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ABSTRACT 

The NET EMF of a thermoelectric circuit can be thought of as originating 
entirely in the regions of temperature gradient. Any extraneous materials, such 
as switch or connector terminals, in a temperature gradient may cause an error 
in the temperature measurement. 

In addition to circuitry errors, jet engine thermocouple indications require 
correction for the effects of conduction, radiation, response rate, and gas veloc­
ity. The magnitudes of the corrections depend on the thermocouple design and the 
environmental conditions. Performance curves for several typical jet engine ther­
mocouples are presented,with the methods of making the various corrections. 
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SECTION I 

Thermoelectric Circuits 

The basic thermoeleQtric circuit consists of two wires of different mate­
ria1s, joined at their ends to form a loop. When the two junctions of this loop 
are at different temperatures, an EMF will be developed. The magnitude and 
direction of the EMF will depend on the materials involved and on the difference 
in temperature betveen the two junctions. This EMF is the resultant of four 
distinct EMF1s generated in the circuits· A Peltier EMF generated at each of the 
two junctions and a Thomson EMF generated in each of the two component wires. 
The Peltier EMF1s are related to the temperatures at the junctions of wires, 
while the Thomson EMF's are developed in the individual wires in the regions of 
the temperature gradients. 

The following figure shows the location of the four component EMF's in a 
thermoelectric loop of materials A and B. 

Metal "A" 

Metal" 

Region 
or the 

Temperature 
Gradient 
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The EMF tending to cause the current to flow is the algebraic swn of the four 
EMF's shown.: 

The separate values of the Peltier and Thomson IMP'1s are chiefly of interest 
to physicists and are known for only a few materials, and over a limited temperature 
range. The commonly used tabulations of EMF versus Temperature are in terms of the 
NE~ EMF for a circuit of the given pair of materials (such as Copper-Constantan, 
Chromel-Alumel, _or Platinum-Platinum/Rhodium). 

In using tabulated vaiues of EMF versus Temperature, it should be born in mind 
that the D1F values given are those which would be generated in a thermoelectric loop 
of the materials under consideration with one Junction at a stated reference tempera­
ture and the other junction at the tabulated temperature. The reference temperature 
is usually taken as 0° For 32° F and each table will state the temperature for which 
it was derived. 

In a simple loop circuit with one of the junctions at a standard reference tem­
perature (0° F ~r 32° F), the temperature of the hot junction oan be found directly 
from the measured NET EMF by reference to a table of a temperature versus EMF for 
the materials used. It the reference junction is not at a standard reference tem­
perature, the hot junction temperature cannot be found directly. The measured NET 
EMF must. be c:orrected for the extra reference junction H', and the CORRECTED NET EMF 
used to go baok into the table. For example, in the cirQuit below, the reference 
junction is at 90° F and the NET EMF is 17.073 millivolt~i 

Platinum/Rhodium 10% 

T =? 

Platinum 

~ = 17.0?'J mv 

Since there are no ref'erenoe tabl.es based on a 90° F ref'erence .junction tempera­
ture, it is necessary ~ d<ttemine whs:t the. NET EMF' would be. 11' the. ret'erenc& junction 
were at 32° F (or 0° F). 

To accomplish this it is necessary to find the amount of extra nback· EMF• generated 
due to the 90° F junction. From the tables of temperature versus EMF for Platinum/ Rho­
dium - Platinwn, it is found that the 90° ·F. temperature results in an n1P' of .187 mv 
with respect to a 32° F reference. Thus, if the cold junction had been 32° F, the 'BIT 
EMF"would have been .187 mv higher or 17 .. 260 mv (l 7 .073 + .187). From the same table 
(32° F reference) this EMF is found to correspond to a temperature of 2995° F. The same 
final temperature would have been attained using the Oq F reference table. 

Full document details: SAE AIR65A

http://www.avadocuments.com/doc/sae-air65a
http://www.avadocuments.com/doc/sae-air65a


 

SAE INTERNATIONAL AIR65™A 5 OF 34

Due to the non-linearity of the temperature-EMF curves~ it is not correct to 
obtain a temperature reading corresponding to the mea~u,red NET-EMF (17.073 mv) .in, 
say, a 32° table and then correct for the differenc.e in degrees F between the actual 
cold junction and 32° Fo This would result in an errori as can be easily seen. The 
EMF of 17.073 mv corresponds to 2966.6° 1'' in the 32° F table. The 90° actual refer­
ence junction is 58° hotter than the reference temperature for the table. (90 - 32 = 
58° F). Making the correction in this manner would yield an apparent hat junction 
temperature of 3024.6° F which is not correct. 

