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PREFACE

The thermopile is often neglected as a possible source of
electrical power because of its excessive size and weight, and
its low power output and efficiency. It is the object of this
investigation to determine what factors affect the power output,
efficiency, size and weight of a thermopile, and to recommend a
design that will provide the greatest efficiency and power output
with a minimum size and weight.

This thesis represents a part of the research program for
the Wright Air Development Center, ﬁnited States Air Force, in
‘connection with its investigation of un@onVentional power supplies.
My deepest appreciation and gra@itude is due Professor Paul A.
McCollum, my thesis advisor and competent leader of the project
mentioned above, for his excellent advice and conscientious guid-
ance., I am deeply indebted also to Professor C. F. Cameron whose
cooperation made this thesis possible. Thanks is extended to
K. C. Wehr, Doyle Erazier, and George Ingram for their'aidfin
comstructing and besting'the'experiﬁental tl}ermopileo I also
wish to express my gratitude to Mrs. Mildred J. Avery for her
conscientious, efficient; and capable servicé in typing this

thesis.
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CHAPTER I
INTRODUCTION

For many years scientists have experimented with the thermo-
electric effect as a direct method of converting thermal energy to
electrical energy. This method has several advantages that make it
worth considering as a source of power. It contains no moving parts,
requires no maintenance, and is noiseless. Conversely, it has several
disadvantages which seriously limit its use. This methcd of power
generation is very inefficient, has’a low power output per pound
of weight, and a low power output per cubic foot of volume.

The maximum efficiency that may be obtained from a thermopile
may be theoretically calculated from the characteristics of the
thermocouple materials. This theoretical maximum efficiency can be
improved only by metallurgical research. The resultant efficiency of
a practical thermopile, however, seldom approaches the maximum effi-
ciency calculated from the characteristics of its thermocouple mate-
rials. A thorough analysis of previous work on thermopiles led this
author to believe that much could be done to improve the efficiency
and reduce the size and weight of the practical thermopile. The
text of this thesis is concerned with the design of the seemingly most
efficient, smallest, and lightest thermopile possible using existing
thermocouple materials. Many important factors are brought ocut in

developing this optimum design which are not usually considered in



thermopile design. The limitation and merit of this optimum thermo-

pile are discussed in the summary and conclusions.



CHAPTER 11
DESIGN CONSIDERATIONS

It is a well known fact that the efficiencies of practical
thermopiles seldom approach their theoretically calculated maximum
efficiencies. Some efficiency is lost through the effects of stray
heat losses. The extremely low efficiency observed by T. N. Ewing (1)
while testing a copper-copnic thermopile led this author to believe
that other factors were involved. The reason for the low efficiency
of this copper-copnic thermopile is rather obvious when the character-
istics of copper and copnic are compared. Copper has a thermal con-
ductivity of about 10 times that of copnic and a resistivity of about
1/10 the resistivity of copnic. Since the thermocouple elements of
this particular thermopile were made of equal lengths and diameters
of copper and copnic wire, the copper elements were conducting about
10 times more heat away from the hot Jjunctions than the copnic ele-
ments, while the copper elements accounted for only 1/10 of the
tetal thermopile resistance., If copper elements of smaller cross-
section were used, the heat input to the thermopile would bs
greatly reduced without appreciably increasing the internal resistance
of the thermopile. Although the power output would be reduced slight-
ly, the input power would be greatly lowered. The result would be a
considerable improvement in thermopile efficiency. While increasing

the efficiency, this modification would also reduce the weight of the



thermopile. Therefore, the key to raising the actuai thermopile
efficiency to the theoretical ﬁaximum appears to rest lafgely in
the proper determination of form factors of‘thermocouple"elements°
Aside from increasing the efficiency, it is believed that
proper design will also reduce the excessive size and weigﬁt asso-
ciated with the thermopile. Many previously cdnstructed thermopiles
have contained a considérable volume of ceramic materials necessary
for thermal insulation and mechanical support of the thermocouple
elements. A large reduction of weight:and volume could be obtained
by making the thermocouple elements occupy more of the thermopile
volume. After a detailed study of all possible configurations and
arrangements of thermocouple elements, a design composed of metal
sheets with concentric junctiohs seemed to be the best approach
to the problem. The concentric thermopile consists of circular sheets
of alternate thermocouple materials separated by tgin circular sheets
of insulating material. These shesets are joined alternately at the

outside and inside circumferences as shown in Figure 1. Heat is pro-

Material b Cold ) A
/ Junctions §
Materisl a7 /\\ —1

Hot

i ) ;E Junctions i

Side view of cross seetion Af
through AA® Top View

Fig; 1. The Geometry of the Concentric Junction Thermopile.



vided to the hot junctions on the inside of the thermopile while the
cold junctions on the outside dissipate heat to the surrounding air.,
The circular sheet arrangement forms heating and cooling fins to aid
in absorbing and dissipating heat at the hot and cold junctions
respectively. This design is ideal in that it requires an absolute
minimum of insulatikg ﬁéterialo The concentric junction thermocouple
configuration is assumed in all the calculations of the following

chapters.



