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SUMMARY

An analysis 1s presented of the factors determining the power
efficiency of radlation thermopiles of that type in which the recelvers
consist either of parts of the conductors themselves or of coatings or
other electrically Insulating materials in Intimate contact with these
conductors. On the basis of thls analysis, which is applicable to
thermopiles of a wide variety of constructions and materials, criterions
for maximum power efficlency can be calculated. Such criterions are
obtained for silver-constantan plated-type thermopiles. The design
and construction of thermopiles in accordance with these criterions are
described, and test data are reported, showing agreemsnt between actual
and predicted performance.

It is shown that an approach to maximm power efficiency in a
thermopile can be realized independently of its resistance over a wide
range, Within this range, therefore, maximum sensitivity in a thermo-
pils to be used with a particular galvanometer or other measuring or
controlling device can be obtained dy designing simultaneously for
maximimm power efficlency and for whatever value of resistance is required
to produce proper damping, to provide maximum power transference, or to
gatisfy somes other criterion.

Calculations are presented for silver—constantan Junctions which
indicate that 1t is theoretically possibls to obtaln, with thermopilss
of the type analyzed, about 80 percent of the voltage produced under
equivalsnt conditions by an 1deal thermopile in which the conductors
loss no heat by radiation or convection.

INTRODUCTION

’ 3
The preceding report of this series (reference 1) described the
construction of the thermoplle radiometer and its use in the study of
problems involved in heating airplane cabins. The purpose of the
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investigation herein reported was to design and construct, for use in
such radiometers, thermopiles retaining the advantages of those already
available in the Spectroradiometric Laboratory of the Division of
Mechanical Engineering of the Univergity of California but possessing
greater sensitivity and smaller size. The available thermopiles, which
are constructed of silver-plated constantan wire as previously described
(reference 2), have been found reasonably satisfactory in the applications
mentioned with respect to mechanical ruggedness, drift compensation,
quickness of response, and especially nonselectivity with respect to wave-
length. In order to achieve this nonselectivity, the receiver has been

so placed as to receive the radiation to be measured prior to any reflec-—
tion and, as is also necessary, the thermopile is operated in air in

order to avoid selective filtering by the envelope of an evacuated chamber.

Analysis permitting design calculations to obtain highest sensi-
tivity has previously been carried out for but one type of thermopile
(see, for example, references 3 to 6) — that type in which one or more
receivers make contact with the conductors only at their junctions.

The difficultles encountered in bullding thermopiles of this type and
‘the great labor 1nvolved when many Junctions are required have stimulated
a number of workers to invent novel designs and methods of construction.
In most of these designs the conductors themselves, or electrically
Insulating materials, usually radiation-absorbent coatings, in intimate
contact with these conductors, act as receivers of the radiation to be
measured. (See appendix A.)

A consideration of many possible dssigns and methods of construction
led to the conclusion that the purposes of this investigation were most
likely to be realized by thermopiles of the type mentioned last. The
performance of thermopiles of this general type was therefore analyzed
in order to determine the design relations required to obtain maximum
sensitivity. No such analysis has hitherto been published, although
interesting calculations have been presented with respect to thermo-—
couples of a less general type subjected to periodic irradiation
(reference 7).

This program of research in the Spectroradiometric Laboratory of
the University of California was conducted undsr the sponsorship and
with the financial assistance of the National Advisory Committee for
Aeronautics.

The authors wish to express their appreciation to Mr. R. W. Lockhart
for making many of the computations, and to Mr. E. H. Morrin for his
criticisms and suggestions.
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ANALYSIS, DESIGN, AND TEST PROCEDURE .

A thermopile, when used to convert radiant ensrgy into electrical
energy for purposes of measurement or control, is shielded, generally
by a housing (see appendix F), so that the radiation intended to be
effective in producing a temperature difference between alternate
Junctions falls on a definite area, the front surface of the receiver.
If the cold junctions are in thermal contact with structures of
relatively large thermal capacitance, the thermopile is said to be
uncompensated; if, on the other hand, both hot and cold junctions are
similarly constructed and disposed, except that the equivalent of the
recelver area at the cold junction is shielded from the radiation
mentioned, the thermopile is said to be compensated. In a compensated
thermopile, both sets of Junctions are similarly affected by, and hence
the thermopile response remains relatively independent of, changes in
air temperature as well as, to some degree, uncontrolled radiation.

Analysis of System

Figures 1 and 2 illustrate a single thermocouple of an uncompensated
and a compensated thermopile, reéspectively, of the type considered, in
which parts of the conductors, or of the coating or binding materials
which may be associated with the conductors, serve as receivers. The
system analyzed 1s further defined by the 14 postulates listed in
appendix B. These postulates, or in some instances their more simple
conseguences, may be summarized as follows: The thermopile is uniformly
irradiated on all its surfaces (ideal radiation at housing temperature
in the case of the uncompensated thermopile) except that the front
surface of the receiver is subjJected, in addition, to irradiation G?;
there is no temperature gradient in a conductor, or in the codting or
binding materials associated with it, in a direction perpendicular to
its length, and all conduction of hsat in a direction parallel to its
length is through the metallic conductor itself; a linear relation
exists between thermopile surface temperature and the power loss due
to convection and radiant emission; this linear relation for the average
power loss per unit area around, or on both sides of, a conductor is
uniform over the entire thermopile; and a steady state of heat flow
exists.

Derivation of Equations to Determine Junction Temperatures

A necessary step in the analysis of the relations between the
electrical output of a thermopile and 1ts design is the expression of
the temperature difference between the hot and cold junctions of a
single thermocouple in terms of the many factors on which it depends.
Such an sxpression is derived in appendiix B for an uncompensated
thermocouple in the following manner: Appropriate substitutions are
made in a gensral eguation for heat flow and temperature distribution



along a uniformly irradiated fin (strip or rod), the ends of which are at a specified temperaturs, in
order to obtain separate equations for the portions of the conductors of figure 1 between cross
sections 1 and x, x and h, h and y, y and 2. Upon equating the rates of hesat flow at cross
sections x, h, and y for the two portions of conductor which meet, in sach case, at these

cross sections, solving the resulting -simultaneous equations, and setting t] = to = 0, the

temperature of the hot Junction is obtained as follows:

JR [sinh py — {(coth p)(cosh py — lﬂ + [sinh gx — (coth a)(cosh gqx — 1)]
H . (1)
Jﬁ-coth P + coth g

ty =

For definitions of the terms of this expression, see appendix G.

It is shown in appendix B that (1, — ¢ for the compensated thermocouple (fig. 2) is independent
h c

of air temperature and is given by the same expression (equation (1)). The temperature difference
betwesn Junctions is thus the same for a compensated and an uncompensated thermocouple in which the
conductor lengths of the former are twice that of the latter. (See figs. 1 and 2.) It therefore
follows that for every uncompensated thermopile a compensated one can be designed having the same
receiver area and producing the same electromotive force but having double the electrical resistance.

Power Efficiency and Its Relatlon to Maximum Sensitivity

Power efficlency is defined as power output divided by power input. The power output of a
thsrmopile, in watts, is expressed as follows:

A(Current)g(Resistance of load)

OSHT “ON NI VOVN
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The following substitution may be made:

Current = Electromotive force
.~ Resistance of load ¥ Resistance of thermopile

Further, let

- Resistance of thermopile

z Resistance of load

The power output then becomes:

(Electromotive force)2 z
Thermoplle resistance (1 +2)2

or, for a given value of z; the power output is proportional to the
term:

i ‘ (Electromotive force)
Thermopl le resistance

[ The electromotive force is a linear function (see -next section)
; of G*, which is the difference between that fraction of Gy (the

radiation entering the housing opening and incident per unit area of
.receiver surface) absorbed by the receiver surface and that fraction
! of Ggp which must be absorbed to produce equality of hot and cold

Junction temperatures. A reasonable expressibn for power input is
then:

]
QT X Receiver area

where o' 1s the emissivity (absorptivity) of the receiver éﬁffacéwﬁé

radlation from the source of interest, and g% .1s, therefore, the power
o v
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from this source that must fall on the unit area of the recelver surface
in order that the amount G*® wmay be absorbed. An expression proportional
to thermopile efficiency on these bases is then:?!

. = (Electromotive force)a/Thermopile resistance (2)

Gl
o X Recelver area

The value of 5 1s the same for a complete thermopile of the type
considered as for one of its thermocouples considered separately, since
n thermocouples in a serlies connection will have n times the electro-—
motive force, resistance, and recelver area of a single thermocouple.

It will be shown in the next section that =n 18 composed of two
factors, the first of which is a function only of the thermsl, electrical,
and thermoelectric properties of the materisls used, the emissivity of
the receiver, the values of f' and B, (see symbols in appendix G),
and the magnitude of the irradiation G', whereas the second factor T
depends on the geometry of the design. If T' is independent of thermo—
pile resistance it must be meximized, through proper geometrical design,
in order to attain optimum thermopile sensitivity in any application
whatsoever. It will be shown that maximum ' may be approached
independently of certain variables, such as wire size, and that these

The emissivity a® 18 not necessarily esqual to o (see appendix G)
as, for example, when the source occuples only a small part of the
area "viewed" by the receiver surface through the housing opening or
when the radiation from the source is projected through filtering
materials which themselves act as subsidiary sources. When a' and «
are not equal to €, an estimate of the intensity of the radiation of
interest may be obtained from the difference between thermopile response
when the source is present (reading 1) and the response when the source
is absent, but the other components of radiation Gy are altered as

little as possible (reading 2). The input of interest is then
[;%(G' from reading 1) — (G' from reading 2{], and the electromotive

force of significance is, similarly, the difference beiwsen the electro-—
motive forces of the two readings. Since G! and the electromotive
force are linearly related (see appendix B), it is merely necessary in
such cases to substitute the difference hetwsen the two valuss of G

in place of G' in equation (2); the electromotive force remsins that
produced by the absorption, per unit area of receiver, of power equal

to this difference.
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variables can be chosen so as to obtain, within certain limits of
practicality, any desired resistance. A thermopile of the type under
consideration and of given receiver area may therefore be designed to
have maximum sensitivity in a given application by:

1. Choice of materials possessing the most favorable thermoelectric

and radlation-sabsorbing properties

2. Consideration of the possibility of minimizing the values of f°*
and B 1in order to increase the temperature difference
between hot and cold junctions

3. Maintenance of the relations for maximizing T
Lk, Designing for optimum thermopile resistance

The optimum resistance, when I' 18 independent of resistance, is a
function of only the electrical measuring instrument employed and, in
some Iinstances, the conditions of use. Thus If a gelvanometer of the
Thomson type is to be employed, the optlimum resistance is that of the
galvanometer coll; if a particular potentiometer is to be used, the
best resistance may be that for which the smallest unbalance that can
be read on the voltage scale produces a Jjust—perceptible deflection of
the balancing galvanometer; and if a galvanometer of the D'Arsonval
type is to be used, the best resistance may be that providing critical
damping although, in some applications, the use of a lower resistance
giving greater deflections can be Justified.

