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PREFACE

In recent years the need of a new approach to the problem of
electrical power sources for numerous applications has caused re-
searchers to revaluate the potential of the thermalelectric generator
as a source of electric power. Although the merits of a2 device for
converting heat energy directly into electrical energy ubilizing the
thermoelectric effect have been investigated in the past, the develop-
ment of the thermalelectric generator, also referred to as a thermopile,
has been neglected in favor of the more conventional type power sources,
namely, rotating machines,

In the following discussion, the author has dealt with the problem
of designing, constructing, testing and evaluating a particular type of
thermalele¢tric generator that has an improved performance as compared
to previously designed generators., Included are charts predicting the
efficiency of g radial type generator at various operating temperatures
and expressed as a function of other parameters such as area ratio,
thermal_conductance and electrical resistivity of the materials used in
thgvcpnstruction of the generator. The work for this thesis is also
representative of a portion of a résearch program sponsored by the
Wright Air Development Center, United States Air Force, concerned with
the investigation of unconventional power sources,

The author wishes to express his indebtedness to Professor Paul &.

McCollum, P.E., project leader of the afore mentioned research project
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for his invaluable assistance in the experimental work performed and
preparation of this paper. Thanks are also extended to Mr., Ralph W,
Fisher and the personnel of the Research and Development Laboratory of
Oklahoma State University for their assistance in the construction and
testing of the experimental generator described herein., To my wife,
Wanda, my deepest appreciation for her valuable services as typist of

this manuscript.
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CHAPTER I
INTRODUCTION

Serious consideration of the thermalelectric effect as a source of
electric power has, in recent years, become a renewed challenge to the
engineering science. Although the thermalelectric phenomena is not a
new concept, having been investigated by Thomas J. Seebeck in the 19th
centuryl, its development for power applications has been neglected
until recent years in favor of rotating machinery., With the advent of
semiconductor devices that require little maintenance and low power,
the use of the thermalelectric generator as a low power source has
become an increasingly attractive proposal,

As stated in previous publications2, the thermalelectric generator
is characterized by low efficiency, great welght per unit volume and
small power output., It is the intent of this paper to describe the
development of a thermalelectric generator that will yield an increased
power output per unit volume and weight, and to present a collection of
data, both theoretical and experimental, depicting performance under
typical operating conditions. The particular design chosen for the

experimental generator that was constructed and tested was a radial

lgrenville 8, Ellis, "Thermoelectric Generator Designs: Sources
of Electric Energy," American Institute of Electrical Engineers,
No. 8-i2, (New York, 19517, p. L7.

2Thomas N. Ewing, "The Thermopile Generator As A Source of
Electrical Energy" (unpub. Master's Thesis, Oklahoma State University,

1956), p. 66,



type consisting of sheets of iron and constantan, This arrangement was
considered superior to previous experimental generators in that it pro-
vided more active metal per unit volume, which would lead one to believe
that it would result in higher efficiency and greater power output per
unit volume and weight. It should be realized that further significant
improvement in the efficiency of such a generator could be achieved
only by an increased study in the field of metallurgy. With signifi-
cant improvements in the characteristics of materials, namely, thermal
conductivity and electrical résistivity, the efficiency of the radial
thermalelectric generator could be substantially increased.

Although the efficiency of the thermalelectric generator seldom
exceeds 1.0 percent, it should be realized that such a device could
utilize waste heat or be used in applications where there is an
. abundance of heat such that the overall efficiency of the particular
combination would be very attractive and thereby overshadow the come
pafatively poor efficiency of the generator alone. Thermalelectric
gzenerators would not be expescted to replace modern day power plants or
installations that require high efficiency power sources. However,
the application of thermalelectric generators to the production of
power for homes and industry is not to be entirely discounted in view
of the advances being made with devices that collect and concentrate
the radiation of the sun® and make available a relatively new method

of utilizing the heat of the sun.