CHAPTER III
DESIGN FOR MAXIMUM EFFICIENCY

The efficiency of any device is defined as the ratio of power
output to power input. TFor extremely inefficient devices, such as the
thermopile, it can be shown that maximum efficiency conditions always
occur at the point of maximum power output, according to M. Telks. (2).
The maximum power output of any elecirical device, and therefore the
maximum efficiency of a thermopile generator, occurs when the external
resistance Ry is eqﬁal to the internal resistance of the thermopile R.
When operating at maximum efficiency, the current flowing in the

thermopile circuit is:

E _ _E
= == = == 1
1= %7k, = 2n (1)
where I is expressed in amperes

E is the total internally generated emf of the thermo-
pile in volts
R and R, are expressed in ohms.

The maximum usable power output of a thermopile is therefore:

| ER, p2
Py = IR, = «—2 £ (2)
ZB,RA 4R
where Pp is expressed in watis.

The total power input to a thermopile is dissipated by heat flow
through the thermocouple elements, stray heat losses, and the thermal

power required for the total electrical power generated by the pile



which is Pt z 2P;. According to the second law of thermodynamics, the

thermal power required to generate 2P electrical power is: (2)

2PoTh » 2PpTh (3)
Tp-Te At
where Th is the hot junction temperature in degrees Kelvin

T, is the cold junction temperature in degrees Kelvin

At is the temperature difference in either degrees
Centigrade or degrses Kelvin,

If it is assumed that the heat transferred through the thermocouple
elements greatly exceeds the stray heat losses, the total power in-

put to the thermopile is:

2P_T
h v
Py = —2== (4)
whers Q is the heat flow through the thermocouple elements
in watts.

By dividing Equation (2) by Equation (4), the efficiency is ecélculated

ass

P
eff, = o0 = ok (5)
P, 2Tp /# 4QR
VAN T

For further analysis of the efficienéy equation, the terms Q, R,
and E must be calculated in terms of the dimensions and chafacteristics
of the thermocouple elements.
Since the thermocouple elements of the concentric thermopile
are connected in series, the total emf may be expressed by:

E = neAt

==



where n is the number of thermocouple elements
e is the average thermopower of a thermocouple element
in volts/degree Centigrade.
The calculation of R and Q in terms of the thermocouple dimensions

requires special consideration because of the unusual shape of the

thermocouple elements. The following calculations refer to Figure 2.

material afﬁAig:::
e —— = Bp

=

—material b

Figure 2, A Concentric Junction Thermocouple Element.

The incremental resistance of material Ya! at any distance r is:

dar dr
dRg = Pa’ | Pa (7)
Ag hg(2 ir)
where R is the resistance of material "a' in ohms

p is the resistivity of material "a" in ohm-meters
Ag = 2wr hg is the-area of material "a" perpendi-

-.cular toc the direction of current flow
hg and T are thickness and radius of material "a"
expressed in meters.

If pg is assumed to be a constant which is calculated at an arithmetic
mean temperature, the total resistance of material "a' may be found

easily by integrating Equation (7). The result is:
Do/2 ‘ '
R pPgdr Py
8 = =
& % 2mhgr © 20n,

Dy/2 -

in Dy/Dj | (8)



If the same procedure is applied to material "b", the total thermopile

resistance is:

R = n(Ra / Ro) = 5-(pa/ha # po/hp) 1n Do/Di  (9)

The heat flow through the thermopile elements may be calculated
easily by Fourler's conduction law. This law for gteady state heat

transfer may be expressed as: (3)

KAL
q n’)fQE
A
where q is the heat flow in watls
K is an average value of thsrmal conductivity based
on an arithmetic-mean temperature in watts/meter-deg C

A = 27tr h is the area perpendicular to heat flow in
square meters

r 1s the distance of heat flow in meters.
Applying Equation (10) to material "a%, the heat flow through this

material is:s

G = Ky Ot 27ThaKa At
Dy/2 In Do/D3

/czd__x:..:
Di/2 / 2nrhy,

(11)

If the same procedure is repeated for material p¥, the total heat

flow through the thermocouple elemerts of the thermopile iss

Q= nlaa # av) = 577 75, (hakef Hokp) (12)

If the calculated expressions for E, R, and Q are substituted in

Equation (5), the general equation for the efficiency of a concentric
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junction thermopile is:

eff = (13)

Notice that the resultant efficiency equation contains only the metal
thickness hy, and hy and is independent of the overall dimensions D,
Dy and n. The equation may be arranged so that it contains only one

variable hg/hy. This equation is:

2Th  4(Kapa/*pPo#Kbpa (hb/ha ) Kapblha/hp)
At afA L

Since the thickness ratio hg/hy may be varied easily in thermepile
construction; it is desirable to determine the value of this ratio
for maximum efficiency. The maximm efficiency may be determined
by differentiating Equation (14) and equating the results to zero.
2
d(eﬁ@) = = Kppalha/hp)” # Kapp = O
d{ha/hp)
e (15)
hwﬁbg\/;gﬁ
N
Equation (15) shows that an optimum thickness ratio certainly
exists and its valus may be calculated from a knowledge of the thermal
and electrical characteristics of the materiels. If this coptimum
thickness ratio is substituted in the efficiency expression, the

maximum possible efficiency is:
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1 -
£f oy = - 16
effpax 2Ty # 4(Xqpa fkppp # 2 VEgbpKppa) (16)

