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22 CHAPTER 2

Lord Kelvin, by performing s thermodynamic analysis of
such s thermoeiectric circuit, showed that a relationship
exists between a and r, pamely: )

x = al @)
where
T = the abeolute temperature; Kelvin.
Henee, the heat absorbed or evolved per unit time at the
't two dissimilar materials is given by:
q = asnlT 1)

Although thermodynamicists do nut u:oept Kelvms den-
vation of his well known relati d the
effects to be ible, 8 more by the
application of meveruble thermodynammq, leads to t.he same
results.

The relatively hot and cold surfaces shown in Fig 2 are
the result of the basic heat 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 whmh
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tia b the thermoelectzi terials and the
copper straps, there are only two thermoelectric junctions,
the upper or cold one, at which 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 heat
and the lower would absorb it.

The dient b the hot and cold junc-
tions is not linear, because of the produehon of Joule heat
within each leg. The conducted. heat arriving at the cold

- junction is given by:

CAT + {PR

where

C = thermal conductance of couple legs, watts per Centigrade

desref-

- ’I‘hﬂ’mﬂeonduchnm,uuaedmthudmptz,uth:n&ed
heat conducti perumt P difference b
porallel faces of a lar or cylindrical section of ial. It
ia not to be confused with the term thermal conductance, used in
other chapters, which refers to rate of heat conduction per unit
area. Buch would not be a convenient concept to employ in

utilizes the energy level change’'in for
t.hennal energy. Flectrons 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 sclid state theory.

There are two additional effects always present in an ideal
thermoelectric circuit which limit its performance.” These
are the Joule heating effect, which oceurs throughout the two

materials, and the conduetion of heat between the two junc- .

tions, whlch is an inevitable consequence of their bemg at
different h’.mpemtures

PERFORMANCE OF THERMOELECI'RIC COUPLES

A plete circuit isting 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 bas a pegative Seebeck coeffi-
cient and an excess of electrons. The p-type hes a positive
Beebeck coefficient and & deﬁcmwy of elech'ons. The- current
is shown in the com
flow in the opposite direction. thlecheremnwmlo“our
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Fig. 3 .. .. Peltier Thermoelectric Coupl;

leetric device theory.
_.R-dectl:lulrmmnoevfwuphlegp,ohms,
while the heat leaving the hot junction by conduction is:
CAT — PR '

Thmca.nbeshownby deducmgtheheatﬂowmaharof
material in which heat is produced by virtue of an electric
current passing through it while its two ends are simultane-
ously maintained at different temperatures.

By consideriog the sleady state condition at the cold june-
tion and the total input power, one may deduce the charac-
teristies of such a couple. The following assumptions are made:

(a) The parameters a, », (rmmvxty). and K (thermal conduo-
tivity) of the

{ een the coupla and ita eavironment

bctw

oot(::n (mly at the hot and cold junctions.

{c) The electrical resistance of the copper connecting strips
nndofcheloonmwbetweenthemppermdthemwnduw

e.

_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 heat pumped):

apaTel = CAT + iR + Q¢

or
Q = ol - {PR - CAT (5}
where -
Q: = rate of heat absorbed at cold junction, watts, .
a = ¢y = @y — aq = the difference between the abeolute
Beeheck coefficients of the p and n materials,
T = (Ts — T) = operating temperature difference, Centi-
grade degrees.
T, = hot junction temperature, Kelvin degrees.
T, = cold junction temperature, Kelvin degrees.
R = R, + R,, electrical reaistances of coupls legs, ohms.
€ = C. + C,, thermal conductanees of the couple legs, watts
per Centigrade degree.
The resistances of the couple legs are:
Ls L,
B= o B= g,
where .
o py = electrical resistivities of the couple legs, ohm centi
meters. .

menmélé'dric-’CooIing

= § the couple legs, contimeters.
Ly Ly = ieugth of P
An A, = cross ‘sectional areas of the couple- legs, square

centimeters. ~
The therma! conductances are:
C = K.ﬁ C, = K,—

L. L,
where '

x_, K, = thermal conductivities of couple lega, watta per
(aquare centimeter) (Centigrade degree per centi-

meter). .

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

W o [V =[(IR + eAT) - ' -{8)

W = power input, watta.
¥V = applied voltage, volta.

The applied voltage is the sum of two terms, the voltage
drop which always occurs in an electrical conductor, plus
that ired to the Seebeck vol

‘The coefficient of performance for a thermoelec':nc refriger-
ating system is.the same as for any other refrigerating system,
ot the rate of cooling divided by the power input:
Q _ofd — 4Pk - Car
W PR + aaATI
where - -

¢ = coeffici

While the proof will not be given, it can be shown that, in
arder to

¢ = @

s i PINRY

of

, it is ty to have a apeclﬁo.

geometry for the eouple legs. This is:

Ayl Kurr

aJL. " Koon @
Unless otherwise stated, this optimum geometry is used in
r_.,the inder of the ti m(.hlssectmn.' .
The coeflicient of perf (CP) is obtained
by usmg Equatnm 7 (w:fb the op(.unum couple geometry
81 ) and diff the CP with

mpect tol. Equating this to zero and solvmg for I gives:

aAT

Igan = W -DR @)

and substituting Equation 9 into Equation 7 gives:
T, M - (TJTY
Ta-T.7° M+1

oy = (10)

where

M 4/‘ + e +a'\/m. [T.;—T.] .

Thus, it is seen that Py i dependent only on the oper- A

aling temperatures, the Seebeck coefficient, and the electri-

_cal and thermal conductivities of the two materials corn-

prising the couple. The value of T./AT represents the coeffi-
“dient of performance of a ibl process, The

containing these ‘material parameters is referred to as the
Figure of Merit'* of the wuple and is denoted by Z (in re-

. ¢iprocal Kelvin degrees). Thi

z-———”"’—-. “a
TV ¥ VK an
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if the cor iing thermoelectri are equal
in each material, then Z reduces to:
a,! as?

Kow " K
and these two expressions are equal to each other The Z
value is the most important overall parameter associated

ic couple. From the
expression for Z it is seen that a high Seebeck coefficient, low
elech'iml resistivity, and low thermal conductivity are
essential.

Suhshmung the value of I from Equation 9 in Equahon 5
gives the heat ing rate at di of CP:

2CaTM[M — (TW/T))]
M - D[1 + (TW/T2]

The difference obtained with a ther i
couple is determined by the thermal load and is maximum

Qdomn =

_ under no load conditions (Q; = 0), which gives:

1
AT om0 = E‘(aIT. - PR 12)

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

i = o i {13)

and 7
AT n = $ZT2 (14)

Thus, it is seen dmt, l.lke the maximum coefficient of per-
the difference is dependent
only on temperature and the figure of merit.

‘The maximum heat pumped by a cou.ple for 8 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:

I aTl, -
Gmer) =

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

Q.-c::u) = *‘—R_‘ - CaT

or
Qimx = C(AT many — AT) i s}

The coefficient of performance a8t maximum heat pumping is
found by subetituting the value for / from Equation 13 in
Equation 7

ATimany — AT
Dy tmax) ZT.T. (16)

‘This approaches the limiting value of 0.5a3 AT approaches
zero. It will be seen from Equation 15 that the heat absorbed
per couple for a given Z value is proportional to € and is there-
fore a function of the ratio A/L for each leg. As this increases,
the heat pumping mpmity per couple increases, but so does
the optimum current since it is inversely proportional to R.

The importaat formulas for computing couple perfarmn.nce
are listed for easy reference:

= . « AToa = §ZT3
®) Qiass = C(8T wx = 8T)
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