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Equivalent circu

and deeper understanding of electri

thermoelectric system is represente

cal devices.

oy e

its. are useful for simplified representation

In this work a
equivalent circuits

It contains the

The first part of the work is lnitroductory.
definitions and derivations cf the varicus thermoelectric effects.

A detailed descr intlon of the coastruction and the test resulis
of an ideal thermoelectric cooler that hedé deen built are given in the

I

cerivation of the @

aguivalent circ

uit of & thermoelectric

systemn is given in the last wuz It is based on-a ﬁodified version
of Onsager's Reciprocal Relevions. The conditlons uncer which the
modified relations and the eguivalent circult hold are ..lated and
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PREFACE

Eguivalent circults are We:’ and familiar tools to the electrical
eéngineer, on the other hand z;::modyr wic and thermceleciric processes
are not, in general, so familiar. It was tn ercfowe considerad useful to
Try and express the thermoelectric circult by means of an equivalent
network.

Coiginally it was intended to derive squivalent circulis to repre-

N

sent the dynamic behaviour of uhermoe1e03rlc coolers (large signal analysis)
but it vac found at a very early stege that such a representation was
B £

impossivle because of the nonlineari ity o
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t chapter is intrecductory and mosi of Cb ter Two was

commleteness., The derivation of eouations for the

- - -

TZwsts and the behaviour of a thermoelectric cooler
in the steady state are given in paris (a) and (b) of Chapte
(¢) of the chan: gives the derivation of i@ generalized dynamic equations
of & thermoele. ... . system} These cguations indicaie 0w complicated én

circult might be If based on thesp eTusti———
The equations to be represented by an equiveliens circuit are
These equations are in theilr simplest form

vt of assumptions. The causticrs derived here

cnal analysis only. They axrz based on z modified
Rec »roeal RCldt’OhS By lizting some of the re-

onsy imposed on the eguat ons, one by . ove)tpe eguations will become
rogressively more difficult and sc does the equivalent circuit. It was
e
v

~

that work in this direction was beyond the scope of this thesis.

The construction and test results of .an idegl thermoelectric ccoler
are CLlscussed in Chapter Four and the first part of Chapter Six - respectively.

The test results of the equivalent circuit are given in the second

part of Chapter Six. Comments‘on the results and conclusions are siven in
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Chapter Seven,

This work may
temperature depend®uce of

extended to ccver casc

materials witnh diffe

possible exiensions to the tre

ded s

now he extendead
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further to include,for example ,
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These are justa few of the

here and are directly

s




CONTENTS

Abstract
Preface
Chapter One;

Chepter Two;

. Leknowledgement

Introduction

Physical basis of thermoelectricity

a) Thermoeleciric phenomena in semiconductors 10
Thne Peltier Effect 15
The Thomson Effeet ’ 21
The -Se¢™ wek Effecs: 23
b) Theory of -ai.uncelectric cooiing 28

38

Chapierx '

42

Chepter 59
Chepter 70

a) Some more equivalent circuits 70

é ) Set up; 77
f . The  astwork o 77
f The 77 netwuork df : B 79
: Chapter Six; Experimental procedﬁienand resﬁlté . R
? a) Thermoelectric system g1
é b) Equivalent circuits G¢
: Crhepter Seven; Comments and conclusions 102

|._’
\n

Lppercix I; Anodizing Procedure ; 0
0

Some Photographs

=
[ea]

of the Apparatus
Bibliocgraphy 110

Vita ' a 116




ey

CHAPTER

]_J

INTRODUCTION.

of science dealing
energy. Any effect
involved in thzt Trocess and in that process only, is a thermno-
gleciric effect h

literature ig

has Toen rapid, [main
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If a cirecuit is made of twe dlissimilur vialis or s
ceonductors 4 end B as shoun in Figure l.la and vas Swo junciions

J
Terent temperatures then current will flow in the

. loop., If the circult is broken in one of the meterizls then a

voltage appears across these terminals (Figure 1.1

voltage is proportional to AT,

* Superscripts refer to bibliography list.




The Seebeck coefficient is defined as

AV
e (T) AT .

where ©e = Seebeck coefficient

Av = voltage diflerence '
AT = temperature difference between the junctions

The drop in potential may be either pogitive or negative
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hat the sign as

well =s the magnitude is of importance. For convenience

QC\/Oﬁ\.

thermocouple ) is.formed the

M

so that when a circult {or

. total Seebeck ccaffigien+ will be the c¢ifference of the
two absolute coefiicients.
THE PRLTIER EFFECT
Vinen an electric current flows i & ¢lircult of two

Gissimilar waterials (conductors or semiconductors) then

; one junction will absorb heat from the surroundings at one
: junction and liberate it at the other Junction, This is

illustrated in figure (1-2). It was found that the rate
of heat absorbed (or liberatéd) is directly proportional

to the current flow hence:
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ct'

vrere M(TY = Peltier coefficlen
W

I = the power. Again the effect cannct be ascribed to

I = currentc flow

-

either of the materials but 1s a property of the Jjunctlon,.

‘2]

An absolute coefficient for each material can be found.

~

i~

s Seebeck cosfficient depends on the choice of both

materials and cannot be attributed to either material alone.

ficilent is assigned to e*1 materialgd,

n

(1-1)

.
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THE THOMSON BERFICT

Thomson (Lord Kelvin) realized that a relationship

should exist between the Seebeck and Peltier eflfectse

From thermodynamical ar;u“ents“ﬁe :v-t'ei th Shivd =niafiion
(now xnow as the Thomsén effect), wnich states that LI 1

nt carrying conductor a tewmserature gra

then energy interchange betwesen the surrcundings and the
-~ - N - - 1"’- A ..- - 0

cond:ictor will take place. This effect 1s snown in

In this case the coefficient 1s ascribed

to Tie materiszl iltsell and not to the juncition

kncwn as the nomogeneous thermoelesctric effect ).

1.8 The coerfficient is ¢

S = Power zbhsorbesd or liberated
Cr' et o . s,
4 = Thomson coefficient

electric current

Cf

dT/dX = temperature gradien
Since the hecst flow due to the Thomson effect

devends upon the producht of current and temperature

gradien?}az& it is a second crder effect and therefore
is of secondary importance.

Thomson showed Bqaﬁ the Peltizr» and Seebeck co-

fficients are related by the pauvstion:

T(T) =&(T)T
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Teets discussed gbove are

f
(’.‘

reets. The most imporisant is the Joule

-

effect (commonly known ss the resistance loss which occurs

|

in all circuits with the sxception of superconductors).
The Seebeck effect 1s utiligad In thermoelectric
generators. The most known is the thermoceoupls used for

temperature measuremsnts for the last 80 years oOr soo.

generators was derived first by Altenklvch “..  He showed

that for both apvlications, materials;:a?e-with high

thermoelectric coefficlents, high electrical conductlvity and

low thermal conductivity were reguired. But it was qulte a
different mztter knowing the favourable properties and ..
obtaining materials embodying them. Up to the end of the
second world war no real srogress was ma iec in the fleld of
thermoelectricity. Only with the introduction of gemicon-

ductors the field was brought to life again.- The ploneers

1

n the £ield wers the Russians? later on)the’interest sorsad

to the rest of the worid. It ¥ only then that the Peliiesr
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st could be used ITur thernocliectric cooling. The

was the low cificiency of the device, which was of the

order of 0.3% but with semiconductors efficiencles of the

electric coolers are used today for svot ccoling in
electronics, laboratory instrumsnts, air conditloning

for gubmarines and other usges. The main advantag

thernuoslsctric cooler iz the ebsence of moving parts and

it possiblz +to use them in remote places were [resquent

maintenance is impossibil

. e, .
Up to nowinisei:l anvlication has been [

-

cund for the

Thomson effect, but vhs ziTsct must be taken into account

where a= average Seebasck coefTiclent
0= average electrical conductlvity
k= gverage thermal conductivity

If it 1s assumed thau-aa’g and k are independent of terpe-

t-e

raturs, then the averapme values are taken for the two legs

shown 1in F_Cc (1-L) iles
a - +a :
G = i - 2 . o
2 . " " ': \ EEC‘..;
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hut 17 the values of

of tasmperabure snd’ they =2renof, then the averags value is
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icient are not iadersendent

temzerature range and then the value of

fied according to their working temperature range. A
material sulitable for thermoslectric generator working
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that thermocouples Z mgy be
cascaced in ordsr to Incresase the overall efficiency of
the system. Z has the dimensions of p-1 and it is
sometimes known as Ioffeis ceerriclent since it was
first used by L.F. Ioffel This coefficient was derived

exncrimentally and it was found that for metals it has tﬁe ey

-
. - O = . 4

value of about 0.1 x 10 ° per ~C., for semiconductor

materials 7 is of the order of 1 x 1075 to 3.5 x 1072,

and nigher., With mgterials having a fig
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1 be not only feasible but it will be

efrigeration wi

ble to comvete with

comnrecs

i

sor type refrigerator.

thermoelectric systems 1s

ne paraneters involved are

[l

sult many simplificat

ons

onsin order to




BT

CHAPTER 2: PHMYSTTAL Rh%Ia OF THERMOELECTRICITY

-y THERMORLECTRIC PHENOMENA TN SEMICONDUCTORS

In this chepter a briel explanation of thermoelectric

O .
ot

t ne discussion is gilven. The equations
zoverning these effects are derived as an extension of the

Mig thsorv is given in greater detail

P-XN junction theory. T 5
1 ! 6, 13
elsewhere —? 27 Lk, 5, 6, s ]
Sericonductors in their purs state (intrinsic T

impurity atoms ars added that any spprecisble conduction

T -

ace., In thermoelesctricity, the Intermsztszilic
comnoands (alsc called IIT - V semiconductors for obviocus
reasons) e.ge. Bismuth Telluride, Indium Antimonide etc. are

mostly used because of their superilor qualities, but these

f

benrnsve as thyough they bvalong To group IV of t
. ot
tablo. Vhen impurity as~ms frowm a group V msital, i intro-

ducc i into un “nitrinsiz semlconductor, one elasctron is left

M

over after the Iour covalent bonds are satis dg This

leads to a "free" electrons. for conduction and hernce an

' tvpe semiconductor,
Similarly impurity atoms from group III of the periodic
table ledd to absence of electrons i.e. "holes" and hencc

a "P" type semiconductor. A hole may be regarded as a

particle with an effective mass and eflectgve veloc1tv

nerste. (A depeneruzie semiconductor is one in which the
concentration of current carrisis in the conduction band

210~
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Hax

s 0 high that the digtributiocn of energy cannot be

=

armvovimated by classizal statistlies i.e. HMaxwell -
Boltzmann stetistics)e. In order to determine the behaviour

Perml Statistics must

types. The band gap 1s 2 band of energ that electrons
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alence and conduction bands each
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continuum of allowed enersy levels, one lsvsel

-

a
Tor ~aph electren in the ocuter shell oF zsch atome

"

Pigure (2-2) shows the band struciure of thermoelectric

semiconductors.
Note the narrow band of donor and acceptor levels which

5

nan

-It

or transistor

l‘"
ci
Hh

show a rmuch greater density of impurities

P

semiconduetors which are usually represented by single impurity
leve s, : '
N ° -, . . - . - - .
At OK the energy states in the conduction hand are emptye.
The wvalence band has onsz stats for seach eleetron and they are

ell occupied. Likewise the donor band is full of electrons

&Qxiuho acceptor band consists only of holes.

