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Introduction

Thermocouples provide a means for converting heat
energy directly to electrical encrgy. There are very
few other phenonena which accomplish thigs.

The potential us2fulness and scope of appliecation
of thermocouples is great since the enerzgy conversion
is direct, nc rotating or moving parts belng necessary.
However, the efficlency iec at present very low , and
this 1imits the applications of thermocounles to heat
measurment.

Research on the phenomena of the thermoelectric
effects 1s now being pursued in various lzboratories.
Most of this work 1is experimental in nature, consisting
of 1Investizations into the physical properties of semi-
conductors. There 1s no satisfactory theory as yet to
explain 211 the features of thermoelectricity. When
the theory 1s complete; then the proper materials can
be 1mmediately selected which will give the optimum
efficlency to a thermoelectric senerator. In lieu of
a comvlete theory, the method of avvroach has been to
us2 tre known facts as a gulde to extensive experimrental

Investigations.



Enersy Conversions

Cf tre various types of enersy or sources or power,
the following must te included: he2at, or radization 1n
zeneral; mechanical, electric=2l, chenical, rotential,
and nuclear enerzy. Each of these sources of nower have
certain characterestica which 1init their range of use-
fulnees. This ranze 1s not entirely irherent in the
nature of the enersy, but may be expanded in many cases
by new =2v»nlications. For exampls, one would not expect
to drive 2n ocean liner on its trip by the use of the
electrical enercy stored in a larzse condenser. Such a
condenser would be enormous bty present staniards. Yet
som=dz2y such sourcz3s of power may be commonplace, 1if
research discloses a material with suitable nropertices.
Such a material might be one like barium titanate, which

has a dielectric constant of 11,OOO.(1) If

this could
be increased by a factor of 30, and if the dis=lectric
strenzth could be incressed by a factor of 20 ani the
resistivity by a factor of 100,007; then 100 kilowatt
hours of electrical enersy could be stored in a volume
of 2 cublc fest for sevaral weeks. )

Of the above listed forms of enersy, the most

versatile 1s elgctricity. Large amounts of electric
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wer can be transmitted with small losc over long dis-
tances ty small wires. Thz advantares of electricity to
the rroduction of mction are too well known to be men-
tioned. ZElectricity can be converted into heat wilth per-
fect efficiency . The desirability of having a large sup-
rly of electricity avallable is obvious. The best way
to obtain the electricity 1s not, however, so obvious in
every 1instance. If, near the user of electricity 1is a
large waterfall or swift river, the economics of the sit-
uation lmmediately direct the consumer to the cheapest
source, a hydro-electric vlant or a steam turbine-alter-
nator »lant. If the consumer is only goins to use an
averagze of S0CO XWwWi a day, 2 dlezel plant mi:zht be more
economical. If the consumer is a farmzr, isolated from
a nublic utility power line, he may uce a gasoline unit
or a wind generator, or tatteries. These are the main

(1)

sources of electricity in use tolay. Others are be-
ing develop=d, however, such as tiies, seysers, solar
heat, nuclear he2t of reaction, and verious electrochem-
lcal reactions includin~ photocynthesis.

Trhe nuclear nile 2s a source of heat cner.y has
meen considesred for several years, and expsrimeantal
units are now belnz tested. The advantazzs are that
there 1s 2 very low fuel cost and a very slow rate of

(1) Ref.#22
(2) Ref.%#7



fuel usare. The radlations make necessary heavy shield-
ing, howevor.
YMagnetostriction ~cnerators have been studled as a
sible source of electriclty. The =offliclency 1s zood,
been carricd out on this

(1)

Ze8 .

but very 1little recearch has

£

mzthod to detzrmline the zdvantazes or dls:zdvanta
The usual processs surgested 1s to chanze the lensth of
2n iron bar ty meclhianic2l means or heat, and then util-
ize the corresponiing chanze 1n marnetic oroscerties to
croduce a vcltae. Another similar idea, prorosed bty
©dison, 1s the thermomagnetic generator in which the
crzn:ze in the permea®lility of an iron tar in a magnetic
field, due to rapid heating and cooling, chanses the flux
linkazes in a surrounding coil.(q) Edison belicveld the
efficiency could te rushed up to 2 reasonzably hizh value,
but he realized that such 2 ~enerator would nececssarlly
te relatively heavy.

A device for cenesrating clectricity from lisht by
means of selenium cells has been descrited in the liter-
ature.(3 ) Cue to the hizh resistance of sel:niur, how-
ever, little current could te obtained.

Consideratle work has bcen done on utilizinsg tre

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

(1) Ref. # 5, # 10
(2) Ref. 4123
(3) Ref. 116
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been dones on harnessinz the force of the waves.(l)

indl ~encr=tors in small siz2s are in wide use on

~

3

o}

farms a2nd on alircraft. Lar-e units a2re not widely used

locations with a

=
-

due to the fact that there zre very fs
stronz wind available.

Various means have been suzgested for counverting
chemlical erersy to elzctrical ener;y.(g) Stora~e tatter-
les are heavy and bulky. 4 stora—e battery which cculd
efficlently store, 1CO times as much en-rcy as 1s now
possible, could te very widely used in every place where
electric power 1s utilized. About 1888, a2 grsat deal of
dlscucsion wzs ziven to the production of electricity from
carbon in a caron-metal heated cell.(s) At that time,
an overall efficiency of.34f was thousht to be qulte eas-
1ly attained, and some units were bullt which looked prom-
Ising. It was eventually decided that such a method
would not be commercially fecsible, and the process has
not teen dlscussed in detall since.

Thermocouples vrovide zan z2ttractive mezans for con-
varting heat directly into electricity. There are no
rotating or reciprocating parts whatever to wear or to
recuire lubrication. The application of thoermocourles to
electric power rseneration has been worked on by various
(1) Ref. ¥ 125, section 2-31

(2) Ref. # 13, 4115
(3) Ref. % 115, % 117, 4 118
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invecti~.tors =sinca 2t l=act 1990,‘1’ and 17 now bheling
(2)

~iven con~id:zrainlz 2tt-ontion, The rccznt increace
121 ter=2st In thormccounl!ss 12 du= to twn frcters,

irer=n:23 ccom2 of not=antial us-falnzsss 22 2 ketter

nowledye of th2 naturs of =z2rnicon

nroscat time, hizh grnovsh to T2 this tyme of con-
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verter covi=rcizlly fez2sible. Tuturs Ilccuzsion of the
effici~ney 2nl 2n~1lic2tion~s of thormozlectric sener-

v

at-srs i1l e iAo ied Iater,

) ~ ~ ~
(l) Fef, #743 #59s }95, g?f: Vl;O, ?lv4: ?111, yll?)
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#1122, 1100, 4101,
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(‘) Raf. 53, '?3’ 7.Cy 733: ”370



The thzarmoelectric effect was discovered in 1321 by
T.J.Seebeck. (1), Ye found that i1f the Junction of two dils-
similar met2ls (or any conductors) was heated, a voltaze
wzs generzted at the Junction which could be measured by
connectinsy a svitable meter to the other 2nds of the wires.
Twio diffz2rent metals which are jJoined torether at onz ead
so as to be used for zenzratinz slectrlcity by means of
the thermoelzsctric effect 1s callzd a thermocouple. It
was not lonz tefore thermocouples were widely used as a
means of indlcatinz temperature. Thermocouples can te
inctall=d in such =zlaces as furnaces or underground nioes,
and the temperature of the couple can be read at some re-
mcte distarice by means of a sensitive electric mster at-
tached to the therrocouvle wires.

The converse of the thermoelectric effect was detec-
ted bty J. Peltler in 1834.(2) He found that the flow of
current throuch a thermocourle either heatz3d or cooled
the junction, devendinzy con the direction of the current.
Th2 usual Jouls heating i3 a much larzer =ffect, however.
The cooling due to the Peltier effect 1s not larie enoush
to be of commercial use.