3Maria Telkes, "Solar Thermoelectric Generators," Solar Energy
Project, College of Lngineering, New York University, Journal of
Applied Physics, Vol. 25, No. 6, June, 1954, pp. 766-770. -




CHAPTER II

THEORETICAL EQUATIONS

From previous studies, the general maximum efficiency equation

for any thermalelectric generator is siated ash
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the hot junction temperature in ©K,
the cold junction temperature in ©K.

the thermalelectric power output of each junction in
Jpvolts per ©C.

the resistivity of one metal in the thermocouple in 7
- pohm-cni.

the resistivity of the second metal in the thermocouple in
Jpohn=cm, ‘

the thermal conduct1v1ty of one metal in the thermocouple
in watts per em-°C,

k" = the thermal conduct1v1ty of the second metal in the thermo-

couple in watts per cm=°C,

battie L, Betts and Paul A, McCollunm, “Unconventional Electrical
Power Sources," Wright Air Development Center Technical Report 5109
(Oklahoma State University, September, 1954) p. I-12,




the length of one metal in the thermocouple in cm.

=g o
1] i}

the length of the second metal in the thermocouple in cm.

a' = the 05085wsectional area of one metal in the thermocouple
in cm<, '

the cross—sectional area of the second metal in the
thermocouple in cn?,

8,
i

This equation assumes that there is no heat loss through the refractory
material of the generator and is therefore referred to as the general
thebretical maximum efficiency equation.

If the tgrms corresponding to the electrical resistance and thermal
conductance of fhe generator in the general equation are expanded, the
result will be

o Ve A L ok ek o8 (5)(5) R )
(’E““ & X RN ¥ v/
By observing the geomeﬂry of a radial thermalelectrie generator as
illustrated by Figure 1, it is apparent that the active lengﬁhs of the
different materials in the radial thermalelectric generator will always
be equal. Therefore, this portion of the general equation may be
further simplified.
When L1 @ Q0

(% + 25 ) (45 + 45)<pt'+ A 112 (3)+ 4 @)
o & £ L

i N o Y 1
The ratio %n appearing in this equation is termed the area ratio and

is represented by the Greek symbel delta, E;O It is of interest to

note that the area ratio is a ratio of the crogs-sectional areas of
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Figure 1, The geometry of a radial thermalelectric

generator,

the two materials in the generator and may also be expressed as

e CLM _ vyf“ t;w
%z(ﬂ (”>(‘?§“>

where:

w!

wit

£
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the width of one material in the thermocouple in cm.

the width of the second material in the thermocouple

in cm,

the thickness of one material in the thermocouple in
cm,

the thickness of the second material in the thermocouple

in cm,

(2)



If the simplified portion of the general efficiency equation is now
substituted into the general efficiency equation, there results the
theoretical maximum efficiency equation for a radial thermalelectric

genératora This equation may be written as

%“
. niku P,%_ P/k'ﬂ"f'g@s‘ﬂ“ }
ém@-jﬂ %“T& j\“ﬁ“zﬁ% w;&g % > Z%'* & T - (3)
) 2
=
T

From this equation, it is apparent that for two given materials
and a specific operating condition, the theoretical maximum efficiency
will vary as the area ratio is varied, In additibﬁ, for each change
in the operating conditions, T, and Ty, there will be & corresponding
change in the maximum efficiency. This is necessarily true since the
electrical resistivity, thermal conductivity and thermal power output
of the materials is a function of temperature, Some materials, such
as constantan, have relatively‘stable electrical resistivities in a
moderate temperature ranges, but their thermal conductivity and thermal
power output are found to vary considerably in the same range of tem~
peratures., The effects of varying the area ratio and operating
conditions on the theoretical maximum efficiency of a radial thermal-
electric generator are clearly illustrated by Figures 2, 3, L, 5 and
6. Data for these charts was obtained by writing a program for an

TBM 650 Digital Computer using the FLOPS Interpretive System.

