACM specifications for alloy-steel chain (sling chain)
has evolved over a period of many years dating back to the mid-1950s.
The load and strength requirements for slings and sling chain have
unified and are currently specified at Grade 80 levels in the ASME
standard for slings and the NACM and ASTM specifications for alloy
steel chain. Table 10.2.1 relates the ASTM and NACM Grade 80 speci-
fications. As noted, the working load limit or maximum load to be
applied during use is approximately 25 percent of the minimum break-
ing force. Because the endurance limit is about 18 percent of the break-
ing strength, applications which call for a high number of load cycles
near the rated load should be reconsidered to maintain the load within
endurance limits. As an alternative, a larger-size chain with a higher
working load limit could be applied.

Alloy steel chain manufactured to the Grade 80 specification varies in
hardness among producers from about 360 to 430 Brinell. This range
has narrowed, on average, in recent years from a prior range of 250 to
450 Brinell which was common in the 1960s. The current values equate
to a material tensile strength range of 175,000 to 215,000 lb/in2 or an
average chain tensile strength of 116,000 lb/in2 (800 N/mm2) to 145,000
lb/in2 (1000 N/mm2). Thus the tensile strengths expressed for Grade 80
chain provide a breaking strength range of 91 3 (diam)2 to 114 3
(diam)2 short tons. The approximate conversion is 1.0 3 (diam)2 short
tons 5 8.78 N/mm2. Thus, Grade 80 chain has a minimum breaking
strength of 91 3 (diam)2 short tons.

As is the case with chain strength, chain dimensions have become
standardized in the interest of interchangeability of chain and chain
fittings. Thus, the dimensions presented in Table 10.2.1 are intended to
assure interchangeability of products between manufacturers.

Present ASTM and NACM chain specifications call for a minimum
elongation of 15 percent at rupture. This figure was established in 1924
as an attempt to guarantee against brittle fracture and to give visible
loading. Thus, it is increasingly important that sling chain and slings of
optimum strength, toughness, and durability be properly selected, ap-
plied, and maintained as advised in applicable standards.

Total deformation (plastic plus elastic) at failure is important as one
of the determinants of energy-absorption capability and therefore of
impact resistance. However, its companion determinant—breaking
strength—is equally important. The only practical way to measure their
composite effect is by actual impact tests on actual chain samples—not
by tests on Charpy or other prepared specimens of material. Special
impact testers equipped with high-speed measuring and integrating de-
vices have been developed for this purpose.

General-Purpose Welded Carbon-Steel Chains

Grade 30 (proof coil) chain is made from low-carbon steel containing
about 0.08 percent carbon. It has a minimum breaking strength of ap-
proximately 34 3 (diam)2 short tons at 125 Brinell, while its working
load limit is 25 percent of its minimum breaking force. Applications
include load securement, guard rail chain, and boat mooring. It is not for
use in critical or lifting applications. Table 10.2.2 gives pertinent
ASTM-NACM size and load data.

Grade 43 (high test) chain is made from medium carbon steel having a
carbon content of 0.15 to 0.22 percent. It is typically heat-treated to a
minimum breaking strength of 49 3 (diam)2 short tons at a hardness of
200 Brinell. Table 10.2.3 presents the ASTM-NACM specifications for
Grade 43 chain. As shown, the working load limit is approximately 35
percent of the minimum breaking force. The major use of this chain
grade is load securement, although it also finds use for towing and
dragging in the logging industry.

Grade 70 (transport) chain was previously designated binding chain
by NACM. This is a high-strength chain which finds use as a load
securement medium on log and cargo transport trucks. It may be made
from carbon or low-alloy steel with boron or manganese added in some
cases to provide a uniformly hardened cross section. Carbon content is
in the range of 0.22 to 0.30 percent. The chain is heat-treated to a
minimum breaking force of 80 3 (diam)2 short tons with the working
load limit at 25 percent of the minimum breaking force. Although this
chain approaches the strength of Grade 80, it is not recommended for
overhead lifting because of the greater energy absorption capability and
toughness demanded of sling chain. Table 10.2.4 presents the ASTM-
NACM specifications for Grade 70 chain.
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Table 10.2.2 Grade 30 Proof Coil Chain
Note: Not to be used in overhead lifting applications.

Nominal Material Working load limit, Proof test,* Minimum breaking Inside length, Inside width,
chain size diameter max min force* max min

in mm in mm lb kg lb kN lb kN in mm in mm

1⁄8 4.0 0.156 4.0 375 170 800 3.6 1,600 7.1 0.94 23.9 0.25 6.4
3⁄16 5.5 0.217 5.5 800 365 1,600 7.2 3,200 14.3 0.98 24.8 0.30 7.7
1⁄4 7.0 0.276 7.0 1,300 580 2,600 11.6 5,200 23.1 1.24 31.5 0.38 9.8
5⁄16 8.0 0.315 8.0 1,900 860 3,400 15.1 6,800 30.2 1.29 32.8 0.44 11.2
3⁄8 10.0 0.394 10.0 2,650 1200 5,300 23.6 10,600 47.1 1.38 35.0 0.55 14.0
1⁄2 13.0 0.512 13.0 4,500 2030 8,950 39.8 17,900 79.6 1.79 45.5 0.72 18.2
5⁄8 16.0 0.630 16.0 6,900 3130 13,600 60.3 27,200 120.6 2.20 56.0 0.79 20.0
3⁄4 20.0 0.787 20.0 10,600 4800 21,200 94.3 42,400 188.5 2.76 70.0 0.98 25.0
7⁄8 22.0 0.866 22.0 12,800 5810 25,600 114.1 51,200 228.1 3.03 77.0 1.08 27.5

* The proof test and minimum breaking force loads shall not be used as criteria for service or design purposes.
SOURCE: ASTM and NACM; copyright material reprinted with permission.

Table 10.2.3 Grade 43 High Test Chain
Note: Not to be used in overhead lifting applications.

Nominal Material Working load limit, Proof test,* Minimum breaking Inside length, Inside width,
chain size diameter max min force* max min

in mm in mm lb kg lb kN lb kN in mm in mm

1⁄4 7.0 0.276 7.0 2,600 1,180 3,750 16.6 7,500 33.1 1.24 31.5 0.38 9.8
5⁄16 8.0 0.315 8.0 3,900 1,770 4,900 21.6 9,700 43.2 1.29 32.8 0.44 11.2
3⁄8 10.0 0.394 10.0 5,400 2,450 7,600 33.8 15,200 67.6 1.38 35.0 0.55 14.0
1⁄2 13.0 0.512 13.0 9,200 4,170 12,900 57.1 25,700 114.2 1.79 45.5 0.72 18.2
5⁄8 16.0 0.630 16.0 11,500 5,220 19,500 86.5 38,900 172.9 2.20 56.0 0.79 20.0
3⁄4 20.0 0.787 20.0 16,200 7,350 30,400 130.1 60,700 270.2 2.76 70.0 0.98 25.0

* The proof test and minimum breaking force loads shall not be used as criteria for service or design purposes.
SOURCE: ASTM and NACM; copyright material reprinted with permission.

Table 10.2.4 Grade 70 Transport Chain
Note: Not to be used in overhead lifting applications.

Nominal Material Working load Proof test,* Minimum breaking Inside length, Inside width,
chain size diameter limit, max min force* max min

in mm in mm lb kg lb kN lb kN in mm in mm

1⁄4 7.0 0.276 7.0 3,150 1,430 6,100 27.0 12,100 53.9 1.24 31.5 0.38 9.8
5⁄16 8.7 0.343 8.7 4,700 2,130 9,400 41.8 18,800 83.5 1.32 33.5 0.48 12.2
3⁄8 10.0 0.394 10.0 6,600 2,990 12,400 55.0 24,700 110.0 1.38 35.0 0.55 14.0
7⁄16 11.9 0.468 11.9 8,750 3,970 17,500 77.7 35,000 155.4 1.64 41.6 0.65 16.6
1⁄2 13.0 0.512 13.0 11,300 5,130 20,900 92.9 41,800 185.8 1.79 45.5 0.72 18.2
5⁄8 16.0 0.630 16.0 15,800 7,170 31,700 140.8 63,300 281.5 2.20 56.0 0.79 20.0
3⁄4 20.0 0.787 20.0 24,700 11,200 49,500 219.9 98,900 439.8 2.76 70.0 0.98 25.0

* The proof test and minimum breaking force loads shall not be used as criteria for service or design purposes.
SOURCE: ASTM and NACM; copyright material reprinted with permission.

Chain Strength

Welded chain links are complex, statically indeterminate structures
subjected to combinations of bending, shear, and tension under normal
axial load. When a link is loaded, the maximum tensile stress normal to
the section occurs in the outside fiber at the end of the link [see Fig.
10.2.1], which shows the stress distribution in a 3⁄8-in (10-mm) Grade 80
chain link with rated load, determined by finite element analysis (FEA).
In Fig. 10.2.1, stress distribution is obtained from FEA by assuming that
peak stress is below the elastic limit of the material. If the material is
ductile and the peak stress from linear static FEA exceeds the elastic

such as wear from abrasion, nicks, and gouges. Fortunately, since the
damage occurs in an area of compressive stress, their potentially harm-
ful effects are reduced.

Maximum shear stress, as indicated in Fig. 10.2.1, occurs on a plane
approximately 45° to the x axis of the link where the bending moment is
zero. Chains such as Grade 80 with low to medium hardness (BHN 400
or less) normally break when overloaded in this region. As hardness
increases, there is a tendency for the fracture mode to shift from one of
shear as described above to one of tension bending through the end
of the link where the maximum tensile stress occurs. A member made of
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limit, plastic deformation will occur, resulting in a distribution of
stresses over a larger area and a reduction of peak stress.

It is interesting to note that the highest stress in the chain link is
compressive and occurs at the point of loading on the inside end of the
link. Conversely, traveling around the curved portion of the link, the
compressive and tensile stresses reverse and the outside of the link
barrels are in compression. Since the outside of the barrels of the link,
unlike the link ends, are unprotected, they are vulnerable to damage
ductile material and subjected to uniaxial stress fails only after exten-
sive plastic deformation of the material. The yielding results in defor-
mation, causing a reduction in the link’s cross section until final failure
occurs in shear.

Combined stresses referred to initially in this section result in higher
stresses than those computed by considering the load applied uniformly
in simple tension across both barrels. For example, a 3⁄8-in (10-mm)
Grade 80 alloy chain with a BHN of 360 has a material strength of
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Fig. 10.2.1 Stress distribution in a 3⁄8-in (10-mm) Grade 80 chain link at rated load.

180,000 lb/in2 (1240.9 MN/m2). Based on a specified ultimate strength
of the chain of 91 3 (diam)2 tons, which is 28,300 lb (12,800 kg), the
average stress in each barrel of the chain would be 116,000 lb/in2 (799.7
MN/m2). The actual breaking strength, however, because of the effects
of the combined stresses, is magnified by a factor of 180,000/116,000 5
1.5 over the average stress in each barrel.

Most chain manufacturers now manufacture a through-hardened
commercial alloy sling chain, discussed in this section. Although de-
signed primarily for sling service, it is used in many original equipment
applications. Typical strength of this Grade 80 chain is 91 3 (diam)2

inches. Using a material with a yield strength of 100,000 lb/in2, the
diameter can be calculated from the relationship diam 5 (WLL)/
20,0001/2, where WLL is the working load limit in pounds.

Rings require a somewhat greater section diameter than oblong links
to withstand the same load without deforming because of the higher
bending moment. Master rings with an inside diameter of 4 3 diam can
be sized from the relationship diam 5 (WLL)/15,0001/2 in. Rings re-
quire a 15 percent larger section diameter and a 33 percent greater inside
width than oblong links for the same load-carrying capacity, and the use
of the less bulky oblong links is therefore preferred.
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tons with a BHN of 360 and a minimum elongation of 15 percent. This
combination of strength, wear resistance, and energy absorption charac-
teristics makes it ideal for applications where the utmost dependability
is required under rugged conditions. Typical inside width and pitch
dimensions are 1.25 3 diam and 3.20 3 diam.

Chain End Fittings

Most industrial chains must be equipped with some type of end fittings.
These usually consist of oblong links, pear-shaped links, or rings (called
masters) on one end to fit over a crane hook and some variety of hook or
enlarged link at the other end to engage the load. The hooks are nor-
mally drop-forged from carbon or alloy steel and subsequently heat-
treated. They are designed (using curve-beam theories) to be compatible
in strength with the chain for which they are recommended. Master
links or rings must fit over the rather large section thicknesses of crane
hooks, and they therefore must have large inside dimensions. For this
reason they are subjected to higher bending moments, requiring larger
section diameters than those on links with a narrower configuration.

CM Chain Division of Columbus McKinnon recommends that ob-
long master links be designed with an inside width of 3.5 3 diam and an
inside length of 7.0 3 diam, where diam is the section diameter in
Pear-shaped master links are not nearly as widely in demand as oblong
master links. Some users, however, prefer them for special applications.
They are less versatile than oblong links and can be inadvertently re-
versed, leading to undesirable bending stresses in the narrow end due to
jamming around the thick saddle of the crane hook.

Hooks and end links are attached to sling chains by means of coupling
links, either welded or mechanical. Welded couplers require special
equipment and skill to produce quality and reliability compatible with
the other components of a sling and, consequently, must be installed by
sling chain manufacturers in their plants. The advent of reliable me-
chanical couplers such as Hammerloks (CM Chain Division), made from
high-strength alloy forgings, have enabled users to repair and alter the
sling in the field. With such attachments, customized slings can be
assembled by users from component parts carried in local distributor
stocks.

Welded-Link Wheel Chains

These differ from sling chains and general-purpose chains in two prin-
cipal aspects: (1) they are precisely calibrated to function with pocket or
sprocket wheels and (2) they are usually provided with considerably
higher surface hardness to provide adequate wear life.
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The most widely used variety is hoist load wheel chain, a short link
style used as the lifting chain in hand, electric, and air-powered hoists.
Some roller chain is still used for this purpose, but its use is steadily
declining because of the higher strength per weight ratio and three-
dimensional flexibility of welded link chain. Wire rope is also some-
times used in hoist applications. However, it is much less flexible than
either welded link or roller chain and consequently requires a drum of
20 to 50 times the rope diameter to maintain bending stresses within
safe limits. Welded link chain is used most frequently in hoists with
three- or four-pocket wheels; however, it is also used in hoists with

Power Transmission

Power transmission, in the sense used to describe the transfer of power
in machines from one shaft to another one close by, is a relatively new
field of application for welded-link chain. Roller chain and other pin-
link chains have been widely used for this purpose for many years.
However, recent studies have shown that welded-link chain can be
operated at speeds to 3,000 ft/min. Its three-dimensional flexibility,
which can sometimes eliminate the need for direction-change compo-
nents, and its high strength-weight ratio suggest the possibility for sig-
nificant cost savings in some power-transmission applications.
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multipocket wheels. Pocket wheels, as opposed to cable drums, permit
the use of much smaller gear reductions and thus reduce the hoist
weight, bulk, and cost.

Welded load wheel chain also has 3 times as much impact absorption
capability as a wire rope of equal static tensile strength. As a result, wire
rope of equal impact strength costs much more than load wheel chain.
Since average wire rope life in a hoist is only about 5 percent of the life
of chain, overall economics are greatly in favor of chain for hoisting
purposes.

To achieve maximum flexibility, hoist load wheel chain is made with
link inside dimensions of pitch 5 3 3 diam and width 5 1.25 3 diam.
Breaking strength is 90 3 (diam)2 tons, and endurance limit is about
18 3 (diam)2 tons. In hand-operated hoists, it can be used safely at
working loads up to one-fourth the ultimate strength (a design factor of
4). In powered hoists, the higher operating speeds and expectancy of
more lifts during the life of the hoist require a somewhat higher design
factor of safety. CM Chain Division recommends a factor of 7 for such
units where starting, stopping, and resonance effects do not cause the
dynamic load to exceed the static chain load by more than 25 percent.
For this condition, chain fatigue life will exceed 500,000 lifts, the nor-
mal maximum requirement for a powered hoist. Standard hoist load
wheel chains, now produced in sizes from 0.125-in (3-mm) through
0.562-in (14-mm) diameter, meet requirements for working load limits
up to approximately 5 or 6 short tons (5 long tons) for hand-operated
hoists and 3 short tons (2.5 long tons) for power-operated hoists. More
complete technical information on this special chain product and
on chain-hoist design considerations is available from CM Chain Divi-
sion.

Another widespread use of welded link chain is in conveyor applica-
tions where high loads and moderate speeds are encountered. As con-
trasted to link-wheel chain used in hoists, conveyor chain requires a
longer pitch. For example, the pitch of hoist chain is approximately
3.0 3 diam and conveyor chain is 3.5 3 diam. The longer-pitch chain,
in addition to being more economical, accommodates the use of shackle
connectors between sections of the chain to which flight bars are at-
tached.

CM Corporation, for example, manufactures conveyor chains in four
metric sizes and in two different thermal treatments (Table 10.2.5).
These chains are precisely calibrated to operate in pocket wheels. They
may have a high surface hardness (500 Brinell) to provide adequate
wear life for ash conveyors in power generating plants and to provide
high strength and good wear properties for drive chain applications.
Also, the long-pitch chain is used extensively in longwall mining opera-
tions to move coal in the mines.

Table 10.2.5 Conveyor Chain Specifications

Minimum breaking force,
1000 lb (454 kg)

Chain size, Link pitch, Case- Through-
mm mm hardened hardened

14 50 36.5 50.0
18 64 65.0 92.2
22 86 75.0 121.5
26 92 90.0 169.8

SOURCE: Columbus McKinnon Corporation.
Miscellaneous Special Chains

Special requirements calling for corrosion or heat resistance, nonmag-
netic properties, noncontamination of dyes and foodstuffs, and spark
resistance have resulted in the development of many special chains.
They have been produced from beryllium copper, bronze, monel, In-
conel, Hadfield’s manganese, and aluminum and from a wide variety of
AISI analyses of stainless and nonstainless alloys. However, the need
for such special chains, other than those of stainless steel, is so infre-
quent that they are seldom carried as stock items.

WIRE ROPE

Load Suspension and Haulage

Wire rope used for suspending loads is usually required to be as flexible
as possible to minimize the diameters of the drums or sheaves involved.
Thus, a rope having six strands of 19 wires each on a hemp core is used.
Extra pliable ropes made with six strands of 37 wires each or eight
strands of 19 wires each on a hemp core are also available but are much
less durable because of the finer individual wires used. Hoisting ropes
are constructed with the relative twist of the wires in the strands the
reverse of the twist of the strands about the core (Fig. 10.2.2).

Based upon the service to be expected, special attention should be
given to the ratio of drum and sheave diameters to cable diameter. For
example, hoists having moderate duty cycle may have a ratio of diame-
ters as low as 20 : 1, but for extensive duty or where there is need for

Fig. 10.2.2 Haulage rope.

great safety, such as in elevators, this should be at least 45 : 1 or larger.
Often the need for storing enough cable to obtain sufficient lift length
may require a larger drum diameter than would otherwise be needed.

Haulage ropes are of the same construction as suspension ropes or are
of the lang-lay type shown in Fig. 10.2.3, with the twist of the wire and
strand in the same direction. This lang-lay construction increases the
wear resistance of the rope, but it tends to untwist and should not be
used where the load is in free suspension. Lang-lay rope is difficult to
splice. By preforming individual wires and strands before laying up,
secondary stresses due to bending are reduced and longer life is ob-
tained. Preformed ropes have less tendency to kink and are easier to
handle.

Fig. 10.2.3 Lang-lay rope.

Hoisting and haulage ropes should be frequently greased to minimize
wear and to prevent corrosion; either a special commercial lubricant or
boiled linseed oil may be used on ropes subjected to atmospheric action,
and a tacky petroleum and graphite on hoisting ropes in wet places.
Crude oil or other lubricants having an acid or basic characteristic
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should not be used because of corrosive action on both wire and sisal
core. To ensure penetration, lubricant can be applied hot, or a volatile
solvent can be used. Ropes should be inspected frequently for broken
wires and excessive wear.

Track Cables

Cables used as tracks to support loads suspended on trolleys are either the
locked-coil type for longest life (Fig. 10.2.4) or round-wire track strand.

are stronger than cast shells, better balanced, and free from hidden
initial defects. The thickness can be less, thus reducing the inertia of the
rotating drum and the resulting acceleration-peak loads. Conical and
cylindroconical drums are frequently used on large mine hoists. Faces
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Fig. 10.2.4 Locked-coil track strand wire rope. (United States Steel.)

The strength of the locked-coil type is given in Table 10.2.6. This type
of wire minimizes the impact loads on the outer wires which result from
the rolling of the trolley.

Fittings

Fittings for ropes are attached at the ends by (1) passing the rope around
a minimum-radius thimble and then (a) attaching the rope to itself with
rope clips (approximately 80 percent efficient), (b) splicing the rope to
itself (80 to 95 percent efficient), (c) attaching the rope to itself by a
metal ring which is swaged or crimped on (90 to 95 percent efficient),
(2) using a fitting part of which is a steel tube which is pressed or
swaged over the rope (90 to 100 percent efficient), (3) using zinc to
embed the end of the rope in a fitting having a socket to receive it (100
percent efficient).

Drums

Drums are made with smooth surfaces on hand-powered hoists and on
power hoists subject to light-duty operation. Medium-and heavy-duty
drums are normally grooved. Drums can be welded or cast, depending
upon the quantity to be manufactured, since cast drums are economical
when mass-produced. Large drums frequently have separate shells
welded to the spider or end plate. Drum shells may be made from steel
plates which are bent to a cylindrical shape and welded to the end plates
with welded hubs before they are grooved for the rope. Steel-plate shells

Table 10.2.6 Locked-Coil Track Strand Wire Rope

Diameter Special grade Standard grade Weight

in mm Short ton tonne Short ton tonne lb/ft kg/m

3⁄4 19.1 31.5 28.6 25 22.7 1.41 2.10
7⁄8 22.2 41.5 37.6 32 29.0 1.92 2.86

1 25.4 52.5 47.6 42 38.1 2.50 3.72
11⁄8 28.6 66.0 59.9 54 49.0 3.16 4.70
11⁄4 31.8 81.0 73.5 65 59.0 3.91 5.82
13⁄8 34.9 100.0 90.7 78 70.8 4.73 7.04
11⁄2 38.1 120.5 109.3 93 84.4 5.63 8.38
15⁄8 41.3 140.0 127.0 108 98.0 6.60 9.82
13⁄4 44.5 165.0 150 125 113.4 7.66 11.4
17⁄8 47.6 187.5 170 138 125.2 8.79 13.1
2 50.8 215 195 158 143 10.00 14.9
21⁄4 57.2 280 254 12.50 18.6
21⁄2 63.5 345 313 15.2 22.6
23⁄4 69.9 420 381 18.3 27.2
3 76.2 500 454 22.2 33.0
31⁄4 82.6 580 526 25.6 38.1
31⁄2 88.9 690 626 29.9 44.5
33⁄4 95.3 785 712 33.9 50.4
4 101.6 880 798 38.4 57.1

SOURCE: United States Steel Corp.
Fig. 10.2.5 Hole for anchoring rope on drums.

of drums for medium and heavy duty are made wide enough to hold the
rope in one layer plus two to four holding turns. The hole for attachment
of the rope should be as shown in Fig. 10.2.5 to prevent excessive
bending; this method of anchoring is normally done on cast drums
which have a limited face width. Figure 10.2.6 shows an alternate,

Fig. 10.2.6 Rope-anchoring attachment. (McDowell Wellman.)

preferred method of anchoring the rope on welded and cast drums when
space is not a problem. The pitch diameter of the drum should be at least
20 times the rope diameter in order to obtain reasonable life for both
drum and rope. Long life requires 45 to 60 times the rope diameter.

Where there is side draft on the rope, movable idlers are provided to
align the rope and groove. The idlers may be moved parallel to the face

Fig. 10.2.7 Hoisting drum.

of the drum by the side pressure of the rope or may be driven positively
sideways, thus eliminating friction and increasing the life of rope. In
Fig. 10.2.7, idler sheave c revolves between fixed collars on shaft a,
which is connected to the drum shaft by sprocket and chain. The shaft is
prevented from rotating by a feather key. On sprocket b, a nut is held

Fig. 10.2.8 Hoisting drum.
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from moving sideways by flanges; the shaft a with sheave c moves in
the direction of its axis. In an alternative construction, the idler shaft is
threaded but held stationary, and the sheave hub is a nut. The sheave is
turned by the friction of the rope, which causes it to travel back and
forth. Figure 10.2.8 shows a construction used when the side draft is
excessive. The upright rollers a are moved sideways by screw b, which
is driven by sprocket and chain c from the drum shaft. For winding the
rope on the drum in several layers, a clutch is provided which reverses
the direction at the end of travel.

relative angular motion of flange F and spider C alters the closeness of
the coiling of spring E, consequently altering its outside diameter (con-
sidered as a drum). This outer surface is one of the friction surfaces of
the brake, the other being provided by the internal face of drum H,
which revolves loosely on shaft D at one end and on flange F at the
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Sheaves

Sheaves should be grooved to fit the rope as closely as possible in order
to prevent the rope from assuming an oval or elliptical shape under
heavy load. They should be balanced and properly aligned to prevent
swaying of the rope and abrasion against the sheave flanges. Sheaves
and drums should be as large as possible to obtain maximum rope life,
but factors such as weight of machinery for easy transport, minimizing
headroom, and high-speed operation call for small sheaves. Hence rope
life is sometimes sacrificed for overall economy. Undue wear on
sheaves is avoided by flame-hardening them and by properly aligning
them with the drum. The fleet angle of the rope should not exceed 11⁄2°,
but sometimes with grooved drums up to 2° is acceptable. Sheaves of
any diameter can be welded or cast; most manufacturers make cast
sheaves since they are economical. To avoid rope damage, worn
sheaves should be replaced or the grooves turned before the sheaves are
used with a new rope. In some cases, especially in mines, the grooves
are lined with renewable, well-seasoned hardwood blocks.

Tackle blocks consist of one or two blocks, each carrying one or more
sheaves. A single-sheave block (generally used to change the direction
of a lead line and frequently arranged for easy removal of the loop of
rope) is called a snatch block. Blocks are made for both manila and wire
rope. Those for manila rope are usually made with wooden cheeks to
prevent chafing of the rope and have sheaves of smaller diameter than
wire-rope blocks for the same size of rope. Heavy hoisting is almost
universally done with wire-rope blocks. Tests by the American Bridge
Co. found the following approximate efficiencies for well-designed and
properly maintained 3⁄4-in (19.1-mm) wire-rope tackle.

Number of ropes supporting load

1 2 3 4 5 6 7 8 9 10 11 12

Efficiency, % 86 96 91 87 82 78 74 71 68 65 62 59

Each snatch block between the hoisting blocks and the hoist or winch
will have an efficiency of about 86 percent.

Brakes

Small hoists are provided with hand-operated band brakes or electri-
cally operated disk brakes; larger hoists have mechanically operated
post brakes. On electric hoists, it is usual to apply the brake with a
weight or spring and to remove it by a solenoid. Where controlled rate
of application of a brake is desirable, a thrustor is frequently used. This
is a self-contained unit consisting of a vertical motor, a centrifugal
pump in a piston, and a cylinder filled with oil. Starting the motor raises
the piston and connected counterweight. Stopping the motor permits the
weight to fall. An adjustable range of several seconds in falling sets the
brake slowly. Thrustors are built with considerably greater load capaci-
ties and stroke lengths than solenoids. Should the current fail, the brakes
are automatically applied. On steam hoists, the brake is taken off by a
steam piston and cylinder instead of by a solenoid. On overhead cranes,
load brakes are used to sustain the load automatically at any point and
occasionally to regulate the speed when lowering.

In one type of load brake (Fig. 10.2.9), the motor A drives drum B
through the load brake on intermediate shaft D. A spider C is keyed to
shaft D, its inner end supporting one end of a coiled bronze spring of
square section E. The opposite end of the spring is fixed in flange F,
which is loosely fitted to shaft D and directly attached to pinion G. Any
Fig. 10.2.9 Load brake.

other. Drum H is restrained from moving in one direction by ratchet I
and pawls J. The exterior of drum H is grooved for heat dissipation.

The action of the load brake in Fig. 10.2.9 is as follows: When hoist-
ing, the brake revolves as shown by the arrow. Pawls J permit drum H to
revolve; consequently, the whole mechanism is locked and revolves as
one piece. When stopping the load, the downward pull of the load reacts
to drive drum H against pawl J. Flange F therefore moves slightly in an
angular direction relative to spider C, and spring E consequently un-
twists until it grips the interior of drum H, thus locking the load. The
action is such that the grip is slightly more than necessary to hold the
load. Reversing the motor for lowering the load drives the interior of
the brake surface against drum H so that the power consumed is the
amount necessary to overcome the excess holding power of the brake
over the load reaction.

Load brakes of the disk and cone types are also used and embody the
same principle of pawl locks and differential action. The choice of brake
type should be based on considerations of smoothness of working and
lack of chatter, as well as on the power requirements for lowering at
different values of load within the range of the crane.

In regenerative braking, the motor, when overhauled, acts as a genera-
tor to pump current back into the line.

HOLDING MECHANISMS

Lifting Tongs

Figure 10.2.10 shows the type of tongs used for lifting plates. The cams
a grip the plate when the chains tighten, preventing slipping. Self-

Fig. 10.2.10 Lifting tongs.
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closing tongs (Fig. 10.2.11) are used for handling logs, manure, straw,
etc. The rope a is attached to and makes several turns around drum b;
chains c are attached to the bucket head e and to drum b. When power is
applied to rope a, drum b is revolved, winding itself upon chains c and
closing the tongs. To open, slack off on rope a, holding tongs on rope d,
attached to head e.

lems when lifted by a magnet. Special magnets are available for loads of
this type, but the scope of this text does not permit detailed discussion.

Construction features of a typical circular magnet are shown in Fig.
10.2.12. A winding of either strap aluminum or copper is located inside
the cast-steel case. Strap material with insulating tape between turns,
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Fig. 10.2.11 Lifting tongs.

Lifting Magnets

Lifting magnets are materials-handling devices used for handling pig
iron, scalp iron, castings, billets, tubes, rails, plates, skull-cracker balls,
and other magnetic material.

At temperatures above dull-red heat, ordinary magnetic materials
lose their magnetic properties, while certain stainless and high-manga-
nese steels are nonmagnetic even at normal temperatures. Such materi-
als cannot be handled by lifting magnets.

Most lifting magnets are not designed for continuous operation but
for operation with the normal off times generally associated with mate-
rials-handling applications. In addition, attention should be given to
operation of magnets on high-temperature loads so as to keep the mag-
net-coil temperature within the design limits of the insulation. Lifting
magnets can be used for underwater operation when they are supplied
with watertight cases and specially designed lead connections.

To obtain optimum magnet performance, a suitable magnetic con-
troller should be used. It is necessary in most cases to provide means to
reverse the current in the magnet in order to release the materials effi-
ciently from the magnet. The controller should also have protective
features to absorb the stored energy of the magnet during its discharge,
especially when the dc power requirements for a magnet are supplied
from a rectifier-type power supply.

Lifting magnets can be classified as follows:
1. Circular Magnets. This configuration makes the most efficient use

of materials, is extremely rugged, and is best suited for general lifting
applications. Recently this category of magnets has been subdivided
into two distinct types: a relatively large diameter magnet, which is
especially efficient on low-permeability material such as scrap; and a
magnet which, for equal weight, has a smaller diameter but a much
deeper magnetic field, making it more suitable for high-permeability
loads typically found in steel mills. Dings Elektrolift series of 8, 13, and
18 in diameters (203, 330, and 457 mm) is designed for machine-shop
usage from 2,500 to 13,500 lb (1,130 to 6,120 kg).

2. Rectangular Magnets. Many types of materials such as rails, beams,
and plates can be handled more efficiently with a rectangular magnet.
The tendency of these materials to pull away from the face of the mag-
net because of deflection rather than total weight is a limiting factor
when these magnets are applied. Two or more small rectangular mag-
nets mounted on a spreader beam usually give a better lifting perfor-
mance than a single large magnet of equal weight. This is especially true
in the case of thin plates.

3. Specialty Magnets. Loads such as coiled steel present unique prob-
Fig. 10.2.12 Circular lifting magnet. (Dings.)

rather than insulated wire, is used for windings since it permits a greater
number of turns in the same space. Recent advances in the processing of
anodized aluminum have permitted the elimination of the turn-to-turn
insulation, thereby allowing an increase in the number of turns, which
results in increasing lifting capacity. A nonmagnetic manganese-steel
bottom plate is welded to the case to make the coil cavity watertight.
The center and outer pole shoes are made so that they can be replaced,
since they will wear in severe service.

Rectangular-magnet construction features are shown in Fig. 10.2.13,
which illustrates a typical plate-handling magnet. Coils for this type of

Fig. 10.2.13 Rectangular lifting magnet. (Dings.)

magnet are generally wound with wire and formed to fit over the center
pole. A manganese bottom plate is used to hold the coils in place and
seal the coil cavity. The external flux path is from the center pole to each
of the outer poles.

Buckets and Scrapers

One type of Williams self-filling dragline bucket (Fig. 10.2.14) consists of
a bowl with the top and digging end open. The shackles at c are so
attached that the cutting edge will penetrate the material. When filled,
the bucket is raised by keeping the line a taut and lifting on the fall line
d. In this position, the bucket is carried to the dumping position, where
by slacking off on line a, it is dumped. Line b holds up line a and the
bridle chains while dumping. Such buckets are built in sizes from 3⁄4 yd3

to as large as 85 yd3 (0.6 to 65 m3), weighing 188,000 lb (85,000 kg).
Figure 10.2.15 shows an open-bottom-type scraper. Inhauling on cable

a causes the sloping bottom plate to dig and load until upward pressure
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of the material against the top prevents further loading. The scraper
continues its forward haul to the dumping point. Pulling on cable b
deposits the load and returns the scraper to the excavation point.
Scrapers are made in sizes from 1⁄3 to 20 yd3 capacity (0.25 to 15 m3).

has an orange-peel bucket that operates like the clamshell type (Fig.
10.2.16) but has four blades pivoted to close.

The Hayward electrohydraulic single-rope type (Fig. 10.2.17) is used
not only for handling ore and sand but also where it is desirable to hook
the bucket on a derrick or crane hook. The bucket requires only to be
hung from the crane or derrick hook by the eye and an electric line
plugged in. No ropes are fed into the bucket and no time-consuming
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Fig. 10.2.14 Self-filling dragline bucket.

The Hayward clamshell type (Fig. 10.2.16) is used for handling coal,
sand, gravel, etc., and for other flowable materials. The holding rope a
is made fast to the head of the bucket. The closing rope b makes several
wraps around and is made fast to drum d, mounted on the shaft to which
the scoops are pivoted. The chains c are made fast to the head of the

Fig. 10.2.15 Scraper bucket. (Sauerman.)

bucket and to the smaller diameter of drum d. When power is applied to
rope b, it causes the drum to wind itself up on chain c, raising the drum
and closing the bucket. To dump, hold rope a and slack off rope b. The
digging power of the bucket is determined by its weight and by the ratio
of the diameters of the large and small parts of the drum. Hayward also

Fig. 10.2.16 Hayward grab bucket.
Fig. 10.2.17 Hayward electrohydraulic single-rope-type grab bucket.

shifting of lines is required—thus facilitating changing from magnet to
bucket. The bowls are suspended from the head, which contains a com-
plete electrohydraulic power unit consisting of an ac or dc motor, hy-
draulic pump, directional valve, sump, filters, and cylinders. When
current is turned on, the motor drives the pump which provides system
pressure. Energizing the solenoids in the directional valve directs the
fluid flow to either end of the cylinders, which are attached to the blade
arms, thus opening or closing the bucket. The system uses a pressure-
compensated variable-displacement pump which enters a no-delivery
mode when system pressure is reached during the closing or opening
action, thus avoiding any heat generation and reducing the load on the
motor while maintaining system pressure. The 1 yd3 (0.76 m3) bucket is
provided with a 15-hp (11.2-kW) motor and 15 gal/min (0.95 l/s) pump.
The 2 and 3 yd3 (1.5 to 2.3 m3) buckets have motors of 20 to 25 hp (15
to 19 kW), according to duty.

HOISTS

Hand-Chain Hoists

Hand chain hoists are portable lifting devices suspended from a hook
and operated by pulling on a hand chain. There are two types currently
in common use, the high-speed, high-efficiency hand hoist (Fig.
10.2.18) and the economy hand hoist. The economy hand hoist is simi-
lar in appearance to the high-efficiency hand hoist except the handwheel
diameter is smaller. This smaller diameter accounts for a smaller head-
room dimension for the economy hoist. High-speed hoists have me-
chanical efficiency as high as 80 percent, employ Weston self-energiz-
ing brakes for load control, and can incorporate load-limiting devices
which prevent the lifting of excessive overloads. They require less hand
chain pull and less chain overhaul for movement of a given load at the
expense of the larger head size when compared to economy hoists. As
noted, this larger head size also creates a minimum headroom dimen-
sion somewhat greater than that for the economy hoists. High-speed
hoists find application in production operations where low operating
effort and long life are important. Economy hoists find application in
construction and shop use where more compact size and lower unit cost
compensate for the higher operating effort and lower efficiency.
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Both hoist types function in a similar
manner. The hand chain operates over a
handwheel which is connected via the
brake mechanism and gear train to a
pocket wheel over which the load chain
travels. The brake is disengaged during
hoisting by a one-way ratchet mecha-
nism. In lowering, the hand chain is
pulled continuously in a reverse direction

pacity hand chain hoists, they find use in applications where the travel
(take-up) distance is short and the lever is within easy reach of the
operator. They may be used for lifting or pulling at any angle as long as
the load is applied in a straight line between hooks. There are two types
of lever-operated chain or wire rope hoists currently in use: long handle
and short handle. The long-handle variety, because of direct drive or
numerically lower gear ratios, allows a greater load chain take-up per
handle stroke than the short-handle version. Conversely, the short-

s

d
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Fig. 10.2.18 High-speed
hand hoist. (CM Hoist
Division, Columbus
McKinnon.)

to overcome brake torque, thus allowing
the load to descend.

Although a majority of hand chain
hoist applications are fixed hook-sus-
pended applications, sometimes a hand
hoist is mounted to a trolley to permit
horizontal movement of the load, as in a
forklift battery-changing operation. This
is accomplished by directly attaching the
hoist hook to the trolley load bar, or by
using an integrated trolley hoist which
combines a high-speed hoist with a trol-
ley to save headroom (Fig. 10.2.19).

Hand chain hoists are available in ca-
pacities to 50 tons (45 tonnes). Tables
10.2.7 and 10.2.8 provide data for high-
speed and economy hoists in readily
available capacities to 10 tons (9 tonnes),
respectively.

Pullers or Come-Alongs

Pullers, or come-alongs, are lever-oper-
ated chain or wire rope hoists (Fig.
10.2.20). Because they are smaller in size
and lower in weight than equivalent ca-

Table 10.2.7 Typical Data for High-Speed Hand Chain Hoist

Hand chain pull Retracte
to lift rated betweCapacity

capacity load (hea
short
tons tonnes lb kg in

1⁄4 0.23 23 10.4 13
1⁄2 0.45 46 20.9 13
1 0.91 69 31.3 14
11⁄2 1.36 80 36.3 17.5
2 1.81 83 37.6 17.5

3 2.7 85 38.6 21.5
4 3.6 88 39.9 21.5
5 4.5 75 34.0 24.5
6 5.4 90 40.8 25.5
8 7.3 89 40.3 35.5

10 9.1 95 43.1 35.5

SOURCE: CM Hoist Division, Columbus McKinnon.

Table 10.2.8 Typical Data for Economy Hand Chain Hoist with

Hand chain pull Retracted
to lift rated betweenCapacity

capacity load (headr
short
tons tonnes lb kg in

1⁄2 0.45 45 20 10
1 0.91 74 34 12
2 1.81 70 32 17
3 2.7 54 25 22
5 4.5 88 40 24

10 9.1 90 41 32

SOURCE: CM Hoist Division, Columbus McKinnon.
Fig. 10.2.19 Trolley hoist, shown with hand chain removed for clarity. (CM
Hoist Division, Columbus McKinnon.)

with 8-ft Chain Lift

distance Hand chain
hooks overhaul to lift
om) Net weight load 1 ft

mm lb kg ft m

330.2 33 15.0 22.5 6.9
330.2 33 15.0 22.5 6.9
355.6 36 16.3 30 9.1

444.5 59 26.8 40.5 12.3
444.5 60 27.2 52 15.8

546.1 84 38.1 81 24.7
546.1 91 41.3 104 31.7
622.3 122 55.3 156 47.5
647.7 127 57.6 156 47.5
901.7 207 93.9 208 63.4

901.7 219 99.3 260 79.2

8-ft Chain Lift

distance Hand chain
hooks overhaul to lift

oom) Net weight load 1 ft

mm lb kg ft m

254 15 7 32 9.8
305 22 10 39 11.9
432 53 24 77 23.5
559 69 31 154 46.9
610 74 34 154 46.9

813 139 63 308 93.9
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Table 10.2.9 Typical Data for Short- and Long-Handle Lever-Operated Chain Hoists

Retracted
distance
between
hooks

(headroom)

Handle pull to lift
rated capacity Net weight*

Short Long Short Long
Capacity

short
tons tonnes in mm lb kg lb kg lb kg lb kg

3⁄4 0.68 11 279 35 15.8 58 26.3 18 8.2 14 6.4
11⁄2 1.4 14 356 40 18.1 83 37.6 27 12.2 24 10.9
3 2.7 18 457 73 33.1 95 43.1 45 20.4 44 20.0
6 5.4 23 584 77 35.0 96 43.5 66 30.0 65 29.5

* With chain to allow 52 in (1322 mm) of hook travel.
SOURCE: CM Hoist Division, Columbus McKinnon.

handle variety requires less handle force at the expense of chain take-up
distance because of numerically higher gear ratios. Both types find

use in construction, electrical utilities and
industrial maintenance for wire tension-
ing, machinery skidding, and lifting ap-
plications.

A reversible ratchet mechanism in the
lever permits operation for both tension-
ing and relaxing. The load is held in place
by a Weston-type brake or a releasable

direction, the motor acts as a generator, putting current back into the line
and controlling the lowering speed. Some electric hoists use the same
type of Weston brake as is used in hand hoists, but with this type, the
motor must drive the load downward so as to try to release the brake.
This type of brake generates considerable heat that must be dissipated
—usually through an oil bath. The heat generated may also lower the
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Fig. 10.2.20 Puller or
come-along hoist. (CM Hoist
Division, Columbus
McKinnon.)

ratchet. Lever tools incorporating load-li-
miting devices via slip clutch, spring de-
flection, or handle-collapsing means are
also available. Table 10.2.9 provides data
for lever operated chain hoists.

Electric Hoists

Electric hoists are used for repetitive or
high-speed lifting. Two types are avail-
able: chain (see Fig. 10.2.21) (both link
and roller), in capacities to 15 tons (13.6
tonnes); wire rope (see Fig. 10.2.22), in
ratings to 25 tons (22.7 tonnes). The typi-
cal hoist has a drum or sprocket cen-

tered in the frame, with the motor and gearing at opposite ends, the
motor shaft passing through or alongside the drum or sprocket. Many
have an integral load-limiting device to prevent the lifting of gross
overloads.

Fig. 10.2.21 Electric chain hoist. (CM Hoist Division, Columbus McKinnon.)

Electric hoists are equipped with at least two independent braking
means. An electrically released brake causes spring-loaded disk brake
plates to engage when current is off. When the hoist motor is activated,
a solenoid overcomes the springs to release the brake. In the lowering
Fig. 10.2.22 Electric wire-rope hoist. (CM Hoist Division, Columbus McKin-
non.)

useful-duty cycle of the hoist. If the Weston brake is used, an additional
auxiliary hand-released or electrically released friction brake must be
provided since the Weston brake will not act in the raising direction. All
electric hoists have upper-limit devices; lower-limit devices are stan-
dard on chain hoists, optional on wire-rope hoists. Control is usually by
push button: pendant ropes from the controller are obsolescent. Control
is ‘‘deadman’’ type, the hoist stopping instantly upon release. Modern
multiple-speed and variable-speed ac controls have made dc hoists ob-
solete. Single-phase ac hoists are available to 1 hp, polyphase in all
sizes.

The hoist may be suspended by an integral hook or bolt-type lug or
may be attached to a trolley rolling on an I beam or monorail. The
trolley may be plain (push type), geared (operated by a hand chain), or
motor-driven; the latter types are essential for heavier loads. Table
10.2.10 gives data for electric chain hoists, and Table 10.2.11 for wire-
rope hoists.

Air Hoists

Air hoists are similar to electric hoists except that air motors are used.
Hoists with roller chain are available to 1 ton capacity, with link chain to
3 short tons (2.7 tonnes) and with wire rope to 15 short tons (13.6
tonnes) capacity. The motor may be of the rotary-vane or piston type.
The piston motor is more costly but provides the best starting and low-
speed performance and is preferred for larger-capacity hoists. A brake,
interlocked with the controls, automatically holds the load in neutral;
control movement releases the brake, either mechanically or by air
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Table 10.2.10 Typical Data for Electric Chain Hoists*

Retracted
distance

between hooks
Lifting speed (headroom) Net weight Motor

Capacity

short
tons tonnes ft /min m/min in mm lb kg hp kW

1⁄8 0.11 32 10 15 381 62 28 1⁄4 0.19
1⁄8 0.11 60 18 15 381 68 31 1⁄2 0.37
1⁄4 0.23 16 5 15 381 62 28 1⁄4 0.19
1⁄4 0.23 32 10 15 381 68 31 1⁄2 0.37
1⁄2 0.45 8 2.5 18 457 73 33 1⁄4 0.19

1⁄2 0.45 16 5 15 381 68 31 1⁄2 0.37
1⁄2 0.45 32 10 16 406 114 52 1 0.75
1⁄2 0.45 64 20 16 406 121 55 2 1.49
1 .91 8 2.5 18 457 79 36 1⁄2 0.37
1 .91 16 5 16 406 114 52 1 0.75

1 .91 32 10 16 406 121 55 2 1.49
2 1.81 8 2.5 23 584 139 63 1 0.75
2 1.81 16 5 23 584 146 66 2 1.49
3 2.7 5.5 1.5 25 635 163 74 1 0.75
3 2.7 11 3.3 25 635 170 77 2 1.49

5 4.5 10 3 37 940 668 303 5 3.73
5 4.5 24 7 37 940 684 310 71⁄2 5.59

71⁄2 6.8 7 2 40 1016 929 421 5 3.73
71⁄2 6.8 16 5 40 1016 957 434 71⁄2 5.59
10 9.1 7 2 42 1067 945 429 5 3.73

10 9.1 13 4 42 1067 961 436 71⁄2 5.59
15 13.6 4 1.2 48 1219 1155 524 5 3.73
15 13.6 8 2.5 48 1219 1167 529 71⁄2 5.59

* Up to and including 3-ton hook suspended with 10-ft lift. 5- through 15-ton plain trolley suspended with 20-ft lift. Headroom distance is beam to high hook.
SOURCE: CM Hoist Division, Columbus McKinnon Corporation.

Table 10.2.11 Typical Data for Electric Wire Rope Hoists*

Beam to
high hook

Lifting speed distance Net weight Motor
Capacity

short
tons tonnes ft /min m/min in mm lb kg hp kW

1⁄2 0.45 60 18 27 686 430 195 4.5 3.36
3⁄4 0.68 37 11 27 686 430 195 4.5 3.36
1 0.91 30 9 25 635 465 211 4.5 3.36
1 0.91 37 11 27 686 435 197 4.5 3.36
1 0.91 60 18 27 686 445 202 4.5 3.36

11⁄2 1.36 18 5.5 25 635 465 211 4.5 3.36
11⁄2 1.36 30 9 25 635 465 211 4.5 3.36
11⁄2 1.36 37 11 27 686 445 202 4.5 3.36
2 1.81 18 5.5 25 635 465 211 4.5 3.36
2 1.81 30 9 25 635 480 218 4.5 3.36

3 2.7 18 5.5 25 635 560 254 4.5 3.36
5 4.5 13 4 30 762 710 322 4.5 3.36

71⁄2 6.8 15 4.6 36 914 1100 499 7.5 5.59
10 9.1 13.5 4.1 40 1016 1785 810 10 7.46
15 13.6 13 4 49 1245 2510 1139 15 11.19

* Up to and including 5-ton with plain trolley. 71⁄2- to 15-ton with motor-driven trolley.
SOURCE: CM Hoist Division, Columbus McKinnon.

pressure. Some air hoists also include a Weston-type load brake. The
hoist may be suspended by a hook, lug, or trolley; the latter may be
plain, geared, or air-motor-driven. Horizontal movement is limited to
about 25 ft (7.6 m) because of the air hose, although a runway system is
available with a series of normally closed ports that are opened by a
special trolley to supply air to the hoist.

Air hoists provide infinitely variable speed, according to the movement
of the control valve. Very high speeds are possible with light loads.
When severely overloaded, the air motor stalls without damage. Air
hoists are smaller and lighter than electric hoists of equal capacity and

can be operated in explosive atmospheres. They are more expensive
than electric hoists, require mufflers for reasonably quiet operation, and
normally are fitted with automatic lubricators in the air supply.

Jacks

Jacks are portable, hand-operated devices for moving heavy loads
through short distances. There are three types in common use: screw
jacks, rack-and-lever jacks, and hydraulic jacks. Bell-bottom screw jacks
(Fig. 10.2.23) are available in capacities to 24 tons and lifting ranges to
14 in. The screw is rotated by a bar inserted in holes in the screw head or
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by a ratchet lever fitted to the head. Geared bridge jacks will lift up to 50
short tons (45 tonnes). A lever ratchet mechanism turns a bevel pinion;
an internal thread in the gear raises the nonrotating screw. Rack-and-
lever jacks (Fig. 10.2.24) consist of a cast-steel or malleable-iron hous-
ing in which the lever pivots. The rack toothed bar passes through the
hollow housing; the load may be lifted either on the top or on a toe

The operation of hoists may be controlled manually, automatically, or
semiautomatically. There are also arrangements that use combinations
of the different control types.

There are currently three types of grooving being used on new drums
for drum hoists. They are helical grooving, counterbalance (Lebus)
grooving, and antisynchronous grooving. Helical grooving is used pri-
marily for applications where only a single layer of rope is wound
around the drum. Counterbalance and antisynchronous grooving are
used for applications where multiple layers of rope are wound around
the drum.
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Fig. 10.2.23 Bell-bottom
screw jack.

Fig. 10.2.24 Rack-and-lever
jack.

extending from the bottom of the bar. The lever pawl may be biased
either to raise or to lower the bar, the housing pawl holding the load on
the return lever stroke. Rack-and-lever jacks to 20 short tons (18 tonnes)
are direct-acting. Lever-operated geared jacks range up to 35 short tons
(32 tonnes). Lifting heights to 18 in (0.46 m) are provided. Track jacks
are rack-and-lever jacks which may be tripped to release the load. They
are used for railroad-track work but not for industrial service where the
tripping features might be hazardous. Hydraulic jacks (Fig. 10.2.25)
consist of a cylinder, a piston, and a lever-operated pump. Capacities to
100 short tons (91 tonnes) and lifting heights to 22 in (0.56 m) are
available. Jacks 25 short tons (22.7 tonnes) and larger may be provided
with two pumps, the second pump being a high-speed unit for rapid
travel at partial load.

Fig. 10.2.25 Hydraulic jack.

MINE HOISTS AND SKIPS
by Burt Garofab
Pittston Corporation

There are two types of hoists, the drum hoist and the friction hoist. On a
drum hoist, the rope is attached to the drum and is wound around and
stored on the drum. A drum hoist may be single-drum or double-drum.
There are also several different configurations of both the single-drum
and the double-drum hoist. A drum hoist may be further divided as
either unbalanced, partially balanced, or fully balanced.

On a friction hoist, which is often referred to as a Koepe hoist, the rope
is not wound around the drum, but rather passes over the drum. A
friction hoist may utilize a single rope or multiple ropes.
Mine hoists are generally divided into (1) Metal-mine hoists (e.g., iron,
copper, zinc, salt, gypsum, silver, gold, ores) and (2) coal-mine hoists.
These classes subdivide into main hoists (for handling ores or coal) and
hoists for men, timbers, and supplies. They are designed for operating
(1) mine shafts, vertical and inclined, balanced and unbalanced; and (2)
slopes, balanced and unbalanced. When an empty cage or platform
descends while the loaded cage or platform ascends, as when both
cables are wound on a single drum, the machine is referred to as a
balanced hoist. Most medium- and large-sized hoists normally operate in
balance, as the tonnage obtained for a given load and rope speed is about
double that for an unbalanced hoist and the power consumption per ton
hoisted is lower. Balanced operation can also be obtained by a counter-
weight. The counterweight (approximately equal to all the dead loads
plus one-half the live load) is usually installed in guides within a single
shaft compartment. The average depth of ore mines is about 2,000 ft
(610 m), and that of coal mines is close to 500 ft (152 m). Most ore-
mine hoists are of the double-drum type, normally hosting in balance,
each drum being provided with a friction clutch for changing the rela-
tive positions of the two skips when operating from various levels.

Hoists for coal mines are principally of the keyed-drum type, for
operating in balance from one level. For high rope speeds in shallow
shafts, it is generally advantageous to use combined cylindrical and coni-
cal drums. The cylindroconical drum places the maximum rope pull
(weight of rope and loaded skip) on the small diameter so that during the
acceleration period of the cycle, the weight of the opposing skip is
offering the greatest counterbalance torque, reducing motor peak loads
and slightly reducing the power consumption. The peak reduction ob-
tained becomes greater when shafts are shallower and hoisting speeds
are higher, provided that the proportion between the smaller and the
large diameters is increased as these conditions increase. By varying the
ratio of diameters and the distribution of rope on the drum profiles with
respect to the periods of acceleration, retardation, and constant speed,
static and dynamic torques can be modified to produce the most eco-
nomical power consumption and the minimum size of motor. The coni-
cal drum is not applicable for multiple-level operation, and except in
very special cases, only a single layer of rope can be used.

Skip hoists for industrial purposes such as power-plant fuel handling
and blast-furnace charging are similar to shallow-lift slow-speed coal-
mine hoists in that they operate from a single level. Speeds of 100 to 400
ft/min (0.5 to 2 m/s) are usual. For blast-furnace charging with com-
bined bucket and load weights up to 31,000 lb (14,000 kg) and a speed
of 500 ft/min (2.5 m/s), modern plants consist of straight-drum geared
engines, frequently with Ward Leonard control.

Industrial skip hoists may be specified where the lift is too high for a
bucket elevator, where the lumps are too large for elevator buckets, or
where the material is pulverized and extremely abrasive or actively
corrosive. For high lifts having a vertical or nearly vertical path, the skip
with supporting structure usually costs less than a bucket elevator or an
inclined-belt conveyor with bridge. Typical paths are shown in Fig.
10.2.26, paths C and D being suitable when the load is received through
a track hopper.

The skip may be manually loaded direct from a dump car or automati-
cally loaded by a pivoted chute, which is actuated by the bucket and
which, when upturned, serves as a cutoff gate (Fig. 10.2.27).

For small capacities, the skip can be manually loaded with semiauto-
matic control. When the bucket has been filled, the operator pushes the
start button and the bucket ascends, dumps, and returns to loading posi-
tion. With automatic loading and larger capacity, the skip may have full
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automatic control. For economy, the bucket is counterbalanced by a
weight, usually equaling the weight of the empty bucket plus half the
load. For large capacity, a balanced skip in which one bucket rises as the
other descends may be used. High-speed skips usually have automatic
slowdown (two-speed motor) as the bucket nears the loading and dis-
charge points.

complished through air or hydraulics. Brake shoes are steel with at-
tached friction material surfaces.

Hoist Motors Determining the proper size of motor for driving a
hoist calls for setting up a definite cycle of duty based upon the required
daily or hourly tonnage.

The permissible hoisting speed for mine hoists largely depends upon
the depth of the shaft; the greater the depth, the higher the allowable
speed. Conservative maximum hoisting speeds, as recommended by Bu.
Mines Bull. 75, are as follows:
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Fig. 10.2.26 Typical paths for skip hoists. (a) Vertical with discharge to
either side; (b) straight inclined run; (c) incline and vertical; (d ) incline, vertical,
incline.

There are various types of wire ropes used in hoisting. Hoist ropes
can be categorized into three main types, round strand, flattened strand,
and locked coil. Round strand rope is used on drum hoists in applications
when a single layer of rope is wound on the drum. Flattened strand rope
is used on drum hoists when multiple layers of rope are wound on the
drum. Flattened strand rope can also be used on friction hoists. Locked
coil rope is used on friction hoists.

Fig. 10.2.27 Automatic loader (in loading position).

Plow steel and improved plow steel are the most commonly used
grades; the latter is used where the service is severe. Some state mining
regulations require higher factors of safety than the usual hoisting re-
quirements. The working capacity of new ropes is usually computed by
using the minimum breaking strength given in the manufacturer’s tables
and the following factors of safety: rope lengths of 500 ft (152 m) or
less, minimum factor 8; 500 to 1,000 ft (152 to 305 m), 7; 1,000 to
2,000 ft (305 to 610 m), 6; 2,000 to 3,000 ft (610 to 914 m), 5; 3,000 ft
(914 m) or over, 41⁄2. These are gross factors between the rated mini-
mum breaking strength of the rope and the maximum static pull due to
suspended load plus rope weight. The net factor, which should be used
in dealing with large capacities and great depth, must take into consid-
eration stresses due to acceleration and bending around the drum, to-
gether with suitable allowances for shock. With 6-by-19 wire construc-
tion, the pitch diameter of the drums is generally not less than sixty
times the diameter of the rope. Drums are made of either cast iron or
cast steel machine-grooved to suit the size of rope (see above). In large
hoists, a lifting device is installed at the free rope end of the drum to
assist the rope in doubling back over the first layer.

Brakes There are three main types of brakes used on hoists: the jaw
brake, the parallel motion brake, and disk brakes. Brake control is ac-
Depth of shaft Hoisting speed

ft m ft/min m/s

500 or less 150 or less 1,200 6
500–1,000 150–300 1,600 8

1,000–2,000 300–600 2,000 10
2,000–3,000 600–900 3,000 15

High hoisting speeds call for rapid acceleration and retardation. For
small hoists, the rate of acceleration may be made as low as 0.5 ft/s2

(0.15 m/s2). An average value of 3 ft/s2 is adopted for large hoists with
fairly high speeds. Exceptional cases may require up to 6 ft/s2

(1.9 m/s2). The speed should also be considered with regard to the
weight of the material to be hoisted per trip. The question of whether the
load should be increased and the speed reduced or vice versa is con-
trolled by local conditions, mining laws, and practical experience. The
rest period assigned to the duty cycle, i.e., the requisite time for loading
at the bottom and unloading at the top, is dependent upon the equipment
employed. With skips loaded from underground ore-storage hoppers, 5
to 6 s is the minimum that can be assumed. Unless special or automatic
provision is made, the loading time should be taken as 8 to 10 s mini-
mum. When the (1) hoisting speed, (2) weight of skip or cage, (3)
weight of load, (4) periods of acceleration, (5) retardation, and (6) time
for loading have been decided upon, the next step is to ascertain the
‘‘root-mean-square’’ equivalent continuous load-heating effect on the
motor, taking into account rope and load weights, acceleration and de-
celeration of all hanging and rotating masses, and friction of sheaves,
machines, etc. The friction load is usually taken as constant throughout
the running period of the cycle. The overall efficiency of the mechanical
parts of a single-reduction-geared hoist averages 80 percent; that of a
first-motion hoist is closer to 85 percent. The motor selected must have
sufficient starting torque to meet the temporary peaks of any cycle,
including, in the case of balanced hoists, the requirements of trips out of
balance.

Electrical equipment for driving mine hoists is of four classes:
1. Direct-current motors with resistance control for small hoists,

usually series-wound but occasionally compound-wound in conjunction
with dynamic braking control.

2. Alternating-current slip-ring-type motor with secondary resis-
tance.

3. Ward Leonard system of control for higher efficiency, particularly
on short lifts at high rope speeds, where the rheostatic losses during
acceleration and retardation represent a large proportion of the net work
done during the cycle; for accuracy of speeds, with high-speed hoists;
and for equalization of power demands. Complete control of the speed
from standstill to maximum is obtained for all values of load from
maximum positive to maximum negative. The lowering of unbalanced
loads without the use of brakes is as readily accomplished as hoisting.

4. The Ilgner Ward Leonard system consists of a flywheel directly
connected to a Ward Leonard motor-generator set and a device for
automatically varying the speed through the secondary rheostatic con-
trol of the slip-ring induction motor driving the set. This form of equip-
ment is used under conditions that prohibit the carrying of heavy loads
or where power is purchased under heavy reservation charges for peak
loads. It limits the power taken from the supply circuit to a certain
predetermined value; whatever is required in excess of this value is
produced by the energy given up by the flywheel as its speed is reduced.
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ELEVATORS, DUMBWAITERS, ESCALATORS
by Louis Bialy
Otis Elevator Corporation

The advent of the safety elevator changed the concept of the city by
making high-rise buildings possible. Elevators are widely used to trans-
port passengers and freight vertically or at an incline in buildings and
structures. Elevators are broadly classified as low-rise, medium-rise,
and high-rise units. Low-rise elevators typically serve buildings with
between 2 and 7 floors, medium-rise elevators serve buildings with

High-rise elevators are typically driven by gearless machines, which
provide the smoothest and most precise performance of all elevators
(see Fig. 10.2.28).
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between 5 and 20 floors, while high-rise elevators serve buildings
with more than 15 floors. The speed of the elevator is indexed to the rise
of the building so that the overall flight time from bottom to top, or vice
versa, is approximately the same. A typical flight time is about one
minute. Typical speeds for low-rise elevators are up to 200 ft/min
(1.0 m/s). Typical speeds for medium rise elevators are up to 400 ft/min
(2.0 m/s). High rise elevators typically travel at speeds of up to 1,800
ft/min (9.0 m/s).

Low rise elevators are usually oil-power hydraulic devices. The sim-
plest version consists of a hydraulic jack buried in the ground beneath
the elevator car. The jack is approximately centrally located beneath the
car and the ram or plunger is connected to the platform or structure
which supports the car. The car is guided by guiderails which cover the
full rise of the elevator hoistway. Guideshoes or guiderollers typically
guide the elevator as it ascends and descends the hoistway. The hydrau-
lic cylinder is equipped with a cylinder head which houses the seals and
bearing rings which locate the ram. The ram typically runs clear of the
inner cylinder wall. Buried cylinders are typically protected against
corrosion.

Hydraulic power is usually supplied by a screw-type positive-
displacement pump driven by an induction motor. It is common for the
motor and pump to be coaxially mounted and submersed in the hydrau-
lic reservoir. Operating pressures are typically 300 to 600 lb/in2 (2 to
4 MPa). A hydraulic control valve controls the flow of oil to the hydrau-
lic jack and hence the speed of the elevator. In the down direction, the
pump is not powered, and the elevator speed is controlled by bleeding
fluid through the control valve.

Another manifestation of the hydraulic elevator is called the holeless
hydraulic elevator. These typically have one or more hydraulic jacks
mounted vertically alongside the elevator car, the plunger being either
directly attached to the car or connected to the car by steel wire cables
(also known as wire ropes). Elevators of the latter type are known as
roped hydraulic elevators. These elevators are often roped 1 : 2 so that
the elevator moves at twice the speed of the hydraulic ram. The rise of
the elevator is also twice the stroke of the ram. Holeless hydraulic
elevators with the ram directly connected to the elevator car may have
single-stage jacks or multistage telescopic jacks, depending on the re-
quired rise.

Medium- and high-rise elevators are typically traction-driven units;
i.e., the rotary motion of the drive sheave is transmitted to the steel wire
cables or ropes via friction. The elevators are typically counterweighted
so that the motor and drive only need overcome the unbalanced load.
The counterweight mass is typically the car mass plus approximately
half the duty load (load of passengers or freight). With high-rise eleva-
tors, the weight of the rope is neutralized by compensating chains hung
from the underside of the counterweight and looped to the bottom of the
car. If the compensation weight matches the suspension rope weight,
then irrespective of the position of the car, there will be no imbalance
due to rope weight. The drive sheave is usually grooved to guide the
rope and enhance the traction. Roping ratios may be 1 : 1 or 2 : 1. With
1 : 1 ratios the car speed is the same as the rope speed. With 2 : 1 ratios
the elevator speed is half of the rope speed.

Medium-rise elevators are typically driven by geared machines which
transmit the motor power to the drive sheave. Gear reduction ratios are
typically in the range from 12 : 1 to 30 : 1.

Right-angle worm reduction gear sets are most common; however,
helical gears are becoming more acceptable because of their higher
operating efficiency and low wear characteristics.
Fig. 10.2.28 Electric traction elevator.

Motors Both dc and ac motors are used to power the driving sheave.
Direct current motors have the advantages of good starting torque and
ease of speed control. Elevator motors are obliged to develop double
rated torque at 125 percent rated current and have frequent starts, stops,
reversals, and runs at constant speed. With sparkless commutation
under all conditions, commercial motors cannot as a rule meet these
requirements. For constant voltage, cumulative-compound motors with
heavy series fields are used. The series fields are gradually short-
circuited as the motor comes up to speed, after which the motor operates
shunt. The shunt field is excited permanently, the current being reduced
to a low value with increased resistance instead of the circuit opening
when the motor is not in operation.

Drive Control for DC Motors Two types of drives are used for dc
motors: Ward Leonard (voltage control) systems using motor-generator
sets, and thyristor [silicon controlled rectifier (SCR)] drives. With volt-
age control, an individual dc generator is used for each elevator. The
generator may be driven by either a dc or an ac motor (see Ward Leon-
ard and Ilgner systems, above). The generator voltage is controlled
through its field current which gives the highest rates of acceleration
and retardation. This system is equally efficient with either dc or ac
supply.

AC Motor and Control Squirrel-cage induction motors are becom-
ing more prevalent for elevator use because of their ruggedness and
simplicity. The absence of brushes is considered a distinct advantage.
The motors are typically three-phase machines driven by variable-
voltage, variable frequency (VVVF) drives. The VVVF current is pro-
vided by an inverter. High-current-capacity power transistors modulate
the power to the motor. Motion of the rotor or the elevator is often
monitored by devices such as optional encoders which provide a feed-
back to the control system for closed loop control.

Elevators installed in the United States are usually required to comply
with the ANSI/ASME A17.1 Safety Code or other applicable local
codes. The A17.1 code imposes specific safety requirements pertaining
to the mechanical, structural, and electrical integrity of the elevator.
Examples of code requirements include: factors of safety for mechanical
and structural elements; the number and type of wire ropes to be used;
the means of determining the load capacity of the elevator; the require-
ments for speed governors and independent safety devices to arrest the
car should the car descend at excessive speeds; the requirements for
brakes to hold the stationary car with loads of up to 125 percent of rated
load; the requirements for buffers at the bottom of the elevator shaft to
decelerate the elevator or counterweight should they descend beyond
the lowest landing; the type and motion of elevator and hoistway doors;
the requirement that doors not open if the elevator is not at a landing; the
requirement that door motion cease or reverse if a passenger or obstruc-
tion is in their path and that the kinetic energy of the door motion be
limited so as to minimize the impact with a passenger or obstruction
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should they fail to stop in time. The code also requires electrical protec-
tive devices which stop the car should it transcend either upper or lower
terminal landings, remove power to the motor, and cause the brake to
apply should the speed exceed governor settings, etc. The A17.1 code
also provides special requirements for elevators located in high seismic
risk zones.

Loads Table 10.2.12 shows the rated load of passenger eleva-
tors.

Operational Control of Elevators Most modern passenger elevators
are on fully automatic group collective control. Each group of elevators
is controlled by a dispatching system which assigns specific elevators to
answer specific hall calls. Modern dispatch systems are microproces-
sor-based or have some equivalent means of processing information so
that each call registered for an elevator is answered in a timely manner.
The determination as to which elevator is assigned to answer a specific
call is a complex process which in the case of microprocessor-
controlled dispatch systems requires the use of sophisticated algorithms
which emulate the building dynamics. Some dispatch systems use ad-
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Marburg and Associates
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Table 10.2.12 Rated Load of Passenger Elevators

Rated Capacity, lb 2,500 3,500 4,500 6,000 9,000 12,000
kg 1,135 1,590 2,045 2,725 4,085 5,450

Net inside area, ft2 29.1 38.0 46.2 57.7 80.5 103.0
Platform area, m2 2.7 3.5 4.3 5.4 7.5 9.6

Efficiencies and Energy Dissipation per Car Mile The overall effi-
ciency and hence the energy dissipation varies greatly from elevator to
elevator, depending on the design, hoistway conditions, loading condi-
tions, acceleration and deceleration profiles, number of stops, etc.

For a load of 2,500 lb (1,130 kg) for geared traction elevators driven at
350 ft/min (1.75 m/s) by SCR-controlled dc motor or VVVF-controlled
ac motor, typical values are as follows: efficiency 60 percent, energy
dissipation 4.5 kWh (16 MJ).

Under same conditions for gearless traction elevators traveling at 700
ft/min (3.5 m/s), the efficiency may be 70 percent and the energy dissi-
pation 4 kWh (14.5 MJ).

Note that efficiencies are based on net load, i.e., full load minus
overbalance.

Car Mileage and Stops (per elevator, 8-h day)

Office buildings, local elevators: intensive service, 12 to 20 car miles
(19 to 32 car kilometers), making about 150 regular stops per mile

Express elevators: 20 to 40 car miles (32 to 64 car kilometers), making
about 75 to 100 regular stops per mile

Department store elevators: 4 to 8 car miles (6 to 13 car kilometers),
making about 350 regular stops per mile.

10.3 DRAGGING, PU
by Harold

revised by Ernst K. H.
HOISTS, PULLERS, AND WINCHES

Many of the fundamental portable lifting mechanisms such as hoists or
pullers (see above) can also be used forcefully to drag or pull materials.
In addition, nonmobile versions, called winches, utilizing hoisting drums
can also be used.

LOCOMOTIVE HAULAGE, COAL
by Burt Garofab
vanced decision-making processes based on artificial intelligence such
as expert systems and fuzzy logic to optimize group collective service in
buildings. With better dispatching systems it is possible to achieve ex-
cellent elevator service in buildings with the minimum number of ele-
vators, or the efficient service of taller buildings without devoting more
space to elevators.

The operational control systems also provide signals for door opening
and closing.

Dumbwaiters follow the general design philosophy of elevators ex-
cept that code requirements are somewhat more relaxed. For example,
roller-link chain can be used for support instead of wire rope. Moreover,
a single steel wire rope can be used instead of the mandatory minimum
of three for traction-type elevators and two for drum-type elevators.
Dumbwaiters are not intended for the transportation of people.

Escalators have the advantages of continuity of motion, great capac-
ity, and small amounts of space occupied and current consumed for each
passenger carried. Escalators are built with step widths of 24, 32, and
40 in (610, 810, and 1015 mm). The angle of incline is 30° from the
horizontal, and the speed is 90 to 120 ft/min (0.45 to 0.6 m/s).

Approximate average handling capacities for escalators traveling at
90 ft/min are 2,000, 2,300, and 4,000 passengers per hour for 24-in,
32-in, and 40-in (610-, 810-, and 1015-mm) escalator step sizes respec-
tively. Higher-speed escalators have proportionally higher passenger-
carrying capacity.

Escalators are equipped with a handrail on each side, mounted on the
balustrade. The handrail moves at the same speed as the escalator. Esca-
lator steps are so arranged that as they approach the upper and lower
landings they recede so that they are substantially level with the floor
for safe embarkation and disembarkation of the escalator.

ING, AND PUSHING
Hawkins
car in 1938. Crawler-mounted loaders and rubber-tired universal coal
cutters completed the equipment needed for complete off-track mining.
This off-track mining caused a revolution in face haulage, since it elim-
inated the expense of laying track in the rooms and advancing the track
as the face of the coal advanced. It also made gathering locomotives of

types obsolete. Practically all the
rubber-tired shuttle cars, chain

and other methods involving off-
ated track completely by having
MINES

the cable-reel, crab-reel, and battery
gathering duty is now performed by
conveyors, extensible belt conveyors,
track equipment. Some mines elimin

belt conveyors carry the coal to the outside.
Pittston Corporation

The haulage system of an underground mine is used to transport person-
nel and material between the face and the portal. It can be subdivided
into face haulage and main haulage. The main haulage system extends
from the end of the face haulage system to the outside.

Rubber-tired haulage at the coal face was introduced in 1935 and
received further impetus with the introduction of the rubber-tired shuttle
Most coal mines today utilize a combination of haulage systems.
Personnel and supplies are transported by either rail or rubber-tired
haulage. Coal is transported by belt or rail, predominantly belt.

Locomotives used in rail haulage may be trolley wire powered, battery
powered, or diesel powered. Battery and diesel powered locomotives
are commonly used to transport supplies in mines which utilize belt as
the main coal haulage system. Trolley-wire-powered locomotives are
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used when rail is the main coal haulage system. The sleek, streamlined,
fast, and easy-riding Jeffrey eight-wheel four-motor locomotives are
available in 27-, 37-, and 50-short ton (24-, 34-, and 45-tonne) sizes.
This type of locomotive has two four-wheel trucks, each having two
motors. The trucks, having Pullman or longitudinal-type equalizers with
snubbers, will go around a 50 ft (15 m) radius curve, have short over-
hang, and provide a very easy ride. This construction is easy on the
track, with consequent low track-maintenance cost. Speed at full load
ranges from 10 to 12.5 mi/h (4.5 to 5.6 m/s), and the maximum safe
speed is approximately 30 mi/h (13.4 m/s).

Weight of locomotive required to haul train up the grade:

W 5 L(R 1 G)/(0.25 3 2,000 2 G)

Weight of locomotive necessary to start train on the grade:

W 5 L(R 1 G 1 A)/(0.30 3 2,000 2 G 2 A)

where W is the weight in tons of locomotive required; R is the frictional
resistance of the cars in pounds per ton and is taken as 20 lb for cars with
antifriction bearings and 30 lb for plain-bearing cars; L is the weight of
the load in tons; A is the acceleration resistance [this is 100 for

ith

7
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The eight-wheel locomotive usually has a box frame; series-wound
motors with single-reduction spur gearing; 10 steps of straight parallel,
full electropneumatic contactor control; dynamic braking; 32-V bat-
tery-operated control and headlights, with the battery charged automati-
cally from the trolley; straight air brakes; air-operated sanders; air horn;
automatic couplers; one trolley pole; two headlights at each end; and
blowers to ventilate the traction motors. The equipment is located so
that it is easily accessible for repair and maintenance.

The eight-wheel type of locomotive has, to a great extent, superseded
the tandem type, consisting of two four-wheel two-motor locomotives
coupled together and controlled from the cab of one of the units of the
tandem.

The older Jeffrey four-wheel-type locomotive is available in 11-, 15-,
20-, and 27-short ton (10-, 13.6-, 18-, 24.5-tonne) nominal weights. The
20- and 27-short ton (18- and 24.5-tonne) sizes have electrical equip-
ment very much like that of the eight-wheel-type locomotive. Speeds
are also comparable. The 15-short ton (13.6-tonne) locomotive usually
has semielectropneumatic contactor control, rather than full electropneu-
matic control, and dynamic braking but usually does not have the 32-V
battery-operated control. The 11-short ton (10-tonne) locomotive has
manual control, with manual brakes and sanders, although contactor
control, air brakes, blowers, etc., are optional.

Locomotive motors have a horsepower rating on the basis of 1 h at
75°C above an ambient temperature of 40°C. Sizes range from a total of
100 hp (75 kW) for the 11-ton (10-tonne) to a total of 720 hp for the
50-ton.

The following formulas are recommended by the Jeffrey Mining Ma-
chinery Co. to determine the weight of a locomotive required to haul a
load. Table 10.3.1 gives haulage capacities of various weights of loco-
motives on grades up to 5 percent. The tabulation of haulage capacities
shows how drastically the tons of trailing load decrease as the grade
increases. For example, a 50-ton locomotive can haul 1,250 tons trailing
load on the level but only 167 tons up a 5 percent grade.

The following formulas are based on the use of steel-tired or rolled-
steel wheels on clean, dry rail.

Weight of locomotive required on level track:

W 5 L(R 1 A)/(0.3 3 2,000 2 A)

Table 10.3.1 Haulage Capacities of Locomotives w

Grade 11

Level Drawbar pull, lb
Haulage capacity, gross tons

5,500
275
1% Drawbar pull, lb
Haulage capacity, gross tons

5,280
132

7

2% Drawbar pull, lb
Haulage capacity, gross tons

5,260
88

6

3% Drawbar pull, lb
Haulage capacity, gross tons

4,840
67

6

4% Drawbar pull, lb
Haulage capacity, gross tons

4,620
46

6

5% Drawbar pull, lb
Haulage capacity, gross tons

4,400
31

6

* Jeffrey Mining Machinery Co.
† Haulage capacities are based on 20 lb/ton rolling friction, which is cons

0.91 to get tonnes.
1 mi/(h ?s) and is usually taken at 20 for less than 10 mi/h or at 30 from
10 to 12 mi/h, corresponding to an acceleration of 0.2 or 0.3 mi/(h ?s)];
G is the grade resistance in pounds per ton or 20 lb/ ton for each percent
of grade (25 percent is the running adhesion of the locomotive, 30
percent is the starting adhesion using sand); 2,000 is the factor to give
adhesion in pounds per ton.

Where the grade is in favor of the load:

W 5 L(G 2 R)/(0.20 3 2,000 2 G)

To brake the train to a stop on grade:

W 5 L(G 1 B 2 R)/(0.20 3 2,000 2 G 2 B)

where B is the braking (or decelerating) effort in pounds per ton and
equals 100 lb/ ton for a braking rate of 1 mi/(h ?s) or 20 lb/ton for a
braking rate of 0.2 mi/(h ?s) or 30 lb for a braking rate of 0.3 mi/(h ?s).
The adhesion is taken from a safety standpoint as 20 percent. It is not
advisable to rely on using sand to increase the adhesion, since the sand-
boxes may be empty when sand is needed.

Time in seconds to brake the train to stop:

s 5
mi/h (start) 2 mi/h (finish)

deceleration in mi/(h ?s)

Distance in feet to brake the train to a stop:

ft 5 [mi/h (start) 2 mi/h (finish)] 3 s 3 1.46/2

Storage-battery locomotives are used for hauling muck cars in tunnel
construction where it is inconvenient to install trolley wires and bond
the track as the tunnel advances. They are also used to some extent in
metal mines and in mines of countries where trolley locomotives are not
permitted. They are often used in coal mines in the United States for
hauling supplies. Their first cost is frequently less than that for a trolley
installation. They also possess many of the advantages of the trolley
locomotive and eliminate the danger and obstruction of the trolley wire.
Storage-battery locomotives are limited by the energy that is stored in
the battery and should not be used on steep grades or where large,
continuous overloads are required. Best results are obtained where light

Steel-Tired or Rolled-Steel Wheels*

Weight of locomotive, tons†

15 20 27 37 50

,500
375

10,000
500

13,500
675

18,500
925

25,000
1,250

,200
180

9,600
240

12,960
324

17,760
444

24,000
600
,900
115

9,200
153

12,420
207

17,020
284

23,000
384

,600
82

8,800
110

11,880
149

16,280
204

22,000
275

,300
63

8,400
84

11,340
113

15,540
155

21,000
210

,000
50

8,000
67

10,800
90

14,800
123

20,000
167

ervative for roller-bearing cars. Multiply lb by 0.45 to get kg and tons by
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and medium loads are to be handled intermittently over short distances
with a grade of not over 3 percent against the load.

The general construction and mechanical features are similar to those
of the four-wheel trolley type, with battery boxes located either on top
of the locomotive or between the side frames, according to the height
available. The motors are rugged, with high efficiency. Storage-battery
locomotives for coal mines are generally of the explosion-tested type
approved by the Bureau of Mines for use in gaseous mines.

The battery usually has sufficient capacity to last a single shift. For
two- or three-shift operation, an extra battery box with battery is re-

circle. This car is made with capacities from 12 to 27 ft3 to suit local
requirements. The hopper-bottom car (Fig. 10.3.4) consists of a hopper
on wheels, the bottom opening being controlled by door a, which is
operated by chain b winding on shaft c. The shaft is provided with
handwheel and ratchet and pawl. The type of door or gate controlling
the bottom opening varies with different materials.

r
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quired so that one battery can be charging while the other is working on
the locomotive. Motor-generator sets or rectifiers are used for charging
the batteries. The overall efficiency of the battery, motor, and gearing is
approximately 63 percent. The speed varies from 3 to 7 mi/h, the aver-
age being 31⁄2 to 41⁄2 mi/h. Battery locomotives are available in sizes
from 2 to 50 tons. They are usually manufactured to suit individual
requirements, since the sizes of motors and battery are determined by
the amount of work that the locomotive has to do in an 8-h shift.

INDUSTRIAL CARS

Various types of narrow-gage industrial cars are used for handling bulk
and package materials inside and outside of buildings. Those used for
bulk material are usually of the dumping type, the form of the car being
determined by the duty. They are either pushed by workers or drawn by
mules, locomotives, or cable. The rocker side-dump car (Fig. 10.3.1)
consists of a truck on which is mounted a V-shaped steel body sup-
ported on rockers so that it can be tipped to either side, discharging
material. This type is mainly used on construction work. Capacities vary
from 2⁄3 to 5 tons for track gages of 18, 20, 24, 30, 36, and 561⁄2 in. In the
gable-bottom car (Fig. 10.3.2), the side doors a are hinged at the top and
controlled by levers b and c, which lock the doors when closed. Since
this type of car discharges material close to the ground on both sides of

Fig. 10.3.1 Rocker side-dump
car.

Fig. 10.3.2 Gable-bottom car.

the track simultaneously, it is used mainly on trestles. Capacities vary
from 29 to 270 ft3 for track gages of 24, 36, 40, and 50 in. The scoop
dumping car (Fig. 10.3.3) consists of a scoop-shaped steel body pivoted
at a on turntable b, which is carried by the truck. The latch c holds the
body in a horizontal position, being released by chain d attached to
handle e. Since the body is mounted on a turntable, the car is used for
service where it is desirable to discharge material at any point in the

Table 10.3.2 Frictional Resistance of Mine Ca

Level track

lb/short
Types of bearings ton N/tonne
Spiral roller 13 58
Solid roller 14 62
Self-oiling 22 98
Babbitted, old style 24 107
Fig. 10.3.3 Scoop dumping car. Fig. 10.3.4 Hopper-bottom car.

The box-body dump car (Fig. 10.3.5) consists of a rectangular body
pivoted on the trucks at a and held in horizontal position by chains b.
The side doors of the car are attached to levers so that the door is
automatically raised when the body of the car is tilted to its dumping
position. The cars can be dumped to either side. On the large sizes,
where rapid dumping is required, dumping is accomplished by com-
pressed air. This type of car is primarily used in excavation and quarry
work, being loaded by power shovels. The greater load is placed on the
side on which the car will dump, so that dumping is automatic when the
operator releases the chain or latch. The car bodies may be steel or
steel-lined wood. Mine cars are usually of the four-wheel type, with low
bodies, the doors being at one end, and pivoted at the top with latch at

Fig. 10.3.5 Box-body dump car.

the bottom. Industrial tracks are made with rails from 12 to 45 lb/yd
(6.0 to 22 kg/m) and gages from 24 in to 4 ft 81⁄2 in (0.6 to 1.44 m).
Either steel or wooden ties are used. Owing to its lighter weight, the
steel tie is preferred where tracks are frequently moved, the track being
made up in sections. Industrial cars are frequently built with one wheel
attached to the axle and the other wheel loose to enable the car to turn on
short-radius tracks. Capacities vary from 4 to 50 yd3 (3.1 to 38 m3) for
track gages of 36 to 561⁄2 in (0.9 to 1.44 m), with cars having weights
from 6,900 to 80,300 lb (3,100 to 36,000 kg). The frictional resistance
per ton (2,000 lb) (8,900 N) for different types of mine-car bearings are
given in Table 10.3.2.

Bearings

Drawbar pull

2% grade 4% grade

lb/short lb/short
ton N/tonne ton N/tonne
15 67 46 205
18 80 53 236
31 138
40 178
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DOZERS, DRAGLINES

The dual capability of some equipment, such as dozers and draglines,
suggests that it should be mentioned as prime machinery in the area of
materials handling by dragging, pulling, or pushing. Dozers are de-
scribed in the discussion on earthmoving equipment since their basic
frames are also used for power shovels and backhoes. In addition,
dozers perform the auxiliary function of pushing carryall earthmovers to
assist them in scraping up their load. Dragline equipment is discussed
with below-surface handling or excavation. The same type of equip-

der supported by a shaft a, its three compartments carrying three tracks.
The loaded car b is to one side of the center and causes the cylinder to
rotate, the material rolling to the chute beneath. The band brake c, with
counterweight d, is operated by lever e, putting the dumping under
control of the operator. No power is required; one operator can dump
two or three cars per minute.
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ment that would drag or scrape may also have a lifting function.

MOVING SIDEWALKS

Moving horizontal belts with synchronized balustrading have been in-
troduced to expedite the movement of passengers to or from railroad
trains in depots or planes at airports (see belt conveyors). A necessary
feature is the need to prevent the clothing of anyone (e.g., a child) sitting
on the moving walk from being caught in the mechanism at the end of
the walk. Use of a comblike stationary end fence protruding down into
longitudinal slots in the belt is an effective preventive.

CAR-UNLOADING MACHINERY

Four types of devices are in common use for unloading material from all
types of open-top cars: crossover and horn dumps, used to unload mine
cars with swinging end doors; rotary car dumps, for mine cars without
doors; and tipping car dumps, for unloading standard-gage cars where
large unloading capacity is required.

Crossover Dump Figure 10.3.6 shows a car in the act of dumping.
Figure 10.3.7 shows a loaded car pushing an empty car off the dump. A
section of track is carried by a platform supported on rockers a. An
extension bar b carries the weight c and the brake friction bar d. A hand
lever controls the brake, acting on the friction bar and placing the
dumping under the control of the operator. A section of track e in front

Fig. 10.3.6 Crossover dump: car unloading.

Fig. 10.3.7 Crossover dump: empty car being pushed away.

of the dump is pivoted on a parallel motion and counterbalanced so that
it is normally raised. The loaded car depresses the rails e and, through
levers, pivots the horns f around the shafts g, releasing the empty car.
The loaded car strikes the empty car, starting it down the inclined track.
After the loaded car has passed the rails e, the springs return the horns f
so that they stop the loaded car in the position to dump. Buffer springs
on the shaft g absorb the shock of stopping the car. Since the center of
gravity of the loaded car is forward of the rockers, the car will dump
automatically under control of the brake. No power is required for this
dump, and one operator can dump three or four cars per minute.

Rotary Gravity Dump (Fig. 10.3.8) This consists of a steel cylin-
Fig. 10.3.8 Rotary gravity dump.

Rotary-power dumpers are also built to take any size of open-top
railroad car and are frequently used in power plants, coke plants, ports,
and ore mines to dump coal, coke, ore, bauxite, and other bulk material.
They are mainly of two types: (1) single barrel, and (2) tandem.

The McDowell-Wellman Engineering Co. dumper consists of a re-
volving cradle supporting a platen (with rails in line with the approach
and runoff car tracks in the upright position), which carries the car to be
dumped. A blocking on the dumping side supports the side of the car as
the cradle starts rotating. Normally, the platen is movable and the
blocking is fixed, but in some cases the platen is fixed and the blocking
movable. Where there is no variation in the car size, the platen and
blocking are both fixed. The cradle is supported on two end rings, which
are bound with a rail and a gear rack. The rail makes contact with rollers
mounted in sills resting on the foundation. Power through the motor
rotates the cradle by means of two pinions meshing with the gear racks.
The angle of rotation for a complete dump is 155° for a normal opera-
tion, but occasionally, a dumper is designed for 180° rotation. The
clamps, supported by the cradle, start moving down as the dumper starts
to rotate. These clamps are lowered, locked, released, and raised either
by a gravity-powered mechanism or by hydraulic cylinders.

With the advent of the unit-train system, the investment and operating
costs for a dumper have been reduced considerably. The design of
dumpers for unit train has improved and results in fewer maintenance
problems. The use of rotary couplers on unit train eliminates uncoupling
of cars while dumping because the center of the rotary coupler is in line
with the center of rotation of the dumper.

Car Shakers As alternatives to rotating or tilting the car, several
types of car shakers are used to hasten the discharge of the load. Usually
the shaker is a heavy yoke equipped with an unbalanced pulley rotated
at 2,000 r/min by a 20-hp (15-kW) motor. The yoke rests upon the car
top sides, and the load is actively vibrated and rapidly discharged.
While a car shaker provides a discharge rate about half that of a rotary
dumper, the smaller investment is advantageous.

Car Positioner As the popularity of unit-train systems consisting of
rail cars connected by rotary couplers has increased, more rotary dump-
ing stations have been equipped with an automatic train positioner de-
veloped by McDowell-Wellman Engineering Company. This device
consists of a carriage moving parallel to the railroad track actuated by
either hydraulic cylinders or wire rope driven by a winch, which carries
an arm that rotates in a vertical plane to engage the coupling between
the cars. The machines are available in many sizes, the largest of which
are capable of indexing 200-car trains in one- or two-car increments
through the rotary dumper. These machines or similar ones are also
available from FMC/Materials Handling System Division, Heyl and
Patterson, Inc., and Whiting Corp.
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by Ernst K. H. Marburg

CONTAINERIZATION

The proper packaging of material to assist in handling can significantly
minimize the handling cost and can also have a marked influence on the
type of handling equipment employed. For example, partial carload lots
of liquid or granular material may be shipped in rigid or nonrigid con-
tainers equipped with proper
Heavy-duty rubberized containe
able for repeated use in shippin
tainer reduces return shipping co

raise the truck forks, and push/pull the load. Standard manual pallet
trucks are available in lifting capacities from 4,500 to 5,500 lb (2,045 to
2,500 kg), with customer manufactured models to 8,000 lb (3,636 kg).
While available in a variety of fork sizes, by far the most common is
27 in wide 3 48 in long (686 mm 3 1,219 mm). This size accommo-
dates the most common pallet sizes of 40 in 3 48 in (1,016 mm 3
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lugs to facilitate in-transit handling.
rs that are inert to most cargo are avail-
g partial carloads. The nonrigid con-

sts, since it can be collapsed to reduce
space. Disposable light-weight corrugated-cardboard shipping contain-
ers for small and medium-sized packages both protect the cargo and
permit stacking to economize on space requirements. The type of con-
tainer to be used should be planned or considered when the handling
mechanism is selected.

SURFACE HANDLING
by Colin K. Larsen
Blue Giant Equipment Co.

Lift Trucks and Palletized Loads

The basis of all efficient handling, storage, and movement of unitized
goods is the cube concept. Building a cube enables a large quantity of
unit goods to be handled and stored at one time. This provides greater
efficiency by increasing the volume of goods movement for a given
amount of work. Examples of cube-facilitating devices include pallets,
skids, slip sheets, bins, drums, and crates.

The most widely applied cube device is the pallet. A pallet is a low
platform, usually constructed of wood, incorporating openings for the
forks of a lift truck to enter. Such openings are designed to enable a lift
truck to pick up and transport the pallet containing the cubed goods.

Lift truck is a loose term for a family of pallet handling/transporting
machines. Such machines range from manually propelled low-lift de-
vices (Fig. 10.4.1) to internal combustion and electric powered ride-on
high-lift devices (Fig. 10.4.2). While some machines are substitutes in
terms of function, each serves its own niche when viewed in terms of
individual budgets and applications.

Pallet trucks are low-lift machines designed to raise loaded pallets
sufficiently off the ground to enable the truck to transport the pallet
horizontally. Pallet trucks are available as manually operated and pro-
pelled models that incorporate a hydraulic pump and handle assembly
(Fig. 10.4.1). This pump and handle assembly enables the operator to

Fig. 10.4.1 Manually operated and propelled pallet truck.
Fig. 10.4.2 Lift truck powered by an internal-combustion engine.

1,219 mm) and 48 in 3 48 in (1,219 mm 3 1,219 mm). Pallet trucks
are also available in motorized versions, equipped with dc electric
motors to electrically raise and transport. The power supply for these
trucks is an on-board lead-acid traction battery that is rechargeable
when the truck is not in use. Control of these trucks is through a set of
lift, lower, speed, and direction controls fitted into the steering handle
assembly. Powered pallet trucks are available in walk and ride models.
Capacities range from 4,000 to 10,000 lb (1,818 to 4,545 kg), with forks
up to 96 in (2,438 mm) long. The longer fork models are designed to
allow the truck to transport two pallets, lined up end to end.

Fig. 10.4.3 Counterbalanced electric-battery-powered pallet truck. (Blue
Giant.)

10-23
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Stackers, as the name implies, are high lift machines designed to
raise and stack loaded pallets in addition to providing horizontal trans-
portation. Stackers are separated into two classes: straddle and count-
erbalanced. Straddle stackers are equipped with legs which straddle
the pallet and provide load and truck stability. The use of the straddle
leg system results in a very compact chassis which requires minimal
aisle space for turning. This design, however, does have its trade-offs in-
somuch as the straddles limit the truck’s usage to smooth level floors.
The limited leg underclearance inherent in these machines prohibits
their use on dock levelers for loading/unloading transport trucks. Strad-

conditions. All blades can be tilted for ditching, with hydraulic-power
tilt available for all blades.

APPLICATION. This is the best machine for pioneering access roads,
for boulder and tree removal, and for short-haul earthmoving in rough
terrain. It push-loads self-propelled scrapers and is often used with a
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dle stackers are available from 1,000 to 4,000 lb (455 to 1,818 kg)
capacity with lift heights to 16 ft (4,877 mm). Counterbalanced stackers
utilize a counterweight system in lieu of straddle legs for load and
vehicle stability (Fig. 10.4.3). The absence of straddle legs results in a
chassis with increased underclearance which can be used on ramps,
including dock levelers. The counterbalanced chassis, however, is
longer than its straddle counterpart, and this requires greater aisle space
for maneuvering. For materials handling operations that require one
machine to perform a multitude of tasks, and are flexible in floor layout
of storage areas, the counterbalanced stacker is the recommended ma-
chine.

Off-Highway Vehicles and Earthmoving
Equipment
by Darrold E. Roen, John Deere and Co.

The movement of large quantities of bulk materials, earth, gravel, and
broken rock in road building, mining, construction, quarrying, and land
clearing may be handled by off-highway vehicles. Such vehicles are
mounted on large pneumatic tires or on crawler tracks if heavy pulling
and pushing are required on poor or steep terrain. Width and weight of
the rubber-tired equipment often exceed highway legal limits, and use
of grouser tracks on highways is prohibited. A wide range of working
tool attachments, which can be added (and removed) without modifica-
tion to the basic machine, are available to enhance the efficiency and
versatility of the equipment.

Proper selection of size and type of equipment depends on the
amount, kind, and density of the material to be moved in a specified
time and on the distances, direction, and steepness of grades, footing
for traction, and altitude above sea level. Time cycles and pay loads
for production per hour can then be estimated from manufacturers’
performance data and job experience. This production per hour, to-
gether with the corresponding owning, operating, and labor costs
per hour, enables selection by favorable cost per cubic yard, ton, or
other pay unit.

Current rapid progress in the development of off-highway equipment
will soon make any description of size, power, and productivity obso-
lete. However, the following brief description of major off-highway
vehicles will serve as a guide to their applications.

Crawler Tractors These are track-type prime movers for use with
mounted bulldozers, rippers, winches, cranes, cable layers, and side
booms rated by net engine horsepower in sizes from 40 to over 500 hp;
maximum traveling speeds, 5 to 7 mi/h (8 to 11 km/h). Crawler tractors
develop drawbar pulls up to 90 percent or more of their weight with
mounted equipment.

Wheel Tractors Sizes range from rubber-tired industrial tractors for
small scoops, loaders, and backhoes to large, diesel-powered, two- and
four-wheel drive pneumatic-tired prime movers for propelling scrapers
and wagons. Large, four-wheel-drive, articulated-steering types also
power bulldozers.

Bulldozer—Crawler Type (Fig. 10.4.4) This is a crawler tractor
with a front-mounted blade, which is lifted by hydraulic or cable power
control. There are four basic types of moldboards: straight, semi-U and
U (named by top-view shape), and angling. The angling type, often
called bullgrader or angledozer, can be set for side casting 25° to the right
or left of perpendicular to the tractor centerline, while the other blades
can be tipped forward or back through about 10° for different digging
Fig. 10.4.4 Crawler tractor with dozer blade. (John Deere.)

rear-mounted ripper to loosen firm or hard materials, including rock, for
scraper loading. U blades drift 15 to 20 percent more loose material than
straight blades but have poor digging ability. Angling blades expedite
sidehill benching and backfilling of trenches. Loose-material capacity
of straight blades varies approximately as the blade height squared,
multiplied by length. Average capacity of digging blades is about 1 yd3

loose measure per 30 net hp rating of the crawler tractor. Payload is 60
to 90 percent of loose measure, depending on material swell variations.

Bulldozer—Wheel Type This is a four-wheel-drive, rubber-tired
tractor, generally of the hydraulic articulated-steering type, with front-
mounted blade that can be hydraulically raised, lowered, tipped, and
tilted. Its operating weights range to 150,000 lb, with up to 700 hp,
and its traveling speeds range from stall to about 20 mi/h for pushing
and mobility.

APPLICATION. It is excellent for push-loading self-propelled
scrapers, for grading the cut, spreading and compacting the fill, and for
drifting loose materials on firm or sandy ground for distances up to
500 ft. Useful tractive effort on firm earth surfaces is limited to about 60
percent of weight, as compared with 90 percent for crawler dozers.

Loader—Crawler Type (Fig. 10.4.5) This is a track-type prime
mover with front-mounted bucket that can be raised, dumped, lowered,
and tipped by power control. Capacities range from 0.7 to 5.0 yd3 (0.5
to 3.8 m3), SAE rated. It is also available with grapples for pulpwood,
logs, and lumber.

Fig. 10.4.5 Crawler tractor with loader bucket. (John Deere.)

APPLICATION. It is used for digging basements, pools, ponds, and
ditches; for loading trucks and hoppers; for placing, spreading, and
compacting earth over garbage in sanitary fills; for stripping sod; for
removing steel-mill slag; and for carrying and loading pulpwood and
logs.

Loader—Wheel Type (Fig. 10.4.6) This is a four-wheel, rubber-
tired, articulated-steer machine equipped with a front-mounted, hydrau-
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lic-powered bucket and loader linkage that loads material into the
bucket through forward motion of the machine and which lifts, trans-
ports, and discharges the material. The machine is commonly referred to
as a four-wheel-drive loader tractor. Bucket sizes range from 1⁄2 yd3

(0.4 m3) to more than 20 yd3 (15 m3), SAE rated capacity. The addition

open-bowl and self-loading types, with multiple steer and drive axle
variations. Scraper rear wheels may also be driven by a separate rear-
mounted engine which minimizes the need for a push tractor. Scraper
ratings are provided in cubic yard struck/heaped capacities. Payload
capacities depend on loadability and swell of materials but approximate
the struck capacity. Crawler tractor-drawn, four-wheel rubber-tired
scrapers have traditionally been used in a similar manner—normally in
situations with shorter haul distances or under tractive and terrain con-
ditions that are unsuitable for faster, self-propelled scrapers.
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Fig. 10.4.6 Four-wheel-drive loader. (John Deere.)

of a quick coupler to the loader linkage permits convenient interchange
of buckets and other working tool attachments, adding versatility to the
loader. Rigid-frame machines with variations and combinations of
front/rear/skid steer, front/rear drive, and front/rear engine are also used
in various applications.

APPLICATION. Four-wheel-drive loaders are used primarily in con-
struction, aggregate, and utility industries. Typical operations include
truck loading, filling hoppers, trenching and backfilling, land clearing,
and snow removal.

Backhoe Loader (Fig. 10.4.7) This is a self-propelled, highly mo-
bile machine with a main frame to support and accommodate both the
rear-mounted backhoe and front-mounted loader. The machine was de-
signed with the intention that the backhoe will normally remain in place
when the machine is being used as a loader and vice versa. The backhoe
digs, lifts, swings, and discharges material while the machine is station-
ary. When used in the loader mode, the machine loads material into the
bucket through forward motion of the machine and lifts, transports, and
discharges the material. Backhoe loaders are categorized according to
digging depth of the backhoe. Backhoe loader types include variations
of front/rear/articulated and all-wheel steer and rear/four-wheel drive.

Fig. 10.4.7 Backhoe loader. (John Deere.)

APPLICATION. Backhoe loaders are used primarily for trenching and
backfilling operations in the construction and utility industries. Quick
couplers for the loader and backhoe are available which quickly inter-
change the working tool attachments, thus expanding machine capabili-
ties. Backhoe loader mobility allows the unit to be driven to nearby job
sites, thus minimizing the need to load and haul the machine.

Scrapers (Fig. 10.4.8) This is a self-propelled machine, having a
cutting edge positioned between the front and rear axles which loads,
transports, discharges, and spreads material. Tractor scrapers include
Fig. 10.4.8 Two-axle articulated self-propelled elevating scraper. (John
Deere.)

APPLICATION. Scrapers are used for high-speed earth moving, pri-
marily in road building and other construction work where there is a
need to move larger volumes of material relatively short distances. The
convenient control of the cutting edge height allows for accurate control
of the grade in either a cut or fill mode. The loaded weight of the scraper
can contribute to compaction of fill material. All-wheel-drive units can
also load each other through a push-pull type of attachment. Two-axle,
four-wheel types have the best maneuverability; however, the three-axle
type is sometimes preferred for operator comfort on longer, higher-
speed hauls.

Motor Grader (Fig. 10.4.9) This is a six-wheel, articulated-frame
self-propelled machine characterized by a long wheelbase and mid-
mounted blade. The blade can be hydraulically positioned by rotation
about a vertical axis—pitching fore/aft, shifting laterally, and indepen-
dently raising each end—in the work process of cutting, moving, and
spreading material, to rough- or finish-grade requirements. Motor
graders range in size to 60,000 lb (27,000 kg) and 275 hp (205 kW)
with typical transport speeds in the 25-mi/h (40-km/h) range. Rigid-
frame machines with various combinations of four/six wheels, two/
four-wheel drive, front/rear-wheel steer are used as dictated by the
operating requirements.

Fig. 10.4.9 Six-wheel articulated-frame motor grader. (John Deere.)

APPLICATION. Motor graders are the machine of choice for building
paved and unpaved roads. The long wheelbase in conjunction with the
midmounted blade and precise hydraulic controls allows the unit to
finish-grade road beds within 0.25 in (6 mm) prior to paving. The
weight, power, and blade maneuverability enable the unit to perform all
the necessary work, including creating the initial road shape, cutting the
ditches, finishing the bank slopes, and spreading the gravel. The motor
grader is also a cost-effective and vital part of any road maintenance
fleet.
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Table 10.4.1 Typical Monorail Trolley Dimensions

Capacity, I-beam Wheel- Net
short range tread weight, B,* C, H, M, N, Min beam
tons (depth), in diam, in lb in in in in in radius,* in

1⁄2 5–10 31⁄2 32 31⁄4 41⁄8 97⁄8 23⁄8 61⁄4 21
1 5–10 31⁄2 32 31⁄4 41⁄8 97⁄8 23⁄8 61⁄4 21
11⁄2 6–10 4 52 37⁄8 45⁄8 113⁄8 215⁄16 77⁄16 30
2 6–10 4 52 37⁄8 45⁄8 113⁄8 215⁄16 77⁄16 30
3 8–15 5 88 47⁄16 53⁄8 131⁄2 213⁄16 715⁄16 42
4 8–15 5 88 47⁄16 53⁄8 131⁄2 213⁄16 715⁄16 42
5 10–18 6 137 53⁄16 63⁄16 153⁄8 35⁄16 101⁄8 48
6 10–18 6 137 53⁄16 63⁄16 153⁄8 35⁄16 101⁄8 48
8 12–24 8 279 51⁄2 77⁄16 213⁄8 43⁄16 133⁄4 60

10 12–24 8 279 51⁄2 77⁄16 213⁄8 43⁄16 133⁄4 60

Metric values, multiply tons by 907 for kg, inches by 25.4 for mm, and lb by 0.45 for kg.
* These dimensions are given for minimum beam.
SOURCE: CM Hoist Division, Columbus McKinnon.

Excavator (Fig. 10.4.10) This is a mobile machine which is pro-
pelled by either crawler track or rubber-tired undercarriage, with the
unique feature being an upper structure that is capable of continuous
rotation and a wide working range. The unit digs, elevates, swings, and
dumps material by action of the boom, arm, or telescoping boom and
bucket. Excavators include the hoe type (digging tool cuts toward the
machine and generally downward) and the shovel type (digging tool
cuts away from the machine and generally upward). Weight of the
machines ranges from 17,600 lb (8 tonnes) to 1,378,000 lb (626 tonnes)
with power ratings from 65 to 3644 hp (48.5 to 2719 kW).

hydraulic-system oil, and other operating supplies. This is reduced to
cost per hour over a service life of 4 to 6 years of 2,000 h each—
average 5 years, 10,000 h. Owning and operating costs of diesel-
powered bulldozers and scrapers, excluding operator’s wages, average
3 to 4 times the delivered price in 10,000 h.

ABOVE-SURFACE HANDLING

Monorails
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Fig. 10.4.10 Excavator with tracked undercarriage. (John Deere.)

APPLICATION. The typical attachment for the unit is the bucket,
which is used for trenching in the placement of pipe and other under-
ground utilities, digging basements or water retention ponds, maintain-
ing slopes, and mass excavation. Other specialized attachments include
hydraulic hammers and compactors, thumbs, clamshells, grapples, and
long-reach front ends which expand the capabilities of the excavator.

Dumpers A dumper is a self-propelled machine, having an open
cargo body, which is designed to transport and dump or spread material.
Loading is accomplished by means external to the dumper. Types are
generally categorized into rear, side, or bottom dump with multiple
variations of front/articulated steer, two to five axles, and front/rear/
center/multiaxle drive.

APPLICATION. Dumpers are used for hauling and dumping blasted
rock, ore, earth, sand, gravel, coal, and other hard and abrasive materials
in road and dam construction and in quarries and mines. The units are
capable of 30 to 40 mi/h (50 to 65 km/h) when loaded (depending on
terrain/slopes), which makes the dumper an excellent choice for longer
haul distances.

Owning and Operating Costs These include depreciation; interest,
insurance, taxes; parts, labor, repairs, and tires; fuel, lubricant, filters,
Materials can be carried on light, rigid trackage, as described for over-
head conveyors (see below). Trolleys are supported by structural I
beams, H beams, or I-beam-like rails with special flat flanges to im-
prove rolling characteristics of the wheels. Size of wheels and smooth-
ness of tread are important in reducing rolling resistance. Figure 10.4.11
shows a typical rigid trolley for traversing short-radius track curves.
Typical dimensions for both types are given in Table 10.4.1. These
trolleys may be plain, with geared handwheel and hand chain, or motor-
drive. For very low headroom, the trolley can be built into the hoist; this
is known as a trolley hoist.

Fig. 10.4.11 Monorail trolley. (CM Hoist Division, Columbus McKinnon.)

Overhead Traveling Cranes
by Alger Anderson, Lift-Tech International, Inc.

An overhead traveling crane is a vehicle for lifting, transporting, and
lowering loads. It consists of a bridge supporting a hoisting unit and is
equipped with wheels for operating on an elevated runway or track. The
hoisting unit may be fixed relative to the bridge but is usually supported
on wheels, permitting it to traverse the length of the bridge.

The motions of the crane—hoisting, trolley traversing, and bridging
— may be powered by hand, electricity, air, hydraulics, or a combina-
tion of these. Hand-powered cranes are generally built in capacities
under 50 tons (45 tonnes) and are used for infrequent service where
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slow speeds are acceptable. Pneumatic cranes are used where electricity
would be hazardous or where advantage can be taken of existing air
supply. Electric cranes are the most common overhead type and can be
built to capacities of 500 tons (454 tonnes) or more and to spans of
150 ft (46 m) and over.

Single-Girder Cranes (Fig. 10.4.12) In its simplest form, this con-
sists of an I beam a supported by four wheels b. The trolley c traveling
on the lower flanges carries the chain hoist, forming the lifting unit. The
crane is moved by hand chain d turning sprocket wheel e, which is
keyed to shaft f. The pinions on shaft f mesh with gears g, keyed to the

will rest on the rail, preventing the crane from dropping. One wheel axle
on each truck is fitted with gears for driving the crane or is coupled
directly to the shaft which transmits power from the gear reducer. On a
cab-operated bridge, a brake, usually hydraulic, is applied to the motor
shaft to stop the crane. Floor-operated cranes generally utilize spring
engaged, electrically released brakes.

The trolley consists of a frame which carries the hoisting machinery
and is supported on wheels for movement along the bridge rails. The
wheels are coupled to the trolley traverse motor through suitable gear
reduction. Trolleys are frequently equipped with a second set of hoist-
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axles of two wheels. An underslung construction may also be used, with
pairs of wheels at each corner which ride on the lower flange of I-beam
rails. Single-girder cranes may be hand-powered by pendant hand
chains or electric-powered as controlled by a pendant push-button sta-
tion.

Fig. 10.4.12 Hand-powered crane.

Electric Traveling Crane, Double-Girder Type (Fig. 10.4.13) This
consists of two bridge girders a, on the top of which are rails on which
travels the self-contained hoisting unit b, called the trolley. The girders
are supported at the ends by trucks with two or four wheels, according to
the size of the crane. The crane is moved along the track by motor c,
through shaft d and gearing to the truck wheels. Suspended from the
girders on one side is the operator’s cab e, containing the controller, or
master switches, master hydraulic brake cylinder, warning device, etc.
The bridge girders for small cranes are of the I-beam type, but on the

Fig. 10.4.13 Electric traveling crane.

longer spans, box girders are used to give torsional and lateral stiffness.
The girders are rigidly attached to the truck end framing, which carries
the double-flanged wheels for supporting the bridge. The end frames
project over the rails so that in case of a broken wheel or axle, the frame
ing machinery to provide dual lifting means or an auxiliary of smaller
capacity. The hoisting machinery consists of motor, motor brake, load
brake, gear reduction, and rope drum. Wire rope winding in helical
grooves on the drum is reeved over sheaves in the upper block and
lower hook block for additional mechanical advantage. Limit switches
are provided to stop the motors when limits of travel are reached.
Current is brought to the crane by sliding or rolling collectors in contact
with conductors attached to or parallel with the runway and preferably
located at the cab end of the crane. Current from the runway conductors
and cab is carried to the trolley in a like manner from conductors
mounted parallel to the bridge girder. Festooned multiconductor cables
are also used to supply current to crane or trolley.

Electric cranes are built for either alternating or direct current, with
the former predominating. The motors for both kinds of current are
designed particularly for crane service. Direct-current motors are usu-
ally series-wound, and ac motors are generally of the wound-rotor or
two-speed squirrel-cage type. The usual ac voltages are 230 and 460,
the most common being 460. Variable-frequency drives (VFDs) are
used with ac squirrel cage motors to provide precise control of the load
over a wide range of speeds. Cranes and hoists equipped with VFDs are
capable of delicate positioning and swift acceleration of loads to the
maximum speed. Standard, inexpensive squirrel cage motors may be
used with VFDs to provide high-performance control of all crane mo-
tions. The capacities and other dimensions for standard electric cranes
are given in Table 10.4.2.

Gantry Cranes

Gantry cranes are modifications of traveling cranes and are generally
used outdoors where it is not convenient to erect on overhead runway.
The bridge (Fig. 10.4.14) is carried at the ends by the legs a, supported
by trucks with wheels so that the crane can travel. As with the traveling
crane, the bridge carries a hoisting unit; a cover to protect the machinery
from the weather is often used. The crane is driven by motor b through a
gear reduction to shaft c, which drives the vertical shafts d through
bevel gears. Bevel- and spur-gear reductions connect the axles of the
wheels with shafts d. Many gantry cranes are built without the cross
shaft, employing separate motors, brakes, and gear reducers at each end
of the crane. Gantry cranes are made in the same sizes as standard
traveling cranes.

Special-Purpose Overhead Traveling Cranes

A wide variety can be built to meet special conditions or handling
requirements; examples are stacker cranes to move material into and out
of racks, wall cranes using a runway on only one side of a building,
circular running or pivoting cranes, and semi-gantries. Load-weighing
arrangements can be incorporated, as well as special load-handling de-
vices such as lifting beams, grapples, buckets, forks, and vacuum grips.

Rotary Cranes and Derricks

Rotary cranes are used for lifting material and moving it to points cov-
ered by a boom pivoted to a fixed or movable structure. Derricks are
used outdoors (e.g., in quarries and for construction work), being built
so that they can be easily moved. Pillar cranes are always fixed and are
used for light, infrequent service. Jib cranes are used in manufacturing
plants. Locomotive cranes mounted on car wheels are used to handle
loads by hook or bulk material by means of tubs, grab buckets, or
magnets. Wrecking cranes are of the same general type as locomotive
cranes and are used for handling heavy loads on railroads.



Table 10.4.2 Dimensions, Loads, and Speeds for Industrial-Type Cranesa,e,f

Std.
lift,

main
hoist,

ft c

Std.
hoist

speed,
ft /minb

Dimensions, refer to Fig. 10.4.13

A B min C D Ec F H

Max
load
per

wheel,
lbd

Runway
rail,

lb/yd
X,
in

No. of
bridge
wheels

Capacity
main hoist,
tons, 2,000

lb
Span,

ft

6 40 36 31 57⁄899 39999 391⁄499 297⁄899 317⁄899 89099 9,470 25 12 4
60 53 31 57⁄899 39999 391⁄499 297⁄899 317⁄899 99699 12,410 25 12 4
80 86 31 57⁄899 39999 391⁄499 297⁄899 317⁄899 119699 15,440 25 12 4

100 118 31 57⁄899 39999 391⁄499 297⁄899 317⁄899 149699 19,590 40 12 4

10 40 36 23 57⁄899 39999 391⁄499 297⁄899 317⁄899 89099 15,280 25 12 4
60 53 23 57⁄899 39999 391⁄499 297⁄899 317⁄899 99699 18,080 40 12 4
80 86 23 57⁄899 39999 391⁄499 297⁄899 317⁄899 119699 20,540 40 12 4

100 118 23 57⁄899 39999 391⁄499 297⁄899 317⁄899 149699 24,660 60 12 4

16 40 28 19 57⁄899 39999 49099 281⁄899 381⁄299 89099 20,950 60 12 4
60 40 19 57⁄899 39999 49099 281⁄899 381⁄299 99699 23,680 60 12 4
80 62 19 57⁄899 39999 49099 281⁄899 381⁄299 119699 26,140 60 12 4

100 84 19 57⁄899 391099 49099 281⁄899 381⁄299 149699 30,560 80 12 4

20 40 22 14 57⁄899 39999 49099 405⁄899 285⁄899 29299 89099 26,350 60 18 4
5 ton aux 60 30 14 57⁄899 39999 49099 405⁄899 285⁄899 29299 99699 30,000 80 18 4

80 46 14 63⁄899 391199 49099 401⁄899 281⁄899 29299 119699 33,370 60 18 4
100 63 14 63⁄899 391199 49099 401⁄899 281⁄899 29299 149699 38,070 80 18 4

30 40 22 9 63⁄899 391199 49699 417⁄899 287⁄899 19111⁄299 99699 37,300 80 24 4
5 ton aux 60 22 9 63⁄899 391199 49699 417⁄899 287⁄899 19111⁄299 99699 40,050 135 24 4

80 34 9 77⁄899 391199 49699 403⁄899 273⁄899 19111⁄299 119699 44,680 80 24 4
100 48 9 77⁄899 391199 49699 403⁄899 273⁄899 19111⁄299 149699 51,000 135 24 4

40 40 25 7 77⁄899 59599 69699 467⁄899 175⁄899 2963⁄499 99699 48,630 135 24 4
5 ton aux 60 25 7 77⁄899 59599 69699 467⁄899 175⁄899 2963⁄499 99699 52,860 135 24 4

80 40 7 77⁄899 59599 69699 467⁄899 175⁄899 2963⁄499 119699 59,040 135 24 4
100 54 7 77⁄899 59599 69699 467⁄899 175⁄899 2963⁄499 149699 65,200 135 24 4

50 40 25 5 77⁄899 691099 79699 563⁄899 291⁄499 3951⁄499 109699 55,810 135 24 4
10 ton aux 60 25 5 77⁄899 69799 79699 563⁄899 291⁄499 3951⁄499 109699 62,050 135 24 4

80 32 5 999 69799 79699 551⁄499 281⁄899 3951⁄499 119699 68,790 135 24 4
100 46 5 999 69799 79699 551⁄499 281⁄899 3951⁄499 149699 76,160 176 24 4

60 40 25 4 999 69899 79699 551⁄499 281⁄899 3951⁄499 109699 65,970 135 24 4
10 ton aux 60 25 4 999 69899 79699 551⁄499 281⁄899 3951⁄499 109699 72,330 135 24 4

80 32 4 999 69899 79699 551⁄499 281⁄899 3951⁄499 119699 79,230 175 24 4
100 46 4 999 691099 79699 551⁄499 281⁄899 3951⁄499 149699 89,250 175 24 4

a Lift-Tech International, Inc.
b Trolley speeds 50–70 ft/min and bridge speed 100–150 ft/min.
c For each 10 ft extra lift, increase H by X.
d Direct loads, no impact.
e These figures should be used for preliminary work only as the data varies among manufacturers.
f Multiply ft by 0.30 for m, ft/min by 0.0051 for m/s, in by 25.4 for mm, lb by 0.45 for kg, lb/yd by 0.50 for kg/m.
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Derricks are made with either wood or steel masts and booms, are of
the guyed or stiff-leg type, and are either hand-slewed or power-swung
with a bull wheel. Figure 10.4.15 shows a guyed wooden derrick of the
bull-wheel type. The mast a is carried at the foot by pivot k and at the

automotive-type crane. Column jib cranes are built with radii up to 20 ft
(6 m) and for loads up to 5 tons (4.5 tonnes). Yard jib cranes are gener-
ally designed to meet special conditions.
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Fig. 10.4.14 Gantry crane.

top by pivot m, held by rope guys n. The boom b is pivoted at the lower
end of the mast. The rope c, passing over sheaves at the top of the mast
and at the end of the boom and through the pivot k, is made fast to drum
d and varies the angle of the boom. The hoisting rope e, from which the
load is suspended, is made fast to drum f. The bull wheel g is attached to
the mast and swings the derrick by a rope made fast to the bull wheel

Fig. 10.4.15 Guyed wooden derrick.

and passing around the reversible drum h. In derricks of the self-slewing
type, the engine is mounted on a platform attached to the mast and the
derrick is swung by a pinion meshing with a gear attached to the foun-
dation. Either the bull-wheel or the self-slewing type may be made of
steel or wood construction and may be of the guyed or stiff-leg type.
Figure 10.4.16 shows a column jib crane, consisting of pivoted post a and
carrying boom b, on which travels either an electric or a hand hoist c.
The post a is attached to building column d so that it can swing through
approximately 270°. Cranes of this type are rapidly being replaced by
such other methods of handling materials as the mobile lift truck or the
Fig. 10.4.16 Column jib crane.

Locomotive Cranes

The locomotive crane (Fig. 10.4.17) is self-propelled and provided with
trucks, brakes, automatic couplers, fittings, and clearances which will
permit it to be used or hauled in a train; it can function as a complete
unit on any railroad. Locomotive cranes are of the rotating-deck type,
consisting of a hinged boom attached to the machinery deck, which is
turntable-mounted and operated either by mechanical rotating clutches

Fig. 10.4.17 Locomotive crane. (American Hoist and Derrick.)

or by a separate electric or hydraulic swing motor. The boom is operated
by powered topping line, with a direct-geared hoisting mechanism to
raise and lower it. Power to operate the machinery is deck-mounted, and
the machinery deck is completely housed. The crane may be powered
by internal-combustion engine or electric motor. The combination of
internal-combustion engine, generator, and electric motor makes up the
power arrangement for the diesel-electric locomotive crane. Another
power arrangement is made up of internal-combustion engines driving
hydraulic pumps for hydraulically powered swing and travel mecha-
nisms. The car body and machinery deck are ballasted, thereby adding
stability to the crane when it is rotated under load. The basic boom is
generally 50 ft (15 m) in length; however, booms range to 130 ft (40 m)
in length. Locomotive cranes are so designed that power-shovel, pile-
driver, hook, bucket, or magnet attachments can be installed and the
crane used in such service. Locomotive cranes are used most exten-
sively in railroad work, steel mills, and scrap yards. The cranes usually
have sufficient propelling power not only for the crane itself, but also
for switching service and hauling cars.

Truck Cranes

The advent of the truck crane has changed significantly the methods of
lifting and placing heavy items such as concrete buckets, logs, pipe, and
bridge or building members. Truck cranes can, without assistance, be



10-30 LOADING, CARRYING, AND EXCAVATING

rapidly equipped with accessory booms to reach to 260 ft (79 m)
vertically—or 180 ft (55 m) vertically with 170 ft of horizontal reach.

Mechanical Models
TOWER CRANE. (Fig. 10.4.18a and b). Has vertical and horizontal

members together with a boom and jib. Permits location close to build-
ing with horizontal reach. Without jib, capacity to 27 tons (24.5 tonnes).
With jib, reach to 180 ft (55 m). With jib, vertically to 190 ft (58 m).
Lifting capacity based upon using outriggers.

CONVENTIONAL CRANE. (Fig. 10.4.18c). With boom and with or
without jib. Boom plus jib to 260 ft (79 m) and 125 tons (113 tonnes)

GENERAL CHARACTERISTICS. (Table 10.4.3). 8 3 4 drive wheels with
air brakes on all eight wheels. Power hydraulic steering. Removable-
pin-connected counterweights front or rear removable for roadability.

Hydraulic Models
SELF-PROPELLED. (Fig. 10.4.19a). Short wheelbase, two axle, single

cab; 181⁄2 tons (16.8 tonnes) capacity with two telescoping sections to
64 ft. Addition of a jib to 104 ft (32 m) reach.
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capacity. Maximum working weight 230,000 lb (104,000 kg).

Fig. 10.4.18 Mechanical tower crane with vertical and horizontal extensions.
(a) Tower working heights; (b) normal crane position; (c) crane with conventional
boom. (FMC Corp.)

Table 10.4.3 Conventional Crane* Capacity and Limits of Operation

Boom On outriggers

Length, Radius, Angle, Point
ft ft deg height, ft Rear lb Side lb

30 11 81.0 33.5 250,000 250,000
30 25 46.3 24.5 123,300 123,300
60 16 80.7 63.1 145,100 145,100
60 50 39.7 41.0 52,200 50,100
90 20 81.3 92.9 131,600 131,600
90 80 31.5 49.8 30,500 26,000

180 40 79.2 180.6 46,700 46,700
180 170 21.6 68.9 8,300 6,200
230 50 79.0 229.6 21,000 21,000
230 220 18.9 77.5 2,900 1,800

* Multiply ft by 0.30 for m, lb by 0.45 for kg.
SOURCE: FMC Corporation.
Fig. 10.4.19 Hydraulic crane with (a) self-propelled and (b) truck-type bases.
(FMC Corp.)

HYDRAULIC TRUCK. (Fig. 10.4.19b). Three or four axle, two cabs,
crane functions from upper cab; 45 tons (41 tonnes) capacity with three
telescoping sections to 96 ft (29 m). Addition of a jib and boom exten-
sion to 142 ft (43 m).

GENERAL CHARACTERISTICS. Hydraulic extensions save setup time
and provide job-to-job mobility. Equipment such as this comes under
Commercial Standard specification CS90-58, ‘‘Power Cranes and
Shovels.’’ Similar equipment, called utility cranes, without the highway-
truck-type cabs, is also available.

Cableways

Cableways are aerial hoisting and conveying devices using suspended steel
cable for their tracks, the loads being suspended from carriages and
moved by gravity or power. The most common uses are transporting
material from open pits and quarries to the surface; handling construc-
tion material in the building of dams, docks, and other structures where
the construction of tracks across rivers or valleys would be uneconomi-
cal; and loading logs on cars. The maximum clear span is 2,000 to
3,000 ft (610 to 914 m); the usual spans, 300 to 1,500 ft (91 to 457 m).
The gravity type is limited to conditions where a grade of at least 20
percent is obtainable on the track cable. Transporting cableways move
the load from one point to another. Hoisting transporting cableways
hoist the load as well as transport it.

A transporting cableway may have one or two fixed track cables,
inclined or horizontal, on which the carriage operates by gravity or
power. The gravity transporting type (Fig. 10.4.20-I) will either raise or
lower material. It consists of one track cable a on which travels the
wheeled carriage b carrying the bucket. The traction rope c attached to
the carriage is made fast to power drum d. The inclination must be
sufficient for the carriage to coast down and pull the traction rope after
it. The carriage is hauled up by traction rope c. Drum d is provided with
a brake to control the lowering speed, and material may be either raised
or lowered. When it is not possible to obtain sufficient fall to operate the
load by gravity, traction rope c (Fig. 10.4.20-II) is made endless so that
carriage b is drawn in either direction by power drum d. Another type of
inclined cableway, shown in Fig. 10.4.20-III, consists of two track
cables aa, with an endless traction rope c, driven and controlled by drum
d. When material is being lowered, the loaded bucket b raises the empty
carriage bb, the speed being controlled by the brake on the drum. When
material is being raised, the drum is driven by power, the descending
empty carriage assisting the engine in raising the loaded carriage. This
type has twice the capacity of that shown in Fig. 10.4.20-I.

A hoisting and conveying cableway (Fig. 10.4.20-IV) hoists the material
at any point under the track cable and transports it to any other point. It
consists of a track cable a and carriage b, moved by the endless traction
rope c and by power drum d. The hoisting of the load is accomplished
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by power drum e through fall rope f, which raises the fall block g
suspended from the carriage. The fall-rope carriers h support the fall
rope; otherwise, the weight of this sagging rope would prevent fall
block g from lowering when without load. Where it is possible to obtain
a minimum inclination of 20° on the track cable, the traction-rope drum
d is provided with a brake and is not power-driven. The carriage then

and their construction cost is insignificant compared with the construc-
tion costs of railroads and bridges. Five types are in use:

Monocable, or Single-Rope, Saddle-Clip Tramway Operates on
grades to 50 percent gravity grip or on higher grades with spring grip
and has capacity of 250 tons/h (63 kg/s) in each direction and speeds to
500 ft /min. Single section lengths to 16 miles without intermediate
stations or tension points. Can operate in multiple sections without
transshipment to any desired length [monocables to 170 miles (274 km)
over jungle terrain are practical]. Loads automatically leave the carrying
moving rope and travel by overhead rail at angle stations and transfer
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Fig. 10.4.20 Cableways.

descends by gravity, pulling the fall and traction ropes to the desired
point. Brakes are applied to drum d, stopping the carrier. The fall block
is lowered, loaded, and raised. If the load is to be carried up the incline,
the carriage is hauled up by the fall rope. With this type, the friction of
the carriage must be greater than that of the fall block or the load will
run down. A novel development is the use of self-filling grab buckets
operated from the carriages of cableways, which are lowered, automati-
cally filled, hoisted, carried to dumping position, and discharged.

The carriage speed is 300 to 1,400 ft /min (1.5 to 7.1 m/s) [in special
cases, up to 1,800 ft/min (9.1 m/s)]; average hoisting speed is 100 to 700
ft /min. The average loads for coal and earth are 1 to 5 tons (0.9 to 4.5
tonnes); for rock from quarries, 5 to 20 tons; for concrete, to 12 yd3

(9.1 m3) at 50 tons.
The deflection of track cables with their maximum gross loads at mid-

span is usually taken as 51⁄2 to 6 percent of the span. Let S 5 span
between supports, ft; L 5 one-half the span, ft; w 5 weight of rope,
lb/ft; P 5 total concentrated load on rope, lb; h 5 deflection, ft; H 5
horizontal tension in rope, lb. Then h 5 (wL 1 P)L /2H; P 5 (2h 2
wL2) /L 5 (8hH 2 wS2)/2S.

For track cables, a factor of safety of at least 4 is advised, though this
may be as low as 3 for locked smooth-coil strands that use outer wires of
high ultimate strength. For traction and fall ropes, the sum of the load
and bending stress should be well within the elastic limit of the rope or,
for general hoisting, about two-thirds the elastic limit (which is taken at
65 percent of the breaking strength). Let P 5 load on the rope, lb; A 5
area of metal in rope section, in2; E 5 29,500,000; R 5 radius of
curvature of hoisting drum or sheave, whichever is smaller, in; d 5
diameter of individual wires in rope, in (for six-strand 19-wire rope, d 5
1⁄15 rope diam; for six-strand 7-wire rope, d 5 1⁄9 rope diam). Then load
stress per in2 5 T1 5 P/A, and bending stress per in2 5 Tb 5 Ed/2R. The
radius of curvature of saddles, sheaves, and driving drums is thus im-
portant to fatigue life of the cable. In determining the horsepower re-
quired, the load on the traction ropes or on the fall ropes will govern,
depending upon the degree of inclination.

Cable Tramways

Cable tramways are aerial conveying devices using suspended cables,
carriages, and buckets for transporting material over level or mountain-
ous country or across rivers, valleys, or hills (they transport but do not
hoist). They are used for handling small quantities over long distances,
points between sections with no detaching or attaching device required.
Main rope constantly passes through stations for inspection and oiling.
Cars are light and safe for passenger transportation.

Single-Rope Fixed-Clip Tramway Endless rope traveling at low
speed, having buckets or carriers fixed to the rope at intervals. Rope
passes around horizontal sheaves at each terminal and is provided with a
driving gear and constant tension device.

Bicable, or Double-Rope, Tramway Standing track cable and a
moving endless hauling or traction rope traveling up to 500 ft /min (2.5
m/s). Used on excessively steep grades. A detacher and attacher is re-
quired to open and close the car grip on the traction rope at stations.
Track cable is usually in sections of 6,000 to 7,000 ft (1,830 to 2,130 m)
and counterweighted because of friction of stiff cable over tower sad-
dles.

Jigback, or Two-Bucket, Reversing Tramway Usually applied to
hillside operations for mine workings so that on steep slopes loaded
bucket will pull unloaded one up as loaded one descends under control
of a brake. Loads to 10 tons (9 tonnes) are carried using a pair of track
cables and an endless traction rope fixed to the buckets.

To-and-Fro, or Single-Bucket, Reversing Tramway A single track
rope and a single traction rope operated on a winding or hoist drum.
Suitable for light loads to 3 tons (2.7 tonnes) for intermittent working on
a hillside, similar to a hoisting and conveying cableway without the
hoisting feature.

The monocable tramway (Fig. 10.4.21) consists of an endless cable a
passing over horizontal sheaves d and e at the ends and supported at
intervals by towers. This cable is moved continuously, and it both sup-
ports and propels carriages b and c. The carriages either are attached
permanently to the cable (as in the single-rope fixed clip tramway), in

Fig. 10.4.21 Single-rope cable tramway.

which case they must be loaded and dumped while in motion, or are
attached by friction grips so that they may be connected automatically
or by hand at the loading and dumping points. When the tramway is
lowering material from a higher to a lower level, the grade is frequently
sufficient for the loaded buckets b to raise the empty buckets c, operat-
ing the tramway by gravity, the speed being controlled by a brake on
grip wheel d.

Fig. 10.4.22 Double-rope cable tramway.

The bicable tramway (Fig. 10.4.22) consists of two stationary track
cables a, on which the wheeled carriages c and d travel. The endless
traction rope b propels the carriages, being attached by friction grips.
Figure 10.4.23 shows the arrangement of the overhead type. The track
cable a is supported at intervals by towers b, which carry the saddles c in
which the track cable rests. Each tower also carries the sheave d for
supporting traction rope e. The self-dumping bucket f is suspended from
carriage g. The grip h, which attaches the carriage to traction rope e, is
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controlled by lever k. In the underhung type, shown in Fig. 10.4.24, track
cable a is carried above traction rope e. Saddle c on top of the tower
supports the track cable, and sheave d supports the traction cable. The
sheave is provided with a rope guard m. The lever h, with a roller on the
end, automatically attaches and detaches the grip by coming in contact

and is driven by drum g. When the carriages are permanently attached to
the traction cable, they are loaded by a moving hopper, which is auto-
matically picked up by the carriage and carried with it a short distance
while the bucket is being filled. Figure 10.4.26 shows a discharge termi-
nal. The carriage rolls off from the track cable a to the fixed track c,
being automatically ungripped. It is pushed around the 180° bend of
track c, discharging into the bin underneath and continuing on track c
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Fig. 10.4.23 Overhead-type double-rope cable tramway.

with guides at the loading and dumping points. The carriages move in
only one direction on each track. On steep downgrades, special hydrau-
lic speed controllers are used to fix the speed of the carriages.

The track cables are of the special locked-joint smooth-coil, or tram-
way, type. Nearly all wire rope is made of plow steel, with the old
cast-steel type no longer being in use. The track cable is usually pro-

Fig. 10.4.24 Underhung-type double-rope cable tramway.

vided with a smooth outer surface of Z-shaped wires for full lock type or
with a surface with half the wires H-shaped and the rest round. Special
tramway couplers are attached in the shops with zinc or are attached in
the field by driving little wedges into the strand end after inserting the
end into the coupler. The second type of coupling is known as a dry
socket and, though convenient for field installation, is not held in as high
regard for developing full cable strength. The usual spans for level
ground are 200 to 300 ft (61 to 91 m). One end of the track cable is
anchored; the other end is counterweighted to one-quarter the breaking
strength of the rope so that the horizontal tension is a known quantity.
The traction ropes are made six-strand 7-wire or six-strand 19-wire, of
cast or plow steel on hemp core. The maximum diameter is 1 in, which
limits the length of the sections. The traction rope is endless and is
driven by a drum at one end, passing over a counterweighted sheave at
the other end.

Fig. 10.4.25 shows a loading terminal. The track cables a are anchored
at b. The carriage runs off the cable to the fixed track c, which makes a
180° bend at d. The empty buckets are loaded by chute e from the
loading bin, continue around track c, are automatically gripped to trac-
tion cable f, and pass on the track cable a. Traction cable f passes around

Fig. 10.4.25 Cable-tramway loading terminal.
Fig. 10.4.26 Cable-tramway discharge terminal.

until it is automatically gripped to traction cable f. The counterweights h
are attached to track cables a, and the counterweight k is attached to the
carriage of the traction-rope sheave m. The supporting towers are A
frames of steel or wood. At abrupt vertical angles the supports are
placed close together and steel tracks installed in place of the cable.
Spacing of towers will depend upon the capacity of the track cables and
sheaves and upon the terrain as well as the bucket spacing.

Stress In Ropes (Roebling) The deflection for track cables of tram-
ways is taken as one-fortieth to one-fiftieth of the span to reduce the
grade at the towers. Let S 5 span between supports, ft; h 5 deflection,
ft; P 5 gross weight of buckets and carriages, lb; Z 5 distance between
buckets, ft; W1 5 total load per ft of rope, lb; H 5 horizontal tension of
rope, lb. The formulas given for cableways then apply. When several
buckets come in the span at the same time, special treatment is required
for each span. For large capacities, the buckets are spaced close to-
gether, the load may be assumed to be uniformly distributed, and the
live load per linear foot of span 5 P/Z. Then H 5 W1S2/8h, where W1 5
(weight of rope per ft) 1 (P/Z). When the buckets are not spaced
closely, the equilibrium curve can be plotted with known horizontal
tension and vertical reactions at points of support.

For figuring the traction rope, t0 5 tension on counterweight rope, lb;
t1 , t2 , t3 , t4 5 tensions, lb, at points shown in Fig. 10.4.27; n 5 number
of carriers in motion; a 5 angle subtended between the line connecting
the tower supports and the horizontal; W1 5 weight of each loaded
carrier, lb; W2 5 weight of each empty carrier, lb; w 5 weight of

Fig. 10.4.27 Diagram showing traction rope tensions.

traction rope, lb/ft; L 5 length of tramway of each grade a, ft; D 5
diameter of end sheave, ft; d 5 diameter of shaft of sheave, ft; f1 5
0.015 5 coefficient of friction of shaft; f2 5 0.025 5 rolling friction of
carriage wheels. Then, if the loads descend, the maximum stress on the
loaded side of the traction rope is

t2 5 t1 1 o(Lw sin a 1 1⁄2nW1 sin a)
2 f2o(Lw cos a 1 1⁄2nW1 cos a)

where t1 5 1⁄2t0[1 2 f1(d/D)]. If the load ascends, there are two cases: (1)
driving power located at the lower terminal, (2) driving power at the
upper terminal. If the line has no reverse grades, it will operate by
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gravity at a 10 percent incline to 10 tons/h capacity and at a 4 percent
grade for 80 tons/h. The preceding formula will determine whether it
will operate by gravity.

The power required or developed by tramways is as follows: Let V 5
velocity of traction rope, ft /min; P 5 gross weight of loaded carriage,
lb; p 5 weight of empty carriage, lb; N 5 number of carriages on one
track cable; P/50 5 friction of loaded carriage; p/50 5 friction of empty
carriage; W 5 weight of moving parts, lb; E 5 length of tramway
divided by difference in levels between terminals, ft. Then, power re-
quired is

chain which, through the rack-and-pinion mechanism, forces the dipper
into the material as the dipper is hoisted and withdraws it on its down-
ward swing. On the larger sizes, a separate engine or motor is mounted
on the boom for crowding. A separate engine working through a pinion
and horizontal gear g swings the entire frame and machinery to bring the
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BELOW-SURFACE HANDLING (EXCAVATION)

Power Shovels

Power shovels stand upon the bottom of the pit being dug and dig above
this level. Small machines are used for road grading, basement excava-
tion, clay mining, and trench digging; larger sizes are used in quarries,
mines, and heavy construction; and the largest are used for removing
overburden in opencut mining of coal and ore. The uses for these ma-
chines may be divided into two groups: (1) loading, where sturdy ma-
chines with comparatively short working ranges are used to excavate
material and load it for transportation; (2) stripping, where a machine of
very great dumping and digging reaches is used to both excavate the
material and transport it to the dump or wastepile. The full-revolving
shovel, which is the only type built at the present (having entirely dis-
placed the old railroad shovel), is usually composed of a crawler-
mounted truck frame with a center pintle and roller track upon which the
revolving frame can rotate. The revolving frame carries the swing and
hoisting machinery and supports, by means of a socket at the lower end
and cable guys at the upper end, a boom carrying guides for the dipper
handles and machinery to thrust the dipper into the material being dug.

Figure 10.4.28 shows a full-revolving shovel. The dipper a, of cast or
plate steel, is provided with special wear-resisting teeth. It is pulled
through the material by a steel cable b wrapped on a main drum c.
Gasoline engines are used almost exclusively in the small sizes, and
diesel, diesel-electric, or electric power units, with Ward Leonard con-
trol, in the large machines. The commonly used sizes are from 1⁄2 to
5 yd3 (0.4 to 3.8 m3) capacity, but special machines for coal-mine strip-
ping are built with buckets holding up to 33 yd3 (25 m3) or even more.
The very large machines are not suited for quarry or heavy rock work.
Sizes up to 5 yd3 (3.8 m3) are known as quarry machines. Stripping
shovels are crawler-mounted, with double-tread crawlers under each of
the four corners and with power means for keeping the turntable level
when traveling over uneven ground. The crowd motion consists of a
Fig. 10.4.29 Hydraulically operated excavator. (L
Fig. 10.4.28 Revolving power shovel.

dipper into position for dumping and to return it to a new digging
position. Dumping is accomplished by releasing the hinged dipper bot-
tom, which drops upon the pulling of a latch. With gasoline-engine or
diesel-engine drives, there is only one prime mover, the power for all
operations being taken off by means of clutches.

Practically all power shovels are readily converted for operation as
dragline excavators, or cranes. The changes necessary are very simple in
the case of the small machines; in the case of the larger machines, the
installation of extra drums, shafts, and gears is required, in addition to
the boom and bucket change.

The telescoping boom, hydraulically operated excavator shown in Fig.
10.4.29 is a versatile machine that can be quickly converted from the
rotating-boom power shovel shown in Fig. 10.4.29a to one with a crane
boom (Fig. 10.4.29b) or backhoe shovel boom (Fig. 10.4.29c). It can dig
ditches reaching to 22 ft (6.7 m) horizontally and 9 ft 6 in (2.9 m)
below grade; it can cut slopes, rip, scrape, dig to a depth of 12 ft 6 in
(3.8 m), and load to a height of 11 ft 2 in (3.4 m). It is completely
hydraulic in all powerized functions.

Dredges

Placer dredges are used for the mining of gold, platinum, and tin from
placer deposits. The usual maximum digging depth of most existing
dredges is 65 to 70 ft (20 to 21 m), but one dredge is digging to 125 ft
(38 m). The dredge usually works with a bank above the water of 8 to
20 ft (2.4 to 6 m). Sometimes hydraulic jets are employed to break
down these banks ahead of the dredge. The excavated material is depos-
ited astern, and as the dredge advances, the pond in which the dredge
floats is carried along with it.

The digging element consists of a chain of closely connected buckets
passing over an idler tumbler and an upper or driving tumbler. The
chain is mounted on a structural-steel ladder which carries a series of
ink-Belt.)
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rollers to provide a bearing track for the chain of buckets. The upper
tumbler is placed 10 to 40 ft (3 to 13 m) above the deck, depending
upon the size of the dredge. Its fore-and-aft location is about 65 percent
of the length of the ladder from the bow of the dredge. The ladder
operates through a well in the hull, which extends from the bow practi-
cally to the upper-tumbler center. The material excavated by the buckets
is dumped by the inversion of the buckets at the upper tumbler into a
hopper, which feeds it to a revolving screen.

Placer dredges are made with buckets ranging in capacity from 2 to
20 ft3 (0.06 to 0.6 m3). The usual speed of operation is 15 to 30 buckets

diameter. The pump efficiencies vary widely but in general may run
from 50 to 70 percent.

Commercial dredges vary in size and discharge-pipe diameters from
12 to 30 in (0.3 to 0.8 m). Smaller or larger dredges are usually special-
purpose machines. A number of 36-in (0.9-m) dredges are used to
maintain the channel of the Mississippi River. The power applied to
pumps varies from 100 to 3,000 hp (75 to 2,200 kW). The modern 20-in
(0.5-m) commercial dredge has about 1,350 bhp (1,007 kW) applied to
the pump.

Diesel dredges are built for direct-connected or electric drives, and
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per min, in the inverse order of size.
The digging reaction is taken by stern spuds, which act as pivots upon

which the dredge, while digging, is swung from side to side of the cut by
swinging lines which lead off the dredge near the bow and are anchored
ashore or pass over shore sheaves and are dead-ended near the lower
tumbler on the digging ladder. By using each spud alternately as a pivot,
the dredge is fed forward into the bank.

Elevator dredges, of which dredges are a special classification, are
used principally for the excavation of sand and gravel beds from rivers,
lakes, or ocean deposits. Since this type of dredge is not as a rule
required to cut its own flotation, the bow corners of the hull may be
made square and the digging ladder need not extend beyond the bow.
The bucket chain may be of the close-connected placer-dredge type or
of the open-connected type with one or more links between the buckets.
The dredge is more of an elevator than a digging type, and for this
reason the buckets may be flatter across the front and much lighter than
the placer-dredge bucket.

The excavated material is usually fed to one or more revolving
screens for classification and grading to the various commercial sizes of
sand and gravel. Sometimes it is delivered to sumps or settling tanks in
the hull, where the silt or mud is washed off by an overflow. Secondary
elevators raise the material to a sufficient height to spout it by gravity or
to load it by belt conveyors to the scows.

Hydraulic dredges are used most extensively in river and harbor work,
where extremely heavy digging is not encountered and spoil areas are
available within a reasonable radius of the dredge. The radius may vary
from a few hundred feet to a mile or more, and with the aid of booster
pumps in the pipeline, hydraulic dredges have pumped material through
distances in excess of 2 mi (3.2 km), at the same time elevating it more
than 100 ft (30 m). This type of dredge is also used for sand-and-
gravel-plant operations and for land-reclamation work. Levees and
dams can be built with hydraulic dredges. The usual maximum digging
depth is about 50 ft (16 m). Hydraulic dredges are reclaiming copper
stamp-mill tailings from a depth of 115 ft (35 m) below the water, and a
depth of 165 ft (50 m) has been reached in a land-reclamation job.

The usual type of hydraulic dredge has a digging ladder suspended
from the bow at an angle of 45° for the maximum digging depth. This
ladder carries the suction pipe and cutter, with its driving machinery,
and the swinging-line sheaves. The cutter head may have applied to it
25 to 1,000 hp (3.7 to 746 kW). The 20-in (0.5-m) dredge, which is the
standard, general-purpose machine, has a cutter drive of about 300 hp.
The usual operating speed of the cutter is 5 to 20 r/min.

The material excavated by the cutter enters the mouth of the suction
pipe, which is located within and at the lower side of the cutter head.
The material is sucked up by a centrifugal pump, which discharges it to
the dump through a pipeline. The shore discharge pipe is usually of the
telescopic type, made of No. 10 to 3⁄10-in (3- to 7.5-mm) plates in lengths
of 16 ft (5 m) so that it can be readily handled by the shore crew.
Floating pipelines are usually made of plates from 1⁄4 to 1⁄2 in (6 to
13 mm) thick and in lengths of 40 to 100 ft (12 to 30 m), which are
floated on pontoons and connected together through rubber sleeves or,
preferably, ball joints. The floating discharge line is flexibly connected
to the hull in order to permit the dredge to swing back and forth across
the cut while working without disturbing the pipeline.

Pump efficiency is usually sacrificed to make an economical unit for
the handling of material, which may run from 2 to 25 percent of the total
volume of the mixture pumped. Most designs have generous clearances
and will permit the passage of stone which is 70 percent of the pipeline
modern steam dredges have direct-turbine or turboelectric drives. The
steam turbine and the dc electric motor have the advantage that they are
capable of developing full rating at reduced speeds.

Within its scope, the hydraulic dredge can work more economically
than any other excavating machine or combination of machines.

Dragline Excavators

Dragline excavators are typically used for digging open cuts, drainage
ditches, canals, sand, and gravel pits, where the material is to be moved
20 to 1,000 ft (6 to 305 m) before dumping. They cannot handle rock
unless the rock is blasted. Since they are provided with long booms and
mounted on turntables, permitting them to swing through a full circle,
these excavators can deposit material directly on the spoil bank farther
from the point of excavation than any other type of machine. Whereas a
shovel stands below the level of the material it is digging, a dragline
excavator stands above and can be used to excavate material under
water.

Figure 10.4.30 shows a self-contained dragline mounted on crawler
treads. The drive is almost exclusively gasoline in the small sizes and
diesel, diesel-electric, or electric, frequently with Ward Leonard con-
trol, in the large sizes. The boom a is pivoted at its lower end to the
turntable, the outer end being supported by cables b. so that it can be
raised or lowered to the desired angle. The scraper bucket c is supported

Fig. 10.4.30 Dragline excavator.

by cable d, which is attached to a bail on the bucket, passes over a
sheave at the head of the boom, and is made fast to the engine. A second
cable e is attached to the front of the bucket and made fast to the second
drum of the engine. The bucket is dropped and dragged along the sur-
face of the material by cable e until filled. It is then hoisted by cable d,
drawn back to its dumping position, e being kept tight until the dumping
point is reached, when e is slacked, allowing the bucket to dump by
gravity. After the bucket is filled, the boom is swung to the dumping
position while the bucket is being hauled out. A good operator can
throw the bucket 10 to 40 ft (3 to 12 m) beyond the end of the boom,
depending on the size of machine and the working conditions. The
depth of the cut varies from 12 to 75 ft (3.7 to 23 m), again depending
on the size of machine and the working conditions. With the smaller
machines and under favorable conditions, two or even three trips per
minute are possible; but with the largest machines, even one trip per
minute may not be attained. The more common sizes are for handing 3⁄4-
to 4-yd3 (0.6- to 3-m3) buckets with boom lengths up to 100 or 125 ft
(30 to 38 m), but machines have been built to handle an 8-yd3 (6-m3)
bucket with a boom length of 200 ft (60 m). The same machine can
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handle a 12-yd3 (9-m3) bucket with the boom shortened to 165 ft
(50 m).

Stackline Cableways

Used widely in sand-and-gravel plants, the slackline cableway employs
an open-ended dragline bucket suspended from a carrier (Fig. 10.4.31)
which runs upon a track cable. It will dig, elevate, and convey materials
in one continuous operation.

and tension blocks at the high end of the track cable; a movable tail
tower g supports the lower end of the track cable. The bucket is raised
and lowered by tensioning or slacking off the track cable. The bucket is
loaded, after lowering, by pulling on the load cable. The loaded bucket,
after raising, is conveyed at high speed to the dumping point and is

V
M
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Fig. 10.4.31 Slackline-cable bucket and trolley.

Figure 10.4.32 shows a typical slackline-cableway operation. The
bucket and carrier is a; b is the track cable, inclined to return the bucket
and carrier by gravity; c is a tension cable for raising or lowering the
track cable; d is the load cable; and e is a power unit with two friction
drums having variable speeds. A mast or tower f is used to support guide
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Conveyors are primarily horizontal-movement, fixed-path, constant-
speed material handling systems. However, they often contain inclined
sections to change the elevation of t
to permit alternate paths and ‘‘powe
temporary slowing, stopping, or acc

Conveyors are used, not only for transporting material, but also for
Fig. 10.4.32 Slackline-cable plant. (Sauerman.)

returned at a still higher speed by gravity to the digging point. The
cableway can be operated in radial lines from a mast or in parallel lines
between two moving towers. It will not dig rock unless the rock is
blasted. The depth of digging may vary from 5 to 100 ft.

ING AND HANDLING
. Altamuro
overhead track and connected by an endless propelling means, such as
chain, cable, or other linkages. Individual loads are usually suspended
from the trolleys or wheels (Fig. 10.5.2). Trolley conveyors are utilized
for transportation or storage of loads suspended from one conveyor
which follows a single fixed path. They are normally used in applica-
tions where a balanced, continuous production is required. Track sec-

’ members or tubular sections, to
ctions. The combinations and sizes
k sections are numerous. Normally
he material as it is moving, switches
r-and-free’’ capabilities to allow the
umulating of material.

tions range from lightweight ‘‘tee’
medium- and heavy-duty I-beam se
of trolley-propelling means and trac

this type of conveyor is continually in motion at a selected speed to suit
in-process storage. They may be straight, curved, closed-loop, irrevers-
ible, or reversible. Some types of conveyors are:

air blower monorail
apron pneumatic tube
belt power-and-free
bucket roller
car-on-track screw
carousel skate wheel
chain slat
flight spiral
hydraulic towline
magnetic trolley

Tables 10.5.1 and 10.5.2 describe and compare some of these.
Conveyors are often used as integral components of assembly sys-

tems. They bring the correct material, at the required rate, to each
worker and then to the next operator in the assembly sequence. Figure
10.5.1 shows ways conveyors can be used in assembly.

Overhead conveyor systems are defined in two general classifica-
tions: the basic trolley conveyor and the power-and-free conveyor, each
of which serves a definite purpose.

Trolley conveyors, often referred to as overhead power conveyors,
consist of a series of trolleys or wheels supported from or within an
its function.
Power-and-free conveyor systems consist of at least one power

conveyor, but usually more, where the individual loads are suspended
from one or more free trolleys (not permanently connected to the pro-
pelling means) which are conveyor-propelled through all or part of the
system. Additional portions of the system may have manual or gravity
means of propelling the trolleys.

Worldwide industrial, institutional, and warehousing requirements of
in-process and finished products have affected the considerable growth
and development of power-and-free conveyors. Endless varieties of
size, style, color, and all imaginable product combinations have ex-
tended the use of power-and-free conveyors. The power-and-free sys-
tem combines the advantages of continuously driven chains with the
versatile traffic system exemplified by traditional monorail unpowered
systems. Thus, high-density load-transportation capabilities are coupled
with complex traffic patterns and in-process or work-station require-
ments to enable production requirements to be met with a minimum of
manual handling or transferring. Automatic dispatch systems for coding
and programming of the load routing are generally used.

Trolley Conveyors

The load-carrying member of a trolley conveyor is the trolley or series
of wheels. The wheels are sized and spaced as a function of the imposed
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Table 10.5.1 Types of Conveyors Used in Factories

Type of conveyor Description Features/limitations

Overhead
Power-and-free Carriers hold parts and move on overhead track. With inverted

designs, track is attached to factory floor. Carriers can be
transferred from powered to ‘‘free’’ track.

Accumulation; flexible routing; live storage; can hold parts
while production steps are performed; can travel around
corners and up inclines.

Trolley Similar to power and free, but carriers cannot move off pow-
ered track.

Same as power and free, but flexible routing is not possible
without additional equipment

Above-floor
Roller, powered Load-carrying rollers are driven by a chain or belt. Handles only flat-bottomed packages, boxes, pallets or parts;

can accumulate loads; can also be suspended from ceiling for
overhead handling.

Roller, gravity Free-turning rollers; loads are moved either by gravity or man-
ual force.

When inclined, loads advance automatically.

Skate wheel Free-turning wheels spaced on parallel shafts. For lightweight packages and boxes; less expensive than grav-
ity rollers.

Spiral tower Helix-shaped track which supports parts or small ‘‘pallets’’
that move down track.

Buffer storage; provides surge of parts to machine tools when
needed.

Magnetic Metal belt conveyor with magnetized bed. Handles ferromagnetic parts, or separates ferromagnetic parts
from nonferrous scrap.

Pneumatic Air pressure propels cylindrical containers through metal tubes. Moves loads quickly; can be used overhead to free floor space.

Car-on-track Platforms powered by rotating shaft move along track. Good for flexible manufacturing systems; precise positioning
of platforms; flexible routing.

In-floor
Towline Carts are advanced by a chain in the floor. High throughput; flexible routing possible by incorporating

spurs in towline; tow carts can be manually removed from
track; carts can travel around corners.

SOURCE: Modern Materials Handling, Aug. 5, 1983, p. 55.

Table 10.5.2 Transportation Equipment Features

Most practical Automatic Throughput
Equipment travel distance load or unload Typical load rate Travel path Typical application

Conveyors
Belt Short to medium No Cases, small parts High Fixed Take-away from picking,

sorting
Chain Short to medium Yes Unit High Fixed Deliver to and from auto-

matic storage and re-
trieval systems

Roller Short to long Yes Unit, case High Fixed Unit: same as chain
Case: sorting, delivery be-
tween pick station

Towline Medium to long Yes Carts High Fixed Delivery to and from ship-
ping or receiving

Wire-guided vehicles
Cart Short to long Yes Unit Low Fixed Delivery between two

drop points
Pallet truck Short to long Yes Unit Low Fixed Delivery between two

drop points
Tractor train Short to long Yes Unit Medium Fixed Delivery to multiple drop

points

Operator-guided vehicles
Walkie pallet Short No Unit Low Flexible Short hauls at shipping

and receiving
Rider pallet Medium No Unit Low Flexible Dock-to-warehouse deliv-

eries
Tractor train Short to long No Unit Medium Flexible Delivery to multiple drop

points

SOURCE: Modern Materials Handling, Feb. 22, 1980, p. 106.
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load, the propelling means, and the track capability. The load hanger
(carrier) is attached to the conveyor and generally remains attached
unless manually removed. However, in a few installations, the load
hanger is transferred to and from the conveyor automatically.

Max drive effort, N 5 (A 1 B 1 C) 9.81
Net drive effort, N 5 (A 1 B 1 C 2 D) 9.81

where A 5 fw [where w 5 total weight of chain, carriers, and live load,
lb (kg) and f 5 coefficient of friction]; B 5 wS [where w 5 average
carrier load per ft (m), lb/ft (kg/m) and S 5 total vertical rise, ft (m)];
C 5 0.017f(A 1 B)N (where N 5 sum of all horizontal and vertical
curves, deg); and D 5 w9S9 [where w9 5 average carrier load per ft (m),
lb/ft (kg/m) and s9 5 total vertical drop, ft (m)].

For conveyors with antifriction wheels, with clean operating condi-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Fig. 10.5.1 Conveyors used in assembly operations. (a) Belt conveyor, with
diverters at each station; (b) carousel circulates assembly materials to workers;
(c) multiple-path conveyors allow several products to be built at once; (d) grav-
ity roller conveyors; (e) towline conveyor, moving assemblies from one group
of assemblers to another. (Modern Materials Handling, Nov. 1979, page 116.)

The trolley conveyor can employ any chain length consistent with
allowable propelling means and drive(s) capability. The track layout
always involves horizontal turns and commonly has vertical inclines
and declines.

When a dimensional layout, load spacing, weights of moving loads,
function, and load and unload points are determined, the chain or cable
pull can be calculated. Manufacturer’s data should be used for frictional
values. A classical point-to-point analysis should be made, using the
most unfavorable loading condition.

In the absence of precise data, the following formulas can be used to
find the approximate drive effort:

Max drive effort, lb 5 A 1 B 1 C
Net drive effort, lb 5 A 1 B 1 C 2 D
tion, the coefficient of friction f may be 0.13.

Fig. 10.5.2 Typical conveyor chains or cable.

Where drive calculations indicate that the allowable chain or cable
tension may be exceeded, multiple-drive units are used. When multiple
drives are used for constant speed, high-slip motors or fluid couplings
are commonly used. If variable speed is required with multiple drives, it
is common to use direct-current motors with direct-current supply and
controls. For both constant and variable speed, drives are balanced to
share drive effort. Other than those mentioned, many various methods
of balancing are available for use.

Complexities of overhead conveyors, particularly with varying loads
on inclines and declines, as well as other influencing factors (e.g.,
conveyor length, environment, lubrication, and each manufacturer’s de-
sign recommendations), usually require detail engineering analysis to
select the proper number of drives and their location. Particular care is
also required to locate the take-up properly.

The following components or devices are used on trolley-conveyor
applications:

Trolley Assembly Wheels and their attachment portion to the pro-
pelling means (chain or cable) are adapted to particular applications,
depending upon loading, duty cycle, environment, and manufacturer’s
design.

Carrier Attachments These are made in three main styles: (1) en-
closed tubular type, where the wheels and propelling means are carried
inside; (2) semienclosed tubular type, where the wheels are enclosed
and the propelling means is external; and (3) open-tee or I-beam type,
where the wheels and propelling means are carried externally.

Sprocket or Traction Wheel Turn Any arc of horizontal turn is
available. Standards usually vary in increments of 15° from 15 to 180°.

Roller Turns Any arc of horizontal turn is available. Standards usu-
ally vary in increments of 15° from 15 to 180°.

Track Turns These are horizontal track bends without sprockets,
traction wheels, or rollers; they are normally used on enclosed-track
conveyors where the propelling means is fitted with horizontal guide
wheels.

Track Hangers, Brackets, and Bracing These conform to track size
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and shape, spaced at intervals consistent with allowable track stress and
deflection applied by loading and chain or cable tensions.

Track Expansion Joints For use in variable ambient conditions,
such as ovens, these are also applied in many instances where conveyor
track crosses building expansion joints.

Chain Take-Up Unit Required to compensate for chain wear and/or
variable ambient conditions, this unit may be traction-wheel, sprocket,
roller, or track-turn type. Adjustment is maintained by screw, screw
spring, counterweight, or air cylinder.

Incline and Decline Safety Devices An ‘‘anti-back-up’’ device will

track) continuity. The power chain is fitted with pushers to engage the
work-carrier trolley. Track sections are available in numerous configu-
rations for both the power portion and the free portion. Sections will be
enclosed, semienclosed, or open in any combinations. Two of the most
common types are shown in Fig. 10.5.3.

As an example of one configuration of power-and-free, Fig. 10.5.4
shows the ACCO Chain Conveyor Division enclosed-track power-and-
free rail. In the cutaway portion, the pushers are shown engaged with the
work-carrier trolley.

The pushers are pivoted on an axis parallel to the chain path and
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ratchet into a trolley or the propelling means in case of unexpected
reversal of a conveyor on an incline. An ‘‘anti-runaway’’ device will
sense abnormal conveyor velocity on a decline and engage a ratchet into
a trolley or the propelling means. Either device will arrest the uncon-
trolled movement of the conveyor. The anti-runaway is commonly con-
nected electrically to cut the power to the drive unit.

DRIVE UNIT. Usually sprocket or caterpillar type, these units are
available for constant-speed or manual variable-speed control. Com-
mon speed variation is 1 : 3; e.g., 5 to 15 ft /min (1.5 to 4.5 m/min).
Drive motors commonly range from fractional to 15 hp (11 kW).

DRIVE UNIT OVERLOAD. Overload is detected by electrical, torque, or
pull detection by any one of many available means. Usually overload
will disconnect power to the drive, stopping the conveyor. When the
reason for overload is determined and corrected, the conveyor may be
restarted.

EQUIPMENT GUARDS. Often it is desirable or necessary to guard the
conveyor from hostile environment and contaminants. Also employees
must be protected from accidental engagement with the conveyor com-
ponents.

Transfer Devices Usually unique to each application, automatic
part or carrier loading, unloading, and transfer devices are available.
With growth in the use of power-and-free, carrier transfer devices have
become rare.

Power-and-Free Conveyor

The power-and-free conveyor has the highest potential application
wherever there is a requirement for other than a single fixed-path flow
(trolley conveyor). Power-and-free conveyors may have any number of
automatic or manual switch points. A system will permit scheduled
transit and delivery of work to the next assigned station automatically.
Accumulation (storage) areas are designed to accommodate in-process
inventory between operations.

The components and chain-pull calculation discussed for powered
overhead conveyors are basically applicable to the power-and-free
conveyor. Addition of a secondary free track surface is provided for the
work carrier to traverse. This free track is usually disposed directly
below the power rail but is sometimes found alongside the power rail.
(This arrangement is often referred to as a ‘‘side pusher’’ or ‘‘drop
finger.’’) The power-and-free rails are joined by brackets for rail (free-

Fig. 10.5.3 Conveyor tracks.
swing aside to engage the pusher trolley. The pusher trolley remains
engaged on level and sloped sections. At automatic or manual switching
points, the leading dispatch trolley head which is not engaged with the

Fig. 10.5.4 Power-and-free conveyor rail and trolley heads. (ACCO Chain
Conveyor Division.)

chain is propelled through the switch to the branch line. As the chain
passes the switching point, the pusher trolley departs to the right or left
from pusher engagement and arrives on a free line, where it is subject to
manual or controlled gravity flow.

The distance between pushers on the chain for power-and-free use is
established in accordance with conventional practice, except that the
minimum allowable pusher spacing must take into account the wheel-
base of the trolley, the bumper length, the load size, the chain velocity,
and the action of the carrier at automatic switching and reentry points. A
switching headway must be allowed between work carriers. An approx-
imation of the minimum allowable pusher spacing is that the pusher
spacing will equal twice the work-carrier bumper length. Therefore, a
4-ft (1.2-m) work carrier would indicate a minimum pusher spacing of
8 ft (2.4 m).

The load-transmission capabilities are a function of velocity and
pusher spacing. At the 8-ft (2.4-m) pusher spacing and a velocity of
40 ft /min (0.22 m/s), five pushers per minute are made available.
The load-transmission capability is five loads per minute, or 300 loads
per hour.

Method of Automatic Switching from a Powered Line to a Free
Line Power-and-free work carriers are usually switched automatically.
To do this, it is necessary to have a code device on the work carrier and a
decoding (reading) device along the track in advance of the track
switch. Figure 10.5.5 shows the equipment relationship. On each car-
rier, the free trolley carries the code selection, manually or automati-
cally introduced, which identifies it for a particular destination or rout-
ing. As the free trolley passes the reading station, the trolley intelligence
is decoded and compared with a preset station code and its current
knowledge of the switch position and branch-line condition; a decision
is then reached which results in correct positioning of the rail switch.

In Fig. 10.5.5, the equipment illustrated includes a transistorized
readout station a, which supplies 12 V direct current at stainless-steel
code brushes b. The code brushes are ‘‘matched’’ by contacts on the
encoded trolley head c. When a trolley is in register and matches the
code-brush positioning, it will be allowed to enter branch line d if
the line is not full. If carrier e is to be entered, the input signal is rec-
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tified and amplified so as to drive a power relay at junction box f,
which in turn actuates solenoid g to operate track switch h to the
branch-line position. A memory circuit is established in the station, indi-
cating that a full-line condition exists. This condition is maintained
until the pusher pin of the switched carrier clears reset switch j.

space provision for arriving and departing carriers. (Considerable
knowledge of work-rate standards and production-schedule require-
ments is needed for accurate sizing.) (4) As manned or automatic stor-
age lines, especially for handling production imbalance for later con-
sumption.

Nonmanned automatic free lines require that the carrier be controlled
in conformance with desired conveyor function and with regard to the
commodity being handled. The two principal ways to control carriers in
nonmanned free rails are (1) to slope the free rail so that all carriers will
start from rest and use incremental spot retarders to check velocity, and
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Fig. 10.5.5 Switch mechanism exiting trolley from power rail to free rail.
(ACCO Chain Conveyor Division.)

The situations which can be handled by the decoding stations are as
follows: (1) A trolley with a matching code is in register; there is space
in the branch line. The carrier is allowed to enter the branch line. (2) A
trolley with a matching code is in register; there is no space in the
branch line. The carrier is automatically recirculated on the powered
system and will continue to test its assigned destination until it can be
accommodated. (3) A trolley with a matching code is in register; there is
no space in the branch line. The powered conveyor is automatically
stopped, and visual and/or audible signals are started. The conveyor can
be automatically restarted when the full-line condition is cleared, and
the waiting carrier will be allowed to enter. (4) A trolley with a non-
matching code is in register; in this case, the decoding station always
returns the track switch to the main-line position, if necessary, and
bypasses the carrier.

Use and Control of Carriers on Free and Gravity Lines Free and
gravity lines are used as follows: (1) To connect multiple power-and-
free conveyors, thus making systems easily extensible and permitting
different conveyor designs for particular use. (2) To connect two auxil-
iary devices such as vertical conveyors and drop-lift stations. (3) As
manned or automatic workstations. In this case, the size of the station
depends on the number of carriers processed at one time, with additional
Fig. 10.5.6 Switch mechanism reentering trolley from fre
(2) to install horizontal or sloped rails and use auxiliary power
conveyor(s) to accumulate carriers arriving in the line.

In manned free lines, it is usual to have slope at the automatic arrival
and automatic departure sections only. These sections are designed for
automatic accumulation of a finite number of carriers, and retarding or
feeding devices may be used. Throughout the remainder of the manned
station, the carrier is propelled by hand.

Method of Automatic Switching from a Free Line to a Powered
Line Power-and-free work carriers can be reentered into the powered
lines either manually or automatically. The carrier must be integrated
with traffic already on the powered line and must be entered so that it
will engage with a pusher on the powered chain. Figure 10.5.6 illus-
trates a typical method of automatic reentry. The carrier a is held at a
rest on a slope in the demand position by the electric trolley stop b. The
demand to enter enables the sensing switches c and d mounted on the
powered rail to test for the availability of a pusher. When a pusher that is
not propelling a load is sensed, all conditions are met and the carrier is
released by the electric trolley stop such that it arrives in the pickup
position in advance of the pusher. A retarding or choke device can be
used to keep the entering carrier from overrunning the next switch posi-
tion or another carrier in transit. The chain pusher engages the pusher
trolley and departs the carrier. The track switch f can remain in the
branch-line position until a carrier on the main line g would cause the
track switch to reset. Automatic reentry control ensures that no opportu-
nity to use a pusher is overlooked and does not require the time of an
operator.

Power-and-Free Conveyor Components All components used on
trolley conveyors are applied to power-and-free conveyors. Listed
below are a few of the various components unique to power-and-free
systems.

TRACK SWITCH. This is used for diverting work carriers either auto-
matically or manually from one line or path to another. Any one system
may have both. Switching may be either to the right or to the left.
Automatically, stops are usually operated pneumatically or electrome-
chanically. Track switches are also used to merge two lines into one.
e rail to power rail. (ACCO Chain Conveyor Division.)
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TROLLEY STOPS. Used to stop work carriers, these operate either au-
tomatically or manually on a free track section or on a powered section.
Automatically, stops are usually operated pneumatically or electrome-
chanically.

STORAGE. Portions or spurs of power-and-free conveyors are usually
dedicated to the storage (accumulation) of work carriers. Unique to the
design, type, or application, storage may be accomplished on (1) level
hand-pushed lines, (2) gravity sloped lines (usually with overspeed-
control retarders), (3) power lines with spring-loaded pusher dogs, or
(4) powered lines with automatic accumulating free trolleys.

otherwise controlled, as from a tandem elevator or conveyor. As the
feeder is interlocked, either mechanically or electrically, the feed stops
if the conveyor stops. Flight conveyors may be classified as scraper type
(Fig. 10.5.8), in which the element (chain and flights) rests on the
trough; suspended-flight type (Fig. 10.5.9), in which the flights are
carried clear of the trough by shoes resting on guides; and suspended-
chain type (Fig. 10.5.10), in which the chain rests on guides, again
carrying the flights clear of the trough. These types are further differen-
tiated as single-strand (Figs. 10.5.8 and 10.5.9) and double-strand (Fig.
10.5.10). For lumpy material, the latter has the advantage since the
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INCLINES AND DECLINES. As in the case of trolley conveyors, vertical
inclines and declines are common to power-and-free. In addition to
safety devices used on trolley conveyors, similar devices may be ap-
plied to free trolleys.

LOAD BARS AND CARRIERS. The design of load bars, bumpers, swivel
devices, index devices, hooks, or carriers is developed at the time of the
initial power-and-free investigation. The system will see only the car-
rier, and all details of system design are a function of its design. How the
commodity is being handled on or in the carrier is carefully considered
to facilitate its use throughout the system, manually, automatically, or
both.

VERTICAL CONVEYOR SECTIONS. Vertical conveyor sections are often
used as an accessory to power-and-free. For practical purposes, the
vertical conveyor can be divided into two classes of devices:

DROP (LIFT) SECTION. This device is used to drop (or lift) the work
carrier vertically to a predetermined level in lieu of vertical inclines or
declines. One common reason for its use is to conserve space. The unit
may be powered by a cylinder or hoist, depending on the travel distance,
cycle time, and load. One example of the use of a drop (lift) section is to
receive a carrier on a high level and lower it to an operations level. The
lower level may be a load-unload station or processing station. Auto-
matic safety stops are used to close open rail ends.

INTERFLOOR VERTICAL CONVEYOR. When used for interfloor service
and long lifts, the vertical conveyor may be powered by high-speed
hoists or elevating machines. In any case, the carriers are automatically
transferred to and from the lift, and the dispatch control on the carrier
can instruct the machine as to the destination of the carrier. Machines
can be equipped with a variety of speeds and operating characteristics.
Multiple carriers may be handled, and priority-call control systems can
be fitted to suit individual requirements.

NONCARRYING CONVEYORS

Flight Conveyors Flight conveyors are used for moving granular,
lumpy, or pulverized materials along a horizontal path or on an incline
seldom greater than about 40°. Their principal application is in handling
coal. The flight conveyor of usual construction should not be specified
for a material that is actively abrasive, such as damp sand and ashes.
The drag-chain conveyor (Fig. 10.5.7) has an open-link chain, which
serves, instead of flights, to push the material along. With a hard-faced
concrete or cast-iron trough, it serves well for handling ashes. The re-
turn run is, if possible, above the carrying run, so that the dribble will be
back into the loaded run. A feeder must be provided unless the feed is

Fig. 10.5.7 Drag chain. Fig. 10.5.8 Single-strand
scraper-flight conveyor.
lumps will enter the trough without interference. For heavy duty also,
the double strand has the advantage, in that the pull is divided between

Fig. 10.5.9 Single-strand
suspended-flight conveyor.

Fig. 10.5.10 Double-strand
roller-chain flight conveyor.

two chains. A special type for simultaneous handling of several materi-
als may have the trough divided by longitudinal partitions. The material
having the greatest coefficient of friction is then carried, if possible, in
the central zone to equalize chain wear and stretch.

Improvements in the welding and carburizing of welded-link chain
have made possible its use in flight conveyors, offering several signifi-
cant advantages, including economy and flexibility in all directions.
Figure 10.5.11 shows a typical scraper-type flight cast from malleable
iron incorporated onto a slotted conveyor bed. The small amount of
fines that fall through the slot are returned to the top of the bed by the
returning flights. Figure 10.5.12 shows a double-chain scraper conveyor
in which the ends of the flights ride in a restrictive channel. These types
of flight conveyors are driven by pocket wheels.

Fig. 10.5.11 Scraper flight with welded chain.

Flight conveyors of small capacity operate usually at 100 to
150 ft /min (0.51 to 0.76 m/s). Large-capacity conveyors operate at
100 ft /min (0.51 m/s) or slower; their long-pitch chains hammer
heavily against the drive-sprocket teeth or pocket wheels at higher
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speeds. A conveyor steeply inclined should have closely spaced flights
so that the material will not avalanche over the tops of the flights. The
capacity of a given conveyor diminishes as the angle of slope increases.
For the heaviest duty, hardened-face rollers at the articulations are
essential.

sludge, and crushed stone. Fabrication from corrosion-resistant materi-
als such as brass, monel, or stainless steel may be necessary for use with
some corrosive materials.

Where a single runaround conveyor is required with multiple feed
points and some recirculation of excess load, the Redler serves. The
U-frame flights do not squeeze the loads, as they resume parallelism
after separating when rounding the terminal wheels. As an elevator, this
machine will also handle sluggish materials that do not flow out readily.
A pusher plate opposite the discharge chute can be employed to enter
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Fig. 10.5.12 Scraper flight using parallel welded chains.

Cautions in Flight-Conveyor Selections With abrasive material,
the trough design should provide for renewal of the bottom plates with-
out disturbing the side plates. If the conveyor is inclined and will re-
verse when halted under load, a solenoid brake or other automatic back-
stop should be provided. Chains may not wear or stretch equally. In a
double-strand conveyor, it may be necessary to shift sections of chain
from one side to the other to even up the lengths.

Intermediate slide gates should be set to
open in the opposite direction to the move-
ment of material in the conveyor.

The continuous-flow conveyor serves as a
conveyor, as an elevator, or as a combina-
tion of the two. It is a slow-speed machine
in which the material moves as a continu-
ous core within a duct. Except with the
Redler conveyor, the element is formed by
a single strand of chain with closely spaced
impellers, somewhat resembling the flights
of a flight conveyor.

The Bulk flo (Fig. 10.5.13) has peaked
flights designed to facilitate the outflow of
the load at the point of discharge. The load,
moved by a positive push of the flights,
tends to provide self-clearing action at the
end of a run, leaving only a slight residue.

The Redler (Fig. 10.5.14) has skeleton-
ized or U-shaped impellers which move the
material in which they are submerged be-
cause the resistance to slip through the ele-
ment is greater than the drag against the
walls of the duct.

Materials for which the continuous-flow
conveyor is suited are listed below in groups of increasing difficulty.
The constant C is used in the power equations below, and in Fig.
10.5.16.

Fig. 10.5.13 Bulk-flow
continuous-flow elevator.

C 5 1: clean coal, flaxseed, graphite, soybeans, copra, soap flakes
C 5 1.2: beans, slack coal, sawdust, wheat, wood chips (dry), flour
C 5 1.5: salt, wood chips (wet), starch
C 5 2: clays, fly ash, lime (pebble), sugar (granular), soda ash, zinc

oxide
C 5 2.5: alum, borax, cork (ground), limestone (pulverized)

Among the materials for which special construction is advised are
bauxite, brown sugar, hog fuel, wet coal, shelled corn, foundry dust,
cement, bug dust, hot brewers’ grains. The machine should not be spec-
ified for ashes, bagasse, carbon-black pellets, sand and gravel, sewage
Fig. 10.5.14 Redler U-type continuous-flow conveyor.

between the legs of the U flights to push out such material. When
horizontal or inclined, continuous-flow elevators such as the Redler are
normally self-cleaning. When vertical, the Redler type can be made
self-cleaning (except with sticky materials) by use of special flights.

Continuous-flow conveyors and elevators do not require a feeder
(Fig. 10.5.15). They are self-loading to capacity and will not overload,
even though there are several open- or uncontrolled-feed openings,
since the duct fills at the first opening and automatically prevents the
entrance of additional material at subsequent openings. Some special
care may be required with free-flowing material.

Fig. 10.5.15 Shallow-track hopper for continuous-flow conveyor with feed to
return run.
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The duct is easily insulated by sheets of asbestos cement or similar
material to reduce cooling in transit. As the duct is completely sealed,
there is no updraft where the lift is high. The material is protected from
exposure and contamination or contact with lubricants. The handling
capacity for horizontal or inclined lengths (nearly to the angle of repose
of the material) approximates 100 percent of the volume swept through
by the movement of the element. For steeper inclines or elevators, it is
between 50 and 90 percent.

If the material is somewhat abrasive, as with wet bituminous coal, the
duct should be of corrosion-resistant steel, of extra thickness, and the

Screw Conveyors

The screw, or spiral, conveyor is used quite widely for pulverized or
granular, noncorrosive, nonabrasive materials when the required capac-
ity is moderate, when the distance is not more than about 200 ft (61 m),
and when the path is not too steep. It usually costs substantially less than
any other type of conveyor and is readily made dusttight by a simple
cover plate.

The conveyor will handle lumpy material if the lumps are not large in
proportion to the diameter of the helix. If the length exceeds that advis-
able for a single conveyor, separate or tandem units are readily
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chain pins should be both extremely hard and of corrosion-resistant
material.

A long horizontal run followed by an upturn is inadvisable because of
radial thrust. Lumpy material is difficult to feed from a track hopper. An
automatic brake is unnecessary, as an elevator will reverse only a few
inches when released.

The motor horsepower P required by continuous-flow conveyors for
the five arrangements shown in Fig. 10.5.16 is given in the accompany-
ing formulas in terms of the capacity T, in tons per h; the horizontal run
H, ft; the vertical lift V, ft; and the constant C, values for which are
given above. If loading from a track hopper, add 10 percent.

Fig. 10.5.16 Continuous-flow-conveyor arrangements.
arranged. Screw conveyors may be inclined. A standard-pitch helix will
handle material on inclines up to 35°. The reduction in capacity as
compared with the capacity when horizontal is indicated in the follow-
ing table:

Inclination, deg 10 15 20 25 30 35
Reduction in capacity, percent 10 26 45 58 70 78

Abrasive or corrosive materials can be handled with suitable con-
struction of the helix and trough.

The standard screw-conveyor helix (Fig. 10.5.17) has a pitch approx-
imately equal to its outside diameter. Other forms are used for special
cases.

Fig. 10.5.17 Spiral conveyor.

Short-pitch screws are advisable for inclines above 29°.
Variable-pitch screws, with short pitch at the feed end, automatically

control the flow to the conveyor so that the load is correctly propor-
tioned for the length beyond the feed point. With a short section either
of shorter pitch or of smaller diameter, the conveyor is self-loading to
capacity and does not require a feeder.

Fig. 10.5.18 Cut-flight conveyor.

Cut flights (Fig. 10.5.18) are used for conveying and mixing cereals,
grains, and other light materials.

Ribbon screws (Fig. 10.5.19) are used for wet and sticky materials,
such as molasses, hot tar, and asphalt, which might otherwise build up
on the spindle.

Paddle screws are used primarily for mixing such materials as mortar
and bitulithic paving mixtures. One typical application is to churn ashes
and water to eliminate dust.

Fig. 10.5.19 Ribbon conveyor.

Standard constructions have a plain or galvanized-steel helix and
trough. For abrasives and corrosives such as wet ashes, both helix and
trough may be of hard-faced cast iron. For simple abrasives, the outer
edge of the helix may be faced with a renewable strip of Stellite or
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Table 10.5.3 Capacities and Speed of Spiral Conveyors

Max percent of cross Max density
section occupied by of material, lb/

Group the material ft3 (kg/m3)

Max r/min for diameters

6 in (152 mm) 20 in (508 mm)

1 45 50 (800) 170 110
2 38 50 (800) 120 75
3 31 75 (1,200) 90 60
4 25 100 (1,600) 70 50
5 121⁄2 30 25

Group 1 includes light materials such as barley, beans, brewers grains (dry), coal (pulv.), corn meal, cottonseed meal,
flaxseed, flour, malt, oats, rice, wheat. The value of the factor F is 0.5.

Group 2 includes fines and granular materials. The values of F are alum (pulv.), 0.6, coal (slack or fines), 0.9; coffee
beans, 0.4; sawdust, 0.7; soda ash (light), 0.7; soybeans, 0.5; fly ash, 0.4.

Group 3 includes materials with small lumps mixed with fines. Values of F are alum, 1.4; ashes (dry), 4.0; borax, 0.7;
brewers grains (wet), 0.6; cottonseed, 0.9; salt, course or fine, 1.2; soda ash (heavy), 0.7.

Group 4 includes semiabrasive materials, fines, granular and small lumps. Values of F are acid phosphate (dry), 1.4;
bauxite (dry), 1.8; cement (dry), 1.4; clay, 2.0; fuller’s earth, 2.0; lead salts, 1.0; limestone screenings, 2.0; sugar (raw),
1.0; white lead, 1.0; sulfur (lumpy), 0.8; zinc oxide, 1.0.

Group 5 includes abrasive lumpy materials which must be kept from contact with hanger bearings. Values of F are wet
ashes, 5.0; flue dirt, 4.0; quartz (pulv.), 2.5; silica sand, 2.0; sewage sludge (wet and sandy), 6.0.

similar extremely hard material. For food products, aluminum, bronze,
monel metal, or stainless steel is suitable but expensive.

Table 10.5.3 gives the capacities, allowable speeds, percentages of
helix loading for five groups of materials, and the factor F used in
estimating the power requirement.

Table 10.5.4 gives the handling capacities for standard-pitch screw
conveyors in each of the five groups of materials when the conveyors
are operating at the maximum advised speeds and in the horizontal
position. The capacity at any lower speed is in the ratio of the speeds.

Power Requirements The power requirements for horizontal screw

and lengths, the alternatives—a flight conveyor or a belt conveyor—
should receive consideration.

EXAMPLES. 1. Slack coal 50 lb/ft3 (800 kg/m3); desired capacity 50 tons/h
(2,000 ft3/h) (45 tonnes/h); conveyor length, 60 ft (18 m); 14-in (0.36-m)
conveyor at 80 r/min. F for slack coal 5 0.9 (group 2).

H 5 (255 3 60 3 80 1 2,000 3 50 3 60 3 0.9)/1,000,000 5 6.6
Motor hp 5 (6.6 3 1.0)/0.90 5 7.3 (5.4 kW)

Use 71⁄2-hp motor.
2. Limestone screenings, 90 lb/ft3; desired capacity, 10 tons/h (222 ft3/h);

conveyor length, 50 ft; 9-in conveyor at 50 r/min. F for limestone screenings 5

onv

2

00
00
00
50
60 240 350 500 650
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conveyors of standard design and pitch are determined by the Link-Belt
Co. by the formula that follows. Additional allowances should be made
for inclined conveyors, for starting under load, and for materials that
tend to stick or pack in the trough, as with cement.

H 5 hp at conveyor head shaft 5 (ALN 1 CWLF) 3 1026

where A 5 factor for size of conveyor (see Table 10.5.5); C 5 quantity
of material, ft3/h; L 5 length of conveyor, ft; F 5 factor for material
(see Table 10.5.3); N 5 r/min of conveyor; W 5 density of material,
lb/ft3.

The motor size depends on the efficiency E of the drive (usually close
to 90 percent); a further allowance G, depending on the horsepower, is
made:

H 1 1–2 2–4 4–5 5
G 2 1.5 1.25 1.1 1.0

Motor hp 5 HG/E

When the material is distributed into a bunker, the conveyor has an
open-bottom trough to discharge progressively over the crest of the pile
so formed. This trough reduces the capacity and increases the required
power, since the material drags over the material instead of over a
polished trough.

If the material contains unbreakable lumps, the helix should clear the
trough by at least the diameter of the average lump. For a given capac-
ity, a conveyor of larger size and slower speed is preferable to a
conveyor of minimum size and maximum speed. For large capacities

Table 10.5.4 Screw-Conveyor Capacities
(ft3/h)

C

Group 6 9 10 1

1 350 1,100 1,600 2,5
2 220 700 950 1,6
3 150 460 620 1,1
4 90 300 400 6
5 20 68 90 1
*Multiply by 25.4 to obtain mm.
2.0 (group 4).

H 5 (96 3 50 3 50 1 222 3 90 3 50 3 2.0)/1,000,000 5 2.24
Motor hp 5 (2.24 3 1.25)/0.90 5 2.8

Use 3-hp motor.

Chutes

Bulk Material If the material is fragile and cannot be set through a
simple vertical chute, a retarding chute may be specified. Figure 10.5.20
shows a ladder chute in which the material trickles over shelves instead
of falling freely. If it is necessary to minimize breakage when material is
fed from a bin, a vertical box chute with flap doors opening inward, as
shown in Fig. 10.5.21, permits the material to flow downward only from
the top surface and eliminates the degradation that results from a con-
verging flow from the bottom of the mass.

Straight inclined chutes for coal should have a slope of 40 to 45°. If it
is found that the coal accelerates objectionably, the chute may be pro-
vided with cross angles over which the material cascades at reduced
speed (Fig. 10.5.22).

Lumpy material such as coke and large coal, difficult to control when
flowing from a bin, can be handled by a chain-controlled feeder chute
with a screen of heavy endless chains hung on a sprocket shaft (Fig.
10.5.23). The weight of the chain curtain holds the material in the chute.
When a feed is desired, the sprocket shaft is revolved slowly, either
manually or by a motorized reducer.

Unit Loads Mechanical handling of unit loads, such as boxes, barrels,
packages, castings, crates, and palletized loads, calls for methods and

eyor size, in*

14 16 18 20

4,000 5,500 7,600 10,000
2,400 3,400 4,500 6,000
1,600 2,200 3,200 4,000
1,000 1,500 2,000 2,600
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Table 10.5.5 Factor A
(Self-lubricating bronze bearings assumed)

Diam of conveyor, in 6 9 10 12 14 16 18 20 24
mm 152 229 254 305 356 406 457 508 610

Factor A 54 96 114 171 255 336 414 510 690

mechanisms entirely different from those adapted to the movement of
bulk materials.

furnished in varying diameters and pitches, both of which determine the
maximum size of package that can be handled. These chutes may have
receive and discharge points at any desired floors. There are certain
kinds of commodities, such as those made of metal or bound with wire
or metal bands, that cannot be handled satisfactorily unless the spiral
chute is designed to handle only that particular commodity. Sheet-metal
spirals can be built with double or triple blades, all mounted on the same
standpipe. Another form of sheet-metal spiral is the open-core type,
which is especially adaptable for handling long and narrow articles or
bulky classes of merchandise or for use where the spiral must wind
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Fig. 10.5.20 Ladder chute. Fig. 10.5.21 Box chute with
flap doors. Chute is always full
up to discharging point.

Spiral chutes are adapted for the direct lowering of unit loads of various
shapes, sizes, and weights, so long as their slide characteristics do not
vary widely. If they do vary, care must be exercised to see that items
accelerating on the selected helix pitch do not crush or damage those
ahead.

Fig. 10.5.22 Inclined chute
with cross angles.

Fig. 10.5.23 Chain-controlled
feeder chute.

A spiral chute may extend through several floors, e.g., for lowering
parcels in department stores to a basement shipping department. The
opening at each floor must be provided with automatic closure doors,
and the design must be approved by the Board of Fire Underwriters.

At the discharge end, it is usual to extend the chute plate horizontally
to a length in which the loads can come to rest. A tandem gravity roll
conveyor may be advisable for distribution of the loads.

The sheet-metal spiral (Fig. 10.5.24) has a fixed blade and can be
Fig. 10.5.25 Track hopper and apron feeder supplying
around an existing column or pass through floors in locations limited
by beams or girders that cannot be conveniently cut or moved. For
handling bread or other food products, it is customary to have the
spiral tread made from monel metal or aluminum.

Fig. 10.5.24 Metal spiral chute.

CARRYING CONVEYORS

Apron Conveyors

Apron conveyors are specified for granular or lumpy materials. Since the
load is carried and not dragged, less power is required than for screw or
scraper conveyors. Apron conveyors may have stationary skirt or side
plates to permit increased depth of material on the apron, e.g., when
used as a feeder for taking material from a track hopper (Fig. 10.5.25)
a gravity-discharge bucket-elevator boot.
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with controlled rate of feed. They are not often specified if the length is
great, since other types of conveyor are substantially lower in cost.
Sizes of lumps are limited by the width of the pans and the ability of the
conveyor to withstand the impact of loading. Only end discharge is
possible. The apron conveyor (Fig. 10.5.26) consists of two strands of
roller chain separated by overlapping apron plates, which form the
carrying surface, with sides 2 to 6 in (51 to 152 mm) high. The chains
are driven by sprockets at one end, take-ups being provided at the other
end. The conveyors always pull the material toward the driving end. For
light duty, flangeless rollers on flat rails are used; for heavy duty,

of the buckets. The carrier consists of two strands of roller chain sepa-
rated by V-shaped steel buckets. Figure 10.5.28 shows the most com-
mon form, where material is received on the lower horizontal run, ele-
vated, and discharged through openings in the bottom of the trough of
the upper horizontal run. The material is scraped along the horizontal
trough of the conveyor, as in a flight conveyor. The steel guard plates a

or
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0 (
7 (
5 (
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single-flanged rollers and T rails are used. Apron conveyors may be run
without feeders, provided that the opening of the feeding hopper is
made sufficiently narrow to prevent material from spilling over the
sides of the conveyor after passing from the opening. When used as a
conveyor, the speed should not exceed 60 ft/min (0.30 m/s); when used
as a feeder, 30 ft/min (0.15 m/s). Table 10.5.6 gives the capacities of
apron feeders with material weighing 50 lb/ft3 (800 kg/m3) at a speed of
10 ft/min (0.05 m/s).

Chain pull for horizontal-apron conveyor:

2LF(W 1 W1)

Chain pull for inclined-apron conveyor:

L(W 1 W1)(F cos u 1 sin u) 1 WL(F cos u 2 sin u)

where L 5 conveyor length, ft; W 5 weight of chain and pans per ft, lb;
W1 5 weight of material per ft of conveyor, lb; u 5 angle of inclination,
deg; F 5 coefficient of rolling friction, usually 0.1 for plain roller
bearings or 0.05 for antifriction bearings.

Fig. 10.5.26 Apron conveyor. Fig. 10.5.27 Open-top carrier.

Bucket Conveyors and Elevators

Open-top bucket carriers (Fig. 10.5.27) are similar to apron conveyors,
except that dished or bucket-shaped receptacles take the place of the flat
or corrugated apron plates used on the apron conveyor. The carriers will
operate on steeper inclines than apron conveyors (up to 70°), as the
buckets prevent material from sliding back. Neither sides extending
above the tops of buckets nor skirtboards are necessary. Speed, when
loaded by a feeder, 5 60 ft/min (max)(0.30 m/s) and when dragging the
load from a hopper or bin, % 30 ft/min. The capacity should be calcu-
lated on the basis of the buckets being three-fourths full, the angle of
inclination of the conveyor determining the loading condition of the
bucket.

V-bucket carriers are used for elevating and conveying nonabrasive
materials, principally coal when it must be elevated and conveyed with
one piece of apparatus. The length and height lifted are limited by the
strength of the chains and seldom exceed 75 ft (22.9 m). These carriers
can operate on any incline and can discharge at any point on the hori-
zontal run. The size of lumps carried is limited by the size and spacing

Table 10.5.6 Capacities of Apron Convey

Capacity, 50 lb/ft3

12 (305) 1

Width between
skirt plates

in mm

24 610 22 (559) 3
30 762 26 (660) 3
36 914 34 (864) 4

42 1,067 39 (991) 52 (
Fig. 10.5.28 V-bucket carrier.

at the right prevent spillage at the bends. Figure 10.5.29 shows a differ-
ent form, where material is dug by the elevator from a boot, elevated
vertically, scraped along the horizontal run, and discharged through
gates in the bottom of the trough. Figure 10.5.30 shows a variation of
the type shown in Fig. 10.5.29, requiring one less bend in the conveyor.
The troughs are of steel or steel-lined wood. When feeding material to
the horizontal run, it is advisable to use an automatic feeder driven by

Fig. 10.5.29 and 10.5.30 V-bucket carriers.

power from one of the bend shafts to prevent overloading. Should the
buckets of this type of conveyor be overloaded, they will spill on the
vertical section. The drive is located at b, with take-up at c. The speed
should not exceed 100 ft/min (0.51 m/s) when large material is being
handled, but when material is small, speed may be increased to
125 ft/min (0.64 m/s). The best results are obtained when speeds are
kept low. Table 10.5.7 gives the capacities and weights based on an even
and continuous feed.

Pivoted-bucket carriers are used primarily where the path is a run-

s

00 kg/m3) material at 10 ft/min (0.05 m/s) speed

Depth of load, in (mm)

406) 20 (508) 24 (610)

762)
940) 47 (1,194) 56 (1,422)
1,143) 56 (1,422) 67 (1,702)

1,321) 65 (1,651) 79 (2,007)
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Table 10.5.7 Capacities and Weights of V-Bucket Carriers*

Capacity, tons Weight per ft
of coal per of chains

hour at 100 ft/ and buckets,
min lb

Buckets

Length, Width, Depth, Spacing,
in in in in

12 12 6 18 29 36
16 12 6 18 32 40
20 15 8 24 43 55
24 20 10 24 100 65
30 20 10 24 126 70
36 24 12 30 172 94
42 24 12 30 200 105
48 24 12 36 192 150

* Multiply in by 25.4 for mm, ton/h by 0.25 for kg/s or by 0.91 for tonnes/h.

around in a vertical plane. Their chief application has been for the dual
duty of handling coal and ashes in boiler plants. They require less power
than V-bucket carriers, as the material is carried and not dragged on the
horizontal run. The length and height lifted are limited by the strength of
the chains. The length seldom exceeds 500 ft (152 m) and the height
lifted 100 ft (30 m). They can be operated on any incline and can dis-
charge at any point on the horizontal run. The size of lumps is limited by
the size of buckets. The maintenance cost is extremely low. Many car-
rier installations are still in operation after 40 years of service. Other
applications are for hot clinker, granulated and pulverized chemicals,

the turns, the buckets swing in a larger-radius curve, automatically un-
latch, and then lap correctly as they enter the straight run.

The pivoted-bucket carrier requires little attention beyond periodic
lubrication and adjustment of take-ups. For the dual service of coal and
ash handling, its only competitor is the skip hoist.

t C
Sp

ity
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cement, and stone.
The carrier consists of two strands of roller chain, with flanged

rollers, between which are pivoted buckets, usually of malleable iron.
The drive (Fig. 10.5.31) is located at a or a9, the take-up at b. The
material is fed to the buckets by a feeder at any point along the lower
horizontal run, is elevated, and is discharged on the upper horizontal

Fig. 10.5.31 Pivoted-bucket carrier.

run. The tripper c, mounted on wheels so that it can be moved to the
desired dumping position, engages the cams on the buckets and tips
them until the material runs out. The buckets always remain vertical
except when tripped. The chain rollers run on T rails on the horizontal
sections and between guides on the vertical runs. Speeds range from 30
to 60 ft/min (0.15 to 0.30 m/s).

After dumping, the overlapping bucket lips are in the wrong position
to round the far corner; after rounding the take-up wheels, the lap is
wrong for making the upturn. The Link-Belt Peck carrier eliminates this
by suspending the buckets from trunnions attached to rearward canti-
lever extensions of the inner links (Fig. 10.5.32). As the chain rounds

Table 10.5.8 Capacities of Pivoted-Bucke
Materials Weighing 50 lb/ft3 (800 kg/m3) at

Bucket pitch 3 width Capac

in mm Short ton/h

24 3 18 610 3 457 35–45
24 3 24 610 3 610 50–60
24 3 30 610 3 762 60–75
24 3 36 610 3 914 70–90
Fig. 10.5.32 Link-Belt Peck carrier buckets.

Table 10.5.8 shows the capacities of pivoted-bucket carriers with
materials weighing 50 lb/ft3 (800 kg/m3), with carriers operating at 40
to 50 ft/min (0.20 to 0.25 m/s), and with buckets loaded to 80 percent
capacity.

Bucket elevators are of two types: (1) chain-and-bucket, where the
buckets are attached to one or two chains; and (2) belt-and-bucket,
where the buckets are attached to canvas or rubber belts. Either type
may be vertical or inclined and may have continuous or noncontinuous
buckets. Bucket elevators are used to elevate any bulk material that will
not adhere to the bucket. Belt-and-bucket elevators are particularly well
adapted to handling abrasive materials which would produce excessive
wear on chains. Chain-and-bucket elevators are frequently used with
perforated buckets when handling wet material, to drain off surplus
water. The length of elevators is limited by the strength of the chains or
belts. They may be built up to 100 ft (30 m) long, but they average 25 to
75 ft (7.6 to 23 m). Inclined-belt elevators operate best on an angle of
about 30° to the vertical. At greater angles, the sag of the return belt is
excessive, as it cannot be supported by rollers between the head and foot
pulleys. This applies also to single-strand chain elevators. Double-
strand chain elevators, however, if provided with roller chain, can run
on an angle, as both the upper and return chains are supported by rails.

arriers with Coal or Similar
eeds Noted

of coal Speed

tonne/h ft /min m/s

32–41 40–50 0.20–0.25
45–54 40–50 0.20–0.25
54–68 40–50 0.20–0.25
63–82 40–50 0.20–0.25
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The size of lumps is limited by the size and spacing of the buckets and
by the speed of the elevator.

Continuous-bucket elevators (Fig.
10.5.33 and Table 10.5.9) usually operate
at 100 ft/min (0.51 m/s) or less and are
single- or double-strand. The contents of
each bucket discharge over the back of
the preceding bucket. For maximum ca-
pacity and a large proportion of lumps,
the buckets extend rearward behind the

Table 10.5.10 Supercapacity Elevators*
(Link-Belt Co.)

Max lump size, large lumps Capacity with
Bucket, in length 3 not more than 20%, 50 lb material

width 3 depth in tons/h

16 3 12 3 18 8 115
20 3 12 3 18 8 145
24 3 12 3 18 8 175
30 3 12 3 18 8 215
24 3 17 3 24 10 230
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Fig. 10.5.33 Continuous
bucket.

chain runs. The elevator is then called a
supercapacity elevator (Fig. 10.5.34 and
Table 10.5.10).

Gravity-discharge elevators operate at
100 ft/min (0.51 m/s) or less and are dou-
ble-strand, with spaced V buckets. The
path may be an L, an inverted L, or a
runaround in a vertical plane (Fig.
10.5.28). Along the horizontal run, the
buckets function as pushers within a

trough. An elevator with a tandem flight conveyor costs less. For a
runaround path, the pivoted-bucket carrier requires less power and has
lower maintenance costs.

Table 10.5.9 Continuous Bucket Elevators*

Max lump size, in

All 10%
lumps lumps

Capacity with
50 lb material

Bucket size at 100 ft /min
in tons/h

10 3 5 3 8 3⁄4 21⁄2 17
10 3 7 3 12 1 3 21
12 3 7 3 12 1 3 25
14 3 7 3 12 1 3 30
14 3 8 3 12 11⁄4 4 36
16 3 8 3 12 11⁄2 41⁄2 42
18 3 8 3 12 11⁄2 41⁄2 46

* Multiply in by 25.4 for mm, lb by 0.45 for kg, tons by 0.91 for tonnes.

As bucket elevators have no feed control, an interlocked feeder is
desirable for a gravity flow. Some types scoop up the load as the buckets
round the foot end and can take care of momentary surges by spilling
the excess back into the boot. The continuous-bucket elevator, however,
must be loaded after the buckets line up for the lift, i.e., when the gaps
between buckets have closed.

Fig. 10.5.34
Supercapacity bucket.

Belt-and-bucket elevators are advan-
tageous for grain, cereals, glass batch,
clay, coke breeze, sand, and other abra-
sives if the temperature is not high
enough to scorch the belt [below 250°F
(121°C) for natural rubber].

Elevator casings usually are sectional
and dusttight, either of 3⁄16-in (4.8-mm)
sheet steel or, better, of aluminum. If the
elevator has considerable height, its cross
section must be sufficiently large to pre-
vent sway contact between buckets and
casing. Chain guides extending the length
of both runs may be provided to control
sway and to prevent piling up of the ele-
ment, at the boot, should the chain break.
Caution: Indoor high elevators may de-
velop considerable updraft tending to
sweep up light, pulverized material. Pro-

vision to neutralize the pressure differential at the top and bottom may
be essential. Figure 10.5.35 shows the cast-iron boot used with centrifu-
gal-discharge and V-bucket chain elevators and belt elevators. Figure
10.5.36 shows the general form of a belt-and-bucket elevator with struc-
36 3 17 3 24 10 345

* Multiply in by 25.4 for mm, lb by 0.45 for kg, tons by 0.91 for tonnes.

tural-steel boot and casing. Elevators of this type must be run at sufficient
speed to throw the discharging material clear of the bucket ahead.

Capacity Elevators are rated for capacity with the buckets 75 per-
cent loaded. The buckets must be large enough to accommodate the
lumps, even though the capacity is small.

Fig. 10.5.35 Cast-iron boot.

Power Requirements The motor horsepower for the continuous-
bucket and supercapacity elevators can be approximated as

Motor hp 5 (2 3 tons/h 3 lift, ft)/1,000

The motor horsepower of gravity-discharge elevators can be approxi-
mated by using the same formula for the lift and adding for the horse-
power of the horizontal run the power as estimated for a flight conveyor.
For a vertical runaround path, add a similar allowance for the lower
horizontal run.

Fig. 10.5.36 Structural-steel boot and casing.

Belt Conveyors

The belt conveyor is a heavy-duty conveyor available for transporting
large tonnages over paths beyond the range of any other type of me-
chanical conveyor. The capacity may be several thousand tons per hour,
and the distance several miles. It may be horizontal or inclined upward
or downward, or it may be a combination of these, as outlined in Fig.
10.5.37. The limit of incline is reached when the material tends to slip
on the belt surface. There are special belts with molded designs to assist
in keeping material from slipping on inclines. They will handle pulver-
ized, granular, or lumpy material. Special compounds are available if
material is hot or oily.

In its simplest form, the conveyor consists of a head or drive pulley, a
take-up pulley, an endless belt, and carrying and return idlers. The
spacing of the carrying idlers varies with the width and loading of the belt
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and usually is 5 ft (1.5 m) or less. Return idlers are spaced on 10-ft
(3.0-m) centers or slightly less with wide belts. Sealed antifriction idler
bearings are used almost exclusively, with pressure-lubrication fittings
requiring attention about once a year.

somewhat lower tensile ratings of 90 (1.61), 120 (2.14), 155 (2.77),
195 (3.48), and 240 (4.29) lb/in (kg/mm) per ply ratings.

The B. F. Goodrich Company has developed a steel-cable-reinforced
belt rated 700 to 4,400 lb/in (12.5 to 78.6 kg/mm) of belt width. The
belt has parallel brass-plated 7 by 19 steel airplane cables ranging from
5⁄32 to 3⁄8 in (4.0 to 9.5 mm) diameter placed on 1⁄2- to 3⁄4-in (12.7- to
19.0-mm) centers.

These belts are used for long single-length conveyors and for high-
lift, extremely heavy duty service, e.g., for taking ore from deep open
pits, thus providing an alternative to a spiraling railway or truck route.
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Fig. 10.5.37 Typical arrangements of belt conveyors.

Belts Belt width is governed by the desired conveyor capacity and
maximum lump size. The standard rubber belt construction (Fig.
10.5.38) has several plies of square woven cotton duck or synthetic
fabric such as rayon, nylon, or polyester cemented together with a rub-
ber compound called ‘‘friction’’ and covered both top and bottom with
rubber to resist abrasion and keep out moisture. Top cover thickness is

Fig. 10.5.38 Rubber-covered conveyor belt.

determined by the severity of the job and varies from 1⁄16 to 3⁄4 in (1.6 to
19 mm). The bottom cover is usually 1⁄16 in (1.6 mm). By placing a
layer of loosely woven fabric, called the breaker strip, between the
cover and outside fabric ply, it is often possible to double the adhesion
of the cover to the carcass. The belt is rated according to the tension to
which it may safely be subjected, and this is a function of the length and
lift of the conveyor. The standard Rubber Manufacturers Association
(RMA) multiple ply ratings in lb/in (kg/mm) of width per ply are as
follows:

RMA multiple ply No. MP35 MP43 MP50 MP60 MP70

Permissible pull, lb/in (kg/mm) 35 43 50 60 70
of belt width per ply, vulcanized
splice

(0.63) (0.77) (0.89) (1.07) (1.25)

Permissible pull, lb/in (kg/mm) 27 33 40 45 55
of belt width per ply, mechanical
splice

(0.48) (0.60) (0.71) (0.80) (0.98)

Thus, for a pull of 4,200 lb (1,905 kg) and 24-in (0.61-m) belt width, a
five-ply MP35 could be used with a vulcanized splice or a five-ply
MP50 could be used with a mechanical splice.

High-Strength Belts For belt conveyors of extremely great length, a
greater strength per inch of belt width is available now through the use
of improved weaving techniques that provide straight-warp synthetic
fabric to support the tensile forces (Uniflex by Uniroyal, Inc., or Flex-
seal by B. F. Goodrich). Strengths go to 1,500 lb/in width tension rating.
They are available in most cover and bottom combinations and have
good bonding to carcass. The number of plies is reduced to two instead
of as many as eight so as to give excellent flexibility. Widths to 60 in are
available. Other conventional high-strength fabric belts are available to
Synthetic rubber is in use for belts. Combinations of synthetic and
natural rubbers have been found satisfactory. Synthetics are superior
under special circumstances, e.g., neoprene for flame resistance and
resistance to petroleum-based oils, Buna N for resistance to vegetable,
animal, and petroleum oils, and butyl for resistance to heat (per RMA).