As the temnerauure risss- electﬂons leave the donor bzand

and enter the conduction band. This is the ef fect of heat

on ziectron energy. Similarly in the P material electrons

enter the ecceptor level and holes appear in the valence

band zs a consequence. The Drooab 1luV that a state of czcnergy
(E) is occupied is givén by the Ferml-rirac Distributior Tunction

1
—(EfEf)kT

14e
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Ths wvalue of f(ﬁ),ic the probability‘ﬁhat a state
with energy E is occuﬁied . As shown in fig, (2=3) the
cURVI is:symmetrical“on a semilog scale with most of the
change from 1 to zer6~occuring within. a feuiKT of the value

where F£(E)= L. This is knowd n- the Fermi energy i.vol

-4

It can be seen that &l low temperatures the change 1s abruot

becoming more gradual as T increases. The knowledge of the

11j

erml level enables us to plot the distribution of slectrcn
and holes at higher temperatures.

At low temperatures the Fermi level liés bélow the
acceptor band for P type and shove the donér band for the
N tyve. The Fermi level drovs.as the temperature rises.
This is explained by the increase in energy of mobile carriers.
As the temperature risés, more low energy staﬁes_(valence band)
are emntied and high energy (coancduction band) are occupied.

Thersfore the energy level having =sn occupation probability

=

o % 1s liocated at lower eENergy. guk.

When a P~type material;is'joiﬁx to an N-type material
a thermoelectric cell is fofmed. Although it is a P-N
junction it does noﬁ rosessthe same ﬁroperties as a P-N
junction in the ordinary sense (i.e. diode)o On the other
hand some physical proﬁerties,ﬂre the same:the most
important arei“ the formation of a trénsition region across
the junction and the aligning »7 the Fermi Levels for the two
types.

Bearing these prqbérties in mind it is [ now possible

t0 describe and defive the eqﬁations for thevvarious thermo-.

slectric effectse,
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The Fermi-Dirazc function:

ot high Zewmps the material is essentially
Sl : intrinsic .
\\ ~ % Yo A %
KK A ya o rr-_
i - C
{
i
e _
; Cw

The Fermi levels lie below.the donor band for the N-type
‘and above the acceptor band for the P-type

. .

/.




THE PELITER EFFECT,

Consider a P-N Thérmoelgctric ceil to which a voltage
source 1is connected‘a§dva certain current fiows through
the junction. Asvwa5~said before Peltier cooling takes place
at tre junction by absorbing_energy from the surrdundings. The
wnergy creates carriers (elec?ron hole pairs E-H-P) in the
trangition region thus sustaining the-current. The mBnergy
entering the junction is quantized eaéh guantdm belng called
a phanon. A calculetion of the variation of phonon density
with distance can be made. It is assumed that phonons of all -

v i

energies, distributed according to the temperature, enter
tﬁe crystal in the region of the junction. The phonon densiﬁy
is independent of time but will decay>exponentially with
distance. The probability of the phonons being absorbed
devends on the densitﬁvof the statés of the same energy as
the phonon,

The rafe of absorption of heat is &x at a distance x from

o

the junction. The value of Q, is

o | l. (2-2)
Q=Qe B ‘ o - ;
Where Qo = heat flow rate from the source at the junctidn

L, = diffusion length for phonons,

The grapn describing equation (2-2) is given in figure (2-5).
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The~ removed from the cooled region is equal to

the product of the net E.H.P. generation rate and the avérage

energy abSorbed per event. If t is the average recombination time

a Qx _‘(:g %)de ?8 o - N (2-3)
t t '
where d Q. = rate of heat absorbed in a volume dx long
%o dx = # of electrons generated/sec/unit vol.
Y J
. P
ndx/g = # of electrons recombined/sec/unit vol.
E, = average energy absorbed/event

The decay in space of a particular group of electrons is

TX/LP . .
n(x) = hy(x)e (2-4)

where LP - diffusion length for electrons'in the P region.

hence ?q/z‘and n/g are the generation and recombination rates

are also functions of x. . ii S
d n =x/L - ' _
Lalx) = To(x) ¢ P = - n(x) (2-5)
d - -
t t : t

(Eé is the gvérage energy needed to create & pair). The
number of thermal electrons in the conduction plus acceptor
bandé is exactly matched by the holes in the valence plus donor
bands. At any instant of time

n+ Na =p + N& ST (2-6)
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‘where Na and Nd are’the impurity densities!of accebtors and

donors, in the P &‘N'regions respectively. This equation

assumes. complete activetion of the impurity bands.

The net current density out of a unit cube of material
figure (2-6) in the transition region must balance with the

net charge formation rate.

:SN\\A e mo(*\ de' — fa.Sm-‘k .~
G = -—%—l(’SMf ST ’O\_X)-i— "—%ﬁl ax (2 7) ;

where Jnx ls the electron current density. 

A similar expression can be written for Jpx

hence O 3mw _ & me_'mu\}
NS + L g

but 3 Yl&;jiéé:j

AT

From equation (2-3)

o] = 248

Hence 0\1\3 K(,\,‘}\ ( \ ) k S:)Q*/ Q”C))

Cb
-" d.#~ <\D

.90 L) - % {f“ W - “Q‘“} (2-%)

. integrating ' ' _¥%LDT

= °. _\e. + C
¥ ( \ !
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Integrating again

. ‘ _\;.L.
ey =il e T e

When x=0 n(eco) = i.e. the equilibrium minority carrier density

Y
L D )
Hence ML = g - N\POQ .

Where (‘(LPO"‘ D E‘ M RN M

% 631 *#—_;o_

Buit whatever the"shape of the function n(x) 1t is zero at x=o

ioeu n -
py = p
Finally M. = Q

/LD> (2—-13>‘

Hence the electron current I - due. to thermal E,H.P." production is

g
N - DR

at
MW =0 —X- s\-:I

Thus we arrive at an expression for the Peltier coefficient

R I

s
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An examination of this equation reveals the propertles
needed fo} a 5§od Peltier cooler. The avefage energy absorbed
per event when a phoﬁﬁn,creates'an E.H.P. is a function of the
enersj.distribution. "A degenerate semiconductor will have a
plentiful suppiy of electrons in the donor band or holes in the
acceptor band. Low energy phonons are absorbed by extrinsic
semiconductors while‘it takes high energy phonons to create
pairs in intrinsic se&iconductdrs{ The optimum doping intensi-
ties place thermoelectric.materials between the intrinsic and
extrinsic condition. It appears from the ;bove analysis what

1s needed is a state distribution function that exactly matches

the continuous phonon‘energy distribution function for a given

temperature.
THE THOMSON EFFECT ) P
The Thomson effect is a reversible transformation({gradienty

iy SO

of electricai’energy and heat due 10 a finite temperatureﬁln
any single material. The heat 1is trahsferféd at a rate ﬁrqpor-
tional to‘the current and temperature gradient. Thg physical |
process is the change in energy céntént of the carriérs with
temperature. The heat 1s absorbed affa:rape
d@;%.:TI(%)c\.y S (e

where ‘C’ = Thomson ‘coefficient
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In the N leg the electrons move}in aﬁairection of
positive ﬂempgrature gradient"‘and against ﬁhe difection of
positive current. ‘Thé electfoné méve‘from a reglon rich in
electroﬁgto one deficient in eleétronél This 1s due to the
thermal diffusion of carriefs away from the hot end. Hence
there 18 a drop in potential‘energy for thefcarrier as it moves

away from the region of dense charge.

A corresponding'actidn'takes place in the P type. When
holes fiow to a région.of higher‘temperatuge, heat 1s absorbed

and hole density decreases.’

The current is #egative 1h the N material and positive
in the P material, while aT/dx is positive,in both. Since heat
1§ absorbed in both legs, itviﬁ clear that N £§ ﬁegative and
P 1s positive. In terms of band strudture of extrinsic semi-
conductors the above médel can be deséribedvas a shift in
energy level occupetlion with temperature. The Fermil Dirac
distribution of electrons and holes accounts for the occupatlion

of higher energy states by électrons above Eg and lower energy

\
\,

stﬁtes for holes belov. E, as temperature rises,

The total thermoelecﬁric'effect includes generation of

irreversible Joulean heat IeR.;

Hence:
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THE SEEBECK EFFECT

%he ‘thermoelectric cooler is,driveﬁ by aﬁ external voltage
souree of voltage E, - Kir%hoff's lew requifes E to be balanced by
internal voltages. These;voltagee are fhe IR dfop and the thermo-
electrie or Seebeck voltage ES. The/%hermoelectrie;voltage is itself

the sum of four e.m.f.'s, associated with thebPeltier and Thomson

effects. The useful coollng power 1s L I.
The sum of the Peltier andeThomson energy conversion rates is

N o
é{‘:x‘.’rr I+I / Var=x1" * (2-18)
'\r TQ S ' . L

if Q is expressed as Joules/sec it is clear that the terms on the R.H:S.

of equation (2-18) teke units "vpltSstimes-ampewbag ©

Thus —n_np ="Ep . ‘
Th o
o~
&L AT - Br . where
T ' :

Ep &'ET are Peltier and Thomson voltages respectively.