If the Seereck and Peltier effects were the only
ones 1lavolved in thermoclectricity, the curve of emf versus

(1) Ref. % 128
(2) ‘nvfo "1

SHI
[}
o

-3



c1

tam2erature voul? ve 3 strai-ht lins. Tha fact tiat

hy
ia]

~t s +
Qulon rav

2
|
(@]

h

o)

)
do
LS
(@)
)
]
3
Wb
(o]
)
t
-
[®)
5

p]
1)
o
J
‘)
[69]
ct
vy
¢
[

g
(@]
[©)

'O

than the rols, 123 J.Thomeon to postulate and finally
3i3cover in 1821, 2 third offect, now cullad the IThom-
con effect.(l) Thz Thomnson effcesct 1s sirply th
“harever 2 thorrtal zradient exists 1n 2 conluctor, =nf
el=ctric wotentle2l ~redlent a2lco =xists. The voltage
~roiuccd in counles dJuz to the Thorson =27fcet 1s usuzl-
ly much smaller than tr2 32ebeck voltas=2 and 12 usually
ne~lacta2d 1In 2nailyees of thermocounlss whon wovwer son-
consii=r=1, For a trief lesccrirtion
of ~2roooratus for denonztratine these effocts, s~e ref-
srences ¥ £5 and # 71,
The first ap»nlications of thermocounles were in tem-

rature meagurement. vebster deflines a thzrmocounlse as

2 thern ﬂelebtrin ccunle used for the measuren>nt of hzaat.

Ae a mezn3 for iIndicating tempersture and radiztion, in

n

cseneral, the thermocounls has received 2 great deal of
atten tion.(q) Som=2 of the anvlications 1include measuring
huran toldy temperatures, =21r velocity, and stell:r tem»er-
2tures. A sreat de2l kas bzen written on various thermo-
counle alloys, thermccounle stability and linearity, rvro-
tection from oxiiation, thermocourle instruments to meoas-

ure rf currents, »otentiometers and millivoltmeters for

thermocounles, thermoelectric tamcerature sczles znd
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J
g
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other anunlications.

The use of thermocouvles for »nroduclns electric pow-
er from heat has been considered for nearly 100 yeers.
The method is =2ttractive because there are no moving
narts and the conversion is direct. Until recently, an
efficiency xzreater than 17 had not been achisved. The
latest fizure 1s 7%, obtzined by using a PbS - ZnSb ther-
mocouple. 2ue to the hizh electrical resistance of pure
PbS however, a commercially uszable thermoelectric ~ener-
ator made of such a courle would have to be cqulte larze
and bulky to maintain a low internal resistance. Re-
search 1ig belns carried on contlaucusly in an effort to
inorove the efficliency. This research is both experimen-

tal and theoretical in nature.



CZTTRAL DISCUSSION

There would b2 muny apoliczations for an efficlent
tbermqelectric rener2tor. In the automotive, railroad,
farring, aircraft, minins, stationary vower plants, and
other industries such a zenerator wculd be mcst useful.

As a means for =xtracting rower from a nuclear »nile,
thermocounles present a sim»licity that cannot be dupli-
cated. 1o ccmplicated heat exchan-ers, turbine, and gen-
erator would be necessary. Wwhen a nucleus splits and
sives up enersy, the ener:y arpears =s radiation of var-
ious wave lengths, 2and as hizh velocity electrons, neu-
trons, »nrotons, and other rarticles. To make use of thls
enerzgy the only method seems to be to stop the narticles
by colllsions and utilize the heat producel. The cross
sections for neutron absorption, as well 2s the propertles
as a moderator, of the thermocouple materials must be con-
sidered, and also the meltling proints. Perhaps soreday
the thermccourle Junctlons themselves wlll be the source
of the atom srlittinz, and the ener:y released would ap-
pear as an clectric current with little harmiul radiation
loss.

Yhenever there 1s a2 ditrference in temoerature, thoare
i1s a2 »notential enerzy source able to energize a thzrmo-

electric generator. Such sources of heat as the sun,



1eyserz, voleanos, e2rth heat, colld s:orin-g, wni nu-

clzar nilas t-y soreliy be the ener:lzers of therro-

el=ctric s2nerztin~ units. Tven the radiation trrom 2

distant star ris btoen made to Ienerate elsctricity ty

(1) A tazrmonile 1s 2

rzans ot sensitive thermoniles.
~foneh of thermocounles connected in serles and is real-
other than 2 riniature thermoclectric sencr-
ator cveratin~ st 2 very low ternesroture difference.

-

The efficicney of thermepiles has be2zn consliered, put

3

the anailysis 1s different thian for a zenerator since no
;_)\
~ower is desired.‘' ’

~

J

The u

m

¢

ual thermorile efficlency 1is
around .0C5 7.

The Army and Ravy financed some reseaxrch during the
war to develop 2 small gener-tor urit. Some of this re-
se2arch is still voin- on.(Z) The advant=23es of =2 thermo-
electric zenerateor fit in nicely with some ot tlhie mili-
tery reculrenents; nwmely, simnlicity, ru; edness, qulet
overatlion, 2 source of pure 2.C., 211 2 cource of hzat to
be used vossibly tor cooting or rversonnel cecafort. A
thermoelectric unit to attain maxirum uvtility would also
have to be comrpact and lilsht, and fairly efficient. An
efficiency of 87 or better would :efinitely be sz2tisfact-

ory. <he FPb3 - Zn3b couvle glves an efficiency of 77 but

the size and welrht of such a rower counle iIs hi:h due to

glg Ref. # 47 2. 395
2) Ref. # 47 v, 12%%
(3} --efo /f '7!131
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the reciztance of the materials.

There 1s zo00d evidesnce that the thermoelectric ef-
fect is not entirely atomic or molecular in nature. The
enf 15 affected by varlous mechaniczl chinzes in the met-
21 such a8 inourities, heat treatmznt, drawins, rolling,
prressure, tension, and magnetizetion.

Tfforts to tind an ezuation relatinc the thermoelec-
tric voltzzse to the other constants of the atom c¢r wole-
culz have not yet been successful. Ielkes(l) slves one
eguition whlch 1s not comrlately accurzte as regards ex-

verimental conflrmation. It 1s

=% (?e + Const) where @ =thsrmozlzctric power,
=4i€p

Ag==2n=2r7y level difference in electron volts, T =tenp-

erature 1in dzzrees Yelvln, eg=electronic charze, 20l the
constant variss fror 108 x 107° to 172 x 10'6.

There an»pears to te no sitple relationzlip bet-
wzen the onf and the other physica2l const.nts. los
inv=stizators have consecucsatly turs=d to long trial and
error exXxperinants to fiad the alloys and cospounds wnich
will give the nizhest 2fficisncizz. The trer-oelesctric
nron~rtizs of mest of tre elevente and u2ay of the

1lloys zre ziven 1o the International Critica2l Tables.

A portion of thzse tales 1o -iven ia 2 latzr cection of

cronerty of the m~t2l since trer
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azecns the metals. Commarinace the therroelectric vroperties
of tre alements to otrer rroporties of tne ~leneats does
not shew ary relzticnship batwezn the tvwo, excent that

no metzl whicl exlibits 2 his-h thermal enf 1s super-

{n

conductinz., Trhe ciznificance of tris 1s problenztical.

(5.3

©

Assute tnat for certain tier tocouple the resisz-
tance drozs to 1015 orms at 4OK, and assure the emf
dozg not reachr zero excevt at 0°K. In outer spzce one
Junction could easily be kext at very nesarly 0°K. The
other jJjunction could have the radlation frox thz sun
focused c¢n 1t and the temperature kept at 49K . If the
couple wires were quite long, tre heating of the cold
Junction wonld re unimvortant. The current that could
be so producz=d by tre resilting voltaze mig-t bte util-
ized threc:zh a transformzsr, the couple actinz as a
primary by a prericdic variation of the ot junction
tennerature. Any hezt enslze that caa worim with 0%k as
a lower 1limit of temvesrature znd can expand to C psia
will be very efficient. Actually, little is nowvn 2bout
the tormozlectric effect at very low temvneratures. A

t tzlis place

r
w
ct
o

netter knowledr-e of the atouic chanze

) [l
= =

to permit supsrconductivity cay aloio rsve.l soze of the

- oty (1)

cauze:r of trervoelectricity.
Ian th2 vest, most of tre therrocouple rescarch has

)

besn done on r2tals which are rclatively zood coaluctors.

(1) Ref.# 71,7, 315,
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It w23 realiz=d that 1n order to cotain larze currents,
larce coniuctors would e necessary due to the spall
trertoelactric volta.e. Tor evancle, if the couples =2re
lar~e tors wit» 2 total resistancs of .CO1l ohms, and the
z2nerated omf 1is €0 mv, tre currzat will bhe 50 2nps.

