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SUMMARY

An analyeis of the thermopile radlometer as used in the
measurement of irradiation and radiant power 1lnterchange 1s
g£iven. The theory of the instrument when used to measure
irradiation and net radiant power interchange 1s developed,
and the precnutione to be obeerved when uslng it for these

' measurements are presented. Descriptlons of the types used
are given.

It was found that accurate measurements of irradiation
or net radiant power 1interchange could be obtalned by always
allowlng sufficient time for the readings to become constant
and by arranging the system so that the front of the housing
18 not brought closer than twice the houslng length to any
reflecting surface. By observing these precautions when using
the radiometers, the absolute error of any measurcment of ir—
radiation may be made very small, If these precautions Are
observed, the procedure in making a measuremont of irradiation
is to point the radiometer in a given direction,® obtain the
thermoplile electromotive force and the housing temperature dy
means of a potentiometer or other voltage—measuring device,
anii evaluate the results obtained in the follocwing manner:

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

*In this report a measurement of irradiation (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 (Foe g of half space).
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radiometer. This sum will indicate the actual frradiastion
of the thermopile recelver 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 ananlysis on heat transfer systems..

A complete heat balance on an alrplane or any of 1ts
parts requires a knowledge of the heat absorbed. and lost by
radlation., DBesides data on the smissivities of the surfaces
involved (reference 1), it is necessary to kno¥w 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 regquire-
ments of certaln problems which have been encountered, it
was decided to investigate the possiblilities of improving
the design of the sensitive elementa. As a result, 1t 1s
now posslble to bulld thermovile radiometers having much
smaeller physical dimensions and the same or greater sensi-
tivitios then the former units referred to mbove. TFor
example, one of the older units, having an admittance angle
of approximately 16° was 43/a inches in dimmeter and 11%/3
inches long., A new unit, having the same admittance angle
and apvroximately the same sensitivity, is 1 inch in dia-
meter and approximately 4'/3 inches long. (See photogravhs,
figures 3 to 6.)

This remort vresents an analysis of the omeration of the
compensated type thermovile radiometer and a descrintion of
some of its uses, including the measurement of irradimtion
and the mersurement of net radiant power interchange.

The program of research upon which this revort is bameed,
conducted in the Spectro-Radiometric Laboratory of the Depart-
ment of Mechanicml Engineering of the University of California,
was sponsored by and conducted with the financial ssslistance
of the National Advisory Committee for Aeronautics.
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E. H, Morrin for his assistance in preparing this report.

DISCUSS ION

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 1s placed in the end of the e¢ylinder, 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 1is 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 portadle, 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 o more detailed discussion of the construction of
plated—Jurction—type thermopiles, see rsference 2,

Calitration

The radiometer may be calibrated with the use of a tung—
sten filament lamp which has been aged and callibrated 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 sourco
will yield an accurate calibration. This method of calibra-—
tion deponds on the fact (experimentally determined) that the
thermopile receiver eclement absorbs independently of the vari-
ous wavelengths emitted by the source.
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— Thermopile supporte
—Metal cylinder

Thermopile leads $ Line of sight

+ L'ﬂ-z.-h

A o o
‘iﬂ . Thermopile receiver surface
\\_ (blackened)
Plug

Note: Inside of cylinder is blackened
with a mixture of lampblack and turpentine
and then sooted.

Mg. 1

Heasurement of Irradiation

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

Go = E(mv) + Fo o o Tyt

or

4
6o — Foer © Ty = K (mv)

wvhere

Go irradliation of thermopile due to radiant energy enter—
ing opening in housing

K a constant of thermopile

nv electromotive force generated by thermopile (for sero
current flow)
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Fo «—R fractlon of power leaving front surface of recelver
element which goes out through opening (shape

modulus i e e S
o Stefan~Boltgmann radiation constant
Tn absolute temperature of radiometer housing

(postulated to be uniform)

This equation also applies to the non—compensated™ type
of thermopile i1f the cold junctions are kept at the housing
temperature and 1f the housing remeilns at alr temperature.
(See appendix A for a derivation of this equation.’)

