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The Manual on the Use of Thermocouples in Temperature Measurement 
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ment and Subcommittee E20.04 on Thermocouples of the American Society 
for Testing and Materials. The editorial work was co-ordinated by R. P. 
Benedict, Westinghouse Electric Corp. Helen Hoersch was the ASTM editor. 
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STP470B-EB/Jul. 1981 

Chapter 1 Introduction 

First Edition, 1970 

This manual was prepared by Subcommittee IV of ASTM Committee E-20 
on Temperature Measurement. The responsibilities of ASTM Committee 
E-20 include "Assembling a consolidated source book covering all aspects 
relating to accuracy, application, and usefulness of thermometric methods." 
This manual was addressed to the thermocouple portion of this responsi- 
bility. 

The contents include principles, circuits, standard electromotive force 
(emf) tables, stability and compatibility data, installation techniques, and 
other information required to aid both the beginner and the experienced user 
of thermocouples. While the manual is intended to be comprehensive, the 
material, however, will not be adequate to solve all the individual problems 
associated with many applications. To further aid the user in such instances, 
there are numerous references and an extensive bibliography. In addition to 
presenting technical information, an attempt is made to properly orient a 

potential user of thermocouples. Thus, it is hoped that the reader of this 
manual will make fewer mistakes than the nonreader. 

Regardless of how many facts are presented herein and regardless of the 
percentage retained, all will be for naught unless one simple important fact is 
kept firmly in mind. The thermocouple reports only what it "feels." This 
may or may not be the temperature of interest. The thermocouple is influ- 
enced by its entire environment, and it will tend to attain thermal 
equilibrium with this environment, not merely part of it. Thus, the environ- 
ment of each thermocouple installation should be considered unique until 
proven otherwise. Unless this is done, the designer will likely overlook some 
unusual, unexpected, influence. 

Of all the available temperature transducers, why use a thermocouple in a 
particular application? There are numerous advantages to consider. 
Physically, the thermocouple is inherently simple, being only two wires joined 
together at the measuring end. The thermocouple can be made large or small 
depending on the life expectancy, drift, and response-time requirements. It 
may be flexible, rugged, and generally is easy to handle and install. A ther- 
mocouple normally covers a wide range of temperatures, and its output is 
reasonably linear over portions of that range. Unlike many temperature 
transducers, the thermocouple is not subject to selfheating problems. In 

1 
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2 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

practice, thermocouples of the same type are interchangeable within 
specified limits of error. Also, thermocouple materials are readily available 
at reasonable cost, the expense in most cases being nominal. 

The bulk of the manual is devoted to identifying material characteristics 
and discussing application techniques. Every section of the manual is essen- 
tial to an understanding of thermocouple applications. Each section should 
be studied carefully. Information should not be used out of context. The 
general philosophy should be--let the user beware. 

Second Edition, 1974 

In preparing this edition of the manual, the committee endeavored to in- 
elude four major changes which greatly affect temperature measurement by 
means of thermocouples. In 1968, at the same time the First Edition was be- 
ing prepared, the International Practical Temperature Scale was changed. 
This new scale (IPTS-68) is now the law of the land, and Chapter 8 has been 
completely rewritten to so reflect this. In 1972-1973, new Thermocouple 
Reference Tables were issued by the National Bureau of Standards. Accord- 
ingly, Chapter 10 has been revised to include the latest tables of temperature 
versus electromotive force for the thermocouple types most commonly used in 
industry. Also, along these same lines, the National Bureau of Standards has 
issued new methods for generating the new Reference Table values for com- 
puter applications. These power series relationships, giving emf as a function 
of a temperature, are now included in Chapter 10.3. Finally, there have been 
several important changes in thermocouple material compositions, and such 
changes have been noted in the appropriate places throughout the text. The 
committee has further attempted to correct any gross errors in the First Edi- 
tion and has provided a more complete bibliography in Chapter 12. 

Third Edition, 1980 

This edition of the manual has been prepared by ASTM E-20.10, the 
publications subcommittee. The main impetus for this edition was the need 
for a reprinting. Taking advantage of this opportunity, the editors have 
carefully reviewed each chapter as to additions and corrections called for by 
developments in the field of temperature measurement by thermocouples 
since 1974. Chapters 3, 4, 5, 6, 7, and 8 have been completely revised and 
strengthened by the appropriate experts. An important addition is Chapter 
12 on Measurement Uncertainty. This reflects the trend toward a more 
statistical approach to all measurements. A selected bibliography is still in- 
eluded at the end of each chapter. A final innovation of this edition is the in- 
dex to help the users of this manual. 
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Chapter 2 . Principles of 
Thermoelectric Thermometry 

The principles, or theory, underlying thermoelectric effects were not 
established by one man at one time, but by several scientists working over a 
span of many years beginning with Alessandro Volta, who concluded in 1800 
that the electricity which caused Galvani's frog to twitch was due to a contact 
of two dissimilar metals. This conclusion was the forerunner of the principle 
of the thermocouple. Others built on this base; for example, Thomas Johann 
Seebeck (1821), Jean Charles Althanase Peltier (1834), and William Thom- 
son-later Lord Kelvin--(1848-1854). During this same period, Jean Bap- 
tiste Joseph Fourier published his basic heat-conduction equation (1821), 
Georg Simon Ohm discovered his celebrated equation for electrical conduc- 
tion (1826), James Prescott Joule found the principle of the first law of ther- 
modynamics and the important I2R heating effect (1840-1848), and Rudolf 
Julius Emanuel Clausius announced the principle of the second law of ther- 
modynamics and introduced the concept of entropy (1850). 

2.1 Historical Development o| Basle Relations 

2. I.I Seebeck 

Seebeck discovered the existence of thermoelectric currents while observ- 
ing electromagnetic effects associated with bismuth-copper and bismuth- 
antimony circuits. His experiments showed that, when the junctions of two 
dissimilar metals forming a closed circuit are exposed to different 
temperatures, a net thermal electromotive force is generated which induces a 
continuous electric current. 

The Seebeck effect concerns the net conversion of thermal energy into elec- 
trical energy with the appearance of an electric current. The Seebeck voltage 
refers to the net thermal electromotive force set up in a thermocouple under 
zero-current conditions. The direction and magnitude of the Seebeck 
voltage, Es, depend upon the temperature of the junctions and upon the 
materials making up the thermocouple. For a particular combination of 
materials, A and B, for a small temperature difference 

des = etA.edT (1) 1 

1Nomenclature not defined in the text is given at the end of this chapter. 

3 
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4 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

where a,4,B is a coefficient of proportionality called the Seebeck coefficient. 
(This commonly is called the thermoelectric power.) The Seebeck coefficient 
is obtained usually in one of two ways: (1) as an algebraic sum, etA.B, of 
relative Seebeck coefficients, C~AR and ctnR, where, for a given temperature 
difference and at given temperature levels, emf's of each of the substances, A 
and B, making up the thermocouple are obtained with respect to an arbitrary 
reference material, R :  and (2)by  numerically differentiating tabulated 
values of E s  versus T for a given reference temperature, TR, according to the 
relation 

E s = a A , B d T  (2) 

In either ease, the Seebeck coefficient represents, for a given material com- 
bination, the net change in thermal emf caused by a unit temperature dif- 
ference; that is 

AEs des  
aA.S = limit = (3) 

~ r - o  A T  d T  

Thus, i f E  = a T  + 0.5bT 2 is determined by calibration, then ct = a + b T .  

Note that, based on the validity of the experimental relation 

E s  = o d T  = a d T  - -  a d T  
2 1 I 

(4) 

where T1 < T2 < T, it follows that ot is entirely independent of the reference 
temperature employed. In other words, for a given combination of materials, 
the Seebeck coefficient is a function of temperature level only. 

2 . 1 . 2  P e l t i e r  

Peltier discovered peculiar thermal effects when he introduced small, ex- 
ternal electric currents in Seebeck's bismuth-antimony thermocouple. His 
experiments show that, when a small electric current is passed across the 
junction of two dissimilar metals in one direction, the junction is cooled (that 
is, it acts as a heat sink) and thus absorbs heat from its surroundings. When 
the direction of the current is reversed, the junction is heated (that is, it acts 
as a heat source) and thus releases heat to its surroundings. 

The Peltier effect concerns the reversible evolution, or absorption, of heat 
which usually takes place when an electric current crosses a junction between 
two dissimilar metals. (In certain combinations of metals, at certain 
temperatures, there are thermoelectric neutral points where no Peltier effect 
is apparent.) This Peltier effect takes place whether the current is introduced 
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CHAPTER 2 ON THERMOELECTRIC THERMOMETRY 5 

externally or is induced by the thermocOuple itself. The Peitier heat was 
found early to be proportional to the current, and may be written 

dQp = 7rldt (5) 

where 7r is a coefficient of proportionality known as the Peltier coefficient or 
the Peltier voltage. Note that ~" represents the reversible heat which is ab- 
sorbed, or evolved, at the junction when unit current passes across the junc- 
tion in unit time, and that it has the dimensions of voltage. The direction and 
magnitude of the Peltier voltage depend upon the temperature of the junc- 
tion and upon the materials making up the junction; however, 7r at one junc- 
tion is independent of the temperature of the other junction. 

External heating, or cooling, of the junctions results in the converse of the 
Peltier effect. Even in the absence of all other thermoelectric effects, when 
the temperature of one junction (the reference junction) is held constant and 
when the temperature of the other junction is increased by external heating, 
a net electric current will be induced in one direction. If the temperature of 
the latter junction is reduced below the reference-junction temperature by ex- 
ternal cooling, the direction of the electric current will be reversed. Thus, the 
Peltier effect is seen to be related closely to the Seebeck effect. Peltier himself 
observed that, for a given electric current, the rate of absorption, or libera- 
tion, of heat at a thermoelectric junction depends upon the Seebeck coeffi- 
cient, a, of the two materials. 

Z1.3 Thomson 

It remained for Thomson (see the Kelvin relations discussed next) to show 
that c~ and T are related by the absolute temperature. (We might ap- 
propriately mention at this time that the Peitier thermal effects build up a 
potential difference opposing the thermoelectric current, thus negating the 
perpetual-motion question.) Thomson came to the remarkable conclusion 
that an electric current produces different thermal effects, depending upon 
the direction of its passage from hot to cold or from cold to hot, in the same 
metal. By applying the (then) new principles of thermodynamics to the ther- 
mocouple, and by disregarding (with tongue in cheek) the irreversible I2R 
and conduction-heating processes, Thomson reasoned that, if an electric cur- 
rent produces only the reversible Peltier heating effects, then the net Peltier 
voltage will equal the Seebeck voltage and will be linearly proportional to the 
temperature difference at the junctions of the thermocouple. 

This reasoning led to requirements at variance with observed 
characteristics (that is, d E s / d T  ~ constant). Therefore, Thomson con- 
cluded that the net Peltier voltage is not the only source of emf in a ther- 
mocouple circuit, but that the single conductor itself, whenever it is exposed 
to a longitudinal temperature gradient, must be also a seat of emf. (Bec- 
querel had at that time already discovered a thermoelectric neutral point, 
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6 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

that is, Es = O, for an iron-copper couple at about 280~ Thomson agreed 
with Becquerel's conclusion and started his thermodynamic reasoning from 
there.) 

The Thomson effect concerns the reversible evolution, or absorption, of 
heat occurring whenever an electric current traverses a single homogeneous 
conductor, across which a temperature gradient is maintained, regardless of 
external introduction of the current or its induction by the thermocouple 
itself. The Thomson heat absorbed, or generated, in a unit volume of a con- 
ductor is proportional to the temperature difference and to the current, that is 

where a is a coefficient of proportionality called the Thomson coefficient. 
Thomson refers to this as the specific heat of electricity because of an ap- 
parent analogy between cr and the usual specific heat, c, of thermodynamics. 
Note that ~ represents the rate at which heat is absorbed, or evolved, per unit 
temperature difference per unit current, whereas c represents the heat 
transfer per unit temperature difference per unit mass. The Thomson coeffi- 
cient is seen also to represent an emf-per-unit difference in temperature. 
Thus, the total Thomson voltage set up in a single conductor may be ex- 
pressed as 

E r  = ~ T  (7) 
1 

where its direction and magnitude depend upon temperature level, 
temperature difference, and material considered. Note that the Thomson 
voltage alone cannot sustain a current in a single homogeneous conductor 
forming a closed circuit, since equal and opposite emf's will be set up in the 
two paths from heated to cooled parts. 

Soon after his heuristic reasoning, Thomson succeeded in demonstrating 
indirectly the existence of the predicted Thomson emf's. He sent an external 
electric current through a closed circuit, formed of a single homogeneous 
conductor which was subjected to a temperature gradient, and found the I2R 
heat to be augmented slightly, or diminished, by the reversible Thomson heat 
in the paths from cold to hot or from hot to cold, depending upon the direc- 
tion of the current and the material under test. 

2.1.4 Interim Summary 

In summary, thermoelectric currents may exist whenever the junctions of a 
circuit formed of at least two dissimilar metals are exposed to different 
temperatures. This temperature difference always is accompanied by irrever- 
sible Fourier heat conduction, while the passage of electric currents always is 
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CHAPTER 2 ON THERMOELECTRIC THERMOMETRY 7 

accompanied by irreversible Joule heating effects. At the same time, the 
passage of electric currents always is accompanied by reversible Peltier heat- 
ing or cooling effects at the junctions of the dissimilar metals, while the 
combined temperature difference and passage of electric current always is 
accompanied by reversible Thomson heating or cooling effects along the con- 
ductors. The two reversible heating-cooling effects are manifestations of four 
distinct emf's which make up the net Seebeck emf 

Es = 1ra.BIT2- ~rA, elrl + o a d T -  o~dT = ot,4.BdT (8) 
1 1 I 

where the three coefficients, c~, x, o, are related by the Kelvin relations. 

2.1.5 Kelvin Relations 

Assuming that the irreversible I2R and heat-conduction effects can be 
disregarded completely (actually, they can be only minimized since, if ther- 
mal conductivity is decreased, electrical resistivity usually is increased, and 
vice versa), then the net rate of absorption of heat required by the ther- 
mocouple to maintain equilibrium in the presence of an electric current is 

q =  At ~r 2 - 1 r )  + (oA -- on)d I = EsI 
1 

(9) 

This is in accord with the first law of thermodynamics, according to which 
heat and work are mutually convertible. Thus, the net heat absorbed must 
equal the electric work accomplished or, in terms of a unit charge of electric- 
ity, the Seebeck emf, E s, which may be expressed in the differential form 

dE s = dx + (o a - os)dT (10) 

The second law of thermodynamics may be applied also to the thermocou- 
pie cycle, the unit charge of electricity again being considered, as 

ASre v = ~ - ' -~  ~'~ 0 (11) 
abs 

where AQ implies the various components of the net heat absorbed (that is, 
the components of Es), and Tab s implies the temperature at which the heat is 
transferred across the system boundaries. Equation 11 can be expressed in 
the differential form 
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8 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

Combining the differential expressions for the first and second laws of 
thermodynamics, we obtain the Kelvin relations 

= r [ar.s  7ra,B abs\ a T / =  TabsClA'B (13) 

(:A - : 8 ) :  - r,bst, at2  ) (14) 

from which we can determine ct, ~', and Ao, when Es is obtained as a func- 
tion of T. Thus, if 

E s = a T + l b T 2 +  " "  (15) 

is taken to represent the thermoelectric characteristics of a thermocouple 
whose reference junction is maintained at 0~ and where the coefficients, a 
and b, are obtained (for example) by the curve fitting of calibration data, 
then 

= (a + bT  + . ' . )  (16) 

lr = Tabs(a + bT + "" ") (17) 

Ao = -Tabs(b + " " )  (18) 

Examples of the use of these coefficients are given in Table 2.1. 

2.1.6 Onsager Relations 

The historical viewpoint presented thus far has avoided the very real ir- 
reversible I2R and heat conduction in order to arrive at the useful and ex- 
perimentally confirmed Kelvin relations. We shall now discuss how the 
present-day, irreversible thermodynamic viewpoint removes this flaw in our 
reasoning. 

Basically, we judge whether a given process is reversible or irreversible by 
noting the change in entropy accompanying a given change in the ther- 
modynamic state. Thus, if dS > ~Oq/Tabs, we say the process is irreversible; 
or, stated in a more useful manner 

dSsystem = dSacross boundary "~ dSproduced inside (19) 

or  

dSs = dSo + dS~ = ~ q  "~- ~F (20) 
Tab, Tabs Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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CHAPTER 2 ON THERMOELECTRIC THERMOMETRY 9 

TABLE 2 .1 - -De te rmlna t ion  of  various thermoelectric quantities applied to thermocouples, 

Given, the two constants ,  a and b, as de te rmined  with respect to p la t inum via Eq 15: 

Metal a, # V / ~  b, ~.V/(~ 2 

lron(Fe) + 16.7 - 0 , 0 2 9 7  
Copper(Cu) + 2.7 +0 .0079  
Constantan(Cu-Ni)  - 34.6 - 0.0558 

By way of i l lustrat ion,  consider the following combinat ions  of mater ia ls :  i ron /copper  and  
i ron /cons tan tan ,  with their  measur ing  junct ions  at  200~ and their  reference junct ions  at  0~ 

I ron /copper  

aFe/C u = aFe -- acu = 16.7 -- 2.7 = 14 # V / ~  

bF~/cu = bre  -- bcu = - 0 . 0 2 9 7  - 0 . 0 0 7 9  

bF~/r u = - -0 .0376 VN/(~ 2 

l ron /cons t an tan  

aFe/Cu.Ni = aFe -- aco a = 16.7 -- ( - -34.6)  = 51.3 # V / ~  

bFe/Cu.Ni = bFe --  bcon = --0.0297 -- ( - -0 .0558)  

bFe/Cu_Ni = 0.0261 #V/(~  2 

Since Seebeek voltage E 5 = aT  + 1/2bT 2, 

I ron /copper  

E s = 14(200) + t/2(-0.0376X200) 2 

E~ = 2048 ~V 

I ron/cons tantan  

E ,  = 51.3(200) + I/2(0.0261)(200)2 

E s = 10 782 #V 

Note how different combinat ions of materials  give widely different thermal  enff's. 
Now we proceed to wri teexpress ions  for c~, ,r, and Ao, to note how the separate emf's combine 

to give the (net) Seebeck emf: Since a,~.B = aA. B + bA.BT = Seebeck coefficient 

I ron /copper  

r 0 = 14 + ( -0 .0376) (0 )  = 14 # V / ~  

ct200 = 14 + ( -0 .0376)(200)  = 6.48~tV/~ 

l ron /cons tan tan  

ot 0 = 51.3 + 0.0261(0) = 51.3 # V / ~  

c~200 = 51.3 + 0.0261(200) = 56 .52#V/~  

Note tha t  it is the great  difference in Seebeck coefficients ( thermoelectric powers) for the two 
combinat ions  which accounts  for the difference in thermal  emf's:  

q. 

E~ = t_ c~A ~dT  
.rJE " 

Since ,rA. B = TabsC~a.8 = Peltier coefficient = Peltier voltage 

I ron/copper  

~r o = 273(14) = 3822 #V 

*r2o o = 473(6.48) = 3065/~V 

I ron/cons tan tan  

*r o = 273(51.3) = 14 005 ~V 

*r2m o = 473(56.52) = 26 734 #V Copyright by ASTM Int ' l  (all  r ights reserved);  Sun Nov 29 19:52:29 EST 2015
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10 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 2. l - - ( C o n t i n u e d ) .  

Note that, in the case of the iron/copper (Fe-Cu) thermocouple, x~otd > 7thor, whereas in the 
more usual Fe/Cu-Ni thermocouple, Tho t > ~rcold. 

Since AOA. B = - - b A . B T a b  s = Thomson coefficient, and 

i 
"/'abs 

E T  = . TRabs Ao  d T  = I/2 b A.B(T2Rabs - T2abs) : Thomson voltage 

Iron/copper 

0.0376 
E 7 . . . .  (2732 - 4732) 

2 

E r = 2805 ttV 

Iron/constantan 

0.0261 . 
E l, = - - ~ ( 2 7 3  L -- 4732) 

E T = - -  1947 #V 

We sum the various components 

E S  = ~'2 -- Xl + 1 1 A o d T  = Seeheck voltage 

Iron/copper 

E, = 3 0 6 5 -  3822 + 2805 

E, = 2O48 ~V 

Iron/constantan 

E~ = 26 734 - 14 005 - 1947 

E s = 10 782 gV 

These figures of course, check with the original calculations. Note that, in the Fe/Cu case, the net 
Thomson emf far outweighs in importance the net Peltier emf, whereas in the Fe/Cu-Ni case, the 
converse is true. 

Hence, only in the absence of entropy within the system boundaries do we 
have the reversible case, dSre,, = ~ q / T a b s ,  which may be hantJled ade- 
quately by classical thermodynamics in the steady and quasi-steady states. 
Evidently, the rate of production of entropy per unit volume, ~, is an impor- 
tant quantity in irreversible thermodynamics, which may be expressed as 

( 1  "~ dSi 1 &F 
(21) 

where Adx is the area times the differential length. 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 2 ON THERMOELECTRIC THERMOMETRY 11 

Another significant quantity, the product Tabs~ (called the dissipation), 
always can be split into two terms or a sum of two terms; one associated with 
a flow, J, and the other associated with a force, X. Furthermore, in many 
simple cases a linear relation is found (by experiment) to exist between the 
flow and force terms so defined. For example, in the one-dimensional, 
isothermal, steady flow of electric charges, 6Qe/dt across a potential gra- 
dient, -dE/dx ,  it may be shown that 

(22) 

where Je and Xe represent the electric flow and force terms, respectively, as 
defined by the entropy production method. The term Je represents the 
electric-current density and the term Xe the electric-field strength or the elec- 
tromotive force, which of course are related by the linear Ohm's law (that is, 
Je = L~Xe, where Le represents the electrical conductivity). Again, in the 
one-dimensional, steady flow of thermal charges, dQq/dt, across a 
temperature gradient, - d T / d x ,  it may be shown that 

1 d 
(23) 

where Jq and Xq represent the thermal flow and force, respectively, as de- 
fined by the entropy production method. The term Jq represents the thermal 
current density, and the term Xq represents the thermomotive force, which 
are, of course, related by the linear Fourier's law (that is, Jq = LqXq where 
Lq represents the product of the thermal conductivity and the absolute 
temperature). It has been found that, even in complex situations, it always 
may be stated that 

T,b,~ = F, JrXK (24) 

When several irreversible transport processes occur simultaneously (as, for 
example, the electric and thermal conduction in a thermocouple), they usu- 
ally will interfere with each other; therefore, the linear relations must be 
generalized to include the various possible interaction terms. Thus, for the 
combined electric and thermal effects we would write 

Je -'~ geeXe aL LeqXq (25) 

Jq = LqeXe + LqqXq (26) 

or, in general 

Ji = ~-~LoXj (27) 
Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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12 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

We have just seen that an entropy production necessarily accompanies 
both the I2R and heat conduction effects (that is, they are irreversible); 
therefore, the Kelvin relations could not follow from reversible ther- 
modynamic theory without certain intuitive assumptions. By reasoning that 
the electrical and thermal currents were independent, Thomson tacitly 
assumed that Leq : Lqe as we shall subsequently show. Experimentally, this 
reciprocal relationship often was found to be true. The American chemist, 
Lars Onsager, proved in 1931 from a statistical-mechanics viewpoint that the 
assumption 

Lij = Lji (28) 

is always true when the linear relations between flows, Jk, and forces, Xk, are 
valid. The Onsager reciprocal relation forms the basis of irreversible ther- 
modynamics. By applying these concepts to the processes involved in the 
thermocouple, we are led rationally and unambiguously to the Kelvin rela- 
tions. Thus, whenever the junctions of a thermocouple are maintained at dif- 
ferent temperatures, we expect that an electric potential difference, an elec- 
tric current, and a thermal current will be present. The dissipation for this 
thermoelectric process is simply the sum of the electric and thermal terms 
previously given. That is 

Tabs* --=A \ dT] q- -A\~abs'~ J (29) 

The generalized linear laws for this case also have been given as 

Leq :Cr3 
Je = Le~ --3~ + TabAdXJ 

fd_  Jq "~- Z q e ( - - d ~ )  "~- rabs\dxf 

(30) 

(31) 

Recalling that the Seebeck emf is determined under conditions of zero 
electric current, the Seebeck coefficient, a, may be expressed in terms of the 
Onsager coefficients as 

dES) -- L eq 
ot : - ~  1=o LeeTabs 

(32) 

Recalling that the Peltier coefficient, ~', represents the heat absorbed, or 
evolved, with the passage of an electric current across an isothermal junction, 
this too may be expressed in terms of the Onsager coefficients as 
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CHAPTER 2 ON THERMOELECTRIC THERMOMETRY 13 

( )dT=0 -Lqe (33) 

Finally, we recall that Thomson found experimentally (and expressed in the 
Kelvin relations) that the Seebeck and Peltier coefficients are related, as 
shown in Eq 13. 

(34) 

In terms of the Onsager coefficients, this requires that 

Lqe : Tabs ( Leq ~ (35) 
Lee \LeeTabs/ 

Lqe ---- Leq (36) 

which indicates that the experimental results agree with those which are 
predicted by the entropy production-linear law-Onsager reciprocal relation 
approach; in other words, by irreversible thermodynamics, without using any 
intuitive assumption. The Kelvin relations, also in accord with experiment, 
must follow. 

2.2 Laws of Thermoelectric Circuit 

Numerous investigations of thermoelectric circuits in which accurate 
measurements were made of the current, resistance, and electromotive force 
have resulted in the establishment of several basic laws. These laws have been 
established experimentally beyond a reasonable doubt and may be accepted 
in spite of any lack of a theoretical development. 

2.2.1 Law of Homogeneous Metals 

A thermoelectric current cannot be sustained in a circuit of a single homo- 
geneous material, however varying in cross section, by the application of heat 
alone. 

A consequence of this law is that two different materials are required for 
any thermocouple circuit. Experiments have been reported suggesting that a 
nonsymmetrical temperature gradient in a homogenous wire gives rise to a 
measurable thermoelectric emf. A preponderance of evidence indicates, 
however, that any emf observed in such a circuit arises from the effects of 
local inhomogeneities. Furthermore, any current detected in such a circuit 
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14 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

when the wire is heated in any way whatever is taken as evidence that the wire 
is inhomogenous. 

2.2.2 Law of Intermediate Metals 

The algebraic sum of the thermoelectromotive forces in a circuit composed 
of any number of dissimilar materials is zero if all of the circuit is at a 
uniform temperature. 

A consequence of this law is that a third homogeneous material always can 
be added in a circuit with no effect on the net emf of the circuit so long as its 
extremities are at the same temperature. Therefore, it is evident that a device 
for measuring the thermoelectromotive force may be introduced into a circuit 
at any point without affecting the resultant emf, provided all of the junctions 
which are added to the circuit by introducing the device are all at the same 
temperature. It also follows that any junction whose temperature is uniform 
and which makes a good electrical contact does not affect the emf of the ther- 
moelectric circuit regardless of the method employed in forming the junction 
(Fig. 2.1). 

Another consequence of this law may be stated as follows. If the thermal 
emfs of any two metals with respect to a reference metal (such as C) are 
known, then the emf of the combination of the two metals is the algebraic 
sum of their emfs against the reference metal (Fig. 2.2). 

2.2.3 Law of Successive or Intermediate Temperatures 

I f  two dissimilar homogeneous metals produce a thermal emf of El ,  when 
the junctions are at temperatures T1 and T2, and a thermal emf of E2, when 
the junctions are at T 2 and 7'3, the emf generated when the junctions are at 
T! and 2"3, will be El + E2. 

One consequence of this law permits a thermocouple, calibrated for a 
given reference temperature, to be used with any other reference temperature 
through the use of a suitable correction (see Fig. 2.3 for a schematic exam- 
ple). 

Another consequence of this law is that extension wires, having the same 
thermoelectric characteristics as those of the thermocouple wires, can be in- 
troduced in the thermocouple circuit (say from region T 2 to/ '3 in Fig. 2.3) 
without affecting the net emf of the thermocouple. 

2.3 Elementary Thermoelectric Circuits 

Two continuous, dissimilar thermocouple wires extending from the 
measuring junction to the reference junction, when used together with cop- 
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CHAPTER 2 ON THERMOELECTRIC THERMOMETRY 15 

r ,C -~'n 

I r3 
I._ _ _ _ d TI--~",---,, ~ 

emf=E ~ Tz 

FIG. 2. I - -E unaffected by third material, C. 

T I ~ emf = EAC ~ T2 

T,  T2 
T I emf =EA8 =EAc+ EC8 ~ T  z 

FIG. 2.2--Emfs are additive.for materials. 

per connecting wires and a potentiometer, connected as shown in Fig. 2.4, 
make up the basic thermocouple circuit. 

An ideal circuit is given in Fig. 2.5 for use when more than one thermocou- 
pie is involved. The usual thermocouple circuit, however, includes: measur- 
ing junctions, thermocouple extension wires, reference junctions, copper 
connecting wires, a selector switch, and potentiometer, as indicated in Fig. 
2.6. Many different circuit arrangements of the above components are also 
acceptable, depending on given circumstances, and these are discussed in the 
appropriate sections which follow. 
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FIG. 2.3--Emfs are additive for temperature intervals. 
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FIG. 2.4--Several methods for introducing copper extenMon wires in elementary thermocouple 
circuits. 
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FIG. 2.b--Typical industrial thermocouple circuits. 
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2.5 Nomenclatun~ 

Roman 
a, b Coefficients 

A Area 
E Electric potential 
F Frictional loss 
I Electric current 
J Flow 
k Thermal conductivity 
L Constant of proportionality 
Q Heat 
S Entropy 
t Time 

T Temperature 
U Internal energy 
W Work 
x Length or thickness 
X Force 

Subscripts 
A,B,C, 

e 

i,j,k 
i 

P 
q 

R 
S 
T 

abs 
r e v  

1,2 

Greek 
ot 

A 
7s 

17 

E 

Thermocouple materials 
Electrical 
General subscripts 
Internal 
Peltier 
Thermal 
Reference 
Seebeck 
Thomson 
Absolute 
Reversible 
States 

Seebeck coefficient 
Finite difference 
Peltier coefficient 
Thomson coefficient 
Sum 
Entropy production/volume 
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Chapter 3 Thermocouple Materials 

3.1 Common Thermoeouple Types 

The commonly used thermocouple types are identified by letter designa- 
tions originally assigned by the Instrument Society of America (ISA) and 
adopted as an American Standard in ANSI MC 96.1. This chapter covers 
general application data on the atmospheres in which each thermocouple 
type can be used, recommended temperature ranges, limitations, etc. 
Physical and thermoelectric properties of the thermoelement materials used 
in each of these thermocouple types are also presented in this section. 

The following thermocouple types are included (these are defined as hav- 
ing the emf-temperature relationship given in the corresponding letter- 
designated Table in Chapter l0 within the limits of error specified in Table 
10.1 of that chapter): 

Type T---Copper ( + )  versus constantan ( - ) .  
Type J--Iron (+ )  versus constantan ( - ) .  
Type E--Nickel-10 percent chromium (+)  versus constantan ( - ) .  
Type K--Nickel-10 percent chromium (+ )  versus nickel-5 percent 

aluminum and silicon (--) (see note). 
Type R--Platinum-13 percent rhodium (+)  versus platinum ( - ) .  
Type S--Platinum-10 percent rhodium (+ )  versus platinum ( - ) .  
Type B--Platinum-30 percent rhodium (+)  versus platinum-6 percent 

rhodium ( - ) .  

Temperature limits stated in the text are maximum values. Table 3.1 gives 
recommended maximum temperature limits for various gage sizes of wire. 
Figure 3.1 is a graphical presentation of maximum temperature limits from 
Table 3.1 and permits interpolation based on wire size. Table 3.2 gives 
nominal Seebeck coefficients for the various types. Temperature-emf 
equivalents and commercial limits of error for these common thermocouple 
types are given in Chapter 10. 

3.1.1 General Application Data 

Type T--These thermocouples are resistant to corrosion in moist at- 
mospheres and are suitable for subzero temperature measurements (see 
Table 10.1 for limits of error in the subzero region.) Their use in air or in ox- 
idizing environments is restricted to 370~ (700~ due to oxidation of the 

2O 
Copyright c(~ 1981 by ASTM International www.astm.org 
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22 THE USE OF THERMOGOUPLE$ IN TEMPERATURE MEASUREMENT 
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NOTE--This graph gives the recommended upper temperature limits for the various ther- 
mocouples and wire sizes. These limits apply to thermocouples used under the atmospheric 
limitations outlined in the text. They do not apply to sheathed thermocouples having compacted 
mineral oxide insulation. In any general recommendation of thermocouple temperature limits, it 
is not practicable to take into account special cases. In actual operation, there may be instances 
where the temperature limits recommended can be exceeded. Likewise, there may be applica- 
tions where satisfactory life will not be obtained at the recommended temperature limits. 
However, in general, the temperature limits listed are such as to provide satisfactory thermocou- 
pie life when the wires are operated continuously at these temperatures, 

F1G 3.1--Recommended upper temperature limits for types K, E, J, T thermocouples. 

copper thermoelement. They may be used to higher temperatures in some 
other atmospheres. 

They can be used in a vacuum and in oxidizing, reducing or inert at- 
mospheres over the temperature range of - 2 0 0  to 370~ ( - 3 3 0  to 700~ 
The upper temperature limit is due primarily to oxidation of the copper ele- 
ment. 

This is the only thermocouple type for which limits of error are established 
in the subzero temperature range (see rates under Table 10.1, Chapter 10). 

Type J- -These  thermocouples are suitable for use in vacuum and in ox- 
idizing, reducing, or inert atmospheres, over the temperature range of 0 to 
760~ (32 to 1400~ The rate of oxidation of the iron thermoelement is 
rapid above 540~ (1000~ and the use of heavy-gage wires is recom- 
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 23 

TABLE 3.2--Nominal Seebeck coefficients (thermoelectric power). 

Thermocouple Type 

Temperature E J K R S T B 

~ Seebeck Coefficient-Microvolts/~ 

--190 27.3 24.2 1 7 . 1  . . . . . .  
- -  100 44.8 41.4 30.6 . . . . . .  

0 58.5 50.2 39.4 
200 74.5 55.8 40.0 8.8 "8.5 
400 80.0 55.3 42.3 10.5 9.5 
600 81.0 58.5 42.6 11.5 10.3 
800 78.5 64.3 41.0 12.3 11.0 

1 0 0 0  . . . . . .  39.0 13.0 11.5 
1 2 0 0  . . . . . .  36.5 13.8 12.0 
1 4 0 0  . . . . . . . . .  13.8 12.0 
1 6 0 0  . . . . . . . . . . . .  11.8 

17.1 
28.4 
38.0 
53.0 2.0 

4.0 
6.0 
7.7 
9.2 

10.3 
11.3 
11.6 

~ Seebeck Coefficient -Microvolt s/~ F 

--300 15.5 1 4 , 4  . . . . . . . . .  9.7 
--200 22.0 20.6 . . . . . . . . .  13.7 
--100 27.0 24.6 . . .  . . .  ____ 17.3 

32 32.5 28.0 21.7 3.0 "3.0 21.3 
200 37.5 30.1 23.2 4.1 4,0 25.7 0.5 
400 41.5 30.9 22.3 4.9 4.8 29.8 1.1 
600 43.5 30.7 23.1 5.5 5.1 32.7 1.8 
800 45.0 30.6 23.5 5.9 5.3 . . .  2.4 

1000 45.0 31.7 23.7 6.2 5.5 .. �9 3.0 
1500 44.0 35.7 22.8 6.9 6.1 , . .  4.4 
2 0 0 0  . . . . . .  21.1 7.6 6.6 .. �9 5.4 
2 5 0 0  . . . . . . . . .  7.6 6.6 . . .  6.2 
3 0 0 0  . . . . . . . . .  7.6 6.5 . .. 6.5 

mended when long life is required at the higher temperatures. Type J may be 
used to higher temperatures in some atmospheres. However, they should not 
be used in sulfurous atmospheres above 540~ (1000~ 

This thermocouple is not recommended for use below the ice point because 
rusting and embrittlement of the iron thermoelement make its use less 
desirable than Type T. Limits of error have not been established for Type J 
thermocouples at subzero temperatures. 

Type E--Type E thermocouples are recommended for use over the 
t e m p e r a t u r e  range  of - -200  to 900~ ( - - 3 3 0  to 1600~ in oxidizing or inert  

a tmosphe re s .  In r educ ing  a t m o s p h e r e s ,  a l ternate ly  oxidizing and  reduc ing  

a tmosphe re s ,  marginal ly  oxidizing a tmosphe re s ,  and  in vacuum,  they are 

subjec t  to  the  same l imita t ions  as Type  K the rmocoup le s .  

These  t h e r m o c o u p l e s  are sui table  for subzero  t e m p e r a t u r e  m e a s u r e m e n t s  

since they  are not  subjec t  to corrosion in a t m o s p h e r e s  with high mois ture  

con ten t .  Limits  of er ror  are shown in Tab le  10.1, C h a p t e r  10. 
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24 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

Type E thermocouples develop the highest emf per degree of all the com- 
monly used types and are often used primarily because of this feature. 

Type K--Type K thermocouples are recommended for use in an oxidizing 
or completely inert atmosphere over the temperature range of -200 to 
1260~ (--330 to 2300~ Because their oxidation resistance characteristics 
are better than those of Types E, J, and T thermocouples, they find widest 
use at temperatures above 540~ (1000~ 

Type K thermocouples are suitable for temperature measurements as low 
as --250~ (--420~ although limits of error have been established only for 
the temperature range given previously. 

Type K thermocouples should not be used in: 

1. Atmospheres that are reducing or alternately oxidizing and reducing. 
2. Sulfurous atmospheres, since sulfur will attack both thermoelements 

and will cause rapid embrittlement and breakage of the negative thermoele- 
ment wire through integi, anular corrosion. 

3. Vacuum, except for short time periods, since preferential vaporization 
of chromium from the positive element may alter calibration. 

4. Atmospheres that promote "green-rot" corrosion of the positive ther- 
moelement. Such corrosion results from preferential oxidation of chromium 
when the oxygen content of the atmosphere surrounding the thermocouple is 
low. Green-rot corrosion can cause large negative errors in calibration and is 
most serious at temperatue levels of 815 to 1040~ (1500 to 1900~ 

Green-rot corrosion frequently occurs when thermocouples are used in 
long unventilated protecting tubes of small diameter. It can be minimized by 
increasing the oxygen supply through the use of large diameter protecting 
tubes or ventilated protecting tubes. Another approach is to decrease the ox- 
ygen content below that which will promote preferential oxidation by inser- 
ting a "getter" to absorb the oxygen in a sealed protecting tube. 
Types R and S--Types R and S thermocouples are recommended for con- 
tinuous use in oxidizing or inert atmospheres over the temperature range of 0 
to 1480~ (32 to 2700~ 

They should not be used in reducing atmospheres, nor those containing 
metallic or nonmetallic vapors. They never should be inserted directly into a 
metallic primary protecting tube. 

Types R and S--Types R and S thermocouples are recommended for con- 
tinuous use in oxidizing or inert atmospheres over the temperature range of 0 
to 1480~ (32 to 2700~ 

Continued use of Types R and S thermocouples at high temperatures 
causes excessive grain growth which can result in mechanical failure of the 
platinum element. It also renders the platinum susceptible to contamina- 
tion which causes a reduction in the emf output of the thermocouple. 

Calibration changes also are caused by diffusion of rhodium from the alloy 
wire into the platinum, or by volatilization of rhodium from the alloy. All of 
these effects tend to produce inhomogeneity. Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 25 

Type B--Type B thermocouples are recommended for continuous use in 
oxidizing or inert atmospheres over the temperature range of 870 to 1700~ 
(1000 to 3100~ They are also suitable for short term use in vacuum. They 
should not be used in reducing atmospheres, nor those containing metallic or 
nonmetallic vapors. They should never be inserted directly into a metallic 
primary protecting tube or well. 

Under corresponding conditions of temperature and environment, Type B 
thermocouples will show less grain growth and less drift in calibration that 
Types R and S thermocouples. 

3.1.2 Properties of Thermoelement Materials 

This section indicates in Tables 3.3 to 3.9 and in Figure 3.2 the physical 
and electrical properties of thermoelement materials as used for the common 
letter-designated thermocouple types (Types T, J, E, K, R, S, and B). These 
are typical data and are listed for information only. They are not intended for 
use as specifications for ordering thermocouple materials. 

Thermoelement materials are designated in the tables by the established 
American Standard letter symbols JP, JN, etc. The first letter of the symbol 
designates the type of thermocouple. The second letter, P or N, denotes the 
positive or negative thermoelement. Typical materials to which these letter 
designations apply are: 

TP Copper 
JP Iron, ThermoKanthal jpl 

TN, JN, or EN Constantan, Cupron 2, Advance 3, ThermoKanthal JN l 
KP or EP Nickel-chrome, Chromel 4, Tophel 2, T-13, ThermoKanthal 

KP 
KN Nickel-silicon, Alumel 4, Nial 2, T-23, ThermoKanthal KN l 
RP Platinum-13 percent rhodium 
SP Platinum-10 percent rhodium 

RN or SN Platinum 
BP Platinum-30 percent rhodium 
BN Platinum-6 percent rhodium 

Note that TN, JN, and EN thermoelements, as just listed, are composed of 
the same basic types of material. The typical data contained in the following 
pages are applicable to any of these thermoelements. The thermal emf of 
these thermoelements when referenced to platinum may differ significantly 
depending on the type of thermocouple of which each is intended. 

It also should be noted that positive and negative thermoelements for a 
given type of thermocouple, as supplied by any one manufacturer, will con- 

1Trademark of the Kanthal Corporation. 
2Trademark of American Metal Climax Incorporated. 
3Trademark of the Driver-Harris Company. 
4Trademark of the Hoskins Manufacturing Company. Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015

Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



26 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 3.3--Nominal chemical composition of thermoelements. 

IN, TN, KP, RN, 
JP EN a TP EP KN RP SP SN BP BN 

Element Nominal Chemical Composition, % 

I r o n  

Carbon 
Manganese 
Sulfur 
Phosphorus 
Silicon 
Nickel 
Copl~er 
Chromium 
Aluminum 
Platinum 
Rhodium 

99.5 
b 
b 
b 

b 
b 

b 

b 
b 

45 
ss i;o 

. . . .  i i : i  i i :  i : i  : : :  
90 95 . . . . . . . . . . . .  

. . .  " 2  . . . . . . . . . . . .  

. . . . . .  F io6 

. . . . . .  13 I0 . . .  29.6 
93.9 
6.1 

aTypes JN, TN, and EN thermoelements usually contain small amounts of various elements 
for control of thermal emf, with corresponding reductions in the nickel or copper content, or 
both. 

bThermoelectric iron (JP) contains small but varying amounts of these elements. 

TABLE 3.4--Environmental limitations of thermoelenlents. 

Environmental Recommendations and Limitations 
Thermoelement (see notes) 

JP For use in oxidizing, reducing, or inert atmospheres or in 
vacuum. Oxidizes rapidly above 540~ (1000~ Will rust 
in moist atmospheres as in subzero applications. 

Stable to neutron radiation transmutation. Change in com- 
position is only 0.5 percent (increase in manganese) in 20- 
year period. 

Suitable for use in oxidizing, reducing, and inert atmospheres 
or in vacuum. Should not be used unprotected in sulfurous 
atmospheres above 540~ (1000~ 

Composition changes under neutron radiation since copper con- 
tent is converted to nickel and zinc. Nickel content increases 
5 percent in 20-year period. 

Can be used in vacuum or in oxidizing, reducing or inert atmo- 
spheres. Oxidizes rapidly above 370~ (700~ Preferred to 
Type JP element for subzero use because of its superior cor- 
rosion resistance in moist atmospheres. 

Radiation transmutation causes significant changes in composi- 
tion. 

Nickel and zinc grow into the material in amounts of 10 percent 
each in a 20-year period. 

KP, EP For use in oxidizing or inert atmospheres. Can he used in hydro- 
gen or cracked ammonia atmospheres if dew point is below 
- 4 0 ~  ( -40~  Do not use unprotected in sulfurous 
atmospheres above 540~ (1000~ 

JN, TN, EN 

TP 

Copyright by ASTM Int'l  (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 3 ON THERMOCOUPLE MATERIALS 27 

TABLE 3.4--(Continued). 

Environmental Recommendations and Limitations 
Thermoelement (see notes) 

KN 

RP, SP, SN, RN, BP, BN 

Not recommended for service in vacuum at high temperatures 
except for short time periods because preferential vaporiza- 
tion of chromium will alter calibration. Large negative cali- 
bration shifts will occur if exposed to marginally oxidizing 
atmospheres in temperature range 815 to 1040~ 0500 to 
1900~ 

Quite stable to radiation transmutation. Composition change is 
less than 1 percent in 20-year period. 

Can be used in oxidizing or inert atmospheres. Do not use un- 
protected in sulfurous atmospheres as intergranular corrosion 
will cause severe embrittlement. 

Relatively stable to radiation transmutation. In 20-year period, 
iron content will increase approximately 2 percent. The man- 
ganese and cobalt contents will decrease slightly. 

For use in oxidizing or inert atmospheres. Do not use unpro- 
tected in reducing atmospheres in the presence of easily re- 
duced oxides, atmospheres containing metallic vapors such as 
lead or zinc, or those containing nonmetallic vapors such as 
arsenic, phosphorus, or sulfur. Do not insert directly into 
metallic protecting tubes. Not recommended for service in 
vacuum at high temperatures except for short time periods. 

Types RN and SN elements are relatively stable to radiation 
transmutation. Types BP, BN, RP, and SP elements are un- 
stable because of the rapid depletion of rhodium. Essentially, 
all the rhodium will be converted to palladium in a 10-year 
period. 

NOTE l--Refer  to Table 3.5 for recommended upper temperature limits. 
NOTE 2--Stability under neutron radiation refers to chemical composition of thermoelement, 

not to stability of thermal emf. 
NOTE 3--Radiation transmutation rates a are based on exposure to a thermal neutron flux of 

1 X 1014 neutrons/cm2.s. 
aBrowning, W. E., Jr., and Miller, C. E., Jr., "Calculated Radiation Induced Changes in 

Thermocouple Composition," Temperature, Its Measurement and Control in Science and In- 
dustry. Part 2, Rheinhold, New York, Vol. C, 1962, p. 271. 

form to the calibration curve for that thermocouple within specified limits of 
error. However, because materials used for a given thermoelement by various 
manufacturers may differ slightly in thermal emf, larger errors may occur if 
positive and negative thermoelements from different sources are combined. 

3.2 Extemion Wires 

3.2. I General Information 

Extension wires are inserted between the measuring junction and the 
reference junction and have approximately the same thermoelectric proper- 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 29 

TABLE 3.6--Seebeck coefficient (thermoelectric power/of thermoelements with respect to 
Platinum 67 (typical values/�9 

Thermo- JN, TN, 
element JP EN TP KP, EP KN RP SP BP BN 

Tempera- 
ture, ~ Seeback Coefficient, ~V/~ 

--190 +6.3 --20.9 -4 .1  . . .  
--I00 14.4 27.0 +1.1 

0 17.8 32.2 5.9 --'13.5-- 
200 14.6 41.0 12.0 7.4 
400 9.7 45..5 16.2 7.7 
600 11.7 46.8 .. 8.8 
800 17.8 46.4 .. 8.8 

1 0 0 0  . . . . . . . .  8.3 
1200 . . . . .  7.4 
1 4 0 0  . . . . . . . . . . .  
1 6 0 0  . . . . . . . . . . .  

Tempera- 
ture, ~ Seebeck Coefficient, #V/~ 

+ E . 7  +sls +sls i:: 
32.7 8.S 8.5 +9.2 +7.2 
34.6 10.5 9.5 11.7 7.6 
33.8 ll.S 10.0 13.8 7.9 
32.2 12.5 11.O 15.8 8,2 
30.8 13.0 11.5 17.7 8.5 
29.1 14.0 12.0 19.1 8.7 
. . .  14.0 12.0 20.0 8.7 
�9 .. 13.5 12.0 20.4 8.7 

- 3 0 0  + 2 . s  - 1 1 . 9  - 2 . 1  . . . . . . . . . . . . . . . . . .  
- 2 0 0  6.7 14.0 +0 .2  . . . . . . . . . . . . . . . . . .  
- 1 0 0  8.8 1s.8 l.S 

32 9.9 17.9 3.3 +'i4.3 - '7.5 +310 +3'.0 ]]] ' "  
200 9.6 20.5 5.0 16.7 6.5 4.1 4.0 +4.1 +3.6 
400 8.0 22.9 6.7 18.3 4.0 4.9 4.7 S.l 4.0 
600 6,2 24.5 8.2 19.0 4.1 S.5 5.2 5.8 4.2 
800 5,3 25.3 . . .  19.1 4.4 S.8 ,5.4 6.5 4.2 

1000 5,7 26.0 . . .  18.9 4.8 6.2 S.S 7.4 4.3 
1500 9,9 25.8 . .. 17.8 4.9 6.8 6.1 8.8 4.6 
2000 . . . . . . . . .  16.7 4.3 7.6 6.6 10.2 4.8 

. . . . . . . . .  14.9 4.0 7.7 6.7 11.0 4.9 
3000 . . . . . . . . . . . . . .  7.6 6.5 11.3 4.9 

ties as the thermocouple wires with which they are used. Table 3.10 gives 
comparative data on extension wires available for thermocouples in common 
use. Extension wires axe normally available as single or duplex, solid or 
stranded, insulated wires in sizes ranging from 14 to 20 B&S gage. A variety 
of insulations and protective coverings is available in several combinations to 
suit the many types of environments encountered in industrial service (see 
Chapter 4). 

Some advantages of using extension wires are: 

1. Improvement in mechanical or physical properties of the thermo- 
electric circuit. For example, the use of stranded construction or smaller 
diameter solid wire may increase the flexibility of a portion of the circuit. Ex- 
tension wires also may be selected to adjust the electrical resistance of the cir- 
cuit. 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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30 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 3.7--Typical physical 

Thermoelement 

Property IP JN. EN. TN TP KP. EP 

Mehing i.)b~t /solidus 
temperatttres): 

~ 1 4q0 1 220 I 083 I 427 
~ 2 715 2 228 I 981 2 600 

Resistivity: 
#fl.cm: 

at 0~ 8.57 48.9 1.56 70 
at 20~ 9.67 48.0 I. 724 70,6 

fl cmil/ft: 
at 0~ 51.5 294.2 q.38 421 
at 20~ 58.2 294 10.37 425 

Temperature coefficient of 65 • 10 - 4  - 0 . 1  • 10 - 4  43 • 10 - 4  4.1 • 10 - 4  

resistance, f l /f l .  ~ 
(0 to IO0~ 

Coefficient of thermal expansion. 11.7 • 10 - 6  14.0 >( 10 - 6  16.6 • 10 - 6  13.1 • I0 - 6  

in . / in . .~  (20 to 100~ 
Thermal conductivity at 100 ~ 

Cat-cm/s-cm 2. ~ 0.162 0.0506 0.qOI 0,046 
Btu.f t /h  .ft2-~ 39.2 12.2 218 I I.I 

Specific heat at 20~ cal /g .  ~ 0.107 0.094 0.092 0.107 
Density: 

g/era 3 7.86 8.92 8.92 8.73 

Ib/in. 3 0.284 0.322 0.322 0.3IS 

Tensile strength lannealed] 
kgf/cm 2 3 500 5 600 2 500 6 700 

psi .SO000 80000 35000 05000 

Magnetic attraction strong none none none 

2. Cost improvement in thermoelectric circuitry. For example, certain base 
metal extension wires may be substituted for noble metal wires when the 
reference junction is situated at a distance from a noble metal thermo- 
couple. 

Extension wires may be separated into two categories having the following 
characteristics: 

Category/--Alloys substantially the same as used in the thermocouple. 
This type of extension wire normally is used with base metal thermocouples. 

Category 2--Alloys differing from those used in the thermocouple. This 
type of extension wire normally is used with noble metal thermocouples and 
with several of the nonstandardized thermocouples (see Section 3.3). 

3.2.2 Sourcea of Error 

Several possible sources of error in temperature measurement accompany 
the use of extension wires in thermocouple circuits. Most of the errors can be 
avoided, however, by exercising proper precautions. 

One type of error arises from the disparity in thermal emf between ther- 
mocouples and nominally identical extension wire components of Category 1. 
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 31 

properties of thermoelement materials. 

Material 

KN RP SP RN. SN BP BN 

I 399 I 800 I 850 I 76q I 927 I 826 

2 550 3 380 3 362 3 216 3 501 3 319 

28.1 Iq.O 18.4 9.83 . . . . . .  

29.4 1q.6 18.9 10.4 19.0 17.5 

169 114.3 110.7 59.1 . . . . . .  

177 117.7 114,0 62,4 114.5 106 
23.9 X 10 - 4  15.b • 10 - 4  16.6 • 10 - 4  39.2 • 10 - 4  13.3 • 10 - 4  20.0 • 10 - 4  

12.0 • 10 -6 9.0 x I0 -6 9.0 • 10 -6 9.0 • 10 -6 

0,071 0.0~8 O.OqO 0.171 

17.2 21.3 21.8 41.4 

0.125 . . . . .  0.032 

8.60 19.61 19.97 21.4,5 

0.311 0.708 0.721 0.775 

6O00 3 200 3 2O0 I 40O 

~ O 0 0  4~0O0 45000 20000 

moderate none none none 

17.00 20.55 

0.b36 0.743 

4qo0 28O0 

70000 40OOO 

none none 

The disparity results from the variations occurring among thermoelements 
lying within the standard limits of error for each type of thermocouple and 
extension wire. Thus, for example, it is possible that an error as great as 
+4.4~ (+8~ could occur in the Type K/KX and J/JX thermocouple- 
extension wire combinations, where the standard limits of error are +_2.2~ 
(+__4~ for the thermocouple and the extension wires treated as separate 
combinations. Such errors can be eliminated substantially by selecting exten- 
sion wires whose emf closely matches that of the specific thermocouple, up to 
the maximum temperature of the thermocouple-extension wire junction. 

A second source of error can arise if a temperature difference exists be- 
tween the two thermoelement-extension wire junctions. Errors of this type 
are potentially greater in circuits employing extension wires of Category 2, 
where each extension element may differ significantly in emf from the 
corresponding thermoelement. Such errors may occur even though the exten- 
sion pair emf exactly matches the thermocouple emf at each temperature. 
Referring to Fig. 3.3, schematically representing emf versus temperature 
curves for positive and negative thermoelements P and N, and corresponding 
extension wire elements PX and NX, the following relationships apply at any 
temperature T within the operating range of the extension wires: 
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FIG. 3.2--Thermal emf of thermoelements relative to plath~um. 

1600 

Thermocouple output = extension pair output 

That is 

E e  - E ~  = E v x  - E ~ x  (1) 

Rearranging to 

E p  - -  E e x  = E N -  E ~ x  (2) 

If a temperature difference exists between the two junctions such that P 
joins PX at Tp, and N joins NX at T~, an unwanted emf will exist across the 
two junctions, of magnitude 

A E  = (Ee  - -  E e x ) r p  - -  ( E N -  E~x)rN (3) Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 3 ON THERMOCOUPLE MATERIALS 35 

Rearranging Eq 39 according to Eq 38 

A E = (Ep  - -  EpX)Tp  - -  ( E p  - -  EpX)TN (4) 

The sign of A E will depend on the relationship of temperature Tp to T,v and 
the emf relationship of PX and NX to P and N. 

This AE will be interpreted as an error in the output of the measuring ther- 
mocouple. Such errors do not exceed about one degree at the measuring 
junction, per degree of AT between the thermocouple-extension wire junc- 
tions. These errors can be eliminated by equalizing the temperatures of the 
two junctions. 

A third source of error lies in the presence of reversed polarity at the 
thermocouple-extension wire junctions, or at the extension wire-instrument 
junctions. Although a single reversal of polarity in the assembly would be 
noticeable, an inadvertent double reversal likewise may produce measure- 
ment errors, but could escape immediate detection. 

A fourth source of error concerns the use of connectors in the thermoeou- 
pie assembly. If the connector material has thermal emf characteristics 
which differ appreciably from those of the thermocouple extension wires, 
then it is important that a negligible temperature difference be maintained 
across the connector. This follows directly from the Law of Intermediate 
Metals (see Section 2.2.2). Thus, in situations where a connector made of a 
third metal spans a substantial temperature gradient, unwanted emfs are 
generated between the thermoelectric materials and the extremities of the 
connector, and they appear as errors in the output of the thermocouple. The 
magnitude of errors of this type can vary over a wide range depending on the 
materials involved and the temperature difference spanned by the connector. 

If the emf errors arising from the use of extension wires or from other 
sources are to be expressed as temperature errors, the Seebeck coefficient of 
the thermocouple at the measuring junction temperature must be used. 

A useful graphical method of evaluating error sources in thermoelectric 
circuits is detailed in a paper by Moffat (see Ref 1). 5 

3.3 Nonstandardized Thennocouple Types 

Newer tbermocouple materials are being evaluated constantly to find com- 
binations which perform special functions more reliably than the common 
thermocouples. The specials functions for which these newer combinations 
are required frequently involve very high temperatures, but also may include 
unusual environments such as special atmospheres or areas susceptible to 
vibration. 

Each of the combinations described in this section has been designed to 
measure temperatures under specific conditions and to perform with a 
degree of reliability superior to other combinations under these same condi- 

SThe italic numbers  in brackets refer to the list of references appended to this chapter. 
Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



36 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 3. lO--Extension wires Jor 

Alloy Type 
Thermocouple Extension Wire 

Type Type Positive Negative 

STANDARD 

Base Metal Category 1 
E EX Ni-Cr Constantan 
J JX iron Constantan 
K' KX Ni-Cr Ni-AI 
T TX copper Constantan 

Noble Metal Category 2 
B BX copper copper 

proprietary Cu-Mn t copper 
R SX copper Cu-Ni d,! 
S SX copper Cu-Ni aJ 

proprietary Ni-Cr e Fe-Cr" 

Refractory metal Category 2 
W/W-26Re proprietary Ni-Cr" 
W-SR/~/W-26Re proprietary Ni-AV 
W-3Re/W-25Re proprietary Ni-Cff 

Ni-Cr ~ 
Ni-Cu ~ 
Ni-Cr" 

OTHER 

Base metal 
Ni-14Cr/Ni-4Si Category l Ni-Cr 
Ni-20Cr/Ni-3Si Category l Ni-Cr 
Ni-18Mo/Ni-ICo Category I Ni-Mo 

Noble metal 
Pt-20Rh/Pt-SRh Category 2 copper 
Pt-40Rh/Pt-20Rh Category 2 copper 
Pt- 13Rh/Pt- 1Rh Category 2 copper 
Pt-151r/Pd Category 2 base metal 
Pt-5Mo/Pt-0.1Mo Category 2 copper 
Ir-40,S0,60Rh/lr Category 2 copper 

83Pd- 14Pt -3Au/65Au-35Pd Category 2 KP 
SSPd-31Pt-14Au/65Au-3SPd Category 2 KP 

Category 2 base metal 

Ni-Si 
Ni-Si 
Ni-Co 

copper 
copper 
copper 
base metal 
Cu-Ni 
AISi 347 SS 

or aluminum 
KN 
KN 
base metal 

"See also ANSI MC96.1. Reference junction 0~ (32~ 
/'M denotes strong magnetic response. O denotes little 

temperature. 
c Includes special Type K alloys discussed in 3.3.4.1. 
d Driver Harris Co. 
"Hoskins Manufacturing Co. 
fAMAX Specialty Metals Corp. 

or no magnetic response at room 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 3 ON THERMOCOUPLE MATERIALS 37 

thermocouples mentioned in Chapter 3. 

Temperature Range 

o C o F 

Limits of Error" 

Normal 

+_~ +_~ 

Magnetic h 
Special Response 

+_~ +_~ P N 

TH ERMOCOU PLES 

0 to 200 32 to 400 
0 to 200 32 to 400 
0 to 200 32 to 400 

- 6 0  to 100 - 7 5  to 200 

0 to 100 32 to 200 

0 to 320 32 to 600 
0 to 200 32 to 400 
0 to 200 32 to 400 
0 to 540 32 to 1000 

1.7 
2.2 
2.2 
1.0 

_+0.0 
3.7 

5.0 
5.0 
2.8 

3.0 0 0 
4.0 1.1 2.0 M 0 
4.0 0 M 
1.8 0.5 0.9 0 0 

f- 
+0 .0  ,!measured junction 
- 6 . 7  (_ >I000~ (1830~ O O 

O O 
9.0-~ ( measured junction O O 
9 . 0 ~ - ~  >870~ (1600~ 0 0 
5.0.) L or +_1~ 0 M 

(whichever is greater) 

THERMOCOUPLES 

0 to 260 32 to 500 
0 to 870 32 to 1600 
0 to 260 32 to 500 

0 to 200 32 to 400 
0 to 200 32 to 400 
0 to 200 32 to 400 

0 to 175 32 to 350 
0 to 175 32 to 350 
0 to 175 32 to 350 
0 to 700 32 to 1300 
0 to 70 32 to 160 

not established 

at about 800 at about 1470 
at about 800 at about 1470 

0 to 160 32 to 320 

2.2 
2.2 
2.2 

I Equivalent to 
less than +0 .5% 

+0.14 M V ~ |  of measured 
+0.11 MV~-.~ temperature 
+_0.11 M V 3 ]  in range 

L 1370 to 2200~ 
(2500 to 4000~ 

4.0 
4.0 
4.0 

not established 
not established 
not established 
not established 
not established 
not established 

not established 
not established 

0 M 
M M 
0 M 

0 M 
0 M 
0 M 

0 0 
0 0 
0 0 

0 o 
0 0 

0 M 
0 M 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
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38 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

PX O' 
Reference ) Meosurln g 
Junction Junchon 

(Ep)Tp 

(EP)TN 
( EpX)Tp 

(EpX)TN 

t 
Emf (El 

(EN)TN 

(ENX)TN 

NX 

/ 

/ 

�9 Stondord 

/ 

/ p x  

~-NX 

Temperoture ~ T N Tp 

FIG. 3.3--Error due to AT between the therrnocouple-extension wire.junctions. 

tions. The properties of each combination are detailed to allow a quick selec- 
tion of a combination which is most likely to be suitable for a special condi- 
tion. Thermocouple compositions are given in weight percent with the 
positive thermoelement of the thermocouple named first. 

The information on newer thermocouple materials is presented using com- 
ments, tables, and curves. The comments made for the various thermocouple 
systems are intended to convey information not easily shown by tables or 
curves. The information contained in the tables is intended to help the reader 
to quickly decide if a certain thermocouple system, or a specific thermocou- 
pie, is suited to his particular needs. The information given is general and 
nominal, and cannot be used too literally. For example, the useful maximum 
temperature of a thermocouple depends in part on wire size, insulation used, 
method of installation, atmosphere conditions, vibration present, etc. The 
evaluation of certain properties as good, fair, or poor is subject to wide 
ranges of interpretation in terms of a particular application; hence, no at- 
tempt is made to define these terms. Approximate millivolt-versus- Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 39 

temperature relations for the various thermocouples are shown by curves. 
The curves are presented to show general temperature ranges for the various 
thermocouples but are not intended for use in converting emf to 
temperature. The reader should contact the wire manufacturer for 
temperature-emf tables. 

The thermocouples described here are in use, and sufficient data and ex- 
perience are available to warrant their inclusion. No attempt is made to in- 
clude the many other thermocouple materials described in the literature 
which may have limited uses, or for which there are limited data, or for which 
there are serious problems of stability, emf reversibility, structural strength, 
etc. 

The best source of information for a specific thermocouple in the "newer 
material" classifcation is considered to be the manufacturer of the particular 
thermocouple under consideration. Other useful information can be found in 
Ref 2. 

3.3.1 Platinum Types 

3.3.1.1 Platinum-Rhodium Versus Platinum-Rhodium Thermocouples 
--The standard Types R and S thermocouples can be used for temperature 
measurement to the melting point of platinum, 1769~ (3216~ on a short- 
term basis, but, for improved service life at temperatures over 1200~ 
(2192~ special platinum-rhodium thermocouples are recommended. 

The platinum-40 percent rhodium versus platinum-20 percent rhodium 
thermocouple, called the "Land-Jewell" thermocouple, is especially useful 
for continuous use to 1800~ (3272~ or occasional use to 1850~ (3362~ 
However, it is seldom used where the Type B thermocouple will suffice 
because of lower output and greater cost. 

Other thermocouples suggested for high-temperature measurement have 
been a platinum-13 percent rhodium versus platinum-1 percent rhodium 
combination and a platinum-20 percent rhodium versus platinum-5 percent 
rhodium combination. The former shows slightly less tendency toward 
mechanical failure or contamination at high temperatures than the standard 
Types R and S thermocouples, while the latter has properties very similar to 
those of the Type B thermocouple. 

Figure 3.4 and Table 3.11 show the characteristics of these alloys. 
All special platinum-rhodium versus platinum-rhodium thermocouples, 

like the standard Types R, S, and B thermocouples, show improved life at 
high temperatures when protected by double-bore, full-length insulators of 
high-purity alumina. 

3.3.1.2 Platinum-15 Percent Iridium Versus Palladium Thermocou- 
ples--The platinum-15 percent iridium versus palladium combination was 
developed as a high-output noble-metal thermocouple. It conbines the 
desirable attributes of noble metals with a high emf output as a lower cost 
than other noble-metal thermocouples. Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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40 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

> 
E 

E 
t . tJ 

Temperature, deq F 
700 1400 2100 2800 5500 

14 

! 
tC 

6 

. / 

o 
400 800 1200 1600 ZOO0 

Temperature, deg C 

FIG.  3.4--Thermal emf of platinum-rhodium versus platinum-rhodium thermoeouples. 

The output becomes more linear and the Seebeck coefficient (thermoelec- 
tric power) increases with increasing temperature. In the absence of vibra- 
tion, the useful range can probably be extended closer to the melting point of 
palladium, 1550~ (2826~ 

Figure 3.5 and Table 3.12 show the characteristics of these alloys. 
Extension wires of base metals have been developed to provide a 

reasonable match with the thermocouple to about 700~ (1292~ 
Resistance to corrosion of the platinum-15 percent iridium alloy is better 

than that of the platinum-rhodium alloys in current use. Palladium is slightly 
less resistant to corrosion than the platinum alloy group. It will superficially 
oxidize at 700~ (1292~ The oxide decomposes at about 875~ (1607~ 
leaving a bright metal. When subjected to alternating oxidizing and reducing 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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FIG.  3.5--Thermal emf oi" plathtum-iridium versus palladium thermocouples. 

atmospheres, surface blistering may result. As with all noble metals, the 
catalytic effect of the wires must be considered in combustible atmospheres. 
Its use may be preferred to base metals, however, for many applications. 
Both wires are ductile and may be reduced to very small sizes and still be 
handled with relative ease. 

3.3.1.3 Platinum-5 Percent Molybdenum Versus Platinum-O.l Percent 
Molybdenum Thermocouple--Platinum alloys containing rhodium are not 
suitable for use under neutron irradiation since the rhodium changes slowly 
to palladium. This causes a drift in the calibration of thermocouples contain- 
ing rhodium. However, a thermocouple of platinum-5 percent molybdenum 
versus platinum-O. 1 percent molybdenum is suitable for use in the helium at- 
mosphere of a gas-cooled atomic reactor. Good stability at temperatures up 
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 43 

TABLE 3.12--Platinum-iridium versus palladium thermocouple. 

Pt-151r Versus Pd 

Nominal operating temperature range, bl: 
Reducing atmosphere (nonhydrogen) 
Wet hydrogen 
Dry hydrogen 
Inert atmosphere 
Oxidizing atmosphere 
Vacuum 

Maximum short-time temperature 

Approximate microvolts per degree: 
Mean, over nominal operating range 
At top temperature of normal range 

Melthtg temperature, nombtal: 
Positive thermoelement 
Negative thermoelement 

Stability with thermal cycling 
High-temperature tensile properties 
Stability under mechanical working 
Ductility (of most brittle thermoelement) after use 
Resistance to handling contamination 

Recommended extension wire: 
Positive conductor 
Negative conductor 

N R" 
NR 
NR 

1370~ (2500~ 
1370~ (2500~ 

NR 
ISSO~ (2826~ 

12/~ (22/~ 
13.6/~ (24.6/~ 

1785~ (3245~ 
ISSO~ (2826~ 

good 
fair 
good 
good 
fair 

base metal alloys h 
base metal alloys b 

'tNR = not recommended. 
h General Electric Company. 

to 1400~ (2552~ has been reported. The output of the thermocouple is 
high and increases in a fairly uniform manner with increasing temperature. 

Figure 3.6 and Table 3.13 show the characteristics of these alloys. 
The thermocouple usually is used in an insulated metallic sheath of 

platinum-5 percent molybdenum alloy. The sheath may be joined to a Type 
321 stainless steel sheath beyond the area of the helium atmosphere. Both the 
platinum-molybdenum alloy and the Type 321 stainless steel behave well 
under neutron irradiation and are compatible with graphite which normally 
is used in the reactor. 

Extension wires for this thermocouple can be copper for the positive con- 
ductor and copper-l .6 percent nickel for the negative conductor. Using these 
materials the junctions between the thermocouple and the extension wires 
should be maintained below 70~ (158~ 

3.3.2 Ir id ium-Rhodium Types 

3.3.2.1 Ir id ium-Rhodium Versus Iridium Thermocouples--Iridium-rho- 
dium versus iridium thermocouples are suitable for measuring temperature 

Copyright by ASTM Int ' l  (al l  r ights reserved);  Sun Nov 29 19:52:29 EST 2015
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FIG. 3.6--Thermal emf of platblum-molybdenum versus plath~um-molybdenum thermo- 
couples. 

to approximately 2000~ (3632~ and generally are used above the range 
served by platinum-rhodium versus platinum thermocouples. They can be 
used in inert atmospheres and in vacuum, but not in reducing atmospheres, 
and they may be used in oxidizing atmospheres with shortened life. 

The alloys of principal interest are those containing 40, 50, and 60 percent 
rhodium. They may be used for short times at maximum temperatures 2180, 
2140, and 2090~ (3956, 3884, and 3794~ these temperatures being 60~ 
(140~ or more below the respective melting points. 

Figure 3.7 and Table 3.14 show the characteristics of these alloys. The 
wires must be handled carefully. They are flexible in the fibrous (as drawn) 
state, but when annealed are broken easily by repeated bending. 
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 45 

TABLE 3.13--Platinum-molybdenum versus platinum-molybdenum thermocouple. 

Pt-SMo Versus 
Pt-0.1Mo 

Nominal operatblg temperature range, in: 
Reducing atmosphere (nonhydrogen) 
Wet hydrogen 
Dry hydrogen 
Inert atmosphere (helium) 
Oxidizing atmosphere 
Vacuum 

Maximum short-time temperature 

Approximate microvolts per degree: 
Mean, over nominal operating range 
At top temperature of normal range 

Melting temperature, nomb~ak 
Positive thermoelement 
Negative thermoelement 

Stability with thermal cycling 
High-temperature tensile properties 
Stability under mechanical working 
Ductility (of most brittle thermoelement) after use 
Resistance to handling contamination 

Recommended extension wire 70~ (158~ max: 
Positive conductor 
Negative conductor 

N R a 
NR 
NR 

1400~ (2552~ 
NR 
NR 

1550~ (2822~ 

29/~ (51.2/~ 
30/~ (54/~ 

1788~ (3250~ 
1770~ (3218~ 

good 
fair 
good 
good 
fair 

Ca 
Cu-l.6Ni 

"NR = not recommended. 

Metals said to be suitable for extension wires are 85 percent copper-15 per- 
cent nickel alloy for the positive conductor and 81 percent copper-19 percent 
nickel alloy for the negative conductor) 

3.3.2.2 Iridium-Rhodium Versus Platinum-Rhodium Thermocou- 
pies--Platinum-44 percent rhodium alloy 7 has been chosen by Lewis 
Research Center (NASA) as a substitute for an iridium therrnoelement in 
combustor gas streams at pressures above 20 atmospheres and temperatures 
approaching 1600~ (2912~ The thermocouple, consisting of a positive 
element of iridium-44 percent rhodium and a negative element of 
platinum-40 percent rhodium, showed reasonable oxidation resistance under 
these conditions. 

Calibration to 1440~ (2552~ showed the thermocouple output to be 
nearly linear and the absolute emf to be close to that of the iridium-44 per- 
cent rhodium versus iridium thermocouple. 

6johnson Matthey Incorporated. 
7National Aeronautics and Space Administration Technical Brief, Nov. 1975. 
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FIG. 3.7--Thermal emf of iridium-rhodium versus iridium thermocouples. 

3.3.3 Platinel Types 

3.3.3.1 Platinel Thermocouples--Platinel, 8 a noble-metal thermocouple 
combination, was metallurgically designed for high-temperature indication 
and control in turbo-prop engines. This combination approximates within 
reasonable tolerances the Type K thermocouple curve. 

Actually, two combinations have been produced and are called Platinel I 
and Platinel II. The negative thermoelement in both thermocouples is a 65 
percent gold-35 percent palladium alloy (Platinel 1503), but the positive one 
in Platinel I is composed of 83 percent palladium, 14 percent platinum, and 

8Trademark of the Engelhard Industries, Inc. 
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48  THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

3 percent gold (Platinel 1786), while that used in Platinel II contains 55 per- 
cent palladium, 31 percent platinum, and 14 percent gold (Platinel 1813). 
Platinel II is the preferred type and has superior mechanical fatigue proper- 
ties. The thermal emfs of these combinations differ little, as shown in Fig. 
3.8. Other properties are given in Table 3.15. 

From Fig. 3.8 it is apparent that the emf match with the Type K ther- 
mocouple is excellent at high temperatures, but some departure occurs at low 
temperatures. Generally, the user of Platinel makes the connection between 
the thermocouple and the extension wire (Type K thermocouple wire) at an 
elevated temperature (800~ where the match is good. However, if this is 
done, care should be taken to ensure that the junctions of both conductors 

50 

40 

30 

E 

E 
w 

20 

Temperoture, deg F 
500 II00 1700 2300 2900 

r l  i i 

/ 
/ 

/ 

o /  
3O0 

Type K 
Plotine: 1 

Platinel I!  

600 900 1200 1500 
Temperoture, deg C 

FIG. 3.8--Therrnal emf of platinel thermocouples. 
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 49 

TABLE 3. I5--Platinel thermocouples. 

Nomhud operathtg temperature range, in: 
Reducing atmosphere (nonhydrogen) 
Wet hydrogen 
Dry hydrogen" 
lnert atmosphere 
Oxidizing atmosphere 
Vacuum 

Maximum short-time temperature ( < I h) 

Approximate mierovolts per degree: 
Mean, over nominal operating range 

(100 to IO00~ 
At top temperature of normal range 

(1000 to 1300~ 

Melthtg temperature, nomhtal: 
Positive t hermoelement--solidus 
Negative t hermoelement --solidus 

Stability with thermal cycling 
High-temperature tensile properties 
Stability under mechanical working 
Ductility (of most brittle thermoelement) 

after use 
Resistance to handling contamination 

Recommended extension wire at approxi- 
mately 800~ (1472~ 

Positive conductor 
Negative conductor 

Platinel II Platinel 1 

NR t' NR 
NR NR 

1010~ (1850~ 1010~ (1850~ 
1260~ (2300~ 1260~ (2300~ 
12b0~ (2300~ 12bO~ {2300~ 

NR NR 
1360~ (2480~ 136,0~ (2480~ 

42.5/~ (23.5/~ 

35.5/~ (19.6/~ 

41.9/~ (23.3/~ 

33.1/~ (18.4/~ 

1500~ (2732~ 1580~ (2876~ 
1426~ (25qq~ 1426~ (259q~ 

good good 
fair fair 

? ? 

good good 
? 9 

Type KP Type KP 
Type KN Type KN 

"High-purity alumina insulators are recommended. 
I'NR = not recommended. 

are at the same temperature.  If the junction is made at a temperature where 

the extension wire/thermocouple emf match is not too close, then corrections 

should be made. Other  base-metal extension wires capable of matching the 
emf of the Platinels very closely at low temperatures [to 160~ (320~ are 
also available. 

It is recommended that  precautions usually followed with the use of 
p la t inum-rhodium versus pla t inum thermocouples be observed when the 

Platinels are employed. Tests have shown that phosphorus, sulfur, and sili- 

con have a deleterious effect on the life of the thermocouples. 

3.3.4 Nickel-Chromium Types 

3.3.4.1 Nickel-Chromium Alloy Thermocouples--Special nickel-chro- 
mium alloys are supplied by various manufacturers as detailed in the follow- 
ing paragraphs. Figure 3.9 and Table 3.16 give characteristics of these 
alloys. 
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FIG. 3.9--Thermal emf of nickel-chronlium alloy thermocouples. 

3.3.4.1.1 Gem i no l - -The  Geroinol 9 thermocouple was developed primar- 
ily for improved resistance to deterioration in reducing atmospheres. 

The composition of the positive thermoeleroent has been adjusted specifi- 
cally to combat in reducing atmospheres the destructive corrosion known as 
"green rot". 

The substitution of an 80 percent nickel-20 percent chromium type alloy 
for conventional (Type KP) 90 percent nickel-10 percent chromiuro alloy 
positive therrnoeleroent, and a 3 percent silicon in nickel alloy for the conven- 
tional (Type KN) manganese-aluroinuro-silicon in nickel alloy negative ther- 
rooeleroent, results in a more oxidation-resisting thermocouple. 

9Trademark of the Driver-Harris Company. 
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52 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

The temperature-emf curve is practically parallel to that of the conven- 
tional Type K thermocouple above 760~ (1400~ 

3.3.4.1.2 Thermo-Kanthal special--The Thermo-Kanthal special ther- 
mocouple was developed to give improved stability at temperatures between 
982~176 and 1260~ (2300~ over that obtained with conventional 
base-metal thermocouple materials. 

3.3.4.1.3 Tophel II-Nial H- -  

1. The Tophel II-Nial II thermocouple was developed for improved oxida- 
tion resistance and emf stability over the conventional Type K thermocouple 
alloys in both oxidizing and reducing atmospheres at elevated temperatures. 

2. Tophel II, which is the positive thermoelement, is a nickel-10 percent 
chromium base alloy with additions to resist "green rot" attack in reducing 
atmospheres at elevated temperatures. The emf of Tophel II is within the 
standard tolerance of the conventional Type K positive thermoelement over 
the entire temperature range of 32 to 2300~ (0 to 1260~ Tophel II can be 
matched with any acceptable Type K negative thermoelement to form a cou- 
ple which is within the standard tolerance for the Type K thermocouple. 

3. Nial II, which is the r~egative thermoelement, is a nickel-2.5 percent 
silicon base alloy with additions to improve the oxidation resistance and emf 
stability in an oxidizing atmosphere at elevated temperatures. The emf of 
Nial II is within the standard tolerance of the conventional Type K ther- 
moelement between the range of 149 to 1260~ (300 to 2300~ From 0 to 
149~ (32 to 300~ the Nial II is about 0.1 mV less negative than the con- 
ventional Type K negative thermoelement with reference to platinum. 

4. The Tophel II-Nial II thermocouple meets the emf tolerances desig- 
nated in ASTM Specification E 230 for the Type K thermocouple from 149 to 
1093~ (300 to 2000~ From O to 149~ (32 to 300~ the Tophel II- Nial 
II thermocouple generates 0.1 mV (or 5 deg equivalent) less than the stan- 
dard Type K thermocouple at the same temperature. 

5. Tophel II-Nial II thermocouples can be used on existing instruments 
designed for the Type K thermocouples for temperatures sensing and control 
within the range of 149 to 1260~ (300 to 2300~ If extension wire is 
needed, the negative extension wire should be Nial II, while the positive ex- 
tension wire could either be Tophel II or any acceptable Type K (+)  exten- 
sion wire. 

6. Through the improvements in both oxidation resistance and emf stabil- 
ity, Tophel II-Nial II thermocouples offers longer useful and total service life 
than conventional Type K thermocouples of the same size. As a corollary 
benefit, finer size Tophel II-Nial II thermocouples can be used to achieve 
equivalent or better stability than conventional Type K couples of larger 
sizes. 

3.3.4.1.4 Chromel 3-G-345-Alumel 3-G-196--The Chromel 3-G-345- 
Alumel 3-G-196 thermocouple is designed to provide improved performance Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 53 

under extreme environmental conditions where the conventional Type K 
thermocouple is subject to accelerated loss of stability. 

More specifically, Chromel 3-G-345 is a Type K positive thermoelement in 
which the basic 10 percent chromium-nickel alloy is modified to give improved 
resistance to preferential chromium oxidation ("green rot"). At tempera- 
tures from 871 to 1038~ (1600 to 1900~ conventional Type K positive 
thermoelements operating in marginally oxidizing environments are subject 
to embrittlement and loss of output as a result of such attack. 

Under those conditions, Type K thermocouples employing Chromel 3-G- 
345 positive thermoelements offer greater stability than conventional Type K 
thermocouples. The usual precautions regarding protection of Type K ther- 
mocouples in corrosive environments apply to the special thermocouple as 
well. 

The modified Chromel thermoclement meets the accepted curve of emf 
versus platinum for Type K positive thermoelements, within standard toler- 
ances. It can be combined with either Alumel 3-G-196 or conventional 
Alumel to form Type K thermocouples meeting standard emf tolerances. 

Aiumel 3-G-196 is a Type K negative thermoelement of greatly improved 
oxidation resistance. It is suited to use in both reducing and oxidizing at- 
mospheres, where its stability of output is especially advantageous in fine 
wire applications at high temperatures. It is nominally 2.5 silicon-nickel. 

Alumel 3-G-196 meets the accepted curve of emf versus platinum for Type 
K negative thermoelements at all temperatures from 0 to 1260~ (32 to 
2300~ It can be combined with either Chromel 3-G-345 or regular Chro- 
mel to form thermocouples meeting standard Type K thermocouple 
tolerances over the entire range from 0 to 1260~ (32 to 2300~ 

Type K thermocouples employing either or both special thermoelements 
can be used with conventional extension wires at no sacrifice in guaranteed 
accuracy of the thermocouple-extension wire combination. 

3.3.4.1.5 Nickel-Chromium-Silicon versus Nickel-Silicon-- 

1. This combination resulted from many years of research in Australia and 
in the United States. Some of this work has been reported in NBS Mono- 
graph 161 [3]. 

2. The alloys in this combination have excellent resistance to preferential 
oxidation in the range 1000 to 1200~ 

3. The emf output differs from that of the Type K thermocouple but the 
curves have similar slopes over the elevated temperature range (see Fig. 3.9). 

4. The short-term changes in the thermal emf outputs of 3.3 mm diameter 
nickel-chromium-silicon/nickel silicon and Type K thermocouples and of 
their individual thermoelements versus platinum on exposure in air at 
1250~ are reported in NBS 161. 

5. The long-term thermal emf drifts in 3.3 mm diameter nickel-chromium- 
silicon and Type K thermocouples and in their individual thermoelements 
versus platinum on exposure in air at 1000~ are also reported in NBS 161. Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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54 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

3.3.5 Nickel-Molybdenum Types 

3.3. 5.1 20 Alloy and 19 Alloy t~ (nickel-nickel molybdenum alloys)-- 

1. The 20 Alloy/19 Alloy therrnocouple was developed for temperature 
sensing and control applications at elevated temperatures in hydrogen or 
other reducing atmospheres. The emf table of the 20 Alloy versus the 19 
Alloy does not conform to the Type K or any existing base metal ther- 
mocouples designated by ASTM Specification E 230. 

2. The 19 Alloy, which is the negative thermoelement, is essentially a 
nickel-1 percent molybdenum alloy. Its emf versus platinum values are 
somewhat more negative than those of the Type K negative thermoelement 
within the range of 0 to 1260~ (32 to 2300~ 

3. The 20 Alloy, which is the positive thermoelement, is essentially a 
nickel-18 percent molybdenum alloy. Its emf versus platinum values are less 
positive within the range of 0 to 260~ (32 to 500~ than the Type K positive 
thermoelement, but more positive within the range of 260 to 1260~ (500 to 
2300~ Figure 3.10 and Table 3.17 show the characteristics of these alloys. 

4. The 20 Alloy/19 Alloy thermocouple, when properly sealed in a protec- 
tion tube, offers excellent emf stability at elevated temperatures in hydrogen 
or other reducing atmospheres. 

S. The oxidation resistance of the 20 Alloy/19 Alloy thermocouple is not 
good. The 20 Alloy/19 Alloy thermocouples are not recommended for use in 
an oxidizing atmosphere above 649~ (1200~ 

6. 20 Alloy/19 Alloy extension wire should be used in connection with the 
20 Alloy/19 Alloy thermocouple. 

3.3.6 Tungsten-Rhenium Types 

There are three tungsten-rhenium thermocouple systems available-- 
tungsten versus tungsten-26 percent rhenium, doped tungsten-3 percent 
rhenium versus tungsten-25 percent rhenium and doped tungsten-5 percent 
rhenium versus tungsten-26 percent rhenium. The price of the first combina- 
tion has the lowest cost. All have been employed to 2760~ (5000~ but 
general use is below 2316~ (4200~ Applications for these couples have 
been found in space vehicles, nuclear reactors, and many high-temperature 
electronic, thermoelectric, industrial heating, and structural projects. 
However, when employed in a nuclear environment, the effect of transmuta- 
tion of the thermal emf of the couples should be considered. 

The use of tungsten in certain applications as the positive element may 
pose a problem, since heating tungsten to or above its recrystailization 

J~ 20 Alloy versus 19 Alloy thermocouple was developed by the General Electric Company. 
Since 1962 the Wilbur B. Driver Company has been the sole manufacturer of the 20 Alloy and 
the 19 Alloy. 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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F I G .  3. lO--Thermal emf of n&kel v e r s u s  nickel-molybdenum thermocouples. 

temperature (approximately 1200~ causes embrittlement resulting in loss 
of room-temperature ductility; an effect that is not experienced with the alloy 
leg containing high rhenium. With proper handling and usage this combina- 
tion can be employed satisfactorily for long periods. One approach to the 
brittleness problem is to add rhenium to the tungsten thermoelement. Early 
research showed that the addition of 10 percent rhenium to the tungsten ele- 
ment did much to retain ductility after recrystallization. This much rhenium, 
however, greatly reduced the emf response for the thermocouple. Other 
techniques to retain room-temperature ductility are used by manufacturers; 
these include special processing and doping with the addition of 5 percent or 
less rhenium to the tungsten thermoelement. 

Doping usually consists of using additives during the process of preparing 
Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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56 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 3.17--Physical data and recommended applications of the 20 Alloy~19 Alloy 
thermocouples. 

20 Alloy/19 Alloy 

Nomblal operatb~g temperature range, bt: 
Reducing atmosphere (nonhydrogen) 
Wet hydrogen 
Dry hydrogen 
Inert atmosphere 
Oxidizing atmosphere 
Vacuum 

Maximum short time temperature 

Approximate microvolts per degree: 
Mean, over nominal operating range 
At top temperature of normal range 

Melting temperature, nominal: 
Positive thermoelement 
Negative tbermoelement 

General stability with thermal cycling (good, fair, poor) 
High temperature tensile properties (good, fair, poor) 
Unaffected by mechanical working (good, fair, poor) 
Ductility (of most brittle thermal element) after use (good, 

fair, poor) 
Resistance to handling contamination (good, fair. poor) 

Recommended extension wire: 
Positive conductor 
Negative conductor 

1205~ (2200~ 
1205~ (2200~ 
1205~ (2200~ 
1205~ (2200~ 

not recommended 
1205~ (2200~ 
1260~ (2300~ 

55 #V/~ (31.0 #V/~ 
between the range of I000 to 

2300~ 59 /~V/~ (32.9 
tLV/~ 

1430~ (2600~ 
1450~ (2640~ 

good 
good 
fair 

fair 
good 

20 Alloy 
19 Alloy 

the tungsten powder and results in a unique microstructure in the finished 
wire. The additives essentially are eliminated during the subsequent sintering 
of the tungsten-rhenium powder compact. In fact, presently known 
analytical techniques do not disclose the presence of the additives above the 
background level of such substances normally present as impurities in non- 
doped tungsten or tungsten-rhenium alloys. 

The emf response of tungsten-3 percent rhenium and tungsten-5 percent 
rhenium thermoelements used with thermoelements containing high percent- 
ages of rhenium is satisfactory. The thermoelectric power of the tungsten ver- 
sus tungsten-26 percent rhenium, tungsten-3 percent rhenium versus 
tungsten-25 percent rhenium, and tungsten-5 percent rhenium versus 
tungsten-26 percent rhenium is comparable at lower temperatures, but drops 
off slightly for the latter two as the temperature is increased. 

The tungsten thermoelement is not supplied to the user in a stabilized 
(recrystallized) condition; therefore, a small change in emf is encountered at 
the operating temperature. In the case of the doped tungsten-3 percent 
rhenium, doped tungsten-5 percent rhenium, tungsten-25 percent rhenium, 

Copyright by ASTM Int ' l  (all  rights reserved); Sun Nov 29 19:52:29 EST 2015
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CHAPTER 3 ON THERMOCOUPLE MATERIALS 57 

and tungsten-26 percent rhenium thermoelements, these are supplied in a 
stabilized (recrystallized) condition. 

All three thermocouple combinations are supplied as matched pairs 
guaranteed to meet the emf output of producer developed tables within + l 
percent. In addition, compensating extension wires are available for each of 
the three combinations with maximum service temperatures as high as 871 ~ 
(1600~ for tungsten-5 percent rhenium versus tungsten-26 percent rhe- 
nium. 

Important factors controlling the performance at high temperatures are: 
the diameter of the thermoelements (larger diameters are suitable for higher 
temperatures), the atmosphere (vacuum, high-purity hydrogen, or high- 
purity inert atmospheres required), the insulation, and sheath material. 
Some evidence is at hand, however, which indicates the possibility of selective 
vaporization of rhenium at temperatures of the order of 1900~ and higher 
when bare (unsheathed) tungsten-rhenium thermocouples are used in 
vacuum. For this reason, the vapor pressure of rhenium should be considered 
when a bare couple is used in a high vacuum at high temperatures. This, of 
course, is not a problem when these couples are protected with a suitable 
refractory metal sheath. 

Figure 3.11 and Table 3.18 show the characteristics of these alloys. 

3.4 Compatibility Problems at High Temperatures 

In order for thermocouples to have a long life at high temperatures, it is 
necessary to limit reactions between the metals, the atmosphere, and the 
ceramic insulation. Such reactions may change the strength or corrosion- 
resistant properties of the alloys, the electrical output of the thermocouple, 
or the electrical insulation properties of the ceramic insulant. 

At extremely high temperatures, reactions can be expected between almost 
any two materials. Table 3.19 has been included to show the temperatures at 
which such reactions occur between pairs of metallic elements. At lower 
temperatures, certain reactions do not occur and such as do occur, proceed 
at a slower rate. Because of potential reactions, it is important to identify the 
impurities and trace elements as well as the major constituents of the ther- 
moeouple components. The "free energy of formation" (Gibbs free energy) 
for the oxides of each element at the temperatures of interest, can be deter- 
mined to predict possible oxide reactions. Other reactions may occur and at- 
tention should be given to the possible formation of the carbides, nitrides, 
etc. of the various elements. 

Helpful data may be obtained from published reports, but, because of the 
importance of trace elements and impurities, the sources should be treated 
with caution. In some cases, the amount and types of impurities in the 
materials used were unknown. 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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FIG.  3.1 I - - T h e r n u d  en!l" of tungsten-rheniunl versus tungsten-rhenium thermocouples. 

Certain reactions may be somewhat self-limiting in that the reaction prod- 
uct provides a protective film against further reaction. However, spalling or 
chipping off of the reaction product may occur because of thermal or 
physical stress. Thus, the reaction rate and the use of the corrosion product 
as protection can be ascertained only if tested under the desired operating 
conditions and times. 

The use of oxygen-gettering material should be considered in instances 
where oxygen is present in limited amounts [4]. This method has been 
employed with enclosed Type K thermocouples to limit the preferential ox- 
idation of the positive thermoelement. A thin tube (or sliver) of titanium at 
the hottest location of the thermocouple has been used. 
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Chapter 4 Typical Thermocouple 
Designs and Applications 

A complete thermocouple temperature sensing assembly, in accordance 
with the present state of the art, consists of one or more of the following: 

A. Sensing Element Assembly--In its most basic form this assembly in- 
cludes two dissimilar wires, supported or separated or both by electrical 
insulation and joined at one end to form a measuring junction. Such as- 
semblies usually fall into one of three categories; (1) those formed from 
wires having nonceramic insulation, (2) those with hard-fired ceramic insula- 
tors, and (3) those made from sheathed, compacted ceramic-insulated wires. 
This chapter will deal only with the first two. See Chapter 5 for complete 
details on the latter. 

B. Protecting Tube--Ceramic and metal protecting tubes serve the pur- 
pose of protecting the sensing element assembly from the deleterious effects 
of hostile atmospheres and environments. In some cases, two concentrically 
arranged protecting tubes may be used. The one closest to the sensing ele- 
ment assembly is designated the primary protecting tube, while the outer 
tube is termed the secondary protecting tube. Combinations such as an 
aluminum oxide primary tube and a silicon carbide secondary tube often 
are used to obtain the beneficial characteristics of the combination, such as 
resistance to cutting flame action and ability to resist thermal and mechani- 
cal shock. 

C. Thermowell--More critical or demanding applications may require 
the use of specially machined and drilled solid bar stock called thermowells 
for not only protection of the thermoeouple, but also to withstand high 
pressure or stresses or erosion or both caused by material flows within con- 
tainment vessels. These drilled wells, as they are sometimes called, are 
machined to close tolerances, and highly polished to inhibit corrosion. 

D. Terminations--Sensing element assembly wire terminations are made 
to: 

(a) Terminals (usually screw type) 
(b) Connection head 

1. General purpose type 
2. Screw cover type 
3. Open type 

62 
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CHAPTER 4 ON THERMOCOUPLE DESIGNS AND APPLICATIONS 63 

(c) Plug and jack quick-disconnect 
(d) Military standard (MS) type of connector 
(e) Miscellaneous connection devices such as crimp-on sleeves, transi- 

tion fittings filled with epoxy or other potting materials, and so on. 

E. Miscellaneous Hardware--These include: 

(a) Pipe nipple or adapter--to join the protecting tube to the head 
(b) Thermocouple gland--used' primarily with sheathed, compacted 

ceramic-insulated thermocouple assemblies to serve the dual func- 
tion of mounting and sealing-off pressure in the mounting hole 
(see Chapter 5). Such glands may also be used with small protecting 
tubes. 

(c) Threaded bushing--welded or brazed to the protecting tube and 
screwed into the mounting hole. 

4.1 Seining Element Assemblies 

Typical thermocouple element assemblies, shown in Fig. 4.1, A and B, 
illustrate common methods of forming the measuring junction, A--by twist- 
ing and welding (twisting provides added strength), and B--by butt-welding. 
C shows an assembly using nonceramic insulation such as asbestos or fiber 
glass. New ceramic fibers are available which extend the upper temperature 
limits of this form of insulation. D, E, and F show the use of various forms 
of hard fired ceramic insulators, double bore (D) fish-spine or ball and 
socket (E) and four-hole (F). Fish-spine provides flexibility, and four-hole 
provides for two independent sensing elements. 

4.2 Nonceramic Insulation 

The normal function of thermocouple insulation is to provide electrical 
separation for the thermoelements. If this function is not provided or is 
compromised in any way, the indicated temperature may be in error. In- 
sulation is affected adversely by moisture, abrasion, flexing, temperature 
extremes, chemical attack, and nuclear radiation. Each type of insulation 
has its own limitations. A knowledge of these limitations is essential, if 
accurate and reliable measurements are to be made. 

Some insulations have a natural moisture resistance. Teflon, polyvinyl 
chloride (PVC), and some forms of polyimides are examples of this group. 
With the fiber type insulations, moisture protection results from impreg- 
nating with substances such as wax, resins, or silicone compounds. Pro- 
tection from abrasion and flexing is also generally provided by impregnating 
materials. However, one cycle over their rated temperatures will result in a 
deterioration of this protection. Once the impregnating materials have been 
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64 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

exposed to temperatures at which they vaporize there is no longer moisture 
or mechanical protection. 

The moisture penetration problem is not confined to the sensing end of 
the thermocouple assembly. For example, if the thermocouple passes 
through hot or cold zones or through an area which becomes alternately hot 
and cold, condensation may produce errors in the indicated temperature, 
unless adequate moisture resistance is provided. 

After exposure to temperatures exceeding the limitations of the insulation, 
whole sections of the insulation can fall away resulting in bare wire and a 
possible "short." Thermocouples in this condition should not be used if any 
flexing or abrasion is expected. It is recommended that they be discarded or 
that the exposed portion of the thermocouple assembly be cut off and the 
measuring junction reformed. 

A. Bore thermocouple element, twisted and welded. 

B. Butt-welded thermocouple element. 

,=-~ 

C. Thermocouple element, twisted ond welded with osbestos 
insulotion. 

/ I I - I _ _ ~  1 [_ I ~ �9 
D. Butt-welded thermocouple element with double- 

bore insulators. 

t~EEEEEr-EIZECn-E.EF_I-_EEcEr- EEEEL-i-I-Yr-EE CEI:Z~-" 
EEEEEEEEEC~EECEL-I_-Lq-_EEECI-FNT_I-rFcF_I~ 

E. Butt-welded thermocouple element with 
fish-spine insulators. 

I I ; I ] I I I ~ ~ - = = - ~  .... 
F. Two butt-welded thermocouple elements with 

4-hole insulotore. 

FIG. 4.1--Typical thermocouple element assemblies. 
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CHAPTER 4 ON THERMOCOUPLE DESIGNS AND APPLICATIONS 65 

Insulations are rated for a maximum temperature both for continuous 
usage and for a single exposure. It is imperative to observe the limits when 
selecting an insulating material. At elevated temperatures even those insula- 
tions which remain physically intact may become conductive. Under these 
conditions, the output of the thermocouple may be a function of the highest 
temperature to which the insulation is exposed, rather than the temperature 
of the measuring junction. The change in insulation resistance may be 
permanent if caused by deterioration of organic insulants or binders which 
leave a carbon residue. In considering the temperature to which the insula- 
tion is exposed, it should not be assumed that this is the temperature of 
the measuring junction. A thermocouple may be attached to a massive 
specimen which is exposed to a high-temperature source to achieve a rapid 
heating rate. Parts of the thermocouple wires not in thermal contact with 
the specimen can be overheated severely while the junction remains within 
safe temperature limits. With this in mind, high quality insulation should 
be used when rapid heating rates are expected. Very little factual informa- 
tion is available on actual deterioration rates and magnitudes, but the con- 
dition is real, so a conservative approach is a requisite of good engineering 
practice. 

The basic types of flexible insulations for elevated temperature usage are 
fiber glass, fibrous silica, and asbestos, l Of the three materials, fibrous silica 
has the best high-temperature electrical properties, but, because this insula- 
tion normally is not impregnated, its handling and abrasion characteristics 
leave something to be desired. The next best high-temperature insulation is 
asbestos. Because this material has very poor mechanical properties a car- 
rier fiber or an impregnating material is added. In some instances, this 
carrier is cotton or another organic compound which leaves a carbon residue 
after exposure to a temperature at which it burns. This results in a break- 
down of electrical insulation. Asbestos loses its mechanical strength after 
exposure to elevated temperatures and may break away from the wire with 
little or even no handling. A more commonly used insulation is fiber glass. 
It can be impregnated to provide improved moisture and mechanical charac- 
teristics within the temperature limitations of the impregnating compound. 
The most frequently used type of fiber glass has an upper temperature limit 
of approximately 500~ (900~ for continuous use. If one is willing to sacri- 
fice the handling characteristics, nonimpregnated fiber glass insulations 
are available which withstand higher temperatures. 

Modern technology has led to the development of ceramic fibers which 
markedly increase the upper use temperature of flexible insulations. These 
insulations, if properly applied and handled, will allow base metal thermo- 
couples to be used to their upper use temperatures within their limits of 
exposure to the environment in which they are placed. For example, Type 

1 Asbestos can bc hazardous to health. Proper precaution should be exercised in  i ts  use.  
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66 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

K thermocouples can be exposed to their stated upper temperature limit, 
and be adequately insulated provided the environmental factors do not 
otherwise affect the serviceability of the insulation. The same precautions 
must be observed with these thermocouples as with any other thermocouple 
installation. The user must be knowledgable about his application and the 
materials which he intends to use. These extremely high-temperature in- 
sulations should be employed without impregnants for maximum tempera- 
ture service. 

Chemical deterioration of insulation materials can produce a number of 
problems. If the environment reacts with the insulation, both the insula- 
tion and environment can be affected adversely. The insulation can be re- 
moved easily or become electrically conductive, and the process system can 
become contaminated. For example, some insulation materials are known 
to cause cracking in austenitic stainless steels. 

In summary, an insulation should be selected only after considering pos- 
sible exposure temperatures and heating rates, the number of temperature 
cycles, mechanical movement, moisture, routing of the thermocouple wire, 
and chemical deterioration (see Table 4.1). 

Industry has established insulation color codes for standardized letter- 
designated thermocouple and extension wire types, as shown in Table 4.2. 

4.3 Hard-Fired Ceramic Insulators 

Hard-fired ceramic insulators most commonly used with bare thermo- 
couple elements are mullite, aluminum oxide, and steatite, the latter being 
the most common material where fish-spine insulators are concerned. 
Single, double, and multibore insulators are available in a wide variety of 
sizes in both English and metric dimensions. Lengths commonly stocked by 
many suppliers are 1, 2, 3, 6, 12, 18, 24, and 36 in. Lengths to 72 in. are 
available on special order. The longer these insulators becom'e, the more 
susceptible they are to breakage, so care must be exercised in handling. 

It is advisable, especially in the case of precious metal thermocouple ele- 
ment assemblies, to keep the insulator in one piece to minimize contami- 
nation from the environment. 

Hard-fired ceramic insulators are made in oval as well as circular cross- 
section examples of which are shown in Fig. 4.2. Properties of refractory 
oxides are tabulated in Table 4.3. 

4.4 Protecting Tubes, ThermoweHs, and Ceramic Tubes 

4.4.1 Factors Affecting Choice of Protection for Thermocouples 

Thermocouples must be protected from atmospheres that are not com- 
patible with the thermocouple alloys. Protecting tubes serve the double 
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68 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 4.2--Color  code of thermocouple and extension wire insulations. 

Thermocouple Wire Thermocouple Extension Wire 

Insulation Color Code Insulation Color Code 

Symbol Single Duplex Symbol Single/' Duplex 

E brown EX purple 
EP purple EPX purple 
EN red ENX red with purple trace 
J brown JX black 
JP white JPX white 
JN red JNX red with white trace 
K brown KX yellow 
KP yellow KPX yellow 
KN red KNX red with yellow trace 
T brown TX blue 
TP blue TPX blue 
TN red TNX red with blue trace 
B . . .  a BX gray 
BP . . .  a BPX gray 
BN . . .  a BNX red with gray trace 
R . . .  a RX green 
RP . . . a  RPX black 
RN . . .  a RNX red with black trace 
S . . .  a SX green 
SP . . .  a SPX black 
SN . . .  a SNX red with black trace 

No tE- -Fo r  a more complete explanation of color codes see ANSI MC96.1 
aNormally noble metal thermocouples are not insulated with colored insulations. However, 

if they were, the color codes of the extension wire singles but  with brown duplex would apply. 
bThe trace colors are recommended when duplex coverings are not present, but  optional 

when duplex coverings are applied. 

purpose of guarding the thermocouple against mechanical damage and 
interposing a shield between the thermocouple and its surroundings so as 
to maintain it as nearly as possible in its best working environment. 