A striziag latoratory demonstrotlon moves uze of the
large cuvr=21t to 1llustrate the thaermo=lectric elfect.
The cuvrrent 1s us2d in an electrona~niet to sunnort very
heavy wel-xts.

If th2 metals =re not zoold coniuctore than the size
ot the conductors teco-es 1mprac£ica , esrecially if the
Te*2]l 1s expensive or heavy. For thls reason, moat of
the ma2tals considered 17 the »nast have been sood con-

ductors, even thou~h sove semiconductrrs =~ive mucn ni-ner
voltazes. Tecent woriz his shoum, howsver, that the con-
ducteor metals do not offer much ornortunity for ir-vrove-
rent as resz2rds etticlency in a thermoelectric zenerator.
This will be shown later in the mathewatics.

The most f'ruitful area of work now sz2°s to be with
gemiconductors such as lead sulfide,le23 oxiie, silicon,
Terranium, antirony, bisruth, corbon compounis, and
certain nlastics. The cief 3disadvantaze 1n usinz a seni-
conductor is its electrical resistancz. lowever, most
sutetonces which have a tish electrical resistance 2189

have a hizh therral resictance, and 2 »izh t-er-al res-

istanc2 1s desirable to nrevant he2t cornduction along
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the courle. The relation betwzen electrical and ther-

Tal conduction 1s “rown 25 t-2 Veidmaan-Frarz-Lorenz

5%}
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Law which =ztates t»at the ratio of th-rn2l to elactr
conluctivity is egual to 3 conatant tir=2s the absolute
tenm=rature. The lower the value ot the coastant,

the better for ther~ocourl: purpsses. However, for
most materials the value of ths constant is the same,

namely 2,45 x 10 -, Yo materi:=ls show a lower value,

0

but mzny show a hizher valus. The difference bstween

1

and the value for the material 14 question

or D. Thz larzzr D, the

=3
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l=2ss desirable tihe matarial as a trernocounle for a
povier Z2~zrator. Pap=srs on the subject often state
assumi.g the Veldnann-Franz Law to hold". This moans
the value of the ratio of thermal to electrical con-
ductivity is 2 mavisumn, or 2.4% x 13"5. This condition
1imits the number of suitable naterials and seorves
28 3 vceful criteria to judse whether or not a certain
gunstarce mittt cerve as a vowar thermocousls.
Comparir~ a2 metzl thesrrmocouple to 2 scricoalductor
therrocouple, it is obvio-s that tme 1v2tal therzocounle
will nave a lower rezistance Z~r & ~iver size. “owerer,
twerz ore two advantazes for tire sermiconductor. First,
thzs 2°f i3 hisher by 2 tactor of 2 to 10; and second,
thre elzctrical resistanece ucsually dszcresses 2s the tarnp-

c2: un. Also, trere ro-aiss the poesitility
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that the resist-nce of 1 se-iconiuctor mz2y oftan be
lewored consideravly without affecting the other rro-
~ertles very much, by the oliition of s1i

c? imcurities.

Siace the =fficiesncy of metal thermocourlas s=euns
to e 1lizited to tolow 27, most of the work tolay is

;_).4

centering on sericcniuctors, the hope teiang to [in
ter with a gool thermal enf, a low heut
conductivity, z2ni a low electrical resistivity. Recent
Wwork Inllestes that these prorertles mizht b:o zttained
ty the w.dition of sm2ll zmouats of "iampurities', in
SOMe C3ILCSe or =Xample, to imrrove thzs elzctrical

conductivity of cilicon without Jecreasin: 3,

)

2211

%
U)

arount of cocter mlisht be alded. The type and zacunt

of metzl to 233 1s found oaly by exrerimecatal worlk,

uslnz the rodern theory cf ©51ids ac 2 b.ozis. 3:ze
~nd

A K/SRe /Y Lo ez Uit U
SYCLNCESS #4il, ,‘I‘ C:), WSy 9 D2 ‘;,4,

he usual cuzlitative thoory of thorrozl:zctricity

~ays R oy M 1 v S - 21 3 - i 4 =
assuncs an electron ;ast under pressurs in the metal,

the flow of walech ravvasants current. A thermocounle
funection remrezentz o semi-cermantle menbrans Sor the

to et ur 2 loc2l exf. It is known that the onf
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ori initaos bt tl2 ‘uactlica. It seews recaconacle to
aoswiz, concacuantly, that since the tolnt of coat=ct

nerme2ble moabranz.

ct
(6]
16
w
19
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somewnat aaxla-ouvs

function, a2 local enf ezuzl to the

d

At the other

first is set up cvpesing Lt so trhat thec not enf with

" a0

D}

the zircuit 2t one temrocorature 1s zero. Tihils Juncticon
cmf 13 called the Psltier potential since & unit cherc=
i1 croceirs the juncticn will either ~2in or ~ive up
heat encr~y. The difference in the Peltler rzotentials
2t the functicns is the Zeeveciz veltaze, of'ten cnlled
tre T=1ti~-r volt=-e, ani 1is zero when there 15 no tem-
rerature -radtent in tre conductors. hen any twe met-
2ls »re nl-z2ed in contact, 2 rotential is s=t up oatween
tha other two ends of the metals. This 1s called the
contact motentinl. The 2tsolute value of the coatazct
notentizl 1s d4ifficult to mezcure siace it 1s 2 een-
gitive function of the surface coniiticn or the m=tal.
The contarct ~otenti2l is -loo ~21lled ' he volta eoftect,
volt: motantial gitterencs, or ~otenti=l tunction.
lationahin petwr2a tre conc2ct mo-

Ther= is 2 close r

D

tentlal and the Telti=r volta-e. Thi- rol-ationsihio
hae rteen develore? from therrodyniricil conciliarastions

ani ctates AV =

»1—73
oT T °

T = temnerature in de-rees a%solute, and T = the Pcltier

where V - contact —otentizl,



JLcecordins to the electron w2z =2nalozy, it anpeors

that the thermoelectric wrovnerticz of a2 subst-nce

9]

vould r~2 oulte ditterent whzn in the 1inuvid ctiate.

Very little research has been carried out lavesti-atin

oy
)

the trhermoelectrlc »rorerties ot 1licuid - licquid junc-

tions. To »nrevent the junction from becominz homo-

caneousg by diffusion, scme tyve ot s2naratlnz meabrane

(a

should bs uzed. The elect

D
3

o-chauic=l effects may be-
come l2r-e when the sutstzances 2re in the 1lizuid ctate.

Evozrimentally, the =lectric~l coniuctivity hos

~
no relation to the therma2l emf. Iow, o - e v,
= Vabid m
Uix &

where g = electricz2l cornductivity, e = el

W

ctronic
1

char~e, N - the number of free electrons »=

2]

cm,
me2n tree path, v = avera~-e electron velocity, X =
~~8 constant »er rarticle, 2and T - the absolute tem-
verature. Since goc Nlv -nd since thzs thermal ert
is rot rrerortional tog-, the thrmal ent 1is not rro-
nortional to Mlv 28 mi-ht be exnected from the elec-
tron zns 2nalo-y.

A ra2mer py T1llis states the most important char-
acteristics of 2 thermocounle to be used for nower

2 .
nurposes.(‘) They a2re " (1) muximum hot junction

(1) mef. # ©6, 4 a4
(2) Rer. # 8



-1°-

-

tamver-ture of 1020° 7, (2) »otential cruractericstic

of 608 wierrovelts ner dz-ree C, (3) the structure
should b2 meshunicslly ctrons, (4) low internal ra-
sistince, =nd (5) srould resist oxilation over nro-

lon~ed cveriods. Cther desirable teaturecs are com-

nectnarg, licht we=ilzht, roliability, cimo

'._J
=
(@]
._)-
ot
-
-
RY)
o}
o8

low cost. T1llis 21co staites "The examinition ot the
characteristics of mestals indicates that a combination
of metals would not »roduce such 2 counle. The bes
anprcach may te in the tield of semiconductors, in-
coernorating trace elemsnts to 2djust nroperly the ther-
m3l 2nd electrical coniuctivity, and structural char-
acteristics. The =2rnlica2tion of cuantum mechanics

and a comnlete review of materials by the 2pplication
of thc electron theory mz:zy result in 2 couple whose
lattice structure has the optimun desired character-
istics." Fe ~oecs con to state that such a2 zznerator,
with an efficiency ot at l=zast 8%, woulld revolution-
ize conversion units in the nower tield. The soten-
tial characterictic tor metals 1s at »resent only
about 1/10 ot tre desired 600 uv On.

