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SUMMARY

An analysis of the thermopile radiometer as used in the
measurement of irradiation and radiant power interchange is
given. The theory of the instrument when used to measure
irradiation and net radiant power interchange is developed,
and the precautions to be observed when using it for these
measurements are presented. Descriptions of the types used
are given,

It was found that accurate measurements of irradiation
or net radiant power interchange could be obtained by always
allowing sufficient time for the readings to become constant
and by arranging the system so that the front of the housing
is not bdbrought closer than twice the housing length to any
reflecting surface. By observing these precautions when using
the radiometers, the absolute error of any measurement of ir-—
radiation may be made very small. If these precautions are
observed, the procedure in making a measuremcent of irradiation
is to point the radiometer in a glven direction,™ obtain the
thermopile electromotive force and the housing temperature by
means of a potentiometer or other voltage-measuring device,
and evaluate the results obtained in the follcwing manner:

The irradiation is given by the product of the millivolts
gencrated by the thermcpile and a constant of the thermopile
plus the product of the abtsolute temperature of the radiometer
housing raised to the fourth power and a constant of the

*In this report a measurement of irradiatlion (or net power
exchange by radiation) in a given direction refers to a meas—
urement of power incident (or exchanged) in a solid angle
(fraction of space) equal to that seen by the radiometer re—
ceiver (Fy . 3 of half space),
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radiometer. This sum will indicate the actual irradiation
of the thermopile receiver by the source "viewed" includ-
ing any gaseous radiation that may be present.

INTRODUCTION

Suitable instruments to evaluate the magnitudes of the
several modes of heat transfer will aid in affecting a more
precise thermal analysis on heat transfer systems.

A complete heat balance on an airplane or any of its
parts requires a knowledge of the heat absorbed and lost by
radiation. Besides data on the emissivities of the surfaces
involved (reference 1), it is necessary to know the magni-
tude of the radiation incident upon any surface (irradiation),
The thermopile radiometer provides a simple, rugged instru-
ment to measure this irradiation.

Several thermopile radiometers of the plated junction
type have been constructed and used at the University of
California (reference 2). Recently, because of the require-
ments of certain problems which have been encountered, it
was decided to investigate the possibilities of improving
the design of the sensitive elements. As a result, it is
now possible to build thermopile radiometers having much
smaller physical dimensions and the same or greater sensi~
tivities than the former units referred to above. For
example, one of the older units, having an admittance angle
of approximately 16° was 4*/z inches in diameter and 1112
inches long. A new unit, having the same admittance angle
and apprroximately the same sensitivity, is 1 inch in dia-
meter and approximately 4!/2 inches long. (See photographs,
figures 3 to 6.)

This report presents an analysis of the oneration of the
compensated type thermopile radiometer and a descrivtion of
some of its uses, including the measurement of irradistion
and the measurement of net radiant vower interchange.

The program of research upon which this report is based,
conducted in the Spectro-Radiometric Laboratory of the Depart-
ment of Mechanical Engineering of the University of California,
was sponsored by and conducted with the financial assistance
of the National Advisory Committee for Aeronautics.
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The authors wish to express their appreciation to Mr.
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DISCUSSION

Description

The thermopile radiometers are constructed as follows:

A metal cylinder is made with a removable plug or cover
plate at one end, as shown in figure 1. The thermopile ele—
ment is placed in the end of the cylinder, either as part of
the removable plug or attached directly to the cylinder, so
that the receiving surface of the thermopile faces the open
end of the cylinder. One of the smaller models is equipped
with a handle so that it may be used as a portable field in-—
strument. The larger models are mounted on heavy bases and
though not as portable, they are often more useful for labo-—
ratory purposes; the heavy housing provides a more stable
datum and tends to reduce drifts. The exterior surfaces of
the radiometer housings are chromium plated to provide a
durable surface which has and maintains a high reflectivity.
A thermocouple is peened into the housing for use in determi—
nation of the housing temperature,

For a more detailed discussion of the construction of
rlated—junction—type thermopiles, see reference 2,

Calibration

The radiometer may be calibrated with the use of a tung-
sten filament lamp which has been aged and calibrated against
a radiation standard, or with an ideal radiator ("hohlraum"),
or with any source of radiation the emissive power of which
is known and for which the irradiation at the thermopile may
be computed., For the thermopiles constructed it has been
found that the electromotive force generated is directly
proportional to the irradiation over a large range of values,
Three or four points obtained with the calibrating source
will yield an accurate calibration. This method of ecalibra-—
tion depends on the fact (experimentally determined) that the
thermopile receiver element absorbs independently of the vari-
ous wavelengths emitted by the source.
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Measurement of Irradiation

A fundamental form of the equation to be used with the
compensated type thermopile radiometer is

Gy =0E Cmghobk B 0o 00
or
Gp = Fope 5 0 B = K (uv)
where
Gq irradiation of thermopile due to radiant energy enter—
ing opening in housing
X a constant of thermopile
mv electromotive force generated by thermopile (for zero

current flow)
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fr

fraction of power leaving front surface of receiver

0 <=— R ;
element which goes out through opening (shape
modulus)
o} Stefan—Boltzmann radiation constant
Ty absolute temperature of radiometer housing

(postulated to be uniform)

This eguation also applies to the non—compensated* type
of thermopile if the cold junctions are kept at the housing
temperature and if the housing remains at air temperature.
(See appendix A for a derivation of this equation.’)