The conditions that must be excluded are: (a) metals (solid, liquid, or 
vapor) which, coming into contact with the thermocouple, would alter its 
chemical composition; (b) furnace gases and fumes which may attack the 
thermocouple materials (sulphur and its compounds are particularly dele- 
terious); (c) materials such as silica and some of its metallic oxides, which, 
in contact with the thermoeouple in a reducing atmosphere, are reduced, 
and combine with the thermocouple to attack it; and (d) electrolytes which 
would attack the thermocouple material. 

The choice of the proper protecting tube is governed by the conditions of 
use and by the tolerable life of the thermocouple. On many occasions the 
strength of the protecting tube may be more important than the long-term 
thermoelectric stability of the thermocouple. On the other hand, gas tight- 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 4 ON THERMOCOUPLE DESIGNS AND APPLICATIONS 6 g  

Ovol Double Bore Insulofor 

Round Double Bore Insulotor 

�9 
Round Four Bore insulotor 

FIG, 4.2--Cross-sectton examples of oval and circular hard.fired ceramic insulators. 

ness and resistance to thermal shock may be of paramount importance. In 
other cases, chemical compatibility of the protecting tube with the process 
may be the deciding factor. The problem of "green-rot" discussed in Sec- 
tion 3.1.1 also should be considered. In short, careful consideration must 
be given to each unique application. 

As important as proper selection of the material is the cleanliness of the 
inside of the tube. Foreign matter, especially sulphur bearing compounds, 
can seriously affect the serviceability of the thermocouple as well as the 
tube itself. 

4.4.2 Common Methods of Protecting Thermocouples 

4.4.2.1 Protecting Tubes--By proper selection of material, metal pro- 
tecting tubes can offer adequate mechanical protection for base metal 
thermocouples up to 1150~ (2100~ in oxidizing atmospheres. It must be 
remembered that all metallic tubes are somewhat porous at temperatures 
exceeding 815~ (1500~ so that, in some cases, it may be necessary to 
provide an inner tube of ceramic material otherwise damaging gaseous 
vapors may enter the tube and attack the thermocouple. 

Typical use temperatures for protecting tubes are given next. These 
should be used only as a guide with careful selection of the proper material 
for each application. 

(a) Carbon steels can be used to 540~ (IO00~ in oxidizing the atmo- 
spheres, and considerably higher if protected. 
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70 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 4.3--Properties 

e o r o s  - 

ity, voi- 
Composition ume % 

Maxi-  
m u m  

Normal 
Fusion Use Density, 
Tern- Tern- Bulk (b), 
pera- pera- True (t), 

ture, ~ ture, ~ g/cm 3 

Sapphire crystal 99.9 AI20 3 0 2030 1950 3.97(t) 

Sintered alumina 99.8 AI203 3 to 7 2030 1900 3.97(t) 
Sintered beryllia 99.8 BeO 3 to 7 2570 1900 3.03(0 
Sintered caleia 99.8 CaO 5 to 10 2600 2000 3.32(t) 
Chrome-alumina cermet 

(Haynes Stellite LT-I) 77 Cr, 23 Al20 3 2 1850 1300 5.9(b) 
Sintered magnesia 99.8 MgO 3 to 7 2800 1900 3.58(t) 
Sintered mullite 72 AI203, 28 SiO 2 3 to I0 1810 1750 3.03(t) 
Sintered forsterite 99.5 Mg2SiO 4 4 to 12 1885 1750 3.22(t) 
Sintered spinel 99.8 MgAI204 3 to 10 2135 1850 3.58(t) 
Sintered titania 99,5 TiO 2 3 to 7 1840 1600 4.24(t) 
Sintered thoria 99.8 ThO 2 3 to 7 3050 2500 10.50(t) 
Sintered yttria 99.8 Y203 2 to 5 2410 2000 4.S0(t) 
Sintered urania 99.8 UO 2 3 to 10 2800 2200 10.96(t) 
Sintered stabilized 92 ZrO2, 4 HfO2, 

zirconia 4 CaO 3 to 10 2550 2200 5.6(t) 
Sintered zircon 99.5 ZrSIOI 5 to 1S 2420 1800 4.7(t) 
Silica glass 99.8 SiO 2 0 1710 1100 2.20(t) 
Mullite porcelain 70 A1203, 27 SiO 2, 

3 Mo + M20 2 to 10 1750 1400 2.8(b) 
High alumina porcelain 90-95 A1203, 4-7 SiO2. 

1 to 4 Mo + M20 2 to 5 1800 1500 3.75(b) 

a Kingery, W. D., "Oxides for High Temperature Applications," Proceedings of the Inter- 
national Symposium on High Temperature Technology. McGraw-Hill, New York. 1960. 

(b) Austenitic stainless steels (AISI 300 series) can be used to 870~ 
(1600~ in oxidizing atmospheres. Types 316, 317, and 318 can be used 
in some reducing atmospheres. 

(c) Ferritic stainless steels (AISI 400 series) can, with proper selection, be 
used as high as 1093~ (2000~ in both oxidizing and reducing atmo- 
spheres. Martensitic types (AISI 400 series), by contrast, are limited to 
lower temperatures for continuous use, with the top temperature being 
about 675~ (1250~ for Type 410 stainless. 

(d) High-nickel alloys, Nichrome, 2 Inconel, 3 etc., can be used to 1150~ 
(2100~ in oxidizing atmospheres. 

2Trademark of the Driver-Harris Company. 
3Trademark of the International Nickel Company. 
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CHAPTER 4 ON THERMOCOUPLE DESIGNS AND APPLICATIONS 71 

of refractory oxides. = 

Thermal 
Specific Linear Conductivity 

Heat  Expan- (cal s-  I C- I Modulus of 
Capacity sion (10 -6 cm -2 cm) Rupture, psi Modulus 
(cal/g/ in./in./ of Elas- Thermal 

~ 20 to ~ 20 to At At At At ticity, Stress 
IO00~ 1000~ 1 0 0 ~  1000~ 20~ 1000~ 106 psi Resistance 

0.26 8.6 0.072 0.019 40 000- 30 000- 55 very good 
150 000 100 000 

0.26 8.6 0.069 0.014 30 000 22 000 53 good 
0.50 8.9 0.500 0.046 20 000 10 000 45 excellent 
0.23 13.0 0.033 0.017 . . . . . . . . .  fair-poor 

0.16 8.9 0.08 0.05 45 000 20 000 37.5 excellent 
0.25 13.5 0.082 0.016 14 000 12 000 30.5 fair-poor 
0.25 5.3 0.013 0.008 12 000 7 000 21 good 
0,23 10.6 0.010 0.005 10 000 .. .  fair-poor 
0,25 8.8 0.033 0.013 12 300 11"~20 34.5 fair 
0.20 8.7 0.015 0.008 8 000 6 000 . .. fair-poor 
0.06 9.0 0.022 0.007 12 000 7 000 21 fair-poor 
0.13 9.3 (0.02) . . . . . . . . .  fair-poor 
0.06 10.0 0.020 0.007 12 000 18 000 25 fair-poor 

0.14 10.0 0.005 0.005 20 000 15 000 22 fair-good 
0.16 4.2 0.015 0.008 12 000 6 000 30 good 
0.18 0.5 0.004 0.012 15 500 ... 10.5 excellent 

0.25 5.5 0.007 0.006 10 000 6 000 10 good 

0.26 7.8 0.05 0.015 50 000 ... 53 very good 

As with carbon steels, the stainless steels and other alloy steels used for 

protecting tubes can be exposed to higher temperatures if properly pro- 
tected. 

The majority of metal protecting tubes are made from pipe sized tubing,  

cut to the proper length, and threaded on one end for a t tachment  of the 

terminal  head. The other end is closed by welding using a filler metal which 
is the same as the parent  metal. 

4.4 .2 .2  T h e r m o w e l l s m W h e r e  the thermocouple assembly is subject to 
high-pressure or flow-induced stresses or both, a drilled thermowell often is 
recommended.  Although less expensive metal tubes, fabricated by plugging 

the end may satisfy application requirements,  more str ingent specifications 
usually dictate the choice of gun-dri l led bar  stock, polished and hydro- 
statically tested as a precaution against failure. 
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72 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

Examples of drilled thermowells are shown in Fig. 4.3. 
4.4.2.3 Ceramic Tubes--Ceramic tubes are used usually at tempera- 

tures beyond the ranges of metal tubes although they are sometimes used 
at lower temperatures in atmospheres harmful to metal tubes. 

The ceramic tube most widely used has a mullite base with certain addi- 
tives to improve the mechanical and thermal shock properties. The upper 
temperature limit is 1650~ (3000~ 

Silicon carbide tubes are used as secondary protecting tubes. This ma- 
terial resists the cutting action of flames. It is not impermeable to gases 
and, where a dense tube is required, a nitride-bonded type material can be 
obtained with greatly reduced permeability. 

Fused alumina tubes can be used as primary or secondary protecting 
tubes or both where temperatures to 1900~ (3450~ are expected and a 
gas tight tube is essential. Fused alumina tubes and insulators should be 
used with platinum-rhodium/platinum thermocouples above 1200~ 
(2200~ in order to ensure long life and attain maximum accuracy. The 
mullite types contain impurities which can contaminate platinum above 

~ T  

NP T ~ ~ Y / t / / / / / / ' / ' / ' / ' / ' / / / ' / / ' ~  

NPT 

I III 

Straight and Tapered 
Drilled Thermowells 

we Id J~_ "~ Weld 

Flanged Thermowell 

FIG. 4.3--Examples of drilled therrnowell~. 
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CHAPTER 4 ON THERMOCOUPLE DESIGNS AND APPLICATIONS 73 

1200~ (2200~ The alumina tubes are more expensive than the mullite 
base tubes but can be obtained impervious to most gases to 1815~ (3300~ 

4.4.2.4 Metal-Ceramic Tubes--"Cermets" are combinations of metals 
and metallic oxides which, after proper treatment, form dense, high- 
strength, corrosion-resistant tubes and are available for use to about 
1425~ (2600~ in most atmospheres. 

4.5 Circuit Connections 

To reduce costs and provide suitable insulation in the low-temperature 
parts of the thermocouple circuit, extension wire (see Section 3.2) is often 
used to extend the circuit to the measuring instrument. The intermediate 
junction between the thermocouple and extension wires must be held below 
the upper temperature limit of the extension wires (see Table 4.2) or con- 
siderable errors may be introduced. 

Sheathed, mineral-insulated thermocouples can incorporate a transition 
fitting within which the extension wires are welded or brazed to the thermo- 
couple wires. Where hard-fired ceramic insulators are used, the thermo- 
couple wires usually terminate in a "head" which is attached to the insulator 
or to the protecting tube in which the insulator is housed. The intercon- 
nections are made by clamps or binding posts to permit easy replace- 
ment of the thermocouple. One assumes in such a component that, if a 
third metal is introduced into the circuit between the thermocouple and ex- 
tension wires, no temperature gradient exists along its length. If this is so, 
in accordance with the law of intermediate metals, no error will result. 

Industrial thermocouples often use heads of cast iron, aluminum, or die 
cast construction with screw covers and a temperature resistant gasket seal. 
Terminal blocks are commonly provided consisting of a ceramic or phenolic 
block and brass terminals. These assemblies are particularly likely to intro- 
duce errors due to temperature gradients, so they should be used with cau- 
tion. Where phenolic terminal blocks are used, an upper temperature of 
about 170~ (340~ applies. 

To reduce the likelihood of thermal gradient errors, connectors of the 
quick disconnect type intended for use in thermocouple circuits have con- 
tacts made of thermoelectric materials matching the thermocouple con- 
ductors. Even with these connectors some errors can result when extreme 
gradients across the connectors are encountered. Quick disconnect connec- 
tors are more commonly used with sheathed ceramic insulated assemblies. 
See Chapter 5 for more details on their application. 

Since any material inhomogenity in the circuit will introduce an error in 
the presence of a temperature gradient, best results will be obtained by 
avoiding extension wires, connectors, and terminal blocks. The thermocou- 
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Connection Head 
/ C o n n e c t i o n  Head Element / Connection Head Extension 

/ r We, Protecting Tube ._ 
E I Extension Lenqth- I 

Thermocou~e Head 

\ ~ Ceramic Daub e-Bore Insu Otor 
\ ~ \ . Ceramic Cement / 

l :  -- --- ~ Junction 

~ /Ceramic Protection Tube 

' ~ Terminal Block 

/Conduit Top 

head and bar stock thermoweH head, nipple, bar stock thermowell 
threaded dwectly into head union and nipple with flonqe 

head, topple ground joint 
and union bar stock thermowell 

head, nipple, threaded bar stock thermowett 
umon and nipple with wrench flats 

FIG. 4.4--Typical examples of tbermocouple assemblies with protecthzg tubes. 

QUICK DISCONNECT 
CONNECTOR 

/ F~ate Mole 

SHEATHED 
THERMOCOUPLE - INSULATED THERMOCOUPLE 

(e. 9, COMPACTED, CERAMIC INSULATED EXTENSION WIRE 
OR LOOSELY INSULATED~ 
WITHIN A TUBE) 

LTUBULAR 9. SHEATHED TRANSITION 
THERMOCOUPLE FITTING 

THERMOCOUPLE HEAD 

FIG. 4.5--Typical examples of thermocouple assemblies using quick disconnect connectors. 
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CHAPTER 4 ON THERMOCOUPLE DESIGNS AND APPLICATIONS 75 

TABLE 4.4--Selection guide for protecting tubes. 

Application Protecting Tube Material 

Heat treating: 
Annealing 

Up to 704~ (1300~ 
Over 704~C (1300~ 

Carburizing hardening 
Up to 816~ (1500~ 
1093~ (1500 to 2000~ 
Over 1093~ (2000~ 
Nitriding salt baths 
Cyanide 

Neutral 
High speed 

Iron and steel: 
Basic oxygen furnace 
Blast furnaces 

Downcomer 
Stove dome 
Hot blast main 
Stove trunk 
Stove outlet flue 

Open hearth 
Flues and stack 
Checkers 
Waste heat boiler 

Billet heating slab heating and butt welding 
Up to 1093~ (2000~ 
Over 1093~ (2000~ 

Bright annealing batch 
Top work temperature 
Bottom work temperature 

Continuous furnace section 
Forging 
Soaking pits 

Up to 1093~ (2000~ 
Over 10930C (2000~ 

Nonferrous metals: 
Aluminum 

Melting 
Heat treating 

Brass or bronze 
Lead 
Magnesium 
Tin 
Zinc 
Pickling tanks 

Cement: 
Exit flues 
Kilns, heating zone 

Ceramic: 
Kilns 
Dryers 
Vitreous enamelling 

black steel 
Incone1600, a Type 446 SS 

black steel, Type 446 SS 
Incone1600, Type 446 SS 
ceramic b 
Type 446 SS 
nickel (CP) 
Type 446 SS 
ceramic b 

quartz 

Incone1600, Type 446 SS 
silicon carbide 
Inconei 600 
Incone1600 
black steel 

Incone1600, Type 446 SS 
Incone1600, Cermets 
Incone1600, Type 446 SS 

Incone1600, Type 446 SS 
silicon ceramic carbide b 

not required (use bare Type J thermocouple) 
Type 446 SS 
Inconel 600, ceramic b 
silicon carbide, ceramic b 

Incone1600 
silicon ceramic carbide b 

cast iron (white-washed) 
black steel 
not required (use dip-type thermocouple) 
Type 446 SS, black steel 
black steel, cast iron 
extra heavy carbon steel 
extra heavy carbon steel 
chemical lead 

lncone1600, Type 446 SS 
Incone1600 

ceramic b and silicon carbide c 
silicon carbide, black steel 
Incone1600, Type 446 SS 
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76 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 4.4--/Conthtued). 

Application Protecting Tube Material 

Glass: 
Fore hearths and feeders 
Lehrs 
Tanks 

Roof and wall 
Flues and checkers 

Paper: 
Digesters 

Petroleum: 
Dewaxing 
Towers 
Transfer lines 
Factioning column 
Bridgewall 

Power." 
Coal-air mixtures 
Flue gases 
Preheaters 
Steel lines 
Water lines 
Boiler tubes 

Gas producers: 
Producer gas 
Water gas 

Carburetor 
Superheater 
Tar stills 

Incinerators: 
Up to 1093~ (2000~ 
Over 1093~ (2000~ 

Food: 
Baking ovens 
Charretort, sugar 
Vegetables and fruit 

Chemical: 
Acetic acid 

10 to 50% 21~ (70~ 
50% 100~ (212~ 
99% 21 to 100~ (70 to 212~ 

Alcohol, ethyl, methyl 
21 to 100~ (70 to 212~ 

Ammonia 
All concentration 21~ (70~ 

Ammonium chloride 
All concentration 100~ (212~ 

Ammonium nitrate 
All concentration 21 to 100~ (70 to 

212~ 
Ammonium sulphate, 10% to saturated, 

100~ (212~ 

platinum thimble 
black steel 

ceramic a 
lncone1600, Type 446 SS 

Type 316 SS, Type 446 SS 

Types 304,310, 316, 321,347 SS, carbon steel 
Types 304, 310,316, 321,347 SS, carbon steel 
Types 304, 310, 316, 321,347 SS, carbon steel 
Types 304,310, 316, 321,347 SS, carbon steel 
Types 304,310, 316, 321,347 SS, carbon steel 

304 SS 
black steel, Type 446 SS 
black steel, Type 446 SS 
Types 347 or316 SS 
low carbon steels 
Types 304,309, or 310 SS 

Type 446 SS 

Incone1600, Type 446 SS 
lncone1600, Type 446 SS 
low carbon steels 

lncone1600, Type 446 SS 
ceramic (primary) silicon carbide (secondary) a 

black steel 
black steel 
Type 304 SS 

Type 304, Hastelloy C, a Monel 
Type 316, Hasteiloy C, a Monel 
Type 430, Hastelloy C,a Monel 

Type 304 

Types 304, 316 SS 

Type 316 SS, Monel 

Type 316 SS 
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TABLE 4.4--(ConthmedJ. 

Application Protecting Tube Material 

Barium chloride, all concentration, 21~ 
(70~ 

Barium hydroxide, all concentration, 21~ 
(70~ 

Barium sulphite 
Brines 
Bromine 
Butadiene 
Butane 
Butylacetate 
Butyl alcohol 
Calcium chlorate, dilute, 

21 to 66~ (70 to 150~ 
Calcium hydroxide 
10 to 20% 100~ (212~ 

50% 100~ (212~ 
Carbolic acid, all, 100~ (212~ 
Carbon dioxide, wet or dry 
Chlorine gas 

Dry, 21~ (70~ 
Moist, - 7  to 100~ (20 to 212~ 

Chromic acid, 10 to 50% 100~ (212~ 
Citric acid 

15% 21~ (70~ 
15% 100~ (212~ 
Concentrated, 100~ (212~ 

Copper nitrate 
Copper sulphate 
Cresols 
Cyanogen gas 
Dow therm/ 
Ether 
Ethyl acetate 
Ethyl chloride, 21~ (70~ 
Ethyl sulphate, 21~ (70~ 
Ferric chloride, 5% 21~ (70~ to boiling 
Ferric sulphate, 5% 21~ (70~ 
Ferrous sulphate, dilute, 21~ (70~ 
Formaldehyde 
Formic acid, 5% 21 to 66~ (70 to 150~ 
Freon 
Gallic acid, 5% 21 to 66~ (70 to 150~ 
Gasoline, 21~ (70~ 
Glucose, 21~ (70~ 
Glycerine, 21~ (70~ 
Glycerol 
Hydrobromic acid, 98% 100~ (212~ 
Hydrochloric acid 

1%, 5% 21~ (70~ 
1%, 5% 100~ (212~ 
25% 21 to 100~ (70 to 212~ 

Hydrofluoric acid, 60% 100~ (212~ 
Hydrogen peroxide, 21 to 100~ (70 to 

212~ 
Hydrogen sulphide, wet and dry 

Monel, Hastelloy C 

low carbon steels 
Nichrome, e Hastelloy C 
Monel 
tantalum, Monel 
Type 304 SS 
Type 304 SS 
Monel 
copper, Type 304 SS 

Type 304 SS 
Type 304 SS, Hastelloy C 
Type 316 SS, HasteUoy C 
Type 316 SS 
2017-T4 aluminum, Monel, nickel 

Type 316 SS, Monel 
Hasteiloy C 
Type 316 SS, Hastelloy C (all concentrations) 

Type 304 SS, Hastelloy C (all concentrations) 
Type 316 SS, Hastelloy C (all concentrations) 
Type 316 SS, HasteUoy C (all concentrations) 
Types 304 SS, 316 SS 
Types 304 SS, 316 SS 
Type 304 SS 
Type 304 SS 
low carbon steels 
Type 304 SS 
Monel, Type 304 SS 
Type 304 SS, low carbon steel 
Monel 
tontalum, Hasteiioy C 
Type 304 SS 
Type 304 SS 
Types 304 SS, 316 SS 
Type 316 SS 
Monel 
Monel 
Type 304 SS, low carbon steel 
Type 304 SS 
Type 304 SS 
Type 304 SS 
Hastelloy B 

Hastelloy C 
Hastelloy B 
Hastelloy B 
Hastelloy C, Monel 

Types 316 SS, 304 SS 
Type316 SS Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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78 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 4.4--(Continued/. 

Application Protecting Tube Material 

Iodine, 21 ~ (70~ tantalum 
Lactic acid 

5% 21~ (70~ Type 304 SS, 316 SS 
5% 66~ (150~ Type 316 SS 
10% 100~ (212~ tantalum 

Magnesium chloride 
5% 21 ~ (70~ Monel, nickel 
5% 100~ (212~ nickel 

Magnesium sulphate, hot and cold Monel 
Muriatic acid, 21~ (70~ tantalum 
Naptha, 21~ (70~ Type 304 SS 
Natural gas, 21~ (70~ Types 304 SS, 316 SS, 317 SS 
Nickel chloride, 21~ (70~ Type 304 SS 
Nickel sulphate, hot and cold Type 304 SS 
Nitric acid 

5% 21~ (70~ Types 304 SS, 316 SS 
20% 21 ~ (70~ Types 304 SS, 316 SS 
50% 100~ (70~ Types 304 SS, 316 SS 
50% 100~ (212~ Types 304 SS, 316 SS 
65% 100~ (212~ Type 316 SS 
Concentrated, 21 ~ (70~ Types 304 SS, 316 SS 
Concentrated, 100~ (212~ tantalum 

Nitrobenzene, 21~ (70~ Type 304 SS 
Oleic acid, 21~ (70~ Type 316 SS 
Oleum, 21~ (70~ Type 316 SS 
Oxalic acid 

5% hot and cold Type 304 SS 
10% 100~ (212~ Monel 

Oxygen 
21~ (70~ steel 

Liquid SS 
Elevated temperatures SS 
Palmitic acid Type 316 SS 
Pentane Type 340 SS 
Phenol Types 304 SS, 316 SS 
Phosphoric acid 

1%, 5% 21~ (70~ Type 304 SS 
10% 21~ (70~ Type 316 SS 
10% 100~ (212~ Hastelloy C 
30% 2lto 100~ (70 to 212~ HasteiioyB 
85% 24 to 100~ (70 to 212~ Hastelloy B 

Picric acid, 21~ (70~ Type 304 SS 
Potassium bromide, 21~ (70~ Type 316 SS 
Potassium carbonate, 1% 21~ (70~ Types 304 SS, 316 SS 
Potassium chlorate, 21~ (70~ Type 304 SS 
Potassium hydroxide 

5% 21~ (70~ Type 304 SS 
25% 100~ (212~ Type 304 SS 
60% 100~ (212~ Type 316 SS 

Potassium nitrate 
5% 21~ (70OF) Type 304 SS 
5% 100~ (212~ Type 304 SS 

Potassium permanganate, 5% 21~ (70~ Type 304 SS 
Potassium sulphate, 5% 21~ (70~ Types 304 SS, 316 SS 
Potassium sulphide, 21~ (70~ Types 304 SS, 316 SS Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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CHAPTER 4 ON THERMOCOUPLE DESIGNS AND APPLICATIONS 79 

TABLE 4.4--r 

Application Protecting Tube Material 

Propane 
Pyrogallic acid 
Quinine bisulphate, dry 
Quinine sulphate, dry 
Seawater 
Salicylic acid 
Sodium bicarbonate 

All concentration, 21~ (70~ 
5% 66~ (1S0~ 

Sodium carbonate, 5% 21 to 66~ (70 to 
I50~ 

Sodium chloride 
5% 21 to 66~ (70 to 1S0~ 
Saturated 21 to 100~ (70 to 212~ 

Sodium fluoride, 5% 21~ (70~ 
Sodium hydroxide 
Sodium hypoehlorite, 5% still 
Sodium nitrate, fused 
Sodium peroxide 
Sodium sulphate, 21~ (70~ 
Sodium sulphide, 21~ (70~ 
Sodium snlphite, 30% 66~ (150~ 
Sulphur dioxide 

Moist gas, 21~ (70~ 
Gas, 302~ (575~ 

Sulphur 
Dry molten 
Wet 

Sulphuric acid 
$% 21 to 100~ (70 to 212~ 
10% 21 to 100~ (70 to 212~ 
50% 21 to 100~ (70 to 212~ 
90% 21~ (70~ 
90% IO0~ (212~ 

Tannic acid, 21~ (70~ 
Tartaric acid 

21~ (70~ 
66~ (150~ 

Toluene 
Turpentine 
Whiskey and wine 
Xylene 
Zinc chloride 
Zinc sulphate 

5% 21~ (70~ 
Saturated, 21~ (70~ 
25% 100~ (212~ 

Type 304 SS, low carbon steel 
Type 304 SS 
Type 316 SS 
Type 304 SS 
Monel or Hastelloy C 
nickel 

Type 304 SS 
Types 304 SS, 316 SS 

Types 304 SS, 316 SS 

Type 316 SS 
Type 316 SS, Monel 
Monel 
Types 304 SS, 316 SS, Hasteiloy C 
Type 316 SS, Hasteiloy C 
Type 316 SS 
Type 304 SS 
Types 304 SS, 316 SS 
Type 316 SS 
Type 304 SS 

Type 316 SS 
Types 304 SS, 316 SS 

Type 304 SS 
Type 316 SS 

Hastelioy B, 316 SS 
Hastelloy B 
Hastelloy B 
Hastelloy B 
HasteUoy D 
Type 304 SS, Hastelloy B 

Type 304 SS 
Type 316 SS 
2017-T4 aluminum, low carbon steel 
Types 304 SS, 316 SS 
Type 304 SS, nickel 
copper 
Monel 

Types 304 SS, 316 SS 
Types 304 SS, 316 SS 
Types 304 SS, 316 SS 

a Trademark of the International Nickel Co. 
b Due to susceptability to cracking, sudden thermal shocks should be avoided. 
c Due to susceptability to cracking, sudden thermal shocks should be avoided. 
d Trademark of the Cabot Corp. 
e Trademark of the Driver-Harris Co. 
/Trademark of the Dow Chemical Corp. Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015

Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



80 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

pie wires should be run directly to the reference junction after which copper 
wires are interconnected for extension to the measuring instrument. 

4.6 Complete Assemblies 

Figures 4.4 and 4.5 show complete assemblies of the components which 
have been described in the foregoing sections. Many other combinations 
are possible. Manufacturers' catalogs may be consulted for other varieties 
and details. 

4.7 Selection Guide for Protecting Tubes 

The following information in Table 4.1 has been extracted from various 
manufacturers' literature. It is offered as a guide to the selection of pro- 
tecting tubes. Caution should be exercised in applying this information to 
specific situations. 
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Chapter 5mSheathed, Ceramic- 
Insulated Thermocouples 

5.1 General Considerations 

Compacted ceramic insulated themocouple material consists of three parts 
as shown in Fig. 5.1. This type of thermocouple is in common use because it 
isolates the thermocouple wires from environments that may cause rapid 
deterioration and provides excellent high-temperature insulation for ther- 
mocouple wires. The sheath can be made of a metal compatible with the pro- 
cess in which it is being used and provides mechanical protection. The 
material is easy to use because it forms easily, retains the bent configuration, 
and is readily fabricated into finished thermocouple assemblies. 

5.2 Construction 

All compacted types of thermocouples are made by similar processes. They 
begin with matched therrnocouple wires surrounded by noncompacted 
ceramic insulating material held within a metal tube. By drawing, swaging, 
or other mechanical reduction processes the tube is reduced in diameter, and 
the insulation is compacted around the wires. Several options are available 
depending upon the material combinations selected for the temperature 
measurement application. 

A ductile sheath and brittle refractory metal wire combination requires a 
design wherein the starting tubing diameter is only slightly larger than the 
finished size and only large enough on the inside diameter to accommodate a 
crushable preformed ceramic insulator with the wire strung through the in- 
sulators. This combination then would be reduced to the final diameter by 
one of the compaction methods usually in a single reduction pass. The pro- 
cess is such that the wire is neither elongated nor reduced in diameter in 
recognition of its brittle nature at room temperature. 

A brittle sheath/brittle wire combination does not lend itself to a com- 
pacted insulation design and, therefore, is assembled as a tube-insulator- 
wire combination without the subsequent sheath reduction. Ductile 
wire/ductile sheath combinations cover the widest range of commonly used 
materials and offer the producer the widest choice of design approaches. 

Nominal physical dimensions of sheathed ceramic insulated ther- 

81 
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82 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

Sheath 

Coral)acted / ~ / / 
I n s u l a t ~  

Wires 
(1 or more) 

FIG. 5. I --Compacted ceramic insulated thermocouple showing its three parts. 

mocouples are shown in Fig. 5.2. The ratios of sheath outside diameter to 
wire size and to sheath wall thickness offer a balance between maximum wall 
thickness (for protection of the sheath compacted insulant) and suitable in- 
sulation spacing for effective insulation resistance at elevated temperature. It 
is estimated that 90 percent of all sheathed thermocouples produced to date 
have used magnesium oxide (MgO) as the insulation material. Magnesium 
oxide is popular as a thermocouple insulator because of its overall com- 
patibility with standard thermoelements and sheathing materials, its relative 
low cost, and its availability. 

Aluminum, beryllium and thorium oxide insulations are also available 
from suppliers for use with certain wire and sheath combinations. The latter 
two materials are usually combined with refractory metal sheaths and ther- 
moelements. 

Because many applications of ceramic insulated thermocouples are at 
temperatures above 200~ (400~ much attention must be given to 
cleanliness and chemical and metallurgical purity of the components. Great 
pains and expense having been taken to control the purity of the insulation 
during fabrication, the user would be foolish to abuse the sheathed material 
during assembly or application of the finished thermocouple. A warning 
heeded by the sailors and frontiersmen of early America can be applied today 
to the manufacture and use of sheathed thermocouples: Keep your powder 
clean and dry! 

5.3 Insulation 

For most practical purposes the sheathed thermocouple material should 
have a minimum insulation resistance of 100 megohms. This is readily ob- 
tained using dry, uncontaminated compacted ceramic. The capture of oil, oil 
vapors, moisture, perspiration, and lint during manufacture can cause low 
insulation resistance. The hygroscopic nature of the insulants, especially 
MgO, and capillary attraction cause rapid absorption of moisture through 
exposed ends of the sheath. Also, the insulation resistance of all ceramics, 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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CHAPTER 5 ON SHEATHED, CERAMIC-INSULATED THERMOCOUPLES 8 3  

O : 2(tn) + 2(dn) + 31Sn) , . ~  ~r~._ 

Nominal Wire OO 
dn (d n) ~ 

._u ~ 25 Nominal Wire Size d n ,0.19D : i ~  ~.P'~ / J " 
~_ NominoI Wall t n =O. 16D ..~.~ . ( 

Nominal Spacing Sn = O. 'OO ..,~ ~ J ~ Nominal Wall Thickn... 

40 50 60 70 80 90 I00 llO 120 130 140 150 160 170 I•O 
Thermocouple She0th OD (O) 

Note: All dimensions in inches xiO +3 (0.001 in.) 

FIG. 5.2--Nomblal thermocouple sheath outside diameter versus b, ternal dhnensions. 

compacted and uncompacted, reduces with an increase in temperature, 
especially if contaminated. 

When purity has been maintained so that the insulation resistance is 
greater than 1000 megohms, special techniques are required to maintain 
these values. Such material exposed to 21~ (70~ air and a relative humid- 
ity above 50 percent will experience a degradation of insulation resistance to 
less than 0.1 megohm in 15 min. Higher humidity will cause a more rapid 
degradation. The following precautions should be exercised when handling 
compacted ceramic insulated thermocouples: 

1. Do not leave an end exposed for periods longer than one minute. Im- 
mediately seal the end, preferably immediately after heating to expel any 
moisture. 

2. Expose ends only in a region of low relative humidity. 
3. Store sealed assembly in a warm (above 38~ (100~ and dry (relative 

humidity less than 25 percent) area. 
Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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84 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

Once a surface of the compacted oxide insulator is exposed to normal am- 
bient humidity, moisture enters and diffuses inward through the insulator. 
The rate of diffusion depends on the humidity, the insulation temperature, 
and the material and degree of compaction of the oxide. As indicated, it is 
usually rapid. In fact, the ultimate purity can be only maintained if all opera- 
tions are performed in an inert-gas dry box [I]. =After having been absorbed 
and diffused, the moisture is very difficult to remove. Heat added to drive out 
the moisture will only increase its rate of reaction (oxidation) with the sheath 
wall and the thermoelements. Even though the insulation resistance may be 
restored, the damage has been done. Failure to recognize the effect and 
nature of this phenomenon is responsible for the poor performance reported 
by many users of sheathed thermocouples. 

In the special case of a brief exposure of high-density material, limited suc- 
cess has been achieved by moving a moderate heat source 200 to 300~ (400 
to 600~ toward the exposed end and immediate sealing with epoxy. 

Some of the characteristics of the more common compacted ceramics are 
shown in Tables 5.1 and 5.2. 

TABLE 5.1 --Characteristic ~/' htsuhtting materials used ht ceramic-packed thermocouple stock. 

Approximate Usable 
Minimum Melting Point, Temperature, 

Insulator Purity, % ~ (~ ~ (~ 

Magnesia (MgO) 99.4 2790 (5050) 1650 (3000) 
Alumina (AI~O2) 99.5 2010 (3650) 1540 (2800) 
Zirconia {ZrO2) 99.4 2480 (4500) 650 (1200) 
Beryllia (BeO) 99.8 2510 (4550) 2315 (4200) 
Thoria (ThO2) 99.5 3290 (5950) 2700 (5000) 

TABLE 5.2--Thermal expansion coe.Ok'iem of rf/'racto~. 
insulatb~g materials and three common metals. 

Material 

Average Coefficient 
of Expansion • 10 -4 
(25 to 700~ ~ -~ 

Copper 16.5 
Stainless steels 13.9 to 16.4 
Aluminum 9,6 
Magnesium oxide 12,9 
Beryllium oxide 8, l 
Aluminum oxide 7.1 to 8.0 
Zirconium oxide 4.2 to 5.2 

IThe italic numbers in brackets refer to the list of references appended to this chapter. 
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CHAPTER 5 ON SHEATHED, CERAMIC-INSULATED THERMOCOUPLES 85 

5.4 W ~  

The characteristics of the wires are no different from those of other ther- 
mocouples described in this manual. Since they are contained in a protective 
sheath and firmly held, small diameter wires can be exposed to high 
temperatures for long periods of time with less deterioration than that ex- 
perienced by bare wire of the same size, provided they are properly fabricated 
and sealed. 

5.5 Sheath 

The sheath material performs several functions in the ceramic-insulated 
thermocouple system: 

1. It holds the ceramic in compaction. 
2. It shields the ceramic and thermoelements from the environment. 
3. It furnishes mechanical strength to the assembly. 

Since there is no sheath material suitable for all environments, a wide 
variety of different materials are offered. Table 5.3 shows a group of 
materials that can be used as sheaths and some of their characteristics. For 
maximum life a sheath diameter should be selected that offers the heaviest 
wall. 

5.6 Combinations of Sheath, Insulation, and Wire 

Precautions to be observed in selecting combinations are: 

1. Be sure the sheath material will survive the environment. Remember 
that a thin sheath will deteriorate more rapidly than a thick one. 

2. Be sure the assembly of sheath and wire is suitably annealed for op- 
timum sheath life and stability of wire calibration. 

3. Select a sheath and wire material of similar coefficients of linear expan- 
sion. For example: Platinum-rhodium and platinum have about one half the 
expansion of stainless or lnconei; a grounded hot junction may pull apart. 
The usual solution is to use hard-fired insulators in place of crushable and 
perhaps isolate the junction. Another solution is to use a platinum-rhodium 
sheath. 

4. Select a sheath and wire material of similar annealing characteristics. 
5. Do not use Types K, J, or E with an aluminum or copper sheath. 

Table 5.4 indicates the compatibility of wire and sheath materials. 
Table 5.5 gives dimensions of typical ceramic-packed stock. 

5.7 Characteristics of the Basic Material 

1. The sheath can usually be bent around a mandrel twice the sheath 
diameter without damage. 
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TABLE 5.5--Dhnensions and wire sizes of typical ceramic-packed material. 

(u) 

Sheath Outside Nominal Approximate Nominal 
Outside Diameter Wall Wire, Production 

Diameter. in. Tolerance, --+in. Thickness, in. B&S gage Length, ft 

0.010 0.001 0.0015 48 250 
0.020 0.001 0.003 38 250 
0.032 0.001 0.005 36 250 
0.040 0.001 0.007 34 250 
0.062 0.002 O.OlO 29 150 
0.090 0.002 0.014 26 125 
0.125 0.002 0.018 24 100 
0.188 0.003 0.025 18 60 
0.250 0.003 0.032 17 40 
0.313 0.003 0.040 16 40 
0.37,5 0.003 0.049 14 30 
0.430 0.003 0.065 13 30 
0.500 0.003 0.070 12 30 

(b) 

Nominal Conductor Diameters. in. 
Sheath 

Diameter. in. I-Wire 2-Wire 3-Wire 4-Wire 

0.313 0.064 0.051 0.040 0.040 
0.250 0.051 0.040 0.032 0.032 
0.188 0.040 0.032 0.022 0.022 
0.125 0.032 0.022 0.011 0.01 I 
0.042 0,022 0.011 0.006 0.006 
0.040 0.011 0.006 . . . . . .  
0.025 0.006 0.004 . . . . . .  

NOTE--I in. = 25.4 mm; I ft = 0.3048 m. 

2. The life of material having a diameter of 0.81 mm (0.032 in.) or less may 
be limited by grain growth in the sheath wall. 

3. Four wires in 1.57 mm (0.062 in.) sheath diameter and smaller are not 
practical to handle. 

4. Two wires in 0.81 mm (0.032 in.) sheath diameter and smaller are dif- 
ficult to handle but are used in laboratory environments. 

Stock material and completed thermocouples are usually supplied to the 
end user in the fully annealed state with proper metallurgical grain size and 
no surface corrosion. Improper handling can easily destroy this condition. 
When wire is delivered coiled, it should not be uncoiled until needed for 
fabrication. Repeated or excessive bending will affect the annealed state. 
Sometimes the wire has been further heat treated after solution annealling, 
to control or stabilize calibration. If this is the case, further heat treatment to 
remove cold work will destroy these characteristics. 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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CHAPTER 5 ON SHEATHED, CERAMIC-INSULATED THERMOCOUPLES 89 

5.8 Testing 

Many tests have been devised to evaluate sheathed ceramic insulated ther- 
mocouples. These tests cover the physical and metallurgical properties of the 
sheath and thermoelements, the electrical properties of the insulation, and 
the thermoelectric properties of the thermoelements. 

ASTM has issued a specification E 235 [2] on sheathed thermocouples for 
nuclear and other high reliability applications which covers Type K ther- 
moelements in various sheath materials, with alumina or magnesia insula- 
tions and alternative thermoelements. In Aerospace Information Report 46 
[3] the Society of Automotive Engineers has covered the preparation and use 
of Type K thermocouples for turbojet engines, while the military has issued 
Mil T 22300 (Ships) and Mil T 23234 (Ships) for nuclear application of the 
sheathed thermocouples. In addition many government and commercial 
laboratories, thermocouple fabricators, and thermocouple users have issued 
specifications covering specific tests and test procedures for evaluating 
sheathed thermocouples. 

Scadron [4] outlined some of the tests and tolerances that are applied for 
the verification of physical, electrical, and thermoelectric integrity of the 
sheathed thermocouple. 

Most manufacturers' catalogs cover some aspects of the tests, guarantees, 
and procedures used to verify product integrity. Fenton et ai [5] were con- 
cerned with inhomogeneity in bare and sheathed thermoelements and 
developed procedures and apparatus for testing for drift and inhomogeneity. 
National Bureau of Standards Circular 590 [6] covers thermocouple testing. 
While this publication applies to the bare thermoelements it is applicable to 
the electrical characteristics of the metal sheathed ceramic insulated ma- 
terial. 

Table 5.6 shows various characteristics, tests, and the source of testing 
procedure which are applicable to sheathed ceramic-insulated thermo- 
couples. 

5.9 Measuring Junction 

Numerous variations in measuring junction construction are possible with 
this type of material. The application dictates the most desirable method. 

1. Exposed or Bare Wire Junction (Fig 5.3)--In this type of a junction the 
sheath and insulating material are removed to expose the thermocouple 
wires. These wires are joined to form a measuring junction. The junction may 
be of the twist-and-weld or butt-weld type. While the thermocouple will have 
a fast response, the exposed ceramic is not pressure tight and will pick up 
moisture, and the wires are subject to mechanical damage and are exposed to 
the environment. 

2. Grounded Junction (Fig 5.4)--A closure is made by welding in an inert 
Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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CHAPTER 5 ON SHEATHED, CERAMIC-INSULATED THERMOCOUPLES 93 

FIG. 5.3--Exposed or bare wire junction. 

FIG, 5.4--Grounded junction. 

atmosphere so that the two thermocouple wires become an integral part of 
the sheath weld closure. Thus, the wires are "grounded" to the sheath. This 
will give a slower response than exposed wire but the insulation is pressure 
tight, and the wires are protected from mechanical damage and from the en- 
vironment. 

3. Ungrounded or Isolated Junction (Fig. 5.5)--This type is similar to the 
grounded junction except that the thermocouple wires are first made into a 
junction which is then insulated from the sheath and the sheath closure. The 
closure is formed by welding without touching the thermocouple wires. Thus, 
the thermocouple is "ungrounded" to the sheath material. This junction has 
slower response than the grounded junction but is still pressure tight and 
protected from mechanical damage and from the environment. The strain 
due to differential expansion between wires and sheath may be reduced. 

4. Reduced Diameter Junction (Fig. 5.6)--This may be either grounded or 
insulated and is used where fast response is required, and a heavier sheath or 
wires are desired for strength, life, or lower circuit resistance over the balance 
of the unit. 

FIG. 5.5--Ungrounded or isolated junction 

FIG. 5.6~Reduced diameter junction. 
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94 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

5.10 Terminations 

There are numerous ways in which thermocouples of this type can be 
treated at the reference end. The most common treatments are as follows: 

1. Wires Exposed and Sealed--The sheath and the insulation are removed 
leaving the bare thermocouple wires exposed for a specific length. The in- 
sulating material is then sealed with epoxy to inhibit moisture absorption. 

2. Transition Fitting (Fig 5.7)raThe terminal end is provided with a fit- 
ting wherein the thermocouple wires are joined to more suitable wires. In this 
fitting the necessary sealant for the mineral insulant is also provided. One 
commercial machine produces a molded, thermoplastic transition. 

3. Terminals or Connectors--Various types of fittings are available to 
facilitate external electrical connections. These include screw terminal 
heads, open or enclosed, and plug or jack connections (Fig. 5.8). 

5.11 Installation of the F'mished Thermocouple 

Many types of installation are possible with sheathed thermocouples. 
Typical installations are shown in Figs. 5.9, 5.10, and 5.11. Other special 
flanges and adaptors are available from many thermocouple manufacturers. 

5.12 Sheathed Thermocouple AppUeations 

Application information for sheathed thermocouples has been well covered 
in the literature. Many suggested applications are made in the various sup- 
pliers catalogs. The Sannes article [7] on the application of the smaller 

Cornpact ed~J 
ceramic 
insulated wire 

! 

FIG. 5.7--Termbaation with flexible connectblg wires. 

J 

Quick Disconnect Screw Terminals 

FIG. 5.8--Quick disconnect and screw terminals. 
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"--" IIZ of p~pe coupling 

FIG. S.9--Fittings to adapt into process line [up to 3.48 • 104 kPa 15000 psi]]. 

c._ 

close fittinq hole 

FIG. 5.10--Braze Jbr high pressure operation [up to 6.89 • 105 kPa (100 000 psi]]. 

I . f 

welt 

FIG. 5. I l--Thermocoup/e h; thermowell. 

sheath diameters is useful. Chapter 9.2 of this manual is an excellent 
reference on surface temperature measurement. Gas stream performance is 
well documented [8-10] because of the applications to jet engines and 
rockets. 

Nuclear reactor applications have used sheathed thermocouples exten- 
sively for monitoring and control. Johannessen [12] discussed the reliability 
assurance of such applications. 
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Chapter 6--Emf Measurements 

6.1 General Considerations 

The basic principle of thermoelectric thermometry is that a thermocouple 
develops an emf which is a function of the difference in temperature of its 
measuring junction and reference junction. If the temperature of the ref- 
erence junction is known, the temperature of the measuring junction can be 
determined by measuring the emf generated in the circuit. The use of a ther- 
mocouple in temperature measurements, therefore, requires the use of an 
instrument capable of measuring emf. 

There are three types of emf measuring instruments in use in industry: de- 
flection meters (millivoltmeters), digital voltmeters, and potentiometers. 
Because of its limitations, the deflection meter is not used for precise mea- 
surements. Where precision and accuracy are required in the measurement 
of thermal emfs, either the digital voltmeter or the potentiometer is used. 

Digital voltmeters can be used in most industrial applications and in 
making standard measurements. Digital voltmeters are very high im- 
pedance devices so that the readings are essentially independent of external 
circuit resistance. 

When the greatest accuracy is required in measuring emfs, the potentiom- 
eter is often used. Readings are completely free from uncertainties arising 
from changing circuit resistance. Choice of range can be quite wide due to 
the very high sensitivity capability. 

6.2 Deflection Mlllivoltmeters 

The deflection meter consists of a galvanometer with a rigid pointer which 
moves over a scale graduated in millivolts or degrees. The galvanometer indi- 
cates by its deflection the magnitude of the current passing through it, and if 
the circuit in which it is placed includes a thermocouple, it measures the 
current I generated by the thermoc0uple in the circuit. If the circuit has a re- 
sistance R and the emf is E, by Ohm's law, E = R L  If R is kept constant, I is 
proportional toE, then the scale can be calibrated in terms of millivolts rather 
than in milli- or microamperes. This calibration holds as long as R remains 
constant. Any change in R introduces an error in the indicated value of E. 
Changes in resistance may result from changes in temperature of the thermo- 
couple or its extension wires or of the copper galvanometer coil, from cor- 
rosion of the thermocouple wires, from changes in the depth of immersion of 
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98 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

the thermocouple, or from changes in contact resistance at switches or bind- 
ing posts. 

In general, the reference junctions of the thermocouple measuring circuit 
are located near the meter movement. The effect of temperature changes on 
these junctions is compensated for by a bimetallic spiral attached to one of 
the control springs of the pointer. This system maintains accurate meter cali- 
bration during changes in ambient temperature. 

In spite of its limitations, the deflection meter serves a very useful purpose 
in a great variety of industrial measurements of temperature where the pre- 
cision and accuracy required are not of a high order. Its insensitivity to small 
a-e signals may prove an advantage. 

6.3 Digital Voltmeters 

Two kinds of digital meters are generally available: (1) the integrating type 
and (2) the successive approximation type. The integrating type compares 
the va|ue of the emf being measured to an internal reference voltage standard 
by timed charging and discharging of a reference capacitor. Measurements 
are relatively slow, on the order of a second, but are relatively unaffected by 
the presence of some types of electrical noise. 

The successive approximation type digital meter operates by first esti- 
mating a voltage and comparing it with that being measured. The error is 
noted by the circuit, and a second approximation is made and compared, 
etc., until the estimated voltage equals the unknown. Solid-state circuitry 
enables this type of meter to display a reading within milliseconds. It is, how- 
ever, susceptible to errors from electrical noise interference. 

Both types of meters may display voltage, oi: a linearizing circuit can be 
included to provide readings directly in temperature. 

Typical uncertainty of instruments reading in volts is 0.01 percent of range 
___ 1 digit. If readout is directly in temperature, uncertainty might be plus or 
minus several degrees for a broad range or less than ___ J/2 deg for a short 
range. 

6.4 Potentiometers 

6.4.1 Potentiometer Theory 

Accurate measurement is usually a matter of comparing an unknown 
quantity against a known quantity or standard--the more direct the com- 
parison, the better. Accurate weighing, for example, often is accomplished 
by direct comparison against standard weights using a mechanical balance. 
If the measured weights are too heavy for direct comparison, lever arms 
may be used to multiply the forces. 

The potentiometer, as the term is used here, serves a similar function in 
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CHAPTER 6 ON EMF MEASUREMENTS 99 

the measurement of voltage, and, in fact, may be called a "voltage balance," 
the standard voltage being furnished by a standard cell, the "lever" being 
resistance ratios, and the galvanometer serving as the balance indicator. 
Since no current is drawn from the standard cell or the measured source at 
balance, the measurement is independent of external circuit resistance, ex- 
cept to the extent that this affects galvanometer or balancing mechanism 
sensitivity. 

6.4.2 Potentiometer Circuits 

Figure 6.1 shows a simple potentiometer circuit which includes a resistor R, 
a standard cell S, a battery B, a galvanometer G, and a rheostat r. R may be 
a calibrated slidewire, with a known resistance, and R'  a fixed resistor such 
that R plus R'  is some simple multiple of the emf of S. If the emf of S is taken 
as 1.019 V, the sum of R plus R'  may be chosen as 101.9. If the switch K is 
turned to the standard cell position, the galvanometer, in general, will de- 
flect. The setting of rheostat r, is adjusted until the galvanometer remains at 
rest when K is closed. Then the drop of potential of the battery current 
through R and R'  is exactly equal to the emf of S, so that if the current in R 
a n d R ' ,  T -- 1.019/101.9 A, or 10 mA, through each ohm of R there is then 
a drop of potential 0.010 V. If R is 20 ohms the total drop through the slide- 
wire is 0.2 V. 

Now if K is turned to the "thermocouple" position, a setting may be found 
for the sliding contact on R at which there will be no deflection of the galva- 
nometer. At this position, the drop of potential through R of the contact is 
equal to the emf of the thermocouple. If balance occurs at the 5 ohm point, 
the emf of the thermocouple is 0.01 • 5 = 0.05 V = 50 mV. 

In this measurement the galvanometer has been used only as a means of 
detecting the presence of a current, and readings are made only when no per- 
ceptible current is passing through it. Therefore, it is not calibrated, and it is 
only called upon to indicate on balance with sufficient sensitivity to give the 
desired precision of setting of the sliding contact. An increase in the resis- 
tance of the thermocouple circuit can increase only the limits of positions of 
the contact between which there is no perceptible deflection, but does not 
affect the position of balance, nor the measured value of the emf. Since the 
galvanometer is used only to indicate the existence and direction of current, 
it is not necessary to design it to give a linear relationship between current 
and deflection. Zero stability is not extremely important since it is only nec- 
essary to look for departure from any equilibrium position when the key is 
closed to detect a need for adjustment and the direction in which it should be 
made. The galvanometer may be of the suspension type or an electronic null 
balance detector. 

The calibration of an instrument of this type is stable since resistors and 
slidewires can be made with a high degree of stability. The emf of an un- 
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100 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

Tr 

B 

$r 

g 

Tr 

FIG. 6.1 --A simple potentiometer circuit. 

saturated standard cell, as used for potentiometric work, does not change 
more than about 0.01 percent per year and has a negligible temperature co- 
efficient. 

The usefulness of an elementary potentiometer of this sort, having its en- 
tire range across the slidewire, is limited by the resolution possible in setting 
and reading the position of the contact on R. 

6.4.3 Types of Potentiometer Instruments 

6.4.3.1 Laboratory High Precision Type--The six-dial potentiometer 
meets the most exacting requirements for standardizing, research and test- 
ing laboratories. It is particularly useful for precise temperature measure- 
ments in studies of specific heats, melting and boiling points, and for 
calibrating less precise potentiometers. It also is used for precise measure- 
ments such as required in calorimetry cryogenics. It measures emfs in the 
range of 0 to 1.6 V. It is essentially free of thermal emfs, and transients. 
Overall limits of error are typically 0.5 mV or less up to 1000 mV, and 5 mV 
or less up to 50 000 mV. 

6.4.3.2 Laboratory Precision Type--The three-dial, manually operated 
potentiometer, also is used for precise measurements of voltage. As applied 
to the measurement of thermal emfs, its characteristics are such as to 
make it the most generally used of all the potentiometers in this field when 
accuracy and convenience of measurement are demanded. It is not portable 
in the sense in which the term is applied to self-contained potentiometers, 
since to attain the results of which it is capable, some parts of the circuit such 
as the null detector and the reference voltage source must be mounted sepa- 
rately. Overall limits of error are typically 1 #V or less up to 1000 #V, and 
12 #V or less up to 50 000 #V. 
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CHAPTER 6 ON EMF MEASUREMENTS 101 

6.4.3.3 Portable Precision Type--This potentiometer is a self-contained, 
three-dial, manually balancing instrument. It is used for precision checking 
of thermocouple pyrometers in laboratory and plant and for general tempera- 
ture measurements. The measuring range typically extends from --10.1 to 
100.1 mV, readable to 1 #V, and typical limits of error are: (a) +(0.03 per- 
cent of reading plus 3 #V) without internal reference junction compensation 
and (b) + (0.03 percent of reading plus 6 #V) with reference junction com- 
pensation. 

An example of (a) when using an external reference junction (see Chapter 
7) is as follows: 

A Type K thermocouple develops 41.269 mV at 1000~ (1832~ The thermo- 
couple error ( +_ 3/4 percent) can be 7.5~ the instrument error will be 0.0003 X 
41.269 + 0.003 = 0.015 mV or 0.4~ 

The reference junction compensation (b) is provided by an additional slide- 
wire. This slidewire is used to set the reference junction voltage to the value 
which corresponds to the temperature of the reference junction (obtain milli- 
volt value from reference tables. Chapter 10). 

The portable precision potentiometer is designed to measure thermocouple 
emfs with a precision adequate for all but the more refined laboratory appli- 
cations. It includes a built-in lamp and scale galvanometer. 

6.4.3.4 Semiprecision Type--Potentiometers are available which are 
similar to those used for precision potentiometry except for limits of error. 
They are essentially of the two-dial type with self-contained galvanometer, 
standard cell, and battery. They are used primarily for general temperature 
measurements by means of thermocouples, checking thermocouple pyrome- 
ters in laboratory and plant, and as a calibrated source of voltage. 

One model has two ranges: -10.1 to 0 mV and 0 to.100.1 mV, it is read- 
able to 1 #V. The limit of error is + (0.05 percent of reading + 20 #V) with- 
out reference junction compensator and _4- (0.05 percent of reading +40 #V) 
with reference junction compensator. 

6.4.3.5 Recording Type--Recording potentiometers are used widely for 
industrial process temperature measurement and control. These instruments 
balance automatically. When reliability and convenience are the prime con- 
cern, such instruments are satisfactory. However, because of potential in- 
accuracies in charts caused by printing limitations and humidity effects and 
practical limits on chart widths and scale lengths resulting in inadequate 
readability, they are not generally used where precision is the criterion. 

6.5 Voltage References 

Both digital meters and potentiometers require a standard voltage ref- 
erence for comparison. 
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the Zener diode, although many potentiometers still use Weston-type stan- 
dard cells.. High-precision potentiometers use standard cells. Two types of 
cells are available: saturated and unsaturated. 

The saturated cell containing undissolved cadmium sulfate crystals is 
used in standardizing laboratories such as the National Bureau of Stan- 
dards to represent the value of the volt. A typical cell has a potential of 
1.01864 V at 20~ reproducible to a few microvolts. This voltage is constant 
for a long period of time. (As long as 60 years or more is possible with proper 
care of the cell.) These cells have a substantial but predictable negative tem- 
perature coefficient ranging from about - 4 0  #V/~ at 20~ to - 7 0  #V/~ 
at 37~ It is, therefore, necessary to control their temperature environment 
very precisely, confining their usefulness to the laboratory. 

Unsaturated cells have a very low temperature coefficient but a less stable 
voltage output. Normal voltage drift rates can be expected to be - 2 0  to - 4 0  
#V/year. The temperature coefficient is only a few microvolts/~ between 15 
and 45~ and may be either positive or negative, depending upon the chemi- 
cal composition of the particular cell. Useful life of these cells may be ten 
years or more. As the cells age, the emf decreases. When it drops to about 
1.0130 V, the potential becomes erratic; the temperature coefficient increases 
and excessive temperature emf hysteresis occurs. 

A standard cell must be never short circuited, nor should its emf be mea- 
sured with a voltmeter. In precise measurements, the balances should be 
made with a resistance of at least 10 000 ohms in series with the cell until the 
balance is well within the range of the detector scale. 

For more complete information concerning standard cell characteristics 
and care, refer to NBS Monograph No. 84. 

6.6 Reference Junction Compensation 

Temperature measurement with thermocouples always requires the knowl- 
edge of the reference junction temperature. It can be either held at a con- 
stant known temperature or allowed to follow ambient temperature with the 
necessary compensation applied (see Chapter 7). 
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Chapter 7 Reference Junctions 

7.1 General Considerations 

A thermocouple circuit is by its nature a differential measuring device, 
producing an emf which is a function of the temperatures of its two junc- 
tions. One of these junctions is at the temperature which is to be measured 
and is referred to as the measuring junction. The other junction is main- 
tained at a known temperature and is referred to as the reference junction. 
(In a practical thermocouple circuit (see Section 2.3) copper wires are often 
connected to the thermocouple alloy conductors at the reference junction. 
The term reference junctions will be used to refer to this situation.) If these 
junctions are both at the same temperature, the presence of the copper "in- 
termediate metal" introduces no change in the thermocouple's emf. If they 
are not at the same temperature the analysis of the circuit is complicated. 
Moffat [I ]1 gives a helpful analytical method. 

The Seebeck coefficient (thermoelectric power) of many common thermo- 
couples is approximately constant from the ice point to the upper tempera- 
ture limit of the materials (see Section 3.1.1). For such thermocouples, an 
uncertainty in the temperature of the reference junction will reflect a similar 
uncertainty in the deduced temperature of the measuring junction. How- 
ever this situation does not exist for all thermocouple pairs. Notable excep- 
tions occur in the case of the high rhodium-in-platinum alloy thermocouples 
[2,3]. In particular, if the reference junction of a platinum-30 percent rho- 
dium versus platinum-6 percent rhodium (Type B) thermocouple lies within 
the range 0 to 50~ (32 to 122~ a 0~ (32~ reference junction may be 
assumed, and the error will not exceed 3/~V. This represents about 0.3~ 
(0.5~ error in high-temperature measurements [4]. 

7.2 ReferenceJunetion Techniques 

Three basic methods are used to take account of the reference junctions of 
the thermocouple circuit: (1) the junction is maintained at a fixed tempera- 
ture, (2) the temperature of the reference junction is allowed to varyr and a 
compensating emf is introduced into the circuit or accounted for by calcula- 
tion, (3) the temperature of the reference junction is allowed to vary, and 

l The i talic numbers  in brackets  refer to the list of references appended  to this  chapter .  
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104 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

compensation is made by a mechanical adjustment of the readout instru- 
ment. 

Some variations of these techniques will be described in the following sec- 
tions. Sources of error which are common to several techniques will be dis- 
cussed in Section 7.3. 

7.2.1 Fixed Reference Temperature 

7.2.1.1 Triple Point of Water--A cell can be constructed in which there 
is an equilibrium between ice, water, and water vapor [5]. The temperature 
of this triple point is 0.01~ on the International Practical Temperature 
Scale of 1968, and it is reproducible to about 0.0001 ~ Williams [6] describes 
a commercially available cell which is not affected by factors such as air satu- 
ration and pressure which can cause several millikelvins fluctuation in the 
temperature of an ice bath. To utilize such precision, extreme attention to 
immersion error and galvanic error is required, and the measurement system 
must be of the highest quality. 

7.2.1.2 lcePoint--An ice bath, consisting of a mixture of melting, shaved 
ice and water, forms an easy way of bringing the reference junctions of a ther- 
mocouple to 0~ (32~ If a proper technique is used, the uncertainty in the 
reference junction temperature can be made negligibly small. With extreme 
care the ice point can be reproduced to 0.0001~ [7]. 

A recommended form of ice bath is described in Ref 8 and is shown in Fig. 
7.1. Using the illustrated construction, with 14 gage B&S iron or nickel- 
base alloy wires and 20 gage B&S copper and noble metal wires, immersed at 
least 110 mm (4.5 in.) in the water-ice mixture, Caldwell [9] found the im- 
mersion error (see Section 7.3.1) to be less than 0.0S~ Smaller diameter 
wires would reduce the error. If large conductors must be used, Finch [10] 
describes a technique which minimizes the error. 

To avoid the use of mercury 2 in the glass tubes, the tubes may be filled 
with moisture-free oil. Kerosine, transformer oil and silicone oil are all suit- 
able [11-13]. 3 Moisture-proof insulation should extend beneath the surface 
of the oil to the ends of the wires where they may be connected by any means 
which ensures a low resistance contact (for example, welding, soldering, 
crimping, etc.). If the glass tubes are immersed 200 mm (8 in.) in the ice- 
water mixture and the oil extends to within a few millimeters of the ice-water 
surface, the immersion error will be negligible. Sutton [11] plots the error as 
a function of the wire material, diameter, and immersion depth. 

If the ice bath is improperly used, serious errors can result. The largest 
error which is likely to occur arises due to melting of the ice at the bottom of a 

2 Mercury can be hazardous to health. 
3Care should be taken to prevent oil contamination of that part of the thermocouples which 

will be exposed to high temperatures. 
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CAPACITY, MAXIMUM OF SIX 
TUBES IN I-LITRE FLASK. 

F I G .  7 .1  --Recommended ice bath.for reference.iuncti(m. 

bath until the reference junctions are below the ice level and surrounded by 
water alone. This water may be as much as 4~ above the ice point. While an 
ice bath is being used excess water should be removed periodically and more 
ice added, so that the ice level is maintained safely below the reference junc- 
tions [8,12]. 

If the ice used to prepare the bath has been stored in a freezer at a tem- 
perature below 0~ it may freeze the surrounding water and remain at a 
temperature below 0~ for some time. To avoid the condition, the ice should 
be shaved rather than crushed and thoroughly wetted with water before plac- 
ing it in the vacuum bottle [11-13]. 

If appreciable concentrations of salts are present in the water used to make 
the ice bath, the melting point can be affected. McElroy [14] investigated 
various combinations of tap and distilled water to determine the error intro- 
duced. He observed bath temperatures of +0.013~ using distilled water 
with tap ice and --0.006~ using tap water and tap ice. It is probable that 
the use of tap water will not introduce significant errors unless accuracies 
better than 0.01~ are required [9]. 

Another possible source of error is galvanic action which is discussed in 
Section 7.3.2. 
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106 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

Although the ice bath is an easy way of achieving a convenient fixed point 
for the reference junctions in the laboratory, the need for constant attention 
makes it unsuitable for industrial application where some form of automatic 
reference junction is desirable. 

7.2.1.3 Automatic Ice Point--The development of the thermoelectric 
refrigerator (Peltier cooler) has enabled the production of practical devices in 
which an equilibrium between ice and water is constantly maintained [15,16]. 
Since water expands 9 percent on freezing, the change of volume may be used 
to control the heat transfer. Substances which undergo a phase change do so 
without change of temperature. This is an important advantage since the 
system behaves as if it had an infinite thermal capacity. 

This device can provide a reference medium which is maintained at a 
precise temperature, but careful design is necessary if this precision is to be 
utilized fully. The system is subject to immersion error (Section 7.3.1) and 
galvanic error (7.3.2) due to condensation. 

Some commercially available devices provide wells into which the user may 
insert reference junctions formed from his own calibrated wire. Others are 
provided with many reference junction pairs brought out to terminals which 
the user may connect into his system. The latter type are subject to the wire 
matching error (Section 7.3.3). 

If the potential errors have been successfully overcome, the error intro- 
duced into a system by these devices may be less than 0.1~ 

Automatic ice points can be used to further advantage in conjunction with 
a "zone box" (see 7.2.2.1). 

7.2.1.4 Constant Temperature Ovens--A thermostatically controlled 
oven provides a way of holding a reference junction at an approximately con- 
stant temperature. The major advantage of this method is that one oven can 
be used with a large number of circuits while maintaining isolation between 
the circuits without the need for providing separate power supplies for each 
circuit. 

The oven must be maintained at a temperature above the highest antici- 
pated ambient temperature. The need for temperature uniformity within the 
oven and a precise temperature control system are inherent complications, in 
addition to the immersion error (Section 7.3.1) and the wire matching error 
(Section 7.3.3). 

Ovens are available with rated accuracies ranging from 0.1 to 0.05~ 
A common commercially used junction temperature is 66~ (150~ al- 
though other values may be specified. 

Elevated temperature reference junctions can be used with instruments 
or tables based on 0~ reference junctions, provided an appropriate cor- 
rection is applied. 

A device using two ovens is available which makes this correction auto- 
matically. To generate the necessary emf (for example, 2.662 mV for a 
Type K system with a 66~ (150~ reference junction temperature) an 
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additional internal thermocouple is connected in series with the external 
thermocouple circuit. This internal thermocouple has its reference junction 
in the first oven and its measuring junction in the second oven. The second 
oven is maintained at a suitable temperature above that of the first so that 
the required emf is generated. The external thermocouple circuit then be- 
haves as if its reference junction were at 0~ The manufacturers' stated 
accuracies of these devices are similar to those of single oven units. 

7.2.2 Electrical Compensation 

If the temperature of the reference junction of a thermocouple is allowed 
to change, the output emf will vary in accordance with the Seebeck co- 
efficient of the couple at the reference temperature. A compensating circuit 
containing a source of current, a combination of fixed resistors, and a tem- 
perature sensitive resistor (TSR) can be designed which will have a similar 
variation of emf as the temperature of the TSR is varied. If the reference 
junction of the thermocouple is coupled thermally to the TSR and the com- 
pensating circuit is connected in series with the thermocouple so that its 
temperature-variable emf opposes that caused by the reference junction, 
the thermocouple behaves as if the reference junction temperature were 
held constant. In addition, by suitable choice of the fixed resistors, any 
fixed reference junction temperature may be simulated. Since the TSR is at 
the temperature of the reference junction, no warmup or stabilization time 
is involved. Muth [I 7] has given a more extended description of these circuits. 

The disadvantages of this arrangement include the need for a stable power 
source for each thermocouple circuit, the difficulty of exactly matching the 
Seebeck coefficient over an extended temperature range, and the addition of 
series resistance in the thermocouple circuit. 

This principle is used in almost allself-balancing recording thermocouple 
potentiometers. Here the power source already is present as part of the po- 
tentiometer circuit. The Seebeck coefficient is matched adequately to allow 
the accuracy of the entire instrument to be typically 0.25 percent of full scale 
over a reasonable range of ambient temperatures. 

Electric reference junction compensators are also available as small circuit 
modules with self-contained battery power sources or for connection to a-c 
power. A typical specification for a battery powered unit is compensation to 
+0.3~ over an ambient of 13 to 35~ (55 to 90~ Improved specifications 
are quoted for more elaborate devices. 

Some portable manually balanced potentiometers are provided with a ther- 
mometer to read the reference junction temperature and an adjustable circuit 
calibrated in millivolts or temperature. The control must be set manually to 
add the required emf to simulate an ice-point reference junction temperature. 

7.2.2.1 Zone Box--In systems employing large numbers of thermo- 
couples, an alternative method of dealing with the reference junctions is par- 
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108 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

ticularly useful. All of the thermocouples are routed to a device called a zone 
box where each thermocouple conductor is joined to a copper wire which is 
routed to the emf measuring instrument [18,19]. 

Within the zone box all of the reference junctions between the thermo- 
couples and the copper wires are insulated electrically but kept in good 
thermal contact with each other and with a transducer which measures the 
temperature within the zone box. This transducer can be a thermocouple of 
the same type as the measuring thermocouples with its reference junction in 
an automatic ice point or any of the other devices described in Section 7.2.1. 
The output of this thermocouple can be added to that of the measuring ther- 
mocouples, either electrically or in a data-collection computer. Several ther- 
mocouples are sometimes used in the zone box to monitor its temperature 
uniformity. 

Alternatively, the zone box temperature can be measured by other trans- 
ducers such as thermistors or resistance thermometers which need no 
reference temperature. In this case the measuring instrument determines the 
necessary correction to the thermal emfs, based on the temperature of the 
measuring-thermocouple reference junctions in the zone box. Several varia- 
tions of this technique are described in Ref 19. 

The advantage of the zone box is its simplicity. It generally requires no 
heaters, controls or power supplies. Since it is approximately at the ambient 
temperature, the immersion error (Section 7.3.1) can be made negligible 
with a moderate amount of thermal insulation if care is taken to avoid loca- 
tions having extreme thermal gradients. The wire matching error (Section 
7.3.3) should receive attention because the reference junctions are at ambient 
temperature and the calibration error at this temperature must be accounted 
for. 

7.2.2.2 Extended Uniform Temperature Zone--To reduce the length of 
thermocouple wires required to reach a zone box, Sutton [11] extended the 
zone by the use of a piped water system. The system operates at ambient tem- 
perature. By circulating water with a low power pump, uniformity within 
0.1~ between the first and last reference junction is achievable. The zone 
length may extend to many tens of meters. 

7.2.3 Mechanical Reference Compensation 

To complete this account of methods used to compensate for the tempera- 
ture of thermocouple reference junctions, a device used on millivolt pyrome- 
ters must be included. The millivolt pyrometer measures the thermal emf of a 
thermocouple circuit by measuring the current produced in a circuit of fixed 
and known resistance. The current operates a galvanometer with a rigid 
pointer which moves over a scale graduated in degrees [10]. The reference 
junction is at the temperature of the instrument, and hence the available 
thermal emf is a function of the temperature of the instrument. Compensa- 
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tion is often accomplished by attaching one of the hairsprings of the D'Arson- 
val galvanometer movement to a bimetallic thermometer element so that the 
electrical zero of the instrument is adjusted to correspond to the temperature 
of the instrument. This system is subject to the wire matching error (Section 
7.3.3.), but the precision of the pyrometer seldom justifies making correc- 
tions. 

7.3 Sources of Error 

Several sources of error which may disturb the control or measurement of 
the reference junction temperature are discussed in this section. 

7.3.1 Immersion Error 

Whenever reference junctions are being maintained at a temperature which 
differs from the ambient, heat is transferred between the reference tempera- 
ture medium (oven, ice bath, etc.) and the ambient via the electrical insula- 
tion which separates the junctions from the medium and via the wires which 
emerge from the reference junctions. Thus the temperature of the junctions 
always differs from that of the reference medium to a greater or lesser degree. 
Caldwell [9] gives data which allow the error to be estimated for the standard 
type of ice bath. For other situations the error may be calculated by methods 
outlined in Refs 20 and 21, if the coefficients governing heat flow between the 
medium, the wires, and the ambient can be evaluated. 

With careful design the immersion error usually can be made negligible. 

7.3.2 Galvanic Error 

If water is allowed to contact the thermocouple alloy and copper wires of 
the reference junction, a galvanic cell may be set up, causing voltage drops 
which disturb the thermal emfs. If the reference junction is at a temperature 
below the dew point, the water may appear due to condensation. Insulation 
on both wires and precautions to avoid the accumulation of water in contact 
with the wires normally will prevent this error [9,14]. 

7.3.3. Wire Matching Error 

Thermocouple wire normally is calibrated with its reference junction at 
0~ and corrections are determined to enable accurate measurements at ele- 
vated temperatures. The calibration deviation at ambient temperature is 
seldom of interest and usually is not determined. 

Many reference junction devices are equipped with thermocouple alloy 
wires, and provision is made for interconnection with the user's thermo- 
couples at ambient temperatures. If the calibration of the wire supplied with 
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the device differs from that of the thermocouples at the ambient tempera- 
ture, a significant error can result due to the interconnection of the wires. 
This source of error often is overlooked, since it is assumed that if the inter- 
connection of both wires of a thermocouple pair occurs at the same tempera- 
ture no error is introduced. The existence of this error is visualized easily if 
the circuit is analyzed using Moffat's method [1 ]. 

A simple correction for the wire matching error can be made if the ambient 
temperature deviation of the wire supplied with the reference junction device 
is known and the user's thermocouples are calibrated at ambient tempera- 
ture. 

The wire matching error is avoided in those reference junction devices in 
which the user's wire is used to form the reference junctions. 
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Chapter 8--Calibration of 
Thermocouples 

The calibration of a thermocouple consists of the determination of its elec- 
tromotive force (emf) at a sufficient number of known temperatures so that, 
with some accepted means of interpolation, its emf will be known over the en- 
tire temperature range in which it is to be used. The process requires a stan- 
dard thermometer to indicate temperatures on a standard scale, a means for 
measuring the emf of the thermocouple, and a controlled environment in 
which the thermocouple and the standard can be brought to the same 
temperature. Some of the more commonly used techniques for accomplishing 
such calibrations will be discussed in this chapter. 

Much of this material is based upon National Bureau of Standards Cir- 
cular 590, Methods of Testing Thermocouples and Thermocouple Materials, 
and the calibration methods appearing in Temperature Measurement of the 
American Society of Mechanical Engineers Performance Test Codes, PTC 
19.3. 

8.1 General Considerations 

8.1.1 Temperature Scale 

The International Practical Temperature Scale of 1968 (IPTS-68) is 
realized and maintained by the National Bureau of Standards to provide a 
standard scale of temperature for use by science and industry in the United 
States. This scale [1,2] I was adopted by the International Committee of 
Weights and Measures at its meeting in October 1968 and was amended in 
1975 [3]. The scale has general international acceptance, and it replace~ the 
International Practical Temperature Scale of 1948 [4]. The IPTS-68 distin- 
guishes between the International Practical Kelvin Temperature with the 
symbol T68 and the International Practical Kelvin Temperature with the 
symbol t68; the relation between T68 and t68 is 

t68 : T68 -- 273.15 K 

The units of T68 and t68 are the kelvin, symbol K, and degree Celsius, symbol 
~ (formerly called centigrade). It is common practice to express values of 
temperature on the IPTS-68 in Kelvin temperatures below 0~ and in Celsius 

IThe italic numbers in brackets refer to the list of references appended to this chapter. 
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CHAPTER 8 ON CALIBRATION OF THERMOCOUPLES 113 

temperatures above 0~ Values of Fahrenheit temperature, symbol ~ are 
obtained from the conversion formula 

~  9/5 • ~ + 32 

The IPTS-68 is a practical, standard, empirical scale chosen in such a way 
that temperatures measured on it closely approximate thermodynamic 
temperatures. It is a practical scale because the value for a given temperature 
is more easily and reproducibly determined on it than on the thermodynamic 
scale. The scale is based on eleven reproducible equilibrium states (defining 
fixed points) to which numerical values are assigned, and on formulas estab- 
lishing the relationship between values of International Practical Tempera- 
ture and the indications of standard instruments calibrated at the defining 
fixed points. 

The defining fixed points are established by realizing specified equilibrium 
states between phases of pure substances. These fixed points and the exact 
numerical values assigned to them are given in Table 8.1. 

The standard instrument used from 13.81 K (-259.34~ to 630.74~ is 
the platinum resistance thermometer. The thermometer resistor must be an- 
nealed pure platinum that is mounted in a strain-free configuration. The 
resistance ratio W(T68) of the platinum resistance thermometer, defined by 

W(T6s) : R(T68)/R(273.15 K) 

where R(T68) is the resistance at T6a and R(273.15 K) is the resistance at 
273.15 K, must not be less than 1.39250 at T68 = 373.15 K. From 630.74 to 
1064.43~ the standard instrument is the platinum-10 percent rhodium ver- 
sus platinum thermocouple. Above 1064.43~ the IPTS-68 is defined by the 
Pianck law of radiation with 1064.43~ as the reference temperature, but the 
type of standard instrument to be used for the measurement is not specified. 
However, visual and photoelectric optical pyrometers are the instruments 
usually used to realize the temperature scale in this region. 

The procedures for interpolation lead to a division of the scale into four 
parts. 

(a) From 13.81 to 273.15 K (-259.34 to 0~ the temperature T68 is de- 
fined by the formula 

W(T68) = WCCT.68(T68) + AW(T68) 

where W(T68) is the resistance ratio of the platinum resistance thermometer 
and WCCT.68(T68) is the resistance ratio given by a reference function [3]. The 
deviations AW(T68) are calculated from measured values of W(T68) at the 
defining fixed points and the corresponding values of WCCT.os(T6a). To ob- 
tain AW(T68) at intermediate temperatures interpolation formulas are used. 
For this purpose the range between 13.81 and 273.15 K is divided into four 
parts; 13.81 to 20.28 K, 20.28 to 54.361 K, 54.361 to 90.188 K, and 90.188 
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114 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 8. I --DefinhzgJ~xed pobzts t~/" The International Practical Temperature Scale of 1968." 

Assigned Value of 
International Practical 

Temperature 

Equilibrium State Tba(K) t68(~ 

Equilibrium between the solid, liquid and vapor phases of 
equilibrium hydrogen (triple point of equilibrium hydrogen) 

Equilibrium between the liquid and vapor phases of equi- 
librium hydrogen at a pressure of 33 330.6 N/m 2 
25/76 standard atmosphere) 

Ec uilibrium between the liquid and vapor phases of 
equilibrum hydrogen (boiling point of equilibrium hydrogen) 

Ec uilibrium between the liquid and vapor phases of neon 
(boiling point of neon) 

Ec uilibrium between the solid, liquid and vapor phases of 
oxygen (triple point of oxygen) 

Ec uilibrium between the solid, liquid and vapor phases of 
argon (triple point of argon) h 

Ec uilibrium between the liquid and vapor phases of 
oxygen (boiling point of oxygen) 

Ec uilibrium between the solid, liquid and vapor phases of 
water (triple point of water) 

Ec uilibrium between the liquid and vapor phases of water 
(boiling point of water) 

Ec uilibrium between the solid and liquid phases of tin (freez- 
ing point of tin)" 

Equilibrium between the solid and liquid phases of zinc 
(freezing point of zinc) 

Equilibrium between the solid and liquid phases of silver 
(freezing point of silver) 

Equilibrium between the solid and liquid phases of gold 
(freezing point of gold) 

13 .81 --259.34 

17.042 -256.108 

20.28 --252.87 

27.102 --246.048 

54.361 --218,789 

83.798 -- 189.352 

90.188 -- 182.962 

273.16 0.01 

373.15 100 

505.1181 231.9681 

692.73 419.58 

1 235.08 961.93 

1 337.58 1 064.43 

"Except for the triple points and one equilibrium hydrogen point (17.042 K) the assigned 
values of temperature are for equilibrium states at a pressure P0 = 1 standard atmosphere (101 
325 N/m2), In the realization of the fixed points small departures from the assigned tem- 
peratures will occur as a result of the differing immersion depths of thermometers or the failure 
to realize the required pressure exactly. If due allowance is made for these small temperature 
differences, they will not affect the accuracy of realization of the Scale. The magnitudes of these 
differences are given in section I I 1 of Ref 3. 

bThe triple point of argon may be used as an alternative to the condensation point of oxygen. 
'The  freezing point of tin (t ' = 231.9292~ see Equation in subsection (b) on next page) may 

be used as an alternative to the boiling point of water. 

to 273.15 K. In each part AW(T68) is given by a polynomial [3] in Trs. The 
constants in the polynomials are determined from values of A W(Tr8) at the 
fixed points and the condition that values of d AW(T68)/d T68 given by join- 
ing polynomials must be equal at the junctions of the temperature ranges. 

(b) From 0 to 630.74~ tra is defined by 
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t68 = t ' +  0"045 ( l~oC)(100 'o  C - 1) (419.~8o C 1)(630.t74oC-1) ~ 

where t ' is defined by the formula 

t ' = -  W ( t  --  1 + ~  
ot 10-0~ C 

,)~ 
where W(t  ') = R( t  ')/R(0~ The constants R(0~ ~, and 6 are deter- 
mined by measurement of the resistance of the platinum resistance ther- 
mometer at the triple point of water, the boiling point of water (or the freez- 
ing point of tin 2 and the freezing point of zinc. The preceding formula for t ' 
may be also expressed as 

W ( t ' )  = 1 + A t '  + B t ' 2  

where 

A = c ~ ( I +  t 0 ~  ) and B = - 1 0 - 4 o t S ~  -2 

(c) From 630.74~ to the gold point (1064.43~ the temperature t68 is 
defined by the formula 

E(t68) = a + bt6s + ct682 

where E(t68) is the electromotive force of a standard platinum-10 percent 
rhodium versus platinum thermocouple when one of its junctions is at 0~ 
and the other is at the temperature t68. The constants a, b, and c are 
calculated from values of E at 630.74~ _+ 0.2~ as determined by a 
platinum resistance thermometer, and at the freezing points of silver and 
gold. 

For the foregoing interpolation formula to be valid, the platinum ther- 
moelement of the standard thermocouple must meet certain purity re- 
quirements and the values of E at 630.74~ the silver point and the gold 
point must also satisfy certain criteria [3]. Not all Type S thermocouples will 
meet these requirements, but suitable thermocouples may be obtained com- 
mercially. 

(d) Above the gold point the temperature T68 is defined by the formula 

L• ( T~) 
1 

exp -- 1 
L• 

2See note c, Table 8.1. 
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116 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

whereLx(T68) and Lx(T68(Au)) are the spectral concentrations at temperature 
T68 and at the freezing point of gold, T68(Au), of the radiance of a blackbody 
at the wavelength X; c 2 is defined to be 0.014388 metre kelvin and X is in 
metres (exp [x] is defined to be eX). 

In addition to the defining points of the Scale, given in Table 8.1 certain 
other points may be useful for calibration purposes. Some of these and their 
reported temperatures are given in Table 8.2. Except for the triple point of 
benzoic acid, each temperature is for a system in equilibrium under a 
pressure of 1 standard aim. 

8.1.2 Reference Thermometers 

Any one of several types of thermometers, calibrated in terms of the IPTS, 
may be used as a reference thermometer for the calibration of ther- 
mocouples. The choice will depend upon the temperature range covered, 
whether a laboratory furnace or a stirred liquid bath is used, the accuracy ex- 
pected of the calibration, or in cases where more than one type will suffice, 
the convenience or preference of the calibrating laboratory. 

8. l.2.1 Resistance Thermometers--The standard platinum resistance 
thermometer is the most accurate reference for use from approximately 
- 2 6 0 ~  ( - 4 3 6 ~  to 630~ (1166~ In cases where an uncertainty ap- 
proaching 0.1~ is necessary at temperatures below - 5 6 ~  ( - 6 9 ~  or 

TABLE 8.2--Secondary reference poblts." 
The pressure b is 1 standard atm, except for the triple point of benzoic 

acid. 

~ 

Boiling point of normal hydrogen 
Boiling point of nitrogen 
Sublimation point of carbon dioxide 
Freezing point of mercury 
Freezing point of water 
Triple point of benzoic acid 
Freezing point of indium 
Freezing point 
Freezing point 
Freezing point 
Freezing point 
Freezing point 
Freezing point 
Freezing point 
Freezing point 
Freezing point 

of bismuth 
of cadmium 
of lead 
of antimony 
of aluminum 
of copper 
of nickel 
of palladium 
of platinum 

-- 252.753 
-- 195.806 

- -  7 8 . 4 7 6  

-- 38.836 
0.00 

122.37 
156.634 
271.442 
321.108 
327.502 
630.755 
660.46 

1 084.88 
1 4,55 
1 554 
I 769 

"Values are extracted from Table 6 of Ref 3. 
hSee Ref 3 for information on the effect of pressure variation. 
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above about 200~ (392~ there are few alternatives to the use of resistance 
thermometers as a reference. 

8.1.2.2 Liquid-in-Glass Thermometers--This type of thermometer may 
be used from approximately -183~ (--297~ to 400~ (752~ or even 
higher with special types. Generally, the accuracy of these thermometers is 
less below -56~  ( -69~  where organic thermometric fluids are used, and 
above 300~ (572~ where instability of the bulb glass may require frequent 
calibration. Specifications for ASTM liquid-in-glass thermometers are given 
in Ref 5. 

8.1.2.3 Types E and T Thermocouples--Either of these types of ther- 
mocouples may be used down to a temperature of - 183~176  or 
lower, but the attainable accuracy may be limited by the accuracy of the emf 
measurements and the inhomogeneity of the wire at low temperatures. The 
stability of the larger sizes of wire is greater than that of smaller wires under 
the same conditions. Twenty-four gage wire is a useful compromise between 
the lesser stability of smaller wire and the greater thermal conduction 
(greater required depth of immersion) of larger wire. Recommended upper 
limits are 250~ (482~ for the Type E and 200~ (392~ for Type T. 

8.1.2.4 Types R and S Thermocouples--A Type S or R thermocouple is 
the most satisfactory reference thermometer for use in the range from 630~ 
(l166~ up to about 1200~ (2192~ Its use may be extended down to 
room temperature if it is desired to use the same reference over a wide range, 
but its sensitivity falls off appreciably as temperatures below 200~ (392~ 
are reached. Twenty-four gage wire most commonly is used for these types of 
thermocouples. 

8.1.2.5 High Temperature Standards--The IPTS-68 above 1064~ 
(1947~ is defined by the Planck law of radiation, and the scale is usually 
realized by means of an optical pyrometer. The optical pyrometer [6], sighted 
on a blackbody cavity built into the calibration furnace, therefore, can serve 
as a reference thermometer for all temperatures above 1064~ (1947~ On 
the other hand, thermocouples, calibrated on the optical pyrometer scale, 
can be used themselves as references. The Type B thermocouple [7] is useful 
up to about 1700~ (3092~ Tungsten rhenium alloys can be used to higher 
temperatures, but the optical pyrometer more commonly is used. 

8.1.3 Annealing 

Practically all base-metal thermocouple wire is annealed or given a 
"stabilizing heat treatment" by the manufacturer. Such treatment generally 
is considered sufficient, and seldom is it found advisable to further anneal 
the wire before testing. 

Although new platinum and platinum-rhodium thermocouple wire as sold 
by some manufacturers already is annealed, it has become regular practice in 
many laboratories to anneal all Types R, S, and B thermocouples, whether 
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new or previously used, before attempting an accurate calibration. This is ac- 
complished usually by heating the thermocouple electrically in air. The entire 
thermocouple is supported between two binding posts, which should be close 
together, so that the tension in the wires and stretching while hot are kept at 
a minimum. The temperature of the wire is determined most conveniently 
with an optical pyrometer. 3 

There are some questions as to the optimum temperature and length of 
time at which such thermocouples should be annealed to produce the most 
constant characteristics in later use [8] and as to whether annealing for more 
than a few minutes is harmful or beneficial. Most of the mechanical strains 
are relieved during the first few minutes of heatings at 1400 to 1500~ (2552 
to 2732~ but it has been claimed that the changes in the thermal emf of a 
couple in later use will be smaller if the wires are heated for several hours 
before calibration and use. The principal objection to annealing ther- 
mocouples for a long time at high temperatures, aside from the changes in 
emf taking place, is that the wires are weakened mechanically as a result of 
grain growth. It has been found that annealing at temperatures much above 
1500~ (2732~ produces changes in the emf and leaves the wire very weak 
mechanically. In addition, rapid cooling [8] of the wires following annealing 
at elevated temperatures should be avoided since it can substantially alter the 
emf. Except for work of the highest precision, cooling at a rate not exceeding 
about 400~ is satisfactory. The National Bureau of Standards has 
adopted the procedure of annealing Types R, S, and B thermocouples for 45 
rain at 1450~ (2642~ followed by 30 min at 7.50~ (1382~ and then 
slow cooling to room temperature. 

It has not been demonstrated conclusively that Types R, S, and B ther- 
mocouples after contamination can be improved materially in homogeneity 
by prolonged heating in air, although it is logical to suppose that certain im- 
purities can be driven off or, through oxidation, rendered less detrimental. 

8.1.4 Measurement of Emf 

One of the factors in the accuracy of the calibration of a thermocouple is 
the accuracy of the instrument used to measure the emf. Fortunately in most 
instances, an instrument is available whose performance is such that the ac- 
curacy of the calibration need not be limited by the accuracy of the emf 
measurements. For work of the highest accuracy it is advisable to use a 
potentiometer of the type designed by Diesselhorst [9], White [10], or Wen- 
ner [11], in which there are no slidewires and in which all the settings are 

3The ordinary portable type of optical pyrometer is very satisfactory for this purpose. As com- 
monly used, the magnification is too low for sighting on an object as small as the wires of noble- 
metal thermocouples, but this is remedied easily by lengthening the telescope tube or using an 
objective lens of shorter focal length. 
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made by means of dial switches. However, for most work on which an ac- 
curacy of 5/tV will suffice, slidewire potentiometers of the laboratory type are 
sufficiently accurate. 

Electronic digital voltmeters and analog-to-digital converters that are of 
potentiometric or other high-impedence design and that possess sufficient 
accuracy may be also used. Such instruments permit fast readings of a large 
number of thermocouples. For a more detailed consideration of emf mea- 
surements see Chapter 6. 

8.1.5 Homogeneity 

The emf developed by a thermocouple made from homogeneous wires will 
be a function of the temperature difference between the measuring and the 
reference junction. If, however, the wires are not homogeneous, and the in- 
homogeneity is present in a region where a temperature gradient exists, ex- 
traneous emfs will be developed, and the output of the thermocouple will de- 
pend upon factors in addition to the temperature difference between the two 
junctions. The inhomogeneity of the thermocouple wire, therefore, is an im- 
portant factor in accurate measurements. 

Thermocouple wire now being produced is usually sufficiently homo- 
geneous in chemical composition for most purposes. Occasionally in- 
homogeneity in a thermocouple may be traced to the manufacturer, but such 
cases are rare. More often it is introduced in the wires during tests or use. It 
usually is not necessary, therefore, to examine new thermocouples for in- 
homogeneity, but thermocouples that have been used for some time should 
be so examined before an accurate calibration is attempted. 

While rather simple methods are available for detecting thermoelectric in- 
homogeneity, no satisfactory method has been devised for quantitatively 
determining it or the resulting errors in the measurement of temperatures. 
Abrupt changes in the thermoelectric power may be detected by connecting 
the two ends of the wire to a sensitive galvanometer and slowly moving a 
source of heat, such as a bunsen burner or small electric furnace, along the 
wire. This method is not satisfactory for detecting gradual changes in the 
thermoelectric power along the length of the wire. Inhomogeneity of this 
nature may be detected by doubling the wire and inserting it to various 
depths in a uniformly heated furnace, the two ends of the wire being con- 
nected to a galvanometer as before. If, for example, the doubled end of the 
wire is immersed 250 mm (10 in.) in a furnace with a sharp temperature gra- 
dient so that two points on the wire 500 mm (20 in.) apart are in the tempera- 
ture gradient, the emf determined with the galvanometer is a measure of the 
difference in the thermoelectric properties of the wire at these two points. 

After reasonable homogeneity of one sample of wire has been established, 
it may be used in testing the homogeneity of similar wires by welding the two 
together and inserting the junction into a heated furnace. The resulting emf 
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at various depths of immersion may be measured by any convenient method. 
Other similar methods have been described for detecting inhomogeneity [12]. 

Tests such as those described previously will indicate the uncertainty in 
temperature measurements due to inhomogeneity in the wires. For example, 
if a difference in emf of 10 #V is detected along either element of a platinum- 
rhodium couple by heating various parts of the wire to 600~ (ll12~ 
measurements made with it are subject to an uncertainty of the order of 1 deg 
below 500~ or 2 deg to 1200~ Similarly, if an emf of 10/~V is detected 
along an element of a base-metal couple with a source of heat at 100~ 
measurements made with the thermocouple are subject to an uncertainty of 
the order of 0.2~ at this temperature. The effects of inhomogeneity in both 
wires may be either additive or subtractive, and, as the emf developed along 
an inhomogeneous wire depends upon the temperature distribution, it is evi- 
dent that corrections for inhomogeneity are impracticable if not impossible. 

8.1.6 General Calibration Methods 

The temperature-emf relation of a homogeneous [13] thermocouple is a 
definite physical property and therefore does not depend upon the details of 
the apparatus or method employed in determining this relation. Conse- 
quently, there are numerous methods of calibrating thermocouples, the 
choice of which depends upon the type of thermocouple, temperature range, 
accuracy required, size of wires, apparatus available, and personal prefer- 
ence. However, the emf of a thermocouple with its measuring junction at a 
specified temperature depends upon the temperature difference between its 
measuring and reference junctions. Therefore, whatever method of calibra- 
tion is used, the reference junction must be maintained constant at some 
known temperature (see Chapter 7), and this temperature must be stated as a 
necessary part of the calibration results. 

Thermocouple calibrations are required with various degrees of accuracy 
ranging from 0.1 to 5 or 10~ For an accuracy of 0.1 ~ agreement with the 
IPTS-68 and methods of interpolating between the calibration points become 
problems of prime importance, but for an accuracy of about 10~ com- 
paratively simple methods of calibration usually will suffice. The most ac- 
curate calibrations in the range --260~ (--436~ to 300~ (572~ are 
made by comparing the couples directly with a standard platinum-resistance 
themometer in a stirred liquid bath. In the range 300 to 630~ (572 to 
1166~ (and below if a platinum-resistance thermometer and stirred liquid 
bath is not available) thermocouples are calibrated most accurately at the 
freezing or boiling points of pure substances. Between 630 and 1064~ (1166 
and 1947~ the Type S thermocouple calibrated at 630.74~ and the freez- 
ing points of gold and silver, serves to define the IPTS-68, and other types of 
thermocouples are calibrated most accurately in this range by direct com- 
parison with a Type S thermocouple calibrated as specified. Other ther- 
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mocouples may be calibrated just as accurately at the fixed points as the 
Type S thermocouple, but interpolated values at intermediate points may 
depart slightly from the IVI'S-68. Above 1064~ (1947~ the most basic 
calibrations are made by observing the emf when one junction of the ther- 
mocouple is in a blackbody furnace, the temperature of which is measured 
with an optical pyrometer. However, the difficulties encountered in bringing 
a blackbody furnace to a uniform temperature make the direct comparison 
of these two types of instruments by no means a simple matter. 

Although the Type S thermocouple serves to define the IPTS-68 only in the 
range 630.74 to 1064.43~ this type of tbermocouple calibrated at fixed 
points is used extensively both above and below this range as a reference ther- 
mometer in the calibration of other thermocouples. For most industrial pur- 
poses a calibration accurate to 2 or 3~ in the range room temperature to 
1200~ (2192~ is sufficient. Other thermocouples can be calibrated by 
comparison with such a Type S reference thermocouple almost as accurately 
as the calibration of the reference thermocouple is known. However, it might 
be pointed up that outside the range 630.74 to 1064.43~ any type of ther- 
mocouple suitable for the purpose, and calibrated to agree with the 
resistance thermometer or optical pyrometer in their respective ranges, has 
as much claim to yielding temperatures on the IPTS-68 as the Type S ther- 
mocouple. In fact, at the lower temperatures certain types of base-metal 
couples are definitely better adapted for precise measurements. 

The calibration of couples then may be divided into two general classes, 
depending upon the method of determining the temperature of the measur- 
ing junction: (1) calibration at fixed points and (2) calibration by comparison 
with standard instruments such as thermocouples, resistance thermometers, 
etc. 

In order to obtain the high accuracies referred to previously and usually 
associated with calibrations at fixed points, it is necessary to follow certain 
prescribed methods and to take the special precautions described in detail in 
the following paragraphs, but for an accuracy of about 5~ the more 
elaborate apparatus to be described need not be employed. 

8. I. 7 Calibration Uncertainties 

The several factors which contribute to the uncertainties in the emf versus 
temperature relationship for a particular thermocouple as determined by 
calibration may be grouped into two kinds; those influencing the observa- 
tions at calibration points, and those arising from any added uncertainty as a 
result of interpolation between the calibration points. Errors from either of 
these sources of uncertainty can be reduced materially, within limits, 
through use of well designed equipment and careful techniques; hence, the 
required accuracy should be clearly understood when choosing calibration 
facilities. 
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Estimates of the uncertainties in calibrating homogeneous thermocouples 
by different techniques are given in Tables 8.3, 8.4, 8.5, 8.6, and 8.7. The 
estimates assume that reasonable care is exercised in the work. More or less 
accurate results are possible using the same methods, depending upon 
soundness of the techniques used. While excessive care is a waste when 
relatively crude measurements are sufficient, it should be emphasized that 
inadequate attention to possible sources of error is more often found to be the 
practice than the converse. In the following some of the important considera- 
tions associated with the various calibration methods are emphasized briefly. 

8.1.7.1 Uncertainties Using Fixed Points--The equilibrium tempera- 
tures listed in Table 8.2 are sufficiently exact, and the materials are readily 
available in high enough purity, that accurate work can be done using these 
fixed points with no significant error being introduced by accepting the 
temperatures listed. Using freezing points, however, good designs of freezing 
point cells and furnaces are important for controlling the freezes and for pro- 
viding sufficient immersion for the thermocouple, if the full potential of the 
method is to be realized. 

Although uncertainties of the order of _+I~ in the temperatures are 
assigned to the freezing points (and hence by implication to the melting 
points) of palladium and platinum, these contribute in only a minor way 
overall uncertainties of calibrations using freezing point techniques. 

8.1.7.2 Uncertainties Using Comparison Methods--The accuracy at- 
tained at each calibration point using the comparison method will depend 
upon the degree to which the reference thermometer and the test thermocou- 
pie are maintained at the same temperature and the accuracy of the reference 
thermometer used. Comparison measurements made in stirred liquid baths 
usually present no special problems provided that sufficient immersion is 
used. Because of the high-thermal conductivity of copper, special attention 

TABLE 8.3--Calibration uncertahzties ushtg fixed pohtt techniques. 

Temperature 
Range, 

Type ~ Calibration Points u 

Calibration Uncertainty 

At Ob- Of Inter- 
served polated 
Points. Values, 

~ ~ 

S 0 to 1100 Zn, Sb/', Ag, Au 
R 0 to 1100 Sn, Zn, AI, Ag, Au 
B 600 to ll00 AI, Ag. Au 
E 0 to 870 Sn, Zn. Al 
J 0 to 760 Sn. Zn. Al 
K 0 to II00 Sn, Zn, AI, Ag, Au 

0.2 0.3 
0.2 0.5 
0.2 0.5 
0.2 0.5 
0.2 1.0 
0.2 1.0 

"Metal freezing points. 
hTemperature measured by standard platinum resistance thermometer. 
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TABLE 8.4--Calibration uncertainties using comparison techniques in laboratory furnaces 
(Types R or S standards). 

Calibration Uncertainty 

At Ob- Of Inter- 
Temperature served polated 

Range, Points, Values, 
Type ~ Calibration Points" ~ ~ 

R or S 0 to 1100 about every 100~ 0.3 0.5 
B 600 to 1100 about every 100~ 0.3 0.5 
E 0 to 870 about every 100~ 0.5 0.5 
J 0 to 760 about every 100~ 0.5 1.0 
K 0 to 1100 about every 100~ 0.S 1.0 

TABLE 8.5--Calibration uncertainties using comparison techniques in stirred liquid baths. 

Calibration Uncertainty 

At Ob- Of Inter- 
Temperature served polated 

Range, Type of Points, Values, 
Type ~ Calibration Points Standard a ~ ~ 

T 

--196 to 425 about every 100~ PRT 0.1 0.2 
- 196 to 435 about every 50~ PRT 0.1 0.1 
- 196 to 435 about every 50~ E or T 0.2 0.2 

- 5 6  to 200 about every S0~ LIG 0.1 0.1 
- 196 to 250 about every 100~ PRT 0.1 0.2 
- Iq6 to 250 about every S0~ PRT 0.1 0.1 
-- 196 to 250 about every 50~ E or T 0.2 0.2 
- 5 6  to 200 about every 50~ LIG 0.1 0.1 

"PRT = standard platinum resistance thermometer; E or T = Type E or T thermocouple; 
and LIG = liquid-in-glass thermometer. 

TABLE 8.6--Calibration uncertainties: tungsten-rhenium type thermocouples. 

Calibration Uncertainty 

At Observed Points Of Interpolated Values ~ 

Gold (1064.43~ +_0.5~ 1000 to 1455~ +_2.7~ 
Nickel (1455~ +3.5~ 1455 to 1554~ +_4.0~ 
Palladium (15,54~ +3.0~ 1554 to 1768~ +4.0~ 
Platinum (1769~ +_3.0~ 1768 to 2000~ +_7.0~ 
Rhodium (1q63~ + 5.0~ 

"These values apply only when all five observed points are taken. 
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124 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 8.7--Calibratiotl uncertahlties ushtg comparison techniques ht special furnaces 
/optical pyrometer standardL 

Calibration Uncertainty 

Temperature At Observed Of Interpolated 
Type Range, ~ Points, ~ Values," ~ 

IrRh versus lr b 1000 to 1300 2 3 
lrRh versus Ir/' 1300 to 1600 3 4 
lrRh versus Ir ~' 1600 to 2000 5 8 
W versus WRe'  1000 to 1300 2 3 
W versus WRe'  1300 to 1600 3 4 
W versus WRe c 1600 to 2000 5 8 
R, S, or B 1100 to 1450 2 3 
B 1450 to 1750 3 5 

"Using difference curve from reference table with calibration points spaced every 
200~ 

h401rb0Rh versus lr, 501rSORh versus lr, or 601rl0Rh versus lr. 
' W  versus 74W26Re, 97W3Re versus 75W25Re, or 95W5Re versus 74W26Re. 

should be given to the problem of immersion when calibrating Type T ther- 
mocouples. 

As higher and higher temperatures are used, the difficulties of maintaining 
the test and reference thermocouples at the same measured temperature are 
magnified whether a tube furnace, an oven with moderating block, or 
whatever means is used for maintaining the desired temperature. In addi- 
tion, at temperatures of about 1500~ (2732~ and higher, the choice of in- 
sulating materials becomes very important (see Chapter 4). Special attention 
must be paid to possible errors arising from contamination from the in- 
sulators or protection tube and from electrical leakage. 

When an optical pyrometer is used as the reference thermometer, a good 
blackbody must be used, and the design must be such that the test ther- 
mocouple is at the same temperature as the blackbody. 