“Men 2 desiravle courle is found, the dezign of
the ~ensrstor unlt nressnts itselt. For small units
such 23 1 I/, exposure of the juactions directly to
the heat source mizht be satisfactory. For larzer

units, ia order to m2int2in 2 constant und cven tem-



nerature at 211 trhe Junctionc, 2 1lizvid coull be used

A A A PR b} o o
a3 3 heat-transfor s2ent. The shaoe of

te cylindricil, wita the hot licuid on t

[

in~ p2st the hot Junctions. Ths exteraa

the unit mizht

b
ne

inside flcow-

1 junctions

could t= evvoosed to a blict of coolins air or could

te cooled by anotkher linuild. 1Lhis second 1licuid ri-ht

be uced to heat a second unit, in this way conserving

more of

ct

m

of = sm=11 unit 2or

There hiws not ktezsn a

r= 1v2ilzable heswt. The aesi-n calculations
“iven in detall in a Llater sectlion.

r22t deal nutlicshad on ther-

moeleactric gznerztors. Ihe bibliograrhy licts rost

of the bo

@]

tineat lntorwation.(l) The "Ialustrial Av

4+ PN
ts Index

zs and reriodicals which contain any var-

and the "En-ineerin: Index" contain nuaerous refer-

eaces Lo thermocounles, but most refer to tlie measure-

rents arclications. Such tkinzgs a3 accuracy, stubil-

it oxidation, ani resmonze time have teen iavesti-
’ ] .

~ated thorou-hly 1in relaticon to tzmoserature mzzsure-

i

ment asplications.

There are three laws often spoiren of

~~

2
Ins thermocounle characteristices. 2) Th

ian Zdescrib-

e first is

the law of the homogeneous clrcult: a current cannot

be initiated in any circult of a sinjle homojenesous

metal by the arprlication of heat 2lone.

(1) =Bef. 1, %2
(2) Ref. #47, p.880

Thie sc=2cond

7, #23, #29, ¢35, [o7, #104, F117, #120, F171



low 1s 25 follows: the 2lzebralc sun of the therno-

25 in any clrcult of dissiallor melzls

at 32 uniform temnerature 1s zero. The third low ctates:
the total enf of zny number cf thermolunctions 1in
series, 2t =2ny set ot temneratures, 1s the alziebralc

sun of the iniiviiual jfunction enf's. Ths counles ore

211 ascumed t» be of the same two ma2ta2ls. The second
law 1is c21led tre law of interm=3late metzls, zni the

third law i3 c21led the la2w 0t cuccesslvz terneratures.

Thesze three l-ws have been raepeatedly verified by ex-

3

eriment and za2re the physical basis unon which much

of tha rrecent thecry of thermoslectricity has been
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Saveral exryerirents suzsestel sultable res=arch

work. Onz2 w=2s to measure the ent as a function of

+

the diztance across the face or the junction. his
was reailly done. The thermocouple wires were about
1/8" in diazeter, of iron and constantan. Cne end ot
the 1ron wire wis made flz2t and smooth. Cne eni of
the conatantan wire was T3de pointed 2nd sherp. These
two enls were then »nlac=d torether ia 2 constant tem-
rerature water bath, and the therm2l =2mt was measured
2s 2 function of the distance across the f2ce of the
iron wire. VYo detectable variation could be founi.
This w2s as exnected since the iron wire wa2s fairly
homo~senzous. &S anothor exoeriment, the effect of
nressure was tested. With the conctantan roint touch-
inz the iron wire at a fixed »noint, the r~ressure at
the junction was 1ncreased. No changze in enf was

observed for a range of »ressure trom ahbout 1C to

Ancther exneriment wos to opbserve the effcect on

the onf when a3 current was n2smed transversely 2across
ths tace of the ircn. Fi-. 1 shows a sketch of the

amnoratus. Lhe effaect obszrved for currcnts up to
15 =21mns is shown on zrankh 5. The uvward curve ot ths

curr=ant indicates that the sli~ht increzse in ent 2t



current to »roduce free elactrons Joes not czom to rave

3

any anpreciable eoffect on the enf. Raversal of the
tronsverse current nroiuced no chun:e. The 1des in

this evparirzent was to s3ee iIf the conluction =lectron:

i1 et

Wa/cr

fe ' Cowstantan Contasner

A

frg/

set 1n mction ry the trznsverse current mizht act in
reducins the notentl=1l barrier a2t the metzal surfoce

which 1limits the thermoelzctric volta-—e.

=

n 2nother exnerinent the iron was hezatzd to a

red hezt =#nd then touched to the cold constantan.

The resultant enf observed wzs that corr=sponiinr to
the avera-e tomoerature of the two metals. This show-
ed thst the "ras" »ressure cet up in the hot coniuctor
was freely dissinating on contact with the cold con-
ductor. An ecuilibrium temperature was culckly reached
29 exhitited ty the aver2-e temperature enf cbszrved.

There cz2ens to be no »nossibllity here for ilncreasinz



Cince the 2fficlency of thermopilez is cf the
same order as for larcer zenerators, the slze of the
Junctlions s varantly has no effect on the efficlency.

The met2l couple comrosed of Chromel P =2nd con-

%)

stantan »roduces 2vbout 40 mv at 31 temperature of 1OCO°F,
2s shown on grath /3. This voltaze would be sufticient
to enz2rcize an efficlent thermoelectric zenerator if

1t were not tor the hich therral conductivity of thre
met2ls. There are at least two melholds cof decreasinz
the therunl conductivity witnout decreasing the elec-
tric21l coniluctivity 2 couparable =mount. <he first is

cmliconductor with the desired

“

to fini a new met=l or

characteristics. Tails 1s the nrescent aveaue of approach.

0

The =z=coni »ossible m=2thod of rreventing hesat trans-

mission 1z to reiucve a scctlion of the met2l and nut

o de-

[69]

in 1ts »lace a heat insul-tor. However, this zl
creascss the elsctrical conductivity, except when the

insul-tor is such a material =28 =n 1onized as at low

nressure.  Such 3 528 will transait the currcnt, under
certzain coniitions, without exhititinz an excussive-
ly »i-h resistance. Titernil me<ns would e necess-

ry to kesev the -5is 1oniz=d. Tnas only hest nassing
throush the z2s would bes by radiation ani ioan bom-
pardment. This heat would oroktatly not be so gericus

28 the conluction heat, ieveniin- on the ep2cing 2nd



)
N

ct
)

smo=r2ture Aifference. To 'teet thaz resistance

would hove to

09]

low, 2 short cpacing 2nd lar-e area
be used. It 1s zourtful, however, if the cuf would
pe larze enoush to cruce current to flow in the 33s,

sven if a2 ni jhn electric 1ield intensity were produ-

troduce 2 new emf which would have to be concidered.
It turns out that thz thermoelectiric groserties of ths
insulator tecozzs thz rajor factor and t
lem iIs back where it started; napely, to fini 2 suh-
ctance with hi~h electrical 2and low thermel conduc-
tivity.

The ett'lciency ot the Pbs - Zn3b counle is 77,
28 recorted by Telke:.(l) Inis 1s the observsd

Ti

efficizncy. The calculitcl e7F

j-de

ciencv jc 107, To
incre=ce tris efficlency 2nd reducs the cize ot the
counlzss, 2 hi-her electrical conductivity rcr the Prd
must te obtained. This may he done by zdding sm=ll
amounts of another metal such 2s silver cr connar.

The e=ft'ect of such =23ditions hasz not yet keen tully
determined. The best method or doiny this would be

to 2dd the nowdered metal to the nowdered Ib3 2t room
temrer:ture 2nd then tuse the mixture 1n a ceramic bo=t.

(1) Ret. # 23



Tue to the hirh meltinz roirt or PbS, 159005, it i<

ditticult to work with it in thre molten stata.

0]

the

o
[
(O]

Zince the 7oint ot contact of two met-=1
cezt of trhe tharmal onf, 1t mi-ht b2 vorthubile to
investi-ate the =ffeect of co~tin: th=2 Tzc=z of ons

met=al with var? oxilde £ilmas of other metals. This

O
c
[O]

mi-ht nermit a ;sreater emt’ to bz uevelonad.