When the radiometer 1s directed toward a source or a
surface, the radiant energy coming 1into the instrument 1is
composed of the followilngt

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

(2) The energy whick originatcs at the radiometer and
is reflected back into the same 1ngtrument minus
that energy which would have been reflected into
the radiometer if it Lad not been shielded from
the surface by the housing

It 1s actually dosired to mersure term (1) only (re—
ferred to in appendix B as €'), btut the radiometer meas-—
ures term (1) plus term (2) (refcrred to in this report as
Go). Ir other words, term (2) must be made very small;

then G, may be used as if 1t wvere the desired quantity,

Term (2) may be made very snall if the radiometer i1s lccat—
ed at a disterce which 1s esicabter than twlce its length
from the sonrce or the surfece. Unda2r these conditions,
the absolute error duc o the reflec.ed eaergy from a per—
fectly reflocting di:fuse surface wlil be lcss than Fje—p

-~

(Foe_po Ty, }. (See sppendix & for the proof.)

*In a compensated—type thermopile boih sets of Jjunc—
tions are so constructed and dicposed as to be similarly
affected by changes in the alr temperature. In the non—
compensated type the cold junctions are kept at a constant
temperature, and the emf generated 1s dependent on the alir
temperature.



NACA ARR No, H5Al13 6

If the temperature distribution along the housing 1is
not uniform, an electromotive force may be generated even
though G, ~ F, R o Th 1s equal to zero because the

irradiation of the hot and cold Junctlons will not be eaual.
It 1is because of this requirement that the radlometer hous—
ing is made of a material having a high thermal conductiv—
ity and a rather large mass. VWhen use 1s made of the
radiometer, many difficultles will be eliminated if guffi-
clent time 1s allowed for the housing to come to equilib-—
rium with the surroundings. Usually, only a few minutes
are necessary to attaln this condition., ZFactors that might
cause an uneven temperature distribution along the housing
should be avoilded: for example, a hand placed on the hous~
ing vhile data are belng taken.

Measurement of Net Exchange of Power by Radlation

The net exchange of power by radiation between a sur—~
face and the surroundings (the heat loss by radiation of a
surface) may be obtalined 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. For the caAse where the surroundings are unifornm,
equation (19) in appendix B showe that if the radiometer
is 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 willl give

i = K ( - )
X/ et MVgurface — BVgurroundings

which 18 the net exchange by radlatlion between a surface
and the surroundings if the surroundings absord and radlate
a8 an ideal radiator., (See reference.3, ch., XVIII, p. 20,)
This equatlion applles only if the radiometer is used as
specified under Measurement of Irradiation and also satls-—
fles the condition of "geeing" only the surface 1n gquestlon
wvhen polnted at 1t. 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 4o not radinte
uniformly, other methods must dbe used. If data are avall-
able on the emissivity of the surface in question, 1% is
possible to obtain its radirnt power 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 shape modulus for the desired direction minus the ab-
sorbed power, or

g’ 4
(A)net = €0 T " Foe-n~ a0
wvhere G@Gp 1s the value obtained with the radiometer.

This equation refers to aAn exchange of radiant power
in that portion of spance defined by the shape modulus
FO‘P"R only. Therefore, the power referred to is the

emissive power of the body €0 T* times Fgy.p. It
should be noted that € and o 1in this equation are not
necessarily equal.*

In all measurements of irradiation, the rasult ob-
tained is referred to A surface normal to the axis of the
radiometer. If the radiometer aAxis makes an angle ¢ with
the normal to the surface, on which the magnitude of the
irradiation is desired, the incident nower mer unlt aresm 1s
obtained by multiolying the result by cos o.

CONCLUSIOFS
l, To make A measurement of irradiation:

(n) Point the radiometer at the object, keaping the
front surfrce of the housing at least two
radlometer lengths away from the nearest
surface.