8.2 Calibration Using FLied Points 

The indications of the Type S thermocouple calibrated at 630.74~ and 
the silver and gold points, as mentioned in Section 8.1.1, define the IPTS-68 
between 630.74~ (1167~ and 1064.43~ (1948~ If such a thermocou- 
pie is calibrated also at the zinc point, a reference thermometer will result 
which is accurate to about 0.3~ in the range 0 to ll00~ (32 to 2012~ 
While the fixed-point calibration is prescribed for defining the IPTS-68, 
similar methods are also useful in the calibration of other types of ther- 
mocouples. Fixed points can be used with various degrees of accuracy, rang- 
ing from 0.1 to 5~ for the calibration of various types of thermocouples in 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 8 ON CALIBRATION OF THERMOCOUPLES 125 

the range -260~ (--436~ to the meRing point of platinum at 1769~ 
(3216~ Some of the fixed points for which values have been determined ac- 
curately are listed in Section 8.1.1, Table 8.2. Because of experimental dif- 
ficulties, fixed points at temperatures higher than the freezing point of cop- 
per usually are realized as melting points rather than freezing points, as 
described later. 

8.2.1 Freezing Points 

The emf developed by a homogeneous thermocouple at the freezing point 
of a metal is constant and reproducible if all of the following conditions are 
fulfilled: (1) the thermocouple is protected from contamination: (2) the ther- 
mocouple is immersed in the freezing-point sample sufficiently far to 
eliminate heating or cooling of the measuring junction by heat flow along the 
wires and protection tube; (3) the reference junctions are maintained at a 
constant and reproducible temperature; (4) the freezing-point sample is 
pure, and (5) the metal is maintained at essentially a uniform temperature 
during freezing. 

Techniques for achieving these conditions are well developed [12,14.15]. 
Many of the metals listed in Table 8.2 of Section 8.1.1 are available commer- 
cially in high purity (99.999 percent or better) and can be used assuming the 
freezing point temperatures given in the table. It is essential, however, that 
protecting tubes and crucibles be chosen of such material (see Section 4) that 
the pure metals will not be contaminated. Copper and silver must be pro- 
tected from oxygen contamination [12] and it is also advisable to protect 
aluminum and antimony; this is done usually by using covered crucibles and 
covering the freezing point metals with powdered graphite or by sealing the 
crucible in a glass tube that contains a nonoxidizing gas such as argon or 
helium. The choice of a suitable furnace is also important. The furnace must 
provide uniform heating in the region of the freezing point sample, and have 
adequate controls to bring the sample slowly into its freeze. Complete units 
consisting of freezing point sample, crucible, and furnace are available com- 
mercially. Freezing point standard samples of tin, lead, zinc, aluminum, and 
copper may be purchased from the National Bureau of Standards. 

8.2.2 Melting Points 

The emf of a thermooouple at the melting point of a metal may be deter- 
mined with the same apparatus as that described above for freezing points, 
but the use of the freeze is usually more satisfactory. Melting points are used 
to advantage, however, when only a limited amount of material is available 
or at high temperatures where experimental techniques with freezing points 
are difficult. To apply this method [15-19], a short length of metal whose 
melting point is known is joined between the end of the two wires of the ther- 
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mocouple and placed in an electrically heated furnace the temperature of 
which is raised slowly. When the melting point of the metal is reached, the 
emf of the thermocouple remains steady for a few minutes and then drops to 
zero as the fused metal drops away from the junction. With good technique 4 
the method can result in accuracies comparable to those with which the 
IPTS-68 is realized above 1064~ by optical pyrometry. 

8.3 Calibration Using Comparison Methods 

The calibration of a thermocouple by comparison with a reference ther- 
mometer [20] is sufficiently accurate for most purposes and can be done con- 
veniently in most industrial and technical laboratories. The success of this 
method usually depends upon the ability Of the observer to bring the measur- 
ing junction of the thermocouple to the same temperature as the actuating 
element of the reference thermometer, such as the measuring junction of a 
standard thermocouple or the bulb of a resistance or liquid-in-glass ther- 
mometer. The accuracy obtained is further limited by the accuracy of the 
reference thermometer. Of course, the reference junction temperature must 
be known, but this can be controlled, as described in Chapter 7. The method 
of bringing the measuring junction of the thermocouple to the same 
temperature as that of the actuating element of the reference thermometer 
depends upon the type of thermocouple, type of reference thermometer, and 
the method of heating. 

8.3.1 Laboratory Furnaces 

The calibration procedure consists of measuring the emf of the thermocou- 
pie being calibrated at selected calibration points, the temperature of each 
point being measured with a reference thermometer. The number and choice 
of calibration points will depend on the type of thermocouple, the tempera- 
ture rang e covered, and the accuracy required (see Sections 8.1.6 and 8.4). 

8.3.1.1 Noble-Metal Thermocouples--Such thermocouples usually may 
be calibrated at temperatures from ambient up to 1200~ by comparison 
with either a Type S or Type R reference thermocouple in electrically heated 
furnaces. Above 1200~ (2192~ the Type B thermocouple is a preferred 
reference thermometer because of its greater stability at high temperatures. 
This therrnocouple may be used to 1700~ (3092~ or higher. 

One method for the comparison of two such thermocouples is based upon 
the simultaneous reading of the emf of the reference and the test thermocou- 
pie without waiting for the furnace to stabilize at any given temperature. The 
measuring junctions are maintained always at close to the same temperature 

4This method is not well adapted to metals that oxidize rapidly, and, if used with materials 
whose melting temperature is altered by the oxide, the metal should be melted in a neutral at- 
mosphere. 
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by welding them into a common bead or by wrapping them together with 
platinum wire or ribbon. A separate potentiometer is used to measure each 
emf, one connected to each thermocouple, and each potentiometer is pro- 
vided with a reflecting galvanometer. The two spots of light are reflected into 
a single scale, the galvanometers being set in such a position that the spots 
coincide at the zero point on the scale when the circuits are open, and 
therefore also when the potentiometers are set to balance the emf of each 
thermocouple. Simultaneous readings are obtained by setting one poten- 
tiometer to a desired value and adjusting the other so that both spots of light 
pass across the zero of the scale together as the temperature of the furnace is 
raised or lowered. 

By making observations first with a rising and then with a falling tem- 
perature, the rates of rise and fall being approximately equal, and taking the 
mean of the results found, several minor errors such as those due to dif- 
ferences in the periods of the galvanometers, etc., are eliminated or greatly 
reduced. 

This method is particularly adapted to the calibration of thermocouples at 
any number of selected points. For example, if it is desired to determine the 
temperature of a thermocouple corresponding to 10.0 mV, this emf is set up 
on the potentiometer connected to the thermocouple, the emf of the reference 
thermocouple observed as desired above, and the temperature obtained from 
the emf of the reference. If it is desired to determine the emf of a thermocou- 
pie corresponding to 1000~ (1832~ the emf of the reference thermocou- 
pie corresponding to this temperature is set up on the potentiometer con- 
nected to the reference thermocouple, and the emf of the thermocouple being 
calibrated is observed directly with the second potentiometer. To reduce the 
time required to calibrate by this method the furnace should be so con- 
strueted that it will heat or cool rapidly. Fast response is obtained in one fur- 
nace design which employs a nickel-chromium tube as the heating element 
[141. 

A similar furnace using a silicon carbide tube as the heating element can 
be used to extend the calibration range upward [7]. At temperatures above 
1064~ (1947~ the IPTS-68 is defined in terms of ratios of radiation (Sec- 
tion 8.1.1) usually measured with a visual or a photoelectric optical 
pyrometer. If the test thermocouple is inserted into the back of a blackbody 
cavity built into the furnace, a pyrometer may be used directly as the 
reference thermometer. Alternatively, the Type B thermocouple can be used 
as the reference thermometer after it has been calibrated against a py- 
rometer. 

The thermocouples are insulated and protected by suitable ceramic tubes 
(Chapter 4). It is essential that good insulation be maintained between the 
two potentiometers and thermocouple circuits except at the point where the 
junctions are welded together. The reference junctions are maintained at a 
known temperature (Chapter 7). 
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Variations of the two potentiometer method may be used to automate the 
calibration process when the thermocouple being calibrated and the refer- 
ence thermocouple are of the same type [20]. If the emf of the reference is 
read with one potentiometer and the emf difference between the reference 
and the unknown are read with the second potentiometer, the calibration 
data may be recorded automatically [21.22]. 

If two potentiometers are not available for taking simultaneous readings, 
the furnace may be brought to essentially a constant temperature, and the 
emf of each thermocouple read alternately on one instrument [20]. 

When the thermocouples are calibrated by welding or wrapping the junc- 
tions together, both would be expected to be close to the same temperature 
even when the temperature of the furnace is changing. If it is necessary or ad- 
visable to calibrate the thermocouples without removing them from the pro- 
tecting tubes, then the junctions of the thermocouple being tested and that of 
the reference thermocouple should be brought as close together as possible in 
a uniformly heated portion of the furnace. In this case it is necessary that the 
furnace be brought to approximately a constant temperature before taking 
observations. 

There are a number of other methods of heating and of bringing the junc- 
tions to approximately the same temperature, for example, inserting the 
thermocouples properly protected into a bath of molten metal or into holes 
drilled in a large metal block. The block of metal may be heated in a muffle 
furnace or, if made of a good thermal conductor such as copper, may be 
heated electrically. Tin, which has a low melting point, 232~ (450~ and 
low volatility, makes a satisfactory bath material. The thermocouples should 
be immersed to the same depth with the junctions close together. Ceramic 
tubes are sufficient protection, hut to avoid breakage by thermal shock when 
immersed in molten metal it is preferable to place them inside of secondary 
tubes of iron, nickel-chromium, graphite, or similar material. In all of these 
methods, particularly in those cases in which the junctions of the ther- 
mocouples are not brought into direct contact, it is important that the depth 
of immersion be sufficient to eliminate cooling or heating of the junctions by 
heat flow along the thermocouple and the insulating and protecting tubes. 
This can be determined by observing the change in the emf of the thermocou- 
pie as the depth of immersion is changed slightly. If proper precautions are 
taken, the accuracy yielded by any method of heating or bringing the junc- 
tions to the same temperature may be as great as that obtained by any other 
method. 

8.3.1.2 Base-Metal Thermocouples--The methods of testing base-metal 
thermocouples above room temperature are generally the same as those just 
described for testing noble-metal thermocouples with the exception, in some 
cases, of the methods of bringing the junctions of the reference and the ther- 
mocouple being tested to the same temperature and the methods of protect- 
ing platinum-rhodium reference thermocouples from contamination. One 
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arrangement of bringing the junction of a platinum-rhodium reference ther- 
mocouple to the same temperature as that of a large base-metal thermocou- 
pie for accurate calibration is to insert the junction of the reference ther- 
mocouple into a small hole (about 1.5 mm (0.06 in.) in diameter) drilled in 
the hot junction of the base-metal thermocouple. The platinum-rhodium 
reference thermocouple is protected by ceramic tubes to within a few tenths 
of an inch of the hot junction, and the end of the ceramic tube is sealed to the 
thermocouple by pyrex glass or by a small amount of kaolin and water-glass 
cement. This prevents contamination of the reference thermocouple, with the 
exception of the small length of about 2.5 mm (0.1 in.) which is necessarily in 
contact with the base-metal thermocouple. If the furnace is uniformly heated 
in this region (and it is of little value to make such a test unless it is) con- 
tamination at this point will not cause any error. If the wire of the reference 
thermocouple becomes brittle at the junction, this part of the wire may be cut 
off and enough wire drawn through the softened seal to form a new junction. 
The seal should be examined after each test and remade if it does not appear 
to be good. More than one base-metal thermocouple may be welded together 
and the hole drilled in the composite junction. The thermocouples should be 
clamped in place so that the junctions remain in contact. If two poten- 
tiometers are used for taking simultaneous readings, the temperature of the 
furnace may be changing as much as a few degrees per minute during an 
observation, but if a single instrument is used for measuring the emf, the fur- 
nace temperature should be maintained practically constant during observa- 
tions. When wires, insulators, and protection tubes are large, tests should be 
made to ensure that the depth of immersion is sufficient. 

8.3.2 Stirred Liquid Baths 

At temperatures below 620~ (1148~ stirred liquid baths provide an effi- 
cient medium for bringing a thermocouple and a reference thermometer to 
the same temperature. 

Water, petroleum oils, or other organic liquids, depending upon tem- 
perature range, are commonly used bath media. Molten salts or liquid tin are 
used at temperatures higher than are suitable for oil. Baths suitable for this 
work are described in Ref 23. 

Base-metal thermocouples, either bare wire or insulated, may be cali- 
brated accurately in such baths. Usually no special preparation of the ther- 
mocouple will be required other than to insert it to the bottom of a protection 
tube for immersion in the liquid bath. Borosilicate glass tubing, such as 
Pyrex glass, is convenient for use up to 500~ (932~ Vitreous silica or 
ceramic tubing may be used to 620~ (1148~ The tube should be closed at 
the immersed end and of an internal diameter such as to permit easy inser- 
tion of the thermocouple or thermocouples to be calibrated but no larger 
than necessary. Unfavorable heat transfer conditions in an unnecessarily 
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large diameter tube will require a greater depth of immersion in the bath 
than would a close fitting tube. If a bare wire thermocouple is being 
calibrated, the wires must be provided with electrical insulation over the 
length inserted in the protection tube. Sheathed thermocouples may be im- 
mersed directly in the bath liquid in cases where the sheath material will not 
be attacked by the liquid. Salt baths for use at high temperature must be pro- 
vided with suitable wells into which the thermocouple protection tubes and 
reference thermometers may be inserted for protection from the molten salt. 

The reference thermometer may be a calibrated thermocouple inserted in 
the protection tube with the thermocouple being calibrated, or it may be a 
liquid-in-glass thermometer or a resistance thermometer immersed in the 
bath close to the thermocouple protection tube. The choice of a reference 
thermometer will be governed principally by the degree of uncertainty which 
can be tolerated. 

8.3.3 Fixed Installations 

After thermocouples have been used for some time at high temperatures, it 
is difficult, if not impossible, to determine how much the calibrations are in 
error by removing them from an installation and testing in a laboratory fur- 
nace. The thermocouples are usually heterogeneous after such use and in 
such a condition that the emf developed by the thermocouples depends upon 
the temperature distribution along the wires [24]. If possible, such a ther- 
mocouple should be tested under the same conditions and in the same in- 
stallation in which it is used. Although it is not usually possible to obtain as 
high a precision by testing the thermocouple in place as is obtained in 
laboratory tests, the result is far more useful in the sense of being represen- 
tative of the behavior of the thermocouple [19]. The calibration is ac- 
complished by comparing the thermocouple with a reference therrnocouple. 

In this case, as in the calibration of any thermocouple by comparison 
methods, the main objective is to bring the measuring junction to the same 
temperature as that of the thermocouple being tested. One method is to drill 
a hole in the furnace, flue, etc., at the side of each thermocouple per- 
manently installed, large enough to permit insertion of the reference ther- 
mocouples. The hole is kept plugged, except when tests are being made. The 
reference thermocouple is inserted through this hole to the same depth as the 
thermocouple being tested with the measuring junction ends of the protect- 
ing tubes as close together as possible. Preferably a potentiometer should be 
used to measure the emf of the reference thermocouple. 

In many installations the base-metal thermocouple and its protecting tube 
are mounted inside another protecting tube of iron, fire clay, carborundum, 
or some other refractory which is permanently cemented or fastened into the 
furnace wall. Frequently there is room to insert a reference thermocouple in 
this outer tube alongside of the fixed thermocouple. A third method, much 
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less satisfactory, is to wait until the furnace, flue, etc., have reached a 
constant temperature and make observations with the thermocouple being 
tested, then remove this thermocouple and insert the reference thermocouple 
to the same depth. 

If desired, comparisons can be made, preferably by either of the first or 
second methods at several temperatures, and a curve obtained for each per- 
manently installed thermocouple showing the necessary corrections to be ap- 
plied to its readings. Although testing a thermocouple at one temperature 
yields some ~nformation, it is not safe to assume that the changes in the emf 
of the thermocouple are proportional to the temperature or to the emf. For 
example, it has been observed that a thermocouple which had changed in use 
by the equivalent of 9~ at 315~ (16~ at 599~ had changed only the 
equivalent of 6~ at 1100~ ( l l~  at 2012~ 

It may be thought that the method of calibrating thermocouples under 
working conditions is unsatisfactory because, in most furnaces used in in- 
dustrial processes, large temperature gradients exist, and there is no cer- 
tainty that the reference thermocouple is at the same temperature as the ther- 
mocouple being tested. This objection, however, is not serious, because if 
temperature gradients do exist of such a magnitude as to cause much dif- 
ference in temperature between two similarly mounted thermocouples 
located close together, the reading of the reference thermocouple represents 
the temperature of the fixed thermocouple as closely as the temperature of 
the latter represents that of the furnace. 

Another advantage of calibrating thermocouples in the same installation 
in which they are used is that the thermocouple, extension wires, and in- 
dicator are tested as a unit and under the conditions of use. 

8.4 Interpolation Methods 

An experimental thermocouple calibration consists of a series of voltage 
measurements determined at a finite number of known temperatures. If a 
test thermocouple were compared with a standard temperature instrument at 
100 temperatures within a S~ (10~ range, there would be little need for in- 
terpolation between the calibration points. However, if from 4 to 10 calibra- 
tion points are all that can be afforded in a given range of interest, then what 
is needed to characterize an individual thermocouple is a continuous rela- 
tion, by means of which temperatures can be approximated with a minimum 
uncertainty from voltage measurements at intermediate levels. Efforts to ob- 
tain such a continuous relation appear thwarted from the start because of the 
small number of discrete calibration points available. However, interpolation 
between the calibration points is possible since the emf changes only slowly 
and smoothly with temperature. 

One can present raw calibration data directly in terms of temperature (T) 
and voltage (Ecouple), on a scale so chosen that the information appears well 
represented by a single curve (see Fig. 8.1) or by a simple mathematical 
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FIG. 8. I--Temperature emf plot of raw calibration data for an iron/constantan thermocouple. 

equation. For example, for the highest accuracy in the range 630 to 1064~ 
with the Type S thermocouple, the method is that prescribed in Ref 12. An 
equation of the form e = a + b t  + c t  2, is used where a, b, and c are con- 
stants determined by calibration at the freezing points of gold, silver, and an- 
timony. By calibrating the thermocouple also at the freezing point of zinc 
and using an equation of the form e = a + b t  + c t  2 + d t  3, the temperature 
range can be extended down to 400~ without introducing an uncertainty of 
more than 0.1~ in the range 630 to 1064~ By calibrating the thermocou- 
pie at freezing points of gold, antimony, and zinc and using an equation of 
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the form e = a + b t  + c t  2, a calibration is obtained for the range 400 to 
1100~ which agrees with IPTS-68 to 0.5~ However, in general, this prac- 
tice of directly representing thermocouple characteristics does not yield 
results within the required limits of uncertainty. 

A better method 5 is based on the use of differences between observed 
values and values obtained from standard reference tables. Such reference 
tables and the mathematical means for generating them are presented in 
Chapter 10 of this Manual. The data of Fig. 8.1 are replotted in Fig. 8.2 in 
terms of differences from the proper reference table. The maximum spread 
between points taken at the same level (replication), but obtained in random 
order with respect to time and level (randomization) is taken as the uncer- 
tainty envelope. This information, taken from Fig. 8.2 is plotted in Fig. 8.3, 
and constitutes a vital bit of information about the particular thermocouple 
and the calibration system. In lieu of an experimental determination of the 
uncertainty, one must rely on judgment or on the current literature for this 
information. 
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FIG. 8.2--Difference plot of raw calibration data for an iron/constantan thermocouple. 

5Much of the material in this section is based on Refs 25 to 27. 
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F I G .  8.3--Typical determbtation o.f uncertahtty envelope (from data of Fig. 8.2). 

Usually, only a single set of calibration points is available. Typical points 
would be those taken from one run shown in Figs. 8.1 or 8.2, and these are 
shown in Fig. 8.4 together with four of the many possible methods for 
representing the thermocouple difference characteristic. Although at first it 
appears that the most probable relation characterizing a given thermocouple 
is sensibly indeterminate from a single set of calibration points, it is an im- 
portant fact that all experimental points must be continued within the uncer- 
tainty interval when the uncertainty interval is centered on the most probable 
interpolation equation. 

Making use of this principle, together with the fact that overall experimen- 
tal uncertainties are minimized by use of the least squares technique, one 
starts the search for the most probable interpolation equation by passing a 
least squares equation of the first degree through the experimental data. A 
check is then made to ascertain whether all experimental points are con- 
tained within the uncertainty envelope which is centered on the linear inter- 
polation equation (see Fig. 8.5). One proceeds, according to the results of the 
foregoing check, to the next highest degree equation, stopping at the lowest 
degree least squares equation which satisfies the uncertainty requirements. 
For the example given here, a third degree interpolation equation is required 
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(see Fig. 8.6). By obtaining voltage differences from the least squares fit of 
any set of calibration points, the uncertainty in the thermocouple difference 
characteristic will be within one half the uncertainty interval. Generally, the 
form of the uncertainty envelope and the degree of the most probable least 
squares interpolation equation are strongly dependent on the amount of 
calibration data available and on the temperature range under considera- 
tion. It is recommended that the number of distinct calibration points 
available should be at least 2 (degree + 1). The factor two is arrived at from 
numerical analysis reasoning. A distinct calibration point is defined ar- 
bitrarily as one which is separated, temperaturewise, from all other points in 
the set by as much as one tenth the difference in temperature between the 
maximum and minimum temperatures of the particular run. The choice of 
one tenth presupposes a maximum practical degree of four for the least 
squares interpolation equation, in keeping with the low degree requirement 
of numerical analysis. Indeed, if the data cannot be represented by a fourth 
degree interpolation equation, one should increase the uncertainty interval 
and start the fitting procedure again. 

Thus, in general, by using the proper reference table in conjunction with a 
difference curve, greater precision in temperature determination by means of 
thermocouples can be obtained from a given number of calibration points 
than from the use of the calibration data alone. 
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8.5 Single Thermoelement Materials 

The standard method provided by ASTM for evaluating the emf character- 
istics of single thermoelement materials used in thermocouples for tempera- 
ture measurement is designated as E 207 and is entitled "Standard Method 
of Thermal Emf Test of Single Thermoelement Materials by Comparison 
with a Secondary Standard of Similar Emf-Temperature Properties." The 
method covers the determination of the thermoelectromotive force of single 
thermoelement materials (thermoelements), against standard platinum, the 
cold junction being at the ice point, by comparison to the thermoelectromo- 
tive force of a working standard thermoelement of similar emf-temperature 
properties independently standardized with respect to the same standard 
platinum. 

Summary of Method--The test thermoelements are welded to the working 
standard to form the test thermocouple. The method involves measuring the 
small electromotive force developed between the test thermoelement and the 
secondary working standard having emf-temperature properties similar to 
the thermoelement being evaluated. The thermoelectromotive force of the 
test thermoelement then is determined by algebraically adding this measured 
small emf to the known emf of the secondary working standard referenced to 
the standard platinum. The testing circuit is shown schematically in Fig. 8.7. 
Since the thermal emfs (against any reference material) of the test and stan- 
dard thermoelements are similar, it is unnecessary to accurately control or 
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measure the junction temperatures because the difference in emf changes in- 
significantly even for large changes in temperature at the junctions. Actually, 
the need for the accurate control of the measuring and reference junction 
temperatures is not eliminated, but merely is shifted to an accurate lab- 
oratory method which calibrates the secondary standard against the standard 
platinum [20]. 

8.5.1 Test Specimen 

The test specimen is a length of wire, rod, ribbon, or strip of the coil or 
spool of the thermoelement material to be evaluated. The length is adequate 
to prevent the transfer of heat from the measuring junction to the reference 
junction during the period of test. A length of 0.6 to 1.2 m (2 to 4 ft), depend- 
ing on the length of the testing medium and the transverse size of the ther- 
moelement, is generally satisfactory. The transverse size of the specimen is 
limited only by the size of the test medium, the relative convenience of han- 
dling the specimens and reference thermoelement, and the maintenance of 
an isothermal test temperature junction. 

8.5.2 Reference Thermoelement 

A reference thermoelement is used which has emf-temperature properties 
similar to that of the test specimen and which previously has been standard- 
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FIG. 8.7--Circuit diagram./br thermal emf test. 

ized thermoelectrically with respect to National Bureau of Standards Plati- 
num 67 (Pt-67). If a large amount of testing is anticipated, a coil or spool of 
reference thermoelement material is reserved. This material is selected on the 
basis of thermoelectric uniformity, and a minimum of three samples taken 
from the center and the ends of the coil is calibrated against the standard 
platinum. The reference thermoelement and the test specimen may differ in 
diameter, but it is convenient for their lengths to be about equal. 

8.5.3 Reference Junction 

The reference junction temperature of the test specimen and of the 
reference thermoelement is controlled during the period of test by maintain- 
ing it at the ice point (0~ The ice-water junction is used because it is 
recognized as a convenient means for maintaining a constant reference 
temperature. The description and maintenance of the ice point are given in 
Chapter 7. A reference temperature other than the ice point may be used. 
However, the reference thermoelement should be calibrated against standard 
platinum using the alternate reference temperature, or the calibration data 
adjusted to correspond to the alternate reference temperature. 

8.5.4 Measuring Junction 

The measuring junction consists of a welded union of the test specimen 
and reference thermoelement. The weldment may be prepared by any 
method providing a good electrical connection which can be immersed fully 
in the uniform temperature region of the testing medium. Any number of test 
specimens and reference thermoelements may be welded together provided 
the resulting assembly does not introduce heat losses which prevent main- 
taining a uniform temperature region. If separation of the reference ther- 
moelement and test specimen cannot be maintained during the test (except Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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where they must make contact at the measuring junction), it is necessary that 
they be insulated from each other. 

8. 5. 5 Test Temperature Medium 

For temperatures up to 300~ (570~ appropriate liquid baths may be 
used. For temperatures above 150~ (300~ electrically heated tube or 
muffle type furnaces are recommended for comparison testing of base metal 
or noble metal thermoelement materials of similar emf-temperature proper- 
ties. For convenience, a separate furnace may be controlled and available for 
each test temperature. This eliminates lost time in changing furnace 
temperatures when a large volume of testing is to be done. The length of each 
furnace is at least 381 mm (15 in.) so as to provide a minimum depth of im- 
mersion of 178 mm (7 in.) for the test thermocouple assembly. A constant 
immersion depth is maintained, whether single or multiple furnaces are 
used. The inside diameter of the furnace tube is approximately 25 to 76 mm 
(1 to 3 in)., the specific diameter depending upon the size and the number of 
the specimens to be included in the test thermocouple assembly. The furnace 
provides a uniform temperature zone extending at least 76 mm (3 in.) back 
from the measuring junction, or further if required to contain any inhomoge- 
neity in the test thermocouple assembly. The temperature of each furnace is 
controlled manually or automatically to within +10~ (+18~ of the 
desired value which is ample for comparison testing of thermoelements hav- 
ing compositions similar to that of the reference thermoelement. 

8. 5. 6 Emf  Indicator 

The emf generated by the thermocouple, consisting of the test specimen 
and the reference thermoelement is measured with instrumentation sensitive 
to +0.001 mV with an accuracy over a 2 mV range of +__1 percent of the 
reading plus 0.003 mV. Any miUivoltmeter, with circuitry errors taken into 
account, or potentiometer with a galvanometer or null indicator, providing 
measurements within these tolerances is acceptable. An indicator with a 
bidirectional scale (zero center) is convenient, but a unidirectional instru- 
ment may be used if a polarity switch is provided in the copper connecting 
circuit, or if the copper connecting wires to the instrument are exchanged 
whenever the polarity between the reference thermoelement and the test 
specimen is reversed. 

8.5. 7 Procedure 

For a furnace medium the test thermocouple assembly is inserted into the 
furnace so that the measuring junction extends at least 76 mm (3 in.) into the 
uniform temperature zone taking care there is no contact between the wires 
and the furnace wall. The free ends of the reference thermoelement and the 
test specimens are bent as required so they may be inserted into the glass Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
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tubes of the reference junction bath. Care is exercised to minimize distorting 
the wires prior to testing because of the effect of cold work on emf output. 
After bringing the test temperature to the specified value, sufficient time is 
provided for the test assembly to reach steady state conditions before 
recording the emf generated between the test specimen and the reference 
thermoelement. 

In a similar manner the emf generated between all other test specimens in 
the assembly is measured with respect to the reference thermoelement. Then 
the test temperature is raised to the next higher specified value, or the test 
assembly is advanced to the next furnace or bath having the next higher 
specified temperature if multiple furnaces or baths are used. A second set of 
readings is taken at the new temperature, and the procedure is repeated with 
readings taken at all specified temperatures. In all cases the readings are 
taken in sequence from the lowest to the highest temperature to minimize 
test variations between producer and consumer if any of the alloys are af- 
fected by differences in short time heating cycles. A base-metal reference 
thermoelement is used for one series of temperature changes only. However, 
if a portion of it considerably exceeding the region previously exposed to the 
uniform heating zone is discarded, the remainder of the reference thermoele- 
ment may be used for another test assembly. For noble metals and their 
alloys, reuse depends on the known stability of the material involved. 

The polarity of the test specimen with respect to the reference thermoele- 
merit is determined as follows: 

1. If the test specimen is connected to the positive (+ )  terminal of an 
unidirectional potentiometer and balance can be achieved, the specimen is 
positive to the reference thermoelement. 

2. If the connections must be reversed to achieve balance, that is, the 
reference thermoelement must be connected to the positive terminal, the test 
specimen is negative to the reference thermoelement. 

3. If an indicating potentiometer with a bidirectional scale is used, the test 
specimen to the positive ( + )  terminal and the reference thermoelement to 
the negative (--) terminal are connected. The polarity of the test specimen 
with respect to the reference thermoelement then will be indicated by the 
direction of balance of the instrument scale. 

The emf of the test specimen with respect to Pt-67 is then reported for each 
test temperature after algebraically adding the measured emf of the test 
specimen versus the reference thermoelement to the known emf of the 
reference thermoelement versus Pt-67. 
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Chapter 9--Installation Effects 

9.1 Temperature Measurement in Fluids 

Fluids are divided readily into two types, compressible and incompressible, 
or more simply into gases and liquids. However, many concepts involved in 
the measurement of temperatures in fluids are common to both types, and 
these are discussed first. 

9.1.1 Response 

No instrument responds instantly to a change in its environment. Thus in a 
region where temperature is changing, a thermocouple will not be at the tem- 
perature of its environment and, hence, cannot indicate the true temperature. 
The simplified temperature changes considered here are the step change and 
the ramp change. In the step change, the temperature of the environment 
shifts instantaneously from Tj to T2. In the ramp change, the environment 
temperature shifts linearly with time from Tt to T 2. 

It is common practice to characterize the response of a temperature sensor 
by a first order thermal time constant r which is defined as: 

pVc 
r -  hA (1) 

where p is density, V is volume, and c is specific heat, all of the sensor; while h 
is the heat transfer coefficient, andA is the area of the fluid film surrounding 
the sensor. 

A solution of the first order, first degree, linear, differential equation [1, 2] I 
resulting from a heat balance between the fluid film surrounding the sensor 
and the sensor itself is 

T = Ce - t /T+ __1 e-t~* ! Teet/, dt 
7 , 0  

(2) 

where T is the sensor temperature, and T,. is the environment temperature, 
both at time t, and C is a constant of integration. 

J The italic numbers in brackets refer to the list of references appended to this chapter. 
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144 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

For a ramp change in temperature (as is found in a furnace being heated at 
a uniform rate) Eq 2 reduces to 

(T~ -- T) = e r  (3) 

Equation 3 states that if an element is immersed for a long time in an environ- 
ment whose temperature is rising at a constant rate R = d T J d t ,  then r is 
the interval between the time when the environment reaches a given tempera- 
ture and the time when the element indicates this temperature. 

For a step change in temperature (as when a thermocouple is plunged into 
a constant temperature bath), Eq 2 reduces to 

(Te  - T )  = (T~ - T l ) e  - ' /~  (4) 

'Equation 4 states that if an element is plunged into a constant-temperature 
environment, ~- is the time required for the temperature difference between 
the environment and the element to be reduced to 1/e of the initial difference. 
Note that for practical purposes the sensor will reach the new temperature 
after approximately 5 time constants. See Fig. 9.1 for a graphical presenta- 
tion of these equations. 

Below a Mach number of 0.4, the time constant hardly is affected by the 
fluid velocity. The size of the temperature change affects r because physical 
properties are not necessarily linear functions of temperature. Wormser [3] 
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FIG. 9.1--Graphicalpresentation of ramp and step changes. 
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considers these effects in greater detail. Scadron and Warshawsky [4] pre- 
sent convenient nomographs for determining the time constant in the presence 
of heat transfer. Fluid turbulence tends to reduce the time constant by in- 
creasing the film coefficient. 

If the sensor is contained in a thermowell the response time is increased 
because of the extra mass and the additional heat transfer coefficient in- 
volved. It may be necessary to consider the response as a second order func- 
tion in which case a dead time is observed before the sensor responds to a 
step temperature change. However, Coon and Looney [5, 6] state that the re- 
sponse time usually is represented adequately by the first order time con- 
stant T. 

To achieve the best response time, the measuring junction should be in 
intimate contact with the well tip. Spring loading is sometimes used to accom- 
plish this. 

The response time usually is measured in liquids by plunging the thermo- 
couple assembly into a well-stirred bath held at constant temperature. If the 
response time is of the same order as the immersion time, the velocity of 
immersion or depth of immersion or both become important parameters in 
the measurement. Reference 7 indicates a method for standardizing the liq- 
uid baths used in this determination. 

For the response time in gases, the literature should be consulted [8, 9]. 
Manufacturers sometimes can supply this information for simple conditions. 

Multijunctions [10] and electrical networks [11] have been used success- 
fully to improve the response of a thermocouple. 

9.1.2 Recovery 

Whenever a gas moves with an appreciable velocity, in addition to the 
thermal energy in the form of random translational kinetic energy of the 
molecules, some of its thermal energy is in the form of directed kinetic energy 
of fluid flow. The static temperature is a measure of the random kinetic 
energy, while the dynamic temperature is a measure of the directed kinetic 
energy. The total temperature is a concept (not a measurement) which sums 
the static and the dynamic temperatures. Such a total temperature would be 
sensed by an adiabatic probe which completely stagnates an ideal gas. Thus 

Tadi, ideal ~--- T t  ~- T + - -  

where 

Tt = total temperature, 
T = static temperature, 

Tv = dynamic temperature, 

V 2 
- - T + T v  

~J~cCp 
(5) 
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V : directed fluid velocity, 
J : mechanical equivalent of heat, 

gc -- standard acceleration of gravity, and 
Cp : specific heat at constant pressure. 

In real fluids, an adiabatic recovery factor (c0 generally is defined such that 

Tad i = T + trT v (6) 

where a may be more or less than one depending on the relative importance 
of thermal conductance and thermal capacitance in the boundary layers sur- 
rounding the sensor. Since the Prandtl number is the ratio of these two ef- 
fects, it is common to express recoveries in terms of the Prandtl number. 
See Refs 12, 13, 14, and 15 for more information on the recovery factor. 

A real sensor immersed in a real fluid tends to radiate to its surroundings. 
Also there is a tendency for a conductive heat transfer along the probe stem. 
These two effects are balanced by a convective heat transfer between the 
probe and the fluid. In addition, real probes do not always stagnate a moving 
fluid effectively. To account for these realities in temperature measurement 
in moving fluids, a dynamic correction factor (K) is defined as 

Tprobe = T + K T v  (7) 

where K corrects for impact, viscosity, and conductivity effects in the fluid, 
and radiation and conduction effects in the probe. K may take on any value 
depending on the relative importance of these effects. Variations of K be- 
tween _+35 cannot be ruled out. Therefore, the factor K T v  can far outweigh 
all other factors such as calibration deviations. 

9.1.3 Thermowells 

Protecting tubes or thermowells (see Chapter 4) or both often are used to 
separate the measuring junction of a thermocouple from the fluid whose tem- 
perature is of interest. Such devices are used to avoid contamination of the 
thermoelements, to provide safety in case of high pressure installations, to 
provide strength in the case of significant fluid bending forces in the thermo- 
couple, etc. Thermocouples installed in wells can be withdrawn for inspec- 
tion, calibration, and replacement. A thermocouple in a well responds more 
slowly to changes in fluid temperature. Typical wells and their strength re- 
quirements are defined in Ref 16. 

The depth of immersion in the fluid is an important consideration. One 
method of checking for adequacy of immersion is to increase the depth of 
immersion of the thermocouple well assembly in a constant temperature bath 
until the thermocouple output becomes constant. A minimum immersion 
depth of ten times the well outside diameter is a rule of thumb often used. 
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9. I. 4 Thermal  Analysis o f  an Installation 

A thermocouple installation may give an indication which differs from the 
fluid temperature which is to be measured because: 

1. The boundary walls are at a temperature different from that of the fluid. 
2. There may be a temperature gradient along the well. 
3. The fluid may be flowing with an appreciable velocity. 
4. The thermocouple may be improperly calibrated. 

Item 4 has been covered in Chapter 8 and will not be considered further here. 
Basically, the thermocouple temperature is the result of a heat balance be- 

tween the various modes of heat transfer. 

qc = qr + q~ (8) 

where q indicates rate of heat transfer and the subscripts c, r, and k signify, 
respectively, convection, radiation, and conduction. An equation has been 
developed to describe this heat balance mathematically [I 7] as 

d2T + al (x) dTx 
dx  -----~ - ~ x  -- a2 (x. y )  Tx = - a2a3(x, y )  (9) 

where al (x) = d A k / A k d x  which indicates the effect of a change in cross- 
sectional area of the well; a2 (x, y) = dA~ (hr + h ~ ) / k A k d x  which indicates 
the effect of radiation coefficient (hr), convection coefficient (he), conduc- 
tivity (k), surface area for convection (Ac) and cross-sectional area for con- 
duction (Ak); a3 (x, y) = (hcZad i + hrTw)/(h  c + h~) which relates the heat 
transfer coefficients to the adiabatic fluid temperature (Tadi) and the sur- 
rounding wall temperature (Tw), 

Various solutions are possible for Eq 9 depending on the assumptions one 
is willing to make. Three simplified solutions are: 

1. Overall L inear i za t ion - -When  the radiation coefficient is based on an 
average well temperature, the result is 

where 

T x - a 3 e mx e--tax 
- + ( l o )  

Tw -- a3 1 + e 2mr 1 + e -2mL 

4D ( h  r + hc) ) I/2 
m = k - - ~ - d -  ~ 

Typical values for hr, he, and k are given in Ref 17. This approach leads to 
quick, approximate answers whenever the fluid can be considered trans- 
parent to radiation. 
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2. Tip Solution--When conduction effects are neglected along the well or 
protecting tube, Eq 9 reduces to 

Tti p = a 3 (11) 

which can be solved at once since hr and hc are available in the literature (see 
Ref 17). This approximation normally would give tip temperatures which are 
too high since conduction tends to reduce Tti p. 

3. Stepwise Linearization--This is the usual solution to Eq 9. Detailed 
equations are beyond the scope of this manual, but briefly one divides the 
well, lengthwise, into a number of elements. The temperature at the center of 
each element is taken to represent the temperature of that entire element. 
The heat balance equation is applied successively to one element after another 
until a match between tip and base temperature is achieved. Each installa- 
tion is different. Each must be evaluated carefully to determine if the installa- 
tion is capable of yielding temperatures within the allowable uncertainties. 

9.2 Surface Temperature Measurement 

9.2.1 General Remarks 

There is no easy method of attaching a thermocouple to a surface so that it 
can be guaranteed to indicate the true surface temperature. To do this, it 
would be necessary to mount the measuring junction so that it could attain 
but not affect the surface temperature. In most cases, the presence of the 
thermocouple (or any alternative transducer) will cause a perturbation of the 
temperature distribution at the point of attachment, and thus it only will 
indicate the perturbed temperature. 

9.2.1.1 Measurement Error--In many cases, a significant difference will 
exist between the indicated temperature and the " t rue"  surface tempera- 
ture, that is, the temperature that the surface would reach if no thermo- 
couple were present. This difference is normally termed a "measurement 
error," but it should not be confused with calibration or extension wire errors 
which are common to all thermocouple measurements. The relationship 
between the indicated and true surface temperature is often defined by the 
equation 

T , - - T ,  
z - 0 2 )  T,-To 

where 

Z = installation factor, 
T, : true surface temperature, 
Ti = indicated surface temperature, and 
T, = temperature of the surroundings or coolant. 
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Equation 12 expresses the measurement error Ts - Ti as a fraction of the 
difference between the surface and ambient temperatures. 

The value of Z for a particular installation may be calculated or found by 
experiment; however, as several simplifying assumptions normally are made 
in any theoretical derivation, experimental verification is necessary if an 
accurate value of Z is required. 

9.2.1.2 Installation Types--There are two basic types of surface thermo- 
couple installation: the permanent, which is used to give a continuous history 
of the surface temperature, and the temporary, normally made with a sensing 
probe in mechanical contact with the surface to obtain spot readings. The 
basic principles for accurate measurement are similar for both types, but the 
probe type of sensors are more susceptible to measurement errors and gen- 
erally have a lower accuracy. 

9.2.2 Installation Methods 

The method of attaching the thermocouple to the surface is governed by 
considerations of the metallurgical and thermal properties of the materials, 
their relative sizes, and the modes of heat transfer at the surface. Common 
methods are shown in Fig. 9.2. 

9.2.2. I Permanent Installations--For thin materials, the thermocouple 
junction is attached either directly to the surface (Fig. 9.2a) or is mounted in a 
heat collecting pad (Fig. 9.2b). It may be welded, brazed, cemented, or 
clamped to the surface. Good mechanical support of the leads is necessary so 
that no stresses are applied to the junction. 

For thicker materials, the thermocouple junction may be peened into the 
surface or installed in a groove (Fig. 9.2c). The groove may be filled so that 
the surface is restored to its original profile. A thermocouple in a groove nor- 
mally will have its junction below the surface and will indicate the subsurface 
temperature. A similar technique used with tubes is shown in Fig. 9.2d. 

The configuration shown in Fig. 9.2e may be used where rapid response is 
required, as the junction can be made very thin by electroplating or mechani- 
cal polishing techniques [18-22]. 

Several installation methods are illustrated in the literature cited, par- 
ticularly in Refs 23 and 24. 

Metal sheathed thermocouples are suited particularly to surface measure- 
ments, especially for severe environments. They combine good strength and 
small size, and the measuring junction may be reduced in diameter or flat- 
tened to achieve good response with small errors. 

9. 2.2. 2 Measuring Junctions--The measuring junction may be formed in 
several ways, each having its own advantages and disadvantages. 

The bead junction commonly is used. The temperature indicated is a func- 
tion of the temperatures where the wires leave the bead [25,26] so that the 
bead should be small, and the wires should leave the bead as close to the sur- 
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t~ x x ~ x ~  

(o) Junction Mounted 
Directly on Surfoce 

(b) Junction in Heat 
Collecting Pod 

(c) Junction Mounted in 
Groove (d) Junction Mounted in Chordal 

Hole in Tube Woll 

(e) Junction Mounted from 
Rear of Surface 

FIG. 9.2--Common attachment methods. 

face as possible. This may be accomplished by using a flattened bead. Good 
thermal contact between the bead and the surface is essential, especially if 
there are temperature gradients. If the surface is a material of poor thermal 
conductivity, it may be advantageous to mount the measuring junction in a 
heat collecting pad, or button, which has a good conductivity [27]. 

The simplest junction is shown in Fig. 9.3 in which a single wire is brought 
to the surface which acts as the second thermoelement. The circuit is com- 
pleted with a wire of the same material as the surface. This technique usually 
involves calibration of the wire/surface-material thermocouple. This calibra- 
tion may not be very reproducible since the surface material is probably not 
an alloy with controlled thermoelectric properties. It, however, does provide 
a junction exactly at the surface, and the perturbation errors (see Section 
9.2.3) can be reduced to a very low value [18.28,29]. 

A common variation is the separated junction in which each wire is joined 
separately to the surface (which must be an electrical conductor). This type, 
which is really two series junctions, has the advantage that the two junctions 
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Wire Moteriol "A" 
S Measuring Junction 

FIG. 9.3--"Shtgle wire" thermocouple. 

form a part of the surface. The output of such a thermocouple is a weighted 
mean of the two individual junction temperatures, of the form 

(Ti - - / ' 2 )  
e0 = e,. + (bl - b2) 2 (13) 

where 

Ti and/ '2  = junction temperatures, 
e0 = measured output, 

e,. = output which would be measured if both junctions were at 
the mean temperature (Tl + T2)/2, and 

b t and b2 = Seebeck coefficients of the two thermocouple wires versus the 
surface material. 

Moffat [30] gives a graphical method of analysis. 
Thus, the output will be greater or less than the mean depending upon 

which wire is at the higher temperature. The output generally cannot be cal- 
culated, as neither TI, T2, nor the relationship between each wire and the 
surface will be known. There will be, therefore, an uncertainty in the mea- 
sured temperature if temperature gradients exist. This error is minimized if 
the wires are bonded to the surface as close together as possible, to reduce 
(Tl -- T2). This type of junction has been shown to be more accurate than a 
bead junction [31,32]. 

9.2.2.3 Probes--It is often desirable to know the temperature distribu- 
tion over a surface or to make a spot check at one particular point. These 
measurements are made with a probe containing a thermocouple junction 
which is held in mechanical contact with the surface. The configuration of 
the junction is based on the intended application, and several types are com- 
mercially available. The probes are in most cases held normal to the surface, 
and for ease in use should be spring-loaded, which also reduces the error. 

Probes are subject to the same errors as permanent installations, but the 
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designer has no control over the conditions of use, and so the errors associated 
with this type of measurement may be significant. Since the probe provides a 
heat conducting path from the surface, thermal resistance due to oxide or 
dirt causes an additional error. 

Correction factors [33] for several types of junctions range from 0.013 to 
0.168, but in general must be determined for specific conditions. 

The size of the junction should be as small as possible. Several types of junc- 
tion are illustrated in Fig. 9.4. The junction types in order of decreasing mea- 
surement error are: grounded, exposed, button, and separated. 

In order to reduce measurement errors, probes with an auxiliary heater 
have been used [34,35]. The probe thermoeouple is heated to the surface 
temperature so that no temperature gradients are set up when the probe is 
applied to the surface. One form of probe uses two thermocouples (Fig. 9.5). 
Equality of the auxiliary and surface junction temperatures indicates that no 
heat is being transferred along the probe and that the surface junction is at 
the surface temperature. With this type of probe, the two junctions must be 
very close, and the response to a change in heater power must be fast or an 
error can occur in transient measurements. A probe which is controlled auto- 
matically has been described recently [36,37]. It is claimed to have an ac- 
curacy of 3/8 percent and can be used to 760~ (1400~ on a variety of ma- 
terials, with a measurement time of less than one second. Sasaki and 
Kamanda [38] used a different approach and eliminated the auxiliary junction. 
The surface junction was arranged to contact the surface at two second inter- 
vals only. The heater input was modulated over a twenty second period and 
adjusted so that the maxima and minima were above and below the surface 
temperature. At contact the surface junction temperature changed due to 
heat exchange unless the two temperatures were equal. With this method the 
surface temperature of glass bulbs was determined with an accuracy of 0.3~ 
(0.5~ 

9.2.2.4 Moving Surfaces--Surface temperatures of moving bodies are 
measured by several methods. A junction mounted in a probe may be held 
against the body [39], but this method results in errors caused by friction. In 
metal cutting investigations, the metal body and the cutting tool are used as 
the thermocouple materials. The output of this type of junction has been in- 
vestigated extensively and has been analyzed by Shu et al [40]. Slip-rings to 

Grounded Exposed Separated Wire Button 
Junction Junction Junction Junction 

FIG. 9.4--Types of junction using metal sheathed thermocouples. 
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/ / / / / / / /  
Surfoce 

FIG. 9.5--Thermocouple probe with auxilia~, heater, diagramatic arrangement. 

rotating members, intermittent and sliding contacts have been used also. A 
general review of such installations is given in Ref 24. 

9.2.2.5 Current Carrying Surfaees--A technique of eliminating errors 
caused by voltage drop in surfaces heated by the passage of d-c current has 
been described by Dutton and Lee [41]. A three-wire thermocouple forming 
two junctions is used (Fig. 9.6), and the emfs due to the voltage drop in the 
surface are balanced out during successive reversals of current. When the 
balance is correct, the thermocouple output is constant regardless of the 
direction of the heating current. 

This technique is also useful for surfaces carrying large alternating cur- 
rents. In other eases, filters will suffice to attenuate the a-c component. 
Self-balancing potentiometers usually are affected adversely if the a-c pickup 
level is high. Galvanometric instruments are normally insensitive to ac and 
present no problem unless the current is high enough to damage the coils. If 
the thermocouple junction is not isolated from the surface, voltages 
appearing between the surface and the instrument ground (common-mode 
voltages) cause an error with some instruments. 

9.2.3 Sources of Error 

When a thermocouple is attached to a surface, its presence alters the heat 
transfer characteristics of the surface and normally will change the tempera- 
ture distribution. This causes an error which will be referred to as perturba- 
tion error. 

9.2.3.1--The causes of perturbation error can be broken down into the 
following: 
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F I G .  9.b--Three wire Type K thermocouple to eompensate./br voltage drop #zduced by sur- 
face current, tOther materials may be used.) 

The heat transfer characteristics of the surface are changed by the installa- 
tion, that is, the surface emissivity or effective thermal conductivity will be 
altered or the wires may act as fins providing additional heat transfer paths. 

Thermal contact resistance between the junction and the surface will cause 
a temperature gradient which will prevent the measuring junction from attain- 
ing the correct temperature if heat is being exchanged between the surface 
and its surrounding. 

If temperature gradients exist, there will be an error due to uncertainty in 
the exact position of the junction or junctions relative to the surface [25, 26]. 

The response time of the thermocouple installation introduces errors 
during transient conditions [42,43] (see also Section 9.1.1). The response 
time will be that of the surface installation and not of the thermocouple 
alone. 

Although not discussed in this chapter, the errors associated with any ther- 
mocouple measurement, such as deviations from standard emf and lead wire 
errors, must be taken also into consideration [44,45]. 

9.2.4 Error Determination 

The perturbation error must be determined if the surface temperature 
must be known with a high degree of accuracy. The installation should be 
designed to minimize this error, but in many cases materials and size make 
compromises necessary, so that an ideal design cannot be achieved. The 
error, and hence the correction factor, can be determined by the following 
methods. 

9.2.4.1 Steady State Conditions--The direct calculation of the error in- 
volves solving the heat flow equation for the measuring junction and surface 
geometry. Normally simplifying assumptions are made, and the results must 
be interpreted in relation to them. The calculations show clearly the major 
sources of error and indicate means of reducing errors to a minimum [46-50]. 

Analog methods of solving the heat transfer equations using resistance or 
resistance-capacitance networks indicate the overall temperature distribution 
and show the perturbation effect of the thermocouple clearly. They are, how- 
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ever, difficult to make flexible, and so a number of analog models are re- 
quired if a range of heat transfer conditions is to be studied [49-52]. 

Relaxation methods of solving the heat transfer equations have been used 
to calculate the temperature distribution; this method is attractive if a com- 
puter is available to perform the considerable amount of arithmetic required. 

Direct experimental measurement on the installation is often the only satis- 
factory way to accurately determine the error. Care must be taken to simu- 
late the service conditions exactly as a change in a variable can significantly 
affect the error. The major problem is to determine the true surface tem- 
perature. This is discussed extensively in the literature [19,52-57]. 

9.2.4.2 Transient Conditions--If surface temperatures are changing, 
the response of the thermocouple attachment may cause a significant error. 
The response time of the thermocouple alone will have little significance 
for surface measurements if the heat transfer path between the surface and 
the measuring junction is poor or adds thermal mass. 

The time required to change the measuring junction temperature causes 
the thermocouple output to lag the surface temperature in time and de- 
creases its amplitude [32,42,43]. The response time may be determined ex- 
perimentally from the response to step or ramp functions of surface tem- 
perature change. 

A. Insulated Thermocouple Normal to an Electrically Heated Surface-- 
For surfaces with changing temperatures a bead thermocouple attached 
normal to an electrically heated surface and insulated from the ambient 
has been analyzed by Quant and Fink [59] and Green and Hunt [60]. 

The analysis showed that in order to obtain a rapid response with fi 
small, steady-state error, it is necessary to use a small junction bead with 
good surface contact, small diameter wires, and good insulation between 
the wires and the surroundings. 

B. Surface Heated by Radiation--Thermocouples mounted on a surface 
subject to radiant heating at temperature-rise rates up to 17~ were in- 
vestigated by White [31]. His results showed that a separated-junction ther- 
mocouple produced the least error. 

The thermocouple errors increased with increasing plate thickness and 
with increasing rates of temperature rise. Furthermore, the amount of bare 
thermocouple wire between the junction and the insulation should be a mini- 
mum. 

Kovacs and Mesler [60] investigated the response of very fast surface ther- 
mocouples subject to radiant heating as a function of size and type of junc- 
tion. Junctions were formed by electroplating or mechanical abrasion. Very 
thin junctions were subject to an overshoot error for high rates of temperature 
rise, as heat could not be transmitted back through the thermocouple to sub- 
surface layers fast enough. On the other hand, too thick a junction corre- 
sponded to a junction beneath the surface. The junction thickness should be 
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of the same order of magnitude as the distance between the two thermocouple 
wires to avoid overshooting. 

C. Surface Subject to Aerodynamic Heating--An analysis and design of a 
thermocouple installation which can be mounted in a thin-metal skin sub- 
jected to aerodynamic heating is given in Ref 61. A finite difference calcula- 
tion of the distorted temperature field indicated that errors due to insulation 
resistance at high temperatures were of the same order of magnitude as those 
due to the uncertainty of the exact junction location. 

9.2.5 Procedures for Minimizing Error 

The examples quoted in the preceding section have been treated separately. 
It is generally impossible to extrapolate from one set of conditions to another 
unless the installation is identical. The analyses show procedures that should 
be followed to reduce measurement errors. These are: 

A. Use the smallest possible installation to avoid perturbation errors. 
B. Bring the thermocouple wires away from the junction along an isotherm 

for at least 20 wire diameters to reduce conduction errors. The use of thermo- 
couple materials with low thermal conductivity also will reduce this error. 

C. Locate the measuring junction as close to the surface as possible rather 
than above or below it. 

D. Design the installation so that it causes a minimum disturbance of any 
fluid flow or change in the emissivity of the surface, to avoid changes in con- 
vective or radiative heat transfer. 

E. Design the installation so that the total response is fast enough to cause 
negligible lag for the transients expected in service. 

F. Reduce the thermal resistance between the measuring junction and the 
surface to as low a value as possible. If the surface has a low thermal conduc- 
tivity, a heat collecting pad may be used. 

9.2.6 Commercial Surface Thermocouples 

Many surface installations are custom engineered, but industry does offer 
several standard surface thermocouples intended for specific applications 
[39,62]. 

9.2.6.1 Surface Types--Figure 9.7 shows several types which are 
mounted on the surface. Type a is a gasket thermocouple which normally is 
mounted on a stud and Type b is a rivet head. The clamp attachment, Type c, 
is used on pipelines and will be reasonably accurate if the pipe is lagged ther- 
mally. The weldable pad attachment, Type d, is used on boiler or superheater 
tubes and uses a metal sheathed thermocouple with a grounded junction. 
The sheath and pad materials are chosen to be compatible with the boiler 
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FIG. 9.7--Commercially available types of surface thermocouples. 

environment. An accuracy of + 2 percent is claimed for these thermocouples 
(+ 1 percent if a correction factor supplied by the manufacturer is used). 

For installations where it is possible to mount the thermocouples in the 
surface, stud- or rivet-mounted plugs similar to Type e are offered by several 
manufacturers. Variations of this type have been used extensively for heat 
transfer measurements [46, 63] and for applications requiring very rapid re- 
sponse such as the measurement of surface temperatures in gun barrels and 
rocket exhaust chambers. The material of the plug must match the material 
of the surface, otherwise significant errors can be introduced [64], especially 
for materials with low thermal conductivity. 

9.2.6.2 Probe Types--Probe type thermocouples for temporary or spot 
readings are offered usually as a complete package consisting of a thermo- 
couple head which contains the measuring junction, a hand probe, and an 
indicating milliammeter calibrated in degrees. The measuring junctions are 
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Junction Junction Probe 

FIG. 9.8--Commercial probe thermocouplejunctions. 

normally interchangeable so that one instrument can be used with a variety 
of heads. The type of head will depend on the surface characteristics. Com- 
mon types are shown in Fig. 9.8. 

The separated-junction probe is used on electrically conducting surfaces 
only. Dirt or oxide layers will introduce a thermal resistance error or even 
prevent the completion of the circuit. For greatest convenience, the two wires 
should be separately spring-loaded against the surface. The button type of 
junction must be held carefully as any deviation from the normal will cause a 
change in the height of the junction above the surface, and the readings will 
be inconsistent. The spring-loaded type of junction is available in several 
forms and has been adapted for measurements on moving surfaces [39]. 

The accuracy obtainable with these probes is not high. However, the errors 
can be reduced to 2 or 3 percent for good conducting surfaces in still air cooled 
by natural convection. If the surface is a poor thermal conductor or the rate 
of heat transfer is high, the error will be considerably higher than this. 

For rotating or moving surfaces, probe instruments utilizing a junction 
spring-loaded against the surface are used. Heat generated by friction causes 
an error which can be significant. (Bowden and Ridler [65] have shown that 
the temperatures may reach the melting point of one of the metals.) 

A heated thermocouple probe instrument for measuring the temperature 
of wires or filaments is described by Bensen and Horne [66], and a wire tem- 
perature meter [67] has been marketed recently. 
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Chapter 10 Reference Tables for 
Thermocouples 

The practical use of thermocouples in industrial and laboratory applica- 
tions requires that the thermocouple conform to an established tem- 
perature-electromotive-force relationship within acceptable limits of error. 
Since the thermocouple in a thermoelectric thermometer system is usually ex- 
pendable, conformance to established temperature-emf relationships is nee- 
essary in order to permit interehangeability. 

Section 10.2 consists of reference tables that give temperature-emf rela- 
tionships for the thermocouple types most commonly used in industry. These 
are identified as thermocouple Types B, E, J, K, R, S, and T, as defined in 
ANSI Standard MC96.1. 

Data in these tables are based upon absolute electrical units and the Inter- 
national Practical Temperature Scale of 1968. All temperature emf data con- 
tained in Section 10.2 have been extracted from ASTM Standard E 230. 

Reference tables giving temperature emf relationships for single leg ther- 
moelements referenced to platinum (NBS Pt 67) are not included in this 
manual but are contained in ASTM Standard E 230. 

10,1 Thermocouple  Types and Limits of Error 

10.1.1 Thermocouple Types 

The letter symbols identifying each reference table are those' defined in 
ANSI Standard MC96.1. These symbols which are used in common 
throughout industry, identify the following thermocouple calibrations: 

Type B--Platinum-30 percent rhodium (+ )  versus platinum 6 percent 
rhodium (--). 

Type EkNickel-10 percent chromium (+ )  versus constantan ( - ) .  
Type J--Iron (+ )  versus constantan (--). 
TypeK--Nickei-lO percent chromium (-t-) versus nickel-S percent 

aluminum and silicon (--). l 
Type R--Platinum-13 percent rhodium (+ )  versus platinum (--). 
Type S--Platinum-10 percent rhodium (+)  versus platinum (--). 
Type TkCopper  (+ )  versus constantan (--). 

ISilicon, or aluminum and silicon, may be present in combination with other elements. 

Copyright ~) 1981 by ASTM International 
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CHAPTER 10 ON REFERENCE TABLES FOR THERMOCOUPLES 163 

Detailed information covering the advantages and limitations of each of 
these thermocouple types, their recommended temperature ranges, and 
detailed physical properties of the thermoelements comprising them are con- 
tained in Section 3.1 of this manual. 

10.1.2 Limits of Error 

The limits of error for the common letter designated thermocouple types, 
as listed in Table 10.1 are taken from ASTM E 230. Most manufacturers 
supply thermocouples and thermocouple wire to these limits of error or bet- 
ter. 

10.2 Thermoeouples Reterenee Tables 

Following is a list of the reference tables included in this section: 

Table Thermocouple Temperature 
Number Type Range 

10.2 B 0 to + 3308~ 
10.3 B 0 to + 1820~ 
10.4 E -454 to + 1832~ 
10.5 E --270 to + 1000~ 
10.6 J -350 to + 2192~ 
10.7 J -210 to + 1200~ 
10.8 K -454 to + 2500~ 
10.9 K -270 to + 1372~ 
10.10 R --58 to + 3214~ 
10.11 R --50to + 1768~ 
10.12 S -58 to + 3214~ 
10.13 S -50 to + 1768~ 
10.14 T --454 to + 752~ 
10.15 T -270 to + 400~ 

10.3 Generation of Smooth Temperature-Erof Relationships 

I0.3. I Need for Smooth Temperature-Emf Relationship 

A table of reference values for use with thermocouples should be capable 
of easy and unique generation to facilitate its use in computer and similar ap- 
plications. Furthermore, the reference values should agree closely with the 
characteristics of the thermocouple type under study, so that differences will 
change only slowly and smoothly with temperature level. 

Reference Tables 10.2 to 10.15 give values to three decimal places only, 
and this roundoff in table values results in inherent discontinuities in the 
temperature-emf relationship as represented by the tables. 

This section provides means for generating smooth, continuous tern- 
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TABLE iO.2--Type B ther.loco.ples (deg F-millivo/ts). 

TcmpcratuR in D e S r ~  FahRo l~ i l "  
EMF in Absolute Mi~ivolts Reference Junction8 at 32 F 

OEG F 0 1 2 3 & 5 6 ? 3 9 10 DEG F 

THERMOELECTRIC VOt.TAGE IN ABSOLUTE MILLIVOLT5 

0 . 0 0 6  0 * 0 0 6  0 * 0 0 6  0 , 0 0 6  0,005 0.005 0,005 0.005 0.004 0*004 0.004 0 
I 0,004 0*004 0,003 0,003 0*003 0*003 0,003 0.002 0.002 0.002 0.002 10 
20 0+002 0 . 0 0 2  0 , 0 0 2  0 , 0 0 1  0.001 0 .001 0*001 0 .001 0*001 0*000 0 ,000  20 
30 0 . 0 0 0  0 . 0 0 0  0 .000  - 0 . 0 0 0  - 0 . 0 0 0  - 0 . 0 0 0  - 0 . 0 0 1  - 0 , 0 0 1  - 0 . 0 0 1  - 0 . 0 0 1  -0 .001  30 
40 - 0 . 0 0 1  - 0 . 0 0 1  - 0 . 0 0 1  - 0 . 0 0 1  - 0 . 0 0 1  -0 .001  - 0 . 0 0 2  -0*002 -0*002 -O*OOZ - 0 . 0 0 2  40 

50 -0,002 -0*002 -0*002 -0,002 -0,002 -0,002 -0*002 -0,002 -0*002 -0,002 -0,002 50 
60 -0.002 -0,002 -0*002 -0.005 -0.005 -0.003 -0.003 -0.003 -0.003 -0.003 -0.003 60 
70 -0.003 -0.003 -0*005 -0.003 -0.003 -0.003 -0.003 -0*002 -0.002 -0.002 -0.002 70 
80 -0*002 -0.002 -0*002 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 -0.002 00 
90 -0.002 -0.002 -0*002 -0.002 -0.002 -0.001 -0.001 -0.001 "0.001 -0,001 -0.001 90 

100 -0,001 -0.001 -0,001 -0.001 -0.000 -0.000 -0.000 -0.000 0.000 0.000 0*000 100 
110 0 .000 0 .000 0 .001 0*001 0 .001 0 .001 0 .001 0 * 0 0 |  0*002 0*002 0 .002 110 
120 0.002 0,002 0~ 0*002 0.003 0.003 0.003 0.003 0.003 0*004 0.004 120 
150 0.0p4 0*004 0.004 0.005 0*003 0,003 0.005 0*005 0.006 0.006 0.006 130 
140 0*006 0*006 0 .007  0*007 0 .007  0 .007  0*008 0*008 0 .008  0*009 0 .009  140 

150 0*009 0,009 0*009 0.010 0.010 0.010 0.011 0.011 0.011 0.012 0.012 150 
160 0.012  0.012 0 ,013  0 .013  0 .013  0 .014  0 .014  0 .014  0 ,015  0 .015  0 .015 160 
170 0.015 0.016 0.016 0,016 0.017 0.017 0.017 0.018 0.018 0.019 0.019 170 
180 0 .019  0 .019 0*020 0*020 0 .021 0 .021 0.021 0*022 0*022 0 .023 0 .023 180 
190 0*023 0*023 0*024 0,024 0*025 0*025 0*026 0.026 0*027 0*027 0*027 190 

Z00 0*027 0,028 0,028 0*029 0*029 0*030 0.030 0.031 0.031 0,032 0*032 200 
210 0*052 0*033 0*035 0 .034  0 .034  0*033 0 ,035  0*036 0.036  0 .037 0*037 210 
220 0*037 0*058 0*038 O.03g 0.039 0.040 0 .041 0.041 0 .042  0*042 0*043 220 
230 0.043 0.043 0*044 0*044 0*045 0,046 0.046 0.047 0.047 0.0~8 0.0,9 230 
240 0.0"9 0*049 0.050 0*050 0.051 0*052 0*052 0.053 0*053 0*054 0*055 2"0 

250 0.055 0*055 0.056 0.057 0,057 0*058 0.058 0.059 0*060 0*060 0.061 250 
260 0.061 0*062 0*062 0*063 0*064 0*064 0*065 0*066 0*067 0*067 0*068 260 
270 0*068 0*069 0*069 0,070 0.071 0.071 0*072 0*073 0.074 0*07" 0*075 270 
280 0*075 0*076 0.077 0*077 0*078 0*079 0.080 0.080 0.081 0*082 0,083 280 
290 0,083 0.083 0*084 0*085 0*086 0*086 0*087 0*088 0*089 0*090 0*090 290 

300 0 ,090 0 .091 0 .092 0 .093 0 .094  0*094 0*095 0*096 0*097 0*098 0*099 300 
310 0*099 0.099 0,I00 0*I01 0.102 0.I03 0.104 0.104 0.105 0.106 0,107 310 
320 0 .107  0 .108 0 .109  0 .110 0.111 0*111 0 .112 0 .113  0 .114 0 .115 0 .116 320 
330 0.116 0.117 0.118 0.119 0.120 0.120 0.121 0.122 0.123 0.124 0.125 330 
340 0.125 0.126 0.127 0.128 0.129 0.130 0.131 0o132 0.133 0.134 0.135 340 

350 0.135 0.136 0.137 0.138 0.138 0.139 0.140 0.141 0.142 0.148 0.i~4 350 
360 0.144 0.145 0.146 0.147 0*140 0.149 0.151 0.152 0.153 0.154 0.155 360 
370 0.155 0.156 0.157 0.158 0.159 0.160 0.161 0*162 0.163 0.164 0.165 370 
380 0.165 0.166 0.167 0.168 0.189 0.171 0.172 0.173 0.174 0*175 0.176 380 
390 0.176 0.177 0.178 0.179 0.180 0.182 0.183 0.184 0.185 0.186 0.187 390 

400 0.187 0.188 0.189 0.191 0.192 0*[93 0.194 0.195 0.196 0.197 0.19~ 400 
410 0.199 0.2C0 0.201 0.202 0*203 0*205 0.206 0e207 0*200 0*209 0.210 410 
~20 0.210 0.212 0.213 0.214 0.215 C.217 0.218 0.219 0.220 0.221 0.223 420 
430 0.223 0.224 0.225 0.226 0*228 0.229 0.230 0.231 0.233 0.23,  0*235 430 
440 0.235 0*236 0.23E 0.239 0.240 0.2~2 0.243 0,244 0.245 0.247 0.240 440 

450 0.248 0*249 0.251 0.252 0*253 0.254 0.256 0.257 0*258 0.260 0.261 450 
460 0.261 0.262 0.26~ 0*265 0.266 0.268 0.269 0.271 0.272 0.273 0.275 460 
470 0.275 0.276 0*277 0.279 0*280 0.281 0.283 0.284 0.28b 0.287 0.286 470 
480 0.288 0.290 0.291 0.293 0.294 0.295 0.297 0.298 0.300 0.301 0.303 480 
490 0.305 0.334 C.305 0.307 0*300 0.310 0.311 0.313 0.314 0.315 0.317 ,90 

500 0.317 0.318 0.320 0.321 0.323 0.324 0.326 0.327 0*329 0.330 0*332 300 
510 0.332 0.333 0.335 0*336 0.338 0*339 U.341 0*342 0.34" 0.345 0.3~7 510 
520 0.347 0*348 0*350 0.351 0.353 0.355 0.356 0.358 0.359 0.361 0.362 520 
530 0.362 0*36~ 9.365 0.367 ~.369 0.370 C.372 0.373 0*375 0.376 0.378 530 
54C 0.378 0*380 0.381 0.303 0.384 9.386 0*388 0*389 0.391 0.392 0.394 540 

550 0.394 0.396 0*397 0.399 0.401 0*402 0.40~ 0*405 0.407 0.409 0.410 550 
560 0.415 O*WI2 0.~14 0.415 0.417 0.419 0.420 0.422 0*424 0.425 0.,27 560 
570 0*"27 0*429 0.~31 0.~32 0.434 0.~36 0.457 0.439 0.441 0.442 0*444 570 
580 0.44~ 0.4,6 0.~48 0.44~ 0.,81 0.~53 0.455 0.,56 O*~Sb 0.460 0.~62 8~0 
599 0*"62 0.46~ 0.~65 0.~67 0.,69 C.A70 0.~72 0.~7, 0*476 0.477 0.479 590 

600 0.~79 0.481 0*483 0.485 0.~86 0.488 0.490 0.492 0.~94 0.495 0.497 600 
610 0*497 0*499 0.501 0*503 0*504 0.506 0*508 0.510 0.512 0.514 0.515 610 
620 0.51~ 0.517 0.519 0,521 0*523 0,525 0,527 0*528 0,530 0*532 0*534 620 
630 0.53~ 0*536 0.538 0.540 0*542 0.544 0.545 0,5~7 0.549 0,~51 0*553 680 
640 0*553 0*555 0.557 0*559 0.561 0*563 0*565 0*566 0.566 0.570 0*572 6~ 0 

DEG F 0 1 2 3 4 

"Converted from degrees Celsius ( IPTS 1968). 
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166 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE iO.2--Type B thermocouples (continued). 

Temperature in D e B r i s  Fahmnhr ~ 
E M F  in Ab*olute MWivolts Re, fence Jun~ions at 32 F 

OEG F 0 ] 2 3 4 5 6 7 8 9 10 DEG F 

TH~RNOELECTRIC VOLTAGE IN ABSOLUTE MILL[VOLTS 

650 0*572 0*578 0*576 0*5?8 0*560 0,582 0.584 01866 0*588 0*590 Oe59Z 650 
660 0*592 0*594 0,896 0*598  0*600  0*602 0*604 0*606 0*608 0,610 0.612 660 
670 0.62Z 0*624 0.616 0*6]8 0*620 0.622 0*624 0*626 0*628 0*630 0.632 6?0 
680 0*632 0*684 0*636 0*638 0*660 0*642 0*644 0*646 0*646 0*680 0*652 680 
690 0.652 0,654 0,656 0*659 0.661 0*663 0,665 0,667 0*669 0,671 0 , 6 7 3  690 

700 0*673 0*675 0*677 0*6?9 0*682 0*684 0*686 0*688 0*690 0.692 0*694 700 
710 0*694 0*696 0*699 0.701 0*?03 0*705 0*707 0*709 0.711 0.714 0.716 710 
720 0 .7 ]6  0.718 0*720 0.722 0*724 0.727 0.729 0.731 0.733 0.735 0.737 720 
730 0*737 0*740 0*?42 0.744 0,746 0,748 0.751 0*753 0*755 0,757 0*759 730 
740 0.759 0*762 0*764 0*766 0,?68 0,771 0.7?3 0*775 0.7?7 0*780 0*782 740 

750 0,782 0,784 0*786 0,7B9 0.791 0*793 0*795 0*798 0*800 0*802 0*804 750 
760 0,804 0*807 0*809 0.811 0.814 0,816 0.818 0.821 0*823 0.825 0*827 760 
770 0*827 0*830 0*832 0*854 0*837 0*839 0.841 0*844 0*846 0*848 0.851 770 
780 0,851 0.653 0*855 0*358 0*860 0,862 0*865 0.867 0.870 0*872 0*874 780 
790 0*876 0.877 0*879 0.881 0*884 0*886 0.589 0.891 0*893 0*896 0*898 790 

800 0*898 0.901 0*903 0*903 0*908 0,910 0.913 0 ,9 ]5  0.918 0,920 0*922 800 
810 0*922 0*925 0*927 0*930 0*932 0,935 0,937 0.939 0*942 0.944 0*947 810 
820 0,947 0,949 0*952 0*954 0.957 0,959 0.962 0,964 0*967 G.969 0.972 820 
830 0*972 0*974 0*977 0*979 0*982 0*984 0*987 0*989 0*992 0*994 0*997 830 
840 0.997 0,999 1.002 1.004 1.007 1.009 1.012 1.014 1.017 1.020 1.022 840 

350 1.022 1.025 1.027 1.080 1.032 1,035 1.037 1.040 1.0~3 1,045 1.048 850 
860 1,048 1.050 1.053 1.056 1.058 1.061 1.063 1.066 1.069 1,071 1.07~ 860 
870 1,074 1,076 1.079 1.052 1.084 1,087 1.090 1.092 1.095 1,097 1,100 870 
B80 1,100 1,103 1.105 1 .108 h i l l  1.113 1 .116 1 .119  1.121 1,124 1 .127 660 
890 1.127 1.129 1.132 1.185 1.137 1.140 ~*143 1.148 1.146 1.151 1.153 890 

900 1*153 1.156 1.159 1.162 1.164 1.167 1.170 1.172 1.175 1.176 1.181 900 
910 1.181 1. ]83 1.186 1.189 1.192 1.194 1.197 1.200 1.203 h205  1.208 910 
920 1.2n8 1.211 1.21~ 1.216 1.219 1.222 1.225 1.228 1.230 1.233 1.236 920 
930 1.236 1.239 ]*2~1 1,244 1.247 1.250 1.253 1.258 1.258 1.261 1.264 930 
940 1.264 1.267 1.270 1.272 1.275 1.278 1.281 1.284 1.287 1.289 1.292 940 

930 1,292 1.295 1.298 1.301 1.304 1.307 1.309 1.312 1.315 L,316 1.321 960 
960 1.321 1.324 1.327 1.330 1.332 1.335 1*388 1.341 1.34~ 1.347 1*350 960 
970 1 ,350 1 ,353 1 .356  1 ,359 1.361 1 .364 1.367 1 ,370 1.373 1,376 1.379 870 
980 1.379 1.382 1.385 1.388 1.391 1.~94 1.397 1.400 h403  1.406 1.409 980 
990 1.409 1.411 i * ~ 1 4  1.417  1 .420 1.423 1 .426 1 .~29 1.432 1 ,435 1 .538 990 

I.CO0 1,436 1,461 1 .444  1 .447  1 .450 1.~53 1 .856 1 .~59 1.462 1 .465 1.46B 1.000 
1.010 1.468 1.471 1.474 1.477 1.880 1.453 1.487 1.~90 1.493 1.496 1. ,99 1.010 
1.020 1.499 1.502 1.~05 1.508 1.511 1.~14 1.517 1.520 1.523 1.826 1.529 1.020 
1.030 1 .52~ 1.532 1 .5~6  1 .539 1 .542 1.545 1.548 1.551 1.554 1.557 1 .560 1*030 
2,040 1.560 1.563 1.566 1.570 1.573 1.576 L*~79 1.582 1.585 1*668 1.591 1.040 

1DO50 1.591 1.595 1.598 1.601 1.604 1.607 1.610 1.613 1.617 1.620 1.623 1*050 
1,060  1.623 1.626 1.629 1.632 1.636 1.639 1.642 1.685 1.648 1.6~2 1.655 1.060 
1.070 1.655 1.658 1.661 1.$64 1.668 1.871 1.676 1.677 1.680 1.684 1.667 1.070 
1*080 1.687 1.690 1.693 1.696 1.700 1.703 1.705 1.709 1.713 1.716 1.719 1.080 
1.090 1.719 1.722 1.726 1.729 1.732 1.735 1.739 1.742 1.745 1.788 1.752 I t090 

l , l O 0  1.752 1.755 1.758 1.762 1.765 1.768 1.771 1.775 1.778 1.781 1*785 1.100 
1.110 1.78~ 1.788 1.791 1.795 1.798 1.SO1 1.804 1.808 1.811 1.614 1.816 1.110 
1.120 1.8]B 1.821 1.824 1*828 1.831 1.834 1*838 1.841 1.844 1.848 1.851 1.120 
1.130 1.851 | .855 1.858 h861  1.86~ 1*868 1.871 1.875 1.878 1.882 1.885 1.130 
1.140 1.885 1.888 1.392 1.895 1.898 1.902 1.905 1.9C9 1.912 1.915 1.919 1.140 

1.150 1.919 1.922 1.926 1.929 1.933 1.936 1.939 1.943 1.946 1.950 1.953 l t lSO  
1*160 1*953 1.957 1.960 1.963 1.967 1.970 1.974 1.977 1.981 1.98~ 1.988 1.160 
1. ]70 1.988 1.991 1.995 1.998 2*002 2.005 2.009 2.012 2.015 2.019 2.022 1,170 
1.180 2,022 2,026 2*029 2*033 2*036 2.040 2.043 2*047 2.051 2.05~ 2.058 1,180 
I t190 2*058 2.061 2*065 2.068 2.072 2*075 ~.079 2.082 2.086 2.089 2.093 1.190 

1.200 2 .093  2.096 2.100 2* ln~  2.107 2.111 ?.11~ ~.116 2.121 2 . 1 ~  2.125 I*~OG 
1.210 2.128 2.132 2.136 2.139 2.143 2,1~6 2.1~0 2.19~ ~*157 2*161 Z.16~ 1.210 
1,220 2,16~ 2.168 2.172 2,175 2,179 2.182 2,186 2.19C ~,193 2,1~7 2.~Ci i .220 
1.230 2.201 2.20~ 2.208 2.211 2.215 2.219 2.222 2.226 2.23C 2.Z~? 2.237 1.23C 
1,240 2.237 2.2~1 2 . 2 ~  2*2~b 2.252 2.255 4,259 2*253 ~.266 2,270 2.27~ 1,2~0 

1,250 2.274 2,277 2.281 2*285 2.28~ 2.2~2 2.~96 2.299 2.303 2,307 ~.311 1,250 
1)260 2.31]  2 .3 ]~ 2,318 2.322 2.32~ 2.329 2.333 2.3~7 2.34~ 2.3~ ~ ~.~o 1*2~C 
1*270 2.348 2.351 2,355 2.35~ 2.367 2.36~ ~*~70 2.374 2.376 2 .Jb ]  2.~8~ I*270 
1*280 2.385 2.388 2,393 2.396 2.~00 2.~04 2 . ~ 8  2*alZ 2.~15 2.~1~ ~.42~ ~,2~0 
1.290 2.623 2.627 ~*~30 2.~3~ 2 . .38  2.442 2.4,6 2 . .49  2.~5~ 2*u67 2.~61 ~.290 

01~G F 0 ] 2 3 4 5 6 ? 8 9 10 DE~ F 

"Com~r ted  f rom degrees Celsius OPTS 1968). 
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CHAPTER 10 ON REFERENCE TABLES FOR THERMOCOUPLES 167 

TABLE lO.2-- Type B ther,.oco.ples (conthu, ed). 

Temperature in D~re~ Fahnmheir 
EMF in Al~olute Mill!volts Retlncnce Junctiom M 32 F 

DE6 F 0 I 2 3 �9 5 6 7 IJ 9 lO ~ 6  F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE NILLIVOLT$ 

l t300  21461 2J465 2o46~ 2 e & 7 2  2.476 2t460 2,48~ 2.486 2.491 2.495 2.~99 1,~00 
l t310 2=~99 2,5~3 2.~c7 2,211 2,~1~ 2,5 |~ ~.522 ~.526 2.530 2.~34 2.538 le3|o 
1,320 2~ 2o542 2o249 2,2~9 2o~53 2,227 ~o~61 2,262 2,569 2.~73 2.276 i+3~0 
Z,330 2~ 2,58C 2~ 2,588 2o~92 2~ 2,600 2o6~4 2,6C~ 2.612 2o615 1o33C 
1,340 2.615 2,619 2,62~ 2,627 2.631 29632 2*6)9 2,6~3 ~o6~7 2,b21 2.655 l,b40 

1o3~0 2,655 2~ 2~ 2,667 2~ 2~ 2,678 2o6~2 2.686 2,6~0 ~ o 5 9 &  1o35~ 
~1360  2,69~ 2.698 2,702 2e706 2,710 2eT|~ 2.718 2.7Z2 2.726 2.7~C 2.724 1,~60 
l t 3 7 0  2.734 2~ 2,7~2 2.7~6 2.720 2o79~ 2~ 2,762 2,Tbb 2,775 2.774 1,~70 
l t380 2,774 2,778 2,782 2,786 2,790 2,79~ 2,79e 2 , ~ 2  2,~06 2,~1C' 2,~14 lo3bO 
I+390 2.al~ 2,818 2~ 2,826 2,830 2,e32 2~ 2,8~ ~,847 2 . ~ 5 I  2.892 1,390 

3t~O0 2 .~59 2,829 ~.863 2,~67 2eBTl 2,872 2,@79 2,883 2,~87 2,~92 ~.~V6 1,4VG 
10~10 2,896 2,900 2,904 2,906 2,912 2,9|6 2e920 2,92~ 2,928 2,933 2.~37 ! , " l C  
1t620 2.937 2e941 2,94~ ~,9~9 2.923 ~~ Z,961 2,966 ~.970 2.97~ 2.97b i t420 
1t~30 2.978 2,982 2,986 2,990 2*992 2,999 ~,003 3,007 3,011 3,012 3,019 1,~50 
l~O 3,019 3,~2~ 3,02@ 3,032 3,C36 3,0~0 3,0~9 3,D~9 3,02~ 3,0~7 3.061 1 , ~ 0  

1~420 3.061 3e465 3,070 3e07~ 3,078 3.0~2 } ,~6 3e091 3~ 3oG99 3,103 !~)e 
I'~60 3,103 3,107 3 . i 1 2  3,116 3,120 3,12~ ~~ 3,133 3.137 3 o I ~ I  ~,1~6 l,~60 
I~70 3,1~6 3,150 3,12~ 3,128 3,163 3,167 3,171 3,172 3,180 3,1b~ 3,18o 1,470 
1~80  3e188 3,192 3,197 ?,201 3,2~2 3~ 9,214 3,~18 ~.ZZZ 3.z~7 3.231 l , ~  
Io490 3,231 3,232 1,239 3,2~ 3,2~8 3,252 3.227 3,261 ~,262 }~ ~~ 1,~9C 

ltSO0 3.27~ 3,278 3,~G2 3,287 3,291 3,299 3,300 3,30~ 3,305 3,313 3,317 1,200 
I~2~0 3,3]7 3,321 ~.326 3,3~0 3.33" 2,329 ~,~43 3~ 3,32~ 3,326 3,~bl I,~I0 
I.SZO 3,361 3,362 3,36Y 3.274 3,~78 3,282 J,~67 ~ , ~ 1  3~ ~~ ~,~04 1 , ~ 0  
1.230 3.~04 3,~09 3,413 3.417 3,422 3,c26 1,~31 3,4~2 3,~3V ~ ~  3 , ~ b  1,~30 
1~260 3. .68 3,453 3.427 3.461 3 , . b 6  3,470 3~ 3.~79 5~ ~,~BB 5 , . 9 2  i . ~ 0  

1~330 3.492 3.&97 3.501 3.506 3.~10 3,21~ 3~ 3,2~? ~+22~ 3 ~  3 ~  1,52C 
I,~60 3.537 3,541 3 . ~ 6  3.2~0 3.922 3,259 3,264 3,268 3,273 3,~77 ~,~21 1,220 
|o~70 3,281 3.586 3e29G 3.292 3,299 3,bO~ 3.608 3,613 3,617 5,b22 ~,b26 1.270 
I~580 3.626 3,631 3,632 3,6~0 3,644 2,6~9 3,6~3 3,628 3~ 3,067 3,67~ 1,2~0 
I*290 3,672 3.676 ~~ 3.682 ~,69G 3,69~ 3~ ~.703 ~,70~ 3,71~ ~,717 !.~90 

I~60C 3,717 3.721 3,72b 3,731 3,732 3,74~ ~,7~4 3,749 3.7~3 3,758 3,7~ Itbc, C 
1~610 3.762 3 .767 3.772 3 .776 3.781 3,782 3.790 3 .792 ~.799 3,C04 3~ 1.610 
l t b 2 0  3.808 3.813 3.81e 3~ } ,827 3,831 3.836 3~ ) , 8 "5  3,~bO 3,~2.  l , b 2 0  
|~b30 3.82~ 3,829 3,8b~ 3,868 3,873 3.877 ~,482 3.887 3.B?I 3.~9b ~.9C~ 1,630 
1~6~0 3.901 3,902 3,910 3,912 3,919 3.92~ ~,V29 3,933 3,938 3.V~3 3,V~7 L,640 

I~620 3.9~7 3.952 3.927 3.961 3,966 3~ 3.972 3.9~0 3.9~9 3~ ~.9~ 1.620 
I~660 3.994 3~ &.O03 a~ ~.013 4.017 u~ 4.027 ~.031 4.036 ~.0,1 l.bbO 
1.~70 ~.041 4.U46 ~.OSG 4.052 4.060 4.U64 4.069 a.U74 ~.079 4.063 a~ 1.670 
1.680 4.088 &,093 &.C98 4.102 ~.|07 ~.I12 ~.117 a.121 ".126 ~.131 ~,136 l.b~O 
1.690 4.136 4.1~0 ".1~2 4,120 4.122 ~~ 4,164 ~.169 ~.174 4.178 ~.18~ 1.690 

!.TOO 4,183 &,~88 4.193 &.19B ~.202 ~~ ~~ ~.~17 ".2~I ~.ZZb ~.231 !.700 
l.T]O 4e~31 ~.236 ~~ a.242 ~.250 4~ 4~ ~.~62 ~.269 ~.27~ 4.279 1.710 
1,720 4,279 a,28e 4,289 ~,294 ~,295 ~~ ~,308 ~,313  4 ,318 ~,313 6,~27 1,720 
It730 4.327 4.332 4~ t..3~2 4.3~7 4.322 ~~ ~,~b]  4.366 4,~91 ~.376 it730 
I~760 4.376 4.381 ~.386 &,391 ~,392 &~ 4.&02 4,~i0 4.412 4.420 4."22 1.740 

l. TSO 4,422 ~~ 4.W32 4.~39 ~~ ~.~49 ~.~24 .~ ~,4b~ &, .bV  ~.474 1.720 
1.7bO ~ .~74  ~.~79 ~.484 ~,~$8 ~,~93 4,~98 4..203 ~~ &.213 ~.)18 ~.229 l.?bO 
1.770 4.523 4.528 ~.233 4.538 ~.543 ~.248 ~.552 ~.227 ~.562 4.567 ~,~72 1.770 
1.780 4.272 4~ ~~ ~.287 ~.592 4.297 a.602 W~ &,h i2  &.bl7 ~.622 1.780 
1,790 a,6Z~ 4,627 4,652 4,637 4,6W~ 4,647 ~,652 ~,627 ~,662 4.667 4,672 1,790 

I~800 ~.672 &.b77 ~.b82 4.687 4.692 4.697 4~ ~.707 ~.712 4.717 4.722 1.800 
1,810 ~,722 4t727 ~~ ~,737 k,762 k,767 4,722 ~,727 ~,762 ~,767 ~,772 l ,S lO  
1.820 ~.772 4.777 ; .782 ~,787 ~.792 ~,797 ~,802 ~.807 4~ ~~ 4~ 1,820 
1,830 4,823 ~.828 ~,833 4,838 4,843 ~,8~8 ~,823 ~,858 ~,863 4,~b8 4,U73 l.~O 
1,8~0 ~,873 ~,878 ~,883 ~,888 ~,89~ , .899 ~,90~ 4.909 ~.914 4.919 ~,92~ I,B~O 

I~SSO 4.924 4.929 4.934 4~ 4.962 6,920  ~.922 4.960 ~.962 a.97o 4.972 1.~20 
1t860 4,975 4,9w 4,981 ~,991 4,996 2,0U1 5*006 5,011 2,016 2,021 2,027 1,860 
l.eTO 5,027 5,032 5,037 2,0~2 5,047 2,022 5,027 2,063 2,068 5,073 2,07U 1,870 
1.880 5,078 5,083 5.088 5.09~ 5,099 5,10& 2,109 2,11~ 2,119 5,122 2,130 1t880 
1,890 5,130 2,132 5,1~0 5eI~2 5e150 5,156 5,161 5.166 5~ 5~ 5~ 1,890 

I,900 2.182 5.187 5,192 5,197 2,202 2,208 2.213 2.218 2.223 5~ 5.23~ 1,900 
1*910 5.~3~ 2~ ~~ 2,2~9 2~ 5.260 2.265 2~ 2~ 5~ 2.246 1.910 
1.920 5,28b  5.291 2~ 5.302 5.307 5,312 2.318 2.315 2~ 5~ 2.339 1.920 
1,930 2,339 2,3~4 2,349 2.324 2 ,360 5,362 2,370 5,376 5.381 5.5~6 2,591 1,950 
1.940 2.39] 2.397 2.602 2.407 5.~13 2o418 2.423 5.~28 5~ 5.~39 5.~4~ 1.940 

DEG F 0 1 2 3 

"Convened ~om dr165 Celsius ( IPTS I968). 

5 6 7 B 9 10 DEG F 
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1"68 T H E  USE O F  T H E R M O C O U P L E S  IN T E M P E R A T U R E  M E A S U R E M E N T  

TABLE 10.2--Type B/hermocouplea/co,ti,,edL 

EMF in Absolute Millivolts 
Temperature in Degrees Fahrenheit = 

Reference Junctions at 32 F 

OEG F 0 ] 2 3 4 5 6 7 8 9 10 DEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLT6 

1+950 5+44~ 5e450 5 . ~ 8  5*460 5*466 5.471 6.~76 5.482 5.487 5*492 6*497 1,950 
1.960 5*497 5*503 5.508 8.518 5.519 8.82~ 5*529 5*535 5.8~0 6 . ~ 8  6.551 1.960 
1~970 5,861 5*856 5.561 6*567 8*672 5*878 b*588 b*588 6.89~ 6*899 ~.60~ 1.970 
l t980  5,604 5.610 S,615 8*620 5*626 5.631 6,687 5.6~2 5.6~7 6.b~3 6*668 1.980 
1.990 5*658 5.665 5.669 5+676 5*680 5*685 6*690 5*696 5*T01 5.707 5.71~ 1.990 

2+000 5*712 5.717 5*723 5*728 5*734 5t759 5*764 5*75G 5*755 5.761 5*766 2.C00 
2,010 5.766 5.771 5*777 5*782 5*788 6*793 5,799 5*604 5.810 5.~15 5.~20 2+010 
21020 5.820 5.826 5.831 5*837 5*842 5.848 5*853 5*859 5*864 6.869 5*676 2+020 
2,080 5,875 5*880 5*886 5,891 5*897 5,902 5*908 6,918 5,919 5*924 b*930 2+030 
2,040 5,980 5*985 5,941 5*946 6,951 5*957 5*962 5*968 5,978 5*979 5*984 2t040 

2+050 5*984 5*990 5,995 6,001 6*006 6,012 6,017 6*023 6*028 6*034 6*0~9 2t0b0 
2,060 6,039 6*045 6,051 6,056 6*062 6*067 6*073 6*078 6*084 6*089 6*095 2+060 
2+070 6,095 6,100 6,106 6,1 |1  6.117 6,122 6.128 6.1~4 6.139 6,145 6.150 2+070 
2t080 6.150 6.i~6 6m161 6.167 6.172 6,178 6.184 6.189 6*196 6*Z00 b,Z06 210~0 
2,090 6*206 6,211 6.217 6*223 6,228 6*284 6,289 6.~46 ~.280 6*~66 6*262 2+090 

2~I00 6.262 6*267 6.273 6*278 6*284 6*290 6*295 6.~01 6.306 6.~12 6.318 2+100 
2 ,110  6 ,318  6 .323  6*329 6 ,354  6*340" 6*346 6 .351 6*357 6*362 6*368 6*374 2 .110  
2,120 6,374 6*379 6*385 6,~9]  6*396 6.402 6*408 6.413 6,419 6*424 6*430 2t120 
2t130 6.430 6*486 6.441 6.&47 6*453 6.~58 6*464 6*470 6*475 6.481 6.487 2.130 
2,140 6.487 6.492 6.498 6.5O4 6*609 6.615 6.521 6*526 6.582 b.588 6*643 2.140 

2~150 6,543 6*549 6*555 6*560 6*566 6.572 6*577 6*583 6*689 6*694 6*600 2t150 
2*160 6.600 6,606 6.612 6.617 6*628 6*629 6*634 6*640 6.646 6.651 6*657 21160 
2.170 6,657 6,663 6,669 6,674 6,680 6.686 6,692 6.697 6.70~ 6,709 6,714 2t170 
2,180 6,71~ 6,720 6,726 6,732 6,737 6.743 6,748 6*765 6*760 6*766 6.772 2t180 
2,190 5.772 6.778 6.783 6.789 6.795 6.801 6.806 5.812 6.818 6,82~ 6.~29 2+190 

2t200 6.829 6,835 6.841 6,847 6,852 5.858 6.864 6*870 6*876 6.861 6.687 2+200 
2+210 6*887 6*893 6.899 6*904 6.910 6.916 6*922 6*928 6.983 6*939 6.945 2.Z10 
2,220 6.9~5 6.951 6*957 6*962 6*968 6*974 6*980 6*986 6.991 6*997 7eU03l 2,2~0 
2~250 7*003 7*009 7.O15 7.021 7*026 7*032 7*038 7*044 7*050 7*055 7.06 l  2+2~0 
2t240 7*061 7*067 7.073 7*079 7*085 7*090 7.096 7.102 7.I0~ 7.114 7,220 2=240 

2+250 7.120 7.126 7.131 7,137 7,143 7.149 7,t55 7.161 7.167 7.172 7.178 2+250 
2,260 7.178 7.184 7.190 7.196 7.202 7*206 7.213 7.219 7,225 7.251 7*287 2+260 
2+270 7.237 7.243 7*249 7,255 7*260 7,266 7,272 7*278 7*284 7.290 7*296 2~270 
2,280 7.296 7,902 7,308 7.314 7,819 7.825 ?,~31 7.357 7.843 7.)49 7o~55 2,2~0 
2,290 7.355 7.361 7.367 7,~73 7,378 7,384 7,390 7,~96 ~.402 7.~06 7.~14 2,z~0 

2+300 7,414 7.420 7t426 7,432 7,488 7.444 7.~50 7.456 7,~61 7,~67 7,~79 ~,300 
2,~10 7.473 7.479 7.485 71491 7,~97 7*505 7.509 7.515 7.521 7,527 7*533 2,~I0 
2,320 7.583 7.539 7,545 7,551 7,557 7,56~ 7,~69 7,575 7,581 7,~7 "/*~9~ 21520 
2+530 7.592 7.598 7.604 7*610 7.616 7*622 7.628 7.634 7.6&~ 7~ 7*Ob~ ~t~JO 
2t8~0 7,652 7,658 7*664 7,670 7,676 7*682 7,088 7.69~ 7*700 7.706 7.71~ 2~340 

2,350 7.712 7.718 7.724 7.730 7,786 7,74~ 7,748 7.754 7.760 ?,766 7,772 21350 
2,360 7.772 7.778 7.784 7,790 7,796 7*802 7,806 7,814 7*820 7.o~ 7.~3~ 2,460 
2,370 7.833 7*839 7,845 7.851 7.657 7.863 /.~69 7.875 /.86~ ?.d~7 7.d9~ Z,370 
2,380 7,893 7,899 7,905 7.911 7,917 7192~ 7.928 7t935 7.9~1 /,947 7.95~ 21380 
2*390 7.953 7.959 7.966 7t972 7*978 7.984 /*990 7*996 2,002 ~,008 8.014 2+390 

2,400 8,014 8.020 8,026 8.032 8*038 8.04~ b.051 d.057 o.06~ 8,069 8.075 2,~00 
2,410 8.075 8.081 8.087 8*093 8.099 8.i05 8.II] 8.11d ~.I~ ~.I~0 ~.136 ~,410 
2,420 8,136 9,1~2 b,la8 8,154 8.160 8,166 8,172 8,179 8.185 8,191 8.197 2*~20 
2,&80 8,197 8*203 6*209 8,215 8,221 8*227 6,~3~ U,d~O 8,240 s,z>2 d,258 2,4)0 
2,~0 8.258 8.264 5.270 6,276 8*283 8.289 o.~) 8,~UI ~.~07 5. ;1~ 6,51~ Z,W4U 

2,460 8,~81 8.3~7 d.395 8,599 4*406 8,~12 ~,418 8,424 d,aSo 8.~36 8.~2 2,a60 
2,470 8oa42 8,~49 8.456 8,~61 8*467 8.47~ d.~TW 8*486 8*492 8,496 8*5U~ 2~70 
2,480 8,904 ~.510 8.516 8.529 8,529 8*535 8,641 8.547 8,55& ~.boO bo~66 2t~O 
21490 ~.566 8*672 ~,678 8,585 8.591 8.697 ~.603 8.609 +~.61~, :.bzz ~.ui~, Z,,+~O 

2,500 8.625 8.634 8*640 8.6~7 8.653 ~.659 8,666 8.671 8*670 8.664 8,690 2~500 
2#510 8,690 8*696 8,702 8,709 8,715 6,721 8.727 8*733 8.7~0 b,746 8.7~Z 2 ,5 [0  
2~520 8,752 8*758 8.765 8,771 8*777 8.783 8.790 8,796 S*802 8*b08 8,~i~ 2,520 
2,880 8.814 8*82] 8*8Z7 8*898 8.8~9 8*846 8~ 8.858 8,564 8o~71 6.877 2,~30 
2,640 8.677 8.883 8*889 8.896 8*902 8.908 8,914 8.~21 8.02) 8,v~) S,W=9 2,?~0 

2,550 8e939 8*946 8*952 8*998 8*964 8.971 8.977 8.985 8*989 6.996 9*OOZ 2*850 
2,560 9.002 9,008 9.019 9.021 9*027 9*033 9*040 9.046 9,052 9,058 9.06) 2+560 
2+570 9,065 9,071 9.077 9.084 9.090 9.C96 9o102 9.109 9.115 9*121 9.128 2,870 
2,580 9.~28 9.134 9.1&O 9.146 9.153 9.159 9.165 9.172 9.178 9.18& 9.191 29560 
2*590 9.191 9.197 9.2n3 9*209 9~ 9*222 9,228 9.235 9.2~I 9.2~7 9*?54 2*590 

OEG F 0 ] 2 3 ~ 5 6 7 8 9 10 DEG F 

�9 Convened f rom dcgrcr Celsius (I PTS 1968). 
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TABLE lO.2--T.vpe B thermoco.ples tco.ti..edL 

Tempera tu re  in Degrees Fahrenheit ~ 
EMF in AbsoluM Millivolts Rc~rence .lun~ions at 32 F 

0E6 F 0 1 2 3 ~ 5 6 ? 8 9 I0 OEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

2,600 9.254 5.260 9.266 ~ 9.279 9.285 9.291 9.298 9.304 9.310 9.317 2,600 
2,610 9.317 9.323 9.329 9.336 9,3~2 9,348 9.355 9.361 9,367 9.3?4 9.380 2,610 
2,~0 9,380 9,586 9.393 9,399 9.405 9,412 9,418 9.~24 9,931 9,437 9.4a3 2,620 
2,630 9,443 9~ 9~ 9,462 9.&69 9.475 9.481 9.468 9,494 9,500 9.507 2,630 
21640 9,507 9.513 9,519 9e526 9,532 9.53@ 9.5~5 9.551 9,55~ 9.564 9.570 2,6~0 

2,650 9.570 9,577 9.583 9,589 9.596 9.602 9.608 9.615 9,621 9,627 9.634 2,650 
2,660 9,634 9,640 9,647 9,653 9,6~9 9,666 9,672 9.678 9,685 9.691 9.697 2,660 
2,670 9,697 9.704 9.710 9,717 9,723 9.729 9,736 9,7~2 9,748 9.755 9.761 2~670 
2,680 9.761 0~ 9.77a 9.780 9.787 9,793 9,~00 9,506 9~812 9.819 9.825 2,6~0 
2,690 9,825 9.831 9.838 9,844 9,851 9,857 9.863 9,~70 9,876 9.6~3 9,88~ 2,690 

2,700 9.889 9,895 9.902 9,908 9,915 9,921 9.927 9.994 9,9~0 9.967 9.953 2,700 
2,710 9~ 9.959 9.966 9,972 9.979 9,985 9.991 9.998 i0,00~ 10.011 10.017 2,710 
2,?20 10.017 10.023 10.q30 10.O36 10,043 10.099 10.056 10,062 10,068 I0.075 I0.081 2,720 
2,730 10.081 i0.088 10.094 i0,i00 10,I07 10,113 I0,120 10.126 10.133 10.139 lO,la5 2p730 
2,740 10,145 10,152 10,158 10,165 15,171 i0.178 iu.184 10.190 10,197 IO,L03 lO,zlO Z,?40 

2,750 i0.210 10,216 10.223 10.229 10,235 10.242 10.248 I0.255 10,261 I0.Z68 I0,27& 2,750 
2,760 i0.27~ 10,280 10,287 10,293 10,300 10.306 i0,313 10.319 10,325 10.132 10.338 2,760 
2,770 10,538 10.345 10,351 10.358 I0,364 10.371 10,377 10.383 10,390 10.596 10,403 2,770 
2,780 10,403 10.409 10.416 10.422 10,429 10.435 IU.441 10.448 10.454 10.961 10.467 2,780 
2,790 10,467 i0,474 10.480 10.487 10.493 10.500 10.506 10.512 I0.519 10.925 i0.53~ 2,790 

2,800 10,532 10.538 10,545 10,551 10,558 i0,564 i0.671 I0,577 i0,584 10.590 10.596 2,800 
2,810 10.596 10.603 10.609 10,616 10.622 10.629 10,635 10,642 i0,668 10.655 i0.661 2,810 
2,820 10,661 10,668 10.674 ]0,680 10,687 i0,693 i0,?00 i0,7r 10,713 10.719 10.726 2,820 
2,890 10.726 10.792 i0,739 10,745 I0,752 10.758 10.765 i0,771 10,778 i0,;84 I0,790 2,630 
2~840 10,790 10,797 10.803 10,810 10,816 10,823 10,829 10,836 I0,842 I0,S~9 10.855 ~,840 

2,860 10,855 10,862 10,868 I0.875 i0,881 I0.888 10.894 I0,901 10.907 i0.914 10.920 2,850 
2,860 10,920 10,926 10,933 10,939 10,946 10,952 10.959 10,965 i0,972 I0,976 10.985 2,860 
2,870 10,985 10.991 10,998 11,004 11,011 11,017 11,024 11,030 11,037 II,043 Ii,050 2,870 
2,880 11,050 11,056 ii.069 11,069 11,076 11,082 11.089 11.095 11.102 ll,lOB II,115 2,880 
2,890 11,115 ii,121 11,128 11,194 11,141 11,147 11,154 11.160 11.166 11.173 11.179 2,890 

2,900 Ii,179 11,186 11,192 11,199 11,205 11.212 11.218 11.225 11.231 11.236 Ii,244 2,900 
2,910 11,244 11,251 11,257 11,264 iI,270 11,277 11,283 11.2~ 11.296 11.303 11.309 2,910 
2,920 11.309 11.316 11.322 11.329 11,395 11,342 11,348 11.355 11.361 11.368 11.374 2,920 
2,990 11,379 11.381 11.387 11,394 11,400 11,407 11,419 11,420 11.426 11.433 11.439 2,930 
2,940 11,439 11,446 11,452 11,459 11,465 11,~72 ii,478 11,485 ii,491 11.498 Ii,504 2,940 

2,950 11,504 II,511 ii.517 11,524 11.530 11,537 11,543 ii,550 II,556 11,663 11.569 2,950 
2,960 11,569 11,576 11,582 11,589 11,595 11.602 11,608 ii,615 II,621 ii,528 ii,634 2,960 
2,970 11,6~4 11.641 11,647 11,654 ]I~660 11.667 11.673 ii,680 Ii,686 ii,693 ii,699 2,970 
2,980 11,699 11,706 Ii,712 11,719 11,725 iI.732 11,738 ii,745 Ii,7~i 11,758 11,764 2~980 
2,990 11,764 ii,771 11,777 ii,78~ 11,790 11.797 11,803 11.810 11.816 ii,~23 11.829 2,990 

3,000 11.829 11.836 11.842 Ii,8~9 11,855 11.862 11,865 11.~75 II.681 11,~o II,~9& 3,000 
3,010 11,894 11,901 11.907 11,914 11,920 11.927 II,933 ii,940 11.946 II,995 II,959 3,010 
3,020 11,959 11.966 11,972 11.979 11,955 11.992 11.998 12,005 12.011 12,018 12,024 3,020 
3,030 12.024 12.031 12,037 12,044 12,050 IZ.057 12.063 12.070 i~,076 17,083 12.08o 3,030 
3.040 12,089 12.~96 12.[02 I?.[C9 12,115 12.121 12,~28 12.134 l~.l&! 12.167 12.154 3,0~0 

3,050 12,154 12,160 12.[67 12.173 12,180 12,186 12.193 12,199 12.206 12.212 12,219 3,050 
3,060 12,Z19 12.225 12.23c 12.738 12.245 12,251 12.258 12,264 12,271 12,277 12,284 3,060 
3,070 12.a84 12.29o 12.297 12.303 12.310 12.316 12,323 12.329 i~,536 12o342 12,349 3,070 
3,080 12.349 12,355 12,362 12.~68 12.374 12.391 12,387 12,3~4 12.400 12,407 12,413 3,080 
3,090 12.413 12.420 12.426 12,433 12.439 12.~4e 12.452 12.459 12,46', 12.472 !:.478 3,090 

3,100 12.478 12,485 12,491 12.496 12.50& 12.511 12,517 12.523 12.53U 12.D36 12,543 3,I00 
3,110 12,543 12,549 12.556 12.562 12.569 12.575 12,582 12,588 12.595 12.601 12,606 3,110 
3,120 12,608 12,614 12.621 IZ,627 12.633 12,640 12.646 12.655 12,65~ 12.666 12.072 3,120 
3,130 12,672 12.679 12,685 ]2,692 12.698 12.705 1~.711 12.718 12,72 ~ 12,;30 12.757 3.130 
3,140 12.737 12.743 12.750 12,756 12,763 12.769 12.775 12,782 12.78~ 12.7~ 12.b01 3.1aO 

3,150 12,801 12,BU~ 12,814 12,821 12,827 12.834 12,840 12.~47 12.855 12.~60 12,666 3,150 
3,160 12,866 12.872 12.879 12,885 12,892 12.898 12,005 12.911 12.91~ 12.924 12,930 3,160 
3,170 12,930 12,937 12,943 12o950 12,956 12.963 12.969 12,97G 12,982 12.V~ 12,~96 3,170 
3,180 12.995 13.001 13.00@ 13,014 13.021 13.U27 13o03~ I).040 13.046 13~ 13*069 3,160 
3,190 13,059 13,066 13,072 13,079 15,085 13.091 13.098 13.i0~ 13.111 13,I17 13~163 3,190 

3,200 13,124 13,130 13.136 13,143 13,149 15,156 13,16Z 15.169 13,176 I~.I01 13,18~ 5,ZOO 
3,210 13,188 13,19& 13o201 13,207 131213 13,220 15,226 13,233 13,239 13,140 13.252 31210 
3l~20 13,252 13,258 13,26~ 13,271 13,278 13,284 13,290 13,297 13,303 15.~i0 13,316 3,220 
3,230 13,316 13.322 13,329 13,335 13,542 13.348 13,354 i3.561 13,367 13,~7~ 13.380 3,230 
3,240 13,380 i~.3~7 13.393 13,399 13,406 13.~IZ 13,418 15.425 15,431 13.466 13.444 3,240 

O~G F 0 l 2 3 4 5 6 7 8 9 10 0s F 

�9 COnverlcd from de~r~s Celsius (I PT$ 1968), 
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170 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.2--Type B thermocouples (contbmed). 

