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FOREWORD

Performance tests of industrial heat exchangers are often conducted to compare test
results with manufacturer’s rating data, to evaluate the cause(s) of degradation, to verify
regulatory compliance, or to assess process improvements. All tests have associated costs.
Those costs can be great if the test results are inconclusive. Historically, testing heat
exchanger performance in operating processes was not conducted according to standard,
acceptable methods; therefore, the results were inconsistent. Many of the unacceptable
results have been attributed to small deviations in test conditions and measurement prac-
tices. In other cases, analysis of the data did not consider all factors which affect
performance.

As industry implements improvements to reduce costs and increase output, performance
margins of process streams tend to be reduced. The need for accurate performance test
methods is increasing to meet the commercial demand. A single consistent test philosophy
and methodology including measurement and analysis techniques for delivery of accurate
and repeatable heat exchanger test data would provide a foundation to assess performance.
Such a test standard has wide applicability in the power, food-processing, chemical and
petroleum industries, among others. It was with the intent of satisfying these industry needs
that the Board on Performance Test Codes (BPTC) authorized the formation of the PTC
12.5 Committee to explore the development of the present Code.

The PTC 12.5 Committee began its deliberations late in 1994. An early version of the
draft code was subjected to a thorough review by industry, including members of the
BPTC. Comments were incorporated in the version which was approved by the Committee
on 11 August 1999. PTC 12.5-2000 on Single Phase Heat Exchangers was then approved
as a Standard practice of the Society by action of the Board on Performance Test Codes
on 8 May 2000. It was approved as an American National Standard by the ANSI Board
of Standards Review on September 26, 2000.

(Revised 26 September 2000)

]
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NOTICE

All Performance Test Codes MUST adhere to the requirements of PTC 1, GENERAL INSTRUCTIONS. The
following information is based on that document and is included here for emphasis and for the convenience of
the user of this Code. It is expected that the Code user is fully cognizant of Parts I and 11l of PTC 1 and has read
them prior to applying this Code.

ASME Performance Test Codes provide test procedures which yield results of the highest level of accuracy
consistent with the best engineering knowledge and practice currently available. They were developed by
balanced committees representing all concerned interests. They specify procedures, instrumentation, equipment
operating requirements, calculation methods, and uncertainty analysis.

When tests are run in accordance with this Code, the test results themselves, without adjustment for uncertainty,
yield the best available indication of the actual performance of the tested equipment. ASME Performance Test
Codes do not specify means to compare those results to contractual guarantees. Therefore, it is recommended
that the parties to a commercial test agree before starting the test and preferably before signing the contract
on the method to be used for comparing the test results to the contractual guarantees. It is beyond the scope of
any Code to determine or interpret how such comparisons shall be made.

Approved by Letter Ballot #95-1 and BPTC Administrative Meeting of March 13-14, 1995.
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SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

SECTION 0 — INTRODUCTION

Performance testing of industrial heat exchangers
is conducted to compare installed capability with
design specifications, assess degradation, and evalu-
ate the benefit of performance improvements such
as cleanings, heat transfer surface enhancements
and unit replacement. Industrial and experimental
experience indicates that results can vary signifi-
cantly with small changes in the test and analysis
methods. Application of detailed and consistent test
practices is needed for reliable and accurate results.
A commercial standard for heat exchanger testing
provides a basis for comparison of results from
different test organizations and designs.

This Test Code provides comprehensive guidance
to plan, conduct, and analyze results for accurate
performance tests of single phase heat exchangers.
The key test requirements are applicable to most
heat exchanger designs with two single phase fluid
streams in a wide variety of industrial applications.

Guidance is sufficiently detailed for a test engineer
to estimate the cost and benefit of performing an
accurate test. Step-by-step examples are provided
for shell-and-tube, plate-frame, and room air cooler
designs. Even though the guidance is comprehensive,
flexibility is provided to permit a variety of analysis
methods. The user may perform Code calculations
using the data provided, proprietary computer soft-
ware, or other analytic tools.

During the development of this Code, data from
the open literature has been compiled and evaluated
in order to establish a basis for the accuracy of test
results. The appendices provide a description of these
evaluations for technical topics including steady state
criteria, uncertainty analysis, shell-side performance
methods, mean temperature difference, tube-side
performance methods, fouling resistance, plate-frame
performance methods, room cooler analysis, and
thermal physical properties. These appendices pro-
vide valuable background material for the user.
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SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

SECTION 1 — OBJECT AND SCOPE

1.1 OBJECT

This Code provides methods and procedures for
testing single phase heat exchangers. The Code
presents and describes the methods for determining
heat exchanger performance, for measuring fluid
conditions and related phenomena, and for proj-
ecting performance parameters to reference condi-
tions. Performance parameters included are overall
heat transfer coefficient, heat transfer rate, and pres-
sure drop. Guidelines are provided for recommended
instrumentation and accuracy.

1.2 SCOPE

The scope of this Code includes instruments, cal-
culation techniques, and methods to determine the
steady state performance of single phase heat ex-
changers at both test conditions and reference condi-
tions. This Code applies to, but is not limited to,
the following types of heat exchangers:

(a) Shell-and-tube;
(b) Plate-frame;

(c) Plate-fin;

(d) Tube-in-plate fin.

Single-phase fluid streams, including liquid-to-lig-
uid, gas-to-liquid, and gas-to-gas are included. Ex-
cluded from this Code are heat exchangers used in
condensation, vaporization, fired, direct contact,
non-newtonian fluid, and more than two-fluid appli-
cations.

1.3 EXPECTED UNCERTAINTY

The values of the overall uncertainty of perform-
ance parameters determined in accordance with this
Code are expected to lie within the band described
by the overall uncertainty interval stated below.

Performance Parameter Expected Uncertainty
[Note (1)) [Note (2)]

Overall Heat Transfer

Coefficient, U* +3-10%
Heat Transfer Rate, Q* +3-10%
Nozzle-to-Nozzle Pressure

Loss, 4P, ,* +3-12%
NOTES:

(1) At reference conditions.
(2) Based on 95% confidence.
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SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

SECTION 2 — DEFINITIONS AND DESCRIPTION
OF TERMS

2.1 TERMS

In this Section, only those terms are defined which
are characteristic of single-phase heat exchangers and
the requirements for testing them. For the definition of
all other physical terms, or the description of instru-
ments used in this Code, reference is made to the litera-
ture and particularly to PTC 2, Definitions and Values,
andtothe PTC 19 Series on Instruments and Apparatus.

calibration uncertainty: the uncertainty attributed to
instrument calibration practices including the instru-
ment linearity, hysteresis, and repeatability along
with the accuracy of the calibration equipment.

cold streamn: flow stream with the lower heat ex-
changer inlet temperature.

cold stream temperature change: the difference be-
tween the outlet and inlet temperatures of the cold
stream (¢, - t).

design conditions: performance conditions upon
which the design of the heat exchanger was based.

effective mean temperature difference: the log mean
temperature difference corrected for deviations from
true countercurrent flow conditions.

fouling: accumulated foreign material such as corro-
sion products or any other deposits on the heat
transfer surface.

heat transfer area: the area of the wall surface over
which heat is transferred from the hot fluid to the
cold fluid (see para. 3.2.3).

heat transfer rate: the amount of heat transferred from
the hot stream to the cold stream per unit of time.

hot stream: flow stream with the higher heat ex-
changer inlet temperature.

hot stream temperature change: the difference be-
tween the inlet and outlet temperatures of the hot
stream (T; - T,).

hydraulic resistance: resistance to flow due to form
losses and friction in the heat exchanger.

log mean temperature difference: the logarithmic
average temperature difference defined by Egs. (D.1.)
and (D.2). Except where otherwise noted, the log
mean temperature difference for countercurrent flow
is used in this Code.

overall heat transfer coefficient: the heat transfer
rate per unit of heat transfer area per unit of effective
mean temperature difference.

overlap of error bar: that portion of the uncertainty
interval in which the true value must lie and still
fall within the uncertainty interval of two or more
measurements of the same value.

pressure loss: loss of total pressure across the heat
exchanger due to hydraulic resistance.

process variables: hot and cold stream inlet and
outlet temperatures and flow rates.

reference conditions: process operating conditions
defined by fixing four of the six variables (see
para. 3.2.2).

sensitivity coefficient: the change in the calculated
result due to an incremental change in a contributing
factor. For an arbitrary result Y and contributing
factor x, the sensitivity coefficient is @y, = 9Y/ox.

temperature difference: the difference between a
hot stream temperature and the corresponding cold
stream temperature.

test run: a complete set of performance data that
will allow analysis of heat exchanger capability per
this Code.

total measurement uncertainty: the uncertainty in
measurement due to the combined effects of all
systematic error (or bias) and random error associated
with instrument calibration, spatial variation, installa-
tion practices, data acquisition, and process varia-
tions (see para. 5.2.3).

uncertainty: the uncertainty is the interval about the
measurement or result that contains the true value
for a given confidence level (see ASME PTC 19.1).
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ASME PTC 12.5-2000

2.2 LETTER SYMBOLS

Symbols used in multiple sections of this Code
are described here. Symbols which are not in this
list are defined in the text immediately following

Symbol

SINGLE PHASE HEAT EXCHANGERS

their usage. The equations in this Code are based

Definition

on any consistent set of units. The units in the
following list are one example of consistent units
both for U.S. Customary and Sl/metric systems.

Units

U.S. Customary

bDataAcq

bEMTD, mixing

bEMTD, U

b install

bSparVar

EMTD

Reference heat transfer area (see para.
3.2.3)

Cold side heat transfer area
Hot side heat transfer area
Flow area of inlet pipe
Flow area of outlet pipe
Heat transfer area of wall

Systematic uncertainty attributed to
calibration

Systematic uncertainty attributed to
data acquisition

Systematic uncertainty attributed to a
non-uniform temperature distribution
over a flow cross section

Systematic uncertainty attributed to a
variable heat transfer coefficient along

the flow length

Systematic uncertainty attributed to
instrument installation practices

Systematic uncertainty attributed to
spatial variation

Constant pressure specific heat

Constant pressure specific heat of the
cold stream

Constant pressure specific heat of the
hot stream

Inside tube diameter
Outside tube diameter

Outside diameter of unfinned portion
of tube

Effective mean temperature difference

Configuration correction factor for
deviation from true countercurrent
flow (see Appendix D)

ft?

ftZ
ft2
&2
ftz

ft?

Sl

[m?]

im?]
[m?)
[m?]
3!

[m

(m?]

Units of measurement parameter

Units of measurement parameter

°F

°F

[°q

°c

Units of measurement parameter

Units of measurement parameter

Btu/(lbm-°F)

Btu/(lbm-°F)

Btu/(lbm-°F)

°F

Dimensionless

U/tkg-°C)

/(kg->C)]

U/(kg->C))

[m]
[m]

[m]

°q
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SINGLE PHASE HEAT EXCHANGERS

Symbol
g

8c

KI, pipe

Ka, pipe

LMTD

Pr

Qave

Qave™

Qc

Definition

Gravitational acceleration
Units conversion constant, 4.17(10°%)
in U.S. Customary units, [1 in metric

units]

Calculated hydraulic resistance =
AP/m" (see para. 5.4.7)

Individual heat transfer coefficient
Cold side heat transfer coefficient
Hot side heat transfer coefficient
Thermal conductivity

Thermal conductivity of wall

Loss coefficient of inlet pipe and
fittings

Loss coefficient of outlet pipe and
fittings

Effective length of tubes between
tubesheets

Length of tubes

Log mean temperature difference
Mass flow rate

Cold stream mass flow rate

Hot stream mass flow rate

Number of tubes

Nusselt number = hd/k

Measured upstream pressure
Prandtl Number = wcy/k

Heat transfer rate for the heat
exchanger

Average heat transfer rate for a test
run based on the hot and cold stream

heat transfer rates

Average heat transfer rate at reference
conditions based on multiple test runs

Cold stream heat transfer rate

ASME PTC 12.5-2000

U.S. Customary SI
ftvhr? [m/s?]
Ibm-ft/lbf-hr? [kg-m/N-s?]
(IbfA®)(hr/lbm)” [Pa(s/kg)"]
Btu/(hr-ft*-°F) [W/(m?2-°C)]
Btu/(hr-ft*-°F) [W/(m?-°C)]
Btu/(hr-ft?-°F) (W/m?2-°C)]
Btu/(hr-ft-°F) [W/(m-°C)]
Btu/(hr-ft-°F) [W/(m-°C)]
Dimensionless
Dimensionless
ft [m]
ft {m]

OF [OC]

Ibrm/hr {kg/s]
Ibmvhr [kg/s
lbrmvhr [kg/s)

Dimensionless

Dimensionless

Ibf/ft? absolute
Dimensionless

Btu/hr

Btu/hr

Btu/hr

Btu/hr

[Pa] absolute

wi

(W]

(W]

W]
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ASME PTC 12.5-2000 SINGLE PHASE HEAT EXCHANGERS
Units
Symbol Definition U.S. Customary Sl
Qs Hot stream heat transfer rate Btu/hr W)
R. Thermal resistance of the cold stream (hr-°F)/Btu [°C/W]

film based on the heat transfer rate Q,
Re = 1nchAd

Re Reynolds number = pVd/u Dimensionless

Ry Thermal resistance of the hot stream (hr-°F)/Btu [PC/W]
film based on the heat transfer rate Q,
Ry = ]/(T]hhhAh)

R¢ Thermal resistance of fouling on both (hr-°F)/Btu [°Cw]

the hot and cold stream sides based
on the heat transfer rate Q

r Average thermal resistance due to (hr-f2-°F)/Btu [(m2-°CyYW]
fouling on both the hot and cold
stream sides based on the heat
transfer rate per unit area, rr = Ry A

R, Thermal resistance of the wall (hr-°F)/Btu [PC/W]
separating the hot and cold stream
based on the heat transfer rate Q

T Hot stream inlet temperature °F [°C}

T, Hot stream outlet temperature °F [°C)

t; Cold stream inlet temperature °F (]

to Cold stream outlet temperature °F [°C

tw Wall temperature °F °q

£ Student t Dimensionless

) Overall heat transfer coefficient Btu/(hr-ft2-°F) W/(m?-°C)]

Ucp Uncertainty of specific heat (see para. Btu/(lbm-°F) U/tkg-°C))
5.3.1.1)

Uik Uncertainty of average thermal (hr-ft3-°F)/Btu [(m?-°CyW]

resistance of film based on heat
transfer rate per unit area

Ui o3 Uncertainty of the difference in (hr-ft2-°F)/Btu [(m2-°CYW]
average thermal resistance of film
between reference and test conditions
based on heat transfer rate per unit
area

UHRHR+ Uncertainty interval of hydraulic Dimensionless
resistance ratio greater than the best
estimate [see Eq. (5.19)]

M pajjo1uooun “paniwiad SI uonNguISIp 1o uononpoidal Jayuny oN "I18sn AlSISAIUN plojuels A 0T0Z-G0-190 UO papeojumop ‘(L02719311SY93]) MMM) J1IIUBIDS Uoswoyl Aq AlSIsAlun plojuels 0] pasuadl| reusrew pajybikdod



SINGLE PHASE HEAT EXCHANGERS ASME PTC 12.5-2000
Units
Symbol Definition U.S. Customary SI
UHRYHR™ Uncertainty interval of hydraulic Dimensionless

resistance ratio less than the best
estimate [see Eq. (5.19)]

Upy Uncertainty attributed to process Units of measurement parameter
variations
Uge Uncertainty of cold side heat transfer Btu/hr W]

rate at test conditions

Uoh Uncertainty of hot side heat transfer Btu/hr W]
rate at test conditions

uo Uncertainty of heat transfer rate at Btu/hr W]
reference conditions for test run 1

ug Uncertainty of heat transfer rate at Btu/hr (W]
reference conditions for test run 2

uy Uncertainty of overall heat transfer Btu/(hr-ft>-°F) [W/(m?-°C)]
coefficient
v Fluid velocity fthr [mv/s}
v; Fluid velocity in inlet piping ft/hr {m/s]
Vo Fluid velocity in outlet piping ft/hr [mys)
Ve Fluid velocity in heat exchanger tubes ft/hr [mvs]
z; Elevation of inlet wall pressure tap ft [m]
Z Elevation of outlet wall pressure tap ft [m]
z, Elevation of upstream pressure ft [m]
instrument
AP Measured differential pressure Ibf/ft? [Pa]
AapP,_, Total nozzle-to-nozzle pressure loss Ibf/ft? [Pa]
4T, Hot stream inlet temperature minus °F [°C]

cold stream outlet temperature

a7, Hot stream outlet temperature minus °F [°C]
cold stream inlet temperature

ax,, Wall thickness (plate or tube) ft [m)

7 Surface effectiveness or measure of Dimensionless
the reduction in temperature potential
between the extended surface and the
fluid. The surface effectiveness is
related to the fin efficiency as
described in Appendix E.

u Dynamic (or absolute) viscosity Ibm/(ft-hr) [kg/(m-s)]

b Dynamic (or absolute) viscosity at the Ibrmv(ft-hr) [kg/(m-s)]
average bulk temperature

9

M pajjoiuooun “paniwiad SI uonNgUISIP 1o uononpoidal Jayuny ON "I18SN ANSISAIUN plojuels A 0T0Z-G0-190 UO papeojumop ‘(L02719811SY98]) MMM) IHIIUBIDS Uoswoyl Ag AlSIsAlun plojuels 0] pasuadl| eusrew pajybikdod



ASME PTC 12.5-2000

Symbol

Definition

SINGLE PHASE HEAT EXCHANGERS

Hw

e}

du

Pap

Pave

Pgage

Pi, pipe

Po, pipe

Dynamic (or absolute) viscosity at the
wall surface temperature

Heat transfer rate correction factor to
account for reference flow and
temperature conditions different from
test conditions

Overall heat transfer coefficient
correction factor to account for
reference flow and temperature
conditions different from test
conditions

Pressure loss correction factor to
account for reference flow and
temperature conditions different from
test conditions

Fluid density.

Average fluid density in heat
exchanger

Fluid density in pressure gage or
impulse tubing

Fluid density in inlet pipe

Fluid density in outlet pipe

10

Units

U.S. Customary St
Ibmy/(ft-hr) tkg/(m-s)]
Dimensionless
Btu/(hr-ft2-°F) [(m2-°C)yW)
Dimensionless
Ibrft? (kg/m?]
Ibrmyft fkg/m’]
Ibrvft? lkg/m?)
Ibrvit lkg/m®)
Ibm/ft® [kg/m’]
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2.3 SUBSCRIPTS

ASME PTC 12.5-2000

Abbreviation Term
b Bulk fluid
c Cold stream
h Hot stream
i Inlet end of heat exchanger
o Outlet end of heat exchanger
s Shell-side
t Tube-side
w Wall

2.4 SUPERSCRIPT
Abbreviation Term

*

Reference conditions (see para. 3.2.2)

11
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SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

SECTION 3 — GUIDING PRINCIPLES

3.1 GENERAL TEST REQUIREMENTS

The key procedural steps are:

(a) measure temperatures, flow rates and pressures
accurately;

(b) obtain a heat balance between hot and cold
fluids streams and confirm steady state conditions;

(c) perform calculations to predict performance at
reference conditions;

(d) analyze uncertainty of test measurements and
performance calculations.

3.1.1 Accurate Measurements. The measurement
uncertainty of the hot and cold stream flow rates,
inlet temperatures, outlet temperatures, and pressures
shall be appropriate to ensure that the uncertainties
of U* Q* and 4P,,* are within the range specified
in para. 1.3. Consideration for instrument calibration,
spatial variation, installation practices, data acquisi-
tion methods, process variations and random instru-
ment error is needed to ensure that the measurements
conform to this requirement (see para. 5.2.3). As a
benchmark, the calibration uncertainty for tempera-
ture measurements shall be less than +0.2°F (+0.1°C),
the total flow measurement uncertainty shall be less
than +5% of measured flow, and the total pressure
measurement uncertainty shall be less than +1%
of reading (see paras. 4.4, 4.5, and 4.7). Lower
uncertainties may be needed to meet the uncertainty
range for U* Q* and 4P,,* specified in para.
1.3. Measurement of outlet temperatures with the
appropriate uncertainty requires careful examination
of spatial variation since outlet temperatures are not
uniform for most heat exchangers (see para. 4.2.4).

3.1.2 Heat Balance. Steady state conditions shall
be maintained during a test. The cold stream heat
transfer rate shall be calculated based on the cold
stream measurements, and the hot stream heat trans-
fer rate shall be calculated based on the hot stream
measurements. The differences in the cold stream
heat transfer rate and hot stream heat transfer rate
shall be assessed to confirm a heat balance is
maintained as specified in para. 5.3.1.4.

3.1.3 Performance Calculation. A performance pa-
rameter (overall heat transfer coefficient, heat transfer
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rate, or pressure loss) shall be calculated based on
average test measurements and adjusted to reference
conditions. Reference conditions represent design or
baseline conditions and are typically different than
test conditions. The adjustments of overall heat trans-
fer coefficient, heat transfer rate and pressure loss
are expressed as follows:

1 1
U; = L_/ + d)u (31)
Q* = $oQ (3.2)
AP, * = ¢upAP,., (3.3)

where U, Q, and AP,., are the overall heat transfer
coefficient, heat transfer rate, and pressure loss based
on average measurements at test conditions. U¥,

* and 4P,..* are the overall heat transfer coeffi-
cient, heat transfer rate, and pressure loss at reference
conditions. @y, ¢q and ¢sp are the associated
correction factors that adjust test conditions to refer-
ence conditions.

These correction factors are derived in Appendix
E or alternatively may be calculated using computer
programs. (See para. 3.2.6).

3.1.4 Uncertainty Analysis. Calculation of uncer-
tainty shall be performed before the test (pre-test)
and after the test (post-test) in accordance with the
methods and guidelines provided in ASME PTC 19.1,
Reference 1. The uncertainty analysis shall include
assessment of factors which affect the accuracy of
test measurements, and factors which affect the
accuracy of the performance calculation. As a mini-
mum, the following elemental sources of error shall
be considered:

(a) inlet and outlet temperature measurements of
the hot and cold streams;

(b) flow measurements of the hot and cold streams;

(c) pressure measurements;

(d) specific heats of the hot and cold streams;
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(e) heat transfer coefficients of the hot and cold
streams;

(f) idealizations used in the calculation of mean
temperature difference (such as variable heat transfer
coefficient along flow length and nonuniform temper-
ature distribution); and

(g) adjustment of pressure loss from test to refer-
ence conditions including contributions attributed to
flow measurements, roughness (i.e., friction factor),
and pressure loss correlations.

The uncertainty of the temperature, flow and pres-
sure measurements shall be propagated through all
calculations for overall heat transfer coefficient, heat
transfer rate, and pressure loss including any interme-
diate calculations of mean temperature difference.

The test uncertainty varies for different heat ex-
changer designs and operating conditions. The ex-
pected uncertainties in para. 1.3 are for a range of
typical single phase heat exchanger applications
based on 95% confidence. For overall heat transfer
coefficient and heat transfer rate, an uncertainty of
+3% is considered to be the best attainable based
on idealized conditions where the temperature mea-
surement uncertainty is +0.2°F, flow measurement
uncertainty is within 2%, mean temperature differ-
ence is greater than 10°F, fluid stream temperature
changes are greater than 10°F, and the properties
of the fluids are well known. These idealized condi-
tions can be attained in full scale test beds where
thermal mixers and flow straighteners can be used
to reduce spatial variation, where steady process
conditions can be established near reference condi-
tions, and where environmental effects are stable.
Since it is often not practical to meet these ideal
conditions for many process applications, a_range
of uncertainties is provided for overall heat transfer
coefficient and heat transfer rate. For pressure loss,
the 3% uncertainty is based on flow measurement
uncertainty within about +1%, pressure measure-
ment uncertainty within +1%, and test conditions
near reference conditions. Since it is often not practi-
cal to meet these conditions, a range of uncertainties
is provided for pressure loss.

3.2 PREPARATION FOR THE TEST

3.2.1 Test Plan. A test plan shall be prepared to
document the pre-test agreements. The parties to
the test shall agree upon the following prior to
the test:

(a) Test objectives, methods, and performance pa-
rameters,
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(b) Organization and responsibilities including test
director responsible for overall test quality;

(c) Heat exchanger operating conditions including
constraints on test conditions;

(d) Definition of reference conditions (four of the
six process variables);

(e) System alignment and steady state criteria;

(f) Cleanliness condition of heat exchanger;

(g) Scope and criteria for equipment inspections
prior to test;

(h) Identification of known damage or deficiency
(e.g., plugged tubes);

(i) Schedule for performing pre-test inspections,
calibrations, preliminary testing, and performance
testing;

() Number, use, installation, and location of tem-
perature, pressure, and flow sensors;

(k) Instrument accuracy, calibration methods, stor-
age and handling practices;

(I) Configuration of data acquisition system includ-
ing type of equipment used and frequency of measure-
ments, number of test runs, and duration of test runs;

(m) Acceptance of test results including acceptable
deviations;

(n) Heat exchanger mechanical data (see Table
3.1)

(0) Methods of calculation and associated uncer-
tainty for heat exchanger thermal model parameters
including all thermal physical properties (see Table
3.2).

3.2.2 Definition of Reference Conditions. Test con-
ditions cannot be controlled to the extent that a
specified set of conditions can be duplicated. To
allow comparison of measured performance to the
desired performance, the results must be adjusted
to specified reference conditions. Adjustment of the
results to a set of reference conditions is also neces-
sary if it is intended to trend the results of a series
of tests.

The reference conditions shall be defined and
agreed by all parties to the test in accordance with
para. 3.2.1. The definition of the reference conditions
shall include four of the six basic thermal perform-
ance parameters, i.e., hot and cold side mass flow
rates, my* and m.* and hot and cold side inlet
and outlet temperatures, T;* T,* t* and t,* The
remaining two parameters will be calculated based
on measured heat exchanger performance. In many

! Table 3.1 contains typical data and is not intended to be a
complete list of data needed. The complete set of mechanical
data depends upon the method of calculating the individual heat
transfer coefficients.
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TABLE 3.1
TYPICAL HEAT EXCHANGER MECHANICAL DATA NEEDED FOR
PERFORMANCE ANALYSIS

Shell and Tube Heat Exchangers

Shell inside diameter

Diameter of the outer tube limit

Baffle spacing, cut and thickness
(inlet and outlet spacing also)

Pass partition clearances, number and
orientation

Tube-to-baffle clearance

Shell-to-baffle clearance

Tube diameter, layout, material and thickness
Number of tubes, number of tubes plugged
Tube length

Finned tube geometry

Tube sheet thickness

Plate-Frame Heat Exchangers

Number of plates

Effective area per plate
Chevron angle and pattern
Plate material and thickness

Effective plate length
Plate width

Channel spacing
Number of passes

Room Air Coolers

Coil geometry (length and width of coil and
frame, depth in number of tube rows,
number of tube circuits)

Tube layout and geometry (transverse and
longitudinal tube spacing, tube diameter
and thickness, number of tubes in a coil,
length of tubes)

Fin geometry (fin spacing, thickness, height,
width and root diameter)

TABLE 3.2
TYPICAL HEAT EXCHANGER THERMAL MODEL PARAMETERS NEEDED FOR
PERFORMANCE ANALYSIS

Convective heat transfer coefficients for
hot and cold streams

Mean temperature difference

Specific heats of the hot and cold
streams

Cold side, hot side, and reference heat
transfer areas

Thermal conductivity of the wall (tube or
plate)

Fouling resistance

Thermal conductivity of fin and contact
resistance between fin and tube

Surface effectiveness of enhancements such
as fins

cases, the heat exchanger design conditions will
provide the basis for the selected reference condi-
tions. However, the two sets of parameters will differ
because the actual fouling resistance at the time of
the test probably will not equal the fouling resistance
assumed in the design.

The following are two examples of reference con-
ditions:

(a) The maximum heat exchanger inlet tempera-
tures (T, * t*) are defined by plant operating con-
straints. The mass flow rates (my* and m_* are estab-
lished by the pump and system operating conditions.
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These four values are selected as reference conditions
for the evaluation of the test results. The two outlet
temperatures (T,* and t,*) will be calculated during
the evaluation based on the measured test perform-
ance and fouling resistance.

(b) The hot side of a heat exchanger is designed
with a temperature controller in the outlet piping.
Therefore, hot side flow will vary depending on the
inlet temperature and the heat transfer capacity of
the exchanger. The maximum heat exchanger inlet
temperatures (T, * t*) are defined by plant operating
constraints. In this case, the defined reference condi-
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tions would be the hot side temperatures (T, * T*)
and cold side inlet temperature (t*) and the cold side
mass flow rate (m.*. The resulting hot side mass flow
rate and cold side outlet temperatures at reference
conditions will be calculated using the four defined
conditions and the measured heat exchanger perform-
ance characteristics.

3.2.3 Heat Transfer Area. The heat transfer area
is the wall surface area over which heat is transferred
from the hot fluid to the cold fluid. The heat transfer
areas on the hot and cold sides of the heat exchanger
are calculated based on the mechanical data. The
heat transfer area on the hot side is often different
than the heat transfer area on the cold side such
as with shell-and-tube heat exchangers and with
finned surfaces. A reference heat transfer area is
assigned to correspond with the overall heat transfer
coefficient. The reference heat transfer area usually
corresponds to either the hot or cold side area. For
shell-and-tube heat exchangers, the shell side heat
transfer area is typically selected as the reference
area.

The hot side and cold side heat transfer areas
shall be the best estimate of the surface area available
for heat transfer (based on the mechanical data
and results of equipment inspections). The area of
plugged tubes and blocked flow shall not be included
in the heat transfer area. The hot side, cold side
and reference heat transfer areas shall be agreed to
by the parties to the test.

3.2.4 Pre-Test Uncertainty Analysis. Prior to the
test, an uncertainty analysis shall be performed based
on the requirements in Section 5 and the guidelines
in Reference 1. The purpose of the pre-test uncer-
tainty analysis is to verify that the test objectives
can be met with the prescribed testing methods.
The results of the pre-test uncertainty analysis should
be used to confirm:

(a) Permissible test limits and steady state criteria;

(b) Number, location and accuracy of instrumenta-
tion; and

(c) Frequency of measurements, number of test
runs, and duration of test runs.

As necessary, the test plan should be modified
based on results of the uncertainty analysis.

3.2.,5 Provisions for Equipment Inspection. The
parties to the test shall agree to the scope and
criteria of equipment inspection performed before
the test. The scope of the inspection should include
confirmation of heat exchanger geometry data, mate-
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rial condition of the heat exchanger, and status of
installed instrumentation ports. The following actions
are recommended, as appropriate:

(a) Determine if the equipment conforms with the
as-built drawings (including thermal insulation) to the
extent practical.

(b) Determine the number of plugged tubes or
blocked flow passages.

(c) Verify the adequacy of the tube-to-tubesheet
seals, if practical.

(d) Assess the cleanliness of the heat exchanger.
Heat exchanger surfaces should be cleaned to condi-
tions agreed to prior to the test.

(e) Check if the test ports (e.g., temperature, pres-
sure, flow) or sample taps are present and adequate
for the required test instrumentation.

(f) Check the condition of the baffle plates, shell
pass divider plates, longitudinal sealing strips, and
gaskets, if practical.

3.2.6 Use of Computer Programs for Performance
Calculations. The use of computer programs is appro-
priate for calculation of the correction factors ¢y,
¢o and ¢,p, individual heat transfer coefficients
and mean temperature difference. If used, the basis
for the calculation methods used by the computer
program shall be agreed upon by the parties to the
test. In particular, the following criteria should be
agreed to:

(a) the definition and method of input for reference
conditions;

(b) the basis for the correlations of convective heat
transfer coefficients (see para. 5.3.4);

(c) the method of determining mean temperature
difference;

(d) the basis for determining fluid physical proper-
ties; and

(e) the method for determining pressure loss; in-
cluding correlations for friction factor and loss coeffi-
cients.

The uncertainty of the results of the computer
program shall be estimated. This may be accom-
plished by performing a sensitivity analysis of key
assumptions and correlations.

3.3 TEST METHODS

3.3.1 Test Procedures. Testing shall be performed
in accordance with written test procedures consistent
with the conditions agreed upon prior to the test.

3.3.2 Preliminary Testing. Preliminary test runs
should be performed to:
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(a) Check the operation of the instrumentation and
data acquisition system;

(b) Validate the test procedure, including verifying
system operating alignment, ensuring operating con-
ditions can be met, and orienting test personnel; and

(c) Verify pre-test uncertainties, including effects
attributed to instrument installation methods and spa-
tial variation.

3.3.3 Calibration of Instruments. Instruments used
to measure the parameters in para. 3.3.4 shall be
calibrated before the test to ensure that the measure-
ments are accurate. After initial calibration, con-
trolled practices shall be used to handle the instru-
ments so that calibration is not adversely affected.
The storage practices of the instruments should be
agreed to prior to the test based on the characteristics
of the instrument.

3.3.4 Test Parameters. Test parameters shall in-
clude, as a minimum, the following:

(a) Cold stream inlet temperature;

(b) Cold stream outlet temperature;

(c) Cold stream flow rate;

(d) Cold stream differential pressure;

(e) Cold stream inlet pressure;

(f) Hot stream inlet temperature;

(g) Hot stream outlet temperature;

(h) Hot stream flow rate;

(i) Hot stream differential pressure;

(j) Hot stream inlet pressure.

Additional parameters may be measured, as de-
sired, to use as additional validity checks. Special
considerations required in the selection, calibration,
and placement of test instrumentation are described
in Section 4.

3.3.5 Constraints on Test Conditions. The parties
to the test shall agree to the constraints and test
limits prior to the test. The test limits shall be
consistent with the system operating conditions so
that the overall test uncertainty is acceptable. The
following conditions should be met:

(a) The flow regime at test conditions should be
the same as at reference conditions so that testing is
not performed in the laminar regime when reference
conditions are in the turbulent regime or vice versa.’

(b) The cold stream temperature change, hot
stream temperature change, and mean temperature

2 The flow regime should be checked at the inlet and outlet
temperatures for fluids where large variations in properties are
expected (such as lube oil).
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difference should be more than 5 times the uncertain-
ties in their measured values.

Other constraints should be established as appro-
priate.