When the radiometer is directed toward a source or a
surface, the radiant energy coming into the instrument is
composed of the following:

(1) The energy which would be present if the radiometer
were removed

(2) The energy which originates at the radiometer and
is reflected back into the same instrument minus
that energy which would have been reflected into
the radiometer if it had not been shielded fronm
the surface by the housing

It is actually desired to measure term (1) only (re—
ferred to in appendix B as G'), but the radiometer meas—
ures term (1) plus term (2) (referred to in this report as
Go)' In other words, term (2) must be made very small;
then G, may be used as if it were the desired quantity,

Term (2) may be made very snall if the radiometer is locat—
ed at a distance which is greater than twice its length
from the source or the surface. Under these c.omdiit toms .,
the absolute error due to the reflected e.ergy from a per—
fectly reflccting diffuse surface wiil be less than Bgerp

(IO ettt O Tﬁ P 5 appendix B for the proof.)

*In a compensated—type thérmcpile both sets of junc—
tions are so constructed and disposed as to be similarly
affected by changes in the air temperature. In the non—
compensated type the cold junctions are kept at a constant
temperature, and the emf generatcd is dependent on the air
temperature.
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If the temperature distribution along the housing is
not uniform, an electromotive force may be generated even

though 0, - FO_<____R o] Th‘t is equal to zero because the

irradiation of the hot and cold Junctions will not be egual.
It is because of this requirement that the radiometer hous—
ing is made of a material having a high thermal ‘conductiv—
ity and a rather large mass. When use is made of the
radiometer, many difficulties will be eliminated if suffi-—
cient time is allowed for the housing to come to equilib-—
rium with the surroundings. Usually, only a few minutes
are necessary to attain this condition., PFactors that might
cause an uneven temperature distribution along the housing
should be avoided: for example, a hand placed on the hous—
ing while data are being taken.

Measurement of Net Exchange of Power by Radiation

The net exchange of power by radiation between a sur—
face and the surroundings (the heat loss by radiation of a
surface) may be obtained with the radiometer if the sur—
roundings may be considered as having uniform emmissive
power., The question whether the surroundings are uniform
enough for this measurement may be determined by sighting
the radiometer at the surroundings and noting any high in-—
tensity sources. If there are any such sources, the pro-
cedure outlined in the following paragraph should be fol-
lowed. TFor the case where the surroundings are unifornm,
equation (19) in appendix B shows that if the radiometer
1s pointed at the surface in question and "sees" only this
surface and then is pointed at the surroundings in the
opposite direction, the difference in readings will give

/

(q'\ = K (mv

x m
L/net

surface — Vsurroundings)

which is the net exchange by radiation between a surface
and the surroundings if the surroundings absorb and radiate
as an ideal radiator., (See reference 2, ch, XVIII, e 20 )
This equation applies only if the radiometer is used as
specified under Measurement of Irradiation and also satis—
fies the condition of "seeing" only the surface in guestion
when pointed at it. In other words, the surface sighted

at must have an area at least large enough to cover the
circle which would be seen by the radiometer receiver ele—
ment. (See appendix B for derivation,)
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For the case where the surroundings do not radiate
uniformly, other methods must be used. If data are avail-
able on the emissivity of the surface in question, it is
pPossible to obtain its radirnt vpower loss by measuring its
temperature. The power loss in any direction for any sur-
face is its apparent emissive power in this direction times
the shaps modulus for the desired direction minus the ab-
sorbed power, or

(%,>net s €0 T Fope A ~ oGy
where Go 1is the value obtained with the radiometsr.

This equation refers to an exchange of radiant power
in that portiocn of space defined by the shape modulus
Dl only. Therefore, the power referred to is the

emissive power of the body €o T* times Fy.._.g. It
should be noted that € and o in this equation are not
necessarily equal.™*

In all measurements of irradiation, the result ob-
tained i1s referred to a surface normal to the axis of the
radiometer. If the radiometer axis makes an angle ¢ with
the normal to the surface, on which the magnitude of the
irradiation is desired, the incident nower mer unit area is
obtained by multipnlying the result by cos o.

CONCLUSIONS
Jes To make a measurement of irradiation:

(a) Point the radiometer at the object, keeping the
front surface of the housing at least two
radiometer lengths away from the nearest
surface.

