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Introduction

Thermocouples provide a means for converting heat

energy directly to electrical energy. There are very

few other phenomena which accomplish this.

The potential usefulness and scope of application

of thermocouples is great since the energy conversion

is direct, no rotating or moving parts being necessary.

However, the efficiency is at present very low , and

this limits the applications of thermocouples to heat

measurment.

p .esearch on the phenomena of the thermoelectric

effects is now being pursued in various laboratories.

Most of this work is experimental in nature, consisting

of investigations into the physical properties of semi-

conductors. There is no satisfactory theory as yet to

explain all the fee ures of thermoelectricity. When

the theory is complete; then the proper materials can

be immediately selected which will give the optimum

efficiency to a thermoelectric generator. In lieu of

a complete theory, the method of approach “as been to

use the known facts as a guide to extensive experimental

investigations.



Energy Conversions

Of the various types of energy or sources or power,

the following must be included: heat, or radiation in

general; mechanical, electrical, chemical, potential,

and nuclear energy. Each of these sources of power have

certain characterestics which limit their range of use-

fulness. This ran:e is not entirely irherent in the

nature of the energy, but may be exMpnded in many cases

by new applications. For example, one would not expect

to drive an ocean liner on its trip by the use of the

electrical energy stored in a large condenser. Such a

condenser would be enormous by present standards. Yet

someday such sources of power may be commonplace, if

research discloses a material with suitable properties.

Such a material might be one like barium titanate, which

(1) this couldhas a dielectric constant of 11,000.

be increased by a factor of 30, and if the dielectric

strength could be increased by a factor of 20 and the

resistivity by a factor of 100 then 100 kilowatt

hours of electrical energy could be stored in a volume

(2)
of 2 cubic feet for several weeks.

0f the above listed forms of ener3y, the most

versatile is electricity. Large amounts of electric

6 #19 %31 #33
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dcwer can be transmitted with small loss over long dis—

tances by small wires. The advantages of electricity to

the production of motion are too well known to be men-

tioned. Electricity can be converted into heat with per-

fect efficiency . The desirability of having a large sup-

ply of electricity available is obvious. The best way

to obtain the electricity is not, however, so obvious in

every instance. If, near the user of electricity is a

large waterfall or swift river, the economics of the sit-

uation immediately direct the consumer to the cheapest

source, a hydro-electric plant or a steam turbine-alter—

nator plant. If the consumer is only going to use nF.
)

T"Jt!
average of 500 he“ a day, a diesel plant might be more

economical. If the consumer is a farmer, isolated from

a public utility power line, he may use a gasoline unit

or a wind menerator, or batteries. These are the main
La

sources of electricity in use today. Others are be-

ing developed, however, such as tides, geysers, solar

heat, nuclear heat of reaction, and various electrochem-

ical reactions including photosynthesis.

The nuclear pile as a source of heat energy has

been considered for several years, and experimental

’3

units are now being tested. T The advantages are that

there is a very low fuel cost and a very slow rate of
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fuel usage. The radiations mak necessary heavy shield—

l 5, however.

Magnetostriction :enerators have been studied as a

possible source of electricity. The efficiency is good,

but very little research has been carried out on this

(1)
method to determine the advantages or disadvantages.

The usual process suggested is to change the length of

an iron bar by mechanical means or heat, and then util-
k
)

ize the corresponding ch=n e in magnetic properties toI
V

S

produce a volta e. Another Similar idea, proposed by

Edison, is the thermomagnetic generator in which the

change in the permeability of an iron bar in a magnetic

field, due to rapid heating and cooling, changes the flux

linkages in a surrounding coil.(2) Edison believed the

efficiency could be pushed up to a reasonably high value,

but he realized that such a jenerator would necessarily

be relatively heavy.

a device for generating electricity from light by

means of selenium cells has been described in the liter-

ature.(3 ) Due to the high resistance of selenium, how-

ever, little current could be obtained.

Considerable work has been done on utilizing the

rise and fall of water due to tides, and some work has

(1) RCf. # 5,1; 10

(2) Ref. #123

(3) Ref. ,“116
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1

been done on harnessin the iorce of the waves.(l)

U
i

find ienorato s 1 small sizes are in wide use on
\—

’
“
5

C
S

farms and on aircraft. Large units are not widely used

due to the fact that there are very few locations with a

strong wind available.

Various means have been suggested for converting

chemical energy to electrical energy.(2) Storage batter-

ies are heavy and bulky. A storage battery which could

efficiently store, 100 times as much energy as is now

possible, could be very widely used in every place where

electric power is utilized. About 1898, a great deal of

discussion we given to the production of electricity from

carbon in a carbon-metal heated cell.(3) At that time,

an overall efficiency of ,4} was thought to be quite eas-

ily attained, and some units were built which looked prom-

ising. It was eventually decided that such a method

would not be commercially feasible, and the process has

not been discussed in detail since.

Thermocouples provide an attractive means for con—

verting heat directly into electricity. There are no

rotating or reciprocating parts whatever to wear or to

require lubrication. The application of thermocouples to

electric power generation has been worked on by various

(1) Ref. fi 135, section 2-31

(2) Ref- # 13. fi 115

(3) set. i 115, # 117, a 118
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investijators since at least 1890,‘

(2)

and is now being

The recent increaseoiven considerable attentian.

in i terest in thermocouples is due to two factors,

(
a

“
5

{
,
1

increa ed scone of potential usefulness add a bett»

" V I ~ '~ ‘ ‘A .‘V v 11 71' r p .

*“Ofileiafi of the nature of serictndactors. lhe eftlc-

' . . L‘. ' 1, , F. a a - 4. , 1 .1

lencv cf tcerroelectric lonoritors is :ot, a, the

-, high enQUjh to make this tyre of can-

0,,4. m-..“ n-,° ‘ . .. .,-.V.' H

v—rter ce ,ercielly feasible. uture disculsien of tee

a ’- ~-\ v '- 'r- - ‘I + 1 I ‘. r“

eiticiénc; and an~licatiocs of thermoelectric bener-

'( A_ ,\ rs

‘-"\,>, C1140, glLA, 5411]-, #117,



HISTORY

The thermoelectric effect was discovered in 321 by

T.J.Seebeck.(l) He found that if the junction of two dis-

similar metals (or any conductors) was heated, a voltage

was genera ed at the junction which could be measured by

connecting a suitable meter to the other ends of the wires.

P
3

1 “
a

f «
9rent metals which are joined toiether at one end(
1
.

wo

so as to be used for generating electricity by means of

the thermoelectric effect is called a thermocouple. It

was not long before thermocouples were widely used as a

means of indicating temoerature. Thermocouples can be
I.

installed in such places as furnaces or under.:round 3Hip s,

and the temperature of the couple can be read at some re-

mote distance by means of a sensitive electric meter at-

tached to the thermocouple wires.

