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l, FOREWORD

\

A program of theoretical and experimental research is being con~
ducted with the purpose of improving the understanding of thermoelectric
properties of materials ani of developing a thermocouple of improved effi.

c¢ilency for use in thermoelectric 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,

3, SUMMARY

I.n\ this firat progress report the gemeral program and the immediate
program is ocutlined,

A general analysis 1s made of factors affecting the efficisncy of
& thermoelectric generator. This analysis Irings out the deminant 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 ars reported, In one, the effi-
ciency analiysis is checked bty heating a wire tharmocouple electrically and
measuring the electromotive force obtained, In the other experiment, simul-
tanecus measurements of thermal emf, thermal and electirical conmdustivity of

silicon are made,

N
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It i3 planned to attack thiz problem by concurrent theoretical and

-2 -

4e DISCUSSINN

General Progranm

experimental procedursa, The broad program of research is to inelude;

42

b,

Co

d.

b

Patent and literature search to analyse previous work.

Theorstical study of factors determining efficiency of
thermocouples,

Theoretical study of thermoelectric effects based on
naw approaches to the study of metals and alloys to
determine or predict which materials will be the most
efficient.

Construction of experimental thermocouples based on
theoretical atudies.

Experimental tests on thermocouples suggested by theo-
retical stuldies to determine specific reaistance, thermal
conductivity and efficiency.

Study of ralativnsbip of orystal sise, oriemtation, eto,
to thermoelectrioc effect,

Immediate Program

The immediate program includes:

Stwdy of recent literature,

1992
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~ be Aualysis of efficiency of a thermoelsctiric gensrator
in terms of the measurable properties of materlals
and general physical laws,

6. Derlvation of analytical expression for maximum effi-
clency conslstent with thermodynamics, etec,

d, Study of atomic theary expressions to find possible
theoretical limits to efficiancy.

¢+ Study of theoretical resultis and published data in
order to choose classes of materials that look most

promising.

f, Bullding of an "efficlency metexr" to test the theo-
retical results on conventional thermocouple materials,

g, Building of equipment suitable for measureasent of
thermoelsctric power, electrical and thermal conduc-
tivity, all on the same sample of material,

h, Starting tests on silicon as a reresentative of a
mterial with a reparted high thermoelectric power.

4ol Study of the Literature
A complete 1list of references and abstraots will be included in
the next quartsrly report,
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A General inalysis of Factors Affecting the
Efficiency of a Thermoslectrin Ganarator,

444.1 Thermodynamic Consideratlons

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

TR § AN T R ST |
£ 4

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

electric current. From the most elementary consideration of a thermocouple

r circuit containing & hot junstion at temperature T;, and a cold junction at
'-f" temperature T,, a theoretical upper bound can be placed upon the efficiency.
] For 1t 1s know that no heat engins cperating between temperatures T, and T,
i_ can have an efficiency exceeding the value
T ~Te .
N = ’—‘.F."'" !

%
i

Furthermore, by the Thomson effect, some hoat will be given out at lntermediate
temperatures depending upon the cuwrrent and the temperature gradient, Thus,
thermodynamic reasoning alone, by considering only reversible processes fixes
an upper bound to the efficienocy at somewhat less than

¢ Ti ~Te
"8 - ...—'—T.'-—-

deperding upon the Thomson coefficlsnt of the thermocouple materials, These
-considerations indicate the desirability of a large operating temperature
ratio, T,/ '

The:modynanic consideratioms likewlse imply a set of equations in-
volving the thermal emf, the Peltier coefficient, and the Thomson coefficient,
These aquations are known as Kelvin's relations and may be written

J.-E.-

rﬁé‘-‘-ﬁﬁ‘
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1l three of the quantities u« , T , £ are thus determined when one of them
is given as a function of tuporatﬁ.
4elie? Analysis of relations between useful power, losses and efficlersy

of a thermoelectric Gemerator.

The complete proulem of evaluation of efficlsncy of a thermoelectric
generator involves a complicated problem in heat transfer, For the purpose
of the present study, howsver, a preliminary evaluation of efficlency has
been made by making certaln si:plifying assumptions that facilitate the cal-
culations without too greatly impairing thelr velidity,

Studies of efficiency of groups of thermoelectric elements connected
in series and parallel and with the resulting output leads connected to a load
resistance indicate that the ratio of the total battery resistance to the load
resistance is the important parameter influencing the method of connection.

It follows that fundumental studles involwving a single thermoelement and a
suitable load will be sufficient to give the easentlial information that can be
applied also to groups of elements in series and parallel.