SColins J, Smithells, Metals Reference Book, (New York, 1949)
p. 482,




Although this interpretive system of programming offers accuracy to only
8 significant figures, this accuracy was found to be sufficient for the
efficiency equation,

It is interesting to note that at elevated operating conditions,
above Tg = 100°C and A T = LO0O°C, sharp "peaking" occurs on the curves
and the area ratio yielding the highest maximum efficiency for that
particular operating condition becomes smaller. However, at lower
operating conditions, below T, = 100°C and & T = LOO°C, large vari-
ationsaéf the area ratio have little:effect on the maximum efficiency.

As é maﬁter of interest, siﬁilar curves were plotted‘for a

'Coppernconstantan radial generator and it was found that the optimum
area ratio for maximum efficiency varied considerably with this com=
bination of materials. The optimum area ratio for the copper-constantan
generator might vary between 6 and 16 as compared t0 0.5 and 2.5 for
the iron-constantan generator, The large variation of area ratio with
respect to the copper-constantan generator can be chiefly attributed

to the increased thermal conductivity of copper as compared to iron,
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CHAPTER IIT
DESIGN AND CONSTRUCTICN
In any thermalelectric generator,; the power output and the

efficiency are greatly influenced by the temperature differential that
can be maintained between the hot and cold junctions of the generator,
Since both the power output and efficiency are functions‘of temperawl
ture, it is evident that the most propitious operating conditicn will
have associated with it a large temperature differential. In order to
maintain a large temperature differential between the hot and qold
Junctions of a ﬁhermalelectric generator, 1t is necessary to fecall a
basic law of thermodynamics, Sitated briefly, the temperature differen-
tial between the ends of a solid conductor is proportional to the heat
flow through the co'nductoro6 In equation form this may be wriﬁten as

where q = the heat flow through the material, Btu/min

R = the thermal resistance, °F/Btu/min

b

AT = the temperature differential

11

This equation is analogous, under linear conditions, to Ohms Law en-
countered in electrical circuits where the current, I, is proportional

to the voltage or potential, V, and inversely proportional to the

6W'illiam.Ho McAdams, Heat Transmission, (New York, 1933) p. 9

13
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resistaﬁce, R. In the electricai circuit, the voltage is a function of
the curtent flow through the c¢onduector, and similarly in the heat cir-
cuit fhé temperature diffe?éntial is a function of the heat flow through
the con&lucﬁor° Applying this theorm to the problem of mainﬁaining a
1arge té&peratufe differential befween tﬁe hot and cold junetions of a‘
thermalélectric generétor, it is necessary to dissipate an amount of
heat from the cold Junctions equal to the amount of heat that is being
absorbed into the hot junctions. However, the limiting fadtofs in
this regérd are the thermal coﬁductivities of the materials used and
the abiiify‘to dissipate heat at the cold junctions. Hecognizing these
two 1imiting factors, the radial design employing large flat sheets of
metal was chosen because it offered a large low resistance path for heat
to fiéﬁ and with the addition of cooling fins on the cold junctions, a
conveniént method of dissipating héat at the cold junctions. Iﬁ
addition, the radial design wds considered superior to previous experi-
mental,éenerators constructed of wire? in that the amount of refractory
matefiéi necessary for insulation purposes was substantially reduced,.
This fa&torkgfeatly increased the_power output per unit volume and
weight.

In.thé design procedure for»a radial thermalelectric‘generator,
two methods 6f attack are available, If the materials with which the
geﬁeratqr iS to be constructed have beesn chosen, in this instance iron
andrconétantan, and if there is available a series of charts such as

Figures 2, 3, L, 5, and 6, a great deal of information concerning the

7"Ewing, pe 39,
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pefformance of the generator can be determined, which in turn will assist
in the choice of dimenéions for the generator. The first method of
attack to be described originates from the output considerations of the
generator. Let it be assumed that an output voltage Qf 1,75 volts is
desired and. the generator is to-beﬂoperated at a temperature differen-
tial of 600°C when the cold junction temperature is 100°C, From the
curves of Figure l it is seen that with these operating conditions the
optimum area ratio is approximately unity and the theoretical maximum
efficiency of the generator is approximately 0.526 percent. Let it also
be assumed that there is available an input power of 1500 watts, There-

fore

Power output = (Power input) (Efficiency)
(1500) (0.00526) | - (5)