The thermoel.ectric loop was defined as two wires of different materials joined 
at their ends to form a loop. It was also stated that when the two junctions of 
this loop are at different t~mperatures~ an electric current will tend to flow~ 
driven by the NET EMF. Ifj howeveri the two junctions of the loop are at the same 
temperature, there will be no NET EMF and no current will flow~ This principle can 
be extended to the consideration of any segment of homogeneous wire in the loop: if 
both ends of the segment are at the same temperature, then there will be no NET. EMF 
generated within that segmento Thus, any material which is not in a temperature 
gradient does not contribute to the NET EMF. 

This principle can be used to the advantage or the test engineerp where a large 
number of thermocouples are being usedll and long leads are required. The following 
figures shows a typical "zone-box" installation. 

·CU 

PoT 

C 

C 

C 
a 

Uniform Temperature 
Zone Box 

The "zone-box" consists of a terminal hox designed so that the interior of the 
box is always unifor~ in temperatureo It is not necessary that the temperature 
inside the box be known, or constant, so long as it is uniform. The leads from each 
test thermocouple are brought into the box as Chromel-Alumel (or whatever material 
is used) and a connection is madell inside the "zone box" · to copper extensio·n wireso 
It is the copper wires, then, which run from the test cell to the observers location. 

In general, the copper leads are connected to the stations of a selector switcho 
The commons from the selector switch then return to the "zone boxtt and are co~ected 
to a Chromel-Almnel pairo This one Chromel-Al.umel pair is then returned to the poten­
tiometer or other measuring devices. The circuit through the selector switch is 
entirely homogeneous, copper in both legs of the circuit, and since the copper begins 
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and ends at the same temperature (zone box temperature) the copper branch does not 
contribute to the circuit EMF. The advantage of the "zone-box" circuit 1ies in 
the saving of material-only one length of thermocouple material need be run bet­
ween the test equipment and the obaerver, and a copper selector switch may be used 
instead of one made of thermocouple materials. 

The "zone-box" circuit is an example of the proper use of a third material in 
a thermoelectric circuit. In general, however, extraneous materials should be re­
garded with suspicion. Any material which begins and ends at two different tempera­
tures~ contribute to the NET EMF of the circuit. This contribution will depend 
on the difference in temperature from end to end, but not on the temperature profile 
within the material. This is especially important in the case of switches and con­
nectors used in a thermocouple circuit. As long as there is no temperature gradient 
across the switoh or connector, it will not introduce an error. If, for instance, 
Chromel and Alumel enter a connector at 100° F and leave at 75° F, there will be an 
error in the NET EMF unless the materials in the connector have the same thermo­
electric properties as Chromel and Alumel ... Since the temperature-EMF characteristics 
of Chromel and Alumel are influenced by cold working, it is possible. that the connector 
might not have the same thermoeleotrio properties as the wire even though made of 
nominally the same material. In such a case there will be an error if there is a 
temperature gradient. The ''difference in properties may be small, and also the error, 
but for accurate work the possibility should be bo:i.•ne in mind. Figure "'1 shows ·the 
errors induced by four different firewall connectors when they were subjected to 
temperature gradients. Three ·of the connectors were of nominal Chromel-Alumel con­
struction. The fourth used Iron and a compensating alloy yielding a net .temperature­
EMF characteristic for the pair which was similar to that for Chromel-Alumel. As can 
be seen, errors of 40° Fare possible even with Chromel-Alumel construction. For this 
reason, connectors should be placed in regions. of little or no temperature gradient 
if at all possible. 

The NET EMF is often considered to be the result of EMF's generated at the 
junctions in the thermoelectric loop. This approach is suitable for the analysis 
of simple circuits, but does not lend itself to the more complex cases. In gen,eral, 
a thermocouple circuit will include one or more connectors, lead, wire, and instru­
ment connections in addition to the thermocouple probe itself. Thus, there may be as 
many as six or eight intermediate· junctions to consider in predicting the performance 
of the circuit if -attention is focused on the junctions. 