(b) After allowing time for the readings to become
constant, take the housing temperature and
the thermopile electromotive force readings.
*The emissivity (and consequently the absorptivity) is
a function of wavelength, and, since the energy distribution
corresponding to the incident and emitted energy 1s not nec-
essarily the same, it may be necessary to use different fac-
tors: € for the over-all emissivity corresponding to I
and o for the absorptivity corresponding to the distri-
butdon of Gy
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(c) Substitute these values in the equation
Go = K (mv) + Py o _p o Tp'

2. To make a measurement of the gain or loss of radiant
power in a given direction by a body which receives an equal
amount of radiation from all directions in half space:

(a) Check by sighting in several directions (as out~
lined in 1(a) and 1(b)) to determine whether
this condition is approximately true. If it
is not, refer to paragraph 3, which follows.

(b) HEolding the radiometer near the body under consid—
eration, sight at the surroundings in the de—
sired direction and follow the procedure of
1(a), 1(b), and 1(c)., Turn the radiometer
through 1800, sighting at the body, and repeat
the procedure of 1(a), 1(b), and 1(c).

(c) The value of G, obtained when sighted at the
body minus the value of G, obtained when
sighting at the surroundings is the radiant
power loss by the body in the direction re—

ferred to. The equation is

Q\ o=l ) 1
(Kfnet A% D(mv’surface (mv)surroundingsJ

(d) This method applies only if, when sighting the
radiometer at the surface in question, the
radiometer sces only the surface and yet sat—
isfies condition 1(a).

3., To make a measurement of the gain or losa of

radiant power in a given direction by a body under any

circumstances (including that of paragraph 2), the follow—
ing procedure may be used:

(a) Obtain the irradiation of the body as outlired
in 1{a), ¥ b), and ¥ e): OCall this G, .

(b) Measure the temperature of the surface of the
body tb by means of a thermocounle or other

device,
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(c) On the basis of other data, or en the basis of
experience, approximate the emissivity of the
surface €,

(d) The radiant loss in a given direction is then

/ q 4
= = [5 U(tb + 460) XF0<~—R — &7 GO‘
A net £ 4|

University of California,
Berkeley, Calif., October 19, 1944,

APPENDIX A
EXAMPLES OF THE USE OF THE THERMOPILE RADICMETER

In the following examples the case of a pilot in an
airplane cabin is considered. The examples are dependent
on each other, the final result being a radiant heat bal—
ance on the pilot.

Tn a2ll irradiation measurements referred to in this
and the following section of this appendix, it is assumed
that the radiometer is held normal to the surface. 1 e LG
is held at an angle ® to the normal of the surface, then the
results should be multiplied by cos ® in order %o obtain
the power per unit area of surface,

Example 1. Measurement of Irradiation

A pilot is seated behind a windshield receiving the
direct radiation (normal to the window) of the sun. It is
desired to measure the irradiation of the pilot due to the
energy of the sun which is transmitted through the window.
(Actually, the irradiation is by the sun and the small
amount of sky seen by the radiometer.)

(a) The radiometer, which has been in the airplane
cabin for about 5 minutes or more (during which t ime the
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cabin conditions have not changed), is placed in front of
the man and sighted in the direction of the sun, keeping
the radiometer at least two radiometer lengths au~y fronm
the window, After sufficient time is allowed for all
enf's -to become constant, the temperature of the radiom-—
eter housing and the emf generated by the thermopile are
obtained by means of a portable potentiometer.*

(b) The irradiation of the man then is equal to

4
G, = K(ov) + Foe.p o T housing

A typical case would be as follows?

Btu

K (constant of the radiometer) = 7.00 — -
| 05 A nv

Fo«——mpx (shape modulus of radioneter) = 0.02

) Btu

o (Stefan—Boltzmann conetant) = 0.173 X 10~ - yy
e €57 (9R)

If the emf generated in this case were 42.0 mv and the
housing temperature 20° F, the irradiation intercepted by
the radiometer would be

-8 4
Go = 7.00 X 42,0 + 0.02 X 0,173 X 10 (20 '+ 460)
Btu
= 294.0 + 1.83 = 295,8 ————p
he ££°

*If a portable potentiometer is not available, a sen—
sitive millivoltmeter may be used The emf generated
r + R
b ) m T Hy .
(mv) then would be equal to Em e where Em is
Hfﬂ
the millivolt reading of the mebter, Ry resistance of the

meter, and RR resistance of the radicmeter thermopile,
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Example 2
Measurement of Radiant Power Loss, Surroundings Uniform

It is desired to measure the power loss by radiation
of a man in an airplane. The airplane is on the ground,
sun behind it,

(a) The radiometer, after having been in the cabin
for several minutes, is sighted about the cabin in the
various directions that the man sees on the side desired.
(That is, the man is considered to consist of two flat
sides, and the portion of space seen by one side is half
space.) If the readings obtained (allowing sufficient
time for each reading to become constant) are nearly
uniform; the average of the readings is noted. The radi—
ometer is then sighted at the man, and the reading is
noted. In all measurements the radiometer is kept at
least two lengths away from the nearest surface. When
sighting at the man, though, it must be close enough to

see only the man, but still be at least two lengthg away
from him,

(b) The net loss by the man in the given direction
is then

(mv)man — (nv)