Belt Life With lumpy material, the impact at the loading point may
be destructive. Heavy lumps, such as ore and rock, cut through the
protective cover and expose the carcass. The impact shock is reduced by
making the belt supports flexible. This can be done by the use of idlers
with cushion or pneumatic tires (Fig. 10.5.39) or by supporting the
idlers on rubber mountings. Chuting the load vertically against the belt
should be avoided. Where possible, the load should be given a move-
ment in the direction of belt travel. When the material is a mixture of
lumps and fines, the fines should be screened through to form a cushion
for the lumps. Other destructive factors are belt overstressing, belts

Fig. 10.5.39 Pneumatic-tired idlers applied to belt feeder at loading point of
belt conveyor.

running out of line and rubbing against supports, broken idlers, and
failure to clean the belt surface thoroughly before it comes in contact
with the snub and tripper pulleys. Introduction of a 180° twist in the
return belt (B. F. Goodrich Co.) at both head and tail ends can be used to
keep the clean side of the belt against the return idlers and to prevent
buildup. Using one 180° twist causes both sides of the belt to wear
evenly. For each twist, 1 ft of length/in of belt width is required.

Idler Pulleys Troughing idlers are usually of the three-pulley type
(Fig. 10.5.40), with the troughing pulleys at 20°. There is a growing
tendency toward the use of 35 and 45° idlers to increase the volume
capacity of a belt; 35° idlers will increase the volume capacity of a given
belt 25 to 35 percent over 20° idlers, and 45° idlers, 35 to 40 percent.

Fig. 10.5.40 Standard assembly of three-pulley troughing idler and return idler.

The bearings, either roller or ball type, are protected by felt or labyrinth
grease seals against the infiltration of abrasive dust. A belt running out
of line may be brought into alignment by shifting slightly forward one
end or the other with a few idler sets. Self-aligning idlers (Fig. 10.5.41)
should be spaced not more than 75 ft (23 m) apart. These call attention
to the necessity of lining up the belt and should not serve as continuing
correctives.
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Drive Belt slip on the conveyor-drive pulley is destructive. There is
little difference in tendency to slip between a bare pulley and a rubber-
lagged pulley when the belt is clean and dry. A wet belt will adhere to a
lagged pulley much better, especially if the lagging is grooved. Heavy-
duty conveyors exposed to the possibility of wetting the belt are gener-

downward (retarding conveyor), when the take-up is located at the
downhill end.

Trippers The load may be removed from the belt by a diagonal or
V plow, but a tripper that snubs the belt backward is standard equip-
ment. Trippers may be (1) stationary, (2) manually propelled by crank,
or (3) propelled by power from one of the snubbing pulleys or by an in-
dependent motor. The discharge may be chuted to either side or back
to the belt by a deflector plate. When the tripper must move back to
the load-receiving end of the conveyor, it is usual to incline the belt
for about 15 ft (4.6 m) to match the slope up to the tripper top pul-
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Fig. 10.5.41 Self-aligning idler.

ally driven by a head pulley lagged with a 1⁄2-in (12.7-mm) rubber belt
and with 1⁄4- by 1⁄4-in (6.4- by 6.4-mm) grooves spaced 1⁄2 in (12.7 mm)
apart and, preferably, diagonally as a herringbone gear. A snub pulley
can be employed to increase the arc of contact on the head pulley, and
since the pulley is in contact with the dirty side of the belt, a belt cleaner
is essential. The belt cleaner may be a high-speed bristle brush, a spiral
rubber wiper (resembling an elongated worm pinion), circular disks
mounted slantwise on a shaft to give a wiping effect when rotated, or a
scraper. Damp deposits such as clay or semifrozen coal dirt are best
removed by multiple diagonal scrapers of stainless steel.

A belt conveyor should be emptied after each run to avoid a heavy
starting strain. The motor should have high starting torque, moderate
starting-current inrush, and good characteristics when operating under
full load. The double-squirrel-cage ac motor fulfills these requirements.

Heavy-Duty Belt-Conveyor Drives For extremely heavy duty, it is
essential that the drive torque be built up slowly, or serious belt damage
will occur. The hydraulic clutch, derived from the hydraulic automobile
clutch, serves nicely. The best drive developed to date is the dynamatic
clutch (Fig. 10.5.42). This has a magnetized rotor on the extended motor
shaft, revolving within an iron ring keyed to the reduction gearing of the
conveyor. The energizing current is automatically built up over a period
that may extend to 2 min, and the increasing magnetic pull on the ring
builds up the belt speed.

Fig. 10.5.42 Operating principle of the dynamic clutch.

Take-ups For short conveyors, a screw take-up is satisfactory. For
long conveyors, the expansion and contraction of the belt with tempera-
ture changes and the necessity of occasional cutting and resplicing make
a weighted gravity take-up preferable, especially if a vulcanized splice
is used. The take-up should, if possible, be located where the slack first
occurs, usually just back of the drive except in a conveyor inclined
ley. As the lower tripper snub pulleys are in contact with the dirty side
of the belt, a cleaner must be provided between the pulleys. A scraper in
light contact with the face of the pulley may be advisable.

Belt Slope The slopes (in degrees) given in Table 10.5.11 are the
maximum permissible angles for various materials.

Table 10.5.11 Maximum Belt Slopes for Various Materials,
Degrees

Coal: anthracite, sized; mined, 50 mesh and under; or mined
and sized

16

Coal, bituminous, mined, run of mine 18
Coal: bituminous, stripping, not cleaned; or lignite 22
Earth, as excavated, dry 20
Earth, wet, containing clay 23
Gravel, bank run 20
Gravel, dry, sharp 15–17
Gravel, pebbles 12
Grain, distillery, spent, dry 15
Sand, bank, damp 20–22
Sand, bank, dry 16–18
Wood Chips 27

SOURCE: Uniroyal, Inc.

Determination of Motor Horsepower The power required to drive a
belt conveyor is the sum of the powers required (1) to move the empty
belt, (2) to move the load horizontally, and (3) to lift the load if the
conveyor is inclined upward. If (3) is larger than the other two, an
automatic brake must be provided to hold the conveyor if the current
fails. A solenoid brake is usual. The power required to move the empty
belt is given by Fig. 10.5.43. The power to move 100 tons/h horizon-
tally is given by the formula hp 5 0.4 1 0.00325L, where L is the
distance between centers, ft. For other capacities the horsepower is
proportional.

Fig. 10.5.43 Horsepower required to move belt conveyor empty at 100 ft /min
(0.15 m/s).



Table 10.5.12 Troughed Conveyor-Belt Capacities*
Tons per hour (TPH) with belt speed of 100 ft /min (0.51 m/s).

Belt shape: Equal length, 3 roll Long center, 3 roll

Idler angle: 20° 35° 45° 35° 45%

SCA†: 0° 10° 30° 0° 10° 30° 0° 10° 30° CED‡ 0° 10° 30° 0° 10° 30° CED‡

Belt
width,

in

12 10 14 24 16 20 28 19 29 35 .770
24 52 74 120 83 102 143 98 115 150 1.050 82 101 141 96 113 149 1.05
30 86 121 195 137 167 232 161 188 244 1.095 111 144 212 133 163 225 1.12
42 177 249 400 282 345 476 332 386 500 1.130 179 248 394 216 281 417 1.22
60 375 526 843 598 729 1,003 702 815 1,053 1.187 266 417 734 324 468 772 1.35
72 548 768 1,232 874 1,064 1,464 1,026 1,190 1,535 1.205 291 516 987 356 573 1,030 1.44

* Tons per hour (TPH) 5 value from table 3
(actual material wt., lb/ft3)

100
3

(actual belt speed, ft/min)

100
† Surcharge angle (see Fig 10.5.44).
‡ Capacity calculated for standard distance of load from belt edge: (0.55 b 1 0.9), where b 5 belt width, inches. For constant 2-in edge distance (CED) multiply by CED constant as given in this table.
For slumping materials (very free flowing), use capacities based upon 2-in CED. This includes dry silica sand, dry aerated portland cement, wet concrete, etc., with surcharge angle 5° or less. For metric units multiply in by 25.4 for mm; tons per hour by 0.91 for

tonne per hour; ft/min by 0.0051 for m/s.
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Table 10.5.13 Minimum Belt Width for Lumps

Belt width, in 12 18 24 30 42 60 72
mm 305 457 610 762 1,067 1,524 1,829

Sized material, in 2 4 5 6 8 12 14
mm 51 102 127 152 203 305 356

Unsized material, in 4 6 8 10 14 20 24
mm 102 152 203 254 356 508 610

SOURCE Uniroyal, Inc.

Table 10.5.14 Maximum Belts Speeds, ft/min, for Various Materials*

Light or Moderately Heavy sharp
free-flowing free-flowing Lump coal, lumpy materials,

Width of materials, grains, sand, gravel, coarse stone, heavy ores,
belt, in dry sand, etc. fine stone, etc. crushed ore lump coke

12–14 400 250
16–18 500 300 250
20–24 600 400 350 250
30–36 750 500 400 300
42–60 850 550 450 350

* Multiply in by 25.4 for mm, ft /min by 0.005 for m/s.

The capacity in tons per hour for materials of various weights per
cubic foot is given by Table 10.5.12. Table 10.5.13 gives minimum belt
widths for lumps of various sizes. Table 10.5.14 gives advisable maxi-
mum belt speeds for various belt widths and materials. The speed
should ensure full-capacity loading so that the entire belt width is uti-
lized.

Drive Calculations From the standpoint of the application of power
to the belt, a conveyor is identical with a power belt. The determining
factors are the coefficient of friction between the drive pulley and the
belt, the tension in the belt, and the arc of contact between the pulley and

pulley drive with 180° wrap (Table 10.5.15), T 5 1.85Te 5 6,000 lb;
Te 5 3,200 lb (14,200 N). Such a belt, 30 in wide, might be a five-
ply MP50, a reduced-ply belt rated at 200 lb/in, or a steel-cable belt
with 5⁄32-in (4-mm) cables spaced on 0.650-in (16.5-mm) centers. The
last is the most costly.

Table 10.5.15 Ratio T1 to Te for Various Arcs of Contact with
Bare Pulleys and Lagged Pulleys
(Coefficients of friction 0.25 and 0.35, respectively)

Belt wrap, deg 180 200 210 215 220 240
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the belt. The arc of the contact is increased up to about 240° by using a

Fig. 10.5.44 (a) Troughed belt; (b) flat belt. (Uniroyal, Inc.)

snub pulley and up to 410° by using two pulleys geared together or
driven by separate motors and having the belt wrapped around them in
the form of a letter S. The resistance to be overcome is the sum of all the
frictional resistances throughout the length of the conveyor plus, in the
case of a rising conveyor, the resistance due to lifting the load. The sum
of the conveyor and load resistances determines the working pull that
has to be transmitted to the belt at the drive pulley. The total pull is
increased by the slack-side tension necessary to keep the belt from
slipping on the pulley. Other factors adding to the belt pull are the
component of the weight of the belt if the conveyor is inclined and a
take-up pull to keep the belt from sagging between the idlers at the
loading point. These, however, do not add to the working pull. The
maximum belt pull determines the length of conveyor that can be used.
If part of the conveyor runs downgrade, the load on it will reduce the
working pull. In moderate-length conveyors, stresses due to accelera-
tion or deceleration are safely carried by the factor of safety used for
belt-life calculations.

The total or maximum tension Tmax must be known to specify a suit-
able belt. The effective tension Te is the difference between tight-side
tension and slack-side tension, or Te 5 T1 2 T2 . The coefficient of
friction between rubber and steel is 0.25; with a lagged pulley, between
rubber and rubber, it is 0.55 for ideal conditions but should be taken as
0.35 to allow for loss due to dirty conditions.

Except for extremely heavy belt pulls, the tandem drive is seldom
used since it is costly; the lagged-and-grooved drive pulley is used for
most industrial installations.

For a belt with 6,000-lb (26,700-N) max tension running on a bare
Bare pulley 1.85 1.72 1.67 1.64 1.62 1.54
Lagged pulley 1.50 1.42 1.38 1.36 1.35 1.30

In an inclined belt with single pulley drive, the Tmax is lowest if the
drive is at the head end and increases as the drive shifts toward the foot
end.

Allowance for Tripper The belt lifts about 5 ft to pass over the top
snub pulley of the tripper. Allowance should be made for this lift in
determining the power requirement of the conveyor. If the tripper
is propelled by the belt, an allowance of 1 hp (0.75 kW) for a 16-in
(406-mm) belt, 3 hp (2.2 kW) for a 36-in (914-mm) belt, or 7 hp
(5.2 kW) for a 60-in (1,524-mm) belt is ample. If a rotary cleaning
brush is driven from one of the snub shafts, an allowance should be
made which is approximately the same as that for the propulsion of the
tripper.

Magnetic pulleys are frequently used as head pulleys on belt conveyors
to remove tramp iron, such as stray nuts or bolts, before crushing; to
concentrate magnetic ores, such as magnetic or nickeliferous pyrrhotite,
from nonmagnetic material; and to reclaim iron from foundry refuse. A
chute or hopper automatically receives the extracted material as it is
drawn down through the other nonmagnetic material, drawn around the
end pulley on the belt, and finally released as the belt leaves the pulley.
Light-duty permanent-magnet types [for pulleys 12 to 24 in (305 to
610 mm) in diameter] will separate material through a 2-in (51-mm)
layer on the belt. Heavy-duty permanent-magnet units (12 to 24 in in
diameter) will separate material if the belt carries over 2 in of material
or if the magnetic content is very fine. Even larger units are available
for special applications. So effective and powerful are the permanent-
magnet types that electromagnetic pulleys are available only in the larger
sizes, from 18 to 48 in in diameter. The permanent-magnet type requires
no slip rings, external power, or upkeep.

Overhead magnetic separators (Dings), both electromagnetic and Ce-
ramox permanent-magnet types, for suspension above a belt conveyor
are also available for all commercial belt widths to pull magnetic mate-
rial from burden as thick as 40 in and at belt speeds to 750 ft/min. These
may or may not be equipped with a separately encompassing belt to be
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self-cleaning. Wattages vary from 1,600 to 17,000. The permanent-
magnet type requires no electric power and have nonvarying magnet
strength. An alternate type of belt protection is to use a Ferro Guard
Detector (Dings) to stop belt motion if iron is detected.

Trippers of the fixed or movable type are used for discharging mate-
rial between the ends of a belt conveyor. A self-propelling tripper con-
sists of two pulleys, over which the belt passes, the material being
discharged into the chute as the belt bends around the upper pulley. The
pulleys are mounted on a frame carried by four wheels and power-
driven. A lever on the frame and stops alongside the rails enable the

conveyors may have unit lengths up to 100 ft (30 m). Capacities range
from a few tons to 100 tons/h (25 kg/s) with high efficiency and low
maintenance.

Feeders

When material is drawn from a hopper or bin to a conveyor, an auto-
matic feeder should be used (unless the material is dry and free-running,
e.g., grain). The satisfactory operation of any conveyor depends on the
material being fed to it in an even and continuous stream. The automatic
feeder not only ensures a constant and controlled feed, irrespective of
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tripper, taking power from the conveyor belt, to move automatically
between the stops, thus distributing the material. Rail clamps are pro-
vided to hold the tripper in a fixed position when discharging. Motor-
driven trippers are used when it is desirable to move the tripper inde-
pendently of the conveyor belt. Fixed trippers have their pulleys
mounted on the conveyor framework instead of on a movable carriage.

Shuttle conveyors are frequently used in place of trippers for distribut-
ing materials. They consist of a reversible belt conveyor mounted upon
a movable frame and discharging over either end.

Belt-Conveyor Arrangements Figure 10.5.37 shows typical ar-
rangements of belt conveyors. a is a level conveyor receiving material at
one end and discharging at the other. b shows a level conveyor with
traveling tripper. The receiving end of the conveyor is depressed so that
the belt will not be lifted against the chute when the tripper is at its
extreme loading end. c is a level conveyor with fixed trippers. d shows
an inclined end combined with a level section. e is a combination of
level conveyor, vertical curve, and horizontal section. The radius of the
vertical curve depends upon the weight of the belt and the tension in the
belt at the point of tangency. This must be figured in each case and is
found by the formula: min radius, ft 5 belt tension at lowest point of
curve divided by weight per ft of belt. The belt weight should be for the
worn belt with not over 1⁄16-in (1.6-mm) top cover. f is a combination of
level conveyor receiving material from a bin, a fixed dump, and inclined
section, and a series of fixed trippers.

Portable conveyors are widely used around retail coal yards, small
power plants, and at coal mines for storing coal and reclaiming it for
loading into trucks or cars. They are also used for handling other bulk
materials. They consist of a short section of chain or belt conveyors
mounted on large wheels or crawler treads and powered with a gasoline
engine or electric motor. They vary in length from 20 to 90 ft and can
handle up to 250 tons/h (63 kg/s) of coal. For capacities greater than
what two people can shovel onto a belt, some form of power loader is
necessary.

Sectional-belt conveyors have come into wide use in coal mines for
bringing the coal from the face and loading it into cars in the entry. They
consist of short sections (6 ft or more) of light frame of special low-type
construction. The sections are designed for ease of connecting and dis-
connecting for transfer from one part of the mine to another. They are
built in lengths up to 1,000 ft (305 m) or more under favorable condi-
tions and can handle 125 tons/h (32 kg/s) of coal.

Sliding-belt conveyors use belts sliding on decks instead of troughed
belts carried on rollers. Sliding belts are used in the shipping rooms of
department stores for handling miscellaneous parcels, in post offices for
handling mail bags, in chemical plants for miscellaneous light waste,
etc. The decking preferably is of maple strips. If of steel, the deck
should be perforated at intervals to relieve the vacuum effect between
the bottom of the belt and the deck. Cotton or balata belts are best. The
speed should be low. The return run may be carried on 4-in straight-face
idlers. The power requirement is greater than with idler rollers.

The oscillating conveyor is a horizontal trough varying in width from
12 to 48 in (305 to 1,219 mm), mounted on rearward-inclined cantilever
supports, and driven from an eccentric at 400 to 500 r/min. The effect is
to ‘‘bounce’’ the material along at about 50 ft/min (0.25 m/s) with min-
imum wear on the trough. The conveyor is adapted to abrasive or hot
fragmentary materials, such as scrap metals, castings, or metal chips.
The trough bottom may be a screen plate to cull fine material, as when
cleaning sand from castings, or the trough may have louvers and a
ventilating hood to cool the moving material. These oscillating
the size of material, but saves the expense of an operator who would
otherwise be required at the feeding point. Figure 10.5.45 shows a
reciprocating-plate feeder, consisting of a plate mounted on four wheels
and forming the bottom of the hopper. When the plate is moved for-
ward, it carries the material with it; when moved back, the plate is
withdrawn from under the material, allowing it to fall into the chute.
The plate is moved by connecting rods from cranks or eccentrics. The
capacity of this feeder is determined by the length and number of
strokes, width of plate, and location of the adjustable gate. The number
of strokes should not exceed 60 to 70 per min. When used under a track
hopper, the material remaining on the plate may freeze in winter, as this
type of feeder is not self-clearing.

Fig. 10.5.45 Reciprocating-plate feeder.

Vibrating Feeders The vibrating feeder consists of a plate inclined
downward slightly and vibrated (1) by a high-speed unbalanced pulley,
(2) by electromagnetic vibrations from one or more solenoids, as in the
Jeffrey Manufacturing Co. feeder, or (3) by the slower pulsations se-
cured by mounting the plate on rearward-inclined leaf springs.

The electric vibrating feeder (Fig. 10.5.46) operates magnetically with
a large number of short strokes (7,200 per min from an alternating
current in the small sizes and 3,600 from a pulsating direct current in the
larger sizes). It is built to feed from a few pounds per minute to 1,250
tons/h (315 kg/s) and will handle any material that does not adhere to
the pan. It is self-cleaning, instantaneously adjustable for capacity, and
controllable from any point near or remote. It is usually supported from
above with spring shock absorbers a in each hanger, but it be may
supported from below with similar springs in the supports. A modified
form can be set to feed a weighed constant amount hourly for process
control.

Fig. 10.5.46 Electric vibrating feeder.

Roller Conveyors

The principle involved in gravity roller conveyors is the control of motion
due to gravity by interposing an antifriction trackage set at a definite
grade. Roller conveyors are used in the movement of all sorts of pack-
age goods with smooth surfaces which are sufficiently rigid to prevent
sagging between rollers—in warehouses, brickyards, building-supply
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yards, department stores, post offices, and the manufacturing and ship-
ping departments of industrial manufacturers.

The rollers vary in diameter and strength from 1 in, with a capacity of
5 lb (2.3 kg) per roller, up to 4 in (102 mm), with a capacity of 1,800 lb
(816 kg) per roller. The heavier rollers are generally used in foundries
and steel mills for moving large molds, castings, or stacks of sheet steel.
The small roller is used for handling small, light objects. The spacing of
the rollers in the frames varies with the size and weight of the objects to
be moved. Three rollers should be in contact with the package to pre-
vent hobbling. The grade of fall required to move the object varies from

contamination-free conditions has increased the use of pneumatic con-
veying.

Dust Collection All pipes should be as straight and short as possi-
ble, and bends, if necessary, should have a radius of at least three diam-
eters of the pipe. Pipes should be proportioned to keep down friction
losses and yet maintain the air velocities that will prevent settling of the
material. Frequent cleanout openings must be provided. Branch con-
nections should go into the sides of the main and deliver the incoming
stream as nearly as possible in the direction of flow of the main stream.
Sudden changes in diameter should be avoided to prevent eddy losses.
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11⁄2 to 7 percent, depending on the weight and character of the material
in contact with the rollers.

Figure 10.5.47 shows a typical cross section of a roller conveyor.
Curved sections are similar in construction to straight sections, except
that in the majority of cases multiple rollers (Fig. 10.5.48) are used to
keep the package properly lined up and in the center of the conveyor.

Fig. 10.5.47 Gravity roller
conveyor.

Fig. 10.5.48 Multiple-roller
conveyor.

Figure 10.5.49 illustrates a wheel conveyor, used for handling bundles
of shingles, fruit boxes, bundles of fiber cartons, and large, light cases.
The wheels are of ball-bearing type, bolted to flat-bar or angle-frame
rails.

Fig. 10.5.49 Wheel-type conveyor.

When an installation involves a trunk line with several tributary runs, a
simple two-arm deflector at each junction point holds back the item on
one run until the item on the other has cleared. Power-operated roller
conveyors permit handling up an incline. Usually the rolls are driven by
sprockets on the spindle ends. An alternative of a smooth deck and
pusher flights should be considered as costing less and permitting
steeper inclines.

Platform conveyors are single- or double-strand conveyors (Fig.
10.5.50) with plates of steel or hardwood forming a continuous platform
on which the loads are placed. They are adapted to handling heavy
drums or barrels and miscellaneous freight.

Fig. 10.5.50 Double-strand platform conveyor.

Pneumatic Conveyors

The pneumatic conveyor transports dry, free-flowing, granular material
in suspension within a pipe or duct by means of a high-velocity air-
stream or by the energy of expanding compressed air within a compara-
tively dense column of fluidized or aerated material. Principal uses are
(1) dust collection; (2) conveying soft materials, such as grain, dry
foodstuff (flour and feeds), chemicals (soda ash, lime, salt cake), wood
chips, carbon black, and sawdust; (3) conveying hard materials, such as
fly ash, cement, silica metallic ores, and phosphate. The need in pro-
cessing of bulk-transporting plastic pellets, powders, and flour under
When vertical runs are short in proportion to the horizontal runs, the
size of the riser is locally restricted, thereby increasing the air velocity
and producing sufficient lifting power to elevate the material. If the
vertical pipes are comparatively long, they are not restricted, but the
necessary lifting power is secured by increased velocity and suction
throughout the entire system.

The area of the main at any point should be 20 to 25 percent in excess
of the sums of the branches entering it between the point in question and
the dead end of the main. Floor sweepers, if equipped with efficient
blast gates, need not be included in computing the main area. The diam-
eter of the connecting pipe from machine to main and the section re-
quired at each hood are determined by experience. The sum of the
volumes of each branch gives the total volume to be handled by the fan.

Fan Suction The maintained resistance at the fan is composed of
(1) suctions of the various hoods, which must be chosen from experi-
ence, (2) collector loss, and (3) loss due to pipe friction.

The pipe loss for any machine is the sum of the losses in the corre-
sponding branch and in the main from that branch to the fan. For each
elbow, add a length equal to 10 diameters of straight pipe. The total loss
in the system, or static pressure required at the fan, is equal to the sum of
(1), (2), and (3).

For conveying soft materials, a fan is used to create a suction. The
suspended material is collected at the terminal point by a separator
upstream from the fan. The material may be moved from one location to
another or may be unloaded from barge or rail car. Required conveying
velocity ranges from 2,000 ft/min (10.2 m/s) for light materials, such as
sawdust, to 3,000 to 4,000 ft/min (15.2 to 20.3 m/s) for medium-weight
materials, such as grain. Since abrasion is no problem, steel pipe or
galvanized-metal ducts are satisfactory. Unnecessary bends and fittings
should be avoided to minimize power consumption.

For conveying hard materials, a water-jet exhauster or steam exhauster
is used on suction systems, and a positive-displacement blower on pres-
sure systems. A mechanical exhauster may also be used on suction
systems if there is a bag filter or air washer ahead of the exhauster. The
largest tonnage of hard material handled is fly ash. A single coal-fired,
steam-electric plant may collect more than 1,000 tons (907 tonnes) of
fly ash per day. Fly ash can be conveyed several miles pneumatically at
30 tons (27 tonnes) or more per h using a pressure conveyor. Another
high-tonnage material conveyed pneumatically is cement. Individual
transfer conveyors may handle several hundred tons per hour. Hard
materials are usually also heavy and abrasive. Required conveying
velocities vary from 4,000 to 5,000 ft/min (20.3 to 25.4 m/s). Heavy
cast-iron or alloy pipe and fittings are required to prevent excessive
wear.

Vacuum pneumatic ash-handling systems have the airflow induced by
steam- or water-jet exhausters, or by mechanical blowers. Cyclone-type
Nuveyor receivers collect the ash for storage in a dry silo. A typical
Nuveyor system is shown in Fig. 10.5.51. The conveying velocity is
dependent upon material handled in the system. Fly ash is handled at
approximately 3,800 ft/min (19.3 m/s) and capacity up to 60 tons/h
(15.1 kg/s). Positive-pressure pneumatic ash systems are becoming
more common because of higher capacities required. These systems can
convey fly ash up to 11⁄2 mi (2.4 km) and capacities of 100 tons/h
(25.2 kg/s) for shorter systems.

The power requirement for pneumatic conveyors is much greater than
for a mechanical conveyor of equal capacity, but the duct can be led
along practically any path. There are no moving parts and no risk of
injury to the attendant. The vacuum-cleaner action provides dustless
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Fig. 10.5.51 Nuveyor pneumatic ash-handling system. (United Conveyor Corp.)

operation, sometimes important when pulverized material is unloaded
from boxcars through flexible hose and nozzle. A few materials build up
a state-electric charge which may introduce an explosion risk. Sulfur is
an outstanding example. Sticky materials tend to pack at the elbows and
are unsuitable for pneumatic handling.

The performance of a pneumatic conveyor cannot be predicted
with the accuracy usual with the various types of mechanical conveyors
and elevators. It is necessary to rely on the advice of experienced en-
gineers.

The Fuller-Kinyon system for transporting dry pulverized material

Hydraulic Conveyors

Hydraulic conveyors are used for handling boiler-plant ash or slag from
an ash hopper or slag tank located under the furnace. The material is
flushed from the hopper to a grinder, which discharges to a jet pump or a
mechanical pump for conveying to a disposal area or a dewatering bin
(Fig. 10.5.52). Water requirements average 1 gal / lb of ash.
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consists of a motor- or engine-driven pump, a source of compressed air
for fluidizing the material, a conduit or pipe-line, distributing valves
(operated manually, electropneumatically, or by motor), and electric
bin-level indicators (high-level, low-level or both). The impeller
is a specially designed differential-pitch screw normally turning at
1,200 r/min. The material enters the feed hopper and is compressed in
the decreasing pitch of the screw flights. At the discharge end of the
screw, the mass is introduced through a check valve to a mixing
chamber, where it is aerated by the introduction of compressed air. The
fluidized material is conveyed in the transport line by the continuing
action of the impeller screw and the energy of expanding air. Practical
distance of transportation by the system depends upon the material to be
handled. Cement has been handled in this manner for distances up to a
mile. The most important field of application is the handling of portland
cement. For this material, the Fuller-Kinyon pump is used for such
operations as moving both raw material and finished cement within the
cement-manufacturing process; loading out; unloading ships, barges,
and railway cars; and transferring from storage to mixer plant on large
construction jobs.

The Airslide (registered trademark of the Fuller Company) conveyor
system is an air-activated gravity-type conveyor using low-pressure air
to aerate or fluidize pulverized material to a degree which will permit it
to flow on a slight incline by the force of gravity. The conveyor com-
prises an enclosed trough, the bottom of which has an inclined air-
permeable surface. Beneath this surface is a plenum chamber through
which air is introduced at low pressure, depending upon the application.
Various control devices for controlling and diverting material flow and
for controlling air supply may be provided as part of complete systems.
For normal conveying applications, the air is supplied by an appropriate
fan; for operation under a head of material (as in a storage bin), the air is
supplied by a rotary positive blower. The Airslide conveyor is widely
used for horizontal conveying, discharge of storage bins, and special
railway-car and truck-trailer transport, as well as in stationary blow-
tank-type conveying systems. An important feature of this conveyor is
low power requirement.
Fig. 10.5.52 Ash-sluicing system with jet pump. (United Conveyor Corp.)

CHANGING DIRECTION OF MATERIALS
ON A CONVEYOR

Some material in transit can be made to change direction by being bent
around a curve. Metal being rolled, wire, strip, material on webs, and
the like, can be guided to new directions by channels, rollers, wheels,
pulleys, etc.

Some conveyors can be given curvatures, such as in overhead mono-
rails, tow car grooves, tracks, pneumatic tube bends, etc. Other, straight
sections of conveyors can be joined by curved sections to accomplish
directional changes. Figures 10.5.53 to 10.5.56 show some examples of
these. In some cases, the simple intersection, or overlapping, at an angle
of two conveyors can result in a direction change. See Figs. 10.5.57 and
10.5.58. When not all of the material on the first section of conveyor is
to be diverted, sweeps or switches may be used. Figure 10.5.59 shows
how fixed diverters set at decreasing heights can direct boxes of certain
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sizes onto other conveyors. Switches allow the material to be sent in one
direction at one time and in another at other times. In Fig. 10.5.60 the
diverter can swing to one side or the other. In Fig. 10.5.61, the switching
section has a dual set of wheels, with the set being made higher at the
time carrying the material in their angled direction. Pushers, as shown in
Fig. 10.5.62 can selectively divert material, as can air blasts for light-
weight items (Fig. 10.5.63) and tipping sections (Fig. 10.5.64). Fig. 10.5.59 Fixed diverters. Diverters do not move. They are preset at heights

to catch and divert items of given heights.
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Fig. 10.5.53 Fixed curve turn section. Joins two conveyors and changes direc-
tion and level of material flow.

Fig. 10.5.54 Fixed curve turn section. Joins two conveyors and changes direc-
tion of material flow. Turn section has no power. Incoming items push those ahead
of them around curve. Wheels, balls, rollers, etc. may be added to turn section to
reduce friction of dead plate section shown.

Fig. 10.5.55 Fixed curve turn section. Uses tapered rollers, skate wheels, balls,
or belt. May be level or inclined, ‘‘dead’’ or powered.

Fig. 10.5.56 Fixed curve turn section. Disk receives item from incoming
conveyor section, rotates it, and directs it onto outgoing conveyor section.

Fig. 10.5.57 Simple intersection. Incoming conveyor section overlaps outgoing
section and merely dumps material onto lower conveyor.

Fig. 10.5.58 Simple intersection. Both incoming and outgoing sections are
powered. Rotating post serves as a guide.
Fig. 10.5.60 Moving diverter. Material on incoming conveyor section can
be sent to either outgoing section by pivoting the diverter to one side or the
other.

Fig. 10.5.61 Wheel switch. Fixed wheels carry material on incoming conveyor
to outgoing conveyor until movable set of wheels is raised above the fixed set.
Then material is carried in the other direction.

Fig. 10.5.62 Pusher diverter. When triggered, the pusher advances and moves
item onto another conveyor. A movable sweep can also be used.

Fig. 10.5.63 Air diverter. When activated, a jet of air pushes a lightweight item
onto another conveyor.

Fig. 10.5.64 Tilting section. Sections of main conveyor move along, level, until
activated to tilt at chosen location to dump material onto another conveyor.



10.6 AUTOMATIC GUIDED VEHICLES AND ROBOTS
by Vincent M. Altamuro

AUTOMATIC GUIDED VEHICLES

Driverless towing tractors guided by wires embedded into or affixed
onto the floor have been available since the early 1950s. Currently, the
addition of computer controls, sensors that can monitor remote condi-
tions, real-time feedback, switching capabilities and a whole new family
of vehicles have created auto
compete with industrial truc
vices.

Most AGVs have only ho

Driverless tractors can be used to tow a series of powerless material
handling carts, like a locomotive pulls a train. They can be routed,
stopped, coupled, uncoupled, and restarted either manually, by a pro-
grammed sequence, or from a central control computer. They are suited
to low-volume, heavy or irregularly shaped loads which have to be
moved over longer distances than would be economical for a con-

anually operated trucks
sizes and configurations.
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matic guided vehicle systems (AGVs) that
ks and conveyors as material handling de-

veyor.
Guided pallet trucks, like the conventional m

they replace, are available in a wide range of

rizontal motion capabilities. Any vertical In operation, they usually are loaded under the control of a person, who
motion is limited. Fork lift trucks usually have more vertical motion
capabilities than do standard AGVs. Automatic storage and retrieval
systems (AS/RS) usually have very high rise vertical capabilities, with
horizontal motions limited only to moving to and down the proper aisle.
Power for the automatic guided vehicle is usually a battery, like that of
the electric industrial truck. Guidance may be provided several ways. In
electrical or magnetic guidance, a wire network is usually embedded in
a narrow, shallow slot cut in the floor along the possible paths. The
electromagnetic field emitted by the conductor wire is sensed by de-
vices on-board the vehicle which activate a steering mechanism, caus-
ing the vehicle to follow the wire. An optical guidance system has a
similar steering mechanism, but the path is detected by a photosensor
picking out the bright path (paint, tape, or fluorescent chemicals) previ-
ously laid down. The embedded wire system seems more popular in
factories, as it is in a protective groove, whereas the optical tape or
painted line can get dirty and/or damaged. In offices, where the AGV
may be used to pick up and deliver mail, the optical system may be
preferred, as it is less expensive to install and less likely to deteriorate in
such an environment. However, in carpeted areas, a wire can easily be
laid under the carpet and operate invisibly.

In a laser beam guidance system, a laser scanner on the vehicle trans-
mits and receives back an infrared laser beam that reads passive retrore-
flective targets that are placed at strategic points on x and y coordinates
in the facility. The vehicle’s on-board computers take the locations and
distances of the targets and calculate the vehicle’s position by triangula-
tion. The locations of the loads to be picked up, the destinations at
which they are to be dropped off, and the paths the vehicle is to travel
are transmitted from the system’s base station. Instructions are con-
verted to inputs to the vehicle’s steering and driving motors. A variation
of the system is for the laser scanner to read bar codes or radio-fre-
quency identification (RFID) targets to get more information regarding
their mission than merely their current location. Other, less used, guid-
ance methods are infrared, whereby line-of-sight signals are sent to the
vehicle, and dead reckoning, whereby a vehicle is programmed to tra-
verse a certain path and then turned loose.

The directions that an AGV can travel may be classified as unidirec-
tional (one way), bidirectional (forward or backward along its path), or
omnidirectional (all directions). Omnidirectional AGVs with five or
more on-board microprocessors and a multitude of sensors are some-
times called self-guided vehicles (SGVs).

Automatic guided vehicles require smooth and level floors in order to
operate properly. They can be weatherized so as to be able to run out-
doors between buildings but there, too, the surface they travel on must
be smooth and level.

AGV equipment can be categorized as:
1. Driverless tractors
2. Guided pallet trucks
3. Unit load transporters and platform carriers
4. Assembly or tool bed robot transporters
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then drives them over the guide wire, programs in their desired destina-
tion, then switches them to automatic. At their destination, they can turn
off the main guidepath onto a siding, automatically drop off their load,
then continue back onto the main guidepath. The use of guided pallet
trucks reduces the need for conventional manually operated trucks and
their operators.

Unit load transporters and platform carriers are designed so as to
carry their loads directly on their flat or specially contoured surface,
rather than on forks or on carts towed behind. They can either carry
material or work-in-process from workstation to workstation or they can
be workstations themselves and process the material while they trans-
port it.

The assembly or tool bed type of AGV is used to carry either work-in-
process or tooling to machines. It may also be used to carry equipment
for an entire process step—a machine plus its tooling—to large, heavy,
or immovable products.

Robot transporters are used to make robots mobile. A robot can be
fitted atop the transporter and carried to the work. Further, the robot can
process the work as the transporter carries it along to the next station,
thereby combining productive work with material handling and trans-
portation.

Most AGVs and SGVs have several safety devices, including flash-
ing in-motion lights, infrared scanners to slow them down when ap-
proaching an obstacle, sound warnings and alarms, stop-on-impact
bumpers, speed regulators, and the like.

ROBOTS

A robot is a machine constructed as an assemblage of links joined so
that they can be articulated into desired positions by a reprogrammable
controller and precision actuators to perform a variety of tasks. Robots
range from simple devices to very complex and ‘‘intelligent’’ systems
by virtue of added sensors, computers, and special features. See Figure
10.6.1 for the possible components of a robotic system.

Robots, being programmable multijointed machines, fall between
humans and fixed-purpose machines in their utility. In general, they are
most useful in replacing humans in jobs that are dangerous, dirty, dull,
or demeaning, and for doing things beyond human capabilities. They
are usually better than conventional ‘‘hard’’ automation in short-run
jobs and those requiring different tasks on a variety of products. They
are ideal for operations calling for high consistency, cycle after cycle,
yet are changeable when necessary.

There are several hundred types and models of robots. They are
available in a wide range of shapes, sizes, speeds, load capacities, and
other characteristics. Care must be taken to select a robot to match the
requirements of the tasks to be done. One way to classify them is by
their intended application. In general, there are industrial, commercial,
laboratory, mobile, military, security, service, hobby, home, and per-
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sonal robots. While they are programmable to do a wide variety of tasks,
most are limited to one or a few categories of capabilities, based on their
construction and specifications. Thus, within the classification of indus-
trial robots, there are those that can paint but not assemble products, and
of those that can assemble products, some specialize in assembling very
small electronic components while others make automobiles.

System
computer

Bulk
storage

Rather than have a robot perform only one task, it is sometimes possible
to select a model and its tooling so that it can be positioned to do several
jobs. Figure 10.6.2 shows a robot set in a work cell so that it can service
the incoming material, part feeders, several machines, inspection gages,
reject bins, and outgoing product conveyors arranged in an economical
cluster around it. Robots are also used in chemical mixing and measur-
ing; bomb disassembly; agriculture; logging; fisheries; department
stores; amusement parks; schools; prisons; hospitals; nursing homes;
nuclear power plants; space vehicles; underwater; surveillance; police,
fire, and sanitation departments; inside the body; and an increasing
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Fig. 10.6.1 Robotic system schematic. (Robotics Research Division, VMA,
Inc.)

Some of the common uses of industrial robots include: loading and
unloading machines, transferring work from one machine to another,
assembling, cutting, drilling, grinding, deburring, welding, gluing,
painting, inspecting, testing, packing, palletizing, and many others.

Fig. 10.6.2 Robot work cell. Robot is positioned to service a number of ma-
chines clustered about it.
number of innovative places.

Robot Anatomy

All robots have certain basic sections, and some have additional parts
that give them added capabilities. All robots must have a power source,
either mechanical, electrical, electromechanical, pneumatic, hydraulic,
nuclear, solar, or a combination of these. They all must also have a
means of converting the source of power to usable power and transmit-
ting it: motors, pumps, and other actuators, and gears, cams, drives,
bars, belts, chains, and the like. To do useful work, most robots have an
assemblage of links arranged in a configuration best-suited to the tasks
it is to do and the space within which it is to do them. In some robots this
is called the manipulator, and the links and the joints connecting them
are sometimes referred to as the robot’s body, shoulder, arm, and wrist.
A robot may have no, one, or multiple arms. Multiarmed robots must
have control coordination protocols to prevent collisions, as must robots
that work very close to other robots. Some robots have an immovable
base that connects the manipulator to the floor, wall, column, or ceiling.
In others the base is attached to, or part of, an additional section that
gives it mobility by virtue of components such as wheels, tracks, rollers,
‘‘legs and feet,’’ or other devices.

All robots need an intelligence and control section that can range
from a very simple and relatively limited type up to a very complex and
sophisticated system that has the capability of continuously interacting
with varying conditions and changes in its environment. Such advanced
control systems would include computers of various types, a multitude
of microprocessors, memory media, many input /output ports, absolute
and/or incremental encoders, and whatever type and number of sensors
may be required to make it able to accomplish its mission. The robot
may be required to sense the positions of its several links, how well it is
doing its mission, the state of its environment, and other events and
conditions. In some cases, the sensors are built into the robots; in others
they are handled as an adjunct capability—such as machine vision,
voice recognition, and sonic ranging—attached and integrated into the
overall robotic system.

Other items that may be built into the robots or handled as attach-
ments are the tooling—the things that interface the robot’s arm or wrist
and the workpiece or object to be manipulated and which accomplish
the intended task. These are called the robot’s end effectors or end-of-
arm tooling (EOAT) and may be very simple or so complex that they
become a major part of the total cost of the robotic system. A gripper
may be more than a crude open or closed clamp (See Fig. 10.6.3), jaws
equipped with sensors (See Figure 10.6.4), or a multifingered hand
complete with several types of miniature sensors and capable of articu-
lations that even the human hand cannot do. They may be binary or
servoed. They may be purchased from stock or custom-designed to do
specific tasks. They may be powered by the same type of energy as the
basic robot or they may have a different source of power. A hydrauli-
cally powered robot may have pneumatically powered grippers and
tooling, for example, making it a hybrid system. Most end effectors and
EOAT are easily changeable so as to enable the robot to do more
tasks.

Another part of the anatomy of many robots is a safety feature. Many
robots are fast, heavy, and powerful, and therefore a source of danger.
Safety devices can be both built into the basic robot and added as an
adjunct to the installation so as to reduce the chances that the robot will
do harm to people, other equipment, the tooling, the product, and itself.
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The American National Standards Institute, New York City, issued
ANSI/RIA R 15.06-1986 that is supported as a robot safety standard by
the Robotic Industries Association, Dearborn, MI.

Finally, ways of programming robots, communicating with them, and
monitoring their performance are needed. Some of the devices used for
these purposes are teach boxes on pendants, keyboards, panels, voice
recognition equipment, and speech synthesis modules.

spherical (Fig. 10.6.7). And if all three joints are rotational, the robot is
said to be of the revolute or jointed-arm configuration (Fig. 10.6.8). The
selective compliance assembly robot arm (SCARA) is a special type of
revolute robot in which the joint axes lie in the vertical plane rather than
in the horizontal (Fig. 10.6.9).
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Fig. 10.6.3 A simple nonservo, no-sensor robot gripper.
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Fig. 10.6.4 A complex servoed, multisensor robot gripper.

Robot Specifications

While most robots are made ‘‘to stock’’ and sold from inventory, many
are made ‘‘to order’’ to the specifications required by the intended
application.

Configuration The several links of a robot’s manipulator may be
joined to move in various combinations of ways relative to one another.
A joint may turn about its axis (rotational axis) or it may translate along
its axis (linear axis). Each particular arrangement permits the robot’s
control point (usually located at the center of its wrist flange, at the
center of its gripper jaws, or at the tip of its tool) to move in a different
way and to reach points in a different area. When a robot’s three move-
ments are along translating joints, the configuration is called cartesian
or rectangular (Fig. 10.6.5). When one of the three joints is made a
rotating joint, the configuration is called cylindrical (Fig. 10.6.6). When
two of the three joints are rotational, the configuration is called polar or
(b)(a)

Fig. 10.6.5 Cartesian- or rectangular-coordinate robot configuration.
(a) Movements; (b) work envelope.

(b)(a)

Fig. 10.6.6 Cylindrical-coordinate robot configuration. (a) Movements;
(b) work envelope.

Articulations A robot may be described by the number of articula-
tions, or jointed movements, it is capable of doing. The joints described
above that establish its configuration give the typical robot three de-
grees of freedom (DOF) and at least three more may be obtained from
the motions of its wrist—these being called roll, pitch, and yaw (Fig.
10.6.10). The mere opening and closing of a gripper is usually not
regarded as a degree of freedom, but the many positions assumable by a
servoed gripper may be called a DOF and a multifingered mechanical
hand has several additional DOFs. The added abilities of mobile robots
to traverse land, water, air, or outer space are, of course, additional
degrees of freedom. Figure 10.6.11 shows a revolute robot with a three-
DOF wrist and a seventh DOF, the ability to move in a track along the
floor.

Size The physical size of a robot influences its capacity and its
capabilities. There are robots as large as gantry cranes and as small as
grains of salt—the latter being made by micromachining, which is the
same process used to make integrated circuits and computer chips.
Some robots intended for light assembly work are designed to be ap-
proximately the size of a human so as to make the installation of the
robot into the space vacated by the replaced human as easy and least
disruptive as possible.
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(b)

(a)

Fig. 10.6.7 Polar- or spherical-coordinate robot configuration. (a) Movements;
(b) work envelope.

(b)

(a)

Fig. 10.6.8 Revolute– or jointed-arm–coordinate robot configuration.
(a) Movements; (b) work envelope.
(b)(a)

Fig. 10.6.9 SCARA coordinate robot configuration. (a) Movements;
(b) work envelope.
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Fig. 10.6.10 A robot wrist able to move in three ways: roll, pitch, and yaw.
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Fig. 10.6.11 A typical industrial robot with three basic degrees of freedom, plus
three more in its wrist, and a seventh in its ability to move back and forth along the
floor.
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Workspace The extent of a robot’s reach in each direction depends
on its configuration, articulations, and the sizes of its component links
and other members. Figure 10.6.12 shows the side and top views of the
points that the industrial robot in Fig. 10.6.11 can reach. The solid
geometric space created by subtracting the inner (fully contracted) from
the outer (full extended) possible positions of a defined point (e.g., its
control point, the center of its gripper, or the tip of its tool) is called the
robot’s workspace or work envelope. For the rectangular-coordinate

iance in successive positions each time its control point returns to a
taught position.

Resolution The resolution of a robot is the smallest incremental
change in position that it can make or its control system can measure.

Robot Motion Control

While a robot’s number of degrees of freedom and the dimensions of its
work envelope are established by its configuration and size, the paths
along which it moves and the points to which it goes are established by
its control system and the instructions it is given. The motion paths
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Fig. 10.6.12 Side and top views of the points that the robot in Fig. 10.6.11 can
reach. The three-dimensional figure generated by these accessible end points is
shown in Fig. 10.6.8b.

configuration robot, this space is a rectangular parallelepiped; for the
cylindrical-configuration robot, it is a cylinder with an inaccessible
space hollowed out of its center; for the polar and revolute robots, it
consists of spheres with inaccessible spots at their centers; and for the
SCARA configuration, it is the unique solid shown in the illustration.
See Fig. 10.6.5 to 10.6.9 for illustrations of the work envelope of robots
of the various configurations. For a given application, one would select
a robot with a work envelope slightly larger than the space required for
the job to be done. Selecting a robot too much larger than is needed
could increase the costs, control problems, and safety concerns. Many
robots have what is called a sweet spot: that smaller space where the
performance of most of the specifications (payload, speed, accuracy,
resolution, etc.) peaks.

Payload The payload is the weight that the robot is designed to lift,
hold, and position repeatedly with the accuracy advertised. People read-
ing robot performance claims should be aware of the conditions under
which they are promised, e.g., whether the gripper is empty or at maxi-
mum payload, or the manipulator is fully extended or fully retracted.
Payload specifications usually include the weight of the gripper and
other end-of-arm tooling, therefore the heavier those devices become as
they are made more complex with added sensors and actuators, the less
workpiece payload the robot can lift.

Speed A robot’s speed and cycle time are related, but different,
specifications. There are two components of its speed: its acceleration
and deceleration rate and its slew rate. The acceleration/deceleration
rate is the time it takes to go from rest to full speed and the time it takes
to go from full speed to a complete stop. The slew rate is the velocity
once the robot is at full speed. Clearly, if the distance to go is short, the
robot may not reach full speed before it must begin to slow to stop, thus
making its slew rate an unused capability. The cycle time is the time it
takes for the robot to complete one cycle of picking a given object up at
given height, moving it a given distance, lowering it, releasing it, and
returning to the starting point. This is an important measure for those
concerned with productivity, or how many parts a robot can process in
an hour. Speed, too, is a specification that depends on the conditions
under which it is measured—payload, extension, etc.

Accuracy The accuracy of a robot is the difference between where
its control point goes and where it is instructed or programmed to go.

Repeatability The repeatability or precision of a robot is the var-
generated by a robot’s controller are designated as point-to-point or
continuous. In point-to-point motion, the controller moves the robot
from starting point A to end point B without regard for the path it takes
or of any points in between. In a continuous-path robot controller, the
path in going from A to B is controlled by the establishment of via or
way points through which the control point passes on its way to each
end point. If there is a conditional branch in the program at an end point
such that the next action will be based on the value of some variable at
that point, then the point is called a reference point.

Some very simple robots move only until their links hit preset stops.
These are called pick-and-place robots and are usually powered by
pneumatics with no servomechanism or feedback capabilities.

The more sophisticated robots are usually powered by hydraulics or
electricity. The hydraulic systems require pumps, reservoirs, and cylin-
ders and are good for lifting large loads and holding them steady. The
electric robots use stepper motors or servomotors and are suited for
quick movements and high-precision work. Both types of robots can use
harmonic drives (Fig. 10.6.13), gears, or other mechanisms to reduce
the speed of the actuators.

The harmonic drive is based on a principle patented by the Harmonic
Drive unit of the Emhart Division of the Black & Decker Corp. It
permits dramatic speed reductions, facilitating the use of high-speed
actuators in robots. It is composed of three concentric components: an

Fig. 10.6.13 A harmonic drive, based on a principle patented by the Harmonic
Drive unit of the Emhart Division of the Black & Decker Corp. As the elliptical
center wave generator revolves, it deforms the inner toothed Flexspline into con-
tact with the fixed outer circular spline which has two more teeth. This results in a
high speed-reduction ratio.

elliptical center (called the wave generator), a rigid outer ring (called
the circular spline), and a compliant inner ring (called the Flexspline)
between the two. A speed-reduction ratio equal to one-half of the num-
ber of teeth on the Flexspline is achieved by virtue of the wave genera-
tor rotating and pushing the teeth of the Flexspline into contact with the
stationary circular spline, which has two fewer teeth than the Flexspline.
The result is that the Flexspline rotates (in the opposite direction) the
distance of two of its teeth (its circular pitch 3 2) for every full rotation
of the wave generator.

Robots also use various devices to tell them where their links are. A
robot cannot very well be expected to go to a new position if it does not
know where it is now. Some such devices are potentiometers, resolvers,
and encoders attached to the joints and in communication with the con-
troller. The operation of a rotary-joint resolver is shown in Fig. 10.6.14.
With one component on each part of the joint, an excitation input in one
part induces sine and cosine output signals in coils (set at right angles in
the other part) whose differences are functions of the amount of angular
offset between the two. Those angular displacement waveforms are sent
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to an analog-to-digital converter for output to the robot’s motion con-
troller.

Encoders may be of the contact or noncontact type. The contact type
has a metal brush for each band of data, and the noncontact type either
reflects light to a photodetector or lets the light pass or not pass to a
photodetector on its opposite side, depending on its pattern of light/dark

Excitation
Digital

Robot joint

more complex and more expensive. They have a light source, a photo-
detector, and two electrical wires for each track or concentric ring of
marks. Each mark or clear spot in each ring represents a bit of data, with
the whole word being made up by the number of rings on the disk.
Figure 10.6.16 shows 4-bit-word and 8-bit-word disks. Each position of
the joint is identified by a specific unique word. All of the tracks in a
segment of the disk are read together to input a complete coded word
(address) for that position. The codes mostly used are natural binary,
binary-coded decimal (BCD), and Gray. Gray code has the advantage
that the state (ON/OFF or high/low) of only one track changes for each
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Fig. 10.6.14 Rotary-joint resolver. Resolver components on the robot’s joint
send analog angular displacement signals to a digital converter for interpretation
and output to the robot’s controller.

or clear/solid marks. Both types of encoders may be linear or rotary—
that is, shaped like a bar or a disk—to match the type of joint to which
they are attached. The four basic parts of a rotary optical encoder (the
light sources, the coding disk, the photodetectors, and the signal pro-
cessing electronics) are all contained in a small, compact, sealed pack-
age.

Encoders are also classified by whether they are incremental or abso-
lute. Figure 10.6.15 shows two types of incremental optical encoder
disks. They have equally spaced divisions so that the output of their
photodetectors is a series of square waves that can be counted to tell the
amount of rotational movement of the joint to which they are attached.
Their resolution depends on how many distinct marks can be painted or
etched on a disk of a given size. Disks with over 2,500 segments are
available, such that the counter recording 25 impulses would know that
the joint rotated 1/100 of a circle, reported as either degrees or radians,
depending on the type of controller. It can also know the speed of that
movement if it times the intervals between incoming pulses. It will not
be able to tell the direction of the rotation if it uses a single-track, or
tachometer-type, disk, as shown in Fig. 10.6.15a. A quadrature device,
as shown in Fig. 10.6.15b, has two output channels, A and B, which are
offset 90°, thus allowing the direction of movement to be determined by
seeing whether the signals from A lead or lag those from B.

(a) (b)

Two photocells
90° phase-shifted

Photocell for
index pulse

Fig. 10.6.15 Two types of incremental optical encoder disks. Type a, a single
track incremental disk, has a spoke pattern that shutters the light onto a photode-
tector. The resulting triangular waveform is electronically converted to a square-
wave output, and the pulses are counted to determine the amount of angular
movement of the joint to which the encoder components are attached. Type b, a
quadrature incremental disk, uses two light sources and photodetectors to deter-
mine the direction of movement.

The major limitation of incremental encoders is that they do not tell
the controller where they are to begin with. Therefore, robots using
them must be sent ‘‘home,’’ to a known or initial position of each of its
links, as the first action of their programs and after each switch-off or
interruption of power. Absolute encoders solve this problem, but are
position change of the joint, making error detection easier.

(a)

Photocells

(b)

Fig. 10.6.16 Two types of absolute optical encoder disks. Type a is for 4-bit-
word systems, and type b is for 8-bit-word systems. Absolute encoders require a
light source and photodetector set for each bit of word length.

All robot controllers require a number of input and output channels
for communication and control. The number of I/O ports a robotic sys-
tem has is one measure of its capabilities. Another measure of a robot’s
sophistication is the number and type of microprocessors and micro-
computers in its system. Some have none; some have a microprocessor
at each joint, as well as one dedicated to mathematical computations,
one to safety, several to vision and other sensory subsystems, several to
internal mapping and navigation (if they are mobile robots), and a mas-
ter controller micro- or minicomputer.

Programming Robots

The methods of programming robots range from very elementary to
advanced techniques. The method used depends on the robot, its con-
troller, and the task to be performed. At the most basic level, some
robots can be programmed by setting end stops, switches, pegs in holes,
cams, wires, and so forth, on rotating drums, patch boards, control
panels, or the robot’s links themselves. Such robots are usually the
pick-and-place type, where the robot can stop only at preset end points
and nowhere in between, the number of accessible points being 2N,
where N is the robot’s number of degrees of freedom. The more ad-
vanced robots can be programmed to go to any point within their work-
space and to execute other commands by using a teach box on a tether
(called a teach pendant) or a remote control unit. Such devices have
buttons, switches, and sometimes a joystick to instruct the robot to do
the desired things in the desired sequence. Errors can be corrected by
simply overwriting the mistake in the controller’s memory. The pro-
gram can be tested at a slow speed, then, when perfected, can be run at
full speed by merely turning a switch on the teach box. This is called the
walk-through method of programming.

Another way some robots can be programmed is to physically take
hold of it (or a remote representation of it) and lead it through the
desired sequence of motions. The controller records the motions when
in teach mode and then repeats them when switched to run mode. This is
called the lead-through method of programming. The foregoing are all
teach-and-repeat programming methods and are done on-line, that is,
on a specific robot as it is in place in an installation but not doing other
work while it is being programmed.

More advanced programming involves the use of a keyboard to type
in textual language instructions and data. This method can be done on
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line or off line (away from and detached from the robot, such that it can
be working on another task while the program is being created). There
are many such programming languages available, but most are limited
to use on one or only a few robots. Most of these languages are explicit,
meaning that each of their instructions gives the robot a specific com-
mand to do a small step (e.g., open gripper) as part of a larger task. The
more advanced higher-level implicit languages, however, give instruc-
tions at the task level (e.g., assemble 200 of product XYZ), and the
robot’s computer knows what sequence of basic steps it must execute to
do that. These are also called object-level or world-modeling languages

spoken commands and feedback from a wide array of sensors, including
vision systems.

Using Robots

The successful utilization of robots involves more than selecting and
installing the right robot and programming it correctly. For an assembly
robot, for example, care must be taken to design the product so as to
facilitate assembly by a robot, presenting the component piece parts and
other material to it in the best way, laying out the workplace (work cell)
efficiently, installing all required safety measures, and training pro-
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and model-based systems. Other ways of instructing a robot include

10.7 MATERIAL STORA
by Vincen
The warehouse handling of material is often more expensive than in-
process handling, as it frequently requires large amounts of space, ex-
pensive equipment, labor, and computers for control. Warehousing ac-
tivities, facilities, equipment, and personnel are needed at both ends of
the process—at the beginning as receiving and raw materials and pur-
chased parts storage, and at the end as finished goods storage and ship-
ping. These functions are aided
—some simple and inexpensive

The rapid and accurate ident
can be done using only human senses, humans aided by devices, or
gramming, operating, and maintenance employees properly.

E AND WAREHOUSING
Altamuro
4. Machine vision
5. Voice recognition
6. Magnetic stripes
7. Optional character recognition (OCR)

All can be used for automatic data collection (ADC) purposes and as
part of a larger electronic data interchange (EDI), which is the paper-

y, and international communi-
a common data language. The
rld is Edifact (Electronic Data
by various subsystems and equipment
, some elaborate and expensive.
ification of materials is essential. This

less, computer-to-computer, intercompan
cations and information exchange using
dominant data format standard in the wo

Interchange for Administration, Commerce, and Transportation).
entirely automated. Bar codes have become an accepted and reliable
means of identifying material and inputting that data into an information
and control system.

Material can be held, stacked, and transported in simple devices, such
as shelves, racks, bins, boxes, baskets, tote pans, pallets and skids, or in
complex and expensive computer-controlled systems, such as auto-
mated storage and retrieval systems.

IDENTIFICATION AND CONTROL OF MATERIALS

Materials must be identified, either by humans or by automated sensing
devices, so as to:

1. Measure presence or movement
2. Qualify and quantify characteristics of interest
3. Monitor ongoing conditions so as to feed back corrective actions
4. Trigger proper marking devices
5. Actuate sortation or classification mechanisms
6. Input computing and control systems, update data bases, and pre-

pare analyses and summary reports
To accomplish the above, the material must have, or be given, a

unique code symbol, mark, or special feature that can be sensed and
identified. If such a coded symbol is to be added to the material, it must
be:

1. Easily and economically produced
2. Easily and economically read
3. Able to have many unique permutations—flexible
4. Compact—sized to the package or product
5. Error resistant—low chance of misreading, reliable
6. Durable
7. Digital—compatible with computer data formats
The codes can be read by contact or noncontact means, by moving or

stationary sensors, and by humans or devices.
There are several technologies used in the identification and control

of materials. The most important of these are:
1. Bar codes
2. Radio-frequency identification (RFID)
3. Smart cards
Bar codes are one simple and effective means of identifying and con-
trolling material. Bar codes are machine-readable patterns of alternat-
ing, parallel, rectangular bars and spaces of various widths whose com-
binations represent numbers, letters, or other information as determined
by the particular symbology, or language, employed. Several types of
bar codes are available. While multicolor bar codes are possible, simple
black-and-white codes dominate because a great number of permuta-
tions are available by altering their widths, presence, and sequences.
Some codes are limited to numeric information, but others can encode
complete alphanumeric plus special symbols character sets. Most codes
are binary digital codes, some with an extra parity bit to catch errors. In
each bar code, there is a unique sequence set of bars and spaces to
represent each number, letter, or symbol. One-dimensional, or linear,
codes print all of the bars and spaces in one row. Two-dimensional
stacked codes arrange sections above one another in several rows so as
to condense more data into a smaller space. To read stacked codes, the
scanner must sweep back and forth so as to read all of the rows. The
most recent development is the two-dimensional matrix codes that con-
tain much more information and are read with special scanners or video
cameras. Many codes are of the n of m type, i.e., 2 of 5, 3 of 9, etc. For
example, in the 2-of-5 code, a narrow bar may represent a 0 bit or OFF
and a wide bar a 1 or ON bit. For each set of 5 bits, 2 must be ON—
hence, 2 of 5. See Table 10.7.1 for the key to this code. A variation to
the basic 2 of 5 is the Interleaved 2-of-5, in which the spaces between the
bars also can be either narrow or wide, permitting the reading of a set of
bars, a set of spaces, a set of bars, a set of spaces, etc., and yielding more
information in less space. See Fig. 10.7.1. Both the 2-of-5 and the
Interleaved 2-of-5 codes have ten numbers in their character sets.

Code 39, another symbology, permits alphanumeric information to be
encoded by allowing each symbol to have 9 modules (locations) along
the bar, 3 of which must be ON. Each character comprises five bars and
four spaces. Code 39 has 43 characters in its set (1-10, A-Z, six sym-
bols, and one start/stop signal). Each bar or space in a bar code is called
an element. In Code 39, each element is one of two widths, referred to as
wide and narrow. As in other bar codes, the narrowest element is re-
ferred to as the X dimension and the ratio of the widest to narrowest
element widths is referred to as the N of the code. For each code, X and
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Table 10.7.1 Bar Code 2-of-5 and I 2/5 Key

Code

Character 1 2 4 7 P

0 0 0 1 1 0
1 1 0 0 0 1
2 0 1 0 0 1
3 1 1 0 0 0
4 0 0 1 0 1
5 1 0 1 0 0

Table 10.7.2 Uniform Symbology Specification Code 39
Symbol Character Set

Char. bsbsbsbsb ASCIIEncodation Pattern

0
1
2
3
4
5

48
49
50
51
52
53

000110100
100100001
001100001
101100000
000110001
100110000

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
6 0 1 1 0 0
7 0 0 0 1 1
8 1 0 0 1 0
9 0 1 0 1 0

Wide bars and spaces 5 1
Narrow bars and spaces 5 0

N are constants. These values are used to calculate length of the bar code
labels. The Y dimension of a bar code is the length (or height) of its bars
and spaces. It influences the permissible angle at which a label may be
scanned without missing any of the pattern. See Table 10.7.2 for the
Code 39 key. The patterns for the Code 39 bars and spaces are designed
in such a way that changing or misreading a single bit in any of them

264581
Quiet zone

Quiet zone

“8”
Coded

in
black
bars

Coded
in

white
spaces

Stop
code

Start
code

“4”

“2”

“1”

“5”

“6”

Fig. 10.7.1 A sample of a Uniform Symbology Specification Interleaved 2-of-5
bar code (also called I 2/5 or ITF).

results in an illegal code word. The bars have only an even number of
wide elements and the spaces have only an odd number of wide ele-
ments. The code is called self-checking because that design provides for
the immediate detection of single printing or reading errors. See Fig.
10.7.2. Code 39 was developed by Intermec (Everett, WA), as was Code
93, which requires less space by permitting more sizes of bars and
spaces. Code 93 has 128 characters in its set (the full ASCII set) and
permits a maximum of about 14 characters per inch, versus Code 39’s
maximum of about 9. Code 39 is discrete, meaning that each character
is printed independently of the other characters and is separated from
the characters on both sides of it by a space (called an intercharacter
gap) that is not part of the data. Code 93 is a continuous code, meaning
that there are no intercharacter gaps in it and all spaces are parts of the
data symbols.

Code 128, a high-density alphanumeric symbology, has 128 charac-
ters and a maximum density of about 18 characters per inch (cpi) for
numeric data and about 9 cpi for alphanumeric data. A Code 128 char-
acter comprises six elements: three bars and three spaces, each of four
possible widths, or modules. Each character consists of eleven 1X wide
modules, where X is the width of the narrowest bar or space. The sum of
the number of bar modules in any character is always even (even par-
ity), while the sum of the space modules is always odd (odd parity), thus
permitting self-checking of the characters. See Table 10.7.3 for the
SOURCE: Uniform Symbology Specification Code 39, Table 2: Code 39 Symbol
Character Set, © Copyright 1993 Automatic Identification Manufacturers, Inc.

6
7
8
9
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V
W
X
Y
Z
–
.

SPACE
$
/

1
%

S/S

Note: “S/S” denotes special Code 39 Start and Stop Character.

Note: In the columns headed “b” and “s” 1 is used to represent
a wide element and 0 is used to represent a narrow element.

54
55
56
57
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
45
46
32
36
47
43
37

none

001110000
000100101
100100100
001100100
100001001
001001001
101001000
000011001
100011000
001011000
000001101
100001100
001001100
000011100
100000011
001000011
101000010
000010011
100010010
001010010
000000111
100000110
001000110
000010110
110000001
011000001
111000000
010010001
110010000
011010000
010000101
110000100
011000100
010101000
010100010
010001010
000101010
010010100

Code 128 key. Code 128 is a continuous, variable-length, bidirectional
code.

The Universal Product Code (U.P.C.) is a 12-digit bar code adopted by
the U.S. grocery industry in 1973. See Figure 10.7.3 for a sample of the
U.P.C. standard symbol. Five of the six digits in front of the two long
bars in the middle [called the center guard pattern (CGP)] identify the
item’s manufacturer and five of the six digits after the CGP identifies
the specific product. There are several variations of the U.P.C., all con-
trolled by the Uniform Code Council, located in Dayton, OH. One
variation is an 8-digit code that identifies both the manufacturer and the
specific product with one number. The U.P.C. uses prefix and suffix
digits separated from the main number. The prefix digit is the number
system character. See Table 10.7.4 for the key to these prefix numbers.
The suffix is a ‘‘modulo-10’’ check digit. It serves to confirm that the
prior 11 digits were read correctly. See Figure 10.7.4 for the method by



Table 10.7.3 Uniform Symbology Specification Code 128 Symbol Character Set

SOURCE: Uniform Symbology Specification Code 128, Table 2: Code 128 Symbol Character Set, © Copyright 1993 Automatic Identification Manufacturers, Inc.

Value bsbsbs

Code
set
A

Code
set
B

Code
set
C

Encodation
Pattern

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

Note: The numeric values in the “b” and “s” columns represent the number of modules in each of the
symbol characters' bars and spaces.

Note: Dashed line indicates leading edge of adjacent character.

SP
!
*
#
$
%
&
'
(
)
*
1

,
-
.
/
0
1
2
3
4
5
6
7
8
9
:
;
<
5

>
?
@
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V
W

SP
!
*
#
$
%
&
'
(
)
*
1

,
-
.
/
0
1
2
3
4
5
6
7
8
9
:
;
<
5

>
?
@
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
S
T
U
V
W

00
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

212222
222122
222221
121223
121322
131222
122213
122312
132212
221213
221312
231212
112232
122132
122231
113222
123122
123221
223211
221132
221231
213212
223112
312131
311222
321122
321221
312212
322112
322211
212123
212321
232121
111323
131123
131321
112313
132113
132311
211313
231113
231311
112133
112331
132131
113123
113321
133121
313121
211331
231131
213113
213311
213131
311123
311321

Value bsbsbs

Code
set
A

Code
set
B

Code
set
C

Encodation
Pattern

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

CODE B
CODE A
FNC 1

X
Y
Z
[
\
]
^
_

NUL
SOH
STX
ETX
EOT
ENQ
ACK
BEL
BS
HT
LF
VT
FF
CR
SO
SI

DLE
DC1
DC2
DC3
DC4
NAK
SYN
ETB
CAN
EM

SUB
ESC
FS
GS
RS
US

FNC 3
FNC 2
SHIFT

CODE C
CODE B
FNC 4
FNC 1

X
Y
Z
[
\
]
^
_
'
a
b
c
d
e
f
g
h
i
j
k
l

m
n
o
p
q
r
s
t
u
v
w
x
y
z
{
|
}
~

DEL
FNC 3
FNC 2
SHIFT

CODE C
FNC 4

CODE A
FNC 1

331121
312113
312311
332111
314111
221411
431111
111224
111422
121124
121421
141122
141221
112214
112412
122114
122411
142112
142211
241211
221114
413111
241112
134111
111242
121142
121241
114212
124112
124211
411212
421112
421211
212141
214121
412121
111143
111341
131141
114113
114311
411113
411311
113141
114131
311141
411131

bsbsbs
103
104
105

START A
START B
START C

211412
211214
211232

bsbsbsb
STOP 2331112

10-64
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Code 39

Data

321T• 0 2 4 •

Table 10.7.4 U.P.C. Prefix Number System Character Key
The human-readable character identifying the encoded number system will
be shown in the left-hand margin of the symbol as per Fig. 10.7.3.

Number system
character Specified use

0 Regular U.P.C. codes (Versions A and E)
2 Random-weight items, such as meat and produce,

symbol-marked at store level (Version A)
3 National Drug Code and National Health Related

Items Code in current 10-digit code length (Version

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
9 bits

Start Stop

Typical data
character

3

1 0 0 0 0 0 01 1

Fig. 10.7.2 A sample of Uniform Symbology Specification Code 39 bar code.

which the check digit is calculated. Each U.P.C. character comprises
two bars and two spaces, each of which may be one, two, three, or four
modules wide, such that the entire character consumes a total of seven
modules of space. See Table 10.7.5 for the key to the code. It will be
noted that the codes to the left of the CGP all start with a zero (a space)

Left-hand
guard bars pattern (101)

Left 6
characters
of code

Number system
character

Right 6
characters
of code
Tall center
bar
pattern
(01010)

Right-hand
guard bar pattern (101)

Right light
margin minimum
9 modules wide

Modulo
check
character

Number system
character

Manufacturer
ID number

Item
number

Characters per
OCR-B font(Not to scale)

Modulo
check
character

Left light
margin
minimum
9 modules wide

Fig. 10.7.3 A sample of the Universal Product Code Standard Symbol. (U.P.C.
Symbol Specification Manual, January 1986, Copyright© 1986 Uniform Code
Council, Inc. The Uniform Code Council prohibits the commercial use of their
copyrighted material without prior written permission.)

and end with a one (a bar) while those to the right of the CGP all start
with a one and end with a zero. This permits the code to be scanned
from either left to right or right to left (that is, it is omnidirectional) and
allows the computer to determine the direction and whether it needs to
be reversed before use by the system. The U.P.C. label also has the
number printed in human-readable form along the bottom.

When integrated into a complete system, the U.P.C. can serve as the
input data point for supermarket pricings, checkouts, inventory control,
reordering stock, employee productivity checks, cash control, special
promotions, sales analyses, and management reports. Its use increases
checkout speed and reduces errors. In some stores, it is combined with a
speech synthesizer that voices the description and price of each item
scanned. It is a vital component in a fully automated store.
A). Note that the symbol is not affected by the
various internal structures possible with the NDC or
HRI codes.

4 For use without code format restriction with check
digit protection for in-store marking of nonfood items
(Version A).

5 For use on coupons (Version A).
6, 7 Regular U.P.C. codes (Version A).

1, 8, 9 Reserved for uses unidentified at this time.

SOURCE: U.P.C. Symbol Specification Manual, January 1986,© Copyright 1986 Uniform
Code Council, Inc. The Uniform Code Council prohibits the commercial use of their copy-
righted material without prior written permission.

The following example will illustrate the calculation of the check character
for the symbol shown in Fig. 10.7.3. Note that the code shown in Fig. 10.7.3 is
in concurrent number system 0.

Step 1: Starting at the left, sum all the characters in the odd positions (that
is, first from the left, third from the left, and so on), starting with the number
system character.

(For the example, 0 1 2 1 4 1 6 1 8 1 0 5 20.)

Step 2: Multiply the sum obtained in Step 1 by 3.

(The product for the example is 60.)

Step 3: Again starting at the left, sum all the characters in the even posi-
tions.

(For the example, 1 1 3 1 5 1 7 1 9 5 25.)

Step 4: Add the product of step 2 to the sum of step 3.

(For the example, the sum is 85.)

Step 5: The modulo-10 check character value is the smallest number which
when added to the sum of step 4 produces a multiple of 10.

(In the example, the check character value is 5.)

The human-readable character identifying the encoded check character will
be shown in the right-hand margin of the symbol as in Fig. 10.7.3.

Fig. 10.7.4 U.P.C. check character calculation method. (U.P.C. Symbol Speci-
fication Manual, January 1986, Copyright© 1986 Uniform Code Council, Inc.
The Uniform Code Council prohibits the commercial use of their copyrighted
material without prior written permission.)

Over the years, nearly 50 different one-dimensional bar code sym-
bologies have been introduced. Around 20 found their way into com-
mon use at one time or another, with six or seven being most important.
These are the Interleaved 2-of-5, Code 39, Code 93, Code 128, Codabar,
Code 11, and the U.P.C. Table 10.7.6 compares some of the characteris-
tics of these codes. The choice depends on the use by others in the same
industry, the need for intercompany uniformity, the type and amount of
data to be coded, whether mere numeric or alphanumeric plus special
symbols will be needed, the space available on the item, and intracom-
pany compatibility requirements.

Some bar codes are limited to a fixed amount of data. Others can be
extended to accommodate additional data and the length of their label is
variable. Figure 10.7.5 shows a sample calculation of the length of a
Code 39 label.
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Table 10.7.5 U.P.C. Encodation Key
Encodation for U.P.C. characters, number system character, and
modulo check character.

Decimal value
Left characters

(Odd parity—O)
Right characters

(Even parity—E)

0 0001101 1110010
1 0011001 1100110
2 0010011 1101100
3 0111101 1000010
4 0100011 1011100

Example used:

Symbology: Code 39

System: Each bar or space 5 one element
Each character 5 9 elements (5 bars and 4 spaces)
Each character 5 3 wide and 6 narrow elements
(That is, 3 of 9 elements must be wide)

Width of narrow element 5 X dimension 5 0.015 in (0.0381 cm)
Wide to narrow ratio 5 N value 5 3 : 1 5 3

e 39

4

I
G
C

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
5 0110001 1001110
6 0101111 1010000
7 0111011 1000100
8 0110111 1001000
9 0001011 1110100

The encodation for the left and right halves of the regular symbol, includ-
ing UPC characters, number system character and modulo check character,
is given in this following chart, which is applicable to version A. Note that
the left-hand characters always use an odd number (3 or 5) of modules to
make up the dark bars, whereas the right-hand characters always use an even
number (2 or 4). This provides an ‘‘odd’’ and ‘‘even’’ parity encodation for
each character and is important in creating, scanning and decoding a symbol.

SOURCE: U.P.C. Symbol Specification Manual, January 1986, © Copy-
right 1986 Uniform Code Council, Inc. The Uniform Code Council prohibits
the commercial use of their copyrighted material without prior written per-
mission.

Table 10.7.6 Comparison of Bar Code Symbologies

Interleaved Cod

Date of inception 1972 197

Industry-standard specification AIM
ANSI
UPCC
AIAG

AIM
ANS
AIA
HIB

Government support DOD
Corporate sponsors Computer
Identics

Intermec

Most-prominent application area Industry Industry

Variable length Noa Yes
Alphanumeric No Yes
Discrete No Yes
Self-checking Yes Yes
Constant character width Yes Yes
Simple structure (two element widths) Yes Yes

Number of data characters in set 10 43/128
Densityc:

Units per character 7–9 13–16
Smaller nominal bar, in 0.0075 0.0075
Maximum characters/inch 17.8 9.4

Specified print tolerance at maximum density, in
Bar width 0.0018 0.0017
Edge to edge
Pitch

Does print tolerance leave more than half of
the total tolerance for the scanner?

Yes Yes

Data securityd High High

a Interleaved 2 of 5 is fundamentally a fixed-length code.
b Using the standard dimensions Codabar has constant character width. With a variant set of dim
c Density calculations for interleaved 2 of 5, Code 39, and Code 11 are based on a wide-to-narro

wide/narrow ratios from 2 : 1 to 3 : 1. A unit in Codabar is taken to be the average of narrow bars an
d High data security corresponds to less than 1 substitution error per several million characters s

substitution error per few hundred thousand characters scanned. These values assume no external che
system safeguards.

e AIM 5 Automatic Identification Mfrs Inc (Pittsburgh)
ANSI 5 American National Standards Institute (New York)
AIAG 5 Automative Industry Action Group (Southfield, MI)
IAN 5 Intl Article Numbering Assn (Belgium)
DOD 5 Dept of Defense
CCBBA 5 Committee for Commonality in Blood Banking (Arlington, VA)
UPCC 5 Uniform Product Code Council Inc (Dayton, OH)

SOURCE: Intermec—A Litton Company, as published in the March, 1987 issue of American Ma
Length segments per data character 5 3(3) 1 6 5 15
Number of data characters in example 5 6
Length of data section 5 6 3 5 5 90.0 segments of length
Start character 5 15.0
Stop character 5 15.0
Intercharacter gaps (at 1 segment per gap):

No. of gaps 5 (data characters 2 1)
1 start 1 stop

5 (6 2 1) 1 1 1 1 5 7 5 7.0
Quiet zones

(2, each at least 10 segments) 5 20.0
Total segments 5 147.0

Times X, length of each segment 3 0.015
5 2.205 in (5.6007 cm)

Fig. 10.7.5 Calculation of a bar code label length.

Codabar Code 11 U.P.C./EAN Code 128 Code 93

1972 1977 1973 1981 1982

CCBBA
ANSI

AIM UPCC
IAN

AIM AIM
Welch
Allyn

Intermec Computer
Identics

Intermec

Medical Industry Retail New New

Yes Yes No Yes Yes
No No No Yes Yes
Yes Yes No No No
Yes No Yes Yes No
Yesb Yes Yes Yes Yes
No No No No No

16 11 10 103/128 47/128

12 8–10 7 11 9
0.0065 0.0075 0.0104 0.010 0.008
10 15 13.7 9.1 13.9

0.0015 0.0017 0.0014 0.0010 0.0022
0.0015 0.0014 0.0013
0.0030 0.0029 0.0013

No Yes No No Yes

High High Moderate High High

ensions, width is not constant for all characters.
w ratio of 2.25 : 1. Units per character for these symbols are shown as a range corresponding to
d narrow spaces, giving about 12 units per character.

canned using reasonably good-quality printed symbols. Moderate data security corresponds to 1
ck digits other than those specified as part of the symbology and no file-lookup protection or other

chinist magazine, Penton Publishing Co., Inc.
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The foregoing one-dimensional, linear bar codes are sometimes
called license plates because all they can do is contain enough informa-
tion to identify an item, thereby permitting locating more information
stored in a host computer. Two-dimensional stacked codes contain more
information. The stacked codes, such as Code 49, developed by Dr.
David Allais at Intermec, Code 16K, invented by Ted Williams, of La-
serlight Systems, Inc., Dedham, MA, and others are really one-dimen-
sional codes in which miniaturized linear codes are printed in multiple
rows, or tiers. They are useful on small products, such as electronic
components, single-dose medicine packages, and jewelry, where there

the product to which they are affixed. In many cases, this eliminates the
need to access the memory of a host computer. That the data file travels
with (on) the item is also an advantage. Their complex patterns and
interpretation algorithms permit the reading of complete files even
when part of the pattern is damaged or missing.

Code PDF417, developed by Symbol Technologies Inc., Bohemia, NY
(and put in the public domain, as are most codes), is a two-dimensional
bar code symbology that can record large amounts of data, as well as
digitized images such a fingerprints and photographs. To read the high-
density PDF417 code, Symbol Technologies Inc. has developed a ras-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
is not enough space for a one-dimensional code. To read them, a scanner
must traverse each row in sequence. Code 49 (see Fig. 10.7.6) can
arrange all 128 ASCII encoded characters on up to eight stacked rows.
Figure 10.7.7 shows a comparison of the space required for the same
amount (30 characters) of alphanumeric information in three bar code
symbologies: Code 39, Code 93, and Code 49. Code 16K (Fig. 10.7.8),
which stands for 128 squared, shrinks and stacks linear codes in from 2

Fig. 10.7.6 Code 49. (Uniform Symbology Specification Code 49, Copyright©
1993 Automatic Identification Manufacturers, Inc.)

to 16 rows. It offers high-data-density encoding of the full 128-charac-
ter ASCII set and double-density encoding of numerical data strings. It
can fit 40 characters of data in the same space as eight would take in
Code 128, and it can be printed and read with standard printing and
scanning equipment.

Code 39

Code 94

Code 49

Fig. 10.7.7 A comparison of the space required by three bar codes. Each bar
code contains the same 30 alphanumeric characters.

Two-dimensional codes allow extra information regarding an item’s
description, date and place of manufacture, expiration date, lot number,
package size, contents, tax code, price, etc. to be encoded, rather than
merely its identity. Two-dimensional matrix codes permit the encoding
of very large amounts of information. Read by video cameras or special
laser scanners and decoders, they can contain a complete data file about

Fig. 10.7.8 Code 16K with human-readable interpretation. (Uniform Symbol-
ogy Specification Code 16K, Copyright© 1993 Automatic Identification Manu-
facturers, Inc.)
tering laser scanner. This scanner is available in both a hand-held and
fixed-mount version. By design, PDF417 is also scannable using a wide
range of technologies, as long as specialized decoding algorithms are
used. See Fig. 10.7.9 for an illustration of PDF417’s ability to compress
Abraham Lincoln’s Gettysburg Address into a small space. The mini-
mal unit that can represent data in PDF417 is called a codeword. It
comprises 17 equal-length modules. These are grouped to form 4 bars
and 4 spaces, each from one to six modules wide, so that they total 17
modules. Each unique codeword pattern is given one of 929 values.
Further, to utilize different data compression algorithms based on the

Fig. 10.7.9 A sample of PDF417 Encoding: Abraham Lincoln’s Gettysburg
Address. (Symbol Technologies, Inc.)

data type (i.e., ASCII versus binary) the system is multimodal, so that a
codeword value may have different meanings depending on which of
the various modes is being used. The modes are switched automatically
during the encoding process to create the PDF417 code and then again
during the decoding process. The mode-switching instructions are
carried in special codewords as part of the total pattern. Thus, the value
of a scanned codeword is first determined (by low-level decoding), then
its meaning is determined by virtue of which mode is in effect (by
high-level decoding). Code PDF417 is able to detect and correct errors
because of its sophisticated error-correcting algorithms. Scanning at
angles is made possible by giving successive rows of the stacked code
different identifiers, thereby permitting the electronic ‘‘stitching’’ of the
individual codewords scanned. In addition, representing the data by
using codewords with numerical values that must be interpreted by a
decoder permits the mathematical correction of reading errors. At its
simplest level, if two successive codewords have values of, say, 20 and
52, another codeword could be made their sum, a 72. If the first code-
word were read, but the second missed or damaged, the system would
subtract 20 from 72 and get the value of the second codeword. More
complex high-order simultaneous polynomial equations and algorithms
are also used. The PDF417 pattern serves as a portable data file that
provides local access to large amounts of information about an item (or
person) when access to a host computer is not possible or economically
feasible. PDF417 provides a low-cost paper-based method of transmit-
ting machine-readable data between systems. It also has use in WORM
(written once and read many times) applications. The size of the label
and its aspect ratio (the shape, or relationship of height to width) are
variable so as to suit the user’s needs.

Data Matrix, a code developed by International Data Matrix Inc.,
Clearwater, FL, is a true matrix code. It may be square or rectangular,
and can be enlarged or shrunk to whatever size [from a 0.001-in (0.254-
mm), or smaller, to a 14-in (36-cm), or larger, square] suits the user and
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application. Figure 10.7.10 shows the code in three sizes, but with the
same contents. Its structure is uniform—square cells all the same size
for a given pattern. To fit more user data into a matrix of a specific size,
all the internal square cells are reduced to a size that will accommodate
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Fig. 10.7.10 Three sizes of Data Matrix patterns, all with the same contents.
(International Data Matrix, Inc.)

the amount of data to be encoded. Figure 10.7.11 shows five patterns, all
the same size, containing different amounts of data. As a user selects
additional data, the density of the matrix naturally increases. A pattern
can contain from 1 to 2000 characters of data. Two adjacent sides are
always solid, while the remaining two sides are always composed of
alternating light and dark cells. This signature serves to have the video
[charge-coupled device (CCD)] camera locate and identify the symbol.
It also provides for the determination of its angular orientation. That
capability permits a robot to rotate the part to which the code is affixed
to the proper orientation for assembly, test, or packaging. Further, the
information it contains can be program instructions to the robot. The
labels can be printed in any combination of colors, as long as their
difference provides a 20 percent or more contrast ratio. For aesthetic or
security reasons, it can be printed in invisible ink, visible only when
illuminated with ultraviolet light. The labels can be created by any
printing method (laser etch, chemical etch, dot matrix, dot peen, thermal
transfer, ink jet, pad printer, photolithography, and others) and on any
type of computer printer through the use of a software interface driver
provided by the company. The pattern’s binary code symbology is read
with standard CCD video cameras attached to a company-made con-
troller linked to the user’s computer system with standard interfaces and
a Data Matrix Command Set. The algorithms for error correction that it
uses create data values that are cumulative and predictable so that a
missing or damaged character can be deduced or verified from the data
values immediately preceding and following it.

Code One (see Fig. 10.7.12), invented by Ted Williams, who also
created Code 128 and Code 16K, is also a two-dimensional checker-
Fig. 10.7.11 Five Data Matrix patterns, all the same size but containing differ-
ent amounts of information. (International Data Matrix, Inc.)

board or matrix type code read by a two-dimensional imaging device,
such as a CCD video camera, rather than a conventional scanner. It can
be read at any angle. It can encode the full ASCII 256-character set in
addition to four function characters and a pad character. It can encode
from 6 to over 2000 characters of data in a very small space. If more
data is needed, additional patterns can be linked together.

Fig. 10.7.12 Code One. (Laserlight Systems, Inc.)
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Figure 10.7.13 shows a comparison of the sizes of four codes—Code
128, Code 16K, PDF-417, and Code One—to illustrate how much
smaller Code One is than the others. Code One can fit 1000 characters
into a 1-in (2.54-cm) square of its checkerboard-like pattern. All Code
One patterns have a finder design at their center. These patterns serve
several purposes. They permit the video camera to find the label and
determine its position and angular orientation. They eliminate the need
for space-consuming quiet zones. And, because the internal patterns are
different for each of the versions (sizes, capacities, and configurations)
of the code, they tell the reader what version it is seeing. There are 10

of adding them negligible. Labels may be produced in house or ordered
from an outside supplier.

In addition to the bar code symbology, an automatic identification
system also requires a scanner or a video camera. A scanner is an
electrooptical sensor which comprises a light source [typically a light-
emitting diode (LED), laser diode, or helium-neon-laser tube], a light
detector [typically a photodiode, photo– integrated circuit (photo-IC),
phototransistor, or charge-coupled device], an analog signal amplifier,
and (for digital scanners) an analog-to-digital converter. The system
also needs a microprocessor-based decoder, a data communication link
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different versions and 14 sizes of the symbol. The smallest contains 40
checkerboard-square type bits and the largest has 16,320. Code 1H, the
largest version, can encode 3,550 numeric or 2,218 alphanumeric char-
acters, while correcting up to 2240 bit errors. The data is encoded in
rectangular tile groups, each composed of 8-bit squares arranged in a
four-wide by two-high array. Within each tile, each square encodes one
bit of data, with a white square representing a zero and a black square
representing a one. The squares are used to create the 8-bit bytes that are
the symbol’s characters. The most significant bit in the character pattern
is in the top left corner of the rectangle, proceeding left to right through
the upper row and then the lower row, to the least significant bit in the
bottom right corner of the pattern. The symbol characters are ordered
left to right and then top to bottom, so that the first character is in the top
left corner of the symbol and the last character is in the bottom right
corner.

The fact that the patterns for its characters are arrays of spots whose
images are captured by a camera, rather than the row of bars that one-
dimensional and stacked two-dimensional codes have, frees it from the
Y-dimension scanning angle restraint of those codes and makes it less
susceptible to misreads and no-reads. The size of each square data bit is
controlled only by the smallest optically resolvable or printable spot.

Bar codes may be printed directly on the item or its packaging or on a
label that is affixed thereon. Some are scribed on with a laser. In many
cases, they are printed on the product or package at the same time other
printing or production operations are being performed, making the cost

Fig. 10.7.13 Comparative sizes of four symbols encoding the same data with
the same x dimension. (Laserlight Systems, Inc.)
to a computer, and one or more output or actuation devices. See Fig.
10.7.14.

The scanner may be hand-held or mounted in a fixed position, but
something must move relative to the other, either the entire scanner, the
scanner’s oscillating beam of light, or the package or item containing
the bar code. For moving targets, strobe lights are sometimes used to
freeze the image while it is being read.

The four basic categories of scanners are: hand-held fixed beam,
hand-held moving beam, stationary fixed beam, and stationary moving
beam. Some scanners cast crosshatched patterns on the object so as to
catch the bar code regardless of its position. Others create holographic
laser patterns that wrap a field of light beams around irregularly shaped
articles. Some systems require contact between the scanner and the bar
code, but most are of the noncontact type. A read-and-beep system
emits a sound when a successful reading has been made. A specialized
type of scanner, a slot scanner, reads bar codes on badges, cards, enve-
lopes, documents, and the like as they are inserted in the slot and
swiped.

In operation, the spot or aperture of the scanner beam is directed by
optics onto the bar code and reflected back onto a photodetector. The
relative motion of the scanner beam across the bar code results in an
analog response pattern by the photodetector as a function of the rela-
tive reflectivities of the dark bars and light spaces. A sufficient contrast
between the bars, spaces, and background color is required. Some scan-
ners see red bars as white. Others see aluminum as black, requiring the
spaces against such backgrounds to be made white.

The system anticipates an incoming legitimate signal by virtue of first
receiving a zero input from the ‘‘quiet zone’’—a space of a certain
width (generally at least 10 times the code’s X dimension) that is clear
of all marks and which precedes the start character and follows the stop
character. The first pattern of bars and spaces (a character) that the
scanner sees is the start/stop code. These not only tell the system that
data codes are coming next and then that the data section has ended, but
in bidirectional systems (those that can be scanned from front to back or
from back to front) they also indicate that direction. In such bidirec-
tional systems, the data is read in and then reversed electronically as
necessary before use. The analog signals pass through the scanner’s
signal conditioning circuitry, were they are amplified, converted into
digital form, tested to see whether they are acceptable, and, if so, passed
to the decoder section microprocessor for algorithmic interpretation.

The decoder determines which elements are bars and which are
spaces, determines the width (number of modules) of each element,
determines whether the code has been read frontward or backward and
reverses the signal if needed, makes a parity check, verifies other cri-
teria, converts the signal into a computer language character—the most
common of which is asynchronous American Standard Code for Infor-
mation Interchange (ASCII)—and sends it, via a data communication
link, to the computer. Virtually all automatic identification systems are
computer-based. The bar codes read become input data to the computer,
which then updates its stored information and/or triggers an output.

Other types of automatic identification systems include radio-fre-
quency identification, smart cards, machine vision, voice recognition,
magnetic stripes, and optical character recognition.

Radio-frequency identification has many advantages over the other
identification, control, and data-collection methods. It is immune to
factory noise, heat, cold, and harsh environments. Its tags can be cov-
ered with dirt, grease, paint, etc. and still operate. It does not require line
of sight from the reader, as do bar codes, machine vision, and OCR. It
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Fig. 10.7.14 Components of a bar code scanner.

can be read from a distance, typically 15 ft (4.6 m). Its tags can both
receive and send signals. Many types have higher data capacities than
one-dimensional bar codes, magnetic stripes, and OCR. Some tags can
read/write and process data, much like smart cards. However, RFID
also has some disadvantages, compared to other methods. The tags are
not human-readable and their cost for a given amount of data capacity is
higher than that of some other methods. The RFID codes are currently
closed—that is, a user’s code is not readable by suppliers or customers
—and there are no uniform data identifiers (specific numeric or alpha-
numeric codes that precede the data code and that identify the data’s

host computer. These ‘‘electronic license plates’’ are called Level II tags
and typically have a capacity of between 8 and 128 bits. The third level
devices are called Level III, or transaction/routing tags. They hold up to
512 bits so that the item to which they are attached may be described as
well as identified. The next level tags, Level IV, are called portable
databases, and, like matrix bar codes, carry large amounts of informa-
tion in text form, coded in ASCII. The highest current level tags incor-
porate microprocessors, making them capable of data processing and
decision making, and are the RF equivalent of smart cards.

Smart cards, or memory cards, are the size of credit cards but twice as
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industry, category, or use) like the U.P.C. has.
An RFID system consists of a transceiver and a tag, with a host

computer and peripheral devices possible. The transceiver has a coil or
antenna, a microprocessor, and electronic circuitry, and is called a
reader or scanner. The tag can also have an antenna coil, a nonvolatile
type of memory, transponder electronic circuitry, and control logic—
all encapsulated for protection.

The system’s operations are very simple. The reader transmits an RF
signal to the tag, which is usually on a product, tote bin, person, or other
convenient carrier. This signal tells the tag that a reader is present and
wants a response. The activated tag responds by broadcasting a coded
signal on a different frequency. The reader receives that signal and
processes it. Its output may be as simple as emitting a sound for the
unauthorized removal of an item containing the tag (retail theft, library
books, and the like), flashing a green light and/or opening a door (em-
ployee ID badges), displaying information on a human-readable dis-
play, directing a robot or automatic guided vehicle (AGV), sending a
signal to a host computer, etc. The signals from the reader to the tags can
also provide energy to power the tag’s circuitry and supply the digital
clock pulses for the tag’s logic section.

The tags may be passive or active. Passive tags use power contained
in the signal from the reader. The normal range for these is 18 in
(0.46 m) or less. Active tags contain a battery for independent power
and usually operate in the 3- to 15-ft (0.9- to 4.6-m) range. Tags pro-
grammed when made are said to be factory programmed and are read-
only devices. Tags programmed by plugging them into, or placing them
very near, a programmer are called field-programmed devices. Tags
whose program or data can be changed while they are in their operating
locations are called in-use programmed devices. The simplest tags con-
tain only one bit of code. They are typically used in retail stores to detect
shoplifting and are called electronic article surveillance (EAS), pres-
ence sensing, or Level I tags. The next level up are the tags that, like bar
codes, identify an object and serve as an input code to a database in a
thick. They are composed of self-contained circuit boards, stacked
memory chips, a microprocessor, a battery, and input/output means, all
laminated between two sheets of plastic which usually contain identi-
fiers and instructions. They are usually read by inserting them into slots
and onto pins of readers. The readers can be free-standing devices or
components of production and inventory control systems, computer
systems, instruments, machines, products, maintenance records, cali-
bration instruments, vending machines, telephones, automatic teller
machines, road toll booths, doors and gates, hospital and patient
records, etc. One smart card can hold the complete data file of a person
or thing and that data can be used as read and/or updated. Cards with up
to 64-Mbytes of flash memory are available. They are made by tape-au-
tomated bonding of 20 or more blocks of two-layered memory chips
onto both sides of a printed-circuit board.
Machine vision can be used to:

1. Detect the presence or absence of an entire object or a feature of it,
and sort, count, and measure.

2. Find, identify, and determine the orientation of an object so that a
robot can go to it and pick it up.

3. Assure that the robot or any other machine performed the task it
was supposed to do, and inspect the object.

4. Track the path of a seam so that a robot can weld it.
5. Capture the image of a matrix-type bar code for data input or a

scene for robotic navigation (obstacle avoidance and path finding).
In operation, the machine-vision system’s processor digitizes the

image that the camera sees into an array of small square cells (called
picture elements, or pixels). It classifies each pixel as light or dark or a
relative value between those two extremes. The system’s processor then
employs methods such as pixel counting, edge detection, and connec-
tivity analysis to get a pattern it can match (a process called windowing
and feature analysis) to a library of images in its memory, triggering a
specific output for each particular match. Rather than match the entire
image to a complete stored pattern, some systems use only common-
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feature tests, such as total area, number of holes, perimeter length, min-
imum and maximum radii, and centroid position. The resolution of a
machine vision system is its field of view (the area of the image it
captures) divided by its number of pixels (e.g., 256 3 256 5 65,536,
600 3 800 5 480,000). The system can evaluate each pixel on either a
binary or a gray scale. Under the binary method, a threshold of darkness
is set such that pixels lighter than it are assigned a value of 1 and those
darker than it are given a value of 0 for computer processing. Under the
gray scale method, several intensity levels are established, the number
depending on the size of the computer’s words. Four bits per pixel

plication, and copying errors. They can be made to cause the printing of
a bar code, shipping label, or the like. They can also be used to instruct
robots—by surgeons describing an operation, for example—and in
many other applications.

Magnetic stripes encode data on magnetic material in the form of a
strip or stripe on a card, label, or the item itself. An advantage to the
method is that the encoded data can be changed as required.

Optical character recognition uses a video camera to read numbers,
letters, words, signs, and symbols on packages, labels, or the item itself.
It is simpler and less expensive than machine vision but more limited.
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permit 16 levels of gray, 6 bits allow 64 classifications, and 8-bit sys-
tems can classify each pixel into any of 256 values, but at the cost of
more computer memory, processing time, and expense. As the cost of
vision systems drops, their use in automatic identification increases.
Their value in reading matrix-type bar codes and in robotics can justify
their cost.

Voice recognition systems process patterns received and match them to
a computer’s library of templates much like machine vision does. Mem-
ory maps of sound pattern templates are created either by the system’s
manufacturer or user, or both. A speaker-dependent system recognizes
the voice of only one or a few people. It is taught to recognize their
words by having the people speak them several times while the system
is in the teach mode. The system creates a speech template for each
word and stores it in memory. The system’s other mode is the recogni-
tion mode, during which it matches new input templates to those in its
memory. Speaker-independent systems can recognize anyone’s voice,
but can handle many fewer words than speaker-dependent systems be-
cause they must be able to recognize many template variations for each
word. The number of words that each system can recognize is con-
stantly being increased.

In operation, a person speaks into a microphone. The sound is ampli-
fied and filtered and fed into an analyzer, thence to a digitizer. Then a
synchronizer encodes the sound by separating its pattern into equal
slices of time and sends its frequency components to a classifier where it
is compared to the speech templates stored in memory. If there is a
match, the computer produces an output to whatever device is attached
to the system. Some systems can respond with machine-generated
speech. The combination of voice recognition and machine speech is
called speech processing or voice technology. Products that can ‘‘hear’’
and ‘‘talk’’ are called conversant products. Actual systems are more
complicated and sophisticated than the foregoing simplified descrip-
tion. The templates, for example, instead of having a series of single
data points define them, have numerical fields based on statistical prob-
abilities. This gives the system more tolerant template-to-template vari-
ations. Further, and to speed response, neural networks, fuzzy logic, and
associative memory techniques are used.

Some software uses expert systems that apply grammatical and con-
text rules to the inputs to anticipate that a word is a verb, noun, number,
etc. so as to limit memory search and thereby save time. Some systems
are adaptive, in that they constantly retrain themselves by modifying the
templates in memory to conform to permanent differences in the speak-
ers’ templates. Other systems permit the insertion by each user of an
individual module which loads the memory with that person’s particular
speech templates. This increases the capacity, speed, and accuracy of
the system and adds a new dimension: security against use by an unau-
thorized person. Like fingerprints, a person’s voice prints are unique,
making voice recognition a security gate to entry to a computer, facility,
or other entity. Some systems can recognize thousands of words with
almost perfect accuracy. Some new products, such as the VCP 200 chip,
of Voice Control Products, Inc., New York City, are priced low enough,
by eliminating the digital signal processor (DSP) and limiting them to
the recognition of only 8 or 10 words (commands), to permit their
economic inclusion in products such as toys, cameras, and appliances.

A major use of voice recognition equipment is in industry where it
permits assemblers, inspectors, testers, sorters, and packers to work
with both hands while simultaneously inputting data into a computer
directly from the source. They are particularly useful where keyboards
are not suitable data-entry devices. They can eliminate paperwork, du-
The industry’s trade group is the Automatic Identification Manufac-
turers, Inc. (AIM), located in Pittsburgh.

STORAGE EQUIPMENT

The functions of storage and handling devices are to permit:

The greatest use of the space available, stacking high, using the
‘‘cube’’ of the room, rather than just floor area

Multiple layers of stacked items, regardless of their sizes, shapes, and
fragility

‘‘Unit load’’ handling (the movement of many items of material each
time one container is moved)

Protection and control of the material

Shelves and Racks Multilevel, compartmentalized storage is pos-
sible by using shelves, racks, and related equipment. These can be either
prefabricated standard size and shape designs or modular units or com-
ponents that can be assembled to suit the needs and space available.
Variations to conventional equipment include units that slide on floor
rails (for denser storage until needed), units mounted on carousels to
give access to only the material wanted, and units with inclined shelves
in which the material rolls or slides forward to where it is needed.

Fig. 10.7.15 Pallet racks. (Modern Materials Handling, Feb. 22, 1980, p. 85.)

Figure 10.7.15 shows a typical arrangement of pallet racks providing
access to every load in storage. Storage density is low because of the
large amount of aisle space. Figure 10.7.16 shows multiple-depth pallet
racks with proportionally smaller aisle requirement. Figure 10.7.17
shows cantilever racks for holding long items. Figure 10.7.18 shows
flow-through racks. The racks are loaded on one side and emptied from
the other. The lanes are pitched so that the loads advance as they are

Fig. 10.7.16 Multiple-depth pallet racks. (Modern Materials Handling, Feb.
22, 1980, p. 85.)
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removed. Figure 10.7.19 shows mobile racks. Here the racks are stored
next to one another. When material is required, the racks are separated
and become accessible. Figure 10.7.20 shows racks where the picker
passes between the racks. The loads are supported by arms attached to

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Fig. 10.7.17 Cantilever racks. (Modern Materials Handling, Feb. 22, 1980,
p. 85.)

uprights. Figure 10.7.21 shows block storage requiring no rack. Density
is very high. The product must be self-supporting or in stacking frames.
The product should be stored only a short time unless it has a very long
shelf life.

Fig. 10.7.18 Flow-through racks. (Modern Materials Handling, Feb. 22, 1980,
p. 85.)

Bins, Boxes, Baskets, and Totes Small, bulk, odd-shaped, or frag-
ile material is often placed in containers to facilitate unit handling.
These bins, boxes, baskets, and tote pans are available in many sizes,
strength grades, and configurations. They may be in one piece or with
hinged flaps for ease of loading and unloading. They may sit flat on the

Fig. 10.7.19 Mobile racks and
shelving. (Modern Materials
Handling, Feb. 22, 1980, p. 85.)

Fig. 10.7.20 Drive-in drive-
through racks. (Modern Materials
Handling, Feb. 22, 1980, p. 85.)

floor or be raised to permit a forklift or pallet truck to get under them.
Most are designed to be stackable in a stable manner, such that they nest
or interlock with those stacked above and below them. Many are sized
to fit (in combination) securely and with little wasted space in trucks,
ships, between building columns, etc.
Fig. 10.7.21 Block
storage. (Modern Materials
Handling, Feb. 22, 1980,
p. 85.)

Fig. 10.7.22 Single-faced
pallet.

Pallets and Skids Pallets are flat, horizontal structures, usually
made of wood, used as platforms on which material is placed so that it is
unitized, off the ground, stackable, and ready to be picked up and
moved by a forklift truck or the like. They can be single-faced (Fig.
10.7.22), double-faced, nonreversible (Fig. 10.7.23) double-faced, re-
versible (Fig. 10.7.24), or solid (slip pallets). Pallets with overhanging
stringers are called wing pallets, single or double (Figs. 10.7.25 and
10.7.26).

Fig. 10.7.23 Double-faced pallet.

Fig. 10.7.24 Double-faced reversible pallet.

Fig. 10.7.25 Single-wing pallet.

Fig. 10.7.26 Double-wing pallet.
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Skids typically stand higher off the ground than do pallets and stand
on legs or stringers. They can have metal legs and framing for extra
strength and life (Fig. 10.7.27), be all steel and have boxes, stacking
alignment tabs, hoisting eyelets, etc. (Fig. 10.7.28).

The AS/RS structure (see Fig. 10.7.29) is a network of steel members
assembled to form an array of storage spaces, arranged in bays, rows,
and aisles. These structures typically can be 60 to 100 ft (18 to 30 m)
high, 40 to 60 ft (12 to 18 m) wide and 300 to 400 ft (91 to 121 m) long.
Usually, they are erected before their protective building, which might
be merely a ‘‘skin’’ and roof wrapped around them.

The AS/RS may contain only one aisle stacker crane which is trans-
ferred between aisles or it may have an individual crane for each aisle.
The function of the stacker crane storage-retrieval machine is to move
down the proper aisle to the proper bay, then elevate to the proper
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Fig. 10.7.27 Wood skid with
metal legs.

Fig. 10.7.28 Steel skid box.

AUTOMATED STORAGE/RETRIEVAL SYSTEMS

An automated storage/retrieval system (AS/RS) is a high-rise, high-
density material handling system for storing, transferring, and control-
ling inventory in raw materials, work-in-process, and finished goods
stages. It comprises:

1. Structure
2. Aisle stacker cranes or storage-retrieval machines and their asso-

ciated transfer devices
3. Controls

Stor
ag

e

sp
ac

e
Row

B
ay

System width

Stor
ag

e r
ac

ks

Aisl
e s

tac
ke

r

cra
neStor

ag
e r

ac
ks Storagelocationwidth

Pickup/deposit area
operatingclearance

AisleAisle & adjacent
racks(aisle unit)

Sy
st

em
 le

ng
th

Rac
k 

le
ng

th

Crane            
run-out clearance

Fig. 10.7.29 Schematic diagram of an automated storage and retrieval system
(AS/RS) structure. (Harnischfeger Corp.)
storage space and then, via its shuttle table, move laterally into the space
to deposit or fetch a load of material.

AS/RS controls are usually computer-based. Loads to be stored need
not be given a storage address. The computer can find a suitable loca-
tion, direct the S/R machine to it, and remember it for retrieving the load
from storage.

ORDER PICKING

Material is often processed or manufactured in large lot sizes for more
economical production. It is then stored until needed. If the entire batch
is not needed out of inventory at one time, order picking is required.
Usually, to fill a complete order, a few items or cartons of several
different materials must be located, picked, packed in one container,
address labeled, loaded, and delivered intact and on time.

In picking material, a person can go to the material, the material can
be brought to the person doing the packing, or the process can be auto-
mated, such that it is released and routed to a central point without a
human order picker.

When the order picking is to be done by a human, it is important to
have the material stored so that it can be located and picked rapidly,
safely, accurately, and with the least effort. The most frequently picked
items should be placed in the most readily accessible positions. Gravity
racks, with their shelves sloped forward so that as one item is picked,
those behind it slide or roll forward into position for ease of the next
picking, are used when possible.

LOADING DOCK DESIGN

In addition to major systems and equipment such as automatic guided
vehicles and automated storage/retrieval systems, a material handling
capability also requires many auxiliary or support devices, such as the
various types of forklift truck attachments, slings, hooks, shipping car-
tons, and packing equipment and supplies. Dock boards to bridge the
gap between the building and railroad cars or trucks may be one-piece
portable plates of steel or mechanically or hydraulically operated level-
ing mechanisms. Such devices are required because the trucks that de-
liver and take away material come in a wide variety of sizes. The ship-
ping-receiving area of the building must be designed and equipped to
handle these truck size variations. The docks may be flush, recessed,
open, closed, side loading, saw tooth staggered, straight-in, or turn-
around.
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11.1 AUTOMOTIVE ENGINEERING
by John T. Benedict

REFERENCES: ‘‘Motor Vehicle Facts and Figures, 1995,’’ American Automobile
Manufacturers Association. ‘‘Fundamentals of Automatic Transmissions and
Transaxles,’’ Chrysler Corp. ‘‘Year Book,’’ The Tire and Rim Association, Inc.
‘‘Automobile Tires,’’ The Goodyear Tire and Rubber Co. ‘‘Fundamentals of Ve-
hicle Dynamics,’’ GMI Engineering and Management Institute. ‘‘Vehicle Per-
formance and Economy Prediction,’’ GMI Engineering and Management Insti-
tute. Various publications of the Society of Automotive Engineers, Inc. (SAE)
including: ‘‘Tire Rolling Losses,’’ Proceedings P
ics,’’ PT-78; ‘‘Driveshaft Design Manual,’’ AE-
SP-452; Bosch, ‘‘Automotive Handbook’’; Limp
Fitch, ‘‘Motor Truck Engineering Handbook’’;

utility vehicles, and minivans (which are classified as trucks) surpassed
total sales of the top five automobiles.

In 1994, 9 million passenger cars were sold in the United States.
Truck sales rose to 6.4 million, constituting 42 percent of the 15.4
million total vehicle sales in the United States. The two top-selling
nameplates were Ford and Chevrolet pickup trucks, whose sales ex-

car nameplates.
three top-selling 1994 passenger cars pro-

.S. manufacturers were: wheelbase, 107 in
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-74; ‘‘Automotive Aerodynam-
7; ‘‘Design for Fuel Economy,’’
ert, ‘‘Brake Design and Safety’’;

ceeded any of the passenger
Average dimensions of the

duced by the ‘‘big three’’ U

‘‘Truck Systems Design Hand- (2,718 mm); length, 190 in (4,826 mm); width, 71 in (1,803 mm);
book,’’ PT-41; ‘‘Antilock Systems for Air-Braked Vehicles,’’ SP-789; ‘‘Vehicle
Dynamics, Braking and Steering,’’ SP-801; ‘‘Heavy-Duty Drivetrains,’’ SP-868;
‘‘Transmission and Driveline Developments for Trucks,’’ SP-893; ‘‘Design and
Performance of Climate Control Systems,’’ SP-916; ‘‘Vehicle Suspension and
Steering Systems,’’ SP-952; ‘‘ABS/TCS and Brake Technology,’’ SP-953; ‘‘Au-
tomotive Transmissions and Drivelines,’’ SP-965; ‘‘Automotive Body Panel and
Bumper System Materials and Design,’’ SP-902; ‘‘Light Truck Design and Pro-
cess Innovation,’’ SP-1005.

GENERAL
(See also Sec. 9.6, ‘‘Internal Combustion Engines.’’)

In the United States the automobile is the dominant mode of personal
transportation. Approximately nine of every ten people commute to
work in a private motor vehicle. Public transportation is the means of
transportation to work for 5 percent of the work force. More than 90
percent of households have a motor vehicle. Nearly two-thirds have two
or more vehicles.

U.S. Federal Highway Administration data, illustrated in Fig. 11.1.1,
shows that cars, vans, station wagons, or pickup trucks were used for
more than 90 percent of all trips. In 1993, 1.72 trillion passenger-miles
were traveled by car and truck. Automobile and truck usage accounted
for 80.8 percent of intercity passenger-miles, and, when bus usage is
added, the figure increases to 82 percent. Intercity motor carriers of
freight handled 29 percent of the freight ton-miles; while 37 percent was
carried by railroad. Pipelines and inland waterways, respectively, ac-
counted for 19 percent and 15 percent of the freight shipments.

Public 4.0%

Other 4.9%

Pickup truck 15.4%

Car, van and
station wagon 74.6%

Private, other 1.1%

Privately owned vehicles

Fig. 11.1.1 Personal trips grouped by mode of transportation. (‘‘Motor Vehicle
Facts & Figures.’’)

In 1994, 147 million cars, 48 million trucks, and 676,000 buses were
registered in the United States. Included were 9 million new cars, of
which 1.7 million were imported. The average age of cars was 8.4 years.
More than 15 million cars were at least 15 years old.

Sales statistics for the 1994 model year reflect continued popularity of
small and midsize cars, which accounted for the five top-selling makes.
However, the most notable 1994 sales trend was seen in the continued
rapid rise of truck sales. Total sales of the top five pickup trucks, sport-
tread, 58 in (1,473 mm); height, 54.5 in (1,384 mm); and turning diam-
eter, 38 ft (11.6 m). Weight (mass) of a typical compact size car was
3,145 lb (1,427 kg).

Characteristics of cars purchased in 1994 are further described by
their optional equipment and accessories: engine, four-cylinder, 46 per-
cent; six-cylinder, 39 percent; eight-cylinder, 14 percent. Additional
percentages include: automatic transmission, 88; power steering, 93;
antilock brakes, 56; and air conditioning, 94. Front-wheel drive (FWD)
accounted for nearly 90 percent of the vehicle totals.

TRACTION REQUIRED

The total resistance, which determines the traction force and power
(road load horsepower) required for steady motion of a vehicle on a
level road, is the sum of: (1) air resistance and (2) friction resistance.
Road load horsepower, therefore, can be divided into two general parts;
aerodynamic horsepower, which includes all aerodynamic losses (both
internal and external to the vehicle), and mechanical horsepower or
rolling resistance horsepower, which includes drivetrain power losses
from the engine to the driving wheels, the wheel bearing losses of front
and rear wheels, and the power losses in the four tires. The rolling
resistance and power consumption of the tires is such a dominant factor
that, for a first-order approximation, the frictional loss and the power
consumed by the vehicle’s equipment and accessories may be disre-
garded.

Tire rolling resistance, as reported by Hunt, Walter, and Hall (Con-
ference Proceedings, P-74, SAE) was about 1 percent of the load carried
at low speeds and increased to about 1.5 percent at 60 mi/h (96.6
km/h). For modern radial-ply passenger car tires, these values are about
1.2 to 1.4 percent at 30 mi/h (48.3 km/h), increasing to 1.6 to 1.8
percent at 70 mi/h (112.7 km/h).

Greater tire deflection, caused by deviation from recommended loads
and air pressures (see Table 11.1.1) increases tire resistance. Low tem-
peratures do likewise. Figure 11.1.2 shows the dependence of rolling
resistance on inflation pressure for an FR78-14 tire tested at 1,280 lb

Fig. 11.1.2 Dependence of rolling resistance on inflation pressure for FR78-14
tire, 1,280-lb load and 60-mi/h speed. (‘‘Tire Rolling Losses.’’)
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11-4 AUTOMOTIVE ENGINEERING

Table 11.1.1 Passenger-Car Tire Inflation Pressures and Load Limits

Cold inflation pressure, lb/in2 (kPa)

Tire size 17 20 23 26 29 32 35
Diam.,

in r/
designation (120) (140) (160) (180) (200) (220) (240) (mm) mi

13-in nominal wheel diameter—80 series

P135/80*13 540 584 628 661 694 728 761 21.4
965

(245) (265) (285) (300) (315) (330) (345) (544)
P145/80*13 606 661 705 750 783 827 860 22.1

948
(275) (300) (320) (340) (355) (375) (390) (561)

P155/80*13 683 739 783 838 882 926 959 22.7
922

(310) (335) (355) (380) (400) (420) (435) (577)
P165/80*13 761 816 871 926 981 1025 1069 23.3

897
(345) (370) (395) (420) (445) (465) (485) (592)

P175/80*13 838 904 970 1025 1080 1135 1179 23.9
873

(380) (410) (440) (465) (490) (515) (535) (607)
P185/80*13 915 992 1058 1124 1190 1246 1301 24.6

851
(415) (450) (480) (510) (540) (565) (590) (625)

13-in nominal wheel diameter—70 series

St
an

da
rd

tir
e

lo
ad

,l
b

(k
g)

P175/70*13 739 794 849 893 948 992 1036 22.6
925

(335) (360) (385) (405) (430) (450) (470) (574)
P185/70*13 805 871 926 992 1036 1091 1135 23.2

903
(365) (395) (420) (450) (470) (495) (515) (589)

P195/70*13 882 948 1014 1080 1135 1190 1246 23.8
878

(400) (430) (460) (490) (515) (540) (565) (605)
P205/70*13 959 1036 1113 1179 1235 1301 1356 24.3

862
(435) (470) (505) (535) (560) (590) (615) (617)

* Space for R, B, or D tire-type designation.
SOURCE: The Tire and Rim Association, Inc.

(581 kg) load and 60 mi/h (96.6 km/h) speed. A tire’s rolling resistance
is fairly constant from 25 to 60 mi/h (40 to 97 km/h), hence power
consumption is a direct function of vehicle speed and load carried by
the tire.

There is general agreement that, at 45 mi/h (72.4 km/h), in 70°F
(21°C) air, a run of approximately 20 min is necessary to reach tempera-
ture equilibrium in the tires. This is a significant factor, since tire rolling
resistance typically decreases by about 25 percent during the first
10 min of operation.

Aerodynamic drag force is a function of a car’s shape, size, and speed.

Open convertible

Station wagon

0.5 ... 0.7

0.5 ... 0.6

1

Drag
coefficient

Drag power in kW, average
values for A 5 2m2 at various
speeds

40 km/h

0.91

27

120 km/h

24

63

160 km/h

58
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Air resistance varies closely with the square of car speed and has a value
in the range of 50 to 85 lbf (223 to 378 N) at 50 mi/h (80 km/h). The
total car air drag and mechanical (friction) resistance at 50 mi/h varies
from 90 to 200 lbf (400 to 890 N), and a road load power requirement of
15 to 20 hp (11 to 15 kW) at 50 mi/h is typical.

Drag force is defined by the equation D 5 C9D (1⁄2 r V2)A, where A is
the car’s frontal cross-sectional area, r is the air density, V is car speed,
and C9D is a nondimensional drag coefficient determined by the vehicle’s
shape. Frontal area of automobiles varies from about 18 to 23 ft2 (1.7 to
2.1 m2). Contemporary cars have drag coefficients ranging from 0.27 to
0.55. For comparison, the drag coefficients and power requirements for
various automobile body shapes are shown in Fig. 11.1.3. Typically,
drag coefficients for heavy-duty trucks and truck/trailers (not shown)
range from about 0.6 to more than 1. Other drag coefficients include:
motorcycles, 0.5 to 0.7; buses, 0.6 to 0.7; streamlined buses, 0.3 to 0.4.

The aerodynamic portion of road load power increases as a function
of the cube of car speed. The mechanical portion increases at a slower
rate and, from about 25 to 60 mi/h (40 to 97 km/h), is almost a direct
function of car weight.

The term ‘‘aero horsepower’’ is used in the automotive industry to
denote the power required to overcome the air drag on a vehicle at
50 mi/h on a level highway. Aero horsepower is equal to 0.81 times
drag coefficient times the vehicle frontal area. The aero horsepower of
midsize cars is about 7.7 hp (5.7 kW). A typical subcompact car
is 30 percent lower, at 5.3 hp (4 kW). By contrast, a heavy-duty truck
has an aero horsepower as high as 100 hp (75 kW) at 50 mi/h.
(2-box)

Conventional form
(3-box)

Optimum
streamlining

Wedge shape,
headlights &
bumpers integrated
in body

0.4 ... 0.55

0.15 ... 0.20

0.3 ... 0.4

0.78

0.29

0.58

21

7.8

16

50

18

37

Fig. 11.1.3 Drag coefficient and aerodynamic power requirements for various
body shapes. (Bosch, ‘‘Automotive Handbook,’’ SAE.)

A reduction of 1 aero horsepower is the fuel-efficiency equivalent of
taking 300 lb (135 kg) of weight out of a car. Figure 11.1.4 shows a
typical relationship between aerodynamic and mechanical horsepower
for vehicle constant-speed operation (Kelly and Holcombe: ‘‘Automo-
tive Aerodynamics,’’ PT-16, SAE). Variations in the body, drivetrain,
and tires alter the shapes of the curves—but equal road load power for
aerodynamic and mechanical requirements at 50 to 55 mi/h is typical.
At 55 mi/h (88 km/h), a car expends about half of its power overcom-
ing air drag. For speeds above 55 mi/h, there is a 2 to 3 mi/gal (0.9 to
1.3 km/L) decrease in fuel economy for each 10 mi/h (16 km/h) in-
crease in speed, depending on power plant, driveline components, and
drag coefficient. At about 55 mi/h and up, any percentage reduction of
the vehicle’s aerodynamic drag makes a decrease in fuel consumption
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of one-half or more of that same percentage. For example, for a typical
automobile, a 10 percent reduction in aerodynamic drag yields a 5 per-
cent reduction in fuel consumption at 55 mi/h.

engine crankshaft to be absorbed in accelerating the engine, drivetrain
and its rotating masses, and the road wheels. For this instance, this
means that the ‘‘effective mass’’ equals 1.33 3 actual mass.

The effective mass of engine rotating parts increases as the square of
the engine revolutions per mile and, for a typical example, may equal
or approach the car mass at a gear ratio giving about 12,000 engine
rev/min. Since the effective mass of engine rotating parts increases
with the square of the gear reduction, and the traction force increases
directly, there is an optimum gear reduction for maximum acceler-
ation.
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Fig. 11.1.4 Vehicle road load horsepower requirements. (Four-door sedan:
frontal area 22 ft2; weight 3,675 lb; CD 5 0.45.) (‘‘Automotive Aerodynamics,’’
PT-78.)

Average values of traction requirements for several large cars with
average weight (including two passengers and luggage) of 4,000 lb
(1,814 kg) are shown in Fig. 11.1.5. Curves A, R, and T represent the
air, rolling, and total resistance, respectively, on a level road, with no
wind. Curves T9, parallel to curve T, represent the displacement of the
latter for gravity effects on the grades indicated, the additional traction
being equal to the car weight (4,000 lb) times the percent grade. Curve
E shows the traction available in high gear in this average car. The
intersection of the ‘‘traction available’’ curve with any of the constant-
gradient curves indicates the top speed that may be attained on a given
grade. For example, this hypothetical large car should negotiate a 12.5
percent grade in high gear at 60 mi/h (97 km/h). Top speed on a level
grade would be about 100 mi/h (161 km/h).

Effects of Transmission Gear Ratios Constant-horsepower parabo-
las, which apply to any vehicle, are shown as light curves in Fig. 11.1.5.

Fig. 11.1.5 Traction available and traction required for a typical large automo-
bile.

Except for small effects of friction losses, changes in gear ratio move
points of a curve for traction available from an engine along these
constant-power parabolas to traction values multiplied by the change in
gear reduction. Such shifting of the traction values available from en-
gines follows gear changes in the axle as well as in the gear box.

Acceleration The difference between traction force available from
power generated by an engine and the force required for constant
speed on a given grade may be used for acceleration [acceleration 5
21.9(100) 3 (surplus traction force/total effective car mass)], where
acceleration is in mi/h ?s, force is in lbf, and mass is in lbm.

Car weight must include a factor for the rotating parts of the engine,
which may be of considerable magnitude when a high gear ratio is used.
It is common for about one-third or more of the torque developed at the
The maximum acceleration rate possible is limited by the friction
between the driving tires and the road surface. The coefficient of fric-
tion is dependent on vehicle speed, tire condition, and road conditions.
At 50 mi/h (80 km/h) on a dry roadway, the coefficient of friction is
about 1.0; but, when the roadway is wet, this drops to 0.4 or lower,
depending on the amount of water and the polish of the surface (‘‘Bosch
Automotive Handbook,’’ 3d English ed., SAE, 1993).

For a car with 2,000 lb (907 kg) weight on the driving wheels, the
limiting traction force would be about 2,000 lbf (8,900 N) on a dry
pavement and less than half this value on a wet pavement. From the
equation given previously, the theoretical maximum accelerations possi-
ble under these two conditions for a car of 4,000 lb (1,814 kg) would be
equivalent to a speed change of from 0 to 60 mi/h (97 km/h) in about
5.5 and 11 s, respectively. For 0 to 60 mi/h acceleration, a rough
approximation of the time also is given by the empirical equation
(Campbell, ‘‘The Sports Car,’’ Robert Bentley, Inc., 1978): t 5
(2W/T)0.6, where t 5 time, s; W 5 weight, lb; T 5 maximum engine
torque, lb ? ft.

FUEL CONSUMPTION

Because motor vehicles consume more than 25 percent of the nation’s
gasoline fuel and it is in the national interest to conserve energy sup-
plies, the corporate average fuel economy (CAFE) of cars and trucks
was regulated in 1975. Calculated according to production and sales
level of a company’s various models, the CAFE for cars was mandated
to rise from 18 mi/gal in 1978 to 27 mi/gal in 1985 and thereafter. For
light trucks, from 17.2 mi/gal in 1979 to 20.6 in 1995, and 20.7 in 1996.
The upward trend in fuel economy is shown graphically in Figs. 11.1.6
(cars) and 11.1.7 (light trucks and vans).

Vehicle design-related factors that affect fuel economy are: the vehi-
cle’s purpose; performance goals; size; weight; aerodynamic drag; en-
gine type, size, output, and brake specific fuel consumption; transmis-
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Fig. 11.1.6 Passenger car corporate average fuel economy. (‘‘Motor Vehicle
Facts & Figures.’’)
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Figure 11.1.8 illustrates how fuel economy is affected by design
changes such as axle ratio, engine displacement, and vehicle weight.
Weight is a key determinant of fuel economy. For a rough rule-of-
thumb, it may be estimated that the addition of 300 lb weight increases
fuel consumption about 1 percent (approximately 1⁄3 mi/gal for a typical
compact car) at highway speed, and about 0.8 mi/gal in city driving. In
terms of metric units, a rough estimate that evolved from European
engineering practice indicates that, for every 100 kg vehicle weight, 1 L
of fuel is consumed for every 100 km traveled.
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Fig. 11.1.7 U.S. federal light truck fuel economy standards. (‘‘Motor Vehicle
Facts & Figures.’’)

sion type; axle ratio; tire construction; and federal standards for fuel
economy, emissions, and safety.

The principal customer- or owner-related factors include: driving pat-
tern; trip length and number of stops; driving technique, especially ac-
celeration, speed, and braking; vehicle maintenance; accessory opera-
tion; vehicle loading; terrain; and weather. Several popular accessories
affect fuel economy as follows: automatic transmission, 2 to 3 mi/gal;
air conditioning, 1 to 3 mi/gal; power steering, about 1⁄2 mi/gal; and
power brakes, negligible.
Fig. 11.1.8 Effect of vehicle design changes on road lo
The examples plotted in Fig. 11.1.9 for subcompact and interme-
diate-size cars show fuel economy range for the urban driving cycle for
engine warm and cold (short-trip). Also plotted in this graph is the road
load fuel economy variation with speed from 30 to 70 mi/h. This graph
also illustrates the general point that specific fuel consumption is the
greatest when the engine is subjected to low loads, since this is where
the ratio between idling losses (due to friction, leaks, and nonuniform
fuel distribution) and the brake horsepower is most unfavorable.

TRANSMISSION MECHANISMS

Friction clutches are either (1) the single-disk type (Fig. 11.1.10), con-
necting the engine to a manual transmission, or (2) the hydraulically
operated multiple-disk type (Fig. 11.1.11, schematic), for control of the
various planetary-gear changes in automatic transmissions. In (1), the
area of the friction facing is usually based on a pressure of 30 lb/in2

(206.9 kPa), and the torque rating on a friction coefficient of 0.25. The
clutch is held in engagement by several coiled springs or a diaphragm
spring and is disengaged by means of a pedal with such leverage that 30
to 40 lb (133 to 178 N) will overcome the clutch springs.

Fluid couplings between the engine and transmission formerly were
used to provide a smooth drive by the flow of oil between the flat radial
blades in two adjacent toroidal casings (Fig. 11.1.12a, schematic). The
difference in centrifugal force between the mass of oil contained in each
toroid, when either is running at a speed higher than the other, causes a
flow of oil from the periphery of the faster one to the slower one. Since
this mass of oil is also rotating around the shaft at the speed of the
ad 55-mi/h fuel consumption. (Chrysler Corp.)
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Fig. 11.1.9 Vehicle fuel consumption increases with speed, for subcompact and midsize cars. (Chrysler Corp.)

driving torus, its impact on the blades of the slower torus develops a
torque on the latter. The developed torque is equal to, and cannot ex-
ceed, the torque of the driving torus. In this respect it is similar to a
slipping friction clutch. The driven member must always run at a lower
speed, though at high rotative speeds, and when the torque demand is
small, the slip may be only 2 or 3 percent. The stalled torque increases
with the square of the engine speed, so that very little is developed when
idling. Since torque may be transmitted in either direction, depending
only on which member is rotating at the higher speed, the engine may be
used as a brake as with friction clutches, and the car may be started by
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pushing.
Torque-converter couplings (Fig. 11.1.13a) have largely replaced fluid

couplings because the torque transmitted can be increased at high slip-
page. The circulation of oil between the driving, or higher-speed, torus
(the pump) and the driven or lower-speed, torus (the turbine) results
from the difference in centrifugal force developed in these two units,
just as in the fluid coupling. With the torque converter, however, the
turbine blades are given a curvature so that an additional torque is
developed by the reaction of a backward-spinning mass of oil as it
leaves the turbine. Stationary, or stator, blades are interposed between
the turbine and the pump to change the direction of the oil spin. The
entrance angle of the stator blades required for tangential flow varies

Fig. 11.1.10 Single-plate dry-disk friction clutch.
Fig. 11.1.11 Schematic of two hydraulically operated multiple-disk clutches in
an automatic transmission. (Ford Motor Co.)

(a) (b)

Fig. 11.1.12 Fluid coupling: (a) section; (b) characteristics.

widely with the slip ratio. For a given blade angle there is a hydraulic
shock loss at any slip ratio greater or less than that which provides
tangential flow. This is reflected in the rapid fall of the efficiency curve
in Fig. 11.1.14b on each side of the maximum. The essential parts of a
torque converter with its stationary stator are shown in Fig. 11.1.14a. A
stalled-torque multiplication of 2.0 to 2.7 is used in various designs.
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When the torque ratio is almost unity, the slip is such that oil from the
turbine starts to impinge on the back of the stator blades. By mounting
the stator assembly on a sprag, or one-way clutch (Fig. 11.1.13a),
it remains stationary while subject to the reversing action of the

Figure 11.1.15 compares a torque-converter coupling to a friction
clutch on car performance in direct drive. The increase in traction
available for acceleration from a standing start substantiates its public
acceptance. An axle gear is generally used which gives a propeller shaft
speed about 90 percent as great as with a manual transmission at the
same car speed. The gain in engine efficiency compensates for the
losses of the automatic transmissions under steady cruising speeds.
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(a)

(b)Fig. 11.1.13 Torque converter
coupling: (a) section; (b) character-
istics.

backward-spinning oil mass as it leaves the turbine. When the slip
reaches the point where the oil flow from the turbine begins to spin for-
ward, the stator is free to turn with it. When the slip is further reduced,
the unit acts as a fluid coupling with improved efficiency (Fig.
11.1.13b). Such a unit is a fluid torque-converter coupling. Some designs

Fig. 11.1.14 Torque converter:
(a) section; (b) characteristics.

eliminate slippage by the inclusion of a friction clutch which carries the
load when a predetermined car speed is reached. These clutches are
hydraulically operated, the engagement being controlled automatically
by accelerator position and car speed.
Fig. 11.1.16 Three-speed synchromesh transmission. (B
Fig. 11.1.15 Comparative traction available in the performance of a fluid
torque-converter coupling and a friction clutch.

However, there may be a considerable loss of power during acceleration
unless supplemented by such modifications as one or more auxiliary
gear ratios or variable-angle stator vanes. Various design modifi-
cations of torque-converter couplings have been introduced by different
manufacturers, such as two or more stators, each independently
mounted on one way clutches, and variable pitch angles for the stator
blades. These provide compromises in blade angles for the development
of rapid acceleration without sacrifice of high efficiency while
cruising.

Manual transmissions installed as standard equipment on American
cars have three, four, or five forward speeds, including direct drive, and
one reverse. These speeds are obtained by sliding either one of two
gears along a splined shaft to bring it into mesh with a corresponding
gear on a countershaft which is, in turn, driven by a pair of gears in
constant mesh. Helical gears are used to minimize noise. A ‘‘synchro-
mesh’’ device (Fig. 11.1.16), acting as a friction clutch, brings the gears
to be meshed approximately to the correct speed just before meshing
and minimizes ‘‘clashing,’’ even with inexperienced drivers. Gear
uick.)
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Fig. 11.1.17 Planetary gear action: (a) Large speed reduction: ratio 5 1 1 (internal gear diam.)/(sun gear diam.) 5
3.33 for example shown. (b) Small speed reduction: ratio 5 1 1 (sun gear diam.)/(internal gear diam.) 5 1.428.
(c) Reverse gear ratio 5 (internal gear diam.)/(sun gear diam.) 5 2 2.33.

changes are generally in geometric ratios. Transmission ratios average
about 2.76 in first gear, 1.64 in second, 1.0 in third or direct drive, and
3.24 in reverse. The shift lever is generally located on the steering
column. Four-speed transmissions usually have the shift lever on the
floor. Average gear ratios are about 2.67 in first, 1.93 in second, 1.45 in
third, and 1.0 in fourth or direct drive.

Overdrives have been available for some cars equipped with manual
transmissions. These are supplemental planetary gear units with three
planetary pinions driven around a stationary sun gear. The surrounding
internal gear is coupled to the propeller shaft, which thus turns faster

and the forward internal gear carries the planets of the rear unit. The
internal gears of both systems are all of the same size, and consequently
all planets are of equal size. This arrangement, together with three
clutches, two brake bands, and suitable one-way sprags, makes possible
three forward gear or torque ratios, plus direct drive and reverse.

Many automatic transmissions use a lockup clutch to improve per-
formance and fuel economy. The torque converter is used for power and
smoothness while accelerating in first and second gears until road speed
reaches about 40 mi/h (64 km/h). Then, after the transmission upshifts
from second to third gear, the clutch automatically locks up the torque
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than the engine. The gear ratio is selected to permit the engine to slow
down to about 70 percent of the propeller-shaft speed and operate with
less noise and friction. These units automatically come into action when
the driver momentarily releases the accelerator pedal at a car speed
above 25 to 28 mi/h (40 to 45 km/h).

AUTOMATIC TRANSMISSIONS

Automatic transmissions commonly use torque-converter couplings
with planetary-gear units that can supply one or two gear reductions and
reverse, depending on the design, by simultaneously engaging or lock-
ing various elements of planetary systems (Fig. 11.1.17). Automatic
control is provided by disk clutches or brake bands which lock the
various elements, operated by oil pressure as regulated by governors at
car speeds where shifts are made from one speed to another.

A schematic of a representative automatic transmission, combining a
three-element torque converter and a compound planetary gear is shown
in Fig. 11.1.18. The speed reductions and reverse are provided by a
compound planetary system consisting of two simple systems in series.
The two sun gears are an integral unit with the same number of teeth,
Fig. 11.1.18 Three-element torque converter and p
converter so there is a direct mechanical drive through the transmission.
Normal slippage in the converter is eliminated, engine speed is reduced,
and fuel economy is improved. The lockup clutch disengages automati-
cally during part-throttle or full-throttle downshifts and, when the vehi-
cle is slowed, to a speed slightly below the lockup speed.

Approximately two-thirds of 1995 cars have electronically controlled
automatic transmissions. Combined electronic-hydraulic units for con-
trol of automatic transmissions are, increasingly, superseding systems
that rely solely on hydraulic control. Hydraulic actuation is retained for
the clutches, while electronic modules assume control functions for gear
selection and for modulating pressure in accordance with torque flow.
Sensors monitor load, selector-lever position, program, and kick-down
switch positions, along with rotational speed at both the engine and
transmission shafts. The control unit processes these data to produce
control signals for the transmission. Advantages include: diverse shift
programs, smooth shifts, flexibility for various vehicles, simplified hy-
draulics, and elimination of one-way clutches.

Worldwide, automatic transmission engineering practice includes
some evolving design development and growing production acceptance
of continuously variable transmissions (CVT). The CVT can convert the
lanetary gear. (General Motors Corp.)
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engine’s continuously varying operating curve to an operating curve of
its own, and every engine operating curve into an operating range within
the field of potential driving conditions. The theoretical advantage (over
fixed-ratio transmissions) lies in a potential for enhancing vehicle per-
formance and fuel economy while reducing exhaust emissions. This is
done by maintaining the engine in a performance range for best fuel
economy. There are, however, practical limitations and consider-
ations that constrain the full exploitation of the CVT’s theoretical capa-
bilities.

The CVT can operate mechanically (belt or friction roller), hydrauli-

are offered as optional equipment on most cars. One design has four
pinions which are carried on two separate cross shafts at right angles to
each other, each being driven by V-shaped notches in the carrier. As
torque is developed to drive either axle, one pinion cross shaft or the
other moves axially and locks the corresponding disk-clutch plates be-
tween that axle drive gear and the differential housing. In another de-
sign, similar disk clutches are locked by spring pressure, which prevents
differential action until a differential torque greater than the limit estab-
lished by the springs is developed.

The semifloating rear axle (Fig. 11.1.20) used on many rear-wheel
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cally, or electrically. Currently, the highest level of development has
been attained with mechanical continuously variable designs using steel
belts. A general feature of CVT is manipulation of engine speed, with
the objective of maintaining constant engine speed; or optimizing en-
gine speed changes in response to changing driving conditions. CVT
developmental activity includes: high-torque and high-speed belts, elec-
tronic control for line pressure and engine speed, torque converters with
electronically controlled lockup clutch, and roller vane pumps with
electronically operated flow control valve.

FINAL DRIVE

The differential is a unit attached to the ring gear (Figs. 11.1.19 and
11.1.20) which equalizes the traction of both wheels and permits one
wheel to turn faster than the other, as needed on curves. Each axle is
driven by a bevel gear meshing with pinions on a cross-shaft pinion pin

Fig. 11.1.19 Rear-axle hypoid gearing.

secured to the differential case. The case also carries the ring gear. An
undesirable feature of the conventional differential is that no more trac-
tion may be developed on one wheel than on the other. If one wheel
slips on ice, there is no traction to move the car. Limited-slip differentials
Fig. 11.1.20 Rear axle. (Oldsmobile.)
drive cars has a bearing for each drive axle at the outer end of the
housing as well as near the differential carrier, with the full load on each
wheel taken by the drive axles in combined bending and shear. The
full-floating axle, generally used on commercial vehicles, supports each
wheel on two bearings carried by the axle housing or an extension to it.
Each wheel is bolted to a flange on one of the axle shafts. The axle
shafts carry none of the vehicle weight and may be withdrawn without
jacking up the wheel.

The front-wheel drive (FWD) cars commonly use a transaxle that com-
bines a torque converter, automatic three-speed or four-speed transmis-
sion, final drive gearing, and differential into a compact drive system,
such as illustrated in the cutaway view shown in Fig. 11.1.21. Typically,
the torque converter, transaxle unit, and differential are housed in an
integral aluminum die casting. The differential oil sump is separate
from the transaxle sump. The torque converter is attached to the crank-
shaft through a flexible driving plate. The converter is cooled by circu-
lating the transaxle fluid through an oil-to-water type cooler, located in
the radiator side tank.

Engine torque is transmitted to the torque converter through the input
shaft to multiple disk clutches in the transaxle. The power flow depends
on the application of the clutches and bands. As illustrated in Fig.
11.1.22, the transaxle consists of two multiple-disk clutches, an
overrunning clutch, two servos, a hydraulic accumulator, two bands,
and two planetary gear sets, to provide three or four forward ratios and a
reverse ratio.

The common sun gear of the planetary gear sets is connected to the
front clutch by a driving shell that is splined to the sun gear and to the
front clutch retainer. The hydraulic system consists of an oil pump and a
single valve body that contains all of the valves except the governor
valves.

Output torque from the main centerline is delivered through helical
gears to the transfer shaft. This gear set is a factor in the final drive
(axle) ratio. The shaft also carries the governor and the parking sprag.
An integral helical gear on the transfer shaft drives the differential ring
gear. In a representative FWD vehicle, the final drive gearing is com-
pleted with either of two gear sets to produce overall ratios of 3.48, 3.22,
and 2.78.
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Advances introduced in 1995 include an electronically controlled four-
speed automatic transaxle with nonsynchronous shifting that allows inde-
pendent movement of two gear sets at one time and smooths torque
demand and coasting down-shifts.

use either coil springs (Fig. 11.1.23) or leaf springs. Spring stiffness at
the rear wheels ranges from 85 lb/in (15 N/mm) to about 160 lb/in
(28 N/mm). Shock absorbers, to dampen road shock and vibration, are
used on all cars.
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Fig. 11.1.21 Automatic transaxle used on front-wheel-drive car. (Chrysler
Corp.)

Various types of four-wheel drive (4WD) systems have been devel-
oped to improve driving performance and vehicle stability on roads with
a low friction coefficient surface. Most systems distribute driving force
evenly (50 : 50) to the front and rear wheels. Driving performance, sta-
bility, and control near the limits of tire adhesion are improved, espe-
cially on low-friction surfaces. However, because of the improved
levels of stability and control. the driver may be unaware that the vehi-
cle is approaching a critical limit. The advanced technology in the 4WD
field now extends to the ‘‘intelligent’’ four-wheel drive system. This
system is designed to distribute driving force to front and rear wheels at
varying, optimal ratios (instead of equal front /rear sharing of driving
force) according to driving conditions and the critical limit of vehicle
dynamics. The result is improved balancing of stability considerations
along with cornering performance and critical limit predictability.

Fig. 11.1.22 Cross-section view of typical transaxle. (Chrysler Corp.)

SUSPENSIONS

Rear Suspensions Torque reactions may be taken through longitu-
dinal leaf springs, as in the Hotchkiss drive, or through radius rods when
coil springs are used. Some designs in the past used a torque tube around
the propeller shaft, bolted to the axle housing, with universal joints for
both at the forward ends. Most contemporary rear suspension designs
Fig. 11.1.23 Trailing-arm type rear suspension with coil springs, used on some
front-wheel-drive cars. (Chrysler Corp.)

Front-Wheel Suspensions Independent front-wheel suspensions
are used on all cars. Rear-wheel drive cars typically use the short-and-
long-arm (SLA) design, with the steering knuckle held directly between
the wishbones by spherical joints (Fig. 11.1.24). The upper wishbone is
shorter than the lower, to allow the springs to deflect without lateral
movement of the tire at the point of ground contact.

A modification of the conventional suspension consists of sloping the
upper wishbones down toward the rear, so that the steering spindle is
given more ‘‘caster’’ when the front springs are compressed. This ge-
ometry causes the torque produced from braking at the front wheels to
develop a couple on the inclined wishbones, which tends to raise the
front of the car frame. By suitable proportioning of the parts it is possi-
ble by this means to reduce ‘‘nose diving’’ of the car when the brakes
are applied. The load on these wishbones is generally taken by coil
springs acting on the lower wishbone or by torsion-bar springs mounted
longitudinally.

Figure 11.1.25 shows a representative application of the spring strut
(McPherson) system for the front suspension of front-wheel drive cars.
The lower end of the telescoping shock absorber (strut) is mounted
within a coil spring and connected to the steering knuckle. The upper
end is anchored to the car body structure.

Fig. 11.1.24 Front-wheel suspension for rear-wheel-drive car.
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Suspension system state of the art, with electronic control modules,
includes user-selected dynamic tailoring of suspension characteristics
and a continuously variable road-sensing suspension that senses wheel
motion and other parameters.

parallel links to turn the wheels of the car. Both steering gear systems
operate satisfactorily. The rack-and-pinion is more direct.

Figure 11.1.27 illustrates the geometry of the prevalent Ackermann
steering gear layout. To avoid slippage of the wheels when turning a
curve of radius r, the point of intersection M for the projected front-
wheel axes must fall in a vertical plane through the center of the rear
axle. The torque, in foot-pounds, required to turn the wheels of a vehicle
standing on smooth concrete varies with the angle of turn, from about 6
percent of the weight on the front axle, in pounds, to start a turn, to 17
percent for a 30° turn.
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Fig. 11.1.25 Typical McPherson strut, coil spring front suspension for front-
wheel-drive car. (Chrysler Corp.)

WHEEL ALIGNMENT

Caster is the angle, in side elevation, between the steering axis and the
vertical. It is considered positive when the upper end of the steering axis
is inclined rearward. Manufacturer’s specifications vary considerably,
with the range from 11⁄2 to 2 21⁄4°. Camber, the inclination of the wheel
plane from the vertical, is positive when the wheel leans outward, and
varies from 1 to 2 1⁄2° with many preferring 0°. Toe-in of a pair of
wheels is the difference in transverse distance between the wheel planes
taken at the extreme rear and front points of the tire treads. It is limited
to 1⁄4 in (6.4 mm), with 1⁄8 in (3.2 mm) or less generally preferred.

STEERING

The force applied to the steering wheel is generally multiplied through a
worm-and-roller, a recirculating-ball, or a rack-and-pinion type of steering
gear. The overall ratios are such that 20° to 33° rotation of the steering
wheel results in 1° turn of the front wheels for manual steering and
17.6° to 25.0° for power steering. The responsiveness of rack-and-pinion
steering (Fig. 11.1.26a) results from the basic design, in which one
pinion is attached directly to the steering shaft. This gear meshes with
the rack, which directly extends the linkage to turn the front wheels. By
comparison, a recirculating-ball steering shaft (Fig. 11.1.26b) includes a
wormshaft turned by the steering shaft. The wormshaft rolls inside a set
of ball bearings. Movement of the bearings causes a ball nut to move.
The ball nut contains gear teeth that mesh to a sector of gear teeth. As
the steering wheel turns, the sector rotates and moves a connection of

(b)(a)

Fig. 11.1.26 Two commonly used types of steering gears. (a) Rack-and-pinion;
(b) recirculating ball.
Fig. 11.1.27 Geometry of the Ackermann steering gear.

Power-Assisted Steering

Power steering is a steering control system in which an auxiliary power
source assists the driver by providing the major force required to direct
the road wheels of the car. The principal components of the power steer-
ing system (Fig. 11.1.28) are: power steering gear, with servo valve; oil
pump, with flow control and relief valves; reserve tank; hydraulic tub-
ing; and oil cooler. These components operate in conjunction with the
car’s steering wheel, linkage system, and steered wheels. The physical

Hydraulic piping

Reserve tank

Oil cooler

Pump

Steering gear

Fig. 11.1.28 Principal components of power steering systems with variable
displacement pump. (Reprinted with permission from SAE, SP-952, ©1993, Soci-
ety of Automotive Engineers, Inc.)
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effort required to steer an automobile, especially when parking, is ap-
preciably lessened by the power-assisted steering device. This permits
reduction in the gear ratio between the steering wheel and the car wheels
from some 30 to 15, with consequent reduction in the number of turns of
the steering wheel for the complete movement of the front wheels from
extreme right to left from 5.5 to 3. Power-assisted steering has been
offered for many years on U.S. cars as standard or optional equipment.
Public acceptance is such that 88 percent of the cars sold in 1993 were
so equipped.

All systems provide (1) steering control in case of failure of the

Three types of rotary pumps for the high pressures required are shown
in Fig. 11.1.30 (see also Sec. 14.1). Centrifugal force holds the sliding
elements against a cam-shaped or eccentric case at high speeds. At low
speeds, the sliding elements are held against the case—in design a by
springs and in design c by oil pressure admitted to the base of the vanes.
The double cam of design c, in addition to doubling the normal volu-
metric displacement, provides for balancing the oil pressure on each
side of the rotor and on the bearings. The cam is contoured for uniform
acceleration.
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hydraulic-power assistance, and (2) a ‘‘feel of the road,’’ by which the
driver’s effort on the steering wheel is proportional to the force needed
to turn the front wheels and by which the tendency of a car to straighten
out from a turn or the drag of a soft front tire may be felt at the steering
wheel.

Power assistance is effected by hydraulic pressure from an engine-
drive pump, acting on a piston in the steering linkage. The piston and its
cylinder are incorporated in the steering-gear housing. Oil pressure on
the piston is controlled by a valve, such as the balanced spool valve of
Fig. 11.1.29.

Fig. 11.1.29 Control valve positioned for full-turn power steering assistance
using maximum pump pressure.

When the spool is moved slightly to the right, lands on the spool
restrict the return of oil from the pump through both return circuits, thus
building up delivery pressure. Since the pump delivery is still open to
the left end of the power cylinder while the right end is open to the pump
suction, a force is developed to move the piston to the right. The greater
the restriction imposed on the return of oil to the pump, the greater will
be the pressure and the resulting force on the piston.

The spool is centered to the neutral position by suitable centering
springs. These provide an increasing effort on the steering wheel for
increasing steering angle. Although they aid in straightening out from a
turn, they do not give the driver a feel of the force required to provide
the steering direction. Hydraulic reaction against the spool, which is felt
at the steering wheel and is proportional to the force developed by the
steering gear, is developed by subjecting the ends of the spool to the oil
pressure on either side of the power piston.

The valve is held in its neutral position by preloading the centering
springs. Steering effort at the wheel overcomes this preload. During
normal, straight-highway driving, the steering effort is less than the
preload and there is no hydraulic assistance; the steering gear is freely
reversible, and the driver can ‘‘feel the road’’ and correct for elements
such as road camber and crosswinds. The caster action of the front
wheels straightens the path of the car when it is coming out of a turn.
Any steering effort greater than the preload of the centering springs
allows the spool movement to develop a steering assistance proportional
to the steering effort and to correspondingly reduce, but not eliminate,
the road reactions and shocks felt by the driver.

Oil pumps for power-assisted steering gears are generally driven from
the engine by belts, though in some instances they have been driven at
higher speeds directly from the electric generator. A typical unit deliv-
ers 1.75 gal/min (6.62 L/min) at engine idling speed, at any pressure up
to 1,200 lb/in2 (8.3 MPa) as may be required while parking.
Fig. 11.1.30 Rotary pump types: (a) Chrysler; (b) Ford (Eaton); (c) General
Motors (Saginaw).

Variable displacement vane pumps (instead of fixed displacement) are
used to raise the efficiency of power steering systems. The variable
displacement design reduces power consumption by curtailing the surplus
oil flow at the middle and high revolution speeds of the steering appa-
ratus. The amount of oil that is pumped is matched to the requirements
of the system in its various operating stages.

BRAKES

Stopping distance— the distance traveled by a vehicle after an obstacle
has been spotted until the vehicle is brought to a halt—is the sum of the
distances traveled during the reaction time and the braking time.

The braking ratio z, usually expressed as a percentage, is the ratio
between braking deceleration and the acceleration due to gravity (g 5
32.2 ft/s2 or 9.8 m/s2). The upper and lower braking ratio values are
limited by static friction between tire and road surface and the legally
prescribed values for stopping distances.

The reaction time is the time that elapses between the driver’s percep-
tion of an object and commencement of action to apply the brakes. This
time is not constant; it varies from 0.3 to 1.7 s, depending on personal
and external factors. For a reaction time of 1 s, Table 11.1.2 gives
stopping distances for various speeds and values of braking ratio (de-
celeration rates).

The maximum retarding force that can be applied to a vehicle through
its wheels is limited by the friction between the tires and the road, equal
to the coefficient of friction times the vehicle weight. With a coefficient
of 1.0, which is about the maximum for dry pavement, this force can
equal the car weight and can develop a retardation of 1.0 g. In this
instance, stopping distance S 5 V2/29.9, where V is in mi/h and S is
expressed in feet. For metric units, where S is meters and V is km/h, the
equation is S 5 V2/254.

For typical vehicle, tire, and road conditions, with a 0.4 coefficient
of friction, 0.4 g deceleration rate, and a reaction time of 1 s, the follow-
ing is a rule-of-thumb equation for stopping distance; S ' (V/10)2 1
(3V/10), where S is stopping distance in meters and V is the
speed in km/h.
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Table 11.1.2 Stopping Distances (Calculated)

Driving speed before applying brakes, mi/h (km/h)

Braking ratio z, 12 25 31 37 43 50 56 62 69 75
% (20) (40) (50) (60) (70) (80) (90) (100) (110) (120)

Reaction distance traveled in 1 s (no braking), ft (m)

18 36 46 56 62 72 82 92 102 108
(5.6) (11) (14) (17) (19) (22) (25) (28) (31) (33)

Stopping distance (reaction 1 braking), ft (m)

30 36 105 151 207 269 344 427 509 607 705
(11) (32) (46) (63) (82) (105) (130) (155) (185) (215)

50 29 75 108 148 187 233 285 344 410 476
(8.7) (23) (33) (45) (57) (71) (87) (105) (125) (145)

70 26 66 92 121 151 187 230 272 318 360
(7.8) (20) (28) (37) (46) (57) (70) (83) (97) (110)

90 24 53 82 105 131 164 197 233 272 312
(7.3) (18) (25) (32) (40) (50) (60) (71) (83) (95)

SOURCE: Bosch, ‘‘Automotive Handbook,’’ SAE.

The automobile’s brake system is based on the principles of hydraulics.
Hydraulic action begins when force is applied to the brake pedal. This
force creates pressure in the master cylinder, either directly or through a
power booster. It serves to displace hydraulic fluid stored in the master
cylinder. The displaced fluid transmits the pressure through the fluid-
filled brake lines to the wheel cylinders that actuate the brake shoe (or
pad) mechanisms. Actuation of these mechanisms forces the brake pads
and linings against the rotors (front wheels) or drums (rear wheels) to
stop the wheels.

All automobiles have two independent systems of brakes for safety.

original positions. This uncovers the compensating ports, permitting
brake fluid to enter from the reservoir or to escape from the wheel
cylinders after brake application. The check valve facilitates the main-
tenance of 8 to 16 lb/in2 (55 to 110 kPa) line pressure to prevent the
entrance of air into the system.
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One is generally a parking brake and is rarely used to stop a car from
speed, though it should be able to. The brake manually operates on the
rear wheels through cables or mechanical linkage from an auxiliary foot
lever (or a hand pull); it is held on by a ratchet until released by some
means such as a push button or a lever.

The main system, or service brakes, on all U.S. cars is hydraulically
operated, with equalized pressure to all four wheels, except with disk
brakes on front wheels, where a proportioning valve is used to permit
increased pressure to the disk calipers. Rubber seals preclude the use of
petroleum products; hydraulic fluids are generally mixtures of glycols
with inhibitors. Figure 11.1.31 shows the split system, for improved

Fig. 11.1.31 ‘‘Split’’ hydraulic brake system.

safety, with two independent master cylinders in tandem, each actuating
half the brakes, either front or rear or one front and the opposite rear.
Failure of either hydraulic section allows stopping of the car by brakes
on two wheels.

Figure 11.1.32 shows the customary design of a brake dual master
cylinder by which the brake shoes are applied in the conventional
internal-expanding brakes (Fig. 11.1.33). When the brakes are
released, a spring in the master cylinder returns the pistons to their
Fig. 11.1.32 Typical design of a dual master cylinder for a split brake system.

Three types of internal-expanding brakes (Fig. 11.1.33) have been ac-
cepted in service. All are self-energizing, where the drum rotation in-
creases the applying force supplied by the wheel cylinder.

With the trailing shoe (Fig. 11.1.33a), friction is opposed to the actu-
ating force. The resulting deenergizing of this shoe causes it to do about
one-third the work of the leading shoe. Its tendency to lock or squeal is
less, and the length and position of the lining are not so critical. The type
of brake shown in Fig. 11.1.33a, with one leading and one trailing shoe,
formerly was used for the rear wheels. The braking work and wear of
the two shoes can be equalized by use of a larger bore for that half of the
wheel cylinder which operates the trailing shoe.

The design shown in Fig. 11.1.33b has two leading shoes, each ac-
tuated by a single-piston wheel cylinder and each self-energizing. This
design has been used for the front wheels where the Fig. 11.1.33a de-
sign was used for the rear wheels.

Figure 11.1.33c shows the Bendix Duo-Servo design, used on many
cars, in which the self-energizing action of two leading shoes is much
increased by turning them ‘‘in series’’; the braking force developed by
the primary shoe becomes the actuating force for the secondary shoe.
The action reverses with rotation.

Adjustment for lining wear is effected automatically on most cars. If
sufficient wear has developed, a linkage may turn the notched wheel on
the adjusting screw (Fig. 11.1.33c) by movement of the primary shoe
relative to the anchor pin when the brake is applied with the car moving
in reverse. On other designs, adjustment is by linkage between the hand
brake and the adjusting wheel.

Brake drums are designed to be as large as practicable in order to
develop the necessary torque with the minimum application effort and
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Fig. 11.1.33 Three types of internal-expanding brakes.

to limit the temperature developed in dissipating the heat of friction.
The 14- and 15-in (36- and 38-cm) wheel-rim diameters limit the drum
diameters to 10 to 12 in (25 to 30 cm), and the 13-in (33-cm) rims limit
the diameters to 8 to 91⁄2 in (20 to 24 cm). Drum widths limit unit
pressures between the linings and the drums to 16 to 23 lb (7.2 to
10.4 kg) of car weight per in2. Drum friction surfaces are usually cast
iron or iron alloy. Drum brake shoes and disk brake caliper pads are lined
with compounds of resin, metal powder, solid lubricant, abrasives, or-
ganic and inorganic fillers, and fibers. Environmental concerns led to
the development of asbestos-free brake system friction materials. These

ment on virtually all car models. The supplemental force is developed
on a diaphragm by vacuum from the engine intake manifold, either
mechanically to the master cylinder or hydraulically, to boost (1) the
force between the pedal and the master cylinder, or (2) the hydraulic
pressure between the master cylinder and the brakes. Common charac-
teristics are (1) a braking force which is related to pedal pressure so that
the driver can feel a pedal reaction proportional to the force applied, and
(2) ability to apply the brakes in the absence of the supplemental power.

Figure 11.1.35 illustrates a passenger-car vacuum-suspended type of
power brake, where vacuum exists on both sides of the main power
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materials take into account the full range of brake performance require-
ments, including the mechanism of brake noise and the causes for brake
judder (abnormal vibration), and squeal. Current nonasbestos, nonsteel
friction materials for brake linings and pads include those with main
fibers of carbon and aramid plastic. Secondary fibers are copper and
ceramic. Friction coefficients range from 0.3 to 0.4.

Where identical brakes are used on front and rear wheels, the rear-
wheel cylinders are smaller, so that about 40 to 45 percent of total
braking force is developed at the rear wheels. With the split system (Fig.
11.1.31), a smaller master cylinder for the rear brakes gives a similar
division. Master cylinders are about 1 in (25.4 mm) in diameter, and
other parts of the brake system are so proportioned that a 100-lb (445-N)
brake-pedal force develops 600- to 1,200-lb/in2 (4.1- to 8.3-MPa) fluid
pressure. Air in a hydraulic system makes the brakes feel spongy, and it
must be bled wherever it accumulates, as at each wheel cylinder.

Caliper disk brakes (Fig. 11.1.34) offer better heat dissipation by di-
rect contact with moving air; they are not self-energizing, so that there is

Fig. 11.1.34 Caliper disk brake (schematic).

less drop in the friction coefficient with temperature rise of the brake
pads. Contrarily, the absence of self-energization requires higher
hydraulic-system pressures and consequent power boosters on heavier
cars. Wear of the friction pads is normally greater because of the smaller
area of contact and the greater exposure to road dirt. The pads are
consequently made thicker than the linings of drum brakes, and auto-
matic retraction is incorporated in the hydraulic cylinders.

Power-assisted brakes relieve the driver of much physical effort in
retarding or stopping a car. They are either standard or optional equip-
element when the brakes are released. In the released position, there is
contact between the valve plunger and the poppet; thus the port is closed
between the power cylinder and the atmosphere.

Fig. 11.1.35 Power-assisted brake installation.

Physical effort applied to the brake pedal moves the valve operating
rod toward the master-cylinder section. Initial movement of this rod
closes the port between the poppet and the power piston. This closes the
vacuum passage and brings the valve plunger into contact with the
resilient reaction disk. Additional movement of the valve rod then sepa-
rates the valve plunger from the poppet, thus opening the atmospheric
port and admitting air to the control chamber. Air pressure in this
chamber depends upon the amount of physical effort applied to the pedal.
The pressure differences between the two sides of the power piston
cause it to move toward the master cylinder, closing the vacuum port
and transferring its force through the reaction disk to the hydraulic
piston of the master cylinder. This force tends to extrude the reaction
disk against the valve plunger and react against the valve operating rod,
thus reducing the pedal effort required. An inherent feature of the
vacuum-suspended type of power brake is the existence of vacuum,
without an additional reservoir, for at least one brake stop after the
engine is stopped. Figure 11.1.36 shows the relationship between pedal
effort and hydraulic line pressure.
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Antilock brakes were installed on 56 percent of 1994 cars. On eight
percent of these cars, the additional feature of traction control was in-
cluded. Antilock brake systems (ABS) prevent wheel lockup during
braking. Under normal braking conditions, the driver operates the
brakes as usual. On slippery roads, or during severe braking, as the
driver pushes on the brake pedal and causes the wheels to approach
lockup, the ABS takes over and modulates brake line pressure. Thus,
braking force is applied independently of pedal force.

the plies do not cross one another. Reinforcing belts of two or more
layers are laid circumferentially around the tire between the radial body
plies and the tread. The bias-belted tire construction is similar to the
conventional bias-ply tire, but it has circumferential belts like those in
the radial tire.
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Fig. 11.1.36 Performance chart of a typical power-assisted brake.

Traction control functions as an extension of antilock brake systems,
with which it shares numerous components. Traction control helps
maintain directional stability along with good traction. An ABS system
with traction control uses brake applications to control slip. The amount
of force transferred when starting off or during deceleration or accelera-
tion is a function of the amount of slip between the tire and the road. The
combined antilock and traction control systems make extensive use of
automotive electronics including elements such as sensors (to measure
wheel angular velocity), microprocessors, and brake force distribution
controllers.

TIRES

The automotive pneumatic tire performs four main functions: supporting
a moving load; generating steering forces; transmitting vehicle driving
and braking forces; and providing isolation from road irregularities by
acting as a spring in the total suspension system. A tire is made up of
two basic parts: the tread, or road-contacting part, which must provide
traction and resist wear and abrasion; and the body, consisting of rub-
berized fabric that gives the tire strength and flexibility.

Pneumatic tires are in an engineering classification called ‘‘tensile
structures.’’ Other examples of tensile structures are bicycle wheels
(spokes in tension, rim in compression); sailboat sails (fabric in tension,
air in compression); and prestressed concrete (tendons in tension, con-
crete in compression).

Tensile structures contain a compression member to provide a tensile
preload in the tensile member. In tires, the cords are the tensile members
and the compressed air is the compression member. The common misun-
derstanding is that the tire uses air pressure beneath the rigid wheel to lift
it from the flattened tire. Actually, this is invalid; load support must
come through the tire casing structure and enter the rim through the tire
bead.

The three principal types of automobile and truck tires are the cross-
ply or bias-ply, the radial-ply, and the bias-belted (Fig. 11.1.37). In the
bias-ply tire design, the cords in each layer of fabric run at an angle from
one bead (rim edge) to the opposite bead. To balance the tire strength
symmetrically across the tread center, another layer is added at an op-
posing angle of 30 to 38°, producing a two-ply tire. The addition of two
more criss-crossed plies make a four-ply tire.

In the radial tire (used on most automobiles), cords run straight across
from bead to bead. The second layer of cords runs the same way;
Fig. 11.1.37 Three types of tire construction.

Of the three types, the radial-ply offers the longest tread life, the best
traction, the coolest running, the highest gasoline mileage, and the
greatest resistance to road hazards. The bias-ply tire provides a softer,
quieter ride and is the least expensive. The bias-belted tire design is
intermediate between the good-quality bias-ply and the radial tire. It has
a longer tread life and is cooler running than the bias-ply, and it gives a
smoother low-speed ride than the radial tire. Figure 11.1.38 explains the
coding system used for metric tire size designation. See Table 11.1.1 for
inflation pressures and load limits for 13-in tires.

Various means for continuous measurement and remote display of
car and truck tire pressures are well established in vehicle engineering
practice. The new designs for tire pressure monitoring systems (on 1996
model vehicles) use wheel-mounted sensors. The module containing the
sensor, a 6-V lithium battery, and a radio transmitter, is mounted on the
wheel rim inside the tire. Once a minute, the tire pressure signal is
transmitted to a dash-mounted receiver. The encoded signal is translated
and displayed for each wheel. In one U.S. car application, the monitor is
installed when optional run-flat tires are ordered. Such tires typically
allow driving to continue for up to 200 miles at 55 mi/h with zero air
pressure. The tires perform so well that there is a possibility that the
driver will not be aware of the tire pressure loss, hence the need for
monitoring.

Fig. 11.1.38 Explanation of the international coding system for metric tire size
(P series) designations.

AIR CONDITIONING AND HEATING
(See also Sec. 12.4.)

Automobiles are generally ventilated through an opening near the wind-
shield with a plenum chamber to separate rain from air. Airflow de-
veloped by car motion is augmented, especially at low speed, by a
variable-speed, electrically driven blower. When heat is required, this
air is passed through a finned core served by the engine-jacket water.
Core design typically calls for delivery of 20,000 Btu/h (6 kW) and
125 ft3/min (0.1 m3/s) airfow at 130°F (55°C) with 0°F (2 18°C) am-
bient. Car temperature is controlled by (1) mixing ambient with heated
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air, (2) mixing heated with recirculated air, or (3) variation of blower
speed. Provision is always made to direct heated air against the interior
of the windshield to prevent formation of ice or fog. Figure 11.1.39 illus-
trates schematically a three-speed blower that drives fresh air through
(1) a radiator core or (2) a bypass. The degree and direction of air heat-
ing are further regulated by the doors.

Multiflow

Separate tank
type laminated
evaporator and
expansion
valve
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Fig. 11.1.39 Heater airflow diagram.

In 1994, approximately 94 percent of cars built in the United States
were equipped with air-conditioning systems. The refrigeration capacity
of a typical system is 18,000 Btu/h, or 1.5 tons, at 25 mi/h. Cooling
capacity increases with car speed. In a ‘‘cool-down’’ test, beginning at a
test point with 110°F ambient temperature and bright sunshine, the car
is ‘‘soaked’’ until its interior temperature has leveled off (at about
140°F). The car is then started and run at 25 mi/h, with interior car
temperature checked at up to 48 locations throughout the passenger
compartment.

After 10 min of operation, the average car temperature has dropped to
the range of 80 to 90°F (27 to 32°C). However, in terms of passenger
comfort, at 2 min after starting, the air discharged from the outlets is at
about 70°F—and, at 10 minutes, the discharge air is at 55°F. And, by
adjusting the outlets, the cool air is directed onto the front seat occu-
pants as desired.

Figure 11.1.40 shows schematically a combined air-heating and air-
cooling system; various dampers control the proportions of fresh and
recirculated air to the heater or evaporator core; air temperature is con-
trolled by a thermostat, which switches the compressor on and off
through a magnetic clutch. Electronic control systems eliminate manual
changeover and thermostatically actuate the heating and cooling func-
tions.

Fig. 11.1.40 Combined heater and air conditioner. (Chevrolet.)

General acceptance of ozone depletion attributable, in part, to chlori-
nated refrigerants in vehicular air-conditioning systems, led to legisla-
tion and regulations that brought about significant changes in air condi-
tioning system design. These systems must be safe and environmentally
acceptable, while performing the full range of vehicle cooling and heat-
ing requirements.

Regulations banning the use of chlorofluorocarbons (CFSs) have
been adopted to protect the planet’s ozone layer from these chemicals.
In the mid-1990s, automotive air conditioning systems commonly use
HFC-134a refrigerant, which has thermodynamic properties similar to
the formerly used CFC-12. Extensive developmental activity and engi-
neering performance testing shows that cooling capacity and compres-
sor power consumption for the two refrigerants are closely comparable.
Figure 11.1.41 presents a schematic drawing of a representative air
conditioning system using HFC-134a refrigerant and a variable dis-
placement compressor.
condenser Low-pressure
tube and pipe

High-pressure
tube and pipe

Variable displacement
compressor

Liquid tank

Motor fan

Fig. 11.1.41 Schematic of air conditioning system using HFC-134a refrigerant.
(Reprinted with permission from SAE, SP-916, ©1992, Society of Automotive
Engineers, Inc.)

BODY STRUCTURE

Vehicle design layout can be characterized generally as front-engine,
rear-wheel drive (large cars); front-engine, front-wheel drive (small and
midsize cars); four-wheel drive (utility vehicles); and midengine, rear-
wheel drive (sports cars). The two most commonly used basic body
constructions are the unit construction and the body-and-frame. As il-
lustrated in Figs. 11.1.42 and 11.1.43, a car of the body-and-frame design
has a body that is bolted to a separate frame. Most of the suspension,

Fig. 11.1.42 Separate body and frame design.

Fig. 11.1.43 Unit construction design for automobiles.
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Table 11.1.3 Pounds of Material in a Typical Family Vehicle, 1978–1995

1978 1985 1990 1995

Material lb % lb % lb % lb %

Regular steel, sheet, strip, bar, and rod 1,915.0 53.6 1,481.5 46.5 1,405.0 44.7 1,398.0 43.6
High- and medium-strength steel 133.0 3.7 217.5 6.8 238.0 7.6 279.5 8.7
Stainless steel 26.0 0.7 29.0 0.9 34.0 1.1 46.0 1.4
Other steels 55.0 1.5 54.5 1.7 39.5 1.3 43.5 1.4
Iron 512.0 14.3 468.0 14.7 454.0 14.5 398.5 12.4
Plastics and plastic composites 180.0 5.0 211.5 6.6 229.0 7.3 246.5 7.7
Aluminum 112.5 3.2 138.0 4.3 158.5 5.0 187.5 5.8
Copper and brass 37.0 1.0 44.0 1.4 48.5 1.5 43.5 1.4
Powder metal parts 15.5 0.4 19.0 0.6 24.0 0.8 28.0 0.9
Zinc die castings 31.0 0.9 18.0 0.6 18.5 0.6 16.0 0.5
Magnesium castings 1.0 0.0 2.5 0.0 3.0 0.0 5.0 0.2
Fluids and lubricants 198.0 5.5 184.0 5.8 182.0 5.8 190.0 5.9
Rubber 146.5 4.1 136.0 4.3 136.5 4.3 136.0 4.2
Glass 86.5 2.4 85.0 2.7 86.5 2.8 91.5 2.9
Other materials 120.5 3.4 99.0 3.1 83.5 2.7 98.5 3.1

Total 3,569.5 100.0 3,187.5 100.0 3,140.5 100.0 3,208.0 100.0

SOURCE: ‘‘American Metal Market,’’ copyright 1995 Capital Cities/ABC Inc. and ‘‘Motor Vehicle Facts & Figures,’’ AAMA.
NOTE: 1 lb 5 0.45 kg.

bumper, and brake loads are transmitted to the car’s frame. A car of the
unit construction or unitized design, commonly used for small and mid-
size cars, utilizes the body structure to react to stresses and loads. Unit
bodies are complex structures consisting of stamped sheet metal sec-
tions that are welded together, forming a framework to which an outer
skin is attached.

MATERIALS
(See also Sec. 6.)

cles are processed for recycling. Approximately 75 percent of an auto-
mobile’s material content is recycled. Figure 11.1.44 shows a general
breakdown for materials disposition from recycled vehicles.

TRUCKS

Since the beginning of the motor vehicle industry at the turn of the
century, trucks have been an important segment of the industry. Many
of the first motor vehicles were trucks, and closely paralleled automo-

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
In the 1990s, the trend toward smaller, lighter, more fuel-efficient, more
corrosion-resistant cars has led to growth in the use of such materials as
high-strength steel, galvanized steel, aluminum, and a variety of plastics
materials. Table 11.1.3 provides a breakdown of materials usage begin-
ning with 1978 and including a 1995 projection. In this table, the
‘‘other’’ material category includes sound deadeners and sealers, paint
and corrosion-protective dip, ceramics, cotton, cardboard, and miscella-
neous other materials.

Motor vehicle design and materials specification are greatly in-
fluenced by life-cycle requirements that extend to recycling the material
from scrapped vehicles. In the mid 1990s, 94 percent of scrapped vehi-
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Fig. 11.1.44 Materials disposition from recycled vehicles. (‘‘Motor Vehicle
Facts & Figures,’’ AAMA.)
bile design technology. In the United States, in 1992, a total of nearly 60
million trucks were in use. More than 50 million (of the total) were light
trucks weighing 6,000 lb or less; about 5 million were light trucks
weighing between 6,000 and 10,000 lb; and 700,000 were light trucks
between 10,000 and 14,000 lb. The remaining approximately 3.3 mil-
lion ranged in medium and heavy sizes from 14,001 to 60,000 lb and
larger. In 1994 the average age of trucks in use was 8.4 years. About 29
percent of U.S. intercity ton-miles of goods and freight are transported
by truck.

The breakdown of 6.4 million truck sales in 1994 was: 6.1 million
light trucks, 167,000 medium-duty, and 186,000 heavy-duty. In 1994,
light trucks were bought with the following percentages of optional
equipment: automatic transmission, 78; four-wheel antilock brakes, 32;
rear antilock brakes, 54; power steering, 97; four-wheel drive, 34; diesel
engine, 4; and air conditioning, 86.

Trucks, generally, are grouped by gross vehicle weight (GVW) rating
into light-duty (0 to 14,000 lb), medium-duty (14,001, to 33,000 lb),
and heavy-duty (over 33,000 lb) categories. To determine GVW classi-
fication, truck capacities are further broken down into classes 1 to 8, as
listed in Table 11.1.4.

Table 11.1.4 Gross Vehicle
Weight Classification

Weight,
GVW group Class kg (max)

6000 lb or less 1 2722
6001–10,000 lb 2 4536

10,001–14,000 lb 3 6350
14,001–16,000 lb 4 7258
16,001–19,500 lb 5 8845
19,501–26,000 lb 6 11,794
26,001–33,000 lb 7 14,469
33,001 lb and over 8 14,970
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Truck Service Operations

Truck usage, purpose, or ‘‘vocation’’ is categorizd by type of service
operation as follows:

Class A Service: operation of motor vehicles on smooth, hard-surfaced
highways in level country, where transmission gears are used only to
accelerate the vehicle and payload from rest. Fast axle gear ratios are
used.

Class B Service: operation of motor vehicles on smooth, hard-surfaced
highways in hilly country where numerous grades are encountered. Re-

Past experience
Trade-in cycle

System characteristics that dictate design include:
1. Basic vehicle performance: startability, gradeability, acceleration,

fuel economy, trip time
2. Reliability and expected system life
3. Noise emission—pass-by
4. Ergonomics—controls, in-cab noise, vibration
5. Dynamics—vibration related to noise, safety, or early component

failure
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quires intermittent use of transmission for short periods to surmount
grades. The intermediate range of axle gear ratios is used in this class of
service.

Class C Service: operation of motor vehicles for dump truck service,
where the vehicle operates on loose dirt, sand, or muddy roads that offer
high rolling resistance. This class of service also covers operation under
conditions where the transmission is used for long periods in overcom-
ing bad road conditions on long mountain grades. Vehicle design
for this class of service usually calls for the slow range of axle gear
ratios.

Class D Service: operation of motor vehicles in connection with semi-
trailers or trailers. This type of service is confined to smooth, hard-
surfaced highways. In this service, the gross vehicle weight is the gross
train weight, that is, the total weight of truck, trailer, and load.

Truck weight classifications are used to differentiate truck sizes. To
fully define the vehicle, engine type and truck mission or purpose need
to be known. Figure 11.1.45 illustrates medium- and heavy-duty truck
classifications by gross weight and vocation. Figure 11.1.46 shows life
expectancy within the weight classes.

Class 8 (33,001 lb or over)

COE
sleeper

Class 7 (26,001 to 33,000 lbs.)

Class 6 (19,500 to 26,000 lbs.)

Cement
Extra-heavy

tandem conventional

Single-axle van Stake COE van

High-profile
COE

Trash
Medium

conventional
Fuel

Fig. 11.1.45 Medium- and heavy-duty truck classification by gross weight and
vehicle usage. (Reprinted with permission from SAE, SP-868, ©1991, Society of
Automotive Engineers, Inc.)

Truck Engineering

A heavy-duty truck drivetrain is treated as an engineered, integral sys-
tem that starts at the engine flywheel housing, transmission mounting
surface, and flywheel pilot bearing and ends at the rear axle suspension
mounting points. The most important information needed is the end-
user description, including a customer/fleet profile. The following items
provide a framework for starting and focusing the truck engineering
process:

Current vehicle specifications
Gross cargo weight and percent of time at gross cargo weight
What is hauled, where it is hauled
Competition, including driveline
Future trends and changes
6. Mechanical mounting and attachment of system components
7. Maintenance and serviceability
Performance is a basic requirement in designing a truck or truck-

trailer. Broadly, performance relates to a truck’s ability to move a load
economically under varying conditions of operation. The ability of a
truck to move a load depends on the engine, transmission, axle ratio,
and tire matched to the expected gross weight, road conditions, and road
speed. The engine must provide adequate power to maintain the desired
road speed with the specified load; the transmission must embody a
range of speed selection to permit the engine to operate in the optimum
range; axle ratio must be compatible with required road speed.
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Heavy line
haul

Midrange
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Fig. 11.1.46 Truck life expectancy in medium- and heavy-duty service. (Re-
printed with permission from SAE, SP-868, ©1991, Society of Automotive Engi-
neers, Inc.)

Power requirements for a given vehicle must be known before an
engine and driveline can be selected. Power required is the sum of air,
rolling, and grade resistances. Assuming the road surface remains con-
stant, the grade resistance may be considered as increased rolling resis-
tance. The total resistance and the power required can be determined
when the following factors are known:

Gross vehicle weight
Maximum frontal cross-section area
Drag coefficient
Vehicle speed
Road surface and grade

Truck top speed is design-controlled using one or more of three ap-
proaches:

1. Gear limited: the engine provides adequate reserve power to reach
governed maximum rotational speed while driving the fully laden



11-20 RAILWAY ENGINEERING

vehicle over level ground. In this case, maximum truck speed is propor-
tional to the maximum governed engine speed, cruise gear ratios, and
tire rolling radius. Reserve power is provided to permit the truck to
maintain the desired geared speed when slight grades or head winds are
encountered.

2. Road speed governed: applied and installed as a means to limit
vehicle top speed, without sacrificing performance when the truck is
operating at speeds below maximum. Safety is a principal purpose of a
road speed governor. Governing also contributes to engine life and fuel
economy through reduced engine speed while cruising at the maximum

significant consideration in truck engineering and truck operations.
For heavy-duty trucks, including truck-trailer combinations, frontal area
ranges from 50 to 102 ft2 (4.6 to 9.5 m2). Drag coefficients range from
about 0.6 to 1.0. The drag coefficient for a representative Class 8 truck-
trailer is about 0.7.

Published data and testing indicate that fuel savings from aerodynamic
improvements are equivalent to fuel savings attained by chassis weight
reduction and require fewer services to maintain. Approximately half
the driving force reaching the powered wheels is needed to overcome
air resistance at cruising speed, as shown in Fig. 11.1.47. This is similar,

a
y,

Trucks, October 1983. ‘‘Engineering and Design of Railway Brake Systems,’’
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governed truck speed. Electronic fuel systems provide increased engine-
drivetrain-vehicle control.

3. Horsepower limited: the horsepower to propel the truck over level
ground must overcome rolling resistance and air resistance. Rolling
resistance increases linearly with vehicle speed. Air resistance increases
as the cube of vehicle speed.

Because the power required to overcome air resistance increases
as the cube of vehicle speed, aerodynamic drag or wind resistance is a

350

325

300

275

250

225

200

175

150

125

100

75

50

25

0

H
or

se
po

w
er

 r
eq

ui
re

d

7060504030

Vehicle speed, mi/h

Gross engine
hp required

Rolling
resistance hp

2010

Air resistance hp

Fig. 11.1.47 Aerodynamic drag effect on truck power requirement to overcome
air resistance. (Reprinted with permission from SAE, ‘‘Motor Truck Engineering
Handbook,’’ ©1994, Society of Automotive Engineers, Inc.)
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in order of magnitude, to the aerodynamic effects discussed earlier for
automobiles. For trucks, a reduction of approximately 10 percent in
drag results in a fuel savings of about 5 percent, or nearly 1000 gallons
per year.

Truck Noise Emissions

Commercial vehicle manufacturers are required to comply with a U.S.
federal law restricting the pass-by noise emitted from a new production
vehicle. A maximum sound pressure level of 80 dBA is allowed when
subjecting a vehicle to the pass-by test described in SAE J366, ‘‘Exte-
rior Sound Level for Heavy Trucks and Buses.’’ This procedure mea-
sures the maximum exterior sound level the vehicle produces under a
prescribed condition where the vehicle does not exceed 35 mi/h. Tire
noise becomes a significant factor at higher speeds, so the test is de-
signed specifically to include all noise except tires. Another procedure,
SAE J57, ‘‘Truck Noise Control,’’ is used to measure tire noise.

Truck Design Constraints and Prospects

Historically, commercial trucks replaced the horse and wagon. Dirt roads
evolved into a paved national highway system. Early truck develop-
ments focused on increased load-carrying capacity, higher highway
speeds, and improved component life. Currently, component life im-
provements continue while loads are limited to conserve the highway
structure. Truck speeds are limited to conserve fuel and improve safety.

Conservation of natural resources and the highway system are impor-
tant considerations that will extend into the future. Concerns over the air
we breathe and vehicle traffic densities are important factors that signifi-
cantly influence truck design engineering and operational performance.

It is expected that environmental, energy conservation, and public safety
concerns will continue to influence and direct the focus of future drive-
train and overall truck vehicle engineering.

MOTOR VEHICLE ENGINES

For details on engines, see Sec. 9. For antifreeze-protection data, see
Sec. 6.

ENGINEERING
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DIESEL-ELECTRIC LOCOMOTIVES

Diesel-electric locomotives and electric locomotives are classifi
wheel arrangement; letters represent the number of adjacent d
axles in a rigid truck (A for one axle, B for two axles, C for three
etc.). Idler axles between drivers are designated by numerals. A
Division, 82-RT-7, 1982. W. J. Davis, Jr., General Electric Review, October 1926.
R. A. Allen, Conference on the Economics and Performance of Freight Car
sign indicates articulated trucks or motive power units. A minus sign
indicates separate swivel trucks not articulated. This nomenclature is
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fully explained in Standard S-523 issued by the Association of Ameri-
can Railroads (AAR). Virtually all modern locomotives are of either
B-B or C-C configuration.

The high efficiency of the diesel engine is an important factor in its
selection as a prime mover for traction. This efficiency at full or part
load makes it ideally suited to the variable service requirements found
in daily railroad operations. The diesel engine is a constant-torque ma-
chine that cannot be started under load and hence requires a variably
coupled transmission arrangement. The electric transmission system
allows it to make use of its full rated power output at low track speeds

speeds the engines are aspirated by the intake stroke. Two-cycle engines
utilize a unit fuel injector which pumps, meters, and atomizes the fuel.
The four-cycle engines use separate metering pumps and atomizing
injectors.

The engine control governor is an electrohydraulic device used to
regulate the speed and horsepower output of the diesel engine. It is a
self-contained unit mounted on the engine and driven from one of the
engine camshafts. It is equipped with its own oil supply and pressure
pump.

The governor contains four solenoids which are actuated individually

h
a
l

28
42
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for starting and efficient hauling of heavy trains. Examples of the
various diesel-electric locomotive types in service are shown in Table
11.2.1. A typical diesel-electric locomotive is shown in Fig. 11.2.1.

Most of the diesel-electric locomotives have a dc generator or recti-
fied alternator coupled directly to the diesel engine crankshaft. The
generator/alternator is electrically connected to dc series traction motors
having nose suspension mountings. Some recent locomotives utilize
gate turn-off (GTO) inverters and ac traction motors to obtain the bene-
fits of increased adhesion and increased horsepower per axle. The tooth
ratio of the axle-mounted gears to the motor pinion gears which they
engage is determined by the speed range and is related to the type of
service. A high ratio is used for freight where high tractive efforts and
low speeds are required, whereas high-speed passenger locomotives
have a lower ratio.

Diesel Engines Most new diesel-electric locomotives are equipped
with either a V-type, two strokes per cycle, or V-type, four strokes per
cycle, engine. Engines range from 8 to 20 cylinders each. Output power
ranges from 1,000 hp to over 4,400 hp for a single engine appli-
cation.

Two-cycle engines are aspirated with either a gear-driven blower or a
turbocharger. Because these engines lack an intake stroke for natural
aspiration, the turbocharger is gear driven at lower engine speeds. At
higher engine speeds, when the exhaust gases contain enough energy to
drive the turbocharger, an overriding clutch disengages the gear train.
Free-running turbochargers are used on four-cycle engines, as at lower

Table 11.2.1 Locomotives in Service in North America

Weig
min. /m

Locomotive*

Builder Model Service Arrangement (1,000

Bombardier HR-412 General purpose B-B 240/
Bombardier HR-616 General purpose C-C 380/

Bombardier LRC Passenger B-B 252 nom
EMD SW-1001 Switching B-B 230/24
EMD MP15 Multipurpose B-B 248/27
EMD GP40-2 General purpose B-B 256/27
EMD SD40-2 General purpose C-C 368/42
EMD GP50 General purpose B-B 260/27
EMD SD50 General purpose C-C 368/42
EMD F40PH-2 Passenger B-B 260 nom
GE B18-7 General purpose B-B 231/26
GE B30-7A General purpose B-B 253/28
GE C30-7A General purpose C-C 359/42
GE B36-7 General purpose B-B 260/28
GE C36-7 General purpose C-C 367/42
EMD AEM-7 Passenger B-B 201 nom
EMD GM6C Freight C-C 365 nom
EMD GM10B Freight B-B-B 390 nom
GE E60C General purpose C-C 364 nom
GE E60CP Passenger C-C 366 nom
GE E25B Freight B-B 280 nom

* Engines: Bombardier—model 251, 4-cycle, V-type, 9 3 101⁄2 in cylinders.
EMD—model 645E, 2-cycle, V-type, 91⁄16 3 10 in cylinders.
GE—model 7FDL, 4-cycle, V-type, 9 3 101⁄2 in cylinders.

† Starting tractive effort at 25% adhesion.
‡ Continuous tractive effort for smallest pinion (maximum).
§ Electric locomotive horsepower expressed as diesel-electric equivalent (input to generator).
¶ Not applicable.
or in combination from the 74-V auxiliary generator/battery supply by a
series of switches actuated by the engineer’s throttle. There are eight
power positions of the throttle, each corresponding to a specific value of
engine rpm and horsepower. The governor maintains the predetermined
value of engine rpm through a mechanical linkage to the engine fuel
racks which control the amount of fuel metered to the cylinders.

One or more centrifugal pumps, gear-driven from the engine crank-
shaft, force water through passages in the cylinder heads and liners. The
water temperature is automatically controlled by regulating shutter and
fan operation, which in turn controls the passage of air through the
cooling radiators, or by bypassing the water around the radiators. The
fans (one to four per engine) may be motor driven or mechanically
driven by the engine crankshaft. If mechanical drive is used, current
practice is to drive the fans through a clutch, since it is wasteful of
energy to operate the fans when cooling is not required.

The lubricating oil system supplies clean oil at the proper temperature
and pressure to the various bearing surfaces of the engine, such as
crankshaft, camshaft, wrist pins, and cylinder walls, and supplies oil to
the heads of the pistons to remove excess heat. One or more gear-type
pumps driven from the crankshaft are used to move the oil from the
crankcase through strainers to the bearings and to the piston cooling
passages, after which the oil runs by gravity to the crankcase. A heat
exchanger is located in the system to permit all the oil to pass through it
at some time during a complete cycle. The oil is cooled by passing
engine cooling water through the other side of the exchanger. Paper

Tractive effort

Starting† for
t min. /max.
x. weight At continuous‡ Number of Horsepower
b) (1,000 lb) speed (mi/h) cylinders rating (r/min)

0 60/70 60,400 (10.5) 12 2,700 (1,050)
0 95/105 90,600 (10.0) 16 3,450 (1,000)
inal 63 19,200 (42.5) 16 3,725 (1,050)

0 58/60 41,700 (6.7) 8 1,000 (900)
8 62/69 46,822 (9.3) 12 1,500 (900)
8 64/69 54,700 (11.1) 16 3,000 (900)
0 92/105 82,100 (11.0) 16 3,000 (900)
8 65/69 64,200 (9.8) 16 3,500 (950)
0 92/105 96,300 (9.8) 16 3,500 (950)
inal 65 38,240 (16.1) 16 3,000 (900)
8 58/67 61,000 (8.4) 8 1,800 (1,050)
0 63/70 64,600 (12.0) 12 3,000 (1,050)
0 90/105 96,900 (8.8) 12 3,000 (1,050)
0 65/70 64,600 (12.0) 16 3,600 (1,050)
0 92/105 96,900 (11.0) 16 3,600 (1,050)
inal 50 33,500 (10.0) NA¶ 7,000 §
inal 91 88,000 (11.0) NA 6,000 §
inal 97 100,000 (5.0) NA 10,000 §
inal 91 82,000 (22.0) NA 6,000 §
inal 91 34,000 (55.0) NA 6,000 §
inal 70 55,000 (15.0) NA 2,500 §
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Fig. 11.2.1 Locomotive general arrangement. (Courtesy of M. Ephraim, ASME, Rail Transportation Division.)

element cartridge filters in series with the oil flow are used to remove
any fine impurities in the oil before it enters the engine.

Electric Transmission Equipment A main generator or three-phase
ac alternator is directly coupled to the diesel engine crankshaft. Alterna-
tor output is rectified through a full-wave bridge to minimize ripple to a
level acceptable for operation of series field dc motors or for input to the
solid-state inverter system for ac motors.

Generator power output is controlled by (1) varying engine speed
through movement of the engineer’s controller and (2) controlling the
flow of current in its battery field or in the field of a separate exciter

of 74 V over the full range of engine speeds. Auxiliary alternators with
full-wave bridge rectifiers are also utilized for this application.

Traction motor blowers are mounted above the locomotive under-
frame. Air from the centrifugal blower housings is carried through the
underframe and into the motor housings through flexible ducts. Other
designs are being developed to vary the air output with cooling require-
ments to conserve parasitic energy demands.

Traction motors are nose-suspended from the truck frame and bear-
ing-suspended from the axle (Fig. 11.2.2). The traction motors employ
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generator. The shunt and differential fields (if used) are designed to
maintain a constant generator power output for a given engine speed as
the propulsion system and voltage vary. They do not completely ac-
complish this, thus the battery field or separately excited field must be
controlled by the load regulator to provide the final adjustment in exci-
tation to load the engine properly. This field is also automatically deen-
ergized to reduce or remove the load, when certain undesirable condi-
tions occur, to prevent damage to the power plant or other traction
equipment.

The engine main generator or alternator power plant functions at any
throttle setting as a constant-horsepower source of energy. Therefore,
the main generator voltage must be controlled to provide constant
power output for each specific throttle position under varying condi-
tions of locomotive speed, train resistance, atmospheric pressure, and
quality of fuel. The load regulator, which is an integral part of the
governor, accomplishes this within the maximum safe values of main-
generator voltage and current. For example, when the locomotive expe-
riences an increase in track gradient with a consequent reduction in
speed, traction-motor counter-emf decreases, causing a change in trac-
tion-motor and main-generator current. Because this alters the load de-
mand on the engine, the speed of the engine tends to change to compen-
sate. As the speed changes, the governor begins to reposition the fuel
racks, but at the same time a pilot valve in the governor directs hydraulic
pressure into a load regulator vane motor which changes the resistance
value of the load regulator rheostat in series with the main-generator
excitation circuit. This alters the main-generator excitation current and
consequently, main-generator voltage and returns the value of main-
generator power output to normal. Engine fuel racks return to normal,
consistent with constant values of engine speed.

The load regulator is effective within maximum and minimum limit
values of the rheostat. Beyond these limits the power output of the
engine is reduced. However, protective devices in the main generator
excitation circuit limit the voltage output to ensure that values of current
and voltage in the traction motor circuits are within safe limits.

Auxiliary Generating Apparatus Dc power for battery charging,
lighting, control, and cab heaters is furnished by a separate generator,
geared to the main engine. Voltage output is regulated within 1 percent
Fig. 11.2.2 Axle-hung traction motor for diesel-electric and electric locomo-
tives.

series-exciting (main) and commutating field poles. The current in the
series field is reversed to change locomotive direction and may be par-
tially shunted through resistors to reduce counter-emf as locomotive
speed is increased. Newer locomotives dispense with field shunting to
improve commutation. Early locomotive designs also required motor
connection changes (series, series/parallel, parallel) referred to as tran-
sition, to maintain motor current as speed increased.

AC traction motors employ a variable-frequency supply derived from
a computer-controlled solid-state inverter system, fed from the rectified
alternator output. Locomotive direction is controlled by reversing the
sequence of the three-phase supply.

The development of the modern traction alternator with its high out-
put current has resulted in a trend toward traction motors that are per-
manently connected in parallel. DC motor armature shafts are equipped
with grease-lubricated roller bearings, while ac traction-motor shafts are
supplied with a grease-lubricated roller bearing at the free end and an
oil-lubricated bearing at the pinion drive end. Traction-motor support
bearings are usually of the plain sleeve type with lubricant wells and
spring-loaded felt wicks which maintain constant contact with the axle
surface.

Electrical Controls In the conventional dc propulsion system, elec-
tropneumatic or electromagnetic contactors are used to make and break
the circuits between traction motors and the main generator. They are
equipped with interlocks for various control-circuit functions. Similar
contactors are used for other power and excitation circuits of lower
power (amperage). An electropneumatic or electric-motor-operated
cam switch, consisting of a two-position drum with copper segments
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moving between spring-loaded fingers, is generally used to reverse
traction-motor field current (‘‘reverser’’) or to set up the circuits for
dynamic braking. This switch is not designed to operate under load. On
some dc locomotives these functions have been accomplished with a
system of contactors. In the ac propulsion systems, the power-control
contactors are totally eliminated since their function is performed by the
solid-state switching devices in the inverters.

Cabs In order to promote uniformity and safety, the AAR has is-
sued standards for many locomotive cab features, such as cab seats,
water cooler and toilet installation, and flooring. Locomotive cab noise

charging an empty trainline with the locomotive at standstill (maximum
compressor demand), the engineer may increase engine (and compres-
sor) speed without feeding power to the traction motors.

Dynamic Braking On most locomotives, dynamic brakes supple-
ment the air brake system. The traction motors are used as generators to
convert the kinetic energy of the locomotive and train into electrical
energy, which is dissipated through resistance grids located near the
locomotive roof. Motor-driven blowers, designed to utilize some of this
braking energy, force cooler outside air over the grids and out through
roof hatches. By directing a generous and evenly distributed airstream

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
levels are prescribed by CFR 49§229.121.
Propulsion control circuits transmit the engineer’s movements of the

throttle lever, reverse lever, and transition or dynamic-brake control
lever in the controlling unit to the power-producing equipment of each
unit operating in multiple in the locomotive consist. Before power is
applied, all reversers must move to provide proper motor connections
for the directional movement desired, taking into account the direction
in which each locomotive unit is headed. Power contactors complete the
circuits between generators and motors. For dc propulsion systems ex-
citation circuits then function to provide the proper main-generator field
current while the engine speed increases to correspond to the engineer’s
throttle position. In ac propulsion systems, all power circuits are con-
trolled by computerized switching of the inverter. To provide for multi-
ple-unit operation, the control circuits are connected between locomo-
tive units by jumper cables. The AAR has issued Standard S-512
covering standard dimensions and contact identification for 27-point
control jumpers used between diesel-electric locomotive units.

Wheel slip is detected by some form of sensing equipment connected
electrically to the motor circuits or mechanically to the axles. When
slipping occurs on some units, relays automatically reduce main gener-
ator excitation until slipping ceases, whereupon power is gradually
reapplied. On newer units, an electronic system senses small changes in
motor current and reduces motor current before a slip occurs. An ad-
vanced system recently introduced adjusts wheel creep to maximize
wheel-to-rail adhesion. Wheel speed is compared to ground speed,
which is accurately measured by radar. A warning light and/or buzzer in
the operating cab informs the engineer, who, if the slip condition per-
sists, must then notch back on the throttle.

Batteries Lead-acid storage batteries of 280 or 420 A ?h capacity
are usually used for starting the diesel engine. Thirty-two cells on each
locomotive unit are used to provide 64 V to the system. (See also Sec.
15.) The batteries are charged from the 74-V power supply.

Air Brake System The ‘‘independent’’ brake valve handle at the
engineer’s position controls air pressure supplied from the locomotive
reservoirs to the brake cylinders on the locomotive itself. The ‘‘auto-
matic’’ brake valve handle (Fig. 11.2.3) controls the air pressure in the

Fig. 11.2.3 Automatic-brake valve-handle positions for 26-L brake equipment.

brake pipe to the train. The AAR has issued Standard S-529, ‘‘Specifi-
cations for New Locomotive Standard Air Brake Equipment.’’

Compressed air for braking and for various pneumatic controls on the
locomotive is supplied by a two-stage three-cylinder compressor, usu-
ally connected directly or through a clutch to the engine crankshaft. An
unloader or the clutch is activated to maintain a pressure of approxi-
mately 130 to 140 lb/in2 (896 to 965 kPa) in the main reservoirs. When
over the grids, their physical size is reduced in keeping with the rela-
tively small space available in the locomotive. On some locomotives,
resistor-grid cooling is accomplished by an engine-driven radiator/
braking fan, but energy conservation is causing this arrangement to be
replaced by motor-driven fans which can be powered in response to
need using the parasitic power generated by dynamic braking itself.

By means of a cam-switch reverser, the traction motors are connected
to the resistance grids; the motor fields are usually connected in series
across the main generator to supply the necessary high excitation
current. The magnitude of the braking force is set by controlling the
traction motor excitation and the resistance of the grids. Conventional
dynamic braking is not usually effective below 10 mi/h (16 km/h), but it
is very useful at 20 to 30 mi/h (32 to 48 km/h). Some locomotives are
equipped with ‘‘extended range’’ dynamic braking which enables dy-
namic braking to be used at speeds as low as 3 mi/h (5 km/h) by shunt-
ing out grid resistance (both conventional and extended range shown on
Fig. 11.2.4). Dynamic braking is now controlled according to the ‘‘ta-

Fig. 11.2.4 Dynamic-braking effort versus speed. (Electro-Motive Division,
General Motors Corp.)

pered’’ system, although the ‘‘flat’’ system has been used in the past.
Dynamic braking control requirements are specified by AAR Standard
S-518. Dynamic braking is especially advantageous on long grades
where accelerated brake shoe wear and potential thermal damage to
wheels could otherwise be problems. Other advantages are relieving
crews from setting up air brake retainers on freight cars and smoother
control of train speed. Dynamic brake grids can also be used for a
self-contained load-test feature which permits a standing locomotive to
be tested for power output. On locomotives equipped with ac traction
motors a constant dynamic braking (flat-top) force can be achieved
from the horsepower limit down to 2 mi/h (3 km/h).

Performance

Engine Indicated Horsepower The horsepower delivered at the
diesel locomotive drawbar is the end result of a series of subtractions
from the original indicated horsepower of the engine, made to take into
account efficiency of transmission equipment and losses due to the
power requirements of various auxiliaries. The formula for the engine’s
indicated horsepower is

ihp 5 PLAN/33,000 (11.2.1)

where P 5 mean effective pressure in the cylinder, lb/in2; L 5 length of
piston stroke, ft; A 5 piston area, in2; and N 5 total number of cycles
completed per min. Factor P is governed by the overall condition of the
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engine, quality of fuel, rate of fuel injection, completeness of combus-
tion, compression ratio, etc. Factors L and A are fixed with design of
engine. Factor N is a function of engine speed, number of working
chambers, and strokes needed to complete a cycle. (See also Secs. 4
and 9.)

Engine Brake Horsepower In order to calculate the horsepower
delivered to the crankshaft coupling (main-generator connection), fric-
tional losses in bearings and gears must be subtracted from the indicated
horsepower (ihp). Some power is also used to drive lubricating-oil
pumps, governor, water pump, scavenging blower, and other auxiliary

example, 45 percent at start-up and low speed with a nominal value of
35 percent.

Traction Motor Characteristics Motor torque is a function of ar-
mature current and field flux (which is a function of field current). Since
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devices. The resultant horsepower at the coupling is brake horsepower
(bhp).

Rail Horsepower A portion of the engine bhp is transmitted me-
chanically via couplings or gears to operate the traction motor blowers,
air brake compressor, auxiliary generator, and radiator cooling fan gen-
erator or alternator. Part of the auxiliary generator electric output is used
to run some of the auxiliaries. The remainder of the engine bhp trans-
mitted to the main generator or main alternator for traction purposes
must be multiplied by generator efficiency (usually about 91 percent),
and the result again multiplied by the efficiency of the traction motors
(including power circuits) and gearing to develop rail horse-
power. Power output of the main generator for traction may be ex-
pressed as

Wattstraction 5 Eg 3 Im (11.2.2)

where Eg is the main-generator voltage and Im is the traction motor
current in amperes, multiplied by the number of parallel paths or the dc
link current in the case of an ac traction system.

Rail horsepower may be expressed as

hprail 5 V 3 TE/375 (11.2.3)

where V is the velocity, mi/h, and TE is tractive effort at the rail, lb.
Thermal Efficiency The thermal efficiency of the diesel engine at

the crankshaft, or the ratio of bhp output to the rate at which energy of
the fuel is delivered to the engine, is about 33 percent. Thermal effi-
ciency at the rail is about 26 percent.

Drawbar Horsepower The drawbar horsepower represents power
available at the rear of the locomotive to move the cars and may be
expressed as

hpdrawbar 5 hprail

2 locomotive running resistance 3 V/375 (11.2.4)

where V is the speed in mi/h. Running resistance calculations are dis-
cussed later under Vehicle/Track Interaction. Theoretically, therefore,
drawbar horsepower available is power output of the diesel engine less
parasitic losses described above.

Speed-Tractive Effort At full throttle the losses vary somewhat at
different values of speed and tractive efforts, but a curve of tractive
effort plotted against speed is nearly hyperbolic. Figure 11.2.5 is a
typical speed-tractive effort curve for a 3,500 hp (2,600 kW) freight
locomotive. The diesel-electric locomotive has full horsepower avail-
able over the entire speed range (within limits of adhesion described
below). The reduction in power as continuous speed is approached is
referred to as ‘‘power matching.’’ This allows the mixing of units with
varied power per axle at the same continuous speed.

Adhesion In Figure 11.2.6 the maximum value of tractive effort
represents the usually achievable level just before the wheels slip under
average rail conditions. Adhesion is usually expressed as a percentage
with the nominal level being 25 percent. This means that a force equal to
25 percent of the total locomotive weight on drivers is available as
tractive effort. Actually, at the point of wheel slip, adhesion will vary
widely with rail conditions, from as low as 5 percent to as high as 35
percent or more. Adhesion is severely reduced by lubricants which
spread as thin films in the presence of moisture on running surfaces.
Adhesion can be increased with sand applied to the rails from the loco-
motive sanding system. More recent wheel slip systems permit wheel
creep (very slow controlled slip) to achieve greater levels of tractive
effort. Higher adhesion levels are available from ac traction motors; for
Fig. 11.2.5 Tractive effort versus speed.

traction motors are series connected, armature and field current are the
same (except when field shunting circuits are introduced), and therefore
tractive effort is a function solely of motor current. Figure 11.2.7
presents a group of traction motor characteristic curves with tractive
effort, speed and efficiency plotted against motor current for full field
(FF) and at 35 (FS1) and 55 (FS2) percent field shunting. Wheel diam-
eter and gear ratio must be specified when plotting torque in terms of
tractive effort. (See also Sec. 15.)

Traction motors are usually rated in terms of maximum continuous
current. This represents the current at which the heating effect due to
electrical losses in the armature and field windings is sufficient to raise
the temperature of the motor to its maximum safe limit when cooling air

Fig. 11.2.6 Typical tractive-effort versus speed characteristics. (Electro-Motive
Division, General Motors Corp.)
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Table 11.2.2 Standard Dimensions and Contact
Identification of 27-Point Control Plug and Receptacle
for Diesel-Electric Locomotives

Receptacle Wire size,
point Function Code AWG

1 Power reduction setup,
if used

(PRS) 14

2 Alarm signal SG 14
3 Engine speed DV 14
4* Negative N 14 or 10
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Fig. 11.2.7 Traction-motor characteristics. (Electro-Motive Division, General
Motors Corp.)

at maximum expected ambient temperature is forced through it at the
prescribed rate by the blowers. Continuous operation at this current
level ideally allows the motor to operate at its maximum safe power
level, with waste heat generated equal to heat dissipated. The tractive
effort corresponding to this current is usually somewhat lower than that
allowed by adhesion at very low speeds. Higher current values may be
permitted for short periods of time (as when starting). These ratings are
specified in time intervals and are posted on or near the load meter
(ammeter) dial in the cab.

Maximum Speed Traction motors are also rated in terms of their
maximum safe speed in r/min, which in turn limits locomotive speed.
The gear ratio and wheel diameter are directly related to speed as well as
the maximum tractive effort and the minimum speed at which full
horsepower can be developed at the continuous rating of the motors.
Maximum locomotive speed may be expressed as follows:

(mi/h)max 5
wheel diameter (in) 3 maximum motor r/min

gear ratio 3 336
(11.2.5)

where the gear ratio is the number of teeth on the motor gear mounted
on the axle divided by the number of teeth on the pinion mounted on the
armature shaft.

Locomotive Compatibility The AAR has developed two standards
in an effort to improve compatibility between locomotives of different
model, manufacture, and ownership: a standard 27-point control system
(Standard S-512, Table 11.2.2) and a standard control stand (Standard
S-523, Fig. 11.2.8). These features allow locomotives to be combined in
multiple-unit service on all railroads irrespective of model or manufac-
turer.