At @A

To determine the degree of importance of the optimum thickness
ratio, a plo£ of Equation (14) was made. This graph, Figure 3,
illustrates the variation of efficiency with thickness ratio for
both iron=copﬁic and copper-copnic thermopiles. These curves were

plotted for the specific case of Tp = 400 C and Tp = O C using data

from the International Critical Tables. (4)0 These curves are of

no value if either of these temperatures are changed. This graph
Clearly illustrates the cause of the inefficient copper-copnic
thermopile referred to in the previous chapter. This thermopile was
constructed with an area ratio of 1, which, of course, corresponds tec
a thickness ratio of 1 on Figure 3. If this thermopile had been con-
structed with an area ratio of 13.7/1, its theoretical efficien@y
could have been increased from about 0.13 to about 0.5, This in-
crease in efficiency would be accompanied by a considerable decreasse

in weight and volume of the thermopils.
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CHAPTER IV
THE RELATIONS BEIWEEN POWER OUTPUT, WEIGHT, AND VOLUME

In the previous chapter it was shown that the efficiency of a
concentric juncﬁion thermopile ﬁas independent of all thermopile
dimensions except the thickness ratio of the metals forming its
thermocouplelelem%‘entso If the optimum thickness ratio is used in
designing a thermopile, the power output, weight, and volume of
the thermopile are determined by all other dimensions. These
dimensions are insulation thickness, outside diameter, inside
diameter, length, and the thickness of one thermocoupls material.
For optimum thermopile design, the effects of these dimensions must
be known.

The power output and weight of the concentric thermopile of a
particular size will be greatly affected by the thickness of the
insulation between the thermocouple materials. The effects of in-
sulation thickness on power output mey be found by Equation (2).
This equation when combined with Equation (6) states that the usable
power output of a thermopile ig:

2.2 2 .
n“e~ At (17
S )

POE

If hi is defined as the insulation thickness, and H as the total thermo-
pile length, the number of thermocouple elements in the thermopile will

be:

13



H
n = (18)
2hs £ hg # hy

Instead of using hi as an independent variable, an insulation factor

defined as:
a = hi/hp L (19)

is substituted in Equation (17) along with Equations (18) and
(9). The power output in terms of the insulation factor and therme-

pile dimensions is:

rrHe? A 12

Fo = 3935 /h1 [(26/1) (po#Paltt,/a ) parPoha/b] (20)

Note that the units to be used with H depend only upon the units of
resistivity. To develop an expression which is independent of all
thermopile dimensions except the insulation factor, a power ocutput

factor is defined as:
/

| 242
_ B e~ AL
Fp = 1/H 1n Do/B; = 2[2aTpu/ohp/Be) 1 2/ b ) P 1700/ Py By

(21)

A plot of Equation (21) showing the variation in power output factor
with the insulation factor for both iron-copnic and copper=cqpﬁic
thermopiles is shown in Figure 4. These curves were plotted for the
same specific set of operatiné conditions as Figure 3.

Figure 4 may be used to calculate the pcwer output of a particular

thermopile as follows. The insulation factor of the thermopile is first
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calculated by Equation (19). Theipower output factor corresponding
to this insulation factor is then read from the appropriate curve on
Figure 4. The power output may be calculated from the power output
factor by Equation (21). These curves may be used to calculate the
power output of a thermopile of any size as long as it is operating
at the specified temperatures. New curves must be plotted for other
operating conditions.

The total weight of a concentric thermopile may alsc be expressed
as a function of the insulation factor. The total thermopile weight \

ise
Wz Wy AWy £ Wy ‘ (22)

where W, is the weight of material "a" with a density
' dg 1b/cu meter ‘

Wy is the weight of material "b" with a denmsity
dp 1b/cu meter

Ws; is the weight of the insulating material with
a density ds 1b/cu meter.

Since the weights of the individual materials are

Wa = dg TX/4(D3-D%)hyn
2 2

Wb = dbﬂ’/l!r(DoaDi)hbn
2 2

Wi = dgT0/4(Dg=D1)hs2n

they may be substituted in Equation (22) along with Equations (18)

and (19) to find the total thermopile weight. This is:

V. TH(D;-D}) [67(d 208, i /B, -
4[14(1f2a) (hp/ha)] |

Note that the units to'be used with the thermopile dimensions depends

only upon the units of density.
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To develop an equation which is independent of the thermopile dimen-

sions, a weight factor is defined as:

Fy s o ¥ = 7/4 Yafdp(bp/he)#2ad;)hy/hy) (24)
! H(pgen§) 1/hy/hy # 2alhyp/hy)

The weight factor as a function of insulation factor for iron=cppnic
and copper=copnic thermopiles is plotted as Figure 5. The procedure
for using these curves to determine the weight of a particular thermo-
pile is similar to that used with Figure 4.

Two relatively important factors concsrning thermopils design
are brought out by Figures 4 and 5. First, for thermopiles oceupy-
ing the same volume, a considerably larger power cutput may be ob-
‘tained by using copper-copniec therm@p@upl@ elements instead of iron-
copnic elements. Alseffrom Figure 5, it is seen that the higher out-
put copper-copnic thermopile actually weighs less than an iron-
copnic thermopile of the same volume if the insulation factor is
greater than .14.