7 ey [
KK}ﬁet £ Ké_

surroundings}

A typical case would be as follows:

0

(If the cabin wall temperature = 120° F)
Btu
¥=7,00 —m———
hr £4° nv
By olln = 0,08
Enf when sighting at surroundings = 0.C
Emf when sighting at man = —0.171 mv

ol
Therefore, the radiant heat loss is =7X0.171=—1,20 ~4JEL:
by Lt
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This value refers to the power lost tc that portion of
space defined by F,_  p. Therefore the total loss to

one—half space is this value divided by F, e R«

If similar readings are obtained in all directiong when
sighting at the man, his total heat loss to one side by
radiation is then

SR ke B Btu
Piaprrdy 0B o0 hr £t°

or, in other words, he receives a net amount of radiation
of 60 Btu/hr £142.

Example 3. Radiant Power Gain in Nonuniform Surroundings

It is desired to obtain the total radiant power
exchange of a pilot seated behind a windshield, facing in-—
to the sun,

(a) First, the total irradiation of the pileot will
be obtained. It will be assumed that the cabin may be
divided into two sections, the front and the rear. The
front surface of the pilot is exposed to the front cabin
section, Also, since the solid angle seen by the radiom—
eter when viewing the sun takes up such a small section
of the space seen by the front surface of the pilot, it
is assumed that the whole front cabin section (including
the window) is seen by the front surface of the pilot.
The irradiated surfaces will be divided up as follows:

(Assume the total area subject to radiation as equal to
15,5 sq ft, see reference W

= s o . . 2
Receiving radiation from the sun' . « ¢ « « « 4 5t
Receiving radiation from front wall sections 8 ft°

Receiving radiation from rear wall section . 4% f¢?

2

Ing contiacts withl sleat ny o o ek el it B TN T

-

(4 ft° receives radiation from sun and walls)

The total area receiving radiation is, therefore, 12.5 £4
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With the same radiometer as in example 1, the follow—
ing readings are obtained:

When sighted at front wall section = —0.12 nv,
so that
Go == (0.12 x 7.0) + 1.83 = 0,99 Btu/hr £3°
When-sighted at rear wall section = — 0,098 nv,
so that
@, == (0,098 x 7,8) + 1.83 = 1,15 Btu/he £t°

When sighted at sun = 42.0 nv
so that
G, = (42.0x 7,0) + 1.83 = 205,8 Btu/hr £t~
(as in exanple 1)

The apparent emissive power of any surface sighted
at is Go/Fo.__R3s» and the total irradiation from uni—

formly radiating surroundings is equal to the emissive
power of the surroundings.

Therefore, the total radiant power incident on the
pilot is

4 x 295.8 + 8x =229 L 4 5 215 _ 100, 4 agg 4 2se
0.02 0.02

1

1839 Btu/hr

This would be equivalent te an average irradiation of

et

= 147 Btu/hr ft°

|

o

83
2

=

The surface of the man will be considered to be a
gray body (so that the emissivity is equal to the absorp—
tivity). On the basis of other data (reference 1) an
approximation of the emissivity of the pilot's clothing
must be made, and the surface temperature obtained, by
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use of a touch thermocouple, The value of €, (o is talk—
en as 0,90 and the pilot's clothes temperature as 80° F;
the net dose by the pilot is then

4

540 2 y

o.9o[p.173/’~5—\\ - 147J12.5 = (132 — 182) 12.5 = 0 Btu/nar
R 80y ;

Thaﬁ 1s, the net loss of radiant power by the pilot is
0 Btu/hr, or an average value of O Btu/hr ft=.

In a typical, comfortably heated room, the radiant loss

by a man is about 180 Btu/hr over an area of 15.5 square
feet, or 12 Btu/hr ft2, and the convective loss is absut

120 Btu/hr over an area of 19.5 square feet, or 6 Btu/hr ft2,
so that the elimination of the radiant loss is an important
factor. (See reference 4,)

If 1t is desired to evaluate the total irradiation
on a surface in surroundings the emissive power of which
varies greatly with angle, it is suggestecd that the pro—
cedure outlined in reference 3% (ch. XVIII, pp. 45--50) te
followed.

APPENDIX B

THEORY GOVERNING THE USE OF THE THERMOPILE RADIOMETER

SYMBOLS
A area of a surface, ft®
E emissive power of an ideal radiator at the tem—

perature of the surface under consideration
=g B, Beu/by £v°

Faep shape méedulus, the fraction of energy originally
leaving a perfectly diffusing surface b of
uniform temperature which reaches a surface a
before any reflections have taken place; the

nunbers of the various surfaces referred to
are inserted in place of a and b,

o irradiation of thermopile due to the radiant
énergy coming through the opening in the hous—
ing, Btu/hr ft?