The Seebeck voltage»Es;E'+E .'4The pfopoftionality.between ES&AT can be

P T
written as
| E g =e<DT o : g __ (2-19)
where o, the Seeback coefficient is the ra%e the fherﬁal e.m.tr,
changes with temnerature.;n a glven system. The two materials involved,
their two junctions and the “two bulk, effects (E &E, . ) make up the Seebeck

coefficient, < is not 1ndependent of temperature and this led Lord Kelvin

to develop ‘the thermodynamlc foundatlon of thermoelectrlc effects.
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In general the power source is not connected at the hot

. junction. Hence the general case sgbwn in figure (2-7). Subtracting

the circuit IR dfop froq:the applied voltagé E, Esfjust sustains the

internal potentials, It should te pointed out tha£ the internal |
potenfiéls oppose‘each'other in pairs. Thug the nét Seebeck voltage

is the sum of the difference between two Peitier vcltages aﬁd the

difference between two.Thomson vol%ages
E-IR=(E -E E.. | -
_ (p& ph)+(ETp ETh) _ - (2-20)

The voltage ES developed around a fhermoe1ectric circuit is due
to two temperature effects in each 1¢g;' (1) A shift in Fermi level down-
vard at.the hot end due #o greatef accubancy of conduction band state and
(2) the potential gradient'establishgd by tﬁe redistribution of charge,

The net potential drop in volts 'is

se 1| s o B -2 [BeBe) %] (2-21)
q e -~ .4
Where (Ec'EE) = the conduction band separation from the Fermi
level. ‘
¢s = Electrostafbcpqtential'of the conduction band edge due to
thermal diffusion. The c¢ntribution of the metal ends is negligible

By definition o = “Cs, thus
o ™ G

~_ 1 §+a(E -E) -ags} - . -
-_— 4 C f . §
c><n5% a { 3T + dT] P (2-22)

The band gap width and doping levels -determine the first term,
which is the Fermi contribution to thermoelectric effect. The change in

¢s is due to the Thomson specific bégt of electron:gas.

2
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fig... 2.8 ,'.
A P-N Junctlon with a ther-mal gradlent in each
material and with zero ourrent
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Figures (248\g#d'(2-§)fshow grapﬁicallyifhe effect of temper-
ature gradient on a P-ijﬁhctiéh. Figure (2-8) shows the diffusion of
carriers {o the cdoier éﬁd of‘eachvleg, similar tolcondensation of a
vapor on cooling. _In'fggure (2-9) it is séen that the conduction band
edge.dfobé‘as the tempe;ature increases for N type material and the
valence band edge rises-gsltemﬁérature incfeases f§r P type material.

The Fermi level coincide across the hot junction so that the Seebeck

voltage.is
?Sn +¢_p = qEg B : (2-23)
Having defined n for the N type semlconductor and recognlzlng the

£
ex1stance of the correspondlngQap we have

TraT N ’ ;
?Sp qupf ar o<
7 . S .P e
. e c o (2-24)
;gn ==qsq, [ 4T '
T.

c : . :
as the changes in potential energy from the cold to the hot end. We now

add these energies to obtain ~ - I _~ - .

E .
< pn =NXp ~Xn = ] B
| TANT
Hence E, =/™pn dT _ ; o X (2-25)
T o
by substitution in (2-18) .and (2-19) we, get
T T L TSAT S .
f°< daT = “pn + (Tp -Ln)dT . (2-26)
T(- . : :

differentiating we getﬂ-
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Electron potentisal

. - l
Ao A A
colla - S hot A cdld
end - end o : end.

Energy level: dlagram showmng the drop in conduction
band edge in the gane dlrection as the temperature
gradlent for N-type materlal and in the:opp031te direc-

tion for P=- type material.




X pn = {—r?,%‘-'i-‘(\? -Tn) (2-27)
/
or ALy - Thn +Tp -Ta) (2-28)
AT .AT

More relations will be derived in later secfions.

b)  wrEORY,OT. THRMOBLACTTIC COOLIN ¢

A very importént featurs of thermoelectric cooling (or

generation) is the indépéndence of the effiéiency_bf the unit on its
capacity. Hence it céﬁ be derivéd using the parameters of only the
heat pump. | f - ho by

With the same hotatioh as:before and where An & Ap are the
cross sectional éreas of the N & P>type materials we get the following
relations: | o

The heat pumped from.theAcold_tofthe hot Junction by the

Peltier effect is
Q°=1T5PI
=0 | = -
tpTo T =06 -oL)T T

An amount of heat KAT ieaks back from the hot to the cold junction where

A K AK o . '
K=_D D+.nn . o ' ) (2-29)
1 P 1 n . - .
. ing =A = 1r. = 1" =
Assuming An Ap A&. i vlp 1
then K =anKp ~‘ :  ‘ -~ o (2-29a)

Due to the passage of current in the thermocell¥* a certain amount of

power is lost by heating.z-It can be shown that irrespective of the value

* A thermocell is a single thermoelectric coﬁple used for heat
pumping. This name has been used for the 1gst‘fiv9 years.,

h
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of the temperature gradient, the Joule heat' is equally divided between

. the hot and cold junctions. Hence the amount of heat due to the Joule

effect at the cold junction is

% ’33 o (2-30)
Where ﬁn_n + ﬁg_n
. £ wi! h‘3
i =A = =]'= - n\d. = YQS\$
Since A Ap A ln }p 1 F |
R (ot p)= RR, | (2-308)

Under steady state conditions i, e. ’ ~bhe temperature of the hot
and cold Junct;ons are Th&l. respec;tl'xely the hea’c absorbed from ithe
surroundings plus the hea;b flowing along the arms are equal to the heat
removed by the Peltier effect, the heat flowing alonc, the arms’ cons;sts 61“*
the Joulean heat and the heat due to thermal conduction.

Therefore the net heat removed from the cold Junction is

Q =QO-KT'>-QJ

c
_ ’ y l.x. 2 . ' B
Qy -'I[% - K(T,-T.) -3I ‘3 | (2-31)
or Q, =TI - K(‘Th"Tc) - iI\?R ) . (2-31a)

The power Supplied 'to*the thefmocell consists of two parts;
the Joulean heat loss and the pumplng power. Therefore, the power

suppl:.ed P is given by
P =°§n(Th—Tc)I,{+ IZR_. | .4evid~°“ab3. I _ (2-32)

(2-32a)

v =°f)n(Th"Tc) IR

The coefficient of performance . is defined as
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) ) 99- . -" ‘;.“‘ ' |
*L P ‘ (2-33)
- 2
o¢ IT -~ XK(T -T ) - +I®R ,
= pbn "¢ n_-c % .
mamely R = B trmarTmR | (2-34)

pnt'n ¢

For a given thermocell aﬁ_d for fiixed hét and cold junction

'bempegatures the coefficient of pefformance is a function of the

current I, the fhermal conductance K and of the I:ésistence R. But R&K- -~
are not independent; they are related by the figure of merit Z. For a
given cooling capacity the ratio Q/A Shbuld' go up with electrical and
thgrmal conductivities. The best conditions to minimize the effect of

Joule. heating and thermal conductance are taken. . It can be shown

-
b

4

that ;Lreaches a maximum value whén 4physica1- propei-'ties of the celi obey

the ratio;

14 (X N
T =<K'D ?\ - L (2-35)
np n®n -

Where gp and: én are the specific res_istivities' of the P&N semiconductors.

" From equation (2-31) we get

W20
T, T ___TII - 3l R"',:Q‘cf“'”

h "¢ ‘ K

0 (T-T,) _m- IR _ O .

Hence I = I
2T 0 K . - R
I[l_ . .lr:'— H P .
. (‘I‘h-T ) = &2 R .Qc,:,J.-LF'—,gs-_ (2-36) -
¢ g K l Rk Kk .
if Q, =0 i.e. no load conditions
AT = (Ty-T) =5 . - (2-37)

but M =«T from '(2'7-2"7)
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e 2 12 - : :
. ~y : .
hence AT = ——%{—3— =§Z.(T‘;> ;- (2-37a)
- Q_(l
where Zz = R;“ = figure of merit

ch;leren’cl:a.tln° equation’ (2-34) we ge‘b

‘L_‘:«. =<[T (T,-T, ) THIR(< T_-IR)-~ [z, - K(Th-T )- 2R} (z,1,)+21H o

(T,-T)I + 1°R

2R 7 - L1°

cD\Rx

2 | 2 32 g
hence T, (T, T, )1 -JI(Tn-Tc)RH RT,-1°R _\-E(I(Th-Tc)+E<I

32

xu(’l‘-T)-I Kx(T-T)-zxm(T-T)_o

; _ R(T -TéJ-Z,KzR (T;-T ) +2Ke< (T, T ) B(T+ c))
' o R(T_#T)

48]

+ o
T o KR(T -T) 1= 2(T+T)) .. Th o [1+\)1+ Z(Th-i-‘l‘c)

R+ T o ZR T)AT,

2 T,-T, (1+r-;‘ ) -} ) _ 2:(7-T,) [~ ] - g Z(T#T,)
ZR TaT, T (-7 ) z (T,+7,) ax-7) -

Finally we ge'l',:

i

_Npn DT (2-39)
(S'1+ f,ﬁz('rnﬂc)‘ - DR - \

Substituting the value of I in equation (2-34) and letting

'=\1+¢z('r 4T ) we get -
W ntTe’ g

e a-1R ¢ X(a-pr o !
‘\_ o (T -T,) - =< (T,~T5) & B
G-DE . T G-

Ca B




steady state
efTicient of
value of the
anée beconmes
machine i.e.

e

In

A-i- T +L =1 - T - -1 T 42
L * T L A
I S 2T X 7 AT w T OO
Th-Tc i » AS
2 L T
; (4 -21) + (A-1) - °h
= TC x ZTO ‘ TE.
Th--Tc ) A
2 \ - =T. -
: QZT ‘)x (a-1) =2
T ¢ T,
= c x . x A+ 1
T, T, A A+ 1
Toue b 2@ T)- T T
= Tc X & ‘ 54 ( h <~ T(-P\ TQ. B A .
Th-Tc A(A+1) ) ; Su-bsbltutsnc:) back
for A\ we
{ 250211 . v T
§ AT qet Te h++ 207 - ==
| U VR =0Ty + |
T T Jl;
1,1 = ¢ . \i+ 5 Z(Tht TS" Te (2-40)
T, ~T \
A Tia ooy«
It can be seen from equationé (2-372) and (2-40) that under

conditions for a fixed value'of'Tc:and Th both the co-
ﬁerformanée and thé maximum:femperature drop depend on the
figure of‘merit;Z aﬁﬁbwhen 2> 0 the coefficieht of'perform-
that of the Carnot éy"ele fof an ideal thermodynamic