7.89 watts

i

8

and the current output will be

- (Power output)
(Output voltage)

Current output

]

(1]

- e
= hos amperes

and if maximum power transfer is assumed, the total resistance of the

generator will be

Total resistance of the generator = (Output voltage)
(Output current)

1.75 (7)
L.5

0,388 ohms

it

i
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Since the materialsvto be used and the operating ébnditions have been
chosen, théﬂelectrical output of ea¢h junctidn may.be calcﬁlatedo‘ The -
_ . . A P

electrical output of a thermocouple juhction may be stated as

the electrical output of a junction in volts

L1

where - g

i

the thermal electrlc power of the materlals 1xx;wnlts
per oG, .

Aﬂf the temperature:differential»in °c.

Thereforé the élegtriCal output of eéch junctioﬁ in_the‘generatdr

will be. | D |
= (56.0 x 1Q“6) (600)

e 33.6 x 1073 volts

.Siﬁce‘aﬁ'output voltagé,of 1.75 ?oifs at maximum:power transfer is o

desired, the necessary number of junctions will be

i

Number of junctions = (2) (De31red output voltage)
' v (Electrlcal output of each Junctlon)

(2) (173) - | . (o)
(33.6 x 10°3)

n o

88

10k junctions
Knowing the tbtal resistance of the generator and the required number of
junctions necessary to obtain the desired output, the resistance of'each

: junction may be calculated as

Resistance of each junction = (Total resistance of the generator) o
' (Number of junctions). ' (10)

8Betts, p. I-11,
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= 0,308
“Ioh
= 0,00373 ohms
In addition, the resistance ‘of each junction may also be written as
the resistance of the iroﬁ and constantan sheets for thaﬁ junction,

In equation form this is

’ Y WAl
Resistance of esach junction = P L + P (11)
s T Tal

At the particular operating conditions chosen, the characteristics .of

the two materials are found and the resistivities are given as9
p' = L6.5 pohm-cm
p' = 49,0 johm-crm

By setting equation 1l equal to the resistance of a single junction in

the experimental generator, an expression may be derived which yields a
relationship between theA length, width and tklzickness. of the métefials to
be used in the construction ofv the generator, When,ﬁ“ = " and the area

ratio is unity or a! = at, eguation 11 may be modified to give
Resistance of each junction s ég;-( “4..?”) : (12)
: : & ‘]@

and

- 0.,00373 = ;_@; (46,5 x 1070+ 19.0 x 1079
5 |

and since the cross-sectional area of the material is equal to the

thickness of the sheets multiplied by the width of the sheets,

9smithells, p. L82.
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equation 12 may be rewritten as . ‘
Wb os 0.02864 : .‘__ ”:_ . (123)
'vwherefw,,@-, ahd t are expreseed invcentjl_meteréo With.this relation4
 sh1p an 1nf1n1te number of dlmen81ons may be calculated for the prom
.‘pesed generatora‘ If the thlckness of the materlals is taken as 0,02
| inches, equation 1%a will yield B
CweoSbl @)
irwhere w‘end4£zmay now Be expressged in either«inchee“er”centimeﬁersd |
'VConsideringlequation lB,che length and width may Be edjusted'te suit
the pafticular application of the creneratorn, In the ‘case of the
experlmental generator constructed for this studyg an actlve length
of 6 inches and a width of 3 inches was chosen as convenienht dimensions
for laboratory testing purpeseso" |
The second method of design to be‘deseribedvhas ite'origin with'
':the»heat flow requirements of the.,generatoro As stated ﬁfeviously,
‘the tempefature differential between'the hot and cold juhctiens‘of the‘
generator is proportional to the heat‘flow'throﬁgh the conductors, If )
an incrementai area of a conductor is ceneidefed and_e heat flow

equation is written for this area, there will bel®

where —,ka.represents,the thermal conduc‘tiv;iv’c,‘y‘9 k, of the‘material and‘
“the cross-sectional area, a.. The_termZXQurepresents the incremental |
length_ of the conductor being considered and AT the tempefature

differential Between the ends of the'-‘conductor° Now if the sum is

lOMc.Adams,_bc 11
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taken of all these incremental areas along the length of the conductor s

there will result
yh T
j %A;QJ =\ ~kadT
O Tn
§4= —ka (T,-T,) (e

Ko
% = T(TH“TQ>

The total heat flow in the generator will be equal to the product of
the total number of junctions in the generator and the heat flow from
one junction. Since each junction consists of two materials, equation