Power Efficiency in Terms of Properties of Materials

and Thermocouple Dimensions

The following substitutions can be made in equation (2) as applied
to & single compensated thermocouple (fig. 2):

Receiver area can be replaced by the expression w(xa + yb) which,

Xqg  Yp\ _ ¥
in turn; equals v(m—;- + -mTD' = ma(xq + VR yp>

Electromotive force can be replaced by the expression:
ce -t
<‘°h,l n,2)

where e 1is the thermoelectric powsr for the two materials and c¢ is
a factor which allows for reduction in voltage (in conductors of the
‘plated type) due to circulating currents in the plated conductor. It
18 shown in appendix C that:
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R-D

C = meoce——C——
R~-D + Ds

where D 1s the ratio of the cross-sectional area of the core of the
plated conductor to that of the unplated conductor, and R 1is the
ratio of the thermal conductance per unit length of the plated con—
ductor to that of the unplated conductor.?

The term th 1 th 2) in the expression for electromotive
force may be replaced by the right-hand side of equation (1).

An expression to replace thermopile resistance in equation (2),
applied to a single compensated thermocouple, may be derived as follows:

Resistance of compensated thermocouple

= Resistance of conductor a + Resistance of conductor d

_2a 2b
caAa chb

but

c C A DC A kA
bAb Ca a _ BAB +D = 1(3 — D + 8D)
aAa aAa Skﬁ -} 8

Therefore this expression becomses:

Resistance of compensated thermocouple

= =2 |a+ b
Cala %(R -D)+D

,eé+___zﬁ_1>_

Caﬁama R~D+ 8D

®The ratio of cross—sectional area of the core of the plated con—
ductor to the cross—sectional area of the unplated conductor D
ordinarily is equal to 1 (for plated—type construction) or O (for other
types of construction). The writers are indebted to Mr. J. E. Gullberg
for the suggestion that the portions of conductor to be plated might

first be reduced in cross section electrolytically. When this is done,
0<D<1.



If the various substitutions just described ars made in equation (2) and if, in addition, ma2 is

¥ 3
replaced by %&- and H 1is replaced by FC;TB" the following is obtained:

, 2
1Gle ) ﬁ[sinh py — (coth p)(cosh py —-l)] + [(sinh gx) = (coth q)(cosh Qx — l)j
2kaf'B VR coth p + coth g
R-D 2 |
(ﬁ - D + BD) (32)
X 3a
( _ —sg[ip )(qx +\R py)
a'Gle C
= f,ﬁ>( r) (30)

For an uncompensated thermocouple the resistance is halved, and = 1s therefore greater
by a factor of 2.

Design Relations for Maximum Power Efficiency

The first term in parentheses in equation (3a) depends on the materials used and on the
magnitude of the irradiation; it indicates that power efficiency varies directly with 'the irre—
diation, with the ratio of electrical to thermal conductivity of one of the metals (that of the
other metal entering in the term s), with the receiver absorptivity and the square of the thermo—
electric power (Peltier effect being neglected) and inversely with B and with the average over—
all unit thermal conductance. The remainder of the expression, I', which is dimensionless, can
be maximized for a given value of s in terms of the six varlables contained. From physical

OGHT °ON NI VOVH
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congiderations it 1s clear that the smaller D 1is, the greater the
efficiency becomes; hence, the degree of core reduction preparatory to
plating should be restricted only by constructional considerations.

It appeared to be too cumbersome to maximize I' by the method
of solving similtaneously the five equations obtained when the partial
derivatives with respect to D, 9, X, y, and R are set equal to
zero. Resort was had, therefore, to trial—end-error solutions, s
being taken as 0.62 (a value appropriate for silver and constantan)
and D as 1 (corresponding to plated construction with no reduction
in cross—sectional area of the core). If metals having a different
value of 8 are tc be used, or if core reduction or unplated con—

struction is to be employed, new trial-and—error solutions are required.

For the values of 8 and D selected, 1t was found that T,
and hence the efficiency, continuously increases with R (the ratio
of the thermal conductance per unit length of the plated conductors to
that of the unplated conductors), but that the gain from increasing R
above a certain value is slight. The thickness of plating corre—
sponding to large values of R may be constructionally undesirable or
difficult to achieve; consequently, optimum values of the other four
" varlables are given for a number of values of R. These results are
presented in the curves of figure 3.

The term I' 1s the same for different thermopiles having the
same values of p, g, X, ¥, 8, D, and R, and a consideration of

the definitions of these terms leads to the conclusion that the optimum

length of a conductor for given values of 8, B, D, and R variles
directly as the square root of its thiclkmess and of its thermal
conductivity, and inversely as the square rooi of the average unit
thermal conductance for heat loss by convection and radiation. Con—
ductors may be made very thin In order to Increase the speed of
response and, provided they are also shortened so that the values

of p and q are unaltered, the efficiency will not be lowsred.

In a thermopile of given receiver area, thermoelectric materials,
and value of f%, the resistance 1s not fixed by the relations which
maximize TI'. For example, if the conductor thickness is decreased
the required decrease in conductor length is proportionately less;
the consequently greater resistance per thermocouple and the greater
number of thermocouples required for a given receiver area both act
to increase total thermoplle resistance. If the conductors are flat
strips, the resistance may be changed without alteration of receiver
glze or shape by simnltaneous alteration of the conductor width and
number. If the space between conductors is occupled by electrically
insulating material of low thermal conductivity (as in the thermopiles
of different design to be discussed in a later section) an increase in
spacing will require a decrease in conductor length,and the net effect,
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for given receiver area, will be a decrease in resistance. AdjJacent
wires, however, must be relatively close or the efficiency will decreass
because of departure from postulates 1 and 2 (appendix B). In plated—

type construction the resistance and conductor length can be considerably

modified, with only a slight change in efficiency, by alteration of ths
thickness of plating and thus of the term R. The electrical connection
of groups of thermocouples in series—parallel arrangement also permits
control of resistance, with efficiency constant, in relatively large
steps. '

The maxirmam value of resistance for gliven receiver area obtainable
without loss of efficiency by these various procedures is limited only
by constructional considerations or by the deterioration of thermo—
slectric properties of metals to be expected in very thin films. There
is, however, a theoretical minimum of resistance for given thermo-
electric materials and values of f! and R — that of a single thermo-
couple designed to provide the total given receiver area.

Comparison of Power Efficiency of Thermopiles Analyzed Herein
with That of Conventional Thermoplles

Probably the most efficient radiation thermopile is the idealized
one analyzed by Johansen (references 3 and 4), in which it is postu—
lated that the receiver is at a uniform temperature and that the con-
ductors lose no heat by radiation or convection. The ratio of the
power output of a thermopile of the type treated In the present report
to that of the idealized Johansen type provides, therefore, an index
of the degres to which ths efficiency of the former approaches the
theoretical maximum.

This index will be greatest for unplated construction (D = 0),
but since design optima have been worked out for plated construction,
the ratio has been computed for this slightly unfavorable condition
at a value of R (a measure of the thickness of plating) of 25 and a
valus of B of 2. The index can then be determined on assuming
equality of the irradiation, receiver area, average unit thermal con-—
ductance, and thermal and electrical conductance of both metals,
except for a slight and complex dependence on the value of s (the
ratio of the thermal conductivities of the two metals divided by the
ratio of their electrical conductivities). Since design optima have
been determined for silver and constantan for which s = 0.62,
computations of the index are made for this value. This is not very
different from the ratio s for other commonly used metals, as, for
example, iron and constantan (0.73), or bismth and 95 — 5 percent
bismth—tin (approx. 0.6k).
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The computations presentsd in appendix D show that the index in
these conditions is 0.63. This result indicates that thermopiles of
the type treated in this report can be sxpected, under the conditions
mentioned, to produce 0.63 times as much electrical power output,
and 0.80 times as much voltage for equal resistance, as those of the
Johansen type.

If a thermopile of the Johansen type is operated in air, the heat
lost by convection from the conductors is not negligible; in fact,
Cartwright (reference 6) estimates that the loss by convection from
conductors may be greater than that from receivers directly. The
highest obtainable efficiency of thermopiles of the Johanssn type may
thersfore be no greater or actually be less than that of thermopiles of
the type considered in this report when both are operated in air, as is
ordinarily necessary if the selective flltering of an evacuated envelope
is to be avoided.

Speed of Response

No calculations are presented in regard to speed of response since
the immediate requirements which led to this investigation were not
very critical in this respect. Experience with thermopiles constructed
(as described in appendix E) of silver-plated No. 40 constantan wire
and mounted in fairly heavy, high-conducting housings indicates that
satisfactory voltage equilibrium is generally achieved in about
60 seconds. In general, the attainment of quick response in radiation—
measuring thermopiles requires a low ratio of the thermal capacitances °
per unit area of receiver and conductors to the value of f®; however,
in some thermopiles the heat capacity of supporting or surrounding
structures 1s more serious than that of receiver or conductors. In
order to approach or exceed, with thermopiles of the type analyzed in
this report, the gquickness of thermopiles of conventional type with

receivers of gold leaf 10~ centimeter in thickness (reference 8),
conductors of the same order of thicknsss must be used. Conductor

thicknesses of a micron (lo’hcm) or less have been achieved by rolling
(references 9 and 10), by electroplating (references 11 and 12), and
by sputtering or evaporating in vacuum (references 13 to 15). The
procedures presentsd in the present report for maximizing I' are also
applicable to thermopiles constructed by these techniques.

Application of Formulas

It was desired to produce a compensated, plated silver—constahtan
thermopile to have high output and to:

1. Be mounted in a tubular housing of %-—1nch inside diamster with

clearances of approximately ;; inch.
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2. Be operated in air so as to avoid the selective filtering of an
evacuated envelops.

3. Have a resistance suitable for use with a Leeds and Northrup
type 8662 potentiometer. (Since it provides critical damping and an
easily perceptible galvanometer deflection for the smallest voltage
unbalance that can be read on the dial, 80 ohms is a preferred value.)

Tne construction adopted is that of a spaced coil made self—
supporting by a plastic filler between the turns of wire. The method
of fabrication is described in appendix E. By making the coil, in end
view, in the form of an isoceles trapezoid (fig. L), a maximm receiver
area can be accommodated in a given tubse, and no shield is required
within the housing to restrict irradiation to the proper length of
conductor. It is also an advantage that the inside diamster of the
housing is limited only by the dimensions of the receiver area.

The length of each conductor exposed to irradiation is (xa + yb),
where

a (half length of each unplated conductor in a compensated
q- -

VBWE ' fkahg
b (half length of each plated conductor in a compensated
R
\BWT ' fkahg

The values used in the computations are as follows:

thermopile) =

thermopile) =

s for constantan and silver is taken as 0.62.
1 i estimated to be about 2 Btu/(hr)(sq ft)(°F) for surfaces

of the dimensions and characteristics concerned. Thls value
is a little more than twice that due to radiation losses alone.