! the portion of @& which would be present if the
were removed: the valuc desired,
constant of radiometer thermopile, Btu/hr ft? mv

distance from front of radicmeter to nearest re
t line of Msight!' of Srads

ing surface in direct om—
gitior TG
distance from thermopile to front of radiometer
housiing, £
v electromotive force generated by thermopile, mv
/L
heat transferred, Btu/hr

(l s 61) (1 - €, F:')\—“*l X Flg.‘_.__._,._.’i

error term in radiometer eguation

€ emissivity of a surface (all surfaces are treated
as if ¢ were independent of wavelength)
P angle between normal to surface and axis of radiom-—
eter, deg
0,198 & '36
- I gt 0 L) to 7 5 4
o Stefan—Boltzmann constant, : Z (See

hr

£
International Oritical Tables., )

radiometer receiver element
same as R

gurfeace 2 in fig, 1
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3 surfaece 5 In fig, 1

4 surface 4 in filaol il

Measurement of Irradiation
The equation G, = K(mv) + F, __ g o Th* may be
derived as follows:

First, imagine the radiometer housing to be closed
at the front, and the thermopile connected to a device
(such as a votentiometer) which indicates the emf gener-
ated by the thermopile. TUnder this condition the output
of the thermopile will be zero, since both Junietidionis o
the thermopile will be irradiated equally, (See refer-
ence 1 for a more detailed picture of the actual con-
struction.) If the front opening is removed, the junctions
facing in this direction will receive less radiation from
the housing than the shielded junctions, the amount less
being the radiation that would have been received from this
hypothetical front cover. This amount would be B i BT TS
This may be visualized as a negative irrddiation of the jJunc-
tions exposed to the housing ovening equsl to o <R @ Th%;
Owing to irradiation from external sources Gsw. the tobal
irradiation falling on the exposed junctions is greater than
that falling on the shielded junctions by the amount
Gy -~ Foe-R 0 Th% Consequently, the reading on the mea-
suring device will be proportional to this aquantity.

In the foregoing expression, the emissivity of the
housing was taken as unity. This can be shown to be very
nearly true because of the following:

(1) The back surface of a long cylinder (length to
diameter ratio 1.9) the surface of which has an emissivity
of 0.75 radiates and absorbs as if its emissivity were 0.99,
(See reference 5.)

(2) The length to diameter ratio of the radiometers
used was approximately 3.5,

(3) The emissivity of the surface was approximately
() (2l
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It follows from the foregoing that the output of the
radiometer is proportional to the exchange of radiant power
between the sources seen by the thermopile through the hous—
ing opening and a hypothetical surface of the same emissive
power as the radiometer housing placed in the position of
the thermopile receiver element.

In the remainder of this appendix the term Gy, and
the net interchange ternm Gn 57 By e iea o‘Thé will be dis—
cussed: the surfacesin fig. 2 will be referred to by number.
The configuration sheown in fig. 2 is onc commonly encoun—
tered: by considering surface 3 to e conposed of several
varts, none of which sce the other, the system may be made
to apply to many cases. By combining a number of surfaces
in the direct 1ir sight of the r1adiometer into one equiv—
alent surface, the analvsis presented here may be made to
apply to almost any system, Although such equivalent nethods
nay not be exact, they are extremnely useful in practice. Re—
gardless of the distribution of radiation from the surround-—
ings, it must be remembered chat the radizneter always indi—
cates the actual irradiation incident on the thermopile re-—
ceiver element, including any gaseous radiation which may be
present.

H
@

Xﬂadiometer housing (surface 2)

|
I |
|

j~—— surface 3

‘-\
B U

\
\

\
\. Thermopile (surface 1)

¢ Surroundings (surface 4)

\ r s

[ab)

Figure



NACA ARR No, 5A13 18

lates:
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(92}

00]

in mo
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i15)
st

The thermal system is based upon the following postu—

All surfaces are perfectly diffusing.

All surfaces are opaque.

All surfaces are uniform in temperature.

Surfaces 1 and 3 are a sufficient distance apart
that each point on surface 1 is essentially
G

equidistant from each point on surface 3,

The exterior of the radiometer housing is Dlof—=
fectly reflecting.