(2-41)
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l) The electrical and ohermal gonductivities are

independent of temperature;
. 2) The thermoelement consists of homogeneous material;

3) The e;eokrioal resistance, thermal resistance and specific
héa% of the connectiﬁg'%traijgre.small and therofore neglected;

4) The temperatore?éréaient from hot to cold junction is
linear; |

5) The heat and current flow are one dimensional;

6) The Thomson coefficiont is negligible;

7) .Heat transierred By_convection anq_radiation from hot
toc cold junciion through the legs is negligible;: |

8) Only'single stage with one fhernnelectric element is
considered; | :
9) The analysis applieévto steady state conditions only;
The above restrictions iimit the application of the various

equations therefore general equations for:dynamic conditions will be

derived next,

q) DYNAMIC RESPONSE OF A THERMOELECTRIC COOLER

In order to describe completely the system deplcted in
figure (2-10), three pairs of equations are-required:

1) Each jugotion aﬁ ahy'instani of tiﬁe must have its
energy undef balance. The amoﬁnt‘of heat removed from the load is
egual to the differenco-Betweén £he amount of hegt pumped by the
Peltier effect and the:heat reaching the cold junciion by thermal

conduction

& Q‘(@@T :[kt} K A"\’b‘l\ K \\e-}* (2-42)
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and the amount of heatlremoved frdm the hot junction by the surrdund—
ings (or ancther coolant) is the dlfference between the heat brought

to the hot Junctlon-by‘the Peltier effect and the heat conducted back .

to the ¢old junction

L —5‘9

B SRR A N

2) The‘rate at which the energy of the system is decreased

is given by

hd pl ‘.'_k_\‘i - . -
8- A “\1 1) 7 © . (2-44)

where \W is the energy’accoﬁntéd for by the specific heat of the P&N
legs and is given by
‘ AL &
wE)= Ao | CaT Rt Ane P“’Jcr T (¢) 8
. \ ' : (2-45)
. 6 0 ‘
3) 1In order to determine the temperature distributior in

the two legs of the thermocell consider an element of length dx in

one of the legs, say the leg of N type material, and let the element:

be a2t a distance x from the cold Junctlon. Let the power and current

flow be as shown in figure (2—11)

The Law of Conservation of Enérgy requires that

Q.\;,‘Q&,: G‘A ha\{&s - (2-4¢)
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where QJ., % & Qs are the Joulean heat, the Thomson heat and the decrease

in stored energy respectively

S} . :K\l\;‘\%l:l\\
. A X

~

Q DT
L\ = =K ~N D% L
PN 'Y

" The Joulean heat is given by

% P
Q = I 7 o
\ N ~ )
- DT .
3
gives the Thomson heat
’Dl
and Qs =C P\'\'}H “"""“E’Cp =L cL‘[\ gives the decrease

in stored energy. Substituting these values in eguation (2-46) yields

f TR TG —B—T-"—‘—- 'BT;'\
D Tm -7 2 -~ T e TC N SN AR —
K,\l\x\z;j“’"‘ l ID"‘ N IR ™t =0 (2-47)
In the p leg the equation will have the same form; the only

difference is in the direction of current flow. Hence for the P leg

we get:
T, % 2 Tr e 4y = -
be‘?i_ﬁ LN __If) Y +IC'C€V'7\ &R "’Cf’“\p'b Ak =0 K‘). H‘Z>
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Inzesrating equations (2-47) and (2-48) with respect to

x we get
T I ¢ T
it AT P g T T A -
28| pnh] 7l ik
- Cmg #\3‘5\% Y, =0 | (2-49)
Q
and ‘ 2 ]
2le ’BTP 2 IDP - mTﬂ
K - K, A x —If Mwlft £ X
Pp\n‘f\ =48 L r%}\ 7‘.-0 :D ? 3 P'B}\
o |
-~ %1? -
+ Q‘,Ske-w M= (2-50)
nence Q
— A—_"} 27Tp x 2
@\.\ = - Th: <~\km’::‘i\\*_:\<rp\?37\\x¢: I K_!.‘%‘_‘\ 3\7‘4"
S IS N
v 2 M:Xﬂ- IJT“\H - T\T . &T —
iv) P '
T T
Q .
~ 20N f\ﬂ' Ak + Col\ bepm]
h : » | (2-51)

Now substituting equations (2-42) éndA(Z-ﬁl) in equation (2-44) we get

N,

after simplification

Y :X?w’m}x Temy . j S L"\ U-IO ’——h  c2-52)

If equation (2-52) is reduced to steady state conditions we will obtain

equation (2-322) again. _
Equations (2-42), (2-43), (2-49) and (2-52) describe a

thermoelectric refrigerator under all conditions.
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. In the above‘dgrivatio;'a number of assumptions were

again made;

1)‘ The thermal and electrical conductivities are
independent of {emperature;

' 2) The Seebeck and Thdméon-coefficientsand the specific

heat are also independent of tempefatﬁre;

3) The therﬁoeleme@ts.ére made. of homogenous material.

Without these restrictions the equations obtained would

have nonlinear coefficients and hence would make them impossible to

handle. The above equations are very useful for investigating the

behaviour of the system. Under dynamic conditions the analysis can

be broken info large_signal,and small sigpal analysis, a detailed
treatment of that nature is given in reference (7). The equétions
above have product type.nonlinearities of current .and temperaiure
gradient and terms inyélvinguizkhencé the time dependence of current
is difficuli to determine.

THER/ODYNAMICS OF THERMOZLECTRIC CGOLERS.

In 1854 Loxd Kelvin proposed a ﬁquasi-thermodynamic" method
of analysis for the thermoelectrip effects. Although Kelvin himself
pointed out that the method was not complétely Justifiable, experi-
rents confirmed the results obfained. This theory was applied success-

8 and others. * 1. 1937 Onsager revised the

fully in a number.of cases
problem and proved a geﬂeral set of reciprocal'rélations treating the
symmetry in the mutual interference of two or more ifreversible Pro-
cesses occurring simultaneously ipﬁa systém, and:pointed out that the
whole class of results obtainé@ub&%Kelvin%fo}lowg from the regiprocal

e

relations.




Onsager's Reciprocal Relations became the main tool for

" {reating systems involving more than .one phenomencn. The thermo-

. \
electric effects were treated agair using these relations by

”~

de Grqo@ 10, Domenicalill, Callenléland others. Callen's and
Domenicali's treatments are the most extensive and the ‘treatment
here will follow them in a sort of fusion. |

In general a sgtfpf irreversible processes which has

measurable parameters %ié , say, can be expressed in the form;

2—%— L= EL (2-53)

LOF
v o

where s is the entropy.

g
§p
D

This is assuming that the mdcroscopic laws (Bnms law ete)

a Nhetre “6"% -

can be expressed in a linear form. The*% are a measure of the

deviation of entropy from its equilibrium state, since at equilibrium

% is zero (because s is a maximum at equilibrium). The kinetic co-

e?“icients nLttg are functions of the state:of the system depending on
parameters such as temperature composition ete.. The quantity Lij is
a measure of the interference of the ,jj-;-l-l process on the iig.

Onsagef's theorem states thgt Lij.= Lji‘ This theorem
simplifies the work and enables.thé coefficients to be determined.
In order to simplify the work further the rate of production of
entropy will be considered instead of the entropy itself (it is more
diffeéggz to find the connection between thé entrbpy ;nd the variable

caj). Therefore we get from a Taylor expansion;

§$= Z&Q%ix S—P." — E%\Gﬂbg?a ’ : | (2-54)
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Therefore the rate of production of entropy is given by;

SS ‘}&EX
“~—"‘ zk’b‘ & .S::.< \G'-‘
RN

(2-55)

These equations can now be applied to a thermodynamic process where

the mutual interaciions are between neat and electrlc current flowé
the parulcle current density is J, tne entropy s and energy

density W then the divergence of each 1s,the rate of change per unit

volume of the corresponding variables, also we geil the heat current

density (Q) to be

-y

For a steady state process

< Ww=0 - L (2-57)
v.J=0 : : (2-58)
vS=5 . ‘ (2-59)

(8 = rate of production of entropy per unit volume)

The value of & has now to be.détermined.

Ts =% -vJ . (2-60)
where V = electrical pofentiél. .Strictly speaking the electrochemical
potential ¥ mgst be used buﬁ)ntﬁgsfﬁ_ wherefﬁ_is the chemical potential

andré the electrical potential. For metals or semi-conductors /~Q is

negligible andf~g is V. Using (2-56) e@uation‘(z-éo) becomes

Q=W -VJ - ' C (2-61)
Hence under steady state conditions :

7 .Q=-YV.J - ] O (e62)
i,e. tﬁe rate of increase in heéticurrent is eqﬁal to the rate of de-

crease in the potential energy current.
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(2-63)

Now it is possible to write a set of simultaneous equations where

the currents are J and Q_; ‘the correspondirg forces :‘r-ﬂ]\} and Vs

-3S=L, z:—‘ VV*LI‘)\V %‘-— )

H

" - (2-64)

Callen had shown that the "L coefficient?in the above two equations

have the following values

I

Ly&= &6

; -2 - -

BTk =T e* ' S (2-65)

Where: o 1is the‘electric con&uqtivity which is defined ih thegcase
&s the electric curfént density (eJ) per ﬁnit elgctric gradient, k
is the thermal conducfivity (the ratio of‘heat-current t0 a unit
temperature gradient) énd e is thé elecironic chérge.

"Since these quantities afe notbgasily measured these
equations are more of a theorgticé; value;than a;practical. A more

wive

useful set will be derived later on.




CHAPTER III

EQUIVALENT CIRCUITS OF THERMOELECTRIC COOLERS

In the last part éf chapter two the géneral thérmodynamic
eguations of a thermoeleétric sygtem were derived aﬁd,as was
stated, these equation§ (pair 2-54) do ﬁot yield themselves to
a representation by an equivalent circuit because not all the
parameters are easily measured. In this chapte;*§~pairsof equations
that are representable by an equivalentlcircuit are derived. It
is obvious that these eguations are not as general as (2-64) but %
nevertheless useful. In addition to the assumppions made in
chapter two, csone more,will be made here in order to facilitate
the derivation of the required equations. These equations will
then be represented by equivalent.circuits. One of the most con-
venient forms of an equivaient circuit is the. two terminal-pair

network, it is widely used in transistor and amplifier work and

therefore will be used here.

