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PECULIARITIES OF THERMOPHYSICAL MEASUREMENTS OF THERMOELECTRIC MATERIALS

K. K, Semenyuk , UDC 536.2.083

This paper examines a method for direct measurement of the heat losses in deter-
mining the thermal conductivity of thermoelectric materials.

In {[1] Harman proposed to determine.the thermal conductivity of thermoelectric materials
by measuring the temperature difference T2 — T, between the ends of a thermoelement, through
which a current I was flowing, from the formula

s 2(T,—Ty

In order to reduce the error v due to thermal losses from the surface of the specimen,
one uses quite long and fine thermocouples and current leads, and the measurements are con-
ducted in vacuum on specimens of dimensions such that the condition w << 1 holds [2, 3]. Be-
low we examine the method of direct measurement of the correction term Y in Eq. (1). The
method is based on the phenomenon that if the Peltier effect is used to create a heat flux
through the thermoelement, the flux magnitude and direction can be controlled by varying the
magnitude and direction of the electric current I.

We consider a thermoelement with current leads whose length satisfies the condition at
infinity d7 >> (erz/az)“ﬁc. We assume also that the following conditions hold. 1) There is
no temperature drop over the cross section of the thermoelement. This condition holds if
(@8/%x) << 1. 2) The thermoelectric parameters and the heat-transfer coefficient are indepen-
dent of temperature. Then the heat-conduction equations for the thermoelement and the cur-
rent leads in dimensionless form take the form

Z_z?_—mz(e.—eeHvz:o, 2)
=
@9
B o (8, — 60 + Cpyv* =0, <
day;
a0y _
—dx:_ —of, (0, — 8) +Cpy v? = 0. (%)

Here and below the subscripts 1 and 2 refer to the first (on the left in Fig. 1) and second
faces, respectively, of the thermoelement. This means that the thermal conditions are dif-
ferent at the ends; and 8, is the dimensionless temperature of the surrounding medium.

We assume that for a single direction of current through the thermoelement the tempera-
tures 8] < 6} are established at its ends. If the current direction is changed, then 8Y > 83.
Thus, Eqs. (2)-(4) can be solved by well-known methods with the following boundary conditions:
for the first current direction
and for the second direction

8(0)=18, (0)=18;, 0(1) .—_:Gh (1) = 6].

An additional condition for 87, and 87, is that the heat flux at infinity is zero.
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With the given initial conditions Jve obtaln the temperature distribution along the
thermoelement and the current leads: 8'(x), ezl(x) eiz(x) for the first current direction
and §' ", 811(X); ng(x) for the second current direction. We write down the thermal bal-
ance equations at the ends. For the first current direction: x = O (the cold junction)

! (3 de;
ve;:_M _ asu P + Bi, (8, —0)), (5)
dy,  lx=o s dx  lx=o
= 1 (the hot junction)
) , do;, .
v, = M} _ast Bp® ) p e g (6)
dy, x= %S dy =1

For the second current direction: x = 0 (the cold junction)

” . o, (x) . .
o= 980 [ e D + Biz (8, — 67, (7)
2 dy  |x=o %S dy  lx=0
= 1 (the hot junction)
3 de,
Ve = ' | xasu W@ -+ Bi, (8] — 6,). (8)
dy |y %S dy, =

Combining Egq. (5) with (8) and Eq. (6) with (7), and evaluating the derivatives, we
obtain

2v8,K, = A8 K,K, + A, (9
2v8,K, = AB; + AB:K,K,, (10)
where .
AB; = 8] — 8;, A8; = 0; — b3,
= (67 + 01)/2, B, = (8, + 03)/2,

K= octho+ L1 oy 1By, K= S*;j ,

Kz = @Cth(s)-{- "—xzzs% mzz"{‘Biz-
%,

It can be seen from the equations obtained that if we change the thermal conditions in
any fashion at the second end of the thermoelement (e.g., we increase the parameter Bi; by
the quantity Bi}, supplied to the end of the thermally insulated rod), the unknown quanti-
ties remain unchanged in Eq. (9). Using a method analogous to the previous, we obtain

vB: Ky ="AB1K,K, - A8, (1D
2v8,K, = A0} + A8K, (K, 4 Bis), (12)

v
where 0", 0!" are the temperatures of the ends for the first current direction; and GIV, 82

are the temperatures of the ends for the second current direction;

595



m GIEW g Gt
2 £ 2 £
A8] =0V—8", A6, =0, —8l,
In Eqs. (9)-(12) we may assume that B, = 6, = 65 = 0,. This condition holds with an er-
ror which is much less than y. Then from Eqs. (9) and (10) we obtain an expression for the
measurement of the thermal conductivity of the thermoelement:

eT,ld

__eTdd A — e (] — 13
"= =@ — ) =%1—17), (13)
(KK — KKy — 1) .
_ AT+ AT, i
AT = —L 2% g ¥ = Ky—1. (15)

We obtain an expression for the direct measurement y' from Eqs. (9) and (11)

?,=(l AT")/(M\ qu), | 16

AT’ AT, AT
where " .
A-T,: ATI ';' AT2 .