)The converse of the thermoelectric c f1ect was detec-

ted by J. Peltier in 1834.(2) He found that the flow of

current through a thermocouple either heated or cooled

the junction, depending on the direction of the current.

The usual joule heating is a much larger effect, however.

The cooling due to the eltier effect is not larre enouh

to be of commercial use.

If the Seebeck and Peltier effects were the only

ones involved in thermoelectricity, the curve of emf versus

(1) Ref. ¥ 128

(2) Ref. ¥ 197
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temoerature rculi be a straijht line. The fact that

son effect.(l) The Thomson effect is simply th

Wherever a normal gradient exists in a conductor, and

1

el :redient a1so axis ts. The volt‘
L
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nroduccd in couoles due to the Thomson effect is usual—

ly much smaller than the Seebeck voltage and is usually

thermocoueles when power gen-
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considered. For a br

of apparatus for demonstratins these effects, sce.ref-
J

(
Drences {165 and {1 71.

The first apnlications of thermocouples were in tem—

pereture measurement. Webster defines a thermocouple as

a themoelectric couole used for the measurement of heat.

0
]

for indicating temperature and radiation, inA.

i
n

am an.(
3

general, tre thermocou ele .as received a great deal of

(1.) a
attention. some of t

O

r
.

,
.

\A t duplications incl de measurin3

hum an body temperature., air velocity, and stellar temper-

atures. a great deal has been written on various thermo-

couple alloys, thermocouale stabil ty 1nd linearity, pro—

tection from oxidation, thermocouple instruments to meas-

ure rf currents, notentiometers and millivoltmeters for

thermocouples, thermoelectric temperature scales aid

A
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I
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other applications.

The use of thermocouples for producing electric pow-

er from heat has been considered for nearly 100 years.

The method is attractive because there are no moving

parts and the conversion is direct. Until recently, an

efficiency greater than 11 had not been achieved. The

latest figure is 7;, obtained by using a PbS - Znsb ther-

mocouple. Due to the high electrical resistance of pure

PbS however, a commercially usable thermoelectric gener-

ator made of such a couple would have to be quite large

and bulky to maintain a low internal resistance. Re-

search is being carried on continuously in an effort to

improve the efficiency. This research is both experimen-

tal and theoretical in nature.



GETZRAL DISC’SSICN

There would be many applications for an efficient

thermoelectric generator. In the automotive, railroad,

farming, aircraft, mining, stationary power plants, and

other industries such a generator would be most useful.

As a means for extracting power from a nuclear pile,

thermocouples present a simplicity that cannot be dupli-

cated. F0 complicated heat exchanjers, turbine, and gen—

e ator would be necessary. When a nucleus splits and

gives up energy, the energy appears as radiation of var-

ious wave lengths, and as high velocity electrons, neu-

trons, protons, and other particles. To make use of this

energy the only method seems to be to stop the particles

by collisions and utilize the heat produced. The cross

sections for neutron absorption, as well as the properties

as a moderator, f the thermocouple materials must be con-

sidered, and also the melting points. Perhaps someday

the thermocouple junctions themselves will be the source

of the atom splitting, and the energy released would ap-

pear as an electric current with little harmful radiation

loss.

Whenever there is a difference in tem;erature, there

is a potential energy source able to energize a thermo-

electric generator. Such sources of heat as the sun,



anyserg, volcanos, earth heat, cold sprin;s, and nu-

clear piles may someday be the energizers of thermo—

electric 5eneratinfi units. Even the radiation from a

distant star has been made to generate electricity by

(l)
of sennsitive thermooiles. A thermopile is a*

3

(
D

_.
)

:
5

0
'
)

other than a miniacure thermoelectric gener-

ator operatina at a very low temperature difference.

The efficiency of thermopiles has been considered, but

power is desired. The usual thermopile efficiency is

around .905 T.

The Army and Navy financed some research during the

war to develop a small .mnrater unit. Some of this re-

. (3
search is still 301n; on.‘

\
J

The advante'es of a thermos

electric generator fit in nicely with some of the mili-

tary requirements; namely, simplicity, ruggedness, quiet

operation, a source of pure 3.0., and a source of heat to

be used possibly for cooking or personnel comfort. A

thermoelectric unit to attain maximum utility would also

have to be compact and li3ht, and fairly efficient. An

efficiency of 8? or better would :efinitely be satisfact-

ory. The PbS - ZnSb couple gives an efficiency of 7% but

the size and wei3ht of such a power couple is high due to

E1? Ref. # “7 p. 395

2 Ref. * 47 U. 1294

(3} Ref. .f3 #131
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the resistance of the materials.

'here is good evidence that the thermoelectric ef-

fect is not entirely atomic or molecular in nature. The

(
D

mf is affected by various mechanical changes in the met-

1 s‘ch as impurities, heat treatment, drawing, rolli 3,S
"

m

pressure, tension, and magnet zation.

Efforts to find an equation relating the thermoele -

tric voltage to the other constants of the atom cr mole—

(1)
cule have not yet been successful. Telkes gives one

equation which is not completely accurate as regards ex-

perimental confirmation. It is

 9 = i A: + Const. where, O = thermoelectric $305331":

4£=ener3y level difference in electron volts, T==temp-

rees Kelvin, eo==electronic charge, and the

g n A ‘6 '6

constant varies irom lu8 x 10 to 172 x 10 .

There appears to be no simple relationship bet-

ween the emf and the other physical const nts. host

investigators have corsequently urned to long trial and

error experiments to find the alloys and cospounds which

0will give the highest efficiencies. The therioelectric

properties of most of the ele cats and many of the

alloys are given in the International Critical Tables.

A portion of these tables is :iven in a later section of

7 a V

this thee S.l
.
)
-



the metals. Compariae the thermoelectric propert ie

L
O

(
-
—

O (
i I

of the elements to other properties of the elenedt.

not sh w ary relationship betweer the two, except that

no metal which exribits a high thermal emf is super-

1

conducting. ne sigflni ic nee of this is problematical.p

Assure that for certain theztocouple the resis-m

tance drops to 1015 ohms at 4K, and assure the emf

does not reach zero except at O0K. In outer space one

junction could easily be kept at very iiezrly O“K. The

other junction could Wave the radition fro1: the sun

focused cn it and the temperature kept at 40K. If the

couple wires were quite long, the heati15 of tze cold

junction would be unimportant. The current that could

be so produced by the resulting voltaage i5ht be util-

ized through a transformer, the couple actin3 as a

primary by a periodic variation of the rot junction

tempera ure. Any heat engine that can work with 00K as

a lower liznit of temperature and can expand to C psia

will be very efficient. Actually, little is Known about

to permit superconductivity may also reveal sore o

(1)
theraoelectricity.

In the pest, most of the thermocouple research has

cm

1.)

been done onmetals1which are relatively good conducto“s.

(l) Ref.¥ 71,P. 315.
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It was realized that in order to obtain large currents,

large conductors would e necessary due to the small

thertoelectric voltage. sor example, if the cougles are

large bars with a total resistance of .001 ohms, and the

generated m"f is $0 mv, the current will be 53 sips.