A vserul investl-ation would be cne to deter-
mine the ral-tlconchip cetween the wavelensth ot the
heatins radiastion 2nd thz therzal emt, This could be

shown in

jo 7
O
3
[0
o
0
)_h
o]
O
[}
i
1
[y
ct
]
)1
o
<
uh
e}
(b]
=3
]
t
ot
)
AL
[)

tor frenusncies near the visitle re-ion. lhe an-le of
inclination of the Zrating

—

determines the wavelenzth

U l” by the formula nA=2dsin9,

< wrere AT wavelan-th, d =

é?ﬁf Source

ruled line s»2cinz, and

Thermocouple € = the anzle ot inclina-

tion trom the horizont2l.

Frag 2.

N

n = the orider ot the re-
tlection. ¥eor hisher frecucsncles, =z2n x-ray annaratus
sirilar to the above 1lisht roy anparatus could be
used. The »ner cent absorntion would have to b= meas-
ured by an ionization chanber z2nd ~llow=d tor. The
relation between intensity zand ert would 210 have to

be stulled. Another interestins investi-ation would



be to deterrine the affect of variouvs enser-y elcctron

o)
w

>~ms3 on = therrccourle,

I

A thermocounrle rescnonids to heat, which iz 2n

<

zversse motion of the 2toms 1in the metal., It misht
te interestin~ to oonserve, if ~o=sgivle, the =ff=ct of
2 nsutron tezm on 2 therrocounle Jjunction. Some of
the neutrons wouli te zbsorted 2nd scattered, irnart-
ins 2 i~k veloclty to some of the =2tons. This would
cauce 3 tcmreraiure ris=2 vhich ri-ht Te measuravle.
If the two metals were of ditferent =stomic weihts,
there would be a flow of »2rticles from the lLieavier
to the li~hter 235 shown in the tcllowlng analysis.
Let Vy = recoll velocity of the atom
vy = 1nitlal nsutron veloclty

mass neutron = 1

m = atomic welzht of 2tom

N = nunbcr of nsutron collisions
Tt c2n be chown trom coanservation of enercy and

momentum durins en <lastic collision that,

- 2
Vr = _=To V1

m+mg (1)
Assuninz the numter of neutrcon collisions to be jyro-
nortional to the atoric waisht of the tarcet, (thre
numcer may not ke provortlional due to the density or
'

due to the resonance levels), then

N o= ¥m (2)



The flow ot recoll ators =2ast the *unction can be rer-

[¢)]

recented by 1 which esuals the numtsr times ths vel-

1= Mg (3)

1= Xm 2m,vy (4)
mn+ mo-

The ration of 1 reor two different materials (2) =2a1 (b

become:
la o X5 mg (mpems) (<)
v b op (matmp) -
L2t mat=rizl {(2) be carbon (m = 12) 2aad material
(b) e 1=223 (n = 2CC). Then
2 A 2
1, ¥, 12 207 K5 0.927

1, Ty 205713 T Fp o

It Ka 2nd Fb are ecuzl, then the nunber of recoil
atoms trem (a) to (b) 1s 0.927 time:z t-2 numbar fron
(p) to (a). This emall flov fro- the hojvier to tlha
linater m2tal w177t be Jetzctacle =g 3 curreat ia tne
vires. This mathol of detectinz 2 neutrHn tewm could

not e a4s g=2nsitive 23 the uvsu2l ionization chanber

Jevices, ~ut 1t mi1i7t pe ucaful 12 dster ialngz tio=

o]

neutron flux 1°sils 2 ntle or otha2r inaccessable or

=mall »l2ces.

Ihe dezsi~n of 2 sm21ll trermoelectric zenerator

+112 now ha rcontilarsl. 3-ort raetan~lar taore cf



conr=r 2ani conctantain will te used 23 the counle mnz-

terizls. Xor conioper-conztintan, atout S.C%4 av /%0,

The cides woulld bz m=ade of some

neat recistant material such

1s trznsite, with holes in the

[}

sid

\\\\ ner and constantan. The heat
Heart Source
/:;-7'3 would t'low on the outside.The

he gouare rolds of cop-

ct

s tror

4

Inside could contz2in water to grovide a cold junc-

tion for thec thermocourles. If CCO counles ore re-

O]

jon

cuired, 222 counles vill bz nlaced on esach side of the

~yrarid. If the cross secticnz2l 2rea cf the rods 1is
1 cn® 2nd the lensth 13 4 cm, the total =rea of tlhe
holes in 2 szide ot the nyramiid is 222 cr® . The cides
of the ryraxid will te trianzles. Let the zrea or

th2se trianzles be =50 orf, then the ratio or holes

0 the tot~1l area will be C.&. If the trianglcs are

ct

edullateral, trey will be 24 cm on a sids. ALzsuming

1200°2, the electrical rezistivity ot correr zt this

temrerature 1is 7.25 ué~cm. £ the cold junctions



0 .
are ert near C°C, the rec:listivity (e) cf coroar

here 13 1.72 Ma -cm. The averzve value or Par is 4.5,

O

'
O
3
¢

cattentun tne avera-rs value 1c 50.2. The total

p
()
N
[y
ct

ance cf ore covvle may now btz c~leulated, now-
1a~ P the -reiu, and the lenzgth. Th2 reciztanece 1s
2.1% x 10 olms. Tor 2 tot=al of =30 jluncticnz, the
over21l rot recsistance will te C.154 orms. The currcat
delivered to a 1S4 olm lo=3 will be €2 2amos. it this
lo23, the maxi-um now~-r conliition, tre cenerator ter-
min2l volta~e 1s 12 veclts 2nd the cover delivared to tiae
leoad 13 746 watts or 1.0 ho. This is the out-ut pow-
er. Yext, the eculvalent 1Innut »owsr must be found.
™e therm=2l ccrductivity of connzr (Feu ) 13 2540
BTU/br/ft /°F/inch. TFor constantan the rizure is 166.(1)
Convertih; the above valuss of K 2nd vusinz a temnera-

b —\A’\O

ture ditferential of 1CC07C 2s 2 basls, the heat con-

C

O

ductel by the copoer .55 2TU/min 2nd by the con-
stantan 1z C.5 BTU/min, makinz a total ot ¢.15 BTU/ain
being lost bty conducticn to the cold junction. For
G0 Junctlors, the total heat lost 1s 8185C ZTU/-in

or 182 bhn. This i3 effectively, the 1aput. Tre

efficiency 1s then 1 - Ao from this it 1s eeen
1c2 < 00

that the efficlency 1s abtout one h2lf cof one per cent.

In oractice, this mi~-ht bes increasei to one or tvo

(1) Fef. # 135 Sec. 3-23

P
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by vzin: other m=tals with o 2icher volto-2. wSuch a
N A P ~v < Y y + £ o1 -
tharrosloctric ~2naretor with 2n onto-ut of 1w -~nd
,
an efficicncy ofF CT.E7 would nove a volums of ~hont

in?

aeweniant

is ~rorortio

bl

Therzfore tha current is 2oproxim~tely
of the

+
~21 to

. n - " c il - 1 ~” R/ BRI
(1) Ref. 215, ' 022, Fz5, #ce57, F 120
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CALHSNATITAL ATUTALYEIS

T = N Al - - s E . o, A~
In 1821 ZTasztecl obasrval the funizzeatsl theruo-
“- ~7 5y ~ .+ 4 H - 2
2lectric ~leavieon, naw =21y, thot heating tas junaction

of two 2iszigmilur mzta

(1) the terosrature differencs beiween the rot =ni
cool 2nds of the wires, (Z) the metz2ls bein
and (3) to a2 lssser sxtent, the atsolute tenosra-
ture of the cold junction. or chrowrel and ccococtan-
tan tne 2mf 1is 2bout 70 ricrovelts nzr 3z res ceanti-

2

In 1034, Teltier found the inverse Seebeck effect,

()

nsmely, the coclias or heatiaz of a Juncti-a of dis
similar metzls by a curreav. Tre direction cof the
current determinss whether the effect 1s coolinz or
heatling 2t 2 ourticular function. This effect 1is
csepsrate from and much smaller thaan the usual Jouls
heatvla-, due to the rcesistzace.