3.3.6 System Operating Alignment. The system
operating alignment shall be established to ensure
that hot stream and cold stream measurement loca-
tions do not include fluid which has not passed
through the heat exchanger. The parties to the test
shall agree upon the system operating alignment
prior to the test. When establishing the alignment
requirements, consideration should be given to the
operation of automatic control valves, flow in heat
exchanger bypass lines, excessive throttling of flow
control valves and the changes in operating align-
ment of other equipment in the hot and cold fluid
systems. These factors may prevent steady state heat
exchanger test conditions from being established.

3.3.7 Constancy of Test Conditions. The test shall
be performed with the heat exchanger at steady
state. The parties to the test shall agree to specific
steady state criteria prior to the test. Following the
test, the test data shall be evaluated to confirm that
the steady state criteria have been met. Steady state
criteria are described in Appendix A.

3.3.8 Number and Frequency of Test Readings.
The parties to the test shall agree upon the number
and frequency of test readings prior to the test
consistent with the pre-test uncertainty analysis. In-
strument readings shall be recorded for all test points
during conditions, which meet steady state criteria.
For example, 30 sets of readings should be recorded
at a fixed frequency for each test run.

3.3.9 Number and Duration of Test Runs. Each
test shall be conducted in accordance with the
predetermined schedule. The parties to the test shall
agree upon the number and duration of test runs.
The duration of each test run shall be sufficient to
ensure steady state conditions are established. The
minimum duration of each steady state test run is
15 min, except for gas-gas heat exchangers, which
require a minimum 30 min. test run. A minimum
of two test runs should be conducted to ensure
repeatability of results.

3.3.10 Acceptability of Test Runs. Test data from
each run shall be evaluated to ensure acceptability.
The parties to the test shall agree upon criteria for
acceptance of test data. As a minimum, the following
conditions should be checked for acceptability:
(a) Qualifications of test personnel are acceptable.
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(b) Constraints on operating conditions are met,
including environmental and atmospheric tempera-
ture and humidity conditions.

(c) System operating alignment is correct, includ-
ing assumptions regarding the leak tightness of valves.

(d) Steady state criteria are met.

(e) Cleanliness and material condition of heat ex-
changer is acceptable, including condition of insu-
lation.

(f) Pre-test inspections have been performed as
agreed to.

(g) Calibration, location, and installation of instru-
ments is consistent with the assumptions in the pre-
test uncertainty analysis or the differences can be ex-
plained.

(h) Composition and properties of fluids are con-
sistent with pre-test assumptions or the differences can
be agreed to.
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(i) Duration of the test run is adequate and varia-
tions in test data are within pre-test uncertainty limits
or the differences can be explained.

(j) The heat balance can be verified based on the
criteria in para. 5.3.1.4.

(k) The results of the calculations are consistent
with assumptions as discussed in para. 5.5.1.

Test data, which do not meet the acceptance
criteria, shall not be used to evaluate performance
under the requirements of this Code.

3.4 ANALYSIS METHODS

The parties to the test shall agree upon the analysis
methods prior to the test. Requirements for perform-
ance calculations are included in Section 5.
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SECTION 4 — INSTRUMENTS AND METHODS
OF MEASUREMENT

4.1 GENERAL

This Section describes the choice of instruments,
their required sensitivity or precision, and calibration
corrections to readings and measurements. Included
are requirements on methods of measurements, loca-
tion of measuring systems, and precautions to be
taken, including critical timing of measurements to
minimize error attributed to changing conditions.
The Supplements on Instruments and Apparatus (PTC
19 series) describe details of methods of measure-
ment, instrument types, limits, sources of error, cor-
rections, and calibrations. Where appropriate, this
Code refers to, and makes mandatory, the application
of the Supplements on Instruments and Apparatus,
PTC 19 series.

For any of the measurements necessary under this
Code, instrumentation systems or methods other than
those prescribed herein may be used provided they
do not increase the measurement uncertainty. Other
methods may be employed if agreed by the parties
to the test. Any departure from prescribed methods
and its associated uncertainty shall be described in
the test report.

The measurement uncertainty shall consider all
aspects of the methods of measurement, including
calibration, installation practices, spatial variation,
and data acquisition. References 2 to 9 provide a
discussion of sources of error for typical temperature,
flow, and pressure instruments and industrial installa-
tion practices.

4.2 GENERAL MEASUREMENTS

4.2.1 Measurement of Physical Dimensions. Physi-
cal data shall be obtained for use in performance
testing and evaluation. Specific physical data should
be measured to minimize overall test uncertainty.
Drawing or design information can be used to verify
measurements. Data that should be measured are
the dimensions of the heat exchanger and associated
piping (or flow conduits) and information that affects
the measurement of properties and the calculation
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of results. These include data of the design geometry
of the heat exchanger as described in Table 3.1
and data of the instrument installation, which affects
the accuracy of the measurements.

In general, the uncertainty of the measurement
of physical dimensions need not be considered ex-
plicitly in the calculation of test uncertainty. Instead,
discrepancies between measured heat exchanger ge-
ometry and design data should be included in the
uncertainty of individual heat transfer coefficient.

4.2.2 Calibration of Instruments. Instruments used
to measure the parameters in para. 3.3.4 shall be
calibrated before the test. The specific calibration
data, duration and procedure for each instrument
shall be provided to the parties to the test. Instru-
ments used for flow, temperature, pressure and data
acquisition shall be calibrated to physical standards
or to standards traceable to those maintained by
the National Institute of Standards and Technology.
The calibration method shall be appropriate to the
range of parameter values during the test, to the
conditions to which the instrument will be exposed,
and to the configuration of the instrument, wiring,
and data acquisition system. An appropriate mea-
surement uncertainty shall be included for all factors
not included in the calibration.

4.2.3 Data Acquisition Systems. Automated data
acquisition systems should have the capability to
record data accurately at a high sampling rate with
minimal increase of total measurement uncertainty.
To follow these guidelines, the data acquisition
system must minimize noise that may distort the
signals or recorded values. The sampling rate should
be chosen to record information throughout the
entire cycle of process variations. An overall system
calibration is preferred over a calibration of the
individual components comprising a data acquisition
system. For a system calibration, the uncertainty
attributed to the data acquisition system is included
with the calibration uncertainty of the instruments.
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4.2.4 Spatial Variations. The effect of spatial varia-
tions should be evaluated for every measurement.
The effect of spacing of duplicate instrumentation
should be determined to ensure that arithmetic aver-
aging of their output results in acceptable uncer-
tainty. Otherwise, it is possible to account for spatial
variations by applying weighting factors to data prior
to determining an average. As an example, the effect
of temperature stratification can be compensated by
utilizing flow areas, each represented by temperature
measurements.

4.3 MEASUREMENT OF ENVIRONMENTAL
EFFECTS

Prior to the test, a survey of the area surrounding
the unit shall be conducted jointly by the parties
to the test. Environmental conditions that may con-
tribute to variations in performance shall be investi-
gated. Potential environmental effects include:

(a) Nonuniform ambient heat input, e.g., solar heat
input, seasonal variation;

(b) Vibration;

(c) Electrical noise;

(d) Thermal radiation;

(e) Nonuniform ambient air flow, e.g., area ventila-
tion fan exhausts near heat exchanger.

Measurements necessary to record these effects
during the test shall be determined by agreement,
and test data shall be obtained as necessary. If
such measurements are not feasible or the area
surrounding the heat exchanger contains elements
which can significantly affect those measurements,
effort should be made to remove or reduce the
environmental effect, or a suitable estimation of its
effect should be made.

4.4 MEASUREMENT OF TEMPERATURE

The calibration uncertainty for measurement de-
vices shall be less than +0.2°F (£0.1°C). The total
uncertainty should be less than +0.6°F (+0.3°C). For
tests with small changes in the cold or hot fluid
stream temperatures, and for tests with a small mean
temperature difference, lower uncertainty of the tem-
perature measurements may be needed to obtain
acceptable total uncertainty of heat exchanger per-
formance. Uncertainties greater than +0.6°F (x0.3°C)
can be acceptable provided that the total uncertainty
limits for heat exchanger performance in Section 1
are met.
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Measurement locations shall be chosen to mini-
mize the effect of thermal stratification in the outlet
temperature. Measurement locations shall be close
enough to the heat exchanger to prevent appreciable
error attributed to temperature change associated
with heat transfer to the surroundings. Where strati-
fication is a possibility, preliminary tests shall be
conducted to determine the magnitude of the possi-
ble resultant error. These preliminary tests shall be
made part of the test report.

If the effect of temperature stratification on total
uncertainty is unacceptable, measurement tech-
niques should be modified. A properly placed static
mixer can reduce the stratification and the associated
uncertainty in spatial variation, but can also affect
differential pressure and flow measurements. Travers-
ing the flow area, multiple depth thermowells, and
increased number of instruments are recommended
options to minimize the consequences of stratifi-
cation.

Instruments may be installed in a thermowell,
directly immersed, or surface mounted. Thermowell
instruments are preferred since they are less likely to
have thermal gradients attributed to ambient surface
contact resistance. The tip of the temperature element
should be in contact with the bottom of the ther-
mowell. Thermal grease or paste may be used during
testing to facilitate heat transfer and improve the
temperature measurement. It should be removed
after testing is complete since thermal grease can
harden in time, causing interference or increasing
thermal resistance to the tips of the thermowell.

Surface mounted instruments shall be covered
with insulation to minimize the thermal gradient
between the bulk fluid temperature and the sensing
element. The temperature bias caused by the use
of surface-mounted instruments should be deter-
mined by analysis as discussed in References 8 and
9. The installation bias should be determined and
included in the measurement uncertainty. To avoid
thermal “wicking” (caused by heat conduction along
the thermocouple wire) place insulation over the
surface-mounted thermocouples and over at least 6
in., of sensor lead wire.

Instrument selection and details of measurement
techniques should be in accordance with PTC 19.3.
Satisfactory instruments include thermocouples, plat-
inum resistance temperature devices, and thermis-
tors. For large measurement areas, instruments may
be traversed or ganged together. In cases where
stratification of inlet and outlet fluid is small in
comparison to the total uncertainty, temperature
differences may be accurately measured directly.
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Thermocouples, joined together in a series to form
a thermopile, may be used to measure the difference
of multiple inlet and outlet locations.

4.5 MEASUREMENT OF FLOW

The total uncertainty shall be less than +5% of
measured flow. If it is necessary to minimize this
contribution to the total uncertainty of heat ex-
changer performance, the total uncertainty of the
flow measurement should be less than +2-3%. It
is considered possible to meet this lower uncertainty
with a variety of flowmeters in most industrial appli-
cations. With differential pressure instruments such
as orifice meters, this lower uncertainty can be
obtained by applying standard industry guidance.
With ultrasonic flowmeters, a calibration in a flow
loop may be needed to meet this lower uncertainty.

4.5.1 Flow Instrument Selection and Installation.
Instrument selection and details of measurement
techniques shall be in accordance with PTC 19.5.
Satisfactory instruments include venturi meters, ori-
fice meters, flow nozzles, pitot tubes, turbine meters,
annubars, ultrasonic flowmeters, mass flow meters,
and other equivalent devices. Additional recom-
mended installation practices and instrument appli-
cations for specific instrument types are outlined in
the following paragraphs.

Measurements shall be made in the piping leading
to, and as close as possible to, the test unit. If this
is not practical, an alternate location shall be selected
by agreement, and corrections made as necessary
to determine the actual flow into the unit. References
2 to 5 provide installation guidance for various flow
instruments. Measurements must account for leaking
valve seals, bypass lines, and non-uniform flow
profiles.

Temperature measurement errors and fluid prop-
erty measurement errors can increase the error in
fluid density, which directly affects the mass flow rate
error (for instruments which measure flow velocity or
volumetric flow rate). The temperature measured
closest in proximity to the flow element should be
used (not the average bulk fluid temperature) when
calculating density for mass flow determination.

4.5.2 Gas Flow. Flow areas that are not symmetri-
cal, or of a size to produce a wide variation in gas
velocities, or characterized by a non-developed flow
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profile, are candidates for a complete traverse. Suit-
able instruments for the traverse include the propeller
anemometer, rotating vane anemometer, and pitot
tube. Instruments may also be “ganged together.”

The selection of the most suitable area for ane-
mometer traverses shall be determined by the general
physical arrangement, accessibility, obstruction,
wind conditions (if applicable), and gas temperature
rise. Pitot tubes may be used for fan ring traverses,
as described in PTC 11. Instructions provided with
the instruments should be followed to keep the
overall test uncertainty within the prescribed limits.
A minimum period of observation of 30 sec for
individual readings is recommended for hand-held
measurements.

A velocity traverse may be required at the exit
plane in order to account for spatial variation of
the outlet temperatures. Physical constraints might
also require a velocity traverse at the inlet. For
additional information on traversing methods, instru-
mentation, and evaluation of data, refer to PTC 18,
PTC 19.5, and PTC 30.

4.6 MEASUREMENT OF LIQUID AND GAS
PROPERTIES

Gas and fluid composition is needed to determine
thermodynamic and transport properties of materials
passing through the heat exchanger. Methods and
accuracy of analysis shall be agreed upon by the
parties to the test. Sufficient samples of fluid should
be obtained to enable determination of the composi-
tion of inlet and outlet streams, as discussed in
Appendix 1. Appendix | contains a list of the physical
properties required.

4.7 MEASUREMENT OF PRESSURE

The calibration uncertainty of pressure measure-
ment devices shall be less than +0.3% of reading.
The total uncertainty shall be less than +1.0% of
reading. Instrument selection and details of measure-
ment techniques shall be made in accordance with
PTC 19.2. Satisfactory instruments for ambient and
differential pressures include manometers, gages, and
pressure transducers.

Pressure taps shall be located as close to the heat
exchanger as possible. The pressure loss between
the taps and the heat exchanger nozzle should be
determined and appropriately applied to the pressure
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measurement (see para. 5.3.6). This includes losses
associated with the inlet and outlet piping. The
pressure tap should be located in a straight run of
pipe or a wall of a component with near constant
hydraulic diameter. Placement of a tap in an acceler-
ating flow field, e.g., a reducer, will create a bias
to the expected static pressure measurement.

To minimize the errors contributed by sensor
tubing (which connects the process tap to the in-
strument):

(a) Minimize the length of sensor tubing between
the process tap and the instrument.

(b) Ensure the sensor tubing is blown down in ad-
vance of the test to ensure that non-condensibles are
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removed for liquid measurements and condensibles
(or contaminating liquids) are removed for gas mea-
surements.

(c) Measure the elevations of the process taps and
pressure instrument.

(d) Consistently and correctly apply the fluid eleva-
tion correction to all pressure measurements based
on the measured elevation differences, temperature
of fluid in the sensor tubing, and temperature of the
fluid in the piping.

Differential pressure measurements should be
made with one instrument. Utilizing two separate
pressure gages substantially increases the uncer-
tainty.
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SECTION 5 — COMPUTATION OF RESULTS

5.1 GENERAL

This Section describes the procedure to reduce
the test data, calculate the performance parameters,
adjust the results to reference conditions, and calcu-
late the uncertainty of the test results. The procedure
and equations are based on a F-LMTD heat transfer
model as developed in Appendix E. The basic proce-
dure for computation of performance capability is
outlined below. Each step is described in more detail
in paras. 5.2 through 5.5.

(a) Data reduction:

(1) Review the raw test data (see para. 5.2.1);

(2) Average the selected data (see para. 5.2.2);

(3) Evaluate the uncertainty of the temperature,
flow and pressure measurements (see para. 5.2.3).

(b) Heat exchanger performance at test conditions:

(1) Compute the heat transfer rate at test condi-
tions (see para. 5.3.1);

(2) Compute the effective mean temperature dif-
ference at test conditions (see para. 5.3.2);

(3) Compute the overall heat transfer coefficient
at test conditions (see para. 5.3.3);

(4) Determine individual heat transfer coeffi-
cients at test conditions (see para. 5.3.4);

(5) Determine the wall resistance at test condi-
tions (see para. 5.3.5);

(6) Determine the nozzle-to-nozzle pressure loss
(see para. 5.3.6).

(c) Heat exchanger performance at reference con-
ditions:

(1) Solve the heat transfer equations at reference
conditions (see para. 5.4.1);

(2) Determine the individual heat transfer coef-
ficients at reference conditions (see para. 5.4.2);

(3) Determine the wall resistance at reference
conditions (see para. 5.4.3);

(4) Compute the overall heat transfer coefficient
at reference conditions (see para. 5.4.4);

(5) Compute the heat transfer rate at reference
conditions (see para. 5.4.5);

(6) Calculate the uncertainty of thermal perform-
ance results (see para. 5.4.6);

(7) Calculate the pressure loss at reference con-
ditions (see para. 5.4.7).
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(d) Evaluation of calculated results:
(1) Verify that all analytical assumptions have
been satisfied (see para. 5.5.1);
(2) Compare multiple test runs (see para. 5.5.2);
(3) Compare performance at reference condi-
tions to independent criteria (see para. 5.5.3).

5.2 DATA REDUCTION

5.2.1 Review the Raw Test Data. The raw test
data shall be carefully reviewed to ensure acceptabil-
ity based on the agreement of the parties to the
test. This review should be started at the beginning
of the test, providing an opportunity for immediate
discovery of possible errors in instruments, proce-
dures, and methods of measurement. Guidance for
the review of data and test conditions is given in
para. 3.3.10.

5.2.2 Average the Selected Data. The purpose of
averaging the raw test data is to give a single set
of numbers, which is representative of the collected
data to be used in calculations to determine perform-
ance. In general, multiple readings taken over time
should be arithmetically averaged. A weighted aver-
age of measurements of the same parameter by
multiple instruments at a given location should be
used to establish a representative value to be used
in the evaluation. Typically, the weighting factors
would be equal; however, asymmetric weighting
factors can be used if the specific test configuration
warrants. In all cases, the parties to the test shall
agree, in advance, to the averaging methods to be
used for each parameter.

5.2.3 Evaluate the Uncertainty of Temperature,
Flow and Pressure Measurements. The uncertainty
of the temperature, flow and pressure measurements
contributes to the uncertainty of heat transfer rate
at test conditions Q, the mean temperature difference
EMTD, and overall heat transfer coefficient at test
conditions U. Assessment of measurement uncer-
tainty shall include the following factors.

(a) Instrument Calibration. The uncertainty attrib-
uted to instrument calibration is based on the instru-
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ment linearity, hysteresis, and repeatability, calibra-
tion methods and tolerances and accuracy of
calibration instruments.

(b) Spatial Variation. The uncertainty attributed to
spatial variation is based on the measured or estimated
nonuniform distribution of the parameter in the flow
cross section.,

(c) Installation. The uncertainty attributed to instal-
lation is based on nonideal installation practices (such
as with temperature measurement on the outside sur-
face of the pipe).

(d) Data Acquisition. The uncertainty attributed to
data acquisition is based on signal conditioning, gain
and zero offset errors for the equipment used to mea-
sure and record output of the instrument.

(e) Almost Steady Conditions. The uncertainty at-
tributed to non-steady or almost steady conditions is
based on variations in process fluid conditions during
the test period.

() Random Error. The uncertainty attributed to ran-
dom error is estimated by calculating the standard
deviation, and is based on variations in readings from
a single instrument while system conditions remain
constant.

References identified in Section 7 describe the
sources of error for typical industrial instrumentation
practices. Based on the review of the sources of
error, averaged data can be corrected to compensate
for bias related to calibration, spatial variation, instal-
lation, data acquisition, and drift in process condi-
tions. However, correcting data does not eliminate
the uncertainty, it only reduces the bias.

5.3 HEAT EXCHANGER PERFORMANCE AT
TEST CONDITIONS

5.3.1 Compute the Heat Transfer Rate at Test
Conditions. Heat transfer rates shall be calculated
for both the hot and cold streams. The objectives
of these calculations are two-fold; (1) to determine
a representative average heat transfer rate of the
heat exchanger under the test conditions, and (2)
to confirm the heat balance.

5.3.1.1 Specific Heat. The specific heat of the hot
and cold fluid streams is needed for the calculation of
heat transfer rate." Since specific heat is a function
of temperature, the specific heat selected should be

! For some fluids such as moist air, the change in enthaipy is
used to determine heat transfer rate. For these instances, a value
for specific heat is not used explicitly; however, the use of
tabulated enthalpy as a function of temperature is considered to
be equivalent to the methods in this Code.

24

SINGLE PHASE HEAT EXCHANGERS

based on a representative temperature. For many
fluids, it is acceptable to evaluate the specific heat
based on the average of the inlet and outlet tempera-
tures. If the variation in specific heat is large, the
specific heat at the inlet and outlet temperatures
should be evaluated so that the change in enthalpy
is calculated.

The uncertainty in average specific heat (u.,) for
the hot and cold streams shall be included. The
uncertainty is attributed to variation in fluid proper-
ties and to uncertainty of experimental measure-
ments, which are the basis of the values used.
Based on the discussion and references identified
in Appendix |, the following uncertainties may be
considered bounding for many applications:

(a) ugp/cy is equal to £0.01 for water;

(b) ugp/cy is equal to +0.05 for other liquids;

(€) ucp/cp is equal to £0.01 for steam and dry air;

(d) ucp/c, is equal to £0.02 for other gases.

5.3.1.2 Hot Stream Heat Transfer Rate. The heat
transfer rate for the hot stream at test conditions is:
Qn = mpCon(Ti = Ty) (5.1)
where
my,= mass flow rate of the hot stream
Cp,h= average (or representative) specific heat of
the hot stream
T;= hot stream inlet temperature
To= hot stream outlet temperature
The uncertainty of the hot stream heat transfer
rate shall be determined based on the uncertainty
of the inlet and outlet temperature measurements,
mass flow rate and specific heat. (See Eq. (B.6) for
an acceptable method.)

5.3.1.3 Cold Stream Heat Transfer Rate. The
heat transfer rate for the cold stream at test condi-
tions is:
Q. = mccp,c(to - t) (5.2)
where
m.= mass flow rate of the cold stream
Cp,c= average (or representative) specific heat of
the cold stream
t;= cold stream inlet temperature
t,= cold stream outlet temperature
The uncertainty of the cold stream heat transfer
rate shall be determined based on the uncertainty
of the inlet and outlet temperature measurements,
mass flow rate and specific heat. (See Eq. (B.5) for
an acceptable method.)
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FIG. 5.1 COMPARISON OF MEASURED HOT AND COLD
STREAM HEAT LOADS

5.3.1.4 Evaluation of Heat Balance. The differ-
ences between the cold stream heat transfer rate
and the hot stream heat transfer rate shall be assessed
to confirm a heat balance. The parties to the test
shall agree upon criteria to confirm that a heat
balance is maintained between the hot and cold
streams. Two methods to evaluate heat balance are
described below. Other methods are acceptable as
agreed.

(a) Overlap of Uncertainty Bars. Comparing the
heat loads and their uncertainties can result in one of
three cases as shown in Fig. 5.1. In case a, the uncer-
tainty intervals completely overlap. In this case, a heat
balance has been achieved within the limitations of
the test and installed instrumentation. In case c, there
is no overlap between uncertainty intervals. In this
case, a problem with the data or test configuration
clearly exists or the uncertainties have been underesti-
mated. The problem must be resolved and, if neces-
sary, the test rerun before continuing with the evalua-
tion. Case b is the most difficult to evaluate. A partial
overlap of the uncertainty intervals exists. Judgment
is needed to determine the acceptability of partial
overlap, and the parties to the test should agree to
criteria of acceptability for partial overlap. (See Refer-
ence 1.)

(b) Hypothesis Testing. The evaluation of the sig-
nificance of the difference between the two heat loads
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may be performed using hypothesis testing methodol-
ogy. (Reference 10 provides a description of standard
methods to compare the averages of two processes.)
With hypothesis testing, the engineer, knowing the
statistical character of the two observed heat loads
from their respective standard deviations, investigates
the likelihood that the difference between the mean
values of the heat loads is due to chance or is due
to a non-random effect. In the first case, there is no
significant difference between the heat loads, and they
can be considered equal within the measurement un-
certainty. In the second case, a significant difference
is considered to exist between the heat loads, so that
the two values differ because of some non-random
cause, such as instrument malfunction, lack of steady
state, or operator error. Hypothesis testing requires
for its application a judgment on the part of the test
engineer as to the level of statistical probability that
will be acceptable if the difference between the two
heat load values is to be due to a non- random cause.
An example of hypothesis testing is provided in
Appendix K.

5.3.1.5 Weighted Average Heat Transfer Rate.
To minimize the impact of any difference in mea-
sured heat loads, a weighted average shall be used
in the projection of results to reference conditions:
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Ug 2 UQ 2
Qave = ( 3 u 2) Q.+ ( 3 < ) Qn (5.3)
Uge + Ugh Uqe + Uon

where
ugc= uncertainty of cold side heat transfer rate
at test conditions [Eq. (B.5)]
Ugn= uncertainty of hot side heat transfer rate at
test conditions [Eq. (B.6)]

5.3.2 Compute Effective Mean Temperature Dif-
ference at Test Conditions. The effective mean tem-
perature difference, EMTD, shall be calculated. The
mean temperature difference is needed to calculate
the overall heat transfer coefficient from the weighted
average heat transfer rate. This Code is based on
the F-LMTD method where the log mean temperature
difference, LMTD, is calculated using the terminal
temperatures measured during the test and F is the
configuration correction factor for deviation from
true countercurrent flow:

EMTD = (F)(LMTD) _(5.4)

Appendix D provides guidance on the evaluation
of EMTD. Methods and idealizations used in the
traditional development of LMTD and F are described
along with alternative methods. Alternative methods
may be used if traditional methods result in the
uncertainties of Q* and U* which exceed the values
specified in para. 1.3.

The uncertainty analysis shall consider sources of
error attributed to the determination of EMTD. The
sources of error which shall be considered include
the uncertainty of the measurements used and the
uncertainty of the idealizations used in the calcula-
tion of EMTD. For the traditional method of determin-
ing EMTD, the uncertainty analysis shall consider
the uncertainty in temperature measurements and
analytic uncertainties due to the variable heat transfer
coefficient along the flow length (besmrp,1) and non-
uniform temperature distribution over a flow cross
section (bemrp,mixing)- Appendix D provides a discus-
sion of these two uncertainties.

5.3.3 Compute the Overall Heat Transfer Coeffi-
cient at Test Conditions. The overall heat transfer
coefficient at test conditions, U, can be determined
from the test parameters and the values calculated
above.
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_ Qave
U= A(EMTD)

(5.5)
where
A= reference heat transfer area (see para. 3.2.3)

5.3.4 Determine Individual Heat Transfer Coeffi-
cients at Test Conditions. The individual heat transfer
coefficients at test conditions shall be calculated for
both the hot and cold stream fluids. Appendices C
and F provide common methods for evaluating shell
and tube side heat transfer coefficients, and Appendix
H provides a method for evaluating plate-frame heat
exchanger coefficients. Other methods are accept-
able for use in the evaluation provided the following
conditions are satisfied:

(a) Both parties shall agree to the use of the selected
correlation or computer code.

(b) The accuracy of the correlation shall be agreed
upon.

(¢) Assumptions critical to the validity of the corre-
lation shall be valid at test conditions.

(d) Assumptions critical to the validity of the corre-
lation shall be valid at reference conditions.

(e) The same correlation or computer code shall
be used for evaluation at both test and reference con-
ditions. The evaluation shall not use different correla-
tions for determining a heat transfer coefficient at the
two conditions. Care should be taken when using
computer codes to verify that this requirement is satis-
fied since the program may contain criteria to select
an appropriate correlation for each given set of condi-
tions.

To meet these conditions when using computer
codes, it may be necessary to obtain prior agreements
with the software vendor since the data and correla-
tions used are often proprietary.

The uncertainty of the heat transfer coefficients
shall be evaluated. The uncertainty is attributed to
variations in flow distributions, variations in flow
geometry, variations in fluid properties, and uncer-
tainty in experimental measurements, which are the
basis of the heat transfer correlation. Use of a
computer program, which models the heat exchanger
with multiple heat transfer elements does not elimi-
nate this uncertainty but may reduce the uncertainty
depending on the data used to validate the model.
Estimating the uncertainty of individual heat transfer
coefficients is difficult. This difficulty is primarily
attributed the possibility that the correlations are
used for tests outside the limits of the original
experimental data and the methods used to reduce
the experimental data. A review of open literature
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and industrial experience has identified the following
uncertainties for typical heat exchanger flow geome-
tries:
uyp_ +0.10 for tube-side of shell and tube, Ap-
1/h~ pendix F and References 11, 12

L{—}/ﬁ= +0.20 - 0.50 for shell-side of shell and
tube, Reference 13
‘11_1/_/;”1___ +0.10 - 0.30 for plate-frame, Appendix H
_/Fh +0.20 for plate-fin, References 14 and 15
where

1/h= inverse of the individual heat transfer coef-
ficient = average thermal resistance of the
film based on the heat transfer per unit area
uyp= uncertainty of average thermal resistance of
the film
Use of these uncertainties is considered reasonable
for an initial assumption in the pre-test uncertainty
analysis. If the overall uncertainty is dominated by
factors other than the heat transfer coefficient, use
of these uncertainties is acceptable in the final
analysis. If the overall uncertainty is dominated by
these coefficient uncertainties, additional data should
be obtained (such as test data at various operating
points) to verify their acceptability or to reduce their
contribution to the uncertainty of U* and Q*, as
necessary.

5.3.5 Determine the Wall Resistance at Test Con-
ditions. The resistance of the wall which separates
the hot and cold fluids shall be calculated for a
representative temperature during the test. The wall
temperature is between the hot and cold fluid tem-
perature and may be estimated using the ratio of
the individual hot and cold stream heat transfer
coefficients. For circular tubes:

In(do /d,)

Rw = Zok AN,

(5.6)

where
k,,= thermal conductivity of the wall
€ = effective length of tube
N,;= number of tubes
d,= outside diameter of tubes
d;= inside diameter of tubes
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For plates:

where
AX= plate thickness
A, = total heat transfer area of all plates

5.3.6 Determine the Nozzle-to-Nozzle Pressure
Loss. Evaluation of differential pressure data shall
be based on nozzle-to-nozzle locations. The pressure
measurements shall be corrected to account for
losses in piping and fittings, which are between
the pressure tap and the nozzle, elevation differences
between the pressure tap and the nozzle, velocity head
differences, and fluid density differences. For differen-
tial pressure measurements using wall taps, the nozzle-
to-nozzle pressure loss is derived in Appendix E:

~ AP L[ 1 ) ]
Po, pipe  \Pi, pipe  Po, pipe

Py + pgage £ (zy - z)
8c

APpn = pave (5.8)

Po, pipe] 8¢

+ (1 - Ki, pipe — 1+ Ko, pipe)

pl /
b (po plpe O plpe) ) g -

AP, ,= nozzle-to-nozzle pressure loss
AP= measured differential pressure
P,= measured upstream pressure
Pave= average fluid density in the heat ex-
changer?
Pgage= fluid densnty in the gage or impulse
tubing®
Pipipe= fluid density in inlet piping
Po, pipe= fluid density in outlet piping
g= gravitational acceleration
&= units conversion constant
z;= elevation of the inlet pressure tap
z,= elevation of the outlet pressure tap
z,= elevation of the inlet pressure in-
strument

2 When the change in fluid density is small, the average fluid
density is given by (p; pppe + o, pipe)/2. The change in fluid
density is small if the second term in Eq. (5.8) is less than the
uncertainty in 4P,.,. If the change in fluid density is significant,
a pre-test agreement for the method of determining average fluid
density should be attained.

3 For small diameter uninsulated gage tubing, the fluid density
is typically at ambient temperature.
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Ki, pipe= loss coefficient for the fittings and pipe
between the inlet pressure instrument
and nozzle

v;= inlet pipe flow velocity

Ko, pipe= loss coefficient for the fittings and pipe
between the outlet pressure instrument
and nozzle

A, pipe= flow area of the inlet piping

Ao, pipe= flow area of the outlet piping

Use of pressure taps in the tapered section of the
nozzle results in erroneous measurements and is
not acceptable.

5.4 HEAT EXCHANGER PERFORMANCE AT
REFERENCE CONDITIONS

The calculated performance parameters at test
conditions, the defined reference conditions and the
heat exchanger geometry and characteristics shall
be used to adjust the heat exchanger thermal per-
formance to the pre-selected reference conditions.

5.4.1 Solve the Heat Transfer Equations at Refer-
ence Conditions. The thermal performance charac-
teristics of the heat exchanger are calculated by
solving the following equations simultaneously:

Q* = Mc*Cpc* (to* = 6 (5.9)
Q* = mh*cp,h* (T* = T,H (5.10)
Q* = U*A(EMTD?¥) (5.11)
! LI (5.12)

= +
U*A nchc*Ac
1
+ ———— + R,*
nphp*Ap "
where
Q*= heat transfer rate at reference conditions
m.*= mass flow rate of the cold stream at refer-
ence conditions
Cp,c* = average (or representative) specific heat of
the cold stream at reference conditions
ti*= cold stream inlet temperature at reference

conditions
t,*= cold stream outlet temperature at reference
conditions
my*= mass flow rate of the hot stream at reference
conditions
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Cp,n* = average (or representative) specific heat of
the hot stream at reference conditions
T*= hot stream inlet temperature at reference

conditions

To*= hot stream outlet temperature at reference
conditions

U*= overall heat transfer coefficient at reference
conditions

A= reference heat transfer area (see para. 3.2.3)
h.*= average individual heat transfer coefficient
for the cold side at reference conditions
nc= surface temperature effectiveness of the
cold side
A.= cold side heat transfer area
hp*= average individual heat transfer coefficient
for the hot side at reference conditions
np= surface temperature effectiveness of the
hot side
Ap= hot side heat transfer area
R¢*= fouling resistance at reference conditions
R,*= wall resistance at reference conditions

Four of the six process variables are defined by
the reference conditions (para. 3.2.2), the individual
heat transfer coefficients are functions of the flow
geometry, fluid properties and process variables
(para. 5.4.2), the effective mean temperature differ-
ence is a function of the flow geometry and process
variables (Appendix D) and the wall resistance is a
function of the wall geometry, material properties,
and wall temperatures (para. 5.4.3). It is assumed
that fouling resistance at reference conditions is
equal to the fouling resistance at test conditions:

Rf* = Ry (5.13)

5.4.2 Determine the Individual Heat Transfer Co-
efficients at Reference Conditions. The heat transfer
coefficients at reference conditions shall be calcu-
lated for both the hot and cold side of the heat
exchanger using the same correlations or computer
codes selected in para. 5.3.4.