1ha may be modified to yield

q = (Jiz,\/‘.t“-%u %“1\2“; H> NAT (1lb)

where

N = the total number of junctions in the generator

If the same operating conditions and desired output are chosen as in

the first example, namely,ll

Te = 100°C N = 10k p' = L6.5 pohm-cm

AT = 600°C AR jfﬁ p" = 49.0 pohm-cn
S = 1 wl = w' k' = L4578 wa’_cts‘per cm-CC
q = 1500 watts t? o= 1 k' =

181 watts per cm-0C

1lTnternational Critical Tables, (New York, 1929) Vol. 6, p. 21lL.
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and the appropriate values are substituted into equation 1llhb, there

will result

1500 = %n(ocosoa) (01578 + 0,481) (1ok) (600)

[}

and

W

48

0.504 L (15)
and it is evident that equation 15 compares very favorably with
equation 13.

The two dimensions of the generator that have thus far been
neglected are ﬁhe inside and outside diameters of the generator,
However, these dimensions are relatively simple to determine and may
on occasion assist in the cholce of the thickness of the materials to
be used. Considering first the inside diameter, Dig the geometry of a
radial thermalelectric generator indicates that the circunference of

the inside diameter will be

Circumference of Ds = My D = N(t‘ + t;)
Therefore
N
D = N | W
1z o= <t+t +~t5\) (16)
where

ty = the thickness of the insulating material in cm.
If the area ratio is introduced and w' o w', then t* = {47 and

equation 16 may be rewritten as

D = %&t“(w Q) + tg] | (162)

Also from the geometry of the generator the ouside diameter Dys may be

written as

Do = Dy + 2 (L+dy) - (17)
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where

,Z;: the length of the materials in cm.

A@;: the length of the cooling fins in cm.
In the construction of the experimental generator, the iron sheets were
allowed to extend 1 inch beyond the length of the constantan sheets to
act as cooling fins for the cold junctions. The 1 inch length of the
cooling fins was considered sufficient to maintain a cold junction
temperature of 100°C when the generator was operated at a temperature
differential of 600°C, In the actual operation of the generator the
average cold junction temperature never exceeded 70°C and no single
cold junction temperature ever exceeded 73°¢C,

In the construction of the radial generator, the iron and con-
stantan sheets were joined at both the hot and cold junctions by a
resistance welding process. The sheets thus joined were shaped'inﬁé‘a
cirele which had an inside diameter, D;, of 2 inches‘éha“outside
diaﬂetég DO, of 16 inches, Sheets of paper asbestos were used as
insulating material between the hot junctions and a coﬁmercial re-
fractory material, "Kast-o-lite", was used as insulating material along
the lengths of the metals and at the cold junctions., Two 1k inch disks
gach 3 inches in thickness were molded of a different commercial re-
fractory material, HAlfrax! No. 58, and placed on the top and bottom of
the generator to limit latéral heat losses during the operation of the
generator, Experimental results indicated this insulation was in-
sufficient suggesting that the thickness of the disks should have been
substantiallyrincreased in order to keep the lateral heat losses at a
min;mum and therefore improve the experimental results of the generator,

As a source of input power, an electrical heating element consisting
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2k
of 36 inches of B&S 22, nickel chromium, 3/16 inch coiled wire.was
wound around a ceramic cylinder 3 inches long and 1 1/2 inches in
diameter. With a‘heating element of this type, a maximum sustained
input power of 1735 watts was obtained before excessive‘surface‘temperam
ture of the coiled wire caused failure. Ironmconsténtan me#suring
thermocouples were attached at 3 positioné'around the circumference of
the inside diameter to measure the hot junction temperatureé and at L
positions around the outside diﬁmeter ﬁo measure the cold junctien

temperatures during the operation of the generator.