A striking laboratory demonstration have: use of the

large current to illustrate the thermoelectric effect.

The current is used in an electromagnet to support very

heavy weijhts.

If the metals are not good conductors then the size

of the conductors beooces impractica , especially if the

re‘al is expensive or heavy. For this reason, most of

the metals considered in the past have been good con—

ductors, even thoufih some semiconductors five mucn higher

1

voltages. I*ecent work his shown, however, that the con-

ductor metals do not offer much opportunity for inprove-

ment as regards efficiency in a thermoelectric generator.

This will be shown later in the mathematics.

The most fruitful ar of work now see 8 to be with(
D

i
s

\

semiconductors succ as lead sulfide,lead oxide, silicon,

serranium, antimony, bisruth, carbon compounds, and
.4

rt :
3

J t
.
J

,
J

U
)

(
'
9
'

H O (
0

OiO (
D

3‘
.)

The chief disadvantage in using a semi-

conductor is its electrical resistance. however, most

H O t
o

H *
3

«
D

(
I
)

H
-

:
0

(
‘
f
-

1,
.

.
3

C
‘
J

L
D

5
3

H U
)

Usubstances whfcn have a nigh electr

have a high thermal resistance, and a high thercal res-

istance is desirable to prevent heat conduction along
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the cou:le . The relation betwe electrical and ther-(
D

:
5

mal conduction is known as the Weidnann-Franz-Lorenz

Law which states that the ratio of thernal to electrical

conductivity is eoual to a constint tie the absolute

temperature. The lower the value of the constant,

the better for therooocoupl3 purposes. However, for

most materials the value of the constant is the same,

namely 2.45 x lO ’. No materials show a lower value,

but many show a higher value. The diff erez‘ice between

and the value for the material in question

may as called the deviation, or b. The larger D, the

less desirable the material as a thermocouple for a

power generator. Papers on the subject often state

ranz Law to hold". This means

the value of the ratio of ther:Ial to electrical con-

. -5 -

ductivity is a may-i.run, or 2.45 x 13 . This condition

(
9

U
)

limits the number of suitable naterial3 and serv.

as a usetul criteria to judge whether or not a certain

. stance might serve as a power thertocouole.

Conparine a metal thermocouple to a sonicooniuctor

thermocouple, it is obvio s hat the fetal thermocouple

will have a lower resistance for a iiven size. However,

there are two advantages ior the seniconductor. First,

the e“f is higher by a factor of 2 to 10; and second,

the electrical resist;nee usuallv decreases as .oe teno-

oes up. Also, there reéaids the possibility
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semiconductor with 1 3001 thermal emf, a low he1t

conductivity, 1n: 1 low electric1l resistivity. neceut

dork in:.icetes that the - properties mitrt b: 1tt1ined

by the agdition of sm1ll 1mounts of ”impurities”, in

some 013-15. ?or ex1z‘1pl

conductivity of silicon witlzout 1e creasing Q, 1 31111

. - ‘ 1“ --. A x P‘I r'\ r' W ‘ ‘fi 1 "I r‘ r " I' n‘. ’ ‘ ‘ ‘ ‘

amoun 0L COyguT 1 Qnt oe 11311. The tpr 1nJ 1noont

of met1l to 111 is i0“i1 omiy oy exnerimental work,

however. See Ref. ¥ 2 .

Tue physiC1l intororret1tion of coniuctivity and

4.1,. -.w.-»'7 «1‘ '— -"~ 1- 2n -~.'.'v~.- 5» .~« -~

onerm1i Sui in sexiCOHo&UbOID is Leiné qevelotei,

usin: the modern theory of soli1e as 1 1weis. See
‘1

.0 . A “1152 :2 ’3; J")? 7. fr". . _ . - U. ’3
{3| 0 ’3 _. v", ‘ - f..— o- hm? , ' ‘J _ r) 1 '7; .1

14"... xii 01-1058 vi; \J , LO, '1' ' ll 1/, )"JE' , 1 J , -w ~vL 7%,) O
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no f1r, no one has cone forth with 1 complste theory.

‘ -: .- . . r ~

wjicn re reeen s carrent. A toermocouple

to set no 1 loC1l emf. It is known that the emf
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somerCLt :31111cu: to 1 semi—perme1ble mentrune.

At the other junction, 1 local emf equ1l to the

first is set up 0posi113 it so that the not emf with

the circuit at one tenyorature is zero.

emf is called the Peltier potential since a unit onerge

in crossirr tne junction will either f1in or jive up

ne difference in the Peltier potentials

at the functions 3 the Seebeck oltege, often 011111

the Pelt 1r voltege, 1nd is zero when there is no tem-

perature “r1iient in the conductors. Shen any two met—

g
o

H m x

‘
D nl1ced in contec , 1 potential is set up oetween

the other two ends of the metals. This is called the

cont1ct rotenti1l. The absolute value of the cont1ct

notent111 is difficult to measure since it is 1 sen-

sitive function of the surf1ce condition of the metal.

The contact “otential is 1130 nailed the volt1 effect,

volt? notentizl difference, or “otenti1l function.

hio nets-on the contict no-H
o

H
-

There e r 5
0

01’)‘U
)

(
Ds 1 clo lat

tentiel end the Teltier voltage. This rel1tionship

h1s been develope” from thersodyn1ric1l consiieretions

113 st13\7:: 'here V - cont1ct notenti1l,.1—13 _

5T T‘

T : temnereture in degrees atsolute, and P = the Pcltier
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ent glue 1 suriice he1t of char inw coeffic-

Lccordin: to the electron r13 111logy, it appears

would be quite iifferent when in the liquifl state.

Very little researcL has been carried out investigatin

tie thermoelectric nronerties of liquid - liquid junc-

tions. To nrevent the junction from becoming homo-

geneous by diffusion, some tV3
J-

(
D

of separating membrane
\

should be used. The el cta
)

"
5

o-chemicsl effects day be-

come large when the substances are in the liquid state.

Excerimentally, the electrical conductivity has

A
J

no relation to the thermal emf. Now, O'- e‘Ilv ,
- .:.. T" r11

Vii L

where cr 3 electrical conductivity, e : electronic

charge, N ; tne number of free electrons per cm, 1 =

mean free path, V”; average electron velocity, K ;

gas constant per particle, and T 3 the absolute tem-

perature. Since 0’0: va and since the thermal emf

is not proportional tocr, the thermal emf is not pro-

portional to va as might be exnected from the elec—

tron 31s analoty.