The uncertainty of the individual heat transfer
coefficients at reference conditions shall be consid-
ered. It should be noted that the overall uncertainty
attributed to the individual heat transfer coefficients
is negligible for tests where the coefficient at test
conditions is approximately equal to the coefficient
at reference conditions. To estimate the effect of
the uncertainty in heat transfer coefficients without
“double-counting,” the following method should be
used to estimate the uncertainty of 1/h*-1/h, Refer-
ence 17:
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Uyspeash = Uyp(l = X) (5.14)

where
X= h*h for h*<h
X= h/h* for h<h*

5.4.3 Determine the Wall Resistance at Reference
Conditions. The resistance of the wall, which sepa-
rates the hot and cold fluids, shall be calculated for
a representative temperature at reference conditions.
[See Egs. (5.6) and (5.7)].

5.4.4 Overall Heat Transfer Coefficient at Refer-
ence Conditions. The overall heat transfer coefficient
at reference conditions is calculated by solving Egs.
(5.8) through (5.11) simultaneously as discussed in
para. 5.4.1. The overall heat transfer coefficient at
reference conditions is represented by the following
function of test parameters:

1

1 A 1 1 A 1 1
U o () ek e R R (5.15)

This expression is derived in Appendix E and is
the basis for uncertainty calculations in Appendix B.

U* =

5.4.5 Compute the Heat Transfer Rate at Refer-
ence Conditions. The heat transfer rate at reference
conditions is calculated by solving Egs. (5.8) through
(5.11) simultaneously as discussed in para. 5.4.1.
The heat transfer rate at reference conditions is
represented by the following function of test param-
eters:

Qave(EMTD*/EMTD)
A (1 1 A (11 ) ] (5.16)
+ Ru* - Ry

Q*=

This expression is derived in Appendix E and is
the basis for uncertainty calculations in Appendix B.

5.4.6 Calculate the Uncertainty of Thermal Per-
formance Results. The uncertainty of the heat ex-
changer performance at reference conditions shall
be calculated before the test (pre-test) and after the
test (post-test) based on the sources of error in
para. 3.1.4 and the guidelines in ASME PTC 19.1,
Reference 1. As agreed by the parties to the test,
evaluation of other sources of error may be needed
to ensure that the assessment is adequate. Other
sources of error include:

(a) Heat Transfer Area. For instances where flow
blockage or tube plugging are not known, uncertainty
in heat transfer area should be considered.
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(b) Wall Resistance. For instances where the
change in wall resistance is significant, an uncertainty
due to thermal conductivity and approximation of
wall temperatures should be considered.

(c) Longitudinal Conduction. For high effectiveness
and high temperature gradient applications such as
recuperators, bias due to longitudinal conduction
along the flow length should be considered. The effect
of longitudinal conduction can be calculated based
on the approach discussed in Reference 18.

(d) Change in Average Fouling Resistance. The
analysis method used in this Code assumes that the
average fouling resistance at test conditions is the
same as at reference conditions. As discussed in Ap-
pendix G, the difference in average fouling resistance
at test conditions and at reference conditions may
be significant for instances where both the fouling
resistance is high and the test conditions are substan-
tially different than the reference conditions. For these
conditions, a bounding calculation which integrates
the heat transfer across the heat exchanger area (based
on fouling conditions which vary spatially) can be
used to estimate the uncertainty.

(e) Heat Loss to Ambient. For applications where
the calculated heat loss to the surroundings is a sig-
nificant fraction of uncertainty in heat transfer rate,
the bias due to this heat loss should be considered.

The recommended approach to calculate the un-
certainty of U* Q* and A4P*,, consists of the
following:

(a) establishing an equation (or other suitable cal-
culation method) which describes U* Q* and
AP, * based on test measurements;

(b) estimating the magnitude of the uncertainty for
each elemental source of error, and;

(c) propagating the elemental uncertainties to an
overall result.

Using this recommended approach, the uncer-
tainty of U* Q* and 4P,.* is dominated by the
contributions of only a few elemental uncertainties.
In general, the uncertainty is dominated by the
contributions of temperature measurements (and par-
ticularly outlet temperatures) and flow measure-
ments. As a result, most of the elemental uncertainties
can be approximated with upper bound limits with-
out increasing the uncertainty of U* Q* and
4P, * significantly.

Appendix B contains a procedure to propagate
the uncertainty of measurements into an uncertainty
of performance results. Other methods to propagate
uncertainty are acceptable. For example, use of a
computer program to identify the sensitivity coeffi-
cients for each of the measurements and parameters
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used (by incrementing each parameter individually)
is an acceptable approach as long as all sources of
error listed in para. 3.1.4 are considered.

5.4.7 Calculate the Pressure Loss at Reference
Conditions. The nozzle-to-nozzle pressure loss shall
be adjusted to reference conditions based on the
following:

AP, n* = PapdPp., (5.17)
where ¢,4p is the correction factor to account for
reference flow and temperature conditions different
than test conditions. This correction factor is calcu-

lated based on a model of the pressure loss through
the unit:

¢AP (APn-n)caIculated at reference conditions

(5.18)

(AP, -n)calculated at test conditions

The method to calculate the correction factor shall
be agreed by the parties to the test. Guidance for
shell side pressure loss calculations is provided in
Appendix C. Guidance for calculating tube side
pressure loss is provided in Appendix F.

The uncertainty in pressure loss adjustment shall
be evaluated. This uncertainty is attributed to the
uncertainty in flow measurements, uncertainty in
pressure loss correlations and uncertainty in
roughness and internal condition of flow surface. To
calculate the contribution due to flow measurement
separate from the pressure loss correlation and
roughness contributions, the following equation can
be used:

HR* m*"
¢AP =
Hr m"

(5.19)

where
Hg*= calculated hydraulic resistance at reference
conditions = 4P,..* /(m*H"
Hg= calculated hydraulic resistance at test condi-
tions = AP,, /m"
m*= mass flow rate at reference conditions
m= mass flow rate at test conditions
n= flow rate exponent depending on flow re-
gime and assumptions regarding roughness
n=2 in fully roughened turbulent regime
n= 1.6 -1.8 for turbulent flow in smooth regime
n=1 for laminar flow
A generalized expression for the uncertainty in
pressure loss correlations and roughness contribu-
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tions has not been developed since it is not consid-
ered practical to bound these effects in a generalized
manner for all test applications. Instead, the uncer-
tainty may be based on an upper and lower limit
for the calculated pressure loss adjustment:

UpgesHr + = (HR*/HR) max — Hr*/Hg  (5.20)
UpreHR — = Hg*/Hg = (HR*/Hg)min
where
Hg*/Hg= best estimate of the hydraulic resist-
ance ratio
(Hr*/HR)max= upper estimate of hydraulic resist-
ance ratio
(Hr*Hg)min= lower estimate of hydraulic resist-
ance ratio

5.5 EVALUATION OF CALCULATED RESULTS

5.5.1 Verify All Analytical Assumptions Have Been
Satisfied. To ensure the validity of the correlations,
methodologies, or computer codes selected for deter-
mination of individual heat transfer coefficients dur-
ing the evaluation, it should be verified that each
flow stream was in the required flow regime and
that the same flow regime exists at both test and
reference conditions. It should be verified that the
test and reference flow rates satisfy the appropriate
assumptions or limitations of the selected heat trans-
fer correlations or codes. In addition, any assump-
tions implicit in the computer code, if applicable,
should be validated for the test and reference condi-
tions.

5.5.2 Compare Multiple Test Runs. If multiple test
runs were conducted, the results for each test shall
be evaluated as described in paras. 5.3 and 5.4.
The projected results calculated for all test runs shall
agree within the uncertainty of the results, or the
differences shall be explained. If the difference in
results exceeds the uncertainty of the tests and
cannot be explained, the results shall be considered
inconclusive.

The average of more than one test run should be
calculated as described in Reference 1, para. 7.3.2.
The uncertainty of the average test result is less than
that for one test run because of the reduction in
random uncertainty of the average. Systematic uncer-
tainty will remain the same as for a single test run.
For heat exchanger performance testing, most of the
uncertainty is typically systematic (such as instrument
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calibration and spatial variation) and therefore the
overall uncertainty for multiple test runs is not sub-
stantially less than the uncertainty for one test run.

5.5.3 Compare Performance at Reference Condi-
tions to Independent Criteria. After the performance
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of the heat exchanger and its associated uncertainty
is calculated for reference conditions, comparison
with independent criteria can be performed. Inde-
pendent criteria include design specifications and
minimum process requirements. Methods for com-
parison with independent criteria are outside the
scope of this Code.
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SECTION 6 — REPORT OF RESULTS

6.1 COMPOSITION OF REPORT

The report for the performance test shall include
the following:

6.1.1 General Information

(a) ldentification of the heat exchanger to be tested.

(b) Identification of the plant where the heat ex-
changer is located, and general information regarding
the facility and the particular heat exchanger under
test.

(c) The name of the owner of the heat exchanger.

(d) The name of the manufacturer of the heat ex-
changer.

(e) A statement of who conducted the test and who
observed the test.

() Dates(s) and time(s) of the test.

(g) Date of first commercial operation of the heat
exchanger.

(h) The design conditions and reference conditions
required of the heat exchanger.

(i) A statement of the heat exchanger performance
criteria.

(j) Run numbers included in the test report.

6.1.2 Object of the Test. This shall describe the
purpose of the test.

6.1.3 Background. This shall include a brief history
of the operation of the heat exchanger and any
pertinent background information. It shall list all
prior agreements with regard to the test. It shall also
discuss any inspection prior to or following the test
and state what was inspected and what was found.
It shall describe when and how the heat exchanger
was last cleaned and its condition during the test.
This shall include a description of any degraded
conditions including fouling discovered during the
inspections of the heat exchanger. (See para. 3.2.5.)

6.1.4 Test Methods and Procedures. This shall
describe how the test was actually conducted includ-
ing system alignments and data acquisition methods
including the location of each measurement instru-
ment and any unusual occurrences during the test.
It shall include a summary of the types of instruments
used during the test. It shall identify analytical corre-
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lations used for data reduction. The test report shall
include a description of preliminary and special tests.

6.1.5 Test Data and Results at Actual Test Condi-
tions. This shall include a listing of the test results
for each test run at actual test conditions after all
corrections are applied.

6.1.6 Test Result Adjusted to Design Conditions.
This shall include a listing of the test results for
each run projected to reference conditions after all
corrections are applied.

6.1.7 Multiple Test Run Comparisons. Multiple test
runs shall be compared and shown to meet the
requirements of para. 5.5.2.

6.1.8 Conclusions. The report shall state the per-
formance parameters at reference conditions (overall
heat transfer coefficient, heat transfer rate, and/or
pressure losses) and the total uncertainty of each.
There shall be a statement of the conclusions derived
from the test, including whether or not the heat
exchanger met its performance criteria or fell short
of that performance.

6.1.9 Appendices. As a minimum, the following
appendices shall be included.

(a) Sample Calculation. This shall be included us-
ing the data from one run. The sample calculation
shall illustrate all the calculations and adjustments
that are made to that run so that the parties to the test
could start with the data from any run and make all
necessary calculations to verify the results of any of
the other runs. Software input and output should be
included.

(b) List of Instrumentation. This shall list all the
instrumentation used on the test, including manufac-
turer, model number, and serial number and calibra-
tion record.

(c) List of all Participating Personnel. This shall list
the participating personnel, their function, and the
parties to the test that they represent.

(d) Uncertainty Analysis Sample Calculation. A
sample calculation for one run should be included.
It should use the same run that was used for the results
sample calculation, per (a) above.
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(e) Mechanical Data and Specification Sheets and
Drawings. (See Table 3.1).
(f) Raw Test Data.

6.2 REPORT DATA

A list of typical data to be included in the report
follows

(a) Heat transfer areas, A, A, Ap.

(b) Cold stream mass flow rate, m,.

(¢) Hot stream mass flow rate, m,.

(d) Hot stream inlet temperature, T;.

(e) Hot stream outlet temperature, T,,.

(f) Cold stream inlet temperature, t;.

(g) Cold stream outlet temperature, &,

(h) Hot stream differential pressure if measured di-
rectly, 4Pp.
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(i) Hot stream inlet pressure, Py;.

(j) Hot stream outlet pressure, Pho.

(k) Cold stream differential pressure if measured
directly, AP..

() Cold stream inlet pressure, P;.

(m) Cold stream outlet pressure, P,.

(n) Hot stream physical properties used in the eval-
uation, either tabulated or graphed over the tempera-
ture range encountered in the test.

(0) Cold stream physical properties used in the
evaluation, either tabulated or graphed over the tem-
perature range encountered in the test.

(p) Effective mean temperature difference, EMTD.

(q) Hot side and cold side heat transfer rates, Q.
and Q.

(r) Hot side and cold side convection film coeffi-
cients, h. and hy,.

(s) Overall heat transfer coefficient, U.

(t) Average heat transfer rate, Q,ye.
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ASME PTC 12.5-2000

NONMANDATORY APPENDIX A — STEADY
STATE CRITERIA

Testing shall be performed at steady state condi-
tions. Testing under transient conditions can be used
to perform an accurate assessment of performance
but the methods used to analyze the results are not
included in this Code. If tests performed under
transient conditions are analyzed in accordance with
the methods of this Code, the results may be different
and the overall uncertainty will be greater than if
transient analysis methods are used.

Industrial process streams typically do not operate
under completely steady conditions. Instead, interac-
tions between the pumps, valves, heat exchangers
and tanks result in process variations described as
“almost steady.” To ensure conditions adequately
approximate steady state, limits of variation for the
measurements are often specified in the test proce-
dures. Limiting variations during a test is often not
practical and is not necessary for high accuracy
testing. Instead, an assessment of the significance
and uncertainty due to these process variations is
performed. The use of limits of variation may be
used in the test procedures to control test conditions,
but an evaluation of the variations of the data is
required to assess the acceptability and uncertainty
of the steady state assumption.

This Appendix describes guidelines to assess the
significance of almost steady conditions and methods
to estimate the uncertainty of the measurements
attributed to process variations. The uncertainty of
flow, temperature, and pressure measurements attrib-
uted to process variations is estimated as the differ-
ence between the calculated average values over
the test period and their true, unbiased representative
values over the test period. This assessment includes
evaluation of transient conditions prior to the test,
evaluation of the random process variations during
the test, and non-random drift over the test period.

As discussed in Section 3, parties to the test shall
agree to steady state criteria. Specific criteria depend

! The guidelines included in the Code are general for application
to heat exchanger testing; references to more complete discussion
are included.
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upon particular conditions of the industrial facility
and are not discussed in this appendix. For an ideal
test, data during the test period should not contain
a drift or other non-random component, and random
process variations during the test period should be
kept to a minimum. Data with some drift and larger
process variations are acceptable provided that the
uncertainty attributed to these non-ideal effects is
adequately bounded. Steady state criteria consist of
qualitative and/or quantitative measures of accept-
able random and non-random variations along with
methods to estimate their uncertainty.

A.1 NON-STEADY CONDITIONS PRIOR TO
THE TEST PERIOD

Prior to the test, non-steady conditions are ex-
pected due to startup of pumps, positioning of valves,
and heat-up of the heat exchanger. The transient,
non-random behavior of the data should be com-
pletely dampened at the beginning of the test period.
The impact of most pre-test events such as pump
starts and valve operation can be confirmed by
reviewing the data traces for temperatures and flows,
and performing a qualitative visual evaluation of
the data traces to confirm that pretest transients
have dampened. Quantitative evaluation of pre-test
conditions can be performed by comparing the aver-
age and variance of data in sample windows prior
to the test as discussed in para. A.2 below.

A.2 RANDOM PROCESS VARIATIONS

Random variation of process measurements is ex-
pected during the test period due to variations in
temperature, pressure and flow conditions, and ran-
dom instrument effects which cannot be controlled
or eliminated. A heat exchanger test at steady state
conditions is comprised primarily of random process
variations (random variations are substantially greater
than non-random variations). There are a number
of methods to test the conditions for steady state,
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and two methods are introduced here. The first
method is based on the test for stationarity from
Reference 19.

(a) Divide the data measured over the test period
into M equal time intervals with N data measurements
in each time interval. Time intervals of 1 to 3 minutes
are considered acceptable for most industrial tests.

(b) Calculate the average value, x, and variance,
s, for each interval in accordance with Eqgs. (A.1)
and (A.2).

1

x|

(A.1)

z|

N
2 Xi
i=1

1T & —
S= T Zﬁ (x; = X) (A.2)

(c) Evaluate the calculated sample average and
variance for trends or variations other than those ex-
pected. This evaluation can be performed with a statis-
tical test, but qualitative inspection of the interval data
is often sufficient to identify trends.

Several statistical tests discussed in Reference 19
can be considered. For example, evaluation to estab-
lish the randomness of observed variations in the
data can be performed with a run test or reverse
arrangements test. A t-statistic test can determine
if the average changes significantly for successive
intervals. An F-statistic test evaluates the ratio of the
variances, where the numerator is the mean of the
squared differences of the measured data and the
average over the time window and the denominator
is the mean of the squared differences between
successive data. If the time series is stationary, the
ratio will be near unity. For non-steady processes,
the value of the ratio will be substantially greater
than unity. ,

The second method introduced in this Section is
a variation of the F-statistic test suited for implemen-
tation with an automated data acquisition and control
system, Reference 20. The ratio of variances is
determined with the variance in the numerator calcu-
lated based on the mean of the squared differences
between the measured data and the filtered value,
and the variance in the denominator calculated
based on the mean of the squared differences be-
tween successive measured data. As with the F-
statistic test, the ratio will be near unity for a
stationary process, and the ratio will be substantially
greater than unity for non-steady processes. As dis-
cussed in Reference 20, the value of the ratio is
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dependent upon the filtering constants, and a critical
threshold should be established based on preliminary
test runs as agreed by the parties to the test.

If randomness of the observed variations can be
established, the standard deviation of M sample time
intervals due to these random process variations can
be estimated:

(A.3)

S;=\/—-—A—4-

This value can be used to estimate the uncertainty
based on Eq. (A.4).

A.3 NON-RANDOM PROCESS VARIATIONS

Non-random variations consist of periodic or tran-
sient non-periodic changes in measurement condi-
tions. For heat exchanger testing, non-random varia-
tions typically consist of drift in the measurements
attributed to conditions, which cannot be stabilized
during the test period (such as cooldown or heat
up of a tank, or slow changes in environmental
conditions). Unlike random variations, the bias due
to drift may not be reduced by extending the test
period. Data sampling rate and instrument accuracies
should be sufficient to measure drift in test conditions
such that the calculated average does not contain
a bias, which is greater than the calibration bias of
the associated instrument. The bias in the measure-
ments is attributed to the thermal lag in the response
of the instrument and heat exchanger to the changing
inlet conditions. A model of the thermal response
of the instrument and heat exchanger can be used
to calculate the thermal lag. The bias is represented
by the difference between the calculated response
and the ideal response without thermal lag.

Development of methods to calculate the thermal
lag in measurements due to the instrument and heat
exchanger is beyond the scope of this Code. Models
to calculate the thermal response of instruments and
heat exchangers are available in the open literature.
The references in Section 7 contain methods to
estimate the thermal lag of instrumentation. In addi-
tion, References 24 and 25 provide a model for the
response of a temperature element. A model of a
counterflow heat exchanger element is developed
in References 21, 22 and 23. References 22 and
23 provide solutions for response to step changes
in inlet temperature and flow conditions.
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Once a calculation of the thermal lag of the
instruments and heat exchanger has been performed,
data can be corrected to reduce the bias. However,
some bias contribution to the total measurement
uncertainty should be retained for tests with drift in
measurements.

A.4 UNCERTAINTY ATTRIBUTED TO PROCESS
VARIATIONS

An estimate of the uncertainty of process variations
is required. The uncertainty due to almost steady
conditions of an averaged measurement X, Uy,
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consists of a bias component due to drift, by gt
and a random component sz, which are combined
based on the guidelines provided in ASME PTC
19.1, Reference 1:

Ugpv = 2|(by aif2)? + (szF  (A4)
where
M= number of sample time intervals over the
test period
sx= standard deviation of the mean of M time
intervals

b, 4nit= bias component due to drift of the data
over the interval
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NONMANDATORY APPENDIX B — EQUATIONS AND
COEFFICIENTS FOR UNCERTAINTY ANALYSIS

This Appendix describes a procedure to propagate
elemental uncertainties and calculate the uncertainty
of performance parameters at reference conditions
consistent with the requirements of this Code and
methods in ASME PTC 19.1. The method described
in this appendix is suitable for spreadsheet imple-
mentation. Alternate approaches consistent with the
requirements of this Code are acceptable.

The equations for propagating elemental sources
of uncertainty used in this appendix are as follows:

U= !
1T A1 1 A1 1 (B.1)
— S —_—— R.*
u*(nA)c[hc* hJ *(nmh[hh* B } * (R = Rl

Q* = Qjve EMTD*/EMTD

A N, A1 . (B.2)
1+U[(7)A)c( = hc)+(7)A)h(hh" hh)+Rw Rw]

APyt = bupdPrn = & ™" 4p
n-n AP n-n = HR m n-n (83)
Equations (B.1), (B.2), and (B.3) are the same as
Egs. (5.15), (5.16), and (5.17) respectively. Refer to
Section 5 and Section 2 for a description of the
nomenclature.

Step 1. Calculate the Uncertainty of Temperature,
Flow, and Pressure Measurements

The overall uncertainty for 95% confidence of an
individual temperature, pressure or flow measure-
ment, u,, with 31 or more measurement samples is
given by Eq. (B.4):

Uy = 2|:(binstall2 + bcal2 + bSpal‘Var2 (B.4)

1,
2 2 2
+ bDataAcq + Upy )4 + 5:7]

where the terms are defined in Table B.1.
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TABLE B.1
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY
OF TEMPERATURE, FLOW, AND PRESSURE
MEASUREMENTS [Note (1)]

Contributing Factor Sensitivity Coefficient

Uncertainty attributed to calibration, by 1

Uncertainty attributed to spatial variation, 1
bSpatVar

Uncertainty attributed to installation, 1
binsrall

Uncertainty attributed to data acquisition, 1
bDalaAcq

Uncertainty attributed to almost steady 1
conditions, up,

Uncertainty attributed to random error N/A

(standard deviation of the mean, based
on measurement variations while
system conditions remain constant), sz

NOTE:

(1) The sensitivity coefficient is the change in the calculated
result due to an incremental change in a contributing factor.
For an arbitrary result Y and contributing factor x, the sensitiv-
ity coefficient is @y, = @Y/x.

Step 2. Calculate the Uncertainty of Heat Transfer
Rate at Test Conditions

The uncertainties of the cold stream heat transfer
rate, ug. hot stream heat transfer rate, ugp and
weighted average heat rate, ugave are given by Egs.
(B.5), (B.6), and (B.7) where the terms are defined
in Table B.2:

uge = [(Bgu? + (8q,0Uw) (B.5)

2 2,2
+ (eQ,mcUmc) + (OQ,cchcpc) ]

uon = [(6g riur)*
+ (00,10UT0)* + (80, mhlUmp)’ (B.6)

+ (HQ,cphUcph)Z] 2

i
UQave = [UbcUn + Ubh U~ /ufe + ugn)  (B.7)
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TABLE B.2
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF HEAT TRANSFER RATE
AT TEST CONDITIONS

Contributing Factor

Sensitivity Coefficient

Uncertainty attributed to cold stream inlet
temperature, uy;

Uncertainty attributed to cold stream
outlet temperature, uy,

Uncertainty attributed to cold stream flow
rate, Upc

Uncertainty attributed to cold stream
specific heat, g

Uncertainty attributed to hot stream inlet
temperature, ur;

Uncertainty attributed to hot stream outlet
temperature, ur,

Uncertainty attributed to hot stream flow
rate, Ump

Uncertainty attributed to hot stream
specific heat, ug

0 = ~McCpc
0000 = McCpe
Ogme = Ccllo = 1)
8g,cpc = Mt — &)
6o r1i = MpCpp
0Q 10 = ~MyCph
8o.mh = Cpn(Ti— To)

eQ,cph = my(T; = To)

TABLE B.3
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF OVERALL HEAT
TRANSFER COEFFICIENT AT TEST CONDITIONS

Contributing Factor Sensitivity Coefficient
Uncertainty attributed to mean 0 Qi
temperature difference at test conditions, UMD = EMTD?
UemrD
Uncertainty attributed to average heat 8 = 1
transfer rate at test conditions, Ugave UQ = AEMTD

Step 3. Calculate the Uncertainty of the Mean
Temperature Difference at Test Conditions

The uncertainty in mean temperature difference at
test conditions, ugyrp, can be calculated by analytic
methods or graphical methods as discussed in Ap-
pendix D.

Step 4. Calculate the Uncertainty of the Overall
Heat Transfer Coefficient at Test Conditions

The uncertainty in overall heat transfer coefficient
at test conditions, uy, is given by Eq. (B.8) where
the terms are defined in Table B.3:

uy = [(6U,QUQave)2 (B.S)

1
2 2
+ (Bu,emTDUEMTD) ]

Step 5. Calculate the Uncertainty of the Overall
Heat Transfer Coefficient at Reference Conditions

The uncertainty in overall heat transfer coefficient
at reference conditions, uy is given by Eq. (B.9)
where the terms are defined in Table B.4:

uge = (8- yuy)?

2
+ (Bu~ (/% = 1BU B> - 17RO (B.9)

7
2 2
+ (Bu1/h* - ympUQR* - 1WA ]

Step 6. Calculate the Uncertainty of the Heat Trans-
fer Rate at Reference Conditions

M pajjoiuodun ‘paniwiad si uonnguisip 1o uononpoidal Jayuny oN “1asn AlsIaAlun plojuels Ag 0T0Z-G0-190 U0 papeojumop ‘(W09°19a11Syda) MMM) J1IIUSIDS Uoswoy ] Ag AlSISAIUN piojuelS 0} pasuadl| [euarew paybuAdo)



SINGLE PHASE HEAT EXCHANGERS ASME PTC 12.5-2000

TABLE B.4
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF
OVERALL HEAT TRANSFER COEFFICIENT AT REFERENCE CONDITIONS

Contributing Factor Sensitivity Coefficient

Uncertainty attributed to overall heat transfer Ou=y = (UMU)?
coefficient at test conditions, uy

Uncertainty attributed to adjustment in cold
stream convective thermal resistance,
Ua/he - 1/hye

Uncertainty attributed to adjustment in hot
stream heat transfer coefficient, ug/p - 1/mn

A
Ou-qihe - 1he = A, (U»?

Oun /b - bh = ™A (U%?

TABLE B.5
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF HEAT TRANSFER RATE
AT REFERENCE CONDITIONS

Contributing Factor Sensitivity Coefficient
Uncertainty attributed to the mean 0 _ =Q*
temperature difference at test conditions, QUEMID = EMTD
UemTD
Uncertainty attributed to heat transfer rate 0 _ Q-
at test conditions, Ugaye ) QC ™ Quve
Uncertainty attributed to overall heat 0 _ Qo 1 1%
transfer coefficient at test conditions, uy, ev=T Ul T U

Uncertainty attributed to change in cold

00~ a/he - 1me = Q*U*

stream convective thermal resistance, (NA)¢
Uash* - 1/hc
Uncertainty attributed to change in hot e A
stream convective thermal resistance, 8mame-1mn = QU MAL
Ua/h® - 1/hh
The uncertainty in heat transfer rate at reference sure loss at test conditions is given by Eq. (B.11)

conditions, ug-, is given by Eq. (B.10) and the terms and the terms are defined in Table B.6:
are defined in Table B.5:

, , (84Pn-n,4PUAPY + (Bapnon, pullpu) e
ugs = [(GQ‘,QUQave) + (eQ*,EMTDUEMTD) Uspn-n = + (GAPn-n,i,Kpipeui,Kpipe)z
2 + (B4Pn-n,o,Koi oe) (B.11)
+ [(8ge,uut)® + (Bge(1/h* - 1mclarme - 11me) 4Pn-n,0,Kpipe o Kpipe

2
+ (6apn-n,vitlvi)
1 /2

+ (B * _ u * _ 2 .
(B - vibiasne - 11tn)") (8.10) Step 8. Calculate the Uncertainty of Nozzle-to-

Nozzle Pressure Loss at Reference Conditions

The uncertainty in the pressure loss at reference
conditions, AP,,* is given by Eq. (B.12) and the
terms are defined in Table B.7:

Step 7. Calculate the Uncertainty of the Nozzle-
to-Nozzle Pressure Loss at Test Conditions
Assuming that the uncertainty of the fluid density
is small because the change in fluid density is small,
the uncertainty of the nozzle-to-nozzle pressure loss
is calculated based on contributions due to the
pressure measurement, the loss coefficients of the
pipe and fittings between the inlet and outlet nozzles
and associated pressure taps, and the pipe fluid
velocity. The uncertainty in nozzle-to-nozzle pres-

— 2
Uapn.n* = [(0apn-n*, HR*HRUHR*/HR)

+ (oAPn-n",mUm)2 (B.12)
22
+ (64Pn-n*, aPn-nUaPn-n)"]
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TABLE B.6

SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF
NOZZLE-TO-NOZZLE PRESSURE LOSS AT TEST CONDITIONS

Contributing Factor Sensitivity Coefficient
Uncertainty attributed to the o
. . — ave
differential pressure measurement, 84pn.n,ap = Popipe

Uap

Uncertainty attributed to the
upstream pressure measurement,

Upy

Uncertainty attributed to the loss
coefficient for the pipe and fittings
between the inlet nozzle and
pressure tap, Uapn-n,i Kpipe

Uncertainty attributed to the loss
coefficient for the pipe and fittings
between the outlet nozzle and
pressure tap, Uapn-n,o,kpipe

Uncertainty attributed to inlet pipe
velocity, u,;

6 = vi
APn-nvi = Pave 2 g

o _ 1 1
APn-n,Pu = Pave Pipipe  Popipe

B4Pn-nikpipe = —Pave VI/28,

2
o Pipipelipipe | . 2
8 4Pn-n,0.kpipe Pave ( Do per,pipe) V?/Z 8.

1 = Kpipe,i

(o

Pn,pipeApipe, o,

— (1 + Kopipe) (ﬂ.’ﬂﬁ&'&%)

TABLE B.7

SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF
NOZZLE-TO-NOZZLE PRESSURE LOSS AT REFERENCE CONDITIONS

Contributing Factor

Sensitivity Coefficient

Uncertainty attributed to the hydraulic
resistance ratio, UprwHR

Uncertainty attributed to flow rate
measurement, Up,

Uncertainty attributed to nozzle-to-nozzle
pressure loss test conditions, uapp.n

m*\"
84pn-ntHrRHR = APppn =

nAP, -

Oapnntm = = m

O 4pa-napnn = Pap
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NONMANDATORY APPENDIX C — THE DELAWARE
METHOD FOR SHELL-SIDE PERFORMANCE

C.1 INTRODUCTION

The Delaware Method for calculating shell-side
heat transfer and pressure loss for shell and tube
heat exchangers was first developed from the results
of the University of Delaware research program on
shell and tube heat exchangers carried out under
ASME sponsorship from 1947 to 1963. The first
publication of the rating method was in 1961 and
there have been a number of subsequent publications
(with slight variations and extensions) in the years
since. The Delaware Method is generally regarded
as the most accurate and comprehensive shell and
tube design method in the open literature and has
been selected for inclusion in this document because
it is available to all users without restriction. The
version given here is consistent with the version in
Reference 26. The present form is quite feasible for
hand calculations, but can be readily converted to
a computer-based procedure if frequency warrants.

The application of the Delaware Method for the
purposes of this Code is to “rate” the performance
of a (nominally) completely specified shell and tube
heat exchanger under specified operating conditions,
i.e., to calculate the heat transfer characteristics (film
and overall heat transfer coefficients, stream outlet
temperatures and heat duty) and shell-side and tube-
side pressure losses.

There are more accurate proprietary computer-
based methods available. Most of these are based
on Tinker’s Stream Analysis Method (see para. C.2)
and require the use of a computer and some expertise
in running and interpreting the program.

C.2 SIMPLIFIED MECHANISMS OF SHELL-SIDE
FLOW

In Fig. C-2.1, a diagram of the shell-side flow
mechanisms in a highly idealized form is shown.
This diagram has been modified from Palen and
Taborek, Reference 13, who in turn borrowed it
and modified it from the original version shown by
Tinker, Reference 27. Five different streams on the
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shell-side are identified. Stream B is the main cross-
flow stream flowing through one window across
the crossflow section and out through the opposite
window. This is the stream that is desired on the
shell-side of the exchanger.

However, because of the mechanical clearances
required in a shell and tube exchanger, there are
four other streams which compete with the B stream.
First, there is the A stream leaking through the
clearances between the tubes and the baffle, from
one baffle compartment to the next. Then there is
the C stream, the bundle bypass stream, flowing
around the tube bundle between the outermost tubes
in the bundle and the inside of the shell. The E
stream is the shell-to-baffle leakage stream flowing
through the clearance between the baffles and the
inside diameter of the shell. The last of the identified
major streams is the F stream, which flows through
any channels within the tube bundle caused by the
provision of pass dividers in the exchanger header
(i.e., only in multiple tubepass configurations). (It
should be noted that, for a two tubepass configura-
tion as shown here, the pass divider ordinarily would
be oriented perpendicular to the direction of the
main crossflow stream and would not provide an
internal bypass stream; however, it is shown here
because it can have a very serious effect in multiple
tubepass configurations, where at least some of the
pass lanes may be parallel to the direction of flow.)

These streams do not, of course, exist as precisely
defined streams as shown in Fig. C-2.1. They form
and mix and interact with one another, and a more
complete mathematical analysis of the shell-side
flow would take this into account. However, these
analyses are also quite complicated (see Reference
13) and cannot be carried out exactly in any case,
simply because of a lack of knowledge of the turbu-
lent flow structures on the shell-side. Therefore, Fig.
C-2.1 is an idealized representation but does allow
us to talk in terms of the major effects modifying
the idealized flow pattern.

In the Delaware Method, the B stream is regarded
as the essential stream in the exchanger with the
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FIG. C.2-1 IDEALIZED DIAGRAM OF SHELL-SIDE FLOW STREAMS
(Adapted from Palen and Taborek (13) and Tinker (27)
(Courtesy of Kenneth ). Bell))

other streams exerting various modifying effects upon
the performance as predicted for the B stream alone.
The various leakage and bypass streams affect the
heat transfer rate in two separate ways:

(a) They reduce the B stream and therefore the local
heat transfer coefficient;

(b) They alter the shell-side temperature profile.
The Delaware Method in effect lumps these two ef-
fects together into a single correction.