The analysis of such a circuit Clin be simplified by considering the EMF's to be 
generated in the ·regions of temperature gradient rather than at the junctions. This 
approach focuses attention on the f'act that any material which iij in a temperature 
gradient will contribute to the NET EMF, while material which is not in a temperature 
gradient is merely acting as a cond:uctor to complete the circuit. 

The NET EMF of a circuit containing more than one pair of thermocouple materials 
may be broken down in either of two ways: the contribution of each pair (when both 
elements of the pair are in the same temperature gradient) or the contribution of 
eaoh individual element (when the elements of the pairs are not in the same tempera­
ture gradient). 
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This can be illustrated using a circuit containing two pairs of thermocouple 
materials. Assume a. circuit consisting of a Chromel-Alumel thermocouple and Copper­
Constantan leads. Such a circuit will serve to illustrate the possible affects of 
using lead 'olires of different calibration than the thermocouple wire, or of having 
extraneous materials in the circuito 

Co r . + 

Consto Gonstantan (-) 
ENET 

500° F 

Chrome 

1000° F 

AllADlel -

From the 32° point to AB, there will be an 00' generated due to a Oopper­
Constantan couple in a gradient from 32 to 500° F. From the table we find the NET 
EMF generated in this part of the circuit to be 12.57 mv (12.57 - 0 from the 32° 
table or 13024 - .67 .from the 0° table). Continuing through the Chromel-Alumel 
side of the circuit from AB to 1000° F, there will be an EMF due to· Chromel-/u.umel 
between 500 and 1000° F. From the Chromel-Alumel table, this EMF would be 11.69 mv 
(22.25 - 10.56 from the 32° F table or 22.93 - 11.24 from the 0° F table). The 
circuit is connected with the Copper (positive) connected to the Chromel (positive), 
hence the EMF's are additive and the resultant EMF of the circuit is 11.69 + 12. 57 or 
24.26 mv. The significance of the polarity of the EMF in a thermocouple wire cannot 
be directly compared to that of a battery. A material is npositive11 if the cold end 
is positive with respect to the hot end when a temperature difference exists. Sim­
ilarly, a material is "negative" if the cold end is negative with respect to the hot 
end. 

This can best be illustrated graphically. Figure 2 shows the temperature-EMF 
characteristics of some of the conu1on thermocouple ma~erials, using Platinum as 
a reference . The &iF 1s are those existing at the cold ends. Thus, the cold end 
of Chromel is positive with respect to the cold end of Platinumo The information 
in Figure 2 may be used to find the 00' of a compound circuit by graphical analysis. 
The preceding circuit (Chromel-Alumel and Copper-Constantan) is solved graphically 
in Figure 3 by considering the contribution of each individual wireo Starting at 
point land moving in Copper through a region of increasing temperature to point 2~ 
line 1-2 is drawn parallel to the temperature-EMF line for Copper (given at the top 
of Figure 3) with its origin at zero circuit-EMF and 32° F. The line 2-3-is drawn 
to represent the EMF generated in the Chromel •wire between 500 and 1000° F. From 
point 3, the line 3-4 is drawn parallel to the Alum.el EMF line,. coming -back from 
1000° to 500. The circuit is completed by line 4-5 representing the »1F generated 
in the constantan wire from 500.., F to 32° F. The magnitude and direction o·f the 
NET EMF are found from the ordinate of point 5. The -sign of the ordinate is the 
sign of the difference (1) minus (5). Thus, since point 5 is positi~e, the sign of 
the difference 1 minus 5 is positive, and point 1 is the positive pole of the com­
pound circuit. 
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It is not necessary for the temperature rise to be uniformly distributed along 
the wire for this analysis to be valid, if the wire is homogeneous. The graphical 
construction is always made using the NE'l' temperature difference between the two ends 
of eaoh wire, r.egardless of how the temperature change is effected. The temperature 
rise could bed step change, anywhere along the wire, without affecting the validity 
of the graphical method. The steeper the temperature gradie~t, however, the more 
important it is that the wire be homogeneous. A steep gradient might happen to fall 
on the inhomogeneous region and cause an error, if the inhomogeneity had a tempera­
ture-EMF characteristic which was different from that of the wire. 

