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1, FYEWORD

A program of theoretical and experimental research is being oon-

ducted with the purpose of improving the understanding of thermoelectric

properties of materials an. of developing a thermooouple of improved effiJ.

ciency for use in thermoelectrio generators.

2. PURPOSE

The purpose of this report is to present the results of studies

carried on during the period May 10 to August 31, 1947.

S3. SVUhURZ SVIOMI
In this first progress report the general program and the immediate

pro in1 outlined.

A general analysis is made of factors affecting the efficiency of

a thermoelectric generator. This analysis brings out the dominant importance

of finding materials having the highest possible value of the parameter equal

to the thermoelectric power squared divided by the ratio of thermal conduc-.

tivity to electrical conductivity. An approach to the problem of relating

this parameter to atomic theory is indicated.

Two lines of experimental work are reported, In one, the effi-

ciency analysis ia checked tr heating a wire thermocouple electricallf aw

ae maurin the electrotive forceo a other experiment, einul-

taneous ammve nt of thra =f, thra and electrical condLuctity• of
Ssilicon are made.
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4•. DISGUSSION

S4.1 General Progran

It, is planned to attack thic problem by concurrent theoretical aad

experimental procedures. The broad program of research is to inolude&

a. Patent amd li ~ature search to analyze previous work,

b. Theoretical study of factors determining efficiency of

thermocouples.

a. Theoretical study of theramoelectrio effects based on

new approaches to the study of metals and alloys to

determine or predict which materials will be the most

efficient.

d. Construction of experimental thermocouples based an

Stheoretical studies.

e. Uxperimental tests on thermocouples suggested by theo-

retical studies to determine specific resistanose thermal

conductivity and efficiency.

F f. Study of relationship of crystal sise, orientation, etc.

to thermoelectrio affect.

4.2 Immediate Prop"

The tlmod:te program inludent

a. Study of recent literature.
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b. Anal.yui of effio•lcay of a thermoelectric genaratt,

in terms of the measurable properties of materials

_.1 and general physical laws.

a. Derivation of analytical expression for maximum offi-

cenoy oonsistent with thermodynamics, etc.

Sd. Study of atomic t*b =7 expressions to find possible

theoretical limits to effio.!riy.

o. Study of theoretimal resul-to and published data in

order to choose classs of materials that look most

proisng.

f. Building of an "efficiency meteor to test the thoo-

retical results on conventional thermocouple materials.

g. Building of equipment suitable for measurement of

ther electric power, eleotri•al and thermal conduc-

tivity, all on the same sample of material.

h. Starting teats an silicoa as a representative of a

mtterial with a reported high thermoelectric poe•r.

4.3 Study of the Literature

A ocmpleto list of refoermens and abstracts will be included in

the next quarterly report.
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-4.4 General Analysis of Factors Affecting the
Lffiaienay of a Tb eetrin ene--_te.

4.4.1 Thermodynamic Conaiderations

A thermoelectric generator may be thought of as a heat engine in

which the working substance is the electron gar whose flow constitutes the

electric current. From the most elemntary consideration of a thermocouple

circuit containing a hot Junction at temperature T1, and a cold Junction at

temperature To, a theoretical upper bound can be placed upon the efficiency.

For it i known that no heat engin operating between temperatures T1 and TO

can have an efficiency exceeding the value

ST-T.

Furthermore, by the Thomson effect, some hoat will be given out at intermediate

temperatures depending upon thb current and the temperature gradient. Thus,

theruodynamic reasonlng alone, by considering only reversible processes fixs

an upper bound to the efficienoy at somewhat less than

11 "To -Toe
To-T

depending upon the Thomson ooefficient of Uhe thermocouple materials. These

considerations indicate the desirabiity of a large operating temperature

,ratio, T1/To.

Thotmodynamic considerations likewise ixply a set of equations in-

volving the thermal eof, the hltier coefficient, and the Thomson coefficient.

These equations are known as lelvi'0e relations and may be written

dT

IIM
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A• L-u ui tnhe quanil-es , , , are thus determined when one of them

is given as a function of temperature.

4.4.2 Analysis of relations between useful power, losses and efficievoy
of e. thermoelectric Generator.

The complete problem of evaluation of efficiency of a thermoelectric

generator involves a complicated problem in beat transfer, For the purpose

of the present study, however, a preliminary evaluation of efficiency halu

been made by making certain sioplifying assumptions that facilitate the cal-

culations without too greatly imairing their validit•'.