The thermoelectric circuit analysed is shown schematically in Figure
4=1, The circuit is assumed to comsist of conductors of two different materials
A and B, joined at two junctions and containing in the oircuit also & resist-
ance, R, representing the useful load. A certain length of the c¢ircuit includ-
ing one junetion is asmsumed to be in a furnace that maintains its temperature
at a unifors value T,+ Another section of the oircuit including the other
Junotion ard the lsad are assvmed to be maintained at a wniform cold tempera~
ture T,e Tha intervening lengths of conductor are assumed to be surrounded
by perfe t thermal insulation. This analysis omits the losses in transfer
of the eat from the fusl to the hot junction, and the surface heat losses

|t 10 8 T S A 1% MR, b 4 s = " L ¥ e et e KR+ o o W
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L from the part of the lasda that arg ghovs the cold junetion temperature.

@ An alternative cireuit might have heen considered in which tke
temperature distribution in the leadz was specified rather than the condition
of no surface heat loss, This case is perhape easier to treest theoretically,
but it seems more artificial than the case here treated,

The effects considersd include: -

-

a, Heat required to maintain temperatwre of conductor at T, !
inside of furnace. This quantity is the Peltier heat ;
migus the Joule heat inside the furnace plt;a the hest
conducticn through the leads.

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

it o S e ¢ ikt

thermal conductivity, the Joule heat, and the Thomson heat
in the lsads,

L e s

6+ The emf which depends upon the materials and the temperatures

i Ty and T,. | _ !
i

g The following equations are readily derived: :

4 !

H !

g Heat added per unit length in the leads is zero. ;

H -4 4Ty 1t 4T o

! dx(“ dx ) e Al =

¥

} ¥ Heat added at hot junction is

; T ;

|
Heat added tn zonductor inside of furnace is i

m g e {rad) ol ),

PUANALE
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‘? The current is

¢ R *FRp+ R ¥R, * Re

f The efficiency is

*. r\ - It RL —

_ It dT aT ,
¢ “I-_/-au dx.’(“d—;)A_(“dx )l ;
:} VANASE l‘
{, The svaluation of the heat conduction losses requires a knowledge

i of the temperature gradiont at the firnace wall., This temperature gradisnt ‘ '
i is found by sclving the differential equation

i

1 3

(ka9 Yo 14T o _ I

i dx(“dx) '“Idx oa

E .

§ with the boundary conditions

T=T, ar x=o

g Te=Te ar x =f

,g With these equations it is possible, in principle, to compute the

: current, power, snd efficiency of a generator when the dimersions and paysiosl

paramsters are given. However, the variation of x , 4« , and o with tempera~-
ture my make the heat conduction equation so difficult to solve that it is
desirabie tv make furtber simplifying assumptions, In crder to arrive at the
most useful theoretical results.

Several special cases of t.ho above general method of analysis have
besn considered, Some of these will be outlined., Tho general scheme in the
solution is to make a sufficient number of simplifying assumptions so that an
analytical e-pression for the maximum efficiency can be found,

It is fairly obvious, in the first placa, that sny extra length of
leads in either the !1 ar T,, constant temperature regions will decreass the

S SO O - ————————
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available useful voltage and the efficiency, In the following, the reaistances
Rp and Ry are consequently assumed to be zero,

Case A, Negiect effect of ourrent upon heat flow in the leads.
Assune proportionality of thermal and electrical econductivity in accordancs
with Wiedemann Frans law. Neglect R, and R,. Leads A and B are assumed to
have equal resistance,

The differential equation for heat flow becomes

Hence

- Ka % = C , constant thermal current,

By Wiedemann-Frans law, put

K=olT

C-—a'nLT%

The resistance of lead A is

y £
- [ 8 o _ [T dT
Ra _/:crn j c ar 9%

- [ e ()

C= ;ﬁ: ( TI‘-'.'-.‘ )
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ine eiriciency then becomes,

L o+ . t_rt
I+ (.EA‘.R.) T (T" T')
Putting for the total battery resistance

SmRL+Rp

and assuming

Ra = Ry
and using the relation

-4
r

we obtaln
- (v o LR

’..;.
where
G-‘L(T‘.«T.l)

The maximun efficiuncy, corresponding to the minimum value of \/y ,
can now be found by squating to zero the derivature of !/m with respect to