Temperature in Dcgrtes Fahrenhei t  ~ 

E M F  in Absolute Mi l l i vo l t s  R e , f e n c e  Jun~ ions  at 32 F 

DEG F 0 l 2 3 4 S 6 7 8 9 ]0 OEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

3J250 13*444 13~450 13=~57 13.463 13,~70 13.&76 IJ.~82 13.489 13.495 13=~02 13.~08 3tZSO 
3D260 13,508 13.514 13,~21 13.527 13+533 13,5~0 13,346 13,553 13,559 13,~b5 13J572 3D260 
3t270 13,572 13.57g 13.~85 13.5oi 13,59" 13,604 I~.610 13,61b 13,623 13.629 i~.b3~ JtZTo 
3t280 13,535 13,642 13.648 13o6~5 13,651 13,667 13,674 13,680 131686 13,b93 13,b99 3,280 
31290 13,699, 13,706 13o712 13,718 13,72b I~o731 I~.737 13,744 13,750 13,756 13.763 31290 

3.300  13e763 13,769 13o775 13.782 13.788 13,794 13.801 13.807 13,814 31300 

OEG F 0 l ? 3 4 $ 6 ? 8 9 1O DEG F 

�9 Converted f rom degrees Celsius ( I  PTS 1%8 ). 
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TABLE lO.3--Type B thermocouples (deg C-millivoltsL 

E M F  in AblolMLe Millivotts 

DEG C 0 1 

Tempcraturo in D~Brees Celsius OPTS 1968) 
Rcl'r Junctions al 0 C 

2 3 4 5 6 7 8 9 10 OEG C 

THERNOELECTRIC VOLTAGE IN ABSOLUTE NILLIVOLTS 

0 0,000 -0,000 -0,000 -0.001 -0.001 -0.001 -0,001 -0.001 -0.002 -0.002 -0,002 0 
10 -0.002 -0.002 -0.002 -0,002 -0.002 -0,002 -0.002 -0,002 -0.003 -0,003 -0.003 1 0 
20 -0.003 -0,003 -0,003 -0+003 -0.003 -0.002 -0,002 -0,002 -0,002 -0,002 -0,002 20 
30 -0.002 -0,002 -0*002 -0.002 -0.002 -0,001 -0,001 -0,001 -0,001 -0.001 -0.000 30 
~0 -0,000 -0+000 -0.000 0,000 0.000 0.001 0.001 0.001 OmO02 0.002 0.002 40 

30 0,002 0,003 0.003 0,003 0,004 0.00~ 0,004 0.005 0.005 0,006 0.006 50 
60 0,006 0,007 0.007 0.008 0.008 0.009 0.009 0.010 0,010 0.011 0.011 60 
70 0.011 0.012 0,012 0.013 0.016 0.014 0,015 0,015 0,016 0,017 0.017 70 
80 0,017 0.018 0.019 0.020 0.020 0.021 0.022 0.022 0.023 0,024 0.025 80 
90 0.025 0,026 0.026 0.027 0.028 0.029 0,030 0,031 0,031 0.032 0,033 90 

100 0,033 0.034 0,035 0.036 0,037 0,038 0,039 0.040 0.041 0.042 0.043 100 
110 0,043 0,04~ 0,045 0.046 0.047 0,048 0.049 0.050 0,051 0.052 0,053 110 
120 0.053 0,055 0*056 0,057 0.058 0,059 0.060 0,062 0,063 0,064 0,065 120 
130 0.065 0.066 0,068 0,069 0.070 0.071 0,073 0.074 0,075 0*077 0.078 130 
140 0.078 0t079 0.081 0t082 0.083 0.085 0.086 0,088 0,089 0.091 0.092 160 

150 0.092 0,093 0.095 0,096 0.098 0.09 o 0.I01 0.102 0.104 0,106 0.I07 150 
160 0 , 1 0 7  0 ,109  0 ,110  0 .112  0 .113  0 .115  0 .117  0 , 1 1 8  0 ,120  0 .122  0.123 160 
170 0.123 0.125 0,127 0.128 0,130 0.132 0,133 0.135 0.137 0,139 0.140 170 
180 0 . 1 4 0  0 ,142  0 , 1 4 4  0 , 1 6 6  0 ,148  0 . 1 4 9  0 .151  0 ,153  0 .155  0 . 1 5 7  0.159 180 
190 0.159 0.161 0,163 0,16~ 0,166 0,168 0,170 0.172 0.174 0,176 0.178 190 

200 0.178 0,180 0.182 0.186 0.186 0,188 0.190 0.192 0,196 0,197 0,199 200 
210 0.199 0.201 0.203 0,205 0,207 0,209 0.211 0.214 0.216 0,218 0,220 210 
220 0*220 0,222 0.228 0,227 0*229 0.231 0,234 0.236 0.238 0.240 0.243 220 
230 0.243 0.2~5 0,247 04280 0.252 0,254 0,257 0.259 0.262 0.284 0.266 230 
240 0.266 0.269 0.271 0.274 0.276 0.279 0.281 0.284 0,286 0,289 0.291 260 

250 0.291 0,294 0.296 0.299 0,30I  0.30~ 0.3O7 0,309 0.312 0*314 0.317 280 
260 0.317 0.320 0,322 0.325 0*328 0.330 U*333 0,336 0.338 0,361 0.344 Z60 
280 0.317 0.320 0.322 0,325 0.328 0.330 0.333 0.336 0,338 0.341 0,344 260 
270 0,34~ 0.3~7 0,349 0.352 0.355 0.358 0,360 0.368 0.366 0.369 0.372 270 
280 0,372 0.375 0.377 0.380 0,383 0.388 0.389 0+392 0.395 0,398 0,601 200 
290 0.401 0.404 0.406 0,609 0.412 0,415 0.418 0.621 0.624 0.627 0.431 290 

300 0.431 0,434 0,437 0,440 0,443 0.~46 0.669 0,452 0,655 0.658 0.462 300 
310 0.462 0.465 0,468 0.471 0,476 0,477 0.481 0.689 0,487 0,690 0.494 310 
320 0.494 0,697 0.500 0,503 0.507 0.510 0.513 0,517 0,520 0.523 0.527 320 
330 0.527 0.530 0,533 0.537 0+540 0.564 0,547 0.550 0.554 0.557 0.561 330 
340 0.581 0.564 0,568 0,571 0.575 0.578 0,582 0.505 0.589 0.592 0.596 360 

350 0.596 0*599 0.603 0,606 0.610 0,614 0,617 0.621 0.625 0,628 0.632 350 
560 ~,632 0.636 0.639 0.643 0.647 0.650 0.854 0.650 0,661 0,b65 0.669 360 
370 0,669 0,673 0.677 0,680 0.684 0,688 0.692 0.696 0,699 0.703 0*707 370 
380 0.707 0,711 0,715 0,719 0.723 0,727 0.730 0.73~ 0,738 0,742 0.766 380 
390 0,746 0.750 0.754 0,758 0.762 0.766 0,770 0,774 0*778 0.702 0.786 390 

400 0.786 0.790 0.796 0.799 0.803 0,807 0.811 0,815 0.819 0.823 0.827 400 
410 0,827 0,832 0.836 0,860 0,844 0.868 0,853 0.857 0,861 0.065 0.870 410 
420 0.870 0,87~ 0,878 0+882 0.887 0.891 0,895 0.900 0.904 0.908 0.913 420 
450 0.913 0,917 0.921 0.926 0.930 0.935 0.939 0,963 0.968 0.952 0,957 630 
640 0,957 0,961 0.966 0.970 0,975 0.979 0,986 0.988 0,993 0,997 1.002 460 

650 1,002 1.006 1.011 1.015 1.020 1,025 1.029 1*034 1,039 1,043 1=048 450 
460 1,0"8 1.052 1.057 1,062 1,066 1,071 1.076 1.081 1.085 1.090 1.095 660 
470 1.095 1.100 1,104 1.109 1,114 1.119 1.123 1,128 1,133 1.138 1.143 670 
680 1.163 1,168 1,152 1*157 1,162 1.167 1.172 1.177 1.182 1.187 1.192 600 
~90 1,192 1,197 1,202 1.206 1.211 1,216 1.221 1.226 1.231 1.236 1.241 690 

500 1,241 1,246 1.252 1.257 1.262 1,267 1.272 1.277 1.282 1.287 1.292 500 
510 1.292 1.297 1,303 1.308 1,313 1,318 1.323 1,328 1,334 1.339 1.344 510 
520 1.36~ 1,349 1,354 1,360 1,365 1,370 1.375 1.381 1,386 1.391 1,397 520 
530 1.397 1 ,602  1 .407  1 .613 1 ,418  1 .423  1 .429  1 ,434  1 .439  1 ,445  1.450 530 
540 1 , 4 5 0  1 .456  1 .461  1 .667  1 ,472  1 ,477  1 .483  1 ,688 1 ,494  1 ,499  1,505 540 

550 1.505 1.510 1.516 1.521 1.527 1,532 1,538 1,544 1.599 1.555 1,560 550 
560 1,560 1,566 1,571 1.577 1.583 1.588 1,596 1.600 1,605 1,611 1*617 560 
570 1.617 1.622 1.628 1.636 1 ,639  1,645 1,651 1.637 1.662 1.668 1.674 570 
580 1,676 1.680 1.685 1.691 1.697 1,703 1.709 1.715 1,720 1.726 1,732 580 
390 1 . 7 3 2  1 .738  1 .74~  1 .750  1 .756  1 .762  1 ,767  1 .773  1 ,779  1 ,785  1.791 590 

600 1,791 1.797 1.803 1,80 q 1.~15 1.821 1.827 1.833 1,839 1.865 1.851 600 
610 1.851 1.857 1.863 1.869 1.873 1.882 1,888 1.894 1.900 1,906 1.912 610 
620 1,912 1.918 1.924 1,931 1,937 1.963 1.949 1.955 1.961 1.960 1,974 620 
630 1,97~ 1.980 1,986 1.993 1,999 2.005 2,011 2.018 2.026 2,030 2.036 630 
660 2.036 2.0~3 2.049 2.055 2.062 2.068 2,074 2.081 2.087 2,094 2.100 660 

OEG C 0 l 2 3 4 5 6 7 8 9 10" OEG C 
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TABLE lO.3--T.vpe B thermocouples tconthmed). 

E M F  m Absolu te  Millivolts 
Temperature in Dcgrccs Celsius (IPTS 1968) 

Reference Junctions at 0 C 

PEG ( 0 I 2 3 ~ 5 6 7 8 9 I0 DEG C 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

650 2.100 2.106 2,113 2,119 2,126 2.132 2.139 2.1~5 2,151 2,158 2,164 69,0 
660 2,164 2,171 2,177 2,184 2,190 2.197 2,203 2,210 2.216 2,223 2.230 660 
670 2.230 2,236 2,243 2.249 2.256 2.263 2.269 2.276 2.282 2,289 2,296 670 
680 2,296 2.302 2,309 24316 2,322 2,329 2.336 2,3~3 2,349 2,356 2,363 6 8 0  
690 2 , 3 6 3  2,369 2 , 3 7 6  2.381 2,390 2.396 2,403 2,~10 2,617 2.424 2,430 690 

700 2,~30 2.437 2.444 2+~51 2+~58 2.465 2,472 2,478 2,685 2,692 2,499 700 
710 2,699 2,506 2.513 2,520 2,527 2,534 2.541 2.548 2.555 2,562 2.56~ 710 
720 2,569 2.576 2,583 2,590 2.597 2.60~ Z.611 2,618 2,626 2,632 2.639 720 
73O 2.639 2,6~6 2,653 2.660 2.667 2,67~ 2.682 2,689 2.696 2.703 2.710 730 
740 2,710 2,717 2,724 2.7~2 2.739 2,766 2,753 2,760 2.768 2.775 2.782 760 

750 2 . ~ 8 2  2 . 7 e 9  2 . 7 9 7  2 , 8 0 4  2 , 8 1 1  2 , 8 1 8  2 . 8 2 6  2 . 8 3 3  2 *849  2 . ~ 8  2 , 8 5 5  760 
760 2 . 8 5 ~  2.862 2,869 2.877 2,884 2.892 2,399 2.906 2,914 2,921 2,928 760 
770 2 , 9 2 8  2 , 9 3 6  2 , 9 4 }  2 , 9 5 1  2 , 9 5 8  2 , 9 6 6  2 . 9 7 3  2 . 9 8 0  2 . 9 8 8  2 , 9 9 5  3 , 0 0 3  770 
780 3,003 3,CI0 3,018 3.025 3.0~3 3,040 3.068 3,055 3.063 3,070 3,078 780 
79J 3.073 3.~66 3,693 3,101 3,106 3,116 3.12~ 3 . 1 3 ~  3.139 3,146 3,156 790 

800 3,156 3.162 3,169 3,177 3.105 3,192 3,200 3,208 3,215 3,223 3,231 800 
810 3.231 3,23 ~ 3.2~6 3,25~ 3,262 3.269 3,277 3,285 3,293 3,301 3,30~ 810 
820 3,308 3,316 3,324 3,332 3,360 3,347 3,355 3,363 3.371 3,~79 J.387 820 
830 3,387 3.395 3,602 3,(,i0 3.418 3,626 3,436 3.642 3,450 3.638 3 . ~ 6 6  830 
840 3,~66 3,~74 3,682 3,~w0 3,498 3.506 3.514 3.522 3,530 3,538 3,5~6 840 

850 3,546 3,55~ 3,562 3,570 3,578 3,586 3.59~ J.602 3,610 3.618 3,626 850 
860 3,626 3,631~ 3,643 3,651 3.669 3.667 3.675 3.683 3,691 3.700 3.708 860 
870 3.708 3.716 3.724 3.732 3,741 3.749 3.757 3,765 3,773 3,782 3.790 870 
880 3.790 3.798 3.806 3,815 3,823 3,831 3,8~0 3.848 3.856 3,865 3,873 ~80 
890 3,873 3.881 3,890 3,898 3,906 3.915 3,923 3,931 3,940 3,948 3.957 890 

900 3.957 3.965 3.973 3,982 3.990 3.999 6.007 6.016  6.024 &.032 4,0~I 900 
910 4,041 4.049 4,058 4,066 ~,075 ~,083 6,092 4,100 4,109 6,I17 6,126 910 
920 4,126 4,135 4,143 4.152 4 , 1 6 0  4.169 4,177 6.186 4.195 ~.203 6,212 920 
930 4,212 4.220 4,229 4,238 6.246 4,255 4.26# 4.272 4.281 ~.290 4.298 930 
940 4,298 4.307 6.316 4,325 4.333 4,342 4.351 4,359 ~,368 4,377 6,386 940 

950 4.386 4,396 4.603 4.612 4.421 6,63u ~,~38 6.667 4.456 4,665 ~.47~ 950 
960 4,474 4,483 4.491 6,500 ~,509 4,518 4,527 4.536 6,545 6 , ~ 3  4,562 960 
970 4,562 ~.571 4.580 4*589 4*598 4,607 6.616 6,625 4,634 4,663 4,652 970 
980 6.652 4.661 6,670 4,679 4,688 4.697 4.706 4.715 A.724 4,733 6,762 980 
990 6.742 4,751 4.760 6~769 4.778 4.787 6.796 4 , 8 0 5  ~.814 6.824 6,833 990 

i)000 4.83~ 4,862 6.851 6,860 6,869 4,878 6.887 4,897 4.906 6,915 4,926 I)000 
1,010 4.924 4.933 6,962 4.952 4,961 6,970 6,979 6.989 6.996 5.007 5.016 I)010 
i,020 5.016 5.025 5.035 5,044 5.053 5.063 5.072 5,081 5,090 5.100 6,109 i)020 
i,030 5.109 5,118 5,|28 5,137 5.146 5,156 5.165 5,174 5.184 8,193 5.202 i)030 
i)0~0 5.202 5,212 8,221 5,231 5.240 5,269 5.259 5.268 5,276 5.287 5,297 i)0~0 

l,C~O 5.297 5.306 5.316 5,325 5.334 5.344 5,353 5.363 5.372 5.382 5,391 I3050 
I,060 5.39] 5,401 5.~i0 5,620 5,429 5.~39 5.649 5.658 5,468 5.677 5,487 ~,060 
1,070 5,487 5.696 5.506 8.516 5,528 5.835 5.544 8.554 5.366 5,573 8,883 I)070 
i3089 5.583 5,593 5.602 5,612 5.621 5,631 5,661 5.651 5,660 5.670 5.680 1,080 
1)090 5,680 5,689 5,699 8.709 5,718 5.728 5.738 5.748 5,757 5,767 5.777 1,090 

i,I00 5.777 5.787 5,796 5.306 5,816 5,825 8,836 5,845 5,855 5.865 5.875 I)I00 
i)110 5.875 5,885 5,895 5.90~ 5.914 5,924 5.93~ 5.944 5,95& 5,964 5.973 I)II0 
I)120 5,97~ 5,983 5,993 6,003 6,013 6.023 6.033 6.043 6,053 6.063 6.073 1,120 
i3130 6.073 6.083 6,093 6,102 6.112 6.122 6.132 6.142 6,152 6,162 6.172 I,130 
i,160 6,172 6.182 6.192 6.202 6,212 6.223 6.233 6.243 6.253 6,263 6,273 i~140 

i)150 6.273 6,283 6.293 6,303 b ,3~3  6,323 6.~33 6 , 3 4 3  6 . 3 5 3  6 , 3 6 ~  6.374 I,150 
l)lGO 6.37~ 6.384 6.394 6.604 6.414 6.624 6.&39 6,445 6.485 6,w65 6.475 1.160 
1,170 6 ,475  6 .488  6 ,696  6 ,506  6 .816  6 ,526  6 ,636  6 .5~7  6 .557  6 .867  6 .577  1)170 
I3180 6.577 6,588 6.598 6.608 6,618 6,629 6.639 6.669 6,659 6.670 6.680 1)180  
I3190 6.680 6.690 6.701 6,711 6.721 6,732 6.742 6.752 6.763 6.773 6.783 i)190 

1,200 6.783 6.794 6.804 6,816 6,825 6,838 6,8~6 6.856 6,866 6.877 6,887 1,200 
1,210 6.887 6.898 6.908 6 , 9 1 8  6 . 9 2 9  6,939 6,950 6,960 6,971 6.981 6.991 I3210 
i3220 6.991 7,002 7.012 7.023 7.033 7.044 7,054 7.065 7.075 7,0~6 7.096 i)220 
i)230 7,096 7.107 7,I17 7,128 7.130 7,169 7.159 7,170 7.181 7,191 7,202 ~)230 
I)240 7.202 7.212 7.223 7.233 7,244 7.255 7,265 7.276 7,286 7.297 7,308 1)240 

I)~50 7.308 7.318 7.329 7.339 7,350 7.361 7.371 7.382 7,393 7,403 7.616 I)250 
1,260 7.414 7,425 7,035 7.466 7,457 7.467 7.478 7,W89 7,500 7.810 7.521 I)260 
1,270 7,521 7.532 7,542 7)553 7.566 7,575 7.585 7.596 7.607 7.618 7 . 6 2 8  1,270 
1,280 7,628 7,639 7 , 6 5 0  7.661 7.671 7.682 7.693 7.70~ 7.715 7.725 7.736 13280 
i)290 7,736 7.767 7.758 7,769 7,780 7,790 7.801 7.812 7.823 7,834 7.865 1,290 

DEG C 0 1 2 3 4 5 6 7 8 9 10 Ds C 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 10 ON REFERENCE TABLES FOR THERMOCOUPLES 173 

TABLE 10.3--Type B thermocouples (co, th.~edL 

Tempera lure  in Dqru~s Celsius ( IPTS  1968) 
E M F  in &buolme Mi l l i vo l ts  R e , f e n c e  Jun~ io~s  at 0 C 

PEG C 0 1 2 3 4 5 6 7 8 9 10 DEG C 

THERMO[L~CTR]C VOLTAGE IN AOSOLUTE MILLIVOLTS 

1.300 7,845 7*853 7.866 7*87? 7,888 7.899 7.910 7.921 7*932 7*943 7,933 1.300 
1.310 7*933 7,964 7*975 7*986 7*997 8*008 8.019 8*030 8.041 8,032 8.063 1.310 
1.320 8.063 8*074 8.08~ 8*096 8.107 8,118 8.128 8.  i39 8 .130 8.161 6,172 1.320 
1,330 8.172 6.183 8.194 8*203 8.216 8*227 8.238 8.249 8.261 6*272 8.203 1.330 
1.340 8,283 8.294 8*303 8.316 8,527 8*338 8.349 8.360 8.371 8.382 8.393 11340 

1,~50 8,393 8,404 8.413 8*426 8,437 8,449 8.460 8,471 8*482 0.493 8,504 1.330 
1.560 8*304 8.513 8 .326 8*338 8*349 8*360 8.571 8*382 8*593 8 .604 8+616 1.360 
1.370 8.616 6*627 8*638 8*649 8*660 8,671 8.683 8.694 8,705 8,716 8,727 1,370 
1.380 8.727 e,738 8.7~0 8.761 8.772 8*785 8.795 8.806 8,817 8,828 6*839 1.380 
1,390 8*839 8,851 8.802 8*873 8.88~ 8*896 8.907 8.918 8.929 8.941 8,952 1,390 

1*400 8.9~2 8.963 8.974 8,986 8*997 9.008 9.0~0 9.031 9*042 9*053 9.06~ 1,400 
1~410 9.063 9 .076 9 .087 9*099 9.110 9.121 9 .133 9 .144 9*135 9*167 9 .170 1.410 
1.420 9 .178 9 .189 9.201 9.212 9 .223 9*235 9*248 9*237 9.2~9 9 ,280 9.291 1.420 
1.430 9.291 9*303 9 .314 9*326 9*337 9.340 9~ 9 .371 9.382 9 .394 9*403 1,430 
1,440 9*405 9 .417 9*420 9*439 9.451 9.462 9,474 9,485 9.497 9*508 9.519 1.440 

1.~50 9.519 9.531 9*342 9*534 9.365 9.377 9.588 9.599 9.611 9*622 9*434 1,430 
l , ~ 6 0  9.634 9*645 9*63? 9*668 9 .680  9*691 9 .703 9 .714 9.7~6 9*737 9*748 1.460 
1.470 9,748 9*760 9.771 9*783 9.794 9,806 9*817 9.~29 9*840 9*832 9*863 1t470 
1.480 9*863 9,875 9.886 o*898 9*909 9.921 9.933 9*949 9=9S6 9*967 9.979 1,480 
1,~90 o.979 9*990 10.002 10*013 10.025 1~*036 10*048 10.039 10.071 10.082 10.094 1t490 

1 . 5 0 0  10 .094  l C . I 0 6  1 0 . 1 1 7  1 0 , 1 2 9  1C*140 10 ,152  10 .163  10 .173  1 0 . 1 8 7  1 0 . 1 9 0  1 0 . 2 1 0  1 , 5 0 0  
1,510 10.210 10o221 10,233 10.24~ 10,256 10,268 10,279 10.291 10*302 10,314 10.325 1*510 
1,520 10.325 10.337 10~ 10.360 10.372 10.383 16*395 10 . ;07  10,410 10,430 10,441 1*320 
1,530 10,441 10,~53 10.463 10.476 10,488 10o300 10.511 10,523 10,534 10.646 10*558 1*530 
1,5~0 10.558 10.669 10.581 10,593 10,60k 10~ 10,627 10.639 10.631 10.662 10.674 1*540 

1,530 10.674 IC,686 10.697 10.709 10.721 10,732 10*744 10.756 10.767 10,779 10.790 1*$30 
1+560 10o790 IGo802 I 0 , 0 1 4  10,825 10.837 10.849 10.860 10.872 10.884 10,895 10,907 1.580 
1 , 5 7 0  10*907 IG*919 1 0 . 9 3 0  10 .942  1 0 , 9 5 4  10o965 1~*977 10*989 11 .000  1 1 , 0 1 2  1 1 , 0 2 4  1 . 5 7 0  
1,380 11,024 11.035 11.0~7 1 ! .059  11,070 11,082 11.094 l l * l O b  11.117 1 h 1 2 9  11,141 1,580 
1,590 11.14]  11.162 11,164 11.176 11.187 11,199 11.211 11.222 11.234 11*246 11,237 15390 

1 , 8 0 0  1 1 , 2 5 7  1 1 . 2 6 9  11*281 11 .292  1 1 . 3 0 4  1 1 , 3 1 6  1 1 . 3 2 8  1 1 . 3 3 9  1 1 . 3 5 1  1 1 . 3 6 3  1 1 . 3 7 4  1 . 6 0 0  
1,610 1 ! ,374  11.386 11.398 11.409 11.421 11.433 11.444 11.456 11.468 11*480 11~491 1+610 
] . 620  11*491 11*503 11*515 11*326 1~*538 11*530 11.561 11.573 11.585 11,597 11,608 1,620 
1,630 11.608 ]1 ,6~0  11.632 1 ] .643  11.655 11*o6? 11.678 11~ 11*702 11.714 11~ 1*&30 
1.640 11,725 11,737 1 ! .749  11,760 11.772 11.784 11.795 11.807 11.019 11.830 11.842 11~k0 

1,65L 11.842 11.854 ~1.366 11+877 11.889 11+90] 11o912 11.92~ 11.936 11.947 11.93~ 1.630 
1.660 11,939 11*971 11.983 11.994 12,006 12,018 12.029 12.041 12,033 12.064 12.076 1*660 
11670 12.076 12.088 12.099 12,111 12,123 12.134 12.146 12,158 12.170 12.101 12,193 1.670 
1,680 12,193 12.205 ~2.216 12*228 !2 .240  12.251 12.263 12,~75 12,286 12.~98 12.310 1*600 
1,690 12,310 12,321 12.333 12,345 12.356 12~ 12,380 12.~91 12.403 12.~15 12,426 1,690 

1.700 12,426 12.438 ~2.450 12,461 12,473 12~ 12.496 12.308 12=320 12.331 12,343 1.700 
1,710 12.543 12,535 12.568 12.578 12,590 12.601 12*613 12,624 12.636 12.648 12.659 1t710 
1,720 12,659 12.671 12.683 12.694 12.706 12.718 12.729 12.7~1 12.732 12.764 12.776 1.720 
1+730 12.776 12~ 12.799 12,811 12.822 !2 .534  12.843 12.857 12.869 12.800 12+892 1.730 
! , 740  12,892 12.903 12*915 12,927 12,938 12.950 12.961 12.973 12.983 12.996 13,005 1.740 

1.7~0 131806 1~*019 13.031 13.043 13.054 13.066 13,077 13.089 13.100 13.112 1~.124 1,750 
1.760 13.12~ 13.135 13.147 13.130 13*170 13,181 13.193 13.204 13.216 13.228 13.239 1,760 
1,770 13,239 1~,251 13.262 13.274 13.285 13,297 13.308 13.320 13.331 13.34~ 13.334 11770 
1,780 I~ .334  1~*~66 15*378 13.3~9 13.401 13.412 13,~24 13.4~5 13.447 1 3 . ~ 8  13.470 1,7~0 
1,?90 l~*~Tu 1~,481 13.493 13.504 13.316 15,527 1J*~39 13.550 13,302 ~3.~7~ 13.563 1t790 

1,800 13,383 13.396 13.607 13.619 1"58630 13+642 13.653 13.665 13.676 13.688 13.699 1.800 
1.810 13.699 13.711 15.722 13.733 13.745 13.7~6 13,748 13.779 13.791 13.802 13,614 1~8;0 
1~820 13.814 1+820 

DEG C 0 1 2 3 4 5 6 7 8 9 |0 DEG ( 
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TABLE 10.4--Type E thermocouples (deg F-millivolts). 

Temperature in Degrees Fahrenb it = 

EMF in Absolute Millivolts Re~rence Junctions at 32 F 

DEG F 0 ] 2 3 4 fl 6 7 8 9 10 OEG F 

THL.~OELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLT$ 

-4~0 -9,830 -9*832 -9*833 -9,834 -9*835 -?fiB 

-440 -9*809 -9,812 -9,814 -9,817 -9,819 "9,821 -9,823 -9,825 -9,827 -9*829 -9*830 -440 
-430 -9,77~ -9*779 -9*783 -9*786 -9*790 -9,793 -9*797 -9*800 -9,803 -9,806 -9*809 -430 
-420 -9,729 -9,734 -9,739 -9*744 -9,749 -9*753 -9,7~8 -9*762 -9*767 -9,771 -9,775 -420 
-410 -9,672 ~9,678 -9*884 -9*690 -9*696 -9,702 -9*708 -9,713 -9,719 -9,724 -9,729 -410 
-400 -9,604 -9.611 -9.619 -9*626 -9*633 -9*639 -9*646 -9.6~3 -9.659 -9*666 -9.672 -400 

-390 -9,526 -9,334 -9*542 -9*550 -9*558 -9.566 -9*574 -9.582 -9.589 -9.597 -9,604 -390 
-380 -9,437 -9*446 -9.455 -9*464 -9.473 -9*482 -9.491 -9*500 -9*809 -9.517 -9.526 -380 
-370 -9.338 -9*348 -9*358 -9,368 -9*378 -9.388 -9*398 -9.408 -9.418 -9*427 -9,437 -370 
-360 -9,229 -9,241 -9*252 -9*26)  -9*274 -9,285 -9,296 -9,306 -9,317 -9,327 -9*338 -360 
-350 -9.112 -9.124 -9.136 -9.148 -9.160 -9.172 -9.184 -9.195 -9.207 -9.218 -9.229 -350 

-340 -8.986 -8.999 -9.012 -9*028 -9*038 -9.0w -9*063 -9*075 -9,088 -9.100 -9.112 -340 
-330 -8*852 -8*866 -8*880 -8.893 -8.907 -8.920 -8*934 -8*947 -8t960 -8*973 -8*986 - )30 
-320 -B,710 -8,725 -8,739 -8,754 -8,768 -8,782 -8,796 -8,810 -8,824 -8,838 -8,852 -320 
-310 -8,~61 -8,576 -8,591 -8,606 -8,621 . -8 ,636 -8,651 -8,666 -8,681 -8,696 -8,710 -310 
-300 -8,~04 -8,~20 -8*436 -8,452 -8,468 -8,483 -8,499 -8,514 -8,530 -8,545 -B,561 -300 

-290 -8,240 -8,257 -8,273 -8,290 -8,306 -8,323 -8,339 -8,355 -8,372 -8,388 -8*404 -290 
-280 -8,069 -8*086 -8.104 -8.121 -8* I~D -8.155 -8.172 -8.189 -8.206 -8.223 -8.240 -280 
-270 -7,891 -7*909 -7,927 -7*945 -7*963 -7,981 -7*999 -8,016 -8,034 -8,051 -8*069 -270 
-260 -7.707 -7.726 -7.744 -7 *76 )  -7.781 -7,800 -7,818 -7*837 -7*B55 -7*873 -7.891 -260 
-250 -7.516 -7*535 -7*555 -7*574 -7. f l93 -7.612 "7,631 -7.650 -7*669 -7,688 -7.707 -250 

-240 -7,319 -7*339 -7,359 -7*379 -?*399 -7*418 -7*438 -7,458 -7*477 -7,497 -7,516 -240 
-230 -7*116 -7.137 --7.157 -7.178 -7.198 -7.218 -7*239 --7,259 --7*279 --7*299 --7*319 --230 
-220 -6,907 -6,928 -6.949 -6,970 -6.991 -7.012 -7.033 -7.054 -7.075 -7*095 -7.116 -220 
-210 -6.692 -6,714 -6.735 -6*787 -6*779 -6,800 -6,822 -6,843 -6.864 -6.886 -6.907 -2 ]0  
-200  -6.471 -6.494 -6.516 -6, f l38 -6.560 -6,582 -6*604 -6*626 -6.648 -6*670 -6,692 -200 

- ]90  -6.245 -6*268 -6.291 -6 *3 ]4  -6,336 -6*359 -6.382 -6.404 -6,427 -6.449 -6,471 -190 
-180 -6.013 -6.037 -6,060 -6*084 -6.107 -6.130 -6.153 -6.176 -6.199 -6*222 -6.245 -180 
-170 -5.776 -5*800 -5*824 -5*848 -5*872 -5.896 "5.919 -5.943 -5,967 -5.990 -6.013 -170 
-160 -5.53~ -5.599 -5.583 -5.607 -5.632 -5.656 -5*680 -5.704 -5.728 ~5.752 -5,776 -160 
-150 -5.287 -5.312 -9.337 -5.362 -5*386 -5.411 -5.436 -5,460 -5.485 -5.510 -5,554 "150 

-140 -5.034 -5*060 -5*085 -5.111 -5.136 -5.161 -5.186 -5.212 -5,237 -5,262 -8.287 -1~0 
-130 -4.777 -4.803 -4*829 -4*855 -4*880 -4*906 -4.932 -4.958 -4*983 -5,009 -5*034 -130 
-120 -4.515 -4 ,54 ]  -4 .567 -4.594 -4.620 -~.646 -~.672 -4.699 -4.725 -4.751 -4.777 -120 
-1108 -4,248 -4,274 -4,301 -4,328 -4,385 -~,382 -4,408 -4,435 -4,462 -4,488 -4,518 -110 
-100 -3.976 -4.003 -4.031 -4,058 -4,085 -4,112 -~.139 -4.167 -4.194 -4,221 -4.248 -100 

-90 -3,700 - ) *728  -3*755 -3,783 -3,811 - ) *838 -3,866 -3,894 -3,921 -3,949 -3,976 -90 
-80 -3,419 -3*447 - ) , 476  -3=504 -3,532 -3,560 -3*588 -3,616 -3,644 -3.672 -3.700 -80 
-70 - 3 , ] 3 4  -3,163 -3,192 -3*220 -3,249 -3,277 -3,306 -3,334 -8,363 -3,391 -3,419 -70 
-60 -2,845 -2,874 -2,903 -2,932 -2,961 -2,990 -3,019 -3,048 -8,077 -3,106 -3,134 -60 
-50 -2*552 -2 ,58 t  -2,611 -2*640 -2,670 -2,699 -2,728 -2,758 -2,787 -2,816 -2*845 -90 

-kO -2.254 - 2 . 2 8 4  -2 .314 -2.344 -2*374 -2,~04 -2.438 -2,463 -2,493 -2*522 -2.552 -40 
-30 -1,953 -1*983 -2,014 -2*044 -2,074 -2,104 -2,134 -2,164 -2,194 -2.224 -2,254 -30 
-20 -1,648 -1,678 -1 .709 -1,740 -1,770 -1,801 -1,831 -1,862 -1.892 -1,923 -1,953 -20 
- lO  -1,339 -1,370 -1.401 -1,432 -1,463 -1,494 -1.525 -1,559 -1.586 -1,617 -1,648 -10 
- 0 -1.026 -1,057 -1,089 -1,120 -1,151 -1,183 -1,214 -1,245 -1,276 -1.308 -1,339 - 0 

0 -1,028 -0,994 -0,963 -0,931 -0,900 -0,868 -0,836 -0,805 -0*773 -0,741 -0,709 0 
10 -0+709 -0,877 -0,645 -0,613 -0,581 -0,549 -0,517 -0,485 -0*453 -0=421 -0*389 10 
20 -0,389 -0,357 -0,324 -0,292 -0,260 -0*227 -0,195 -0,163 -0,130 -0,098 -0=065 20 
30 -0.065 -0.033 0,000 0,033 0,065 0.098 0.131 0.163 0.196 0.229 0.262 30 
40 0,262 0,295 0*327 0,360 0*393 0*426 0,459 0.492 0,525 0.558 0.591 40 

80 0,891 01624 0,658 0,691 0,72~ 0.757 0,790 0.824 0,857 0.890 0.924 50 
60 0.92~ 0.957 0.990 1,024 1.037 1.091 1.124 1.158 1.192 h225  1.259 60 
70 1,259 1,292 1,326 1,360 1,394 1,427 1,~81 1,495 1,529 1.563 1,$97 70 
80 1,597 1,631 1,665 1,699 1,733 1.767 1.801 1,835 1.869 1.903 1,937 80 
90 1,937 1,972 2,006 2t040 2*0?5 2,109 2t143 2,178 2,212 2t247 2,281 90 

100 2,281 2,316 2,350 2*385 2,419 2.454 2,489 2.823 2,858 2 ,89)  2.627 100 
110 2*627 2.662 2.697 2*732 2*767 2.802 2;837 2,872 2*907 2.942 2,977 110 
120 2.977 3,012 3.047 3,082 3,117 3,152 ) ,187 3,223 3,258 3,293 3,329 120 
130 3,329 3.364 3,399 3,~35 3*470 )*506 3,541 3,577 8,612 3.648 8,683 130 
140 3,683 3,719 3,755 3,790 3,826 3,862 3,898 3,933 3,969 4,005 4,041 1~0 

DEG F 0 1 2 3 4 8 6 7 8 9 10 DEG F 

�9 Converted from dr162 Cclsiu~ (! PTS 1968 ) 
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TABLE lO.4--Type E thermocouples (continued). 

Temperature in Degrees Fahrenheit ~ 
E M F  in Absolute Millivolts Rc~rencr  Junctions at 32 F 

DEG F O 1 2 3 ~ 5 6 7 B 9 10 DEG F 

THERMOELECTR|C VOLTAGE IN A6SOLUTE MILL[VOLTS 

150 6+041 ~.077 6,113 6.169 ~*185 4,221 4,257 4.293 6�9 6,365 6.601 
160 6.601 6.637 6.676 6.510 4.566 4,582 4.619 4,655 4,691 6.728 6.766 
170 6.766 4.801 4,837 6,874 6.910 6,947 6.983 5.020 5,056 5,093 5,130 
180 5,130 5,166 5.203 5.260 5*277 5.316 5,350 5,387 5,624 5,661 5,698 
190 5,698 5.535 5.572 5.609 5*666 5.683 5.720 5.757 5,794 5.832 5,869 

200 5.869 5.906 5,963 5.981 6,018 6,055 6,092 6,130 6.167 6,205 6.262 
210 6.262 6.280 6,317 6*355 6,392 6,630 6.667 6,505 6,543 6,580 6.618 
220 6,618 6.656 6.693 6.731 6.769 6,807 6.845 6.882 6.920 6.958 6*996 
230 6,996 7*034 7.072 7.110 7.148 7,186 7,226 7.262 7,300 7.339 7.377 
260 7.377 7.615 7.653 7.491 7,530 7.568 7.606 7.665 7*683 7.721 7,760 

250 7.760 7*798 7.837 7*875 7.914 7,952 7,991 8.029 8*068 8,106 8,145 
260 8,165 8.186 8,222 8.261 8,300 8,338 8,377 8,616 8.655 8,694 8,532 
270 8.532 8,571 8,610 8,869 8.688 8,727 8*766 8,805 8,864 8,883 8,922 
280 8.922 8.961 9,000 9*039 9,078 9,118 9,157 9.196 9,235 9,276 9.316 
290 9,316 9*353 9,892 9.432 9,671 9,510 9,550 9,589 9,629 9,668 9,708 

300 9.708 9.747 9*787 9~826 9*866 9.905 9,965 9,986 10,026 10.066 10,103 
310 10 .103 10.163 10.183 10.223 10,262 10.302 i0,362 10.382 I0.~21 10,661 10,501 
320  10,501 10,561 10.581 10�9 10+661 10,701 10,761 10.781 10,821 10,861 10,901 
330  10,901 10,961 10.981 11�9 11.061 11,101 11.162 11.182 11,222 11,262 11.302 
360 11,302 11.363 11.383 11~623 11�9 11.~04 11.566 11,585 11.625 11,665 11,706 

850 11.706 11,766 11,787 11.827 11,868 11.908 11.969 11.989 12,030 12,070 12,111 
360  12,111 12,152 12.192 12.233 12.273 12.316 12,355 12,396 12.636 12,677 12.518 
370 12.518 12,559 12,599 12.660 12.681 12,722 12,763 12,806 12,86~ 12,885 12.926 
380 12.926 12.967 13.008 13.049 13,090 13.131 13,172 13,213 13,25~ 13,295 13,336 
390 13.336 13�9 13,619 13�9 13�9 13.5~2 13,583 13.626 13,666 13,707 13,2~8 

150 
160 
170 
180 
190 

200 
210 
220 
230 
260 

260 
260 
270 
280 
290 

300 
310 
320 
330 
360 

350 
360 
370 
380 
390 

600 13.766 13,789 13.831 13*872 13,913 13,955 13.996 16*037 14,079 16.120 16.161 600 
610 16,161 16.203 16.266 16.286 16.327 16,368 16,610 16,651 16,693 14,53~ 16,576 410 
620 16.576 14.618 16.659 16.701 1~,762 14.784 16,826 14,887 14*909 16,950 14,992 620 
630 16.992 15,036 15.076 15�9 15,1~9 1fi,201 15,2~3 15.28a 15,326 15,368 25,610 630 
660 15,410 15,651 15,693 15.535 15,577 15.619 15,681 15,703 15,765 15.787 15.829 460 

650 15,829 15.871 15.912 15�9 15.996 16.038 16,080 16.123 16,165 16,207 16.269 650 
660 16,249 16*291 16.333 16.375 16.617 16,459 16,501 16,566 16.586 16,628 16.670 660 
6?0 16.670 16*712 16.755 16�9 168839 16.881 16,926 26*966 17.006 17.051 17�9 670 
680 17.093 17,135 17�9 17.220 17*262 17.305 17.367 17.369 17.652 17,674 17.517 680 
4 9 0  17.517 17,559 17.602 17.666 17.687 17,729 17,772 17.816 17.857 17.899 17,962 690 

f lO0 17,962 17.986 18.027 18.070 18,112 18,155 18,197 18,240 18.283 18.325 18.368 500 
510 18.368 18.611 18.653 18*696 18.539 18,581 18.626 18.667 18.710 18,752 18,795 510 
520 18.795 18.838 18.881 18.924 18,966 19.009 19,052 19,095 19.138 19,161 19*Z23 520 
530 19.223 19.266 19.309 19.352 19.395 19,438 19,681 19.624 19.567 19,610 19.663 530 
560 19.653 19,696 19.739 19*782 19.825 19,868 19,911 19,956 19.997 20.040 20,083 560 

550 20*083 20.126 20.169 20,212 20.256 20*299 20*362 20,385 20.428 20.471 20.514 550 
560 20.514 20*558 20.601 20*664 20.687 20,780 20,776 20,817 20.860 20.903 20.9~7 560 
570 20.947 20.990 21,038 21,076 21*120 21,163 21,206 21,250 21,293 21,336 21,380 570 
580 21.380 21*625 21.666 21*510 21.553 21.597 21.840 21,683 21,727 21,770 21,81~ 580 
590 21e814 21.857 21,901 21*9~4 21,987 22.031 22.074 22,118 22.16] 22,205 22,268 590 

6 0 0  22,248 22.292 22.336 22.379 22t623 22.666 22.510 22.553 22.597 22,640 22,684 bOO 
610 22,686 22,728 22.771 22.815 22*859 22,902 22,968 22,989 23,033 23,077 23,120 610 
620 23.120 23.166 23,208 23.252 23.293 23,339 23,383 23.626 23.670 23,514 23.558 620 
630 23.558 23,601 23,665 23,689 23,733 23,777 23,820 23,886 23,908 23*952 23,996 630 
660 23.996 26.039 24.083 2~e127 26�9 24.215 2~,259 24.302 24.346 24*390 24,434 640 

6 5 0  26,636 24.678 26*522 24*566 26.610 26.654 26*698 26.742 24,786 26,829 24.873 650 
660  26,873 26,917 26.961 25*005 25*049 25.093 25.137 23.181 25.225 25.269 25.313 660 
670 25,313 25+357 25.401 25.665 251690 25,634 25.578 25.622 23,666 23.710 25.754 670 
680 25,754 25.798 25,842 25.886 25,930 25.97~ 26,019 26.063 26.107 26.151 26,195 680 
690 26,195 26.239 26,283 26,328 26.372 26,616 26.660 26,50h 26,569 26,593 26,637 690 

700 26.637 26,681 26.725 26,770 26.816 26.858 26,902 26,967 26.991 27.035 27.079 700 
710 27.079 27,126 27.168 27.212 27.256 27,301 27,365 27,389 27.63~ 27,678 27.522 710 
720 27.522 27.566 27.611 27,655 27,699 27.746 27,788 27,832 27,877 27,921 27,966 720 
730 27.966 28.010 28.056 28,099 28.163 28,187 28.232 28,278 28,321 28.365 28,609 730 
760 28,609 28.656 28.698 28,5~3 28.587 28,632 28.676 28.720 28.765 28,809 28,856 740 

750 28.884 28,898 28,963 28,987 29,032 29,076 29.121 29,165 29,210 Z9.284 29*299 730 
760 29.299 29,363 29,388 29.632 29.677 29,521 29,586 29*610 29.655 29,699 29,764 760 
770 29.744 29.788 29.833 29.878 29*922 29.967 30.011 30,056 30,100 30,165 30.190 770 
780 30,190 30.234 30.279 30.323 30,368 30.412 30,~37 30.502 30.566 30*591 30,636 780 
790 30,636 30.680 30.725 30,769 30,816 30.859 30,903 30.948 30.993 31.037 31.082 790 

0E0 F 0 1 2 3 4 

�9 Converted from degree6 Celsius ( [PTS 196~) 

5 6 7 3 9 10 DLG F 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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TABLE lO.4--Type E tkermocouples (continued). 

Temperature  in Degrees Fahrenhei t  = 

EMF in  A b s o l u t e  M i l l i v o h s  R e f e r e n c e  J u n c t i o n s  a t  32  F 

DEG F 0 1 2 3 4 5 6 7 8 9 10 DEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLT$ 

800 31.082 31.127 31.171 31 .216  31.261 31.303 31.350 3 1 . 3 9 5  '31 .439  3 1 . 4 8 4  31.529 800 
810 31.529 31,573 31,616 31.663 31,707 31,752 31.797 31.842 31.886 31.931 31.976 810 
820 31,976 32.020 32.065 32.110 32,155 32.199 32.Z44 32*289 32.334 32*378 32,423 820 
830 32.423 32*468 32.513 32.557 32.602 32.647 32.692 32*736 32.781 32*826 32.671 830 
840 32.871 32.916 32*960 33.005 33*050 39*095 35.140 33.184 33*229 33*274 33.319 840 

850 33.319 33*364 33.408 33.453 35.498 33*548 33.588 33.632 33.677 33.722 33.767 850 
860  33.767  33.812 33.857 3~.901 33.946 33.991 34.036 34,081 34 .126  34.170 34,215 860 
870 34,215 34*260 34,305 36,350 34*395 34,440 34,484 34*529 34*574 34.619 34.664 870 
880 34*664 34*709 36,754 34*798 34*843 34,888 34,933 34*978 35*023 3~*068 35.113 880 
890 35.113 33.157 35,202 35*247 35*292 35*337 35*382 33*427 35.472 35.517 35*562 890 

900 33,~62 35*606 55,651 39*696 35,741 35,786 35.831 38,876 35,921 35.966 36.011 900 
910 36.011 36.056 36 .100  36*145 36.190 36.235 36 .280  36 .325  36*370 36.415 56.460 910 
920 36*460 36*505 36*550 36*595 36*640 36*684 36*729 36*774 36,819 36*8(~. 36*909 920 
930 36,909 36*954 36*999 37*044 37*089 37,134 37,179 37.224 37.269 37.314 37*358 930 
940 37.338 37*403 37*448 37*493 37*538 37*583 37,628 37*673 37*71B 37*763 37.808 940 

930 37*808 37*853 37*898 37*943 37.988 38*033 38.078 38.123 38.168 38.213 38*257 9~0 
960 38,257 38*302 35*347 38*392 38.437 38*482 38.527 38,572 3t l .617 38.662 38.707 960 
970 38*707 38*752 38*797 38*842 38 ,887  38*932 38 ,977  39*022 39*067 39.112 39.157 970 
980 39.157 39,202 39,247 39,291 39,336 39,381 39,426 39,471 39,516 39.561 39,606 900 
990 39,606 39,651 59,696 39,741 39,786 39.831 39,876 39,921 39,966 40.011 4 0 . 0 5 6  990 

l tO00  40*036 40.101 40 .146  40.191 40*236 40*250 40.325 40 .370  40.615 40*460 60*505 1*000 
1,010 40*505 40*350 40.595 40.640 40*683 40,730 40.775 40 ,820  40,863 40,910 40*935 1 . 0 1 0  
1,020 40 .955  41*000 41 .045  41*090 41 .234  41,179 41 ,224  41o269 4 t . 3 1 4  41 ,339  41 ,404  I*OZO 
1 ,030 41 .404  41.449 41.494 41,539 41.584 41.629 41*674 41 .719  41,764 41 ,808  41,853 1,030 
1.040 41,853 41.898 41 .943  41.988 42,033 42.078 42.123 42 .168  42.213 42.258 42*303 1.040 

1,050 42*303 42*348 42 .392  42*43? 42.482 42.527 42.372 42 ,617  42*662 42 .707  42*732 1J050 
1.060 42.752 42*797 42.842 42*886 42,931 42.976 43,021 43 .066  43.111 43.156 43.201 1.060 
1*070  4 3 . 2 0 1  43*246  4 3 . 2 9 0  4 3 * 3 3 3  43*380  43*425  4 3 * 4 7 0  4 3 . 5 1 5  4 3 * 5 6 0  43*605  4 3 , 6 5 0  1 .O70 
1.080 43*650 43.694 43 .739  43.754 43*829 43*874 43.919 43*964 44*008 4 t *053  44*096 1.080 
1,090 44 ,098  44,143 44 .188  44*233 44 ,278  44.322 44.367 44.412 44.457 44*502 44,547 11090 

1,100 44,547 44,392 44*636 44*681 44,726 44,771 44 ,816  44,861 44.905 44*950 44 .995  1,1040 
1,110 44,995 45,040 45.085 45,130 45,174 45.219 45 ,264  43 .309  45*354 45*398 48,443 1,110 
1,120 45,443 45*488 45*533 43,578 45*622 45*667 45,712 45*737 45*802 45*846 45 ,891  1,120 
1.130 45.891 45*936 ~5.981 46.025 46*070 ~6.115 46.160 46*205 46 .249  45 .294  46*339 1.130 
1,140 46.339 46.384 46.428 46*473 46.518 46.563 46*60? 46.652 46*697 46.742 46.786 1.140 

1 . 1 5 0  46*786 46,831 46.878 46,921 46.965 47.010 47*055 47*099 47,144 47 ,189  47*234 1,150 
1.160 47 .234  47*278 47~ 47*368 47.412 47,457 47*502 47 ,546  47.391 47.636 47.681 1.160 
1.170 47,681 47*725  47+770  4 7 . 8 1 5  47*859  4 7 . 9 0 4  4 7 . 9 4 9  47*993  4 8 . 0 3 8  48*083  48.127  1.170 
1 . 1 8 0  4 8 , 1 2 7  4 8 . 1 7 2  ~ 8 . 2 1 7  4 8 . 2 6 1  4 8 * 3 0 6  ~ 8 . 3 5 1  4 8 * 3 9 5  4 8 . 4 4 0  4 8 * 4 8 4  4 8 * 5 2 9  4 8 . ~ 7 4  11180 
1 , 1 9 0  4 5 . 5 7 ~  48*618  4 8 . 6 6 3  48*708  48*752  4 8 . 7 9 7  4 8 . 8 4 2  4 8 . 8 8 6  4 8 . 9 3 1  4 8 . 9 7 5  49*020  1 . 1 9 0  

1 . 2 0 0  4 9 . 0 2 0  49*065  ~9*109  ~ 9 . 1 5 4  4 9 . 1 9 8  6 9 . 2 4 3  4 9 * 2 8 8  4 9 . 3 3 2  49*377  4 9 . 4 2 1  4 9 . ' 6 6  2*200 
1.210 49*466 49,510 49.555 49*600 49*644 49*689 49*733 49*778 49t822 49*867 49.911 1.210 
1,220 49.911 49*956 50.001 50.045 5~*090 50.134 30,179 50,223 50.268 5 0 . 3 1 2  50,357 1.220 
I *230  5~.357 50*401 50*446 50*490 50,~35 50*579 50.624 50.668 50*713 50*757 50.802 1.230 
1.240 50.802 50*846 50,891 50.955 50,980 51.02& 51.069 51*113 51.157 51.202 51.246 1.240 

1.250 31.246 51.291 51.335 51.360 51.424 51.469 51.513 5 ] . 5 5 7  51.602 51.646 51.691 1.250 
1.260 51.691 31.735 ~1.780 51.824 51.868 51.913 51,957 52*002 52*046 32*090 52.155 1.260 
1.270 52.135 52.179 52*223 52*266 52.312 52*357 52.401 52*445 ~2.490 52*534 52*578 1.270 
1.280 52,578 52.623 92.667 52.711 32*736 52*800 52,84~ 52.889 52.933 52*977 53*022 1 .280 
1 . 2 9 0  5 3 . 0 2 2  53*066  5 3 . 1 1 0  5 3 . 1 5 5  5 3 . 1 9 9  53*243  5 3 * 2 8 8  53*352  53*376 53*420  53*465  1 . 2 9 0  

1 . 3 0 0  53*465  53*509  53*553  5 3 . 5 9 7  53*642  53*686  53*730  53*774  9 3 . 8 1 9  53*863  53*907  1 . 3 0 0  
1.310 53.907 53*951 53*996 54.040 54.084 54.128 54.173 54.217 54.261 54.305 54 .3 *9  1*310 
1,320 54.349 54.394 54,438 54,482 54.526 54,570 54+615 54.659 54.703 54.747 54,791 11320 
1.330 54.791 54*835 5~.880 54*924 54*968 55.012 55.056 55.100 55.145 55.189 55.233 11330 
1 . 3 4 0  5 5 , 2 3 3  5 5 . 2 7 7  9 5 . 3 2 1  55.365 55.409 5 5 . 4 5 3  5 5 . 4 9 8  5 5 . 5 4 2  ~ 5 . 5 8 6  55 .63Q 5 5 . 6 7 4  16340  

1,350 55,674 55.718 55.762 55*806 55,850 55*894 55,938 55*982 56*026 56,071 56,115 1,350 
1.360 56,115 56.159 56.203 56,247 56.291 56,335 36.379 56.423 56*467 56.511 56.555 1.360 
1.370 56,555 56*599 56*643 56.687 56.731 56*775 56.819 56*863 56*907 56.951 56*995 1.370 
1.380 56*995 57*039 57*083 37.127 57.171 37.215 57*259 57*303 57.346 57.390 57*434 1.380 
1*390 57*434 57*478 57.522 57*566 57.610 57.654 57.898 57*742 57*786 57*830 57.873 1.390 

1.400 57*873 57.917 ~7.961 58.005 58*049 58*095 58*137 38.181 58*224 58*268 58,312 1.400 
1.410 38.312 58.356 58.400 58.44~ 58.487 58.531 58.575 58.619 58*663 58.707 58.750 1.410 
1.420 58,750 58.794 58,838 58.882 58,926 58.969 59.013 59.057 59*101 59.144 59.188 1.420 
1.430 59,188 59.232 39*276 59*319 59,363 59*407 59,451 59*494 59*538 59.582 59.626 1.430 
1*4~0 59.626 59*669 ~9.713 59*757 59*800 59*846 59.888 59*932 59.975 60*029 60*063 1,440 

OI~G F 0 1 2 3 ~* 5 6 ? 8 9 10 DEG F 

�9 C o n v e r t e d  from dr  Co|site* ( I P ' I S  1968). 
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TABLE lO.4--Type E thermocouples (continuedj. 

Temperalure In Degrees Fahrenheit ~ 
E M F  in Absolute Mi l l ivo l ts  Rc~rcncc Junctions at 32 F 

OEG F o ] 2 3 ~ 5 ~ T 8 9 10 DIG F 

THERMOELECTRIC VOLTAG6 IN ABSOLUTE MILL[VOLTS 

I~50 60,06~ 60.106 60.150 60,194 60,237 60.281 60,325 60,368 60.412 60,~65 60,499 1,450 
1 . ~ 6 0  6 0 . 4 9 9  6 0 . 5 ~ 3  6 0 * 5 8 6  6 0 . 6 ~ 0  6 0 . 6 7 4  6 0 . 7 1 7  6 0 . 7 6 ~  6 0 . 8 0 4  6 0 . 8 4 ~  6 0 . 8 9 2  6 0 . 9 3 5  1+~60 
111,70 60+g35 6 0 ~  61o022 6 1 . 0 6 6  6 1 . 1 0 9  6 1 . 1 5 3  6 1 . 1 9 7  6 1 . 2 4 0  6 1 . 2 8 4  6 1 . 3 2 7  6 1 . 3 7 1  l , ~ 7 0  
1 ,~80  6 1 . 3 7 1  6 1 . 4 1 4  6 1 . 4 5 8  61o501 61o545 61o588 6 1 . 6 3 2  6 1 . 6 7 5  6 1 , 7 1 9  61o762 6 1 . 8 0 6  l t ~ 8 0  
i,~90 61.806 61.849 61,893 61.936 61.980 62.023 62.067 62,110 62.15~ 62.197 62,240 I,~90 

1,500 62~ 62.28~ 62.327 62+37| 62,~14 62.458 62.50[ 62.544 62.588 6 2 . 6 3 1  62.675 1,500 
1,510 62.675 62.718 62.761 62.805 62~ 62~ 62,935 62.978 63.022 63.065 63.I08 1,510 
1,520 63,108 63,152 63.195 6~,238 63.282 6B,Z2B 63~ 63,412 63~ 63~ 63.542 1,620 
1,530 63.542 63.565 63,628 63~ 63.715 63~ 63~ 63.844 63.888 63.931 63,97~ 1,530 
l,S&O 63.97~ 64,017 6~~ 6~~ 64~ 6~+190 64.234 64+277 64.320 6~.363 64.406 1,540 

1,550 6~.406 64,~50 64,493 6&.536 64.579 64.622 64~ 64,709 64,752 64.795 64.838 1,550 
1,560 6~,838 6a~ 6~~ &4~ 65,011 65.054 65.097 65.140 65,183 65.226 65,269 1,560 
1,570 65.269 65.312 65.355 65.398 65.441 65+484 65+528 65.571" 65.614 65,657 65.700 1,570 
],580 65.700 65.743 65.786 65.829 65.072 65~ 65.958 66.001 66.044 66o087 66+130 1,5~0 
1,590 66.130 66.173 66.216 66.259 66~ 66~ 66.387 66.~30 66,473 66.516 66,559 1,590 

1,600 66~ 6 6 . 6 0 2  66,645 6 6 . 6 8 8  66.731 66,774 66,817 66.668 66,902 66.9~5 66,988 1,600' 
1,6~0 66.988 67,031 67,974 67=]17 67.159 67.Z02 67.245 67.288 671331 67.374 67.416 1,610 
I*62e 67.416 67.~59 67.502 67.545 67.588 67~ 67.673 67~ 67.759 67~ 67.844 1,620 
1,63C 67~ 67.887 67.930 67~ 68.015 68.058 68.101 68,143 68.186 68.229 68.271 1,630 
1,640 68,271 68.314 68.357 68~ 68*442 68oW85 66.527 68*570 68,613 68.655 68.698 1,640 

1,650 68.698 68.740 68.983 68.826 68+868 68+911 68,95~ 68~ 69*039 69,081 69.124 1,650 
1,660 69,124 69~ 69~ 69+251 69.294 69.337 69+379 69.422 69.464 69*507 69.549 1,660 
1,670 69.549 69.592 69~ 69.677 69.719 69,762 69,804 69.847 69.889 69.931 69,97~ 1,670 
1,680 69~ 70.016 70.059 70.I01 70.144 70,186 70,228 70,271 70.~13 70~ 70~ 1,680 
1,690 70.393 70*440 70.483 70*525 70.567 70*&10 70.652 70.694 70*737 70.779 70.821 1,690 

1,700 70,821 70,864 70.906 70.9~8 70~ 71,033 71~ 71.118 71~ 71o202 71,244 1,700 
1,71C 71.244 71.287 71.329 71*371 71.413 71,456 71~ 71,560 71.582 71.62~ 71,667 1,710 
1,720 71.667 71.709 71.751 71.793 71.835 71.878 7~,920 71,962 72*004 72*046 72.088 1,720 
i+730 72.088 72.130 72,17~ 72.~15 72~ 72.299 72~ 72~ 72*425 72,467 72.509 1,730 
1,740 72.509 72.551 72.59~ 72.635 72*678 72.720 72.762 72.804 72.8W6 72,U88 72,930 It740 

1,750 72.930 72.972 73.014 73,056 73.098 73.140 73,182 73.224 73.266 73.306 73.350 1,750 
1,760 73.350 75.392 73.434 73,475 731517 73,659 73.601 73,643 73+685 73,727 73.769 1,760 
1,770 73.769 73.811 73.853 73,895 73.936 73.978 74.020 74.062 74-i0~ 74,14~ 7~.188 1,770 
1,780 74.188 74,229 7~,271 7~.313 74,355 74.397 74~ 74~ 74,522 7~.564 74~ 1,780 
1,790 7~~ 7~,648 74~ 74,7~i 7~*773 74.815 74.857 74.898 74,9~0 74,962 96.02~ 1,790 

1,800 75~ 75.065 75.107 75.149 75+191 75.232 75.274 75.316 75.357 75.399 75.&~| 1,800 
1.810 75o~I 75,&83 75.524 75.566 75.608 75,649 75.691 75.733 75~ 75,816 75,858 i18~ 0 
I,820 75.858 75~ 75.941 75o98~ 76.024 76.066 76.108 76o149 76.191 76,233 76~ It820 
1.8~0 76.274 76~ 76.358 

1,830 

~E6 F 0 1 2 3 ~. 

�9 Converted from degrees Celsius (I PTS 1968). 

6 ? 8 9 10 DEC 
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178 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE lO.5--Type E thermocouples ((leg C-millivoits). 

Temperature in Degrees Celsius ( IPTS 1968) 
E M F  in Absolute Mi l l ivo l ts  Re~rencr Jun~ions at 0 C 

PEG C 0 i 2 ~ 4 5 6 7 8 9 I0 DEG C 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

-270 -9.838 - 2 7 0  
-260 -9.797 -9*802 -9*808 -9.813 -9.817 -9.821 -9.825' -9 .828 -9.831 -9.833 -9.838 - 2 6 0  
- 2 5 0  -9 .719 -9.728 -9.737 -9.746 -9.754 -9.762 -9.770 -9.777 -9*786 -9.791 -9.797 -250 

-240 -9*604 -9.617 -9.690 -9*642 -9*654 -9.666 -9*677 -9*688 -9*699 -9.709 -9,719 -240 
-230 -9.458 -9*472 -9.488 -9*803 -9.819 -9.834 -9*849 -9.563 -9.877 -9.591 -9*604 " 2 3 0  
-220 -9.274 -9.293 -9.313 -9.332 -9.380 -9.368 -9.386 -9.404 -9.421 -9,438 -9,458 -220 
-210 -9.068 -9.035 -9.107 -9.129 -9.181 - 9 . ] 7 2  -9.193 -9.214 - 9 . 2 3 ,  -9 .284 -9.274 -210 
-200 -8 .824 -8.850 -8.874 -8,899 -8.923 -8.947 -8.971 -8.994 -9*017 -9.040 -9.063 -200 

-190 -8.561 -8.888 -8.615 -8*642 -8.669 -8.696 -8.722 -8*748 -8.774 -8,799 -8,824 -190 
-180 -8.273 -8.303 -8*333 -8*362 -8.391 -8*420 -8,449 -8.477 -8.808 -8,833 -8.561 -180 
-170 -7.963 -7*998 -8.027 -8.088 -8*090 -8.121 -8,152 -8,183 -8*213 -8~ -8*273 -170 
-160 -7.631 -7.665 -7.699 -7*733 -7*767 -7.800 -7*833 -7.866 -7*898 -7.981 -7*963 -160 
-150 -7*279 -7.315 -7.351 -7*387 -7*422 -7.458 -7*493 -7.828 -7*562 -7.897 -7.631 -150 

-140 -6,907 -6*948 -6*983 -7*020 -7*058 -7*095 -7.132 -7.169 -7*206 -7*243 -7,279 ' -140 
-130 -6.516 -6*556 -6.596 -6.635 -6.678 -6,714 -6.753 -6*792 -6*830 -6.869 -6*907 -130 
-120 -6.107 -6,149 -6.190 -6.231 -5*273 -6.314 -6.354 -6.398 -6*436 -6.476 -6.816 -120 
-110 -5*680 -5*724 -5.767 -8.810 -8.883 -8.896 ~5.988 -5.981 -6.023 -6.068 -6.107 -110 
-100 -5.287 -5.282 -5.327 -5.371 -5.416 -8.460 -8*508 -5*849 -8.598 -8.637 -5.680 -100 

-90 -4,777 -4.824 -4.870 -4.916 -A.963 -5.009 -5,088 -5.100 -8.166 -5,191 -5~ -90 
-80 -4.301 -4.350 -4,398 -9.446 -4,493 -4,541 -4.588 -4*636 -9,688 -4,730 -6.777 -80 
-70 -3.811 -3.860 -3.910 -3.959 -4,009 -4.058 -4,107 -4.186 -4.204 -4,283 -4.301 -70 
-60 -3,306 -3*387 -3,408 -3,459 -3*509 -3.860 -3.610 -3,661 -3.711 -3.761 -3.811 -60 
-50 -2,787 -2,839 -2,892 -2.944 -2.996 -9,048 -3.100 -3.162 -3.205 -3.254 -3*306 -50 

-40 -2.254 -2,308 -2,362 -2,416 -2,469 -2*522 -2.878 -2.628 -2.681 -2,734 -2,787 -40 
-30 -1,709 -i.764 -1.819 -1,874 -h929 -i,983 -2.038 -2*092 -2.146 -2,200 -2,284 -80 
-20 -1.181 -I.208 -i.264 -1,320 -i.376 -1.482 -i.487 -1,543 -I.599 -I.654 -1.709 -20 
-10 -0.881 -0,639 -0*696 -0.784 -0.011 -0;858 -0*925 -0*982 -1.088 -1.095 -I*181 -i0 
- 0 0,000 -0*059 -0.117 -0.176 -0*234 -0.292 -0~ -0*408 -0*465 -0*524 -0,581 - 0 

0 0.000 0,059 0,118 0,176 0*235 0.298 0*389 0.413 0*472 0*532 0,591 0 
i0 0.591 0.651 0,711 0.770 0*830 0.890 0.950 1 , 0 1 1  I*071 1.131 1.192 I0 
20 1,192 1.252 1.313 1.373 1.484 1,498 1,586 1*617 1.678 1,739 1.801 20 
30 1.801 1,862 1.924 lt988 2+047 2.109 2.171 2*233 2*295 2*357 2,419 30 
40 2.419 2,482 2.5~4 2t607 2.669 2.732 2,795 2*888 2 * 9 2 1  2.984 3.0a7 40 

50 3.047 3.110 3.173 3.237 3,300 3.364 3.428 3,491 3,555 3,619 3.683 80 
60 3.683 3,748 3.812 3.876 3,941 4.008 4.070 4,134 4.199 4.264 9*329 60 
70 4.329 4.394 4,~59 4,524 4.590 4.658 4,720 9,786 4*852 4.917 4*985 70 
80 4.983 5.049 5.I18 5,181 5*247 5*314 5,380 5*446 5.813 8.579 5*646 80 
90 5.646 5.713 5,780 5*846 5,913 8.981 5,048 6.115 6.182 6.250 6.317 90 

I00 6.317 6*385 6*482 6*520 6*888 6.656 6*724 6,792 6*860 6*928 6.996 i00 
| I0 6*996 7 * 0 6 9  7.133 7.201 7*270 7 * 3 3 9  7.40T 7.476 7 * 5 4 5  7.614 ?*683 I I0 
120 7.683 7.752 7,821 7,890 7.960 8.029 8.099 8.168 8.238 8.307 8,377 120 
130 8.377 8,447 8.517 8.587 8.657 8,727 8.797 8.867 8*938 9,008 9,078 130 
140 9,078 9.149 9*220 9.290 9.361 9.432 9.803 9.873 9 . 6 A 4  9.718 9,787 140 

150 9*787 9.858 9*929 10.000 10.072 10.143 10.215 10,286 10.388 10.429 ~0.501 180 
180 10*501 10.573 10,645 I0*717 I0.789 I0.861 10.933 i I ,005 11.077 I I ,150 11.222 160 
170 II.222 II,294 11.367 11,439 11,512 11.588 Ii.G57 II.730 11,803 11.876 II,949 170 
180 11.949 12.022 12.095 12.168 12.241 12.314 12.387 12.461 12.534 12.608 12.681 180 
190 12.681 12.755 12.828 12.902 12*975 13t049 13.123 13.197 13*271 13.345 13.419 190 

200 13.419 13,493 13.567 13.641 13.715 13.789 13.86~ 13.938 14.012 14.087 14,161 200 
210 14.161 14.236 14.310 14.385 14.460 14.534 14.609 14.684 14.789 14.834 14.909 210 
220 14.909 14.984 15.059 15.134 15.209 18.284 15.389 15.435 18.510 15.588 18.661 220 
230 15,661 15.736 15,812 15,887 15,963 16.038 16.114 16.190 16*266 16.341 16.417 230 
240 16.417 16.493 16.569 16.645 16.721 16,797 16.873 16.949 17.025 17.i01 17.178 240 

250 17.178 17.254 17.330 17.~06 17.483 17.889 17.636 17.712 17*789 17.865 17,9~2 250 
260 17*9~2 18.018 18.095 18.172 18.248 18.325 18.402 18.479 18,586 18.633 18.710 260 
270 18.710 18.787 18.864 18.941 19.018 19.095 19.172 19.249 19.326 19.404 19.~81 270 
280 19.981 19.558 19.636 19,713 19,790 19.868 19.945 20.023 20,100 20.178 20*286 280 
290 20.256 20.333 20.411 20.a88 20.866 20.644 20.722 20.800 20*877 20.955 21.033 290 

300 21.033 21.111 21.189 21.267 21.345 2h423  21.501 21.679 21.687 21.735 21.814 300 
310 21.814 21.892 21.970 22*048 22.127 22.205 22*283 22*362 22.4~0 22.518 22*597 310 
320 22.597 22.675 22*754 22.832 22.911 22.989 23.068 23.147 23.225 23.304 23.383 320 
330 23.383 23.461 23.540 23.619 23.698 23.777 23.855 23.934 24.013 2~*092 24.171 330 
340 24,171 24.250 24,329 24,408 2~*487 24.566 24.645 24,724 24*803 24.882 24.961 340 

DE& C 0 ] 2 3 ~ 5 6 ? 8 e 10 DEG C 
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TABLE 10.S--Type E thermocouples (continued). 

E M F  m Absolute Mtlt ivolts 
Temperature in Degr~s Celsius ( IPTS 1968) 

Reference Junctions at 0 C 

PEG C 0 t 2 3 ~ 5 6 7 8 9 10 DEG C 

THERMOELECTRIC VOLTAGE IN ABSOLUTE M|LL[VOLT8 

390 24*961 25.041 25.120 25.199 25*278 25*337 25.437 25.516 25*595 25.675 25*754 350 
360 25.754 25.833 25.913 25.992 26.072 26,151 26.230 26.310 26.389 26.469 26*549 360 
370 26*349 26.628 26.708 26.787 26*867 26.947 27*026 27.106 27.186 27.265 27.365 370 
380 27.345 27.425 27.504 27.~84 27*664 27.744 27.824 27.903 27*983 28.063 28.143 380 
390 28,143 28*223 28,303 28*383 28*463 28.543 28*623 28.703 28.783 28.863 28.943 390 

400 28*943 29.023 29.103 29.183 29*205 29*343 29.423 29.~03 29.584 29.664 29*744 400 
410 29.744 29.824 29*904 29,986 30*065 30.145 30.225 30.305 30*386 30.466 30.546 410 
420 30,646 30*627 30.707 30*787 30*863 30.948 31.028 31.109 3h189  31.270 31.390 420 
430 31,350 31.430 31.511 31.591 31.672 31,752 31.853 31.913 31o994 32*074 32.155 430 
440 32.155 32*235 32.316 32*396 32*477 32,557 32,638 32.719 ~2.799 32*880 32*960 440 

450 32,960 33.041 33.122 33.202 33*283 35.364 33*444 33*~25 33*605 33*686 33*767 450 
460 33,767 33.848 33.928 34.009 34.090 34.170 34,251 34.332 34.413 34*493 34.574 460 
470 54.~74 34.655 34.736 34.816 34.897 34.973 35*059 35.140 35*220 35.301 35*382 ~70 
480 35*382 35*463 35,596 35*624 35*705 35,786 35*867 35*948 36*029 36.109 36.190 480 
490 36.190 36.271 36*352 36.433 36.514 36*595 36*675 36*756 36*837 36.918 36*999 490 

500 36*999 37*080 37.161 57*242 37*323 37.403 37,484 37*565 37*646 37.727 37,606 500 
510 37*808 37*889 37*970 38*05] 38.132 38.213 38*293 38*374 38*455 38*536 38.617 510 
520 38.617 38*698 38*779 38*860 38.941 39*022 39.103 39.184 39.264 39.345 39*426 520 
530 39*426 39*507 39*588 39*669 39*750 39.831 39.912 39*993 40*074 40.155 40.236 530 
540 40*236 40.316 40*397 40*4?8 40*559 40*640 40.721 40*802 40*883 40*964 41.045 540 

550 41.045 41.125 41.206 41.287 61.368 41.449 41.530 41,611 41.692 41.773 41.853 550 
560 41.853 41,954 42.015 42*096 42.177 42*258 42*339 42.619 42*500 42.681 42,662 360 
570 42*662 42*743 42*824 42*904 42*985 43*066 43o147 43*228 43*308 43*389 43*470 570 
580 43*470 43.551 43*632 43.712 43*793 43*874 43*955 44*035 44.116 44.197 44.278 580 
590 44*2?8 44*358 44*439 44*520 44.601 44,681 44*762 44*843 44*923 45*004 451085 590 

600 45.085 43.165 45*246 45*327 45,407 45.488 45.569 45.649 45*730 45.811 ~5.891 600 
610 45.891 45.972 46.052 46.133 46.213 46.294 46.375 46.455 46.536 46.616 46.697 610 
620 46.697 46,777 46.858 46*938 47,019 47.099 47.280 47?260 47.341 47.421 47.502 620 
630 47,502 47*582 47.663 47,743 47,824 47,904 47*984 48*065 48.~45 48*226 48*306 630 
640 48.306 48,386 48.467 48,547 48,627 48,708 48*788 48.866 48*949 49*029 49.109 640 

650 4"9.109 49.189 49.270 49*350 49*430 49.510 49.591 49.671 49.751 49.831 49.911 650 
660 49.911 49,992 50*072 50.152 50.232 50.312 50*392 50.472 50.553 50*633 50.713 660 
670 50.713 50,793 50*873 30.953 51.033 51.I13 31.193 51.273 51.353 51.433 51.513 670 
680 51,513 51,593 51.673 51.753 51.833 51.913 51.993 52.073 52.152 52.232 52.312 680 
690 52.312 52*392 52*472 52.552 52.632 52.711 52.791 52,871 52.951 53.031 53.110 690 

700 53.110 53,190 53.270 53*350 53,429 53.509 53*589 53*668 53.768 53.828 53.907 700 
710 53,907 53.987 54.066 54.146 54.226 54.305 54.385 54.464 ~4,544 54,623 54.703 710 
720 54*703 54*782 54*862 5~.941 55.021 55.100 55.180 55*259 55*339 55.418 55*498 720 
730 55*498 55.577 55*656 55*736 55.815 55*894 55*974 56*053 56.132 56.212 56.291 730 
740 56*291 56.370 56.449 56.529 56.608 56.687 56*766 56.845 ~6.924 57.00~ 57*083 740 

750 57,083 57.162 57.241 57.320 57,399 57*~78 57*557 57*636 57.715 57.794 57.873 750 
760 57.873 57*952 58.031 58.110 58.189 58*268 38,347 58.426 58.505 58*584 58+663 760 
770 58*663 58.742 58.820 58*899 58.978 59*057 59.136 59.214 59.293 59*372 59.451 770 
780 59.451 59.529 59.608 59.687 59*765 59*844 59*923 60*001 60.080 60.159 80*237 780 
790 60.23T 60 .316 60*394 60*473 60.551 60.630 60.708 60.787 60.865 60 .964 61.022 790 

800 61.022 61.101 61.179 61.258 61.336 61.414 61*493 61.571 61*649 61.728 61.806 800 
810 61.806 61.886 61.962 62.041 62.119 62,197 62.275 62*353 62.43~ 62.810 62.588 810 
820 62.588 62.666 62.744 62.822 62*900 62*978 63.056 63.134 63.212 63*290 63*368 820 
830 63*368 63.466 63,524 63.602 63*680 63.758 63*836 83.914 63.99~ 64.069 64.147 830 
840 64,147 64.225 64.303 64*380 64.458 64.536 64,61~ 64,691 6~.769 64.847 64.924 840 

850 64.924 65*002 65*080 65.157 65.235 65.312 65*390 65.467 65*545 65*622 65*700 850 
860 65.700 65,777 65.855 65.932 66.009 66.087 66.164 66.241 66.319 66,396 66.473 860 
870 66.473 66.~51 66*628 66*705 66*782 66*859 66.937 67.014 67.091 87.168 67*245 870 
880 67.245 67.322 67.399 67.476 67*553 67*630 67.707 67*784 67.861 67*938 68.015 880 
890 68.015 68*092 68*169 68*246 68*323 68*399 68*476 68*553 68.630 68*706 68.783 890 

900 68*783 68*860 68.936 69.013 69*090 69.166 69*243 69*320 69*396 69*473 69*549 900 
910 69*549 69.626 69*702 69.779 69*855 69.931 70*008 70.084 70.161 70*237 70.313 910 
920 70.313 70*390 70*466 70*542 70,618 70*694 70,771 70.847 70.923 70*999 71.075 920 
930 71.075 71.151 71.227 71*30~ 71.360 71*456 71.532 71.608 71.683 71.759 71.835 930 
940 71.635 71.911 71.987 72.063 72.139 72.215 72.290 72.366 72.442 72.518 72.593 940 

950 72.593 72.669 72.745 72.820 72.896 ?2.972 73*047 73.123 73.199 73*274 73.350 950 
960 73,350 73,425 73.501 73.576 73,652 73,727 73.802 73~ 73.953 74.029 74.104 960 
970 74.104 74.179 74.255 74*330 74,405 74,480 74.556 74.651 74.706 74,781 74,857 970 
980 74,857 74,932 75.007 75.082 75.157 75*232 75*307 75,382 75.458 75.533 75*608 980 
990 75*608 75*683 75*758 75*833 75*908 75*983 76*038 76.133 76.208 76~ 76*358 990 

1.000 76*358 1,000 

DE~ C 0 1 2 3 ~ 5 6 7 8 9 10 DEG C 
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180 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.6--Type J thermocouples ((leg F-millivolts). 

NOTE--The maximum recommended temperature limit for Type J thcrmocouples is 1400 F (760 C) as specified m Table 
2. Extension of the Type J tables beyond 1400 F gives temperature-electromotive force data to 2192 F (1200 C). This eaten- 
sion is a mathematical extrapolation based on limited calibration data and caution should be exercised in its use. The basis 
f o r  the extended curve is discussed in NBS Monograph 12~. 

It should be noted that limits of error for Type J thermOcouples (Table 1 ) do not apply above 1400 F (760 C ). 

T e m p e r a t u r e  in  Degrees F a h r e n h e i t  ~ 

E M F  in Absolute Millivohs Reference Junctions at 32 F 

DEG F 0 I 2 3 6 5 6 7 8 9 10 DEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILL IVOLT8 

- 3 5 0  - 8 . 1 3 7  - 3 ~ 0  

- 3 ~ 0  - 8 , 0 3 0  - 8 . 0 4 1  - 8 * 0 5 2  - 8 * 0 6 3  - 8 . 0 ? 4  - 8 . 0 8 5  - 8 , 0 9 6  - 8 . 1 0 6  - 8 , 1 1 7  - 8 , 1 2 7  - 8 , 1 3 7  - 3 4 0  
- 3 3 0  - 7 . 9 1 5  - 7 . 9 2 7  - 7 . 9 3 8  - 7 * 9 5 0  - 7 , 9 6 2  - 7 , 9 7 3  - 7 . 9 8 5  - 7 . 9 9 6  - 8 . 0 0 8  - 8 . 0 1 9  - 8 , 0 3 0  - 3 3 0  
- 3 2 0  - 7 . 7 9 1  - 7 , 8 0 3  - 7 . 8 1 6  - 7 . 8 2 9  - 7 . 8 4 1  - 7 . 8 5 ~  - 7 . 8 6 6  - 7 , 8 7 8  - 7 , 8 9 0  - 7 . 9 0 3  - 7 , 9 1 5  - 3 2 0  
- 3 1 0  - 7 , 8 5 9  - 7 . 6 7 2  - 7 * 6 8 8  - 7 , 6 9 9  - 7 , 7 1 2  - 7 . 7 2 6  - 7 . 7 3 9  - 7 . 7 5 2  - 7 . 7 6 5  - 7 , 7 7 8  - 7 , 7 9 1  - 3 1 0  
- 3 0 0  - 7 , 5 1 9  - 7 . 5 3 3  - 7 , 5 4 8  -7 ,562  - 7 * 5 7 6  - 7 . 5 9 0  - 7 . 8 0 4  - 7 . 6 1 8  - 7 * 6 3 1  - 7 . 6 4 5  - 7 * 6 5 9  - 3 0 0  

- 2 9 0  - 7 . 3 7 2  - 7 . 3 8 7  - 7 . 4 0 2  - 7 . 4 1 7  - 7 t 4 3 2  - 7 . 4 6 7  - 7 . ~ 6 1  - 7 . 4 7 6  - 7 , 4 9 0  - 7 , 5 0 5  - 7 . 5 1 9  -290 
- 2 8 0  - 7 , 2 1 8  - 7 . 2 3 ~  - 7 . 2 5 0  - 7 , 2 6 5  - 7 . 2 8 1  - 7 . 2 9 6  - 7 . 3 1 1  - 7 , 3 2 7  - 7 , 3 ~ 2  - 7 . 3 5 7  - 7 , 3 7 2  - 2 8 0  
- 2 7 0  - 7 , 0 5 7  - 7 . 0 7 ~  - 7 . 0 9 0  - 7 . 1 0 6  - 7 . 1 2 2  - 7 . 1 3 9  - 7 , 1 5 5  - 7 . 1 7 1  - 7 , 1 8 7  - 7 , 2 0 2  - 7 . 2 1 8  - 2 7 0  
- 2 6 0  - 6 , 8 9 0  - 6 , 9 0 7  - 6 * 9 2 ~  - 6 . 9 4 1  - 6 . 9 5 8  - 6 , 9 7 ~  - 6 . 9 9 1  - 7 . 0 0 8  - 7 . 0 2 ~  - 7 . 0 4 1  -7+057 - 2 6 0  
- 2 5 0  - 6 , 7 1 6  - 6 . 7 3 ~  - 6 . 7 5 t  - 5 . 7 6 9  - 6 * 7 8 6  - 6 * 8 0 4  - 6 . 8 2 1  - 6 . 8 3 8  - 6 . 8 5 6  - 6 , 8 7 3  - 6 . 8 9 0  - 2 5 0  

- 2 4 0  - 6 . $ 3 6  - 6 * 5 5 4  - 6 * 5 7 2  - 6 . 5 9 1  - 6 * 6 0 9  - 6 , 6 2 7  - 6 . 6 4 3  - 6 * 6 6 3  - 6 . 6 8 0  - 6 * 6 9 8  - 6 . 7 1 6  - 2 ~ 0  
- 2 3 0  - 6 , 3 5 0  - 6 * 3 6 9  - 6 * 3 8 8  - 6 . 4 0 7  - 6 . ~ 2 5  - 6 , 4 4 4  - 6 . ~ 6 2  - 6 . 4 8 1  - 6 . ~ 9 9  - 6 . 5 1 8  - 6 , 5 3 6  - 2 3 0  
- 2 2 0  - 6 , 1 5 9  - 6 . 1 7 8  - 6 . 1 9 8  - 6 , 2 1 7  - 6 . 2 3 6  - 6 , 2 5 5  - 6 , 2 7 ~  - 6 . 2 9 3  - 6 , 3 1 2  - 6 . 3 3 1  - 6 * 3 5 0  - 2 2 0  
- 2 1 0  - 5 . 9 6 2  - 5 . 9 8 2  - 6 . 0 0 2  - 6 . 0 2 2  - 6 , 0 ~ 1  -6.061 - 6 , 0 8 1  - 6 . 1 0 0  - 6 , 1 2 0  - 6 . 1 3 9  - 6 . 1 5 9  - 2 ~ 0  
- 2 0 0  - 5 , 7 6 0  - 5 . 7 8 0  - 5 . 8 0 1  - 5 . 8 2 1  - 5 . 8 ~ 1  - 5 . 8 6 1  - 5 , 8 8 2  - 5 . 9 0 2  - 5 . 9 2 2  - 5 . 9 4 2  - 5 , 9 6 2  -2Q0 

- 1 9 0  - 5 . 5 5 3  - 5 . 5 7 ~  - 5 + 5 9 ~  - 5 . 6 1 5  - 5 * 6 3 6  - 5 . 6 5 7  - 5 . 6 7 8  - 5 . 6 9 8  - 5 , 7 1 9  - 5 . 7 3 9  - 5 * 7 6 0  - 1 9 0  
- 1 8 0  - 5 . 3 4 1  - 5 , 3 6 2  - 5 . 3 8 3  - 5 . ~ 0 5  - 5 . ~ 2 6  - 5 , 4 ~ 7  - 5 , 4 6 8  - 5 . 6 9 0  - 5 , 5 1 1  - 5 o 5 3 2  - 5 . 5 5 3  - 1 8 0  
- 1 7 0  - 5 , 1 2 4  - 5 . 1 4 6  - 5 . 1 6 8  - 5 . 1 9 0  - 5 , 2 1 1  - 5 . 2 3 3  - 5 . 2 5 5  - 5 . 2 7 6  - 5 . 2 9 8  - 5 . 3 1 9  - 5 . 3 6 1  - 1 7 0  
- 1 6 0  - ~ , 9 0 3  - 4 , 9 2 5  - 4 . 9 4 8  - 6 * 9 7 0  - 6 , 9 9 2  - 5 , 0 1 6  - 5 . 0 3 6  - 5 * 0 5 8  - 5 , 0 8 0  - 5 , 1 0 2  - 5 . 1 2 6  - 1 5 0  
- 1 5 0  - ~ . 6 7 8  - ~ . 7 0 0  - 4 . 7 2 3  - ~ . 7 4 6  - 4 . 7 6 8  - ~ , 7 9 I  - 4 . 8 1 3  - 6 . 8 3 6  - ~ . 8 5 8  - 4 . 8 8 1  - 4 . 9 0 3  - 1 5 0  

- 1 4 0  - 6 , 4 4 8  - 4 . 4 7 1  - 4 . 4 9 4  - 4 . 5 1 7  - 4 . 5 4 0  - k , 5 6 3  - 4 . 5 8 6  - 4 . 6 0 9  - 4 . 6 3 2  - ~ . 6 5 5  - 4 . 6 7 8  - 1 4 0  
- 1 3 0  - 4 . 2 1 5  - 4 , 2 3 8  - ~ . 2 6 2  - 6 . 2 8 5  - ~ . 3 0 9  - 4 , 3 3 2  - 4 . 3 5 5  - 4 . 3 7 9  - 4 . 4 0 2  - 6 . 4 2 5  - 4 * 4 4 8  - 1 3 0  
- 1 2 0  - 3 , 9 7 8  - 4 . 0 0 1  - 4 * 0 2 5  - 4 * 0 4 9  - 4 . 0 7 3  - 4 . 0 9 7  - 4 . 1 2 0  - 4 . ~ 4 4  - 6 . 1 6 8  - 4 , 1 9 1  - 4 . 2 1 5  - 1 2 0  
- 1 1 0  - 3 . 7 3 7  - 3 . 7 6 1  - 3 , 7 8 5  - 3 * 8 0 9  - 3 . 8 3 3  - 3 * 8 5 8  - 3 * 8 8 2  - 3 * 9 0 6  - 3 , 9 3 0  - 3 . 9 5 6  - 3 * 9 7 8  - l l O  
-100 -3 ,492  -3 ,5~7  -3 ,541  -3 ,566  -3 ,590  -3 ,615 -3*639 -3 ,664  -3*688 -3 ,712  -3 ,737 -100 

-90 -3 ,245  -3 ,270  -3*294 -3 ,319  -3 ,344  -3 ,369  -3 ,394  -3 ,418  -3*443 -3 .468  -3 ,492  
- 8 0  - 2 , 9 9 ~  - 3 . 0 1 9  - 3 * 0 ~ 4  - 3 * 0 6 9  - 3 . O 9 4  - 3 , 1 2 0  - 3 , 1 4 5  - 3 . 1 7 0  - 3 , 1 9 5  - 3 . 2 2 0  - 3 . 2 ~ 5  
I ?  0 - - 2 ' 740  - -2*765 - -2"791 - -2 "816  - -2 "862  - -2 "867  - -2*892 - -2 "918  - -2*943 - -2 "966  - -2"99~ 
- 6 0  - 2 , 4 8 3  - 2 , 5 0 9  - 2 * 5 3 ~  - 2 . 5 6 0  - 2 . 5 8 6  - 2 , 6 1 2  - 2 * 6 3 7  - 2 . 6 6 5  - 2 * 6 8 9  - 2 . 7 1 4  - 2 , 7 4 0  
- 5 0  - 2 . 2 2 3  - 2 . 2 4 9  - 2 . 2 7 5  - 2 * 3 0 1  - 2 . 3 2 7  - 2 . 3 5 3  - 2 , 3 7 9  - 2 , ~ 0 5  - 2 * 4 3 1  - 2 * 4 5 7  - 2 . 4 8 3  

-40 - 1 . 9 6 0  - 1 . 9 8 7  - 2 . 0 1 3  - 2 * 0 3 9  - 2 * 0 6 6  - 2 . 0 9 2  - 2 . 1 1 8  - 2 . 1 4 4  - 2 , 1 7 1  - 2 . 1 9 7  - 2 . 2 2 3  
- 3 0  - 1 . 6 9 5  - 1 . 7 2 2  - 1 . 7 6 8  - 1 . 7 7 5  - 1 . 8 0 2  - 1 , 8 2 8  - 1 . 8 5 5  - 1 . 8 8 1  - 1 , 9 0 6  - 1 . 9 ~  - 1 . 9 6 0  
- 2 0  - 1 + 4 2 8  - 1 . 4 5 5  - 1 . 4 8 1  - 1 . 5 0 8  - 1 . 5 3 5  - 1 . 5 6 2  - 1 . 5 8 9  - 1 . 6 1 5  -1 ,6~2  - 1 . 6 6 9  - 1 * 6 9 5  
- 1 0  - 1 . 1 5 8  - 1 . 1 8 5  - 1 o 2 1 2  - 1 . 2 3 9  - 1 . 2 6 6  -1 .29 .3  - 1 , 3 2 0  - 1 o 3 ~ 7  - 1 , 3 7 4  - 1 . 4 0 1  - 1 , ~ 2 8  
- 0 - 0 * 8 8 5  - O . 9 1 3  - O . 9 4 0  - 0 * 9 6 7  - 0 .995  - 1 , 0 2 2  - 1 , 0 4 9  - 1 . O 7 6  - 1 . 1 0 3  - 1 , 1 3 1  - 1 , 1 5 8  

0 - 0 , 8 8 5  - 0 + 8 5 8  - 0 . 8 3 1  - 0 . 8 0 3  - 0 , 7 7 6  - 0 . 7 4 8  - 0 . 7 2 1  - 0 , 6 9 4  - 0 . 6 6 6  - 0 . 6 3 9  - 0 . 6 1 1  
10 - 0 , 6 1 1  - 0 , 5 8 3  - 0 ~  - 0 . 5 2 8  - 0 . 5 0 1  - 0 , 4 7 3  - 0 . 4 4 5  - 0 . 6 1 8  - 0 * 3 9 0  - 0 , 3 6 2  - 0 . 3 3 6  
20 - 0 . 3 3 6  - 0 . 3 0 7  - 0 + 2 7 9  - 0 . 2 5 1  - 0 + 2 2 3  - 0 . 1 9 5  - 0 , 1 6 8  - 0 , 1 6 0  - 0 . 1 1 2  - 0 , 0 8 4  - 0 * 0 5 8  
30 - 0 , 0 5 6  - 0 . 0 2 8  0 * o n 0  0 * 0 2 8  0 * 0 5 6  0 , 0 8 4  0 . 1 1 2  0 , 1 4 0  0 . 1 6 8  0 , 1 9 6  0 , 2 2 4  
40 O,22~ 0 * 2 5 3  0*281  0 , 3 0 9  0 * 3 3 7  0 . 3 6 5  O ,394  0 . 4 2 2  0 * 4 5 0  0 . 4 7 8  0 . 5 0 7  

50 0 , 5 0 7  0 , 5 3 5  0 . 5 6 3  0 * 5 9 2  0 * 6 2 0  0 * 6 4 8  0 , 6 7 7  0 * 7 0 5  0 . 7 3 4  0 , 7 6 ~  0=791 
60 O,791 0 , 8 1 9  O*848 0 . 8 7 6  0 * 9 0 5  0 *933  0 * 9 6 2  0 . 9 9 0  1 .O19 1.O~8 1 .O76 
70 1 . 0 7 6  1 . 1 0 5  1 . 1 3 ~  1 . 1 6 2  1 . 1 9 1  1 , 2 2 0  1 .268  1 , 2 7 7  1 . 3 0 6  1 .33~  1 . 3 6 3  

1 . 3 6 3  1 . 3 9 2  1 ,~21  1 , 4 5 0  1 , 4 7 9  1 , 5 0 7  1 . 5 3 6  1 . 5 6 5  1 ,59~  1+623 1 , 8 5 2  
1,652 1,681 1,710 1,739 1,768 1,797 1,826 1,855 1,88~ 1+913 1,942 

- 9 0  
- 8 0  
- 7 0  
- 6 0  
- 5 0  

- ~ 0  
- 3 0  
- 2 0  
- 1 0  
- 0 

20 
gO 
40 

5O 
60 
7O 
80 
90 

80 
90 

I n0  1 . 9 4 2  1 . 9 7 1  2 . 0 0 0  2 . 0 2 9  2 . 0 5 8  2 . 0 8 8  2 . 1 1 7  2 . 1 4 6  2.1~75 2 . 2 0 4  2 , 2 3 3  1OO 
110 2 . 2 3 3  2 . 2 6 3  2 . 2 9 2  2 . 3 2 1  2 *350  2 . 3 8 0  2 . 4 0 9  2 . 4 3 8  2 , 4 6 7  2 . ~ 9 7  2 , 5 2 6  110 
120 2 . 5 2 8  2 , 5 5 5  2 , 5 8 8  2 . 6 1 4  2 , 6 4 4  2 * 6 7 3  2 , 7 0 2  2 , 7 3 2  2 . 7 6 1  2 . 7 9 1  2 . 8 2 0  120 
130 2 . 8 2 0  2 . 8 4 9  2 , 8 7 9  2 * 9 0 8  2 * 9 3 8  2 . 9 6 7  2 . 9 9 7  3 . 0 2 6  3 . 0 5 6  3 , 0 8 5  3 . 1 1 5  130 
140 3,115 3.145 3,176 3,204 3,233 3,263 3,293 3,322 3,352 3,381 3 , b l l  1~0 

150 3,411 3,461 3,670 3,500 3*530 3,560 3,589 3,619 3,649 3,678 3*708 150 
160 3,708 3~ 3,768 3,798 3,827 3,857 3,887 3,917 3 , 9 6 7  3,976 6,006 160 
170 4 . 0 0 6  ~ . 0 3 6  4 . 0 6 8  4 . 0 9 6  4 . 1 2 6  6 . 1 5 8  4 . 1 8 6  ~ , 2 1 6  4 . 2 4 5  4 . 2 7 5  4 . 3 0 5  170 
180 4 . 3 0 5  6 . 3 3 5  4 . 3 6 5  ~ , 3 9 5  ~ , 4 2 5  4 . 4 5 5  4 . 4 8 5  4 . 5 1 S  4 . 5 6 5  6 . 5 7 5  6 . 6 0 5  180 
190 4 , 6 0 5  4 , 6 3 5  4 . 6 6 5  4 . 6 9 5  4 . 7 2 5  ~ . 7 5 5  6 * 7 8 6  4 . 8 2 6  6 . 8 6 6  4 , 8 7 8  4 * 9 0 6  190 

DEG F 0 1 2 3 ~ 5 6 7 8 9 10 DEG F 

* Converted from degrees Celsius (IPTS 19681. 
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TABLE 10.6----Type J thermocouples (continued). 