Studios of efficiency of groups of thermoelectric elements connected

in series and parallel and with the resulting output leads conneoted to a load

resistance indicate that the ratio of the total battery resistance to the lead

resistance is the important parameter influencing the metbod of connection.

It follows that fundamental studies involving a single thermoelement "nd a

suitable load will be sufficient to give the essential information that can be

applied also to groups of elements in series and pLsmllel.

The thermoelectric circuit analyed is shown schematically in Figure

F4-1 4-1. The circuit is assumed to consist of conductors of two different material9

A and B, joined at two junctions and containing in the circuit also a, reuist-

ance, RL. representing the useaUl load. A certain length of the circuit inolud-

ing one Junction is assumed to be in a furnace that maintains its temperature

at a unifor•, value Ti. Another section of the circuit including the other

junction and the load mrs asosved to be saintained. at a uniform cold teupera,.

ture To@ The intervening lengths of conductor are assumed to be surrounded

by perfe b thermal insulation. This analsis emits the losses in transfer

of the eat from the fueltot • e hot juno•tion•j a bthe S faeoo beat looses

"I___
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from the part of tha ,I -Aet h.+. arc abcve the 'ald jiuntinn tkMpeathre

An alternative circuit might have been considered in whioh the

temperature distribution in the leads was specified rather than the condition

of no saurface heat lose., This case is perhaps easier to treat theoretically,

but it seems more artificial than the case here treated.

The effects considered Include:

a. Heat required to saintain temperature of conduota at T i,

inside of fmunace. This quantity is the Peltier heat

alinua the Joule heat Inside the furnace plus the heat

oonduoticn through the leads.

b. The heat conduction in the leads, which depends upon the

thermal conductivit-y, the Joule heat, and the Thomson heat

in the leads.

a* The emf which depends upon the umterials and the temperatures

T, and TF.,

The following equations are readily derived:

Heat added per unit length in the leads le sero.

iid 1'd dTx

Heat added at hot Junction is

iTI

Heat added to conductor inside of furnace is

ir - c "L. d x - ;-K
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The current is

,I Rr•4+ RA +•B R=

f The efficiency is

"• " d x1 x.% ,

The evaluation of the heat conduction losses requires a knowledge

of the temperature gradient at the furnace wall. This temperature gradient

is found by solving the differential equation

d ( K -'T •IT -2I

dx \ dw / aaC

with the boundary conditions

T-T, ATr x-- o

r With these equations it is possible, in prilniple, to acmpmt thaq

currents, paper, and efficgency of a generator when the dimensions and piqviesl

parameters are given. However, the variation of K. 9, , and 4Y with temapera-

tore wy make the heat conduction equation so difficult to solve that it is

desirable to naks further siaplifying asumptions, In orter to arrive at the

mot useful theoretical results.

Several special oases of the above general method of analysis have

been considered. Same of these will be outlined. The general schem in the

solution is to nLke a sufficient nmber of simplifying assumptions so that an

analytical erpression for the maxinm effioienow Gan be found.

It is fairly obvious, in the first place, that any eorta length of

leads in either the T1 o constant temperature regions wll decrease the

- __._. , ......-...-.~i



THE FRANKLIN INSTITUTE r Laboratories for Research and Development

-8- 1992

available useful voltage and the efficiency. In the following, the resistances

RF and RC are consequently assumed to be zero.

Case A. Neglect effect of current upon heat flow in the leads.

Assume proportionality of thermal and electrical conductivity in accordanco

with Wiedemann Frans law. Neglect H7 and RC. Leads A and B are assumed to

have equal resistance.

The differential equation for heat flow becomes

•d%) --

-a c- - C , constant thermal current.
d w.

By Wldeamw-Fmrans law, put

K an e" LT

Then

• ~~C ,- -W-aLT .

The resiatance of lead A Is

T T

Or

C a Tj,, -T :
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!he erir.ciezoy tIaen becoatome

Putting for the total battery reaiatanoe

and assuming

RA s RO

and using the reLation

we obtAin
'I

whre

G; -L (Till- T.,

Tba -xixum effioimey, corresponding to the minimum value of I/

can now be found by equatirg to zero the derivature of iA with respect to

d, , -!) r+ o
d it

then

Then the nax~wu effioimoy is

______________
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LIU

It should be recalled that

dE

Case B. Coasidez Joule beat in leads, bitu neglect Thamscs heat.