8/,

Ty (B =F b (-8 )=

LR = ok

Then the maximum efficiensy is

Nnes = F 37+

Al el WA en v

e bt ——a
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where

It should be recalled that

r - 4E

Case B, Consider Joule heat in leads, tut neglect Thomson heat,
Assume K. and o are independent of temperature and put K=o LT where
"T° represents an average temperature,

The differential equation for heat flow becomes

d dT \ . _ it
dax "'du) c

wlth boundary conditions

T =T, At x=o
T =T, a7 y=i

The solution satisfying these boundary conditions is
- To —T; AN - Jt 'Y 1
TT|+( +-_zlca' )x —— X

The heat conduction loss in one lesd is

~ (x5

d

)”-o - ra (-Li-I’— ”T,LE%—')
-Ka (J‘i‘r")[" Tt""'(gﬁ‘—?.)'-]
-nd (‘I'i—-&)["m%%-?-)' -(I"_*%:L*rm]
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With the substitutions
=gl T = ol —-TT +5s
[}
il -ye

The heat conduction loss in one lead becomes

e LS T T T

3

1
Cam-(eedD) =g + (™) TRenar®

With the same substitutions as in Case A, we obtain

TR0 8 EL 8 ]

n
(e ~a—>+ﬁr1‘+§— i
The maximum efficiancy is determined from

gt ) g
SR

A-t

"'\max -'W'—)-:'— |

whéra

2 |
- % [ (DI
Case C. Consider both Joule heat and Thomson heat in leads,

Assume K, 0", and (A are independent of T,
The differential equation for heat flow is

]
F (ra ) -4 A
with the boundary conditions

TeT, ar x=o
T-T. AT “-‘

——
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The solution is

41:&
T (To T|+Md'q) (GA‘#_”) A aa + T
And the temperature gradient at x =0 is

Ry
d'l') To-T tiMoca a1 I
b 4 1]

dx (‘ AT |) Ka Uoa

With the substitutions
K =52
R - —L
A oq
= ol (..IL"'_T.!.)

L
The heat conduction loss in lead A, where I is positive, is

(= L RA
Ca= ( dT )r.-g JQ“A—‘E ™ .T° [—EI?-T_-L ‘e‘K-/u(IT\R;ojI

In the expression referring to lead B, it is necessary to write
<l in “lace of I.

The efficisncy oan now be computed for any partiocular set of values
of the paramet. rs. The analytical expression for maximum efficiency s more
complicated than in case A or B and has not been expliocitly obtairud.

4ol Use of Material having High Resistivity

Banination of publighed date on resistivity and thericelectris
powsr indicates & degree of correlation between high resistivity and high
thernoelectiris power, The material selected as most efficient for a thermo-
elsctric generator is likely, therefors, to bave a high resistivity, A
brief thecretical study has besn made of factors determining the upper limit
of high resistance material whi-h it is desiruble to uss,
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In the analysis of efficliency it is the total resistance rather
ti.; roaistivity that appears, so that high resistivity material can be
used efilciently by having a sufficiently smell path length between hot
Junotion and cold junction,

Thin films (large section, shart length) of high resistivity

material appear to be equivalent to greater path lemgths of better conduct-
ing material. The practical limit to the use of thin films will depend
upon matters of technique which camnot readily be specified in a simple
theoretical analysis, If a series of materials of increasing resistance
and inoreasing thermoelectric power followed the theoreticel Wiedemann-Franz
law, then this simple analysis would indicate that the material of highest
resistivity was best,

The Joule heating e¢ffect can hardly be the limiting factor by
causing damage to anything if the temperature doss not exceed the hot junction
temperature, The condition that the highest temperature dus to Joule heating
Just equals the hot junstion temperature can be found from Case B above and is

- =% TERRgY " °
This condition implies an extremely high valus of B2/G and an extremely high
eofficiency. The heating effect is therefore very unlikely to be the limiting
factor in the design of a thermpelectric generator,

45 Indlcations from Atomic Theory

The analyuis of efficiensy of a thermoelectric generator bas shom
that the main problem is to find the pair of materials having the largest
valus of the quantity E%/G for s convenient Lemperature range. The protlea
for theoretical stwiy is therefore to obteln information about the attainment
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of high values of E%/G.