For additional information, the effects of the diameter ratio
Do/Di on power output and weight was determined as follows. If
Equations (21) and (24) are solved for P, and W respectively, these
expreséions are

F H

Py = (25)
© = 1n D /D;

and W = F H(D3-D%) (26)

il
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The power-weight ratio is found by dividing Equation (25) by Equation (26).

F
Py p

W = Fulin D,/D;1D5[(D,/Dy)2-1] (27)

If Dy is considered to be the only independent variable, a power-weight

factor may be defined as:

Fpw = a;FW D% = A — (28)
p 1n Do/Di[FDo) ml]

Dy

This power-weight factor is plotted as a function of Do/Di in
Figure 6. This curve may be used to determine the poweruwéight ratio
of any thermopile as follows. The insulation factor is first calculated
by Equation (19). The values of Fp and F,, are then read from Figufés
4 and 5 corresponding to this insulation factor. The power-weight !

factor is read from Figure 6 corresponding to the value of Do/Di for
the thermopile. The magnitude of Pp/W is then determined by Equation (28).

Figure 6 shows that the power-weight ratio becomes very 1arg@ and
approaches infinity as the outside diameter approaches ths inside dia-
meter. From this it would seem that a thermopile could be made very
light with a sizable power output. This would be true if not for the
difficulties encountered in heat transfer. The problem of heat trans-

fer is taken up in the following pages.
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A, Heat Trahs%er Analysis

The efficiency ﬁquation (13), states that the efficiency of a
thermopile is-directiy proportional to the temperature differential
established between the hot and cold junctions. By rearﬂgpging

Equation (12), this temperature differential may be expressed as:

. .9.1n Do/Dj (29)
Ats 27cn{hgKg#hpKp )

This equation shows that a reduction in the outside diameter of the
thermopile, Do, which is required for a higher power output per
pound, will cause a reduction in temperature differential, and therse-
fore efficiency, if all other factors remain constant. If the samse
efficiency or temperature differential is to be maintained, a re-
duction in D, must be accompanied by an increase in heat flow Q.
Therefore, the maximum power output per pound that may be obtained
from a thermopile, which is operating at a fixed temperature differen-
tial, depends on the magnitude of heat flow that can be maintained
between the hot and cold junctions of the thermopile. This heat
flow, in turn, depends on the ability of the hot junctions to absorb
heat and the cold junctions to dissipate heat. If eiﬁher'the hot or
cold junctions of a thermopile are not capable of performing the re-
quired heat transfer necessary to maintain the reguired efficiency,
"the thermopile will be forced to operate at a smaller temperature
differential or efficiency. . Since the heat transfer characteristics
affect power output, weight, and efficiency, they are one of the.most

important factors in thermopile design.
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Because of the many empirical constants involved, heat transfer
calcﬁlations must be conﬁined to one specific case whers all configu-
rations and dimensions a;e known, Heat transfer calculations may be
used in many different ways for thermopile design depending upon the
factors that are initially known. In many cases, trial and error type
solutions must be used. In the author'’s case it was most convenient
to design the thermopile so fhat it could be constructed sasily with
available materials and then to determine the heating and cooling
system requirements by heat transfer anal&siso

Because of the availability of 6 inch x .02 inch constantan
sheets, the outside diameter of the thermopile was chosen as 6 inches.
Anticipating a difficulty in maintaining preper heat transfer, Do/Dy

‘was made as large as possible by makinthhe inside diameter as small
as possible. Since a 3/4 inch diameter globar heating element was to
be used, the smallest pogsible inside diameter was chosen as 1 inch.
The experimental thermopile was constructed of iron and constantan
shests with a thickness ratio of 1. Figure 3 shows that thig thick-
‘ness ratlio is near the optimum for these materials.

In order to maintain an acceptable efficiency, the first require-
ment is that the heat flow through the thermocouple elements be suffi-
cient to develop the required temperature differential. The relation
between heat flow and femperature differential is given by Equation (12).
If the thermopile dimensions are substituted into this equation with

proper units, the heat transfer per thermocouple element is:

Q/neqs 178(KafKp) (t3=1) (30}
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Because of the variation of thermal conductivity with temperature,

this equation is very difficult to interpret directly. A graphical
interpretation pf this equation which illustrates the variation of heat
flow per junction with outside temperature for several successive values
of inside temperature is shown in Figure 7. The use of Figure 7 to
determine temperature differentials will be presented later.

The entire heat flow through a thermocouple element must be
dissipated to the surrounding air at the cold junction. The quantity
of heat that the cold junction can dissipate depends on the cold
junction temperature of the thermopile, the temperature of the sur-
rounding air, and the condition of the surrounding air. The heat flow
from a cylindrical body by natural convection into still air is given

by the Mark's Mechanical Engineering Handbook as: (5)

q = (hg # hy) AAT (31)

where q is the heat transfer in Btu/hr
A ig the area of heat transfer surface in sq £t
hefhy is the combined convection and radiation heat
transfer coefficient in Btu per hr sq ft. per deg F
At is the temperature differential between the surface
and the surrounding air in deg F.