Energy Conservation Efforts to improve efficiency and fuel econ-
omy have resulted in major changes in the prime movers, including
more efficient turbocharging, fuel injection, and combustion. The aux-
iliary (parasitic) power demands have also been reduced with improve-
ments which include fans and blowers which only move the air required
by the immediate demand, air compressors that declutch when un-
loaded, and a selective low-speed idle. Fuel-saver switches permit
dropping trailing locomotive units off the line when less than maximum
power is required, and allow the remaining units to operate at maximum
efficiency.

ELECTRIC LOCOMOTIVES

Electric locomotives are presently in limited use in North America.
Freight locomotives are in dedicated service primarily for coal or min-
5 Emergency sanding ES 14
6 Generator field GF 12
7 Engine speed CV 14
8 Forward FO 12
9 Reverse RE 12

10 Wheel slip WS 14
11 Spare 14
12 Engine speed BV 14
13 Positive control PC 12
14 Spare 14
15 Engine speed AV 14
16 Engine run ER 14
17 Dynamic brake B 14
18 Unit selector circuit US 12
19 2d negative, if used (NN) 12
20 Brake warning light BW 14
21 Dynamic brake BG 14
22 Compressor CC 14
23 Sanding SA 14
24 Brake control /power

reduction control
BC/PRC 14

25 Headlight HL 12
26 Separator blowdown/

remote reset
SV/RR 14

27 Boiler shutdown BS 14

* Receptacle point 4—AWG wire size 12 is ‘‘standard’’ and AWG wire size 10 is
‘‘Alternate standard’’ at customer’s request. A dab of white paint in the cover latch cavity
must be added for ready identification of a no. 10 wire present in a no. 4 cavity.

eral hauling. Electric passenger locomotives are used in high-density
service in the northeastern United States and a combination electric
passenger and freight locomotive has been produced for use in Mexico.

Electric locomotives draw power from overhead catenary systems.
While earlier systems used either direct current up to 3,000 V or single-
phase alternating current at 11,000 V, 25 Hz, the newer systems use
25,000 or 50,000 V at 60 Hz. The higher voltage levels can only be used
where clearances permit. Three-phase supply was tried briefly in this
country and overseas about 50 years ago, but was abandoned because of
the complexity of the required double catenary.

While the older dc locomotives used resistance control, ac locomo-
tives have used a variety of systems including Scott-connected trans-
formers; series ac motors; motor generators and dc motors; ignitrons
and dc motors; silicon thyristors and dc motors; and, more recently,
chopper control in experimental locomotives. Examples of the various
electric locomotives in service are shown in Table 11.2.1.

An electric locomotive used in high-speed passenger service is shown
in Fig. 11.2.9. High short-time ratings (Figs. 11.2.10 and 11.2.11)
render electric locomotives suitable for passenger service where high
acceleration rates and high speeds are combined to meet demanding
schedules.

The modern electric locomotive in Fig. 11.2.9 obtains power for the
main circuit and motor control from the catenary through a pantograph.
A motor-operated switch provides for the transformer change from
series to parallel connection of the primary windings to give a constant
secondary voltage with either 25 kV or 12.5 kV primary supply. The
converters for armature current consist of two asymmetric type bridges
for each motor. The traction-motor fields are each separately fed from a
one-way connected-field converter.

Identical control modules separate the control of motors on each
truck. Motor sets are therefore connected to the same transformer wind-
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Fig. 11.2.8 AAR standard control stand.

ing. Wheel slip correction is also modularized, utilizing one module
for each two-motor truck set. This correction is made with a comple-
mentary wheel-slip detection and correction system. A magnetic
pickup speed signal is used for the basic wheel slip. Correction is en-
hanced by a magnetoelastic transducer used to measure force swings in
the traction-motor reaction rods. This system provides the final limit
correction.

To optimize the utilization of available adhesion, the wheel-slip con-
trol modules operate independently to allow the motor modules to re-
ceive different current references depending on their respective adhe-

All auxiliary machines, air compressor, traction motor blower, cool-
ing fans, etc., are driven by three-phase 400-V, 60-Hz induction motors
powered by a static inverter which has a rating of 175 kVA at a 0.8
power factor. When cooling requirements are reduced, the control sys-
tem automatically reduces the voltage and frequency supplied to the
blower motors to the required level. As a backup, the system can be
powered by the static converter used for the head-end power require-
ments of the passenger cars. This converter has a 500-kW, 480-V,
three-phase, 60-Hz output capacity and has a built-in overload capacity
of 10 percent for half of any 1-h period.
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sion conditions.
Fig. 11.2.9 Locomotive general arrangement. (Courtesy of M. Ephrai
Dynamic brake resistors are roof-mounted and are cooled by ambient
m, ASME, Rail Transportation Division.)
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airflow induced by locomotive motion. The dynamic brake capacity
relative to train speed is shown in Fig. 11.2.12.

Many electric locomotives utilize traction motors identical to those
used on diesel-electric locomotives. Some, however, use frame sus-

pended motors with quill-drive systems (Fig. 11.2.13). In these systems,
torque is transmitted from the traction motor by a splined coupling to a
quill shaft and rubber coupling to the gear unit. This transmission allows
for greater relative movement between the traction motor (truck frame)
and gear (wheel axle) and reduces unsprung weight.
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Fig. 11.2.10 Speed-horsepower characteristics (half-worn wheels). [Gear
ratio 5 85/36; wheel diameter 5 50 in (1,270 mm); ambient temperature 5 60°F
(15.5°C).] (Courtesy of M. Ephraim, ASME, Rail Transportation Division.)

Fig. 11.2.11 Tractive effort versus speed (half-worn wheels). [Voltage 5
11.0 kV at 25 Hz; gear ratio 5 85/36; wheel diameter 5 50 in (1,270 mm).]
(Courtesy of M. Ephraim, ASME, Rail Transportation Division.)

Fig. 11.2.12 Dynamic-brake performance. (Courtesy of M. Ephraim, ASME,
Rail Transportation Division.)
Fig. 11.2.13 Frame-suspended locomotive transmission. (Courtesy of M.
Ephraim, ASME, Rail Transportation Division.)

FREIGHT CARS

Freight Car Types

Freight cars are designed and constructed for either general service or
specific ladings. The Association of American Railroads (AAR) has
established design and maintenance criteria to assure the interchange-
ability of freight cars on all North American railroads. Freight cars
which do not conform to AAR standards have been placed in service by
special agreement of the railroads over which the cars operate. The
AAR ‘‘Manual of Standards and Recommended Practices’’ specifies
dimensional limits, weights, and other design criteria for cars which
may be freely interchanged between North American railroads. This
manual is revised annually by the AAR. Many of the standards are
reproduced in the ‘‘Car and Locomotive Cyclopedia,’’ which is revised
about every 4 years. Safety appliances (such as end ladders, sill steps,
and uncoupling levers), braking equipment, and certain car design fea-
tures and maintenance practices must comply with the Safety Appli-
ances Act, the Power Brake Law, and the Freight Car Safety Standards
covered by the Federal Railroad Administration’s (FRA) Code of Fed-
eral Regulations (CFR Title 49). Maintenance practices are discussed in
the Field Manual of the AAR Interchange Rules and pricing information
is provided in the companion Office Manual.

The AAR identifies most cars by nominal capacity, type, and in some
cases there are restrictions as to type of load (i.e., food, automobile
parts, coil steel, etc.). Most modern cars have nominal capacities of
either 70 or 100 tons.* A 100-ton car is limited to a maximum gross rail
load of 263,000 lb (119.3 t*) with 61⁄2 by 12 in (165 by 305 mm) axle
journals, four pairs of 36-in (915-mm) wheels and a 70-in (1,778 mm)
rigid wheel base. Some 100-ton cars are rated at 286,000 lb and are
handled by individual railroads on specific routes or by mutual agree-
ment between the handing railroads. A 70-ton car is limited to a maxi-
mum gross rail load of 220,000 lb (99.8 t) with 6 by 11 in (152 by
280 mm) axle journals, four pairs of 33-in (838-mm) wheels with trucks
having a 66-in (1,676-mm) rigid wheel base.

On some special cars where height limitations are critical, 28-in
(711-mm) wheels are used with 70-ton axles and bearings. In these
cases wheel loads are restricted to 22,400 lb (10.2 t). Some special cars
are equipped with 38-in (965-mm) wheels in four wheel trucks having 7
by 14 in (178 by 356 mm) axle journals and 72-in (1,829-mm) wheel
base. This application is prevelant in articulated double-stack (two-
high) container cars. Interchange of these very heavy cars is by mutual
agreement between the operating railroads involved.

* 1 ton 5 1 short ton 5 2,000 lb; 1 t 5 1 metric ton 5 1,000 kg 5 2205 lb.
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The following are the most common car types in service in North
America. Dimensions given are for typical cars; actual measurements
may vary.

Box Cars (Fig. 11.2.14a) There are six popular box-car types.
1. Unequipped box cars may have sliding doors or plug doors. Plug

doors provide a tight seal from weather and a smooth interior. Un-
equipped box cars are usually of 70-ton capacity. These cars have
tongue-and-groove or plywood lining on the interior sides and ends with
nailable floors (either wood or steel with special grooves for locking
nails). The cars carry typical general merchandise lading: packaged,

High-side gondola cars (Fig. 11.2.14d) are open-top cars typically used
to haul coal or wood chips. These cars are similar to open-top hopper
cars in volume but require a rotary coupler on one end for rotary dump-
ing to discharge lading since they do not have bottom outlets. Rotary-
dump coal gondolas are usually used in dedicated, unit-train service
between a coal mine and an electric power plant. The length over
coupler pulling faces is approximately 53 ft 1 in (16.2 m) to suit the
standard coal dumper. [100 ton: L 5 50 ft 51⁄2 in (15.4 m), H 5 11 ft
9 in (3.6 m), W 5 10 ft 53⁄8 in (3.2 m), truck centers 5 50 ft 4 in
(15.3 m).] Wood chip cars are used to haul chips from sawmills to paper
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canned, or bottled foodstuffs; finished lumber; bagged or boxed bulk
commodities; or, when equipped with temporary door fillers, bulk com-
modities such as grain. [70 ton: L 5 50 ft 6 in (15.4 m), H 5 11 ft 0 in
(3.4 m), W 5 9 ft 6 in (2.9 m), truck centers 5 40 ft 10 in (12.4 m).]

2. Specially equipped box cars usually have the same dimensions as
unequipped cars but include special equipment to restrain lading from
impacts and over-the-road vibrations. Equipped cars may have hydrau-
lic-cushion units to dampen longitudinal shock at the couplers.

3. Insulated box cars have plug doors and special insulation. These
cars carry foodstuffs such as unpasteurized beer, produce, and dairy
products. These cars may be precooled by the shipper and maintain a
heat loss rate equivalent to 1°F (0.55°C) per day.

4. Refrigerated box cars are used where transit times are longer.
These cars are equipped with diesel-powered refrigeration units and are
primarily used to carry produce. These are often 100-ton cars [L 5 52 ft
6 in (16.0 m), H 5 10 ft 6 in (3.2 m), truck centers 5 42 ft 11 in
(13.1 m)].

5. ‘‘All door’’ box cars have doors which open the full length of the
car for loading package lumber products such as plywood and gypsum
board.

6. High-cubic-capacity box cars with an inside volume of 10,000 ft3

(283 m3) have been designed for light-density lading.
Box-car door widths vary from 6 to 10 ft for single-door cars and 16

to 20 ft (4.9 to 6.1 m) for double-door cars. ‘‘All door’’ cars have clear
doorway openings in excess of 25 ft (7.6 m). The floor height above rail
for an empty uninsulated box car is approximately 44 in (1,120 mm)
and for an empty insulated box car approximately 48 in (1,220 mm).
The floor height of a loaded car can be as much as 3 in (76 mm) lower
than the empty car.

Covered hopper cars (Fig. 11.2.14b) are used to haul bulk commodi-
ties which must be protected from the environment. Modern covered
hopper cars are typically 100-ton cars with roof hatches for loading and
from two to six bottom outlets for discharge. Cars used for dense com-
modities, such as fertilizer or cement, have two bottom outlets, round
roof hatches, and volumes of 3,000 to 4,000 ft3 (84.9 to 113.2 m3). [100
ton: L 5 39 ft 3 in (12.0 m). H 5 14 ft 10 in (4.5 m), truck centers 5
26 ft 2 in (8.0 m).] Cars used for grain service (corn, wheat, rye, etc.)
have three or four bottom outlets, longitudinal trough roof hatches, and
volumes of from 4,000 to 5,000 ft3 (113 to 142 m3). Cars used for
hauling plastic pellets have four to six bottom outlets (for pneumatic
unloading with a vacuum system), round roof hatches, and volumes of
from 5,000 to 6,000 ft3 (142 to 170 m3). [100 ton: L 5 65 ft 7 in
(20.0 m), H 5 15 ft 5 in (4.7 m), truck centers 5 54 ft 0 in (16.5 m).]

Open-top hopper cars (Fig. 11.2.14c) are used for hauling bulk com-
modities such as coal, ore, or wood chips. A typical 100-ton coal hopper
car will vary in volume depending on the light weight of the car and
density of the coal to be hauled. Volumes range from 3,900 to 4,800 ft3

(110 to 136 m3). Cars may have three or four manually operated or 12 to
16 automatically operated bottom hoppers. Some cars are equipped with
rotating couplers on one end to allow rotary dumping without uncou-
pling. [100 ton: L 5 53 ft 1⁄2 in (16.2 m), H 5 12 ft 81⁄2 in (3.9 m), truck
centers 5 40 ft 6 in (12.3 m).] Cars intended for aggregate or ore ser-
vice have smaller volumes for the more dense commodity. These cars
typically have two manual bottom outlets. [100 ton: L 5 40 ft 8 in
(12.4 m), H 5 11 ft 107⁄8 in (3.6 m), truck centers 5 29 ft 9 in (9.1 m).]
Hopper cars used for chip services are configured for low-density loads.
Volumes range from 6,500 to 7,500 ft3 (184 to 212 m3).
mills or particle-board manufacturers. These high-volume cars are ei-
ther rotary-dumped or, when equipped with end doors, end-dumped.
[100 ton: L 5 62 ft 3 in (19.0 m), H 5 12 ft 7 in (3.8 m), W 5 10 ft
53⁄8 in (3.2 m), truck centers 5 50 ft 4 in (15.3 m).] Rotary-dump ag-
gregate or ore cars, called ‘‘ore jennies,’’ have smaller volumes for the
high-density load.

Bulkhead flat cars (Fig. 11.2.14e) are used for hauling such commodi-
ties as packaged finished lumber, pipe, or with special inward canted
floors, pulpwood. Both 70- and 100-ton bulkhead flats are used. Typical
deck heights are approximately 50 in (1,270 mm). [100 ton: L 5 61 ft
3⁄4 in (18.6 m), W 5 10 ft 1 in (3.1 m), H 5 11 ft 0 in (3.4 m), truck
centers 5 55 ft 0 in (16.8 m).] A few special bulkhead flat cars de-
signed for pulpwood and lumber service have a full-height, longitudinal
divider from bulkhead to bulkhead.

Tank cars (Fig 11.2.14f ) are used for liquids, compressed gases, and
other ladings, such as sulfur, which can be loaded and unloaded in a
molten state. Nonhazardous liquids such as corn syrup, crude oil, and
mineral spring water are carried in nonpressure cars. Cars used to haul
hazardous substances such as liquefied petroleum gas (LPG), vinyl
chloride, and anhydrous ammonia are regulated by the U.S. Department
of Transportation. Newer and earlier-built retrofitted cars equipped for
hazardous commodities have safety features including safety valves,
specially designed top and bottom ‘‘shelf’’ couplers which increase the
interlocking effect between couplers and decrease the danger of disen-
gagement due to derailment, head shields on the ends of the tank to
prevent puncturing, bottom-outlet protection if bottom outlets are used,
and thermal insulation to reduce the risk of rupturing in a fire. These
features resulted from industry-government studies in the RPI-AAR
Tank Car Safety Research and Test Program.

Cars for sulfur and other viscous-liquid service have heating coils on
the shell so that steam may be used to liquefy the lading for discharge.
[Pressure cars, 100 ton: volume 5 20,000 gal (75.7 m3), L 5 59 ft
113⁄4 in (18.3 m), truck centers 5 49 ft 01⁄4 in (14.9 m).] [Nonpressure,
100 ton, volume 5 21,000 gal (79.5 m3), L 5 51 ft 31⁄4 in (15.6 m),
truck centers 5 38 ft 111⁄4 in (11.9 m).]

Intermodal Cars Conventional 89-ft (27.1-m) intermodal flat cars
are equipped to haul one 45-ft (13.7 m) and one 40-ft (12.2 m) trailer
with or without nose-mounted refrigeration units, two 45-ft (13.7 m)
trailers (dry vans), or combinations of containers from 20 to 40 ft (6.1 to
12.2 m) in length. Hitches to support trailer fifth wheels may be fixed
for trailer-only cars or retractable for conversion to haul containers or
for driving trailers onto the cars where circus loading is required. Trailer
hauling service (Fig. 11.2.14g) is called TOFC (trailer on flat car).
Container service (Fig. 11.2.14h) is called COFC (container on flat car).
[70 ton: L 5 89 ft 4 in (27.1 m), W 5 10 ft 3 in (3.1 m), truck centers 5
64 ft 0 in (19.5 m).]

Introduction of larger trailers in highway service has led to the devel-
opment of alternative TOFC and COFC cars. One technique involves
articulation of skeletonized or well-type units into multiunit cars for
lift-on loading and lift-off unloading (stand-alone well car, Fig.
11.2.14n and articulated well car, Fig. 11.2.14o). These cars are typi-
cally composed of from three to ten units. Well cars consist of a center
well for double-stacked containers. [10-unit, skeletonized car; L 5 46 ft
63⁄8 in (14.2 m) per end unit, L 5 465 ft 31⁄2 in (141.8 m).]

Another approach to hauling larger trailers is the two-axle skeleton-
ized car. These cars, used either singly or in multiple combinations, can
haul a single trailer from 40 to 48 ft long (12.2 to 14.6 m) with nose-
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(a) Box car

(c) Open top hopper car

(e) Bulkhead flat car

(g) Trailers on flat car

(i) Multilevel auto rack car

(k) General-purpose flat car

(m) Schnabel car

(o) Articulated double-stack car

(b) Covered hopper car

(d) High side gondola car

(f) Tank car

(h) Containers on flat car

(j) Mill gondola car

(l) Depressed-center flat car

(n) Stand-alone well car

Fig. 11.2.14 Typical freight cars.

mounted refrigeration unit and 36- or 42-in (914- to 1070-mm) spacing
between the kingpin and the front of the trailer.

Bilevel and trilevel auto rack cars (Fig. 11.2.14i) are used to haul
finished automobiles and other vehicles. Most recent designs of these
cars feature fully enclosed racks to provide security against theft and
vandalism. [70 ton: L 5 89 ft 4 in (27.2 m), H 5 18 ft 11 in (5.8 m),
W 5 10 ft 7 in (3.2 m), truck centers 5 64 ft 0 in (19.5 m).]

Mill gondolas (Fig. 11.2.14j) are 70-ton or 100-ton open-top cars prin-
cipally used to haul pipe, structural steel, scrap metal, and when spe-
cially equipped, coils of aluminum or tinplate and other steel materials.

restraint dunnage. Some heavy-duty six-axle cars are used for hauling
off-highway vehicles such as army tanks and mining machinery. [100
ton, four axle: L 5 60 ft 0 in (18.3 m), H 5 3 ft 9 in (1.1 m), truck
centers 5 42 ft 6 in (13.0 m).] [200 ton, 8 axle: L 5 44 ft 4 in (13.5 m),
H 5 4 ft 0 in (1.2 m), truck centers 5 33 ft 9 in (10.3 m).]

Depressed-center flat cars (Fig. 11.2.14l) are used for hauling trans-
formers and other heavy, large materials which require special clear-
ance considerations. Depressed-center flat cars may have four-, six-, or
dual four-axle trucks with span bolsters, depending on weight require-
ments.
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[100 ton: L 5 52 ft 6 in (16.0 m), W 5 9 ft 6 in (2.9 m), H 5 4 ft 6 in
(1.4 m), truck centers 5 43 ft 6 in (13.3 m).]

General-purpose or machinery flat cars (Fig. 11.2.14k) are 70-ton or
100-ton cars used to haul machinery such as farm equipment and high-
way tractors. These cars usually have wood decks for nailing lading-
Schnabel cars (Fig. 11.2.14m) are special cars for transformers and
nuclear components. With these cars the load itself provides the center
section of the car structure during shipment. Some Schnabel cars are
equipped with hydraulic controls to lower the load for height restric-
tions and shift the load laterally for wayside restrictions. [472 ton: L 5
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22 ft 10 in to 37 ft 10 in (7.0 to 11.5 m), truck centers 5 55 ft 6 in to
70 ft 6 in (16.9 to 21.5 m).] Schnabel cars must be operated in special
trains.

Freight Car Design

The AAR provides specifications to cover minimum requirements for
design and construction of new freight cars. Experience has demon-
strated that the AAR Specifications alone do not ensure an adequate car
design for all service conditions. The designer must be familiar with the
intended service and increase the design criteria for the particular car

pact load is 600,000 lb (2.7 MN). In all cases, the structural connections
to the car must be capable of withstanding a static compressive
(squeeze) end load of 1,000,000 lb (4.44 MN) or a dynamic (impact)
compressive load of 1,250,000 lb (5.56 MN).

The AAR has recently adopted requirements for unit trains of high-
utilization cars to be designed for 3,000,000 mi (4.8 Gm) of service
based upon fatigue life estimates. General-interchange cars which accu-
mulate less mileage in their life should be designed for 1,000,000 mi
(1.6 Gm) of service. Road environment spectra for various locations
within the car are being developed for different car designs for use in
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above the minimum criteria provided by the AAR. The AAR require-
ments include stress calculations for the load-carrying members of the
car and physical tests which may be required at the option of the AAR
committee approving the car design. In some cases, it is advisable to
operate an instrumented prototype car in service to detect problems
which might result from unexpected track or train-handling input
forces. The car design must comply with width and height restrictions
shown in AAR clearance plates furnished in the specifications, Fig.
11.2.15. In addition, there are limitations on the height of the center of

Fig. 11.2.15 AAR plate B equipment-clearance diagram.

gravity of the loaded car and on the vertical and horizontal curving
capability allowed by the clearance provided at the coupler. The AAR
provides a method of calculating the minimum radius curve which the
car design can negotiate when coupled to another car of the same type or
to a standard AAR ‘‘base’’ car. In the case of horizontal curves, the
requirements are based on the length over the pulling faces of the car.

In the application for approval of a new or untried type of car, the Car
Construction Committee of the AAR may require either additional cal-
culations or tests to assess the design’s ability to meet the AAR mini-
mum requirements. These tests might consist of a static compression
test of 1,000,000 lb (4.4 MN), a static vertical test applied at the
coupler, and impact tests simulating yard impact conditions.

Freight cars are designed to withstand single-ended impact or cou-
pling loads based upon the type of cushioning provided in the car de-
sign. Conventional friction, elastomer, or combination draft gears or
short-travel hydraulic cushion units which provide less than 6 in
(152 mm) of travel require a structure capable of withstanding a
1,250,000-lb (5.56-MN) impact load. For cars with hydraulic units that
provide greater than 14 in (356 mm) of travel, the required design im-
this analysis. The fatigue strengths of various welded connections are
provided in the AAR ‘‘Manual of Standards and Recommended Prac-
tices,’’ Sec. C, Part II.

Many of the design equations and procedures are available from the
AAR. Important information on car design and approval testing is con-
tained in the AAR ‘‘Manual of Standards and Recommended Practice,’’
Sec. C-II M-1001, Chap. XI.

Freight-Car Suspension

Most freight cars are equipped with standard three-piece trucks (Fig.
11.2.16) consisting of two side-frame castings and one bolster casting.
Side-frame and bolster designs are subjected to both static and fatigue
test requirements specified by the AAR. The bolster casting is equipped
with a female centerplate bowl upon which the car body rests and side
bearings located [generally 25 in (635 mm)] each side of the centerline.

Fig. 11.2.16 Unit-beam roller-bearing truck with inset showing plain-bearing
journal. (AAR Research and Test Department.)
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In most cases, the side bearings have clearance to the car body and are
equipped with either flat sliding plates or rollers. In some cases, con-
stant-contact side bearings or centerplate extension pads provide a resil-
ient material between the car body and the truck bolster.

The centerplate arrangement consists of various styles of wear plates
or friction materials and a vertical loose or locked pin between the truck
centerplate and the car body.

Truck springs nested into the bottom of the side-frame opening sup-
port the end of the truck bolster. Requirements for spring designs and

Table 11.2.3 Wheel and Journal Sizes of Eight-
Wheel Cars

Nominal car Journal Wheel
capacity, Maximum gross (bearing) diameter,

ton weight, lb size, in in

50 177,000 51⁄2 3 10 33
* 179,200 6 3 11 28

70 220,000 6 3 11 33
100 263,000‡ 61⁄2 3 12 36
125† 315,000 7 3 12 38
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the grouping of springs are generally specified by the AAR. Histori-
cally, the damping provided within the spring group has utilized a com-
bination of springs and friction wedges. In addition to friction wedges,
in more recent years, some cars have been equipped with hydraulic
damping devices which parallel the spring group.

A few trucks with a ‘‘steering’’ feature which includes an intercon-
nection between axles to increase the lateral interaxle stiffness and de-
crease the interaxle yaw stiffness. Increased lateral stiffness improves
the lateral stability and decreased yaw stiffness improves the curving
characteristics.

Freight-Car Wheel-Set Design

A freight-car wheel set consists of wheels, axle, and bearings. Cast- and
wrought-steel wheels are used on freight cars in North America (AAR
‘‘Manual of Standards and Recommended Practice,’’ Sec. G). Freight-
car wheels are subjected to thermal loads from braking, as well as
mechanical loads at the wheel-rail interface. Experience with thermal
damage to wheels has led to the introduction of ‘‘low stress’’ or curved
plate wheels (Fig. 11.2.17). These wheels are less susceptible to the

Fig. 11.2.17 Wheel-plate designs. (a) Flat plate; (b) parabolic plate; (c) S-
curved plate.

development of circumferential tensile residual stresses which render
the wheel vulnerable to sudden failure if a flange or rim crack occurs.
New wheel designs introduced for interchange service must be evalu-
ated using a finite-element technique employing both thermal and me-
chanical loads (AAR S-660).

Freight-car wheels range in diameter from 28 to 38 in (711 to
965 mm) depending on car weight, Table 11.2.3. The old AAR standard
tread profile (Fig. 11.2.18a) has been replaced with the AAR-1B (Fig.
11.2.18c) profile which represents a worn profile to minimize early
tread loss due to wear and provides a stable profile over the life of the
tread. Several variant wheel tread profiles, including the AAR-1B, were
developed from the basic Heumann design, Fig. 11.2.18b. One of these
was for application in Canada and provided increasing conicity into the
Fig. 11.2.18 Wheel-tread designs. (a) Obsolete st
* Limited by wheel rating.
† Not approved for free interchange.
‡ 286,000 in special cases.

throat of the flange, a design feature of the Heumann profile. This
reduces curving resistance and increases wheel wear life.

Wheels are also specified by chemistry and heat treatment. Low-
stress wheel designs of Classes B and C are required for freight cars.
Class B wheels have a carbon content of 0.57 to 0.67 percent and are
rim-quenched. Class C wheels have a carbon content of 0.67 to 0.77
percent and are also rim-quenched. Rim quenching provides a hardened
running surface for a long wear life. Lower carbon levels than those in
Class B may be used where thermal cracking is experienced but freight-
car equipment generally does not require their use.

Axles used in interchange service are solid steel forgings with raised
wheel seats. Axles are specified by journal size for different car capaci-
ties, Table 11.2.3.

Most freight car bearings are grease-lubricated, tapered-roller bear-
ings (see Sec. 8). The latest bearing designs eliminate the need for
periodic field lubrication.

Wheels are mounted and secured on axles with an interference fit.
Bearings are mounted with an interference fit and retained by an end cap
bolted to the end of the axle. Wheels and bearings for cars in inter-
change service must be mounted by an AAR-inspected and -approved
facility.

Special Features

Many components are available to enhance the usefulness of freight
cars. In most cases, the design or performance of the component is
specified by the AAR.

Coupler Cushioning Switching of cars in a classification yard can
result in relatively high coupler forces at the time of the impact between
the moving and standing cars. Nominal coupling speeds of 4 mi/h (6.4
km/h) or less are sometimes exceeded, with lading damage a possible
result. Conventional cars are equipped with an AAR-approved draft
gear, usually a friction-spring energy-absorbing device, mounted be-
tween the coupler and the car body. The rated capacity of draft gears
ranges between 20,000 ft ? lb (27.1 kJ) for earlier units to over 65,000
ft ? lb (88.1 kJ) for later designs. Impact forces of 1,250,000 lb
(5.56 MN) can be expected when a moving 100-ton car strikes a string
of standing cars at 8 to 10 mi/h (12.8 to 16 km/h). Hydraulic cushioning
devices are available which will reduce the impact force to 500,000 lb
(2.22 MN) at impact speeds of 12 to 14 mi/h (19 to 22 km/h). These
andard AAR; (b) Heumann, (c) new AAR-1B.
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devices may be either mounted at each end of the car (end-of-car de-
vices) or mounted in a long beam which extends from coupler to coupler
(sliding centersill devices).

Lading Restraint Many forms of lading restraint are available, from
tie-down chains for automobiles on rack cars to movable bulkheads for
boxcars. Most load-restraining devices are specified by the AAR
‘‘Manual of Standards and Recommended Practices’’ and approved car
loading arrangements are specified in AAR ‘‘Loading Rules,’’ a multi-
volume publication for enclosed, open-top, and TOFC and COFC cars.

Covered Hopper Car Discharge Gates The majority of covered

ke

same time connects the brake cylinders to exhaust. Brake pipe pressure
is reduced when the engineer’s brake valve is placed in a service posi-
tion, and the control valve cuts off the charging function and allows the
reservoir air on each car to flow into the brake cylinder. This moves the
piston and, through a system of levers and rods, pushes the brake shoes
against the wheel treads.

When the engineer’s automatic brake valve is placed in the emer-
gency position the brake pipe pressure (BP) is reduced very rapidly. The
control valves on each car move to the emergency-application position
and rapidly open a large vent valve, exhausting brake pipe pressure to
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hopper cars are equipped with rack-and-pinion slide gates which allow
the lading to discharge by gravity onto conveyor equipment located
between the rails. These gates can be operated manually with a simple
bar or a torque-multiplying wrench or mechanically with an impact or
hydraulic wrench. Many special covered hopper cars are equipped with
discharge gates with nozzles and metering devices for vacuum or pneu-
matic unloading.

Coupling Systems A majority of freight cars are connected with
AAR standard couplers. A specification has been developed to permit
the use of alternative coupling systems such as articulated connectors,
drawbars, and rotary-dump couplers.

Freight-Train Braking

The retarding forces acting on a railway train are rolling and mechanical
resistance, aerodynamic drag, curvature and grade, plus that force re-
sulting from the friction of the brake shoes rubbing on the wheel treads.
On locomotives so equipped, the dynamic or rheostatic brake using the
traction motors as generators can provide all or a portion of the retarding
force to control train speed on down grades and sometimes during retar-
dation and service stops.

Quick-action automatic air brakes of the type specified by the AAR
are the common standard in North America. With the automatic air
brake, the brake pipe extends through every vehicle in the train, con-
nected by hoses between each locomotive unit and car. The front and
rear brake pipe angle cocks are closed.

Air pressure is provided by compressors on the locomotive units to
the main reservoirs, usually at 130 to 150 lb/in2 (900 to 965 kPa).
(Pressure values are gage pressures.) The engineer’s automatic brake
valve in release position provides air to the brake pipe on freight trains
at reduced pressure, usually at 75, 80, 85, or 90 lb/in2 (520, 550, 585, or
620 kPa) depending on the type of service, train weight, descending
grades, and speeds that a train will operate. In passenger service, brake
pipe pressure is usually 90 or 100 lb/in2 (620 or 760 kPa).

When brake pipe pressure is increased, the control valve allows the
reservoir capacity on each car and locomotive to be charged and at the

Table 11.2.4 Braking Ratios, AAR Standard S-401

Type of brake rigging and shoes

Conventional body-mounted brake rigging or truck-mounted bra

rigging using levers to transmit brake cylinder force to the
brake shoes

Cars equipped with cast iron brake shoes
Cars equipped with high-friction composition brake shoes

Direct-acting brake cylinders not using levers to transmit brake
cylinder force to the brake shoes

Cars equipped with cast iron brake shoes
Cars equipped with high-friction composition brake shoes

Cabooses†
Cabooses equipped with cast iron brake shoes
Cabooses equipped with high-friction composition brake shoes

* Hand brake force applied at the horizontal hand brake chain with AAR ce
† Effective for cabooses ordered new after July 1, 1982, hand brake ratios f
NOTE: Above braking ratios also apply to cars equipped with empty and loa
With 50 lb/in2 brake
cylinder pressure

Percent of gross
rail load

Min. Max.

Maximum
percent of

light weight

Hand brake*

Minimum
percent of
gross rail

load

atmosphere. This will serially propagate the emergency application
through the train at from 900 to 950 ft/s (280 to 290 m/s). With the
control valve in the emergency position both auxiliary- and emergency-
reservoir volumes (pressures) equalize with the brake cylinder, and
higher brake cylinder pressure (BCP) results, building up at a faster rate
than in service applications.

The foregoing briefly describes the functions of the fundamental au-
tomatic air brake based on the functions of the control valve. AAR-ap-
proved brake equipment is required on all freight cars used in inter-
change service. The functions of the control valve have been refined to
permit the handling of longer trains by more uniform brake perfor-
mance. Important improvements in this design have been (1) reduction
of the time required to apply the brakes on the last car of a train, (2)
more uniform and faster release of the brakes, and (3) availability of
emergency application with brake pipe pressure greater than 40 lb/in2

(275 kPa).
The braking ratio of a car is defined as the ratio of brake shoe (nor-

mal) force to the car’s rated gross weight. Two types of brake shoes,
high-friction composition and high-phosphorus cast iron, are in use in
interchange service. As these shoes have very different friction charac-
teristics, different braking ratios are required to assure uniform train
braking performance (Table 11.2.4). Actual or net shoe forces are mea-
sured with calibrated devices. The calculated braking ratio R (nominal)
is determined from the equation

R 5 PLANE 3 100/W (11.2.6)

where P 5 brake cylinder pressure, 50 lb/in2 gage; L 5 mechanical ratio
of brake levers; A 5 brake cylinder area, in2; N 5 number of brake
cylinders; E 5 brake rigging efficiency 5 Er 3 Eb 3 Ec ; and W 5 car
weight (lb).

To estimate rigging efficiency consider each pinned joint and hori-
zontal sliding joint as a 0.01 loss of efficiency; i.e., in a system with 20
pinned and horizontal sliding joints, Er 5 0.80. For unit-type (hanger-
less) brake beams Eb 5 0.90 and for the brake cylinder Ec 5 0.95,
giving overall efficiency of 0.684 or 68.4 percent.
13 20 53 13
6.5 10 30 11

6.5 10 33 11

35–45
18–23

rtified or AAR approved hand brake.
or cabooses to the same as lightweight ratios for cabooses.
d brake equipment.
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The total retarding force in pounds per ton may be taken as:

F 5 (PLef/W) 5 FgG (11.2.7)

where P 5 total brake-cylinder piston force, lbf; L 5 multiplying ratio
of the leverage between cylinder pistons and wheel treads; ef 5 product
of the coefficient of brake shoe friction and brake rigging efficiency;
W 5 loaded weight of vehicle, tons; Fg 5 gravity force, 20 lb/ton/per-
cent grade; G 5 ascending grade, percent.

Stopping distance can be found by adding the distance covered dur-
ing the time the brakes are fully applied to the distance covered during

tion of body weight upon truck springs. The value of f varies with
speed as shown in Fig. 11.2.19.

The relationship between the required coefficient f1 of wheel-rail
adhesion to prevent wheel sliding and rate of retardation A in miles per
hour per second may be expressed by A 5 21.95f1 .

Test Devices Special devices have been developed for testing brake
components and cars on a repair track.

End-of-Train Devices To eliminate the requirement for a caboose
car crew at the end of the train, special electronic devices have been
developed to transmit the end-of-train brake-pipe pressure by telemetry
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the equivalent instantaneous application time.
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0.0334 V2

2
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Wa
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2000D 6 (G)

1 1.467 t1FV1 2SR 1 2000G

91.1 D t1
2G (11.2.8)

where S 5 stopping distance, ft; V1 5 initial speed when brake applied,
mi/h; V2 5 speed, mi/h, at time t1 ; Wa 5 actual vehicle or train weight,
lb; Wn 5 weight on which braking ratio Bn is based, lb (see table for
values of Wn for freight cars):

Capacity, ton Wn, 1,000 lb

50 177
70 220

100 263
125 315

(for passenger cars and locomotives: Wn is based on empty or ready-to-
run weight); Bn 5 braking ratio (total brake shoe force at stated brake
cylinder, lb/in2, divided by Wn); pn 5 brake cylinder pressure on which
Bn is based, usually 50 lb/in2, pa 5 full brake cylinder pressure, t1 to
stop; e 5 overall rigging and cylinder efficiency, decimal; f 5 typical
friction of brake shoes, see below; R 5 total resistance, mechanical plus
aerodynamic and curve resistance, lb/ton; G 5 grade in decimal,
1 upgrade, 2 downgrade; t1 5 equivalent instantaneous application
time, s.

Equivalent instantaneous application time is that time on a curve of
average brake cylinder buildup versus time for a train or car where the
area above the buildup curve is equal to the area below the curve. A
straight-line buildup curve starting at zero time would have a t1 of half
the total buildup time.

The friction coefficient f varies with the speed; it is usually lower at
high speed. To a lesser extent, it varies with brake shoe force and with
the material of the wheel and shoe. For stops below 60 mi/h (97 km/h), a
conservative figure for a high-friction composition brake shoe on steel
wheels is approximately

ef 5 0.30 (11.2.9)

In the case of high-phosphorus iron shoes, this figure must be reduced
by approximately 50 percent.

Pn is based on 50 lb/in2 (345 kPa) air pressure in the cylinder; 80
lb/in2 is a typical value for the brake pipe pressure of a fully charged
freight train. This will give a 50-lb/in2 (345 kPa) brake cylinder pressure
during a full service application on AB equipment, and a 60 lb/in2

(415 kPa) brake cylinder pressure with an emergency application.
To prevent wheel sliding, FR # fW, where FR 5 retarding force at

the wheel rims resisting rotation of any pair of connected wheels, lb;
f 5 coefficient of wheel-rail adhesion or friction (a decimal); and
W 5 weight upon a pair of wheels, lb. Actual or adhesive weight on
wheels when the vehicle is in motion is affected by weight transfer
(force transmitted to the trucks and axles by the inertia of the car body
through the truck center plates), center of gravity, and vertical oscilla-
to the locomotive operator.

Fig. 11.2.19 Typical wheel-rail adhesion. Track has jointed rails. (Air Brake
Association.)

PASSENGER EQUIPMENT

During the past two decades most main-line or long-haul passenger
service in North America has become a function of government agen-
cies, i.e., Amtrak in the United States and Via Rail in Canada. Equip-
ment for intraurban service is divided into three major categories: com-
muter rail, full-scale rapid transit, and light rail transit, depending upon
the characteristics of the service. Commuter rail equipment operates on
a conventional railroad right-of-way usually intermixed with other
long-haul passenger and freight traffic. Full-scale rapid transit operates
on a dedicated right-of-way which is commonly in subways or on ele-
vated sections. Light-rail transit (LRT) utilizing light rail vehicles
(LRV) is derived from the older trolley or streetcar concepts and may
operate in any combination of surface subway or elevated dedicated
rights-of-way, semireserved surface rights-of-way with grade crossing,
or intermixed with other traffic on surface streets. In a few cases LRT
shares the trackage with freight operations which are usually conducted
at night on a noninterference basis.

Since main-line and commuter rail equipment operates over a con-
ventional railroad right-of-way, the structural design is heavy to provide
the ‘‘crashworthiness’’ of the vehicles in the possible event of a colli-
sion with freight equipment or a grade-crossing accident with an auto-
mobile or a truck. Although transit vehicles are designed to stringent
structural criteria, the requirements are somewhat less severe to com-
pensate for the fact that freight equipment does not usually occupy the
same track and there are usually no highway grade crossings. Minimum
weight is particularly important for transit vehicles so that demanding
schedules over lines with close station spacing can be met with mini-
mum energy consumption.

Main-Line Passenger Equipment In recent years the design of
main-line passenger equipment has been controlled by specifications
provided by the operating authority. All of the newer cars provided for
Amtrak have had stainless steel structural components. These cars have
been designed to be locomotive-hauled and to use a locomotive 480-V
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Fig. 11.2.20 Main-line passenger car.

Fig. 11.2.21 Commuter rail car.
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three-phase power supply for heating, ventilation, air conditioning, food
car services, and other control and auxiliary power requirements. Figure
11.2.20 shows an Amtrak coach car of the Superliner class.

A few earlier high-speed main-line passenger cars (Metroliners) are
equipped with special ‘‘hook’’-type couplers which allow automatic
connection of the pneumatic system as the cars are mechanically cou-
pled together. During the past 10 years all of the major new Amtrak
equipment has been equipped with the H-type coupler, a passenger
version of the AAR standard coupler.

Trucks for passenger equipment are designed to provide a superior

usually from a dc third rail which makes contact with a shoe insulated
from and supported by the frame of the truck. Occasionally, roof-
mounted pantographs are used. Voltages range from 600 to 1000 V dc.

The cars range from 48 to 75 ft (14.6 to 22.9 m) over the anti-
climbers, the longer cars being used on the newer properties. Passenger
seating varies from 40 to 80 seats per car depending upon length and the
local policy (or preference) regarding seated to standee ratio. Older
properties require negotiation of curves as sharp as 50 ft (15.2 m) mini-
mum radius with speeds up to only 50 mi/h (80 km/h) on tangent track,
while newer properties usually have no less than 125 ft (38.1 m) mini-
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ride as compared to freight-car trucks. As a result, passenger trucks
include a form of ‘‘primary’’ suspension to isolate the wheel set from
the frame of the truck. A softer ‘‘secondary’’ suspension is provided to
isolate the truck from the car body. In most cases, the primary suspen-
sion uses either coil springs, elliptical springs, or elastomeric compo-
nents. The secondary suspension generally utilizes either large coil
springs or pneumatic springs with special leveling valves to control the
height of the car body. Hydraulic dampers are also applied to improve
the vertical and lateral ride quality.

Commuter Rail Passenger Equipment Commuter rail equipment
can be either locomotive-hauled or self-propelled (Fig. 11.2.21). Some
locomotive-hauled equipment is arranged for ‘‘push-pull’’ service. This
configuration permits the train to be operated with the locomotive either
pushing or pulling the train. For push-pull service some of the passenger
cars must be equipped with cabs to allow the engineer to operate the
train from the end opposite the locomotive during the push operation.
All cars must have control trainlines to connect the lead (cab) car to the
trailing locomotive. Locomotive-hauled commuter rail cars use AAR-
type H couplers. Self-propelled (single or multiple-unit) cars sometimes
use other coupler designs which can be coupled to an AAR coupler with
an adaptor.

Full-Scale Rapid Transit Equipment The equipment is used on tra-
ditional subway/elevated properties in such cities as Boston, New York,
Philadelphia (Fig. 11.2.22), and Chicago in a semiautomatic mode of
operation over dedicated rights-of-way which are constrained by limit-
ing civil features. State-of-the-art subway-elevated properties include
such cities as Washington, Atlanta, Miami, and San Francisco, where
the equipment provides highly automated modes of operation on rights-
of-way with generous civil alignments.

The cars can operate bidirectionally in multiple with as many as 12
cars controlled from the leading cab. They are electrically propelled,
Fig. 11.2.22 Full-scale transit car.
mum radius curves with speeds up to 75 mi/h (120 km/h) on tangent
track.

All properties operate on standard-gage track with the exception of
the 5 ft 6 in (1.7 m) San Francisco Bay Area Rapid Transit (BART), the
4 ft 107⁄8 in (1.5 m) Toronto Transit Subways, and the 5 ft 21⁄2 in
(1.6 m) Philadelphia Southeastern Pennsylvania Transportation Au-
thority (SEPTA) Market-Frankford line. Grades seldom exceed 3 per-
cent, and 1.5 to 2.0 percent is the desired maximum.

Typically, newer properties require maximum acceleration rates of
between 2.5 and 3.0 mi/(h ?s) [4.0 to 4.8 km/(h ?s)] as nearly indepen-
dent of passenger loads as possible from 0 to approximately 20 mi/h (32
km/h). Depending upon the selection of motors and gearing, this rate
falls off as speed is increased, but rates can generally be controlled at a
variety of levels between zero and maximum.

Deceleration is typically accomplished by a blended dynamic and
electropneumatic friction brake, although a few properties use an elec-
trically controlled hydraulic friction brake. Either of these systems usu-
ally provides a maximum braking rate of between 3.0 and 3.5 mi/
(h ?s) [4.8 and 5.6 km/(h ?s)] and is made as independent of passenger
loads as possible by a load-weighing system which adjusts braking
effort to suit passenger loads.

Dynamic braking is now generally used as the primary stopping
mode and is effective from maximum speed down to 10 mi/h (16 km/h)
with friction braking supplementation as the characteristic dynamic
fade occurs. The friction brakes provide the final stopping forces.
Emergency braking rates depend upon line constraints, car subsystems,
and other factors, but generally rely on the maximum retardation force
that can be provided by the dynamic and friction brakes within the limits
of available wheel-to-rail adhesion.

Acceleration and braking on modern properties are controlled by a
single master controller handle which has power positions in one direc-
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tion and a coasting or neutral center position and braking positions in
the opposite direction. The number of positions depends upon the prop-
erty policy or preference and the control subsystems on the car. Control
elements include motor-current sensors and some or all of the follow-
ing: speed sensors, rate sensors, and load-weighing sensors. Signals are
processed by an electronic control unit (ECU) which processes them
and provides control functions to the propulsion and braking systems.
The propulsion systems currently include pilot-motor-operated cams
which actuate switches to control resistance steps, or chopper systems
which electronically provide the desired voltages and currents at the

to speed passenger flow. This adds to the civil construction costs, but is
necessary to achieve the required level of service.

Light Rail Transit Equipment This equipment differs only slightly
from full-scale rapid transit equipment since the term ‘‘light rail’’
means only that more severe civil restraints are acceptable to achieve
about 80 percent of the capability at about 50 percent of the cost of
full-scale rapid transit.

The cars are called light rail vehicles (Fig. 11.2.23 shows typical
LRVs) and are used on a few remaining streetcar systems such as those
in Boston, Philadelphia, and Toronto on city streets and on state-of-the-
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motors.
Most modern cars are equipped with two trucks, each of which

carries two series-wound dc traction motors. A few use motors with
separately excited fields. Monomotor trucks are not used on full-scale
rapid transit equipment. The motors are rated between 100 and 200 shaft
hp at between 300 and 750 V dc, depending upon line voltage, series or
series-parallel connections (electronic or electromechanical control),
and performance level desired. The motors, gear units (right angle or
parallel), and axles are joined variously through flexible couplings.
Electronic-inverter control drives with ac motors have been employed
in recent applications in Europe and North America.

In most applications, dynamic braking utilizes the traction motors as
generators to dissipate energy through the on-board resistors also used
in acceleration. It is expected that regenerative braking will become
more common since energy can be returned to the line for use by other
cars. Theoretically, 35 to 50 percent of the energy can be returned, but
the present state-of-the-art is limited to a practical 20 percent on proper-
ties with large numbers of cars on close headways.

Bodies are made of welded stainless steel or low-alloy high-tensile
(LAHT) steel of a design which carries structural loads (load bearing).
Earlier problems with aluminum, primarily electrolytic action among
dissimilar metals and welding techniques, have been resolved and alu-
minum is used on a significant number of new cars.

Trucks may be cast or fabricated steel with the frames and journal
bearings either inside or outside the wheels. Axles are carried in roller-
bearing journals connected to the frames so as to be able to move
vertically against a variety of types of primary spring restraint. Metal
springs or air bags are used as the secondary suspension between the
trucks and the car body. Most wheels are solid cast or wrought steel.
Resilient wheels have been tested but are not in general service on
full-scale transit equipment.

All full-scale rapid transit systems use high-level loading platforms
Fig. 11.2.23 Light-rail vehicle (LRV). (a) Articulated; (b) nona
art subway, surface, and elevated systems such as those in Edmonton,
Calgary, San Diego, and Portland (OR) in semiautomated modes over
partially or wholly reserved rights-of-way.

As a practical matter, the LRV’s track, signal systems, and power
systems utilize the same subsystems as full-scale rapid transit and are
not ‘‘lighter’’ in a physical sense.

The LRVs are designed to operate bidirectionally in multiple with up
to four cars controlled from the leading cab. The LRV’s are electrically
propelled from an overhead contact wire often of catenary design which
makes contact with a pantograph on the roof. For wayside safety rea-
sons third-rail pickup is not used. Voltages range from 550 to 750 V dc.

The cars range from 60 to 65 ft (18.3 to 19.8 m) over the anticlimbers
for single cars and from 70 to 90 ft (21.3 to 27.4 m) for articulated cars.
The choice is determined by passenger volumes and civil constraints.

Articulated cars have been used in railroad and transit applications
since the 1920s, but have found favor in light rail applications because
of their ability to increase passenger loads in a longer car which can
negotiate relatively tight-radius curves. These cars require the addi-
tional mechanical complexity of the articulated or hinged center section
carried on a third truck which fits between two car-body sections.

Passenger seating varies from 50 to 80 seats per car depending upon
length, placement of seats in the articulation and the policy regarding
seated/standee ratio. Older systems require negotiation of curves down
to 30 ft (9.1 m) minimum radius with speeds up to only 40 mi/h (65
km/h) on tangent track while newer systems usually have no less than
75 ft (22.9 m) minimum radius curves with speeds up to 65 mi/h (104
km/h) on tangent track.

The newer properties all use standard gage; however, existing older
systems include 4 ft 107⁄8 in (1,495 mm) and 5 ft 21⁄2 in (1,587 mm)
gages. Grades have reached 12 percent but 6 percent is now considered
the maximum and 5 percent is preferred.

Typically, newer properties require maximum acceleration rates of
rticulated.
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between 3.0 to 3.5 mi/(h ?s) [4.8 to 5.6 km/(h ?s)] as nearly indepen-
dent of passenger load as possible from 0 to approximately 20 mi/h
(32 km/h). Depending upon the selection of motors and gearing, this
rate falls off as speed is increased, but the rates can generally be con-
trolled at a variety of levels.

Unlike most full-scale rapid transit cars, LRVs incorporate three
braking modes: dynamic, friction, and track brake which typically pro-
vide maximum service braking at between 3.0 and 3.5 mi/(h ?s) [4.8 to
5.6 km/(h ?s)] and 6.0 mi/(h ?s) [9.6 km/(h ?s)] maximum emergency
braking rates. The dynamic and friction brakes are usually blended, but

Unlike full-scale rapid transit, LRV bodies are made only of welded
LAHT steel and are of a load-bearing design. Because of the semire-
served right-of-way, the risk of collision damage with automotive vehi-
cles is greater than with full-scale rapid transit and the LAHT steel has
been found to be easier to repair than stainless steel or aluminum. Al-
though the LAHT steel requires painting, this can be an asset since the
painting can be done in a highly decorative manner pleasing to the
public and appropriate to themes desired by the cities.

Trucks may be cast or fabricated steel with either inside or outside
frames. Axles are carried in roller-bearing journals which are usually
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a variety of techniques exist. The track brake is intended to be used
primarily for emergency conditions and may or may not be controlled
with the other braking systems.

The friction brakes are almost exclusively disk brakes since LRVs
use resilient wheels which can be damaged by tread-brake heat buildup.
No single consistent pattern exists for the actuation mechanism. All-
electric, all-pneumatic, electropneumatic, electrohydraulic, and elec-
tropneumatic over hydraulic are in common use.

Dynamic braking is generally used as the primary mode and is effec-
tive from maximum speed down to about 5 mi/h (8 km/h) with friction
braking supplementation as the characteristic dynamic fade occurs.

As with full-scale rapid transit, the emergency braking rates depend
upon line constraints, car-control subsystems selected, and other
factors, but the use of track brakes means that higher braking rates can
be achieved because the wheel-to-rail adhesion is not the limiting fac-
tor.

Acceleration and braking on modern properties are usually controlled
by a single master controller handle which has power positions in one
direction and a coasting or neutral center position and braking positions
in the opposite direction. A few properties use foot-pedal control with a
‘‘deadman’’ pedal operated by the left foot, a brake pedal operated by
the right foot, and an accelerator (power) pedal also operated by the
right foot. In either case, the number of positions depends upon property
policy and control subsystems on the car.

Control elements include motor-current sensors and some or all of the
following: speed sensors, rate sensors, and load-weighing sensors. Sig-
nals from these sensors are processed by an electronic control unit
(ECU) which provides control functions to the propulsion and braking
systems.

The propulsion systems currently include pilot-motor-operated cams
which actuate switches or electronically controlled unit switches to
control resistance steps. Chopper systems which electronically provide
the desired voltages and currents at the motors are also used.

Most modern LRVs are equipped with two powered trucks. In articu-
lated designs (Fig. 11.2.23a), the third (center) truck is left unpowered
but usually has friction and track brake capability. Some European de-
signs use three powered trucks but the additional cost and complexity
have not been found necessary in North America.

Unlike full-scale rapid transit, there are three major dc-motor config-
urations in use: the traditional series-wound motors used in bimotor
trucks, the European-derived monomotor, and a hybrid monomotor
with a separately excited field—the latter in chopper-control version
only.

The bimotor designs are rated between 100 and 125 shaft hp per
motor at between 300 and 750 V dc, depending upon line voltage and
series or series-parallel control schemes (electronic or electromechani-
cal control). The monomotor designs are rated between 225 and 250
shaft hp per motor at between 300 and 750 V dc (electronic or electro-
mechanical control).

The motors, gear units (right angle or parallel), and axles are joined
variously through flexible couplings. In the case of the monomotor, it is
supported in the center of the truck, and right-angle gearboxes are
mounted on either end of the motor. Commonly, the axle goes through
the gearbox and connection is made with a flexible coupling arrange-
ment. Electronic inverter control drives with ac motors have been ap-
plied in recent conversions and new equipment.

Dynamic braking is achieved in the same manner as full-scale rapid
transit.
resiliently coupled to the frames with elastomeric springs as a primary
suspension. Both vertical and a limited amount of horizontal movement
occur. Since tight curve radii are common, the frames are usually con-
nected to concentric circular ball-bearing rings, which, in turn, are con-
nected to the car body. Air bags, solid elastomeric springs, or metal
springs are used as a secondary suspension. Resilient wheels are used on
virtually all LRVs.

With a few exceptions, LRVs have low-level loading doors and steps
which minimize station platform costs.

TRACK

Gage The gage of railway track is the distance between the inner
sides of the rail heads measured 5⁄8 in (15.9 mm) below the top of rail.
North American railways are laid with a nominal gage of 4 ft 81⁄2 in
(1,435 mm), which is known as standard gage. Rail wear causes an
increase in gage. On sharp curves [over 8°, see Eq. (11.2.10)], it has
been the practice to widen the gage to reduce rail wear.

Track Structure The basic track structure is composed of six major
elements: rail, tie plates, fasteners, cross ties, ballast, and subgrade (Fig.
11.2.24).

Fig. 11.2.24 Track structure.

Rail The Association of American Railroads has defined standards
for the cross section of rails of various weights per yard. The AREA
standards provide for rail weights varying from 90 to 140 lb/yd. A few
railroads use special sections of their own design. The standard length in
use is 39 ft (11.9 m) although some mills are now rolling 78 ft (23.8 m)
or longer lengths.

The prevailing weight of rails used in main-line track is 112 to 140
lb/yd. Secondary and branch lines are generally laid with 75 to 100
lb/yd rail which has been previously used and partly worn in main-line
service. In the past, rails were connected using bolted joint bars. Current
practice is the use of continuous welded rail (CWR). In general, rails are
first welded into lengths up to 20 rails or more, then laid, and later field
welded to eliminate conventional joints between rail strings and other
track appliances. Electric-flash, gas-fusion, and Thermit welding pro-
cesses are used. CWR requires the use of more rail anchors than bolted
rail to clamp the base of the rail and position it against the sides of cross
ties in order to prevent rail movement. This is necessary to restrain
longitudinal forces which result from thermal expansion and contrac-
tion due to ambient temperature changes. Failure to adequately restrain
the rail can result in track buckling either longitudinally, laterally, or
both, in extremely hot weather or in rail ‘‘pull aparts’’ in extremely cold
weather. Care must be exercised to install the rail at temperatures which
do not approach high or low extremes.

A variety of heat-treating and alloying processes have been applied to
produce rail that is more resistant to wear and less susceptible to fatigue
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damage. Comprehensive studies indicate that gage face lubrication can
dramatically reduce the wear rate of rail in curves (see publications of
AAR Research and Test Department). This results in rail fatigue be-
coming the dominant cause for replacement at some longer life.

Tie Plates Rail is supported on tie plates which restrain the rail
laterally, distribute the vehicle loads onto the cross tie, and position
(cant) the rail for optimum vehicle performance. Tie plates cant the rail
toward the gage side. Cants vary from 1 : 14 to 1 : 40, depending on
service conditions and operating speeds.

Fasteners Rail and tie plates are fixed to the cross ties by fasteners.

Clearances The AREA standard clearance diagrams provide for a
clear height of 22 ft (6.7 m) above the tops of the rail heads and for a
width of 16 ft (4.9 m) on bridges and 15 ft (4.6 m) elsewhere. Where
conditions require the minimum clearance, as in tunnels, these dimen-
sions are much reduced. For tracks entering buildings, an opening 12 ft
(3.7 m) wide and 17 ft (5.2 m) high will ordinarily suffice to pass the
largest locomotives and cars. A standard clearance diagram for railway
bridges (Fig. 11.2.25) represents the AAR recommendation for new
construction. Since some clearances are dictated by state authorities, for
specific clearance limitations on a particular railroad, refer to the offi-
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Conventional construction with wood cross ties utilizes steel spikes
driven into the tie through holes in the tie plate. In some cases, screw-
type fasteners are used to provide more resistance to vertical forces.
Elastic, clip-type fasteners are used on concrete and, at times, on
wooden cross ties to provide a uniform, resilient attachment and longi-
tudinal restraint in lieu of anchors.

Cross Ties To retain gage and provide a further distribution of ve-
hicle loads to the ballast, lateral cross ties are used. The majority of
cross ties used in North America are wood. However, concrete cross ties
are being used more and more frequently in areas where track surface
and lateral stability are difficult to maintain and in high-speed passenger
corridors.

Ballast Ballast serves to further distribute vehicle loads to the sub-
grade, restrain vertical and lateral displacement of the track structure,
and provide for drainage. Typical main-line ballast materials are lime-
stone, trap rock, granite, or slag. Lightly built secondary lines use
gravel, cinders, or sand.

Subgrade The subgrade serves as the interface between the ballast
and the native soil. Subgrade material is typically compacted or stabi-
lized soil. Instability of the subgrade due to groundwater permeation is a
concern in some areas. In some difficult locations, a semipermeable
geotextile fabric is used to separate the ballast and subgrade and prevent
subgrade material from fouling the ballast.

Track Geometry Railroad maintenance practices, state standards,
AREA standards, and, more recently, FRA safety standards (CFR Title
49) specify limitations on geometric deviations for track structure.
Among the characteristics considered are:

Gage
Alignment (the lateral position of the rails)
Curvature
Easement (the rate of change from tangent to curve)
Superelevation
Runoff (the rate of change in superelevation)
Cross level (the relative height of opposite rails)
Twist (the change in relative position of the rails about a longitudinal

axis)

FRA standards specify maximum operating speeds by class of track
ranging from Class I (poorest acceptable) to Class 6 (excellent). Track
geometry is a significant consideration in vehicle suspension design.

Curvature The curvature of track is designated in terms of ‘‘degrees
of curvature.’’ The degree of curve is the number of degrees of central
angle subtended by a chord of 100-ft length (measured on the track
centerline). Equation (11.2.10) gives the approximate radius, R, in feet
for ordinary railway curves.

R 5
5730

degrees per 100-ft chord
(11.2.10)

On important main lines where trains are operated at relatively high
speed, the curves are ordinarily not sharper than 6 or 8°. In mountainous
territory, in rare instances, main-line curves as sharp as 18° occur. Most
diesel and electric locomotives are designed to traverse curves up to
21°. Most uncoupled cars will pass considerably sharper curves, the
limiting factor in this case being the clearance of the truck components
to car body structural members or equipment or the flexibility of the
brake connections to the trucks (AAR ‘‘Manual of Standards and Rec-
ommended Practices,’’ Sec. C).
cial publication ‘‘Railway Line Clearances,’’ Railway Equipment and
Publishing Co.

Fig. 11.2.25 Wayside clearance diagram. (AREA ‘‘Manual for Railway
Engineering—Fixed Properties.’’)

Track Spacing The distance between centers of main-line track
varies between 12 and 14 ft (3.6 and 4.3 m). Twelve-foot spacing exists,
however, only on old construction. The prevailing spacing, 14 ft 0 in
(4.3 m), has the implied endorsement of the AREA and is required by
some states.

Turnouts Railway turnouts (switches) are described by frog num-
ber. The frog number is the cotangent of the frog angle, which is the
ratio of the lateral displacement of the diverging track per unit of longi-
tudinal distance along the nondiverging track. Typical turnouts in yard
and industry trackage range from number 7 to number 10. For main-line
service, typical turnouts range from number 10 to number 20. Gener-
ally, the higher the turnout number, the higher the allowable speed for a
train traversing the diverging track. As a general rule, the allowable
speed (in mi/h) is twice the turnout number.

Noise Allowable noise levels from railroad operation are prescribed
by CFR40 §201.

VEHICLE-TRACK INTERACTION

Train Resistance The resistance to a train in motion along the track
is of prime interest, as it is reflected directly in locomotive energy (fuel)
requirements. This resistance is expressed in terms of ‘‘pounds per ton’’
of train weight. Gross train resistance is that force which must be over-
come by the locomotives at the driving-wheel-rail interface. Trailing
train resistance must be overcome at the locomotive rear drawbar.

There are two classes of resistance which must be overcome: ‘‘inher-
ent’’ and ‘‘incidental.’’ Inherent resistance includes the rolling resis-
tance of bearings and wheels and aerodynamic resistance due to motion
through still air. It may be considered equal to the force necessary to
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maintain motion at constant speed on level tangent track in still air.
Incidental resistance includes resistance due to grade, curvature, wind,
and vehicle dynamics.

Inherent Resistance Of the elements of inherent resistance, at low
speeds rolling resistance is dominant, but at high speeds aerodynamic
resistance is the predominant factor. Attempts to differentiate and eval-
uate the various elements through the speed range are a continuing part
of industry research programs to reduce train resistance. At very high
speeds, the effect of air resistance can be approximately determined.
This is an aid to studies in its reduction by means of cowling and fairing.

new frontal area to be considered in determining train resistance. Fron-
tal or cornering ambient wind conditions can also have an adverse effect
on train resistance which is increased with discontinuities along the
length of the train.

Curve Resistance Resistance due to track curvature varies with
speed and degree of curvature. The behavior of railroad equipment in
curve negotiation is the subject of several ongoing AAR studies. Lubri-
cation of the rail gage face or wheel flanges is common practice for
reducing friction forces and the resulting wheel and rail wear. Recent
studies, in fact, indicate that flange and/or gage face lubrication can
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The resistance of a car moving in still air on straight, level track in-
creases parabolically with speed. Because the aerodynamic resistance is
independent of car weight, the resistance in pounds per ton decreases as
the weight of the car increases. The total resistance in pounds per ton of
a 100-ton car is much less than twice as great as that of a 50-ton car
under similar conditions. WIth known conditions of speed and car
weight, inherent resistance can be predicted with reasonable accuracy.
Knowledge of track conditions will permit further refining of the esti-
mate, but for very rough track or extremely cold ambient temperatures,
generous allowances must be made. Under such conditions normal re-
sistance may be doubled. A formula proposed by Davis (General Elec-
tric Review, Oct. 1926) and revised by Tuthill ‘‘High Speed Freight
Train Resistance,’’ Univ. of Illinois Engr. Bull., 376, 1948) has been
used extensively for inherent freight-train resistances at speeds up to
40 mi/h:

R 5 1.3W 1 29n 1 0.045WV 1 0.0005 AV 2 (11.2.11)

where R 5 train resistance, lb/car; W 5 weight per car, tons; V 5
speed, mi/h; n 5 total number of axles; A 5 cross-sectional area, ft2.

With freight-train speeds of 50 to 70 mi/h (80 to 112 km/h), it has
been found that actual resistance values fall considerably below calcu-
lations based on the above formula. Several modifications of the Davis
equation have been developed for more specific applications. All of
these equations apply to cars trailing locomotives.

1. Davis equation modified by J. K. Tuthill (University of Illinois
Engr. Bull., 376, 1948):

R 5 1.3W 1 29n 1 0.045WV 1 0.045V 2 (11.2.12)

Note: In the Tuthill modification, the equation is augmented by a
matrix of coefficients when the velocity exceeds 40 mi/h.

2. Modified by Canadian National Railway:

R 5 0.6W 1 20n 1 0.01WV 1 0.07V 2 (11.2.13)

3. Modified by Canadian National Railway and Erie-Lackawanna
Railroad for trailers and containers on flat cars:

R 5 0.6W 1 20n 1 0.01WV 1 0.2V 2 (11.2.14)

Other modifications of the Davis equation have been developed for
passenger cars by Totten (‘‘Resistance of Light Weight Passenger
Trains,’’ Railway Age, 103, Jul. 17, 1937). These formulas are for pas-
senger cars pulled by a locomotive and do not include head-end air
resistance.

1. Modified by Totten for streamlined passenger cars:

R 5 1.3W 1 29n 1 0.045WV
1 [0.00005 1 0.060725 (L/100)0.88]V 2 (11.2.15)

2. Modified by Totten for nonstreamlined passengers cars

R 5 1.3W 1 29n 1 0.045WV
1 [0.0005 1 0.1085 (L/100)0.7]V 2 (11.2.16)

where L 5 car length in feet.
Aerodynamic and Wind Resistance Wind-tunnel testing has indi-

cated a significant effect on train resistance due to vehicle spacing, open
tops of hopper and gondola cars, open boxcar doors, vertical side rein-
forcements on railway cars and intermodal trailers, and protruding ap-
purtenances on cars. These effects can cause significant increases in
train resistance at higher speeds. For example, spacing of intermodal
trailers or containers greater than approximately 6 ft apart can result in a
significantly reduce train resistance on tangent track as well (Allen,
‘‘Conference on the Economics and Performance of Freight Car
Trucks,’’ October 1983). In addition, a variety of special trucks (wheel
assemblies) which reduce curve resistance by allowing axles to steer
toward a radial position in curves have been developed. For general
estimates of car resistance and locomotive hauling capacity on dry (un-
lubricated) rail with conventional trucks, speed and gage relief may be
ignored and a figure of 0.8 lb/ton per degree of curvature used.

Grade resistance depends only on the angle of ascent or descent and
relates only to the gravitational forces acting on the vehicle. It equates to
20 lb/ton for each ‘‘percent of grade’’ or 0.379 lb/ton for each foot per
mile rise.

Acceleration Resistance The force (tractive effort) required to ac-
celerate the train is the sum of the forces required for translation accel-
eration and that required to produce rotational acceleration of the
wheels about their axle centers. A translatory acceleration of 1 mi/h ?s
(1.6 km/h ?s) is produced by a force of 91.1 lb/ton. The rotary accelera-
tion requirement adds 6 to 12 percent, so that the total is nearly 100
lb/ton (the figure commonly used) for each mile per hour per second. If
greater accuracy is required, the following expression is used:

Ra 5 A(91.05W 1 36.36n) (11.2.17)

where Ra 5 the total accelerating force, lb; A 5 acceleration, mi/h ?s;
W 5 weight of train, tons; n 5 number of axles.

Acceleration and Distance If in a distance of S ft the speed of a car
or train changes from V1 to V2 mi/h, the force required to produce
acceleration (or deceleration if the speed is reduced) is

Ra 5 74(V2
2 2 V2

1)/S (11.2.18)

The coefficient 74 corresponds to the use of 100 lb/ton above. This
formula is useful in the calculation of the energy required to climb a
grade with the assistance of stored energy. In any train-resistance calcu-
lation or analysis, assumptions with regard to acceleration will gener-
ally submerge all other variables; e.g., an acceleration of 0.1 mi/h ?s
(0.16 km/h ?s) requires more tractive force than that required to over-
come inherent resistance for any car at moderate speeds.

Starting Resistance Most railway cars are equipped with roller
bearings with a starting force of 5 or 6 lb/ton.

Vehicle Suspension Design The primary consideration in the de-
sign of the vehicle suspension system is to isolate track input from the
vehicle car body and lading. In addition, there are a few specific areas of
instability which railway suspension systems must address, see AAR
‘‘Manual of Standards and Recommended Practice,’’ Sec. C-II-M-
1001, Chap. XI.

Harmonic roll is the tendency of a freight car with a high center of
gravity to rotate about its longitudinal axis (parallel to the track). This
instability is excited by passing over staggered low rail joints at a speed
which causes the frequency of the input for each joint to match the
natural roll frequency of the car. Unfortunately, in many car designs,
this occurs for loaded cars at 12 to 18 mi/h (19.2 to 28.8 km/h), a
common speed for trains moving in yards or on branch lines where
tracks are not well maintained.

This adverse behavior is more noticeable in cars with truck centers
approximately the same as the rail length. The effect of harmonic roll
can be mitigated by improved track surface and by damping in the truck
suspension.

Pitch and bounce are the tendencies of the vehicle to either translate
vertically up and down (bounce), or rotate (pitch) about a horizontal
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axis perpendicular to the centerline of track. This response is also
excited by low track joints and can be relieved by increased truck
damping.

Yaw is the tendency of the freight car to rotate about its axis vertical
to the centerline of track. Yaw responses are usually related to truck
hunting.

Truck hunting is an instability inherent in the design of the truck and
dependent upon the stiffness parameters of the truck and the wheel
conicity (tread profile). The instability is observed as a ‘‘parallelogram-
ming’’ of the truck components at a frequency of 2 to 3 Hz causing the

accelerate. Next the slack between the first and second car must be
traversed before the second car beings to accelerate, and so on. Before
the last car in a long train begins to move, the locomotive and the
moving cars may be traveling at a rate of several miles per hour.
This effect can result in coupler forces sufficient to cause the train to
break in two.

el

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
car body to yaw or translate laterally. This response is excited by the
effect of the natural frequency of the ‘‘gravitational stiffness’’ of
the wheel set when the speed of the vehicle approaches the kinematic
velocity of the wheel set. This problem is discussed in analytic work
available from the AAR Research and Test Department.

Superelevation As a train passes around a curve, there is a tendency
for the cars to tip toward the outside of the curve due to the centrifugal
force acting on the center of gravity of the car body (Fig. 11.2.26a). To
compensate for this effect, the outside rail is superelevated, or raised,
relative to the inside rail (Fig. 11.2.26b). The amount of superelevation
for a particular curve is based upon the radius of the curve and the
operating speed of the train. The ‘‘balance’’ or equilibrium speed for a
given curve is that speed at which the centrifugal force on the car
matches the component of gravity force resulting from the supereleva-
tion between the amount required for high-speed trains and the amount
required for slower-operating trains. The FRA allows a railroad to oper-
ate with 3 in of outward unbalance, or at the speed at which equilibrium
would exist if the superelevation were 3 in greater. The maximum su-
perelevation is usually 6 in.

Longitudinal Train Action Longitudinal train (slack) action is a term
associated with the dynamic action between individual cars in a train.
An example would be the effect of starting a long train in which
the couplers between each car had been compressed (i.e., bunched up).
As the locomotive begins to pull the train, the slack between the loco-
motive and the first car must be traversed before the first car begins to
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Longitudinal train action is also induced by serial braking, undulating
grades, or by braking on varying grades. The Track Train Dynamics
Program has published guidelines titled ‘‘Track Train Dynamics to Im-
prove Freight Train Performance’’ which explain the causes of undesir-
able train action and how to minimize the effects. Analysis of the forces
developed by longitudinal train action requires the application of the
Davis equation to represent the resistance of each vehicle based upon its
velocity and location on a grade or curve. Also, the longitudinal stiff-
ness of each car and the tractive effort of the locomotive must be con-
sidered in equations which model the kinematic response of each vehi-
cle in the train. Computer programs are available from the AAR to assist
in the analysis of longitudinal train action.

ENGINEERING
C. Tracy

in general; cargo-handling pumping systems; and environmental

control and habitability. Marine engineering is a distinct multidis-
cipline and characteristically a dynamic, continuously advancing tech-
nology.

THE MARINE ENVIRONMENT

e familiar with their environment so that they
power requirements, vibration effects, and

considerations. The outstanding characteristic
ns. Soc. Naval Architects
m. Soc. of Naval Engrs.,
A. Figures and examples
mission of The Society of

Marine engineers must b
may understand fuel and
propulsion-plant strength
Naval Architects and Marine Engineers.

Marine engineering is an integration of many engineering disciplines
directed to the development and design of systems of transport, warfare,
exploration, and natural-resource retrieval which have one thing in
common: operation in or on a body of water. Marine engineers are
responsible for the engineering systems required to propel, work, or
fight ships. They are responsible for the main propulsion plant; the
powering and mechanization aspects of ship functions such as steering,
anchoring, cargo handling, heating, ventilation, air conditioning, etc.;
and other related requirements. They usually have joint responsibility
with naval architects in areas of propulsor design; hull vibration
excited by the propeller or main propulsion plant; noise reduction and
shock hardening, in fact, dynamic response of structures or machinery
of the open ocean is its irregularity in storm winds as well as under
relatively calm conditions. The irregular sea can be described by statisti-
cal mathematics based on the superposition of a large number of regular
waves having different lengths, directions, and amplitudes. The charac-
teristics of idealized regular waves are fundamental for the description
and understanding of realistic, irregular seas. Actual sea states consist of
a combination of many sizes of waves often running in different direc-
tions, and sometimes momentarily superimposing into an exceptionally
large wave.

The effects of the marine environment also vary with water depth. As
a ship passes from deep to shallow water, there is an appreciable change
in the potential flow around the hull and a change in the wave pattern
produced. Additionally, silt, sea life, and bottom growth may affect
seawater systems or foul heat exchangers.
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MARINE VEHICLES

The platform is additionally a part of marine engineers’ environment.
Ships are supported by a buoyant force equal to the weight of the vol-
ume of water displaced. For surface ships, this weight is equal to the
total weight of the structure, machinery, outfit, fuel, stores, crew, and
useful load. The principal sources of resistance to propulsion are skin
friction and the energy lost to surface waves generated by moving in the
interface between air and water. Minimization of one or both of these
sources of resistance has generally been a primary objective in the de-

hicle and the surface over which it hovers or moves. The most practical
vehicles employ a peripheral-jet principle, with flexible skirts for obsta-
cle or wave clearance. A rigid sidewall craft, achieving some lift from
hydrodynamic effects, is more adaptable to marine construction tech-
niques. The SWATH gains the advantages of the catamaran, twin dis-
placement hulls, with the further advantage of minimized wave-making
resistance and wave-induced motions achieved by submarine-shaped
hulls beneath the surface and the small water-plane area of the support-
ing struts at the air-water interface.
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sign of marine vehicles.

Displacement Hull Forms

Displacement hull forms are the familiar monohull, the catamaran, and
the submarine. The moderate-to-full-displacement monohull form pro-
vides the best possible combinations of high-payload-carrying ability,
economical powering characteristics, and good seakeeping qualities. A
more slender hull form achieves a significant reduction in wave-making
resistance, hence increased speed; however, it is limited in its ability to
carry topside weight because of the low transverse stability of its narrow
beam. The catamaran provides a solution to the problem of low trans-
verse stability. It is increasingly popular in sailing yachts and is under
development for high-speed passenger ferries and research and small
support ships. Sailing catamarans, with their superior transverse stabil-
ity permitting large sail-plane area, gain a speed advantage over mono-
hull craft of comparable size. A powered catamaran has the advantage
of increased deck space and relatively low roll angles over a monohull
ship. The submarine, operating at depths which preclude the formation
of surface waves, experiences significant reductions in resistance com-
pared to a well-designed surface ship of equal displacement.

Planing Hull Forms

The planing hull form, although most commonly used for yachts and
racing craft, is used increasingly in small, fast commercial craft and in
coastal patrol craft. The weight of the planing hull ship is partially borne
by the dynamic lift of the water streaming against a relatively flat or
V-shaped bottom. The effective displacement is hence reduced below
that of a ship supported statically, with significant reduction in wave-
making resistance at higher speeds.

High-Performance Ships

In a search for high performance and higher speeds in rougher seas,
several advanced concepts to minimize wave-making resistance have
been investigated. These concepts have been or are being developed in
hydrofoil craft, surface-effect vehicles, and small water-plane-area twin
hull (SWATH) forms (Fig. 11.3.1). The hydrofoil craft has a planing
hull that is raised clear of the water through dynamic lift generated by an
underwater foil system. The surface-effect vehicles ride on a cushion of
compressed air generated and maintained in the space between the ve-
Fig. 11.3.1 Family of high-performance ships.
SEAWORTHINESS

Seaworthiness is the quality of a marine vehicle being fit to accomplish
its intended mission. In meeting their responsibilities to produce sea-
worthy vehicles, marine engineers must have a basic understanding of
the effects of the marine environment with regard to the vehicle’s (1)
structure, (2) stability and motions, and (3) resistance and powering re-
quirements.

Units and Definitions

The introduction of SI units to the marine engineering field presents
somewhat of a revolutionary change. Displacement, for instance, is a
force and therefore is expressed in newtons (N) or meganewtons (MN);
what for many years has been known as a 10,000-ton ship therefore
becomes a 99.64-MN ship. To assist in the change, examples and data
have been included in both USCS and SI units.

The displacement D is the weight of the water displaced by the im-
mersed part of the vehicle. It is equal (1) to the buoyant force exerted on
the vehicle and (2) to the weight of the vehicle (in equilibrium) and
everything on board. Displacement is expressed in long tons equal to
1.01605 metric tons or 2,240 lb (1 lb 5 4.448 N). The specific weight
of seawater averages about 64 lb/ft; hence, the displacement in seawater
is measured by the displaced volume = divided by 35. In fresh water,
divide by 35.9. (Specific weight of seawater 5 10,053 N/m3; 1 MN 5
99.47 m3; D 5 =/99.47 MN; in fresh water 1 MN 5 102 m3.)

Two measurements of a merchant ship’s earning capacity that are of
significant importance to its design and operation are deadweight and
tonnage. The deadweight of a ship is the weight of cargo, stores, fuel,
water, personnel, and effects that the ship can carry when loaded to a
specific load draft. Deadweight is the difference between the load dis-
placement, at the minimum permitted freeboard, and the light displace-
ment, which comprises hull weight and machinery. Deadweight is ex-
pressed in long tons (2,240 lb each) or MN. The volume of a ship is
expressed in tons of 100 ft3 (2.83 m3) each and is referred to as its
tonnage. Charges for berthing, docking, passage through canals and
locks, and for many other facilities are based on tonnage. Gross tonnage
is based on cubic capacity below the tonnage deck, generally the upper-
most complete deck, plus allowances for certain compartments above,
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Table 11.3.1 Coefficients of Form

Type of vessel

v

√gL CB CM CP CWP

D

(L /100)3

Great Lakes ore ships 0.116–0.128 0.85–0.87 0.99–0.995 0.86–0.88 0.89–0.92 70–95
Slow ocean freighters 0.134–0.149 0.77–0.82 0.99–0.995 0.78–0.83 0.85–0.88 180–200
Moderate-speed freighters 0.164–0.223 0.67–0.76 0.98–0.99 0.68–0.78 0.78–0.84 165–195
Fast passenger liners 0.208–0.313 0.56–0.65 0.94–0.985 0.59–0.67 0.71–0.76 75–105
Battleships 0.173–0.380 0.59–0.62 0.99–0.996 0.60–0.62 0.69–0.71 86–144
Destroyer, cruisers 0.536–0.744 0.44–0.53 0.72–0.83 0.62–0.71 0.67–0.73 40–65
Tugs 0.268–0.357 0.45–0.53 0.71–0.83 0.61–0.66 0.71–0.77 200–420

which are used for cargo, passengers, crew, and navigating equipment.
Deduction of spaces for propulsion machinery, crew quarters, and other
prescribed volumes from the gross tonnage leaves the net tonnage.

The dimensions of a ship may refer to the molded body (or form
defined by the outside of the frames), to general outside or overall
dimensions, or to dimensions on which the determination of tonnage or
of classification is based. There are thus (1) molded dimensions, (2)
overall dimensions, (3) tonnage dimensions, and (4) classification di-
mensions. The published rules and regulations of the classification soci-
eties and the U.S. Coast Guard should be consulted for detailed infor-

A similar coefficient is the volumetric coefficient, CV 5 =/(L/10)3,
which is commonly used as this measure.

Table 11.3.1 presents typical values of the coefficients with repre-
sentative values for Froude number 5 v/√gL.

Structure

The structure of a ship is a complex assembly of small pieces of mate-
rial. Common hull structural materials for small boats are wood, alumi-
num, and fiberglass-reinforced plastic. Large ships are nearly always
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mation.
The designed load waterline (DWL) is the waterline at which a ship

would float freely, at rest in still water, in its normally loaded or de-
signed condition. The keel line of most ships is parallel to DWL. Some
keel lines are designed to slope downward toward the stern, termed
designed drag.

A vertical line through the intersection of DWL and the foreside of
the stem is called the forward perpendicular, FP. A vertical line through
the intersection of DWL with the afterside of the straight portion of the
rudder post, with the afterside of the stern contour, or with the centerline
of the rudder stock (depending upon stern configuration), is called the
after perpendicular, AP.

The length on the designed load waterline, LWL , is the length mea-
sured at the DWL, which, because of the stern configuration, may be
equal to the length between perpendiculars, Lpp. The classification society
length is commonly noted as Lpp. The extreme length of the ship is the
length overall, LOA.

The molded beam B is the extreme breadth of the molded form. The
extreme or overall breadth is occasionally used, referring to the extreme
transverse dimension taken to the outside of the plating.

The draft T (molded) is the distance from the top of the keel plate or
bar keel to the load waterline. It may refer to draft amidships, forward,
or aft.

Trim is the longitudinal inclination of the ship usually expressed as
the difference between the draft forward, TF , and the draft aft, TA .

Coefficients of Form Assume the following notation: L 5 length on
waterline; B 5 beam; T 5 draft; = 5 volume of displacement; AWP 5
area of water plane; AM 5 area of midship section, up to draft T; v 5
speed in ft/s (m/s); and V 5 speed in knots.

Block coefficient, CB 5 =/LBT, may vary from about 0.38, for high-
powered yachts and destroyers, to greater than 0.90 for slow-speed
seagoing cargo ships and is a measure of the fullness of the underwater
body.

Midship section coefficient, CM 5 AM/BT, varies from about 0.75 for
tugs or trawlers to about 0.99 for cargo ships and is a measure of the
fullness of the maximum section.

Prismatic coefficient, CP 5 =/LAM 5 CB/CM , is a measure of the
fullness of the ends of the hull, and is an important parameter in power-
ing estimates.

Water-plane coefficient, CWP 5 AWP/LB, ranges from about 0.67 to
0.95, is a measure of the fullness of the water plane, and may be esti-
mated by CWP ' 2⁄3CB 1 1⁄3.

Displacement/length ratio, DL 5 D/(L /100)3, is a measure of the slen-
derness of the hull, and is used in calculating the power of ships and in
recording the resistance data of models.
constructed of steel. Past practices of using aluminum in superstructures
are usually nowadays limited to KG-critical ship designs.

The analysis of a ship structure is accomplished through the following
simplified steps: (1) Assume that the ship behaves like a box-shaped
girder supported on a simple wave system; (2) estimate the loads acting
on the ship, using simplified assumptions regarding weight and buoy-
ancy distribution; (3) calculate the static shear forces and bending mo-
ments; (4) analyze the resulting stresses; and (5) iterate the design until
the stresses are acceptable. The maximum longitudinal bending stresses
which result from such simplified loading assumptions are used as an
indicator of the maximum stress that will be developed, and an approxi-
mate factor of safety is introduced to allow for stresses induced from
other types of external loading, from local loadings, from stress concen-
tration, and from material fatigue over the life of the ship.

Weight, buoyancy, and load curves (Figs. 11.3.2 and 11.3.3) are de-
veloped for the ship for the determination of shear force and bending
moment. Several extreme conditions of loading may be analyzed. The
weight curves include the weights of the hull, superstructure, rudder,
and castings, forgings, masts, booms, all machinery and accessories,
solid ballast, anchors, chains, cargo, fuel, supplies, passengers, and bag-
gage. Each individual weight is distributed over a length equal to the
distance between frames at the location of that particular weight.

Fig. 11.3.2 Representative buoyancy and weight curves for a ship in still water.

The traditional method of calculating the maximum design bending
moment involved the determination of weight and buoyancy distribu-
tions with the ship poised on a wave of trochoidal form whose length Lw

is equal to the length of the ship, Lpp , and whose height Hw 5 Lw /20. To

Fig. 11.3.3 Representative moment and net-load curves for a ship in still water.
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more accurately model waves whose lengths exceed 300 ft, Hw 5 1.1√L
is widely used (including standard use by the U.S. Navy), and others
have been suggested and applied. With the wave crest amidships, the
ship is in a hogging condition (Fig. 11.3.4a); the deck is in tension and
the bottom shell in compression. With the trough amidships, the ship is

The maximum bending stress at each section can be computed by the
equation

s 5 M/Z

where s 5 maximum bending stress, lb/in2 (N/m2) or tons/in2 (MN/
m2); M 5 maximum bending moment, ft ? lb (N ?m) or ft ? tons; Z 5
section modulus, in2 ? ft (m3); Z 5 I/y, where I 5 minimum vertical
moment of inertia of section, in2 ? ft2 (m4), and y 5 maximum distances
from neutral axis to bottom and strength deck, ft (m).

The maximum shear stress can be computed by the equation
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Fig. 11.3.4 Hogging (a) and sagging (b) conditions of a vessel. (From ‘‘Princi-
ples of Naval Architecture,’’ SNAME, 1967.)

in a sagging condition (Fig. 11.3.4b); the deck is in compression and the
bottom in tension. For normal cargo ships with the machinery amid-
ships, the hogging condition produces the highest bending moment,
whereas for normal tankers and ore carriers with the machinery aft, the
sagging condition gives the highest bending moment.

The artificiality of the above assumption should be apparent; never-
theless, it has been an extremely useful one for many decades, and a
great deal of ship data have been accumulated upon which to base
refinements. Many advances have been made in the theoretical predic-
tion of the actual loads a ship is likely to experience in a realistic,
confused seaway over its life span. Today it is possible to predict reli-
ably the bending moments and shear forces a ship will experience over a
short term in irregular seas. Long-term prediction techniques use a
probabilistic approach which associates load severity and expected pe-
riodicity to establish the design load.

In determining the design section modulus Z which the continuous
longitudinal material in the midship section must meet, an allow-
able bending stress sall must be introduced into the bending stress
equation. Based on past experience, an appropriate choice of such an
allowable stress is 1.19 L1/3 tons/in2 (27.31 L1/3 MN/m2) with L in
ft (m).

For ships under 200 ft (61 m) in length, strength requirements are
dictated more on the basis of locally induced stresses than longitudinal
bending stresses. This may be accounted for by reducing the allowable
stress based on the above equation or by reducing the K values indi-
cated by the trend in Table 11.3.2 for the calculation of the ship’s
bending moment. For aluminum construction, Z must be twice that
obtained for steel construction. Minimum statutory values of sec-
tion modulus are published by the U.S. Coast Guard in ‘‘Load Line
Regulations.’’ Shipbuilding classification societies such as the Ameri-
can Bureau of Shipping have section modulus standards somewhat
greater.

Table 11.3.2 Constants for Bending Moment Approximations

D L
Type tons (MN) ft (m) K*

Tankers 35,000–150,000
(349–1495)

600–900
(183–274)

35–41

High-speed cargo pas-
senger

20,000–40,000
(199–399)

500–700
(152–213)

29–36

Great Lakes ore carrier 28,000–32,000
(279–319)

500–600
(152–183)

54–67

Destroyers 3,500–7,000
(35–70)

400–500
(122–152)

23–30

Destroyer escorts 1,600–4,000
(16–40)

300–450
(91–137)

22–26

Trawlers 180–1,600
(1.79–16)

100–200
(30–61)

12–18

Crew boats 65–275
(0.65–2.74)

80–130
(24–40)

10–16

* Based on allowable stress of sall. 5 1.19
3√L tons/in2 (27.31

3√L MN/m2) with L in ft (m).
t 5 Vac/It

where t 5 horizontal shear stress, lb/in2 (N/m2); V 5 shear force, lb
(N); ac 5 moment of area above shear plane under consideration taken
about neutral axis, ft3 (m3); I 5 vertical moment of inertia of section,
in2 ? ft2 (m4); t 5 thickness of material at shear plane, ft (m).

For an approximation, the bending moment of a ship may be computed
by the equation

M 5 DL/K ft ? tons (MN ?m)

where D 5 displacement, tons (MN); L 5 length, ft (m); and K is as
listed in Table 11.3.2.

The above formulas have been successfully applied in the past as a
convenient tool for the initial assessment of strength requirements for
various designs. At present, computer programs are routinely used in
ship structural design. Empirical formulas for the individual calculation
of both still water and wave-induced bending moments have been de-
rived by the classification societies. They are based on ship length,
breadth, block coefficient, and effective wave height (for the wave-
induced bending moment). Similarly, permissible bending stresses are
calculated from formulas as a function of ship length and its service
environment. Finite element techniques in the form of commercially
available computer software packages combined with statistical reli-
ability methods are being applied with increasing frequency.

For ships, the maximum longitudinal bending stresses occur in the
vicinity of the midship section at the deck edge and in the bottom
plating. Maximum shear stresses occur in the shell plating in the vicinity
of the quarter points at the neutral axis. For long, slender girders, such as
ships, the maximum shear stress is small compared with the maximum
bending stress.

The structure of a ship consists of a grillage of stiffened plating
supported by longitudinals, longitudinal girders, transverse beams,
transverse frames, and web frames. Since the primary stress system in
the hull arises from longitudinal bending, it follows that the longitudi-
nally continuous structural elements are the most effective in carrying
and distributing this stress system. The strength deck, particularly at the
side, and the keel and turn of bilge are highly stressed regions. The shell
plating, particularly deck and bottom plating, carry the major part of the
stress. Other key longitudinal elements, as shown in Fig. 11.3.5, are lon-
gitudinal deck girders, main deck stringer plate, gunwale angle, sheer
strake, bilge strake, inner bottom margin plate, garboard strake, flat
plate keel, center vertical keel, and rider plate.

Transverse elements include deck beams and transverse frames and
web frames which serve to support and transmit vertical and transverse
loads and resist hydrostatic pressure.

Good structural design minimizes the structural weight while provid-
ing adequate strength, minimizes interference with ship function, pro-
vides for effective continuity of the structure, facilitates stress flow
around deck openings and other stress obstacles, and avoids square
corner discontinuities in the plating and other stress concentration ‘‘hot
spots.’’

A longitudinally framed ship is one which has closely spaced longi-
tudinal structural elements and widely spaced transverse elements. A
transversely framed ship has closely spaced transverse elements and
widely spaced longitudinal elements. Longitudinal framing systems are
generally more efficient structurally, but because of the deep web
frames supporting the longitudinals, it is less efficient in the use of
internal space than the transverse framing system. Where interruptions
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of open internal spaces are unimportant, as in tankers and bulk carriers,
longitudinal framing is universally used. However, modern practice
tends increasingly toward longitudinal framing in other types of ships
also.
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Fig. 11.3.5 Key structural elements.

Stability

A ship afloat is in vertical equilibrium when the force of gravity, acting
at the ship’s center of gravity G, is equal, opposite, and in the same
vertical line as the force of buoyancy, acting upward at the center of
buoyancy B. Figure 11.3.6 shows that an upsetting, transverse couple

Fig. 11.3.6 Ship stability.

acting on the ship causes it to rotate about a longitudinal axis, taking a
list f. G does not change; however, B moves to B1, the centroid of the
new underwater volume. The resulting couple, created by the transverse
separation of the two forces (GZ), opposes the upsetting couple, thereby
righting the ship. A static stability curve (Fig. 11.3.7), consisting of
values for the righting arm GZ plotted against angles of inclination (f),
gives a graphic representation of the static stability of the ship. The
primary indicator for the safety of a ship is the maximum righting arm it
develops and the angle heel at which this righting arm occurs.

For small angles of inclination (f , 10°), centers of buoyancy follow
a locus whose instantaneous center of curvature M is known as the
transverse metacenter. When M lies above G (GM . 0), the resulting
gravity-buoyancy couple will right the ship; the ship has positive stabil-
ity. When G and M are coincident, the ship has neutral stability. When G
Fig. 11.3.7 Static stability curve.

is above M (GM , 0), negative stability results. Hence GM, known as
the transverse metacentric height, is an indication of initial stability of a
ship.

The transverse metacentric radius BM and the vertical location of the
center of buoyancy are determined by the design of the ship and can be
calculated. Once the vertical location of the ship’s center of gravity is
known, then GM can be found. The vertical center of gravity of practi-
cally all ships varies with the condition of loading and must be deter-
mined either by a careful calculation or by an inclining experiment.

Minimum values of GM ranging from 1.5 to 3.5 ft (0.46 to 1.07 m),
corresponding to small and large seagoing ships, respectively, have
been accepted in the past. The GM of passenger ships should be under 6
percent of the beam to ensure a reasonable (comfortable) rolling period.
This relatively low value is offset by the generally large range of stabil-
ity due to the high freeboard of passenger ships.

The question of longitudinal stability affects the trim of a ship. As in
the transverse case, a longitudinal metacenter exists, and a longitudinal
metacentric height GML can be determined. The moment to alter trim 1
in, MT1, is computed by MT1 5 DGML /12L, ft ? tons/in and moment to
alter trim 1 m is MT1 5 106 DGML/L, N ?m/m. Displacement D is in
tons and MN, respectively.

The location of a ship’s center of gravity changes as small weights are
shifted within the system. The vertical, transverse, or longitudinal com-
ponent of movement of the center of gravity is computed by GG1 5 w
3 d/D, where w is the small weight, d is the distance the weight is
shifted in a component direction, and D is the displacement of the ship,
which includes w.

Vertical changes in the location of G caused by weight addition or
removal can be calculated by

KG1 5
DKG 6 wKg

D1

where D1 5 D 6 w and Kg is the height of the center of gravity of w
above the keel.

The free surface of the liquid in fuel oil, lubricating oil, and water
storage and service tanks is deleterious to ship stability. The weight shift
of the liquid as the ship heels can be represented as a virtual rise in G,
hence a reduction in GM and the ship’s initial stability. This virtual rise,
called the free surface effect, is calculated by the expression

GGv 5 gi i/gw=

where gi , gw 5 specific gravities of liquid in tank and sea, respectively;
i 5 moment of inertia of free surface area about its longitudinal centroi-
dal axis; and = 5 volume of displacement of ship. The ship designer can
minimize this effect by designing long, narrow, deep tanks or by using
baffles.

Seakeeping

The seakeeping qualities of a ship determine its ability to function nor-
mally in a seaway and are based on its motions in waves. These motions
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Fig. 11.3.8 Conventional ship coordinate axes and ship motions.

in turn directly affect the practices of marine engineers. The motion of a
floating object has six degrees of freedom. Figure 11.3.8 shows the
conventional ship coordinate axes and ship motions. Oscillatory move-
ment along the x axis is called surge; along the y axis, sway; and along
the z axis, heave. Rotation about x is called roll; about y, pitch; and about
z, yaw.

Rolling has a major effect on crew comfort and on the structural and
bearing requirements for machinery and its foundations. The natural
period of roll of a ship is T 5 2pK/√gGM, where K is the radius of
gyration of virtual ship mass about a longitudinal axis through G. K

transfer function yields the ship response spectrum. The ship response
spectrum is an energy density spectrum from which the statistical char-
acter of ship motions can be predicted. (See Edward V. Lewis, Motions
in Waves, ‘‘Principles of Naval Architecture,’’ SNAME, 1989.)

Resistance and Powering

Resistance to ship motion through the water is the aggregate of
(1) wave-making, (2) frictional, (3) pressure or form, and (4) air resis-
tances.

Wave-making resistance is primarily a function of Froude number,
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varies from 0.4 to 0.5 of the beam, depending on the ship depth and
transverse distribution of weights.

Angular acceleration of roll, if large, has a very distressing effect on
crew, passengers, machinery, and structure. This can be minimized by
increasing the period or by decreasing the roll amplitude. Maximum
angular acceleration of roll is

d2f/dt2 5 2 4p2(fmax/T2)

where fmax is the maximum roll amplitude. The period of the roll can be
increased effectively by decreasing GM; hence the lowest value of GM
compatible with all stability criteria should be sought.

Pitching is in many respects analogous to rolling. The natural period
of pitching, bow up to bow down, can be found by using the same
expression used for the rolling period, with the longitudinal radius of
gyration KL substituted for K. A good approximation is KL 5 L /4,
where L is the length of the ship. The natural period of pitching is
usually between one-third and one-half the natural period of roll. A
by-product of pitching is slamming, the reentry of bow sections into the
sea with heavy force.

Heaving and yawing are the other two principal rigid-body motions
caused by the sea. The amplitude of heave associated with head seas,
which generate pitching, may be as much as 15 ft (4.57 m); that arising
from beam seas, which induce rolling, can be even greater. Yawing is
started by unequal forces acting on a ship as it quarters into a sea. Once
a ship begins to yaw, it behaves as it would at the start of a rudder-ac-
tuated turn. As the ship travels in a direction oblique to its plane of
symmetry, forces are generated which force it into heel angles indepen-
dent of sea-induced rolling.

Analysis of ship movements in a seaway is performed by using probabi-
listic and statistical techniques. The seaway is defined by a mathemati-
cally modeled wave energy density spectrum based on data gathered by
oceanographers. This wave spectrum is statistically calculated for
various sea routes and weather conditions. A ship response amplitude
operator or transfer function is determined by linearly superimposing a
ship’s responses to varying regular waves, both experimentally and
theoretically. The wave spectrum multiplied by the ship response
Fr 5 v/√gL, where v 5 ship speed, ft/s (m/s); g 5 acceleration of
gravity, ft/s2 (m/s2); and L 5 ship length, ft (m). In many instances, the
dimensional speed-length ratio V/√L is used for convenience, where V is
given in knots. A ship makes at least two distinct wave patterns, one
from the bow and the other at the stern. There also may be other patterns
caused by abrupt changes in section. These patterns combine to form the
total wave system for the ship. At various speeds there is mutual cancel-
lation and reinforcement of these patterns. Thus, a plot of total resis-
tance of the ship versus Fr or V/√L is not smooth but shows humps and
hollows corresponding to the wave cancellation or reinforcement. Nor-
mal procedure is to design the operating speed of a ship to fall at one of
the low points in the resistance curve.

Frictional resistance is a function of Reynolds number (see Sec. 3).
Because of the size of a ship, the Reynolds number is large and the flow
is always turbulent.

Pressure or form resistance is a viscosity effect but is different from
frictional resistance. The principal observed effects are boundary-layer
separation and eddying near the stern.

It is usual practice to combine the wave-making and pressure resist-
ances into one term, called the residuary resistance, assumed to be a
function of Froude number. The combination, although not strictly le-
gitimate, is practical because the pressure resistance is usually only 2 to
3 percent of the total resistance. The frictional resistance is then the only
term which is considered to be a function of Reynolds number and can
be calculated. Based on an analysis of the water resistance of flat,
smooth planes, Schoenherr gives the formula

Rf 5 0.5rSv2Cf

where Rf 5 frictional resistance, lb (N); r 5 mass density, lb/s2 ? ft4

(kg/m3); S 5 wetted surface area, ft2 (m2); v 5 velocity, ft/s (m/s); and
Cf is the frictional coefficient computed from the ITTC formula

Cf 5
0.075

(log10 Re 2 2)2

and Re 5 Reynolds number 5 vL/n.
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Through towing tests of ship models at a series of speeds for which
Froude numbers are equal between the model and the ship, total model
resistance (Rtm ) is determined. Residuary resistance (Rrm) for the model
is obtained by subtracting the frictional resistance (Rfm ). By Froude’s
law of comparison, the residuary resistance of the ship (Rrs ) is equal to
Rrm multiplied by the ratio of ship displacement to model displacement.
Total ship resistance (Rts) then is equal to the sum of Rrs, the calculated
ship frictional resistance (Rfs ), and a correlation allowance that allows
for the roughness of ship’s hull opposed to the smooth hull of a model.

R 5 measured resistance

0.002B2V2
R lb (0.36B2V2

R N), where B 5 ship’s beam, ft (m) and VR 5
ship speed relative to the wind, in knots (m/s).

Powering of Small Craft The American Boat and Yacht Council,
Inc. (ABYC) provides the following guide for determining the maxi-
mum safe brake power for pleasure craft.

Compute a length-width factor by multiplying the overall boat length
in feet by the overall stern width in feet (widest part of stern excluding
fins and sheer). For SI units, use length and width in metres times 10.76.
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tm

Rrm 5 Rtm 2 Rfm

Rrs 5 Rrm (Ds/Dm)
Rts 5 Rrs 1 Rfs 1 Ra

A nominal value of 0.0004 is generally used as the correlation allow-
ance coefficient Ca . Ra 5 0.5rSv2Ca .

From Rts , the total effective power PE required to propel the ship can be
determined:

PE 5
Rtsv

550
ehp SPE 5

Rtsv

1,000
kWED

where Rts 5 total ship resistance, lb (N); v 5 velocity, ft/s (m/s); and
PE 5 PS 3 P.C., where PS is the shaft power (see Propulsion Systems)
and P.C. is the propulsive coefficient, a factor which takes into consid-
eration mechanical losses, propeller efficiency, and the flow interaction
with the hull. P.C. 5 0.45 to 0.53 for high-speed craft; 0.50 to 0.60, for
tugs and trawlers; 0.55 to 0.65, for destroyers; and 0.63 to 0.72, for
merchant ships.

Figure 11.3.9 illustrates the specific effective power for various dis-
placement hull forms and planing craft over their appropriate speed
regimes. Figure 11.3.10 shows the general trend of specific resistance
versus Froude number and may be used for coarse powering estimates.

Fig. 11.3.9 Specific effective power for various speed-length regimes. (From
‘‘Handbook of Ocean and Underwater Engineering,’’ McGraw-Hill, 1969.)

In early design stages, the hull form is not yet defined, and model
testing is not feasible. Reasonably accurate power calculations are made
by using preplotted series model test data of similar hull form, such as
from Taylor’s Standard Series and the Series 60. The Standard Series
data were originally compiled by Admiral David W. Taylor and were
based on model tests of a series of uniformly varied twin screw, cruiser
hull forms of similar geometry. Revised Taylor’s Series data are avail-
able in ‘‘A Reanalysis of the Original Test Data for the Taylor Standard
Series,’’ Taylor Model Basin, Rept. no. 806.

Air Resistance The air resistance of ships in a windless sea is only a
few percent of the water resistance. However, the effect of wind can
have a significant impact on drag. The wind resistance parallel to the
ship’s axis is roughly 30 percent greater when the wind direction is
about 30° (p/6 rad) off the bow vice dead ahead, since the projected
above-water area is greater. Wind resistance is approximated by RA5
Fig. 11.3.10 General trends of specific resistance versus Froude number.

Fig. 11.3.11 Boat brake power capacity for length-width factor under 52.
(From ‘‘Safety Standards for Small Craft,’’ ABYC, 1974.)

Fig. 11.3.12 Boat brake power capacity for length-width factor over 52. (From
‘‘Safety Standards for Small Craft,’’ ABYC, 1974.)
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Locate the factor in Fig. 11.3.11 or Fig. 11.3.12 and read the boat brake
power capacity.

For powering canoes, the maximum should be 3.0 bhp (2.2 kWB) for
lengths under 15 ft (4.6 m); 5 bhp (3.7 kWB) for 15 to 18 ft (4.6 to
5.5 m); and 7.5 bhp (5.6 kWB) for over 18 ft (5.5 m).

ENGINEERING CONSTRAINTS

The constraints affecting marine engineering design are too numerous,
and some too obvious, to include in this section. Three significant cate-

three- or five-blade, or vice versa, may bring about a reduction in vibra-
tion. Singing propellers are due to the vibration of the propeller blade
edge about the blade body, producing a disagreeable noise or hum.
Chamfering the edge is sometimes helpful.

Vibration due to variations in engine torque reaction is hard to over-
come. In ships with large diesel engines, the torque reaction tends to
produce an athwartship motion of the upper ends of the engines. The
motion is increased if the engine foundation strength is inadequate.

Foundations must be designed to take both the thrust and torque of the
shaft and be sufficiently rigid to maintain alignment when the ship’s
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gories, however, are discussed. The geometry of the hull forms immedi-
ately suggests physical constraints. The interaction of the vehicle with
the marine environment suggests dynamic constraints, particularly vibra-
tion, noise, and shock. The broad topic of environmental protection is one
of the foremost engineering constraints of today, having a very pro-
nounced effect on the operating systems of a marine vehicle.

Physical Constraints

Formerly, tonnage laws in effect made it economically desirable for the
propulsion machinery spaces of a merchant ship to exceed 13 percent of
the gross tonnage of the ship so that 32 percent of the gross tonnage
could be deducted in computing net tonnage. In most design configura-
tions, however, a great effort is made to minimize the space required for
the propulsion plant in order to maximize that available to the mission
or the money-making aspects of the ship.

Specifically, space is of extreme importance as each component of
support equipment is selected. Each component must fit into the master
compact arrangement scheme to provide the most efficient operation
and maintenance by engineering personnel.

Weight constraints for a main propulsion plant vary with the applica-
tion. In a tanker where cargo capacity is limited by draft restrictions, the
weight of machinery represents lost cargo. Cargo ships, on the other
hand, rarely operate at full load draft. Additionally, the low weight of
propulsion machinery somewhat improves inherent cargo ship stability
deficiencies. The weight of each component of equipment is con-
strained by structural support and shock resistance considerations.
Naval shipboard equipment, in general, is carefully analyzed to effect
weight reduction.

Dynamic Constraints

Dynamic effects, principally mechanical vibration, noise, shock, and
ship motions, are considered in determining the dynamic characteristics
of a ship and the dynamic requirements for equipment.

Vibration (See Sec. 9.) Vibration analyses are especially impor-
tant in the design of the propulsion shafting system and its relation to the
excitation forces resulting from the propeller. The main propulsion
shafting can vibrate in longitudinal, torsional, and lateral modes. Modes
of hull vibration may be vertical, horizontal, torsional, or longitudinal;
may occur separately or coupled; may be excited by synchronization
with periodic harmonics of the propeller forces acting either through the
shafting, by the propeller force field interacting with the hull afterbody,
or both; and may also be set up by unbalanced harmonic forces from the
main machinery, or, in some cases, by impact excitation from slamming
or periodic-wave encounter.

It is most important to reduce the excitation forces at the source. Very
objectionable and serious vibrations may occur when the frequency of
the exciting force coincides with one of the hull or shafting-system
natural frequencies.

Vibratory forces generated by the propeller are (1) alternating pressure
forces on the hull due to the alternating hydrodynamic pressure fields of
the propeller blades; (2) alternating propeller-shaft bearing forces, pri-
marily caused by wake irregularities; and (3) alternating forces trans-
mitted throughout the shafting system, also primarily caused by wake
irregularities.

The most effective means to ensure a satisfactory level of vibration is
to provide adequate clearance between the propeller and the hull surface
and to select the propeller revolutions or number of blades to avoid
synchronism. Replacement of a four-blade propeller, for instance, by a
hull is working in heavy seas. Engines designed for foundations with
three or four points of support are relatively insensitive to minor work-
ing of foundations. Considerations should be given to using flexible
couplings in cases when alignment cannot be assured.

Torsional vibration frequency of the prime mover–shafting-propeller
system should be carefully computed, and necessary steps taken to en-
sure that its natural frequency is clear of the frequency of the main-unit
or propeller heavy-torque variations; serious failures have occurred.
Problems due to resonance of engine torsional vibration (unbalanced
forces) and foundations or hull structure are usually found after ship
trials, and correction consists of local stiffening of the hull structure. If
possible, engines should be located at the nodes of hull vibrations.

Although more rare, a longitudinal vibration of the propulsion shafting
has occurred when the natural frequency of the shafting agreed with that
of a pulsating axial force, such as propeller thrust variation.

Other forces inducing vibrations may be vertical inertia forces due to
the acceleration of reciprocating parts of an unbalanced reciprocating
engine or pump; longitudinal inertia forces due to reciprocating parts or
an unbalanced crankshaft creating unbalanced rocking moments; and
horizontal and vertical components of centrifugal forces developed by
unbalanced rotating parts. Rotating parts can be balanced.

Noise The noise characteristics of shipboard systems are increas-
ingly important, particularly in naval combatant submarines where re-
maining undetected is essential, and also from a human-factors point of
view on all ships. Achieving significant reduction in machinery noise
level can be costly. Therefore desired noise levels should be analyzed.
Each operating system and each piece of rotating or reciprocating ma-
chinery installed aboard a submarine are subjected to intensive airborne
(noise) and structureborne (mechanical) vibration analyses and tests.
Depending on the noise attenuation required, similar tests and analyses
are also conducted for all surface ships, military and merchant.

Shock In naval combatant ships, shock loading due to noncontact
underwater explosions is a major design parameter. Methods of qualify-
ing equipment as ‘‘shock-resistant’’ might include ‘‘static’’ shock anal-
ysis, ‘‘dynamic’’ shock analysis, physical shock tests, or a combination.

Motions Marine lubricating systems are specifically distinguished
by the necessity of including list, trim, roll, and pitch as design criteria.
The American Bureau of Shipping requires satisfactory functioning of
lubricating systems when the vessel is permanently inclined to an angle
of 15° (0.26 rad) athwartship and 5° (0.09 rad) fore and aft. In addition,
electric-generator bearings must not spill oil under a momentary roll of
221⁄2° (0.39 rad). Military specifications cite the same permanent trim
and list as for surface ships but add 45° (0.79 rad) roll and 10° (0.17 rad)
pitch requirements. For submarines, a requirement of 30° (0.52 rad)
trim, 15° (0.26 rad) list, 60° (1.05 rad) roll, and 10° (0.17 rad) pitch is
imposed.

Environmental Constraints

The Refuse Act of 1899 (33 U.S.C. 407) prohibits discharge of any refuse
material from marine vehicles into navigable waters of the United States
or into their tributaries or onto their banks if the refuse is likely to wash
into navigable waters. The term refuse includes nearly any substance,
but the law contains provisions for sewage. The Environmental Protec-
tion Agency (EPA) may grant permits for the discharge of refuse into
navigable waters.

The Oil Pollution Act of 1961 (33 U.S.C.1001-1015) prohibits the dis-
charge of oil or oily mixtures (over 100 mg/L) from vehicles generally
within 50 mi of land; some exclusions, however, are granted. (The Oil
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Pollution Act of 1924 was repealed in 1970 because of supersession by
subsequent legislation.)

The Port and Waterways Safety Act of 1972 (PL92-340) grants the U.S.
Coast Guard authority to establish and operate mandatory vehicle traffic
control systems. The control system must consist of a VHF radio for
ship-to-shore communications, as a minimum. The Act, in effect, also
extends the provisions of the Tank Vessel Act, which protects against
hazards to life and property, to include protection of the marine environ-
ment. Regulations stemming from this Act govern standards of tanker
design, construction, alteration, repair, maintenance, and operation.

Steam turbine(s)

With reversing elements
Mechanical

reduction gear
Diesel engines

Medium speed or high speed
(reversing)
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The most substantive marine environmental protection legislation is
the Federal Water Pollution Control Act (FWPCA), 1948, as amended (33
U.S.C. 466 et seq.). The 1972 and 1978 Amendments contain provi-
sions which greatly expand federal authority to deal with marine pollu-
tion, providing authority for control of pollution by oil and hazardous
substances other than oil, and for the assessment of penalties. Navigable
waters are now defined as ‘‘. . . the waters of the United States, in-
cluding territorial seas.’’

‘‘Hazardous substances other than oil’’ and harmful quantities of
these substances are defined by the EPA in regulations. The Coast
Guard and EPA must ensure removal of such discharges, costs borne by
the responsible vehicle owner or operator if liable. Penalties now may be
assessed by the Coast Guard for any discharge. The person in charge of
a vehicle is to notify the appropriate U.S. government agency of any
discharge upon knowledge of it.

The Coast Guard regulations establish removal procedures in coastal
areas, contain regulations to prevent discharges from vehicles and
transfer facilities, and regulations governing the inspection of cargo ves-
sels to prevent hazardous discharges. The EPA regulations govern in-
land areas and non-transportation-related facilities.

Section 312 of the FWPCA as amended in 1972 deals directly with
discharge of sewage. The EPA must issue standards for marine sanitation
devices, and the Coast Guard must issue regulations for implementing
those standards. In June, 1972, EPA published standards that now pro-
hibit discharge of any sewage from vessels, whether it is treated or not.
Federal law now prohibits, on all inland waters, operation with marine
sanitation devices which have not been securely sealed or otherwise
made visually inoperative so as to prevent overboard discharge.

The Marine Plastic Pollution Control Act of 1987 (PL100-220) prohibits
the disposal of plastics at sea within U.S. waters.

The Oil Pollution Act of 1990 (PL101-380) provides extensive legisla-
tion on liability and includes measures that impact the future use of
single-hull tankers.

PROPULSION SYSTEMS
(See Sec. 9 for component details.)

The basic operating requirement for the main propulsion system is to
propel the vehicle at the required sustained speed for the range or en-
durance required and to provide suitable maneuvering capabilities. In
meeting this basic requirement, the marine propulsion system integrates
the power generator/prime mover, the transmission system, the propul-
sor, and other shipboard systems with the ship’s hull or vehicle plat-
form. Figure 11.3.13 shows propulsion system alternatives with the
most popular drives for fixed-pitch and controllable-pitch propellers.

Definitions for Propulsion Systems

Brake power PB , bhp (kWB), is the power delivered by the output cou-
pling of a prime mover before passing through speed-reducing and
transmission devices and with all continuously operating engine-driven
auxiliaries in use.

Shaft power PS, shp (kWS), is the net power supplied to the propeller
shafting after passing through all reduction gears or other transmission
devices and after power for all attached auxiliaries has been taken off.
Shaft power is measured in the shafting within the ship by a torsion-
meter as close to the propeller or stern tube as possible.

Delivered power PD, dhp (kWD), is the power actually delivered to the
propeller, somewhat less than PS because of the power losses in the
Combination diesel
engine or gas turbine

Diesel, medium speed or
high speed (reversing)

Gas turbine, heavy duty or high
performance (nonreversing)

Combination steam
turbine and gas turbine

Single-casing steam turbine
(reversing)

Gas turbine, industrial (heavy
duty) or marine adapted air-
craft type (high performance)

(nonreversing)

Gas turbine

Heavy duty or high performance
(nonreversing)

Diesel engines

Medium speed or high speed
(nonreversing)

Direct
shaft coupled

Diesel engine(s)

Large bore, low speed
(reversing)

Mechanical
reduction gear

Controllable
pitch propeller

Electric drive
(reversing)

Electric drive
(reversing)

Mechanical
reduction gear

Mechanical
reduction gear

(reversing)

Fixed-pitch
propeller

Fig. 11.3.13 Alternatives in the selection of a main propulsion plant. (From
‘‘Marine Engineering,’’ SNAME, 1992.)

stern tube and other bearings between the point of measurement and
the propeller. Sometimes called propeller power, it is also equal to the
effective power PE, ehp (kWE), plus the power losses in the propeller
and the losses in the interaction between the propeller and the ship.

Normal shaft power or normal power is the power at which a marine
vehicle is designed to run most of its service life.

Maximum shaft power is the highest power for which propulsion ma-
chinery is designed to operate continuously.

Service speed is the actual speed maintained by a vehicle at load draft
on its normal route and under average weather and sea conditions typi-
cal of that route and with average fouling of bottom.

Designed service speed is the speed expected on trials in fair weather at
load draft, with clean bottom, when machinery is developing a specified
fraction of maximum shaft power. This fraction may vary but is of order
of 0.8.

MAIN PROPULSION PLANTS

Steam Plants

The basic steam propulsion plant contains main boilers, steam turbines,
a condensate system, a feedwater system, and numerous auxiliary com-
ponents necessary for the plant to function. A heat balance calculation,
the basic tool for determining the effect of various configurations on



MAIN PROPULSION PLANTS 11-49

plant thermal efficiency, is demonstrated for the basic steam cycle. Both
fossil-fuel and nuclear energy sources are successfully employed for
marine applications.

Main Boilers (See Sec. 9.) The pressures and temperatures
achieved in steam-generating equipment have increased steadily over
recent years, permitting either a higher-power installation for a given
space or a reduction in the size and weight of a given propulsion plant.

The trend in steam pressures and temperatures has been an increase
from 600 psig (4.14 MN/m2) and 850°F (454°C) during World War II to
1,200 psig (8.27 MN/m2) and 950°F (510°C) for naval combatants in

The reheat cycle is applied mostly in high-powered units above
25,000 shp (18,642 kWS) and offers the maximum economical thermal
efficiency that can be provided by a steam plant. Reheat cycles are not
used in naval vessels because the improvement in efficiency does not
warrant the additional complexity; hence a trade-off is made.

Turbine foundations must have adequate rigidity to avoid vibration
conditions. This is particularly important with respect to periodic varia-
tions in propeller thrust which may excite longitudinal vibrations in the
propulsion system.

Condensate System (See Sec. 9.) The condensate system pro-
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and since the postwar era. For merchant ships, the progression has been
from 400 psig (2.76 MN/m2) and 750°F (399°C) gradually up to 850
psig (5.86 MN/m2) and 850°F (454°C) in the 1960s, with some boilers
at 1,500 psig (10.34 MN/m2) and 1000°F (538°C) in the 1970s.

The quantity of steam produced by a marine boiler ranges from ap-
proximately 1,500 lb/h (680 kg/h) in small auxiliary boilers to over
400,000 lb/h (181,500 kg/h) in large main propulsion boilers. Outputs
of 750,000 lb/h (340,200 kg/h) or more per boiler are practical for
high-power installations.

Most marine boilers are oil-fired. Compared with other fuels, oil is
easily loaded aboard ship, stored, and introduced into the furnace, and
does not require the ash-handling facilities required for coal firing.

Gas-fired boilers are used primarily on power or drill barges which are
fixed in location and can be supplied from shore (normally classed in
the Ocean Engineering category). At sea, tankers designed to carry
liquefied natural gas (LNG) may use the natural boil-off from their
cargo gas tanks as a supplemental fuel (dual fuel system). The cargo gas
boil-off is collected and pumped to the boilers where it is burned in
conjunction with oil. The quantity of boil-off available is a function of
the ambient sea and air temperatures, the ship’s motion, and the cargo
loading; thus, it may vary from day to day.

For economy of space, weight, and cost and for ease of operation, the
trend in boiler installations is for fewer boilers of high capacity rather
than a large number of boilers of lower capacity. The minimum installa-
tion is usually two boilers, to ensure propulsion if one boiler is lost; one
boiler per shaft for twin-screw ships. Some large ocean-going ships
operate on single boilers, requiring exceptional reliability in boiler de-
sign and operation.

Combustion systems include forced-draft fans or blowers, the fuel oil
service system, burners, and combustion controls. Operation and main-
tenance of the combustion system are extremely important to the effi-
ciency and reliability of the plant. The best combustion with the least
possible excess air should be attained.

Main Turbines (See Sec. 9.) Single-expansion (i.e., single casing)
marine steam turbines are fairly common at lower powers, usually not
exceeding 4,000 to 6,000 shp (2,983 to 4,474 kWS). Above that power
range, the turbines are usually double-expansion (cross-compound)
with high- and low-pressure turbines each driving the main reduction
gear through its own pinion. The low-pressure turbine normally con-
tains the reversing turbine in its exhaust end. The main condenser is
either underslung and supported from the turbine, or the condenser is
carried on the foundations, with the low-pressure turbine supported on
the condenser.

The inherent advantages of the steam turbine have favored its use over
the reciprocating steam engine for all large, modern marine steam pro-
pulsion plants. Turbines are not size-limited, and their high tempera-
tures and pressures are accommodated safely. Rotary motion is simpler
than reciprocating motion; hence unbalanced forces can be eliminated
in the turbine. The turbine can efficiently utilize a low exhaust pressure;
it is lightweight and requires minimum space and low maintenance.

The reheat cycle is the best and most economical means available to
improve turbine efficiencies and fuel rates in marine steam propulsion
plants. In the reheat cycle, steam is withdrawn from the turbine after
partial expansion and is passed through a heat exchanger where its
temperature is raised; it is then readmitted to the turbine for expansion
to condenser pressure. Marine reheat plants have more modest steam
conditions than land-based applications because of lower power ratings
and a greater reliability requirement for ship safety.
vides the means by which feedwater for the boilers is recovered and
returned to the feedwater system. The major components of the conden-
sate system of a marine propulsion plant are the main condenser, the
condensate pumps, and the deaerating feed tank or heater. Both single-
pass and two-pass condenser designs are used; the single-pass design,
however, allows somewhat simpler construction and lower water veloc-
ities. The single-pass condenser is also adaptable to scoop circulation,
as opposed to pump circulation, which is practical for higher-speed
ships. The deaerating feedwater heater is supplied from the condensate
pumps, which take suction from the condenser hot well, together with
condensate drains from steam piping and various heaters.

The deaerating feed heater is normally maintained at about 35 psig
(0.241 MN/m2) and 280°F (138°C) by auxiliary exhaust and turbine
extraction steam. The condensate is sprayed into the steam atmosphere
at the top of the heater, and the heated feedwater is pumped from the
bottom by the feed booster or main feed pumps. In addition to removing
oxygen or air, the heater also acts as a surge tank to meet varying
demands during maneuvering conditions. Since the feed pumps take
suction where the water is almost saturated, the heater must be located
30 to 50 ft (9.14 to 15.24 m) above the pumps in order to provide
enough positive suction head to prevent flashing from pressure fluctua-
tions during sudden plant load change.

Feedwater System The feedwater system comprises the pumps,
piping, and controls necessary to transport feedwater to the boiler or
steam generator, to raise water pressure above boiler pressure, and to
control flow of feedwater to the boiler. Main feed pumps are so vital that
they are usually installed in duplicate, providing a standby pump capa-
ble of feeding the boilers at full load. Auxiliary steam-turbine-driven
centrifugal pumps are usually selected. A typical naval installation con-
sists of three main feed booster pumps and three main feed pumps for
each propulsion plant. Two of the booster pumps are turbine-driven and
one is electric. Additionally, an electric-motor-driven emergency
booster pump is usually provided. The total capacity of the main feed
pumps must be 150 percent of the boiler requirement at full power plus
the required recirculation capacity. Reliable feedwater regulators are
important.

Steam Plant—Nuclear (See Sec. 9.) The compact nature of the
energy source is the most significant characteristic of nuclear power for
marine application. The fission of one gram of uranium per day pro-
duces about one megawatt of power. (One pound produces 608,579
horsepower.) In other terms, the fission of 1 lb of uranium is equivalent
to the combustion of about 86 tons (87,380 kg) of 18,500 Btu/ lb (43.03
MJ/kg) fuel oil. This characteristic permits utilization of large power
plants on board ship without the necessity for frequent refueling or large
bunker storage. Economic studies, however, show that nuclear power,
as presently developed, is best suited for military purposes, where the
advantages of high power and endurance override the pure economic
considerations. As the physical size of nuclear propulsion plants is re-
duced, their economic attractiveness for commercial marine application
will increase.

Major differences between the nuclear power and fossil-fuel plants
are: (1) The safety aspect of the nuclear reactor system—operating per-
sonnel must be shielded from fission product radiation, hence the size
and weight of the reactor are increased and maintenance and reliability
become more complicated; (2) the steam produced by a pressurized-
water reactor plant is saturated and, because of the high moisture content
in the turbine steam path, the turbine design requires more careful atten-
tion; (3) the steam pressure provided by a pressurized-water reactor
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plant varies with output, the maximum pressure occurring at no load and
decreasing approximately linearly with load to a minimum at full
power; hence, blade stresses in a nuclear turbine increase more rapidly
with a decrease in power than in a conventional turbine. Special atten-
tion must be given to the design of the control stage of a nuclear turbine.
The N.S. Savannah was designed for 700 psig (4.83 MN/m2) at no load
and 400 psig (2.76 MN/m2) at full power.

Steam Plant—Heat Balance The heat-balance calculation is the
basic analysis tool for determining the effect of various steam cycles on
the thermal efficiency of the plant and for determining the quantities of

The feed pump puts an amount of heat into the feedwater equal to the
total power of the pump, less any friction in the drive system. This
friction work can be neglected but the heat from the power input is a
significant quantity. The power input is the total pump head in feet of
feedwater, times the quantity pumped in pounds per hour, divided by
the mechanical equivalent of heat and the efficiency. Thus,

Heat equivalent of feed pump work

5
144DPvf Q

778 E
Btu/h SDPvf Q

E
J/hD

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
steam and feedwater flow.
The thermal arrangement of a simple steam cycle, illustrated in Fig.

11.3.14, and the following simplified analysis are taken from ‘‘Marine
Engineering,’’ SNAME, 1992:

Fig. 11.3.14 Simple steam cycle. (From ‘‘Marine Engineering,’’ SNAME,
1992.)

The unit is assumed to develop 30,000 shp (22,371 kWS). The steam
rate of the main propulsion turbines is 5.46 lb/(shp ?h) [3.32 kg/
(kWS ?h)] with throttle conditions of 850 psig (5.86 MN/m2) and 950°F
(510°C) and with the turbine exhausting to the condenser at 1.5 inHg
abs (5,065 N/m2). To develop 30,000 shp (22,371 kWS), the throttle
flow must be 163,800 lb/h (74,298 kg/h).

The generator load is estimated to be 1,200 kW, and the turbogenera-
tor is thus rated at 1,500 kW with a steam flow of 10,920 lb/h (4,953
kg/h) for steam conditions of 850 psig (5.86 MN/m2) and 950°F
(510°C) and a 1.5 inHg abs (5,065 N/m2) back pressure. The total steam
flow is therefore 174,720 lb/h (79,251 kg/h).

Tracing the steam and water flow through the cycle, the flow ex-
hausting from the main turbine is 163,800 2 250 5 163,550 lb/h
(74,298 2 113 5 74,185 kg/h), 250 lb/h (113 kg/h) to the gland con-
denser, and from the auxiliary turbine is 10,870 lb/h (4,930 kg/h), 50
lb/h (23 kg/h) to the gland condenser. The two gland leak-off flows
return from the gland leak-off condenser to the main condenser. The
condensate flow leaving the main condenser totals 174,720 lb/h (79,251
kg/h).

It is customary to allow a 1°F (0.556°C) hot-well depression in the
condensate temperature. Thus, at 1.5 inHg abs (5,065 N/m2) the con-
denser saturation temperature is 91.7°F (33.2°C) and the condensate is
90.7°F (32.6°C). Entering the gland condenser there is a total energy
flow of 174,720 3 59.7 5 10,430,784 Btu/h (11,004,894,349 J/h). The
gland condenser receives gland steam at 1,282 Btu/ lb (2,979,561 J/kg)
and drains at a 10°F (5.6°C) terminal difference or 101.7°F (38.6°C).
This adds a total of 300 3 (1,281 2 69.7) or 363,390 Btu/h
(383,390,985 J/h) to the condensate, making a total of 10,794,174 Btu/
h (11,388,285,334 J/h) entering the surge tank. The feed leaves the
surge tank at the same enthalpy with which it enters.
where DP 5 pressure change, lb/in2 (N/m2); vf 5 specific volume of
fluid, ft3/ lb (m3/kg); Q 5 mass rate of flow, lb/h (kg/h); and E 5
efficiency of pump.

Assuming the feed pump raises the pressure from 15 to 1,015 lb/in2

abs (103,421 to 6,998,178 N/m2), the specific volume of the water is
0.0161 ft3/ lb (0.001005 m3/kg), and the pump efficiency is 50 percent,
the heat equivalent of the feed pump work is 1,041,313 Btu/h
(1,098,626,868 J/h). This addition of heat gives a total of 11,835,487
Btu/h (12,486,912,202 J/h) entering the boiler. Assuming no leakage of
steam, the steam leaves the boiler at 1,481.2 Btu/ lb (3,445,219 J/kg),
with a total thermal energy flow of 1,481.2 3 174,720 5 258,795,264
Btu/h (273,039,355,300 J/h). The difference between this total heat
and that entering [258,795,264 2 11,835,487 5 246,959,777 Btu/h
(260,552,443,098 J/h)] is the net heat added in the boiler by the fuel.
With a boiler efficiency of 88 percent and a fuel having a higher heating
value of 18,500 Btu/ lb (43,030,353 J/kg), the quantity of fuel burned is

Fuel flow rate 5 246,959,777/(18,500)(0.88) 5 15,170 lb/h
or 260,552,443,098/(43,030,353)(0.88) 5 6,881 kg/h

The specific fuel rate is the fuel flow rate divided by the net shaft
power [15,170/30,000 5 0.506 lb/(shp ?h) or 6881/22,371 5 0.308 kg/
(kWS ?h)]. The heat rate is the quantity of heat expended to produce one
horsepower per hour (one kilowatt per hour) and is calculated by divid-
ing the net heat added to the plant, per hour, by the power produced.

Heat rate
5 (15,170 lb/h)(18,500 Btu/ lb)/30,000 shp 5 9,335 Btu/(shp ?h)

or 296,091,858,933/22,371 5 13,235,522 J/(kWS ?h)

This simple cycle omits many details that must necessarily be in-
cluded in an actual steam plant. A continuation of the example, devel-
oping the details of a complete analysis, is given in ‘‘Marine Engineer-
ing,’’ SNAME, 1992. A heat balance is usually carried through several
iterations until the desired level of accuracy is achieved. The first heat
balance may be done from approximate data given in the SNAME
Technical and Research Publication No. 3-11, ‘‘Recommended Prac-
tices for Preparing Marine Steam Power Plant Heat Balances,’’ and then
updated as equipment data are known.

Diesel Engines
(See Sec. 9.)

While steam plants are custom-designed, diesel engines and gas tur-
bines are selected from commercial sources at discrete powers. Diesel
engines are referred to as being high, medium, or low speed. Low-speed
diesels are generally categorized as those with engine speeds less than
about 300 r/min, high-speed in excess of 1,200 r/min. Low-speed ma-
rine diesel engines are directly coupled to the propeller shaft. Unlike
steam turbines and gas turbines, which require special reversing provi-
sions, most direct-drive diesel engines are readily reversible.

Slow-speed diesel engines are well-suited to marine propulsion. Al-
though larger, heavier, and initially more expensive than higher-speed
engines, they generally have lower fuel, operating, and maintenance
costs. Slow-speed engine parts take longer to wear to the same percent-
age of their original dimension than high-speed engine parts. Large-
bore, low-speed diesel engines have inherently better combustion per-
formance with lower-grade diesel fuels. However, a well-designed
high-speed engine which is not overloaded can give equally good ser-
vice as a slow-speed engine.
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Medium- and High-Speed Diesels The number of medium- and
high-speed diesel engines used in marine applications is relatively small
compared to the total number of such engines produced. The medium-
and high-speed marine engine of today is almost universally an adapta-
tion of engines built in quantities for service in automotive and station-
ary applications. The automotive field contributes high-speed engine
applications in the 400-hp (298-kW) range, with engine speeds com-
monly varying from 1,800 to 3,000 r/min, depending on whether use is
continuous or intermittent. Diesels in the 1,200- to 1,800-r/min range
are typical of off-highway equipment engines at powers from 500 to

peller operation and the high rpm inherent with other types of prime
movers.

A rigid hull foundation, with a high resistance to vertical, athwart-
ship, and fore-and-aft deflections, is required for the low-speed diesel.
The engine room must be designed with sufficient overhaul space and
with access for large and heavy replacement parts to be lifted by cranes.

Because of the low-frequency noise generated by low-speed engines,
the operating platform often can be located at the engine itself. Special
control rooms are often preferred as the noise level in the control room
can be significantly less than that in the engine room.
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upward of 1,200 hp (373 to 895 kW). Medium-speed diesel engines in
units from 6 to 20 cylinders are available at ratings up to and exceeding
8,000 hp (5,966 kW) from both locomotive and stationary engine man-
ufacturers. These applications are not all-inclusive, but only examples
of the wide variety of diesel ratings commercially available today.

Some of the engines were designed with marine applications in mind,
and others require some modification in external engine hardware. The
changes are those needed to suit the engine to the marine environment,
meaning salt-laden air, high humidity, use of corrosive seawater for
cooling, and operating from a pitching and rolling platform. It also
may mean an installation made in confined spaces. In order to adapt to
this environment, the prime requisite of the marine diesel engine is the
ability to resist corrosion. Because marine engines may be installed with
their crankshafts at an angle to the horizontal and because they are
subjected to more motion than in many other applications, changes
are also necessary in the lubricating oil system. The air intake to a
marine engine may not be dust-free and dirt-free when operating in
harbors, inland waters, or close offshore; therefore, it is as important to
provide a good air cleaner as in any automotive or stationary installa-
tion.

Diesel engines are utilized in all types of marine vehicles, both in the
merchant marine and in the navies of the world. The power range in
which diesel engines have been used has increased directly with the
availability of higher-power engines. The line of demarcation in horse-
power between what is normally assigned to diesel and to steam has
continually moved upward, as has the power installed in ships in gen-
eral.

Small high-speed engines are commonly used in pleasure boats
where the owner is safety-conscious and wants to avoid the use of
gasoline. For the same reason, small boats in use in the Navy are usually
powered by diesel engines, although the gas turbine is being used in
special boats where high speed for short periods of time is the prime
requirement. Going a little higher in power, diesels are used in many
kinds of workboats such as fishing boats, tugs, ferries, dredges, river
towboats and pushers, and smaller types of cargo ships and tankers.
They are used in the naval counterparts of these ships and, in addition,
for military craft such as minesweepers, landing ships, patrol and escort
ships, amphibious vehicles, tenders, submarines, and special ships such
as salvage and rescue ships and icebreakers. In the nuclear-powered
submarine, the diesel is relegated to emergency generator-set use; how-
ever, it is still the best way to power a nonnuclear submarine when not
operating on the batteries.

Diesel engines are used either singly or in multiple to drive propeller
shafts. For all but high-speed boats, the rpm of the modern diesel is too
fast to drive the propeller directly with efficiency, and some means of
speed reduction, either mechanical or electrical, is necessary. If a single
engine of the power required for a given application is available, then a
decision must be made whether it or several smaller engines should be
used. The decision may be dictated by the available space. The diesel
power plant is flexible in adapting to specific space requirements. When
more than one engine is geared to the propeller shaft, the gear serves as
both a speed reducer and combining gear. The same series of engines
could be used in an electric-drive propulsion system, with even greater
flexibility. Each engine drives its own generator and may be located
independently of other engines and the propeller shaft.

Low-Speed, Direct-Coupled Disels Of the more usual prime mover
selections, only low-speed diesel engines are directly coupled to the
propeller shaft. This is due to the low rpm required for efficient pro-
Electric power may be produced by a generator mounted directly on
the line shafting. Operation of the entire plant may be automatic and
remotely controlled from the bridge. The engine room is often com-
pletely unattended for 16 h a day.

Gas Turbines
(See Sec. 9.)

The gas turbine has developed since World War II to join the steam
turbine and the diesel engine as alternative prime movers for various
shipboard applications.

In gas turbines, the efficiency of the components is extremely impor-
tant since the compressor power is very high compared with its counter-
part in competitive thermodynamic cycles. For example, a typical ma-
rine propulsion gas turbine rated at 20,000 bhp (14,914 kWB) might
require a 30,000 hp (22,371 kW) compressor and, therefore, 50,000 hp
(37,285 kW) in turbine power to balance the cycle.

The basic advantages of the gas turbine for marine applications are its
simplicity and light weight. As an internal-combustion engine, it is a
self-contained power plant in one package with a minimum number of
large supporting auxiliaries. It has the ability to start and go on line very
quickly. Having no large masses that require slow heating, the time
required for a gas turbine to reach full speed and accept the load is
limited almost entirely by the rate at which energy can be supplied to
accelerate the rotating components to speed. A further feature of the gas
turbine is its low personnel requirement and ready adaptability to auto-
mation.

The relative simplicity of the gas turbine has enabled it to attain
outstanding records of reliability and maintainability when used for
aircraft propulsion and in industrial service. The same level of reliabil-
ity and maintainability is being achieved in marine service if the unit is
properly applied and installed.

Marine units derived from aircraft engines usually have the gas genera-
tor section, comprising the compressor and its turbine, arranged to be
removed and replaced as a unit. Maintenance on the power turbine,
which usually has the smallest part of the total maintenance require-
ments, is performed aboard ship. Because of their light weight, small
gas turbines used for auxiliary power or the propulsion of small boats,
can also be readily removed for maintenance.

Units designed specifically for marine use and those derived from indus-
trial gas turbines are usually maintained and overhauled in place. Since
they are somewhat larger and heavier than the aviation-type units, re-
moval and replacement are not as readily accomplished. For this reason,
they usually have split casings and other provisions for easy access and
maintenance. The work can be performed by the usual ship repair
forces.

Both single-shaft and split-shaft gas turbines can be used in marine
service. Single-shaft units are most commonly used for generator
drives. When used for main propulsion, where the propeller must oper-
ate over a very wide speed range, the single-shaft unit must have a
controllable-pitch propeller or some equivalent variable-speed trans-
mission, such as an electric drive, because of its limited speed range and
poor acceleration characteristics. A multishaft unit is normally used for
main propulsion, with the usual arrangement being a split-shaft unit
with an independent variable-speed power turbine; the power turbine
and propeller can be stopped, if necessary, and the gas producer kept in
operation for rapid load pickup. The use of variable-area nozzles on the
power turbine increases flexibility by enabling the compressor to be
maintained at or near full speed and the airflow at low-power turbine
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speeds. Nearly full power is available by adding fuel, without waiting
for the compressor to accelerate and increase the airflow. Where low-
load economy is of importance, the controls can be arranged to reduce
the compressor speed at low loads and maintain the maximum turbine
inlet and/or exhaust temperature for best efficiency. Since a gas turbine
inherently has a poor part-load fuel rate performance, this variable-area
nozzle feature can be very advantageous.

The physical arrangement of the various components, i.e., compres-
sors, combustion systems, and turbines, that make up the gas turbine is
influenced by the thermodynamic factors (i.e., the turbine connected to

cipal advantage gained by the thermodynamic interconnection is the
potential for improved overall efficiency and resulting fuel savings. In
this arrangement, the gas turbine discharges to a heat-recovery boiler
where a large quantity of heat in the exhaust gases is used to generate
steam. The boiler supplies the steam turbine that is geared to the pro-
peller. The steam turbine may be coupled to provide part of the power
for the gas-turbine compressor. The gas-turbine may be used to provide
additional propulsion power, or its exhaust may be recovered to supply
heat for various ship’s services (Fig. 11.3.15).
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a compressor must develop enough power to drive it), by mechanical
considerations (i.e., shafts must have adequate bearings, seals, etc.), and
also by the necessity to conduct the very high air and gas flows to and
from the various components with minimum pressure losses.

In marine applications, the gas turbines usually cannot be mounted
rigidly to the ship’s structure. Normal movement and distortions of the
hull when under way would cause distortions and misalignment in the
turbine and cause internal rubs or bearing and/or structural failure. The
turbine components can be mounted on a subbase built up of structural
sections of sufficient rigidity to maintain the gas-turbine alignment
when properly supported by the ship’s hull.

Since the gas turbine is a high-speed machine with output shaft
speeds ranging from about 3,600 r/min for large machines up to
100,000 r/min for very small machines (approximately 25,000 r/min is
an upper limit for units suitable for the propulsion of small boats), a
reduction gear is necessary to reduce the speed to the range suitable for a
propeller. Smaller units suitable for boats or driving auxiliary units,
such as generators in larger vessels, frequently have a reduction gear
integral with the unit. Larger units normally require a separate reduction
gear, usually of the double- or triple-reduction type.

A gas turbine, in common with all turbine machinery, is not inherently
reversible and must be reversed by external means. Electric drives offer
ready reversing but are usually ruled out on the basis of weight, cost,
and to some extent efficiency. From a practical standpoint there are two
alternatives, a reversing gear or a controllable pitch (CRP) propeller.
Both have been used successfully in gas-turbine-driven ships, with the
CRP favored.

Combined Propulsion Plants

In some shipboard applications, diesel engines, gas turbines, and steam
turbines can be employed effectively in various combinations. The
prime movers may be combined either mechanically, thermodynami-
cally, or both. The leveling out of specific fuel consumption over the
operating speed range is the goal of most combined systems.

The gas turbine is a very flexible power plant and consequently fig-
ures in most possible combinations which include combined diesel and
gas-turbine plants (CODAG); combined gas- and steam-turbine plants
(COGAS); and combined gas-turbine and gas-turbine plants (COGAG).
In these cycles, gas turbines and other engines or gas turbines of two
different sizes or types are combined in one plant to give optimum
performance over a very wide range of power and speed. In addition,
combinations of diesel or gas-turbine plants (CODOG), or gas-turbine or
gas-turbine plants (COGOG), where one plant is a diesel or small gas
turbine for use at low or cruising powers and the other a large gas
turbine which operates alone at high powers, are also possibilities. Even
the combination of a small nuclear plant and a gas turbine plant
(CONAG) has undergone feasibility studies.

COGAS Gas and steam turbines are connected to a common reduc-
tion gear, but thermodynamically are either independent or combined.
Both gas- and steam-turbine drives are required to develop full power.
In a thermodynamically independent plant, the boost power is furnished
by a lightweight gas turbine. This combination produces a significant
reduction in machinery weight.

In the thermodynamically combined cycle, commonly called STAG
(steam and gas turbine) or RACER (Rankine cycle energy recovery),
energy is recovered from the exhaust of the gas turbine and is used to
augment the main propulsion system through a steam turbine. The prin-
Fig. 11.3.15 COGAS system schematic.

Combined propulsion plants have been used in several applications in
the past. CODOG plants have serviced some Navy patrol gunboats and
the Coast Guard’s Hamilton class cutters. Both COGOG and COGAS
plants have been used in foreign navies, primarily for destroyer-type
vessels.

PROPULSORS

The force to propel a marine vehicle arises from the rate of change of
momentum induced in either the water or air. Since the force produced
is directly proportional to the mass density of the fluid used, the reason-
able choice is to induce the momentum change in water. If air were
used, either the cross-sectional area of the jet must be large or the

Fig. 11.3.16 Comparison of optimum efficiency values for different types of
propulsors. (From ‘‘Marine Engineering,’’ SNAME, 1992.)

velocity must be high. A variety of propulsors are used to generate this
stream of water aft relative to the vehicle: screw propellers, controlla-
ble-pitch propellers, water jets, vertical-axis propellers, and other thrust
devices. Figure 11.3.16 indicates the type of propulsor which provides
the best efficiency for a given vehicle type.
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Screw Propellers

The screw propeller may be regarded as part of a helicoidal surface
which, as it rotates, appears to ‘‘screw’’ its way through the water,
driving water aft and the vehicle forward. A propeller is termed ‘‘right-
handed’’ if it turns clockwise (viewed from aft) when producing ahead
thrust; if counterclockwise, ‘‘left-handed.’’ In a twin-screw installation,
the starboard propeller is normally right-handed and the port propeller
left-handed. The surface of the propeller blade facing aft, which experi-
ences the increase in pressure, producing thrust, is the face of the blade;
the forward surface is the back. The face is commonly constructed as a

ship’s speed. Wake velocity 5 wV. The wake fraction w for a ship may
be obtained from Fig. 11.3.19. The velocity of the ship relative to the
ship’s wake at the stern is VA 5 (1 2 w)V.

The apparent slip ratio SA is given by

SA 5 (Pn 2 V )/Pn 5 1 2 V/Pn

Although real slip ratio, which requires knowledge of the wake frac-
tion, is a real guide to ship performance, the apparent slip ratio requires
only ship speed, revolutions, and pitch to calculate and is therefore often
recorded in ships’ logs.
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true helical surface of constant pitch; the back is not a helical surface. A
true helical surface is generated by a line rotated about an axis normal to
itself and advancing in the direction of this axis at constant speed. The
distance the line advances in one revolution is the pitch. For simple
propellers, the pitch is constant on the face; but in practice, it is common
for large propellers to have a reduced pitch toward the hub and less
usually toward the tip. The pitch at 0.7 times the maximum radius is
usually a representative mean pitch; maximum lift is generated at
that approximate point. Pitch may be expressed as a dimensionless
ratio, P/D.

The shapes of blade outlines and sections vary greatly according to
the type of ship for which the propeller is intended and to the designer’s
ideas. Figure 11.3.17 shows a typical design and defines many of the
terms in common use. The projected area is the area of the projection of
the propeller contour on a plane normal to the shaft, and the developed
area is the total face area of all the blades. If the variation of helical cord
length is known, then the true blade area, called expanded area, can be
obtained graphically or analytically by integration.

Fig. 11.3.17 Typical propeller drawing. (From ‘‘Principles of Naval Architec-
ture,’’ SNAME, 1988.)

Diameter 5 D Pitch ratio 5 P/D Pitch 5 P
Blade thickness ratio 5 t/D No. of blades 5 4
Pitch angle 5 f
Disk area 5 area of tip circle 5 p D2/4 5 AO

Developed area of blades, outside hub 5 AD

Developed area ratio 5 DAR 5 AD/AO

Projected area of blades (on transverse plane) outside hub 5 AP

Projected area ratio 5 PAR 5 AP/AO

Blade width ratio 5 BWR 5 (max. blade width)/D
Mean width ratio 5 MWR 5 [AD/length of blades (outside hub)]/D

Consider a section of the propeller blade at a radius r with a pitch
angle f and pitch P working in an unyielding medium; in one revolution
of the propeller it will advance a distance P. Turning n revolutions in
unit time it will advance a distance P 3 n in that time. In a real
fluid, there will be a certain amount of yielding when the propeller
is developing thrust and the screw will not advance P 3 n, but some
smaller distance. The difference between P 3 n and that smaller
distance is called the slip velocity. Real slip ratio is defined in Fig.
11.3.18.

A wake or a frictional belt of water accompanies every hull in mo-
tion; its velocity varies as the ship’s speed, hull shape, the distance from
the ship’s side and from the bow, and the condition of the hull surface.
For ordinary propeller design the wake velocity is a fraction w of the
Fig. 11.3.18 Definition of slip. (From ‘‘Principles of Naval Architecture,’’
SNAME, 1988.)

tan w 5 Pn/2pnr 5 P/2pr

Real slip ratio 5 SR 5 MS/ML 5 (Pn 2 VA)/Pn 5 1 2 VA/Pn

For P in ft (m), n in r/min, and V in knots, SA 5 (Pn 2 101.3V )/Pn;
[SA 5 (Pn 2 30.9V )/Pn].

Propeller Design The design of a marine propeller is usually carried
out by one of two methods. In the first, the design is based upon charts
giving the results of open-water tests on a series of model propellers.
These cover variations in a number of the design parameters such as
pitch ratio, blade area, number of blades, and section shapes. A pro-
peller which conforms with the characteristics of any particular
series can be rapidly designed and drawn to suit the required ship condi-
tions.

Fig. 11.3.19 Wake fractions for single- and twin-screw models. (From ‘‘Prin-
ciples of Naval Architecture,’’ SNAME, 1988.)

The second method is used in cases where a propeller is heavily
loaded and liable to cavitation or has to work in a very uneven wake
pattern; it is based on purely theoretical calculations. Basically
this involves finding the chord width, section shape, pitch, and effi-
ciency at a number of radii to suit the average circumferential wake
values and give optimum efficiency and protection from cavitation. By
integration of the resulting thrust and torque-loading curves over the
blades, the thrust, torque, and efficiency for the whole propeller can be
found.

Using the first method and Taylor’s propeller and advance coefficients
Bp and d, a convenient practical design and an initial estimate of pro-
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peller size can be obtained

Bp 5
n(PD)0.5

(VA)2.5 F1.158n(PD)0.5

(VA)2.5 G
d 5

nD

VA
S3.281nD

VA
D

hO 5
TVA

325.7PDhR
S TVA

1,942.5PDhR
D

where B 5 Taylor’s propeller coefficient; d 5 Taylor’s advance coef-

A four-blade propeller of 0.97 times the diameter of the three-blade,
the same pitch ratio, and four-thirds the area will absorb the same power
at the same rpm as the three-blade propeller. Similarly, a two-blade
propeller of 5 percent greater diameter is approximately equivalent to a
three-blade unit. Figure 11.3.20 shows that propeller efficiency in-
creases with decrease in value of the propeller coefficient Bp . A low
value of Bp in a slow-speed ship calls for a large-diameter (optimum)
propeller. It is frequently necessary to limit the diameter of the propeller
and accept the accompanying loss in efficiency.

The number of propeller blades is usually three or four. Four blades
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ficient; n 5 r/min; PD 5 delivered power, dhp (kWD); VA 5 speed of
advance, knots; D 5 propeller diameter, ft (m); T 5 thrust, lb (N); hO 5
open-water propeller efficiency; hR 5 relative rotative efficiency
(0.95 , hR , 1.0, twin-screw; 1.0 , hR , 1.05, single-screw), a factor
which corrects hO to the efficiency in the actual flow conditions behind
the ship.

Assume a reasonable value for n and, using known values for PD and
VA (for a useful approximation, PD 5 0.98PS), calculate Bp . Then enter
Fig. 11.3.20, or an appropriate series of Taylor or Troost propeller
charts, to determine d, hO , and P/D for optimum efficiency. The charts
and parameters should be varied, and the results plotted to recognize the
most suitable propeller.

Fig. 11.3.20 Typical Taylor propeller characteristic curves. (From ‘‘Handbook
of Ocean and Underwater Engineering,’’ McGraw-Hill, 1969.)

Propeller cavitation, when severe, may result in marked increase in
rpm, slip, and shaft power with little increase in ship speed or effective
power. As cavitation develops, noise, vibration, and erosion of the pro-
peller blades, struts, and rudders are experienced. It may occur either on
the face or on the back of the propeller. Although cavitation of the face
has little effect on thrust and torque, extensive cavitation of the back can
materially affect thrust and, in general, requires either an increase in
blade area or a decrease in propeller rpm to avoid. The erosion of the
backs is caused by the collapse of cavitation bubbles as they move into
higher pressure regions toward the trailing edge.

Avoidance of cavitation is an important requirement in propeller de-
sign and selection. The Netherlands Ship Model Basin suggests the
following criterion for the minimum blade area required to avoid cavita-
tion:

A2
p 5

T 2

1,360( p0 2 pv)1.5VA

or F T 2

5.44( p0 2 pv)1.5VA
G

where Ap 5 projected area of blades, ft2 (m2); T 5 thrust, lb (N); p0 5
pressure at screw centerline, due to water head plus atmosphere, lb/in2

(N/m2); pv 5 water-vapor pressure, lb/in2 (N/m2); and VA 5 speed of
advance, knots (1 knot 5 0.515 m/s); and

p0 2 pv 5 14.45 1 0.45h lb/in2

or ( p0 2 pv 5 99,629 1 10,179h N/m2)

where h 5 head of water at screw centerline, ft (m).
are commonly used with single-screw merchant ships. Recently five,
and even six, blades have been used to reduce vibration. Alternatively,
highly skewed blades reduce vibration by creating a smoother interac-
tion between the propeller and the ship’s wake. Highly loaded pro-
pellers of fast ships and naval vessels call for large blade area, prefera-
bly three to five blades, to reduce blade interference and vibration.

Propeller fore-and-aft clearance from the stern frame of large single-
screw ships at 70 percent of propeller radius should be greater than
18 in. The stern frame should be streamlined. The clearance from the
propeller tips to the shell plating of twin-screw vessels ranges from
about 20 in for low-powered ships to 4 or 5 ft for high-powered ships.
U.S. Navy practice generally calls for a propeller tip clearance of 0.25D.
Many high-speed motorboats have a tip clearance of only several
inches. The immersion of the propeller tips should be sufficient to pre-
vent the drawing in of air.

EXAMPLE. Consider a three-blade propeller for a single-screw installation
with Ps 5 2,950 shp (2,200 kWS), V 5 17 knots, and CB 5 0.52. Find the pro-
peller diameter D and efficiency hO for n 5 160 r/min.

From Fig. 11.3.19, the wake fraction w 5 0.165. VA 5 V(1 2 0.165) 5 14.19
knots. PD 5 0.98Ps 5 2,891 dhp (2,156 kWD). At 160 r/min, BP 5 160(2,891)0.5/
(14.19)2.5 5 11.34. [1.158 3 160(2,156)0.5/(14.19)2.5 5 11.34.] From Fig. 11.3.20,
the following is obtained or calculated:

r/min Bp P/d hO d D, ft (m) P, ft (m)

160 11.34 0.95 0.69 139 12.33 (3.76) 11.71 (3.57)

For a screw centerline submergence of 9 ft (2.74 m) and a selected projected
area ratio PAR 5 0.3, investigate the cavitation criterion. Assume hR 5 1.0.

Minimum projected area:

T 5 325.7 hOhR PD/VA 5 325.7 3 0.69 3 1.0 3 2,891/14.19
5 45,786 lb

(T 5 1942.5 3 0.69 3 2,156/14.19 5 203,646 N)
p0 2 pv 5 14.45 1 0.45 (9) 5 18.5 lb/in2

( p0 2 pv 5 99,629 1 10,179 (2.74) 5 127,519 N/m2)
A2

p 5 (45,786)2/1,360 (18.5)1.5(14.19) 5 1,365, Ap

5 36.95 ft2 minimum
A2

p 5 (203,646)2/5.44 (127,519)1.5(14.19) 5 11.79, Ap

5 3.43 m2 minimum

Actual projected area: PAR 5 Ap /A0 5 0.3, Ap 5 0.3A0 5 0.3p (12.33)2/4 5
35.82 ft2 (3.33 m2).

Since the selected PAR does not meet the minimum cavitation criterion, either
the blade width can be increased or a four-blade propeller can be adopted. To
absorb the same power at the same rpm, a four-blade propeller of about 0.97
(12.33) 5 11.96 ft (3.65 m) diameter with the same blade shape would have an
Ap 5 35.82 3 4⁄3 3 (11.96/12.33)2 5 44.94 ft2 (4.17 m2), or about 25 percent
increase. The pitch 5 0.95 (11.96) 5 11.36 ft (3.46 m). The real and apparent slip
ratios for the four-blade propeller are:

SR 5 1 2 (101.3)(14.19)/(11.36)(160) 5 0.209
SA 5 1 2 (30.9)(17.0)/(3.46)(160) 5 0.051

that is, 20.9 and 5.1 percent (SA calculated using SI values).
Since the projected area in the three-blade propeller of this example is only

slightly under the minimum, a three-blade propeller with increased blade width
would be the more appropriate choice.

Controllable-Pitch Propellers

Controllable-pitch propellers are screw propellers in which the blades
are separately mounted on the hub, each on an axis, and in which the
pitch of the blades can be changed, and even reversed, while the pro-
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peller is turning. The pitch is changed by means of an internal mecha-
nism consisting essentially of hydraulic pistons in the hub acting on
crossheads. Controllable-pitch propellers are most suitable for vehicles
which must meet different operating conditions, such as tugs, trawlers,
ferries, minesweepers, and landing craft. As the propeller pitch is
changed, the engine can still run at its most efficient speed. Maneuver-
ing is more rapid since the pitch can be changed more rapidly than could
the shaft revolutions. By use of controllable-pitch propellers, neither
reversing mechanisms are necessary in reciprocating engines, nor astern
turbines in turbine-powered vehicles, especially important in gas-tur-

contrarotating. In tandem, the rotational energy in the race from the
forward propeller is augmented by the after one. Contrarotating pro-
pellers work on coaxial, contrary-turning shafts so that the after pro-
peller may regain the rotational energy from the forward one. The after
propeller is of smaller diameter to fit the contracting race and has a pitch
designed for proper power absorption. Such propellers have been used
for years on torpedoes to prevent the torpedo body from rotating. Hy-
drodynamically, the advantages of contrarotating propellers are in-
creased propulsive efficiency, improved vibration characteristics, and
higher blade frequency. Disadvantages are the complicated gearing,
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bine installations. Except for the larger hub needed to house the pitch-
changing mechanism, the controllable-pitch propeller can be made al-
most as efficient as the solid, fixed-blade propeller. The newest
application is in the U.S. Navy’s DDG 51 class destroyer, developing
approximately 50,000 shp (24,785 kWS) per shaft.

Water Jet

This method usually consists of an impeller or pump inside the hull,
which draws water from outside, accelerates it, and discharges it astern
as a jet at a higher velocity. It is a reaction device like the propeller but
in which the moving parts are contained inside the hull, desirable for
shallow-water operating conditions and maneuverability. The overall
efficiency is lower than that of the screw propeller of diameter equal to
the jet orifice diameter, principally because of inlet and ducting losses.
Other disadvantages include the loss of volume to the ducting and im-
peller and the danger of fouling of the impeller. Water jets have been
used in several of the U.S. Navy’s hydrofoil and surface-effect vehicles.

Vertical-Axis Propellers

There are two types of vertical-axis propulsor systems consisting of one
or two vertical-axis rotors located underwater at the stern. Rotor disks
are flush with the shell plating and have five to eight streamline, spade-
like, vertical impeller blades fitted near the periphery of the disks. The
blades feather during rotation of the disk to produce a maximum thrust
effect in any direction desired. In the Kirsten-Boeing system the blades
are interlocked by gears so that each blade makes a half revolution about
its axis for each revolution of the disk. The blades of the Voith-Schneider
system make a complete revolution about their own axis for each revo-
lution of the disk. A bevel gear must be used to transmit power from the
conventional horizontal drive shaft to the horizontal disk; therefore,
limitations exist on the maximum power that can be transmitted. Al-
though the propulsor is 30 to 40 percent less efficient than the screw
propeller, it has obvious maneuverability advantages. Propulsors of this
type have also been used at the bow to assist in maneuvering.

Other Thrust Devices

Pump Jet In a pump-jet arrangement, the rotating impeller is exter-
nal to the hull with fixed guide vanes either ahead and/or astern of it; the
whole unit is enclosed in a duct or long shroud ring. The duct diameter
increases from the entrance to the impeller so that the velocity falls and
the pressure increases. Thus the impeller diameter is larger, thrust load-
ing less, and the efficiency higher; the incidence of cavitation and noise
is delayed. A penalty is paid, however, for the resistance of the duct.

Kort Nozzles In the Kort nozzle system, the screw propeller oper-
ates in a ring or nozzle attached to the hull at the top. The longitudinal
sections are of airfoil shape, and the length of the nozzle is generally
about one-half its diameter. Unlike the pump-jet shroud ring, the Kort
nozzle entrance is much bigger than the propeller, drawing in more
water than the open propeller and achieving greater thrust. Because of
the acceleration of the water into the nozzle, the pressure inside is less;
hence a forward thrust is exerted on the nozzle and the hull. The greatest
advantage is in a tug, pulling at rest. The free-running speed is usually
less with the nozzle than without. In some tugs and rivercraft, the whole
nozzle is pivoted and becomes a very efficient steering mechanism.

Tandem and Contrarotating Propellers Two or more propellers
arranged on the same shaft are used to divide the increased loading
factor when the diameter of a propeller is restricted. Propellers turning
in the same direction are termed tandem, and in opposite directions,
coaxial shafting, and sealing problems.
Supercavitating Propellers When cavitation covers the entire back

of a propeller blade, an increase of rpm cannot further reduce the pres-
sure at the back but the pressure on the face continues to increase as
does the total thrust, though at a slower rate than before cavitation
began. Advantages of such fully cavitating propellers are an absence of
back erosion and less vibration. Although the characteristics of such
propellers were determined by trial and error, they have long been used
on high-speed racing motor boats. The blade section design must ensure
clean separation of flow at the leading and trailing edges and provide
good lift-drag ratios for high efficiency. Introducing air to the back of
the blades (ventilated propeller) will ensure full cavitation and also en-
ables use at lower speeds.

Partially Submerged Propellers The appendage drag presented by
a propeller supported below high-speed craft, such as planing boats,
hydrofoil craft, and surface-effect ships, led to the development of par-
tially submerged propellers. Although vibration and strength problems,
arising from the cyclic loading and unloading of the blades as they enter
and emerge from the air-water interface, remain to be solved, it has been
demonstrated that efficiencies in partially submerged operation, compa-
rable to fully submerged noncavitating operation, can be achieved. The
performance of these propellers must be considered over a wide range
of submergences.

Outboard Gasoline Engine Outboard gasoline engines of 1 to
300 bhp (0.75 to 225 kWB), combining steering and propulsion, are
popular for small pleasure craft. Maximum speeds of 3,000 to 6,000
r/min are typical, as driven by the propeller horsepower characteristics
(see Sec. 9).

PROPULSION TRANSMISSION

In modern ships, only large-bore, slow-speed diesel engines are directly
connected to the propeller shaft. Transmission devices such as mechan-
ical speed-reducing gears or electric drives (generator/motor transmis-
sions) are required to convert the relatively high rpm of a compact,
economical prime mover to the relatively low propeller rpm necessary
for a high propulsive efficiency. In the case of steam turbines, medium-
and high-speed diesel engines, and gas turbines, speed reduction gears
are used. Gear ratios vary from relatively low values for medium-speed
diesels up to approximately 50 : 1 for a compact turbine design. Where
the prime mover is unidirectional, the drive mechanism must also in-
clude a reversing mechanism.

Reduction Gears

Speed reduction is usually obtained with reduction gears. The simplest
arrangement of a marine reduction gear is the single-reduction, single-in-
put type, i.e., one pinion meshing with a gear (Fig. 11.3.21). This ar-

Fig. 11.3.21 Single-reduction, single-input gear. (From ‘‘Marine Engineer-
ing,’’ SNAME, 1992.)
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rangement is used for connecting a propeller to a diesel engine or to an
electric motor but is not used for propelling equipment with a turbine
drive.

The usual arrangement for turbine-driven ships is the double-reduc-
tion, double-input, articulated type of reduction gear (Fig. 11.3.22). The
two input pinions are driven by the two elements of a cross-compound
turbine. The term articulated applies because a flexible coupling is
generally provided between the first reduction or primary gear wheel
and the second reduction or secondary pinion.

The locked-train type of double-reduction gear has become standard

have shown that size and weight reductions by factors of 5 or more are
possible. With successful development of superconductive electrical
machinery and resolution of associated engineering problems, mono-
hulled craft, such as destroyers, can benefit greatly from the location
flexibility and maneuverability capabilities of superconductive electric
propulsion, but the advantages of such a system will be realized to the
greatest extent in the new high-performance ships where mechanical-
drive arrangement is extremely complex.

In general, electric propulsion drives are employed in marine vehicles
requiring a high degree of maneuverability such as ferries, icebreakers,
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for high-powered naval ships and, because it minimizes the total weight
and size of the assembly, is gaining increased popularity for higher-
powered merchant ships (Fig. 11.3.23).

Fig.11.3.22 Double-reduction,
double-input, articulated gear.
(From ‘‘Marine Engineering,’’
SNAME, 1992.)

Fig.11.3.23 Double-reduction,
double-input, locked-train gear.
(From ‘‘Marine Engineering,’’
SNAME, 1992.)

Electric Drive

Electric propulsion drive is the principal alternative to direct- or geared-
drive systems. The prime mover drives a generator or alternator
which in turn drives a propulsion motor which is either coupled directly
to the propeller or drives the propeller through a low-ratio reduction
gear.

Among its advantages are the ease and convenience by which pro-
peller speed and direction are controllable; the freedom of installation
arrangement offered by the electrical connection between the generator
and the propulsion motor; the flexibility of power use when not used for
propulsion; the convenience of coupling several prime movers to the
propeller without mechanical clutches or couplings; the relative sim-
plicity of controls required to provide reverse propeller rotation
when the prime mover is unidirectional; and the speed reduction that
can be provided between the generator and the motor, hence between
the prime mover and the propeller, without mechanical speed-reducing
means.

The disadvantages are the inherently higher first cost, increased
weight and space, and the higher transmission losses of the system. The
advent of superconductive electrical machinery suitable for ship propul-
sion, however, has indicated order-of-magnitude savings in weight,
greatly reduced volume, and the distinct possibility of lower costs. Su-
perconductivity, a phenomenon occurring in some materials at tempera-
tures near absolute zero, is characterized by the almost complete disap-
pearance of electrical resistance. Research and development studies
Fig. 11.3.24 Shafting arrangement with strut bearings. (From ‘‘Ma
and tugs; in those requiring large amounts of special-purpose power
such as self-unloaders, fireboats, and large tankers; in those utilizing
nonreversing, high-speed, and multiple prime movers; and in deep-sub-
mergence vehicles. Diesel-electric drive is ideally adapted to bridge
control.

Reversing

Reversing may be accomplished by stopping and reversing a reversible
engine, as in the case of many reciprocating engines, or by adding
reversing elements in the prime mover, as in the case of steam turbines.
It is impracticable to provide reversing elements in gas turbines; hence a
reversing capability must be provided in the transmission system or in
the propulsor itself. Reversing reduction gears for such transmissions
are available up to quite substantial powers, and CRP propellers are also
used with diesel or gas-turbine drives. Electrical drives provide revers-
ing by dynamic braking and energizing the electric motor in the reverse
direction.

Marine Shafting

A main propulsion shafting system consists of the equipment necessary
to transmit the rotative power from the main propulsion engines to the
propulsor; support the propulsor; transmit the thrust developed by the
propulsor to the ship’s hull; safely withstand transient operating loads
(e.g., high-speed maneuvers, quick reversals); be free of deleterious
modes of vibration; and provide reliable operation.

Figure 11.3.24 is a shafting arrangement typical of multishaft ships
and single-shaft ships with transom sterns. The shafting must extend
outboard a sufficient distance for adequate clearance between the pro-
peller and the hull. Figure 11.3.25 is typical of single-screw merchant
ships.

The shafting located inside the ship is line shafting. The outboard
section to which the propeller is secured is the propeller shaft or tail shaft.
The section passing through the stern tube is the stern tube shaft unless
the propeller is supported by it. If there is a section of shafting between
the propeller and stern tube shafts, it is an intermediate shaft.

The principal dimensions, kind of material, and material tests are
specified by the classification societies for marine propulsion shafting.
The American Bureau of Shipping Rules for Steel Vessels specifies the
minimum diameter of propulsion shafting, tail shaft bearing lengths,
bearing liner and flange coupling thicknesses, and minimum fitted bolt
diameters.

Tail or propeller shafts are of larger diameter than the line or tunnel
shafting because of the propeller-weight-induced bending moment;
rine Engineering,’’ SNAME, 1992.)
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Fig. 11.3.25 Shafting arrangement without strut bearings. (From ‘‘Marine Engineering,’’ SNAME, 1992.)

also, inspection during service is possible only when the vessel is dry-
docked.

Propellers are fitted to shafts over 6 in (0.1524 m) diameter by a taper
fit. Aft of the propeller, the shaft is reduced to 0.58 to 0.68 of its
specified diameter under the liner and is fitted with a relatively fine
thread, nut, and keeper. Propeller torque is taken by a long flat key, the
width and total depth of which are, respectively, about 0.21 and 0.11
times the shaft diameter under the liner. The forward end of the key slot
in the shaft should be tapered off in depth and terminate well aft of the
large end of the taper to avoid a high concentrated stress at the end of the

those obtaining lift from a wing or foil moving through the fluid. In
order for marine vehicles to maintain a reasonable lift-to-drag ratio over
a moderate range of speed, the propulsion system must provide in-
creased thrust at lower speeds to overcome low-speed wave drag. The
weight of any vehicle is converted into total drag and, therefore, total
required propulsion and lift power.
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keyway. Every effort is made to keep saltwater out of contact with the
steel tail shaft so as to prevent failure from corrosion fatigue.

A cast-iron, cast-steel, or wrought-steel-weldment stern tube is rigidly
fastened to the hull. In single-screw ships it supports the propeller shaft
and is normally provided with a packing gland at the forward end as
seawater lubricates the stern-tube bearings. The aft stern-tube bearing is
made four diameters in length; the forward stern-tube bearing is much
shorter. A bronze liner, 3⁄4 to 1 in (0.0191 to 0.0254 m) thick, is shrunk
on the propeller shaft to protect it from corrosion and to give a good
journal surface. Lignum-vitae inserts, arranged with the grain on end for
medium and large shafts, are normally used for stern-tube bearings; the
average bearing pressure is about 30 lb/in2 (206,842 N/m2). Rubber and
phenolic compound bearings, having longitudinal grooves, are also ex-
tensively used. White-metal oil-lubricated bearings and, in Germany,
roller-type stern bearings have been fitted in a few installations.

The line or tunnel shafting is laid out, in long equal lengths, so that, in
the case of a single-screw ship, withdrawal of the tail shaft inboard for
inspection every several years will require only the removal of the next
inboard length of shafting. For large outboard or water-exposed shafts
of twin-screw ships, a bearing spacing up to 30 shaft diameters has been
used. A greater ratio prevails for steel shafts of power boats. Bearings
inside the hull are spaced closer—normally under 15 diameters if the
shaft is more than 6 in (0.1524 m) diameter. Usually, only the bottom
half of the bearing is completely white-metaled; oil-wick lubrication is
common, but oil-ring lubrication is used in high-class installations.

Bearings are used to support the shafting in essentially a straight line
between the main propulsion engine and the desired location of the
propeller. Bearings inside the ship are most popularly known as line-
shaft bearings, steady bearings, or spring bearings. Bearings which sup-
port outboard sections of shafting are stern-tube bearings if they are
located in the stern tube and strut bearings when located in struts.

The propeller thrust is transmitted to the hull by means of a main
thrust bearing. The main thrust bearing may be located either forward or
aft of the slow-speed gear.

HIGH-PERFORMANCE SHIP SYSTEMS

High-performance ships have spawned new hull forms and propulsion
systems which were relatively unknown just a generation ago. Because
of their unique characteristics and requirements, conventional propul-
sors are rarely adequate. The prime thrust devices range from those
using water, to water-air mixtures, to large air propellers.

The total propulsion power required by these vehicles is presented in
general terms in the Gabrielli and Von Karman plot of Fig. 11.3.26.
Basically, there are those vehicles obtaining lift by displacement and
Fig. 11.3.26 Lift-drag ratio versus calm weather speed for various vehicles.

Lightweight, compact, and efficient propulsion systems to satisfy
extreme weight sensitivity are achieved over a wide range of power by
the marinized aircraft gas-turbine engine. Marinization involves addi-
tion of a power turbine unit, incorporation of air inlet filtration to pro-
vide salt-free air, addition of silencing equipment on both inlet and
exhaust ducts, and modification of some components for resistance to
salt corrosion. The shaft power delivered is then distributed to the pro-
pulsion and lift devices by lightweight shaft and gear power transmis-
sion systems.

A comparison of high-performance ship propulsion system charac-
teristics is given in Table 11.3.3.

Hydrofoil Craft

Under foilborne conditions, the support of the hydrofoil craft is derived
from the dynamic lift generated by the foil system, and the craft hull is
lifted clear of the water. Special problems relating to operation and
directly related to the conditions presented by waves, high fluid density,
surface piercing of foils and struts, stability, control, cavitation, and
ventilation of foils have given rise to foil system configurations defined
in Fig. 11.3.27.
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Table 11.3.3 U.S. Navy High-Performance Ship Propulsion System Characteristics

Ship Engine Propulsor /lift

Hydrofoil, PHM, 215 tons (2.1 MN), 50 knots Foilborne: one LM-2500 GT, 22,000 bhp (15,405
kWB), 3,600 r/min

Foilborne: one 2-stage axial-flow waterjet, twin aft
strut inlets

Surface-effect ship, SES-200, 195 tons (1.94 MN),
30 1 knots

Propulsion: two 16V-149TI diesel, 1,600 bhp (1,193
kWB)

Lift: two 8V-92TI diesel, 800 bhp (597 kWB)

Two waterjet units

Two double-inlet centrifugal lift fans

Air-cushion vehicle, LCAC, 150 tons (1.49 MN),
50 knots

Propulsion and lift: four TF-40B GT, 3,350 bhp
(2,498 kWB), 15,400 r/min

Two ducted-air propellers, 12 ft (3.66 m) dia., 1,250
r/min; four double-entry centrifugal lift fans, 1,900
r/min

SWATH, SSP, 190 tons (1.89 MN), 25 knots Propulsion: two T-64 GT, 3,200 bhp (2,386 kWB),
1,000 r/min at output of attached gearbox

Two subcavitating controllable-pitch propellers, 450
r/min

The hydrofoil craft has three modes of operation: hullborne, takeoff,
and foilborne. The thrust and drag forces involved in hydrofoil operation
are shown in Fig. 11.3.28. Design must be a compromise between the
varied requirements of these operating conditions. This may be difficult,

need for supercavitating propellers at operating speeds over 50 knots.
Two sets of propellers may be needed in such a case, one for hullborne
operation and the other for foilborne operation. The selection of a sur-
face-piercing or a fully submerged foil design is determined from speci-
fied operating conditions and the permissible degree of complexity. A
surface-piercing system is inherently stable, as a deviation from the equi-
librium position of the craft results in corrective lift forces. Fully sub-
merged foil designs, on the other hand, provide the best lift-drag ratio but
are not stable by themselves and require a depth-control system for
satisfactory operation. Such a control system, however, permits opera-
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Fig. 11.3.27 Some foil arrangements and sections.

as with propeller design, where maximum thrust is often required at
takeoff speed (normally about one-half the operating speed). A pro-
peller designed for maximum efficiency at takeoff will have a smaller
efficiency at design speeds, and vice versa. This is complicated by the

Fig. 11.3.28 Thrust and drag forces for a typical hydrofoil.
tion of the submerged-foil design in higher waves.

Flexible SkirtSkegs or side walls

Fig. 11.3.29 Two configurations of the surface-effect principle.

Surface-Effect Vehicles (SEV)

The air-cushion-supported surface-effect ship (SES) and air-cushion vehi-
cle (ACV) show great potential for high-speed and amphibious opera-
tion. Basically, the SEV rides on a cushion of air generated and main-
tained in the space between the vehicle and the surface over which it
moves or hovers. In the SES, the cushion is captured by rigid sidewalls

Fig. 11.3.30 Comparison of power requirements: SES versus ACV.
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and flexible skirts fore and aft. The ACV has a flexible seal or skirt all
around. Figure 11.3.29 illustrates two configurations of the surface-
effect principle.

Since the ACV must rise above either land or water, the propul-
sors use only air for thrust, requiring a greater portion of the total
power allocated to lift than in the SES design as shown in Fig.
11.3.30.

While SES technology has greatly improved the capability of am-
phibious landing vehicles, it is rapidly being developed for high-speed
large cargo vessels.

CARGO SHIPS

The development of containerization in the 1950s sparked a growth in
ship size. More efficient cargo-handling methods and the desire to re-
duce transit time led to the emergence of the high-speed container
vessel.

The Container Vessel

Because of low fuel costs in the 1950s and 1960s, early container vessel
design focused on higher speed and container capacity. Rising fuel costs

O
. M
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Small Water-Plane Area Twin Hull

The SWATH, configured to be relatively insensitive to seaway motions,
gains its buoyant lift from two parallel submerged, submarinelike hulls
which support the main hull platform through relatively small vertical
struts. In this configuration, a propulsion arrangement choice must be
with regard to the location of the main engines: lower hull with the
propulsor or upper hull with a suitable transmission system. In the U.S.
Navy’s semisubmerged platform (SSP), power from two independently
operated gas turbines is transmitted down each aft strut by a group of
three wide-belt chain drives with speed reduction to deliver 450 r/min to
the propellers. By contrast, the 3,400-ton (33.87-MN), 11-knot
T-AGOS 19 series SWATH vessels employ diesel-electric drive, with
both motors and propulsors in the lower hull.

11.4 AER
by M. W

REFERENCES: National Advisory Committee for Aeronautics, Technical Reports
(designated NACA-TR with number), Technical Notes (NACA-TN with number),

and Technical Memoranda (NACA-TM with number). British Aeronautical Re-
search Committee Reports and Memoranda (designated Br. ARC-R & M with
number). Ergebnisse der Aerodynamischen Versuchsanstalt zu Göttingen. Diehl,
‘‘Engineering Aerodynamics,’’ Ronald. Reid, ‘‘Applied Wing Theory,’’
McGraw-Hill. Durand, ‘‘Aerodynamic Theory,’’ Springer. Prandtl-Tietjens,
‘‘Fundamentals of Hydro- and Aeromechanics,’’ and ‘‘Applie
mechanics,’’ McGraw-Hill. Goldstein, ‘‘Modern Developm
namics,’’ Oxford. Millikan, ‘‘Aerodynamics of the Airplane,’’
‘‘Theory of Flight,’’ McGraw-Hill. Hoerner, ‘‘Aerodynami
shifted emphasis toward ship characteristics which enhanced reduced
operating costs, particularly as affected by fuel usage and trade route
capacity. By the early 1980s, ships were generally sized for TEU
(twenty-foot-equivalent-unit) capacity less than 2,500 and speeds of
about 20 knots, lower if fuel was significant in the overall operating
costs. Largely a function of the scale of trade route capacity, the
weighted average full containership size is on the order of 1,000 TEU.
The larger the trade capacity, the larger the containerships operating the
route. However, many trade route scales do not support even moder-
ately sized containership service.

The on deck and under deck container capacity varies with the type of
vessel, whether a lift on/lift off vessel, a bulk carrier equipped for con-
tainers, or a roll on/roll off vessel. Extensive studies have been conducted
to optimize the hull form and improve the operating efficiency for the
modern containership.

NAUTICS
. Jenkins

sound in the fluid. The velocity range below the local speed of sound is
called the subsonic regime. Where the velocity is above the local speed

of sound, the flow is said to be supersonic. The term transonic refers to
flows in which both subsonic and supersonic regions are present. The
hypersonic regime is that speed range usually in excess of five times the
speed of sound.

OSPHERE

osphere of Table 11.4.1 is a revised U.S. Standard
d Hydro- and Aero-
ents in Fluid Dy-
Wiley. Von Mises,

c Drag,’’ Hoerner.

STANDARD ATM

The standard atm

Glauert, ‘‘The Elements of Airfoil and Airscrew Theory,’’ Cambridge. Milne-
Thompson, ‘‘Theoretical Hydrodynamics,’’ Macmillan. Munk, ‘‘Fluid Dynamics
for Aircraft Designers,’’ and ‘‘Principles of Aerodynamics,’’ Ronald. Abraham,
‘‘Structural Design of Missiles and Spacecraft,’’ McGraw-Hill. ‘‘U.S. Standard
Atmosphere, 1962,’’ U.S. Government Printing Office.

DEFINITIONS

Aeronautics is the science and art of flight and includes the operation of
heavier-than-air aircraft. An aircraft is any weight-carrying device de-
signed to be supported by the air, either by buoyancy or by dynamic
action. An airplane is a mechanically driven fixed-wing aircraft, heavier
than air, which is supported by the dynamic reaction of the air against its
wings. A helicopter is a kind of aircraft lifted and moved by a large
propeller mounted horizontally above the fuselage. It differs from the
autogiro in that this propeller is turned by motor power and there is no
auxiliary propeller for forward motion. A ground-effect machine (GEM)
is a heavier-than-air surface vehicle which operates in close proximity
to the earth’s surface (over land or water), never touching except at rest,
being separated from the surface by a cushion or film of air, however
thin, and depending entirely upon aerodynamic forces for propulsion
and control.

Aerodynamics is the branch of aeronautics that treats of the motion of
air and other gaseous fluids and of the forces acting on solids in motion
relative to such fluids. Aerodynamics falls into velocity ranges, depend-
ing upon whether the velocity is below or above the local speed of
Atmosphere, adapted by the United States Committee on Extension to
the Standard Atmosphere (COESA) in 1962.

The values given up to about 65,000 ft are designated as standard.
The region from 65,000 to 105,000 ft is designated proposed standard.
U.S. Standard Atmosphere, 1962, gives data out to 2,320,000 ft; how-
ever, the region from 105,000 to 295,000 ft is designated tentative, and
that portion of the atmosphere above 295,000 ft is termed speculative.

The assumed sea-level conditions are: pressure, p0 5 29.91 in
(760 mm Hg) 5 2,116.22 lb/ft2; mass density, r0 5 0.002378 slugs/ft3

(0.001225 g/cm3); T0 5 59°F (15°C).

UPPER ATMOSPHERE

High-altitude atmospheric data have been obtained directly from bal-
loons, sounding rockets, and satellites and indirectly from observations
of meteors, aurora, radio waves, light absorption, and sound effects. At
relatively low altitudes, the earth’s atmosphere is, for aerodynamic pur-
poses, a uniform gas. Above 250,000 ft, day and night standards differ
because of dissociation of oxygen by solar radiation. This difference in
density is as high as 35 percent, but it is usually aerodynamically negli-
gible above 250,000 ft since forces here will become less than 0.05
percent of their sea-level value for the same velocity.

Temperature profile of the COESA atmosphere is given in Fig. 11.4.1.
From these data, other properties of the atmosphere can be calcu-
lated.
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Table 11.4.1 U.S. Standard Atmosphere, 1962

Pressure Speed of
Altitude Temp ratio, Density ratio, sound Vs,

h, ft* T, °F† p /p0 r /r0 (r0 /r)0.5 ft /s‡

0 59.00 1.0000 1.0000 1.000 1,116
5,000 41.17 0.8320 0.8617 1.077 1,097

10,000 23.34 0.6877 0.7385 1.164 1,077
15,000 5.51 0.5643 0.6292 1.261 1,057
20,000 2 12.62 0.4595 0.5328 1.370 1,036
25,000 2 30.15 0.3711 0.4481 1.494 1,015

Speed in aeronautics may be given in knots (now standard for USAF,
USN, and FAA), miles per hour, feet per second, or metres per second.
The international nautical mile 5 6,076.1155 ft (1,852 m). The basic
relations are: 1 knot 5 0.5144 m/s 5 1.6877 ft/s 5 1.1508 mi/h. For
additional conversion factors see Sec. 1. Higher speeds are often given
as Mach number, or the ratio of the particular speed to the speed of sound
in the surrounding air. For additional data see ‘‘Supersonic and Hyper-
sonic Aerodynamics’’ below.

Axes The forces and moments acting on an airplane (and the resul-
tant velocity components) are referred to a set of three mutually perpen-
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30,000 2 47.99 0.2970 0.3741 1.635 995
35,000 2 65.82 0.2353 0.3099 1.796 973
36,089 2 69.70 0.2234 0.2971 1.835 968
40,000 2 69.70 0.1851 0.2462 2.016 968
45,000 2 69.70 0.1455 0.1936 2.273 968
50,000 2 69.70 0.1145 0.1522 2.563 968
55,000 2 69.70 0.09001 0.1197 2.890 968
60,000 2 69.70 0.07078 0.09414 3.259 968
65,000 2 69.70 0.05566 0.07403 3.675 968
65,800 2 69.70 0.05356 0.07123 3.747 968
70,000 2 67.30 0.04380 0.05789 4.156 971
75,000 2 64.55 0.03452 0.04532 4.697 974
80,000 2 61.81 0.02725 0.03553 5.305 977
85,000 2 59.07 0.02155 0.02790 5.986 981
90,000 2 56.32 0.01707 0.02195 6.970 984
95,000 2 53.58 0.01354 0.01730 7.600 988

100,000 2 50.84 0.01076 0.01365 8.559 991

* 3 0.3048 5 metres.
† 3 (°F 2 32)/1.8 5 °C.
‡ 3 0.3048 5 m/s.

Pressure and Density For all practical purposes, both decrease ex-
ponentially with altitude. The variations in T (Fig. 11.4.1) are accompa-
nied by slight inflections in the curves of p and r, but the deviations
from a mean curve are far less than the scatter in test data from various
sources. For altitudes above 100,000 ft, pressure and density may be
approximated by

log p0 /p 5 0.00001910h 1 0.0140
log r0 /r 5 0.00001890h 2 0.1000

where h is in ft. At h 5 320,000 ft, or about 60 mi (96 km), p and r are
about one-millionth of the sea-level values.

Fig. 11.4.1 Temperature as a function of altitude. (COESA.)
dicular axes having the origin at the airplane center of gravity (cg) and
moving with the airplane. Three sets of axes are in use. The basic
difference in these is in the direction taken for the longitudinal, or x,
axis, as follows:

Wind axes: The x axis lies in the direction of the relative wind. This is
the system most commonly used, and the one used in this section. It is
shown on Fig. 11.4.2.

Body axes: The x axis is fixed in the body, usually parallel to the
thrust line.

Stability axes: The x axis points in the initial direction of flight. This
results in a simplification of the equations of motion.

Absolute Coefficients Aerodynamic force and moment data are
usually presented in the form of absolute coefficients. Examples of
force coefficients are: lift CL 5 L/qS; drag CD 5 D/qS; side force CY 5
Y/qS; where q is the dynamic pressure 1⁄2rV 2, r 5 air mass-density, and
V 5 air speed. Examples of moment coefficients are Cm 5 M/qSc; roll
Cl 5 L/qSb; and yaw Cn 5 N/qSb; where c 5 mean wing chord and b 5
wing span.

Section Coefficients NACA basic test data on wing sections are
usually given in the form of section lift coefficient Cl and section drag
coefficient Cd . These apply directly to an infinite aspect ratio or to
two-dimensional flow, but aspect-ratio and lift-distribution corrections
are necessary in applying to a finite wing. For a wing having an ellipti-
cal lift distribution, CL 5 (p/4)Cl , where Cl is the centerline value of the
local lift coefficient.

Fig. 11.4.2 Wind axes.

SUBSONIC AERODYNAMIC FORCES

When an airfoil is moved through the air, the motion produces a pres-
sure at every point of the airfoil which acts normal to the surface. In
addition, a frictional force tangential to the surface opposes the motion.
The sum of these pressure and frictional forces gives the resultant force
R acting on the body. The point at which the resultant force acts is
defined as the center of pressure, c.p. The resultant force R will, in gen-
eral, be inclined to the airfoil and the relative wind velocity V. It is
resolved (Fig. 11.4.3) either along wind axes into

L 5 lift 5 component normal to V
D 5 drag or resistance 5 component along V, or along

body axes into
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N 5 normal force 5 component perpendicular to airfoil chord
T 5 tangential force 5 component along airfoil chord

Instead of specifying the center of pressure, it is convenient to specify
the moment of the air forces about the so-called aerodynamic center,
a.c. This point lies at a distance a (about a quarter-chord length) back of
the leading edge of the airfoil and is defined as the point about which the
moment of the air forces remains constant when the angle of attack a is
changed. Such a point exists for every airfoil. The force R acting at the
c.p. is equivalent to the same force acting at the a.c. plus a moment equal

AIRFOILS

Applying Bernoulli’s equation to the flow around a body, if p represents
the static pressure, i.e., the atmospheric pressure in the undisturbed air,
and if V is superposed as in Fig. 11.4.4 and if p1 , V1 represent the
pressure and velocity at any point 1 at the surface of the body,

p 1 1⁄2rV 2 5 p1 1 1⁄2rV 2
1

The maximum pressure occurs at a point s on the body at which the
velocity is zero. Such a point is defined as the stagnation point. The
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to that force times the distance between the c.p. and the a.c. (see Fig.
11.4.3). The location of the aerodynamic center, in terms of the chord c
and the section thickness t, is given for NACA 4- and 5-digit series
airfoils approximately by

a/c 5 0.25 2 0.40(t/c)2

The distance x c.p. from the leading edge to the center of pressure
expressed as a fraction of the chord is, in terms of the moment Mc/4

about the quarter-chord point,

Mc/4 5 (1⁄4 2 xc.p.) ? cN

xc.p. 5
1

4
2

Mc/4

cN

From dimensional analysis it can be seen that the air force on a body of
length dimension l moving with velocity V through air of density r can
be expressed as

F 5 w ? rV 2l2

where w is a coefficient that depends upon all the dimensionless factors
of the problem. In the case of a wing these are:

1. Angle of attack a, the inclination between the chord line and the
velocity V

2. Aspect ratio A 5 b/c, where b is the span and c the mean chord of
the wing

3. Reynolds number Re 5 rVl/m, where m is the coefficient of dy-
namic viscosity of air

4. Mach number V/Vs , where Vs is the velocity of sound
5. Relative surface roughness
6. Relative turbulence

The dependence of the force coefficient w upon a and A can be theoreti-
cally determined; the variation of w with the other parameters must be
established experimentally, i.e., by model tests.

Fig. 11.4.3 Forces acting on an airfoil. (a) Actual forces; (b) equivalent forces
through the aerodynamic center plus a moment.
maximum pressure increase occurs at this point and is

ps 2 p 5 1⁄2rV 2

This is called the stagnation pressure, or dynamic pressure, and is de-
noted by q. It is customary to express all aerodynamic forces in terms of
1⁄2rV 2, hence

F 5 1⁄2wrV 2l2 5 qwl2

For the case of a wing, the forces and moments are expressed as

Lift 5 L 5 CL
1⁄2rV 2S 5 CLqS

Drag 5 D 5 CD
1⁄2rV 2S 5 CDqS

Moment 5 M 5 CM
1⁄2rV 2Sc 5 CMqSc

where S 5 wing area and c 5 wing chord.

V

V1, p1

P

S

Fig. 11.4.4 Fluid flow around an airfoil.

The lift produced can be determined from the intensity of the circula-
tory flow or circulation G by the relation L9 5 rV G, where L9 is the lift
per unit width of wing. In a wing of infinite aspect ratio, the flow is
two-dimensional and the lift reaction is at right angles to the line of
relative motion. The lift coefficient is a function of the angle of attack a,
and by mathematical analysis CL 5 2p sin a, which for small angles
becomes CL 5 2pa. Experiments show that CL 5 2ph(a 2 a0), where
a0 is the angle of attack corresponding to zero lift. h ' 1 2 0.64(t/c),
where t is airfoil thickness.

In a wing of finite aspect ratio, the circulation flow around the wing
creates a strong vortex trailing downstream from each wing tip (Fig.

V

wi

Fig. 11.4.5 Vortex formation at wing tips.

11.4.5). The effect of this is that the direction of the resultant velocity at
the wing is tilted downward by an induced angle of attack ai 5 wi /V (Fig.
11.4.6). If friction is neglected, the resultant force R is now tilted to the
rear by this same angle ai . The lift force L is approximately the same as
R. In addition, there is also a drag component Di , called the induced
drag, given by

Di 5 L tan ai 5 Lwi /V
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For a given geometrical angle of attack a the effective angle of attack has
been reduced by ai , and thus

CL 5 2ph(a 2 a0 2 ai)

an airfoil is a small value of the minimum profile-drag coefficient and a
large value of CL /CD .

The moment characteristics of a wing are obtainable from the curve
of the center of pressure as a function of a or by the moment coefficient
taken about the aerodynamic center CMa.c. as a function of CL . A forward
motion of the c.p. as a is increased corresponds to an unstable wing
section. This instability is undesirable because it requires a large down-
load on the tail to counteract it.
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wi

Fig. 11.4.6 Induced angle of attack.

According to the Lanchester-Prandtl theory, for wings having an elliptical
lift distribution

ai 5 wi /V 5 CL /pA rad
Di 5 L2/pb2q and CDi 5 Di /qS 5 C 2

L /pA

where b 5 span of wing and A 5 b2/S 5 aspect ratio of wing. These
results also apply fairly well to wings not differing much from the
elliptical shape. For square tips, correction factors are required:

ai 5
CL

pA
(1 1 t) where t 5 0.05 1 0.02A 




for A , 12
CDi 5

C 2
L

pA
(1 1 s) where s 5 0.01A 2 0.01

These formulas are the basis for transforming the characteristics of
rectangular wings from an aspect ratio A1 to an aspect ratio A2:

a2 5 a1 1
57.3CL

p
S1 1 t2

A2

2
1 1 t1

A1
D deg

CD2 5 CD1 1
C 2

L

p
S1 1 s2

A2

2
1 1 s1

A1
D

For elliptical wings the values of t and s are zero. Most wing-section
data are given in terms of aspect ratios 6 and `. For other values, the
preceding formulas must be used.

Characteristics of Airfoils Airfoil characteristics are expressed in
terms of the dimensionless coefficients CL , CD , and CM and the angle of
attack a. The NACA presents the results for wings of aspect ratio 6 and
also corrected to aspect ratio ` (see Fig. 11.4.10).

The lift coefficient CL is a linear function of the angle of attack up to a
critical angle called the stalling angle (Fig. 11.4.7). The maximum lift
coefficient CLmax which can be reached is one of the important character-
istics of a wing because it determines the landing speed of the
airplane.

The drag of a wing is made up of two components: the profile drag D0

and the induced drag Di . The profile drag is due principally to surface
friction. At aspect ratio ` or at zero lift the induced drag is zero, and
thus the entire drag is profile drag. In Fig. 11.4.8 the coefficient of
induced drag CDi 5 C 2

L /pA is also plotted. The difference CD 2 CDi 5
CD0 , the profile-drag coefficient. Among the desirable characteristics of

Fig. 11.4.7 Stalling angle of an airfoil.
Fig. 11.4.8 Polar-diagram plot of airfoil data.

The characteristics of a wing section (Fig. 11.4.9) are determined
principally by its mean camber line, i.e., the curvature of the median line
of the profile, and secondly by the thickness distribution along the
chord. In the NACA system of designation, when a four-digit number is
used such as 2412, the significance is always first digit 5 maximum
camber in percent of chord, second digit 5 location of position of
maximum camber in tenths of chord measured from the leading edge
(that is, 4 stands for 40 percent), and the last two figures indicate the
maximum thickness in percent of chord. The NACA five-digit system is
explained in NACA-TR 610.

Fig. 11.4.9 Characteristics of a wing section.

Selection of Wing Section

In selecting a wing section for a particular airplane the following factors
are generally considered:

1. Maximum lift coefficient CLmax

2. Minimum drag coefficient CDmin

3. Moment coefficient at zero lift Cm0

4. Maximum value of the ratio CL /CD

For certain special cases it is necessary to consider one or more
factors from the following group:

5. Value of CL for maximum CL /CD

6. Value of CL for minimum profile drag
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Fig. 11.4.10 Properties of an airfoil section.

7. Maximum value of C L
3/2/CD

8. Maximum value of C L
1/2/CD

9. Type of lift curve peak (stall characteristics)
10. Drag divergence Mach number MDD

Characteristics of airfoil sections are given in NACA-TR 586, 647,
669, 708, and 824. Figure 11.4.10 gives data on two typical sections:
0006 is often used for tail surfaces, and 4415 is especially suitable for
the wings of subsonic airplanes. For Mach numbers greater than 0.6 thin
wings must be used.

The dimensionless coefficients C and C are functions of the Rey-

20,0
0.5

variation of the drag coefficient for a smooth flat plate for laminar and
turbulent flow, respectively, and also for the transition region.

which the distribution of thickness along the chord is so selected as to
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nolds number Re 5 rVl/m. For wings, the characteristic length l is taken
to be the chord. In standard air at sea level

Re 5 6,378Vft/s ? lft 5 9,354Vmi/h ? lft

For other heights, multiply by the coefficient K 5 (r/m)/(r0 /m0). Values
of K are as follows:

Altitude, ft* 0 5,000 10,000 15,000
K 1.000 0.884 0.779 0.683

* 3 0.305 5 m.

The variation of CL and CD with the Reynolds number is known as
scale effect. These are shown in Figs. 11.4.11 and 11.4.12 for some
typical airfoils. Figure 11.4.12 shows in dashed lines also the theoretical
00 25,000 30,000 40,000 50,000 60,000
95 0.515 0.443 0.300 0.186 0.116

Fig. 11.4.12 Scale effect on minimum profile-drag coefficient.

In addition to the Reynolds number, airfoil characteristics also de-
pend upon the Mach number (see ‘‘Supersonic and Hypersonic Aerody-
namics’’ below).

Laminar-flow Wings NACA developed a series of low-drag wings in
maintain laminar flow over as much of the wing surface as possible.
The low-drag wing under controlled conditions of surface smooth-

ness may have drag coefficients about 30 percent lower than those
obtained on normal conventional wings. Low-drag airfoils are so sensi-
tive to roughness in any form that the full advantage of laminar flow is
Fig. 11.4.11 Scale effect on section maximum lift coefficient.
unobtainable.
Transonic Airfoils At airplane Mach numbers of about M 5 0.75,

normal airfoil sections begin to show a greater drag, which increases
sharply as the speed of sound is approached. Airfoil sections known as
transonic airfoils have been developed which significantly delay this
drag rise to Mach numbers of 0.9 or greater (Fig. 11.4.13). Advantage
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may also be taken of these airfoil sections by increasing the thickness of
the airfoil at a given Mach number without suffering an increase in drag.

Wing sweepback (Fig. 11.4.14) or sweepforward also delays the onset
of the drag rise to higher Mach numbers. The flow component normal to
the wing leading edge, M cos G, determines the effective Mach number
felt by the wing. The parallel component, M sin G, does not significantly
influence the drag rise. Therefore for a flight Mach number M, the wing
senses it is operating at a lower Mach number given by M cos G.

Subsonic

moment (2 Cm) which must be trimmed out by a download on the tail,
and this download reduces CLmax . The correction is DCLmax (trim) 5
DCmo(l/c), where l/c is the tail length in mean chords.

Boundary-Layer Control (BLC) This includes numerous schemes
for (1) maintaining laminar flow in the boundary layer in the flow over a
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0 M 1.0

Drag rise
Mach number

airfoil

Transonic
airfoil

Fig. 11.4.13 Drag rise delay due to transonic section.

CD

No sweep

M

Wing

M sin G
M cos G

G

With sweep

0 Mach number

Drag rise Mach number

1.0

Fig. 11.4.14 Influence of wing sweepback on drag rise Mach number.

Flaps and Slots

The maximum lift of a wing can be increased by the use of slots on the
leading edge or flaps on the trailing edge. Fixed slots are formed by
rigidly attaching a curved sheet of metal or a small auxiliary airfoil to
the leading edge of the wing. The trailing-edge flap is used to give
increased lift at moderate angles of attack and to increase CLmax . Theo-
retical analyses of the effects are given in NACA-TR 938 and Br. ARC-
R&M 1095. Flight experience indicates that the four types shown in Fig.
11.4.15 have special advantages over other known types. Values of
CLmax for these types are shown in Table 11.4.2. All flaps cause a diving

Table 11.4.2 Flaps*

Section Finite wing
CLmax CLmax

Type of flap (approx) (approx) Remarks

Plain 2.4 1.9 Cf /c 5 0.20. Sensitive
to leakage between
flap and wing.

Split 2.6 2.0 Cf /c 5 0.20. Simplest
type of flap.

Single slotted 2.8
3.0

2.2
2.4

Cf /c 5 0.25. Shape of
slot and location of
deflected flap are crit-
ical.

Double slotted 3.0
3.4

2.4
2.7

Cf /c 5 0.25. Shape of
slot and location of
deflected flap are crit-
ical.

* The data is for wing thickness t /c 5 0.12 or 0.15. Lift increment is dependent on the
leading-edge radius of the wing.
Fig. 11.4.15 Trailing-edge flaps: (1) plain flap; (2) split flap; (3) single-slotted
flap; (4) double-slotted flap (retracted); (5) double-slotted flap (extended).

wing or (2) preventing flow separation. Schemes in the first category try
to obtain the lower frictional drag of laminar flow either by providing
favorable pressure gradients, as in the NACA ‘‘low-drag’’ wings, or by
removing part of the boundary layer. The boundary-layer thickness can
be partially controlled by the use of suction applied either to spanwise
slots or to porous areas. The flow so obtained approximates the laminar
skin-friction drag coefficients (see Fig. 11.4.12). Schemes in the second
category try to delay or improve the stall. Examples are the leading-
edge slot, slotted flaps, and various forms of suction or blowing applied
through transverse slots. The slotted flap is a highly effective form of
boundary-layer control that delays flow separation on the flap.

CL

Angle of attack a

Nozzle

With
blowing

No blowing

o

Fig. 11.4.16 Influence of spanwise blowing.

Spanwise Blowing Another technique for increasing the lift from
an aerodynamic surface is spanwise blowing. A high-velocity jet of air
is blown out along the wing. The location of the jet may be parallel to
and near the leading edge of the wing to prevent or delay leading-edge
flow separation, or it may be slightly behind the juncture of the trailing-
edge flap to increase the lift of the flap. Power for spanwise blowing is
sensitive to vehicle configuration and works most efficiently on swept
wings. Other applications of this technique may include local blowing
on ailerons or empennage surfaces (Fig. 11.4.16).

The pressure distributions on a typical airfoil are shown in Fig.
11.4.17. In this figure the ratio p/q is given as a function of distance
along the chord. In Fig. 11.4.18 the effect of addition of an external
airfoil flap is shown.
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Upper Surface

altitude (Fig. 11.4.19). If PTa . PTr , the excess horsepower can be used
either for horizontal acceleration to a higher speed or for climbing. The
maximum speed Vmax occurs when PTa 5 PTr . The rate of climb is
determined by the equation dh/dt 5 550(PTa 2 PTr)/W. To calculate the
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Lower Surface

Fig. 11.4.17 Pressure distribution over a typical airfoil.

Upper

Lower

Fig. 11.4.18 Pressure distribution on an airfoil-flap combination.

Airplane Performance

In horizontal flight the lift of the wings must be equal to the weight of the
airplane, or L 5 W, where W is the gross weight, lb (kg). This equation
determines the minimum horizontal speed of an airplane since

W 5 CLmax
1⁄2rV 2

minS or Vmin 5 √2W/CLmaxrS

This corresponds to the landing speed without power, or the stalling
speed.

In uniform horizontal flight the propeller thrust T must be exactly
equal to the drag of the airplane, or T 5 D. Then TV 5 power available
from the propeller and DV 5 power required for overcoming the drag of
the airplane; for horizontal flight TV 5 DV. If the airplane climbs at a
rate dh /dt, where h 5 height, then an additional power 5 W (dh/dt) is
required to increase the potential energy of the airplane. The equilib-
rium condition becomes

TV 5 DV 1 W(dh/dt)

If the thrust power available PTa is measured in hp, D and W in lb, and
V and dh/dt in ft/s,

PTa 5
1

550
DV 1

1

550
W(dh/dt) (11.4.1)

The thrust horsepower available PTa 5 hPa , where Pa 5 available engine
horsepower and h is the propeller efficiency. PTa is determined as a
function of V from the engine and propeller characteristics. The thrust
horsepower required to overcome the drag D is PTr 5 DV/550. The drag
is the sum of the wing-profile drag D0 , the wing induced drag Di , and
the parasite drag of the other airplane parts Dp . D0 can be obtained from
wing-profile tests corrected to full-scale Reynolds number, Di from the
induced drag formula Di 5 L2/pqb2, and Dp by summation of the para-
site drag components due to fuselage, tail surfaces, landing gear, etc.

From Eq. (11.4.1) the performance of an airplane can be obtained
either graphically or analytically. In the graphical determination the
curves of power available and power required are plotted for a fixed
Fig. 11.4.19 Construction for determining airplane performance.

maximum velocity and rate of climb for another altitude, another set of
curves of PTa and PTr versus V is constructed. At any altitude at which
the air density is r and for a given angle of attack (corresponding to an
unchanged lift /drag ratio), L/D 5 L0 /D0 . As the lift is equal to the
weight, L 5 L0 5 W, therefore D 5 D0 and

PTr /PTr0 5 VD/V0D0 5 V/V0

But CL 5 CL0 and CL ? 1⁄2rV 2S 5 CL0
1⁄2r0V 0

2S. Therefore V/V0 5
√r0 /r. From this relation, new curves of PTr versus V may be con-
structed for various altitudes by multiplying both the ordinates and ab-
scissas of the original curve by √r0 /r.

Figure 11.4.19 shows a performance chart for a 2,100-lb airplane.
The maximum velocity at 10,000 ft altitude is 168.5 ft/s. At sea level
(PTa 2 PTr)max 5 71 and the rate of climb is 71 3 33,000/2,100 5
1,120 ft/min. At 10,000 ft altitude the rate is 30 3 33,000/2,100 5
470 ft/min.

When the curves of power required and power available become
tangent to each other, there is only one speed at which the airplane can
fly level and the rate of climb is zero. The corresponding altitude is the
absolute ceiling H. It can be determined from the curve of maximum rate
of climb as a function of altitude when this is approximated by a straight

Fig. 11.4.20 Characteristic rate-of-climb curves.
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line (Fig. 11.4.20). The service ceiling hs is defined as the altitude at
which the rate of climb is 100 ft/min. For a linear decrease of rate of
climb the following approximations hold:

Absolute ceiling: H 5 r0h/(r0 2 r)

where r0 is the rate of climb at sea level and r is the rate of climb at
altitude h.

Service ceiling: hs 5 H(r0 2 100)/r0

Altitude climbed in t min,

0.5
0.6
0.8

where Ct is fuel consumption in lb/(lb thrust) ?hour, S is wing area in ft2,
and r is the air density in slugs/ft3.

Parasite Drag

The drag of the nonlifting parts of an airplane is called the parasite drag.
It consists of two components: the frictional and the eddy-making
drag.

Frictional drag, or skin friction, is due to the viscosity of the fluid. It is
the force produced by the viscous shear in the layers of fluid immedi-
ately adjacent to the body. It is always proportional to the wetted area,
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h 5 H(1 2 ek)

where k 5 2 r0t/H.
Time to climb to altitude h,

t 5 2.303
H

r0

log
H

H 2 h

The maximum distance that an airplane can fly is called its range, and
the length of time that it can remain flying, its endurance. If W0 is the
weight in pounds fully loaded and W1 the weight after having consumed
its fuel at the rate of C lb/(bhp ? h), then for propeller-driven aircraft,

Range 5 863.5
h

C
?