Consider the two terminal pair network shown in figure(S-D

where vqy 11 and Vo 12 are the input and output voltages and currents

respectively, the relations between them can be written as follows:

i, ; f1 (v1; v2)

i, =1y (Vg3 v2) : o (3-1)

differentiating

2 — 3 . , .V

d-T._(D ¢13dv1 +(§i} av,, | 1 (5-2)
RRS \ove /o : A
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figs.3.1 H

\ gensral two terminal-palr network




A
ai_ =({Df\ av, «f 0f \av_ - g
@ K__E Ty _2) 2 | (3-3)
3V1 . ‘4‘bv2 '
If only small signals are congidered equations (3-2) and

(3-3) mey be written

i = °f v o o+ -Bf . Vo . '
‘ AN 1 \Vy, 7 o (3-4)
DV BVQ
i =(7f v o+ [f 9 -
2 Q 2) 1 ( 2 \Ny, 2 (3-5)
Replacing the 3f terms by/some kinetic coefficlents
VvV '
the equations become
1, =¥ MIRRAT RS - (3-9)
o T YoV T Y, . (3-7)

(Note the y terms here are active coefficientsfand should not be
confused with the passive ones). Equations (3-6) and (3-7) are
completely general and hold for any active fwo,terminal pair net-
work. Hence, if a thermoelectric;ciréuit is to be representéd
in a form of a tﬁide terminal‘pair}hetwork, then the egquations
representing the thermoelectric circuit ﬁust be of the form of

equations (3-6) and (3-T7). These'équatiOns will be derived now,

From the First Law of Thermodynamics the total change in

energy ls zero.

AU =g - BW = 0 . (3-8)
where'&.z{total'aﬁ§r5y>'
o) Q = enefgj,ébgorbed

'W{ﬁfenergy é#pendea




N .

The energy supplied by the battery is EI per second or Eq per unit
charge and the reversible portion’is ES-I , Where E as before is
e | s
the Seebeck voltage. o R
a\ . N
From Onsager Reciprocal Relations it is known that in a

system where more than one energy mechanism exist, there must be

1 Ssome cross-coupling terms. A pair of simultaneous linear equations

o

similar to pair (2-54) can now be written in terms of flow functions

(heat flow and current flow) and driving forces (voltage gradient,

temperature gradient).

3

I=M,6 VV + M, VT ‘ (3-9)

Q=M 9V + M_ ST ' (3-10)

21

Again these eguations are general, but they must satisfy equations
(3-6) 35%)(3-7) arnd (2-53). If in equation (2-53) %L,$%J%3.”‘@“\
are the variables in the system under equilibrium with entropy S°

. then for non eguilibrium the variables will be ®+B¢.;02P0. | ete.
Since under equilibrium conditions the entropy S is maximum, the

resulting change in entropy will;be:negaﬁiﬁe.and of magnitude N S.

This really means that the signal components of the variables are

variables.

Conceptually entropy is a raiio of energy change to driving
potential. Anvelectric analog is the ratio of energy change to

voltage whith has the unit of charge displacement.

small changes about an operating point from the entropy ahd other'w“'““"

E,-_.__“_; e e e e
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For a reversible system
As., = a_%_ =0 ~ (3-11)

put for an irreversible system

As ' = NGO, + oW
irrev 1 11> 0 (3-12)

T T

In equation (3-12) AQ1 = energy transported and [§w1 =

_energy dissipated.

If figure (2-7) is modified slightly azilé the battery is
replaced by a cpacitor ¢ zs shown in figure (3-2), then vwhen a
small amount of charge ¢% ‘s allowed to leaﬁe the capacitor in
such a2 way that the voltage B remains unchanged (;.e. AE is very
small) the total entiropy change is:

€6 = a8y  + ASgp - as: ‘ (3~13)

c ¢ TanT Co-p.

Where thTC and BSBTC‘*’.BT;, are the changes in entropy at the
cold and hot junctions respectively and bSCO is the change in
entropy of the capacitor. Using the conventlon that energy
entering the thermoelectric arms 1s negative and the energy leaving

them is positive, equation (3-13) can be wrltten

as= - 2+ 8 -dg DE ' (3-14)
e T+ DT CTa -
= =-daQ (T, +AT):‘ + 4Q .Té - dgq AE




—4T

for smallk AT

a§x~ -~-aQAT - - dg BF
e T2 T

differentiating with reépect to time

- — (AT - I
as = aq w2 aaq ( 32) TA.E
) ) . (o]

In eauation (3-16) the second term 1s negligible and the third

‘term is differentiated with respect to time for the charge dq only

(since ODE is very small).

useiul

in the system we get:
. [AT NE
S - .9 < - 223\ .
- A (TC ¥ IQTQ\

Equation (3-17) states that the rate of change ot

sum of the product of the two entropy flows by their respective

driving functions. The first term is thermal and

electrical. Thése relations cen satisfy if in equation (2~-53)

By dq

Dt Er
Sy TR
F T op, —“Ocy B -

po_ 80 ¢

~t 4t -
and D S = g——g‘ .
00y, T;' <

17 in equation (3-17) Q.= O then

5y

&

CNEL

Rewriting equation (3-16) in a more

form by allowing the small changes fBéﬁhe total changes

(3=15)

(3-16)

(3=17)

entropy is the

the second

(3-18)

. (3=22)
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Now Ons 5er s Reciprocal Eguations can be written slightly

different from equations‘(3—9) and (3-10), i.e.

. . AEY _ DT 23
==Ly Tc\) b2 ("-‘?f) (3-23)
T

. AE A Ty .
Q= -L ( __é - L Q T (3-24)

i2 T 22 - 4
’ . ¢ e } '
As the Reciprocal Relations demand L12'_ L21 By setting

21l potentials or e driving forces "o zero\but one, the value

v’

of the coefficients may be determined. With;i;AT = O in equation

(3-23) we get

(33

P_? or

\ “¢

E;g:u_éiL.: G = electrical conductance ai . :
DE T, constant temperature (3-25)

} .
If now I = O then

E = —3”9&15[" o - (3-26)

2

=
uN

é - te Ly

substituting (3-26) in (3-24) we get.

& = Loi L12 - %1 Lo AT . (3-27)

from the nature of this ecuation the obvious relation 1s obtained.

x = Loy Byo - Byq Loo | | (3-28)
| POy | .

Vhere X is the thermal conductivity. Substituting equation (3-25)
in (3-24) we get; | B |
. S : L :
> ' I c21 S =
Q =~ Log ( ) = ny (== ) = (==)1 . (3-29)
ERIIAC PPLE 7 |
‘and since Q'zzQﬁ'f)by definition,it follows that
R 1 SN - :
~21 =10 B L - (3-30)
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Going.back to equation (3-26) agaln

AE = =~ b2 B
T : L ™2
c 11 c
AE = = "12 S R
Jbut AE iiﬂSeebeck coefficient, by definitlion,
AT | - , -
therefore, o¢ = L2 \ : .
since L,, = Ly it follows from {3-30) and (3-32) that:
o= 1L (3-33)
'é‘;- .

fnother important result follows from the consideration
of conservation of energy. In figure (3-2) follow the charge dg
around the loop. It can be seen then that the Thomson heat is

aq = -~ -Tm) dab T (3-34)

where q;p and q:m~ are the Thomson coefficients of the P and N.

materials.

The heat rejected by the Peltier effect 1s
aQ=ATrd g o R - (3-35)
where AW 1is the 'change in T due to L T.

The energy given by the condenser igs dqg AN E (assuming as
before that AE is very small i.e. E constant, which is true for

an ideal battery).

Hence the total change in»energy'iss
- (T, -Twm) @ AT + N da +dap E= C (3-36)

-

[ U




‘or

=50~
or L
Tp -T _ AT AT
( ’,_0. Ctm, ) = NG “- NT
Using 3-31) and (3-33) ve get
| _ T
CE _CC ____-‘I'L ‘_-A_T_{_ — -Th‘_;.-T At
PT LT T VAT T N
CE1: U __:“TTIS 3544 Tcﬁjr —':T+ C A?‘
T T o L
c TOANT 7; )
o S '
Lol = - 3%<em (3=37)
T, T
This equation (3-37) indicates that the.variation of thermoelectric

pover with temnperature determines the Thomson coefficient}

From equations (3-17), (Z-23) a

relation can be derived;z;From (3-23)
L11-@‘-T-E- = 'I"L12 &—Q—E—‘)
c
or DE= -1 ___\ M% (3-38)
TC Q.Lq-]
subSthuuing (3-38) in (3-24)
Q = -L12[,-_IKT_‘_1_ ~[L5 ) (AT (3-39)
SR )\
now using (3-39)and (3-38) in (3-12) we get
= |7 LL MT‘A L"Af"’j T

i
] ) ()5

nd (3-24) another important




rearranging the terms and simpiifying

- ‘ " &‘
. 1'_&’ Log by~ kol &T e PO N '
= f L 1o 2 ( \ I L _____‘__q (3-40)
_ i T, L.,,- .

<

<

. In equation (3~40) it is easily seen that the first term

2 oe EN
I /L11 is';he Joule hea%, the secone term (L2~2 L11 - Lo L21)x
‘.*< 1 zCXTb is the conduction heat and the third term 1s the
1"\ ) (T2 o B
11 c . ,.

5 a I .
reveremble heat since L‘*.2 = L21.

Until now the valﬁes of.the,differentfeffects were deter-
mined in terms of the "L" coefficlients it 1s now necessafy to
express the "L"'s in terms of'ihe knowhcoeffieients. In order
to do it we assume that the gap in which the condenser seats is

_ very small and that it can be depicted as shown in figure (3-3).
The value of G found in (3-25) has the’dimensions of current

, the total resistance R is given by

: Q,q\.~— | (3-41)

?l h\“ . and N w are the lengths specific'

conductances and cross oectlona'! areas of the P and N matevlals

Where QP)Q“\)

4
respectively. Using the mobility equat;on for each material and

assume A= N "A

I TN A
A T (3-42)
Where }ﬁm)fk s O 'epd P are the moh111t1ec*>/ aﬁd carrier

_concentrations for the N and P materials respectively.