The emissivity of each surface is uniform with
temperature and wavelength,

The surroundings (in addition to the housinge in-—
terior) have an emissivity of unity,

m

The intervening gaseous mediums are non—absorbing

5

e above—listed conditions are very nearly satisfied
cases,

In the analysis of GO, consider first what happens

to any

energy leaving the front surface of the thermopile

element. This will be called EiA,,

k

A

A, radiates in three directions:
To the radiometer housing (surface 2)
To the surroundings (surface 4)

To surface 3

el | o THY 1 R ™ L
E'A, = Fag 1 KA + P 1 B'A; + F. 1 B'A,

The energy Fo._ , E'A; is completely absorbed, as is
SN

This is partially absorbed and partially reflected;

m

4e—1 E'A;. Consider now the term P petgag REE
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€z ¥z 1 E'A;, 1is absorbed, and (1-€3)Pae___, E'A,
reflected. Of this last term (1 — €5)Fz._ 3 Foo 2 B'A,
goes in the direction of the surroundings and is absorbed.
Permm (1 = €xlfye 1 Fa g sE'A, goes in the direction

of the hcusing interior and is absorbed, and
el = el )8 1 31< - BVA, is incident on the thermopile

receiver element. C

onsegquently,

and of the original amount E'A, 1leaving surface 1,

n oA [
(L = e )W g it I v it (a)
ie returned. O thig, €yl €. l0 s Baee SRER T
reabsorbed, and (1 — €,)(1 )W e 3 Prg o cBll. iy

reflected. This new quantity may be treated as the orig-—
inal quantity E'A,. Therefore, owing to this term, the

quantity

<1_€3)F3<~—1 Fl<———-3 (l-—€1)(l—- €;3>F:5’ it Fl’ 3 E?Al ('"":")

is incident on the thermopile receiver strip. On each suc—
ceeding reflection, an additional amount of energy will be
incident, It will be noted that each term is equal to the
preceding term times the factor (1 — €;)(1 — €3)Fa 4 File—-ab
and.- therefore summation of all such terms may be expressecd
as:

bz

(1= €5)F, i Pty B [ e 2T o

where 2Z = (1 — 61)(1 = 53)F3/ SRS P S
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That is, if an anount of power

N

E'A] leaves the surface of

the thermopile receiver,

the amount represented by equation

(2) is returned by reflection from surface ® and is again
incident on the thermopile. The terms making up G, may
now be calculated. The power incident on 1 (through the
opening) before any reflections from 1 is from the surround—
ings (direct)
¥ (74
File—aBy Ay (3)
’ 5 ~ \
from the surrounds (by reflection from surface 3)
Sl A U
(l_c..)FC)é—-«ll‘le—:}L—}‘mll \4)
from isurface 3
Fiows ts Ry Ay (6)
from surface 2 (by reflection from surface 3)
(1~ €3) Pl 5¥pe o 8_4&, (6)
In addition there will be the amount of power emitted by
the radiometer housing which is reflected from surface 1
to surface 3 and then reflected from surface 3 to surface 1:
/ Y w ey ( ) - S e T
(e o) £y <2 A-g-ﬂla 1 - €z £y e X gy Loa)
The sum of the powers represented by (3), (4), (5), (6)
1e sul i bowers represented by (4), (4), (&), (6),
(Ba) are incident upon the receiver element, and of this
the  fraetion (il — tl) ig reflected. This reflected term
be trcated as the original term BfA, was treated. There—
fore, utilizing expression (2), the energy per unit time
incident on surface 1 due te power emitted from surfaces Aoy
2, 3, and 4, including the inter—reflections is
F( X ~
L(B) + (4) + (5) + (8) + (6a)]
o d=€3) (1-€))F5em; Fi «—3[(B8)+(4)+(5)+(6)+(6a)]
l1 -2z
= n wn “m
+ (E o= en) Fyeein B0t d €, (Eya,] £
1o 1
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By making use of the "reciprocity" relation Fge———1p Ay
= FPhee—pn 4y (reforence 3, ch. XVIII, p. 12), all thse

ms mey be expressed as a function of A,. Expression

ter:
(7) then becomes

[F.Q. <—-1 EqA, + <.L‘—C—r )F4 < :3.F S s E&Al

1 CS F:z\ e} E-'r A

—Ba) Py iy Y B g 0w Be K
+ (1zeg) o) By < s e By 4, (8e)

Expression (8) (or (7)) is equal to GuzA,. ZEquating GoA,

L
and (8), and dividing through by A, the equaticn
G [T e Bt CISe A Vs, Towie - B, 4 M 000
s ) F ]
Fllez) Fog Fae ;B
Enl 3 ./ 3 1 LT e, ool - - Ll - i
. [(1_{ =1 E%"‘(l—l."() F..;<.__; 3 Fg, — 1}':.; it ‘?3«5— 1 t:'?;sflr\l“t:J eg—alae— B . z
il Z
(1-€3) Bety Prwss €y By b Fag—y Ep 2 /
1 -2 1-3 e

18 obtained.