CHAPTER IV
TESTING AND EVALUATION

During the development of any device, the testing and evaluation
of experimental results constitutes an important phase of the engineering
science. It is the testing and evaluation of a new device that cul-
minates all previous endeavor, In the case of the radial generator, no
unﬁsual problems were encountered in testing and evaluation, and a
satisfactory program of experimental results was obtained. By using an
electrical heating element as a source of input power and a slide wire
rhebstat as an electrical load, a convenient means of measuring both the
input and output power was afforded. A schematic diagram of the test
arrangement is illustrated by Figure 7. In the operation of the gene-
rator, the input current I;s input voltage Vs, output current I, and
output voltage V, were measured and recorded as were the temperatures
of both the hot junctions T, and cold junctions “T,., In addition, a
four-blade 18 inch fan, driven by a 1/8 horsepower electfiq motor,
furnished a flow of room temperétﬁre air across the cooling fins‘of the
generator, The power necessary to drive this cooling devicg was not
included as part of the input power of the generator. This cooling
arrangement is illustrated by ElateIII.During the test operations,
thergenerator was allowed to operate at each particular magnitude of
input power for a period of 2 hours or more in order for the tempera-
tures throughout the generator to stabilize. Hot and cold junction

temperature readings were taken and recorded immediately before and

25
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Figure 7. Schematic diagram of the test arrangement.

after the input and ouiput currents and voltages were measured and

recorded, This procedure proved to be quite adeguate in that only

slight variations were noted between the initial and final junction
temperature readings,

After the testing of the generator was completed, calculations of
the theoretical maximum effieciency at each test operating condition
%ere made, These results are compared with the measured efficiency of
the generator in Figure 8., It is apparent from Figure 8 that as the
operating temperatures increased, the lateral heat losses which are
ngi taken into account in the theoretical calcul;£ions, increased pro=

portionally resulting in a more significant difference between the
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measured and calculated efficiency of the generator, -Figure 9 depicts
the measured output voltage, current and power of the generator as a
function of load resistance., At méximum power output, the resistance of
the generator was determined to be 0.L0 ohms which compared most favor=
ably with the calculated resistance 6f 0,388 ohms, Both the calculated
and measured values of the input power, outpult power, current and vol-
tage, resistance of the generator, efficiency, temperature differential
and cold junction temperature, are listed in Table I, Table II compares
the general performance of the radial génerator with the performance of

previously constructed wire generatorsul2

, lgPéﬁl,Aa McCollum, "Unconventional Electrical Power Sources,"
Wright Air Development Center Technical Report 54-L09, Part II,
(Oklahoma State University, September, 1955) p.20,
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TABLE I
COMPARISION OF CALCULATED AND MEASURED RESULTS

MEASURED CALCULATED

Temperature differential,AT, °C 689,2 600
‘Cold junction temperature, T, °c 68,k 100
Output voltage, Vg, volts 1,38 1.75
Output current, I, amperes 3.7 4.5
‘Resistance of the generator, Rg, ohms 0,40 0,388
Power output, P_, watts 5,11 7.89
Power input, P;, watts 1735 1500
Efficiency, Emax’ percent 0.294 0,526
TABLE II

COMPARISION OF PERFORMANCE CHARACTERISTICS
OF RADIAL AND WIRE GENERATCRS
RADIAL GENERATOR WIRE GENERATCR
Volume per kilowatt, cubic feet/kilowatt 672 100,2