T c m p c r a l u r c  in  Degrees F a h r c n h c i l  ~ 

E M F  in Absolute Mill*volts Re~rcnc.r Junctions at 32 F 

DFG F 0 1 2 3 4 3 6 7 8 9 i0 OEG F 

THERMOELECTRI( VOLTAGE IN AB$OLU?E MILtIVOLTS 

200 4,906 ~.936 4,966 4.996 5 ,O26 5,057 5.087 5,117 5.147 5.177 5,207 200 
210 5 . 2 0 7  5 . 2 3 8  5 * 2 6 8  5 . 2 9 8  5 . 3 2 8  5*358  5 , 3 8 9  5 . 4 1 9  5 *449  5 , 4 7 9  5 . 5 0 9  210 
220 5 . ~ 0 9  5 . 5 4 0  5 . 5 7 0  5 . 6 0 0  ~ , 6 3 0  5 . 6 6 1  5 , 6 9 1  5 ,721  5 . 7 5 2  5 , 7 8 2  5 , 8 1 2  220 
230 5,812 5.84) 5.87) 5,903 5*93& 5,966 5,894 6.025 6*055 6.085 6.116 230 
240 6.116 6.146 6.176 6,?o7 6*237 6.268 6.298 6o328 6.359 6.389 6*920 240 

250 6 . 4 2 0  6 . 4 5 0  6 , 4 8 1  6 . 5 1 1  6 , 5 4 1  6 . 5 7 2  6 *602  6 . 6 3 3  6 . 6 6 3  6 , 6 9 4  6 *726  250 
260 6.724 6.755 6.785 6.816 6*846 6,877 6,907 6,938 6,968 6.999 7*029 260 
270 7,029 7.060 7.090 7.121 7.151 7,182 7,212 7.243 7.274 7.30~ 7*333 270 
280 7 ,335  7 .363  7 . 3 9 6  7 . 6 2 6  7~  7 .~88  7 .518  7 . 5 4 9  7 . 5 7 9  7 . b l O  7 ,641  280 
290 7 ,641  7 .671  7 .702  7 , 7 3 )  7 . 7 6 3  7 , 7 9 4  7 ,824  7 . 8 5 5  7 . 8 8 5  7 , 9 1 6  7 . 9 4 7  290 

300 7~  7 , 9 7 7  8 . 0 0 8  8 *039  8 . 0 6 9  8 . 1 0 0  8 .131  8 , 1 6 1  8 . 1 9 2  8 *223  8 . 2 5 3  300 
310 8 . 2 5 3  8 . 2 8 4  8 , 3 1 5  8 *365  8 *376  8 , 6 0 7  8 , 4 3 7  B,~68 8 . 6 9 9  8 , 5 3 0  B .560  310 
320 8.~60 8 ,591  8 . 6 2 2  8 . 6 5 2  8 , 6 8 3  8 . 7 1 6  8 . 7 4 5  8 . 7 7 5  8 * 8 0 6  8 . 8 3 7  8 . 8 6 7  320 
330 8.867 8,898 8.929 8.960 8.990 9,021 9.0~2 9,083 9,113 9,144 9,173 330 
340 9.175 9.206 9.236 9.267 9,298 9.329 9.339 9,390 9.421 9,W52 9.~83 3~0 

350 9.483 9,5~3 9,5~4 9.9?3 9,606 9,636 9,667 9.698 9.729 9,760 9,790 350 
360 9.790 9.821 9*852 9.883 9,914 9 . 9 ~  9.975 i0,006 10.037 I0,06~ I0,O98 360 
370 10 ,098  10 ,129  10 .160  1n ,191  10 .222  10 .252 10 .283  10 ,314  10 .345  I D * 3 7 6  10 ,~07  370 
380 10 ,407 I0,637 IO.w68 i0,499 i0,530 10,Sbl 10,592 i0.622 10.653 l{},bU4 10.715 3U0 
390 IO,7]5 10.746 10.777 Io,807 10,838 10.869 i0,900 10,931 10.962 I0.992 11.02~ 390 

aOO 11.O23 11.054 11.o86 11,116 11.147 11.177 11*208 i I .2~9 11.270 II.301 i1,332 4OO 
410 11.332 11.363 11,393 11.424 11,455 i ~ . 4 8 6  11.317 II,548 11.578 II,609 11.640 ~IO 
620 11 .640 i i .671 11.702 11.733 11,764 i I ,794 II,625 l l .8bb 11 ,887  11,918 II,9~9 ~20 
430 II.9~9 I i .980 12.010 12.O41 12.O72 12.103 12,134 12.163 12,196 12,226 12,257 ~30 
~O I~,257 12.2B8 12,31q 12.350 12,381 12.411 12,~42 12.473 12,504 12.335 1 2 . 3 6 6  460 

450 12 .566 12.397 12.627 12,658 12.689 12.720 12.731 12.782 12.813 12.8~3 12,874 430 
460 12 .874 12,903 12.936 12.967 12,998 13.029 I~*059 13.090 13.121 13.152 13.183 ~60 
470 13 .183 13.216 13.244 13,275 13.306 13.337 13.368 13,399 13.430 13.~60 13.~91 ~70 
480 13.491 13*522 13.553 13.586 13.613 13.665 13.676 13.707 13.738 13.769 13*800 480 
~90 13 .800  13 .830  13 .861  13 .892  13 .923  13 .954  13 .985  1~ .015  14 .0~6  1 4 . 0 7 7  1~ ,108  490 

500 lO. IOB 14.139 I*.170 14,200 14.231 14.262 14,293 14.324 14.353 14.383 14.~16 500 
510 1~ .416  I~,467 1~.~78 14,509 14.$39 14.570 I~.601 1~.632  16 .663  1~ ,694  14,724 310 
520 1~ ,724  14,753 14.786 1~,817 i~,8~8 14 .878  14.909 i~,960 I~.971 15,002 15.032 520 
530 15 .032 15 .063  13.094 15,123 15,156 15.186 13.217 15.248 15.279 15,310 15.360 530 
340 15,340 15,371 15.402 13,433 15.~6~ 15.494 15.525 15.356 15.587 15.617 15.648 540 

530 15.6~8 13,679 13.710 13,741 15.771 15.802 15.833 13.664 13.894 I~,925 13.956 330 
560 15.956 15.987 16,018 16.048 16.079 16.110 16.141 16.171 16.202 16.233 16.264 660 
370 16.264 16.296 1 6 . 3 2 5  16.356 16*387 16.417 16,~48 16.&79 18.510 18.3&0 16,37l 570 
580 16.571 16.602 16.633 16,663 16.69~ 16.7~3 16.756 16.786 16,~17 16.8~8 ~6,679 580 
390 16 .879 16.909 16.9a0 16.971 17.001 17.032 17.063 17,09~ 17.124 17,i5~ 17.186 590 

600 17.186 17.217 17.2~7 t7.278 17.309 17.339 I/,370 17,401 17.432 17,~62 17.493 600 
610 17e499 17.324 17*554 17.585 17.616 17.646 17.877 17.708 17,739 17,769 17*800 610 
620 17.800 17.831 17.861 17.892 17,923 17.953 17,98~ 18.013 18.0~6 18.076 18.i07 620 
630 18, i07 18,138 18.168 18.199 18,230 18.280 18,291 18.322 18,332 18,383 J8,~I~ 6~ 0 
6aO 18.414 IB,~ 18*475 18.506 16.537 18*567 16,598 18*629 18.639 18.690 18,721 6&O 

630 IS.7Z1 18.751 18.7~2 ]8t813 18�9 18,87~ 18,905 18,933 18*966 16,997 19.027 650 
660 19,027 19.058 19.089 19.119 19.150 19.180 19.211 19.Z~2 19,272 19.303 19.33a 660 
670 1 9 , 3 3 4  19.364 19.399 19.426 19.456 19 .~87  19,518 19,5~8 19.579 19.610 19,640 670 
680 19.640 19.671 19.702 19.732 19.763 19,793 19.82~ 19.855 19.885 19.916 19,9~7 680 
690 19.947 19,977 ~O,OOO 20.039 20.069 20.100 20.131 20.161 20.192 20,222 20.233 690 

700 2 0 , 2 5 3  2 0 . 2 8 4  2 0 . 3 1 ~  2 0 , 3 4 5  20*376  2 0 . 4 0 8  2 0 . ~ 3 7  2 0 . ~ 6 7  20 .&98  2 0 , 5 2 9  2 0 . 5 5 9  700 
710 2 0 . 5 5 9  2 0 . 5 9 0  2 0 . 6 2 1  2 0 . 6 5 1  2 0 . 6 8 2  2 0 . 7 1 3  2 0 . 7 ~ 3  2 0 . 7 7 4  2 0 , 8 0 4  2 0 . 8 3 5  2 0 . 8 6 6  710 
720 20.866 20.896 20.927 20.958 20.988 21,019 21.0W9 21.080 21.iii 21.1~I 21.172 720 
730 21.172 21.203 21.233 21,26& 21.295 21.325 21.356 21.386 21.417 21,~8 21,~78 730 
740 21.w78 21.509 21.540 21.570 21.601 21.631 21.662 21o693 21.723 21,76~ 21.786 740 

75,~ 21.785 21,815 21.866 21.877 21,907 21.938 21.968 21,999 22.030 22,060 22,091 750 
760 22,091 22.122 22.152 22.183 22.216 22.2~4 22,275 22,303 22.336 22,367 22.397 760 
770 22.3'37 22.428 22.~59 22.~89 22.520 22.551 22.581 22.612 22.643 22.673 22.704 770 
780 22.704 22.735 22.765 22.796 22.826 22,857 22,888 22.918 22.949 22,980 23,010 780 
79~ 23.010 23.0-i 23.372 23.102 23.133 23.164 23.196 23.223 23.256 23,286 23.317 790 

PEG F (} l 2 3 ~ 5 6 7 8 9 10 Ds F 

�9 C o n v e r t e d  f r o m  degrees Ce l s i us  ( | P T S  1968)  
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182 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.6--Type J thermocouples (continued). 

Tempcrulure in Degrees Fahrenheit = 

E M F  in Absolute Mi l l ivol ts R e ~ r e n ~ r  Junctions at 32 F 

DEG F O 1 2 3 4 5 6 7 8 9 10 DEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

800 23.317 23.3~8 ~3.378 23.409 23.4~0 23.47t 23.501 23.832 23.563 23.893 23.62~ SO0 
810 23,62~ ?3*658 23,685 23,716 23,747 23,777 23,808 23,839 23,870 23.900 23,931 810 
82~ 23.931 23.962 23*9o2 24.02 ~ 24.084 24.0~5 2~.11~ 24.146 24.177 24.207 24.238 820 
830 24,238 24,26 r 2~,3~0 24*330 24,36~ 24,392 2~,~23 24,~53 24,~84 29,515 24,546 830 
8~0 2~.5~6 24.876 2~,~07 2, .633 24.669 2..699 2~.730 24.761 24.792 24.022 2~.853 848 

850 24~ 24.884 24.915 24.946 24,976 25.007 25.038 25.069 28.099 25.130 25.161 B50 
860 28,161 28,192 28,223 2~,284 2~,284 28,315 25,3~6 25,377 25,~08 25,438 25*469 860 
870 28.~69 28.500 28.531 25.862 25.89~ 28.623 28.684 28.685 28.716 25.747 25.778 870 
880 2~.778 25.809 2~.840 25.8~0 28.901 25.932 25.963 25.99~ 26.025 26.086 26.087 880 
890 26,:)~7 26,118 26,148 26,179 26,21~ 26,2~1 26,272 26,303 26,334 26.368 26,396 890 

900 26.306 26.~27 2~.~58 26.489 26.520 26.581 26.882 26.613 26.6~4 26.678 26.705 900 
910 26.705 26.736 26.767 26*798 26.829 26.860 26.891 26.922 26.954 26.988 27.016 910 
920 27,016 27,0~7 27,078 27,1na 27,140 27,171 27,2.'2 27,233 27,264 27,295 27,326 920 
930 27.326 27.357 27.388 27.41~ 27.480 2~+482 27.813 27.844 27.~78 27.606 27.637 930 
940 2~.6~7 27.668 ? 7 . ~ 9  77.731 27.762 27.793 27.824 27.858 27.886 27.917 27.949 940 

95~ 27,949 27,980 28,011 28,0~2 28,073 28,105 28,136 28,167 28,198 28,230 28,261 980 
980 28.261 28.292 2~.323 28.358 28*386 28.417 28.448 28.480 28.~11 28.S~2 28.873 960 
970 28.57? 28*605 28.636 28,667 28.699 28.730 28.761 28,793 28,B24 28,885 28,887 970 
933 28.887 28.91R 28.~b0 28.981 29,012 2 9 , 0 ~  29.075 29,107 29.138 29.169 29.201 980 
990 29,201 29.232 29,26~ 29.295 29 ,327 29.358 29.390 29.921 29,452 29 .486 29,515 990 

1.000 29,515 29,5~ 7 29,57S 29,6]0 29,642 29.673 29,?05 29,736 29,768 29,799 29,831 1,000 
l+OlO 29.831 29.862 29*894 29*926 29.987 29.989 30.020 30.082 30.084 30.115 30.147 1.010 
1,020 30,147 30.179 30.210 30,242 30,274 30,305 30,337 30,369 30,400 30,432 30,46~ 1.020 
1+030 30.464 30.496 30,527 30,589 30,591 30,623 30,654 30,686 30,718 30,780 30,782 1,030 
] .040 3p.782 30.813 30,845 30.877 30.909 30.941 30.973 81.005 31.036 31.068 31.100 1.0~0 

1,050 31.100 31.132 31.164 31.196 31,228 31.260 31.292 31.324 31.386 31,388 3h420  1.050 
| t060 31.~20 31,~52 ?1.48~ 31.516 31,548 31.880 31,612 31.644 3~.676 31.708 31.740 1.060 
1+070 31.740 31.772 31.804 31.836 31.868 31.901 31.933 31.966 31*997 32.029 32.061 1.070 
1.080 32.061 32.0 ~ 32.126 32.158 32~ 32.222 32.258 32.287 32.319 32.381 32.384 1.080 
1,090 32.384 32,416 32.~48 32.~80 32.513 32,5~5 32,877 32,610 32,B42 32,674 32.707 1.090 

1,100 32,707 32,739 32,772 32*804 32*836 32,869 32.901 ~2,934 32*966 32,999 38.031 1, ]00 
1,110 33.031 33.064 33.096 33,129 33,161 33.194 3~,226 33+289 33,291 33.324 33,356 1*110 
1,120 33,3~6 33,389 33,~22 33,~8~ 33*487 33,619 38,552 33,~85 33,617 83*680 33,683 1,120 
1.130 13,68~ 33,715 33*748 33,781 38,81~ 33*846 33,879 33,912 33*946 33,977 34,010 1,130 
11140 34,0t0 34,043 34,076 34,109 34,141 34,174 34,207 34,240 34,273 34*306 34,339 l , l k 0  

l t l B 0  34.339 34,372 34,905 34.~37 34.470 34.503 34*886 34.869 34.602 34*638 34.668 1.180 
1J160 34.668 34,701 34,734 34,787 84.801 34.884 39*867 34*900 34,938 34.966 34.999 1.160 
1~170 34,999 35.032 35,065 38,099 35.132 35,168 35.198 ~5,231 35,265 35.298 38.331 1.170 
1.180 35.331 35.864 35.3o8 35.~?1 35.46~ 35.~98 35.531 35.564 35.~98 35.631 35.664 1.180 
1.190 38.664 35.698 35.731 35.76~ 35.798 35.831 35.865 35.898 35.932 35.965 35.999 1.190 

1.200 35.999 36.062 36.066 ~6.099 36.133 36.166 36.200 36.~33 36.267 36.301 36.33~ 1.200 
1,21 ~ 76,334 36,~60 36,.01 3~,~35 36.469 36.502 36.536 36,570 36,603 36,6J7 36.671 11210 
1.22U 36.671 3 6 . 7 ~  36.738 36.772 36.806 36.84~ 36.873 36.907 36.9~1 36.975 37.009 1.2Z0 
1.2~L' 37,U09 37.0~3 37.076 37.110 37.1~4 37.17~ 37.212 37.246 37.280 37.~14 37.34~ 1+230 
1,2~0 37.348 37,352 37,~16 ~ 7 , ~ 0  ~7,484 37.518 37~ 37~ 37.620 37.6~, 37.688 1,2~0 

1,25~ 3~t68S 37,7~2 37,756 37,7~0 37,825 37t859 J7 ,893  ~7,927 37,961 37,996 38,030 1,250 
1.26~ 38,030 38.O6~ 38.~98 38.132 38.167 38*2~1 38*238 ~8.269 38.304 38.J38 38,372 1.260 
1.270 38.372 38.407 38.441 38.475 38.5|0 38.5~4 38.578 ~8.613 38.647 38.682 38.716 1~270 
1.280 38.71~ 38.751 38.735 38.819 38.83~ 38.888 38.923 38.957 38.992 39*027 39.061 1.280 
1,290 39,061 39.o~6 39,130 3 9 , ] ~ 5  39.199 39.23~ 39.269 39.303 39.338 39.373 39.~07 1,290 

1,30t~ 39,~t37 39,4~2 39,477 39,511 39,546 39.581 39,616 39,650 39,685 39,720 39,7~4 1,300 
1~310 39,75~ 39.789 39.~2~ 39,859 39,89~ 39.928 39,963 39,998 40,033 40,O68 ~0,103 1.310 
1.320 ~0.103 ~0.138 40.172 4O*207 ~0.242 40.277 40.312 ~0.3~ ~ 40.382 40.417 ~0.452 1.320 
1,33 ~ 40.~52 40.~67 ~C*~22 ~0o~7  ~0.5~2 40.627 ~0.662 ~0.697 40*732 40*767 401802 1.330 
1 , 3 ~  40 .80?  ~C,837 ~0 ,872 ~0 .908 40 ,943 ~0 .978 ~1 ,01~ ~1.048 4 1 , 0 8 J  41 ,118  ~1 ,184 1,340 

1,350 ~1,15~ 41,159 41,22~ 4 1 , 2 ~  ~1,29~ 41,32 ~ ~1,365 ~1,400 41,435 ~1,q70 ~1,806 1.380 
1.360 41.~06 ~ 1 . ~ 1  41.~76 #+1.611 ~1.647 41.682 ~1.717 ~1.753 41.78~ 41.02~ 41.859 1.360 
1,370 ~1,85~ 41.89~ ~1.929 ~1,~68 42.000 42,038 42,~71 ~2,106 42,142 42,177 42,212 1.370 
1,380 ~2,212 ~ 2 , 2 ~  ~2.283 ~2,31~ ~2,38~ 42,39L ~2,~28 ~2,~60 42,~96 42,531 42,567 1,380 
1~3"0 ~2,567 ~2,h02 42*638 ~2,~77 42,709 42,744 62,780 ~2,81~ 42,851 42,U86 ~2,922 1, t90 

OEG F 0 1 2 3 'J 5 6 7 8 9 10 DEG F 

�9 Convened f rom degrees Ce!.,.u.; (! P'I S 1068 ). 
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TABLE 10.6---Type J tkermocouples ~continuedL 

Temperature in Degrees Fahrenhr ~ 

s  in Absolute Mi l l ivol ts Rc~reecr Junctions at 32 F 

OEG F 0 1 2 3 4 5 6 7 B 9 10 OEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILL[VOLTS 

l,&O0 ~2,922 &2,957 %2,993 ~3,029 as,osa ~3,100 43,155 43,171 ~5.207 43,Z42 43,278 ]+%00 
I,~10 ~3.278 43.~15 43,349 ~3,385 ~5,420 43,456 ~3.~92 43~ 43~ 43,599 43,635 1,410' 
1..2e 43.635 ~3.674 43.706 43.742 43.777 43.8|3 45.8~9 ~3.885 45.921 43.956 43.992 11420 
I).~{' 43,992 44,028 44,064 44,0o~ 44,13% 44,171 ~,207 44,243 44,279 4~,314 44,350 ],430 
|.44C W4.35~ ~4.38~ ~a.422 ~ . 4 5 ~  4 4 , 4 9 4  ~4.529 44.565 4~.60] 44*637 44.673 4 ~ , 7 0 9  1 , 4 4 0  

] ,450 44,70~ 4A,745 &4.780 a4.816 44,857 ~4,888 4~,924 44,960 44.996 45~032 45.067 l t450 
1,c6C 45*067 ~5.I~3 ~5*]39 45,175 45*211 45.247 45,263 45.319 45.355 45.39] 45.426 1t~60 
1.470 45.~26 ~5.462 45.~98 ~5*554 45.570 45.b06 45.64~ 45.678 ~5,714 ~5,749 45,785 1,470 
1)c80 ~5.785 45.~21 45,~57 ~5,893 45,929 45.965 46,001 ~6,037 ~6.072 46,108 46.~4~ 1,480 
],&9O ~6.]~& ~6,180 46,216 ~6,252 ~6,288 ~6.32~ 46.359 ~6.595 46,~31 46.467 46.50~ 1,~90 

I~5D,) ~6,503 46,539 ~6,575 46,~10 ~6,6~6 46,682 46,718 46,T54 46.790 46.825 4b,86| 1,500 
1,510 ~6,861 46~ 46.933 46,qe9 47,005 47,040 47.076 ~7,11Z 47,146 47.183 47,219 I~510 
1,520 (~7.2| ~ 47,255 47.291 ~7.327 47.362 47,398 47.~34 47~ ~7,505 47.5~i 47.577 1.520 
1,53 ~ ~T,577 47,612 ~7.648 47,68~ 47,720 47.755 47.791 47.827 47,862 47,898 47,934 ~,5~0 
1,5~C ~7,93~ ~7,9~9 48,905 'a8.0Al 48,076 48,112 &8,147 48.183 48.2~9 48.25~ 48.290 ~,540 

1,550 48.290 48.~25 48,561 48,397 48,43~ 48,468 ~,50} 48.5~9 ~8,574 ~8,blO 48,6~5 ~,550 
1,56C 48.64~ ~8,681 ~8,716 ~8,752 48,787 48,825 48,858 48,S94 48.929 48.965 49.000 ~,560 
1,570 49.00C 49,0~6 49o071 49.107 ~9,1~2 49,177 ~9,213 49,~48 49,285 49.~|9 49,554 1,570 
1,580 49,354 49,~90 49.a75 a�,~EO 49.~96 49~ &9,566 49,60] 49.657 49,672 49,707 1,580 
i,5Q1 49,707 A�.TL.~ &9~ ~9,813 49.848 49,883 ~9.919 49.954 49~ 50,0~4 50t059 I1590 

1,609 50*059 50~ 50.130 50,165 50*200 50,235 5~,270 50,505 50.340 50~ 50,41~ 1,600 
i+610 50,611 ~O.~,&& 50.L81 50,516 50,55] 50,586 50,621 50.656 50,691 50.726 50.761 1,610 
15625 50,76] 50*7'56 50,83] 50,866 50,901 50*936 50,970 51.0C5 51,060 5],075 51,110 1,620 
1)630 51,11 '~ 51.1~,5 51.180 %],215 5 1 . 2 4  o 51*2~ 51)519 51,354 51.389 51,~23 5~,458 1,630 
1,6~i 51~ 51,&93 51.5~5 5],562 51,597 51,6~2 51,667 51,701 51.736 51,T7l 5~,805 1,640 

],65 n 51.805 5],A~O 51,875 51.o09 51.944 5],978 52,013 52.0~8 52.082 52o117 52,151 ~,650 
1,66 r' 52,151 5~,]8& 52.2Z0 52,255 52.~89 52,524 52,358 52.59~ 52,427 52,462 52,496 11660 
i)67~ 52,u96 5~.531 52,565 52,6Q0 52.634 52.668 5d.703 52.737 52,772 52,806 52,860 1.670 
1,689 52,84 n 52,875 52,909 52,943 52,977 5~*012 53,0~6 53,080 5~*i15 53,~49 53.183 I168 O 
1,69 ~ 53.183 53,2[7 5~,251 53.256 53,329 53.354 53,388 55,422 53.456 53.~9~ 53,525 1,690 

1,70') 53,525 53,559 5~,59~ 53~ 55,661 53,695 53,729 53,763 53o797 53.03[ 53,865 1,700 
1,710 53.865 53,899 53,933 53,967 5~*001 54,035 54,069 54.10~ 54,137 54.1Ti 54,205 1.710 
1,72 ~ 54,205 5&.239 54.279 54.307 54.341 54.37& 54.408 54~ 54*476 54,5~0 56,544 1,720 
1,790 5~,54~ 5~,57T 54,61] 5~,645 54.679 54,712 54,746 54.780 54,8]4 54,8~7 54,86L I~730 
1,74o 54,88] 54,915 5~~ 54*982 55~ 55.0~9 55,083 55o]17 55,150 55,184 55~ ~*T40 

],759 55,218 55.251 55.285 55.318 55.352 55,385 55.419 55.453 55*486 55.520 55*553 1,750 
],760 55,553 55~ 55.620 55,654 55.687 55,720 55,754 55*787 55.821 55,854 55*888 ],760 
1,77t 55.88H 55.9?] 55,95~ 55,988 56.021 56*055 56.088 56,121 56,~55 56.188 56.221 I~770 
1,78C 56.~2[ 56,255 56,~88 56,921 56,354 56,3fi8 56*421 56,454 56*487 56,521 56.554 1.7~0 
],790 56.554 56,587 56.6~0 56.654 56*687 56,720 56.75] 56.786 56,819 56,853 56,886 ~*790 

I)80Q 56.886 56,919 56,952 56,985 57,0}8 57.051 57.064 57.i|8 57.151 57,164 57.217 1,800 
],810 57,217 57t250 57,283 57.316 57.}A9 57.382 5T,415 57.4~8 5T*ABI 57.514 57,5~7 1,8~0 
1,820 57,5~7 57.580 57,6~3 57,646 57,679 57.71~ 57,745 57.778 57.810 5 7 * 0 4 3  57,876 1.820 
1,830 57.876 57,o09 57.9~2 57,975 58,008 58,041 58.074 58,106 58.139 56*%72 58.205 1,830 
1)840 58,205 58,238 58,271 58.303 58.336 58,~69 5U,402 58,~55 58*467 58.500 58.533 1,840 

I,850 58,539 58,566 58.598 58.631 58,664 58,697 58,729 58,762 58,795 58.827 58,860 i~850 
1,860 58,860 58.893 58,926 58*958 58.991 59.024 59,056 59.089 59,~21 59,154 59*187 ~s860 
1,870 59,187 59o219 59,252 59,285 59,917 59.350 59*382 59,4]5 59~ 59,480 59,513 l*BTO 
1,880 59,5]3 59,545 59.578 59,6]0 59.643 59,676 59.708 59.741 99,773 59,806 59,8~8 | ,B~0 
1,890 59,838 59.871 59,909 59,936 59,968 60,001 60,093 60.066 60,098 bO*131 60,|63 1,890 

&.990 60.163 60,196 60,228 60.261 60,293 60,326 60,358 60~ 60~ 60*455 60,~88 ~,900 
1,910 60,488 60,520 60,E53 60,585 60,6|7 60~ 60,682 60,7~5 60,747 60.779 60,812 1,910 
1,920 60,81~ 60~ 60,876 60,909 60.941 50,974 61,006 61,038 6~.071 61,103 61,135 1,920 
1,930 61,|35 61o168 61.200 61,232 61.265 6|,297 61~ 61~ 61~ 61,426 61.459 1 , 9 3 0  
1,9~'0 61,~,59 6],z,91 61,~23 61,555 61.508 61,623 61o652 61.685 6].717 61.749 6|~ I,940 

1,950 6]~  61o814 61o8~6 61,878 61,910 61,943 61,975 62.007 62.039 62.072 62.I04 I,950 
1.960 62.104 62.1~6 62.168 62.201 62.233 62.265 62.297 6~.330 62.362 6~.59~ 62*426 1 ,960  
1,970 62.426 62.458 62,491 62~ 62,555 62,587 62,619 62,652 62,66~ 62.716 62,768 1.970 
1,980 62.748 62,780 62,813 62,8~5 62*877 62,909 62,9~i 62.97~ 63,006 63.0~8 63,070 It980 
1,990 65.070 63,102 6~,i54 63.~67 63,199 63,251 63.263 63*Z95 65.327 63.359 63,392 1,990 

DEG F 0 1 2 3 ~. 5 6 7 8 9 10 BEG F 

*Convcr lcd from dcerc~s Ccl, ius ( IPTS 1968). 
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TABLE lO.6---Type J thermocouples /continued). 

Temperature in Degrees Fahrenhcit ~ 

E M F  m Absolute Mi l l ivol ts Re~rencr Junctions at 32 F 

DE6 F 0 ] 2 3 4 5 6 T 8 9 10 DEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLT6 

21000 63+392 63.424 63,456 63,488 63,520 63,552 63,384 63+617 63,649 63,681 63+713 2*000 
2.010 63,713 63.745 63,777 63.809 63+842 63+874 63,906 63.938 63+970 6~*002 64*03~ 2.010 
?,020 64.034 6~.066 64+098 6~.131 64~163 64,195 64.227 64.239 6~.291 64.323 64.333 31020 
?tO30 64.355 6~+~87 64.420 64,452 64.484 64.516 6~+348 64.580 64+612 64,644 64.676 2t030 
2t0~0 6~.676 68.70~ 6~,7~0 64.773 64.805 64.837 64+869 64.901 68.933 64.963 64,997 2.0~0 

29050 64+997 65,029 63+061 65,~n3 63.1~5 63.]58 63,190 63.222 65+256 63+286 63+318 2t030 
21060 65.3]8 65.350 63.382 65,41~ 65,466 6~,478 65.310 63.5~2 6~,574 63.606 6~,638 2t060 
2t070 65,638 63.671 65.703 65,733 63,767 63.799 65+831 65.863 63,893 65,927 63,939 2t070 
2~C80 65,959 ~5,991 66.(IZ3 66,035 66,087 66,119 66.]51 66.183 66,213 66.247 66+279 2#080 
2,090 66.279 66.311 66,343 66.375 66+407 66,439 66,472 66,504 66.336 66.368 66.600 2.090 

2~[00 66,600 66.632 66,664 66.696 66,728 66.760 66e792 66.8Z6 66.8~6 66.888 66.920 2P100 
2~110 66,920 66+952 66,984 67+016 67*048 67,080 67,112 67.144 67.176 67.208 67+240 Z ~ l l 0  
2t120 67.240 67,272 67,~04 67,336 67,368 67+400 67+432 67,;64 67,495 678827 67,5fl9 2t120 
2,130 67,339 67.5~I 67,623 67.655 67+687 67,719 67,751 67,783 67,815 67.a~7 67.879 2.130 
2~140 67,879 67.911 67,943 67,~75 68,007 68,039 88,071 68,103 68+134 68.166 68+~98 2.160 

2~130 68,198 68,230 68,262 68.~9~ 68,326 68,358 68+390 68*422 68,454 68,~86 68,517 2.1~0 
2.160 68,317 6E.549 68,581 68.613 68.645 68.677 68*709 68.7~1 68*772 68*804 68+836 2t160 
2,170 6B.8J6 68,868 68+900 68.932 68,96~ 68.995 69,027 69.059 69,091 69*123 69,135 2+170 
2.180 6q+1~5 69,186 69.218 69,~50 69+282 69,31~ 89+345 69,377 69*409 69.841 691672 2t180 
2,190 69,~72 6~+304 69.536 2.19~ 

OEG F 0 1 2 3 ~ 5 6 7 8 9 10 DEG F 

"Converted f rom dc~rr162 Cehius ( IPTS  1968). 
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TABLE 10.7--Type J thermocouples (,:leg C-millivolts). 

NOTE--The maximum recommended temperature limit for Type J thermocouples ~s 1400 F (760 C) as specified m Table 
2. Extension of the Type J tables b~yond 1400 F gwe~ temperature - electromotwr force data to 2192 F ( 1200 C). Th~s exten- 
s=on is a mathematical  extrapolauon based on hm=ted cahbrauon data and caution should be exercised m ~ls use. The basts 
for the extended curve is d~scussed m NBS Monograph /25. 

h should be noted that lira=Is of error for Type J thermocouples (Table I) do no! apply above 1400 F (760 C) 

Tempcraturr m Degrees Celsms ( IPTS 1968) 

E M F  In Absolute Mi l l ivol ts Reference Junehons al 0 C 

P~C, C 0 ] 2 3 4 5 6 7 8 9 iO OEG C 

THERMOELECTRIC VOLIAGE IN ABSOLUTE MILLIVOLT5 

-210 -8.096 -210 
-200 -7.890 -7.912 -7,934 -7,955 -7.976 -7.996 -8.O17 -8.037 -8.057 -8.075 -8,096 -200 

I 
-190 -7,659 -7.683 -7,707 -7.73] -7,755 -7,778 -~.801 -7,824 -7,846 -7,868 -7.890 -190 
-180 -7,~U2 -7.429 -7,~55 -7,482 -7,508 -7.5}3 -7~ -7,584 -7~ -7,634 -7,559 -iB0 
-170 -7.122 -7,151 -7,180 -7,209 -7,237 -7.265 -7.293 -7,821 -7.348 -7.375 -7,402 -170 
-Ib0 -6 .821 -B,B52 -6,U83 -6,914 -6.944 -6.974 -7,00~ -7.O36 ~7,064 -7~ -7.122 -160 
-150 -6. a99 -6.532 -6.665 -6.598 -6.630 -6,663 -5o698 -6,727 -6,75B -6.790 -6,B21 -|50 

-140 -6,159 -B.196 -6,228 -6.268 -6~ -6,331 -6.365 -6=399 -b,433 -6,~66 -6,~99 -140 
-13~ -5.801 -5.837 -5.87~ -5.910 -5.946 -5~ -6.018 -6~ -6.089 -6~ -6.159 -130 
-120 -5~ -5.464 -5.502 -~.5~0 -5.578 -5.615 -5~ -5.690 -5.727 -5.76~ -5.801 -120 
-110 -5~ -5.076 -5.115 -5.155 -5.194 -5.233 -5.272 -5.311 -5.349 -5.3U8 -5~ -ii0 
-100 -~.632 -4.678 -~.716 -6.755 -4.795 -&.836 -6.876 -&.916 -~.956 -~.996 -5.0~6 -i00 

-90 -~.215 -4.~57 -4.299 -4.3&I -6.88~ -4.425 -~.667 -4.508 ~&.550 -6.591 -&.632 -90 
-80 -3~ -9.829 -3~ -3.915 -3.958 -~.ool -~.044 -4~ -4.180 -4.172 -4.215 -80 
-70 -~.844 -3.889 -3~ -~~ -3.522 -3.566 -3.610 -3~ -3.69U -3.7~2 -3.785 -70 
-60 -2.592 -2.938 -2.984 -~.029 -3.074 -8.120 -3.165 -3.210 -3~ -3.Z99 -3.3,4 -60 
-50 -2.~31 -2.&78 -2.524 -2.570 -2.617 -2.663 -2.7U~ -2.755 -2.801 -2.U97 -2.892 -50 

-~0 -I.96U -2.008 -2.055 -2.102 -2.130 -2.197 -2.2~4 -2.291 -2.338 -2.584 -2.431 -~0 
-30 -1.681 -1.550 -1.578 -1.626 -I~ -i.722 -1.770 -i.818 -1.865 -I.913 -i.960 -30 
-20 -0.995 -I.044 -1.093 -1.161 -1.190 -1.239 -I.288 -1.836 -1.385 -1.433 -I.981 -20 
-I0 -0.501 -0.550 -0.600 -0.650 -0.699 -0.748 -0.798 -0.8~7 -0.896 -0.945 -0~ -I0 
- 0 0.000 -0.050 -0.i01 -o.151 -0~ -0.251 -0.301 -0.351 -0~ -0.451 -0.501 - 0 

0 0.000 0.050 0.101 0o151 0.202 0.253 0.303 0.356 0.~05 0.456 0.507 O 
]0 0.507 0.558 0.609 0.660 0.711 0.762 0.818 0.865 0.916 0.967 1.019 i0 
2~ 1.019 1.070 [.122 I*174 1.225 1.277 1.329 1.381 I.A32 I.~8~ 1.536 20 
30 1.536 1.588 1.640 1.698 1.745 1.797 1.8~9 1.901 1.95~ 2.006 2.058 80 
40 2.058 2.11] 2.163 2.Z16 2.268 2.321 2.874 2.926 2.679 2.532 2.585 60 

50 2~ 2.636 2.691 2.745 2.796 2.8~9 2.902 2.956 3.009 3.0~2 8.115 50 
BO 3.115 3.168 3.221 3.275 3.828 8.381 8.635 3.~88 3.542 3.595 3.649 60 
70 3.649 ~.702 5.756 3.809 3.863 3.917 3~ 6.024 4.078 ~.132 9.186 70 
80 4.186 6.2~9 ~.298 ~.3~7 9.401 4.~55 4.509 A.563 4.617 4.671 4.725 80 
90 ~.725 %.780 ~.834 4.888 ~.942 8.996 5.050 5.105 5.159 5.213 5.268 90 

]00 5.268 5.322 5.~76 5.431 5~ 5~ 5.59~ 5.669 5.703 5.758 5.812 lOO 
110 5.812 5.867 5.921 5.976 6.081 6.085 6.190 6.195 6.2A9 6.30~ 6.859 ltu 
120 S.859 6.414 6.668 6.525 6.578 6.633 5.688 6.7~2 5.797 6.852 6.907 120 
130 6.907 6.962 7.017 7.072 7.127 7.182 7.237 7.292 7.3~7 7.902 7.957 130 
l&h 7.&57 7.512 7.567 7.622 7.677 7.732 7.787 7.869 7.896 7.993 8~ 140 

15~ 8.908 8.065 8.118 8.174 8*229 8.28~ 8.359 8.394 8.450 8.805 8.560 150 
16C 8.560 8.616 8.671 8.726 8~781 3.837 8.892 8.9~7 9.005 9.058 9.113 160 
170 9.113 q.169 0.22A q.279 9.385 9.890 9.~96 9.501 9.556 9.~12 9.667 170 
]80 9.667 9.728 9.778 9.834 9r 9.944 [0.000 10.055 10.IIi 10.166 10.222 180 
190 10.222 ]0.277 I0.583 10.388 I0.44~ 10.~99 I0.555 i0.610 10.666 10.721 i0.777 190 

209 i0.777 I0.882 10.888 i0.943 10.999 Ii.05~ ii*II0 11.165 11.221 11.276 11o332 200 
2]9 11.332 Ii.387 Ii.4~3 iI.~98 II~554 11.609 11.665 Ii.720 ]1.776 11.831 11.887 210 
220 ]1.887 11.943 11.998 12.059 12.109 12.165 12.220 12.276 12.331 12.387 12.~2 220 
289 12.442 12.498 12.553 12.609 12~66& 12.720 ~2.776 12.831 IZ.887 12.9~2 I~.998 s 
240 12.998 13.053 15.10 ~ 13.16~ 13.220 13.275 [3.331 13.386 18.~2 13.~97 13.553 2~0 

250 ]3.55~ 13.60~ 13.66~ ]3.719 13.775 13.830 13.886 13.941 13.997 i~.052 1&.lOB 250 
260 IA.]n8 14.167 1~..2t9 1~.~ 14.880 t~.385 i~.~A] i~.496 I~.552 IA.607 Ifi.663 260 
270 14.663 14.718 14.77& ]~.829 16.885 14.9~0 i~.995 15.051 15.106 15.162 15~ 270 
28C 15.217 15.273 15.328 15.383 15.4~9 15.69~ 15.550 15.605 15.661 15~ 15.771 280 
29e 15~ i~.927 15.882 %5.998 15.993 16~ 16.104 16~ 16.214 16.270 16.325 290 

3~C 16.325 16.380 16.436 !6.491 16.547 16.602 16.657 16.713 16.768 16.828 i~.879 3OO 
~10 16o870 16.93~ 16.989 ]7.044 17.100 17.155 17.210 17.266 17.321 17.~76 17.632 310 
320 17.~32 17.487 17.542 17.597 17.658 17.708 17.763 17.818 17.876 17o929 17.984 820 
330 17.98~ 18.039 18.095 15.150 18.205 18.260 18.316 18.371 18.626 18~ 18.587 330 
340 18o537 18.592 18.~47 18.702 18.757 18.818 !8.868 ]8.923 18.978 19~ 19.089 340 

OEG C 0 I 2 3 ~ 5 6 7 8 9 10 Ds < 
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186 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.7--Type J thermocouples (continued/. 

E M F  ,n Absolute Mi l l ivo l ts  
T e m p e r a t u r e  in Degrees  Celsius ( IPTS 1968) 

Reference  Junc t ions  at 0 C 

['/C 1C 0 ] 2 3 ~ 5 6 7 8 9 10 DEG C 

THERMOELECTRIC VOLTAGE In ABSOLUTE MILLIVOLT5 

350 19.089 19,144 19.199 1~,254 19.309 19.364 19*~20 t9,~75 19*53G ]9.585 19.6~0 350 
36~ 19.64~ 19".695 19.751 19,805 19.861 19.916 19,97| ZO*Oz6 20*081 2~o137 20.192 3~0 
370 20.192 20 .247 20 .302 2n .357  2U.412 2[).467 2C).523 20~ 20*633 2 0 . 6 ~  20*743 370 
38~ 20,7~3 24*798 2~,853 2n,909 20,964 21.0]9 21,07~ 2l.129 21.18~ 21.239 21,295 380 
390 21.295 21*35 r /1.1,95 2~*1,6r ?1 .~15 21.370 21.625 21.680 21 .736 21.791 21.846 390 

gOq 21,8~ 21.90~ 21,956 22,011 22,06~ 22.122 22.17? 22.232 2Z.287 22~ 2Z,397 ~00 
~lf. 22,~97 22.~5% 22,50~ 22,563 22,618 2?,673 22,728 22,784 22,839 22,~94 22*949 ~ 0  
429 22,9~ 23*n~z. 23.960 73.115 2 3 . [ 7 0  2~,225 ~ * ~ 8 0  23,336 23*391 23,446 2~,501 420 
~30 23,501 23,556 23*612 23,667 23,722 2~oT77 23*833 23~ 23*943 23~ 24,054 ~ 430 
~4n 2~,0~ 24,109 2~.]6~ 24,220 ~,275 2~.330 24,386 2~,~I 24*496 2~,552 2~,607 ~40 

45". 2~,.697 24.662 Z~*71S 24*773 2~o829 2&.88~ 2~.939 2~.995 25.05G 25*106 25.161 450 
~60 25,[61 25,217 25.272 25,327 25.383 2~*~8 25*494 25*549 25*605 25,661 25,716 460 
~7'~ 25.?}b 25.772 25.827 25*883 25*938 25.994 26,0~0 26.1u5 26.261 26.~16 26~  ~70 
~89 26.272 26.328 26.383 26.&39 26 .~95 26.551 26 .606 26 .662 26,71~ 26*77 .  26*829 460 
~9,1 26.8?'~ ~6.885 26 . ; : , 1  ?6.997 27.053 27.1~9 27.165 27*220 27.276 27 ,~3z  ~7.~oo ~90 

6~(, 27.38~ 27.~,;*~ 27.5~0 ~7~163 77.612 27.668 27.72~ 27~ 27.836 27*893 27.949 500 
EI~ 27,9~9 28.005 28,061 28,t17 28,173 28.230 28.286 2B.342 28.398 28,455 28,511 5~0 
~2n 28~ 28.56T 28,~2~ 28,68r~ 28*736 2M.793 28.849 28.906 28.962 29,019 29.075 520 
gTq 79,~75 29*132 29,188 79,2u5 29,3O1 29,358 29,~15 29,~7l 29.528 29*585 29,642 530 
5ao 20.642 2o,69~ ?9. t55 29,812 29,869 2r 29.903 30,039 30.096 30.253 30.2~0 540 

550 3e .2 [ r ,  3~.267 3e .324  3~.381 30.&39 30.~96 30.553 30 .610 30.667 30.724 30.782 5~0 
560 ~0.782 30.~39 3~.696 3n.954 31.011 31.(,~8 31,126 ~I.i83 31,241 31.296 31.356 560 
S?G 41,~56 ~i,&13 31.&71 '41,528 ~i.586 ~].6a4 31.702 31,769 31,817 31.o75 31.933 570 
&SO 31.933 ?],99t 72,n48 ~2.I~6 32.164 32,222 32,280 32.338 ~2.396 32.~55 32.513 580 
590 ~2.513 ~2,%7| ~2,62u 42,687 32.746 ?).804 32.862 32.921 32.979 3~.038 33.096 590 

600 33,0~6 33.155 33.213 33.272 ~3,330 33~ 33.448 33.506 33.565 33.624 3~.68~ 600 
610 3~.683 3~.762 33.800 ~3.859 33.918 33*977 3~*036 3~*095 3~.155 34.214 34*273 610 
620 34.273 3~.332 34.391 3~.451 34,510 3&.569 36.629 34,688 34,746 34.807 34,867 620 
630 3~,867 3~.926 3~,986 ~5.0~6 35,105 35,165 35*225 35.'285 35.344 35*404 35.464 630 
640 35,&6& 35.52~ 35.584 75.6~A 35.70a 35.764 35,825 35*885 35.945 36*005 36.066 640 

650" 36.ut;6 36.[Z6 36.186 ~6,247 36*307 36,368 36,428 36.W89 36*549 36,610 36,671 650 
660 36.571 36.7~2 36.792 36*853 36,9t~ 36.975 37,036 37,097 37.]58 37.219 37.280 660 
670 37,280 37.34] 37.402 37.463 37,525 37,586 37,647 37.709 37*770 37.83~ 37,~93 670 
680 ~7,693 37.956 38,016 18.078 38.139 38.201 38*262 38*324 38*386 38.448 38.510 680 
690 38.510 38.572 38.633 38*695 38.757 38,819 38.882 33,944 39*006 39.068 39.130 690 

700 39~ 39.192 39.2~5 39.317 39.379 39.~2 39,50~ 39.567 39*629 39.692 39~ ?00 
710 39.75~ 39,817 39.880 39,942 ~0,005 40,068 40.131 90.193 40,256 ~0~ 40.382 710 
720 a0,362 ~0.~45 g0.508 60*57] ~0,634 40.697 40.760 &0.823 40.886 ~0.950 41,01~ 720 
730 %1*013 ~i*076 ~i.139 ~1,203 41.266 ~I.329 41.393 ~i.456 41.520 41~ 41.647 ?30 
7~0 41,667 I,I,710 4],TTa ~i,837 4|,90t ~t.965 42,020 ~2~ 42.156 42,219 42.283 740 

750 42.283 &2.3~7 a?,all ~2,&75 62,538 ~2~ 42.666 ~2,730 ~2.79~ 42,858 ~2.922 ?50 
76s 42.922 760 

760 42,922 42,986 ~5.030 43.114 43.278 45.242 43*306 45.370 45*435 45.499 4~.5~3 760 
TTO 43,365 43,627 93*692 45.736 43.820 45.883 4~.949 44.014 44*078 44,142 44*207 770 
780 44.207 44*272 94*336 44*400 44*465 44,529 44.594 44,658 ~r 44*788 44*852 780 
?90 44.~32 44,917 ~4,981 45*046 45.111 45.175 45,240 45*304 43.36~ 45.434 .43.498 790 

600 4 3 . 4 9 8  4 5 . 3 6 3  43,627 45*692 45.757 45.822 45*886 45.950 46,025 46.080 46.144 800 
810 46,144 46*209 46,275 46*338 46*403 46*467 46.552 46.596 46.661 46.?25 46*790 820 
820 46.790 46.854 46+919 46.983 47*047 47.112 47.176 47.241 4T*305 47.369 47,434 S20 
830 47*434 47.498 47*562 47*627 47.691 47.753 47.819 47.884 47*948 48.012 48.076 830 
840 48*076 48.140 48*2O4 48*269 48*333 48*397 43.461 48~ 48*589 48*653 40o716 840 

830 48*7|6 48*780 48*844 48*908 48*972 49*036 49*099 49.163 49*227 49.291 49*334 850 
860 49*334 49*4]8 e9.481 49*343 49*608 49*672 49*73w 49*799 49*862 49*926 49*989 860 
870 49*989 30*032 50.116 50.179 50*242 50*305 50*369 50m432 w 30*338 50.621 870 
880 50.621 30*684 50*74? 50.810 S0*873 50*936 50*998 51,061 51.124 51.187 51.249 880 
890 31.249 31.312 51.375 51.437 51.300 51.562 51.625 51.687 31.750 31.812 $1.875 890 

900 51.873 51.937 31.999 52.061 32*;24 52.186 32*248 32.310 52*372 52*434 52*496 900 
910 52*496  32*338  52*620 52*682 32*744 32*806 32*868 32,929 52*99] 53.033 53.115 910 
920 5 3 . 1 1 5  55.176 93.238 53*299 33.361 33.422 5~.484 53.545 53*607 53*bb8 53*729 920 
930 55 *729  5 3 * 7 9 |  9 3 . 8 5 2  33.913 33.974 54*035 34,096 34.137 54.219 54*280 54.341 930 
940 34.341 34.40] 54*462 54*325 54*384 34.645 34*706 54.766 54*827 34*888 54,948 940 

930 54*948 33*009 55*070 53.130 33.291 55*232 53*322  55*372  53*432 55*493 53*353 950 
960 53*333  33*613 55*674 53*734 35*794 33*834 55.924 55.974 56*033 36*095 56*255 940 
970 56*233 36.215 56.275 56*334 56*394 36*434 56.314 56.374 56.634 56.693 36.753 970 
980 56*733 56*825 36*873 56.93Z 56*992 57.031 37.111 57.170 57.230 37*289 57*349 980 
990 37*349 57,408 57.~68 57*527 57*586 57*646 57*705 57.764 57,824 57*883 57*942 990 

DEG C 0 1 2 3 4 S 6 7 S 9 10 OEG C 
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TABLE 10.7--Type l thermocouples (continued). 

Temperature in Desrccs Celsius ( IPTS 1968) 
EMF in Absolute Millivoits Re~rcncc Junctions at 0 C 

~EG C 0 l 2 ~ ~ ~ 6 7 8 9 tO DEG C 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

l*O00 37.9~2 58+001 $8.060 36+120 58+179 $8,238 58*297 $8,3w ~6*41~ $6.47k ~8.533 llOOO 
10010 58.~33 $B*~92 58.6~1 58.710 w 58,827 58.886 58,94~ 5g,004 ~9,063 39,121 1*010 
1.020 59.121 59.180 59*239 59*298 59*356 $9*4|5 59,674 $9.$32 59.591 Sg*650 59*708 I*OZO 
1.030 39*708 59*767 59*825 59*864 59*942 60.001 60.059 60.118 60,176 60.23~ 60*293 1.030 
1w040 60.Z93 60*331 60.410 60.668 60*527 60*585 60*643 60,702 60*760 60.818 60*876 1+040 

1,050 60*876 60.93B 60.993 61.051 61.109 61.168 61.226 61.Z86 6|*362 61.400 61,439 1*030 
1*060 61*459 61.517 61,575 61*633 61,691 61*749 61.807 61+865 61.323 61,981 62*039 11060 
1.070 62.039 62.097 62.136 62.214 62.272 62,330 62,388 62*446 62,304 62.362 62.619 1.070 
10080 62.619 62,&77 62.735 62*793 62.851 62*909 62.967 63~025 63*083 63,141 63.199 1.080 
1~090 63.199 63.257 63.31A 63,372 63*430 63.48B 63,546 63.604 63,662 63,719 63.777 1.090 

1+100 63,777 63*835 63*093 63.951 64*009 64,066 64.12~ 66.182 64.240 64.298 66,355 11100 
11110 64,355 64.613 66.471 64*529 66,586 64.644 64.702 64.760 64.817 6q.875 64*933 11110 
1+120 66,933 64.991 63.048 63.106 65.164 65,222 63,279 65.337 65.395 65,653 63,510 1.120 
1.130 65.510 65.368 65*626 65,683 65.741 65*799 65,856 63.914 65*972 66*029 66.067 11130 
1,140 66.087 66.145 66*202 66*260 66.318 66.37~ 66,633 66.491 66,548 66.606 66*664 1.140 

1.150 66.664 66*721 664779 66*836 6~,894 66*952 67*009 67*067 67.126 67,182 67.240 1,130 
1,160 67,260 67,297 67*335 67,612 67*670 67*227 67.585 67*663 67.700 67.758 67.815 1+160 
1*170 67,815 67,873 67*930 67,968 60,065 68*103 68.160 68*Z17 68*275 68,332 68,390 1.170 
1.180 66,390 60*667 68*505 66*562 68*619 68*677 68,73~ 68,792 68.849 68*906 66.964 11180 
11190 6B.�&4 69.021 69+078 69.135 69.193 69.250 69,307 69,366 69,422 69.479 69.536 1.190 

1.200 690536 1+200 

OEG C 0 ! 2 3 6 5 6 7 8 9 10 DEG C 
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TABLE lO.8--Type K thermocouples (deg F-ml/fivo/ts). 

Tempera tu re  in Degrees Fahrenhei t  ~ 

E ~ I F  in Abso lu te  M i l l i vo l ( s  Referenoe JuncUons at 32 F 

DEG F 0 ] 2 3 4 5 6 7 8 9 10 DEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOL~S 

-650  - 6 , 4 5 6  - 6 , 4 9 6  - 6 , 4 5 7  - 6 , 4 5 7  - 6 , 4 5 8  -450 

-440 -6.447 -6,448 -6.449 -6*450 -6.451 -6.452 -6,453 -6.454 -6.454 -6.455 -6.456 -440 
-430  - 6 , 4 3 1  -6 .&33  - 6 , 4 3 5  - 6 . 4 5 6  - 6 , 4 3 8  - 6 . 6 4 0  - 6 . 4 4 1  - 6 , 4 4 3  - 6 , 4 4 4  - 6 , ~ 4 9  - 6 , 4 4 7  "490 
-620 -6,409 -6.411 -61414 -6.416 -6.419 -6.62] -6,4~3 -6,425 -6,427 -6.429 -6*631 -420 
-AIO -6,380 -6*383 -6.386 -6*389 -6.392 -6,395 -6.398 -6.401 -6*40~ -6.406 -6.409 -4|0 
-400 -6.344 -6.348 -6,352 -6.355 -6.359 -6*~63 -6.366 -6*370 -6.373 -6,377 -6.380 -400 

-390 - 6 , 3 0 1  - 6 , 3 0 6  - 6 , 3 1 0  - 6 , 3 1 5  - 6 , 3 1 9  - 6 , ~ 2 3  -6 *328  - 6 , 3 3 Z  - 6 , 3 3 6  - 6 , 3 4 0  - 6 , 3 4 4  -390  
-380  - 6 , 2 5 1  - 6 , 2 5 7  -6 *262  - 6 . 2 6 7  - 6 , 2 7 2  - 6 , ~ 7 7  - 6 , 2 8 2  -6 *287  - 6 , 2 9 2  - 6 , 2 9 6  - 6 , 3 0 1  -380  
-~70 -6,195 -6,201 -6*207 -6,21~ -6.2~9 -6.224 -6,230 -6.235 -6.241 -6,~6 -6.251 -370 
-360 -6.133 - 6 . 1 3 9  -6,]46 -6.152 -6.198 - 6 . 1 6 5  -6,171 -6.177 -6.183 -6,189 -6.199 -360 
-390 -6,06~ -6.071 -6.078 -6.08~ -6,0~2 -6.099 -6.106 -6.i]3 -6,]19 -6.126 -6.133 -350 

-340  -5.989 -5.997 -6.004 -6.012 -6,020 -6.027 -6.03~ -6.042 -6*049 "6.097 -6.064 -340 
-330 -5t908 -5.917 -5.925 "9.933 -9.9~I -5,949 -5,957 -5.965 -9,973 -5*9~I -5,989 -330 
-320 -5,822 -5t831 -5.839 -5.8~8 -5t857 -9,866 -5.874 -5,883 -9,891 -5,900 -5.90~ -320 
-310 -5.730 -5,739 -5,748 -9*758 -5.767 -9,776 -5.786 -9.795 -9,804 -5,813 -9.822 -310 
-300 -5,632 -5,642 -9*652 -5.662 -5.672 -5,682 -5,691 -5,701 -5.711 "5.720 -5.730 - 3 0 0  

-290 -5,529 -5,5~0 -5,550 -9*56] -5.571 -9.981 -5*592 -5*602 - 5 . 6 1 2  ~5,622 -5,632 -290 
-280 -5,~21 -5.432 -9.443 -9.~5~ -5.465 -5*476 -9*487 -9.~97 -5,508 -9.519 -5*529 -280 
-270 -5*308 -5.319 -5,331 -~.342 -5.35~ -5,365 -5,376 -5.388 -9*399 -5,410 -5.~2~ -270 
-260 -5.190 -5,202 -5,214 - 5 . 2 2 6  -5,238 -9,249 -5,261 -5.273 -5.285 -5.296 -9.308 -260 
-250 -5,067 -5,079 -5.092 -5*I0~ -9,I16 -5.129 -5.141 -5.153 -5.165 -5*178 -5.190 -250 

-240 -~,939 -4,952 -4*965 -~.978 -~,�gO -5.003 -5,016 -9.029 -5.041 -5*054 -5*067 -240 
-230 -4,806 -4.819 -4*833 -&,8~6 -4,660 -4,873 -~.886 -4.899 -~.912 -4.926 -4,939 -230 
-220 -~.669 -~.683 -4,697 -4,710 -41724 -4,738 -~.752 -4,765 -4.779 -4,792 -~.806 -220 
-210 .&.527 -4.541 -4.556 -4.570 -~.58~ -4,998 -4,613 -4.627 -4.641 -4,6~5 -4.669 -210 
-200 -4,381 -4,396 -4,410 -4.429 -41440 -4.454 -4,~69 -~.484 -4t~98 -4*)12 -4,527 -200 

-190 -4,230 - 4 . 2 ~ 5  -&.261 -4.276 -~.291 -4,306 -4,321 -4,336 -4,351 -4.366 -4.381 -190 
-180 -~*075 -4.091 -4.I07 -4*122 -4.138 -4.153 -4.169 -~.184 -4.200 -4.219 -~,230 -180 
-170 -3,917 - 3 . 9 3 3  -3,949 -3,965 -3,981 -3.997 -4,012 -4.028 -4.0~4 -4*060 -4.079 -170 
-160 -3,794 -3,770 -3.787 -3*803 -3.819 -3.836 -3.852 -3.8~8 -3,88~ -3.901 -3.917 -160 
-150 -3,587 -3.604 -3,621 -3,637 -3,694 -3.671 -3.688 -3.70~ -3.721 -3.737 -3o754 -150 

-140 -~.&17 -~,43~ -3,451 -3,468 -3,&85 -3,502 -3,519 -3.536 -3,533 -3.570 -3.587 -140 
-130 -9,242 -3,260 -3.277 -3,795 -3,312 -3.330 -3.347 -3*369 -3.382 -3.399 -3.417 -130 
-120 -3.065 -3,082 -3.I00 -3.118 -3.136 -3.154 -3,172 -3,189 -3,207 -3.225 -3~ -120 
-110 .2,883 -2,902 -2.920 -2,938 -2.956 -2.974 -2,992 - 3 . 0 ~ 0  -3.029 -3.047 -3,065 -ii0 
-100 -2.699 -2.717 -2.736 -2.754 -2.773 -2.791 -2.810 -2.828 -2.8~7 -2,869 -2,883 -i00 

-90 -2.911 -2.530 -2,949 -2,967 -2,986 -2.605 -2*624 -2,643 -2,661 -2.680 -2,699 -90 
-80 -2*320 -2.339 -2.358 -2,377 -2,397 -2.~16 -2.435 -2,45~ -2,473 -2.492 -2.511 -80 
-70 -2.126 -2,145 -2.169 -2.18~ -2.20~ -2.223 -2.2~3 -2.262 -2.281 -2*300 -2,320 -70 
-60  -I.929 -i.949 -1.968 -I.988 -2.008 -2.028 -2.047 -2.067 -2.087 -2.i06 -2.126 -60 
-50 -I.729 -1.749 -i.769 -1,789 -i,809 -1.829 -1,849 -i,869 -1.889 -i.909 -1,929 -50 

-40 -i,927 -I.947 -1,567 -1.588 -I*608 -1,628 -1.648 -1,669 -1,689 -I.709 -1.729 --40 
-30 -1,322 -1.342 -1,363 -1,383 -I.404 -i.424 -I.~45 -1,465 -i.486 -i,506 -I.527 -30 
-20 -i.i14 -1.135 -I*156 -1.177 -i,197 -i.218 -1.239 -i,260 -I.280 -1.301 -1.322 -20 
-i0 -0.90~ -0,g25 -0,446 -0.968 -0,989 -i.010 -I.031 -i~ -I*072 -I*093 -I*11~ -10 
- 0 -0.692 -0.71~ -0.739 -0.755 -0,777 -0.799 -0,820 -0,841 -0.862 -0.083 -0.90~ - 0 

0 -0,692 -0.6?I -0,650 -0.628 -0.607 -0.585 -0.564 -0.543 -0.521 -0.900 -0.~78 
i0 -0,478 -0.~57 -0,439 -0,413 -0,392 -0,370 -0,3~9 -0.327 -0.309 -0,26~ -0,262 
20 -0,262 -0.2~0 -0.218 -0.197 -0,17~ -0.193 -0.131 -0.I09 -0*088 -0,066 -0,0~4 
30 -0.044 -0,022 0.000 0,022 0,04~ O*Obb 0.088 0.ii0 0.132 0,15~ 0,176 

0 
I0 
20 
30 

40 0.176 0,198 0.220 0,242 0,26~ 0,286 0.308 0,331 0.353 0.375 0.397 40 

50 0,397 0,419 0,441 0.~64 0.486 0,508 0.53O 0,553 0.575 0.597 0.619 50 
60 0.819 0.642 0.664 0.686 0,709 0.731 0.753 0.776 0,708 0,821 0.843 60 
70 0.843 0,863 0.888 019|0 0*933 0,995 0,978 1,000 1,023 1.045 1.06S 70 
00 1,068 1.090 1.I]3 1,135 1,198 1.181 1.205 1.226 1,248 1.271 1.294 80 
90 1,294 1,316 1.339 1,362 I,}8~ 1.407 1.430 1.452 1,479 1.490 1.520 90 

lO0 1,520 1,543 1.566 1,989 1,61] i*63~ 1.657 1,660 1,709 ].725 1.748 I00 
110 1,748 1.771 1.794 1.817 1.8~9 1.862 1.88~ 1.908 1.93) 1.954 1.977 i10 
120 1.977 2,000 2,022 2,045 2,068 2,091 2.114 2,137 2,160 2,183 2.206 120 
130 2.206 2.229 2,252 2,275 2,298 2,321 2.344 2.367 2,990 2,413 2.436 130 
140 2,436 2,459 2,482 2.505 2,528 2,551 2,974 2.597 2.620 2.6~3 2.666 l&O 

OEG F 0 ] 2 3 ~ 5 6 7 8 9 ]0 DEG F 

" C o n v c r t c 4  f r o m  dctz~ccs Cels ius O P T S  1965). 
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CHAPTER 10 ON REFERENCE TABLES FOR THERMOCOUPLES 189 

TABLE lO.8-.--Type K thermoeouples fcontined). 

T c m p c r a l u r c  in Degrees  F a h r e n h e i t  ~ 

~MF in Absolute Mdhvotts R c ~ r c n c c  J u n c [ i o n s  at 32 F 

~rG F q 1 2 3 ~ 5 6 7 8 9 10 DEG F 

THS~0ELFC~RIC VOLTAGE IN A85OLUTE ~ILLIVOLTS 

180 2 , 6 6 6  Z .689  Z .712  2 . 7 3 5  2 . 7 8 8  2~ 2 . 8 0 4  2 . 8 2 7  2~  2 . 6 7 3  L . 8 8 6  l b0  
16u 2 . 8 9 5  Z~ 2 . 9 4 3  2 . 9 6 6  2 . 9 8 9  3 .b12  3 .035  3 . 0 5 8  3o081 3~  3~  180 
170 3.127 3.15f~ 3.173 3.196 3.2P0 3.243 J.266 J.289 ~.312 J.3~b 3.Jb~ 170 
180 3.388 3.381 3.~0~ 3.427 3.496 3.473 3 . 4 9 E  3.819 3.8~,3 3.666 ~.58v 180 
190 ~.589 3.612 3.635 3.838 3.651 3.704 ~.727 3.760 3.773 ~.796 ~.819 190 

LO0 3,~19 3.~42 3.863 ~*88~ ~~ 3,93~ ~.957 3.980 ~.OOB 4.096 4.045 290 
210 4~ ~ . 0 7 2  &.o98 4~ 4.1t~l ~.184 ~.187 4.210 4.23~ 4.g06 4.279 210 
2 2 0  4 . 2 7 9  4 . 3 0 2  4 . 3 2 5  4 . 3 , 8  4 . 3 7 1  4 . 3 9 4  , . 4 1 7  ~ . ~ 3 9  4 . 4 6 2  ~ .~85  4 . 5 0 6  220 
230 ~.508 4.531 4.554 4,577 4.800 ~.622 4.645 ~.668 4.691 4,714 4,737 230 
2~0 ~.737 ~.759 ~.782 ~.8C5 4*828 4.851 ~.873 ~.896 ~.919 ~,9~Z ~,96~ 2~0 

~50 ~,964 ~.987 5~ 5.0~3 5.055 ~~ 5.101 5~ ~.146 ~.~9 J*lg~ 2~0 
260 5~ 5~ 5.237 8.260 5.282 3.~05 5~ 5.3~0 5~ 5~ b.41~ 260 
270 5 . ~ 1 8  5*~40 5 . 4 6 3  5*4@6 5 . 8 0 8  8~ 5 . 5 ~ 3  5 , 5 7 6  5 . 8 9 8  5 .621  ~ ~  ~7C 
280 5 . 6 4 ~  3 . 6 6 6  5 . 6 8 8  5 . 7 1 1  5 . 7 3 3  5 . 7 5 6  5 . 7 7 8  5 .~01  5 . 8 2 3  ~ . 0 4 0  ~ .86~  ZSC 
290 3.868 5 . 8 9 1  5.913 5.936 5.958 5.9811 6.003 6.028 6.0~8 6.070 6.092 290 

300 6.092 6.115 6 . 1 3 7  6.160 6.182 6.20~ 0.227 b.~49 6.271 6 . ~ 9 ~  6.316 ~00 
310 6.316 6.338 6.361 6.383 6.~08 6.428 6.~50 6.472 6.49a 6.~17 6*~59 310 
320 6,539 6.561 6.583 6.606 8.828 6.650 6.672 6.695 6~ 6.739 6~ J2G 
330 6,761 6,784 6.806 6.828 6.880 6 . 8 7 3  6*898 6.917 6*939 6 . 9 6 1  6*984 330 
3~0 6 . 9 8 4  7 . 0 0 6  7.028 7.030 7.072 7 .09~  7 . 1 1 7  7 . 1 3 9  7 . 1 8 1  7 . 1 8 3  7.205 340 

350 7 . 2 0 5  7 .2~8  7 . 2 5 0  7 ,272  7 . 2 9 ~  7 . 3 1 6  7 . 3 3 8  7 . 3 6 1  7 . 3 8 3  7 .~0~  7 .427  ~50 
368 7 .~27  7 . ~ 9  7 . ~ I 1  7 .~o4  7 . 5 1 6  7 .53~  7 . 8 8 0  7 . 5 8 2  7 . 6 0 4  7 . 6 2 7  7 . 6 ~  ~60 
370 7 . 6 ~ 9  7 .671  7 . 6 9 3  7 . 7 1 8  7 , 7 3 7  7 . 7 6 0  7 .782  7 , 8 0 4  7 . 8 2 6  7 . 8 ~ 6  7 . 8 7 0  370 
380 7 . 8 7 0  7 .89~  7.9]5 7 . 9 3 7  7.959 7 .981  8 .007  8 *028  8.0~,8 8 . 0 7 0  8 .092  380 
390 8.092 8.114 8.137 8.1~9 8.181 8.203 8.223 8.2~8 8.27C 8.292 8.~l& 3~ 

~00 8.314 8.336 8.359 8.381 B.403 8.425 8.448 8.470 8 . 4 9 2  8.~14 8 , 5 ~ 7  400 
~]G 8,837 8.889 8.581 8.603 8.626 8.648 8.670 8*692 8.715 8.7J7 8,759 ~10 
~20 8.759 8.782 8.804 8.826 8,8~9 8.871 8.893 8.916 8*938 8.980 8.98~ ~20 
480 8.988 9,005 9.027 9~ 9.072 9.094 9.117 9.199 9,]61 9.184 9.206 ~ 0  
440 9*206 9.229 9.231 q*~73 9*296 9.318 9,3~i ~.563 9.38~ 9.~08 9.4?6 4&O 

a50 9.430 9*~53 9.&75 9.498 9.520 9.843 9.568 9.888 9.610 9.633 9.885 ~50 
460 9.638 9.678 9.700 9.723 9.743 9.768 9.790 9.813 9.83~ g*858 9,880 ~60 
470 9.880 9.903 9.926 8.948 9.971 9.993 10.016 10.038 i0,061 10.084 i0.I06 470 
~80 10.I06 1e*129 10.151 I0.i?~ I0*197 10.219 10.242 10.268 10.287 10.310 I0~ ~80 
490 10.333 10.335 I0.37H 10.401 i0.~23 10.446 10.489 I0.~91 i0.514 [0.537 I0.860 49q 

500 10.560 10.582 10.605 10.628 i0.850 10.678 iu.696 10.719 I0.761 I0,76~ I0,787 500 
51u 10.787 10.810 10.833 10.885 10.878 10.901 1o.924 10.947 10.969 I0.99Z 11.01b 510 
520 11.015 11.038 11.061 11.083 II,106 11.129 11.152 11.175 11.198 !1.221 II.2~3 820 
530 II.243 11.266 II.289 11.312 11.338 11.358 11.381 iI.4~ 11.426 II.4~9 11.472 530 
540 11,~72 ii.495 11.518 Ii.541 11.864 11.887 11.610 11.633 11o636 11.679 11.70/ b~O 

550 11.702 11.725 11.748 11.770 ii.793 11.816 11.839 11.862 11.885 11.908 11.931 >50 
560 11.931 11.954 ii*977 12.000 12,023 12.046 12.069 12.092 12.i15 12.135 12.161 560 
570 12~ 12.184 12.207 12.230 12.284 12.277 1t~ 12.323 12.346 12.369 12,39Z 570 
580 12 .392  12*~18 12*~88 12.461 12.48~ 12.507 12.530 12*553 12.576 12.599 12.623 580 
590 12.623 12.646 12.669 12.692 12.718 12.738 12.761 1 2 . 7 8 4  12.807 12.8~I 12.854 580 

600 12.854 12,877 12.900 12*923 12.946 12.969 12,992 13.016 13*039 13.062 13.085 600 
610 13.085 13.108 13 .131  13*154 13,178 13,201 13,22~ 13.2~7 18*270 13.298 t 3 , 3 1 7  610 
620 13*317 13.340 13.363 13.386 }3,409 13.438 13.456 13,479 13.502 13.825 18*5~9 820 
880 13.849 13.572 13.895 13.618 13.641 13.665 13.688 13.711 13.73~ 13.787 13.?81 630 
6~0 13.781 13,80~ 13.827 13.850 13.874 13.897 18.920 13.9~3 13.967 13.990 i~.01~ 640 

650 I~.013 I~.086 14.060 14,083 14.106 14.129 1~.188 I~.176 14.199 1~.~2 14.Z46 680 
660 14.246 14.269 14~ 14.3|6 14.339 14*362 14.385 14~ 14.432 14.488 14~ 660 
670 14.~79 14.802 14.528 14.848 141872 14,598 14.618 14.842 14.665 14.688 1 4 . 7 1 2  670 
680 14.712 14.738 14.758 14.782 14.803 14.828 14.882 14.875 14.898 14.922 14.945 680 
690 14.945 I~.968 14~ 15.015 15.038 15.062 15.085 18.108 18.132 15.155 18.178 890 

700 1 5 . 1 7 8  15 .202  1 8 . 2 2 5  15 .248  13 .272  15 .298  18 .318  18 .842  15 .365  15 .389  18 .412  700 
710 15 .412  18 .435  1 5 . 4 5 9  15 .482  15 .805  18 .529  1 5 . 5 8 2  18 .576  1 5 . 5 9 9  15 .622  16*046  I10 
720 18.646 18.669 18.693 18.716 15.739 15.768 15.786 18.810 15.833 15*856 18.88C 720 
730 15o880 13 .903  1 8 . 9 2 7  15o950 15 ,97~  15 .997  16 .020  16o044 1 8 . 0 6 7  16,0Y1 16 .114  7J0 
740 16o114 16.138 16.161 16*18~ 16.20~ 16.231 16o255 16~ ]6~ 16*325 16~ 740 

750 |6.349 16.372 16.398 16.~19 16.4~2 ]6.466 16.489 16.513 16.536 16.~60 16~ 780 
760 16.~83 16.607 16.6~0 16.654 16.677 16.700 16.724 16*7~7 16~ 16~ 16.818 160 
770 16.818 16.8~I 16.868 16.888 16*912 16.985 16.959 16,982 17.006 17~ 17~ 770 
780 17~ 17.076 17.100 17,123 17.147 17.170 17,194 17,217 17.241 17.26~ 17.288 700 
790 17.288 17,311 17.335 17,358 17,382 17.406 17.429 17.~83 17.476 17.500 17.523 790 

DEG F ~ 1 2 3 4 ~ 6 7 B 9 10 OEG F 

* C o n v c r t o d  f ron t  dc.=rees C c h i u 8  ( I P T S  1968 }. 
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190 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE lO,8--Type K thermocouples (continued), 

Temperature in Degrees Fahrenheit = 
E M F  in Absolute Mi l l ivo l ts  Rr Junctions at 32 F 

DEG F 0 l 2 3 ~ 8 6 7 8 9 10 OEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

800 17,523 17+547 17.570 17+$94 17,617 17,641 17,664 17+688 17.711 17,735 17.759 800 
810 17,759 17a782 17.806 17+82 Q 17,853 17+876 17,900 17.923 17,947 17,971 17,9Y~ 819 
820 17,994 18,018 18,041 18,062 18,088 18,112 18*136 18,189 18,183 18+206 18,230 820 
830  18.230 18,253 18,277 18,301 18,324 18,348 18,371 18,395 18,418 18,~2 18,~66 ~30 
840 18,48~ 18,489 18,51~ 18,536 18,560 18,584 18,607 18,631 18,654 18,678 18,702 840 

850 18,702 18.728 18+749 18,772 18.796 18,820 18,843 18,867 18.890 18,91& 18.938 820 
860 18,938 18,961 18,988 19,008 I9,032 19,086 19,079 19,i03 19,127 19,150 19,174 860 
870 19+174 19,197 Iq,221 191265 19,288 19,292 19,316 19,339 19*36~ 19,3d6 19,WI0 070 
880  19.410 19,434 19,487 19,481 19+805 19,528 19,882 19,276 19,899 19.623 19,6~6 880 
8 9 0  19,646 19,670 19,694 191717 19,741 191765 19*788 19,812 19o83~ 19,859 19+88~ 890 

900 19,883 19,907 19,980 19+984 19,978 20,001 20.022 20,049 20,072 20,U~6 20o120 900 
910 20,120 20,143 20,167 20,190 20,214 20,238 20,261 20,285 20,309 20,632 20,J56 910 
920 Z0,386 20,380 20,403 20,427 28,451 20,474 20,498 20,222 20,5~5 20,~69 20.893 920 
930 20,w 20,816 20,6W0 20,664 20,688 20,711 20,7~5 20,759 20,782 20*806 20,830 930 
940 20.830 20,853 20,877 20.901 20,924 20.948 20.972 20,995 21,019 21o043 21.066 9&O 

980 2h066 21,090 21.|14 21,137 21,161 21.182 21.208 21,232 21,286 21,250 21,303 920 
960 21,303 21,827 21+321 211374 21,398 21,422 21o448 21.469 21,~93 21,215 21,5~0 960 
970 21.840 21,864 21.287 21,611 ~I*635 21,699 21o682 21,706 21,730 21o753 21,777 970 
980 21,777 2%,801 21,824 21,8~8 21,872 21,895 21,919 21.943 21o966 21.990 22,01~ 980 
990 22,01& 22,038 22,061 22,085 22,109 22~ 22,156 22.180 22~ 22,2~7 22.251 990 

1,000 22,281 22,274 22,~98 22,322 22~ 22,369 22,393 22,~17 22,440 ~2,464 22,48~ l,OUO 
1,010 22,488 22)511 22,238 22,5~9 22,582 22,606 22*630 22~ 22,677 22,701 2~.729 I,UIO 
1,020 22.725 22,7~8 22,772 22,796 22,819 22,843 22.867 2~,8V0 2Z,91~ <2,9~d ZZ,961 I30~0 
1,030 22,961 22,985 23,009 83,032 23.056 23,080 23,i04 23,127 23,18J 23~ 23.19~ I)030 
1,040 23,198 23,222 23,246 23,269 23)293 23,317 23+140 23.364 23,388 23,~11 2~,436 !,U~O 

1,050 23~ 23,459 23,482 23,506 23,830 23~ 2J,877 23,S01 23,824 2~.6W8 23,67~ 1,J~O 
1,060 23,672 23,698 23,719 23,7~9 23,766 25,790 2~,814 23~ 23,861 23,865 23~ l,UbC 
1,070 23,908 23,932 23,956 23,979 24+003 24.0~7 24,050 24,074 24,098 2~,121 24,1~5 1,070 
1,080 2&1145 24.169 24,192 24,216 24,240 24,263 2~,287 2~.311 24,334 2~,358 2W,3~2 1,0~0 
1,090 26,382 24,~05 2&~ 24,~3 2W,~76 24.500 2~,823 2~,~47 24,571 24~ 24o615 !,090 

I,I00 24,618 2~,642 2&,668 2~+689 2~,713 2&*736 24,760 24,783 24,807 24o~31 24,854 1,100 
I,ii0 24,884 24,878 24.902 241929 24,9~9 24,972 2~,996 2~,020 2~,04~ 25,067 2~,091 I,ii0 
1,120 25,091 28,114 22,138 28,16] 28~ 25,209 2~.232 22,226 25,27~ 25.303 25,327 i,~20 
1,1)O 28,327 25,350 25,374 25,397 25~ 25oa~8 25,468 25,492 22o815 25.859 25.563 I,130 
1,140 28,263 2~o58~ 25,610 22,633 25,657 2~.681 29,704 25*728 29,721 46.775 25,79~ I,i~0 

1.180 28,799 25,822 25,846 29,869 29,898 25,916 28,9~0 25,964 25,987 26.011 26*03~ 1,150 
1,180 26,034 ~6,088 26,081 26,105 26,128 26,192 20,176 26~ 26~ 26,240 26,270 i,160 
i3170 26,270 26,293 26,317 26,3~0 26,36~ 26,387 20,~Ii 26,435 28,458 26,~2 2~o505 i3170 
i)180 26+~0~ 26,52 Q 264652 26+876 26,899 26,623 28,6w6 26,670 28,69~ 26,717 ~6,7~0 1,180 
1,190 26,7~0 26,76~ 26,787 26)81~ 26,83& 26,888 20~ 26,u0~ 26,92H ~0,9~2 26o~76 1,1~0 

1,200 26~ 26.999 27,022 27,046 27,069 27.093 27.i16 27*140 27,16~ 27,187 27o210 1,200 
~,210 27,210 27,23r 27,257 27,281 27,30~ 27.328 27.331 27,379 27*398 37,422 27,445 1,210 
1,220 27*445 27.~68 27~ 27.515 27*239 27~ 27,586 27~ 27.63~ 27*66~ ~7.679 I , ~ 0  
1,230 27,679 27,703 27.726 27,750 27,773 27,797 27,820 27~ 27~ ?7~ 27,~I# I3230 
1,240 27,914 27.937 27.961 27,984 2~,007 28o031 28~ 28oD78 28,101 28.12& 28.148 1,2~0 

i,280 28,I~8 28,171 28,198 28,218 28,241 28,268 28,2~8 28,311 28~ 28,~58 28,~82 i,250 
1,2~0 28,382 28,405 28,428 28,~92 28,475 28.~98 2s,522 28,5~5 28,869 28.892 28.612 I,260 
1,270 28,615 28,639 28,662 28,685 28~ 28,732 28,758 28,779 28,802 28,825 28.849 1,2~0 
1,280 28)84~ 28.872 28~ 28.919 28,942 28~ 28,988 29.o12 29.035 2~,05~ 29*0~2 I,ZBO 
I,290 29,u8d 29,1o5 29,128 29,192 29,175 20.198 29,221 29)Z~5 29+~8 ~)~I 29,~Ib l)~UO 

i,)00 29.318 ~9,388 29,361 29,38# 29,408 29,431 29.a~. 29.~77 29,301 29,b24 29,~47 I3300 
11~i0 29.5~7 29,570 29,59~ 29,617 29,640 29+663 29,687 29o710 29~ 29~ 29,7~0 I3310 
I)320 29,780 29.803 29,826 29~ 29,872 29*896 29~ 29,~2 29.965 29,989 30,612 I,~20 
l t 3 8 0  30.012 30,035 30,098 30,081 30,104 30,128 3'3oI~i 30.174 30o191 30*~2~ 30,2~ 1,~30 
13340 30*2~4 ~0.207 30,290 30,313 3o,396 3b*3~9 3~*)e~ ~OoW06 30,~2~ 30,~)z ~0,~76 I)~0 

i3390 30,479 ~O,~Wb 30,321 30,)~ ~u,~88 ~0*~91 ~u.614 ]0,637 30,660 30~ 30~ I33~0 
i3380 30,706 30,730 30,7~3 30+776 30,799 30,822 ~u,84~ 30,868 30,891 ~0,914 30,937 l)~b~ 
1,370 30.937 30,961 30,984 31+007 31.030 31,053 31,076 31,099 ~I,l~ Ji,I~5 31,1~ I,~7U 
I)380 31,168 31,191 31.214 91+237 ~I,260 3 1 , 2 6 3  ~,5C6 313329 31,3~J ~t,~7o ~1.39w 13~0 
I)390 31,399 31,~22 31,445 31+~68 3~,~91 31~ 31,337 ~i+560 31,98~ ~I,60~ 31,829 I,390 

1,400 ~1,629 31,692 ~1*&75 ~I,698 31o721 31,7~& ~1,767 31,790 J1~ ~lo~b ~1~ l)aUO 
I,AIO 31,~59 31,882 31.902 311927 31,950 31*973 31,996 32*U19 32+042 92*065 32,0B~ i3410 
13420 32,088 3 2 , | 1 1  32+184 3 2 , 1 9 7  323180 ~2,2u3 32,226 32,2~9 32,272 3 2 , Z ~  3 2 , 3 1 7  1 ,~20  
I,43U 32,317 32,3~0 32+36~ 32,386 d~.~O9 32,~32 32~ 32~ 32o501 32,623 ~2,5~6 I)~0 
I.~0 32,6~6 32,669 32.592 32,61~ 32+638 32,661 32~ ~2t706 ~.729 "~tT); 32,776 I ,~&C 

DEG F 0 1 2 3 4 5 6 7 8 9 10 DEG F 

�9 Converted f rom ckgrccs Cctsius OPTS I96$). 
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TABLE 10.8--Type K tkennoco~ples (continued). 

Temperature in Degrees  Fahrenheit ~ 
E M F  in Absolu~ Mil l ivol ts Reference Junctions at 32 F 

DEG F 0 1 2 3 6 5 6 7 8 9 10 DEG F 

THERMOELECTRIC VOLT4Gs IN ABSOLUTE MILL[VOLTS 

1.650 32.775 32~ 32.821 32.843 32.866 32*889 32.912 32.935 32*958 32.980 33.003 1.430 
1.460 33.003 33.026 33.069 33.072 33.094 33.117 33.140 33.163 33.186 33+Z08 33.231 1.460 
1,~70 33.231 33,254 33.277 33.300 33.322 33.365 3b.368 33.39] 33.41J 33.4J6 33+4bV 1+~70 
1.480 33.459 33.482 33.504 33.527 33.550 33.573 33.595 3~.618 38.641 ~ . 6 6 ~  J~ .686 1 .4b0 
1,490 33.686 33.709 33.732 33.754 33.777 33.800 3~.823 3J+845 ~3.868 33.8~1 33.~1~ I.~VO 

1.500 33.913 33*936 33.959 33.981 34.004 34.027 36.0~9 34.072 ~4.095 34.117 34.140 1.500 
1,510 34.140 ~4.163 34.185 36.208 34+231 34,253 34.278 34.~99 34,321 3~,344 3~.366 1.510 
~520 34.366 3~389 34.412 34.434 34.457 341480 34+S02 36.828 34.547 3~+.~70 34.89~ 1 . ~ 0  
1+530 34.593 36.618 34.638 36.660 34*683 34.705 34.728 34.751 3l~.773 34.798 36.818 1.530 
1,840 34,818 34.841 34.863 34.886 3~.909 34.931 3~.99~ 34,976 34.999 3b.0Zl  3 8 . 0 ~  1+8~0 

1.850 35.0~4 38.066 35.089 35.111 35.134 35.156 35+179 38.201 35.226 35.246 35.269 IISS0 
11560 38.269 35.291 3~.314 35.336 35.359 35.381 35.4C4 35.426 3%.449 35.471 35.494 1.560 
1,570 35.494 35.516 35.539 35.561 35.583 55*606 35.628 35.651 35.673 35.696 35.718 IDb70 
1,580 38.718 35,741 35.763 35.788 35.808 35.830 35.853 35.878 ~5o897 ~5.920 38o942 1.580 
1.590 35.942 35*965 35~ 36.009 36.032 36.054 36.077 36.099 36.121 36.1~4 36.166 1.590 

1~600 36.166 36.188 36.211 36.233 36.256 36~ 36*3~0 36.323 36.345 J6 .367 36.390 1~600 
1.810 36.390 36.612 36.434 36.457 36.479 36.501 36.524 36.546 36.568 36.~90 36.813 ~.610 
1.620 36.613 36.638 36.687 36.680 36.702 36.724 36.746 36.769 36.791 36.813 36.836 ~ 6 2 0  

-1.630 36.836 36.858 36.880 36.902 36t925 36.947 38.989 36.991 37.0~4 37.036 37.058 1~630 
1,640 37.088 37.080 37.108 37.125 37.147 37,169 37.191 37.214 37.236 37.258 37.280 ~.640 

1.650 37.280 37.303 37.328 37.347 37.369 37.391 37.413 37.~36 37.4~8 37.680 37.~0~ 1.660 
1.660 37.502 37~ 37o5~7 37,569 37.591 37.613 37.638 37.657 37*679 37.702 37+724 1.660 
1+670 37,724 37.766 37,768 37,790 37.812 37.834 37.857 37.879 37.901 37*923 37.945 11670 
11680 37.948 37.967 8~.989 38.011 38.033 38.055 38.078 38.100 38.122 38.14~ 38.166 ~.680 
1.690 38.166 38.188 38.210 38.232 3~+254 38.276 38.298 38*320 38*342 38.364 38.387 ~tbgO 

~1700 38*887 38.~09 38.~31 38.483 38.678 38.497 38~ 38~ 38,~63 38+88~ 38.807 ~.700 
1.710 38,607 38,629 38,651 38.673 38*695 38.717 38,739 38.761 38*783 38.80~ 38.827 ~710  
1.720 38,827 38.849 38.871 38,893 38.915 38,937 38.959 38.981 39,003 39.024 39.066 1.720 
1+730 39.046 39.068 39.090 39.112 39.134 39~ 39.178 39~200 39.222 39*2,6 39+266 1.730 
~1740 39.266 39.288 39.310 39.331 39.353 39.375 39.397 39.419 39.641 39.~63 39.~8b 1,740 

1~750 39.488 39.507 39.829 39.850 39.572 39.596 39.616 39.638 39.660 39.682 39.703 1.780 
1.760 39.703 39�9 39.7~7 39.769 39.791 39.813 39.838 39.856 39.878 39.900 39.922 leT80 
1.770 39.922 39+96~ 39.968 39.987 40.009 40.031 40.058 40.075 40.096 40.118 40.140 1.770 
1.780 60,160 60.162 60.183 ~0.208 40.227 40.2~9 40.271 40,292 40.314 40*336 40.388 1.780 
1.790 40,358 40.379 60.401 40.423 60.448 ~0*~66 40.488 40.5~0 40.532 40.553 40~ 1,790 

11800 60.575 40.597 40.619 60.640 40+662 40.684 60.703 ~0.7~7 ~0.749 40.770 40.792 1.800 
1.810 40.792 40.814 40.836 60.887 40.879 60.901 40.922 ~0+9~4 40.966 40.987 41.O09 1.8|0 
1.820 41.009 41,081 41.082 41.074 41 .096 ~1.117 41.139 ~1,161 41.182 ~1.~04 ~1.225 1,820 
1.830 41.228 41.267 41.269 411290 41.31~ 61.334 41.3~3 61.377 41.398 ~1.~20 41.6~2 1,830 
1.840 41.642 41.,63 41.485 41.506 41.528 ~1.850 ~1.871 ~1.593 41.814 ~1.836 ~1*687 118~0 

1.850 41.687 41.679 41.701 41.722 41 .744 41.765 41,787 41*8~8 41.83~ 61.8~1 41.873 1.850 
1+860 41.873 41~895 41.916 41.938 61.959 41.981 42.002 42+024 42.045 42.067 42.088 1.860 
1.870 42.088 92.110 67.131 42.153 42.174 42.196 42.217 42.239 62.260 ~2.282 42*303 1.870 
1.880 42.30~ 42.3~8 42.346 42.367 421389 42.410 ~2.432 42.483 42.475 62.496 42.518 1.880 
1.890 42.518 42.539 42.560 42.582 42.603 42.625 62.648 ~2.668 42.6B9 42.710 42.732 1.890 

~.900 42.732 42.753 42.775 ~2.796 42.817 42.839 42.860 62.882 62.903 42.92~ 42.948 1.900 
1.910 ~2.946 42.967 42.989 43.010 43,031 43.053 43.074 43.098 43.1~7 43.1J8 43.189 1,910 
1.920 43.159 43,181 ~3.202 63.223 43.245 43*266 43,287 43.309 43.330 63*361 43.373 1,920 
1,930 ~3~ ~3~ 63*615 ~3.~36 43.688 ~3*479 ~3,500 63.522 43,543 43.564 43,585 1~930 
1.940 ~3.585 63.607 ~3.628 ~3.649 43.671 ~3.692 43.713 43.734 43.756 ~3.777 ~3.798 1.940 

1+980 63.798 ~3.819 63.8~1 ~3.862 63.883 ~3,904 43.925 ~3.947 43.968 63.~89 64,010 1.980 
1.960 44.010 ~4.031 ~4.053 ~4.074 46.098 46.116 46,137 ~4~159 44,180 ~6,201 64.222 1.960 
1,970 44,222 ~4.263 64,265 ~4.286 46.307 4~.328 44.349 44.3~0 ~6,391 ~ , 4 1 3  1~.434 1.~70 
1.980 44.434 ~4.455 6~.476 ~6.697 ~6.518 ~4.539 44.560 ~ . 5 8 2  44.603 .4 .62~ ~4*645 1.980 
1.990 6~.665 64.666 6~.687 64.708 44.729 ~4.750 4~.771 ~6.793 ~6.816 44.835 ~4.856 1,99r 

2,000 44.856 64*877 44.898 4~.919 64.960 46.961 6~.982 65.003 45.024 45.045 4b.066 2.000 
2,010 45.066 45.087 ~5.108 63.129 45.150 45.171 45.192 65.213 4~.234 65.288 ~5.276 2.010 
2,020 4~,276 r 45.318 ~5.339 45,360 65,381 45,402 45.623 48.444 65,46~ 45,686 2,020 
2,030 68,486 45.507 4S.828 45.549 45.570 65.591 65.812 45.633 45.654 45.875 65.695 2,030 
2,040 45,695 45~ 65,737 &5,758 45,779 45.800 45,821 45,862 45.863 45.884 65.904 2,O~O 

2.050 45,904 48.928 48.946 ~5.967 ~S.988 66.009 46.030 ~6.091 46.071 46,092 46,113 ~.~80 
2,060 46,113 46.136 46,155 46,176 46.196 66,217 68.238 ~6.259 46.280 66.300 46.321 2,060 
2,070 46,321 46,362 68,363 ~6.384 ~6.606 46.428 46,W~6 ~6.667 46.488 66,508 66~ 2.u70 
2,080 46,629 46.550 ~6,571 48,591 46.612 66.683 66.696 ~6.674 46.695 66,716 66.737 2.080 
2.090 46.737 46.757 &6.778 46,799 46,81~ ~b,B~O Wb.881 48~ ~6,902 ~6.927 ~6.94~ 2,090 

OEG C 0 1 2 3 

�9 Conve~ed f rom de,tees Cchlus ( I P I'~ I"~.~ ) 

6 ? 8 9 10 Os C 
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192 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.8--Type K thermocouples (continued). 

I r 1 6 2  II1 ucgrccs I -ahrcnhci l  = 
E M F  in Absolute Mi l l ivo l ts  Reference Junctions at 32 F 

OEG F 0 l 2 3 " 5 6 7 8 9 I0 OEG F 

THERMOELECTRIC VOLTAGE iN AB~OLUTE M]LLIVOLT$ 

21100 46.944 46+964 46+989 A7100b 47+026 ~7.047 41+068 47t088 ~7.109 47.130 ~7.150 g* lbO 
2.110 47.150 47+171 47.191 471212 47.Z33 ~7.Z53 47.27~ ~7.~95 ~7.315 47.~6 ~7.}56 2.llu 
2.120 47+356 47.377 47.398 47.418 471439 47+459 ~7.480 47+500 41.52l  47.5~2 47+562 2 . l ~0  
2 . |30  47+552 ,7.583 47.603 ,7.624 47+6,4 47.565 ,7 .685 ~7.706 47.726 ~7.7~7 1.7.767 Z.130 
2.140 47.767 47.788 47+808 47.829 ,7 .849 47.B70 47.B90 47+911 ~7+931 47.952 ~7.972 2#L~0 

2p150 47.972 47.993 48,013 48.034 4UI054 4B.u75 4B.09~ 4~.~X6 ~ . | 3 6  ~ . L ~ b  ~B.I?? ~*150 
2.160 48. I77 48.197 4B.2IB 4B+23B 4B.258 e+8.279 ~fi.299 ,8 .320 48+340 ~8.~60 4B*)Ul  / ,160  
2.170 48.381 48+401 4B.422 4B.442 ,8.#62 48.483 45.503 ,8~ 4~.5,~ 4E.364 4B*58q ~1170 
2.J80 48.58,  48.605 48.625 ,8 .645 48.666 48.686 4U.706 ~8.727 4B.7~7 ~e.7~7 ~.e.7B7 ~. leC 
2+190 48.787 48.838 46+828 48.848 ,8 .869 48.889 4fi.909 ,8 .929 48*950 ,8.970 ~8.990 Z+lgO 

2~200 68.990 ,9.010 49.031 49.051 69.071 ,9+091 49.1Z~ 49+132 ,9.152 49.17~ 49.~9~ Z.zuU 
2~210 , 9 . t 9 ~  4g.212 ,9 .233 49.253 "9+273 49.~93 ,9.313 49.)33 49.35~ ~ 9 . ~  ~9.J94 2*ZI0 
2.220 49.39" 49.416 ,9+434 49.45, 49+,7, 49+4?5 49+5L5 49.535 49*555 69.575 ~9.595 2~(20 
2.230 49.593 49,61b ,9.6~5 49.655 49.675 ~9.696 49.716 49.736 49.756 ~9.776 49.796 2.250 
2.240 49.796 49+816 49+836 49.856 49.876 49+896 49.916 49.936 ,9+956 ,9+976 4~.996 2e240 

2.250 ,9 .996 50*016 b0*0~6 50+056 30+076 50+096 5U,~16 ~01136 50+~55 ~01~76 ~0.J96 2~Z~0 
2+260 50.~96 50+2]6 50.236 50+256 50+?76 50+295 5 0 , 3 ~  S0o335 3 0 . 3 ~  ~0,375 ~0.~9~ ~ 2 6 0  
2+270 50.395 50.415 50.~35 5 0 . ~ 5  ~0.475 50.494 50.514 50,53~ 50.55, ~0.574 50.590 2~270 
2~280 50.594 50.61~ 50~ 50+653 50.673 50+693 50o713 50.733 50+752 50.772 ~0+792 Z~280 
21290 50,792 50.812 53.832 S0,851 50.871 50.891 50+91i 50.930 50.95~ 50*970 50.990 ~.~90 

2.300 50.990 51+009 51+029 51.049 51+069 51o088 51+[08 5lo128 51.14e 5 t . t 6 7  51.~87 ~ 3 0 0  
21310 51.187 51.207 51.226 51.246 51.266 51+285 51+30~ 51.325 5 1 . 3 ~  ~t.364 51.384 Z ~ I 0  
2.320 51+384 51o,0~ 51+423 51.,43 51.462 ~1.482 51+501 51.521 51.5~l  b l .bO0 51*bS0 2~320 
2.330 51.580 51.599 51.619 51.639 51.658 51+678 51.697 51.717 5~.73~ 51.756 51.77~ 2~330 
213~0 51.776 51.795 51o815 51o83" 51o854 51.873 51o893 51.912 51.932 51.951 51+971 2*3,0 

21350 51.971 51.990 52.010 52.029 52.049 52.068 52.088 52.107 52.127 52.146 52.165 2.350 
2+360 52+165 52+18~ 52.204 ~ . 2 2 4  52.243 ~2o263 52.282 52.301 52.321 52.3~0 52*360 2.360 
2.370 52+360 52.379 52.398 52.418 52.437 52+457 52.~76 52.495 5 2 . 5 ~  52.b3 .  52+353 2.~70 
2.380 52.55~ 52+573 52.592 52+611 52.631 52.650 52.669 52.689 52.70~ 52.727 5~*7~7 2+380 
21390 52.747 52.766 52.785 52*805 52.824 52.843 52.~6P 52.882 52.901 52.920 ~ . 9 3 9  Z.~gO 

2.400 52.939 52.959 52.978 52.997 53+016 53.036 53+055 53.074 53.093 53.113 53.132 2.400 
2+410 53.132 53.151 53.170 53.189 53.209 53.228 53.247 53.266 53.285 53.304 53.324 2.410 
2.620 53.324 53.343 53.362 53.381 53.400 53.419 53.439 53.458 53.477 53.~96 53.515 21420 
2*430 53.51~ ~3.534 ~3.553 53.572 53+592 53+611 53.63G 53.5"9 53*668 53.687 53.706 2.430 
2~.40 53.705 53.725 53.744 53+763 53+782 53.801 53.~2I 53.840 53.859 53.87~ 53.897 2.440 

2.450 53.897 53.915 53.935 53.95" 53.973 53,992 54,011 54+030 ~4,049 54+068 54.087 2t450 
21463 54.087 54.106 54.125 54.1~4 54.163 54.182 54.231 54.220 54.239 54.Z5~ 54.277 2.460 
2.470 5~.277 54.296 54.3]5 54.5~4 54,353 5, .372 54.391 54. ,10 5~*~29 54.~47 54.450 2~470 
2.460 54.456 54.,85 540504 5, .523 54.542 5,.561 54.580 54.599 56.618 56.637 54.656 2.480 
2 ~ 9 0  54.656 54.675 5~.~94 54.712 54.7~L 54.750 54.769 54.788 54.807 5~*~26 54.845 2.490 

2*500 54.8~5 2*500 

DEG F 0 ] 2 3 4 5 "6  7 B 9 10 DEG F 

"Convened From deL~ree~ Celsius OPTS 1965). 
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TABLE 10.9--Type K thermocouples {de@ C-millivolts). 

Tetnpcra ture  m Degrees Celsius ( I  PTS 196~) 

EM F m Absolute Millivo|ts Re , fence  Junctions at 0 C 

f'~c c o i 2 a ~ ~ ~ 7 8 9 lO DEG C 

THERMOELFETRI( VOL[AG[ IN ABSOLUTE MILLIVOLT8 

-270 -6.458 -270 
-260 =6.~41 -6.4~ -6,446 -6.~8 -6.450 -6.452 -6.~53 -6.455 -6.~56 -6~ -6o~88 -260 
-250 16 .~0~ -6 ,~Of i  - 6 , ~ 1 3  - 6 . 4 1 7  -6 ,~21  -6~ - 6 , 4 2 9  - b . 4 3 2  -6 .&35 - 6 . 4 3 8  -6 .441  -250 

-240 -6.3~4 -6.351 -6,358 -6.36~ -6,371 -6.377 -6.382 -~.388 -6.394 -6.399 -6.~04 -2~ 0 
-230 -6,262 -6,271 -6.280 -6*289 -6,297 -6,706 -6.3}~ -6.322 -6.329 -8.337 -6.3~ -230 
-220 -6~ -6.170 -6.181 -6.~92 -6.202 -6.213 -6.223 -6.233 -6.~3 -6,288 -6*262 -220 
-210 -6.035 -6.0~8 -6.061 -6.07~ -6,087 -6,099 -6.t~1 -6o123 -6.135 -5,i~? -6,158 -210 
-200 -5.891 -5.907 -5.922 -5,936 -5.951 -5~965 -5,980 -5.994 -6,007 -6.021 -6.035 -200 

-190 -5,730 -5,7~7 -5,763 -3.780 -5,796 -5.813 -5~ -5~ -5.86U -5.876 -3 ,891  -|90 
- | 8 0  -5.590 -5,569 -5.587 -5,606 -5.62& -5,6&2 -5~ -5.678 -5.695 -5.7[2 -5,7~0 -180 
-170 -5,35~ -5,374 -5,394 -5,~i~ -5,%3~ -5~ -5,47~ -5,~93 -5.512 -5.531 -5,550 -170 
-160 -5.1&l -5.163 -5,185 -5,207 -5,228 -5.2~9 -5,271 -5.292 -5~ -5.333 -5,~54 -160 
-150 -4.912 -~,936 -~.95q -~.983 -5.006 -5.029 -5,051 -5.074 -5,097 -5,119 -5.141 -150 

-|GQ -~.669 -~.694 -~.7|9 -~.743 -~.768 -~.792 -4,817 -~,8~i -4.865 -~.689 -~,912 -I~ 0 
-130 -~,WlO -~*~37 -~,~63 -~*~89 -4.315 -~,SWI -4~ -w,597 -4.618 -~,6~4 -4,669 -130 
-120 -&.138 -~.166 -&.193 -&,221 -~.248 -~.276 -~.303 -~~ -~.357 -~.384 -4,~I0 -120 
-II0 -3.852 -3,881 -3,910 -3,939 -3,968 -3.997 -~,025 -~~ -~.08~ -~.Ii0 -a,138 -i|0 
-i00 -3~ -3.58& -3.6|~ -3.6~& -3.67~ -3.70& -3.73G -3.76~ -3.~93 -3.827 -3.85~ -[OQ 

-90 -3.2~2 -3.27~ -3.308 -3,337 -3,~68 -3.399 -3,~30 -3,861 -3~ -3~ -3,553 -90 
-80 -2,980 -2,953 -2.985 -3,018 -3.050 -3.082 -3,115 -3.1~7 -3*179 -3.211 -3,2~2 -80 
-70 -2,886 -2.6~0 -2.654 -2.68? -2,721 -2.75~ -2~ -2.821 -2.88& -2.887 -2~ -70 
-60 -2~2~3 -2,277 -2.3~2 -2.3~7 -2.381 -2~ -2.~50 -2.&8~ -2.518 -2.552 -2.586 -60 
-50 -1.889 -1.925 -I.961 -1.996 -2,072 -2,067 -2~ -2,]]7 -2,173 -2.208 -2.263 -50 

-~0 -i,527 -1.563 -1.600 -i,636 -h673 -i,709 -I.7~5 -1,781 -i,817 -i,~53 -i,889 ~80 
-30 -1.156 -I~ -1.23] -i.26R -i.305 -i~ -I~ -l~ -1~ -I~ O -1.827 -30 
-20 -0.777 -0,816 -0.89~ -0.892 -0,970 -0.968 -io005 -i.0~3 -i*081 -1.118 -i,156 ~20 
-10 -0,392 -0~ -0.469 -0*508 -0,5~7 -0.585 -0~ -0,662 -0.701 -0,739 -0,777 -i0 
- 0 0~ -0,039 -0,07Q -0,118 -0,157 -0,197 -0,236 -0.275 -Oo31& -0.333 -0,392 - 0 

0 0,000 0.0~9 0.079 0,[19 0,138 0.198 u.238 0~ 0o317 0,357 0.397 0 
10 0,397 0,&37 o~ 0,517 0,557 0,597 0,637 0,677 0,718 0~ 0,798 I0 
20 0,798 0,838 0,879 0,919 u,960 l,OOu l,O&l 1,081 1.12Z 1,162 1,205 ~0 
30 1~203 I*2~a I,285 1,325 1,366 I,~07 i,~.8 I,~89 I,529 io570 1.611 ~0 
~0 ].611 1.652 1.693 1.73& 1,775 1.817 1.858 1.89~ i~ 1.9~I ~~ &O 

50 2,022 2.06~ 2,105 2,1~6 2,188 2.229 2.270 ~.312 2,353 2.39% 2,~36 50 
60 2,&36 2,&77 2.519 2,560 2,601 2,6&3 2.68~ 2.?26 2~ 2,~09 ~o850 60 
70 2,850 2.892 2,933 2,975 5.0]6 ~,058 3.100 3.1~I 3.183 3,2~ 3*266 70 
80 3,26@ 3~ 8.5~ 3,890 3~ 3.473 ~~ 3.556 3.598 3.639 3~ 80 
90 3~ 3.722 3.76~ 3,808 3,8~7 ?.888 3.q38 3.97[ ~,012 4.05~ ~.095 90 

I00 &,095 ~*137 ~.178 ~.219 ~,261 4.302 &,3~) G,58& &*~26 ~,~67 &.508 i00 
|I0 ~.508 4.s&9 %.h90 &.632 ~,673 ~.71~ q,755 ~,796 ~,837 &.878 &.919 110 
120 4.9~9 4.960 5.001 5,0~ 2 5,083 5.12& 9,168 5.205 5.2~6 5.287 5,327 120 
170 5,327 5.~68 5.409 5.&50 5,~90 5.331 5,571 5,612 5,652 5.693 3.733 150 
IWO 5,733 5,77~ 5,81~ 3,855 5,895 5.938 5.976 6,016 6.087 6.097 6~ I~0 

180 6o137 6.177 6o218 6~ 6.296 6~ 6.378 6,819 6,~59 6,~99 6~ 180 
160 6.5~9 6,579 6.6|9 ~1659 6,699 6,739 6.~9 6.819 6,859 6.899 6*979 i60 
170 6,939 6.q79 7.019 7,059 7,099 7,139 7,179 7,219 7,259 7,299 7~ 170 
180 7.3~8 7.378 7,~18 7,458 7*~98 7,588 7.578 7,618 7,65~ 7.~97 7,757 IDO 
190 7.737 7~ 7.817 7~ 7,897 7,937 7,977 8,017 8,057 8.097 8.177 190 

200 8~ 8.177 8~ 8.256 8,296 8,336 8,376 8*~18 8,~56 8,~97 8,537 ZOO 
210 8,537 8.577 8,617 8.657 8,697 8.737 ~.777 8,817 8.857 8,898 ~,936 210 
220 8,938 8~ 9.018 9,058 9,099 9,139 9.17~ 9,220 9,260 9.~00 9,3~,i 2~0 
230 9.3~I 9.381 8.~21 9.~62 9.502 9.563 9,583 9.62& 9,66% 9.705 9,7~5 250 
2&O 9~ 9.786 9.826 9,867 9.907 9,9~8 9,989 i0,02~ I0,070 10,111 I0.131 ~0 

250 I0~ 10.192 I0,233 i0,27& 10,315 10.555 10,396 i0,~37 i0,~78 I0.519 10,560 250 
260 i0,560 107600 I0.6~I 10,682 10.723 i0~ 10.805 10,846 10,867 10,928 10,969 260 
270 10,969 11.010 ii,051 Ii,093 ii.13~ 11,175 II,I16 11,257 ii~ II~ I|.361 270 
280 11,381 Ii*~22 ii*~63 11.50~ ii.5~6 ii~ 11.628 11.669 Ii,711 ]I.752 ii,793 280 
290 11~ ii.835 11.876 11,918 11.959 12.000 12,0~2 12.083 12,125 12,166 12,207 290 

300 12.207 12.2~9 12~ 12,332 12~ 12o415 12~ 12~ 12.839 12.881 12~ 300 
)I0 ]2.629 12.66~ 12~ 12,7~7 12.789 12.831 12,872 12o91~ ~2.968 12~ 13,039 310 
320 13.039 13,080 | 3 ,122  |9,16~ 13,205 13.267 I~.289 13,331 13,372 13,~i~ 18*~55 320 
330 18,~56 13,G97 13~ 13,881 13,623 13.665 I~.706 13,7~8 13o790 13,~32 13.87~ 330 
)QO 13.874 13~ 13,957 13,999 14,O&l 14,089 14.125 1~,167 ]~.20~ i~,250 14,292 380 

DEG C O I 2 7 ~ 5 6 7 8 g I0 BEG ( 
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194 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE lO.9--Type K thermocouples (continued). 