L
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Now using in equation (3-43) Einstein’s Relation which
4 states M = g :
’ /\IST' - KT

Where [) is the diffusion and X Boltzmann's constant, we get

q. 0.0 40,
— G\JA KIC_ K‘!(_ ,
<~ (K\C\, D"‘\*".\- . fi\‘ GVDG\—Q'P(\
R

-ty

and dividing numerator and denominator by
\Y\\ Dr.\ IEL D’,‘L

. Bives
X Te

y A .2

Te (& 4 = ) B
/l'g?\_ N\DN\ ‘
2 ' ‘

or LH = — a /X per unit area (35=~44)
_‘?‘_ﬁ_ + -Qh\

.1\-01\_ D
Fron (2-15) and (3-30)

L Lo i
= _g:_% 21 L T S :

11

therefore £ oy ‘
s q
L.. =1L _Em\= - _ *a‘%\)&"x)z-L (3-45)
21 11 12 )
a L I
1LD._{_ ‘IY\,D,N
From (3-~28) ,
o
L = byKTe” o Loy Iyo
22 i




s) :
2 e S
or L = L 12 - X7 | ' . (3-46)
: 22 T :
I \
2 9 B
but ‘Lmi_ = |
L1y
- - T 2
thererore L,, = TT 2 ij - K1’
Finally , A
2 .
L = Eg\2 - ¢ /X - K"V'."l
22 -Q- D S‘L ‘C.
S N
fLD?\. msi)‘..\ )
The heat unlik

, e the current’flows back from the hot to

the ccld junciion in paralliel paths hence
‘ X b, : :
— i P LA N
N Sl S
~e
1l .
Where:§¥<A and'%p are the specific thermal conductivities of

the ¥ and P materizls respectively.

—c ::7F" — =21 = K§§ as belore
“c 117¢

but from equations (3-43) and (3-44) G is given by

c = KT 3 o (3-48)

Now equetions (3-23) and (3-24) can be written

r=cpE + GTRE | (3-49)

(S

Q= CTAE & QTY{Q.’G'&KTL}%—:.., S (3-50)




i,e. the L's are expressed in termz of‘physical paramneters that

5]
H
(]
]

ither known or can be determined. Note that thes electric

potential dirference is A E whereas the thermal potential

difference is AT/T. . The last two equatlons are useful for

P

problems where T 1is constant and one wants to determine AT and Q

as a function of I and E. e.8. thefmoelectric cooler., ;

Having derived a set of reciprocal relations in terms of
measurable parameters they can now be represented in a form of an
equivalent circuit. In crder 1o ease the derivation, Tigure (3~2)

- can be distorted slightly as shown in figure (3-4). ¢

In figure (3-5) the equivalent circult of equations {(H.29)

and (3-50) 1s shown.

From the equations and Tigure (3-5) it follows that

G = input electrical conductance with AT = 0O . ;

CW2G + XT) = output thermal conductance with AE =0

G = short-circuit Peltier transfer admittance.

The above eguations Were‘written in the form of

- e 7 . ) » :
Lzi=LyjyLz; i.e. "admittence" equations.Bbviously they can g

i1
0]
-
=
]
[y
ck
e

ng equations (3-49) and (3~50) in a matrix form

T ¢ | Te BE
= . %

8 ¢ 77| w2a+kT N

le,

inverting the admittance matrix the result is;
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'Eﬂl+Kﬂ‘;ﬁe
e | &

where )\ = . determinant of the admittance mairix

and A = GEW24GKT-GE T2 = GxT
. o pa + 1= o
- { XTI, G KT
-IE _
®T, kT
finally )
MKzl =2 s1loy I :
I N s T
S | | 4!
-! bl e KR| | |
or in equation Iorm .
2 £ . - -
E=T(T_ + ’_) - (E) Q (3-51)
KT, g kT ,
| sz- [Tz sgye L (52)
: Te kT N/ o .

G
is the input electrical impedance with output open circuited

From equations (3<&!) (3-53%) and Tigure (3-6) (EE + 1)
¥T. G

1 ig the output thermal impedance with the input open circuited
kT o '
and T - = Peltier transfer impedance on open circuit.
T ’ '

The above derivation was for an ideal system to which the

~same restrictions as in chapter two apply, namely:
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1) all parameters are independént of temperature

2) .heat sources and sinks are ildeal S
3) "2ll electric sources are ideal

4) ‘voth heat and electricity flow thrcugh the lattice

only and in oune plane. -

5) The metal conductor between the P and N legs has uno

electrical resistance or thermal conductance and it
does ¥

ot affect the value of any thermoelectric co-
efficient.
6) The Joulean heat is divided equally between the Junctlons.

These restrictions make the system ideal. In reality an

imation is required. Therefore, the system to be considered
presentaticn by an equivalent circuit will be an ideal system

difications will be made to allow for changes that depart

deal conditions e.g. resistance temperature dependence, etc.
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CHAPTER 4: EXPERIVTV“AL THERVOELECTRIC CIRCUIT.

a) SET UP

The experimental set up of the thermoeleciric sysiem is as
indicated by the block diagram in fig (4 1).

The thermoelectric elemeni is made of 512 3 alloys and menu-
factureé by Ohic Semiconductors, It consists of a single pair of P-N
legs that are joined at one gnd by a‘single éopper strap. At their other

end each leg is attached to a large copper strep that acis both as a heat

sink and current lead. The thermocell is shown in fig. (4-2). Some of

-

s

the important {features of‘thé cell are; very low ohmic resistance (of
the order .0025.m), & good figure of merit (l.6x10"3/00) and low thermal
conductivity (5110 2w,/oc). The main disadvantages of the thermécell are
poor mechenical sirength and lack of electrical insulation. In order to
maintain good thermal contéct between the load and the cold Sunction of
the thermocell a thin layer of vérnish was placed on the cold junction
to insulate electrically from the load and a thin lgyer_of silicon grease
was used to ensure good thermal contact betwéen the cold junction anrnd the
load. 1In order to mzintain a good thermal contact and good electrical
insulation between the hot junciion (large ccpper siraps) and the heat
sink, ke heat sink was made of aluminum which was anodized (see appendix
for ancdizing procedure), thus giving an effective thin layer of
electrical insulation. Because the layer of anodic coating is only few
molecules thick it does not zifect the t“urmal conductivity of the
aluminum, Again'a thin layer of silicon grease was;used to ensure a

good thermal connection between the surfaces in contact of the hot Jjuncilon

ané the aluminum heat sink.

59—
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The heat sink itseli has a water passage machined through it

o

. in such a way that the surfece area under which the water Dasses is as

large as the copper straps of the thermocell itself. The heat sink is

‘The heat sink Was mounted on a steel basé. Through the base
all elecirical connections were made, Dy using epoxy resin as electirical
insulation. Great care'eﬁsuredlaif tight connections. The connectilons
for water inlet and outlet were alsb made eir tight with respect to the
volume around the thermocell. A.preSSure rubber hose connects a half

inch ocutlet in the steel base and the vacuum pump. A special seat for

a pell jar was machirned and grdunded on the base and agéin the surfaces in
contact are made air tight by using silicon grease betwéen them, The bell
jar covers the thermocell, its lqad, and the heat sink. The séace under
the bell jar is evacuated'to a pressure of approximately two hundred
microns. At this presspﬁé,the mean free path of air ié of the same order

as ihe container, therefore the heat transported dy convelizion is
negligible. For similar reasons the heat transferred by conduction is
also negligible (for a justification, and a discussion of the last 2
stetements see "High Vacuﬁm Techniqueé" by Yarwcod and "Scientific
Foundations of Vacuum Technigues" by Dushman‘and Lafferty, or one of the
many other books dealing with the same topic). The thermal conductivity
of air does ncot vary linearly with pressure'but it remains very nearly
constant from 760 mm Hg t& about 8 mm Hg and onlj below that the fall

thermal conductivity with pressure is sharp. It is therefore important

pump (Welch pump model 1403H) tne DreschH g kepb at sbout Two hwnl ed
microns., Therefore the beat conducted or convch d from the sure Lo

o the thermocell is neglected.. The amount .of heat absorted by raciiuion
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‘recorder.

is aiso small due to the relativély smell teiperuiure diffcronce

-inveived, If the t,nt"”a"*"m difference is greater than 1307C the noat

absorbed must be taken igﬁo account, It is assumed. therefore ﬁhat ine
heat from the icad is being transferred +to the cold juncticn and then
througn the P and N legs to the hot‘junction and eventually to the heat
sink, in one plane (the plane of the JUPCt1OﬂS)

The loading arrangement consists of a rectanzular copper
container filled with oil (of specific heat ;48 and vapor pressure
vetter than ,00L micron at 50 C), 8 heater, a power supply and provi-

sions for applying transients. The arrangement is shovm schematically
N l

in fig.(4—4)and is self explanatory. It is though, worih mentioning that
3 types of itransients may be imvestigated, if necessary, as the wave—
forms available from the signal generator used are sinusoidal, triangular
and sguare waves, most useful are uhe sinuscidal and the sguare waves.
The useiul frequency range is froﬁ two cycles per minute an ‘lower,
dovmn to abpcub one cycle per five minutes (this low fregquency can be
obtained from the signal generator used).

The temperatures of the hot'and cold junctions is measured by
means of iron constantan thermozcurles. The'reference point is 0%
obtained from melting ice (I or higher accuraéies,ice made from distilled
water must be used). The arrangement is shown schematically in figur
(4-5) again the arrangement is self explanatiory.