B 1is taken as 2, a value appropriate for a strip which does not
lose heat at its edges.

k. for constantan is taken as 13.1 Btu/(hr)(sq £t)(°F/ft).

w was taken tentatively as 0.000603 foot, corresponding to
138 turns per inch.

P, 4, X, and y are given for a range of values of R 1in figure 3.

A for No. 40 B, & S, wire is 5.39 X 10“8 square foot.

The optimum length of conductor (xa + yb) to be exposed to irradiation
was next computed for four values of R, 12, 10, 9, and 8, and found to
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be 0.84, 0.78, 0.75, and 0.63 inch, respectively. All of these lengths
are greater than the length of a side of the largest square (0.57 in.)

that will fit into a circle of %%-—inoh diameter.

The following alternatives are possible:

1. No. 40 constantan wire and an R value of 8 may be used if the
receiver surface forms a rectangle of 0.64 by 0.50 inch. A rectangle of

these dimensions will fit into a circle of %%-inch diameter and has an
area about 3 percent less than that of the 0.57-inch square.

2. Wire of smaller dlameter could be used. This would permit the
use of a square receiver having 3 percent greater area than that of the
rectangle, also a higher value of R, and a consequently slightly
increased value of I'. The output would thus be somewhat greater than
that resulting from alternative (l), and the resistance would be greater.

3. No. 40 wire could be used, and by reducing the value of R the
exposed conductor length would be decreased, thus permitting use of the
square receiver surface. Change in resistance would be very slight.

h. No. 40 wire could be used, and by increasing wire spacing the
conductor lesngth would be decreased. This would permit the use of the
square receiver surface and an equal or higher value of R. Resistance
would be decreased.

Alternative (2) was rejected tentatively because smaller wire
was not immediately available. Altermative (3) was rejected because
the output would be less than that resulting from the adoption of
alternative (1). Alternative (4) was rejected because of the
possible loss in efficiency due to departure from postulates (1)
and (2) and because resistance would be less than optimum.

A coil constructed approximately according to alternative (1) and
mounted in the tubular housing of % ~inch inside diameter had & measured

resistance of 80 ohms. (The close agreement between this value and that
required for critical damping is purely coincidental.) It is worth
noting that this resistance is close to the maximum obtainable, without
gacrifice of efficiency, with silver-plated No. 40 constantan wire and
the given receiver erea. The use of finer wire together with an equal
or larger value of R and equal or closer spacing would result in
considerable increase of resistance and equal or greater efficiency;
wire mch finer then No. 44 or No. 46 would, however, be much more
troublesome to handle during fabrication. A resistance one~fourth as
great could be obtalned by connecting two halves of the thermopile in
parellel, and intermediate values could be obteined by the use of this
connection together with finer wire and a larger valus of R.
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The new thermopile had an irradiation—voltage comstant of
7.9E?tu/(sq ft)(hr) /kmy)' when mounted in the copper tube. This
value is comparable with a constant of 6.7 for the best of the previous
silver—constantan plated—type thermopiles used in the Spectroradiomstric
Laboratory, which has a resistance of 267 ohms and requires a housing
of at least 3~inch inside diamster. Thus the new thermoplle, by
comparison, produces 0.85 times the voltage at less than one—third the
resistance (hence 2.4k times the power) and will fit into a housing of
one-fourth the diamster.

It is interssting to estimate the extent to which sensitivity
might be increased by designing this thermopile for operation in vacuum.
The value of f* due to radiation alone, would then be about 1l; or, if
the inside of the coll could be surfaced so as to have a very low .
emissivity, this value might possibly be reduced to 1/2. Since r
veries inversely with f%, +the power output might be increased by
some factor between 2.0 and 4.0, and the voltage, for fixed resistance,
by the square roots of these factors, or a value between l.4 and 2.0.
These values are much lower than those usually given in the literature
(ses, for example, reference 5) because of the shapes and dimensions
of the surfaces involved. Very small receivers (of the order
of 1 8q mm in area), and particularly the very fine wires generally
used in thermopiles of conventional type, have a very large ratio of
power loss by convection to power loss by radiation.

Comparison of Actual and Predicted Performance

A comparison of irradiation-voltage constants, obtained (1) by
measurement of the electromotive forces resulting from exposure of
thermopiles to known irradiation and (2) by calculations for these
sams thermopiles based on the expression derived for Jjunction tempera—
ture, will serve as a check of the applicability of the sxpression for
Junction temperature and of the postulates on which its derivation is
based .

The irradiation—voltage constant K 1is given by the following
expression:

K= — (ti'{a: o 2) [Btu/(hr)(sq ££)(OF /£t)] /(mv)
s s
where
n number of thermocouplss
c factor allowing for voltage reduction due to circulating

currsnts in the plated conductor



e thermoelectric power of the two metals

(?h»l - th o temperature difference between hot and cold Junctions due to irradiation of
’ ’ intensity G?

When c¢ 18 replaced by ﬁ-B—iL%-BE (see appendix c), (?h,l - th,é) by the right-hand side of

equation (1), and H in the latter expression by G'/Bf', the following expression is obtailhed:

_ afen \/fié;nh py — (cosh py — 1l)coth p] + ‘;s}nh qx — (cosh qx — 1)coth q] R =D
R VR coth p + coth q R —D + De

R

In applying this expression to particular thermopiles constructed of silver-plated No. 4O con—
stantan wire, the following values were used:

a' = 0.98 (estimated) X, = 13.1 Btu/(hr)(sq £t)(°F/ft)

£* = 2 (estimated) k, = 242 Btu/(hr)(sq £t)(°F/ft)

8 = 0.62 D=1.0

B =2 e = 0.023 mv/°F (experimentally determined

with plated wire)

Values of R were computed from the ratios of actual thermopile resistances to those expected
in the absence of plating and the ratios of the measured lengths of plated and unplated

conductor. Values of w were determined by the setting of the coil-winding machine, and

9T

OGHT °ON NI VOVN
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values of a, b, x, and y were obtained from careful measurements
of completed thermopiles.

Four thermopiles, constructed as described in appendix E, were
subjected to the procedure outlined with the following results:

Com—
Thermo— W a b Observed
pile (£t) (£t) | (pe)| ® | ¥ |Pute g |Puted to

Ratio com—~

K observed K

A 164 |0.000603} 4,0 10.012510.09910.63|0.45] 2.64] 2.55 1.0k

B 134} .000603{9.1| .0125| .099| .63| 45| 3.30}] 3.53 93
C 234 | .000703(8.8| .0087} .121| .75| .50} 1.94] 1.65 1.17

D 236 | .000703}7.4| .0087] .121} .75| .50] 1.81| 1.81 1.00

The rather good agreemsnt between actual and predicted response constitutes

evidence of the applicabllity of the formmlas developed, the postulates
mede, and the approximate correctness of the estimated value of f*.

CONCLUSIONS

The derivation and application of design criterions for efficiency
in thermopiles of the type in which parts of the conductors themselves
act as receivers have resulted in the construction of thermopile
radiometers which are more suitable for the study of problems involved
in zirplane cabin heating than those previously employed in the
Spectroradiometric Laboratory of the University of California. The
advantages obtained from smaller size and greater efficiency are
illustrated by a sllver—constantan thermopile mounted in a housing
having one—fourth the diameter of that required for the older type and
providing nearly the same voltage output at one-third the resistance.

It is possible to obtain about 0.8 times the voltage at the same
resistance from a thermopile of the type analyzed in the present work
a8 from an ideal thermopile, composed of the same thermoelectric
materials having receivers in contact with conductors at their Junctions.
The edvantage in efficiency of the ideal type can be expected to
diminish or to disappear 1n nonvacuum operation bsecause of loss of
heat from conductors by convection.
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The formula derived in this report for efficiency is applicable
to a wide variety of constructions and should be of particular value
in cases in which, because of ths number of Jjunctions required or for
other reasons, the fabrication of thermopiles of the Johansen type is

difficult or impossibdble.

Department of Engineering
University of California
Berkeley, Calif., November 29, 19uk
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APPENDIX A
REVIEW OF LITERATURE ON RADIATTION-MEASURING THERMOPILES

In view of the voluminous literature bearing on the dssign of
radiation-measuring thermopiles it is impossible for a short review
pertinent to the present investigation to be at all exhaustive; in
general, an attempt has been made to select contributions which appear
important with respect to soundness and clarity of analysis or to
basic innovation in theory or design. The literature first discussed
in this review deals with general considerations and with thermopiles
herein referred to as of the conventional type, that is, those in which
the receivers of the radiation to be measured are distinct from the
thermoelectric leads and make thermal contact with them at only the
hot junctions (uncompensated thermopiles) or at the hot and cold
Junctions (compensated thermopiles). The last part of the review deals
with radiation-measuring thermopiles of other types.

Johensen®s early contributions (references 3 and 4) to the design
of vacuum-operated thermopiles are the basis of much later work. His
signiflicant conclusions with respect to obtalning maximum galvanometer
deflection may be stated as follows:

1. The conductors in uncompensated thermopiles should be designsed
to extract the same quantity of heat from the receiver as
is lost by convection and radiation.

2. The resistance of conductors between junctions in compensated
thermopiles should be twice that in uncompensated thermo—
piles having the same receiver area per hot Jjunction.

3. The load resistance (Thomson galvanometer) mmst equal that of
the thermopile.

. The conductors between hot and cold junctions should all have
the same ratio of thermal conductance to slectrical
resistance .t

In arriving at these conclusions Johansen assumed that the
"Beschaffenheit" "c¢c" of the Thomson galvanomster was fixed but that

the resistance could be varied; in his nomenclature ¢ = —3;—3 J; Dbeing

, G

lconditions (3) and (4) were actually set forth much earlier by
Lord Rayleigh (reference 16), who was concerned, however, with the
possible use of thermopiles to obtain electric power from a source of
heat and not for the measurement of radiation.
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the current required to produce l-millimster deflection, G the
galvanometer resistance, and hence leG the power supplied to the

galvanometer. Thils assumption of a fixed value of c¢ 1is, then,
equivalent to stating that the value or measure of sensitivity of a
thermopile is the power that can be obtained from it. It is clear,
from Johansen's formulas, that the maximum power available from a
thermopile of the type that he analyzed and of fixed receiver area
does not depend on the number of junctions or on the corresponding
values of thermopile resistance.

The concept of thermopile output in terms of power took on
additional significance when it was discovered, many years after the
publication of Johansen's work, that there is a theoretical minimum
of direct current detectable by a D'Arsonval galvanometer (reference 17)
or by any other means (reference 18) and that this limit, for a glven
temperature and time of observation, depends only on the virtual power
of the thermopile or generative circuit, that is,

(Electromotive force) /Resistance, a quantity directly proportional
to the obtalnable power output.2 In order to approach the limit of
detection in practice, it is necessary, first, that all perturbations
be reduced to the seme order of magnitude as those due to Brownian
motion alone and second, that the very small deflections obtained be
magnified, optically or otherwise, so as to be observable. Ising
(reference 17) showed that Moll and Burger (reference 19) had attalned
these very difficult conditions, and later workers have reduced

Brownian perturbations as low or lower. {See, for example, reference 20.)