A paner by Ellis states the most important char-

acteristics of a thermocouple to be used for power

(2)
nurposes. They are ”(1) maximum hot junction

n
J
H

A
A

v
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, (2) potential characteristicC
.
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'
U i

d H
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5
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1
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-

C
I

*
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C
D

0 H *
2
'

r
3

(
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J

of 600 ricrovolts per degree C, (3) the structure

should bc nechanically strong, (4) low internal re-

sistance, and (;) srould resist oxilation over pro—

F
-

onjed periods." Cther desirable features are com-

pactners, light weight, reliability, simplicity, and

low cost. Ellis also states ”The examination of the

characteristics of metals indicates that a combination

of metals would not produce such a couple. The best

approach may be in the field of semiconductors, in-

corporating trace elements to adjust properly the ther-

mal and electric1l conductivity, and structural char-

acteristics. The application of Quantum mechanics

and a complete review of materials by the application

of the electron theory may result in a couple whose

lattice structure has the ootim‘n desired caaracter-

istics." Fe oes on to state that such a generator,

with an efficiency of at least 8%, would revolution—

ize conversion units in the power field. The poten-

tial characteristic for metals is at present only

about 1/10 of the desired bog/xv OC.

fihen a desirable couple is found, the desi3n of

the generator unit presents itself. For small units

such as 1 KW, exposure of the junctions directly to

t
‘
j

(
l
)

the heat source mi3ht be satisfactory. or larg r

units, in order to maintain a constant and even tem-



perature at all the junctions, a liquid couli used

as a heat- transf 33ent. The sh pa of the unit might

be cylindrical, with the hot liquid on the inside flot-

ing cast the hot junctions. The external junctions

could be exoosed to a blast of cooling air or could

be cooled by another liquid. This second liquid ri3ht

be used to heat a second unit, in this way conservin3

more of the available eat. The design calculations

of a soall unit are ;iJen in detail in a later section.

There has not been a 3r33t de3l 3uolished on th.

moelectric 33nerators. The bibliO3raphy lists most

of the books and cerio: ic als which contain any u,r—

vw ‘F ' (l) '7‘ H ‘, sn -'3 X 1.14- r: 3 3:3 ,- H
tinent into :3cion. lhe Industrial ; t Index

and the "En ineerin: Index" contain nun

erces to thermocouples, but most refer

ments applications. Such things as acc

ity, oxidation, ani response time have been

fated thorouhly in relation to te oera

I"

ment applications.

There are three l3ws often spoxen

erous refer-

to +“e measure-L411

uracy, stabil—

investi-

ture measure—

of in describ-

in3 thermocouple characteris tics .(2) The first is

the law of the hom03eneous circuit: a current cannot

Le initiated in any circuit of a single howo3eneou

metal by the application of heat alone. The "econu

(1) Ref. 3-, 323. 32 #35, 3:7, 310/, #117, 3120, 31:1
(2) Ref. ¥”7, p.80



law is 1s f3llows: the elmeoreic sun of the th (
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Mlctric volt es in any circuit of dissimilar metals

at a uniform temoerature is zero. The third law states:

the total emf of any number or +nermoiunc+io.“ in

series, at any set of tremoeratur , is the algebraic

sum of the iniivifusl junction emf's. The couoles are

all assumei to be of the same two metale. The second

13w is called the law of i.e”meiiste metals, ani the

third law is cellei the law or successive temperatures.

These three lsws hve been repe3tedly verified by ex-
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Several exoeriaents suggestel suitable research

worL. One was t measure the emf as a function of

the dis tance across the face or the junction. This

was readily done. The th rmocouple wires were about

1/3” in iiametter, of iron and constantan. One end of

the iron wire was made flat and smooth. One end of

the constantan wire was made pointed and share. These

two ends were then placed together in a constant tem—

perature water ath, and the thermal emf was measured

as a function of the distance across the face of the

iron wire. No detectable variation could be founa

This was as expected since the iron wire was fairly

homogeneous. As another exoeriment, the effect of

nressure was tested. Hitn the constan .a point touch-

ing the iron wire at a fixed point, the fressure at

the junction was increased. No change in emf was

Observed for a range of nressure from about 10 to

Another e?.neriment was to Observe the effect on

the emf when a current was passed transversely across

the face of the iron. Fig. 1 shows a sketch of the

asparatus. The effect Observed for currents up to

H 5 sans is shown on 3raoh 5. The uovard curve of the

current indicates that the sliyht incre2se in eni at



the face of the iron conductor. The use of transverse

current to produce free electrons does not seem to have

any appreciable effect on the emf. Reversal of the

transverse current produced no change. The idea in

this experiment was to see if the conduction electrons
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set in motion by the transverse current might act in

reducing the potential barrier at the metal surface

which limits the thermoelectric voltaje.

In another eXperiment the iron was heated to a

red heat and then touched to the cold constantan.

The resultant emf observed was that corresponding to

the averaje temperature of the two metals. This show-

ed that the "338" pressure set up in the hot conductor

was freely dissipating on contact with the cold con-

ductor. An equilibrium temperature was quickly reached

as exhisited by the average temperature emf observed.

ihere seems to be no nossibility here for increasing
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Since the efficiency of thermopiles is of the

same order as for Ltrger generators, the size of the

junctions app.3.rently has no effect on the efficiency.

The metal couple composed of Chromel P and con-

stantan produces about 40 mv at a temMprature of lOCOOF,

as shown on graeh L3. This voltage would be sufiicient

to energize an efficient thermoelectric generator if

it were not for the high thenrsl conductivity of the

metals. There are at east two methods of decreasin

the thern.l conductivity without decreasing the elec-

trical coniuctivity 3 co'bira le amount. Ihe first is

g

to find a new metal or s -iconnduuctor with the desiredm

characteristics. This is the present -venue of approach.

The second oossible method of preventinglneat trans-

mission is to rescve a section of the metal and put

0 de-U
)

in its nl3ce a heat insulator. Eiowever, this 31

the electrical conductivity, except «hen theU
)

C II 7:1. S 3'(
D

insuletor is such a material as 3n ionibed gas at low

(
n

preS‘ure. Such a gas will transdit the current, under

certain conditions, without exhibiting an excessive—

ly hifh resistance. Eiternsl means would be nece ss-

3ry to keep the 12s ionized. The only heat passing

through the gas would be by radiation and ion bom-

bardment. 1'his heat would probably not be so serious

as the conduction heat, depending on the ep3cing and
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tenperature difference. To keep the resistance

low, a short spacing and larfe areas would have to

u used. It is doubtful, however, if the emf would

be large enou h to cause current to flow in the

even if a high electric Iieli intensity were produ-

ced by using points and short spacing. Possibly a

(
D

O *
3
)

6
+

5
‘

(
I
)

H O :
3 lliquid could be used in plac

ized “as. If a solid were used as the insulator, the

iarse temeerature drop across the material would in-

roduce a new emf which would have to be cons dered.

It turns out that the thermoelectric properties of the

stance with hijh electrical and low thermal conduc-

tivity.

The efficiency of the Pbs - ZnSb couple is 77,

A fl -- 11-. r. (l) W‘s» n ‘ ‘- v“ “”1as resorted by Teiaes. this is the ooserveu

efficiency. The calculated efficien y is lQT. 1'0

increase this efficiency and reduce the size of the

coub es, a higher electrical conductivity for the PbS

must be obtained. This may he done by adding small

amounts of another metal such as silver or copper.