1 third thermozslectric effect was dlscovered

by Thonzson in 1¥=Z1. Y2 found thzat 2 tcocmoerature

~railent in a uocmo-~neous conductor set up 2 rotentinl

yradient alon: the conductor. Feor most metales, the

ma-nitule of the Thom»nson voltare 1s much smallszr

L Fe2ltier ~otentizl 1 will e usad whlch rep

sents the chanie in hest cneryy 2t a function for a



~iven clur e 2uz:slag trrough the Juaction.

m:* -
Thus,

ic bzt of the frec elzctrons in the metal. It

W

raprezeats the neat =er vait char e nscessary to cause

a unit chan e in tauperature, or

At .
<3 = T d“'

4 (<)

Thils ma2y e rewritten -s

H:J’r

to show the enerzy associatzed with the heat bty the

aT (2)

Ke!

Thorvson 2ffect.
A clrculit to illustrste thece effects may te

.
Sravn 23 follows:

A |4444 senlding current

throu;l tiie cir-
S - en
! B —1 cuit cciirozzd cf
Frg +- two Jiffereat con-

ductors, 4 2ad . Due to thn D2:ltier effect, heot will

19}
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and 2 DP2lti-» rolt~~-2 will ve <=2t vp at these ~oints.

Tue to the recultins temmarature “raiisnt 2lon3 A -nd



T, 2 Thommson ent vill pe estatlished. The totzl re-

cult moy be exrrezzsed 1In an ener-vy ezultion 23

T To
2 =jqo:dr+11},q-jc.o; aT ~ T, (n
T2

or

o
- [ a4 [Gan - T (5

T2

tq

The tollowins diz-ram may asslst in visualizing tre
effects.
Trhus the battery

aner~-y is concsid-

T ared enuzl to the

Potemwlial

!
|

i dr
R Al Jifferance ct the

tvwe Thom—con en-

ear=ies clus the
difference of the
two T=2ltier ener-ies. Tre reslstznce of the corduct-
crs 1z nezlected =nd the Jovle heatlnzg 1s consiiered
z2ro. The entlire —rocess may ve conscldered to be

v

reversible since the Toltiar and Thompson affects

v

2re believed to te comn~letely reversible. XNa-lect-

¢

-

e
O

In- the j3oulsz heatinz does nnt introduce a ser

W

s

error in the annlysis. Trhis error 1s discussed cuite

s (1)

cormletely in Rridgeman, . Since the entire

<

(1) Raf. ¥ v6



thermnoclectric mhenomenz 1is reverszipble, the net chan

in entrony or the systoem must eju2l zero by the second
law of thermolyn-iics.

It rer2inc to tAind T and da-03 cr Ao in tzrms
ct the temmeriture znd T. Eruation (5) ~ives ones re-
lationzhin between 7 2nl 6. A sginwler relation iz

obtzoined ry ZFifterentiatin- () 23 follows:

(¢)

where AT =gdx-0s ; Ta 1s conztant, =nd T, 1s consider-

To 1ind 7™ 2ndadsarzrately, another indierzndent
eguation besiies (6) 13 nscessary. This other ejqua-

tlon can bte obtzined trom rel=tions involving the sec-
ond law ot thermolynamics, as follows: Fror zlenen-

tary therr-odynurics,

T-aAat+ (7)
where ¢ = h22t, U = iIntern2l ener-y, aad J = work.

Truation (7)) moy be revritten ag

AL = AU + 83 (8)
It 1s 3leo known that the ditfersnce in entrony 5 iz
represented by

S2 = 9 = j A
T

or ds = _3d9 (¢)

T

Substitutinz (2} 1into (2) =ivas



(&7
U2

<
3|+
—~
(]
O
A

which 1y te rewritter a3
dU = T 45 -~ av (11)

Y

Yow, armlving tre Le.onire transforration to slim-

in:te T 42 ~ivz:

L)
+
U:
o

(@R
|
—
U
|
|
Lu
167}
|
]
— Q
fu
(€D}
[}
U2
[T
3

where Vo= u-7T35
Y chart ot the various svmtols us2d by varlous

hors in thermolyrnarics 1s given for clarity.

Iﬂ /E’ﬂ./
Energr U

Enthalpy

Enmtropy
WorA

Functron,

X

S
Frecfﬂt v

¢

v-rs v/
Thermod,
fo‘;‘e .
Free bnergy

V-75+PY

Tre thermodyauiic ensr -y function (1l2) m2ay be anplied

to find an indzo=adent relation btetwezn w audao )2






= us=1 to ra-rerent the
tion dJu2 to the rzossins of current.
Thuz W =TT (13)
The internal enerzy U re-resents ths difference 1n
th2a el=2ctron srecitiec reats of the two metals,
times the at=20lute tem»erature T.

T- e T (14)
This may b2 se2n mnre clearly from the tollowinsg
dlzasran. Conclder an electron nazsine rrom conduc-

tor L 1o 2, with a rzndom

W\W veloscity v. Then the in-

tern2l ensrzy ot 1 due to

F/7 7

the electron is 7y - v 1,9
The intzsrnal ensrgy of 2 3due to thz elzsctron 1s
Taz V. T,9a . Thercfore,
U= Ua = v, T, (G-0) = U (1%)
U, - U, reprasents the net internal ener;y. The
raniom velocity will avera-~e out to ke unity, hence
U - AT (16)
(17)

.

From (12) ay- -A -

(2
(o)
—3

If the work is zero

"
O
J
s
L

gy= - 31T, or (12)



|

[}

(3}
=
g

Can

=

\0

A

T =

fu

Substitutinr (18) into  (12) sives

2
- LY+ T la.w.—(‘/
A4 aT

which 13 221123 the Zibbs-Y2lmholz ezuation.
Yow the eguatlony = U - T 53 may te rewritten, unon
substitutinz esnuations (13}, (16), =2nd (19), =3

7= a0 T -T (- 3y)

aT
T = ArT 4+ T3W (20)
'f.JLI’
or, A0T - 7 - T ar (21)
aT
Also, 22 _ AT 4o (6)

Trom ecuatios () and (21) the values of 1r 2ndac

czn bhe tound

TAT-Tamr = - T drwr
T at T

from vhich

-~~~
i

AN

~—

This gives trhe expression tor the Peltier coefflce-

lent?r . IExmerizsntal values substituted in for






\

37 2nd T ~ive results ~rovins tris eruaticon within
dT

the accuracey limits of the exgeriment. 1he value
of I c:n e “eterninsd directly by exvceriment, but

rrecautions must te ti'ien to nsutralizZe the Thomn-

Substitute (24) in

g_.: Tﬂ—_{.Aa‘
or
T _ _wm - ac (2=)
ar = T
Frem (23)
dr T 4T a7 (25)
T drx" aT

45 448 _m |
Tfi"de‘-"' b (27)

Zince

Touation (27) become

L"“
T d = = -A o~
at+
or
o
a = ol
Aoz - TET—:’ (28)

This iz tke T1inil exvpression tor 4ae~. The two



“40-
coeffizients T and ae2re usually obtainel by ther-
ral measurancents but m2y bs found from the curve of

—

Usurlly the volta.se T czn be exnressed 25

a
cvadratic tunction of the temperature, or
a,

Ez oo (T, - T.)+ 2p(T, -1T,) (2¢)

This m2y te carried further, and is cometimes ziver

2 5
TRk (T, - L)+ *@(T, - T +4 (T, - T,)

The constanta e ’F y 2nd g can be found fron the

exnarimental data once three values of T 2nd the cor-
resnoniing values of termnerature are lhanown. 4 sizul-
taneousz solution will then give & z2na /5 or o\,)g, and
J - Ascunine oL and }d to be known, to find 7 or as1it
1s necessary to find the first and seconi derivatlves
of voltaze with re=gect to the temrerature. 77andaso

are usually evzluated 2t a fixed temnerature such =as

¢® c. Insuchacice T - T, =C, 2ud 4% _m 2nd
I m
~ oA

T

d
IT*

A
L

=F from which gr-= Teend 4= - Tf . The nu-

merical values of 7 2nd aeare usually ziven in mi-
crovolts per degree centi-srade. The Aiffzrence in

the values of 7= for two different temveratureg 1

W

anproximets1ly ecual, if Ae~1s small, to thz value of

v - . - ~ - -, ~1
E. TFecr examole, the enf of 2 Zn - TU cougle =2t

~D A~
L

D]



vl
)
D)
O
2

1t 10CC2, M= 273 ox 3,000 = 1142, Tie diffcrence

¥
0]
C
¢
(&)
1
S
J
o
[N
)
[
wn
N
()
LA
%]
[
Q
I}
O
U
1
C"
O
5
[y
[¥0]
O
[
}—
3

2 glven temrerature of the function. If the Thomp-
con effeet were zcsro, tre curve of B vs T woulld ke a

stral it line, 2nd the value of 7o -7, would

or by calculation, sives 2 falr =oproxirztion to thre
attalnztle ~mf of 3 tunsraoccurle, teor most metsls.