The very small deflectlons of the primary galvanometers in these
examples were magnified by elther a thermoelectric relay (reference 19)
or photoelectric relay (reference 20). Both ‘ypes of relay are similar
in principle to the thermoelectric relay proposed by Wilson and Epps
(reference 21) in that a spot of ligh% from the mirror of the primary
galvanometer falls on two adjacent and symmetrically disposed heat—
gensitive surfaces (or light-sensitive surfaces in the photoelectric
relays) the electrical circults of which are connected, voltages in
opposition, to a secondary galvanometer.

It is desirable to consider a system devised by Pfund called
resonance radiomstry (reference 22), since its use requires special
properties in a thermopile — namely, rapid response and, in the case of
elsctronic amplification, powsr output at high thermopile resistancs.

Zfhen this expression is applied to the case of a D'Arsonval
galvanomster, the term "resistance" should be taken to mean the
resistance in the entire circuit (thermopile plus galvanometer). There
appears, howsver, to be no theoretical limit to the extent to which
coll resistance in a good galvanometer of long period can be made
small in comparison with the extermal resistance required for critical
damping; for any glven ratio of coil to thermopile resistance, morsover,
the expression is still directly proportional to obtainable power
output.
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In these resonance systems the thermopile 1s periodically shielded from 4
the radiation to be measured so that it produces an alternating voltage.
The alternating voltage 1s used to build up resonance in a tuned system
consisting, in Pfund's case, of an underdamped D!Arsonval galvanomster
connected by means of a photoelectric relay to another galvanometer,
also underdemped. As Czerny (reference 24), Van Lear (reference 25),
and Hardy (reference 20) have shown, this system in theory is less
efficient than that of a critically damped galvanometer connected to

a thermopile subjected to uninterrupted irradiation, dbut in practice

is actually more efficient when a relatively long period — of the order
of 1 minute or more — is avallable for observation. Harrls and Scholp
(reference 15) have applied the principle of resonance radiometry to
electronic amplification and were able to detect 10-8 volt at 2 cycles
per second. It must be emphasized that electronic amplification does
not offer the possibility of lowering the theoretical limit of power
detectable (see references 18, 26, and 27), but it may permit improve-
ment in stabillity, portability, ease of operation, and cost of
apperatus.

Several contributions have dealt with the désign of thermoplles
to be used with particular galvanomsters, particularly of the D'Arsonval
type. Firestone (reference 5) showed that the conductor and receiver
relations developed by Johansen (references 3 and 4) are applicable
to the case of the thermopile connected to a D'Arsonval galvanometer,
and he developed formulas for computing optimum conductor resistances
and numbers of Junctions for conventional thermopiles of given total
receiver area for the following cases: (1) a Thomson galvanometer of
given resistance; (2) a D'Arsonval galvanometer requiring a given
resistance for perfect damping; and (3) a D'Arsonval galvanometer with
ad justable magnetic shunt. Cartwright (references 6, 8, and 28) covers
much the same ground and considers carefully the minimum radiant
energles detectable by various instrumenis. He also pays conslderabls
attention to the degree to which optimum efficiency is approached with
thermopiles having less than the optimum number of junctions. Notice
should be taken of the valuable detailed information given by
Cartwright and Strong (reference 29) concerning methods of design and
construction of sensitive and quick-acting thermopiles and of properties
of materials avallable for use in thermopiles and auxiliary apparatus.
The performance curves given toward the end of that article may be
misleading in some instances since there must be a limitation, not
mentioned, with respect to galvanometer resistance (presumably to
15 ohme as in the curves of Cartwright, reference 6).

Neither Johansen nor Firestone considers the effect on design of
the Peltier, Thomson, and Joule effects (see reference 30 for definition
of these terms). Altenkirch (reference 31) treats of these matters in

8

It is worth noting in this connection that direct-—current voltages
can be converted to alternating—current voltages by the use of a
commutator and with the introduction of extraneous voltages no greater

than 5 X 108 6cording to Gumn (reference 23).
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detall with respect to power production. The Thomson and Jouls effects
are considered by all workers to be negligible when temperature dif-
ferences are small, as 1s the case with thermopiles used to measurs
radiation. Coblenz (reference 32) studies the changes in the elsctro-—
motive force of certaln thermopiles caused by the different Peltier
cooling when used on galvanometers having different resistances; he
found these changes to be negligible in ths examples considered.
Cartwright allowed for the Peltler effect in equations descriptive of
the performance of conventional thermopiles and concluded that the
voltage correction was generally less than 10 percent in the case of

a properly constructed thermoplle having bismuth~tin and bismuth
conductors with a thermoelectric power of 125 microvolts per degres
centigrade (reference 28) and about 1 percent for an iron—constantan
thermopile with thermoelectric power of about 56 microvolte per degree
centigrade (reference 6). In reference 6 a cut-and—try method for
determining design optima 1s proposed in which allowance is made for
the Peltier effect. Such allowance, however, can result in only a
very slight increase in sensitivity unless new thermoelectric materials
are discovered having considerably improved properties.

Altenkirch (reference 31) showed clearly, as might also have been
inferred from Rayleigh®s equations, that the suitability of a pair of
thermoelectric materials, as far as their thermal and electrical
properties are concerned, 1s only a function of the thermoelectric
power of the combination and of the ratio of the thermal and electrical
conductivities of each. High resistivities are, then, disadvantageous
in theory only because they are generally accompanied by marked
deviations from the Franz-Wiedemann lew. Such deviations, as well as
high resistivities, are both characteristic of materiels glving very
high thermoelectric power. (See references 33 and 3k4.)

Considerable discusslion has appeared in regard to receiver
coatings. Soot from burning oill and camphor is frequently used (see,
for example, reference 10), easily applied, and generally considered
to be satisfactory. Pfund (references 35 and 36) found that greater
absorption over a wider range could be obtained by the use of bismuth
black evaporated from a hot filament in & partial vacuum. Other metals
may be used in a similar menner, as, for example, antimony (reference 13).
The heat capacity of the coatings mentioned may be greater than that of
a very thin uncoated receiver; thus Firestone (reference 5) found that
guicker response was obtained when his recelvers were blackened with
"aquadag" instead of soot, and Moll and Burger (reference 9) likewise
found soot inferior to an agqueous suspension of colloidal carbon, an
effect which has been attributed in part, however, to poor conductivity
of soot in vacuum (reference 10). Cartwright has pointed out that very
substantial increases in sensitivity can be obtained by the use of
coatings having high absorptivity for the radiations to be mesasured
and low emissivity at the wavelengths characteristic of radiations at
receiver temperature. Platinum black, for example, which is highly



NACA TN No. 1450 23

ebsorbent in the visible range, is stated to have an emissivity of
only 0.25 or 0.20 (references 6 and 29) at long wavelengths.

Thermopiles operated in air present a somewhat different problem
from those operated in vacuum. Firestone (reference 5) suggests the
use of the same formmlas with the introduction of a mmch larger value
of unit thermal conductance to allow for power lost from the receiver
surface by convection. Cartwright (reference 6), however, points out
that the powsr loss from the leads by convection may be as great as
that from the receiver so that the postulate on which the formlas
for vacuum thermopiles are based — that no power is lost from the
conductor surfaces — 1s not even approximately realized in practice.
This author introduces in his formilas empirical expressions for unit
 thermal conductance obtained from Warburg (reference 37) but mekes the
somewhat dubious postulate that the temperature drop along the con-
ductors is linear with respect to distance. Collins (reference 38,
pp. 37-44), in his treatment of power loss by convection and radiation
from conductors in a thermoplle of other than the conventional type,
postulates that the temperaturs drop with distance from the hot
Junction is the same as would occur in a conductor of infinite length;
the actual drop in a thermopile of good design must be considerably
greater. The literature on heat loss from conductors in air leaves
a good deal to be desired.

The efficiency, with respect to electrical snergy produced by
irradiation of a given intensity on a given receiver area, of well
designed and constructed conventional thermopiles operated in vacuum
is not likely to be squaled or exceeded by thermoplles of radically
different type. Nevertheless, much attention has been devoted to
unconventional designs with, generally, one or more of the following
aims: to increase the number of Junctions possible and thus increase
the voltage response (at the expense of higher internal resistance);
to decrease the time and skill required for comnstruction; or to
increase the rapidity of response. It is also possible that the
efficisncy of unconventional thermopiles operated in air might equal
or exceed that of conventional thermopliles under equivalent conditions.
In practically all thermopiles of unconventional type (but not that of
Gier and Boelter, reference 2) portions of the conductors act also as
receivers.

Wilson and Epps (reference 21) in an early important contribution
of this nature, describe methods of constructing thermopiles by the
electrodeposition of ons of the thermoelectric metals on the othsr.

By winding fine constantan wire in spaced coils of one layer and many
turns, partly immersing such coils in an electrolyte, and plating on
silver or copper, thermopiles were produced that have many Junctions
in series, the hot and cold Junctions being connected alternately by
unplated and plated constantan wire. Since the thermal and electrical
conductivities of the plating were mmch greater than those of the core,
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the plated wire responded very much as though the core were absent.
The authors made many experiments to determine the optimum thicknesses
of plating and lengths of plated and unplated conductors, but the
‘values obtained appear to be not at all general in application.

The deposition technique, as applied by Wilson and Epps, has
certain limitations. For example, (1) some metals and alloys otherwise
desireble from a thermoelectric standpoint cannot be readily plated;

(2) in order to avoid loss of voltage due to currents in the core of the
plated conductors, the sheath must have relatively high conductance

and hence be relatively thick; and (3) for equal lengths of conductors
the ratios of thermal to electrical resistance cannot be made equal.
Among methods devised by later workers for removing one or more of
these disadvantages is that of Kersten and Schaffert (reference 12).

The two thermoelectric metals were plated on different, but overlapping,
portions of & stainless-steel form and the plated metal stripped off.
In one instance a polished steel rod was plated on opposite, but
overlapping, sides with different metals, the rod put in a lathse,

and a spiral cut made through the deposited metals. The long spiral
ribbon consisting of alternate lengths of the two metals was then
stripped off and wound on a form of appropriate dimensions. In

various trials cobalt, nickel, copper, cadmium, iron, silver, and

brass were all plated and stripped successfully; when very thin strips
were produced, they were strengthened with varnish before belng stripped
and the varnish later removed with turpentine. Miuller (reference 11)
produced thermocouples with alloys of relatively high thermoelectric

" power by plating very thin strips of electrolytically produced nickel
foil with copper on one end and chromium on the other and then holding
them at red heat until the plated metals diffused into the nickel

core. It seems possible that this method could bYe applied to the
production of multi junction thermopiles although this apparently has
not been domne. '

A result somewhat similar to Miller®s is obtainable by a different
method devised by Moll as early, apparently, as 1913. (See references 9
and 39.) A strip of manganin and one of constantan are soldered
togsther with silver, edge to edge, and the Joined strips then rolled
out in the direction of the silver seam. By cutting perpendicular to
the seam, a large number of thin thermocouples of any desired width
can be produced. An etching technique was used in some cases to produce
very minute Jjunctions of desired shape.