The effect of such additions has not yet been fully

determined. The best method of doing this would be

to add the powdered metal to the powdered Pb3 at room

temneriture end then fuse the mixture in a ceramic boat.

3

(1) '..E.‘:f.

1

‘
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Due to the hirh melting noiht oI Pbo, 1500 c, it is
\—

difficult to work with it in the molten state.

seat of the thermal emf, it might be worthwhile to

investigate the effect of costing the face of one

metel with various oxide films of other metals. This

might permit a greater emf to be developed.

A useful investigation would be one to deter—

mine the reletionship between the wavelength of the

heating radiation and the thermal emf. This could be

done using a light-ray apparatus as shown in Fig. 2,

for freduencies near the visible region. l'he enjle of

inclination of the grating

determines the wavelength

U ||| by the formula nA=2dsine,

where A: ‘.-.'s.velen";th, d =

[5};7‘ Source

 
ruled line L

0 nscing, and

e = the en le of incline— 
ra-

x.)

mermaroup/e
 

tion from the horizontal.

F77! 2‘ the order of the re-

flection. :or higher freduencies, en X-rsy apparatus

similar to the above light ray apparatus could be

used. The per cent absorntion would have to be meas-

ured by an ionize ion chcmber and allowed for. The

relation between intensity and emf would also heve to

be studied. Another interesting investifation would



be to determine the effect of various energy electron

beams on a thereocourle.

A thermocouple recoonds to heat, unich is an

tion of the atoms in the metal. It mightt

(
4 D "
S J L) 3

.L.‘ (

be interestinj to Observe, if possible, the effect of

a neutron beam on a thereocounle junction. Some of

the neutrons would be absorbed and scattered, impart-

ing a hifh velocity to some of the atoms. This would‘

cause a temperature rise which mifnt be measurable.

If the two metals were of different atomic weights,

there would be a flow of oarticles from the heavier

to the lighter as shown in the following analysis.

Let Vr = recoil velocity of the atom

v1 = initial leutron velocity

mass neutron = l

m = atomic weight of atom

N = nunber of neutron collisions

It can be shown from conservation of energy and

momentum during an elastic collision that,

VI’ = ___£__._ V1 (1)

m+mo

Assuming the number of neutron collisions to be yro-

Jortional to the atoric weight of the target, (the

number may not be pronortional due to the density or

.

due to the resonance levels), then

N .. Km (2)



The flow of recoil atoms pest the junction can be rep-

resertsd by i which equals the number times the vel-

ocity of the atoms, or

1 = Km Emovl (4)

{11+ mg—

The ratios of i for two different mater’sls (a) and (b)

3
1
3

I K3 m3 (mb‘rmo)

1~ Eb mb (ms+mo)
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If KD end FD are equsl, then t1

atoms from (a) to (b) is 0.9?7 times the number from

(h) to (a). This small flow fro“ the heivier to the

ligiter hetal might be fletectesle as a current in the

wires. This methoi of ietectinz a neutrvo team could

will now he nonsilerel. short rect3n*“lsr bars of



copper and constantsn will be used as th; couple me-

I" H -~“ '1 -‘ -w‘ nfiL‘ A... 0:

teriils. :or cottereconstantan, about Q.q34 mv/ C,

or ?7 mv at 60003 is the developed voltaje. To be

enerdtor voltege should be at

least 34 volts with no load. This would require

The sides vouli be made of some
 

 

heat resistant material such

 
 

  
as transits, with holes in the

 

sides for the square rods of cop—

\\\\ oer and constantan. The heat

Hea/ Source

f77u3 would flow on the outside.Tne

inside could contain water to provide a cold junc-

tion for the thermocourles. If $90 counles are re-

cuired, 222 couples will be nlaced on each site of t

nyrarid. If the cross sectional area of the rods is

1 cm; aid the length is 4 cm, the total area of the

O
.

' ‘ 2

holes in a side or the nyremid is 232 cm . The sides

H
)

o the pyramid will be trian

these triangles be 250 cmz, then the ratio or holes

to the total area will be 0.3. If the trianéles are

equilateral, they will be 94 cm on a side. Assuming

the hot junctions to operate at a temperature 01

130000, the electrical resistivity of copper at this

temnerature is 7.;5 Annwcm. If the cold junctions



o .
are kept near C C, the resistivity ( ) of coooer

here is 1.72 /an.—mn. The averaje vsus or far is 4.5.

J ,
4 ‘
4

,
0

F
J

C

D

For ccnstantan the averafc is 50.?. The total

resistance of one couple mar now be calculstsd, know-

ing F , the area, and the length. The resistance is

9. 3 x 10 ohms. For a total of $90 junctions, the

overall hot res stance xill be 0.194 ohms. The current

Im‘

ALdelivered to a .l 4 ohm load will beV
)

(
N

2 C
" 1

L L
J
.

t s
n

If). ‘i5;
.)

'
(

load, the maxinum power condition, the generator ter-

minal voltuje is 12 volts end the cc.er deliHrer:d to the

load is 7A6 watts or 1.Che. This is the cutout pom-

er. Next, the equivalent innut power must be found.

The thermal conductivity of cooper (K“.) is 2660

2 . (1‘
BTU/hr/ft /°F/inch. For constantan the figure is lbb. ’

Converting the above values of K and using a tempera-

ture differential of 133000 as a basis, the heat con-

ducted by the COpper “5 /min and by the con-

stantan is 0.0 BTU/min, makirg a total of 9.15 ETU/min

being lost by conduction to the cold junction. For

b90 junctions, the total heat lost is 8150 ET’/nin

Or 192 hp. This is effectivel3r, the input. The

efficiency is then 1 From this it is seen

C:l

[- .,..
:3 - 0-)“;— v

that the efficiency is about one half of one per cent.

In Dractice, this might be increased to one or two

(1) Ref. ¥ 13% sec. 3-25
J
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eni (3) to 1 lesser extent, the 1b solute teno;er1-

ture of use coli jurction. or chroxel 1nd c:rst9n—

tan the emf is about 70 :icrovolts ner 1e5ree centi—

‘

,-9 *1

1‘11 e .

H :
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r found the inverse Seebeck effect,

namely, the cooling or .e1ti13 of 1 junctiaz of 11s-

similar metals by 1 curre1c. The direction of the

current determines whether the effect is cooling or

he1ting et a o1rt‘ Mulr iunct 10‘ This effect is

3 much smaller th1n tie(
D

(
D

U
)

*‘
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(
D
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O D m :
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H

c
.
»

0 fl l
—
J

(
D

heating, due to the resistance.