This equation may be modified by simple dimensional analysis to use

more convenilent units to give:
= 5.69 x 10 %(hofhr)A(to-ta) (32)

where ' q is the heat transfer in watts
%h are in same units as in Equation (31) for use
of M. E. handbook values
A is expressed in sg. cm.
to is the outside or cold junction temperature of
the thermppile in deg. C
ty is’ the temperature of the surrounding air in deg. C
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For one thermocouple elemenﬁ the area of the heat transfer surface
is.the exposed outer surface area which, referring to Figure 1, is
Ay = TDy(hgthy). Substituting#the thermocouple dimensions into

Equation (32) the heat transfer per junction may be expressed as:
q = 27.7 x 107%(he # hy)(to - ta) (33)

If the temperature of the surrounding air, t,, is assumed constant,

this equation expresses the heat flow in terms of outside temperature

of the thermopile. Since these are the same variables used in plotting
Equation (30) this equation may also be plotted on Figure 7. If

the thermopile is operating in still éir, the operating point of the
thermopile must lie on this cooling curve. Since the operating point
must also lie on the appropriate ti curve, the intersection of this

cur&e with the cooling curve must give the operating point of the thermo-
pile. For example, if the inside temperature is 900°C, the intersection

of this ti = 900° curve with the cooling curve shows that 34 watts of

heat will be flowing through each thermocouple element and the outside
temﬁerature will be 740°C. The thermopile would then be operating at
a temperature differential of 900-740 = 160°C, This is a very small
temperature differential and would cause very inefficient thermopile
operation. A slightly larger temperature differential could be ob=-

. tained by using an inside temperature of 1000°C but this would not be
practical because this temperature is close to the melting point of
the copnic. It is obvious that the only way of getting a larger
temperature differential is to prdvide a better ; ooling system to re-

move the heat from the cold junctions.
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A considerable improvement in heat transfer may be obtained by
forcing air past the cold junctions. According to McAdams (3), page
237, the convection heat transfer coefficient for air moving along a
flat surface with velocities varying from 16 to 100 fps may be ex-

pressed ass

hy = .53V 7 (34)
where he is in Btu per hn sq ft, per deg F

V is the air velocity in ft/sec.
The heat. removed from the cold juﬁctions by convection may be calcu-
lated easily from the basic equation for convection heat transfer.
This equation is identical to Equation (31) except that the approxi-
mate radiation coefficient h, is left out. By the same process used
to develop Equation (33)9 the equation for forced convection heat
transfer is:

Qe = 27.7 x 107%(he) (to=ty). = 14.7x1074V°78(¢ ~t,) (35)

In addition to the convection heat transfer calculated by Equation (35)
a significant quantity of heat is removed from the cold junctions'by
radiation. From McAdams (3), page 54, the heat transfer between con-

centric cylinders is given as:

(36)

Qr :ﬂ 172 A{_(To/loo)z""(TS/lOO%ia 1/p /A /‘% (l/p ."éi)
7 . ol ol g 5=

where gr is the heat transfer by radiation in Btu/hr
: , To is the cold junction temperature in deg. F abs.
Tg is the temperature of the air duct surrounding the
thermopiie in deg F abs.
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P, is the emissivity of the cold junction surface

Py is the emissivity of the air duct absorbing surface

A~ is the area of heat emitting surface of the cold

junction in ft4

Ag is the corresponding heat absorbing surface of the
air duct in fi<.

If heat transfer is assumed to be radially outward from the cold

junction surfaces, the area Ay has the same value as that used in

Equation (32) and the absorbing surface area will be:
Ay = TTDS(ha%hb)

vwhere Dy is the diameter of the air duct in feet,
hy and hp must also be in feet.

If the thermopile dimensions and the proper emissivity coefficients
from McAdams (3), page 46, are substituted into Equation (36), this

equation becomes:

ar = 177 X 1o=3[(TO/100)4E(IS/100)4} (37)

where - g is in watis
Ty and Tg are in deg F abs.

The total heat dissipeted from the cold junctions consists of the

sum of the radiation and convection cmmponentso If the cooling air
temperature, cocling air velocity, and cooling duct Surface tempera~
ture are constant, the total heat transfer may be calculated from |
Equations (35) and (37) for successive values of cold junction
temperature. This relationship is plotted in Figure 7 for two values
of air velocity. The infersection of the 200 ft/sec cooling curve

with the 900° inside temperature curve giveé a cold junction tempsra-
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ture of 600°C. In this case, the thermopile would be operating with
a temperature differential of 400° which is a considerable improve-
ment over the 160° calculated in the previous example for natural
convection cooling. Up to now it has been assumed that no heat

transfer problem existed at the hot junction. . In the above example

it is entirely possible that the heating element could not transfer
‘the 63 watts per junction necessary to maintain the 900° hot junction
temperature which was assumed. Therefore, a study must be made of
the heat transfer between therheating element and the hot junctions.
The megnitude of heat transfer from the heating element to the
hot junctions depends on the surface temperature of the heating
element. A heating element is capable of transferring an unlimited
quantity of heat as long as its surface temperature does not exceed
the melting point of the element material. For successful thermopile
operation, the heating element must be capable of delivering the
heat required for the best possible operating conditions without
melting. These optimum conditions may be determined by locating the
operating point which will give the greatest temperature differential
on Figure 7., In order to determine the heating elemen@:requirements,
the heat transfer characteristics of the hot junction ﬁust be determined.
In the author's case it was proposed that a 3/4 inch diameter
gicbar be used as a heating element. Here the problem was to determine
if sufficient heat could be transferred by the globar to the hot junc-
tions without reaching its melting temperature of 3200 deg F. (6)