Very thin thermocouples and thermopiles can be produced by
sputtering or by evaporating in vacuum; for detalls, see references 4O
to 42. The metals are usually precipitated on a thin nonmetallic film
the durebility and heat capacity of which are important because its
removal, as discovered by Harris and Johnson (reference 43), 1is
sometimes impracticable. These authors devised a method for making
films composed partly of cellulose nitrate which are exceedingly thin
and at the same time surprisingly strong. Films 0.1 micron thick
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survived prolonged sputtering, whereas films 1 micron in thickness were
capable, according to the authors, of holding & vacuum over an area of
approximately 12 square millimeters. Improved specifications are given
by Harris and Scholp (reference 15).

Burger and Van Cittert (reference 13) constructed a thermoelectric

relay by evaporation of bismuth and antimony in films of 1 and 0.5 micron

thickness, respectively. The thermoelectiric power was only T5 micro—
volts per degree centigrade as compared with an expected maximum

of 150; the low value was shown to be due to the orientation of the
bismth crystals. Johnson and Harris (reference L4) using bismth
films obtained by sputtering, found that the thermoelectric power
(egainst antimony) depends on the thickness of the bismuth, amounting
to 73 microvolts per degree centigrade at 1 micron or thicker but
dropping to 30 microvolts at s thickness of 0.05 micron. These limi-—
tations are unfortunate since other pure metals are not so favorable
as bismuth would be in the absence of the disadvantages mentioned, and
alloys are difficult to control in sputtering or evaporating. The
diffusion method of Miller (reference 11) might perhaps be applicable
for films which can be self-supporting.

Harris (reference T) worked out equations for temperature of
sputtered thermopiles exposed to fluctuating radiation as a function
of distance from Junction and time. Harris and Scholp (refersnce 15)
measured radiations with such thermopliles by Interposing a shutter
between the source and the thermopile, connecting the thermopile to
an alternating-—current electronic amplifier, and measuring the
amplifier output by a direct—current mlicroammster in connection with
a copper rectifier or commtator. In the sputtering of the metal
films in these thermopiles, the regions over which deposit was desired
were masked, and the circult was made zig-zag in shape, so that all
cold Jjunctions were in one line and hot junctions in another. The
distance between Junctions was much greater than that which would give
maximum power output for a given area irradiated, as evidenced by the
experimental determination of the areas for which radistion was
effective. It would appear that many more Junctions could have been
obtained in the same area, and with greatly reduced resistance, by
placing all Junctions in one line and loading the cold junctions with
relatively thick deposits to minimize their temperature variation when
exposed to the fluctuating radiations.

Most of the workers on unconventional thermoplles have made
calculations or experimental determinations with respect to speed of
response. Cartwright (reference 28) claimed a response of about
0.1 second in vacuum for a conventional thermopile, Moll and Burger
(reference 9) of 2 to 3 seconds in vacuum with thermocouples made of

- thermofoil, and Jones (reference 10) claimed 99—percent response

in 0.08 second with thermocouples made of rolled and plated constantan
and operated in alr. In general, & quick response requires that the
ratio of the heat capacity of the system, the temperature of which is
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raised by the irradiation,; to the rate of heat loss from this system
by conduction, convection, or radiation be small (see, for example,
Cartwright, reference 6); a consequence of this condition is that all
thermopiles and thermocouples respond more quickly when operated in
air than in vacuum. A rough idea of the relative rapidity of response
of different thermopiles can be gained by comparison of receiver
thicknesses. Cartuwright (reference 8) constructed conventional
thermopile receivers of gold leaf 0.1 micron in thickness, although
he and Strong later recommend 0.5 micron (reference 29); Moll and
Burger (reference 9) made thermofoil 1 micron in thickness; Miller
(reference 11) claims to have reached the value of 0.1 micron when
the base metal was flattened Wollaston wire; Kersten and Schaffert
(reference 12) were able to produce and wind coils of flattened
constantan 5 microns thick; Jones (reference 10) rolled constantan
wire to about 0.6 micron; and Johnson and Harris (reference hh) mede
metal films at least as thin as 0.05 micron and supporting films
less than 0.1 micron, although the films of the thermoplles they
later used for making irradiation measurements were thicker. As
previously suggested, it 1s difficult to apply efficient radiation-
absorbing coatings with a heat capacity not greater than that of
metallic films of the thicknesses mentioned.

The work on radiation-measuring thermopiles may be briefly
summarized as follows: The theory has been well developed for
operation in vacuum of the conventional thermopiles in which recsivers

make thermal contact with the conductors at theilr junctions. The theory

has not been very well developed for thermopiles of this type operated
in air. Although many unconventional thermopiles have been designed
and constructed, their theory of operation has been largely neglected
(except for the excellent work of Harris, reference 7), and apparently
nc design criterions for obtaining high power efficiency are found in
the literature.



NACA TN No. 1450 27
APPENDIX B

DERIVATION OF EXPRESSIONS FOR COMPUTIRG JUNCTION TEMPERATURES

Definition of the System

The system analyzed is defined by figures 1 and 2 and the
following postulates:

1. There is no temperature gradient within a conductor, or its
agsociated coating or binding materials, in a plane perpendicular to
the direction of length of this conductor.

2. Thermal conduction parallel to the direction of length of the
conductors is solely through these conductors end not through associated
binding or coating materials.

3. The individual thermocouples are placed or coiled side by side
so that similar regions of the different thermocouples (and also
regions 2 and 2% of fig. 2) are adjacent to each other and exist at
the same temperature.

L. The Peltier, Thomson, and Joule effects are negligible (for
definitions of these effects, see reference 30).

5. The thermopile is disposed in a housing (see fig. 4) the
temperature of which is uniform and the inside surfaces of which have
an emissivity of 1.00 (1deal radiator).

6. The temperature of the alr surrounding the thermopile is
uni form. '

T. In the case of the uncompensated thermoplle, the air temperature,
thermocouple ends 1 and 2 (fig. 1), and the housing are all at the same
temperature .

8. The temperature difference T — T, between any differential

area of thermopile surface dA and the housing is 8o small that the
substitution of th3(T - Tl) in place of Tu —-Tlh in the expression

for net power exchange betwsen the two by radiation introduces only a
negligible error.
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9. The average values of € and of f, for the surfaces of a
differential length of conductor, considered together with its
assoclated coating and binding materials, are uniform over the entire
thermopile and are independent of the temperatures1 of the conductors
and of the ambient air. ’

10. All parts of the thermopile surface, other than the front
surface of the recelver, exchange power by radiation with only the

inside surfaces of the housing; except that, in the compensated thermo-—

pile, there may be a uniform excess or deficlency of irradiation
resulting in a corresponding uniform excess or deficisncy of power
absorption per unit length of conductor over the entire thermopile.

ll The front surface of the recelver exchanges power by radiation

only with the inside surfaces of the housing and the -housing opening.

12. The front surface of the receiver is completely diffusing,
and the same fraction FO ‘R of the radlant energy leaving any
part of 1t passes through the housing opening prior to any reflection.

13. All parts of the front surface of the receiver are irradiated
at equal intensity by radiant energy entering the housing opening.

14, A steady state of heat flow exists throughout the system;
that 18, the temperatures are not a function of time.

1The direct proportionality found to exist between measured
irradiation and thermopile voltage 1s in agreement with the postulate
that the unit thermal conductance, as well as emissivity, is
independent of temperature over the ranges ordinarily encountered
in practice.

“The last condition is approximated in a compensated thermopile
constructed according to the method described in appsndix E in that
there is mutual exchange of radlant power between different parts of
the inslde surface of the trapezoidal coil which are not necessarily
at housing temperature. A deviation from the condition occurs in
that the self-irradiation of the inside coil surface is not quite
uniform, being greater on the cooler parts of the conductors and less
on the warmer parts. The effects of this nonuniformity are almost
the same as those which would result from a 8lightly Iincreased
value of f°9.
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Net Power Exchange from Radiometer Surfaces
by Radiation and Convection

The power lost by radiation by a differential length of conductor
may be expressed as follows:

[cchTlh + heowpT) 3 (T — Tl>] ax = (ecwaTll* + ueowsfrft) ax (B1)
(See postulates (5), (8), and (10).) The power lost by convection is

wBt, (6 - t,) ax (B2)

The power galned by radiation by a differential length of conductor not
directly assoclated with recelver surface is

(? + echTl%) dx (B3)

The power gained by radiation by a differential length of conductor
that is directly associated with receiver surface may be expressed as
follows:

b vh dx
B dx + GOTl FR h X Area housing X Ares Teceiver
L
+ afi W 4X + €oT; w(l -B) dx (BL)

(See postulates (11), (12), and (13).) But, by reciprocity law,

F X Ares housing = F X Area receliver

Re—h h<—R

and
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(See postulate (11).) On making these substitutions, expression (Bk)
becomes:

X .
B dx + €T, (1 - FOé-—R)"B dx + echlhw(l - B) dx + aGyw dx (B5)

The net power loss by radlation and convection by a differential length
of conductor not directly associated with receiver surface i1s then:

Expression (Bl) + Expression (B2) — Expression (B3)

]

beowBT "t dx + wBEg (b — ts) dx — B dx

(heaTl3 + fawﬁt dx — fowbty dx — B dx (B6)

Similarly, net power loss by radiation and convection by a differential

length of conductor directly associated with receiver surface is given
by:

Expression (Bl) + Expression (B2) — Expression (B5)

L
=GUWBT1 Foé R d.x-GUTl W(l—'ﬁ) dx_'aoG'OWdJC
+ (hecwﬁTl3t> ix + wafc(t - ta) ix — B dx

h
=-—(;GO — €0BTy Fe é)w dx + (;60T13 + f;)wﬁt dx — fowBt, dx — B dx

= — G'w dx + <%50Tl3 + fo)wBt dx — fchta dx - B dx (B7)

Expression (B6) is the same as expression (B7) with G°®
zero. Lét t, be the temperature at which, for G°*

exchange by radiation or convectlon occurs. Then:

set equal to
= 0, no net

(;EUT13 + fé)wﬁte dx = fcwﬁta dx + B dx
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From equation (B8),

but
Therefore
G*
where H = B-E:;- and
When x =0,

and when x = 1,

dq

E = 3%y - (t -— te WBf'
at 4 2
L. § 49 _ _ad’t
ax KA dx dx?