The graphical treatment is chiefly valuable in providing a visualization of what 
is happening in a thermocouple circuit, especially in circuits which contain extra~ 
neous materials such as switch and connector terminals. The temperature of a "hot­
j1.U10tiontt can be £01.Uld graphically even if the intermediate junctions (2 and 4) are 
not at the same temperature. The reference j1.U1ction temperature, the intermediate 
temperatures and the NET EMF must be known, and graphical construction starts with 
the known NET EMF anQ proceeds along the lines of known slope (for the materials 
involved) through tho intermediate temperatures. 

In many oases where thermocouples have been suspected of large "errors", it has 
been shown that the trouble was caused by having the temperature gradient in the 
wrong plaoe in the circuit. This caused part of the EMF to be generated in the wro~g 
material. 

As an example, the following circuit, simulating a thermocouple circuit through 
a slip ring assembly, was statically calibrated using an electric furnace. 

CH OU CH 

AL cu 

Potentiometer 

As this circuit was _immersed farther and farther into the furnace, the tempera­
ture measured with the potentiometer changed considerably. The sketches below show 
the successive positions of the circuit, and its resulting signal. 
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I , 

a) 

Potentiometer CH 
75°F 

b) 

AL 

CH 
.------- 75°F 

c) 

AL 

-=--=--cir== - -11 

11 11 

II 200° F ii T. d = 750-
I 11 - in 

Cu lb -=- ==----=---=----=-__ _J 

cu 
II 

200° F 11 
II 
I 

CU(b =- A!Jl 

T = -50° ind 

In all cases the temperature gradient is from 75° F (the ambient temperature) to 
200° F (inside the furnace). The potentiometer is constructed such that if the external 
thermocouple circuit yields ho NET EMF (meaning no net temperature gradients in the • 
external circuit) the potentiometer will indicate ambient temperature (75° F). 

In case (a) the temperature gradient was positive (external junction hotter than 
the potentiometer), and was in CH-AL. Thus, an EMF was generated in that section of· 
wire . The rest of the circuit was acting merely as a conductor of electricity since 
it was not in a temperature gradiento 

In case (b) the gradient was entirely in Copper wire, positive in one wire, 
negative in the other, yielding no NET EMFo The potentiometer then indicated ambient 
temperatureo 

In case (c) the positive gradient was entirely in the Copper-Copper part of 
the circuit, while there was a negative gradient in the CH-AL. Since this gradient 
was from 200 to 75°, it produced an EMF approximately equal to a net -125° signal. 
The potentiometer then ~ead 125° F below room temperature or -50° F (75-125). 
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SEOTION II. 

Thermocouple Corrections 

Thermocouples are widely used for gas temperature measurement, the thermocouple 
temperature being taken as true gas temp~rature. In general this ~snot correct. 
A thermocouple can only indicate its own'· temperat ure, which may be considerably 
different from gas temperature. Radiation or conduction may cause the thermocouple 
to be 200° For more above or below gas temperature. A thermocouple in a high velocity 
gas stream may be as much as 50° F below gas total temperature. During rapid changes 
of gas temperature the thermocouple may lag by 500 to 1000° F. 

The temperature of the thermocouple, under steady state conditions, is determined 
by the balance between three heat transfer rates: convection from the gas, radiation 
from the surroundings, ·and conduction to t he probe support. During transients, another 
factor must be considered: the heat stored in the thermocouple. This can be expressed 
in a simple heat balanoe: 

Q stored = Q convection + Q radiation + Q conduction 

In the following section, the effects of the~e modes of heat transfer are dis­
cussed, and methods presented for making correction for their effect on thermocouple 
temperature. • 

Radiation Effect 

Any two objects which can 11see" each other will exchange heat by radiation. The 
rate of radiant heat exchange is a function of the fourth power of the temperatures 
of the objects involved. For a thermocouple and its surroundings t his can be expressed 
by the following relatiqnship: 

where 

qr 

6 

~ 

~ 

Tp 

Tw 

= Heat exchanged by radiation, BTU/Hr. 

= Stephan-Bolzmann constant .174 x 10-8 BTU/Hr. Ft.
2 0 R4 

= Emissivity, related to blackbody per~ormance 
2 = Area available for radiation, Ft. , of the thermocouple 

= Temperature of the probe, 0 R 

= Temperature of the surrounding walls, 0 R 

(1) 

Under steady state conditions a thermocouple will come to equilibrium at some 
temperature between that of the gas and the surrounding walls. The heat lost by radi­
tion to the walls will be gained from the gas by convection. This heat transfer by 
convection can be expressed as follows: 
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