Ame@ K. and a are independent of temperatre aud put K. 4- L'•" here

"Iu ropresmtst an average temperatuw,

The differntial equation for heat flow become

d ( . d -r ) . _ I id.i \ ds/--E

with boudary conditions

T -T, AT --o

The solution satisfying these boundary conditions Is

j The heat condution loss •n •eo lead is

V4dT O Ti -T,

-L L1-r -( Ti

LLr(T,-T.)

-. ) . .
I =- i . . .. . - - .* .
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I

With th substitution 3,19

a=-LT - cr'L "'"-

The beat conuoteion loss in one lead became

d %Ai me( TA ~T )E LI.L)(A+RL)TI1

With the same aubotituticn as in Case A, we obtain

, R. S + s k &.

he uum efficienoy is determined frou

d(

d E

PRO
Then

.--

Dume Go.Consider' both Joule heat and Thomnson heat in leads.

Assume A , " , and •4 are Independent of To

The differenitial equation for heat flow Is

•d- T)-.A4 •- I To
dt 'd x Ada

with the boumdary oonditlona

ST-T, se' Vitl

T -To Alr g~

------------

.... .m .mm .
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The solution in
I .1AI x

Tau(T. -T, +N ,K4-Ix +T
a ý- ,k O_ , 41 W

And the tomperature gradient at x 0 is

With the substitutions

K

RA uhgr

K. L

The heat conduction loes in lead A., where I is positive,, is

In the expression referi to lead B, it in neoessax7 to write

-I in -lace of I.

The eftleltmc7 can now be computed for aM particular set of values

of the paaamt ro. The analytical ecJ. eeion for -3d.,m efficency is more

oamplieatel thon In a&e A o B and has not been exploeitly obtaiu,.

4.4.3 U.. of Material having High Resistivity

L-axIaatIo- of publiheod data on resistivity and theen.icelectria

power WUloatee a doegee of aorrelatien between high resitivity and high

*trAower, The .t.ier selected a mot effeimt fo a therso-
electric gener'ator" is llm~lyp thereoe, to have a bI reistivity,, A

of high re84-tanee moterial dwhi-h It is desiftble to wse@



- H
THE FRANKUN INSTITUTE' Laboratncms for Resarch and Det-2opn4ma

3..3 - 1992

In the analysis of efficiency it is the total resistance rather
, tL,.; z-.sietivlty that appears, so that high resistivity material can be

12used at-loi~ntly by havIng a sufficiently small path length between hot

I: junction and cold junction.

Thin f•£flm (large section, short length) of high resistivity
material appear to be equivalent to greater path lengths of better conduct-

Ing material. The practical limit to the use of thin films will depend

upon matters of teohnique which cannot readily be specified in a simple

theoretical analysis. If a series of materials of increasing resistance

and Increasing thermoaelectric power followed the theoretioal Wiedemann-franz

law, then this simple analysis would indicate that the material of highest

resistivity was best.

The Joule heating effect can hardly be the limiting factor by

causing damage to anything if the temperature does not exceed the hot junction

temperature. The condition that the highest temperature due to Joule heating

just equals the hot junction temperature can be found from Caase B above and is

a a (S + RL)' 0

This condition implies an extremel high value o•f I/G a&d an earemeI7 high

efficiency. The heating effect is therefore very unlikely to be the limiting

factor in the design of a therleotric generator.

4.5 %In•lationa from Atomic Theory

The anslywis of efficiency of a thermoelectric generator bhas sh

that the main problem is to find the pair of materials having the largest

value of the quantity 12/ for a ccnvunient temperature range. The 1proble

for theoretical atudy Is therefore to obtain Information about the attainment

__________ - - - -- 7~~- .------
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It im almost equivalent and more convenient to consider the quantity

Q2/L instead of 12/G in considering materials.