Not all of the leakage and bypass streams have
the same relative magnitude of effect and, of course,
they respond differently to various geometrical pa-
rameters of the shell-side. For example, the A stream
(tube-to-baffle leakage) has only a relatively small
effect upon the heat transfer coefficient and the
pressure loss. The C stream has a relatively large
effect, but there are mechanical ways of partially
blocking this flow to minimize that effect. The E
stream (shell-to-baffle leakage) has an extremely seri-
ous effect and unfortunately there is relatively little
one can do to help. Finally, the pass divider bypass
stream (F stream) has a moderate effect and responds
to some of the same treatments that the bundle
bypass stream does.

C.3 DETERMINATION OF SHELL-SIDE
GEOMETRICAL PARAMETERS'

The Delaware Method assumes that the flow rate
and the inlet and outlet temperatures (also pressures

' The nomenclature for this appendix is in para. C.6.

for a gas or vapor) of the shell-side fluid are specified
and that the density, viscosity, thermal conductivity,
and specific heat of the shell-side fluid are known
or can be reasonably estimated as a function of
temperature. The method also assumes that the fol-
lowing minimum set of shell-side geometry data is
known or specified:

(a) Tube outside diameter, d,;

(b) Tube geometrical arrangement (unit cell geom-
etry and tube pitch);

(c) Shell inside diameter, D

(d) Diameter of the outer tube limit, D,y;

(e) Effective tube length (between tube sheets), ¢;

() Baffle cut, £

(g) Baffle spacing £ (also the inlet and outlet baffle
spacings, €;;and €;,, if different from €J);

(h) Number of sealing strips/side, N

(i) Number of pass partition lanes parallel to the
direction of flow, Ny, and the width of these lanes, W;

() Number of fins per unit length, N the fin thick-
ness, y;, and fin height, hy

From this geometrical information, all remaining
geometrical parameters needed in the shell-side cal-
culations can be calculated or estimated by methods
given here, assuming that Standards of the Tubular
Exchanger Manufacturers Association, Reference 28,
are met with respect to tube-to-baffle and shell-to-
baffle clearances. However, if additional specific
information is available (e.g., tube-to-baffle clear-
ance), the exact values of certain parameters may
be used in the calculation with some improvement
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in accuracy. The Delaware Method can be applied
to a variety of shell-side geometries. Some modifica-
tion to the equations presented in this section may
be needed to apply the Delaware method to all shell
geometries. Fig. C.3-1 shows shell-side geometry
characteristics of a fully tubed E-shell to assist in
application of equations provided in this section.

(a) Total Number of Tubes in the Exchanger, N,. If
not known by direct count, find in Table C.3-1, as a
function of the diameter of the outer tube limit, Dy,
the tube pitch, p, and the layout. The shell diameter
D;, and outer tube limit Dy, given in the Table are
those for a conventional fully tubed split-ring floating
head design. For a given shell diameter, the value of
Dy will be greater than that shown for a fixed tube
sheet design and smaller for a pull-through floating
head. In any case, the tube count can be reasonably
interpolated from Table C.3-1 using the known or
specified Doy, assuming that the tube count is propor-
tional to (Dy)?. All tube count tables are only approxi-
mate since the actual number of tubes that can be
fitted into a given tubesheet depends upon the pass
partition pattern, the thickness of the pass dividers
and exactly where the drilling pattern is started relative
to the dividers and the outer tube limit. Additional
tubes will be lost from the bundle for a U-tube design
because the minimum bending radius prevents tubes
from being inserted in some or all of the possible
drilling positions near the centerline of the U-tube
pattern. Tubes will also be lost if an impingement
plate is inserted underneath the nozzle; analysis of
this case requires special care. For a no-tubes-in-the-
window design, the actual number of tubes in the
bundle can be estimated as F.N; (see para. C.3-4 for
the definition of F,).

(b) Tube Pitch Parallel to Flow, p,, and Normal to
Flow, p,. These quantities are needed only for the
purpose of estimating other parameters. If a detailed
drawing of the exchanger is available, or if the ex-
changer itself can be conveniently examined, it is
better to obtain these other parameters by direct count
or calculation. These quantities are described by Fig.
C.3-2 and read from Table C.3-2 for the most common
tube layouts.

(c) Number of Tube Rows Crossed in One Cross-
flow Section (Between Baffle Tips), N.. Count from
exchanger drawing or estimate from Eq. (C.3-1).

of -]

N = ———*= C.3-1)
c Pr (
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(d) Fraction of Total Tubes in Crossflow, F..

F. = %{w +2 (—1)‘5—-%-9) sin[cos"(PiD;ojﬁg)] (C.3-2)
[e]

-2 COS_] (_D_’_D____zec)}

ott

where all the angles are read in radians. For conve-
nience, F. has been plotted to an acceptable degree
of precision in Fig. C.3-3 as a function of percent
baffle cut, (£/D)(100%), and shell diameter D;. This
figure is strictly applicable only to the (D; = Dyy)
combinations shown in Table C.3-1 but may be
used for other situations with minor error. For fixed
tube sheet construction, F. is a little lower than that
shown, especially for the smaller shell diameters;
for pull-through floating head construction, F. is a
little higher. :

For no-tubes-in-the-window design, the actual
number of tubes in the exchanger is F.N, where
Fc is given by Eq. (C.3-2), for all subsequent calcula-
tions for this design, F. is then taken as 1.00.

(e) Number of Effective Crossflow Rows in Each
Window, N,,. If shop drawings are available, N, is
the number of rows of tubes from the baffle cut to the
shell that have at least half of the number of tubes
in a row located at the centerline of the exchanger.
Alternatively, estimate from Eq. (C.3-3).

(C.3-3)

This equation assumes that the shell-side fluid on
the average crosses about half of the tube rows in
the window (but crosses each such row twice) and
the tube rows extend about 0.8 of the distance from
the baffle tip to the shell inside diameter. For no-
tubes-in-the-window design, N, = 0.

(f) Number of Baffles, N, Count from the drawing,
or calculate from Eq. (C.3-4).
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TABLE C.3-1 TUBE COUNTS
(Adapted from Wolverine Tube Engineering Data Book and Perry’s Handbook, 5th Edition)
(Courtesy of Kenneth J. Bell)

ASME PTC 12.5-2000

Dia. of Number of Tube Passes

Shell Outer Tube Tube

1D Tube oD, Pitch, in. 1 2 4 6 8

in. Limit, in. in. Layout

8.07 6.82 % Bhe A 38 32 26 24 18
A 100 32 26 20 20
3, 1A 37 30 24 24
1 1, 00 21 16 16 14
] 1 A 22 18 16 14

10.02 8.77 A e A 62 56 47 42 36
¥ 100 52 52 40 36
3, 1A 61 52 48 48
1 1, OO 32 32 26 24
1 1, A 37 32 28 28

12 10%, 3, Bhe A 109 98 86 82
A 100 80 72 68 68 60
A 14 90 84 72 70 68
1 1Y, 00 48 44 40 38 36
1 1% A 57 52 44 42 40

13", 12 A e A 127 114 96 90 86
A 100 95 90 81 77 70
A 1A 110 101 90 88 74
1 1, 00 60 56 51 46 44
1 1 A 67 63 56 54 50

157, 14 A he O 170 160 140 136 128
A 100 138 132 116 112 108
A 1A 163 152 136 133 110
1 1, 0¢ 88 82 75 70 64
1 1" A 96 92 86 84 72

17V, 16 A She A 239 224 194 188 178
A 100 188 178 168 164 142
A 1A 211 201 181 176 166
1 1Y, OO 112 110 102 98 82
1 1 A 130 124 116 110 94

19Y, 18 3, Yhe O 301 282 252 244 234
3, 1 00 236 224 216 208 188
%, 1A 273 256 242 236 210
1 1, OO 148 142 136 129 116
1 AN 172 162 152 148 128
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TABLE C.3-1 TUBE COUNTS (CONT'D)

(Adapted from Wolverine Tube Engineering Data Book and Perry’s Handbook, 5th Edition)

{(Courtesy of Kenneth J. Bell)

Dia. of Number of Tube Passes
Sheli Outer Tube Tube
1D, Tube oD, Pitch, in. 1 2 4 6 8
in. Limit, in. in. Layout
21 19Y, A Yhe O 361 342 314 306 290
A 100 276 264 246 240 234
A 1A 318 308 279 269 260
i 1, 00 170 168 157 150 148
1 1% A 199 188 170 164 160
23Y, 21, A Yhe A 442 420 386 378 364
. A 100 341 321 308 296 292
A 1A 381 369 349 326 328
1 1'%, OO 210 199 197 186 184
1 1 A 247 230 216 208 202
25 23", A e A 531 506 468 446 434
A 100 397 391 370 360 343
A 1A 470 452 422 394 382
1 1, 0 250 248 224 216 210
1 1 A 294 282 256 252 242
27 25Y, A Bhe A 637 602 550 536 524
3, 100 465 452 427 418 408
3 1A 559 534 488 474 464
1 1, 00 286 275 267 257 250
1 1 A 349 334 302 296 286
29 27, 3, e A 721 692 640 620 594
A 100 554 542 525 509 500
A 1A 630 604 556 538 508
1 1, 00 348 340 322 314 313
1 1" A 397 376 354 334 316
31 29, A Yhe A 847 822 766 722 720
A 100 633 616 590 586 570
A 1A 745 728 678 666 640
1 1, 00 402 390 366 360 348
1 1 A 472 454 430 420 400
33 31Y, a e A 974 938 872 852 826
A 1 00 742 713 687 683 672
A 1A 856 830 774 760 732
1 1, OO 460 453 430 420 414
1 1", A 538 522 486 470 454
35 33, A Bhe A 1102 1068 1004 988 958
3, 100 827 811 773 762 756
3s 1A 970 938 882 864 848
1 1, 00 517 513 487 486 480
1 1" A 608 592 566 546 532
52
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TABLE C.3-1 TUBE COUNTS (CONT’D)
(Adapted from Wolverine Tube Engineering Data Book and Perry’s Handbook, 5th Edition)
(Courtesy of Kenneth J. Bell)

Dia. of Number of Tube Passes
Shell Outer Tube Tube
iD, Tube oD, Pitch, in. 1 2 4 6 8
in. Limit, in. in. Layout
37 35, s Phe A 1242 1200 1144 1104 1078
s 100 929 902 880 870 852
s L 1090 1042 982 966 958
1 1/, 00 588 580 555 544 538
1 1, A 678 664 632 614 598
39 37V, A he A 1377 1330 1258 1248 1212
3, 100 1025 1012 984 964 952
3, 1A 1206 1176 1128 1100 1078
1 1, 00 645 637 619 610 605
i 1, A 766 736 700 688 672
42 40, A Bhe A 1611 1580 1498 1464 1456
: 3, 100 1201 1171 1144 1109 1087
A 1A 1409 1378 1314 1296 1280
1 1, 00 745 728 708 686 680
1 1 A 890 878 834 * 808 800
44 421/, A Bhe A 1782 1738 1650 1624 1592
3, 100 1349 1327 1286 1270 1252
A 1A 1562 1535 1464 1422 1394
1 1, 00 856 837 809 778 763
1 e & 990 966 921 888 871
48 46 3, Yhe O 1965 1908 1834 1801 1766
A 100 1620 1598 1553 1535 1505
%, 1A 1872 1845 1766 1724 1690
1 1, 00 1029 1010 975 959 940
1 1, A 1188 1163 1098 1076 1055
52 50 A e O 2347 2273 2178 2152 2110
A 100 1918 1890 1848 1826 1790
A 1A 2212 2183 2092 2050 2010
1 1, 0% 1216 1196 1167 1132 1110
1 1 A 1405 1375 1323 1287 1262
56 54 A Bhe A 2704 2660 2556 2526 2489
3, 100 2241 2214 2167 2142 2110
A 1A 2588 2545 2446 2409 2373
1 1, 00 1420 1400 1371 1333 1307
1 1 A 1638 1605 1549 1501 1472
60 58 A Yhe A 3399 3343 3232 3195 3162
34 100 2587 2556 2510 2485 2460
3, 1A 2987 2945 2827 2798 2770
1 1, 00 1639 1615 1587 1553 1522
1 1 A 1889 1851 1797 1761 1726
53
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FIG. C.3-2 TUBE PITCHES PARALLEL AND NORMAL TO FLOW (TYPICAL
TRIANGULAR ARRANGEMENT SHOWN)
(Courtesy of Kenneth ]. Bell)

This equation considers that the entrance and/or
exit baffle spacings may be different than the central
baffle spacing.

" (g) Crossflow Area at or Near Centerline for One
Crossflow Section, S, For plain tubes, estimate from
Eq. (C.3-5a) and Eq. (C.3-5b):

Sm = €S[Df = Doy (C.3-5a)

Dy - d,
(o= )
for rotated and inline square layouts use Eq. (C.3-5a)

Sm = fs[D; = Do (C.3-5b)

Dow - do) :l
Zott _ “olp — d)
+ ( P (p
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for triangular layouts use Eq. (C.3-5b).

These equations assume a nearly uniform tube
field, except as required for tube pass partition lanes,
and the difference between the shell inside diameter
and the outer tube limit. (Those clearances are
corrected for separately.) There is also no problem
if the center line of the bundle normal to the
crossflow is devoid of tubes, as required for U-tube
or multiple tube pass construction; that is a minor
disturbance of the uniformity of the tube field.

If low-finned tubes are used, the correct equations
are Eq. (C.3-5¢) and Eq. (C.3-5d).

Sm = es[Di ~ Doy

+ (&%_—d—')[(p —d) (C3-50)
- ZN,' hf Yf]]

M pajjoiuooun “paniwiad SI uonNgUISIP 1o uononpoidal Jayuny ON "I18SN ANSISAIUN plojuels A 0T0Z-G0-190 UO papeojumop ‘(L02719811SY98]) MMM) IHIIUBIDS Uoswoyl Ag AlSIsAlun plojuels 0] pasuadl| eusrew pajybikdod



SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

TABLE C.3-2
TUBE PITCHES PARALLEL AND NORMAL TO FLOW
(Courtesy of Kenneth |. Bell)

Tube, O.D Tube Pitch Pp Pn
d, in. p, in. Layout in. in.
Y, = 0.500 S/g = 0.625 - 0.625 0.625
Y, = 0.500 % = 0.625 -0 0.442 0.442
Y, = 0.500 5 = 0.625 - 0.541 0.3125
5 = 0.625 36 = 0.812 -0 0.812 0.812
% = 0.625 36 = 0.812 -0 0.574 0.574
% = 0.625 36 = 0.812 ->d 0.704 0.406
%, = 0.750 e = 0.938 -0 0.938 0.938
¥ = 0.750 She = 0.938 -0 0.663 0.663
% = 0.750 516 = 0.938 > 0.814 0.469
%, = 0.750 ] -0 1.000 1.000
3, = 0.750 1 -0 0.707 0.707
3%, = 0.750 ] ->d 0.866 0.500
7ty = 0.875 1.094 -0 1.094 1.094
)y = 0.875 1.094 - O 0.773 0.773
/s = 0.875 1.094 ->d 0.947 0.505
1 1", = 1.250 -0 1.250 1.250
1 1Y% = 1.250 5 9¢ 0.884 0.884
1 1", = 1.250 - d 1.082 0.625

for rotated and inline square layouts, use Eq. (C.3-5c¢).
Sm = es[Di ~ Dot

+ (’—Dﬂplﬁ (p-d)  (C.3-5d)

- 2Nt heyd

for triangular layouts use Eq. (C.3-5d).

In the above equations, d, is the root diameter
of the finned tube, Ny is the number of fins per unit
length of tube, hy is the height of the fin, and y; is
the fin thickness.

(h) Fraction of Crossflow Area Available for Bypass
Flow, Fg,. Estimate from Eq. (C.3-6).

1
Di~ Do + 3 (N,,w,,)]fs
Fsbp = 5 (C.3-6)
m

where N, is the number of pass partition lanes
through the tube field parallel to the direction of
the crossflow stream and W, is the width of these
lanes. This term accounts for the effect of flow that
can bypass the tube field wholly or partially, with
a great reduction of contact with heat transfer surface

55

and distortion of the temperature profile. W, can
be measured if the tubesheet can be examined, or if
a good layout drawing of the tube sheet is available.
Otherwise, W, can be estimated to be the TEMA
minimum thickness of pass partition plates (see Table
C.3-3) + 'y in.

(i) Tube-to-Baffle Leakage Area for One Baffle, Sy.
Estimate from Eq. (C.3-7).

1
Slb = 7Td06tb (Z)(1 + FC)Nf (C.3'7)

where 8, is the diametral clearance between the
tube and the baffle. TEMA Class R construction
specifies a 8 of /33 in. where maximum unsupported
tube length (normally 2¢,) does not exceed 36 in.,
and a 3 of g4 in., otherwise. If there is any fouling,
these clearances may be partially or completely
blocked; on the other hand, corrosion or tube vibra-
tion may have caused substantial enlargement. How-
ever, neither of these conditions can be confirmed
without detailed inspection of the tube bundle and
even then only superficially and qualitatively.

(j) Baffle Cut Angle, 6 is the angle subtended from
the center of the shell cross-section by the intersection
of the cut edge of the baffle with the inside surface
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FIG. C.3-3 ESTIMATION OF FRACTION OF TUBES IN CROSSFLOW
(Courtesy of Kenneth J. Bell)
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TABLE C.3-3
NOMINAL PASS PARTITION PLATE THICKNESS
(TEMA TABLE RCB-9.131)
Reprinted by permission of (Tubular Exchanger
Manufacturers Association)

Shell Inside
Diameter,
in. Carbon Steel Alloy Material
Less than 24 g in. Y, in.
24-60 'y in. % in.

TABLE C.3-4a
MAXIMUM BAFFLE AND SUPPORT PLATE
CLEARANCES
(Taken from TEMA Tables RCB-4.3 and RGP-RCB-4.3,
Seventh Edition (1988))
Reprinted by permission of (Tubular Exchanger
Manufacturers Association)

Nominal Shell Inside 3, in.
Diameter, in.

6-17 s These values may be
18-39 3he doubled in applications
40-54 A where this would have
55-60 he no effect on shellside
heat transfer or mean
temperature difference.
61-69 he  Recommended good
70-84 % practice
85-100 "he
TABLE C.3-4b
MAXIMUM BAFFLE AND SUPPORT PLATE
CLEARANCES

(Taken from TEMA Tables R-4.3, C-4.3, B-4.3, and
RGP-RCB-4.3 Sixth Edition (1978))
Reprinted by permission of (Tubular Exchanger
Manufacturers Association)

Nominal Shell Inside 8, in.
Diameter, in.

8-13 0.100 These values may be
14-17 0.125 doubled in applications

18-23 0.150 where this would have
24-39 0.175 no effect on shellside
40-54 0.225 heat transfer or mean
55-60 0.300 temperature difference.
61-69 0.300 Recommended good
70-84 0.375 practice

85-100 0.438
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of the shell. In terms of previously-defined quantities
see Eq. (C.3-8).

(C.3-8)

2¢
— -1 4 _ <%c
6 = 2 cos (7 —_Di)

where @ is in radians. This equation is shown graphi-
cally in Fig. C.3-4.

(k) Shell-to-Baffle Leakage Area for one Baffle, Sg.
If diametral shell-baffle clearance, 8, is known, Sy,
can be calculated from Eq. (C.3-9).

s, = D% [1 - f—} (C.3-9)

2 2w

where the value of 8 is in radians and is between
0 and m. This area has been calculated and plotted
in Fig. C.3-5 as a function of percent baffle cut,
(€./D;) (100%), and inside shell diameter, D;. The
standard diametral clearance between shell inside
diameter and baffle outside diameter specified by
TEMA Standards Seventh Edition (1988) is shown
in Table C.3-4a. However, earlier editions of the
TEMA Standards gave somewhat different values.
These values are given in Table C.3-4b. For shells
rolled from plate (which is the usual case for shells
greater than 24 in., outside diameter), TEMA Stan-
dards allow an extra '/ in., inside diameter. Again,
for heat exchangers that have been in service, these
clearances may have become partially or totally
blocked by even small amounts of fouling.

(I) Area for Flow Through Window, S,,. This area is
obtained as the difference between the gross window
area, Syg and the window area occupied by tubes,
Swi, see Eq. (C.3-10a).

Sw = Swg = Swt (C.3-10a)

The value of S, can be calculated from Eq. (C.3-
10b).

D? (6
Sug = 2 {

13 (C.3-10b)

- o)

The window area occupied by the tubes, S, can
be calculated from Eq. (C.3-10c).
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g
o
=1
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0'8 1 . L 1
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1 L . - 1

10 20

(

= g 2
0 = 2 cos (1 D

£
D;

30 40 50

) (100%)

i

FIG. C.3-4 BAFFLE CUT ANGLE
(Courtesy of Kenneth }. Bell)

St = ﬁ;f-‘u - Fomd? (C.3-10¢)

(m) Equivalent Diameter of Window, D,,. This
value is required only if laminar flow, defined as Re,
< 100, exists. Calculate from Eq. (C.3-11).

4S8,

N: (1 - F)d, + D;6

D, =

(C.3-11)

ko

2

C.4 CALCULATION OF SHELL-SIDE HEAT
TRANSFER PERFORMANCE

(a) Calculate Shell-Side Reynolds Number, Re.
The shell-side Reynolds number is defined as Eq.
(C4-1a).

58

d,m
Re. = 2=
y MsSm

(C.4-1a)

For finned tubes, the shell-side Reynolds number is
defined as Eq. (C.4-1b).

_ dimg

S, (C.4-1b)

Re,

where d, is the root diameter of the tube.

it is usually adequate to use the arithmetic mean
bulk shell-side fluid temperature (i.e., halfway be-
tween the inlet and exit temperatures) to evaluate
all bulk properties of the shell-side fluid. In the case
of long temperature ranges or for a fluid whose
viscosity is very sensitive to temperature change,

M pajjoiuodun ‘paniwiad si uonnguisip 1o uononpoidal Jayuny oN “1asn AlsIaAlun plojuels Ag 0T0Z-G0-190 U0 papeojumop ‘(W09°19a11Syda) MMM) J1IIUSIDS Uoswoy ] Ag AlSISAIUN piojuelS 0} pasuadl| [euarew paybuAdo)



SINGLE PHASE HEAT EXCHANGERS ASME PTC 12.5-2000
1 100
90 8
80 80
70 70
60 60
50 50
40 40
30 ] 30

%%\ D, in
g \-\\Q\ o
Sstr in — B ———
%& ———J4, | Rolled
10 e e e shells 10
8 ‘\\ — 353 8
7 \\\\ 31 33 7
6 \Q 27 29 6
T 4} J 2
Ssp in
5 5
\
4 4
) \\\\:_?\\ 3
231,
) \\\\ 191, )
T ——— T ——
\ \-\\\ 171,
T — T 15% L Pipe
\\\\\ shells
\\\\ 13, 10
1.0 S i
0.9 0.9
0.8 19 0.8
0.7 e — 0.7
0.6 - < 0.6
0.5 0.5
0.4 04
0.3 0.3
0 10 20 30 40 50 60

Percent Baffle Cut{£/D}(100%)

_ Dby 0
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FIG. C.3-5 ESTIMATION OF SHELL-TO-BAFFLE LEAKAGE AREA
(Based on TEMA Class R standards)
(Courtesy of Kenneth J. Bell)
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special care must be taken (such as breaking the
calculation into segments, each covering a more
limited temperature range). Even then, the accuracy
of the procedure is less than for more conventional
cases.

(b) Find j;. For plain tubes, use the ideal tube bank
curve for a given tube layout at the calculated value
of Re, using Fig. C.4-1a.

For finned tubes, limited data suggest that the j;
curves are somewhat lower for finned tubes than
for plain ones at Re; < 1000, as shown in Fig. C.4-
1b. While the comparison given in Fig. C.4-1b is
for curve 1 (equilateral triangular layouts), it seems
reasonable to apply the same relative correction to
curves 2 and 3 (rotated and inline square layouts).

(c) Calculate the Shell-Side Heat Transfer Coeffi-
cient for an Ideal Tube Bank, hjse,. See Eq. (C.4-2).

2/ 0.14
b m i (M) ks | ps
ideal = ]iCp,s S, Corsths e

(d) Find the Correction Factor for Baffle Configura-
tion Effects, J.. J. is read from Fig. C.4-2 as a function
of F.. For no-tubes-in-the-window designs, J. = 1.

(e) Find the Correction Factor for Baffle Leakage
Effects, Jg. Jg is found from Fig. C.4-3 as a function of
the ratio of the total baffle leakage area, (Sg + Sw), to
the crossflow area, S, and of the ratio of the shell-
to-baffle leakage area, Sy, to the total baffle leakage
area, (S¢p + Spp).

() Find the Correction Factor for Bundle Bypassing
Effects, Jp. Jp is found from Fig. C.4-4 as a function of
Fspp and of Ngs /N, (the ratio of the number of sealing
strips per side to the number of rows crossed in one
baffle crossflow section). The solid lines on Fig. C.4-
4 are for Re; > 100; the dashed lines for Re; < 100.
If there are pass divider lanes through the tube field
parallel to the crossflow stream, it is assumed that
equivalent steps will be taken to block that flow (F
stream) as for the bundle-shell bypass flow (C stream).
This can be done by tie rods and spacers as well as
by sealing strips.

(g) Find the Correction Factor for Adverse Temper-
ature Gradient Build-up at Low Reynolds Numbers,
J». This factor is equal to 1.00 if Re; is equal to or
greater than 100. For Re; equal to or less than 20, the
correction factor is fully effective and a function only
of the total number of tube rows crossed. From Re
between 20 and 100, a linear proportion rule is used.

(1) Therefore:
(a) If Res< 100, find J* from Fig. C.4-5, know-
ing Np and (N. + N¢)

(C.4-2)
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(b) If Re;< 20, J, = J,*
(c) If 20 < Re; < 100, find J, from Fig. C.4-6,
knowing J,* and Re;
(h) Find the Correction Factor for Unequal Baffle
Spacing at Inlet and/or Outlet, J;. See Eq. (C.4-3).

CNp= 1)+ (€)' + (85,8

Js (C.4-3)
(Np = 1) + €5 % + £50*
where
Np= number of baffles
es,i* = es,i/ s

€50F= es,o/es
€;= internal (central) baffle spacing
{,i= entrance baffle spacing
{5 0= exit baffle spacing
n= 0.6 for turbulent flow (Re; > 100)
n= "/ for laminar flow (Re, < 100)

Equation (C.4-3) is plotted in Fig. C.4-7a for turbu-
lent flow and in Fig. C.4-7b for laminar flow, for
the particular (but common) case that €;; = £;,.

(i) Calculate the Shell-Side Heat Transfer Coeffi-
cient for the Exchanger, h,. See Eq. (C.4-4).

hs = hideal]c JeJvJrJs {C.4-4)

C.5 CALCULATION OF EXPECTED SHELL-SIDE
PRESSURE LOSS

(a) Find f: From the Ideal Tube Bank Friction Curve
for the Given Tube Layout. At the calculated value of
Re,, use Fig. C.5-1a for triangular and rotated square
arrays of plain tubes and Fig. C.5-1b for inline square
arrays.

(b) Calculate the Pressure Loss for an Ideal Cross-
flow Section, 4Py ;. See Eq. (C.5-1).

2 0.14
4P, = Hims Ne (E%—‘-V) (C.5-1)
2ps8cSm” \ Ps

(c) Calculate the Pressure Loss for an Ideal Window
Section, 4P,,;. See Egs. (C.5-2a) and (C.5-2b).
(1) If Re, 2 100:

mZ(2 + 0.6N_,)
2gc5mswps

AP, = (C.5-2a)
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1.0 < Re, < 100
100 € Re; < 1000
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100 < Re; < 700
700 < Re, € 4000
4000 < Re,

FIG. C.4-1a CORRELATION OF j; FOR IDEAL TUBE BANKS WITH PLAIN TUBES
(Courtesy of Kenneth }. Bell)
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SINGLE PHASE HEAT EXCHANGERS

107"
Ji \
10 \\
1073
10° 102 108 10* 10°
Reg

FIG. C.4-1b CORRELATION OF j; VS. Re; FOR TWO SIMILAR SHELL AND TUBE
HEAT EXCHANGERS, ONE WITH FINNED TUBES AND ONE WITH PLAIN TUBES
(Courtesy of Kenneth ). Bell)

(2) If Res < 100:

4P, = 26— [NCW 65} (C.5-2b)

+
chs\/ Smsw P- do DWZ

mg?
+ ————
gcs mSwPs

- (d) Find the Correction Factor for Effect of Baffle
Leakage on Pressure Loss, Rg. Read from Fig. C.5-2
as a function of (54 + Sp)/S, with parameter of
Ssp /(S + Sw). Curves shown are not to be extrapolated
beyond the points shown.

(e) Find the Correction Factor for Bundle Bypass,
Rp. Read from Fig. C.5-3 as a function of Fg, and Nyy/
N.. The solid lines are for Re; > 100; the dashed lines
are for Re; < 100.

(f) Find the Correction Factor for Unequal Baffle
Spacing, R;. See Eq. (C.5-3).

1

Ry = (.5 + €,0n™"]  (C.5-3)

where
es,i*= es,i/es
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es,o*r‘ es,o/es
n’= 1.6 for turbulent flow (Re; > 100)
n"=1 for laminar flow (Re; < 100)
(g) Calculate the Pressure Loss Across the Shell-
Side (Excluding Nozzles), AP, from Eq. (C.5-4).

AP; = [(Np — 1)(4Py,)Rp + NpdPy, 1R, (C.5-4)

+ 24P, ,-Rb(1 + NCW)RS
4 NC

C.6 NOMENCLATURE

Cp,s= specific heat of shell-side fluid
D;= shell inside diameter
D, = diameter of the outer tube limit
D, = equivalent diameter of the window
d,= tube outside diameter
d,= root diameter of low-finned tube
F.= fraction of the total tubes that are in
cross flow
Fspp= fraction of total crossflow area that is
available for bypass flow around tube
bundle and through pass partition
lanes
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FIG. C.4-2 CORRECTION FACTOR FOR BAFFLE CONFIGURATION EFFECTS
(Courtesy of Kenneth J. Bell)

f;= friction factor for flow across an ideal
tube bank
g-= gravitational conversion constant, 4.17
x 10% Ibm-ft/Ib-hr?
h¢= height of fin of low-finned tube
higear= shell-side heat transfer coefficient for
ideal tube bank
hs;= shell-side heat transfer coefficient for
exchanger
Jp= correction factor on the shell-side heat
transfer coefficient for bundle bypass
effects
J-= correction factor on the shell-side heat
transfer coefficient to account for baf-
fle configuration effects
Je= correction factor on the shell-side heat
transfer coefficient to account for baf-
fle leakage
J-= correction factor on the shell-side heat
transfer coefficient to account for build-
up of adverse temperature gradient
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J*= base correction factor on the shell-side
heat transfer coefficient to account for
build-up of adverse temperature gra-
dient

Js= correction factor on the shell-side heat
transfer coefficient to account for un-
equal baffle spacing

ji= colburn j-factor for an ideal tube bank

ks;= thermal conductivity of shell-side fluid
k,= thermal conductivity of tube wall

¢ = effective tube length (between tube
sheets)

£.= baffle cut distance from baffle tip to
shell inside diameter

£,= baffle spacing, center-to-center of con-
secutive baffles

€5 €50= baffle spacing at inlet and exit of the
exchanger, respectively. €, ;* and €, *
are the corresponding dimensionless
values
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FIG. C.4-4 CORRECTION FACTOR FOR BYPASS FLOW
(Courtesy of Kenneth ]. Bell)

m,= mass flow rate of shell-side fluid

Np= number of baffles in exchanger

Nc= number of tube rows crossed during
flow through one crossflow section

N.,, = effective number of crossflow rows in
each window section

Nss= number of sealing strips or equivalent
obstructions to bypass flow encoun-
tered by the stream in one crossflow
section

N, = total number of tubes in the exchanger

n, n’= exponents for the relationship between
ji and Re; and f; and Re,, respectively

APy, ;= pressure loss during flow across one
ideal crossflow section

AP, ;= pressure loss through one ideal win-
dow section

p= tube pitch: distance between centers
of nearest tubes in tube layout

pn= tube pitch normal to flow: distance
between centers of adjacent tubes nor-
mal to the flow

pp= tube pitch parallel to flow: distance
between centers of adjacent tube rows
in the direction of the flow

Ry, = correction factor for effect of bundle
bypass on pressure loss

R, = correction factor for effect of baffle
leakage

Rs= correction factor for unequal baffle
spacing for the inlet and exit section
pressure loss

Res= Reynolds number for shell-side

Sn= crossflow area at or near centerline
for one crossflow section
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FIG. C.4-5 CORRECTION FACTOR FOR ADVERSE TEMPERATURE GRADIENT
AT LOW REYNOLDS NUMBERS
(Courtesy of Kenneth ). Bell)

Ssp= shell-to-baffle leakage area for single
baffle

Siw= tube-to-baffle leakage area for one
baffle

Sw= area for flow through window

Swg= window gross cross-sectional area

Swe= window area occupied by tubes

W,= width of pass partition clearance in
tube field

yr= thickness of fin on low-finned tube
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S, = diametral clearance between shell
and baffle
dp= diametral clearance between tube
and baffle
us= viscosity of shell-side fluid at bulk
stream temperature
Ms,w= Viscosity of shell-side fluid evaluated
at surface temperature
ps= density of shell-side fluid
0= baffle cut angle, radians
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FIG. C.4-6 CORRECTION FACTORS FOR ADVERSE TEMPERATURE GRADIENT
AT INTERMEDIATE REYNOLDS NUMBER
(Courtesy of Kenneth ). Bell)
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FIG. C4-7a J; AS A FUNCTION OF N, FOR TURBULENT FLOW AND
VARIOUS VALUES OF {* = {,* = {,.*
(Courtesy of Kenneth J. Bell)
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FIG. C4-7b J; AS A FUNCTION OF N, FOR LAMINAR FLOW AND
VARIOUS VALUES OF {* = {,* = {,,*
(Courtesy of Kenneth J. Bell)
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FIG. C.5-1a CORRELATION OF FRICTION FACTORS FOR IDEAL TUBE BANKS,
TRIANGULAR AND ROTATED SQUARE LAYOUTS OF PLAIN TUBES
(Courtesy of Kenneth ). Bell)
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FIG. C.5-1b CORRELATION OF FRICTION FACTORS FOR IDEAL TUBE BANKS,
INLINE SQUARE LAYOUTS
(Courtesy of Kenneth J. Bell)
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SINGLE PHASE HEAT EXCHANGERS ASME PTC 12.5-2000

NONMANDATORY APPENDIX D — MEAN
TEMPERATURE DIFFERENCE

This Appendix describes acceptable methods to (Ti=t,) = (T, — t)
calculate the effective mean temperature difference LMTD = T _t (D.1)
and its associated uncertainty. Since various calcula- In 7_—'—-—;’
o~ 4

tion methods are acceptable, the parties to the test
shall agree upon the methods of calculating the mean

temperature difference and its associated uncertainty. o )
Similarly for true co-current flow, the following

log mean temperature difference is derived from Eq.

(D.2).
D.1 DETERMINING THE MEAN TEMPERATURE
DIFFERENCE USING THE F-LMTD LMTD,, = (Ti=t) = (To = to) (D.2)
METHOD In Ti-t

The F-LMTD method of determining mean temper- To-to
ature difference described in this Appendix is based
on the development summarized by Bowman, o ) )
Mueller, and Nagle, Reference 29, and is suitable _ For most heat exchangefs in industrial applica-
for evaluating performance test data. Alternative tions, the flow arrangement is not true countercurrent
methods of determining mean temperature difference or co-current flow; instead, a combination of coun-
are acceptable as discussed in para. D.2. Using the tercurrent, crossflow and/or co-current flow arrange-
F-LMTD method, the mean temperature difference ments is more typical. To account for these different
is calculated using the terminal temperatures and flow arrangements, a correction factor, F, is applied
integrating over the heat transfer area using the to the countercurrent log mean temperature differ-
following assumptions: ence, see Eq. (D.3).

(a) Uis constant throughout the heat exchanger.

(b) The rate of flow of each fluid is constant.

(c) The specific heat of each fluid is constant. EMTD = F LMTD (D.3)

(d) There is no condensation of vapor or boiling of
liquid. _

(e) Heatexchanges with the ambient are negligible. From here on and in other parts of this Code,

(f) For multipass heat exchangers, the temperature the term LMTD, without subscript, refers to the
of the shell-side fluid in any pass is uniform over any countercurrent log mean temperature difference. An-
cross section, and the number of tubes in each pass alytic expressions for the mean temperature differ-
is equal. ence are available in the open literature for only a

(g) For cross flow heat exchangers, the fluid is few flow arrangements. For one-shell-pass/one-tube-
either unmixed (non-uniform temperature cross-sec- pass counterflow arrangements and for most count-
tion) or completely mixed (uniform temperature cross- erflow plate frame arrangements, F = 1 and the
section) normal to the flow. mean temperature difference is represented by Eq.

For true countercurrent flow arrangement, the (D.1). For one-shell-pass/two-tube-pass arrangements
well-known log mean temperature difference is as shown in Fig. D.1, the mean temperature differ-
derived based on the above assumptions, see Eq. ence is represented by the following from Refer-
(D.1). ence 29.
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SINGLE PHASE HEAT EXCHANGERS

JTi = T2 + (8 = 1)°
T+ Tomti=tot J(Ti- T + (= 6
n 2 2
Ti+ Tomti=to= J(Ti= To? + (to = )

EMTD =

Analytic expressions for other arrangements are
provided in Reference 29.

Typically, the F correction factor is shown graphi-
cally as function of R and P which are defined in
Egs. (D.5) and (D.6).

R=JizTo (D.5)
to - ti
P = -t (D.6)

The correction factors for typical shell-and-tube
configurations are shown in Figs. D.1 to D.14.
Industry experience indicates that the F correction
factors derived based on the method in Reference 29
provide an adequate estimate of mean temperature
difference if the heat exchanger is well designed
with minimal bypass flow and sufficient number of
baffle plates (for shell and tube designs) and the F
correction factor is greater than 0.75. For many
industrial applications, the uncertainty of the effec-
tive mean temperature difference is excessive using
the terminal temperature measurements and F-LMTD
approach. In particular, logarithms of negative values
(or other unreasonable results) and uncertainties
greater than 25% have occurred for the following
circumstances:

(a) F Correction Factor Less Than 0.75. For config-
urations such as such as one-shell-pass/two-tube-pass
design, the F correction factor is often less than 0.75
under clean conditions. Under such conditions, the
F correction factor is sensitive to variations in terminal
temperatures and to variations in the assumptions
used to derive the F correction factor. This sensitivity
results in large uncertainties (greater than 10%) for
tests where F <0.75 even with high accuracy tempera-
ture measurements.

(b) Large Variations in U. For applications where
the change in temperature of a fluid stream is large

! Correction factors other than shown in Figs. D.1 to D.14 may
need to be applied to some geometries. For example, a correction
for conduction and leakage through a longitudinal baffle of a two
pass shell (TEMA F-type) is not included in Fig. D.2. References 40
and 41 develop a correction factor to account for this effect.
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and U varies significantly, the bias in the F-LMTD
method is significant. In particular, for fluid streams
in the laminar and transition flow regimes, the bias
in mean temperature difference using the F-LMTD
method can be substantial and the results can be un-
reasonable.

(c) Large Measurement Error in Outlet Tempera-
ture. The effective mean temperature difference calcu-
lated using the F-LMTD method is more sensitive to
variations in outlet temperature than inlet tempera-
ture. In general, the error in the outlet temperature
measurement is greater than the inlet error due to
spatial variation. An excessive error (or uncertainty) in
outlet temperatures can produce unreasonable results
using the F-LMTD method.

Due to these observations and limitations, alternate
methods may be needed to determine mean tempera-
ture difference for high-accuracy test analysis for
these cases and others where the uncertainty of F-
LMTD method is excessive.

D.2 ALTERNATE METHODS OF DETERMINING
THE MEAN TEMPERATURE DIFFERENCE

D.2.1 General Requirements

Alternate methods of determining mean tempera-
ture difference are acceptable as agreed by the
parties to the test based on the following guidelines.

(a) Alternative methods should not be used if the
total uncertainty of the result increases above accept-
able fimits.

(b) Assumptions used in the step-wise calculations
or derivation should use a heat transfer model consist-
ent with this Code. For example, a heat balance shall
be maintained and the individual heat transfer coeffi-
cients should be based on the same correlations used
to adjust the test conditions to reference conditions
(para. 5.3.4).

(c) The uncertainty of all assumptions or idealiza-
tions used in the calculation shall be considered in
addition to propagating the uncertainties of individual
measurements.

D.2.2 Numerical Methods

Numerical methods typically use commercial and
proprietary computer software to calculate the mean
temperature difference and its associated uncertainty.
In general, numerical methods consist of stepwise
calculation of heat transfer rate for thermal elements
within the heat exchanger. Variations in overall heat
transfer coefficient and mean temperature difference
are estimated based on the flow distribution and
changes in fluid properties. Due to the interactive
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effect of overall heat transfer coefficient and mean
temperature difference, numerical methods are well
suited to determine the mean temperature difference
for cases where the mean temperature difference or
overall heat transfer coefficient vary substantially
throughout the heat exchanger. Examples include
flow streams with substantial changes in physical prop-
erties (such as specific heat or viscosity), flow arrange-
ments other than counterflow where the outlet temper-
atures “cross over” or where the temperature difference
varies significantly, and geometries where the flow ve-
locity changes substantially throughout the unit (such
as with unequal baffle spacing for shell and tube heat
exchangers). The use of numerical methods may or may
notreducethe overall uncertainty in mean temperature
depending on the idealizations used in these methods
and the propagation of errors with the stepwise calcu-
lation.

D.2.3 Alternate Analytic Development

The traditional F-LMTD method derives the mean
temperature difference based on the four terminal
temperatures and the assumptions discussed in para.
D.1. Alternate derivations may be considered where
the uncertainties of Q* and U* exceed the values
specified in para. 1.3. The following are two exam-
ples of alternate approaches to consider:

(a) For tests where the uncertainty of T, is very
large, an expression for EMTD as a function of R and
P can be used where R = myc, i/mcCp . This method
is equivalent to the F-LMTD method described in
para. D.1.

(b) For tests where the uncertainties of T, and ft,
are large, an expression for EMTD may be derived
based on the weighted average heat transfer rate, Q,ye,
and the inlet temperatures and flow rates of both fluid
streams.

The use of alternate derivations requires careful
consideration of assumptions and idealizations since
additional uncertainty may be introduced with these
methods.

D.3 METHODS OF ASSESSING THE
UNCERTAINTY OF MEAN TEMPERATURE
DIFFERENCE

As discussed in Section 5, the uncertainty in mean
temperature difference shall include contributions
due to the measurements of the terminal tempera-
tures (and possibly flowrates) and uncertainty in
the analytical model used to calculate the mean
temperature difference. The method to determine the
uncertainty in mean temperature difference depends
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upon the method used to calculate the mean temper-
ature difference.

D.3.1 Uncertainty of the F-LMTD Method

This paragraph describes the methods to determine
the uncertainty of the mean temperature difference
using the F-LMTD method. The general approach
may be used for alternate methods of determining
the mean temperature difference but sensitivity coef-
ficients and bias determination may be somewhat
different.

D.3.1.1 Analytical and Numerical Expressions.
For arrangements where analytic expressions for the
mean temperature difference are available or where
commercial and proprietary computer programs are
available to determine the mean temperature differ-
ence, the uncertainty in mean temperature is calcu-
lated in accordance with Eq. (D.7).

_ 2 2
Ugmtp = [(OemrD il + (BemTD, t0Ur0)

+ (Oemro, rit)? + (BemrD, ToUTO)? (D.7)

2 2 72
+ bemTD,U + DEMTD, mixing)

When computer programs are used, the sensitivity
coefficients are calculated using numerical perturba-
tion methods as discussed in ASME PTC 19.1. For
the arrangements where analytical expressions are
available, the sensitivity coefficients are provided in
Tables D.1 and D.2.

D.3.1.2 Graphical Methods. For tests where ana-
fytical expressions are not available and where com-
puter programs are not used, the uncertainty in
mean temperature difference can be estimated using
the F correction factor figures as shown in Figs. D.1 to
D.14. The procedure consists of the following steps:

(a) Calculate the uncertainty of R and P.

(b) Determine the sensitivity coefficients of F due
to a unit variations in R and P by graphical methods.

(c) Calculate the uncertainty of F based on the un-
certainties of R and P.

(d) Calculate the uncertainty of LMTD based on the
uncertainties in terminal temperature measurements.

(e) Calculate the uncertainty of EMTD based on the
uncertainties of F and LMTD.

It should be observed that the following procedure
which combines the separate effects of uncertainties
of temperature measurements on LMTD and F over-
estimates the uncertainty of mean temperature differ-
ence since the effects are “double-counted.”
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TABLE D.1
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY FOR
MEAN TEMPERATURE DIFFERENCE AT TEST CONDITIONS FOR
COUNTERFLOW ARRANGEMENTS

Contributing Factor Sensitivity Coefficient
Uncertainty due to cold stream inlet EMTD [EMTD/AT, - 1]
temperature, uy; Bemroi = — AT, - 4T,
Uncertainty due to cold stream outlet EMTD [1 — EMTD/AT;]
temperature, uy, Bemtoi0 = AT, - 4T,
Uncertainty due to hot stream inlet EMTD (1 - EMTD/ATy]
temperature, ur; Bemro,Ti = AT, = 4T,
Uncertainty due to hot stream outlet EMTD [EMTD/AT, - 1]
temperature, ug, BemtD, 70 = AT, = 4T,
where
ATy =Ti-t
ATZ = TO - t,
TABLE D.2
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY FOR
MEAN TEMPERATURE DIFFERENCE AT TEST CONDITIONS FOR
ONE-SHELL-PASS/TWO-TUBE-PASS ARRANGEMENTS
Contributing Factor Sensitivity Coefficient
Uncertainty due to cold stream inlet EMTD to ~t EMTDI=1 ~ (t, - t)/C1] EMTD[=1 + (t, - tJ/Gi]
temperature, Uy Bemro,i = G G+ G G-G
Uncertainty due to cold stream EMTD to =t EMTD[=1 + (t, = t)/Cy) EMTDI=1 = (t, - t)/Ci]
outlet temperature, uy, BemtD 00 = G G+ G + G-G
Uncertainty due to hot stream inlet EMTD [T, - Ta EMTD[1 +(T: = TV/G] EMTDI1 - (T - T /G
temperature, ur; Oemrp,1i = G C G+ G + G-G
Uncertainty due to hot stream outlet EMTD T, To EMTDI[1 - (T; - TO)/C,] EMTD[1 + (T; - TG
temperature, ur, OemtD, 70 = G G+G G-G
where
G o= (=T +(t - t?
G=T+T,-t-t,
The uncertainty of the temperature change ratio, ur = [(8FguR)? + (8F pup)? (D.10)

R, is given by Eq. (D.8) and Table D.3: ) 2
+ UEgraph)

_ 2 5 where
up = [(Bg ) + (Bg toliso) (D.8) 8rr and Orp are determined by estimating the
+ Og 1iUT)? + (OR ToUTe)?] 2 change in Ffor a unit change in Rand Pon the plots or

by using analytical approximations to the graphs

The uncertainty of the temperature effectiveness, Urgapn is the uncertainty attributed to determina-
P, is given by Eq. (D.9) and Table D.4: tion of sensitivity coefficients 8,g and 0gp using
’ o graphical methods?

_ 2 ) The uncertainty in log mean temperature differ-
up = [(Bpiti)” + (8p,tolto) (D.9) ence at test conditions, upyrp is given by Eq. (D.11)
+ (8p ium)?) 2 and Table D.5:

. . . . 2 With F < 0.75, the uncertainty attributed the graphical methods
The uncertainty in F correction factor at test condi- is significant since the changes in F are large for small changes

tions, ug, is given in Eq. (D.10). in Rand P.
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TABLE D.3
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF R
Contributing Factor Sensitivity Coefficient
Uncertainty due to cold stream inlet tempera- 00, = R
ture, uy R = =t
Uncertainty due to cold stream outlet tempera- - R
ture, U, Rlo = T - t;
Uncertainty due to hot stream inlet tempera- 0or = 1
ture, ur; R = -t
Uncertainty due to hot stream outlet tempera- 0or = 1
ture, U, Rlo = "t t;
TABLE D.4
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF P
Contributing Factor Sensitivity Coefficient
Uncertainty due to cold stream inlet Pl -P
temperat ; bei = T3
perature, Uy, i= b
Uncertainty due to cold stream outlet 0. = 1
temperature, Uy, Reo = T
Uncertainty due to hot stream inlet 00 = P
temperature, uy; A= "T-t

TABLE D.5
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF LOG MEAN
TEMPERATURE DIFFERENCE

Contributing Factor Sensitivity Coefficient

Uncertainty due to cold stream inlet LMTD [LMTD/AT; - 1]

temperature, Uy OumrDi = — AT, — a7,
Uncertainty due to cold stream outlet LMTD [1 - LMTD/AT;]

temperature, Uy, BmMID00 = — AT, < 4%,
Uncertainty due to hot stream inlet LMTD [1 - LMTD/AT,)

temperature, uy; Oumro, i = AT 4%,
Uncertainty due to hot stream outlet LMTD [LMTD/AT, - 1]

temperature, ur, OumrD,T0 = AT, — 4T,
where

4aT, =Ti-t,

AT2 = TO -
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ASME PTC 12.5-2000

TABLE D.6
SENSITIVITY COEFFICIENTS FOR UNCERTAINTY OF MEAN TEMPERATURE
DIFFERENCE BASED ON F-LMTD METHOD

Contributing Factor

Sensitivity Coefficient

Uncertainty due to F correction factor, ur

Uncertainty due to log mean temperature
difference, uimrp

Uncertainty due to variable heat transfer
coefficient, bemro,u

Uncertainty due to non-uniform temperature
distribution over flow cross section,

bEMTD,mixing

Oemto,F = LMTD
femtpmrp = F

1

1

_ 2
uimtp = (BLMTD, 1l

+ (BuMTD, tol0)” + (BumTp, TitiT) (D.11)

21172
+ (BLmTD, ToUTO) ]

The uncertainty in mean temperature difference
at test conditions, ugmp, is given by Eq. (D.12) and
Table D.6:

— 2
Uemtp = [(@emrp, rUp)

2, 2
+ 8 emrp,LMTDULMTD) + bEMTD,U (D.12)

2 12
+ bEMTD, mixing]

D.3.1.3 Uncertainties in the Analytical Model. The
idealizations and assumptions used in the derivation
of mean temperature difference contribute to the
uncertainty in mean temperature difference. Some
of these effects have been investigated and the results
are summarized here.

(a) Variable Overall Heat Transfer Coefficient. The
variation in U along the flow length (due to variation
in convective heat transfer coefficient and fouling re-
sistance) results in a bias in the mean temperature
difference. The magnitude of the bias can be calcu-
lated by integrating the differential rate and energy
equations along the flow length. Alternatively, the fol-
lowing method may be used for instances where the
variation in U is monotonic. This alternate approach is
based on an analytic solution developed by Colburn,
Reference 30, for the counterflow heat exchangers
where U is a linear function of temperature of either
the hot or cold streams:

81

/A = U,4T7, — U,A4T, (D.13)
U,4T,
In——=
U,AT,
where
AT] = T,‘ - to
ATz-—— TO bt t[

U, = U at hot stream inlet
U,= U at hot stream outlet

(1) For flow arrangements other than count-
erflow, a simple approach uses the traditional F cor-
rection factor combined with the above equation as
originally suggested by Sieder and Tate, Reference 31,
and reiterated by Gardner and Taborek, Reference 32.
The error in this approach was estimated to be about
10% by Gardner, Reference 33, for the case of a one-
shell-pass/two-tube-pass configuration.

(2) The bias in the mean temperature difference
is calculated by comparing the result from the Colburn
equation (and the Sieder-Tate modification) with the
results using the traditional approach based on an
average U, Uaerage = (Ur + Up)/2. This method is
similar to the one used by Gardner and Taborek, Refer-
ence 32, to determine temperature correction:

Q/A Uvariable

bEMTD,U —
- Q/AUaverage

EMTD — (D.14)

bemto,u _ 1

EMTD — (D.15)

2(U1/U2 - AT1/AT2) In(AT1/AT2)
U/U, )

(1 + U]/Uz) (AT]/ATZ -1) In(m
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where
AT-| = T, - to
ATL,=T, - ¢

Uy= U at hot stream inlet (except for multipass
hot stream and single pass cold stream
arrangement where U; = U at cold stream
outlet)

U, = U at hot stream outlet (except for multipass
hot stream and single pass cold stream
arrangement where U, = U at cold
stream inlet)

(b) Incomplete Thermal Mixing. Incomplete ther-
mal mixing over a flow cross section may result in a
non-uniform temperature distribution and bias in
mean temperature difference. Flow maldistribution,
bypass flow, and non-uniform distribution of fouling
resistance can contribute to the bias. If mixing is ade-
quate along the length of the heat exchanger, the non-
uniform distribution of temperatures over the flow
cross section is small. As a result, this bias is small
for a well designed heat exchanger, without excessive
fouling, operating near its design point. However, for
thermal performance tests performed at off-design
conditions, the bias of this effect may be significant.

(1) For shell and tube heat exchangers, the effect
of bypass flow on temperature profile has been investi-
gated previously by Whistler, Reference 34, for one-
shell-pass/one-tube-pass counter-flow configuration
and by Fisher and Parker, Reference 35, for one-shell
pass/two-tube-pass configuration based on the as-
sumption that the main flow stream mixes thoroughly
with the bypass stream after each baffle pass. Some
investigation of the effect of bypass flow for conditions
of partial mixing have been investigated, such as by
Bell and Kegler, Reference 36; however, a generalized
method to estimate the effect of bypass flow on mean
temperature difference has not been developed. To
determine the bias due to incomplete thermal mixing
for counterflow arrangements in shell-and-tube heat
exchangers, the method used by Whistler is consid-
ered appropriate if mixing between baffle sections is
considered to be good. Assuming a leakage factor of
0.1, a 2% bias bounds most practical applications.
This 2% bias is considered to be bounding for other
shell-and-tube flow arrangements where F > 0.75 (lit-
tle or no outlet temperature crossover). When F <
0.75, the bias due to thermal mixing may be greater,
but the overall uncertainty in mean temperature may
be bounded by using bounding estimates for the outlet
temperature measurements.
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(2) A small number of baffles may result in a
bias in mean temperature difference as investigated
by Gardner and Taborek, Reference 32, and Shah and
Pignotti, Reference 37. The results of Gardner and
Taborek indicate that more than 11 baffle crossings
are needed to ensure that this effect is negligible for
one-shell-pass/one-tube-pass counterflow arrange-
ment and that more than 5 baffle crossings are needed
for one-shell-pass/two-tube-pass arrangement. The re-
sults of Shah and Pignotti indicate that more than 10
baffles are needed to ensure that the effect is negligible
for 1-1 TEMA E counterflow heat exchanger and more
than 6 baffles are needed for 1-2 TEMA E exchanger.

(3) In summary, for shell and tube heat ex-
changers, the bias due to incomplete thermal mixing
is small and is bounded by 2% uncertainty. However,
for tests performed at off-design conditions, where the
number of baffles is small, where the ratio of the fluid
stream temperature change to mean temperature dif-
ference is large (such as for F < 0.75 when outlet
temperatures cross-over), or when bypass leakage is
large, the bias due to this effect may be significant.

(4) For compact designs such as plate-fin and
plate frame, flow maldistribution may result in a non-
uniform temperature distribution. Analyses of maldis-
tribution for compact designs reviewed by Mueller
and Chiou, Reference 38, typically combine the ef-
fects of non-uniform temperatures with the effect of
non-uniform heat transfer coefficient. Nevertheless,
assuming a 2% bias due to incomplete thermal mixing
is reasonable for many configurations. However, con-
ditions where mixing is poor or when the ratio of the
fluid stream temperature change to mean temperature
difference is large (such as for conditions with a close
approach) may result in a significant bias.

D.3.2 Uncertainty of Alternate Methods

The uncertainty of mean temperature difference
calculated by methods different than the F-LMTD
methods shall include the effects of uncertainty of
the test measurements and the uncertainty of the
assumptions and idealizations used in the calculation
of mean temperature difference. To meet these re-
quirements, understanding the methods used by
computer programs is needed to adequately assess
uncertainty. It is noted that the use of stepwise
calculation methods does not necessarily eliminate
uncertainty due to idealizations in the calculational
method.
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NONMANDATORY APPPENDIX E — DERIVATION OF
PERFORMANCE EQUATIONS

E.1 THERMAL PERFORMANCE

E.1.1 General

A thermal performance test consists of measuring
six parameters: the inlet and outlet temperatures and
the two flow rates. With the six measured parameters,
the heat transfer rate, Q, and overall heat transfer
coefficient, U, can be calculated by solving the
energy balance Egs. (E.1) and (E.2) and the rate
Eg. (E.3).

Q= mcCp,c(‘to - t) (E.1)
Q= thp,h(Ti - Ty (E.2)
Q = UA(EMTD) (E.3)

With three equations and two unknowns, redun-
dant data is available to solve for Q and U. The
redundant data is used to confirm a heat balance
and calculate a weighted average heat transfer rate.
The thermal performance parameters are adjusted
to reference conditions for easier comparison to
other tests and/or to the system design basis:

1 1
F = U + ¢U (E4)
Q* = ¢qQ (E.5)

The correction factors ¢y and ¢q are a function
of the heat transfer model and associated assump-
tions used. This Appendix derives the equations and
correction factors used in this Code. The heat transfer
model used is based on the description in Reference
42. The nomenclature is described in Section 2 and
is consistent with the nomenclature used in Sections
3 and 5.

E.1.2 Thermal Performance at Test Conditions
Measurement of six terminal parameters and calcu-
lation of a weighted mean measured heat duty is

97

required. The weighted mean measured heat duty
is more representative of the actual heat load at the
time of the test than either the cold stream heat
transfer rate or hot stream heat transfer rate. The
cold stream and hot stream heat transfer rates are
calculated based on the average (or representative)
measurements and specific heat of the fluid streams:

Qc = mcCp [ty — t) (E.6)

Qn = Mucpn(Ti = To) (E.7)

Typically, Q. and Q are not the same; however,
the difference must be attributed to the uncertainties
to maintain a heat balance. The weighted mean
heat load can be calculated from the hot and cold
side heat loads and their associated uncertainties:

2 2
Quve = ( — 2) Q. +( e 2) Q» (ES8)
h

UQC2 + UQ ugc + Uon

The effective mean temperature difference is calcu-
lated as discussed in Appendix D. Using the weighted
mean heat load, the overall heat transfer coefficient
at test conditions is calculated as:

= Qave
Y= AEMTD) (E-9)

E.1.3 Adjustment to Reference Conditions

To allow reasonable and valid comparison of heat
exchanger performance tests, the results must be
adjusted to a set of reference operating conditions.’
Adjustment to reference conditions is based on a heat

! Throughout the remainder of this Appendix, variables reflecting
the reference condition will be indicated with an asterisk (*)
while variables without an asterisk will represent the test condition
or quantities that are unaffected by the projection to the reference
condition.
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transfer model consisting of summation of individual
thermal resistances. At the test conditions,

1
D7=RW+ Rr+ Rc + Ry (E.10)
and similarly, at the reference conditions:
1 . R * R* R * *
m-— w + K+ c+Rh (E.11)

where
U= overall heat transfer coefficient at test
conditions
U*= overall heat transfer coefficient at ref-
erence conditions
R.., R,*= thermal resistance of the wall at test
and reference conditions
Rf, R#*= thermal resistance of fouling at test
and reference conditions
R., R.*= thermal resistance of the cold side film
at test and reference conditions
Ry, Rp*= thermal resistance of the hot side film
at test and reference conditions

Subtracting Eq. (E.10) from Eq. (E.11) yields:

1 1
A= TUA™ (R* = RY) + (Rp* — Rp)

+ (Rf* - Rf) + (Rw* - Rw)

(E.12)

However, the heat exchanger test described in
this Code assumes that the fouling resistance is
independent of conditions selected for evaluation
(even though it may be a function of time). In other
words, it is assumed that the fouling resistance will
remain constant if operating conditions are rapidly
changed from test to reference conditions. This as-
sumption reduces Eq. (E.12) to:

1 1
T4 = Ta+ (R — Rd + (Ry* - Ry) (E.13)

Substituting for the thermal resistance of the corre-
sponding film layer:
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1 1
R = —— R* = ——r E.14
¢ ﬂchcAc ¢ 77chc*Ac ( )
1 1
Ry = = — E.15
" nhrAn Nrhp*Ac (E-15)
where

Mh, M= surface temperature effectiveness of
fins or other enhancements?

hn, hp*= hot side film coefficient at test and
reference conditions

he, he*= cold side film coefficient at test and
reference conditions

Ap, Ac= hot side and cold side heat transfer
area

1

Ur= (E.16)
1. o A1 1], A1 2 .
u*m[m'm}wmc[?zﬂ”kw ~ R

The correction factor, ¢y, is

A 1 1
=L | —-= E.17
S NhAR [hh* hh] (E17)

A1 1 .
n—A[h—h‘]m ™Rl

A similar relationship can be developed for the
heat duty at reference conditions (Q*:

Q* = U*A(EMTD)* (E.18)
Substituting Egs. (E.18) into (E.17) yields:
o = AEMTD)* (E.19)

1T A1 11 A1 1 .
Ut NhAR [hh' - hh] * NAc [hc' - hc} +(R* = R

Finally, multiplying by UU and combining with Eq.
(E.3) gives:

2 The surface temperature effectiveness, 7, is a measure of reduc-
tion in temperature potential between the extended surface and
the fluid. The expression is general and accounts for plain
surfaces where = 1, finned surfaces where n < 1, and other
enhancements. The term is related to the fin efficiency, 7, with
the expression n = 1 — A /A (1 — np where A; = fin surface
area. The surface temperature effectiveness and fin efficiency are
related to the fin resistance as discussed in Reference 43.
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|

Pgage /A\

Pi.zj, v;

Pij, pipe- Ki, pipe

Ppir2nisVai T
n,ir “n,ir Vn,i —T—

= Pn,or Zn,0r Vo

Po, pipe- ko, pipe

Po, 25, Vo

FIG. E.1 TYPICAL CONFIGURATION OF HEAT EXCHANGER
DIFFERENTIAL PRESSURE MEASUREMENT

ave (EMTD)*/(EMTD)
Q= < (£.20)

A 1 1 A 1 1
1 —— - — i Ruw* = Ry
v (ﬂhAh [hh' hh] * NcAc [hc* hc] * ))

The correction factor, bq is

(EMTD)*/(EMTD)
1+u(—ﬁ-[' 1,\,]1 AAE1 1]+(Rw‘-RW))(E'21)

7wAn | Bn* Pn) T A | Bt Be

6Q =

E.2 TOTAL NOZZLE-TO-NOZZLE PRESSURE
LOSS

E.2.1 Nozzle-to-Nozzle Pressure Loss at Test Con-
ditions

The pressure loss measured using a differential
pressure instrument and static wall pressure taps in
the upstream and downstream piping must be ad-
justed to nozzle-to-nozzle conditions. A typical con-
figuration is shown in Fig. E.1.

The total nozzle-to-nozzle pressure loss is defined
as follows:
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Pus
4P, = Pave[ 4 £ Zyi+ V%,,,'/ch (E.22)

Pipipe 8,

- (—P”"’ + £ Zno+ Vi /ZgC):'

Popipe 8.

where
Pave= average density’
P, = static pressure at the inlet nozzle
P, o= static pressure at the outlet nozzle
z, ;= elevation at the inlet nozzle
Z,,= elevation at the outlet nozzle
v,,i= velocity at the inlet nozzle
Vno= Velocity at the outlet nozzle

The Bernoulli equation, Reference 16, for the inlet
piping, outlet piping, and gage tubing is used to
introduce measured data.

3 For small density variations, pave = (Pjpipe + Popipel/2. For farger
variations where nonlinear variations in density could cause
appreciable error, the average density should be determined
based on pre-test agreement.
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Inlet Piping

b 8, vi2g = fui (E.23)
Pipipe 8, Pi,pipe
+ £ Zpi + V2il28. + Kipipe vii2g.
&c
Outlet Piping
Po 8 P,
2+ 2z o+ VA = —— (E.24
Po,pipe c me n’O/ZgC Po,pipe ( :
+ -8{5 Zo+ V28, + Kopipe V328,
c
Differential Pressure Gage Piping
i 8- Fe 8, (E.25)
Pgage 8. Pgage 8. Pgage
Upstream Pressure Gage Piping
fLi8, P 8, (2
Pgage 8¢ Pgage 8.

Using Egs. (E.23) and (E.24) to eliminate nozzle
pressures, elevations and velocities in Eq. (E.22):

P; P,
- L5 2)
Po,pipe gc

+ (1 - Ki,pipe)V:z/ng - (1 + Ko,pipe)\%/zgc]

4P, = pave[ (E.27)

Pi,pipe

The inlet and outlet pipe velocities are related
using conservation of mass:

pi,pipeAi,pipe Vi = Po,piper,pipeVo

Vo= PipipeAipipe v

Po,piper,pipe '
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Substituting into Eq. (E.27)

- -
P

Pipipe

+—(z—z)+
Popupe g =

(E.28)
{

- Ki, pipe ~ 1+ Ko, pipe)

4P, , = Pave

2
( Pi, pipel\;, Eige) ) V,Z/ch

Po, pipeAo, pipe

Rearranging Eq. (E.25) to solve for P,:

= Pi- 4P+ Pgage g (Z; - Zp)

c

Substituting into Eq. (E.28):

- AP +( 11 ) p
Po, pipe  \Pi pipe  Po, pipe

4P, , = Pave
+

) £ (zj - z,) (E.29)

po ,pipe,

+(1 K; -1+ K,

i, pipe plpe)

2
(Pi, pipeA; Ei@> ) V22 g.

Po, piper, pipe

Substituting for P; using Eq. (E.26):

Yl ( 1 1 ) 7
+ -—
Po, pipe  \Pi, pipe  Po, pipe
(Pu + Pgage £ (zy - Zi))
4P, = Pave 8c
(E.30)
+(1 —25939)5(2,-—20)
Po / Ec
+ (1 - K, pipe — (1 + Ko, pipe)
2
(Pi, Eiﬁc Qige) ) v2/2g
Po, pipefo, pipe ¢ -

. . . 1| fearew payybuido
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E.2.2 Pressure Loss at Reference Conditions

The pressure loss at reference conditions is calcu-
lated based on a hydraulic model of the heat ex-
changer and the ratio of calculated pressure losses:

APn-n* = (APmn)calculated at reference conditions APn-n* (E.31)

(4 Pn-n)calculated at test conditions
= ¢APA Pn-n

The uncertainty analysis is facilitated if the flow
measurement is separated from the terms related to
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the hydraulic model (including surface roughness
and loss coefficients). Introducing the hydraulic re-
sistance:

HR - (APn-n)calculated (E.32)

mn

The correction factor for pressure loss becomes:

_ HR*m"’

S = (E.33)

HRm"
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NONMANDATORY APPENDIX F — TUBE-SIDE
PERFORMANCE METHODS

This Appendix provides guidance to determine
the tube-side heat transfer coefficient and pressure
loss. Alternate methods to estimate heat transfer
coefficient and pressure loss are acceptable as agreed
by the parties to the test.

F.1 DETERMINING GEOMETRICAL
PARAMETERS

(a) Tube Inside Diameter. For circular plain tubes,
the inside diameter, d, is calculated using the nominal
outside diameter, d,, and nominal tube wall thick-
ness, AX,,:

d; = d, - 24X, (F.1)

Differences between the average inside diameter
and the nominal inside diameter (as calculated
above) are small, and the resulting bias is included
in the uncertainties for the heat transfer coefficient
and pressure loss. The calculation of inside diameter
may be different from Eq. (F.1) for some enhance-
ments on the inside surface (see para. F.1(d).

(b) Number of Tubes. The number is counted or
estimated as discussed in Appendix C.

(c) Length of Tubes. The total length of the tubes, L,
is needed for pressure loss calculations. The effective
length of the tubes between the tubesheets, €, is
needed for calculation of heat transfer area.