L

D
? log

W0

W1

mi

Endurance 5 750
√W

Vc

?
h

C
?

L

D
S 1

√W1

2
1

√W0

D hours

where h is the average propulsive efficiency and L/D 5 CL/CD is the
ratio of lift to drag. Vc is the cruising speed, mi/h, at any gross weight
W, lb. See Table 11.4.3 for dimensions and performance of selected
airplanes.

Power Available The maximum efficiency hm and the diameter of a
propeller to absorb a given power at a given speed and rpm are found
from a propeller-performance curve. The thrust horsepower at maxi-
mum speed PTm is found from PTm 5 hm Pm . The thrust horsepower at
any speed can be approximately determined from the ratios given in the
following table:

V/Vmax 0.20 0.30 0.40

PT/PTmHFixed-pitch propeller 0.29 0.44 0.57
constant-rpm propeller 0.47 0.62 0.74

The brake horsepower of an engine decreases with increase of altitude.
The variation of PT with altitude depends on engine and propeller char-
acteristics with average values as follows:

h, ft 0 5,000 10,000 15,000 20,000 25,000

PT/PT0 (fixed pitch) 1.00 0.82 0.66 0.52 0.41 0.30
PT/PT0 (controllable

pitch) 1.00 0.85 0.71 0.59 0.48 0.38

Performance with Jet Thrust In all cases where jet thrust consti-
0 0.60 0.70 0.80 0.90 1.00 1.10
8 0.77 0.84 0.90 0.96 1.00 1.03
2 0.88 0.93 0.97 0.99 1.00 1.00

i.e., the total surface exposed to the air.
Eddy-making drag, sometimes called form drag, is due to the distur-

bance or wake created by the body. It is a function of the shape of the
body.

The total drag of a body may be composed of the two components in
any proportion, varying from almost pure skin friction for a plate edge-
wise or a good streamline form to 100 percent form drag for a flat plate
normal to the wind. A steamline form is a shape having very low
form drag. Such a form creates little disturbance in moving through a
fluid.

When air flows past a surface, the layer immediately adjacent to the
surface adheres to it, or the tangential velocity at the surface is zero. In
the transition region near the surface, which is called the boundary layer,
the velocity increases from zero to the velocity of the stream. When the
flow in the boundary layer proceeds as if it were made up of laminae
sliding smoothly over each other, it is called a laminar boundary layer. If
there are also irregular motions in the layers normal to the surface, it is a
turbulent boundary layer. Under normal conditions the flow is laminar at
low Reynolds numbers and turbulent at high Re with a transition range
of values of Re extending between 5 3 105 and 5 3 107. The profile-
drag coefficients corresponding to these conditions are shown in Fig.
11.4.12.

For laminar flow the friction-drag coefficient is practically indepen-
dent of surface roughness and for a flat plate is given by the Blasius
equation,

CDF 5 2.656/√Re

The turbulent boundary layer is thicker and produces a greater fric-
tional drag. For a smooth flat plate with a turbulent boundary layer

CDF 5 0.91/ log Re2.58

For rough surfaces the drag coefficients are increased (see von Kármán,

Jour. Aeronaut. Sci., 1, no. 1, 1934). The drag coefficients as given
above are based on projected area of a double-surfaced plane. If wetted
area is used, the coefficients must be divided by 2. The frictional drag is
DF 5 CDF qS, where S is the projected area, or DF 5 1⁄2CDF qA, where
A is the wetted area.
tutes either a part or all of the power source, it is necessary to use
graphical methods, plotting thrust and drag as functions of speed at each
altitude to be investigated. The major thrust corrections are those due to
losses in (1) the air intake, (2) the ducting system, and (3) the tailpipe.
(See Jet Propulsion and Aircraft Propellers.)

An excess thrust T, lb, at a speed V, mi/h, is equivalent to a thrust
horsepower PT 5 TV/375. The corresponding rate of climb is dh/dt 5
33,000PT/W 5 88TV/W.

For jet-driven aircraft, range and endurance can be determined from

Range 5 1.9285S 1

√rS
D ?

1

Ct

?
CL

1/2

CD

? (W0
1/2 2 W1

1/2) mi

and

Endurance 5
1

Ct

?
CL

CD

? logSW0

W1
D hours
Values of CDF for double-surfaced planes may be estimated from the
following tabulation:

Laminar flow (Blasius equation):

Re 10 102 103 104 105 106

CDF 0.838 0.265 0.0838 0.0265 0.0084 0.0265

Turbulent flow:

Re 105 106 107 108 109 1010

CDF 0.0148 0.0089 0.0060 0.0043 0.00315 0.0024

These are double-surface values which facilitate direct comparison
with wing-drag coefficients based on projected area. For calculations
involving wetted area, use one-half of double-surface coefficients. In-
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Table 11.4.3 Principal Dimensions and Performance of Typical Airplanes*

Aero McDonnell
Commander BAC Beech Bell Boeing Boeing Lockheed Douglas Douglas Piper Sikorsky

Designation
model
no.

680 F-P One-Eleven Bonanza
S35

Ranger
47J2-A

747-
200B

727 1011-1 DC-8
Series
5D

DC-10-10 Super Cub
Pa
18-150

S-58

Type Executive
transport

Jet
transport

Business
plane

Executive
helicopter

Passenger Jet
transport

Passenger Jet
transport

Passenger Utility
plane

Helicopter

No.
passengers

5–7 63 4–6 4 374–500 70–114 256–400 116–176 255–380 2 12–18

Cargo
capacity,
lb

2,815 N.A. 270 1,120 8,550 20,850 50

Span, ft 49.5 83.5 33.4 37.0† 195.6 108.6 155.3 142.3 155.3 35.3 56.0†
Overall
length, ft

35.1 92.1 26.4 43.3 231.3 134.3 178.6 150.5 181.4 22.5 65.8

Overall
height, ft

14.5 23.8 6.5 9.3 63.4 34.0 55.3 42.3 58 6.7 14.3

Wing area,
ft2

255 980 181 Rotor 5,500 1,650 3,456 2,868 3,861 178.5 Rotor

Weight
empty, lb‡

5,185 58,000 1,885 1,730 361,216 86,000 234,275 124,529 231,779 930 7,900

Weight
gross, lb

8,000 73,800 3,300 2,850 775,000 142,000 430,000 310,000 430,000 1,750 13,000

Power plant (2) Lyc
IGSO-
540B1A

(2) RR
Spey 2

Con IO-
520-B

Lyc
VO540

JT9D-3,
-7

(3) PW
JT8D-1

RB-211-
22B

(4) PW
JT3D-3

CF6-6D Lyc O-
320

WR R1820

High speed,
knots

252 469 184 91 528 539 530 521 530 113 106

Cruise
speed,
knots

220 441 178 81 478 513 473 472 473 100 84

Landing
speed,
knots

91 N.A. 54 0 140 121 125 133 138 37 0

Range,
nautical
miles

1,310 1,700 1,145 260 5,748 2,320 2,500 8,600 2,110 460 247

* ft 3 0.305 5 m; ft2 3 0.0929 5 m2; lb m 3 0.454 5 kg.
† Rotor diameter.
‡ Operating weight empty (includes trapped oil).
N.A. Not available.

terpolations in the foregoing tables must allow for the logarithmic func-
tions; i.e., the variation in CDF is not linear with Re.

Drag Coefficients of Various Bodies

For bodies with sharp edges the drag coefficients are almost independent
of the Reynolds number, for most of the resistance is due to the differ-
ence in pressure on the front and rear surfaces. Table 11.4.4 gives CD 5
D/qS, where S is the maximum cross section perpendicular to the
wind.

For rounded bodies such as spheres, cylinders, and ellipsoids the drag
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coefficient depends markedly upon the Reynolds number, the surface
roughness, and the degree of turbulence in the airstream. A sphere and a
cylinder, for instance, experience a sudden reduction in CD as the Rey-
nolds number exceeds a certain critical value. The reason is that at low
speeds (small Re) the flow in the boundary layer adjacent to the body is
laminar and the flow separates at about 83° from the front (Fig.
11.4.21). A wide wake thus gives a large drag. At higher speeds (large
Re) the boundary layer becomes turbulent, gets additional energy from
the outside flow, and does not separate on the front side of the sphere.
The drag coefficient is reduced from about 0.47 to about 0.08 at a
critical Reynolds number of about 400,000 in free air. Turbulence in the
airstream reduces the value of the critical Reynolds number (Fig.
11.4.22). The Reynolds number at which the sphere drag CD 5 0.3 is

Fig. 11.4.21 Boundary layer of a sphere.
Fig. 11.4.22 Drag coefficients of a sphere as a function of Reynolds number
and of turbulence.

taken as a criterion of the amount of turbulence in the airstream of wind
tunnels.

Cylinders The drag coefficient of a cylinder with its axis normal to
the wind is given as a function of Reynolds number in Fig. 11.4.23.
Cylinder drag is sensitive to both Reynolds and Mach number. Figure
11.4.23 gives the Reynolds number effect for M 5 0.35. The increase in
CD because of Mach number is approximately:

M 0.35 0.4 0.6 0.8 1.0
CD increase, percent 0 2 20 50 70

(See NACA-TN 2960.)

Streamline Forms The drag of a streamline body of revolution de-
pends to a very marked extent on the Reynolds number. The difference
between extreme types at a given Reynolds number is of the same
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Table 11.4.4 Drag Coefficients

Object Proportions Attitude CD

1 1.16
4 1.17

Rectangular plate,
sides a and b

8a

b
5 12.5

25
50
`

1.23
1.34
1.57
1.76
2.00

Two disks, spaced a
distance l apart

1
1.5l

d
5 2

3

0.93
0.78
1.04
1.52

Cylinder

1
2l

d
5 4

7

0.91
0.85
0.87
0.99

Circular disk 1.11

Hemispherical cup,
open back

0.41

Hemispherical cup,
open front,
parachute

1.35

Cone, closed base a 5 60°, 0.51
a 5 30°, 0.34

basis of contained volume is obtained with a fineness ratio of the order
of 4 to 6 (see NACA-TR 291).

The following table gives the ordinates for good streamline shapes:
the Navy strut, a two-dimensional shape; and the Class C airships, a
three-dimensional shape. Streamline shapes for high Mach numbers
have a high fineness ratio.

Percent length 1.25 2.50 4.00 7.50 10.0 12.50
Percent Navy strut 26 37.1 52.50 63.00 72.0 78.50
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Fig. 11.4.23 Drag coefficients of cylinders and spheres.

order as the change in CD for a given form for values of Re from 106 to
107.

Tests reported in NACA-TN 614 indicate that the shape for minimum
drag should have a fairly sharp nose and tail. At Re 5 6.6 3 106 the best
forms for a fineness ratio (ratio of length to diameter) 5 have a drag

D 5 0.040qA 5 0.0175qV 2/3

where A 5 max cross-sectional area and V 5 volume. This value is
equivalent to about 1.0 lb/ft2 at 100 mi/h. For Re . 5 3 106, the drag
coefficients vary approximately as Re0.15.

Minimum drag on the basis of cross-sectional or frontal area is ob-
tained with a fineness ratio of the order of 2 to 3. Minimum drag on the
of max H Class C
ordinate airship 20 33.5 52.60 65.80 75.8 83.50

Percent length 20 40 60 80 90
Percent Navy strut 91.1 99.5 86.1 56.2 33.8

of max H Class C
ordinate airship 94.7 99.0 88.5 60.5 49.3

Test data on the RM-10 shape are given in NACA-TR 1160. This shape is
a parabolic-arc type for which the coordinates are given by the equation
rx 5 X/7.5(1.0 2 X/L).

Struts Drag coefficients for streamline struts are given in the form

CD 5 D/qSf 5 D/qdl

where Sf is the projected frontal area; d is the thickness, ft; and l is the
length, ft. The variation of CD with Re for a Navy No. 1 strut of fineness
ratio 3 is as follows:
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Re 3 1025 0.75 1.0 1.25 1.5 2.0 3.0 4.0
CD 0.114 0.102 0.093 0.088 0.085 0.077 0.073

Wing-Profile Drag For accurate basic values of profile drag it is
necessary to refer to test data on the wing section employed. In the
absence of test data, the following approximate values may be used:

Average t /c 0.10 0.12 0.14 0.16

5
7

r u

in pounds at 100 mi/h for a fixed-slot NACA-type cowl is as
follows:

Engine diam, in 40 44 48 52 56
Drag, lb at 100 mi/h 28 34 40 47 54

If adjustable cowl flaps or controlled airflow is used, the engine drag
need not vary as the square of the speed; it may remain substantially
constant. Theoretically, it is possible to cool an engine by forced cool-
ing at an expenditure of about 2 percent of the engine power.
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BasicH CD0 0.0058 0.0060 0.0063 0.0067
D0 /S 0.148 0.154 0.161 0.171

Best wingH CD0 0.0078 0.0080 0.0083 0.0087
D0 /S 0.20 0.205 0.212 0.223

Average roughnessH CD0 0.0098 0.0100 0.0103 0.0107
D0 /S 0.25 0.256 0.264 0.274

The ‘‘basic’’ values are for a perfectly smooth wing of infinite aspect
ratio, ‘‘best wing’’ values are for smooth full flush-riveted construc-
tion, and ‘‘average-roughness’’ values are for flush-riveted leading-
edge with brazier head rivets back of the 20 percent chord point.
CD0 is the profile-drag coefficient (D0 5 CD0qS ). The values of D0 /S are
drags in lb/ft2 of projected wing area at 100 mi/h in standard air (q0

525.58 lb/ft2). t /c is the maximum wing thickness as a fraction of the
chord.

Faired values of NACA data on symmetrical sections at Re 5 8 3 106

give the variation of minimum CD0 and CDA with thickness as
follows:

NACA section 0006 0009 0012 001
Min CD0 0.0051 0.0056 0.0061 0.006
CDA (see below) 0.085 0.062 0.050 0.045

NOTE: CDA is the drag coefficient based on the frontal area. The 00 section is also suitable fo

Drag of Tail Surfaces Owing to joints, control balances, and inter-
ference effects, the drag of a control surface is much higher than that of
the basic section. The average value is about 0.40 lb/ft2 at 100 mi/h in

standard density.

Streamline Wire The drag coefficient of a standard streamline wire
of lenticular or elliptical cross section is given as a function of Reynolds
number in Fig. 11.4.24.

The drag coefficients of wires and cables are also shown in Fig.
11.4.24.

Elliptic Cylinders
0018 0021 0025 0030 0035
0.0073 0.0080 0.0089 0.0103 0.0120
0.041 0.038 0.036 0.034 0.034

se in struts or fairings. (See NACA-TR 628, 647, 669, 708.)

Fig. 11.4.24 Drag coefficients of wires.

The average drag coefficient of a nacelle is CD 5 0.20, based on
frontal area. This is equivalent to about 5.0 lb/ft2 at 100 mi/h. A very
clean form may be as low as 3 lb/ft2 at 100 mi/h. The drag of a pure
streamline form would be of the order of 1 lb/ft2 at 100 mi/h (see

NACA-TR 313, 314, and 415).

Fuselage Drag Owing to various projections and irregularities in
the surface, the drag of an average airplane fuselage is considerably
greater than the drag of a pure streamline form. Since the increase is due
in effect to a substantially constant drag increment, the drag per unit of
cross-sectional area tends to decrease with increase in the size of the
Fineness
ratio CD when Re is

3 3 104 6 3 104 1 3 105 2 3 105

1 : 1 1.20 1.22 1.22 1.23
2 : 1 0.62 0.57 0.46 0.35
4 : 1 0.32 0.32 0.30 0.24
8 : 1 0.27 0.23 0.22 0.21

The above data are for M , 0.4. For additional data see NACA-TR 619.

CL and CD for inclined wires are as follows:

Angle of attack, deg 0 15 30 45 60 75 90
CL 0 0.09 0.25 0.39 0.42 0.27 0
CD 0.01 0.05 0.17 0.46 0.77 1.01 1.12

CL and CD are based on the area S 5 LD, where L is the length and D the diam, ft.

(Additional data on prismatic cylinders are given in NACA-TR 619 and
NACA-TN 3038.)

Engine Drag, Nacelle Drag The drag of an uncowled air-cooled
engine is approximately D 5 0.050d2(V/100)2, where d is the overall
diameter of the engine, in, and V is the speed, mi/h. The average drag
fuselage. At 100 mi/h the drag in lb/ft2 will be approximately as fol-
lows:

A, ft2 10 15 20 40 60
D/A, average 5.5 4.5 4.0 3.3 3.0
D/A, lower limit 4.0 3.3 3.0 2.4 2.3

Cockpit enclosures if properly designed and blended into fuselage lines,
do not appreciably increase the fuselage drag coefficient. Sharp junc-
tures must be avoided. The best fairing radius is approximately 25 per-
cent of the enclosure height. Length of tail fairing should be 4 3 height
(see NACA-TR 730).

Seaplane Floats, Flying-Boat Hulls The drag of a seaplane float is
between 3 and 6 lb/ft2 at 100 mi/h, depending on the lines. The step
accounts for 5 to 10 percent of the drag.

The drag of a flying-boat hull is comparable to, but slightly higher
than, the drag of a fuselage of the same cross-sectional area. Average
values at 100 mi/h are as follows:

A, ft2 40 60 80 100
D/A, lb/ft2 4.5 4.3 4.1 4.0
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Wire Mesh Measurements on square pieces of exposed wire mesh
have given the following results:

Percent area blocked 100 80 60 50 40 30 20
Percent flat plate, CD 100 92 77 60 43 26 10

The pressure drop through a screen in a tube is given by

Dp 5 CDq 5 1⁄2CDrV 2

dynamically stable if the oscillations produced by the static stability are
rapidly damped out. If it is statically unstable, any departure tends to
increase, there being an upsetting moment instead of a restoring mo-
ment. If it is dynamically unstable, the oscillations due to static stability
tend to increase in amplitude with time. Static stability or a condition of
stable equilibrium is necessary to obtain dynamic stability, but static
stability does not ensure dynamic stability. Too much static stability
may cause dynamic instability if damping is inadequate.

The common method of getting static longitudinal stability is by means
of a tail surface. A wing alone has a lift force L acting at the a.c. and a
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where CD is a function of the percent area blocked as follows:

Percent area blocked 20 30 40 50 60 70
CD 0.20 0.45 0.90 1.60 3.40 7.20

(See Br. ARC-R&M 1469.)

Interference Drag The total drag of two objects in close proximity
is generally greater than the sum of the individual free-flow drags. The
increase (or decrease) is known as interference drag. It is especially
important where the wing is one component and the fuselage or a na-
celle the other component. In this case it may be reduced to a minimum
by an appropriate fairing or ‘‘fillet’’ in the path of the expanding flow
(see NACA-TN 460).

The interference drag of two parallel streamline struts is as follows:

Spacing/thickness 5 4 3 2 1.5 1.25
D/D0 1.00 1.06 1.12 1.25 2.25 2.87

The interference drag of a strut intersection with a flat surface is a
function of the intersection angle u. The drag increase, expressed as an
equivalent length increase DL in diameters, is as follows:

u, deg 90 70 60 50 40 30 20
DL 0 1.5 2.5 4.0 6.0 9.5 14.0

Nonintrusive flow field measurements about airfoils can be made by
laser Doppler velocimeter (LDV) techniques. A typical LDV measure-
ment system setup is shown in Fig. 11.4.25. A seeded airflow generates
the necessary reflective particles to permit two-dimensional flow direc-
tions and velocities to be accurately recorded.

Beamsplitter

Laser

Airflow

Receiving
lens

PhotomultiplierLaser beam

Lens

Fig. 11.4.25 Typical laser doppler velocimeter measurement system.

STABILITY AND CONTROL

Control An airplane is controlled in flight by imposing yawing,
pitching, and rolling moments by use of rudders, elevators, and ailerons.
This is known as the three-control system and is in almost universal use,
although it is possible to dispense with either the ailerons or the rudders
and so obtain a two-control system.

Controllability is separate and distinct from stability in physical sig-
nificance, but not necessarily so in flight. An airplane may be made
automatically stable by gyroscopic or other devices that actuate the
controls mechanically; it is inherently stable if, on disturbance from any
cause, the aerodynamic forces and moments induced always tend to
return the airplane to its original attitude.

Stability may be either static or dynamic. An airplane is statically
stable if the moments tend to return it to the original attitude. It is
moment M0 about the a.c. (Fig. 11.4.26). The moment is measured

L

LW Lt

l t

W

W

Wing alone

M0

M0

Wing with tail

Fig. 11.4.26 Longitudinal stability of an airplane.

positively as airplane nose-up. Most wings alone are ‘‘unstable’’ (posi-
tive lift-curve slope), though possessing a small negative moment (div-
ing moment). If there were no other air forces acting, this could be
balanced by putting the center of gravity of the airplane behind the a.c. a
distance d such that Wd 5 M0 . This arrangement would be in equilib-
rium but would be unstable. Upon a small increase in the angle of attack
such as by a gust, the lift force will be increased. This gives a moment
tending to increase further the angle of attack. The curve of the moment
of the air forces on a wing about the center of gravity thus starts from the
value M0 and becomes positive for larger angles of attack. The curve is
shown in Fig. 11.4.27. The positive slope of M versus a thus corre-
sponds to an unstable moment. When a horizontal tail surface is added,
a lift force also acts upon the tail. This gives a diving moment

Fig. 11.4.27 Longitudinal stability. Wing and foil moments.
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Mt 5 2 Lt ? lt . Upon an increase in the angle of attack a, the diving tail
moment is increased more rapidly than the stalling moment of the wing.
Thus, the combination is stable. The resultant curve of pitching moment
against angle of attack has a small negative slope. Too steep a slope
would indicate longitudinal stiffness and difficulty in control.

Rolling (or banking) does not produce any lateral shift in the center of
the lift, so that there is no restoring moment as in pitch. However, when
banked, the airplane sideslips toward the low wing. A fin placed above
the center of gravity gives a lateral restoring moment that can correct the
roll and stop the slip. The same effect can be obtained by dihedral, i.e.,

Hovering The hovering flight condition may be calculated from
basic rotor data given in Fig. 11.4.28. These data are taken from full-
scale rotor tests. Surface-contour accuracy can reduce the total torque
coefficient 6 to 7 percent. The power required for hovering flight is
greatly reduced near the ground. Observed flight-test data from various
sources are plotted in Fig. 11.4.29. The ordinates are heights above the
ground measured in rotor diameters.
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by raising the wing tips to give a transverse V. An effective dihedral of 1
to 3° on each side is generally required to obtain stability in roll. In
low-wing monoplanes, 2° effective dihedral may require 8° or more of
geometrical dihedral owing to interference between the wing and fuse-
lage.

In a yaw or slip the line of action of the lateral force depends on the
size of the effective vertical fin area. Insufficient fin surface aft will
allow the skid or slip to increase. Too much fin surface aft will swing
the nose of the plane around into a tight spiral. Sound design demands
sufficient vertical tail surface for adequate directional control and then
enough dihedral to provide lateral stability.

When moderate positive effective dihedral is present, the airplane
will possess static lateral stability, and a low wing will come up automat-
ically with very little yaw. If the dihedral is too great, the airplane may
roll considerably in gusts, but there is little danger of the amplitude ever
becoming excessive. Dynamic lateral stability is not assured by static
stability in roll and yaw but requires that these be properly proportioned
to the damping in roll and yaw.

Spiral instability is the result of too much fin surface and insufficient
dihedral.

HELICOPTERS

REFERENCES: Br. ARC-R & M 1111, 1127, 1132, 1157, 1730, and 1859. NACA-
TM 827, 836, 858. NACA-TN 626, 835, 1192, 3323, 3236. NACA-TR 434, 515,
905, 1078. NACA Wartime Reports L-97, L-101, L-110. NACA, ‘‘Conference on
Helicopters,’’ May, 1954. Gessow and Myers, ‘‘Aerodynamics of the Helicop-
ter,’’ Macmillan.

Helicopters derive lift, propulsion force, and control effect from adjust-
ments in the blade angles of the rotor system. At least two rotors are
required, and these may be arranged in any form that permits control
over the reaction torque. The common arrangements are main lift rotor;
auxiliary torque-control or tail rotor at 90°; two main rotors side by side;
two main rotors fore and aft; and two main rotors, coaxial and oppo-
sitely rotating.

Fig. 11.4.28 Static thrust performance of NACA 8-H-12 blades.

The helicopter rotor is an actuator disk or momentum device that
follows the same general laws as a propeller. In calculating the rotor
performance, the major variables concerned are diameter D, ft (radius
R); tip speed, Vt 5 VR, ft /s; angular velocity of rotor V 5 2pn, rad/s;
and rotor solidity q (5 ratio of blade area /disk area). The rotor perfor-
mance is usually stated in terms of coefficients similar to propeller
coefficients. The rotor coefficients are:

Thrust coefficient CT 5 T/r(VR)2pR2

Torque coefficient CQ 5 Q/r(VR)2pR3

Torque Q 5 5,250 bhp/rpm
Fig. 11.4.29 Observed ground effect on Sikorsky-type helicopters.

Effect of Gross Weight on Rate of Climb Figure 11.4.30 from Tal-
kin (NACA-TN 1192) shows the rate of climb that can be obtained by
reducing the load on a helicopter that will just hover. Conversely, given
the rate of climb with a given load, the curves determine the increase in
load that will reduce the rate of climb to zero; i.e., they determine the
maximum load for which hovering is possible.

Fig. 11.4.30 Effect of gross weight on the rate of climb of a helicopter.

Performance with Forward Speed The performance of a typical
single-main-rotor-type helicopter may be shown by a curve of CTR /CQR

plotted against m 5 v/pnD, where v is the speed of the helicopter, as in
Fig. 11.4.31. This curve includes the parasite-drag effects which are

Fig. 11.4.31 Performance curve for a single-main-rotor-type helicopter.
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appreciable at the higher values of m. It is only a rough approximation to
the experimentally determined values. CTR may be calculated to deter-
mine CQR , from which Q is obtained.

The performance of rotors at forward speeds involves a number of
variables. For more complete treatment, see NACA-TN 1192 and NACA
Wartime Report L-110.

GROUND-EFFECT MACHINES (GEM)

For data on air-cushion vehicles and hydrofoil craft, see Sec. 11.3 ‘‘Ma-

For subsonic regions flow behaves similarly to the familiar hydraulics
or incompressible aerodynamics: In particular, an increase of velocity is
associated with a decrease of stream-tube area, and friction causes a
pressure drop in a tube. There are no regions where the local flow
velocity exceeds sonic speed. For supersonic regions, an increase of ve-
locity is associated with an increase of stream-tube area, and friction
causes a pressure rise in a tube. M 5 1 is the dividing line between these
two regions. For transonic flows, there are regions where the local flow
exceeds sonic velocity, and this mixed-flow region requires special
analysis. For supersonic flows, the entire flow field, with the exception of

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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rine Engineering.’’

SUPERSONIC AND HYPERSONIC
AERODYNAMICS

REFERENCES: Liepmann and Roshko, ‘‘Elements of Gas Dynamics,’’ Wiley.
‘‘High Speed Aerodynamics and Jet Propulsion’’ 12 vols., Princeton. Shapiro,
‘‘The Dynamics and Thermodynamics of Compressible Fluid Flow,’’ Vols. I, II,
Ronald. Howarth (ed.), ‘‘Modern Developments in Fluid Mechanics—High
Speed Flow,’’ Vols. I, II, Oxford. Kuethe and Schetzer, ‘‘Foundations of Aerody-
namics,’’ Wiley. Ferri, ‘‘Elements of Aerodynamics of Supersonic Flows,’’ Mac-
millan. Bonney, ‘‘Engineering Supersonic Aerodynamics,’’ McGraw-Hill.

The effect of the compressibility of a fluid upon its motion is deter-
mined primarily by the Mach number M.

M 5 V/Vs (11.4.2)

where V 5 speed of the fluid and Vs 5 speed of sound in the fluid which
for air is 49.1 √T, where T is in °R and Vs in ft/s. The Mach number
varies with position in the fluid, and the compressibility effect likewise
varies from point to point.

If a body moves through the atmosphere, the overall compressibility
effects are a function of the Mach number M of the body, defined as

M 5 velocity of body/speed of sound in the atmosphere

Table 11.4.5 lists the useful gas dynamics relations between velocity,
Mach number, and various fluid properties for isentropic flow. (See also
Sec. 4, ‘‘Heat.’’)

V 2 5 2(h0 2 h) 5 2Cp(T0 2 T )

V 2

V 2
s0

5
M2

1 1
g 2 1

2
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S p

p0
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5
T

T0

5S r

r0
Dg21

5S Vs

Vs0
D2

5
1

1 1
g 2 1

2
M2

1⁄2rV 2

p0

5
(g/2)M2

S1 1
g 2 1

2
M2Dg/(g21)

(11.4.3)

S A

A*D2

5
1

M2 F 2

g 1 1 S1 1
g 2 1

2
M2DG(g11)/(g21)

where h 5 enthalpy of the fluid, A 5 stream-tube cross section normal
to the velocity, and the subscript 0 denotes the isentropic stagnation
condition reached by the stream when stopped frictionlessly and adia-
batically (hence isentropically). Vs0 denotes the speed of sound in that
medium.

The superscript * denotes the conditions occurring when the speed of
the fluid equals the speed of sound in the fluid. For M 5 1, Eqs. (11.4.2)
become

T *

T0

5SV *s
Vs0
D2

5
2

g 1 1

p*

p0

5S 2

g 1 1Dg/(g21)

(11.4.4)

r*

r0

5S 2

g 1 1D1/(g21)

For air p* 5 0.52828p0; r* 5 0.63394r0; T * 5 0.83333T0 .
the regime near stagnation areas, has a velocity higher than the speed of
sound.

The hypersonic regime is that range of very high supersonic speeds
(usually taken as M . 5) where even a very streamlined body causes
disturbance velocities comparable to the speed of sound, and stagnation
temperatures can become so high that the gas molecules dissociate and
become ionized.

Shock waves may occur at locally supersonic speeds. At low velocities
the fluctuations that occur in the motion of a body (at the start of the
motion or during flight) propagate away from the body at essentially the
speed of sound. At higher subsonic speeds, fluctuations still propagate
at the speed of sound in the fluid away from the body in all directions,
but now the waves cannot get so far ahead; therefore, the force coeffi-
cients increase with an increase in the Mach number. When the Mach
number of a body exceeds unity, the fluctuations instead of traveling
away from the body in all directions are actually left behind by the body.
These cases are illustrated in Fig. 11.4.32. As the supersonic speed is
increased, the fluctuations are left farther behind and the force coeffi-
cients again decrease.

Where, for any reason, waves form an envelope, as at M . 1 in Fig.
11.4.32, a wave of finite pressure jump may result.

The speed of sound is higher in a higher-temperature region. For a
compression wave, disturbances in the compressed (hence high-
temperature) fluid will propagate faster than and overtake distur-
bances in the lower-temperature region. In this way shock waves are
formed.

For a stationary normal shock wave, the fluid velocities V1 before and
V2 after the shock are related by

V1V2 5 (V *s )2 (11.4.5)

Other properties are given by

p2 2 p1 5 r1V1(V1 2 V2) (11.4.6)

T2
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(11.4.9a)

p20

p10

5Sg 1 1

2 D(g11)/(g21)

M2

3S1 1
g 2 1

2
M2D2 g/(g21)Sg 2

g 2 1

2M2 D2 1/(g21)

(11.4.9b)

The subscript 20 refers to the stagnation condition after the shock,
and the subscript 10 refers to the stagnation condition ahead of the
shock.

In a normal shock M, V, and p0 decrease; p, r, T, and s increase,
whereas T0 remains unchanged. These relations are given numerically
in Table 11.4.6.

If the shock is moving, these same relations apply relative to the
shock. In particular, if the shock advances into stationary fluid, it does
so at the speed V1 which is always greater than the speed of sound in the
stationary fluid by an amount dependent upon the shock strength.
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Table 11.4.5 Isentropic Gas Dynamics Relations

M

p

p0

V

Vs0

A

A*

1⁄2rV2

p0

rV

r0Vs0

r

r0

T

T0

Vs

Vs0

0.00 1.000 0.000 ` 0.000 0.000 1.000 1.000 1.000
0.05 0.998 0.050 11.59 0.002 0.050 0.999 0.999 1.000
0.10 0.993 0.100 5.82 0.007 0.099 0.995 0.998 0.999
0.15 0.984 0.150 3.91 0.016 0.148 0.989 0.996 0.998
0.20 0.972 0.199 2.964 0.027 0.195 0.980 0.992 0.996

0.25 0.957 0.248 2.403 0.042 0.241 0.969 0.988 0.994
0.30 0.939 0.297 2.035 0.059 0.284 0.956 0.982 0.991
0.35 0.919 0.346 1.778 0.079 0.325 0.941 0.976 0.988
0.40 0.896 0.394 1.590 0.100 0.364 0.924 0.969 0.984
0.45 0.870 0.441 1.449 0.123 0.399 0.906 0.961 0.980

0.50 0.843 0.488 1.340 0.148 0.432 0.885 0.952 0.976
0.55 0.814 0.534 1.255 0.172 0.461 0.863 0.943 0.971
0.60 0.784 0.580 1.188 0.198 0.487 0.840 0.933 0.966
0.65 0.753 0.624 1.136 0.223 0.510 0.816 0.922 0.960
0.70 0.721 0.668 1.094 0.247 0.529 0.792 0.911 0.954

0.75 0.689 0.711 1.062 0.271 0.545 0.766 0.899 0.948
0.80 0.656 0.753 1.038 0.294 0.557 0.740 0.887 0.942
0.85 0.624 0.795 1.021 0.315 0.567 0.714 0.874 0.935
0.90 0.591 0.835 1.009 0.335 0.574 0.687 0.861 0.928
0.95 0.559 0.874 1.002 0.353 0.577 0.660 0.847 0.920

1.00 0.528 0.913 1.000 0.370 0.579 0.634 0.833 0.913
1.05 0.498 0.950 1.002 0.384 0.578 0.608 0.819 0.905
1.10 0.468 0.987 1.008 0.397 0.574 0.582 0.805 0.897
1.15 0.440 1.023 1.018 0.407 0.569 0.556 0.791 0.889
1.20 0.412 1.057 1.030 0.416 0.562 0.531 0.776 0.881

1.25 0.386 1.091 1.047 0.422 0.553 0.507 0.762 0.873
1.30 0.361 1.124 1.066 0.427 0.543 0.483 0.747 0.865
1.35 0.337 1.156 1.089 0.430 0.531 0.460 0.733 0.856
1.40 0.314 1.187 1.115 0.431 0.519 0.437 0.718 0.848
1.45 0.293 1.217 1.144 0.431 0.506 0.416 0.704 0.839

1.50 0.272 1.246 1.176 0.429 0.492 0.395 0.690 0.830
1.55 0.253 1.274 1.212 0.426 0.478 0.375 0.675 0.822
1.60 0.235 1.301 1.250 0.422 0.463 0.356 0.661 0.813
1.65 0.218 1.328 1.292 0.416 0.443 0.337 0.647 0.805
1.70 0.203 1.353 1.338 0.410 0.433 0.320 0.634 0.796

1.75 0.188 1.378 1.387 0.403 0.417 0.303 0.620 0.788
1.80 0.174 1.402 1.439 0.395 0.402 0.287 0.607 0.779
1.85 1.161 1.425 1.495 0.386 0.387 0.272 0.594 0.770
1.90 0.149 1.448 1.555 0.377 0.372 0.257 0.581 0.762
1.95 0.138 1.470 1.619 0.368 0.357 0.243 0.568 0.754

2.00 0.128 1.491 1.688 0.358 0.343 0.230 0.556 0.745
2.50 0.059 1.667 2.637 0.256 0.219 0.132 0.444 0.667
3.00 0.027 1.793 4.235 0.172 0.137 0.076 0.357 0.598
3.50 0.013 1.884 6.790 0.112 0.085 0.045 0.290 0.538
4.00 0.007 1.952 10.72 0.074 0.054 0.028 0.238 0.488

4.50 0.003 2.003 16.56 0.049 0.035 0.017 0.198 0.445
5.00 0.002 2.041 25.00 0.033 0.023 0.011 0.167 0.408

10.00 0.00002 2.182 536.00 0.002 0.001 0.005 0.048 0.218

SOURCE: Emmons, ‘‘Gas Dynamics Tables for Air,’’ Dover Publications, Inc., 1947.

Fig. 11.4.32 Propagation of sound waves in moving streams.
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Table 11.4.6 Normal Shock Relations

M p2 /p1 p20 /p1 p20 /p10 M2 Vs2 /Vs1 V2 /V1 T2 /T1 r2 /r1

1.00 1.000 1.893 1.000 1.000 1.000 1.000 1.000 1.000
1.05 1.120 2.008 1.000 0.953 1.016 0.923 1.033 1.084
1.10 1.245 2.133 0.999 0.912 1.032 0.855 1.065 1.169
1.15 1.376 2.266 0.997 0.875 1.047 0.797 1.097 1.255
1.20 1.513 2.408 0.993 0.842 1.062 0.745 1.128 1.342

1.25 1.656 2.557 0.987 0.813 1.077 0.700 1.159 1.429
1.30 1.805 2.714 0.979 0.786 1.091 0.660 1.191 1.516
1.35 1.960 2.878 0.970 0.762 1.106 0.624 1.223 1.603
1.40 2.120 3.049 0.958 0.740 1.120 0.592 1.255 1.690
1.45 2.286 3.228 0.945 0.720 1.135 0.563 1.287 1.776

1.50 2.458 3.413 0.930 0.701 1.149 0.537 1.320 1.862
1.55 2.636 3.607 0.913 0.684 1.164 0.514 1.354 1.947
1.60 2.820 3.805 0.895 0.668 1.178 0.492 1.388 2.032
1.65 3.010 4.011 0.876 0.654 1.193 0.473 1.423 2.115
1.70 3.205 4.224 0.856 0.641 1.208 0.455 1.458 2.198

1.75 3.406 4.443 0.835 0.628 1.223 0.439 1.495 2.279
1.80 3.613 4.670 0.813 0.617 1.238 0.424 1.532 2.359
1.85 3.826 4.902 0.790 0.606 1.253 0.410 1.573 2.438
1.90 4.045 5.142 0.767 0.596 1.268 0.398 1.608 2.516
1.95 4.270 5.389 0.744 0.586 1.284 0.386 1.647 2.592

2.00 4.500 5.640 0.721 0.577 1.299 0.375 1.688 2.667
2.50 7.125 8.526 0.499 0.513 1.462 0.300 2.138 3.333
3.00 10.333 12.061 0.328 0.475 1.637 0.259 2.679 3.857
3.50 14.125 16.242 0.213 0.451 1.821 0.235 3.315 4.261
4.00 18.500 21.068 0.139 0.435 2.012 0.219 4.047 4.571

4.50 23.458 26.539 0.092 0.424 2.208 0.208 4.875 4.812
5.00 29.000 32.653 0.062 0.415 2.408 0.200 5.800 5.000

10.00 116.500 129.220 0.003 0.388 4.515 0.175 20.388 5.714

SOURCE: Emmons, ‘‘Gas Dynamics Tables for Air,’’ Dover Publications, Inc., 1947.

A shock wave may be oblique to a supersonic stream (see Fig. 11.4.33).
If so, it behaves exactly like a normal shock to the normal component of
the stream. The tangential component is left unchanged. Thus the re-
sultant velocity not only drops abruptly in magnitude but also changes
discontinuously in direction. Figure 11.4.34 gives the relations between
M1, M2, uw , and d.

Exact solutions also exist for supersonic flow past a cone. Above a
certain supersonic Mach number, a conical shock wave is attached to
the apex of the cone. Figures 11.4.35 and 11.4.36 show these exact
relations; they are so accurate that they are often used to determine the
Mach number of a stream by measuring the shock-wave angle on a cone
of known angle. For small cone angles the shock differs only slightly
from the Mach cone, i.e., a cone whose semiapex angle is the Mach
angle; the pressure on the cone is then given approximately by

p 2 p1 5 gp1M2
1d2(ln 2/d √M2

1 2 1) (11.4.11)
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Fig. 11.4.33 Shock polar.

If, for a given supersonic stream, the velocities following all possible
oblique shocks are plotted, a shock polar is obtained, as in Fig. 11.4.33.
For any given stream deflection there are two possible shock angles.
The supersonic flow past a wedge can, in principle, occur with either the
strong shock B or the weak shock A attached to the leading edge; in
practice only the weak shock occurs. The exact flow about the wedge
may be computed by Eqs. (11.4.5) to (11.4.9) or more easily with the
help of Fig. 11.4.34. For small wedge angles, the shock angle differs
only slightly from sin2 1(1/M), the Mach angle, and the velocity compo-
nent normal to this Mach wave is the speed of sound; the pressure jump
is small and is given approximately by

p 2 p1 5 (gp1M2
1/√M2

1 2 1)d (11.4.10)

where d is the wedge semiangle.
where d is the cone semiangle.
A nozzle consisting of a single contraction will produce at its exit a jet

of any velocity from M 5 0 to M 5 1 by a proper adjustment of the
pressure ratio. For use as a subsonic wind-tunnel nozzle where a uni-
form parallel gas stream is desired, it is only necessary to connect the
supply section to the parallel-walled or open-jet test section by a smooth
gently curving wall. If the radius of curvature of the wall is nowhere less
than the largest test-section cross-sectional dimension, no flow separa-
tion will occur and a good test gas stream will result.

Fig. 11.4.34 Oblique shock wave relations.
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in Table 11.4.7. These nozzles would perform as designed if it were not
for the growth of the boundary layer. Experience indicates that these
nozzles give a good first approximation to a uniform parallel supersonic
stream but at a somewhat lower Mach number.
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Fig. 11.4.35 Wave angles for supersonic flow around cones.

When a converging nozzle connects two chambers with the pressure
drop beyond the critical [( p/p0) , ( p*/p0)], the Mach number at the exit
of the nozzle will be 1; the pressure ratio from the supply section to the
nozzle exit will be critical; and all additional expansion will take place
outside the nozzle.

A nozzle designed to supply a supersonic jet at its exit must converge
to a minimum section and diverge again. The area ratio from the mini-
mum section to the exit is given in the column headed A/A* in Table
11.4.5. A converging-diverging nozzle with a pressure ratio p/p0 5 (gas
pressure)/(stagnation pressure), Table 11.4.5, gradually falling from
unity to zero will produce shock-free flow for all exit Mach numbers
from zero to the subsonic Mach number corresponding to its area ratio.
From this Mach number to the supersonic Mach number corresponding
to the given area ratio, there will be shock waves in the nozzle. For all
smaller pressure ratios, the Mach number at the nozzle exit will not
change, but additional expansion to higher velocities will occur outside
of the nozzle.

To obtain a uniform parallel shock-free supersonic stream, the con-
verging section of the nozzle can be designed as for a simple converging
nozzle. The diverging or supersonic portion must be designed to pro-
duce and then cancel the expansion waves. A series of designs are given

Table 11.4.7 Typical Nozzle Ordinates

M 1.99 2.42 2.82
u0 7° 9° 12°

x y x y x y

0 7.50 0 7.50 0 7.50
4.38 7.42 4.52 7.42 5.62 7.40
8.36 7.28 8.69 7.28 9.70 7.26

11.97 7.09 12.47 7.08 13.38 7.07
15.19 6.88 15.91 6.84 16.64 6.84
18.06 6.62 19.04 6.56 19.67 6.57
20.65 6.35 21.80 6.27 22.35 6.29
21.84 6.20 24.34 5.96 24.80 5.99

26.57 5.65 26.95 5.69
xt 4.48 27.48 5.49 28.90 5.37

30.70 5.07
xt 3.06 32.20 4.77

32.90 4.62

xt 2.10

SOURCE: Puckett, Supersonic Nozzle Design, Jour. Applied Mechanics, 13, no. 4, 1948.
3.24 3.62 4.04

Fig. 11.4.36 Pressure calculations for supersonic flow around cones.

For rocket nozzles and other thrust devices the gain in thrust obtained
by making the jet uniform and parallel at complete expansion must be
balanced against the loss of thrust caused by the friction on the wall of
the greater length of nozzle required. A simple conical diverging sec-
13° 14° 15°

x y x y x y

0 7.50 0 7.50 0 7.50
4.94 7.41 5.52 7.40 5.94 7.40
9.43 7.26 10.39 7.23 11.20 7.21

13.47 7.05 14.89 7.00 16.10 6.96
17.15 6.79 18.75 6.73 20.22 6.67
20.41 6.50 22.24 6.42 23.94 6.34
23.41 6.19 25.39 6.09 27.17 6.00
26.03 5.87 28.08 5.76 30.11 5.64
28.42 5.53 30.56 5.41 32.69 5.28
30.46 5.21 32.73 5.07 34.95 4.92
32.35 4.87 34.66 4.73 36.96 4.57
33.99 4.56 36.35 4.40 38.69 4.23
35.44 4.25 37.87 4.08 40.26 3.90
36.13 4.09 39.20 3.77 41.62 3.58

39.80 3.62 42.79 3.29
xt 1.41 43.32 3.15

xt 0.988
xt 0.673
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tion, cut off experimentally for maximum thrust, is generally used (see
also Sec. 11.5 ‘‘Jet Propulsion and Aircraft Propellers’’).

For transonic and supersonic flow, diffusers are used for the recovery
of kinetic energy. They follow the test sections of supersonic wind
tunnels and are used as inlets on high-speed planes and missiles for ram
recovery. For the first use, the diffuser is fed a nonuniform stream from
the test section (the nonuniformities depending on the particular body
under test) and should yield the maximum possible pressure-rise ratio.
In missile use the inlet diffuser is fed by a uniform (but perhaps slightly
yawed) airstream. The maximum possible pressure-rise ratio is impor-

11.4.8. Any pressure ratio greater than this is satisfactory. The extra
pressure ratio is automatically wasted by additional shock waves that
appear in the diffuser. The compression ratio required of the compressor
system must be greater than that of Table 11.4.8 by at least an amount
sufficient to take care of the pressure drop in the ducting and valves. The
latter losses are estimated by the usual hydraulic formulas.

After selecting a compressor system capable of supplying the re-
quired maximum pressure ratio, the test section area is computed from

A 5 1.73
Q A pe ft2 (11.4.12)
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tant but must provide a sufficiently uniform flow at the exit to assure
good performance of the compressor or combustion chamber that fol-
lows.

In simplest form, a subsonic diffuser is a diverging channel, a nozzle in
reverse. Since boundary layers grow rapidly with a pressure rise, sub-
sonic diffusers must be diverged slowly, 6 to 8° equivalent cone angle,
i.e., the apex angle of a cone with the same length and area ratio.
Similarly, a supersonic diffuser in its simplest form is a supersonic nozzle
in reverse. Both the convergent and divergent portions must change
cross section gradually. In principle it is possible to design a shock-free
diffuser. In practice shock-free flow is not attained, and the design is
based upon minimizing the shock losses. Oblique shocks should be
produced at the inlet and reflected a sufficient number of times to get
compression nearly to M 5 1. A short parallel section and a divergent
section can now be added with the expectation that a weak normal shock
will be formed near the throat of the diffuser.

An efficient diffuser for a supersonic inlet is illustrated in Fig.
11.4.37. The central body has stepped cones, each one of which pro-
duces an oblique conical shock wave. After two or three such weak
shock compressions, the air flows at about M 5 1 into an annular
opening and is further compressed by an internal normal shock and by
subsonic diffusion. NACA-TM 1140 describes this diffuser. A ratio of
pressure after diffusion to the total pressure in the atmosphere of as high
as 0.6 is obtained with such diffusers at a Mach number of 3. The
indications are that higher efficiencies are obtainable by careful design.

Fig. 11.4.37 Oblique-shock diffuser for ram recovery on a supersonic-plane air
intake (Oswatitsch diffuser).

For a supersonic wind tunnel, the best way to attain the maximum
pressure recovery at a wide range of operating conditions is to make the
diffuser throat variable. The ratio of diffuser-exit static pressure to the
diffuser-inlet (test-section outlet) total pressure is given in Table 11.4.8.
These pressure recoveries are attained by the proper adjustment of the
throat section of a variable diffuser on a supersonic wind-tunnel nozzle.

Table 11.4.8

M 1 1.5 2 3 4
pe /p0 0.83 0.69 0.50 0.23 0.10

A supersonic wind tunnel consists of a compressor or compressor sys-
tem including precoolers or aftercoolers, a supply section, a supersonic
nozzle, a test section with balance and other measuring equipment, a
diffuser, and sufficient ducting to connect the parts. The minimum pres-
sure ratio required from supply section to diffuser exit is given in Table
Vs0 A* p0

where Q is the inlet volume capacity of the compressors, ft3/s; Vs0 is the
speed of sound in the supply section, ft/s; A/A* is the area ratio given in
Table 11.4.5 as a function of M; pe /p0 is the pressure ratio given in
Table 11.4.8 as a function of M.

The nozzle itself is designed for uniform parallel airflow in the test
section. Such designs are given in Table 11.4.7, which covers only the
part of the nozzle between the exit section and the maximum expansion
angle. Since for each Mach number a different nozzle is required, the
nozzle must be flexible or the tunnel so arranged that fixed nozzles can
be readily interchanged.

The Mach number of a test is set by the nozzle selection, and the
Reynolds number is set by the inlet conditions and size of model. The
Reynolds number is computed from

Re 5 Re0D( p0 /14.7)(540/T0)1.268 (11.4.13)

where Re0 is the Reynolds number per inch of model size for atmo-
spheric temperature and pressure, as given by Fig. 11.4.38, D is model
diam, in; p0 is the stagnation pressure, lb/in2; T0 is the stagnation tem-
perature, °R.

Fig. 11.4.38 Reynolds number–Mach number relation (for a fixed model size
and stagnation condition).

For a closed-circuit tunnel, the Reynolds number can be varied inde-
pendently of the Mach number by adjusting the mass of air in the
system, thus changing p0 .

Intermittent-wind tunnels for testing at high speeds do not require the
large and expensive compressors associated with continuous-flow tun-
nels. They use either a large vacuum tank or a large pressure tank (often
in the form of a sphere) to produce a pressure differential across the test
section. Such tunnels may have steady flow for only a few seconds, but
by careful instrumentation, sufficient data may be obtained in this time.
A shock tube may be used as an intermittent-wind tunnel as well as to
study shock waves and their interactions; it is essentially a long tube of
constant or varying cross section separated into two parts by a frangible
diaphragm. High pressure exists on one side; by rupturing the dia-
phragm, a shock wave moves into the gas with the lower pressure. After
the shock wave a region of steady flow exists for a few milliseconds.
Very high stagnation temperatures can be created in a shock tube, which
is not the case in a wind tunnel, so that it is useful for studying hyper-
sonic flow phenomena.

Wind-tunnel force measurements are subject to errors caused by the
model support strut. Wall interference is small at high Mach numbers
for which the reflected model head wave returns well behind the model.
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Near M 5 1, the wall interference becomes very large. In fact, the
tunnel chokes at Mach numbers given in Table 11.4.5, at

A

A*
5

1

1 2
area of model projected on test-section cross section

area of test-section cross sectionarea of test-section cross section
(11.4.14)

There are two choking points: one subsonic and one supersonic. Be-
tween these two Mach numbers, it is impossible to test in the tunnel. As
these Mach numbers are approached, the tunnel wall interference be-

ciated increase of drag and, often, flow separation at the base of the
shock.

The redistribution of pressures and the motion of shock waves over
the wing surfaces through the transonic regime demands special consid-
eration in the design of control surfaces so that they do not become
ineffective by separation or inoperative by excessive loading.

If a body is slender (i.e., planes tangent to its surface at any point
make small angles with the flight direction), the disturbance velocities
caused by this body will be small compared with the flight speed and,
excluding the hypersonic regime, small compared with the speed of
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comes very large.
For tests in this range of Mach number, specially constructed tran-

sonic wind tunnels with perforated or slotted walls have been built. The
object here is to produce a mean flow velocity through the walls that
comes close to that which would have existed there had the body been
moving at that speed in the open. Often auxiliary blowers are needed to
produce the necessary suction on the walls and to reinject this air into
the tunnel circuit in or after the diffuser section.

Drag is difficult to predict precisely from wind-tunnel measurements,
especially in the transonic regime. Flight tests of rocket-boosted models
which coast through the range of Mach numbers of interest are used to
obtain better drag estimates; from telemetered data and radar or optical
sighting the deceleration can be determined, which in turn yields the
drag.

LINEARIZED SMALL-DISTURBANCE THEORY

As the speed of a body is increased from a low subsonic value (Fig.
11.4.39a), the local Mach number becomes unity somewhere in the
fluid along the surface of the body, i.e., the lower critical Mach number
is reached. Above this there is a small range of transonic speed in which
a supersonic region exists (Fig. 11.4.39b). Shock waves appear in this
region attached to the sides of the body (Fig. 11.4.39c) and grow with
increasing speed. At still higher transonic speeds a detached shock wave
appears ahead of the body, and the earlier side shocks either disappear
or move to the rear (Fig. 11.4.39d). Finally, for a sharp-nosed body, the
head wave moves back and becomes attached (Fig. 11.4.39e). The flow
is now generally supersonic everywhere, and the transonic regime is
replaced by the supersonic regime. With the appearance of shock waves
there occurs a considerable alteration of the pressure distribution, and
the center of pressure on airfoil sections moves from the one-fourth
chord point back toward the one-half chord point. There is an asso-

Fig. 11.4.39 Regions of flow about an airfoil (Mach numbers are approximate).
sound. This permits the use of linearized small-disturbance theory to
predict the approximate flow past the body. This theory relates the
steady flow past the body at subsonic speeds to the incompressible flow
past a distorted version of this body (the ‘‘generalized Prandtl-Glauert
rule’’). To find the velocity components in the subsonic flow about any
slender body, first determine the velocity components, u, v, w (in the x,
y, z directions, respectively), in the incompressible flow, at the same
stream speed, about a stretched shape whose streamwise (x-axis direc-
tion) dimensions are 1/b times as great (b 5 √1 2 M2). The desired
velocity components are then b2 2u, b2 1v, b2 1w at corresponding
points of the stretched and unstretched bodies. For thin airfoil sections
this theory predicts

CL 5 2pa/ √1 2 M2 a in radians (11.4.15)

where L 5 CLqS and q 5 (g/2)p0M2. For finite-span wings and for
bodies, no such simple relations exist. However, an approximation to
the overall lift coefficient for thin flat wings of rectangular platform is
(see Fig. 11.4.41):

CL 5 2pAa/[2 1 √4 1 (bA)2] (11.4.16)

and the drag is made up of the induced drag due to lift and the skin-fric-
tion drag (see above, ‘‘Airfoils’’).

CD 5 (CL /pA)(1 1 0.01bA) 1 CDF (11.4.17)

At supersonic speeds, the Prandtl-Glauert rule is also applicable if we
replace b by l 5 √M2 2 1 and relate flow to flow past a stretched (or
compressed) body at M 5 √2, where l 5 1. For thin airflow sections (see
Fig. 11.4.40) this theory predicts

CL 5 4a/ √M2 2 1 a in radians (11.4.18)

CD 5
2

l
E1

0
FSdyu

dx
D2

1Sdyl

dx
D2G dSx

cD 1
4a2

l
1 CDF

(11.4.19)

where dyu /dx and dyl /dx are the slopes of the upper and lower surfaces
of the airfoil, respectively, and CDF is again the skin-friction drag coef-
ficient. Note that there is a drag due to thickness and a drag due to lift at
supersonic speeds for an airfoil section where there is none at subsonic
speeds. For symmetric double-wedge airfoil sections, the thickness drag
coefficient becomes (4/l)(t/c)2, and for symmetric biconvex airfoil sec-
tions it is (16/3l)(t/c)2, where t is the maximum thickness.

y

a
y,(x)

yu(x)

V1

c

x

t

Fig. 11.4.40 Supersonic airfoil section.

Within the acoustic approximation, a disturbance at a point in super-
sonic flow can affect only the points in the downstream Mach cone, i.e., a
conical region with apex at the point, axis parallel to the stream direc-
tion, and semicone angle equal to the Mach angle (see Fig. 11.4.32).
Thus a rectangular wing with constant airfoil section has two-dimen-
sional flow on all parts of the wing except the points within the tip Mach
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Fig. 11.4.41 Lift-coefficient curve slope for rectangular and delta wings (according to linearized theory).

Fig. 11.4.42 Drag due to lift for rectangular and delta wings (according to linearized theory).

cones. At Mach numbers near unity these tip Mach cones cover nearly
the entire wing, whereas at high Mach numbers they cover only a small
part. Figure 11.4.41 shows the lift-curve coefficient slope for flat
rectangular and delta plan-form wings at subsonic and supersonic speeds;
these predictions of acoustic theory are inaccurate for high-aspect-ratio
wings in the transonic regime, but elsewhere compare favorably with
experiment. Figure 11.4.42 shows the drag due to lift for the same
wings. The reduction in drag due to lift of the delta wing relative to the
rectangular wing at moderate supersonic speeds, predicted by acoustic
theory and shown in Fig. 11.4.42, is due to the fact that the delta-wing
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leading edge is swept back, and the component of velocity normal to the
leading edge is subsonic. This creates a leading-edge suction which
reduces the drag. This drag reduction is only partially realized in prac-
tice; a wing with a rounded leading edge realizes more of this reduction
than a wing with a sharp leading edge. Figure 11.4.43 shows the thick-
ness drag of the rectangular and delta wings, which occurs only at
supersonic speeds. Note again that the leading-edge sweepback of the
delta wing helps to reduce this drag at moderate supersonic speeds.

The lift of a slender axially symmetric body at small angle of attack is
nearly independent of Mach number and is given approximately by

CL 5 2a (11.4.20)

where the lift coefficient is based on the cross-sectional area of the base.
The drag for a 5 0 at subsonic speeds is made up of skin friction and
Fig. 11.4.43 Supersonic thickness drag coefficient for rectangular and delta
wings with a symmetrical double-wedge airfoil section (according to linearized
theory).
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base drag; a dead-air region exists just behind the blunt base, and the
pressure here is below ambient, causing a rearward suction which is the
base drag. At supersonic speeds a wave drag is added, which represents
the energy dissipated in shock waves from the nose. Figure 11.4.44
shows a typical drag-coefficient curve for a body of revolution where
the fineness ratio (ratio of length to diameter) is 12.2. The skin-friction
drag coefficient based on wetted area is the same as that of a flat plate,
within experimental error.

Cf
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Fig. 11.4.44 Drag coefficients for parabolic-arc (NACA-RM 10) body (calcula-
tions from experimental data for a 30,000-ft altitude, D 5 12 in, from NACR-TR
1160 and 1161, 1954).

At transonic and moderate supersonic speeds, the wave drag of a wing
body combination can be effectively reduced by making the cross-sec-
tional area distribution (including wings) a smooth curve when plotted
versus fuselage station. This is the area rule; its application results in a
decided indentation in the fuselage contour at the wing juncture. Lift
interference effects also occur, especially when the body diameter is not
small compared with the wing span. If the wing is attached to a cylin-
drical body, and if the wing-alone lift coefficient would have been CL ,
then the lift carried on the body is KBCL , and the lift carried on the wing
is KWCL . Figure 11.4.45 shows the variation of KB and KW with body
diameter to wing-span ratio.

Fig. 11.4.45 Wing-body lift-interface factors.

The effect of compressibility on skin-friction drag is slight at subsonic
speeds, but at supersonic speeds, a significant reduction in skin-friction
coefficient occurs. Figure 11.4.46 shows the turbulent-boundary-layer
mean skin-friction coefficient for a cone as a function of wall tempera-
ture and Mach number. An important effect at high speed is aerodynamic
heating.

Figure 11.4.47 illustrates the velocity profile behind the shock wave
of a body traveling at hypersonic speed. The shock-wave front repre-
Fig. 11.4.46 Laminar skin-friction coefficient for a cone.

sents an area of high-temperature gas which radiates energy to the body,
but boundary-layer convective heating is usually the major contributor.
Behind this front is shown the velocity gradient in the boundary layer.
The decrease in velocity in the boundary layer is brought about by the
forces of interaction between fluid particles and the body (viscosity).
This change in velocity is accompanied by a change in temperature and
is dependent on the characteristics of the boundary layer. For example,
heat transfer from a turbulent boundary layer may be of an order of
magnitude greater than for laminar flow.

Fig. 11.4.47 Velocity profile behind a shock wave.

If the gas is brought to rest instantaneously, the total energy in the
flow is converted to heat and the temperature of the air will rise. The
resulting temperature is known as the stagnation temperature (see stag-
nation point, Fig. 11.4.47).

TS 5 T` S1 1
g 2 1

2
M2D (11.4.21)

T` is the ambient temperature of the gas at infinity, and g is the
specific-heat ratio of the gas. For undissociated air, g 5 1.4.

In general, this simple, one-dimensional relationship between veloc-
ity and temperature does not hold for temperature in the boundary layer.
The laminae of the boundary layer are not insulated from each other,
and there is cross conduction. This is associated with the Prandtl number
Pr, which is defined as

Pr 5 Cp m/kr (11.4.22)

where kr 5 thermal conductivity of fluid, Cp 5 specific heat of fluid at
constant pressure, and m 5 absolute viscosity of fluid.

Defining the recovery factor r as the ratio of the rise in the idealistic
wall and stagnation temperature over the free-stream temperature,

r 5 (Taw 2 T`)/(Ts 2 T`) 5 (Pr)n (11.4.23)
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For laminar flow, r 5 (Pr)1/2; and for turbulent flow, r 5 (Pr)1/3.
Prandtl number Pr greatly complicates the thermal computations, but

since it varies only over a small range of values, a recovery factor of
0.85 is generally used for laminar flow and 0.90 for turbulent flow.

where Cp 5 specific heat of air; Cf 5 local skin-friction coefficient;
r0 5 density outside of boundary layer; V 5 velocity outside of bound-
ary layer; g 5 acceleration of gravity.

For a cone, kr 5 1,800 (laminar Re , 2 3 106) and kr 5 1,800r4/3

(turbulent).
For a flat-plate transition, Reynolds number is 1 3 106.
Figure 11.4.46 gives laminar-skin-friction coefficient for a cone. For

a flat plate, multiply Cf by √3/2. For turbulent skin-friction coefficient
for a cone,

0.242
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Fig. 11.4.48 Variation of stagnation and adiabatic wall temperature with Mach
number.

For a thermally thin wall, the rate of change of the surface tempera-
ture is a function of the rate of total heat input and the surface’s ability to
absorb the heat.

dTw /dt 5 qT /wcb (11.4.24)

where t 5 time, qT 5 forced convective heating 1 radiation heating 2
heat radiation from the skin, w 5 density of skin material, c 5 specific
heat of skin material, b 5 skin thickness, and Tw 5 skin temperature.

The heat balance may then be written

wcb SdTw

dt D 5 kcFT0S1 1 r
gB 2 1

2
M2

0D 2 TwG
1 aGsAp 2 esT 4

w (11.4.25)

where Ap 5 correction factor to account for area normal to radiation
source, gB 5 specific heat ratio of boundary layer, e 5 radiative
emissivity of surface, s 5 Stefan-Boltzmann constant [17.3 3 10210

Btu/(h ? ft2 ?°R4), a 5 surface absorptivity, Gs 5 solar irradiation Btu/
(h ? ft2).

For small time increments D t,

dTw

dt
5

Tw2 2 Tw1

Dt

Then

Tw2 5 Tw1 1
Dt

wcb HhcFT0S1 1
gB 2 1

2
M2

0D 2 TwG
1 aGsAp 2 T 4

wJ (11.4.26)

The local heat-transfer coefficient hc is defined as

hc 5
kr

r4/3
CpCfr0Vg (11.4.27)

Fig. 11.4.49 Stagnation-temperature probe (recovery factor 5 0.98).
√A2CfTw /T0

(sin21 c 1 sin21 u)

5 0.41 log
Re

2
Cf 2 1.26 log

Tw

T0

(11.4.28)

where

c 5
2A2 2 B

√B2 1 4A2
A2 5

(g0 2 1⁄2)M2
0

Tw /T0

u 5
B

√B2 1 4A2
B 5

1 1 (g0 2 1⁄2)M2
0

Tw /T0

2 1

For a flat plate, use Re instead of Re/2 in Eq. (11.4.28).
Figure 11.4.48 shows data on stagnation and adiabatic wall tempera-

tures.
The primary measurements in aerodynamics are pressure measure-

ments. A well-aligned pitot tube with an impact-pressure hole at its nose
and static-pressure holes 10 diameters or more back from the nose will
accurately measure the impact pressure and the static pressure of a uni-
form gas stream. Up to sonic speed the impact pressure is identical with
stagnation pressure, but at supersonic speeds, a detached shock wave
forms ahead of the probe, through which there is drop in stagnation
pressure; the portion of the shock wave just ahead of the probe is nor-
mal, so that the equation for water flow in layer form over horizontal
tubes (see ‘‘Transmission of Heat by Conduction and Convection’’ in
Sec. 4) gives the relation of the measured impact pressure to the isen-
tropic stagnation pressure.

Force measurements of total lift, drag, side force, pitching moment,
yawing moment, and rolling moment on models are made on wind-
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Fig. 11.4.50 Optical systems for observing high-speed flow phenomena.
(a) Interferometer; (b) Schlieren (two-mirror) system; (c) shadowgraph.
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tunnel balances just as at low speed. Small internal-strain-gage balances
are often used to minimize strut interference.

An open thermocouple is unreliable for determining stagnation tem-
perature if it is in a stream of high velocity. Figure 11.4.49 shows a
simple temperature probe in which the fluid is decelerated adiabatically
before its temperature is measured. The recovery factor used in equa-
tions, for this probe, accurately aligned to the stream, is 0.98.

Optical measurements in high-speed flow depend on the variation of
index of refraction with gas density. This variation is given by

where k 5 0.116 ft3/slug for air. A Mach-Zehnder interferometer (Fig.
11.4.50a), is capable of giving accurate density information for two-
dimensional and axially symmetric flows. The Schlieren optical system
(Fig. 11.4.50b) is sensitive to density gradients and is the most com-
monly used system to determine location of shock waves and regions of
compression or expansion. The shadowgraph optical system is the sim-
plest system (Fig. 11.4.50c) and is sensitive to the second space deriva-
tive of the density.

D
rd

equivalent to an actuator disk, which imparts only an axial acceleration
to the air flowing through it. The rotation of the actuator disk produces a
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n 5 1 1 kr (11.4.29)
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Newton’s reaction principle, based on the second and third laws of
motion, is the theoretical basis for all methods of propelling a body
either in (or on) a fluid medium or in space. Thus, the aircraft propeller,
the ships screw, and the jet propulsion of aircraft, missiles, and boats are
all examples of the application of the reaction principle to the propul-
sion of vehicles. Furthermore, all jet engines belong to that class of
power plants known as reaction engines.

Newton’s second law states that a change in motion is proportional to
the force applied; i.e. a force proportional to the rate of change of the
velocity results whenever a mass is accelerated: F 5 ma. This can be
expressed in a more convenient form as F 5 d(mv)/dt, which makes it
clear that the application of the reaction principle involves the time rate
of increase of the momentum (mv) of the body. It should be noted that
the same force results from either providing a small acceleration to a
large mass or a large acceleration to a small mass.

Newton’s third law defines the fundamental principle underlying all
means of propulsion. It states that for every force acting on a body there
is an equal and opposite reaction force.

The application of this reaction principle for propulsion involves the
indirect effect of increasing the momentum of a mass of fluid in one
direction and then utilizing the reaction force for propulsion of the
vehicle in the opposite direction. Thus, the reaction to the time rate of
increase of the momentum of that fluid, called the propulsive fluid,
creates a force, termed the thrust, which acts in the direction of motion
desired for the propelled vehicle. The known devices for achieving the
propulsion of bodies differ only in the methods and mechanisms for
achieving the time rate of increase in the momentum of the propulsive
fluid or matter.

The function of a propeller is to convert the power output of an
engine into useful thrust. To do this it accelerates a mass of air in the
direction opposite to the direction of flight, generating thrust via New-
ton’s reaction principle. Figure 11.5.1 illustrates schematically, in the
relative coordinate system for steady flow, the operating principle of the
ideal aircraft propeller. Power is supplied to the propeller, assumed to be
Fig. 11.5.1 Ideal propeller in the relative coordinate system.

Jet propulsion differs from propeller propulsion in that the propulsive
fluid (or matter), instead of being caused to flow around the propelled
body, is ejected from within the propelled body in the form of one or
more high-speed jets of fluid or particles. In fact, the jet propulsion
engine is basically designed to accelerate a large stream of fluid (or
matter) and to expel it at a high velocity. There are a number of ways of
accomplishing this, but in all instances the resultant reaction or thrust
exerted on the engine is proportional to the time rate of increase of the
momentum of the fluid. Thus, jet engines produce thrust in an analo-
gous manner to the propeller and engine combination. While the pro-
peller gives a small acceleration to a large mass of air, the jet engine
gives a larger acceleration to a smaller mass of air.

Theoretically, there are no restrictions on either the type of matter,
called the propellant, for forming a high-velocity jet or the means for
producing the propulsive jet. The selection of the most suitable propel-
lant and the most appropriate jet propulsion engine is dictated by the
specific mission for the propelled vehicle. For example, in the case of
the jet propulsion of a boat, termed hydraulic jet propulsion, the propul-
sive jet is formed from the water on which the boat moves. For the
practical propulsion of bodies through either the atmosphere or in space,
however, only two types of propulsive jets are suitable:

1. For propulsion within the atmosphere, there is the jet formed by
expanding a highly heated, compressed gas containing atmospheric air
as either a major or a sole constituent. Such an engine is called either an
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airbreathing or a thermal-jet engine. If the heating is accomplished by
burning a fuel in the air, the engine is a chemical thermal-jet engine. If the
air is heated by direct or indirect heat exchange with a nuclear-energy
source, the engine is termed a nuclear thermal-jet engine.

2. For propulsion both within and beyond the atmosphere of earth,
there is the exhaust jet containing no atmospheric air. Such an exhaust
jet is termed a rocket jet, and any matter used for creating the jet is called
a propellant. A rocket may consist of a stream of gases, solids, liquids,
ions, electrons, or a plasma. The assembly of all the equipment required
for producing the rocket jet constitutes a rocket engine.

diffuser the air is further diffused so that it arrives at the entrance to the
combustion chamber with the required low Mach number. If P0 is the
total pressure of the free-stream air having the Mach number M0 and P2

that for the air entering the combustion system with the Mach number
M2 , then it is desirable that P2 /P0 be a maximum.

In the combustion chamber a fuel is burned in the air, thereby raising
the total temperature of the gases entering the exhaust nozzle (see Sec.
7) to approximately T7 5 4260°R (2366 K). Most generally a liquid
hydrocarbon fuel is used, but experiments have been conducted with
solid fuels, liquid hydrogen, liquid methane, and ‘‘slurries’’ of metallic
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Modern airbreathing engines may be segregated into two principal
types: (1) ramjet engines, and (2) turbojet engines. The turbojet engines
are of two types: (1) the simple turbojet engine, and (2) the turbofan, or
bypass, engine.

Rocket engines can be classified by the form of energy used for
achieving the desired jet velocity. The three principal types of rocket
engines are (1) chemical rocket engines, (2) nuclear heat-transfer rocket
engines, and (3) electric rocket engines.

The propulsive element of a jet-propulsion engine, irrespective of
type, is the exhaust nozzle or orifice. If the exhaust jet is gaseous, the
assembly comprising all the other components of the jet-propulsion
engine constitutes a gas generator for supplying highly heated, high-
pressure gases to the exhaust nozzle.

These classifications of jet-propulsion engines apply to the basic
types of engines. It is possible to have combinations of the different
types of thermal-jet engines and also combinations of thermal-jet en-
gines with rocket engines; only the principal types are discussed here.

ESSENTIAL FEATURES OF AIRBREATHING OR
THERMAL-JET ENGINES

In the subsequent discussions a relative coordinate system is employed
wherein the atmospheric air flows toward the propulsion system with
the flight speed V0, and the gases leave the propulsion system with the
velocity w, relative to the walls of the propulsion system. Furthermore,
steady-state operating conditions are assumed.

Ramjet Engine Figure 11.5.2 illustrates schematically the essential
features of the simple ramjet engine. It comprises three major compo-
nents: a diffusion or inlet system, (0–2); a combustion chamber (2–7);
and an exhaust nozzle (7–9). In this simple ramjet engine, apart from
the necessary control devices, there are no moving parts. However, for
accelerating the vehicle or for operating at different Mach numbers, a
variable geometry diffuser and exhaust may be required.

Fig. 11.5.2 Ramjet engine.

The operating principle of the ramjet engine is as follows. The free-
stream air flowing toward the engine with a velocity V0 and Mach
number M0 is decelerated by the inlet diffuser system so that it arrives at
the entrance to the combustion chamber with a low Mach number, on
the order of M2 5 0.2. When the inlet-flow Mach number is supersonic,
this diffuser system consists of a supersonic diffuser followed by a
subsonic diffuser. The supersonic diffuser decelerates the inlet flow to
approximately unity Mach numbers at the entrance to the subsonic dif-
fuser; this deceleration is accompanied by the formation of shock waves
and by an increase in the pressure of the air (diffusion). In the subsonic
fuels in a liquid fuel. The combustion process is not quite isobaric
because of the pressure drops in the combustion chamber, because of
the increase in the momentum of the working fluid due to heat addition,
and because of friction. The hot gases are discharged to the atmo-
sphere, after expanding in the exhaust nozzle, with the relative velocity
w 5 V9 .

Since the ramjet engine can function only if there is a ram pressure
rise at the entrance to the combustion chamber, it is not self-operating at
zero flight speed. It must, therefore, be accelerated to a flight speed
which permits the engine to develop sufficient thrust for accelerating
the vehicle it propels to the design flight Mach number. Consequently, a
ramjet-propelled missile, for example, must either be launched by drop-
ping it from an airplane or be boosted to the required flight speed by
means of launching, or bootster, rockets. It appears that the most appro-
priate flight regime for the ramjet is at low to moderate supersonic Mach
numbers, between approximately M0 5 2 and 5. The lower limit is
associated with the necessary ram pressure rise while the upper limit is
set by the problem of either cooling or protecting the outer skin of the
engine body.

Scramjet Low-cost access to space is one of the major reasons for
the interest in hypersonic propulsion (speeds above Mach 5). A vehicle to
provide access to space must be capable of reaching very high Mach
numbers, since orbital velocity (17,000 mi/h) is about Mach 24. The
ramjet engine, which must slow the entering air to a low subsonic ve-
locity, cannot be used much above Mach 5 or 6. The solution is to
decelerate the flow in the engine to a supersonic Mach number lower
than the flight Mach number but greater than the local speed of sound.
This propulsion device is the supersonic combustion ramjet, or scramjet,
which is capable, in principle, of operation to Mach 24. As shown
schematically in Fig. 11.5.3, in contrast to the ramjet, the scramjet en-

Fig. 11.5.3 Ramjet and scramjet flow configurations.
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gine requires that fuel be added to the air, mixed, and burned, all at
supersonic velocities, which is a significant technical challenge.

The advantage derived from supersonic combustion of the liquid fuel
(usually liquid hydrogen) is that the diffuser of the scramjet engine is
required to decelerate the air entering the engine from M0 to only ap-
proximately M2 5 0.35 M0 instead of the M2 5 0.2, which is essential
with subsonic combustion. This elimination of the subsonic diffusion
increases the diffuser efficiency, reduces the static pressure in the com-
bustor (and, therefore, the engine weight and heat transfer rate), and
increases the velocity in the combustor (thereby decreasing engine

The thrust of the simple turbojet engine increases rapidly with T4 ,
because increasing T4 increases the jet velocity Vj . Actually, Vj in-
creases faster than the corresponding increase in T4 . It is also an inher-
ent characteristic of the gas-turbine engine which produces shaft power,
called a turboshaft engine, that its useful power increases proportionally
faster than a corresponding increase in its turbine inlet temperature T4 .
Because of the decrease in strength of turbine materials with increase in
temperature, the turbine blades, stators, and disks require cooling at
T4 . 2160°R (1200 K) approximately. T4 values are currently in the
2860 to 3260°R (1589 to 1811 K) range, and are being pushed toward
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frontal area). It is the combination of the above effects that makes
ramjet propulsion at high flight Mach numbers (. 7) feasible.

Pulsejets may be started and operated at considerably lower speeds
than ramjets. A pulsejet is a ramjet with an air inlet which is provided
with a set of shutters loaded to remain in the closed position. After the
pulsejet engine is launched, ram air pressure forces the shutters to open,
fuel is injected into the combustion chamber, and is burned. As soon as
the pressure in the combustion chamber equals the ram air pressure, the
shutters close. The gases produced by combustion are forced out the jet
nozzle by the pressure that has built up within the chamber. When the
pressure in the combustion chamber falls off, the shutters open again,
admitting more air, and the cycle repeats at a high rate.

Simple Turbojet Engine Figure 11.5.4 illustrates schematically the
principal features of a simple turbojet engine, which is basically a gas-
turbine engine equipped with a propulsive nozzle and diffuser. Atmo-
spheric air enters the engine and is partially compressed in the diffusion
system, and further compressed to a much higher pressure by the air
compressor, which may be of either the axial-flow or centrifugal type.
The highly compressed air then flows to a combustion chamber wherein
sufficient fuel is burned to raise the total temperature of the gases enter-
ing the turbine to approximately T4 5 2160°R (1200 K) for an uncooled
turbine. The maximum allowable value for T4 is limited by metallur-
gical and stress considerations; it is desirable, however, that T4 be as
high as possible. The combustion process is approximately isobaric.
The highly heated air, containing approximately 25 percent of combus-
tion products, expands in the turbine, which is directly connected to the
air compressor, and in so doing furnishes the power for driving the air
compressor. From the turbine the gases pass through a tailpipe which
may be equipped with an afterburner. The gases are expanded in a
suitably shaped exhaust nozzle and ejected to the atmosphere in the
form of a high-speed jet.

Fig. 11.5.4 Simple turbojet engine.

Like the ramjet engine, the turbojet engine is a continuous-flow en-
gine. It has an advantage over the ramjet engine in that its functioning
does not depend upon the ram pressure of the entering air, although the
amount of ram pressure recovered does affect its overall economy and
performance. The turbojet is the only airbreathing jet engine that has
been utilized as the sole propulsion means for piloted aircraft. It appears
to be eminently suited for propelling aircraft at speeds above 500 mi/h
(805 km/h). As the design flight speed is increased, the ram pressure
increases rapidly, and the characteristics of the turbojet engine tend to
change over to those of the ramjet engine. Consequently, its top speed
appears to be limited to that flight speed where it becomes more advan-
tageous to employ the ramjet engine. It appears that for speeds above
approximately 2,000 mi/h (3,219 km/h) it is advantageous to use some
form of a ramjet engine.
the 4,600°R (2556 K) stoichiometric limit of JP4 fuel. The cooling air is
bled from the compressor at the appropriate stage (or stages) and used to
cool the stator blades or rotor blades by convective, film, or transpira-
tion heat transfer. Up to 10 percent of the compressor air may be bled
for turbine cooling, and this air is ‘‘lost’’ for turbine work for that blade
row where it is used for cooling. Consequently ‘‘trade’’ studies must be
made to ‘‘weigh’’ the increased complexity of the engine and the tur-
bine work loss due to air bleed against the increased engine perfor-
mance associated with increased T4 .

As in the case of any gas-turbine power plant, the efficiencies of the
components of the turbojet engine have an influence on its performance
characteristics, but its performance is not nearly as sensitive to changes
in the efficiency of its component machines as is a gas turbine which
delivers shaft power. (See Sec. 9.)

As noted previously, two types of compressors are currently em-
ployed, the axial-flow compressor and the centrifugal compressor. Irre-
spective of the type, the objectives are similar. The compressor must be
reliable, compact, easy to manufacture, and have a small frontal area.
Because of the limited air induction capacity of the centrifugal com-
pressor, also called the radial compressor, engines for developing
thrusts above 7,000 lb (31 kN) at static sea level employ axial-flow
compressors (see Sec. 14).

The turbojet engine exhibits a rather flat thrust-versus-speed curve.
Because the ratio of the takeoff thrust to thrust in flight is small, certain
operational problems exist at takeoff. Since the exhaust gases from the
turbine contain considerable excess air, the jet velocity, and conse-
quently the thrust, can be increased by burning additional fuel in the
tailpipe upstream from the exhaust nozzle. By employing ‘‘tailpipe
burning,’’ or ‘‘afterburning,’’ as it is called, the thrust can be increased
by 35 percent and at 500 mi/h, in a tactical emergency, by approxi-
mately 60 percent. With afterburning, the temperature of the gases en-
tering the nozzle T7 , is of the order of 3800°R (2110 K).

Turbofan, or Bypass, Engine For a fixed turbine inlet temperature,
the jet velocity from a simple turbojet engine propelling an airplane at
subsonic speed is relatively constant. The propulsive efficiency depends
on the ratio of the flight speed to the jet velocity and increases as the
ratio increases. On the other hand, the thrust depends on the difference
between the jet velocity and the flight speed; the larger the difference,
the larger the thrust per unit mass of air induced into the engine. By
reducing the jet velocity and simultaneously increasing the mass rate of
airflow through the engine, the propulsive efficiency can be increased
without decreasing the thrust. To accomplish this, a turbofan or bypass
engine is required.

Figure 11.5.5 illustrates schematically the components of a turbofan
engine. There are two turbines, a low-pressure turbine (LPT) and a
high-pressure turbine (HPT); one drives the air compressor of the hot-
gas generator and the other drives the fan. Air enters the fan at the rate of
~maF and is ejected through the nozzle of area A7F with the jet velocity

VjF , Vj , where Vj is the jet velocity attained by the air flowing through
the hot-gas generator with the mass flow rate ~ma1 ; the hot-gas generator
is basically a turbojet engine.

A key parameter is the bypass ratio, defined as the ratio of the air mass
flow rate through the fan bypass duct to that through the hot-gas genera-
tor ( ~maF / ~ma1). Bypass ratios of about 5 to 10 are in use, with values of
about 5 utilized in modern large commercial transport engines, for ex-
ample, the Pratt & Whitney 4000 and the General Electric CF-6. The
hot-gas generator is basically a turbojet engine. The fuel is added to ~ma1

at the rate ~mf . The hot-gas stream ( ~ma1 1 ~mf ) is discharged to the
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atmosphere through A7 with the velocity Vj . Both types of turbofan
engine produce an ‘‘overall’’ jet velocity VjTF which is smaller than that
for a turbojet engine operating with the same P3 /P2 and T4 . The ar-
rangements shown in Fig. 11.5.5 are for subsonic propulsion. Fuel can,
of course, be burned in the fan air maF for increasing the thrusts of the

The next generation of large transport engines will be conventional
high-bypass engines, but will have a larger thrust capability and will
offer further improvements in specific fuel consumption, achieved by
using even higher overall pressure ratios (over 40 : 1) and turbine inlet
temperature (over 1850 K or 2870°F) combined with even more effi-
cient components (Fig. 11.5.6). Beyond these conventional high-bypass
engines, will be the ultrahigh-bypass-ratio engine in either a ducted or
open rotor form (Fig. 11.5.7). The ducted ultrahigh-bypass-ratio engine
features a counterrotating, reversible-pitch fan powered by a geared
core engine with an overall 80 : 1 cycle pressure ratio. It is likely to be
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Fig. 11.5.5 Two different schematic arrangements of components of turbofan
engines (subsonic flight). (a) Aft-fan turbofan engine; (b) ducted-fan turbofan
engine.

engines. Practically all the newer commercial passenger aircraft are
propelled by turbofan engines, and most of the older jet aircraft have
been refurbished with new turbofan engines. The advantage of the
lower effective jet velocity VjTF is twofold: (1) It increases the propul-
sive efficiency hp by reducing v 5 VjTF /V0 and, consequently, raises the
value of h0 . (2) The reduced jet velocity reduces the jet noise; the latter
increases with approximately the eighth power of the jet speed.

Fig. 11.5.6 Efficiency trends.
used on the larger aircraft, since it does not restrain the aircraft configu-
ration or flight speed and will provide a 35 percent improvement in fuel
burned over the most advanced current subsonic high-bypass engines.

Fig. 11.5.7 Ultrahigh-bypass-ratio engine configurations.

A highly loaded, multiblade swept variable-pitch propeller, the prop-
fan or advanced turboprop, could be combined with the latest turbine
engine technology. The resulting advanced turboprop would offer a
potential fuel saving of 50 percent over an equivalent-technology turbo-
fan engine operating at competitive speeds and altitudes because of the
turboprop’s much higher installed efficiency. To eliminate the gearbox
development for a 20,000 shaft horsepower engine, the propfans of the
unducted fan (UDF) engine were directly driven with counterrotating
turbine stages, a unique concept (Fig. 11.5.8). The projected specific

Fig. 11.5.8 UDF counterrotating turbine configuration.

fuel consumption at cruise for the resulting gearless, counterrotating
UDF engine was 30 percent lower than that of the most modern turbofan
engines, and about 50 percent lower than that of engines presently in use
on 150-passenger airplanes. The tremendous fuel-saving potential of the
turboprop has already been demonstrated. If economic conditions
change, this concept could replace conventional high-bypass-ratio tur-
bofans on small aircraft and military transports.
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ESSENTIAL FEATURES OF ROCKET ENGINES

Figure 11.5.9 is a block-type diagram illustrating the essential features
of a rocket engine, which comprises three main components: (A) a
supply of propellant material contained in the rocket-propelled vehicle,
(B) a propellant feed and metering system, and (C) a thrust chamber,
also called a rocket motor, thrustor, or accelerator. In any rocket engine,
energy must be added to the propellant as it flows through the thrustor.

Except in those cases where the operating duration of the rocket
motor is very short or where the combustion temperature is low, means
must be provided for protecting the interior walls of the motor. The two
most common methods are ablative cooling and regenerative cooling. In
ablative cooling the inner surfaces of the thrust chamber are covered with
an ablative material which vaporizes, thereby providing some cooling.
Ordinarily, the material leaves a ‘‘char’’ which acts as a high-tempera-
ture insulating material. For high-performance engines which are to
operate for relatively long periods, regenerative cooling is employed. In
regenerative cooling, one of the propellants is circulated around the walls

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Fig. 11.5.9 Essential features of a rocket engine.

In Figure 11.5.9 propellant material from the supply is metered and fed
to the thrust chamber, where energy is added to it. As a consequence of
the energy addition, the propellant is discharged from the thrustor with
the jet velocity Vj . The thrustor F acts in the direction opposite to that
for the jet velocity Vj .

Chemical Rocket Engines

All chemical rocket engines have two common characteristics: (1) They
utilize chemical reactions in a thrust chamber to produce a high-pres-
sure, high-temperature gas at the entrance to a converging-diverging
exhaust nozzle; (2) the hot propellant gas expands in flowing through
the exhaust nozzle, and the expansion process converts a portion of the
thermal energy, released by the chemical reaction, into the kinetic en-
ergy associated with a high-velocity gaseous-exhaust jet. Chemical
rocket engines may be grouped into (1) liquid-bipropellant rocket en-
gines, (2) liquid-monopropellant rocket engines, and (3) solid-propel-
lant rocket engines.

Liquid-Bipropellant Rocket Engine Figure 11.5.10 illustrates the
essential features of a liquid-bipropellant rocket engine employing tur-
bopumps for feeding two propellants, an oxidizer and a fuel, to a rocket
motor. The motor comprises (1) an injector, (2) a combustion chamber,
and (3) a converging-diverging exhaust nozzle. The liquid propellants
are fed under pressure, through the injector, into the combustion
chamber, where they react chemically to produce large volumes of

Fig. 11.5.10 Essential features of a liquid-bipropellant rocket engine.

high-temperature, high-pressure gases. For a given propellant combina-
tion, the combustion temperature Tc depends primarily on the oxidizer-
fuel ratio (by weight), termed the mixture ratio, and to a lesser extent
upon the combustion static pressure pc . When the mass rate of flow of
the liquid propellants equals that of the exhaust gases, the combustion
pressure remains constant—the mode of operation that is usually de-
sired.

If the bipropellants react chemically when their liquid streams come
in contact with each other, they are said to be hypergolic. Propellants
which are not hypergolic are said to be diergolic, and some form of
ignition system is required to initiate combustion.
before injection into the motor. In some engines the regenerative cool-
ing is combined with local liquid film cooling at critical areas of the
thrust chamber. See Table 11.5.1 for bipropellant combinations.

Refer to Figure 11.5.10. By removing the oxidizer tank, the oxidizer
pump, and the plumbing associated with the liquid oxidizer, one obtains
the essential elements of a liquid-monopropellant rocket engine. Such
an engine does not require a liquid oxidizer to cause the monopropellant
to decompose and release its thermochemical energy.

There are basically three groups of monopropellants: (1) liquids
which contain the fuel and oxidizer in the same molecule, e.g., hydro-
gen peroxide (H2O2) or nitromethane (CH3NO2); (2) liquids which
contain either the oxidizer or the fuel constituent in an unstable molecu-
lar arrangement, e.g., hydrazine (N2H4); and (3) synthetic mixtures of
liquid fuels and oxidizers. The most important liquid monopropellants
are hydrazine and hydrogen peroxide (up to 98% H2O2). Hydrazine can
be decomposed by a suitable metal catalyst, which is ordinarily packed
in a portion of the thrust chamber at the injector end. The decomposition
of hydrazine yields gases at a temperature of 2260°R (1265 K); the
gases are a mixture of hydrogen and ammonia. Hydrogen peroxide can
be readily decomposed either thermally, chemically, or catalytically.
The most favored method is catalytically; a series of silver screens
coated with samarium oxide is tightly packed in a decomposition
chamber located at the injector end of the thrust chamber. At Pc 5 300
psia, the decomposition of hydrogen peroxide (98%) yields gases hav-
ing a temperature of 2260°R (1256 K).

The specific impulse obtainable for a liquid monopropellant is con-
siderably smaller than that obtainable from liquid-bipropellant systems.
Consequently, monopropellants are used for such auxiliary purposes as
thrust vernier control, attitude reaction controls for space vehicles and
missiles, and for gas generation.

Solid-propellant Rocket Engine Figure 11.5.11 illustrates sche-
matically a solid-propellant rocket engine employing an internal-burn-
ing case-bonded grain; the latter burns radially outward at a substantially

Fig. 11.5.11 Essential features of an internal-burning case-bonded solid-
propellant rocket engine.

constant rate. A solid propellant contains both its fuel and the requisite
oxidizer. If the fuel and oxidizer are contained in the molecules forming
the solid propellant, the propellant is termed a double-base propellant.
Those solid propellants wherein a solid fuel and a solid oxidizer form an
intimate mechanical mixture are termed either composite or heteroge-
neous solid propellants. The chemical reaction of a solid propellant is
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Table 11.5.1 Calculated Values of Specific Impulse for Liquid Bipropellent Systemsa

[Pc 5 1,000 lbf/in2 (6,896 3 103 N/m2) to Pe 5 1 atm]
Shifting equilibrium; isentropic expansion; adiabatic combustion; one-dimensional flow

Temperature Tc

Oxidizer Fuel ~mo / ~mf r °R K c* I (s)

Chlorine trifluoride (CTF) Hydrazine 2.80 1.50 6553 3640 5961 293.1
(ClF3) MMHb 2.70 1.41 5858 3254 5670 286.0

Pentaborane (B5H9) 7.05 1.47 7466 4148 5724 289.0

Fluorine (F2) Ammonia 3.30 1.12 7797 4332 7183 359.5
Hydrazine 2.30 1.31 8004 4447 7257 364.0
Hydrogen 7.70 0.45 6902 3834 8380 411.1
Methane 4.32 1.02 7000 3889 6652 343.8
RP-1 2.62 1.21 6839 3799 6153 318.0

Hydrogen peroxide Hydrazine 2.00 1.26 4814 2674 5765 287.4
(100% H2O2) MMH 3.44 1.26 4928 2738 5665 284.8

IRFNAc Hydined 3.17 1.26 5198 2888 5367 270.3
MMH 2.57 1.24 5192 2885 5749 275.5

Nitrogen tetroxide Hydrazine 1.30 1.22 5406 3002 5871 292.2
(N2O4) Aerozine-50e 2.00 1.21 5610 3117 5740 289.2

MMH 2.15 1.20 5653 3141 5730 288.7

Oxygen (LOX) (O2) Hydrazine 0.91 1.07 5667 3148 6208 312.8
Hydrogen 4.00 0.28 4910 2728 7892 291.2
Methane 3.35 0.82 6002 3333 6080 310.8
Pentaborane 2.21 0.91 7136 3964 6194 318.1
RP-1 2.60 1.02 6164 3424 5895 300.0

a Based on ‘‘Theoretical Performance of Rocket Propellant Combinations,’’ Rocketdyne Corporation, Canoga Park, CA.
b MMH: Monomethyl hydrazine (N2H3CH3).
c IRFNA: Inhibited red fuming nitric acid; 84.4% (HNO3), 14% (N2O4), 1% (H2O), 0.6% (HF).
d Hydine: 60% UDMH f, 40% Deta g.
e Aerozine-50: 50% UDMH f, 50% hydrazine (N2H4).
f UDMII: Unsymmetrical dimethylhydrazine (CH3)2N2H4.
g DETA: Diethylenetriamine (C2H13N3).

initiated by an igniter. In general, the configuration of a propellant grain
can be designed so that the area of the burning surface of the propellant
varies to give a prescribed thrust-versus-time curve.

Nuclear Heat-transfer Rocket Engine

Figure 11.5.12 illustrates schematically a nuclear heat-transfer rocket
engine employing a solid-core reactor. The heat generated by the fissions
of the uranium nucleus is utilized for heating a gaseous propellant, such
as hydrogen, to a high temperature of 4000°R (2200 K) approx at the
entrance section of the exhaust nozzle. The hot gas is ejected to the

The propellant in a nuclear heat-transfer rocket engine functions ba-
sically as a fluid for cooling the solid-core nuclear reactor. Its reaction is
not based on energy considerations alone, but on such properties as
specific heat, latent heat, molecular weight, and liquid density and on
certain practical considerations.

Electric Rocket Engines

Several different types of electric rocket engines have been conceived;
the principal types are described below. All of them require some form
of power plant for generating electricity. Thus the power plant may be
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surroundings after expansion in a converging-diverging exhaust nozzle.
The basic difference between the operating principles of a nuclear heat-
transfer and a chemical rocket engine is the substitution of nuclear
fission for chemical reaction as the source of heat for the propellant gas.
Since the exhaust nozzle is the propulsive element, the remaining com-
ponents of the nuclear heat-transfer rocket engine constitute the hot-gas
generator.

Fig. 11.5.12 Schematic arrangement of a nuclear heat-transfer rocket engine.
nuclear, solar-cell batteries, thermoelectric, or other. The choice of the
type of power plant depends upon the characteristics of both the electric
rocket engine and the space-flight mission. Figure 11.5.13 illustrates
diagrammatically an electric rocket engine, comprising (1) a nuclear
power source, (2) an energy-conversion unit for obtaining the desired
form of electric energy, (3) a propellant feed and metering system,
(4) an electrically operated thrustor, and (5) the requisite control de-
vices. Electric rocket engines may be classified as (1) electrothermal,
(2) electromagnetic, and (3) electrostatic.

Fig. 11.5.13 Essential features of an electric rocket engine.
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Electrothermal Rocket Engine Figure 11.5.14a illustrates the type
of engine which uses electric power for heating gaseous propellant to a
high temperature before ejecting it through a converging-diverging ex-
haust nozzle. If an electric arc is employed for heating the propellant,
the engine is called a thermal arc-jet rocket engine.

Electromagnetic Rocket Engine Figure 11.5.14b illustrates an
electromagnetic, or plasma, rocket engine. There is a wide variety of
such engines, but all of them utilize the same operating principle. A
plasma (a neutral ionized conducting gas) is accelerated by means of its
interaction with either a stationary or a varying magnetic field. Basi-

electric rocket engine is placed in an earth orbit, the low-thrust electric
rocket engine, under the conditions in space, will accelerate it to a large
vehicle velocity if the operating time for the engine is sufficiently long.

In a chemical rocket engine, the energy for propulsion, as well as the
mass ejected through the exhaust nozzle, is provided by the propellants,
but the energy which can be added to a unit mass of the propellant gas is
a fixed quantity, limited by the nature of the chemical bonds of the
reacting materials. For that reason, chemical rocket engines are said to
be energy-limited rocket engines. Although a nuclear heat-transfer rocket
engine is also energy-limited, the limitation is imposed by the amount of
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cally, a plasma engine differs from a conventional electric motor by the
substitution of a conducting plasma for a moving armature.

Electrostatic Rocket Engine Figure 11.5.14c illustrates schemati-
cally the electrostatic, or ion, rocket engine, comprising (1) an electric
power plant; (2) a propellant supply; (3) ionization apparatus; (4) an ion
accelerator; and (5) an electron emitter for neutralizing the ion beam
ejected from the accelerator. Its operating principle is based on utilizing
electrostatic fields for accelerating and ejecting electrically charged
particles with extremely large velocities. The overall objective is to
transform thermal energy into the kinetic energy associated with an
extremely high-velocity stream of electrically neutral particles ejected
from one or more thrustors. Mercury ion engines are currently being
tested. The engine provides thrust by a rapid, controlled discharge of
ions created by the ionization of atoms of the mercury fuel supply. Solar
cells convert sunlight into electricity, which is then used to bombard the
mercury with free electrons. This causes one electron to be stripped
from each mercury atom, resulting in ionized mercury atoms. The ions
mix with other electrons to form a plasma. A magnetic field set up
between two metal screens at the aft end of the engine draws the posi-
tively charged ions from the plasma and accelerates them at very high
exit speeds out the back of the engine. This creates a high-velocity exit
beam producing low-level but extremely long-term thrust.

Fig. 11.5.14 Electric rocket engine. (a) Electrothermal rocket engine. (b) elec-
tromagnetic rocket engine. (c) electrostatic (ion) engine.

All electric rocket engines are low-thrust devices. The interest in such
engines stems from the fact that chemical-rocket technology, for exam-
ple, the space shuttle, is now so advanced that it has become feasible to
place heavy payloads, such as a satellite equipped with an electric
rocket engine, into an earth orbit. An electric rocket engine which is
virtually inoperable terrestrially can be positioned in space and can then
operate effectively because of the absence of aerodynamic drag and
strong gravitational fields. Consequently, if a vehicle equipped with an
energy that can be added per unit mass of propellant without exceeding
the maximum allowable temperature for the materials employed for the
solid-core reactor.

In an electric rocket engine, on the other hand, the energy added to
the propellant is furnished by an electric power plant. The power avail-
able for heating the propellant is limited by the maximum power output
of the electric power plant, accordingly, electric rocket engines are
power-limited.

Notation

a 5 acoustic speed
a0 5 acoustic speed in free-stream air
a2 5 burning rate constant for solid propellant
Ae 5 cross-sectional area of exit section of exhaust nozzle
Ap 5 area of burning surface for solid propellant
At 5 cross-sectional area of throat of exhaust nozzle
cp 5 specific heat at constant pressure
cv 5 specific heat at constant volume
c* 5 PcAt / ~m 5 characteristic velocity for rocket motor
Cd 5 discharge coefficient for exhaust nozzle
CF 5 thrust coefficient

CFg 5 gross-thrust coefficient for ramjet engine
CFn 5 net thrust coefficient

D or $ 5 drag
Di 5 ~maV0 5 ram drag for airbreathing or thermal-jet engine
d 5 diameter

dp 5 diameter of propeller
Ein 5 rate at which energy is supplied to propulsion system
Ef 5 calorific value of fuel
Ep 5 calorific value of rocket propellants

f 5 ~mf / ~ma 5 fuel-air ratio
f 9 5 f /hB 5 fuel-air ratio for ideal combustion chamber
F 5 force or thrust
Fi 5 mew 2 miV0 1 ( pe 2 p0)Ae 5 thrust due to internal flow
Fj 5 meVj 5 jet thrust
Fp 5 ( pe 2 p0)Ae 5 pressure thrust
Fg 5 Fi 5 gross thrust for ramjet engine

FgSFC 5 gross-thrust specific-fuel consumption for ramjet engine
gc 5 correction factor defined by Newton’s second law of

motion
h 5 static specific enthalpy

Dhn 5 enthalpy change for exhaust nozzle
H 5 total (stagnation) specific enthalpy

DHc 5 lower heating value of fuel
I 5 specific impulse

Ia 5 F/gma 5 air specific impulse
J 5 mechanical equivalent of heat; advance ratio, propeller
k 5 cp /cv 5 specific heat ratio

L or + 5 lift
M 5 mass
m 5 mass rate of flow
~ma 5 mass rate of air consumption for thermal-jet engine
~me 5 mass rate of flow of gas leaving propulsion system
~mf 5 mass rate of fuel consumption
~mi 5 mass rate of flow of gas into propulsion system
~mo 5 mass rate of oxidizer consumption for rocket engine
~mp 5 ~mo 1 ~mf 5 mass rate of propellant consumption for rocket

engine
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m 5 molecular weight
Me 5 momentum of gases leaving propulsion system in unit time
Mi 5 momentum of gases entering propulsion system in unit

time
M0 5 V0 /a0 5 Mach number of free-stream air (flight speed)

n 5 revolutions per unit time
p 5 absolute static pressure; pitch of propeller blade

pc 5 absolute static pressure of gases in combustion chamber
pe 5 absolute static pressure in exit section of exhaust nozzle
p0 5 absolute static pressure of free-stream ambient air

hp 5 3T /(3T 1 3L ) 5 ideal propulsive efficiency
ht 5 (T4 2 T5)/(T4 2 T95) 5 isentropic efficiency of turbine

h th 5 3/Ein 5 thermal efficiency of propulsion engine

l 5 gIa / √2gJcpt0 5 thrust parameter for turbojet engine; 1⁄2 1 1⁄2
cos f 5 divergence coefficient for exhaust nozzle for rocket
engines

n 5 V0 /w 5 speed ratio
r 5 density
r 5 mean density

2 (k 2 1)/(2k 2 1)
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P 5 absolute total (stagnation) pressure
Pc 5 absolute total pressure at entrance to exhaust nozzle

P0 5 p0S1 1
k 2 1

2
M2

0Dk/(k21)

5 absolute total pressure of

free-stream air
3 5 propulsion power

3L 5 leaving loss
3T 5 thrust power

q 5 rV 2/2 5 dynamic pressure
q0 5 r0V 2

0 /2 5 k0 p0M2
0/2 5 dynamic pressure of free-stream air

Q 5 torque
Qi 5 heat supplied to actual combustor
Q9i 5 heat supplied to ideal combustor (no losses)
r0 5 linear burning rate for solid propellant
R 5 Ru /m 5 gas constant

Ru 5 universal gas constant 5 mR
t 5 absolute static temperature

tp 5 temperature of solid propellant prior to ignition
T 5 absolute total (stagnation) temperature

Tc 5 absolute total temperature of gas entering exhaust nozzle of
rocket motor

T2 5 absolute total temperature at entrance to air compressor (see
Fig. 11.5.4)

T3 5 absolute total temperature at exit section of air compressor
(see Fig. 11.5.4)

T 93 5 absolute total temperature at exit section of ideal compressor
(see Fig. 11.5.4) operating between same pressure limits as
actual compressor

T4 5 absolute total temperature at entrance to turbine (see Fig.
11.5.4)

T5 5 absolute total temperature at exit from turbine (see Fig.
11.5.4)

T 95 5 absolute total temperature at exit from ideal turbine
u 5 pndp 5 propeller tip speed
V 5 velocity

VF 5 forward speed of propeller
Vj 5 effective jet velocity
V0 5 velocity of free-stream air (flight speed)
w 5 velocity of exit gases relative to walls of exhaust nozzle or

velocity of air in ultimate wake of propeller
~W 5 weight rate of flow

~Wo 5 weight rate of flow of oxidizer
~Wp 5 weight rate of flow of propellants

Greek

a 5 T4 /t0 5 ada1 5 cycle temperature ratio; angle of attack
ad 5 T2 /t0 5 diffusion temperature ratio
a1 5 T4 /T2

b 5 bypass ratio for turbofans; helix angle for propeller blade
d 5 P/Pstd corrected pressure
h 5 efficiency

hB 5 f 9/f 5 efficiency of combustion for thermal-jet engine
hc 5 (T93 2 T2)/(T3 2 T2) 5 isentropic efficiency of compressor
hd 5 isentropic efficiency of diffuser
hn 5 w2 5 isentropic efficiency of exhaust nozzle
ho 5 3T /Ein 5 overall efficiency of propulsion system
V 5 √kS
k 1 1

D
v 5 angular velocity of propeller shaft

v9 5 rate of rotation of slipstream at propeller
v99 5 rate of rotation of slipstream in ultimate slipstream

F 5 fan velocity coefficient 5 VF /u
f 5 semiangle of exhaust-nozzle divergence; effective helix

angle

w 5 √hn 5 velocity coefficient for exhaust nozzle
r 5 density
s 5 solidity of propeller
U 5 (P3 /p0)(k 2 1)/k 5 UdUc 5 cycle pressure ratio parameter

Uc 5 (P3 /P2)(k 2 1)/k 5 compressor pressure-ratio parameter
Ud 5 (P2 /p0)(k 2 1)/k 5 diffuser pressure-ratio parameter
Un 5 (P7 /p0)(k 2 1)/k 5 (P7 /p9)(k 2 1)/k 5 nozzle pressure-ratio pa-

rameter
Ut 5 (P4 /P5)(k 2 1)/k 5 turbine pressure-ratio parameter
u 5 T/Tstd 5 corrected temperature

Subscripts

(a) numbered
0 5 free stream
1 5 entrance to subsonic diffuser
2 5 exit from subsonic diffuser
3 5 entrance to combustion chamber
4 5 entrance to turbine of turbojet engine
5 5 exit from turbine of turbojet engine
6 5 tail-pipe entrance
7 5 entrance to exhaust nozzle
8 5 throat section of exhaust nozzle
9 5 exit section of exhaust nozzle

(b) lettered
a 5 air
B 5 burner or combustion chamber
b 5 blade
c 5 compressor
d 5 diffuser
e 5 exit section; effective
F 5 fan
f 5 fuel
h 5 hydraulic
n 5 nozzle
o 5 overall or oxidizer
p 5 propellant
P 5 propulsive

std 5 standard
t 5 turbine or throat, as specified in text

Statement on Units The dynamic equation employed in the fol-
lowing sections are written for consistent sets of units, i.e., for sets in
which 1 unit of force 5 1 unit of mass 3 1 unit of acceleration. Conse-
quently, the gravitational correction factor gc in Newton’s equation
F 5 (1/gc )ma (see notation) has the numerical value unity and is omit-
ted from the dynamic equations. When the equations are used for calcu-
lation purposes, gc should be included and its appropriate value em-
ployed.
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THRUST EQUATIONS FOR
JET-PROPULSION ENGINES

Refer to Fig. 11.5.15, which illustrates schematically a rotationally
symmetrical arbitrary propulsion engine immersed in a uniform flow
field. Because of the reactions between the fluid flowing through the
engine, called the internal flow, and the interior surfaces wetted by the
internal flow a resultant axial force is produced, that is, a force collinear
with the longitudinal axis of the engine. If an axial force acts in the
forward direction, employing a relative coordinate system, it is called a
thrust; if it acts in the backward direction it is called a drag. Similarly, the

where n 5 V0 /Vj .
In the case of rocket engines, since they do not consume atmospheric

air, ~ma 5 0, and the flow of gas out of the rocket motor, under steady-
state conditions, is equal to ~mp 2 ~mo 1 ~mf (see notation).

The effective jet velocity Vj is larger than Ve 5 exit velocity if pe . p0 ;
that is, if the gases are underexpanded. The effective jet velocity is a
useful criterion because it can be determined accurately from the mea-
sured values of Fi and ~mp obtained from a static firing test of the rocket
motor.

The ratio Fi / ~mp is denoted by I and called either the specific thrust or
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resultant axial force due to the external flow, the flow passing over the
external surfaces of the propulsion system, is a thrust or drag depending
upon whether it acts in the forward direction or the backward direction.

Fig. 11.5.15 Generalized jet-propulsion system.

Application of the momentum equation of fluid mechanics to the
generalized propulsion system illustrated in Fig. 11.5.15 gives the fol-
lowing equation for the thrust Fi due to the internal flow. Thus, if it is
assumed that the external flow is frictionless, there is no change in the
rate of momentum for the external flow between Si and Se . Hence, the
thrust F 5 Fi is due entirely to the internal flow, and

F 5 Fi 5 mew 2 ~miV0 1 ( pe 2 p0)Ae (11.5.1)

In Eq. (11.5.1), ~mew 5 Fj 5 jet thrust, ~miV0 5 Di 5 ram drag, and
( pe 2 p0)Ae 5 Fp 5 pressure thrust. Hence,

Fi 5 Fj 2 Di 1 Fp (11.5.2)

It is convenient to introduce a fictitious effective jet velocity Vj , which is
defined by

F 5 ~meVj 2 ~miV0 5 ~mew 2 ~miV0 1 ( pe 2 p0)Ae (11.5.3)

If the gases are expanded completely, in the exhaust nozzle, then w 5 Vj

and Fp 5 0. No appreciable error is introduced, in general, if it is
assumed that Fp 5 0. For thermal jet engines, ~mi 5 ~ma (see notation), and
~me 5 ~ma 1 ~mf . Let f 5 ~mf / ~ma , v 5 V0 /Vj ; then

Fi 5S1 1 f

n
2 1D ~maV0 1 ( pe 2 p0)Ae (11.5.4)

In the case of uncooled turbojet engines, ~mf is not significantly differ-
ent from the fraction of ~ma utilized for cooling the bearings and turbine
disk. Consequently, no significant error is introduced by assuming that
~me 5 ~ma 1 ~mf ' ~ma 5 ~m. Hence, for a simple turbojet engine, one may

write

Fe 5 ~ma(Vj 2 V0) 5 ~mV0(1/n 2 1) (11.5.5)

Equation (11.5.5) is also the thrust equation for an ideal propeller; in
that case Vj is the wake velocity for the air leaving its slipstream. The
trust equation for a hydraulic jet propulsion system has the same form as
Eq. (11.5.5). Let V0 denote the speed of a boat, and ~mw the mass rate of
flow of the water entering the hydraulic pump and discharged by the
exit nozzle with the velocity w 5 Vj relative to the boat. Hence, for
hydraulic jet propulsion

F 5 ~ms(Vj 2 V0) 5 ~mwV0(1/n 2 1) (11.5.6)
the specific impulse. Hence

I 5 F/ ~mp 5 Vj /gc (11.5.7)

Although the dimensions of specific impulse are force/(mass)(s), it is
conventional to state its units as seconds.

Equation (11.5.5) for the thrust of a turbojet engine, when expressed in
terms of the effective jet velocity Vj , becomes

F 5 ~ma(Vj 2 V0) (11.5.8)

POWER AND EFFICIENCY RELATIONSHIPS

In a jet-propulsion engine the propulsion element is the exhaust nozzle,
and the rate at which energy is supplied to it is called the propulsion
power, denoted by 3. The rate at which the propulsion system does
useful work is termed the thrust power 3T and is given by

3T 5 FV0 (11.5.9)

Assume that pe 5 p0 , and that the only energy loss in a propulsion
system is the leaving loss 3L 5 ~m(Vj 2 V0)2/2, that is, the kinetic energy
associated with the jet gases discharged from the system; then the pro-
pulsive power is given by

3 5 3L 1 3T (11.5.10)

The ideal propulsive efficiency is defined, in general, by

hP 5 3T /(3T 1 3L ) 5 thrust power/propulsion power (11.5.11)

For a turbojet engine and hydraulic jet propulsion,

hP 5 2n/(1 1 n) (11.5.12)

For a chemical rocket engine,

hP 5 2n/(2 1 n2) (11.5.13)

The propulsive efficiency hP is of more or less academic interest. Of
more importance is the overall efficiency ho , which for airbreathing and
rocket engines is defined by

ho 5 hthhP (11.5.14)

where

hth 5 3/Ein 5 thermal efficiency of system (11.5.15)

and Ein is the rate at which energy is supplied to the propulsion system.
The overall efficiency of a hydraulic jet-propulsion system is given

by

ho 5 hthhhhp 5 hhhth [2n/(1 1 n)] (11.5.16)

where hth is the thermal efficiency of the power plant which drives the
water pump, and hh is the hydraulic efficiency of the water pump. To
achieve a reasonable fuel consumption rate, hh must have a larger value.

For an airbreathing jet engine, Ein 5 ~mf (Ef 1 V 2
0 /2), and

ho 5
2n

1 1 n

3

~mf (Ef 1 V 2
0 /2)

(11.5.17)

The ratio ~mf /F is called the thrust specific-fuel consumption (TSFC)
and is measured in mass of fuel per hour per unit of thrust. Hence,

TSFC 5 ~mf /F 5 f ~ma /F (11.5.18)
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For a rocket engine, Ein 5 ~mp(Ep 1 V 2
0 /2), so that

ho 5
2n

1 1 n2

3

~mp(Ep 1 V2
0 /2)

(11.5.19)

PERFORMANCE CHARACTERISTICS OF
AIRBREATHING JET ENGINES

The Ramjet Engine In ramjet technology the thrust due to the inter-
nal flow Fi is called the gross thrust and denoted by Fg . Refer to Fig.

Total pressure
Part of engine ratio

Supersonic diffuser (0–1) P1 /P0 5 0.92
Subsonic diffuser (1–2) P2 /P1 5 0.90
Flameholders (2–7) P7 /P2 5 0.97
Combustion chamber (2–7) P7 /P2 5 0.92
Exhaust nozzle (7–9) P9 /P7 5 0.97

The Simple Turbojet Engine A good insight into the design per-
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11.5.2 and assume ~m0 ' ~m9 5 ~ma . Then

Fg 5 Fi ' ~ma(Vj 2 V0) (11.5.20)

In level unaccelerated flight Fg is equal to the external drag of the
propelled vehicle and the ramjet body.

It is customary to express the thrust capabilities of the engine in terms
of the gross-thrust coefficient CFg. If Am is the maximum cross-sectional
area of the ramjet engine, q0 5 r0V 2

0 /2 5 k0 p0M2
0/2 5 the dynamic

pressure of the free-stream air, then

CFg 5
Fg

q0Am

5
2Fg

Amk0 p0M2
0

(11.5.21)

In terms of the Mach numbers M0 and M9,

CFg 5
2A9 /Am

k0M2
0
SP9

p0

1 1 k9M2
9

P9 /p9

2 1D 2 2
A0

Am

(11.5.22)

In a fixed-geometry engine, M9 depends upon the total temperature
T7 , the total pressure P7 , the fuel-air ratio f, the nozzle area ratio Ae /At ,
and the efficiency of the nozzle hn . For estimating purposes, k0 5 1.4
and k9 5 1.28, when the engine burns a liquid-hydrocarbon fuel. The
manner in which CFg varies with altitude M0 and fuel-air ratio f is shown
schematically in Fig. 11.5.16.

Fig. 11.5.16 Effect of altitude and fuel-air ratio on the gross-thrust coefficient
of a fixed-geometry ramjet engine. (a) Effect of altitude; (b) effect of fuel-air ratio.

If a 5 T7/t0 5 cycle temperature ratio, and kB is the mean value of
k for the combustion gases, the rate at which heat is supplied to the en-
gine is

Qi 5 Q9i /hB 5 ~macpBt0(a 2 T2)/hB (11.5.23)

It is readily shown that

Qi 5
A0 p0V0

hBJ

kB

kB 2 1 Fa 2S1 1
k0 2 1

2
M2

0DG (11.5.24)

The gross-thrust specific-fuel consumption (FgSFC) is, by definition,

FgSFC 5 ~mf /Fg (11.5.25)

The principal sources of loss are aerothermodynamic in nature and
cause a decrease in total pressure between stations 0 and 7. For estimat-
ing purposes, assuming M0 5 2.0 and T6 5 3800°R (2111 K ), the total
pressures across different sections of the engine may be assumed to be
approximately those tabulated below.
formance characteristics of the turbojet engine is obtained conveniently
by making the following assumptions: (1) The mass rate of flow of
working fluid is identical at all stations in the engine; (2) the thermody-
namic properties of the working fluid are those for air; (3) the air is a
perfect gas and its specific heats are constants; (4) there are no pressure
losses due to friction or heat addition; (5) the exhaust nozzle expands
the working fluid completely so that p9 5 p0 ; and (6) the auxiliary
power requirements can be neglected. Refer to Fig. 11.5.4 and let

U 5SP3

p0
D(k 2 1)/k

Ud 5SP2

p0
D(k 2 1)/k

Uc 5SP3

P2
D(k 2 1)/k

Ut 5SP4

P5
D(k 2 1)/k

Un 5SP7

p0
D(k 2 1)/k

5SP7

p9
D(k 2 1)/k

a 5 T4 /t0 ad 5 T2 /t0 a1 5 T4 /T2

In view of the assumptions,

U 5 UdUc 5 UtUn (11.5.26)

and

a 5 aaa1 (11.5.27)

The diffuser pressure-ratio parameter Ud is given by

Ud 5 1 1 hd [(k 2 1)/2]M2
0 (11.5.28)

where hd 5 isentropic efficiency of diffuser (0.75 to 0.90 for well-
designed systems).

The turbine pressure-ratio parameter Ut is given by

1/Ut 5 1 2 [(Uc 2 1)/a1hcht ] (11.5.29)

where ht 5 the isentropic efficiency of the turbine (0.90 to 0.95).
Heat supplied, per unit mass of air, is

Q1 5 (cp /hB )(T4 2 T3)

or

Qi 5
cpt0

hBhc

adS a

ad

hc 2 hc 2 Uc 1 1D (11.5.30)

where hc is the isentropic efficiency of the air compressor (0.85 to 0.90),
and hB is the efficiency of the burner (0.95 to 0.99).

The enthalpy change for the exhaust nozzle Dhn is given by

Dhn

cpt0

5
hn

hc

[ahc 2 ad (Uc 2 1)]

3H1 2
a1hcht

Uc[1 1 hd(ad 2 1)][a1hcht 2 (Uc 2 1)]J (11.5.31)

The specific thrust, also called the air specific impulse, is

Ia 5 Fi / ~mag 5 (√2Dhn 2 V0)/ ~ma (11.5.32)

The overall efficiency ho is given by

ho 5 hthhp 5
IaV0

JQi

5 2hBhc

lM0 Sk 2 1

2 D1/2

ahc 2S1 1
k 2 1

2
M2

0D(hc 1 Uc 2 1)

(11.5.33)
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where hB ranges from 0.95 to 0.99 and l is the dimensionless turbojet
specific thrust parameter.

The TSFC for a turbojet engine is given by

TSFC 5
~mf

F
(11.5.34)

It can be shown by dimensional analysis, if the effects of Reynolds
numbers are neglected, that the variables entering into the performance
of a given turbojet engine may be grouped as indicated in Table 11.5.2.

approximately equal to 19. Curve B applies to the design point of en-
gines having a fixed compressor pressure ratio of 10 : 1 but having
different values of a, that is, turbine inlet temperature. It shows that
increasing a much above a 5 5 reduces the overall efficiency and
consequently TSFC. Curve C presents the design-point characteristics
for engines operating with a 5 5 but having different compressor pres-
sure ratios. The maximum value of l is obtained at a relatively low
pressure ratio: approximately P3 /P2 5 5. Curve D presents the design-
point characteristics of engines having a fixed compressor pressure ratio
of 10 : 1 but different cycle temperature ratios. Increasing a gives sig-
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Table 11.5.2

Nondimensional group Uncorrected form Corrected form

Flight speed V0 /√t0 V0 /√u

Rotational speed N /√T N /√u

Air flow rate ~Wa√T /D2P ~Wa√u/d

Thrust F /D2P F /d

Fuel flow rate ~Wf JDHc /D2P√T ~Wf /d√u

u 5 T /Tstd 5 T /519 (T /288) 5 corrected temperature (exact value for Tstd is 518.699°R).
d 5 P /pstd 5 P /14.7 (P /1.013 3 105) 5 corrected pressure.

Figure 11.5.17 is a design-point chart presenting l and ho as func-
tions of a, P3/P2 , and Uc for the subsonic performance of simple turbo-
jet engines. The curves apply to propulsion at 30,000 ft. (9.14 km)
altitude for engines having characteristic data indicated in the figure.
Curve A illustrates the effect of pressure ratio P3/P2 or Uc for engines
operating with a 5 5.0. It is seen that increasing the compressor pres-
sure ratio increases ho but it approaches a maximum value at P3 /P2

Fig. 11.5.17 Dimensionless thrust parameter l and overall efficiency h0 as
functions of the compressor pressure ratio (simple turbojet engine).
nificant increases in l. Hence, large values of turbine inlet temperature
T4 offer the potential for large thrusts per unit of frontal area for such
turbojet engines.

Figure 11.5.18 presents the design-point characteristics for engines
having hc 5 0.85, ht 5 0.90, hr 5 0.93, and hB 5 0.99. Different values
of diffuser efficiency are presented for flight Mach numbers M0 5 0.8
(hd 5 0.91), M0 5 1.60 (hd 5 0.90) and M0 5 2.4 (hd 5 0.88). Two
different classes of engines are considered, those with P3 /P2 5 4.0 and
those with P3 /P2 5 12.0. The dimensionless thrust l is plotted as a
function of a with M0 as a parameter. It is evident that increasing l, that
is, the turbine inlet temperature T4 , offers the advantage of a large
increase in thrust per unit area of the engine under all the conditions
considered in Fig. 11.5.18.

Figure 11.5.19 presents the effect of flight speed on the design-point
performance, at 30,000 ft (9.14 km) altitude, for engines having hc 5
0.85, ht 5 0.90, hB 5 0.95, T4 5 2000°R (1111 K) and burning a fuel
having a heating value DHc 5 18,700 Btu/ lbm (10,380 kcal /kgm). The
magnitude of the compressor pressure ratio P3 /P2 approaches unity
when V0 is approximately 1,500 mi/h, indicating that at higher speeds
the compressor and turbine are superfluous; i.e., the propulsion require-
ments would be met more adequately by a ramjet engine. Raising T4

tends to delay the aforementioned condition to a high value of V0 .

Fig. 11.5.18 Dimensionless thrust parameter l for a simple turbojet engine and
its overall efficiency ho as functions of the cycle temperature ratio a, with the
flight Mach number as a parameter.
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It is a characteristic of turbojet engines, since ho 5 hthhp , that for a
given M0 increasing hth causes Dhn to increase, and hence the jet veloc-
ity Vj . As a consequence, hp is decreased. It is this characteristic which
causes ho 5 f (a), curve B of Fig. 11.5.17, to be rather flat for a wide
range of values of a 5 T4 /t0 .

The curves of Figs. 11.5.17 to 11.5.19 are design-point performance
curves; each point on a curve is the design point for a different turbojet
engine. The performance curves for a specific engine are either com-
puted from experimental data pertaining to its components operating
over a wide range of conditions or obtained from testing the complete

Mechanical Design

Blades New technologies being developed to achieve higher thrust-
to-weight ratios in advanced gas turbine engines also cause higher vi-
bratory blade row responses and stresses that delay engine development
and may adversely affect engine reliability. In particular, the design
trend toward higher stage loadings and higher specific flow are being
attained through increased tip speeds, lower radius ratios, lower aspect
ratios, and fewer stages. The resultant axial-flow compressor blade de-
signs utilize thin, low-aspect-ratio blading with corresponding high
steady-state stresses. Also, the mechanical damping is considerably re-
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turbojet engine. It is customary to present the data in standardized form.

Fig. 11.5.19 TSFC and specific thrust Ia functions of the compressor pressure
ratio, with flight speed as a parameter (simple turbojet engine).

The Turbofan or the Ducted-Fan Engine Refer to Fig. 11.5.5b. As-
sume that the hot-gas flow ( ~ma1 1 ~mf ) is ejected through the converging
nozzle, area At , with the effective jet velocity Vj , and that the airflow
~maF is ejected through the converging annular nozzle, area A7F , with the

jet velocity VjF . Let b 5 ~maF / ~ma1 denote the bypass ratio, approxi-
mately 5 for modern transport engines.

The thrust equation for the turbofan engine is

F 5 ~ma1(1 1 f )Vj 1 b ~ma1VjF 2 ~ma1(1 1 b)V0 (11.5.35)

where VjF , Vj . The thrust per unit mass of airflow, or air specific
impulse, is

Ia 5 F/ ~ma1(1 1 b) (11.5.36)

The TSFC is given by

TSFC 5 ~mf /F (11.5.37)

One of the most important applications of turbofans is for high-sub-
sonic transport aircraft where the fuel consumption in cruise is a major
consideration. In general, as the bypass ratio increases, the TSFC de-
creases but the engine weight and external drag increase. The optimum
bypass ratio for any particular application is determined by a trade-off
between fuel weight, which is reduced by increasing the bypass ratio,
and engine weight and external drag, which increase with bypass ratio
for a given thrust. In general, the optimum value of b is that which
makes the difference (F 2 De ) a maximum, where De is the external
drag of the engine. Up to a certain point, the more sophisticated and
efficient the engine, the larger the bypass ratio.

To achieve the maximum potential for the turbofan engine, high
values of turbine inlet temperature T4 are essential; i.e., cooled turbine
stator and rotor blades must be developed. There is an upper limit to T4 ;
above it the TSFC begins to increase. As T4 is increased, however, the
optimum value of b must also be increased to avoid excessive leaving
losses in the propulsive jet.
duced in newer rotor designs, particularly those with integral blade-disk
configurations (blisks) and in those without shrouds. These are similar
trends in turbine blading, but they are further complicated by increased
inlet and cooling temperatures that have resulted in thin-walled, com-
plex cooling passage designs. As a result, advanced axial-flow blade
designs, both compressors and turbines, feature low-aspect-ratio blad-
ing which affect the structural integrity of the blading. These problems
can be classified into two general cateories: (1) flutter and (2) forced
response. A fundamental parameter common to both categories is the
reduced frequency, k 5 vb/V, where b is the blade semichord, v the
frequency of vibration, and V the relative free-stream velocity. For en-
gine applications, the frequency corresponds generally to one of the
lower-blade or coupled-blade disk natural frequencies.

Under certain conditions, a blade row operating in a completely uni-
form flow can enter into a self-excited vibrational instability termed
flutter. The vibration is sustained by the extraction of energy from the
uniform flow during each vibratory cycle. The outstanding feature of
flutter is that high stresses exist in the blading, leading to short-term,
high-cycle, fatigue failures. Its importance is evidenced by the fact that if
a portion of a single blade fails due to flutter, the result may be instanta-
neous and total loss of engine power.

Figure 11.5.20 is a typical compressor map showing schematically
the more common types of flutter. At subsonic Mach numbers, up to 0.8
to 0.9, either positive or negative stall flutter in the bending or torsion
mode may occur. It is caused by operating beyond some critical airfoil
angle of attack. A critical reduced frequency value of 0.8 has been cited
for stall flutter; i.e., if k , 0.8 stall flutter is possible. Choking flutter
usually occurs at negative incidence angles at a part-speed condition

Fig. 11.5.20 Common types of compressor flutter.

with the blade operating either subsonically or transonically. The physi-
cal mechanism of choke flutter is not fully understood; both high nega-
tive incidence angles and choked flow are viable candidates. Supersonic
unstalled flutter is largely associated with thin fan blades operating at
supersonic relative flow velocities at the tip section. It is caused by a
lagging of the unsteady aerodynamic forces relative to the blade motion
and imposes a limit on the high-speed operation of the engine. The stress
encountered during this type of flutter can be catastrophically large,
decreasing rapidly as a constant speed line is traversed toward higher
pressure ratios. High-speed operation near the surge line can lead to
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supersonic stall flutter. Because this flutter is associated with high pres-
sure ratios, there can be strong shocks present within the blade passages,
and in some circumstances, ahead of the blade row.

Destructive aerodynamic forced responses have been noted in all en-
gine blading. These failure-level vibratory responses occur when a peri-
odic forcing functions, with frequency equal to a natural blade resonant
frequency, acts on a blade row. Responses of sufficient magnitude to fail
blades have been generated by a variety of sources including upstream
and downstream blade rows, flow distortion, bleeds, and mechanical
sources.

ever, because a low jet velocity gives good cruise propulsive efficiency,
the jet noise can be reduced. Thus, for the subsonic high-bypass turbo-
fan, fan noise is the most critical problem, both on approach and takeoff.
For the supersonic turbojet engine, approach noise is not a major prob-
lem because it has a long inlet that can be choked on approach to sup-
press fan noise. The jet velocity at takeoff is high if the engine is opti-
mized for cruise performance. However, one environmental barrier
issue for the second-generation supersonic transport, the high-speed civil
transport (HSCT), is airport noise during the takeoff and landing. The
prime contributor to an HSCT noise signature is the jet exhaust, and thus
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The importance of forced response lies in the multiple sources of exci-
tation for any rotating system. The rotor speeds at which forced re-
sponses occur are predicted with ‘‘Campbell’’ or speed-frequency dia-
grams. These display the natural frequency of each blade mode versus
rotor speed and, at the same time, the forcing function frequency (or
engine order E lines) versus rotor speed, as indicated schematically in
Fig. 11.5.21. These E lines represent the loci of available excitation
energy at any rotational speed for 1, 2, 3, etc. excitations per revolution.
Wherever these curves intersect, a potential source of destructive forced
response exists. Not all intersections can be avoided. Design practice is

Fig. 11.5.21 Schematic speed-frequency diagram.

to eliminate the lower-order excitations from the operating range when-
ever possible. This is because the sources of most forced response en-
ergy usually result from these lower-order resonances, particularly the
2E line.

Environmental Issues

The increasing worldwide concern for the environment has led to two
technical issues becoming significant: (1) airport noise and (2) the
Earth’s ozone layer.

Airport noise is now a major design criterion for commercial aircraft
because of Federal Aviation Rule, Part 36 (FAR-36), which sets maximum
takeoff, landing, and sideline noise levels for certification of new turbo-
fan-powered aircraft. Three measuring stations are referred to in FAR-
36: (1) under the approach path 1 mi before touchdown, (2) under the
takeoff path 3.5 mi from the start of the take-off roll, and (3) along the
sides of the runway at a distance of 0.35 mi for four-engined aircraft.
Since the power settings and aircraft height are variables, the noise at
the approach and takeoff stations are dependent on the engines, the
aircraft performance, and operational procedures. The sideline station is
more representative of the intrinsic takeoff noise characteristics of the
engine, since the engine is at full throttle and the station is at a fixed
distance from the aircraft.

The subsonic turbofan radiates noise both forward and backward and
also produces jet noise from both the fan-jet and the primary jet. How-
an approach to quieting the jet exhaust without seriously impacting
nozzle aerodynamic performance, size, or weight must be developed.

With regard to aircraft propulsion, depletion of the Earth’s ozone layer
is attributed to the engine exhaust products, specifically the nitric oxide
(NOx ) levels. Thus, combustor designs must evolve so as to produce
ultralow levels of NOx while at the same time not compromising com-
bustion efficiency and operability.

CRITERIA OF ROCKET-MOTOR PERFORMANCE

In most applications of rocket motors the objective is to produce a large
thrust for a limited period. The criteria of rocket-motor performance are,
therefore, related to thrust-producing capabilities and operating dura-
tion. If ~Wp denotes the rate at which the rocket motor consumes propel-
lants, Pc the total pressure at the entrance to the exhaust nozzle, and Cw

the weight flow coefficient, then

~Wp 5 CwPcAt (11.5.38)

Ordinarily, the values of Cw as a function of Pc and mixture ratio
~Wo / ~Wf are determined experimentally. If no experimental data are

available, the values of Cw can be calculated with good accuracy from
the calculated thermodynamic properties of the combustion gases. If Tc

is the total temperature, and Pc the total pressure of the combustion
gases at the entrance section of the nozzle, then, for steady operating
conditions, ~Wp 5 ~Wg ,

~Wg 5 CdAtPcV √ g

RTc

(11.5.39)

where

V 5S 2

k 1 1D(k 2 1)/[2(k 2 1)]

√k (11.5.40)

An equation similar to Eq. (11.5.38) can be written for the thrust
developed by the rocket motor. Thus

F 5 CFPcAt (11.5.41)

The values of the thrust coefficient CF for specific propellant combi-
nations are determined experimentally as functions of Pc and the ratio
~Wo / ~Wf . When no experimental values are available, CF can be calcu-

lated from the following equation. Therefore

CF 5 CdlfV √ 2k

k 2 1
Zt 1Spe

Pc

2
p0

Pc
D Ae

At

(11.5.42)

where

Zt 5 1 2Spe

Pc
D(k 2 1)/k

Equation (11.5.42) shows that CF is independent of the combustion
temperature Tc and the molecular weight of the combustion gases. The
nozzle area ratio Ae /At is given by the formula

Ae

At

5
(Pc /pe )1/k

Sk 1 1

2 D1/(k 2 1)

√[(k 1 1)/(k 2 1)]Zt

(11.5.43)

Figure 11.5.22 presents CF calculated by means of the preceding
equations, as a function of the area ratio Ae /At , with Pc /p0 as a parame-
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ter, for gases having k 5 1.28; the calculations assumed l 5 0.983 and
Cd 5 w 5 1.0. The curves do not take into account the separation
phenomena which occur when Ae /At is larger than that required to ex-
pand the gases to p0 .

readiness for use; (4) they have very good storage properties; (5) they
have a larger average density rP than most liquid-propellant combina-
tions; (6) they have considerably fewer parts; and (7) their reliability in
practice has been very good. Furthermore, once the performance char-
acteristics and physical properties of a solid propellant have been estab-
lished, it is a relatively straightforward engineering problem to design
and develop solid-propellant rocket motors of widely different thrust
levels and burning times tR .

Rocket motors which burn double-base propellants find the greatest
use in weaponry, e.g., artillery rockets, antitank weapons, etc.
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Fig. 11.5.22 Calculated thrust coefficient versus expansion ratio for different
pressure ratios (based on k 5 1.28, l 5 0.9830, Cd 5 w 5 1.0).

The specific impulse I is defined by Eq. (11.5.8) and can be shown to
be given by

I 5 F/ ~mp 5 CF /Cw 5 Vj /gc (11.5.44)

A criterion which is employed for stating the performance of rocket
motor is the characteristic velocity c*. By definition

c* 5 Vj /CF 5 PcAt / ~m 5 I/CF (11.5.45)

The values of c* for a given propellant combination are determined
experimentally. It should be noted that the value of c* is independent of
the thrust. Basically, c* measures the effectiveness with which the ther-
mochemical energy of the propellants is converted into effective jet
kinetic energy. When no experimental data are available the value of c*
can be estimated quite closely from

c* 5 √RTc /V (11.5.46)

Table 11.5.1 presents values of specific impulse for some possible
rocket-propellant combinations.

Solid-propellant rocket motors may be segregated into (1) double-base
powders and (2) composite, or heterogeneous, propellants. Double-base
powders are gelatinized colloidal mixtures of nitroglycerin and cellu-
lose to which certain stabilizers have been added. Heterogeneous, or
composite, propellants are physical mixtures of a solid oxidizer in
powder form and some form of solid fuel, such as a plastic or rubberlike
material.

Solid-propellant rocket motor technology has made tremendous
strides. It is possible to produce solid propellants with a wide range of
linear burning rates and with good physical properties. It has been dem-
onstrated experimentally that large thrust rocket motors with chamber
diameters of approximately 22 ft (6.7 m) are feasible. As a result, the
solid-propellant rocket motor has displaced the liquid rocket engine
from a large number of applications, which heretofore were considered
the province of the liquid rocket engine. In military applications, there is
a strong tendency to supplant liquid rocket engines with solid rocket
engines. Only in such areas as the large thrust launching rockets for
boosting manned vehicles into space have the liquid rocket engines
reigned supreme; the space shuttle is equipped with liquid-bipropellant
rocket engines, but it is boosted with auxiliary solid-propellant rocket
motors.

The following considerations are what make solid-propellant rocket
motors attractive: (1) They are simpler in construction than liquid rocket
engines; (2) they are easier to handle in the field; (3) they have instant
Rocket motors burning heterogeneous, also called composite, solid
propellants are used for propelling all kinds of military missiles and for
sounding rockets. Modern composite propellants have three basic types
of ingredients: (1) a fuel which is an organic polymer, called the binder;
(2) a finely powdered oxidizer, ordinarily ammonium perchlorate
(NH4NO3); and (3) various additives, for catalyzing the combustion
process, for increasing the propellant density, for increasing the specific
impulse (e.g., powdered aluminum), for improving the physical proper-
ties of the propellant, and the like. After the ingredients have been
thoroughly mixed, the resulting viscous fluid is poured, usually under
vacuum to prevent the formation of voids, directly into the chamber of
the rocket motor which contains a suitable mandril for producing the
desired configuration for the propellant grain. The propellant is cured
by polymerization to form an elastomeric material. Some of the more
common binders are butadiene copolymers and polyurethane.

Modern composite solid propellants have densities ranging from 1.60
to 1.70, depending upon the formulation, and specific impulse values of
approximately 245 s, based on a combustion pressure of 1000 psia and
expansion to 14.7 psia.

In the case of solid-propellant rockets the rate of propellant con-
sumption ~mp is related to the linear burning rate for the propellant r0 , that
is, the rate at which the burning surface of the propellant recedes normal

Fig. 11.5.23 (a) Linear burning rate as a function of combustion pressure for
double-base propellants; (b) burning-rate characteristics of several heterogeneous
propellants at 60°F (15.5°C). (Aerojet-General Corp.)
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to itself as it burns. For practical purposes it can be assumed that the
linear burning rate r0 is given by

r0 5 a2 pn
c (11.5.47)

where a2 and n are constants which are determined by experiment.
If rp denotes the density of the solid propellant and Ap the area of the

burning surface, then the propellant consumption rate ~mp is given by

~mp 5 Ap rpr0 5 a2Ap rp pn
c (11.5.48)

Figure 11.5.23 presents the linear burning rate as a function of the

of the cross-sectional area of the slipstream at any station to that of the
actuator disk is termed the slipstream contraction.

The thrust produced by the propeller follows the relationships devel-
oped from the momentum theorem of fluid mechanics for jet engines as
presented in Fig. 11.5.15 and Eq. (11.5.5). The thrust equation for the
airbreathing engine (simplified) and the propeller is

F 5 ~m(w 2 V0) 5 rAV0(w 2 V0) (11.5.49)

In the case of a propeller the mass flow m is large and the velocity rise
across the propeller is small, as compared with a jet engine of the same
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combustion pressure for several propellants.
The linear burning rate r0 is influenced by the temperature of the solid

propellant tp prior to its ignition. Low values of tp reduce the burning
rate, and vice versa. Consequently, the temperature of the propellant
must be given in presenting data on linear burning rates. Figure 11.5.24
presents r0 as a function of pc for tp 5 2 40, 60, and 140°F for a
composite propellant manufactured by the Aerojet-General Corp.,
Azusa, Calif.

Fig. 11.5.24 Effect of propellant temperature on the linear burning rate of a
heterogeneous propellant. (Aerojet-General Corp.)

AIRCRAFT PROPELLERS

The function of the aircraft propeller (or airscrew) is to convert the
torque delivered to it by an engine into the thrust for propelling an
airplane. If the airplane is in steady, level flight, the propeller thrust and
the airplane drag equal each other. If the airplane is climbing, the thrust
must overcome the drag plus the weight component of the airplane.

The propeller may be the sole thrust-producing element, but it can
also be employed in conjunction with another thrust-producing device,
such as the exhaust jet of a turboprop or gas-turbine engine. It may also
be employed as a windmilling device for producing power.

The conventional propeller consists of two or more equally spaced
radial blades, which are rotated at a substantially uniform angular ve-
locity. At any arbitrary radius, the section of a blade has the shape of an
airfoil, but as the hub is approached, the sections become more nearly
circular because of considerations of strength rather than aerodynamic
performance. The portions of the blades in the vicinity of the hub con-
tribute, at best, only a small portion of the thrust developed by the
propeller blades.

Each section of the propeller blade experiences the aerodynamic re-
actions of an airfoil of like shape moving through the air in a similar
manner. Furthermore, at each radius, the section of one blade forms
with the corresponding sections on the other blades a series of similar
airfoils, which follow one another as the propeller rotates.

The torque of the rotating propeller imparts a rotational motion to the
air flowing through it and, furthermore, causes the pressure immediately
behind the propeller to increase while that in front of it is reduced; i.e.,
the air is sucked toward the front of the propeller and pushed away
behind it. A slipstream is created as illustrated in Fig. 11.5.1. The ratio
thrust. However, the thrust of propellers falls off rapidly as air com-
pressibility effects on the propeller become large (flight speeds of 300
to 500 mi/h).

Propeller efficiency is defined as the useful work divided by the
energy supplied to the propeller:

hp 5
PT

P
5

FV0

P
5

m(v 2 V0)V0

m/2(w2 2 V 2
0)

5
2v

1 1 v
(11.5.50)

where v 5 V0 /w.
Since w is only slightly larger than V0 , the ideal efficiency is of the

order of 0.95, and actual efficiencies are in the range of 0.5 to 0.9.

Propeller Theory

Axial-Momentum Theory The axial-momentum theory of the pro-
peller is basically a special case of the generalized jet-propulsion system
presented in Fig. 11.5.15. It is only a first approximation of the action of
the propeller and cannot be employed for design purposes. It neglects
such factors as the drag of the blades, energy losses due to slipstream
rotation, blade interference, and air compressibility effects. Because of
those losses, an actual propeller requires power to rotate at zero thrust,
and at zero thrust its propulsive efficiency is, of course, zero.

Blade-Element Theory This theory, called strip theory, takes into
account the profile losses of the blade sections. It is the theory most
commonly employed in designing a propeller blade and for assessing
the off-design performance characteristics of the propeller.

Each section of the propeller is considered to be a rotating airfoil. It is
assumed that the radial flow of air may be neglected, so that the flow
over a blade section is two-dimensional. Figure 11.5.25 illustrates dia-
grammatically the velocity vectors pertinent to a blade section of length
dr, located at an arbitrary radius r. The projection of the axis of rotation
is OO9, the plane of rotation is OC, the blade angle is b, the angle of
attack for the air flowing toward the blade (in the relative coordinate
system) with the velocity V0 is a, the tangential velocity of the blade
element is u 5 2pnr, and the pitch or advance angle is f. From
Fig. 11.5.25.

a 5 b 2 f (11.5.51)

and

f 5 tan21(V0 /pnd ) (11.5.52)

Figure 11.5.26 illustrates the forces acting on the blade element. If b
denotes the width of the blade under consideration and CL and CD are

Fig. 11.5.25 Vector diagram for a blade element of a propeller.

the lift and drag coefficients of the blade (airfoil) section, then the thrust
force dF acting on the blade element is given by

dF 5 1⁄2rV 2
0b drCL

cos(f 1 g)

cos g sin2 f
(11.5.53)
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The corresponding torque force dQ is given by

dQ 5 1⁄2rV 2
0b drCL

sin(f 1 g)

cos g sin2 f
(11.5.54)

where

tan g 5 d$/d+ 5 CD /CL 5 $/+ (11.5.55)

where $ and + denote drag and lift, respectively.
The propulsion efficiency of the blade element, termed the blading

the plane of the propeller. Hence, the angle of attack a for a rotor
element is given by

a 5 b 2 tan21[VF/r(v 2 0.5v9)] (11.5.60)

where VF is the induced axial velocity in the plane of the propeller.
The addition of the vortex effects improves the representation of the

propeller by the blade sections. There are, however, three-dimensional
flow effects which are not included, and the following coefficients have
been suggested to include this effect (which reduces the lift coefficient).
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efficiency, is defined by

hb 5
V0 dF

u dQ
5

tan f

tan(f 1 g)
5

+/$ 2 tan f

+/$ 1 cot f
(11.5.56)

The value of f which makes hb a maximum is termed the optimum
advance angle fopt . Thus

fopt 5
p

4
2

g

2
5 45° 2

57.3

2(+/$)
(11.5.57)

The maximum blade efficiency is accordingly

(hb)max 5
2g 2 1

2g 1 1
5

2(+/$) 2 1

2(+/$) 1 1
(11.5.58)

A force diagram similar to Fig. 11.5.26 can be constructed for each
element of the propeller blade, taking into account the variation in f
with the radius. The resultant forces acting on the propeller are obtained
by summing (integrating) those forces acting on each blade element.

The integrated lift coefficient is

CLi 5 Er/R51.0

rL /R

CLrS r

RD3

dS r

RD (11.5.59)

where CLr 5 propeller-blade-section lift coefficient and r/R 5 fraction
of propeller-tip radius.

Fig. 11.5.26 Aerodynamic forces acting on a blade element.

The integrated lift coefficient is in the range 0.15 to 0.70. There is a
dilemma in the design and selection of blade sections since high static
thrust requires high CLi which gives relatively low hp at cruise. Cruise
conditions require low CLi for good hp . Variable camber propellers
permit optimization of CLi , but at the expense of weight and complexity.

Vortex Theory The simple two-dimensional blade-element theory
can be further improved by taking account of the actual velocity distri-
bution in the slipstream and thus determining the actual loading on the
blading by the so-called vortex theory. The blades are represented by
bound vortex filaments sweeping out vortex sheets to infinity. The vor-
tex sheets are distorted both by the slipstream contraction and by the
profile drag of the blades. If such distortions are neglected, the induced
velocity in the wake can be calculated by assuming the vortex sheets to
be tubular. Thus, in Fig. 11.5.25, the induced axial velocity becomes the
arithmetic mean of the axial velocities at far distances upstream and
downstream of the rotor disk; and the induced rotational velocity at the
disk becomes v 2 0.5v9, where v9 is the rotation of the slipstream in
Lift Curve Slope Correction Factors
for Three-Dimensional Airfoils

Radial station (ratio r/R) Correction factor

(0.2)(0.3)(0.45)(0.6)(0.7) 0.85
0.8 0.80
0.9 0.70
0.95 0.65

SOURCE: Departments of the Air Force, Navy, and
Commerce, ‘‘Propeller Handbook.’’

Performance Characteristics

The pitch and the angle f (Fig. 11.5.25) have different values at differ-
ent radii along a propeller blade. It is customary, therefore, to refer to all
parameters determining the overall characteristics of a propeller to their
values at either 0.7r or 0.75r.

For a given blade angle b, the angle of attack a at any blade section is
a function of the velocity coefficient V0 /u, where u 5 pndp; it is custom-
ary, however, to replace V0 /u by its equivalent, the advance ratio J 5
V0 /ndp .

For given values of b and n, the angle of attack a attains its maximum
value when V0 5 0, with f 5 0. In other words, the propeller thrust F
is maximum at takeoff. As V0 increases, a decreases and so does the
thrust. Finally, a forward speed is reached for which the thrust is
zero.

Increasing J 5 V0 /ndp , for a constant blade angle, causes the pro-
peller to operate successively as a fan, propeller, brake, and windmill.
Most of the operation, however, is conducted in the propeller state. At
takeoff, the propeller is in the fan state. Windmilling must be avoided
because it may overspeed the engine and damage it.

The lift coefficient CL is a linear function of a up to the stalling angle,
and CD is a quadratic function of a. Furthermore, the lift + is zero at a
negative value for a. Figure 11.5.27 presents the +/$ ratios of typical
propeller sections. Figure 11.5.28 presents the blade (section) efficiency
as a function of the pitch angle f for different values of +/$. Propellers
normally operate at +/$ ratios of 20 or more. Supersonic propellers
operate with +/$ ratios of approximately 10, and from Fig. 11.5.27 it is
apparent that they must operate close to the optimum pitch angle f to
obtain usable blade efficiencies.

Fig. 11.5.27 Maximum lift-drag ratios for representative sections.
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together with data computed for a specific propeller, as illustrated in
Fig. 11.5.29. The static thrust for a given power input increases with the
diameter and the number of blades. Controllable pitch propellers
selected for good overall performance will develop 3 to 4 lb of thrust
per shp.
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Fig. 11.5.28 Blade-element efficiency versus pitch angle.

Propeller Coefficients It can be shown, neglecting the compress-
ibility of the air, that

f(V0 ,n,dp ,r,F) 5 0 (11.5.61)

By dimensional analysis, the following coefficients are obtained for
expressing the performances of propellers having the same geometry:

F 5 rn2d4
pCF Q 5 rn2d5

pCQ 3 5 rn3d5
pCp (11.5.62)

CF , CQ , and CP are termed the thrust, torque, and power coefficients,
respectively. They are independent of the size of the propeller. Conse-
quently, tests of small-scale models can be employed for obtaining the
values of F, Q, and 3 for geometrically similar full-scale propellers.
Hence, the ideal propulsive efficiency of a propeller is given by

hp 5
FV0

3
5

CF

Cp

V0

dpn
5 J

CF

CP

(11.5.63)

Other useful coefficients are the speed-power coefficient CS and the
torque-speed coefficient CQS . Thus,

CS 5 V05 √r/3n2 CQS 5 V0 √rd3
p /Q (11.5.64)

A commonly employed factor related to the geometry of a propeller is
the solidity s. By definition,

s 5 c/p (11.5.65)

The solidity varies from radius to radius; at a given radius, s is propor-
tional to the power-absorption capacity of the annulus of blade ele-
ments.

The activity factor of a blade AF is an arbitrary measure of the blade
solidity and hence of its ability to absorb power. It takes the form

AF 5
100,000

16 Er/R51.0

rh /R

c

dp
S r

R
D3

dS r

RD (11.5.66)

where R 5 dp /2, r 5 radius at any section, and rh 5 spinner radius.

Performance

Static Thrust From the simple axial-momentum theory, the static
thrust F0 of an actuator disk of diameter dp is given by

F0 5 (pr/2)1/3(3dp)2/3 5 10.4bhp 3 dp
2/3 (at sea level) (11.5.67)

The thrust horsepower (thp) is accordingly

thp 5
F0

bhp
5 (38,400/Ndp)(1/C p

1/3 ) (11.5.68)

Equations (11.5.67) and (11.5.68) assume uniform axial velocity, no
rotation of the air, and no profile losses. Consequently, they may be in
error by as much as 50 percent. Hesse suggests the use of the equations

hp static 5 √ 2

p

C F
3/2

CP

5 0.798
C F

3/2

Cp

(11.5.69)

and

F 5 10.42[dp (hp static) shp]2/3 (r/r0)1/3 (11.5.70)
Fig. 11.5.29 Static-thrust performance of a propeller; four-bladed, 100 activity
propellers of various integrated design CL’s. (From Hamilton Standard Division,
United Aircraft Corporation.)

At flight conditions the performance may be obtained from general-
ized charts presenting CP as a function of the advance ratio J, with the
propeller efficiency and blade pitch angle at 75 percent radius, u3/4 , as
parameters. Figure 11.5.30 is such a chart.

Fig. 11.5.30 Propeller performance—efficiency in forward flight; four-bladed,
100 activity factor, 0.500 integrated design CL propeller. (From Hamilton Stan-
dard Division, United Aircraft Corporation.)

Reverse Thrust By operating the propeller blades at large negative
angles of attack, reversed thrust can be developed. In that condition, the
blades are stalled, and as in the case of static thrust, the forces acting on
the blades cannot be calculated. In practice, the reverse-pitch stop is set
by trial and error so that the propeller can absorb the rated power at zero
speed, i.e., at V0 5 0. With fixed-pitch reversing, the power absorbed
when there is forward speed will be smaller than the rated value, but the
reversed thrust is usually substantially larger than the static forward
thrust corresponding to the rated power. The landing roll of an aircraft
with reversed thrust plus brakes is approximately 45 percent of that with
brakes alone.

Compressibility Effects As the relative velocity between an airfoil
and the free-stream air approaches the sonic speed, the lift coefficient
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CL decreases rapidly, and simultaneously there is a large increase in the
drag coefficient CD . The propeller is subject to those effects. Since the
acoustic speed decreases from sea level to the isothermal altitude, the
effects appear at lower tip speeds at high altitude. Furthermore, the
effect is more pronounced at higher tip speeds. Shock waves are formed
at the leading edge of a propeller blade when its pitch-line velocity
approaches the local sonic velocity of the air. As a consequence, the
coefficient CF is reduced and CP is increased, thereby adversely affect-
ing the propulsive efficiency of the propeller.

Because of the high propulsive efficiency of propellers, the applica-

surface reduces the fatigue strength to a very low value. If propellers
were designed to hold vibratory stresses below the lowest possible fa-
tigue strength, the blades would be unacceptably heavy. Thus propellers
are designed on the maintenance of a reasonably smooth surface finish.
Since the blade surfaces are constantly subject to store damage, blades
must be regularly inspected to make sure that the finish does not deteri-
orate below design standards.
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tion of advanced technologies may provide turboprop-powered trans-
ports with cruise speeds and other desirable characteristics comparable
to advanced turbofan-powered transports, but with a 15 to 20 percent
reduction in fuel consumption.

Advanced turboprop propeller blades operate at high power loading,
are extremely thin, and have swept leading edges to minimize com-
pressibility losses. Shaping the spinner and nacelle minimizes choking
and compressibility losses. Efficiencies of about 70 percent at Mach 0.8
and design power loadings have been achieved in research propellers.
Such propellers may be relatively noisy because the tips may be slightly
supersonic at Mach 0.8 cruise. Attenuating the noise within the cabin
wall will likely add airframe weight and reduce the fuel savings.

Mechanical Design

Blades The principal blade loadings are (1) steady tensile, due to
centrifugal forces; (2) steady bending, due to the aerodynamic thrust
and torque forces; and (3) vibratory bending, due to cyclic variations in
airloads and other excitations originating in the engine. The most seri-
ous and limiting stresses usually result from the vibratory loadings. The
principal vibratory loading results from the cyclic variation in angle of
attack of the blades when the axis of rotation is pitched or yawed rela-
tive to airstream. When the axis is pitched up, such as when the aircraft
is in a high-angle-of-attack climb, the blades are at a higher angle of
attack on the downstroke than when on the upstroke. This results in a
once per revolution, 1E, variation in aerodynamic loading on the blades,
usually referred to as 1E aerodynamic excitation, and a steady side force
and yawing moment, which are transmitted through the shaft to the air-
craft.

The degree of pitch or yaw of the propeller axis is usually measured
in terms of the excitation factor, defined as

Excitation factor 5 c(Vi /400)2 (11.5.71)

where c 5 angle of pitch or yaw, deg; Vi 5 indicated flight velocity,
mi/h. Another factor sometimes used is Aq, where A 5 c°, q 5 12rV i

2 ,
Aq 5 excitation factor 3 410.

Because of the restoring moment of the centrifugal loads on the blade
elements when the blade deflects in bending, centrifugal forces have the
effect of apparently stiffening the blade in bending. In Fig. 11.5.31, the
bending natural frequency increase with rpm. At some rpm, the bending
natural frequency will come into resonance with the 1E excitation, at
which point small loadings will be greatly magnified (limited only by
the damping present in the blade).

Propellers are designed so that the 1E resonant speed is above any
expected operating speed. However, there will always be some magni-
fication of the vibratory loads (due to proximity to resonant speed),
resulting in disproportionately high vibratory stresses. As indicated in
Fig. 11.5.31, blades normally pass through a 2E resonance in coming up
to speed (usually not critical because it is a transient condition) and may
pass through or be close to resonance with other modes.

The natural frequencies of the rotating propeller blade can be com-
puted with good accuracy, but since the excitation varies from aircraft to
aircraft and is usually not well defined, vibration surveys must be made
of all new installations. These often result in the definition of ranges at
which continuous operation should be avoided. Allowable vibratory
stresses are limited by the fatigue strength of the material. Unlike the
steady-stress limits, fatigue strength is not a unique function of the mate-
rial but is a function of surface finish as well. A sharp notch in the
Fig. 11.5.31 Relation between blade natural frequency and major excitations.

Propeller blades are stalled when operating at low forward speeds and
when reversing (see Performance, above). Under these conditions tor-
sion-mode stall flutter can occur.

In general, 1E considerations control the design of the inboard por-
tions of a blade, and stall flutter the outboard sections.

There are five types of blade construction in common use today: solid
aluminum; fabricated steel; one-piece steel; monocoque, fiberglass construc-
tion, supported on a steel shank; and a construction with a hollow steel
central spar and a lightweight fiberglass cover that forms the aerodynamic
contour of the blade. As in any beam designed on the basis of bending
loads, it is desirable to concentrate the structural material at the maxi-
mum radii, as in the flanges of a simple I beam, and omit it from the
center, where it carries no load. This is accomplished, with steel blades,
by making them hollow. The structural material is concentrated in the
outer fibers, or surface. In general, steel blades weigh about 80 to 85
percent of the equivalent solid aluminum blade. The advantage of steel
increases with size. The blades normally constitute from one-third to
one-half of the total propeller weight.

The hub retains the blades and contains the pitch-change motor. A
pitch-change mechanism is provided so that the blades can be positioned
at the proper angle of attack a to absorb the desired power at the desired
rpm, regardless of flight speed. If the pitch is unchanged, as in Fig.
11.5.32, the angle of attack is excessive at low speed. This prevents the
engine from reaching rated speed and delivering rated power. The cen-
trifugal loads on the blade elements tend to rotate the blades toward flat
pitch (see Fig. 11.5.33). The pitch-change motor acts against this mo-
ment by applying a pitch-increasing moment. The addition of counter-
weights, shown dotted in Fig. 11.5.33, reduces the moment and the size
of the pitch-change motor. Counterweights, however, add to the radial

Fig. 11.5.32 Effect of flight speed on the desired blade angle.
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centrifugal load of the blades, necessitating a heavier retention, and
consequently do not necessarily reduce the net weight of the propeller.

Most pitch-change mechanisms employ a hydraulic piston, mounted
on the hub, with feed through the propeller shaft and with rotation of the
blades by means of gears or links. Electric motors and direct mechanical
drives have been used successfully. In the past, the weight of all sys-
tems, when fully developed, has turned out to be about the same.

Action of the pitch-change motor is limited by low- and high-pitch
stops. These prevent the blades from assuming negative angles with
reverse thrust. On reciprocating engines, the low-pitch stop is set to

maintain speed in rapid throttle movements, synchronizing to coordi-
nate two or more engines, and with overriding features to activate the
reversing and feathering sequences. (See also Sec. 16.)

Propeller controls are fundamentally the same, with several added
secondary features. First, because the engine is capable of a very rapid
increase or decrease in torque and because of the high gear ratio be-
tween the propeller and engine shaft, anticipating features are necessary
to prevent overspeeds in the propeller from producing large overspeeds
and possible failure in the turbine. Second, because of the high idle rpm
needed to maintain the pressure ratio in the compressor, the low-pitch

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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allow the propeller to absorb approximately rated power at zero forward
speed. A lower setting results in higher windmilling drags in gliding
flight, which could be dangerous if carried too far. In reversing pro-
pellers the low-pitch stop is automatically removed when the controls
are set for reverse pitch. The high-pitch stop prevents the propeller from
reversing through the positive range. In feathering propellers it is set at
the angle which gives zero aerodynamic moment about the shaft.

Propeller feathering is provided in order to reduce the drag of a dead
engine. To accomplish it, the blade-angle range is extended to 90°,
approximately. Auxiliary pitch-change power is provided to complete
the feathering as the engine slows down and to unfeather when the
engine is stationary.

Fig. 11.5.33 Twisting effect of centrifugal loads on blades.

Reversing is provided in order to give propeller braking on the landing
roll. It is accomplished by removing the flight low-pitch stop and driv-
ing the blades to a high negative reverse-pitch angle. The principal me-
chanical problem is to provide a mechanism which has the least possible
chance of going into reverse inadvertently.

The propeller control is that portion of the system which regulates the
blade angle. In light aircraft, this may consist merely of a mechanism
which sets a given blade angle corresponding to a given position of the
cockpit control. In such cases the propeller acts as a fixed-pitch pro-
peller except when activated by the pilot. In most cases, the propeller
control regulates blade angle so as to maintain a preset rotary rpm,
irrespective of flight speed or shaft power. The basic elements of this
system normally consist of a spring-balanced, engine-drive flyweight
delivering an error signal which directs the servo, or pitch-change
motor, to increase or decrease blade angle (Fig. 11.5.34). The control
loop is closed by rpm feedback through the main engine. This basic
system may be embellished with anticipating and delay devices to
stop of the turboprop engine propeller must be set substantially lower
than for a piston engine. This is not true of a free-turbine drive and is
only partially true of a split-compressor engine. In the event of an engine
failure, the propeller, sensing the loss in rpm, will govern down to the
low-pitch stop. This may lead to large, often uncontrollable, negative
thrust. To avoid this possibility, an engine-shaft torque signal is put into
the control, a negative torque automatically activating the feathering
system. This portion of the system is known as the ENT (emergency
negative-thrust) system. Third, because of the high idle rpm characteris-
tic of the turboprop engine, and the resulting low blade angles at low
power in the ground-taxi regime, provision must be made to cut out the
governing system and substitute direct blade-angle regulation (known
as beta control). This is required because the propeller will not govern
under these conditions as the torque-to-blade-angle relationship goes to
zero. The propeller control of a turboprop engine is normally mechani-
cally coordinated directly to the engine throttle, leaving only a single
control, with so-called power lever, in the aircraft.

Fig. 11.5.34 Propeller-speed governor.

The shaft on which the propeller is mounted is subjected to the
steady-thrust load, vibratory loads due to the propeller side, and gyro-
scopic forces (the 1E moment, acting on the blades, is reactionless in
propellers with three or more blades). In large aircraft, the shaft size is
usually determined by the propeller side force. In aircraft used for aero-
batics, gyroscopic loads may become limiting. The gyroscopic moment
on the propeller shaft is given by 2v1 ? v2(I1 2 I2), where v1 5 angular
velocity of maneuver, v2 5 angular velocity of shaft, I1 5 polar mo-
ment of inertia of propeller about shaft, I2 5 moment of inertia of
propeller about diameter in plane of rotation. (See also Sec. 3.)



11.6 ASTRONAUTICS
by Aaron Cohen

REFERENCES: ‘‘Progress in Astronautics and Aeronautics,’’ AIAA series, Aca-
demic Press. ‘‘Advances in Astronautical Sciences,’’ American Astronautical So-
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lications. Herrick, ‘‘Astrodynamics,’’ Vol. 1, Van Nostrand Reinhold. Cohen,
‘‘Space Shuttle,’’ Yearbook of Science and Technology, 1979, McGraw-Hill.

SPACE FLIGHT
by Aaron Cohen

carrying of instruments for the measurement of the characteristics of
(1) the environment through which the craft flies, (2) the surface of
the celestial body over which the craft flies, or (3) astronomical objects
or phenomena. The commercial applications of space are now being
realized. Many communication, weather, and earth-sensing satellites
have been deployed. The space shuttle which provides a method to go

h orbits offers an expanded use of space.
erials in a microgravity environment is proving to

icrogravity the effects of thermal convection and

External tank

Solid rocket booster (SRB)

Separation motors (each SRB), four a

Orbiter

Payload bay

Main engine (three)

Orbital maneuvering system engines

Reaction control system engines
38 engines
6 vernier rockets

* Includes spray-on foam insulation.
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The science of astronautics deals with the design, construction, and
operation of craft capable of flight through interplanetary or interstellar
space. In addition to orbits around, and trajectories between, such
bodies as stars, planets, and planetoids, the ascents from and descents to
the surface of such bodies are considered to be part of the field.

The purposes of such craft are numerous and include the transporta-
tion of people and cargo, the transmission or relaying of signals, and the

Table 11.6.1 Specifications of the Space Shuttle

Component

Overall system
ft, four forward

(two)
Containerless processing can also be accomplished which will lead to
additional applications in microgravity materials technology. The space
shuttle allows payloads up to 32,000 lb to be placed in earth orbit at
altitudes of 150 to 200 nautical miles (nmi) and inclinations of 28.5° to
90°. A description of the space shuttle is contained in Table 11.6.1.
Using expendable launch vehicles or the space shuttle and propulsion-
assistance modules, satellites can be placed in various orbits. A polar
orbit is one whose orbital plane includes the earth’s axis and permits

ystem and Its Components

Characteristic Specifications

Length 184.2 ft (56.1 m)
Height 76.6 ft (23.3 m)
System weight
Due-east launch 4,490,800 lbm (2037.0 Mg)
104° launch azimuth 4,449,000 lbm (2018.0 Mg)

Payload weight
Due-east launch 65,000 lbm (29.5 Mg)

104° launch azimuth 32,000 lbm (14.5 Mg)

Diameter 27.8 ft (8.5 m)*
Length 154.4 ft (47.1 m)
Weight
Launch 1,648,000 lbm (747.6 Mg)
Inert 70,990 lbm (32.2 Mg)

Diameter 12.2 ft (3.7 m)
Length 149.1 ft (45.4 m)
Weight (each)
Launch 1,285,100 lbm (582.9 Mg)
Inert 176,300 lbm (80.0 Mg)

Launch thrust (each) 2,700,000 lbf (12.0 MN)

Thrust (each) 22,000 lbf (97.9 kN)

Length 121.5 ft (37.0 m)
Wingspan 78.1 ft (23.8 m)
Taxi height 57 ft (17.4 m)
Weight
Inert 161,300 lbm (73.2 Mg)
Landing
With payload 203,000 lbm (92.1 Mg)
Without payload 173,000 lbm (78.5 Mg)

Cross range 1,100 nmi (2037.2 km)

Length 60 ft (18.3 m)
Diameter 15 ft (4.6 m)

Vacuum thrust (each) 470,000 lbf (2090.7 kN)

Vacuum thrust (each) 6,000 lbf (26.7 kN)

Vacuum thrust (each) 870 lbf (3870 N)
Vacuum thrust (each) 24 lbf (111.2 N)
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line-of-sight contact between the spacecraft and every point on earth on
a periodic basis. Synchronous orbits have angular rates equal to the
rotational rate of the earth about its axis, providing a spacecraft locus of
positions at nearly constant longitude. Orbital-parameter variation pro-
vides a wide variety of other orbits, permitting the selection of charac-
teristics most suitable for the specific flight objective, such as commu-
nication relays, meteorological observations, earth surface monitoring,
or interplanetary trajectories.

Rep. 32-604, Jet Propulsion Lab., Pasadena. Francis, Constants for an Earth-
Moon Transit, Lockheed Rep. LAC/421571. Krause, On a Consistent System of
Astrodynamic Constants, NASA-TN D-1642. Makemson, Baker, and Westrom,
Analysis and Standardization of Astrodynamic Constants, Jour. Astro. Sci.,
Spring 1961. Townsend, ‘‘Orbital Flight Handbook,’’ Martin Co. Space and Plan-
etary Environment Criteria Guidelines for Use in Space Vehicle Develop-
ment, 1982 Revision (Vols. I and II), NASA Technical Memoranda 82478 and
82501.

A greater number of astronomical constants is used in astrodynamics
and astronautics than in classic astronomy because astronautics is a kind

5
5
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5
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ASTRONOMICAL CONSTANTS
OF THE SOLAR SYSTEM
by Michael B. Duke
NASA

REFERENCES: ‘‘Handbook of the British Astronautical Association.’’ Blanco
and McCuskey, ‘‘Basic Physics of the Solar System,’’ Addison-Wesley.
Clarke, Constants and Related Data for Use in Trajectory Calculations, Tech

Table 11.6.2 General, Terrestrial, and Lunar Constants

1. Ephemeris second: 1 secE 5 1/31,556,925.9747 of tropical year at 1900.0.
2. Mean solar day (culmination period of the mean sun):

1d 5 1d*(.002 737 909 265 1 0d*.589 3 10210T
5 1rot.002 737 811 891 2 0rot.001 4 3 10210T

3. Mean sidereal day or mean equinoctial day (culmination period of the vernal e

1d* 5 0d.997 269 566 414 2 0d.587 3 10210T
5 0rot.999 999 902 892 2 0rot.589 3 1021
4. Mean stellar day or mean period of the earth’s rotation (culmination period of an

1d
st 5 1rot 5 1d*.000 000 097 108 1 0d*.589 3 10

5 24h*00m*.008 390 13 1 0 s*.050 89 3
5 0d.997 269 663 257 1 0d.001 4 3 102

5. Tropical year (equinox to equinox):

Ptrop 5 (365.242 198 78 2 0.000 006

6. Sidereal year (fixed star to fixed star):

Psid 5 (365.256 360 42 1 0.000 000 11

7. Synodic month (new moon to new moon):

Psyn 5 (29.530 588 2 2 0.000 000 2 T

8. Tropical month (equinox to equinox):

Ptrop 5 (27.321 581 7 2 0.000 000 2

9. Sidereal month (fixed star to fixed star):

Psid 5 (27.321 661 0 2 0.000 000 2 T

10. Astronomical unit (mean earth-sun distance): au 5 149,598,700 6 400 km.
11. Light year: ly 5 (9.460 530 6 0.000 003) 3 1012 km 5 63,239.39 6 0.15 au.
12. Parsec: pc 5 206,264.806 247 au 5 (3.085 695 6 0.000 008) 3 1013 km.
13. Semimajor axis of the earth’s orbit: a! 5 1.000 000 236 au 5 149,598,700 6 4
14. Mean orbital speed: v! 5 29,784.90 6 0.08 m/sec.
15. Mass of the earth: M! 5 (5.9761 6 0.004 3) 3 1024 kg.
16. Equatorial radius of the earth: Re! 5 6,378 170 6 20 m.
17. Flattening (oblateness, ellipticity): f! 5 (Re 2 Rp)/Re 5 0.003 352 55 5 1:(298
18. Acceleration of gravity at the earth’s surface:

g 5 ge(1 1 b sin2 f 1 g sin2 2f) 5 9.780 315(1 1

19. Moments of inertia of the earth:

A 5 (0.329 6814 6 0.000 11) M ! Re
2

C 5 (0.330 7639 6 0.000 11) M ! Re
2

20. Circular and escape velocities from the earth’s surface at the equator.

vcir 5 7,905.39 6 0.06 m/sec vesc

21. Mean observed distance of the perturbed moon from the earth:

r 5 384,401.0 6 1.0 km 5 (60.268 23 6 0.00

22. Semimajor axis of the moon’s orbit: a 5 1.000 907 681r 5 384 749.9 6 1.0
23. Mean orbital velocity: v 5 1,024.089 6 0.003 m/sec.
24. Mass of the moon: M 5 (7.353 4 6 0.007 5) 3 1022 kg 5 M !: (81.270 6 0.
25. Semiaxes of the moon ellipsoid: a 5 1,738,780 6 186 m; b 5 1,738,452 6 209 m

The time T is in Julian centuries of 36,525 days from 1900 Jan. 0.5 U.T. (univers
of experimental astronomy and its missions vary so greatly. A higher
accuracy is also necessary because the astrodynamic missions include
departure, landing, and flyby maneuvers. Some of the constants, given
in relative and astronomical units in celestial mechanics, must be known
in absolute units for astrodynamic purposes. Tables 11.6.2 to 11.6.4
provide the latest observed data for standardization of astrodynamic
computations. See references for additional constants.

24h*03m*56 s*.555 360 50 1 0 s*.050 89 3 1024T
(1 6 1028)d

E

nox):

23h56m04 s.090 538 17 2 0 s.050 716 8 3 1024T
equatorial star without proper motion):

210T
1024T

10T 5 23h56m04 s.098 905 40 1 0 s.001 21 3 1025T

138 T )d
E 5 365d

E 05h
E 48E

m45 s
E .530 T

T )d
E 5 365d

E 06h
E 09E

m09 s
E .54 1 0 s

E .010 T

)d 5 29d 12h 44m02 s .78 2 0 s.017 T

T )d 2 27d 07h 43m04 s .7 2 0 s.017 T

)d 5 27d 07h 43m11 s .47 2 0 s.017 T

00 km.

.28 6 0.05).

0.005 302 74 sin2 f 2 0.000 005 9 sin2 2f) m/sec2

5 (0.801 50 6 0.000 85) 3 1038 kg-m2

5 (0.804 13 6 0.000 85) 3 1038 kg-m2

5 vcir21/2 5 11,179.91 6 0.08 m/sec

0 35) Re! 5 0.002 569 548 6 0.000 000 014 au

km.

024).
; c 5 1,737,688 6 188 m.

al time). The constants are given with probable errors (pe).
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Table 11.6.3 Planetary Orbit Data

Mean Planetary
Number Semimajor Sidereal Synodic Mean daily Inclination ascending Longitude Orbital escape Gravity at

of axis, period, period, motion, Eccentricity, to ecliptic, node V, perihelion, speed, speed, surface,
Planet satellites au year days s/day e i, deg deg v, deg km/s km/s cm/s2

0.387 0.2411 115.88 14,732.42 0.206 7.004 47.857 76.833 47.8 4.3 370
0.723 0.6152 583.92 5767.2 0.007 3.394 76.320 131.008 35.0 10.3 887

1 1.0000 1.0000 3548.19 0.017 102.253 29.8 11.2 982
2 1.524 1.8822 779.94 1886.52 0.093 1.850 49.250 335.322 24.2 5.0 372

16 5.203 11.86 398.88 299.13 0.048 1.305 99.44 12.72 13.1 61 2599
15 9.54 29.46 378.09 120.46 0.056 2.490 113.307 92.264 9.7 39.4 1290
5 19.2 84.0 369.66 42.23 0.50 0.773 73.796 170.011 6.8 21.2 830
2 30.1 164.8 367.49 21.53 0.009 1.774 131.340 44.274 5.4 23.8 1380
1 39.7 247.7 366.74 14.29 0.249 17.170 109.886 112.986 4.7 ; 1.3

Mercury
Venus
Earth
Mars
Jupiter
Saturn
Uranus
Neptune
Pluto
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Table 11.6.4 Physical Data of Sun, Moon, and Planets

Polar Mean Inclination
Equatorial radius, density, Visual Rotational of equator

Name radius, km km Mass, kg g/cm3 albedo period to orbit, deg

Sun 696,000 1.99 3 1030 1.42 ; 27 days 7.25
Moon 1,738 7.35 3 1022 3.34 0.067 27.322 days 6.65
Mercury 2,439 3.30 3 1023 5.44 0.235 58.646 days , 1
Venus 6,051 4.87 3 1024 5.24 0.80 243.0 days 2.2
Earth 6,378 6,356 5.98 3 1024 5.52 0.39 23.93 h 23.45
Mars 3,397 3,375 6.42 3 1023 3.93 0.1–0.4 24.62 h 25
Jupiter 71,398 66,793 1.89 3 1027 1.32 0.51 9.92 h 3.1
Saturn 60,330 55,020 5.68 3 1026 0.71 0.45 10.66 h 26.7
Uranus 26,145 25,518 8.73 3 1025 1.2 0.56 11–24 h 97.9
Neptune 24,700 24,060 1.03 3 1026 1.67 0.57 ; 18 h 28.8
Pluto 1,600 1.4–2 3 1022 0.55–1.75 0.25–0.5 ? ?

DYNAMIC ENVIRONMENTS
by Michael B. Duke
NASA

REFERENCES: Harris and Crede, ‘‘Shock and Vibration Handbook,’’ McGraw-
Hill. Beranek, ‘‘Noise Reduction,’’ McGraw-Hill. Crandall, ‘‘Random Vibra-
tion,’’ Technology Press, MIT. Neugebauer, The Space Environment, Tech. Rep.
34-229, Jet Propulsion Lab., Pasadena, 1960. Hart, Effects of Outer Space Envi-
ronment Important to Simulation of Space Vehicles, AST Tech Rep. 61-201. Cor-
nell Aeronautical Lab. Barret, Techniques for Predicting Localized Vibratory En-

The sound-generation mechanism is presented in empirical and ana-
lytical form, utilizing measured sound pressures and the known engine
operational parameters. This combination of empirical terms and ana-
lytical reasoning provides a generalized relationship to predict sound-
pressure levels for the vehicle structure and also for far-field areas. It
has been shown by Lighthill (Proc. Royal Soc., 1961) that acoustic-
power generation of a subsonic jet is proportional to rV 8D2/a3

0 , where r
is the density of the ambient medium, a0 is the speed of sound in the
ambient medium, V is the jet or rocket exit exhaust velocity, and D is a
characteristic dimension of the engine. Attempts have been made to
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vironments of Rocket Vehicles, NASA TN D-1836. Wilhold, Guest, and Jones, A
Technique for Predicting Far Field Acoustic Environments Due to a Moving
Rocket Sound Source, NASA TN D-1832. Eldred, Roberts, and White, Structural
Vibration in Space Vehicles, WADD Tech. Rep. 61–62. Bolt, Beranek, and New-
man, Exterior Sound and Vibration Fields of a Saturn Vehicle during Static Firing
and during Launching, U.S.A. Ord. Rep. 764.

The forces required to propel a space vehicle from the launch pad are
tremendous. The dynamic pressures generated in the atmosphere by
large rocket engines are exceeded only by nuclear blasts. Slow initial
ascent from the launch pad is followed by rapid acceleration and high g
loading, and acoustic and aerodynamic forces drive every point of the
vehicle surface. The space-vehicle velocity quickly becomes supersonic
and continues to hypersonic velocities. Gradually, as the space vehicle
leaves the atmosphere, the aerodynamic forces recede. Then suddenly
the rocket thrust decays and is followed by the ignition of another
rocket, which quickly develops thrust and continues to accelerate the
space vehicle. Finally, the space vehicle becomes weightless. In com-
pleting a mission, a space vehicle is subjected to the additional environ-
mental extremes of planetary landings, escape, and earth reentry.

These environments represent basic criteria for space-vehicle design.
For operational reliability, the most important are the shock, vibration,
and acoustic environments which are present to varying magnitudes in
all operational phases and which constitute major engineering prob-
lems.

It is not possible to have original environmental data prior to fabrica-
tion and testing of a particular structure. Vibration, shock, and acoustic
noise adversely affect structural integrity and vehicle reliability. These
environments must be considered prior to design and fabrication and
then again for design verification through ground testing. Precise vibra-
tion and acoustic environmental predictions are complicated because of
structural nonlinearities, random forcing functions, and multiple-
degree-of-freedom systems. Current environmental-prediction tech-
niques consist mainly of extrapolating measured data obtained from
existing vehicles. Acoustic environments produced during ground test
are important factors in evaluating ground-facility locations and de-
sign, personnel safety, and public relations.

A source of sound common to all jet and rocket-engine propulsion
systems is the turbulent exhaust flow. This high-velocity flow produces
pressure fluctuations, referred to as noise, and has adverse effects on the
vehicle and its operations. Also, far-field uncontrolled areas may be
subjected to intense acoustic-sound-pressure levels which may require
personnel protection or sound-suppression devices. (See also Sec. 12.)
extend this relationship to allow supersonic-jet acoustic-power predic-
tions to be made, but no one scheme is accepted for broad use.

From acoustic-data-gathering programs utilizing rocket engines,
various trends have been noted which facilitate acoustic predictions. For
rocket engines of up to 5 3 109 W mechanical power, the acoustic
efficiency shows a nonlinear rate of increase. For greater mechanical
power, the acoustic efficiency approaches a value slightly higher than
0.5 percent (Fig. 11.6.1).

Fig. 11.6.1 Acoustic-efficiency trends.

Turbulent-exhaust-flow sound-source mechanisms also exhibit di-
rectional characteristics. Figure 11.6.2 shows data from a Saturn rocket
vehicle launch with the microphone flush-mounted on the vehicle skin
at approximately 100 ft above the nozzle plane.

During the period between on-pad firing and post-lifting-off or main-
stage flight, the exhaust-flow direction changes. The directivity has also
shifted 90° to retain its inherent relationship to the exhaust stream. The
sound-pressure-level variation during a small time interval—between

Fig. 11.6.2 Vehicle acoustic environment.



11-104 ASTRONAUTICS

The sources of vibration excitation are (1) acoustic pressures gener-
ated by rocket-engine operation; (2) aerodynamic pressures created by
boundary-layer fluctuations; (3) mechanically induced vibration from
rocket-engine pulsation, which is transmitted throughout the vehicle
structure; (4) vibration transmitted from adjacent structure; and (5) lo-
calized machinery. Since the mean square acceleration is proportional
to power, the total vibrational power at any point on the vehicle may be
expressed as

Pv 5 Pv(1) 1 Pv(2) 1 Pv(3) 1 Pv(4) 1 Pv(5)
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Fig. 11.6.3 Random-vibration spectrum of a space-vehicle structure.

on-pad condition and shortly after liftoff—depends on the changes
which have occurred in the directivity and the jet-exhaust-velocity vec-
tor (Fig. 11.6.2). The change in sound-pressure level is 20 dB approxi-
mately in this case and is indicative of the significance of a sound
source’s directional properties, which depend on velocity and temper-
ature of the jet.

The acoustic environments produced by a given conventional engine
can be empirically described by that engine’s flow parameters and ge-
ometry. It is difficult to predict the acoustic environments for noncon-
ventional engines such as the plug-nozzle and expansion-deflection en-
gines.

The turbulent-boundary-layer problem of high-velocity vehicle
flights is difficult to evaluate in all but the simplest cases. Only for
attached, homogeneous, subsonic flows can the boundary-layer noise be
estimated with confidence.

The vibratory environment on rocket vehicles consists of total-
vehicle bending vibrations, in which the vehicle is considered a non-
uniform beam, with low-frequency responses (0 to 20 Hz) and localized
vibrations with frequencies up to thousands of hertz. (See also
Sec. 5.)

The response of a simple structure to a dynamic forcing function may
be described by the universal equation of motion given as ~M ~x 1 c ~x 1
Kx 5 F(t) or F(t)x(t) 5 (M 2 Kv2) 2 j(c/v) and is a complex function
containing real and imaginary quantities. In the case of rocket-vehicle
vibrations, F(t) is a random forcing phenomenon. Thus, the motion
responses must also be random. Random vibration may be described as
vibration whose instantaneous magnitudes can be specified only by
probability-distribution functions giving the probable fraction of the
total time that the magnitude, or some sequence of magnitudes, lies
within a specified range. In this type of vibration, many frequencies are
present simultaneously in the waveform (Fig. 11.6.3). Power spectral
density (PSD; in units of g2/Hz) is defined as the limiting mean-square
value of a random variable, in this case acceleration per unit bandwidth;
i.e.,

PSD 5 lim
Df:0

g 2/Df 5 dg 2/df

Fig. 11.6.4 Sources of vibration excitement.
This is illustrated in Fig. 11.6.4 for an arbitrary vehicle. In many
instances, the structure is principally excited by only one of these
sources and the remaining can be considered negligible (Fig. 11.6.5).
The vibration characteristics of structure B, taken from a skin panel,
closely correspond to the trends of the acoustic pressures during flight.
However, structure A, taken from a rocket-engine component, exhibits
stationary trends, indicating no susceptibility to the impinging acoustic
field. Thus, for this structure, it can be assumed that only Pv(3) is
significant, whereas for structure B, only Pv(1) is the principal exciting
source during the on-pad phase and only Pv(2) is significant during the
maximum dynamic-pressure phase. This also holds true for captive fir-
ings of the vehicle, in which only Pv(1) is significant for structure B and
Pv(3) for structure A.

Fig. 11.6.5 Typical structural responses to a random-vibration environment.

SPACE-VEHICLE TRAJECTORIES, FLIGHT
MECHANICS, AND PERFORMANCE
by O. Elnan, W. R. Perry, J. W. Russell,
A. G. Kromis, and D. W. Fellenz
University of Cincinnati

REFERENCES: Russell, Dugan, and Stewart, ‘‘Astronomy,’’ Ginn. Sutton,
‘‘Rocket Propulsion Elements,’’ Wiley. White, ‘‘Flight Performance Handbook
for Powered Flight Operations,’’ Wiley. ‘‘U.S. Standard Atmosphere, 1962,’’
NASA, USAF, U.S. Weather Bureau. Space Flight Handbooks, NASA SP-33,
SP-34, and SP-35. Gazley, Deceleration and Heating of a Body Entering a Plane-
tary Atmosphere from Space, ‘‘Visits in Astronautics,’’ Vol. I, Pergamon. Chap-
man, An Approximate Analytical Method for Studying Entry into Planetary At-
mospheres, NACA-TN 4276, May 1958. Chapman, An Analysis of the Corridor
and Guidance Requirements for Super-circular Entry into Planetary Atmospheres,
NASA-TN D-136, Sept 1959. Loh, ‘‘Dynamics and Thermodynamics of Planetary
Entry,’’ Prentice-Hall. Grant, Importance of the Variation of Drag with Lift in
Minimization of Satellite Entry Acceleration, NASA-TN D-120, Oct. 1959. Lees,
Hartwig, and Cohen, Use of Aerodynamic Lift during Entry into the Earth’s At-
mosphere, Jour. ARS, 29, Sept 1959. Gervais and Johnson, Abort during Manned
Ascent into Space, AAS, Jan. 1962.

Notation

A 5 reference area
Az 5 launch azimuth
B 5 ballistic coefficient

CL 5 lift coefficient
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e 5 eccentricity
f 5 stage-mass fraction (WP/WA)

H 5 total energy
H` 5 hyperbolic excess energy

I 5 specific impulse
Di 5 plane-change angle
L 5 lift force
m 5 mass
n 5 mean motion (2p/psid)
p 5 ambient atmospheric pressure

o 5 sea level conditions at 45° latitude
s 5 space fixed

vac 5 vacuum
circ 5 circular orbital condition
esc 5 escape

i 5 initial
p 5 perigee

M 5 mean
SL 5 sea level
sid 5 sidereal
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q 5 dynamic pressure
R 5 earth’s equatorial radius
S 5 wing area
T 5 transfer time, time, absolute temperature

tpp 5 time after perigee passage
Vc 5 injection velocity
V 5 velocity

Vg 5 velocity loss to gravity
W 5 weight

WL 5 payload weight
WP 5 propellant weight

Y 5 distance
aV 5 right ascension of the ascending node

g 5 u 2 90° 5 flight-path angle used in reentry analysis
v 5 true anomaly
v 5 earth’s rotational velocity
c 5 central angle

s 5 r/r0 5 relative atmospheric density
Y 5 vernal equinox
Ae 5 nozzle exit area
a 5 semimajor axis

CD 5 drag coefficient
D 5 drag force
E 5 eccentric anomaly
F 5 thrust
g 5 acceleration due to gravity

Hesc 5 escape energy
h 5 altitude
i 5 inclination

J2 5 oblateness coefficient of the earth’s potential
(second-zonal harmonic)

M 5 molecular weight, mean anomaly
nm 5 nautical miles

P 5 period of revolution
Pe 5 nozzle exit pressure
qs 5 stagnation-point heat-transfer rate
r 5 radius
s 5 range
t 5 time

V` 5 hyperbolic excess velocity
Vid 5 ideal velocity
DV 5 impulsive velocity
WA 5 stage weight (WO 2 WL)
WO 5 gross weight

X 5 distance
a 5 angle of attack, right ascension
b 5 exponent of density-altitude function
l 5 longitude
t 5 hour angle
v 5 argument of perigee

f9 5 latitude
r 5 atmospheric density
u 5 flight-path angle

Subscripts

a 5 apogee
e 5 entry
f 5 final
ORBITAL MECHANICS
by O. Elnan and W. R. Perry
University of Cincinnati

The motion of the planets about the sun, as well as that of a satellite in
its orbit about a planet, is governed by the inverse-square force law for
attracting bodies. In those cases where the mass of the orbiting body is
small relative to the central attracting body, it can be neglected. This
simplifies the analysis of the orbital motion. The shape of the orbit is
always a conic section, i.e., ellipse, parabola, or hyperbola, with the
central attracting body at one of the foci. Parabolic and hyperbolic orbits
are open, terminate at infinity, and represent cases where the orbiting
body escapes the central force field of the attracting body.

The laws of Kepler for satellite orbits are (1) the radius vector to the
satellite from the central body sweeps over equal areas in equal times;
(2) the orbit is an ellipse, with the central attracting body at one of its
foci; and (3) the square of the period of the satellite is proportional to the
cube of the semimajor axis of the orbit.

Six orbital elements are required to describe the orbit in the orbit plane
and the orientation of the plane in inertial space. The three elements that
define the orbit are the semimajor axis a, eccentricity e, and period of
revolution P. The orientation of the orbit (Fig. 11.6.6) is defined by the

Fig. 11.6.6 Elements of satellite orbit around a planet.

right ascension of the ascending node aV , inclination of the orbit plane
to the earth’s equatorial plane i, and the argument of perigee v, which is
the central angle measured in the orbit plane from ascending node to
perigee. The following equations compute these orbital elements and
other orbital parameters.

a 5 (ra 1 rp)/2 5 m /VaVp 5 ra/(1 1 e) 5 rp /(1 2 e)
e 5 (ra /a) 2 1 5 (Vp 2 Va)/(Vp 1 Va) 5 (rpV 2

p /m) 2 1
r 5 a(1 2 e2)/(1 1 e cos n)

ra 5 a(1 1 e) 5 rp(1 1 e)/(1 2 e)
rp 5 a(1 2 e) 5 ra(1 2 e)/(1 1 e)
V 5 [m(2/r 2 1/a)]0.5

P 5 2p(a3m)0.5 (for circular orbits, r 5 a)
Va 5 Vp(1 2 e)/(1 1 e) 5 [m(1 2 e)/a(1 1 e)]0.5

Vp 5 Va(1 1 e)/(1 2 e) 5 [m(1 1 e)/a(1 2 e)]0.5

n 5 cos2 1{[2rarp 2 r(ra 1 rp)]/r(ra 2 rp)}
tpp 5 (a3/m)0.5{cos2 1[(a 2 r)/ae]

2 e[1 2 (a 2 r)2/(ae)2]0.5}
M 5 ntpp 5 E 2 e sin E
r 5 a(1 2 e cos E)

Vesc 5 (2m/r)0.5
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The elements may be determined from known injection conditions.
For example,

1/a 5 V 2
im 2 2/ri

e2 5 cos2 Vi(riV 2
i /m 2 1)2 1 sin2 Vi

General precession in longitude of vernal equinox:

x 5 5099.2575 1 099.0222T

where T is in Julian centuries of 36,525 mean solar days reckoned from

2/(ri 1 rf )]}0.5 2 (m/ri)0.5 and DVf 5 (m/rf )0.5 2 {m[2/rf 2 2/(ri 1
rf )]}0.5, where Vi is the orbiting velocity in low orbit and Vf is the
orbiting velocity in the high orbit.

Orbital Lifetime The satellite orbit will gradually decay to lower
altitudes because of the drag effects of the atmosphere. This drag force
has the form D 5 1⁄2CDArV 2, where values of the drag coefficient CD

may range from 2.0 to 2.5. The atmospheric density, as a function of
altitude, can be used for computing an estimated orbital lifetime of a
satellite (Fig. 11.6.8). (See NASA, ‘‘U.S. Standard Atmosphere’’ and
‘‘Space Flight Handbooks.’’)
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Measurement of Time

The concept of time is based on the position of celestial bodies with
respect to the observer’s meridian as measured along the geocentric
celestial equator. The mean sun and the vernal equinox (Y) are used to
define mean solar time and sidereal time. The mean sun, rather than the
apparent (true) sun, is used since the latter’s irregular motion from
month to month gives a variation in the length of a day. The mean sun
moves with uniform speed along the equator at a rate equal to the
average of the true sun’s angular motion during the year.

One sidereal day is the interval between two successive transits of the
vernal equinox across the observer’s meridian. A mean solar day is the
interval between two successive transits of the mean sun. Local civil
time (LCT) is defined to be the hour angle of the mean sun plus 12 h.
Local sidereal time is the hour angle of the vernal equinox plus 12 h.
For an observer at the Greenwich meridian, the local civil time is
Greenwich mean time (GMT) or universal time (UT). The earth is
divided into 24 time zones, each 15° of longitude wide. Each zone keeps
the time of the standard meridian in the middle of the zone. (See Fig.
11.6.7.)

Time T 5 t 1 12 h
Local sidereal time LST 5 tY 1 12 h
Greenwich sidereal time GST 5 LST 1 l(w)
Local civil time LCT 5 tM 1 12 h 5 mean solar time
Equation of time ET 5 t 2 tM 5 aM 2 a
Greenwich mean time GMT 5 UT 5 tM(Greenwich) 1 12 h 5

universal time

LCT 5 UT 2 l(w)
GMT 5 ZT 6 l°/15

The ‘‘American Ephemeris and Nautical Almanac’’ gives the equa-
tion of time for every day of the year and conversions of mean solar time
to and from sidereal time.

Hohmann Transfer This is a maneuver between two coplanar orbits
where the elliptical transfer orbit is tangent at its perigee to the lower
orbit and tangent at its apogee to the higher orbit. To transfer from a low
circular orbit to a higher one, the impulsive velocity required is the
difference between the velocities in the circular orbits and the velocities
in the corresponding points on the transfer orbit. Using the general
velocity equation above, the transfer velocities are DVi 5 {m[2/ri 2

Fig. 11.6.7 Time-zone geometry.
Fig. 11.6.8 Satellite lifetimes in elliptic orbits. r 5 ARDC, 1959; B 5
CDA/2m 5 1.0 ft2/slug; e 5 initial eccentricity; --- 5 decay histories.

Perturbations of Satellite Orbits There are many secular and peri-
odic perturbations of satellite orbits due to the effects of the sun, the
moon, and some planets. The most significant perturbation on close-
earth satellite orbits is caused by the oblateness of the earth. Its great-
est effects are the precession of the orbit along the equator (nodal re-
gression) and the rotation of the orbit in the orbit plane (advance
of perigee). The nodal-regression rate is given to first-order approxima-
tion by

~aV 5 2 3⁄2(m/a3)0.5J2[R/a(1 2 e2)]2 cos i

The mean motion of the perigee is

~v 5 J2n(2 2 (5⁄2) sin2i)/a2(1 2 e2)2

LUNAR- AND INTERPLANETARY-FLIGHT
MECHANICS
by J. W. Russell
University of Cincinnati

The extension of flight mechanics to the areas of lunar and interplane-
tary flight must include the effects of the sun, moon, and planets on the
transfer trajectories. For most preliminary performance calculations, the
‘‘sphere-of-influence,’’ or ‘‘patched-conic,’’ method—whereby the multi-
body force field is treated as a series of central force fields—provides
sufficient accuracy. By this method, the trajectories in the central force
field are calculated to the ‘‘sphere of influence’’ of each body as stan-
dard Keplerian mechanics, and the velocity and position of the extre-
mals are then matched to give a continuous trajectory. After the mis-
sions have been finalized, the precision trajectories are obtained by
numerically integrating the equations of motion which include all the
perturbative elements. It is necessary to know the exact positions of the
sun, moon, and planets in their respective orbits.
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Lunar-Flight Mechanics The moon moves about the earth in an
orbit having an eccentricity of 0.055 and an inclination to the ecliptic of
about 5.145°. The sun causes a precession of the lunar orbit about the
ecliptic, making the inclination of the lunar plane to the earth’s equato-
rial plane oscillate between 18.5 and 28.5° over a period of 18.5 years
approx. To compute precision earth-moon trajectories, it is necessary to
know the precise launch time to be able to include the perturbative
effects of the sun, moon, and planets. The data presented are based on
the moon being at its mean distance from earth and neglect the pertur-
bation of the sun and planets; they are therefore only to be considered as

2

2

1

about the sun so as to arrive at the target planet at the desired position
and time. The energy required to escape the gravitational attraction of a
planet can be determined by Keplerian mechanics to be Hesc 5 m/r,
where m is the gaussian gravitational constant and r is the distance from
the center of the planet. After escaping the departure planet, the velocity
must be altered in both magnitude and direction—in order to arrive at
the target planet at the chosen time—by supplying additional energy,
H` 5 1⁄2V 2

` .
For determination of vehicle size necessary to inject the spacecraft

into the interplanetary trajectory, it is convenient to express the total
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representative data. The injection velocity (see Gazley) at 100 nmi for
earth-moon trajectories and the impulsive velocity for braking into a
100-nmi orbit about the moon are shown in Fig. 11.6.9 as a function of
transfer time. Additional energy is required to offset losses due to grav-
ity and aerodynamic drag as well as to provide plane-change and
launch-window capabilities.

Fig. 11.6.9 Lunar-mission velocity requirements.

Interplanetary-Flight Mechanics The fact that planetary orbits
about the sun are not coplanar greatly restricts the number of feasible
interplanetary trajectories. The plane of the interplanetary trajectory
must include the position of the departure planet at departure, the sun,
and the position of the target planet at arrival. The necessary plane
change can be prohibitive even though the relative inclinations of the
planetary orbits are small. The impulsive velocity required to effect a
plane change for a spacecraft departing earth can be approximated by
DV 5 195,350 sin (Di /2), where Di is the amount of plane change
required and DV is in ft /s.

For interplanetary flight, the ‘‘ideal’’ total energy that must be im-
parted to the spacecraft is the energy required to escape the gravitational
field of the departure planet plus the energy required to change path

Table 11.6.5 Hyperbolic-Excess-Velocity Requirements
(ft/s) for Typical Mars Missions

Opposition year
Trip time,

days 1982 1984 1986 1988 1990

100 27,241 23,012 18,070 15,569 19,955
150 15,940 13,088 11,437 10,520 13,792
200 12,268 10,021 11,486 9,308 12,463
250 10,510 12,688 13,410 10,480 15,784

SOURCE: Gammal, ‘‘Space Flight Handbooks.’’

Table 11.6.6 Planetary Atmospheres

Vesc , M,
Planet ft /s Gases gmol21

Venus 34,300 2% N2 40
98% CO2

Earth 36,800 78% N2 29
21% O2

Mars 16,900 95% N2 28
3% CO
2

Jupiter 195,000 89% H2 2.2 1
11% He
rSL ,
T, K b21, ft bt lb/ft3

50–350 2 3 104 1,006 1.0

40 2.35 3 104 880 0.0765

30–300 6 3 104 132 0.0062

energy H 5 Hesc 1 H` in terms of the required injection velocity

Vc 5 √2(Hesc 1 H`) or Vc √(2m/r) 1 V 2
`

Hyperbolic excess velocities V` for earth-to-Mars missions are shown
in Table 11.6.5 as a function of date. These velocities are near optimum
for the trip time and year given but do not represent absolute-optimum
trajectories. Mars has a cyclic period with respect to earth of 17 years
approx; hence the energy requirements for Mars missions from earth
also follow approximate 17-year cycles.

Figure 11.6.10 shows how the hyperbolic excess velocities of Table
11.6.5 can be converted to stage characteristic velocities for a vehicle
leaving a 100-nmi earth parking orbit. These are simple cases. In many
recent planetary missions, use has been made of planetary flybys to gain
velocity and aim the space probe. These ‘‘gravity assists’’ significantly
increase the capability of interplanetary flight.

Fig. 11.6.10 Stage-velocity for earth departure from a 100-nmi parking orbit
(specific impulse 5 450 s).

ATMOSPHERIC ENTRY
by D. W. Fellenz
University of Cincinnati

A vehicle approaching a planet possesses a considerable amount of
energy. The entry vehicle must be designed to dissipate this energy
without exceeding its limits with respect to maximum decelerations or
heating.

The trajectory parameters of an entering vehicle are determined
largely by its initial trajectory conditions (suborbital, orbital, superorbi-
tal), by the ratio of gas-dynamic forces acting upon it, and by its mass
(ballistic factor, lift-drag ratio) and the type of atmosphere it is entering.

Planetary atmospheres (Table 11.6.6) can be assumed, as a first ap-
00–200 6 3 104 3,600
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proximation, to have exponential density-altitude distributions: s 5
r/rSL 5 e2bh, where

b 5 2 (1/r)(dr/dh) 5 Mg/RT

For more exacting analyses, empirical atmospheric characteristics
(e.g., U.S. Standard Atmosphere) have to be used.

tems favor low heating rates over long time periods. Ablative systems
favor short heat pulses. In fact, longer soaking periods may melt the
ablation coating without getting the benefit of heat absorption through
multiple-phase changes. A more uniform dissipation of energy can be
achieved by modulation of vehicle parameters.

Determination of an entry-vehicle configuration is a process of itera-
tion. The entry-flight profile and the entry and recovery procedures are
mainly determined by whether experiments or passengers are carried.
The external shape is determined by requirements for hypersonic glide
capability and subsonic handling and landing characteristics and also by

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
Fig. 11.6.11 Energy conversion during reentry. (After Gazley in Knoelle,
‘‘Handbook of Astronautical Engineering.’’)

The trajectory of the vehicle in flight-path fixed notation with the
assumption of a nonrating atmosphere is described as dV/dt 5 g sin g 2
(CDA/m)(r/2)V 2 and (V/cos g)(dg/dt) 5 g 2 (V 2/r) 2 (CLA/m)(r/
2)(V 2/cos g). Solutions exist for direct (g . 5°) ballistic entry and for
equilibrium glide-lifting entry for L/D . 1. General solutions of the
equations of motion have been obtained for shallow entry of both bal-
listic and lifting bodies. For a survey of analytical methods available,
see Chapman, Loh, Grant, Lees, and Gervais.

The energy of an earth satellite at 200 mi altitude is about 13,000 Btu/
lb, and a vehicle entering at escape velocity possesses twice this energy.
This energy is transformed, through the mechanism of gas-dynamic
drag, into thermal energy in the air around the vehicle, of which only a
fraction enters the vehicle surface as heat. This fraction depends on the
characteristics of the boundary-layer flow, which is determined by
shape, surface condition, and Reynolds number. Figure 11.6.11 illus-
trates the energy conversion where it is necessary to manage a given
amount of energy in a way that minimizes structural and heat-protection
weights, operational restraints, and cost. It would be most desirable if
this energy could be dissipated at a constant rate, but with constant
vehicle parameters, decelerations vary proportionally to rV 2 and heat-
ing rates proportionally to rV 3. The selection of a heat-protection sys-
tem depends on the type of entry flown. Lifting entry from orbit results
in relatively long flight times (in the order of 1⁄2 h) as compared with
10 min in the case of a steep ballistic entry. Radiative-heat-transfer sys-

Fig. 11.6.12 Suborbital entry of a lifting vehicle. W/CDA 5 28 lb/ft; L/D 5 0.7.
the relations between aerodynamic shape, heat input, and structural-
materials characteristics. Intermediate results are fed back into the
evaluation of performance and operational effectiveness of the total
transportation system.

Fig. 11.6.13 Peak decelerations for entry at constant L/D.

If reentry capability from any point of the ascent trajectory is desired
for a manned vehicle, vehicle constraints and trajectory requirements
must be compatible. Performance-optimized trajectories encompass com-
binations of relatively small velocities and large flight-path angles,
which would result in considerable decelerations. In such cases, either
reshaping the ascent trajectory or adding velocity at the time of abort,
resulting in lower entry-flight-path angles, is effective (see Fig.
11.6.12). Lower flight-path angles during ascent depress the trajectory
and increase drag losses. Atmospheric entry is initiated by changing the
vehicle-velocity vector so that the virtual perigee of the descent ellipse
comes to lie inside the atmosphere. The retrovelocity requirement for
entry from low orbit is between 250 and 500 ft/s, depending on the
range desired from deorbit to landing. For nonlifting entry, maximum
deceleration and heat input into the vehicle are largely a function
of entry angle, with the ballistic factor W/CDA determining the alti-

Fig. 11.6.14 Glide reentry, dynamic pressure. W/CDA 5 1 lb/ft2; g 5 2°;
1⁄2r` V 5 (W/CDA)(1⁄2r` V 2); h 5 h1 2 23,500 ln (W/CDA); V 5 V1 .
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Table 11.6.7

L/D Lateral, nmi Longitudinal, nmi

0.5 ' 200 ' 2,000
1 ' 600 ' 4,000
1.5 ' 1,200 ' 6,000
2 ' 2,000 ' 9,000

* Assumptions: ge 5 1°; be 5 400,000 ft; Ve 5 26,000 ft/s.

tude at which the maximum decelerations and heating rates occur. De-

For entry at parabolic or hyperbolic speeds, it is necessary to dissipate
sufficient energy so that the planet can capture the vehicle. Vehicle
mass and aerodynamic characteristics determine the minimum allow-
able entry angle, the skip limit. The vehicle must be steered between the
skip limit and the angle for maximum tolerable deceleration and heat-
ing. (See Figs. 11.6.16 and 11.6.17.)
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celeration can be readily determined through the approximate relation
2 (1/g)(dv/dt) ' q/(W/CDA). Decelerations and temperatures are
drastically reduced with increasing lift-drag ratio (Fig. 11.6.13) and
decreasing W/CDA (Figs. 11.6.14 and 11.6.15). This effect is particu-
larly beneficial at steeper entry angles. The combination of longer flight
times with lower heating rates, however, may actually result in a larger
total heat input into the vehicle.

Fig. 11.6.15 Glide reentry, stagnation-heating rate. W/CDA 5 1 lb/ft2; g 5 2°;
qs 5 qs1W/CDA; h 5 h1 2 23,500 ln (W/CDA); V 5 V1 .

The influence of lift on the reduction of decelerations is greatest for the
step up to L/D ' 1. The influence of W/CDA on decelerations disap-
pears beyond L/D ' 0.6. Higher, hypersonic L/D ratios serve to im-
prove maneuverability. For entry from low orbit, the landing area selec-
tion (footprint) can be increased (see Table 11.6.7).

Fig. 11.6.16 Comparison of decelerations and duration for entry into various
atmospheres from decaying orbits. (After Chapman.)
Fig. 11.6.17 Maximum surface temperature for entry into various planets from
decaying orbits. (After Chapman.)

ATTITUDE DYNAMICS, STABILIZATION, AND
CONTROL OF SPACECRAFT
by M. R. M. Crespo da Silva
University of Cincinnati

REFERENCES: Crespo da Silva, Attitude Stability of a Gravity-stabilized Gyrostat
Satellite, Celestial Mech., 2, 1970; Non-linear Resonant Attitude Motions in
Gravity-stabilized Gyrostat Satellites, Int. Jour. Non-linear Mech., 7, 1972; On
the Equivalence Between Two Types of Vehicles with Rotos, Jour. Brit. Int. Soc.,
25, 1972. Thomson, Attitude Dynamics of Satellites, in Huang and Johnson (eds.),
‘‘Developments in Mechanics,’’ Vol. 3, 1965. Kane, Attitude Stability of Earth
Pointing Satellites, AIAA Jour., 3, 1965. Kane and Mingori, Effect of a Rotor on
the Attitude Stability of a Satellite in a Circular Orbit, AIAA Jour., 3, 1965. Lange,
The Drag-free Satellite, AIAA Jour., 2, 1964. Fleming and DeBra, Stability of
Gravity-stabilized Drag-free Satellites, AIAA Jour., 9, 1971. Kendrick (ed.), TWR
Space Book, 3d ed., 1967. Greensite, ‘‘Analysis and Design of Space Vehicle
Flight Control Systems,’’ Spartan Books, 1970.