1 third thermoelectric effect was 1 scoverei

by Thomnson in 1851. H3 founi th1t a temperature

jraiient in 1 iomOgoneous conhlwct.or set no 1 potenti1l

he coniuctor. For most met1ls, the

nituie of the Thomgson volt1§e is much smaller

1 Peltier notenti:l‘n‘ 1111 be used which repr

sents the Change in heat energv at a function for a



  

given c?1r;e sassing thPOUSH the JduPtlQno

Thus,

1r 1H 1 Vs V in
=3 -—_, z ._ 2 ,—,_ . v\

'11 m1 «1 f (l)

The cceffiCient Tr revzesents 1 voltage V as shown

‘ V' ‘ fl ‘1 f‘ A fi"v-‘~ A -\ ..'\" ‘-

1boxe. T 1isc1ss Le Ihoutssn effsct, 1 coefficient

0- will he introd1cei :rich 1 y be thou;ht of as the

spec1f1c hext of the free electrons in the metal. It

V‘ A, " ,5 -‘ ‘r‘ v— 8_ ”.- . 4' , ‘ . - _ ’\ "I . 4' .‘ A

re :ese1ts the heat ner Unit cn1rQe u CCDSer to c1use(
U

.-‘ . "' ‘ ,\ . - r- 1,, -. r-« .5 4‘ l‘

1 unit cn1n e in temperature, r

r‘ ' '11

_£;_ a or d+

This m1y he rewritten as

H:j0“q dT (3)

to show the enerry associated with the he1t by the

Thompson effect.

A circuit to illustrate these effects may be

W Ifir‘ P l

or1wn 1s iollows:

1" ‘1 P» " " .

.Mn3 Caster; is

duetors, A and B. Due to th1 Dkltier effect, heat will

1t junction 9 end liberati'(
D u \
k
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V

and a Peltirr Volt1je will he set up at these noints.

Due to the resultint temoereture éraiient along 1 and



P, 1 Thomnson emf will be est1blished. The total re-
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sult 11y be exnre-A in an enerjy e1u1tion es

'1‘
4

h—J

fl 1;

'53 =IQUXdT+mu- (10—; (“LT-77.710. (4)

T1 7}

or

The followin: ciegr1m may sssist in visu1lizin3 the

ef H
)

t
"

0 :
‘
f

r
D

0

Thus the bettery
A

@ T enerjy is consid—

E E' ered equal to the

f
o
/
o
n
/
I
'
a
/
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. & l oifference cf the

  
two Thonrson en—

zero. The entire orooess 11y he considered to be

reversible sinc the eltier and Thompson effects

are believed to be .onoletely reversible. Reflect—

ing the joule he1tin3 does not introduce a serious

t
o

O .
1

C
.
.
-

merror in the an1lysis. This error is discusse’

cornletely in Dridgemen, n. E}. since the entire
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thermoelectric ohenomene is reversible, the net ch1n

in entrory of the sy tom must equ1l Zero by the second(
I
)

11w of thermosvn9mic (
.
0

It remains to i‘ini 7" 1nd. a—cn or Acr in terms

H V‘!

4 4

J . sou1tion (5) gives one *
‘
5

O—
.Jof the temperature and
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'..'hereAa~.=a;,-d‘¢ ; T; is constent, 1nd. T, is consider-
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s1ry. leis other equa—U
).equetion besiies (b) is nece

tion can be obt1ined from relations involving the sec-

ond 11w of thermodynamics, as follows: From elemen-

t1rv thernooyn1mic (
.
0

: _-_ AU‘f‘ If (7)

where Q = heat, U internal enerjy, and J = work.

Eou1tion (7) moy be rewritten as

at; = AU +41; (8)

It is also known that the difference in entrooy 5 is

represented by

\
O

\
J

or as : do (

T

Substituting (8) into (9) gives
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+ D H C

V

which 11y be rewritten as

all : T :15 - AL'.’ (ll)

’1: - 51(13): T 13 — A. d(TS)

1(U- I3) = Tds -A".'.'— T13 - SdT

*a'her’ v: U - T S

1 chert of the various symbols used by various- A

‘1uthors in thermodynamics is :iven for clarity.
V
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The thermodyn1mic ener y function (12) m1y be 1nplied

to find an independent relation between 17' 1ndAv1 yr
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'in (l?) is the "work function”, somet mes cillei

Thus fiy':7r (13)

The internal enerrv U renresents the difference in
'1

(
7
+

3
3
‘

(
D

(
D

lectron srecific heats of the two metals,

times the eteolute temnerature T.

U : £30‘ T (14)

This may be seen more clearly from the following

diagram. Consider an electron hissing from conduc—

tor i to 2, with a random

W/A\
W VElOCifiy v. Then the in-

ternal energy of 1 due to

 

 

f27z‘7

the electron is U; : V‘Tfifi

The internal energy of ? due to the electron is

’51-.- v,_T,¢3. . Therefore,

U"- U‘ 2 V;T‘(C¢‘-0’£) :: U (15)

U;- U; represents the net internal energy. the

reniom velocity will evereje out to be unity, hence

U -‘Abvr (l

(

O
‘

T

From (12) my- —A','. — (
1
)

C
L

H H

\
J

7

If the work is zero, fl — 0, end

F‘-



:T=2
4
,
3
4

5.

Substituting (19) into (12) gives

\
I

V:U+ le<

dT

which is called the ?ibbs-Helmholz equation.

Now the equationry~= U — T 3 may be rewritten, uoon

substituting equations (13), (lo), and (19), es

7/“: AU‘T + T :3_I_r (30)

1.11?

01”, AU‘T : 7f - T :31. (31)

dT

uso, 1%::gy+4, (6)

From equati01s (o) and (21) the values of-n'endbo'

can be found’ From (6),

AMP: E'L (2?)

dT dT

Substituting (22) into (21) gives

TE-Tstr-w-Tsr
dT dT dT

from which

F‘: T GE (93)

dT

This oives the exoression for the Peltier coeffic-

ient]? . EXoerinental values substituted in for



 



\

‘7 9nd T jive results “roving this eeuition w thin

the accuracy limits f the exteriment. 1he value

of fl'cun be determined directly by eXperiment, but

rrecautions must be taken to neutralize the Thomp-

(
D

on emf.

Substitute (34) in o (5). Then

I l
0
‘
, b 9

1T

01"

.ir_ 1r r40‘ (”95)

‘31“ - ‘1‘

From (23)

A

I
U

U
N

\
J

Suhstituting (9‘) it

3ince z; - £3 (94)
T - T

Equation (27) becomes

L's-v

T d L : -A0"

—3.'.

dl

01"

1

(1 E n\

Aa‘: " T Eff-3" (20/

This is the final expression for.Aa~. The two
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and Aaeere usually obtained by ther-

mal measurements hut may be found from the curve of

I.