Temperalur= in Degrees Celsius ( IPTS 1968) 
E M F  in Absolute Mi l l ivo l ts  Re, fence Junclions at 0 C 

pEG C 0 1 2 3 ~ 5 6 7 8 9 10 DEG C 

THERMOELECTRIC VOLTAGE IN AfSO~UTE M|LLIVOLTS 

" 3~0 14.292 1 6 . 3 3 ,  14 .376 1~.418 14.460 14.b02 | 4 . 5 ~ 4  14.506 14.628 14.670 14.712 350 
360 14.712 14.734 14.796 14.838 14.880 14.922 14.964 15.006 15.048 15.090 15.132 360 
370 1S.132 13.174 13.216 15.258 15.300 13.342 IS.3Sk 13.426 15.468 15.b10 15.552 370 
380 15.552 15.$94 15.636 15.679 15.721 13.763 15o8C3 15.847 15.889 15.931 15.974 380 
390 13.974 16.016 13.058 16.100 16.142 16.184 lb .227 16.269 16.311 16.353 16.395 390 

400 16+395 18.438 16.480 16.322 16.364 16.b07 16.649 lb .691 16.733 16.776 16*818 400 
~10 16.818 16*860 16.902 16.945 16.987 17.029 17.072 17.114 17.156 17.199 17.241 410 
420 17+241 17.283 17*323 17.368 17.410 17.453 17.495 17.537 17.580 17.622 17.664 ~20 
430 17.664 17.707 17+749 17.792 17.834 17.876 17.919 17.961 18.004 18.046 18.088 430 
440 18.088 18.131 18.173 18.216 18.258 18.301 18.343 18.383 18o428 18.470 18.513 440 

490 18.513 18.555 18.598 ]8~ 18.683 18.723 18o768 18.810 18*833 18.893 18o930 450 
480 18.938 18.980 ]9~ 19.063 19.108 19.150 19.193 19.235 19.278 19~ 19.363 460 
470 19.363 19.405 19.448 19+490 19.533 19.576 19.618 19*661 19.703 19.746 19.788 470 
480 19.78B 19.831 19.873 19*916 19.959 20.001 20.0*4 20.086 20+129 20.172 20.214 480 
490 20~ 20.237 20.299 20.342 20.388 20.427 20.470 20.512 20.855 20.898 20.6~0 490 

500 20.640 20~683 20.725 20+768 20.811 20~ 20.898 20.938 20.981 21.024 21.066 500 
510 21.066 21.109 21.152 21,194 21.237 21.280 21~322 21.368 21.407 21.480 21~ 510 
520 21.493 21.535 21.578 21.621 21.663 21.706 21,749 21.791 21.834 21.876 21.919 520 
830 21.919 21.962 22.004 22.047 22.090 22.132 22.175 22.218 22.260 22~ 22.346 530 
840 22.346 22.388 22.431 22e473 22.516 22.559 22.601 22*644 22.687 22.729 22.772 540 

550 22+772 22.815 22~ 22*900 22.942 22.985 23.028 23.070 23.113 23.156 23~ 3~0 
560 23.198 23.241 23~ 23*326 23.369 23~ 23~ 23.497 23.539 23.882 23~ 360 
570 23.624 23.667 23.710 23.752 2~.793 23.837 23.880 23*923 23.965 24~ 24*050 370 
580 24.030 24.093 24*136 24.178 24.221 24~ 24.306 24*348 24.391 24.434 24.476 880 
590 24~ 24.319 24t~61 241604 2~*646 2, .689 24t7~1 241774 24.817 24t859 24~ 890 

600 24.902 24.944 24.987 23.029 25.072 23.114 25~ 23.199 25.242 23.284 28~ 600 
610 25.327 25.369 25.412 23.454 28t497 25.539 25*582 23~ 25.666 25.709 28~ 610 
620 25.751 25.794 25.836 28~ 2~.921 25~ 26.006 26.048 26.091 26.133 26.176 620 
630 26.176 26.218 26~ 26+303 26*343 26~ 26.430 26*472 26.515 26.837 26.599 630 
640 26.599 26~ 26*684 26.726 26.769 26.811 26.853 26.896 26~ 26.980 27.O22 640 

650 27*022 27.065 27.107 27+149 27.192 27.234 27*276 27.318 27.361 27~ 27~ 650 
680 27.445 27.487 27.529 27.572 27.614 27~ 27.698 27~ 27*783 27.825 27.867 660 
670 27.867 27*909 27.951 27.993 28~ 28.078 28.120 28.162 28~ 28.246 28.288 670 
680 28*288 28,330 28.372 28.414 28*456 28.498 28*580 28.583 28.825 28.667 28~ 680 
690 28.709 28*73] 28.793 281835 28e877 28.919 28.961 29.002 29.044 29~ 29.128 690 

7OO 29.128 29.170 29.212 29*254 29.296 29~ 29r 29.422 29.464 29*503 ~9*347 700 
710 29~ 29.589 29.631 29.673 29+718 29.786 29~ 29*840 291882 29*924 29~ 710 
720 29.965 30*007 30~ ~0.091 30.132 30.174 30~ 30.287 30.299 30.341 30~ 720 
730 30.383 30.424 30.466 ~0.508 30.549 30.591 30~ 30+674 30.713 30~167 30.799 730 
740 30.799 30.840 30.882 30.92~ 30.965 31.007 31.048 31.090 31~ 31.173 31.214 740 

750 31*21~ 31.256 31.297 31.339 31.380 31.422 31.463 31.504 31.846 31.887 31*629 750 
760 31.629 31.670 31.712 31.753 31*794 31.836 31.877 31.918 31.960 32.001 32*042 760 
770 32.042 32.084 32.128 32.166 32~ 32~ 32.290 32.331 32.372 32.414 32.455 770 
780 32.435 32~ 32.537 32.578 32*619 32.661 32~ 32.743 32o78~ 32.825 32.866 780 
790 32.866 32t907 32.948 32.990 33*031 33.072 33+113 33.154 33.19~ 33.233 3~.277 790 

B00 33.277 33.318 33.3~9 33.~O0 33.441 33.482 33.823 33.564 33.804 33.64~ 33.686 800 
810 33.686 33~ 33~ 33~ 33+850 33.891 33.931 33.972 34.013 3~~ 34.095 810 
820 34.095 34.136 34~ 34.217 34+288 34~ 34.339 34*380 34.421 34.461 34.502 820 
830 34.802 34.543 34*583 34.62, 34.66~ 34.705 34.746 34.787 34*827 3~.838 34.909 830 
840 34.909 34*949 34*990 35*030 35.07| 35.111 35.152 35.192 35.233 3~.273 3~.314 840 

880 35.314 35.334 33*395 35.4~5 35~ 33o816 35.557 35*897 33.637 35.678 35.718 850 
830 3~~ 3S.7S8 35.799 3~~ 33.880 3~~ 33.960 36.000 36.041 36.081 36.121 860 
870 36.121 36.162 36~ 36.242 36*282 36.323 36.363 36.~03 36*443 36*483 36.~24 870 
880 36.524 36~ 36~ 36.644 36.68~ 36.724 36~ 36180~ 36.84~ 36*883 36.92~ 880 
890 36~ 36*968 37.005 37.045 37.085 37+12~ 37~ 37.20~ 37.245 37.283 37.325 890 

900 37.325 37~ 37.405 37*445 37,484 37.324 37~ 37~ 37~ 37~ 37.724 900 
910 37.724 37~ 37.803 37.843 37.883 37.923 37.963 38.002 38~ 38.082 38.122 910 
920 38.122 38.162 38.201 38*241 38*281 38.320 38.360 38.400 38.439 38.479 38.b19 920 
930 38*519 38.~38 38.398 38.638 38.677 38.717 38~ 38.796 38.836 38.87~ 38o915 930 
940 38.915 38.984 38.99~ 39.033 39.073 39.112 39~ 39.191 39.231 39.27U 39.310 940 

980 39.310 39~ 39.388 39~ 39.467 39.307 39.846 39.383 39.62~ 39*664 39.703 980 
960 39~ 39.743 39*782 39.821 39.861 39.900 39.939 39~ 40~ 40.O57 40.096 960 
970 40~ ~0.136 ~O.175 k0*214 40*253 *0.292 40.332 ,0 .371 40.410 40.449 40.48~ 970 
980 ~0.~88 ~0~ ~0,566 ~0.605 ~U.645 ~0.68~ 40.723 ~0.762 40.801 ~0.840 40~ 980 
990 ~0.879 a0~ 40.957 60.996 ~1.O33 41.07a &1.113 & l . l S 2  41.191 ~1.230 41.269 990 

DEG C O 1 2 3 4 ~ 6 7 8 9 10 DEG C 
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CHAPTER 10 ON REFERENCE TABLES FOR THERMOCOUPLES 195 

TABLE 10.9--Type K thermoco,,ple~ [continued). 

Temperature in DeBrees Celsius ( IPTS 1968) 

E M F  in Absolute Mi l l ivol ts Reference Junctions at 0 C 

DEG C 0 I 2 3 " 5 6 7 8 9 I0 DEG C 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLT5 

11000 41+269 41.308 41.347 41+385 ,I .424 41.463 41.502 41+541 41.580 41.619 41+657 11000 
11010 41 ,657 41+696 41 ,735 41,774 41+813 "1 .851  41.890 41 ,929 41.968 42+006 42 .045 1+010 
11020 42+045 "2.084 42.123 42.161 42.20C 42.239 421277 42.316 42.355 42+393 42.432 lb020 
1.030 42.432 42.470 "2.509 42.548 42.586 ~2.625 42.663 42.702 42.7~0 42.T79 42.817 ls030 
110~0 42.817 42.856 42.894 42.933 42.971 43.010 43.048 43.087 43.125 43.164 45.202 1.0~0 

11050 43+202 45.240 43.279 ~3.317 43*356 43+394 43.452 43.471 45.509 43+547 43.585 l+0S0 
1~060 43.585 ~31624 ~31662 ,3.700 43.759 45+777 43.815 45.853 43.891 43.930 43.968 1~060 
1+070 43.968 44.006 44.044 4, .082 44+121 ,4.159 ,~.197 44.255 44.273 44+311 44.349 1~070 
11080 44.349 ,4.387 ,4.425 ,41463 44.501 ~4.539 441577 44.615 44.653 44.691 44.7~9 1t080 
11090 ,4.729 ,4.T67 .4.B05 .4.843 ,4.881 44.919 44.957 44.995 45.033 ~5.0T0 45.108 1~090 

IQ100 45.108 45.146 ,5 .184 4~1222 451260 45+297 45.335 ~5.575 45.411 45.448 ,5 .456 1.100 
fill0 45.486 45.524 45.561 43.599 45.637 45.67~ 45.712 ,5.750 ~5.757 ,5.825 ,5.~63 11110 
it120 45.863 45.900 45.938 45.975 46.013 46.051 46.088 .6.126 46.163 ~6.201 46.258 1.120 
It130 46+238 46.275 46.315 .61550 ~61388 46.,25 46.463 ~6.500 46+557 ~6.575 ~G.612 11130 
1.140 46.612 46.649 46.687 46.724 46.761 ,6.799 46.856 ~6.875 46.910 46.948 46.955 1.140 

1.150 ,61985 ~T.022 47.059 47.096 47.134 &7.171 47.208 47.245 4T.282 ~7.319 47.35b i~150 
1.160 ~7.556 47.393 ,7.430 ,7.468 47.505 ,7+342 47.579 ~T1616 4T.655 4T.689 47.726 1.160 
~.170 47.726 ,7.763 47.800 47+537 47.874 47.911 ~7.948 47.985 48.021 48.058 48.095 11170 
11180 &8.095 48.132 48,169 48.205 48.242 ~8,279 ~8.316 ~8.)52 48.589 e8.426 &8,462 1.180 
1.190 48.462 48.499 48.536 48.572 "8.609 ,8.645 ~8.682 48.718 ~8.755 ~8.792 ,8.828 11190 

11200 &8.828 48.865 48.901 48.957 48.974 49.010 49.047 49.0B3 49.120 49+156 49+192 1.200 
1.210 49.192 49.229 49.26~ ~9.501 49.338 49.374 49.~1C ~9.446 49.~83 49.519 49.555 1.210 
I~220 ,9.555 49.591 49.627 u9.663 ~9.700 ~9.736 ~9.772 ,9.808 49.8~ 49.880 ~9.916 I~220 
1.230 49.916 49.952 ,9.988 50.024 50.060 50.096 50.132 501168 50.204 50.2"0 50.276 It230 
112"0 ~0.276 50.311 50.347 50.383 50.419 50.~55 50.~91 50.526 50.3~2 50.598 50*653 I~240 

i~230 50.633 50.669 50.705 50.741 50.776 50.812 50.847 50.883 30.919 90.934 S0.990 1.250 
~1260 50+990 51.025 51.061 51.096 51.132 51.167 51.203 51.238 51.274 511309 51,344 11260 
I~270 51.344 51.380 51.415 51.450 31.486 51.521 51.556 51.592 51.627 51.662 51.697 1.270 
1.280 51.697 51.733 51.768 51.803 51.838 51.873 51.908 5|.945 31.979 52.014 52.049 1.280 
11290 52.0~9 52.084 52.119 52.154 52.159 52.224 52.259 52.294 $2.529 52.364 52.398 i1290 

11300 521598 52.435 52o468 52.503 52.538 52.575 52.608 52~ 52.677 52.712 52.747 1~300 
1.510 52.747 52.781 52.816 52.851 52.886 52.920 52.955 52.989 53.024 53.059 55.093 1.310 
1.320 53.093 53.128 $3.162 93.197 53.232 53.266 53.301 55.335 53~ 53.404 53.4)9 1.320 
11330 53.459 55.475 53~ 55.542 52.576 53.611 53.645 53.679 53.714 53~ 55.782 11330 
11540 53,782 53.817 53,851 55,883 53,920 53~ 53~ 34,022 54.057 5&.091 54,125 I,~40 

1.350 54.125 54*159 54*295 54.22fi 54.262 54*296 54*330 54.564 54*598 34*432 54*466 11350 
1.360 54,466 54.501 54*535 54.569 54.~03 54*637 54.b71 54.?05 54.739 54~ 54.~807 1.560 
1.570 54*807 54*841 94*875 i~370 

DEG C 0 ! 2 3 ~ 5 6 7 8 9 10 DEG C 
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196 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10. lO--Type R therrnocouples (deg F-millivolts). 

Temperature in Degrees Fahrenheit ~ 
E M F  in Absolu~ Millivolts Rc~rencr Junctions at 32 F 

DEG F 0 1 2 3 4 5 6 7 8 9 10 OEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

-50 -0 ,210 -0,212 -0,214 -0,216 -0,218 -0,220 -0,222 -0 ,22e -0,226 -50 

-40 -0,188 -0,190 -0,192 -0,194 -0,197 -0,199 -0,201 -0,203 -0,205 -0,207 -0,210 -40 
-30 -0.165 -0.167 -0 .169 -0.172 -0,174 -0.176 -0.179 -0,181 -0.183 -O, lBf i  -0,186 "30 
-20 -0,141 -0,143 -0,145 -0,148 -0,150 -0,153 -0,158 -0,158 -0,160 -0,162 -0,165 -20 
-10 -0,116 -0,118 -0,121 -0,123 -0 ,126 -0.128 -0,131 -0,133 -0,136 -0,138 -0,141 -10 
- 0 -0 ,089 -0,092 -0 ,095 -0,097 -0,100 -0,103 -0,103 -0,108 -0,110 -0,113 -0*116 - 0 

0 -0*089 -0.087 -0,084 -0.082 -0*079 -0.076 -0.073 -0.071 -0,068 -0,068 -0.063 0 
10 -0*063 -0,060 -0 ,057 -0*054 -0*051 -0,049 -0,046 -0,043 -0,040 -0,037 -0,035 1 0 
20 -0*035 -0,032 -0=029 -0,026 -0*023 -0,020 -0,017 -0*019 -0,012 -0=009 -0,006 20 
30 -0*006 -0*003 0,000 0,003 0*006 0,009 0,012 0,015 0,018 0*021 0,024 30 
40 0,024 0*027 0,030 0+033 0*036 0,039 0,042 0,045 0+048 0*051 0*054 40 

50 0,054 0,057 0,060 0+064 0,067 0,070 0,073 0,076 0*079 0,082 0,066 50 
60 0*086 0,089 0.092 0,095 0.098 0,101 0,108 ' 0,108 0,111 0,114 0,118 60 
70 0,118 0,121 0,124 0,127 0,131 0,134 0,197 0,141 0.144 0*1~7 0,180 70 
80 0,150 0,154 0,157 0,161 0*164 0.187 0.171 0.174 0,177 0,181 0,184 80 
90 0,184 0,188 0,191 0,194 0,198 0,201 0,205 0,208 0,212 0,215 0.218 90 

100 0.218 0*222 0,225 0.229 0,292 0*296 0.239 0.243 0.246 0*250 0.253 lO0 
110 0.253 0.257 0,261 0.264 0,266 0.271 0,275 0.278 0,262 0,286 0.269 110 
120 0.289 0.293 0.296 0,300 0.304 0.307 0.311 0.315 0,318 0,322 0.326 120 
130 0,326 0,329 0,333 0,337 0,340 0,344 0,348 0,351 0,355 0,359 0,363 130 
140 0.363 0,366 0,370 0+374 0.378 0.381 0.385 0.389 0.393 0.397 0,400 140 

150 0.400 0,404 0,408 0,412 0.416 0.419 0*423 0,427 0.431 0.435 0.499 150 
160 0,439 0.443 0,448 0,~50 0,484 0,458 0,462 0,466 0,470 0,474 0*478 160 
170 0,478 0,482 0,485 0,~89 0,493 0,497 0,501 0,505 0,509 0,513 0,517 170 
180 0,517 0,521 0,525 0,529 0,533 0,537 0.841 0,945 0,549 0,553 0,557 180 
190 0.557 0.561 0,565 0,969 0e573 0*577 0*581 0,586 0,590 0.594 0.598 190 

200 0,598 0,602 0,606 0,610 0,614 0,618 0,622 0,627 0,631 0,635 0,639 200 
210 0,639 0,643 0,647 0,691 0*656 0,660 0,664 0,668 0,672 0,676 0,681 210 
220 .0,681 0,665 0*689 0,893 0,697 0,702 0,706 0,710 0,71~ 0,719 0,723 220 
230 0,723 0,727 0,731 0,736 0,740 0,744 0.748 0,753 0,757 0.761 0,766 230 
240 0,766 0,770 0,774 0,778 0,783 0,787 0,791 0,796 0.800 0*804 0.809 240 

250 O,809 0,813 0,817 0,822 0,826 0,830 0,835 0,839 0,84vt . 0,848 0,852 250 
260 0,852 0,857 0,861 0,866 0,870 0,874 0,879 0,883 0,888 0,892 0,897 260 
270 0,897 0,901 0,905 0,910 0,914 0.919 0,923 0,928 0,932 0,937 0,941 270 
280 0,941 0,946 0,950 0,955 0,959 0,964 0,968 0,973 0,977 0,902 0,986 280 
290 0,986 0,991 0,995 1,000 I*004 1,009 1,013 1.018 1,022 1,027 1,032 290 

300 1t032 1,038 1,041 1,045 1,050 1,054 1,059 1,064 1,068 it073 1,077 300 
310 1,077 1,082 1.087 1,091 I,096 I,i01 1,105 1,110 I,114 1,119 1,124 310 
320 I*124 1,128 1,133 1,138 1,142 1,147 1.152 1.156 1,161 1,166 1,170 320 
330 1,170 1,175 1,180 1,184 1,189 1.194 1.199 1,203 1.208 1,213 1,217 330 
340 I,217 1.222 1.227 1,232 1,236 1,241 1,246 1,251 1,255 1.260 1,265 340 

350 1,265 it270 1,274 1,279 1,284 1,289 1,294 1,298 1,303 1.308 1,313 830 
360 1,313 1,318 1,322 1,327 1,332 1.337 1,342 1,346 1,351 1,356 1,361 360 
370 1.361 1,366 1.371 1,375 1,380 1,385 1,390 1,395 1,400 1,405 1,409 370 
380 1,409 1,414 1,429 1,424 1,429 1,434 1,439 1,444 1,449 1.453 1,458 380 
390 1,458 1,463 1,468 1,473 1,478 1,483 1.488 1.493 1,498 1,503 i,508 390 

400 1,508 1,512 1,517 1,522 1,527 1,532 1,537 1,542 1,547 1,582 1,537 400 
410 1,557 1,562 1,567 1,572 1,377 1,582 1.587 1,592 1,597 1,602 1,607 410 
420 I*607 1,612 1,617 Is622 1*627 1.632 1,637 1,642 1,647 1.652 1,657 420 
~30 1,657 1,662 1,667 1,672 1,877 1,682 1,687 i,692 1,698 i,703 1,708 430 
440 1,708 1,71~ 1,718 1,723 1,728 1.733 1.738 1.743 1.748 1.753 1.758 4~0 

450 1,758 I,764 1,769 I,774 1,779 1,784 1,78g 1.794 1.799 1.804 1.810 450 
480 1.810 1,815 1,820 I,825 1,830 1.835 1.840 1.845 1,851 1~856 1,861 460 
470 1,861 1.866 1,871 1,876 1,882 1,887 1,892 1,897 1,902 1,907 1,913 470 
480 1,913 1,918 ],923 I,938 1,933 1,938 1,944 1,9~9 I,954 1,989 1,964 480 
490 1,964 1,970 1,975 1,980 1,985 1.991 1.996 2.001 2.006 2,011 2.017 ~90 

500 2,017 2.022 2.027 2,032 2,038 2,043 2,0~8 2,0~3 2.0~9 2,064 ~,069 500 
810 2,069 2,074 2,080 2,085 2,090 2,095 2,101 2,106 2,111 2,117 2.122 510 
520 2,122 2,127 2,132 2,138 2,143 2,148 2,154 2,159 2.164 2,170 2,175 820 
530 21175 2.180 2.186 2.191 2.196 2.201 2.207 2.212 2.217 2.223 2.228 530 
540 2.228 2.233 2.239 2.24~ 2,249 2.255 2.260 2.266 2,271 2.276 2.282 540 

OEG F 0 I 2 3 ~ 5 6 7 8 9 10 OFG F 

�9 Converted f rom dcBrecs Celsius ( IPTS 19683. 
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TABLE 10. lO--Type R thermocouples (continued). 

Temperature in Degrees Fahrenheit ~ 
E M F  in Abso lu t e  Mil l ivol t s  R e ~ r e n c e  Jun~ions at 32 F 

DEG F 0 ! 2 3 4 5 8 7 8 9 10 OEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLT5 

550 2.282 2.287 2*292 2.298 2*303 2.308 2.314 2.319 2.325 2.330 2.335 550 
360 2.335 2.341 2,3~6 2.33] 2.357 2.362 2.368 2.373 2.378 2.384 2.389 560 
570 2.389 2.395 2.400 2.405 Z.411 2.416 2.422 2.427 2.433 2*438 2.443 570 
580 2. 443 2.449 2.454 2.460 2.465 2.471 2.476 2.48I  2*487 2.492 2.498 560 
390 2.498 2*503 2.509 2.514 2.520 2.525 2 . 5 3 1  2.536 2.541 2.547 2.552 590 

600 2.552 2)558 2*563 2.569 2,574 2,580 2*585 2.591 2.596 2.602 2.607 600 
610 2.607 2.613 2.618 2.624 2.629 2.635 2*640 2.646 2.651 2.657 2.662 610 
620 2.662 2.668 2.673 2*679 2.684 2.690 2.695 2.701 2.706 2,712 2.718 620 
630 2.718 2*723 2.729 2)734 2.740 2.745 2.751 2*756 2.762 2.767 2.773 630 
640 2.773 2.779 2.784 2.790 2.795 2.801 2.806 2.812 2.818 2.823 2.629 640 

650 2.829 2.834 2.8~0 2,848 2.851 2.857 2.862 2.868 2.873 2.879 2*885 650 
660 2.888 2.890 2.896 2.901 2.907 2.913 2.918 2.924 2.929 2.935 2*941 &TO 
670 2.941 2.946 2.952 2,~57 2.963 2.969 2.974 2.980 2.986 2.991 2t997 670 
680 2.997 3,002 3*008 3.014 3.019 3.025 3.031 3.036 3.042 3*048 3.053 b80 
690 3.083 3.059 3,065 3.070 3.076 3.082 3.087 3.093 3.099 3.104 3.110 690 

700 3.110 3.116 3.121 3.127 3.133 3.138 3.144 3.150 3.155 3.161 3.167 700 
7]0 3.167 3.172 3.178 3.184 3.169 3.195 3.201 3.207 3*2t2 3.218 3.224 710 
720 3.224 3,229 3.238 3.241 3,247 3.252 3.258 3.264 3.269 3.275 3.281 720 
730 3.281 3.287 3.292 3.298 3,304 3.309 3.315 3.321 3.327 3.332 3.338 750 
740 3.338 3.344 3.350 3.355 3.361 3.367 3.373 3.378 3.384 3.390 3.396 740 

750 3.396 3.401 3.407 3.413 3.419 3*424 3.430 3*436 3.442 3.448 3.453 750 
760 3. .53 3.*~9 3.46~ 3.47t  3*476 3.482 3.488 3*494 3.500 3 . 6 0 5  3 t 5 ~  760 
770 3.511 3.517 3*~23 3.529 3 . 5 3 4  3.540 3.546 3.852 3.558 3.563 3.569 770 
780 3.569 3.575 3.581 3.587 3.592 3*598 3.604 3.610 3.616 3t622 3.627 280 
790 3.627 3.633 3.639 3.645 3.651 3.657 3~662 3.668 3.674 3.680 3.686 790 

800 3t686 3.692 3.697 3*703 3*709 3.715 3.721 3.727 3.733 3.738 3*744 800 
810 3*744 3.750 3tTSb 3.762 3,768 3.774 3.779 3*785 3.791 3.797 3*803 010 
820 3,803 3,809 3.815 3.821 3*826 3.832 3.838 3~844 3.850 3,866 3,862 820 
830 3.862 3.868 3*874  3*879 3*885 3 t 8 9 1  3.697 3.903 3*909 3.915 3.921 830 
840 3.921 3.927 3.933 3.938 3,944 3.950 3.956 3,962 3.968 3.974 3.980 840 

~50 3.980 3.986 3.992 3.998 4.004 4.009 4.015 4.021 4.027 * .033 4.039 650 
860 4,039 4.045 *,051 4.057 4.063 4*069 4,075 4.081 4.087 4.093 4.099 860 
870 4.099 4.105 4.110 4.116 4.122 4.128 I 4.134 4.140 4.146 4.152 4.158 670 
880 4.158 4.164 4,170 4.176 4.182 4.188 4.194 4*200 4.206 4.212 4.218 060 
890 4.218 4,224 4.230 4*236 4*242 4.248 4.254 4.260 4.266 4.272 4.278 690 

900 4)278 4 .28*  4.290 4.296 4,302 4.308 4 . 3 1 4  4.320 4.326 4.332 4)338 900 
930 4.338 4.344 4.350 4.356 4,362 4.368 4.374 4~ 4.386 4.392 4,398 910 
920 4.398 4.404 4,~10 4.416 4.422 4.428 4,434 4.440 4.446 4t452 4.458 920 
930 4.458 * .465 4.471 4.477 4e483 4t489 4.495 4.501 4.507 4.515 4.519 930 
940 4.519 4.525 4.531 4,537 4.543 4.549 4.555 4.561 4.567 4.574 4.580 940 

950 4.580 4*586 4.592 4*598 4e604 6.610 4o616 4*622 4.628 4)634 4.640 950 
960 4.640 4.647 4.653 4.659 4*665 4*671 4*677 4*683 4.669 4.695 4,701 960 
970 4.701 4*707 4.714 4.720 4.726 4.732 4.738 4*744 4.750 4.756 4 ) 7 6 2  970 
980 4.762 4.769 4.775 4.781 4.787 4,793 4.799 4.805 4.811 4.818 4.824 980 
990 4.824 4*830 4.836 4*842 4.848 4.854 4.860 4.867 4*878 4.879 4.885 990 

1.000 4.885 4.891 4.897 4*904 4,910 4)916 4.922 4*928 4.934 4*940 4.947 18000 
1,010 4*947 4.953 4.959 4.965 4.971 4*977 4~ 4.990 4.996 5.002 5.008 1.010 
1+020 5.008 5.014 5.021 5.027 8.033 5.039 8,045 5.052 5.058 9.064 5.070 I ) 0 2 0  
1+030 5.070 5.076 5.082 5.089 5.095 5.101 5,107 5.113 5.120 5.126 5)132 1)030 
18040 5.132 5.138 5.144 5.151 5)157 5,163 5~ 5.175 5.182 5.188 5.194 18040 

I ) 0 5 0  5.194 5.200 5*207 3.213 5.219 5.225 5.231 5.238 5.244 8.250 5.256 18050 
18060 5.256 5.263 5.269 5.275 5.281 5.288 5.294 5.300 5.306 5.313 5.319 1)060 
18070 5.319 5.325 5,331 5.337 5*344 5.350 5.356 5.362 5.369 5.375 5.381 18070 
1,080 5.381 5.388 5.394 5.400 5)406 5.413 5.419 5.425 5.431 5.438 5 . 4 4 4  18080 
1)090 5 . 4 4 4  5,450 5.456 5*463 5.469 8.475 5.482 5t488 5.494 5.500 5*507 18090 

1.100 S,~07 5.5t3 5.519 8.526 5.532 5t538 5.544 5.551 5.559 5,563 5,570 1111~ 
1,110 8.570 5,876 5.582 5*589 5.595 5,601 5t607" 5.614 5*620 5t626 5.688 18110 
it120 5t633 8.639 5t645 5.652 5.6w 5,664 5.671 5.677 5*683 5.690 5t696 I)120 
1.130 5.696 5.702 5.709 5.715 5.721 5.728 5.734 5.740 5,747 5.753 5.739 1t130 
18140 5.739 5,766 5*772 5.778 6*785 5.791 5.797 5.804 5.810 8.816 5.823 18140 

18150 5.823 5.829 5.835 5*842 5.848 5,855 5.661 5*867 5.67*  5.860 51806 11~5 O 
1+160 5)866 5.893 5.899 5.905 5e912 5.918 5.925 5.931 5.957 5.944 5 . 9 5 0  18160 
I8170 5.950 5.957 5)963 5,969 5,976 5.982 5*968 5,995 6.001 6.008 6.014 18170 
11180 6.014 6.021 6.027 6.033 6.040 6.046 6.053 6.059 6.065 6.072 6*078 1)180 
1 , 1 9 0  6.078 6.085 6.091 6.098 6.104 6.110 6.117 6.123 6.130 6.186 6,143 18190 

DEG F 0 1 2 3 ~ 5 6 7 8 9 10 DEG F 

"Converted from degrees Celsius ( |PTS 1968). 
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198 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10. lO--Type R tkermocouple~ {continued). 

EMF in Absolute MillivoRs 
Tempcralurr  in Degrees Fahrenheit = 

ReJ'erencr Junctions at 32 F 

OEG F 0 ! 2 3 4 5 6 7 8 9 10 DEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE HILLIVOLT8 

1 , 2 0 0  6 ,163  6 .149  6 . 1 8 8  6 ,162  6 ,168  6*175 6 ,181  6 .188  6 .194  6 .201 6 .207  11800 
l t 2 1 0  6 ,207  6*213 6 .220  6 ,226  6=283 6 .289  6 .246  6 .252  6 ,259  6 .265  6 .272  1J210 
1,220 6,272 6*278 6,285 6.291 6,297 6.304 6.310 6.317 6.323 6.330 6.336 1,220 
1,230 6*336 6,343 6.849 6,356 8.362 6.369 6.375 6.382 6*386 6.395 6.401 1t230 
1.240 6,40! 6.408 6.614 6.421 6.427 6.9~4 6,440 6.447 6.453 6.460 6,466 1.240 

1,250 6.466 6*473 6e479 68486 6,492 6.499 6.505 6.512 6.518 6,~28 6,832 Ip250 
lo260 6,532 6.538 6.545 6.551 6*558 6*566 6.571 6.577 6.589 6*~90 6*597 1.260 
1,270 6,597 6*608 6,610 68616 6e628 6*6~0 6.636 6*6r 6*649 6.656 6.662 ~,270 
1.280 6.662 6*669 6.675 6,682 6*689 6,695 6.702  6.708 6.715  6.721 6.728 ~*280 
1,290 6.728 6*735 6.741 6,748 6*754 6.761 6.767 6+774 6.781 6.787 6.794 1,290 

1,500 6,794 6.800 6.807 6,81~ 6,820 6.827 6.833 6.8~0 6.847 6.853 6.860 1,300 
1,310 6.880 6.868 6*873 6,880 6.886 6.893 6.899 6.906 6,913 6,919 6.926 1.310 
1t320 6,926 6,932 6*939 68946 6*952 6.959 6*966 6.972 6.979 6.985 6*992 1.320 
[*330 6.992 6.999 7.005 7*012 7.019 7.025 7*082 7.039 7.045 7.052 7*059 1,330 
1t340 7.059 7,065 7.072 7*078 7,085 7.092 7*096 7,105 7.112 7.118 7.125 1,340 

1,350 7.125 7.132 7.138 7,165 7.152 7.158 7.163 7,172 7o178 7.185 7.192 11~50 
1t360 7.192 7.198 7,205 7.212 7,218 7.225 7.232 7,289 7,245 7.252 7,259 1,360 
1t870 7,259 7,265 7*272 7*279 7,285 7.292 7*299 7.305 7.312 7.319 7,326 1,370 
1,380 7,326 7,332 7,339 7,346 7.352 7.359 7.366 7.373 7.379 7.388 7,393 l t380  
1,390 7.393 7.399 7.408 7,413 7*420 7,426 7,433 7.4~0 7.447 7*453 7.460 1,390 

1,400 7.460 7.467 7.474 7,480 7.487 7,~94 7.500 7*507 7.514 7.521 7.527 1,400 
1,~10 7,527 7.534 7.541 7,548 7.854 7.561 7.568 7.575 7,582 7,~88 7.595 1,410 
1.420 7,595 7.602 7.609 7,615 7*622 7.629 7.636 7.642 7.649 7,686 7.663 11420 
1,430 7.663 7.670 7.676 7,683 7*690 7.697 7.703 7,710 7.717 7,724 7.731 1 , ~ 0  
1,46~ 7,731 7.737 7.744 7,751 7*758 7,765 7,771 7.778 7.785 7,792 7.799 1.440 

1,45n 7,79~ 7.80b 7.812 7,819 7*826 7.883 7.890 7,846 7.853 7.880 7,867 1,450 
1,460 7~867 7.874 7.880 7,887 7.894 7,901 7.908 7.915 7,921 7,928 7,935 1,460 
1.47~ 7.935 7.942 7.9~9 7.956 7.983 7.989 7.976 7.983 7.990 7.997 8.004 1,470 
| !~80 8,004 8,010 8,(J17 8,024 8.031 8.038 8.0~5 8,0~2 8,050 8.06~ 8,072 1,4U0 
1,49(~ B.072 8,n7~ d,086 8=093 8*100 8,1C7 8.113 8.120 8.127 8.13~ 8.141 1,490 

1,500 8.141 8,1~8 8.155 8,162 8.168 8,175 8.182 8.189 8,196 8,203 8*210 1,500 
1,510 8,21~ 8.217 8.22~ 8,231 8,237 8.244 8,251 8.258 8.265 8,272 8.279 1,510 
1,5?J 8,27~ 8,288 8,298 8,30C 8,308 8,31~ 8,320 8,327 8,334 8,341 8,3~8 1~520 
] ,533 P,3~8 8,355 8;362 8,369 ~,378 8,38~ 8,390 8,397 8,403 8,410 ~.417 1 , ~ 0  
1,54P 8,~17 8,42~ 8.431 8,438 8,495 8,452 8,~5~ 8,466 8,473 8,480 8.487 1 ~ 0  

1,750 8 , ~ 7  8,~94 8,501 8.508 8.515 8.522 8.529 8.535 8.592 8.549 8,556 1,550 
1.560 8,556 8,563 8,570 8*577 8,584 8,591 8,598 8,6~5 8*612 8,619 B,626 1,560 
1,570 8,626 8,633 8,660 8,647 8,65~ 8,661 8,66~ 8,675 8*682 8,689 8,696 1~570 
1*586 8,896 8.703 8.710 8.717 8.724 8.731 8.738 8.745 8.752 8.759 8,766 11580 
1,59:) 8,766 8*773 5,780 8,787 8,794 8,801 8.808 8,815 8,822 8,829 8,836 1,590 

l t60U 8,836 8*84] 8,850 8*857 8,864 8=871 8*878 8.885 8,892 8,899 8,907 1,600 
1,6~0 8,907 8,914 8,921 8,928 8,935 8,942 8,949 8,956 8*963 8,970 8,977 1,610 
1,620 8,977 8*984 8*991 8,998 9*005 9,012 9,019 9,026 9.03~ 9.040 9.048 1~620 
1,63U 9,048 9*055 9*062 9*069 9.076 9.083 9.~90 9.097 9.104 9.111 9.118 1.630 
1.640 9,118 9,125 ?.132 9.140 9,1~7 9.1~4 9.161 9.168 9,175 9.182 9.189 It6~O 

1,650 9,189 0,196 9,203 9.210 9.~18 9,225 9.232 9,239 9,2~6 9,Z53 9,260 1t650 
1,66~) 9.260 9.267 9.274 9.282 9.289 9,296 9.303 9.310 9.317 9.324 9,331 1,660 
1,670 9,~31 9.338 9.346 9.353 9.360 9.367 9.374 9.381 9.388 9.395 9,403 1.670 
1,680 9,~.03 9,410 9,417 9,424 9,431 9.~38 9,4~5 9.~53 9,~60 9,467 9,~74 1,800 
1t690 9,47~ 9*681 9.488 9,495 9*503 9.510 9.517 9,524 9.531 9,538 9,546 1,690 

1,700 9,~46 9,553 9,560 9,567 9,574 9,581 9.589 9.596 9,603 9,610 9,617 1,700 
I*710 9.617 9.626 9.632 9.639 9.646 9.~53 9,660 9.668 9.675 9.682 9.689 18710 
1,720 9.689 9.696 9.704 9.711 9.7~8 9,725 9,732 9.740 9.7~7 9.75~ 9.761 l t7~O 
1~730 9.761 9.768 9.776 9.78~ 9.790 9.797 9.804 9,812 9.819 9,~28 9.833 1*730 
1,740 9,837 9,84O 9,B4fl 9,855 9*862 9,869 9,877 9*884 9,891 9,898 9,906 1,740 

,1.753 9.906 9.913 9.920 9.927 9,934 9,9~2 9.949 9,956 9.963 9.971 9,978 1,750 
1~760 9.978 9e985 9.992 10.000 10.007 10.014 10~021 10.029 10.036 10.048 10.050 1,760 
1,770 10,050 10.055 10.065 100072 10.079 10.087 10.094 I0,I01 I0.~09 10.116 10*123 1,770 
It780 1!)*123 10,1JO 10.138 I0.I~5 10,152 lU,159 10.167 I0.174 10.181 10.i~9 10.196 1,780 
1,79!) 1C*196 10.203 10.210 10.218 10*225 10.232 10.240 I0,247 10.254 10,262 10.269 1,790 

1~800 10,269 10,278 IO,28~ 10,291 10,298 18,305 10,313 10,320 10,327 10,335 10,34~ 1,800 
l t810  10.342 10.849 10.357 10.364 10.371 10,379 10.386 10.393 10,400 10.~08 10.415 1,810 
1,820 10,915 10.622 10*430 10,457 10.~44 10*452 10,459 10,~66 10,474 10,481 10*488 1,820 
1,830 10,488 10,~96 10,503 10*511 IO*518 10*525 10,~33 10,540 10,547 10,555 IO,562 1,830 
1,8~0 10,562 10,569 10,877 100584 IO,591 10,599 i0,606 10,613 10,621 10,628 10,636 1,840 

DEG F. 0 1 2 3 a 8 6 7 8 9 10 DEG F 

�9 Convcrtecl f rom dclu'ecs Celsius (I PTS !968). 
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TABLE 10.10--Type R tkermocouples (continued). 

Tempe~tu re  in D q l m ~  Fahrenheit" 
EMF in Ab~mlute MilEvolt3 Reference Junctions at 32 F 

OEG F 0 1 2 3 4 3 6 7 8 9 10 DEG F 

THERNOELECTRIC VOLTAGE ~N A~SOLUT[ NILLIVOLTS 

1.850 10,636 10.643 10.650 10o658 10.663 10*672 10.680 10.687 10.693 10.702 10*709 1*830 
1.860 10,709 10.717 10,724 10.731 10.739 10,746 10,754 10,761 10.?68 10.776 10*783 1t860 
1,e70 10.783 10.791 10,798 10,805 10,013 10e820 10,828 10*835 10.842 10,850 10.837 1.070 
1.880 ]0,857 10.865 10,872 10,879 10,887 ]0,894 10,902 10*909 10.917 10.924 10.931 1.080 
1.890 10.931 10,939 10,946 10.954 10,961 10,968 10.976 10.983 10.991 10.998 11.006 1.890 

1,900 l l ,OOb 11,013 11.021 11,028 11,035 11.043 11.050 11,038 11.065 11.073 II*OBO 1.900 
1,910 11.080 11.088 11,095 11,102 11,110 11,117 11,125 11.132 11,140 11,167 11.155 1.910 
1.920 11,155 11.162 11,170 11,177 11.184 11.192 11.199 11.207 11.214 11.222 11.229 1;920 
1,n30 11,229 11.237 11,244 11.252 11,259 11.267 11.274 11~ 11.289 11*297 11.304 1.930 
1,940 11.304 11.312 11,319 11.327 11,334 11,342 11.349 11.357 11,364 11.372 11.379 1 *940 

1,950 11,379 11.387 11.394 11,402 11,409 11,417 11.424 11.432 11.439 11,447 11.434 1.950 
1.960 11,454 11.462 11.469 11,477 11.484 11.492 11.499 11.507 11.514 11.522 11.529 1.960 
1,070 11.329 11.537 11.544 11.552 11.559 11.S67 11.574 11.582 11.590 11.597 11.605 1,970 
1.980 11,605 11.612 11.~20 11q627 11.635 11.642 11.650 11.657 11.665 11.672 1~.680 1.980 
1.990 11.680 11*688 11,615 11.703 11.710 11.718 11*725 11,733 11,740 11,748 11.756 1.990 

2,000 11.756 11,763 11,771 11.778 11.786 11.793 11,001 11.808 11*816 11.824 11,831 2*000 
2,010 11.831 11.839 11*846 11,854 11.861 11.869 11,877 11.884 11.892 11.899 11.907 2.010 
2*020 11,907 11,914 11,922 11.930 11,937 11,945 t1.952 11.960 11,968 11.975 11,983 21020 
2.030 11.983 11.990 11,998 12.005 12.013 12.021 12,028 12.036 12.043 12,051 12,059 2.030 
2*040 12.059 12.066 12.074 12.n81 12.089 12,097 12,104 12.112 1?,119 12.127 12.135 2,040 

2.050 12,135 12,142 12,150 12,157 12.165 12.173 12,180 12.188 12.196 12.203 12.211 2*050 
2,060 12,211 12,218 12,226 12.234 12.241 12.249 12,257 12,264 12,272 12.279 12,287 2*060 
2*070 12,287 12.295 12,302 12.310 12,518 12,325 12.333 12,340 12.348 12,356 12,363 2.0?0 
2*080 12,363 12.371 12.379 12.386 12.394 12,~02 12,409 12.417 12.424 12,~32 12,440 2.080 
2*090 12,440 12.447 12.455 12*463 12.~70 12,47B 12,486 12.493 12,301 12.509 r2.516 2*090 

2.100 12,516 12,524 12.532 12.539 12.547 12.555 12.562 ]2,570 12,577 12,585 12,593 2,100 
2,110 12,593 12.600 12.608 12.616 12.623 ]2,631 12,639 12.646 12.654 12.662 12.669 2,110 
2.120 12,669 12,677 12.6R~ 17.693 12.700 12.70R 12,716 12.723 12,731 12,739 12.746 2.120 
2,130 12.746 12,754 12,762 12.769 12,777 12.785 12.792 12*8Ub 12.B08 12,815 12,823 2,130 
2.140 12,823 12,831 12.838 12.846 12.854 12.862 12.869 12.877 12*884 12.892 12.900 2,140 

2,150 12,900 12.908 12.915 12.923 12.931 12.938 12.946 12,95~ 12,962 12.969 12.977 2.150 
2.160 12,977 12.985 12.992 13,000 13.008 13,014 13,023 13,031 13,039 13.046 13,054 2.160 
2,170 13,054 13,062 13,069 13,077 13,085 13,093 13.100 13.108 15.116 13.123 13.131 2.170 
2,180 13,151 13,139 13.147 13,15~ 13.167 13.170 13,178 13,185 13.193 13,201 13,208 2.180 
2,190 13.208 13.216 13.224 13.237 13.239 13,247 13.255 13.263 13.270 13.27B 13*286 2,190 

2.200 13,286 13,293 13,301 13,309 13,317 13.324 13.332 13.3~0 13,34~ 1~.J55 13,363 2*z00 
2.210 13,363 13,371 13,379 13,386 13,394 13,402 13,409 13,417 13.425 13.433 13,440 2.Z10 
2,220 13,440 13,~48 13.456 13.464 13.471 13.479 13,487 13,495 13,502 13,510 13.518 2*220 
2,230 13,518 13.526 13,533 ]3.541 13,549 13,S57 13.564 13,572 13.580 13.588 13*595 2*230 
2,240 13.595 13,603 13.611 13.619 13.627 13,634 13*642 13,650 13,65~ 13.665 13,673 2.2~0 

2~250 13.673 13,681 13.689 13.696 13.704 13.712 13,720 13,727 13,735 13,743 13,751 2.250 
2,260 15,751 13,759 13,766 13.774 13,782 13,790 13,797 15,805 1~,813 13,821 13,B28 2w260 
2*~70 13.828 13.836 13*844 13*852 13.860 13.867 13.875 13.883 13.891 13.~98 13,906 2*270 
2*280 13.906 13,914 15.922 13.930 13.937 13,945 15,953 13.96] 13,968 ]3*976 13.984 2.280 
2,290 13,98~ 13.997 14,000 14.007 14,015 1~*023 14.031 14,039 14.046 1;.054 14.062 Z.290 

2*300 14.042 14.070 14,078 14.085 14.093 14.101 14,109 14,114 14.124 14,132 1~*140 2m300 
2.310 14.140 14,148 14,155 14.163 14.]71 14.179 14.187 14,194 1~,202 14,210 14.218 2.310 
2*320 14.218 14,226 14.233 14,241 14.249 14.257 14,265 14,272 14.280 14,208 14,296 2+320 
2.330 ]4,296 14,304 14,311 14.319 14.327 14,335 14,3~5 14,550 14,358 14.366 14.374 2*330 
2.340 14.374 14,382 14.389 14.397 14.405 14,413 14.421 14,429 14,436 14.44~ 14,452 2*340 

2*350 14,452 14.46U 14,468 14,47~ 14,481 14,491 14.499 14,507 14,514 14.522 14.530 2*350 
2*360 14.530 14.538 14,546 14,~54 14,56] 14.569 14.577 14.585 14.593 14,600 14.608 2.360 
2,370 14,408 14.616 14.624 1~*632 14.640 14,647 14.655 14.663 14.671 14.479 14,6e6 2,370 
2.380 14.686 1~,694 14,702 14,710 14.718 14.726 1~,733 14.741 14,749 14.757 14,745 2*380 
21390 14,765 14,772 14,780 14.788 14*796 14.804 14*812 14,819 14.827 1~*834 1~.843 2*390 

2.400 14,843 14.851 14,859 14,866 14,874 1~.882 14.890 1~.~98 14.906 14,913 14.921 2*400 
2,410 1~,921 14,929 14.937 14,945 14.953 14,960 14,968 14.976 14,984 14.992 15,000 2,410 
2*420 15.000 15.007 15.015 15.023 15.051 15.039 14,047 15.054 15.062 15.070 15.078 2,420 
2*430 15.078 15.086 15*094 15.101 15.109 15.117 15,125 15.133 15,141 15,148 15,156 2*430 
2.~40 15.156 15.164 15,172 15.180 15.188 15.195 15.203 15.211 15.219 15.227 15.235 2*440 

2,450 15,235 15.242 15,250 15.258 15,264 15,274 15.282 15,289 i5.29~ 15,~05 15.31~ 2.~50 
2.460 15,313 15,321 15.329 15*337 15.344 15.352 15.360 15.368 15,376 15.3~ 13,~91 2o450 
2,470 15.391 15.399 15,407 15,415 15.423 15.431 15.458 15.~46 15,454 15,462 15,470 2*470 
~.480 t5.470 15.478 15.~86 ]5,493 15.501 15.509 lb*517 15.525 15.533 15.540 15.548 2*480 
2,490 5*548 ]5.556 15,564 15,572 15.580 15.587 15,595 15.603 15,611 15.b19 15,627 2.490 

0E6 F 0 1 2 3 4 

�9 C o n f i n e d  f rom desrccs Cr ( I PTS 1968 ). 
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200 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE I0. lO--Type R #kermocouples (continued). 

Temperature in Degrees Fahrenheit" 
E 'MF in Aheolute Millivo~ts Reference Junctions at 32 F 

08G F 0 1 2 8 4 5 6 7 8 9 10 OEG F 

THERNOELS~TRIC VOLTAGE IN ABSOLUT~ MILL|VOLTS 

2t )00 15.627 15,6)8 15.642 15.650 15.6)~ 15.666 1>,678 15.682 ,15,689 15.697 18,70> 2*800 
2.510 15,705 15.713 15,721 15*729 ]5*737 15.744 15.752 15.760 15.768 18,776 15.784 2,810 
2,520 15,784 ]5,791 15.799 15.807 15.815 15.823 15,831 15.839 15.846 15,854 15.862 2*520 
2t5)0 15e862 15.870 )5*878 15.886 15e893 18.901 15,909 15.917 ]5,925 15.9)3 15,941 2 ,5)0  
2*540 15.941 15*9k8 15.956 15.964 15.972 15.980 15.988 15.995 16.003 16.011 16.019 2*540 

2,550 18.019 16.027 16.O35 16.O4) 16.050 16,058 16,066 16.074 16.082 lb .090  16,097 2,>50 
2*560 16.097 16.105 16.113 16.121 16,129 16,1)7 16,1~5 16,152 16.)60 1&,)68 lb*176 2t560 
2*570 16.176 16.184 16.192 16,199 16,207 16.215 16.22) 16.231 16.239 16.247 16.254 2,570 
2*580 16.254 16*262 16.270 16.278 16.286 16.294 16.301 16.309 16.317 16.)25 16.333 2*580 
2*590 16.333 16.541 16,349 16.)56 16.364 16,)72 16.)80 16.388 16.)96 16.403 15,411 2*590 

2*600 16,411 16.419 16,427 ]6*455 16.443 16,450 16.458 16.466 16.474 16.482 16*490 2*600 
2.610 16.690 16.498 16,505 )6.513 16.521 16*529 16*537 16.545 16.552 16.~0 16,56~ 2t610 
2*620 16,568 16.576 16,584 16,592 16.599 16.607 16,61b 16.6~) 16.6)1 Ib*6~9 14.646 2*620 
2,6)0 16,646 16.654 16,662 16.670 16,678 16.686 16,694 16.701 l&,?09 16.717 16.725 2t630 
2*640 16.725 16.73) 16.741 16*748 16.7~6 16.764 16.772 16,780 16.788 16,79~ ]6*80)  2*640 

2*650 16.803 16.811 16.819 16.827 16.8)5 16.842 lb.850 16.858 16.866 16.87~ 16.881 ~t650 
2*660 16.882 16,889 16.897 16.905 16*913 16.921 16.929 16.9)6 16.944 )6*952 16.960 2*660 
2*670 16.960 16.968 16.976 16.983 16.991 16.999 17.007 17,015 17.022 17,0J0 17.0)8 2*670 
2.680 17.0)8 17.046 17.054 17.062 17.069 17.077 17.085 17.09~ 17.101 17,109 17.116 2.6~0 
2*690 17.115 17.124 17.132 17*140 17*148 17.156 17.163 i7.171 17,17~ 17.1U7 17.195 2.690 

2,700 17.195 17,202 17.210 17.218 17.226 17.2)~ 17.242 17.249 17,257 17.~b> 17.273 2*700 
2.710 17.27) 17.281 17,288 17,296 17.304 17*)12 17.320 17,328 17.)35 17,34) 1 7 . ~ 1  2,710 
2*720 17.351 17,)59 17.367 17.374 17.382 17.390 17,)98 17*406 17.~1J 17,~21 17.429 Z*720 
2.7~0 17,429 17.437 17,445 17.453 )7.460 17.468 17.476 17.484 17.492 17,4~9 17.b07 2.730 
2.740 17.507 17.515 17.52) 17.531 17.538 17.546 17.554 17.562 17.570 17.577 17.585 21740 

2*750 17.585 17.89) 17.601 17.609 17.616 ]7.624 17,6)2 17.6~0 17.648 1 7 , & ~  L7*66J 2*750 
2*760 17*66) 17.671 17.679 17.687 17.69~ 17.702 17.710 17.718 17,72& 17.73) 17.741 2*760 
2t770 17,7~1 17.7~9 17.757 17.765 17.772 17.780 17.788 17.796 17.804 17,~11 17,8]~ 2,770 
2*780 17.819 17.827 17.835 17.842 17.850 17,358 17.866 17.~74 17.881 17.8d9 17.897 2*780 
2*790 17,897 17.905 17,913 17.920 17*928 17.936 17.944 17.951 17.959 17,967 17,975 2*790 

2*800 17.975 17.983 17.990 1~.998 18.006 18.014 18,021 18.029 18,0)7 18*0~b 18,053 2*800 
2.810 18.053 18.060 18,068 18.076 18.084 18,091 18.099 18.107 18.115 18,123 10,130 2.810 
2*820 18.130 18.1)8 18.146 18.154 18.161 18.169 18.177 18,185 14.192 18.200 18.208 2,820 
2*8)0 18.208 18,216 18.223 18.291 18.2)9 18.247 18,25> 18.262 lb .270 ~8.278 18.286 2*830 
2.840 18,286 18,293 18.)01 18.309 10*317 18,)24 18.332 ]8 , )40  IR.348 18,355 18.J63 2*840 

2*850 18,36) 18.371 18.379 18.386 18.394 18.402 18,410 18,417 18.425 16,43) ~8*441 2*8>0 
2*860 18.441 18.448 18.~56 18,464 18,472 18.479 1~,487 18.496 18,502 18.>10 18.518 2,860 
2*870 18,518 18.526 18,53) 1~.541 18,549 18,557 lb*564 18.572 18.580 18.~88 18,595 2,870 
2*880 18.595 18,605 18.611 18.619 18.62& 18.6)4 18.642 18.649 1R.657 1~*&65 18.673 2*880 
2~890 18.67) 18.680 18.088 18.696 18,703 18.711 18.719 18.727 ]~.734 18.7~2 18.7>0 2*890 

2*900 18.750 18.758 18.765 IB*77) 18.781 18.788 18.796 18.804 18.812 18~19 1~.827 2,~00 
2.910 18.827 18.835 18.8~2 18.850 18.858 18.865 1e,87) 18.881 18.889 18,896 18.90~ 2.910 
2*920 18.904 18,912 18,919 18,927 18.935 18,94) 18.950 18.958 18.966 18,97) 18,981 2~920 
2,930 J8.981 18.989 18.996 19*00~ 19.012 19.019 19,027 19.0)5 19.043 i9 .050 19,058 2*930 
2*940 19,058 19.066 19,073 1~,081 19.089 19.096 19.104 19.112 1~,I19 19.127 19.1)5 2~940 

2*950 19. I)5 19,142 19.150 19.158 19.165 19,17) 19.181 19.188 19,196 19.204 19.211 2*950 
2*960 19.211 19.219 19.227 19.2)4 19.242 19.250 19,257 19,265 I~,27~ 19.2~0 19.288 2~60 
2,970 19,288 19,296 19,)0) 19.311 19,319 19,~26 I~*)34 19.342 19.349 19,3>7 19,~65 2*970 
2*980 19,365 19.372 19,)80 l g . ~ d  19.395 1~.403 19,411 19.~18 19,426 1~.4~4 1~,~41 2~960 
2,990 19.~41 19,~49 1~.457 lO,464 19.472 1~.~79 19.487 19.495 19,502 19.510 19.~18 2*990 

3,000 19.518 19.525 19.533 19.541 19.5~8 IV.~Sb 19.563 19.57) 19,579 19.>~6 1~.594 ~*000 
3,010 19,594 19.602 19.609 19,617 19,62~ 19,632 19,640 1~.647 19,655 19.663 19,670 3.010 
),02O 19.&70 19,678 19,605 19.695 1~.701 19.708 19.716 19.723 19.7)1 19.769 19.746 ~*020 
) ,030 19.746 19.754 19.761 19.769 19.777 19.784 19.792 19.800 19.807 17.61~ 19,82~ ~*030 
5*040 19.822 19.830 19.837 19.845 19.853 19.860 19,868 19.~75 19.88~ 19.8~1 )9,89~ 3,040 

3*050 19.898 19,90& 19.913 19.921 19.929 19.9)6 19,944 19.951 19.959 19,966 19.974 3*050 
5*060 19.97~ 19.982 19.989 19,997 20,004 20,012 20.019 20,027 20.0~4 20*0~2 20,050 ~,O60 
3~070 20*050 20.057 20.065 20*072 20.080 20.087 20*095 20,102 20.110 20.117 20.125 3*070 
).080 20.125 20.132 20.140 20,148 20.155 20.16) 20.170 20.178 20,185 20.19) 20.200 3*080 
)*090 20.200 20.208 20,215 2C.223 20*230 20,2)8 20.245 20,253 20,260 20.268 20.275 3.0~0 

) r iO0  20,275 20.283 20,290 20*297 20*305 20.312 20.320 20*327 20.)35 20.)42 20.~50 3.100 
3.110 20.)50 20,)57 20.365 20.372 20*)80 20.587 20.39~ 20*402 20,409 20.417 20.424 ) .110 
) .120 20,~24 20.432 20,439 20*446 20,45~ 20,461 20.469 20.476 20.48~ 20.k91 20,498 ) .120 
3.130 20.498 20.506 20.513 20.520 20.528 20.5)5 2~,54) 20.550 20.557 20*565 20*572 )#1)0 
3,1~0 20.572 20.579 20,587 20.594 20.601 20.609 2U.616 20.62) 20.631 20,6~8 20.64> 3.140 

DEG F 0 1 2 ) 4 ~ 6 7 8 9 10 DEG F 

�9 Convcncd f rom d ~ r ~ - s  Celsius OPTS 1968). 
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CHAPTER 10 ON REFERENCE TABLES FOR THERMOCOUPLES 201 

TABLE 10. lO--Type R thermocouples /continued). 

. Temperature in Degrees Fahrenheit a 
EMF in  Absolute Millivolts Re~rence Junctions at 32 F 

DE6 r 0 i 2 3 ~ 5 6 7 8 9 iO DE6 F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLIS 

3,190 20,b45 20.653 ~0.660 20.667 20.675 20.682 20,689 20.697 20.704 20.711 20.'11~ 3,J5C 
3,160 20.718 20.726 20,733 20,740 20,748 20,755 20.762 20.769 2C,,T77 20.784 20.79[ J,lbO 
3,170 20,791 20,798 2O,BC'6 20.8]~ 20,820 20.827 20,834 201642 79.8~V 20.dbb 2C.d63 3,170 
3.180 20,863 20.87G 20.878 2C,,885 20~ 20~ 21~,906 2nl'Jl~ 20o921 20.V28 ~0,'335 3,1~0 
3,190 2G.935 20.042 20~ ~0,956 s 2G~ 20~ 2C.Nb5 20.992 20~ ~i,006 3,[WO 

3,20n 21,006 21,~13 21.021 21,n28 23,035 2].0~2 21,G~o 2!1056 2]~ 21,070 ~!,077 3,200 
~,210 21,077 21.084 21o091 21,098 21,i05 ],210 

DEG F O 1 2 3 ~ 5 6 7 8 9 I0 D~G F 
i 

~ Convened From degrees Cehius ( I PTS 1968 ). 
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202 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.11--Type R thermocouplea (deg C-millivolta). 

Temperature in Degrees Celsius (IPTS 1968) 
E M F  in  A b s o l u t e  M i l l i v o l t s  R e , r e a c t  J u n ~ i o n s  a t  0 C 

PEG C 0 l 2 3 4 5 6 7 8 9 10 DEG 0 

THERMOELECTRIC VOLTAGE ]N ABSOLUTE MILLIVOLTS 

-50  - 0 . 2 2 6  - 8 0  

- 4 0  - 0 . 1 8 8  - 0 . 1 9 2  - 0 . 1 9 6  - 0 * 2 0 0  - 0 * 2 0 4  - 0 t 2 0 7  - 0 * 2 1 1  - 0 . 2 1 5  - 0 . 2 1 9  - 0 . 2 2 3  - 0 * 2 2 6  - 4 0  
- 3 0  - 0 , 1 4 5  - 0 . 1 5 0  - 0 . 1 3 4  - 0 , 1 5 8  - 0 . 1 6 8  - 0 , 1 6 7  - O o l T l  - 0 . 1 7 5  - 0 . 1 8 0  - 0 . 1 8 4  - 0 + 1 8 8  - 8 0  
-20 - 0 * 1 0 0  - 0 . 1 0 5  - 0 . 1 0 9  - 0 . 1 1 4  - 0 + 1 1 9  - 0 . 1 2 3  - 0 . 1 2 8  - 0 , 1 8 2  - 0 , 1 3 7  - 0 . 1 4 1  - 0 . 1 4 5  - 2 0  
- 1 0  - 0 . 0 5 1  - 0 . 0 5 6  - 0 . 0 6 1  - 0 . 0 6 6  - 0 * 0 7 1  - 0 . 0 7 6  - O * 0 8 1  - 0 . 0 8 6  - 0 . 0 9 1  - 0 . 0 9 5  - 0 . 1 0 0  - 1 0  
-- 0 0 * 0 0 0  - 0 * 0 0 5  - O * 0 1 1  - 0 . 0 1 6  - O . 0 2 1  - 0 . O 2 6  - O . 0 3 1  - 0 . 0 8 6  - O . 0 4 1  - 0 . 0 4 6  - 0 . O 8 1  -- 0 

0 0 . 0 0 0  0*OO5 0 . 0 1 1  0 . 0 1 6  0 . 0 2 1  0 . 0 2 7  0 . 0 3 2  0 . 0 3 8  0 . 0 4 5  0 . 0 4 9  0 . 0 5 4  0 
10 0 . 0 5 4  0 . 0 6 0  0 . 0 6 5  0 . 0 7 1  0 * 0 7 7  0 . 0 8 2  0 . 0 8 8  0 * 0 9 4  0 . 1 0 0  0 . 1 0 5  0 * 1 1 1  10 
20 0 . 1 1 1  0 . 1 1 7  0 . 1 2 ~  0 . 1 2 9  0 * 1 3 5  0 . 1 4 1  0 . 1 4 7  0 . 1 5 2  0 . 1 5 8  0 . 1 6 5  0 . 1 7 1  20 
30 0 . 1 7 1  0 . 1 7 7  0 . 1 8 3  0 . 1 8 9  0 . 1 9 5  0 . 2 0 1  0 . 2 0 7  0 . 2 1 4  0 . 2 2 0  0 . 2 2 6  0 * 2 3 2  30 
40 0 . 2 3 2  0 . 2 3 9  0 * 2 4 5  ~*251  0 . 2 5 8  0 . 2 6 4  0 . 2 7 1  0 . 2 7 7  0 . 2 8 8  0 . 2 9 0  0 . 2 9 6  40 

50 0 . 2 9 6  0 . 3 0 3  0 . 3 1 0  0 . 3 1 6  0 . 3 2 3  0 . 3 2 9  0 . 3 3 6  0 . 3 4 3  0 . 3 4 ~  0 *3~b  0 , 3 6 3  50 
60 0,363 0.369 0.376 0.583 0.390 0.397 0.403 0.410 0.417 0,424 0.431 60 
TO 0,631 0,438 0.445 0.452 0,459 0.466 01473 0.480 0,487 0*494 0.501 70 
80 0 . 5 0 1  0 . 5 0 8  0 . 5 1 5  0=523 0 . 5 3 0  0 . 5 3 7  0 . 5 4 4  0 . 5 5 2  0 . 3 5 9  0 . 5 6 6  0 . 5 7 3  80 
90 0 . 5 7 3  0 . 5 8 1  0 . 5 8 8  0=595 0 * 6 0 3  0 . 6 1 0  0 * 6 1 7  0 . 6 2 5  0 . 6 3 2  0 . 6 4 0  0 . 6 4 7  90 

100 0 . 6 4 7  0 . 6 5 5  0 . 6 6 2  0 * 6 7 0  0 . 6 7 7  0 . 6 8 5  0 . 6 9 2  0 * 7 0 0  0 . 7 0 8  0 . 7 1 5  0 . 7 2 5  100 
110 0 . 7 2 3  0 . 7 3 0  0 . 7 3 8  0 . 7 4 6  0=784  0 . 7 6 1  0 . 7 6 9  0 . 7 7 7  0 . 7 8 4  0 . 7 9 2  0 * 8 0 0  110 
120 0 . 8 0 0  0 * 8 0 8  0 * B i b  0 . 8 2 4  0 . 8 3 1  0 * 8 3 9  0 . 8 4 7  0 . 8 5 5  0 . 8 6 3  0 . 8 7 1  0 * 8 7 9  120 
130 0 . 8 7 9  0 . 8 8 7  0 . 8 9 5  0 . 9 0 3  0 . 9 1 1  0 . 9 1 9  0 . 9 2 7  0 . 9 3 5  0 . 9 4 3  0 . 9 5 1  0 . 9 5 9  130 
140 0 . 9 5 9  0 . 9 6 7  0.975"  0 .983  0+992 I*000 1 , 0 0 8  1 , 0 1 6  1 . 0 2 4  1 , 0 3 2  I*041 140 

150 1 , 0 4 1  1 , 0 4 9  1 . 0 5 7  1 . 0 6 5  1 . 0 7 4  1 .082  1 .090  1 . 0 9 9  1 . 1 0 7  I*I15 1.124 150 
160 1 . 1 2 4  I*132 l*140 1 .149  1 , 1 5 7  1 , 1 6 6  I*174 1 .183  1 .191  I,200 1.208 160 
170 1 . 2 0 8  1 . 2 1 7  1=225 1 . 2 3 4  1 . 2 4 2  1 .251  1 . 2 5 9  1 . 2 6 8  1 . 2 7 6  1 . 2 8 5  1 . 2 9 4  170 
180 1 . 2 9 4  1 . 3 0 2  1 . 3 1 1  1 . 3 1 9  1 . 3 2 8  1 . 3 3 7  1 . 5 4 5  1 . 3 5 4  1 . 5 6 3  1 . 3 7 2  1 . 3 8 0  180 
190 1 . 3 8 0  1 . 3 8 9  1 . 3 9 8  1 . 4 0 7  1 . 4 1 5  1 . 4 2 4  1 . 4 3 3  1 . 4 4 2  1 . 4 8 0  1 . 4 5 9  1 . 4 6 8  190 

200 1 . 4 6 8  1 . 4 7 7  1 . 4 8 6  1 . 4 9 5  1 . 5 0 4  1 .512  1 . 5 2 1  1 . 5 5 0  1 . 5 3 9  1 . 5 4 8  1 . 5 5 3  200 
210 1 . 5 5 7  1 . 5 6 6  1 . 5 7 5  1 . 5 8 4  1 . 5 9 3  1 . 6 0 2  1 , 6 1 1  1 . 5 2 0  1 . 6 2 9  1 . 6 3 8  1 . 6 4 7  210 
220 1 . 6 4 7  1 . 6 5 6  1 . 6 6 5  1 .674  1 . 6 8 5  1=692 1 . 7 0 2  1 . 7 1 1  1 . 7 2 0  1=729 1 *738  220 
230 1 . 7 3 8  h 7 4 7  1 . 7 5 6  1.766 1 . 7 7 5  1 . 7 8 4  1 . 7 9 3  1,802 1 . 8 1 2  1 .821  1 . 8 3 0  280 
240 1 . 8 3 0  1 . 8 3 9  1 * 8 4 9  1 . 8 5 8  1 . 8 6 7  1 . 8 7 6  1 . 8 8 6  1 . 8 9 5  1 . 9 0 4  1 . 9 1 4  1 . 9 2 3  240 

250 1=923 1=932 1 . 9 4 2  l=9S1  1 . 9 6 0  1 . 9 7 0  1 . 9 7 9  1 . 9 8 8  1 . 9 9 8  2 . 0 0 7  2 . 0 1 7  250 
260 2 , 0 1 7  2 . 0 2 6  2 . 0 3 6  2 . 0 4 5  2 . 0 5 4  2 . 0 6 4  2 . 0 7 5  2 . 0 8 3  2 . 0 9 2  2 . 1 0 2  2.111 260 
270 2 . 1 1 1  2 . 1 2 1  2 . 1 3 0  2 . 1 4 0  2 . 1 4 9  2 * 1 5 9  2 . 1 6 9  2=178 2 . 1 8 8  2 . 1 9 7  2 . 2 0 7  270 
280 2 , 2 0 7  2 , 2 1 6  2 , 2 2 6  2 , 2 3 6  2 * 2 4 5  2 , 2 5 5  2=264 2 , 2 7 4  2 , 2 8 4  2 , 2 9 3  2 , 3 0 3  280 
290 2 , 3 0 3  2 , 3 1 3  2 , 3 2 2  2 , 3 3 2  2 , 3 4 2  2 . 3 5 1  2 , 3 6 1  2 , 3 7 1  2 , 8 8 1  2 * 3 9 0  2 , 4 0 0  290 

300 2 . 4 0 0  2 . 4 1 0  2 . 4 2 0  2 . 4 2 9  2=439 2 . 4 4 9  2 . 4 5 9  2 . 4 6 8  2 . 4 7 8  2 . 4 U 8  2 . 4 9 8  300 
310 2 . 4 9 8  2 . 5 0 8  2 . 5 1 7  2 . 5 2 7  2 . 5 8 7  2 , 5 4 7  2 . 5 5 7  2 . 5 6 7  2 . 5 7 7  2 . 5 8 6  2 . 5 9 6  310 
320 2 . 5 9 8  2 * 8 0 6  2*616 2 . 6 2 6  2=636 2 . 6 4 6  2 . 6 5 6  2 . 6 6 6  2 . 6 7 6  2 . 6 6 5  2 . 6 9 5  320 
330 2 . 6 9 5  2 . 7 0 5  2 . 7 1 5  2 . 7 2 5  2 * 7 3 5  2 . 7 4 5  2 . 7 5 5  2 . 7 6 5  2 . 7 7 5  2 . 7 8 5  2 . 7 9 5  330 
340 2 . 7 9 5  2 . 8 0 5  2 . 8 1 5  2 . 8 2 5  2 . 8 3 5  2 . 8 4 5  2 . 8 5 5  Z*866  2 . 8 7 6  2 . d 8 6  Z . ~ 9 6  340 

350 2 . 8 9 6  2 . 9 0 6  2 . 9 1 6  2 . 9 2 6  2 . 9 3 6  2 . 9 4 6  2=956 2 . 9 6 6  Z*977  2 . 9 8 7  2 . 9 ~ 7  350 
360 2 , 9 9 7  3 , 0 0 7  3 , 0 1 7  3 , 0 2 7  3 , 0 3 7  3e048 3 , 0 5 8  . 3 * 0 6 8  3 , 0 7 a  3 ,0OU J , 0 9 9  360 
570 3 , 0 9 9  3 , 1 0 9  3 , 1 1 9  3 , 1 2 9  3 , 1 3 9  3 , 1 5 0  3 . 1 6 0  3 * 1 7 0  3 , 1 8 0  3 , 1 9 1  3 *201  370 
580 3 , 2 0 1  3 , 2 1 1  3 , 2 2 1  3 , 2 3 2  3 , 2 4 2  3 . 2 5 2  3 . 2 6 3  3 , 2 7 3  3=283 3+~93 3 , 3 0 4  380 
590 3 , 3 0 4  + 3=314 3 * 3 2 4  3*33~  3*34~  3 , 3 5 ~  3 , 3 6 6  3 , 3 7 6  3 , 3 8 6  3 , ~ 9 7  3 , 4 0 7  390 

400 3 , 4 0 7  3 , * 1 8  3 , 4 2 8  3 , 4 3 8  3 , 4 4 9  3 , ~ 5 9  3 , 4 7 0  3 , 4 8 0  3 *490  3=501 3.511 400 
410 3 , 5 1 1  3 , 5 2 2  3 , 5 3 2  3 , 5 4 3  3 , 5 5 3  3 , 5 6 3  3 * 5 7 4  3 , 5 8 4  3 , 5 9 5  3 , 6 0 5  3 , 6 ~ 6  410 
420 3 , 6 1 6  3 , 6 2 6  3 , 6 3 7  3 , 6 4 7  3 , 6 5 8  3 *668  3 , 6 7 9  3 , 6 8 9  3 , 7 0 0  3 , 7 1 0  3 , 7 2 1  420 
430 3 , 7 2 1  3 , 7 5 1  " 3 , 7 4 2  3 , 7 5 2  3 . 7 6 3  3 * 7 7 4  3 . 7 8 4  3 , 7 9 5  3 , 8 0 5  3 , 8 1 6  3 , 8 2 6  430 
440 3 , 8 2 6  3 , 8 3 7  3 , 8 4 8  3 , 8 5 0  3 , 8 6 9  3 , 8 7 9  3 . 8 9 0  3 . 9 0 1  3 . 9 1 1  3 , 9 2 2  3 . 9 3 3  440 

~450 3 , 9 3 3  3 , 9 4 3  3 , 9 5 4  3 , 9 6 4  3 , 9 7 5  3 , 9 0 6  3 , 9 9 6  4 , 0 0 7  4 , 0 1 8  4 , 0 2 8  4 * 0 3 9  4~0 
460 4 . 0 3 8  4,0~0 4 . 0 6 1  4 . 0 7 1  4 . 0 8 2  4 . 0 9 3  4 . 1 0 3  4 . 1 1 4  4 . 1 2 5  4 . 1 3 6  4 . 1 4 6  460  
470  4 . 1 4 6  4 . 1 5 7  4 . 1 6 8  4 t 1 7 8  4 . 1 8 9  4 . 2 0 0  4 . 2 1 1  4 . 2 2 2  4 . 2 3 2  4 . 2 4 3  ~ . 2 5 4  470 
480 4 . 2 5 4  4 . 2 6 5  4 . 2 7 5  4 . 2 8 6  4 . 2 9 7  4 . 3 0 8  4 . 3 1 9  4 . 3 2 9  4 . 3 4 0  4 . 3 5 1  4 . 3 6 2  480  
490 ' 4 , 3 6 2  4=373 4 . 3 8 4  4 , 3 9 4  4*405 4 , 4 1 6  4.427 4 , 4 3 8  4.449 4.460 4.4TI 490 

300 4 . 4 7 1  4 . 4 8 1  4 . 4 9 2  4 . 3 0 3  4 . 5 1 4  4 , 5 2 5  4 . 5 3 6  4 . 5 4 7  4 * 5 5 8  4 . 5 6 9  4 . 5 8 0  500 
510 4 . 5 8 0  4 . 5 9 1  4=601 4 . 6 1 2  4 . 6 2 3  4 . 6 3 4  ~ . 6 4 5  4 . 6 5 6  4 , 6 6 7  4 , 6 7 6  4 . 6 8 9  510 
520 4 . 6 8 9  . A*700  4 . 7 1 1  4 *722  4 , 7 3 3  4 , 7 4 4  4 . 7 5 5  4 . 7 6 6  4 * 7 7 7  4 * 7 8 8  4 * 7 9 9  520 
530 4 , 7 9 9  4.S10 4 . 8 2 1  4 * 8 3 2  4 . 8 4 3  4 . 8 5 4  4 . 8 6 5  4 . 8 7 6  4 . 8 8 8  4 . 8 9 9  4 . 9 1 0  530 
540 4 , 9 1 0  4 . 9 2 1  4 . 9 3 2  4 . 9 4 3  4 * 9 5 4  4 . 9 6 5  4 * 9 7 6  ~ . 9 8 7  4 . 9 9 8  5 * 0 0 9  5 . 0 2 1  540 

550 5 . 0 2 1  5 *032  5 . 0 4 3  5 . 0 5 4  5 . 0 6 5  5 *076  5 . 0 8 7  5 * 0 9 9  5 . 1 1 0  5 . 1 2 1  5 . 1 3 2  550 
560 5 . 1 3 2  5 . 1 4 3  5 . 1 5 4  5 . 1 6 6  5 . 1 7 7  5 . 1 8 8  5 * 1 9 9  5 . 2 1 0  5 . 2 2 1  5 . 2 3 3  6 . 2 4 4  560 
570 5 . 2 4 4  5 . 2 5 5  5 . 2 6 6  5 . 2 7 8  5 . 2 8 9  5 . 3 0 0  5 . 3 1 1  5 . 3 2 2  5 . 3 3 4  5 . 3 4 5  5 . 3 5 6  5 7 0  
580 5 . 8 5 6  5 . 3 6 8  5 . 3 7 9  5 . 3 9 0  5 . 4 0 1  5 . 4 1 8  5 . 4 2 4  5 . 4 3 5  5 . 4 4 6  5 * 4 5 8  5 * 4 6 9  580 
590 8 . 4 6 9  5 * 4 8 0  5 . 4 9 2  5 . 5 0 3  5 . 5 1 4  5 * 5 2 6  5 . 5 3 7  5 . 5 4 8  5 . 5 6 0  5 . 5 7 1  5 *582  590 

DEG C 0 1 P 3 4 5 �9 6 7 8 9 10 OEG C 
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TABLE lO.11--Type R tho~eo,,pl~ /cond.ued). 

E M F  in Abso lu t e  Mil l ivol ts  

Temperature in Degrees Celsius ( IPTS 1968) 

R e f e r e n c e  Junction8 at  0 C 

DEG C 0 1 2 3 4 5 6 7 8 9 10 OEG C 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLT8 

600 8.882 5.59,  5.605 5.616 5.628 8.639 91650 5.662 5.673 8.688 ~.696 600 
610 5 . 6 9 6  5 . 7 0 7  5 . 7 1 9  5 . 7 3 0  5 . 7 4 2  5 . 7 8 3  ~ . 7 6 4  5 . 7 7 6  8 . 7 8 7  8 . 7 9 9  9 . 8 1 0  610 
620 5.810 5.821 5.833 8.844 5.856 8.867 5.879 ~.890 8.902 ~ . 9 | 3  5.925 620 
630 5.925 5.936 5.948 8.959 8.971 9.982 5t994 6.00~ 6.017 6.028 6.040 680 
640 6.040 6.081 6.063 6.074 6.086 6.098 6.109 6.121 6.132 6.144 6.155 640 

680 6.155 6.167 6.179 6.190 6,202 6 . 2 1 3  6.225 6*237 6.248 6*260 6,272 650 
660 6.272 8.288 6.295 6*307 6.318 6.330 6.342 6.383 6.365 6.377 6.388 660 
670 6.388 6.400 6."12 6.423 6.435 6.447 b.458 6.670 6.482 6.494 6.505 670 
680 6.508 6.517 6.529 6.541 6.852 6.564 6.576 6s568 6e589 6.611 6.623 660 
690 6.623 6.635 6.647 6.658 6.670 6.682 6.694 6.706 6.718 6.729 6.741 690 

700 6.741 6.753 6.765 6.777 6.789 6.800 6 , 6 1 2  6.824 6.8)6 6.6~8 6.860 700 
710 6.860 6.872 6.884 6.895 6.907 6.919 6.931 6.943 6.998 6.967 6.979 710 
720 6.979 6.991 7.003 7.015 7.027 7.0~9 7.091 7.063 7.074 7.086 7.098 720 
730 7.098 7.110 7.122 7.134 7.146 7.198 7.170 7.182 7.194 7.206 7.218 730 
740 7.218 7.231 7.243 7.288 7*267 7,279 7,291 7.303 7.318 7+327 7.339 740 

780 7.339 7.391 7.363 7.375 7.387 7.399 7.412 7.424 7.436 7.448 7.460 750 
760 7.460 7.,72 7.484 7.496 7.509 7.521 7.w 7.845 7.887 7.569 7t582 760 
770 7.882 7.89~ 7.606 7.618 7.630 7.642 7.688 7.667 7.679 7*691 7.703 770 
780 7.703 7.716 7.728 7.740 7.752 7.765 7.777 7.789 7.801 7.814 7.826 780 
790 7.~26 7.838 7.~80 7.863 7.875 7.687 7.900 7.912 7.924 7.937 7.949 790 

800 7 . 9 4 9  7.961 7.973 7 .986  7.998 8.010 8.023 8.038 8.047 8.060 8.072 800 
SlO 
820 
830 
840 

880 
860 
870 
880 
890 

900 
910 
920 
930 
940 

950 
960 

8.072 8.085 8.097 8.109 8.122 8.184 8.146 8.159 8.171 8 . 1 8 4  8.196 810 
8.196 8.208 8.221 8.238 8.266 8.258 8.271 8.283 8.295 8.308 8.320 820 
8.320 8.333 8.343 8.358 8 . 3 7 0  8.383 8.395 8."08 8.420 8.433 8.445 830 
8.,45 8.,58 8.,70 8.~83 8.495 8.508 8.520 8.533 8.~45 8.586 8.570 840 

8.570 8.583 8.595 8.608 8.621 8.633 8.646 8.658 8.671 8.68~ 8.696 850 
8*696 8.709 8.721 8.734 8.746 8.759 8.772 8.784 8.797 8.810 8.822 860 
8.822 8.835 8.847 8.860 8.873 8.885 8.896 8.911 8.923 8.936 8.949 070 

970 10.109 10.]22 10.135 1 0 . 1 , 8  10.161 10.174 10.187 10.200 10.213 10.227 10.240 
980 10.240 10.283 10.266 10.279 10.292 10.305 I0.319 10.332 10.368 10.358 I0.371 
990 I0.371 10.386 i0.~98 10.411 I0.~24 10.487 10.650 10.464 10.477 10.490 10.503 

8.949 8.961 8.974 8.987 9 . 0 0 0  9.012 9.02~ 9.038 9 . 0 8 0  9.06~ 9.076 880 
9.076 9.089 9.101 9.11& 9.127 9.140 9o152 9.16fi 9.178 9.191 9.203 890 

9.208 9 . 2 1 6  9.229 9.242 9.254 9.267 9.280 9.293 9 . 3 0 6  9 . 3 1 9  9.33| 900 
9.331 9.344 9.357 9.370 9.383 9.395 9.408 9.421 9.434 9.447 9.460 910 
9.460 9.473 9.489 9.498 9.511 9.924 9 , 8 3 7  9.580 9.563 9.576 9.589 920 
9.589 9.602 9.614 9.627 9.640 9.658 9.666 9.679 9.692 9.705 9.716 930 
9.718 0.731 9*744 9.757 9.770 9.783 9.796 9.809 9.822 9.835 9.848 940 

9.848 9.861 9.874 91887 9.900 9.913 9.926 9.939 9.952 9.965 9.978 9~0 
9,978 9.991 10.004 10.017 10.030 10.068 10.056 10.069 10.062 10.095 10.109 960 

970 
980 
990 

1.000 10.503 I0.516 10.830 10.~43 10.~36 10.~69 10.~83 10.896 I0*609 10+622 10.636 1.000 
I * 0 1 0  10 .636  10 .649  10 .662  10 .678  1 0 . 6 8 9  10 .702  10 .718  1 0 . 7 2 9  10 .742  10 .755  10 .766  1 . 0 1 0  
1 , 0 2 0  10 .768  10 .782  10 .798  10 .808  1 0 . 8 2 2  10 .835  10 .868  10 .862  10 .878  10 .~88  10 .902  l t 0 2 0  
1POLO 10 .902  10 .918  10 .928  10 .942  10 .983  10 .968  10 .982  10 .995  1 1 . 0 0 9  11 .022  11 .035  1 . 0 3 0  
1 , 0 4 0  11 .038  11 .049  11 .062  1 1 . 0 7 6  1 1 . 0 8 9  11 .102  11 .116  11 .129  11.1A3 1 1 . 1 5 6  1 1 . 1 7 0  1 . 0 4 0  

lw0b0 11.17C !1.183 11.196 11.210 11.228 11.237 11.280 11.264 11.277 11.291 11.304 1.050 
1.060 11.304 11.318 11.331 11.345 11.358 11.372 11.385 11.399 II.412 11.426 11.439 I*060 
1.070 11.439 11.453 11.466 11.480 11.493 11.807 11.520 11.534 11.5,7 11.561 11.874 11070 
1.080 11.974 11.888 11.602 11.618 11.629 11.642 11.656 11.669 11.683 11.697 11.710 1.0~O 
1.090 11.710 11.724 11.737 11.751 11.765 11.778 11.792 ll.aO~ 11.819 II.~3~ 11.846 1.090 

I*i00 11.646 11.860 11.674 Ii~887 11.901 11.91, 11.928 11.942 11.955 11.969 11.9~3 I*i00 
11110 11.983 11.996 12.010 12.024 12.037 12.081 12.068 12.078 12.092 12.106 12.119 1.110 
1.120 12.119 1?.133 12.1"7 i2.161 12.176 12.188 12.202 12.215 12.229 12.243 12.257 1.120 
1.]30 12.257 12.270 12.284 12.298 12.311 12.325 1 2 . 3 3 9  12 .353  12 .366  12.380 12 .394  l * l J 0  
1.140 12.394 12.~08 12.421 i?.~35 !2.449 12.463 12.476 12.490 1 2 . 5 0 "  12.518 12.532 1t140 

1.150 12.532 12.545 12.559 12.873 12~887 12.600 12.614 12.628 12.6A2 1~.6fl6 12.669 1.150 
1.160 12.669 17.683 12.697 12.711 |26728 12.739 12.752 12.766 12.78U 12.79, 12.806 1.160 
1.170 12.808 12.822 12.835 17.8~9 ~2.863 12.877 12.891 12.905 12.91~ 12.9~2 12.9,6 1.170 
1 ,180  12.946 !Z.')bO 1~.97~ 12.988 1910~2 13.UI6 1b.029 13.0~3 13.057 13.071 13.0~5 14180 
l.J�O 13.085 13.099 13.113 13.127 13.140 13.154 I~.168 13.1~2 13.196 13.~10 13.224 1.190 

1.200 13.224 13+238 |3*25~ 13o266 13.280 13.293 13.307 13.321 13.335 13.J49 13.363 I+200 
1.210 13.363 131~7~ t3.391 13.405 13.,19 13.433 13.~47 13.~61 13.475 13.489 13.502 1.210 
1.720 13.502 13.516 13.530 13.544 13.598 13.572 13.586 13.600 13.614 13.628 13.6~2 1.220 
1.230 13.642 13.656 13.670 !3.684 13.698 13.712 13.726 13.740 13.75, 13.7b8 13.782 1.230 
I.~40 13.782 13.796 13.610 13.82~ 13.838 13.852 13.866 13.880 13.89, 13.~06 13.922 1.240 

OEG C 0 1 2 3 ~ S 6 7 8 9 10 OEG C 
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TABLE 10.11--Type R thermocouples {continued). 

E~t'F in Absolute Mi l l ivo l ts  
Temperature in Degrees Celsius ( IPTS 1968) 

Reference Junctions at 0 C 

DE6 C 0 1 2 3 ~ 5 6 7 8 9 lO DE6 C 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MItt IVOLTS 

i)250 13.922 13.936 1J~950 13.96a L3.978 13*992 1~.008 14.020 1~*0~  14.0~8 [ ~ o 0 ~  [e2~0 
I120C I ~ . 0 6 2  i~o076 I~.090 14e104 14.I18 1~e132 141140 l ~ ) I b O  14.I74 14.[88 i~.~02 i1260 
1o27r 16.202 14.216 1~).230 1~q2~4 14.250 1~o272 14.286 14.301 14.315 14.329 14~ 1)270 
i,280 14.343 14.357 I~.371 14.385 14.399 I~.413 14.427 14.4~I 14)455 14.~69 14.483 I)280 
11290 14~ l~.4g? 14.bl l  I~.025 i,.539 I~.554 I~.568 14.582 1~.598 I,.610 14~ I )290 

1)30C 14.624 14.63~ 14.852 I~.666 I~.680 14.69~ 14~ 1~.7~2 14.737 14*7~I I~.760 I1300 
i)310 14.765 I~.77o I~.793 14)807 14.821 14.835 14.849 14.863 34)87~ 14.U91 14.906 i1310 
1,320 I~.9P6 I~.920 14~ 14.948 14)962 14~ 14.99C 15~ 15.018 15.032 15.047 11320 
i ) ? 3 0  15~ 15.061 15,075 15.089 15oI0~ 15~ 15~ Ib~ 15~ 15o173 15olB~ I)~0 
I)3~C 15.188 15o202 i5~ 15.230 15.244 15~ 15.272 I~.Z~6 15~ Ib~315 15o~29 I1340 

I)350 15,329 15o~ 15~ I~~ 15o385 15.399 15,413 15.427 15.4~2 15.456 15~ I)350 
11360 15~ 15,&8~, 15,498 15)512 15~526 15,540 15,555 15,569 15,583 15,597 15.611 i )~60  
I1370 15,611 15,625 15.639 15.553 15166~ 15,682 15.696 15.710 15.724 15,738 15.752 i1370 
I,380 15,752 15)766 15~ 15,795 15)809 15,82~ 15,8~7 IS~ 15,065 15~ I~.893 i1360 
I)ZgO 15,893 15.908 15,922 15,936 15,950 15)g64 15,978 15.992 16~ 16,021 16,035 i)190 

I1400 16,031 1~,0~9 1~,063 16,077 16,091 16*i05 16~ 16.134 16.14~ 16,I~ ib,i~6 i1400 
1.410 16~ 16,19(' 16,~0~ 16e218 16~ 16,247 Ib,261 16,275 16.289 16.30o 16,317 I1410 
|)<20 16.~17 16o331 [6~ 16,360 16e37~ 16.388 16o402 16.416 ib,610 16,~4 16o~58 i*~0 
I1430 16,458 16~ 16o48~ 16)501 16,51~ 16)~29 16o543 16,557 16~ 16,9~5 16o599 I1430 
I)440 16~ 161614 16,628 16~ 16.656 16,670 16,684 16.698 16~ 16o726 16,74& I)~40 

I,~50 16~ 16,755 16.769 16.783 161797 16,811 16~ 16.839 16.853 16,~67 16~ 11450 
I)460 16~882 16,896 16,910 16~ 16t958 |6e952 16~ 16t980 16.994 17.008 17o022 I1460 
i1470 17~ 17,C37 17.051 17,065 17~ 17~ 171107 17~ 17,135 17,149 17.16~ i)#70 
i1480 17,163 17.177 17o192 17.206 17,220 17~ 171248 17~ 17~ 17~ 17~ I14~0 
I)490 17,304 17.318 17~ 17.346 171360 17.374 17,388 17.403 17,~17 17,W~I 17)~45 I)~90 

11500 17,4~5 17,459 17,473 17,487 17o501 17.515 17,5~9 17.5~3 17~ 17,571 17.585 I)500 
I1510 17,985 17o599 17t613 17.627 17~ 17*655 17,669 17,684 17.698 17.712 17,726 I)510 
i)520 17~ 17*746, 17*75& 17.768 17*782 17o796 17,810 17)824 17,838 17.852 17~ i1520 
I)530 17~ 17)8~0 17,894 17)906 17~ 17~ 17~ 171964 17~ 17~ 18)000 I)~30 
i1540 18,00o 18,~2rI 18,034 18,046 18,062 18,076 18o090 18,104 18)iI~ 18,I~2 18~ i)~0 

1~550 18~ 18.160 18~ 18,188 i~,202 18~ 18~ 18,244 18~ 18~ i~)286 I1550 
i)560 18,286 18,299 18~313 ]8,327 18)341 18.35~ 18,369 18,383 18~ 18,411 I~.415 I1560 
I1570 18,~25 18~ 18~&53 18.467 18,~81 18,495 18.509 18~ 18~537 18,550 18)564 i)570 
i)580 18,564 18~ 18,592 18,606 18.620 18.634 18,648 18.662 18.676 18,690 18,703 i)580 
I1590 18.703 18~ I~,731 18~ 18~ I~~ I~,787 18.~01 18,815 18.~28 18,842 I)~9~ 

i,600 18~ 18~ 18,870 18,SSE 18)898 18,912 18,926 18,919 18)953 18,967 18.981 I)600 
i1610 18,981 18,995 19,009 19,023 19,038 19.050 19,064 19)078 19,092 19,i06 19,119 I)610 
I)620 19,119 19.133 19~ 19,161 19~ 19,188 19~ 19,216 19,130 10~ 19~ I1620 
11630 19,257 19,271 19.285 19,299 19~ 19~ 19.340 19~ 19.368 19~82 19~ I)6~0 
1,640 19,395 19,409 19,423 19)437 19,450 19,~64 19,478 19,492 19.505 191519 19,533 I)640 

11650 19~ 19~ 19,560 19)574 19~ 19.602 1g,615 19.629 191643 19~655 1g~ 1,650 
1,660 19~ 19~ 19,698 19,711 19,725 19~ 19~ 19~ 19~ 19.793 19o807 I1660 
1,670 |9,807 19.821 19,834 19,848 19,862 19,87~ 19o889 19.903 19~ 19~ 19~ i1670 
I1680 19~ 19)957 19,971 19.985 19,998 20o012 20.025 20,039 20,053 20~ ~0,080 1,680 
I~690 20,080 20,093 20.107 201120 20*13~ 20.148 20,161 20.175 20~ 20oZ02 20~215 I1690 

I,700 20.215 20.229 20,2~2 20.256 ~0~ 20.283 20~ 20~ 20.~23 20.336 20,150 i)700 
i1710 20.350 20,363 20,377 20.300 20,403 20~ 20~ 20~ 20*~57 20,470 20o~83 i)710 
~1720 20,~83 20~ 20.510 20.523 20.5~7 20.550 20,56~ 20.576 20,590 20.803 20~ I1720 
I)730 20~ 20~ 20~ 20,656 20,669 ~0.682 20~695 201708 20.721 20o73~ 20,7~8 1,730 
I)7~0 20.7~8 20~ 20,77~ 20.787 20*800 20.813 20~ 20~ 20.852 20.885 20)878 i~7~0 

I,750 20,878 20,091 20~ 20,916 20,929 20,942 20,995 20.968 20~ 20.994 21~ I1750 
i)760 ~I.006 21.019 21,032 21o045 21,057 21*070 21~ 21,096 21,108 I)~60 

DEG C 0 1 2 3 a 5 6 7 8 9 10 DEG C 
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TABLE 10.12--Type S thermocouples ((leg Fmi#i~hs). 