‘ﬁ_’aﬁ(m) - [—uc' + (b - te)wa']

2
et [Gw B
ax2 wtm (" t°)]

= QE +m2<t..-— t’e)

= 2(]1 + te) + met

me

t = Clemx + Cge"mx + (E + teD

t =t

HACA TN No. 1450

?
= ———-BII;AW. This equation has the general solution:

(B9)
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therefore
%f to=Cl+C2+(H+te)
f tl = Cleml + Cze—ml + (H + te)
f From these two equations can be obtained:
1=
; e -
£ oMl ( ml
0® -t - 114»1;e e " —-1
CA =
2 -
eml - ml
From equation (B9),
q=-—kAEE=kAmCe—m—Cemx>
: dx 2 1
then,
Ix=0 = m@z - Cl)
to cosh ml — t; - (H + te)(cosh nl — 1)
= (B10)
sinh ml




>and

7t

e'mz[toemz -ty - (H + texeml - 1)] --emZE:Z — toe il — (H + te>(l — gl ]

ml

= kAm

fial
o
i
o~
I

-ml

e -

kAm |2ty — 2t, cosh ml + (H + t.)(2 cosh ml — 2)
l e
) ' 2 sinh ml '

W

—XAm - -
k. EO t, cosh ml + (H + te)(cosh ml 1)] (B11)

Equations (B10) and (Bll) may be used to express the heat flow at the two ends of each of the
four conductor lengths of figure 1 (uncompensated thermocouple) or of the right-hand half of figure 2
( compensated thermocouple) by substituting t with appropriate subscripts in place of t3 and 17}

and by setting H = 0 for the lengths at the extreme right and left. The flow at the right end of
the length from 1 to x mst equal the flow at the left-~hand end of the next length; likewise the
flow at the right-hand end of the length from x to h must equal the flow at the left-hand end
of the length from h to y, and similarly for the two lengths meeting at y. By equating the
flows at these three cross sections, three simultaneous equations can be obtained for

solving t,, tys and ty in terms of the following: w, m., My, X, and y, values of which are

fixed by the unit thermal conductance and the conductivities and dimensions of the metals; H,
which involves the intensity of irradiation of the receiver; and t,, t;, and tp. It is

convenlient to introduce the following new variables:

k:bAb . m.a
R = A from which can be obtained my = =
kol VR

OGHT “ON NI VOVN
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P = mbb

q = mga

The three simultaneous equations are, then:

(1)
t; —ty cosh q(1 —x) + t5|cosh q(1 —x) -—]:l
sinh q(1 —x)
ty cosh xq — tp — (E + te)(cosh xq — 1)
sinh gx
(2)
tx — tp cosh qx + (H + te)(cosh qx — 1)
sinh gx
\/_ﬁlzch cosh py — ty — (H + te>(cosh Py — lﬂ
- sinh py
(3)

ty — ty cosh py + (H + te)(cosh Py — 1)
sinh py

ty cosh p(l - y) — ty = tg|cosh p(l --—y) -—l]

sinh p(l -~ ¥)

Solving these three equations simultaneously gives the following result
for the hot Jjunction temperature Tyt



(E + te)\/ﬁ[sinh py - (coth p)(cosh py - l)] + (H + te)[sinh ax — (coth q)(cosh gx — l):l R

t, =
h
VR coth p + coth g

= o + tg + C3(t) —tg) + Cy(tp = tg) (B12)

where

B \/i[éinh py — (coth p)(cosh py — l)_-_‘ + Esinh gx — (coth q)(cosh gx — l)]

w
VR coth p + coth q

1
ginh q<\/§ coth p + coth q)

C, =

and

VR

sinh p (\/—ﬁ coth p + coth q)

Q
=
il
 OGHT °*ON NI VOVN
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The value of +t; for the uncompensated thermocouple is obtained from
equation (B12) by setting:

(see postulate (7), appendix B) which gives:

th = aH Temperature differsnce be—
tween Junctions for uncom-—
pensated thermopile

Equation (B12) also applies to the right—hand half of figure 2 for
the compensated thermopile, and also to the left half of this flgure
by symmetry, provided H. is set equal to zero. The term 1, can

be used instead of t,' (expression (3)). This gives, then, the
following two simultaneous equations:

ty = ol + b + O3ty = b ) + Oy(tp ~ t,)

te

be + 03(t1 ~ to) + O (b2 - t,)

By subtracting, the following 1s obtained:

th - tc = wH [ Temperature difference be—
tween Junctions for compen—
sated thermopile

The temperature difference between junctions is therefore the same for
the compensated thermocouple of figure 2 as for the uncompensated

thermocouple of figure 1. In the case of the compensated thermocouple,
however, the temperature difference 1s independent of ty and hence of

the temperature of the ambient alr and of any radiation resulting in a
power absorption that 1s uniform, per unit length of conductor, over
the entire thermoplle.
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APPENDIX C
DERIVATION OF EXPRESSION FOR VOLTAGE LOSS DUE TO CURRENTS CIRCULATING
IN THE SHEATH AND CORE OF PLATED CONDUCTORS
The system analyzed is indicated by the following postulates and

sketch:

1. The -thermoelectric power is uniform over the temperature range
involved

2. The sheath and core are uniform in cross section

3. The contact resistance between unit area of the core and
sheath Interface 18 zero

(G R 1 M
vz ] VA

th t’c

Cross ssction of part length of a plated—type
thermopile conductor.

The voltage difference between the ends of an unplated section
can be only the resistance drop (Current X Resistance). Therefore,
an expression is obtained for the voltage difference hetween the ends
of a plated section. This difference is written as follows:

x=1
~R, 1 dx (c1)
x=0
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Considering a differential length of conductor, the sum of voltages in
the following complete circuit must equal zero: core to sheath; along
sheath distance dx; sheath to core; back along cors distance dx.
This circuit is expressed diagrammatically and algebralcally as
follows:

(I -1)Rg dx

eth _ Te(tx + dt)

ad-
9

iR, ds

ety — (I —1)R; dx — o(ty + dt) + 1R, dx =0
from which is obtained:
e dt + [gl - 1)Rg — IR;] dx = O

+1(R, + Bg) dx ~ TRy dx = o dt

|
=
Q
>
L %
o~
[
&
i
d
O

x=1 te
—m ‘-f IRSdX—f e dt
x=0 ty

RR, 1T R '
S LB T (P N (c2)
R, +Rg R, + Rg

The required voltage (expression (Cl)) is thus given by two terms on
the right-hand side of eguation (C2). The first of these is the drop
which would result from current I flowing through thes resistance
obtained by connecting the core and sheath in parallel - hence the
actual resistance of the plated section — and the second term is ths
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thermoelectric power miltiplied by the temperature difference (as in an
ordinary thermocouple), multiplied in turn by the factor glven below:

Factor allowing for reduction in voltage R
due to currents circulating in the sheath =02 (c3)
and core of a plated conductor Rc + Rs

This factor may be expressed in terms of R, D, and 8 as follows:

Thermal conductance of)

Thermal conductance of sheath = (R — D) the unreduced core

But:
8 = Thermal conductance of sheath/Electrical conductance of sheath
Thermal conductance of core/Electrical conductance of core
and:

Thermal conductance of sheath = ( rnermal conductance ) (g _ p)
of unreduced core

Electrical conductance
of unreduced core

Electrical conductance of sheath = (R - D)

therefore:

of unreduced core
R~-D

(Electrical resistance)

Electrical resistance of sheath =
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Substituting in equation (C3) gives ths following:

Factor allowing for reduction in voltage R —D
due to currents circulating in the sheath =
and core of a plated conductor R~D 4+ Ds

It should be noted that this expression doss not include the
voltage loss due to reduction of the temperature difference betwsen
Junctions caused by the Peltier effect of the circulating current.

This temperature reduction is, however, exceesdingly small compared with
that due to heat conduction along the plated conductor where R 1is
reasonably large.
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APPENDIX D

COMPARATIVE EFFICIENCY OF THERMOPILES ANALYZED IN THIS REPORT
AND THERMOPILES OF THE JOHANSEN TYPE

The purpose of thls appendix is to ascertain the degree to which
the power efficlency of thermopiles of the type analyzed in thls report
approaches the theoretical maximum. This maximum, it is postulated, is
that attained in a thermoplle of the type analyzed by Johansen
(references 3 and 4), in which perfectly conducting receivers make
contact with the thermoelsciric wires only at their Junctlions and in
which the wires lose.no power by radiation or convection. It should
be noted that in both systems the Peltler effect, as well as the
Thomson and Joule effects, i1s neglected. The comparison is made for a
single thermocouple of each type, and is based on the following
conditions:

1. The thermocouples compared are =ither both uncompensated or
compensated

2. The areas of the front receiver surfaces are the sane

3. The propertlies of the metals of one thermocouple are the same
as those of the other ,

4, The average unit thermal conductance for heat loss by radiation
and convection for both sides of the receiver of the
Johansen thermopile is equal to f' for the type analyzed
herein

5. A value of B =2 18 tesken, which corresponds to the flat
recelver of the Johansen thermocouple

6. The power absorbed by the front surface of the receiver in
excess of that required to produce equality of Junction
temperatures, G' 1s the same for the two thermocouples
compared

7. The absorptivity at'  1is the same for the receiving surfaces
of the two thermocouples

Equation (2) is used as a measure of efficiency for the reasons
previously discussed. It is shown that equation (2), for a compensated
thermopile of the type treated in this report, can be expressed as in
equation (3b). The efficilency for an uncompensated couple 1s twice
this value since the resistance is half as great and the elsctromotive

force the same; multiplying, therefore, the right-hand side of
equation (3b) by 2, and setting B = 2 (see condition (5)) gives:
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| fel] 2
(for an uncompensated thermocouple ) _a'G’e C

a
of the type treated in this report ok T T (D1)
a

In the Johansen thermocouple:

G?*

Temperature of receiver = —am—
? 2(2f*)

(See condition (1), appendix A.) The electromotive force is e times
this value, or:

Electromotive force = G'e
Lt

The thermocouple resistance can be expressed as follows:

a b
Thermocouple resistance = +
< Caha = Cghg
where a and b are the lengths of the two conductors, C, and Cg
are the electrical conductivities of the two metals, and A, and A4

are the cross—ssectional areas of the two conductors.