Heat transfer at thé hot junction takes place by radiation and by
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natural convection in the air between the heating element and hot
junction. The expression for radiant heat transfer between the heat-
ing element and the hot junctions is identical to Equation (36) ex-
cept that all o subscripts must be changed to e to designaté the heat-
ing element surface and all s subscripts must be changed to i to desig-
nate the inside surface of the thermopile. In this case the emitting

surface area per junction is:

Ae = TiDg{hathp)

where Dy is the diameter of the heating element.

The absorbing surface area per junction is:
Ay = TfDi(ha%hb)

Substituting thermopile dimensions and the proper emissivity coeffi-
cients from McAdams (3) into Equation (36) with the above stated

modifications, the radiant heat transfer per junction is:

qr = 1.89 X 10=? [(Ta/100)4=(Ti/100)@ {38}

i

where gr is in watts
Teg and T1 ars in deg.F abs.

The large temperature differential causes air circulation and, there-
fore, convection heat transfer between the heating element and the
hot junctions. This heat transfer may be calculated from the basic

convection equation and Equation:(BA)c The heat transfer per junction

may be approximated bys:
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o = 3.01 x 10744 V-78 (4 -t4) | (39)

where Qe 1s the heat transfer in watts

A ig the area of the hot junction heat transfer sur-

- face in sq, cm,

t5; is the hot junction tempsrature in deg.C

V is the estimated velocity of the air moving past
the hot junction surface in fi/sec

tg is the temperaturé of the moving air in degrees C

lf'thg temperature qf the moving air is assumed to be that of the heat-
ing element and the velobity of the air is estimated at 20 ft/sec,

Equation {39) may be simplified as:

o = 25.5 x 10™%(tg=t1) (40)

For any particular value of heating element surface temperature and
hot junction temperature, the total heat transfer at the hot junction
may be calculated by combining the results of Equations (38) and (40).
The relationship between heat transfer and heating element surface
temperature for hot junction temperatures of 500 and 1000 deg. C are
shown in Figure 8,

Figure 8 clearly shows that the gleobar heating element is not
capable of delivering the 63 watts per junction which is neceﬁsafy to
maintain a 400° temperature:differential at the operating point used
as an example on page 28. In actual operation, the thermopile will
have a different operating point which must be determined from
Figures 7 and 8.

The operating point for a maximum temperatufe differential may

be determined from Figures 7 and 8 as follews. For maximum heat trans-
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fer, the heating element surface must be as close as possible to its
melting point. This liniting temperature is shown by the dotted line
on Figure 8. At this temperature Figure 8 shows that the heating
element is capable of delivering 53 watis per junction if the hot
junction temperature is 500°C or 41 watts per/junction if the hot
junction temperature is 1000°C. Since ﬁhe hot junction temperature is
not known, one must be assumed to determine the heat transfer from
Figure 8. If the operating point found on Figure 7 does not agree

" with this hot juﬁétion temperature, successive hot junction temperatures
must be tried until an agreement is reached. If a hot junction tempera-
ture of 500°C is assumed, Figure 8 shows that the heating element is
capable of delivering a maximum heat transfer of 53 wgtts. This
quantity of heat flow must also be the ordinate of the operating point
on Figure 7. If the heat is removed from the cold junction by forced
air flowing at 200 ft/sec, the operating point must be the point on
this cooling curve which has a 53 watt ordinate. This operating point
gives an incorrect hot junction temperature of 800°C. If the above
procedure is repeated assuming a hot junction temperature of 740°C a
nearly cq;rect operating point is located on Figure 7. The graphical
construction used in locating thig point is shown on Figures 7 and &,
This operating point exhibits an outside or cold junction temperatire
of 490‘0 which gives a temperature differentigl of 740=490 = 250°C.
This is the greatest témperéfure differential that can be obtained
from this particular thermopile with globar heating and 200 ft/sec

coolihg air. A larger cooling air velocity would give soméwhat better
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operation by lowering the hot junction temperature. This would allow
a greater heat transfer at the heating element. A considerable im-
provement in operation could be obtained by using a heating element
with a higher mélting temperature. A study of all known substances
with high melting points which could be used as heating elements re-
vealed that they were dll unstable in air at temperatures above
3200°F, Therefore, a thermopile of these particular dimensions
appears to be doomed to;exhiﬁitja poor efficiency and a low power

output.



CHAPTER V
EXPERIMENTAL RESULTS

A complete verification of the theoretical analysis concerning
thickness ratio and the power-weight relationships would requife the
construction of many different thermopiles with different dimensibnso
Because of time and material.limitations a project of this magnitude
could not be undertaken. However, one thermopile was constructed
using available materials. The experimeﬁtal results of this thermopile
will be compared to those calculated by the theoretical methods of
the preceding chapters.