1.: OK. (T, - TL)+ rig—gm, - '11..) (2')\x

This may be carried further, and is sometimes given

at:

7*
1 'T‘ 2‘ / 3

4‘ " '7‘ (TI " T2.) + (”76(11 ’ TL) +2“ for; " Ta)

n theThe constantscx ’F , and ['can be found fio.

experimental data once three values of E and the cor-

responding values of temperature are known. A simul-

taneous solution will then give as and 15 or mud, and

f. Assuuing‘ 0k and I! to be known, to find 77'or Arit

is necessary to find the first on? second derivatives

of voltage with respect to the temperature. v"endznd*

are usually evaluated at a fixed t mperature such as

CO C. In such a case T, — T1 = C, end d .ok and

p
;

I

H
!
m

 

1‘3 :‘3 from which 77‘: Takend 4,: - Tf . The nu-

11"—

merical values of 7r and.Aa~are usually given in mi-

crovolts per degree centigrade. The difference in

the values of v‘for two different temperatures is

anproximetely equel, if‘oa~is small, to the value of

, . - A - . p . '7 15“.-. ‘

m. For examole, tee eel of e on — to couple at
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of W‘ for a., 'i‘h Ph .' 1 reference metol, ut SOC,

13 fou..d fro" a 1nd ‘3, 1..) 777 = 373 X 3.26: - e37.

it lococ, fig: 373 x .oJH : 1143. Tue 111 crence

het‘..‘een 7/;and 7r._ is 335 microvolts, nihich is only

ebout 2* d fferent from th; value found by form 413-

, h H F‘ ‘+ D. L ‘ a..- ‘1 A‘r

The -oitier he..t coefiicient, or 77 , [Mlv'C-Eo -..
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3 given temrorature of the junction. If the Thomp—

son effect were zero, the curve f E vs T would be a

straisht line, end the value of 77i -W‘, would

eoual E. 13 .h er founu fror heat measur=nonts

" - fi‘ '2 v “ 1 "P‘ a! . 1"".":‘ ‘7 r r‘J“ N 4' I

or by C110Ulltl33, tliqo a lair noorolimation to the

etteinaole emf of a thermocou
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:nere the Thompson coefficient is large, the curve

of E vs T rill be curved.enfl. fl7- Z; will not eoual

I

:
3
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I
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C 0EL In.the above examole, 77"

and 01-I

H

or Ar: 11.3 . 17m.- TI‘J-A" 11 so: + 11.3 - 316.3.

which is closer to the value of E (512) as founi by

the c elratic formula. The ouadratic :tio;1 exflo ess-

es the true- eztvf versus T. The vales of 77‘ :7:.ndAre.1°e

a first end seccn‘ agwroximetion to this 3.

Another derivation for 7r e_.dA<7' eterts 'ith a
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Lid. 11 = F n‘

' IQT+23~
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R! 3,: 2 AT 91' “'I Q (14)
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-:.. e (4 H
9
?

Since E=-eAT by definition.

Equation (14) may be rewritten as,

  

J l I I J’ u

I / a 0 35 c1 + g ._,._ (15)

R36 _ V + xx 7L d” :3.

2‘ e‘AT

n r‘ v, ' ~r” T' ' --u ' ’ 77" I, L r

ac .--I’{ + ~~1”+ NFC/7' = [La-F )ifigufifile)2

ZZZ" ' e‘AT (3‘41“

 - 1

7 £11252; ilflid‘r C(K?)&+I;T,Wj&r-(l
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K. A? K. e*4I

From the Wieflrann—FrinZ—Lorenz 11w, taking the gverage

teméerqture,



r.-47..
V

Placinfi the nnmericol value of (18) into (17) gives

 

K1, AT

y = .1 + T." Z. #1:? _ I (19)

D “:1 E"*"“’“l+e:: (4.9 y 10’)(T.+T, )J

ihis is the final equation for efficiency, n-

volvin; only the temfieratures, the thermoele tric

bower e, and Hz. The value of Kz_will be discussed

shortly. A plot of'7 versusA3T for various values

of e is given on grafh 1. Green 1 is plotted from

equation (19) eni the curves agree with a similar

unity, which is the maximum power coniition.

To find the relation between R, and R; to give

21X mum efficiency, take djrend let it equal zero.

 

v m

'7‘ (1+Kz)(T..—r 113111.213)
 

KLAT m KzAT

=n r ,~» rt “
I11. + 1L3 +1<gt2ns f sz'i‘ 1L2 LL, L).

d1 = 3,4 - IELAT 3ng + T; 2mg.)
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my;

:3,— K,.(:21';3 1: '1“ + er:,_1<,)= o
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xtth;:—E; Re:lacin: K, by its value gives

it’

 

1 -9

2I,_ 91-1., 4.9 x 10 (13+ ILL (3"!)

This is the value of ~ vI'hich will give, -or

known values of T,, T;, and e, the maXinum efficiency

when substituted in equation (19). A plot of Kz.versus

IATTfor 'erious values of e is given on erech 3. For

small velues of e, K, is nearly equal to one. A nlot

of th efficiency versus temjerature diff rence for

various values of e, with K; equal to the value soec-

viven on are‘h 2. The values
\)

C
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cfl?1yznmasli3htlv greater than on graph 1. The effect
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'UL to R, on the efficiency

indicate that previously nublished celculsted values

of efficiency have been slightly too low. The effic-

iency is usully Cilculated for R,=:R1; but, as shown

above, the maximum efficiency will always be sli;htly

*reater than this. Since K1 turns out to be nearly

ecual to one, which is also the maximum power condi-

tion, the fortunate situation is present where the

maximum efHiciIcy and maximum comer noints nearly

coincide.

The hiéher values of efficiency calculated by

ecuation (l9) #
3

re not attained in practice due to the

of the cold junction, Lest losses byn;
.J



 

_;U_

radiation and convection, or a ievi tion from the

Uiedr‘nn-Frenz-Loren; law from which tne constant

sugex:lfif'tmmee. E: ation (13) introduced this law,

Ihic states:

K =2.t5 x ld‘i. Ihis law h01dq for most metals.

Some metals siou a higher value than 2 a5 X 1J1 but

none show a lower value Since low values of L einif

are to be orsferred, the l.ar5er the value or the

larger the 1eviation (D) from the normal value, tne

le.s s “‘vIntageous the metal Ior a couple. ihe dCVln—

tion D can be represented by :3: PK: . The

2.45 x loql

smaller D the better a p3rticular retal or semi-con-

ductor will be in a thermocouple. Sraphs l, 2 and 3

Mere olotte assuming the ”-F law to hold. The effects

of deviations from this law are shown on grain: lO and

ll. Equation (21) shows equa

include D.

}I
.1.

tion (19)

07

rewritten to

(“I

x 10:671. + 13,)1

 

 

 

7.. t - r- ‘8

where II; = e "Li-2 (2.43 X 10 )(T +13): ,

3D(2.1+3 .: lO')(T.+ T1)

_ l —a _

hip)”, = 2.’:_—, x 10 (11+ T,) Dart?