It is aimost equivalent and more convenient to consider the quantity
Q%/L inatead of B/ in considering materials,

The modern theory of solids, based on quantum mechanics indleates,
in principle, the way to compute the thermcelectric power etc. of specific
substancss, btut the siructure of sclids is generally too complicated for these
computations to be carried out far specific materials entirely from first
principles. Instead, a combination of theoretical and empirical study seems
to offer the best chance of success in this problem,

One type of attack on this probleam is to look for theoretical indi-
caticns of an upper liwit to possible values of E%/G or Q/L. Such a stuly
is likely also to lead to suggestions as to specific materials or to a cor-
relation of thess parameters with other physical properties of solids,

Not encugh progress alorg this line has yet besn made to make it
possible to speak of results. Only some indicstions of lines of thought can
be given, One line of thought follows from the treatment of ithermoelectrisity
given in the book, "Properties of Metals and Alloys®, by Mott and Jones.

The electric current demsity, I/a and the heat current density, C/a,
in a wire are given on page 305 as linear functions of the electric field, F,
and the temperature gradient of dT/ax,

1 dT
= =% Frange

R
where

a, =et K,

Qy, :‘ Ke ('{"'#) ""&'
k(3-8
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Koy K1y K, are defined by

=t [ (36) 2 ) as
where € refers to energy of an electron in the notal
fo  is the Permi distribution fumction
X, , & are wave mmber and wave vectar

T (4A) is the relaxation time of the change in the
Perni distribution due to collisions

X is the Permi energy

In this notation the expression for the alectrical conductivity

o= a,; = ¢*K,

The thermal camductivity with sero electric ocurrent is
PR T, - YR .«

- (?‘.‘;Kt)

The Thoascn coefficient is

“=Fdr {+ k-9

80 that the thermoslectric power defined for a single substance as

q-/.q‘#'-d‘r
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1s given by

a=+{+(R-9)

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

r

of assumptions about the quantities determining K,. In Motl and Jones, the
integral K is evaltated as follows: Llet us denote by § (&') the integral,

e)l=deans [/ (35) T i

the integration being over the surface €(X) = €' in k-specs, Then

-K,.-_[-#(e)c"-g-éﬁ— de

Sinoe af./ae vanishes except in a small range about the point e m ¥ ,
the above integral may be expanded in ascending powers of T, we obtain

ke =2 g (4B @r) g {00

The first approximation leads to
k=TT AT £ ()
o~ et §(¥)
Q- l;—"——ﬁﬁ}'- %

where x comes from the assumption that

o (&)= const a?
This result appears st first to indicate cvhat Q can be increased
; without limit by decreasing ¥, but this conclusicn‘is limited by the neglect
i of higher terms in the Taylar's expansion for X .
| This expansion has been worked out beyond wiat is given in the book.

The next higher approximation yields,
‘vt AT X

s A =T
A EEe
wt A% 1 - L ( )"%"
—’*-wl.—(—!- -%r) |4..-%- ‘K(!—'I
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Although this expression for Q indicates the existence of a maximum

value, 1t is felt that more study is needed hefars such a result can be inter-
preted with confidence,

5. BXPERIMENTAL WORK

In order to check some of our theoretical calculations 1t was decidd
to set up an “efficlency meter® for measuring the efficlency of conventional
thermocouple materials. A set up vas desired which 'ovid measure the efficiency
of the thermocouple itself without having to consider the furnace lossss. In
a thermocouple which is heated by an external heater a large smount of heat
is lost which never gets to the thermocouple., For this reason it was decided
to heat the thermocouple junction by the Joule heat produced when a curreat was
pasaed through it, 4 vibrator was used which altermately connected the thermo-
couple to the battery supplying the heating current and to an external measur-
ing eircuit for dstermining the owtput power. A schematic diagram of this-
eircuilt is showm iIn Pigure 5.i.

4 elircul—P-n.luml thermocouple was used with this eircuit, Output
power was computed from the emf msasured on the potentiometer with an assumed
external lowd whose resistance was wqual to that of the thermocouple, Rxperi
ments were done with thermocouple leads of various lengths, The best offi-
alencies were obtained using very short thermocouples., The thermocouples were

mounted in a vaouun to eliminate convsction current and soduction losses due
t¢ surrounding air,

B s
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Our work indicates an efficiency of .42% for the shortest length
thermocouple used, The lsads to this thernocouple were 0.3 om long, Below
is shown a computation for a chromel-P-alumel thermocouple using the normal
valug of the Wisdemaun-Frans ratio for metils and emf's and temperatures
taken from standard thermocouple tahles,

S
4= (g ) L)

R
ShumndoqmltoRL

T T
-E-- 1-|-T¢
-‘11-. - ":."Ly Y(e)+ (2.)(2‘.45m::;)g%(rooa'-aoo‘)

=~2.8 + 198 = 200.8
M "™ o.008 = .56

ORSERVED | = o.42 o

This calculation shows good agreememt with the observed data.