The modern theory of solids, based on quantum meahanics indicates,

in principle, the way to compute the thermoelectric power etc. of specific

subetantso oft the structure of solids io genesally too eomplicated for thlse

computationo to be carried out fg spethfise matertals entirely ftom first

principles, nofreads a sombanatson of theoretcal and empirical study seema

to offer the blte of thongo sufoess in this problemn

Owe "yp of attack on thin problem is to look for theoretical indi-

catiens of an upper libot to possible alues of l2/, or Q2Io. Such a ston.

is likely also to lead to suggestions an to specific materials or to a car-

relation of these parameters with other pbyseal proportion of solids,

Not enug progress along this line has yet been made to mak it

possible to speak of results. Only some indications of lines of thought can

be glven. One line of thought, follows from the treatment of thermoelectricity

given in the boop "'Properties of Metals snd Alloys*.. by Mott and Jones.

The electric current density, I/a and the beat current density, C/a,

in a wire are given on page 306 as linear functions of the eleotrio field, F,

and the tmperatur gradient of dT/dx.

S--- an F" + a H

where
a Imll .4" K.•

all - .a ()
an K,
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Ko, XI, ý2 are defned b

where C refers to eneru of an electron in the metal

fe is the Fermi diatribution fmation

,, Aw are wave number and wave vector

T (4) is te rexaution time of the change in the
Fermi distribution due to oolliuions

I is the Fermi. energy

In this notation the expression for the electrical condu tivity

Is

The thermal Caddtutivitr with Iero electric current is
L wm - il

The Thmmon coefficient Is

Sao that the thermAoelectari power defined for a single substawo as
QLjT+ dT

. .-!• - ; 
-
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is given by

Values of , . ,and Q can now be computed for any special set

of assumptions about the quanttites determining iy In Mott and Jones, the

integral X. is evaluated as follows: lot is denote by / (') the integral.

the integration being over the surface &(S) L e in k-space. Thun

-/..

S yanishes exoept in a small range about the point e-

the above integral may be expanded in ascending powers of T, we obtain

The first approximation leads to

.7'-.' ,

where x comes from the assumption that

This result appearb at first to indicates t.at Q can be inreased

without limit by docreasing• • but this conclusion is limited by the neglect

of higher terns in the Taylor's expansion for

This expansion has been worked out beyond vat is given in the book.

The next higher approxmation yields. IL &IIaX I-t

_ _ _ _ _ _ _

,+ IL m
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Ii.r
Although this expression for Q indicates the e-r'*tence of a maxiza

v.luea it is felt that more study is needed before such a result can be inter-

preted with oon.fidenceI

5, 3ZPEINEJTAL W(OR

In order to check soae of our theoretical calculations it was decided

to set up an *efficiency meter' for measuring the efficiency of conventional

Sthermodple materials. A not up was desired which would measure the efficiency

°opof the bertocouple itself without having to corender toe fu crnae losses. In

, a thermocouple which is heated by an external heater a large amout of hawt

eis lost which never gets to whe thermooouple. For t reason it w decided

to heat the thermocouple junction l the Joule beat produced when a current ws

iosd throubh ita n vibrator an used whic alteroatel p e onneTted the thep e -wr

couple to ahe battery supplyina the heating ourrent and to an external euia Ir
i ing oinuit, for determining the output powero A schewatio diagram of thin

I ohromal-P-alumel thermocouple was used with, this circuit. Outpm+!

power was compued from the eif maxwed on the potentiometer with an amunaed

externa load whose resistance was oual to that of the therwaaople, Fayeri-

maent wore done with themoouple loads of various lengths. The beat effl-

I nisnities were obtained vaing very short therwoeouples. The thermocouples were

•"moun ted in a vaaeuma to elliniatv eonveetion current and aceuction, losses due

to1 sur•rounding air.
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thermocouple used. The leads to this therwaouple were 0.3 am long. Below
is shown a comPutation for a cbMUL.P-alumel. tbweocouple using the nasal

value of the Wiedem=.f ratio for amtils and emfes and temperatures

RLL
S B mumma eqwa to RL

G L ( TL-r*')

r Ti-r-E "T, -To

"ILO - tl8 +-1 4 'LOC.,8

o - a air -. ,./

o~beetv to 0- 41. ft /j

hi "aleuutan shows goo we w wit the observed data

A special type of ftmae was bnlt vbc enal~ec us to meaure

the thrmeeatio poert, the thra conductivity and tho electia can,.

duetivity of powdered semi-conductors* This forae bas been used on~ly to

measure pro ertes of poyered commercia s~iocn A diga of the formace

5-2 is shown i,, 71 e 5..2.