The voltmeter reédings wefe‘converted t0 % by means of
reference iables for thermocouples (N.B.S. circular 561). It is worth

noting that if & continuous record of temperatures is necessary théxn

thc output of the sensitive volimeter may be connected to a strip ci..ot




The nower suDply syvstem consisis of itwo 6V large capacitly

- , . - - P S . -
patteries, a circuit brixer, a current regulator ard z voltage

divider, The arrengement is shown in ©ig. (4-6). As czn be seen

o]

ron the figure, controlled transients can be applied to the supply

current. The circuit diagram of the current regulator is shown

separately in fig. (4-7).  The maximun deviation of current it can

regulate in four amperes, Ifthe current &zvi

‘Jt
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o
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t
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ct

at
:
regulation is lost and corrzction must be made mapua7°u. Tre wain

disadvantage of using batteries is fhat their effective pericd of

operation is relatively short. This periocd can be extcndec consider-

ably by connecting the battery charger in para 1lel with the baiteries

rea

whi

the

keeping *the voltage consiant at 6V. The current reguiunior takes

son for not using the baitery charger alone as a power supply is

t it is mot cepeble of celivering the amount of current required

(N

ch is in some cases over 304). The ripple reachi

thermocell should not exceed 8% of the d.c. value,

the terminals of

- ¢f the ripple produced by the charger at the outpul terminals (<the

1:‘

It is important

to bear in mind thet the ripple will contribute to the Joulean heat but
will not pump neat at 2il, therefore it should be kept a2t a minimum,
is cbvious that the ripple reduces the overall efficiency of the system
Another factor that affects the efficiency of the thermocell
is the temperature of the hot junction. %+ can be seen from eguation
. . R T . s
(2-40) that the first the expression ¢ which is the
- T, ~T
L h 7c
efficiency of a Carnot cyéle and ss T. falls the efficiency of the cyc

order to be able to control {to & certazr xzent only) the temperature of

the

creases for a given Tc.‘.Thereform the heai sink is water ccoled. I

not junction the flow of water is controlled'by'a needle valve. Iu

le

n

ot
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N

preliminary experiments it wee foumd that the waler pressure of <the

‘'supply varied at random with time, ernce manual control was impossible.

reducing value wiih & pressure regulator e

(=

To overcome this

»

connected in the water line thus keeping the pressure and flow constant

\
igure (4-8).

at any desirable value., The
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I iz fely that an explanation as to why all the sbove pre-
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ct
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aken is necessary, It is best explained by considering
anlord*nnry {even domestic) thermoelectric refrigerator under normal
opsration, If the hot ju':}c-’uion 18 alr cosled, then the heat given to
the surroundings may rzise the ambient temperature;in the vieinity of
the refrigerator. Since heat conducted through the walls depends on the
amoient temperaiure any increase in iﬁ will also increase the heat

conCucted back in. Every time the door is opened heat will go into the

n will depend ‘on many factors
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such as, ambient temperature, lengih of time the door is left open, now

over sufolv nunidity and other
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variables may alsc affect the operation. Since the performance of such
a meéel is unpradictable and impcssible o analyze mathemetically, the
systen hes to be "idealized” somewhat so that it will yield itsell tc
methematical representation. The varidus_processe’ that tz2ke place
simulianeously in a real system can be simulated and conivrolled on the

ideal system built, for exarple the opening of a deoor can be represented

by & sguare wave transieni input to the lozd system and the response of
! N . IS .

the system can be deiermined. In this marmer the effect of most othe

phenomena tzking lace may be investigated.
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5. BOUIVALENT CIRCUITS - SET-UP.
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in Chapter 3, namely
e .
I=6rE+T G = (3-49)

and N T e )
[ ALLITRE PR U L LN R
AE —(:<-.;' RN (3-51)
o ~
M:.——j__—_-:-\‘_ .._1: D (3—72)
i KT KT

L

The couivalent cireuitsfor these two vairs of equations were given in

joures (3-5) end (3-6) for the Tirst and second pairs respectively.
gures

Ky

, . ‘ . ) ..
These scuivalent circuits are knovm &s two—generatorf eguivalent circults
and sometimes they are not convenient to use. - Hence eguivalent circuits
employing one generator only will be derived.

Any two terminal pair netwurk can be represented by:

3, = 2o 1.4 | ' (5-1)
By = 29414251, ~

1=
1
N
14
i
!

2 = ZoyIytEsols ' ’ (5-2)

where
211= 1 = innut impedance with output <pen i.e. 12= 0
Lo
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for currents and volitages as in Chzpier 3 eguations (5-1) and (5-2) can
=3 ¢t <
be rewritien as
E =2, 1. -« Z..%. 1

E . T .
Z = "2 = transfer im : g output open i.e.

seme convention

~(5-3)

B =7 . : T U
5 = oty T 2ol (5-4D
The eguivelent cireuit for these equations is given in figure (5-1).

[
fo
ct
-
B
~

5.1) and (5-2) can be writien

B, = 2.1, + 2,.1 - s
1 1171 7 T2 (5-3)
B o= 7. T =« 72 T -+ 7 T
Ey = <Byply + 20T+ (Bp4Ey)) Ty (5-6)
The eguivalent circuii for the last two equaticns is given in figure
(5-2). The only difference between is the

T

genzrator is to
generater in

generator

figures (5-1) and (5-2)

-

tion of the voltage generator in the arms of the T.

e

oS Since this

indicate the coupling of the input end output, the

5

nales will be a functicsa of ihe

(=N

connected at the output term

input current.

‘on the output current arnd The
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Sometimes it is more convenlient tc have a "hybrid" set giving

say I

1 and E, then again from {5-1) a=ng (5-2)

. E Zep 1

= ]

*1 ‘7 _r = -'2 (5"7)

! D= A

il 1l

g =% 5o g1 v 1

27 = 1T == Y2172 2272 (5-8)
11 “31

Using the.same method as before (5-8) becomes

t=f
it
1
‘ -4
AV
L=
3
!
1~y
1
N
[&N]
]
+
N
| R
-‘l.
l N
N
4
L
N
'—J
t=3
PanY
Ot
{
Ne)
-~

(4]

Tre eccuivalent circuit for eguations (5-7) and (5-9) is given in figur

. .

(5-3). Sirce the elements of figure (5-3) ere reliatively more complicated
this type of neiwork will noct be pursued further, -

Applying the sbove iechnigue 1o eguetions (3-51) and (3-32) we

get; " ,
ni LY« L& =2
J -l - — - T
re=(ng IV k7o C- )
e (;.__;_\_./'
AT __ 00§ o+ — Q
=T 1 P
Te Kt Ko (5-11)
The eguivalent circuit for equations (5-10) and (5-11) is given in figure

(5-4). Since the valiue of T is always smaller than unity all the values

[y

n figure (5-4) are positive.
In order to have thz generator on the cuiput side equations

(3-51) and (3-52) must bo writte
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(T AT E G
A"(KT‘ A T (5-12)

and the eguivalent circuit is given in figure (5-5). The passive part

of figure (5-5) is identical with the passive pari of figure (5-4)

G3
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].h
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'y
b
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ot
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o
[p]

xpected.

2oa sindilar IU31on starting with the general eguations

T, = v % 4 v_ §

AL Tt B e ;
T = < LR

~2 T Io0%n

1=

-eguivalent circults of theJr form having current generziors can be

equations (3-49) and (3-50) with-

i
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QI
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¢
[pN
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I
ct
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derived. This

In order {o have the current generator on the inpui side,

equations (3-49) and {3-50) are written as follows:

oT . DT
T=gAF-6T = + 26T = (

2\ AT
Q=-eTTAEHT 6+KkT) T *amens (5.15)

The eguivalent circuit for these equations is given in figure (5-6). If
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By close inspertion of ihe last four equivalent circuits it
be seen the passive elemenis are not of the same type but they

N le fuot [ A SR s 3 - S ey
using scale fzciors when constructing = practlcal circuit. The

hnigue used above can be extended to cther types cof aguivelent

P"

Not 2ll the ecquivzlent circults described in Chepier Three

L';‘
O

I

iy

o
)

2
[

o]

(9]
ol

=

1
()

(87
M

the first part of this Chapier were actuelly bread

some were, The set up is fairly similar, therefcre cnly two egul-

alent circuits will be Gescribed in detizl, they are the wnes correspond-

O

ing to figures {5-5) and (5-7). The circuii corresponding to figure (3-3)

will be called "7 eguivalent circuit® and the second "7 ecuivalent

©_ZOUIVALENT CIRCUIT
Consider figures (5-2) and (5-5) simulteneously and compare

_ T U o gt s
Z“-. ~/\‘>‘ - “T‘,."' "‘;- -i- - TT== - ey in the inpul
) &N Rl 3 y )
[ prancn

FE JRAN.
n ouhe I"L.le‘\.\;.’.l

— - =~ == in the cu. ..
Lee T Fae T KT Wi _ branch
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means that either an experiment at consiant temperaiure must be carried

or & ccnbinuous change of varisbles is necessary if T changes. The

STRRY P 3 -~ Sl Al ~ery o~ N TV ey
procedures, resulis and limitations will b2 disa ﬂscc e,
i
: . sres - .
II. IHE 0 AQUIVALENT CIBCZULT
\ 7 \
Tormm 5 ~ 3 ] P - AR - A
Trom Tigure (5-7) the conductance of the frout Dranch 1s &ij iy
” ~, :

the conductense beitween the input end cuiput fodes is ¢ {~77 ) and that of

Since the internal generztor is the coup 1€ nz the generator in

input branch, as in figure {#.5), is a funciion of 2371; and therel:
cannot be used, But if'52§k_ and @ ﬁcre knowm and the values of [N =

anté I were the urinowns then the cireuitl corresnor iing to figure (5-6) would

N

than what it might seem at
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In order 4o determine the minimum temperature thzt the cold

Junction can reach the circuit was connected up as shovm by the bleock

Tt sink was turaned on o

minutes (it wes found that

The power

The follcwing procedure was found ©o be the best and in thai-t

t0 about 600 cubic centimetres

"1
[)u
jav]
2
s
(o5
[£2]
ct
{3
[p2

low above 600

did not reduce further the the hot junction).

v
[#]
j&]
)
e
&)
(53]
sk
0y
Q)
I3
e
@
'J
ct
Q
P
(4}
i}
0

maxwimum temperaturs drop was achieved, The response time of the

reached a sieady siate value vefore a further increase in current.

. Lo ST .
was done by ‘observing constantly)t CITDal L by a

&__,,

eat sink. The results are shoyn in figures (6-2), (6-3) and {(5...°

The circuilt is shovm in fig (6-5) and

cne given above, The main difference is

n and the current increzsed in steps




the ccld junciion to reach a siecady temperature.

(o}
0
o]
3
{81
1
ct
e
Q
3
|G}

The tirs fc resch a steady temperature under los

test the time required was about 6 minvies. Therefors the time interval

temperatures of both the ccld and hot junctions are iigher than the
temperature under no load conditions. Figure (6-9) shows the mayimum

temperature difference achieved under different losgds.