Weight per kilowatt, pounds/kilowatt 9,390 11,03k



CHAPTER V»k
DEVELOPMENT OF DESIGN CHARTS

Several attempts have been made in previous studies to develop a
series of charts and outline a procedure Whereby the diﬁensibns, charac-
teristics of materials, and performance of a proposed thermalelectric
generétor could be conveniently specified. However, these attembts have
been incomplete and failed to indicate many of the variable factors in—
volved? Most noticeably absent from these studies is the area ratio
which apparently influences to é great extent the performance of the
ggnerator. As illustra?ed by the designﬁprocedures degcribed in
Chapter IIf, the existene; of charfs such as shéwn in Figures 2, 3, L, 5,
and 6 can greatly reduce the labor involved in the desigh of a radial
thermalelectric generator by indicating those conditioﬁs whiCh'will \
yleld Bhe most attractive results. However, the charts 1llustrated by
Figures 2, 3, L, 5, and 6 are partlcular to only a radial generator
constructeq of iron and constantan and are therefore of nq_value‘in a
gene;al §en§é° It would be impracﬁiqal if ndt‘impossible.to‘eqnstrqét
‘charts'of this nature for evéryrpOSSible combinatibn of‘materials and
operating conditions which might bé encountered ﬁow and in the fﬁture,
Therefore there arises the need for charts of a,mbre.géneral nature,
and applicable to a range of operating temperatures most likely to be’

encountered.
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As stated in Chapter IT, thé general theoretical maximum efficiency

of any thermalelectric generator may be expressed as
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If only a radial generator is considered, then £' =/%" and %;ng a

and the terms containing the electrical resistance and thermal con-

ductance of the generator may be expressed as

)

all

G

C = PS+#
___ s

(a_.-a-

where

If parameters "CH

result will be

20D

2{1 *

Jy u) <€g+€‘“> -o-/h") CD

(18)
- (19)

and "D" are substituted in the general equation the

cCD

& T,

R

ax

1+

2
e Th

I+

2, =
e T,

CD

—t

This equation may be further simplified by specifing a parameter "B" ag
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With the parameters "B", "C", and "D" thus developed, charts were

constructed that graphically express their relationship to each other.,
Data for these charts was obtained with the aid of an IBM 650 Digital
Computer and the FLOFS Interpretive System of programming, The data
shown in Figure 10 expresses the parameter "B" as a functioﬁ of the
thermalelectric pgwer of each junction and the product of the WG and "Dt
parameters, The charts depicted by Figures 11, 12, 13, 1k, 15, 16,
and 17 represent the theoretical maximum efficiency of a radial thefmalm
electric generator as a function of the parameter "BY, temperature
differeﬁﬁial and the cold junction temperature, It shbuld'be under-
stood thgt these, charts may be used for any combination of materials
for which there is availablé the electrical and thermal characteristics
of the méterialsi In addition, the charts are independeﬁt of the
phygical dimensions of the generaﬁor dand may be used in reverse order,
For example, at & particular efficiency and operafing temperatures the
pargmeter ﬂB“ ma§ be determined which in turn will specify the charac-
teristics of the materials necessary to réalize these conditions. Con-
versely, for any combination of materials the parameter "BY may be
determined and may then be used to find the efficiency at the parti-

cular operating conditions,
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In practice, these charts should be used to aid in making an in-
telligent choice of materials. After the materials have been chosen, a
series of charts similar to those of Figures 2, 3, L, 5, and 6 could be
qonstructed to show in greater detail.the influence of the érea fatio
aﬁqbthe dperating temperatures on the theoretical maximum efficiency of
the generator. The use of manual computation in this regard might prove
to be prchibitive, however, with the increased popularity and avail-
ability of electronic digital computing devices, this problem is not
considered to be serious., With a satisfactory choice of materials,
area ratio, and operating temperatures, a procedure similar to either
of the methods described in Chapter IIT may be used to determine the

physical dimensions of the generator,



CHAPTER VI
SUMMARY AND CONCLUSIONS

The applicationsg in which a thermalelectric generator might be used
in the future are of course open to much speculation. With technology
advancing iﬁ ever increasing strides, it sometimes seems that the im-
possible of today is but a commonplace fact of tomorrow, If there was
available an efficient thermalelectric generator comparable in size and
output to an automobile storage batiery, and operated by waste heat from
possibly a nuclear reactor, its applications would indeed be widespread.
Although éuch a device is not now available, its development aﬁd ulti-
mate existence should be recogrnized as within the realm of possibility.
Nevertheless, the thermalelectric generator as we know it today, as a
bulky mass with low efficiency and low power output, still has several
possible applications.