(b) After allowing time for the readings to become
constant, trke the housing temverature and
the thermopile electromotive force readings.,
*"The emissivity (and consequently the absorptivity) 1is
a function of wavelength, and, since the energy distribution
corresponding to the incident and emitted energy is not nec-
esgsarily the same, 1t may be necessary to use different fac-
tors: € for the over-all emissivity corresponding to T,
and o for the absorptivity corresponding to the distri-
bution of G4,-
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(c) Substitute these values in the equation
6o = K (mv) + ¥y &R 9 Th"" e -

2., To make a measurement of the gain or loss of radiant
power 1in a glven directlon by a body which recelves an squal
amount of radlatlion 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 1t
i1s not, refer to paragraph 3, which follows.

(b) Holding the radiometer near the body under consid-
eration, sight at the surroundings 1ln the de-
sired direction and follow the procsdure of
1(a), 1(b), and 1(c). Turn the radiomseter
through 180°, sighting at the body, and repeat
the procedure of 1l(a), 1(b), and 1(ec).

(¢) The value of G, obtalned when sighted at the
body minus the value of G, obtalned when
sighting at the surroundings 1s the radilant
power loss by the body in the directlon re—
ferred to. The equatlon 1s

- (mv)

surface

(ﬂ = K {(mv)

Ainet surroundings]

(d) This method applies only if, when sighting the
radioneter at the surface 1ln question, the
radiometer soes only the surface and yet sat—
1sfies condition 1(a).

3, To make a measurement of the galn or loss of
radliant 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 irradlation of the body as outlined

in 1(a), 1(Db), and 1(c). Call this @, .

(b) Measure the temperature of the surface of the
body 5y by means of a thermocouple or cther

device,
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(c) On the basis of other data, or an the basis of
experience, approximate the emissivity of the
surface .€.. Coem e

(d) The rediant loss in a2 given direction 1s then

<E> =[£°(tb+ 460)4xr°<_n—a.(}°]
A/net .

Universlty of Californis,
Berkeley, Calif., October 19, 1944,

APPERDIX A
EXAMPLES OF THE USE OF THE THERMOPILE RAD ICMETER

In the following examples the case of a pllot in an
airplane cadin is ccnsldered. The examples are dependent
on each other, the final result being a radlant heat bal-
ance on the pilot.

In all irradiation measurements referred tc in thie
and the following section of this appendix, 1t 1s assumed
that the radiometer is hceld normal to the surface. If 1¢
1s held at an angle ® to the normal of the surface, them the
resulte should be multiplled by cos ® in order to obtain
the power per unit area of surface,

Example 1. Measurement of Irradiation

A pllot 18 seated behind a windshield recelving the
direct radiation (normel to the window) of the sun. It 1s
desired to measure the irradlation of the pilot due to the
energy of the sun which 1ls transmitted through the window.
(Actually, the irradiation is by the sun and the small
emount of sky seen by the radiometer.)

(a) The radiometer, which has been in the 2irplasne
cabin for about 6 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 radlometer lengths aw~y from
the window, After sufficlent time 1s allowed for all
emf's -to become constant, the temperature of the radiom—
eter housing and the emf generated by ithe thermoplle are.
obtained by means of a portable potentiometer.™

(b) The irradiation of the man then is equal to
4
G, = K(mv) + Foe— 8 9 T housing

A typical case would be as follows?

Btu

K (constant of the radiometer) = 7,00 ———s—
hr ft nv

Fo<—agp (8shape nmodulus of radiometer) = 0.02

8 Btu
4
rr £t (°R)

o (Stefan—Boltzmann constant) = 0.173 X 10~

If the emf generated in this case were 42.0 mv and the

housing temperature 20° F, the irradiation intercepted by
the radiometer would bde

Gq

" — 8
7.00 X 42,0 + 0.02 ¥ 0,173 X 10 (20 + 460)*

Bt
294,0 + 1.83 = 295.8 m

*If a portable potentiometer 1s aot available, a sen—
sitive millivoltmoter may be used The emf generated