A concentric junction thermopile was constructed of' 75 iron
sheets and 75 copnic sheets which were alternately arranged and
joined as shown in Figure 1. The jungtions of the metals were formed
by resistance welding. A picture of ﬁhe completed thermopile is
shown in Plate 1. The dimensions of the thermopile were: outside
diameter 6 inches, inside diameter 1 inch, copnic thickness .02
inch, iron thickness .02 inch, and insulation thickness .02 inch.

If these dimensions are substituted in Equation (18), the total
thermopile height is given as 6 inches. Actuall&, because of dis-
tortion of the sheets during welding, the height was about & inches.
& 3/4 inch x 8 inch globar heating element was used to $upply heat
to the inside or hot junctions. The heat was removed from the cold
junctions by forced air convection which was provided by a propeller

fan and air duct. A pidture of the completed test arrangement is shown
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THE CONCENTRIC JUNCTION THERMOPILE
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in Plate 2. The fan is located at the extremg botfom of the air duct
and forces air upward past the thermopile which is located at the top
of the duct.

fo determine the characteristics of the thermopile, the power
input to the globar was varies from O to 4000 waﬁts in steps of
400 watts. At each inpuf setting, after sufficient time was allowed
for thermal stabilization, hot junction temperature, cold junctien
temperature, maximum power output, and maximum efficiency were
determined. The resul%s of this test are displayed in Figures 9,
10, and 11. The hot and cold junction temperatures were read directly
from calibrated thermocouples which were plﬁced in the thermopile
during its construction. The variable nature of the internal resist-
ance of the thermopile and therefore the lcad resistcnce for maximum
power output, required that the maximum power be determined experi-
mentally for each value of power input. This was done by recording
the output voltage of the thermopile for successive values of load
resistance while the input was held constant. The power output for
each resistance was then found by P = VZ/RO The maximum value
determined by this method was assumed to be the maximum power output
of the thermopile for the particular value of power input. The same
procedure was repeated for all other values of power input. 'The
maximum efficiency was determined in each case by dividing this
meximum power output by the corresponding power input.

The theoretical characteristics of the thermopile were determined

by applying the theoretical analysis of previous chapters to a thermo-
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pile with the dimensions of the experimental thermopile. At an
assumed power input, the hot and cold junction temperatures werse
determined by heat transfer analysis and Figure 7. The maximum effi-
ciency was then determined from Equation (13) using the theoretically
calculated temperatures. The theoretical power output was found by
multiplying this maximum efficiency by the corresponding value of
power input. This procedure was repeated for several power inputs
lying in the same range that was used in the experimental tests. These
calculated results are displayed on Figures 9, 10, and 11 along with
the experimental data. |

: An examination of Figure 9 reveals that the experimental and cal-
culated values of hot junction temperatures compare rather closely
while a large discrepancy is noted between experimental and calcu-
lated values of cold junction temperature. At all values of power
input, the actual cold junction temperature was found to -be consider-
ably less than the theoretically calculated cold junction tempsrature.
Referring to Figure 7, if hot junction temperature and heat flow
are fixed, the only way a reduced cold Jjunction temperature could be
obtained is for the hot junction temperature curve to have less slope.
An examination of Equation (30), which was used to plot Figure 7, shows
that a reduction in slope will result only if the thermal conductivity
of one or both of the metals is reduced. This means that either the
iron or the copnic or both must have a lower thermal conductivity
than that assumed in the theoretical calculations. A resistivity test

on the iron and constantan revealed that the iron had a considerably
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higher resistance than that assumed in the theoretical calculations
while the resistance of the copnic was nearly the same. According to
the Wiedemann-Franz-Lorenz relation, thermal conductivity times re-
sistivity must equal a constant if temperature remains constant. (2).
Therefore, an increase in resistivity must be accompanied by a re-
ductien in thermal conductivity. The reduction in cold junction
temperature must have been due te the lower value of the iron thermal
conductivity. A small portion of the discrepancy in experimental and
calculated cold junction temperatures could have been due to the
non-uniform temperature’distributioﬁ along the hot junetion and cold
junction surfaces. This was caused by the increased temperatureiof
the cooling air as it passed along the cold junction surface and by
non-uniform temperature distribution along the heating element
surface,

The lowér cold junction temperature and therefore larger tempera-=
ture differenti%l would be expected to cause a higher output and greater
efficiency than that which was theoretically calculated. Figures 10,
and 11 show that this was not the case. The power output and effi-
ciency of the thermopile were found to be much less than the calculated
values. Some of this error could be accounted for by the difference
in the thermoelectiric characteristics of the iron and copnic which wés
used in this thermopile from those used in the theoretical calculations.
Also, it is believed that some of the thermocouple elements had "shorted”
because of distortion of‘the sheets during the welding process. Stray

heat losses, of course, accounted for a considerable part of the error.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

The calculations and curves presented in the preceding chapters ‘
illustrate two very important and often neglected facts concerning
thermopile design. The first of these is the importance of main-
taining the optimum thickness ratio between therﬁb@ouple materials.