Making these substitutions in equation (2) and letting M represent

the area of the front surface of ths receiver gives:

o for an uncompensated ) - Gfe2q! (D2)
Johansen thermocouple 2 a b
16£¢°M T+T
Cafa Cafig
ksCa

But Cg; can be replaced by
a



bl NACA TN No. 1450

Agks Agkg

2Mf*® = +——-.b—

(see condition (1), appendix A); therefore M can be replaced
by 1/2f* mmltiplied by the right-hand side of this expression. The
following also holds:

Aaakapa - Aszkscs

(see condition (1), appendix A); therefore

Aa. kac 8

o'| P

 Ag\kC,

On meking these successive substitutions in equation (D2), and replacing

k C

88 py g and 1ts reciprocal by 1/s, equation (D2) becomes:

k C
a's

2
Gte a'Ca

8k, (1 + \I'eT)2

% { for an uncompensated;) - (D3)

“ \Johansen thermocoupl

The relative efficiency of the typs of thermoplle analyzed in this

‘report is then obtained by dividing the right-hand side of equation (D1)

by the right-hand side of equation (D3):

Relative efficiency, compared _ 2
with Johansen thermopiles = Mr(l *'VE) (Dh)

Since the computation of maximum I’ involves time-consuming trial-and—
error calculations, expression (DL) is evaluated for the conditions

(s = 0.62, D =1) for which such computation has already been made.
(See fig. 3.) After the appropriate substitutions are made, the
following 18 obtained for the case in which R = 25:



NACA TN No. 1450 45

1(0.049)(1 + V0.62)2 = 0.63

\10.63 = 0.80

Relative efficiency

"

]

Relative voltage, for fixed resistance

Operation of thermopiles in ailr, instead of in vacuum, results in
an increase in the value of f'. Since f% does not appear, directly
or indirectly, in equation (Di), the comparison is applicable for
either mode of operatlon, provided the postulates on which the
derivations of the efficiency expressions are based can still be
approximated in practice. There 18, however, one postulate which is
- far from realized in alr-operated thermopiles of the Johansen type -
namely, that of zero power loss by convection and radiation from the
conductors. Cartwright states (see reference 6) that more power may
be lost from the conductors by convection than from the receiver
itself. When this clrcumstance is taken into account, it seems
reasonable to conclude that with proper design there should be little
or no advantage in efficlency, for operation in air, of thermopiles
of the conventional type as compared with thermopiles in which parts
of the conductors act as recelvers.
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APPENDIX E

METHOD USED FOR CONSTRUCTING SOME PLATED—

SILVER-CONSTANTAN THERMOPILES

Thermopiles of the type diagramed in figure 4 and described in
the text have been constructed In the following way:

Constantan wire (No. 40 B. & S. gage has generally been used in
this Investigation) is wound closely spaced on two round rods supported
in a demountable freme, as 1llustrated in figure 5. These rods are
vitreous enameled, except near their ends, so that in the subsequent
plating operation the wires will not becoms attached to the rods.
Previous to the winding, a long, narrow strip of metal foil is lightly
cemented to one of the rods; the wire is wound over this foil which
thus serves to short-circuit all the turns. This short circuiting
permits uniform plating of the different turns even though the plating
current is introduced through the ends of the constantan wires.

The optimum length of the unplated regions of the conductors is
relatively short for reasonable values of R. A strip of tissue paper
of width equal to this length is cemented over the wires where they
are in contact with one of the rods and in such & position that it
also covers the strip of metal foll. It is worth while lacquering
unprotected metal surfaces of the frame before plating so as to limit
the silver depcsit to the wires. The whole assembly is now washed
in a hot potassium—cyanide solution and then Immersed in the plating
bath and the desired thickness of silver 1s applied; this thickness
is controlled by fixing current and time.

After being washed and dried the assembly i8 soaked in acetons
and the strip of tissue paper removed. The wires are now to be cemented
together into a solid sheet except where they are near, or in contact
with, the supporting rods. Lacquer of phenol-formaldehyde cement,
applied with a brush, has been found suitable for this purpose. It
mey be brushed on in a current of warm sir, or the lacquer may be
thickened first by leaving it for meny days in an unstoppered bottle,
Additional strength is obtained by laying a few thin glass threads
perpendicular to the wires when the lacquer is agplied. The assembly,
after drying in air, is placed in an oven at 275 F for about 7 minutes;
this brief baking partly sets the lacquer but leaves it very flexible.
The ensmeled rods are now rotated, by means of pins inserted in the
heles at their ends, until the unlacquered portions of wire are free
and the lacquered portions are in contact with the rods. The strip
of foil, which generally stays with the wires rather than the rod, is
now removed, and lacquer is applied to the free wires as before. The
coil is placed in the oven again for 5 minutes.



NACA TN No. 1450 ' L7

At this stage the frame is demounted and the coll, which becomes
approximately elliptical in cross section; is removed. Since the
lacquer is very flexible, the coil can easily be pressed around metal
forms of appropriate dimensions into the desired trapezoidal shape.
The coil is next placed in an oven for at least 20 minutes at 275° F.
The entire external surface is subsequently blackened by any of the
usual methods; for example, the coil is usually painted with a
suspension of lampblack in turpentine and subsequently sooted over a
flams. The completed thermopiles are attached to supports by human
halrs lightly cemented to the coils; these hairs should not, of course,
meke contact with the thermopiles near the conductor Junctions.
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APPENDIX F

GENERAL COMMENTS ON THE DESIGN OF THERMOPILE

RADIOMETER HOUSINGS

Some of the problems involved in housing design ars presented in
this section, and some relations and methods basic to their solution
are discussed and illustrated.

An Ideal Housing

The conditions in the following list are proposed as characterizing
an ideal housing. Although these conditions cannot be attained in :
practice, the degrees to which they.are approached - evaluated with
respect to their desirability or necessity in the particular appli-
cations intended ~ constitute criterions of success in housing design.

1. An ideal housing shields the thermopile from radiation
originating outeide the housing except for the exposure of the receiver
to the radiation that it is desired to measure; the latter, however,
can be selected by the housing only with respect to direction of
propagat}on and location in space or to criterions of equivalent
meaning.

2. The radiation entering the opening of an ideal housing and
incident upon the receiver during measurement is the same as that
existing in the absence of the radiometer and is similarly located with
respect to direction of propagation and position in space.

3. An ideal housing lrradiates the thermopile uniformly from all
directions except for the irradiation of the receiver surface from the
direction of the housing opening or from the direction of a lens or
reflector that may be mounted within the housing.

4, The irradiation of the thermopile from the inside surface of an
ideal housing is constant with respect to time.

5. An 1deal housing of a thermopile operated in air protects the
thermopils from movemsnts of air originating outside the housing.

6. An ideal housing of a thermopile operated in air maintains the
air surrounding the thermopile at a constant and uniform tempersture.

1The 1imits of receiver sensitivity also place certain restrictions
on the specification of radiation than can be measured.
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Materials of Construction

Conditions (3), (4), and (6) require for their realization a
uniform and constant temperature of the housing, or at least of that
part of it immediately surrounding the thermopile.

In a housing exposed to nonuniformity of air temperature or of
irradiation, as is often nscessary under conditions of use, there will"
be at equilibrium a transfer of power by conduction from regions of
greater absorption to reglons of lesser absorption. The magnitudes
of the consequent temperature differences will be inversely related,
for given conditions and housing dimensions, to the thermsl con-
ductivity k of the housing material. Such conductivity should
therefore be high. It is possible, however, to compensate within
limits for a deficiency of conductivity by increase of housing-wall
thickness, provided the thickness is small with respect to housing radius
so that such increase will have relatively little effect on over—all
outside housing dimensiornis.

Alteration of thermal enviromment, often unadvoidable in practice,
may result in a net exchange of power between a housing and its
surroundings and a consequent shift in average temperature of the
housing as a whole. The time required for the asttainment of near
equilibrium in this respect for housings of substantial construction
is likely to be very great, and it is usually important, therefore,
that the thermopile be useble during a period of such shift. Such use
is facilitated if the rate of shift is low, and since this rate, for
given conditions and housing dimensions, is Inversely related to the
heat capaclty per unit volume cpY of the housing materisl, it is

generally desirable that such capacity be large. It is possible,

however, to compensate for deficiency in heat capacity by increase
of wall thickness under the conditions described in the preceding

paragraph.

When measurement of irradiation is based on thermopile output
and housing tempsrature, any nonuniformity of the temperature will
result in errors of unknown magnitude. It is therefore desirable in
such cases that a state of uniformity be approached as rapidly as
possible on removal of circumstances producing a temperature difference.
The rate of approach to uniformity, for given conditions and housing
dimensions, Increases with Increased diffusivity k/cpy of the housing

material.

It appears, then, that high conductivity, high heat capacity,
and high diffusivity are generally advantageous, although the relative
desirabllity of each depends on other features of radiometer design



and on the manner of use. The values of these properties of some metals which are, or might be
considered to be, suitable for housings are listed below:

0%

k
14 k C,7 —
p p7

c
<c111.bft> ((hr)(sq ?‘t?("l"/ft) . (ﬁ(ﬁ) ( <§gh?f—t>

Silver 658 242 37 6.6

Copper 556 224 52 4.3

Aluminum 170 117 35 3.3

Magnesigm 109 92 27 3.4
5—-percent copper

Brass 35-percent zinc) ’ 546 70 46 1.5

Iron 495 39 66 .59

It will be noted that silver 1s best with respect to diffusivity and conductivity; its use is often
to be preferred aside from the matter of cost. Copper has a higher heat capacity and a nearly equal
conductivity, and its diffusivity is about two—~thirds that of silver; copper may be rated, therefore,
from nearly as good as silver to, in some applications, possibly better. Aluminum, however, 1s much
lighter and has a diffusivity nearly equal to, and a conductivity not much less than, that of copper.
The heat capacity of aluminum is somewhat less, but this may frequently be compensated for by the use
of thicker walls without eliminating its adventage in weight. Magnesium, in turn, is slightly superior
to aluminum in diffusivity and will weigh less for a cross—sectional area providing equal conductance;
its heat capacity for a given weight is also slightly greater. Therefore, in those cases in which
the necessary thickness of wall does not contribute too large a proportion of the over-all outside
housing dimensions or is not otherwiss obJectionable, aluminum may be considered superior to copper,
and magnesium to aluminum. The use of brass cannot be Justified, and the use of iron or steel could
be considered desirable only from the standpoint of cost.

]
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Properties of Housing Surfaces

The external surfaces of a housing should have a high reflectivity
for any irradiation the temporal or spacial nonuniformity of which
might cause local or extensive temperature changes in conflict with
condition (3), (&), or (6). Polished gold plate has excellent
reflectivity for the longer wavelengths, such as are characteristic of
thermally produced radiation emitted by materials at temperatures
below that of incandescence; the most commonly used polished metals,
such as chromium and nickel plate, aluminum, and freshly polished
copper or brass, are also quite highly reflective for radiation of this
character. When variable heating effects of radiation of shorter wave-—
length are likely to be of importance, as in cases of exposure to
direct sunlight, a careful comparison should be made of the reflec-—
tivities to such radiation of the various metallic, as well as of
nonmetallic, coatings available.

A reflective coating on the front surfaces of any baffles that
may be provided in a housing between the opening and the recelver
surface will tend to divert incident radiation and consequent heating
toward the front part of the housing, if not actually through the
housing opening, thus providing partial protection from uneven heating
for that part of the housing immedliately surrounding the thermopile.

An approach to conditions (1), (2), (3), and (4) is facilitated
by a high absorptivity of all inside surfaces of the housing except
the front surface of the baffles and, of course, also any reflectors
that may be used to concentrate the ensergy to be measured onto the
receiver surface. The application of a flat black paint followed by
sooting over a flame of Diesel oil results in a highly absorbent
surface. A previous scoring of the inside surfaces, as by the cutting
of threads if the inside is circular in cross section, helps to ensure
an absorptivity closely approaching 1.00.