If the radiometer were not present, the irradiation of
a plane 2t the position of the receiver element would beo

G e By ) By + (-1"°:—5> YTy B+ Foe— €3 Ey { )

mh $ 4 3 t v ad 5 $ = s
This is the desired quantity. Equation (9) may now be written

- =z \ .
Z (1-€3) Foez Fae 3 E

Gg=G' + G 1 +

Z 1-1%

Hiy koo DSHE e uiie s el O R e o
O TP W P, ot Wt 1 S O o o0 b 0 (11)

I 1=
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Errors in Measuring Irradition

The first term on the right-hand side represents the
irradiation of the thermopile dve to the various sources in
the system which are "seen' by the thermopile through the
housing opening — as if the radiometer were not there. The
remaining terms are due to inter—-reflections., between the
radiometer and surface 3, of power emitted by the sources
in question and emitted by the radiometer. Accurate meas—
urements of G' make it necessary that the last four terms
in equation (11) be very small. The magnitude of these terms
may be evaluated. If it is supposed that surface 3 is large
enough so that the receiver element cees, directly, only sur—
face 3, the worst possitle case will have been considered.
For the type of constiruction used, the area of the recociver
strip is about three—quarters of the area of the radiomuter
opening. If the distance from the front of the housing to
surface 3 is called 1, and the distance from the thermo—
Plle to the front of the bousing is 1, then the distance
from the element $o surface & ds¢ ! + L, or 1f 1| = nlL,
it is (n+l1) L. The approxinate area of the surface seenwill be
(n+1)L/L times (area of opening).

If A, = 3/4 tines (area of opening), then the areca
of gurface 3 seen will be

(_.r}.ii_):‘&. X 4/3 Al = ‘A':s
and
ii = 3/4 .KJ;_
and
ey A7 H ez 23
or
s X Fiep = (r3é»1>2 §f=
2 3

e
-
<

4(n+1)

5 , and assuning
1 0.9 (which is probably close to the correct value)

Taking the worst vpossible case of €, = 0
3
B (oey Wimey) T Toa o (LIRl0. ) B 20w

» e

w R D
o<-R aln + 1)
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(édnce Fw.y = FOQ_JQ, Assuming Fowues & Bi znnd Foo o

= 1 does not introduce a large error, the last four
in (11) may be written (taking E, = E,) approximat

g . i 2 'Z __1
iéiig_i_ (EuyL_P)B G11+ { WQ_LEQST )E”1 i lf&g_ (FO
L ’ i J 4(n+1) 4(n+1)

< '

1R

(Since 1 — 2 1)

Since the last term in this expression is only 5 per
the second term, it may be neglected. The error ter
becomes

S —1 ~ A
£ 3%X107" o P i [ 5

: : —_——— F s H FO “«—R E
L4a(n+1) J e

P 4(n+l)

e
|
i
|
o
)
5]

terns

ely

«—Rr)XE

cent of
m now

In most of the radiometers used, & R Was approximately

0.02 (admittance angle of approximately 16 ). Even

ol 7y

radiometer having ¥ ou R eaqual 0,5 (admittance angle of

90° were used (which is very unlikely)), the first term above

would be approximately

——

Kh 09\

n+l /
If n=0 (radiometer touching surface), this term is 2
percent of G'. In the much more likely case of B
= 0.02, +this term is 0.003 percent of G!. It fo]lows
that thc first term in the foregoing expression may be

neglected in most cases likely to be encountered, Cons e—

quently the error is

-
~ o) &
B S L _____ — Poe—R |Foe-ROTy
R e
(since o Th* = B, )
If n=1%, B is less than Foe-R times the term

If n is always made equal to or greater than A nth
is proportionally less, and if the surface qlgh*ed a
partially absorbing, the error will again be proport
less. This is also true if the intervening mediums
Boribing;

If desired, a curve of thieg error term (B) may
for the particular shape modulus used in orde er to de
an appropriate value of n.

1€ error
T L

ionally
‘are ab-

be plotted

termine
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In cases where Fo<_J{GTh4 is a small fractlon of G',

the percentage errer becomes negligible.

Measurement of Not Radiant Power Interchange

For some applications it may be desirabdle to c¢btain the
net interchange of radiant power between the radiometer and
the objects or surfaces seen through the opening by the
element.

The net gain of power (referred tov a surface in place
of the receiver element having the emissive power of the
housing) was shown to be equal to

4

For the purposes of this analysis it will be useful to treat
the term Fpoe ROT, as 1f it represented the power radi—
ated out of the radiometer by the hypothetical surface re—
ferred te previously. This power may be considered as going
to surface 3 directly and being absorbed, to surface 4 di—
rectly and being absorbed, to surface 4 by reflection from
surface 3, to surface 2 by reflection from surface 3, and
back te surface 1 by reflection from surface 3; This reéegnlt
may be expressed as