A spacecraft is required to maintain a certain angular orientation, or
attitude, in space in order to perform its mission adequately. For exam-
ple, within a certain tolerance, it may be required to point a face toward
the earth for communications and observation purposes, as well as a
solar panel toward the sun for power generation. A vehicle in space is
subject to several external forces which produce a moment about its
center of mass tending to change its attitude. The environmental mo-
ments that can act on a spacecraft can be due to solar radiation pressure,
aerodynamic forces, magnetic forces, and the gravity-gradient effect.
The relative importance of each of the above moments depends on the
spacecraft design and on how close it is to a central attracting body.
Most often, the effect on the vehicle’s attitude of the first three moments
mentioned above is undesirable, although they have been used occa-
sionally for attitude control (e.g., Mariner IV, Tiros, OAO). Microme-
teorite impacts can also produce a deleterious effect on the vehicle’s
attitude.
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The most common ways to stabilize a vehicle’s attitude in space are
the gravity-gradient and the spin-stabilization methods. When a space-
craft is subject to the gravitational force of a central attracting body E,
its mass element near the center of the gravity field will be subject to a
greater force than that acting on the mass elements farther from E. This
creates a moment about the center of mass, C, of the spacecraft, which
depends on the inertia properties of the vehicle and also on the distance
r from E to C. This gravity-gradient moment is given by

M 5 (3GMe /r3)r̂ 3 (I ? r̂)

to make its inertia ellipsoid thinly shaped. It is interesting to note that
theoretically stable motions can also be obtained when the axis of mini-
mum moment of inertia is normal to the orbital plane. However, this
orientation is unstable if damping is present, and this is what occurs in
practice since all actual vehicles have parts that can move relative to
each other, such as an antenna.

It is seen from the equations above that for infinitesimal oscillations
the pitch motion of the satellite is uncoupled from its coupled roll-yaw
motions. The natural frequency vp of the infinitesimal pitch oscillations
is given by

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
where I is the inertia dyadic of the spacecraft, referred to its mass center,
and r̂ is the unit vector in the direction from E to C. As a specific
example, consider the elongated orbiting spacecraft shown in Fig.
11.6.18. The body-fixed x axis (yaw) departs an angle u3 from the local
vertical, and the body-fixed z axis (pitch) remains normal to the orbital
plane. The gravitational moment about C is readily found to be as given
in the equation below (it is assumed that the maximum dimension of the
vehicle is much smaller than the distance r).

M 5 (3GMe /2r3)(Ix 2 Iy)(sin 2u3)ẑ

(Ix and Iy are the spacecraft’s moments of inertia about the x and y axes,
respectively.) It is seen that unless the spacecraft’s x axis is vertical or
horizontal, this moment is nonzero, and for Ix , Iy it tends to force the x
axis of the vehicle to oscillate about the local vertical. Thus, the gravity-
gradient moment provides a passive, and therefore very reliable, means
for stabilizing the vehicle’s attitude.

The orientation of a rigid body with respect to a reference frame is
described by a set of three Euler angles. Figures 11.6.19 and 11.6.20
show a rigid body in orbit around a central attracting point E and the
coordinate systems used to describe its attitude. The unit vectors â1 , â2 ,
and â3 , with origin at the spacecraft’s center of mass, define the orbital
reference frame. The vector â1 points in the direction of the vector from
E to C; â3 in the direction of the orbital angular velocity (whose magni-
tude is denoted by n); and â2 is such that â2 5 â3 3 â1 . The unit vectors
x̂, ŷ, and ẑ in Figs. 11.6.19 and 11.6.20 are directed along the three
principal axes of inertia of the spacecraft. The attitude of the vehicle
with respect to the orbiting frame is defined by the three successive
rotations u1 (yaw), u2 (roll), and u3 (pitch) as shown in Fig. 11.6.20.

Using the above Euler angles, the gravity-gradient moment (about C)
acting on the vehicle is given as

M 5 3⁄2n2[x̂(Iy 2 Iz) sin 2u2 sin u3

1 ŷ(Ix 2 Iz) sin 2u2 cos u3 1 ẑ(Ix 2 Iy) cos2 u2 sin 2u3]

If the spacecraft is subject to an external (other than the gravitational
attraction of E) torque T 5 Tx x̂ 1 Ty ŷ 1 Tzẑ about its center of mass C,
and if its attitude deviations u1 , u2 , and u3 remain small, its linearized
equations of motion are obtained as given in the following equations.

Ix ü1 1 n ~u2(Iz 2 Iy 2 Ix) 1 n2u1(Iz 2 Iy) 5 Tx

Iyü2 1 n ~u1(Ix 2 Iz 1 Iy) 2 4n2u2(Ix 2 Iz) 5 Ty

Izü3 1 3n2(Iy 2 Ix)u3 5 Tz

Care must be taken in the design of a gravity-gradient stabilized satellite
in order to guarantee that Ix /Iz , Iy /Iz , 1 for the attitude motions to be
stable in the presence of the least amount of damping. For augmenting
the gravity-gradient moments, booms are added to the satellite in order
Fig. 11.6.18 Dumbell satellite. Fig. 11.6.19 Orbiting satell
vp 5 n √3(Iy 2 Ix)/Iz

and those of the coupled roll-yaw oscillations are given by the roots of
the polynomial v4 2 a2n2v2 2 a0n4 5 0, where

a2 5 1 2 [3 1 (Iz 2 Iy)/Ix](Ix 2 Iz)/Iy

a0 5 4(Iz 2 Iy)(Ix 2 Iz)/(IxIy)

For noninfinitesimal oscillations the pitch motion is coupled to the
roll-yaw motion through nonlinear terms in the equations of motion.
This coupling may give rise to an internal undesirable energy inter-
change between the modes of the oscillation, causing the roll-yaw mo-
tion, if uncontrolled, to oscillate slowly between two bounds. The upper
bound of this nonlinear resonant roll-yaw motion may be much greater
than (and independent of ) the roll-yaw initial condition. For given
values of Ix , Iy , and Iz , it can be decreased only by reducing the initial
conditions of the pitch motion. This phenomenon can be excited if vp '
2v1 or vp ' 2v2 , where v1 and v2 are the two natural frequencies of the
roll-yaw oscillations. The same phenomenon can also be excited if vp '
v1 (or vp ' v2). However, the observation of this latter resonance
requires a much finer ‘‘tuning’’ between the modes of oscillation, and
therefore it is of lesser importance.

As the altitude of the orbit increases, the gravity-gradient moment
decreases rapidly. For precise pointing systems, spin stabilization is
used. Historically, spin stabilization was the first method used in space
and is still the most commonly employed today. Simplicity and reliabil-
ity are the advantages of this method when only two-axis stabilization is
needed. By increasing the spin rate, the vehicle can be made very stiff in
resisting disturbance moments.

A rigid body spins in a stable manner about either its axis of maxi-
mum or of minimum moment of inertia. However, in the presence of
energy dissipation, even if it is infinitesimal, a spin about the axis of
minimum moment of inertia leads to an unstable roll-yaw motion. Spin-
ning satellites are built in such a way as to achieve symmetry about the
spin axis which, in practice, is the axis of maximum moment of inertia.
A spin of a rigid body about its intermediate axis of inertia leads to an
unstable roll-yaw motion. Since damping can destroy roll-yaw stability,
an individual analysis of the equations of motion must be performed to
guarantee the stability of the motions when the spacecraft houses a
specific damper.

For planet-orbiting spinning satellites (for which the gravitational
moment can now be viewed as a disturbance) the stability of the roll-
yaw motion depends not only on the magnitude of the spin rate but also
on the direction of its angular velocity (relative to the orbital reference
frame) due to spin. Denoting the satellite’s angular velocity due to spin
by s 5 s ẑ, the following inequalities must be satisfied for the roll-yaw
ite. Fig. 11.6.20 Coordinate frames and
Euler angles.
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motions of a spinning symmetric (Ix 5 Iy) satellite in a circular orbit to
be stable in the presence of an infinitesimal amount of damping:

(1 1 s/n)
Iz

Ix

2 1 . 0

(4 1 s/n)
Iz

Ix

2 4 . 0

Very often, a spinning pitch wheel is added to a satellite to provide
additional stiffness for resisting motions out of the orbital plane. Also,

of a satellite that follows a purely gravitational orbit, a translational
control system is incorporated into the vehicle. Typical applications
include satellite geodesy and navigation where accurate ephemeris pre-
diction is needed. A drag-free satellite consists of a vehicle that contains
a spherical cavity which houses an unsupported spherical proof mass.
Sensors in the satellite detect the relative position of the proof mass
inside the cavity and activate a set of thrustors placed in the vehicle,
forcing it to follow the proof mass without touching it. Since the proof
mass is shielded by the satellite from nongravitational forces, it follows
a purely gravitational orbit.
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the inclusion of such a wheel provides more freedom to the spacecraft
designer when specifying the range of the inertia ratios to guarantee that
the attitude motions of the vehicle are stable.

Let us assume that a pitch wheel with axial moment of inertia Iw is
connected to the spacecraft shown in Fig. 11.6.19. It is assumed that the
wheel is driven by a motor at a constant angular velocity s 5 sẑ relative
to the main body of the spacecraft. If the attitude deviations of the
main body with respect to the orbiting reference frame remain small,
the linearized equations for the attitude motion of the vehicle are now
given as

Ixü1 1 nu2(Iz 2 Iy 2 Ix 1 bIz) 1 n2u1(Iz 2 Iy 1 bIz) 5 Tx

Iyü2 1 n ~u1(Ix 2 Iz 1 Iy 2 bIz) 2 n2u2[4(Ix 2 Iz) 2 bIz] 5 Ty

Izü3 1 3n2(Iy 2 Ix)u3 5 Tz

In these equations, the parameter b is defined as b 5 Iws/Izn, and Ix , Iy ,
Iz refer to the principal moments of inertia of the entire vehicle (rotor
included).

Figure 11.6.21 shows a ‘‘stability chart’’ for this spacecraft when
its center of mass, C, is describing a circular orbit around the central
attracting point E. In this figure, a cut along the plane b 5 0 produces
the stability conditions for a gravity-gradient satellite, whereas a cut
along the plane K1 1 K2 5 0 (that is, Ix 5 Iy) gives rise to the inequali-
ties for a spin-stabilized vehicle. Note that a rotor’s spin rate with
opposite sign to the orbital angular speed (s , 0) may destabilize the
roll-yaw motions. Nonlinear resonances, as previously discussed,
can also be excited in this vehicle. However, since the natural frequen-
cies of the roll-yaw motions now also depend on the magnitude
and sign of the internal angular momentum due to the rotor, the reso-
nance lines are displaced in the region shown in Fig. 11.6.21 when the
spin rate s of the rotor is changed to a different constant. Therefore, this
phenomenon, when excited, can be avoided simply by changing the
parameter b.

For a spacecraft to perform its mission adequately during a long
period of time, an attitude control system to maintain the vehicle’s
attitude within specified limits is necessary. Typically, this is done by
means of a set of mass expulsion jets mounted on the vehicle, which are
actuated by the output of a controller that receives information from the
attitude sensors.

Drag-Free Satellites For scientific applications that require the use

Fig. 11.6.21 Stable region of the vehicle parameter space.
METALLIC MATERIALS FOR AEROSPACE
APPLICATIONS
by Stephen D. Antolovich
Revised by Robert L. Johnston
NASA

REFERENCES: MIL-HDBK-5C, ‘‘Metallic Materials and Elements for Aerospace
Vehicle Structures,’’ Sept. 1976. Wolf and Brown (eds.), ‘‘Aerospace Structural
Metals Handbook,’’ 1978, Mechanical Properties Data Center, Traverse City,
Michigan. (This handbook gives information on mechanical, physical, and chemi-
cal properties; fabrication; availability; etc. in five published volumes encompass-
ing ferrous, nonferrous, light metal alloys, and nonferrous heat-resistant alloys.)
‘‘Damage Tolerant Design Handbook,’’ MCIC-HB-01, Metals and Ceramics In-
formation Center, Battelle Columbus Laboratories, 1975, parts 1 and 2. (These
two documents provide the most up-to-date and complete compilation of fracture-
mechanics data for alloy steels, stainless steels, aluminum, and titanium alloys.)
‘‘Metals Handbook,’’ 8th ed., 11 vols., American Society for Metals: Vol. I,
Properties and Selection of Metals, 1961; Vol. II, Heat Treating, Cleaning and
Finishing, 1964; Vol. III, Machinery, 1967; Vol. IV, Forming, 1969; Vol. V,
Forging and Casting, 1970; Vol. VI, Welding and Brazing, 1971; Vol. VII, Atlas
of Microstructures, 1972, Vol. VIII, Metallography, Structure and Phase Dia-
grams, 1973; Vol. IX, Fractography and Atlas of Fractographs, 1974; Vol. X,
Failure Analysis and Prevention, 1975; Vol. XI, Nondestructive Testing and
Quality Control, 1976. ‘‘Metals Handbook,’’ 9th ed., 5 vols., American Society
for Metals: Vol. I, Properties and Selection: Nonferrous Alloys and Pure Metals,
1979; Vol. III, Properties and Selection: Stainless Steels, Tool Materials and Spe-
cial Purpose Metals, 1980; Vol. IV, Heat Treating; Vol. V, Surface Cleaning,
Finishing and Coating. ‘‘Structural Alloys Handbook,’’ Mechanical Properties
Data Center, Belfour Stulen, Inc., Traverse City, Michigan, 1978. ‘‘Titanium
Alloys Handbook,’’ MCIC-HB-05, Metals and Ceramics Information Center,
Battelle Columbus Laboratories, 1972.

A wide variety of materials are utilized in aerospace applications where
performance requirements place extreme demands on the materials.
Some of the more important engineering properties to be considered in
the selection of materials are (1) strength-to-weight ratio, (2) density,
(3) modulus of elasticity, (4) strength and toughness at operating tem-
perature, (5) resistance to fatigue damage, and (6) environmental effects
on strength, toughness, and fatigue properties. Factors such as weldabil-
ity, formability, castability, quality control, and cost must be consid-
ered.

Although it is desirable to maximize the strength-to-weight ratio to
achieve design goals, materials with high strength-to-weight ratios gen-
erally are sensitive to the presence of small cracks and may exhibit
catastrophic brittle failure at stresses below the nominal design stress.
The problem of premature brittle fracture is accentuated as the tempera-
ture decreases and the yield and ultimate strength increase. For these
reasons it is imperative that the tendency toward brittle failure be given
major consideration for low-temperature applications. For example, liq-
uid oxygen, a common oxidizer, boils at 2 297°F (2 183°C) whereas
liquid hydrogen, an important fuel, boils at 2 423°F (2 253°C), and the
problem of brittle failure is predominant. The fracture-mechanics ap-
proach has gained wide acceptance, and nondestructive inspection
(NDI) characterization of flaws allows safe operating stresses to be
calculated. A considerable amount of fracture-mechanics data has been
collected and evaluated (‘‘Damage Tolerant Design Handbook’’).
Stress corrosion cracking and corrosion fatigue become important for
repetitive-use components such as aircraft airframes, landing gear, fan
shafts, fan and compressor blades, and disks, in addition to brittle frac-
ture problems such as fatigue crack formation and propagation.
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Table 11.6.8 Effective Fiber Properties as Measured in Composites

Tensile Tensile
Modulus, strength, failure strain, Specific Density,

Fiber 106 lb/in2 ksi in/ in gravity lb/ in3

Boron (4 mil) 60 460 0.8 2.60 0.094
Graphite

(Thornel 300) 34 470 1.1 1.74 0.063
Graphite pitch 120 350 0.4 2.18 0.079
Kevlar 49 19 400 1.8 1.45 0.052
Kevlar 29 12 400 3.8 1.45 0.052
E glass 10.5 250–300 2.4 2.54 0.092
S glass 12.5 450 3.6 2.48 0.090

The presence of flaws must be assumed (they may occur either during
processing or fabrication) and design must be based on fatigue crack
propagation (FCP) properties (Sec. 5). FCP of many materials follows
an equation of the form

da/dN 5 R(DK )n (11.6.1)

where a refers to crack length, N is the number of cycles, K is the
fluctuation in the stress-intensity parameter, and R and n are material
constants. Equation (11.6.1) can be integrated to determine the cyclic
life of a component provided that the stress-intensity parameter is

Table 11.6.9 Matrix
Temperature Limits

Maximum use
Material temperature, °F

Polyester 250
Polysulfone 250
Epoxy 350
Polyarylsulfone 400
Phenolic 450
Silicone 450
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known (Sec. 5). Although fatigue-crack initiation is generally retarded
by having smooth surfaces, shot-peening, and other surface treatments,
FCP of commercial aerospace alloys is relatively insensitive to metal-
lurgical treatment and, to a reasonable approximation, whole classes of
materials (i.e., aluminum alloys, high-strength steels, etc.) can be repre-
sented within the same scatter band.

It should be noted that increases in the plane-strain fracture toughness
KIC result in increased stress, through its linear relationship to the
stress-intensity parameter, which in turn causes an exponential increase
in the FCP rate and may introduce a fatigue problem where previously
there was none.

The effect of environment on materials used for aerospace problems
is usually to aggravate the FCP rate. It should be emphasized that fa-
tigue loads have a synergistic effect on the environmental component of
cracking and that the crack growth rate during corrosion fatigue is rarely
the sum of the FCP and stress-corrosion cracking rates. In weldments of
castings or wrought material, tests are needed to simulate anticipated
use conditions and to prove weld soundness.

Materials in the turbine section of jet engines are subjected to delete-
rious gases such as O2 and SO2, high temperatures and stresses, and
cyclic loads. Consequently the most significant metallurgical factors to
consider are microstructural stability, resistance to oxidation and sulfi-
dization, creep resistance, and resistance to low cycle fatigue. Nickel-
base superalloys are generally used in the turbine section of the engine
for both disks and blades. (See ‘‘Aerospace Structural Metals Hand-
book,’’ Vols. II and IIA, for specific properties.) Although the Ni-base
superalloys generally exhibit excellent strength and oxidation resistance
at temperatures up to 1800°F (982.22°C), the interactive effects of sus-
tained and cyclic loads are difficult to handle because, at high tempera-
ture, plastic deformation of these materials is time-dependent. An ap-
proach based on strain range partitioning is described in ASTM STP
520, 1973, pp. 744–782. The utility of this approach is that frequency
and temperature dependence are incorporated into the analysis by the
way in which the strain is partitioned and reasonable envelopes of the
expected life can be calculated.

STRUCTURAL COMPOSITES
by Ivan K. Spiker
NASA

REFERENCES: MIL-HDBK-17, ‘‘Plastics for Aerospace Vehicles,’’ Sept. 1973.
Advanced Composites Design Guide, Vols. I–V, 3d ed., Sept. 1976.
Polyimide 650
Aluminum 700
Magnesium 700
Glass 2500
Carbon* (W/C) 3200

* With oxidation-resistance.

Composite materials are fibrous materials embedded in a matrix to pro-
vide stiffnesses and strengths that neither of the components alone ex-
hibits. There are three general classes of composites: fibers in organic
matrices, fibers in metal matrices, and fibers in ceramic matrices.

The selection of a fiber is dictated by the specific strength and/or
modulus of the fiber. Table 11.6.8 lists typical properties of the com-
monly used fibers for structural composites.

The parameter used for selecting the matrix material is normally the
maximum use temperature; however, other environmental conditions
such as chemical compatibility may dictate the selection of the matrix
material. Table 11.6.9 lists matrix materials with their recommended
temperature limits.

Fig. 11.6.22 Comparison of nonmetallic reinforcement materials with most
metals. (Hercules Aerospace Co.)
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A highly useful feature of composites is the ability to mold parts with
complex shapes and multiple contours. A unique feature of designing
with graphic composites is the ability to tailor the unidirectional coeffi-
cient of thermal expansion from 2 0.2 3 1026 in/in ? °F to values com-
parable to those of metals.

Fig. 11.6.22 compares composites with homogeneous organics and
metals based on their specific strengths and moduli. A comparison of
the fatigue properties of unidirectional composites to an aluminum alloy
is depicted in Fig. 11.6.23.

operations with forming, forging, extrusion, welding, rolling, and as-
sembly fit-up stress as frequent offenders.

Cracking occurs most rapidly for stresses in the material’s short-
transverse grain direction. Fracture can occur at stresses as low as
8,000 lb/in2 for some aluminum alloys exposed to a moist air environ-
ment.

Conditions leading to stress corrosion include the exposure of copper
to ammonia in condensers and heat exchangers and of stainless steels
exposed to chloride-containing solutions. Table 11.6.10 lists some ma-
terials which are known to be susceptible. Table 11.6.11 includes mate-
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Fig. 11.6.23 Fatigue behavior of unidirectional composites and aluminum.
(Hercules Aerospace Co.)

STRESS CORROSION CRACKING
by Samuel V. Glorioso
NASA

Stress corrosion cracking is caused by the interaction of sustained ten-
sile or shear stresses and an aggressive environment which results in
delayed cracking at stresses well below the yield strength of the mate-
rial. The occurrence of cracking is dependent upon the duration and
magnitude of the applied stress as well as the aggressiveness of the
environment.

Sustained stresses can result from residual stresses, applied loads, or
both. Residual stresses occur as a result of manufacturing and assembly

Table 11.6.10 Alloys with Low Resistance to
Stress Corrosion Cracking

Alloy Condition

Carbon steel (1000 series) Above 200 ksi UTS
Low-alloy steel (4130, 4340, D6AC, etc.) Above 200 ksi UTS
H-11 steel Above 200 ksi UTS
400C stainless steel All
AM 350 stainless steel Below SCT 1000
AM 355 stainless steel Below SCT 1000
Custom 455 stainless steel Below H1000
PH 15-7 Mo stainless steel All except CH900
17-7 PH stainless steel All except CH900
2011 aluminum T3, T4
2014 aluminum All
2024 aluminum T3, T4
7075 aluminum T6
7175 aluminum T6
Cartridge brass, 70% copper, 30% zinc 50% cold-rolled
rials which are considered to be resistant to stress corrosion cracking in

Table 11.6.11 Alloys with High Resistance
to Stress Corrosion Cracking

Alloy Condition

Carbon steel (1000 series) Below 180 ksi UTS
Low-alloy steel (4130, 4340, etc.) Below 180 ksi UTS
300-series stainless steel All
A286 stainless steel All
15-5 PA stainless steel H1000 and above
Beryllium
Hastelloy X All
Incoloy 901 All
Inconel 600 Annealed
Inconel 718 All
Inconel x750 All
Monel K-500 All
1000 series aluminum All
2024 bar, rod aluminum T8
3000 series aluminum All
5000 series aluminum All
6000 series aluminum All
7075 T73
99.9% copper
Brass, 85% copper, 15% zinc

moist salt air. Both tables were condensed from more extensive tables in
NASA Specification MSFC-SPEC-522A entitled ‘‘Design Criteria for
Controlling Stress Corrosion Cracking,’’ which also contains a discus-
sion of material selection and additional conditions under which stress
corrosion can occur.

MATERIALS FOR USE IN HIGH-PRESSURE
OXYGEN SYSTEMS
by Robert L. Johnston
NASA

Oxygen is relatively reactive at ambient conditions and extremely reac-
tive at high pressures. The design of high-pressure oxygen systems
requires special consideration of materials and designs. The types of
potential ignition sources that could be present in even a simple compo-
nent are quite varied. Sources of ignition include electrical failures,
particle impact in high-flow regions, pneumatic shock, adiabatic com-
pression, fretting or galling, and Helmholtz resonance in blind passages.
Other sources of ignition energy are also possible. A comprehensive
review of potential design problems is available in NASA Reference
Publication 1113, A.C. Bond et al., ‘‘Design Guide for High Pressure
Oxygen Systems.’’

Materials currently used in high-pressure oxygen systems range from
ignition-resistant materials like Monel 400 to materials of widely vary-
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ing ignitability like butyl rubber and the silicones. The range of ignit-
ability of various materials is shown in Figs. 11.6.24 and 11.6.25.

While material selection alone cannot preclude ignition, proper
choices can markedly reduce the probability of ignition and limit propa-

Alumina

0

Teflon-TFE

1 2 3 4

Pressure, 1,000lb/ in2Material

5 6 7 8

ica

Gold
Silver
Nickel
Monel
Inconel
HP-35N
Beryllium copper
Aluminum/phosphor bronze
Copper

0 1 2 3 4

Pressure, 1,000lb/ in2Material

5 6 7 8
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Teflon, glass filled
Asbestos
Techfluorfill-B
Viton rubber-1502
Viton rubber-747
Kel-F

Teflon-FEP
Silicone-1235
Vespel-SP21
Nylon

Vespel-SP211
Vespel-SP1
Silastic-675

TY-PLY-3 adhesive
Neoprene rubber
Chloroprene-C557

Locktite-222
EPR-rubber
Butyl rubber
Epoxy glass laminate
Eccobond-104
M-bond-610
Noryl plastic

Not ignitable
Ignition varies with lot
Always ignites

Fig. 11.6.24 Ignition variability of current oxygen-system nonmetallic mate-
rials.

gation. Selecting materials with small exothermic heats of combustion
will reduce the possibility of propagation. Materials with high heats of
combustion (stainless steels) or very high heats of combustion (alumi-
num) should be avoided. A summary of heats of combustion, as well as
other design properties of a few currently used materials, is shown in
Table 11.6.12.

The materials listed in Table 11.6.13 have superior resistance to igni-
tion and fire propagation in high-pressure oxygen systems. Monel
alloys are available in the necessary range of hardnesses. Springs can be
made of Elgiloy. Sapphire poppet balls should replace tungsten carbide
or steel balls because sapphire has a lower level of reactivity (and there-
fore is less combustible) than either tungsten carbide or steel and is
more resistant than tungsten carbide to breakup under mechanical im-
pact in an oxygen environment.

Titanium and its alloys, normally attractive as materials for pressure
vessels, cannot be used for oxygen vessels because they are impact-
sensitive in oxygen. Inconel is a good choice for vessels for high-
pressure oxygen.

In no case should an alloy be used at an oxygen pressure above which
it can be ignited by particle impact. This criterion would limit the
use of aluminum alloys and stainless steels to pressures below
800 lb/in2 to allow some margin for error in test results and impact pre-
dictions.

Table 11.6.12 Physical Properties of Typ
Metallic Materials

Aluminum
Property alloys

Density, lb/in3 0.10
Tensile, ultimate, lb/in2 40,000
Maximum use temperature, °F 350
Heat of combustion, Btu/lb 130,000

2
Maximum use pressure, lb/in 1,250
l Oxygen System

Stainless Inconel Monel
steel 718 400

0.28 0.30 0.31
140,000 180,000 145,000

950 1,200 1,000
33,500 15,100 14,200
1,250 8,000 8,000

Elgiloy
Hastelloy
Ni span

Stainless steels
A-286
PH stainless steels

Braze alloys
Aluminum alloys

Stellite/stoody-2
Tungsten carbide/10%CO
Molybdenum/rhenium
Permedur-2V
Samarian cobalt
Magnesium
Solder
Carbon steel
K-G alloy

Not ignitable
Ignition varies
Always ignites

Fig. 11.6.25 Ignition variability of current oxygen-system metallic materials.

SPACE ENVIRONMENT
by L. J. Leger and Michael B. Duke
NASA

Materials in the space environment are exposed to vacuum, to tempera-
ture extremes, to radiation from the sun, and to the rarified earth atmo-
sphere. Except for thermovacuum conditions, the most damaging
aspects of the environment are solar-generated radiation at geo-
synchronous altitudes and bombardment of surfaces by atomic oxygen
(the major constituent of the low-altitude earth atmosphere) in low earth
orbit. For long-lived spacecraft impact on surfaces by meteoroids and
space debris must be considered.

The vacuum of space may cause the evaporation of a material, or a
volatile component of the material, and of the absorbed gases on sur-
faces. The evaporation rate of a pure material can be calculated by

G 5 √M

T

P

17.14

where G 5 evaporation rate, g/(cm2 ? s); M 5 molecular weight; T 5
absolute temperature, K; and P 5 vapor pressure, mmHg at temperature
T. (See Dushman, ‘‘Scientific Foundations of Vacuum Technique,’’
Wiley.) This simple formula is not applicable to heterogeneous materi-
als or even to a pure substance, such as a plasticizer in an elastomer,
which is removed from a matrix of another substance. In this case, other
factors, such as migration rate, influence the rate of loss. Although the
evaporation of a component of a material may not reduce the effective-
ness of the material, e.g., the plasticizer in the insulation of an electrical
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Table 11.6.13 Recommended Materials

Application Material

Component bodies Monel
Inconel 718

Tubing and fittings Monel
Inconel 718

Internal parts Monel
Inconel 718
Beryllium copper

Springs Beryllium copper

n

Te
°

low temperature applications, another component sometimes encoun-
tered in the space environment. Geosynchronous radiation may change
thermal expansion characteristics of organic composite materials and
this effect must, therefore, be considered for large space structures.

The better known organic liquid lubricants are subject to evaporation
in space because of relatively high vapor pressures. A limited number of
liquid film lubricants with sufficiently low vapor pressures are avail-
able; however, dry film lubricants are preferred. The most widely used
dry film utilizes MoS2 as the lubricating agent in either silicate or or-
ganic binders.
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Elgiloy
Valve seats Gold or silver over Monel or Inconel 718
Valve balls Sapphire
Lubricants Batch- or lot-tested Braycote

3L-38RP
Batch- or lot-tested Everlube 812

O-seals and backup rings Batch- or lot-tested Viton
Batch- or lot-tested Teflon

Pressure vessels Inconel

conductor, the deposition of the vapor on a colder surface may be intol-
erable. Metals do not usually evaporate in space at modest temperatures,
but organic materials, including elastomers, plastics, coatings, adhe-
sives, and lubricants, must be of very high molecular weight to avoid
evaporation. A standard screening test (ASTM E595) has been devel-
oped to determine the acceptability of materials from an outgassing
standpoint. This screening test addresses only contamination and, there-
fore, functional characteristic changes must be evaluated separately.

Spacecraft are exposed to electromagnetic radiation and particulate
contamination in both low and geosynchronous altitudes; however, the
large doses (5 3 1011 ergs/g per 30 years) of high-energy electrons and
protons are experienced only at the higher altitudes. Metals and ionic
compounds are relatively resistant to space-indigenous radiation. How-
ever, semiconductors are sensitive to permanent radiation damage, and
other electrical materials are subject to permanent or transient damage.
Organic materials are also susceptible to degradation by both electro-
magnetic and particle radiation, especially in vacuum. Organic poly-
mers of high molecular weight may have such low vapor pressure that
their evaporation in vacuum at reasonable temperatures is not signifi-
cant. However, radiation, which may produce chain scission, yields
fragments of reduced molecular weight and increased vapor pressure,
which will result in the loss of the mass at the same temperature which
did not affect the nonirradiated material (Table 11.6.14). Note the al-
most complete degradation of the tensile strength of neoprene and Buna
N as a result of irradiation in vacuum. On the other hand, Viton A
appears to be satisfactory for this environment on the basis of increased
tensile strength; however, the decreased elongation would be an impor-
tant consideration in the application of this material as a seal, particu-
larly as a dynamic seal. Furthermore, Viton A is not suitable for very

Table 11.6.14 Effects of Vacuum and Radiatio

Pressure,
Material Test mmHg

Neoprene Air 760
Vacuum 1 3 1025

Air and radiation 760
Vac and radiation 5 3 1026
Buna N Air 760
Vacuum 1 3 1025

Air and radiation 760
Vac and radiation 5 3 1026

Viton A Air 760
Vacuum 1 3 1025

Air and radiation 760
Vac and radiation 5 3 1027 1
on Elastomers

Radiation Tensile
mp, ergs, strength, Elongation,
F g21/°C lb/in2 percent

80 0 3,135 426
80 0 3,350 405
80 1.9 3 109 2,769 265
80 1.9 3 109 191 218

Moving electrical-contact surfaces such as brushes, slip rings, and
make-break switches require either reliable isolation from the vacuum
environment or special selection of materials, especially where long-
time operation is involved. Composites of heavy-metal sulfides with
silver or copper are promising possibilities for this application.

Spacecraft surfaces exposed in the low earth orbital environment
experience 1014 to 1015 atomic oxygen impacts /(cm2 ? s) when facing
into the velocity vector. For even relatively short missions (7 days) total
fluence can be as much as 3 3 1020 atoms/(cm2). This exposure leads to
oxidation of the surface of some metals, the most active of which is
silver, and to removal of a significant amount of organic material (ap-
prox 10 mm), also by oxidation. The extent of reaction is dependent
upon many parameters, including atmospheric density, vehicle velocity,
attitude, and total exposure time. In turn, atmospheric density is depen-
dent upon altitude and solar activity. Fully fluorinated polymers such as
Teflon and silicone-based compounds appear to be more stable than
other organic films by a factor of 10. This effect must be taken into
account for long-duration flights at altitudes up to 600 km and for
short-term low-altitude flights.

Meteoroids derived from comets, asteroids, and possibly larger satel-
lites and planets are present in significant numbers in the inner solar
system. These particles range in size from less than 10212 g (cosmic
dust) to asteroidal dimensions. In the vicinity of the earth, these parti-
cles travel with velocities on the order of 10 to 30 km/s, which makes
even millimeter-sized particles potentially damaging to space struc-
tures. The current flux of meteoroids in the 1-mm size range is about
0.02/(m2 ? yr); at 1 cm, the flux is about 3 orders of magnitude lower.
Some regions of space, for example, the asteroid belt or the vicinity of
Saturn’s rings, contain significantly higher numbers of solid particles.

The spectral energy distribution for the sun resembles a Planck curve
with an effective temperature of 5,800 K, with most of the solar energy
lying between 150 nm and 10 nm with a maximum near 450 nmr. The
radiant energy of the sun at 1 au is 1.37 3 103 W/m2. The sun’s electro-
magnetic radiation at wavelengths shorter than visible includes signifi-
cant fluxes of hard x-rays and gamma rays. The emission of the harder
radiation varies with the solar cycle.

The sun also emits charged particles with velocities in the range of
500 to 700 km/s (solar wind) with fluxes on the order of 4 3 103

protons/(cm2 ? s). During solar flares, much higher energy particles are
80 0 2,630 685
80 0 2,640 700
80 1.9 3 109 2,175 390
80 1.7 3 109 203 450

80 0 1,343 172
80 0 1,168 238
80 2 3 1010 2,629 36
09 1.6 3 1010 1,830 31



11-116 ASTRONAUTICS

emitted, ranging from 100 keV to 100 MeV energies, with typical pro-
ton fluxes at 1 au of 10 to 100 cm22 ? ster21 ? s21 at 10 MeV to less
than 10 cm22 ? ster21 ? s21 at 30 MeV and higher. Total protons in a
flare event are on the order of 107 to 1010/cm2. Atomic nuclei ranging
from protons to uranium nuclei are emitted in solar flares. Galactic
cosmic rays, from outside the solar system, with 100-MeV to BeV
energies are also observed.

In the vicinity of the earth, interactions between solar radiation and
the earth’s magnetic field lead to the phenomenon known as the Van
Allen radiation belts, in which intense concentrations of radiation are

hybrid, but the Apollo lunar module, which primarily functioned out-
side the earth’s atmosphere, was a space vehicle.

The design procedure for any vehicle structure is basically the same:
1. Establish the design requirements and criteria
2. Define the loads and environments
3. Perform the design and analysis
4. Iterate the previous two steps (as required) because of the interre-

lation between configuration and loads
5. Verify the design

There are conditions and requirements which are unique for hybrid and
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observed in the form principally of protons and electrons, with energies
on the order of a few electron volts. These lead to charging problems for
spacecraft and structures embedded in the plasma. Beyond the earth’s
magnetic field, charging can occur, but is not a significant problem. In
the vicinity of the earth, variations of charged-particle concentrations
occur diurnally and with geographical variation of the magnetic
field.

The vacuum of space in the inner solar system is limited by the
presence of the solar wind, with the interplanetary pressure being about
10213 mbar. Interaction of solar radiation with the gases at low earth
orbital altitudes has been observed to produce ionized oxygen. This
species and other ionized molecules may exist which can interact with
spacecraft surfaces. In the local vicinity of spacecraft hardware, out-
gassing characteristics are generally the major determinant of the local
pressure and the molecular composition.

Since the beginning of the space age, numerous artificial objects have
been placed into earth orbit. Many of these remain in orbit, as does
debris from the explosion or disaggregation of various spacecraft. This
debris at about 1,000 km (the most intensely contaminated region) now
approaches the natural meteoroid flux in the millimeter size range, and
is predicted to grow in the future as additional space vehicles are
launched into earth orbit. In the micrometer size range, numerous alu-
minum oxide particles resulting from the firing of upper-stage solid
rocket motors are present and may be significantly more abundant than
natural meteoroids. Thus, artificial debris from space flights is rapidly
accumulating to levels which also present significant impact probabili-
ties. There is widespread acceptance of the dual-wall technique of pro-
tecting a craft against particle impact damage. The outer wall, called the
bumper, is detached from the load-carrying structural wall. The bumper
dissipates some of the kinetic energy of the particle, but primarily it
serves to fragment the particle into a fine spray so that the impact energy
is spread over a larger area of the structural wall.

SPACE-VEHICLE STRUCTURES
by Thomas L. Moser and Orvis E. Pigg
NASA

REFERENCES: MIL-HDBK-5D, ‘‘Metallic Materials and Elements for Aerospace
Vehicle Structures.’’ Advanced Composites Design Guide, Sept. 1976, Library
Accession no. AD916679 through AD916683. Ashton, Halpin, Pertit, ‘‘Primer on
Composite Materials Analysis,’’ Technomic Pur. Co. Aeronautical Structures
Manual (Vols. I– III), NASA TMX-73305. Bruhn, ‘‘Analysis and Design of
Flight Vehicle Structures,’’ Tri-State Offset Co., Cincinnati. Barton, ‘‘Fundamen-
tals of Aircraft Structures,’’ Prentice-Hall, 1948. Roark, ‘‘Formulas for Stress and
Strain,’’ McGraw-Hill. ‘‘Nastran Theoretical Manual,’’ Computer Software Man-
agement and Information Control (COSMIC), University of Georgia. Perry,
‘‘Aircraft Structures,’’ McGraw-Hill. Gathwood, ‘‘Thermal Stress,’’ McGraw-
Hill. Zienkiewicz, ‘‘The Finite Filement,’’ McGraw-Hill. MIL-STD-810D, ‘‘En-
vironmental Test Methods and Engineering Guidelines.’’ Chapman, ‘‘Heat
Transfer,’’ Macmillan.

Space vehicles include a large variety of vehicle types, like their prede-
cessors, earth vehicles. Airplanes were the first generation of space
vehicles, and our definition of space vehicle has changed as the airplane
approached the limits of the earth’s atmosphere. Space, in this discus-
sion, is the region beyond the earth’s atmosphere.

Many space vehicles are hybrids since they are required to operate in
the earth’s atmosphere and beyond. The space shuttle orbiter is such a
hybrid space vehicle. The Apollo command and service module is also a
space-vehicle structures.
Minimum weight and high reliability are significant but opposing

requirements for space-vehicle structures which must be balanced to
achieve an efficient, reliable structure design. Depending on the mission
of the particular space vehicle, the ratio between the weight of the earth
launch vehicle and the payload (e.g., interplanetary probe) can be as
high as 400 to 1. The large weight leverages require that the design be as
efficient as possible. Structural materials, therefore, must be stressed (or
worked) as close to the capabilities as possible. Like aircraft structures,
space-vehicle structures should be designed for a zero margin of safety
(MS):

MS 5
(material ultimate allowable)

FS (limit stress)
2 1

1. Material ultimate allowable. The stress at which the material
will fail.

2. FS ( factor of safety). This factor usually ranges between 1.25
and 1.50, for space structures, depending on the maturity of the design,
the behavior of the material, the confidence in the loads, etc.

3. Limit stress. The maximum (reasonable) stress that the struc-
tural component would be expected to encounter.
Failure can be based on rupture, collapse, or yield as dictated by the
functional requirements of the component. High reliability is necessary
for most space vehicle structures since a failure is usually catastrophic
or nonrepairable. Total structural reliability is composed of many of the
design elements—loads, materials, allowables, load paths, factor of
safety, analysis techniques, etc. If the reliability is specified and the
statistical parameters are known for each design element, then the pro-
cess is straightforward. A total structural reliability is seldom specified
and good engineering practice is used for the solution of the reliability
of each design element. Commonly used to assure structural reliability
are (1) material allowables equivalent to A values from MIL-Hand-
book-5A for safe-life structure and B values for fail-safe structures;
(2) limit loads which correspond to events and conditions which would
not be exceeded more often than 3 times in 1,000 occurrences; (3) factor
of safety equal to 1.4 for crew-carrying space vehicles and 1.25 for
those without crews; and (4) verification of the structural design by test
demonstration. A good structural design is one which has the correct
balance between minimum weight and high reliability.

Space vehicles are usually manufactured and assembled on earth and
transported to space. The launch environments of acceleration, vibra-
tion, aerodynamic pressure, rapid pressure change, and aerodynamic
heating coupled with the space environments of extremely low pressure,
wide ranges in temperature, meteroids, and radiation dictate that the
design engineers accurately define the magnitudes of these environ-
ments and the correct time-compatible combinations of these environ-
ments if realistic loads are to be determined. Many natural environ-
ments have been defined and are documented in the references. The
induced environments, which are a function of the system and/or struc-
tural characteristics (e.g., dynamic pressure, vibration, etc.), must be
determined by analysis, test, or extrapolation from similar space vehi-
cles. Quantifying the induced loads for the structural designers is one of
the major consumers of time and money in any aerospace program and
one of the most important. Load determination can be a very complex
task. For further guidance the reader is directed to the references.

For a space vehicle which is not exposed to the launch loads, the load
determination is greatly simplified. In the absence of an appreciable
atmosphere and gravitational accelerations the predominant external
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force on a space-vehicle structure is that of the propulsion and attitude
control systems and the resulting vibration loads. Even though not in-
duced by an external force, thermal stresses and/or deflections can be a
major design driver. Space vehicles commonly experience larger ther-
mal gradients because of the time- or attitude-related exposure to solar
radiation.

The thermal effects of stress and deflections of the structure require
that temperature distributions be defined consistent with the strength
and deflection requirements. From a strength integrity standpoint, tem-
perature distribution on a space vehicle can be as important as the

As a result of the vast improvements in large-scale, high-speed digital
computers, numerical methods are being used at an exponentially in-
creasing rate to analyze complex structural vibration problems. The
numerical methods most widely used in structural mechanics are the
finite element method and the finite difference method. In the finite
element method, the actual structure is represented by a finite collec-
tion, or assemblage, of structural components whereas, in the finite
difference method, spatial derivatives in the differential equations gov-
erning the motion of the structure are approximated by finite difference
quotients. With either method, the continuous structure with an infinite
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pressure distribution on an aircraft. The significance and sensitivity of
thermal effects are greatly reduced by the use of composite materials for
the structure. The materials can be layered to achieve, within limits, the
desired thermal coefficient of expansion and thereby reduce the thermal
effects.

Space vehicles which return to the earth must withstand the ex-
tremely high temperatures of atmospheric reentry. This produces dy-
namic temperature distributions which must be combined with the aero-
dynamic pressures and vehicle dynamic loads.

Innovative, clever, and efficient structural designs minimize the ef-
fects of loads associated with launch for a vehicle which is to remain in
space. This is accomplished by attaching the space vehicle to the
booster rocket to minimize scar weight and to reduce the aerodynamic
loads by the use of shrouds, fairings, or controlling the attitude during
atmospheric flight.

Efficiencies of weight-critical structures have been greatly improved
by more accurately quantifying the loads and stress distributions in
complex structural configurations. Finite element methods (FEM) of
analysis and large capacity, high-speed digital computers have enabled
the increased fidelity of analyses. In this process, the structure is modi-
fied with finite elements (beams, bars, plates, or solids) by breaking the
structure into a group of nodal points and connecting the nodal points
with the finite elements which best represent the actual structure. Loads
are applied at the nodal points or on the elements which then distribute
the loads to the nodal points. Constraints are also applied to the nodal
points to support or fix the structure being analyzed. The finite-element
program then assembles all the data into a number of linear simulta-
neous equations and solves for the unknown displacements and then for
internal loads and stresses, as required. Many finite-element programs
have been developed to perform a variety of structural analyses includ-
ing static, buckling, vibration, and response.

The loads in a structure depend on the characteristics of the structure
and the characteristics of the structure are largely dictated by the loads.
This functional dependency between loads and structures requires an
iterative design process.

Classically, when structures are worked to stresses near the capability
of the materials, e.g., airplane structures, the design is verified by test
demonstration. This method of verification was common before high-
fidelity structural mathematical models were employed and is still used
when practical to apply the design loads and environments to a dedi-
cated test article to verify the design. Design deficiencies are then
corrected depending on the importance and the manufacturing schedule.

Space-vehicle structures often do not lend themselves to the classical
test approach because of the multitude of loads and environments which
must be applied, because testing in earth’s gravity precludes realistic
loadings, and because of the size and configuration. Verification by
analyses with complementary component tests and tests of selected load
conditions are common.

VIBRATION OF STRUCTURES
by Lawrence H. Sobel
University of Cincinnati

REFERENCES: Crandall and McCalley, Numerical Methods of Analysis, chap.
28, in Harris and Crede (eds.), ‘‘Shock and Vibration Handbook,’’ Vol. 2,
McGraw-Hill. Hurty and Rubinstein, ‘‘Dynamics of Structures,’’ Prentice-Hall.
Meirovitch, ‘‘Analytical Methods in Vibrations,’’ Macmillan. Przemieniecki,
‘‘Theory of Matrix Structural Analysis,’’ McGraw-Hill. Wilkinson, ‘‘The Alge-
braic Eigenvalue Problem,’’ Oxford.
number of degrees of freedom is, in effect, approximated by a discrete
system with a finite number of degrees of freedom (unknowns). The
linear, undamped free and forced vibration analysis of such a discrete
system is discussed herein. The analysis is most conveniently carried
out with the aid of matrix algebra, which is well suited for theoretical
and computational purposes. The following discussion will be brief, and
the reader is referred to the cited references for more comprehensive
treatments and examples.

Equation of Motion

Consider a conservative discrete system undergoing small motion about
a state of equilibrium (neutral or stable). Let q1(t), . . . , qn(t), where t
is time, be the minimum number of independent coordinates (linear or
rotational) that completely define the general dynamical configuration
of the system and that are compatible with any geometrical constraints
imposed on the system. Then the n coordinates q1 , . . . , qn are called
generalized coordinates, and the system is said to have n degrees of
freedom. Let {Q(t)} be the vector of generalized forces, and let {q(t)}
be the vector of generalized displacements, {q(t)} 5 {q1(t), . . . ,
qn(t)}. Corresponding elements of the generalized force and displace-
ment vectors are to be conjugate in the energy sense, which simply
means that if one of the elements of {q} is a rotation (for instance), then
the corresponding element of {Q} must be a moment, so that their
product represents work or energy. Methods of computing {Q} are
discussed in the references (e.g., Meirovitch). The matrix equation gov-
erning the small undamped motion of the system is given by

[M ]{q̈} 1 [K ]{q} 5 {Q} (11.6.2)

In this equation a dot denotes single differentiation in time, and [M ] and
[K ] are the mass and stiffness matrices, respectively. [M ] and [K ] are
real and constant matrices, which are assumed to be symmetric. Such
symmetry will arise whenever an energy approach (e.g., Lagrange’s
equations) is employed to derive the equation of motion. The mass
matrix is assumed always to be positive definite (and hence nonsingu-
lar, or can be made to be positive definite; see Przemieniecki).

Free-Vibration Analysis

The following equation governing the free vibration motion of the
conservative system is obtained from Eq. (11.6.2) with {Q} 5
{0} : [M ]{q̈} 1 [K ]{q} 5 {0}. To obtain a solution of this equation,
we note that, for a conservative system, periodic motion may be possi-
ble. In particular, let us assume a harmonic solution for {q} in the form
{q} 5 {A} cos (vt 2 a). That is, we inquire whether it is possible for
all coordinates to vibrate harmonically with the same angular frequency
v and the same phase angle a. This means that all points of the system
will reach their extreme positions at precisely the same instant of time
and pass through the equilibrium position at the same time. Substitution
of this trial solution into the free vibration equation yields the eigen-
vector equation [K ]{A} 5 v2[M ]{A}. In this equation {A} is called
the eigenvector and v2 is the eigenvalue (the square of a natural fre-
quency). This homogeneous equation always admits the trivial solution
{A} 5 {0}.

Nontrivial solutions are possible provided that v2 takes on certain
discrete values, which are obtained from the requirement that the deter-
minant of the coefficient matrix of {A} vanishes. This yields the eigen-
equation (frequency equation) D (v2) 5 | [K ] 2 v2[M ] | 5 0. It is an
nth-degree polynomial in v2, and its n roots are denoted by v2

r , r 5
1, . . . , n. The eigenvector {A}r , r 5 1, . . . , n, corresponding to
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each eigenvalue is determined from [K ]{A}r 5 v2
r [M ]{A}r . However,

the homogeneous nature of this equation precludes the possibility of
obtaining the explicit values of all the elements of {A}r . It is possible to
determine only their relative values or ratios in terms of one of the
components. Thus, we see that for each eigenvalue v2

r there is a corre-
sponding eigenvector {A}r , which has a unique shape (based on the
relative values of its components) but which is determined only to
within a scalar multiplicative factor that may be regarded as being the
amplitude of the shape. This unique shape is called the mode shape, and
it can be thought of as being the position of the system when it is in its

2

{

t 1

From this equation, it is seen that the displacement response is ex-
pressed directly in terms of the arbitrary excitations and the free-vibra-
tion frequencies and eigenvectors. The eigenvectors have been sepa-
rated into two types denoted by {A}ro and {A}re . The ‘‘rigid-body’’
eigenvectors {A}ro correspond to the m rigid-body modes (if there are
any) for which vr 5 0, r 5 1, . . . , m. The ‘‘elastic’’ eigenvectors
{A}re correspond to the remaining n 2 m eigenvectors, for which vr Þ
0, r 5 m 1 1, . . . , n. The general solution given by Eq. (11.6.3) is
very useful provided that the second integral (Duhamel’s integral) can
be evaluated. (The first integral is easier to evaluate.) Closed-form so-
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extreme position, and hence momentarily stationary, as in a static prob-
lem. Each frequency along with its corresponding mode shape is said to
define a so-called natural mode of vibration. Methods of determining
these natural modes are presented in the references (e.g., Wilkinson). If
the initial conditions are prescribed in just the right way, it is possible to
excite just one of the natural modes. However, for arbitrary initial con-
ditions all modes of vibration are excited. Thus, the general solution of
the free-vibration problem is given by a linear combination of the natu-
ral modes, i.e.,

{q} 5 On
r51

Cr{A}r cos (vrt 2 ar )

The 2n arbitrary constants Cr and ar are determined through specifica-
tion of the 2n initial conditions {q(0)}, and { ~q(0)}. An explicit repre-
sentation for {q} in terms of {q(0)} and { ~q(0)} is given later.

Some of the properties of the natural modes of vibration will now be
listed. Unless stated otherwise, the following properties are all conse-
quences of the assumptions that [M ] and [K ] are real and symmetric
and that [M ] is positive definite: (1) the n eigenvalues and eigenvectors
are real. (2) If [K ] is positive definite (corresponding to vibration about
a stable state of equilibrium), all eigenvalues are positive. (3) If [K ] is
positive semidefinite (corresponding to vibration about a neutral state of
equilibrium), there is at least one zero eigenvalue. All zero eigenvalues
correspond to rigid-body modes. (4) Eigenvectors {A}r , {A}s corre-
sponding to different eigenvalues v2

r , v2
s (v2

r Þ v2
s ; r Þ s; r, s 5

1, . . . , n) are orthogonal by pairs with respect to the mass and stiff-
ness matrices (weighting matrices), that is, {A} r

T[M ]{A}s 5 0 and
{A} r

T[K ]{A}s 5 0 for r Þ s; r, s 5 1, . . . , n. Since the eigenvectors
are orthogonal, and hence independent, they form a basis of the
n-dimensional vector space. Thus, any vector in the space, such as
the solution vector {q}, can be represented as a linear combin-
ation of the eigenvectors (base vectors). This theorem (expansion
theorem) is of vital importance for the response problem to be consid-
ered next.

Response Analysis

The response of the system due to arbitrary deterministic excitations in
the form of initial displacements{q(0)}, initial velocities (impulses)
{ ~q(0)}, or forcing functions {Q(t)} may be obtained by means of
the above expansion theorem. That is, the displacement solution of the
response problem is expanded with respect to the eigenvectors of the
corresponding free-vibration problem. The time-dependent coefficients
in this expansion are the so-called normal coordinates of the system.
The equations of motion when expressed in terms of the n normal
coordinates are uncoupled, and each one of the equations is mathemati-
cally identical in form to the equation governing the motion of a simple
one-degree-of-freedom spring-mass system. Hence solutions of these
equations are readily obtained for the normal coordinates. The normal
coordinates are then inserted into the eigenvector expansion to obtain
the following explicit solution for displacement response {q(t)}
(Przemieniecki) for undamped constrained or unconstrained (free)
structures:

{q(t)} 5 Om
r51

{A}ro{A}T
ro

{A}T
ro[M]{A}ro

S[M]({q(0)} 1 t{q(0)}) 1 Et25 t

t250
Et15t

t150

1 On
r5m11

{A}re{A}T
re

{A}T
re[M]{A}re

S[M]S{q(0)} cos vr
Q(t1)} dt1 dt2D
1

vr

{ ~q(0)} sin vr tD 1
1

vr
Et5 t

t50

{Q(t)} sin vr (t 2 t) dtD (11.6.3)

lutions of this integral for some of the simpler types of elements of
{Q(t)}, such as step functions, ramps, etc., are available (see Przemien-
iecki). Solutions of Duhamel’s integral for more complicated forcing
functions can be obtained through superposition of solutions for the
simpler cases or, of course, from direct numerical integration.

The displacement response obtained from Eq. (11.6.3) may be em-
ployed to obtain other response variables of interest, such as velocities,
accelerations, stresses, strains, etc. Velocities and accelerations are ob-
tained from successive time differentiations of Eq. (11.6.3). The method
used to evaluate the stresses depends on the type of spatial discretization
employed to approximate the structural continuum. For example, dif-
ference quotients are used in the finite difference approach. Note that
the rigid-body components do not contribute to the stress or strain re-
sponse and hence the first summation in Eq. (11.6.3) can be omitted for
computation of these responses.

SPACE PROPULSION
by Henry O. Pohl
NASA

The propulsion system provides the maneuverability, speed, and range
of a space vehicle. Modern propulsion systems have diverse forms,
however, they all convert an energy source into a controlled high veloc-
ity stream of particles to produce force. Among the many possible en-
ergy sources, five are considered useful for space-vehicle propulsion:

1. Chemical reaction
2. Solar energy
3. Nuclear energy
4. Electrical energy
5. Stored energy (cold gas)

Accordingly, the various propulsion devices are categorized into chem-
ical energy propulsion, nuclear energy propulsion, stored energy pro-
pulsion, solar energy propulsion and electrical energy propulsion.

Chemical propulsion can be further categorized into liquid propul-
sion or solid propulsion systems. Many combinations of fuels and oxi-
dizers are available. Likewise, electrical energy propulsion can be sub-
divided into systems using resistive heating, arc heating, plasma, or ion
propulsion. Nuclear energy and solar energy are external energy sources
used to heat a gas (usually hydrogen).

All space propulsion systems, with the exception of ion propulsion,
use nozzle expansion and acceleration of a heated gas as the mechanism
for imparting momentum to a vehicle. The fundamental relationships of
space propulsion systems are commonly expressed by a number of pa-
rameters as follows: The basic performance equation can be derived
from the classical newtonian equation F 5 MA. It is defined as

F 5S ~W

gD Ve 1 Ae(Pe 2 Pa)

where F 5 thrust, lbf; ~W 5 propellant weight flow rate; g 5 gravita-
tional acceleration; Ve 5 exhaust velocity; Ae 5 nozzle exit area; Pe 5
pressure at nozzle exit; and Pa 5 ambient external pressure.



SPACE PROPULSION 11-119

Table 11.6.15 Specific Impulse for Representative Space
Propulsion Systems

Specific
Engine type Working fluid impulse

Chemical (liquid)
Monopropellant Hydrogen peroxide- 110–140

hydrazine 220–245
Bipropellant O2-H2 440–480

O2-hydrocarbon 340–380
N2O4-Monomethyl 300–340

highest specific impulse of any in-service chemical rocket (440 to
460 s). These systems also have good mass fractions (0.82 to 0.85).
Oxygen and hydrogen, as stored in the rocket propellant tanks, are
cryogenic, with boiling points of 2 296.7°F and 2 442°F respectively.
Storing these propellants for long periods of time requires thermally
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hydrazine
Chemical (solid) Fuel and oxidizer 260–300
Nuclear H2 600–1000
Solar heating H2 400–800
Arc jet H2 400–2000
Cold gas N2 50–60
Ion Cesium 5000–25,000

The specific impulse is one of the more important parameters used in
rocket design. It is defined as Is 5 F/ ~W, where Is 5 specific impulse in
seconds, F 5 thrust, and ~W 5 propellant weight flow rate per second of
operation. Is increases in engines using gas expansion in a nozzle as the
pressure and temperature increase and/or the molecular weight of the
gas decreases. The specific impulse values for representative space pro-
pulsion systems are shown in Table 11.6.15.

The total impulse It 5 e F(t) dt is useful to determine candidate
rocket firing duration and thrust combinations required to satisfy a
given change in momentum, where F 5 thrust and t 5 time.

Mass fraction is the ratio of propellant to total weight of the vehicle
and is defined as g 5 (Wi 2 Wf )/Wi , where g 5 mass fraction; Wi 5
total weight of the vehicle including the propellant, structure, engine,
etc., at the start of operation; and Wf 5 total weight of the vehicle less
the weight of propellant consumed.

In the simplified case of a vehicle operating free of atmospheric drag
and gravitational attractions, the velocity increment obtained from a
propulsion system is defined as DV 5 Isg ln (Wi /Wf ), where DV 5
velocity increment obtained; Wi 5 total weight of vehicle including
propellant, structure, engine, etc., at start of operation; and Wf 5 total
weight of vehicle less weight of propellant consumed during operations.
This equation brings together the mission parameters, vehicle parame-
ters and rocket-engine parameters.

Figure 11.6.26 graphically shows the effect specific impulse and
mass fraction have on the ability of a propulsion system to change the
velocity of a payload in space.

Chemical Propulsion Only chemical energy has found wide ac-
ceptance for use in space propulsion systems. Modern materials and
current technologies have made it possible to operate rockets at rela-
tively high pressures. When these rockets are fitted with very large
expansion-ratio nozzles (nozzle exits 40 to 200 times the area of the
throat) the force produced per unit of propellant consumed is greatly
increased when operating in the vacuum of space.

Solid-propellant rocket motors are used for moderate total impulse re-
quirements, in spite of their low specific impulse, provided that the total
impulse requirements can be precisely set before the rocket is built.
The low specific impulse for these applications is largely offset
by the high mass fraction (ratio of propellant weight to total propulsion
system weight including propellant weight). They are simple to start,
have good storage characteristics and multiple velocity requirements
can be accommodated by staging, i.e., using a separate motor for each
burn.

Liquid-propellant systems are generally used for moderate to high total
impulse requirements, multiple burns, velocity-controlled thrust termi-
nations, variable thrust requirements or for applications where the total
impulse requirement is likely to change after the rocket is built or
launched.

Bipropellant systems are the most commonly desired systems to satisfy
moderate to high total impulse requirements. A fuel and oxidizer are
injected into a combustion chamber where they burn, producing large
volumes of high-temperature gases. Oxygen and hydrogen produce the
Fig. 11.6.26 Performance curves for a range of specific impulse and mass
fractions.

insulated propellant containers and specially designed thermodynamic
vents or refrigeration systems to control boil-off losses. The low density
of hydrogen (4.4 lb/ft3 ) requires the use of bulky containers. Because of
these characteristics, oxygen/hydrogen rocket systems can best satisfy
moderate to high total-impulse requirements. Where designs are con-
strained by volume, very long durations of time between firings, many
short burns, or precise impulse requirements, nitrogen tetroxide and
monomethylhydrazine are often preferred, if the total impulse require-
ments are moderate.

Monopropellant systems generally use a single propellant that decom-
poses in the presence of a catalyst. These are usually low total-impulse
systems used to provide attitude control of a spacecraft or vernier veloc-
ity corrections. For attitude control, small thrustors are arranged in clus-
ters around the perimeter of the vehicle. These small thrustors may, in
the course of a single mission, produce over 1,000,000 impulses, to
keep the vehicle oriented or pointed in the desired direction.

Solar-heating propulsion would use a solar collector to heat the work-
ing fluid which is exhausted through a conventional nozzle. The con-
centrated solar energy heats the rocket propellant directly through the
heat exchanger. The heated propellant is then exhausted through the
nozzle to produce thrust. Many design problems make the practical
development of the solar-heating rocket quite difficult. For example, the
solar collector must be pointed toward the sun at all times and the
available solar energy varies inversely with the square of the distance
from the sun. Using hydrogen as a working fluid, this type system
would have a specific impulse of 400 to 800 s and could satisfy very
high total impulse requirements at low thrust levels.

Nuclear propulsion is similar to solar-heating propulsion except that
the energy source is replaced by a nuclear reactor. A propellant is in-
jected into the reactor heat exchanger, where the propellant is heated
under pressure and expanded through the nozzle. Liquid hydrogen is the
best choice for the nuclear rocket’s working fluid because its low mo-
lecular weight produces the highest exhaust velocity for a given nozzle-
inlet temperature. For example, for a given entrance nozzle pressure of
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43 atm and temperatures of 1650, 3300, and 4950 K the following spe-
cific impulses are obtainable: 625, 890, and 1,216 s respectively. The
nuclear rocket engine is started by adjusting the reactor neutron-control
drums to increase the neutron population. Propellant flow is initiated at
a low reactor-power level and is increased in proportion to the increas-
ing neutron population until the design steady-state reactor power out-
put is obtained.

For shutdown of the engine, control drums are adjusted to poison the
core and decrease the neutron population. Steady-state reactor thermal
power, in megawatts, is determined by the relation P1 5 Kw (hout 2

mosphere. When selecting the pressure and composition, it is important
to remember that although a two-gas system adds complexity, it can
eliminate the concerns of (1) flammability in an oxygen-rich environ-
ment, (2) oxygen toxicity of the crew, and (3) decreased atmospheric
cooling potential for electronic equipment in a reduced-pressure cabin.
In the selection of a diluent, nitrogen should be considered first, since its
properties and effects on humans and equipment are well understood.
However, other diluents, such as helium, which have characteristics
attractive for a special application, are available.
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hin ), where w and h are core flow rate and enthalpy, respectively, and K
is the appropriate conversion factor to megawatts.

The reactor is a high-power-density, self-energizing heat exchanger
which elevates the temperature of the hydrogen propellant to the limit of
component materials.

SPACECRAFT LIFE SUPPORT AND THERMAL
MANAGEMENT
by Walter W. Guy
NASA

REFERENCES: NASA SP-3006, ‘‘Bioastronautics Data Book.’’ Chapman, ‘‘Heat
Transfer,’’ Macmillan. Purser, Faget, and Smith, ‘‘Manned Spacecraft: Engineer-
ing Design and Operation,’’ Fairchild.

Life Support—General Considerations

To sustain human life in a spacecraft two functions must be provided.
The first is to replenish those substances which humans consume and
the second is to control the conditions of the environment at levels
consistent with human existence. Humans consume oxygen, water, and
food in the metabolism process. As a by-product of this metabolism,
they generate CO2, respired and perspired water, urine, and feces (Table
11.6.16). The provisioning of man’s necessities (and the elimination of
his wastes) is a primary function of life support. However, an equally
important function is the maintenance of the environment in which he
lives.

There are three aspects of environmental control—ambient pressure,
atmospheric composition, and thermal condition of the environs. In a
typical spacecraft design the ambient pressure is maintained generally
in the range between 1⁄3 atm and sea-level pressure, with the oxygen
partial pressure varying in accordance with Fig. 11.6.27 in order to
provide the appropriate partial pressure of oxygen in the lungs for
breathing.

The other constituents of concern in the atmosphere are the diluent,
CO2, water vapor, and trace amounts of noxious and toxic gases. The
percent of the diluent in the atmosphere (or indeed whether a diluent is
present at all) is selectable after proper consideration of the design
parameters. For instance, short-duration spacecraft can take advantage
of human adaptability and use atmospheric pressures and compositions
significantly different from those at sea level, with the attendant advan-
tage of system design simplicity. The Mercury, Gemini, and Apollo
spacecrafts utilized 5-lb/in2 pure oxygen as the basic cabin atmosphere.
Skylab used an oxygen-nitrogen mixture although at a reduced pressure,
while the shuttle is designed for an essentially sea-level equivalent at-

Table 11.6.16 Metabolic Balance for Humans

Consumed Produced

Oxygen 1.84 Carbon dioxide 2.20
Drinking water 5.18 Perspiration 2.00
Food (2⁄3 H2O) 3.98 Respiration 2.00

Urine 4.53
Feces 0.27

11.00 11.00

NOTE: Metabolic rate 5 11,200 Btu/human-day and RQ 5 0.87; RQ
(respiratory quotient) 5 vol CO2 produced/vol O2 consumed. All values are
in units of lb/human-day.
Fig. 11.6.27 Atmospheric oxygen pressure requirements for humans.

The other atmospheric constituents—CO2, water vapor, and trace
gases—must be controlled within acceptable ranges for comfort and
well-being. Although the partial pressure of CO2 is less than half a
millimeter of mercury in an ambient earth environment, humans are
generally insensitive to CO2 levels up to 1 percent of the atmosphere (or
7.6 mmHg) unless mission durations increase to more than a month. As
spacecraft missions are further extended, the partial pressure of CO2

should approach the earth ambient level to ensure physiological accep-
tance. Atmospheric water vapor (or humidity) should be maintained
high enough to prevent drying of the skin, eyes, and mucous mem-
branes, but low enough to facilitate evaporation of body perspiration,
maximizing crew comfort. The generally accepted range for design is
40 to 70 percent relative humidity. In the closed environment of the
spacecraft, cabin noxious and toxic gases are of particular concern. It
should be noted that 8-h/day industrial exposure limits are not appropri-
ate for the continuous exposure which results from a sealed spacecraft
cabin. Therefore, materials which can offgas should be screened and
limited in the crew compartment. The small quantities which cannot be
completely eliminated, as well as certain undesirable products of metabo-

Fig. 11.6.28 Thermal comfort envelope for humans. (Note: metabolic rate
300–600 Btu/h; air velocity 15–45 ft/min; pressure 14.7 lb/in2.)
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lism, must be actively removed by the life-support system to maintain
an acceptable atmosphere for the crew.

The third of the environmental control aspects—atmospheric ther-
mal condition—is subject to several design variables, all of which must
be taken into account. Thermal comfort is a function of the temperature
and relative humidity of the surrounding atmosphere, the velocity of
any ventilation present, and the temperature and radiant properties of
the cabin walls and equipment. The interrelationship of these parame-
ters is shown in Fig. 11.6.28 for a reasonable range of flight clothing
ensembles. Because of the effective insulations available to the vehicle

electrochemical means. This process is mechanically simple (as com-
pared to the adsorption-desorption system) but does require more elec-
trical power. However, it has an integration advantage in that it provides
the CO2 collected from the atmosphere mixed with hydrogen, which
makes its effluent a natural feedstock for either one of several CO2

reduction subsystems (which will be required for oxygen recovery on a
space station). Although Figure 11.6.29 identifies the various life-sup-
port subsystem choices for candidate spacecraft designs of different
mission durations, this information should be used only as a guide. The
crew size as well as other design parameters can skew the range of
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designers, the problem of thermal control in the spacecraft cabin is
generally one of heat removal. Utilizing increased ventilation rates to
enhance local film coefficients is one means of improving thermal com-
fort within the cabin. However, the higher power penalties associated
with gas circulation blowers, as compared to liquid pumps, should sug-
gest using the spacecraft thermal control liquid circuit in reducing the
temperature of the radiant environment as potentially a lower-power
alternative. However, if the walls or equipment are chilled below the
dew point, condensation will occur.

As an additional benefit, maintaining an acceptable thermal environ-
ment through radiative means reduces the psychological annoyance of a
drafty, noisy environment. Ventilation rates between 15 and 45 ft /min
are generally considered comfortable, and exceeding this range should
be avoided.

Life Support—Subsystems Selection

In designing the life-support system for a spacecraft, subsystems con-
cepts must be selected to accomplish each of the required functions.
This process of selection involves many design criteria. Size, weight,
power consumption, reliability of operation, process efficiency, service
and maintenance requirements, logistics dependency, and environmen-
tal sensitivity may each be very important or inconsequential depending
on the spacecraft application. In general, for life support subsystems,
the dominant selection criterion is mission duration. Various subsystem
choices for accomplishing the life support functions are shown in Fig.
11.6.29.

To illustrate the relationship between mission duration and subsys-
tem selection, the various concepts for removal of CO2 from the atmo-
sphere shown in Fig. 11.6.29b will be discussed. The simplest method
of controlling the level of CO2 in the spacecraft cabin is merely to purge
a small amount of the cabin atmosphere overboard. This concept is
simple and reliable and requires almost no subsystem hardware, al-
though it does incur a fairly significant penalty for atmospheric makeup.
For missions such as Alan Sheppard’s first Mercury flight, this concept
is probably optimum. However, even a minor increase in mission dura-
tion will result in a sizable weight penalty to the spacecraft. By adding a
simple chemical absorption bed to the spacecraft ventilation loop (with
a chemical such as lithium hydroxide as the absorbent), the expendable
penalty for CO2 removal can be reduced to the weight of the chemical
canisters consumed in the absorption process. This concept was used on
the Apollo spacecraft. The penalty for this type of concept also becomes
prohibitive if mission durations are further extended. For missions such
as Skylab, the expendable chemical absorbent can be replaced by a
regenerable adsorbent. This change eliminates the lithium hydroxide
weight penalty but incurs a small atmospheric ullage loss during the
vacuum regeneration of the adsorbent. In addition, the regenerable sys-
tem is more complex, requiring redundant beds (one for adsorption
while the alternate bed desorbs), and mechanical-timing circuits and
switching valves. This result is typical in that reducing expendable re-
quirements is generally at the expense of system complexity.

The three CO2 removal concepts discussed above all prevent the
subsequent use of the collected CO2 after removal from the atmosphere.
Should the CO2 be required for reclaiming the metabolic oxygen (such
as will be the case for a space station design), the regenerable concepts
can be adapted to accommodate retrieval of the CO2 during desorption.
However, this enhancement further complicates the subsystem design.
There is an alternative CO2 removal concept available which utilizes a
fuel-cell-type reaction to concentrate the CO2 in the atmosphere through
applicability for each subsystem (e.g., a large crew can render expend-
able dependent subsystems inappropriate even for relatively short mis-
sions).

Fig. 11.6.29 Concepts to accomplish the life-support function. (a) Water re-
covery; (b) atmospheric revitalization.

There is another major aspect of life support system design for space-
craft (in addition to subsystem selection) and that is process integration
and mass balance. For example, a space-station-class life-support sys-
tem design must accommodate wastewater with a wide range of con-
tamination levels—from humidity condensate which includes only
minor airborne contamination to various wash and rinse waters (includ-
ing personal hygiene, shower, clothes washing, and dish washing) and
urine. The degree of contamination generally influences the reclamation
process selection; therefore, multiple contaminated sources tend to re-
sult in multiple subsystem processes. For example, highly contaminated
water, such as urine, is most reliably reclaimed through a distillation
process since evaporation and condensation can be more effectively
utilized to separate dissolved and particulate material from the water,
while less contaminated wash waters can be effectively reclaimed
through osmotic and mechanical filtration techniques at significantly
less power penalties in watts / lb H2O recovered. Regardless of the tech-
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Fig. 11.6.30 Life-support systems mass balance. (All values are in pounds per day for an eight-person crew.)

niques selected, water must be made available for drinking, food prepa-
ration, and cleaning the crew and the equipment they use, as well as for
generating the oxygen they breathe. In fact, the space station life-sup-
port design process can be looked upon, in one respect, as a multifaceted
water balance since the dissociation of CO2 and generation of O2 both
involve water in the respective processes. Figure 11.6.30 is a typical
space station schematic depicting the interrelationship of the subsys-
tems and the resulting mass balance.

Thermal Management—General

transport efficiency and low-temperature characteristics. The thermal
transport efficiency is important since the size, weight, and power re-
quirements of the pumping and distribution system depend on this pa-
rameter. However, in the environs of deep space the potential exists for
very low temperatures. Therefore, for maximum system operating flex-
ibility, the characteristics of the thermal transport fluid must be such
that operation of the system can continue even in a cold environment;
thus, low-temperature properties become a fluid selection constraint.
Although the range of acceptable fluids is broader here, several fluids in
the Freon family meet these requirements. For single-phase, pumped-
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Considerations

Although there is an aspect of life support associated with thermal com-
fort, the area of spacecraft thermal management encompasses a much
broader scope. In the context of this section, thermal management in-
cludes the acquisition and transport of waste heat from the various
sources on the spacecraft, and the disbursing of this thermal energy at
vehicle locations requiring it, as well as the final rejection of the net
waste heat to space. Although there are thermal implications to the
design of most spacecraft hardware, the Life Support and Thermal
Management section only deals with the integration of the residual ther-
mal requirements of the various vehicle subsystems to provide an
energy-efficient spacecraft design (i.e., one which utilizes waste
heat to the maximum and therefore minimizes requirements for the
vehicle heat rejection system).

Thermal management systems are typically divided into two parts.
The first, associated with the spacecraft cabin, has design requirements
associated with maintaining the crew environment and equipment lo-
cated in the cabin at acceptable temperatures, and in addition has special
requirements imposed on its design because of the location of the sys-
tem in the pressurized compartment and its proximity to humans. These
additional requirements are usually dominant. Any cooling medium
which is used in the crew compartment must have acceptable toxicolog-
ical and flammability characteristics in order to not impose a hazard to
the crew in the event of malfunction or leakage. Although there are
thermal control fluids which have low toxicity potential, reasonable
flammability characteristics and adequate thermal transport properties,
none are better than water.

The second aspect of the thermal management system involves those
spacecraft systems located outside the cabin. The dominant design cri-
teria in thermal control fluid selection for these systems are thermal
fluid systems, the temperature levels of the heat sources are important in
determining the optimum sequence for locating equipment in the ther-
mal circuit. The equipment with the lowest-temperature heat sink re-
quirements are accommodated by placing them immediately after the
heat rejection devices, while equipment which can accept a higher-
temperature heat sink are located downstream. Also, those subsystems
which require heating must be located at a point in the circuit which can
provide the thermal energy at the required temperature level.

Typically spacecraft heat sources include cabin-atmosphere heat ex-
changers, the avionics system as well as other electronic black boxes,
power generation and storage equipment, etc., while heat sinks include
propulsion system components, various mechanical equipment requir-
ing intermittent operation, dormant fluid systems which have freezing
potential, etc. The ultimate elimination of the net thermal energy (i.e.,
sources minus sinks) is by rejection to space. This is accomplished
through expendables or radiation.

Recent developments in thermal management technology have re-
sulted in the consideration of a two-phase acquisition, transport, and
rejection system. This concept uses the heat of evaporation and conden-
sation of the transport fluid to acquire and reject thermal energy, reduc-
ing by several orders of magnitude the amount of fluid required to be
pumped to the various heat sources and sinks within the spacecraft. This
concept has the added advantage of operating nearly isothermally, per-
mitting the idea of a thermal ‘‘bus’’ to be included in future spacecraft
design, with indiscriminate sequencing of the heat sources and sinks
within the vehicle.

Thermal Management Subsystem Selection

The subsystem selection process associated with the thermal manage-
ment area depends largely on the magnitude of thermal energy being
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Fig. 11.6.31 Range of application of various heat-rejection methods.

managed and the duration of the mission. Figure 11.6.31 graphically
depicts the areas of applicability for various types of heat-rejection
devices as a function of these parameters.

Small heat-rejection requirements can sometimes be met by direct
heat sinking to the structure (or a fluid reservoir). Often, passive heat
sinks need to be supplemented with fusible heat sinks (to take advantage
of the latent heat of fusion) or evaporative heat sinks (to take advantage
of the latent heat of evaporation). Of the three types of heat sinks, the
evaporative heat sink is the only one which has been used as the primary
vehicle heat-rejection device in the manned spaceflight program to date.

fully used integral skin radiators, the unique characteristics of the outer
surface of the orbiter required a different technique be adopted for its
radiator design. Accordingly, the radiators were designed to be de-
ployed from inside of the payload bay doors. This not only provides
good exposure to space, but also, in the case of the forward panels,
allows two-sided exposure of the panels, thereby doubling the active
radiating area.

Heat rejected Qrej, according to the Stefan-Boltzmann law, is given
by the following equation:
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Both the Mercury spacecraft and the lunar module utilized a water
evaporative heat sink in this manner. However, the Apollo spacecraft
and the shuttle have also used evaporative heat sinks and Skylab used a
fusible heat sink as supplemental heat rejection devices.

Since space is the ultimate heat sink for any nonexpendable heat
rejection, devices which allow the thermal energy which has been col-
lected in spacecraft coolant circuits to be radiated to space become the
mainstay of the thermal management system. These ‘‘radiators’’ take
many forms. The simplest design involves routing the cooling circuits
to the external skin of the spacecraft so that the thermal energy can be
radiated to deep space. Because of spacecraft configuration restrictions,
only partial use can be made of the external skin of the spacecraft, and
the amount of thermal energy which can be rejected by this technique is
thereby limited. Although the Gemini and Apollo spacecraft success-
Fig. 11.6.32 Space radiator energy balance.
Qrej 5 «gAT4

where g 5 constant, 0.174 3 1028 Btu/(h ? ft2 ? *R4); « 5 emittance
property of surface (termed emissivity), A 5 area available for radia-
tion; and T 5 radiating temperature. From this equation it is obvious
that a radiator with both sides exposed will reject twice as much heat to
space as one of the same dimensions which is integral with the skin of
the vehicle. A space radiator can absorb as well as reject thermal energy.
The net heat rejected Qnet from a radiator is given by the following
equation:

Qnet 5 Qrej 2 OA51

N

Qabs

The energy absorbed by the radiator, Qabs , can come from various
sources (see Fig. 11.6.32).



11-124 ASTRONAUTICS

The most common heat sources for an earth-orbiting spacecraft are
direct solar impingement, reflected solar energy from the earth (i.e.,
albedo), direct radiation from the earth, radiation from other parts of the
spacecraft, and radiation from other spacecraft in the immediate vicin-
ity. These energy sources are absorbed on the radiator surface in direct
proportion to the absorptance characteristic of the surface, termed ab-
sorptivity. Emissivity and absorptivity are unique to each surface mate-
rial but are variables directly linked to the temperature of the source of
the radiation (i.e., wavelength of the radiation). Therefore, since ab-
sorptivity and emissivity are characteristics of the surface, the careful

tors which have been used on spacecraft to date. Because of this advan-
tage, future missions which require either of the three types of radiators
(i.e., integral skin, deployable, or space constructible) will utilize the
heat pipe concept to transport the thermal energy to the exposed radiat-
ing surface.

The design of space radiators can take many forms, but the basic
concept is an exposed surface made of a conducting material with regu-
larly spaced fluid tubes to distribute the heat over the surface (see Fig.
11.6.34).
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selection of a surface coating can significantly enhance the effective-
ness of the radiator. The coating should have a high emissivity in the
wavelength of the rejected energy from the radiator (for good radiation
efficiency) and a low absorptivity in the wavelength of the impinging
radiation (for minimal absorbed energy). Since generally the earth and
the surrounding spacecraft are producing thermal energy of essentially
the same wavelength as the radiator, it is necessary to restrict the view
of the radiating surface to these objects since absorptivity and emissiv-
ity of a surface are equal for the same wavelength energy. Thus, radia-
tors which can be located so that they are not obstructed from viewing
deep space by elements of the spacecraft or other spacecraft in the
vicinity will be much more effective in rejecting waste heat. The sun,
however, emits thermal energy of a dramatically different wavelength
and, therefore, coatings can be selected which absorb less than 10 per-
cent of the solar energy while radiating nearly 90 percent of the energy
at the emitting temperature of the radiator.

For applications which require large radiating surface areas as com-
pared to the vehicle’s size, integral skin radiators offer insufficient area
and thus space radiators which use deployment schemes must be con-
sidered. However, as radiators become larger the mechanisms become
very complicated. To circumvent the mechanical problems of deploy-
ment, a new radiator concept has been developed which allows in-orbit
construction. This concept utilizes a single-tube heat pipe as the primary
element (see Fig. 11.6.33).

Fig. 11.6.33 Basic heat-pipe operation.

There are two distinct advantages of heat pipe radiators. The first is
that assembly of large surface areas in-orbit can be effected without
breaking into the thermal control circuit. This is practical since the heat
pipe radiator element is completely self-contained. The second advan-
tage is that in-orbit damage from accidental collision or meteoroid
puncture affects only that portion of the radiator actually damaged and
does not drain the entire radiating surface of fluid as it would the radia-
Fig. 11.6.34 Typical radiator tube/fin configurations.

The selection of the material and configuration of the radiating sur-
face (i.e., honeycomb, box structure, thin sheet, etc.) determine its ther-
mal conductance. This conductance, when coupled with tube spacing
and the internal heat transfer characteristics within the tube and fluid
system, determines the temperature gradient on the radiating surface
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Fig. 11.6.35 Radiator configuration optimization.
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between adjacent tubes. This so-called ‘‘fin effectiveness’’ represents a
loss in radiating potential for any particular radiator design; therefore,
these parameters should be selected carefully to optimize the radiator
design within the constraints of each application. Figure 11.6.35 dem-
onstrates the effect of the configuration parameters of the radiator on
panel weight.

DOCKING OF TWO FREE-FLYING SPACECRAFT

increases. As the vehicles interact the mechanism interfaces are indexed
into alignment as the system responds to the impact loads. The compli-
ance of the system occurs in two forms: mechanism movement and rigid
body vehicle motion.

When the docking interfaces interact, the system responds in six
degrees of freedom and the docking system is stroked as the mechanism
absorbs the relative misalignments. Once the interfaces are fully
aligned, capture latches lock the opposing interfaces together, and the
vehicles are ‘‘soft-docked.’’ After capture, residual energy in the sys-
tem allows relative motion between the structures to continue. Depend-
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The information in this section covers the mechanics of docking two
free-flying unconstrained vehicles in space. Different methods of mat-
ing are addressed with the emphasis applied to docking. The content
does not encompass all facets of the procedure, but it does bring forth
the physics of the operation which make the process an engineering
challenge.

Types of Mating

The understanding of mating is a precursor to preliminary design. Dif-
ferent techniques of mating free-flying bodies are often discussed when
planning the rendezvous of two vehicles in space. The mating of two
structures can be performed in three ways: docking, berthing or a com-
bination of both. Docking relies on the transfer of vehicle momentum to
provide the means to force the docking ports into alignment. If a signifi-
cant amount of momentum is required for capture, jet firings can be
used to introduce the impulse into the system as needed. Berthing relies
on a secondary system, such as a robotic arm to enforce the docking
ports into alignment. The active vehicle grapples the other with a robot
manipulator and guides the structural interfaces together. If manipulator
usage is attempted, specific design factors need to be considered: arm
configuration, gearbox stiffness, linkage flexibility, and controllability.

Mating of two structures in space is by every means considered a
multibody dynamic event. Docking involves a significant level of mo-
mentum transfer, while berthing involves relatively little. The dynamics
result from the deliberate impact of the two vehicles. As docking occurs
the system responds with rigid-body motion and mechanical motion of
the docking device. Depending on the relative states between the vehi-
cles and the mode in which the maneuver is attempted, the response of
the system and the physics vary considerably.

For discussion purposes the two docking vehicles can be considered
as a target vehicle (passive) and a docking vehicle (active). The passive
vehicle maintains attitude control as the active vehicle is navigated
along an approach corridor. The active vehicle holds an attitude control
mode with translational control authority. As the corridor narrows,
sighting aids, range, and range-rate feedback on both vehicles are used
to guide the docking ports into contact.

As the vehicles approach, a closing velocity exists. From a design
standpoint the operation of a docking system involves various mecha-
nism operational phases: mechanism deployment, interface contact and
capture, attenuation of relative motion, mechanism retraction, and
structural lockup. The deployment phase is where the mechanism is
driven from its stowed position to its ready-to-dock position. Vehicle
interface contact and capture are initiated when the docking ports of
each vehicle are maneuvered into contact. Ideally, a positive closing
velocity should be maintained from initial contact through capture.
Once an opening velocity develops, the probability of a failed capture
ing on the location of the docking system relative to the vehicle center
of masses, the motion may dissipate due to the inherent hysteresis in the
docking system; otherwise, separate energy-dissipation devices may be
necessary. After attenuation the vehicles are likely to be misaligned due
to the new relative equilibrium position of the spacecraft. Separate pro-
cedures or devices can be used to bring the structural interfaces into
alignment.

The retraction process is where the active mechanism is driven back
to its stowed position. Once they are fully retracted, the structural inter-
faces are latched at hard interfaces, and the vehicles are ‘‘hard-
docked.’’

The mass of each vehicle is an essential part of the docking system
design. The momentum of the docking vehicle is the medium which
provides the force required by the docking mechanism to comply with
the relative misalignments between the vehicles at the docking inter-
face. The operation can be complicated if a vehicle center of mass is
offset from the longitudinal axis of the docking system. As a result, the
vehicle effective mass at the docking interface is reduced. Furthermore,
the center of mass offset induces relative rotation after contact which
complicates the capture and attenuation process. Ideally two vehicles
should dock such that the velocity vector and longitudinal axis of the
docking system have minimum offset from the center of mass. The
relative rotation of the vehicles after contact is known as jackknifing.

The docking mechanism center-of-mass offset and the vehicle size
significantly influence the design of the docking interfaces, attenuation
components, docking aids, piloting procedures, and capture-assist
methods. The relative vehicle misalignments and rates at the moment
the docking interfaces first come into contact (initial conditions) should
be known in order to size the mechanism attenuation components, to
establish piloting procedures and training criteria, and to study the me-
chanics of the system before, during, and after docking.

The initial conditions result from vehicle as-built tolerances, thermal
and dynamic distortions, variation in piloting performance, and control
system tolerances. The misalignments are composed of lateral mis-
alignments in the plane of the docking interface and angular misalign-
ments about thee axes. The rates are composed of translational veloci-
ties along three axes and angular velocities about three axes.

The mass and motion of the system are the basic ingredients for
providing the energy necessary to join the interfaces. Ideally the
interfaces should capture before an opening velocity develops between
the docking interfaces. Adequate momentum at the docking port is re-
quired to actuate the mechanism. The impulse introduced to the system
during the impact must be less than that required to reduce the relative
interface velocity to zero. If the relative interface velocity goes to zero
before capture, the vehicles will separate. For low closing velocities, a
small axial impulse due to initial contact can reduce the relative inter-
face velocity to zero and cause a ‘‘no capture’’ condition.

A drive system along the longitudinal axis of the docking mechanism
or reaction control jets increases the probability of capture. It extends
the docking system toward the target vehicle once initial contact is
made and thus improves capture performance for a docking vehicle with
a low closing velocity. However, a drawback of a drive system is that
the reaction has the tendency to push the vehicles apart. The action of jet
thrusting has the opposite effect; it tends to push the vehicles together. If
the momentum required to provide a low possibility of no capture be-
comes operationally prohibitive, thrusting can be used as a substitute
and applied as necessary.



11-126 PIPELINE TRANSMISSION

As energy introduced into the system increases, whether in the form
of vehicle momentum or jets pulsing, a tradeoff exists between accept-
able internal vehicle loads, allowable component stroke limits, vehicle
jackknifing, and piloting capability.

Vehicle Mass and Inertia Effects

Concentrated spherical masses colliding in two dimensions can be used
to describe the dynamic effects of an impact. The same class of exam-
ples are consistently used in beginning physics textbooks to describe the
macroscopic concepts of impulse, momentum, and energy. The same

unknown parameter becomes the work required to bring the system to
rest.

Design Parameters

The energy loss during docking is equal to the work done, F 3 d, by the
mechanism-attenuation components. If a hysteresis brake is used to
bring the system to rest, then a trade can be performed on the force-
distance relationship by using

1⁄2Meffy2 5 Fd

vid
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theory should be applied to understand the requirements of mating two
vehicles and perform conceptual and preliminary design studies.
A single-degree-of-freedom mechanical equivalent exhibiting sim-
ple harmonic motion is a useful example for understanding the me-
chanics.

Consider two spacecraft in a two-dimensional plane on a planned
course of docking without any misalignments and with some closing
velocity. If only the docking-axis degree of freedom is considered, the
effective mass of each body, M1 and M2 , can be computed from

M1 (or M2) 5 M 2 (ML)2/(I 1 ML2)

where M is the vehicle mass, I is the vehicle mass moment of inertia
about the center of mass, and L is the mass center offset from the
docking axis. In this case the process of capture and attenuation can be
thought of as a perfectly plastic impact of two bodies. The masses dock
and stick together. After impact the two bodies continue their trajectory
with some final velocity. The combined effective mass of the two
bodies represented as a single degree of freedom can be computed from
Meff 5 M1M2 /(M1 1 M2). Since momentum is conserved during a per-
fectly plastic impact, kinetic energy loss during docking can be com-
puted from 1⁄2Meffy2, where y is the capture velocity. Since at capture
we know the effective mass of the system and the capture velocity, the
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where F represents the force necessary to bring the system to rest over
distance d. Using the hysteresis brake as a starting point provides the
average about which other devices would oscillate. For an underdamped
spring/damper attenuation system, the relative motion and maximum
force can be computed from

x 5 y /vd 3 e2zv sin vd t and F 5 Kx 1 C dx /dt

respectively. In this representation,

vd 5 v(1 2 z2)1/2 and v2 5 K/Meff

where z represents the damping factor and K and C represent the attenu-
ation component characteristics. As can be seen, minimal knowledge of
the basic system characteristics can be used to design the type and
arrangement of the attenuation components. During the design of the
attenuation components the following components may prove useful:
preloaded centering springs, staged springs, ON/OFF dampers, and
variable-level hysteresis brakes. The material in this section is only a
first look at understanding the design of a docking system. As more
detail is developed, the effects of relative vehicle motion, interface con-
tact dynamics, mechanism performance, and vehicle flexibility need to
be simulated, which goes beyond the scope of this section. For a com-
prehensive background, the reader should refer to the cited references.

TRANSMISSION
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NATURAL GAS

General According to AGA Estimates for 1991, approximately 65
percent of the U.S. natural-gas reserves occur in seven states (Texas,
New Mexico, Oklahoma, Louisiana, Wyoming, Alaska, and Kansas)
and only about 40 percent of the total natural gas produced there is
consumed within those states. Within these seven states alone, esti-
mated production in 1991 exceeded 16.6 trillion ft3 (472.6 billion m3).
Total exports, interstate and international, from these states in 1991
were estimated at approximately 13.1 trillion ft3 (371.8 billion m3),
while imports were approximately 4.5 trillion ft3 (127.4 billion m3).
Offshore production is becoming increasingly significant. In 1991, ap-
proximately 18 percent of the total proven U.S. natural-gas reserves
were located offshore.

Implementation of FERC Order 636 has had a significant impact on
natural-gas transmission pipelines. Pipeline companies which built and
operated gathering systems as needed to support contractual obligations
moved 24 trillion ft3 per year in the 1970s. Hubs are now being estab-
lished to provide access to natural gas capacity release so that pipeline
capacity may be more effectively utilized than ever before. Electronic
bulletin boards (EBBs) are being refined to operate on an ever-expand-
ing information superhighway to provide open access to gas supplies
and markets.

The need to transport natural gas from the producing regions to con-
suming areas throughout the country has generated a burgeoning net-
work of transmission pipelines. In 1950, there were 314,000 mi
(505,000 km) of gas pipelines in this country. By 1991, with natural gas
supplying 24 percent of the nation’s energy requirements, this mileage
had increased to 1,225,000 mi (1,972,000 km), an increase of 390 per-
cent in 40 years. Between the years of 1984 and 1986, the total length of
gas transmission pipeline in the United States declined by 2,500 mi
(4,000 km). The significant drop in demand for pipeline steel pushed
many domestic pipe mills into insolvency. Other pipe mills specialized
in production of a single type of longitudinal seam, such as seamless
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(SMLS), double-submerged arc weld (DSAW), or electric resistance
weld (ERW) pipe. Domestic pipeline installation rebounded in 1987,
with the installation of approximately 2,800 mi (4,500 km) of large-dia-
meter steel pipeline.

Modern gas pipelines consist of all diameters from 2 in to 42 in in all
grades of specified minimum yield strengths (SMYS) from 35,000 to
70,000 lb/in2. The type of longitudinal seams available are SMLS in
sizes ranging from 2 in to 20 in, ERW in sizes ranging from 2 in to 24 in,
and DSAW in sizes ranging from 16 in to 42 in. Higher yield strengths
are usually more cost-effective in sizes larger than 10 in.

valves, gas measurement, by either AGA dimensioned orifice(s) or by
turbine meters, and flow control valves. Overpressure protection may
also be required. If a large temperature drop is anticipated across any of
the pressure-reducing valves, then a radiant heater or indirect-fired
heater may be required. A rough estimate of temperature drop is 7°F per
100 lb/in2 of pressure drop. Electronic flow measurement has become
commonplace, meeting the requirements of current regulations. Micro-
processors calculate, remotely monitor, and control flow in real time
using the latest calculation methods of the AGA and American Petro-
leum Institute (API) reports. The quality of the gas is also measured by
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Although the trend has been toward the use of larger pipe diameters
and pipe steel of greater tensile strength, the economics of pipe produc-
tion and coating and the ease of handling, including transportation as
well as installation, has led to greater utilization of 36-in-diameter
(0.91-m) pipe with a specified minimum yield strength of 65,000 lb/in2

(4,570 kg/cm2). In 1992, 36-in-diameter pipe accounted for approxi-
mately 36 percent of the total steel used in construction of large trans-
mission pipelines. Although significant mileage of 42-in-diameter
(1.07-m) pipeline has been placed in gas service, no new 42-in-diameter
pipeline construction was recorded by the American Gas Association
(AGA) in 1992.

Main line valves are usually ball or gate and are of the full-opening
variety to allow for the passage of cleaning pigs and inspection tools.
Ball, gate, and plug valves are installed on piping other than main line
piping.

Pipe bends are usually made on site by a contractor; however, on
short-distance pipelines, or in cases where a large degree of bend is
required, shop-fabricated bends are produced by induction heating.

Repairs to a pipeline segment according to current regulations of the
Department of Transportation (DOT) are to either replace the segment,
or use welded steel sleeves. A new method currently being tested by
both the DOT and industry is a polymer composite reinforcement wrap
(Clock Spring) which is wrapped around the repair area. For this type of
repair, welding is not required.

The rapidly growing network of large diameter pipelines, along with
increasing pressure capabilities, has brought forth a considerable rise in
prime mover and compressor requirements. Natural-gas pipelines in the
United States have experienced an increase from about 6 million in-
stalled hp (4.5 million kW) in 1960 to 14 million hp (10.6 million kW)
by the end of 1991, an increase of 233 percent in 30 years. Natural-gas
engines, natural-gas turbines, and electric motors are most generally
employed as prime movers on gas pipelines. The gas engines generally
drive reciprocating compressors; gas turbines and electric-motor drivers
are usually connected to centrifugal compressors. The industry trend is
toward the use of larger, centrifugal compressor units because of the
inherent economic advantages. Prime movers in general use have in-
creased in size from the early 1950s to the early 1990s as follows: gas
engines from 2,500 to 13,500 hp (1,865 to 10,070 kW), gas turbines
from 1,000 to 50,000 hp (745 to 37,310 kW), and electric-motor drivers
from 2,500 to 20,000 hp (1,865 to 14,920 kW). Modified aircraft-type
jet engines are also employed as prime movers driving centrifugal com-
pressors and range from 800 to 50,000 hp (600 to 37,310 kW).

Much progress has been made in automated operations of all types of
pipelines. Valves, measuring and regulating stations, and other facilities
are operated remotely or automatically. Factory-packaged compressor-
station assemblies, most of which are highly automated, are now com-
monplace. Whole compressor stations with thousands of horsepower
are operated unattended by the use of coded dispatching systems han-
dled by high-speed communications.

Automatic supervision and operation of pipeline systems are becom-
ing almost commonplace in today’s climate of microprocessor-based
remote terminal units (RTUs). These ultra-high-speed data-gathering
systems can be used to gather operational data, do calculations, provide
proportional integral derivative (PID) process control, and undertake
other auxiliary functions. Data may be communicated to a central dis-
patch office for real-time control. A system of several hundred locations
may be scanned and reported out in a few seconds.

Natural gas measurement stations usually consist of pressure control
one of several means. For small-volume stations a continuous gas
sampler accumulates a small volume for laboratory testing. Medium
volume stations will use a sampler and/or a gravitometer, while large-
volume stations will use a gas chromatograph.

Flow From the thermodynamic energy balance equations for the
flow of compressible fluids (Sec. 4), the general flow formula is derived
and expressed in BuMines Monograph 6 (1935) as

Q 5 K
T0

P0
F(P2

1 2 P2
2)d5

GTf Lf
G1/2

(11.7.1)

where Q is the rate of flow, ft3/day; T0 is the temperature base, °R; P0 is
the pressure base, psia; P1 is the initial gas pressure, psia; P2 is the final
gas pressure, psia; d is the internal pipe diameter, in; G is the specific
gravity of the gas, which is dimensionless (for air, G 5 1.0); Tf is the gas
flowing temperature, °R; and Lf is the length of the pipeline, mi. The
general flow equation for constant-volume (steady-state), isothermal,
horizontal flow of natural gas is given by U.S. BuMines Monograph 9
(1956) as

Q 5 38.7744
Tb

Pb
F(P2

1 2 P2
2)D5

f ZGTL
G0.5

(11.7.2)

where Q 5 rate of flow, ft3/day; Tb 5 temperature base, °R; Pb 5
pressure base, psia; P1 5 inlet pressure, psia; P2 5 outlet pressure, psia;
D 5 internal pipe diameter, in; f 5 friction factor, dimensionless; Z 5
average gas compressibility, dimensionless; G 5 gas gravity (for air,
G 5 1.00); T 5 average flowing temperature, °R; L 5 length of pipe,
mi. Monograph 9 also gives a good discussion of friction factors and ele-
vation corrections.

Other flow equations may be derived from the general equation by
substitution of the proper expression for the friction factor. This applies
to the Panhandle A equation which has the form

Q 5 435.87STb

Pb
D1.0788S P2

1 2 P2
2

G0.8539TL
D0.5394

D2.6182E (11.7.3)

where E 5 pipeline flow efficiency, a dimensionless decimal fraction
(design values of 0.88 to 0.96 are common). In the Panhandle A equa-
tion, the compressibility is included in the pipeline efficiency, and the
other symbols are as previously defined. This formula may be solved
graphically as described by C. W. Marvin, Oil and Gas Journal, Sept.
20, 1954.

An AGA paper, Steady Flow in Gas Pipelines (1965), gives a good
general review of constant-volume gas flow equations, both with and
without elevation corrections. Equations and test data are included for
both the partially turbulent (Reynolds number dependent) flow regime
and the fully turbulent flow regime using effective internal pipe rough-
ness. In this reference the drag factor is introduced to account for pres-
sure losses for fittings such as bends and valves and is applied in the
partially turbulent flow regime.

When the volume of gas flowing varies with time and position (tran-
sient or unsteady-state flow), the simultaneous momentum and mass
balance equations are usually solved by use of numerical methods and
with the aid of computers. An AGA computer program, Pipetran, is
available for this purpose, as are several related texts on transient flow.
A paper entitled Gas Transportation System Modeling appears in the
1972 AGA Operating Proceedings. Gas flowing in a pipeline undergoes
a number of transient, or unsteady-state, flow conditions caused by such
things as prime movers starting and stopping, valves opening and clos-
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ing, and flows either into or out of the pipeline. DOS-based computer
programs, such as TransFlow (Gregg Engineering) and GASUS
(Stoner & Associates) and others, allow the engineer to model simple as
well as complex pipeline situations. These programs can be used to test
proposed system expansions such as loops or additional compressor
stations, to perform capacity studies, and to evaluate the effects of the
transients mentioned above.

Compression The theoretical horsepower requirements for a sta-
tion compressing natural gas may be calculated by polytropic compres-
sion formulas (see Sec. 4). The change of state that takes place in almost

ment Committee Report 3 of the AGA provide supplemental design
guidelines. The equation for pipeline design pressure, as dictated by the
DOT in Part 192 of Title 49, Code of Federal Regulations, is

P 5
2St

D
FET (11.7.6)

where P 5 design pressure, psig; S 5 specified minimum yield
strength, lb/in2, t 5 nominal wall thickness, in; D 5 nominal outside
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all reciprocating compressors is close to polytropic. Heat of compres-
sion is taken away by the jacket cooling and by radiation, and a small
amount of heat is added by piston-ring friction. Compression by centrif-
ugal compressors in even closer to polytropic (see Sec. 14).

For general design, the horsepower requirements for a station com-
pressing natural gas with reciprocating compressors can be calculated as
follows:

Reciprocating station horsepower 5 hpZs

Ts

520
(11.7.4)

The value for hp can be taken from Fig. 11.7.1, typical manufac-
turer’s curve; Ts is suction temperature, °R; and Zs can be taken from
Fig. 11.7.2.

Fig. 11.7.1 Reciprocating-compressor horsepower (MW) graph. Rc 5
P2 /P1 5 discharge pressure, lb/in2 abs 4 suction pressure, lb/in2 abs.

Similarly, the horsepower requirements for a station compress-
ing natural gas with centrifugal compressors can be calculated as
follows:

Centrifugal station horsepower 5
hpZs

Ec

Ts

520
(11.7.5)

The value for hp can be taken from Fig. 11.7.3, typical centrifugal
horsepower curve; Ec is the centrifugal-compressor shaft efficiency.
(Design shaft efficiencies of 80 to 85 percent are common.)

Compression ratios across a single machine normally do not exceed
3.0 because of outlet temperature limitations. For greater ratios, com-
pressors can be arranged in series operation with an interstage gas
cooler placed between the individual units. Multiple units can also be
placed in parallel operation in order to increase flexibility and provide
for routine maintenance.

Design The pipe and fittings for gas transmission lines are manu-
factured in accordance with the specifications of the API, ANSI,
ASTM, and MSS (see also Sec. 8). Interstate pipelines are installed and
operated in conformance with regulations of the U.S. Department of
Transportation (DOT). The ANSI B31.8 Code and the Gas Measure-
Fig. 11.7.2 Supercompressibility factor Z for natural gas. (Natural gas, 1 per-
cent N2.)

diameter, in; F 5 design factor based on population density in the area
through which the line passes, dimensionless; E 5 longitudinal joint
factor, dimensionless; and T 5 temperature derating factor (applies
above 250°F only), dimensionless. For offshore lines and cross-country
pipelines in areas where the population density is very low, the factor F
is 0.72. For seamless, double-submerged arc weld or electric resistance
weld pipe with an E value of 1.00 and an operating temperature below
250°F in these low-population density areas, the equation can be written

P 5 1.44St/D (11.7.7)

The selection of the diameter, steel strength, and wall thickness of a
line and the determination of the optimum station spacing and sizing are

Fig. 11.7.3 Centrifugal-compressor horsepower (MW) graph. Rc 5
P2 /P1 5 discharge pressure, lb/in2 abs 4 suction pressure, lb/in2 abs.
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Fig. 11.7.4 Schematic relationship of cost of transportation versus design capacity for a given length of line with
various pipeline diameters at equal design pressures.

based on transportation economics. Figures 11.7.4 through 11.7.6 show
schematically methods of analysis commonly used to relate design fac-
tors to the cost of transportation. A perspective of various elements of
the cost of transportation for a long-distance, large-diameter, fully de-
veloped pipeline system is presented in Fig. 11.7.7.

The cost of installed pipelines varies greatly with the location, the
type of terrain, the design pressure, the total length to be constructed,
and many other factors. In general, figures from $23,000 to $38,000 per
inch (per 2.54 cm) of OD represent the range of approximate costs per
mile (per 1.61 km) of installed pipeline. Offshore pipeline installed

CRUDE OIL AND OIL PRODUCTS

General Approximately 91 percent of the U.S. proven liquid hydro-
carbon reserves are situated in the seven states of Alaska, California,
Louisiana, New Mexico, Oklahoma, Texas, and Wyoming or in the
marine areas off their coasts. Offshore production is becoming increas-
ingly significant. The refinement of multiphase pumping systems has
enhanced crude oil recovery from formerly marginal offshore fields. In
1991, approximately 11 percent of the total proven crude oil reserves
were located in federal waters offshore of California, Louisiana, and
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costs vary with such items as length, water depth, bottom conditions,
pipeline crossings, depth of bury, and many other factors. These costs
range from $38,000 to $54,000 per inch (per 2.54 cm) of OD per mile
(per 1.61 km) for a typical offshore pipeline. Compressor-station in-
stalled costs vary widely with the amount and type of horsepower to be
installed and with the location, the type of construction, and weather
conditions. The installed costs of gas-turbine stations range from $900
to $1,600 per installed hp ($1,206 to $2,145 per kW); gas-engine sta-
tions, from $1,000 to $1,800 per hp ($1,340 to $2,413 per kW); and
electric-motor stations, from $600 to $1,500 per hp ($800 to $2,000
per kW).

After a pipeline system is constructed and fully utilized, expansion of
delivery capacity can be accomplished by adding pipeline loops (con-
necting segments of line parallel to the original line), by adding addi-
tional horsepower at compressor stations, or by a combination of these
two methods.
Texas. The major markets in which petroleum products are consumed
are remote from the proven reserves. About one-half of all petroleum
consumed in the United States is imported and must be moved from
ports to the centers of consumption. Eighty-nine percent of all move-
ments of petroleum and petroleum products is made by pipelines. The
interstate pipelines alone transport over 11.4 billion bbl (1.82 billion
m3) of petroleum a year. There are about 163,000 mi (262,300 km) of
operating interstate liquid-petroleum trunk lines in the United States.

Centrifugal pumps have been used extensively. Generally, these units
are multistaged, installed in series or parallel, depending on the applica-
tion. Many operators install smaller multiple units instead of larger
single units to improve operating efficiency and flexibility.

Reciprocating pumps are installed in parallel; i.e., a common suction
and a common discharge header are utilized by all pumps. There are
instances where rotary, gear, and vane-type pumps have been employed
to fulfill specific requirements.



Fig. 11.7.5 Schematic relationship of cost of transportation versus pipeline steel strength and wall thickness.
A 5 30 in 3 0.312 in, WT 3 52,000 lb/in2 min. yield (779-lb/in2 operating pressure).
B 5 30 in 3 0.344 in, WT 3 56,000 lb/in2 min. yield (923-lb/in2 operating pressure).
C 5 30 in 3 0.350 in, WT 3 60,000 lb/in2 min. yield (1,008-lb/in2 operating pressure).
D 5 30 in 3 0.385 in, WT 3 65,000 lb/in2 min. yield (1,200-lb/in2 operating pressure).

Fig. 11.7.6 Schematic relationship of cost of transportation versus design capacity for a given pipeline diameter and
length, with various spacings of compressor stations.
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Table 11.7.1

Pump-station Cost per installed hp
installed hp, total (1hp 5 0.746 kW)

250–500 $760–800
500–750 $560–600
750–1,000 $440–480

1,000–2,000 $310–350
Above 2,000 $275
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Fig. 11.7.7 Analysis of (a) investment and (b) cost of transportation.

Electrically driven centrifugal pumps are now widely employed for
the liquid pipeline industry because they are environmentally friendly
and because of their compactness, low initial costs, and ease of control.
Centrifugal pumps driven by gas-turbine engines have also come into
routine use.

Positive-displacement and turbine meters are in general use on prod-
ucts systems (see Sec. 16). Totalizers for multimeter installations and
remote transmission of readings are an industry standard. Greater appli-
cation of meters with crude-oil gathering facilities is being made as
automatic-custody units are installed.

Flow The Darcy formula,

hf 5 f LV 2/D2g (11.7.8)

where hf 5 friction loss, ft; f 5 friction factor (empirical values), di-
mensionless; L 5 length of pipe, ft; D 5 ID, ft; V 5 velocity flow, ft/s;
and g 5 32.2 ft /s2, is in general use by engineers making crude-oil
pipeline calculations. The Darcy formula, when stated in a form utiliz-
ing conventional pipeline units, is

P 5 34.87f B2S/d5 (11.7.9)

where P 5 friction press drop, lb/(in2 ? mi); f 5 friction factor (empiri-
cal values), dimensionless; B 5 flow rate, bbl /h (42 gal /bbl); S 5
specific gravity of the oil, dimensionless; d 5 ID, in.

The Williams and Hazen formula, which has wide acceptance for prod-
uct pipeline calculations, can be stated in a form employing conven-
tional pipeline terms as follows:

P 5
2340B1.852S

C 1.852d4.870
(11.7.10)
where P 5 friction press drop, lb/in2 per 1,000 ft of pipe length; B 5
flow rate, bbl /h; S 5 specific gravity of the oil product; C 5 friction
factor, dimensionless; and d 5 ID, in. The friction factor C includes the
effect of viscosity and differs with each product (C for gasoline is 150;
for no. 2 furnace oil, 130; for kerosene, 134).

The brake horsepower for pumping oil is RSh/3960E or BP/2450E,
where R 5 flow rate, gal/min; S 5 specific gravity of the oil; h 5 pump
head, ft; E 5 pump efficiency, decimal fraction; B 5 flow rate, bbl /h;
and P 5 pump differential pressure, lb/in2.

Design The pipe and fittings for oil transmission lines are manufac-
tured in accordance with specifications of the API and are fabricated,
installed, and operated in the United States in conformance with Federal
Regulations, DOT, Part 195 (see also Sec. 8). Many factors influence
the working pressure of an oil line, and the ANSI B31.4 code for pres-
sure piping is used as a guide in these matters. A study of the hydraulic
gradient, land profile, and static-head conditions is made in conjunction
with the selection of the main-line pipe (Sec. 3).

Determining the pipe size and station spacing to transport a given oil
or oil product at a specified rate of flow and to provide the lowest cost of
transportation is a complex matter. Usually the basic approach is to
prepare (1) a series of pipeline cost estimates covering a range of pipe
diameters and wall thicknesses and (2) a series of station cost estimates
for evaluation of the effect of station spacing. By applying capital
charges to the system cost estimates and estimating the system operat-
ing costs, a series of transportation-cost curves similar to those in Fig.
11.7.8 can be drawn.

Estimates of $20,000 to $40,000 per in (per 2.54 cm) of OD represent
the cost per mile (1.61 km) of installed trunk pipeline. The tabulation of
pump-station investment costs for automated electric-motor, centrifu-
gal-type installations presented in Table 11.7.1 can be used for prelimi-
nary evaluations.

Careful design and good operating practice must be followed to mini-
mize contamination due to interface mixing in oil-product pipelines.
When the throughput capacity of an oil line becomes fully utilized, addi-
tional capacity can be obtained by installing a parallel pipeline or a par-
tial-loop line. A partial loop is a parallel line which runs for only part of
the distance between stations. In the case of product lines, care-
ful attention must be paid to the design of the facilities where the loop line
is tied into the original pipeline to prevent commingling of products.

SOLIDS

General Solids may be transported by pipeline by a number of dif-
ferent methods. In capsule pipelining, dry solids are placed in a circular
capsule which is then pumped down the pipeline. This method can have
economic and other advantages in many cases, especially where water
is scarce, because the water is never contaminated and can be returned
easily in a closed loop.

Another method being developed for the transport of coal is by coal
logs. Pulverized coal is mixed with a binder (usually petroleum-based)
to form a solid log, designed to resist water absorption, that can be
transported down the pipeline intact. No dewatering is required with
this method of coal transportation and because the binder is combustible
it enhances burning.

The most prevalent method of transporting solids by pipeline is by
slurry. A slurry is formed by mixing the solid in pulverized form with a
true liquid, usually water, to a consistency which can be pumped down
the pipeline as a liquid. Nonvolatile gases, such as carbon dioxide, may
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Fig. 11.7.8 Schematic relationship of pipeline capacity to cost of transportation.

also be used as the carrying fluid. In some instances, the carrying fluid
may also be marketed after separation from the solid.

Slurry Transport Some of the solids being transported in slurry
form considerable distances by pipeline are coal, coal refuse, gilsonite,
phosphate rock, tin ore, nickel ore, copper ore, gold ore, kaolin, lime-

stone, clay, borax, sand, and gravel. Solids pipelines differ from pipe-
lines for oil, gas, and other true fluids in that the product to be trans-
ported must be designed and prepared for pipeline transportation. After
much research in the field of slurry hydrotransportation, methods for
predicting the energy requirements for pipeline systems have vastly

Table 11.7.2 Summary of Selected Slurry Pipelines

Capacity,‡
Length,* Diameter,† millions of Concentration,

Location mi in tons/year % by weight
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Coal slurry
Black Mesa, Arizona 273
Consolidation, Ohio 108
Belovo–Novosibirsk, Russia 155

Limestone slurry

Rugby, England 57
Calaveras, California 17
Gladstone, Australia 18
Trinidad 6

Copper concentrate slurry
Bougainville, New Guinea 17
KBI, Turkey 38
Pinto Valley, Arizona 11
China 7

Iron concentrate slurry
Savage River, Tasmania 53
Samarco, Brazil 245
Kudremukh, India 44
La Perla–Hercules, Mexico 53/183

Phosphate concentrate slurry
Valep, Brazil 74
Chevron Resources, U.S.A. 95
Goiàsfertil, Brazil 9

Kaolin clay slurry
Huber, U.S.A. 21
Cornwall, England 25

* 1 mi 5 1.61 km.
† 1 in 5 25.4 mm.
‡ 1 ton 5 907 kg.
18 4.8 45–50
10 1.3 50
20 3.0 60
10 1.7 50–60
7 1.5 70
8 1.8 62–64
8 0.6 60

6 1.0 56–70
5 1.0 45
4 0.4 55–65
5 0.6 60

9 2.3 55–60
20 12.0 60–70
18 7.5 60–70

8/14 4.5 60–68

9 2.0 60–65
10 2.9 53–60
6 0.9 62–65

6 0.7 40
10 2.9 55
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Fig. 11.7.9 System relative transportation cost for various main-line pipe sizes.

improved and slurries are transported today at much higher concentra-
tions than 10 years ago. In the early 1980s, slurry designs ranging from
45 to 58 percent concentration, by weight, were common. Today, ultra-
fine coal-water mixtures with concentrations, by weight, ranging up to
75 percent, or more, are used. Dispersants and chemical additives, such
as Carbogel and Densecoal are used to reduce drag and facilitate
pumping. These additives significantly reduce the operating costs of
slurry pipelines. Additional savings are realized by direct burning of
these high-concentration coal-water mixtures through a nozzle, since
dewatering is not required.

for other forms of transportation since drying can be eliminated after the
cleaning operation.

Coal-slurry preparation normally consists of a wet grinding process
for reducing clean coal to the proper particle size and size-range distri-
bution. The final slurry-water concentration can be adjusted before it
enters the pipeline with quality control of the slurry holding tanks. The
cost of slurry preparation is only slightly affected by changes in concen-
tration or size consist. The normal slurry-preparation-plant practice is to
hold the concentration within 1 percent of design to provide a slurry
with a uniform pressure drop. Continued research has made it possible
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Current trends in the construction of solids pipelines and those pro-
posed for construction indicate that future transportation of minerals
and other commodities will bear more consideration. Some of the com-
mercially successful slurry pipelines throughout the world are listed in
Table 11.7.2.

Advances in slurry rheology studies and technology related to homo-
geneous and heterogeneous slurry transport have made the potential of
slurry pipelining unlimited. Immediate advantages for slurry pipelines
exist where the solids to be transported are remotely located; however,
each potential slurry transport project possesses some other advantages.
Materials must satisfy the following conditions to be transported by
long-distance pipelines: (1) the largest particle size must be limited to
that which can readily pass through commercially available pumps,
pipes, and other equipment; (2) solids must mix and separate easily
from the carrying fluids or be consumable in the slurry state; (3) mate-
rial degradation must be negligible or beneficial to pipelining and utili-
zation; (4) material must not react with the carrying fluid or become
contaminated in the pipeline; (5) the solids-liquid mixture must not be
excessively corrosive to pipe, pumps, and equipment; (6) solids
must not be so abrasive as to cause excessive wear at carrying veloci-
ties.

Coal Slurry Uncleaned coal can be transported by pipeline, but a
more stable and economic long-distance pipeline operation can be
achieved with clean coal. The use of clean coal allows a variety of
supply sources; produces a slurry with a lower, more uniform friction-
head loss; reduces the pipe-wall wear; and increases the system capac-
ity. Cleaning pipeline coal costs considerably less than cleaning coals
to predict accurately the anticipated pressure drop in a pipeline by using
a laboratory and computer correlation.

Optimum characteristics for a slurry are (1) maximum concentration,
(2) low rate of settling, and (3) minimum friction-head loss. Variables
which can be manipulated to control and optimize slurry design are
particle shape, size distribution, concentration, and ash content. Estab-
lished computer techniques are used to evaluate these variables.

Design Because of the many slurry variations, there is no single
formula available by which the friction-head loss can be readily deter-
mined for all slurry applications. A general approach is described by
Wasp, Thompson, and Snoek (The Era of Slurry Pipelines, Chemtech.,
Sept. 1971, pp. 552-562), and by Wasp, Kenny, and Gandhi in their
book, ‘‘Solid-Liquid Flow Slurry Pipeline Transportation,’’ giving cal-
culation methods which have been developed for predicting slurry pres-
sure drops. The described methods are quite accurate and can be used
for preliminary design. Additional calculation procedures and methods
for specifying slurry size consist (solid size-range distribution) and ve-
locity have been developed by continuing research and may be found in
the following books: Shook and Roco, ‘‘Slurry Flow Principles and
Practice,’’ Butterworth Heinemann, 1991, and Wilson, Addie, and Clift,
‘‘Slurry Transport Using Centrifugal Pumps,’’ Elsevier, 1992. Slurry
hydraulics should be verified with bench-scale tests and compared with
commercial operating data reference points or pilot-plant operations
before constructing a full-scale long-distance pipeline.

Slurry velocities are generally limited to a minimum critical velocity
to prevent solids from settling to the bottom of the pipe and a maximum
velocity to prevent excessive friction-head loss and pipe-wall wear.
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These velocity limitations and the throughput volume determine the
diameter of the mainline pipe. The relationship of volume and velocity
to the pipe diameter is expressed as ID 5 0.6392 √(gal /min)/V, where
the ID is in inches, gal /min is the volume rate of slurry flow (gallons per
minute), and V is flow velocity, ft /s.

Pipe-wall thickness in inches is computed by the modified Barlow
formula as [(PD/2SF) 1 tc ]/tm , where P 5 maximum pressure, lb/in2;
D 5 pipe OD, in; S 5 minimum yield strength of the pipe, lb/in2; F 5
safety factor; tm 5 pipe mill tolerance, usually 0.875; and tc 5 internal
erosion/corrosion allowances, in, for the life of the system. The internal

Q 5 maximum flow rate through the station in gallons per min-
ute, and 1,716 is a constant, gal /(ft ? in2). Stations usually employ
positive-displacement reciprocating pumps of the type used for oil-field
mud pumps, as they attain high pressures with low slurry velocities.
This allows fewer stations and lower overall costs than with centrif-
ugal pumps. Stations are located where the friction-head loss and
the effects of terrain have reduced the pressure head to 100 ft
(30.48 m). Centrifugal pump usage is advantageous in low-pressure,
high-velocity applications such as coarse coal transportation for short
distances.

IN
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metal loss results from the erosion of corrosion products from the pipe
wall and thus can be limited with chemical inhibitors and velocity con-
trol. This metal loss occurs in all pipeline steels and according to
Cowper, Thompson, et al., Processing Steps: Keys to Successful
Slurry-Pipeline Systems, Chem. Eng., Feb. 7, 1972, pp. 58–67, must be
evaluated on a case-by-case basis. A minimum pipe wall of 0.250 in
(0.635 cm) is often used to provide mechanical strength for large lines
even where pressures and wear permit the use of a thinner wall. Coal
pipelines employ a graduated wall thickness to meet the demands of the
hydraulic gradient, which saves pipe costs.

Pump-station hydraulic horsepower is calculated as (Pd 2 Ps )
(Q)/1,716 where (Pd 2 Ps ) 5 pressure rise across the station lb/in2,

11.8 CONTA
(Staff Co

REFERENCE: Muller, ‘‘Intermodal Freight Transportation,’’ 2d ed., Eno Founda-

tion for Transportation.

Shipping of freight has always suffered from pilferage and other losses
associated with the handling of cargo and its repeated exposure to
weather conditions and to human access. In addition, the extremely
labor-intensive loading and unloading practices of the past became
more and more expensive. In the late 1920s and e
runners of present-day container service were offer
containers on trucks to services in which railroad c
The annual tonnage throughput for any diameter line can be varied
within the velocity limits or by intermittent operation near the low ve-
locity limit. The optimum main-line size for high-load-factor systems is
found by comparing the relative cost of transportation for a series of
pipe sizes, as in Fig. 11.7.9.

When a main-line size is selected, the cost of transportation for that
line size at various rates of throughput is weighed against the projected
system growth and compared with other line sizes to determine the size
which gives the best overall system economics. Coal pipelines cannot
be expanded by line looping because of the velocity limitations. Some
expansion can be attained by oversizing the line and operating it inter-
mittently near the minimum velocity in the earlier years of life.

ERIZATION
ribution)

be stacked up to six units high. Since containers are designed with

oceangoing shipment in mind where the container, and those stacked on
top of it, will be rising and falling with the movement of the ship, the
additional acceleration forces have to be taken into account. This is
usually done by rating the maximum stacking load using a g force
of 1.8.

typical 20-ft container. At each of the eight
fittings which facilitate the lifting, stacking,

g down of units. These fittings have specially

arly 1930s the fore-

ed. They varied from
ars were loaded onto

Figure 11.8.1 shows a
corners there are special
interconnecting, and tyin

shaped slots and holes which enable standard crane and sling hooks and
rubber-tired trailers and delivered to the customer’s door with no inter-
mediate handling of the cargo. Starting in 1956, containerization as we
know it today came into being.

The immense savings in shipping costs resulted in the rapid growth of
containerization throughout the world in the 1960s and 1970s and in
international standardization. The time savings obtainable through the
use of containers is particularly noticeable in maritime service. It is
estimated that a container-handling ship can achieve a 4 : 1 sea-to-port
time ratio compared to 1 : 1 for a conventional break-bulk ship.

CONTAINER SPECIFICATIONS

There are many standards which apply to containers, among which are
ISO, ANSI, the International Container Bureau (BIC), and the Ameri-
can Bureau of Shipping (ABS).

Types Ninety percent of containers are dry, nonrefrigerated units
with double doors on one end. Other types include refrigerated and/or
insulated units, ventilated units, tank containers, and frames with fold-
ing ends or corner posts for carrying large items such as automobiles.

Condensation can be a problem inside a closed container. While a
good unit can protect against outside elements, it cannot protect against
condensation inside the container unless special steps are taken. Con-
densation typically arises from the moisture in the product being
shipped; temperature changes during the trip; or moisture from dun-
nage, packing, or the container itself.

Construction materials usually consist of a steel, aluminum, or fiber-
glass outer cover on an internal steel frame. Containers are designed to
clevises to be used as well as special hooks and twist-locks.
Sizes The most widely used containers are 20 ft (6.1 m) or 40 ft

(12.2 m) long by 8 ft (2.5 m) wide by 8 ft (2.5 m) high. The usual
height of 102 in (2.6 m) includes an 8-in-deep (200-mm) underframe.
This frame often has two, or sometimes four, transverse slots for forklift
forks. Standard lengths are: 20, 35, 40, 45, and 48 ft (6.1, 10.7, 12.2,
13.7, and 14.6 m).

Typical specifications for a 20-ft (6.1-m) container are: maximum
gross weight of 52,910 lb (24,000 kg), tare of 5,070 lb (2,300 kg), pay-
load of 47,840 lb (21,700 kg), cubic capacity of 1,171 ft3 (33.2 m3), and
allowable stacked weight for a g force of 1.8 of 423,280 lb
(192,000 kg).

Typical specifications for a 40-ft (12.2-m) container are: maximum
gross weight of 67,200 lb (30,480 kg), tare of 8,223 lb (3,730 kg), pay-
load of 58,977 lb (26,750 kg), allowable stacked weight for a g force of
1.8 of 304,170 lb (182,880 kg), cubic capacity of 2,300 ft3 (65 m3).
Thus a 40-ft (12.2-m) container has roughly the same volume as a 40-ft
(12.2-m) highway semitrailer. A typical 40-ft (12.2-m) dry-cargo
container with an aluminum outer skin weighs about 6,000 lb
(2,720 kg).

Specifications for a typical 40-ft (12.2-m) refrigerated container are:
maximum gross weight of 67,200 lb (30,480 kg), tare of 8,770 lb
(3,980 kg), payload of 58,430 lb (26,500 kg), allowable stacked weight
for a g force of 1.8 of 423,307 lb (192,000 kg), cubic capacity of
2,076 ft3 (58.8 m3). The refrigeration system specifications are: mini-
mum inside temperature of 0°F (2 18°C), maximum outside tempera-
ture of 100°F (38°C). The refrigeration system is powered through
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cables connected to the loading site, or to a generator mounted in the
bed of the container chassis or trailer.

Some companies have a sufficiently large volume of shipping to have
containers differing from these specifications. For example, the refrig-
erated containers used to ship Chiquita bananas are 43 ft (13.1 m)
long. Their specifications are: maximum gross weight of 67,200 lb
(30,480 kg), tare of 8,270 lb (3,750 kg), payload of 58,930 lb
(26,730 kg), allowable stacked weight for a g force of 1.8 is 335,980 lb
(152,400 kg), and a cubic capacity of 2,324 ft3 (65.8 m3). The height of
the floor above the bottom of the underframe is 11 in (280 mm). The

ers. About four percent were owned by shippers. Container shipment
figures and fleet sizes are usually give in TEUs (twenty-foot equivalent
units). A TEU is the equivalent of a 20-ft (6.1-m) by 8-ft (2.5-m) by 8-ft
(2.5-m) unit.

Containers are easy to make. As a result the competition among
manufacturers is intense. The low-cost manufacturers are in Japan, Tai-
wan, the Peoples Republic of China, and South Korea. Prices as low as
$2,000 for a 20-ft (6.1-m) container were current in 1984.
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refrigeration rating is 16,721 Btu/h (4,214 kcal/h). Electric power sup-
plied is three-phase at 460 V, 60 Hz (or 380 V, 50 Hz). The overall
heat-transfer rate is 7,965 Btu/h (2,007 kcal/h).

Fig. 11.8.1 Typical 20-ft container.

ROAD WEIGHT LIMITS

The gross weight of a typical 40-ft (12.2-m) dry-cargo container is
about 67,000 lb (30,000 kg). The special-purpose semitrailer for carry-
ing containers on the highway is called a container chassis and weighs
about 10,000 lb (4,500 kg). The towing tractor weighs about 16,000 lb
(7,256 kg). Many U.S. highways do not allow such heavy loads. Typi-
cal allowable axle loads are 12,000 lb (5,442 kg) on the front wheels,
34,000 lb (15,420 kg) on the tractor rear wheels, and 34,000 lb
(15,420 kg) on the chassis wheels. So if the container is to be forwarded
by truck in the United States, the load must be limited to 54,000 lb
(24,500 kg) and, on many secondary roads, even less. Similar con-
straints exist elsewhere in the world as well. As with any closed ship-
ping space, depending on the density of the material being shipped, the
weight or the volume may be the controlling factor.

CONTAINER FLEETS

As of 1988 about half of the world’s containers were owned by con-
tainer-leasing companies. Most of the remainder were owned by carri-
CONTAINER TERMINALS

A typical marine container terminal may have 50 acres (20 hectares) of
yard space. It can load and unload 150 to 200 ships a year, and in so
doing handle 60,000 to 80,000 containers. Under such circumstances
the requirements for record keeping and fast, efficient handling are very
severe. Specialized container-handling cranes and carriers have been
developed to facilitate safe, fast, damage-free handling.

Handling Equipment By its design and purpose, the container is
intended to go from shipper to receiver without any access to the con-
tents. The container with its load may, however, travel by truck trailer
from the shipper to the railroad, by rail to a marine terminal, by ship
across the ocean, and again by rail and by truck trailer to the receiver.
While the container is on the truck trailer, rail car, or ship, little or no
handling needs to be done. When a container changes from one mode of
transportation to another, at intermodal or transfer points, the container
requires handling.

The general transfer tasks of container-handling machinery are: ship
to/from rail, ship to/from truck, and rail to/from truck. Since a ship may
have a capacity of up to 4,400 20-ft containers, extensive yard storage
space has to be available. A 50-car double-stacked railroad train can
handle up to 200 containers. Container-handling equipment varies from
a simple crane with some slings or a large forklift truck at low-volume
sites to special-purpose gantry and boom cranes and straddle carriers at
high-volume sites.

Terminal designs come in two basic types: decked and wheeled sys-
tems. With a wheeled system, the containers are stored on their highway
trailers. They are transferred to/from the loading crane by terminal trac-
tors, which are also called yardhorses. In a decked system, the contain-
ers are removed from their highway trailers, rail cars, or ships and
stacked in rows on the paved yard surface. When the containers are to be
loaded, they are picked up at the stacked location, if possible by straddle
carriers or mobile cranes, and loaded onto outgoing highway trailers,
railcars, or ships. When the full area of the container storage yard is not
accessible to the cranes, containers may be loaded onto yard trailers and
transported from their stack location to the cranes. An equivalent proce-
dure is also used for incoming containers where they must be trans-
ferred by yard trailer from the cranes to their yard storage location.
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12.1 INDUSTRIAL PLANTS
by Vincent M. Altamuro

REFERENCES: Hodson, ‘‘Maynard’s Industrial Engineering Handbook,’’ 4th ed.,
McGraw-Hill. Cedarleaf, ‘‘Plant Layout and Flow Improvement,’’ McGraw-Hill.
Immer, ‘‘Materials Handling,’’ McGraw-Hill. Rosaler, ‘‘Standard Handbook of
Plant Engineering,’’ 2d ed., McGraw-Hill. Merritt and Ricketts, ‘‘Building De-
sign and Construction Handbook,’’ McGraw-Hill.

PURPOSES

Industrial plants serve many functions. They ca
1. Protect people, products, and equipment

When designing a plant, one should estimate how long it is expected
to last—both economically and physically. When making this determi-
nation, one accounts for the expected lives of the products manufac-
tured, the processes and manufacturing methods used, the machines
used, and the extant technology, as well as the duration of the market,
the supply of labor, and so forth. Plant life and production life should

m extent possible. Major difficulties arise when
te and may warrant either abandonment or, at
for conversion. Often the manufacturing meth-
tion have so far outgrown the original methods
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from the weather.

coincide to the maximu
a plant becomes obsole
best, major modification
ods employed in produc
2. Preserve and conserve energy.
3. Condition the inside environment to be suitable for the pro-

cesses, products, and people engaged therein.
4. Protect the outside environment from any fumes, dust, noise, or

other contaminants their processes produce.
5. Provide physical security for their contents.
6. Block access, visual and/or physical, of those not authorized to

see inside or enter them.
7. Provide the stable, strong, and smooth platform or surface re-

quired for operations.
8. Be the frameworks for the distribution networks of the services

needed—electric power, lights, fuels, compressed air, gases, steam, air
conditioning, fire protection, water, drainage piping, communications.

9. Support the cranes, hoists, racks, and other lifting and holding
equipment attached to their superstructures.

10. Be integral parts of equipment (such as drying ovens) by having
one or more walls serve as sides of them, and the like.

11. Be safe, pleasant, and efficient places to work for employees,
impress visitors, and reflect positively on the company.

12. Fit the surroundings, blend in, be aesthetically attractive, make
architectural statements.
This list of design criteria can be expanded to include functions other
than those cited and which may be specific to a given proposed plant.

After a plant’s expected present and future activities and contents are
defined, it is designed to provide the desired functions, and then built to
provide spaces for operating personnel and to house equipment and
services. An existing plant considered for purchase or lease must be
selected so that it will provide its user a competitive advantage. Gener-
ally, the decision to own or rent a plant depends on factors such as the
expected life of the project, prudent use of capital, the possible need for
early occupancy, the availability of a rentable building that matches the
requirements, and the possibility of either a very rapid growth or com-
plete failure of the enterprise. Some commercial real estate developers
will erect a building to meet the specifications of the future operators of
the industrial plant and then lease it to them under a long-term contract,
often with an option to buy it at the end of the lease. A new structure to
be designed and built must have its specifications clearly established so
that it will serve its intended use and fit its surroundings.

The creation of an industrial plant involves the commitment of sizable
resources for many years. The plant is therefore a valuable asset, both
present and future. Its design and construction must be timely and
within budget, and once undertaken, the project must, at most, be sub-
ject to minor modifications only, and preferably none. Once the struc-
ture is in place, it is very difficult or not economically feasible to move
or change the plant. Even if not truly irreversible, design decisions can
be corrected or changed only with great difficulty and added expense.
There is often little difference in the cost of designing a plant and
configuring its equipment and services layout one way versus another.
The difference arises in the operating expenses and efficiencies, i.e., the
wrong way versus the best way.
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that the conversion of an existing plant can not be justified at all.
Obsolescence can be deferred by making the factory versatile, adapt-

able, and flexible. Possible changes in conditions can be anticipated and
the ability to alter the plant can be included in the original design. An
industrial plant is said to be versatile if it can do more than one thing, if
its equipment can switch over and make more than one variation of the
product, or if its output can be raised or lowered easily to match de-
mand. It is said to be adaptable if it can make other related products
with only programming and tooling changes to its equipment, without
the need to alter their layout. It has flexibility to the degree that it is easy
to move its services, machines, and other equipment to change the
layout and flow paths, and thereby accommodate different products and
changing product mixes. Such a building will have a minimum of per-
manent walls, barriers, and other fixed features. A plant can be made to
be general-purpose or special-purpose, or more one than the other. A
general-purpose plant is more generic and can be used for a wide variety
of purposes. It is usually easier and less expensive to design, build, and
convert to new use and is more salable when no longer needed. A
special-purpose plant is designed for a specific task. It is more efficient
and can make a lower-cost product, as long as the specifications stay
within narrow limits. With modular machines, quick-change tooling,
and programmable automation, such as robots, it is possible to gain the
advantages of both general- and special-purpose construction in one
plant. It can be built with the versatility, adaptability, and flexibility to
be configured one way for one set of requirements, then reconfigured
when conditions change. This enables the manufacturer to produce the
wide variety of products that consumers want, and still make them with
the lower per unit costs of a special-purpose plant. Both economy of
scale and economy of scope are possible in the same facility.

There are trends in the design of some products which are causing
plants to be constructed differently, in addition to the demand for the
benefits of versatility, adaptability, and flexibility cited above. Some
products are getting smaller: computers, electronic circuits, TV cam-
eras, and the like. For other products, greater manufacturing precision
and freedom from processing contamination require the establishment
of ultraclean facilities such as clean rooms. These and other trends are
causing some plants to be built with the ratio of manufacturing space to
administrative space different from that in the past. In some plants with
large engineering, design, test, quality control, research and develop-
ment, documentation, clerical, and other departments, the prior ratios
have been reversed, so that manufacturing and warehousing spaces con-
stitute a rather small percent of the total plant.

In addition to the basic building structure and its supporting services,
an industrial plant comprises people, raw materials, piece parts, work in
process, finished products, warehouse stock, machines and supporting
equipment, systems and services, office furniture and files, computers,
supplies, and a host of other things. While each is an individual entity,
the plant must be designed so that all can work together in an integrated
and balanced system. For a new facility, the best way to achieve this end
is to design it in a progressive manner, going from the general to the
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specific, with each step based on prior decisions, until a set of detailed
specifications is established. The sequence of design decisions is not
linear, wherein one is finalized before the next one starts. Rather, it is
more like a series of loops, with the output of one feeding back and
possibly modifying prior decisions. For example, plant size could influ-
ence the site chosen, which then could influence the amount of air
conditioning and other services needed, all of which, in turn, require
space that could change the prior estimate of plant size. Almost all
decisions have an impact on one or more interrelated plant specifica-
tions. The design of the product influences the degree of automation,

these processes may include casting, shearing, bending, drawing, form-
ing, welding, machining, assembly, etc. (see Sec. 13). Engineering docu-
mentation used to facilitate manufacturing analysis includes operations
analyses, flow process charts, precedence diagrams, ‘‘gozinto’’ charts,
bills of materials, and exploded views of subassemblies and final as-
semblies. With computer-aided design (CAD) and other graphics, these
documents can often be constructed, updated, and stored in a common
database.

These documents help define the operations, their sequence and in-
terrelationships, inspection points, storage points, and the points in the
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which sets in motion a chain of decisions, starting with the number of
employees required, down through the number of toilets, the size of the
cafeteria, medical department, parking lot, personnel department, etc.,
and ultimately even placement of emergency exit doors.

PLANT DESIGN

An industrial plant must fulfill its intended functions efficiently and
economically. Its design must consider and account for the basic oper-
ating conditions to be served. A detailed discussion along those lines
follows.

Prerequisite Data, Decisions,
and Documentation

The decision to build or buy an individual plant is made by the com-
pany’s senior executives. It involves the commitment of large sums of
money and is properly based on major considerations: need for addi-
tional production capacity; introduction of a new product; entering new
markets; availability of new and/or better technology and machinery;
building a new plant to replace an existing inefficient one or refurbish-
ing and tailoring the existing plant for new production processes and
cycles; relocation to a different area, especially if closer proximity to
markets and availability of specialized labor are involved; making
products in house which were previously bought for resale. Studies,
analyses and projections provide input data to help determine the proper
site, size, shape, and specifications of a plant. Economic analyses, tech-
nological forecasts, and market surveys are used to justify the invest-
ment in a plant and to calculate the approximate amount of money
required, break-even point, payback period, and profitability. Detailed
product design and engineering documentation includes drawings, parts
lists, test points, inspection standards, and specifications. Product varia-
tions, models, sizes, and options are defined. Sales forecast data ad-
dresses expected unit volumes, seasonality, peaks and valleys, growth
projections, and other patterns. In addition to projections, constraints on
the plant must also be understood at the outset. These may include
location restrictions, budgetary limitations, timing deadlines, degree of
mechanization, the type of building and its appearance, limits on its
effluents, exhaust fumes, and noise, and other effects on the neighbor-
hood and environment.

Activities and Contents

The determination of the activities and contents of a plant is facilitated
by a series of analyses and management decisions. Make/buy decisions
determine which items or component piece parts are to be made in the
plant and which are to be purchased and stored until needed. Some
purchased items are used as received, others need work, (painting, plat-
ing, cutting to size). Parts purchased on a just-in-time basis will reduce
the amount of in-process storage space required.

Processes are classified as continuous (refineries, distilleries, paper
mills, chemical and plastic resin production); repetitive (automobiles,
air conditioners, appliances, computers, telephones, toys); or intermit-
tent, custom job shop, or to order (elevators, ships, airliners). Some
plants include combinations of these processes when they make several
types of products. In such mixed, or hybrid, situations, one product and
processing method usually dominates, but there are cases where a plant
set up for mass production work has a special-order shop to make small
quantities of variations of the basic product, such as a vending machine
that accepts only foreign coins. The manufacturing methods used in
process where materials and parts join others to form subassemblies and
the finished product. (See Hodson, ‘‘Maynard’s Industrial Engineering
Handbook.’’) Special characteristics of the operations may be noted on
these documents, such as ‘‘Very noisy operation,’’ ‘‘Piece parts can be
stacked, but after assembly, they cannot,’’ and the like. Product move-
ment is determined. People/tools/things must move in an industrial
plant. Workers and their tools go to the stationary work in process, as in
shipbuilding; the worker and the work go to stationary tools, as in a
general machine shop; the work in process goes to the workers and the
tools, as in an assembly line. Other combinations of the relative move-
ment of workers, tools, and work in progress are used. (See Cederleaf,
‘‘Plant Layout and Flow Improvement.’’)

An industrial plant should be designed to facilitate, not hamper, the
smooth movement of people, material, and information. The efficiency of
flow is also influenced by the layout of the equipment and other con-
tents of the building. A multilevel building implies movement between
the levels, which usually takes more time, energy, and expense than
having the same activities on one level. Some operations are performed
better in high structures, where raw material is elevated and then grav-
ity-fed down through the lower levels as it evolves into a finished prod-
uct. A plant built into the side of a hill receives material directly into an
upper level without the need to elevate it. In most cases, a single-level
plant affords the opportunity for the most efficient flow of materials and
product. Even a single-level plant should have all its floor at the same
elevation so that material moving from one area to another need not go
up or down steps, ramps, or inclines. Features of the building such as
toilets and utilities should be located where they will not interfere with
the most efficient plant layout, and will not have to be moved in relay-
outs or expansions.

To the maximum extent possible, the material flow through an indus-
trial plant should be smooth, straight, unidirectional, and coupled (the
output of one machine should be the input to another, without a large
cushion of inventory between them); require the least rehandling; be at
constant speed over the shortest direct route, with the least energy and
expense; and be always directed toward the shipping dock. Raw materi-
als and piece parts should move continuously through the plant as they
are converted progressively by a combination of people and equipment
into finished products of the desired quantity and quality. Materials
must flow with few interruptions, side excursions, or stops, so that they
are in the plant for the shortest time possible and thereby facilitate
expeditious product completion. Where possible, movements should be
combined with operations, such as having a mobile robot or an auto-
matic guided vehicle (AGV) work on (inspect, sort, mark, pack) the
item while transporting it. An analysis of the plant’s activities, including
a list of its contents and an analysis of their relative movements, results
in a rational determination of how they must flow through it. This must
be done for materials (raw materials, purchased parts, work in process,
finished goods, scrap, and supplies), people, data, and services.

Space and Size Calculations

Annual sales forecasts plotted by the month sometimes show peaks and
valleys due to seasonal variations in demand. A plant with the capacity to
produce the highest month’s demand has much of its capacity idle or
underutilized in the other months. The ideal plant would have a constant
output every month, with long production runs of each item to minimize
tool changes and setup times. This is not always practicable, for either
very high inventory buildups or shortages could result. The compromise
is the calculation of a production schedule that is more level than the
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sales forecast, builds as little inventory as possible without risking
shortages, and allows for rejects, equipment breakdowns, vacations, bad
weather, and other interruptions and inefficiencies. This will result in a
plant with less production equipment and space but with more inventory
space (and associated material handling equipment) to accumulate fin-
ished product to meet shipping demands in response to sales. Obvi-
ously, the warehouse and other storage areas must accommodate the
maximum amount of inventory expected to be stored.

The proper size of a plant is determined by calculating the total space
required (immediate and future) by all its contents: material at all stages

Requires a drain for water.
Allow room on side for gear changes.
Allow room for largest-size sheet-metal parts.

12. Use data for all machines needed to help establish specifications
for equippage of the plant:

Sum of space required (including space for workers, material, aisles,
services) becomes size of that department or function

Sum of utilities and supplies (electricity, water, steam, compressed air,
oxygen, nitrogen, acetylene, coolants, lubricants, air conditioning) ad-
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of production, people (employees and visitors), equipment (production,
materials handling, support, and services) and the ancilliary spaces re-
quired (working room, aisles, lobbies). At first, only the general types of
equipment are specified (spot welders, overhead chain conveyors, forklift
trucks, etc.). Later, specific items are selected and listed by manufacturer,
model number, capacity, speed, size, weight, power, and other require-
ments. (See Sec. 10.) Finally, one model may be substituted for another
to gain a particular advantage. A simplified typical equipment selection
calculation follows:

1. Define the operation: Joining.
2. Decide the method: Welding.
3. Note personnel available: Semiskilled.
4. Determine general machine type: Spot welder.
5. Calculate required production output:

Spot Welds Required

Product

A B C Total

Number of spots 120 60 80
Units per year 10,000 40,000 20,000
Spots per year, millions 1.2 2.4 1.6 5.2
Spots per day 250 days/year) 20,800
Spots per hour (8 h/day) 2,600
Spots per minute (60 min/h) 44

6. Select a particular candidate machine, considering type of metal,
thickness of metal, diameter of spot. From catalog, choose manufacturer
(Hobart) and model (series 1500 rocker arm SW-V).

7. Calculate capacity of one machine in minutes per spot.

Operating time 0.03
Material handling time 0.06
Setup time allocated 0.01
Minutes per spot 0.10

8. Calculate the number of machines needed.

N 5
TP

60 HU

where N 5 number of machines required; T 5 standard time to perform
the operation, minutes; P 5 production needed per day, operations; H 5
standard working hours per day; U 5 use factor—up-time of the ma-
chine, its utilization (percent of time it is producing), or its efficiency.
Example:

N 5
0.10 3 20,800

60 3 8 3 0.80
5 5.4 machines

9. Round off to next higher number: 5.4 becomes 6 machines.
10. Alternatively, return to catalog to see of there is a faster model. If

so, 5.4 could become 5 of a different model machine.
11. Record specifications of selected machine on an equipment card

or in a computer file. Appropriate notations should be made therein,
such as:

Crane must go over this machine.
Must be near outside wall for venting.
Will require supplemental lighting.
Requires a special foundation.
dresses requirements for them.
Sum of weights affects floor loading capacities and specifications. For

some parameters, the extreme value is important in establishing the
building specifications; i.e., the height of the tallest machine may set the
required clear height inside the plant, locally or throughout. Equipment
mounted on columns or roof beams will influence their size. Specific
equipment may require special foundations or subfloor access pits.

Sums of the prices of the machines and the required tooling, the num-
ber of workers, their required skills, and their wages and benefits pro-
vide information regarding the investment and operating expenses for
the plant.

The same procedure is used to determine the material handling equip-
ment, its required space, and its influence on the plant’s specifications.
(See Immer, ‘‘Materials Handling.’’) Equipment may be capable of
moving materials horizontally, vertically, or in both directions; some
have a fixed path of travel, while the paths of others can be varied. The
general types of equipment that move materials horizontally in a fixed
path include conveyors, monorails, and carts pulled by trucks, dragged
by chains in floor troughs, or that follow buried wires. Conveyors are
overhead or floor-level type. Overhead conveyors clear the floors of
some congestion but add to the loads carried by the building’s columns
and beams. Other types of conveyors are installed at floor level or at
working height, and include belt conveyors and powered or unpowered
roller conveyors. The general types of material handling equipment that
travel in variable horizontal paths include hand trucks, powered trucks,
pallet trucks and automatic guided vehicles. Those that travel in fixed
vertical paths include elevators, skip hoists, chutes, and lift tables.
Those that travel in both horizontal and vertical fixed paths include
traveling bridge cranes, gantry cranes, jib cranes, and pneumatic tubes.
Those that travel in both horizontal and vertical variable paths include
robots and forklift trucks. Forklift trucks may be powered by either
battery, gasoline, or liquefied petroleum (LP) gas. Those powered by
batteries will require the installation of charging facilities within the
plant, and those with internal combustion engines will require safe fuel-
storage space.

The installation of each of the above-listed material handling equip-
ment types will influence the plant’s specifications in some way. In
computing loads on the building’s structural members, all static and
dynamic loads arising from material handling equipment must be fac-
tored into their design, as applicable.

With respect to raw material, its form, weight, size, temperature, rug-
gedness, and other qualities are considered, as are the expected dis-
tances to be moved, speed of transit, number of trips, and amount
carried per trip. For warehouses, the important considerations are cubic
space and density of use for various package sizes, weights, and stack-
ing patterns.

The same basic approach is used for support functions and plant ser-
vices. The space required for people can be estimated by listing them by
functions, jobs, and categories (male versus female, plant versus office,
department, location, shift), then allocating space to each. For example,
office floor space allocation in ft2 (m2) per person may be: plant man-
ager, from 150 to 300 (13.9 to 27.9) depending on size and type of plant;
assistant plant manager, 125 to 250 (11.6 to 23.2); department heads,
100 to 200 (9.3 to 18.6); section heads, engineers, specialists, 100 to 150
(9.3 to 13.9); general personnel, 50 to 100 (4.6 to 9.3). When accounting
for all employees in an industrial plant, the space per person can range
from about 200 to 4,000 ft2 (18.6 to 370 m2), depending on the type of
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industry and the degree of automation employed. An estimate of the
male/female ratio often must be made early in the planning stage, for
many localities will issue a building permit only if adequate sanitary
and rest facilities are included for each gender.

The space required for each department and function is compiled and
added to show the approximate total plant size. See Fig. 12.1.1, which
also shows the percent of the total plant floor space allotted to functional
subtotals. The size of the plant should not be deemed final without
including the manner in which to allow for anticipated growth and/or
plant expansion. Anticipated growth, if realistic, must enter into the

space, with all the added expense and loss of control entailed thereby.
Any future expansion of the original plant will not only be disruptive to
operations, but also will cost significantly more than building it bigger
in the first place. The correct choice is made by analyzing all options
and comparing expected costs and profits and the realistic probability of
growth.

If a building is to be expanded or upgraded easily and economically
after it is built, that capability must be included at the outset. This is
done by deciding in advance the direction and degree of possible future
expansion, knowing that if the business grows, not all sections of the
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decisions reached as to the initial size of the plant to be built. When
dealing with the initial plant size vis-à-vis any anticipated future expan-
sion, some questions usually posed are: Should it be large enough to
accommodate expected growth, knowing that it will be too big initially?
Should it meet only present needs, then be expanded as and if required?
Should a midsize compromise be made? A plant too big for present
needs will cost more to build and operate and may place the firm in an
uncompetitive position. Expenses for taxes, insurance, heating, air con-
ditioning, etc. for a partially vacant plant are almost the same as for one
fully occupied. On the other hand, a plant built just to satisfy present
requirements of a growing business can quickly become cramped and
inefficient and may lead to rental of external storage and warehouse

Area

Department or function ft2 m2

Main receiving 5,700 530
Incoming inspection 900 84
Main stockroom 9,600 892
Large-component storage 6,000 557
Coil steel storage 1,840 171
Steel coil line 2,360 219
Sheet metal fabrication 18,000 1,672
Welding 3,000 279
Sheet-steel storage 13,800 1,282
Copper tubing storage 600 56
Tubing fabrication 1,200 111
Cleaning and painting 9,600 892
Insulating 1,200 111
Electrical subassembly 1,200 111
Final assembly 33,600 3,121
Finished goods storage 40,200 3,735
Wood storage and fabrication 2,400 222
Shipping 9,600 892
Maintenance and tool room 600 56
Print shop 600 56
Plant offices 1,200 111
Engineering laboratory 12,000 1,115
Reproduction room 420 39
Canteen/eating area 3,600 334
Medical/first aid 330 31
Offices and lobby 21,600 2,007
Toilets 1,650 154

Total 202,800 18,840

% of
Function total plant ft2 m2

All receiving, incoming in-
spection, storage, and ship-
ping 44.2 89,440 8,309

All production 35.3 71,360 6,629
Engineering lab and repro 6.2 12,420 1,154
Support areas: Maintenance
and tool, print, first aid,
canteen, toilets, plant offices 4.0 7,980 741

General offices and lobby 10.3 21,600 2,007

Total 100.0 202,800 18,840

Fig. 12.1.1 Space required by department, subtotals by function, and for the
entire facility for a plant designed and built to manufacture roof-mounted com-
mercial air conditions. (Source: VMA, Inc.)
plant may have to be expanded to the same degree. After the basic form
of the building shape and envelope have been addressed, attention is
then directed to other matters: location of the building on the property;
materials of construction for internal walls that may have to be
rearranged; location of spaces and equipment that will be difficult or
impossible to move in the future, such as toilets, shipping/receiving
docks, transformers, heavy machinery, and bridge cranes.

Superstructure members, pipes, monorails, ducts, and so on can be
terminated at the proposed expansion side of the plant, with suitable end
caps or terminations which may be removed easily and activated
quickly when required. Installations of major utilities are prudently
sized to handle future expansion. If the initial design strategy includes
anticipation of vertical expansion via mezzanines, balconies, or addi-
tional stories, foundations, footings, superstructure, and other structural
elements must be designed with that expansion in mind. To accommo-
date that requirement at some later date will prove to be prohibitively
expensive and will disrupt ongoing operations to a degree unimagin-
able. By the same token, if future operations require a contraction of
active space in the proposed plant, space would be available, at worst,
for sublease to others. Regardless of whether possible expansion or
contraction is contemplated, the initial plant design should consider
both possibilities and seek to have either occur with minimum disrup-
tion of production.

Plant Emplacement and Site Selection

The emplacement of a plant is defined by its geographical location, site,
position, and orientation, in that order. Geographical location is deter-
mined by the country, region, area, state, county, city, and municipality
in which the plant is situated. The site is that particular plot of land
which can be identified by street address or block and lot numbers in
that geographical location. The position and orientation speak to the
exact placement and compass heading of the building on the site.

Typical considerations entering each stage of the placement decision,
from broad to specific, follow.

Location: Political and economic environment. Stability of currency
and government. Market potential. Raw materials supply. Availability
and cost of labor. Construction or rental costs. Environmental regula-
tions. Climate. Applicable laws within the governing jurisdiction. Port,
river, rail, highway, airport quality. Utilities and their relative costs.
Taxes. Incentives offered. Local commercial services. Housing,
schools, hospitals, shops, libraries, and other community attractions.
Crime rate, police and fire protection. General ambiance of the locality.

Site: Availability. Price. Incentives offered. Building and zoning
codes. Near highway entrance/exit, on railroad spur, waterway, and
major road. Public transportation for employees. Availability of water,
sewer, and other utilities. Topography, elevation, soil properties, sub-
surface conditions, drainage, flood risk, earthquake faults. Neighbors.
Visibility.

Position: Placement for possible expansion with sides of building that
may be extended facing an open area or parking lot and the sides not to
be extended close to the property line. Proximity to railroad tracks, road,
utilities or other fixed features. Positions of buildings on neighboring
property.

Orientation: Turned toward or away from winter’s wind and sum-
mer’s sun, as desired, considering the frequently open large shipping
and receiving doors. Needs for heating, air conditioning, natural light,
color matching, and the like that would be affected by compass heading.
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Proximity to competitors may be desirable if the locale has developed
into a well-recognized center for that industry, where are found skilled
people, and a wide variety of suppliers and supporting services (testing
laboratories, local centers of higher learning with faculty available for
consultation on an ad hoc basis). Without these conditions, and espe-
cially if the product is heavy and expensive to ship, it is desirable to
locate close to market areas and distant from competitors.

The amount of land required depends on plant size, the number of
employees and their need for parking space, the probability of storing
some raw materials and finished goods outdoors, the need to turn large

Configuration

The configuration of a plant is determined ideally by the optimum
layout of its contents. Compromises are usually made, however, often
resulting in a conventionally shaped building. A building with several
extended branches is very expensive. For a given floor area, a square
building requires less total wall length than other quadrilateral shapes,
but rectangular buildings are the most common compromise between
cost and efficiency. For the lease or purchase of an existing building, the
best approach is to design the best layout and then seek an existing
building within the desired area in which that layout may be accommo-

t P
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trucks around on the property, the possibility of future expansion of the
plant, zoning, and the possible desire to create an open park-like am-
biance. Total land area of from 4 to 8 times the plant size is usually
adequate; the lower end of the range applies in built-up areas, and the
higher end applies in suburban areas. In some locations the land can cost
more than the plant.

Before placement of a plant becomes final, all conditions and ex-
tremes should be simulated, including winter storms, rainy seasons,
floods, several consecutive days of 100°F heat, power outages, labor
disruptions, and the like. It is unlikely that the perfect site will be found,
thus sought-after attributes must be ranked in order of importance. As
an incentive to get new industry, some governments will build roads and
schools and reroute buses if necessary. Test borings are often taken at a
candidate site before a commitment is made to buy or lease it to ensure
that it is suitable. A plot plan (see Fig. 12.1.2) can be made with an
approximation of the planned plant on the candidate site indicating land
size, topography, drainage, position on the plot, anticipated expansion,
compass orientation, location of power lines, railroad tracks, roads,
rivers, open fields, neighbors, etc.
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Fig. 12.1.2 Plot plan of an industrial plant. (Source: VMA, Inc
dated. For a new building, the layout is set down before the location is
selected and then adjusted for the particular features of the site. A layout
prepared after the site has been selected can be tailored to fit the site, all
the while maintaining the desired features of that layout.

Before the configuration and layout become final, certain broad and
tentative choices about the type of building should be made. These
include general-purpose versus special-purpose, multilevel versus sin-
gle level, use of mezzanines and balconies, with windows or window-
less, etc. Setting aside considerations of material flow, a multilevel
building enjoys the advantages, on a unit floor area basis, of using less
land and costing less to build. The columns, however, will generally be
spaced closer together, thereby presenting an impediment to desired
flow paths and a reduction in options for overall layout. A single-level
building, on the other hand, can more easily support heavier floor loads
by virtue of its concrete slab on grade floor construction.

The matter of shipping/receiving floor level vis-à-vis truck bed level
must be resolved satisfactorily, keeping in mind that loading and un-
loading ought to be effected with small hoists or forklifts for maximum
efficiency. To that end, loading floor level can be built to be flush with
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the bed height of most of the anticipated truck traffic, or the truck
parking apron can be inclined downward to align the two. If those cases
when trucks with other bed heights have to be accommodated, small
demountable ramps can be employed, the same being built sufficiently
rigid to permit forklift traverse.

Balconies and mezzanines may be added to gain more storage space,
to locate offices with a view of the production areas below, for raw
materials or subassembly work that can be gravity-fed and drop-deliv-
ered to the operations below, and for the placement of service equip-
ment (hot-water tanks, compressors, air conditioners, and the like).

Receiving

(a)

Shipping

Receiving

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Basements may be included for the placement of heavy equipment,
pumps, compressors, furnaces, the lower portion of very tall machines,
supplies, and employee parking.

Windows in an industrial plant lower lighting bills, permit truer color
matching in natural light, aid cooling and ventilation when opened, may
provide a means of egress in case of fire, and may lower fire insurance
rates. The advantages of a windowless plant are easy control of the
intensity and direction of light (elimination of glare, contrasts, shadows,
diffusion, and changing direction); (sometimes) less expensive con-
struction; and less heat transfer, dust and dirt infiltration, maintenance
expense to wash and repair glass, and worker distraction; better secu-
rity; lower theft insurance rates. It is generally easier and more econom-
ical to design a windowless building. The absence of fenestration allows
more flexibility in interior layouts by virtue of uninterrupted wall space.
The absence of low windows, in particular, obviates the need for blinds
or drapes to keep the interior private from the passing viewer. Elimina-
tion of an enticing target to vandals is not to be dismissed lightly; often
damage to machinery and equipment, as well as injury to personnel,
results from flying missiles launched at and through windows.

The relative positions and detailed layouts of each department’s ma-
chines, support equipment, services, and offices are based on analyses
of their functions, contents, activities, operations, flow, relationships,
and frequency of contacts. The layouts may be product- or process-or-
iented, or a combination of the two. In a product-oriented layout, ma-
chines are arranged in the sequence that the production process requires.
This permits the product to advance in a direct path, such as on an
assembly line, and with smooth material flow. In a process-oriented
layout, the machines are grouped by type, such as a welding or drilling.
This requires that the products requiring those operations be brought to
that area. It is used where products vary and the output of each is low,
such as in a job shop, and allows production to continue even when a
machine breaks down.

Another early decision involves the preferred placement of the re-
ceiving and shipping departments and the related basic pattern of mate-
rial flow through the plant. If it is preferred to have the material enter at
one end of the plant and exit at the other (Fig. 12.1.3a and b), then
separate receiving and shipping facilities, equipment, and personnel
will be required. Capital investment and operating economies ensue
from combining these functions, with shared personnel, equipment, su-
pervision, and space, but then the basic material flow will loop back to
allow the finished product to exit from the same location where raw
materials entered (Fig. 12.1.3c).

The drawing showing the size, shape and position of each department
or area of an industrial plant is called a block diagram. It is developed by
constructing a series of analysis documents. These include the frequency
of relationship chart, proximity preference matrix, relative position
block arrangement, sized block arrangement, initial block diagram, re-
fined block diagram, and final block diagram (or simply block dia-
gram). The frequency of relationship chart (also called a from/to chart) is
constructed from an analysis of the engineering and manufacturing doc-
umentation and the activities of the plant. It shows the frequency and
magnitude of movement, flow, and contacts between the entries. It may
be weighted to include the importance of high-priority factors. The
proximity preference matrix (also called a relationship chart) is con-
structed the same way. It shows (Fig. 12.1.4) which functions, depart-
ments, equipment and people should be close to each other, how close,
and why, and which should be away from which other and why. It is
constructed with a diamond-shaped box at the intersection of every two
(b)

(c)

Receiving

Shipping

Shipping

Fig. 12.1.3 Three different relative positions of a plant’s receiving and shipping
areas. (Source: VMA, Inc.)

entries. The notations made in each box show the importance of their
need to be either close or separated by a number or code. The reasons
can also be shown by entering a code in the lower half of the box, as
shown in Fig. 12.1.4. The matrix may be made at the function or depart-
ment level and, later, at the individual machine or person level. The
objective of the matrix and chart is to lay out the plant so that things are
as close to (or as far from) other things to satisfy the criteria established,
and ensure that those with the highest number of contacts are so located
to minimize the time, distance, and energy required.

When this is done, a relative position block arrangement (Fig. 12.1.5)
may be made; this shows the various arrangements possible by shifting
around pieces representing the departments. The arrangement selected
is the one that best satisfies the relationships (in decreasing order of
importance) and degrees of contacts, as previously determined. The size
of each model (or computer graphic representation) is the same because
only the relative positions of the departments or areas is of interest at
this stage of the design. Assigning a different color or background pat-
tern to each adds to clarity and, when carried through to final and
detailed drawings, helps visualize quickly the totals of separated areas;
e.g., the total of inventory storage areas spread throughout the plant can
be understood quickly if all are shaded the same color on the drawings.
The sized block arrangement diagram (Fig. 12.1.6) is the relative position
block arrangement with the size of each area scaled (but still square) to
represent its square footage as determined by its expected contents and
room for expansion (unless the expansion is to be handled by extending
the building, in which case the department should be placed where
expansion is proposed. The initial block diagram converts the square
representation of each department into a shape that is more suitable for
its contents and activities, but of the same square footage. The refined
block diagram (Fig. 12.1.7) adjusts the initial shapes to effect a compro-
mise between the advantages of having them be the best operational
shape and those of fitting them in an economical rectangular building.
L-, T-, U-, H-, and E-shaped buildings are often the result of such
configuration compromises.

After the main aisles are drawn, as straight as possible, to serve as
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Other–see notes

– noise
– vibration
– fumes

Fig. 12.1.4 A proximity preference matrix listing the departments, functions, and areas, and ranking how near or far
each should be relative to the others, and why. (Source: VMA, Inc.)
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proximity preference matrix. (Source: VMA, Inc.)

dividers between departments, the size and shape of each area can be
fine-tuned, and a final block diagram, or simply block diagram, is drawn,
keeping the same color code scheme used throughout. Detailed layouts
are constructed for each department and function to fit within the spaces
allocated in the block diagram. When assembled onto one drawing, the
block diagrams become the detailed layout for the entire plant.

There are several aids to constructing both block diagrams and de-
tailed layouts. These range from scaled templates to three-dimensional
models of machines and equipment. They are available as plain blocks
and as highly detailed plastic or cast-metal models. Computer-based

ministration and management, general office, supply storage, reception
lobby, conference rooms, training rooms, library, mail room, copying
and reproduction, cafeteria, vending machines, water fountains,
washrooms, toilets, lockers, custodial and maintenance, security, and so
on. Adequate space must be provided for the people working in these
areas and their workstations must be designed with ergonomics, light-
ing, comfort, and safety in mind.

Many industrial plants have the supervisors’ offices situated on the
factory floor for better contact with and control of their people. Like-
wise, offices for quality control inspectors, industrial engineers, and

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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optimization programs are also available. Some computer-aided design
packages contain libraries of plant components and equipment that can
be selected, positioned, rotated, and moved on the screen until a satis-
factory layout is achieved. See Figs. 12.1.8 and 12.1.9 for two- and
three-dimensional, respectively, computer-generated detailed layout
drawings. Arrows are added to these diagrams to show flow paths.
Copies of these drawings can be annotated with dimensions and ma-
chinery and furniture descriptors and given to vendors and contractors
for them to submit bids to supply and install the items. They are also
kept on file for use in future maintenance and/or revisions.

Features not expected to be moved in the future or that will become
permanent parts of the building should be located first, e.g., stairways,
doors, toilets, transformers, steam boilers, fuel tanks, pumps, compres-
sors, piping, and permanent walls. Accurately dimensioned definitive
drawings must be made to guide installers of equipment and services.

In addition to the layouts of the production areas, the support func-
tions must also be planned. Support groups assist the production depart-
ments; they include research and development, testing laboratories, en-
gineering, production planning and control, quality control, machine
shop, sales and advertising, technical literature, purchasing, data pro-
cessing, accounting and finance, files storage, personnel, medical, ad-
manufacturing or process engineers often are located in the production
areas. Such offices may be built with the building or may be purchased
and installed as preengineered, prefabricated units. General and admin-
istrative offices usually are distant from the plant’s machinery and
equipment, whose noise and vibrations would otherwise affect the per-
formance of the occupants therein and their ancillary equipment (com-
puters, for example).

Office furniture may be arranged in military style (orderly straight
rows), the open plan method (fewer and movable partitions), landscaped
(free form with plants and curved dividers), individual offices (glass,
wallboard, steel, or masonry walls), or any combination of these. In
those arrangements wherein the partitions and dividers are classified as
furniture instead of parts of the building, they may be depreciated over a
much shorter period of time than the permanent structure. Space is
allocated on the basis of position in the organization chart, with the
senior executives getting windows (if any) and the most senior getting a
large corner office. Floor coverings, ranging from tile to carpeting,
again depends on position, as do the amount and type of furniture.

The plant’s reception lobby should measure approximately 160 ft2

(14.9 m2) if seating for four persons is required, and at least 200 ft2

(18.6 m2) for 10 visitors. Add 60 to 100 ft2 (5.6 to 9.3 m2) if a recep-
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Fig. 12.1.6 A sized block arrangement that converts the prior relative position block arrangement into one that shows
the required size of each department, function, and area, while maintaining the preferred relative position of each.
(Source: VMA, Inc.)

tionist is to be seated there. Cloak rooms require 6 ft2 (0.6 m2) per 10
garments.

If a cafeteria is included, 20 ft2 (1.9 m2) per person of expected occu-
pancy should be provided if it is equipped with tables and chairs, plus
space required by any vending machines. Conference and meeting
rooms should provide about 20 ft2 (1.9 m2) per person of expected at-
tendance, and training rooms with theater-type seating should be 400 ft2

(37.2 m2) for groups of 20, 600, (55.8) for 40, and 1000 (92.9) for 80. A
plant library will range from 400 to 1000 ft2 (37.2 to 92.9 m2), depend-
ing on its contents. Record storage requires 6 ft2 (0.6 m2) per file cabi-

maneuvering within aisles. For efficient traffic flow, the configuration
that will work best most often is one with one main aisle and a number
of smaller feeder aisles, with straight, well-marked aisles intersecting at
right angles. Aisles located at exterior walls will result in loss of storage
space, and generally will be remote from the central area meant to be
served. While necessary and functional, aisle space can occupy from 15
to 30 percent of the plant’s total floor space. Planning for aisle space
must defer to any applicable labor laws or local ordinances.

Services
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net. Storage space must be provided for stationery and supplies. Slop
sink and mop closets should be 12 to 15 ft2 (1.1 to 1.4 m2). Facilities
should be placed as close as possible to those who will use them; those
for universal use must be located conveniently. In very large plants,
spaces and facilities for universal use must be supplied in multiples, and
include toilets, clothes closets, lockers, time clocks, emergency exit
doors, copy machines, vending machines, and drinking fountains. Aisle
locations and widths are critical elements in the management of internal
traffic, and are based on: use only for pedestrians or by material han-
dling vehicles as well, in which case load widths must also be included
as a design parameter; whether traffic is one-way or two-way, with
loaded vehicles passing each other; traversing vehicular traffic only or
with dropoff and/or pickup points along the route; and provision of
turnaround space for vehicles (forklifts and the like) or restrictions on
An industrial plant’s services are those utilities that power and supply
the production and support functions. They include electric power and
backup emergency power; heating, ventilating, and air conditioning
(HVAC); water for processes, drinking, toilets, and cleaning; smoke,
fume, and fire detection and fire fighting; natural gas and/or fuel oil,
process liquids and gases, compressed air, steam; battery chargers for
electric forklift trucks, AGVs, and mobile robots; communication net-
works and links for telephone, facsimile, computers, and other database
nodes; surveillance and security systems; and waste, scrap, and effluent
disposal drains and piping. The design of these requires not only the
specification of the equipment, but also the layout of the distribution
networks, with drops to where needed and points of interface to the
apparatus served.

Flexibility is increased and unsightly and dangerous wires are elimi-
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Fig. 12.1.7 A refined block diagram that converts the prior sized block arrangement onto one that makes the shape of
each department, function, and area be such that, together, they fit into a building of a more conventional shape, while
maintaining the size and relative position of each. (Source: VMA, Inc.)

nated by installing buried electric raceways in the floor before concrete
is poured. Wires channeled thus are connected to floor-mounted equip-
ment through access caps; changes in machine layout or additions to the
complement of machinery are facilitated via connections into the race-
ways. Definitive, current records of buried raceways document exact
locations of raceways and any modifications made thereto over periods
of time, and while they are archival in nature, they serve to prevent
confusion and guesswork. Other raceways and wire conduits are dis-
persed through the plant to accommodate electric convenience outlets,
communication equipment, and similar services.

three-phase, four wire. The last is more economical for motors and
industrial lighting.

Natural light entering the plant through windows and skylights is
erratic and difficult to control. All areas of the plant must be illuminated
adequately for the activities conducted therein. Section 12.5 lists typical
illumination levels. Density of light, illuminance, is designated in foot-
candles, fc (lumens per square foot) or lux, lx (lumens per square
meter). One fc 5 10.76 lux. In most cases, tasks requiring illuminance
more than 100 to 150 fc (1080 to 1600 lux) also require directed supple-
mental illumination. No area should be illuminated at a level less than
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Electric power is usually transmitted over the utility’s lines at between
22,000 and 115,000 V. The plant usually includes transformers to re-
duce voltage to 2,300–13,000 V. Most building codes require that these
transformers be installed outside the building. The next level of voltage
reduction, down to 120–480 V, is provided by transformers usually
located inside the building and dispersed to strategic locations to pro-
vide balanced service with minimum-length runs of service connec-
tions. Alternatively, the plant may arrange for the local utility to supply
electric power already stepped down to the levels needed; 240/120-V
single phase, three-wire; 208/120-V three-phase, four-wire; 480/277-V
20 percent of nor more than 5 times that of adjacent areas because eyes
have trouble adjusting rapidly to drastic differences in illuminance.
Proper illumination is also a function of the type and form of the light-
ing fixtures. Luminaires are selected to shed direct, indirect, or diffused
light. Lamp types include incandescent, fluorescent, mercury vapor,
metal halide (multivapor), and high-pressure sodium vapor. The num-
ber and type of lamps per luminaire, height, spacing, and percent reflec-
tance of the floor, walls, and ceiling are contributing factors. The plant
should have a portion of its lights attached to an emergency power
source that switches on when the regular power fails. (See Rosaler,
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Scale

Fig. 12.1.8 A two-dimensional computer-generated detailed layout of one area of an industrial plant, showing furni-
ture, fixtures, and flow path. (Source: Cederleaf, ‘‘Plant Layout and Flow Improvement,’’ McGraw-Hill.)

‘‘Standard Handbook of Plant Engineering.’’) A stationary diesel-, gas-,
or gasoline-powered electric generator is usually installed to provide
emergency electric power. The available fault current at all points in the
electric distribution system should be determined so that protective de-
vices can be installed to interrupt it. Selected circuits should have unin-
terruptible power supplies (UPSs), isolators, and regulators to protect
against outages, voltage surges, sags, spikes, frequency drifts, and elec-
trical noise. Exit signs and a clear path to the exits should be capable of
being energized by emergency power, from either a standby generator
or batteries.

dry type, wherein the pipes are filled with air under pressure to restrain
water until the fusible link in the head melts and releases the air pres-
sure, allowing water to flow.

The dry type is used outdoors and in unheated areas where water
could freeze. Sprinkler heads are either standard or deluge type. Stan-
dard heads have a fusible element in each head that is melted by the heat
of a fire, thereby opening the head and releasing water. Deluge heads do
not have fusible elements, but a deluge valve which is opened in re-
sponse to a signal from any of several heat sensors situated in the
protected area. In the standard type, only the heads whose elements are
melted release water, whereas deluge heads act simultaneously. A de-
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Water, water distribution, and fixtures are essential for many plant
processes, including paint booth ‘‘waterfalls’’; for cooling machines,
welders, and the like; for adding water as an ingredient in some prod-
ucts; in toilets, showers, cafeterias, and drinking fountains; for sprinkler
systems and fire fighting; and for custodial work and landscaping main-
tenance. If large amounts of hot and/or cold water are required by the
process, boilers and/or chillers are provided, along with associated pip-
ing and pumps for fuel and water distribution. The number of toilet
fixtures as required by building codes is based on the number and sex of
expected building occupants. Dispensers that chill and/or heat water are
useful to prepare beverages and soups. Water consumption per person
per 8-hour shift in personnel facilities ranges from 30 to 80 gal (114 to
303 L).

Sprinklers are installed according to the recommendations of the Na-
tional Fire Protection Association (NFPA). Automatic sprinklers can be
the wet type, wherein water is always in the pipes up to each head, or the
luge system is more likely to extinguish sparks at the periphery of a fire,
but it also may ruin materials that are doused unnecessarily with water.
A preaction system includes sensors and an alarm which gives plant
personnel a chance to deal with the fire before sprinklers actuate and
douse valuable merchandise. The alarm may also be wired to signal the
local fire department. The sprinkler heads must be spaced in accordance
with the prevailing code: generally one head per 200 ft2 (18.6 m2) for
low-hazard areas, 90 ft2 (8.4 m2) for high-hazard areas, and about
120 ft2 (11.2 m2) for general manufacturing; about 8 to 12 ft (2.44 to
3.66 m) between heads and height of the highest head not over 15 ft
(4.57 m) are typical. (See also Sec. 18.3). Drains should be installed to
carry away sprinkler water. The supply of water for all of the above
listed needs must be adequate and reliable. For fire fighting, the greatest
fire hazard and the size of the water supply required to deal with it must
be estimated. The expected flow from all hoses and sprinklers, the static
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Fig. 12.1.9 A three-dimensional computer-generated detailed layout of the same area shown in Fig. 12.1.8. (Source:
Cederleaf, ‘‘Plant Layout & Flow Improvement,’’ McGraw-Hill.)

pressure, and the minimum flow available at a given residual pressure
must be considered. Again, codes and insurance company requirements
control. Sources of water include city mains, gravity tanks on towers,
reservoirs on roofs or in decorative ponds that are part of the landscap-
ing, wells, nearby lakes, and rivers.

The amount of heat required for personnel comfort depends on the
plant’s location, which in turn, influences the types and capacities of
heaters selected. Generally, factory areas can be kept a little cooler,
about 65°F than the 72°F recommended for office areas. Heating sys-
tems include warm air, hot water, steam, electric, and radiant. Warm air

ducts. One change per hour is too little, with no discernible difference in
air quality; 50 to 60 changes of air per hour are too many, and the
resulting high-velocity drafts cause sensations of chilling and accompa-
nying discomfort. Minimally, 5 changes of air per hour are required.

Air conditioning adds to employee comfort, increases their produc-
tivity, and is essential for the manufacture of certain products. The
calculation of the expected heat gains required to specify an air-condi-
tioning installation is similar to the procedure for calculating heat loss in
the design of a heating system. For air conditioning, the required cool-
ing load is calculated in Btu per hour and converted to required tons of
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requires a furnace to heat the air and ducts and blowers to distribute it.
Circulating hot water and steam heat also require boilers and furnaces
and a network of distribution pipes and radiators. Electric space heaters
require fixed wiring and local outlets. Unit radiant heats may be fueled
by gas, steam, hot water, or electricity and are placed above doors and
work areas, oriented to direct heat where it is required. Piping can be
embedded in the concrete slab on grade, and in other floors, walls, and
ceilings to provide radiant heat from circulating hot water.

Ventilation, the introduction of fresh outside air, the exhaust of stale
inside air, or merely the movement of otherwise still inside air, can be
effected naturally or mechanically. Natural ventilation requires win-
dows, skylights, louvers, or other openings. Mechanical ventilation re-
quires fans and blowers (and sometimes ducts) to draw air in, circulate
it, and exhaust it. The number of cubic feet per minute (cubic metres per
minute) of air per person required by people working in an office is
about 10 (0.3), and between 25 and 50 (0.7 to 1.4) for those working on
the factory floor. The total amount of air needed and the number of air
changes per hour determine the number and sizes of fans, motors, and
refrigeration by dividing by 12,000. (See Sec. 12.4.) The tonnage re-
quired would be one basis for the selection of the type of water-cooled
or evaporative condensers, compressors, air handling units, motors,
pumps, ducts, registers, circuitry, panels, and controls to be installed.
Packaged air-conditioning units mounted on window sills, floors, ceil-
ings, or roofs are often used. (See Merritt and Ricketts, ‘‘Building De-
sign and Construction Handbook.’’)

The design and installation of a compressed-air system includes the
summation of the volume and pressure of air required at all plant loca-
tions. The pipe diameters and total pressure drops between compressor
and the most remote point of delivery must be determined. Pressure
drop is a function of pipe and hose friction and the requirements of
air-powered devices. Piping may be fixed, by and large, but the number
and types of air-powered devices will change from time to time as
production processes are changed or rearranged. Thus, there is some
variability to be expected in the calculations to determine compressor
discharge volume and pressure. Suitable allowances for unknown quan-
tities are usually factored into the final design selection.
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Internal and external communications systems must be installed. With
autofacturing (see Sec. 17), the design, manufacture, production con-
trol, inventory control, storekeeping, warehousing, sales, and shipping
records are all integrated and tied to the same information database. An
internal local-area network (LAN), with computers, terminals, displays,
and printers distributed throughout the plant and offices, will be re-
quired to plan, analyze, order, receive and accept material, record, feed
back data, update files, and control and correct operating conditions.
AGVs and mobile robots can be programmed to navigate off beacons
installed throughout the plant.

The plant’s security measures should include structural protection
against wind, rain, flood, lightning, earthquakes, and fire. Security
against intruders, breakins and vandalism can include fencing, gates,
perimeter lights, surveillance cameras, and sensors. Security guard
booths may be purchased as prefabricated units, complete with lights,
heat, and air conditioners.

Emergency egress should provide for more than one route to safety,
minimal distances to doors, doors that are locked from the outside but
can be opened with a push from the inside (by panic bars), all to be
accessible and usable by the handicapped. When designing a plant for
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Parking for employees and visitors must include spaces for handi-
capped persons. Parking lots are usually paved with 3 in (7.6 cm) of
asphaltic cover over 6 in (15.2 cm) of gravel base. Lines are painted to
designate spaces, which may be ‘‘straight in’’ (at a 90° angle to the
curb), or at a smaller angle, typically 45° to 60°. The angle used influ-
ences the width of the aisles, depth (distance from the edge of the aisle
to the curb) of each space, and the amount of curb length required for
each car. For example, parking at a 45° angle requires an aisle width of
about 13 to 15 ft (4.0 to 4.6 m), a space depth of about 20 to 21 ft (6.1 to
6.4 m) and uses about 13 ft (4.0 m) of curb per space (because of the
overlaps); a 90° layout requires an aisle width of about 24 to 27 ft (7.3 to
8.2 m) and a space depth of about 19 to 20 ft (5.8 to 6.1 m) and uses
about 9 to 10 ft (2.7 to 3.1 m) of curb per space. The width of each space
(except those for the handicapped, which are wider) ranges from 9 to
10 ft (2.7 to 3.1 m) and their lengths from 19 to 20 ft (5.8 to 6.1 m). The
number of parking spaces to be provided depends on the number of
people expected and the extent to which public transportation is avail-
able and used. It is expected that there will be more than one employee
per vehicle. Factors ranging from 1.2 to 2.5 persons per car can be used,
depending on the firm’s best estimate of the practices of its employees.
For multiple-shift operations, it must be recognized that those working
the second shift will arrive and need parking spaces before those on the
first shift leave and vacate them. For those using public transportation, a
shelter against the weather may be erected; often it is provided by the
bus company.

In addition to parking space for automobiles, space must be provided
for trucks that bring material to the plant and carry products away. Sizes
of trucks, truck tractors, and their trailers vary widely, as do their turn-
ing radii. Many trucks will drive in frontward, maneuver to turn around,
and back into the loading docks and platforms. Space must be provided
for them to do this, even when there are other trucks present. The
minimum size apron (measured by the distance from the outermost
obstruction, whether it be a part of the building, the front of another
truck already in the loading dock, or anything else that is in the way),
required to maneuver a tractor-trailer into or out of a loading position, in
one maneuver and with no driver error, varies with the length of the
tractor-trailer expected and the width of the position to be provided. For
example:

Tractor-trailer Position Minimum
length width apron size

35 ft (10.7 m) 10 ft (3.1 m) 46 ft (14.0 m)
12 ft (3.7 m) 43 ft (13.1 m)
14 ft (4.3 m) 39 ft (11.9 m)

40 ft (12.2 m) 10 ft (3.1 m) 48 ft (14.7 m)
12 ft (3.7 m) 44 ft (13.4 m)
14 ft (4.3 m) 42 ft (12.8 m)

45 ft (13.7 m) 10 ft (3.1 m) 57 ft (17.4 m)
12 ft (3.7 m) 49 ft (15.0 m)
14 ft (4.3 m) 48 ft (14.6 m)

Truck heights range from about 8 ft (2.4 m) for a panel truck to
around 13.5 ft (4.1 m) for double-axle semis and others. Doorways
must be sized accordingly. Seals and pads may be added around the
doors to fill the gap between the back of trucks and the building. Besides
conventional rollup doors, plastic strips and air curtains may be used to
provide a partial barrier between the plant’s environment and the
weather.
ease of use by handicapped employees and visitors, all physical barriers
must be eliminated and aids installed, such as ramps, braille signs,
wheelchair-width doors and toilet booths, wheelchair-height sinks and
drinking fountains, and the like. Applicable local building codes and
federal regulations will guide and control the final designs.

Most of the above services and systems are built into the structure or
influence its design and, therefore, must be determined before the speci-
fications of the building become final.

Building Structure

The specifications for an industrial plant’s structure depend on its con-
tents, intended use, general location, and specific site. In the usual order
in which they are constructed are foundation and footings, columns (and
bay sizes), beams and roof trusses, exterior walls, floor slab, roof deck-
ing and covering, exterior doors and fenestration, interior partitions,
walls, doorways, services (electric power, compressed air, etc.), interior
decor, and other special features.

Firm foundations and footings are required to support the columns,
peripheral and some interior walls, machinery, and other equipment.
Especially heavy machines, or those subject to large dynamic loads
(often repetitive), may require special design that incorporates measures
to isolate vibrations. Depth, size, and foundation reinforcement depends
on the subsurface conditions. Installation of piles may be dictated by
unsuitable load-bearing soil. Almost all foundations consist of cast-
in-place concrete; in rare instances, load-bearing concrete blocks are set
onto a previously poured concrete base. Site topography and location of
the building may require the construction of retaining walls; these may
be cast concrete or assembled with precast concrete sections which may
serve also to provide a decorative treatment. The subgrade on which the
concrete floor slabs will be poured must be well-compacted and made
level. Often, the floor slab is not cast until heavy equipment (used to
erect superstructure) is removed from the site.

Steel superstructure members are designed to provide the clear spans
delineated by the selected bay sizes. They also support intermediate
floors (if any); roof-mounted equipment; material handling equipment
such as monorails; and lighting fixtures, piping, ductwork, and other
utilities. The design must account for all dead and live loads, usually in
accordance with applicable local building codes and other accepted
structural codes. (See Secs. 5, 6, and 12.)

The sizes and locations of columns and beams establish the bay sizes.
The longer the span, the larger the bay size, but this reflects back into
construction with heavier columns, deeper beams and trusses, and con-
comitant higher costs. Inasmuch as larger bay sizes permit greater free-
dom in plant layouts and ease material handling, the added expense of
large bay sizes is often worth it. Accordingly, the trend in plant design is
to incorporate large bays. While any bay size is feasible, a cost/benefit
tradeoff may set reasonable limits. Typical bay sizes are 30 3 40 ft (9 3
12 m), 40 3 60 (12 3 18) and 40 3 80 (12 3 24). There are warehouses
whose bay size is dictated by the requirement to accommodate stacks of
standard pallets with minimum waste space. Aircraft manufacturing
plants and commercial hangars enclose enormous column-free cavern-
ous spaces; lengths of 300 to 400 ft (91 to 122 m) are the norm in those
applications.

When columns must support heavy traveling bridge cranes, a second
row of columns is incorporated into the main columns to provide sup-
port for rails and to effect a stiffer structural configuration.

Beams are set at the top of columns and establish the clear height of
the building interior; 15, 20, and 25 ft (4.5, 6.1, and 7.6 m) are typical in
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manufacturing areas, and 30 to 40 ft and more (9.1 to 12.2 m) are em-
ployed in warehouse space. When a two-story office is part of a single-
level plant (Fig. 12.1.7) the overall height of the building is often set to
the second-story height to permit a simple flat roof. Factory clear
heights should be at least the height of the highest machine, with a
generous margin added; for large products, the clear height is often
designed to be twice the height of the largest product. Anything sus-
pended from the beams or girders reduces the clear height. Deeper open
roof trusses permit some piping, wiring, and other services to be woven
through them and light fixtures placed between them, thereby not re-

precast concrete planks, topped with a vapor barrier, insulation, a top-
ping surface, flashing, sealants or caulking, and roof drains. The cover-
ing of a built-up roof (BUR) comprises three to five layers of roofing felt
(fiberglass, polyester fabric, or other organic base material), each layer
mopped with hot bitumen (asphalt or coal tar pitch). The wearing sur-
face of roofing may include a cap sheet with fine mineral aggregate,
reflective coating, or stone aggregate. When extensive roof traffic is
anticipated, pavers or wood walkways are installed. A recent successful
roof surface is composed of a synthetic rubber sheet, seamless except at
lapped, adhesively bonded joints. It has proved to be a superior product,
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ducing clear working space. Roof decking and roofing is affixed to roof
trusses or beams.

Exterior walls can be load bearing (support one end of a beam) or
nonbearing. If nonbearing, all beam loads are transferred to columns
spaced at intervals along the building perimeter. Walls are constructed
of masonry [brick or concrete block masonry units (CMUs), sometimes
incorporating glass block]; metal panels, usually integrally stiffened;
wood for special applications (storage of highway deicing salts); natural
stone or stone veneer/precast-concrete panels; or stone veneer on ma-
sonry backup walls. Where conditions allow, poured concrete walls are
cast on the flat (at grade), then tilted up and secured into place; this
technique is attractive especially for warehouses with repetitive wall
construction devoid of windows and other openings. Metal panels are
usually galvanized steel, with or without paint, or painted aluminum.

Factory floors may be required to sustain live loads from less than 100
pounds per square foot (psf) (0.5 kPa) to over 2,000 psf (96 kPa). A
general-purpose light-assembly floor ordinarily will have no less than
100 psf (0.5 kPa) floor load capacity. A special purpose plant floor may
be built with floor load capacities which vary from place to place in
accordance with the requirements for different load-carrying capacity.
Certainly, in the extreme, to build in a maximum floor loading capacity
of, say, 2,000 psf (96 kPa) throughout a plant when there is minimal
likelihood for that requirement other than in discrete areas, would not be
cost-effective. Concentrated live loads (most often from wheeled mate-
rial handling vehicles) are accounted for in the design of the floor slabs
as required. The final design of the plant floor will meld the above
factors with other requirements so that the sum of all dead and live loads
can be safely sustained in the several areas of the floor.

Virtually all slab on-grade concrete floors are cast in place; in rare
cases, precast concrete sections are used. Wooden plank flooring is
rarely used on new construction. Upper floors are most often con-
structed with precast concrete planks overlaid with a cement mortar
topping coat, or employ ribbed decking. When upper-floor loading ca-
pacities require it, those floors can also be cast in place; in those in-
stances, concrete is cast into ribbed metal decking which acts as wet
form work and remains in place. End grain wood blocks may be set atop
a concrete floor to mitigate against unavoidable spillage of liquids. (See
Sec. 12.2.)

The load-carrying capacity of concrete slabs on grade is ultimately
limited not only by the strength of the concrete itself, but also by the
ability of the subgrade material to resist deformation. The proper design
of the floor, especially at grade, will account for all the parameters and
result in a floor which will safely sustain design floor loading. Auto-
matic guided vehicle systems and mobile robots (see Sec. 10) require
level and smooth floors. The floor surface may be roughened slightly
with a float to reduce slipping hazards, or have a steel trowel finish to
accommodate AGV and mobile robot navigation. If it is contemplated
that products or equipment will be moved by raising and floating them
on films of air, the floor must be crack-free. If a slight floor slope can be
tolerated from an operational point of view, that will ease cleaning by
allowing water to flow to drains. The slab’s surface may be coated,
treated, or tiled for protection, comfort, ease of maintenance, and/or
aesthetics. Expansion joints around column bases will inhibit propaga-
tion of small cracks resulting from differential settlement between col-
umn footings and floor slabs.

At this stage, the building looks like the one shown in Fig. 12.1.10.
A flat roof is always slightly pitched to drain water toward scuppers,

gutters, and downspouts. It is constructed with ribbed metal decking or
providing long, carefree life.
The seal between roofing and parapet walls or curbed openings is

effected with flashing bent and cemented in place with bituminous ce-
ment. The flashing material may be galvanized steel aluminum, copper,
stainless steel, or a membrane material.

Flat roofs lend themselves to ponding water to help cool the plant.
Roof ponds (and water sprays) can reduce interior temperatures by 10 to
15°F (6 to 9°C) in the summer. Roof ponds can serve as a backup source
of water for fire fighting. If water is ponded on a roof, roof construction
must be handled expressly for that purpose. There are structural impli-
cations which must be considered as well.

Doors and ramps should be made 2 ft (0.6 m) larger than the largest
equipment or material expected and large enough to allow ingress of
fire fighting apparatus. It is often convenient to place very large pieces
of equipment such as molding machines and presses inside the building
envelope before the walls are completed. After exterior walls and roof
are in place, the building interior is sufficiently secure for assembling
materials for the remaining construction and to receiving smaller equip-
ment.

Interior walls and partitions (masonry, wood, wallboard, and metal)
follow, after which office flooring and framing are installed (Fig.
12.1.11). The remainder of the construction involves completion of
wiring, lighting, and other services; application of paint or wall cover-
ings, floor coverings, and decor; and so on.

Other Considerations

The applicable standards, regulations, and procedures of the 1971 Wil-
liams-Steiger Occupational Safety and Health Act (OSHA), as
amended, must be followed in the construction and operation of the
building and the design and use of the plant’s equipment; likewise, the
regulations of the Environmental Protection Agency (EPA), as
amended, and the design standards of the Americans With Disabilities
Act (ADA), as amended, must be followed.

Color can serve several purposes in an industrial plant. As an aid to
safety, it can be used to identify contents of pipes, dangerous areas,
aisles, moving parts of equipment, emergency switches, and fire fight-
ing and first aid equipment. It also can be used to improve illumination,
conserve energy, reduce employee fatigue and influence on morale pos-
itively.

OSHA, American National Standards Institute (ANSI) specification
Z53.1, and specific safety regulations require the use of specific identity
colors in certain applications. As a general guide, yellow or wide yel-
low-and-black bands are used to indicate the need for caution and to
highlight physical hazards that persons might trip on, strike against, or
fall into, such as edges of platforms, low beams, stairways, and traf-
ficked aisles along which equipment moves. Orange designates danger-
ous parts of machines or energized equipment that may cut, crush,
shock, or otherwise injure, such as the inside of gear boxes, gear covers,
and exposed edges of gears, cutting devices, and power jaws. Red is the
basic color for the identification of fire protection equipment and appa-
ratus, danger and stop signs, fire alarm boxes, fire exit signs, and
sprinkler piping. Green designates safety items, such as first aid kits, gas
masks, and safety deluge showers, or their locations. Blue designates
caution and is limited to warning against starting, use of, or movement
of equipment under repair, and utilizes tags, flags, or painted barriers.
Purple designates radiation hazards. Black, white, or a combination of
both designated traffic control and housekeeping markings, such as
aisleways, drinking fountains, and directional signs.
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Fig. 12.1.10 A view of a plant during construction. Shown are its columns, roof trusses, and exterior masonry walls.
The reinforced-concrete floor slab is being poured over compacted soil. (Source: VMA, Inc.)

There are also color conventions for the identification of fluids con-
ducted in pipes. Instead of being painted their entire length, pipes are
painted with colored bands and labels at intervals along the lines, at
valves, or where pipes pass through walls. ANSI Standard A13.1-1975
specifies the following colors for pipe identification: red for fire protec-
tion; yellow for dangerous materials; blue for protective materials;
green and white, black, gray, or aluminum for safe materials.

The noises created during the operation of a plant can be dealt with at
their sources, along their paths, and at their receivers. At the sources, noise
is minimized or eliminated by: changing the process; replacing (with

Provisions must be made for waste disposal, including: disposal of
refuse and garbage, treatment of process fluids and solids, and waste
and recyclables recovery, all in accordance with applicable EPA and
other regulations.

Among many other things, the plant design process must address
matters such as fuel storage, storm and surface drainage, snow removal
facilities and procedures (if the local climate warrants), design for ease
of maintenance of the building as well as the grounds and associated
landscaping, the articulation of the architect’s idiom, energy efficiency
in the materials of construction and the equipment installed to service
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quieter) equipment; modifying equipment by redesign or component
changes; moving to another location; installing mufflers and shock
mounts; using isolation pads; and shielding and enclosing equipment
with material having a high sound transmission loss (STL) value. STL is
a measure of the reduction in sound pressure as it passes through a
material. Along the paths, attenuation of noise is enhanced by increas-
ing the distance between sources and receivers; introducing discontin-
uities in the transmission path, such as barriers and baffles which in-
terrupt direct transmission; installing acoustical barriers with an STL of
at least 24 dB and with sufficient absorption to prevent reflection of the
noise back to its source; and by placing sound-absorbent material on
surfaces along its path, such as acoustical ceilings and floor and wall
coverings. At the receivers, enclosures, workstation partitions of sound-
absorbing material, earplugs, and ‘‘white-noise’’ generators can be
used. (See Secs. 12.6 and 18.2.)
the plant, and diligence in compliance with environmental impact stud-
ies (if required).

After the plant is designed, but before a commitment is made to build
it, its operations should be simulated to bring forth and correct any
errors or omissions. In addition to testing its specifications for normal
conditions, extremes (severe storms, power outages, truckers’ strikes,
etc.) should also be evaluated. This simulation is similar to that done
before the plant’s site is made final, but comes after the structure and
layout have been designed. A sensitivity analysis should be made to see
the effect on operations of changes in inputs and operating conditions.
Depending on these analyses and best guesses as to the future, adjust-
ments may have to be made to ensure that the plant will operate effec-
tively and economically under all reasonable conditions, and that it has
no features that will harm people or do damage to the products or the
environment.
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mits; taxes, including local sales or use taxes; demolition of existing
structures including removal of old foundations; yard work including
leveling, drainage, fencing, roads, walks, landscaping, yard lighting,
and parking spaces; transportation facilities including railroad tracks,
wharves, and docks; power supply and source; water supply and source;
sewer and industrial waste disposal. A judicious contingency factor is
included to provide for unforeseen conditions that may arise during the
development of the project. It may amount to 5 to 15 percent (or more)
depending on the character and accuracy of the estimate, whether the
proposed design and construction will follow established procedures or
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Fig. 12.1.11 A view of framing for the first- and second-story offices of a plant,
with a roof beam and the steelwork supporting the second floor visible. (Source:
VMA, Inc.)

CONTRACT PROCEDURES

Cost Estimates

Cost estimates fall into three general classes:
1. Preliminary estimates made usually from sketch drawings and

brief outline specifications to determine the approximate total cost of a
project.

2. Comparative estimates made usually during the progress of design
to determine the relative cost of two or more alternative arrangements of
equipment, type of building, type of floor framing, and the like.

3. Detail estimates made from final plans and specifications and
based on a careful quantity survey of each component part of the work.

Primary quantity estimates are usually more accurate when compari-
son with comparable projects is lacking or not feasible. The procedure
entails computations based on quantity takeoffs from preliminary plans
and specifications, and can include the gross area of exterior walls,
interior partitions, floors, and roof. Each is multiplied by known (or
estimated) unit cost factors. Other items, such as number of electrical
outlets and number of plumbing fixtures and sprinklers, are estimated,
and their cost computed. Equipment costs can be based on preliminary
quotations from manufacturers.

The following items should be included in preliminary estimates (or
in other more detailed estimates which may follow as plans develop to
the final stage): land cost; fees to real estate brokers, lawyers, architects,
engineers, and contractors; interest during construction; building per-
incorporate new state-of-the-art features, and the exact purpose for
which the estimate is made.

Especially for complex new or altered construction, estimates may be
updated continually as a matter of course. This will serve to monitor the
evolving cost of the project and the time constraints placed on construc-
tion.

Working Drawings, Specifications, and
Contracts

The technical staff of a given industry has special knowledge of trade
practices, process requirements, operating conditions, and other funda-
mentals affecting successful operation in that field and is best fitted to
determine the basic factors of process design and plant expansion. Un-
less the company is extremely large, it is unlikely that they will have the
specialized staff or that their own staff will have the time available to
undertake the complete layout. The efficient transformation of these
requirements into completed construction usually requires experience
of a different nature. Therefore, it is generally advisable and economical
to employ engineers or architects who specialize in this particular field.

Three general procedures are in common use. First, the employment
on a percentage or fixed-fee basis of an engineering and construction
organization skilled in the industrial field to prepare the necessary
working drawings and specifications, purchase equipment and materi-
als, and execute the work. This has become known as design/build. For
the duration of the project, such an organization becomes a part of the
owner’s organization, working under the latter’s direction and cooper-
ating closely with the owner’s technical staff in the development of the
design and in the purchase and installation of equipment and materials.
This procedure permits construction work to start as soon as basic ar-
rangements and costs have been determined, but before the time re-
quired to complete all working drawings and specifications. This is
often termed fast tracking. Such a program will result in the earliest
possible completion consistent with economical construction.

A second procedure is to employ engineers or architects with wide
experience in the industrial field to prepare working drawings and spec-
ifications and then to obtain competitive lump-sum bids and award sepa-
rate contracts for each or a combination of several subdivisions of the
work, such as foundations, structural steel, and brickwork. This method
provides direct competition restricted to units of like character and per-
mits intelligent consideration of the bids received. Provision must be
made for proper coordination of these separate contracts by experienced
and skilled field supervision. In recent years, a construction manager has
been hired for this purpose. This procedure requires more time than that
first described, since all work of a given class should be completely
designed before bids for that subdivision are sought. Where construc-
tion conditions are uncertain or hazardous, the first method is likely to
be more economical. A combination of the first method for uncertain
conditions and the second method for the balance may prove most ad-
vantageous at times.

A third procedure is to employ engineers or architects to complete all
plans and specifications and then award a lump-sum contract for the
entire work, or one for all building work, and one or more supplemen-
tary major contracts to furnish and install equipment. This method is
particularly useful where there are no serious complications or hazards
affecting construction operations, but it requires considerably more
time, since most of the working drawings and specifications must be
complete before construction is started. It has the significant advantage,
however, of fixing the total cost within narrow limits before the work
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starts, provided the contracts cover the complete scope of work intended
and no major changes ensue.

CONSTRUCTION

The design, construction, occupancy, and operation of an industrial
plant is a complex endeavor involving many people and organizations.
Project control tools and techniques such as the critical path method
(CPM), the program evaluation and review technique (PERT), bar charts,
dated start/stop schedules, and daily ‘‘do lists’’ and ‘‘hot lists’’ of late

Scheduled Actual

Project planning March March
Basic layout April April
Structural design April April
Equipment specifications April April
Construction contract May May
Ground breaking June June
Detailed office layout June June
Detailed plant layout July July
Equipment purchases August August

E
M
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items are all helpful in keeping construction on time and within budget.
Checkpoints and milestones, with appropriate feedback as the project

progresses, are established to monitor progress. Bailout points are es-
tablished in the event the project must be aborted sometime after the
beginning of construction. On the other hand, contingency plans should
be in hand and include planned reassignment of financial and personnel
resources to keep the project on schedule. Figure 12.1.12 shows the
scheduled and actual dates of completion of the phases noted for a small
plant depicted in several of the previous figures.

Some portion of the organization (often the construction manager’s
office), is charged with the delicate task of coordinating contractors and
the multiplicity of trades at the job site, and as part of its function, it will
generate ‘‘punch lists’’ of deficient and/or incomplete work which must
be completed to the owner’s satisfaction before payment therefore is
approved.

12.2 STRUCTURAL D
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REFERENCES: ‘‘Manual of Steel Construction—Allowable Stress Design,’’

American Institute of Steel Construction. ‘‘National Design Specification for
Wood Construction,’’ American Forest and Paper Association. ‘‘Design Values
for Wood Construction,’’ American Forest and Paper Association. ‘‘Uniform
Building Code,’’ International Conference of Building Officials. ASCE 7-93,
‘‘Minimum Design Loads for Buildings and Other Structures,’’ American Society
of Civil Engineers. Blodgett, ‘‘Design of Welded Structures,’’ J. F. Lincoln Arc
Welding Foundation. ‘‘Masonry Designers Guide,’’ The Masonry Society.

LOADS AND FORCES
Furniture purchases September September
Organization firmed September September
Steelwork completed October October
Masonry completed October October
Roof completed November November
Staffing and training November November
Systems designed November November
Forms designed December December
Offices completed December December
Equipment received December December
Building occupied December December

Fig. 12.1.12 The project schedule and completion dates for the single-level
202,800 ft2 industrial plant used as an example in Figs. 12.1.1 to 12.1.7, 12.1.10,
and 12.1.11. (Source: VMA, Inc.)

SIGN OF BUILDINGS
. Brazil

(957.6 kPa) for essentially flat roofs (rise less than 4 in/ft), varying

linearly with increasing slope to 12 lb/ft2 for steep slopes (rise greater
than 12 inches per foot). Reductions may also be made on the basis of
tributary area greater than 200 ft2 (18.58 m2) of the member under
consideration, to a maximum of 40 percent for tributary areas greater
than 600 ft2. The minimum roof live load shall be 12 lb/ft2 after all
reduction factors have been applied. Where snow loads occur, appropri-

the local building codes.
f the structure, partitions, finishes,
luded in the live load. The weights
ate design values should be based on
Dead loads are due to the weight o

and all permanent equipment not inc

Buildings and other structures should be designed and constructed to
support safely all loads of both permanent and transient nature, without
exceeding the allowable stresses for the specified materials of construc-
tion. Dead loads are defined as the weight of all permanent construction;
live loads are those loads produced by the use or occupancy of the
building; environmental loads include the effects of wind, snow, rain,
and earthquakes.

Live loads on floors are generally regulated by the building codes in
cities or states. For areas not regulated, the following values will serve
as a guide for live loads in lb/ft2 (kPa): rooms for habitation, 40 (1.92);
offices, 50 (2.39); halls with fixed seats, 60 (2.87); corridors, halls, and
other spaces where a crowd may assemble, 100 (4.76); light manufac-
turing or storage, 125 (5.98); heavy manufacturing or storage, 250
(11.95); foundries, warehouses 200 to 300 (9.58 to 14.37). Floor decks
and beams that support only a small floor area must also be designed for
any local concentrations of load that may come upon them. Girders,
columns, and members that support large floor areas, except in build-
ings such as warehouses where the full load may extend over the whole
area, may often be designed for live loads progressively reduced as the
supported area becomes greater. Where live loads, such as cranes and
machinery, produce impact or vibration, static loads should be increased
as follows: elevator machinery, 100 percent; reciprocating machinery,
50 percent; others, 25 percent.

Roof live loads should be taken as a minimum of 20 lb per horizontal ft2
of common building materials used in floors and roofs are given below
(see also Sec. 6).

Material Weight, lb/ft2

Asphalt and felt, 4-ply 3
Corrugated asbestos board 5
Glass, corrugated wire 5–6
Glass, sheet, 1⁄8 in thick 2
Lead, 1⁄8 in thick 8
Plaster ceiling (suspended) 10
Acoustical tile 1–2
Sheet metal 1–2
Shingles, wood 3
Light weight-concrete over metal deck 30–45
Sheathing, 1 in wood 3
Skylight, 3⁄16 to 1⁄4 in, glass and frame 6–8
Slate, 3⁄16 to 1⁄2 in thick 8–20
Tar and gravel, 5-ply 6
Tar and slag, 5-ply 5
Roof tiles, plain, 5⁄8 in thick 20

NOTE: lb/ft2 3 0.04788 5 kPa.