Geometry of Housing

The problems of size and shape are exceedingly various, and
depend largely on the applications for which a given radiometer is
intended. In general, small over-all dimensions greatly facilitate
an approach to uniformity of housing temperature, and a small inside
diameter and the use of bvaffles should assist in an approach to
conditions (5) and (6). The possibility exists of using spaced
double or triple walls in order to approach condition (3) more closely
with a lighter housing.

The following simple geometrical problem is presented as
illustrative of the many that arlse in particular applications: A
simple cylindrical housing, having an opening of which the diameter P
is8 fixed by other considerations, is to be used with a thermopils
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having a flat receiver of fixed shape and of perfect diffusivity. The
radiation measured is to be limited to that the direction of which
(postulating straight—line propagation) forms an angle of 6 or leas
with any intersecting line parallel to the housing axis. The receiver
is postulated to "view" through the opening a diffuse source of uniform
intensity. This situation is diagramed in the following sketch of

the radiometer:

~
/
V%//////////////////‘j -
f ~
ZHEn -
T % ~ X {
/] ~ -~ 6
i ? ~ L i P
A
% P N
é P ~—
Zml) | I~
LY L ~~ -
| ~
fe—R Q 1 ~
P previously determined dlameter of housing opening
T twice the greatest distance from the center of the receiver to

its periphery — the diagonal in case the receliver is square or
rectangular in shape

Q distance from plane of housing opening to iqtersection of
construction lines making angle 6 with housing axis

Q + R distance from recelver to plane of housing opening

Given these conditions the following question may be asked: What value
of R + Q will permlt maximum thermoplile output?

The receiver must be at least Q distance from the opening, or
it will Intercept radlation having directions of propagation forming
angles with lines parallel to the axis of the radiometer greater than 6.
For the same reason the receiver ares mmst be included within the
construction lines shown making angle 6 with the housing. Since the
power input avallable for producing thermopile output 18 equal to
receiver area multiplied by the irradiation G* (see appendix G) and
efficiency is proportional to G' (see equation (3a)), the output is

proportional to (Receiver area) x (G* )‘2. The irradiation G' 1is
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proportional to the shape modulus of the opening to the receiver. If
R+ Q 1is large compared with P, as will be the case if 6 is fairly

small, the shape modulus of the opening to all parts of the receiver will

be almost equal to that at the center of the receiver. This factor

2
(see reference 38, p. 15) is PE/M The irradiation G' may
ElTJ’ (R + Q)2

then be taken as approximately proportional to:

P2

2
%f + (R + Q)2

Since receiver area for fixed shape is proportional to the square of
eny linear dimension, it is proportional to T2. The thermopile
output is therefore proportional, to a first approximation, to:

TRph
)
> .
[%—-+ (R + Q)%]
N
but
T =PR
Q

Therefore, output is approximately proportional to:

6 « r2

2
QQE)—E- + (R + Q)ﬂ

wvith R the variable. In order that this expression may be a maximum,
R

5 mist be a maximum. When 1ts derivative, with respect
E+(r+0)?

to R, 1is set equal to zero, the following is obtained:
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2
%—+R2+2RQ+Q2-2R(R+Q)=O

from which:
2
Eh—-—R2+Q2=O

Therefore:

and hence:

2
T=P 1+P—2-'
J kQ

Since P2/h will be small compared with Q° when 6 1is small,
it may be concluded that, under the conditions mentioned, the maximum
radius of the receiver should be Just slightly greater than the radius
of the housing opening, and the distance from the receiver to the
plane of the housing opening must then be slightly more than twice
the distance from the latter to a point on the housing axis for which
the radius of the opening subtends the limliting angle 6. If the
maximum opening possible in a simple hollow cylinder is to be realized,
then the thermopile receiver should be Just as large as can be
accommodated inside the cylinder and the distance from the plane of

the opening should be- (l + %— (g cot 9) .
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APPENDIX G
SYMBOLS

total length (uncompensated thermocoupls) or half length

( compensated thermocouple) of one conductor — the unplated
conductor in plated—type construction, ft; as subscript,
refers to one of the thermoelectric metals — the metal of
the unplated conductor in plated-type construction — or to
the conductor composed of this metal

cross—sectional area of wire, sq ft

total length (uncompensated thermocouple) or half length
( compensated thermocouple) of one conductor — the plated
conductor in plated—type construction, ft; as subscript,
refers to one of the conductors, the plated conductor in
plated—type construction

difference between power actually absorbed per unit length
of conductor of a compensated thermopile and power that would
be absorbed if all parts of thermopile surface, except front
surface of receiver, exchanged power by radiation with only
thermopile housing (see appendix B, postulate (10)),
Btu/(hr)(ft)

proportion to which thermopile voltage 1s reduced in plated
construction because of circulating currents in core and plate
of plated conductor; as subscript, refers to core of plated
conductor

specific heat at constant pressure, Btu/(1b/°F)

electrical conductivity, ohms/(sq ft/ft)

ratio of cross—sectional area of core of plated conductor to
cross—gectional area of unplated conductor; D = O expresses
the situation corresponding to unplated construction
thermoelectric power, mv/°F

unit thermal conductance due to heat transfer by convection
averaged around or on both sides of a conduztor (together wlth

asgoclated binding or coating material) (see appendix B,
postulate (9))
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(%c + heoTl%); incresase in power loss by convection and

radiant emission, per unit area of thermoplle surface,
resulting from unit rise of temperature, Btu/(hr)(sq £t)(°F)

shape modulus, used with subscripts. (The shape modulus of
one surface to another is the fraction the denominator of
which is the radiant power that would be emitted by the first
surface were it at uniform temperature, of uniform emissivity,
and perfect diffusivity, and the numerator of which is the
amount of this power reaching the second surface prior to
reflection and in the absence of any intervening absorbing
medium. )

shape modulus, front surface of recelver to inside surface of
housing (see definition of F)

shape modulus, inside surface of housing to front surface of
recelver (see definition of F)

shape modulus, front surface of recelver to opening in
housing (see definition of F)

irradiation of back side of receiver element, Btu/(hr)(sq ft)

irradiation of front side of element, Btu/(hr)(sq ft)

part of G2 coming through the opening in housing,
Btu/(hr)(sq ft)

W, a1 '
(QGO "‘Fo<%——RT1.>’ difference between irradiation absorbed

per unit area of receliver surface and that absorbed per unit
area of all other thermopile surfaces; it is, therefore, the
irradiation effective in producing a temperature difference
between hot and cold Jjunctions, Btu/(hr)(sq ft)

G*'/Bf?; rise in temperature that would result from
irradiation G' in an irradiated length of conductor if the
latter were thermally nonconducting in the direction of its
length. The actual rise dus to G' is less and, at the
Junction, is  times H,

total current

currsnt through core at any distdnce x from end of plated
section

thermal conductivity, Btu/(hr)(sq ft)(°F/ft)
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mv

,ks/ka.

a L
constant in equation G, = K(mv) + FO e—gT] >
Btu/(hr)(sq £t)(°F/ft)

length of uniformly irradiated strip

Burf? 1/t

x5 t (Subscripts of m, k, and A are to be the
same . )
slectromotive force, millivolts

area of front surface of receiver in thermocouple of
Johensen type, sq ft

number of Jjunctions in a thermopile

mbb

mea; with subscript, heat flow, Btu/hr

by

b
kaAa

ratio of thermal conductance per unit length of

conductors of one type (the plated conductor in plated—type
thermopiles) to that of conductors of other type

resistance of core of plated conductor per unit length,
ohms /ft

resistance of deposited metal of plated conductor per unit
length, ohms/ft

g /C 3 ratio of quotient of thermal conductivities of the
8/va

two thermoelectric mstals to quotient of thelr elsctrical

conductivities. As subscript, refers to one of the thermo—

electric metals, the deposited metal of the plated conductor
in plated—type construction

oty + (§_ )
YPZ . temperature difference between differential

3
heaTl + £

length of conductor and housing at which there is no net
power exchange by radiation and convection, combined, between
the surface of .this length of conductor and the surroundings
except, in the case of the receiver surface only, for the
absorption of irradiation G'. For the uncompensated
thermopile t, =0, B =0, and hence tg =0, CF.
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t difference between temperature of air surrounding thermopile
end that of housing, OF

t difference between temperature of differential length of
conductor or fin at regions which may be indicated by
subscripts and that of housing and (in the case of the
uncompensated thermopile) ambient air,

T absolute temperature of dif%eréntial length of conductor, °r
Tl absolute temperature of housing

w width of recelver area associated with a single conductor, ft
x frection of length a irradiated (also used to represent

distance in ft)

¥y fraction of length b 1rradlated
w A th/H orY (th,l - ‘\th’e)/ﬂ
B total distance, in plane perpendicular to length of a con-

ductor, along surfaces of this conductor (together with its
assoclated binding or coating material) from which heat is
lost by convection and radiation, all divided by term w

a absorptivity of thermopile receiver to that part of the
radiation falling on it which comes in the housing opening

€ aversge emissivity of different sldes of a conductor with
respect to radiation produced by an ideal radiator at
receiver temperature (see appendix B, postulate (9))

af absorptivity of the thermopille receiver to radiation from
the source of interest

o Stefan-Boltzmann radiation constant, Btu/{hr)(sq ft)(°R)u

7 term directly proportional to efficlency of thermopile

(See equations (2) and (3a).)

r term directly proportional to efficlency of thermopile
(See equations (3a) and (3b).)

y specific weight, 1b/cu ft
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Figure 1.- Uncompensated thermocouple.
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Figure 2.- Compensated thermocouple.
a and b \Length (uncompensated thermocouple) or half lengths (com-
pensated thermocouple) of the thermoelectric conductors.
If conductor b is of plated construction, its core and
conductor a are composed of the same metal,
xa or yb Portion of length of conductor, or of coating or binding

materials intimately associated with it, that is exposed to
the radiation to be measured.

Width or portion of perimeter of each conductor, or of
coating or binding materials intimately associated with it,
that is exposed to the radiation to be measured. Then
w(xa +yb) is receiver area per couple.

Temperature difference between conductors and housing at
the cross sections indicated by the subscripts. In the case
of the uncompensated thermocouple it is also the temperature
difference between the conductors and ambient air (see
appendix B, postulate (7)); ty = t ' (see appendix B,

2
postulate (3)).
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Figure 3.- Optimum values of x,y,p,q, and I as functions of R for design of thermopiles.

(For definition of symbols, see appendix G.)
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a half length of unplated conductor

y4

b half length of plated conductor

xa length of unplated conductor, and associated plastic and absorbent
coating, exposed to radiation from outside the housing

yb length of plated conductor, and associated plastic and absorbent
coating, exposed to radiation from outside the housing

Figure 4.- Cross section of housing and end view of a
compensated thermopile.
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a End pieces

b Rotatable rods, vitreous enameled except at ends and bearing
surfaces

¢ Rod holding end pieces in position
d Screws clamping rod c to end pieces

e Start of coil of constantan wire - to continue to near end piece

Figure 5.- Sketch of fixture used in constructing thermopile.