Tcmperar162 in Degree= Fahrenhei t  ~ 
E M F  in Abso lu l r  M i l l i v o l l s  Reference Junctions at  32 F 

DFG F 0 ! 2 3 4 5 6 7 8 9 10 O86 F 

7HERMOELFC7RI( VOLTAGE IN ABSOLUTE MILLIVOLT$ 

- 5 0  - 0 . 2 1 8  -0 *220  - 0 . 2 2 2  -0 .225  -0*227 - 0 .229  -0 .231  -0 .233  - 0 . 2 3 6  -50  

-40 - 0 . 1 9 ~  -0.197 - 0 . 1 9 9  -0 .202  - 0 . 2 0 4  -0 *206  -0 *209  -0 .211  -O.213  - 0 . 2 1 5  -0 .Z18  -~0  
- 3 0  - 0 . 1 7 0  - 0 . 1 7 3  -0 ,17 f l  - 0 . 1 7 8  - 0 . 1 8 0  -0 .182  - 0 . 1 8 8  - 0 . 1 8 7  - 0 . 1 9 0  - 0 . 1 9 2  -0 .194  - 3 0  
-20  - 0 , 1 4 5  -0 .148  - 0 , 1 5 0  -O.153  - 0 . 1 5 5  -0 .158  -~ .160  - 0 , 1 6 3  -0 ,165  - 0 . 1 6 8  - 0 . 1 7 0  -20  
-10  - 0 , 1 1 9  - 0 . 1 2 2  - 0 . 1 2 k  - 0 . 1 2 7  - 0 . 1 2 9  -0 .132  - 0 . 1 3 5  - 0 . 1 3 7  - 0 . 1 4 0  - 0 . 1 4 2  -0 .145  -10  
- 0 - 0 . 0 9 2  -0.099 -0.n97 - o . 1 0 0  - 0 . 1 0 3  - 0 . 1 0 6  -0.108 - 0 . 1 1 1  - 0 . 1 1 4  -0.I18 - 0 . 1 1 9  -- 0 

0 -C,,092 -0,089 -0.086 -0.08~ -0,d81 -0.070 -., 75 -0.~73 -0.07~ -0.067 -0#064 0 
10 -0.064 -0.061 -0.058 - ~*O~h -U.,~53 -C.05V "U.047 -0. U~4 - 0 . 0 ~ 1  -0.U38 -0*035 10 
20 -0,035 -0.O33 -0.030 -0.027 -O,f)?~ - t l , 0 2 1  -0.018 -0,(,15 -0.01~ -0.009 -0.008 dO 
30 - 0 , 0 0 8  -~ ,t}03 (%o00 0.0(~3 n,r)0b <,.noq ~,~ 12 C .015  0 . 0 1 5  0 .0L1  0 ,02~  ~0 
bO 0.024 0 . 0 2 7  0. ' ;30 [~.,~ ,,,037 C,O~O . , '~3 ,l.C,~6 , ; . , 'Uv ~, ~52 0,,,05 4u 

90 0109~ OI05B Oe{)6~ 0106~ 01,)~ 0.071 Ur 0.077 0.C81 ~.004 OoL, b7 bO 
6O 0 .087 0 .C~0  ~ . : 9 3  G.097  ,~.ir 0 . I ~  -.136 0.110 0.113 0.110 0 . 1 i 9  ~0 
7~, 0.119 0,123 0.126 :,.12 (~ L,.J~fi  0.136 u,139 L.l~d d.l~8 C,I~9 O,t~, 70 
~o 0 . 1 5 2  0.I',0 0.159 0.163 0.168 0,109 ,,.17J 0.176 0.179 O.l&3 U.]60 80 
90 0,180 O, IvO 0 . 1 9 3  0.197 ( ) . 200  0.2o~ v,207 G.210  0 . 2 1 ~  0,L17 0,2~I ~'C 

I00 O.Z21 0.224 0.~28 0.231 0.~35 0.~38 u.2~( O,d~5 0.249 0.d52 0.Z56 100 
110 0.256 0.259 0.263 0 . 7 6 6  0.270 0.274 ~l.277 0.2~1 0.284 0 .288 0.291 110 
IZn 0 , 2 9 1  0.795 0,299 0.3r2 0.306 0.309 u.313 0,317 ( } .320  ~ . 3 2 ~  O.~2d 120 
130 0 . 3 2 8  0 . ~31  0 , 3 3 5  0 . ~ 3 9  0 , ~ 2  0 , 3 4 0  0.~5" 0 . ~ 5 3  U . ~ 5 7  0 .~61  0 .3 r  1~0 
J40 0*365 0.368 0.~7P 0.376 U.~7q (%3~3 U.~7 0.391 0.39~ 0.~98 O.~OZ laO 

150 0.402 0.~06 0.409 ~ .~13  0 . 4 1 7  0 .~21  u.aL~ C*~8 O.~3Z O.~J6 0.#~0 i~O 
160 0.~40 0.~,44 ,3.~b n . ~ 5 1  b.~b5 0.~59 U.~6) U . ~ 6 7  0.471 0.47~ 0.~7o ~60 
170 0.~78 0.~,82 0.486 0,6q0 0.~94 0,498 0,50~ 0,506 0.510 0.513 0,517 170 
180 6.517 0,%21 (~,525 0.5?9 0,533 0,537 ,'.5~I C . 5 4 ~  0 . 5 4 ~  3,~b~ 0.507 100 
190 0.557 0.~61 0.',65 0,56~ (I.~73 0.',77 ~, . "81  0,5d5 0,58~ 0,6v3 0.h97 !v0 

21~;  0.597 0*601 d.8u5 0.6d9 0 . 6 | ~  0.817 0.62] 0.525 0.629 0.6~3 0.8~1 JO0 
210 G,637  0 , 6 4 1  0 . 6 4 5  0 . 6 4 9  0 . 6 5 5  0 . 8 5 8  0 .06~  0 , 5 6 6  0 . 6 7 P  0 . 6 7 ~  O.f, Td LlO 
220 0 . 6 7 8  0.882 0 . 6 8 6  0.690 0 . 5 9 5  0.~99 u . 7 0 ~  0 . 7 0 7  0 . 7 1 1  0 . 7 1 ~  0.71'~ 220 
250 0 , 7 1 9  O*724 0 . 7 / 8  0 . 7 ~ 2  0 . 7 ~ 6  0 , 7 ~ .  t*,7~4 0 , 7 ~ 9  0 . 7 5 3  0 , 7 5 7  0 ,761  2~0 
?4O 0.781 0.765 0.770 0.774 0.77~ 0.7~? ~.~86 0.791 0.795 0.79~ 0.q03 240 

280 0.803 G.SU~ U,812 0 .816 ~*820 0.824 0 , B / 9  0.S3J 0.531 0.~42 0 .346 L50 
260 0.846 0 .850 0 .85~ 0.859 0.863 0 .857 0.872 0.876 0.880 O.nS~ 0 .889 Lb ,  
270 0 ,889 0,893 0 .897 O,902 0 ,q06 O,ql .~ U , U l 5  0 .919  0,92~ C,928 0 , ' ~ ,  Z70 
280 0.932 0.936 0.941 0.945 6.950 0.954 U.o55 0.96a 0.967 0,971 O.'J7(, /~0 
290 0.918 O*�bU 0.985 0.989 0.993 0.998 1.90~ 1.007 1.011 1.015 1,022 ~90 

300 1.020 1.024 1.029 I.m35 l.O)~ l.O~Z l.U~b I.U~I 1.055 l*ObO 1.06. s~O 
310 1.064 1,069 1.073 1,078 1,082 1.087 |.Ovl 1.095 1.10~ I.I0~ i,I09 JlO 
32'1 1 . 1 0 9  1 . 1 1 3  1 . 1 1 0  1 ,122  1 . 1 2 7  1 . 1 3 1  1 .136  1 .1~0  1 .14~  1 .14V 1 .1b~  ~LO 
33,; 1 .15~  1 , 158  1 . 1 6 3  h 1 8 ~  1 .172  1 .177  1 .181 1 . 1 8 6  1 .190  1 .195  1 .19~ 330 
340 1 . 1 9 9  1 .204  1 . ? 0 8  1 .21~ 1 , ? 1 8  1 .222  1 .227  l , L ~ l  1 . 2 3 5  l , Z ~ v  l . t ~  ~ 0  

350 1.2~5 1.25~ I . Z ~  1*258 l . L b 3  1.268 1.273 1.277 1 .28s  l .  Lao 1 . ~ L  ~ U  
360 1 ,291  1 . 2 9 6  1 , 3 0 0  1 .~05 I*30S  1 .31~  1 .319  1 .3Z~ l*~2d  l * ~  1 . ~ 7  ~bO 
370 1.337 1 . 342  1.347 1.351 1.356 1.360 1.385 1.~70 1.37~ 1.~7~ 1.~8~ ~70 
380 1 , 384  1 .3~8  1 ,393  1 .398  l . aOZ  1 ,~07  I . ~ 1 2  1 ,~17  1.~21 I . ~ 2 6  1 .~31 350 

~00 I.~18 1 . ~ 2  I.~87 1 ,~9L /.497 1 . 5 0 1  1 . 5 0 6  1 . 5 1 1  1 . 5 1 6  1.520 1.525 400 
~ | 0  1 1 5 Z 5  I,5Ju 1 . 5 3 ~  1.539 1 . 5 4 ~  1 . 5 ~ 9  1 . 5 8 ~  1.558 1 . 5 6 ~  I.~60 I.~7~ ~10 
~20 1.573 1.577 1 . 5 8 Z  1 . 5 8 7  1 .59L  1.597 1.601 1.606 1.611 1.616 1.820 420 
~3o 1,620 1.625 1.630 1.635 1.640 1.844 I.~49 1.854 1.655 1 , 8 6 5  i*8b9 ~0 
4~0 1,669 1.673 1.678 1.683 1 . 6 8 8  1.6,~# 1.698 1.702 1.707 1 . I L L  1.717 ~ 0  

~50 1 , 7 1 7  1 .7L2  1 . 7 2 7  1 .731  1 .736  1 .7~1 1.7h6 1 .751  1 .756  1.761 1.765 ~ 0  
~ 0  1.765 1,770 1.775 1.780 1.785 1.7v0 I./98 1.7~9 1 .80~  1 , U 0 9  1.914 #60 
470 1 .81~  1.819 1 .821  1.829 1 .83~  1 . 8 3 9  1 .843  1 . 8 4 8  1.55# 1 . 8 ~  1.86J ; 7 0  
480 1 . 8 6 3  1 . 868  1 . 8 7 3  1 , 8 7 8  1 . 8 8 3  1 ,885  1 .893  1 . 8 9 8  1 .90< 1 .901  1 .91~ ~ 8 0  
490 1.912 1 . 9 1 7  1.922 1 . 9 2 7  1 . 9 3 2  1 . 9 3 7  1 . 9 4 2  1.947 1.95J 1 . 9 5 7  1.962 490 

500 1.962 1 . 9 6 7  1 . 9 7 2  1.977 i.981 1,986 1 . 9 9 1  1.996 2.001 2.006 2.011 )GO 
510 2.O11 2.O16 2.021 2.028 2.0~1 2 .036 2.041 2.O~6 2.051 2.058 g.061 h i 0  
520 2.061 2,066 2.071 2 ,076 2.081 2 ,088 2,091 2.096 2,101 2 .106 2.111 520 
530 ? , 1 1 1  2,116 2 . 1 2 1  2.126 2.131 2 . 1 3 6  2 . 1 ~ i  2.146 2 . 1 5 1  2 . 1 5 6  2 . 1 6 1  b30 
540 2.161 2.166 2.171 2.176 2.181 2 ,186 2.1~1 2 . 1 9 6  2.201 2.206 2.211 5 ~  

DEG F U 1 2 3 4 

�9 Convened  f r o m  degrees Cclsiu8 ( I  P I '~ 1968 ) 

5 6 7 8 9 10 DEG F 
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206 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.12--Type S thermocouples (continued). 

T e m p e r a t u r e  in Degrees  Fahrenhe i t "  

E M F  in AbsoLute Millivolt$ Refemnc~  Junc t ions  at 32 F 

DEG F O 1 2 3 ~ 5 6 ? 8 9 I0 OEG F 

THERMOELECTRIC VOLTAGE IN A~50LUTE MILL[VOLTS 

550 2.211 2,216 2.221 2.227 2.232 2*237 2.262 2~ 2.252 2,237 2,262 250 
560 2.262 2.26? 2,272 2.27? 2.282 2,287 2.292 2.29? ~.302 2,307 2,313 560 
570 2.313 2,316 2*323 2,328 2.333 2.338 2.343 2.348 2.353 2.358 2,363 570 
580 2,363 2,368 2,3?4 2.379 2.384 2,389 2.394 2,399 21604 2,60 q 2.*16 380 
590 2.616 2.619 2.623 2.430 2.~33 2.460 2.665 2.650 2.635 2,430 2.U6~ 590 

600 2,665 2.671 2,676 2.4B1 2,486 2,691 2.493 2.501 2.506 2.512 2.517 600 
610 2,317 2,522 2.527 2*532 2.537 2.542 2.568 2.353 2,558 2,363 2.56~ 610 
620 2.568 2,573 2.578 2,~84 2,589 2.3?* 2*59~ 2.606 2.60~ 2,615 2*620 320 
630 2.620 2,625 2.630 2,635 2.660 2.666 2,631 2.653 2.661 2.636 2,37~ 630 
660 2.672 2.677 2.682 2,387 2.692 2.697 2.733 2.708 2.71~ 2.718 2.723 6*0 

650 2.723 2.729 2.736 2*739 2.7U4 2.7*9 2.755 2.760 2.765 2�9 2*7?5 330 
660 2.775 2,781 2.786 2.791 2.796 2.801 2.637 2.812 2,817 2.822 2,82~ 360 
670 2.828 2,833 2.838 2,863 2.868 2.836 2.859 2.866 2*839 2*875 L.880 670 
680 2.880 2.885 2.890 2.895 2.901 2,906 2,921 2,913 2.922 2,927 Z , ~ 2  680 
690 2.932 2�9 2.943 2,948 2,933 2.958 2.96~ 2.96q 2.9?6 2,97q 2,~85 690 

700 2*983 2.990 2.995 3.000 3.006 3,011 } .016 3.022 3.027 3.032 3.0~7 ?00 
710 3,O37 3.063 3.068 3.053 3.~58 3.066 ~.069 3.~76 ~.0~b 3.0~3 ~ , ~ 0  ?10 
720 3,090 3.095 3.101 3,1Ob 3.111 3.117 3.122 3.127 3.132 3.138 3.163 ?20 
?30 3,143 3.168 3.13~ 3.159 3.166 3.169 3.173 3.180 3,1~3 3 . I ~ i  3 . 1 ~  7~0 
760 3.196 3.201 3.207 3.212 3.217 3.223 3.228 3,233 3.23~ ~.26~ 3.2~9 7~0 

~30 3.269 3.256 3.260 3,265 3.2?0 3.276 3.281 3,286 3,292 3.297 3.30~ 750 
760 3.302 3.308 3.313 3.318 3.324 3.329 3.334 3,360 3.34~ 3,~bQ 3.~bb ?b0 
770 3 ,336  3 ,361 3 ,336  3 ,372 3 ,37?  3 ,382 3 ,388 3 ,393 3.39~ 3 . ~ 0 "  3,~0~ 770 
780 3,609 3.~14 3,420 3.62~ 3.630 3.u33 3,4~1 3.gu7 3,~52 3.637 3.633 780 
790 3 ,463  3 ,6o8  3 ,6?3  3)479 3 ,686  3 .489 3,495 3 ,b00  3 ,306 3,51~ 3 . b i b  790 

800 3.516 3.522 3.327 3.532 3.538 3.363 3.549 3.554 3.539 3.335 3.270 800 
810 3.570 3.575 3.581 3.586 3.392 3.597 3.602 3.608 3.613 3.b19 3.624 810 
820 3 ,326 3 ,629 3 .635  3,660 3 ,663 3,651 ~.636 3 ,662 3 ,667 3 ,b7~ 3,078 ~ 0  
830 3.678 3.683 3.689 3.696 3,69q 3.703 3.710 3.716 3,72~ 3.723 3.732 830 
840 3,732 3 ,737  3 ,7u3 3*748 3*73* 3 ,739 3.76~ 3 ,77~ 3,773 3.731 3.7U6 ~40 

850 3 ,786  3,791 3 ,797 3 ,802 3 ,808  3 ,813 3 ,819 3 ,~29 3 ,829 3,U33 3,~60 850 
860 3 ,840 3 ,866  3,851 3 ,837  3,862 3 .867 3,873 3 ,878 3.B86 ~ . ~ 9  3,~95 860 
870 3.895 3.900 3.906 3~911 3.916 3.922 3.92? 3,933 3 . 9 ~  3.96* 3o96S ~70 
880 3 ,949 3 ,955  3 ,960  3,955 3,971 3 .976  3,982 3,987 3,993 3 ,~9~ **00. 880 
890 ~.OO& 4 ,009  * ,0~5  4*020 4 ,025  4 ,03~ ~ ,0~6 6 ,062  6 ,047  6 ,033  ~,038 890 

900 6,05B 6,O64 6 ,069  6 ,075  4 ,080  6,08& 6 ,091  * , 0 9 6  4 ,102  g , 1 0 ?  4 ,113  900 
910 6.113 ~.i18 4.126 *.129 4.135 4.140 g.16b 6.131 6,157 q.162 *.168 910 
920 4,168 4.173 6.179 4.186 4.190 6.193 ~.201 4.206 6.212 ~.217 ~.223 9~0 
930 4.223 4,2~8 * ,236 4.239 4.245 4.25U 4,256 ~.261 4.267 4~272 ~.278 950 
960 ~.278 6*283 4.289 6.29* 4.300 6.303 *.311 ~.316 *.322 *.327 ~.~3 9~0 

930 * .333 4.338 ~,3~4 4.349  4.355 6.360 4,36~ 4.371  6*3?? 4 . : ~ 2  , . 3 U ~  ~ 
9~0 4~3B8 * ,3~3  6.399 * ,606  6 ,6~0  ~.613 ..M21 * .~20 . . . 3 2  .0,38 ~..~3 ~b~ 
970 4 ,643  4 ,6~9  ~.~54 6*460 6 ,665  ~ ,~71  * ,~73  4.~82 ~,437  4 ,~93  " . ~ 9 ~  ~7~ 
980 * , 6 9 8  6.504 * ,509 6,515  4 ,521 6 ,526  4.532 * ,537  ~.563 6 , b q 8  **236 ~ 0  
990 6.55* *.559 *.565 6.570 6,576 4.582 *.5~7 - .293 ~,398 ..bOg ~.~5~ ~90 

I,000 6,b09 *,615 6,620 4.b26 6.632 4.637 6,643 *.648 4.65~ u.~59 4,b65 l ,ouO 
1,~10 4 ,665  4 .670  ~ ,676  4,682 * ,657  6 ,593  4.b98 * , 7 0 4  4 ,709  ~ ,715  6,721 1~01~ 
1,020 4.721 6.726 4,732 4.737 4.743 w.768 4 ,756  * .760 ~.765 g.771 6,77~ 1.0~0 
1.030 4.776 4.782 6,788 * ,793 6.799 6.806 q,510 * ,~15 a,821 ~*~27 g.d~2 1;0~0 
1,040 ".832 6.838 ~.8~3 4.8.9 4.855 ~ .8&U ~.865 * .871 ..877 4,~83 ~ , 0 8 ~  1~0~0 

1,050 4 ,888  6 ,894  4 ,899  w,905 6 ,911 4~9~6 , , 9 2 2  6 .927  6,933.  4.V~9 4,906  1~02G 
1.060 6.964 6.950 *.956 6.96~ 4.967 4.972 4.q78 6.98*  4.989 6.~ ~,UUO itObO 
itO~O 5.O00 5,003 2.0~2 5.017 5*023 5.029 ~.03" 5.040 5*043 ~.OUl 2,0~7 ItUTO 
1~080 5.057 5.062 5.068 5.07~ 5*079 5.083 ~ . 0 ~ 0  5.096 5*I02 5,107 ~.i13 ~vao 
1.090 5.11~ 5.119 5 .12 ,  5.13~ 5.136 5 . 1 , i  ~ . i , 7  5.153 5.15~ 5 . /04  ~ . I ~  I ~ O  

I,IO0 5.169 3.175 5,181 3~186 5.192 5,198 5.203 5,209 5.215 5,220 5.22~ 1,100 
]tl|0 5,226 5.232 5.237 5.2~3 5,269 5,254 5,265 5.265 ~.271 5.277 5.253 l,llu 
1,120 5.283 5.288 5.294 5,30Q 3,305 5,311 5.317 5.322 5,32~ 5.J3~ 5.~39 1.120 
1,130 5 .339  5 ,3~5 5,~51 5 ,356 5.362 2,328 ~,37~ 5.379 5 .385 3 ,391 5.~9o 1t130 
1,140 5.396 5.~62 5,~t,d 5~*13 5.41 e g.625 ~.630 5.636 2~ 5.667 5.43~ 1.1~0 

1,150 5 ,653 3 , , 5 9  5 ,635 5 ,470  5 ,676  5.4~2 5 , ~ 7  5.493 ~,69~ 5,~0~ b . b l ~  1,150 
1,160 5.510 3*515 5.~22 5.527 5.533 5,~39 ).Sq~ 5.550 5.555 5~62 5.~07 1,160 
1.170 5.567 5.573 5.579 5.585 5.59Q 5.5cb 5.602 ~.6U8 5.613 ~,619 ~.625 1,170 
1~180 5.525 5.551 5.o36 5,642 5.64~ 5.653 5.659 5.655 5.@71 5.676 5,6~2 it180 
1.190 5.682 5.6~ 5.606 5.?00 5.705 5.711 5.717 5,723 5.72~ 5.754 5.740 1.19~ 

D~G F u I 2 3 ~ 5 6 7 8 9 I0 PEG F 

�9 Converted f rom degrees Celsius (IP1-S 19683. 
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TABLE lO. 12--Type S thermoeouples (continued]. 

Tr in Dqrces Fahrenheit" 

E M F  in A l~o lu te  Mi l l ivol t8 Ref ,  reace Juec t io~  at 32 F 

PEG F 0 1 2 3 4 5 6 7 8 9 10 DIEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILL|VOLTS 

1.200 5.740 8.746 5.751 5.757 5.763 5.769 3.774 5.780 ~.786 5.792 5.797 1.200 
1.210 5.797 5.803 5.8N9 5+8t5 5.821 5.826 3.832 5.838 5.844 5.849 5.855 1.210 
l t 2 2 0  5.855 5,861 5.867 5.873 5.876 5.884 5*890 5.896 5.902 5.907 5.913 1.220 
1.230 5.913 5.919 5.925 5,931 5e936 5t94~ 5.948 51954 5.960 5.965 ~.971 1.230 
1.240 3,971 5~977 5.983 5.989 5.994 6.000 6.006 6.012 6t018 6.023 6.02N 1.240 

1.250 6.029 6.035 6.041 6.047 6*052 6.038 6.064 6+070 6.076 6.082 6.087 1.250 
1,260 6.087 6.093 6.099 6.105 6.111 6.117 6.122 6.128 6.134 6.140 6.146 1w260 
1,270 6.146 6.152 6.157 6.163 6.169 6.175 6.181 6.187 6,192 6.198 6.204 1+270 
1.280 6.20~ 6.210 6.216 6,222 6.227 6,233 6.239 6.245 6.251 6.257 6.263 l t280 
1.290 6.263 6*268 6.274 6.280 6.286 6.292 6*298 6.304 6*309 6.318 6.321 i+290 

1*300 6.321 6*327 6*333 6.339 6.345 6.350 6,356 6*362 6.368 6.374 6,380 1.300 
1,310 6*380 6.38~ 6,392 6,397 6,403 6.409 6,415 6.421 6.427 6.433 6.~39 1,318 
1+320 6,439 6,445 6,450 6+456 6,462 6,468 6*474 6,480 6.486 6.492 6,498 11320 
1.330 6#498 6.503 6,509 6.515 6.521 6.527 6.533 6+539 6.345 6.581 6.~57 l f ~ 0  
1*340 6.537 6,562 6*568 6*574 6*580 6,586 6,592 6*598 6,604 6.610 6.616 11340 

1+350 6,6.16 6,622 6,627 6*633 6,639 6,645 6,651 6,657 6.663 6,669 6,675 1,350 
1,360 6,678 6,681 6*687 6,693 6,699 6*70r 6,710 6,716 6,722 6,728 6,734 1+360 
1.370 6+734 6*760 6.746 6.752 6*758 6.764 6.770 6*776 6.782 6.788 6.794 11370 
l t380 6.794 6*800 6.805 6.811 6.817 6.823 6,829 6.835 6.841 6.847 6.853 1.380 
11390 6,853 6.859 6.865 6.871 6*877 6.883 6.889 6t893 6.901 0.907 6,913 11390 

1,400 6,913 6e919 6,925 6,931 6,937 6,943 6,948 6,954 6,960 6*966 6.972 11400 
1.410 6,972 69978 6.984 69990 69996 7.002 7.008 7.01~ 7.020 7r 7.032 1+410 
1.420 7.032 7.038 7.044 7.050 7.056 7.062 7.068 7.074 7.080 7.086 7t092 1.420 
L+4~0 7~ 7.098 7.104 7.110 7*116 7.122 7,128 7.134 7.140 7.146 7.152 1.430 
1.440 7. ]52 7.158 7.164 7=170 7.176 7*182 7.188 7*194 7.200 7.206 7,212 1+440 

1.450 7.212 7.218 7.224 7.230 7.236 7.242 7.248 7.254 7.260 7.266 7.272 1.450 
1.460 7.272 7.278 7.285 7.291 7,297 7,303 7,309 7.315 7.321 7.327 7.333 1.460 
1.470 7,333 7.339 7,345 7.351 7.357 7,363 7,369 7.375 7.381 7.387 7,393 1.470 
I+480 7.393 7.399 7*405 7.411 7.417 7.423 7.429 7+436 7,442 7.448 7.454 1.480 
1.490 7.454 7.460 7.466 7.472 7,478 7,484 7,490 7.496 7,502 7.808 7.514 1+690 

1,500 7.514 7.520 7,526 7.533 7.539 7.848 7,~51 7,557 7.563 7,569 7.575 lm500 
1*510 7.575 7.561 7.587 7.593 7.599 7.608 7.612 7.618 7.624 7.630 7.636 11810 
1,520 7,636 7.642 7,648 7,684 7,660 7,666 7,672 7*679 7*685 7,691 7,697 1,820 
1.530 7,697 7.703 7.709 7.713 7.721 7.727 7,733 7,740 7*746 7,752 7,758 1+530 
1.~40 7.758 7.764 7.770 7*776 7.782 7.788 7,795 7,801 7=807 7.813 7.819 1.540 

1,550 7,819 7.~25 7.831 7.837 7,843 7,850 7.856 7.862 7.868 7.874 7.880 1+580 
1.560 7.880 7r 7.892 7.899 7.905 7.911 7.917 7.923 7.929 7,935 7,942 1*860 
1.570 7,942 7*998 7.954 7o960 7.966 7,972 7.978 7*985 7*991 7.997 8.003 1.370 
1.580 8,003 8.009 8.015 8,021 8,028 8.034 8.040 8.0~6 8*052 8.058 8,063 1,580 
1+590 8.065 8.071 8*077 8 .083 8*089 8.095 8.101 8 .108 8 .114 8 .120 8 .126 11590 

i+600 8 .126 8 .132 8 .138 8 .145 8.151 8 .157 8 .163 8 .169  8 .176 8 .182 8 .188 I t 6 0 0  
i t610 8.188 8.194 8*200 8.206 8.21~ 8.219 8.225 8.231 8.237 8.244 8.250 1p610 
1,620 8,250 8.256 8.262 8.268 8.275 8.281 8,287 8.293 8,299 8.305 8.312 1p620 
1.630 8,312 8.318 8,32~ 8.330 8.336 8.343 8,349 8.355 8,361 8.368 8,374 11630 
1+640 8.374 8.380 8.386 8,392 8.399 8,~05 8,411 8.417 8.423 8.930 8.436 1.640 

1,630 8.436 8.442 8.448 8*455 8,461 8,467 8.473 8.479 8,486 8.492 8.498 1e650 
1.660 8.498 8.504 8.511 8.517 8.523 8,529 8,536 8.542 8.548 8.554 8.560 1.660 
1+670 8.860 8.567 8*573 8.579 8,585 8.392 8.398 8.604 8.610 8.617 8.623 1.670 
1.680 8*623 8.629 8.635 8.642 8.648 8.654 8.660 8.667 8e673 8*679 8,683 1+680 
1.690 8.683 8*692 8.698 8,704 8.711 8.717 8,723 8.729 8.736 8.7~2 8.748 1+690 

1+700 8.748 8.754 8.761 8,767 8.773 8.780 8.786 8.792 8.798 8.805 8.811 1.700 
1.710 8.811 8.817 8.823 8.830 8.836 8.842 8.849 8.85~ 8.861 8*867 8,874 1.710 
1,720 8,874 8.880 8,886 8.893 8.899 8.905 8,912 8,918 8,924 8.930 8.937 1,720 
1.730 8,937 8.943 8.949 8.956 8.962 8.968 8.975 8.981 8.987 8+993 9+000 1.730 
1.740 9,000 9.006 9,012 9+019 9.025 9.031 9.038 9.0~4 9.050 9,057 9.063 1,740 

1,750 9,063 9*069 9,076 99082 9e088 9,095 9,101 9,107 9,114 9,120 9*126 11750 
i+760 9,126 9,133  9,139 9,145 9+152 9,158 9 .164 9,171 9.177  9,183 9,190 1+760 
11770 9,190 9.196 9,202 9*209 9.215 9.221 9.228 9,234 9.240 9.247 9e253 I=770 
1.780 9.253 9,259 9.266 9,272 9.278 9.285 9,291 9.298 9.304 9.3~O 9.317 1.780 
1.790 9.317 9.323 9.329 9.336 9,342 9.348 9.385 9.361 9.368 9,374 9.380 1.790 

1+800 9,380 9,387 9,393 9,399 9,406 9,412 9,419 9.42~ 9,431 9,438 9,444 1+800 
11810 9.444 9,450 9.457 91463 9.870 9,476 9,482 9.489 9.495 9.502 9.508 1.810 
1.820 9.508 9.514 9.521 9.527 9.533 9.540 9.346 9.553 9.539 9.565 9.572 1.820 
1,830 9.572 9.578 9*585 9.591 9.598 9.604 9.610 9.617 9*623 9.6J0 9.636 11830 
1.840 9.636 9.642 9,649 9,655 9*662 9,668 9,674 9,681 9,687 9,694 9,700 118#0 

OEG F 0 1 2 3 4 5 6 7 8 9 10 DEG F 

�9 Conv,rtcd from d�9 Celsius OPTS 19683. 
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TABLE lO,12--Type S tkermocouples (continued). 

Temperature in D~re~s Fahrenheit ~ 
EMF in Al~olute MilEvolts Re~emncr Junction8 at 32 F 

DEG F 0 1 2 3 4 5 b 7 8 9 10 DEG F 

TMERMOEtEOTRIC VOLTA6E IN A~SOLUTE MItLIVOLT~ 

1.850 9.700 9*707 9,713 9�9 9*726 9.732 9 , 7 3 9  9*765 9.782 ~.738 9*766 1*850 
1,860 9e764 9.771 9�9 9*786 98790 9.797 9,805 9e809 91816 9.822 9.829 le8bO 
1,870 9.829 9*838 9�9 9*868 9~ 9.861 9~ 9*874 9*880 9,887 9,893 ; ,870 
1 , 8 8 0  9*893 9.900 9.906 9 , 9 1 3  9.919 9*926 9,932 9*938 9.965 9.951 9.955 1 . 8 8 0  
1.890 9,985 9*964 9.971 9*977 9.984 9,990 9*997 10.003 I0.010 10.016 10,023 It890 

I~900 10o023 10,029 10.036 10,062 10.068 10.055 10,061 10,068 I0*076 10,081 10.057 lt900 
1.910 10,087 10,096 I0,I00 10.107 10,11) 10.120 ;0.126 10.133 I0.139 10.166 10,152 I~910 
1,920 10o152 10.139 10.165 10,172 108178 10.155 10.191 10.198 10,206 10.211 10.217 1,920 
1,930 10o217 10.226 10.230 101237 10,263 10.250 10.286 10,263 10.269 10.270 10,282 I~930 
1,960 I0.282 10.289 10,295 10.302 10.308 10.318 I0,321 10.328 10.334 ;0,361 10.365 1,940 

I~950 10.348 10.354 10.361 10.367 10.376 10.350 ;Vo387 10.593 10,600 i08606 10,613 1.950 
1.960 10.613 10.619 10.426 i0.~32 10,639 10.663 10.632 10,659 10.465 10.672 10.678 1,960 
1,970 10.678 10.685 10,491 10.698 10,506 10.511 10.517 i0t524 10,531 I0.~37 10.566 1.970 
L~980 10.564 10.550 10.557 10,863 10,570 10,576 10,583 10,889 10,596 10,603 10.609 1,980 
1,990 10.609 10,615 10.622 10.629 10.635 10,662 10.648 10.655 10.662 10.868 10.675 1,990 

2,000 10.875 10.681 10.688 10,696 10.701 10.705 10.71~ 10.721 10.727 10.736 10.760 2.000 
2.010 10.760 10.767 10.756 10.760 I@.T67 10.773 10.780 I0.786 I0.793 10.800 10.506 2.010 
2*020 10.806 I0.813 10.819 10.826 10.832 10.839 10.846 10.882 10.859 10.565 10.872 2.020 
2.030 I0.872 10.879 |0*885 10.892 i0.898 10.905 i0.912 10.918 10.925 10.931 10.938 2.030 
2*060 10.938 I0.944 10.951 10.988 10.964 10.971 10.977 10.986 10.991 10.997 II.004 2*040 

2.050 11.006 11.010 Ii*017 11.026 11.030 11*037 II.063 11.050 11.057 11.063 11.070 2,0~0 
2.060 II.070 II.076 11.083 11.090 11.096 11.I03 Ii. Ii0 11.116 11.123 II*129 11.136 2.060 
2.070 11.136 11.165 II.149 11.156 11.162 11.169 11.176 11.152 11.189 11.196 11.202 ~.070 
2.080 11.202 II.209 11.215 11.222 11.229 11t233 '11.242 Ii.2~8 II.285 II.262 ii.268 2*080 
2.090 Ii.268 11.275 11.282 1 1 , 2 8 8  11.298 11.301 11.308 11.315 11.32; 11.328 II*335 2w090 

2.100 ii.335 ;Io341 11.368 11.385 11.361 11.368 k;.37~ 11.381 11.388 11.396 ii.601 2.100 
2.110 II.601 II.608 11.616 11.621 11.428 11.634 11.641 11.667 11.636 11.681 11.667 2.II0 
2.120 11.467 11.674 11.651 11.187 11*~94 11.801 11.507 11.516 11.521 11.527 iI.53~ 2.120 
2.130 11.536 II.~61 ii.847 11�9 11.560 II.967 11.574 11.980 11.587 11.59~ 11.600 2.130 
2.140 11.600 ;1.607 11.616 11.620 11*627 11.634 I;.640 11.667 [1.654 11,680 11.687 Z , 1 4 0  

2.180 II~ 11.676 II.680 11.687 11.696 II.700 ;1.707 1 1 . 7 1 6  11.720 i;.727 ;1.736 2.150 
2.160 II.T36 11.740 ;1.767 ii.756 11.760 II.767 11.776 11.780 11.787 11.794 11.500 2~160 
2.170 11o800 ;1.897 11.816 11.820 11.827 ii.836 11.560 11.867 1;.856 11o560 11.567 2 . ; 7 0  
2.180 11.867 11.876 11.880 II.887 11.896 II.900 11.907 II.916 11.920 11.927 11.93, 2~180 
2.190 11.934. 11.960 11.967 11.986 11.960 11.967 11.97. 11.980 11.987 ii8994 12.001 2.190 

2.200 12.001 12.007 12.014 12.021 12.027 12.036 12o061 12.067 12.054 12.061 12.067 2.200 
2.210 12.067 12.076 12.051 12.087 12.096 12.101 12.107 12.116 12.121 12.125 12.13~ 2,210 
2,220 12.134 12.161 12.1~8 12.13~ 12.161 12.168 12.176 12.181 12.185 12.196 12.201 2.220 
2,230 12,201 12.208 12,215 12.221 12.228 12,235 12.261 12,268 12,255 12.261 12.268 2,230 
2~260 1~,265 12.275 12.282 12,288 12,295 12,502 12.308 12.318 12.322 12.328 12.335 2.260 

2.250 12.335 12.362 12.369 12.355 12.362 12.369 12.375 12.382 12.389 12.39~ 12.602 2.250 
2,260 12.402 12.a09 12.~16 12,622 ;2,629 12.636 12.642 12,469 12.656 12.663 12,669 2,260 
2t270 12.669 12.676 12.683 12.689 12.696 12.503 IL.510 12.516 12.523 12.~30 12.836 2.270 
2.280 12.836 12.563 12.550 12.587 12.563 12.570 12.577 12.583 12.590 12.~97 12.60~ 2,280 
2.290 12.604 12.61~ 12.617 12.626 12.630 12.637 12.644 12.651 12.657 12.684 12.671 2~2~0 

2*300 12.671 12.677 12~ 12.691 12.698 12.706 12.711 12.718 12.724 12.731 12.738 2.300 
2.310 12.738 12.765 12.751 12.758 12.765 12.771 12.778 12.785 12.792 12.798 12.805 2J310 
2*320 12,805 12.812 12,819 12,825 12.832 12.859 12.845 12,852 12.859 12.866 12.872 21320 
2,330 12.872 12,879 12.886 12,893 12.899 12.906 12*913 12.919 12.926 ]2,93~ 12.940 2D530 
2.3~0 12.960 12.9~6 12.953 12.960 12.967 12.973 ]Z.980 12.987 12.993 13.000 13.007 2.3~0 

2.350 13.007 13~ 13.020 13,027 13.036 13.061 1~~ 13.056 13.061 ;3.Cb? 13,074 2,350 
2,360 13.076 13.051 13.088 13.094 13.101 13,108 13.113 13.121 13*120 13.13b 13.1~2 2,360 
2.370 13.1~2 13~ 13.158 13.162 13.168 13.175 13.182 13.189 15.195 13.202 13.209 2.370 
2,380 13.209 13.216 13.222 13.229 13,236 13.263 13,269 1~.256 13.263 13.269 13.276 2*380 
2,390 13.276 19.283 13.290 13,296 ;3*303 13,310 ;3.317 13.323 13.330 13.~37 13.366 2*390 

2*600 13.366 13.380 13.357 13.364 13,371 13,377 13,386 13.391 13.397 13.606 15~ 2 , 6 0 0  
2.610 13.611 13.418 13.626 13.631 13.638 19.465 13.651 13.~56 13,~b5 13.472 13.478 2,610 
2~620 13~ 13.685 13.692 13�9 13,505 13.512 13.519 13.526 13,332 13.539 13.566 2,420 
2~630 13.566 13.552 13.559 13.566 13.573 13.579 13.386 13.593 13*600 13,606 ;3.615 2,690 
2*440 13.613 13,620 13*627 13.633 13.640 13.667 13,654 13.860 13.667 13,67~ 13.681 2,640 

2,650 13.661 13.687 13.696 13.701 13,708 13,71~ 13.721 13.728 13.736 13.761 13.748 2.430 
2.460 13.748 13*755 13,761 13,768 13.775 13.782 13,788 13,795 13.B02 13,809 13.815 2*660 
2.670 13.815 13,822 13.829 13*636 13,842 13,869 13.856 13,863 13,869 13.876 13.883 2~670 
2.680 13,583 13.890 13.896 13.903 13.910 13.916 13,923 13,930 13o937 13.963 13.950 2.680 
2,490 13.950 13.957 13.964 13.970 13.977 13.98~ 13.991 13.997 16,006 16.011 16.018 2.690 

DEG F 0 1 2 3 4 5 6 7 8 9 10 OEG F 

�9 Cony, t ied  f rom deBrees Celsius ( IPTS 19653. 
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TABLE 10.12--Type S thermocouples (co.tinued). 

Temperature in Degrees F a b ~ h e i t "  

E M F  i .  Absolute Mil)ivolts Reference Juactions at 32 F 

DEG F 0 1 2 3 4 5 6 7 8 9 10 OEG F 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILL|VOLTS 

2,500 14,018 1~*024 14,031 14.036 14.045 14.051 14.058 14.065 14.072 14.078 14.085 2 ,500 
2.510 14.085 14.092 14,098 14.105 14.112 14.119 14,125 14.152 14.139 14.146 14o152 2 ,510 
2.520 14.152 14.159 i~.166 14.175 14.179 14.186 14.193 14.2~0 14.206 14.215 14.220 2.520 
2.530 14.220 i~.226 14.235 14.240 14.247 14o255 14.260 14=267 14.274 14.280 14.287 2.5}0 
2.540 14.287 14.29~ 14.501 14.307 14.314 14.321 1a.328 14.33~ ia.341 14.348 I~.354 2p540 

2.550 14.554 14.361 14.568 14.375 14.581 14.388 14=395 I~.402 1~.408 14.415 14.422 21550 
29560 14.422 14.~29 14.~55 14.~42 14.449 14.455 I~.462 i".469 14.476 I,.482 14.489 2,560 
28570 14,489 14.496 1~,505 14,509 14.516 1~.525 14.530 14.536 14.545 14.550 14.5~6 2,570 
2.58D 14.556 14.563 i~.570 14.577 14.585 14.590 14.597 14.604 14.610 14.617 14.624 2.580 
2p590 14.624 14.651 14.637 14.644 14.651 14.657 14.664 14.671 14.678 14.684 14.691 2e590 

2~600 14.691 14.698 14.705 14.711 14.718 14.725 14.731 14,758 14.745 14o7~2 14.758 2.600 
2,610 1~,758 14,765 14.772 14,778 14.785 14.792 14,799 14.805 14.812 14.819 14.826 2,610 
2.620 14.826 14.552 14,8~9 14.846 14.852 14.859 14.866 14,873 14.879 14.686 14,895 2*620 
2.S30 14.895 14.899 I~.906 I~*915 14.920 14.926 14.935 14.940 14.9~6 14.95~ 14.960 2D6~0 
2.640 14.960 14.967 14.973 14.980 14.987 14.994 15.000 15.007 15.014 15.020 15.027 2*6m0 

2.650 15.027 15.054 15.041 15.047 15,054 15.061 15.067 15.074 15.081 15.088 15o094 2.650 
2,560 15.094 15,101 15,108 15,114 15.121 15,128 15.134 15,141 15.148 15,155 15.161 2,660 
2,670 15,161 15.168 15.175 15.181 15.188 15,195 15,202 15,208 15.215 15.222 15.228 2*070 
2,680 15.228 15.235 15.242 15,248 15.255 15.262 15,269 15.275 15,282 15,289 15.295 ~8680 
2,590 15.295 15,502 !5,309 15,515 15.322 15.529 15,5~6 15,342 15.349 15.556 15.362 2,690 

2w700 15.362 ~5.369 15.576 15.382 15.589 15.596 15.403 15.409 15.416 15,425 15.429 2.700 
2*710 15.429 15.436 15.443 15.449 15.456 15.~63 15.469 15.476 15.48~ 15.490 15.496 2.710 
2,720 15.496 15.503 15.510 15.516 15,525 15.550 15.536 15.545 15.550 15.656 15.563 2,720 
2.730 15.565 15.570 15.576 15,583 ]5*590 15.597 15.603 15.610 15.617 15.623 15,030 28730 
2.740 15.630 15.637 15.643 15.650 15*657 15.663 15.670 15.677 15.685 15.690 15*697 28740 

2~750 15,697 15.703 15.710 15,717 15.725 15*730 15,737 15.745 15.750 15.757 15,765 2~75G 
2~760 15,765 15.770 15.777 15.78~ 15*790 15.797 15.804 15.810 15*817 15,824 15,830 28760 
2,770 15.830 15,837 15,844 15.850 15.857 15.864 15=870 15=877 15=88~ 15.~9~ 15*899 2.770 
2.780 15,897 15.905 15.910 15.917 15.92~ 15.950 15.937 1519~ 15.950 15.957 15o96~ 2~780 
2.790 15.965 15.970 15.977 15.98~ 15.990 15o997 16.003 16o010 16.017 16.023 16.030 2.790 

2.800 16.030 16,C57 16.045 16.050 16.057 16,06~ 16,070 16.077 16.085 16.090 16,096 2~800 
2.810 16.096 16.105 16.110 16.116 16.12~ 16.130 16,156 16=143 16.150 16.156 16.163 2,810 
2,820 16,165 16,170 16,176 16.183 16.189 16,196 16,205 16.209 16,216 16.22~ 16.229 2~820 
2.850 16.229 16.236 16.245 16.249 16.256 16,262 16.269 16.276 16.282 16.289 16o296 2~830 
2.840 16,296 16.302 16.3U9 16.515 16*522 16,329 16o335 16.542 16.549 16.355 16.362 2.840 

2~850 16.362 16.368 16.375 16.382 16.388 16,395 16,402 16.408 16.415 16.421 16=428 2~850 
2,860 16.428 16.455 16.441 16,448 16.454 16.461 16.468 16.474 16.481 16.488 16.494 2,860 
2.870 16,494 16.501 16.507 16.514 16.521 16,527 16,554 16.540 16.547 16.554 16.560 2~870 
2,880 16,560 16.567 16.575 16.580 16.587 16.595 16.600 16o606 16.613 16.620 16o626 21880 
2~890 16.626 16.653 16,639 16.646 16.653 16.659 16.666 16.672 16.679 16.6~6 16.692 2,890 

2.900 16,692 16o699 16.705 16.712 16.719 16.725 16.752 16.758 16.745 16.751 16.758 28900 
2.910 16.758 16.765 16.771 16.778 16.784 16,791 16.797 16.804 16*811 16.~17 16.824 2~910 
2~920 16.824 16.850 16.837 16=844 16.850 16.657 16.863 16.870 16.876 16.~83 16.890 2,920 
2,930 16.890 16.896 16.903 16.909 16.916 16.922 16.929 16.935 16.942 16.949 16.955 2*930 
2.940 16.955 16.962 16.968 16.975 16.981 16.988 16.995 17.001 17.008 17.014 17.021 2.940 

2.q50 17.021 17.027 17.034 17*040 17*047 17.053 17,060 17.067 17.073 17=080 17.086 2,95n 
2,960 17,086 17,093 17,099 17,106 17.112 17,119 17,125 17.132 17,139 17.145 17.152 2.960 
2,970 17,152 17,158 17.165 17.171 17.178 17.184 17o191 17.197 17o204 17.Z10 17.217 2.970 
2.980 17.217 17.228 17.230 17.237 17.243 17.280 17,256 17.263 17.269 17*276 17.282 2.980 
2.990 17.282 17.289 17o295 17.302 17.308 17.31S 17.321 17.328 17.334 17.341 17.347 2.990 

~,000 17.347 17.554 17.360 17,867 17,875 17,580 17,386 17.393 17.399 17,406 17,412 3~000 
3.010 17,412 17.419 17,425 17.432 17,438 17.445 17.451 17.458 17,~64 17,471 17.477 5~010 
5,020 17.477 17,484 17.490 17.497 17.505 17,510 17,516 17.523 17=529 17.536 17.542 3.020 
3,050 17=542 17.549 17.555 17.562 17.568 17.575 17.581 17*fi88 17.594 17.601 17.607 5*050 
3~0~0 17.607 17.614 17.620 17=627 17,633 17.639 17.646 17.652 17=659 17.665 17.672 3,040 

3*050 17.672 17=678 17.685 17.691 17.698 17.704 17.711 17.717 17.725 17.730 17.736 3,050 
5.060 17.756 17=743 17.749 178756 17.762 17,769 17,775 17.781 17.788 17.79~ 17.801 5,060 
3.070 17,801 17.807 17.814 17,820 17,826 17.835 17.839 17.8~6 17.862 17.U59 17.865 5~070 
3*080 17.865 17.871 17.678 17*884 17.891 17.897 17.903 17.910 17,916 17,923 17.929 3~080 
5e090 17.929 17,935 17,942 17,948 17.954 17,961 17,967 17.974 17.980 17,986 17,993 5.090 

3,100 17,995 17.999 18,005 18.012 18,018 18,024 18.031 18.037 18.043 18.050 18.066 3~100 
3~110 18.056 18.063 18,069 18.075 18.081 18.088 18.094 18.100 18.107 18.113 18.119 3.110 
5~120 18.119 18.126 18.132 18.1~8 18.145 18.151 18.157 18.163 18.170 18.176 18.182 5.120 
5,131~ 18.182 18.189 18.195 18.201 18.207 18.214 18.220 18.226 18.232 18.239 18.245 5.130 
3.140 18o245 18o251 18o257 ]8.264 18.270 18.276 18,282 18.289 18.295 18.301 18.~07 3,1~0 

DEG F 0 1 2 5 4 5 6 7 8 9 10 DEG F 

Convened f rom de~rees Celsius ( IPTS 19685. 
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TABLE 10.12--Type S thermocouples (continued). 

Temperature in Degrees Fahrenheit ~ 
E M F  in Absolute Miliivolts R e , f e n c e  Junctions at 32 F 

DEG F 0 1 2 3 4 5 6 7 8 9 10 OEG F 

TH(RMO(LECTRIC VOLTAGE IN ABSOLUTE MILLIVOLT$ 

3.150 18.307 18.318 1~.520 18.328 1~.332 18+3~8 1~.344 18+351 18.357 18.363 18+369 3~150 
3.160 18.369 18.375 1~.381 18.38~ 18.39, 1~.~00 18.405 18o~12 18.41~ 18o~24 18.;31 3t160 
3.170 18.431 18.~37 1 8 . ~ 3  18.~49 18*455 1~.~61 18~ 18o473 18,479 18.486 18~ 3.170 
3+180 18.q92 18.~ 18.50~ 18+510 18,51~ 18.522 I~528 18~ 18+5~0 18.5k8 18~ )tlSO 
3,190 IB,552 18.558 18~ 18157G 18,576 ]8.582 1~,588 18.~94 18.bOO 18~ 18~ 3~I~0 

3t200 18.812 18~ 18.624 18.63C 18.636 18.6~2 18.6~8 18+854 18~ 18+885 18=67Z 3t200 
3~210 18~ 18,678 18,684 18=690 18~696 3~Zi0 

DEG F 0 1 2 3 ~ 5 6 7 w 9 lO GEG F 

�9 Convened ~ o m  degrees Celsius ( IPTS 1968). 
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TABLE 10.13--Type S thermocouples (de~ C-miUivolts). 

T e m p e r a t u r e  in DcBmes Celsius ( I P T $ 1 9 6 8 )  
E M F  in Abso lu te  M i l l i v o l t s  Reference Junct ions at 0 C 

~EG C 0 1 2 3 ~ 5 6 7 8 9 10 DEC C 

TH~RMOELECT8|C VOLT&~E |N A~SOLUTE M|LLIVOLTS 

-50 - 0 . ~ 3 6  -50 

-40  -O*194 - 0 . 1 9 9  - 0 , 2 0 3  - 0 . 2 0 7  - 0 . 2 1 1  -O.215  -0 *220  - 0 . 2 2 4  - 0 . 2 2 8  - 0 . 2 3 ~  - 0 , 2 3 b  -40  
-30 -0.150 -0.155 -0.159 -0.164 -0.168 -0.173 -0,177 -0.181 -0,186 -0.190 -0.194 ~30 
-20 -0.103 -0.108 -0.I12 -~*I17 -0.122 ~0,127 -0.132 - 0 , 1 3 6  -0.141 - 0 , 1 4 5  -0.150 -20 
-10  -0 *053  -~ *058  - 0 . 0 6 3  -0 *068  -0 *073  -O.078 - 0 . 0 8 3  - 0 . 0 8 8  - 0 . 0 9 3  - 0 . 0 9 0  -O*103 -10  
- 0 0.OOO -O*005 -0 .O11 -~*O16 ~O*O21 - 0 . 0 2 7  -0 .032  -U .037  - 0 . 0 4 2  -O.0~8 -0 .053  - 0 

0 0 .000 0*005 0 .011 0 .016  0*022 0 .027 0 .033 0*038 0*044 0*050 0 .055  0 
I0 0 * 0 5 5  0 .061  0 , 0 6 7  0 .072  0*078 0 . 0 8 4  0 . 0 9 0  0*095  0.I01 0.I07 0,113 i0 
20 0.I13 0 . 1 1 9  0 , 1 2 5  0 .131  0.137 0 .142  0 . 1 4 8  0 . 1 2 4  0 .161  0 . 1 6 7  0.173 20 
30 0.173  0 .179 0 .185  ~*191 0 .197  0 .203 0 .210  0 .216  0 .222 0 .228  0*235 30 
40 0*235 0.2~1 0*247 ~.254 0*260 0 .266 0 .273 0 .279  0*286 0 .292 0*299 40 

50 0*299 0*305 0 .312 0 .318 0 .325 0.331 0 .338 0*345 0 .391 0 .358  0*365 bO 
60 0,365 0.371 0 .378 0.385 0.391 0.398 0.405, 0 .412 0 .419 0 .425 0.432 60 
70 0.432  0 .~39  0 .4~6  0 .~53 0 .460  0 .~67 0 .~74  0 .481 0 .488  0 .~95  0*502 70 
80 0.502 0 .509 0*516 ~.323 0 .530 0.537 0*544 0.551 0 .558 0 ,566 0*573 80 
90 0 .573 0*580 0 .587  ~.50~ 0*602 0 .609 0 .616 0 .623  0 .631 0*638 0*645 90 

100 0*645 0.653 O.660 0 .667 0*675 0.682 0 .690 0 .697 0*70~ 0 .712 0 .719 100 
110 0 ,719 0.727 0 .734 0,742 0 ,749  0.757 0,764 0 .772 0*780 0 ,787 0.795 110 
120 0.795 0 .802 ~.810 0 .818 0*825 0.833 0.841 0 .848 0*856 0 ,864 0.87~ 120 
130 0.872 0 .879 0 .887 0.895 0.903 0.910 ~%918 0 .926 0.93~ 0,942 0 .950 130 
140 0 . 9 5 0  0 .95~  0 . 9 6 5  0 .973  0 .981  0*989 0 . 9 9 7  1 .005  1 .013  I * 0 2 1  1,029 i~0 

150 1 . 0 2 9  1 .037 I*045 I*053 I*061 1 ,069  1 .077  1 .085  1 ,093  l * lO l  1.109 150 
160 i .  I09 1 .117 1 .125  1.133 i*141 I*I~9 1 .158  1 ,166  1 .174  1,18Z I*190 160 
170 1 . 1 9 0  1 .198  1 .207  h215 1 .223  1 .251 1 .240  1 .248  1 .256  1 ,264  1.273 170 
180 1.273 1.281 1*289 1.297 1.30~ 1.31~ 1.322 1.331 1,339 1.347 1.356 180 
190 1.356 1.364 1.37~3 1,381 1,389 1.398 1.406 1.415 1.423 1.432 1.~40 190 

200 1 . 4 4 0  1 .648  1 ,457  1.465 I,474 1 .482  1 .491  1 . 4 9 9  1 .508  1 .516  1.525 200 
210 1 . 5 2 5  1 .534  1 .542  1 .551  1 .559  1 .568  1 .376  1~585 !,594 1 .602  1.611 210 
220 1.611 1.620 1.628 ! . 6 3 7  1,645 ' . 6 5 ~  1.665 1.671 1.680 1.689 1.698 220 
230 1.698 1 .706  1 .715  1 .72~  1,732 1,7~I 1.750 1*759 1.767 1.776 1.785 230 
240 1.785 1.794 1.802 1.811 1 ,820 1.320 1*838 1.846 1.855 1.86~ 1.873 2~0 

250 1,873 1.082 1,891 1,899 1,908 1.917 1.926 1.935 1.944 1.953 1,962 250 
260 1,962 1.971 1.979 1.986 1*997 2*006 2.015 2*024 2.033 2.O42 2.051 260 
270 2.031 2*060 2*069 2.078 2,087 2*096 2,105 2 .114 2.123 2.132 2.141 270 
280 2.141 2.150 2 .159 2.168 2 .177 2.186 2.195 2 .204 2*213 2.222 2.232 280 
290 2.232 2.241 2.250 ~.259 2.268 2.277 2.286 2.295 2.304 2.314 2.323 290 

300 2*323 2,332 2.341 2*350 2 .559 2.368 2.378 2*387 2 .396 2.405 2.414 300 
310 2 .414 2,424 2 .~33 2.442 2.451 2 .460 2.~70 2*479 2,488 2.497 2 .506 310 
320 2*506 2.516 2,525 2.534 2.545 ~.553 2.562 2*571 ~.281 2*290 2*599 320 
33~ 2,599 2.608 2 .618 2 .627 2 .636 2*646 2*655 2.664 2.674 2.683 Z*692 530 
340 2,692 2.702 2,711 2*720 2.730 2.739 2.748 2 .758 2*767 2 .776 2.786 340 

350 2,786 2,795 2,805 2.014 2.823 2.833 2.842 2.822 2,861 2*870 2*880 350 
360 2.880 2.889 2 .899 2*908 2 .917  2,927 2,936 2.946 . 2 .955 2*965 2 ,974 360 
370 2.974 2*984 2.993 3.003 3.012 3.022 3.031 3.041 3.030 3,059 3.069 370 
380 3*069 3.078 3 .080 3.097 3.107 3.117 3.126 3 .136 3.145 3,125 3.164 380 
390 3 t164 3.174 3 .183 3,193 3.202 3.212 3*221 3.231 3.241 5,250 3.260 390 

~00 3*260 3.269 3*279 3.288 3.298 3.308 3,317 3*327 3*336 3,546 3*326 400 
410 3 .356 3 .365 3 .375 3*384 3.394 3.404 5.~13 3 .423 3 .~33 3 .442 3.452 410 
420 3 .452 3*462 3.471 3.481 3 . ~ g l  3.500 3 .510 3*520 3 .529 3*239 3*549 420 
~30 3.540 3.558 3*568 3.578 3.587 3.597 3.607 3 .616 3*626 3,636 3o6~5 430 
4 4 0  3*645 3*655 3 .665  3.675 3 .684 3.694 3 .704 3 .714 3*723 3 .733 3*743 ~40 

450 3*743 3*752 3.762 3 .7?2  3*782 3.791 3.801 3.511 3.821 3.831 3*840 420 
460 3.840 3.850 3*860 3*870 3*879 3,889 3 .899 3 .909 3 ,919 3 ,928 3.938 ~60 
470 3,938 3.948 3*958 3.968 3.977 3,987 3.997 4 .007 4.017 4 .027 4 .036 470 
480 ~ .036  4*046 ~*056 ~1066 4*076 4*086 4 .095 4 .105  4 .115  4 .125  4 .135  480 
4 9 0  4,135 4.145 4 .155 ~ ,164 4 .174  ~.184 4,194 4 ,204  4 ,214 4 .224  4 .Z34 490 

5O0 4 .234  4 .243 ~ .253 4*263 4 ,273 4.283 4*293 4*303 ~ .313 4 ,~23 4*333 500 
510 4 .333 ~ .343 4.352 4.362 4,372 4.382 4.392 4,402 4.412 4*422 4.432 210 
520 ~.432 ** ,42  u . , 5 2  * .~62  ~ .472  * .482  4 .~92  4 .~02 4 .512 4 .522 ~.522 520 
530 % 5 3 2  4 .542 ~.552 4*562 ~,572 4.582 * . 5 9 2  ~.60~ ~.612 ~.622 4.632 530 
540 4 .632 4,642 4 ,652 4.662 4 .672 ~.682 4 ,692 * . 7 0 2  4.712 ~ .722 ~.732 540 

550 4 ,732 4,742 4.752 ~ .762 4 .772 4.782 ~ .792 4 .802 ~.81~ ~*a22 4.832 550 
560 4 .832 4 ,842 4 ,652 4.862 4 ,873 4 .883 4 .893 4 ,903  4.913 4 .923  4.933 560 
570 ~ .933 4 .9~3 ~ .953 4 ,963 ~ .973 4.98~ ~ .994 5.004 5.014 5 ,024  5.034 570 
580 5,034 5,044 ~*054 5.~65 ~*075 ~*085 5,095 5 .105 ~*112 5 .125 5 .136 580 
590 5,136 5.146 5.156 5.166 5.176 5.186 ~.197 5*207 5.217 5*227 5*237 590 

DEC C 0 1 2 3 ~ 5 6 7 8 9 10 DEC C 
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TABLE 10.13--Type S thermocouples (continued). 

Temperature in Degrees Celsius (IPTS 1968) 
E M F  in Absolute Millivolts  Reference Juectious a t  0 C 

DEG C 0 1 2 3 ~ 5 6 7 8 9 I0 DEG C 

THERMOELECTRIC VOLTAGE ~]N ABSOLUTE MILLIVOLT$ 

600 5.237 5.247 5.258 5.268 5.278 5.288 5.298 5.309 5=319 5.329 5.339 600 
610 5.339 5.350 5*360 5*370 5.380 5.391 5.401 5.411 5*421 5.~31 5.442 610 
620 5.442 5*452 5*462 5*473 5*483 5.493 5*503 5.514 5*524 5,534 5.5~4 620 
630 5*544 5*555 5*565 5*575 5*586 5*596 b*606 ~.617 5*627 5*637 5.648 630 
640 5,648 5*658 5*668 5*679 5*689 5.700 ~,710 5,720 5,731 5,741 5,751 640 

650 5,751 5,762 5,772 5,782 5,793 5,803 5,814 5*824 5*834 5.8#5 5,U55 650 
660 5,855 5,866 5.876 5*887 5*897 5,907 5.918 5,928 5,939 5.949 5*960 660 
670 5,960 5,970 5,980 5.991 6,001 6,012 6*022 6*033 6*043 6*054 6*064 670 
680 6,064 6,075 6*085 6*096 6,106 6,117 6,127 6,138 6,148 6,159 6.169 680 
690 6.169 6.180 6.190 6.201 6.211 6.222 6*232 6.243 6*253 6.264 6.274 690 

700 6,274 6,285 6,295 6,306  6*316 6.327 6.338 6,348 6*]59  6,369 6,J80 700 
710 6.380 6.390 6.401 6.412 6.422 6.433 6*443 6.454 6*465 8*475 6.486 710 
720 6.486 6,496 6,507 6,518 6,528 6.539 6,5#9 6.560 6,571 6,5~1 6*~92 720 
730 6.592 6*603 6.613 6*624 6,635 6.645 6.~56 6.667 6*677 6.686 6*699 730 
740 6 .699  6 .709  6 .720  6 .731 6 ,741  6 .752  6 .763  6 .773  6*784 6 .79~ 6*805 740 

750 6,805 6.816 6*827 6*838 6*848 6.859 6*870 6*880 6*891 6*902 6,913 750 
760 6.913 6*923 6.934 6*945 6.956 6.966 6.977 6.988 6.999 7.009 7*020 760 
770 7.020 7.031 7.0~2 7*053 7.063 7*074 7.085 7*096 7.107 7.117 7.128 770 
780 7.128 7*139 7*150 7.161 7.171 7.182 7.193 7.20~ 7*215 7*225 7*236 780 
790 7.236 7.247 7.258 7.269 7*280 7.291 7.30i  7.312 7.323 7.334 7*346 790 

800 7.345 7.386 7.367 7.377 7.388 7.399 7.410 7~421 7.432 7.e~3 7.454 800 
810 7.454 7.465 7.#76 7,486 7.#97 7*508 7.519 7.530 7.541 7*552 7.563 8~0 
820 7,563 7.574 7.585 7,596 7,607 7,618 7,629 7,640 7,651 7,661 7,672 820 
830 7,672 7,683 7,694 7,705 7,716 7,727 7.738 7,749 7*760 7,771 7,782 830 
840 7,782 7.793 7*804 7.815 7*826 7*837 7.848 7.859 7.870 7,881 7,892 840 

850 7*892 7*904 7 .915  7*926 7*937 7 .948 7 .959 7 ,970  7 .981 7*992 8*003 8~0 
860 8*003 8,014 8*025 8*036 8*047 8*058 8*069 8.081 8*092 8,103 8,114 860 
870 8,114 8*125 8,136 8,147 8,158 8,169 8.180 8,192 8*203 8,214 8*225 870 
880 8*225 8*236 8*247 8*258 8*270 8,281 8*292 8~303 8,31~ 8*325 8*336 880 
890 8*336 8.348 8*359 8*370 8.381 8*392 8*404 8,415 8*426 8*457 8*448 890 

900 8.448 8*460 8,471 8*482 8*493 8.504 8,516 8*527 8.538 8.549 8*560 900 
910 8,560 8*572 8,583 8+594 8*605 8,617 8*626 8,639 8*650 8,662 8*673 910 
920 8*673 8*684 8*695 8*707 8*718 8,729 8,741 8,752 8*763 8,774 8*786 920 
930 8.786 8.797 8.808 8,820 8.831 8.842 8.854 8,865 8*876 8,888 8.899 930 
940 8,899 8,910 8,922 8*933 8.944 8,956 8.967 8,978 8,990 9,001 9.012 940 

950 9,012 9,024 9*035 9,047 9*058 9,069 9,081 9,092 9,103 9,115 9,126 980 
960 9,126 9,138 9.149 9,160 9,172 9,183 9,198 9,206 9,217 9,229 9.240 96O 
970 912~0 9.252 9.263 9.275 9*286 9*298 9.309 9.320 9.332 9.~43 9.355 970 
980 9,355 9*366 9,378 9,389 9,401 9,412 9,424 9,455 9,~47 9,458 9,~70 980 
990 9,470 9,481 9*493 9,506 9,516 9*527 9,539 9,550 9,562 9.573 9,585 990 

1.000 9,585 9,596 9,608 9*619 9,631 9,642 9,658 9*665 9*677 9,689 9*700 1,000 
1,010 9,700 9.712 9,723 9,735 9,746 9,758 9,770 9,781 9,793 9,804 9,816 I*010 
l t020 9.816 9.828 9*839 9.851 9*862 9*874 9*886 9*897 9*909 9.920 9*932 1J020 
1.030 9.932 9*944 9*955 9*967 9*979 9*990 10,002 10.013 10,~25 10.037 10*0~8 1,030 
11040 10.048 10.060 10*072 10*083 10.095 10.107 10.118 10.130 10.142 10.15~ 10.16~ 1.040 

1.050 10.165 10.177 10.189 10.200 10.212 10.224 10.235 10.247 10.259 10.271 10*282 1*050 
1,060 10.282 10.29~ 10*306 10.318 10.329 10.341 10.353 10.364 10.376 10.388 10.400 1.060 
1,070 10.400 10.411 10.423 10.435 10.447 10*459 10.470 10.482 10.494 10.506 10.517 1.070 
l t080 10.517 10.529 10.541 10.553 10.565 10.576 10.588 10*600 10*612 10.624 ~0.635 1~080 
l t090  10*635 10.647 10*659 ]0.671 10.683 10*694 10.706 i0 .718 10.730 10.742 10*754 1*090 

.1~100 10,75~ 10,765 10,777 10,789 10,801 10,813 10,825 10.836 10,848 10*860 10.872 1,100 
1~110 i0,872 10,884 10.896 10*908 10.919 10.931 10.943 10.958 10,967 10.979 10*991 1,110 
1.120 10.991 11.003 11.014 11.026 11*038 11.050 11.062 11.074 11.086 ~1.098 11.110 1.120 
1.130 11.110 11.121 11.135 I1.145 11.157 11.169 11.181 11.193 11.205 11.217 11.229 1.130 
1*140 11.229 11.241 11*252 11.264 11.276 11.288 11.300 11.312 11.324 11.336 11.348 1.140 

11150 11.348 11.360 11.372 11.384 11.396 11.408 11.420 11.432 11.443 11.455 11.467 1.150 
1*160 11.467 11.479 11.491 11.503 11.515 11.827 +11.539 11.551 11.563 11.575 11.587 1.160 
1.170 11.587 11.599 11.611 11.623 11*635 11*647 11.659 11.671 11.683 11.695 11.707 lp170 
1.180 11.707 11.719 11.731 11.743 ii.755 11.767 11.779 11.791 11.803 11.815 11.827 11180 
1~90 11.827 11.839 11.851 11.863 11.875 11.887 11.899 11.911 11.923 11.935 11.9~7 1.190 

1*200 11+947 11.959 11.971 11*983 11+995 12t007 12.019 12.031 12.043 12.055 12.067 1.200 
11210 12.067 12.079 12.O91 12.103 12.I16 12.128 12.140 12.152 12.164 12.176 12.188 1*210 
1*220  12,188 12,200 12*212 12+224 12,236 12,248 12.260 12.272 12,284 12*296 12,308 ! ,220 
1*230 12.308 12.320 12.332 12,345 12,357 12.369 12.381 12.393 12.405 12,417 12*429 11230 
1,240 12.429 12.441 12.453 12.465 12.~77 12,489 12.501 12.514 12,526 12.8~8 12,550 1.240 

OEG C 0 1 2 3 4 5 6 7 8 9 10 0E6 C 
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TABLE 10.13--Type S thermocouples (continued). 

Temperature in Degrees  Cels ius  ( I P T S  1968) 

EMF in Absolute Millivolts Reference Junctmns at 0 C 

[~C. c 0 1 2 3 ~ 5 8 7 8 9 10 DEG C 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLIS 

1,250 12,550 12.562 12.574 12.586 12.598 12.610 12.622 12.634 12.647 12.659 12.671 i9250 
1,260 12o671 12.683 12.695 12,707 12.719 12.731 12.743 12.755 12.767 12.780 12.792 1,260 
1 ,270  12 ,792  1P,804 1 2 . 8 1 6  12 .~28  1 2 . 8 4 0  12 .852  12*864  12*B76 12o888 12 ,901  1 2 . 9 1 3  1 ,270  
1 ,280  1 2 . 9 1 3  12 .925  1 2 . 9 3 7  12 ,949  12 .961  12 .973  12 .985  1 2 . 9 9 7  13 .010  13 .022  13 .054  1 ,280  
1 ,290  13o034 13o046 1 5 . 0 5 8  13 ,070  1 5 . 0 8 2  13 .094  13 .107  1 3 . 1 1 9  13 .131  13 .1~b  1 3 . 1 5 5  1 .~90  

1 ,300  13 .155  13 .167  1 3 . 1 7 9  13 ,191  1 3 . 2 0 3  15 ,216  13 .228  13 .2~0  13 .252  1 3 . 2 6 4  15 .276  1.3C0 
1,310 13,276 13.288 13.300 13.313 13,325 13.337 13.349 13,361 13,979 13.385 13.397 1,510 
1,320 13,397 13o410 13o422 13.&34 13,446 13o458 13o470 13.~82 13,495 13~ 13o519 1,320 
1,550 15,519 |3.531 13~ 13,555 13,567 13o~79 13,592 13.60& 13,616 13~ 13.640 1,330 
1,340 13.640 13.652 13~ i~,677 13.689 13,701 i~.713 13~ 15o737 13,7~9 13~ 1,340 

1,350 13.761 13.774 13*786 13t798 13,810 15,822 13.834 13,846 13.85~ 13.871 13,88) 1,350 
1,360 13.883 13.895 13.o07 13,919 13,931 13,o43 13.956 13.968 13,980 13~ 14.004 1,360 
1,370 1A,004 14,016 14.028 14,040 14,053 14,085 14.077 14.089 14,101 14,i13 14o125 1,370 
1,380 14.125 14.138 14,150 14,162 14.]74 14.186 14.198 14.210 ia.222 I&.235 14o2~7 1,380 
1,390 1~,247 14.259 14.271 14,?83 14.295 14.307 I~,319 14,~32 14o344 14.355 14~ 1,590 

1,400 1~,368 14,580 14,392 14,404 14,416 14,429 19,~41 14,455 14,465 14.477 14,489 1,400 
1,410 |&,489 14o501 Ia,513 ]~,526 14,558 14.550 19.562 14,574 14.588 14.598 14.610 ~,410 
1,420 14,610 14~ iao635 14,647 14,6~9 14,671 14.683 19,695 14.707 14,719 14o731 ,420 
1,430 i~,731 14,744 14~ 14,768 la,TBO 14.792 14.834 14.816 14,828 14.840 14.85~ 1,430 
1,440 14,852 I~,885 14.877 14,889 14,901 14,913 14.925 19~ 14.94~ 14~ 14.97~ 1,440 

I,~50 1~,973 14e985 i~,998 15*010 15,022 15~ 15,0~5 15,058 15o070 15.082 15*094 1,450 
1,460 15,094 15,106 15~ 15,130 15,1~3 15,155 15,167 15.179 15.101 15,203 15.215 1,460 

~ ,~70 15,215 15.227 15~ 15,251 15,263 15,275 15.287 15,~49 15.~11 15,324 15~ i,~70 
,480 15.336 15~ 15,~60 15,372 15,38& 15~ 15.408 15,420 15,432 15.~ 15,456 I,~80 

1,490 15,456 15.468 15.480 15,1,92 15,504 15.516 15.524 15.5~0 15.552 15.564 15.~76 i,~90 

1,500 15,576 15,589 15.601 15,613 15.625 15.637 15,649 15.661 15.673 15~ 15.697 1,500 
1,510 15.697 15.709 15,721 15,733 15.745 15o757 15o769 15.781 15~ 15~ 15o817 1,510 
1,520 15,817 15.829 15.841 15,8~3 15,865 15,877 15.889 15.901 15.913 15o925 15.V37 1,520 
1,530 15,937 15.949 15,961 15,97~ 15,985 15,997 16.009 16,021 16.033 16.045 16.057 1,550 
1,5~0 16,057 16.069 16,080 16,092 16,104 16.116 15,128 16,140 16,15~ 16~ 16.176 1,5~0 

1,550 16.176 16,188 16.200 16,212 16,224 16,236 16,248 16~ 18.272 16.284 16,296 Im550 
1,560 16,296 16,308 16~ 16,551 16,343 16o355 16,~87 16,379 18,391 16o403 i~,~15 1,580 
1,570 16,415 16.427 16.439 16,&51 16,462 16,~74 16,486 16,498 16.510 16.52Z 10,534 1,570 
1,580 16,534 16,5~6 16,558 16,568 16,581 16.583 1~,605 16.617 16,629 16,641 i~,653 i~580 
1,590 16,653 16,684 16,676 16*688 16,700 16,712 16.724 164736 16.747 16.759 16,771 1,5VO 

1,600 16,771 16,785 16,795 ]6,807 16,819 16,830 18,842 16,85~ 16,866 16,878 16,890 1,600 
1~610 16,890 16,901 16,913 16,925 16,o37 18,9~9 16,980 16,972 16,984 16.996 17.008 1,610 
1,820 17,008 17.019 17,031 17,043 17,055 17,067 17.078 17.090 17.102 17,I14 17~ 1,620 
1,630 17,125 17.137 17,149 17,161 17,179 17.184 17,196 17,208 17,22C 17.231 17.243 1,530 
1,640 17,243 17,255 17,767 17,778 1~,290 17~ 17.313 17.325 17.397 17,349 17.360 1,640 

1,650 17.360 17,372 17.384 17,396 1T,407 17.419 17.451 17.442 17,45~ 17.466 17.477 !,650 
1,660 17,477 17,489 17o501 17,512 17,524 17.536 17,548 17.559 17.571 17.583 17.599 1,660 
1,870 17,594 17,608 17,617 17,629 17,6~I 17.652 17.66~ 17.676 17*887 17.699 17.711 1,670 
1,680 17,711 17,722 17~734 17,745 17,757 17.769 17,78Q 17.792 17,803 17.815 17.826 1,680 
1,690 17.82~ 17,838 17.850 17,861 17,873 17.88~ 17.896 17,907 17.919 17,930 17,~42 1,690 

1,700 17,942 17,953 17,965 17,978 17,96R 17,999 18,010 18*0Z2 18,033 18,045 18,056 1,700 
1,710 18.056 18,068 18.079 18,090 18,102 18*113 18,124 18.138 18,147 18,158 18.170 1,710 
1,720 18,170 18.]81 18.192 18,204 18.215 18,226 18,257 18,2~9 18.260 18.271 18,282 1,720 
1,730 18o282 18.293 18,305 18,316 18,327 18,338 18,~9 18,360 |8,37i 18,~83 18,39& 1,750 
l,v~O |8.394 18,~05 18.~16 18,427 18,438 18,449 18.460 18.471 18,482 18.~3 18~ 1,740 

1,750 18,504 18,515 18*526 18,536 18,547 18,558 18,569 18.580 18,591 18*~02 18*612 1#750 
1,76n 18.612 18*523 18~ 18,845 18*855 18,666 18,677 18.687 18,898 1,760 

DE~ C 0 1 2 5 ~ 5 6 7 8 9 I0 DEG C 
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214 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.14--Type T ther, nocouples (deg F.mill~). 

EM F in Absolut�9 Mi l l ivo l ts  
Temperaturc in Degrces Fahrcnh�9 a 

Reference Junctions at 32 F 

DEG F 0 1 2 3 4 5 6 7 8 9 i0 DEG F 

THERMOELECIRI( VOLTAGE IN ABSOLUTE MILLIVOLTS 

-450 -6,254 -6,25~ ~6,256 -6,257 -6,258 -450 

-440 -6,240 -6,242 -6,243 -6,245 -6,247 -6,248 -6,230 -6,~I -6,232 -6,2~3 -6*254 -440 
-430 - 6 . 2 t 7  -6t220 -6 .223 -6.225 -6 .227 -6.230 -6.232 -6.234 -6,236 -6.238 -6.240 -430 
-420 -6,187 -6,191 -G,194 -6,197 -6,200 -6,203 -6,206 -G,209 -0,212 -6,215 -6,217 -420 
-410 -6,150 -6,154 -6,158 -6,162 -6,166 -6,170 -6,173 -6,177 -6,181 -6,164 -6,187 -410 
-400 -6,105 -6,110 -6,115 -6,119 -6,124 -6,125 -6,133 -6,137 -6,142 -6,146 -6,130 - 4 0 0  

- 3 9 0  - 6 * 0 5 3  - 6 , 0 5 9  - 6 , 0 6 ~  - 6 , 0 6 9  - 6 . 0 7 5  - 6 , 0 8 0  - 6 . 0 8 5  - 6 ~  - 6 , 0 9 5  - 6 , 1 0 0  - 6 , 1 0 5  - 3 9 0  
-380 -5,995 -6,001 -6,007 -6,013 -6,019 -6,025 -6,030 -0,036 -6,042 -6,048 -6,053 -~80 
-370 -5,930 -5*937 -5,943 -5,950 -5,957 -3,963 -5,969 -5,976 -5,962 -5,988 -5,995 -370 
-360 -5,860 -5,867 -5,874 -5,881 -5,889 -3,896 -5,903 -5.910 -5,916 -5,923 -5,930 -360 
-350 -5,785 -5,792 -5,800 -5,808 -5,815 -5.823 -5,830 -3,838 -5,845 -5,853 -5*860 -550 

-340 -5,705 -5,713 -5,721 -5,729 -5,737 -5,745 -5,753 -5,761 -5,769 -5,?77 -5,785 -340 
-330 -5,620 -5,629. -5,638 -5,646 -5,655 -5,663 -5.672 -5,680 -5,688 -5,697 -5,705 -330 
-320 -5,532 -5,541 -5,5~0 -5,559 -5,568 -5,576 -5,585 -5,594 -5,603 -5,612 -5,620 -320 
-310 -5,~39 -3,446 -5,~57 -5,467 -5,476 -5,486 -5,495 -5,504 -5,513 -5,522 -5*532 -310 
-300 -5,341 -5,351 -5,361 -3,371 -5,381 -5.390 -5,400 ~5,410 -5,419 -5,429 -3,439 -300 

-290 -5,240 -5,230 -5,261 -5,271 -5,281 -3,291 -5,301 -5,311 -5,321 -5,331 -3,341 -290 
-280 -5,135 -5,145 -5,156 -5,167 -5,177 -5,188 -5,198 -3,209 -5,219 -5,230 -5.240 -280 
-270 -5,025 -3,056 -5,047 -3,058 -5*069 -5,UOU -~,091 -5,I02 -5,113 -5,124 -5,135 -270 
-260 -a,912 -4,923 -4,935 -4,946 -4,958 -4,969 -4,980 -~,992 -5,003 -5,014 -5,025 -260 
-250 -4,79& -4,806 -4,818 -4,830 -6,842 -4*853 -4,865 -4,877 -4,889 -&,�no -4,912 -250 

-240 -4,673 -&,685 -4,698 -4,710 -4,722 -4,734 -4.746 -4,758 -4,770 -4,782 -4,794 -240 
-230 -~,548 -~,360 -4,573 -4,386 -4,598 -a,611 -4*623 -4,636 -4,648 -4,661 -4,675 -230 
-220 -4,419 -4,432 -4,445 -4,458 -4,471 -4,464 -4,497 -4,509 -4,522 -4,~35 -4,54~ -220 
-210 -4,286 -&,299 -4,313 -4t326 -4.339 -4.353 -4.366 -~,379 -4.392 -4,406 -4,419 -210 
-200 -&,149 -&,163 -4,177 -4,191 -4,204 -4,218 -4,232 L4,245 -4,259 -4,272 -4,286 -200 

-190 -4,009 -4,023 -4,037 -~,051 -4,065 -4,079 -W,093 -4,107 -4,121 -4,135 -4,149 -190 
-%80 -3,864 -3~879 I3,894 -3,908 -3,923 -3,937 -3,951 -3 ,966 -3,980 -3.994 -4,009 -180 
-170 -3,717 -3,732 -3,746 -5,761 -3,776 -3,791 -3,806 -3,320 -3%835 -3,350 -3,864 -170 
-160 -3,365 -3,580 -3,596 -3,611 -3,626 -3.541 -3*656 -3,671 -3,667 -3,702 -3,717 -160 
-150 -3,&lO -3,425 -3,541 -3,A57 -3,472 -3,488 -3,503 -3,519 -3,534 -3,550 -3,565 -150 

-140 -3,251 -3,267 -3,283 -3,2Q9 -3,3]5 -3,331 -3,347 -3,362 -3,378 -3,394 -3,410 -140 
-130 -3,087 -3,105 -3,121 -3,138 -3,154 -3,17U -3,186 -3,203 -3,219 -3,235 -3,251 -130 
-120 -2,923 -2,939 -2,956 -2,973 -2,989 -3,006 -3,02~ -3.039 -3,056 -3,072 -3*089 -120 
-110 -2,753 -2.771 -Z.788 -2,005 -2.022 -2.~38 -2.055 -2.872 -2.069 -2.906 -2.923 -110 
-100 -2,581 -2,598 -2,016 -2,633 -2,650 -2,667 -2,665 -2,702 -2,719 -2,736 -2,753 -I00 

-90 -2.405 -2,422 -2.640 -2,838 -2,475 -2,693 -2,511 -2,528 -2,546 -2,563 -2,581 -90 
-80 -2.225 -2.243 -d.261 -2.279 -2.297 -2.315 -~.333 -2.351 -2.369 -2.387 -2.405 -80 
-70 -2.042 -2.061 -2 .079 -2.098 -2.116 -2.134 -2.152 -2.171 -2.169 -2.207 -2.225 -70 
-60 -1.856 -1.875 -1.894 -1.912 -1.931 -1.930 -1.968 -1.987 -2.005 -2 .024 -2*042 -60 
- 5 0  -1 .667 -1.606 - t , 7 0 5  -1.724 -1.743 -1.762 - I . 781  -1.800 -1.819 -1.838 -1o856 -50 

-40 -i*475 -1.494 -1.513 -1.533 -1.532 -1.571 -1.591 -1.610 -1.629 -1.648 -1.667 -40 
-30 -I.279 -1.299 -1.319 -1.336 -1.358 -1.377 -1.397 -1.416 -I.436 -1,455 -1.475 -30 
-20 -I,081 -l,iCl -1,121 -I,141 -I,160 -I,180 -1,200 -1,220 -1,240 -i,260 -1,27 ~ -20 
-I0 -0.879 -0.899 -0,~20 - C . 0 4 0  -0,960 -0.98(~ -i.000 -1,021 -i,041 -1.061 -1.081 -10 
- 0 -0,674 -0,695 -0,716 -0*736 -0,757 -0.777 -0,790 -0,818 -0,838 -0,859 -0,079 - 0 

0 -0,670 -0,654 -0,033 -0,613 -0,572 -0,571 -0,550 -0,527 -0,509 -0,458 -0,467 0 
10 -0,467 -0t446 -0,425 -0,404 -01383 -0,362 -0,341 -0,320 -0,299 -0,277 -0,256 10 
20 -0,256 -0,235 -0,214 -0,193 -0,171 -0,150 -0.129 -0,107 -0,086 -0 ,064 T0,043 20 
30 -0.043 -0.022 0,000 0.022 0.043 0.065 0.086 0.108 0.130 0,151 0.175 30 
40 n.173 ~ , ]95  0.216 0.238 0.260 0.282 0.303 0,325 0.347 0.369 0.391 40 

50 0.391 0,413 0.435 0.457 0.479 0.501 0,523 0,545 0,567 0.589 0.611 50 
60 0,611 0,634 0,656 0*678 0,700 0,722 0,745 0,767 0,709 0,812 0,834 60 
70 0,834 0,857 0.879 0,902 0,924 0.047 0.969 0,992 1.014 1.037 1.060 70 
80 1,060 1,082 1.105 1,128 1.151 1.173 1.196 1.219 1.242 1,265 Io288 80 
90 1.288 1.311 1,334 1,357 1,380 Ie403 I,~26 1.449 1.472 I.&95 1.518 90 

i00 1,518 1.542 1,565 1,588 1,611 1,635 1,658 1,681 1,705 1,728 1,752 I00 
II0 1,752 1,775 1.799 1,822 1,806 1,869 1,893 1,917 1,940 1,964 1,988 ii0 
120 1,988 2,011 2,035 2,059 2,083 2,107 2.131 2,154 2.178 2,202 2,226 120 
130 2.226 2,250 2,274 2,298 2.322 2.347 2,371 2,395 2,419 2,4~3 2,467 130 
i~0 2,~67 2,~92 2.516 2,540 2,565 2.589 2,613 2.638 2,662 2,687 2,711 140 

OEG F U 1 2 3 ~ 5 6 7 S 9 10 DEG F 

�9 Convened f rom dr Celsius ( |PTS 1968). 
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TABLE 10,14--Type T therr,,ocoupl~J (comiaued). 

Tcmpera{urr in De~rens Fahrcnhe,t ~ 
E M F  in Absolute Mi lhvolts Rc~rencr Junctions at 32 F 

~[6 F u 1 2 3 = 5 6 7 8 9 10 DEG F 

THERMOELECTRIC VOLTAGE [N ABSOLUTE ~[LLIVOLTS 

150 2.711 2.736 2*760 2*785 2*809 2,880 2.888 2 .~883 2.908 2,933 2*958 150 
160 2*958 20982 3*0G7 3.082 3 * 0 5 7  3.082 3,107 8*131 3.156 3o181 3.206 160 
17e ~.206 3.231 3*286 3.281 3.307 3.332 3.357 3*382 3*407 3*432 3*458 170 
I8C 3,458 3*483 3*508 3*533 3*559 3*584 3*609 3*635 3*660 3*686 3*711 180 
199 3.731 3.737 3 .782 3*788 3.813 3.839 3*864 3 .890 3 .916 3,941 3.967 190 

200 3.967 3.993 4.019 4.04,  6*070 ~.096 4.122 4.148 4.174 4.199 4.229 200 
213 ~.225 4.251 4*277 4*303 4.329 4.358 4.381 4*408 4.434 4.460 4*48b 210 
2ZC 4,486 4.512 4*538 ~*565 4.591 4.617 4,643 4*670 '4.696 4.722 4.749 220 
230 4.749 4.77~ 4.801 4,828 4,854 4,881 &,907 4,934 4*960 4.987 5,014 230 
240 5*014 5*040 5,067 5*093 5.!20 9.167 5,174 5*200 5*227 8*254 5*281 260 

250 5.281 5.307 5*33~ 5.361 5*388 5.415 5,442 5.469 6*496 5*528 5,850 250 
260 5*56Q 5*577 5*604 8.631 5*658 5.685 5,712 5,739 5.767 5,794 5,821 260 
270 5.821 5.848 5*875 5.903 5*930 5.987 5.985 6.012 6*039 6*067 6.094 270 
28C 6.09~ 6.122 6*]49 6,177 6*204 6*232 6*289 6*287 6.314 6*342 6.369 28D 
290 6 ,369 6 ,397  6 ,425 6.~52 6.~80 6,508 6*536 6 .963  6.591 6 .619  6 .647 290 

300 8,6"7 6.675 6.702 6*730 6*788 6*786 6.814 6.842 6*870 6*898 6,926 300 
310 6,926 6*954 6*982 7,010 7*038 7*066 7.094 7.122 7.151 7.I79 7*207 310 
320 7,207 7.235 7 .263 7,292 7*320 7.348 7.377 7,405 7*433 7,462 7.490 320 
330 7.490 7.518 7.547 7.575 7.804 7.632 7.66] 7.689 7.718 7.746 7.775 330 
340 7.775 7.804 7*832 7.861 7.989 7.918 7,947 7.978 8*004 8*03J 8*062 340 

350 8.062 8*090 8.119 8.148 8.117 8*206 8.235 8*264 8*292 8.321 8*350 850 
360 8*350 8*379 8*408 8.437 8*~b6 8*493 8,524 8*853 8.588 8*6~Z 8.641 360 
370 8,641 8.670 8*699 8,728 8*757 8.787 8.816 8,848 8,874 8.90~ 8*983 370 
389 8.933 8.962 8,992 9.021 9+080 9*080 9.I09 9.139 9*168 9.1V8 9,227 380 
J99 9,227 9,257 9.286 9.316 9*345 9*378 9.434 9.~8A 9,464 9,493 9=523 390 

400 ~  9*553 9 .882 9 .612 9.642 9 .671 9.701 9.731 9*761 9.791 9*820 400 
410 9*820 9.8~0 9.88C 9.910 9*960 9,970 10.000 tO*O~O 10.060 10,090 IO*l~O 410 
~2C 10.120 10.150 10*180 10.210 10.240 J0.270 10.300 10.330 10*360 10,390 10.420 4~0 
~BP 10.420 10*451 10,481 10.511 10.541 10,572 10,602 10*632 10.662 10.693 10*7Z3 430 
440 ZU.723 I0.758 i0.784 10.814 10.345 I0,875 i0.905 I0.936 10.966 10.997 11.027 440 

450 i I ,027 i i .058 I i ,088 11.119 I ] .169 1t,180 i~.211 11.241 11.272 11.302 11,383 450 
46~ 11,389 11*361' 11.39~ 11.~25 11.496 11,487 11,817 11,548 11.579 11.610 11,640 460 
413 ~1,640 11.671 11,701 11.733 11.764 !1,795 11,826 11,856 11.887 11,918 11,949 470 
489 11,949 II,980 12.~11 12.042 12*073 l?,lO4 12.135 12.166 12.t98 12.229 12,260 ~80 
490 12,260 12,29] 12,322 12*~55 12.384 12.416 12.447 i~.478 12.509 12.540 12.572 490 

500 12.572 12.609 12.634 12.666 12.697 12,72@ 12.760 12.791 12.822 12.854 12,886 500 
510 12.885 12.917 12.9~8 12,979 13,011 13.042 13.074 13,105 13.~37 13.168 13,200 510 
529 13*150 13.232 13.263 13.295 13.326 15,358 13,390 13.421 13.453 13.485 13*516 520 
530 13*51( 13,54e 13.580 13*611 13,645 13.675 13.707 13.739 13.770 13.802 13.834 538 
5~0 13.d34 13*866 13*d98 13.930 13+961 13.893 14,025 14.057 14,089 14.121 14,153 560 

58,I 14,153 14,*185 14.217 14.249 14.281 14.313 1A.345 14.377 14,~09 14.44~ 14,474 830 
560 14.474 14*596 14.838 14*570 14,602 14.634 14,666 14,699 i~.73t 1~.763 14,795 560 
57~ i~.79~ 14,82P ]4.R60 14.892 14,92A lA,957 14,989 15.021 15.054 15.086 15.I18 570 
880 15,118 15,151 15.18~ 15,216 15,2&8 15.28u 15.315 15.348 15.378 15.410 18.44~ 580 
59n 15,4~ ~5,~75 15.508 15.5~0 15.573 ]5*595 15.6~8 15.671 15,703 15.756 15.769 590 

600 18.769 15,801 15.834 15.866 15.899 19*932 15.963 18.997 16.030 16.063 16.096 600 
610 16,096 16.]28 16.161 16.194 16.227 16*239 16.292 16.325 16.358 16,391 ]6t426 610 
62( 16,424 16.457 |6,490 16*523 16.555 16,58~ 16,621 16,654 lb .687 16.720 16.753 620 
6~C 16t753 16,7~5 16.819 16.952 16.883 I~.919 16.952 I6.985 17.018 17.051 17,084 630 
64 n 17.~ 17,I19 17.150 IT*IE~ 17.217 17.250 17.283 17.316 17.350 17.383 17.~16 640 

65~ 17.416 17.~50 17,483 17*816 17,549 17.583 17,616 17.649 17.683 17.716 17.780 6~0 
660 17,75~' 17,783 17,816 17,850 17.883 17,917 17.950 17.984 18,017 18.051 18,084 660 
070 18.~84 18.118 18.151 18.188 18,218 18*282 18.288 18*319 18.353 18.386 18.420 670 
680 18.420 1 8 . 4 ~  1~.487 18,821 18.559 18.588 18,622 18.656 18.689 18.723 18.787 680 
690 ]8,757 18*77] 18.82& 18,858 ]8~ 18.926 I~.960 18*998 19.027 19*061 19*098 690 

7~C' 19,995 19.129 19,163 19,197 19.230 19,26~ 19.298 19.352 19.366 19.~00 19.434 700 
710 19 .434 19*~68 19.502 19,536 19.870 19.60~ 19,638 19,672 19*706 19.740 19.774 710 
720 19.77~ 19*Gv~ 19.843 19.877 19.911 19.945 19.979 20.013 20*047 20,081 20.116 720 
730 2'),I16 20,15u 20.184 20*218 20.282 z0.287 2C.521 20,885 ~0*589 20.$23 20.458 780 
74' 20.~8 20.~92 Z0*026 20.560 20*598 20*629 20.663 20.698 20.782 20.766 20.801 740 

750 20*80] 2~.835 20*869 750 

DEG F I 2 ~ . ~ 6 7 8 9 10 DEb 

�9 Convcrtcd (rom dc~rc,:~, Cclsiu~ (I P IS 1968). 
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216 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.1S--Type T thermocouples (deg C.millirolts). 

EMF in Absolute Mi| l ivol ts 

Temperature in Degrees Celsius (IPTS 1968) 

Reference JuncUons at 0 C 

DE6 < 0 I 2 3 ~ 5 6 7 8 9 10 ~s C 

THERNOELFCTRIC VOLTAGE IN A050LUTE M|LLIVOLT5 

-270 -6 ,258 -270 
-260 -6,232 -6,236 -6*239 -6*242 -6,245 -6.248 -6*251 L6,253 -6.255 -6,256 -6,258 -260 
-2~0 -64181 -6*187 -6=193 -6,198 -6*204 -6,209 -6,214 -6,219 -6*224 -6,228 -6*232 -250 

-240 -6.105 -6,114 -6,122 -6,150 -6,138 -6*146 - .  153 -6,160 -6,167 -6,174 -6.181 -240 
-230 -6*007 -6,018 -6*028 -6*039 -6*049 -6*059 -6.068 -6,078 -6.087 -6,096 -6.105 -230 
-220 -w -5.901 -5.914 -5*926 -5*938 -5*950 -5*962 -5,973 -5.985 -5,996 -6*007 "220 
-210 -5.753 -5*767 -5*782 "5*795 -5*809 -5,823 -5.836 -5*850 -5,863 -5,876 -5.889 -210 
-200 -3 .603 -5.619 -5 ,654 -5.650 -5*665 -5*680 -5,695 -5.710 -5=724 -5.789 -5*753 -200 

-190 -5,439 -5,436 -5=473 -3*489 -5.506 -5*522 -5.539 -5*555 -5.571 -5*587 -5.603 -190 
-180 -5.261 -5*279 -5.297 -5*515 -3*333 -5,351 -5=369 -5.387 "5*404 -5*421 -5*439 -l~O 
-170 -5,069 -5*089 -5 ,109 -5,128 -5,147 -5,167 -5,186 -5=205 -5*223 -5,242 -5=261 -170 
-160 -4,865 -4.886 -4*907 -4.928 -4,948 -4 ,969 -4,989 -5.010 -5*030 -5.060 -5*069 -160 
-150 -6,668 -4*670 -4.693 -4.715 -4,737 -6*758 -4*780 -4.801 -4,823 -4*844 -4.865 -150 

-140 -4,419 -4*442 -4.466 -4,489 -4,512 -4*535 -4=558 -4.581 -4,603 -4,626 -~.648 -140 
-130 -4,177 -4,202 -4,226 -4,251 -4*275 -4,299 -4,323 -~,347 -4*371 -4.395 -~,419 -130 
-120 -3*923 -3*949 -3*974 -4,000 -4*026 -4,051 -4,077 -4,102 -4.127 -4.152 -4.177 -120 
-110 -3.656 -3*684 -3*711 -3.757 -3*764 -3,791 -3,818 -3*844 -5*870 -3*897 -3*923 -110 
-I00 -3.378 -3*407 -3,455 -3.463 -3.~91 -3.519 -3.547 -3.574 -3*602 -3,62~ -3=656 -I00 

~90 -3*089 -3.118 -3.147 -3.177 -3.206 -3.235 -3,264 -5,293 -3=321 -3.350 -3*378 -90 
-80 -2,788 -2.818 -2=849 -2*879 -2.909 -2*939 -2*970 -2*999 -3,029 -3.059 -3*089 -80 
-70 -2,473 -2*507 -2.589 ~2.570 -2.602 -2*633 -2.66~ -2*695 -2*726 -2.757 -2,788 -70 
-60 -2*152 -2~185 -~.218 -2*250 -2*283 -2.315 -2.5~8 -2.380 -2*~12 -2.444 -2.475 -60 
-50 -1,819 -1,853 -1,886 -1*920 -1,963 -1,987 -2,020 -2.053 -2,087 -2,120 -2,15~ -50 

-60 -1*475 -1 ,510  -1*564 -1*379 -1 .614  -1*646 -1 .682  -1*717 -1 .751  -1*785 -1 .819  -40 
-30 -1,121 -1,157 -1=192 -1,228 -1,263 -1=299 -1,354 -1*370 -1.405 -1,~40 -1,475 -30 
-20 -0,757 -0.79~ -0.830 -0*867 -0,903 -0.940 -0*976 -I*013 -I*049 -i*085 -1.121 -20 
-I0 -0=383 -0.421 -0*458 -0*496 -0.534 -0.571 -0.6~8 ~0*646 -0*683 -0*720 -0.757 - i0 
-- 0 0.000 -0*039 -0.077 -0.116 -0.154 -0.193 -0,231 -0,269 -0.507 -0*345 -0.383 - 0 

0.000 0,039 0,078 0*I17 0.186 0,195 0*23~ 0=275 0,312 0,351 0*391 0 
l 0=391 0,430 0*470 0.510 0.549 0=589 0,629 0=669 0*709 0*7%9 0=789 10 
20 0*789 0,830 0,870 0*911 0.951 0*992 1.032 1.073 I*114 1,155 1,196 20 
30 1.196 1*237 i*279 1,320 1,361 1=403 1.444 1,486 1*526 i*~69 1.611 30 
40 1.611 1.653 1.695 1.738 1.780 1.822 1,865 I*907 1.950 1.992 2.035 40 

50 2,035 2.078 2*121 2.164 2.207 2*250 2=29~ 2=537 2.380 2.424 2*467 50 
60 2.467 2,511 2.555 2.599 2.643 2=687 2.731 2,775 2*819 2*864 2.908 60 
70 2.908 2.953 2.997 3.042 3.087 3,131 3.176 3.221 3.266 5*312 3,857 70 
80 3.357 3*402 3.447 3,498 5.536 3=584 5.630 3*676 3.721 3,767 3*813 80 
90 3,813 3.859 3.906 3.952 3.998 4,044 4,091 4,137 4.184 4.231 4.277 90 

100 6.277 4.324 4,371 4,418 4.465 4.512 ~.589 4,607 4.654 4.701 4.769 100 
110 4.749 4=796 4.84~ 4.891 4,939 4.987 5*035 5,083 5.131 5".179 5*227 110 
120 5,227 5,275 5.324 5,372 5,420 5,469 s=517 5=566 5=615 5,663 5=712 120 
130 5,712 8.761 5,810 5,859 5,908 5,957 6.037 6.056 6.105 6,153 6.204 130 
1%0 6,204 6.254 6*503 6.553 6,403 5.~52 6,502 6*552 6.602 6=652 6.702 1~0 

150 6,702 6,753 b*803 6*653 5*903 6,984 7.004 7.055 7=106 7,156 7*207 150 
160 7*207 7*258 7=309 7=360 7=411 1.462 7.513 7=564 7.615 7=666 7*718 160 
170 7,716 7.769 7.821 7,872 7*924 7*975 8*027 8*079 8.131 8*183 8,836 170 
180 8.255 S=287 8,339 8.391 ~*443 8,495 8,548 8*600 8=652 8=705 8.757 180 
190 8.757 8.810 8=863 8.9~5 8*966 9~021 9*074 9=227 9.180 9,233 9=286 190 

200 9,285 9.339 9.392 9.446 9*499 9.553 9.606 9.659 9.713 9~ 9.820 200 
2~0 9,820 9,874 9,928 9,982 10,036 10.090 10,144 10,198 10.252 10=306 10.360 210 
220 10.360 I0**14 10o469 I0.523 10,576 I0,682 10.687 10.741 I0*796 10,851 10.905 220 
230 10,905 E0*960 ii,018 11.070 11.125 II,180 11.235 11,290 ii*345 II*401 12*456 230 
240 II,456 11.511 11.556 11.622 ii*677 11.733 11=788 11.844 11.900 11,956 12.011 2%0 

250 12.011 12.067 12.123 12.179 12*255 12.291 12,3~7 12*403 12*469 12*815 12.572 250 
260 12.572 12.628 12.68~ 12.741 12*797 12.854 12,910 12.967 13,024 13,080 13.137 260 
270 13*137 18.19~ 13.251 13=307 13.364 13.421 1~=478 13=535 13=592 13.650 13*707 270 
280 13,707 13.764 13*821 13,679 13,936 18.993 1~,051 1~*108 14,166 14,223 14,281 280 
290 14,281 14,339 14,396 1 4 , 4 ~  14,512 14*570 14,628 14.686 14,744 1~,602 14,860 290 

~00 14,860 14,918 1~,976 15,054 15,092 15,151 15,209 15,267 13,326 15*884 15,643 300 
310 15,443 15,501 15,560 15.619 16.677 15.736 15,795 15*853 15.912 15,971 16.030 310 
320 16,030 16,089 16,148 16,207 16,266 16*325 16,384 1 6 . ~ 6  16,503 16,562 16,621 320 
830 16,621 16~681 16,740 16=800 16,859 16,919 16,978 17,038 17,097 17,157 17,217 330 
~40 17.217 17.277 17.836 17.~96 17.~56 17.816 17*576 17.636 17.696 17.786 17.816 340 

OEG C 0 1 2 3 ~ 3 6 ? 8 9 10 DEG C 
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CHAPTER 10 ON REFERENCE TABLES FOR THERMOCOUPLES 217 

TABLE 10.15--Type T thermocouples (continued/. 

T e m p c r a t u r *  m Degrees Celsius ( I P T S  1968) 

E M F  in Absolute  Millivolts Reference  Junct ions  at  0 C 

PEG C 0 ] 2 ~ ~ 5 6 7 8 9 10 DEG C 

THERMOELECTRIC VOLTAGE IN ABSOLUTE MILLIVOLTS 

350 17.816 17.877 17.937 17.997 18,057 18.116 18.178 18.238 18.s  18.389 18.620 350 
36O 18.620 18.q80 1 8 . 5 a l  18.602 18.662 18.723 18.784 18.8~5 18.908 18.966 / 9 . 0 2 7  360 
370 19o027 19.088 19.1~9 19.210 19.271 19.332 19.393 19*6~5 19.816 19.577 19~ 370 
380 19.638 19*699 19.761 19.822 191~83 19.995 20.006 20.068 20.129 20.191 20.252 380 
390 20i252 20.31~ Z0*376 20 .437 20 .699 20.560 20.622 20.686 20~766 20.807 20.869 390 

600 20.869 400 

O~G C 0 '1 2 3 ~ 5 6 7 8 9 10 DEG s 

TABLE 10.16--Power series coefficients for Type T thermocouples. 

Temperature Power of T 
Range Degree Coefficients Term 

--270 to 0~ 14 3.8740773840 E + 1 I 
4.4123932482 E -  2 2 
1.1405238498 E - 4 3 
1.9974406568 E - 5 4 
9.0445401187 E - 7 5 
2.2766018504 E - 8 6 
3.6247409380 E - 10 7 
3.8648924201 E - 12 8 
2.8298678519 E - 14 9 
1.4281383349 E -  16 10 
4.8833254364 E -  19 11 
1.0803474683 E - 21 12 
1.3949291026 E - 24 13 
7.9795893156 E -- 28 14 

0 to 400~ 8 3.8740773840 E + 1 1 
3.3190198092 E - 2 2 
2.0714183645 E - 4 3 

-2.1945834823 E - 6 4 
1.1031900550 E - 8 5 

--3.0927581898 E -  11 6 
4.5653337165 E -- 14 7 

--2.7616878040 E -  17 8 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



218 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 10.17--Power series coefficients for Type J thermocouples. 

Temperature Power of T 
Range Degree Coefficients Term 

--210 to 760~ 7 5.0372753027 E + 1 1 
3.0425491284 E -- 2 2 

--8.5669750464 E - 5 3 
1,3348825735 E -- 7 4 

--1.7022405966 E -  10 5 
1.9416091001 E -  13 6 

--9.6391844859 E -  17 7 

TABLE 10.18--Power series coefflcient~ for Type E thermocouples. 

Temperature Power of T 
Range Degree Coefficients Term �9 

--270 to 0~ 13 5.8695857799 E + 1 1 
5.1667517705 E - 2 2 

--4.4652683347 E -- 4 3 
-- 1.7346270905 E -- 5 4 
--4.8719368427 E -- 7 5 
--8.8896550447 E - 9 6 

-- 1.0930767375 E -- 10 7 
--9.1784535039 E -  13 8 
--5.2575158521 E -  15 9 
-2.0169601996 E -  17 10 
-4.9502138782 E - 20 11 
-7.0177980633 E - 23 12 
--4.3671808488 E -- 26 13 

0 to 1000~ 9 5.8695857799 E + 1 1 
4.3110945462 E -- 2 2 
5.7220358202 E - 5 3 

--5.4020668085 E -  7 4 
1.5425922111 E -- 9 S 

-2.4850089136 E -  12 6 
2.3389721459 E -  15 7 

--1.1946296815 E -  18 8 
2.5.561127497 E - 22 9 
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TABLE 10.19--Power series coef/ieients for Type K thermocouples. 