0The data indicte that silico has 4L ver hig therm eleti

posw In th temeatr rane in ihih observaticm were mae. Alhog

(m 011

_mc~



TrHE FRANKLIN 'NSYITUTE ,,a r~or'e6 lo.- f'es e a;,hany'.0ek~en

- MCHROME HEATER
NICKEL TUBE\

LxNICKEL TUBE
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/ A.

/ CHROMEL-P-ALUMEL
THERMOCOUPLE
FOR MEASURING
TEMPERATURE OF

TWO CHROMdEL-
ALUMEL THERMO-
COUPLES FOR
MEASURING/
TEMPERATURE

ELECTRICAL LAS FOR
MEASURING THERMAL EMF
AND ELECTRICAL CONDUCTIVITY

FIG. 5-2 FURNACE FOR MEASURING THERMO-
ELECTRIC POWER, THERMAL
CONDUCTIVITY AND ELECTRICAL
CONDUCTIVITY
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nIow unexplained erratic effects were encountered, an apparent thermal oaf

of approximately 1.8 volts vas obseorved at a hot junction temperature of

66400 when the temperature of the cold junction was 254WO. This thermal ad

decreased rapidly as the temperature was increased reaching zero at a hot

Junction temperature of 85600 and a cold junction temperature of 3170Co At

hot junction temperatures below 600C the resistance of the silicon became

too great to make accurate readings of the thermal emf. More work will be

necessary to determine exactly the temperature at which the peak in this

curve occ•"Io

6. PROPOSE) ZXEMA AL PROOURUS

Since silicon shows promise of being a good mterial for use In

thermoelectric gememators it is proposed to conduct a number of experiments

on silicon to determine more emxotl what these properties are and how th.e

cam be Controlled.

The thermoeleotric properties of silicon are probably largely due

to Impurities and it is kmown that silicon can have a positive or negative

slgn of the thermoelectromotive farese depending on the impurities present.

For these reasons some highly purified silieca has been ordered. We hope

with this material to add Impurities in controlled experiments to obtain a

thermocouple material of high efficiency.

The length of e thermocouple should be short and the cross section

shoud be large in order to be able to obtain larger currents. It is possible

that thereoouples ftermed by evaporating sil.co on a metal or by evaporating

metal auto silicon which has been malted in a vacum nqm have high efficiencies

we used in thermoelectric generators*
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o Considerations will be given to methods of preparing samples such
Sas melting, nintering and evaporating

SMore experiments' work will be needed to obtain simultaneous data

I thermoelectric power and electrical and thermal conductivity on the
Ssample of material,

Research Physicist - Project Head

I

i

1~
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List of Syobolo

- czces section area

a.., 0 ,G1, u,4. a qwntiti s defi•ed in section 4o3

A - referring to matorial A

wB referring to matezial B

C a t'afml current

E - tbarul electromot•ve force

S- leo2toui ,harge

F a eleotric field stre.gth

G - th quantity L ( T, -T. )

w; - 2mf ?iv conseatant divided by O.r

a total electric owrent

J - eleCtriC current density

K a therml ouduotaene, cial/

K,, K,, K, Integral e op•eioma ocoing In atosmo theory. Used
collectively as Kn

w- Doltsutman' contnt, substitutic Lfor RL/s in ezpres-
sions for I,

AV w veMy$ e aleng x axis
A = uve nmber otwr

L = Larenta number

A - lenfth of thersoccaqle lead

Q athra~leotric powe

R s resitane of load

0 ,,,, RO = resistance, of leads of materis A6 and
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m ruistaanco of onduotor" lnuid. of furn!ac

R, w resistncae of comductor In the cool space

S a total ro..±tance of thermoelectric circuit excludi• g
useu loaed

T a tempeature., 01

w average t.opewatw.O, *1

"-r, ,T. a t.onature of hat Jwt:Ln and cold JuBoti¢a

a coordinate along tbaw couplo wire

i4i mmsrW

71 Ideal thermodynamic etttla"My

K. - tb,•ml oondUctivit,

.4 -!hmon cceffiaimt

'(I)

""r ro.t ooeffiiot~
electric:Lal -condut;.•v'J:


