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Lord Kelvin, by performing a thermodynamic analysis of 
such a thermoelectric circuit, showed that a relationship 
exists between a and r, namely:

(3)

where
T — the absolute temperature, Kelvin.

Hence, the heat absorbed or evolved per unit time at the 
junction between two dissimilar materials is given by:

Q - aulT (4)
Although thermodynamicists do not accept Kelvin’s deri­

vation of his well known relations because he considered the 
effects to be reversible, a more rigorous treatment, by. the 
application of irreversible thermodynamics, leads to the same 
results.

The relatively hot and cold surfaces shown in Fig. 2 are 
the result of the basic beat transport phenomenon called the 
Peltier effect, and are not necessary to make it occur.

Investigations in solid state physics have shown that 
thermoelectric refrigeration is a means of heat pumping which 
utilizesthe energy level change in electrons for transporting 
thermal energy. Electrons flowing’across a junction of two 
dissimilar thermoelectric materials, i.e., materials with dif­
ferent available electron energy levels, must undergo an 
energy change which results in either the evolution or absorp­
tion of heat. The direction of current flow determines which 
will occur. The bibliography lists several sources of detailed 
information on solid state theory.

There are two additional effects always present in an ideal 
thermoelectric circuit which limit its performance. These 
are the Joule heating effect, whieh occurs throughout the two 
materials, and the conduction of heat between the two junc­
tions, which is an inevitable consequence of their being at 
different temperatures.

PERFORMANCE OF THERMOELECTRIC COUPLES
A complete circuit consisting of two dissimilar thermoelec­

tric materials is referred to as a couple. A typical couple is 
shown in Fig, 3. The two thermoelectric materials are repre­
sented by n and p. The n-type has a negative Seebeck coeffi­
cient and an excess of electrons. The p-type has a positive 
Seebeck coefficient and a deficiency of electrons. The current 
is shown in the conventional direction; electrons actually 
flow in the opposite direction. While there are a total of four

connections between the thermoelectric materials and the 
copper straps, there are only two thermoelectric junctions, 
the upper or cold one, at wbich heat is absorbed, and the 
lower or hot one, at which heat is evolved. If the direction of 
current were reversed, the upper junction would evolve beat 
and the lower would absorb it.

The temperature gradient between the hot and cold junc­
tions is not linear, because of the production of Joule heat 
within each leg. The conducted, heat arriving at the cold 
junction is given by:

CAT +1PR
inhere

C — thermal conductance of couple legs, watts per Centigrade 
degree.

' Thermal conductance, as used in this chapter, bthe rate of 
heat conduction per unit temperature difference between opposite 
parallel faces of a rectangular or cylindrical section of material. It 
is not to be confused with the term thermal conductance, used in 
other chapters, which refers to rate of heat conduction per unit 
area. Such would not be a convenient concept to employ in 
thermoelectric device theory.

R — electrical resistance of couple legs, chma, 

while the heat leaving the hot junction by conduction is: 
CAT - iPB

This can be shown by deducing the heat flow in a bar of 
material in which heat is produced by virtue of an electric 
current through it while its two ends are simultane­
ously maintained at different temperatures.

By considering the steady state condition at the cold junc­
tion and the total input power, one may deduce the charac­
teristics of such a couple. The following assumptions are made:

(a) The parameters o, p (resistivity), and K (thermal condao- 
tivity) of the materials are independent of temperature.

(b) Heat exchange between the couple and its environment 
occurs only at the hot and cold junctions.
' (c) The electrical resistance of the copper connecting strips 
and of the.contacts between the copper and the semiconductor 
is negligible.

.When a steady state is established at the cold junction, 
the Peltier cooling equals the heat conducted down the couple 
legs, plus the ambient heat absorbed (useful beat pumped): 

a^TJ - CAT + \PR + Q{ 
or

Qi - aTJ - IPB - CAT (5)
where ■

Qi *■ rate of heat absorbed at cold junction, watts. 
a — = oF a, ■> the difference between the absolute

Seebeck coefficients of the p and n 
AT — (7* — T,) — operating temperature difference, Centi­

grade degrees.
Tk — hot junction temperature, Kelvin degrees.
T, — cold junction temperature, Kelvin degrees.
R — R* + Rp, electrical resistances of couple legs, ohms.
C «* Cm + Cp, thermal conductances of the couple legs, watts 

per Centigrade degree.

The resistances of the couple legs are:

where

. -pm, pp = electrical resistivities of the couple legB, ohm centi­
meters.
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a length of the couple lego, CeuaiaeUas 
4 — cross sectional areas at the couple legs, square

centimeters.

The thermal conductances are:

. Am
Cm - Km~.

A,

where
Kp • thermal conductivities of couple tig*, watts per 

(square centimeter) (Centigrade degree per centi­
meter).

The power required to obtain the rate of cooling shown in 
Equation 5 is:

W mm IV - l(IR + aAT) ■ (6)

where
W ° power input, watts.
V — applied voltage, volts.

The applied voltage is the sum'of two terms, the voltage 
drop which always occurs in an electrical conductor, plus 
that required to overcome the Seebeck voltage.

The coefficient of performance for a thermoelectric refriger­
ating system is the same as for any other refrigerating system, 
or the rate of cooling divided by the power input:

Qt aTJ - iPR - CAT 
* " W PR + aAT I (7)

where
p — coefficient of performance, dimensionless.

While the proof will not be given, it can be shown that, in 
order to maximise Q„ it is necessary to have a specific, 
geometry for the couple legs. This is: -•—

Ap/Lp / Kmfip
Am/U " " Kpfim (8)

Unless otherwise stated, this optimum geometry is used in 
developing the remainder of the equations in this section.'

. The maximum coefficient of performance (CP) is obtained 
by using Equation 7 (with the optimum couple geometry 
from Equation 8 included) and differentiating the CP with 
respect to I. Equating this to sero and solving for / gives:

if the corresponding thermoelectric parameters are equal 
in each material, then Z reduces to:

KpPp K»Pm

and these two expressions are equal to each other The Z 
value is the most important overall parameter associated 
with a thermoelectric material. The higher its value, the 
better the performance of a thermoelectric couple. From the 
expression for Z it is seen that a high Seebeck coefficient, low 
electrical resistivity, and low thermal conductivity are

Substituting the value of I from Equation 9 in Equation 5 
gives the beat pumping rate at conditions of maximum CP:

9>4(>u)
2Catm\m - (r»/r.)] 

! (M - 1){1 + (Tk/T.)\

The temperature difference obtained with a thermoelectric 
couple is determined by the thermal load and is maximum 
under no load conditions.^ D 0), which gives:

ATommx) 1 r{aIT, - IPR) (12)

By differentiating Equation 12 with respect to current, the 
optimun current is found to be:

, “TV' - (13)

and
ATla,

R

‘ iZT,\ (14)

Thus, it is seen that, like the maximum coefficient of per­
formance, the maximum temperature difference is dependent 
only on temperature and the figure of merit.

The maximum heat pumped by a couple for a given tem­
perature difference is obtained by using Equation 5 and 
differentiating with respect to I. The current for this condition 
is found to be:

which is the same as for the maximum AT (see Equation 13). 
Substituting this value of current into Equation 5:

’ (M - 1 )R

and substituting Equation 9 into Equation 7 gives:
t. M - (Tk/rj

X----- n-7-::------ (10)Tk - T. M + 1

M - //i + ^_ «*__pr»+r-i
(VKw. + VK-pJ1 L 2 J

Thus, it is seen that ^nu, is dependent only on the oper­
ating temperatures, the Seebeck coefficient, and the electri- 
cal and thermal conductivities of the two materials com­
prising the couple. The value of TJAT represents the coeffi­
cient of performance of a reversible process. The expression 
containing these material parameters is referred to as the 
Figure of Merit** of the couple and is denoted by Z (in re­
ciprocal Kelvin degrees). Thus:

z °*
. " +■ VKrf3* ' <u)

■ Wh - aD (15)

The coefficient of performance at maximum heat pumping is 
found by substituting the value for / from Equation 13 in 
Equation 7

0C,<a
ATonmxl - AT 

ZTkT, (16)

This approaches the limiting value of 0.5as AT approaches 
sero. It will be seen from Equation 15 that the heat absorbed 
per couple for a given Z value b proportional to C and b there­
fore a function of the ratio A/L for each leg. As tbb increases, 
the heat pumping capacity per couple increases, but so does 
the optimum current since it b inversely proportional to R.

The important formulas for computing couple performance 
are listed for easy reference:

(a)
(b)

- ATat
Qio,

• jzr.*
■ C(aT. ■'AT)