PoanBO T % = Py B Sy Moy By % B 180
* {li= Ba) Fugew Taay &,
+ (1 = e3) Foo 3Ty Ep
+ (1 ~ €3) FieFPae— Bz (12)
because Foe | = Fae-1 + Py = Fo<-R
E, 1is used here since it is equal te oT %, Fow, consider
the term (1 — €3) F,e 3 Foe ; Ez. Upon striking surface 1,

part 1s absorbed and part ref; :cted. Therefore, it is equal
te

€1 (1 ~ €3) Frgws Pyery By + (1 —&5) (1 ~ €3] Fa g Ty @ N

The second term here may be considered in two parts:
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™
S el)(l_ €3) Fie—3Faey ExXFye
end (14>
~ PR ' 5 ™
(1-¢, )(1—€3) PresPae 1 BaXPoe 1 =F e ; B, XL +F, B X3
The last term here, Foe—3 E_X Z may then be treated exactly
as was Foo_,E,. Consequently, equation (12) becomes:
Foe1 Bz = [€3 Foey B+ Faey Ep + (1—€5) Fue 5 F3e—y E
- P P 7 s 7 T
# { 1~eg) Foew i Faeey BEp + € (1 €3) FlegFaer B,
o m v |
B By Bl * P 3 BaXE
- ‘n m il l o
Ry By B ¥ Bl o B 4+ (1eeg) P e
o ] ' ( 7
ki (] 63) F2<—" E'}é—l Ep +€y '\1_'63):5‘1«*”" 3<—1 o
Tty ety EQXZ](1+Z)+*O,\__ Beng (18)
Continuing this process, the expression
Foe1 Bz = [e3 Fyemy B + Foy By + (1-€y) Fyay Faey B,
# (l=gg) Poax T B ¥60 Alwicg) B0 gl E,
t Powe-y EoX 2] (1 + 2+ 22+, ol (16)
is ebtained. The remainder term, after repeating this n
times would be TFo , E X Z,n**'ls and ag no= w, 2RI Gls
2 : b O
because 2 is less than 1. Since (1 + Z + 3% + z°._ o)
= 1/1-Z, (16) becomes
7 \ . . = -
- faey B (1—¢3) Fae—z Fae1 E, €y Fae 1 B
Fo<—y B = ok -
1-12 I~-2 T=0
(L= €a)i BBy B €, (1~€3) Fyey Fye-3 Bz Foeq B, Z
o -+ +
e 1 - 7 1- 2
3 ) , \ . (1%)
Combining equations (2) and (16),
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Fae (1-¢3) Fac—aFre— T
G =Bty By = = (B, — E,) + = (E4—E;)
€w B E.— E z) 1 =) Fa F
3 Faea (Bj g ( 3/ o3 fgeg (Ep-Ep)
l -2 l — 2
l - ¢ F i
+€1( 3) Fae—y Fren (Ey ~ 8,)
l1 -2
F Z
LT e Wi (o =
N o 2 -ﬁ'e)
4 F (1 ) B F
1 -~ € - vy e
GO -FO<—1 e ’xe_'_i (E4 - EQ) + 3 4 €353 1 (Ei-Eg)
1-2 1l - Z
. N €, (1=€z) Faey F g !
st el (el v S0 231 "< 3 (B, -B.) (18)
1-12 4 1— 2
Because T, is very nearly equal to To s [

follews that the last term above is very nearly zero and
may be neglected. Therefore, the net exchange of radiant
power between the radiometer and the sources seen by the
thermopile element (referred to a surface in place of the
receiver element, having the emissive power of the housing) is

a\ PP (1-e3) Pie-alae 3
h = ASER B B Y (E,-E.)
A/net 1 =7 - 1—-172 i
€x F :
_EIJZEZL (Ez—Ez) = K(mv) (19)

This equation is analogous to that given in reference 1.

A particular use of this equation is in emissivity measure~
ments. (See reference 1,) In this case E, = E,, the re—
sulting expression being

S83%=1 (3, - B,) = K(uv) (20)

By use of this equation, the emissivities of the t¥pe de=
scribed in reference 1 may be obtained.

If it is desired to find the net exchange of radiant
power between surface 3 and the surroundings (surface 4),
equation (19) reveals the following:
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For the case where the surroundings radiate uniformly
and the radiometer is at sufficient distance from the sur-
face sighted at (and yet "sees" only the surface in question,
surface &) 86 that e . is meariy 1,

(F&G—l = 0, and == 0)
K(mv)g = (l—ez)Fs e, (E4—E;) + €3 %<—1<33"“E2>
Foey By=Foey Bom g Foe—1 By + €5 Fye—y E3
or
K(nv)a = Fae g (By—E )+, Fa , (E5—Ey)

When the radiometer is sighted in the opposite direction,
the radiometer would give

Blav)y = Byaeq (Bp2E )

Therefore, the difference is

-

) \
i

K [(m‘/')a‘— (mv)b] = €3 FCS<-1 (EIB %

K

which is the power lost by radiation to the surroundings in
the direction of the radiometer by surface 4.
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Figure 3.- This picture illus-

trates the reduc-
tion in size without reduction
in voltage response to irradi-
ation made possible by impro-
ved design of thermopils.

Figure 4.- Sensitive elements

of thermopile radi-
ometers shown in figure 3 are
shown adjacent to the improved
portable model.

Figure 5.~ Assembled portable
radiometer employing
thermopile similar to that used

L i in larger model of figure 3.

Figure 6.- Unassembled portable
radiometer as shown
in figure 5.