‘he=re the ITromason coefficient is lar-e, the curve

of T vs T vill be curved »nd 7 -Za will not ecual

. In the atove exan-le, 77 = T,b = 27%(-.113)= -3C.8
and Op= T,b = 273(-.113)= 2.1,

or Ao~= 11.3 . lYow W+a8e ive: 305 4 11.3 = 316.3,
which is clozer to the vilues of T (312} 22 touni by
the cuzlirztic foruula. The rusdratic ecucotion ennress
e3 tre trus anf versus T, Toe values of T sniAeare
2 t'irst =and secon’ agovroximation to this =,

anothisr Zerivation Tor 7 2ndAao™ -torts - ith o



clczad circult of twe Jdizscimilor met-l:z vith no enf.

Thzre i5 = Lew-zrature “1ff-rence, howaever.
T4 AT
A o = Th "”l- =AM (3_(:
Z;
T jreaT A T (3¢
T+aTr T i)
B o o7 T

r
]
R
3ln
|
=
~~
N
l,-.)

Frq 8
Substitutin- (°2) into (21),

2:77; Tl- Tl (3_)
I,

E L ' . . s
dding the exf s around the circuilt,

T = T+A¥T - + AT AT _ g3 AT (z3)
= Ao (%% -03 ) AT (3%4)
iT _ 4w (ca - 07 ) (33)
a7 =~ dr
“rom the second law of theraodyazaics,
~
S5
T
~ ) - o~ o ~ m
alfrear ) -zr cgall c@@m Al (g
T+ BT T T4 AT T T o
5 =
vnere ¢ = unlt charsge

>
+
~~

3 (m 1 (65 -93) - oa
E(T—) _T(d 6)-0 ()Q)

S
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21 =
Ip =
T, =
AT =
7 =

PENE o vy At
oxternil reslstonce
totil outnut en?
hot tunetion :onm.
9 k] 4 -~ ~
cold rrnztlion tarm,
m ~
L‘ —'

.
efficlency

efficlency

“ .
F:f = avorose gnccific rezictsance of connles
V/ A _ 2o 1 5 + 2
Yo, = ~vero -2 z2ecific heat coniduction of courlac
=) 'w,/ .
3,2 = ¢crcezs czetionnl crez of coucles
L = lzn-th of both cougles
Tho first st=s2 1z Lo find = 3irn-l2 relation
the off1ciznzy.
v‘ﬂ
Pouf. = 41 Ja (l)
1'\ iR -
P.:.t =I g™l S 2 (_)
Z.’L""Jf‘z\
R — [ ~
e= (Gt t Tar) Iz . 2 (3)
V-4
Frorn (1) -nad {2)
Tout T Siur Pa Doup+ Lir = Lot 2 F Za
:, Rl
Subestitute (4) into (3)
e = Cut fa Iap Tzf;‘
= =
Y 4
L2V,
Loy -
& P.
== Far
_ Tour — 3y - 1
T e Tt Pue L2 po, Sef3x Ix Reic
::)k' ﬂ q" LR A R; «"’.’.

)



or, 7 - 1 (f
— k) m o] L) ~
St Ca Ta g:'.‘-f'.{; Z.IQ‘
Sa al Ca X
Dy A (.2\ 3 S =0
D R ~ /9 -~ e ™ v
= _—aAT
Y & R
wtich 15 tve vourl efticzieany relationshuly. Since
Ye C2nnot cven e oooveoximatad to zsro, rowever, 1t
coanot e 5213 ot cunce thnt the larmer 2, the “reater
)
-l
tre efficlency. Tre Test value of "o will »¢ con-
R
sldered later.
\ .
Troa (£}, 1f R <R, or 2,20, then
a 1__
7 =
— ¢ d3=
aT =+
Thes simmificance of trisz is tiat the efficicney is
Inversely mroonorticail to Ra, not idlrectly croporti
8 ml-nt ke 2szsuaed.
ot e X T or T (7}
v B W B WLY| -3 /
\
Then (5) »ccowzc
vy
7 = 17 . (2)
1TVa Ta (14 72 P, e
4 new excressiocn for Refe will rnow teo found and sut-
. \
stitut=d ianto (%)
I3 1 ” o ’ . L4
Lzt 4= wand A =23, A =z2nda 3 =raz feora

factor:.



:"

Jince «c =al (L3 4+ 1"2") (<)

4

- ' P
ni R/ =chr+ f (12)

ol
“

® =’
- " ot
relations hold: 1 o X (11)
U

Alco, from (11) za3 (12),

(14)

Slrnce = ¢eAT by Jdefiaition.

’ n /, o %
TP ALY Ak ST /G & o/ A (S AD S Y 12 (OLY
johe © e*aT e* AT

7= 1 Z =7 R kS (17)
1+7a To  (I1+5)" EQPY )%+ (K70 )5 ]

I‘::_ 41‘ I\a, e"AI’
Fronm the Wislmann-Frainz-Leorenz 1w, tzking the Lveraze
temoerature, P
o 7 I A4 -~ = 1 ~\
w f = I /a = = oL"'_) x 1C (T;"TI ) (l\)/



N <
“hel

'
=
Lo
(@)
[
3

the momarice~l value of (12) iato (17) cives

[ STy I 6 P 7 (12)
na [_‘*—e%} (4.5 x 107 ) (To+T )J

This 13 the fin~1l ecuztion for efficiency, in-

velving only thz tom-eraturss, the thermoelectric

~ower e, and II. TIhs valvue of Ko will e discussed

shortly. i tlot of % versus &T for various values

cf e 1=

<iven on ~ra-h 1. 3razgh 1 is nlotted from

ecuaticn (1¢) =221 the curves 2:rze with % sinilzr

unity, which is the zaxipun -ow=sr condition.
To find thz relation tetween R, ani 3, to zive

maximum efficiency, talie d#%and let it equzl zero.

A

Then
7= Yy AT _ __
(l +Al) (Ta_’f l{’ +rL‘_L‘x,7
_ X 2AT _ _Ka2aT
T, # Ly  Ka (OKy 4 Tz ) + iy iy Dr
3% _ D,A8T — N AT(2K, + Tp 2K K )
S NE
t 5 ]
Let a7 - 0
Ha

Di— K (2K # Ta #2KK;) =0
Tat Ky — K,K, =0



K;_‘T.+ s Revlacling K3 by its velue gives
R )

S

-9 .
Ha_ e°Ta 4.2 x 12 (L,+ Ta) (20)
Sox 10 (T, + )

Tiis is the value of ¥, which will sive, for

wnown values of T,, T,

P

ind e, the waxiaum efficiency
whien substituted in ecuation (19). A nlot of XK. versus
AT for varicus values of e iz gsiven on grarn 3. For
sm2ll vslues of e, K is nearly ecual to cne. 4 »lot
of the efficlency versus tam-erature 2ifference for
vzrious values of o, with Iz ejual to tlhe value spec-
ifiled by formula (2C), is miven on graph 2. The valuss
ofirfuw~slightly creater than on granh 1. The effect
of chan~es 1in the ratio of 55 to R, on ths efflcizncy
Indicate that nreviouvsly rnublished czlculstzld values

of officizacy have teen slizhtly too low. The effic-
lency 1s uszuzlly calculzated for X, = Rz but, 2s shown
above, the maxirun <fflciency will 2lw2ys be sii ktly
creater than this. Jlncz Kz turns out to be nzsarly
ecunl to one, which iz 2l:o ths muxianum power coadi-
tion, the fortunaite siltuztion i3 ctrzsent where the

maxinmum 2fficlcney 2nd maxinum sowsr »olints neorly

J

=

coincide.
The hi her values of efficiency calculated by
eguztion (1S) =2re not 2ttained in »ractice due to the

Joule hzating of the cold junction, hezat locces by

J



radicticn an? couavectlon, or 2 Zeviztion from the

Tielnenn-Tranz-Lorenzs law from which the constant
, Y - . , . - .
L, x 107 corss. Zmuation (182) introluced this law,

which stutes:

KP=2.05 v 10°.  Inis law nolds for moot matals.
Sorne mat=1s <liow 2 hizksr value than 2.45 x 18 but
none show 2 lover vzlus. 3Jince low valuss of U snd p

are to te preferred, ithe larser the valus or the

4-

ne noreal value, the

2ous the m2tal for 2 courle. The Jdevia-

tion D can be rewresznted by D4 ex . Thc
D /+r: ~ 1"
— e s ~ <+~

smaller D the better s pzrticular m=izl or ceti-con-

Juctor will be in 3 thermocouple. 3Grepns 1, = 2nd 3
were 2lotted assuminz the W-7 law to hold. The effacts
of Jdeviations fror tris law 2are shown oa granhs 1C and
11. E-uztion (21) elwows egustion (1¢) rewritten to
include D.