Rm"l" Ry
(mv) then would be equal to B ——, where E, is

m
the millivolt reading of the meter, R, resistance of the
meter, and RR reslstance of the radlometer thermopile,
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Example 2
Meansurement of Radiant Power Loss, Surroundings Uniform

It 18 desired to measure the power loss by radiation
of a man in an airplane. The alrplane 1s on the ground,
sun behind 1t., :

(a) The radiometer, after having been in the cabin
for several minutes, is sighted about the cabin in the
various directione that the man sees on the slde desired.
( That is, the man is considered to conaist of two flat
sides, and- the portion of space seen by one side 1is half
spaca.,) If the readings obtained (allowing sufficient
time for each reading to become constant) are nearly
uniform, the average of the rcadings is noted. The radi-
ometer 1s then sightcd at the man, and the reading 1is
noted, In all measurements the radiometer is kept at
least two lengths avay from the nearest surface, When
slghting at the maen, though, it must be close enourh %o

see only the man, but still be at least two lengrths esway
from him.

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

as I’ ]
(I/'net =k ._(mv)ma.n - (mv)surroundings_,

A typical case would be as follows:

(If the cabin wall temperature = 120° F)

Emf when sighting at surroundings = 0.C

Emf when sighting at man = —0,171 nv

Therefore, the radiant heat loss is -7X0,171=-1,20 —JEHL;
hr £t~
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This value refers to the power lost to that portion of
space doefined by Foe g+ Therefore the total loss to
one—half space is this value divided by F, o _p.

If simllar readings are obtained in all directions when

slghting at the man, his total heat loss to one side by
radiation 1s then

~1.20 _ =1.20 _ _ .. Btu
Foe—n 0.02 hr £t2

or, in other words, he receives a net amount of radiation
of 60 Btu/hr ft2,

Example 3., Radiant Power Gain in Nonuniform Surroundings

It 1s desired to obtain the total radlant power
exchange of a pllot scated behind a windshleld, facing in-
to the sun.

(a) First, the total irradiation of the pilot will
be cbtalned. It will be assumed that the cablin may be
divided into two sections, the front and the rear. The
front surface of the pilot 1s exposed to the front cabiln
section., Also, since thre solild angle seen by the radiom—
eter wlhen viewlng the sun takes up such a emall sectlon
of the space seen by the front surface of the pllot, 1t
1s assured that the whole front cabin sectlon ( including
the window) 1s seen by the front surface of the pilot.
The irradlated surfaces will be divided up as follows:

(Assume the total area subject to radiation as equal to
15.5 sa ft, see reference ¥).

Recelving radlation from the sun . . . , « . 4 £t
Rocelving radlation from front wall sections 8 £t
Receiving radiation from rear wall section . 4Ys ft2

In contact with seat e 6 6 o o o s e e o o @ 3 fta

(¢ ft° receives radiation from sun and walls)

The total area receiving radiation is, therefore, 12.5 f£t°
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¥With the same fadlometer as in example 1, the follow—
ing readings are obtained:
. When';iéhééd at f}3££ ;;li ;;ctio;-= —6.12 nv,
so that
G, = — (0.12 x 7,0) + 1,83 = 0,99 Btu/hr £t°
When-sighted At rear wall section = — 0,098 mv,
8o that
6, = — (0.098 X 7,0) + 1.83 = 1.15 Btu/hr £t~
When sighted at sun = 42,0 mv
so that
¢, = (42.0x 7,0) + 1.83 = 295,8 Btu/hr £t
(as in example 1)

The apparent emlssive power 0f any surface slghted
at 18 G,/F,. R+ and the total irradiation from uni-

formly radiating surroundings 1s equal to the emlssive
power of the surroundlngs.