A lpthmorm-mhﬂt'huhmuduumo
the thermoeleciric power, the thermsl conductivity avd the electrical con-
dustivity of powdered semi~conductors. This furnace has been used only to
meagare propertiss of popdered commsrcial -ﬂiccn.l A diagram of the furnace
is shown in Figurs 5.2, .

The date indicste that silicon has 4 very high thermoslectric
pows: in the temperature range in which observaticns were made. Althoagh




THE FRANKLIN INSTITUTE ——- (aéoratores Jor Kesearch ana Developrrent

NICKEL TUBE\\

PT | U B4 N
'/’ ) ] ;//,'!"/ ) '\\‘\
> g (R N

POWDERED SILICON-| 7 A
. ey q

' :/a s s \

. & o ’/

g. 0 % / /:\

? N
’ } %% // /:' R

‘ 2 TV S

) ______/ N f ,é - //:

TWO GHROMEL-P- g 1A
ALUMEL THERMO- Z A
COUPLES FOR é A
MEASURING Z 1. A
TEMPERATURE Z a1
Al || "/b\
z ) ' AN

Z L

NONNON NN
N
\\\\ »
L 7/lj4/’

ELECTRIC POWER, THERMAL

- -~ NICHROME HEATER

} NICKEL TUBE

CHROMEL-P-ALUMEL
THERMOCOUPLE
FOR MEASURING
TEMPERATURE OF
OUTER TUBE

ELECTRICAL LEADS FOR
MEASURING THERMAL EMF
AND ELECTRICAL CONDUCTIVITY

FIG. 5-¢ FURNACE FOR MEASURING THERMO-

CONDUCTIVITY AND ELECTRICAL

ONDUCTIVITY




THE FRANKLIN INSTITUTE » Laboratories for Research and Development
-19 - 1992

some unexplained erratic effucts were encountered, ar apparent thermal emf
of approximately 1.8 volts was obsorved at a hot Junction temperature of
664°C when the temperature of the cold junction was 254°C. This thermal emf
decreaged rapidly as the temperatura was increassi reaching zero at a hot
junction temperature of 856°C and a cold jJunction temperature of 317°C, At
hot junction temperatures below 600°C the resistance of the silicon became
too great to make accurate readings of the thermal emf, Nare work will be
necessary to determine exactly the temperature at which the peak in this

curve occurs,
6, FROFCSED EXPERIMENTAL PROCEDURES

Since silicon shows promise of being a good material for use in
thermoelectric generators it is proposed to conduct &« number of sxperiments
on silicon to determine more exactly what these properties are snd how they
can be contralled,

The thermoelectric properties of silicon are probably largely dwe
to impurities and it is known that silicon can have a poiitin or negative
sign of the thermoelectromotive force, depending on the impurities present,
For these reasons some highly purified silicom 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 « tharmocouple should be short and the cross section
should be large in arder to bs able to obtain larger currents., It is possible
that thermocouples formed by svaporating silicon on s metal or by evaporating
metal onto siliocon which has been melted in a vacuum may have high efficisncies
whan used in thermoelectric generators.
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Considerations will be given to methods of preparing samples such
as meliing, sintering and evaporating.

More experimental work will be nseded to obtain simultaneous data
on thermoelectric power and electrical and thermal conductivity on the same

sanple of materlal,

-

f R. P, Coleman R (/? éo—&wuan—v

! Research Physicist ~ Project Head
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APPENDIX A
List of Symbols

cross section area

quantities definsd in section 4.5
referring to material A

referring to mterial B

therml current

therml eslectromotive force

eleotronic charge -

eleotric field strength

the quantity 2L (T*-T})
Planck's constant divided by 2T
total eleotric cwrrent

elestric current density

therml conductance, xa /2

integral imonim ocouring in atomic theory. Used
collectively as Kn

Boltsmann's constant, substitution for R._/s in expres-
eions for Mgy

wavy number along x axis

wave number veotar

Lorents number ,

length of thermocouple lesd
thermcelectric power

resistance of load

resistance of leads of materials A and B

|
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resistance of conductor inside of furmace
resistance of conductor in the cool space

total resistance of thermoeleciric circuit excluding
useful load

temperature, °X

averages temperatwre, X
temperature of hot junction and cold jumotiua
coardinate slong thermocouple wire
snergy

Foxrni snergy

eofficiency

1deal thermodynsmic effisiency
thermal conductivity

Thomson qoofneunt

Peltisr coefficimmt

eleotrical conductivity