(d) Geometry of Enhancements. A discussion of ge-
ometry of enhancements for the inside surfaces of
tubes is considered to be beyond the scope of this
Appendix. For heat exchanger tests where enhance-
ments inside tubes are used, specific information re-
garding the determination of tube-side Reynolds num-
bers and heat transfer coefficient is needed from the
manufacturer. A general discussion of tube-side en-
hancements is provided in References 44—46.

F.2 DETERMINING HEAT TRANSFER
COEFFICIENT

To calculate the heat transfer performance at refer-
ence conditions, the difference in convective thermal
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resistance from reference conditions to test condi-
tions (1/h* — 1/hy) is calculated. This paragraph

‘describes a method and appropriate correlations to

calculate the heat transfer coefficient for test and
reference conditions.

(a) Flow Regime. The tube-side Reynolds number
is calculated based on the bulk average tube-side
properties:

4m,

"= TN

where
m,= tube-side mass flow rate
wu= dynamic viscosity based on the bulk average
conditions of the tube-side fluid
N,= number of tubes in one pass
(b) Turbulent Flow Heat Transfer. For Reynolds
numbers in the transition and turbulent regime, forced
turbulent convection correlations are used. The three
following correlations are based on extensive experi-
mental data and are considered acceptable for use.
An overall uncertainty of +10% in average tube-side
heat transfer coefficient is considered reasonable
based on uncertainty of the experimental data and
distribution of flow in the tube bundle. For tests where
the Reynolds number at test or reference conditions
is less than 10,000, the effects of mixed convection
should be checked and additional uncertainty may
be needed.
(1) From Petukhov, Reference 12,

_ (f2) RePr,
1.07 + 12.7(f12)V2(Pr?" -

Nu;

0 ¢prop (F.3)

where
Nu;= tube-side Nusselt number = (hd; /),
Pry= tube-side Prandtl number = (uc/k),

1
7:){= 1.58 In Re; - 3.28, see note below
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dorop= 1 for constant properties
= (up/uy)" for liquids with n = 0.11 when
heating the liquid and n = 0.25 when
cooling the liquid
= (T, /Tp)" for gases with n = - [a log (T, /
Tp) + 0.36) and a = 0.0 for cooling
= (t, Mp)" for gases with n = - [a log
(tw /) + 0.36) and a = 0.3 for heating
(a) 10,000 < Re; < 5,000,000 with Re; evalu-
ated at average bulk conditions
(b) 0.5 < Pr; <2000 with Pr,evaluated at aver-
age bulk conditions
(c) tubes are long and entry effects can be ne-
glected, L/d; > 50
NOTE: The term f is the Fanning friction factor defined by Eq.
(F.8). The friction factor used by Petukhov is £ = 4f. To calculate
£, Petukhov uses an expression developed by Filonenko, Reference

47, for isothermal flow in smooth tubes and the equivalent
expression using f is shown here.

Petukhov’s evaluation with experimental data indi-
cates that this correlation is within 5-6% of the
most accurate experimental data over a range of
10,000 to 5,000,000 for Re, and 0.5-200 for Pr,
and a 10% accuracy for 0.5 < Pr; < 2000 and the
same range of Re.

(2) Gnielinski, Reference 48, modified Petu-
khov’s correlation to represent experimental values at
lower Reynolds numbers and added a correction to
account for short tube lengths:

4 = __2) (R~ 1000)Pr;
T 127002 (P - 1)

(1 + (di/D*] @prop (F.4)

where

1
--f= 1.58 In Re; — 3.28, see note below

* ¢prp=1 for constant properties o
= (Pry, /Pr,)°"1 for liquids with 0.05 < Pr,/
Pr, < 20
= (Ty/T,)°* for gases with 0.5 < T,/T,, < 1.5
(a) 2300 < Re; < 5,000,000 with Re,evaluated
at average bulk conditions
(b) 0.5 < Pr; <2000 with Pr,evaluated at aver-
age bulk conditions
NOTE: The term f is the Fanning friction factor defined by Eq.

(F.8). The expression for f is the same as used with the Petukhov
correlation.

Gnielinski’s evaluation indicates that 90% of the
experimental data differ by less than +20% from
the calculated values using this correlation.

(3) The following classical correlation is based
on a method developed by Colburn, Reference 49,
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using the film properties (average of wall and bulk
conditions). Sieder and Tate, Reference 31, modified
the Colburn correlation to make it easier to use by
using bulk fluid conditions and the viscosity correc-
tion (uy/uw)*'* to account for variable properties. The
correlation is still in wide use.

Nu, = 0.023 Re, %8Pr (uy/u,)°*  (F.5)

where
(a) 10,000 < Re; < 100,000 using average bulk
conditions
(b) 0.5 < Pr, < 250 using average bulk condi-
tions
(c) L/d,' > 60
(d) 0.01 < up/p,, <10
(c) Mixed Convection Heat Transfer. At Reynolds
numbers less than 10,000, effects of gravitational body
forces may be significant and mixed convection heat
transfer may dominate. The flow regime for mixed
convection is determined by comparing the Reynolds
number with the parameter GrPr(dy/L). Metais and Eck-
ert, Reference 50, developed figures of flow regime
limits for horizontal and vertical tubes. The figures
were originally provided for preliminary information
but are used extensively today. Some modifications
in the these flow regime figures have been proposed
based on more recent data, Reference 51. General
correlations based on a wide body of experimental
data are not available for all flow regimes. Over se-
lected flow regimes, the following correlations are
widely used and are based on substantial amount of
experimental data.
(1) Horizontal Tubes. For liquid flow in hori-
zontal tubes with high Prandtl number, Palen and
Taborek, Reference 52, developed the following:

Nu, = 2.5+ 4.55(Re**®37(d/L)%% Pr2 " (uy/ i) *  (F.6)
where
Re**= Re, + 0.8 G exp[-42/Gr]
— t1d302
Gr= Bltw th/d, P18 — Grashof number

Bt

B=the volumetric coefficient of thermal
expansion

(a) 0.1 < Re; <2000 using bulk average prop-

erties
_ (b) 20 < Pr;< 10,000 using bulk average prop-

erties

(c) 0 < Gr < 30,000,000 using bulk average
properties

(d) 0 < py/pw < 55

(e) L/d; > 40
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For liquids with lower Prandtl numbers, a correla-
tion by Depew and August, Reference 53, based
on experimental data using water, ethyl alcohol,
glycerol/water mixture, and oil can be used:

Nu, = 1.75[{Gz + 0.12
(GzGr'3Pro-36)088)13 (1, 7, 1014 (F.7)

where

Gz= ﬂk‘?—’ = Graetz Number

(@ 10 < Gz < 440

(b) 2700 < Gr < 4,900,000

(c) 5 < Pry< 1900

(d) Ud;> 28

In general, the uncertainty in the average heat

transfer coefficient in the mixed convection regime
is greater than in the turbulent and transition regimes
depending on the validity of the experimental data
(i.e., similarity of the Reynolds number, Prandtl
number, and Grashof number with conditions inside
the heat exchanger). Within the range of applicablity
of the correlations, an uncertainty of 10 to 40% is
reasonable.

(2) Vertical Tubes. For vertical tubes the heat
transfer coefficient is a function of the direction of
fluid flow. A general discussion of mixed convection
heat transfer is beyond the scope of this Appendix.
Discussions, some correlations and comparisons with
experimental data for a few instances are provided in
References 54-57.

F.3 DETERMINING PRESSURE LOSS

To calculate the nozzle-to-nozzle pressure loss at
reference conditions, the pressure loss at test condi-
tions is multiplied by the correction factor, ¢,, =
4P, ,*/AP,.,. This paragraph describes a method to
calculate the pressure loss correction.

(a) Flow Regime. The flow regime is based on the
tube-side Reynolds number as calculated in Eq. (F.2).

(b) Friction Factor and Roughness Regime. For this
Appendix, the Fanning friction factor, £, is used as
defined in accordance with the following formula:

- 4Pec 9 (F.8)

L
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where
AP= pressure loss along tube length L
p= fluid density

8c= units conversion constant

v,= bulk fluid velocity in tube

d;= inside tube diameter

L= tube length

The Fanning friction factor is commonly used for
heat exchanger performance and is different than
the Darcy friction factor which is commonly used
for pipe flow, Reference 16. The Darcy friction
factor is 4 times the Fanning friction factor, i.e.,
4f‘F:-mning = fDarcy.

(1) Friction Factor for Laminar Flow. For
Reynolds numbers less than 2000, the flow is consid-
ered laminar and the friction factor is independent of
pipe roughness:

f=—— (F.9)

where Re; < 2000.
(2) Friction Factor for Turbulent Flow. For Reyn-
olds numbers greater than 4000, the friction factor is

a function of the Reynolds number and the roughness..

The correlation of friction factor with roughness and
Reynolds number is attributed to work performed by
Colebrook and White, Reference 58, using commer-
cial pipe. Based on this work, turbulent flow in rough
pipe is divided into smooth, fully rough and transition
roughness regimes. The roughness regime is deter-
mined by the roughness Reynolds number, Re,.

_pve_ [fe
Ree = o = \/; d,‘ Ret (F10)
where

v,= |7 .
T \/5 = shear force velocity

7= the shear stress at the wall
e/d;= the relative roughness of the inside
surface of the tube
(a) Re< 0.5 for flow in smooth pipe;
(b) Re> 60 for flow in fully rough pipe;
(c) 0.5<Re.<60 for flow in transition region
between smooth and full rough pipe.
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For smooth pipe (Ree <0.5),

Re,\/;'

1
-\7-_/:— 4 |Og1om (F.11)
For fully rough pipe (Re, > 60),
1 d;
Tf =4 lOg-|0 (3.7 —€‘> (F.12)

For the transition region (0.5 < Re, < 60),

1 € 1.255
—_ =4 — 4 220 F.13
\/-f Og‘O (37d’ * Ret‘/_f) ( )

The Colebrook and White correlation, Eq. (F.13),
is difficult to use since the friction factor is included
on both sides of the equation. As a result, friction
factor data are traditionally plotted on a diagram
developed by Moody, Reference 59, which is in
wide use today.

The roughness of clean commercial tubing is
reported in the industry literature such as Reference
16; however, estimating the roughness of inservice
tubing results in some uncertainty. The bounds of
estimated roughness should be considered when
calculating the uncertainty of the adjustment in
pressure loss, @gp.
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(c) Tube-Side Pressure Loss and Correction Factor.
The total nozzle-to-nozzle pressure loss for the tube-
side of a heat exchanger is given by the following:

L v '
AP, = APeniy + 4o 7 50+ AP (F14)
I <oc

where
AP,= tube-side pressure loss from inlet noz-
zle to outlet nozzle
APeryry = entrance pressure loss associated with
channel head and tube entry
AP = exit pressure loss associated with
channel head and tube exit
(1) Methods to determine each of the terms in
Eg. (F.14) are provided in Reference 60. For many
heat exchangers, the pressure loss is dominated by
the losses in the tubes and many of the other terms can
be neglected. The pressure loss correction is given by:

_[4P,.,.*
bap = ( AP,

) F.15)
calculated

L V,Z *
A'Dentry + 4fp q 2g + APeyit
i

L v
APentry + 4fpgzg_ + APexit
! c

(2) ¢, is a strong function of the assumptions
used for friction factor and loss coefficients used for
APeniry and AP, To estimate the uncertainty in ¢yp,
upper and lower bound corrections should be calcu-
lated.
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NONMANDATORY APPENDIX G — FOULING
RESISTANCE

The most accurate assessment of heat exchanger
performance is measured with new or clean condi-
tions. Under these conditions, the fouling resistance
is small and may be neglected. For industrial heat
exchangers, it is difficult and often not practical to
verify the fouling condition on the hot and cold
stream sides of the heat transfer surface. Furthermore,
testing has shown that visual inspection of heat
exchanger surfaces does not always provide an accu-
rate assessment of fouling resistance. As a result,
some fouling is expected for most heat exchanger
tests.

The calculation of average fouling resistance as
the performance parameter is not recommended.
This conclusion is based on the assessment of uncer-
tainty of fouling resistance using the following.

(a) measured temperatures and flow rates and;

(b) estimated convective thermal resistances and
wall resistances.

Assumptions regarding the fouling resistance are
required to calculate overall heat transfer coefficient
and heat transfer rate at reference conditions. This
Appendix discusses the characteristics of fouling
resistance so that the test engineer may better assess
the overall uncertainty due to the assumptions re-
garding fouling resistance.

G.1 MEASUREMENT OF FOULING RESISTANCE

The total heat transfer resistance, oy, is given by
Eq. (G.1).

A EMTD
Ntotal = ——Q— (G.1)

Q and EMTD are determined based on measured
temperatures and flow rates of the hot and cold fluid
streams. If it is possible to test the heat exchanger
under clean conditions, riow = raean = 1/Ucjean. The
fouling resistance, ry is determined by Eq. (G.2).
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It = Ttotal — Tclean (G.2)

Experience indicates that the uncertainty of the
fouling resistance calculated in accordance with Eq.
(G.2) may be large relative to the uncertainty of other
performance parameters such as U and Q. The uncer-
tainty of the fouling resistance can be assessed by
introducing the fouling Biot number, Bif = rilUciean,
Reference 61. The fouling Biot number is a measure
of the relative magnitude of fouling on a heat transfer
surface. Fouling Biot numbers for typical gas-gas, lig-
uid-gas, and water-water heat exchangers are shown
in Table G.1.

Investigations by Somerscales et al., Reference 62,
have shown that the uncertainty of the fouling resist-
ance is inversely proportional to the fouling Biot num-
ber. A summary of their results is shown in Figs. G.1
and G.2 for a counterflow heat exchanger where the
uncertainty in heat transfer coefficient is neglected
(the test conditions at clean conditions are very similar
to fouled conditions so that the convective heat trans-
fer coefficients are the same for both conditions). Even
with measurements having uncertainties in the ranges
specified in Section 4, the uncertainty in fouling resist-
ance may be 20-50% or even larger for many indus-
trial applications. For example, for test data where
lotal 15 almost equal to rgeay (i-€., almost clean condi-
tions), the uncertainty in the calculated fouling resist-
ance is high because the fouling Biot number is very
low as shown in Fig. G.2. For instances where rgez,
is not known, the uncertainty in fouling resistance
may be high since the uncertainty in the individual
heat transfer coefficients is high.

Since the uncertainty in measured fouling resist-
ance can be large relative to the uncertainty of other
observed performance parameters for many industrial
tests, measurement of fouling resistance is not recom-
mended.

G.2 FOULING RESISTANCE ASSUMPTIONS

G.2.1 Variation in Fouling Resistance Over Heat
Transfer Area

Non-uniform distribution of fouling is expected
for industrial heat exchangers since the flow is often
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TABLE G.1
TYPICAL VALUES OF THE FOULING BIOT NUMBER [Note (1)]
Uclean re
Heat Exchanger Type (Btu/hr-ft2-°F) (hr-ft2-°F/Btu) Bi/
Gas-gas 10 0.003 0.03
Liquid-gas 30 0.003 0.09
Water-water 450 0.003 1.35
NOTE:

(1) The fouling Biot numbers shown are typical for plain unfinned surfaces inside and outside of tubes.
For finned surfaces, these may represent low fouling conditions.

“ug/ rg _U_t/_AE
0.8r 0.001
0.005
| 0.01
0.6 H 0.02
0.1 uy/At

0.4 H

GENERAL NOTE: The dependence of the relative uncertainty (u,¢/r;) of the measured fouling thermal resistance
on the fouling Biot number (Bif) and the relative uncertainty (u/4t) of the temperature measurements. The
following expressions are used in constructing this figure: u,/ry = (K/Bis)(us/At) where K = 2 for Bis<1 (sensible
heat exchanger) and K = /2 for Bif21 (condenser).

us = uncertainty in fouling resistance

re = unit fouling resistance

Uy = uncertainty in temperature measurement
At = rise in cold stream temperature

Bis = fouling Biot number

FIG. G.1. UNCERTAINTY IN FOULING RESISTANCE AS A FUNCTION OF

FOULING BIOT NUMBER (from reference 62)
(Reprinted with the permission of Euan F.C. Somerscales)
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Blf-O 7

Blf=08

u,/At

03 Blfl
0.2
Blf: 2
0.1 H
0. 05

GENERAL NOTE: The dependence of the relative uncertainty (u,/ry) of the measured fouling thermal resistance
on the fouling Biot number (Bif) and the relative uncertainty (u,/4t) of the temperature measurements. The

following expressions are used in constructing this figure: u.¢/rf =

heat exchanger) and K = /2 for Bi;21 (condenser).

FIG. G.2

(K/Big)(us/At) where K = 2 for Bi¢<1 (sensible

UNCERTAINTY IN FOULING RESISTANCE AS A FUNCTION OF

UNCERTAINTY IN TEMPERATURE MEASUREMENTS (from reference 62)
(Reprinted with the permission of Euan F.C. Somerscales)

maldistributed and operating conditions over the
heat transfer surface vary. The effect of non-uniform
fouling buildup is difficult to predict without detailed
information of the distribution of the fouling products
and flow distribution in the heat exchanger. Fouling
buildup not only restricts heat transfer capability but
also may change the flow distribution and average
heat transfer coefficient. For example:

(a) buildup of fouling product which blocks bypass
flow paths may increase the average heat transfer coef-
ficient for shell-side fluid streams;

(b) buildup of fouling product in the low velocity
regions of the heat exchanger may have minimal effect
on U, and;

(c) preferential buildup of fouling product in be-
tween fins may substantially reduce U.

These examples indicate that fouling buildup may
or may not provide a substantial change in the
average heat transfer coefficient over different op-
erating conditions.

It is assumed that the average fouling resistance
at test conditions is the same as the average fouling
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resistance at reference conditions. If the fouling
resistance"is uniform over the heat transfer surface,
this assumption is considered reasonable. However,
variations in the distribution of the fouling resistance
may change the heat transfer coefficient (by changing
the flow distribution), and the weighting of the
variations in fouling resistance may change for differ-
ent operating conditions resulting in a change in
fouling resistance.

Data available are insufficient to distinguish be-
tween effects of variable fouling resistance, measure-
ment uncertainties, and uncertainty of the heat trans-
fer model for the heat exchanger. This is primarily
due to the difficulty in making accurate performance
measurements over a wide range of flow rates and
temperatures, and to the large uncertainty in the
application of heat transfer correlations based on
experimental data to inservice industrial heat ex-
changers. As a result, judgment is needed to estimate
the effect of variable fouling resistance as discussed
in para. G.3.
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G.2.2 Time Variation in Average Fouling Re-
sistance

The thermal performance determined with a test-
is applicable at the time the test is performed.
Trending fouling resistance with time is not within
the scope of this Code.

G.3 UNCERTAINTY IN FOULING RESISTANCE
ASSUMPTIONS

Based on the available data, judgment is needed
to estimate the effects of spatially variable fouling
resistance on the results of the performance test.
The following guidelines are intended to assist the
test engineer in evaluation of uncertainty in the
assumption that the fouling resistance is the same
at test conditions as at reference conditions.

(a) Low Fouling Resistance. The fouling resistance
is considered low if the fouling Biot number is less
than 1. Under these conditions, uncertainty in the
calculation of heat transfer coefficient will probably
be substantially greater than the change in average
fouling resistance. In this case, the uncertainty in the
assumption that the average fouling resistance is the
same at test and reference conditions can be ne-
glected. However, the uncertainty in heat transfer co-
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efficient may need to be increased if the fouling
buildup affects flow distribution.

(b) High Fouling Resistance, Test Conditions Near
Reference Conditions. The fouling resistance is con-
sidered high if the fouling Biot number is greater than
1. Test conditions are near reference conditions if the
uncertainty of the results is dominated by measure-
ment uncertainty (such as temperature and flow rate
uncertainties which contribute to the uncertainty in
heat transfer rate). In this case, the uncertainty in the
assumption that the average fouling resistance is the
same at test and reference conditions can be ne-
glected. However, the uncertainty in heat transfer co-
efficient may need to be increased if the fouling
buildup affects flow distribution.

(c) High Fouling Resistance, Test Conditions Sub-
stantially Different Than Reference Conditions. The
fouling resistance is considered high if the fouling
Biot number is greater than 1. Test conditions are
substantially different than reference conditions if the
uncertainty of the results is dominated by the uncer-
tainty in heat transfer coefficient. In this case, the
change in average fouling resistance may significantly
affect the accuracy of the test. The test conditions
should be changed to reduce the contribution of the
uncertainty in heat transfer coefficient. Alternatively,
calculations of a heat exchanger model can be used
to estimate the uncertainty attributed to the change
in average fouling resistance.

M pajjoiuooun “paniwiad SI uonNgUISIP 1o uononpoidal Jayuny ON "I18SN ANSISAIUN plojuels A 0T0Z-G0-190 UO papeojumop ‘(L02719811SY98]) MMM) IHIIUBIDS Uoswoyl Ag AlSIsAlun plojuels 0] pasuadl| eusrew pajybikdod



SINGLE PHASE HEAT EXCHANGERS

ASME PTC 12.5-2000

NONMANDATORY APPENDIX H — PLATE FRAME
PERFORMANCE METHODS

There is no generalized open literature method
to calculate the individual heat transfer coefficients
for plate frame surfaces. Without data for the particu-
lar plate design, estimating the coefficients based
on open literature is not recommended. Suitable
correlations may be developed using manufacturer
data or plant data. This Appendix describes a method
to determine a suitable correlation for a plate frame
heat exchanger (PHE) based on plant test data.

An algorithm to predict the performance of a PHE
may be developed by testing the PHE in the clean
condition. Starting with Eq. (H.1).

. Q
U= A(LMTD)F (H.1)

in general, flow through adjacent passages in a
PHE is countercurrent (without a cross flow compo-
nent as with shell-and-tube arrangements). As a
result, F = 1 for many PHE applications. However,
end effects reduce the mean temperature difference
and F may be less than one for some arrangements,
Reference 63. F may be less than one for designs
where very few plates and/or where multiple passes
are provided. For the analysis in this Code, it is
assumed that F = 1. The value of Q and LMTD
may be calculated from test results as described in
Section 5, and the value of A may be determined
either from vendor data or by measuring the dimen-
sions of a plate. Therefore, the value of U may be
determined and set equal to Eq. (H.2).

U= 1/(1/”7/, + T/hc +rw+rm+ ) (H.2)

where
r,,= thermal resistance of wall based on heat
transfer per unit area = AX/k,,
rim= heat transfer resistance due to fouling on
the hot side of the plate based on heat
transfer per unit area

111

r.= heat transfer resistance due to fouling on
the cold side of the plate based on heat
transfer per unit area

For a given plate of known material and thickness,
the value for r,, is known. Iif the PHE is clean when
tested, rp and r, are both zero. Therefore, the
problem is reduced to finding an expression for hy,
and h. which is correlated to the Nusselt number,

Nu, by the following expression:

h = Nu(k/D) (H.3)

where
D= equivalent hydraulic diameter
The problem is thus reduced to finding a relation-
ship for Nu as a function of Re where:

Re = D.G/u (H.4)

where
G= mass velocity = pV
The Colburn Analogy,

Nu = CRe"Pr™ (up/p,)°* (H.5)

is applicable where C, n, and m are constants and
mp=bulk average dynamic viscosity

uw= dynamic viscosity at the plate wall

The last term can be neglected for applications
where variation in fluid properties is small. Note
that for PHEs the geometry of the plate is the same
on both sides of the plate, so the same equation
for Nu applies to both sides. For turbulent heat
transfer through a flat plate, the Nusselt number is
directly proportional to the Reynolds number to the
0.75 power, and to the Prandtl number to the 0.333
power for gases, liquids, and viscous oils where
Pr > 1 (Reference 64). Therefore:
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3ap, 173 [ Kn\[ Bb 014
hh = CRe;, Pl‘h E 'u— (H.6)
e w,
AYPAGL
he = CRe*Pr.'? (-Di)(;’l) (H.7)
e w

C may be determined by conducting a test with the
PHE clean so that

rep = I'fe = 0 (H.8)

by setting the Egs. (H.1) and (H.2) equal to each
other.
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- Q _
U= ALMTD) E = 1/(1/hy + 1/hc + 1)

(H.9)
the value for C may be computed by substituting
for hy and h. and solving for C as indicated in Eq.
(H.10).

D, D,
s . 0.14 + 0.14
Rey,"Pry"s (“%u ) kn Re’lpr.” (“‘%L ) k.
c= ALMTD) __
0 w (H.10)

Alternately, C may be determined from manufac-
turer’s data. By trial and error, the value of C may
be found that provides the best agreement with
vendor predictions of U for an array of two or more
Reynolds numbers (Reference 65).
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NONMANDATORY APPENDIX | — THERMAL

PHYSICAL

Accurate information of thermal physical proper-
ties of fluids and of the wall, which separates the
hot and cold streams, is needed for a test. This
Appendix provides guidance in determining property
values and estimating their uncertainties.

1.1 FLUID PROPERTIES REQUIRED FOR A TEST

The following fluid properties for the hot and cold
fluid streams are needed for a test:

Fluid Property Test Parameter Calculated

mass flow rate of the hot and cold
streams at test conditions, m. and
my

heat transfer coefficient of the hot
and cold streams at test and
reference conditions, hy, h., hy*
and h.*

pressure loss of the hot and cold
streams at test and reference
conditions, AP,., AP, .*

heat transfer rate of the hot and
cold streams at test conditions, Q
and Q..

heat transfer coefficient of the hot
and cold streams at test and
reference conditions, hy, h., hy*
and h.*

heat transfer coefficient of the hot
and cold streams at test and
reference conditions, hy, h., hy*
and h.*

pressure loss of the hot and cold
streams at test and reference
conditions, 4P,.,, 4P,..*

heat transfer coefficient of the hot
and cold streams at test and
reference conditions, hp, h., hy*
and h.*

density, p

specific heat, ¢,

absolute viscosity, ©

thermal conductivity, k

1.2 OPEN LITERATURE SOURCES OF FLUID
PROPERTY DATA

As discussed in Section 3, the parties to the
test shall agree to the method of determining fluid
properties. The following sources of open literature
data are provided for Reference:

PROPERTIES

Data Source

Fluids

ASME Steam Tables,
Reference 66

TEMA Standards, Section 8,
Reference 28

Chapter 5 of HEDH by M.
Schunck, R.N. Maddox,
Z.P. Shulman, Reference
26

reid, R.C., Prausnitz, J.M.,
and Poling, B.E., Reference
67

Handbook of Physical
Properties of Liquids and
Gases, Reference 68

ASHRAE Handbook of

water, steam

liquid petroleum fractions,
organic liquids, petroleum
vapors, hydrocarbon gases and
other miscellaneous liquids and
gases

pure liquids, gases and mixtures
(including organics, oils,
halogens)

pure liquids, gases and mixtures
including an extensive
bibliography

pure compounds (including
organic compounds and
halogens), binary gas mixtures,
liquid fuel and oils

air, halogens

Fundamentals, Reference
69

The uncertainty of specific heat for the hot and
cold streams shall be considered. Using the ASME
Steam Tables, an uncertainty in the specific heat of
+1% is considered reasonable and bounding for
water. For other liquids, an uncertainty in the specific
heat of +5% is considered reasonable for most
instances based on the discussion in Reid, Prausnitz,
and Poling. For steam and dry air, an uncertainty
of 1% is considered bounding for operating condi-
tions not near the critical point. For other gases, an
uncertainty of +2% is considered appropriate based
on the discussion in Reid, Prausnitz and Poling. In
general, larger uncertainties should be considered
when fluids are operating near the critical point since
the accuracy of the standard correlation methods is
reduced.

The uncertainty of fluid density, viscosity, specific
heat and thermal conductivity should be considered
in determination of heat transfer coefficients. In
general, the uncertainty limits for heat transfer coef-
ficients in Section 6 include the effects of uncertain
properties for many engineering applications. Judg-
ment is needed to apply the appropriate uncertainty
for a particular test.
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L3 FLUID SAMPLING PROCEDURES

For fluids whose properties are known to change
significantly within in a heat exchanger or for fluids
whose properties are not known with sufficient confi-
dence, sampling and analysis should be performed.
Sampling should be performed when the uncertainty
attributed to generalized correlations of fluid property
data dominates the overall uncertainty of the perform-
ance analysis.

The objective of gas and liquid sampling is to
obtain a small volume of fluid which has the same
properties as the bulk fluid in the process stream.
Considerable planning and effort are needed to obtain
and analyze fluid samples, which are representative
of the bulk fluid stream without leakage to the environ-

SINGLE PHASE HEAT EXCHANGERS

ment. A description of factors, which need to be con-
sidered, is beyond the scope of this Code and is in-
cluded in References 70-73. The pretest uncertainty
analysis may be used to determine the need and preci-
sion of any fluid sample analysis for a Code test.

1.4 THERMAL RESISTANCE OF WALL

Thermal conductivity of the wall, which separates
the hot and cold streams, may vary with temperature.
This variation may result in a significant change in
the thermal resistance of the wall between test and
reference conditions. The thermal conductivity as a
function of temperature for metals commonly used
in heat exchangers is provided in TEMA Standards,
Reference 28.
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NONMANDATORY APPENDIX ] — ROOM COOLER
PERFORMANCE METHODS

J.1 INTRODUCTION

Room coolers are tube-in-plate fin heat exchangers
that remove equipment and lighting loads from open
spaces and transfer the heat to other heat exchange
systems or cooling systems. The tubes can be in-
line or staggered, and the fins can be flat, corrugated,
or discontinuous. Room coolers are often referred
to as chilled or heated water coils, and air-side
performance data is often proprietary. The test meth-
ods described in this Appendix are based on sensible
heat transfer with minimal condensation.

J.2 PREPARATION AND TESTING

Field testing of room coolers requires special atten-
tion to ensure accurate results. Recommended test
practices are discussed in this Appendix. Required
measurements include:

(a) Inlet water temperature

(b) Outlet water temperature

(c) Water flow rate

(d) Inlet air dry-bulb temperature

(e) Outlet air relative humidity or wet-bulb temper-
ature
~ (f) Inlet air barometric pressure

(g) Outlet air dry-bulb temperature

(h) Air flow rate (actual or converted to standard
conditions)

J.2.1 Water Measurements

Room coolers often have modular coil arrange-
ments, where additional capacity has been gained by
adding coils in parallel with each other. Inlet and
outlet liquid enters or discharges from tubes to a block
header, which then splits or joins into the common
feed line. Although temperatures to individual coils
can be measured separately, water flows typically
cannot. Water temperatures and flows should be mea-
sured on inlet headers upstream and downstream of
the heat exchanger.

Water measurements are performed with the
methods discussed in Section 4.

115

}.2.2 Air Measurements

Inlet and outlet air-to-room coolers may be ducted
or unducted. The inlet face is often unducted, and
the entering air is unconditioned. The coils may be
constructed into one face or as adjacent faces (similar
to sides of a box). Inlet air flows are usually measured
with propeller or vane anemometers. Inlet tempera-
tures are measured with low profile RTDs, thermistors,
thermocouples, or other temperature devices. As with
water conditions, air temperatures and flows should
be measured to represent the entire cooler and not
individual coils.

Air-side measurements are usually taken using an
instrument traverse because large numbers of mea-
surements are often required to improve test accuracy.
An individual sensor may be used to measure each
location, or an array of sensors may be used with a
movable grid. Air flow and temperature are assumed
to remain steady during the measurement period. Inlet
air is typically not stratified but can have large spatial
variations in temperature. Depending on the individ-
ual application and sensitivity of heat load to inlet air
temperature, thirty or more measurements may be
required.

Outlet air (gas) temperatures taken downstream of
the fan or fan/motor assembly may require correction
for fan or motor losses, depending on how the coils
were originally rated and on whether motor heat is
discharged into the conditioned air stream or into the
room environment. These losses and the resulting rise
in outlet air temperature can be estimated from motor
current, voltage, and fan speed.

J.2.3 Fan Motor Power

Motor power is measured, when necessary, using
a true RMS power meter. The motor power and
fan efficiency are used to estimate rise in outlet
temperature attributed to fan inefficiency.

J.2.4 Measurement Constraints

It is critical to integrate uncertainty analysis into
room-cooler test -design. Small temperature differ-
ences will result in unacceptably high errors in
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measured heat transfer rates. Expected or available
test loads must be determined and used in pre-test
analysis. Accurate and repeatable tests depend upon
the following:

(a) Accurate water temperature measurements and
flow measurements (for example, total water tempera-
ture measurement uncertainties less than + 0.5°F and
water flow rate uncertainty less than + 3% are often
needed to meet the uncertainty ranges specified in
para. 1.3 for U* and Q¥.

(b) Large mean temperature differences (for exam-
ple, EMTD greater than 10°F is often needed to meet
the uncertainty ranges in para. 1.3 for U* and Q*.

(c) Operating the fan at the same speed as at refer-
ence conditions, which eliminate air flow as a critical
variable.

(d) Water-side heat load should be measured accu-
rately and used to analyze room cooler performance.
Under these conditions, the uncertainty in air flow
measurements do not have a significant effect on the
results since the uncertainty in heat transfer rate is
determined by water measurements (i.e., the
weighting factor for air side heat transfer rate is small).
The uncertainty in air temperature measurements has
‘a small effect on the uncertainty in EMTD since the
mean temperatures difference is large, and the uncer-
tainty in air-side heat transfer coefficient has very little
impact on overall uncertainty because the volumetric
flow rate at test and reference conditions is about the
same.

(e) Other things to consider include:

(1) Coolers with composite loads from heavy
mass systems or structures should be preconditioned
for 12 hours or more prior to testing.

(2) Electric resistance space heaters may be used
to boost room loads and provide higher temperature

~ differences.

(3) Field verification of drain pans or valves
should be completed to confirm dry coil conditions.

J.3 EVALUATION OF RESULTS
).3.1 Coil Geometry

(a) Evaluation of a cooling or heating coil may re-
quire the following design data:
(1) Length and width of coil frame
(2) Total external coil surface
(3) Straight tube length per pass
(4) Equivalent length of coil per return bend
(5) Tube outside diameter
(6) Tube wall thickness
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(7) Total number of tubes in coil

(8) Coil depth in number of tube rows

(9) Tube material/thermal conductivity

(10) Number of tube circuits in coil

(11) Transverse tube spacing

(12) Longitudinal tube spacing

(13) Fin thickness

(14} Fin spacing

(15) Fin depth in direction of air flow

(16) Fin length perpendicular to direction of
tubes

(17) Fin root radius

(18) Fin material/thermal conductivity

(b) Other information that may be necessary in-

cludes:

(1) Turbulators (none, spiral, or other)

(2) Fin type (flat, corrugated, discontinuous)

(3) Coil type (serpentine, etc.)