Two &ifferent kinds of itesis to determine the transient

responie of the system were nerformed; 1) Temperature response to .

and 2) Temper-

- e S ey P B A S e ey N . s ot At K z -
cranzienis applied to the current supply of the theimocel

ature response 0.2 sudden change in the lozd of the cold Junction.

for a certain supply current I and then & current pulse, which was either
posluive or negetive with resveci 1o the supply, wee applied. The
duration and miznituds of thelpulse\depended mzinly on the load of the

syctem. The larger the load the longer the “ransient nzd to be; tols
is due 1o the heat capacity of the load., Since the Luaé was made of &

copper comtainer with oil in it, the capacity of the load was constant,

=

whereas the load itself devended on the éower supplied to the heater
immzrsed in the lcad (see dasc:iption of loading system in chapter 4).
The transient fest was repezted for different loads, the resulis ars
shorm in figures (6-10) end {6-11). For the sake of comparison a1l

transient tests wire made for the same steady state value of currer-

nar.ly 15 emps wiil: a2 step current of 5 amms,
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£ vlot of the cold Hdunction tewnsrature vs,
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arpnlied current For &iflerent waler oo undery no Toad,
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Pesnonse to a sten change in the sunply

current, the step being from 15 to 20 ammers.
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Response %o a sten chanee in load at a steady

current of 15 ampers (the step being 1/4 w. in magnitude)

-steady state T -,

R for 2 lond of I weit,
i ;
268 - T -
| . S.8, Temn., for 3/4 w,
. _——""v"—.“
"_A/;-/‘- ' .

264 - l\ ) :

262

260 - ¥ T 3

i. M 1 1 T T :
0 -2 4 6 8 time (minutes)

Fig, (6-12)

4s migh+t be exnected the resvonse. time is the
same for all changes,this is due to the thermal canacitv of
the load (which remairns consiant).
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In the second case the procedure was similar. The sysiem was

aliowed to reach a steady temperature and then the load was either

reduced or increased by changing the current supplied o the immersed
heater. The resulis are shovn in Tigure (6-12).

4 discussion oflthe results given in this section will be
carried out later. |

v) EQUIVALENT CIRGUITS — PROCEDURE AND RESULTS

I} 7 __Equivalent Circuit

Before setiing up the circuin the values of all elements must
be worked out ' ‘

- &

with their aptropriate scaling factor. From the manufactu-
H

the required information can be calculated. This is best

[t

illusirated by an example. Since it was assumed that all parameters are

independent of temperature, their average value wés taken over the range
250-350%. It was found that in this range
"R = .0025 Q.
X = .0085 w/?¢c
and fT = ,025V

255% and G = 1 W and using a factor of 10000 for the

Assuming that Tc

resistances, the various guantities can be calculatied

T
KT, = 180 o

‘;-é‘ = 585 oo

27

ko = 260 o

‘The voltage source in the cutput branch depends on the input current,

therefore it was made of the current generator in parallel with &JTKT; .

From the above it follows that the scaling féctor for current is 1/10CC,

-~

T the voltage O

is scaled by a factor of 10. Supposé the current is

fte

.2, 304 is the equivalent.

the input supply voltage from

Then the procedure is as follows:

zero to give 30wA output current,

iocroine

adjusT




Plots of nower removed from cold [Hunction
ve. sunnly current, for two values of cold junction

temnerature,
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Plote of renuired sunwnly current vs.
temerature difference for wvarious values of cold
junetion temmerature.
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~9Q...
the current generator to'give the same currenﬁ. It will be necessary
1o readjust the input value znd maybe that of the current generator too.
The voltages at points 4, B and C shawm in figure (6-13) and the different
voliages can now be read a#d they are~6-83v at A, 6-18 at B and 5-34 at C.
The voltage at C is of interest‘and it gives a &T of 53-400. It may be
pointed out here tﬁat from the above descripition the procedure seems
casy. In fact it is unnecessary to build a mocdel because it is easier to
calculate the values direct}y from the equivaient circuit then to
determine the values from a model. The results are shown in Jigures
(6-14) and (6-15). ' . .

IIl;n‘ Equivalent Circuit

Using the same-vélues for R, X_ T aﬁd Tc as before, the values
for the 7r neiwork are : '
| eU-T)= 390
6N =io g4
T rukT-6T = l1-4] &
QTG = 20 o7

The balancing procedure for this arrangement was more com-
plicated and did not give satisfactory results. Hence the values were

calculated and plotied, as shown in figures (6-16) and (6-17).
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Plots of recuired supply current vs.

termerature difference for varlous values of co]d

junction temnerature.
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CHAPTER 7: COMMENTS AND CONSLUSIONS:

The comments will be divided into two parts, the first will
deal with the thenmoelectrid system aﬁd the éecond with the equivalent
circuit.

In general the performance of the thermoelectric system was
very good, only at high currents the temperature went up a little; this
indicates that the heat sink was not'ideal. Under‘the conditions of the
experiment the rasults, where it was ﬁcgsible.tg eampare, were better
than the manufacturer's specifications. As can be .;.éeen in figure (6-3)
the temperature of the hot junction dQes not increase uniformly with the
decrease in flow of cooling water. It was fdﬁnd that for water flows less
jhan 100 c.c./min. the increase in temperature was even greater; this
in turn increessed the temperature 6f‘the coldijuncéion.(due mainly to
heat conducted back from the hot to the cold ‘junction). Because of this
increase in temperature of the hot juhction at high currents, the curve
of .ETVs.IJI?for a fléw of 100 c.c./min, crosses that for a flow of
600 c.c./min., in figure (6~4). It might be misleading to think that the

minimum temperature reached is lower, théllarger temperature difference
W .

is due to the increase in temperature-o?/hot Junction so giving a larger

N T, the same comment applies to figure (6-8}. The. system performs best
for loads up to 1 watt -~ this can be seen in}figurég(6-9). The efficiency
for high currents falls off rapidly due to thé incréése in Joulean heat

and thermal conductance. Figures (6-10), (6fil)vandf(6-12) show that the
time constant of the system is very Ioﬁg; The system can itherefore be

used as an analog to systems having.lé%gevcapéciﬁies; as suggested

15 o :
elsevhere . . N _  /

b=
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. \ ; . .
The equations-énd”equEValent circuits derived in
Chavter Three are uséfvl, as was said at the outset,
for small variations.' It is not really necessary to
J build an analog circuit to these equations, it is easier
to calculate,because in order'to'set"up the eauivalent
circuit on the bench many calculations have to be performed
In nractice the temnerature of the hot junction is fixed
and that of the cold junction m is the variable, but
becavse of the nature of the derlvatlon. T, came out
to be the fixed value (1 e. the independent variable)
this reduces somewhat the usefulness of the enuatlons
"t was found immossible to derive ecuationsmwith Th fixed.
The ecuations were Aerived for a 81ngle junction (or
cell), so were the eauivalent 01Tcu1ts If a thermoelectrlc
module is used then denendlng On the' number of cells in
it .the emations and equivalent circuits can be eneily
modified. For example, if 2 module has n cells in it-
then *he Tasistance ® in the desired eocuations becomes
nR and the thermal conductance K becomes ¥/n and so on.
Tt might seem that the results are not related,
but a close inspection reveals' that they are. Since
the eruations are linear the results are streight 11ne33
but because these eguations hold for small veriations
onlr the results sre velid only in the marked ranges.
As might be exmected tha higher the cold junction
termerature the larger is the amount of heat the cell
is cavnable of numping out of the cold junction, for
"& siven current. Tiis is indicated in figures (6-14)
and (6-T6). Ticures (G—iSNIand (6-17) give the vpossible
range Tor the hot iunction temperatures for fixed cold
junction temmeratures. The rangesmarked xxln ficures
(6-15) ‘and (6-17)aie mot valid beacause- they give hot
junction temveratires ba]nw amhient anﬂ therafore

1mﬁn¢Qﬁh]e to achiagwe in nraotlce.




If & more general nair of equations is recuired

iren tha 2rescinted eopivelant cireunit will he more
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of a commletely seneral set of equations will have to
: be hesed on the dynamic ecuvations derived by Grav7
nointe out that this is indeed difficult if at "all

vossible.

wh.o

On the other hand it is mnossible to extend the
range of the eouations derived in Chapter Three by.
allowing the resistance and thermal conductance to be
. linear function of'temnerafure; this may result in a
non linear equivalent circuit. The cbmplexity of the
derived equations can s be increased now, the comnlexity
of any other equatioﬁ will depend on the number of
agevmntions mede. « ' ' ’

The derived eouation mav be used to either check
a desien or for calculation of small’ variations aboutb

a point.

R i




APPENDIX 1

Anodizing Procedure

The aluminum pléte to‘belanodized mus£ be thoroughly
cleaned. After cleanﬁno the plate must be immersed for
ten seconds 'in a solution of Caustlc Soda (NaOH) at a
temperature of 150°F, The strength of the' solution is [0
gms NaOH per litre of water. Then it must be immersed
for 20 seconds in b0111ng water and wasked afterwards with

cold water. The alumlnum plate is now ready for anodiz1ng(>

The anodizing soluulon 1§ made Trqm hater and Dul@ﬁ*lc
Acid (Hasoh of specific gravity 1. 8l gms/cc) the strengih
of the solution being 200 gms/litre. ' Six litres of solution
are recgtired for every square foot of anode surface. The

surface area of the cathode must‘be at least twice as large

™

g -that of the anode. The cathode is made of lead and it

must be thorougﬁly cleaned before use. Tbe anode is, of
course, the aluminum‘piate to be anodized. The leads to

both electrodes must be made from aluminum (only the section
that is immersed). The distanée Between the elect?odes must

be such that the volfége bétween them will be not léss than

10 Volts and avcurrent density of lSTambs/fﬁZ,Ear'anode area
must be maintained. The longer the biating time the thicker

is the coating. It was found ~that if the nlatlng is maintained
for an hour a good 1nsulat1ng coat is produced.

After anodizing the surface'must be hardened, this is done

by placing the coated: plate for 10 mlnutes in boiling water.

_.1 (\5_.
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This completes the aﬂodiéing process. The circuit diagram
is given in figure (4-1).

Any further information may be obtained from;

1): Handbook of Industrial Electroploting by Olard E.A.
and Smith 1.RS T1iffo aﬁd Sohs Lbndbn 1948.

2) Handbook of practical electroplating by Rodgers T.M.
The MacMillan Comp. 1959. ' ,

3) Electroplating - Fielals. andeeillfA.D. Pitman
London, lguéaf | |

ly) Principles of electréplating.and ejectroforming

by Bleem W. and Hogaboom G.B. - MCGraw Hill 1949.
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APPTINIX T

-%ome mnhotogranhes of the eoulnment used are given here.

Tiesure (II-1) shows the entire set up.

Fignre (IT-?) shows the steel. base;, the heat sink, the
nmounting arrengement for the thermocell
and its load. The thermocell is hidden

by the load o
Pigure (IT-3) is +the same as flg. 2 w1ﬁh the bell jar
in nlace.
, 5

5]
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figure (II-1) .
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