Ky AT (21)

TR [I‘;.,. 1+Ka (0 x 4.9 x 109 (L, +T:TJ
e‘-

.t .
wolCre

Flots of 7, vercus T =re siven on grachs 2,4,5,6,7,9,%

-
lav}
O
o]

for verious velues of D and e. From these zrazhs

<

>

a Ziven va2lue of D, e, 2nd T; Ky con be found. This

value of X5 1s then uzed 1n egu~tion 21, znd thz effic-



lerney calenlatel froa this ecustion. The efficiency

s for the case when X,=1, vwhich i3 th2 moxinun rower

corlition.

Prca the ecrazh, an efficiency of €7 would result
when 2 21200 and D =45, Vith D=45 and assuuins K =.C1
whnich 1s a fairly low value, the value of @ would be
about .CC1l. Thus any naterial with D=45, K =.,01, 2and
P =reater then 001 could nct have an efficiency -~reat-
er than £7 unlecs e wers greater than 120C x 10"{, or
trre tenperature 1ifforence were greater than 4GC
larr-er the valus of 2, the grezter devicticn nozsible
from the ieirann-Franz-Lorenz law before the effic-

1 ency drops to low values.

ct

With D batwzen 1 =nd 2, ~3 for most revals, the

2T ficienecy 1s siven on gra»h 1 or 2 falrly =accurately.

Trom these -raphs 1t 1s seen that ia ordar to obtain

-

2 efficiency of =t lesast 57, ust egual =t lsact

()

v

IEO/V/OG. Crie of the best petal thermocourles,

&)

Chronel P vercus conestantan, has a value of @ or

Of 76. Thus it arnears that duc to the low e of moot

(

Tetals the efficizacy 1s limited to low valu=s.
with 2 sanicondvctor, rowever, whici hiz 2 value
OF =800 or mors, 2nl with T =200°C, the efficziency

WOu1d be 10 even if the Zeviation were ns lor-e as 10,



becauce of their ri~her value of =2, are more rrom-

1sin- ng recurds efflclent rower censration by wmears

[

(

of the therrnozleactric effoct.
The 13221 cousl2 wzculd have 2 thesragelectric

o -
nowar of v/Y%, onerate 2t ot least 40C°C, -nd

)
D
\(E)

h-ve 3 deviation no ~reater than 3 from the Wislnana-

Tranz law. The elzsctricsal rezistance should be =zt

many ~osslible substances. Such a couple would h-ve

2n ovcrall efficiency of zbout 2C7; would be compuct,
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4 1list of the values

several elearontg 2ni ~1loys
table,

™
v
rom b

tound trom the “ollowin~r ¥

\

1

T = a7 LwT x 12
T i3 1in miecrovolta. T rerres
2 = 27 = therzozlectric
=2 T x 17 cT
2 1ls in rmicrcvolts nar Je-ree
=70 =T ;:

=T 3% = - T 4 &
ar 1T

Jor =2

Tr

Jol.

o]
D
D

VI of thre

more comrlate 1iatid

Intearnatioral

m

~

and d tcer
zlven ian tr=2 nex

, =2nd

x 10

fal

e

ny ot 2, &, ¢, and
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-S4

Thermoelectric Constants

Yetal Aonlicable
Pair 2, b c d Torpn.Raawe
Az-Po 3,34 .25 - - 0-2C0
Az-Pt 3.04 >,01 - - 0-500
Al-Pb -.4325 173 - - 0-200
Al-T% -.758 21 - 57 - 0-C0
Au-Tb 2.9 .C3 - - 0-200
Bi-Pb -43.7 -46 .5 -33.7 - 0-120
3i-Pt 15. - - -17¢C0O. 300-8C0
ti-Zu 60. 2t010(variss with crvetzl) 0-100
C-Pb 11.Cé 3.58 .38 - 0-100
C-Pt -6. 16 .9 -.23 - 0-550
Cd-Pv 2.85 3 .89 - - 0-1C0
Ci-2t 1.5 - - -164., 320-720
Co-Pt -10.7 -5.7 7.5 - 0-1200
Cu-P» 2.75 1.22 - - C-1C0
Cu-rt 3.13 2,45 - - C-c0C
Fe=DPb 15 .65 -2.9h -26.75 - -22Ct0100
Fe-Pt 2 19.52t0°C, 10.8at 600°C, 1l9at 9C0°C

Fe-C 13.7 -7.8 5.6 - 0-7C0O
Ge-Ft 3C2. 2.5 - - -2C0tol25
Je-Pt -212. 776 . -2321. 25716, 135t0275
Te-Tt 1422, -7C2. 762, =3T7450. 275t0EC0
Ge-Pt -3%62, 31.2 - 204 .9 5CCto700
“z-Tb  -2.21 -3.33 - - 0-20
Li-Pt 14 .4 B.76 - - -2CCtok0
Li-Pt 15.7 4,08 - - 5Ct01%8
Li-7Pt 20.5 £.39 - - 133t0300
Mg-Tb -.2 26 -1.67 - 0-100
lz-Pt 5. 1.44 - - 0-700
Moo=l 4.61 272 - - C-1C40
Mo-1 24 .5 193, - -1240C0. 952t02250
“0=Tb 5. 4,3 -7.5 0-10C
Mo-Pt 13, 2.55 . - 0-120
“.3=Pb -.2 .26 - - -20Ct0102
Ma-Pb -4.,15 -1.44 - - -133t00
M1i-Th 10, -3. - - 0-200
M-Pt -17.12 2.45 -2.19 - 0-120C
Pt-Pp  -3.C4 -3.2 .41 - -200t0300
Sb-Pt 45 02 6.36 -1403 - 0—630
Sb-Dt - 2 2100 - - 650-711
3b-Pb 2.6 14.5 - - 0-100
Se-Pb b 99C2C to 114,000 for ¢ oaly 10-100
31-Py 2408, -47. 251, - 0-350
Sn-Pp -.158 .187 - - 0-2C
$n-Pt 13, - - -2200. 415-620
7-Db 1.5 3,41 0-100
REJo¥ -1.12 1.695 - 0-£39



Cr

Therroclectric Coustan

~eta Amlicable
P-ir a je) o a Tern.Ranss
=Pt c.4 2.7 - - C-1200
Zn-7b 3,00A 3.2 11. - -Z,Cto 0
Zn-Cu 232 L7 - - 20-1CO
Zn-Fb 3,121 -.113 - - 0—250
Zn-Pt =.T4 2.3 - - 0-4%0
Zn-Pt -17. - - 120, 450-700
Allovs
Referance Aoolicable
Metal Alloy a b c d Temp.ans2
b &x=4il 4,.C3 1.54 - -
Pb AAB—xl -Alqus 2 9-56, b 2-47 -
Cu d;-Au  -277 _ - -
Cu A3-7 -1.42 -.28 - -
>t Ag;—Pd -=¢. -5.7 3.7 -
Pt Az-Pt  -3.375 -.G4 - -
Cu Az-3b I 32 max - - -
Pb Al-Cu  11.° 2.65 - - ‘
Cu Constantan -7:8.1 -8.83 8.57 - 0-42
P Coustuntsn 2. x z22.,5 - -
2 Al-it 10.4 -.24 - -
Cu FTe-N1 @ 29 4571 O-43
Tz E3-Ph T "”Jro 7 max a2t 180°¢
Hz T1 E 1001.1 max at 120°¢
Cu Se-Te & 630 12°¢
P 21,505 1046 -1.25 - - ©0C-20C
Fb cud” -1C?9 1.7 - - 70-C5 ,u
P e -43300. 117. - - 25C-320
Po PLO ~£0300. G.22 - %90- ?-50
Po P20 3514 5. - E5C-C5
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