J.3.2 Correlations

).3.2.1 Tube-Side. Many room coolers are de-
signed for low fluid velocities, and turbulators are
sometimes used to increase the effective Reynolds
number in these exchangers. Performance curves
for turbulators are not available in this Code. Tube-
side film and friction coefficients are provided in
Appendix F.

).3.2.2 Air-Side. Air-side heat transfer perform-
ance is typically determined using commercial heat
exchanger software or manufacturer coil-selection
software. Some data has been correlated in the open
literature, and a recent publication, Reference 76,
identifies the following formula by correlating data
from several previous researchers:

0.106
j = 0.163 Re3:° (Pn /,,p)

0.0138 0.13
(/a)  (eo/a)
where

Renax= Reynolds number based on the maximum
air velocity (gap velocity) = pVpaxdy/ut
d,= outside tube diameter
Vmax= maximum velocity based on minimum
flow area
pn= tube spacing normal to flow direction
pp= tube spacing parallel to flow direction
wy= spacing between adjacent fins

.1
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FIG. J.1 TYPICAL GEOMETRY OF TUBE-IN-PLATE
FIN AIR COOLER HEAT EXCHANGER

(a) This correlation is considered applicable for:
(1) number of tube rows > 3
(2) 505 < Remsy < 24707
(3) 0.857 2 p,/pp 2 1.654
4) 1.996 < p, /d, < 2.881
(5) 0.081 < w;/d, < 0.641
(b) Figure J.1 shows the schematic arrangement for
a typical tube bundle.

).3.3 Analytical Constraints
As with other types of heat exchangers, steady-
state conditions should be obtained prior to testing.
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Gas-to-liquid heat exchangers have a slower thermal
response than liquid-to-liquid exchangers, and pre-
test operation should be long enough to develop
steady conditions (approximately 15 to 30 minutes).

Also, the sensible heat ratio (sensible load divided
by total load) should be greater than 95% to minimize
the error associated with condensation heat transfer,
ARI[410, Reference 74. Field verification of drain pans
or valves can be made to confirm this requirement.

Accurate air properties should be obtained. Air
specific heat and other properties vary with absolute
moisture content and can impact calculated heat
loads by several percentage points.
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NONMANDATORY APPENDIX K — EXAMPLES

This Appendix contains several example calcula-
tions of performance based on the requirements and
guidance in this Code.

K.1 THERMAL PERFORMANCE OF A SHELL-
AND-TUBE HEAT EXCHANGER

Figure K.1 shows a water-to-water heat exchanger
in a commercial power plant. The shell side contains
modified double segmental baffles and the flow
arrangement is considered to be counterflow with
F =1

(a) Review Raw Data (para. 5.2.1). More than an
hour prior to the test period, steady plant conditions
are established. During the test period, the data acqui-
sition system recorded data from the instruments at a
rate of once per second. Traces of the data over a one
hour test period are reviewed and the test conditions
appear to be consistent with the test plan and other
pre-test agreements. No gross errors in the data are
identified. A 15 min window is selected where the
inlet temperature and flow conditions do not appear
to change 15 min prior to and throughout the duration
of the test window.

(b) Average Selected Data and Calculate Standard
Deviation (para. 5.2.2). The average and standard de-
viation is calculated for the data at each measurement
station in accordance with the definitions in PTC 19.1,
Reference 1:
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where
x;= a measurement of parameter x
X= average of parameter x over the test window
s,= standard deviation of x over the test window
N= number of measurements over the test
window

Ne= (60 measurements

T minute ) (15 mmuftes) = 900
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TABLE K.1
AVERAGE AND STANDARD DEVIATION FOR ¢;
x Sy
Location P °P
Top 79.95 0.05
Right 79.92 0.03
Bottom 79.90 0.06
Left 79.88 0.07
TABLE K.2
AVERAGE AND STANDARD DEVIATION FOR T;
X Sy
Location °P °P
Top 95.40 0.07
Right 95.30 0.05
Bottom 95.15 0.04
Left 95.22 0.06

The averages and standard deviations for each
measurement station are shown in Tables K.1 to K.5.
The mass flow rate is calculated using the density
of water based on the average inlet temperatures:

3
m. = (20475 gpm)(62.23 lbm/ft’) (‘7%5;——85)

50 minutes) _ 40.22(10)¢ Ibmvhr
1 hour

3
mp, = (12055 gpm)(62.05 lbm/ft3) (—————7 4;(;; gal)

60 minutes
1 hour

) = 6.000(10)° Ibm/hr

(c) Evaluate the Uncertainty of Temperature and
Flow Measurements (para. 5.2.3). The measurement
uncertainties include effects due to instrument calibra-
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SINGLE PHASE HEAT EXCHANGERS

. T ~ 7 T~ t; (4 measurement stations)
t, (8 measurement stations) |_. - I - j Cold stream flow rate

- = - - - ‘-‘ —
Tube - L Tube

outlet | l— | - l T ]_- inlet

Y
Shell Shell
inlet outlet

T; (4 measurement stations)
Hot stream flow rate

y
T, (8 measurement stations)

F=1

TEMA E 1 Shell Pass/1 Tube Pass
7lgin., 18 BWG, 90/10 CuNi tubes

A =18730 ft?

FIG. K.1

CONFIGURATION FOR WATER-WATER HEAT

EXCHANGER TEST IN A POWER PLANT

TABLE K.3
AVERAGE AND STANDARD DEVIATION FOR ¢,
X Sy TABLE K.4
Location °P °F AVERAGE AND STANDARD DEVIATION FOR T,
l’op - 86.80 0.08 X Sy
op-Right 86.52 0.10 : ° °
Rigpht 8 86.05 0.05 Location P P
Bottom-Right 85.26 0.10 Top 86.18 0.10
Bottom 84.65 0.15 Top-Right 85.70 0.05
Bottom-Left 84.95 0.07 Right 85.55 0.08
Left 85.75 0.15 Bottom-Right 85.13 0.08
Top-Left 86.03 0.06 Bottom 84.85 0.12
Bottom-Left 85.36 0.06
Left 85.48 0.07
Top-Left 86.01 0.10
tion, spatial variation, installation, data acquisition,
and random error based on 95% confidence.
(1) Temperature Calibration Uncertainty. The
temperature measurements are performed using type
T thin film thermocouples mounted to the outside
surface of the pipe. Four thermocouples are mounted
at equally spaced locations at the inlets, and eight
TABLE K.5

thermocouples are mounted at equally spaced loca-
tions at the outlets. Prior to the test, the thermocouples
are calibrated as a matched pair (measuring and refer-
ence junctions) to within +0.2°F. The calibration is
performed using the same data acquisition equipment
as used in the test (and therefore the uncertainty attrib-
uted to data acquisition is neglected). The calibration
is performed as a check against a standard tolerance;
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AVERAGE AND STANDARD DEVIATION FOR
HOT AND COLD STREAM FLOW RATES

X Sy

Location (gpm) (gpm)
Cold Stream Inlet 20475 410
Hot Stream Inlet 12055 280
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SINGLE PHASE HEAT EXCHANGERS

adjustments are made only when the result is outside
the tolerance interval. As such, the uncertainties in
temperature calibration for different instruments may
be considered independent. In addition, random error
attributed to the instrument and data acquisition sys-
tem variations while system conditions are constant
is small and is neglected.

(2) Temperature Installation Uncertainty. The
thermocouple junctions and six inches of wire are
mounted under a blanket of insulation with a thermal
resistance more than 4000 times the resistance be-
tween the fluid and thermocouple. A calculation of
heat transfer from the fluid to the environment esti-
mates that the systematic error is 0.05°F.

(3) Temperature Spatial Variation Uncertainty.
The temperature distribution is not uniform at the pipe
cross sections. Using surface temperature measure-
ments, the bulk average fluid temperature is calcu-
lated by applying weighting factors to the surface tem-
perature measurements and adding the contribution
of each weighted temperature. The weighting factors
can be determined using available data for the internal
temperature distribution or based on assumptions re-
garding the distribution. Data regarding the shape of
the fluid temperature distribution in the pipe is not
available for this application. As a result, it is assumed
that each surface temperature measurement repre-
sents the temperature of an equal fraction of fluid
mass, and the bulk average fluid temperature is esti-
mated by averaging the surface temperature measure-
ments around the pipe circumference. The estimate
of the inherent systematic error attributed to the differ-
ence between the numerical average temperature and
the true bulk average temperature is the spatial varia-
tion uncertainty.

, (a) For this test, the spatial variation of the out-
let temperatures is substantial over the pipe cross sec-
tion. The temperature at the top of the pipe is higher
than at the bottom of the pipe and it is concluded that
the bulk average temperature is somewhere near the
middle of the spread between the maximum and mini-
mum temperature. Without internal temperature data,
it is not clear if the distribution is uniformly stratified
(with horizontal isotherms) or if the distribution is dis-
torted from this ideal case. For this example with eight
equally spaced measurement stations for each outlet
location, it is assumed that the error associated with
equal weighting factors is randomly distributed.’ As

! Test experience indicates that it is reasonable to assume random
errors with equal weighting factors provided that the number
of measurement stations is 10 or less. For more stations, the
measurement errors at adjacent locations may be correlated so
that the spatial error of two adjacent stations may be approxi-

121

ASME PTC 12.5-2000

TABLE K.6
BULK AVERAGE TEMPERATURES AND
ASSOCIATED SPATIAL VARIATION

UNCERTAINTIES
_ bSpatVar
Parameter X (°F) °P
t; 79.91 0.05
t 85.75 0.63
T; 95.27 0.17
To 85.53 0.37

such, the method described in PTC 19.1, Reference
1, is adapted to estimate the systematic uncertainty
due to spatial variation:

A

bSpatVar =t (K. 1)
where
X= time weighted average at a measurement
_ station
X = estimate of the bulk average at a flow cross-
section

J= number of measurement stations at a flow

cross-section

t=Student t for J-1 degrees of freedom =

3.182 for inlet temperatures and 2.365 for
outlet temperatures
(b) Forthe inlettemperatures, the spatial varia-
tion in the temperature is less than for the outlet tem-
peratures. The assumption regarding the random dis-
tribution of spatial errors is the same as with the outlet
temperature measurements and therefore Eq. (K.1) is
used to estimate the uncertainty in spatial variation
for inlet temperatures.

The estimates of the bulk average temperatures
and the associated uncertainties in spatial variation
are shown in Table K.6.

(4) Temperature Process Variation Uncertainty.
During the test period, random variations in the pro-
cess temperatures are observed. Since the one Hertz
sampling rate is greater than the frequency of the pro-
cess variations, successive temperature measurements

mately equal. Since the method described in this example applies
where spatial error is random for each measurement station,
additional information regarding the internal temperature distribu-
tion would be needed to reduce the uncertainty for more than
10 measurement stations.
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) TABLE K.7
TEMPERATURE UNCERTAINTY
ATTRIBUTED TO PROCESS VARIATIONS

Parameter (°P
t; 0.028
to 0.052
T; 0.029
T, 0.044

are not independent of process variations. The uncer-
tainty attributed to process variations is calculated
based on independent time intervals such that process
variations in successive time intervals are not corre-
lated. The uncertainty attributed to random process
variations is calculated in accordance with the guide-
lines in Appendix A based on 15 one-minute intervals.
A qualitative evaluation of the data indicates that
changes in these 1 minute average temperatures are
random and are less than the standard deviations in
Table K.1 to K.4. As such, it is concluded that the
process is stationary. Based on 15 one-minute inter-
vals, the standard deviation for the process variations
may be estimated by adapting Eq. (A.3) as follows:

(K.2)

where
J= number of measurement stations
Since the process is stationary, drift is negligible
and based on Eq. (A.4), u,, = 2s5. The uncertainty
due to process variations are shown in Table K.7:

(5) Overall Temperature Measurement Uncer-
tainty. The overall measurement uncertainty is calcu-
lated by combining the uncertainties for calibration,
installation, spatial variation and process variations
by a root-sum-squares as identified in Eq. (B.4), (noting
that random errors of the instrument and data acquisi-
tion are included in the calibration uncertainty). The
results are summarized in Table K.8.

(6) Flow Measurement Uncertainty Attributed to
Calibration, Installation, Data Acquisition, Spatial
Variation and Random Error. The calibration of the
flow instrument was performed by the manufacturer
prior to the test. Based on data from the manufacturer,
the flowmeter is accurate to within 3% of reading if
installation requirements are met. The experience of
the test personnel (from previous tests performed in a
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flow test laboratory) indicates that the manufacturer
accuracy data includes effects due to calibration, in-
stallation practices, spatial variation (flow profile ef-
fects), and random instrument error. Furthermore, this
experience indicates the data acquisition uncertainty
is small compared to these other factors and can be
neglected. The combined uncertainty attributed to
calibration, installation, data acquisition, spatial vari-
ation and random instrument error, uc,, is +3% of
reading as shown in Table K.9.

(7) Flow Measurement Process Variation Uncer-
tainty. As with the temperature data, the uncertainty
attributed to drift is neglected and the uncertainty due
to random variations is twice the standard deviation
of process variations for 15 one-minute intervals.
(Based on Eg. (K.2) where J = 1 flow measurement
station and applicable density and units conversion
are applied). Table K.10 shows the uncertainty in flow
measurement process variations based on Eq. (K.2).

(8) Uncertainty of Inlet Fluid Density Used to
Calculate Mass Flow Rate. The uncertainty of the fluid
density is a function of the uncertainty of the com-
pressed water data in the Steam Tables, Reference 66,
and the uncertainty of the inlet water temperature
measurements. The uncertainty of inlet fluid density
is bounded by the hot stream density uncertainty
which is given by:

_ dp 2
UP - \/bzp,sleam tables + (-87 uri ) (K3)

The uncertainty of the specific volume data for
compressed water in the Steam Tables is estimated
to be about +0.01%. The sensitivity coefficient for
the temperature measurement is dp/d7 = 0.01 (lbm/
fE)/°F and the uncertainty of the hot stream inlet
temperature is +0.27°F. The resulting uncertainty in
density, u, is less than 0.1% and is not considered
further since it is a negligible contribution to the
overall flow measurement uncertainty.

(9) Overall Flow Measurement Uncertainty. The
overall flow measurement uncertainty is calculated
-by combining the uncertainties by a root-sum-squares.
The results are summarized in Table K.11:
The measurement data is summarized as follows:

79.91 = 0.21°F

i =

t, = 85.75+ 0.66°F

T, = 9527 +0.27°F

T, = 85.53 +0.43°F
m. = 10.22(10)® + 0.33(10)® lbm/hr
m, = 6.00(10)® + 0.19(10)® lbm/hr
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ASME PTC 12.5-2000

TABLE K.8
OVERALL MEASUREMENT UNCERTAINTY FOR TEMPERATURES
Parameter bear binstant bSpatVar Upy Uoverall
P P - P P ‘P
t; 0.2 0.05 0.05 0.028 0.21
t, 0.2 0.05 0.63 0.052 0.66
T; 0.2 0.05 0.17 0.029 0.27
T, 0.2 0.05 0.37 0.044 0.43
(d) Compute the Heat Transfer Rate at Test Condi-
tions (para. 5.3.1). The average temperature of the
TABLE K.9 cold stream is (79.91 + 85.75)/2 = 82.83°F and the

FLOW MEASUREMENT UNCERTAINTY
ATTRIBUTED TO CALIBRATION,
INSTALLATION, SPATIAL VARIATION, AND
RANDOM INSTRUMENT VARIATIONS

Parameter Uy (Ibm/hr)
me 0.307(10)®
my, 0.180(10)

TABLE K.10
FLOW MEASUREMENT UNCERTAINTY
ATTRIBUTED TO PROCESS VARIATIONS

average temperature of the hot stream is (95.27 +
85.53)/2 = 90.40°F. The specific heat of the hot and
cold streams are based on these average temperatures
using data from the Steam Tables, Reference 66:

Cp,n = 0.998 Btu/lbm — °F
Cp,c = 0.998 Btu/lbm - °F

The hot and cold stream heat transfer rates are
calculated based on Egs. (5.1) and (5.2):

Qn

mhcp,h( Ti—To)

6.000(10)® (0.998)(95.27 — 85.53)
58.32(10)® Btu/hr

mcCp,c(to - ti)

10.22(10)® (0.998)(85.75 ~ 79.91)
59.57(10)® Btu/hr

Qc

The uncertainty is calculated based on Egs. (B.5)
and (B.6) and sensitivity coefficients in Table B.2.

Parameter up, (Ibm/hr) The results are summarized in Tables K.12 and K.13.
-~ 0.106010° The heat balance is assessed by evaluating the
m, 0.072(10)° overlap of uncertainty bars. This example meets the
conditions of complete overlap as shown in case a
for Fig. 5.1. As such, a heat balance is confirmed
and the weighted average heat transfer rate is calcu-
lated in accordance with Eq. (5.3):
TABLE K.11
OVERALL MEASUREMENT UNCERTAINTY FOR FLOW
Ucaj Upy Uoverali
Parameter (Ibm/hr) (Ibm/hp) (Ibm/hr)
me 0.307(10)° 0.106(10)® 0.325(10)°
my, 0.180(10)° 0.072(10) 0.194(10)®
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SINGLE PHASE HEAT EXCHANGERS

TABLE K.12
UNCERTAINTY IN HOT STREAM HEAT-TRANSFER RATE
Uncertainty
Contribution, (6u)?
Contributing Factor ~ Uncertainty, v Sensitivity, 6 (Btu/hr)?
Inlet hot stream temperature, T; 0.27°F 5.988(10)® Btu/hr-°F 2.614(10)"
Outlet hot stream temperature, T, 0.43°F -5.988(10)° Btu/hr-°F 6.630(10)"2
Hot stream flow rate, my, 0.194(10)° Ibm/hr 9.721 Btu/lbm 3.557(10)"?
Hot stream specific heat, ¢, 0.00998 Btu/lbm-°F  58.44(10)® lbm-°F/hr 0.340(10)"

Total uncertainty in hot stream heat transfer rate = 3.625(10)° Btu/hr.

TABLE K.13
UNCERTAINTY IN COLD STREAM HEAT-TRANSFER RATE
Uncertainty
Contribution, (6u)?
Contributing Factor ~ Uncertainty, v  Sensitivity, 8 (Btu/hr)?
Inlet cold stream temperature, ¢; 0.21°F -10.20(10)° Btu/hr-°F 4.588(10)"
Outlet cold stream temperature, t, 0.66°F 10.20(10)® Btu/hr-°F 45.32(10)"2
Cold stream flow rate, m. 0.327(10)® lom/hr 5.828 Btu/lbm 3.632(10)"?
Cold stream specific heat, ¢, 0.00998 Btu/lbm-°F  59.68(10)® Ibm-°F/hr 0.355(10)"

Total uncertainty in cold stream heat transfer rate = 7.341(10)® Btu/hr.

2 2
ave 2 2 c 2 2 h
uge + Ugh Ugc + Uk

_ 3.625°
T 17.341% + 3.6257

) 59.57(10)°

7.3412
7.3412 + 3.6252

) 58.32(10)®

= 58.57(10)° Btu/hr

The uncertainty of the average heat transfer rate
is calculated using Eq. (B.7):

[UQC4UQh2 + th4 UQCZ] 172

u =
Qave UZQC N Uth
_ 1(7-341)%3.625)* + (3.625)*(7.341)%]'? (10)°
7.341% + 3.625%
= 3.25(10)° Btuhr
where

Qave= 58.57 + 3.25 (10)® Btu/hr
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(e) Compute the Effective Mean Temperature Dif-
ference at Test Conditions (para. 5.3.2). The flow ar-
rangement is considered counterflow so that F = 1.
Therefore, the effective mean temperature difference
is the same as the log mean temperature difference
which is calculated using Eq. (D.1):

(Ti=to) = (To = t;)
((Ti -t

EMTD

In

(Ta - ti))

_ _(95.27 - 85.75) — (85.53 - 79.91)
in ((95.27 - 85.75

) = 7.40°F
Kss.ss - 79.91))

The uncertainty of the mean temperature differ-
ence at test conditions is based on the uncertainties
of the measured terminal temperatures, biases for
variable U and non-uniform temperature distribution
over a flow cross section in accordance with Eq.
(D.7):
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SINGLE PHASE HEAT EXCHANGERS

2 2 2
Uemrp = [‘9EMTD,[;U,,-) + (6emTD, t0Ur0)” + (Ggmrp, ;U )
1/2
2, 12
+ (Bemrp, 1,U7,) "+ bEmTO,U + b%MTD,mixing:I

The method to estimate the bias terms is based
on pre-test agreements. To determine the bias attrib-
uted to variable U, bgurp,, a variation of fouling
resistance on the inside surface of the tubes is
assumed based on heat exchanger inspections and
previous plant experience. It is observed that silt
attachment in the biofilm layer varies along the tube
length with additional silt attached to the inlet end
of the tubes. Bounding estimates for the variation
of fouling resistance are typical fouling Biot numbers
for water-water heat exchangers (see Appendix G
for the definition of fouling Biot number). It is
assumed that the outlet end of the tubes are clean
and the fouling Biot number is 0, and that inlet
conditions are fouled such that the fouling Biot
number is 1. (At the end of this example it is shown
that these assumptions bound the fouling range for
this test). Under these conditions, U;/U, = 0.5 and
Eg. (D.15) is used to estimate bgurp, v,

4T
2(Uy/U; = ATh/4T) |
bemro,u = (oL, VAT n( ATZ)
EMTD — ' °
Uy/U,
(1 + U1/U2)(AT1/AT2 -1 In (m)

1- 2(0.5 - 1.69)In1.69 = 0.0092

(1+0.5%1.69 = DIn(®¥ ¢9)

The resulting bias, bgyrpy = 7.4(0.0092) =
0.07°F

For non-uniform temperature distribution, the bias,
BemT,mixing/EMTD = 2% from the discussion in para.
D.3.1.3 (corresponding to bemrp,mixing= 0.15°F). The
uncertainty in mean temperature difference and at
test conditions is calculated based on Eq. (D.7) and
sensitivity coefficients in Table D.1. The results are
summarized in Table K.14.

(f) Compute the Overall Heat Transfer Coefficient
at Test Conditions (para. 5.3.3). The overall heat trans-
fer coefficient at test conditions is calculated based
on Eqg. (5.5).

__ Qae _ 5857(10° Btu
U'= AEMTD) ~ (18730)7.40) = 226 Frfor

The associated uncertainty is calculated based on
Eq. (B.8) and sensitivity coefficients in Table B.3.
The results are shown in Table K.15.
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(g) Determine Individual Heat Transfer Coefficients
at Test Conditions (para. 5.3.4). Based on a pre-test
agreement, the heat transfer coefficients are deter-
mined using a proprietary computer code. The heat
transfer coefficients at test conditions are calculated
as follows:

he= 1411.1 Btu/(hr-ft>-°F)
hy=1215.8 Btu/(hr-ft’-°F)

The uncertainty in convective thermal resistance
is based on a 10% uncertainty in tube-side heat
transfer coefficient and 50% uncertainty in shell-
side heat transfer coefficient. The large uncertainty
in shell-side uncertainty is attributed to the unusual
baffle arrangement and the associated ability to
predict heat transfer coefficient.

(h) Determine the Wall Resistance at Test Condi-
tions (para. 5.3.5). The wall resistance at test condi-
tions is given by expression which is adapted based
on Eq. 5.6:

_ do In(do /d,‘)

R, = 2kA (K.4)

where k,, is the thermal conductivity of 90-10 Cu-
Ni tubes based on the average wall temperature. For
this example, the wall temperature is approximated at
the midpoint between the hot and cold fluid streams.
Therefore;

= 79.91 + 85.75 + 95.27 + 85.53 = 86.6°F
4
where
k,= 29 Btu/hr-ft-°F, Reference 28
d,= 0.875 in. = 0.0729 ft
d;=10.875 - 2(0.049) = 0.777 in.
The wall resistance at test conditions becomes:

_ do In(d,/d) _ 0.0729 In(0.875/0.777)
- 2k, A - 2(29)18730

= 8(10)"? hr-°F/Btu

Rw

(i) Solve the Heat Transfer Equations at Reference
Conditions (para. 5.4.1). The thermal performance pa-
rameters are calculated using methods based on pre-
test agreements. The reference conditions are defined
by the following parameters:

*=171.6°F
mp*= 3.22(10)° Ibm/hr
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TABLE K.14
UNCERTAINTY IN EMTD AT TEST CONDITIONS
Uncertainty
Contributing Sensitivity, 6 Contribution, (6u)?
Factor Uncertainty, u  (dimensionless) (°F)?

Inlet hot stream

temperature, T; 0.27°F 0.42 0.0129
Outlet hot stream

temperature, T, 0.43°F 0.60. 0.0666
Inlet cold stream

temperature, {; 0.21°F -0.60 0.0159
Qutlet cold stream

temperature, t, 0.66°F -0.42 0.0768
Variation in overall

heat transfer

coefficient, bemro,u 0.07°F 1 0.0049
Incomplete thermal

mixing, bEMTD.mixing 0.15°F 1 0.0225

Total uncertainty in EMTD at test conditions = 0.45°F.

TABLE K.15
UNCERTAINTY IN OVERALL HEAT TRANSFER COEFFICIENT AT TEST
CONDITIONS
Uncertainty
Contribution, (8u)?
Contributing Factor ~ Uncertainty, u Sensitivity, (Btu/hr-ft*-°F)?
Average heat transfer 3.25(10)° Btu/hr 7.22(10)78 ft2oF! 550.6
rate, Qave
Mean temperature 0.45°F 57.1 Btu/hr-ft-°F? 660.2

difference, EMTD

Total uncertainty in overall heat transfer coefficient at test conditions = 34.8 Btu/hr-ft>-°F.

ti*= 87.0°F
mc*= 8.34(10)° lbmv/hr
The performance at reference conditions is calcu-
lated by solving Egs. (5.9), (5.10), (5.11) and (5.12)
using an iterative approach. First, average hot stream,
cold stream and wall temperatures are assumed,
and the individual heat transfer coefficients, specific
heats and wall resistance are calculated. (The individ-
ual heat transfer coefficients are calculated using the
computer program, the specific heats are calculated
using the Steam Tables, and the wall resistance is
calculated using Eq. (K.4).) The results of these
calculations are as follows:
hy*= 981.2 Btu/(hr-ft*-°F)
*= 1314.2 Btu/(hr-ft>-°F)
Cp.c*= 0.998 Btu/lbm-°F
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Coh*=

R.*= 8(107% hr-°F/Btu

The overall heat transfer coefficient is calculated
using Eq. (5.15):

0.999 Btu/lbm-°F

Ut =

cl=

+

1

1
A 1 1
T =" 5 Rw‘- Rw
} * NAc lhc‘ th *( )

=~

A l_‘_ _
AR | hn*

B 1 1 N -
= l%226*|9812 " 12158 F ' 13142 74111

where

Btu

381.4m

=1 since the tubes are plain without
enhancement
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ASME PTC 12.5-2000

TABLE K.16
UNCERTAINTY IN HEAT TRANSFER COEFFICIENT AT REFERENCE
CONDITIONS

Contributing Factor

Uncertainty, u

Uncertainty
Contribution, (6u)?

Sensitivity, 6 (Btu/hr-ft2-°F)?

Overall heat transfer
coefficient at test
conditions, U

Adjustment in hot stream
heat transfer coefficient,
(1/h* = 1/h)y,

Adjustment in cold stream
heat transfer coefficient,
(1/h* = 1/h).

34.8 Btu/hr-ft>-°F

9.83(10)™° hr-ft-°F/Btu

5.23(10) hr-f®-°F/Btu

0.815 804.4

1.45(10)° (Btu/hr- 203.2
ft-oF)2

1.64(10)° (Btu/hr- 0.7
ftz_oF)2

Total uncertainty in overall heat transfer coefficient at reference conditions = 31.8 Btu/hr-ft2-°F.

AlpA)p= 1

A/lmA)e= dy/d; = 0.875/0.875 - 2(0.049))
= 1.13

R.*=R,=0

Based on the design data for the heat exchanger,
the overall heat transfer coefficient for clean condi-
tions is 610 Btu/hr-ft’-°F. Therefore, the fouling Biot
number for this example is:

Uclean

610
ur T T

-1 =35

Bif = rlUciean = -1=06

This fouling Biot number is typical and the assump-
tion used to calculate bygwrp is bounding.

The outlet temperatures and heat transfer rate are
calculated by solving Egs. (5.9), (5.10), and (5.11)
simultaneously.

T,*= 101.8°F
t,*= 114.0°F

EMTD* = 31.5°F
Q*=224.7 (10% Btu/hr

Using these outlet temperatures, the individual
heat transfer coefficients are recalculated to confirm
that the solution has converged.

(d) Determine the Uncertainty of Overall Heat
Transfer Coefficient and Heat Transfer Rate at Refer-
ence Conditions. The uncertainty in the adjustment
in individual heat transfer coefficients is calculated
using Eq. (5.14):
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1 981.2
(Uyne-updh = (Upa(l = X) = 0.50( )(1 )

981.2 T 132158
= 9.83(10)"° hr_ét;__F
{uishe ~ pde= (uyp)d1 = X) = 0.10 (13114'2)(1 B :i:??)
= 5.23(10)"¢ hf-';t;-°F

The uncertainty of overall heat transfer coefficient
at reference conditions is based on Eq. (B.9) and
sensitivity coefficients in Table B.4. The results are
shown in Table K.16.

The uncertainty of the heat transfer rate at refer-
ence conditions is based on Eq. (B.10) and sensitivity
coefficients in Table B.5. The results are shown in
Table K.17.

U* = 381 + 32 Btu/(hr-ft*-°F)

Q* = 225 + 20 (108 Btu/hr

K.2 TOTAL TUBE-SIDE PRESSURE LOSS

Figure K2 shows a lube oil-to-water heat ex-
changer. The heat exchanger is a TEMA E shell with
a single tube pass. The test engineer has reviewed
the raw test data and averaged a set of data under
steady state conditions (paras. 5.2.1 and 5.2.2).
Average differential pressure and flow rate data
and reference conditions are shown along with the
applicable geometry data.

(a) Evaluate Measurement Uncertainties (para.
5.2.3). The differential pressure measurement is mea-
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TABLE K.17
UNCERTAINTY IN HEAT TRANSFER RATE AT REFERENCE CONDITIONS

SINGLE PHASE HEAT EXCHANGERS

Contributing Factor

Uncertainty, u

Sensitivity, 0

Uncertainty
Contribution,
(6u)?
(Btu/hr)?

Mean temperature
difference at test
conditions, EMTD

Heat transfer rate at test
conditions, Qsve

Overall heat transfer
coefficient at test
conditions, U

Adjustment in hot stream
heat transfer coefficient,
(1/h* = 1/h)p

Adjustment in cold stream
heat transfer coefficient,

0.45°F

3.25(10)® Btu/hr

34.8 Btu/hr-f2-°F

9.83(10)™° hr-ft-
°F/Btu

5.23(10)° hr-f’-
°F/Btu

-30.4(10)® Btu/hr-
°F

3.84
0.0518(10)® ft2-°F
85700(10)°
Btu¥/hr?-ft2-°F

96800(10)°
Btu¥/hr-f2-°F

187(10)2

156(10)"

3010)"2

710012

0.3(10)*2

(1/h* = 1/h),

Total uncertainty in heat transfer rate at reference conditions = 20.4 Btu/hr-ft>-°F.

)
DP
\/ Z,=13 ft.
AP=2.00 psid Outlet water
P, =33 psig e tsesr.ngerature pipe =025

365 5/ in. low fin tubes, %, in. root diameter,
18 BWG, 90/10 CuNi, 10 ft length

G in. Schedule 40 Pipe Reference Conditions
4 K pipe=0.10
‘ water flow rate = 574 gpm
inlet water temperature =85° F
zi=9ft outlet water temperature =98.3' F
Inlet water conditions

500 gpm, 50° F

FIG. K.2 EXAMPLE TUBE-SIDE PRESSURE DROP DATA
FOR A LUBE OIL COOLER
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SINGLE PHASE HEAT EXCHANGERS

sured using a differential pressure transducer and
static pressure taps with an overall uncertainty of £1%
of reading. The upstream pressure is measured with
a pressure gage with an overall uncertainty of +0.25
psi. The water flow rate is measured at the inlet end
of the heat exchanger with an overall uncertainty of
+2% of reading (volumetric or bulk average velocity).
The temperature measurements are used to estimate
water property data only and the overall uncertainty
is estimated to be +0.5°F.

(b) Determine the Nozzle-to-Nozzle Total Pressure
Loss (para. 5.3.6). The total nozzle to nozzle pressure
loss is calculated based on Eg. (5.8):

AP 1 1
APp.n = Pave [ — + ( -
Po,pipe

P, + £ 7 = 7
Pi,pipe pa,pipe)( u ¥ Pgage gc( u :))

+ (1 - M) £ (2, - z,)

Po,pipe/ Sc

ipeAipine || - 2
+H1 = Kipipe = (1 + Ko pige)| LiRiBe ipiRE. V‘/
( isipe = { o'p'pE)(/’olpiper,piPE)) ' 28,

where
AP, ,= nozzle-to-nozzle pressure loss
AP= measured differential pressure = 2.00
psid = 288 Ibf/ft
P,= measured upstream pressure = (33 +
14.7) psia = 6869 Ibffft? absolute
Pipipe= inlet water density = 62.42 lbm/
fE@50°F, Reference 66
Popipe= OUtlet water density = 62.38 lbm/
f@58°F, Reference 66
Pave= average water density = (pjpipe +
Popipe)/2 = 62.40 Ibm/ft
Pgage = Water density in gage tubing = 62.28
Ibm/f@70°F, Reference 66
g= gravitational  acceleration= 32.2
fUs? = 4.17(10% ft/hr
&c= units conversion constant = 32.2 lbm-
fylbf-s> = 4.17(10%) lbm-fylbf-hr?
z,= elevation of upstream pressure instru-

ment = 12 ft.

z;= elevation of the inlet pressure tap =
9 ft.

z,= elevation of the outlet pressure tap =
13 ft.

K pipe = loss coefficient for the fittings and pipe
between the inlet pressure instrument
and nozzle = 0.10 based on 6 in.
Schedule 40 pipe

vi= inlet pipe flow velocity

Ko,pipe = loss coefficient for the fittings and pipe

between the outlet pressure instrument

129

ASME PTC 12.5-2000

and nozzle = 0.25 based on 6 in.