Tempera tu re  Power of T 
Range Degree Coefficients Term 

- 2 7 0  to 0~ 10 3.9475433139 E + 1 1 
2.7465251138 E - 2 2 

-- 1.6565406716 E - 4 3 
--1.5190912392 E - 6 4 
-2 .4581670924 E - 8 5 
-2 .4757917816 E -  10 6 
--I.5585276173 E -  12 7 
--5.9729921255 E -  IS 8 
- I . 2688801216  E -  17 9 
--I .1382797374 E - 20 10 

0 to 1372~ 8 + exp -1 .8533063273 E + 1 0 
3.8918344612 E + 1 I 
1.6645154356 E - 2 2 

-- 7.8702374448 E -- 5 3 
2.2835785557 E - 7 4 

--3.5700231258 E -  10 5 
2.9932909136 E -  13 6 

- -  1.2849848798 E -- 16 7 
2.2239974336 E - 20 8 

[ _ , (Tz65127)2 ] + 125 exp L 2- 

TABLE iO.20--Pos~r series coefficients./br Type R therntocouples. 

Tempera ture  Power of T 
Range Degree Coefficients Term 

- -50  to 631~ 7 5.2891395059 E 0 I 
1.3911109947 E - 2 2 

-2 .4005238430 E - 5 3 
3.6201410595 E - 8 4 

-4 .4645019036 E -  11 5 
3.8497691865 E - 14 6 

-1 .5372641559 E - 17 7 

631 to 1065~ 3 -2 .6418007025 E _+ 2 0 
8.0468680747 E 0 I 
2.9892293723 E - 3 2 

--2.6876058617 E -- 7 3 

1065 to 166.5~ 3 1.4901702702 E + 3 0 
2.8639867552 E 0 I 
8.0823631189 E - 3 2 

- -  1.9338477638 E - 6 3 
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220 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE lO.21--Power series coefficients for Type S thermocouples. 

Temperature Power of T 
Range Degree Coefficients Term 

--50 to 631~ 6 5.3995782346 E 0 1 
1.2519770000 E - 2 2 

-2.2448217997 E - - S  3 
2.8452164949 E -- 8 4 

- 2.2440584544 E - 11 5 
8.5054166936 E -  lS 6 

631 to 1064~ 2 --2.9824481615 E + 2 0 
8.2375528221 E 0 1 
1.6453909942 E - 3 2 

1064 to 166.5~ 3 1.2766292175 E + 3 0 
3.4970908041 E 0 1 
6.3824648666 E -- 3 2 

- 1.5722424599 E - 6 3 

TABLE lO.22--Power series coefficients for Type B thermocouples. 

Temperature Power of T 
Range Degree Coefficients Term 

0 to 1820~ 8 -2.4674601620 E - 1 1 
5.9102111169 E - 3 2 

- 1.4307123430 E -- 6 3 
2.1509149750 E -- 9 4 

-3.1757800720 E - 12 S 
2.4010367459 E - 15 6 

-9.0928148159 E -  19 7 
1.3299505137 E -- 22 8 

p e r a t u r e - e m f  re la t ionships ,  to  as m a n y  dec ima l  p laces  as have  any useful  

s ignif icance,  for  t h e  t h e r m o c o u p l e  types  inc luded  in this  s t anda rd .  These  

d a t a  will be  useful  in all app l ica t ions  where  d iscont inui t ies  in t he  es tabl i shed 

re fe rence  va lues  are  ob jec t ionab le ,  or  where  s torage of  comple t e  tables  is im- 

prac t ica l .  

10.3.2 Methods  o f  Generation 

T h e  va lues  of  each  of  t he  seven t h e r m o c o u p l e  types  given in Tab les  10.2 to  

10.15 are  g e n e r a t e d  by  power  series e q u a t i o n s  accord ing  to Ref  I .  T h e  coeffi-  

c ients  of  these  e q u a t i o n s  fo r  t h e  app rop r i a t e  ranges  are  given in Tab les  10.16 

to  10.22. Note  t h a t  these  coeff ic ients  yield va lues  of e m f  in microvolts .  T h i s  

m e t h o d  pe rmi t s  easy gene ra t ion  of  t he  t e m p e r a t u r e - e m f  values  by a digital  
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CHAPTER 10 ON REFERENCE TABLES FOR THERMOCOUPLES 221 

computer. It provides a smooth, continuous relationship, and the values will 
round off to the established temperature-emf values given in Tables 10.2 to 
10.15 [2]. 2 

Alternative generation schemes for temperature-emf relationships are 
described in Refs 3 and 4. 

10.4 References 

[I] Powell, R. L., Hall, W. J., Hyink, C. H,. Sparks. L. L., Burns, G. W.. Scroger. M. G., and 
Plumb, H. H., "Thermocouple Reference Tables Based on the IPTS-68," NBS Monograph 
125, National Bureau of Standards, 1973. 

[2] ASTM Standard E 230 "Temperature-Electromotive Force (EMF) Tables for Ther- 
mocouples." 1980 Annual Book of  A S T M  Standards. Part 44. 

[3] British Standard, BS 4937, 1973, is in substantial agreement with Ref 1. 
[4] Alternative generation schemes in use prior to 1973 are described in the following references: 

(a) Benedict, R. P. and Ashby, H. F., "Improved Reference Tables for Thermocouples,'" 
Temperature. its Measurement and Control ht Science and bldustry. Part 2. Vol. 3, 
1902, p. 51. 

(b) Benedict. R. P., "The Generation of Thermocouple Reference Tables." Elec- 
trotechnology, Nov. 1963, p. 80. 

(c) Adams, R. K, and Simpson. R. L., "Review of Techniques for Detern~ining Ther- 
mocouple EMF--Temperature Characteristics," Temperature. Its Measuremeot and 
Control hi Science and bldust~. Part 3, Vol. 4. 1972, p. 1603. 

(d) Bedford, R. E. et al., *'New Reference Tables for Platinum 10% Rhodium/Platinum 
and Platinum 13% Rhodium/Platinum Thermocouples," Temperature. Its Measure- 
merit attd Control ill Science and btdust~. . Part 3, Vol. 4, 1972, p. 1585. 

2The italic numbers in brackets refer to the list of references appended to this chapter. 
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Chapter 11 --Cryogenics 

11.1 General Remarks 

Although there is some variation in the defined temperature range in- 
volved, cryogenics usually indicates concern with temperatures in the liquid 
oxygen range (about 90 K or -183~ or lower. This temperature range 
will be discussed primarily in this chapter. Since a triple point (of water) or 
ice bath reference junction often is used, additional comments and values 
will be given for the entire subzero (O~ range. 

Most asl~eets of cryogenic thermometry are similar to those applicable at 
room or high temperatures. In particular, the measurement systems and 
thermoelectric theory are nearly identical. However, there are significant 
differences with respect to some materials, techniques or assembly, and 
fabrication, calibration schemes, and methods of practical usage. Fortu- 
nately the added difficulties with some details are offset by the removal of a 
few problems peculiar to high-temperature thermometry: chemical trans- 
formations are insignificant; oxidation, reduction, and impurity migration 
do not occur because of the low temperatures. Annealing of physical imper- 
fections is also absent for the same reasons. Maintenance of fixed points 
and techniques of calibration are usually considerably easier and some- 
times much more accurate. Thermal radiation is usually not important, at 
least if simple precautions are taken to account for it. 

Several books have been written on thermometry and on the experimental 
techniques necessary for cryogenic research by Scott [1] 1 and by Hust et al 
[2] on cryogenic engineering, and by White [3] and by Rose-Innes [4] on 
smaller, scientific systems. 

11.2 Materials 

Many thermocouple materials developed for high-temperature usage 
have too low a sensitivity at low temperatures to be practical; others have a 
reasonable sensitivity, but are very erratic with large inhomogeneities and 
lot-to-lot variations. Only three of the letter-designated type thermocouples 
have proven themselves for cryogenic use: Types E, T, and K. Type E is 
definitely recommended as the most valuable for general low-temperature 
use. It is better because of its higher sensitivity (coupled with only average 

J The italic numbers in brackets refer to the list of references appended to this chapter. 
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CHAPTER 11 ON CRYOGENICS 223 

inhomogeneity voltages) and lower thermal conductivity of both thermo- 
couple materials. The latter property is particularly important for obtaining 
good thermal tempering of measuring junctions. Tables for the total voltage 
and Seebeck coefficient are given in Section 11.3 for each of the thermo- 
couples just mentioned. These tables were taken from Ref 5. 

There are other, but uncommon, materials that have a higher sensitivity 
at very low temperatures, below 50 K: gold-cobalt and gold-iron. Both are 
negative thermoelectric materials and should be matched with KP or EP, 
"normal" silver, or less preferably, TP, to obtain a thermocouple pair. The 
older material, gold-cobalt (2.1 atomic percent cobalt) has been found to 
have significant instabilities caused by room-temperature annealing of the 
metastable solution of cobalt in gold. Because of those problems gold-cobalt 
should not be used any more in the future. The alloy gold-0.07 atomic per- 
cent iron has replaced gold-cobalt: it does not have alloying instabilities, it 
is more homogeneous, and it has a larger Seebeck coefficient. 

A table giving the total voltage and Seebeck coefficient of KP or EP versus 
gold-0.07 atomic percent iron is given also in Section 11.3. This table is 
taken from data published by the National Bureau of Standards [6]. Ref- 
erence tables for several other material combinations that are used as ther- 
mocouples in the cryogenic range are also given in this reference. 

Figure 11.1 compares the Seebeck coefficients of various thermocouples 
used in the cryogenic range. The Seebeck coefficient of Type K is not shown, 
but it would be slightly above that of Type T. 

11.3 Reference Tables (for use in the cryogenic range) 

TABLE l l . l - -  Type E-thermoelectric voltage, E(T), Seebeck coefficient, $(T), and derivative 
of the Seeb(ck coefficient, dS/dT [5]. 

dS/dT,  dS/dT,  
T, K E, #V S, #V/K nV/K 2 T, K E, #V ,5', #V/K nV/K 2 

0 0.00 --0.203 604.4 45 413.20 17.149 318.9 
1 0.09 0.384 571.8 46 430.51 17.467 316.3 
2 0.76 0.941 543.0 47 448.14 17.782 313.6 
3 1,97 1.472 517.7 48 466.07 18.094 311.0 
4 3,69 1.978 495.6 49 484.32 18.404 308.3 

5 5.92 2.464 476.2 50 502.88 18.711 305.6 
6 8.61 2.931 459.4 51 521.74 19.015 303.0 
7 11.77 3.383 444.7 52 540.91 19.317 300.3 
8 15.38 3,821 432.1 53 560.38 19.616 297.7 
9 19.41 4.248 421.1 54 580.14 19.912 295.1 

10 23.87 4.664 411.7 55 600.20 20.206 292,5 
11 28.74 5.072 403.6 56 620.55 20.497 289,9 
12 34.01 5.472 396.7 57 641.19 20.786 287.4 
13 39.68 5.865 390.8 58 662.12 21.072 284.9 
14 45.74 6.254 385.8 59 683.33 21,355 282.5 
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224 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

TABLE 11. l--(Continued). 

dS/dT, dS/dT, 
T, K E, ~aV S, ~V/K nV/K 2 T, K E, ~V S, ~V/K nV/K 2 

15 52.18 6.637 381.5 60 704.83 21.637 280.0 
16 59.01 7.017 377.8 61 726.61 21.915 277.7 
17 66.22 7.393 374.6 62 748.66 22.192 275.4 
18 73.80 7.766 371.9 63 770.99 22.466 273.1 
19 81.75 8.137 369.5 64 793.59 22.738 270.9 

20 90.07 8.505 367.4 65 816.47 23.008 268.8 
21 98.76 8.872 365.6 66 839.61 23.276 266.7 
22 107.81 9.237 363.9 67 863.02 23.541 264.6 
23 117.23 9.600 362.3 68 886.69 23.805 262.6 
24 127.01 9.961 360.8 69 910.63 24.067 260.7 

25 137.15 10.321 359.3 70 934.82 24.326 258.8 
26 147.65 10.680 357.9 71 959.28 24.584 256.9 
27 158.51 11.037 356.4 72 983.99 24.840 255.1 
28 169.73 11.393 354.9 73 1008.96 25.094 253.4 
29 181.30 11.747 353.4 74 1034.18 25.347 251.7 

30 193.22 12.099 351.8 75 1059.65 25.598 250.0 
31 205.50 12.450 350.1 76 1085,37 25.847 248.4 
32 218.12 12.800 348.4 77 1111.35 26.095 246.9 
33 231.09 13.147 346.5 78 1137,56 26.341 245.4 
34 244.41 13.493 344.6 79 1164.03 26.585 243.9 

35 258.08 13.836 342.7 80 1190.73 26.829 242.4 
36 272.09 14.178 340.6 81 1217.68 27.070 241.0 
37 286.43 14.517 338.4 82 1244.87 27.311 239.7 
38 301.12 14.855 336.2 83 1272.30 27.550 238.3 
39 316.14 15.190 333.9 84 1299.97 27,787 237.0 

40 331.50 15.523 331.5 85 1327.88 28.024 235.7 
41 347.19 15.853 329.1 86 1356.02 28.259 234.5 
42 363.20 16.181 326.6 87 1384.40 28.493 233.2 
43 379.55 16.506 324.1 88 1413.01 28.725 232.0 
44 396.21 16.829 321.5 89 1441.85 28.957 230.9 

90 1470.92 29.187 229.7 135 3001.29 38.512 187.3 
91 1500.22 29.416 228.6 136 3039.89 38.699 186.6 
92 1529.75 29.644 227.4 137 3078.69 38.885 185.9 
93 1559.51 29.871 226.3 138 3117.66 39.070 185.1 
94 1589.49 30.097 225.2 139 3156.83 39.255 184.4 

95 1619.70 30.321 224,1 140 3196.17 39.439 183.7 
96 1650.13 30.545 223.1 141 3235.70 39,623 183.0 
97 1680.79 30.768 222.0 142 3275.42 39.805 182.3 
98 1711.67 30.989 221.0 143 3315.31 39.987 181.6 
99 1742.77 31.210 219.9 144 3355.39 40,169 180.9 

100 1774.09 31.429 218.9 145 3395.65 40.349 180.3 
101 1805.63 31.647 217.9 146 3436.09 40.529 179.6 
102 1837.38 31.865 216.9 147 3476.71 40.708 179.0 
103 1869.36 32.081 215.9 148 3517.51 40.887 178.3 
104 1901.54 32.297 214.9 149 3558.48 41.065 177.7 

105 1933.95 32.511 213.9 150 3599.64 41.242 177.0 
106 1966.57 32.724 212.9 151 3640.97 41.419 176.4 
107 1999.40 32.937 211.9 152 3682.47 41.595 175.8 
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TABLE I 1. l--(Conthtued). 

dS/dT, dS/dT. 
T, K E, #V S, #V/K nV/K 2 T, K E, #V S, #V/K nV/K2 

108 2 0 3 2 . 4 4  33.148 210.9 153 3724.16 41.771 175.2 
109 2065.69 33.359 310.0 154 3 7 6 6 . 0 2  41.946 174.6 

110 2 0 9 9 . 1 6  33.568 209.0 155 3808.05 42.120 173.9 
111 2 1 3 2 . 8 3  33.777 208.1 156 3850.26 42.293 173.3 
112 2 1 6 6 . 7 1  33.984 207.1 157 3892.64 42.466 172.7 
113 2200.80 3 4 . 1 9 1  206.2 158 3935.19 42.639 172.1 
114 2235.09 34.397 205.2 159 3 9 7 7 . 9 1  42.811 171.5 

115 2269.59 3 4 . 6 0 1  204.3 160 4 0 2 0 . 8 1  42.982 170.9 
116 2304.29 34. 805 203.4 161 4063.88 42.153 170.3 
117 2339.20 35.008 202.4 162 4 1 0 7 . 1 1  43.323 169.7 
118 2 3 7 4 . 3 1  35.210 201.5 163 4 1 5 0 . 5 2  43.492 169.1 
119 2409.62 3 5 . 4 1 1  200.6 164 4194.10 43.661 168.5 

120 2 4 4 5 . 1 3  35.611 199.7 165 4237.84 43.829 167.9 
121 2 4 8 0 . 8 4  35.811 198.8 166 4281.76 43.997 167.3 
122 2 5 1 6 . 7 5  36.009 198.0 167 4 3 2 5 . 8 4  44.164 166.7 
123 2 5 5 2 . 8 6  36.207 197.1 168 4 3 7 0 . 0 8  44.330 166.1 
124 2 5 8 9 . 1 7  36.403 196.2 169 4414.50 44.496 165.5 

125 2625.67 36.599 195.4 170 4459.07 44.661 164.9 
126 2662.36 36.794 194.5 171 4 5 0 3 . 8 2  44.826 164.3 
127 2699.25 36. 988 193.7 172 4548.73 44. 990 163.7 
128 2 7 3 6 . 3 4  37.181 192.9 173 4593.80 ~ 45.153 163.1 
129 2773.62 37,374 192.0 174 4 6 3 9 . 0 3  45.316 162.5 

130 2811.09 37,565 191.2 175 4 6 8 4 . 4 3  45.478 161.8 
131 2848.75 32,756 190.4 176 4 7 2 9 . 9 9  45.640 161.2 
132 2886.60 32,946 189.6 177 4 7 7 5 . 7 1  45.800 160.6 
133 2 9 2 4 . 6 4  38,136 188.9 178 4821.59 45.961 160.0 
134 2962.87 38,324 188.1 179 4 8 6 7 . 6 3  45.120 159.4 

180 4 9 1 3 . 8 3  46,279 158.7 230 7 4 1 3 . 6 7  53.482 130.9 
181 4960.19 46.438 158.1 231 7 4 6 7 . 2 2  53.613 130.4 
182 5006.70 46.596 157.5 232 7 5 2 0 . 8 9  53.743 129.9 
183 5053.38 46.753 156.9 233 7574.70 53.872 129.4 
184 5 1 0 0 . 2 1  46,909 156.2 234 7 6 2 8 . 6 4  54.002 129.0 

185 5147.20 47.065 155.6 235 7 6 8 2 . 7 0  54.130 128.5 
186 5194.34 47.221 155.0 236 7 7 3 6 . 9 0  54.259 128.0 
187 5241.64 47.375 154.4 237 7 7 9 1 . 2 2  54.386 127.5 
188 5289.09 47.529 153.7 238 7 8 4 5 . 6 7  54.514 127.1 
189 5336.70 47.683 153.1 239 7 9 0 0 . 2 5  54.641 126.6 

190 5384.46 47.835 152.5 240 7 9 5 4 . 9 5  54.767 126.1 
191 5432.37 47.988 151.9 241 8009.78 54.893 125.7 
192 5480.43 48.139 151.2 242 8064.74 55.018 125.2 
193 5528.65 48.290 150.6 243 8 1 1 9 . 8 2  55.143 124.8 
194 5 5 7 7 . 0 1  48.440 150.0 244 8175.02 55.268 124.3 

195 5 6 2 5 . 5 3  48.590 149.4 245 8230.35 55.392 123.9 
196 5674.19 48.739 148.8 246 8 2 8 5 . 8 1  55.516 123.5 
197 5723.00 48.888 148.2 247 8341.38 55.639 123.1 
198 5771.97 49.036 147.6 248 8397.09 55.762 122.7 
199 5821.08 49.183 147.0 249 8 4 5 2 . 9 1  55.884 122.3 
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TABLE 1 i. l--(Conthnled). 

dS/dT, dS/dT. 
T, K E. / tV S. ttV/K nV/K 2 T. K E. #V S. aV/K nV/K 2 

200 5870.33 49.330 146.4 250 8508.85 56.006 121,9 
201 5919.74 49.476 145.9 251 8564.92 56.128 121.5 
202 5969.28 49.622 145.3 252 8621.11 56.250 121.2 
203 6018.98 49.767 144.7 253 8677.42 56.371 120.8 
204 6068.82 49.911 144.1 254 8733.85 56.491 120.5 

205 6118.80 50.055 143;6 255 8790.40 56.611 120.1 
206 6168.93 50.198 143.0 256 8847.07 56.731 119.8 
207 6219.20 50.341 142.5 257 8903.86 56.851 119.4 
208 6269.61 50.483 141.9 258 8960.78 56.970 119.1 
209 6320.16 50.625 141.4 259 9017.81 57,089 118.7 

210 6370.86 50.766 140.9 260 9074.95 57.208 118.3 
21i 6421.69 50.907 140.3 261 9132.22 57.326 117.9 
212 6472.67 51.047 139.8 262 9189.61 57.444 117.4 
213 6523.79 51.186 139.3 263 9247.11 57.561 116.9 
214 6575.04 51.325 138.8 264 9304.73 57.677 116.3 

215 6626.44 51.464 138.3 265 9362.46 57.793 115.6 
216 6677.97 51.602 137.8 266 9420.31 57.908 114.8 
217 6729.64 51.739 137.3 267 9478.28 58.023 113.9 
218 6781.45 51.876 136.8 268 9536.36 58.136 112.8 
219 6833.39 52.013 136.3 269 9594.55 58.248 111.5 

220 6885.47 52.149 135.8 270 9652.85 58.359 110.0 
221 6937.69 52.284 135.3 271 9711.27 58.468 108.2 
222 6990.04 52.419 134.8 272 9769.79 58.575 106.2 
223 7042.53 52.554 134.3 273 9828.42 58.680 103.7 
224 7095.15 52.688 133.8 274 9887.15 58.783 100.9 

225 7147.90 52.821 133.3 275 9945.98 58.882 97.6 
226 7200.79 52.955 132.8 276 10004.91 58.978 93.8 
227 7253.81 53.087 132.3 277 10063.94 59.069 89.3 
228 7306.97 53.219 131.9 278 10123.05 59.156 84.2 
229 7360.25 53.351 131.4 279 10182.25 59.237 78.2 

280 10241.52 59.312 71.4 

TABLE ll.2--23,pe T-thermoelectric voltage, E(T), Seebeck coefficient, S(T), and derivative 
of the Seebeck coefficient, dS/dT [5]. 

dS/dZ dS/d~  
K E, ~V S , ~ V / K  nV/K 2 ~ K E. ~V ~ ~V/K nV/K 2 

0 0.00 --0.400 526.6 45 272.34 11.245 193,5 
1 --0.15 0.099 473.2 46 283.68 11.437 190.3 
2 0.18 0.549 428.0 47 295.21 11.625 187.1 
3 0.94 0.958 390.1 48 306.93 11.811 184.0 
4 2.09 1.332 358.4 49 318.83 11.993 181.0 

5 3.59 1.677 332.3 50 330.92 12.173 178.0 
6 5.43 1.998 310.9 51 343.18 12.349 175.2 
7 7.58 2.300 293.5 52 345.62 12.523 172.5 
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TABLE ll.2--(Comtinued). 

dS/dT, dS/dT, 
7", K E, ~V S, #V/K nV/K 2 T, K E, #V S, #V/K nV/K 2 

8 10.03 2.586 279.7 53 368.23 12.694 169.8 
9 12.75 2.860 268.8 54 381.00 12.863 167.3 

10 15.74 3.124 260.3 55 393.95 13.029 164.9 
11 19.00 3.381 254.0 56 407.06 13.193 162.6 
12 22.50 3.633 249.3 57 420.33 13.354 164.4 
13 26.26 3.880 246.0 58 433.77 13.514 158.4 
14 30.26 4.125 243.8 59 447.36 13.671 156.4 

15 34.51 4.368 242.5 60 461.11 13.826 154.6 
16 39.00 4.610 241.8 61 475.01 13.980 152.9 
17 43.73 4.852 241.5 62 489.07 14.132 151.3 
18 48.70 5.094 241.6 63 503.28 14.283 149.8 
19 53.92 5.335 241.8 64 517.64 14.432 148.4 

20 59.37 5.577 242.2 65 532.14 14.580 147.1 
21 65.07 5.820 242.5 66 546.79 14.726 146.0 
22 71.01 6.062 242.7 67 561.59 14.872 144.9 
23 77.20 6.305 242.7 68 578.54 15.016 143.9 
24 83.62 6.548 242.6 69 591.62 15.159 142.9 

25 90.29 6.790 242.2 70 606.86 15.302 142.1 
26 97.20 7.032 241.6 71 622.23 15.444 141.3 
27 104.36 7.273 240.8 72 637.74 15.584 140.6 
28 111.75 7.513 239.7 73 653.40 15.725 139.9 
29 119.38 7.752 238.3 74 669.19 15.864 139.3 

30 127.25 7.990 236.7 75 685.13 16.003 138.8 
31 135.36 8.226 234.8 76 701.20 16.142 138.3 
32 143.70 8.459 232.7 77 717.41 16.280 137.8 
33 152.28 8.691 230.4 78 733.76 16.417 137.4 
34 161.08 8.920 227.9 79 750.24 16.555 137.0 

35 170.12 9.147 225.2 80 766.87 16.691 136.6 
36 179.38 9.371 222.4 81 783.63 16.828 136.2 
37 188.86 9.592 219.4 82 800.52 16.964 135.9 
38 198.56 9.809 216.4 83 817.55 17.100 135.6 
39 208.48 10.024 213.2 84 834.72 17.235 135.3 

40 218.61 10.236 210.0 85 852.02 17.370 135.0 
41 228.95 10.444 206.7 86 869.46 17.505 134.7 
42 239.49 10.649 203.4 87 887.03 17.640 134.5 
43 250.24 10.851 200.1 88 904.74 17.774 134.2 
44 261.19 11.049 196.8 89 922.58 17.908 133.9 

90 940.56 18.042 133.7 140 2004.33 24.420 123.2 
91 958.66 18.175 133.4 141 2028.82 24.543 123.0 
92 976.91 18.309 133.1 142 2053.42 24.666 122.9 
93 995.28 18.442 132.9 143 2078.15 24.789 122.7 
94 1013.79 18.574 132.6 144 2103.00 24.911 122.6 

95 1032.43 18.707 132.3 145 2127.97 25.034 122.4 
96 1051.20 18.839 132.1 146 2153.07 25.156 122.3 
97 1070.11 18.971 131.8 147 2178.28 25.279 122.1 
98 1089.14 19.102 131.5 148 2203.62 25.401 121.9 
99 1108.31 19.234 131.2 149 2229.08 25.522 121.8 
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TABLE ll.2--(Continued). 

dS/d~ dS/d~ 
K E, #V ~ #V/K nV/K 2 ~ K ~ #V ~ #V/K nV/K 2 

100 1127.61 1 9 . 3 6 5  131.0 150 2254.67 25.644 121.6 
101 1147.04 19.496 130.7 151 2280.37 25,766 121.4 
102 1166.60 19.626 130.4 152 2306.20 25.887 121.2 
103 1186.29 19.757 130.1 153 2332.15 26,008 121.0 
104 1206.12 19.886 129.8 154 2 3 5 8 . 2 1  26,129 120.7 

105 1226.07 20.016 129.6 155 2384.40 26.249 120.5 
106 1 2 4 6 . 1 5  20.146 129.3 156 2 4 1 0 . 7 1  26.370 120.3 
107 1266.36 20.275 129.0 157 2437.14 26,490 120.1 
108 1286.70 20.404 128.7 158 2463.69 26.610 119.8 
109 1307.17 20.532 128.5 159 2490.36 26.730 119.6 

110 1327.76 20.661 128.2 160 2517.15 26.849 119.3 
111 1348.49 20.789 128.0 161 2544.06 26.968 119.0 
112 1369.34 20,916 127.7 162 2571.09 27.087 118.8 
113 1390.32 21.044 127.5 163 2598.24 27,206 118.5 
114 1411.43 21.171 127.2 164 2625.50 27.324 118.2 

115 1432.66 21.298 127.0 165 2652.88 27.442 118.0 
116 1454.02 21.425 126.8 166 2680.39 27.560 117.7 
117 1475.51 21,552 126.6 167 2708.00 27,678 117.4 
118 1497.13 21.678 126.3 168 2735.74 27.795 117.1 
119 1518.87 21.805 126.1 169 2763.69 27.912 116.8 

120 1540.74 21.931 126.0 170 2791.56 28.029 116.6 
121 1562.73 22.057 125.8 171 2819.65 28.145 116.3 
122 1584.85 22.182 125.6 172 2847.85 28.261 116.0 
123 1607.10 22.308 125.4 173 2876.17 28,377 115.7 
124 1629.47 22.433 125.3 174 2 9 0 4 . 6 1  28.493 115.5 

125 1651.96 22.558 125.1 175 2933.16 28.608 115.2 
126 1674.58 22.683 125.0 176 2961.82 28.723 114.9 
127 1697.33 22.808 124.8 177 2990.60 28.838 114.7 
128 1720.20 22.933 124.7 178 3019.50 28.952 114.4 
129 1743.20 23.058 124.5 179 3 0 4 8 . 5 1  29.067 114.2 

130 1766.31 23.182 124.4 180 3077.63 29.181 113.9 
131 1789.56 23.306 124.3 181 3106.87 29.294 113.7 
132 1812.93 23,431 124.2 182 3136.22 29.408 113.4 
133 1836.42 23.555 124.0 183 3165.68 29.521 113.2 
134 1860.04 23.679 123.9 184 3195.28 29.634 113.0 

135 1883.78 23.803 123.8 185 3224.95 29.747 112.8 
136 1907.64 23.926 123.7 186 3254.76 29,860 112.5 
137 1931.63 24.050 123.5 187 3284.67 29.972 112.3 
138 1955.74 24.173 123.4 188 3314.70 30.085 112.1 
139 1979.98 24.297 123.3 189 3344.84 30.197 111.9 

190 3375.09 30.308 111.7 235 4848.69 35,093 100.0 
191 3405.46 30,420 111.5 236 4883.84 35,193 99.9 
192 3435.93 30.531 111.3 237 4919.08 35,293 99.7 
193 3466.52 30.643 111.1 238 4954.42 35.392 99.5 
194 3497.22 30.754 111.0 239 4989.86 35.492 99.4 

195 3528.03 30.865 110.8 240 5025.40 35.591 99.3 
196 3558.95 30.975 110.6 241 5061.04 35,690 99.2 
197 3589.98 31.086 110.4 242 5096.78 35.789 99.1 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 11 ON CRYOGENICS 229 

TABLE II .2--(Conthmed). 

T.K 

198 
199 

200 
201 
202 
2O3 
204 

205 
206 
207 
208 
209 

210 
211 
212 
213 
214 

215 
216 
217 
218 
219 

220 
221 
222 
223 
224 

225 
226 
227 
228 
229 

230 
231 
232 
233 
234 

dS/dT, 
E,#V S,#V/K nV/K 2 

3621.12 31.196 110.2 
3652.37 31.306 110.0 

3683.73 31.416 109.8 
3715.20 31.526 109.6 
3746.78 31.635 109.4 
3778.47 31.744 109.2 
3810.27 31.853 108.9 

3842.18 31.962 108.7 
3874.20 32.071 108.5 
3906.32 32.179 108.2 
3938.55 32.287 108.0 
3970.90 32.395 107.7 

4003.34 32.503 107.4 
4035.90 32.610 107.2 
4068.56 32.717 106.9 
4101.34 32.824 106.6 
4134.21 32.930 106.3 

4167.20 33.036 106.0 
4200.29 33.142 105.7 
4233.48 33.248 105.4 
4266.78 33.353 105.0 
4300.19 33.458 104.7 

4333.70 33.562 104.4 
4367.31 33.667 104.0 
4401.03 33.770 103.7 
4434.85 33.874 103.4 
4468.78 33.977 103.1 

4502.81 34.080 102.7 
4536.94 34.183 102.4 
4571.17 34.285 102.1 
4605.51 34.387 101.8 
4639.94 34.488 101.5 

4674.48 34.590 101.2 
4709.12 34.691 101.0 
4743.87 34.792 100.7 
4778.71 34.892 100.5 
4813.65 34.993 100.2 

T,K 
dSAIT. 

E. ,uV S. #V/K nV/K 2 

243 5132.62 35.888 99.0 
244 5 1 6 8 . 5 6  35.987 98.9 

245 5204.60 36.086 98.8 
246 5 2 4 0 . 7 3  36.185 98.8 
247 5276.97 36.284 98.7 
248 5313.30 36.382 98.6 
249 5 3 4 9 . 7 3  36.481 98.5 

250 5386.26 36.579 98.4 
251 5422.89 36.678 98.3 
252 5 4 5 9 . 6 2  36.776 98.1 
253 5 4 9 6 . 4 4  36.874 97.9 
254 5533.37 36.972 97.6 

255 5570.39 37.069 97.3 
256 5607.50 37.166 97.0 
257 5 6 4 4 . 7 2  37.263 96.6 
258 5 6 8 2 . 0 3  37.359 96.1 
259 5 7 1 9 . 4 4  37.455 95.6 

260 5756.94 37.551 95.0 
261 5794.54 37.645 94.3 
262 5 8 3 2 . 2 3  37.739 93.6 
263 5 8 7 0 . 0 2  37.833 92.9 
264 5907.90 37.925 92.1 

265 5945.87 38.017 91.3 
266 5 9 8 3 . 9 3  38.108 90.5 
267 6022.08 38.198 89.8 
268 6 0 6 0 . 3 2  38.287 89.0 
269 6098.66 38.376 88.4 

270 6137.08 38.464 88.0 
271 6175.58 38.552 87.7 
272 6 2 1 4 . 1 8  38.640 87.8 
273 6 2 5 2 . 8 6  38.728 88.2 
274 6 2 9 1 . 6 4  38.816 89.0 

275 6330.50 38.906 90.5 
276 6 3 6 9 . 4 5  38.997 92.6 
277 6408.49 39.091 95.6 
278 6 4 4 7 . 6 3  39.189 99.7 
279 6 4 8 6 . 8 7  39.291 105.0 

280 6 5 2 6 . 2 2  39.399 111.8 
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TABLE l l .3--Type K.thermoelectric voltage, E(T), Seebeck coefficient, S(T), and derivative 
of Seebeck coefficient, dS/dT [5]. 

dS/dZ  dS /dZ  
Z K ~ #V & ~V/K nV/K 2 Z K ~ ~V S, aV/K nV/K 2 

0 0.00 0.241 146.9 45 214.95 9.683 212.9 
1 0.32 0.391 154.3 46 224.74 9.896 211.8 
2 0.78 0.549 161.3 47 234.75 10.107 210.8 
3 1.42 0.714 167.7 48 244.96 10.317 209.7 
4 2.21 0.884 173.7 49 255.38 10.526 208.7 

5 3.19 1.061 179.2 50 266.01 10.735 207.6 
6 4.34 1.243 184.3 51 276.85 10.942 206.5 
7 5.67 1.429 189.0 52 287.89 11.148 205.5 
8 7.20 1.621 193.4 53 299.14 11.353 204.4 
9 8.92 1.816 197.3 54 310.60 11.556 203.3 

10 10.83 2.015 200.9 55 322.26 11.759 202.3 
11 12.95 2.218 204.2 56 334.12 11.961 201.2 
12 15.27 2.424 207.2 57 346.18 12.162 200.1 
13 17.80 2.632 209.9 58 358.44 12.361 199.1 
14 20.53 2.843 212.3 59 370.90 12.560 198.1 

15 23.48 3.057 214.5 60 383.56 12.757 197.0 
16 26.65 3.272 216.4 61 396.41 12.954 196.0 
17 30.03 3.489 218.1 62 409.47 13.149 195.0 
18 33.63 3.708 219.5 63 422.71 13.344 194.0 
19 37.45 3.928 220.8 64 436.15 13.537 193.0 

20 41.48 4.150 221.9 65 449.79 13.730 192.1 
21 45,75 4.372 222.8 66 463.61 13.922 191.1 
22 50.23 4.595 223.5 67 477.63 14.112 190.2 
23 54.94 4.819 224.0 68 491.84 14.302 189.2 
24 59.87 5.043 224.4 69 506.23 14.491 188.3 

25 65.02 5.268 224.7 70 520.82 14.678 187.4 
26 70.40 5.493 224.9 71 535.59 14.865 186.5 
27 76.01 5.718 224.9 72 550.55 15.051 185.6 
28 81.84 5.942 224.8 73 565.69 15.237 184.8 
29 87.89 6.167 224.6 74 581.02 15.421 183.9 

30 94.17 6.392 224.3 75 596.53 15.604 183.1 
31 100.68 6.616 224.0 76 612.23 15.787 182.2 
32 107.40 6.840 223.5 77 628.11 15.969 181.4 
33 114.36 7.063 223.0 78 644.17 16.150 180.6 
34 121.53 7.285 222.4 79 660.41 16.330 179.8 

35 128.93 7.508 221.7 80 676.83 16.510 179.1 
36 136.54 7.729 221.0 81 693.43 16.688 178.3 
37 144.38 7.950 220.3 82 710.20 16.866 177.5 
38 152.44 8.169 219.4 83 727.16 17.043 176.8 
39 160.72 8.388 218.6 84 744.29 17,220 176.1 

40 169.22 8.607 217.7 85 761.60 17.396 175.3 
41 177.94 8.824 216.8 86 779.08 17.571 174.6 
42 186.87 9.040 215.8 87 796.74 17.745 173.9 
43 196.02 9.256 214.9 88 814.57 17.918 173.2 
44 205.38 9.470 213.9 89 832.58 18.091 172.6 

90 850.75 18.264 171.9 140 1966.10 26.107 142.3 
91 869.10 18.435 171.2 141 1992.28 26.249 141.7 
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TABLE 11.3--(Continued). 

dS/dT, dS/dT, 
7", K E, ttV S, #V/K nV/K 2 T, K E, p.V S, #V/K nV/K 2 

92 887.62 18.606 170.6 142 2018.60 26.391 141.1 
93 906.31 18.776 169.9 143 2045.06 26.532 140.6 
94 925.18 18.946 169.3 144 2071.66 26.672 140.0 

95 944.21 19.115 168.6 145 2098.40 26.811 139.4 
96 %3.40 19.283 168.0 146 2125.28 26.950 138.8 
97 982.77 19.451 167.4 147 2152.30 27.089 138.2 
98 1002.31 19.618 166.8 148 2179.46 27.227 137.6 
99 1022.01 19.784 166.2 149 2206.75 27.364 137.0 

100 1041.87 19.950 165.5 150 2234.19 27.501 136.4 
101 1061.91 20.115 164.9 151 2261.76 27.637 135.7 
102 1082.11 20.280 164.3 152 2289.46 27.772 135.1 
103 1102.47 20.444 163.7 153 2317.30 27.907 134.5 
104 1122.99 20.608 163.2 154 2345.27 28.041 133.9 

105 1143.68 20.770 162.6 155 2373.38 28.175 133.3 
106 1164.53 20.933 162.0 156 2401.62 28.308 132.7 
107 1185.55 21.094 161.4 157 2430.00 28.440 132.1 
108 1206.72 21.255 160.8 158 2458.50 28.572 131.5 
109 1228.06 21,416 160.2 159 2487.14 28.703 130.9 

110 1249.55 21.576 159.7 160 2515.91 28.834 130.3 
111 1271.21 21.735 159.1 161 2544.81 28.964 129.7 
112 1293.02 21.894 158.5 162 2573.84 29.093 129.0 
113 1315.00 22.052 157.9 163 2603.00 29.222 128.4 
114 1337.13 22.210 157.4 164 2632.28 29.350 127.8 

115 1359.42 22.367 156.8 165 2661.70 29.478 127.2 
116 1381.86 22.524 156.2 166 2691.24 29.604 126.6 
117 1404.46 22.679 155.6 167 2720.90 29.731 126.0 
118 1427.22 22.835 155.1 168 2750.70 29.856 125.3 
119 1450.13 22.990 154.5 169 2780.62 29.981 124.7 

120 1473.20 23.144 153.9 170 2810.66 30.106 124.1 
121 1496.42 23.297 153.4 171 2840.83 30.230 123.5 
122 1519.80 23.451 152.8 172 2871.12 30.353 122.9 
123 1543.32 23.603 152.2 173 2901.53 30.475 122.2 
124 1567.00 23.755 151.6 174 2932.07 30.597 121.6 

125 1590.83 23.906 151.1 175 2962.73 30.718 121.0 
126 1614.81 24.057 150.5 176 2993.51 30.839 120.4 
127 1638.95 24.207 149.9 177 3024.41 30.959 119.7 
128 1663.23 24.357 149.3 178 3055.42 31.079 119.1 
129 1687.66 24.506 148.8 179 3086.56 31.197 118.5 

130 1712.24 24.654 148.2 180 3117.82 31.316 117.9 
131 1736.97 24.802 147.6 181 3149.19 31.433 117.2 
132 1761.84 24.950 147.0 182 3180.68 31.550 116.6 
133 1786.87 25.096 146.4 183 3212.29 31.666 116.0 
134 1812.04 25.243 145.9 184 3244.02 31.782 115.3 

135 1837.35 25.388 145.3 185 3275.86 31.897 114.7 
136 1862.81 25.533 144.7 186 3307.81 32.011 114.1 
137 1888.42 25.678 144.1 187 3339.88 32.125 113.4 
138 1914.17 25.821 143.5 188 3372.06 32.238 112.8 
139 1940.06 25.965 142.9 189 3404.36 32.351 112.2 
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TABLE ll.3--(Continued). 

dS/dT, dS/dT. 
T, K E, ~.V S, ttV/K nV/K 2 T, K E, ~V S, #V/K nV/K 2 

190 3436.76 32.463 111.5 235 5000.69 36.825 82.2 
191 3469.28 32.574 110.9 236 5037.55 36.907 81.6 
192 3501.91 32.684 110.3 237 5074.50 36.988 80.9 
193 3534.65 32.794 109.6 238 5111.53 37.069 80.3 
194 3567.50 32.904 109.0 239 5148.64 37.149 79.6 

195 3600.46 33.012 108.3 240 5185.83 37.228 79.0 
196 3633.52 33.120 107.7 241 5223.10 37.307 78.4 
197 3666.70 33,228 107.1 242 5260.44 37.385 77.7 
198 3699.98 33,334 106.4 243 5297.87 37.462 77.1 
199 3733.36 33.440 105.8 244 5335.37 37.539 76.4 

200 3766.86 33.546 105.1 245 5372.94 37.615 75.8 
i 

201 3800.46 33.651 104.5 246 5410.60 37.691 75.1 
202 3834.16 33.755 103.8 247 5448.32 37.765 74.5 
203 3867.96 33.858 103,2 248 5486.13 37.840 73.8 
204 3901.87 33.961 102.5 249 5524.00 37.913 73.2 

205 3935.89 34,063 101.9 250 5561.95 37,986 72.5 
206 3970.00 34.165 101.2 251 5599.98 38,058 71.9 
207 4004.22 34,266 100.6 252 5638.07 38.130 71.2 
208 4038.53 34.366 99.9 253 5676.23 38.201 70.6 
209 4072.95 34.466 99.3 254 5714.47 38.271 69,9 

210 4107.46 34.565 98.6 255 5752.78 38.340 69.2 
211 4142.08 34.663 98.0 256 5791.15 38.409 68.5 
212 4176.79 34.761 97.3 257 5829.59 38.477 67.9 
213 4211.60 34.857 96.7 258 5868.10 38.545 67.2 
214 4246.50 34.954 96.0 259 5906.68 38.612 66.5 

215 4281.51 35.049 95.3 260 5945.33 38.678 65.8 
216 4316.60 35.144 94.7 261 5984.04 38.743 65.1 
217 4351.79 35.239 94.0 262 6022.81 38.808 64.3 
218 4387.08 35.333 93.4 263 6061.65 38.872 63.6 
219 4422.46. 35.426 92.7 264 6100.56 38.935 62.8 

220 4457.93 35.518 92.1 265 6139.52 38.998 62.1 
221 4493.49 35.610 91.4 266 6178.55 39.059 61.3 
222 4529.15 35.701 90.7 267 6217.64 39.120 60.5 
223 4564,90 35.791 90.1 268 6256.79 39.180 59.6 
224 4600.73 35.881 89.4 269 6296.00 39.239 58.8 

225 4636.66 35.970 88.8 270 6335.27 39.298 57.9 
226 4672.67 36.059 88.1 271 6374,60 39.355 57.0 
227 4708.77 36.146 87.5 272 6413.98 39.412 56.1 
228 4744.96 36.233 86.8 273 6453.42 39.467 55.1 
229 4781.24 36.320 86.2 274 6492.91 39.522 54.1 

230 4817.60 36.406 85.5 275 6532.46 39.575 53.0 
231 4854.05 36,491 84.8 276 6572.06 39.628 S1.9 
232 4890.59 36.575 84.2 277 6611.72 39.679 50.8 
233 4927.20 36.659 83.5 278 6651.42 39.729 49.6 
234 4963.90 36.743 82.9 279 6691.18 39.778 48.4 

280 6730.98 39,826 47.1 
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TABLE 11.4--Thermocouple, KP or EP versus gold-O. 07 atomic percent iron.thermoelectric 
voltage, Seebeck coefficient, and derivative of the Seebeck coefficient; E : f (T) [6]. 

d S / d Z  dS /dZ  
K E, #V S , ~ V / K  nV/K 2 ~ K E, #V S , # V / K  nV/K 2 

0 0.00 0.000 0.0 45 710.22 16.569 26.9 
1 7,85 8,673 1565,8 46 726.81 16.597 29.3 
2 17.27 10.127 1346.7 47 743.42 16.628 31.4 
3 28.04 11.375 1152.4 48 760.06 16.660 33.3 
4 39.96 12.439 980.4 49 776.74 16.694 35.0 

5 52.86 13,342 828.8 50 793.45 16.730 36.5 
6 66.59 14,103 695.4 51 810.20 16.767 37.8 
7 81.03 14.739 578.6 52 826.99 16.806 38.9 
8 96.04 15.265 476.7 53 843.81 16.845 39.9 
9 111.52 15.697 388.1 54 860.68 16,885 40.7 

10 127.40 16.045 311.5 55 877.58 16.926 41.4 
11 143.59 16.323 245.6 56 894.53 16.968 42.0 
12 160.03 16,540 189.2 57 911.52 17.010 42.5 
13 176.65 16.704 141.4 58 928.55 17,053 42.9 
14 193.42 16.825 101.0 59 945.63 17.096 43.2 

15 210.29 16,909 67,3 60 962.74 17.139 43.4 
16 227.23 16,962 39,5 61 979.90 17.183 43.6 
17 244,21 16.989 16,8 62 997.11 17.226 43.7 
18 261.20 16.997 --1.4 63 1 0 1 4 . 3 6  17.270 43.7 
19 278.19 16.988 --15.7 64 1 0 3 1 . 6 5  17.314 43.7 

20 295.17 16,966 --26.6 65 1 0 4 8 . 9 9  17.358 43.7 
21 312.12 16.935 --34.6 66 1 0 6 6 . 3 6  17.401 43.7 
22 329.04 16.898 --40.1 67 1 0 8 3 . 7 9  17.445 43.6 
23 345.92 16.856 --43.5 68 1 1 0 1 . 2 5  17.489 43.5 
24 362.75 16.811 --45.1 69 1 1 1 8 . 7 6  17.532 43.4 

25 379.54 16.766 --45.3 70 1 1 3 6 . 3 2  17.575 43.3 
26 396.28 16,721 --44,2 71 1 1 5 3 . 9 2  17,619 43.2 
27 412.98 16.678 --42.1 72 1 1 7 1 . 5 6  17.662 43.1 
28 429.64 16.637 --39.2 73 1 1 8 9 . 2 4  17.705 42.9 
29 446.26 1 6 .  6 0 0  - -  35.7 74 1 2 0 6 . 9 6  17,748 42.8 

30 462.84 16.566 --31.8 75 1 2 2 4 , 7 3  17.790 42.7 
31 479.39 16.536 --27.5 76 1 2 4 2 , 5 5  17.833 42.6 
32 495.92 16.511 --23.0 77 1 2 6 0 . 4 0  17.875 42,4 
33 512.42 16.490 --18.4 78 1 2 7 8 . 3 0  17,918 42,3 
34 528,90 16,474 -- 13,8 79 1 2 9 6 , 2 4  17,960 42,2 

35 545.37 16.463 --9.2 80 1 3 1 4 . 2 2  18.002 42.0 
36 561.83 16,456 --4.7 81 1 3 3 2 . 2 4  18.044 41.9 
37 578.28 16.453 --0.4 82 1 3 5 0 . 3 0  18.086 41.8 
38 594.73 16,455 3.8 83 1 3 6 8 . 4 1  18.128 41.6 
39 611.19 16.461 7.8 84 1 3 8 6 . 5 6  18.169 41.5 

40 627.66 16.471 11.6 85 1 4 0 4 . 7 5  18.211 41.3 
41 644.13 16.484 15.2 86 1 4 2 2 . 9 8  18.252 41.2 
42 660.63 16.501 18.5 87 1 4 4 1 . 2 5  18.293 41.0 
43 677.14 16,521 21.5 88 1 4 5 9 . 5 7  18.334 40.9 
44 693.67 16,544 24.3 89 1 4 7 7 . 9 2  18.375 40.7 

90 1 4 9 6 , 3 2  18,415 40,5 140 2 4 6 2 . 1 5  20,094 26,7 
91 1 5 1 4 . 7 5  18,456 40.3 141 2482.25 20.120 26.5 
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TABLE ll.4--(Continued). 

dS/d~ dS/d~ 
K E,~V S,~V/K nV/K 2 ~ K E,~V S,~V/K nV/K 2 

92 1533.23 18.496 40.2 142 2. '502.39 20.147 26.3 
93 1551,74 18.536 40.0 143 2522.55 20.173 26.1 
94 1570,30 18.576 39.7 144 2542.73 20.199 26.0 

95 1588.89 18,615 39.5 145 2562.94 20.225 25.8 
96 1607.53 18,655 39.3 146 2583.18 20.2.50 25.6 
97 1626.20 18.694 39.1 147 2603.45 20.276 25.4 
98 1644.92 18.733 38.8 148 2623.73 20.301 2.5.3 
99 1663.67 18.772 38.5 149 2644.05 20.327 25.1 

100 1682.46 18.810 38.3 150 2664.39 20.352 24.9 
101 1701.29 18.848 38.0 151 2684.75 20.376 24.7 
102 1720.16 18.886 37.7 152 2705.14 20.401 24.6 
103 1739.06 18.924 37.4 153 2725.55 20.426 24.4 
104 1758.00 18.961 37.1 154 2745.99 20.450 24.2 

105 1776.98 18.998 36.8 155 2766.45 20.474 24.1 
106 1796.00 19.035 36.5 156 2786.94 20.498 23.9 
107 1815.05 19.071 36.2 157 2807.45 20.522 23.7 
108 1834.14 19.107 35.8 158 2827.98 20.545 23.5 
109 1853.27 19.143 35.5 159 2848.54 20.569 23.4 

110 1872.43 19.178 35.2 160 2869.12 20.592 23.2 
111 1891.62 19.213 34.8 161 2889.72 20.615 23.0 
112 1910.85 19.248 34.5 162 2910.35 20.638 22.8 
113 1930.12 19.282 34.2 163 2931.00 20.661 22.6 
114 1949.42 19.316 33.8 164 2951.67 20.683 22.5 

115 1968.75 19.350 33,5 165 2972.37 20.706 22.3 
116 1988.12 19.383 33.2 166 2993.08 20.728 22.1 
117 2007.52 19.416 32.8 167 3013.82 20.750 21.9 
118 2026.95 19.449 32.5 168 3034.58 20.772 21.7 
119 2046.41 19.481 32.2 169 3055.37 20.793 21.5 

120 2065.91 19.513 31.8 170 3076.17 20.815 21.3 
121 2085.44 19.545 31.5 171 3096.99 20.836 21.1 
122 2105.00 19.576 31.2 172 3117.84 20.857 21.0 
123 2124.59 19.607 30.9 173 3138.71 20.878 20.8 
124 2144.21 19.638 30.6 174 3159.60 20.899 20.6 

125 2163.87 19.668 30.3 175 3180.51 20.919 20.4 
126 2183.55 19.698 30.0 176 3201.44 20.939 20.2 
127 2203.26 19.728 29.7 177 3222.38 20.960 20.1 
128 2223.00 19.758 29.4 178 3243.35 20.980 19.9 
129 2242.78 19.787 29.2 179 3264.34 20.999 19.7 

130 2262.58 19.816 28.9 180 3285.35 21.019 19.6 
131 2282.41 19.845 28.7 181 3306.38 21.038 19.4 
132 2302.27 19.873 28.4 182 3327.43 21.058 19.2 
133 2322.16 19.902 28.2 183 3348.50 21.077 19.1 
134 2342.07 19.930 28.0 184 3369.58 21.096 18.9 

135 2362.02 19.9,58 27.7 185 3390.69 21.115 18.8 
136 2381.99 19.985 27.5 186 3411.81 21.133 18.6 
137 2401.99 20.013 27.3 187 3432.96 21.152 18.5 
138 2422.01 20.040 27.1 188 3454.12 21.171 18.4 
139 2442.07 20.067 26.9 189 3475.30 21.189 18.3 
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TABLE ll.4--(Continued), 

dS/dT, dS/dT, 
T, K E, ~V S, /,tV/K nV/K 2 T, K E, ~V S, ~V/K nV/K 2 

190 3496.49 21.207 18.1 235 4467,28 21.881 10.3 
191 3 5 1 7 . 7 1  21.225 18.0 236 4489,17 21.891 10.1 
192 3 5 3 8 . 9 4  21.243 17.9 237 4511,06 21.901 9.9 
193 3560.20 21.261 17.8 238 4532.97 21.911 9.8 
194 3581.47 21.279 17.7 239 4554.88 21.921 9.6 

195 3 6 0 2 . 7 5  21.296 17.6 240 4 5 7 6 . 8 1  21.930 9.5 
196 3 6 2 4 . 0 6  21.314 17.5 241 4598.74 21.940 9.4 
197 3645.38 21.331 17.4 242 4 6 2 0 . 6 9  21.949 9.3 
198 3 6 6 6 . 7 2  21.348 17.3 243 4642.64 21.958 9.3 
199 3688.08 21.366 17.2 244 4 6 6 4 . 6 1  21.968 9.2 

200 3 7 0 9 . 4 5  21.383 17.1 245 4686.58 21.977 9.2 
201 3 7 3 0 . 8 4  21.400 17.0 246 4708.56 21.986 9.3 
202 3 7 5 2 . 2 5  21.417 16.9 247 4730.55 21.995 9.3 
203 3 7 7 3 . 6 8  21.434 16.8 248 4 7 5 2 . 5 5  22.005 9.4 
204 3 7 9 5 . 1 2  21.450 16.7 249 4774.56 22.014 9.5 

205 3816.58 21.467 16.5 250 4796.58 22.024 9.6 
206 3838.05 21.483 16.4 251 4 8 1 8 . 6 1  22.034 9.8 
207 3 8 5 9 . 5 4  21.500 16.3 252 4 8 4 0 . 6 4  22.043 10.0 
208 3 8 8 1 . 0 5  21.516 16.2 253 4862.69 22.053 10.2 
209 3902.58 21.532 16.0 254 4884.75 22.064 10.3 

210 3 9 2 4 . 1 2  21.548 15.9 255 4 9 0 6 . 8 2  22.074 10.6 
211 3945.67 21.564 15.8 256 4928.90 22.085 10.8 
212 3967.24 21.580 15.6 257 4950.99 22.096 11.0 
213 3 9 8 8 . 8 3  21.595 15.4 258 4973.09 22.107 11.1 
214 4 0 1 0 . 4 3  21.610 15.3 259 4995.20 22.118 11.3 

215 4 0 3 2 . 0 5  21.626 15.1 260 5 0 1 7 . 3 3  22.129 11.5 
216 4053.69 21.641 14.9 261 5039.46 22.141 11.6 
217 4 0 7 5 . 3 3  21.655 14.7 262 5 0 6 1 . 6 1  22.152 11.6 
218 4097.00 21.670 14.5 263 5083.77 22.164 11.7 
219 4 1 1 8 . 6 7  21.684 14.3 264 5105.94 22.176 11.6 

220 4140.36 21.698 14.0 265 5128.12 22.187 11.5 
221 4162.07 21.712 13.8 266 5 1 5 0 . 3 1  22.199 11.3 
222 4183.79 21.726 13.6 267 5 1 7 2 . 5 2  22.210 11.1 
223 4 2 0 5 . 5 2  21.739 13.3 268 5 1 9 4 . 7 3  22.221 10,7 
224 4 2 2 7 . 2 7  21.753 13.1 269 5216.96 22.231 10.3 

225 4 2 4 9 . 0 3  21.766 12.8 270 5239.19 22.241 9.7 
226 4270.80 21.778 12.5 271 5261.44 22.251 9.0 
227 4 2 9 2 . 5 8  21.791 12.3 272 5283.70 22.259 8.2 
228 4 3 1 4 . 3 8  21.803 12.0 273 5305.96 22.267 7.3 
229 4336.19 21.815 11.8 274 5 3 2 8 . 2 3  22.274 6.3 

230 4 3 5 8 . 0 1  21.826 11.5 275 5 3 5 0 . 5 1  22.280 5.2 
231 4 3 7 9 . 8 4  21.838 11.3 276 5372.79 22.284 4.0 
232 4401.68 21.849 11.0 277 5395.08 22.288 2.7 
233 4 4 2 3 . 5 4  21.860 10.8 278 5417.36 22.290 1.3 
234 4445.40 21,870 10.5 279 5439.65 22.290 --0.1 
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FIG. 11.1 --Seebeck coefficients for Types E, 1", and EP versus A u-O, 07 Fe. 
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Chapter 12--Temperature 
Measurement Uncertainty 

12.1 The General Problem 

Every measurement has associated with it an error. This is a real certain 
value which really exists but cannot be known. It is different from the uncer- 
tainty of the measurement, which reflects only our understanding of the er- 
ror. This chapter will deal primarily with the uncertainty. 

An error may be caused by a mistake or by a broken instrument as well as 
by the usual variation in parameters affecting the temperature measurement. 
A mistake, like connecting a Type E thermocouple to a Type K instrument or 
using a broken instrument, in which perhaps a reference diode has failed, is 
regrettable but cannot be analyzed by usual statistical methods. Hence, these 
events are not treated herein. 

Aside from mistakes and broken instruments, errors due to imprecision 
are apparent in a simple example: Suppose you want to heat a pot of water to 
13S~ You insert a proper thermocouple and take a reading. If you take 
another reading, they will not be the same unless your experimental tech- 
nique is too poor to resolve the difference. If you further check with another 
thermocouple or at a different point in the pot, or call an assistant to check 
you, or try another instrument, you probably will get as many different 
answers as the number of measurements made. This variation is to be ex- 
pec ted- i t  reflects the uncertainty of the measurement. It may not present a 
problem. If you just want the water to wash your dishes, and will be happy 
with any temperature 125 to 145~ you probably need read no further. But if 
you are using this as a reagent where _+0.S degree is important, you need to 
estimate the error, and you need to know how well you know the error. 

As in all statistical analysis, the credibility of the work is enhanced by its 
success in predicting. When the analyst predicts a variability which is grossly 
different from that observed in a test, his judgment is flawed. Either his 
model or his analysis is wrong. Statistics do not lie, but they can be 
misleading by misapplication or by intent. 

In the discussion which follows, no attempt will be made to teach statistics. 
This topic has been covered more than adequately by Benedict [1],l Chatfield 
[2], Spiegel [3], Abernethy [4], and the ASTM Committee E-11 on Statistical 
Techniques [5]. Certain terms developed by these authors are redefined for 

IThe italic numbers in brackets refer to the list of references appended to this paper. 
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238 THE USE OF THERMOCOUPLES IN TEMPERATURE MEASUREMENT 

convenience in paragraph 12.2 in the context of temperature measurements, 
and examples of their use are given in paragraph 12.3. The reader who wants 
to apply these tools will probably need to study some of the references if he is 
not familiar with their use. 

12.2 Tools of the Trade 

The language of measurement uncertainty is largely the language of 
statistics, and, like statistics, it is often misunderstood. Statistical words are 
very precise in their meaning, like legal terms, and he who uses them 
carelessly does so not only at his own risk but also at that of the reader. For 
convenience, the following terms are defined here in the context of ther- 
mocouple measurements. 

12.2.1 Average and Mean 

Average and mean are synonymous and are best defined by the equation 

average X = ~,xi/n,, denoted 

where n is the number of measurements Xi. The definition "X = (Xmax + 
X rain)/2," though commonly used in other applications, has no place in 
measurement uncertainty. The symbol X is used for the average of a set of 
measurements; # is the average of the total population. 

The term across is introduced at this point. Like many statistical terms, an 
average is always across a specific group of data. The average across a series 
of readings (subset) will differ from the average across another subset, and 
from the average of the total population, which is seldom known. We must 
always know what we are averaging aeross. 

12.2.2 Normal or Gaussian Distribution 

Normal or Gaussian distribution is defined by the formula 

1 
Ax) = ~ e -1:2~'-"}2': 

where o is the standard deviation of the total population. In the analysis of 
measurement uncertainty, this formula is seldom used directly, but it defines 
the dispersion that usually exists in real physical data. The careful in- 
vestigator will always check the normality of his test data before applying 
normal statistics to it. A visual check is often sufficient, especially with the 
aid of probability-plot paper (See 12.3.4). 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 12 ON TEMPERATURE MEASUREMENT UNCERTAINTY 239 

12.2.3 Standard Deviation attd Variance 

The standard deviation and variance are measures of the precision or scat- 
ter of normally distributed data, that is, the extent to which such data 
departs from the mean. The variance is the sum of the squares of the devia- 
tions of the individual measurements from the mean, divided by the degrees 
of freedom. The standard deviation is the square root of the variance. An 
estimate of the standard deviation is s defined as 

/ 
s : ~/~(X~ 

n - -  i 

Obviously, the variance, s 2, is the same equation without the radical. The 
impact of moderately priced personal calculators on these evaluations is 
clear. Statistical calculations can be performed easily which would probably 
be too tedious to perform longhand. 

12.2.4 BiNs, Precision, and Uncertahlty 

BiNs, precision, and uncertahtty are the key terms for describing defects in 
measurement, confusing at times because of careless use. Precision is the 
scatter, usually random, between measurements in the same set. Bkls is the 
systematic difference between the means of two or more sets. Uncertahlty is a 
less rigorous term which tries to combine bias and precision into a single 
term for talking purposes. One definition, by Abernethy [4], is +_(b + t95s), 
where b is the best estimate of the limit of uncorrected bias. s is the precision, 
and tq• is the 95 th percentile value of the two tailed Student t distribution. In 
words, it is the largest error which can reasonably be expected. An important 
rule is that an uncertainty statement is never made without including: (1) 
bias, (2) precision, (3) degrees of freedom, and (4) confidence interval. The 
opportunity for confusion lies in the fact that a component of uncertainty can 
move between bias and precision depending on the uncertainty being as- 
sessed; for example, the bias between reels of thermocouple wire becomes 
reel-to-reel precision when evaluating the uncertainty of K thermocouple 
measurements in general. The extent to which it can be "corrected out" of 
the uncertainty of the smaller set depends on the extent of calibration ac- 
tivities, The importance of identifying the restraints of the uncertainty state- 
ment is evident. 

Degrees of freedom (dr) is a term which is used in many of the equations of 
uncertainty, and relates to the size of the data sample on which the calcula- 
tion is based. Chatfield [2] defines it as the number of independent com- 
parisons available. For example in the formula for the average, df : tl. In 
the formula for standard deviation it is (11 -- 1), since there is only one dif- 
ference between two values, one degree of freedom is lost. Similarly the con- 
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stants in a regression equation each consume one degree of freedom as shown 
in paragraph 12.3.5. 

12.2.5 Precision of the Mean 

The precision of the mean is an important concept in temperature 
measurement. As the number of independent measurements of the same 
temperature is increased, the uncertainty of our knowledge of the true mean 
decreases, specifically by the square root of the number of measurements. 

S 

S m e a n  M / _ _  
V n  

where n is the number of independent measurements. This can be applied to 
the time average, space average, production norm, or to any other set. For 
discussion see paragraph 12.3.3. 

12.2.6 Regression Line or Least-Square Line 

A regression line or least-squares line represents the equation which 
minimizes the sum of the squares of the displacements of the individual data 
points in a set from the line. The line may be a straight line or a polynomial, 
exponential, or any other form. 

12.3 Typical Applications 

12.3.1 General Considerations 

The discussions herein will be confined to Type K, because of the availabil- 
ity of a statistically significant quantity of data for this thermocouple type. 
The same statistical concepts can be applied to other types. 

ANSI/ASTM E 230 describes the temperature-emf characteristics of Type 
K wire. The "limits of error" stated in this standard are definitive, not 
statistical. Wire which does not conform to the stated limits is simply not 
Type K. Further, the limits of error are defined as referring only to new wire 
as delivered, and not to include the effects of insulating, sheathing, or ex- 
posure to operating conditions of the application. The statistical treatment 
discussed herein is, in a large part, similarly limited. 

Topics to be discussed include: (1) the improvement in uncertainty which 
can be realized, especially at low temperatures, by calibration; (2) the use of 
the precision of the mean of several thermocouples; (3) probability plots; and 
(4) the use of regression analysis to eliminate variations for cause from ran- 
dom variations. 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 12 ON TEMPERATURE MEASUREMENT UNCERTAINTY 241 

12.3.2 Wire Calibration 

The Type K temperature-emf relationship, described by algorithm in NBS 
MN 125 [6], and tables presented in NBS 125 and ASTM E 230, are the 
results of empirical data developed by NBS from experimental data on real 
Type K thermocouples from several sources and including several sizes of 
wire. In other words, these documents present statistical information be- 
lieved to represent the typical Type K thermoc0uple. Whether or not the 
deviations of the individual thermocouples tested from the algorithm were 
normally distributed is not known. We also do not know the scatter of these 
data about the K-curve. 

Sanders [7] presents observations on incoming inspection calibrations per- 
formed by a large user of 20-28 B&S gage Type K wire with "soft" insulation. 
A small quantity of sheathed wire was considered separately. An analysis of 
variance was made to assess the effect of various insulations, cable makeup, 
vendors, and wire gages on the precision or bias of the calibration. The only 
significant influence was that of wire gage. The data are shown in Table 12.1. 
Precision is stated as two-standard deviations. 

From these data it is clear that, first, the typical wire received by this user 
is systematically different from the K-curve as shown in Fig. 12.1, probably 
because of the difference in the range of sizes tested by the National Bureau 
of Standards (NBS) and this user. Thus, if he plans to use thermocouples 
made from this wire without further calibration, he would be advised to 
modify the K-curve by the bias curve of Table 12.1. Secondly, if he uses this 
modified curve, he can expect that such couples individually will vary from 
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FIG. 12.1--Bias of a typical Type K wire. 
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TABLE 12. I--AccurocT of unsheathed thermocouph, s. 

Overall In-Reel 
Temperature ~ Bias ~ Precision ~ Precision ~ Uncertainty ~ 

T b tqss tgss U 

0 0.28 +__0.09 +__0.08 0.37 
32 0.00 +_0.06 +_0.06 0.06 
65 -0 .16 +__0.18 +0.06 0.34 

100 -0 .14 +_0.29 +0.08 0.43 
150 -0 .10 +__0.51 4-0. ! 1 0.61 
200 0.00 +--0.68 +_0.11 0.68 
250 0.26 +0.96 +0.1S 1.22 
300 0.47 +-0.09 +--0.18 1.56 
350 O. 13 +- 1.30 +__0.20 1.43 
400 --0.15 +__ 1.40 +-0.24 1.55 
450 --0.41 +__ 1.48 +-0.28 1.89 
500 --0.91 +- 1.33 +_0.38 2.24 

the curve by the precision shown in the table, which is substantially less than 
the --+2 deg permitted by ASTM E 230. If he does not correct for the bias, he 
can expect the true value to lie between the bounds of total uncertainty listed 
in the table, which is slightly in excess of the specification. 

Sanders further concludes that the reel-to-reel precision, as expected, is 
worse than the precision within a reel; that is, that thermocouples whose 
readings are to be compared should be made, if possible, from the same reel 
of wire, especially if individual calibrations are not performed. If a piece of 
thermocouple wire is calibrated and then the junction is cut off in order to 
fabricate a probe, the calibration will be valid within 0.05~ for that probe if 
the new junction is within a few inches of the calibration junction. If it is 
more than a few inches away, the full in-reel precision will be developed. 
Similar calibration data for a limited sample of sheathed wire are given in 
Table 12.2, for comparison only. 

The material discussed in the previous table represents a large, but  
specific, subset of small gage Type K wire below S00~ Similar tests on a 
different data subset should be expected to vary to some extent, depending 
upon sample and measurement differences. However, the basic conclusions 
should hold, that the uncertainty can be reduced by batch calibration and 
further reduced by specific calibrations. 

12.3.3 Means and Profiles 

In all areas of human knowledge, iteration is one of the most respected 
ways to stress or reinforce impressions. If you are surprised at what you see, 
you take a second look. If you want to be sure what time your plane leaves, 
you check again. If you want confidence in the results of an experiment, you 
repeat it. It is then not surprising that the mean of several readings of a 
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TABLE 12.2--Accuracy of sheathed thermocouples. 

Overall In- Reel 
Temperature ~ Bias ~ Precision ~ Precision ~ Uncertainty ~ 

T b tgss t95s U 

100 --0.13 _+ 0.37 +0.10 0.50 
150 +0.01 +0.50 --+0.14 0.51 
200 +0.35 -+0.70 +0.30 1.05 
250 +0.82 -+ 1.12 -+0.42 1.94 
300 + 1.09 + 1.36 -+0.52 2.45 
350 +0.78 -+ 1.45 -+0.61 2.23 
400 +0.65 -+ 1.51 -+0.68 2.16 
450 +0.74 -+ 1.57 --+0.90 2.31 
500 +0.69 + 1.40 +0.96 2.09 

temperature, or of the readings of several sensors, or of the temperature-emf 
characteristics of a pair of alloy ingots lends more confidence than a single 
reading. Statistics provides the means to quantify this increase in confidence, 
Like all statistical tools, it must be properly used. 

In the development of a turbine engine, the gas temperature at a particular 
axial section may be measured by one hundred or more sensors. For compo- 
nent efficiency studies the mean temperature at this section is a needed 
parameter. To assess incremental improvement in performance, the ac- 
curacy of this temperature can be quite critical. When a single probe is used, 
several error components exist. First, and usually dominant, is the 
temperature variation in space and time at different points across the sec- 
tion. Another error component is the degree to which the kinetic energy of 
the gas stream is not converted to junction temperature (aerodynamic 
recovery) (see 9.1.4). Others include manufacturing tolerances, conduction 
errors, and wire calibration. The latter is usually corrected out. 

If we use 100 sensors the space profile, the manufacturing tolerances and 
the random errors in calibrating are reduced by v~ = 10. Now when we com- 
pare the mean temperature before and after a change in configuration, the 
minimum significant change in performance is reduced by an order of 
magnitude. Note that the same improvement does not apply to the individual 
measurements in the set. 

Further information may be derived from the same data for different pur- 
poses. The performance of the engine may be affected by the uniformity of 
the gas temperature, which is quantified by the standard deviation of the in- 
dividual temperatures. This will also predict the maximum temperatures, 
which will affect the life of metal parts. A check of the normality of the data 
may show that a pattern exists. 

It is important to realize the significance of the precision of the mean. It 
does us no good to improve the precision of measurement of the mean unless 
the mean is what we are going to use. For example, in calibration we fre- 
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quently use an array of thermocouples to establish the degree of uniformity of 
temperatures of a liquid bath in which we will calibrate thermocouples. We 
can use the standard deviation of the measurements as a measure of unifor- 
mity, but we cannot claim knowledge of the local bath temperature to within 
the precision of the mean. Specifically 

T i : T--+-- ts, not T--+_ t s /~n  

where 

Ti = local temperature at the location of the test sensor, 
T = mean of temperature measurements,  
s = standard deviation of temperature measurements, and 
t = Student's t. 

12.3.4 Probability Paper 

Paragraph 12.2.2 refers to the normality of data and the need to assure 
yourself that data are normally distributed before applying the mathematics 
of classical statistics. Actually, the determination of this property can di- 
rectly answer some questions and lead to accuracy improvement. 

The normal or Gaussian distribution, plotted as error versus frequency of 
occurrence, yields the familiar "bell-shaped" curve. The integral of this 
curve, plotting error versus cumulative frequency, is an ogive. If the fre- 
quency axis of the ogive is properly warped, a special "probability paper"  is 
created, on which normally distributed data are plotted as a straight line or 
"prob-plot" which is easily evaluated as to its straightness. Figure 12.2 
reproduces this probability plot, which is commercially available from 
several sources. King [8], describes the mechanics of using this paper. 

When the data are properly ranked and plotted on prob-plot paper, the 
nature of existing nonnormalities is often revealed. Data  which are skewed to 
the left or right will plot concave upward or downward, respectively. One of 
the more common revelations is that the data are bimodal or polymodal. 
Such data will appear  as a series of line segments of different slopes. This in- 
dicates that the data come from more than one subset, having different stan- 
dard deviations or means or both. Data which are flatter or more peaked will 
yield plots which are similar to polymodal. 

Figure 12.3 shows a straight line of finite slope, terminated at the top by a 
segment of zero slope. In real data the transition may be less sharp. Let us 
look at what we can conclude from this plot. First, unless there is an a priori 
reason to expect nonnormal temperature distribution, the highest tempera- 
tures which occurred were not measured. 

If the data were taken from 1000 thermocouples in an engine or furnace, 
the mean temperature is shown to be 2500 deg (the 50th percentile), and 
there should have been 10 readings in excess of 2900 and one in excess of 
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FIG. 12.2--Typical probability plot. 

3000. Perhaps some of them burned out (truncation). Perhaps the ex- 
perimenter thought he had reason to doubt any readings as high as 2900 
(editing or false outlier rejection). Or perhaps there were no thermocouples 
located at the hottest spots (sampling error). But the evidence is clear, the 
probability of existence of temperatures above 3000 is high and cannot be re- 
jected lightly. If the data are taken from 1000 successive readings of a single 
thermocouple, the reasoning is the same and the conclusions equally valid in 
the time domain. You do not have to have seen a temperature in excess of 
3000 to have good reason to believe it occurred. 

12.3.5 Regression Analyses 

Regression analysis is used statistically to express a set of data in an 
analytical relationship. This relationship can be used to predict values of the 
dependent variable at values of the independent variable between those for 
which test data exists. The expression can be also used to smooth the curve of 
test data, based on physical knowledge beyond the mere statistics, for exam- 
ple, we may know from physical facts that the true relation is linear, 
polynomial, or exponential, and need only to determine a few constants to 
define it. Redundant data points beyond the number of constants to be de- 
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FIG. 12.3--Typical probability plot--truncated data. 

rived are required to provide degrees of freedom in order to establish con- 
fidence in the constants. This confidence is an expression of the "goodness of 
fit" of the curve and is called the standard error of estimate (SEE) expressed 
by 

where 

/ ~(Yi -- Yci) 2 
SEE ,J n - (1 + q) 

Yci = predicted value of Yi = f ( X i ) ,  

Yi = measured value of Yi at Xi, 
n = number of data points, and 
q = order of the derived equation. 

The same SEE is used to assess the scatter of the data points around the 
curve. Obviously, if the scatter of the original data is large, this fact will be 
reflected in a large SEE 6f the curve, which implies a large uncertainty in the 
constants. Conversely, experimental data closely grouped around a simple, 
well-defined regression curve will produce a low value of SEE which indicates 
the precision of both the coefficients and the test data. 
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Care must be taken to avoid over fir ing a curve to experimental data. 
Most physical relationships can be expressed with relatively few constants, 
for example, a low order polynomial. Any set of data, on the other hand, can 
be well described by a polynomial with a number of constants equal to the 
number of data points. Such a fit will generally be meaningless. The SEE will 
have increased because of the decrease in the degrees of freedom 
(denominator), and the equation will perfectly describe what you already 
know, while becoming worthless to predict interpolated or extrapolated 
values. A very interesting account of the regression of the temperature-emf 
tables is given in NBS-125 [6] and the references contained therein. In this 
unusual case the large quantity of data (degrees of freedom) permits regres- 
sion to as much as a 14th order equation to reduce the SEE to the order of 
one microvolt, while retaining sufficient degrees of freedom. 

Regression analysis is one of several techniques which can be used to iden- 
tify a causal relationship between two variables. Other techniques such as 
correlation and analysis of variance (ANOVA) are somewhat more sophisti- 
cated and are discussed by Chatfield [2]. 

Thermocouples often are accused of drifting with time in use. If we have a 
series of data points representing time versus error determined by reference 
to noble metal thermocouples, resistance thermometer, optical pyrometer, or 
other alternate technique, there will be a data scarer for one or more ex- 
perimental reasons between the points. One way to decide whether the error 
is a linear function of time is to determine the coefficients of a linear regres- 
sion of the data. If there is no linear relationship, the SEE will approximate 
the standard deviation; if the points all fall on a straight line, it will be zero. 

12.4 References 

[1] Benedict, R. P., Fundamentals of Temperature. Pressure. and Flow Measurements, 2nd 
edition, Wiley, New York, 1977, Chapter 10. 

[2] Chaffield, C., Statistics for Technology, Wiley, New York, 1978. 
[3] Spiegel, M. R., Theory and Problems of Statistics, Scham's Outline Series, McGraw-Hill, 

New York, 1961. 
[4] Abernethy, R. B. et al, "Uncertainty in Gas Turbine Measurements," Revised 1980, Instru- 

ment Society of America, 1483-3. 
[5] "ASTM Standards on Precision and Accuracy for Various Applications," American Society 

for Testing and Materials, 1977. 
[6] Powell, R. L. et al, "Thermocouple Reference Tables Based on the IPTS-68," National 

Bureau of Standards MN-125, Department of Commerce, Washington, D.C., 1974. 
[7] Sanders, D. G., "Accuracy of Type K Thermocouples Below 500~ A Statistical Analysis," 

Transactions, Vol. 1, No. 4, Instrument Society of America, 1974. 
[8] King, J. R., "Probability Charts for Decision Making," Industrial Press, Inc., New York, 

1971. 
[9] Ku. H. H.. Ed.. "Precision Measurement and Calibration: Statistical Concepts and Pro- 

cedures," NBS Special Publication 300, Vol. 1, U.S. Government Printing Offices, 1969. 
(Paper 5.2 Statistical Concepts in Metrology). 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



STP470B-EB/Jul. 1981 

Chapter 13 Terminology 

eagbrate, v.: 1. generalhto  determine the indication or output of a measuring device with re- 
spect to that of a standard. 
2. thermoeouple--to determine the emf developed by a thermocouple with respect to 
temperature established by a standard. 

calibration l a s t ,  n.: 1. general--a specific value, established by a standard, at which the in- 
dication or output of a measuring device is determined. 
2. thermocouple--a temperature, established by a standard, at which the emf developed by 
a thermocouple is determined. 

C.~l~a, n.--the designation of the degree on the International Practical Temperature Scale. 
Also used for the name of the Scale, as "Celsius temperature scale." Formerly (prior to 
1948) called "centigrade." 

centigrade, n.-- the designation of the degree on the International Temperature Scale prior to 
1948. (See Celsius.) 

coaxial thermoeouple element, n . - -a  thermocouple element consisting of a thermoelement in 
wire form, within a thermoelement in tube form with the two thermoelements insulated 
from each other and from the tube except at the measuring junction. 

connection head, n . - -a  housing enclosing a terminal block for an electrical temperature-sensing 
device and usually provided with threaded openings for attachment to a protecting tube 
and for attachment of conduit. 

defining fixed points, n.--the reproducible temperatures upon which the International Practical 
Temperature Scale is based. 

degn~, n.-- the unit of a temperature scale. See Celsius, centigrade, Fahrenheit. 
aleetromotive force (emf), n.-- the electrical potential difference which produces or tends to 

produce an electric current. 
extension wire, n.- -a  pair of wires having such temperature-emf characteristics relative to the 

thermocouple with which the wires are intended to be used that, when properly connected 
to the thermocouple, the reference junction is transferred to the other end of the wires. 

Fahrenheit, n.--the designation of the degree and the temperature scale used commonly in 
public life and engineering circles in English-speaking countries. Related to the Inter- 
national Practical Temperature Scale by means of the equation 

t F = 9/5 t c + 32 

fixed point, n . - -a  reproducible temperature of equilibrium between different phases of a 
material. (See defining f i xed  points and secondary reference points. ) 

freezing point, n.--the fixed point between the solid and liquid phases of a material when 
approached from the liquid phase under a pressure of 1 standard atm (101325 N/m2). 
For a pure material this is also the melting point. 

lee point~ n. h t h e  fixed point between ice and air-saturated water under a pressure of 1 
standard atm (101325 N/m2). This temperature is 0~ on the International Practical 
Temperature Scale. 

International Practical Temperature Scale of 1948 (IFI~-48), n. --the temperature scale adopted 
by the llth General Conference on Weights and Measures in 1960. Replaced in 1968 by the 
International Practical Temperature Scale of 1968. 

International Practical Temperature Scale of 1968 (IPTS-68), n.-- the temperature scale, which 
through adoption by the 13th General Conference on Weights and Measures in 1968, is 
defined in terms of fixed and reproducible equilibrium temperatures (defining fixed points) 
to which numerical values have been assigned, and equations establishing the relation 

248 

Copyright c(~ 1981 by ASTM International www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CHAPTER 13 ON TERMINOLOGY 249 

between temperature and the indications of sensing instruments calibrated by means of 
the values assigned to the defining fixed points. 

kelvin, n.--the designation of the thermodynamic temperature scale and the interval on this 
scale. This kelvin scale was defined by the Tenth General Conference on Weights and 
Measures in 1954 by assigning the temperature of 273.16 K to the triple point of water. 
Also the interval on the International Practical Kelvin Temperature Scale. 

liquid-in-glass thermometer, n . - - a  temperature-measuring instrument whose indications are 
based on the temperature coefficient of expansion of a liquid relative to that of its con- 
taining glass envelope. 

lower range-value, n. - - the  lowest quantity that an instrument is adjusted to measure. 
measuring junction, n. - - that  junction of a thermocouple which is subjected to the temperature 

to be measured. 
melting point, n . - - the  fixed point between the solid and liquid phases of a material when ap- 

proached from the solid phase under a pressure of 1 standard atm (101325 N/m2). For 
a pure material this is also the freezing point. 

Peltler coefficient, n . - - the  reversible heat which is absorbed or evolved at a thermocouple 
junction when unit current passes in unit time. Synonymous with Peltier emf. 

Peltler emf, n. --synonymous with Peltier coefficient. 
platinum 27 (Pt-27), n . - - the  platinum standard to which the National Bureau of Standards 

referred thermoelectric measurements prior to 1973. 
platinum 67 (Pt-67), n . - - the  platinum standard used by the National Bureau of Standards after 

1972 as the reference to which thermoelectric measurements are referred. 
potentiometer, Group A, n . - - a  laboratory high-precision type potentiomcter having limits of 

error of approximately 0.2 #V at 1000 #V, and S #V or less at 50 000 #V. 
potentiometer, Group B, n . - - a  laboratory precision type potentiomcter having limits of error 

of approximately 1 #V at 1000 #V and 12 #V or less at 50 000 #V. 
primm'y standard thermoeonple, n . - - a  thermocouple that has had its temperature-emf 

relationship determined in accordance with methods described in the text establishing the 
International Practical Temperature Scale. 

protecting tube, n . - - a  tube designed to enclose a temperature-sensing device and protect it 
from the deleterious effects of the environment. It may provide for attachment to a con- 
nection head but is not primarily designed for pressure-tight attachment to a vessel. 

range, n. - - the  region between the limits within which a quantity is measured. It is expressed by 
stating the lower and upper range-values. 

referencejunction, n. - - tha t  junction of a thermocouple which is at a known temperature. 
refractory metal thermoeoupJe, n . - - a  thermocouple whose thermoelements have melting points 

above that of 60 percent platinum-40 percent rhodium, 1935~ (3515~ 
resistance, insulation {sheathed tbermocuuple wlre), n . - - the  measured resistance between wires 

or between wires and sheath multiplied by the length of the wire expressed in megohms 
(or ohms) per foot (or meter) of length. (NOTE: The resistance varies inversely with the 
length.) 

secondary reference points, n. --reproducible temperatures (other than the definingfixedpoints) 
listed in the text establishing the International Practical Temperature Scale as being useful 
for calibration purposes. 

secondary standard thermoeouple, n . - - a  thermocouple that has had its temperature-emf re- 
lationship determined by reference to a primary standard of temperature. 

Soebeek coefficient, n . - - the  rate of change of thermal emf with temperature at a given tem- 
perature. Normally expressed as emf per unit of temperature. Synonymous with thermo- 
electric power. 

Seebeek emf, n . - - the  net emf set up in a thermocouple under condition of zero current. It 
represents the algebraic sum of the Peltier and Thomson emf. Synonymous with thermal 
emf. 

sheatbed thermoeouple, n . - - a  thermocouple having its thermoelements, and sometimes its 
measuring junction, embedded in ceramic insulation compacted within a metal protecting 
tube. 

sheathed t b e ~ p i e  wire, n . - -one  or more pairs of thermoelements (without measuring 
junctions(s)) embedded in ceramic insulation compacted within a metal protecting tube. 
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sheathed thermoelement, n . - -a  thermoelement embedded in ceramic insulation compacted 
within a metal protecting tube. 

span, n. --the algebraic difference between the upper and lower range-values. 
standard plathmm resbtance thermometer (SPRT), n . - -a  thermometer which meets all the 

requirements described in the text establishing the International Practical Temperature 
Scale. 

~andatd thermoelement, n . - -a  thermoelement that has been calibrated with reference to 
platinum 67 (Pt-67). 

tu t  thennoeouple, n . - -a  thermocouple that is to have its temperature-emf relationship deter- 
mined by reference to a temperature standard. 

teat thermoelement, n . - -a  thermoelement that is to be calibrated with reference to platinum 67 
(Pt-67) by comparing its thermal emf wit'h that of a standard thermoelement. 

thermal electromotive force(thermal em[), n.-- the net emf set up in a thermocouple under 
conditions of zero current. Synonymous with Seebeck emf. 

thermocouple, n. --two dissimilar thermoelements so joined as to produce a thermal emf when 
the junctions are at different temperatures. 

thermocouple assembly, n . - -an assembly consisting of a thermocouple element and one or 
more associated parts such as terminal block, connection head, and protecting tube. 

thennocouple element, n . - -a  pair of bare or insulated thermoelements joined at one end to 
form a measuring junction and intended for use as a thermocouple or as part of a thermo- 
couple assembly. 

thermoeouple, Type E, B, J, K, R, S, or T, n . - -a  thermocouple having an emf-temperature 
relationship corresponding to the appropriate letter-designated table in ASTM Standard 
E 230, Temperature-Electromotive Force (EMF) Tables for Thermocouples, within the 
limits of error specified in that Standard. 

thermoelectric power, n.-- the rate of change of thermal emf with temperature at a given tem- 
perature. Synonymous with Seebeck coefficient. Normally expressed as emf per unit of 
temperature. 

thermoelectric pyrometer, n . - -an instrument that senses the output of a thermocouple and 
converts it to equivalent temperature units. 

thermeelement, n. --one of the two dissimilar electrical conductors comprising a thermocouple. 
thermop|le, n . - -a  number of thermocouples connected in series, arranged so that alternate 

junctions are at the reference temperature and at the measured temperature, to increase 
the output for a given temperature difference between reference and measuring junctions. 

thermowell, n . - -a  closed end reentrant tube designed for the insertion of a temperature- 
sensing element, and provided with means for pressure-tight attachment to a vessel. 

Thomson coefficient, n. wthe rate at which heat is absorbed or evolved reversibly in a thermo- 
element, per unit temperature difference per unit current. 

Thomson emf, n.-- the product of the Thomson coefficient and the temperature difference 
across a thermoelement. 

triple point (water), n . -- the temperature of equilibrium between ice, water, and water vapor. 
This temperature is +0.01~ on the Internati6na'l Practical Temperature Scale of 1948. 

upper ranRe-value , n. --the highest quantity thatan instrument is adjusted to measure. 
working standard thermoeouple, n. - -a  thermocouple that ~ashad its temperature-emf relation- 

ship determined by reference to a secondary standard of temperature. 
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Index 

A 

Alloy melting point (Table), 60 
Annealing of thermocouples, 117 
Assemblies, thermocouple, 62, 80 

Illustrations, 74 
Automatic ice point, 106 
Average value of set of data, 238 

B 

B, thermocouple type, 20 
Application, 25 
Chemical composition (Table), 26 
Electrical resistance (Table), 33 

Change of with temperature 
(Table), 32 

Emf versus temperature 
Graph, 34 
Tables, 165-173 

Environmental limits (Table), 27 
Extension wires for (Table), 36 
Physical properties (Table), 30 
Power series expansion for, 220 
Seebeck coefficients (Table), 

23, 29 
Trade names for, list of, 25 
Upper temperature limits 

(Table), 28 
Becquerel, S 
Bias of test data set, 239 

Graph, 241 

C 

Calibration, 112 
Comparison methods for, 126 

Calibration (continued) 
Data, raw, analysis of, 131 

Graphs, 132-137 
Fixed point methods for, 124 
In laboratory furnaces, 126, 139 
In stirred liquid baths, 129, 139 
Instruments for, 139 
Interpolation methods for, 131 
Methods of, 120 
Of single thermoelements, 136 
Of used thermocouples, 130 
Procedure for, 139 
Test specimen for, 137 
Uncertainties in, 121 

For comparison methods, 122 
For fixed point methods, 122 
Statistical consideration of, 241 
Tables of, 122-124 

Ceramic-insulated sheathed 
thermocouples, 81 

Chromium-nickel thermocouple 
types (see Nickel-chromium 
types) 

Circuits 
Industrial, typical (Illustration), 

17 
Potentiometer, 99 

Illustration, 100 
Test, for single element 

(Illustration), 138 
Thermoelectric, 14 

Clausius, Rudolph, 3 
Coefficients, power series expansion, 

217-220 
Color code for insulated 

thermocouple and, extension 
wire (Table), 68 

251 
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Comparison calibration, 126 
Compatibility of materials, high 

temperature, 58 
Connecting head, thermocouple, 62 

Illustration, 74 
Connections, thermocouple circuit, 

73 
Connectors, thermocouple, 63 

Illustration, 74 
Constant temperature oven, 106 
Cooling, thermoelectric, 4 
Correction factor, dynamic, 146 
Cryogenic thermometry, 222 
Seebeck coefficients for (Graph), 

236 

D 

Data, calibration, analysis of, 131 
Graphs, 132-137 

Defining points, IPTS-68 (Table), 
114 

Definitions (see Terminology) 
Deviation, standard, 239 
Difference from standard table, 

calibration interpolation by, 
133 

Digital indicator, 97, 98 
Distribution, normal, 238 
Doping of thermoelement, 55 
Duplex wire color code (Table), 68 
Dynamic correction factor, 146 

E 

E, thermocouple type, 20 
Application, 23 
Chemical composition (Table), 26 
Electrical resistance (Table), 33 

Change of with temperature 
(Table), 32 

Emf versus temperature 
Graph, 34 
Tables, 174-179 

E, thermocouple type (continued) 
Environmental limits (Table), 26 

E, thermocouple type 
Extension wires for (Table), 36 
Physical properties (Table), 30 
Power series expansion for, 218 
Seebeck coefficients (Table), 

23, 29 
Cryogenic (Graph), 236 

Trade names for, list of, 25 
Upper temperature limits 

Graph, 22 
Table, 28 

Element, thermocouple, 62, 63 
Emf measurement, 97, 118 
Entropy, 3, 8 
Error, sources of, 30, 109 
Errors, statistical consideration of, 

237 
Extension wires, thermocouple, 27 

Categories for, 30 
Color code for (Table), 68 
Errors arising from, 30 

Graph, 38 
Reasons for using, 29 

Extensions, copper (Illustration), 
16, 17 

F 

Fabrication, thermocouple, 62 
Fixed point calibration, 124 
Fourier heat conduction, 6 
Fourier, Jean, 3 
Fourier's law, l l  
Freedom, degrees of, 239 
Freezing point calibration, 125 
Furnaces, calibration, 126 

G 

Galvanic error, 109 
Gold-cobalt thermoelements, 223 
Gold-iron thermoelements, 223 

Copyright by ASTM Int'l (all rights reserved); Sun Nov 29 19:52:29 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



INDEX 253 

Gold-0.07 atomic-percent iron 
thermoelements, 223 

Seebeck coefficient (Graph), 236 

It 

Hardware, thermocouple, 62 
Head, thermocouple connecting, 62 

Illustration, 74 
Heat transfer, 147 
High-temperature compatibility, 58 
Historical development, 

thermoelectric, 3 
Homogeneity, thermoelement, 119 
Homogeneous metals, law of, 13 

I 

Ice point cell, 104 
Automatic type, 106 
Illustration, 105 

Immersion error, 109 
Inhomogeneity, thermoelement, 119 
Installation effects, thermocouple, 

143 
Analysis of, 147 

Insulation, thermoelement 
Compacted ceramic, 82 

Construction (Illustration), 82 
Dimensions of (Graph), 83 
Materials characteristics 

(Table), 84 
Hard ceramic, 66 

Properties (Table), 70 
Types of (Illustration), 69 

Nonceramic, 63 
Characteristics (Table), 67 
Color code for (Table), 68 

Intermediate metals, law of, 14 
Intermediate temperatures, law of, 

14 
Illustration, 16 

Iridium-alloy thermocouples, 39, 
43, 45 

Iridium-alloy thermocouples 
(continued) 

Characteristics (Tables), 43, 47 
Emf versus temperature (Graphs), 

42, 46 
Extensioa wires for, 36 

IPTS-68, 112 
Fixed points for (Table), 114 
Interpolation instruments for, 113 
Secondary points for (Table), 116 
Working standards for 

High-temperature standards, 
117 

Liquid-in-glass thermometer, 
117 

Resistance thermometer, 116 
Thermocouples, 117 

J 

J, thermocouple type, 20 
Application, 22 
Chemical composition (Table), 26 
Electrical resistance (Table), 33 

Change of with temperature 
(Table), 32 

Emf versus temperature 
Graph, 34 
Tables, 180-187 

Environmental limits (Table), 26 
Extension wires for (Table), 36 
Physical properties (Table), 30 
Power series expansion for, 218 
Seebeck coefficients (Table), 

23, 29 
Trade names for, list of, 25 
Upper temperature limits 

Graphs, 22 
Table, 28 

Joule heating, 7 
Joule, James, 3 

K 

K, thermocouple type, 20 
Application, 24 
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K, thermoeouple type (continued) 
Chemical composition (Table), 26 
Electrical resistance (Table), 33 

Change of with temperature 
(Table), 32 

Emf versus temperature (Graph), 
34 

K, thermocouple type Emf 
versus temperature (Tables), 
188-195 

Environmental limits (Table), 
26, 27 

Extension wires for (Table), 36 
Physical properties (Table), 30 
Power series expansion for, 219 
Seebeck coefficients (Table), 

23, 29 
Trade names for, list of, 25 
Upper temperature limits 

Graphs, 22 
Table, 28 

Kelvin, Lord 
(see Thompson, William) 

Kelvin relations, 7 

L 

Laboratory furnace, calibration in, 
126 

Laws of thermoelectric circuits, 13 
Least squares fit, 134, 240 
Limits of error, thermocouple 

(Table), 164 

Melting point calibration, 125 
Melting points, alloy (Table), 60 
Metal-sheathed thermocouples, 81 
Metals, law of homogeneous, 13 
Metals, law of intermediate, 14 

Illustration, 15 
Millivoltmeter, 97 
Molten metal bath, calibration in, 

128 
Molybdenum-nickel thermocouples 

(see Nickel-molybdenum 
thermocouples) 

Moving surface probes, 152 

N 

Nickel-chromium thermocouple 
types (see also Type K 
thermocouples), 49 

Characteristics (Table), 51 
"Chromel-Alumel," 52 
Comparative graph, 50 
"Geminol," 50 
Nickel-chromiun-silicon 

versus nickel-silicon, 53 
"Thermo-Kanthal Special," 52 
"Tophel II-Nial II," 52 

Nickel-molybdenum types, 54 
Extension wires for, 56 
Graph of emf versus temperature, 

55 
Physical data (Table), 56 

Nonstandard thermocouple types, 
35 

M 

Matching error, thermocouple wire, 
109 

Mean, precision of, 240 
Mean value of set of data, 238 
Measurement uncertainty, consid- 

eration of, 237 

O 

Ohm, Georg, 3 
Ohm's law, 11 
Onsager, Lars, 12 
Onsager relations, 8 
Oven, constant temperature, 106 
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P 

Palladium-alloy thermocouples, 39 
Characteristics (Table), 43 
Thermal emf (Graph), 42 

Peltier coeffii:ient, 5 
Effect, 4 
Heating and cooling, 4, 7 
Voltage, $ 

Peltier, Jean, 3 
Platinel thermocouple, 46 

Characteristics (Table), 49 
Comparative graph, 48 

Platinum-alloy thermocouples 
Annealing of, 117 
Comparative graphs, 40, 42, 

44, 48 
Extension wires for (Table), 36 
In comparison calibration, 126 
Nonstandard types of, 39, 42, 

4$, 46 
Characteristics (Tables), 41, 

43, 45, 49 
Standard types (see Types B, R, S) 

Potentiometer, 97, 98 
Circuit for, 100 
Precision type, 100 

Laboratory, 1(30 
Plant, 101 
Portable, 101 

Recording, 101 
Semi-precision type, 101 

Power series expansion coefficients 
for thermoelectric voltages, 
217-220 

Prandtl number, 146 
Precision of set of data, 239 
Probability plot, 244 

Illustration, 245, 246 
Protecting tube, thermocouple 

62, 66 
Assembly (Illustration), 74 
Ceramic, 72 

Protecting tube, thermocouple 
(continued) 

Installation effects of, 147 
Metal, 69 
Metal ceramic, 73 
Selection guide (Table), 75-79 

R 

R, thermocouple type, 20 
Application, 24 
Chemical composition (Table), 26 
Electrical resistance (Table), 33 

Change of with temperature 
(Table), 32 

Emf versus temperature 
Graph, 34 
Tables, 196-204 

Environmental limits (Table), 27 
Extension wires for (Table), 36 
Physical properties (Table), 30 
Power series expansion for, 219 
Seebeck coefficients (Table), 

23, 29 
Trade names for, list of, 25 
Upper temperature limits 

(Table), 28 
Ramp change in temperature, re- 

sponse to, 144 
Graph, 144 

Recalibration of used thei'moele- 
ments, 130 

Recording potentiometer, 101 
Recovery, adiabatic, of moving gas, 

145 
Reference junction, 103 

Automatic ice point type, 106 
Compensation for, 103 
Constant temperature oven type, 

106 
Electrical compensation for, 107 
Errors arising in, 109 
Ice point cell type, 104 

Illustration, 10S 
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Reference junction (continued) 
Mechanically compensating type, 

108 
Triple point cell type, 104 
Zone box type, 107 

Reference tables 
For cryogenic range, 223-235 
For standard types, 165-217 
List of standardized, 163 

Reference thermometer, 116 
Regression analysis, 245 
Regression line for set of data, 240 
Response time, thermocouple, 143 
Rhenium-tungsten thermocouples 

(see Tungsten-rhenium) 
Rhodium alloy thermocouples 

Characteristics (Table), 41, 47 
Comparative graphs for, 40, 46 
Nonstandard types, 39, 43, 45 
Standard types (see Types B, R, S) 

$ 

S, thermocouple type, 20 
Application, 24 
Chemical composition (Table), 26 
Electrical resistance (Table), 33 

S, thermocouple type 
Change of resistance with tem- 

perature (Table), 32 
Emf versus temperature 

Graph, 34 
Tables, 205-213 

Environmental limits (Table), 27 
Extension wires for (Table), 36 
Physical properties (Table), 30 
Power series expansion for, 220 
Seebeck coefficients (Table), 

' 2 3 , 2 9  
Trade names for, list of, 25 
Upper temperature limits 

(Table), 28 
Scale, temperature, 112 

Seebeck coefficient, 4, 103 
Seebeck effect, 3, 5, 7 
Seebeck, Thomas, 3 
Sheathed thermocouples, 81 

Applications, 94 
Compatibility of materials in, 85 

Table, 87 
Connections for (Illustration), 94 
Dimensions for 

Graph, 83 
Tables, 88 

Expansion, thermal, coefficients 
(Table), 84 

Exposed junctions for, 89 
illustration, 93 

Fittings for (Illustration), 95 
Grounded junctions for, 89 

Illustration, 93 
Precautions in use of, 85 
Reduced-diameter junctions for, 

93 
Illustration, 93 

Sheath material properties 
(Table), 86 

Sheaths for, 85 
Terminations for, 94 
Testing of, 89 

Table, 90-92 
Thermowelis, installation in 

(Illustration), 95 
Ungrounded junctions for, 93 

Illustration, 93 
Wires for, 85 

"Single-wire" thermocouple, 150 
Specimen, calibration test, 137 
Standard cell, 102 
Standard thermocouple types, 20, 

162 
Statistical analysis of measurements, 

237 
Step change in temperature, 

response to, 143 
Graph, 144 

Stirred liquid baths, calibration in, 
129 
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Surface probes, 151 
Analysis of errors in, 1.54 
Commercial types of, 156 
Errors in, 153 
For current-carrying surfaces, 153 
Minimizing errors in, 156 

Surface temperature measurement, 
148 

Installation methods for, 149 

T 

T, thermocouple type, 20 
Application, 20 
Chemical composition (Table), 26 
Electrical resistance (Table), 33 

Change of with temperature 
(Table), 32 

Emf versus temperature 
Graph, 34 
Tables, 214-217 

Environmental limits (Table), 26 
Extension wires for (Table), 36 
Physical properties (Table), 30 
Power series expansion for, 217 
Seebeck coefficients (Table), 

23, 29 
T, thermocouple type (continued) 

Trade names for, list of, 25 
Upper temperature limits 

Graph, 22 
Table, 28 

Temperatures, intermediate, law of, 
14 

Illustration, 16 
Terminology, 248 
Thermal expansion coefficients 

(Table), 84 
Thermal time constant, 143 
Thermocouple reference tables, list 

of, 163 
Smoothing of, 163 

Generation of, 220 

Thermocouple reference tables, list 
of (continued) 

Coefficients for generating, 
217-220 

Thermodynamics, laws of, 7 
Thermoelectric theory, 3 
Thermoelement designations and 

trade names, list of, 25 
Thermoelements, 62 

Illustration, 64 
Thermometer, reference, 116 
Thermowelis, 71 

Installation effects of, 146 
Selection guide (Table), 75-79 
Types of (Illustration), 72 

Thompson (see also Kelvin), 3 
Thompson coefficient, 6 
Thompson effect, 6 
Thompson, William, 3 
Time constant, thermal, 143 
Triple point cell, 104 
Tube, protecting (see protecting 

tube) 
Two potentiometer calibration 

method, 127 
Tungsten-rhenium thermocouple 

types, 54 
Characteristics of (Table), 59 
Emf versus temperature (Graph), 

58 
Extension wires for (Table), 36 
Uncertainties in calibration of 

(Tables), 123, 124 
Types, thermocouple standard, 

20, 162 

U 

Uncertainties 
In calibration, 121 
In measurement, 237 

Uncertainty envelope, 134 
Plots of, 134, 136, 137 

Uncertainty of set of data, 239 
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Upper temperature limits (Table), 
21 

V 

Variance of set of data, 239 
Volta, Alessandro, 3 

Z 

Zener diode, 102 
Zone box type reference junction, 

107 
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