Earthquake Effects Two distinct methods of designing structures
for seismic loads are currently accepted. The more familiar method,
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employed by the Uniform Building Code (UBC), yields equivalent
loading for use with the allowable stress design approach. The National
Earthquake Hazard Reduction Program (NEHRP) has developed Rec-
ommended Provisions for the Development of Seismic Regulations for
New Buildings, which is based on the ultimate strength design ap-
proach. The NEHRP approach is the basis for model codes, such as
BOCA (Building Officials and Code Administrators International, Inc.)
National Building Code.

Following the UBC design approach, the static force procedure rep-
resents the earthquake effects as equivalent static lateral forces applied

Earthquake forces on portions of structures, such as walls, partitions,
parapets, stacks, appendages, or equipment, are calculated by the for-
mula Fp 5 ZIpCpWp , where Fp 5 the equivalent lateral static force
acting at the center of mass of the element; Z and Ip 5 coefficients
previously defined (although Ip for life safety equipment may be greater
than that for the parent structure); Cp 5 horizontal force factor and is
taken as 2.0 for cantilever chimneys, stacks, and parapets as well as
ornamental appendages and as 0.75 for other elements such as walls,
partitions, ceilings, penthouses, and rigidly mounted equipment; and
Wp 5 weight of element. For flexibly mounted equipment Cp may con-
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at each floor level. The total design lateral force (called base shear) is
calculated by the formula

V 5
ZIC

Rw

W where C 5
1.25 S

T 2⁄3
% 2.75

V 5 design base shear; Z 5 factor representing the degree of regional
seismicity, ranging from 0.4 for seismically active areas with proximity
to certain earthquake faults (Zone 4) to 0.075 for areas of low seismicity
(Zone 1); I 5 importance factor (1.25 for essential facilities, 1.0 for
most others); Rw 5 coefficient representing the type of lateral-force-
resisting system of the building, ranging from 4 for a heavy timber
bearing wall system (where bracing carries gravity loads as well as
lateral loads) to 12 for buildings with highly ductile systems, such as
special moment-resisting frames (this coefficient is a measure of the
past earthquake resistance of various structural systems); T 5 the fun-
damental period of vibration, seconds, of the building in the direction
under consideration (this coefficient represents the acceleration effects
of the dynamic response of the structure); S 5 coefficient representing
possible amplification effects of soil-structure interaction and is taken
as 1.5 unless a lower value is substantiated by soils data; and W 5 the
total dead load (including partitions) plus snow loads over 30 lb/ft2

(1.436 Pa) and 25 percent of any storage or warehouse live loads.
The fundamental period T, used to calculate the seismic coefficient C,

may be determined by a rational analysis of the structural properties and
deformation characteristics of the structure, or it may be estimated by
the formula T 5 Ct(hn)

3⁄4, where Ct 5 0.035 (0.0853) for steel moment-
resisting frames, 0.030 (0.0731) for reinforced-concrete moment-resist-
ing frames and eccentrically braced frames, and 0.02 (0.0488) for all
other buildings.

The base shear V is considered to be distributed over the height of the
structure according to the formula

Fx 5
(V 2 Ft)wxhx

owihi

where Ft 5 0.07TV is the lateral force at the top and Fx is the lateral
force at any level x; wx is the weight assigned to level x; and hx is the
height of level x above the base.

For stiff, low-rise buildings, such as one- to three-story, steel-braced
frame or concrete shear wall structures, it is common practice to com-
pute the design base shear using the maximum values for the coeffi-
cients C. Thus, the design base shear for a two-story concrete shear wall
building in Zone 4 might be taken as

V 5 ZICW/Rw 5 (0.4 3 1.0 3 2.75 3 W )/8 5 0.1375W.010

Where floors are rigid diaphragms, such as concrete fill over metal
deck or concrete slabs, lateral forces are distributed to the vertical-resis-
tive elements on the basis of their relative stiffness. Where floors or
roofs are flexible diaphragms, such as some metal deck with nonstruc-
tural fill, plywood, or timber planking, lateral forces are distributed to
the resistive elements on the basis of tributary area. Where a rigid dia-
phragm exists, a torsional moment, equal to the story shear multiplied
by the greater of the real eccentricity between the center of mass and the
center of rigidity of the resistive elements or 5 percent of the maximum
building dimension at that level, is applied to the diaphragm around a
vertical axis through the center of rigidity of the resistive elements.
Direct shears in the elements are increased by those induced by the
torque when additive but are unaltered when subtractive in order to
arrive at design lateral seismic loads to the resistive element.
servatively be taken as 2.0 or may be determined by rational analysis
considering the dynamic properties of both the equipment and the
structure which supports it. Seismic loads are applied to walls and
partitions normal to their surface and to other elements in any horizontal
direction at the center of mass.

Wind Pressures on Structures Every building and component of
buildings should be designed to resist wind effects, determined by tak-
ing into consideration the geographic location, exposure, and both the
shape and height of the structure. For structures sensitive to dynamic
effects, such as buildings with a height-to-width ratio greater than 5,
structures sensitive to wind-excited oscillations, such as vortex shed-
ding or icing, and tall buildings [height greater than 400 ft (121.9 m)]
special consideration should be given to design for wind effects and
procedures used should be in accordance with approved national stan-
dards. Wind loads should not be reduced for the shading effects of
adjacent buildings.

Wind pressure on walls of buildings should be assumed to be a mini-
mum of 15 lb/ft2 (0.72 kPa) on surfaces less than 50 ft above the
ground. For buildings in exposed locations and in locations with high
wind velocity (over 70 mi/h or 112.5 km/h), pressures should be calcu-
lated based on the following procedure.

Design wind pressure may be determined by the following formula,
which is based on the Uniform Building Code: P 5 CeCqqsIw , where
P 5 design wind pressure; Ce 5 coefficient which varies with height,
exposure, and gust factor (refer to Table 12.2.1); Cq 5 pressure coeffi-
cient (refer to Table 12.2.2), qs 5 wind stagnation pressure at standard
height of 33 ft (refer to Table 12.2.3); Iw 5 importance factor (essential
or hazardous facilities, 1.15; other structures, 1.0). The basic wind speed
is the fastest wind speed at 33 ft (10 m) above the ground of terrain
Exposure C and associated with an annual probability of occurrence of
0.02 [varies from 70 to 100 mi/h (112 to 161 km/h)]. The exposure
category defines the characteristics of ground surface irregularities at
the specific site: Exposure B has terrain with numerous closely spaced
obstructions having the size of single-family dwellings or larger; Expo-
sure C is flat, open terrain with scattered obstructions having a height of
less than 30 ft; Exposure D is flat, unobstructed areas exposed to wind
flowing over large bodies of water.

For exceptionally tall, slender or flexible buildings, it is recom-
mended that a wind tunnel test be performed on a model of the building.

Table 12.2.1 Combined Height, Exposure, and Gust Factor
Coefficient Ce*

Height above average
level of adjoining

ground, ft† Exposure D Exposure C Exposure B

0–15 1.39 1.06 0.62
20 1.45 1.13 0.67
25 1.50 1.19 0.72
30 1.54 1.23 0.76
40 1.62 1.31 0.84
60 1.73 1.43 0.95
80 1.81 1.53 1.04

100 1.88 1.61 1.13
120 1.93 1.67 1.20
160 2.02 1.79 1.31
200 2.10 1.87 1.42
300 2.23 2.05 1.63
400 2.34 2.19 1.80

* Values for intermediate heights above 15 ft (4.6 m) may be interpolated.
† Multiply by 0.305 for meters.
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Table 12.2.2 Pressure Coefficients Cq

Structure or part thereof Description Cq factor

1. Primary frames and
systems

Method 1 (normal force method)
Walls:

Windward wall
Leeward wall

Roofsa:
Wind perpendicular to ridge
Leeward roof or flat roof
Windward roof

Less than 2:12 (16.7%)
Slope 2:12 (16.7%) to less than 9:12 (75%)

Slope 9:12 (75%) to 12:12 (100%)
Slope . 12:12 (100%)

Wind parallel to ridge and flat roofs

0.8 inward
0.5 outward

0.7 outward

0.7 outward
0.9 outward or
0.3 inward

0.4 inward
0.7 inward
0.7 outward

Method 2 (projected area method)
On vertical projected area

Structures 40 feet (12 192 mm) or less in height
Structures over 40 feet (12 192 mm) in height

On horizontal projected areaa

1.3 horizontal any
direction

1.4 horizontal any
direction

0.7 upward

2. Elements and compo-
nents not in areas of
discontinuityb

Wall elements
All structures
Enclosed and unenclosed structures
Partially enclosed structures
Parapets walls

1.2 inward
1.2 outward
1.6 outward
1.3 inward or outward

Roof elementsc

Enclosed and unenclosed structures
Slope , 7:12 (58.3%)
Slope 7:12 (58.3%) to 12:12 (100%)

Partially enclosed structures
Slope , 2:12 (16.7%)
Slope 2:12 (16.7%) to 7:12 (58.3%)

Slope . 7:12 (58.3%) to 12:12 (100%)

1.3 outward
1.3 outward or inward

1.7 outward
1.6 outward or
0.8 inward

1.7 outward or inward

3. Elements and compo-
nents in areas of dis-
continuitiesb,d,e

Wall corners f

Roof eaves, rakes or ridges without overhangs f

Slope , 2:12 (16.7%)
Slope 2:12 (16.7%) to 7:12 (58.3%)
Slope . 7:12 (58.3%) to 12:12 (100%)

For slopes less than 2:12 (16.7%)
Overhangs at roof eaves, rakes or ridges, and
canopies

1.5 outward or 1.2
inward

2.3 upward
2.6 outward
1.6 outward

0.5 added to values
above

4. Chimneys, tanks, and
solid towers

Square or rectangular
Hexagonal or octagonal
Round or elliptical

1.4 any direction
1.1 any direction
0.8 any direction

5. Open frame towersg,h Square and rectangular
Diagonal
Normal

Triangular

4.0
3.6
3.2

6. Tower accessories
(such as ladders, con-
duit, lights and eleva-
tors)

Cylindrical members
2 inches (51 mm) or less in diameter
Over 2 inches (51 mm) in diameter

Flat or angular members

1.0
0.8
1.3

7. Signs, flagpoles, light-
poles, minor structuresh 1.4 any direction

a For one story or the top story of multistory partially enclosed structures, an additional value of 0.5 shall be added to the outward Cq . The
most critical combination shall be used for design.

b Cq values listed are for 10-ft2 (0.93-m2) tributary areas. For tributary areas of 100 ft2 (9.29 m2), the value of 0.3 may be subtracted from
Cq , except for areas at discontinuities with slopes less than 7 units vertical in 12 units horizontal (58.3% slope) where the value of 0.8 may be
subtracted from Cq . Interpolation may be used for tributary areas between 10 and 100 square feet (0.93 m2 and 9.29 m2). For tributary areas
greater than 1,000 ft2 (92.9 m2), use primary frame values.

c For slopes greater than 12 units vertical in 12 units horizontal (100% slope), use wall element values.
d Local pressures shall apply over a distance from the discontinuity of 10 ft (3.05 m) or 0.1 times the least width of the structure, whichever

is smaller.
e Discontinuities at wall corners or roof ridges are defined as discontinuous breaks in the surface where the included interior angle measures

170° or less.
f Load is to be applied on either side of discontinuity but not simultaneously on both sides.
g Wind pressures shall be applied to the total normal projected area of all elements on one face. The forces shall be assumed to act parallel to

the wind direction.
h Factors for cylindrical elements are two-thirds those for flat or angular elements.
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Table 12.2.3 Wind Stagnation Pressure qs at Standard Height of 33 ft

Basic wind speed, mi/h* 70 80 90 100 110 120 130
Pressure qs , lb/ft2† 12.6 16.4 20.8 25.6 31.0 36.9 43.3

* Multiply by 1.61 for kilometers per hour.
† Multiply by 0.048 for kilonewtons per square meter.

Boundary-layer wind tunnels, which simulate the variation of wind
speed with height and gusting, are used to estimate the design wind
loading.

The effect of the sudden application of gust loads has sometimes been
blamed for peculiar failures due to wind. In most cases, these failures
can be explained from the pressure distributions in a steady wind. If a
relatively flexible structure such as a radio tower, chimney, or sky-
scraper with a natural period of 1 to 5 s is set into vibration, the stresses
in the structure may be increased over those calculated from a static-
load analysis. Provision should be made for this effect by increasing the

Radio Towers and Other Framed Structures For open frame
towers, by using round structural members instead of flat and angular
sections, a substantial reduction in wind force can be effected. Refer to
note h in Table 12.2.2.

Load Combinations Methods of combining types of loading vary
with the governing local codes. Dead loads are usually considered to act
all the time in combination with either full or reduced live, wind, earth-
quake, and temperature loads. The reductions in live loads are based on
the improbability of fully loaded tributary areas, generally when the
tributary area exceeds 150 ft2. Most codes consider that wind and earth-
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static design wind. A rational analysis should be performed to calculate
the magnitude of this increase, which will depend on the flexibility of
the structure.

Even a steady wind may give rise to periodic forces which may build
up into large vibrations and lead to failure of the structure when the
frequency of the exciting force coincides with one of the natural fre-
quencies of vibration of the structure. The periodic exciting force may
be due to the separation of a system of Kármán vortices (Fig. 12.2.1) in
the wake of the body. The exciting frequency n in cycles per second is
related to d, the dimension of the body normal to the wind velocity V, by
the equation nd/V 5 C, where C ' 0.207 for circular cylinders and C '
0.18 for rectangular plates (Blenk, Fuchs, and Liebers, Measurements
of Vortex Frequencies, Luftfahrt-Forsch., 1935, p. 38). Dangerous vi-
brations related to the ‘‘flutter’’ of airplane wings may arise on bridges
and similar flat bodies. These self-induced vibrations may be caused (1)
by a negative slope of the curve of lift against angle of attack (Den
Hartog, op. cit.) or (2) by a dynamic instability which arises when a
body having two or more degrees of freedom (such as bending and
torsion) moves in such a manner as to extract energy out of the air
stream. The first of these vibrations will occur at one of the natural
frequencies of the structure. The second type of vibration will occur at a
frequency intermediate between the natural frequencies of the structure.

Fig. 12.2.1 Von Kármán vortices.

The wind forces and the pressure distribution over a structure corre-
sponding to a design wind V can be determined by model testing in a
wind tunnel. Extrapolation from model to full scale is based on the fact
that at every other point on the body, the pressure p is proportional to the
stagnation pressure q (see Sec. 11) and thus the ratio p/q 5 constant for
a fixed point on the body, as the scale of the model or the velocity of the
wind is changed. Since the principal component of the wind force is due
to the pressures, the force F acting on the surface S is

F ' pavgS 5 ( p/q)avgqS

and denoting ( p/q)avg by a normal force coefficient or shape factor CN

F 5 CN
1⁄2rV 2S 5 CNqS

The shape factors so obtained apply to full scale for structures with
sharp edges whose principal resistance is due to the pressure forces. For
bodies that do not have any sharp edges perpendicular to the flow, such
as spheres or streamlined bodies, the factor CN is not constant. It de-
pends upon the Reynolds number (see Sec. 3). For such bodies, the law
for variation of the shape factor CN must be determined experimentally
before safe predictions of full-scale forces can be made from model
measurements.
quake loads need not be taken to act simultaneously. There are two
basic design methods in use: allowable stress or working stress design
and limit states or ultimate strength design. Whereas allowable stress
design compares the actual working stresses with an allowable value,
the limit states approach determines the adequacy of each element by
comparing the ultimate strength of the element with the factored design
loads. The following basic load combinations are applicable for allow-
able stress design: dead plus live (floor and roof ); dead plus live plus
wind; dead plus live plus earthquake. Most codes permit a one-third
increase in stresses for load combinations considering either wind or
earthquake effects.

DESIGN OF STRUCTURAL MEMBERS

Members are usually proportioned so that stresses do not exceed allow-
able working stresses which are based on the strength of the material and,
in the case of compressive stresses, on the stiffness of the element under
compression. Internal forces and moments in simple beams, columns,
and pin-connected truss bars are obtained by means of the equations of
static equilibrium. Continuous beams, rigid frames, and other members
characterized by practically rigid joints require for analysis additional
equations derived from consideration of deflections and rotations.

Design may also be on the basis of the ultimate strength of members,
the factor of safety being embodied in stipulated increases in the design
loads. In steel-frame construction, the procedures of plastic design deter-
mine points where the material may be allowed to yield, forming plastic
hinges, and the resulting redistribution of internal forces permits a more
efficient use of the material.

Floors and Roofs

Except in reinforced-concrete flat-slab construction, floors and roofs
generally consist of flat decks supported upon beams, girders, or
trusses. The decks may usually be considered a series of beamlike strips
spanning between beams and themselves designed as beams. The de-
sign of a beam consists chiefly in proportioning its cross section to resist
the maximum bending and shear and providing adequate connections at
its supports, without exceeding the unit stresses allowed in the materials
(see Sec. 5) and limiting maximum live load deflection at midspan to
1⁄360 of the span.

Up to spans of 20 to 30 ft (6.1 to 9.1 m), either wood or steel beams
of uniform section are generally more economical than trusses, while
for spans above 50 to 70 ft (15.2 to 21.3 m), trusses are usually more
economical. Between these limits, the line of economy is not well-de-
fined. Conditions that favor the use of trusses are as follows: (1) identi-
cal trusses are repeated many times, (2) the height of the building need
not be increased for the greater depth of the truss (3) fire protection of
wood or metal is not required.

Roof trusses often have their top chords sloped with the roof. Common
trusses for steeply pitched roofs are shown in Figs. 12.2.2 to 12.2.6, the
top chord panels equal in each truss. The members shown by heavy
lines are in compression under ordinary loads, those in light lines in
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tension. The trusses of Figs. 12.2.6 to 12.2.9 are adapted for either steel
or wood. In wooden trusses, the tensile web members may be steel rods
with plates, nuts, and threaded ends. The truss of Fig. 12.2.6 is usually
made of steel.

The forces in any member of these trusses under a vertical load uni-
formly distributed may be found by multiplying the coefficients in
Tables 12.2.4 to 12.2.8 by the panel load P on the truss. For other
slopes, types of trusses, or loads, see ‘‘General Procedure’’ below.
Trusses for flat roofs are commonly of one of the types shown in Figs.
12.2.7 to 12.2.13 except that the top chords conform to the slope of the

nominal stress, under equal vertical panel loads. The panel lengths l in
each truss are equal. The stress in each member is written next to the
member in the figure, in terms of the panel load and the lengths of
members. For a truss like one of the figures turned upside down, the
stresses in the chords and diagonals remain the same in magnitude but
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roof.
Floor trusses normally have parallel chords. Common types are shown

in Figs. 12.2.7 to 12.2.13 in which heavy lines indicate members in
compression, light lines in tension, and dash lines members with only

Fig. 12.2.2 to 12.2.6 Types of steep roof trusses.
 Fig. 12.2.7 to 12.2.13 Types of floor and roof trusses.
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Table 12.2.4 Coefficients for Truss Shown in Fig. 12.2.2

Coefficients of P for force in

Pitch h /L AD BD CE DE EF

1⁄3 2.25 2.71 1.80 0.90 1.00
0.288* 2.60 3.00 2.00 1.00 1.00

1⁄4 3.00 3.35 2.24 1.12 1.00
1⁄5 3.75 4.03 2.69 1.35 1.00

Table 12.2.5 Coefficients for Truss Shown in Fig. 12.2.3

Coefficients of P for force in

Pitch h /L AE AG BE CF DH EF FG GH HJ

1⁄3 3.75 3.00 4.50 2.7 3.60 0.83 0.72 1.25 2.00
0.288* 4.33 3.46 5.00 3.0 4.00 0.88 0.73 1.32 2.00

1⁄4 5.00 4.00 5.59 3.35 4.47 0.94 0.75 1.42 2.00
1⁄5 6.25 5.00 6.74 4.04 5.39 1.07 0.79 1.60 2.00

Table 12.2.6 Coefficients for Truss Shown in Fig. 12.2.4

Coefficients of P for force in

Pitch h /L AD AF BD CE DE EF

1⁄3 2.25 1.50 2.70 2.15 0.83 0.75
0.288* 2.60 1.73 3.00 2.50 0.87 0.87

1⁄4 3.00 2.00 3.35 2.91 0.89 1.00
1⁄5 3.75 2.50 4.04 3.67 0.93 1.25

Table 12.2.7 Coefficients for Truss Shown in Fig. 12.2.5

Coefficients of P for force in

Pitch h /L AE AH BE CF DG EF FG GH

1⁄3 3.75 2.25 4.51 3.91 4.51 0.83 1.42 2.50
0.288* 4.33 2.60 5.00 4.33 5.00 0.88 1.45 2.65

1⁄4 5.00 3.00 5.59 4.84 5.59 0.94 1.49 2.83
1⁄5 6.25 3.75 6.73 5.83 6.73 1.07 1.57 3.20

Table 12.2.8 Coefficients for Truss Shown in Fig. 12.2.6

Coefficients of P for force in

FG GH
Pitch h /L AF AH AM BF CG DK EL KL JK HJ JM LM

1⁄3 5.25 4.50 3.00 6.31 5.75 5.20 4.65 0.83 0.75 1.66 1.50 2.25
0.288* 6.06 5.20 3.46 7.00 6.50 6.00 5.50 0.87 0.87 1.73 1.73 2.60

1⁄4 7.00 6.00 4.00 7.83 7.38 6.93 6.48 0.89 1.00 1.79 2.00 3.00
1⁄5 8.75 7.50 5.00 9.42 9.05 8.68 8.31 0.93 1.25 1.86 2.50 3.75

* 30 slope.

reversed in sign. Forces in verticals must be computed (compare Figs.
12.2.7 and 12.2.8). For other loads and other types of trusses see ‘‘Gen-
eral Procedure’’ below.

Weights of Trusses The approximate weight in pounds of a
wooden roof truss may be taken as W 5 LS(L/25 1 L2/6,000), where L
is the span and S the spacing of trusses in feet. The approximate weight
in pounds of a steel roof truss may be taken as W 5 1⁄5LS(√L 1 1⁄8L).

Choice of Roof Trusses
WOODEN TRUSSES. For pitched roofs with spans up to 20 ft (6.1 m)

the simple king-post truss (Fig. 12.2.2) may be used. For spans up to 40

12.2.12) is built of wood with steel rods for verticals; the depth is
one-eighth to one-twelfth the span. Wooden trusses are usually spaced
10 to 15 ft (3.0 to 4.6 m) on centers. Wood is rarely used in roof trusses
with span over 60 ft (18.3 m) long. Steel trusses for pitched roofs may
well take the form shown in Figs. 12.2.3 to 12.2.6 for spans up to 100 ft
(30.5 m). For flat roofs, the Warren truss (Figs. 12.2.9, 12.2.11, and
12.2.13) is usually constructed in steel; the depth of the trusses ranges
from one-eighth to one-twelfth the span, with trusses spaced from 15 to
25 ft (4.6 to 7.6 m) on centers.

Stresses in Trusses
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ft (12.2 m) the trusses of Figs. 12.2.2 and Fig. 12.2.4 are good. For
spans up to 60 ft (18.3 m) the trusses of Figs. 12.2.3 and 12.2.5 are
good. The number of panels rarely exceeds eight or the panel length,
10 ft (3m). For flat roofs, the Howe truss (Figs. 12.2.7, 12.2.10, and
An ideal truss is a framework consisting of straight bars or members
connected at their ends by frictionless ball-and-socket joints. The exter-
nal forces are applied only at these ball-and-socket joints. Internal
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forces and stresses in such straight bars are axial, either tension or
compression, without bending. Since frictionless ball-and-socket joints
are impossible, and the ends of bars are often bolted or welded, the ideal
truss is never realized. For purposes of analysis, the primary stresses,
which are always axial, are determined on the assumption that the truss
under consideration conforms to the ideal. Secondary stresses are addi-
tional stresses, generally flexural or bending, brought about by all the
factors that make the actual truss different from the ideal. In the follow-
ing discussion, only primary forces and stresses will be considered.

Analytical Solution of Trusses

plus sign in the result indicates that the force is tension and a minus sign
indicates compression.

Hence, slk is 24,050 lb compression and sbl is 24,700 lb tension.
Using the oM 5 0 twice,

oM about U1 5 0
5 2 slk 3 8 2 1250 3 8 2 9,500 3 19.2

from which Slk 5 24,050 lb compression.

oM about L1 5 0 5 sbl(8/20.8)19.2 2 9,500 3 19.2
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General Procedure After all external forces (loads and reactions)
have been determined, the internal force or stress in any member is
found (1) by taking a section, making an imaginary cut through the
members of the truss, including the one whose stress is to be found, so
as to separate the truss into two parts; (2) by isolating either of these
parts; (3) by replacing each bar cut by a force, representing the force
in the bar; and (4) by applying the equations of statics to the part
isolated.

The various ways in which sections can be taken and the equations
used to determine the forces are illustrated by a solution of the truss in
Fig. 12.2.14.

A section 1–1 (Fig. 12.2.14) may be taken around a joint, L0 . Isolate
the forces inside the section (Fig. 12.2.15a). Assume the unknown
forces to be tension. Since the forces are concurrent and coplanar, two
independent equations of statics will establish equilibrium. These may
be either ox 5 0 and oy 5 0 or oM 5 0 taken about two axes perpen-
dicular to the plane of the forces and passing through two points se-
lected so that neither point is the intersection of the forces, or so that the
line joining the two points is not coincident with either of the unknown
forces.

Fig. 12.2.14

Using the first set of equations and taking components of all forces
along horizontal and vertical axes; e.g., the horizontal component of the
3,250 lb force is 1,250 and the vertical component is 3,000 lb.

ox 5 0 5 slk 1 sbl(19.2/20.8) 1 1,250
oy 5 0 5 sbl(8/20.8) 2 9,500

From these equations, slk 5 2 24,050 and sbl 5 24,700.
The minus sign indicates that the force acts opposite to the assumed

direction. If all the unknown forces are assumed to be in tension, then a
Fig. 12.2.15 Resolution of forces for truss shown in Fig. 1
from which sbl 5 24,700 tension.
Instead of taking a section around a joint, a cut may be made verti-

cally or inclined, cutting a number of bars such as Fig. 12.2.15b or Fig.
12.2.15c. If only three members are cut, and they are neither concurrent
nor parallel, the forces can be found by taking moments of all forces on
either side of the section about axes passing through the intersections of
any two members.

Considering the part to the left of section 2–2, the forces in the three
members (Fig. 12.2.15b) may be determined by taking moments about
L0 , U1 , and L2 of all forces acting on the part on either side of the
section, e.g., on the left of the section because it has the fewer
forces:

oM about L0 5 smn(8/20.8)38.4 1 2,500
3 8 2 (32,649 2 6,000)19.2

oM about U1 5 0 5 2 smj 3 8 2 1,250 3 8 2 9,500 3 19.2
oM about L2 5 0 5 scn(19.2/20.8)16 1 2,500

3 8 2 9,500 3 38.4 1 26,649 3 19.2

from which smn 5 33,290 tension, smj 5 24,050 compression, and scn 5
11,298 compression.

This method is sometimes called the ‘‘method of moments.’’
Considering the part to the right of section 3–3, the forces in the three

members (Fig. 12.2.15c) may be determined by taking moments about
L0 , U3 , L3 of all the forces acting on part or either side of the section,
e.g., on the right of the section because it has the fewer forces:

oM about L0 5 0 5 spq 3 57.6 1 6,250 3 24 1 3,000
3 57.6 2 (27,851 2 10,000) 3 75.6

oM about L3 5 0 5 2 sdp(19.2/20.8)24 1 6,250 3 24
2 17,851 3 18

oM about U3 5 0 5 sqh 3 24 1 12,500 3 24 2 17,851 3 18

from which spq 5 17,825 tension, sdp 5 7,733 compression, and sqh 5
888 tension.

Considering the part to the right of section 4–4, the forces in the three
members (Fig. 12.2.15d) may be found by taking moments about axes
where two unknowns intersect, e.g., about U3 and L4 . Since two un-
known forces are parallel, their lines of action do not intersect. How-
ever, the equation oy 5 0 will enable one to find the force in the
member which is not parallel to the other two:

oM about U3 5 0 5 sqh 3 24 2 (27,851 2 10,000)18 1 12,500 3 24
oM about L4 5 0 5 2 ser 3 24 1 5,000 3 24
oy 5 0 5 srq(24/30) 1 27,851 2 10,000
2.2.14.
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from which sqh 5 888 tension, ser 5 5,000 tension, and srq 5 22,314
compression.

Columns and Walls

Vertical elements in building construction consist of columns, posts, or
partitions that transmit concentrated loads; walls or partitions that trans-
mit linearly distributed loads (and may, if so designed, transmit lateral
loads from story to story); rigid frames that transmit lateral as well as
vertical loads; and braced frames that, ideally, transmit only lateral
loads from story to story.

Shear walls should be positioned throughout the plan area of the
building in such a manner as to distribute the forces uniformly among
the individual walls with approximately one-half of the wall area ori-
ented in each of the two major directions of the building. At least one
major wall should be positioned, if possible, near each exterior face of
the building. Shear walls should be continuous, where possible, from
top to bottom of the building; avoid offsetting walls from floor to floor,
and particularly avoid discontinuing walls from one level to the level
below. Positioning shear walls near major floor openings that would
preclude proper anchorage of floor (or roof ) to wall should be avoided
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Columns may be of timber, steel, or reinforced concrete and should be
proportioned for the allowable stresses permitted for the material used
and for the flexibility of the column. Care must be taken in the framing
of beams and girders to avoid or to provide for the additional stresses
due to connections which transfer loads to columns with large eccentric-
ities. For instance, a beam framing to a flange of a steel column, with a
seat or web connection, will produce an eccentric moment in the column
equal to Rd/2, where R is the beam reaction and d the depth of the
column section. Columns not adequately restrained against deflection of
the top may be subject to considerable additional moment because of
the resulting eccentricity of otherwise axial loads.

Rigid frames consist of columns and beams welded, bolted, or other-
wise connected so as to produce continuity at the joints and permit the
entire frame to behave as a unit, capable of resisting both vertical and
lateral loads. Advantages of rigid frames are the ease and simplicity of
erection, increased headroom, and more open floor plans free of braced
frames. Rigid frames composed of rolled sections are commonly used
for spans up to 100 ft (30.5 m) in length. Built-up members have been
utilized on spans to 250 ft (76.2 m). Welded fabrication offers particular
advantages for frames utilizing variable-depth members and on para-
bolic-shape roofs. The distribution of moments in the statically indeter-
minate rigid frame is effected by the relationship of the column height to
span and roof rise to column height, as well as the relative stiffness of
the various members. The solution for the moments in the frame is
obtained from the usual equations of statics plus one or more additional
equations pertaining to the elastic deformations of the frame under load.

Bearing walls, which are intended to transmit gravity loads from story
to story, are designed as vertical elements of unit width such that the
combined effects of axial and/or bending stresses do not exceed their
allowable values according to the formula fa/Fa 1 fb/Fb # 1.0, where f
is the actual stress in the axial or bending mode, and F is the allowable
stress in the appropriate mode.

Shear walls, either concrete or masonry, which are intended to trans-
mit earthquake, wind, or other lateral loads from story to story parallel
to the plane of the wall, are designed as cantilevered vertical shear
beams. Loads are distributed among the various wall elements, created
by door and window openings, on the basis of their relative rigidities.
Unless special conditions indicate otherwise, the assumption is made, in
calculating individual stiffnesses, that the wall is fixed against rotation,
in the plane of the wall, at the bottom. The individual wall elements are
then designed to resist both their share of the wall shear and the mo-
ments it induces as well as any vertical loads due to bearing wall action
and/or overall wall overturning. Individual wall elements, then, will
have special vertical reinforcing at each side (trim reinforcement) to
resist bending moments. Diagonal trim reinforcements, 96 bar diame-
ters in total length, where possible, are placed at corners of openings in
concrete walls to inhibit cracking. Trim reinforcing should consist of a
minimum of two 5⁄8-in-diameter (1.6-cm) bars (No. 5 bars).

Uplift and downward forces at opposite ends of the shear walls, due to
the tendency of the wall to overturn in its own plane when acted upon by
lateral forces, must be resisted by vertical reinforcement at those loca-
tions. Special boundary elements are required for shear walls in areas of
high seismicity (UBC Zones 3 and 4). Only minimum tributary dead
loads may be counted upon to help resist uplift while maximum dead
plus live loads should be assumed acting simultaneously with down-
ward overturning loads. Load reversal, due to wind or seismic loads,
must be considered.
so that diaphragm forces in the plane of the floor may have an adequate
force path into the wall.

Where rigid diaphragms (such as concrete slabs or metal deck with
concrete fill) exist, shears are distributed to the individual walls on the
basis of their relative rigidity taking into account the additional forces
due to the larger of either accidental or actual horizontal torsion result-
ing from the eccentricity of the building seismic shear (located at the
center of mass) or eccentricity of applied wind load with respect to the
center of rigidity of the walls. Where flexible diaphragms (such as metal
deck with nonstructural fill or plywood) exist, shears are distributed to
walls on the basis of tributary area. When diaphragms are semirigid,
based on type, construction, or spacing between supporting elements,
shears could be distributed by both methods (relative rigidity and tribu-
tary area) with individual walls designed to resist the larger of the two
shears.

Braced frames, which are intended to transmit lateral loads from floor
to floor, are designed as trusses that are loaded horizontally instead of
vertically and are principally used in steel construction. Lateral loads
are distributed to them on the same basis as to shear walls; therefore, the
same general rules apply to their ideal placement. Bracing of individual
bays may take the form of X-bracing, single diagonal bracing, or
K-bracing. Where K-braces are used, the additional bracing forces as-
sociated with vertical floor loads to the braced beam must be consid-
ered. Alternative floor framing to avoid large beam loads to the braced
beam should be considered where possible.

X-bracing may be designed so that either the tension diagonal takes all
the lateral load or so that the tension and compression diagonals share
the load. When the tension diagonal resists all the lateral load, the
minimum slenderness ratio (kl/r) of the member should not exceed 300;
the additional axial load in the column to which the top of the brace is
connected, the connection load at each end of the brace and the horizon-
tal footing load at the bottom of the brace, is double that obtained when
braces share the load. In X-bracing systems where the tension and com-
pression members share the lateral load, maximum slenderness ratios
should be limited to 200 (the members may be considered to brace each
other about axes that are normal to the plane of the bay), but connection
and individual horizontal foundation loads are decreased. With either
method of design, it is important to follow the path of the force from its
origin through the structure until it is transferred to the ground. With
any bracing system, it is wise to sketch to scale the major connection
details prior to finalization of calculations; the desirable intersection of
member axes is often more difficult to achieve than a single line draw-
ing would indicate. Connection of braces to columns at intermediate
points between floors should be avoided because plastic hinges in col-
umns lead to structural instability.

Stud walls consist of wooden studs with one or more lines of horizon-
tal bridging. The allowable vertical load on the wall is a function of the
maximum permissible load on each stud as a column and the spacing of
the studs.

Corrugated or flat sheet steel or aluminum, are commonly employed for
walls of industrial or mill buildings. These sheets are usually supported
on steel girts framing horizontally between columns and supported from
heavier eave struts by one or more lines of vertical steel sag rods.

Reinforced-concrete or masonry walls should be designed so that
the allowable bending and/or axial stresses are not exceeded, but
the minimum thicknesses of such walls should not be less than the fol-
lowing:
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Max ratio,
unsupported

height or length Nominal min
Material to thickness thickness, in*

Reinforced concrete 25 6
Plain concrete 22 7
Reinforced brick masonry 25 6
Grouted brick masonry 20 6
Plain solid masonry 20 8
Hollow-unit masonry 18 8
Stone masonry (ashlar) 14 16

Allowable bearing pressures for granular materials are typically deter-
mined as 10 percent of the standard penetration resistances (N values)
obtained in the field from standard penetration tests (STPs) and are in
tons/ft2.

Concrete footings may be either plain or reinforced. Plain concrete
footings are generally limited to one- or two-story residential buildings.
The center of pressure in the wall or column should always pass through
the center of the footing. Where columns, because of fixity, impose a
bending moment on the footing, the maximum soil pressures, due to the
combined axial and moment components, shall be positive throughout
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Interior nonbearing concrete or 48 2
masonry (reinforced)

Interior nonbearing concrete or 36 2
masonry (unreinforced)

* 3 25.4 5 mm.

Foundations

Bearing Pressure of Soils The bearing pressure which may be al-
lowed on soil may vary over a large range. For important structures, the
nature of the underlying soil should be ascertained by borings or test
pits. If the soil consists of medium or soft clay, a settlement analysis
based on consolidation tests of undisturbed soil samples from the foun-
dation strata is necessary. Structures founded upon mud, soft clay, silt,
peat, or artificial filling will almost certainly settle, and no foundation
for a permanent structure should rest on or above such material without
adequate provision for the resulting settlement. Table 12.2.9 gives a
general classification of soils and typical safe pressures which they may
support.

These values approximate the pressures allowed by the building law
in most cities. Actual allowable bearing pressures should be based on
the quality and engineering characteristics of the material obtained from
analysis of borings, standard penetration tests, and rock cores. Other
laboratory tests, when the cost thereof is warranted by the magnitude of
the project, may show higher values to be safe. The foundation for a
building housing heavy vibrating machinery such as steam hammers,
heavy punches, and shears should receive some allowance for possible
compression and rearrangement of soil due to the vibrations transmitted
through it. The foundation for a tall chimney should be designed with a
comparatively low pressure upon the soil, because of the disastrous
results which might occur from local settlement.

Footings The purpose of footings is to spread the concentrated
loads of building walls and columns over an area of soil so that the unit
pressure will come within allowable limits. Footings are usually con-
structed of concrete, placed in open excavations with or without sheet-
ing and bracing. In the past, stone, where available in quantity and the
proper quality, has been used economically for residential building
footings.

Table 12.2.9 Safe Bearing of Soils

Safe bearing capacity

Nature of soil tons/ft2 MPa

Solid ledge of hard rock, such as granite, trap,
etc.

25–100 2.40–9.56

Sound shale and other medium rock, requiring
blasting for removal

10–15 0.96–1.43

Hardpan, cemented sand, and gravel, difficult
to remove by picking

8–10 0.76–0.96

Soft rock, disintegrated ledge; in natural
ledge, difficult to remove by picking

5–10 0.48–0.96

Compact sand and gravel, requiring picking
for removal

4–6 0.38–0.58

Hard clay, requiring picking for removal 4–5 0.38–0.48
Gravel, coarse sand, in natural thick beds 4–5 0.38–0.48
Loose, medium, and coarse sand; fine com-
pact sand

1.5–4 0.15–0.38

Medium clay, stiff but capable of being spaded 2–4 0.20–0.38
Fine loose sand 1–2 0.10–0.20
the area of the footing (i.e., no net uplift) and shall be less than the
allowable values. Footings in ground exposed to freezing should be
carried below the possible penetration of frost.

Deep foundations are required when a suitable bearing soil is deep
below the surface, typically more than 10 to 15 ft. (3.0 to 4.6 m).
Sometimes deep foundations are necessary even if the suitable bearing
materials are shallower, but groundwater conditions make excavation
for footings difficult. The most common types of deep foundations
include caissons or drilled piers and piles. Where the bearing soil is clay
stiff enough to stand with undercutting, and the material immediately
above it is peat or silt, the open-caisson method may be economical. In
this method, cylindrical steel casings 3 ft and more in diameter are sunk
as excavation proceeds, the casings having successively smaller diame-
ters. At the bottom of the shaft thus formed, the soil is undercut to obtain
sufficient bearing area. The shaft and the enlargement at the base are
then filled with concrete, the cylinders sometimes being withdrawn as
the concrete is placed. The open-caisson method cannot be used where
groundwater flows too freely into the excavation. Where large founda-
tions under very heavy buildings must be carried to great depth to reach
rock or hardpan, particularly where groundwater flows freely, the pneu-
matic-caisson method is used.

Drilled-in piers are formed by drilling with special power augers up to
5 ft (1.5 m) diameter or greater. The holes are drilled to the desired
bearing level with or without metal casings, depending on the soil con-
ditions. Belling of the bottom may also be performed mechanically
from the surface. In poor soils, or where groundwater is present, the
hole may be retained with bentonite clay slurry which is displaced as
concrete is placed in the caisson by the tremie method.

Pile Foundations Piles for foundations may be of wood, concrete,
steel, or combinations thereof. Wood piles are generally dressed and, if
required, treated offsite; concrete piles may be prepared offsite or cast in
place; steel piles are mill-rolled to section. They can be driven, jacked,
jetted, screwed, bored, or excavated. Wood piles are best suited for
loads in the range of 15 to 30 tons (133.4 to 177.9 KN) per pile and
lengths of 20 to 45 feet (6.6 to 15 m). They are difficult to splice and
may be driven untreated when located entirely below the permanent
water table; otherwise piles treated with creosote should be used to
prevent decay. Wood piles should be straight and not less than 6 in in
diameter under the bark at the tip. Concrete piles are less destructible,
and hence are adaptable to many conditions, including driving in dense
gravels, and can be up to approximately 120 ft (40 m) long. Concrete
piles are divided into two classes: those poured in place and those
precast, cured, and driven. Cast-in-place piles are made by driving a
mandrel into the ground and filling the resulting hole with concrete. In
one well-known pile of this type (Raymond), a thin sheet-steel corru-
gated shell is fitted over a tapered mandrel before driving. This shell,
which is left in the ground when the mandrel is removed, is filled with
concrete. Prestressing of precast-concrete piles provides greater resis-
tance to handling and driving stresses. With a concrete pile, 25 to 60
tons (222.4 to 533.8 KN) or more per pile are carried. Structural steel H
columns and steel pipe with capacities of 40 to 300 tons (350 to
1800 kN) per pile have been driven. Experience has shown that corro-
sion is seldom a practical problem in natural soils, but if otherwise,
increasing the steel section to allow for corrosion is a common solution.

Methods of Driving Piles The drop hammer and the steam hammer
are usually employed in driving piles. The steam hammer, with its com-
paratively light blows delivered in rapid succession, is of advantage in a
plastic soil, the speed with which the blows are delivered preventing the
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readjustment of the soil. It is also of advantage in soft soils where the
driving is easy, but a light hammer may fail to drive a heavy pile satis-
factorily. The water jet is sometimes used in sandy soils. Water supplied
under pressure at the point of the pile through a pipe or hose run along-
side it erodes the soil, allowing the pile to settle into place. To have full
capacity, jetted piles should be driven after jetting is terminated particu-
larly if the pile is to resist uplift loads.

Determination of Safe Loads for Piles Piles may obtain their sup-
porting capacity from friction on the sides or from bearing at the point.
In the latter case, the bearing capacity may be limited by the strength of

following formula for a wall with vertical back:

P 5 (1⁄2wh2 1 vh) cos d(cos d

2 √cos2 d 2 cos2 a)/(cos d 1 √cos2 d 2 cos2 a)

the center of pressure being at a height 1⁄3H(wh 1 3v)/(wh 1 2v) above
the base, where P 5 earth pressure per lin ft (m) of the wall, lb (kg); h 5
height of the wall, ft (m); w 5 weight of earth per ft3 (m3), lb (kg); v 5
weight of superposed load per ft2 (m2) of surface, lb (kg); d 5 the angle
with the horizontal of the earth surface behind the wall; and a 5 angle of
internal friction of the earth, deg. (For sands, a 5 30 to 38°.) The
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the pile, considered as a column, to which, however, the surrounding
soil affords some lateral support. In the former case, no precise determi-
nation of the bearing capacity can be made. Many formulas have been
developed for determining the safe bearing capacity in terms of the
weight of the hammer, the fall, and the penetration of the pile per blow,
the most generally accepted of which is that known as the Engineering
News formula: R 5 2wh/(s 1 1.0) for drop hammers, R 5 2wh/(s 1 0.1)
for single-acting steam hammers, R 5 2E/(s 1 0.1) for double-acting
steam hammers, where R 5 safe load, lb; w 5 weight of hammer, lb;
h 5 fall of hammer, ft; s 5 penetration of last blow, in; E 5 rated
energy, ft ? lb per blow. This formula and similar ones are based on the
determination of the energy in the falling hammer, and from this the
pressure which it must exert on the top of the pile. The Engineering
News formula is currently used typically for timber piles with capacities
not exceeding 30 tons. It assumes a factor of safety of 6. It is a wise
practice to drive index piles and determine their bearing capacity
through pile load tests typically carried to twice the service load of the
pile before proceeding with the final design of important structures to be
supported on piles. The design then is based on the safe service load
capacity so determined, and the piles are driven to the same penetration
resistance to which the successfully tested index piles where driven by
the same driving hammer.

Spacing of Piles Wood piles are preferably spaced not closer than
21⁄2 ft (0.76 m), and concrete piles 3 ft (0.91 m) on centers. If driven
closer than this, one pile is liable to force another up. Piles in a group
must not cause excessive pressure in soil below their tips. The effi-
ciency, or supporting value of friction piles when driven in groups, by
the Converse-Labarre method, is

1 2 d/s[(n 2 1)m 1 (m 2 1)n]

90mn

where d 5 pile diameter, in (cm); s 5 spacing center to center of piles,
in (cm); m 5 number of rows; n 5 number of piles in a row.

Capping of Piles Piles are usually capped with concrete; wood piles
sometimes with pressure-treated timber. Concrete is the most usual ma-
terial and the most satisfactory for the reason that it gets a full bearing
on all piles. The piles should be embedded 4 to 6 in (10 to 15 cm) in the
concrete.

Retaining Walls A wall used to sustain the pressure of earth behind
it is called a retaining wall. Retaining walls which depend for their
stability upon the weight of the masonry are classed as gravity walls.
Such walls built on firm soil will usually be stable when they have the
following proportions: top of fill level, back vertical, base, 0.4 height;
top of fill level, back battered, base, 0.5 height; top of fill steeply
inclined, back vertical, base, 0.5 height; top of fill steeply inclined,
back battered, base, 0.6 height. An additional factor of safety is
obtained by building the face on a batter. Care should be taken in the
design of a wall that the allowable soil pressure is not exceeded and that
drainage is provided for the back of the wall. The foundations of retain-
ing walls should be placed below the level of frost penetration. Retain-
ing walls of reinforced concrete are made thin, with a broad base, and
the wall either cantilevered from the base or braced with buttresses or
counterforts.

It is impossible to derive formulas for the earth pressure on the back
of the wall which will take account of all the actual conditions. Assum-
ing the earth to be a loose, homogeneous, granular mass, and the coeffi-
cient of friction to be independent of the pressure, Rankine deduced the
direction of the pressure is parallel to the earth’s surface. The retaining
wall should have sufficient thickness at the base so that the resultant of
the earth pressure P combined with the weight of the wall falls well
within the base. If this resultant falls at the outside edge of the middle
third, the maximum vertical pressure on the foundation (at the outer
edge of the base) will be equal to 2W/T lb/ft2 (Pa), where W is the total
vertical pressure on the base of 1 ft (m) length of wall and T the thick-
ness of the wall at the base, ft (m).

In the design of walls of buildings which must withstand earth pres-
sure and low independent walls, where refinement is not necessary, the
earth pressure is frequently assumed to be that of a fluid weighing 40 to
45 lb/ft3 (641 to 721 kg/m3).

MASONRY CONSTRUCTION

The term masonry applies to assemblages consisting of fired-clay, con-
crete, or stone units, mortar, grout, and steel reinforcement (if required).
The choice of materials and their proportions is based on the required
strength (compressive, flexural, and shear), fire rating, acoustics, dura-
bility, and aesthetics. The strength and durability of masonry depends
on the size, shape, and quality of the unit, the type of mortar, and the
workmanship. Resulting bond strength is affected by the initial rate of
absorption, texture and cleanliness of the masonry units.

Brick Common red bricks are made of clay burned in a kiln. Quality
characteristics are hardness and density. Light-colored brick is apt to be
soft and porous. Brick for masonry exposed to the weather or where
strength is desired should have a crushing strength of not less than 2,500
lb/in2 (17.3 MPa) and should absorb not over 20 percent of water by
weight, after 5-h immersion in boiling water (see Sec. 6).

Mortar Mortar is the bonding agent that holds the individual units
together as an assembly. All mortars contain cement, sand, lime, and
water in varying proportions. Mortars are classified as portland-cement-
lime mortar or masonry cement mortar. Proportions for Type M port-
land-cement-lime mortar are 1 part portland cement, 1⁄4 part lime, and 3
parts sand, by volume; for masonry cement mortar, 1 part masonry
cement, 1 part portland cement, and 6 parts sand. Portland-cement-lime
mortar should be used for all structural brickwork (see Sec. 6).

Laying and Bonding Brick should be laid in a full bed of mortar and
shoved laterally into place to secure solid bearing and a bed of even
thickness and to fill the vertical joints. Clay brick should be thoroughly
wet before laying, except in freezing weather. Concrete bricks/blocks
should not be wetted before placement. Brick laid with long dimension
parallel to the face of the work are called stretchers, perpendicular to the
face, headers. Bats (half-brick) should not be used except where neces-
sary to make corners or to form patterns on the face of the wall. Each
continuous vertical section of a wall one masonry unit thick is called a
wythe. Multiwythe walls, of brick or block faced with brick, are now
commonly tied together with ties or anchors between each wythe of
brick and block. Such ties are typically provided every other course.
When the wythes are adequately bonded or tied; the wall may be con-
sidered as a composite wall for strength purposes. Walls may also be
tied together longitudinally by overlapping stretchers in successive
courses. Transverse bond is obtained by making every sixth course
headers, the headers themselves overlapping in successive courses in
the interior of thick walls. Variations in the arrangement of headers are
often used in the face of walls for appearance. The area of cross section
of full-length headers should not be less than one-twelfth the face of the
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Fig. 12.2.16 Bonds used in bricklaying.

wall, in bonding each pair of transverse courses of brick. Three exam-
ples of bond are shown in Fig. 12.2.16.

Arches over windows and doorways are laid in concentric rings of
headers on edge, with radial joints. The radius of the arch should be 1 to
11⁄4 times the width of the opening.

Lateral Support Brick walls should be supported laterally by bond-
ing to transverse walls or buttresses, or by anchoring to floors, at inter-
vals not exceeding 20 times the thickness. Floors and anchors must be
capable of transmitting wind pressure and earthquake forces, acting
outward, to transverse walls or other adequate supports, and thus to the
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mode. The design principles for reinforced masonry are similar to the
design for reinforced concrete.

Reinforced Concrete (See Sec. 12.3.)

TIMBER CONSTRUCTION

Floors The framing of wooden floors may be divided into two gen-
eral types: joist construction and solid, or mill, construction. The first
consists of joists 2 to 6 in wide, of the necessary depth, and spaced about
12 to 16 in (30 to 40 cm) on centers. The wall ends should rest on and be
anchored to walls and the interior ends carried by a line of girders on
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ground. The height of piers between lateral supports should not exceed
12 times their least dimension.

Concrete Masonry Units (CMUs) Hollow or solid concrete blocks
are used in building walls, often faced with brick or stone on the exterior
walls. Standard block sizes are based on a brick module, nominally 4 in
high.

Allowable compressive stresses in masonry are related to the ma-
sonry unit strength and the type of mortar as follows:

Type M or
S mortar Type N mortar

Kind of Masonry lb/in2 MPa lb/in2 MPa

Stone ashlar 360 2.48 320 2.20
Rubble 120 0.83 100 0.69
Clay brick (2500 lb/in2) 160 1.10 140 0.97
Hollow CMU (1000 lb/in2) 75 0.52 70 0.48
Solid CMU (2000 lb/in2) 160 1.10 140 0.97

Minimum thickness of load-bearing masonry walls shall be 6 in for
up to one story and 8 in for more than one story.

Reinforced Masonry The design of masonry with vertical reinforc-
ing bars placed and fully grouted in some of the cells provides increased
capacity to resist flexure and axial loads. In addition, in areas where
seismic design is required, due to the brittle nature of unreinforced
masonry, all masonry must be reinforced to prevent a brittle failure

Table 12.2.10 Properties of Plank and Solid Laminated Floors
(b 5 breadth 5 12 in, f 5 fiber stress)

Actual
Nominal thick- Area of Sect
thickness ness d, section Moment of modu
or depth in A 5 inertia I 5 S 5 b

in (S4S) bd, in2 bd3/12, in4 in
(1) (2) (3) (4) (5

1 3⁄4 9.00 0.422 1
11⁄2 11⁄4 15.00 1.95 3

2 11⁄2 18.00 3.38 4.50
21⁄2 2 24.00 8.00 8.00
3 21⁄2 30.00 15.60 12.50
4 31⁄2 42.00 42.9 24.5
5 41⁄2 54.00 91.1 40.5
6 51⁄2 66.00 166.4 60.5
8 71⁄2 90.00 422 112.5

10 91⁄2 114.00 857 180.5
12 111⁄2 138.00 1,521 264.5

NOTE: 1 in 5 2.54 cm; 1 lb 5 4.45 N; 1 lb/in2 5 6.89 kPa.
* Divide tabular value by square of span in feet.
† For other fiber stress f, multiply tabular value by f /1,000.
‡ For deflection in, multiply coefficient by load, lb/ft2, and by fourth power of span in ft, and divid

divide by E.
s
6,

Safe load, lb/ft2 on 1-ft Coef of deflection, uniform
span* load‡

f 5 1,000 E 5 E 5
lb/in2† f 5 1,600 1,000,000 1,760,000

(6) (7) (8) (9)

753 1,205 53.4 93.98
2,085 3,336 11.51 20.26

columns. These joists should be securely cross-bridged not over 8 ft
(2.4 m) apart in each span to prevent twisting and to assist in distributing
concentrated loads. Solid blocking should be provided at ends and at
each point of support. The floor is formed of a thickness of rough
boarding on which the finish flooring is laid. Solid or mill-construction
floors are designed to do away with the small pockets which exist in joist
construction and thus reduce the fire hazard. They are generally framed
with beams spaced 8 to 12 ft (2.4 to 3.6 m) on centers and spanning 18
to 25 ft (5.5 to 7.6 m). The wall ends of beams rest on and are anchored
to the wall, and the interior ends are carried on columns and tied to-
gether to form a continuous tie across the building. Ends of timbers in
masonry walls should have metal bearing plates and 1⁄2 in space at sides
and end for ventilation, to prevent rot. The ends should be beveled and
the anchors placed low to avoid overturning the wall if the beams drop
in a fire. In all cases, care should be taken to provide sufficient bearing
at the points of support so that the allowable intensity of compression
across the grain is not exceeded. In case it is desirable to omit columns,
or the floor load requires a closer spacing of beams, girders are run
lengthwise of the building over the columns to take the beams, the ends
of which are hung in hangers or stirrup irons and tied together, over or
through the girders. This is called intermediate framing. Steel beams are
sometimes used in place of wooden beams in this type of construction,
in which case a wooden strip is bolted to the top flange of the beam to
take the nailing of the plank, or the plank is laid directly on top of the
beam and secured by spikes driven from below and clinched over the
flange. The floor is formed of 3 or 4 in (7.5 or 10 cm) plank grooved in
each edge, put together with splines and securely spiked to beams. On
3,000 4,800 6.66 11.72
5,334 8,534 2.82 4.96
8,334 13,334 1.441 2.54

16,334 26,134 0.524 0.922
27,000 43,200 0.247 0.1404
40,300 64,500 0.1348 0.0765
75,000 120,000 0.0533 0.0303

120,400 192,500 0.0263 0.0149
176,400 282,000 0.0148 0.0084

e by 1,000,000. For other modulus of elasticity E, multiply coefficient of col. 8 by 1,000,000, and
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top of the plank is laid flooring, with a layer of sheathing paper between.
In case the floor loads require an excessive thickness of plank, or in
localities where heavy plank is not easily obtainable, the floor is built up
of 3 3 6 in (7.5 3 15 cm), or other sized pieces, placed on edge, and
securely nailed together.

The roofs of buildings of joist and mill construction are framed in a
manner similar to the floors of each type and should be securely an-
chored to the walls and columns. In case columns are not desired in the
top story, steel beams or trusses of either steel or wood are used. For
spans up to 35 ft (10.7 m), trussed beams can often be used to advan-
tage.

For unit stresses in timber, see Sec. 6. For unit stresses in wooden
columns, see Table 12.2.12. Table 12.2.10 gives the properties of mill
floors made of dressed plank, and of laminated floors made of planks of
edge, laid close.

Timber Beams

Properties of Timber Beams Table 12.2.11 presents those proper-
ties of wooden timbers most useful in computing their strength and
deflection as beams. (The ‘‘nominal size’’ of a timber is indicated by
the breadth and depth of the section in inches. The ‘‘actual size’’ indi-
cates the size of the dressed timber, according to National Lumber

men
tia I
/12,
(5)
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Table 12.2.11 Properties of Wooden Beams (Surfaced Size)

Actual size
b 3 d, in, Area of Weight at Mo

Nominal dressed section 40 lb/ft3, iner
size, in (S4S) size bd, in2 lb/ft bd3

(1) (2) (3) (4)
2 3 4 11⁄2 3 31⁄2 5.25 1.46 5.
3 3 4 21⁄2 3 31⁄2 8.75 2.43 8.
4 3 4 31⁄2 3 31⁄2 12.25 3.40 12.
2 3 6 11⁄2 3 51⁄2 8.25 2.29 20.
3 3 6 2⁄2 3 51⁄2 13.75 3.82 34.
4 3 6 31⁄2 3 51⁄2 19.25 5.35 48.
6 3 6 51⁄2 3 51⁄2 30.3 8.40 76.
2 3 8 11⁄2 3 71⁄4 10.87 3.02 47.
3 3 8 21⁄2 3 71⁄4 18.12 5.04 79.
4 3 8 31⁄2 3 71⁄4 25.4 7.05 111.
6 3 8 51⁄2 3 71⁄2 41.3 11.4 193
8 3 8 71⁄2 3 71⁄2 56.3 15.6 264
2 3 10 11⁄2 3 91⁄4 13.87 3.85 98.
3 3 10 21⁄2 3 91⁄4 23.1 6.42 164.
4 3 10 31⁄2 3 91⁄4 32.4 8.93 231
6 3 10 51⁄2 3 91⁄2 52.3 14.5 393
8 3 10 71⁄2 3 91⁄2 71.3 19.8 536

10 3 10 91⁄2 3 91⁄2 90.3 25.0 679
2 3 12 11⁄2 3 111⁄4 16.87 4.69 178
3 3 12 21⁄2 3 111⁄4 28.1 7.81 297
4 3 12 31⁄2 3 111⁄4 39.4 10.94 415
6 3 12 51⁄2 3 111⁄2 63.3 17.5 697
8 3 12 71⁄2 3 111⁄2 86.3 23.9 951

10 3 12 91⁄2 3 111⁄2 109.3 30.3 1,204
12 3 12 111⁄2 3 111⁄2 132.3 36.7 1,458
4 3 14 31⁄2 3 131⁄4 46.4 12.88 678
6 3 14 51⁄2 3 131⁄2 74.3 20.6 1,128
8 3 14 71⁄2 3 131⁄2 101.3 28.0 1,538

10 3 14 91⁄2 3 131⁄2 128.3 35.6 1,948
12 3 14 111⁄2 3 131⁄2 155.3 43.1 2,360
14 3 14 131⁄2 3 131⁄2 182.3 50.6 2,770
6 3 16 51⁄2 3 151⁄2 85.3 23.6 1,707
8 3 16 71⁄2 3 151⁄2 116.3 32.0 2,330

10 3 16 91⁄2 3 151⁄2 147.3 40.9 2,950
12 3 16 111⁄2 3 151⁄2 178.3 49.5 3,570
14 3 16 131⁄2 3 151⁄2 209 58.1 4,190
16 3 16 151⁄2 3 151⁄2 240 66.7 4,810
8 3 18 71⁄2 3 171⁄2 131.3 36.4 3,350

10 3 18 91⁄2 3 171⁄2 166.3 46.1 4,240
12 3 18 111⁄2 3 171⁄2 201 55.9 5,140
14 3 18 131⁄2 3 171⁄2 236 65.6 6,030
16 3 18 151⁄2 3 171⁄2 271 75.3 6,920
18 3 18 171⁄2 3 171⁄2 306 85.0 7,820
12 3 20 111⁄2 3 191⁄2 224 62.3 7,110
20 3 20 191⁄2 3 191⁄2 380 106 12,050
24 3 24 231⁄2 3 231⁄2 552 153 25,400
26 3 26 251⁄2 3 251⁄2 650 180.6 35,200
28 3 28 271⁄2 3 271⁄2 756 210 47,700
30 3 30 291⁄2 3 291⁄2 870 242 63,100

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N; 1 lb/in2 5 6.89 kPa.
* For total safe uniform load, pounds, on beam of span L, feet, divide tabular value by L. For fibe
† For shearing stress other than 100 lb/in2, multiply by stress and divide by 100.
‡ For deflection, inches, multiply coefficient by total load, pounds, and by cube of span, feet, and di

by E.
Max safe uniform load, lb,
based on

Section Bending on
Coef‡ of

deflection,
t of modulus 1 ft span,* Shear at uniform
5 S 5 bd 2/6, f 5 1,000 100† lb/ load E 5

in4 in3 lb/in2 in2 1,000,000
(6) (7) (8) (9)
36 3.06 2,040 700 4.20
93 5.10 3,400 1,166 2.52
51 7.15 4,760 1,632 1.80
8 7.56 5,040 1,100 1.082
7 12.60 8,390 1,835 0.648
5 17.65 11,760 2,570 0.464
3 27.7 18,490 4,040 0.295
6 13.14 8,760 1,445 0.473
4 21.9 14,600 2,410 0.284
1 30.7 20,500 3,380 0.202

51.6 34,400 5,500 0.1162
70.3 46,900 7,500 0.0852

9 21.4 14,290 1,850 0.227
9 35.7 23,700 3,080 0.1364

49.9 33,300 4,310 0.0974
82.7 55,200 6,970 0.0573

113 75,200 9,500 0.0421
143 95,300 12,030 0.0332
31.6 21,100 2,250 0.1264
52.7 35,100 3,750 0.0757
73.9 49,300 5,250 0.0543

121 80,800 8,430 0.0323
165 110,200 11,510 0.0237
209 139,600 14,570 0.01864
253 169,000 17,620 0.01543
102.4 68,300 6,180 0.0332
167 111,400 9,900 0.01987
228 152,000 13,500 0.01462
289 192,400 17,120 0.01153
349 233,000 20,700 0.00953
410 273,000 24,300 0.00812
220 146,800 11,380 0.01315
300 200,000 15,530 0.00967
380 254,000 19,610 0.00762
460 307,800 23,800 0.00630
541 360,000 27,900 0.00539
621 414,000 32,000 0.00468
383 255,000 17,500 0.00672
485 323,000 22,200 0.00531
587 391,000 26,800 0.00438
689 459,000 31,500 0.00373
791 528,000 36,200 0.00325
893 595,000 40,800 0.00288
729 485,000 29,900 0.00316

1,236 824,000 50,700 0.00187
2,160 1,440,000 73,400 0.000888
2,760 1,840,000 86,700 0.000639
3,470 2,320,000 100,600 0.000472
4,280 2,850,000 116,000 0.000356

r stress f other than 1,000 lb/in2 multiply by f and divide by 1,000.

vide by 1,000,000. For other modulus of elasticity E, multiply coefficient by 1,000,000 and divide



12-30 STRUCTURAL DESIGN OF BUILDINGS

Manufacturers Assoc. The moment of inertia and section modulus are
with the neutral axis perpendicular to the depth at the center. The safe
bending moment in inch-pounds for a given beam is determined from the
section modulus S by multiplying the tabular value by the allowable
fiber stress. To select a beam to withstand safely a given bending mo-
ment, divide the bending moment in inch-pounds by the allowable fiber
stress, and choose a beam whose section modulus S is equal to or larger
than the quotient thus obtained. For formulas for computing bending
moments, see Sec. 5.2. Note that the allowable fiber stress must be
modified by adjustment factors: CD , load duration factor (0.9 for per-

F9c 5 FcCD CM CtCF CP

(Note that actual design stress fc # F9c .)

Cp 5 column stability factor 5
1 1 (FcE /F*c)

2c

2 √F1 1 FcE /F*c
2c G2

2
FcE /F*c

c G
F*c 5 FcCD CM CtCF

ula
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manent loads); CM , wet service factor (approximately 0.8 for moisture
content greater than 16 percent); Ct , temperature factor (usually 1.0 for
temperatures less than 100°F); CF , size factor (1.0 for members up to 5
in wide by 12 in deep); and other factors which apply to laminated,
curved, round, and/or flat use. (See also Sec. 6.7, ‘‘Properties of
Lumber Products.’’)

Maximum loads in Table 12.2.11, cols. 7 and 8, are for uniform load-
ing. Use half the values of col. 7 for a single load concentrated at
midspan; for other loadings compute the bending moment and use the
section modulus, col. 6. The values of col. 8 apply to all symmetrical
loadings. For unsymmetrical loading, compute the maximum shear,
which must not exceed one-half the tabular value.

The coefficients of deflection listed in Table 12.2.11 can be used to
deduce deflection as indicated in the footnotes to the table. Coefficients
of deflection under concentrated loads applied at the middle of the span
may be obtained by multiplying the values in the table by 1.6. The
results are only approximate, as the modulus of elasticity varies with the
moisture content of the wood.

The deflection due to live load of beams intended to carry plastered
ceilings should not exceed 1⁄360 of the span.

A convenient rule may be derived by assuming that the modulus of
elasticity is 1,000 times the allowable fiber stress, which applies to all
woods with sufficient accuracy for the purpose. Beams loaded uni-
formly to capacity in bending will then deflect 1⁄360 of the span when the
depth in inches is 0.90 times the span in feet; and beams with central
concentration, when the depth is 0.72 times the span in the same units.
For such beams, the deflection in inches is, for uniform load, 0.03L2/d;
for central concentration, 0.024L2/d, where L is the span, ft and d the
depth, in. Variation in type of loading affects this result comparatively
little.

Timber Columns

Timber columns may be either square or round and should have metal
bases, usually galvanized steel, to cut off moisture and prevent lateral
displacement. For supporting beams, they should have caps which, at
roofs, may be of steel, or wood designed for bearing across the grain. At
intermediate floors, caps should be of steel, although in some cases
hardwood bolsters may be used. Except when caps or beams are of steel,
columns should run down and rest directly on the baseplate. Table
12.2.12 gives working unit stresses for wood columns recommended
where the building laws do not prescribe lower stresses. Use actual, not
nominal, dimension of timbers. The column capacity Pcol 5 F9cAnet ,
where F9c is interpolated from Table 12.2.12, and Anet is the net cross-
sectional area of the column. The values for F9c in Table 12.2.12 are
generally conservative and are based on the factors cited in the table
footnotes. In the event E , 1,000Fc , the value of F9c must be computed
to include the value of CP as follows:

Table 12.2.12 Values of F 9c , Working Stresses for Square or Rectang
(Compression parallel to grain.)*

Fc 10 15 20 25 30 35

1000 680 615 508 389 293 225
1300 884 799 660 505 381 292
1600 1088 984 812 622 469 359
1900 1292 1168 964 739 557 427
* Values of F9c in the table are based on CD 5 0.9 (long-duration, permanent, 50-year loading); C
section up to 5 in wide 3 12 in deep); KcE 5 0.3; E $ 1,000Fc . If E , 1,000Fc , see text for proce

† Columns should be limited to le /d 5 50, except for individual members in stud walls, which sh
FcE 5
KcE E

(le /d)2
5 critical buckling design stress in compression parallel

to the grain for a given wood species and geometrical
configuration of column

where Fc 5 tabulated allowable design value for compression parallel
to the grain for the species (Sec. 6.7, Tables 6.7.6 and 6.7.7); CD 5 load
duration factor (Sec. 6.7, ‘‘Properties of Lumber Products’’); CM 5 wet
use factor (Sec. 6.7, Table 6.7.8); Ct 5 temperature factor (Sec. 6.7,
Table 6.7.9); CF 5 size factor (Sec. 6.7, footnotes to Table 6.7.8); KcE 5
0.3 for visually and mechanically graded lumber and 0.418 for glulam
members; le 5 effective length of column; d 5 least dimension of the
column cross section; E 5 modulus of elasticity for the species (Sec.
6.7, Tables 6.7.6 and 6.7.7); c 5 constant for the type member: 0.8 for
sawn lumber, 0.85 for timber piles, 0.9 for glulam members.

Glued Laminated Timber Structural glued laminated timber, com-
monly called glulam, refers to members which are fabricated by pres-
sure gluing selected wood laminations of either 3⁄4 or 11⁄2 in (19 or 38
mm) surfaced thickness. The grain of all the laminations is approxi-
mately parallel longitudinally, with exterior laminations being of gener-
ally higher-quality wood since bending stresses are greater at the outer
fibers. Curved and tapered structural members are available with the
recommended minimum radii of curvature being 9 ft 4 in (2.84 m) for
3⁄4-in laminations and 27 ft 6 in (8.4 m) for 11⁄2-in lamination thickness.
Laminations should be parallel to the tension face of members; sawn
tapered cuts are permitted on the compression face.

Available net (surfaced) widths of members in inches are 21⁄4, 31⁄8,
51⁄8, 83⁄4, 103⁄4, 121⁄4, and 141⁄4; depths are determined by stress require-
ments. Economical spans (see ‘‘Timber Construction Manual,’’ Ameri-
can Institute of Timber Construction) for roof framing range from 10 to
100 ft (3 to 30 m) for simple spans. Floor framing, which is designed for
much heavier live loads, economically spans from 6 to 40 ft (1.8 to
12 m) for simple beams and from 25 to 40 ft (7.5 to 12 m) for continuous
beams.

Glued laminated members are generally fabricated from either Doug-
las fir and larch, Douglas fir (coast region), southern pine, or California
redwood, depending on availability. Allowable design stresses depend
on whether the condition of use is to be wet (moisture content in service
of 16 percent or more) or dry (as in most covered structures), the species
and grade of wood to be used, the manner of loading, and the number of
laminations as well as the usual factors for duration of loading. The
cumulative reduction factors described above also apply to glulam
beams. Additional factors including Cv , volume factor; Cfu , flat use
factor; and Cc , curvature factor, also must be applied to glued laminated
beams. Refer to the National Design Specification for Wood Construc-
tion for further information on glued laminated timber design. (See Sec.
6.7.)

r Timber Columns, lb/in2

le /d, in/in

40 45 50 55† 60† 70† 80†

176 141 116 96 81 60 46
229 184 150 125 106 78 60
282 226 185 154 130 96 74
335 268 220 183 154 114 88
M 5 0.8 (moisture content . 16%); Ct 5 1.0 (operating temperature , 100°F); CF 5 1.0 (cross
dure to compute F9c; c 5 0.8.
ould be limited to le /d 5 80.
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A summary of allowable unit stresses may be found in Sec. 6.7 for
glued laminated timber.

Connections

Bolted Joints Compression may be transmitted by merely butting
the timbers, with splice pieces bolted to the sides to keep alignment and
resist incidental bending and shear. The same detail (Fig. 12.2.17)

En
or W

lifo
(o

440 2,810 1,020 1,520 420

by drawing together the timbers with high-strength bolts. Allowable
loads for these various connectors are given in the ‘‘Design Values for
Wood Construction,’’ published by the National Lumber Manufacturers
Assoc. Selected values are given in Table 12.2.14.

The holding power of wire nails is as follows (‘‘Design Values for
Wood Construction’’): The resistance to withdrawal is proportional to
the length of embedment, to the diameter of the nail (where the wood
does not split), and to G2.5, where G is the ovendry specific gravity of
the wood (see Sec. 6 for G values of various species). The safe resis-
tance to withdrawal of common wire nails driven into the side grain of
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Fig. 12.2.17 Bolted splices for timber framing.

serves in tension, but the entire stress must then be transmitted through
the bolts and splice pieces. If of wood, these should have a thickness h
equal to 1⁄2b. In light, unimportant work, splice pieces may be spiked.
Table 12.2.13 gives the allowable load in pounds for one bolt loaded at
both ends (double shear) when h is at least equal to 1⁄2b. When steel side
plates are used for side members, the tabulated loads may be increased
25 percent for parallel-to-grain loading, but no increase should be
made for perpendicular-to-grain loads. When a joint consists of two
members (single shear), one-half the tabulated load for a piece twice
the thickness of the thinner member applies. The safe load for bolts load-
ed at an angle u with the grain of the wood is given by the formula N 5
PQ/(P sin2 u 1 Q cos2 u), where N 5 allowable load per bolt in a
direction at inclination u with the direction of the grain, lb; P 5 allow-
able load per bolt in compression parallel to the grain, lb; and Q 5
allowable load per bolt in compression perpendicular to the grain, lb.

The size, arrangement, and spacing of bolts must be such that tension
on the net section of the timber through the bolt holes and shear along
the grain do not exceed allowable values. Bolts should be at least 7
diameters from the end of the timber for softwoods and 5 diameters for
hardwoods and spaced at least 4 diameters on center parallel to the
grain. Crossbolting, to prevent splitting the timber end, is sometimes
desirable.

The efficiency of bolted timber connections may be greatly increased
by the use of ring connectors. Split rings and shear plates are fitted into
circular grooves, concentric with the bolt, in the contact surfaces, and
transmit shear stresses across the joint. Grooves for split rings and shear
plates are cut with a special tool, while toothed rings are usually seated

Table 12.2.13 Allowable Load in Pounds on One Bolt Loaded at Both
(For additional values and for conditions other than normal, see ‘‘Design Values f

Length of
bolt in
main Perpen-

member, Diam of Parallel dicular Parallel
in bolt, in to grain to grain to grain

Ca
Douglas fir-larch redwood

11⁄2 1⁄2 1,050 470 780
3⁄4 1,580 590 1,170
1 2,100 680 1,560
21⁄2 1⁄2 1,230 730 990
3⁄4 2,400 980 1,950
1 3,500 1,130 2,590

31⁄2 1⁄2 1,230 730 990
3⁄4 2,400 1,170 2,010
1 4,090 1,350 3,110

51⁄2 3⁄4 2,400 1,170 2,010
1 3,180 1,260 2,690

11⁄4 4,090 1,350 3,110

NOTE: 1 in 5 2.54 cm; 1 lb 5 4.45 N.
ds (Double Shear)
ood Construction’’)

Perpen- Perpen- Perpen-
dicular Parallel dicular Parallel dicular
to grain to grain to grain to grain to grain

rnia Western spruce,
pen grain) Oak, red and white pine, fir, cedars

310 1,410 730 760 290
370 2,110 890 1,140 360

seasoned wood is given by Table 12.2.15. Nails withdrawn from green
wood have generally slightly higher resistance, but nails driven into
green wood may lose much of their resistance when the wood seasons;
the allowable withdrawal load should be one-fourth of that given in
Table 12.2.15. Cement and other coatings on nails may add materially
to their resistance in softwoods. Drilling lead holes slightly smaller than
the nail adds somewhat to the resistance and reduces danger of splitting.
The structural design should be such that nails are not loaded in with-
drawal from end grain.

The safe lateral resistance of common wire nails driven in side grain to
the specified penetrations is given in Table 12.2.15 and is proportional
to D1.5 where D is the diameter, in. These values are for seasoned wood
and should be reduced 25 percent for woods which will remain wet or
will be loaded before seasoning. For nails driven into end grain, values
should be reduced one-third.

Common wire spikes are larger for their lengths than nails. Their
resistance to withdrawal and lateral resistance are given by the same
formulas as for nails, but greater precautions need to be taken to avoid
splitting.

The resistance of wood screws to withdrawal from side grain of sea-
soned wood is given by the formula P 5 2,850G2D, where P 5 the
allowable load on the screw, lb/in penetration of the threaded portion;
G 5 specific gravity of ovendry wood; D 5 diameter of screw, in.
Wood screws should not be designed to be loaded in withdrawal from
end grain.

The allowable safe lateral resistance of wood screws embedded 7 diam-
eters in the side grain of seasoned wood is given by the formula P 5
KD2, where P is the lateral resistance per screw, lb; D is the diameter,
in; and K is 4,800 for oak (red and white), 3,960 for Douglas fir (coast
region) and southern pine, and 3,240 for cypress (southern) and Douglas
fir (inland region).

The following rules should be observed: (1) the size of the lead hole
in soft (hard) woods should be about 70 (90) percent of the core or root
diameter of the screw; (2) lubricants such as soap may be used without
great loss in holding power; (3) long, slender screws are preferable
generally, but in hardwood too slender screws may reach the limit of
their tensile strength; (4) in the screws themselves, holding power is
favored by thin sharp threads, rough unpolished surface, full diameter
under the head, and shallow slots.
510 1,530 960 980 490
620 2,890 1,480 1,900 600
730 4,690 1,700 2,530 700
580 1,530 960 980 560
740 2,890 1,770 1,990 720
870 4,820 2,040 3,040 840
740 2,890 1,770 1,990 720
810 3,780 1,920 2,660 790
870 4,820 2,040 3,040 840



Table 12.2.14 Allowable Load in Pounds for One-Connector Unit in Single Shear*
(For additional values and for conditions other than normal, see ‘‘Design Values for Wood Construction’’)

Group A Group B Group C

California
Douglas fir-larch redwood (close)
and southern pine Douglas fir-larch, grain), western
(dense), oak, red southern pine hemlock, southern

and white (med. grain) cypress

|| to ' to || to ' to || to ' toConnector unit
(diam)

Number
of faces of
piece with
connectors

on the
same bolt

Net thickness
of lumber, in

Min. edge
distances,

in grain grain grain grain grain grain

21⁄2-in split 1 1 min, 13⁄4 2,630 1,900 2,270 1,620 1,900 1,350
ring, 1⁄2-in 11⁄2 or more 3,160 2,280 2,730 1,940 2,290 1,620
bolt 2 11⁄2 min, 2,430 1,750 2,100 1,500 1,760 1,250

2 or more 3,160 2,280 2,730 1,940 2,290 1,620

4-in split ring, 1 1 min, 23⁄4 4,090 2,840 3,510 2,440 2,920 2,040
3⁄4-in bolt 11⁄2 or more 6,020 4,180 5,160 3,590 4,280 2,990

2 11⁄2 min, 4,110 2,980 3,520 2,450 2,940 2,040
3 or more 6,140 4,270 5,260 3,660 4,380 3,050

25⁄8-in shear 1 11⁄2 min 13⁄4 3,110 2,170 2,670 1,860 2,220 1,550
plate, 3⁄4-in 2 11⁄2 min, 2,420 1,690 2,080 1,450 1,730 1,210
bolt† 21⁄2 or more 3,330 2,320 2,860 1,990 2,380 1,650

4-in shear 1 11⁄2 min, 23⁄4 4,370 3,040 3,750 2,620 3,130 2,170
plate, 3⁄4-in 13⁄4 or more 5,090 3,540 4,360 3,040 3,640 2,530
or 7⁄8-in bolt† 2 13⁄4 min, 3,390 2,360 2,910 2,020 2,420 1,680

21⁄2 4,310 3,000 3,690 2,550 3,080 2,140
31⁄2 or more 5,030 3,500 4,320 3,000 3,600 2,510

NOTE: 1 m 5 2.54 cm; 1 lb 5 4.45 N.
* One connector unit consists of one split ring with its bolt in single shear or two shear plates back to back in the contact faces of a timber-to-timber joint with their bolt in single shear.
† Allowable loads for all loadings, except wind, should not exceed 2,900 lb for 25⁄8-in shear plates; 4,400 and 6,000 lb for 4-in shear plates with 3⁄4- and 7⁄8-in bolts, respectively; multiply values by

1.33 for wind loading.

Table 12.2.15 Allowable Loads in Pounds for Common Nails in Side Grain* of Seasoned Wood

Size of nail

d 6 8 10 12 16 20 30 40 50 60

Length, in 2 21⁄2 3 31⁄4 31⁄2 4 41⁄2 5 51⁄2 6

load G Diam, in 0.113 0.131 0.148 0.148 0.162 0.192 0.207 0.225 0.244 0.263

Specific
Type of gravity

Withdrawal 0.31 9 10 12 12 13 15 16 18 20 21
load per in 0.40 16 18 20 20 22 27 28 31 33 35
penetration 0.44 20 23 26 26 29 34 37 40 43 46

0.47 24 27 31 31 34 40 43 47 51 55
0.51 29 34 38 38 42 49 53 58 63 68
0.55 34 41 46 46 50 59 64 70 76 81
0.67 57 66 75 75 82 97 105 114 124 133

Lateral 0.60–0.75 78 97 116 116 132 171 191 218 249 276
load*† 0.50–0.55 63 78 94 94 107 139 154 176 202 223

0.42–0.50 51 64 77 77 88 113 126 144 165 182
0.31–0.41 41 51 62 62 70 91 101 116 132 146

NOTE: 1 in 5 2.54 cm; 1 lb 5 4.45 N.
* The allowable lateral load for nails driven in end grain is two-thirds the values shown above.
† The minimum penetration for full lateral resistance for the four groups listed is 10, 11, 13, and 14 diam from higher to lower specific gravities, respectively. Reduce by interpolation for lesser

penetration; minimum penetration is one-third the above.

Table 12.2.16 Allowable Lateral Loads in Pounds on Lag Bolts or Lag Screws

Diam of
Length bolt at

Side of bolt, shank,
member in in || ' || ' || ' || '

Overndry specific gravity of species

0.60–0.75 0.51–0.55 0.42–0.50 0.31–0.41

11⁄2-in wood 4 1⁄4 200 190 170 170 130 120 100 100
4 1⁄2 390 250 290 190 210 140 170 110
6 3⁄8 480 370 420 320 360 280 290 220
6 5⁄8 860 510 710 430 510 310 410 250

21⁄2-in wood 6 1⁄2 620 410 470 310 340 220 270 180
6 1 1,040 520 790 390 560 280 450 230
8 3⁄4 1,430 790 1,080 600 780 430 620 340
8 1 1,800 900 1,360 680 970 490 780 390

1⁄2-in metal 3 1⁄4 240 185 210 160 155 120 125 100
3 1⁄2 550 285 415 215 295 155 240 125
6 1⁄2 1,100 570 945 490 770 400 615 320
6 3⁄4 1,970 865 1,480 650 1,060 460 850 370

10 7⁄8 3,420 1,420 2,960 1,230 2,340 970 1,890 785
12 1 4,520 1,810 3,900 1,560 3,290 1,320 2,630 1,050
16 11⁄4 7,120 2,850 6,150 2,460 5,500 2,200 4,520 1,810

NOTE: 1 in 5 2.54 cm; 1 lb 5 4.45 N.
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The allowable withdrawal load of lag screws in side grain is given by
the formula p 5 1,800D3/4G3/2, allowable load per inch of penetration
of threaded portion of lag screw into member receiving the point, lb;
D 5 shank diameter of lag screw, in; G 5 specific gravity of ovendry
wood. Use of lag screws loaded in withdrawal from end grain should be
avoided. The allowable load in such case should not exceed 75 percent
of that for side grain (see also Sec. 8).

The allowable lateral resistance of lag screws for parallel-to-grain load-
ing with screws in side grain is proportional to D2 and is dependent on
species and type of side member. Selected values are given in Table

for structural steel connections are typically high-strength bolts speci-
fied by A325 or A490. Riveting is no longer used, but may often be
encountered in older structures. The most common rivets were A502,
Grade 1.

Allowable Stresses* in A36 Steel

lb/in2 MPa

Tension Ft:
On gross section 22,000 151.6
On net section, except at pinholes 29,000 200

mp
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12.2.16 for one lag screw in single shear in a two-member joint.
Lead holes for lag screws (approximately 75 percent of shank diame-

ter) should be prebored for the threaded portion. Lead holes for the
shank should be of the same diameter and length as that of the
unthreaded shank. Soap or other lubricant should be used to facilitate
insertion and to prevent damage to the screw. Where steel-plate side
pieces are used, the allowable loads given by the formula for parallel-
to-grain loading may be increased by 25 percent.

The ultimate withdrawal load per linear inch of penetration of a round
drift bolt or pin from side grain when driven into a prebored hole having
a diameter 1⁄8 in less than that of the bolt diameter may be determined
from the formula p 5 6,000G2D, where p 5 ultimate withdrawal load of
penetration, lb/lin in; G 5 specific gravity of ovendry wood; D 5
diameter of drift bolt, in. A safety factor of about 5 is suggested for
general use. The allowable load in lateral resistance for a drift bolt
should ordinarily be taken as less than that for a common bolt.

STEEL CONSTRUCTION
(Note. In the design of steel structures, 1,000 lb is frequently designated as a kilopound or
‘‘kip,’’ and a stress of 1 kip per square inch is designated as 1 ksi.)

Structural steel design was based only on the allowable stress design
(ASD) approach until the introduction of the load and resistance factor
design (LRFD) technique in the mid 1980s. The LRFD approach is an
ultimate strength design approach, similar to that adopted by the Ameri-
can Concrete Institute for concrete design. Both ASD and LRFD are
accepted in current codes. The ASD method is still the most commonly
used for design.

Specifications The following are in part condensed excerpts from
the Specifications of the American Institute of Steel Construction.

Material Ordinary steel for rolled shapes, plates, and bars is typi-
cally specified by ASTM A36, with a yield stress of 36,000 lb/in2

(248.2 MPa). However, advances in mill production methods have re-
sulted in most steels satisfying the higher strength requirements of
ASTM A572, Grade 50, leading to increased use of higher-strength
steel at little or no cost premium. Other higher-strength steels used in
structures are A440, A441, A588, and A242. Steel materials for pipe
and tube, specified by ASTM A53 (welded-seam pipe) and A500
(cold-formed), have yield strengths of 33,000 to 50,000 lb/in2 (227.5 to
344.7 MPa).

Ordinary unfinished machine bolts are specified by A307. Bolts used

Table 12.2.17 Allowable Stress, in ksi, for Co

Main and secondary members,
Kl/r not more than 120

Kl

r
Fa

Kl

r
Fa

Kl

r

1 21.56 41 19.11 81
5 21.39 45 18.78 85

10 21.16 50 18.35 90

15 20.89 55 17.90 95
20 20.60 60 17.43 100
25 20.28 65 16.94 105
30 19.94 70 16.43 110
35 19.58 75 15.90 115
40 19.19 80 15.36 120

NOTE: 1 ksi 5 6.89 MPa.
On net section, at pinholes 16,000 110.2
Compression Fc: See Table 12.2.17
Bending tension and compression on

extreme fibers Fb:
Basic stress, reduced in certain cases 22,000 151.6
Compact, adequately braced beams 24,000 165.3
Rectangular bearing plates 27,000 186.0

Shear Fv: Web of beams, gross section 14,500 99.9

* Allowable stresses may be increased by one-third when produced by wind or
seismic loading alone or when combined with design dead and live loads.

Allowable Stresses* in Riveted and Bolted Connections

lb/in2 MPa

Bearing: A36 steel
Pins in reamed, drilled, or bored holes 32,400 223.3
Bolts and rivets 69,000 475.7
Roller, lb/ lin in (N/lin cm) 760 3 diam 1131 3 diam

(in) (cm)

Shear: bearing-type connections†
A502, grade 1 hot-driven rivets 17,500 120.6
A307 bolts 10,000 68.9
A325 bolts when threading is 30,000 206.8
excluded from shear planes
(std. holes)

A325 bolts when threading is not 21,000 144.7
excluded from shear planes
(std. holes)

Shear: friction-type connections†
(with threads included or excluded
from shear plane)

A325 bolts in standard holes 17,500 120.6
A325 bolts in oversized or short 15,000 103.4
slotted holes

A325 bolts in long slotted holes 12,000 82.6

Tension:
A502, grade 1, hot-driven rivets 23,000 158.5
A307 bolts 20,000 137.9
A325 bolts 44,000 303.3

Bending in pins of A36 steel 27,000 186.1

* Allowable stresses are based on nominal body area of fasteners unless indicated.
† Rivets or bolts may not share loads with welds on bearing-type connections but may do so

in friction-type connections.

ression Members of A36 Steel

Main members,
Kl/r, 121–200

Fa

Kl

r
Fa

Kl

r
Fa

15.24 121 10.14 161 5.76
14.79 125 9.55 165 5.49
14.20 130 8.84 170 5.17

13.60 135 8.19 175 4.88
12.98 140 7.62 180 4.61
12.33 145 7.10 185 4.36
11.67 150 6.64 190 4.14
10.99 155 6.22 195 3.93
10.28 160 5.83 200 3.73
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Table 12.2.18 American Standard Channels (C Shapes)

Axis
Axis 1–1 2–2 V* R*

Depth
of

channel,
in

Weight
per ft,

lb

Area of
section,

in2

Width
of

flange,
in

Thickness
of web,

in I, in4 r, in S, in3 r, in x, in 1,000 lb

C 15 50.0 14.64 3.716 0.716 404 5.24 53.6 0.87 0.80 156 121
40.0 11.70 3.520 0.520 349 5.44 46.2 0.89 0.78 113 88
33.9 9.90 3.400 0.400 315 5.62 41.7 0.91 0.79 87 55

C 12 30.0 8.79 3.170 0.510 162 4.28 26.9 0.77 0.68 89 76
25.0 7.32 3.047 0.387 144 4.43 23.9 0.79 0.68 67 55
20.7 6.03 2.940 0.280 129 4.61 21.4 0.81 0.70 49 30

C 10 30.0 8.80 3.033 0.673 103.0 3.42 20.6 0.67 0.65 98 96
25.0 7.33 2.886 0.526 90.7 3.52 18.1 0.68 0.62 76 75
20.0 5.86 2.739 0.379 78.5 3.66 15.7 0.70 0.61 55 54
15.3 4.47 2.600 0.240 66.9 3.87 13.4 0.72 0.64 35 22

C 9 20.0 5.86 2.648 0.448 60.6 3.22 13.5 0.65 0.59 58 62
15.0 4.39 2.485 0.285 50.7 3.40 11.3 0.67 0.59 37 33
13.4 3.89 2.430 0.230 47.3 3.49 10.5 0.67 0.61 30 22

C 8 18.75 5.49 2.527 0.487 43.7 2.82 10.9 0.60 0.57 56
13.75 4.02 2.343 0.303 35.8 2.99 9.0 0.62 0.56 35
11.5 3.36 2.260 0.220 32.3 3.10 8.1 0.63 0.58 26

C 7 14.75 4.32 2.299 0.419 27.1 2.51 7.7 0.57 0.53 43
12.25 3.58 2.194 0.314 24.1 2.59 6.9 0.58 0.53 32
9.8 2.85 2.090 0.210 21.1 2.72 6.0 0.59 0.55 21

C 6 13.0 3.81 2.157 0.437 17.3 2.13 5.8 0.53 0.52 38
10.5 3.07 2.034 0.314 15.1 2.22 5.0 0.53 0.50 27.3
8.2 2.39 1.920 0.200 13.0 2.34 4.3 0.54 0.52 17.4

C 5 9.0 2.63 1.885 0.325 9.0 1.83 3.5 0.49 0.48 23.6
6.7 1.95 1.750 0.190 7.5 1.95 3.0 0.50 0.49 13.8

C 4 7.25 2.12 1.720 0.320 4.5 1.47 2.3 0.46 0.46 18.6
5.4 1.56 1.580 0.180 3.8 1.56 1.9 0.45 0.46 10.4

C 3 6.0 1.75 1.596 0.356 2.1 1.08 1.4 0.42 0.46 15.5
5.0 1.46 1.498 0.258 1.8 1.12 1.2 0.41 0.44 11.2
4.1 1.19 1.410 0.170 1.6 1.17 1.1 0.41 0.44 7.4

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.
* V amd R values are for channels of A36 steel.

Proportion of Parts

Most simple beams, columns, and truss members are proportioned to
limit the actual stresses to the allowable stresses stipulated above. Other
stability or serviceability criteria may control the design. Deflection may
govern in such members as cantilevers and lightly loaded roof beams.
Buckling, rather than strength, may govern the design of compression
members. The slenderness ratio Kl/r, where Kl is the effective length of
the member and r is its radius of gyration, should be limited to 200 in
compression members, and L/r limited to 300 in tension members. Kl

where fa is the axial stress, fb the bending stress, and Fa and Fb are the
corresponding allowable stresses if axial or bending stress alone exist.
This is still considered valid when fa /Fa is less than 0.15. Joints shall be
fully spliced, except that where reversal of stress is not expected and the
joint is laterally supported, the ends of the members may be milled to
plane parallel surfaces normal to the stresses and abutted with sufficient
splicing to hold the connected members accurately in place. Column
bases should be milled on top for the column bearing, except for rolled-
steel bearing plates 4 in (10 cm) or less in thickness.

Beams and girders, of rolled section or built-up, should in general be

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
should not be less than the actual unbraced length l in columns of a
frame which depends on its bending stiffness for lateral stiffness.
Width-thickness ratios are specified for projecting elements under com-
pression. Repeated fluctuations in stress leading to fatigue may be a
controlling factor. Rules are given for combined stresses of tension, com-
pression, bending, and shear.

Tension members should be proportioned for the gross and net section,
deducting for bolt or rivet holes 1⁄8 in (0.3 cm) larger than the nominal
diameter of the fastener.

Columns and other compression members subject to eccentric load or to
axial load and bending are governed by special rules. A long-estab-
lished rule is that fa /Fa 1 fb /Fb should be equal to or less than unity,
sized such that the bending moment M divided by the section modulus S
is less than the allowable bending stress Fb . For built-up sections a rule
of thumb is, for A36 steel, flanges in compression should have a thick-
ness of 1⁄16 the projecting half width, and webs should have a thickness
of 1⁄320 the maximum clear distance between flanges. Web stiffeners
should be provided at points of high concentrated loads; additional web
stiffeners are required in plate girders. Splices in the webs of plate
girders should be made by plates on both sides of the web. When two or
more rolled beams or channels are used side by side to form a
beam, they should be connected at separators spaced no more than 5 ft
(1.52 m); beams deeper than 12 in (30 cm) are to have at least two bolts
to each separator.
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The lateral force on crane runways due to the effect of moving crane
trolleys may be assumed as 20 percent of the sum of the weights of the
lifted loads and of the crane trolley (but exclusive of the other parts of
the crane) applied at the top of the rail, one-half on each side of the
runway, and shall be considered as acting in either direction normal to
the runway rail. The longitudinal force may be assumed as 10 percent of
the maximum wheel reactions of the crane applied at the top of the rail.

Bolted or riveted connections carrying calculated stress, except lacing
and sag bars, should be designed to support not less than 6,000 lb
(27.0 kN). Rivets or high-strength bolts are preferred in all places, and

Most bolted connections transmit shearing forces by developing the
shearing or bearing values of the bolts, but bolts in certain connections,
such as shelf angles and brackets, are required to transmit tension
forces.

Bolts shall be proportioned by the nominal diameter. Rivets and
A307 bolts whose grip exceeds 5 diam shall be allowed 1 percent less
safe stress for each 1⁄16 in (0.16 cm) excess length. The minimum dis-
tance between centers of bolt holes shall be 22⁄3 diam of the bolt; but
preferably not less than 3 diam.

The minimum distance from the center of any bolt hole to a sheared
edge shall be 21⁄4 in (5.7 cm) for 11⁄4 in (32 mm) bolts, 2 in (5.1 cm) for

N
erp
we
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both are implied in these paragraphs wherever ‘‘bolting’’ is mentioned;
unfinished bolts, A307, may be used in the shop or in field connections
of small unimportant structures of secondary members, bracing, and
beams.

Members in tension or compression, meeting at a joint, shall have
their lines of center of gravity pass through a point, if practicable; if not,
provision shall be made for the eccentricity. A group of bolts transmit-
ting stress to a member shall have its center of gravity in the line of the
stress, if practicable; if not, the group shall be designed for the resulting
eccentricity. Where stress is transmitted from one member to another by
bolts through a loose filler greater than 1⁄4 in in thickness, except in slip
critical connections using high-strength bolts, the filler shall be ex-
tended beyond the connected member and the extension secured by
enough bolts or sufficient welding to distribute the total stress in the
member uniformly over the combined sections of the member and the
filler.

Table 12.2.19 American Standard I Beams (S Shapes)

pDepth
of

beam,
in

Weight
per ft,

lb

Area of
section,

in2

Width
of

flange,
in

Thickness
of web,

in I, in4

S 24 120.0 35.13 8.048 0.798 3010.8
105.9 30.98 7.875 0.625 2811.5
100.0 29.25 7.247 0.747 2371.8
90.0 26.30 7.124 0.624 2230.1

79.9 23.33 7.000 0.500 2087.2

S 20 95.0 27.74 7.200 0.800 1599.7
85.0 24.80 7.053 0.653 1501.7
75.0 21.90 6.391 0.641 1263.5
65.4 19.08 6.250 0.500 1169.5

S 18 70.0 20.46 6.251 0.711 917.5
54.7 15.94 6.000 0.460 795.5

S 15 50.0 14.59 5.640 0.550 481.1
42.9 12.49 5.500 0.410 441.8

S 12 50.0 14.57 5.477 0.687 301.6
40.8 11.84 5.250 0.460 268.9
35.0 10.20 5.078 0.428 227.0
31.8 9.26 5.000 0.350 215.8

S 10 35.0 10.22 4.944 0.594 145.8
25.4 7.38 4.660 0.310 122.1

S 8 23.0 6.71 4.171 0.441 64.2
18.4 5.34 4.000 0.270 56.9

S 7 20.0 5.83 3.860 0.450 41.9
15.3 4.43 3.660 0.250 36.2

S 6 17.25 5.02 3.565 0.465 26.0
12.5 3.61 3.330 0.230 21.8

S 5 14.75 4.29 3.284 0.494 15.0
10.0 2.87 3.000 0.210 12.1

S 4 9.5 2.76 2.796 0.326 6.7
7.7 2.21 2.660 0.190 6.0

S 3 7.5 2.17 2.509 0.349 2.9
5.7 1.64 2.330 0.170 2.5

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.
Lightweight beams of each depth are usual stock sizes.
* V and R values are for beams of A36 steel.
11⁄8 in (28 mm) bolts, 13⁄4 in (4.4 cm) for 1 in (25 mm) bolts, 11⁄2 in
(3.8 cm) for 7⁄8 in (22 mm) bolts, 11⁄4 in (3.2 cm) for 3⁄4 in (19 mm) bolts,
11⁄8 in (2.8 cm) for 5⁄8 in (16 mm) bolts, and 7⁄8 (2.22 cm) for 1⁄2 in
(13 mm) bolts. The distance from any edge shall not exceed 12 times the
thickness of the plate and shall not exceed 6 in (15 cm).

Design of Members

Properties of Standard Structural Shapes Tables 12.2.18 to
12.2.26 give the properties of American Standard channels and I beams,
wide-flange beams and columns, angles, and tees. In these tables, I 5
moment of inertia, r 5 radius of gyration, S 5 section modulus,
x 5 distance from gravity axis to face, V 5 max web shear in kips, and
R 5 max end reaction on 31⁄2-in (9-mm) seat, based on crippling of
web, in kips. R values are omitted where web crippling does not govern.

A great variety of tees is produced by shearing or gas-cutting stan-

eutral axis Neutral axis
endicular to coincident with
b at center center line of web V* R*

r, in S, in3 I, in4 r, in S, in3 1,000 lb

9.26 250.9 84.9 1.56 21.1 278 162
9.53 234.3 78.9 1.60 20.0 218 123
9.05 197.6 48.4 1.29 13.4 260 140
9.21 185.8 45.5 1.32 12.8 217 117

9.46 173.9 42.9 1.36 12.2 174 80

7.59 160.0 50.5 1.35 14.0 232 150
7.78 150.2 47.0 1.38 13.3 189 124
7.60 126.3 30.1 1.17 9.4 186 114
7.83 116.9 27.9 1.21 8.9 145 83

6.70 101.9 24.5 1.09 7.8 186 123
7.07 88.4 21.2 1.15 7.1 120 70

5.74 64.2 16.0 1.05 5.7 120 91
5.95 58.9 14.6 1.08 5.3 89 58

4.55 50.3 16.0 1.05 5.8 120 116
4.77 44.8 13.8 1.08 5.3 80 78
4.72 37.8 10.0 0.99 3.9 74 66
4.83 36.0 9.5 1.01 3.8 61 45

3.78 29.2 8.5 0.91 3.4 86 89
4.07 24.4 6.9 0.97 3.0 45 38

3.09 16.0 4.4 0.81 2.1 51
3.26 14.2 3.8 0.84 1.9 31

2.68 12.0 3.1 0.74 1.6 46
2.86 10.4 2.7 0.78 1.5 25

2.28 8.7 2.3 0.68 1.3 40.5
2.46 7.3 1.8 0.72 1.1 20

1.87 6.0 1.7 0.63 1.0 35.8
2.05 4.8 1.2 0.65 0.82 15.2

1.56 3.3 0.91 0.58 0.65 18.9
1.64 3.0 0.77 0.59 0.58 11.0

1.15 1.9 0.59 0.52 0.47 15.2
1.23 1.7 0.46 0.53 0.40 7.4
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Table 12.2.20 Properties of Wide-Flange Beams and Columns (W Shapes)

Flange Neutral axis perpendicular
to web at center

Neutral axis parallel to
web at center

Nominal
size, in

Weight
per ft,

lb†

Area of
section,

in2

Depth of
section,

in Width, in
Thickness,

in

Web
thickness,

in I, in4 S, in3 r, in I, in4 S, in3 r, in
V,

1,000 lb*
R,

1,000 lb*

W 36 300 88.3 36.74 16.66 1.68 0.945 20,300 1,110 15.2 1,300 156 3.83 500 237
280 82.4 36.52 16.6 1.57 0.885 18,900 1,030 15.1 1,200 144 3.81 465 215
260 76.5 36.26 16.55 1.44 0.84 17,300 953 15 1,090 132 3.78 439 198
245 72.1 36.08 16.51 1.35 0.8 16,100 895 15 1,010 123 3.75 416 186
230 67.6 35.9 16.47 1.26 0.76 15,000 837 14.9 940 114 3.73 393 170

194 57 36.49 12.12 1.26 0.765 12,100 664 14.6 375 61.9 2.56 402 163
182 53.6 36.33 12.08 1.18 0.725 11,300 623 14.5 347 57.6 2.55 379 152
170 50 36.17 12.03 1.1 0.68 10,500 580 14.5 320 53.2 2.53 354 137
160 47 36.01 12 1.02 0.65 9,750 542 14.4 295 49.1 2.5 337 124
150 44.2 35.85 11.98 0.94 0.625 9,040 504 14.3 270 45.1 2.47 323 113

W 33 241 70.9 34.18 15.86 1.4 0.83 14,200 829 14.1 932 118 3.63 409 177
221 65 33.93 15.81 1.275 0.775 12,800 757 14.1 840 106 3.59 379 159
201 59.1 33.68 15.75 1.15 0.715 11,500 684 14 749 95.2 3.56 347 142

152 44.7 33.49 11.57 1.055 0.635 8,160 487 13.5 273 47.2 2.47 306 122
141 41.6 33.3 11.54 0.96 0.605 7,450 448 13.4 246 42.7 2.43 290 109
130 38.3 33.09 11.51 0.855 0.58 6,710 406 13.2 218 37.9 2.39 276 98

W 30 211 62 30.94 15.11 1.315 0.775 10,300 663 12.9 757 100 3.49 345 162
191 56.1 30.68 15.04 1.185 0.71 9,170 598 12.8 673 89.5 3.46 314 141
173 50.8 30.44 14.99 1.065 0.655 8,200 539 12.7 598 79.8 3.43 287 128

148 43.5 30.67 10.48 1.18 0.65 6,680 436 12.4 227 43.3 2.28 287 131
132 38.9 30.31 10.55 1 0.615 5,770 380 12.2 196 37.2 2.25 268 115
124 36.5 30.17 10.52 0.93 0.585 5,360 355 12.1 181 34.4 2.23 254 103
116 34.2 30.01 10.5 0.85 0.565 4,930 329 12 164 31.3 2.19 244 95
108 31.7 29.83 10.48 0.76 0.545 4,470 299 11.9 146 27.9 2.15 234 87

W 27 178 52.3 27.81 14.09 1.19 0.725 6,990 502 11.6 555 78.8 3.26 290 141
161 47.4 27.59 14.02 1.08 0.66 6,280 455 11.5 497 70.9 3.24 262 126
146 42.9 27.38 13.97 0.975 0.605 5,630 411 11.4 443 63.5 3.21 239 111

114 33.5 27.29 10.07 0.93 0.57 4,090 299 11 159 31.5 2.18 224 100
102 30 27.09 10.02 0.83 0.515 3,620 267 11 139 27.8 2.15 201 82
94 27.7 26.92 9.99 0.745 0.49 3,270 243 10.9 124 24.8 2.12 190 73

W 24 162 47.7 25 12.96 1.22 0.705 5,170 414 10.4 443 68.4 3.05 254 143
146 43 24.74 12.9 1.09 0.65 4,580 371 10.3 391 60.5 3.01 232 126
131 38.5 24.48 12.86 0.96 0.605 4,020 329 10.2 340 53 2.97 213 113
117 34.4 24.26 12.8 0.85 0.55 3,540 291 10.1 297 46.5 2.94 192 94
104 30.6 24.06 12.75 0.75 0.5 3,100 258 10.1 259 40.7 2.91 173 77

103 30.3 24.53 9 0.98 0.55 3,000 245 9.96 119 26.5 1.99 194 97
94 27.7 24.31 9.065 0.875 0.515 2,700 222 9.87 109 24 1.98 180 84
84 24.7 24.1 9.02 0.77 0.47 2,370 196 9.79 94.4 20.9 1.95 163 70
76 22.4 23.92 8.99 0.68 0.44 2,100 176 9.69 82.5 18.4 1.92 152 60

W 21 147 43.2 22.06 12.51 1.15 0.72 3,630 329 9.17 376 60.1 2.95 229 140
132 38.8 21.83 12.44 1.035 0.65 3,220 295 9.12 333 53.5 2.93 204 124
122 35.9 21.68 12.39 0.96 0.6 2,960 273 9.09 305 49.2 2.92 187 110

93 27.3 21.62 8.42 0.93 0.58 2,070 192 8.7 92.9 22.1 1.84 181 106
83 24.3 21.43 8.355 0.835 0.515 1,830 171 8.67 81.4 19.5 1.83 159 85
73 21.5 21.24 8.295 0.74 0.455 1,600 151 8.64 70.6 17 1.81 139 67
68 20 21.13 8.27 0.685 0.43 1,480 140 8.6 64.7 15.7 1.8 131 59
62 18.3 20.99 8.24 0.615 0.4 1,330 127 8.54 57.5 13.9 1.77 121 51

W 18 119 35.1 18.97 11.27 1.06 0.655 2,190 231 7.9 253 44.9 2.69 179 123
106 31.1 18.73 11.2 0.94 0.59 1,910 204 7.84 220 39.4 2.66 159 106
97 28.5 18.59 11.15 0.87 0.535 1,750 188 7.82 201 36.1 2.65 143 94
86 25.3 18.39 11.09 0.77 0.48 1,530 166 7.77 175 31.6 2.63 127 76
76 22.3 18.21 11.04 0.68 0.425 1,330 146 7.73 152 27.6 2.61 111 60

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.
Flanges of wide-flange beams and columns are not tapered, have constant thickness.
Sections without values of V and R are used chiefly for columns.
Lightweight beams for each nominal size, and beams with depth in even inches, are most usually stocked.
Designation of wide-flange beams is made by giving nominal depth and weight, thus W8 3 40.
* V and R values are for beams of A36 steel.
† Some sections listed are no longer rolled but may be encountered in existing construction. Others currently rolled are not listed. Refer to producers’ catalogs for sections currently available.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 12.2.20 Properties of Wide-Flange Beams and Columns (W Shapes) (Continued )

Flange Neutral axis perpendicular
to web at center

Neutral axis parallel to
web at center

Nominal
size, in

Weight
per ft,

lb†

Area of
section,

in2

Depth of
section,

in Width, in
Thickness,

in

Web
thickness,

in I, in4 S, in3 r, in I, in4 S, in3 r, in
V,

1,000 lb*
R,

1,000 lb*

W 18 71 20.8 18.47 7.635 0.81 0.495 1,170 127 7.5 60.3 15.8 1.7 132 81
65 19.1 18.35 7.59 0.75 0.45 1,070 117 7.49 54.8 14.4 1.69 119 67
60 17.6 18.24 7.555 0.695 0.415 984 108 7.47 50.1 13.3 1.69 109 58
55 16.2 18.11 7.53 0.63 0.39 890 98.3 7.41 44.9 11.9 1.67 102 51
50 14.7 17.99 7.495 0.57 0.355 800 88.9 7.38 40.1 10.7 1.65 92 42

W 16 100 29.4 16.97 10.43 0.985 0.585 1,490 175 7.1 186 35.7 2.51 143 107
89 26.2 16.75 10.37 0.875 0.525 1,300 155 7.05 163 31.4 2.49 127 92
77 22.6 16.52 10.3 0.76 0.455 1,110 134 7 138 26.9 2.47 108 71
67 19.7 16.33 10.24 0.665 0.395 954 117 6.96 119 23.2 2.46 93 53

57 16.8 16.43 7.12 0.715 0.43 758 92.2 6.72 43.1 12.1 1.6 102 63
50 14.7 16.26 7.07 0.63 0.38 659 81 6.68 37.2 10.5 1.59 89 49
45 13.3 16.13 7.035 0.565 0.345 586 72.7 6.65 32.8 9.34 1.57 80 41
40 11.8 16.01 6.995 0.505 0.305 518 64.7 6.63 28.9 8.25 1.57 70 32
36 10.6 15.86 6.985 0.43 0.295 448 56.5 6.51 24.5 7 1.52 67 29

W 14 426 125 18.67 16.7 3.035 1.875 6,600 707 7.26 2,360 283 4.34 — —
398 117 18.29 16.59 2.845 1.77 6,000 656 7.16 2,170 262 4.31 — —
370 109 17.92 16.48 2.66 1.655 5,440 607 7.07 1,990 241 4.27 — —
342 101 17.54 16.36 2.47 1.54 4,900 559 6.98 1,810 221 4.24 — —
311 91.4 17.12 16.23 2.26 1.41 4,330 506 6.88 1,610 199 4.2 — —

283 83.3 16.74 16.11 2.07 1.29 3,840 459 6.79 1,440 179 4.17 — —
257 75.6 16.38 16 1.89 1.175 3,400 415 6.71 1,290 161 4.13 — —
233 68.5 16.04 15.89 1.72 1.07 3,010 375 6.63 1,150 145 4.1 — —
211 62 15.72 15.8 1.56 0.98 2,660 338 6.55 1,030 130 4.07 — —
193 56.8 15.48 15.71 1.44 0.89 2,400 310 6.5 931 119 4.05 — —

176 51.8 15.22 15.65 1.31 0.83 2,140 281 6.43 838 107 4.02 — —
159 46.7 14.98 15.57 1.19 0.745 1,900 254 6.38 748 96.2 4 161 145
145 42.7 14.78 15.5 1.09 0.68 1,710 232 6.33 677 87.3 3.98 145 127
132 38.8 14.66 14.73 1.03 0.645 1,530 209 6.28 548 74.5 3.76 136 118
120 35.3 14.48 14.67 0.94 0.59 1,380 190 6.24 495 67.5 3.74 123 106

109 32 14.32 14.61 0.86 0.525 1,240 173 6.22 447 61.2 3.73 108 92
99 29.1 14.16 14.57 0.78 0.485 1,110 157 6.17 402 55.2 3.71 99 82
90 26.5 14.02 14.52 0.71 0.44 999 143 6.14 362 49.9 3.7 89 69

82 24.1 14.31 10.13 0.855 0.51 882 123 6.05 148 29.3 2.48 105 92
74 21.8 14.17 10.07 0.785 0.45 796 112 6.04 134 26.6 2.48 92 72
68 20 14.04 10.04 0.72 0.415 723 103 6.01 121 24.2 2.46 84 61
61 17.9 13.89 9.995 0.645 0.375 640 92.2 5.98 107 21.5 2.45 75 50

53 15.6 13.92 8.06 0.66 0.37 541 77.8 5.89 57.7 14.3 1.92 74 49
48 14.1 13.79 8.03 0.595 0.34 485 70.3 5.85 51.4 12.8 1.91 68 41
43 12.6 13.66 7.995 0.53 0.305 428 62.7 5.82 45.2 11.3 1.89 60 33

38 11.2 14.1 6.77 0.515 0.31 385 54.6 5.87 26.7 7.88 1.55 63 34
34 10 13.98 6.745 0.455 0.285 340 48.6 5.83 23.3 6.91 1.53 57 29
30 8.85 13.84 6.73 0.385 0.27 291 42 5.73 19.6 5.82 1.49 54 26

W 12 190 55.8 14.38 12.67 1.735 1.06 1,890 263 5.82 589 93 3.25 — —
152 44.7 13.71 12.48 1.4 0.87 1,430 209 5.66 454 72.8 3.19 — —
136 39.9 13.41 12.4 1.25 0.79 1,240 186 5.58 398 64.2 3.16 — —
120 35.3 13.12 12.32 1.105 0.71 1,070 163 5.51 345 56 3.13 134 136
106 31.2 12.89 12.22 0.99 0.61 933 145 5.47 301 49.3 3.11 113 112

96 28.2 12.71 12.16 0.9 0.55 833 131 5.44 270 44.4 3.09 101 99
87 25.6 12.53 12.13 0.81 0.515 740 118 5.38 241 39.7 3.07 93 89
79 23.2 12.38 12.08 0.735 0.47 662 107 5.34 216 35.8 3.05 84 79
72 21.1 12.25 12.04 0.67 0.43 597 97.4 5.31 195 32.4 3.04 76 68
65 19.1 12.12 12 0.605 0.39 533 87.9 5.28 174 29.1 3.02 68 56

58 17 12.19 10.01 0.64 0.36 475 78 5.28 107 21.4 2.51 63 48
53 15.6 12.06 9.995 0.575 0.345 425 70.6 5.23 95.8 19.2 2.48 60 44

50 14.7 12.19 8.08 0.64 0.37 394 64.7 5.18 56.3 13.9 1.96 65 51
45 13.2 12.06 8.045 0.575 0.335 350 58.1 5.15 50 12.4 1.94 58 42
40 11.8 11.94 8.005 0.515 0.295 310 51.9 5.13 44.1 11 1.93 51 32

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.
Flanges of wide-flange beams and columns are not tapered, have constant thickness.
Sections without values of V and R are used chiefly for columns.
Lightweight beams for each nominal size, and beams with depth in even inches, are most usually stocked.
Designation of wide-flange beams is made by giving nominal depth and weight, thus W8 3 40.
* V and R values are for beams of A36 steel.
† Some sections listed are no longer rolled but may be encountered in existing construction. Others currently rolled are not listed. Refer to producers’ catalogs for sections currently available.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
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Table 12.2.20 Properties of Wide-Flange Beams and Columns (W Shapes) (Continued )

Flange Neutral axis perpendicular
to web at center

Neutral axis parallel to
web at center

Nominal
size, in

Weight
per ft,

lb†

Area of
section,

in2

Depth of
section,

in Width, in
Thickness,

in

Web
thickness,

in I, in4 S, in3 r, in I, in4 S, in3 r, in
V,

1,000 lb*
R,

1,000 lb*

W 12 35 10.3 12.5 6.56 0.52 0.3 285 45.6 5.25 24.5 7.47 1.54 54 33
30 8.79 12.34 6.52 0.44 0.26 238 38.6 5.21 20.3 6.24 1.52 46 25
26 7.65 12.22 6.49 0.38 0.23 204 33.4 5.17 17.3 5.34 1.51 40 20

W 10 112 32.9 11.36 10.42 1.25 0.755 716 126 4.66 236 45.3 2.68 — —
100 29.4 11.1 10.34 1.12 0.68 623 112 4.6 207 40 2.65 — —
88 25.9 10.84 10.27 0.99 0.605 534 98.5 4.54 179 34.8 2.63 — —
77 22.6 10.6 10.19 0.87 0.53 455 85.9 4.49 154 30.1 2.6 — —
68 20 10.4 10.13 0.77 0.47 394 75.7 4.44 134 26.4 2.59 70 78

60 17.6 10.22 10.08 0.68 0.42 341 66.7 4.39 116 23 2.57 62 68
54 15.8 10.09 10.03 0.615 0.37 303 60 4.37 103 20.6 2.56 54 54
49 14.4 9.98 10 0.56 0.34 272 54.6 4.35 93.4 18.7 2.54 49 45

45 13.3 10.1 8.02 0.62 0.35 248 49.1 4.32 53.4 13.3 2.01 51 48
39 11.5 9.92 7.985 0.53 0.315 209 42.1 4.27 45 11.3 1.98 45 39
33 9.71 9.73 7.96 0.435 0.29 170 35 4.19 36.6 9.2 1.94 41 33

30 8.84 10.47 5.81 0.51 0.3 170 32.4 4.38 16.7 5.75 1.37 45 35
26 7.61 10.33 5.77 0.44 0.26 144 27.9 4.35 14.1 4.89 1.36 39 26
22 6.49 10.17 5.75 0.36 0.24 118 23.2 4.27 11.4 3.97 1.33 35 22

W 8 67 19.7 9 8.28 0.935 0.57 272 60.4 3.72 88.6 21.4 2.12 — —
58 17.1 8.75 8.22 0.81 0.51 228 52 3.65 75.1 18.3 2.1 — —
48 14.1 8.5 8.11 0.685 0.4 184 43.3 3.61 60.9 15 2.08 49 61
40 11.7 8.25 8.07 0.56 0.36 146 35.5 3.53 49.1 12.2 2.04 43 53
35 10.3 8.12 8.02 0.495 0.31 127 31.2 3.51 42.6 10.6 2.03 36 41

31 9.13 8 7.995 0.435 0.285 110 27.5 3.47 37.1 9.27 2.02 33 35

28 8.25 8.06 6.535 0.465 0.285 98 24.3 3.45 21.7 6.63 1.62 33 34
24 7.08 7.93 6.495 0.4 0.245 82.8 20.9 3.42 18.3 5.63 1.61 28 26

21 6.16 8.28 5.27 0.4 0.25 75.3 18.2 3.49 9.77 3.71 1.26 30 26

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.
Flanges of wide-flange beams and columns are not tapered, have constant thickness.
Sections without values of V and R are used chiefly for columns.
Lightweight beams for each nominal size, and beams with depth in even inches, are most usually stocked.
Designation of wide-flange beams is made by giving nominal depth and weight, thus W8 3 40.
* V and R values are for beams of A36 steel.
† Some sections listed are no longer rolled but may be encountered in existing construction. Others currently rolled are not listed. Refer to producers’ catalogs for sections currently available.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
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Table 12.2.21 Selected Standard Angles (L Shapes), Equal Legs
(One to three intermediate thicknesses in each size group are available, varying by 1⁄16 in)
A single angle should never be used as a beam. Two angles, bolted at frequent intervals, may be used.

Axis 1-1 and axis 2-2

Net areas after
deducting holes for

7⁄8-in rivets

Size, in
Weight per

ft, lb
Areas of

section, in2 I, in4 r, in S, in3 x, in
Axis 3-3,
r min, in 1 hole 2 holes

8 3 8 3 11⁄8 56.9 16.73 98.0 2.42 17.5 2.41 1.56 15.60 14.48
1 51.0 15.00 89.0 2.44 15.8 2.37 1.56 14.00 13.00

7⁄8 45.0 13.23 79.6 2.45 14.0 2.32 1.57 12.36 11.48
3⁄4 38.9 11.44 69.7 2.47 12.2 2.28 1.57 10.69 9.94
5⁄8 32.7 9.61 59.4 2.49 10.3 2.23 1.58 8.98 8.36
1⁄2 26.4 7.75 48.6 2.50 8.4 2.19 1.59 7.25 6.75

6 3 6 3 1 37.4 11.00 35.5 1.80 8.6 1.86 1.17 10.00 9.00
7⁄8 33.1 9.73 31.9 1.81 7.6 1.82 1.17 8.86 7.98
3⁄4 28.7 8.44 28.2 1.83 6.7 1.78 1.17 7.69 6.94
5⁄8 24.2 7.11 24.2 1.84 5.7 1.73 1.18 6.48 5.86
1⁄2 19.6 5.75 19.9 1.86 4.6 1.68 1.18 5.25 4.75
3⁄8 14.9 4.36 15.4 1.88 3.5 1.64 1.19 3.98 3.61

5 3 5 3 7⁄8 27.2 7.98 17.8 1.49 5.2 1.57 0.97 7.10 6.23
3⁄4 23.6 6.94 15.7 1.51 4.5 1.52 0.97 6.19 5.44
5⁄8 20.0 5.86 13.6 1.52 3.9 1.48 0.98 5.24 4.61
1⁄2 16.2 4.75 11.3 1.54 3.2 1.43 0.98 4.25 3.75
3⁄8 12.3 3.61 8.7 1.56 2.4 1.39 0.99 3.24 2.86

4 3 4 3 3⁄4 18.5 5.44 7.7 1.19 2.8 1.27 0.78 4.69 3.94
5⁄8 15.7 4.61 6.7 1.20 2.4 1.23 0.78 3.98 3.36
1⁄2 12.8 3.75 5.6 1.22 2.0 1.18 0.78 3.25 2.75
3⁄8 9.8 2.86 4.4 1.23 1.5 1.14 0.79 2.48 2.11
1⁄4 6.6 1.94 3.0 1.25 1.1 1.09 0.80 1.70 1.45

31⁄2 3 31⁄2 3 1⁄2 11.1 3.25 3.6 1.06 1.5 1.06 0.68 2.75 2.25
3⁄8 8.5 2.48 2.9 1.07 1.2 1.01 0.69 2.10 1.73
1⁄4 5.8 1.69 2.0 1.09 0.79 0.97 0.69 1.44 1.19

3 3 3 3 1⁄2 9.4 2.75 2.2 0.90 1.1 0.93 0.58
3⁄8 7.2 2.11 1.8 0.91 0.83 0.89 0.58
1⁄4 4.9 1.44 1.2 0.93 0.58 0.84 0.59

21⁄2 3 21⁄2 3 1⁄2 7.7 2.25 1.2 0.74 0.72 0.81 0.49
3⁄8 5.9 1.73 0.98 0.75 0.57 0.76 0.49
1⁄4 4.1 1.19 0.70 0.77 0.39 0.72 0.49

2 3 2 3 3⁄8 4.7 1.36 0.48 0.59 0.35 0.64 0.39
1⁄4 3.19 0.94 0.35 0.61 0.25 0.59 0.39
1⁄8 1.65 0.48 0.19 0.63 0.13 0.55 0.40

13⁄4 3 13⁄4 3 1⁄4 2.77 0.81 0.23 0.53 0.19 0.53 0.34
1⁄8 1.44 0.42 0.13 0.55 0.10 0.48 0.35

11⁄2 3 11⁄2 3 1⁄4 2.34 0.69 0.14 0.45 0.13 0.47 0.29
1⁄8 1.23 0.36 0.08 0.47 0.07 0.42 0.30

11⁄4 3 11⁄4 3 1⁄4 1.92 0.56 0.08 0.37 0.09 0.40 0.24
1⁄8 1.01 0.30 0.04 0.38 0.05 0.36 0.25

1 3 1 3 1⁄4 1.49 0.44 0.04 0.29 0.06 0.34 0.20
1⁄8 0.80 0.23 0.02 0.30 0.03 0.30 0.20

NOTE: 1 in 5 2.5 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.
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Table 12.2.22 Selected Standard Angles (L Shapes) Unequal Legs
(Intermediate thicknesses are available in each size group, varying by 1⁄16 in among the thinner angles)
A single angle should never be used as a beam. Two angles, bolted at frequent intervals, may be used.

Axis X-X Axis Y-Y

Net areas after
deducting holes
for 7⁄8-in rivets

Size, in
Thickness,

in
Weight

per ft, lb

Area of
section,

in2 I, in4 S, in3 r, in y, in I, in4 S, in3 r, in y, in
Axis Z-Z

r, in 1 hole 2 holes

8 3 6 1 44.2 13.00 80.8 15.1 2.49 2.65 38.8 8.9 1.73 1.65 1.28 12.00 11.00
3⁄4 33.8 9.94 63.4 11.7 2.53 2.56 30.7 6.9 1.76 1.56 1.29 9.19 8.44
1⁄2 23.0 6.75 44.3 8.0 2.56 2.47 21.7 4.8 1.79 1.47 1.30 6.25 5.75
7⁄16 20.2 5.93 39.2 7.1 2.57 2.45 19.3 4.2 1.80 1.45 1.31 5.49 5.06

8 3 4 1 37.4 11.00 69.6 14.1 2.52 3.05 11.6 3.9 1.03 1.05 0.85 10.00 9.00
3⁄4 28.7 8.44 54.9 10.9 2.55 2.95 9.4 3.1 1.05 0.95 0.85 7.69 6.94
1⁄2 19.6 5.75 38.5 7.5 2.59 2.86 6.7 2.2 1.08 0.86 0.86 5.25 4.75
7⁄16 17.2 5.06 34.1 6.6 2.60 2.83 6.0 1.9 1.09 0.83 0.87 4.62 4.18

7 3 4 7⁄8 30.2 8.86 42.9 9.7 2.20 2.55 10.2 3.5 1.07 1.05 0.86 7.98 7.11
3⁄4 26.2 7.69 37.8 8.4 2.22 2.51 9.1 3.0 1.09 1.01 0.86 6.94 6.19
1⁄2 17.9 5.25 26.7 5.8 2.25 2.42 6.5 2.1 1.11 0.92 0.87 4.75 4.25
3⁄8 13.6 3.98 20.6 4.4 2.27 2.37 5.1 1.6 1.13 0.87 0.88 3.62 3.24

6 3 4 7⁄8 27.2 7.98 27.7 7.2 1.86 2.12 9.8 3.4 1.11 1.12 0.86 7.10 6.23
3⁄4 23.6 6.94 24.5 6.3 1.88 2.08 8.7 3.0 1.12 1.08 0.86 6.19 5.44
1⁄2 16.2 4.75 17.4 4.3 1.91 1.99 6.3 2.1 1.15 0.99 0.87 4.25 3.75
3⁄8 12.3 3.61 13.5 3.3 1.93 1.94 4.9 1.6 1.17 0.94 0.88 3.24 2.86
5⁄16 10.3 3.03 11.4 2.8 1.94 1.92 4.2 1.4 1.17 0.92 0.88 2.72 2.40

6 3 31⁄2 1⁄2 15.3 4.50 16.6 4.2 1.92 2.08 4.3 1.6 0.97 0.83 0.76 4.00 3.50
3⁄8 11.7 3.42 12.9 3.2 1.94 2.04 3.3 1.2 0.99 0.79 0.77 3.04 2.67
1⁄4 7.9 2.31 8.9 2.2 1.96 1.99 2.3 0.85 1.01 0.74 0.78 2.06 1.81

5 3 31⁄2 3⁄4 19.8 5.81 13.9 4.3 1.55 1.75 5.6 2.2 0.98 1.00 0.75 5.06 4.31
1⁄2 13.6 4.00 10.0 3.0 1.58 1.66 4.1 1.6 1.01 0.91 0.75 3.50 3.00
1⁄4 7.0 2.06 5.4 1.6 1.61 1.56 2.2 0.83 1.04 0.81 0.76 1.81 1.56

5 3 3 1⁄2 12.8 3.75 9.5 2.9 1.59 1.75 2.6 1.1 0.83 0.75 0.65 3.25 2.75
3⁄8 9.8 2.86 7.4 2.2 1.61 1.70 2.0 0.89 0.84 0.70 0.65 2.48 2.11
1⁄4 6.6 1.94 5.1 1.5 1.62 1.66 1.4 0.61 0.86 0.66 0.66 1.69 1.44

4 3 31⁄2 5⁄8 14.7 4.30 6.4 2.4 1.22 1.29 4.5 1.8 1.03 1.04 0.72 3.68 3.05
1⁄2 11.9 3.50 5.3 1.9 1.23 1.25 3.8 1.5 1.04 1.00 0.72 3.00 2.50
3⁄8 9.1 2.67 4.2 1.5 1.25 1.21 3.0 1.2 1.06 0.96 0.73 2.30 1.92
1⁄4 6.2 1.81 2.9 1.0 1.27 1.16 2.1 0.81 1.07 0.91 0.73 1.56 1.31

4 3 3 5⁄8 13.6 3.98 6.0 2.3 1.23 1.37 2.9 1.4 0.85 0.87 0.64 3.36 2.73
1⁄2 11.1 3.25 5.1 1.9 1.25 1.33 2.4 1.1 0.86 0.83 0.64 2.75 2.25
1⁄4 5.8 1.69 2.8 1.0 1.28 1.24 1.4 0.60 0.90 0.74 0.65 1.44 1.19

31⁄2 3 3 1⁄2 10.2 3.00 3.5 1.5 1.07 1.13 2.3 1.1 0.88 0.88 0.62 2.50
1⁄4 5.4 1.56 1.9 0.78 1.11 1.04 1.3 0.59 0.91 0.79 0.63 1.31

31⁄2 3 21⁄2 1⁄2 9.4 2.75 3.2 1.4 1.09 1.20 1.4 0.76 0.70 0.70 0.53 2.25
1⁄4 4.9 1.44 1.8 0.75 1.12 1.11 0.78 0.41 0.74 0.61 0.54 1.19

3 3 21⁄2 1⁄2 8.5 2.50 2.1 1.0 0.91 1.00 1.3 0.74 0.72 0.75 0.52
3⁄8 6.6 1.92 1.7 0.81 0.93 0.96 1.0 0.58 0.74 0.71 0.52
1⁄4 4.5 1.31 1.2 0.56 0.95 0.91 0.74 0.40 0.75 0.66 0.53

3 3 2 1⁄2 7.7 2.25 1.9 1.0 0.92 1.08 0.67 0.47 0.55 0.58 0.43
3⁄16 3.07 0.90 0.84 0.41 0.97 0.97 0.31 0.20 0.58 0.47 0.44

21⁄2 3 2 3⁄8 5.3 1.55 0.91 0.55 0.77 0.83 0.51 0.36 0.58 0.58 0.42
3⁄16 2.75 0.81 0.51 0.29 0.79 0.76 0.29 0.20 0.60 0.51 0.43

2 3 11⁄2 1⁄4 2.77 0.81 0.32 0.24 0.62 0.66 0.15 0.14 0.43 0.41 0.32
1⁄8 1.44 0.42 0.17 0.13 0.64 0.62 0.09 0.08 0.45 0.37 0.33

13⁄4 3 11⁄4 1⁄4 2.34 0.69 0.20 0.18 0.54 0.60 0.09 0.10 0.35 0.35 0.27
1⁄8 1.23 0.36 0.11 0.09 0.56 0.56 0.05 0.05 0.37 0.31 0.27

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.
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Table 12.2.23 Radii of Gyration for Two Angles, Unequal Legs

Single angle
Two

angles Radii of gyration, in

Long legs vertical Short legs vertical

Axis 2-2 Axis 2-2

Size, in
Weight

per ft, lb Area, in2 Axis 1-1 In contact 3⁄8 in apart 3⁄4 in apart Axis 1-1 In contact 3⁄8 in apart 3⁄4 in apart

8 3 6 3 1 44.2 26.00 2.49 2.39 2.52 2.66 1.73 3.64 3.78 3.92
3⁄4 33.8 19.9 2.53 2.35 2.48 2.62 1.76 3.60 3.74 3.88

8 3 4 3 1 37.4 22.00 2.52 1.47 1.61 1.76 1.03 3.95 4.10 4.25
1⁄2 19.6 11.50 2.59 1.38 1.51 1.64 1.08 3.86 4.00 4.14

7 3 4 3 3⁄4 26.2 15.4 2.22 1.48 1.62 1.76 1.09 3.35 3.48 3.64
3⁄8 13.6 7.96 2.27 1.43 1.55 1.68 1.13 3.28 3.42 3.56

6 3 4 3 3⁄4 23.6 13.9 1.88 1.55 1.69 1.83 1.12 2.80 2.94 3.09
3⁄8 12.3 7.22 1.93 1.50 1.62 1.76 1.17 2.74 2.87 3.02

5 3 31⁄2 3 3⁄4 19.8 11.62 1.55 1.40 1.54 1.69 0.98 2.34 2.48 2.63
5⁄16 8.7 5.12 1.61 1.33 1.45 1.59 1.03 2.26 2.38 2.53

4 3 31⁄2 3 1⁄2 11.9 7.00 1.23 1.44 1.58 1.72 1.04 1.76 1.89 2.04
5⁄16 7.7 4.50 1.26 1.42 1.55 1.69 1.07 1.73 1.86 2.00

4 3 3 3 1⁄2 11.1 6.50 1.25 1.20 1.33 1.48 0.86 1.82 1.96 2.11
1⁄4 5.8 3.38 1.28 1.16 1.29 1.43 0.90 1.78 1.92 2.06

31⁄2 3 3 3 3⁄8 7.9 4.59 1.09 1.22 1.36 1.50 0.90 1.53 1.67 1.82
1⁄4 5.4 3.12 1.11 1.21 1.34 1.48 0.91 1.52 1.65 1.80

3 3 21⁄2 3 3⁄8 6.6 3.84 0.93 1.02 1.16 1.31 0.74 1.34 1.48 1.63
1⁄4 4.5 2.62 0.95 1.00 1.13 1.28 0.75 1.31 1.45 1.60

21⁄2 3 2 3 3⁄8 5.3 3.10 0.77 0.82 0.96 1.11 0.58 1.13 1.27 1.43
1⁄4 3.6 2.12 0.78 0.80 0.94 1.09 0.59 1.11 1.25 1.40

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.

dard beams (S shapes) or wide-flange sections (W shapes) length-wise
at midheight of the web, making two similar shapes of T section. Table
12.2.25 lists a selection of such tees.

For additional data regarding structural shapes, their strengths as
beams and columns, and means of making connections, see ‘‘AISC
Manual of Steel Construction.’’

Welding The main advantage of assembling and connecting steel
frames by welding is the reduction in the amount of metal used. The
saving in metal is achieved by (1) elimination of bolt holes which re-
duce the net section of tension members, (2) simplification of details,

pression normal to the effective area and tension or compression paral-
lel to the axis of the weld are the same as the base metal. For tension
normal to the effective area, the allowable stress is 0.3 times the nomi-
nal tensile strength of the weld metal (limited by 0.6 times the yield
stress of the base metal); for shear parallel to the axis of the weld, the
allowable stress on the effective area is 0.3 times the nominal tensile
strength of weld metal (limited by 0.4 times yield stress of the base
metal). The effective thickness of partial-penetration groove welds de-
pends on the welding process, welding position, and the included angle
of the groove but may be safely taken as the depth of the chamfer less
1
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and (3) elimination of splice plate and gusset plate material. (See also
Sec. 13.3.)

Allowable stresses in welds depend on the type of weld, the manner of
loading, and the relative strengths of the weld metal and the base metal.
For complete-penetration groove welds in which the full edge thickness of
the thinner part to be joined is beveled in preparation for welding,
allowable stresses due to tension or compression normal to the effective
area or parallel to the axis of the weld are the same as the base metal,
and the allowable shear stress on the effective area is 0.3 times the
nominal tensile strength of the weld metal (limited by 0.4 times yield
stress in the base metal). The effective area for a complete-penetration
groove weld is the width of the part joined times the thickness of the
thinner part.

For partial-penetration groove welds, allowable stresses due to com-
⁄8 in.
For fillet welds, allowable shear stresses on the effective area are taken

as 0.3 times nominal tensile strength of the weld (limited by 0.4 times
yield stress of the base metal), and for tension or compression parallel to
the axis of the weld, allowable stresses are the same as the base metal.
Fillet welds are not to be loaded in tension or compression normal to the
effective area; they transfer loads between members in shear only. The
effective area of a fillet weld is the overall length of the full-size weld
times the shortest distance from the root to the face (normally leg size 3
sin 45°). Allowable shear in a fillet weld is taken as 930 lb/in of length
(163 N/mm) for each 1⁄16 in (1.59 mm) of leg size. Fillet welds should be
limited to 1⁄2 in (12.5 mm) leg size in normal construction and to the
thickness of the material up to 1⁄4 in and thickness less 1⁄16 in for thicker
material. The minimum-size fillet weld for 1⁄4-in-thick material should



12-42 STRUCTURAL DESIGN OF BUILDINGS

Table 12.2.24 Radii of Gyration for Two Angles, Equal Legs

Two
Single angle angles Radii of gyration, in

Axis 2-2

Size, in
Weight

per ft, lb
Area,

in2 Axis 1-1 In contact 3⁄8 in apart 3⁄4 in apart

8 3 8 3 11⁄8 56.9 33.46 2.42 3.42 3.55 3.69
1⁄2 26.4 15.50 2.50 3.33 3.45 3.59

6 3 6 3 1 37.4 22.00 1.80 2.59 2.72 2.87
3⁄8 14.9 8.72 1.88 2.49 2.62 2.76

5 3 5 3 7⁄8 27.2 15.96 1.49 2.17 2.31 2.45
3⁄8 12.3 7.22 1.56 2.09 2.22 2.35

4 3 4 3 3⁄4 18.5 10.88 1.19 1.74 1.88 2.03
1⁄4 6.6 3.88 1.25 1.66 1.79 1.93

31⁄2 3 31⁄2 3 3⁄8 8.5 4.97 1.07 1.48 1.61 1.75
1⁄4 5.8 3.38 1.09 1.46 1.59 1.73

3 3 3 3 1⁄2 9.4 5.50 0.90 1.29 1.43 1.58
1⁄4 4.9 2.88 0.93 1.25 1.38 1.53

21⁄2 3 21⁄2 3 3⁄8 5.9 3.47 0.75 1.07 1.21 1.36
1⁄4 4.1 2.38 0.77 1.05 1.19 1.34

2 3 2 3 3⁄8 4.7 2.72 0.59 0.87 1.02 1.18
1⁄4 3.19 1.88 0.61 0.85 0.99 1.14

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.

be 1⁄8 in; for over 1⁄4- to 1⁄2-in material, 3⁄16 in; for over 1⁄2-in to 3⁄4-in
material, 1⁄4 in; and for over 3⁄4-in-thick material, 5⁄16 in. Typical details
of welded connections are indicated in Fig. 12.2.18.

Safe Loads for Steel Beams To determine the safe load uniformly
distributed, as limited by bending, for a structural steel beam on a given
span, apply the formula W 5 8Fbs/l, where W is the total load, lb.; Fb is
the allowable fiber stress (24,000 lb/in2 or any other); S is the section

Compute the load, of whatever type or distribution, which will produce
a maximum bending moment equal to safe moment of resistance (see
Sec. 5 for bending-moment formulas).

To select a beam to support a given load, compute the maximum bend-
ing moment in inch-pounds, divide by the allowable fiber stress Fb , and
refer to the table for a beam having a section modulus which is not
smaller than the quotient.

Formulas for the safe loads and deflections of beams with various
methods of support and of loading are given in Sec. 5.

Short beams should be investigated for crippling of the web. In the
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Fig. 12.2.18 Welded connections. (a) Moment connection; (b) bracing connec-
tion.

modulus for the beam in question, given in Tables 12.2.18 to 12.2.26;
and l is the span, in. (This formula may also be used with equivalent
metric units.) The safe load concentrated at midspan is one-half this
amount. For other safe loads, note that FbS is the safe resistance to
bending in inch-pounds (or newton-meters) afforded by the beam.
tables are given the safe end reactions for beams of A36 steel resting on
a seat 31⁄2 in (9 cm) long along the axis of the beam. Short beams should
also be investigated for shear, by dividing the maximum shear, in
pounds, by the area of the web, excluding the flanges.

Single angles used as beams and loaded in the plane of axis X-X or Y-Y
tend to deflect laterally as well as in the plane of the loads. Unless this is
prevented, as by pairing the angles back to back and securing them
together, the unit fiber stress due to bending may be as much as 40
percent above that computed by dividing the bending moment by S for
the axis perpendicular to the plane of the loads. The relation f 5 M/S
does not hold for single angles, and Z bars, which are unsymmetrical
about both axes.

Deflection of I Beams and Other Structural Shapes Table 12.2.27
gives coefficients of deflection for steel shapes under uniformly distrib-
uted loads, and is based on the formula; deflection in inches 5
30fL2/Ed, the table giving the values of 30fL2/E. ( f 5 fiber stress, lb/in2,
L 5 span, ft; d 5 depth of section, in; E 5 modulus of elastic-
ity 5 29,000,000 lb/in2.)

To find the deflection in inches of a section symmetrical about the
neutral axis, such as a beam, channel, etc., divide the coefficient in the
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table corresponding to given span and fiber stress by the depth of
the section in inches.

To find the deflection in inches of a section which is not symmetrical
about the neutral axis but which is symmetrical about an axis at right
angles thereto, such as a tee or pair of angles, divide the coefficient
corresponding to given span and fiber stress by twice the distance of
extreme fiber from neutral axis obtained from table of elements of
sections.

To find the deflection in inches of a section for any other fiber stress
than those given, multiply this fiber stress by either of the coefficients in

material is 60,900t, where t is the thickness of the plate. The value of 7⁄8
in A502, grade 1 rivets or A325 HS bolts (slip-critical connections) is
9,020 lb in single shear and 20,400 lb in double shear. The correspond-
ing values for A307 unfinished bolts are 6,000 lb and 12,000 lb,
respectively.

Cast-iron columns were often used in the past instead of wood, to save
space, in the lower stories of heavy buildings. Their use is now obsolete,
but they are occasionally encountered in repair and alteration work to
older buildings. The ratio of length to least radius of gyration l/r should
not exceed 70, and the average unit stress under axial compression

2
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the table for the given span and divide by the fiber stress corresponding
to the coefficients used.

I beams and channels loaded to a fiber stress of 24,000 lb/in2

(165.5 MPa) will not deflect in excess of 1⁄360 of the span (allowed for
plastered ceilings) if the depth in inches (cm) is not less than 0.74 (6.21)
times the span in feet (m) for uniform loads and 0.60 (5.00) times the
span for central concentration.

Beam Supports Steel beams are supported at the ends generally (1)
by means of web connections to girders and columns, (2) by resting on
structural-steel seats, or (3) by resting on masonry. Limiting values of
end reactions of the second type, for seats 31⁄2 in (9 cm) long, are given
in Tables 12.2.18 to 12.2.20. Standard AISC web connections of the
first type are called framed beam connections and are designated by the
number of rows of bolts. Examples of connections are given in Fig.
12.2.19. These connections may be specified as ‘‘Standard 3 row, 4
row, etc., connections.’’ Connections must always be designated and
detailed for the calculated design reaction.

The capacity of web connections is governed by the shearing of the
fastener, or the bearing of the fastener on the web or on the material to
which the beam is connected, or by the strength of the connecting
angles. The supporting values of standard framed beam connections,
using 7⁄8 in fasteners in members of A36 material, are given in Table
12.2.28. For fasteners in webs thicker than 0.34 in use the values in the
column headed Double Shear; for thinner webs, bearing limits the
value, and the coefficients for web bearing are to be used. For
3⁄4-in fasteners, multiply tabular bearing values by 6⁄7 and shear values
by 36⁄49. Fasteners connecting the outstanding legs to the supporting
metal are in double shear if two beams are framed opposite or in single
shear if a beam is connected on one side only. If the supporting
material of A36 steel is thinner than 0.34 in in double-shear connections
or thinner than 0.17 in in single-shear connections, the capacity is lim-
ited by bearing. The value of any 7⁄8-in fastener in bearing on A36
Fig. 12.2.19 Framed beam connections.
should not exceed 9,000 2 40l/r lb/in .
Steel joists consisting of lightweight rolled sections, thin for their

height, or open-web trussed members fabricated by welding or other-
wise, are used with economy in buildings where spans are long and
loads are light, and where a plaster ceiling affords sufficient fire protec-
tion. They are rarely used in industrial buildings, except to support roof
loads.

Steel pipe is often used for columns under light loads. Table 12.2.29
gives the safe loads on standard size pipes (ASTM A501 or A53, grade
B) used as columns. For extra-strong and double extra-strong pipe used
as columns, the safe loads will increase approximately in the same
proportion as the weight per foot. (See Sec. 8.7)

Structural steel tubing (ASTM A500, grade B), in square or rectangu-
lar cross section with Fy 5 46 Ksi (317.1 MPa), is also used for col-
umns, bracing members, and unbraced members subjected to large tor-
sional loads. The closed box shape makes tube sections especially
suited for resisting torsional loads.

Corrugated metal deck and siding is used for roofs and walls, respec-
tively, to span between purlins for roof loads or between girts for wind
loads. The decking is sized to resist the bending caused by these loads.
Roof decking is often also used as a diaphragm to transfer wind or
seismic loads to the lateral bracing system below. Load tables specify-
ing safe loads for different spans are available from metal deck manu-
facturers.

The spacing of purlins on roofs and girts on wall is usually 4 to 6 ft.
Numbers 20 and 22, U.S. Standard gage, are generally used for roofing;
No. 24 for siding.

Fire Resistance The resistance to fire of building materials has
been tested extensively by various agencies. Table 12.2.30 gives the
fire-resistance rating of a few of the common building materials and
methods of construction as established by the Uniform Building Code
from standard fire tests.



Table 12.2.25 Tees Cut from Standard Sections (WT and ST Shapes)*

Flange Axis X-X Axis Y-Y

Avg
thick-
ness,

in

Stem
thick-
ness,

in
Nominal Weight Depth, Width
depth, in per ft, lb Area, in2 of tee, in in I, in4 S, in3 r, in y, in I, in4 S, in3 r, in

WT18 150 44.1 18.37 16.66 1.68 0.95 1,230 86.1 5.27 4.13 648 77.8 3.83
115 33.8 17.95 16.47 1.26 0.76 934 67.0 5.25 4.01 470 57.1 3.73
97 28.5 18.25 12.12 1.26 0.77 901 67.0 5.62 4.80 187 30.9 2.56
75 22.1 17.93 11.98 0.94 0.63 698 53.1 5.62 4.78 135 22.5 2.47

WT16.5 120.5 35.4 17.09 15.86 1.40 0.83 875 65.0 4.96 3.85 466 58.8 3.63
110.5 32.5 16.97 15.81 1.28 0.78 799 60.8 4.96 3.81 420 53.2 3.59
100.5 29.5 16.84 15.75 1.15 0.72 725 55.5 4.95 3.70 375 47.6 3.56
65 19.2 16.55 11.51 0.86 0.58 513 42.1 5.18 4.36 109 18.9 2.39

WT15 106.5 31.0 15.47 15.11 1.32 0.78 610 50.5 4.43 3.40 378 50.1 3.49
86.5 25.4 15.22 14.99 1.07 0.66 497 41.7 4.42 3.31 299 39.9 3.43
62 18.2 15.09 10.52 0.93 0.59 396 35.3 4.66 3.90 90.4 17.2 2.23
49.5 14.5 14.83 10.45 0.67 0.52 322 30.0 4.71 4.09 63.9 12.2 2.10

WT113.5 97 28.5 14.06 14.04 1.34 0.75 444 40.3 3.95 3.03 309 44.1 3.29
80.5 23.7 13.80 14.02 1.08 0.66 372 34.4 3.96 2.99 248 35.4 3.24
57 16.8 13.65 10.07 0.93 0.57 289 28.3 4.15 3.42 79.4 15.8 2.18
42 12.4 13.36 9.96 0.64 0.46 216 21.9 4.18 3.48 52.8 10.6 2.07

WT12 81 23.9 12.50 12.96 1.27 0.71 293 29.9 3.50 2.70 221 34.2 3.05
52 15.3 12.03 12.75 0.75 0.50 189 20.0 3.51 2.59 130 20.3 2.91
42 12.4 12.05 9.02 0.77 0.47 166 18.3 3.67 2.97 47.2 10.5 1.95
27.5 8.1 11.79 7.01 0.51 0.40 117 14.1 3.80 3.50 14.5 4.15 1.34
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WT10.5 41.5 12.2 10.72 8.36 0.84 0.52 127 15.7 3.22 2.66 40.7 9.75 1.83
34 10.0 10.57 8.27 0.69 0.43 103 12.9 3.20 2.59 32.4 7.83 1.80
28.5 8.37 10.53 6.56 0.65 0.41 90.4 11.8 3.29 2.85 15.3 4.67 1.35
22 6.49 10.33 6.50 0.45 0.35 71.1 9.7 3.31 2.98 10.3 3.18 1.26

WT9 65 19.1 9.63 11.16 1.20 0.67 127 16.7 2.50 2.02 139 24.9 2.70
53 15.6 9.37 11.20 0.94 0.59 104 14.1 2.59 1.97 110 19.7 2.66
30 8.82 9.12 7.56 0.70 0.42 64.7 9.3 2.71 2.16 25 6.63 1.69
20 5.88 8.95 6.02 0.53 0.32 44.8 6.73 2.76 2.29 9.6 3.17 1.27

WT8 38.5 11.3 8.26 10.30 0.76 0.46 56.9 8.59 2.24 1.63 69.2 13.4 2.47
25 7.37 8.13 7.07 0.63 0.38 42.3 6.78 2.40 1.89 18.6 5.26 1.59
20 5.89 8.01 7.00 0.51 0.31 33.1 5.35 2.37 1.81 14.4 4.12 1.57
15.5 4.56 7.94 5.23 0.44 0.28 27.4 4.64 2.45 2.02 6.20 2.24 1.17

WT7 155.5 45.7 8.56 16.23 2.26 1.41 176 26.7 1.96 1.97 807 99.4 4.20
60 17.7 7.24 14.67 0.94 0.59 51.7 8.61 1.71 1.24 247 33.7 3.74
41 12.0 7.16 10.13 0.89 0.51 41.2 7.14 1.85 1.39 74.2 14.6 2.48
17 5.0 6.99 6.75 0.46 0.29 20.9 3.83 2.04 1.53 11.7 3.45 1.53

WT6 95 27.9 7.19 12.67 1.74 1.06 79.0 14.2 1.68 1.62 295 46.5 3.25
48 14.1 6.36 12.16 0.90 0.55 32.0 6.12 1.51 1.13 135 22.2 3.09
32.5 9.54 6.06 12.00 0.61 0.39 20.6 4.06 1.47 0.99 87.2 14.5 3.02
20 5.89 5.97 8.01 0.52 0.30 14.4 2.95 1.57 1.08 22.0 5.51 1.93

WT5 44 12.9 5.42 10.27 0.99 0.61 20.8 4.77 1.27 1.06 89.3 17.4 2.63
30 8.82 5.11 10.08 0.68 0.42 12.9 3.04 1.21 0.88 58.1 11.5 2.57
22.5 5.73 4.96 7.99 0.53 0.32 8.84 2.16 1.24 0.88 22.5 5.64 1.98
15 4.42 5.24 5.81 0.51 0.30 9.28 2.24 1.45 1.1 8.35 2.87 1.37

WT4 33.5 9.84 4.50 8.28 0.94 0.57 10.9 3.05 1.05 0.94 44.3 10.7 2.12
20 5.87 4.13 8.07 0.56 0.36 5.73 1.69 0.99 0.74 24.5 6.08 2.04
14 4.12 4.03 6.34 0.47 0.29 4.22 1.28 1.01 0.73 10.8 3.31 1.62

7.5 2.22 4.06 4.02 0.32 0.25 3.28 1.07 1.22 1.0 1.7 0.85 0.87

ST 9 35 10.3 9.00 6.25 0.69 0.71 84.7 14.0 2.87 2.94 12.1 3.86 1.08
6 25 7.35 6.00 5.48 0.66 0.69 25.2 6.05 1.85 1.84 7.85 2.87 1.03
4 11.5 3.38 4.00 4.17 0.43 0.44 5.03 1.77 1.22 1.15 2.15 1.03 0.80
3 6.25 1.83 3.00 3.33 0.36 0.23 1.27 0.56 0.83 0.69 0.91 0.55 0.71

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m; 1 lb 5 4.45 N.
* The availability of WT sections listed is governed by the basic W sections from which they are cut. See footnote under Table 12.2.20.
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Table 12.2.26 Properties of Square and Rectangular Tubing (TS Sections)*

Nominal
Size Weight, Area of

D, in 3 b, in t, in lb/ft metal, in2 I xx, in4 Sxx, in3 rxx, in Iyy, in4 Syy, in3 ryy, in

TS 12 3 12 0.5 76.07 22.4 485 80.9 4.66 485 80.9 4.66
12 0.375 58.1 17.1 380 63.4 4.72 380 63.4 4.72

TS 10 3 10 0.5 62.46 18.4 271 54.2 3.84 271 54.2 3.84
10 0.375 47.9 14.1 214 42.9 3.9 214 42.9 3.9
10 0.25 32.63 9.59 151 30.1 3.96 151 30.1 3.96

TS 8 3 8 0.5 48.85 14.4 131 32.9 3.03 131 32.9 3.03
8 0.375 37.69 11.1 106 26.4 3.09 106 26.4 3.09
8 0.25 25.82 7.59 75.1 18.8 3.15 75.1 18.8 3.15

TS 6 3 6 0.5 35.24 10.4 50.5 16.8 2.21 50.5 16.8 2.21
6 0.375 27.48 8.08 41.6 13.9 2.27 41.6 13.9 2.27
6 0.25 19.02 5.59 30.3 10.1 2.33 30.3 10.1 2.33
6 0.1875 14.53 4.27 23.8 7.93 2.36 23.8 7.93 2.36

TS 5 3 5 0.5 28.43 8.36 27.0 10.8 1.80 27.0 10.8 1.80
0.375 22.37 6.58 22.8 9.11 1.86 22.8 9.11 1.86
0.25 15.62 4.59 16.9 6.78 1.92 16.9 6.78 1.92
0.1875 11.97 3.52 13.4 5.36 1.95 13.4 5.36 1.95

TS 4 3 4 0.5 21.63 6.36 12.3 6.13 1.39 12.3 6.13 1.39
4 0.375 17.27 5.08 10.7 5.35 1.45 10.7 5.35 1.45
4 0.25 12.21 3.59 8.22 4.11 1.51 8.22 4.11 1.51
4 0.1875 9.42 2.77 6.59 3.3 1.54 6.59 3.3 1.54

TS 3 3 3 0.375 10.58 3.11 3.58 2.39 1.07 3.58 2.39 1.07
0.25 8.81 2.59 3.16 2.10 1.10 3.16 2.10 1.10
0.1875 6.87 2.02 2.60 1.73 1.13 2.60 1.73 1.13

TS 2 3 2 0.3125 6.32 1.86 0.815 0.815 0.662 0.815 0.815 0.662
2 0.25 5.41 1.59 0.766 0.766 0.694 0.766 0.766 0.694
2 0.1875 4.32 1.27 0.668 0.668 0.726 0.668 0.668 0.726

TS 20 3 12 0.5 103.3 30.4 1,650 165 7.37 750 125 4.97
12 0.375 78.52 23.1 1,280 128 7.45 583 97.2 5.03
8 0.5 89.68 26.4 1,270 127 6.94 300 75.1 3.38
8 0.375 68.31 20.1 988 98.8 7.02 236 59.1 3.43
8 0.3125 57.36 16.9 838 83.8 7.05 202 50.4 3.46

TS16 3 12 0.5 89.68 26.4 962 120 6.04 618 103 4.84
12 0.375 68.31 20.1 748 93.5 6.11 482 80.3 4.9
8 0.5 76.07 22.4 722 90.2 5.68 244 61 3.3
8 0.375 58.1 17.1 565 70.6 5.75 193 48.2 3.36
8 0.3125 48.86 14.4 481 60.1 5.79 165 41.2 3.39

TS 12 3 6 0.625 67.82 19.9 337 56.2 4.11 112 37.2 2.37
6 0.5 55.66 16.4 287 47.8 4.19 96 32 2.42
6 0.375 42.79 12.6 228 38.1 4.26 77.2 25.7 2.48
6 0.25 29.23 8.59 161 26.9 4.33 55.2 18.4 2.53
6 0.1875 22.18 6.52 124 20.7 4.37 42.8 14.3 2.56

TS 12 3 4 0.625 59.32 17.4 257 42.8 3.84 41.8 20.9 1.55
4 0.5 48.85 14.4 221 36.8 3.92 36.9 18.5 1.6
4 0.375 37.69 11.1 178 29.6 4.01 30.5 15.2 1.66
4 0.25 25.82 7.59 127 21.1 4.09 22.3 11.1 1.71
4 0.1875 19.63 5.77 98.2 16.4 4.13 17.5 8.75 1.74

* On special order, TS sections currently are available in sizes up to 30 3 30 and 30 3 24.
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Table 12.2.26 Properties of Square and Rectangular Tubing (TS Sections)* (Continued)

Nominal
Size Weight, Area of

D, in 3 b, in t, in lb/ft metal, in2 I xx, in4 Sxx, in3 rxx, in Iyy, in4 Syy, in3 ryy, in

TS 10 3 4 0.5 42.05 12.4 136 27.1 3.31 30.8 15.4 1.58
4 0.375 32.58 9.58 110 22 3.39 25.5 12.8 1.63
4 0.25 22.42 6.59 79.3 15.9 3.47 18.8 9.39 1.69

TS 8 3 6 0.5 42.05 12.4 103 25.8 2.89 65.7 21.9 2.31
6 0.375 32.58 9.58 83.7 20.9 2.96 53.5 17.8 2.36
6 0.25 22.42 6.59 60.1 15 3.02 38.6 12.9 2.42
4 0.625 42.3 12.4 85.1 21.3 2.62 27.4 13.7 1.49
4 0.5 35.24 10.4 75.1 18.8 2.69 24.6 12.3 1.54
4 0.375 27.48 8.08 61.9 15.5 2.77 20.6 10.3 1.6
4 0.25 19.02 5.59 45.1 11.3 2.84 15.3 7.63 1.65
2 0.375 22.37 6.58 40.1 10 2.47 3.85 3.85 0.765
2 0.25 15.62 4.59 30.1 7.52 2.56 3.08 3.08 0.819

TS 6 3 4 0.5 28.43 8.36 35.3 11.8 2.06 18.4 9.21 1.48
4 0.375 22.37 6.58 29.7 9.9 2.13 15.6 7.82 1.54
4 0.25 15.62 4.59 22.1 7.36 2.19 11.7 5.87 1.6
4 0.1875 11.97 3.52 17.4 5.81 2.23 9.32 4.66 1.63
2 0.375 17.27 5.08 17.8 5.94 1.87 2.84 2.84 0.748
2 0.25 12.21 3.59 13.8 4.6 1.96 2.31 2.31 0.802

TS 4 3 3 0.25 10.51 3.09 6.45 3.23 1.45 4.1 2.74 1.15
3 0.1875 8.15 2.39 5.23 2.62 1.48 3.34 2.23 1.18
2 0.375 12.17 3.58 5.75 2.87 1.27 1.83 1.83 0.715
2 0.25 8.81 2.59 4.69 2.35 1.35 1.54 1.54 0.77
2 0.1875 6.87 2.02 3.87 1.93 1.38 1.29 1.29 0.798

TS 3 3 2 0.25 7.11 2.09 2.21 1.47 1.03 1.15 1.15 0.742
2 0.1875 5.59 1.64 1.86 1.24 1.06 0.977 0.977 0.771
2 0.125 3.9 1.15 1.38 0.92 1.1 0.733 0.733 0.8

* On special order, TS sections currently are available in sizes up to 30 3 30 and 30 3 24.

Table 12.2.27 Coefficients of Deflection for Steel Beams under Uniformly Distributed Loads

Fiber stress, lb/in2 Fiber stress, lb/in2 Fiber stress, lb/in2 Fiber stress, lb/in2

Span,
ft 24,000 10,000

Span,
ft 24,000 10,000

Span,
ft 24,000 10,000

Span,
ft 24,000 10,000

1 0.026 0.011 14 4.87 2.029 27 18.1 7.54 39 37.7 15.7
2 0.098 0.041 15 5.59 2.328 28 19.5 8.12 40 39.8 16.6
3 0.223 0.093 16 6.36 2.648 29 20.9 8.71 41 41.8 17.4
4 0.398 0.166 17 7.18 2.990 30 22.4 9.32 42 43.9 18.3
5 0.621 0.259 18 8.04 3.35 31 23.9 9.94 43 45.8 19.1

6 0.892 0.372 19 8.97 3.74 32 25.4 10.60 44 48.0 20.0
7 1.23 0.507 20 9.93 4.14 33 27.0 11.27 45 50.4 21.0
8 1.59 0.662 21 10.9 4.56 34 28.7 11.96 46 52.6 21.9
9 2.01 0.838 22 12.1 5.01 35 30.5 12.7 47 54.7 22.8

10 2.48 1.034 23 13.1 5.47 36 32.2 13.4 48 57.1 23.8

11 3.00 1.251 24 14.3 5.96 37 34.1 14.2 49 59.5 24.8
12 3.58 1.489 25 15.6 6.47 38 35.8 14.9 50 62.2 25.9
13 4.20 1.748 26 16.8 7.00

NOTE: For a load concentrated at midspan, use 4⁄5 of the coefficient given. 1 ft 5 0.305 m; 1 lb/in2 5 6.89 kPa.

Table 12.2.28 Values of Standard Framed-Beam
Connections
(7⁄8-in A325 HS bolts in standard holes,* A36 members)

Bearing on
AISC Two angles Shear beam web (t),

designation thickness 3 length 1,000 lb 1,000 lb

10 rows 5⁄16 3 2951⁄20 204 609t
9 rows 5⁄16 3 2921⁄20 184 548t
8 rows 5⁄16 3 19111⁄20 164 487t
7 rows 5⁄16 3 1981⁄20 143 426t
6 rows 5⁄16 3 1951⁄20 123 365t
5 rows 5⁄16 3 1921⁄20 102 304t
4 rows 5⁄16 3 09111⁄20 81.8 243t
3 rows 5⁄16 3 0981⁄20 61.3 182t
2 rows 5⁄16 3 0951⁄20 40.9 121t

NOTE: 1 in 5 2.54 cm; 1 lb 5 4.45 N.
* Values indicated are for slip-critical connections or bearing type where threads are not

excluded from the shear plane. For bearing-type connections where threads are excluded from
the shear plane, shear values may be increased by 1.47.

† If the web of the supporting beam is thinner than 0.17 in (0.42 in if beams frame on both
sides), bearing must also be investigated.
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12-48 STRUCTURAL DESIGN OF BUILDINGS

Table 12.2.29 Safe Axial Loads for Standard Pipe Columns, kips
(Stress according to AISC specification for A501 pipe*)

Effective length of column K1, ftNominal
pipe Outside

Wall
thickness,

size, in diam, in in 6 7 8 9 10 11 12 14 16 18 20

3 3.500 0.216 38 36 34 31 28 25 22 16 12 10
31⁄2 4.000 0.226 48 46 44 41 38 35 32 25 19 15 12
4 4.500 0.237 59 57 54 52 49 46 43 36 29 23 19
5 5.563 0.258 83 81 78 76 73 71 68 61 55 47 39
6 6.625 0.280 110 108 106 103 101 98 95 89 82 75 67
8 8.625 0.322 171 168 166 163 161 158 155 149 142 135 127

10 10.750 0.365 246 243 241 238 235 232 229 223 216 209 201
12 12.750 0.375 303 301 299 296 293 291 288 282 275 268 261

NOTE: 1 in 5 2.54 cm; 1 ft 5 0.305 m. For dimensions of standard pipe see Sec. 8. Safe loads above underscore lines are for values of K1/r more than 120 but not over 200.
* Yield stress is 36 ksi (248.2 MPa). Pipe ordered to ASTM A53, type E or S grade B, or to API standard 5L grade B will have a yield point of 35 ksi (241.3 MPa) and may be designed at stresses

allowed for A501 pipe.

Table 12.2.30 Selected Fire-Resistance Ratings

Type Details of construction Rating Type Details of construction Rating

Reinforced-concrete
beams and girders

Grade A concrete, 11⁄2 in clear to rein-
forcement

Grade B concrete, 11⁄2 in clear to rein-
forcement

4 h

3 h

Steel beams, gird-
ers, and trusses

21⁄2 in cover to steel
1 in gypsum-perlite plaster on metal
lath, 11⁄4 in clear of steel

Ceiling of 11⁄8 in gypsum-perlite plaster
on metal lath with 21⁄2 in min air space
between lath and structural members

4 h
3 h

4 h

Reinforced concrete
columns

Grade A concrete 11⁄2 in clear to rein-
forcement; 12-in columns or larger

Grade B concrete 2 in clear to rein-
forcement; 12-in columns or larger

4 h

4 h

Steel columns, 8 3
8 in or larger

Concrete (siliceous gravel):
21⁄2 in clear to steel
2 in clear to steel
1 in clear to steel

11⁄8 in gypsum-perlite plaster on metal
lath spaced from flanges with 11⁄4-in
steel furring channels

7⁄8 in portland-cement plaster on metal
lath over 3⁄4-in channels

4 h
3 h
2 h
4 h

1 h

Reinforced concrete
slabs

5 in concrete (expanded clay, shale,
slate, or slag) 1 in clear to reinforce-
ment

61⁄2 in concrete (all other aggregate) 1
in clear to reinforcement

4 h

4 h

Heavy-timber floors 3 in tongue-and-groove plank floor
with 1 in finish flooring

1 h

Wood joists Wood floor; 1 in tongue-and-groove
subfloor and 1 in finish floor with as-
bestos paper between. Ceiling of 5⁄8
in Underwriters’ Laboratories listed
wallboard

1 h

Brick walls Solid walls, unplastered, with no com-
bustible members framed in wall:
8 in nominal
4 in nominal

4 h
1 h

Concrete masonry
units

8 in Underwriters’ Laboratories listed
concrete blocks, laid as specified in
Underwriters’ Laboratories listing

4 in Underwriters’ Laboratories listed
concrete blocks; laid as specified in
Underwriters’ Laboratories listing

4 h

3 h

Steel-stud partitions 3⁄4 in gypsum-perlite plaster both sides
on metal lath

5⁄8 in gypsum wallboard on 35⁄8-in steel
studs; attached with 6 d nails; joints
taped and cemented

2 h

2 h

Wooden-stud parti-
tions

Exterior walls: one side covered with 1⁄2
in gypsum sheathing and wood siding;
other side faced with 1⁄2 in gypsum-
perlite plaster on 3⁄8-in perforated gyp-
sum lath

Interior Walls: 2 3 4 in studs with 5⁄8 in
gypsum wallboard on each side

1 h

1 h

Plain or reinforced
concrete walls

Solid, unplastered:
7 in thick
61⁄2 in thick
5 in thick Grade B Grade A
31⁄2 in thick

4 h
3 h
2 h
1 h

NOTE: 1 in 5 2.54 cm.
Grade A concrete is made with aggregates such as limestone, calcareous gravel, trap rock, slag, expanded clay, shale, or slate or any other aggregates possessing equivalent fire-resistance properties.
Grade B concrete is all concrete other than Grade A concrete and includes concrete made with aggregates conaining more than 40 percent quartz, cherts, or flint.
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12.3 REINFORCED CONCRETE DESIGN AND CONSTRUCTION
by William L. Gamble

REFERENCES: Breen, Jirsa and Ferguson, ‘‘Reinforced Concrete Fundamen-
tals,’’ Wiley. Winter and Nilson, ‘‘Design of Concrete Structures,’’ McGraw-Hill.
Lin and Burns, ‘‘Design of Prestressed Concrete Structures,’’ Wiley. Park and
Gamble, ‘‘Reinforced Concrete Slabs,’’ Wiley. ‘‘Building Code Requirements for
Reinforced Concrete (318–95),’’ ‘‘Commentary on Building Code Requirements
for Reinforced Concrete,’’ ‘‘Formwork for Concrete, SP-4,’’ and ‘‘Manual of
Standard Practice for Detailing Reinforced Concrete Structures,’’ American Con-
crete Institute. ‘‘Stand
ciation of State Highw
Design Loads for Buil
of Civil Engineers. ‘‘U
of Building Officials.

r9 5 compression reinforcement ratio 5 A9s /bd
rbal 5 balanced reinforcement ratio

Columns

Ac 5 Ag 2 As 5 net area of concrete in cross section
Acore 5 area within spiral
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ard Specifications for Highway Bridges,’’ American Asso-
ay and Transportation Officials (AASHTO). ‘‘Minimum

dings and Other Structures (ASCE 7),’’ American Society
niform Building Code (UBC),’’ International Conference

Ag 5 gross area of column
As 5 area of steel in column
e 5 eccentricity of axial load on column

M 5 Pe 5 applied bending moment
The design, theory, and notation of this chapter are in general accord with the
1995 Building Code Requirements for Reinforced Concrete of the American Con-
crete Institute, though many detailed provisions have been omitted.

Standard Notation

Load Factors

D 5 dead load of structure or force caused by dead load
E 5 earthquake load or force
L 5 live load of structure or force caused by live load

W 5 wind load or force
U 5 required strength of structure to resist design ultimate loads
f 5 understrength or capacity reduction factor

Beams and General Notation

a 5 depth of compression zone, using approximate method
Ab 5 area of individual reinforcing bar, in2

Aps 5 area of prestressing steel
As 5 area of tension reinforcement
A9s 5 area of compression reinforcement
Av 5 area of steel in one stirrup
b 5 width of compression face of beam

bw 5 width of stem of T beam
c 5 kud 5 depth to neutral axis at ultimate, from compression face
d 5 effective depth of beam, compression face to centroid of tension

steel
d9 5 depth of compression steel, from compression face
db 5 diam of individual reinforcing bar, in
Ec 5 Young’s modulus of concrete
Es 5 Young’s modulus of steel
f 9c 5 compressive strength of concrete from tests of 6 3 12 in cylin-

ders, lb/in2

√f 9c 5 measure of shear and tensile strength of concrete, lb/in2, i.e., if
f 9c 5 4,900 lb/in2, then √f 9c 5 70 lb/in2

fpu 5 ultimate stress of prestressing steel, lb/in2

fy 5 yield stress of reinforcing steel, lb/in2

h 5 overall height or thickness of member
ku 5 ratio of ultimate neutral axis depth to effective depth
ld 5 development length of reinforcing bar, in
s 5 spacing of shear reinforcement

Mu 5 ultimate moment of section or required ultimate moment
vc 5 shear stress in concrete
Vc 5 shear force resisted by concrete
Vs 5 shear force resisted by web reinforcement
Vu 5 shear strength of section or required ultimate shear
b1 5 factor relating neutral axis position to depth of equivalent ap-

proximate stress block (see Fig. 12.3.2)
«su 5 reinforcement strain at time of failure of member
«y 5 yield strain of reinforcement
r 5 tension reinforcement ratio 5 As/bd
P 5 axial thrust
P0 5 failure load of short column under concentric load
rg 5 gross steel ratio 5 As/Ag

rs 5 spiral steel ratio 5 volume of spiral steel /volume of core

Floor Systems

b0 5 effective shear perimeter around column in flat plate, flat slab,
or footing

c1 5 width of supporting column or capital, in direction of span
being considered

c2 5 width of supporting column, in transverse direction
Ib 5 moment of inertia of beam

Kb 5 flexural stiffness of beam, moment per unit rotation
Kc 5 flexural stiffness of columns at joint, moment per unit rotation
Ks 5 flexural stiffness of slab of width l2 , moment per unit rotation
l1 5 span, center to center of supports, in direction considered
l2 5 span, center to center of supports, in transverse direction
ln 5 l1 2 c1 5 clear span in direction considered

M0 5 static moment
w 5 distributed design load, including load factors

a1 5 EI of beam in direction 1/EI of slab of width l2

Footings

A1 5 loaded area
A2 5 area of same shape and concentric with A1

fb 5 ultimate bearing stress on concrete
b 5 ratio of long side/short side of footing

Walls

lc 5 unbraced height of wall

Prestressed Concrete

Aps 5 area of prestressed reinforcement
At 5 area of anchorage-zone reinforcement
f 9ci 5 compressive strength of concrete at time of prestressing
fps 5 stress in reinforcement at time of failure of member
fpu 5 ultimate stress of prestressing reinforcement
fse 5 fsi 2 Dfs 5 stress in reinforcement at service load
fsi 5 reinforcement stress at time of tensioning steel

Dfs 5 loss of prestress from initial tensioning value
rp 5 Aps /bd

MATERIALS

Reinforced concrete is a combination of concrete and steel acting as a
unit because of bond between the two materials. Concrete has a high
compressive strength but a relatively low tensile strength. Beams of
plain concrete fail by tension at very low stresses, but if properly rein-
forced by embedment of steel in their tensile regions, they may be
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12-50 REINFORCED CONCRETE DESIGN AND CONSTRUCTION

loaded to utilize the much higher compressive strength of the concrete.
Reinforced concrete structures are practically monolithic, are more rigid
than steel structures of the same strength, and are inherently fire-resis-
tant. Reinforcement in the concrete also controls cracking caused by
temperature changes and shrinkage.

Prestressed concrete is a form of reinforced concrete in which initial
stresses opposite those caused by the applied loads are induced by ten-
sioning high-strength steel embedded in the concrete. Members may be
pretensioned, in which the steel is tensioned and the concrete then cast
around it, or posttensioned, in which the concrete is cast and cured, after

Table 12.3.1 Dimensions of Deformed Bars

Perimeter,
No. Diam, in Area, in2 in

2* 0.250 0.05 0.786
3 0.375 0.11 1.178
4 0.500 0.20 1.571
5 0.625 0.31 1.963
6 0.750 0.44 2.356
7 0.875 0.60 2.749
8 1.000 0.79 3.142
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which steel placed in ducts through the concrete is tensioned.
Concrete For reinforced concrete work, only high-quality portland

cement concrete may be used, and the aggregates must be carefully
selected. The proportions are governed by the required strength, dura-
bility, economy, and the quality of the aggregates. Concretes for build-
ing construction normally have compressive strengths of 3,000 to
5,000 lb/in2 (20 to 35 MPa), except that concrete for columns may be
considerably stronger, with 12,000 to 14,000 lb/in2 common in some
geographic areas. Most concrete for prestressed members will have
5,000 lb/in2 or higher compressive strength. The higher-strength con-
cretes require thorough quality control if the strengths are to be consist-
ently obtained. Generally, lean, harsh mixes should be avoided because
the bond with the steel will be poor, permeability will be high, and
durability of the concrete may be poor. A consistency of concrete that
will flow sluggishly but not so wet as to produce segregation of the
materials when transported must be used for all reinforced concrete
work in order to embed the steel and completely fill the molds or forms.
The use of vibration is almost mandatory, and enables the use of stiffer,
more economical, concretes than would otherwise be possible (see also
Sec. 6.9).

Steel Reinforcing steel may be deformed or plain bars, welded-wire
fabric, or high-strength wire and strand for prestressed concrete. Bars
with deformations on their surfaces are designed to produce mechanical
bond and greater adhesion between the concrete and steel, and are used
almost universally in the United States. Welded-wire fabric is suitable
in many cases for slabs and walls, and may result in cost savings
through labor savings. Fabric is made with both smooth and deformed
wires, and the deformed fabric may have some advantage in terms of
better crack control. Deformed reinforcing bars having minimum yield
stresses from 40,000 to 75,000 lb/in2 (275 to 517 MPa) are currently
manufactured. The higher-strength steels have the advantage of allow-
ing higher working stresses, but their ductility may be less and it may be
difficult to cold-bend them successfully, especially in the larger sizes.
The chemical makeup of most reinforcing steels is such that it is not
readily weldable without special techniques, including careful preheat-
ing and controlled cooling. Furthermore, the variation of the material
from batch to batch is so great that separate procedures must be devised
for each batch. Tack welding in assembling bar cages can be particu-
larly troublesome because of the stress raisers introduced. A weldable
steel is produced with the specification ASTM A-706, but it is not
widely available. Prestressing steel is heat-treated high-carbon steel,
and 7-wire strand will have a breaking stress of 250,000 or 270,000 lb/
in2 (1,720 or 1,860 MPa). The usual steel is Grade 270, low-relaxation
strand. The strength of solid wire for prestressing is slightly less. ASTM
specifications cover the various steels, and all steel used as reinforce-
ment should comply with the appropriate specification.

Reinforcing Steel Sizes The sizes of reinforcing bars have been
standardized, and the designation numbers are approximately the bar
diameter, in 1⁄8-in units. Table 12.3.1 gives the nominal diameter, cross-
sectional area, and perimeter for each bar size. The areas of the four
most common 7-wire prestressing strands are given below:

Area, in2

Diam, in Grade 250 Grade 270

7⁄16 0.109 0.115
1⁄2 0.144 0.153
9 1.128 1.00 3.544
10 1.270 1.27 3.990
11 1.410 1.56 4.430
14 1.693 2.25 5.32
18 2.257 4.00 7.09

* No. 2 bars are obtainable in plain rounds only.

Plain and deformed wires are used as reinforcement, usually in the
form of welded mats. Plain wires are made in sizes W0.5 through W31,
where the number designates the cross-sectional area of the wire in
hundredths of square inches. Deformed wires are made in sizes D1
through D31, and the number has the same meaning. Not all sizes are
made by all manufacturers, and local suppliers should be consulted
about availabilities of sizes. The formerly used wire gage numbers are
no longer used for size specifications.

Moduli of Elasticity For concrete the modulus of elasticity Ec may
be taken as w1.533 √f 9c in lb/in2, where w is the weight of the concrete
between 90 and 155 lb/ft3. Normal weight concrete may be assumed to
weigh 145 lb/ft3. For steel the modulus of elasticity may be taken as
29,000,000 lb/in2 (200 GPa), except for prestressing steel for which the
modulus shall be determined by tests or supplied by the manufacturer,
but is usually about 28,000,000 lb/in2.

The modular ratio n 5 Es/Ec is of importance in designing reinforced
concrete. It may be taken as the nearest whole number but not less than
six. The value of n for lightweight concrete may be taken as the same for
normal weight concrete of the same strength, except in calculations for
deflections.

Protection of Reinforcement Reinforcement, for both regular and
prestressed concrete, must be protected by the concrete so as to prevent
corrosion. The amount of cover needed for various degrees of exposure
is as follows:

Member and Exposure Cover, in

Concrete surface deposited against the ground 3
Concrete surface to come in contact with the ground after

casting:
Reinforcement larger than No. 5 2
Reinforcement smaller than No. 5 11⁄2

Beams and girders not exposed to weather:
Main steel 11⁄2
Stirrups and ties 1

Joists, slabs, and walls not exposed to weather 3⁄4
Column spirals and ties 11⁄2

The clear cover and clear bar spacings should ordinarily exceed 4⁄3
times the maximum sized aggregate used in the concrete.

The amount of protection recommended is a minimum, and when
corrosive environments or other severe exposure occurs, the cover
should be increased. The concrete in the cover should be made as im-
permeable as possible. Fire-resistance requirements may also control
the cover requirements.

LOADS

The dead and live loads are combined in determining the cross sections
of the members. The dead load includes the weight of the structure, all
finishing materials, and usually the installed equipment. The live load
includes the contents and ordinarily refers to the movable items.
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The live load (pounds per square foot) to be used for design depends
upon the loadings that will occur in the particular structure as well as on
the requirements of the local building code. The Boston Building Code
illustrates good practice and is as follows for floor loads:

Heavy manufacturing, sidewalks, heavy storage, truck garages, 250; public
garages, intermediate manufacturing, and hangars, 150; stores, heavy merchan-
dise, light storage, 125; armories, assembly halls, gymnasiums, grandstands, pub-
lic portions of hotels, theaters, and public buildings, corridors and fire escapes
from public assembly buildings, light merchandising stores, stairs, first and base-
ment floors of office buildings, theater stages, 100; upper floors of public build-
ings, office portions of public buildings, stairs, corridors and fire escapes except

detailing of the reinforcement in the members and joints. When com-
pared with designs for static loadings which include only dead, live, and
wind loads, seismic designs will have much more lateral reinforcement
in columns, and often much heavier shear reinforcement (especially
near the joints), and will usually have extra reinforcement within the
joint regions. Much of this added reinforcement is referred to as confine-
ment reinforcement, and the intent is to utilize the fact that triaxially
confined concrete may be able to sustain much greater strains before
failure than unconfined concrete. Obviously, steps 2 and 3 are parts of
an iterative process which converges to an acceptable structural design
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from public assembly buildings, theater and assembly halls with fixed seats, light
manufacturing, locker rooms, stables, 75; church auditoriums, 60; office buildings
above first floor including corridors, classrooms with fixed seats, 50; residence
buildings and residence portions of hotels, apartment houses, clubs, hospitals,
educational and religious institutions, 40. [Note: 100 lb/ft2 5 4.79 kPa.]

Live loads affecting structural members supporting considerable trib-
utary floor areas are sometimes reduced in recognition of the low prob-
ability that the entire area will be loaded to the full design load at the
same time. Roofs are commonly designed to support live loads of 20 to
30 lb/ft2. Wind loads are commonly from 15 to 30 lb/ft2 (higher in areas
subject to hurricanes) of vertical projection. In the case of heavy moving
loads, allowance should be made for impact by increasing the live load
by 25 to 100 percent.

Dead loads include the weight of both structure and finishing materi-
als, and the weights of some typical wall, floor, and ceiling materials are
as follows:

Description Weight, lb/ft 2

Granolithic finish, per in of thickness 12
7⁄8-in hardwood, 11⁄8-in plank intermediate floor, and

tar base 16
3-in wood block in coal-tar pitch 10
Lightweight concrete fill, 2 in thick 14
Plaster on concrete, tile, or concrete block, two coats 5
Plaster on lath 10
6-in concrete block wall 25
Suspended ceiling 12

SEISMIC LOADINGS

Earthquakes induce forces in structures because of inertial forces which
resist the ground motions. These forces have damaged or destroyed
large numbers of structures throughout the world. The art and science of
designing to resist seismic effects are still evolving, and may be thought
of in several steps.

1. Determine the ground motion to be expected at the site of interest.
This usually requires consulting a map in ASCE-7 or the prevailing
local building code, such as the Uniform Building Code (UBC). Several
steps may be required, including finding the expected acceleration of
the bedrock, followed by an accounting for the soil types between the
bedrock and the structure. There is an implicit or explicit assumption of
a probability that this ground motion will not be exceeded in some
particular time interval, such as 50 or 100 years.

2. Determine the effects of the ground accelerations on the structure
which is being analyzed. This will require consideration of the natural
period of vibration of the structure and of structural characteristics such
as damping and ductility, and more elaborate analyses will be required
for large and important structures than for smaller, less crucial cases.
Member forces, moment, shear, thrust, torsion, and deformations such
as story drift and member end rotations will result from this analysis.
The major building codes all have specific requirements and provisions
for this analysis, and the UBC is the most widely used in seismically
active regions. In most cases, an equivalent static horizontal load will be
applied to the structure, with the force in the range of 10 percent or less
to as much as 30 percent of the mass of the structure.

3. Design and detail members and connections for the imposed
forces. Chapter 21 of the ACI Code has many requirements for the
solution.
The current seismic design philosophy includes the assumption that it

is not economically possible to design structures to resist extremely
large earthquakes without damage. It is expected that structures will
resist smaller earthquakes, such as might be expected several times
during the life of a structure, with minimal damage, while a very large
earthquake which might be expected to occur once during a structure’s
design life would cause significant damage but would leave the struc-
ture still standing. The assignment of an importance factor for buildings
is one consequence of this design philosophy. Hospitals, school build-
ings, and fire stations, for example, would be designed to a higher
seismic standard than would a three-story apartment building.

LOAD FACTORS FOR REINFORCED CONCRETE

The current ACI Building Code for Reinforced Concrete is based on a
strength design concept, in which the strength of a member or cross
section is the basis of design. This approach has been adopted because
of the difficulty in assigning reasonable and consistent allowable
stresses to the concrete and steel. Factors of safety are expressed in
terms of overload and understrength factors. The overload factors, re-
flecting the uncertainty of the applied loads, are expressed as
No wind or earthquake loads:

U 5 1.4 D 1 1.7 L (12.3.1)

With wind acting, use the larger of (12.3.2) or (12.3.3):

U 5 0.75 (1.4 D 1 1.7 L 1 1.7 W) (12.3.2)
U 5 0.9 D 1 1.3 W (12.3.3)

No section may be weaker than required by Eq. (12.3.1). In case
earthquake loadings are considered. 1.1 E is substituted for W in the
above equations. Liquids are treated as dead loads, and other provisions
are made for earth-pressure loadings. The understrength factors reflect
the ductility of failure in the mode considered, and the consequences of
a failure on the rest of the structure. These are expressed as f factors
with the following values:

Bending and tension f 5 0.90
Shear and torsion f 5 0.85
Spiral columns f 5 0.75
Tied columns and bearing f 5 0.70

These factors are used to reduce the computed ideal strengths of
members, reflecting possible weaknesses related to materials, dimen-
sions, and workmanship.

In addition to strength requirements, serviceability checks must be
made to ensure freedom from excessive cracking, deflections, vibra-
tions, etc., at working loads. Prestressed-concrete members must also
satisfy a set of allowable stresses at this load level.

Deflections are usually controlled by specifying minimum member
depths. The values of l /16 and l /21, for beams which are simply sup-
ported and continuous at both ends, respectively, are typical, unless an
investigation is conducted to show that shallower members will result in
acceptable deflections. Crack control is obtained by careful distribution
of the steel through the tensile zone. In this regard, several small bars
are superior to one large bar.

The approach to design is not a ‘‘limit design’’ or ‘‘plastic design’’
concept, as the ultimate forces are derived from elastic analyses of
structures, using maximums for each critical section. The plastic col-
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Fig. 12.3.1 Typical arrangement of reinforcement in beams.

lapse loads and mechanisms currently used in the ‘‘plastic design’’ of
some steel structures in the United States are not considered.

Bridges may be designed using the same general concepts, but differ-
ent overload and understrength factors are used, and the serviceability
requirements include checks on the fatigue strength.

REINFORCED CONCRETE BEAMS

Concrete beams are reinforced to resist both flexural and shear forces. A
typical reinforcement scheme for a simply supported beam is shown in
Fig. 12.3.1.

It is assumed that plane sections remain plane, that adequate bond
exists, that the stress-strain relationships for concrete and steel are
known, and that tension in the concrete has a negligible influence.

The flexural strength of a cross section may be written as, including
the understrength factor and rounding the terms in the parentheses to
one significant figure:

Mu 5 fAs fyd(1 2 0.4 ku )
5 fAs fyd(1 2 0.6r fy / f 9c )

(12.3.4)

where r 5 As /bd 5 reinforcement ratio. The reinforcement ratio will
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As the load on a reinforced concrete beam is increased, vertical ten-
sion cracks appear in the maximum moment regions, and gradually
grow in length, width, and number. By the time the working load is
reached, some of the cracks extend to the neutral axis and the contribu-
tion of the tensile strength of the concrete to the flexural capacity of the
beam has become very small. As the load is increased further, the rein-
forcement eventually yields. This load is nearly the maximum the mem-
ber can sustain. Further attempts at loading produce large increases in
deflection and crack widths with very small increases in load and a
gradual reduction in the remaining concrete compression area. When a
limiting concrete strain of about 0.003 is reached at the compression
face of the beam, the concrete starts crushing and the capacity of the
beam starts dropping. For static design purposes, the achievement of the
0.003 strain is usually regarded as the end of the useful life of the beam.

Within limits to be checked later, at the time of flexural failure of a
beam the stress in the steel is equal to the yield stress, which greatly
simplifies the analysis of the member. The strain and stress distributions
in a beam are shown in Fig. 12.3.2, at failure.
Fig. 12.3.2 Stress and strain distribution in reinforced con
(d) approximate stresses.
ordinarily be between 0.005 and 0.02.
A satisfactory approximate stress distribution is shown in Fig.

12.3.2d. Since T 5 C 5 0.85 f 9cba, then a 5 As fy /0.85 f 9cb and the
flexural capacity is

Mu 5 fAs fy(d 2 a/2) (12.3.5)

It must be demonstrated for each case that the stress in the reinforce-
ment has reached fy , and the simplest approach is to show that «su $ «y .
From Fig. 12.3.2b, «su 5 0.003 (1 2 ku )/ku . From equilibrium (see Fig.
12.3.2c), ku 5 As fy /0.85 b1 f 9cbd 5 r fy /0.7 f 9c . The limiting case for the
validity of Eqs. (12.3.4) and (12.3.5) is a balanced condition in which
the yield strain in the steel and the 0.003 compressive strain in the
concrete are reached simultaneously, and this can be found using Fig.
12.3.2 and assuming «su 5 «y . It can then be shown that

rbal 5
0.85b1 f 9c

fy

0.003

0.003 1 «y

(12.3.6)

Values of rbal are plotted vs. f 9c in Fig. 12.3.3 for three values of fy . The
crete beam at failure. (a) Section; (b) strains; (c) stresses;
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Mu 5 f[A9s fy(d 2 d9) 1 (As 2 A9s ) fy(d 2 a/2)] (12.3.7)

where a 5 (As 2 A9s ) fy /0.85f 9cb. The net steel ratio r 2 r9 5 (As 2
A9s )/bd should not exceed 0.75 of the balanced value given by Eq.
(12.3.6).

Many reinforced concrete beams are flanged sections, or T beams, by
virtue of having a slab cast monolithically with the beam, and such a
cross section is shown in Fig. 12.3.5. It will be found that the neutral
axis lies within the flange in most instances, and if kud # t, then the
beam is treated as a rectangular beam of width b. This is checked using
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Fig. 12.3.3 Balanced steel ratio as a function of fy and f 9c .

steel ratio should not exceed 0.75 rbal , in order to ensure that at least
some yielding, with resultant large deflections, occurs before a member
fails.

Beams may contain both compression and tension reinforcement,
especially when the beam must be kept as small as possible or when the
long-term deflections must be minimized. The forces at ultimate are
shown in Fig. 12.3.4, and the moment may be calculated as
Fig. 12.3.4 Stress and strain distributions in a doubly reinfo
mate stresses.

Fig. 12.3.5 Strain and stress distribution in a T beam. (a) S
kud 5 As fy /0.85 b1 f 9cb, developed from equilibrium (Fig. 12.3.2). If
kud . t, the flexural capacity is computed by

Mu 5 f[(As 2 Asw ) fy(d 2 a/2) 1 Asw fy (d 2 t/2)] (12.3.8)

where Asw 5 (b 2 bw )t0.85f 9c /fy; and a 5 (As 2 Asw )fy /0.85f 9cbw .
Continuous T beams are treated as rectangular beams of width bw in

the negative moment regions where the lower surface of the beam is in
compression. Most continuous beams will have compression steel in the
negative moment regions, as some bottom steel is always continued into
the support regions.

Both T beams and beams with compression steel may be thought of in
terms of dividing the beam into two components—one a rectangular
beam containing part of the tension steel and the other a couple with the
rest of the tension steel at the bottom and either the compression steel or
the T-beam flanges at the top. Both components of the beam must
satisfy horizontal equilibrium.

The reinforcement ratio should not be less than rmin 5 3 √f 9c / fy $
200/fy . This is to ensure that the ultimate moment is somewhat
rced concrete beam. (a) Section; (b) strains; (c) approxi-

ection; (b) strains; (c) approximate stresses.
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greater than the initial cracking moment. For T beams, r 5 As /bwd for
purposes of the minimum steel requirement.

In the selection of a cross section, it is convenient to transform Eq.
(12.3.4) by substituting pbd for As and rearranging to obtain

Mu /fbd2 5 r fy(1 2 0.6r fy / f 9c ) (12.3.9)

With given materials fy and f 9c selection of a r value enables calculation
of the required bd2, from which a cross section may be selected. For
convenience, values of Mu /fbd2, are plotted against r fy in Fig. 12.3.6,
for several values of f 9c .

strength if the minimum steel given by the following expression is
supplied:

Av 5
Aps

80

fpu

fy

s

d √ d

bw

in2 (12.3.13)

The maximum stirrup spacing is 0.75 of the member depth, or 24 in, and
for constant-depth members, d is measured at the section of maximum
moment.

At least the minimum area of shear reinforcement must be supplied
over the full length of most reinforced and prestressed members unless

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
The strengths of prestressed-concrete beams are treated much the
same as reinforced concrete beams, and the differences will be noted
later.

Fig. 12.3.6 Design factors for single reinforced concrete beams.

In addition to the tension stresses caused by bending forces, shear
forces cause inclined tension stresses which may lead to inclined crack-
ing such as is sketched in Fig. 12.3.1. Unless web reinforcement is
present, the formation of such a crack usually leads directly to the
complete collapse of the member at the load which caused the crack, or
only slightly higher.

As a result of this undesirable behavior, shear reinforcement is re-
quired in all major beams, and the normal design procedure is to pro-
portion the beam for the flexural requirements and then add shear steel,
usually in the form of stirrups, to make the shear strength adequate.

The concrete can be assumed to resist a shear stress of
vc 5 f2 √f 9c , or a shear force of

Vc 5 f2 √f 9c bd (12.3.10)

(or Vc 5 f2 √f 9c bwd for T beams). The shear reinforcement must resist
the force in excess of Vc , so that

Vu 2 Vc 5 Vs (12.3.11)

The area of shear reinforcement is then selected to satisfy

Vs 5 fAv fyd /s (12.3.12)

Shear reinforcement to satisfy this requirement is provided at every
section of the beam, except that the region between the support and the
section at the distance d from the support is supplied with the steel
required at d from the support.

The stirrup spacing should not exceed d/2, and is reduced to a maxi-
mum of d/4 if Vu . f6 √f 9c bd. Vu must not exceed f10 √f 9c bd. The
minimum area of shear reinforcement allowed is Av 5 50bws/fy . Closed
stirrups of the form shown in Fig. 12.3.1 are recommended, and are
essential in areas subjected to earthquake loadings.

Shear in prestressed-concrete members is handled in a similar man-
ner, and the designer is referred to the ACI Code for details. However, it
will be found that most prestressed members designed for buildings and
which do not support major concentrated loads will have adequate shear
it can be shown, by a test acceptable to the building official, that the
members can sustain the required ultimate loads without the steel.

Recent ACI Codes have undergone major revisions to reflect the
effects of bar spacing and bar cover on development length, ld , and on
splice lengths. In some common cases the current development lengths
will be much greater than in ACI Codes from 1983 and earlier. The
1995 Code development lengths for straight bars are given in Code Sec.
12.2.2, and a more complex, less conservative, set of requirements are
in Sec. 12.2.3. When the available anchorage lengths are less than ld ,
hooks are often used. The conservative Sec. 12.2.2 requirements may be
summarized as follows:

ld
db

5 K
fyabl

√f 9c
in which K is as follows:

No. 6 and smaller bars No. 7 and
and deformed wire larger bars

1. Clear spacing of bars being
developed or spliced $ db and
clear cover $ db with mini-
mum ties or stirrups or

1⁄25 1⁄20

2. Clear spacing $ 2db and
clear cover $ db

1⁄25 1⁄20

3. Other cases 3⁄50 3⁄40

The other terms are defined as:

db 5 diameter of bar or wire, in
a 5 bar location factor

5 1.3 for top bars (horizontal with more than 12 in of concrete
cast below)

5 1.0 for other bars
b 5 coating factor

5 1.5 for epoxy-coated bars or wires with cover # 3db , or clear
spacing # 6db

5 1.2 for all other epoxy-coated bars or wires
5 1.0 for uncoated reinforcement

l 5 lightweight concrete factor
5 1.3 when light-weight aggregate concrete is used
5 1.0 when normal weight aggregate is used

The product ab need not be taken greater than 1.7.
Bars No. 11 and smaller are commonly spliced by simply lapping

them for a distance. These splices should be avoided in regions of high
computed stress, and should be spread out so that not many bars are
spliced near the same section. If the computed tensile stress is less than
0.5 fy at the design ultimate load and not more than half the bars are
spliced at one section, the lap length is 1.0 ld. For other cases the mini-
mum lap length is 1.3 ld. For lower stress levels, a lap of ld is sufficient.

Development lengths in compression, important in columns and
compression reinforcement, are somewhat shorter.

Requirements for reinforcement of beams subjected to torsional mo-
ments are contained in the ACI Code. The requirements are too complex
for discussion here, but the basic reinforcement scheme consists of
closed stirrups with longitudinal bars in each corner of the stirrup. The
most efficient method of dealing with torsion in many instances will be
to rearrange the structure so as to reduce or eliminate the torsional
moments.
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Fig. 12.3.7 Column capacity diagrams. (a) Typical moment-thrust interaction diagram; (b) variation of f with P.

REINFORCED CONCRETE COLUMNS

Reinforced concrete compression members are proportioned taking into
account the applied thrust, the bending moments, and the relationship
between length and thickness for the member. The strength of a cross
section or a short column can conveniently be shown with the aid of a
moment-thrust interaction diagram such as is shown in Fig. 12.3.7a,
which is drawn without considering the f factor. The variation in f
with thrust is shown in Fig. 12.3.7b for the same column.

The load P0 is the strength of a short column under a concentric load,
and is expressed as

stress distributions shown in Fig. 12.3.8, for a symmetrical section with
steel in two faces. From equilibrium,

Pb 5 Cs 1 Cc 2 T (12.3.15)

Summing moments about the centroidal axis gives

Mb 5 As fy(d 2 d9)/2 1 0.85b1 f 9c kudb(h/2 2 b1kud/2) (12.3.16)

This assumes that the compression steel has yielded, and this will be
true except for very small members or members with exceptionally
large cover over the steel.
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P0 5 0.85 Ac f 9c 1 As fy (12.3.14)

The contribution of the concrete is slightly less than the cylinder
strength because of differences in workmanship, curing, and position of
casting. Mu is simply the strength in flexure, as was discussed for
beams. The Mb 2 Pb point is the ‘‘balance point,’’ at which simulta-
neous crushing of the concrete and yielding of the reinforcement occur.
Failure is initiated by crushing of the concrete at loads higher than Pb ,
and by yielding of the reinforcement in tension at lower loads. Only the
reinforcement contributes to the tensile capacity of Tu 5 As fy

The balance-point moment and thrust are found using the strain and
Fig. 12.3.8 Stress and strain distribution in a column a
(c) stresses.
The portion of the interaction diagram below Pb may be constructed
in a point-by-point manner. For any value of «s . «y , or for any value of
kud , kudbal , the strain and stress distributions are defined. Once the
forces are defined, the moments and thrusts are computed using the
same formulas as for the balance point. A modification will have to be
made when the compression-steel stress is less than fy .

Care must be used in the selection of the axis about which moments
are to be summed, especially if the section is not symmetrical or sym-
metrically reinforced, since the force system is not a pure couple. The
most important thing is to remain consistent, and to be certain that the
internal and external moments are summed about the same axis.

Cc 5 0.85 1f9ckudbb

(kud)(b1/2)3
t balanced moment and thrust. (a) Section; (b) strains;
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In practice, either the moment-thrust curve can be reduced by the
appropriate f factor, or the computed ultimate M and P increased by
dividing by f. If the required M 2 P point lies on or slightly inside the
interaction curve, the design is acceptable. The maximum permitted
factored thrust is 0.80 fP0 , which limits the applied thrust capacity in
cases where the computed moments are relatively small. This limitation
is intended to provide resistance to accidental eccentricities. Column
reinforcement consists of longitudinal bars and lateral ties or spiral bars.
The ratio of longitudinal steel rg should be between 0.01 and 0.08. Ties
are usually No. 3 or No. 4 bars which are bent to enclose the longitu-

The floor systems may be divided, somewhat arbitrarily, into one-
way and two-way systems. One-way systems include solid and hollow
slabs and joists spanning between parallel supporting beams or walls.
Floors in which panels are subdivided into a grid by subbeams spanning
between main girders have usually been designed as one-way slabs
when the grid length is several times the width.

Two-way systems include slabs supported on all four sides on beams
or walls, traditionally called two-way slabs. Slabs supported only on
columns located at the corners of the panels also carry loads by devel-
oping stresses in the two major directions, and are usually termed flat
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dinal bars, and are spaced at not more than 16 longitudinal bar diam, 48
tie diam, or the least thickness of the column. Ties are arranged to bind
each corner bar and alternate intermediate bars. Several typical arrange-
ments are shown in Fig. 12.3.9. Ties hold the longitudinal bars in place
during construction, and may provide some shear resistance and im-
prove the behavior of the column at loads near failure.

Fig. 12.3.9 Typical arrangement of steel in columns.

Spiral bars serve to confine the concrete core of the section as well as
holding the longitudinal bars. The minimum amount of spiral steel, if
advantage is to be taken of the higher f factor for spiral columns, is

rs 5 0.45(Ag /Acore 2 1) f9c fy (12.3.17)

where fy is the yield stress of the spiral, but not more than 60,000 lb/in2.
The clear spacing of the turns of the spiral must be between 1
and 3 in.

The strengths of compression members may be reduced below the
cross-sectional strengths by length effects. Most columns in unbraced
frames (frames in which the columns resist all horizontal forces) will
have some strength reduction because of length effects, and most col-
umns in braced frames will not, but this depends on the precise details of
the length, width, restraint by other frame members, reinforcement, and
amount of creep expected. A comprehensive method of taking column
length into account is contained in the ACI Code.

Columns are also made by encasing structural steel sections in con-
crete, in which case the covering concrete must contain at least some
steel in order to control cracks and maintain the integrity of the concrete
in case of fire. Heavy steel pipes filled with concrete may also be used
as columns. These are also used as piling, in which case the pipe is filled
with concrete, usually after being driven to the final location.

REINFORCED CONCRETE FLOOR SYSTEMS

Several types of reinforced concrete floors are used, with the choice
depending on a number of factors such as span, live load, deflection
limits, cost, story-height limitations, local custom, the nature of the rest
of the structural frame or system, and the probability of future alter-
ations.
plates if the slab is supported directly on the columns and flat slabs if
there are capitals on the columns to increase the effective support size.
A waffle slab is usually designed as a flat plate or flat slab, with pockets
of concrete omitted from the lower surface, and the slab appears as a
series of crossing joists.

One-way slabs and joists are designed as beams. A 12-in or other
convenient width of slab is selected, analyzed as an isolated beam, and a
depth and steel are picked. The main steel is perpendicular to the sup-
ports. Additional steel, parallel to the supports, is placed to control
cracking and help distribute minor concentrated loads. This steel is
usually one-fourth to one-third of the main steel, but not less than a
gross steel ratio of 0.0018 for Grade 60 and 0.002 for lower-grade
steels. These minimums govern in both directions, and in two-way sys-
tems as well.

One-way joists, such as that shown in Fig. 12.3.10, are usually cast
with reusable sheet metal or fiberglass forms owned or rented by the
contractor. Standard form sizes range from about 20 to 36 in wide and 8
to 20 in deep. The web thicknesses are made to suit the shear and
fireproofing requirements, and special tapered end sections may be
available to increase the web widths in the regions of high shear near the
supports. Joists are exempted from the requirement that web steel be
supplied regardless of the concrete shear stress. The allowable shear
stress for the concrete is 1.1 times that for beams. The top slabs usually
range from 2.5 to 4.5 in thick, and are reinforced to span from rib to rib.
The joists are essentially designed as isolated T beams, and may be
supported on girders or walls. Joist systems are suitable for reasonably
long spans and heavy loads, and have low dead weights for the effective
depths attainable.

Fig. 12.3.10 Cross section of concrete floor joist.

Slabs spanning in two directions are all designed taking into account
the shape of the panel and the relative stiffnesses of the supporting
beams, if any. The choice of types is a matter of loadings and econom-
ics. For residential and light office loadings, the flat plate is frequently
the choice, as the very simple formwork may lead to substantial econ-
omy and the story height is minimized. For heavier loads or longer
spans, punching shear around the columns becomes a limiting factor,
and the flat slab, with its column capitals, may be the most suitable.

In case of extremely heavy floor loads or very stringent limits on
deflections, slabs with beams on all four sides of each panel will be most
satisfactory. The formwork is more complex than for the other slabs, but
there will be some compensating savings in the amounts of steel be-
cause of the greater depths of the beams. In addition, the two-way slab
may be much more efficient if the building is to resist major lateral
loads by frame action alone, because of the difficulties in transferring
large moments between columns and flat plates or slabs. The design
procedure is the same for slabs with and without beams. The basic steps,
for each direction of span in each panel, are:
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1. Compute static moment M0 .
2. Distribute M0 to positive and negative moment sections.
3. Distribute section moments to column and middle strips and

beams.
Most buildings slabs are designed for uniformly distributed loads,

and the static moment, defined as the absolute sum of the midspan
positive plus average negative moments, is

M0 5 wl2(ln)2/8 (12.3.18)

Slab
be

etw
sup
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0
0
0

panel shape and the beam stiffness. The beam relative stiffness coeffi-
cient a1 is calculated using an effective beam cross section as shown in
Fig. 12.3.12, and the full width of the slab panel l2 . The locations of the
column and middle strips are shown in Fig. 12.3.11.
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The dimensions are illustrated in Fig. 12.3.11.

Fig. 12.3.11 Arrangement of typical slab panel.

Relatively simple rules for the distribution of the static moment to
various parts of the panel exist as long as the structure meets several
simple limits:

1. Minimum of three spans in each direction.
2. Panel length no more than twice panel width.
3. Successive spans differ by not more than one-third the longer

span.
4. Columns on a rectangular grid, or offset no more than 10 percent

of the span.
5. Live load not more than two times the dead load.
6. If beams are used, they are used on all four sides of each panel and

are approximately the same size, except that spandrel beams only are
acceptable.

The following is for slabs meeting these restrictions. Information on
other cases is contained in the ACI Code.

The positive-negative moment distribution for interior spans is

1 M 5 0.35 M0 (12.3.19)
2 M 5 0.65 M0 (12.3.20)

For end spans, the stiffness of the exterior support must be taken into
account. Table 12.3.2 gives the fractions of M0 to be assigned to the
three critical sections for five common cases.

Once the section moments have been determined, they are distributed
to the column and middle strips and beams, taking into account the

Table 12.3.2 Moments in End Spans

Exterior
edge b

unrestrained
(1)

Interior negative factored moment 0.75
Positive factored moment 0.63
Exterior negative factored moment 0
Slab without beams between
with interior supports

ams Exterior
een all Without edge With edge edge fully
ports beam beam restrained
2) (3) (4) (5)

.70 0.70 0.70 0.65

.57 0.52 0.50 0.35

.16 0.26 0.30 0.65

Fig. 12.3.12 Beam sections for calculation of Ib and a1 .