It can be shown that the thickness ratio is actually the ratiofof‘

thé areas of the thermocouple materials pfesented to heat flow;
Therefore, an optimum afea ratio musﬁ exist for all thermopiles re--
gardless of their design or thermocouple configurations. Calculations
similar to those presented in Chapter 3 should be an integral part of
“any thermopile design procedure. It is beligved that these optimum
area ratio calculations would always reveal that the éptimum ratio

is entirely depéndent upon the constants of ﬁhe thermocouple materials.
Since‘tﬁe corngstants of 8ll thermocouple materials vary with the operating
temperatures, it is necessary to know these teﬁpéﬁatures before the
optimum ratic can be calculated. This lsads to the second important
fact concerning thermopile &esign which is the importance of heat
transfer analysis.

Heat transfer difficulties become inereasingly significant as
attempts are made to increase the power output, reduce the weight, or
reduce the volume of the thefmopileo If a.thermopile‘is designed to

have a very small output and large volume it will have a correspondingly
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small power input and large heat transfer surfaces. This means that
probably:it will not be difficult to transfef this small éﬁantity of
heat to the hot junctions or from the cold junctions and therefore,
nearly any set of operating temperatures can be maintained easily.

On the other hand, as the power output of a thermopfle is increased
ana its size is reduced, the quantity of heat which must be trans-
ferred to the hot junction aﬁd froﬁ the cold junctions must become
must larger if an acceptable temperature differential or efficiency

is to be maintained. The reduction in volume further cémplicatés

the problem by reducing the exposed heat transfer surfaces. It was
mentioned in Chapter:Z that the concentric junctioh\thermopile de=
sign gives the largest power output for its volume. Actually, thermo=
piles of tﬁé concentric junction type can be designed to give enormous
power output with a small weight and volume. As an example, calcu-
latjons will be performed for a copper copnic thermopile about the
size of a No. 6 dry cell battery. The outside diameter will be
assumed as 2.6 inches, thevinside diameter 2.5 inches, and the length
6 inches. The applications of Figures 4 and 5 and Equations (21) and
(24) reveal that, with an insulation factor of 0.4, this thermopile
would yield an output of 1750 watts while its total weight would be
only 0.515 pound. It is theoretically possible for a concentric junc—
tion thermopile weighing only & pound to deliver nearly 2 K.W. of
power! The difficulty or impossibility is in maintaining the
temperature differential of 400°C related to Figures 4 and 5. At the

least, a temperature differential of this magnitude must be maintained
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if an acceptable efficiency is to be obtained. The input to this small
thermopile, which is necessary to maintain this temperature differential,
may be found by dividing the output by the efficiency. This efficiency,
assuming optimum thickness ratio, is read from Figure 3 as 0.5. The
input would therefore be 1750/.005 or 350,000 watts;, Obviously, |

it is impossible to transfer this large quantity of heat either to the
hot junctions or from the cold junctions in a thermopile of this small
size, Therefore, the thérmopile designer is forced to work from the
heat transfer capabilities of the hééting element in delivering:heat

to the hot junctions and the capabilitiss of ﬁpe cooling system in
redeing heat from the cold junctions.

If the heat transfer chéracteristics of the heating element and
cooling system are known, the design of a concentric junction thermo-
pile would consist of juggling the thermopile dimensions until the
desired heat flow or temperature differential could be established.
This procedure would consist of assuming successive values of thermo-
pile dimensions and calculating the operating temperatures by the
methods of Chapter 4 until these t@mperatures agree with those
desired. After the required operating conditions have been reached, -
“the optimum thickness ratio and the efficiency could be found by ﬁh@
methods of Chépter 3. The power output of the thermopile could then
be found by multiplying the efficiency by power inputo‘

Egsentially, the problem which started as one of desigﬁing a
thermopile of small size, weight and volume with a large power output,

becomes one of decreasing power output, and increasing size, weight,
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and volume so that heat transfer relationships may be s#tisfiedo The
concentric jimction design which is theoretically the best possible
configuration for a maximum power output with minimum weight and
volume is, because of heat transfer complications, forced to become
equal to more conventional thermopile designs for use as a low-power
source,

It is possible that by using large diameters and suitable heat-
ing and cooling fins a concentric junction thermopile could be made
to operate successfully and deliver a large power output for its
size and weiéhto The power wasted, however, would be enormous.

For example, a 5 K. W. thermopile would require an input of about

1000 K. W. This means 995 K. W. would be wasted. Since efficiencies
become inecreasingly important as the consuhed power becomes larger,
thermopiles of this design could find use only if its efficiency could
be improved. The obvious way of improving the efficiency is to utilize
the wasted heat which is being removed from the ccld junctions. One
method of raising the efficiency of a thermopile would be to use the
thermopile as a heat transfer medium in some other thermal system.

For example it could be used to conduct heat from a furnace to a hot
air heéting duct. A diagram of such a system is shown in Figure 12,
The concentric jundtion thermopile, because of its rigidity, and high
heat transfer, would be ideal for this process. Another method for
improving the efficiency of a concentric junction thefmopile would be
to return the waste heat removed from the cold junc?ions to the hot

Jjunctions. This could be done as shown in Figure 13.
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