L hf

Plots of Y1,vcrsus T e e given on graphs 3,4,/,6,,,u,9

for various values of D and e. F on these graphs, fo

'a given value of D, e, and T; K; can be found. Tnis

value of K; is then used in equation 21, Ind the effic-



ienzcy calculat el from tnis ejuation. The efficiency

9. , +1, -, , - .. ,5. 5.9... n r ,9 0
csZlcule.tea in this way is shown in 5rd,l ll. -ra n loi

, .— _ 1 . 7,- .. 5' .. .r' ,5

s ‘for the case wnen iz==l, which is the naiimum cwcr

From tee crash, an efficiency of s? w ulf result

when e 21230 and D's-45. Ifith Dali—5 and 'iIssuI;in3 K =.Cl

J

ngich is a fairly low value, the value of 9 would be

terial with D‘I’B, K = .01, and1;
»

atmout .CC . Thus any n

f’rgreater than .001 could not have an efficiency great-

f, _(

er‘ than 5. unless e were Treater than 1200 X lO , or
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5lcirfier the value of e

ifI‘om the nieiand-irans Lorenz law before he effic-

j-Erncy drops to low values.

e(
4
-

I }Iith D betteen 1 end 2, as for most retals,“

‘
w
a

efficiency is given on 5raoh l or 2 fairly accurately.

3?}?on these graphs it is seen that in order to obtain

3- efficiency of at least 57, e must eoual at least

EEO/uv/OC. One of the best cetal thermocovtles,

Claronel P versus constantan, has a value of e or q

‘Df‘ 76. Thus it annesrs that due to the low e of cost

YT”Est-ale the efficiency is limit ed to low values.

”ith a semiconductor, hOHeVer, which nus a value

(XE e==SOO or more, and nith I‘=4COOC, the efficiency

‘ " a ~ . -‘

'“Cnald be lCfi even if the deviation were 15 11‘19 AS 10-

‘ . ‘ r~ h-~. ”'2‘ v 4' *

1ft is readily seen, therefore, th.t SvnlCOushCUOPS,



her value of e, are more nrom-
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least as law as tLat of iron or censtanten. The cost

of the counle snould not be great and tnis eliminates

many dossible suestsnces. uucn a couple wouli have

an ovcrill efficiency of about 20%; would be compact,

inexpensive, end reliable.



A list of the values of a, b, 0, ani d for

d
)

1
*
“

U
)several elevents eni clloy. given in the next

table. From this table, E, C, , eni can be

founfl from tbe followinf formulae:

2 2 2T 1 bT x 10 CT x is d
2

T is in microvolts. T rebresents T - T or T.

.. . H M

Q — fl? = thermoelectric power

a“

: a bi“ X 10 cT X 10

2 is in ricrcvolt: oer ”e*ree C.

—. ”Hf“ - ,j‘fi

$W - I ‘wfij‘o

. RT“

\k.‘

_ T as _ _ m d m
‘ ‘_..‘_’I. " "' ‘__:

1"“ 3'“

(11‘ ii"

For 7 TCPG comrlete listing of -, b, c, and

see Vol. VI of the International Criticxl Tables.



Thermoelectric Constants
 

 

‘etal Aoolicable

Pair 3 b c' d Tenn.31n5e

Ag-Pb 3.34 .85 - - 0-200

Ag-Pt 3.04 , .01 - - 0-900

11-26 -.496 .173 - - 0-200

Al-Tt -.798 .9 -.67 - 0-200

Au-fb 2.9 .93 - - 0-200

Bi-Pb -43.7 -46. 5 -38.7 - 0-10

Di-Pt 15. - -17900. 330-8“O

ti-Cu 60. 2tolO(veri es with crysts1) 0-100

—Pb ll.CC 3.53 5.38 - 0-100

-Pt -6. 16.9 -.23 - 0-560

Cd-Pb 2.85 3.89 - - 0-100

cl-Pt 1.5 - - -164. 320-700

oo—Pt -10.7 —5.7 7.5 - 0-1200

Cu-Pb 2.76 1.22 - - 0-100

Cu-Pt 3.13 2.46 - - 0-900

Fe-Pb 16.65 -:.96 -26.75 - -230t0100

Fe-Pt 19 SetOOC, 10.82t 60000, lost 9000

Fe-Cu 13.7 -7.8 6.6 - O-7CO

"e-Pt 302. 2.5 - - -200toi25

,e-Pt -219. 776. .391. 2 716 135t0275

,e-Pt -22. — 02. 762. -o7450. 275to500

Je-Pt -362. 31.2 - 204 o 500to700

Lg—P -3.81 —3.33 - - O-2O

Li-Pt 14.4 8.70 - - -200to50

Li-Pt 16.7 4.08 - - 50t0168

Li-Pt 20.5 5.39 - - 183to300

Ng-Pb -.2 .26 -1.67 - 0-100

tg-Pt 5. 1.44 - - 0-700

MO-N 4.61 .87 - - C- 1000

Mo-w 24.5 139. - -12400 952to22 50

xo-Pb 5.9 4.3 -7.5 - 0- 100

Mo-Pt 13. 2.96 - - 0- 120

"3-Pb -.2 .36 - - -200t0100

Ya—Pb -4.15 -l.44 - - -l33toO

Ni-Fb 19. -3. — - 0-200

Yi-Pt -17.-2 2.46 -2.19 - 0-1200

Pt—Pb -3.04 -3.2 5.41 - -200to300

Sb-Pt 46.2 6.36 -14.3 - 0-630

Sb-Pt - Q 2100 - — -50-711

Sb-Pb 33.6 14.5 - - 0-100

Se-Pb b 990:0 to 114,000 for 0 only 10-100

Si-Pb -402. -47. 351. - 0-550

Sn—Pb -.168 .137 - - 0-290

on-Pt, 13, - -2?OO. 415-630

"-Pb 1.6 3. 41 - - 0-100

”-Cu -1.12 1.695 - - 0-630
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EReference Aeolicsble

Bietsl alloy 2 b c Temg.“enge

IPb Ag—A 4.05 1.54 -

IPb Anglg-AlCuj a ,.56, b 2.47

Cu ag—Au —2.7 .4 -

C Ag-Cd -l.42 -.38 -

Pt Afg—Pd -‘26 . -6 .7 3 .7

I2t Ag—Pt -3.375 -.94 -

Cu rig-Sb Q 32 max - -

Pb Al—Cu 11.8 2.65 - ,

CHA Constantin -?S.l -8.83 8.57 0-40

PW: Constunten Q"1X 38.5 -

3%: Al-Ki 10.4‘ -.24 -

Cu Fe-Ni Q 29 455111 0-43

T{;§ Eg-Pb T 746.7 max at 18000

fir? Tl E 301.1 max at 13000

Cu Se-Te 2 630 1300

Oxides

Pb 2-1503 1946 -1.36 - 500-800

Pb out -1029 1.7 - 70-350

Pb FbG -46'300. 117. - 250—790

Pb PbO -6000. 9 .22 - 390-550

Pb PbO 3914 5. - 550-55
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