The interior negative and positive moments are distributed to the
column strips in the proportions shown in Fig. 12.3.13, with the re-
mainder of the moment going to the middle strip. Linear interpolations
are made for intermediate beam stiffnesses, but in most instances where
there are beams, they will be found to have

a1l2 /l1 $ 1.0

At the exterior supports, the distribution of the negative moments is a
complex function of the flexural and torsional stiffnesses of the beams

Fig. 12.3.13 Percentage of interior negative and positive moments assigned to a
column strip.

and of the panel shape, but satisfactory designs can usually be achieved
by assigning all the negative moment to the column strip and detailing
the edge beam or edge strip of the slab for torsion, by using closed
stirrups at relatively small spacings, and by placing bars parallel to the
edge of the structure in each corner of the stirrups. At fully restrained
edges, use the distribution for an interior negative moment section.
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Beam moments are found by dividing the column strip moment be-
tween beam and slab. If a2l2 /l1 $ 1.0, the beam moment is 85 percent of
the column strip moment. This moment is reduced linearly to zero as
a1l2 /l1 approaches zero.

This design method assumes that all panels are loaded with the same
uniformly distributed load at all times. This is obviously a gross simpli-
fication, and the requirement that the live load be no greater than twice
the dead load limits the potential overstress caused by partial loadings.

In addition, there is a requirement for column design moments, and
unless a more complete analysis is made, the following moment, di-

distribution over the area of the footing. The bending moment on any
projecting portion of a footing may be computed as the moment of the
forces acting on the area to one side of a vertical plane through the
critical section.

The critical section for bending in a concrete footing supporting a
concrete column, pedestal, or wall should be taken at the face of the
column, pedestal, or wall. For footings under metallic column bases or
under masonry walls where bond with the footings is reduced to the
friction value, the critical section is assumed midway between the mid-
dle and edge of the base or wall.
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vided between the columns above and below the slab in proportion to
their stiffnesses, must be provided for:

M 5 0.07[(wd 1 0.5wl)l2l2
n 2 w9d l 92(l 9n)2] (12.3.21)

The loads wd and wl are the distributed dead and live loads including the
overload factors. The terms w9d , l92 , and l9n are for the shorter of the two
spans meeting at the column considered.

The shear strength of slab structures must always be checked, and
shear stresses often govern the thickness of beamless slabs, especially
flat plates.

If there are beams with a1l2 /l1 $ 1.0, all shear is assigned to the
beams, and stirrups are provided to make the shear capacity adequate, as
was described in earlier coverage on beams. The beam shear is linearly
reduced to zero as a1l2 /l1 is reduced to zero.

For the case of no beams, punching shear around the columns be-
comes a controlling factor. In this case the average shear stress, calcu-
lated as

vu 5 Vu/b0d (12.3.22)

must not exceed the smaller of f4 √f9c, f(2 1 4/bc) √f 9c , or f(as d/b0 1
2) √f9c , where bc 5 ratio of long side of critical shear perimeter to short
side and as 5 40 for interior columns, 30 for edge columns, and 20 for
corner columns.

The critical shear perimeter b0 is defined by a section located d/2
away from and extending all around the column, as shown in Fig.
12.3.14. It is very important that holes in the slab in the vicinity of the
column be taken into account in reducing the value of b0 , and that no
unauthorized holes, such as for piping, be made either during or after
construction.

It is possible to increase the shear resistance by the use of properly
designed shear reinforcement, but this is not often done and is not
recommended as a standard practice.

Fig. 12.3.14 Two-way reinforced concrete footing.

Transfer of moments between columns and slabs sets up shear and
torsional stresses which must also be considered in the analysis of the
shear strength.

FOOTINGS

Footings (Fig. 12.3.14) may be classified as wall footings, isolated col-
umn footings, and combined column footings. The bending moments,
shears, and bond stresses in such footings should be determined by the
principles of statics on the basis of assumed or known soil-pressure
Shear stresses must be considered on two sections. The footing may
act as a wide beam, for which the critical section is a vertical plane
located d away from the critical section for moment, and the stresses
must satisfy those for a beam. Punching shear will often govern, and the
critical section lies at a distance d/2 from the face of the column or other
critical section for moment, as shown in Fig. 12.3.14, and as was the
case for flat plates and slabs. Footings supported on a small number of
high-capacity piles present special shear problems since the conven-
tional critical sections for shear may not be meaningful.

The critical section for bond should be taken at the same plane as for
bending. Other vertical planes where abrupt changes of section occur
should also be investigated for bond and shear stresses.

In sloped or stepped footings, sections other than the critical ones
may require consideration. A square footing, reinforced in two direc-
tions, should have the reinforcement uniformly distributed across the
entire width. Rectangular footings, reinforced in two directions, should
have the reinforcement in the long direction uniformly distributed; in
the short direction a portion, Eq. (12.3.23), should be uniformly distrib-
uted across a strip equal in width to the short side and centered on the
structural element supported and the remainder distributed uniformly in
the outer portions. The amount included in the center strip may be
computed as follows:

Reinforcement in center strip

5
2 (total reinforcement in short direction)

b 1 1
(12.3.23)

where b is the ratio of the long side to the short side.
Combined Footings Footings supporting two or more columns may

be designed with sufficient accuracy by assuming uniform soil pressure
and applying the laws of statics. The footing shape must be such that the
center of gravity coincides with the center of gravity of the superim-
posed loads; otherwise unequal settlement may occur. The longitudinal
and diagonal tension reinforcement should be designed by the ordinary
rules of beam design. Lateral reinforcement should be designed as for
isolated footings and should preferably be concentrated in bands under
and near the columns proportionate in area to the column loads. The
lateral reinforcement at each column should be uniformly distributed
within a width centered on the column and should not be greater than
the width of the column plus twice the effective depth of the footing.

Spread or raft foundation, consisting of a slab extending over the entire
area under the columns or of a slab supported by beams, may be consid-
ered as loaded by a uniform upward reaction of the ground. The princi-
ple of design is exactly the same as that applied to a floor system, except
that the load acts upward instead of downward.

Concrete piles of various types are widely used for foundations as they
have larger carrying capacity and greater durability under many condi-
tions of exposure than wooden piles. Precast piles are designed as col-
umns with allowance for driving and handling stresses. Cast-in-place
piles are constructed either by driving a steel shell and filling it with
concrete or by filling the hole formed by a shell as it is withdrawn.
Another method forms a bulb at the bottom by means of a ram which
forces the concrete into the ground. The design load or capacity of
cast-in-place concrete piles is largely empirical, being based on load-
test data. The concrete for precast piles is usually over 5,000 lb/in2

strength and for cast-in-place piles, over 3,000 lb/in2 strength.
Dowels and Bearing Plates The stress in the longitudinal rein-

forcement of concrete columns should be transferred to the footing by
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means of dowels, equal in number and area to the column rods and of
sufficient length to transfer the stress as in a lap splice in the column.

Bearing stresses in concrete, under design ultimate loads, should not
exceed the following values:

Entire surface loaded: fb 5 0.85 ff 9c (12.3.24)
Part of surface loaded: fb 5 0.85 ff 9c √A2 /A1 (12.3.25)

where A1 5 loaded area; and A2 5 surface area of same shape and
concentric with A1 . √A2 /A1 should not exceed 2.0.

to the concrete by bond. (2) Posttensioned members, either factory or
site cast, contain steel in ducts cast in the concrete. After the concrete
has cured, the steel is tensioned and mechanically anchored against the
concrete. The ducts are preferably pumped full of grout after tensioning
to provide bond and corrosion protection, or the tendons may be coated
with corrosion inhibitors.

Very high strength steel is used for prestressing in order to overcome
the losses of steel stress due to creep and shrinkage of concrete, and as a
result of the strength, relatively small amounts of steel are required. The
concrete for pretensioned members will usually be at least 5,000 lb/in2

2
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WALLS AND PARTITIONS

Reinforced concrete is well suited to the construction of walls, espe-
cially where they have to withstand heavy pressures, such as the retain-
ing walls of a cellar or basement, walls for coal pockets, silos, reser-
voirs, or grain elevators. Such walls must be designed for flexural shear
and bond stresses as well as stability against overturning, sliding, and
soil pressure. Drainage should be provided for by weep holes or drains.
Partitions may be built of solid concrete 4 to 6 in thick, reinforced to
control temperature and shrinkage cracks. Reinforced concrete walls
need to be anchored by reinforcement to adjacent structural members.
All walls must be reinforced for temperature with steel placed horizon-
tally and vertically.

The horizontal reinforcement shall not be less than 0.25 percent and
the vertical reinforcement not less than 0.15 percent of the area of the
reinforced section of the wall when bars are used and three-fourths of
these amounts when welded fabric is used. Adequate reinforcement
must be provided around all openings for windows and doors.

Retaining walls of reinforced concrete are used to resist the pressures
of earth, water, and other retained materials and are usually of T or L
shape. The base must be so proportioned that there is sufficient resis-
tance to sliding and overturning and that the safe bearing strength of the
soil is not exceeded. The dimensions of the concrete section and the
position and amount of steel reinforcement are determined by the mo-
ments and shears at critical vertical and horizontal sections at the junc-
tion of the wall and the base. Particular attention should be given to
drainage to prevent excessive water pressure behind walls retaining
earth or other materials. Walls retaining water, such as tanks, should
have steel tensile stresses limited to 12,000 lb/in2 unless special consid-
eration is given to controlling cracks and should have ample reinforce-
ment to provide for effects caused by shrinkage of the concrete and
temperature change.

Bearing Walls The allowable compressive force for reinforced con-
crete bearing walls subject to concentric loads can be computed as
follows:

Pu 5 0.55 ff9cAg[1 2 (lc /40h)2] (12.3.26)

For the case of concentrated loads, the effective width for computa-
tional purposes can be considered as the width of the bearing plus four
times the wall thickness but not greater than the distance between loads.
The wall thickness should be at least 1⁄25 of the unsupported height or
width, whichever is smaller. For the upper 15 feet, bearing walls must
be at least 6 in thick and increase at least 1 in in thickness for each
successive 25 feet downward, except that walls of a two-story dwelling
need to be only 6 in thick over the entire height, provided that the
strength is adequate.

PRESTRESSED CONCRETE

Prestressed concrete members have initial internal stresses, set up by
highly stressed steel tendons embedded in the concrete, which are gen-
erally opposite those caused by applied loads. Prestressed members are
constructed in one of two ways: (1) Pretensioned members are factory
precast products, made by tensioning steel tendons between abutments
and then casting concrete directly around the steel. After the concrete
has reached sufficient strength, the steel is cut and the force transferred
compressive strength, and at least 4,000 lb/in for posttensioned mem-
bers.

Because of the initial stress conditions, prestressed concrete members
are generally crack-free at working loads and consequently are quite
suitable for water-containing structures. Circular tanks and pipes are
posttensioned by wrapping them with highly stressed wires, using spe-
cialized equipment.

Losses of prestress occur with time owing to creep and shrinkage of
concrete and relaxation of steel stress. Pretensioned members also have
an initial elastic shortening loss accompanying transfer of force to the
concrete, and posttensioned members have losses due to friction be-
tween ducts and tendons and anchor set. These losses must be taken into
account in the design of members.

Prestressed concrete members are checked for both strength and
stresses at working loads. Because of the built-in stresses, the condition
of dead load only may also govern. The flexural strength is computed
using the same equations as for reinforced concrete which were devel-
oped earlier. The steel does not have a well-defined yield stress, and the
steel stress at failure can be predicted from the following expressions:

Bonded tendons, low relaxation steel and no compression steel:

fps 5 fpuS1 2
0.28

b1

rp

fpu

f9c
D (12.3.27)

Unbonded, l/h # 35:

fps 5 fse 1 10,000 1 f9c/100 rp (12.3.28)

but not more than fse or fpy 1 60,000.
The stresses are used directly in Eqs. (12.3.4), (12.3.7), or (12.3.8), as

appropriate, substituting fps for fy and Aps for As .
Allowable Stresses at Working Load

Steel:
Maximum jacking stress, but not to exceed recommen-
dation by steel or anchorage manufacturer 0.8 fpu

Immediately after transfer or posttensioning 0.7 fpu

Concrete:
Temporary stresses immediately after prestressing

Compression 0.6 f9ci

Tension in areas without reinforcement 3 √f 9ci

Design load stresses (after losses)
Compression 0.45f9c
Tension in precompressed tensile zones 6 √f9c

The allowable tension may be increased to 12 √f9c if it is demon-
strated, by a comprehensive analysis taking cracking into account, that
the short- and long-term deflections will be satisfactory.

The final steel stress, at working loads, will usually be 30,000 to
45,000 lb/in2 less than the initial stress for pretensioned members. Post-
tensioned members will have slightly lower losses. Losses, from initial
tensioning values, for pretensioned members may be predicted satisfac-
torily using the following expressions from the AASHTO, Bridge Spec-
ifications, Sec. 9.16.2;

D fs 5 SH 1 ES 1 CRc 1 CRs 5 prestress loss lb/in2 (12.3.29)

where SH 5 shrinkage loss 5 17,000 2 150 RH; ES 5 elastic shorten-
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ing loss 5 (Es /Ec) fcir; CRc 5 creep loss 5 12fcir 2 7fcds; CRs 5 relax-
ation loss 5 5,000 2 0.1ES 2 0.05(SH 1 CRc), for low relaxation
strands; fcir 5 concrete stress at level of center of gravity of steel (cgs) at
section considered, due to initial prestressing force and dead load; fcds 5
change in concrete stress at cgs due to superimposed composite or non-
composite dead load; and RH 5 relative humidity, percent. The loss
calculations are carried out for each critical moment section. The aver-
age annual relative humidity of the service environment should be used
in the SH calculation.

The shear reinforcement requirements for simple cases are covered in

be needed to transfer moments, torsion, shear, and axial loads from one
member to another. The integrity of the structure depends on the ade-
quacy of the design of the various joints and connections. They may be
made by use of bolts and pins or clips and keys, by welding the rein-
forcement or steel insert, or by a number of other methods limited only
by the ingenuity of the designer. The connections should not be the
weak links in the structure. Thought as to their location will avoid many
problems.

JOINTS
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an earlier section. In addition to the shear steel, a few stirrups or ties
should be placed transverse to the member axis as close to the ends as
possible, to control potential splitting cracking. The area of steel, from
the AASHTO Bridge Specification, should be At 5 0.04 fsiAps /20,000.
In posttensioned beams, end blocks will often have to be used to provide
space for anchorage bearing plates.

The minimum clear spacing between strands in pretensioned mem-
bers is three times the strand diameter near the ends of the beam, but
many plants are set up to handle only 2-in spacings. Strands may be
closer together in central positions of members, which will help in
maximizing member effective depths and steel eccentricity.

Few precast, pretensioned members are solid rectangular sections,
and single and double T beams and hollow floor slab units are used
extensively in buildings. Hollow box beams and I-section beams are
used extensively in bridges and in buildings with heavy design loads.
Square piling with the prestressing strands arranged in a circular pattern
is widely used. Because of the large number of possible sections, it is
necessary to check availability of any particular section with local pro-
ducers before designing any precast structure.

PRECAST CONCRETE

Precast slabs, beams, walls, and partitions as well as piles, retaining
wall units, light standards, railroad crossings, and bridge slabs are being
increasingly used because of the saving in time and labor cost. Such
units vary in size from small slabs for use in floors or residences to large
frames for industrial buildings. The small units, such as roof slabs, are
cast in steel forms at central plants. Some of the larger units, such as
bridge or highway slabs and wall units, are cast in wood forms at or near
the place of use. A method by which wall or partition slabs are cast so
that they are simply tilted into position has found wide use in housing
and industrial construction. Another special adaptation is the method of
casting complete floors on top of each other, then lifting into position
vertically at the columns.

Particular attention must be given in the design of precast units to
reduction in weight and to details to minimize the cost of erection and
installation. Reduction in weight is obtained by the use of lightweight
aggregates, high-strength concrete, and hollow units. Precast reinforced
concrete units are seldom designed for concrete strengths of less than
4,000 lb/in2. They are often combined with cast-in-place concrete so as
to obtain the advantages of continuity. The combination of precast
beams with cast-in-place slabs gives the advantage of T-beam action.
Wall units are tied together by interlocking joints or by bolts. Care must
be taken in shipping and handling to avoid damage to the precast units,
and the design must take care of the stresses that come from such
causes. All lifting devices built into the units should be designed for 100
percent impact. All units must be identified as to proper location and
orientation in the structure.

Because precast units are made under conditions which allow good
control of dimensions, certain restrictions can be relaxed that must be
observed for cast-in-place concrete. Cover over the reinforcement for
members not exposed to freezing need not be more than the nominal
diameter of the steel but not less than 5⁄8 in. The maximum size of the
coarse aggregate can be as large as one-third of the smaller dimension of
the member. Precast wall panels are not limited to the minimum thick-
ness requirements for cast-in-place walls.

To reduce the number of connections, precast units should generally
be cast as large as can be properly handled. However, some joints will
Contraction and expansion joints may be needed at intervals in a structure
to help care for movement due to temperature changes and shrinkage.
Joints at 20- to 30-ft intervals provide good crack control. A weakened
plane, formed in the tension side of the member by a slot 1⁄4 in wide and
1⁄2 in deep, will induce the formation of contraction cracks at selected
points. Structures over 200 ft in length should have special considera-
tion given to contraction provisions.

Construction joints are necessary in most structures because all sec-
tions cannot be cast continuously. They should be made at points of
minimum shearing stress and reinforced across the joint with a steel
area of not less than 0.5 percent of the area of the section cut. Provision
must be made for the transfer of shear and other forces through the
construction joint. Joints in columns should be made at the underside of
the floor members, haunches, T beams, and column capitals.

The hardened concrete at a joint should be properly prepared for
bonding with the new concrete by being cleaned, roughened, and wet-
ted. On this surface, a coat of neat cement grout or other bonding agent
should be applied just before depositing the new concrete.

FORMS

Forms are usually built of wood or metal but in special cases may be
made of plastic or fiberglass reinforced plastic. Wooden forms may be
the most economical unless the construction allows for the repeated use
of the same forms. Plywood and compressed wood fiber sheets, spe-
cially treated to make them waterproof, are frequently used for form
faces where good surfaces are required. Forms must be designed so that
they can be easily erected, removed, and reerected. The usual order of
removing forms is (1) column sides, (2) joists, (3) girder and beam
sides, (4) slab bottoms, and (5) girder and beam bottoms. Column forms
are held together by clamps made of wood or steel, the spacing of which
is smallest at the bottom and increases with the decrease in pressure.
Beam forms consist of the bottom and two sides held together by clamps
or cleats and supported by posts. Slab forms consist of boards or other
form material supported by joists spaced 2 or 3 ft apart or other means.
The joists either rest on a horizontal joist bearer fastened to the clamps
of the beam or girder or are supported by stringers, or posts, or both.

Special consideration must be given to forms for prestressed concrete
members. For pretensioned members the form must be constructed such
that it will permit movement of the member during release of the pre-
stressing force. For posttensioned members, the form should provide a
minimum of resistance to shortening of the member. It is also necessary
to consider the deflection of the members due to the stressing force.

Design in Formwork The formwork is an appreciable portion of the
cost of most concrete structures. Any efforts, however, to reduce the
cost of the forms must not go beyond the point of safe design to prevent
failures which would in themselves raise the cost of construction.

All forms must conform to the dimensions and shape of the members
and must be sufficiently tight to prevent leakage of the mortar. They
must be properly braced and tied together to maintain their position and
shape during the construction procedure.

The formwork must support all the vertical and lateral loads that may
be applied until these loads can be carried by the concrete structure.
Loads on the form include the weight of the forms, reinforcing steel,
fresh concrete, and various construction live loads. The construction
live load varies with conditions but is often assumed to be 75 lb/ft2 of
floor area. The formwork should also be designed to resist lateral loads
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produced by wind and movement of construction equipment. Most fre-
quently the steel and concrete will not be placed in a symmetrical pat-
tern and frequently large impact loads will occur. Because of the many
varied conditions, it is frequently impossible to determine with any
great precision the loads which the form must carry. The designer must
therefore make safe assumptions by which the forms can be designed
such that failure will not result.

Lateral pressures in forms for walls and columns are influenced by a
number of factors: weight of concrete, height of placing, vibration,
temperature, size and shape of form, amount and distribution of rein-

Forms for prestressed members may be removed when sufficient
prestressing has been applied to enable them to carry their dead loads
and the expected construction loads.

EVALUATION OF EXISTING CONCRETE
STRUCTURES

This section is intended to give some guidance to the persons responsi-
ble for inspections of structures, whether these are done routinely, or
before changing a loading or use, or during remodeling, or when some-

E
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forcing steel, and several other variables. Formulas have been suggested
for computing safe lateral pressures to be used in form design. How-
ever, because of limited test data, they are not generally accepted by all
engineers.

Form Liners Absorbent form liners are occasionally applied to the
surface of forms to extract the water from the surface of the concrete,
eliminate air and water voids, and produce a concrete of uniform ap-
pearance with surfaces which are superior in durability and resistance to
abrasion.

The vacuum process, whereby water is absorbed from the concrete
through a special form liner made of two layers of screen or wire mesh
covered by a layer of cloth, has a similar effect and if properly used
reduces the water content of the concrete to a depth of several inches.

Neoprene and other types of rubber have been successfully used as
liners in precasting work in which a number of units are made from one
form. Rubber is particularly suited for patterned work.

Plastic form liners make it easy to obtain a textured surface or a
glossy smooth surface. Generally speaking, plastic liners are easily
cleaned and if not too thin are suitable for a number of reuses.

Removal of Forms The time that forms should remain in place de-
pends on the character of the members and weather conditions. The
strength of concrete must be ascertained before removing the forms.
Unless special precautions are taken, concrete should not be placed
below 40°F. Fresh concrete should never be subjected to temperatures
below freezing. As an approximate guide for the minimum time for
form removal, the following rules, which assume moist curing at not
less than 70°F for the first 24 h, may be observed.

WALLS IN MASS WORK. In summer, 1 day; in cold weather, 3 days.
THIN WALLS. In summer, 1 day; in cold weather, 5 days.
COLUMNS. In summer, 1 day; in cold weather, 4 days, provided gird-

ers are shored to prevent appreciable weight reaching the columns.
SLABS UP TO 7-FT SPAN. In summer, 4 days; in cold weather, 2 weeks.
BEAMS AND GIRDER SIDES. In summer, 1 day; in cold weather, 5 days.
BEAMS AND GIRDERS AND LONG-SPAN SLABS. In summer, 7 days; in

cold weather, 2 weeks.
CONDUITS. 2 or 3 days, provided there is not a heavy fill upon them.
ARCHES. If a small size, 1 week; large arches with a heavy dead

load, 3 weeks.

12.4 AIR CONDITIONING, H
By Norma
REFERENCES: ASHRAE Handbooks ‘‘Fundamentals,’’ ‘‘Systems and Equip-
ment,’’ and ‘‘Applications.’’ Stamper and Koral, ‘‘Handbook of Air Condition-
ing, Heating and Ventilating,’’ Industrial Press. Carrier, ‘‘Handbook of Air Con-
ditioning Design,’’ McGraw-Hill.

Air conditioning is the process of treating air to meet the requirements
of a conditioned space by controlling its temperature, humidity, cleanli-
ness, and distribution. T
physical laws for use in t
ing and ventilating syste
thing suspicious is found. Serious problems clearly need to be evaluated
by a structural engineer experienced in such evaluations, testing, and
renovation; such problems should not be evaluated by one who is pri-
marily a structural designer.

The following are some signs of distress. Any cracks wider than
about 0.02 in (0.5 mm) are potentially serious, particularly if there are
more than a few. If the cracks are inclined like the shear crack shown in
Fig. 12.3.1, they are an additional warning sign and should be investi-
gated promptly. At interior supports and other locations where the
beams are continuous with the columns, these cracks may also start at
the top surface. Any cracking parallel to the member axis is potentially
serious.

Rust stains and streaks from cracks indicate corrosion problems.
Corrosion, especially from salt, disrupts the concrete surrounding the
steel long before the bar areas are significantly reduced, because rust
occupies much more volume than the steel it replaces. This rusting
causes internal cracking, which can often be detected by tapping on the
concrete surface with a hammer (1-lb size), which produces a distinc-
tive ‘‘hollow’’ sound. ‘‘Stalactites’’ growing from the bottoms of mem-
bers may be either salt or lime, but both indicate water-penetration
problems and the need for waterproofing work.

Concrete exposed to freezing and thawing or to attack by some
chemicals may crumble and disintegrate, leading to loss of section area
and protective cover on the reinforcement. Large deflections and/or
slopes in members may be indicative of impending distress or disaster,
but sometimes members were not built very straight, and in such cases
the warning sign is actually a change in the conditions.

Any reinforced concrete building designed before about 1956 has a
potential weakness in the shear strength of the beams and girders be-
cause of a deficiency in the codes of that era, and major changes
in loading and seemingly minor signs of distress should be investi-
gated carefully. This problem may also exist in highway bridges
designed before 1974. Prestressed members should not have this
problem.

Repairs are made by injecting epoxy into cracks, by surface patching,
by chipping away significant volumes of concrete and replacing it, and
by other means. The repair materials range from normal concretes to
highly modified concrete and polymer materials.

ATING, AND VENTILATING
oldberg
COMFORT INDEXES

The human body generates heat and disipates that heat to the surround-
ing air by sensible flow and the evaporationg of moisture.

Effective Temperature Effective temperature (ET) combines the
effect of ambient temperature and humidity into a single index.

ASHRAE Comfort Chart The American Society of Heating, Refrig-
AE) comfort envelope
ctivity. Comfort varies
his section presents standards, basic data, and
he design of air conditioning and related heat-
ms.

eration, and Air Conditioning Engineers (ASHR
shown in Fig. 12.4.1 is based on clothing and a
with skin temperature and skin wettedness.
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13.1 FOUNDRY PRACTICE AND EQUIPMENT
by Michael K. Madsen

Expanded by Staff

REFERENCES: Publications of the American Foundrymen’s Society: ‘‘Cast
Metals Handbook,’’ Alloy Cast Irons Handbook,’’ ‘‘Copper-base Alloys Foundry
Practice,’’ Foundry Sand Handbook.’’ ‘‘Steel Castings Handbook,’’ Steel Found-
ers’ Society of America. Current publications of ASM International. Current pub-
lications of the suppliers of nonferrous metals relating to the casting of those
metals; i.e., Aluminum Corp. of Amer
Co., INCO Alloys International, Inc.,
ment Assn. Publications of the Internati
(ILZRO).

BASIC STEPS IN MAKING SAND

smooth casting finishes are desired, it is particularly important that
patterns be carefully designed, constructed, and finished.

Patterns serve a variety of functions, the more important being (1) to
shape the mold cavity to produce castings, (2) to accommodate the
characteristics of the metal cast, (3) to provide accurate dimensions,

uid metal into the mold (gating
support cores.

ern to ensure dimensional accu-
the taper on the vertical walls of
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ica, Reynolds Metal Co., Dow Chemical
RMI Titanium Co., and Copper Develop-
onal Lead and Zinc Research Organization

(4) to provide a means of getting liq
system), and (5) to provide a means to

Usual allowances built into the patt
racy include the following: (1) Draft,
CASTINGS the casting which is necessary to extract the pattern from the mold

in
The basic steps involved in making sand castings are:
1. Patternmaking. Patterns are required to make molds. The mold is

made by packing molding sand around the pattern. The mold is usually
made in two parts so that the pattern can be withdrawn. In horizontal
molding, the top half is called the cope, and the bottom half is called the
drag. In vertical molding, the leading half of the mold is called the swing,
and the back half is called the ram. When the pattern is withdrawn from
the molding material (sand or other), the imprint of the pattern provides
the cavity when the mold parts are brought together. The mold cavity,
together with any internal cores (see below) as required, is ultimately
filled with molten metal to form the casting.

2. If the casting is to be hollow, additional patterns, referred to as
core boxes, are needed to shape the sand forms, or cores, that are placed
in the mold cavity to form the interior surfaces of castings. Thus the
void between the mold and core eventually becomes the casting.

3. Molding is the operation necessary to prepare a mold for receiving
the metal. It consists of ramming sand around the pattern placed in a
support, or flask, removing the pattern, setting cores in place, cutting the
feeding system to direct the metal if this feeding system is not a part of
the pattern, removing the pattern, and closing the mold.

4. Melting and pouring are the processes of preparing molten metal of
the proper composition and temperature and pouring this into the mold
from transfer ladles.

5. Cleaning is all the operations required to remove the gates and
risers that constitute the feeding system and to remove the adhering
sand, scale, and other foreign material that must be removed before the
casting is ready for shipment or other processing. Inspection follows, to
check for defects in the casting as well as to ensure that the casting has
the dimensions specified on the drawing and/or specifications. Inspec-
tion for internal defects may be quite involved, depending on the quality
specified for the casting (see Sec. 5.4.). The inspected and accepted
casting sometimes is used as is, but often it is subject to further process-
ing which may include heat treatment, painting, other surface treatment
(e.g., hot-dip galvanizing), and machining. Final operations may in-
clude electrodeposited plated metals for either cosmetic or operational
requirements.

PATTERNS

Since patterns are the forms for the castings, the casting can be no better
than the patterns from which it is made. Where close tolerances or

Table 13.1.1 Average Linear Shrinkage of Cast

Bar iron, rolled 1 : 55 Cast iron
Bell metal 1 : 65 Gun metal
Bismuth 1 : 265 Iron, fine grained
Brass 1 : 65 Lead
Bronze 1 : 63 Steel castings
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without disturbing the mold walls. (2) Shrinkage allowance, a correction
to compensate for the solidification shrinkage of the metal and its con-
traction during cooling. These allowances vary with the type of metal
and size of casting. Typical allowances for cast iron are 1⁄10 to 5⁄32 in/ft;
for steel, 1⁄8 to 1⁄4 in/ft; and for aluminum, 1⁄16 to 5⁄32 in/ft. A designer
should consult appropriate references (AFS, ‘‘Cast Metals Handbook’’;
ASM, ‘‘Casting Design Handbook’’; ‘‘Design of Ferrous Castings’’) or
the foundry. These allowances also include a size tolerance for the
process so that the casting is dimensionally correct. (See also Secs. 6.1,
6.3, and 6.4.) Table 13.1.1 lists additional data for some commonly cast
metals. (3) Machine finish allowance is necessary if machining operations
are to be used so that stock is provided for machining. Tabulated data
are available in the references cited for shrinkage allowances. (4) If a
casting is prone to distortion, a pattern may be intentionally distorted to
compensate. This is a distortion allowance.

Patterns vary in complexity, depending on the size and number of
castings required. Loose patterns are single prototypes of the casting and
are used only when a few castings are needed. They are usually con-
structed of wood, but metal, plaster, plastics, urethanes, or other suitable
material may be used. With advancements in solids modeling utilizing
computers, CAD/CAM systems, and laser technology, rapid prototyp-
ing is possible and lends itself to the manufacture of protype patterns
from a number of materials, including dense wax paper, or via stereo-
lithographic processes wherein a laser-actuated polymerized plastic be-
comes the actual pattern or a prototype for a pattern or a series of
patterns. The gating system for feeding the casting is cut into the sand
by hand. Some loose patterns may be split into two parts to facilitate
molding.

Gated patterns incorporate a gating system along with the pattern to
eliminate hand cutting.

Match-plate patterns have the cope and drag portions of the pattern
mounted on opposite sides of a wooden or metal plate, and are designed
to speed up the molding process. Gating systems are also usually at-
tached. These patterns are generally used with some type of molding
machine and are recommended where a large number of castings are
required.

For fairly large castings or where an increase in production rate is
desired, the patterns can be mounted on separate pattern plates, which
are referred to as cope- and drag-pattern plates. They are utilized in
horizontal or vertical machines. In horizontal molding machines, the
pattern plates may be used on separate machines by different workers,

gs

1 : 96 Steel, puddled 1 : 72
1 : 134 Steel, wrought 1 : 64
1 : 72 Tin 1 : 128
1 : 92 Zinc, cast 1 : 624
1 : 50 8 Cu 1 1 Sn (by weight) 1 : 13
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and then combined into completed molds on the molding floor prior to
pouring. In vertical machines, the pattern plates are used on the same
machine, with the flaskless mold portions pushed out one behind the
other. Vertical machines result in faster production rates and provide an
economic edge in overall casting costs.

Special Patterns and Devices For extremely large castings, skele-
ton patterns may be employed. Large molds of a symmetric nature may
be made for forming the sand mold by sweeps, which provide the con-
tour of the casting through the movement of a template around an axis.

Follow boards are used to support irregularly shaped, loose patterns

through the sand to produce a very hard mold with many of the advan-
tages of dry sand and core molds but requiring no baking.

Floor and Pit Molding When large castings are to be produced,
these may be cast either directly on the floor of the foundry or in pits in
the floor which serve as the flask. Loam molding is a variation of floor
molding in which molding material composed of 50 percent sand and 50
percent clay (approx) is troweled onto a brickwork surface and brought
to dimension by use of patterns, sweeps, or templates.

Shell Molding Sand castings having close dimensional tolerances,
and smooth finish can be produced by a process using a synthetic resin

ane
cas
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which require an irregular parting line between cope and drag. A master
pattern is used as an original to make up a number of similar patterns
that will be used directly in the foundry.

MOLDING PROCESSES AND MATERIALS
(See Table 13.1.2)

Molding Processes

Green Sand Most castings are made in green sand, i.e., sand bonded
with clay or bentonite and properly tempered with water to give it green
strength. Miscellaneous additions may be used for special properties.
This method is adaptable to high production of small- or medium-sized
castings because the mold can be poured immediately after forming,
and the sand can be reused and reprocessed after the casting has solidi-
fied.

Dry Sand Molds These molds are made with green sand but are
baked prior to use. The surface is usually given a refractory wash before
baking to prevent erosion and to produce a better surface finish. Some-
what the same effects are obtained if the mold is allowed to air-dry by
leaving it open for a period of time before pouring, or it is skin-dried by
using a torch, infrared lamps, or heating elements directed at the mold
cavity surface.

Core molding makes use of assembled cores to construct the mold.
The sand is prepared by mixing with oil, or cereal, forming in core
boxes, and baking. This process is used where the intricacy of the cast-
ing requires it.

Carbon Dioxide Process Molds These molds are made in a manner
similar to the green sand process but use sand bonded with sodium
silicate. When the mold is finished, carbon dioxide gas is passed

Table 13.1.2 Design and Cost Features of Basic Casting Methods

Design and Shell-mold Perm
cost features Sand casting casting mold

Choice of materials Wide—ferrous and
nonferrous

Wide—except for
low-carbon steels

Restricte
bronze,
num, so
iron

Complexity Considerable Moderate Moderate

Size range Great Limited Moderate
Minimum section,
in

3⁄32 1⁄16 0.100

Tolerances, in ft* 1⁄16 – 1⁄8 1⁄32 – 3⁄32 1⁄32 – 7⁄64

Surface smooth-
ness, min, rms

250–300 150–200 90–125

Design feature re-
marks

Basic casting
method of in-
dustry

Considered to be
good low-cost
casting method

Production e
nomics wit
stantial qua

Tool and die costs Low Low to moderate Medium
Optimum lot size Wide—range from

few pieces to
huge quantities

More required than
sand castings

Best when re
ments are i
sands

Direct labor costs High Moderate Moderate
Finishing costs High Low Low to mod
Scrap costs Moderate Low Low

* Closer at extra cost.
SOURCE: Cook, ‘‘Engineered Castings,’’ McGraw-Hill.
binder. The sand and resin mixture is dumped onto a preheated metal
pattern, which causes the resin in the mixture to set as a thin shell over
the pattern. When the shell has reached the proper thickness, the excess
sand is removed by rotating the pattern to dump out the sand. The
remaining shell is then cured on the pattern and subsequently removed
by stripping it off, using mold release pins which have been properly
spaced and that are mechanically or hydraulically made to protrude
through the pattern. Mating shell halves are bonded, suitably backed by
loose sand or other material, and then ready for metal to be poured.
Current practice using shell molds has produced castings in excess of
1,000 lb, but often the castings weigh much less.

Plaster Molds Plaster or plaster-bonded molds are used for casting
certain aluminum or copper base alloys. Dimensional accuracy and ex-
cellent surface finish make this a useful process for making rubber tire
molds, match plates, etc.

A variation of this method of molding is the Antioch process, using
mixtures of 50 percent silica sand, 40 percent gypsum cement, 8 percent
talc, and small amounts of sodium silicate, portland cement, and mag-
nesium oxide. These dry ingredients are mixed with water and poured
over the pattern. After the mixture is poured, the mold is steam-treated
in an autoclave and then allowed to set in air before drying in an oven.
When the mold has cooled it is ready for pouring. Tolerances of
6 0.005 in (6 0.13 mm) on small castings and 6 0.015 in (6 0.38 mm)
on large castings are obtained by this process.

A problem presented by plaster molds lies in inadequate permeability
in the mold material consistent with the desired smooth mold cavity
surface. A closely related process, the Shaw process, provides a solution.
In this process, a refractory aggregate is mixed with a gelling agent and
then poured over the pattern. Initial set of the mixture results in a rub-
bery consistency which allows it to be stripped from the pattern but

Process

nt- Plaster-mold Investment
ting casting casting Die casting

brass,
mi-
gray

Narrow—brass,
bronze, aluminum

Wide—includes
hard-to-forge and
machine materials

Narrow—zinc,
aluminum, brass,
magnesium

Considerable Greatest Considerable

Moderate Moderate Moderate
0.010 0.010 0.025

1⁄32 – 5⁄64 0.003–0.006 1⁄32 – 1⁄16

90–125 90–125 60–125

co-
h sub-
ntities

Little finishing re-
quired

Best for parts too
complicated for
other casting
methods

Most economical
where applicable

Medium Low to moderate High
quire-

n thou-
From one to sev-
eral hundred

Wide—but best
for small quanti-
ties

Substantial quanti-
ties required

High Very high Low to medium
erate Low Low Low

Low Low Low



13-4 FOUNDRY PRACTICE AND EQUIPMENT

which is sufficiently strong to return to the shape it had when on the
pattern. The mold is then ignited to burn off the volatile content in the
set gel and baked at very high heat. This last step results in a hard, rigid
mold containing microscopic cracks. The permeability of the completed
mold is enhanced by the presence of the so-called microcrazes, while
the mold retains the high-quality definition of the mold surface.

Two facts are inherent in the nature of sand molds: First, there may be
one or few castings required of a given piece, yet even then an expen-
sive wood pattern is required. Second, the requirement of removal of the
pattern from the mold may involve some very intricate pattern con-

molds are mechanically clamped together. Of necessity, the complexity
of the cores must be minimal, inasmuch as they must be withdrawn for
reuse from the finished casting. Likewise, the shape of the molds must
be relatively simple, free of reentrant sections and the like, or else the
mold itself will have to be made in sections, with attendant complexity.

Metals suitable for this type of casting are lead, zinc, aluminum and
magnesium alloys, certain bronzes, and cast iron.

For making iron castings of this type, a number of metal-mold units
are usually mounted on a turntable. The individual operations, such as
coating the mold, placing the cores, closing the mold, pouring, opening
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struction. These conditions may be alleviated entirely by the use of the
full mold process, wherein a foamed polystyrene pattern is used. Indeed,
the foamed pattern may be made complete with a gating and runner
system, and it can incorporate the elimination of draft allowance. In
actual practice, the pattern is left in place in the mold and is instantly
vaporized when hot metal is poured. The hot metal which vaporized the
foam fills the mold cavity to the shape occupied previously by the foam
pattern. This process is ideal for casting runs of one or a few pieces, but
it can be applied to production quantities by mass-producing the foam
patterns. There is extra expense for the equipment to make the destruc-
tible foam patterns, but often the economics of the total casting process
is quite favorable when compared with resorting to a reusable pattern.
There are particular instances when the extreme complexity of a casting
can make a hand-carved foam pattern financially attractive.

The lost-wax, investment, or precision-casting, process permits the accu-
rate casting of highly alloyed steels and of nonferrous alloys which are
impossible to forge and difficult to machine. The procedure consists of
making an accurate metal die into which the wax or plastic patterns are
cast. The patterns are assembled on a sprue and the assembly sprayed,
brushed, or dipped in a slurry of a fine-grained, highly refractory aggre-
gate, and a proprietary bonding agent composed chiefly of ethyl silicate.
This mixture is then allowed to set. The pattern is coated repeatedly
with coarser slurries until a shell of the aggregate is produced around the
pattern. The molds are allowed to stand until the aggregate has set, after
which they are heated in an oven in an inverted position so that the wax
will run out. After the wax is removed, the molds are baked in a preheat
furnace. The molds may then be supported with loose sand and poured
in any conventional manner.

There have been attempts in the past to use frozen mercury as a
pattern. While mercury is a viable pattern material and can be salvaged
totally for reuse, the inherent hazards of handling raw mercury have
mitigated against its continued use to make patterns for investment
castings.

All dimensions can be held to a tolerance of 6 0.005 in (6 0.13 mm)
with some critical dimensions held to 0.002 in (0.05 mm). Most cast-
ings produced by this process are relatively small.

Faithful reproduction and accurate tolerances can also be attained by
the Shaw process; see above. It combines advantages of dimensional
control of precision molds with the ease of production of conventional
molding. The process makes use of wood or metal patterns and a refrac-
tory mold bonded with an ethyl silicate base material. Since the mold is
rubbery when stripped from the pattern, some back draft is permissible.

In the cement-sand process portland cement is used as the sand binder.
A typical mixture has 11 percent portland cement, 89 percent silica
sand, and water 41⁄2 to 7 percent of the total sand and cement. New sand
is used for facing the mold and is backed with ground-up sand which
has been rebonded. Cores are made of the same material. The molds and
cores must airdry 24 to 72 h before pouring. The process can be used for
either ferrous or nonferrous castings. This molding mixture practically
eliminates the generation of gases, forms a hard surface which resists
the erosive action of the metal, and produces castings with good sur-
faces and accurate dimensions. This process is seldom used, and then
only for specific castings wherein the preparation of this type of mold
outweighs many of its disadvantages.

Permanent-Mold Casting Methods

In the permanent-mold casting method, fluid metal is poured by hand into
metal molds and around metal cores without external pressure. The
the mold, and ejection of the casting, are performed as each mold passes
certain stations. The molds are preheated before the first casting is
poured. The process produces castings having a dense, fine-grained
structure, free from shrink holes or blowholes. The tool changes are
relatively low, and better surface and closer tolerances are obtained than
with the sand-cast method. It does not maintain tolerances as close or
sections as thin as the die-casting or the plaster-casting methods.

Yellow brasses, which are high in zinc, should not be cast by the
permanent-mold process because the zinc oxide fouls the molds or dies.

The semipermanent mold casting method differs from the permanent
mold casting in that sand cores are used, in some places, instead of
metal cores. The same metals may be cast by this method. This process
is used where cored openings are so irregular in shape, or so undercut,
that metal cores would be too costly or too difficult to handle. The
structure of the metal cast around the sand cores is like that of a sand
casting. The advantages of permanent mold casting in tolerances, den-
sity, appearance, etc., exist only in the section cast against the metal
mold.

Graphite molds may be used as short-run permanent molds since they
are easier to machine to shape and can be used for higher-melting point
alloys, e.g., steel. The molds are softer, however, and more susceptible
to erosive damage. Steel railroad wheels may be made in these molds
and can be cast by filling the mold by low-pressure casting methods.

In the slush casting process, the cast metal is allowed partially to
solidify next to the mold walls to produce a thin section, after which the
excess liquid metal is poured out of the permanent mold.

In centrifugal casting the metal is under centrifugal force, developed
by rotating the mold at high speed. This process, used in the manufac-
ture of bronze, steel, and iron castings, has the advantage of producing
sound castings with a minimum of risers. In true centrifugal castings the
metal is poured directly into a mold which is rotated on its own axis.
Obviously, the shapes cast by this method must have external and inter-
nal geometries which are surfaces of revolution. The external cast sur-
face is defined by the internal surface of the water-cooled mold; the
internal surface of the casting results from the effective core of air
which exists while the mold is spun and until the metal solidifies suffi-
ciently to retain its cast shape. Currently, all cast-iron pipe intended for
service under pressure (e.g., water mains) is centrifugally cast. The
process is extended to other metals falling under the rubric of tubular
goods.

In pressure casting, for asymmetrical castings which cannot be spun
around their own axes, the mold cavities are arranged around a common
sprue located on the neutral axis of the mold. The molds used in the
centrifugal-casting process may be metal cores or dry sand, depending
on the type of casting and the metal cast.

Die Casting machines consist of a basin holding molten metal, a metal-
lic mold or die, and a metal transferring device which automatically
withdraws molten metal from the basin and forces it under pressure into
the die. Two forms of die casting machines are in general use. Lead, tin,
and zinc alloys containing aluminum are handled in piston machines.
Aluminum alloys and pure zinc, or zinc alloys free from aluminum,
rapidly attack the iron in the piston and cylinder and require a different
type of casting machine. The pressures in a piston machine range from a
few hundred to thousands of lb/in2.

The gooseneck machine has a cast-iron gooseneck which dips the mol-
ten metal out of the melting pot and transfers it to the die. The pressure
is applied to the molten metal by compressed air after the gooseneck is
brought in contact with the die. This machine, developed primarily for



MOLDING SAND 13-5

aluminum alloys, is sometimes used for zinc-aluminum alloys, espe-
cially for large castings, but, owing to the lower pressure, the casting is
likely to be less dense than when made in the piston machine. It is
seldom used for magnesium alloys.

In cold chamber machines the molten-metal reservoir is separated from
the casting machine, and just enough metal for one casting is ladled by
hand into a small chamber, from which it is forced into the die under
high pressure. The pressures, quite high, ranging from the low thou-
sands to in excess of 10,000 lb/in2, are produced by a hydraulic system
connected to the piston in the hot metal chamber. The alloy is kept so

mechanical removal of the pattern. Pattern removal can also be accom-
plished by using jolt-rockover-draw or jolt-squeeze-rollover-draw ma-
chines.

The sand slinger is the most widely applicable type of ramming ma-
chine. It consists of an impeller mounted on the end of a double-jointed
arm which is fed with sand by belt conveyors mounted on the arm. The
impeller rotating at high speed gives sufficient velocity to the sand to
ram it in the mold by impact. The head may be directed to all parts of the
flask manually on the larger machines and may be automatically con-
trolled on smaller units used for the high-speed production of small
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close to its melting temperature that it is in a slushlike condition. The
process is applicable to aluminum alloys, magnesium alloys, zinc
alloys, and even higher-melting-point alloys like brasses and bronzes,
since the pouring well, cylinder, and piston are exposed to the high
temperature for only a short time.

All metal mold external pressure castings have close tolerances,
sharp outlines and contours, fine smooth surface, and high rate of pro-
duction, with low labor cost. They have a hard skin and a soft core,
resulting from the rapid chilling effect of the cold metal mold.

The dies usually consist of two blocks of steel, each containing a part
of the cavity, which are locked together while the casting is being made
and drawn apart when it is ready for ejection. One-half of the die (next
to the ejector nozzle) is stationary; the other half moves on a carriage.
The dies are preheated before using and are either air- or water-cooled
to maintain the desired operating temperature. Die life varies with the
alloy and dimensional tolerances required. Retractable and removable
metal cores are used to form internal surfaces. Inserts can be cast into
the piece by placing them on locating pins in the die.

A wide range of sizes and shapes can be made by these processes,
including threaded pieces and gears. Holes can be accurately located.
The process is best suited to large-quantity production.

A historic application of the process was for typesetting machines
such as the linotype. Although now they are obsolescent and rarely
found in service, for a long time the end products of typesetting ma-
chines were a prime example of a high-quality die-cast metal product.

MOLDING EQUIPMENT AND MECHANIZATION

Flasks may be filled with sand by hand shoveling, gravity feed from
overhead hoppers, continuous belt feeding from a bin, sand slingers,
and, for large molds, by an overhead crane equipped with a grab bucket.

Hand ramming is the simplest method of compacting sand. To in-
crease the rate, pneumatic rammers are used. The method is slow, the
sand is rammed in layers, and it is difficult to gain uniform density.

More uniform results and higher production rates are obtained by
squeezing machines. Hand-operated squeezers were limited to small
molds and are obsolete; air-operated machines permit an increase in the
allowable size of molds as well as in the production rate. These ma-
chines are suitable for shallow molds. Squeezer molding machines pro-
duce greatest sand density at the top of the flask and softest near the
parting line of pattern. Air-operated machines are also applied in verti-
cal molding processes using flaskless molds. Horizontal impact mold-
ing sends shock waves through the sand to pack the grains tightly.

In jolt molding machines the pattern is placed on a platen attached to
the top of an air cylinder. After the table is raised, a quick-release port
opens, and the piston, platen, and mold drop free against the top of the
cylinder or striking pads. The impact packs the sand. The densities
produced by this machine are greatest next to the parting line of the
pattern and softest near the top of the flask. This procedure can be used
for any flask that can be rammed on a molding machine. As a separate
unit, it is used primarily for medium and large work. Where plain jolt
machines are used on large work, it is usual to ram the top of the flask
manually with an air hammer.

Jolt squeeze machines use both the jolt and the squeeze procedures.
The platen is mounted on two air cylinders: a small cylinder to jolt and a
large one to squeeze the mold. They are widely used for small and
medium work, and with match-plate or gated patterns. Pattern-stripping
devices can be incorporated with jolt or squeezer machines to permit
molds.
Vibrators are used on all pattern-drawing machines to free the pattern

from the grip of the sand before drawing. Their use reduces mold dam-
age to a minimum when the pattern is removed, and has the additional
advantage of producing castings of more uniform size than can be se-
cured by hand rapping the pattern. Pattern damage is also kept to a
minimum. Vibrators are usually air-operated, but some electrically
operated types are in use.

Flasks generally consist of two parts: the upper section, called the
cope, and the bottom section, the drag. When more than two parts are
used, the intermediate sections are called cheeks. Flasks are classified as
tight, snap, and slip. Tight flasks are those in which the flask remains
until the metal is poured. Snap flasks are hinged on one corner and have a
locking device on the diagonally opposite corner. In use, these flasks are
removed as soon as the mold is closed. Slip flasks are of solid construc-
tion tapered from top to bottom on all four sides so that they can be
removed as soon as the mold is closed. Snap or slip flasks permit the
molder to make any number of molds with one flask. Before pouring
snap- or slip-flask molds, a wood or metal pouring jacket is placed
around the mold and a weight set on the top to keep the cope from
lifting. The cope and drag sections on all flasks are maintained in proper
alignment by flask pins and guides.

Tight flasks can be made in any size and are fabricated of wood,
rolled steel, cast steel, cast iron, magnesium, or aluminum. Wood, alu-
minum, and magnesium are used only for small- and medium-sized
flasks. Snap and slip flasks are made of wood, aluminum, or magne-
sium, and are generally used for molds not over 20 by 20 in (500 mm by
500 mm).

Mechanization of Sand Preparation

In addition to the various types of molding machines, the modern foun-
dry makes use of a variety of equipment to handle the sand and castings.

Sand Preparation and Handling Sand is prepared in mullers, which
serve to mix the sand, bonding agent, and water. Aerators are used in
conjunction to loosen the sand to make it more amenable to molding.
Sand cutters that operate over a heap on the foundry floor may be used
instead of mullers. Delivery of the sand to the molding floor may be by
means of dump or scoop trucks or by belt conveyors. At the molding
floor the molds may be placed on the floor or delivered by conveyors to
a pouring station. After pouring, the castings are removed from the
flasks and adhering sand at a shakeout station. This may be a mechani-
cally operated jolting device that shakes the loose sand from flask and
casting. The used sand, in turn, is returned to the storage bins by belt
conveyor or other means. Small castings may be poured by using stack-
molding methods. In this case, each flask has a drag cavity molded in its
upper surface and a cope cavity in its lower surface. These are stacked
one on the other to a suitable height and poured from a common sprue.

There is an almost infinite variety of equipment and methods avail-
able to the foundry, ranging from simple, work-saving devices to com-
pletely mechanized units, including completely automatic molding ma-
chines. Because of this wide selection available, the degree to which a
foundry can be mechanized depends almost entirely on the economics
of the operations, rather than the availability or lack of availability of a
particular piece of equipment.

MOLDING SAND

Molding sand consists of silica grains held together by some bonding
material, usually clay or bentonite.
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Grain size greatly influences the surface finish of a casting. The
proper grain size is determined by the size of the casting, the quality of
surface required, and the surface tension of the molten metal. The grain
size should be approximately uniform when maximum permeability is
desired.

Naturally bonded sands are mixtures of silica and clay as taken from
the pits. Modification may be necessary to produce a satisfactory mix-
ture. This type of sand is used in gray iron, ductile iron, malleable iron,
and nonferrous foundries (except magnesium).

Synthetically bonded sands are produced by combining clay-free silica

prove flowability of the sand, have high binding power, rapid drying,
fair resistance to moisture, and low burning-out point, with only a small
volume of gas evolved on burning. They are used where high collapsi-
bility of the core is essential.

Other binders include paper-mill by-products, which absorb moisture
readily, have high dry strength, low green strength, high gas ratio, and
high binding power for clay materials.

Coal tar pitch and petroleum pitch flow with heat and freeze around the
grains on cooling. These compounds have low moisture absorption rates
and are used extensively for large iron cores. They can be used effec-
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sand with clay or bentonite. These sands can be compounded to suit
foundry requirements. They are more uniform than naturally bonded
sands but require more careful mixing and control. Steel foundries, gray
iron and malleable iron foundries, and magnesium foundries use this
type of sand.

Special additives may be used in addition to the basic sand, clay, and
water. These include cereals, ground pitch, sea coal, gilsonite, fuel oil,
wood flour, silica flour, iron oxide, pearlite, molasses, dextrin, and pro-
prietary materials. These all serve the purpose of altering specific prop-
erties of the sand to give desired results.

The properties of the sand that are of major interest to the foundry
worker are permeability, or the venting power, of the sand; green com-
pressive strength; green shear strength; deformation, or the sand move-
ment under a given load; dry compressive strength; and hot strength, i.e.,
strength at elevated temperatures. Several auxiliary tests are often made,
including moisture content, clay content, and grain-size determination.

The foundry engineer or metallurgist who usually is entrusted with
the control of the sand properties makes the adjustments required to
keep it in good condition.

Facing sands, for giving better surface to the casting, are used for gray
iron, malleable iron, steel, and magnesium castings. The iron sands
usually contain sea coal, a finely ground coal which keeps the sand from
adhering to the casting by generating a gas film when in contact with the
hot metal. Steel facings contain silica flour or other very fine highly
refractory material to form a dense surface which the metal cannot
readily penetrate.

Mold washes are coatings applied to the mold or core surface to im-
prove the finish of the casting. They are applied either wet or dry. The
usual practice is to brush or spray the wet mold washes and to brush or
rub on the dry ones. Graphite or silica flour mixed with clay and molas-
ses water is frequently used. The washes are mixed usually with water-
base or alcohol-base solvent solutions that require oven drying time,
during which not only does the wash set, but also the excess moisture is
removed from the washed coating.

Core Sands and Core Binders

Green sand cores are made from standard molding-sand mixtures, some-
times strengthened by adding a binder, such as dextrin, which hardens
the surface. Cores of this type are very fragile and are usually made with
an arbor or wires on the inside to facilitate handling. Their collapsibility
is useful to prevent hot tearing of the casting.

Dry sand cores are made from silica sand and a binder (usually oil)
which hardens under the action of heat. The amount of oil used should
be the minimum which will produce the necessary core strength.

Core binders are either organic, such as core oil, which are destroyed
under heat, or inorganic, which are not destroyed.

Organic Binders The main organic binder is core oil. Pure linseed
oil is used extensively as one of the basic ingredients in blended-oil core
binders. These consist primarily of linseed oil, resin, and a thinner, such
as high-grade kerosene. They have good wetting properties, good work-
ability, and better oxidation characteristics than straight linseed oil.

Corn flour produces good green strength and dry strength when used
in conjunction with oil. Cores made with this binder are quick drying in
the oven and burn out rapidly and completely in the mold.

Dextrin produces a hard surface and weak center because of the mi-
gration of dextrin and water to the surface. Used with oil, it produces a
hard smooth surface but does not produce a green bond as good as that
with corn flour.

Commercial protein binders, such as gelatin, casein, and glues, im-
tively with impure sands.
Wood and gum rosin, plastic resins, and rosin by-products are used to

produce collapsibility in cores. They must be well ground. They tend to
cake in hot weather, and large amounts are required to get desired
strength.

Plastics of the urea- and phenol-formaldehyde groups and furan resins
are being used for core binders. They have the advantage of low-tem-
perature baking, collapse readily, and produce only small amounts of
gas. These can be used in dielectric baking ovens or in the shell molding,
hot box, or air setting processes for making cores.

Inorganic binders include fire clay, southern bentonite, western ben-
tonite, and iron oxide.

Cores can also be made by mixing sand with sodium silicate. When
this mixture is in the core box, it is infiltrated with CO2 , which causes
the core to harden. This is called the CO2 process.

Core-Making Methods

Cores are made by the methods employed for sand molds. In addition,
core blowers and extrusion machines are used.

Core blowers force sand into the core box by compressed air at about
100 lb/in2. They can be used for making all types of small- and me-
dium-sized cores. The cores produced are very uniform, and high pro-
duction rates are achieved.

Screw feed machines are used largely for plain cylindrical cores of
uniform cross section. The core sand is extruded through a die onto a
core plate. The use of these machines is limited to the production of
stock cores, which are cut to the desired length after baking.

Core Ovens Core oven walls are constructed of inner and outer
layers of sheet metal separated by rock wool or Fiberglas insulation and
with interlocked joints. Combustion chambers are refractory-lined, and
the hot gases are circulated by fans. They are designed for operating at
temperatures suitable for the constituents in the core body. Time at
baking temperatures will, likewise, vary with the composition of the
core.

Core driers are light skeleton cast iron or aluminum boxes, the inter-
nal shape of which conforms closely to the cope portion of the core.
They are used to support, during baking, cores which cannot be placed
on a flat plate.

Chaplets are metallic pieces inserted into the mold cavity which sup-
port the core. Long unsupported cores will be subject to flotation force
as the molten metal fills the mold and may break if the resulting flexural
stresses are excessive. Likewise, the liquid forces imposed on cores as
metal flows through the mold cavity may cause cores to shift. The
chaplets interposed within the mold cavity are placed to alleviate these
conditions. They are generally made of the same material as that being
cast; they melt and blend with the metal as cast, and they remain solid
long enough for the liquid forces to equilibrate through the mold cavity.

CASTING ALLOYS

In general, the types of alloys that can be produced as wrought metals
can also be prepared as castings. Certain alloys, however, cannot be
forged or rolled and can only be used as cast.

Ferrous Alloys

Steel Castings (See Sec. 6.3.) Steel castings may be classified as:
1. Low carbon (C , 0.20 percent). These are relatively soft and not

readily heat-treatable.
2. Medium carbon (0.20 percent , C , 0.50 percent).These cast-
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ings are somewhat harder and amenable to strengthening by heat treat-
ment.

3. High carbon (C . 0.50 percent). These steels are used where
maximum hardness and wear resistance are desired.

In addition to the classification based on carbon content, which deter-
mines the maximum hardness obtainable in steel, the castings can be
also classified as low alloy content (# 8 percent) or high alloy content
(. 8 percent).

Low-alloy steels behave essentially as plain carbon steels but have a
higher hardenability, which is a measure of ability to be hardened by

castings are predominantly electric arc (direct and indirect), induction,
and crucible for small operations. For cast iron, cupolas are still em-
ployed, although in ever-decreasing quantities. The previous wide-
spread use of open-hearth furnaces is now relegated to isolated foun-
dries and is essentially obsolete. In general, ferrous foundries’ melting
practice has become based largely on electric-powered furnaces. Du-
plexing operations are still employed, usually in the form of cupola /in-
duction furnace, or cupola /electric arc furnace.

In nonferrous foundries, electric arc, induction, and crucible furnaces
predominate. There are some residual installations which use air fur-
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heat treatment. High-alloy steels are designed to produce some specific
property, like corrosion resistance, heat resistance, wear resistance, or
some other special property.

Malleable Iron Castings The carbon content of malleable iron
ranges from about 2.00 to 2.80 percent and may reach as high as 3.30
percent if the iron is melted in a cupola. Silicon ranging from 0.90 to
1.80 percent is an additional alloying element required to aid the an-
nealing of the iron. As cast, this iron is hard and brittle and is rendered
soft and malleable by a long heat-treating or annealing cycle. (See also
Sec. 6.3)

Gray Iron Castings Gray iron is an alloy of iron, carbon, and sili-
con, containing a higher percentage of these last two elements than
found in malleable iron. Much of the carbon is present in the elemental
form as graphite. Other elements present include manganese, phospho-
rus, and sulfur. Because the properties are controlled by proper propor-
tioning of the carbon and silicon and by the cooling rate of the casting, it
is usually sold on the basis of specified properties rather than composi-
tion. The carbon content will usually range between 3.00 and 4.00 per-
cent and the silicon will be between 1.00 and 3.00 percent, the higher
values of carbon being used with the lower silicon values (usually), and
vice versa. As evidence of the fact that gray iron should not be consid-
ered as a material having a single set of properties, the ASTM and AFS
codify gray cast iron in several classes, with accompanying ranges of
tensile strengths available. The high strengths are obtained by proper
adjustment of the carbon and silicon contents or by alloying. (See also
Sec. 6.3.)

An important variation of gray iron is nodular iron, or ductile iron, in
which the graphite appears as nodules rather than as flakes. This iron is
prepared by treating the metal in the ladle with additives that usually
include magnesium in alloy form. Nodular iron can exceed 100,000
lb/in2 (690 MN/m2) as cast and is much more ductile than gray iron,
measuring about 2 to 5 percent elongation at these higher strengths, and
even higher percentages if the strength is lower. (See Sec. 6.3.)

Nonferrous Alloys

Aluminum-Base Castings Aluminum is alloyed with copper, sili-
con, magnesium, zinc, nickel, and other elements to produce a wide
variety of casting alloys having specific characteristics of foundry prop-
erties, mechanical properties, machinability, and/or corrosion resis-
tance. Alloys are produced for use in sand casting, permanent mold
casting, or die casting. Some alloys are heat-treatable using solution and
age-hardening treatments. (See also Sec. 6.4.)

Copper-Base Alloys The alloying elements used with copper in-
clude zinc (brasses), tin (bronzes), nickel (nickel bronze), aluminum
(aluminum bronze), silicon (silicon bronze), and beryllium (beryllium
bronze). The brasses and tin bronzes may contain lead for machinabil-
ity. Various combinations of zinc and tin, or of tin or zinc with other
elements, are also available. With the exception of some of the alumi-
num bronzes and beryllium bronze, most of the copper-base alloys can-
not be hardened by heat treatment. (See also Sec. 6.4.)

Special Casting Alloys Other metals cast in the foundry include
magnesium-base alloys for light weight, nickel-base alloys for high-tem-
perature applications, titanium-base alloys for strength-to-weight ratio,
etc. The magnesium-base alloys require special precautions during
melting and pouring to avoid burning. (See Sec. 6.4.)

MELTING AND HEAT TREATING FURNACES

There are several types of melting furnaces used in conjunction with
metal casting. Foundry furnaces used in melting practice for ferrous
naces, but they are obsolete and found only in some of the older, small
foundries which cater to unique clients.

Vacuum melting and metal refining were fostered by the need for
extremely pure metals for high-temperature, high-strength applications
(e.g., gas-turbine blades). Vacuum melting is accomplished in a furnace
located in an evacuated chamber; the source of heat is most often an
electric arc and sometimes induction coils. Gases entrained in the melt
are removed, the absence of air prevents oxidation of the base metals,
and a high degree of metal purity is retained in the molten metal and in
the casting ultimately made from that vacuum-melted metal. The mold
is also enclosed in the same evacuated chamber.

The vacuum melting and casting process is very expensive because of
the nature of the equipment required, and quantities of metal handled
are relatively small. The economics of the overall process are justified
by the design requirements for highest-quality castings for ultimately
very demanding service.

Annealing and heat-treating furnaces used to process castings are the
type usually found in industrial practice. (See Secs. 7.3. and 7.5.)

CLEANING AND INSPECTION

Tumbling barrels consist of a power-driven drum in which the castings
are tumbled in contact with hard iron stars or balls. Their impact re-
moves the sand and scale.

In air-blast cleaning units, compressed air forces silica sand or chilled
iron shot into violent contact with the castings, which are tumbled in a
barrel, rotated on a table, or passed between multiple orifices on a
conveyor. Large rooms are sometimes utilized, with an operator direct-
ing the nozzle. These machines are equipped with hoppers and elevators
to return the sand or shot to the magazine. Dust-collecting systems are
required.

In centrifugal-blast cleaning units, a rotating impeller is used to impart
the necessary velocity to the chilled iron shot or abrasive grit. The
velocities are not so high as with air, but the volume of abrasive is much
greater. The construction is otherwise similar to the air blast machine.

Water in large volume at pressures of 250 to 600 lb/in2 is used to
remove sand and cores from medium and large castings.

High-pressure water and sand cleaning (Hydroblast) employs high pres-
sure water mixed with molding sand which has been washed off
the casting. A sand classifier is incorporated in the sand reclamation
system.

Pneumatic chipping hammers may be used to clean large castings
where the sand is badly burned on and for deep pockets.

Removal of Gates and Risers and Finishing Castings The follow-
ing tabulation shows the most generally used methods for removing
gates and risers (marked R) and for finishing (marked F).

Steel: Oxyacetylene (R) hand hammer or sledge (R), grinders (F),
chipping hammer, (F), and machining (F).

Cast iron: Chipping hammer (R, F), hand hammer or sledge (R),
abrasive cutoff (R), power saw (R), and grinders (F).

Malleable iron: Hand hammer or sledge (R), grinders (F), shear (F),
and machining (F).

Brass and bronze: Chipping hammer (R, F), shear (R, F), hand ham-
mer or sledge (R), abrasive cutoff (R), power saw (R), belt sanders (F),
grinders (F), and machining (F).

Aluminum: Chipping hammer (R), shear (R), hand hammer or sledge
(R), power saw (R), grinders (F), and belt sander (F).

Magnesium: Band saw (R), machining (F), and flexible-shaft ma-
chines with steel burr cutters (F).
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Casting Inspection

(See Sec. 5.4)

Castings are inspected for dimensional accuracy, hardness, surface fin-
ish, physical properties, internal soundness, and cracks. For hardness
and for physical properties, see Sec. 6.

Internal soundness is checked by cutting or breaking up pilot castings
or by nondestructive testing using X-ray, gamma ray, etc.

Destructive testing tells only the condition of the piece tested and does
not ensure that other pieces not tested will be sound. It is the most
commonly used procedure at the present time.

or after the current is off (residual method). It may be applied dry or
suspended in a light petroleum distillate similar to kerosene. Expert
interpretation of the tests is necessary.

CASTING DESIGN

Design for the best utilization of metal in the cast form requires a
knowledge of metal solidification characteristics, foundry practices, and
the metallurgy of the metal being used. Metals exhibit certain peculiari-
ties in the formation of solid metal during freezing and also undergo

R
S
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X-ray, gamma ray, and other methods have made possible the nonde-
structive checking of castings to determine internal soundness on all
castings produced. Shrinks, cracks, tears, and gas holes can be deter-
mined and repairs made before the castings are shipped.

Magnetic powder tests (Magnaflux) are used to locate structural discon-
tinuities in iron and steel except austenitic steels, but they are not appli-
cable to most nonferrous metals or their alloys. The method is most
useful for the location of surface discontinuities, but it may indicate
subsurface defects if the magnetizing force is sufficient to produce a
leakage field at the surface.

In this test a magnetic flux is induced in ferromagnetic material. Any
abrupt discontinuity in its path results in a local flux leakage field. If
finely divided particles of ferromagnetic material are brought into the
vicinity, they offer a low reluctance path to the leakage field and take a
position that outlines approximately its effective boundaries. The cast-
ing to be inspected is magnetized and its surface dusted with the mag-
netic powder. A low velocity air stream blows the excess powder off
and leaves the defect outlined by the powder particles. The powder may
be applied while the magnetizing current is flowing (continuous method)

13.2 PLASTIC WO
by Rajiv

(See also Secs. 5 and 6)
REFERENCES: Crane, ‘‘Plastic Working of Metals and Power Press Operations,’’
Wiley. Woodworth, ‘‘Punches, Dies and Tools for Manufacturing in Presses,’’
Henley. Jones, ‘‘Die Design and Die Making Practice,’’ Industrial Press. Stanley,
‘‘Punches and Dies,’’ McGraw-Hill. DeGarmo, ‘‘Materials and Processes in
Manufacturing,’’ Macmillan. ‘‘Modern Plastics Encyclopedia and Engineers
Handbook,’’ Plastics Catalogue Corp., New York. ‘‘The Tool Engineers Hand-
book,’’ McGraw-Hill. Bridgman, ‘‘Large Pla
Hill. ‘‘Cold Working of Metals,’’ ASM. Pea
Wiley.
shrinkage in the liquid state during the freezing process and after freez-
ing, and the casting must be designed to take these factors into consid-
eration. Knowledge concerning the freezing process will also be of
assistance in determining the fluidity of the metal, its resistance to hot
tearing, and its tendency to evolve dissolved gases. For economy in
production, casting design should take into consideration those factors
in molding and coring that will lead to the simplest procedures. Elimi-
nation of expensive cores, irregular parting lines, and deep drafts in the
casting can often be accomplished with a slight modification of the
original design. Combination of the foregoing factors with the selection
of the right metal for the job is important in casting design. Consultation
between the design engineer and personnel at the foundry will result in
well-designed castings and cost-effective foundry procedures. Initial
guidance may be had from the several references cited and from up-
dated professional literature, which abounds in the technical journals.
Trade literature, as represented by the publications issued by the various
generic associations, will be useful in assessing potential problems with
specific casting designs. Generally, time is well spent in these endeav-
ors before an actual design concept is reduced to a set of dimensional
drawings and/or specifications.

KING OF METALS
hivpuri
packed and so are heavier. For each element, the energy pattern of its
electric charges in motion determines the field characteristics of that
atom and which of the orderly arrangements it will seek to assume with
relation to others like it in the orderly crystalline form.

Space lattice is the term used to describe the orderly arrangement of
rows and layers of atoms in the crystalline form. This orderly state is

rained, or annealed. The working or
he orderly arrangement, unbalancing
patterns or space lattices characterize
stic Flow and Fracture,’’ McGraw-
rson, ‘‘The Extrusion of Metals,’’ also described as balanced, unst

deforming of materials distorts t
the forces between atoms. Cubic

the more ductile or workable materials. Hexagonal and more complex
STRUCTURE

Yieldable structural forces between the particles composing a material to
be worked are the key to its behavior. Simple internal structures contain
only a single element, as pure copper, silver, or iron. Relatively more
difficult to work are the solid solutions in which one element tends to
distribute uniformly in the structural pattern of another. Thus silver and
gold form a continuous series of solid-solution alloys as their propor-
tions vary. Next are alloys in which strongly bonded molecular groups
dispersed through or along the grain boundaries of softer metals offer
increasing resistance to working, as does iron carbide (Fe3C) in solution
in iron.

Bonding forces are supplied by electric fields characteristic of individ-
ual atoms. These forces in turn are subject to modification by tempera-
ture as energy is added, increasing electron activity.

The particles which constitute an atom are so small that most of its
volume is empty space. For a similar energy state, there is some rough
uniformity in the outside size of atoms. In general, therefore, the more
complex elements have their larger number of particles more densely
patterns tend to be more brittle or more rigid. Flaws, irregularities, or
distortions, with corresponding unbalanced strains among adjacent
atoms, may occur in the pattern or along grain boundaries. Slip-plane
movements in working to new shapes tend to slide the once orderly
layers of atoms within the grain-boundary limitations of individual
crystals. Such sliding movement tends to take place at 45° to the direc-
tion of the applied load because much higher stresses are required to
pull atoms directly apart or to push them straight together.

Chemical combinations, in liquid or solid solutions, or molecular com-
pounds depend upon relative field patterns of elements or upon actual
displacement of one or more electrons from the outer orbit of a donor
element to the outer orbit of a receptor element. Thus the molecules of
hard iron carbide, Fe3C, may be held in solid solution in soft pure iron
(ferrite) in increasing proportions up to 0.83 percent of carbon in iron,
which is described as pearlite. Zinc may occupy solid-solution positions
in the copper space lattice up to about 45 percent, the range of the
ductile red and yellow brasses.

Thermal Changes Adding heat (energy) increases electron activity
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and therefore also the mobility of the atom. Probability of brittle failure
at low temperatures usually becomes less as temperature increases.
Transition temperatures from one state to another differ for different
elements. Thermal transitions therefore become more complex as such
differing elements are combined in alloys and compounds. As tempera-
tures rise, a stress-relieving range is reached at which the most severely
strained atoms are able to ease themselves around into less strained
positions. At somewhat higher temperatures, annealing or recrystalliza-
tion of worked or distorted structure takes place. Old grain boundaries
disappear and small new grains begin to grow, aligning nearby atoms

prevented by preparatory roller leveling, which gives protection in the
case of steel for perhaps a day, or by a 3 to 5 percent temper pass of
cold-rolling, which may stress relieve in perhaps 3 months, permitting
recurrent trouble. The middle range covers most drawing and forming
operations. Its upper limit is the point of normal tensile failure. The
upper range requires that metal be worked primarily in compression to
inhibit the start of tensile fracture. Severe extrusion, spring-temper roll-
ing, and music-wire drawing use this range.

Dispersion hardening of metal alloys by heat treatment (see Fig.
13.2.2) reduces the plastic range and increases the resistance to work
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into their orderly lattice pattern. The more severely the material has
been worked, the lower is the temperature at which recrystallization
begins. Grain growth is more rapid at higher temperatures. In working
materials above their recrystallization range, as in forging, the relief of
interatomic strains becomes more nearly spontaneous as the tempera-
ture is increased. Creep takes place when materials are under some
stress above the recrystallization range, and the thermal mobility per-
mits individual atoms to ease around to relieve that stress with an ac-
companying gradual change of shape. Thus a wax candle droops due to
gravity on a hot day. Lead, which recrystallizes below room tempera-
ture, will creep when used for roofing or spouting. Steels in rockets and
jet engines begin to creep around 1,300 to 1,500°F (704 to 815°C).
Creep is more rapid as the temperature rises farther above the recrystal-
lization range.

PLASTICITY

Plasticity is that property of materials which commends them to the
mass-production techniques of pressure-forming desired shapes. It is
understood more easily if several types of plasticity are considered.

Crystoplastic describes materials, notably metals, which can be
worked in the stable crystalling state, below the recrystallization range.
Metals which crystallize in the cubic patterns have a wider plastic range
than those of hexagonal pattern. Alloying narrows the range and in-
creases the resistance to working. Tensile or compressive testing of an
annealed specimen can be used to show the plastic range which lies
between the initial yield point and the point of ultimate tensile or com-
pressive failure.

The plastic range, as of an annealed metal, is illustrated in Fig. 13.2.1.
Changing values of true stress are determined by dividing the applied
load at any instant by the cross-section area at that instant. As material is
worked, a progressive increase in elastic limit and yield point registers
the slip-plane movement or work hardening which has taken place and
the consequent reduction in residual plasticity. This changing yield
point or resistance, shown in Fig. 13.2.1, is divided roughly into three
characteristic ranges. The contour of the lower range can be varied by
nonuniformity of grain sizes or by small displacements resulting from
prior direction of working. Random large, soft grains yield locally under
slight displacement, with resulting surface markings, described as or-
ange peel, alligator skin, or stretcher strain markings. These can be

Fig. 13.2.1 Three ranges of crystoplastic work hardening of a low-carbon steel.
(ASME, 1954, W. S. Wagner, E. W. Bliss Co.)
hardening. Figure 13.2.2 also shows the common methods of plotting
change of true stress against percentage of reduction—e.g., reduction of
thickness in rolling or compressive working, of area in wire drawing,
ironing, or tensile testing, or of diameter in cup drawing or reducing
operations—and against true strain, which is the natural logarithm of
change of area, for convenience in higher mathematics.

Fig. 13.2.2 High-range plasticity (dotted) of an SAE 4140 steel, showing the
effect of dispersion hardening. Two plotting methods. (ASME, 1958, Crane and
Wagner, E. W. Bliss Co.)

For metals, thermoplastic working is usually described as hot work-
ing, except for tin and lead, which recrystallize below room temperature.
Hot-worked samples may be etched to show flow lines, which are usually
made up of old-grain boundaries. Where these show, recrystallization
has not yet taken place, and some work hardening is retained to improve
physical properties. Zinc and magnesium, which are typical of the hex-
agonal-structure metals, take only small amounts of cold working but
can be drawn or otherwise worked severely at rather moderate tempera-
tures [Zn, 200 to 400°F (90 to 200°C); Mg, 500 to 700°F (260 to
400°C)]. Note that, although hexagonal-pattern metals are less easily
worked than cubic-pattern metals, they are for that same reason struc-
turally more rigid for a similar relative weight. Advantageous forging
temperatures change with alloy composition: copper, 1,800 to 1,900°F
(980 to 1,040°C); red brass, Cu 70, Zn 30, 1,600 to 1,700°F (870 to
930°C); yellow brass, Cu 60, Zn 40, 1,200 to 1,500°F (650 to 815°C).
See Sec. 6 for general physical properties of metals.

Substantially pure iron shows an increasing elastic limit and decreas-
ing plasticity with increasing amounts of work hardening by cold-roll-
ing. The rate at which such work hardening takes place is greatly in-
creased, and the remaining plasticity reduced, as alloying becomes more
complex.

In steels, the mechanical working range is conventionally divided into
cold, warm, and hot working. Figure 13.2.3 is a plot of flow stress, limit
strain, scale factor, and dimensional error for different values of forging
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Fig. 13.2.3 Effect of forging temperature on forgeability and material properties. Material: AISI 1015 steel. f 5 strain
rate; f* 5 limiting strain; sf 5 flow stress; Stot 5 dimensional error; FeL 5 scale loss. (K. Lange, ‘‘Handbook of Metal
Forming,’’ McGraw-Hill, 1985.)

temperature and for two different strain rates. The flow stress is the
resistance to deformation. As the temperature rises from room tempera-
ture to 2,072°F (1,100°C), the flow stress decreases first gradually and
then rapidly to about 25 percent of its value [cold working 114 ksi (786
MPa) and hot working 28 ksi (193 MPa) at a strain of 0.5 and strain rate
of 40 per second].

One measure of workability is the strain limit. As the temperature
rises, the strain limit for the 70-in (in ? s) strain rate (typical of mechan-
ical press forging) decreases slightly up to 500°C (932°F), rises until
750°C (1,382°F), drops rapidly at 800°C (1,472°F) (often called blue

lower limit of stress shown is the yield point at the softest temper, or
anneal, commercially available, and the upper limit is the limit of tensile
action, or the stress at which fracture, rather than flow, occurs. This
latter value does not correspond to the commercially quoted ‘‘tensile
strength’’ of the metal, but rather to the ‘‘true tensile strength,’’ which is
the stress that exists at the reduced section of a tensile specimen at
fracture and which is higher than the nominal value in inverse propor-
tion to the reduction of area of the material.
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brittleness), and beyond 850°C (1,562°F) increases rapidly to hot forg-
ing temperature of 1,100°C (2,012°F). Therefore, substantial advan-
tages of low material resistance (low tool pressures and press loads) and
excellent workability (large flow without material failure) can be real-
ized in the hot-working range. Hot-working temperatures, however,
also mean poor dimensional tolerance (total dimensional error), poor
surface finish, and material loss due to scale buildup. Forging tempera-
tures above 1,300°C (2,372°F) can lead to hot shortness manifested by
melting at the grain boundaries.

PLASTIC-WORKING TECHNIQUES

In the metalworking operations, as distinguished from metal cutting,
material is forced to move into new shapes by plastic flow. Hot-working
is carried on above the recovery temperature, and spontaneous recovery,
or annealing, occurs about as fast as the properties of the material are
altered by the deformation. This process is limited by the chilling of the
material in the tools, scaling of the material, and the life of the tools at
the required temperatures. Cold-working is carried on at room tempera-
ture and may be applied to most of the common metals. Since, in most
cases, no recovery occurs at this temperature, the properties of the metal
are altered in the direction of increasing strength and brittleness
throughout the working process, and there is consequently a limit to
which cold-working may be carried without danger of fracture.

A convenient way of representing the action of the common metals
when cold-worked consists of plotting the actual stress in the material
against the percentage reduction in thickness. Within the accuracy re-
quired for shop use, the relationship is linear, as in Fig. 13.2.4. The
Fig. 13.2.4 Plastic range chart of commonly worked metals.

As an example of the construction and use of the cold-working plots
shown in Fig. 13.2.4, the action of a very-low-carbon deep-drawing
steel has been shown in Fig. 13.2.5. Starting with the annealed material
with a yield point of 35,000 lb/in2 (240 MN/m2), the steel was drawn to
successive reductions of thickness up to about 58 percent, and the
corresponding stresses plotted as the heavy straight line. The entire
graph was then extrapolated to 100 percent reduction, giving the modu-
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lus of strain hardening as indicated, and to zero stress so that all materials
might be plotted on the same graph. Lines of equal reduction are slant-
ing lines through the point marking the modulus of strain hardening at
theoretical 100 percent reduction. Starting at any initial condition of
previous cold work on the heavy line, a percentage reduction from this
condition will be indicated by a horizontal traverse to the slanting re-
duction line of corresponding magnitude and the resulting increase in
stress by the vertical traverse from this point to the heavy line.

uses (1.00 2 0.30 2 0.175) 3 0.15, or about 8 percent of the original
range, totaling 30 1 17.5 1 8 5 55.5 percent. This may be compared
with the test value percent reduction in area for the particular material.
The same result might have been obtained, die operation permitting, by
a single reduction of 55 percent, as shown. Any appreciable reduction
beyond this point would come dangerously close to the limit of plastic
flow, and consequently an anneal is called for before any further work is
done on the piece.

Figure 13.2.6 shows the approximate true stress vs. true strain plot of
common plastic range values, for comparison with Fig. 13.2.4. In metal
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Fig. 13.2.5 Graphical solution of a metalworking problem.

The traverse shown involved three draws from the annealed condition
of 30, 25, and 15 percent each, and resulting stresses of 53,000, 63,000,
and 68,000 lb/in2 (365, 434, and 469 MN/m2). After the initial 30 per-
cent reduction, the next 25 percent uses (1.00 2 0.30) 3 0.25, or 17.5
percent more of the cold-working range; the next 15 percent reduction
Fig. 13.2.6 True stress vs. true strain curves for typical metals. (
forming, a convenient way of representing the resistance of metal to
deformation and flow is the flow stress s, also known as the logarithmic
stress or true stress. For most metals, flow stress is a function of the
amount of deformation at cold-working temperatures (strain «) and the
deformation rate at hot-working temperatures (strain rate ~«). This rela-
tionship is often given as a power-law curve; s 5 K«n for cold forming
and s 5 C~«m for hot forming. For commonly used materials, the values
of the strength coefficients K and C and hardening coefficients n and m
are given in Tables 13.2.1a and b.

A practical manufacturing method of judging relative plasticity is to
compute the ratio of initial yield point to the ultimate tensile strength as
developed in the tensile test. Thus a General Motors research memo
listed steel with a 0.51 yield/tensile ratio [22,000 lb/in2 (152 MN/m2)
yp/43,000 lb/in2 (296 MN/m2) ultimate tensile strength] as being suit-
able for really severe draws of exposed parts. When the ratio reaches
about 0.75, the steel should be used only for flat parts or possibly those
with a bend of not more than 90°. The higher ratios obviously represent
a narrowing range of workability or residual plasticity.

ROLLING OPERATIONS

Rolling of sheets, coils, bars, and shapes is a primary process using
plastic ranges both above and below recrystallization to prepare metals
for further working or for fabrication. Metal squeezed in the bit area of
Crane and Hauf, E. W. Bliss. Co.)



Table 13.2.1a Manufacturing Properties of Steels and Copper-Based Alloys*
(Annealed condition)

Hot-working Cold-working

Flow stress,§
Flow stress,† MPa MPa

at °C C m K n

Liquidus/ Usual q Annealing
Designation and solidus, temp., s0.2 , TS, Elongation, R.A., temp.,¶
composition, % °C °C Workability‡ MPa MPa % % °C

Steels:
1008 (0.08 C), sheet , 1,250 1,000 100 0.1 A 600 0.25 180 320 40 70 850–900 (F)
1015 (0.15 C), bar , 1,250 800 150 0.1 A 620 0.18 300 450 35 70 850–900 (F)

1,000 120 0.1
1,200 50 0.17

1045 (0.45 C) , 1,150 800 180 0.07 A 950 0.12 410 700 22 45 790–870 (F)
1,000 120 0.13

; 8620 (0.2 C, 1 Mn 1,000 120 0.1 A 350 620 30 60
0.4 Ni, 0.5 Cr, 0.4 Mo)

D2 tool-steel (1.5 C, 900–1,080 1,000 190 0.13 B 1,300 0.3 880 (F)
12 Cr, 1 Mo)

H13 tool steel (0.4 C, 1,000 80 0.26 B
5 Cr 1.5 Mo, 1 V)

302 ss (18 Cr, 9 Ni) 1,420/1,400 930–1,200 1,000 170 0.1 B 1,300 0.3 250 600 55 65 1,010–1,120 (Q)
(austenitic)

410 ss (13 Cr) 1,530/1,480 870–1,150 1,000 140 0.08 C 960 0.1 280 520 30 65 650–800
(martensitic)

Copper-base alloys:
Cu (99.94%) 1,083/1,065 750–950 600 130 0.06 A 450 0.33 70 220 50 78 375–650

(48) (0.17)
900 41 0.2

Cartridge brass (30 Zn) 955/915 725–850 600 100 0.24 A 500 0.41 100 310 65 75 425–750
800 48 0.15

Muntz metal (40 Zn) 905/900 625–800 600 38 0.3 A 800 0.5 120 380 45 70 425–600
800 20 0.24

Leaded brass 900/855 625–800 600 58 0.14 A 800 0.33 130 340 50 55 425–600
(1 Pb, 39 Zn) 800 14 0.20

Phosphor bronze (5 Sn) 1,050/950 700 160 0.35 C 720 0.46 150 340 57 480–675
Aluminum bronze 1,060/1,050 815–870 A 170 400 65 425–850

(5 Al)

* Compiled from various sources; most flow stress data from T. Altan and F. W. Boulger, Trans. ASME, Ser. B, J. Eng. Ind. 95, 1973, p. 1009.
† Hot-working flow stress is for a strain of « 5 0.5. To convert to 1,000 lb/in2, divide calculated stresses by 7.
‡ Relative ratings, with A the best, corresponding to absence of cracking in hot rolling and forging.
§ Cold-working flow stress is for moderate strain rates, around « 5 1 s21. To convert to 1,000 lb/in2, divide stresses by 7.
¶ Furnace cooling is indicated by F, quenching by Q.
SOURCE: Adapted from John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New York, 1987.
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Table 13.2.1b Manufacturing Properties of Various Nonferrous Alloysa

(Annealed condition, except 6061-T6)

Hot-working Cold-working

Flow stress,c

Flow stress,b MPa MPa

at °C C m K n

Liquidus/ Usual q Annealing
Designation and solidus, temp., s0.2 , TS,d Elongation,d R.A., temp.e

composition, % °C °C Workability f MPa MPa % % °C

Light metals:
1100 Al (99%) 657/643 250–550 300 60 0.08 A 140 0.25 35 90 35 340

500 14 0.22
Mn alloy (1 Mn) 649/648 290–540 400 35 0.13 A 100 130 14 370
; 2017 Al (3.5 Cu, 635/510 260–480 400 90 0.12 B 380 0.15 100 180 20 415 (F)
0.5 Mg, 0.5 Mn) 500 36 0.12

5052 Al (2.5 Mg) 650/590 260–510 480 35 0.13 A 210 0.13 90 190 25 340
6061-0 (1 Mg, 652/582 300–550 400 50 0.16 A 220 0.16 55 125 25 65 415 (F)
0.6 Si, 0.3 Cu) 500 37 0.17

6061-T6 NAg NA NA NA NA NA 450 0.03 275 310 8 45
; 7075 Al (6 Zn, 2 Mg,
1 Cu)

640/475 260–455 450 40 0.13 B 400 0.17 100 230 16 415

Low-melting metals:
Sn (99.8%) 232 100–200 A 15 45 100 150
Pb (99.7%) 327 20–200 100 10 0.1 A 12 35 100 20–200
Zn (0.08% Pb) 417 120–275 75 260 0.1 A 130/170 65/50 100

225 40 0.1
High-temperature alloys:

Ni (99.4 Ni 1 Co) 1,446/1,435 650–1250 A 140 440 45 65 650–760
Hastelloy 3 (47 Ni, 1,290 980–1200 1,150 ; 140 0.2 C 360 770 42 1,175
9 Mo, 22 Cr, 18 Fe,
1.5 Co; 0.6 W)

Ti (99%) 1,660 750–1,000 600 200 0.11 C 480 620 20 590–730
900 38 0.25 A

Ti–6 Al–4 V 1,660/1,600 790–1,000 600 550 0.08 C 900 950 12 700–825
900 140 0.4 A

Zirconium 1,852 600–1,000 900 50 0.25 A 210 340 35 500–800
Uranium (99.8%) 1,132 ; 700 700 110 0.1 190 380 4 10

a Empty spaces indicate unavailability of data. Compiled from various sources; most flow stress data from T. Altan and F. W. Boulger, Trans. ASME, Ser. B. J. Eng. Ind. 95, 1973, p. 1009.
b Hot-working flow stress is for a strain of « 5 0.5. To convert to 1,000 lb/in2, divide calculated stresses by 7.
c Cold-working flow stress is for moderate strain rates, around ~« 5 1 s1. To convert to 1,000 lb/in2, divide stresses by 7.
d Where two values are given, the first is longitudinal, the second transverse.
d Furnace cooling is indicated by F.
f Relative ratings, with A the best, corresponding to absence of cracking in hot rolling and forging.
g NA 5 Not applicable to the 2 T6 temper.
SOURCE: Adapted from John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New York, 1987.
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13-14 PLASTIC WORKING OF METALS

the rolls moves out lengthwise with very little spreading in width. This
compressive working above the yield point of the metal may be aided in
some cases by maintaining a substantial tensile strain in the direction of
rolling.

A cast or forged billet or slab is preheated for the preliminary break-
down stage of rolling, although considerable progress has been made in
continuous casting, in which the molten metal is poured continuously
into a mold in which the metal is cooled progressively until it solidifies
(albeit still at high temperature), whence it is drawn off as a quasi-con-
tinuous billet and fed directly into the first roll pass of the rolling mill.
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feed the work over a mandrel and into the contoured rolls, advancing it
and possibly turning it between reciprocating strokes of the roll stands
for cold reduction, improved concentricity, and, if desired, the tapering
or forming of special sections.

Spinning operations (Fig. 13.2.7) apply a rolling-point pressure to
relatively limited-lot production of cup, cone, and disk shapes, from
floor lamps and TV tube housings to car wheels and large tank ends.
Where substantial metal thickness is required, powerful machines and
hydraulic servo controls may be used. Some of the large, heavy sections
and difficult metals are spun hot.
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he increased speed of operation and production and the increased effi-
iency of energy consumption are obvious. Most new mills, especially
inimills, have incorporated continuous casting as the normal method

f operation. A reversing hot mill may achieve 5,000 percent elongation
f an original billet in a series of manual or automatic passes. Alterna-
vely, the billet may pass progressively through, say, 10 hot mills in
apid succession. Such a production setup requires precise control so
at each mill stand will run enough faster than the previous one to make

p for the elongation of the metal that has taken place. Hot-rolled steel
ay be sold for many purposes with the black mill scale on it. Alterna-
vely, it may be acid-pickled to remove the scale and treated with oil or
me for corrosion protection. To prevent scale from forming in hot-rol-
ng, a nonoxidizing atmosphere may be maintained in the mill area, a
ighly special plant design.

Pack rolling of a number of sheets stacked together provides means of
etaining enough heat to hot-roll thin sheets, as for high-silicon electric
teels.

Cold-rolling is practical in production of thin coil stock with the more
uctile metals. The number of passes or amount of reduction between
nneals is determined by the rate of work hardening of the metal. Suc-
essive stands of cold-rolling help to retain heat generated in working.
ension provided by mill reels and between stands helps to increase the
ractical reduction per step. Bright annealing in a controlled atmosphere
voids surface pockmarks, which are difficult to get out. For high-finish
tock, the rolls must be maintained with equal finish.

Protective coating is best exemplified by high-speed tinplate mills in
hich coil stock passes continuously through the necessary series of

leaning, plating, and heating steps. Zinc and other metals are also
pplied by plating but not on the same scale. Clad sheets (high-strength
luminum alloys with pure aluminum surface for protection against
lectrolytic oxidation) are produced by rolling together; e.g., an alloy-
luminum billet is hot-rolled together with plates of pure aluminum
bove and below it through a series of reducing passes, with precautions

ensure clean adhesion.
On the other hand, prevention of adhesion, as by a separating film, is

ssential in the final stages of foil rolling, where two coils may have to be
olled together. Such foil may then be laminated with suitable adhesive

paper backing materials for wrapping purposes. (See also Sec. 6.)
Shape-rolling of structural shapes and rails is usually a hot operation

ith roll-pass contours designed to distribute the displacement of metal
a series of steps dictated largely by experience. Contour rolling of

elatively thin stock into tubular, channel, interlocking, or varied special
ross sections is usually done cold in a series of roll stands for length-
ise bending and setting operations. There is also a wide range of

imple bead-rolling, flange-rolling, and seam-rolling operations in rela-
vely thin materials, especially in connection with the production of
arrels, drums, and other containers.

Oscillating or segmental rolling probably developed first in the manu-
lly fed contour rolling of agricultural implements. In some cases, the
uitably contoured pair of roll inserts or roll dies oscillates before the
perator, to form hot or cold metal. In other cases, the rolls rotate
onstantly, toward the operator. The working contour takes only a por-
on of the circumference, so that a substantial clearance angle leaves a
pace between the rolls. This permits the operator to insert the blank to
e tong grip between the rolls and against a fixed gage at the back.
hen, as rotation continues, the roll dies grip and form the blank, mov-
g it back to the operator. This process is sometimes automated; such

nits as tube-reducing mills oscillate an entire rolling-mill assembly and
Fig. 13.2.7 Spinning operations.

Rolling operations are distinguished by the relatively rapid and con-
tinuous application of working pressure along a limited line of contact.
In determining the working area, consider the lineal dimension (width
of coil), the bit or reduction in thickness, and the roll-face deflection,
which tends to increase the contact area. Approximations of rolling-mill
load and power requirements have been worked out in literature of the
AISE and ASME.

SHEARING

The shearing group of operations includes such power press operations as
blanking, piercing, perforating, shaving, broaching, trimming, slitting,
and parting. Shearing operations traverse the entire plastic range of
metals to the point of failure.

The maximum pressure P, in pounds, required in shearing operations
is given by the equation P 5 pDtS 5 Lts, where s is the resistance of the
material to shearing, lb/in2; t is the thickness of the material, in; L is
the length of cut, in, which is the circumference of a round blank pD or
the periphery of a rectangular or irregular blank. Approximate values of
s are given in Table 13.2.2.

Shear (Fig. 13.2.8) is the advance of that portion of the shearing edge
which first comes in contact with the material to be sheared over the last
portion to establish contact, measured in the direction of motion. It
should be a function of the thickness t. Shear reduces the maximum
pressure because, instead of shearing the whole length of cut at once, the
shearing action takes place progressively, shearing on only a portion of
the length at any instant. The maximum pressure for any case where the
shear is equal to or greater than t is given by Pmax 5 Pav t /shear, where
Pav is the average value of the pressure on a punch, with shear 5 t, from
the time it strikes the metal to the time it leaves.

Distortion results from shearing at an angle (Fig. 13.2.8) and accord-
ingly, in blanking, where the blank should be flat, the punch should be
flat, and the shear should be on the die. Conversely, in hole punching,
where the scrap is punched out, the die should be flat and the shear
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Table 13.2.2 Approximate Resistance to Shearing in Dies

Annealed state Hard, cold-worked

Resistance Penetration Resistance Penetration
to shearing, to fracture, to shearing, to fracture,

Material lb/in2* percent lb/in2* percent

Lead 3,500 50 Anneals at room temperature
Tin 5,000 40 Anneals at room temperature
Aluminum 2S, 3S 9,000–11,000 60 13,000–16,000 30
Aluminum 52S, 61S, 62S 12,000–18,000 ? ? ? 24,000–30,000
Aluminum 75S 22,000 ? ? ? 46,000
Zinc 14,000 50 19,000 25
Copper 22,000 55 28,000 30
Brass 33,000–35,000 50–55 52,000 25–30
Bronze 90–10 ? ? ? ? ? ? 40,000
Tobin bronze 36,000 25 42,000
Steel 0.10C 35,000 50 43,000 38
Steel 0.20C 44,000 40 55,000 28
Steel 0.30C 52,000 33 67,000 22
Steel 0.40C 62,000 27 78,000 17
Steel 0.60C 80,000 20 102,000 9
Steel 0.80C 97,000 15 127,000 5
Steel 1.00C 115,000 10 150,000 2
Stainless steel 57,000 39
Silicon steel 65,000 30
Nickel 35,000 55

*1,000 lb/in2 5 6.895 MN/m2.
NOTE: Available test data do not agree closely. The above table is subject to verification with closer control of metal analysis,

rolling and annealing conditions, die clearances. In dinking dies, steel-rule dies, hollow cutters, etc., cutting-edge resistance is
substantially independent of thickness: cotton glove cloth (stack, 2 or 3 in thick), 240 lb/in; kraft paper (stack tested, 0.20 in thick),
385 lb/in, celluloid [11⁄32 in thick, warmed in water to 120 to 150°F (49 to 66°C)], 300 lb/in.

should be on the punch. Where there are a number of punches, the effect
of shear may be obtained by stepping the punches.

Crowding results during the plastic deformation period, before the
fracture occurs, in any shearing operation. Accordingly, when small
delicate punches are close to a large punch, they should be stepped
shorter than the large punch by at least a third of the metal thickness.

work is a little less than the product of the maximum pressure, the metal
thickness, and the percentage reduction in thickness at which the frac-
ture occurs. Approximate values for this are given in Table 13.2.2. The
power required may be obtained from the work per stroke plus a 10 to 20
percent friction allowance.

Shaving A sheared edge may be squared up roughly by shaving
once, allowing for the shaving of mild sheet steel about 10 percent of the
metal thickness. This allowance may be increased somewhat for thinner
material and should be decreased for thicker and softer material. In
making several cuts, the amount removed is reduced each time. For
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(a)

5 shearing angle
t 5 h 5 thickness of sheet
L 5 shearing length

(b)

h

a

a

���
(c)

Fig. 13.2.8 Shearing forces can be reduced by providing a rake or shear on
(a) the blades in a guillotine, (b) the die in blanking, (c) the punch in piercing.
(J. Schey, ‘‘Introduction to Manufacturing Processes,’’ McGraw-Hill, 1987.)

Clearance between the punch and die is required for a clean cut and
durability. An old rule of thumb places the clearance all around the
punch at 8 to 10 percent of the metal thickness for soft metal and up to
12 percent for hard metal. Actually, hard metal requires less clearance
for a clean fracture than soft, but it will stand more. In some cases, with
delicate punches, clearance is as high as 25 percent. Where the hole
diameter is important, the punch should be the desired diameter and the
clearance should be added to the die diameter. Conversely, where the
blank size is important, the die and blank dimensions are the same and
clearance is deducted from the punch dimensions.

The work per stroke may be approximated as the product of the maxi-
mum pressure and the metal thickness, although it is only about 20 to 80
percent of that product, depending upon the clearance and ductility of
the metal. Reducing the clearance causes secondary fractures and in-
creases the work done. With sufficient clearance for a clean fracture, the
extremely fine finish a round-edged burnishing die or punch, say 0.001
or 0.0015 in tight, may be used. Aluminum parts may be blanked (as for
impact extrusion) with a fine finish by putting a 30° bevel, approx
one-third the metal thickness on the die opening, with a near metal-to-
metal fit on the punch and die, and pushing the blank through the highly
polished die.

Squaring shears for sheet or plate may have their blades arranged in
either of the ways shown in Fig. 13.2.9. The square-edged blades in Fig.
13.2.9a may be reversed to give four cutting edges before they are
reground. Single-edged blades, as shown in Fig. 13.2.9b, may have a
clearance angle on the side where the blades pass, to reduce the working
friction. They may also be ground at an angle or rake, on the face which
comes in contact with the metal. This reduces the bending and conse-

Fig. 13.2.9 Squaring shears.
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quent distortion at the edge. Either type of blade distorts also in the other
direction owing to the angle of shear on the length of the blades (see Fig.
13.2.8). Cutting speed is 3 to 30 ft /min (1 to 10 m/min), depending in
part upon the thickness of the material.

Circular cutters for slitters and circle shears may also be square-edged
(on most slitters) or knife-edged (on circle shears). According to one
rule, their diameter should be not less than 70 times the metal thickness.
Cutting speeds vary from 50 to 200 ft /min (17 to 65 m/min), depending
largely upon metal thickness (inverse proportion).

Knife-edge hollow cutters working against end-grain maple blocks rep-

Pb
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Pcounter

Pb Pb

, 90° , 90° 90° 90°
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resent an old practice in cutting leather, rubber, and cloth in multiple
thicknesses. Steel-rule dies, made up of knife-edge hard-steel strip eco-
nomically mounted against a steel plate in a wood matrix with rubber
strippers and cutting against hard saw-steel plates, extend the practice to
corrugated-carton production and even some limited-lot metal cutting.

Higher precision is often required in finish shearing operations on
sheet material. For ease of subsequent operations and assembly, the cut
edges should be clean (acceptable burr heights and good surface finish)
and perpendicular to the sheet surface. The processes include precision
or fine blanking, negative clearance blanking, counterblanking, and
shaving, as shown in Fig. 13.2.10. By these methods either the plastic
behavior of material is suppressed, or the plastically deformed material
is removed.

Ps Ps Ps

Pcounter

(a)

Pcounter Pcounter

35° 45°

Before During

(b) (c)

Step 2

Step 1

(d)

Fig. 13.2.10 Parts with finished edges can be produced by (a) precision blank-
ing, (b) negative-clearance blanking, (c) counterblanking, (d ) shaving a previ-
ously sheared part. (J. Schey, ‘‘Introduction to Manufacturing Processes,’’
McGraw-Hill, 1987.)

BENDING

The bending group of operations is performed in presses (variety),
brakes (metal furniture, cornices, roofing), bulldozers (heavy rolled sec-
tions), multiple-roll forming machines (molding, etc.), draw benches (door
trim, molding, etc.), forming rolls (cylinders), and roll straighteners
(strips, sheets, plates).

Spring back, due to the elasticity of the metal and amount of the bend,
may be compensated for by overbending or largely prevented by strik-
ing the metal at the radius with a coining (i.e., squeezing, as in produc-
tion of coins) pressure sufficient to set up compressive stresses to coun-
terbalance surface tensile stresses. A very narrow bead may be used to
localize the pinch where needed and minimize danger to the press in
squeezing on a large area. Under such conditions, good sharp bends in V
dies have been obtained with two to four times the pressure required to
shear the metal across the same section.

These are illustrated in Fig. 13.2.11, where Pb is the bending load on
the press brake, Wb is the width of the die support, and Pcounter is the
counterload. The bending load can be obtained from

Pb 5 wt2(UTS)/Wb

where t and w are the sheet thickness and width, respectively, and UTS
is the ultimate tensile strength of the sheet material.

Bending Allowance The thickness of the metal over a small radius
or a sharp corner is 10 or 15 percent less than before bending because
the metal moves more easily in tension than in compression. For the
same reason the neutral axis of the metal moves in toward the center of
the corner radius. Therefore, in figuring the length of blank L to be
allowed for the bend up to an inside radius r of two or three times the
(d)(c)(b)(a)

Fig. 13.2.11 Springback may be neutralized or eliminated by (a), (b) over-
bending; (c) plastic deformation at the end of the stroke; (d ) subjecting the bend
zone to compression during bending. [Part (d ) after V. Kupka, T. Nakagawa, and
H. Tyamoto, CIRP 22:73–74 (1973).] (Source: J. Schey, ‘‘Introduction to Manu-
facturing Processes,’’ McGraw-Hill, 1987.)

metal thickness t, the length may be figured closely as along a neutral
line at 0.4t out from the inside radius. Thus, with reference to Fig.
13.2.12, for any angle a in deg and other dimensions in inches, L 5
(r 1 0.4t)2pa/360 5 (r 1 0.4t)a/57.3.

The factor 0.4t, which locates the neutral axis, is subject to some
variation (say 0.35 to 0.45t) according to radius, condition of metal, and
angle. In figuring allowances for sharp bends, note that the metal builds
up on the compression side of the corner. Therefore, in locating the
neutral axis, consider an inside radius r of about 0.05t as a minimum.

Roll straighteners work on the principle of bending the metal beyond
its elastic limit in one direction over rolls small enough in diameter, in
proportion to the metal thickness, to give a permanent set, and then

taking that bend out by repeatedly revers-
ing it in direction and reducing it in
amount. Metal is also straightened by grip-
ping and stretching it beyond its elastic
limit and by hammering; the results of the
latter operation depend entirely upon the
skill of the operator.

For approximating bending loads, the
beam formula may be used but must be
very materially increased because of the

Fig. 13.2.12 Bending al-
lowance.

short spans. Thus, for a span of about 4 times the depth of section, the
bending load is about 50 percent more than that indicated by the beam
formula. It increases from this to nearly the shearing resistance of the
section where some ironing (i.e., the thinning of the metal when clear-
ance between punch and die is less than the metal thickness) occurs.
Where hit-home dies do a little coining to ‘‘set’’ the bend, the pressure
may range from two or three times the shearing resistance, with striking
beads and proper care, up to very much higher figures.

The work to roll-bend a sheet or plate t in thick with a volume of V
in3, into curved shape of radius r in, is given as W 5 CS(t /r)V/48 ft ? lb,
in which S is the tensile strength and C is an experience factor between
1.4 and 2.

The equipment for bending consists of mechanical presses for short
bends, press brakes (mechanical and hydraulic) for long bends, and roll
formers for continuous production of profiles. The bends are achieved
by bending between tools, wiping motion around a die corner, or bend-
ing between a set of rolls. These bending actions are illustrated in Fig.
13.2.13. Complex shapes are formed by repeated bending in simple
tooling or by passing the sheet through a series of rolls which progres-
sively bend it into the desired profile. Roll forming is economical for
continuous forming for large production volume. Press brakes can be
computer-controlled with synchronized feeding and bending as well as
spring-back compression.

DRAWING

Drawing includes operations in which metal is pulled or drawn, in suit-
able containing tools, from flat sheets or blanks into cylindrical cups or
rectangular or irregular shapes, deep or shallow. It also includes reduc-
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Fig. 13.2.13 Complex profiles formed by a sequence of operations on (a) press brakes, (b) wiping dies,
(c) profile rolling. (After Oehler; Biegen, Hanser Verlag, Munich, 1963.) Source: J. Schey, ‘‘Introduction to
Manufacturing Processes,’’ McGraw-Hill, 1987.)

ing operations on shells, tube, wire, etc., in which the metal being drawn
is pulled through dies to reduce the diameter or size of the shape. All
drawing and reducing operations, by an applied tensile stress in the
material, set up circumferential compressive stresses which crowd the
metal into the desired shape. The relation of the shape or diameter
before drawing to the shape or diameter after drawing determines the
magnitude of the stresses. Excessive draws or reductions cause thinning
or tearing out near the bottom of a shell. Severe cold-drawing operations
require very ductile material and, in consequence of the amount of
plastic deformation, harden the metal rapidly and necessitate annealing

In sheet /deep-drawing practice, the punch force P can be approxi-
mated by

P 5 pDp t0(UTS)(D0 /Dp 2 0.7)

where t0 is the blank thickness and D0 and Dp are the diameters of the
blank and the punch.

The blank holder pressure for avoiding defects such as wrinkling of
bottom/wall tear-out is kept at 0.7 to 1.0 percent of the sum of the yield
and the UTS of the material. Punch/die clearances are chosen to be 7 to
14 percent greater than the sheet blank thickness t0 . The die corner radii
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to restore the ductility for further working.
The pressure used in drawing is limited to the load to shear the bottom

of the shell out, except in cases where the side wall is ironed thinner,
when wall friction makes somewhat higher loads possible. It is less than
this limit for round shells which are shorter than the limiting height and
also for rectangular shells. Drawing occurs only around the corner radii
of rectangular shells, the straight sides being merely free bending.

A holding pressure is required in most initial drawing and some re-
drawing, to prevent the formation of wrinkles due to the circumferential
compressive stresses. Where the blank is relatively thin compared with
its diameter, the blank-holding pressure for round work is likely to vary
up to about one-third of the drawing pressure. For material heavy
enough to provide sufficient internal resistance to wrinkling, no pres-
sure is required. Where a drawn shape is very shallow, the metal must
be stretched beyond its elastic limit in order to hold its shape, making it
necessary to use higher blank-holding loads, often in excess of the
drawing pressure. To grip the edges sufficiently to do this, it is often
advisable to use draw beads on the blank-holding surfaces if sufficient
pressure is available to form these beads.
are chosen to avoid fracture at the die corner from puckering or wrin-
kling. Recommended values of D0 /t0 for deep-drawn cups are 6 to 15
for cups without flange and 12 to 30 for cups with flange. These values
will be smaller for relatively thick sheets and larger for very thin blank
thickness. For deeper-drawn cups, they may be redrawn or reverse-
drawn, the latter process taking advantage of strain softening on reverse
drawing. When the material has marked strain-hardening propensities,
it may be necessary to subject it to an intermediate annealing process to
restore some of its ductility and to allow progression of the draws to
proceed.

Some shells, which are very thick or very shallow compared with
their diameter, do not require a blank holder. Blank-holding pressure
may be obtained through toggle, crank, or cam mechanisms built into
the machine or by means of air cylinders, spring-pressure attachments,
or rubber bumpers under the bolster plate. The length of car springs
should be about 18 in/in (18 cm/cm) of draw to give a fairly uniform
drawing pressure and long life. The use of car springs has been largely
superseded by hydraulic and pneumatic cushions. Rubber bumpers may
be figured on a basis of about 7.5 lb/in2 (50 kN/m2) of cross-sectional
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area per 1 percent of compression. In practice they should never be
loaded beyond 20 percent compression, and as with springs, the greater
the length relative to the working stroke, the more uniform is the pres-
sure.

Dimensions of Drawn Shells The smallest and deepest round shell
that can be drawn from any given blank has a diameter d of 65 to 50
percent of the blank diameter D. The height of these shells is h 5 0.35d
to 0.75d, approximately. Higher shells have occasionally been drawn
with ductile material and large punch and die radii. Greater thickness of
material relative to the diameter also favors deeper drawing.

Work in drawing is approximately the product of the length of the
draw, and the maximum punch pressure, as the load rises quickly to
the peak, remains fairly constant, and drops off sharply at the end of the
draw unless there is stamping or wall friction. To this, add the work of
blank holding which, in the case of cam and toggle pressure, is the
product of the blank-holding pressure and the spring of the press at the
pressure (which is small). For single-action presses with spring, rubber,
or air-drawing attachments it is the product of the average blank-hold-
ing pressure and the length of draw.

Rubber-die forming, especially of the softer metals and for limited-lot

efo

L
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The area of the bottom and of the side walls added together may be
considered as equal to the area of the blank for approximations. If the
punch radius is appreciable, the area of a neutral surface about 0.4t out
from the inside of the shell may be taken for approximations. Accurate
blank sizes may be obtained only by trial, as the metal tends to thicken
toward the top edge and to get thinner toward the bottom of the shell
wall in drawing.

Approximate diameters of blanks for shells are given by the expres-
sion √d2 1 4dh, where d is the diameter and h the height of the shell.

In redrawing to smaller diameters and greater depths the amount of
reduction is usually decreased in each step. Thus in double-action re-
drawing with a blank holder, the successive reductions may be 25, 20,
16, 13, 10 percent, etc. This progression is modified by the relative
thickness and ductility of the metal. Single-action redrawing without a
blank holder necessitates smaller steps and depends upon the shape of
the dies and punches. The steps may be 19, 15, 12, 10 percent, etc.
Smaller reductions per operation seem to make possible greater total
reductions between annealings.

Rectangular shells may be drawn to a depth of 4 to 6 times their corner
radius. It is sometimes desirable, where the sheet is relatively thin, to
use draw beads at the corners of the shell or near reverse bends in
irregular shapes to hold back the metal and assist in the prevention of
wrinkles.

Table 13.2.3 Typical Lubricants* and Friction Coefficients in Plastic D

Forging

Lubricant m
Workplace Extrusion†

material Working lubricant

Sn, Pb, Zn
alloys

FO-MO 0.05 FO or soap

Mg alloys Hot or
warm

GR and/or
MoS2

0.1–0.2 None

Al alloys Hot GR or MoS2 0.1–0.2 None
Cold FA-MO or 0.1 Lanolin or
dry soap 0.1 soap on PH F
Cu alloys Hot GR 0.1–0.2 None (or GR)

Cold Dry soap, wax,
or tallow

0.1 Dry soap or
wax or tallow

FO
M

Steels Hot GR 0.1–0.2 GL (100–
300), GR

Cold EP-MO or
soap, on PH

0.1
0.05

Soap on PH Dr
so

Stainless
steel, Ni
and alloys

Hot GR 0.1–0.2 GL (100–300)

Cold CL-MO or
soap on PH

0.1
0.05

CL-MO or
soap on PH

So
o

Ti alloys Hot GL or GR 0.2 GL (100–300)
Cold Soap or MO 0.1 Soap on PH Po

* Some more frequently used lubricants (hyphenation indicates that several components are used
CL 5 chlorinated paraffin
EM 5 emulsion; listed lubricating ingredients are finely distributed in water
EP 5 ‘‘extreme-pressure’’ compounds (containing S, Cl, and P)
FA 5 fatty acids and alcohols, e.g., oleic acid, stearic acid, stearyl alcohol
FO 5 fatty oils, e.g., palm oil and synthetic palm oil
GL 5 glass (viscosity at working temperature in units of poise)
GR 5 graphite; usually in a water-base carrier fluid
MO 5 mineral oil (viscosity in parentheses, in units of centipoise at 40°C).
PH 5 phosphate (or similar) surface conversion, providing keying of lubricant

† Friction coefficients are misleading for extrusion and therefore are not quoted here.
‡ The symbol ST indicates sticking friction.
SOURCE: John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New York, 198
production, uses one relatively hard member of metal, plaster, or plastic
with a hard powder filler to control contour. The mating member may
be a rubber or neoprene mattress or a hydraulically inflatable bag, con-
fined and at 3,000 to 7,000 lb/in2 (20 to 48 MN/m2). Babbitt, oil, and
water have also been used directly as the mobile member. A large
hydraulic press is used, often with a sliding table or tables, and even
static containers with adequate pumping systems.

Hot drawing above the recrystallization range applies single- and
double-action drawing principles. For light gages of plastics, paper, and
hexagonal-lattice metals such as magnesium, dies and punches may be
heated by gas or electricity. For thick steel plate and heat-treatable
alloys, the mass of the blank may be sufficient to hold the heat required.

Lubricants for Presswork Many jobs may be done dry, but better
results and longer life of dies are obtained by the use of a lubricant. Lard
or sperm oil is used when punching iron, steel, or copper. Petroleum
jelly is used for drawing aluminum. A soap solution is commonly used
for drawing brass, copper, or steel. One manufacturer uses 90 percent
mineral oil, 5 percent rosin, and 5 percent oleic acid for light work and
an emulsion of a mineral oil, degras, and a pigment consisting of chalk,
sulfur, or lithopone for heavy work. (See also Sec. 6.)

For heavy drawing operations and extrusion, steels may have a zinc
phosphate coating bonded on, and a zinc or sodium stearate bonded to
that, to withstand pressures over 300,000 lb/in2 (2,070 MN/m2). An

rmation

Wire drawing Rolling Sheet metalworking

ubricant m Lubricant m Lubricant m

0.05 FA-MO or
MO-EM

0.05
0.1

FO-MO 0.05

MO-FA-EM 0.2 GR in MO or
dry soap

0.1–0.2

MO-FA-EM 0.2
-MO-EM, 0.1 1–5% FA in 0.03 FO, lanolin, or 0.05–0.1

A-MO 0.03 MO(1–3) FA-MO-EM

MO-EM 0.2
-soap-EM,
O

0.1
0.03

MO-EM 0.1 FO-soap-EM
or FO-soap

0.05–0.1

None or
GR-EM

ST‡
0.2

GR 0.2

y soap or
ap on PH

0.05
0.03

10% FO-EM 0.05 EP-MO, EM,
soap, or
polymer

0.05–0.1

None ST‡ GR 0.2

ap on PH
r CL-MO

0.03
0.05

FO-CL-EM
or CL-MO

0.1
0.05

CL-MO, soap,
or polymer

0.1

GR, GL 0.2
lymer 0.1 MO 0.1 Soap or

polymer
0.1

in the lubricant):

7.
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anodized coating for aluminum may be used as a host for the lubricant.
It is reported that such a chemical treatment plus a lacquer or plastic
coating and a lubricant is effective for severe ironing operations.

The problem is to prevent local pressure welding from starting as
galling or pickup, with resulting scratching, by maintaining a fluid film
separation between metal surfaces. At moderate pressures, almost any
viscous liquid lubricant will do the job. Rust protection and easy re-
moval of the lubricant are often major factors in the choice.

Lubricants for metalworking are often classified based on their inter-
face friction coefficient, which depends on the workpiece material and

usually the least severe of the squeezing group. Tolerances are ordinar-
ily closer than for the milling operations which are supplanted. When
extremely close tolerances are required, say plus or minus one-thou-
sandth of an inch (0.025 mm), arrange substantial size blocks to take
half or two-thirds of the total load. These take up uniformly the bearing-
oil films and any slight deflection of the bed and bolster and minimize
the error in springback due to variation in thickness, hardness, and area
of the rough forging or casting. The usual amount left for squeezing is
1⁄32 to 1⁄16 in (0.8 to 1.6 mm). Presses may be selected for this service on
a basis of 60 to 80 tons/in2 (830 to 1,100 MN/m2), although 100 tons/in2
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the lubricant being used. The interface friction coefficient m is often de-
fined as the ratio of the friction force to the normal force at the interface.
Typical values of m for different workpiece-lubricant pairs are included
in Table 13.2.3.

Shock-wave forming for limited lots is developing in several ways.
Explosive forming, especially for large-area drawn or formed shapes,
usually requires one metal contour-control die immersed in a large con-
tainer of fluid, or even in a lake or pond. Explosives manufacturers have
developed means of computing the charge and the distance that it
should be suspended above the blank to be formed. The space back of
the blank in the die has to be evacuated. A blank-holding ring to mini-
mize wrinkle formation in the flange area is bolted very tightly to the
die, with an O-ring seal to prevent leakage.

Electrohydraulic forming is similar to explosive forming except that
the shock wave is imparted electrically from a large battery of capaci-
tors. Magnetic forming uses the same source of power but does not re-
quire a fluid medium. A flexible pancake coil delivers the magnetic
shock pulse.

BULK FORMING

Ingot diam, in* 5 8 12 16
Press, tons† 100 200 400 600
Hammer, tons† 1⁄2 1 3 5

* 1 in 5 2.54 cm.
† 1 ton 5 8.9 kN.
The squeezing group of operations are those in which the metal is
worked in compression. Resultant tensile strains occur, however; in
cases where the metal is thin compared with its area and there is an
appreciable movement of the metal, there results a pyramiding of pres-
sure toward the center of the die which may prove serious. The metal is
incompressible (beyond about 1 percent), and consequently, to reduce
the thickness of any volume of metal in the center of the blank, its area
must be increased, which involves spreading or stretching all the metal
(1,380 MN/m2) is more often used in the automobile trade for reserve
capacities. When figuring from experimental results obtained in testing
machines, the recorded loads are usually doubled in selecting a press, in
order to allow for the difference among the speed of the machines, the
positive action, and a safety margin.

Swaging or cold forging involves squeezing of the blank to an appreci-
ably different shape. Success in performing such operations on steel
usually depends upon squeezing a relatively small area with freedom to
flow without restraint. Dies for this work must usually be substantially
backed up with hardened steel plates. The edge of the blank after coin-
ing is usually ragged and must be trimmed for appearance.

Hot forging is similar in certain respects to the above but permits
much greater movement of metal. Hot forging may be done in drop
hammers, percussion presses, power presses, or forging machines,
when dies are used, or in steam hammers, helve hammers, or hydraulic
presses, on plain anvils.

The pressure exerted by hydraulic presses and steam hammer for
jobbing work should be about as follows:

24 36 48 60 72
1,000 1,500 2,000 3,000 4,000

10 20 40 80 120

Drop hammers are rated according to weight of ram. For carbon steel

they may be selected on a basis of 50 to 55 lb of ram weight per square
inch of projected area (3.5 to 3.9 kg/cm2) of the forging, including as
much of the flash as is squeezed. This allowance should be increased to
60 lb/in2 (4.2 kg/cm2) for 0.20 carbon steel, 70 lb/in2 (4.9 kg/cm2) for
0.30 carbon steel, and up to about 130 lb/in2 (9.2 kg/cm2) for tungsten
steel.

In figuring the forging pressure, multiply the projected area of the
forging, including the portion of the flash that is squeezed, by approxi-
around it. The surrounding metal acts like shrunk bands and offers a
resistance increasing toward the center and often many times the com-
pressive resistance of the material.

Squeezing operations and particularly the squeezing of steel are prac-
tically the severest of all press operations. They may be divided into
four general classifications according to severity, although in every
group there will be found examples of working to the limit of what the
die steels will stand, which may be taken at about 100 tons/in2. The
severer operations, such as cold bottom extrusion and wall extrusion,
are limited to the softer metals. Squeezing operations ordinarily require
pressure through a very short distance, the pressure starting at the com-
pressive yield strength of the material over the surface being squeezed
and rising to a maximum at bottom stroke. This maximum is greatest
when the metal is thin compared with its area or when the die is entirely
closed as for coining. Care must be taken, on all squeezing operations,
in the setting of presses and avoidance of double blanks or extra-heavy
blanks as the presses must be stiff. In squeezing solidly across bottom
center the mechanical advantage is such that a small difference in thick-
ness or setup can make a very large difference in pressure exerted. For
this reason high-speed self-contained hydraulic presses, with automatic
pressure-control and size blocks, are now finding favor for some of this
work.

Sizing, or the flattening or surfacing of parts of forgings or castings, is
mately one-third of the cold compressive strength of the material. An-
other method gives the forging pressure at three to four times the com-
pressive strength of the material at forging temperatures times the
projected area, for presses; or at ten times the compressive strength at
forging temperatures times the projected area, for hammers. The pres-
sure builds up to a rather high figure at bottom stroke owing to the
cooling of the metal particularly in the flash and to the small amount of
relief for excess metal which the flash allows.

For brass press forgings a good mixture is about Cu, 59; Zn, 39; Pb, 2
percent forged at 1,300 to 1,400°F (700 to 760°C). The power curve in
press forging rises sharply, from the compressive strength at forging
heat times the projected area of the slug to three or more times that
quantity at bottom stroke. A large flash area assists in driving the metal
into deep die recess.

In heading operations, hot or cold, the length of wire or rod that can be
gathered into a head, without side restraint, in a single operation, is
limited to three times the diameter. In coining and then heading large
heads, cold, wire of about 0.08 carbon must be used to avoid excessive
strain-hardening.

Forging Dies Drop-forge dies are usually of steel or steel castings.
A good all-around grade of steel is a 0.60 percent carbon open-hearth.
Dies of this steel will forge mild steel, copper, and tool steel satisfacto-
rily if the number of forgings required is not too large. For a large
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number of tool-steel forgings, tool-steel dies of 0.80 to 0.90 percent
carbon may be used and for extreme conditions, 31⁄2 percent nickel steel.

Die blocks of alloy steels have special value for the production of
drop forgings in large quantities. Widely used die materials and their
recommended hardness are listed in Table 13.2.4. For a typical hot-
working steel, the relationship between the hardness and the UTS is

HRC UTS, ksi (MPa)

30 140 (960)
40 185 (1,250)
50 250 (1,700)

material [180 ksi (1,200 MPa) for steel and 500 ksi (3,000 MPa) for
tungsten carbide].

3. Flat platen. Flat platens fail by plastic yielding. A common for-
mula for calculating acceptable maximum platen pressure p is

p 5 sy (diameter of platen/diameter of workpiece)

4. Die cavity. The die pressures in a deep cavity (impression) are
much higher than in a flat platen (die), resulting in die burst-out. A more
conservative value of 150 ksi (1,000 MPa) is used for acceptable die
pressure. If shrink rings are used, higher values of 250 ksi (1,700 MPa)
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60 350 (2,400)

The pressure on dies can be kept as high as 80 percent of the above
values. For higher tool pressures, carbide (tungsten carbide is the most
common) die material is used. Carbides can withstand very high com-
pressive pressures but have poor tensile properties. Consequently, car-
bide dies and inserts are always kept under compression, often by the
use of shrink rings. These are some design guidelines for punches and
dies:

1. Long punch. The punch pressure should be kept below the buck-
ling stress sb

sb 5 syF1 2S 4sy

p2EDSLp

Dp
D2G

where sy is the yield stress of the punch material, E the elastic modulus
30,000 ksi (210 GPa) for steel and 50,000 ksi (350 GPa) for tungsten
carbide, Lp is the punch length and Dp is the punch diameter.

2. Short punch. The failure mode is plastic upset. Therefore, the
punch pressure should be kept less than the yield stress of the punch

Table 13.2.4 Typical Die Materials for Deformation
Processes*

Die material† and HRC for working

Process Al, Mg, and Cu alloys Steels and Ni alloys

Hot forging 6G 30–40 6G 35–45
H12 48–50 H12 40–56

Hot extrusion H12 46–50 H12 43–47
Cold extrusion:

Die W1, A2 56–58 A2, D2 58–60
D2 58–60 WC

Punch A2, D2 58–60 A2, M2 64–65
Shape drawing O1 60–62 M2 62–65

WC WC
Cold rolling O1 55–65 O1, M2 56–65
Blanking Zn alloy As for Al, and

W1 62–66 M2 60–66
O1 57–62 WC
A2 57–62
D2 58–64

Deep drawing W1 60–62 As for Al, and
O1 57–62 M2 60–65
A2 57–62 WC
D2 58–64

Press forming Epoxy/metal powder As for Al
Zn alloy
Mild steel
Cast iron
O1, A2, D2

* Compiled from ‘‘Metals Handbook,’’ 9th ed., vol. 3, American Society for Metals, Metals
Park, Ohio, 1980.

† Die materials mentioned first are for lighter duties, shorter runs. Tool steel compositions,
percent (representative members of classes):

6 G (prehardened die steel): 0.5 C, 0.8 Mn, 0.25 Si, 1 Cr, 0.45 Mo, 0.1 V
H12 (hot-working die steel): 0.35 C, 5 Cr, 1.5 Mo, 1.5 W, 0.4 V
W1 (water-hardening steel): 0.6–1.4 C
O1 (oil-hardening steel): 0.9 C, 1 Mn, 0.5 Cr
A2 (air-hardening steel): 1 C, 5 Cr, 1 Mo
D2 (cold-working die steel): 1.5 C, 12 Cr, 1 Mo
M2 (Mo high-speed steel): 0.85 C, 4 Cr, 5 Mo, 6.25 W, 2 V
WC (tungsten carbide)

SOURCE: John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New
York, 1987.
for steels and 400 ksi (2,700 MPa) for tungsten carbide can be used for
the inner insert.

For large massive dies or for intermittent service, chrome-nickel-mo-
lybdenum alloys are preferred. In closed die work, where the dies must
dissipate considerable heat, the tungsten steels are preferred, with re-
sulting increase in wear resistance but decrease in toughness.

For very large pieces with deep impressions, cast-steel dies are some-
times used. For large dies likely to spring in hardening, 0.85 carbon steel
high in manganese is sometimes used unhardened.

Good die-block proportions for width and depth are as follows:

Width, in (cm) 8 (20) 10 (24) 12 (30) 14 (36)
Depth, in (cm) 6 (15) 7 (18) 7 (18) 7 or 8 (18 or 20)

For ordinary work, 11⁄2 in (4 cm) of metal between impression and
edge of block is sufficient.

Dimensions of dovetailed die shanks: for hammers up to 1,200 lb
(550 kg) 4 in (10 cm) wide and 11⁄8 in (3 cm) deep, with sides dove-
tailed at angles of 6° with the vertical; for hammers from 1,200 to
3,000 lb (550 to 1,360 kg) in size, 6 in (15 cm) wide and 11⁄2 in (4 cm)
deep, with 6° angles.

The minimum draft for the impressions is 7°, although for parts diffi-
cult to draw this may be increased up to 15°. It is not uncommon to have
several drafts in the same impression.

Open-hearth and tool-steel dies are hardened by heating in a carboniz-
ing box packed in charcoal and dipping face downward over a jet of
brine. The jet is allowed to strike into the impression, thus freeing the
face of steam and producing uniform hardness. After hardening, they
are drawn in an oil bath to a temperature of 500 to 550°F (260 to
290°C).

The forging production per pair of dies is largely affected by the size
and shape of the impression, the material forged, the material in the
dies, the quality of heating of stock to be forged, and the care exercised
in use. It may vary from a few hundred pieces to 50,000 or more. A
normal life for a pair of dies under average conditions may be 20,000
pieces.

Coining, Stamping, and Embossing The metal is well confined in
closed dies in which it is forced to flow to fill the shape. The U.S. Mint
gives the following pressures; silver quarter, 100 tons/in2 (1,380
MN/m2); nickel (0.25 Ni, 0.75 Cu), 90 tons/in2 (1,240 MN/m2); copper
cent, 40 tons/in2 (550 MN/m2). In stamping designs, lettering, etc., in
sheet metal the thickness is so little compared with the area that there is
practically no relief for excess pressure. Where sharp designs are re-
quired, as in stamping panels, the dies should be arranged to strike on a
narrow line [say 1⁄22 in (0.8 mm)] around the outline. If a sharp design is
not obtained, it is often best to correct deflection in the machine by
shimming or more substantial backing. Increasing the pressure only
aggravates the condition and may break the press. General practice for
light overall stamping is to allow 5 to 10 tons/in2 (68 to 132 MN/m2) of
area that is to be stamped, except in areas where the yield point must be
exceeded.

Extrusion is the severest of the squeezing processes. The metal is
forced to flow rapidly through an orifice, being otherwise confined and
subject largely to the laws of hydraulics, with allowances for restraint of
flow and for work hardening. Power-press impact extrusion began with
tin and lead collapsible tubes. It has been extended to the backward and
forward extrusion of aluminum, brass, and copper in pressure ranges of
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30 to 60 or more tons/in2 (413 to 825 MN/m2), and mild steel at pres-
sures up to 165 tons/in2 (2,275 MN/m2). Hot impact extrusion of steel,
as in projectile piercing, ranges from about 25 to 50 tons/in2 (345 to
690 MN/m2). Forward extrusion of long tubes, rods, and shapes usually
performed hot in hydraulic presses has been extended from the softer
metals to the extrusion of steels. Most work is done horizontally be-
cause of the lengths of the extrusions. Some vertical mechanical-press
equipment is used in hot extrusion of steel tubing.

Table 13.2.5 Power-Press Shaft Capacities

Max Capacity
Type of press crankshaft stroke, in* tons†

Single crank, single drive, uniform diameter d‡ 2.8d2

Single crank, single drive, oversize crankpin d 3.5d2

Single crank, single drive, oversize crankpin 2d 2.2d2

Single crank, single drive, oversize crankpin 3d 1.6d2

Single crank, twin drive, oversize crankpin 2d 3.5d2

Single crank, twin drive, oversize crankpin 3d 2.7d2

Double crank, single drive, oversize crankpin 0.75d 5.5d2
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The mass production industries use an extremely wide variety of ma-
chines to force materials to flow plastically into desired shapes (as
compared with the more gradual methods of obtaining shapes by cutting
away surplus material in machine tools). The application of working
pressure may use hydraulic, pneumatic, mechanical, or electric means
to apply pressing, hammering, or rolling forces. Mechanically and hy-
draulically actuated devices cover much the same range. In general, the
mechanical equipment is faster, easier to maintain, and more efficient to
operate by reason of energy-storing flywheels. The hydraulic equipment
is more flexible and more easily adjusted to limited lots in pressure,
positions, and strokes. Mechanical handling or feeding devices incorpo-
rated in or serving many of these more or less specialized machines
further extend their productivity.

Power presses consist of a frame or substantial construction with de-
vices for holding the dies or tools and a moving member or slide for
actuating one portion of the dies. This slide usually receives its move-
ment from a crankshaft furnished with a clutch for intermittent opera-
tion and a flywheel to supply the sudden power requirement. Hydraulic
presses have no crankshaft, clutch, or flywheel but employ rams ac-
tuated by pumps.

The crankshaft is ordinarily the limiting factor in the pressure capac-
ity of the machine and accordingly is often taken as the basis for
tonnage ratings. There is no uniform basis for this rating, owing to
variations in shaft proportions and materials and in the different relative
severity of various press operations. The following valuation is tentative
and is based on the shaft diameter in the main bearings. The bending
strength is figured at a section through the center of the crankpin and the
combined bending and torsional strength at the inside ends of the main
bearings, taking the bending fulcrum at a distance out from these points
equal to one-third the length of the main bearings. In the case of double-
crank presses and twin-drive arrangements, the relative proportion of
the torsional load must be varied to suit, but, except in the cases of long
strokes, it is usually small. The working strength is based upon a stress
in the extreme fibers of 28,000 lb/in2 (193 MN/m2). The limit bearing
capacities are taken approximately at 5,000 lb/in2 (35 MN/m2) on the
crankpins and 2,500 lb/in2 (18 MN/m2) average over the main bearings
for ordinary steel on cast-iron press bearings with proper grooving. On
the knuckle-joint-type presses with hardened tool-steel bearing surfaces
and flood lubrication, the bearings will take up to about 30,000 lb/in2

(207 MN/m2). On eccentric-type shafts where the main bearings support
right up to the oversize pin on each side, the limiting factor is the
bearing load. The shaft is practically in shear, so that it has a consider-
able overload capacity (about 7d2 tons). In Table 13.2.5, uniform-
diameter single crankshafts are those in which for manufacturing rea-
sons the diameter is the same at the crankpin and at the main bearings.
Other crank shafts have an oversize crankpin to balance the bending
load at the center with the combined bending and torsional load at the
side. The strength of the shaft is figured at midstroke, and the stroke and
tonnage capacity are given in terms of the diameter d at the main bear-
ings. Where the working load comes on only near the bottom stroke, the
shaft press capacity may be figured as if the stroke were shorter in
proportion.

Table 13.2.5 gives the rated capacities of a series of power presses as
a function of the shaft diameter.

The speed of operation of the press depends upon the energy require-
ment and the crankpin velocity. The latter determines the velocity of
impact on the tools. In blanking, the blow varies directly with the con-
Double crank, single drive, oversize crankpin d 4.4d2

Double crank, single drive, oversize crankpin 2d 2.5d2

Double crank, single drive, oversize crankpin 3d 1.7d2

Double crank, twin drive, oversize crankpin 1.5d 5.5d2

Double crank, twin drive, oversize crankpin 3d 3.2d2

Single eccentric, single or twin drive 0.5d 4.3d2

* 1 in 5 2.54 cm.
† 1 ton 5 8.9 kN.
‡ d 5 shaft diameter in main bearing.
SOURCE: F. W. Bliss Co.

tact speed and the thickness and hardness of the material. In drawing
operations the variation depends upon contact speed, ductility of mate-
rial, lubrication, etc.

The energy required per stroke is practically the product of the aver-
age load and the working distance, plus friction allowance, assumed at
about 16 percent. On short-stroke operations, such as blanking, the
working energy is supplied almost entirely by slowing down the fly-
wheel; motor or belt pull serves merely to return the flywheel to speed
during the large part of the cycle in which no work is done. In drawing
operations, the working period is considerable, and in many cases the
belt takes the largest part of the working load. In this case, add to the
available flywheel energy, the work done by the belt. This amounts, for
example, to 70 lb/in of width of the belt (123 N/cm), multiplied by the
ratio of the belt velocity to the crankpin velocity, multiplied by the
length of the working stroke on the crank circle in feet. The maximum
flywheel slowdown has been assumed as up to 10 percent for continu-
ous operation and up to 20 percent for intermittent operation. The fol-
lowing formula is based upon average press-flywheel proportions and a
slowdown of 10 percent. The result may be doubled for 20 percent
slowdown.

The flywheel capacity per stroke at 10 percent slowdown in inch-tons
equals WD2N 2/5,260,000,000, where W is the weight of the flywheel,
lb, D is the diameter, in, and N is rotation speed, r/min. (See Sec. 8.2.)

The difference between nongeared and geared presses is only in
speed of operation and the relatively greater flywheel capacity.

Press frames are designed for stiffness and usually have considerable
excess strength. Good practice is to figure cast-iron sections for a stress
of about 2,000 to 3,000 lb/in2 (13.8 to 20.6 MN/m2). C-frame presses are
subjected to an appreciable arc spring amount ordinarily of between
0.0005 and 0.002 in/ton (1.5 and 6 mm/MN), because the center of
gravity of the frame section is a considerable distance back of the work-
ing centerline of the press. Straight-sided presses eliminate that portion of
the spring or deflection which is on an arc. Built-up frame presses are
held together with steel tie rods shrunk in under an initial tension in
excess of the working load so that they minimize stretch in that portion
of the press.

Power presses are built in a very wide variety of styles and sizes with
shafts ranging from 1- to 21-in (2.5- to 53-cm) diam. Over a large part of
this range they are built with C frames for convenience, straight-sided
frames for heavier and thinner work, eccentric shafts for heavy forgings
and stampings, double crankshafts for wide jobs, four-point presses for
large panel work, underdrive presses in high-production plants where
repairs to presses would interfere with flow of production, and knuckle-
join presses for intensely high pressures at the very bottom of the stroke.
All these are classified as single-action presses and are used for most of
the operations previously discussed.

Double-action presses combine the functions of blank holding with
drawing. In the smaller sizes, such presses have cams mounted on the
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cheeks of the crankshaft to actuate the outer or blank-holding slide. In
larger machines, toggle mechanisms are provided to actuate the outer
slide, with the advantage that the blank-holding load is taken on the
frame instead of the crankshaft. Both of these types afford a consider-
able power saving over single-action presses equipped with drawing
attachments, because the latter must add the blank-holding pressure to
the working load for the full depth of the draw.

Types of presses include foot presses, in which the pendulum type has
the lowest mechanical advantage and the longest stroke; the lever type,
which has higher mechanical advantage and shorter strokes; toggle or

Helve hammers are usually belt-driven and carry the hammer face or
swage on the end of a beam. The belt is provided with a tightening
device, treadle-controlled, permitting the operator to regulate the num-
ber and speed of the blows. They were used for general and duplicate
forging, welding, plating drawing, swaging, collaring, spindle making,
etc.

Strap hammers carry the hammer slung from a strap, usually of
leather. The control and operation are the same as for the helve type.
They were adapted for general work.

Board Drop Hammer Let W 5 work of blow, ft ? lb; H 5 weight of

aft
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knuckle type, which has the highest mechanical advantage and works
through the shortest stroke with considerable advantage obtainable from
the use of tie rods on fine stamping or embossing work; long-stroke rack
and pinion-driven presses; triple-action drawing presses; cam-actuated
presses; etc.

Screw presses consist of a conventional frame and a slide which is
forced down by a steep pitch screw on the upper end of which is a
flywheel or weight bar. Hand-operated machines are used for die testing
and for small production stamping, embossing, forming, and other work
requiring more power than foot presses. Power-driven screw presses are
built with a friction drive for the flywheel and automatic control to limit
the stroke. Such presses are built in comparatively large sizes and used
to a considerable extent for press forging. They lack the accuracy and
speed of power presses built for this work but have a safety factor which
power presses have not, in that their action is not positive. In this they
closely resemble a drop hammer, although their motion is slower. The
energy available for work in these presses is 1⁄2If v2 1 1⁄2Is v2, in which If

is the moment of inertia of the flywheel, Is is the moment of inertia of
the spindle, and v is the angular velocity of both.

Self-contained fast-acting hydraulic presses are being increasingly
used. Equipped with motor-driven variable-displacement oil hydraulic
pumps, the speed and pressure of the operating ram or rams are under
instant and automatic control; this is particularly advantageous for deep
drawing operations. The punch can be brought into initial contact with
the work without shock and moved with a uniform controlled velocity
through the drawing portion of the cycle. The drawing of stainless steels
and alloy aluminums (in which the control of drawing speed is vital), as
well as the hot drawing of magnesium, is best done on hydraulic
presses.

The hydraulic press is used on the rubber pad, or Guerin, process of
blanking or forming metals, in which a laminated-rubber pad replaces
one half—usually the female half—of a die. In forming aluminum the
practice has developed of using inexpensive dies of soft metal, vulcan-
ized fiber, plastic, wood, or plaster; and cast dies in industries which,
like the aircraft industry, require short runs on many different sizes of
shapes and parts.

The older accumulator type of hydraulic-press construction is still
used for hot extrusion and some forging work.

Drop Hammers or Presses Small belt-lift and board-lift drop
presses were used for variety of sheet-metal operations on hardware,
cutlery, silverware, etc. Board-lift drop hammers with heads weighing
up to 5,000 lb (22 kN) were widely used in the production of steel drop
forgings. The energy available for work is the product of the weight of
the ram and the length of fall (see below). The following table gives the
shaft diameters of trimming presses (for removing the flash) ordinarily
used with drop hammers for trimming the same range of forgings:

Drop-Hammer Ram Weights and Suitable Trimming-Press Sh

Ram weight, lb* 600 800 1,000 1,200
Press shaft diam. in† 1⁄2 4 41⁄2 5

* 1,000 lb 5 4,450 N.
† 1 in 5 2.54 cm.

SOURCE: F. W. Bliss Co.
hammer and die, lb; g 5 acceleration due to gravity (l 5 32.3 ft /s2); h 5
actual hammer stroke, ft; and v 5 terminal velocity of hammer, ft /s.
Then, if the hammer and die fall of their own weight, W 5 (H/g)v2/2 5
Hh 5 0.015 Hv2 (approx).

Although now obsolete and found only in a few locations, the ham-
mers described above largely have been supplanted by steam or air
(pneumatic) hammers. These latter utilize fluid pressure inside a piston
to raise and propel the hammer with greater striking velocity, allowing
for better control and permitting a higher production rate.

Steam hammers may be divided into three classes. In the first, the
hammer is lifted by steam and drops of its own weight; in the second,
steam is admitted above the piston and through its expansion increases
the force of the blow; in the third, live steam is admitted above the
piston throughout the stroke and the force of the blow is from combined
weight of the falling hammer and the pressure of the steam.

In the first class, that of the single-acting steam hammer, part of the
force of the steam is used to accelerate the lifting motion, continuing
after the steam has been cut off as long as the pressure under the piston
. H. These hammers are used only for very large work. The weight of the
hammer ranges from 25 to 125 tons (220 to 1,110 kN). The disadvan-
tage of this type lies in the fact that the height of the clearance under the
piston is directly dependent upon the thickness of the piece of work.

In the second class, in which steam is admitted above the piston and
allowed to expand, there is an economy in steam consumption, a greater
acceleration of the hammer head, and a large number of blows per unit
of time.

In the third class, live steam is admitted above the piston. Here the
weight of the hammer head varies from 1 to 25 tons (9 to 1,100 kN). The
control is such that the weight of the hammer itself is available for light
blows, and for heavier blows steam is admitted above the piston.

In comparatively small hammers where the head weighs 150 to
2,000 lb (670 to 8,900 N), up to 350 blows per min can be obtained,
depending on the length of the stroke and the tightness of the stuffing
box. These hammers are provided with an automatic reversing gear. The
number and force of the blows can be regulated by throttling the steam,
changing the center position of the operating valve, and changing the
back lash in the operating gear. The frame of these hammers is usually
C-shaped.

The anvil in small hammers is usually a single casting. In large ham-
mers it is usually divided into upper and lower anvil blocks. In smaller
hammers the anvil is connected with the shears and upper part of the
machine. In the larger hammers, however, this is not the case, as the
concussions tend to injure the hammer mechanism. For good practice
the weight of the anvil ( 5 Q) for hammers used in forging iron is at least
eight times the weight of the hammer head; for forging steel, at least
twelve times.

Diameters

1,500 2,000 2,500 3,000 5,000 8,000
51⁄2 6 61⁄2 7 8 9
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The pressure Q1 exerted by the anvil block on the surface which it
supports is assumed to be as follows: for blooming hammers, Q1 5
(30 to 60)hH 1 Q; for billet-forging hammers, Q1 5 (60 to 95)h 1 Q;
for hammers for steel forging, Q1 5 (95 to 125)hH 1 Q.

Pneumatic Hammers A self-contained type of pneumatic forge
hammer (the Bêché) has an air-operated ram with an air-compressing
cylinder integral with the frame. The ram is raised by admitting com-
pressed air beneath the ram piston; at the same time a partial vacuum is
caused above it. The ram is forced down by a reversal of this action.

The terminal velocity (velocity at ram-workpiece contact) of the

seaming, crimping, curling, and other operations in the production of tin
cans, pieced tinware, etc.; and spinning machines for spinning, burnish-
ing, trimming, curling, shape forming, and thickness reduction. Various
production spinning operations and tool arrangements are shown in Fig.
13.2.7.

Plate-Straightening Machines The horsepower required for plate-
straightening machines operating on steel plate is shown in Table
13.2.7.

Power required for angle-iron-straightening machines: for 4-in
angles, 12 hp; for 6-in, 18 hp; for 8-in, 25 hp.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
steam, pneumatic, or hydraulic assisted hammer can be calculated as
follows:

v 5F2hgS1 1
Apm

H DG0.5

where A is the area of the piston and pm the mean pressure in the drive
cylinder. The hammer energy is often calculated by dividing the energy
required for plastic work by the mechanical efficiency of the hammer.

Hydraulic presses are energized by pressurized liquid, usually oil.
They can deliver high tonnage but are slow. Due to large die chilling
(heat loss to dies) present in hydraulic press forging, they are not usu-
ally used for hot forging, except in isothermal forging, where slow
speed and large die-workpiece contact times are not a major limitation.
They are specially suited to sheet metal forming operations, where
slower ram speeds produce lower impact loads, speeds can be varied
during the stroke, and multiple actions can be obtained for blank holder
and die cushion operation.

Hammers and presses are often selected based on their characteristics
such as energy, ram mass (tup), force or tonnage, ram speed (stroking
rate), stroke length, bed area, and mechanical efficiency. The character-
istics for various hammers and presses are summarized in Table 13.2.6.

Rotary motion is used for working sheet metal in a variety of machines,
including bending rolls (three rolls); rolling straighteners with five,
seven, or more rolls; roll forming machines, in which a series of rolls in
successive pairs are used to bend the strip material step by step to some
desired shape; a series of two-spindle and multiple-spindle machines
used for rolling beads, threads, knurls, flanges, and trimming or curling
the edges of drawn shells of cylinders; seaming machines for double

Table 13.2.6 Characteristics of Hammers and Presses*

Energy,† Ram mass, Force,‡
Equipment type kN ? m kg kN

Hammers
Mechanical 0.5–40 30–5,000

Steam and air 20–600 75–17,000
(25,000)

Counterblow 5–200

(1,250)

Herf 15–750
Presses

Hydraulic, forging 100–80,000
(800,000)

Hydraulic, sheet 10–40,000
metalworking

Hydraulic, extrusion 1,000–50,000
(200,000)

Mechanical, forging 10–80,000

Horizontal upsetter 500–30,000
(1–9 in diam)

Mechanical, sheet 10–20,000
metalworking

Screw 100–80,000

* From a number of sources, chiefly A. Geleji, Forge Equipment, Rolling Mills and Accessories,
† Multiply number in column by 100 to get m ? kg, by 0.73 to get 103 lbf ? ft.
‡ Divide number by 2 10 to get tons. Numbers in parentheses indicate the largest sizes, available
SOURCE: John A. Schey, Introduction to Manufacturing Processes, McGraw-Hill, New York, 19
Power or hydraulic presses are used to straighten large rolled sections.
The presses make 20 to 30 strokes per min, and the amount of flexure is
regulated by inserting wedges or pieces of flat iron. The beams are
supported on rolls so they can be easily handled. The power required for
presses of this kind is as follows:

Depth of girder, in* 4 6 8 10 12 16 20 24
Horsepower (approx)† 3 4 7 11 13 19 23 35

* 1 in 5 2.54 cm.
† 1 hp 5 0.746 kW.

Horizontal plate-bending machines consist of two stationary rolls and a
third vertical adjustable upper roll which can be fitted obliquely for
taper bending and is held in bearings with spherical seats. The diameter
of the rolls can be determined approximately from the equation r2 5 bt,
in which r is the radius of the roll, b the width of the plate or sheet, and t
its thickness, all in inches.

The power requirements of horizontal plate and sheet bending ma-
chines are shown in Table 13.2.8.

Vertical plate-bending machines have a hydraulically operated piston
which moves an upper and a lower pair of rolls between inclined sur-
faces of the stationary upright and the crosshead. The bending is done
piece by piece against a second stationary upright. Heavy ship plates are
rigidly clamped down and bent by a roll operated by two hydraulic
pistons. For angular bends or for the production of warped surfaces, the
pistons can be operated independently or together. In vertical machines,
angles and other rolled shapes are bent between suitably shaped rolls.
Pipes are filled with sand to prevent flattening when being bent. For

Speed, Strokes per Stroke, Bed area, Mechanical
m/s min m m 3 m efficiency

4–5 350–35 0.1–1.6 0.1 3 0.1 to 0.2–0.5
0.4 3 0.6

3–8 300–20 0.5–1.2 0.3 3 0.4 to 0.05–0.3
(1.2 3 1.8)

3–5 60–7 0.3 3 0.4 to 0.2–0.7

(1.8 3 5)

8–20 , 2 0.2–0.6

, 0.5 30–5 0.3–1 0.5 3 0.5 to 0.1–0.6
(3) (3.5 3 8)

, 0.5 130–20 0.1–1 0.2 3 0.2 to 0.5–0.7
2 3 6

, 0.5 , 2 0.8–5 0.06–0.6 0.5–0.7
diam. container

, 0.5 130–10 0.1–1 0.2 3 0.2 to 0.2–0.7
2 3 3

, 1 90–15 0.05–0.4 0.2 3 0.2 to 0.2–0.7
0.8 3 1

, 1 180–10 0.1–0.8 0.2 3 0.2 to 0.3–0.7
2 3 6

, 1 35–6 0.2–0.8 0.2 3 0.3 to 0.2–0.7
0.8 3 1

Akademiai Kiado, Budapest, 1967.

in only a few places in the world.
87.
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Table 13.2.7 Power Requirement for Plate-Straightening Machines (Steel)

Thickness of plate, in* 0.25 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Width of plate, in* 48.0 52.0 60.0 72.0 88.0 102.0 120.0 140.0
Diameter of rolls, in* 5.0 8.0 10.0 12.0 13.0 14.0 15.0 16.0
Horsepower (approx)† 6.0 8.0 12.0 20.0 30.0 55.0 90.0 130.0

* 1 in 5 2.54 cm.
† 1 hp 5 0.746 kW.

Table 13.2.8 Power Requirement for Plate and Sheet Bending Machines (Steel)

Thickness of plate, in* 0.5 0.6 0.8 1 1.2
Horsepower for plate 120 in wide† 10.0 12.0 18.0 27.0 40.0
Horsepower for plate 240 in wide† 30.0 30.0 40.0 55.0 75.0

* 1 in 5 2.54 cm.
† 1 hp 5 0.746 kW.

some work, pipes are bent hot between suitable forms operated by hy-
draulic pressure.

The rotary swaging machines for tapering, closing in, and reducing
tubes, rods, and hollow articles is essentially a cage carrying a number
of rollers and revolving at high speed; e.g., 14 rolls in a cage revolving
at 600 r/min will strike 8,400 blows per min on the work.

A rapid succession of light blows is applied to a considerable variety
of commercial riveting operations such as pneumatic riveting. Another
method of riveting, described as spinning, involves rotating small

rollers rapidly over the top of the rivet and at the same time applying
pressure. Neither of these methods involves pressures as intense as
those used in riveting by direct pressure, either hot or cold. Power
presses and C-frame riveters, employing hydraulic pressure or air pres-
sure of 80 to 100 lb/in2 (550 to 690 kN/m2), are designed to apply
150,000 lb/in2 (1,035 MN/m2) on the cross section of the body of the
rivet for hot-working and 300,000 lb/in2 (2,070 MN/m2) for cold-work-
ing. The pieces joined should be pressed together by a pressure 0.3 to
0.4 times that used in riveting.

tt

assembly (a weldment) whose strength properties are basically those of
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13.3 WELDING
by Omer W. Blodge

REFERENCES: From the American Welding Society (AWS): ‘‘Welding Hand-

book’’ (six volumes); ‘‘Structural Welding Code’’; ‘‘Filler Metal Specifica-
tions,’’ ‘‘Welding Terms and Definitions’’; ‘‘Brazing Manual’’; ‘‘Thermal
Spraying’’; ‘‘Welding of Chromium-Molybdenum Steels.’’ From the Lincoln Arc
Welding Foundation: Blodgett, ‘‘Design of Weldments’’; Blodgett, ‘‘Design of
Welded Structures.’’ ‘‘Procedure Handbook of Welding,’’ The Lincoln Electric
Co. ‘‘Safety in Welding and Cutting,’’ ANSI. ‘‘Welding and Fabrication Data
Book,’’ Penton Pub. Co. AISI, ‘‘Steel Construction M
‘‘Steel Construction Manual—LRFD,’’ 2d ed.
AND CUTTING
and Duane K. Miller
the individual pieces before welding.
In arc welding, the intense heat needed to melt metal is produced by

an electric arc. The arc forms between the workpieces and an electrode
that is either manually or mechanically moved along the joint; con-
versely, the work may be moved under a stationary electrode. The elec-

y prepared rod or wire that not only conducts
s the arc, but also melts and supplies filler
itutes a consumable electrode. Carbon or tung-
anual—ASD,’’ 9th ed., and trode generally is a speciall
electric current and sustain
metal to the joint; this const

sten electrodes may be used, in which case the electrode serves only to
INTRODUCTION

Welded connections and assemblies represent a very large group of
fabricated steel components, and only a portion of the aspects of their
design and fabrication is treated here. The welding process itself is
complex, involving heat and liquid-metal transfer, chemical reactions,
and the gradual formation of the welded joint through liquid-metal dep-
osition and subsequent cooling into the solid state, with attendant met-
allurgical transformations. Some of these items are treated in greater
detail in the references and other extensive professional literature, as
well as in Secs. 6.2, 6.3, and 13.1.

The material in this section will provide the engineer with an over-
view of the most important aspects of welded design. In order that the
resulting welded fabrication be of adequate strength, stiffness, and util-
ity, the designer will often collaborate with engineers who are experts in
the broad area of design and fabrication of weldments.

ARC WELDING

Arc welding is one of several fusion processes for joining metal. By the
generation of intense heat, the juncture of two metal pieces is melted
and mixed—directly or, more often, with an intermediate molten filler
metal. Upon cooling and solidification, the resulting welded joint metal-
lurgically bonds the former separate pieces into a continuous structural
conduct electric current and to sustain the arc between tip and work-
piece, and it is not consumed; with these electrodes, any filler metal
required is supplied by rod or wire introduced into the region of the arc
and melted there. Filler metal applied separately, rather than via a con-
sumable electrode, does not carry electric current.

Most steel welding operations are performed with consumable elec-
trodes.

Welding Process Fundamentals

Heat and Filler Metal An ac or dc power source fitted with necessary
controls is connected by a work cable to the workpiece and by a ‘‘hot’’
cable to an electrode holder of some type, which, in turn, is electrically
connected to the welding electrode (Fig. 13.3.1). When the circuit is
energized, the flow of electric current through the electrode heats the
electrode by virtue of its electric resistance. When the electrode tip is
touched to the workpiece and then withdrawn to leave a gap between the
electrode and workpiece, the arc jumping the short gap presents a fur-
ther path of high electric resistance, resulting in the generation of an
extremely high temperature in the region of the sustained arc. The tem-
perature reaches about 6,500°F, which is more than adequate to melt
most metals. The heat of the arc melts both base and filler metals, the
latter being supplied via a consumable electrode or separately. The
puddle of molten metal produced is called a weld pool, which solidifies
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as the electrode and arc move along the joint being welded. The result-
ing weldment is metallurgically bonded as the liquid metal cools, fuses,
solidifies, and cools. In addition to serving its main function of supply-
ing heat, the arc is subject to adjustment and/or control to vary the
proper transfer of molten metal to the weld pool, remove surface films
in the weld region, and foster gas-slag reactions or other beneficial
metallurgical changes.

Welding machine. AC or DC
power source and controls

face oxidation will take place at lower temperatures, inasmuch as oxi-
dation rates are greatly diminished as ambient conditions are ap-
proached.

Fluxing action also aids in wetting the interface between the base
metal and the molten metal in the weld pool edge, thereby enhancing
uniformity and appearance of the weld bead.

Process Selection Criteria

Economic factors generally dictate which welding process to use for a
particular application. It is impossible to state which process will
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Electrode holder

Electrode

Arc

Work

Work cable

Electrode (“hot”) cable

Fig. 13.3.1 Typical welding circuit.

Filler metal composition is generally different from that of the weld
metal, which is composed of the solidified mix of both filler and base
metals.

Shielding and Fluxing High-temperature molten metal in the weld
pool will react with oxygen and nitrogen in ambient air. These gases
will remain dissolved in the liquid metal, but their solubility signifi-
cantly decreases as the metal cools and solidifies. The decreased solu-
bility causes the gases to come out of solution, and if they are trapped in
the metal as it solidifies, cavities, termed porosities, are left behind. This
is always undesirable, but it can be acceptable to a limited degree de-
pending on the specification governing the welding.

Smaller amounts of these gases, particularly nitrogen, may remain
dissolved in the weld metal, resulting in drastic reduction in the physical
properties of otherwise excellent weld metal. Notch toughness is seri-
ously degraded by nitrogen inclusions. Accordingly, the molten metal
must be shielded from harmful atmospheric gas contaminants. This is
accomplished by gas shielding or slag shielding or both.

Gas shielding is provided either by an external supply of gas, such as
carbon dioxide, or by gas generated when the electrode flux heats up.
Slag shielding results when the flux ingredients are melted and leave
behind a slag to cover the weld pool, to act as a barrier to contact
between the weld pool and ambient air. At times, both types of shielding
are utilized.

In addition to its primary purpose to protect the molten metal, the
shielding gas will significantly affect arc behavior. The shielding gas
may be mixed with small amounts of other gases (as many as three
others) to improve arc stability, puddle (weld pool) fluidity, and other
welding operating characteristics.

In the case of shielded-metal arc welding (SMAW), the ‘‘stick’’
electrode is covered with an extruded coating of flux. The arc heat melts
the flux and generates a gaseous shield to keep air away from the molten
metal, and at the same time the flux ingredients react with deleterious
substances, such as surface oxides on the base metal, and chemically
combine with those contaminants, creating a slag which floats to the
surface of the weld pool. That slag crusts over the newly solidified hot
metal, minimizes contact between air and hot metal while the metal
cools, and thereby inhibits the formation of surface oxides on the newly
deposited weld metal, or weld bead. When the temperature of the weld
bead decreases, the slag, which has a glassy consistency, is chipped off
to reveal the bright surface of the newly deposited metal. Minimal sur-
always deliver the most economical welds, because the variables in-
volved are significant in both number and diversity. The variables in-
clude, but are not limited to, steel (or other base metal) type, joint type,
section thickness, production quantity, joint access, position in which
the welding is to be performed, equipment availability, availability of
qualified and skilled welders, and whether the welding will be done in
the field or in the shop.

Shielded Metal Arc Welding

The SMAW process (Fig. 13.3.2), commonly known as stick welding, or
manual welding, is the most popular and widespread welding process. It
is versatile, relatively simple to do, and very flexible in being applied.
To those casually acquainted with welding, arc welding usually means
shielded-metal arc welding. SMAW is used in the shop and in the field for
fabrication, erection, maintenance, and repairs. Because of the relative
inefficiency of the process, it is seldom used for fabrication of major
structures. SMAW has earned a reputation for providing high-quality
welds in a dependable fashion. It is, however, inherently slower and
more costly than other methods of welding.

Electrode

Gaseous shield

Arc stream

Base metal

Extruded
covering

Molten pool

Slag

Fig. 13.3.2 SMAW process.

SMAW may utilize either direct current (dc) or alternating current
(ac). Generally speaking, direct current is used for smaller electrodes,
usually less than 3⁄16-in diameter. Larger electrodes utilize alternating
current to eliminate undesirable arc blow conditions.

Electrodes used with alternating current must be designed specifi-
cally to operate in this mode, in which current changes direction 120
times per second with 60-Hz power. All ac electrodes will operate ac-
ceptably on direct current. The opposite is not always true.

Flux Cored Arc Welding (FCAW)

In FCAW, the arc is maintained between a continuous tubular metal
electrode and the weld pool. The tubular electrode is filled with flux and
a combination of materials that may include metallic powder(s). FCAW
may be done automatically or semiautomatically. FCAW has become
the workhorse in fabrication shops practicing semiautomatic welding.
Production welds that are short, change direction, are difficult to access,
must be done out of position (e.g., vertical or overhead), or are part of a
short production run generally will be made with semiautomatic
FCAW.

When the application lends itself to automatic welding, most fabri-
cators will select the submerged arc process (see material under
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‘‘SAW’’). Flux cored arc welding may be used in the automatic mode,
but the intensity of arc rays from a high-current flux cored arc, as well as
a significant volume of smoke, makes alternatives such as submerged
arc more desirable.

Advantages of FCAW FCAW offers two distinct advantages over
SMAW. First, the electrode is continuous and eliminates the built-in
starts and stops that are inevitable with SMAW using stick electrodes.
An economic advantage accrues from the increased operating factor; in
addition, the reduced number of arc starts and stops largely eliminates
potential sources of weld discontinuities. Second, increased amperages
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FCAW, there are two specific subsets: self-shielded flux core arc welding
(FCAW-ss) (Fig. 13.3.4) and gas-shielded flux core arc welding (FCAW-g)
(Fig. 13.3.5). Self-shielded flux cored electrodes require no external
shielding gas. The entire shielding system results from the flux ingre-
dients contained in the tubular electrode. The gas-shielded variety of
flux cored electrode utilizes, in addition to the flux core, an externally
supplied shielding gas. Often, CO2 is used, although other mixtures may
be used.
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an be used with FCAW. With SMAW, there is a practical limit to the
mount of current that can be used. The covered electrodes are 9 to
8 in long, and if the current is too high, electric resistance heating
ithin the unused length of electrode will become so great that the

oating ingredients may overheat and ‘‘break down.’’ With continuous
ux cored electrodes, the tubular electrode is passed through a contact
p, where electric current is transferred to the electrode. The short dis-
nce from the contact tip to the end of the electrode, known as electrode

xtension or ‘‘stickout,’’ inhibits heat buildup due to electric resistance.
his electrode extension distance is typically 1 in for flux cored elec-
odes, although it may be as much as 2 or 3 in in some circumstances.
Smaller-diameter flux cored electrodes are suitable for all-position

elding. Larger electrodes, using higher electric currents, usually are
estricted to use in the flat and horizontal positions. Although the equip-
ent required for FCAW is more expensive and more complicated than
at for SMAW, most fabricators find FCAW much more economical
an SMAW.
FCAW Equipment and Procedures Like all wire-fed welding pro-

esses, FCAW requires a power source, wire feeder, and gun and cable
ssembly (Fig. 13.3.3). The power supply is a dc source, although either
lectrode positive or electrode negative polarity may be used. The four
rimary variables used to determine welding procedures are voltage,
ire feed speed, electrode extension, and travel speed. For a given wire

eed speed and electrode extension, a specified amperage will be deliv-
red to maintain stable welding conditions.

ig. 13.3.3 FCAW and GMAW equipment.

As wire feed speed is increased, amperage will be increased. On
ome equipment, the wire feed speed control is called the amperage
ontrol, which, despite its name, is just a rheostat that regulates the
peed of the dc motor driving the electrode through the gun. The most
ccurate way, however, to establish welding procedures is to refer to the
ire feed speed (WFS), since electrode extension, polarity, and electrode
iameter will also affect amperage. For a fixed wire feed speed, a
horter electrical stick-out will result in higher amperages. If procedures
re set based on the wire feed speed, the resulting amperage verifies that
roper electrode extensions are being used. If amperage is used to set
elding procedures, an inaccurate electrode extension may go unde-
cted.
Self-Shielded and Gas-Shielded FCAW Within the category of
Slag
Contact tip

Tubular electrode

Flux core

Fig. 13.3.4 Self shielded FCAW.

Both these subsets of FCAW are capable of delivering weld deposits
featuring consistency, high quality, and excellent mechanical proper-
ties. Self-shielded flux cored electrodes are ideal for field welding oper-
ations, for since no externally supplied shielding gas is required, the
process may be used in high winds without adversely affecting the

Fig. 13.3.5 Gas shielded FCAW.

quality of the weld metal deposited. With any gas-shielded processes,
wind shields must be erected to preclude wind interference with the gas
shield. Many fabricators with large shops have found that self-shielded
flux core welding offers advantages when the shop door can be left open
or fans are used to improve ventilation.

Gas-shielded flux cored electrodes tend to be more versatile than
self-shielded flux cored electrodes and, in general, provide better arc
action. Operator acceptance is usually higher. The gas shield must be
protected from winds and drafts, but this is not difficult for most shop
fabrication. Weld appearance is very good, and quality is outstanding.
Higher-strength gas-shielded FCAW electrodes are available, but
current practice limits self-shielded FCAW deposits to a strength of 80
ksi or less.
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Submerged Arc Welding (SAW)

Submerged arc welding differs from other arc welding processes in that a
blanket of fusible granular flux is used to shield the arc and molten
metal (Fig. 13.3.6). The arc is struck between the workpiece and a
bare-wire electrode, the tip of which is submerged in the flux. The arc is
completely covered by the flux and it is not visible; thus the weld is
made without the flash, spatter, and sparks that characterize the open-
arc processes. The flux used develops very little smoke or visible fumes.

to the assembly and thus tends to limit problems of heat distortion. Even
relatively thick joints can be welded in one pass with SAW.

Versatility of SAW SAW can be applied in more ways than other arc
welding processes. A single electrode may be used, as is done with other
wire feed processes, but it is possible to use two or more electrodes in
submerged arc welding. Two electrodes may be used in parallel, some-
times called twin arc welding, employing a single power source and one
wire drive. In multiple-electrode SAW, up to five electrodes can be used
thus, but most often, two or three arc sources are used with separate
power supplies and wire drives. In this case, the lead electrode usually
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Fig. 13.3.6 SAW process.

Typically, the process is operated fully automatically, although semi-
automatic operation is possible. The electrode is fed mechanically to the
welding gun, head, or heads. In semiautomatic welding, the welder
moves the gun, usually equipped with a flux-feeding device, along the
joint.

Flux may be fed by gravity flow from a small hopper atop the torch
and then through a nozzle concentric with the electrode, or through a
nozzle tube connected to an air-pressurized flux tank. Flux may also be
applied in advance of the welding operation or ahead of the arc from a
hopper run along the joint. Many fully automatic installations are
equipped with a vacuum system to capture unfused flux left after weld-
ing; the captured, unused flux is recycled for use once more.

During welding, arc heat melts some of the flux along with the tip of
the electrode. The electrode tip and the welding zone are always
shielded by molten flux and a cover layer of unfused flux. The electrode
is kept a short distance above the workpiece. As the electrode pro-
gresses along the joint, the lighter molten flux rises above the molten
metal to form slag. The weld metal, having a higher melting (freezing)
point, solidifies while the slag above it is still molten. The slag then
freezes over the newly solidified weld metal, continuing to protect the
metal from contamination while it is very hot and reactive with atmo-
spheric oxygen and nitrogen. Upon cooling and removal of any un-
melted flux, the slag is removed from the weld.

Advantages of SAW High currents can be used in SAW, and ex-
tremely high heat input can be developed. Because the current is applied
to the electrode a short distance above the arc, relatively high amperages
can be used on small-diameter electrodes. The resulting extremely high
current densities on relatively small-cross-section electrodes permit
high rates of metal deposition.

The insulating flux blanket above the arc prevents rapid escape of
heat and concentrates it in the welding zone. Not only are the electrode
and base metal melted rapidly, but also fusion is deep into the base
metal. Deep penetration allows the use of small welding grooves, thus
minimizing the amount of filler metal to be deposited and permitting
fast welding speeds. Fast welding, in turn, minimizes the total heat input
operates on direct current while the trailing electrodes operate on alter-
nating current.

Gas Metal Arc Welding (GMAW)

Gas metal arc welding utilizes the same equipment as FCAW (Figs.
13.3.3 and 13.3.7); indeed, the two are similar. The major differences
are: (1) GMAW uses a solid or metal cored electrode, and (2) GMAW
leaves no residual slag.

GMAW may be referred to as metal inert gas (MIG), solid wire and
gas, miniwire or microwire welding. The shielding gas may be carbon

Fig. 13.3.7 GMAW welding process.

dioxide or blends of argon with CO2 or oxygen, or both. GMAW is
usually applied in one of four ways: short arc transfer, globular transfer,
spray arc transfer, and pulsed arc transfer.

Short arc transfer is ideal for welding thin-gage materials, but gener-
ally is unsuitable for bridge fabrication purposes. In this mode of
transfer, a small electrode, usually of 0.035- to 0.045-in diameter, is fed
at a moderate wire feed speed at relatively low voltages. The electrode
contacts the workpiece, resulting in a short circuit. The arc is actually
quenched at this point, and very high current will flow through the
electrode, causing it to heat and melt. A small amount of filler metal is
transferred to the welding done at this time.

The cycle will repeat itself when the electrode short-circuits to the
work again; this occurs between 60 and 200 times per second, creating a
characteristic buzz. This mode of transfer is ideal for sheet metal, but
results in significant fusion problems if applied to thick sections, when
cold lap or cold casting results from failure of the filler metal to fuse to the
base metal. This is unacceptable since the welded connection will have
virtually no strength. Caution must be exercised if the short arc transfer
mode is applied to thick sections.

Spray arc transfer is characterized by high wire feed speeds at rela-
tively high voltages. A fine spray of molten filler metal drops, all
smaller in diameter than the electrode, is ejected from the electrode
toward the work. Unlike with short arc transfer, the arc in spray transfer
is maintained continuously. High-quality welds with particularly good
appearance are obtained. The shielding gas used in spray arc transfer is
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composed of at least 80 percent argon, with the balance either carbon
dioxide or oxygen. Typical mixtures would include 90-10 argon-CO2,
and 95-5 argon-oxygen. Relatively high arc voltages are used with
spray arc transfer. Gas metal spray arc transfer welds have excellent
appearance and evidence good fusion. However, due to the intensity of
the arc, spray arc transfer is restricted to applications in the flat and
horizontal positions.

Globular transfer is a mode of gas metal arc welding that results when
high concentrations of carbon dioxide are used. Carbon dioxide is not an
inert gas; rather, it is active. Therefore, GMAW that uses CO2 may be
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referred to as MAG, for metal active gas. With high concentrations of
CO2 in the shielding gas, the arc no longer behaves in a spraylike fash-
ion, but ejects large globs of metal from the end of the electrode. This
mode of transfer, while resulting in deep penetration, generates rela-
tively high levels of spatter, and weld appearance can be poor. Like the
spray mode, it is restricted to the flat and horizontal positions. Globular
transfer may be preferred over spray arc transfer because of the low cost
of CO2 shielding gas and the lower level of heat experienced by the
operator.

Pulsed arc transfer is a relatively new development in GMAW. In this
mode, a background current is applied continuously to the electrode. A
pulsing peak current is applied at a rate proportional to the wire feed
speed. With this mode of transfer, the power supply delivers a pulse of
current which, ideally, ejects a single droplet of metal from the elec-
trode. The power supply then returns to a lower background current to
maintain the arc. This occurs between 100 and 400 times per second.
One advantage of pulsed arc transfer is that it can be used out of posi-
tion. For flat and horizontal work, it will not be as fast as spray arc
transfer. However, when it is used out of position, it is free of the
problems associated with gas metal arc short-circuiting mode. Weld
appearance is good, and quality can be excellent. The disadvantages of
pulsed arc transfer are that the equipment is slightly more complex and
is more costly.

Metal cored electrodes comprise another new development in GMAW.
This process is similar to FCAW in that the electrode is tubular, but the
core material does not contain slag-forming ingredients. Rather, a vari-
ety of metallic powders are contained in the core, resulting in excep-
tional alloy control. The resulting weld is slag-free, as are other forms of
GMAW.

The use of metal cored electrodes offers many fabrication advan-
tages. Compared to spray arc transfer, metal cored electrodes require
less amperage to obtain the same deposition rates. They are better able
to handle mill scale and other surface contaminants. When used out-of-
position, they offer greater resistance to the cold lapping phenomenon
so common with short arc transfer. Finally, metal cored electrodes per-
mit the use of amperages higher than may be practical with solid elec-
trodes, resulting in higher metal deposition rates.

The weld properties obtained from metal cored electrode deposits can
be excellent, and their appearance is very good. Filler metal manufac-
turers are able to control the composition of the core ingredients, so that
mechanical properties obtained from metal cored deposits can be more
consistent than those obtained with solid electrodes.

Electroslag/Electrogas Welding (ESW/EGW)

Electroslag and electrogas welding (Figs. 13.3.8 and 13.3.9) are closely
related processes that allow high deposition welding in the vertical
plane. Properly applied, these processes offer tremendous savings over
alternative, out-of-position methods and, in many cases, savings over
flat-position welding. Although the two processes have similar applica-
tions and mechanical setup, there are fundamental differences in the arc
characteristics.

Electroslag and electrogas are mechanically similar in that both uti-
lize copper dams, or shoes, that are applied to either side of a square-
edged butt joint. An electrode or multiple electrodes are fed into the
joint. Usually, a starting sump is applied for the beginning of the weld.
As the electrode is fed into the joint, a puddle is established that pro-
gresses vertically. The water-cooled copper dams chill the weld metal
and prevent its escape from the joint. The weld is completed in one pass.
Fig. 13.3.8 ESW process.

Fig. 13.3.9 EGW process.

Gas Tungsten Arc Welding (GTAW)

The gas tungsten arc welding process (Fig. 13.3.10), colloquially called
TIG welding, uses a nonconsumable tungsten electrode. An arc is estab-
lished between the tungsten electrode and the workpiece, resulting in
heating of the base metal. If required, a filler metal is used. The weld
area is shielded with an inert gas, usually argon or helium. GTAW is
ideally suited to weld nonferrous materials such as stainless steel and
aluminum, and is very effective for joining thin sections.

Highly skilled welders are required for GTAW, but the resulting weld
quality can be excellent. The process is often used to weld exotic mate-
rials. Critical repair welds as well as root passes in pressure piping are
typical applications.

Externally applied
filler (optional)

Tungsten
electrode

Gas orifice

Shielding gas

Work

Power
connection

Gas
inlet

Cup

Fig. 13.3.10 Gas tungsten arc welding (GTAW).
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Plasma Arc Welding (PAW)

Plasma arc welding is an arc welding process using a constricted arc to
generate very high, localized heating. PAW may utilize either a trans-
ferred or a nontransferred arc. In the transferred arc mode, the arc occurs
between the electrode and the workpiece, much as in GTAW, the pri-
mary difference being the constriction afforded by the secondary gases
and torch design. With the nontransferred arc mode, arcing is contained
within the torch between a tungsten electrode and a surrounding nozzle.

The constricted arc results in higher localized arc energies than are
experienced with GTAW, resulting in faster welding speeds. Applica-

nickel, and silicon are made to improve the mechanical properties and
usability of the rods.

Brazing is another one of the general groups of welding processes,
consisting of the torch, furnace, induction, dip, and resistance brazing.
Brazing may be used to join almost all metals and combinations of
dissimilar metals, but some combinations of dissimilar metals are not
compatible (e.g., aluminum or magnesium to other metals). In brazing,
coalescence is produced by heating above 840°F (450°C) but below the
melting point of the metals being joined. The nonferrous filler metal
used has a melting point below that of the base metal, and the filler
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tions for PAW are similar to those for GTAW. The only significant
disadvantage of PAW is the equipment cost, which is higher than that
for GTAW.

Most PAW is done with the transferred arc mode, although this mode
utilizes a nontransferred arc for the first step of operation. An arc and
plasma are initially established between the electrode and the nozzle.
When the torch is properly located, a switching system will redirect the
arc toward the workpiece. Since the arc and plasma are already estab-
lished, transferring the arc to the workpiece is easily accomplished and
highly reliable. For this reason, PAW is often preferred for automated
applications.

GAS WELDING AND BRAZING

The heat for gas welding is supplied by burning a mixture of oxygen and
a suitable combustible gas. The gases are mixed in a torch which con-
trols the welding flame.

Acetylene is almost universally used as the combustible gas because
of its high flame temperature. This temperature, about 6,000°F
(3,315°C), is so far above the melting point of all commercial metals
that it provides a means for the rapid localized melting essential in
welding. The oxyacetylene flame is also used in cutting ferrous metals.

A neutral flame is one in which the fuel gas and oxygen combine
completely, leaving no excess of either fuel gas or oxygen. The neutral
flame has an inside portion, consisting of a brilliant cone 1⁄16 to 3⁄4 in (1.6
to 19.1 mm) long, surrounded by a faintly luminous envelope flame.
When fuel gas is in excess, the flame consists of three easily recogniz-
able zones: a sharply defined inner cone, an intermediate cone of whit-
ish color, and the bluish outer envelope. The length of the intermediate
cone is a measure of the amount of excess fuel gas. This flame is reduc-
ing, or carburizing.

When oxygen is in excess in the mixture, the flame resembles the
neutral flame, but the inner cone is shorter, is ‘‘necked in’’ on the sides,
is not so sharply defined, and acquires a purplish tinge. A slightly oxi-
dizing flame may be used in braze welding and bronze surfacing, and a
more strongly oxidizing flame is sometimes used in gas-welding brass,
bronze, and copper. A disadvantage of a strongly oxidizing flame is that
it can oxidize the surface of the base metal and thereby prevent fusion of
the filler metal to the base metal.

In braze welding, coalescence is produced by heating above 840°F
(450°C) and by using a nonferrous filler metal having a melting point
below that of the base metals. Braze welding with brass (bronze) rods is
used extensively on cast iron, steel, copper, brass, etc. Since it operates
at temperatures lower than base metal melting points, it is used where
control of distortion is necessary or lower base metal temperatures dur-
ing welding are desired. Braze-welded joints on mild steel, made with
rods of classifications RCuZn-B and RBCuZn-D, will show transverse
tensile values of 60,000 to 70,000 lb/in2 (414 to 483 MPa). Joint designs
for braze welding are similar to those used for gas and arc welding.

In braze welding it is necessary to remove rust, grease, scale, etc., and
to use a suitable flux to dissolve oxides and clean the metal. Sometimes
rods are used with a flux coating applied to the outside. Additional flux
may or may not be required, notwithstanding the flux coating on the
rods. The parts are heated to red heat [1,150 to 1,350°F (621 to 732°C)],
and the rod is introduced into the heated zone. The rod melts first and
‘‘tins’’ the surfaces, following which additional filler metal is added.

Welding rods for oxyacetylene braze welding are usually of the cop-
per-zinc (60 Cu-40 Zn) analysis. Additions of tin, manganese, iron,
metal is distributed in the closely fitted lap or butt joints by capillary
attraction. Clean joints are essential for satisfactory brazing. The use of
a flux or controlled atmosphere to ensure surface cleanliness is neces-
sary. Filler metal may be hand-held and fed into the joint (face feeding),
or preplaced as rings, washers, shims, slugs, etc.

Brazing with the silver-alloy filler metals previously was known as
silver soldering and hard soldering. Braze welding should not be confused
with brazing. Braze welding is a method of welding employing a filler
metal which melts below the welding points of the base metals joined,
but the filler metal is not distributed in the joint by capillary attraction.
(See also Sec. 6.)

Torch brazing uses acetylene, propane, or other fuel gas, burned with
oxygen or air. The combination employed is governed by the brazing
temperature range of the filler metal, which is usually above its liquidus.
Flux with a melting point appropriate to the brazing temperature range
and the filler metal is essential.

Furnace brazing employs the heat of a gas-fired, electric, or other type
of furnace to raise the parts to brazing temperature. Fluxes may be used,
although reducing or inert atmospheres are more common since they
eliminate postbraze cleaning necessary with fluxes.

Induction brazing utilizes a high-frequency current to generate the
necessary heat in the part by induction. Distortion in the brazed joint can
be controlled by current frequency and other factors. Fluxes or gaseous
atmospheres must be used in induction bearing.

Dip brazing involves the immersion of the parts in a molten bath. The
bath may be either molten brazing filler metal or molten salts, which
most often are brazing flux. The former is limited to small parts such as
electrical connections; the latter is capable of handling assemblies
weighing several hundred pounds. The particular merit of dip brazing is
that the entire joint is completed all at one time.

Resistance brazing utilizes standard resistance-welding machines to
supply the heat. Fluxes or atmospheres must be used, with flux predom-
inating. Standard spot or projection welders may be used. Pressures are
lower than those for conventional resistance welding.

RESISTANCE WELDING

In resistance welding, coalescence is produced by the heat obtained
from the electric resistance of the workpiece to the flow of electric
current in a circuit of which the workpiece is a part, and by the applica-
tion of pressure. The specific processes include resistance spot welding,
resistance seam welding, and projection welding. Figure 13.3.11 shows
diagrammatic outlines of the processes.

The resistance of the welding circuit should be a maximum at the
interface of the parts to be joined, and the heat generated there must
reach a value high enough to cause localized fusion under pressure.

Electrodes are of copper alloyed with such metals as molybdenum and
tungsten, with high electrical conductivity, good thermal conductivity,
and sufficient mechanical strength to withstand the high pressures to
which they are subjected. The electrodes are water-cooled. The resis-
tance at the surfaces of contact between the work and the electrodes
must be kept low. This may be accomplished by using smooth, clean
work surfaces and a high electrode pressure.

In resistance spot welding (Fig. 13.3.11), the parts are lapped and held
in place under pressure. The size and shape of the electrodes control the
size and shape of the welds, which are usually circular.

Designing for spot welding involves six elements: tip size, edge dis-
tance, contacting overlap, spot spacing, spot weld shear strength, and
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electrode clearance. For mild steel, the diameter of the tip face, in terms
of sheet thickness t, may be taken as 0.1 1 2t for thin material, and as √t
for thicker material; all dimensions in inches. Edge distance should be
sufficient to provide enough metal around the weld to retain it when in
the molten condition. Contacting overlap is generally taken as the diam-
eter of the weld nugget plus twice the minimum edge distance. Spot
spacing must be sufficient to ensure that the welding current will not
shunt through the previously made weld.

neously. The advantages of projection welding are (1) the heat balance
for difficult assemblies is readily secured, (2) the results are generally
more uniform, (3) a closer spacing of welds is possible, and (4) elec-
trode life is increased. Sometimes it is possible to projection-weld joints
that could not be welded by other means.

OTHER WELDING PROCESSES

Electron Beam Welding (EBW)

In electron beam welding, coalescence of metals is achieved by heat gen-
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Resistance spot welding
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Resistance seam welding
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Fig. 13.3.11 (a) Resistance spot; (b) resistance seam; (c) projection welding.

Resistance spot welding machines vary from small, manually operated
units to large, elaborately instrumented units designed to produce high-
quality welds, as on aircraft parts. Portable gun-type machines are
available for use where the assemblies are too large to be transported to
a fixed machine. Spot welds may be made singly or in multiples, the
latter generally made on special purpose machines. Spacing of elec-
trodes is important to avoid excessive shunting of welding current.

The resistance seam welding process (Fig. 13.3.11) produces a series of
spot welds made by circular or wheel type electrodes. The weld may be
a series of closely spaced individual spot welds, overlapping spot welds,
or a continuous weld nugget. The weld shape for individual welds is
rectangular, continuous welds are about 80 percent of the width of the
roll electrode face.

A mash weld is a seam weld in which the finished weld is only slightly
thicker than the sheets, and the lap disappears. It is limited to thick-
nesses of about 16 gage and an overlap of 11⁄2 times the sheet thickness.
Operating the machine at reduced speed, with increased pressure and
noninterrupted current, a strong quality weld may be secured that will
be 10 to 25 percent thicker than the sheets. The process is applicable to
mild steel but has limited use on stainless steel; it cannot be used on
nonferrous metals. A modification of this technique employs a straight
butt joint. This produces a slight depression at the weld, but the strength
is satisfactory on some applications, e.g., for the production of some
electric-welded pipe and tubing.

Cleanliness of sheets is of even more importance in seam welding
than in spot welding. Best results are secured with cold-rolled steel,
wiped clean of oil; the next best with pickled hot-rolled steel. Grinding
or polishing is sometimes performed, but not sand- or shot-blasting.

In projection welding (Fig. 13.3.11), the heat for welding is derived
from the localization of resistance at predetermined points by means of
projections, embossments, or the intersections of elements of the as-
sembly. The projections may be made by stamping or machining. The
process is essentially the same as spot welding, and the projections seem
to concentrate the current and pressure. Welds may be made singly or in
multiple with somewhat less difficulty than is encountered in spot
welding. When made in multiple, all welds may be made simulta-
erated by a concentrated beam of high-velocity electrons impinging on
the surfaces to be joined. Electrons have a very small mass and carry a
negative charge. An electron beam gun, consisting of an emitter, a bias
electrode, and an anode, is used to create and accelerate the beam of
electrons. Auxiliary components such as beam alignment, focus, and
deflection coils may be used with the electron beam gun; the entire
assembly is referred to as the electron beam gun column.

The advantages of the process arise from the extremely high energy
density in the focused beam which produces deep, narrow welds at high
speed, with minimum distortion and other deleterious heat effects.
These welds show superior strength compared with those made utilizing
other welding processes for a given material. Major applications are
with metals and alloys highly reactive to gases in the atmosphere or
those volatilized from the base metal being welded.

A disadvantage of the process lies in the necessity for providing
precision parts and fixtures so that the beam can be precisely aligned
with the joint to ensure complete fusion. Gapped joints are not normally
welded because of fixture complexity and the extreme difficulty of
manipulating filler metal into the tiny, rapidly moving, weld puddle
under high vacuum. When no filler metal is employed, it is common to
use the keyhole technique. Here, the electron beam makes a hole en-
tirely through the base metal, which is subsequently filled with melted
base metal as the beam leaves the area. Other disadvantages of the
process arise from the cost, complexity, and skills required to operate
and maintain the equipment, and the safety precautions necessary to
protect operating personnel from the X-rays generated during the oper-
ation.

Laser Beam Welding and Cutting

By using a laser, energy from a primary source (electrical, chemical,
thermal, optical, or nuclear) is converted to a beam of coherent electro-
magnetic radiation at ultraviolet, visible, or infrared frequency. Because
high-energy laser beams are coherent, they can be highly concentrated
to provide the high energy density needed for welding, cutting, and
heat-treating metals.

As applied to welding, pulsed and continuously operating solid-state
lasers and lasers that produce continuous-wave (cw) energy have been
developed to the point that multikilowatt laser beam equipment based
on CO2 is capable of full-penetration, single-pass welding of steel to
3⁄4-in thickness.

Lasers do not require a vacuum in which to operate, so that they offer
many of the advantages of electron beam welding but at considerably
lower equipment cost and higher production rates. Deep, narrow welds
are produced at high speeds and low total heat input, thus duplicating
the excellent weld properties and minimal heat effects obtained from
electron beam welding in some applications. The application of lasers to
metals—for cutting or welding—coupled with computerized control
systems, allows their use for complex shapes and contours.

Solid-State Welding

Solid-state welding encompasses a group of processes in which the weld
is effected by bringing clean metal surfaces into intimate contact under
certain specific conditions. In friction welding, one part is rotated at high
speed with respect to the other, under pressure. The parts are heated, but
not to the melting point of the metal. Rotation is stopped at the critical
moment of welding. Base metal properties across the joint show little
change because the process is so rapid. Ultrasonic welding employs me-
chanical vibrations at ultrasonic frequencies plus pressure to effect the
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intimate contact between faying surfaces needed to produce a weld.
(See also Sec. 12.) The welding tool is essentially a transducer that
converts electric frequencies to ultra-high-frequency mechanical vibra-
tions. By applying the tip of the tool, or anvil, to a small area in the
external surface of two lapped parts, the vibrations and pressure are
transmitted to the faying surfaces. Foils, thin-gage sheets, or fine wires
can be spot- or seam-welded to each other or to heavier parts.

Explosion Welding

Explosion welding utilizes extremely high pressures to join metals, often

oxyfuel process. Oxyfuel cutting is commonly regarded as the most
economical way to cut steel plates greater than 1⁄2 in thick.

A variety of fuel gases may be used for oxyfuel cutting, with the
choice largely dependent on local economics; they include natural gas,
propane, acetylene, and a variety of proprietary gases offering unique
advantages. Because of its role in the primary cutting stream, oxygen is
always used as a second gas. In addition, some oxygen is mixed with the
fuel gas in proportions designed to ensure proper combustion.

Plasma Arc Cutting (PAC) The plasma arc cutting process (Fig.
13.3.13) was developed initially to cut materials that do not permit the
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with significantly different properties. For example, it may used to clad
a metal substrate, such as steel, with a protective layer of a dissimilar
metal, such as aluminum. Since the materials do not melt, two metals
with significantly different melting points can be successfully welded
by explosion welding. The force and speed of the explosion are directed
to cause a series of progressive shock waves that deform the faying
surfaces at the moment of impact. A magnified section of the joint
reveals a true weld with an interlocking waveshape and, usually, some
alloying.

THERMAL CUTTING PROCESSES

Oxyfuel Cutting (OFC) Oxyfuel cutting (Fig. 13.3.12) is used to cut
steels and to prepare bevel and vee grooves. In this process, the metal is
heated to its ignition temperature, or kindling point, by a series of pre-
heat flames. After this temperature is attained, a high-velocity stream of
pure oxygen is introduced, which causes oxidation or ‘‘burning’’ to
occur. The force of the oxygen steam blows the oxides out of the joint,
resulting in a clean cut. The oxidation process also generates additional
thermal energy, which is radially conducted into the surrounding steel,
increasing the temperature of the steel ahead of the cut. The next portion
of the steel is raised to the kindling temperature, and the cut proceeds.

Carbon and low-alloy steels are easily cut by the oxyfuel process.
Alloy steels can be cut, but with greater difficulty than mild steel. The
level of difficulty is a function of the alloy content. When the alloy
content reaches the levels found in stainless steels, oxyfuel cutting can-
not be used unless the process is modified by injecting flux or iron-rich
powders into the oxygen stream. Aluminum cannot be cut with the
Fig. 13.3.12 Oxyfuel cutting.
use of the oxyfuel process: stainless steel and aluminum. It was found,
however, that plasma arc cutting offered economic advantages when
applied to thinner sections of mild steel, especially those less than 1 in
thick. Higher travel speed is possible with plasma arc cutting, and the
volume of heated base material is reduced, minimizing metallurgical
changes as well as reducing distortion.

PAC is a thermal and mechanical process. To utilize PAC, the mate-
rial is heated until molten and expelled from the cut with a high-velocity
stream of compressed gas. Unlike oxyfuel cutting, the process does not
rely on oxidation. Because high amounts of energy are introduced

Fig. 13.3.13 Plasma arc cutting process.
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Compressed
Air

Fig. 13.3.14 Air arc gouging.

through the arc, PAC is capable of extremely high-speed cutting. The
thermal energy generated during the oxidation process with oxyfuel
cutting is not present in plasma; hence, for thicker sections, PAC is not
economically justified. The use of PAC to cut thick sections usually is
restricted to materials that do not oxidize readily with oxyfuel.

Air Arc Gouging (AAG) The air carbon arc gouging system (Fig.
13.3.14) utilizes an electric arc to melt the base material; a high-velocity
jet of compressed air subsequently blows the molten material away. The
air carbon gouging torch looks much like a manual electrode holder, but
it uses a carbon electrode instead of a metallic electrode. Current is

Butt Corner

Tee
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conducted through the base material to heat it. A valve in the torch
handle permits compressed air to flow through two air ports. As the air
hits the molten material, a combination of oxidation and expulsion of
metal takes place, leaving a smooth cavity behind. The air carbon arc
gouging system is capable of removing metal at a much higher rate than
can be deposited by most welding processes. It is a powerful tool used to
remove metal at low cost.

Plasma Arc Gouging A relatively new development is the applica-
tion of plasma arc equipment for gouging. The process is identical to
plasma arc cutting, but the small-diameter orifice is replaced with a
larger one, resulting in a broader arc. More metal is heated, and a larger,
broader stream of hot, high-velocity plasma gas is directed toward the
workpiece. When the torch is inclined to the work surface, the metal can
be removed in a fashion similar to air carbon arc gouging. The applica-
tions of the process are similar to those of air carbon arc gouging.

DESIGN OF WELDED CONNECTIONS

A welded connection consists of two or more pieces of base metal joined
by weld metal. Design engineers determine joint type and generally
specify weld type and the required throat dimension. Fabricators select
the specific joint details to be used.

Joint Types

When pieces of steel are brought together to form a joint, they will
assume one of the five configurations presented in Fig. 13.3.15. Joint
types are descriptions of the relative positions of the materials to be
joined and do not imply a specific type of weld.

Weld Types

Welds fall into three categories: fillet welds, groove welds, and plug and
slot welds (Fig. 13.3.16). Plug and slot welds are used for connections
that transfer small loads.
Lap Edge

Fig. 13.3.15 Joint types.

Many engineers will see or have occasion to use standard welding
symbols. A detailed discussion of their proper use is found in AWS
documents. A few are shown in Fig. 13.3.17.

Fillet Welds Fillet welds have a triangular cross section and are
applied to the surface of the materials they join. By themselves, fillet
welds do not fully fuse the cross-sectional areas of parts they join,
although it is still possible to develop full-strength connections with
fillet welds. The size of a fillet weld is usually determined by measuring
the leg, even though the weld is designed by specifying the required
throat. For equal-legged, flat-faced fillet welds applied to plates that are
oriented 90° apart, the throat dimension is found by multiplying the leg
size by 0.707 (for example, sin 45°).

Groove
Fillet

Slot Plug

Fig. 13.3.16 Major weld types.
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Basic Weld Symbols*

Back
bead

Fillet

Groove or butt

Contour

ConvexFlush
Field weld

Weld all
around

SpacerBacking

* See AWS publications for a complete listing.

V Bevel U J Flare V
Flare
Bevel

Plug
or

slot

Supplementary Weld Symbols*

Fig. 13.3.17 Some welding symbols commonly used. (AWS)

Groove Welds Groove welds comprise two subcategories: com-
plete joint penetration (CJP) groove welds and partial joint penetration
(PJP) groove welds (Fig. 13.3.18). By definition, CJP groove welds
have a throat dimension equal to the thickness of the material they join;
a PJP groove weld is one with a throat dimension less than the thickness
of the materials joined.

An effective throat is associated with a PJP groove weld. This term is
used to differentiate between the depth of groove preparation and the
probable depth of fusion that will be achieved. The effective throat on a
PJP groove weld is abbreviated by E. The required depth of groove

form a built-up member. The forces on these welds are relatively low,
and fillet welds are generally utilized in these connections.

Filler Metal Strength Filler metal strength may be classified as
matching, undermatching, or overmatching. Matching filler metal has the
same, or slightly higher, minimum specified yield and tensile strength
as the base metal. CJP groove welds in tension require the use of match-
ing weld metal—otherwise, the strength of the welded connection will
be lower than that of the base metal. Undermatching filler metal deposits
welds of a strength lower than that of the base metal. Undermatching
filler metal may be deposited in fillet welds and PJP groove welds as
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preparation is designated by a capital S. Since the designer may not

Complete joint
penetration groove welds

Partial joint penetration
groove welds

Fig. 13.3.18 Types of groove welds.

know which welding process a fabricator will select, it is necessary only
to specify the dimension for E. The fabricator then selects the welding
process, determines the position of welding, and applies the appropriate
S dimension, which will be shown on the shop drawings. In most cases,
both the S and E dimensions will appear on the welding symbols of shop
drawings, with the effective throat dimension shown in parentheses.

Sizing of Welds

Overwelding is one of the major factors of welding cost. Specifying the
correct size of weld is the first step in obtaining low-cost welding. It is
important, then, to have a simple method to figure the proper amount of
weld to provide adequate strength for all types of connections.

In terms of their application, welds fall into two general types: pri-
mary and secondary. Primary welds are critical welds that directly
transfer the full applied load at the point at which they are located.
These welds must develop the full strength of the members they join.
Complete joint penetration groove welds are often used for these con-
nections. Secondary welds are those that merely hold the parts together to
long as the designer specifies a throat size that will compensate for the
reduction in weld metal strength. An overmatching filler metal deposits
weld metal that is stronger than the base metal; this is undesirable
unless, for practical reasons, lower-strength filler metal is unavailable
for the application. When overmatching filler metal is used, if the weld
is stressed to its maximum allowable level, the base metal can be over-
stressed, resulting in failure in the fusion zone. Designers must ensure
that connection strength, including the fusion zone, meets the applica-
tion requirements.

In welding high-strength steel, it is generally desirable to utilize un-
dermatching filler metal for secondary welds. High-strength steel may
require additional preheat and greater care in welding because there is
an increased tendency to crack, especially if the joint is restrained.
Undermatching filler metals such as E70 are the easiest to use and are
preferred, provided the weld is sized to impart sufficient strength to the
joint.

Allowable Strength of Welds under Steady Loads A structure, or
weldment, is as strong as its weakest point, and ‘‘allowable’’ weld
strengths are specified by the American Welding Society (AWS), the
American Institute of Steel Construction (AISC), and various other pro-
fessional organizations to ensure that a weld will deliver the mechanical
properties of the members being joined. Allowable weld strengths are
designated for various types of welds for steady and fatigue loads.

CJP groove welds are considered full-strength welds, since they are
capable of transferring the equivalent capacity of the members they
join. In calculations, such welds are allowed the same stress as the plate,
provided the proper strength level of weld metal is used (e.g., matching
filler metal). In such CJP welds, the mechanical properties of the weld
metal must at least match those of the base metal. If the plates joined are
of different strengths, the weld metal strength must at least match the
strength of the weaker plate.

Figure 13.3.19 illustrates representative applications of PJP groove
welds widely used in the economical welding of very heavy plates. PJP
groove welds in heavy material will usually result in savings in weld
metal and welding time, while providing the required joint strength. The
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Compression Tension-parallel

Table 13.3.1 Minimum Fillet
Weld Size v or Minimum
Throat of PJP Groove Weld te

Material thickness of v or te,
thicker part joined, in in

*To 1⁄4 incl. 1⁄8
Over 1⁄4 to 1⁄2 3⁄16

Over 1⁄2 to 3⁄4 1⁄4
†Over 3⁄4 to 11⁄2 5⁄16

we

(1,0

on fi

19.09v 21.21v 23.33v 25.45v
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Shear Tension-transverse

PL girder
in bending

Lifting
lug

Fig. 13.3.19 Applications of partial joint penetration (PJP) groove welds.

faster cooling and increased restraint, however, justify establishment of
a minimum effective throat te (see Table 13.3.1).

Other factors must be considered in determining the allowable stress
on the throat of a PJP groove weld. Joint configuration is one. If a V, J,
or U groove is specified, it is assumed that the welder can easily reach
the bottom of the joint, and the effective weld throat te equals the depth
of the groove. If a bevel groove with an included angle of 45° or less is
specified and SMAW is used, 1⁄8 in is deducted from the depth of the
prepared groove in defining the effective throat. This does not apply to
the SAW process because of its deeper penetration capabilities. In the
case of GMAW or FCAW, the 1⁄8-in reduction in throat only applies to
bevel grooves with an included angle of 45° or less in the vertical or
overhead position.

Weld metal subjected to compression in any direction or to tension
parallel to the axis of the weld should have the same allowable strength
as the base metal. Matching weld metal must be used for compression,
but is not necessary for tension parallel loading.

The existence of tension forces transverse to the axis of the weld or
shear in any direction requires the use of weld metal allowable strengths
that are the same as those used for fillet welds. The selected weld metal
may have mechanical properties higher or lower than those of the metal

Table 13.3.2 Allowable Loads for Various Size Fillet Welds

Strength level of

60* 70* 80

Allowable shear stress on throat, ksi

t 5 18.0 21.0 24.0

Allowable unit force

f 5 12.73v 14.85v 16.97v
Leg size v, in Allowable unit fo

1 12.73 14.85 16.97
7⁄8 11.14 12.99 14.85
3⁄4 9.55 11.14 12.73
5⁄8 7.96 9.28 10.61
1⁄2 6.37 7.42 8.48
7⁄16 5.57 6.50 7.42
3⁄8 4.77 5.57 6.36
5⁄16 3.98 4.64 5.30
1⁄4 3.18 3.71 4.24
3⁄16 2.39 2.78 3.18
1⁄8 1.59 1.86 2.12
1⁄16 0.795 0.930 1.06

* Fillet welds actually tested by the joint AISC-AWS Task Committee.
Over 11⁄2 to 21⁄4 3⁄8
Over 21⁄4 to 6 1⁄2
Over 6 5⁄8

Not to exceed the thickness of the thinner part.
* Minimum size for bridge application does not

go below 3⁄16 in.
† For minimum fillet weld size, table does not

go above 5⁄16-in fillet weld for over 3⁄4-in material.

being joined. If the weld metal has lower strength, however, its allow-
able strength must be used to calculate the weld size or maximum
allowable weld stress. For higher-strength weld metal, the weld allow-
able strength may not exceed the shear allowable strength of the base
metal.

The AWS has established the allowable shear value for weld metal in a
fillet or PJP bevel groove weld as

t 5 0.30 3 electrode min. spec. tensile strength 5 0.30 3 EXX

and has proved it valid from a series of fillet weld tests conducted by a
special Task Committee of AISC and AWS.

Table 13.3.2 lists the allowable shear values for various weld metal
strength levels and the more common fillet weld sizes. These values are
for equal-leg fillet welds where the effective throat te equals 0.707 3 leg
size v. With the table, one can calculate the allowable unit force per
lineal inch f for a weld size made with a particular electrode type. For
example, the allowable unit force per lineal inch f for a 1⁄2-in fillet weld
made with an E70 electrode is

f 5 0.707vt 5 0.707(1⁄2 in)(0.30)(70 ksi) 5 7.42 kips/in in

The minimum allowable sizes for fillet welds are given in Table
13.3.1. When materials of different thickness are joined, the minimum
fillet weld size is governed by the thicker material; but this size need not
exceed the thickness of the thinner material unless it is required by the
calculated stress.

ld metal (EXX)

90* 100 110* 120

00 lb/in2), of fillet weld or PJP weld

27.0 30.0 33.0 36.0

llet weld, kips/lin in
rce for various sizes of fillet welds, kips/lin in

19.09 21.21 23.33 25.45
16.70 18.57 20.41 22.27
14.32 15.92 17.50 19.09
11.93 13.27 14.58 15.91
9.54 10.61 11.67 12.73
8.35 9.28 10.21 11.14
7.16 7.95 8.75 9.54
5.97 6.63 7.29 7.95
4.77 5.30 5.83 6.36
3.58 3.98 4.38 4.77
2.39 2.65 2.92 3.18
1.19 1.33 1.46 1.59
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Connections under Simple Loads For a simple tensile, compressive
or shear load, the imposed load is divided by weld length to obtain
applied force, f, in pounds per lineal inch of weld. From this force, the
proper leg size of the fillet weld or throat size of groove weld is found.

For primary welds in butt joints, groove welds must be made through
the entire plate, in other words, 100 percent penetration. Since a butt joint
with a properly made CJP groove has a strength equal to or greater than
that of the plate, there is no need to calculate the stress in the weld or to
attempt to determine its size. It is necessary only to utilize matching
filler metal.

horizontal shear forces; and (3) horizontal shear forces require welds to
transmit them between the flange and web of the beam.

NOTE: (1) Shear forces occur only when the bending moment is
changing. (2) It is quite possible for portions of a beam to have little or
no shear—i.e., the middle portions of the beams 1 and 2, within which
the bending moment is constant. (3) When there is a difference in shear
along the length of the beam, the shear forces are usually greatest at the
ends of the beam (see beam 3), so that when web stiffeners are used,
they are welded continuously when placed at the ends and welded inter-
mittently when placed elsewhere along the length of the beam. (4) Fix-
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With fillet welds, it is possible to have a weld that is either too large
or too small; therefore, it is necessary to be able to determine the proper
weld size.

Parallel fillet welds have forces applied parallel to their axis, and the
throat is stressed only in shear. For an equal-legged fillet, the maximum
shear stress occurs on the 45° throat.

Transverse fillet welds have forces applied transversely, or at right
angles to their axis, and the throat is stressed by combined shear and
normal (tensile or compressive) stresses. For an equal-legged fillet
weld, the maximum shear stress occurs on the 671⁄2° throat, and the
maximum normal stress occurs on the 221⁄2° throat.

Connections Subject to Horizontal Shear A weld joining the
flange of a beam to its web is stressed in horizontal shear (Fig. 13.3.20).
A designer may be accustomed to specifying a certain size fillet weld
for a given plate thickness (e.g., leg size about three-fourths of the plate
thickness) in order that the weld develop full plate strength. This partic-
ular joint between flange and web is an exception to this rule. In order to

Built-up column

Fabricated plate beam

Stiffeners on flat panel

Fabricated frames

Fig. 13.3.20 Examples of welds stressed in horizontal shear.

prevent web buckling, a lower allowable shear stress is usually used,
which results in the requirement for a thicker web. The welds are in an
area next to the flange where there is no buckling problem, and no
reduction in allowable load is applied to them. From a design stand-
point, these welds may be very small; their actual size sometimes is
determined by the minimum size allowed by the thickness of the flange
plate, in order to ensure the proper slow cooling rate of the weld on the
heavier plate.