Therefore, the total radiant power incident on the
pilot is

4 X 296.8 + 8 X %;gg + 4.5 341% = 1184 + 396 + 259

= 1839 Btu/hr

This would be equivalent te an average irradiation of

4839 . 2
1ot = 147 Btu/hr ft

The surface of the man wlll be considered to be a
gray body (so that the emissivity 1s 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 obtalned, dy
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use of a touch thermoocouple, The value of €, o, is tak—
en as 0.90 and the pilot's clothes temperature as 80° F;
the net loss by the pilot 1s then

b40

0.90{0.173
\ 100

4
'> - 147]12.5 = (132 — 132) 12.5 = 0 Btu/hr

That 1s, the net loss of radlant power by the pilot 1s
0 Btu/hr, or an average value of O Btu/hr ft2.

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 about

120 Btu/hr over an area of 19.6 square feet, or 6 Btu/hr ft=2,
so that the elimination ef the radiant loss is an Iilmportant
factor. (See reference 4.)

If it 1s desired to evaluate the total irrsdiation
on a surface in surroundings the emissive power of which
varles greatly with angle, itv 1is suggestoed that the pro—

cedure outlined in reference % (ch. XVIII, pp. 45~50) bo
followed.

APPENDIX B

THEORY GOVERNING TEE USE OF THE THERMOPILE RADIQMETER

SYMBOLS
A area of a surface, ft2
i emlasive power of an ideal radiator at the tem-

peratqre of the surface under consideration
=g T°, Btu/hr £t®

FYae—D shape medulus, 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 Ilnserted in place of a and V.

G, irradiation of thermopile due to the radiant

energy coming through the opening in the hous—
ing, Btu/hr ft2
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e ) the portion of G, which would be present 1f the
radlometer were removed: the valuo desired,
Btu/hr ft3

X conatant of radiometor thermopile, Btu/hr ft2 mv

1 distance from front of radiometer to nearest roflect—
ing surface in diroct line of "gight" of radiom—
eter, ft

L distance from thermopile to front of radlometer
housing, ft

mv electromotive force generated by thermopile, nv

n /L

q heat transferred, Btu/hr

t temperaturs, Op

T absolute temperature (% + 460), °R

Z (1 - €1) (1 - Eg) Pyg——y X F:.cg——_:s

B error term in radiometer equation

€ emissivity of a surface (all surfaces ars treated
as 1f ¢ wore independent of wavelength)

P angle betwcon normal to surfaco and axis of radiom—
etor, dcg

-8
0,173 X B
o Stefan—Boltamann constant, 1 10 4tu (See
hr £t3% (°R)

International Critical Tables.)

Subscripts

o opening of radiometer housilng

R radlometer receiver element

1 gsame as R

8 surface 2 in fig. 1
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3 surface 3 1n fig. 1
4 surface H in fig, 1

Measurement of Irradiation

The equatlon G, = E(mv) + Po ._R © Th* may be
derived as follows:

First, imagine the radiometer housing to be closed
at the frornt, and the thermoplile connected to a device
(such as A potentiometer) which indicates the emf gener-
ated by the thermopile. Under this condition the output
of the thermcpile Wwill be zero, since both Junctions of
the thermopile will be irradiated equally. (See refer-
ence 1 for a more detalled picture of the actual con-
struction.) If the front cpening 1s removed, the Junctlons
facing in thils direction will receilve less radiation from
the housing than the shielded junctlons. the amount less
being the radiation that would have been received from this
hypothetical front cover. This amount would be F, ._Rr o Th*.
This may be visualized as a negative irradiation of the Jjunec-
tions exposed to the housing ovening equal to -Fy«.R 0 Th.
Owing to irradiation from external sourcses @,, the total
irradiation falling on the exposed Junctions 1s greater than
that falling on the shielded Jjunctions by the ~mount
G, ~ Foe-R 0 Th? Consequently, the reading on the men-
suring device will be proportional to this auantity.

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

(1) The back surface of a long cylinder (length to
diameter ratlio 1.9) the surface of which has an smissivity
of 0.75 radiates and absorbs as if 1ts emissivity were 0.099,
(See reference 5.)

(2) The length to dlameter ratio of the radlometers
used was approximately 3.5.