Schedule 40 pipe
Aipipe = flow area of the inlet piping = (#/
4)6.0652 = 28.89 in.? = 0.2006 ft’
Ao pipe = flow area of the outlet piping = (#/
4)6.065% = 28.89 in2 = 0.2006 ft’
The inlet velocity is calculated based the inside
diameter of 6 in. Schedule 40 pipe and the measured

volumetric flow rate:

1 1163 144 in?\{1 min
v; = (500 gpm) ( )( vy )( )
(%r 6.0652 inl) 7.4805 gal/\ 1 ft 60 s

= 5.553 ft/s = 19990 ft/hr

The total nozzle-to-nozzle pressure loss at test condi-
tions is:

" 288 (1 1) 7

6238 1 \62.42 ~ 6238
322
(6869 +6228355(12 - 9))
62.28) 32.2
aP,, = 62.40) * {1 ~ 62.38) 322 9 13)

+{1-0.10-(1 + 0.25)

62.42(0.2006)\> 5.5532/
62.38(0.2006) 2(32.2)
= 272.7 Ibf/ft* = 1.894 psid

The uncertainty of the total nozzle-to-nozzle pres-
sure drop is calculated based on uncertainties in the
measured pressure, estimated loss coefficients for the
upstream and downstream pipe, and uncertainty in
flow rate measurement. The uncertainty in elevation
measurements and density determination is neglected.

ugp= uncertainty of differential pressure
measurement = 0.01(2.00) = 0.02 psi
up,= uncertainty of upstream pressure mea-
surement = 0.25 psi
Ukpipei= uncertainty of upstream piping loss
coefficient = 0.20(0.10) = 0.02 as-
suming a 20% uncertainty in the loss
coefficient data in Reference 16
Ukpipeo= Uncertainty of downstream piping loss
coefficient = 0.20(0.25) = 0.05 as-
suming a 20% uncertainty in the loss
coefficient data in Reference 16
uy;= 0.02(5.553) = 0.1111 ft/s

The uncertainty of the total nozzle-to-nozzle pres-
sure loss is calculated based on Eq. (B.12) and
sensitivity coefficients in Table B.6. The results are
shown in Table K.18.

AP, = 1.894 + 0.023 psi
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SINGLE PHASE HEAT EXCHANGERS

TABLE K.18
UNCERTAINTY IN TOTAL NOZZLE-TO-NOZZLE PRESSURE LOSS AT TEST
CONDITIONS
Uncertainty
Sensitivity, Contribution, (6u)®
Contributing Factor Uncertainty, u (/] (psi)?
Differential pressure 0.02 psi 1.000 4.00(10)™
measurement, 4P
Upstream pressure 0.25 psi -6.41(1079 0.00026(107)
measurement, P,
Loss coefficient for inlet 0.02 ~0.207 psi 0.17(10)*
pipe and fittings, Kipe,i
Loss coefficient for outlet 0.05 -0.208 psi 1.08(10)™*
pipe and fittings, Kpipe,o
Inlet pipe velocity, V; 0.1111 ft/s 0.0263 psi-s/ft 0.09(10)™*

Total uncertainty in total nozzle-to-nozzle pressure loss at test conditions = 0.023 psi.

(c) Calculate the Total Pressure Loss at Reference
Conditions (para. 5.4.7). The total pressure loss at
reference conditions is determined by Eq. (5.17):

APp o * = ¢apdPp.,

where
¢4p= correction factor calculated using Eq. (F.15)

bap = (AP,,,,,*)
ap =
AP""" calculated

- L v
APeiry + 4fpaye = — + AP, n]
|: entry avi d’ 2gr ex
L v
APty + 4fpave = —— + APeyit
entry av dizg exi

c

Equation (F.15) can be rewritten as follows to
facilitate the use of hydraulic handbook data to
estimate the entry and exit losses:

*

[m,z (l K; + LEpY K,,)]
Pi Pave di Po

bap = (K.5)
m? (l K; + ! 4f-!'—+iKo)
pi Pave di Po
_ He[mi)?
- HR my
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where
m;{ = tube side mass flow rate at reference condi-
tions
m,= tube side mass flow rate at test conditions
Hg = hydraulic resistance at reference conditions
Hg= hydraulic resistance at test conditions
K;= contraction loss coefficient associated with
the tube entry
K,= expansion loss coefficient associated with
tube exit
f= Fanning friction factor as defined by Eq. (F.8)
L= tube length = 10 ft = 120 in.
d;= inside tube diameter = 0.500 - 2(0.049) =
0.402 in.
p*= inlet water density at reference conditions =
62.17 Ibm/f @85°F
po*=outlet water density at reference condi-
tions = 62.02 Ibm/f’ @98.3°F
Pave™ = average water density at reference condi-
tions = (p* + po*)2 = 62.10 Ibm/ft’
p;i=inlet water density at test conditions =
62.42 lbm/f’@50°F
po= outlet water density at test conditions =
62.38 lbm/f?@58°F
Pave= average water density at test conditions =
(pi + p)2 = 62.40 lbm/ft3

The mass flow rate and associated ratio are given by:

m; = p;(574 gpm)

lbm 1 ft? 60 min
= (62-17 —f;;) (574 gpm) (7.4805 gal)( T hr )

M pajjoiuodun ‘paniwiad si uoinguisip 1o uononpoidal Jayuny oN “1asn AlsIaAlun plojuels Ag 0T0Z-G0-190 U0 papeojumop ‘(Wo9°19a11Syda) MMM) J1IIUSIDS Uoswoy ] Ag AlSISAIUN piojuelS 0} pasuadl| [euarew paybuido)
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2.862(10)° Ibm/hr

3
|

= p{500 gpm)

. 163 60 min
(62 42 -f—-) (500 gpm) (7.4805 ga‘)( 1 hr )

2.503(10)° Ibm/hr

m; _ pi(574 gpm) _ 62.17(574)

m,~ p{500 gpm) — 62.42(500) — 1143

The ratio of the hydraulic resistances is a function
of the tube side Reynolds number, roughness, and
heat exchanger geometry. While an inspection of
the water boxes prior to the test indicated that none
of the tubes were plugged and tubes were not
blocked by macrofouling, the tube surface was not
cleaned to bare metal. In addition, the water supply
typically contains substantial biological activity and
some particulate. Without additional data (such as
intermediate pressure data within the tubes or previ-
ous-pressure-loss-versus-flow-rate data correlated
with inspection results) bounding estimates for the
hydraulic resistance ratio need to be developed.

Based on pre-test agreements, the following ap-
proach is used to estimate the maximum and mini-
mum hydraulic resistance ratio. Equation (K.5) is
used as the basis for the following expression of
the hydraulic resistance ratio:

(K.6)
* (pave K + 4f§ , Pave K)
Hr _ Pave \ Pi ’
HR Pave | Pave K + 4f£ + Pave K,
Pi di ' po

The maximum hydraulic resistance ratio is esti-
mated by assuming that the inside surface of the
tubes is sufficiently roughened so that the Fanning
friction factor f is independent of Reynolds number
in the region of complete turbulence (as shown on
the Moody diagram, Reference 16). Under these
conditions, the following approximations are consid-
ered reasonable:

H Hg* . % * *
Maximum Hg' f* =1 K*= K, K,*= K,
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Equation (K.6) is reduced to the following:

The minimum hydraulic resistance ratio is esti-
mated by assuming that the total pressure loss is
dominated by frictional losses in the tubes, and the
tubes are smooth so that the friction factor changes
with Reynolds number. With these assumptions, the
following bounding approximations are considered:

*
Minimum "% /H  Pave i,
R\ pi

pave L * pave pave L
+ B g <af—|  EREK Rk <caf—
Po ° di) pi ' P ° d;

The minimum hydraulic resistance ratio becomes:

HR*/ _ Pae
HR min pave* f

The friction factor is estimated using Eq. (F.11):

Re \/;"
Tf =4 Iogwﬁ

where
Rey= tube-side Reynolds number defined in Eq.
(F.2)

The results of friction-factor calculations are in
Table K.19.

HR*/ _ Pave f* _ 62.40 0.00683  0.856
Hg T pae* f 62.10 0.00802 )

The best estimate of the hydraulic resistance ratio
is the average of the maximum and minimum:

U ™
HR*/H = HR max Hr min
R

- 1.005 ; 0.856 = 0.931
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SINGLE PHASE HEAT EXCHANGERS

TABLE K.19
FRICTION FACTORS AT TEST AND REFERENCE CONDITIONS FOR
SMOOTH TUBES

my 4
Conditions (Ibm/hr) (Ibm/hr-ft) Re; f
Test 2.503(10)° 3.01 8660 0.00802
Reference 2.862(10F° 1.85 16100 0.00683
TABLE K.20

UNCERTAINTY IN TOTAL NOZZLE-TO-NOZZLE PRESSURE LOSS AT
REFERENCE CONDITIONS -

Uncertainty
Sensitivity, Contribution, (6u)?
Contributing Factor Uncertainty, u 0 (psi)?
Total pressure loss at test 0.023 psi 1.216 7.8(10)™*
conditions, AP,
Mass flow rate, m, 5006 lbm/hr 1.841 (10)°3 84.9(10)™*
psi/(lomv/hr)
Hydraulic resistance 0.0745 2.474 psi 339.7(10)™*

. He
ratio, /HR

Total uncertainty in total nozzle-to-nozzle pressure loss at reference conditions = 0.208 psi.

The pressure loss at reference conditions is estimated
to be:

. _ Hg*[m* 2

APn-n = —’_’7 'ET 4P,.,

= (0.931)(1.143)%(1.894) = 2.304 psi

The uncertainty in mass flow rate is estimated as
0.02 m, = 0.02(250,300) = 5006 lbm/hr. The
uncertainty in hydraulic resistance ratio is esti-

2

— (1.005;0.856) = 0.0745
The uncertainty is evaluated using Eq. (B.13) and
the sensitivity coefficients in Table B.7. The results
are summarized in Table K.20.

AP,*= 230 £ 0.21 psi
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K.3 THERMAL PERFORMANCE OF AN AIR
COOLER

A room cooler in an industrial facility has been
designed to remove heat dissipated from electrical
equipment, piping, and motors and to maintain ambi-
ent room temperatures and adequate air circulation.
Room air is pulled across coils through an unducted
inlet and discharged back into the room through a
ducted outlet. River water splits into separate headers
and passes through two stacked coils.

In this example, the cooler is tested to determine
air- and water-side temperatures, heat loads, and un-
certainties. A pre-test uncertainty analysis specifies
that thirty-two inlet and twenty-four outlet air temper-
ature locations, and six inlet water and eight outlet
water temperature locations, are to be used using a
30 second sampling frequency. Flow rates and uncer-
tainties are provided to allow calculation of heat load
and heat load uncertainty. The coolers are placed
in operating mode 12 hr prior to testing. Adjacent
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systems are held fixed over the test period to reduce
load variation. Figures K.3 and K.4 show the air-side
and water-side geometry and measurement locations,
respectively.

K.3.1 Measurements

(a) Inlet Air Temperature Data. Inlet air tempera-
tures are sampled using a movable rack. The rack has
4 sensors fastened at equal distances along its width
and is moved vertically to 8 different locations for a
total of 32 measurements. Because reducing high spa-
tial variation on inlet air requires a large number of
measurement points, a moveable rack can reduce the
number of sensors used in tests. A key assumption in
using a moveable rack, however, is that the measure-
ments remain steady over the test period. Air measure-
ments were taken from top to bottom across the two
coil sections, Fig. K.3. Rows are [abeled “1” through
“8.” Measurements across the width of the cooler are
labeled “A” through “D.”

A time trace for each of the 8 rows (rack locations)
is presented in Fig. K.5. Average inlet air temperature
for each location is presented in Table K.21. The
temperatures for each row vary significantly across
the face showing spatial variation. By looking at the
outlet air or water temperature traces (Fig. K.6),
which were collected continuously over the entire
test period, the test engineer can see that the maxi-
mum change in temperature is less than 0.3°F,
suggesting that steady conditions prevailed over the
entire test period.

(b) Outlet Air Temperature Data. Outlet air temper-
ature sensors are placed in a 3x8 circular grid pattern
at the entrance to the exhaust ductwork, Fig. K.3.
Outlet air measurements were collected over the en-
tire test period. Average spatial temperatures for each
of the 24 locations are presented in Table K.22. A
composite average temperature is plotted versus time
in Fig. K.6.

(c) Water Temperature Data. Inlet and outlet water
temperatures were measured with surface mounted
RTD's placed at equally spaced locations around the
circumference of the pipe. Six inlet and eight outlet
locations were measured. Two separate insulation
blankets of 1 in., thickness were fastened snugly over
the sensors. The joints from each blanket were stag-
gered from each other and centered between sensors.
The configuration of the inlet water measurement sta-
tions is shown in Fig. K.4. Inlet water temperatures
were obtained with surface mounted sensors placed
beneath two inches of insulation. Water temperature
data is shown in Table K.23 and in Fig. K.6.
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(d) Other Data. The details of other measurement
practices are not provided in this example. Other data
needed to calculate the heat transfer rate includes air
flow rate, water flow rate and relative humidity:

Air flow rate = 75,000 cfm
Water flow rate = 150,000 lbm/hr
Inlet air relative humidity =35%

(e) Air Temperature Uncertainty. The calibration
uncertainty of the air temperature instruments is
+0.2°F. The uncertainties attributed to installation,
data acquisition and random instrument effects are
considered negligible. Data traces in Fig. K.6 show
small process variations during the test period. Since
a movable rack is used for the inlet air measurements,
only a small window of data is available for each row
and the error attributed to these variations cannot be
reduced by averaging data over the test period (using
methods discussed in Appendix A). Instead, a
bounding estimate of the process variations is applied
to all the temperatures. The bounding estimate of pro-
cess variations is +0.2°F.

The uncertainty attributed to spatial variation is
calculated based on equal weighting of each temper-
ature measurement in the calculation of the bulk
average. The spatial precision of the inlet temperature
is the standard deviation of the measurements at
each location, and the uncertainty due to spatial
variation is given by Eq. (K.1):

. 2
bspatvar = t_|ZX
J
where

sz= spatial precision of the air measurements =
0.698°F for the inlet air measurements and
1.382°F for the outlet air measurements
J= number of measurement locations = 32
for inlet air and 24 for outlet air
t= Student t for )-1 degrees of freedom =
2.042 for inlet air measurements and 2.069
for outlet air measurements
The uncertainty of the air temperature measure-
ments is summarized in Table K.24
In evaluating the air-side uncertainty values, the
outlet uncertainty is substantially higher than that
for the inlet. This suggests that the variation in actual
outlet conditions was substantially different than
suggested by pre-test data. In future tests of this
cooler, increasing the number of outlet measure-
ments can reduce the uncertainty.
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Outlet sensor locations
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FIG. K.3 AIR MEASUREMENT LOCATIONS
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FIG. K.4 WATER MEASUREMENT LOCATIONS

(f) Water Temperature Uncertainty. The calibration
uncertainty of the water temperature instruments is
+0.2°F. The uncertainties attributed to installation,
data acquisition and random instrument effects are
considered negligible. Data traces in Fig. K.6 show
small process variations during the test period. The
standard deviation of the mean of these process varia-
tions is negligible for this test.

The uncertainty attributed to spatial variation is
calculated based on equal weighting of each temper-
ature measurement in the calculation of the bulk
average. The spatial precision of the inlet temperature
is the standard deviation of the measurements at

each location, and the uncertainty due to spatial
variation is given by Eq. (K.1):

52

b atVar = t
i J
where
sx= spatial precision of the water measure-
ments = 0.172°F for the inlet water mea-

surements and 0.074°F for the outlet water
measurements,

J= number of measurement locations
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Inlet air temperature, °F

77
76
- Row 6 Row 7
i Row 3
75 R,
B Row 4 \
74 L Row 2
-Row 1
73
72 1 1 1 1 L i 1 L
8:28:31 8:42:24 8:58:52 9:39:31 9:55:45

Time, hrimin:sec

FIG. K.5 TIME TRACE OF AIR INLET TEMPERATURE

TABLE K.21
TIME-AVERAGED INLET AIR TEMPERATURES BY LOCATION, °F
Rack
Position A B C D Average

Row 1 73.60 73.64 73.91 73.53 73.67
Row 2 73.97 74.04 74.61 74.50 74.28
Row 3 74.84 74.85 75.66 75.53 75.22
Row 4 74.61 74.81 75.40 75.13 74.99
Row 5 74.56 75.20 74.34 74.89 74.75
Row 6 75.73 75.78 74.54 75.79 75.46
Row 7 75.31 75.41 75.60 75.55 75.47
Row 8 74.15 73.90 75.27 75.18 74.63
Column

Average © 74.60 74.70 74.92 75.01 74.81
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TABLE K.22 TABLE K.23
TIME-AVERAGED OUTLET AIR TEMPERATURES TIME-AVERAGED INLET AND OUTLET WATER
BY LOCATION, °F TEMPERATURES BY LOCATION, °F
A B C Average Position Inlet Outlet
1 64.43 68.27 66.41 66.37 1 60.30 65.19
2 63.94 64.18 66.44 64.85 2 60.42 65.20
3 64.26 65.70 64.14 64.70 3 60.31 65.33
4 65.50 67.95 64.16 65.87 4 60.52 65.13
5 68.39 64.41 64.62 65.81 5 60.49 65.23
6 64.71 64.28 65.39 64.79 6 60.05 65.24
7 63.85 64.23 65.60 64.56 7 R 65.20
8 63.93 65.20 64.48 64.54 8 - 65.08
Column Column
Average 64.88 65.53 65.16 65.19 Average 60.35 65.20

2

—¥— Air outlet
—8— Water inlet
—4A— Water outlet

(2]
N

Air temperature, °F
3
Water temperature, °F

T

| -

62—
8:28:31

ot 1 ] 1 60
8:42:24 8:68:52 9:39:31 9:55:45
Time, hr:min:sec

FIG. K.6 TIME TRACE OF TEMPERATURES
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SINGLE PHASE HEAT EXCHANGERS

TABLE K.24
AIR TEMPERATURE UNCERTAINTIES
bcal Upy bSpatVar Upverall

Parameter P P °F) (°F)

T 0.2 0.2 0.252 0.38

T, 0.2 0.2 0.584 0.65
TABLE K.25 The specific heat of moist air is calculated using
WATER TEMPERATURE UNCERTAINTIES ASHRAE psychrometric charts, Reference 69. At the
_ b b u inlet conditions of 74.81°F at 35% relative humidity,
Parameter (OC;), (':,ag" 2’;’;')‘" the humidity ratio is 0.0064 lbm moisture/lbm dry
air. The inlet enthalpy is 24.96 Btu/lbm(dry air).
¢ 0.2 0.180 0.27 Since no moisture condenses, the humidity remains

to 0.2 0.062 0.21

t= Student t for J-1 degrees of freedom =
2.571 for inlet water measurements and
2.365 for outlet water measurements
The uncertainty of the water temperature measure-
ments is summarized in Table K.25
(g) Uncertainty of Other Measurements. The uncer-
tainties of the other measurements are not investigated
in this example. The overall uncertainty of the air flow
measurement is estimated as +6% of reading. The
overall uncertainty of the water flow measurement is
estimated as 4% of reading. The uncertainty of the
relative humidity measurement is +3%.
- The measurement data can be summarized as
follows:
T; =74.81 + 0.38°F
T, = 65.19 + 0.65°F
Air flow rate = 75,000 + 4500 cfm
RH = 35 +3%
ti = 60.35 £ 0.27°F
t, = 65.20 + 0.21°F
m¢ = 150,000 £ 6,000 lbm/hr

K.3.2 Heat Transfer Calculations
(a) Air Side Heat Transfer Rate. The air side heat
transfer rate is calculated based on Eq. (5.1):

Qn = mupcpn(Ti = To)
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constant and the outlet enthalpy is 22.62 Btu/lbm(dry
air). The average specific heat is:

o, = hizhy _24.96-22.62
ph = T T, 74.81 - 65.19
= 0.243 Btu/lbm(dry air)-°F

The uncertainty of the specific heat is estimated
to be +1% based on para. 5.3.1.1. The mass flow
rate is calculated based on a specific volume of
13.62 ft}/lbm(dry air).

3
my = (75,000 ft )( !

Ibm(dry air))(()o min)

min/\13.62 ft? hr

= 330,400 Ibm/hr
The heat transfer rate becomes:

Qn = (330,400)(0.243)(74.81 - 65.19)

= 7.724(10°) Btu/hr

Il

The uncertainty is calculated based on Eq. (B.6)
and the sensitivity coefficients in Table B.2. The
results are summarized in Table K.26.

Qn = 772,000 + 77,000 Btu/hr

(b) Water Side Heat Transfer Rate. The water side
heat transfer rate is calculated based on Eq. (5.2):

Q= mccp,c(to -t

The average specific heat of water is 0.998 Btu/
lbm-°F from Reference 66. The uncertainty of the
specific heat is estimated to be +1% based on para.
5.3.1.1. The heat transfer rate becomes:
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TABLE K.26
UNCERTAINTY IN HOT STREAM HEAT TRANSFER RATE
Uncertainty
Contribution,
(6u)®
Contributing Factor Uncertainty, u Sensitivity, @ (Btu/hr)?
Inlet temperature, T; 0.38°F 80,300 Btu/hr-°F 931(10°)
Outlet temperature, T, 0.65°F -80,300 Btu/hr-°F 2720(10°)
Mass flow rate, mj, 19,800 lbmvhr 2.34 Btu/lbm 2150(10%)
Specific heat, ¢, 0.00243 Btu/lbm-°F 3.18(10°) lbm-°F/hr 59.7(10%)

Total uncertainty in hot stream heat transfer rate = 77,000 Btu/hr

TABLE K.27
UNCERTAINTY IN COLD STREAM HEAT TRANSFER RATE
Uncertainty
Contribution,
(6u)*
Contributing Factor Uncertainty, u Sensitivity, @ (Btu/hr)?
Inlet temperature, t; 0.27 °F -150,000 Btu/hr-°F 1640(108)
Outlet temperature, t, 0.21°F 150,000 Btu/hr-°F 992(10%
Mass flow rate, m, 6000 lbm/hr 4.84 Btu/lbm 843(10%)
Specific heat, ¢, 0.00998 Btu/lbm-°F 0.728(10°) lom-°F/hr 52.8(10°)

Total uncertainty in cold stream heat transfer rate = 59,000 Btu/hr.

Qn = (150,000)(0.998)(65.20 — 60.35)

7.26(10°) Btu/hr

The uncertainty is based on Eq. (B.5) and the
sensitivity coefficients in Table B.2. The results are
summarized in Table K.27.

Qc = 726,000 + 59,000 Btu/hr

(c) Weighted Average Heat Transfer Rate. The heat
balance is assessed by evaluating the overlap of uncer-
tainty bars. This example meets the conditions of com-
plete overlap as shown in case a for Fig. 5.1. A heat
balance is confirmed and the weighted average heat
transfer rate is calculated in accordance with Eq. (5.3):

Qave = (_ui_) Qc + <—'—ui—) (O]

ugd + Ugk: ugd + ugn*
772 2
= (—2—7—2) 726,000 + (—25—9—2) 772,000
594 + 77 59+ 77

743,000 Btu/hr
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The uncertainty of the average heat transfer rate is
calculated using Eq. (B.7):

[ UQc4 thz + th4uQ62]1/z

UQave 2 2
uqQc + Ughn

5 4772 774 21172
Iy CL 59; 7739] (10> = 47,000 Btu/hr
+

The weighted average heat transfer rate is
Qave= 743,000 + 47,000 Btu/hr

K.4 HYPOTHESIS TESTS TO EVALUATE HEAT
BALANCE

The evaluation of a heat exchanger heat balance
asks the fundamental question: Is there a significant
difference between the observed heat loads of the
hot and the cold fluid streams, when the observations
are made under nominally identical conditions? If
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the answer is in the affirmative, then the relevant
data points should be rejected and the observations
replicated, and/or the test procedure should be exam-
ined for faults.

The methodology for evaluating the question
posed above involves the comparison of the differ-
ence between the heat load values and the estimated
(sample) standard deviation of the difference. The
computed ratio of these two quantities is compared
to the value of the ratio if the probability (chosen
by the test engineer before running the test) of its
occurrence could be ascribed to a chance effect. This
requires the assumption that there is no significant
difference, that is, the observed values of the hot
(Qp) and the cold (Q,) heat loads come from the same
statistical populations of individual measurements of
heat load and that the corresponding mean values
(Qr, Qo come from statistical populations of (sample)
mean heat loads that have, at least, identical popula-
tion means (&, = jfJ). The implication that the
population means are equal (&, = ), is known
as the null hypothesis. The whole technique of
posing the question and investigating its answer
using statistical and probabilistic concepts is known
as hypothesis testing.

Logic suggests that there must be an alternative
to the null hypothesis, and it is called the alternate
hypothesis. In the case of the heat balance test, the
question raised by the test engineer concerns the
difference between the observed mean values of the
heat loads, so the alternate hypothesis assumes that
the observed difference between the mean values
is significant. That is, it can be assumed that the
individual values of the hot and cold stream heat
loads, and the corresponding (sample) mean values
-are associated with statistical populations that have
different mean values' (i # fic.).

Example K.4.1: Two replications, under nominally
constant conditions, of a heat transfer test have been
carried out. The mean values of the two observations
of the hot (h) and cold (c) stream heat loads (Q)
are as follows:

Qy=5.10 x 10° W
Q.= 4.85 x 10° W

! To those unfamiliar with the methodology of statistical hypothe-
sis testing, the statement of the alternate hypothesis may appear
to be a statement of the obvious. In spite of its possible obvious-
ness, the proper formulation of the alternate hypothesis is related
critically to the question posed by the test engineer. The further
discussion of these matters must be referred to some other source.
See Reference 77.

SINGLE PHASE HEAT EXCHANGERS

where the overbar indicates the sample mean values.
The standard deviations (s, s) of the samples of
two heat load observations are:
sp=£0.05 x 10° W
se=+0.05 x 10° W
The test engineer wishes to ascertain if the differ-
ence between the mean values of the heat loads is
due to some significant effect (systematic error of
the measurement) or can be treated as a chance effect
associated with the inevitable random variability of
the measurements.
The difference between the hot and cold heat
loads is compared to the variability of the data using
the observed test statistic (Z,) given by:

i: — /C—?h - C—?c/
, = = =d
546
where?
sS==25 —1-+ 1
40 Py T e
and
2 = (oh= sy’ + (nc = 1)s¢’
P ny+n.—2
in this case
sp = £0.05 x 10° W
and

2 The indicated form of s G, assumes that the standard deviations
(oh0 of the populations gf individual observations are identical.
Statistical tests (Fisher's F-test) are available to investigate this
point formally. In addition or alternatively, the test engineer can
make such an assumption on the grounds that, for example, the
temperature and flow rate sensors are of the same type in the
hot and cold streams, that their calibration procedures are the
same, and that they have been installed in the heat exchanger
in an identical manner. If the test engineer does not feel justified
in making such assumptions and/or statistical tests do not support
such a conclusion, then the s = used in the observed test statistic

aQ
is §—== i +i and the applicable degrees of freedom (d)
4Q n, n.
are given by

R,
=_— M N
(sw/mp)? .\ (s/nef

np+1  ne+1

M pajjo1uooun “paniwiad SI uonNguISIp 1o uononpoidal Jayuny oN "I18sn AlSISAIUN plojuels A 0T0Z-G0-190 UO papeojumop ‘(L02719311SY93]) MMM) J1IIUBIDS Uoswoyl Aq AlSIsAlun plojuels 0] pasuadl| reusrew pajybikdod



SINGLE PHASE HEAT EXCHANGERS

Sip = +0.05 x 10° W
Then
: _ 1510 % 10° - 4.85 x 10|
°- £0.05 x 10°
= 5

The observed test statistic (f,) is compared with or
tested against the expected value (£) of the same
statistic if the difference between the heat loads was
to be the consequence of a chance event of a
probability that is assigned by the test engineer. This
probability is known as the level of significance® of
the comparison or test.

Suppose in this case that the test engineer judges
that the observed difference (5.10 x 10° — 4.85 x
10° = 0.25 x 10°%), or a greater difference, would
occur by chance in the test situation under consider-
ation- in about 10% of the cases of a long series
of such heat balance determinations. In this case
the expected value (f) of the test statistic obtained
from standard statistical tables* is t, = + 2.92. Since
the observed value of the test statistic (f, = +5) is
much larger than its expected value (f, = £2.92),
then the probability that the difference between
the observed mean heat load values or a larger
difference, is due to chance is much less (about
3%) than that (10%) assumed by the test engineer.
In these circumstances it would be reasonable to
assume that the difference is a consequence of a
systematic influence, such as an error associated
with the flow rate measurement in one or both
streams. The heat balance, as a consequence, can
be considered unsatisfactory, and the corresponding
weighted mean heat load (Q,,.) should be discarded.
The test should be repeated and/or the instrumenta-

* The choice of the level of significance depends fundamentally
on two factors: (a) the manufacturer’s desire to minimize the
cost of a heat exchanger; (b) the customer’s desire to avoid the
purchase of equipment that does not perform according to the
design specification. Roughly speaking, the two desires are com-
plementary i.e., the more one desire is satisfied the less the other
desire can be met. In practice, one desire tends to predominate
over the other. For example, where a heat exchanger is a critical
component of a plant then the desire under item (b) should
predominate over item (a). In that case the level of significance
of the heat balance test should be comparatively large, say 20%.
That is, a comparatively small difference in hot and cold stream
heat loads relative to the variability of the data should result in
the rejection of the heat balance, with the possible result that
the heat exchanger is condemned. This of course can be expected
to result in an increase in the cost of a heat exchanger, but that
is the price of meeting the imposed critical condition.

*Tables of Student's t-distribution were used with degrees of
freedom (d) given by d = nj, + n. — 2, so in this case d = 2.
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tion should be examined for the presence of system-
atic errors.

Examples K.4.2 and K.4.3: The following examples
illustrate the two other possible outcomes, in addition
to that presented in Example K.4.1, of a significance
test applied to a heat exchanger heat balance. Since
the methodology is identical to that of Example K.4.1,
the relevant calculations are given in Table K.28.

K.5 THERMAL PERFORMANCE OF A PLATE
HEAT EXCHANGER

Three water-to-seawater plate heat exchangers
(PHE) arranged in parallel are tested in the clean
condition with the same test results as the shell-
and-tube heat exchanger described in Example K.1.

(a) The geometric parameters for each PHE are as
follows:

Number of heat exchangers, NHX = 3

Plate width, L, = 33.25 in.

Compressed length of plates, L. = 31.375 in.
Number of plates, N, = 179

Number of channel passes, No, = 89
Thickness of plate, 4X = 0.024 in.

Effective area, A = 6134.79 f

Wall resistance, r,, = 0.0002 hr-ft2-°F/Btu

(b) Based on the average cold-side and hot-side
fluid temperatures, the properties of the fluids are as
follows (recalling that the cold-side fluid is seawater):
Cold water density, p. = 63.99 Ibm/ft®
Cold water specific heat, c,c = 0.96 Btu/lbm °F
Cold water viscosity, p. = 2.18 Ibm/ft-hr
Cold water thermal conductivity, k. = 0.354 Btu/
hr-ft-°F
Hot water density, p, = 62.11 lbm/ft}

Hot water specific heat, c,, = 1.0 Btu/lbm-°F
Hot water viscosity,up, = 1.74 Ibm/ft-hr

Hot water thermal conductivity, k, = 0.358 Btu/
hr-ft-°F

(c) The following values may be calculated:
Channel plate spacing, b

b= (i) - 4X = 0.1513 in.
Np
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TABLE K.28
HEAT EXCHANGER HEAT BALANCE HYPOTHESIS TESTS

_ B [Qh-Qcl f.@10%  Significance of  Action taken by
Ex Q, WM Q. W W t. Lof S(d=2) | Qn - Q] the test engineer
K.4.2 4.50 x 10° 460 x 10° 0.10 x 10° £2 £2.92 Not significant Valid heat balance
K.4.3 5.70 x 10° 5.55 x 10° 0.15 x 10° +3 +2.92 Uncertain Repeat test.
Anticipating
unambiguous
value of ¢,
GENERAL NOTE: In both examples: s, = +0.05 x 10° W = s, and o}, = o is assumed.
Hydraulic diameter, D, D.G
Rey, = ; b = 9,280
h

4L
D, wb — = 0.0251 ft.

= 2L, + 2b)

Cold stream and hot stream mass velocities, G,
and Gh

G. = - mLC = 1,095,800 (%’%)
Ncp(ﬁ)(ﬁ) NHX
my lom
G, = = 643,300 | —
h (ftz-hr)

b\(L,
NCP(E)(E) NHX

The PHE is pure counterflow, so the log mean
‘temperature difference, LMTD, may be calculated as:

(Ti - to) - (To - ti)
I Ti - tO
4 To -t

The heat transfer rate, U, may be calculated from
the results of the test as:

LMTD = = 7.38°F

= 1,281 _Bwu
hr-ft?-°F

Q

U= ZImMTD

The Reynolds numbers and Prandtl numbers for
the hot stream and cold streams are calculated from
the fluid properties as follows:
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Pry = £i50h — 4 g5

and

DeGc

= 12,600

®
[s)

Pr, = #<ec _ 592

ke

Since the PHE was clean when tested, the overall
heat transfer coefficient, U, is:

1
vtTLT
hy h. %

For a PHE the Colburn Analogy

0.14
Nu = hfe = CRe"Pr" (&)

is applicable where C, n, and m are constants and
up and u,, are the dynamic viscosity of the average
bulk fluid and at the plate wall, respectively. The
last term in the above equation may be neglected
for nearly constant properties. Note that for PHE's
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the geometry of the plate is the same on both sides
of the plate, so the same equation for Nu applies
to both sides. For turbulent heat transfer through a
flat plate, the Nusselt number is directly proportional
to the Reynolds number to the 0.75 power, and to
the Prandtl number to the 0.333 power for gases,
liquids, and viscous oils where Pr > 1. Therefore:

hy,

k
3/4 1/3 h
CReh Pl'h (—D )

e

o= cret i 4]
D.
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The value for C may be calculated by substituting
these values for hy and h, into the equation for U
above and setting it equal to U to yield the following
equation:

D. . __ D
_ Rert™ Pry" Bk, Re’™ Pr."k.
C= ALMID = 0.132
Q ™

Therefore, the values for hy and h. may be calcu-
lated following subsequent tests and the performance
at reference conditions may be calculated as shown
in Example K.1.
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