General Rules about Horizontal Shear Aside from joining the
flanges and web of a beam, or transmitting any unusually high force
between the flange and web at right angles to the assembly (e.g., bearing
supports, lifting lugs), the weld between flange and web serves to trans-
mit the horizontal shear forces; the weld size is determined by the
magnitude of the shear forces. In the analysis of a beam, a shear diagram
is useful to depict the amount and location of welding required between
the flange and web (Fig. 13.3.21).

Figure 13.3.21 shows that (1) members with applied transverse loads
are subject to bending moments; (2) changes in bending moments cause
ing beam ends will alter the moment diagram to reduce the maximum
moment; i.e., the bending moment is lower in the middle, but is now
introduced at the ends. For the uniform loading configuration in beam 3,
irrespective of the end conditions and their effect on bending moments
and their location, the shear diagram will remain unchanged, and the
amount of welding between flange and web will remain the same.

P

1
Simply supported

concentrated loads (lb)

1
2

1
2

P P P w

1
2

1
2

1
2

1
2

2
Fixed ends,

concentrated loads (lb)

Beam support; loading diagrams (lb or lb/ ft)

3
Simply supported

uniformly distributed
load (lb/ ft)

Shear diagrams (lb)

Moment diagrams (lb•ft)

Fig. 13.3.21 Shear and moment diagrams.

Application of Rules to Find Weld Size Horizontal shear forces act-
ing on the weld joining flange and web (Fig. 13.3.22) may be found
from the following formula:

f 5
Vay

In
lb/ lin in

where f 5 force on weld, lb/ lin in; V 5 total shear on section at a given
position along beam, lb; a 5 area of flange held by weld, in2; y 5
distance between center of gravity of flange area and neutral axis of
whole section, in; I 5 moment of inertia of whole section, in4; and n 5
number of welds joining flange to web.

Locate Welds at Point of Minimum Stress In Fig. 13.3.23a, shear
force is high because the weld lies on the neutral axis of the section,

Fig. 13.3.22 Area of flange held by weld.
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where the horizontal shear force is maximum. In Fig. 3.3.23b, the shear
force is resisted by the channel webs, not the welds. In this last case, the
shear formula above does not enter into consideration; for the configu-
ration in Fig. 13.3.23b, full-penetration welds are not required.

Load

Proposed Method The following is a simple method used to deter-
mine the correct amount of welding required to provide adequate
strength for either a bending or a torsion load. In this method, the weld is
treated as a line, having no area but having a definite length and cross
section. This method offers the following advantages:

1. It is not necessary to consider throat areas.
2. Properties of the weld are easily found from a table without

knowledge of weld leg size.
3. Forces are considered per unit length of weld, rather than con-

verted to stresses. This facilitates dealing with combined-stress prob-
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Shear force

(a)

(b)

Load

Fig. 13.3.23 Design options for placement of welds. (a) Welds at neutral axis;
(b) welds at outer fibers.

Determine Length and Spacing of Intermittent Welds If intermit-
tent fillet welds are used, read the weld size as a decimal and divide this
by the actual size used. Expressed as a percentage, this will give the
length of weld to be used per unit length. For convenience, Table 13.3.3
lists various intermittent weld lengths and distances between centers for
given percentages of continuous welds; or

% 5
calculated leg size (continuous)

actual leg size used (intermittent)

Connections Subject to Bending or Twisting The problem here is
to determine the properties of the welded connection in order to check
the stress in the weld without first knowing its leg size. One approach
suggests assuming a certain weld leg size and then calculating the stress
in the weld to see if it is over- or understressed. If the result is too far off,
the assumed weld leg size is adjusted, and the calculations repeated.
This iterative method has the following disadvantages:

1. A decision must be made as to throat section size to be used to
determine the property of the weld. Usually some objection can be
raised to any throat section chosen.

2. The resulting stresses must be combined, and for several types of
loading, this can become rather complicated.

Table 13.3.3 Length and Spacing of
Intermittent Welds

Continuous Length of intermittent welds and
weld, % distance between centers, in

75 — 3–4 —
66 — — 4–6
60 — 3–5 —
57 — — 4–7
50 2–4 3–6 4–8
44 — — 4–9
43 — 3–7 —
40 2–5 — 4–10
37 — 3–8 —
33 2–6 3–9 4–12
30 — 3–10 —
25 2–8 3–12 —
20 2–10 — —
16 2–12 — —
lems.
4. Actual values of welds are given as force per unit length of weld

instead of unit stress on throat of weld.
Visualize the welded connection as a line (or lines), following the

same outline as the connection but having no cross sectional area. In
Fig. 13.3.24, the desired area of the welded connection Aw can be repre-
sented by just the length of the weld. The stress on the weld cannot be
determined unless the weld size is assumed; but by following the pro-
posed procedure which treats the weld as a line, the solution is more
direct, is much simpler, and becomes basically one of determining the
force on the weld(s).

d

b

Bending
load

Twisting load

The welded
connection
treated as
a line (no area)

d

d

b

b

Fig. 13.3.24 Treating the weld as a line.

Use Standard Formulas to Find Force on Weld Treat the weld as a
line. By inserting this property of the welded connection into the stan-
dard design formula used for a particular type of load (Table 13.3.4a),
the unit force on the weld is found in terms of pounds per lineal inch of
weld.

Normally, use of these standard design formulas results in a unit
stress, lb/in2, but with the weld treated as a line, these formulas result in
a unit force on the weld, in lb/ lin in.

For problems involving bending or twisting loads, Table 13.3.4c is
used. It contains the section modulus Sw and polar moment of inertia Jw

of some 13 typical welded connections with the weld treated as a line.
For any given connection, two dimensions are needed: width b and
depth d. Section modulus Sw is used for welds subjected to bending;
polar moment of inertia Jw for welds subjected to twisting. Section
modulus Sw in Table 13.3.4c is shown for symmetric and unsymmetric
connections. For unsymmetric connections, Sw values listed differen-
tiate between top and bottom, and the forces derived therefrom are
specific to location, depending on the value of Sw used.

When one is applying more than one load to a welded connection,
they are combined vectorially, but must occur at the same location on
the welded joint.

Use Allowable Strength of Weld to Find Weld Size Weld size is
obtained by dividing the resulting unit force on the weld by the allow-
able strength of the particular type of weld used, obtained from Table
13.3.5 (steady loads) or Table 13.3.6 (fatigue loads). For a joint which
has only a transverse load applied to the weld (either fillet or butt weld),
the allowable transverse load may be used from the applicable table. If
part of the load is applied parallel (even if there are transverse loads in
addition), the allowable parallel load must be used.
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Applying the System to Any Welded Connection
1. Find the position on the welded connection where the combination

of forces will be maximum. There may be more than one which must be
considered.

2. Find the value of each of the forces on the welded connection at
this point. Use Table 13.3.4a for the standard design formula to find the
force on the weld. Use Table 13.3.4c to find the property of the weld
treated as a line.

3. Combine (vectorially) all the forces on the weld at this point.
4. Determine the required weld size by dividing this value (step 3) by

1. Properly select weld type.
2. Use CJP groove welds only where loading criteria mandate.
3. Consider the cost of joint preparation vs. welding time when you

select groove weld details.
4. Double-sided joints reduce the amount of weld metal required.

Verify welder access to both sides and that the double-sided welds will
not require overhead welding.

5. Use intermittent fillet welds where continuous welds are not
required.
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the allowable force in Table 13.3.5 or 13.3.6.
Sample Calculations Using This System The example in Fig.

13.3.25 illustrates the application of this procedure.

Summary

The application of the following guidelines will ensure effective welded
connections:
100

100

18,000 lb

Fillet weld

50

Step 1

NY

Y

Y a

CG d

b

Step 2

Jw 5 

Aw 5 20 in 

(2b 1
12

(Table 13.3.4a)

Twisting (horizontal component)

fh 5 
T Ch
Jw

5 
(180,000)(5)

(385.9)
5 2340 lb/ in

Twisting (vertical component)

fv 5 
T Cv
Jw

5 
(180,000)(3.75)

(385.9)
5 1750 lb/ in

Vertical shear

fs 5 

fR 5 fv
2 1 

P
Aw

5 
180,000

20
5 900 lb/ in

Step 3

5 v
3540

12,730

Step 4  (Assume

Fig. 13.3.25 Sample problem: Find the fillet weld size required for the connection s
6. On corner joints, prepare the thinner member.
7. Strive to obtain good fit-up and do not overweld.
8. Orient welds and joints to facilitate flat and horizontal welding

wherever possible.
9. Use the minimum amount of filler metal possible in a given

joint.
10. Always ensure adequate access for the welder, welding appa-

ratus, and inspector.
Properties of weld treated as a line
(Table 13.3.4c)

NY 5 
b2

2b 1 d 
5 

52

2 3 5 1 10 
5 1.25 in 

 d )3

5 
(2 3 5 1 10)3

12
2 

b2(b 1 d )2

(2b 1 d)
5

52(5 1 10)2

(2 3 5 1 10)
5 385.9 in3 

fh
2 5 

5 0.278 in or 16 in leg fillet weld 

 E60 electrodes; Table 13.3.2)

.23402 1 26502 5 3540 lb/ in 

5

fh 5 2340

fv 5 1750

fs 5 900

2650

f
R  5 3540

hown.
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Table 13.3.4 Treating a Weld as a Line

Standard Treating the
design formula weld as a line

Stress lb/in2 Force, lb/in
Type of loading

Primary welds transmit entire load at this point

P Tension or compression s 5
P

A
f 5

P

Aw

V
Vertical shear s 5

V

A
f 5

V

Aw

M
Bending s 5

M

S
f 5

M

Sw

T

C Twisting s 5
TC

J
f 5

TC

Jw

Secondary welds hold section together—low stress

y

A
Horizontal shear t 5

VAy

It
f 5

VAy

In

T

C

t

Torsion horizontal shear* t 5
T

2At
f 5

T

2A

A 5 area contained within median line.
* Applies to closed tubular section only.

(a) Design formulas used to determine forces on a weld

b 5 width of connection, in
d 5 depth of connection, in
A 5 area of flange material held by welds in hori-

zontal shear, in2

y 5 distance between center of gravity of flange
material and N.A. of whole section, in

I 5 moment of inertia of whole section, in.4
C 5 distance of outer fiber, in
t 5 thickness of plate, in
J 5 polar moment of inertia of section, in.4
P 5 tensile or compressive load, lb
V 5 vertical shear load, lb

M 5 bending moment, in ? lb
T 5 twisting moment, in ? lb.

Aw 5 length of weld, in
Sw 5 section modulus of weld, in2

Jw 5 polar moment of inertia of weld, in3

Nx 5 distance from x axis to face
Ny 5 distance from y axis to face
S 5 stress in standard design formula, lb/ in2

f 5 force in standard design formula when weld is
treated as a line, lb/ in

n 5 number of welds

(b) Definition of terms

Allowable Fatigue Strength of Welds

The performance of a weld under cyclic stress is an important considera-
tion, and applicable specifications have been developed following ex-
tensive research by the American Institute of Steel Construction
(AISC). Although sound weld metal has about the same fatigue strength
as unwelded metal, the change in section induced by the weld may
lower the fatigue strength of the welded joint. In the case of a CJP
groove weld, reinforcement, any undercut, lack of penetration, or a
crack will act as a notch; the notch, in turn, is a stress raiser which results

tails arise with other classes of fabricated metal products subjected to
repeated loading, such as presses, transportation equipment, and mate-
rial handling devices. The principles underlying fatigue performance
are relatively independent of a particular application, and these data
shown can be applied to the design of weldments other than for bridge
construction.

Table 13.3.6 is abstracted from an extensive tabulation in the AISC
‘‘Manual of Steel Construction,’’ 9th ed. The table also lists the varia-
tion of allowable range of stress vs. number of stress cycles for cyclic
loading. A detailed discussion of the solution of fatigue-loaded welded
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in reduced fatigue strength. A fillet weld used in lap or tee joints pro-
vides an abrupt change in section; that geometry introduces a stress
raiser and results in reduced fatigue strength.

The initial AISC research was directed toward bridge structure com-
ponents; Table 13.3.6 illustrates a few such combinations. Similar de-
joints is beyond the scope of this section. The reader is referred to the
basic reference cited above and to the references at the head of this
section in pursuing the procedures recommended to solve problems
involving welded assemblies subjected to fatigue loads.



Table 13.3.4 Treating a Weld as a Line (Continued)

Outline of welded joint Bending
b 5 width d 5 depth (about horizontal axis x 2 x) Twisting

d x x
Sw 5

d2

6
in2 Jw 5

d3

12
in3

b

cx x

Sw 5
d2

3
Jw 5

d(3b2 1 d2)

6

x x d
b

Sw 5 bd Jw 5
b3 1 3bd2

6

xx

y

y Ny 5 b2

2(b1d)d

b

Nx 5 d 2

2(b1d)

Sw 5
4bd 1 d2

6

top

5
d2(4b 1 d )

6(2b 1 d )

bottom
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Table 13.3.5a Allowable Stresses on Weld Metal

Type of weld stress Permissible stress* Required strength level†‡

Complete penetration groove welds

Tension normal to effective throat Same as base metal Matching weld metal must be used. See table
below.

Compression normal to effective throat Same as base metal Weld metal with a strength level equal to or one
classification (10 ksi) less than matching weld
metal may be used.

Tension or compression parallel to axis of weld Same as base metal

Shear on effective throat 0.30 3 nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.40 3 yield stress of base metal

Weld metal with a strength level equal to or less
than matching weld metal may be used.

Partial penetration groove welds

Compression normal to effective throat Designed not to bear—0.50 3 nominal tensile
strength of weld metal (ksi) except stress on base
metal shall not exceed 0.60 3 yield stress of
base metal

Designed to bear. Same as base metal

Tension or compression parallel to axis of weld§ Same as base metal

Shear parallel to axis of weld 0.30 3 nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.40 3 yield stress of base metal

Tension normal to effective throat¶ 0.30 3 nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.60 3 yield stress of base metal

Weld metal with a strength level equal to or less
than matching weld metal may be used.

Fillet welds§

Stress on effective throat, regardless of direction
of application of load

0.30 3 nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.40 3 yield stress of base metal

Tension or compression parallel to axis of weld Same as base metal

Weld metal with a strength level equal to or less
than matching weld metal may be used

Plug and slot welds

Shear parallel to faying surfaces 0.30 3 nominal tensile strength of weld metal
(ksi) except stress on base metal shall not exceed
0.40 3 yield stress of base metal

Weld metal with a strength level equal to or less
than matching weld metal may be used

* For matching weld metal, see AISC Table 1.17.2 or AWS Table 4.1.1 or table below.
† Weld metal, one strength level (10 ksi) stronger than matching weld metal may be used when using alloy weld metal on A242 or A588 steel to match corrosion resistance or coloring characteristics

(Note 3 of Table 4.1.4 or AWS D1.1).
‡ Fillet welds and partial penetration groove welds joining the component elements of built-up members (ex. flange to web welds) may be designed without regard to the axial tensile or compressive

stress applied to them.
§ Cannot be used in tension normal to their axis under fatigue loading (AWS 2.5). AWS Bridge prohibits their use on any butt joint (9.12.1.1), or any splice in a tension or compression member

(9.17), or splice in beams or girders (9.21), however, are allowed on corner joints parallel to axial force of components of built-up members (9.12.1.2 (2). Cannot be used in girder splices (AISC
1.10.8).
¶ AWS D1.1 Section 9 Bridges–reduce above permissible stress allowables of weld by 10%.
SOURCE: Abstracted from AISC and AWS data, by permission. Footnotes refer to basic AWS documents as indicated.

Table 13.3.5b Matching Filler and Base Metals*

Weld metal 60 or 70 70 80 100 110

Type of steel A36; A53, Gr. B; A106, Gr. B; A131,
Gr. A, B, C, CS, D, E; A139, Gr.
B; A381, Gr. Y35; A500, Gr. A, B;
A501; A516, Gr. 55, 60; A524, Gr.
I, II; A529; A570, Gr. D.E; A573,
Gr. 65; A709, Gr. 36; API 5L, Gr.
B; API 5LX Gr. 42; ABS, Gr. A,
B, D, CS, DS, E

A131, Gr. AH32, DH32, EH32,
AH36, DH36, EH36; A242; A441;
A516, Gr. 65; 70; A537, Class 17;
A572, Gr. 42, 45, 50, 55; A588 (4 in
and under); A595, Gr. A, B, C;
A606; A607, Gr. 45, 50, 55; A618;
A633, Gr. A, B, C, D (21⁄2 in and
under); A709, Gr. 50, 50W; API 2H;
ABS Gr. AH32, DH32, EH32,
AH36, DH36, EH36.

A572, Gr. 60, 65;
A537, Class 2;
A63, Gr. E

A514 (over 21⁄2
in (63 mm)];
A709, Gr. 100,
100W [21⁄2 to
4 in (63 to 102
mm)]

A514 [21⁄2 in (63
mm) and
under]; A517;
A709, Gr. 100,
100W [21⁄2 in
(63 mm) and
under]

* Abstracted from AISC and AWS data, by permission

Figure 13.3.26 is a modified Goodman diagram for a CJP groove butt
weld with weld reinforcement left on. The category is C, and the life is
500,000 to 2 million cycles (see Table 13.3.6). The vertical axis shows
maximum stress smax , and the horizontal axis shows minimum stress
smin , either positive or negative. A steady load is represented by the 45°
line to the right, and a complete reversal by the 45° line to the left. The

region to the right of the vertical line (K 5 0) represents tensile loading.
The fatigue formulas apply to welded butt joints in plates or other joined
members. The region to the left of this line represents cycles going into
compressive loading.

The fatigue formulas are meant to reduce the allowable stress as
cyclic loads are encountered. The resulting allowable fatigue stress
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Table 13.3.6 AISC Fatigue Allowable Stresses for Cyclic Loading

Base metal–no attachments–rolled or clean sur-
faces

(A)

Base metal–built-up plates or shapes–connected
by continuous complete penetration groove welds
or fillet welds–without attachments. Note: don’t
use this as a fatigue allowable for the fillet weld to
transfer a load. See (F) for that case.

(B)

Base metal and weld metal at full penetration
groove welds–changes thickness or width not to
exceed a slope of 1 in 21⁄2 (22°). Ground flush and
inspected by radiography or ultrasound (B).

For A514 steel (B9 )

Base metal and weld metal at full penetration
groove welds–changes in thickness or width not
to exceed a slope of 1 in 21⁄2 (22°) Weld reinforce-
ment not removed inspected by radiography or
ultrasound.

(C)

Longitudinal loading
Base metal– full penetration groove weld
Weld termination ground smooth
Weld reinforcement not removed
Not necessarily equal thickness

2 , a , 12 b or 4 in (D)
a . 12b or 4 in when b 6 1 in (E)
a . 12b or 4 in when b . 1 in (E9)

Weld metal of continuous or intermittent longitu-
dinal or transverse fillet welds.

(F)

Allowable Stress Range, ssr Ksi

20,000 to 100,000 to 500,000 to Over
Category 100,000 ; 500,000 ; 2 3 106 ; 2 3 106 ;

A 63 37 24 24
B 49 29 18 16
B9 39 23 15 12
C 35 21 13 10 (Note 1)
D 28 16 10 7
E 22 13 8 5
E9 16 9 6 3
F 15 12 9 8

Note 1: Flexural stress range of 12 ksi permitted at toe of stiffener welds on flanges.

Allowable fatigue stress:

smax 5
ssr

1 2 K
for normal stress s tmax 5

tsr

1 2 K
for shear stress t

but shall not exceed steady allowables

smax or tmax 5 maximum allowable fatigue stress
ssr or tsr 5 allowable range of stress from table above

K 5
smin

smax
5

Mmin

Mmax
5

Fmin

Fmax
5

tmin

tmax
5

Vmin

Vmax

where S 5 shear, T 5 tension, R 5 reversal, M 5 stress in metal, and W 5 stress in
weld.

SOURCE: Abstracted from AISC ‘‘Manual of Steel Construction,’’ 9th ed., by permission.

should not exceed the usual steady load allowable stress. For this rea-
son, these fatigue curves are cut off with horizontal lines representing
the steady load allowable stress for the particular type of steel used. In
Fig. 13.3.26, A36 steel with E60 or E70 weld metal is cut off at 22 ksi;
A441 steel with E70 weld metal at 30 ksi; and A514 with E110 weld
metal at either 54 or 60 ksi, depending on plate thickness.

Figure 13.3.27 is a modification of Fig. 13.3.26, where the horizontal
axis represents the range K of the cyclic stress. Here, two additional

strength levels of weld metal have been added—E80 and E90—along
with equivalent strength levels of steel. Note that for a small range in
stress of K 5 0.6 to 1.0, higher-strength welds and steels show increased
allowable fatigue stress. However, as the stress range increases—lower
values of K—the increase is not as great, and below K 5 1 0.35 all
combinations of weld and steel strengths exhibit the same allowable
fatigue stress.

Figure 13.3.28 represents the same welded joint as in Fig. 13.3.27,
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Fig. 13.3.26 Modified Goodman diagram for butt weld. [Butt weld and plate, weld reinforcement left on. Category C;
500,000 to 2,000,000 cycles (see Table 13.3.6).]
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Fig. 13.3.27 Fatigue allowable for groove weld. [Butt weld and plate, weld reinforcement left on. Category C;
500,000 to 2,000,000 cycles (see Table 13.3.6).]

but with a lower life of 20,000 to 100,000 cycles. Here, the higher-
strength welds and steels have higher allowable fatigue stresses and
over a wider range. A conclusion can be drawn that the wider the range
of cycling, the less useful the application of a high-strength steel. When
there is a complete stress reversal, there is not much advantage in using
a high-strength steel.

BASE METALS FOR WELDING

Introduction

When one is considering welding them, the nature of the base metals
must be understood and recognized, i.e., their chemical composition,
mechanical properties, and metallurgical structure. Cognizance of the
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Fig. 13.3.28 Fatigue allowable for groove weld. [Butt weld and plate, weld reinforcement left on. Category C; 20,000
to 100,000 cycles (see Table 13.3.6).]

mechanical properties of the base metal will guide the designer to en-
sure that the weld metal deposited will have properties equal to those of
the base metal; knowledge of the chemical composition of the base
metal will affect the selection of the filler metal and/or electrode; fi-
nally, the metallurgical structure of the base metal as it comes to the
welding operation (hot-worked, cold-worked, quenched, tempered, an-
nealed, etc.) will affect the weldability of the metal and, if it is weldable,
the degree to which the final properties are as dictated by design re-
quirements. Welding specifications may address these matters, and base
metal suppliers can provide additional data as to the weldability of the

to machine. The cooling rate may be diminished and hardness decreased
by preheating the metal to be welded above 300°F (149°C) and prefera-
bly to 500°F (260°C). The degree of preheating depends on the thick-
ness of the section. Subsequent heating of the welded zone to 1,100 to
1,200°F (593 to 649°C) will restore ductility and relieve thermal strains.
Brazing may also be used, as noted for low-carbon steels above.

High-Carbon Steels (Carbon from 0.45 to 0.80 percent) These
steels are rarely welded except in special cases. The tendency for the
metal heated above the critical range to become brittle is more pro-
nounced than with lower- or medium-carbon steels. Thorough preheat-
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metal.
In some cases, the identity of the base metal is absolutely not known.

To proceed to weld such metal may prove disastrous. Identification may
be aided by some general characteristics which may be self-evident:
carbon steel (oxide coating) vs. stainless steel (unoxidized); brush-fin-
ished aluminum (lightweight) vs. brush-finished Monel metal (heavy);
etc. Ultimately, it may become necessary to subject the unknown metal
to chemical, mechanical, and other types of laboratory tests to ascertain
its exact nature.

Steel

Low-Carbon Steels (Carbon up to 0.30 percent) Steels in this
class are readily welded by most arc and gas processes. Preheating is
unnecessary unless parts are very heavy or welding is performed below
32°F (0°C). Torch-heating steel in the vicinity of welding to 70°F
(21°C) offsets low temperatures. Postheating is necessary only for im-
portant structures such as boilers, pressure vessels, and piping. GTAW
is usable only on killed steels; rimmed steels produce porous, weak
welds. Resistance welding is readily accomplished if carbon is below
0.20 percent; higher carbon requires heat-treatment to slow the cooling
rate and avoid hardness. Brazing with BAg, BCu, and BCuZn filler
metals is very successful.

Medium-Carbon Steels (Carbon from 0.30 to 0.45 percent) This
class of steel may be welded by the arc, resistance, and gas processes.
As the rapid cooling of the metal in the welded zone produces a harder
structure, it is desirable to hold the carbon as near 0.30 percent as
possible. These hard areas are proportionately more brittle and difficult
ing of metal, in and near the welded zone, to a minimum of 500°F is
essential. Subsequent annealing at 1,350 to 1,450°F (732 to 788°C) is
also desirable. Brazing is often used with these steels, and is combined
with the heat treatment cycle.

Low-Alloy Steels The weldability of low-alloy steels is dependent
upon the analysis and the hardenability, those exhibiting low hardenabil-
ity being welded with relative ease, whereas those of high hardenability
requiring preheating and postheating. Sections of 1⁄4 in (6.4 mm) or less
may be welded with mild-steel filler metal and may provide joint
strength approximating base metal strength by virtue of alloy pickup in
the weld metal and weld reinforcement. Higher-strength alloys require
filler metals with mechanical properties matching the base metal. Spe-
cial alloys with creep-resistant or corrosion-resistant properties must
be welded with filler metals of the same chemical analysis. Low-
hydrogen-type electrodes (either mild- or alloy-steel analyses)
permit the welding of alloy steels, minimizing the occurrence of under-
head cracking.

Stainless Steel

Stainless steel is an iron-base alloy containing upward of 11 percent
chromium. A thin, dense surface film of chromium oxide which forms
on stainless steel imparts superior corrosion resistance; its passivated
nature inhibits scaling and prevents further oxidation, hence the appel-
lation ‘‘stainless.’’ (See Sec. 6.2.)

There are five types of stainless steels, and depending on the amount
and kind of alloying additions present, they range from fully austenitic
to fully ferritic. Most stainless steels have good weldability and may be
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welded by many processes, including arc welding, resistance welding,
electron and laser beam welding, and brazing. With any of these, the
joint surfaces and any filler metal must be clean.

The coefficient of thermal expansion for the austenitic stainless steels
is 50 percent greater than that of carbon steel; this must be taken into
account to minimize distortion. The low thermal and electrical conduc-
tivity of austenitic stainless steel is generally helpful. Low welding heat
is required because the heat is conducted more slowly from the joint, but
low thermal conductivity results in a steeper thermal gradient and in-
creases distortion. In resistance welding, lower current is used because

the austenitizing temperature (around 1,900°F) and then aging between
900 and 1,150°F. Semiaustenitic PH stainless steels do not transform to
martensite when cooled from the austenitizing temperature because the
martensite transformation temperature is below room temperature.
Austenitic PH stainless steels remain austenitic after quenching from
the solution temperature, even after substantial amounts of cold work.

If maximum strength is required to martensitic PH and semiaustenitic
PH stainless steels, matching, or nearly matching, filler metal should be
used, and before welding, the work pieces should be in the annealed or
solution-annealed condition. After welding, a complete solution heat
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electric resistivity is higher.
Ferritic Stainless Steels Ferritic stainless steels contain 11.5 to 30

percent Cr, up to 0.20 percent C, and small amounts of ferrite stabiliz-
ers, such as Al, Nb, Ti, and Mo. They are ferritic at all temperatures, do
not transform to austenite, and are not hardenable by heat treatment.
This group includes types 405, 409, 430, 442, and 446. To weld ferritic
stainless steels, filler metals should match or exceed the Cr level of the
base metal.

Martensitic Stainless Steels Martensitic stainless steels contain
11.4 to 18 percent Cr, up to 1.2 percent C, and small amounts of Mn and
Ni. They will transform to austenite on heating and, therefore, can be
hardened by formation of martensite on cooling. This group includes
types 403, 410, 414, 416, 420, 422, 431, and 440. Weld cracks may
appear on cooled welds as a result of martensite formation. The Cr and
C content of the filler metal should generally match these elements in
the base metal. Preheating and interpass temperature in the 400 to 600°F
range is recommended for welding most martensitic stainless steels.
Steels with over 0.20 percent C often require a postweld heat treatment
to avoid weld cracking.

Austenitic Stainless Steels Austenitic stainless steels contain 16
to 26 percent Cr, 10 to 24 percent Ni and Mn, up to 0.40 percent C,
and small amounts of Mo, Ti, Nb, and Ta. The balance between Cr and
Ni 1 Mn is normally adjusted to provide a microstructure of 90 to 100
percent austenite. These alloys have good strength and high toughness
over a wide temperature range, and they resist oxidation to over
1,000°F. This group includes types 302, 304, 310, 316, 321, and 347.
Filler metals for these alloys should generally match the base metal, but
for most alloys should also provide a microstructure with some ferrite to
avoid hot cracking. Two problems are associated with welding austeni-
tic stainless steels: sensitization of the weld-heat-affected zone and hot
cracking of weld metal.

Sensitization is caused by chromium carbide precipitation at the aus-
tenitic grain boundaries in the heat-affected zone when the base metal is
heated to 800 to 1,600°F. Chromium carbide precipitates remove chro-
mium from solution in the vicinity of the grain boundaries, and this
condition leads to intergranular corrosion. The problem can be alle-
viated by using low-carbon stainless-steel base metal (types 302L,
316L, etc.) and low-carbon filler metal. Alternately, there are stabilized
stainless-steel base metals and filler metals available which contain al-
loying elements that react preferentially with carbon, thereby not de-
pleting the chromium content in solid solution and keeping it available
for corrosion resistance. Type 321 contains titanium and type 347 con-
tains niobium and tantalum, all of which are stronger carbide formers
than chromium.

Hot cracking is caused by low-melting-point metallic compounds of
sulfur and phosphorus which penetrate grain boundaries. When present
in the weld metal or heat-affected zone, they will penetrate grain
boundaries and cause cracks to appear as the weld cools and shrinkage
stresses develop. Hot cracking can be prevented by adjusting the com-
position of the base metal and filler metal to obtain a microstructure
with a small amount of ferrite in the austenite matrix. The ferrite pro-
vides ferrite-austenite boundaries which control the sulfur and phos-
phorus compounds and thereby prevent hot cracking.

Precipitation-Hardening Stainless Steels Precipitation-hardening
(PH) stainless steels contain alloying elements such as aluminum which
permit hardening by a solution and aging heat treatment. There are three
categories of PH stainless steels: martensitic, semiaustenitic, and aus-
tenitic. Martensitic PH stainless steels are hardened by quenching from
treatment plus an aging treatment is preferred. If postweld solution
treatment is not feasible, the components should be solution-treated
before welding and then aged after welding. Thick sections of highly
restrained parts are sometimes welded in the overaged condition. These
require a full heat treatment after welding to attain maximum strength
properties.

Austenitic PH stainless steels are the most difficult to weld because
of hot cracking. Welding is preferably done with the parts in solution-
treated condition, under minimum restraint and with minimum heat
input. Filler metals of the Ni-Cr-Fe type, or of conventional austenitic
stainless steel, are preferred.

Duplex Stainless Steels Duplex stainless steels are the most re-
cently developed type of stainless steel, and they have a microstructure
of approximately equal amounts of ferrite and austenite. They have
advantages over conventional austenitic and ferritic stainless steels in
that they possess higher yield strength and greater stress corrosion
cracking resistance. The duplex microstructure is attained in steels con-
taining 21 to 25 percent Cr and 5 to 7 percent Ni by hot-working at
1,832 to 1,922°F, followed by water quenching. Weld metal of this
composition will be mainly ferritic because the deposit will solidify as
ferrite and will transform only partly to austenite without hot working or
annealing. Since hot-working or annealing most weld deposits is not
feasible, the metal composition filler is generally modified by adding Ni
(to 8 to 10 percent); this results in increased amounts of austenite in the
as-welded microstructure.

Cast Iron

Even though cast iron has a high carbon content and is a relatively
brittle and rigid material, welding can be performed successfully if
proper precautions are taken. Optimum conditions for welding include
the following: (1) A weld groove large enough to permit manipulation
of the electrode or the welding torch and rod. The groove must be clean
and free of oil, grease, and any foreign material. (2) Adequate preheat,
depending on the welding process used, the type of cast iron, and the
size and shape of the casting. Preheat temperature must be maintained
throughout the welding operation. (3) Welding heat input sufficient for
a good weld but not enough to superheat the weld metal; i.e., welding
temperature should be kept as low as practicable. (4) Slow cooling after
welding. Gray iron may be enclosed in insulation, lime, or vermiculite.
Other irons may require postheat treatment immediately after welding
to restore mechanical properties. ESt and ENiFe identify electrodes of
steel and of a nickel-iron alloy. Many different welding processes have
been used to weld cast iron, the most common being manual shielded
metal-arc welding, gas welding, and braze welding.

Aluminum and Aluminum Alloys
(See Sec. 6.4)

The properties that distinguish the aluminum alloys from other metals
determine which welding processes can be used and which particular
procedures must be followed for best results. Among the welding pro-
cesses that can be used, choice is further dictated by the requirements of
the end product and by economic considerations.

Physical properties of aluminum alloys that most significantly affect
all welding procedures include low melting-point range, approx 900 to
1,215°F (482 to 657°C), high thermal conductivity (about two to four
times that of mild steel), high rate of thermal expansion (about twice
that of mild steel), and high electrical conductivity (about 3 to 5 times
that of mild steel). Interpreted in terms of welding, this means that,
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when compared with mild steel, much higher welding speeds are de-
manded, greater care must be exercised to avoid distortion, and for arc
and resistance welding, much higher current densities are required.

Aluminum alloys are not quench-hardenable. However, weld crack-
ing may result from excessive shrinkage stresses due to the high rate of
thermal contraction. To offset this tendency, welding procedures, where
possible, require a fast weld cycle and a narrow-weld zone, e.g., a
highly concentrated heat source with deep penetration, moving at a high
rate of speed. Shrinkage stresses can also be reduced by using a filler
metal of lower melting point than the base metal. The filler metal

of copper oxide, which at welding heat leads to oxide embrittlement.
For welded assemblies it is recommended that deoxidized, or oxygen-
free, copper be used and that welding rods, when needed, be of the same
analysis. The preferred processes for welding copper are GTAW and
GMAW; manual SMAW can also be used. It is also welded by oxyace-
tylene method and braze-welded; brazing with brazing filler metals
conforming to BAg, BCuP, and RBCuZn-A classifications is also em-
ployed. The high heat conductivity of copper requires special consider-
ation in welding; generally higher welding heats are necessary together
with concurrent supplementary heating. (See also Sec. 6.4.)
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ER4043 is often used for this purpose.
Welding procedures also call for the removal of the thin, tough, trans-

parent film of aluminum oxide that forms on and protects the surface of
these alloys. The oxide has a melting point of about 3,700°F (2,038°C)
and can therefore exist as a solid in the molten weld. Removal may be
by chemical reduction or by mechanical means such as machining,
filing, rubbing with steel wool, or brushing with a stainless-steel wire
brush. Most aluminum is welded with GTAW or GMAW. GTAW usu-
ally uses alternating current, with argon as the shielding gas. The power
supply must deliver high current with balanced wave characteristics, or
deliver high-frequency current. With helium, weld penetration is
deeper, and higher welding speeds are possible. Most welding, how-
ever, is done using argon because it allows for better control and permits
the welder to see the weld pool more easily.

GMAW employs direct current, electrode positive in a shielding gas
that may be argon, helium, or a mixture of the two. In this process, the
welding arc is formed by the filler metal, which serves as the electrode.
Since the filler metal is fed from a coil as it melts in the arc, some arc
instability may arise. For this reason, the process does not have the same
precision as the GTAW process for welding very thin gages. However,
it is more economical for welding thicker sections because of its higher
deposition rates.

Copper and Copper Alloys

In welding commercially pure copper, it is important to select the correct
type. Electrolytic, or ‘‘tough-pitch,’’ copper contains a small percentage
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Shaping and Shavin
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Copper alloys are extensively welded in industry. The specific proce-
dures employed are dependent upon the analysis, and reference should
be made to the AWS Welding Handbook. Filler metals for welding
copper and its alloys are covered in AWS specifications.

SAFETY

Welding is safe when sufficient measures are taken to protect the welder
from potential hazards. When these measures are overlooked or ig-
nored, welders can be subject to electric shock; overexposure to radia-
tion, fumes, and gases; and fires and explosion. Any of these can be
fatal. Everyone associated with welding operations should be aware
of the potential hazards and help ensure that safe practices are em-
ployed. Infractions must be reported to the appropriate responsible au-
thority.

NOTE: Oxygen is incorrectly called air in some fabricating shops. Air
from the atmosphere contains only 21 percent oxygen and obviously is
different from the 100 percent pure oxygen used for cutting. The unin-
tentional confusion of oxygen with air has resulted in fatal accidents.
When compressed oxygen is inadvertently used to power air tools, e.g.,
an explosion can result. While most people recognize that fuel gases are
dangerous, the case can be made that oxygen requires even more careful
handling.

Information about welding safety is available from American Weld-
ing Society, P.O. Box 351040, Miami, FL 33135.
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Marcel Dekker. Webster et al., ‘‘Abrasive Processes: Theory, Technology, and
working Fluids,’’ Marcel Dekker. Endoy, ‘‘Gear Hobbing,
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g,’’ 2 vols., Industrial Press. Gibbs and Crandell, ‘‘An Intro-
achining and Programming,’’ Industrial Press. Kalpakjian,
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‘‘Manufacturing Engineering and Technology,’’ 3d ed., Addison-Wesley. King
and Hahn, ‘‘Handbook of Modern Grinding Technology,’’ Chapman & Hall/
Methuen. Krar and Ratterman, ‘‘Superabrasives: Grinding and Machining with
CBN and Diamond,’’ McGraw-Hill. Lynch, ‘‘Computer Numerical Control for
Machining,’’ McGraw-Hill. Malkin, ‘‘Grinding Technology: Theory and Appli-
cations of Machining with Abrasives,’’ Wiley. Maroney, ‘‘A Guide to Metal and
Plastic Finishing,’’ Industrial Press. McGeough, ‘‘Advanced Methods of Machin-
ing,’’ Chapman & Hall. Meyers and Slattery, ‘‘Basic Machining Reference Hand-
book,’’ Industrial Press. Nachtman and Kalpakjian, ‘‘Lubricants and Lubrication
in Metalworking Operations,’’ Marcel Dekker. Polywka and Gabrel, ‘‘Program-
ming of Computer Numerically Controlled Machines,’’ Industrial Press. Shaw,
‘‘Metal Cutting Principles,’’ Oxford. Thyer, ‘‘Computer Numerical Control of
Machine Tools,’’ 2d ed., Industrial Press. Trent, ‘‘Metal Cutting,’’ 4th ed., Butter-
worth Heinemann. Walsh, ‘‘McGraw-Hill Machining and Metalworking Hand-
Material removal processes, which include machining, cutting, grind-
ing, and various nonmechanical chipless processes, are desirable or
even necessary for the following basic reasons: (1) Closer dimensional
tolerances, surface roughness, or surface-finish characteristics may be
required than are available by casting, forming, powder metallurgy, and
other shaping processes; and (2) part geometries may be too complex or
too expensive to be manufactured by other processes. However, mate-
rial removal processes inevitably waste material in the form of chips,
production rates may be low, and unless carried out properly, the pro-
cesses can have detrimental effects on the surface properties and per-
formance of parts.

Traditional material removal processes consist of turning, boring,
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drilling, reaming, threading, milling, shaping, planing, and broaching,
as well as abrasive processes such as grinding, ultrasonic machining,
lapping, and honing. Nontraditional processes include electrical and
chemical means of material removal, as well as the use of abrasive jets,
water jets, laser beams, and electron beams. This section describes the
principles of these operations, the processing parameters involved, and
the characteristics of the machine tools employed.

BASIC MECHANICS OF METAL CUTTING

The basic mechanics of chip-type machining processes (Fig. 13.4.1) are
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piece material ahead of the tool, followed by smooth flow of the chip
along the tool face. These chips ordinarily are obtained in cutting ductile
materials at high speeds.

Discontinuous chips consist of segments which are produced by frac-
ture of the metal ahead of the tool. The segments may be either loosely
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hown, in simplest two-dimensional form, in Fig. 13.4.2. A tool with a
ertain rake angle a (positive as shown) and relief angle moves along the
urface of the workpiece at a depth t1 . The material ahead of the tool is
heared continuously along the shear plane, which makes an angle of f

ig. 13.4.1 Examples of chip-type machining operations.

ith the surface of the workpiece. This angle is called the shear angle
nd, together with the rake angle, determines the chip thickness t2 . The
atio of t1 to t2 is called the cutting ratio r. The relationship between the
hear angle, the rake angle, and the cutting ratio is given by the equation
n f 5 r cos a/(1 2 r sin a). It can readily be seen that the shear angle
important in that it controls the thickness of the chip. This, in turn, has

reat influence on cutting performance. The shear strain that the mate-
ial undergoes is given by the equation g 5 cot f 1 tan (f 2 a). Shear
trains in metal cutting are usually less than 5.

ig. 13.4.2 Basic mechanics of metal cutting process.

Investigations have shown that the shear plane may be neither a plane
or a narrow zone, as assumed in simple analysis. Various formulas
ave been developed which define the shear angle in terms of such
actors as the rake angle and the friction angle b. (See Fig. 13.4.3.)

Because of the large shear strains that the chip undergoes, it becomes
ard and brittle. In most cases, the chip curls away from the tool.
mong possible factors contributing to chip curl are nonuniform normal

tress distribution on the shear plane, strain hardening, and thermal
ffects.

Regardless of the type of machining operation, some basic types of
hips or combinations of these are found in practice (Fig. 13.4.4):

Continuous chips are formed by continuous deformation of the work-
Fig. 13.4.3 Force system in metal cutting process.

connected to each other or unconnected. Such chips are most often
found in the machining of brittle materials or in cutting ductile materials
at very low speeds or low or negative rake angles.

Inhomogeneous (serrated) chips consist of regions of large and small
strain. Such chips are characteristic of metals with low thermal conduc-
tivity or metals whose yield strength decreases sharply with tempera-
ture. Chips from titanium alloys frequently are of this type.

Built-up edge chips consist of a mass of metal which adheres to the tool
face while the chip itself flows continuously along the face. This type of
chip is often encountered in machining operations at low speeds and is
associated with high adhesion between chip and tool and causes poor
surface finish.

The forces acting on the cutting tool are shown in Fig. 13.4.3. The
resultant force R has two components, Fc and Ft . The cutting force Fc in
the direction of tool travel determines the amount of work done in
cutting. The thrust force Ft does no work but, together with Fc , produces
deflections of the tool. The resultant force also has two components on
the shear plane: Fs is the force required to shear the metal along the
shear plane, and Fn is the normal force on this plane. Two other force
components also exist on the face of the tool: the friction force F and the
normal force N.

Whereas the cutting force Fc is always in the direction shown in Fig.
13.4.3, the thrust force Ft may be in the opposite direction to that shown
in the figure. This occurs when both the rake angle and the depth of cut
are large, and friction is low.

From the geometry of Fig. 13.4.3, the following relationships can be
derived: The coefficient of friction at the tool-chip interface is given by
m 5 (Ft 1 Fc tan a) / (Fc 2 Ft tan a). The friction force along the tool is
F 5 Ft cos a 1 Fc sin a. The shear stress in the shear plane is
t 5 (Fc sin f cos f 2 Ft sin2 f) / A0 , where A0 is the cross-sectional
area that is being cut from the workpiece.

The coefficient of friction on the tool face is a complex but important
factor in cutting performance; it can be reduced by such means as the
use of an effective cutting fluid, higher cutting speed, improved tool
material and condition, or chemical additives in the workpiece material.
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Fig. 13.4.4 Basic types of chips produced in metal cutting: (a) continuous chip with narrow, straight primary shear
zone; (b) secondary shear zone at the tool-chip interface; (c) continuous chip with large primary shear zone; (d) continu-
ous chip with built-up edge; (e) segmented or nonhomogeneous chip, ( f ) discontinuous chip. (Source: After M. C. Shaw.)

The net power consumed at the tool is P 5 FcV. Since Fc is a function
of tool geometry, workpiece material, and process variables, it is diffi-
cult reliably to calculate its value in a particular machining operation.
Depending on workpiece material and the condition of the tool, unit
power requirements in machining range between 0.2 hp ?min/in3 (0.55
W ?s/mm3) of metal removal for aluminum and magnesium alloys, to
3.5 for high-strength alloys. The power consumed is the product of unit
power and rate of metal removal: P 5 (unit power)(vol/min).

The power consumed in cutting is transformed mostly to heat. Most
of the heat is carried away by the chip, and the remainder is divided

which has the greatest influence on tool life. The relationship between
tool life and cutting speed is given by the Taylor equation VTn 5 C,

where V is the cutting speed; T is the actual
cutting time to develop a certain wear land,
min; C is a constant whose value depends on
workpiece material and process variables, nu-
merically equal to the cutting speed that gives
a tool life of 1 min; and n is the exponent
whose value depends on workpiece material
and other process variables. The recom-
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between the tool and the workpiece. An increase in cutting speed or feed
will increase the proportion of the heat transferred to the chip. It has
been observed that, in turning, the average interface temperature be-
tween the tool and the chip increases with cutting speed and feed, while
the influence of the depth of cut on temperature has been found to be
limited. Interface temperatures to the range of 1,500 to 2,000°F (800 to
1,100°C) have been measured in metal cutting. Generally the use of a
cutting fluid removes heat and thus avoids temperature buildup on the
cutting edge.

In cutting metal at high speeds, the chips may become very hot and
cause safety hazards because of long spirals which whirl around and
become entangled with the tooling. In such cases, chip breakers are
introduced on the tool geometry, which curl the chips and cause them to
break into short sections. Chip breakers can be produced on the face of
the cutting tool or insert, or are separate pieces clamped on top of the
tool or insert.

A factor of great significance in metal cutting is tool wear. Many
factors determine the type and rate at which wear occurs on the tool. The
major critical variables that affect wear are tool temperature, type and
hardness of tool material, grade and condition of workpiece, abrasive-
ness of the microconstituents in the workpiece material, tool geometry,
feed speed, and cutting fluid. The type of wear pattern that develops
depends on the relative role of these variables.

Tool wear can be classified as (1) flank wear (Fig. 13.4.5); (2) crater
wear on the tool face; (3) localized wear, such as the rounding of the
cutting edge; (4) chipping or thermal softening and plastic flow of the
cutting edge; (5) concentrated wear resulting in a deep groove at
the edge of a turning tool, known as wear notch.

In general, the wear on the flank or relief side of the tool is the most
dependable guide for tool life. A wear land of 0.060 in (1.5 mm) on
high-speed steel tools and 0.015 or 0.030 in (0.4 or 0.8 mm) for carbide
tools is usually used as the endpoint. The cutting speed is the variable
mended cutting speed for a high-speed steel
tool is generally the one which produces a 60-
to 120-min tool life. With carbide tools, a 30-
to 60-min tool life may be satisfactory. Values
of n range from 0.08 to 0.2 for high-speed
steels, from 0.2 to 0.5 for carbides, and from
0.5 to 0.7 for ceramic tools.

Fig. 13.4.5 Types of
tool wear in cutting.

When one is using tool-life equations, caution should be exercised in
extrapolation of the curves beyond the operating region for which they
are derived. In a log-log plot, tool life curves may be linear over a short
cutting-speed range but are rarely linear over a wide range of cutting
speeds. In spite of the considerable data obtained to date, no simple
formulas can be given for quantitative relationships between tool life
and various process variables for a wide range of materials and condi-
tions.

An important aspect of machining on computer-controlled equipment
is tool-condition monitoring while the machine is in operation with little
or no supervision by an operator. Most state-of-the-art machine controls
are now equipped with tool-condition monitoring systems. Two com-
mon techniques involve the use of (1) transducers that are installed on
the tool holder and continually monitor torque and forces and (2) acous-
tic emission through a piezoelectric transducer. In both methods the
signals are analyzed and interpreted automatically for tool wear or chip-
ping, and corrective actions are taken before any significant damage is
done to the workpiece.

A term commonly used in machining and comprising most of the
items discussed above is machinability. This is best defined in terms of
(1) tool life, (2) power requirement, and (3) surface integrity. Thus, a
good machinability rating would indicate a combination of long tool
life, low power requirement, and a good surface. However, it is difficult
to develop quantitative relationships between these variables. Tool life
is considered as the important factor and, in production, is usually ex-
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pressed as the number of pieces machined between tool changes.
Various tables are available in the literature that show the machinability
rating for different materials; however, these ratings are relative. To
determine the proper machining conditions for a given material, refer to
the machining recommendations given later in this section.

The major factors influencing surface finish in machining are (1) the
profile of the cutting tool in contact with the workpiece, (2) fragments
of built-up edge left on the workpiece during cutting, and (3) vibration
and chatter. Improvement in surface finish may be obtained to various
degrees by increasing the cutting speed and decreasing the feed and

nose radius or with a long, straight cutting edge increase the possibility
of chatter.

CUTTING-TOOL MATERIALS

A wide variety of cutting-tool materials are available. The selection of a
proper material depends on such factors as the cutting operation in-
volved, the machine to be used, the workpiece material, production
requirements, cost, and surface finish and accuracy desired. The major
qualities required in a cutting tool are (1) hot hardness, (2) impact
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depth of cut. Changes in cutting fluid, tool geometry, and material are
also important; the microstructure and chemical composition of the ma-
terial have great influence on surface finish.

As a result of mechanical working and thermal effects, residual
stresses are developed on the surfaces of metals that have been machined
or ground. These stresses may cause warping of the workpiece as well
as affect the resistance to fatigue and stress corrosion. To minimize
residual stresses, sharp tools, medium feeds, and medium depths of cut
are recommended.

Because of plastic deformation, thermal effects, and chemical reac-
tions during material removal processes, alterations of machined sur-
faces may take place which can seriously affect the surface integrity of a
part. Typical detrimental effects may be lowering of the fatigue strength
of the part, distortion, changes in stress-corrosion properties, burns,
cracks, and residual stresses. Because of its great importance to manu-
facturing technology, particularly in critical aerospace components,
surface integrity is now a recognized and rapidly developing subject.
Surface control generally results in decreasing production rate and in-
creasing costs. Improvements in surface integrity may be obtained by
post-processing techniques such as polishing, sanding, peening, finish
machining, and fine grinding.

Vibration in machine tools, a very complex behavior, is often the
cause of premature tool failure or short tool life, poor surface finish,
damage to the workpiece, and damage to the machine itself. Vibration
may be forced or self-excited. The term chatter is commonly used to
designate self-excited vibrations in machine tools. The excited ampli-
tudes are usually very high and may cause damage to the machine.
Although there is no complete solution to all types of vibration prob-
lems, certain measures may be taken. If the vibration is being forced, it
may be possible to remove or isolate the forcing element from the
machine. In cases where the forcing frequency is near a natural fre-
quency, either the forcing frequency or the natural frequency may be
raised or lowered. Damping will also greatly reduce the amplitude.
Self-excited vibrations are generally controlled by increasing the stiff-
ness and damping. (See also Sec. 5.)

Good machining practice requires a rigid setup. The machine tool
must be capable of providing the stiffness required for the machining
conditions used. If a rigid setup is not available, the depth of cut must be
reduced. Excessive tool overhang should be avoided, and in milling,
cutters should be mounted as close to the spindle as possible. The length
of end mills and drills should be kept to a minimum. Tools with large

Table 13.4.1 Characteristics of Cutting-Tool Materials

High- Cast
speed cobalt
steels alloys

Hot hardness increasing
Toughness ; increasing
Impact strength ; increasing
Wear resistance increasing

Chipping resistance ; increasing
Cutting speed increasing
Thermal shock
resistance ; increasing

Tool material cost increasing

NOTE: These tool materials have a wide range of compositions and properties; thus overlapping c
SOURCE: After R Komandurr (ed.), ‘‘Advances in Hard Material Tool Technology,’’ Carnegie Pr
toughness or mechanical shock resistance, and (3) wear resistance. (See
Table 13.4.1 and Figs. 13.4.6 and 13.4.7.)

Materials for cutting tools include high-speed steels, cast alloys, car-
bides, ceramics or oxides, cubic boron nitride, and diamond. Under-
standing the different types of tool steels (see Sec. 6.2) requires knowl-
edge of the role of different alloying elements. These elements are

Fig. 13.4.6 Hardness of tool materials as a function of temperature.

added to (1) obtain greater hardness and wear resistance, (2) obtain
greater impact toughness, (3) impart hot hardness to the steel such that
its hardness is maintained at high cutting temperatures, and (4) decrease
distortion and warpage during heat treating.

Carbon forms a carbide with iron, making it respond to hardening and
thus increasing the hardness, strength, and wear resistance. The carbon
content of tool steels ranges from 0.6 to 1.4 percent. Chromium is added
to increase wear resistance and toughness; the content ranges from 0.25
to 4.5 percent. Cobalt is commonly used in high-speed steels to increase
hot hardness so that tools may be used at higher cutting speeds and still
maintain hardness and sharp cutting edges; the content ranges from 5 to
12 percent. Molybdenum is a strong carbide-forming element and in-
creases strength, wear resistance, and hot hardness. It is always used in
conjunction with other alloying elements, and its content ranges to 10
percent. Tungsten promotes hot hardness and strength; content ranges

Polycrystalline
Coated cubic boron

Carbides carbides Ceramics nitride Diamond

:
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haracteristics exist in many categories of tool materials.
ess, Pittsburgh, PA.
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from 1.25 to 20 percent. Vanadium increases hot hardness and abrasion
resistance; in high-speed steels, it ranges from 1 to 5 percent.

High-speed steels are the most highly alloyed group among tool steels
and maintain their hardness, strength, and cutting edge. With suitable
procedures and equipment, they can be fully hardened with little danger
of distortion or cracking. High-speed steel tools are widely used in
operations using form tools, drilling, reaming, end-milling, broaching,
tapping, and tooling for screw machines.

hardness over a wide range of temperatures; (2) high elastic modulus, 2
to 3 times that of steel; (3) no plastic flow even at very high stresses; (4)
low thermal expansion; and (5) high thermal conductivity. Carbides are
used in the form of inserts or tips which are clamped or brazed to a steel
shank. Because of the difference in coefficients of expansion, brazing
should be done carefully. The mechanically fastened tool tips are called
inserts (Fig. 13.4.8); they are available in different shapes, such as
square, triangular, circular, and various special shapes.

There are three general groups of carbides in use: (1) tungsten carbide
with cobalt as a binder, used in machining cast irons and nonferrous
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Fig. 13.4.7 Ranges of properties of various groups of tool materials.

Cast alloys maintain high hardness at high temperatures and have
good wear resistance. Cast-alloy tools, which are cast and ground into
any desired shape, are composed of cobalt (38 to 53 percent), chromium
(30 to 33 percent), and tungsten (10 to 20 percent). These alloys are
recommended for deep roughing operations at relatively high speeds
and feeds. Cutting fluids are not necessary and are usually used only to
obtain a special surface finish.

Carbides have metal carbides as key ingredients and are manufac-
tured by powder-metallurgy techniques. They have the following prop-
erties which make them very effective cutting-tool materials: (1) high

Table 13.4.2 Classification of Tungsten Carbides According to Mach

ANSI
classification Materials

ISO no. to be Machin
standard (grade) machined operat

K30-K40 C-1 Cast iron, nonferrous
metals, and nonme-
tallic materials re-
quiring abrasion

Roughing

K20 C-2 General pu

resistance

K10 C-3 Light finishing

K01 C-4 Precision finish

P30-P50 C-5 Steels and steel
alloys requiring
crater and deforma-
tion resistance

Roughing

P20 C-6 General purpo

P10 C-7 Light finishing

P01 C-8 Precision finish

NOTE: The ISO and ANSI comparisons are approximate.
abrasive metals; (2) tungsten carbide with cobalt as a binder, plus a solid
solution of WC-TiC-TaC-NbC, for use in machining steels; and

Seat

ShankClamp
screw

Clamp

Insert

Fig. 13.4.8 Insert clamped to shank of a toolholder.

(3) titanium carbide with nickel and molybdenum as a binder, for use
where cutting temperatures are high because of high cutting speeds or
the high strength of the workpiece material. Carbides are classified by
ISO and ANSI, as shown in Table 13.4.2 which includes recommenda-
tions for a variety of workpiece materials and cutting conditions. (See
also Sec. 6.4.)

Coated carbides consist of conventional carbide inserts that are coated
with a thin layer of titanium nitride, titanium carbide, or aluminum
oxide. The coating provides additional wear resistance while maintain-
ing the strength and toughness of the carbide tool. Coatings are also
applied to high-speed steel tools, particularly drills and taps. The desir-
able properties of individual coatings can be combined and optimized

g Applications

Type of
carbide Cut Carbide

Characteristics of

Wear-resistant grades;
generally straight
WC-Co with vary-
ing grain sizes

Increasing
cutting speed

Increasing
hardness and

wear resistance
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by using multiphase coatings. Carbide tools are now available with, e.g.,
a layer of titanium carbide over the carbide substrate, followed by alu-
minum oxide and then titanium nitride. Various alternating layers of
coatings are also used, each layer being on the order of 80 to 400 min (2
to 10 mm) thick. New developments in coatings include diamond, tita-
nium carbonitride, chromium carbide, zirconium nitride, and hafnium
nitride.

Stiffness is of great importance when using carbide tools. Light feeds,
low speeds, and chatter are deleterious. No cutting fluid is needed, but if
one is used for cooling, it should be applied in large quantities and

trated mixtures of oil and water, such as 1 : 10, are used for broaching,
threading, and gear cutting. For most operations, a solution of 1 part
soluble oil to 20 parts water is satisfactory.

A variety of oils are used for metal cutting. They are used where
lubrication rather than cooling is essential or on high-grade finishing
cuts, although sometimes superior finishes are obtained with emulsions.

Oils generally used in machining are mineral oils with the following
compositions: (1) straight mineral oil, (2) with fat, (3) with fat and
sulfur, (4) with fat and chlorine, and (5) with fat, sulfur, and chlorine.
The more severe the machining operation, the higher the composition of
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continuously to prevent heating and quenching.
Ceramic, or oxide, inserts consist primarily of fine aluminum oxide

grains which have been bonded together. Minor additions of other ele-
ments help to obtain optimum properties. Ceramic tools have very high
abrasion resistance, are harder than carbides, and have less tendency to
weld to metals during cutting. However, they lack impact toughness,
and premature tool failure can result by chipping or general breakage.
Ceramic tools have been found to be effective for high-speed, unin-
terrupted turning operations. Tool and setup geometry is important.
Tool failures can be reduced by the use of rigid tool mountings and rigid
machine tools. Included in oxide, cutting-tool materials are cermets
(such as 70 percent aluminum oxide and 30 percent titanium carbide),
combining the advantages of ceramics and metals.

Polycrystalline diamond is used where good surface finish and di-
mensional accuracy are desired, particularly on soft nonferrous materi-
als that are difficult to machine. The general properties of diamonds are
extreme hardness, low thermal expansion, high heat conductivity, and a
very low coefficient of friction. The polycrystalline diamond is bonded
to a carbide substrate. Single-crystal diamond is also used as a cutting
tool to produce extremely fine surface finish on nonferrous alloys, such
as copper-base mirrors.

Next to diamond, cubic boron nitride (CBN) is the hardest material
presently available. Polycrystalline CBN is bonded to a carbide sub-
strate and used as a cutting tool. The CBN layer provides very high wear
resistance and edge strength. It is chemically inert to iron and nickel at
elevated temperatures; thus it is particularly suitable for machining
high-temperature alloys and various ferrous alloys. Both diamond and
CBN are also used as abrasives in grinding operations.

CUTTING FLUIDS

Cutting fluids, frequently referred to as lubricants or coolants, comprise
those liquids and gases which are applied to the cutting zone in order to
facilitate the cutting operation. A cutting fluid is used (1) to keep the
tool cool and prevent it from being heated to a temperature at which the
hardness and resistance to abrasion are reduced; (2) to keep the work-
piece cool, thus preventing it from being machined in a warped shape to
inaccurate final dimensions; (3) through lubrication to reduce the power
consumption, wear on the tool, and generation of heat; (4) to provide a
good finish on the workpiece; (5) to aid in providing a satisfactory chip
formation; (6) to wash away the chips (this is particularly desirable in
deep-hole drilling, hacksawing, milling, and grinding); and (7) to pre-
vent corrosion of the workpiece and machine tool.

Classification Cutting fluids may be classified as follows: (1) air
blast, (2) emulsions, (3) oils, and (4) solutions. Cutting fluids are also
classified as light-, medium-, and heavy-duty; light-duty fluids are for
general-purpose machining.

Induced air blast may be used with internal and surface grinding and
polishing operations. Its main purpose is to remove the small chips or
dust, although some cooling is also obtained, especially in machining of
plastics.

Emulsions consist of a soluble oil emulsified with water in the ratio of
1 part oil to 10 to 100 parts water, depending upon the type of product
and the operation. Emulsions have surface-active or extreme-pressure
additives to reduce friction and provide an effective lubricant film under
high pressure at the tool-chip interface during machining. Emulsions are
low-cost cutting fluids and are used for practically all types of cutting
and grinding when machining all types of metals. The more concen-
the oil. Broaching and tapping of refractory alloys and high-temperature
alloys, for instance, require highly compounded oils. In order to avoid
staining of the metal, aluminum and copper, for example, inhibited
sulfur and chlorine are used.

Solutions are a family of cutting fluids that blend water and various
chemical agents such as amines, nitrites, nitrates, phosphates, chlorine,
and sulfur compounds. These agents are added for purposes of rust
prevention, water softening, lubrication, and reduction of surface ten-
sion. Most of these chemical fluids are coolants but some are lubricants.

The selection of a cutting fluid for a particular operation requires
consideration of several factors: the workpiece material, the difficulty
of the machining operation, the compatibility of the fluid with the
workpiece material and the machine tool components, surface prepara-
tion, method of application and removal of the fluid, contamination of
the cutting fluid with machine lubricants, and the treatment of the fluid
after use. Also important are the biological and ecological aspects of the
cutting fluid used. There may be potential health hazards to operating
personnel from contact with or inhalation of mist or fumes from some
fluids. Recycling and waste disposal are also important problems to be
considered.

Methods of Application The most common method is flood cooling
in quantities such as 3 to 5 gal/min (about 10 to 20 L/min) for single-
point tools and up to 60 gal/min (230 L/min) per cutter for multiple-
tooth cutters. Whenever possible, multiple nozzles should be used. In
mist cooling a small jet equipment is used to disperse water-base fluids as
very fine droplets in a carrier that is generally air at pressures 10 to 80
lb/in2 (70 to 550 kPa). Mist cooling has a number of advantages, such as
providing high-velocity fluids to the working areas, better visibility, and
improving tool life in certain instances. The disadvantages are that
venting is required and also the cooling capability is rather limited.

MACHINE TOOLS

The general types of machine tools are lathes; turret lathes; screw, bor-
ing, drilling, reaming, threading, milling, and gear-cutting machines;
planers and shapers; broaching, cutting-off, grinding, and polishing ma-
chines. Each of these is subdivided into many types and sizes. General
items common to all machine tools are discussed first, and individual
machining processes and equipment are treated later in this section.

Automation is the application of special equipment to control and
perform manufacturing processes with little or no manual effort. It is
applied to the manufacturing of all types of goods and processes, from
the raw material to the finished product. Automation involves many
activities, such as handling, processing, assembly, inspecting, and pack-
aging. Its primary objective is to lower manufacturing cost through
controlled production and quality, lower labor cost, reduced damage to
work by handling, higher degree of safety for personnel, and economy
of floor space. Automation may be partial, such as gaging in cylindrical
grinding, or it may be complete.

The conditions which play a role in decisions concerning automation
are rising production costs, high percentage of rejects, lagging output,
scarcity of skilled labor, hazardous working conditions, and work re-
quiring repetitive operation. Factors which must be carefully studied
before deciding on automation are high initial cost of equipment, main-
tenance problems, and type of product (See also Sec. 16.)

Mass production with modern machine tools has been achieved
through the development of self-contained power-head production units
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and the development of transfer mechanisms. Power-head units, con-
sisting of a frame, electric driving motor, gearbox, tool spindles, etc.,
are available for many types of machining operations. Transfer mecha-
nisms move the workpieces from station to station by various methods.
Transfer-type machines can be arranged in several configurations, such
as a straight line or a U pattern. Various types of machine tools for mass
production can be built from components; this is known as the building-
block principle. Such a system combines flexibility and adaptability
with high productivity. (See machining centers.)

Numerical control (NC), which is a method of controlling the motions

zontal spindles. Turning centers are a further development of computer-
controlled lathes and have great flexibility. Many centers are now con-
structed on a modular basis, so that various accessories and peripheral
equipment can be installed and modified depending on the type of prod-
uct to be machined.

An approach to optimize machining operations is adaptive control.
While the material is being machined, the system senses operating con-
ditions such as forces, tool-tip temperature, rate of tool wear, and sur-
face finish, and converts these data into feed and speed control that
enables the machine to cut under optimum conditions for maximum
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of machine components by numbers, was first applied to machine tools
in the 1950s. Numerically controlled machine tools are classified ac-
cording to the type of cutting operation. For instance, in drilling and
boring machines, the positioning and the cutting take place sequentially
(point to point), whereas in die-sinking machines, positioning and cut-
ting take place simultaneously. The latter are often described as continu-
ous-path machines, and since they require more exacting specifications,
they give rise to more complex problems. Machines now perform over a
very wide range of cutting conditions without requiring adjustment to
eliminate chatter, and to improve accuracy. Complex contours can be
machined which would be almost impossible by any other method. A
large variety of programming systems has been developed.

The control system in NC machines has been converted to computer
control with various software. In computer numerical control (CNC), a
microcomputer is a part of the control panel of the machine tool. The
advantages of computer numerical control are ease of operation, simpler
programming, greater accuracy, versatility, and lower maintenance
costs.

Although numerical control of machine tools has many advantages
such as high productivity and flexibility, it has certain limitations.
Among these are high initial cost of equipment and the need for trained
personnel and special maintenance.

Further developments in machine tools are machining centers. This is
a machine equipped with as many as 200 tools and with an automatic
tool changer (Fig. 13.4.9). It is designed to perform various operations
on different surfaces of the workpiece, which is placed on a pallet
capable of as much as five-axis movement (three linear and two rota-
tional). Machining centers, which may be vertical or horizontal spindle,
have flexibility and versatility that other machine tools do not have, and
thus they have become the first choice in machine selection in modern
manufacturing plants and shops. They have the capability of tool and
part checking, tool-condition monitoring, in-process and postprocess
gaging, and inspection of machined surfaces. Universal machining
centers are the latest development, and they have both vertical and hori-
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Fig. 13.4.9 Schematic of a horizontal spindle machining center, equipped with
an automatic tool changer. Tool magazines can store 200 different cutting tools.
(Source: Courtesy of Cincinnati Milacron, Inc.)
productivity. Combined with numerical controls and computers, adap-
tive controls are expected to result in increased efficiency of metal-
working operations.

With the advent of sophisticated computers and various software,
modern manufacturing has evolved into computer-integrated manufac-
turing (CIM). This system involves the coordinated participation of
computers in all phases of manufacturing. Computer-aided design com-
bined with computer-aided manufacturing (CAD/CAM), results in a much
higher productivity, better accuracy and efficiency, and reduction in
design effort and prototype development. CIM also involves the man-
agement of the factory, inventory, and labor, and it integrates all these
activities, eventually leading to untended factories.

The highest level of sophistication is reached with a flexible manufac-
turing system (FMS). Such a system is made of manufacturing cells and an
automatic materials-handling system interfaced with a central com-
puter. The manufacturing cell is a system in which CNC machines are
used to make a specific part or parts with similar shape. The work-
stations, i.e., several machine tools, are placed around an industrial robot
which automatically loads, unloads, and transfers the parts. FMS has the
capability to optimize each step of the total manufacturing operation,
resulting in the highest possible level of efficiency and productivity.

The proper design of machine-tool structures requires analysis of such
factors as form and materials of structures, stresses, weight, and manu-
facturing and performance considerations. The best approach to obtain
the ultimate in machine-tool accuracy is to employ both improvements
in structural stiffness and compensation of deflections by use of special
controls. The C-frame structure has been used extensively in the past
because it provides ready accessibility to the working area of the ma-
chine. With the advent of computer control, the box-type frame with its
considerably improved static stiffness becomes practical since the need
for manual access to the working area is greatly reduced. The use of a
box-type structure with thin walls can provide low weight for a given
stiffness. The light-weight-design principle offers high dynamic stiff-
ness by providing a high natural frequency of the structure through
combining high static stiffness with low weight rather than through
the use of large mass. (Dynamic stiffness is the stiffness exhibited by
the system when subjected to dynamic excitation where the elastic, the
damping, and the inertia properties of the structure are involved; it is a
frequency-dependent quantity.)

TURNING

Turning is a machining operation for all types of metallic and nonmetal-
lic materials and is capable of producing circular parts with straight or
various profiles. The cutting tools may be single-point or form tools.
The most common machine tool used is a lathe; modern lathes are
computer-controlled and can achieve high production rates with little
labor. The basic operation is shown in Fig. 13.4.10, where the work-
piece is held in a chuck and rotates at N r/min; a cutting tool moves
along the length of the piece at a feed f (in/r or mm/r) and removes
material at a radial depth d, reducing the diameter from D0 to Df .

Lathes are generally considered to be the oldest member of machine
tools, having been first developed in the late eighteenth century.
The most common lathe is called an engine lathe because it was one of the
first machines driven by Watt’s steam engine. The basic lathe has the
following main parts: bed, headstock, tailstock, and carriage. The types of
lathes available for a variety of applications may be listed as follows:
engine lathes, bench lathes, horizontal turret lathes, vertical lathes, and
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automatics. A great variety of lathes and attachments are available
within each category, also depending on the production rate required.

It is common practice to specify the size of an engine lathe by giving
the swing (diameter) and the distance between centers when the tailstock
is flush with the end of the bed. The maximum swing over the ways is
usually greater than the nominal swing. The length of the bed is given
frequently to specify the overall length of the bed. A lathe size is indi-
cated thus: 14 in (356 mm) (swing) by 30 in (762 mm) (between
centers) by 6 ft (1,830 mm) (length of bed). Lathes are made for light-,
medium-, or heavy-duty work.
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angles may be used. Back rake usually controls the direction of chip
flow and is of less importance than the side rake. The purpose of relief
angles is to avoid interference and rubbing between the workpiece and
tool flank surfaces. In general, they should be small for high-strength
materials and larger for softer materials. Excessive relief angles may
weaken the tool. The side cutting-edge angle influences the length of chip
contact and the true feed. This angle is often limited by the workpiece
geometry, e.g., the shoulder contour. Large angles are apt to cause tool
chatter. Small end cutting-edge angles may create excessive force normal
to the workpiece, and large angles may weaken the tool point. The
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Geometric progression is used extensively in designing machine-tool
eeds and speeds. Feeds in geometric progression are used on cylindri-
al grinders, boring mills, milling machines, drilling machines, etc.; but
or screw-cutting lathes, the power feeds for thread cutting and turning
ust be in proportion to the pitch of threads to be cut.
All geared-head lathes, which are single-pulley (belt-driven or

rranged for direct-motor drive through short, flat, or V belts, gears, or
ilent chain), increase the power of the drive and provide a means for
btaining 8, 12, 16, or 24 spindle speeds. The teeth may be of the spur,
elical, or herringbone type and may be ground or lapped after hard-
ning.
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ig. 13.4.10 A turning operation on a round workpiece held in a three-jaw
huck.

Variable speeds are obtained by driving with adjustable-speed dc
hunt-wound motors with stepped field-resistance control or by elec-
onics or motor-generator system to give speed variation in infinite
teps. AC motors driving through infinitely variable speed transmis-
ions of the mechanical or hydraulic type are also in general use.

Modern lathes, many of which are now computer-controlled (turning
enters), are built with the speed capacity, stiffness, and strength capable
f taking full advantage of new and stronger tool materials. The main
rive-motor capacity of lathes ranges from fractional to more than
00 hp (150 kW). Speed preselectors, which give speed as a function of
ork diameter, are introduced, and variable-speed drives using dc
otors with panel control are standard on many lathes. Lathes with

ontour facing, turning, and boring attachments are also available.

ool Shapes for Turning

he standard nomenclature for single-point tools, such as those used on
thes, planers, and shapers, is shown in Fig. 13.4.11. Each tool consists
f a shank and point. The point of a single-point tool may be formed by
rinding on the end of the shank; it may be forged on the end of the
hank and subsequently ground; a tip or insert may be clamped or
razed to the end of the shank (see Fig. 13.4.8). The best tool shape for
ach material and each operation depends on many factors. For specific
formation and recommendations, the various sources listed in the
eferences should be consulted. See also Table 13.4.3.
Positive rake angles improve the cutting operation with regard to

orces and deflection; however, a high positive rake angle may result in
arly failure of the cutting edge. Positive rake angles are generally used

lower-strength materials. For higher-strength materials, negative rake
purpose of the nose radius is to give a smooth surface finish and to obtain
longer tool life by increasing the strength of the cutting edge. The nose
radius should be tangent to the cutting-edge angles. A large nose radius
gives a stronger tool and may be used for roughing cuts; however, large
radii may lead to tool chatter. A small nose radius reduces forces and is
therefore preferred on thin or slender workpieces.

Fig. 13.4.11 Standard nomenclature for single-point cutting tools.

Turning Recommendations Recommendations for tool materials,
depth of cut, feed, and cutting speed for turning a variety of materials
are given in Table 13.4.4. The cutting speeds for high-speed steels for
turning, which are generally M2 and M3, are about one-half those for
uncoated carbides. A general troubleshooting guide for turning opera-
tions is given in Table 13.4.5.

Turret Lathes

Turret lathes are used for the production of parts in moderate quantities
and produce interchangeable parts at low production cost. Turret lathes
may be chucking, screw machine, or universal. The universal machine
may be set up to machine bar stock as a screw machine or have the work
held in a chuck. These machines may be semiautomatic, i.e., so
arranged that after a piece is chucked and the machine started, it will
complete the machining cycle automatically and come to a stop. They
may be horizontal or vertical and single- or multiple-spindle; many of
these lathes are now computer-controlled and have a variety of features.
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Table 13.4.3 Recommend Tool Geometry for Turning (degrees)

High-speed steel and cast-alloy tools Carbide tools (inserts)

Side and Side and
Back Side End Side end cutting Back Side End Side end cutting

Material rake rake relief relief edge rake rake relief relief edge

Aluminum alloys 20 15 12 10 5 0 5 5 5 15
Magnesium alloys 20 15 12 10 5 0 5 5 5 15
Copper alloys 5 10 8 8 5 0 5 5 5 15
Steels 10 12 5 5 15 2 5 2 5 5 5 15
Stainless steels, ferritic 5 8 5 5 15 0 5 5 5 15
Stainless steels, austenitic 0 10 5 5 15 0 5 5 5 15
Stainless steels, martensitic 0 10 5 5 15 2 5 2 5 5 5 15
High-temperature alloys 0 10 5 5 15 5 0 5 5 45
Refractory alloys 0 20 5 5 5 — — 5 5 15
Titanium alloys 0 5 5 5 15 2 5 2 5 5 5 5
Cast irons 5 10 5 5 15 2 5 2 5 5 5 15
Thermoplastics 0 0 20–30 15–20 10 0 0 20–30 15–20 10
Thermosetting plastics 0 0 20–30 15–20 10 0 15 5 5 15

SOURCE: ‘‘Matchining Data Handbook,’’ published by the Machinability Data Center, Metcut Research Associates, Inc.

Table 13.4.4 General Recommendations for Turning Operations

General-purpose starting conditions Range for roughing and finishing

Depth Cutting Depth Cutting
of cut, Feed speed, of cut, Feed speed,

Workpiece mm mm/r m/min mm mm/r m/min
material Cutting tool (in) (in/r) (ft/min) (in) (in/r) (ft/min)

Low-C and free-machining
steels

Uncoated carbide 1.5–6.3 0.35 90 0.5–7.6 0.15–1.1 60–135
(0.06–0.25) (0.014) (300) (0.02–0.30) (0.006–0.045) (200–450)

Ceramic-coated carbide 1.5–6.3 0.35 245–275 0.5–7.6 0.15–1.1 120–425
(0.06–0.25) (0.014) (800–900) (0.02–0.30) (0.006–0.045) (400–1,400)

Triple-coated carbide 1.5–6.3 0.35 185–200 0.5–7.6 0.15–1.1 90–245
(0.06–0.25) (0.014) (600–650) (0.02–0.30) (0.006–0.045) (300–800)

TiN-coated carbide 1.5–6.3 0.35 105–150 0.5–7.6 0.15–1.1 60–230
(0.06–0.25) (0.014) (350–500) (0.02–0.30) (0.006–0.045) (200–750)

Al2O3 ceramic 1.5–6.3 0.25 395–440 0.5–7.6 0.15–1.1 365–550
(0.06–0.25) (0.010) (1,300–1,450) (0.02–0.30) (0.006–0.045) (1,200–1,800)

Cermet 1.5–6.3 0.30 215–290 0.5–7.6 0.15–1.1 105–455
(0.06–0.25) (0.012) (700–950) (0.02–0.30) (0.006–0.045) (350–1,500)

Medium- and high-C steels Uncoated carbide 1.2–4.0 0.30 75 2.5–7.6 0.15–0.75 45–120
(0.05–0.20) (0.012) (250) (0.10–0.30) (0.006–0.03) (150–400)

Ceramic-coated carbide 1.2–4.0 0.30 185–230 2.5–7.6 0.15–0.75 120–410
(0.05–0.20) (0.012) (600–750) (0.10–0.30) (0.006–0.03) (400–1,350)

Triple-coated carbide 1.2–4.0 0.30 120–150 2.5–7.6 0.15–0.75 75–215
(0.050–0.20) (0.012) (400–500) (0.10–0.30) (0.006–0.03) (250–700)

TiN-coated carbide 1.2–4.0 0.30 90–200 2.5–7.6 0.15–0.75 45–215
(0.05–0.20) (0.012) (300–650) (0.10–0.30) (0.006–0.03) (150–700)

Al2O3 ceramic 1.2–4.0 0.25 335 2.5–7.6 0.15–0.75 245–455
(0.05–0.20) (0.010) (1,100) (0.10–0.30) (0.006–0.03) (800–1,500)

Cermet 1.2–4.0 0.25 170–245 2.5–7.6 0.15–0.75 105–305
(0.05–0.20) (0.010) (550–800) (0.10–0.30) (0.006–0.03) (350–1,000)

Cast iron, gray Uncoated carbide 1.25–6.3 0.32 90 0.4–12.7 0.1–0.75 75–185
(0.05–0.25) (0.013) (300) (0.015–0.5) (0.004–0.03) (250–600)

Ceramic-coated carbide 1.25–6.3 0.32 200 0.4–12.7 0.1–0.75 120–365
(0.05–0.25) (0.013) (650) (0.015–0.5) (0.004–0.03) (400–1,200)

TiN-coated carbide 1.25–6.3 0.32 90–135 0.4–12.7 0.1–0.75 60–215
(0.05–0.25) (0.013) (300–450) (0.015–0.5) (0.004–0.03) (200–700)

Al2O3 ceramic 1.25–6.3 0.25 455–490 0.4–12.7 0.1–0.75 365–855
(0.05–0.25) (0.010) (1,500–1,600) (0.015–0.5) (0.004–0.03) (1,200–2,800)

SiN ceramic 1.25–6.3 0.32 730 0.4–12.7 0.1–0.75 200–990
(0.05–0.25) (0.013) (2,400) (0.015–0.5) (0.004–0.03) (650–3,250)

Stainless steel, austenitic Triple-coated carbide 1.5–4.4 0.35 150 0.5–12.7 0.08–0.75 75–230
(0.06–0.175) (0.014) (500) (0.02–0.5) (0.003–0.03) (250–750)

TiN-coated carbide 1.5–4.4 0.35 85–160 0.5–12.7 0.08–0.75 55–200
(0.06–0.175) (0.014) (275–525) (0.02–0.5) (0.003–0.03) (175–650)

Cermet 1.5–4.4 0.30 185–215 0.5–12.7 0.08–0.75 105–290
(0.06–0.175) (0.012) (600–700) (0.02–0.5) (0.003–0.03) (350–950)

High-temperature alloys,
nickel base

Uncoated carbide 2.5 0.15 25–45 0.25–6.3 0.1–0.3 15–30
(0.10) (0.006) (75–150) (0.01–0.25) (0.004–0.012) (50–100)

Ceramic-coated carbide 2.5 0.15 45 0.25–6.3 0.1–0.3 20–60
(0.10) (0.006) (150) (0.01–0.25) (0.004–0.012) (65–200)
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Table 13.4.4 General Recommendations for Turning Operations (Continued )

General-purpose starting conditions Range for roughing and finishing

Depth Cutting Depth Cutting
of cut, Feed speed, of cut, Feed speed,

Workpiece mm mm/r m/min mm mm/r m/min
material Cutting tool (in) (in/r) (ft/min) (in) (in/r) (ft/min)

High-temperature alloys,
nickel base (cont.)

TiN-coated carbide 2.5 0.15 30–55 0.25–6.3 0.1–0.3 20–85
(0.10) (0.006) (95–175) (0.01–0.25) (0.004–0.012) (60–275)

Al2O3 ceramic 2.5 0.15 260 0.25–6.3 0.1–0.3 185–395
(0.10) (0.006) (850) (0.01–0.25) (0.004–0.012) (600–1,300)

SiN ceramic 2.5 0.15 215 0.25–6.3 0.1–0.3 90–215
(0.10) (0.006) (700) (0.01–0.25) (0.004–0.012) (300–700)

Polycrystalline CBN 2.5 0.15 150 0.25–6.3 0.1–0.3 120–185
(0.10) (0.006) (500) (0.01–0.25) (0.004–0.012) (400–600)

Titanium alloys Uncoated carbide 1.0–3.8 0.15 35–60 0.25–6.3 0.1–0.4 10–75
(0.04–0.15) (0.006) (120–200) (0.01–0.25) (0.004–0.015) (30–250)

TiN-coated carbide 1.0–3.8 0.15 30–60 0.25–6.3 0.1–0.4 10–100
(0.04–0.15) (0.006) (100–200) (0.01–0.25) (0.004–0.015) (30–325)

Aluminum alloys, free-
machining

Uncoated carbide 1.5–5.0 0.45 490 0.25–8.8 0.08–0.62 200–670
(0.06–0.20) (0.018) (1,600) (0.01–0.35) (0.003–0.025) (650–2,000)

TiN-coated carbide 1.5–5.0 0.45 550 0.25–8.8 0.08–0.62 60–915
(0.06–0.20) (0.018) (1,800) (0.01–0.35) (0.003–0.025) (200–3,000)

Cermet 1.5–5.0 0.45 490 0.25–8.8 0.08–0.62 215–795
(0.06–0.20) (0.018) (1,600) (0.01–0.35) (0.003–0.025) (700–2,600)

Polycrystalline diamond 1.5–5.0 0.45 760 0.25–8.8 0.08–0.62 305–3,050
(0.06–0.20) (0.018) (2,500) (0.01–0.35) (0.003–0.025) (1,000–10,000)

High-silicon Polycrystalline diamond 1.5–5.0 0.45 530 0.25–8.8 0.08–0.62 365–915
(0.06–0.20) (0.018) (1,700) (0.01–0.35) (0.003–0.025) (1,200–3,000)

Copper alloys Uncoated carbide 1.5–5.0 0.25 260 0.4–7.5 0.15–0.75 105–535
(0.06–0.20) (0.010) (850) (0.015–0.3) (0.006–0.03) (350–1,750)

Ceramic-coated carbide 1.5–5.0 0.25 365 0.4–7.5 0.15–0.75 215–670
(0.06–0.20) (0.010) (1,200) (0.015–0.3) (0.006–0.03) (700–2,200)

Triple-coated carbide 1.5–5.0 0.25 215 0.4–7.5 0.15–0.75 90–305
(0.06–0.20) (0.010) (700) (0.015–0.3) (0.006–0.03) (300–1,000)

TiN-coated carbide 1.5–5.0 0.25 90–275 0.4–7.5 0.15–0.75 45–455
(0.06–0.20) (0.010) (300–900) (0.015–0.3) (0.006–0.03) (150–1,500)

Cermet 1.5–5.0 0.25 245–425 0.4–7.5 0.15–0.75 200–610
(0.06–0.20) (0.010) (800–1,400) (0.015–0.3) (0.006–0.03) (650–2,000)

Polycrystalline diamond 1.5–5.0 0.25 520 0.4–7.5 0.15–0.75 275–915
(0.06–0.20) (0.010) (1,700) (0.015–0.3) (0.006–0.03) (900–3,000)

Tungsten alloys Uncoated carbide 2.5 0.2 75 0.25–5.0 0.12–0.45 55–120
(0.10) (0.008) (250) (0.01–0.2) (0.005–0.018) (175–400)

TiN-coated carbide 2.5 0.2 85 0.25–5.0 0.12–0.45 60–150
(0.10) (0.008) (275) (0.01–0.2) (0.005–0.018) (200–500)

Thermoplastics and ther-
mosets

TiN-coated carbide 1.2 0.12 170 0.12–5.0 0.08–0.35 90–230
(0.05) (0.005) (550) (0.005–0.20) (0.003–0.015) (300–750)

Polycrystalline diamond 1.2 0.12 395 0.12–5.0 0.08–1.35 150–730
(0.05) (0.005) (1,300) (0.005–0.20) (0.003–0.015) (500–2,400)

Composites, graphite-
reinforced

TiN-coated carbide 1.9 0.2 200 0.12–6.3 0.12–1.5 105–290
(0.075) (0.008) (650) (0.005–0.25) (0.005–0.06) (350–950)

Polycrystalline diamond 1.9 0.2 760 0.12–6.3 0.12–1.5 550–1,310
(0.075) (0.008) (2,500) (0.005–0.25) (0.005–0.06) (1,800–4,300)

NOTE: Cutting speeds for high-speed-steel tools are about one-half those for uncoated carbides.
SOURCE: Based on data from Kennametal Inc.

Table 13.4.5 General Troubleshooting Guide
for Turning Operations

Problem Probable causes

Tool breakage Tool material lacks toughness; improper tool
angles; machine tool lacks stiffness; worn bear-
ings and machine components; cutting parame-
ters too high

Excessive tool wear Cutting parameters too high; improper tool mate-
rial; ineffective cutting fluid; improper tool

The basic principle of the turret lathe is that, with standard tools,
setups can be made quickly so that combined, multiple, and successive
cuts can be made on a part. By combined cuts, tools on the cross slide
operate simultaneously with those on the turret, e.g., facing from the
cross slide and boring from the turret. Multiple cuts permit two or more
tools to operate from either or both the cross slide or turret. By successive
cuts, one tool may follow another to rough or finish a surface; e.g., a
hole may be drilled, bored, and reamed at one chucking. In the tool-slide
machine only roughing cuts, such as turn and face, can be made in one
machine. A second machine similarly tooled must be available to make
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angles

Rough surface finish Built-up edge on tool; feed too high; tool too
sharp, chipped, or worn; vibration and chatter

Dimensional variability Lack of stiffness; excessive temperature rise; tool
wear

Tool chatter Lack of stiffness; workpiece not supported rig-
idly; excessive tool overhang
the finishing cuts.
Ram-type turret lathes have the turret mounted on a ram which slides

in a separate base. The base is clamped at a position along the bed to suit
a long or short workpiece. A cross slide can be used so that combined
cuts can be taken from the turret and the cross slide at the same time.
Turret and cross slide can be equipped with manual or power feed. The
short stroke of the turret slide limits this machine to comparatively short
light work, in both small and quantity-lot production.
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Saddle-type turret lathes have the turret mounted on a saddle which
slides directly on the bed. Hence, the length of stroke is limited only by
the length of bed. A separate square-turret carriage with longitudinal
and transverse movement can be mounted between the head and the
hex-turret saddle so that combined cuts from both stations at one time
are possible. The saddle type of turret lathe generally has a large hollow
vertically faced turret for accurate alignment of the tools.

Screw Machines

When turret lathes are set up for bar stock, they are often called screw

tions, chatter, and dimensional accuracy can be significant problems
because the boring bar has to reach the full length to be machined and
space within the workpiece may be limited. Boring bars have been
designed to dampen vibrations and reduce chatter during machining.

DRILLING

Drilling is a commonly employed hole-making process that uses a drill
as a cutting tool for producing round holes of various sizes and depths.
Drilled holes may be subjected to additional operations for better sur-
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machines. Turret lathes that are adaptable only to bar-stock work are
constructed for light work. As with turret lathes, they have spring collets
for holding the bars during machining and friction fingers or rolls to
feed the bar stock forward. Some bar-feeding devices are operated by
hand and others semiautomatically.

Automatic screw machines may be classified as single-spindle or mul-
tiple-spindle. Single-spindle machines rotate the bar stock from which
the part is to be made. The tools are carried on a turret and on cross
slides or on a circular drum and on cross slides. Multiple-spindle ma-
chines have four, five, six, or eight spindles, each carrying a bar of the
material from which the piece is to be made. Capacities range from 1⁄3 to
6 in (3 to 150 mm) diam of bar stock.

Feeds of forming tools vary with the width of the cut. The wider the
forming tool and the smaller the diameter of stock, the smaller the feed.
On multiple-spindle machines, where many tools are working simulta-
neously, the feeds should be such as to reduce the actual cutting time to
a minimum. Often only one or two tools in a set are working up to
capacity, as far as actual speed and feed are concerned.

BORING

Boring is a machining process for producing internal straight cylindrical
surfaces or profiles, with process characteristics and tooling similar to
those for turning operations.

Boring machines are of two general types, horizontal and vertical, and
are frequently referred to as horizontal boring machines and vertical
boring and turning mills. A classification of boring machines comprises
horizontal boring, drilling, and milling machines; vertical boring and
turning mills; vertical multispindle cylinder boring mills; vertical cylin-
der boring mills; vertical turret boring mills (vertical turret lathes); car-
wheel boring mills; diamond or precision boring machines (vertical and
horizontal); and jig borers.

The horizontal type is made for both precision work and general man-
ufacturing. It is particularly adapted for work not conveniently re-
volved, for milling, slotting, drilling, tapping, boring, and reaming long
holes, and for making interchangeable parts that must be produced
without jigs and fixtures. The machine is universal and has a wide range
of speeds and feeds, for a face-mill operation may be followed by one
with a small-diameter drill or end mill.

Vertical boring mills are adapted to a wide range of faceplate work that
can be revolved. The advantage lies in the ease of fastening a workpiece
to the horizontal table, which resembles a four-jaw independent chuck
with extra radial T slots, and in the lessened effect of centrifugal forces
arising from unsymmetrically balanced workpieces.

A jig-boring machine has a single-spindle sliding head mounted over a
table adjustable longitudinally and transversely by lead screws which
roughly locate the work under the spindle. Precision setting of the table
may be obtained with end measuring rods, or it may depend only on the
accuracy of the lead screw. These machines, made in various sizes, are
used for accurately finishing holes and surfaces in definite relation to
one another. They may use drills, rose or fluted reamers, or single-point
boring tools. The latter are held in an adjustable boring head by which
the tool can be moved eccentrically to change the diameter of the hole.

Precision-boring machines may have one or more spindles operating at
high speeds for the purpose of boring to accurate dimensions such sur-
faces as wrist-pin holes in pistons and connecting-rod bushings.

Boring Recommendations Boring recommendations for tool mate-
rials, depth of cut, feed, and cutting speed are generally the same as
those for turning operations (see Table 13.4.4). However, tool deflec-
face finish and dimensional accuracy, such as reaming and honing,
described later in this section.

Drilling machines are intended for drilling holes, tapping, counterbor-
ing, reaming, and general boring operations. They may be classified
into a large variety of types.

Sizes of Drilling Machines Vertical drilling machines are usually
designated by a dimension which roughly indicates the diameter of the
largest circle that can be drilled at its center under the machine. This
dimensioning, however, does not hold for all makes of machines. The
sizes begin with about 6 and continue to 50 in. Heavy-duty drill presses
of the vertical type, with all-geared speed and feed drive, are con-
structed with a box-type column instead of the older cylindrical column.

The size of a radial drill is designated by the length of the arm. This
represents the radius of a piece which can be drilled in the center.

Twist drills (Fig. 13.4.12) are the most common tools used in drilling
and are made in many sizes and lengths. For years they have been
grouped according to numbered sizes, 1 to 80, inclusive, corresponding
approximately to Stub’s steel wire gage; some by lettered sizes A to Z,
inclusive; some by fractional inches from 1⁄64 up, and the group of
millimeter sizes.

Straight-shank twist drills of fractional size and various lengths range
from 1⁄64 in diam to 11⁄4 in by 1⁄64 in increments; to 11⁄2 in by 1⁄32 in; and
to 2 in by 1⁄16 in. Taper-shank drills range from 1⁄8 in diam to 13⁄4 in by 1⁄64

increments; to 21⁄4 in by 1⁄32 in; and to 31⁄2 in by 1⁄16 in. Larger drills are
made by various drill manufacturers. Drills are also available in metric
dimensions.

Tolerances have been set on the various features of all drills so that
the products of different manufacturers will be interchangeable in the
user’s plants.

Twist drills are decreased in diameter from point to shank (back
taper) to prevent binding. If the web is increased gradually in thickness
from point to shank to increase the strength, it is customary to reduce
the helix angle as it approaches the shank. The shape of the groove is
important, the one that gives a straight cutting edge and allows

Fig. 13.4.12 Straight shank twist drill.

a full curl to the chip being the best. The helix angles of the flutes vary
from 10 to 45°. The standard point angle is 118°. There are a number of
drill grinders on the market designed to give the proper angles. The point
may be ground either in the standard or the crankshaft geometry. The
drill geometry for high-speed steel twist drills for a variety of workpiece
materials is given in Table 13.4.6.

Among the common types of drills (Fig. 13.4.13) are the combined
drill and countersink or center drill, a short drill used to center shafts
before squaring and turning: the step drill, with two or more diameters;
the spade drill which has a removable tip or bit clamped in a holder on
the drill shank, used for large and deep holes; the trepanning tool used to
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Table 13.4.6 Recommended Drill Geometry for High-Speed Steel Twist Drills

Point Lip relief Chisel edge Helix
Material angle, deg angle, deg angle, deg angle, deg Point grind

Aluminum alloys 90–118 12–15 125–135 24–48 Standard
Magnesium alloys 70–118 12–15 120–135 30–45 Standard
Copper alloys 118 12–15 125–135 10–30 Standard
Steels 118 10–15 125–135 24–32 Standard
High strength steels 118–135 7–10 125–135 24–32 Crankshaft
Stainless steels, low-strength 118 10–12 125–135 24–32 Standard
Stainless steels, high-strength 118–135 7–10 120–130 24–32 Crankshaft
High-temperature alloys 118–135 9–12 125–135 15–30 Crankshaft
Refractory alloys 118 7–10 125–135 24–32 Standard
Titanium alloys 118–135 7–10 125–135 15–32 Crankshaft
Cast irons 118 8–12 125–135 24–32 Standard
Plastics 60–90 7 120–135 29 Standard

SOURCE: ‘‘Machining Data Handbook,’’ published by the Machinability Data Center, Metcut Research Associates Inc.

cut a core from a piece of metal instead of reducing all the metal re-
moved to chips; the gun drill, run at a high speed under a light feed, and
used to drill small long holes; the core drill used to bore out cored holes;
the oil-hole drill, having holes or tubes in its body through which oil is
forced to the cutting lips; three- and four-fluted drills, used to enlarge
holes after a leader hole has been cored, punched, or drilled with a

g ng g

High-pressure
coolant

13.4.7. Hole depth is also a factor in selecting drilling parameters. A
general troubleshooting guide for drilling is given in Table 13.4.8.

Table 13.4.8 General Troubleshooting Guide
for Drilling Operations

Problem Probable causes

Drill breakage Dull drill; drill seizing in hole because of chips
clogging flutes; feed too high; lip relief angle
too small
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Fig. 13.4.13 Various types of drills, and drilling and reaming operations.

two-fluted drill; twisted drills made from flat high-speed steel or drop-
forged to desired shape and then twisted. Drills are also made of solid
carbide or of high-speed steel with an insert of carbide to form the chisel
edge and both cutting edges. They are used primarily for drilling abra-
sive or very hard materials.

Drilling Recommendations The most common tool material for
drills is high-speed steel M1, M7, and M10. General recommendations
for speeds and feeds in drilling a variety of materials are given in Table

Table 13.4.7 General Recommendations for Drilling

Surface speed
Workpiece

material m/min ft/min 1.5 mm (0.0

Aluminum alloys 30–120 100–400 0.025 (0.00
Magnesium alloys 45–120 150–400 0.025 (0.00
Copper alloys 15–60 50–200 0.025 (0.00
Steels 20–30 60–100 0.025 (0.00

Stainless steels 10–20 40–60 0.025 (0.001
Titanium alloys 6–20 20–60 0.010 (0.000
Cast irons 20–60 60–200 0.025 (0.001
Thermoplastics 30–60 100–200 0.025 (0.001
Thermosets 20–60 60–200 0.025 (0.001

NOTE: As hole depth increases, speeds and feeds should be reduced. Selection of speeds and fee
Excessive drill wear Cutting speed too high; ineffective cutting fluid;
rake angle too high; drill burned and strength
lost when sharpened

Tapered hole Drill misaligned or bent; lips not equal; web not
central

Oversize hole Same as above; machine spindle loose; chisel
edge not central; side pressure on workpiece

Poor hole surface finish Dull drill; ineffective cutting fluid; welding of
workpiece material on drill margin; improperly
ground drill; improper alignment

REAMING

A reamer is a multiple-cutting edge tool used to enlarge or finish holes,
and to provide accurate dimensions as well as good finish. Reamers are
of two types: (1) rose and (2) fluted.

The rose reamer is a heavy-bodied tool with end cutting edges. It is
used to remove considerable metal and to true up a hole preparatory to
flute reaming. It is similar to the three- and four-fluted drills. Wide
cylindrical lands are provided back of the flute edges.

Fluted reamers cut principally on the periphery and remove only
0.004 to 0.008 in (0.1 to 0.2 mm) on the bore. Very narrow cylindrical
margins are provided back of the flute edges, 0.012 to 0.015 in (0.3 to

Feed, mm/r (in/r)

Drill diameter r/min

in) 12.5 mm (0.5 in) 1.5 mm 12.5 mm

) 0.30 (0.012) 6,400–25,000 800–3,000
) 0.30 (0.012) 9,600–25,000 1,100–3,000
) 0.25 (0.010) 3,200–12,000 400–1,500
) 0.30 (0.012) 4,300–6,400 500–800

) 0.18 (0.007) 2,100–4,300 250–500
4) 0.15 (0.006) 1,300–4,300 150–500
) 0.30 (0.012) 4,300–12,000 500–1,500
) 0.13 (0.005) 6,400–12,000 800–1,500
) 0.10 (0.004) 4,300–12,000 500–1,500

ds also depends on the specific surface finish required.
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0.4 mm) wide for machine-finish reaming and 0.004 to 0.006 in (0.1
to 0.15 mm) for hand reaming, to provide free cutting of the edges due
to the slight body taper and also to pilot the reamer in the hole. The hole
to be flute- or finish-reamed should be true. A rake of 5° is recom-
mended for most reaming operations. A reamer may be straight or heli-
cally fluted. The latter provides much smoother cutting and gives a
better finish.

Expansion reamers permit a slight expansion by a wedge so that the
reamer may be resharpened to its normal size or for job shop use; they
provide slight variations in size. Adjustable reamers have means of ad-

Milling machines use cutters with multiple teeth in contrast with the
single-point tools of the lathe and planer. The workpiece is generally fed
past the cutter perpendicular to the cutter axis. Milling usually is face or
peripheral cutting.

Standard spindle noses and arbors for milling machines provide inter-
changeability of arbors and face-milling cutters, regardless of make or
size of machine. The taper of the spindle end and arbor is 31⁄2 in/ft, to
make them self-releasing. The retention of the shank is dependent upon a
positive locking device, such as screws or draw-in bolt. When unlocked,
these tapers release themselves.
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justing inserted blades so that a definite size can be maintained through
numerous grindings and fully worn blades can be replaced with new
ones. Shell reamers constitute the cutting portion of the tool which fits
interchangeably on arbors to make many sizes available or to make
replacement of worn-out shells less costly. Reamers float in their hold-
ing fixtures to ensure alignment, or they should be piloted in guide
bushings above and below the work. They may also be held rigidly,
such as in the tailstock of a lathe.

The speed of high-speed steel reamers should be two-thirds to three-
quarters and feeds usually are two or three times that of the correspond-
ing drill size. The most common tool materials for reamers are M1, M2,
and M7 high-speed steels and C-2 carbide.

THREADING

Threads may be formed on the outside or inside of a cylinder or cone (1)
with single-point threading tools, (2) with threading chasers, (3) with
taps, (4) with dies, (5) by thread milling, (6) by thread rolling, and (7) by
grinding. There are numerous types of taps, such as hand, machine
screw, pipe, and combined pipe tap and drill. Small taps usually have no
radial relief. They may be made in two, three, or four flutes. Large taps
may have still more flutes.

The feed of a tap depends upon the lead of the screw thread. The
cutting speed depends upon numerous factors: Hard tough materials,
great length of hole, taper taps, and full-depth thread reduce the speed;
long chamfer, fine pitches, and a cutting fluid applied in quantity in-
crease the speed. Taps are cut or formed by grinding. The ground-thread
taps may operate at much higher speeds than the cut taps. Speeds may
range from 3 ft/min (1 m/min) for high-strength steels to 150 ft/min (45
m/min) for aluminum and magnesium alloys. Common high-speed steel
tool materials for taps are M1, M7, and M10.

Threading dies, used to produce external threads, may be solid, adjust-
able, spring-adjustable, or self-opening die heads. Replacement chasers
are used in die heads and may be of the fixed or self-opening type.
These chasers may be of the radial type, hobbed or milled; of the tan-
genital type; or of the circular type. Emulsions and oils are satisfactory
for most threading operations.

MILLING

Milling is one of the most versatile machining processes and is capable
of producing a variety of shapes involving flat surfaces, slots, and con-
tours (Fig. 13.4.14).

Arbor
Cutter
Arbor

(a) (b)

Fig. 13.4.14 Basic types of milling cutters and operations. (a) Sla
Milling-machine classification is based on design, operation, or pur-
pose. Knee-and-column type milling machines have the table and saddle
supported on the vertically adjustable knee gibbed to the face of the
column. The table is fed longitudinally on the saddle, and the latter
transversely on the knee to give three feeding motions.

Knee-type machines are made with horizontal or vertical spindles.
The horizontal universal machines have a swiveling table for cutting
helices. The plain machines are used for jobbing or production work,
the universal for toolroom work. Vertical milling machines with fixed or
sliding heads are otherwise similar to the horizontal type. They are used
for face or end milling and are frequently provided with a rotary table
for making cylindrical surfaces.

The fixed-bed machines have a spindle mounted in a head dovetailed
to and sliding on the face of the column. The table rests directly on the
bed. They are simple and rigidly built and are used primarily for high-
production work. These machines are usually provided with work-hold-
ing fixtures and may be constructed as plain or multiple-spindle ma-
chines, simple or duplex.

Rotary-type millers usually have a rotating table on which fixtures
carrying the workpiece are mounted. The cutter spindles are mounted
over the edge of the table past which the workpiece is fed.

Drum-type millers consist of a drum carrying the work and rotating on
a horizontal axis. Both rotary and drum types are mass-production ma-
chines, there being no idle time, for the drums rotate continuously while
the parts, loaded on one side of the machine, pass first the roughing and
then the finishing cutters and are replaced when they return to the load-
ing position.

In planetary milling machines the workpiece is stationary on the bed
or clamped to the tailstock while the cutter rotates. Plain and formed
internal or external surfaces and threads are produced by inserting the
cutter into the bore to be milled, feeding it to depth radially, making a
sweeping cut about the bore, and withdrawing first radially and then
axially.

Planer-type millers are used only on the heaviest work. They are used
to machine a number of surfaces on a particular part or group of parts
arranged in series in fixtures on the table.

Thread millers are used to cut threads and worms. A single formed
cutter may be used or all the threads may be cut at one time by a
multiple-thread cutter.

Milling Cutters

Milling cutters are made in a wide variety of shapes and sizes.
The nomenclature of tooth parts and angles is standardized as in

Spindle

Spindle

Shank

End mill
(c)

b (peripheral) milling; (b) face milling; (c) end milling.
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Table 13.4.10 General Troubleshooting Guide
for Milling Operations

Problem Probable causes

Tool breakage Tool material lacks toughness; improper
tool angles; cutting parameters too high

Tool wear excessive Cutting parameters too high; improper tool
material; improper tool angles; improper
cutting fluid

Ge

ed,
too
oth
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Axial
rake, 1

Radial
rake, 2

End relief

Corner angle
End cutting edge angle

(a)

(b)

Peripheral relief
(radial relief)

(axial relief)

Fig. 13.4.15 (a) Plain milling cutter teeth; (b) face milling cutter.

Table 13.4.9 General Recommendations for Milling Operations

Fe
mm/

Workpiece material Cutting tool (in/to
Low-C and free-machining
steels

Uncoated carbide, coated
carbide, cermets

0.13–0.2
(0.005–0.0

Alloy steels
Soft Uncoated, coated, cermets 0.10–0.1

(0.004–0.0
Hard Cermets, PCBN 0.10–0.1

(0.004–0.0

Cast iron, gray
Soft Uncoated, coated, cer-

mets, SiN
0.10–0.2

(0.004–0.0
Hard Cermets, SiN, PCBN 0.10–0.2

(0.004–0.0

Stainless steel, austenitic Uncoated, coated, cermets 0.13–0.1
(0.005–0.0

High-temperature alloys,
nickel base

Uncoated, coated, cer-
mets, SiN, PCBN

0.10–0.1
(0.004–0.0

Titanium alloys Uncoated, coated, cermets 0.13–0.1
(0.005–0.0

Aluminum alloys
Free-machining Uncoated, coated, PCD 0.13–0.2

(0.005–0.0
High-silicon PCD 0.13

(0.005)

Copper alloys Uncoated, coated, PCD 0.13–0.2
(0.005–0.0

Thermoplastics and ther-
mosets

Uncoated, coated, PCD 0.13–0.2
(0.005–0.0

NOTE: Depths of cut, d, usually are in the range of 1–8 mm (0.04–0.3 in). PCBN: polycrystallin
SOURCE: Based on data from Kennametal Inc.
Rough surface finish Feed too high; spindle speed too low; too
few teeth on cutter; tool chipped or worn;
built-up edge; vibration and chatter

Tolerances too broad Lack of spindle stiffness; excessive temper-
ature rise; dull tool; chips clogging cutter

Workpiece surface burnished Dull tool; depth of cut too low; radial relief
angle too small

Back striking Dull cutting tools; cutter spindle tilt; nega-
tive tool angles

Chatter marks Insufficient stiffness of system; external
vibrations; feed, depth, and width of cut
too large

Burr formation Dull cutting edges or too much honing; in-
correct angle of entry or exit; feed and
depth of cut too high; incorrect insert ge-
ometry

Breakout Lead angle too low; incorrect cutting edge
geometry; incorrect angle of entry or exit;
feed and depth of cut too high

neral-purpose starting
conditions Range of conditions

Speed, Feed, Speed,
th m/min mm/tooth m/min
) (ft/min) (in/tooth) (ft/min)

0 120–180 0.085–0.38 90–425
08) (400–600) (0.003–0.015) (300–1,400)
8 90–170 0.08–0.30 60–370
07) (300–550) (0.003–0.012) (200–1,200)
5 180–210 0.08–0.25 75–460
06) (600–700) (0.003–0.010) (250–1,500)

0 120–760 0.08–0.38 90–1,370
08) (400–2,500) (0.003–0.015) (300–4,500)
0 120–210 0.08–0.38 90–460
08) (400–700) (0.003–0.015) (300–1,500)

8 120–370 0.08–0.38 90–500
07) (400–1,200) (0.003–0.015) (300–1,800)

8 30–370 0.08–0.38 30–550
07) (100–1,200) (0.003–0.015) (90–1,800)

5 50–60 0.08–0.38 40–140
06) (175–200) (0.003–0.015) (125–450)

3 610–900 0.08–0.46 300–3,000
09) (2,000–3,000) (0.003–0.018) (1,000–10,000)

610 0.08–0.38 370–910
(2,000) (0.003–0.015) (1,200–3,000)

3 300–760 0.08–0.46 90–1,070
09) (1,000–2,500) (0.003–0.018) (300–3,500)

3 270–460 0.08–0.46 90–1,370
09) (900–1,500) (0.003–0.018) (300–4,500)

e cubic boron nitride; PCD: polycrystalline diamond.
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Fig. 13.4.15. Milling cutters may be classified in various ways, such as
purpose or use of the cutters (Woodruff keyseat cutters, T-slot cutters,
gear cutters, etc.); construction characteristics (solid cutters, carbide-
tipped cutters, etc.); method of mounting (arbor type, shank type, etc.);
and relief of teeth. The latter has two categories: profile cutters which
produce flat, curved, or irregular surfaces, with the cutter teeth sharp-
ened on the land; and formed cutters which are sharpened on the face to
retain true cross-sectional form of the cutter.

Two kinds of milling are generally considered to represent all forms
of milling processes: peripheral (slab) and face milling. In the peripheral-

no. 1 cutter, for example, cuts from 135 teeth to a rack, and the no. 8 cuts
12 and 13 teeth. (See Table 13.4.11.)

Multiple-space form cutting is done with a broach or with a patented
Shear Speed toolhead. The broach is pushed down into or over the gear
blank, usually on a hydraulic press, and all the spaces can be cut in one
pass.

The Shear-Speed toolhead contains three main parts: a housing, a
member with radial slots in which a tool for each of the tooth spaces on
the gear being cut can slide, and a movable, double cone-shaped guiding
unit that controls the radial movement (feed) of the tools. With the
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milling process the axis of the cutter is parallel to the surface milled,
whereas in face milling, the cutter axis is generally at a right angle to the
surface. The peripheral-milling process is also divided into two types:
conventional (up) milling and climb (down) milling. Each has its advan-
tages, and the choice depends on a number of factors such as the type
and condition of the equipment, tool life, surface finish, and machining
parameters.

Milling Recommendations Recommendations for tool materials,
feed per tooth, and cutting speed for milling a variety of materials are
given in Table 13.4.9. The cutting speeds for high-speed steels for turn-
ing, which are generally M2 and M7, are about one-half those for un-
coated carbides. A general troubleshooting guide for milling operations is
given in Table 13.4.10.

GEAR MANUFACTURING
(See also Sec. 8)

Gear Cutting Most gear-cutting processes can be classified as either
forming or generating. In a forming process, the shape of the tool is
reproduced on the workpiece; in a generating process, the shape pro-
duced on the workpiece depends on both the shape of the tool and the
relative motion between the tool and the workpiece during the cutting
operation. A soft live center on a lathe can be formed by means of a
broad, flat-form tool fed at right angles to the lathe spindle, or generated
by a single-point tool fed at the point angle in the compound rest. In
general, a generating process is more accurate than a forming process.

In the form cutting of gears, the tool has the shape of the space be-
tween the teeth. For this reason, form cutting will produce precise tooth
profiles only when the cutter is accurately made and the tooth space is of
constant width, such as on spur and helical gears. A form cutter may cut
or finish one of or all the spaces in one pass. Single-space cutters may be
disk-type or end-mill-type milling cutters. In all single-space opera-
tions, the gear blank must be retracted and indexed, i.e., rotated one
tooth space, between each pass.

Single-space form milling with disk-type cutters is particularly suit-
able for gears with large teeth, because, as far as metal removal is
concerned, the cutting action of a milling cutter is more efficient than
that of the tools used for generating. Form milling of spur gears is done
on machines that retract and index the gear blank automatically.

For the same tooth size (pitch), the shape (profile) of the teeth on an
involute gear depends on the number of teeth on the gear. Most gears
have active profiles that are wholly, partially, or approximately invo-
lute, and, consequently, accurate form cutting would require a different
cutter for each number of teeth. In most cases, satisfactory results can be
obtained by using the eight cutters for each pitch that are commercially
available. Each cutter is designed to cut a range of tooth numbers; the

Table 13.4.11

No. of cutter 1 2 3
No. of teeth 135–` 55–134 35–54

For more accurate gears, 15 cutters are available

No. of cutter 1 11⁄2 2
No. of teeth 135–` 80–134 55–79

No. of cutter 5 51⁄2

No. of teeth 21 and 22 19 and 20 17 a
toolhead stationary, the part is reciprocated past the cutting tools; each
tool is fed radially a predetermined amount each stroke until the full
tooth depth is cut. To avoid drag, the tools are retracted on each return
(noncutting) stroke of the gear.

Gears always operate in pairs and are usually required to have con-
tacting profiles of such a shape that the ratio of the speeds of the pair
remains constant at all times; such gears are said to be conjugate to one
another.

In a gear generating machine, the generating tool can be considered
as one of the gears in a conjugate pair and the gear blank as the other
gear. The correct relative motion between the tool arbor and the blank
arbor is obtained by means of a train of indexing gears within the
machine.

One of the most valuable properties of the involute as a gear-tooth
profile is that if a cutter is made in the form of an involute gear of a
given pitch and any number of teeth, it can generate all gears of all tooth
numbers of the same pitch and they will all be conjugate to one another.
The generating tool may be a pinion-shaped cutter, a rack-shaped
(straight) cutter, or a hob, which is essentially a series of racks wrapped
around a cylinder in a helical, screwlike form.

On a gear shaper, the generating tool is a pinion-shaped cutter that
rotates slowly at the proper speed as if in mesh with the blank; the
cutting action is produced by a reciprocation of the cutter parallel to the
work axis. These machines can cut spur and helical gears, both internal
and external; they can also cut continuous-tooth helical (herringbone)
gears and are particularly suitable for cluster gears, or gears that are
close to a shoulder.

On a rack shaper the generating tool is a segment of a rack that moves
perpendicular to the axis of the blank while the blank rotates about a
fixed axis at the speed corresponding to conjugate action between the
rack and the blank; the cutting action is produced by a reciprocation of
the cutter parallel to the axis of the blank. Since it is impracticable to
have more than 6 to 12 teeth on a rack cutter, the cutter must be disen-
gaged from the blank at suitable intervals and returned to the starting
point, the blank meanwhile remaining fixed. These machines can cut
both spur and helical external gears.

A gear-cutting hob is basically a worm, or screw, made into a gener-
ating tool by cutting a series of longitudinal slots or ‘‘gashes’’ to form
teeth; to form cutting edges, the teeth are ‘‘backed off,’’ or relieved, in a
lathe equipped with a backing-off attachment. A hob may have one,
two, or three threads; on involute hobs with a single thread, the generat-
ing portion of the hob-tooth profile usually has straight sides (like an
involute rack tooth) in a section taken at right angles to the thread.

In addition to the conjugate rotary motions of the hob and workpiece,
the hob must be fed parallel to the workpiece axis for a distance greater
than the face width of the gear. The feed, per revolution of the work-

4 5 6 7 8
–34 21–26 17–20 14–16 12 and 13

1⁄2 3 31⁄2 4 41⁄2
–54 35–41 30–34 26–29 23–25

6 61⁄2 7 71⁄2 8

nd 18 15 and 16 14 13 12



13-60 MATERIAL REMOVAL PROCESSES AND MACHINE TOOLS

piece, is produced by the feed gears, and its magnitude depends on the
material, pitch, and finish desired; the feed gears are independent of the
indexing gears. The hobbing process is continuous until all the teeth are
cut.

The same machines and the same hobs that are used for cutting spur
gears can be used for helical gears; it is only necessary to tip the hob
axis so that the hob and gear pitch helices are tangent to one another and
to correlate the indexing and feed gears so that the blank and the hob are
advanced or retarded with respect to each other by the amount required
to produce the helical teeth. Some hobbing machines have a differential
g
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rack of the gear system. A master gear, similar to the gear being ground,
is attached to the workpiece arbor and meshes with a master rack; the
generating roll is created by rolling the master gear in the stationary
rack.

Spiral bevel and hypoid gears can be ground on the machines on
which they are generated. The grinding wheel has the shape of a flaring
cup with a double-conical rim having a cross section equivalent to the
surface that is the envelope of the rotary cutter blades.

Gear Rolling The cold-rolling process is used for the finishing of
spur and helical gears for automatic transmissions and power tools; in
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ear mechanism that permits the indexing gears to be selected as for
pur gears and the feed gearing to be chosen independently.

The threads of worms are usually cut with a disk-type milling cutter
n a thread-milling machine and finished, after hardening, by grinding.
orm gears are usually cut with a hob on the machines used for hob-

ing spur and helical gears. Except for the gashes, the relief on the teeth,
nd an allowance for grinding, the hob is a counterpart of the worm. The
ob and workpiece axes are inclined to one another at the shaft angle of
e worm and gear set, usually 90°. The hob may be fed in to full depth
a radial (to the blank) direction or parallel to the hob axis.
Although it is possible to approximate the true shape of the teeth on a

traight bevel gear by taking two or three cuts with a form cutter on a
illing machine, this method, because of the taper of the teeth, is obvi-

usly unsuited for the rapid production of accurate teeth. Most straight
evel gears are roughed out in one cut with a form cutter on machines
at index automatically and then finished to the proper shape on a

enerator.
The generating method used for straight bevel gears is analogous to
e rack-generating method used for spur gears. Instead of using a rack
ith several complete teeth, however, the cutter has only one straight

utting edge that moves, during generation, in the plane of the tooth of a
asic crown gear conjugate to the gear being generated. A crown gear is
e rack among bevel gears; its pitch surface is a plane, and its teeth

ave straight sides.
The generating cutter moves back and forth across the face of the

evel gear like the tool on a shaper; the ‘‘generating roll’’ is obtained by
otating the gear slowly relative to the tool. In practice two tools are
sed, one for each side of a tooth; after each tooth has been generated,
e gear must be retracted and indexed to the next tooth.
The machines used for cutting spiral bevel gears operate on essen-

ally the same principle as those used for straight bevel gears; only the
utter is different. The spiral cutter is basically a disk that has a number
f straight-sided cutting blades protruding from its periphery on one
ide to form the rim of a cup. The machines have means for indexing,
etracting, and producing a generating roll; by disconnecting the roll
ears, spiral bevel gears can be form cut.

Gear Shaving For improving the surface finish and profile accuracy
f cut spur and helical gears (internal and external), gear shaving, a
ree-cutting gear finishing operation that removes small amounts of
etal from the working surfaces of the teeth, is employed. The teeth on
e shaving cutter, which may be in the form of a pinion (spur or helical)

r a rack, have a series of sharp-edged rectangular grooves running from
p to root. The intersection of the grooves with the tooth profiles creates
utting edges; when the cutter and the workpiece, in tight mesh, are
aused to move relative to one another along the teeth, the cutting edges
emove metal from the teeth of the work gear. Usually the cutter drives
e workpiece, which is free to rotate and is traversed past the cutter

arallel to the workpiece axis. Shaving requires less time than grinding,
ut ordinarily it cannot be used on gears harder than approximately 400
B (42 HRC).
Gear Grinding Machines for the grinding of spur and helical gears

tilize either a forming or a generating process. For form grinding, a
isk-type grinding wheel is dressed to the proper shape by a diamond
eld on a special dressing attachment; for each number of teeth a special
dex plate, with V-type notches on its periphery, is required. When

rinding helical gears, means for producing a helical motion of the
lank must be provided.

For grinding-generating, the grinding wheel may be a disk-type,
ouble-conical wheel with an axial section equivalent to the basic
some cases it has replaced gear shaving. It differs from cutting in that
the metal is not removed in the form of chips but is displaced under
heavy pressure.

There are two main types of cold-rolling machines, namely, those
employing dies in the form of racks or gears that operate in a parallel-
axis relationship with the blank and those employing worm-type dies
that operate on axes at approximately 90° to the workpiece axis. The
dies, under pressure, create the tooth profiles by the plastic deformation
of the blank.

When racks are used, the process resembles thread rolling; with gear-
type dies the blank can turn freely on a shaft between two dies, one
mounted on a fixed head and the other on a movable head. The dies have
the same number of teeth and are connected by gears to run in the same
direction at the same speed. In operation, the movable die presses the
blank into contact with the fixed die, and a conjugate profile is gen-
erated on the blank. On some of these machines the blank can be fed
axially, and gears can be rolled in bar form to any convenient
length.

On machines employing worm-type dies, the two dies are diametri-
cally opposed on the blank and rotate in opposite directions. The speeds
of the blank and the dies are synchronized by change gears, like the
blank and the hob on a hobbing machine; the blank is fed axially be-
tween the dies.

Although gears have been cold-rolled from solid blanks, most com-
mercial rolling is done as a finishing operation on fine-pitch, precut
gears.

PLANING AND SHAPING

Planers are used to rough and finish large flat surfaces, although arcs
and special forms can be made with proper tools and attachments. Sur-
faces to be finished by scraping, such as ways and long dovetails and,
particularly, parts of machine tools, are, with few exceptions, planed.
With fixtures to arrange parts in parallel and series, quantities of small
parts can be produced economically on planers.

Shapers are used for miscellaneous planing, surfacing, notching, key
seating, and production of flat surfaces on flat parts. They are virtually
obsolete, but some are still in use. The tool is held in a holder supported
on a clapper on the end of a ram which is reciprocated hydraulically or
by crank and rocker arm, in a straight line. A table carrying the vise and
the workpiece feeds transversely on each return stroke.

BROACHING

Broaching is a production process whereby a cutter, called a broach, is
used to finish internal or external surfaces such as holes of circular,
square, or irregular section, keyways, the teeth of internal gears, multi-
ple spline holes, and flat surfaces. In broaching, the action of the broach
itself serves as a clamping medium so that in many cases the operation
may be completed in the time ordinarily taken to chuck the piece. The
expense of making a broach may be large. However, the cost of main-
taining its size is usually not excessive, and very little scrap work re-
sults. Broaching round holes gives greater accuracy and better finish
than reaming, but since the broach may be guided only by the workpiece
it is cutting, the hole may not be accurate with respect to previously
machined surfaces. Where such accuracy is required, it is better practice
to broach first and then turn other surfaces with the workpiece mounted
on a mandrel. The broach is usually long and is provided with many
teeth so graded in size that each takes a small chip when the tool is
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pulled or pushed through the previously prepared leader hole or past the
surface.

The main features of the broach are the pitch, degree of taper or
increase in height of each successive tooth, relief, tooth depth, and rake.

The pitch of the teeth, i.e., the distance from one tooth to the next,
depends upon tooth strength, length of cut, shape and size of chips, etc.
The pitch should be as coarse as possible to provide ample chip clear-
ance, but at least two teeth should be in contact with the workpiece at all
times. The formula p 5 0.35 √l may be used, where p is pitch of the
roughing teeth and l the length of hole or surface, in. An average pitch

alloys. The most common tool materials are M2 and M7 high-speed
steels. An emulsion is often used for broaching for general work, but
oils may also be used.

CUTTING OFF

Cutting off involves parting or slotting bars, tubes, plate, or sheet by
various means. The machines come in various types such as a lathe
(using a single-point cutting tool), hacksaws, band saws, circular saws,
friction saws, and thin abrasive wheels. Cutting off may also be carried
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for small broaches is 1⁄8 to 1⁄4 in (3.175 to 6.35 mm) and for large ones 1⁄2
to 1 in (12.7 to 25.4 mm). Where the hole or other surface to be
broached is short, the teeth are often cut on an angle or helix, so as to
give more continuous cutting action by having at least two teeth cutting
simultaneously.

The degree of taper, or increase in size per tooth, depends largely on
the hardness or toughness of the material to be broached and the finish
desired. The degree of taper or feed for broaching cast iron is approxi-
mately double that for steel. Usually the first few teeth coming in con-
tact with the workpiece are undersize but of uniform taper to take the
greatest feeds per tooth, but as the finished size is approached, the teeth
take smaller and smaller feeds with several teeth at the finishing end of
nearly zero taper. In some cases, for soft metals and even cast iron, the
large end is left plain or with rounded lands a trifle larger than the last
cutting tooth so as to burnish the surface. For medium-sized broaches,
the taper per tooth is 0.001 to 0.003 in (0.025 to 0.076 mm). Large
broaches remove 0.005 to 0.010 in (0.127 to 0.254 mm) per tooth or
even more. The teeth are given a front rake angle of 5 to 15° to give a
curl to the chip, provide a cleaner cut surface, and reduce the power
consumption. The land back of the cutting edge, which may be 1⁄64 to
1⁄16 in (0.4 to 1.6 mm) wide, usually is provided with a land relief vary-
ing from 1 to 3° with a clearance of 30 to 45°.

The heavier the feed per tooth or the longer the surface being
broached, the greater must be the chip clearance or space between suc-
cessive teeth for the chips to accumulate. The root should be a smooth
curve.

Broaches are generally made of M2 or M7 high-speed steel; carbide
is also used for the teeth of large broaches. Broaches of complicated
shape are likely to warp during the heat-treating process. For this rea-
son, in hardening, they are often heated in a vertical cylindrical furnace
and quenched by being hung in an air blast furnished from small holes
along the side of pipes placed vertically about the broach.

Push broaches are usually shorter than pull broaches, being 6 to 14 in
(150 to 350 mm) long, depending on their diameter and the amount of
metal to be removed. In many cases, for accuracy, four to six broaches
of the push type constitute a set used in sequence to finish the surface
being broached. Push broaches usually have a large cross-sectional area
so as to be sufficiently rigid. With pull broaches, pulling tends to
straighten the hole, whereas pushing permits the broaches to follow any
irregularity of the leader hole. Pull broaches are attached to the cross-
head of the broaching machine by means of a key slot and key, by a
threaded connection, or by a head that fits into an automatic broach
puller. The threaded connection is used where the broach is not removed
from the drawing head while the workpiece is placed over the cutter, as
in cutting a keyway. In enlarging holes, however, the small end of the
pull broach must first be extended through the reamed, drilled, or cored
hole and then fixed in the drawing head before being pulled through the
workpiece.

Broaching Machines Push broaching is done on machines of the
press type with a sort of fixture for holding the workpiece and broach or
on presses operated by power. They are usually vertical and may be
driven hydraulically or by screw, rack, or crank. The pull type of broach
may be either vertical or horizontal. The ram may be driven hydrauli-
cally or by screw, rack, or crank. Both are made in the duplex- and
multiple-head type.

Processing Parameters for Broaching Cutting speeds for broach-
ing may range from 5 ft/min (1.5 m/min) for high-strength materials to
as high as 30 to 50 ft/min (9 to 15 m/min) for aluminum and magnesium
out by shearing and cropping, as well as using flames and laser beams.
In power hacksaws, the frame in which the blade is strained is recipro-

cated above the workpiece which is held in a vise on the bed. The
cutting feed is effected by weighting the frame, with 12 to 50 lb (55 to
225 N) of force from small to large machines; adding weights or spring
tension giving up to 180 lb (800 N); providing a positive screw feed or
a friction screw feed; and by a hydraulic feed mechanism giving forces
up to 300 lb (1.34 kN) between the blade and workpiece. With high-
speed steel blades, cutting speeds range from about 30 strokes per min-
ute for high-strength materials to 180 strokes per minute for carbon
steels.

Hacksaw blades for hand frames are made 8, 10, and 12 in long, 7⁄16 to
9⁄16 in wide, and 0.025 in thick. Number of teeth per inch for cutting soft
steel or cast iron, 14; tool steel and angle iron, 18; brass, copper, and
heavy tubing, 24; sheet metal and thin tube, 32.

Blades for power hacksaws are made of alloy steels and of high-
speed steels. Each length is made in two or more widths. The coarsest
teeth should be used on large workpieces and with heavy feeds.

Band saws, vertical, horizontal, and universal, are used for cutting off.
The kerf or width of cut is small with a consequently small loss in
expensive material. The teeth of band saws, like those of hacksaws, are
set with the regular alternate type, one bent to the right and the next to
the left; or with the alternate and center set, in which one tooth is bent to
the right, the second to the left, and the third straight in the center. With
high-speed steel saw blades, band speeds range from about 30 ft/min
(10 m/min) for high-temperature alloys to about 400 (120) for carbon
steels. For aluminum and magnesium alloys the speed ranges up to
about 1,300 ft/min (400 m/min) with high-carbon blades. The band
speed should be decreased as the workpiece thickness increases.

Friction sawing machines are used largely for cutting off structural
shapes. Peripheral speeds of about 20,000 ft/min (6,000 m/min) are
used. The wheels may be plain on the periphery, V-notched, or with
milled square notches.

Abrasive cutoff wheels are made of thin resinoid or rubber bonded
abrasives. The wheels operate at surface speeds of 12,000 to 16,000
ft/min (3,600 to 4,800 m/min). These wheels are used for cutting off
tubes, shapes, and hardened high-speed steel.

Circular saws are made in a wide variety of styles and sizes. Circular
saws may have teeth of several shapes, as radial face teeth for small
fine-tooth saws; radial face teeth with a land for fine-tooth saws; alter-
nate bevel-edged teeth to break up the chips, with every other tooth
beveled 45° on each side with the next tooth plain; alternate side-
beveled teeth; and one tooth beveled on the right, the next on the left,
and the third beveled on both sides, each leaving slightly overlapping
flats on the periphery of the teeth. The most common high-speed steels
for circular saws are M2 and M7; some saws have inserted carbide
teeth.

ABRASIVE PROCESSES
(See also Sec. 6)

Abrasive processes consist of a variety of operations in which the tool is
made of an abrasive material, the most common examples of which are
grinding (using wheels, known as bonded abrasives), honing, and lap-
ping. An abrasive is a small, nonmetallic hard particle having sharp
cutting edges and an irregular shape. Abrasive processes, which can be
performed on a wide variety of metallic and nonmetallic materials,
remove material in the form of tiny chips and produce surface finishes
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Fig. 13.4.16 Standard marking system chart for aluminum oxide and silicon carbide bonded abrasives.

and dimensional accuracies that are generally not obtainable through
other machining or manufacturing processes.

Grinding wheels have characteristics influenced by (1) type of abra-
sive; (2) grain size; (3) grade; (4) structure; and (5) type of bond. (See
Figs. 13.4.16 and 13.4.17.)

Selection of Abrasive Although a number of natural abrasives are
available, such as emery, corundum, quartz, garnet, and diamond, the
most commonly used abrasives in grinding wheels are aluminum oxide
and silicon carbide, the former being more commonly used than the
latter. Aluminum oxide is softer than silicon carbide, and because of its

fine grain for low removal rates and for fine finish. Coarse grains are
also used for ductile materials and a finer grain for hard and brittle
materials.

The grade of a grinding wheel is a measure of the strength of its bond.
The force that acts on the grain in grinding depends on process variables
(such as speeds, depth of cut, etc.) and the strength of the work material.
Thus a greater force on the grain will increase the possibility of dislodg-
ing the grain; if the bond is too strong, the grain will tend to get dull, and
if it is too weak then wheel wear will be high. If glazing occurs, the
wheel is acting hard; reducing the wheel speed or increasing the work
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friability and low attritious wear it is suitable for most applications.
Silicon carbide is used for grinding aluminum, magnesium, titanium,
copper, tungsten, and rubber. It is also used for grinding very hard and
brittle materials such as carbides, ceramics, and stones. Diamond and
cubic boron nitride grains are used to grind very hard materials and are
known as superabrasives.

Selection of grain size depends on the rate of material removal desired
and the surface finish. Coarse grains are used for fast removal of stock;
Fig. 13.4.17 Standard marking system chart for diamon
speed or the depth of cut causes the wheel to act softer. If the wheel
breaks down too rapidly, reversing this procedure will make the wheel
act harder. Harder wheels are generally recommended for soft work
materials, and vice versa.

A variety of bond types are used in grinding wheels; these are gener-
ally categorized as organic and inorganic. Organic bonds are materials
such as resin, rubber, shellac, and other similar bonding agents. Inor-
ganic materials are glass, clay, porcelain. sodium silicate, magnesium
d tool and cubic boron nitride (CBN) bonded abrasives.
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oxychloride, and metal. The most common bond type is the vitrified
bond which is composed of clay, glass, porcelain, or related ceramic
materials. This type of bond is brittle and produces wheels that are rigid,
porous, and resistant to oil and water. The most flexible bond is rubber
which is used in making very thin, flexible wheels. Wheels subjected to
bending strains should be made with organic bonds. In selecting a
bonding agent, attention should be paid to its sensitivity to temperature,
stresses, and grinding fluids, particularly over a period of time. The term
reinforced as applied to grinding wheels indicates a class of organic
wheels which contain one or more layers of strengthening fabric or

Workpieces can be finished by grinding to a tolerance of 0.0002 in
(0.005 mm) and a surface roughness of 501 min Rq (1.2 mm).

In situations where grinding leaves unfavorable surface residual
stresses, the technique of gentle or low-stress grinding may be employed.
This generally consists of removing a layer of about 0.010 in (0.25 mm)
at depths of cut of 0.0002 to 0.0005 in (0.005 to 0.013 mm) with wheel
speeds that are lower than the conventional 5,500 to 6,500 ft/min.

Truing and Dressing In truing, a diamond supported in the end of a
soft steel rod held rigidly in the machine is passed over the face of the
wheel two or three times to remove just enough material to give the
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filament, such as fiberglass. This term does not cover wheels with rein-
forcing elements such as steel rings, steel cup backs, or wire or tape
winding. Fiberglass and filament reinforcing increases the ability of
wheels to withstand operational forces when cracked.

The structure of a wheel is important in two aspects: It supplies a
clearance for the chip, and it determines the number of cutting points on
the wheel.

In addition to wheel characteristics, grinding wheels come in a very
large variety of shapes and dimensions. They are classified as types,
such as type 1-straight wheels, type 4-taper side wheels, type 12-dish
wheels, etc.

The grinding ratio is defined as the ratio of the volume of material
removed to the volume of wheel wear. The grinding ratio depends on
parameters such as the type of wheel, workpiece speed, wheel speed,
cross-feed, down-feed, and the grinding fluid used. Values ranging from
a low of 2 to over 200 have been observed in practice. A high grinding
ratio, however, may not necessarily result in the best surface integrity of
the part.

Wheel Speeds Depending on the type of wheel and the type and
strength of bond, wheel speeds for standard applications range between
4,500 and 16,000 surface ft/min (1,400 and 4,800 m/min). The lowest
speeds are for low-strength, inorganic bonds whereas the highest speeds
are for high-strength organic bonds. The majority of surface grinding
operations are carried out at speeds from 5,500 to 6,500 ft/min (1,750 to
2,000 m/min). A recent trend is toward high-efficiency grinding where
wheel speeds from 12,000 to 18,000 ft/min (3,600 to 5,500 m/min) are
employed.

It has been found that, by increasing the wheel speed, the rate of
material removal can be increased, thus making the process more eco-
nomical. This, of course, requires special grinding wheels to withstand
the high stresses. Design changes or improvements involve items such
as a composite wheel with a vitrified bond on the outside and a resinoid
bond toward the center of the wheel; elimination of the central hole of
the wheel by providing small bolt holes; and clamping of wheel seg-
ments instead of using a one-piece wheel. Grinding machines for such
high-speed applications have requirements such as rigidity, high work
and wheel speeds, high power, and special provisions for safety.

Workpiece speeds depend on the size and type of workpiece material
and on whether it is rigid enough to hold its shape. In surface grinding,
table speeds generally range from 50 to 100 ft/min (15 to 30 m/min);
for cylindrical grinding, work speeds from 70 to 100 ft/min (20 to 30
m/min), and for internal grinding they generally range from 75 to
200 ft/min (20 to 60 m/min).

Cross-feed depends on the width of the wheel. In roughing, the work-
piece should travel past the wheel 3⁄4 to 7⁄8 of the width of the wheel for
each revolution of the work. As the workpiece travels past the wheel
with a helical motion, the preceding rule allows a slight overlap. In
finishing, a finer feed is used, generally 1⁄10 to 1⁄4 of the width of the
wheel for each revolution of the workpiece.

Depth of Cut In the roughing operation, the depth of cut should be
all the wheel will stand. This varies with the hardness of the material
and the diameter of the workpiece. In the finishing operation, the depth
of cut is always small: 0.0005 to 0.001 in (0.013 to 0.025 mm). Good
results as regards finish are obtained by letting the wheel run over the
workpiece several times without cross-feeding.

Grinding Allowances From 0.005 to 0.040 in (0.13 to 1 mm) is
generally removed from the diameter in rough grinding in a cylindrical
machine. For finishing, 0.002 to 0.010 in (0.05 to 0.25 mm) is common.
wheel its true geometric shape. Dressing is a more severe operation of
removing the dull or loaded surface of the wheel. Abrasive sticks or
wheels or steel star wheels are pressed against and moved over the
wheel face.

Safety If not stored, handled, and used properly, a grinding wheel
can be a very dangerous tool. Because of its mass and high rotational
speed, a grinding wheel has considerable energy and, if it fractures, it
can cause serious injury and even death to the operator or to personnel
nearby. A safety code B7.1 entitled ‘‘The Use, Care, and Protection of
Abrasive Wheels’’ is available from ANSI; other safety literature is
available from the Grinding Wheel Institute and from the National
Safety Council.

The salient features of safety in the use of grinding wheels may be
listed as follows: Wheels should be stored and handled carefully; a
wheel that has been dropped should not be used. Before it is mounted on
the machine, a wheel should be visually inspected for possible cracks; a
simple ‘‘ring’’ test may be employed whereby the wheel is tapped gen-
tly with a light nonmetallic implement and if it sounds cracked, it should
not be used. The wheel should be mounted properly with the required
blotters and flanges, and the mounting nut tightened not excessively.
The label on the wheel should be read carefully for maximum operating
speed and other instructions. An appropriate guard should always be
used with the machine, whether portable or stationary.

Newly mounted wheels should be allowed to run idle at the operating
speed for at least 1 min before grinding. The operator should always
wear safety glasses and should not stand directly in front of a grinding
wheel when a grinder is started. If a grinding fluid is used, it should be
turned off first before stopping the wheel to avoid creating an out-of-
balance condition. Because for each type of operation and workpiece
material there usually is a specific type of wheel recommended, the
operator must make sure that the appropriate wheel has been selected.

Finishing Operations

Polishing is an operation by which scratches or tool marks or, in some
instances, rough surfaces left after forging, rolling, or similar operations
are removed. It is not a precision operation. The nature of the polishing
process has been debated for a long time. Two mechanisms appear to
play a role: One is fine-scale abrasion, and the other is softening of
surface layers. In addition to removal of material by the abrasive parti-
cles, the high temperatures generated because of friction soften the
asperities of the surface of the workpiece, resulting in a smeared surface
layer. Furthermore, chemical reactions may also take place in polishing
whereby surface irregularities are removed by chemical attack.

Polishing is usually done in stages. The first stage is rough polishing,
using abrasive grain sizes of about 36 to 80, followed by a second stage,
using an abrasive size range of 80 to 120, a third stage of size 150 and
finer, etc., with a final stage of buffing. For the first two steps the
polishing wheels are used dry. For finishing, the wheels are first worn
down a little and then coated with tallow, oil, beeswax, or similar sub-
stances. This step is partly polishing and partly buffing, as additional
abrasive is often added in cake form with the grease. The cutting action
is freer, and the life of the wheel is prolonged by making the wheel
surface flexible. Buffing wheels are also used for the finishing step
when tallow, etc., containing coarse or fine abrasive grains is periodi-
cally rubbed against the wheel.

Polishing wheels consisting of wooden disks faced with leather, turned
to fit the form of the piece to be polished, are used for flat surfaces or on
work where it is necessary to maintain square edges. A large variety of
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other types of wheels are in common use. Compress wheels are used
extensively and are strong, durable, and easily kept in balance. They
consist of a steel center the rim of which holds a laminated surface of
leather, canvas, linen, felt, rubber, etc., of various degrees of pliability.
Wheels of solid leather disks of walrus hide, buffalo hide, sheepskin, or
bull’s neck hide, or of soft materials such as felt, canvas, and muslin,
built up of disks either loose, stitched, or glued, depending on the resil-
iency or pliability required, are used extensively for polishing as well as
buffing. Belts of cloth or leather are often charged with abrasive for
polishing flat or other workpieces. Wire brushes may be used with no

Superfinishing is a honing process. Formed honing stones bear against
the workpiece previously finished to 0.0005 in (0.013 mm) or at the
most to 0.001 in (0.025 mm) by a very light pressure which gradually
increases to several pounds per square inch (1 lb/in2 5 0.0069 MPa) of
stone area in proportion to the development of the increased area of
contact between the workpiece and stone. The workpiece or tool rotates
and where possible is reciprocated slowly over the surface which may
be finished in a matter of 20 s to a surface quality of 1 to 3 min (0.025 to
0.075 mm). Superfinishing is applied to many types of workpieces such
as crankshaft pins and bearings, cylinder bores, pistons, valve stems,
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abrasive for a final operation to give a satin finish to nonferrous
metals.

For most polishing operations speeds range from 5,000 to 7,500 sur-
face ft/min (1,500 to 2,250 m/min). The higher range is for high-
strength steels and stainless steels. Excessively high speeds may cause
burning of the workpiece and glazing.

Buffing is a form of finish polishing in which the surface finish is
improved; very little material is removed. The powdered abrasives are
applied to the surface of the wheel by pressing a mixture of abrasive and
tallow or wax against the face for a few seconds. The abrasive is replen-
ished periodically. The wheels are made of a soft pliable material, such
as soft leather, felt, linen, or muslin, and rotated at high speed.

Buffing generally comprises two stages: cutting down and coloring.
Cutting down makes a surface smoother by removing scratches and
other marks from previous operations. Coloring further refines the sur-
face and brings out maximum luster. A variety of buffing compounds
are available: Tripoli (an amorphous silica), aluminum oxide, chro-
mium oxide, soft silica, rouge (iron oxide), pumice, lime compounds,
emery, and crocus. In cutting down nonferrous metals, Tripoli is used;
and for steels and stainless steels, aluminum oxide is the common abra-
sive. For coloring, soft silica, rouge, and chromium oxide are the more
common compounds used. Buffing speeds range from 6,000 to 10,000
surface ft/min (1,800 to 3,000 m/min); the higher speeds are for
steels, although the speed may be as high at 12,000 surface ft/min
(3,600 m/min) for coloring brass and copper.

Lapping is a process of producing extremely smooth and accurate
surfaces by rubbing the surface which is to be lapped against a mating
form which is called a lap. The lap may either be charged with a fine
abrasive and moistened with oil or grease, or the fine abrasive may be
introduced with the oil. If a part is to be lapped to a final accurate
dimension, a mating form of a softer material such as soft close-grained
cast iron, copper, brass, or lead is made up. Aluminum oxide, silicon
carbide, and diamond grits are used for lapping. Lapping requires con-
siderable time. No more than 0.0002 to 0.0005 in (0.005 to 0.013 mm)
should be left for removal by this method. Surface plates, rings, and
plugs are common forms of laps. For most applications grit sizes range
between 100 and 800, depending on the finish desired. For most effi-
cient lapping, speeds generally range from 300 to 800 surface ft/min
(150 to 240 m/min) with pressures of 1 to 3 lb/in2 (7 to 21 kPa) for soft
materials and up to 10 lb/in2 (70 kPa) for harder materials.

Honing is an operation similar to lapping. Instead of a metal lap
charged with fine abrasive grains, a honing stone made of fine abrasives
is used. Small stones of various cross-sectional shapes and lengths are
manufactured for honing the edges of cutting tools. Automobile cylin-
ders are honed for fine finish and accurate dimensions. This honing
usually follows a light-finish reaming operation or a precision-boring
operation using diamonds or carbide tools. The tool consists of several
honing stones adjustable at a given radius or forced outward by springs
or a wedge forced mechanically or hydraulically and is given a recipro-
cating (25 to 40 per min) and a rotating motion (about 300 r/min) in the
cylinder which is flooded with kerosine.

Hones operate at speeds of 50 to 200 surface ft/min (15 to 60 m/min)
and use universal joints to allow the tool to center itself in the work-
piece. The automatic pressure-cycle control of hone expansion, in
which the pressure is reduced in steps as the final finish is reached,
removes metal 10 times as fast as with the spring-expanded hone. Rota-
tional and reciprocating movements are provided to give an uneven
ratio and thus prevent an abrasive grain from ever traversing its own
path twice.
cams, and other metallic moving parts.
Sand blasting consists of particles of sand, powdered quartz, chilled-

iron shot, emery, or other hard granular material blown by a jet of
compressed air or of steam against a hard surface which it is desired to
abrade. It is commonly used for cleaning metal castings, frosting
smooth surfaces, etc. Portions of the surface which are not to be abraded
can be protected by coating with a soft material such as wax, lead, or
rubber.

Grinders

Grinding machines may be classified as to purpose and type as follows:
for rough removal of stock, the swinging-frame, portable, flexible shaft,
two-wheel stand, and disk; cutting off or parting, the cutting-off ma-
chine; surface finishing, band polisher, two-wheel combination, two-
wheel polishing machine, two-wheel buffing machine, and semiauto-
matic polishing and buffing machine; precision grinding, tool post,
cylindrical (plain and universal), crankshaft, centerless, internal, and
surface (reciprocating table with horizontal or vertical wheel spindle,
and rotary table with horizontal or vertical wheel spindle); special form
grinders, gear or worm, ball-bearing balls, cams, and threads; and tool
and cutter grinders for single-point tools, drills, and milling cutters,
reamers, taps, dies, knives, etc.

Grinding equipment of all types (many with computer controls) has
been improved during the past few years so as to be more rigid, provide
more power to the grinding wheel, and provide automatic cycling, load-
ing, clamping, wheel dressing, and automatic feedback.

Centerless grinders are used to good advantage where large numbers
of relatively small pieces must be ground and where the ground surface
has no exact relation to any other surface except as a whole; the work is
carried on a support between two abrasive wheels, one a normal grind-
ing wheel, the second a rubber-bonded wheel, rotating at about 1⁄20th the
grinding speed, and is tilted 3 to 8° to cause the work to rotate and feed
past the grinding wheel (see also Sec. 6).

Cylinder grinders are a special type for grinding the inside of cylinders
of engines; one form has a planetary motion for the grinding spindle.
The cylindrical grinder is a companion machine to the engine lathe;
shafts, cylinders, rods, studs, and a wide variety of other cylindrical
parts are first roughed out on the lathe, then finished accurately to size
by the cylindrical grinder. The work is carried on centers, rotated
slowly, and traversed past the face of a grinding wheel.

Universal grinders are cylindrical machines arranged with a swiveling
table so that both straight and taper internal and external work can be
ground. Drill grinders are provided with rests so mounted that by a
simple swinging motion, correct cutting angles are produced automati-
cally on the lips of drills; a cupped wheel is usually employed. Internal
grinders are used for finishing the holes in bushings, rolls, sleeves,
cutters, and the like; spindle speeds from 15,000 to 30,000 r/min are
common.

Horizontal surface grinders range from small capacity, used mainly in
tool making or small production work, to large sizes used for production
work.

Vertical surface grinders are used for producing flat surfaces on pro-
duction work. Vertical and horizontal disk grinders are used for surfacing.
Grinding machines are used for cutting off steel, especially tubes, struc-
tural shapes, and hard metals. A thin resinoid or rubber-bonded wheel is
used, with aluminum oxide abrasive for all types of steel, aluminum,
brass, bronze, nickel, Monel, and Stellite; silicon carbide for cast iron,
copper, carbon, glass, stone, plastics, and other nonmetallic materials;
and diamond for cemented carbides and ceramics.
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Belt grinders use a coated abrasive belt running between pulleys. Belt
grinding is generally considered to be a roughing process, but finer
finishes may be obtained by using finer grain size. Belt speeds generally
range from 2,000 to 10,000 ft/min (600 to 3,000 m/min) with grain sizes
ranging between 24 and 320, depending on the workpiece material and
the surface finish desired. The process has the advantage of high-speed
material removal and is applied to flat as well as irregular surfaces.

Although grinding is generally regarded as a finishing operation, it is
possible to increase the rate of stock removal whereby the process be-
comes, in certain instances, competitive with milling. This type of

Reaming is best accomplished in production by using tools of the
expansion or adjustable type with relatively low speeds but high feeds.
Less material should be removed in reaming plastics than in reaming
other materials.

Polishing and buffing are done on many types of plastics. Polishing is
done with special compounds containing wax or a fine abrasive. Buffing
wheels for plastics should have loose stitching. Vinyl plastics can be
buffed and polished with fabric wheels of standard types, using light
pressures.

Thermoplastics and thermosets can be ground with relative ease, usu-
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grinding operation is usually called creep-feed grinding. It uses equip-
ment such as reciprocating table or vertical-spindle rotary table surface
grinders with capacities up to 300 hp (220 kW). The normal stock re-
moval may range up to 1⁄4 in (6.4 mm) with wheel speeds between 3,400
and 5,000 surface ft/min (1,000 and 1,500 m/min).

A good ground surface with surface roughness of 50 to 200 min (1 to
5 mm) is sufficient for many purposes and is a basic requirement for
further finishing operations, such as lapping, honing, and superfinish-
ing. The size and depth of the scratches can be varied considerably by
the selection of the wheel.

MACHINING AND GRINDING OF PLASTICS

The low strength of thermoplastics permits high cutting speeds and
feeds, but the low heat conductivity and greater resilience require in-
creased reliefs and less rake in order to avoid undersize cutting. Hard
and sharp tools should be used. Plastics are usually abrasive and cause
the tools to wear or become dull rapidly. Dull tools generate heat and
cause the tools to cut to shallow depths. The depth of cut should be
small. When high production justifies the cost, diamond turning and
boring tools are used. Diamond tools maintain sharp cutting edges and
produce an excellent machined surface. They are particularly advan-
tageous when a more abrasive plastic such as reinforced plastic is ma-
chined.

A cutting fluid, such as a small blast of air, a stream of water, or a
cutting fluid, improves the turning and cutting of plastics as it prevents
the heating of the tool and causes the chips to remain brittle and to break
rather than become sticky and gummy. A zero or slightly negative back
rake and a relief angle of 8 to 12° should be used. For thermoplastics
cutting speeds generally range from 250 to 400 ft/min (75 to 120 m/min)
and for thermosetting plastics from 400 to 1,000 ft/min (120 to 300
m/min). Recommended tool materials are M2 and T5 high-speed steels
and C-2 carbide.

In milling plastics, speeds of 400 to 1,000 ft/min (120 to 300 m/min)
should be used, with angles similar to those on a single-point tool. From
0 to 10° negative rake may be used. Good results have been obtained by
hobbing plastic gears with carbide-tipped hobs. Recommended tool ma-
terials are M2 and M7 high-speed steels and C-2 carbide.

In drilling, speeds range from 150 to 400 ft/min (45 to 120 m/min),
and the recommended drill geometry is given in Table 13.4.6. Tool
materials are M1, M7, and M10 high-speed steel. Usually the drill cuts
undersize; drills 0.002 to 0.003 in (0.05 to 0.075 mm) oversize should
be used.

In sawing plastics, either precision or buttress tooth forms may be
used, with a pitch ranging from 3 to 14 teeth/in (1.2 to 5.5 teeth/cm), the
thicker the material the lower the number of teeth per unit length of saw.
Cutting speeds for thermoplastics range from 1,000 to 4,000 ft/min (300
to 1,200 m/min) and for thermosetting plastics from about 3,000 to
5,500 ft/min (900 to 1,700 m/min), with the higher speeds for thinner
stock. High-carbon-steel blades are recommended. An air blast is help-
ful in preventing the chips from sticking to the saw. Abrasive saws
operating at 3,500 to 6,000 ft/min (1,000 to 1,800 m/min) are also used
for cutting off bars and forms.

Plastics are tapped and threaded with standard tools. Ground M1,
M7, or M10 high-speed steel taps with large polished flutes are rec-
ommended. Tapping speeds are usually from 25 to 50 ft/min (8 to
15 m/min); water serves as a good cutting fluid as it keeps the material
brittle and prevents sticking in the flutes. Thread cutting is generally
accomplished with tools similar to those used on brass.
ally by using silicon carbide wheels. As in machining, temperature rise
should be minimized.

MACHINING AND GRINDING OF CERAMICS

The technology of machining and grinding of ceramics, as well as com-
posite materials, has advanced rapidly, resulting in good surface char-
acteristics and product integrity. Ceramics can be machined with car-
bide, high-speed steel, or diamond tools, although care should be
exercised because of the brittle nature of ceramics and the resulting
possible surface damage. Machinable ceramics have been developed
which minimize machining problems. Grinding of ceramics is usually
done with diamond wheels.

OTHER MATERIAL REMOVAL PROCESSES

In addition to the mechanical methods of material removal described
above, there are a number of other important processes which may be
preferred over conventional methods. Among the important factors to
be considered are the hardness of the workpiece material, the shape of
the part, its sensitivity to thermal damage, residual stresses, tolerances,
and economics. Some of these processes produce a heat-affected layer
on the surface; improvements in surface integrity may be obtained by
postprocessing techniques such as polishing or peening. Almost all ma-
chines are now computer-controlled.

Electric-discharge machining (EDM) is based on the principle of ero-
sion of metals by spark discharges. Figure 13.4.18 gives a schematic
diagram of this process. The spark is a transient electric discharge
through the space between two charged electrodes, which are the tool
and the workpiece. The discharge occurs when the potential difference
between the tool and the workpiece is large enough to cause a break-
down in the medium (which is called the dielectric fluid and is usually a
hydrocarbon) and to procure an electrically conductive spark channel.
The breakdown potential is usually established by connecting the two
electrodes to the terminals of a capacitor charged from a power source.
The spacing between the tool and workpiece is critical; therefore, the
feed is controlled by servomechanisms. The dielectric fluid has the
additional functions of providing a cooling medium and carrying away
particles produced by the electric discharge. The discharge is repeated
rapidly, and each time a minute amount of workpiece material is re-
moved.

The rate of metal removal depends mostly on the average current in
the discharge circuit; it is also a function of the electrode characteristics,
the electrical parameters, and the nature of the dielectric fluid. In prac-
tice, this rate is normally varied by changing the number of discharges
per second or the energy per discharge. Rates of metal removal may
range from 0.01 to 25 in3/h (0.17 to 410 cm3/h), depending on surface

Fig. 13.4.18 Schematic diagram of the electric-discharge machining process.
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finish and tolerance requirements. In general, higher rates produce
rougher surfaces. Surface finishes may range from 1,000 min Rq

(25 mm) in roughing cuts to less than 25 min (0.6 mm) in finishing cuts.
The response of materials to this process depends mostly on their

thermal properties. Thermal capacity and conductivity, latent heats of
melting and vaporization are important. Hardness and strength do not
necessarily have significant effect on metal removal rates. The process
is applicable to all materials which are sufficiently good conductors of
electricity. The tool has great influence on permissible removal rates. It
is usually made of graphite, copper-tungsten, or copper alloys. Tools

with a 10,000-A power supply. The penetration rate is proportional to
the current density for a given workpiece material.

The process leaves a burr-free surface. It is also a cold machining
process and does no thermal damage to the surface of the workpiece.
Electrodes are normally made of brass or copper; stainless steel, tita-
nium, sintered copper-tungsten, aluminum, and graphite have also been
used. The electrolyte is usually a sodium chloride solution up to 2.5
lb/gal (300 g/L); other solutions and proprietary mixtures are also avail-
able. The amount of overcut, defined as the difference between hole
diameter and tool diameter, depends upon cutting conditions. For pro-
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have been made by casting, extruding, machining, powder metallurgy,
and other techniques and are made in any desired shape. Tool wear is an
important consideration, and in order to control tolerances and mini-
mize cost, the ratio of tool material removed to workpiece material
removed should be low. This ratio varies with different tool and work-
piece material combinations and with operating conditions. Therefore, a
particular tool material may not be best for all workpieces. Tolerances
as low as 0.0001 to 0.0005 in (0.0025 to 0.0127 mm) can be held with
slow metal removal rates. In machining some steels, tool wear can be
minimized by reversing the polarity and using copper tools. This is
known as ‘‘no-wear EDM.’’

The electric-discharge machining process has numerous applications,
such as machining cavities and dies, cutting small-diameter holes,
blanking parts from sheets, cutting off rods of materials with poor ma-
chinability, and flat or form grinding. It is also applied to sharpening
tools, cutters, and broaches. The process can be used to generate almost
any geometry if a suitable tool can be fabricated and brought into close
proximity to the workpiece.

Thick plates may be cut with wire EDM. A slowly moving wire trav-
els a prescribed path along the workpiece and cuts the metal with the
sparks acting like saw teeth. The wire, usually about 0.01 in (0.25 mm)
in diameter, is made of brass, copper, or tungsten and is generally used
only once. The process is also used in making tools and dies from hard
materials, provided that they are electrically conducting.

Electric-discharge grinding (EDG) is similar to the electric-discharge
machining process with the exception that the electrode is in the form of
a grinding wheel. Removal rates are up to 1.5 in3/h (25 cm3/h) with
practical tolerances on the order of 0.001 in (0.025 mm). A graphite or
brass electrode wheel is operated around 100 to 600 surface ft/min (30
to 180 m/min) to minimize splashing of the dielectric fluid. Typical
applications of this process are in grinding of carbide tools and dies, thin
slots in hard materials, and production grinding of intricate forms.

The electrochemical machining (ECM) process (Fig. 13.4.19) uses
electrolytes which dissolve the reaction products formed on the work-
piece by electrochemical action; it is similar to a reverse electroplating
process. The electrolyte is pumped at high velocities through the tool. A
gap of 0.005 to 0.020 in (0.13 to 0.5 mm) is maintained. A dc power
supply maintains very high current densities between the tool and the
workpiece. In most applications, a current density of 1,000 to 5,000 A is
required per in2 of active cutting area. The rate of metal removal is
proportional to the amount of current passing between the tool and the
workpiece. Removal rates up to 1 in3/min (16 cm3/min) can be obtained

Fig. 13.4.19 Schematic diagram of the electrochemical machining process.
duction applications, the average overcut is around 0.015 in (0.4 mm).
The rate of penetration is up to 0.750 in/min (20 mm/min).

Very good surface finishes may be obtained with this process. How-
ever, sharp square corners or sharp corners and flat bottoms cannot be
machined to high accuracies. The process is applied mainly to round or
odd-shaped holes with straight parallel sides. It is also applied to cases
where conventional methods produce burrs which are costly to remove.
The process is particularly economical for materials with a hardness
above 400 HB.

The electrochemical grinding (ECG) process (Fig. 13.4.20) is a combi-
nation of electrochemical machining and abrasive cutting where most of
the metal removal results from the electrolytic action. The process con-
sists of a rotating cathode, a neutral electrolyte, and abrasive particles in
contact with the workpiece. The equipment is similar to a conventional
grinding machine except for the electrical accessories. The cath-

Fig. 13.4.20 Schematic diagram of the electrochemical grinding process.

ode usually consists of a metal-bonded diamond or aluminum oxide
wheel. An important function of the abrasive grains is to maintain a
space for the electrolyte between the wheel and workpiece.

Surface finish, precision, and metal-removal rate are influenced by
the composition of the electrolyte. Aqueous solutions of sodium sili-
cate, borax, sodium nitrate, and sodium nitrite are commonly used as
electrolytes. The process is primarily used for tool and cutter sharpening
and for machining of high-strength materials.

A combination of the electric-discharge and electrochemical methods
of material removal is known as electrochemical discharge grinding
(ECDG). The electrode is a pure graphite rotating wheel which electro-
chemically grinds the workpiece. The intermittent spark discharges re-
move oxide films that form as a result of electrolytic action. The equip-
ment is similar to that for electrochemical grinding. Typical
applications include machining of fragile parts and resharpening or
form grinding of carbides and tools such as milling cutters.

In chemical machining (CM) material is removed by chemical or elec-
trochemical dissolution of preferentially exposed surfaces of the work-
piece. Selective attack on different areas is controlled by masking or by
partial immersion. There are two processes involved: chemical milling
and chemical blanking. Milling applications produce shallow cavities
for overall weight reduction, and are also used to make tapered sheets,
plates, or extrusions. Masking with paint or tapes is common. Masking
materials may be elastomers (such as butyl rubber, neoprene, and sty-
rene-butadiene) or plastics (such as polyvinyl chloride, polystyrene, and
polyethylene). Typical blanking applications are decorative panels,
printed-circuit etching, and thin stampings. Etchants are solutions of
sodium hydroxide for aluminum, and solutions of hydrochloric and
nitric acids for steel.



SURFACE TEXTURE DESIGNATION, PRODUCTION, AND CONTROL 13-67

Ultrasonic machining (USM) is a process in which a tool is given a
high-frequency, low-amplitude oscillation, which, in turn, transmits a
high velocity to fine abrasive particles that are present between the tool
and the workpiece. Minute particles of the workpiece are chipped away
on each stroke. Aluminum oxide, boron carbide, or silicone carbide
grains are used in a water slurry (usually 50 percent by volume), which
also carries away the debris. Grain size ranges from 200 to 1,000 (see
Sec. 6 and Figs. 13.4.16 and 13.4.17).

The equipment consists of an electronic oscillator, a transducer (Fig.
13.4.21), a connecting cone or toolholder, and the tool. The oscillatory

toolholder. The tool is ordinarily 0.003 to 0.004 in (0.075 to 0.1 mm)
smaller than the cavity it produces. Tolerances of 0.0005 in (0.013 mm)
or better can be obtained with fine abrasives. For best results, roughing
cuts should be followed with one or more finishing operations with finer
grits. The ultrasonic machining process is used in drilling holes, en-
graving, cavity sinking, slicing, broaching, etc. It is best suited to mate-
rials which are hard and brittle, such as ceramics, carbides, borides,
ferrites, glass, precious stones, and hardened steels.

In abrasive-jet machining (AJM), material is removed by fine abrasive
particles (aluminum oxide or silicon carbide) carried in a high-velocity

T
as
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motion is obtained most conveniently by magnetostriction, at approxi-
mately 20,000 Hz and a stroke of 0.002 to 0.005 in (0.05 to 0.13 mm).
The tool material is normally cold-rolled steel or stainless steel and is
brazed, soldered, or fastened mechanically to the transducer through a

Fig. 13.4.21 Schematic diagram of a transducer used in the ultrasonic machin-
ing (USM) process.

13.5 SURFACE TEXTURE DESIGNA
by Thom
REFERENCES: American National Standards Institute, ‘‘Surface Texture,’’
ANSI/ASME B 46.1-1985, and ‘‘Surface Texture Symbols,’’ ANSI Y 14.36-
1978. Broadston, ‘‘Control of Surface Quality,’’ Surface Checking Gage Co.,
Hollywood, CA. ASME, ‘‘Metals Engineering Design Handbook,’’ McGraw-Hill
SME, ‘‘Tool and Manufacturing Engineers Handbook,’’ McGraw-Hill.

Rapid changes in the complexity and precision requirements of me-
chanical pro
of determin
ture of man
ing methods for measuring by using stylus probes and electronic trans-
stream of air, nitrogen, or carbon dioxide. The gas pressure ranges up to
120 lb/in2 (800 kPa), providing a nozzle velocity of up to 1,000 ft/s (300
m/s). Nozzles are made of tungsten carbide or sapphire. Typical appli-
cations are in drilling, sawing, slotting, and deburring of hard, brittle
materials such as glass.

In water jet machining (WJM), water is ejected from a nozzle at pres-
sures as high as 200,000 lb/in2 (1,400 MPa) and acts as a saw. The
process is suitable for cutting and deburring of a variety of materials
such as polymers, paper, and brick in thicknesses ranging from 0.03 to
1 in (0.8 to 25 mm) or more. The cut can be started at any location,
wetting is minimal, and no deformation of the rest of the piece takes
place. Abrasives can be added to the water stream to increase material
removal rate, and this is known as abrasive water jet machining (AWJM).

In laser-beam machining (LBM), material is removed by converting
electric energy into a narrow beam of light and focusing it on the work-
piece. The high energy density of the beam is capable of melting and
vaporizing all materials, and consequently, there is a thin heat-affected
zone. The most commonly used laser types are CO2 (pulsed or continu-
ous-wave) and Nd : YAG. Typical applications include cutting a variety
of metallic and nonmetallic materials, drilling (as small as 0.0002 in or
0.005 mm in diameter), and marking. The efficiency of cutting in-
creases with decreasing thermal conductivity and reflectivity of the ma-
terial. Because of the inherent flexibility of the process, programmable
and computer-controlled laser cutting is now becoming important, par-
ticularly in cutting profiles and multiple holes of various shapes and
sizes on large sheets. Cutting speeds may range up to 25 ft/min
(7.5 m/min).

The electron-beam machining (EBM) process removes material by fo-
cusing high-velocity electrons on the workpiece. Unlike lasers, this pro-
cess is carried out in a vacuum chamber and is used for drilling small
holes in all materials including ceramics, scribing, and cutting slots.

ION, PRODUCTION, AND CONTROL
W. Wolff
valley, or R1 , of Germany (Perthen); and the R or average amplitude of
surface deviations of France. In the United States, peak counting is used
in the sheet-steel industry, instrumentation is available (Bendix), and a
standard for specification, SAE J-911, exists.

Surface texture control should be considered for many reasons,
among them being the following:

and ma-
possible.
er quality
ducts since 1945 have created a need for improved methods
ing, designating, producing, and controlling the surface tex-
ufactured parts. Although standards are aimed at standardiz-

1. Advancements in the technology of metal-cutting tools
chinery have made the production of higher-quality surfaces

2. Products are now being designed that depend upon prop

control of critical surfaces for their successful operation as well as for
ducers for surface quality control, other descriptive specifications are
sometimes required, i.e., interferometric light bands, peak-to-valley by
optical sectioning, light reflectance by commercial glossmeters, etc.
Other parameters are used by highly industrialized foreign countries to
solve their surface specification problems. These include the high-spot
counter and bearing area meter of England (Talysurf); the total peak-to-
long, troublefree performance in service.
3. Artisans who knew the function and finish requirements for all the

parts they made have been replaced, in most cases, by machine opera-
tors who are not qualified to determine the proper texture requirements
for critical surfaces. The latter must depend, instead, on drawing speci-
fications.
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4. Remote manufacture and the necessity for controlling costs have
made it preferable that finish requirements for all the critical surfaces of
a part be specified on the drawing.

5. The design engineer, who best understands the overall function of
a part and all its surfaces, should be able to determine the requirement
for surface texture control where applicable and to use a satisfactory
standardized method for providing this information on the drawing for
use by manufacturing departments.

6. Manufacturing personnel should know what processes are able to
produce surfaces within specifications and should be able to verify that

5. For parts which the shop, with unjustified pride, has traditionally
finished to greater perfection than is necessary, the use of proper surface
texture designations will encourage rougher surfaces on exterior and
other surfaces that do not need to be finely finished. Significant cost
reductions will accrue thereby.
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the production techniques in use are under control.
7. Quality control personnel should be able to check conformance to

surface texture specifications if product quality is to be maintained and
product performance and reputation ensured.

8. Too much control may be worse than too little; hence, overuse of
available techniques may hinder rather than assist, there being no payoff
in producing surfaces that are more expensive than required to ensure
product performance to establish standards.

DESIGN CRITERIA

Surfaces produced by various processes exhibit distinct differences in
texture. These differences make it possible for honed, lapped, polished,
turned, milled, or ground surfaces to be easily identified. As a result of
its unique character, the surface texture produced by any given process
can be readily compared with other surfaces produced by the same
process through the simple means of comparing the average size of its
irregularities, using applicable standards and modern measurement
methods. It is then possible to predict and control its performance with
considerable certainty by limiting the range of the average size of its
characteristic surface irregularities. Surface texture standards make this
control possible.

Variations in the texture of a critical surface of a part influence its
ability to resist wear and fatigue; to assist or destroy effective lubrica-
tion; to increase or decrease its friction and/or abrasive action on other
parts, and to resist corrosion, as well as affect many other properties that
may be critical under certain conditions.

Clay has shown that the load-carrying capacity of nitrided shafts of
varying degrees of roughness, all running at 1,500 r/min in diamond-
turned lead-bronze bushings finished to 20 min (0.50 mm), varies as
shown in Fig. 13.5.1. The effects of roughness values on the friction
between a flat slider on a well-lubricated rotating disk are shown in Fig.
13.5.2.

Surface texture control should be a normal design consideration
under the following conditions:

1. For those parts whose roughness must be held within closely con-
trolled limits for optimum performance. In such cases, even the process
may have to be specified. Automobile engine cylinder walls, which
should be finished to about 13 min (0.32 mm) and have a circumferential
(ground) or an angular (honed) lay, are an example. If too rough, exces-
sive wear occurs, if too smooth, piston rings will not seat properly,
lubrication is poor, and surfaces will seize or gall.

2. Some parts, such as antifriction bearings, cannot be made too
smooth for their function. In these cases, the designer must optimize the
tradeoff between the added costs of production and various benefits
derived from added performance, such as higher reliability and market
value.

3. There are some parts where surfaces must be made as smooth as
possible for optimum performance regardless of cost, such as gages,
gage blocks, lenses, and carbon pressure seals.

4. In some cases, the nature of the most satisfactory finishing process
may dictate the surface texture requirements to attain production effi-
ciency, uniformity, and control even though the individual performance
of the part itself may not be dependent on the quality of the controlled
surface. Hardened steel bushings, e.g., which must be ground to close
tolerance for press fit into housings, could have outside surfaces well
beyond the roughness range specified and still perform their function
satisfactorily.
Fig. 13.5.1 Load-carrying capacity of journal bearings related to the surface
roughness of a shaft. (Clay, ASM Metal Progress, Aug. 15, 1955.)

Fig. 13.5.2 Effect of surface texture on friction with hydrodynamic lubrication
using a flat slider on a rotating disk. Z 5 oil viscosity, cP; N 5 rubbing speed,
ft/min; P 5 load, lb/in2.

It is the designer’s responsibility to decide which surfaces of a given
part are critical to its design function and which are not. This decision
should be based upon a full knowledge of the part’s function as well as
of the performance of various surface textures that might be specified.
From both a design and an economic standpoint, it may be just as
unsound to specify too smooth a surface as to make it too rough—or to
control it at all if not necessary. Wherever normal shop practice will
produce acceptable surfaces, as in drilling, tapping, and threading, or in
keyways, slots, and other purely functional surfaces, unnecessary sur-
face texture control will add costs which should be avoided.

Whereas each specialized field of endeavor has its own traditional
criteria for determining which surface finishes are optimum for ade-
quate performance, Table 13.5.1 provides some common examples for
design review, and Table 13.5.6 provides data on the surface texture
ranges that can be obtained from normal production processes.

DESIGNATION STANDARDS, SYMBOLS,
AND CONVENTIONS

The precise definition and measurement of surface texture irregularities
of machined surfaces are almost impossible because the irregularities
are very complex in shape and character and, being so small, do not lend
themselves to direct measurement. Although both their shape and length
may affect their properties, control of their average height and direction
usually provides sufficient control of their performance. The standards
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Table 13.5.1 Typical Surface Texture Design Requirements

(250   in) 6.3m Clearance surfaces
Rough machine parts

(125   in) 3.2m Mating surfaces (static)
Chased and cut threads
Clutch-disk faces
Surfaces for soft gaskets

(63   in) 1.60m Piston-pin bores
Brake drums
Cylinder block, top
Gear locating faces
Gear shafts and bores
Ratchet and pawl teeth
Milled threads
Rolling surfaces
Gearbox faces
Piston crowns
Turbine-blade dovetails

(32   in) 0.80m Broached holes
Bronze journal bearings

Gear teeth
Slideways and gibs
Press-fit parts
Piston-rod bushings
Antifriction bearing seats
Sealing surfaces for hydraulic tube fittings

(16   in) 0.40m Motor shafts
Gear teeth (heavy loads)
Spline shafts
O-ring grooves (static)
Antifriction bearing bores and faces
Camshaft lobes
Compressor-blade airfoils
Journals for elastomer lip seals

(13   in) 0.32m Engine cylinder bores
Piston outside diameters
Crankshaft bearings

(8   in) 0.20m Jet-engine stator blades
Valve-tappet cam faces
Hydraulic-cylinder bores
Lapped antifriction bearings

(4   in) 0.10m Ball-bearing races
Piston pins
Hydraulic piston rods
Carbon-seal mating surfaces
Shop-gage faces
Comparator anvils

(2   in) 0.050m

(1   in) 0.025m
Bearing balls
Gages and mirrors
Micrometer anvils

do not specify the surface texture suitable for any particular application,
nor the means by which it may be produced or measured. Neither are the
standards concerned with other surface qualities such as appearance,
luster, color, hardness, microstructure, or corrosion and wear resistance,
any of which may be a governing design consideration.

The standards provide definitions of the terms used in delineating
critical surface-texture qualities and a series of symbols and conven-
tions suitable for their designation and control. In the discussion which
follows, the reference standards used are ‘‘Surface Texture’’ (ANSI/
ASME B46.1-1985) and ‘‘Surface Texture Symbols’’ (ANSI Y14.36-

or abrasive grains, is the most important function accomplished through
the use of these standards, because roughness, in general, has a greater
effect on performance than any other surface quality. The roughness-
height index value is a number which equals the arithmetic average
deviation of the minute surface irregularities from a hypothetical perfect
surface, expressed in either millionths of an inch (microinches, min,
0.000001 in) or in micrometres, mm, if drawing dimensions are in met-
ric, SI units. For control purposes, roughness-height values are taken
from Table 13.5.3, with those in boldface type given preference.

The term roughness cutoff, a characteristic of tracer-point measuring
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1978).
The basic ANSI symbol for designating surface texture is the check-

mark with horizontal extension shown in Fig. 13.5.3. The symbol with
the triangle at the base indicates a requirement for a machining allow-
ance, in preference to the old f symbol. Another, with the small circle in
the base, prohibits machining; hence surfaces must be produced without
the removal of material by processes such as cast, forged, hot- or cold-
finished, die-cast, sintered- or injection-molded, to name a few. The
surface-texture requirement may be shown at A; the machining allow-
ance at B; the process may be indicated above the line at C; the rough-
ness width cutoff (sampling length) at D, and the lay at E. The ANSI
symbol provides places for the insertion of numbers to specify a wide
variety of texture characteristics, as shown in Table 13.5.2.

Control of roughness, the finely spaced surface texture irregularities
resulting from the manufacturing process or the cutting action of tools
Fig. 13.5.3 Application and use of surface texture symbols.
instruments, is used to limit the length of trace within which the asperi-
ties of the surface must lie for consideration as roughness. Asperity
spacings greater than roughness cutoff are then considered as waviness.

Waviness refers to the secondary irregularities upon which roughness
is superimposed, which are of significantly longer wavelength and are
usually caused by machine or work deflections, tool or workpiece vi-
bration, heat treatment, or warping. Waviness can be measured by a dial
indicator or a profile recording instrument from which roughness has
been filtered out. It is rated as maximum peak-to-valley distance and is
indicated by the preferred values of Table 13.5.4. For fine waviness
control, techniques involving contact-area determination in percent (90,
75, 50 percent preferred) may be required. Waviness control by inter-
ferometric methods is also common, where notes, such as ‘‘Flat within
XX helium light bands,’’ may be used. Dimensions may be determined
from the precision length table (see Sec. 1).
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Table 13.5.2 Application of Surface Texture Values to Surface Symbols

1.6(63) Roughness average rating is placed at the
left of the long leg. The specification of
only one rating shall indicate the maxi-
mum value and any lesser value shall be
acceptable. Specify in micrometres
(microinches).

0.8(32)
1.6(63) The specification of maximum value and

minimum value roughness average ratings
indicates permissible range of value rating.
Specify in micrometres (microinches).

0.8
0.05

(32)
Maximum waviness height rating is placed
above the horizontal extension. Any lesser
rating shall be acceptable. Specify in milli-
metres (inches).

0.8
0.05 2 100

(32)
Maximum waviness spacing rating is placed
above the horizontal extension and to the
right of the waviness height rating. Any
lesser rating shall be acceptable. Specify
in millimetres (inches).

1.6
3.5

(63) Machining is required to produce the sur-
face. The basic amount of stock provided
for machining is specified at the left of
the short leg of the symbol. Specify in
millimetres (inches).

1.6(63) Removal of material by machining is pro-
hibited.

0.8(32) Lay designation is indicated by the lay
symbol placed at the right of the long leg.

0.8
2.5 (0.100)

(32) Roughness sampling length or cutoff rating
is placed below the horizontal extension.
When no value is shown, 0.80 mm is as-
sumed. Specify in millimetres (inches).

0.8
0.5

(32) Where required, maximum roughness spac-
ing shall be placed at the right of the lay
symbol. Any lesser rating shall be accept-
able. Specify in millimetres (inches).

Table 13.5.3 Preferred Series Roughness Average Values Ra, mm and min

mm min mm min mm min mm min mm min

0.012 0.5 0.125 5 0.50 20 2.00 80 8.0 320
0.025 1 0.15 6 0.63 25 2.50 100 10.0 400
0.050 2 0.20 8 0.80 32 3.20 125 12.5 500
0.075 3 0.25 10 1.00 40 4.0 160 15.0 600
0.10 4 0.32 13 1.25 50 5.0 200 20.0 800

0.40 16 1.60 63 6.3 250 25.0 1,000

Lay refers to the direction of the predominant visible surface rough-
ness pattern. It can be controlled by use of the approved symbols given
in Table 13.5.5, which indicate desired lay direction with respect to the
boundary line of the surface upon which the symbol is placed.

Flaws are imperfections in a surface that occur only at infrequent
intervals. They are usually caused by nonuniformity of the material, or
they result from damage to the surface subsequent to processing, such as
scratches, dents, pits, and cracks. Flaws should not be considered in
surface texture measurements, as the standards do not consider or clas-
sify them. Acceptance or rejection of parts having flaws is strictly a

MEASUREMENT

Two general methods exist to measure surface texture: profile methods
and area methods. Profile methods measure the contour of the surface in
a plane usually perpendicular to the surface. Area methods measure an
area of a surface and produce results that depend on area-averaged
properties.

Another categorization is by contact methods and noncontact methods.
Contact methods include stylus methods (tracer-point analysis) and ca-
pacitance methods. Noncontact methods include light section micros-
copy, optical reflection measurements, and interferometry.

Copyright (C) 1999 by The McGraw-Hill Companies, Inc.  All rights reserved.  Use of
this product is subject to the terms of its License Agreement.   Click here to view.
matter of judgment based upon whether the flaw will compromise the
intended function of the part.

To call attention to the fact that surface texture values are specified on
any given drawing, a note and typical symbol may be used as follows:

√ Surface texture per ANSI B46.1

Values for nondesignated surfaces can be limited by the note
XX

√ All machined surfaces except as noted

Table 13.5.4 Preferred Series Maximum Waviness
Height Values

mm in mm in mm in

0.0005 0.00002 0.008 0.0003 0.12 0.005
0.0008 0.00003 0.012 0.0005 0.20 0.008
0.0012 0.00005 0.020 0.0008 0.25 0.010
0.0020 0.00008 0.025 0.001 0.38 0.015
0.0025 0.0001 0.05 0.002 0.50 0.020
0.005 0.0002 0.08 0.003 0.80 0.030
Replicas of typical standard machined surfaces provide less accurate
but often adequate reference and control of rougher surfaces with Ra

over 16 min.
The United States and 25 other countries have adopted the roughness

average Ra as the standard measure of surface roughness. (See ANSI/
ASME B46.1-1985.)

PRODUCTION

Various production processes can produce surfaces within the ranges
shown in Table 13.5.6. For production efficiency, it is best that critical
areas requiring surface texture control be clearly designated on draw-
ings so that proper machining and adequate protection from damage
during processing will be ensured.

SURFACE QUALITY VERSUS TOLERANCES

It should be remembered that surface quality and tolerances are dis-
tinctly different attributes that are controlled for completely separate
purposes. Tolerances are established to limit the range of the size of a
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Table 13.5.5 Lay Symbols

Lay particulate,
nondirectional, or
protuberant

Lay approximately
parallel to the line
representing the
surface to which the
symbol is applied

Lay approximately
perpendicular to
the line representing
the surface to which
the symbol is applied

part at the time of manufacture, as measured with gages, micrometres,
or other traditional measuring devices having anvils that make contact
with the part. Surface quality controls, on the other hand, serve to limit

the minute surface irregularities or asperities that are formed by the
manufacturing process. These lie under the gage anvils during measure-
ment and do not use up tolerances.
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Table 13.5.6 Surface-Roughness Ranges of Production Processes

13.6 WOODCUTTING TOOLS AND MACHINES
by Richard W. Perkins

REFERENCES: Davis, Machining and Related Characteristics of United States
Hardwoods, USDA Tech. Bull. 1267. Harris, ‘‘A Handbook of Woodcutting,’’ Her
Majesty’s Stationery Office, London. Koch, ‘‘Wood Machining Processes,’’
Ronald Press. Kollmann, Wood Machining, in Kollmann and Côté, ‘‘Principles of
Wood Science and Technology,’’ chap. 9, Springer-Verlag.

SAWING

Sawing machines are classified ac
band saw, gang saw, chain saw,

ripsaws if they are designed to cut along the grain or crosscut saws if they
are designed to cut across the grain. A combination saw is designed to
cut reasonably well along the grain, across the grain, or along a direction
at an angle to the grain (miter). Sawing machines are often further clas-
sified according to the specific operation for which they are used, e.g.,
headsaw (the primary log-breakdown saw in a sawmill), resaw (saw for

r edging boards in a sawmill),
e in furniture plants), scroll saw
se in furniture plants).

gnated in terms of the Birming-
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cording to basic machine design, i.e.,
circular saw. Saws are designated as

ripping cants into boards), edger (saw fo
variety saw (general-purpose saw for us
(general-purpose narrow-band saw for u

The thickness of the saw blade is desi
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ham wire gage (BWG) (see Sec. 8.2). Large-diameter [40 to 60 in (1.02
to 1.52 mm)] circular-saw blades are tapered so that they are thicker at
the center than at the rim. Typical headsaw blades range in thickness
from 5 to 6 BWG [0.203 to 0.220 in (5.16 to 5.59 mm)] for use in
heavy-duty applications to 8 to 9 BWG [0.148 to 0.165 in (3.76 to
4.19 mm)] for lighter operations. Small-diameter [6 to 30 in (152 to
762 mm)] circular saws are generally flat-ground and range from 10 to
18 BWG [0.049 to 0.134 in (1.24 to 3.40 mm)] in thickness. Band-saw
and gang-saw blades are flat-ground and are generally thinner than
circular-saw blades designed for similar applications. For example, typ-

Table 13.6.1 Values of A for Computing Side Clearance

Workpiece material

Specific gravity Specific gravity
less than 0.45 greater than 0.55

Saw type Air dry Green Air dry Green

Circular rip and combination 0.90 1.00 0.85 0.95
Glue-joint ripsaw 0.80 — 0.60 —
Circular crosscut 0.95 1.05 0.90 1.00
Wide-band saw 0.55 0.65 0.30 0.40
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ical wide-band-saw blades for sawmill use range from 11 to 16 BWG
[0.065 to 0.120 in (1.65 to 3.05 mm)] in thickness. The thickness of a
band-saw blade is determined by the cutting load and the diameter of the
band wheel. Gang-saw blades are generally somewhat thicker than
band-saw blades for similar operations. Narrow-band-saw blades for
use on scroll band saws range in thickness from 20 to 25 BWG [0.020 to
0.035 in (0.51 to 0.89 mm)] and range in width from 1⁄8 to about 13⁄4 in
(3.17 to 44.5 mm) depending upon the curvature of cuts to be made.

The considerable amount of heat generated at the cutting edge results
in compressive stresses in the rim of the saw blade of sufficient magni-
tude to cause mechanical instability of the saw blades. Circular-saw
blades and wide-band-saw blades are commonly prestressed (or ten-
sioned) to reduce the possibility of buckling. Small circular-saw blades
for use on power-feed rip-saws and crosscut saws are frequently pro-
vided with expansion slots for the same purpose.

The shape of the cutting portion of the sawtooth is determined by speci-
fying the hook, face bevel, top bevel, and clearance angles. The opti-
mum tooth shape depends primarily upon cutting direction, moisture
content, and density of the workpiece material. Sawteeth are, in general,
designed in such a way that the portion of the cutting edge which is
required to cut across the fiber direction is provided with the maximum
effective rake angle consistent with tool strength and wear considera-
tions. Ripsaws are designed with a hook angle between some 46° for
inserted-tooth circular headsaws used to cut green material and 10° for
solid-tooth saws cutting dense material at low moisture content. Rip-
saws generally have zero face bevel and top bevel angle; however,
spring-set ripsaws sometimes are provided with a moderate top bevel
angle (5 to 15°). The hook angle for crosscut saws ranges from positive
10° to negative 30°. These saws are generally designed with both top
and face bevel angles of 5 to 15°; however, in some cases top and face
bevel angles as high as 45° are employed. A compromise design is used
for combination saws which embodies the features of both ripsaws and
crosscut saws in order to provide a tool which can cut reasonably well in
all directions. The clearance angle should be maintained at the smallest
possible value in order to provide for maximum tooth strength. For
ripsawing applications, the clearance angle should be about 12 to 15°.
The minimum satisfactory clearance angle is determined by the nature
of the work material, not from kinematical considerations of the motion
of the tool through the work. In some cases of cutoff, combination, and
narrow-band-saw designs where the tooth pitch is relatively small,
much larger clearance angles are used in order to provide the necessary
gullet volume.

A certain amount of clearance between the saw blade and the gener-
ated surface (side clearance or set) is necessary to prevent frictional heat-
ing of the saw blade. In the case of solid-tooth circular saws and band or
gang saws, the side clearance is generally provided either by deflecting
alternate teeth (spring-setting) or by spreading the cutting edge (swage-
setting). The amount of side clearance depends upon density, moisture
content, and size of the saw blade. In most cases, satisfactory results are
obtained if the side clearance S is determined from the formula S [in
(mm)] 5 A /2[ f(g 2 5) 2 f (g)], where g 5 gage number (BWG) of the
saw blade, f(n) 5 dimension in inches (mm) corresponding to the gage
number n, and A has values from Table 13.6.1. Certain specialty circular
saws such as planer, smooth-trimmer, and miter saws are hollow-
ground to provide side clearance. Inserted-tooth saws, carbide-tipped
saws, and chain-saw teeth are designed so that sufficient side clearance
is provided for the life of the tool; consequently, the setting of such saws
is unnecessary.
Narrow-band saw 0.65 — 0.55 —

The tooth speed for sawing operations ranges from 3,000 to 17,000
ft/min (15 to 86 m/s) approx. Large tooth speeds are in general desirable
in order to permit maximum work rates. The upper limit of permissible
tooth speed depends in most cases on machine design considerations
and not on considerations of wear or surface quality as in the case of
metal cutting. Exceptionally high tooth speeds may result in charring of
the work material, which is machined at slow feed rates.

In many sawing applications, surface quality is not of prime impor-
tance since the sawed surfaces are subsequently machined, e.g., by
planing, shaping, sanding; therefore, it is desirable to operate the saw at
the largest feed per tooth consistent with gullet overloading. Large
values of feed per tooth result in lower amounts of work required per
unit volume of material cut and in lower amounts of wear per unit tool
travel. Large-diameter circular saws, wide-band saws, and gang saws
for ripping green material are generally designed so that the feed per
tooth should be about 0.08 to 0.12 in (2.03 to 3.05 mm). Small-diameter
circular saws are designed so that the feed per tooth ranges from 0.03 in
(0.76 mm) for dense hardwoods to 0.05 in (1.27 mm) for low-density
softwoods. Narrow-band saws are generally operated at somewhat
smaller values of feed per tooth, e.g., 0.005 to 0.04 in (0.13 to
1.02 mm). Smaller values of feed per tooth are necessary for applica-
tions where surface quality is of prime importance, e.g., glue-joint rip-
sawing and variety-saw operations. The degree of gullet loading is mea-
sured by the gullet-feed index (GFI), which is computed as the feed per
tooth times the depth of face divided by the gullet area. The maximum
GFI depends primarily upon species, moisture content, and cutting di-
rection. It is generally conceded that the maximum GFI for ripsawing
lies between 0.3 for high-density, low-moisture-content material and
0.4 for low-density, high-moisture-content material. For specific infor-
mation, see Telford, For. Prod. Res. Soc. Proc., 1949.

Saws vary considerably in design of the gullet shape. The primary
design considerations are gullet area and tooth strength; however, spe-
cial design shapes are often required for certain classes of workpiece
material, e.g., for ripping frozen wood.

Materials Saw blades and the sawteeth of solid-tooth saws are gen-
erally made of a nickel tool steel. The bits for inserted-tooth saws were
historically plain carbon tool steel; however, high-speed steel bits or
bits with a cast-alloy inlay (e.g., Stellite) are sometimes used in applica-
tions where metal or gravel will not be encountered. Small-diameter
circular saws of virtually all designs are made with cemented-carbide
tips. This type is almost imperative in applications where highly abra-
sive material is cut, namely, in plywood and particleboard operations.

Sawing Power References: Endersby, The Performance of Circular
Plate Ripsaws, For. Prod. Res. Bull. 27, Her Majesty’s Stationery Of-
fice, London, 1953. Johnston, Experimental Cut-off Saw, For. Prod.
Jour., June 1962. Oehrli, Research in Cross-cutting with Power Saw
Chain Teeth, For. Prod. Jour., Jan. 1960. Telford, Energy Require-
ments for Insert-point Circular Headsaws, Proc. For. Prod. Res. Soc.,
1949.

An approximate relation for computing the power P, ft ? lb/min (W),
required to saw is

P 5 kvb(A 1 Bta)/p

where k is the kerf, in (m); v is the tooth speed, ft/min (m/s); p is the
tooth pitch, in (m); A and B are constants for a given sawing operation,
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Table 13.6.2 Constants for Sawing-Power Estimation

Material Tool Constants

Specific Moisture Sawing A, A, B, B,
Species gravity content, % Anglese situation lb/in N/m lb/in2 3 1023 N/m2 3 1026

Beech, Europeana 0.72 12 20, 0, 12 SS, R 27.8 4,869 5.760 39.71
Birch, yellowb 0.55 FSP 2 30, 10, 10 SS, CC 19.7 3,450 4.100 28.27
Elm, wycha 0.67 12 20, 0, 12 SS, R 23.2 4,063 4.840 33.37
Maple, sugarc 0.63 FSP 41, 0, 0 IT, R 85.6 15,991 2.995 20.65
Maple, sugarc, f 0.63 FSP 41, 0, 0 IT, R 48.0 8,406 4.400 30.34
Pine, northern whitec 0.34 FSP 41, 0, 0 IT, R 27.1 4,746 1.675 11.55
Pine, northern whitec, f 0.34 FSP 41, 0, 0 IT, R 28.2 4,939 2.085 14.38
Pine, northern whiteb 0.34 FSP 2 30, 10, 10 SS, CC 0.0 0 3.300 22.75
Pine, ponderosad 0.38–0.40 15–40 28, 25, 0 OFT, R 29.3 5,131 1.700 11.72
Pine, ponderosad 0.38–0.40 15–40 28, 25, 0 OFT, CC 0.0 0 2.120 14.62
Poplar (P. serotina)a 0.48 12 20, 0, 12 SS, R 18.6 3,257 3.290 22.68
Redwood, Californiaa 0.37 12 20, 0, 12 SS, R 15.0 2,627 2.260 15.58
Spruce, whiteb 0.32 FSP 2 30, 10, 10 SS, CC 0.0 0 4.680 32.27

a Endersby.
b Johnston.
c Hoyle, unpublished report, N.Y. State College of Forestry, Syracuse, NY, 1958.
d Oehrli.
e The numbers represent hook angle, face bevel angle, and top bevel in degrees.
f Cutting performed on frozen material.
NOTE: FSP 5 moisture content greater than the fiber saturation point; CC 5 crosscut; IT 5 insert-tooth; OFT 5 offset-tooth; R 5 rip; SS 5 spring-set.

lb/in (N/m) and lb/in2 (N/m2), respectively; and ta is the average chip
thickness, in (m). The average chip thickness is computed from the
relation ta 5 g ft 3 d/b, where ft is the feed per tooth; d is the depth of
face; b is the length of the tool path through the workpiece; and g has the
value 1 except for saws with spring-set or offset teeth, in which case g
has the value 2. The constants A and B depend primarily upon cutting
direction (ripsawing, crosscutting), moisture content below the fiber-sa-
turation point and specific gravity of the workpiece material, and tooth
shape. The values of A and B (see Table 13.6.2) depend to some degree
upon the depth of face, saw diameter, gullet shape, gullet-feed index,

ing of the wood by the cutting edge and is generally associated with
small cutting angles, dull knives, low-density species, high moisture
content, and (often) the presence of reaction wood. The raised-grain
defect is characterized by an uneven surface where one portion of the
annual ring is raised above the remaining part. Loosened grain is similar
to raised grain; however, loosened grain is characterized by a separation
of the early wood from the late wood which is readily discernible to the
naked eye. The raised- and loosened-grain defects are attributed to the
crushing of springwood cells as the knife passes over the surface.
(Edge-grain material may exhibit a defect similar to the raised-grain
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saw speed, and whether the tool motion is linear or rotary; however, the
effect of these variables can generally be neglected for purposes of
approximation.

Computers have now been utilized in sawmills where raw logs are
first processed into rough-cut lumber. With suitable software, the mill
operator can input key dimensions of the log and receive the cutting
pattern which provides a mix of cross sections of lumber so as to maxi-
mize the yield from the log. The saving in waste is sizable, and this
technique is especially attractive in view of the decreasing availability
of large-caliper old stand timber, together with the cost of same.

PLANING AND MOLDING

Machinery Planing and molding machines employ a rotating cutter-
head to generate a smooth, defect-free surface by cutting in a direction
approximately along the grain. A surfacer (or planer) is designed to
machine boards or panels to uniform thickness. A facer (or facing planer)
is designed to generate a flat (plane) surface on the wide faces of boards.
The edge jointer is intended to perform the same task on the edges of
boards in preparation for edge-gluing into panels. A planer-matcher is a
heavy-duty machine designed to plane rough boards to uniform width
and thickness in one operation. This machine is commonly used for
dressing dimension lumber and producing millwork. The molder is a
high-production machine for use in furniture plants to generate parts of
uniform cross-sectional shape.

Recommended Operating Conditions It is of prime importance to
adjust the operating conditions and knife geometry so that the machin-
ing defects are reduced to a satisfactory level. The most commonly
encountered defects are torn (chipped) grain, fuzzy grain, raised and
loosened grain, and chip marks. Torn grain is caused by the wood split-
ting ahead of the cutting edge and below the generated surface. It is
generally associated with large cutting angle, large chip thickness, low
moisture content, and low workpiece material density. The fuzzy-grain
defect is characterized by small groups of wood fibers which stand up
above the generated surface. This defect is caused by incomplete sever-
defect if machining is performed at a markedly different moisture con-
tent from that encountered at some later time.) Raised and loosened
grains are associated with dull knives, excessive jointing of knives [the
jointing land should not exceed 1⁄32 in (0.79 mm)], and high moisture
content of workpiece material. Chip marks are caused by chips which
are forced by the knife into the generated surface as the knife enters the
workpiece material. Chip marks are associated with inadequate exhaust,
low moisture content, and species (e.g., birch, Douglas fir, and maple
have a marked propensity toward the chip-mark defect).

Depth of cut is an important variable with respect to surface quality,
particularly in the case of species which are quite prone to the torn-grain
defect (e.g., hard maple, Douglas fir, southern yellow pine). In most
cases, the depth of cut should be less than 1⁄16 in (1.59 mm). The number
of marks per inch (marks per metre) (reciprocal of the feed per cutter) is
an important variable in all cases; however, it is most important in those
cases for which the torn-grain defect is highly probable. The marks per
inch (marks per meter) should be between 8 and 12 (315 and 472) for
rough planing operations and from 12 to 16 (472 to 630) for finishing
cuts. Slightly higher values may be necessary for refractory species or
for situations where knots or curly grain are present. It is seldom neces-
sary to exceed a value of 20 marks per inch (787 marks per metre). The
clearance angle should in all cases exceed a value of 10°. When it is
desired to hone or joint the knives between sharpenings, a value of
about 20° should be used. The optimum cutting angle lies between 20
and 30° for most planing situations; however, in the case of interlocked
or wavy grain, low moisture content, or species with a marked tendency
toward the torn-grain defect, it may be necessary to reduce the cutting
angle to 10 or 15°.

BORING

Machinery The typical general-purpose wood-boring machine has a
single vertical spindle and is a hand-feed machine. Production machines
are often of the vertical, multiple-spindle, adjustable-gang type or the
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horizontal type with two adjustable, independently driven spindles. The
former type is commonly employed in furniture plants for boring holes
in the faces of parts, and the latter type is commonly used for boring
dowel holes in the edges and ends of parts.

Tool Design A wide variety of tool designs is available for special-
ized boring tasks; however, the most commonly used tools are the
taper-head drill, the spur machine drill, and the machine bit. The taper-
head drill is a twist drill with a point angle of 60 to 90°, lip clearance
angle of 15 to 20°, chisel-edge angle of 125 to 135°, and helix angle of
20 to 40°. Taper-head drills are used for drilling screw holes and for

speed can be employed when the moisture content of the material is
higher.

SANDING
(See Secs. 6.7 and 6.8)

Machinery Machines for production sanding of parts having flat
surfaces are multiple-drum sanders, automatic-stroke sanders, and
wide-belt sanders. Multiple-drum sanders are of the endless-bed or roll-
feed type and have from two to six drums. The drum at the infeed end is
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boring dowel holes along the grain. The spur machine drill is equivalent
to a twist drill having a point angle of 180° with the addition of a
pyramidal point (instead of a web) and spurs at the circumference.
These drills are designed with a helix angle of 20 to 40° and a clearance
angle of 15 to 20°. The machine bit has a specially formed head which
determines the configuration of the spurs. It also has a point. Machine
bits are designed with a helix angle of 40 to 60°, cutting angle of 20 to
40°, and clearance angle of 15 to 20°. Machine bits are designed with
spurs contiguous to the cutting edges (double-spur machine bit), with
spurs removed from the vicinity of the cutting edges (extension-lip ma-
chine bit), and with the outlining portion of the spurs removed (flat-cut
machine bit).

The purpose of the spurs is to aid in severing wood fibers across their
axes, thereby increasing hole-wall smoothness when boring across the
grain. Therefore, drills or bits with spurs (double-spur machine drill and
bit) are intended for boring across the grain, whereas drills or bits with-
out spurs (taper-head drill, flat-cut machine bit) are intended for boring
along the grain or at an angle to the grain.

Taper-head and spur machine drills can be sharpened until they be-
come too short for further use; however, machine bits and other bit
styles which have specially formed heads can only be sharpened a lim-
ited number of times before the spur and cutting-face configuration is
significantly altered. Since most wood-boring tools are sharpened by
filing the clearance face, it is important to ensure that sufficient clear-
ance is maintained. The clearance angle should be at least 5° greater
than the angle whose tangent (function) is the feed per revolution di-
vided by the circumference of the drill point.

Recommended Operating Conditions The most common defects
are tearing of fibers from the end-grain portions of the hole surface and
charring of hole surfaces. Rough hole surfaces are most often encoun-
tered in low-density and ring-porous species. This defect can generally
be reduced to a satisfactory level by controlling the chip thickness.
Charring is commonly a problem in high-density species. It can be
avoided by maintaining the peripheral speed of the tool below a level
which depends upon density and moisture content and by maintaining
the chip thickness at a satisfactory level. Large chip thickness may
result in excessive tool temperature and therefore rapid tool wear; how-
ever, large chip thickness is seldom a cause of hole charring. The fol-
lowing recommendations pertain to the use of spur-type drills or bits for
boring material at about 6 percent moisture content across the grain. For
species having a specific gravity less than 0.45, the chip thickness
should be between 0.015 and 0.030 in (0.38 and 0.76 mm), and the
peripheral speed of the tool should not exceed 900 ft/min (4.57 m/s). For
material of specific gravity between 0.45 and 0.65, satisfactory results
can be obtained with values of chip thickness between 0.015 and
0.045 in (0.38 and 1.14 mm) and with peripheral speeds less than
700 ft/min (3.56 m/s). For material of specific gravity greater than 0.65,
the chip thickness should lie between 0.015 and 0.030 in (0.38
and 0.76 mm) and the peripheral speed should not exceed 500 ft/min
(2.54 m/s). Somewhat higher values of chip thickness and peripheral
fitted with a relatively coarse abrasive (40 to 100 grit), takes a relatively
heavy cut [0.010 to 0.015 in (0.25 to 0.38 mm)], and operates at a
relatively slow surface speed [3,000 to 3,500 ft/min (15.24 to 17.78
m/s)]. The drum at the outfeed end has a relatively fine abrasive paper
(60 to 150 grit), takes a relatively light cut [about 0.005 in (0.13 mm)],
and operates at a somewhat higher surface speed [4,000 to 5,000 ft/min
(20.3 to 25.4 m/s)]. Automatic-stroke sanders employ a narrow abrasive
belt and a reciprocating shoe which forces the abrasive belt against the
work material. This machine is commonly employed in furniture plants
for the final white-sanding operation prior to finish coating. The auto-
matic-stroke sander has a relatively low rate of material removal (about
one-tenth to one-third of the rate for the final drum of a multiple-drum
sander) and is operated with a belt speed of 3,000 to 7,500 ft/min (15.2
to 38.1 m/s). Wide-belt sanders are commonly used in board plants
(plywood, particle board, hardboard). They have the advantage of
higher production rates and somewhat greater accuracy than multiple-
drum sanders [e.g., feed rates up to 100 ft/min (0.51 m/s) as opposed to
about 35 ft/min (0.18 m/s)]. Wide-belt sanders operate at surface speeds
of approximately 5,000 ft/min (25.4 m/s) and are capable of operating at
depths of cut of 0.006 to 0.020 in (0.15 to 0.51 mm) depending upon
workpiece material density.

Abrasive Tools The abrasive tool consists of a backing to carry the
abrasive and an adhesive coat to fix the abrasive to the backing. Backings
are constructed of paper, cloth, or vulcanized fiber or consist of a cloth-
paper combination. The adhesive coating (see also Sec. 6) is made up of
two coatings; the first coat (make coat) acts to join the abrasive material
to the backing, and the second coat (size coat) acts to provide the neces-
sary support for the abrasive particles. Coating materials are generally
animal glues, urea resins, or phenolic resins. The choice of material for
the make and size coats depends upon the required flexibility of the tool
and the work rate required of the tool. Abrasive materials (see also Sec.
6) for woodworking applications are garnet, aluminum oxide, and sili-
con carbide. Garnet is the most commonly used abrasive mineral be-
cause of its low cost and acceptable working qualities for low-work-rate
situations. It is generally used for sheet goods, for sanding softwoods
with all types of machines, and for sanding where the belt is loaded up
(as opposed to worn out). Aluminum oxide abrasive is used extensively
for sanding hardwoods, particleboard, and hardboard. Silicon carbide
abrasive is used for sanding and polishing between coating operations
and for machine sanding of particleboard and hardboard. Silicon car-
bide is also frequently used for the sanding of softwoods where the
removal of raised fibers is a problem. The size of the abrasive particles
is specified by the mesh number (the approximate number of openings
per inch in the screen through which the particles will pass). (See Com-
mercial Std.CS217-59, ‘‘Grading of Abrasive Grain on Coated Abra-
sive Products,’’ U.S. Government Printing Office.) Mesh numbers
range from about 600 to 12. Size may also be designated by an older
system of symbols which range from 10/0 (mesh no. 400) through 0
(mesh no. 80) to 41⁄2 (mesh no. 12). Some general recommendations for
common white wood sanding operations are presented in Table 13.6.3.
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Table 13.6.3 Recommendations for Common Whitewood Sanding Operations

Abrasive

Backing Adhesive Mineral Grit size

Make Size 1st 2d 3d 1st 2d 3d
Material Weight coat coat drum drum drum drum drum drum

Multiple drum Softwood Paper E Glue Resin G G G or S 50 80 100

Hardwood Paper E Glue Resin A A A 60 100 120

Particleboard
Paper E Glue Resin G G G or A 40 60 80
Fiber 0.020 Resin Resin S S S 40 60 80

Hardboard
Paper E Glue Resin S S S 60 80 120
Fiber 0.020 Resin Resin S S S 60 80 120

Wide-belt
Softwood

Paper E Glue Resin G or S 80–220*
Cloth X Resin Resin G or S 80–220*

Hardwood
Paper E Glue Resin A 80–220*
Cloth X Resin Resin A 80–220*

Burnishing Paper E Glue Glue A 280–400

Particleboard Cloth X Resin Resin S 24–150*

Hardboard Cloth X Resin Resin S 100–150

Stroke sanding Softwood Paper E Glue Resin G 80; 120†

Hardwood
Paper E Glue Resin A 100; 150–180†
Cloth X Glue Resin A 100; 150–180†

Particleboard
Paper E Glue Resin A or S 80; 120†
Cloth X Resin Resin A or S 80; 120†

Hardboard
Paper E Glue Resin A or S 100; 150†
Cloth X Resin Resin A or S 100; 150†

Edge sanding Softwood Cloth X Glue Resin G 60; 100†

Hardwood
Cloth X Glue Resin A 60–150*
Cloth X Resin Resin A 60–150*

Mold sanding
Softwood

Cloth J Glue Glue G 80–120*
Cloth J Glue Resin G 80–120*

Hardwood
Cloth J Glue Glue G or A 80–120*
Cloth J Glue Resin G or A 80–120*

* May be single- or muiltiple-grit operation.
† First number for cutting-down operations, second number for finishing operations.
SOURCE: Graham, Furniture Production, July and Aug., 1961; and Martin, Wood Working Digest, Sept. 1961.
NOTE: G 5 garnet; A 5 aluminum oxide; S 5 silicon oxide.
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