The experiment may be set up in such a way that the condition K, = K; holds. We note
that this case is considered in all the references as the Harman method. 1If here the heat-
transfer coefficient from the lateral surface and the ends of the thermoelement are equal,
then from Eqs. (14) and (15) for w << 1 we obtain

6
¥ = 3+ 6B

(17)
2 — + —

where

S xS
p= , _\’u(: nnmn_
pd xS

Allowing for Eq. (17), we obtain an expression to determine the correction term ¥ inEq. (13)

y = 1 +6§ ? + I ?:n. (18)
3 68 3+ 68
In Eq. (18) the correction term y' is experimentally measured according to Eq. (16)

The terms y" and y'" cannot be determined by a similar method because the value of Bi, in
Eq. (12) is not known. This means that for different heat-transfer conditions at the ends,
the correction term y will be determined with a method error of y". For the same thermal
conditions this error will be equal to the second term in Eq. (18). Calculated values of
these errors are given in Table 1 for a cylindrical thermoelement at room temperature, of
radius r = d/4 and made of material based on Bi,Tes. From the calculation it can be seen
that this method should be used for conditions when K; = K2. An experimental check of the
validity of these conditions will be the equality AT = ATs. Then, from Eq. (18) the error
in determining the thermal conductivity is

An Ax(l A“” ’ l rre .
— = +—¥ + v, (19)
% ¥ 3+ 6

where Ay'/y' is the relative error in measurement y' from Egq. (16}. It can be shown that
for ¥ < 1 the second term in Eg. (19) does not exceed the error in measuring the temperature
difference AT!, which, according to the data of [4], is 0.3% for the method which measures
the timewise differences in copper—Constantan thermocouples. If we have Axo/#o=1%, then,

Axfn=1.6%.
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TABLE 1. Conditions for the Measurement and Computation of
Errors y" and y""

" W/m o=ay . xl,W/m' ’ d=4r.m ry.m L' vy
deg W/m?- deg deg
2 3 400 ' 10-2* 5.107% 2.1072 3.10°3

Expressions (13)-(18) were obtained by solving the one~dimensional heat-conduction equa-
tion with the condition that the thermoelectric parameters are independent of temperature.
In regard to the additional errors which can appear when the assumptions adopted are invalid,
we can restrict ourselves to the following comments.

1. In [5, 6] vy was calculated for a cylindrical thermoelement, allowing for the tempera-
ture distribution over the section. It was shown that the additional terms which would then
appear in y have no practical significance if (or/x) <0.5. From the data of Table 1, this
condition is reached for T ~ 1200°K.

2. It was shown in [7] that if the thermal conductivity, the electrical conductivity,
and the Thomson coefficient depend on temperature, then the heat-conduction process proceeds
basically as it does for constant coefficients. The difference is that the Joule and Thomson
heats in the general case are not divided strictly equally between the junctions of the
thermoelement, through which the electric current flows. Then different terms, proportional
to the differences of these heats, must appear in the expressions for K; and K. From the
data of Table 1 and of [8], these additional terms can be neglected for a current through
the element of 0.1 A, and a temperature difference between the junctions of 3°K.

3. From Eqs. (9) and (10) we can obtain the result that if the additional terms in K,
and K, are small, then the functions AT;(I) and AT;(I) must be linear. Measurements con-
ducted on specimens of materials based on Bi.Tes have shown that the linearity of these rela-
tions is retained for currents up to 0.05I,, where I, is the optimal thermoelectric current.
To create isothermal conditions at the ends, the latter were covered with a layer of solder
of thickness up to 0.5 . 1073 m,

The method considered can be also used in determining the thermal diffusivity, the
thermoelectric efficiency, and the heat-transfer coefficient of thermoelectric materials.

NOTATION

T, absolute temperature; Z, thermoelectric efficiency; x, p, e, thermal conductivity,
specific resistance, and thermoelectric coefficient of the thermoelement; I, thermoelectric
current; d, s, r, 8§, length, cross-sectional area, radius,and thickness of the thermoelement;
o, heat-loss coefficient from the lateral surface of the thermoelement; X715 P> thermal con-
ductivity and specific resistance of the current leads; a7, heat-transfer coefficient from
the surface of the current leads; p, perimeter of the thermoelectric cross section; r7, s7,
radius and cross-sectional area of the current leads; x = x/d, dimensionless coordinate; Bi =
ad/#, the Biot number; ZT = 6, dimensionless thermoelectric temperature; 6 7= ZT7, dimension-
less temperature of the current leads; v = (edI/«xs); w = d(ap/zs)y&; wg = d(2azﬁ¢zrz)vh; Cc1 =
(28%01/41s%1p).
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