One, seemingly apparent application, is in highlaltitude aircraft
and\ballistic missiles. The radial thermalelectric éenérator might use
the exhaust gases as>a source of heat and supply electrical power for
cormunications equipment, guidance system and fire control apparé’ous°
Because of the low power output and large w&ight and volume of the
generatdr, the devices utilizing the power of the generator should be
designed around semiconductor devices which are characterized by small
power requirements and small weight and volume as compared to similar
circuits employing vacuum ﬁﬁbesa It is probable that the savings in

volume and weight made possible with circuibs utilizing semiconductors

Ly
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would partially at least,; offset the additicnal weight and volume re-
quired for the thermalelectric generator. Another important appli-
cation of the thermalelectric generator involves solar energy as a
gource of heat. A home,13 located 30 miles from Tucson, Arizona, is
equipped with a solar-heat collector which furnishes air heating for the
home during cold weather. This is accomplished by collecting and con-
centrating heat energy from the sun on a rockpile located several feet
underground. If this heat-storage rockpile were surrounded by a radial
type thermalelectric generator, electric power for lighting and appli-
ances would be furnished in addition to home heating., Such an arrange-
ment would use the heat-storage rockpile as the hot junctions and the
earth as the cold junctions, Since the entire system would be a perma-
nent installation located underground, the size of the thermalelectric
generator would be of little consequence, and its low efficiency would
cause no problem due to the abundance of éolar energy.

The objective of this thesis has been to present a discussion of
the development of a thermalelectric generator of varied design, and
also to predict the performance of this generator under typical opera-
ting éonditionso The problem of efficiency has been given serious
consideration, and charts depicting the influence of various parameters
such as area ratio and operating temperatures on the efficiency of the
generator have been presentedo Although some of the charts presented in
this thesis apply only to a combination of iron and constantan, the

equations used to calculate data for these charts are general in nature.

‘ 13Raymond W. Bliss, Jr., "Solar House Heating, A Panel," Proceedings
World Symposium on Applied Solar Energy, Phoenix, Arizona, November, 1955
pp. 1b1-158.,
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With these equations it is possible to évaluaté the merits of any com-
bination of thermocouple metalé and establish their relative worth when
used in a radial type generator. In addition, it is also poésible to
predict the characteristics of a combination of materials that will
yield the maximum efficiency and output for a given set of operating
conditicns, These charts are presented in Chapter V and apply tb all
combinations of materials, From these charts it is evident that cer=
tain characteristics of materials will yield efficiencies that far
exceed thé efficiencies encountered with the experimental generator
constructed and tested.

Several photographs have been included to illustrate the relative
size and shape of the radial generator design as well as the scheme for
cooling the cold junctions and furnishing heat for the hot junctions,
Thevparticular method of supplying heat to the experimental generator
described in this paper involved an electrical heating element which
resqlted in some»limitations in the operating temperatures attainable,
Due to high surface temperatures on the windings of the heating element
during the operation of the generator, the ceramic core on which the
element was wound fractured, causing the element to become short-
circuited, The highest average hot junction temperature obtained using
the elsctric heating element was 757°C. This yielded an average tem~
peraturerdifferential of 690°C, The theoretical efficiency equation
indicates that the efficiency increases as the temperature differential |
increases, therefore more detailed information about the operation of
the radial thermslelectric generator at temperatures in excess of 1000°C

is most desirable.
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Subsequent testing of the experimental generator indicated that
excessive lateral heat losses through the refractory disks caused the
calculated and measured efficiencies to differ considerably. Since the
efficiency of the generator derived from an empirical formula does not
take into account any heat losses, it is apparent that all efficiency
predictions are, in general, ideal efficiencies, and discrepancies
between measured and calculated results should be expected, However,
with adegquate heat insulation losses through the fefractory of the
generator could be substantially decreased and therefore increase the

operating efficiency of the generator,
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