(3) The emissivity of ths surface was approximnately
0.9,
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It follows from the foregoing that the output of the
radiometer 1ls proportional to the exchange of radiant power
between the sources seen by the thermoplle through the hous—

~ing opening and a hypothetical esurface of the same emissive
power as the radiometer housing placed in the positionrof
the thermoplle receiver element. .

In the remainder of this appendix the term G, and
the net interchange term G, — Fp . 5 0Tp* will be dle-

cussed: thbe surfacesin fig. 2 will be referred to by number.
The configuration shown in fig. 2 18 ono comnonly encoun-—
tered: by considering surface 3 to be conposed of several
parts, none of which see the other, the system may be made

to apply to nany cases. By comblning a nunber of surfaces

in the direct line of sight of the 1adlometor into one equiv—-
alent surface, the analysis presented here nmay be mado to
apply to almost any system. Although such equivalent nethods
aay not be exact, they are extreunely useful in practice, Ro—
gardless of the distribution of radiation from the surround—
ings, 1t must be remembered that the radisneter always indl-—
cates the actual irradialion inciden’ on the thermoplleo re—

ceiver element, including any geaseous radimtion which nay bo
present.,

\Radiometer housing (surface 2) ~—— purface 3

Thermopile (surface 1)
Lﬁ ‘Ehmrmumings(sunhwe 4) y

Figure 2.
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The thermal system ie based upon the followlng postu—
lates:
1. All gurfaces are perfectly diffusing.
2, All surfaces are opaque.
3. All surfaces are uniform in temperature,
4, Surfaces 1 and 3 are a sufficient distance apart
that each point on surface 1 is essentially

equidistant from each point on surface 3.

5. The exterior of the radiometer housing is per-—
fectly reflecting.

6. The emissivity of each surface 1s uniform with
temperature and wavolength.

7. The surroundings (in addition to the housings in-
terior) have an emiseivity of unity.

8. The intervening gascous medlums are non—absorbing
and noa-radiasting.

The above—listed conditions Are very nearly satisfled
in most cases.

In the analysis of cons ider firet what happens
to any energy leaving the ?ront surface of the thermopile
element, This will be called E'!'A,.

E'A, radiates in three directions:

1. To the radiometer housing (surface 2)

2. To the surroundings (surface 4)

3., To surface 3

Therefore:
E'A, = FaE 1 B'A, + F ¢ 1 B'A, + Fae._, E'A,

The onorgy Fpe ., E'A, 1is completely absorbed, as is
also F e _ 1 E'A;. Consider now the term F o ., E'A,.
This is partially absorbed and partially reflected;
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€3 Fa, 1 B'A;, 13 sbsorbded, and (l--€3)Fz¢——3 E'A,
reflected., Of this last term (1 — €3)Pze..y Foe 3 E'A,
goes in the direction of the -surroundings and 1is absorbed.
Term (1 — €3)Fze_ 3 Foe sEB'A;, goes in the dirsection
of the housing interior and 1s absorbed, and

(1 — €4)F,¢ 1 Fyo 3 E'A;, 48 incident on the thermopile
receiver element. Consequently,

+ (1 - €3)F3e—; Fae—3E'A; + (1 — €3)FPne—1 Fre—a E'A,

(1 - €3)P36 3 Fre— 3E'A,

and of the original amount E'A, 1leaving surface 1,
(1 — €,)Fae 3 Fra __ B'A, (a)

is returned. Of this, €,(1 — €3)F . ) Fic 3E'A;, s
reabsorbed, and (1 — €,)(1 - €3)Fae 3 Fre ETA; 18
reflected, This new quantity may be treated as the orig—

inal quantity E'A,. Therefore, owing to this term, the
quantity

(1— €3)F3e—1 Fre—s (1"51)(1"53)F3<—;1 Fie—s E'4; (1)

is incident on the thermopile receiver strip. On each suc—
ceeding reflection, an additional amount of energy will bde
incident. It wlill be noted that each term 1is equal to tlre
preceding term times the factor (1 — €3)(1 — €a)Fae 1 Fre_zs
and therofore summation of all such terms may be expressod
as:

(1 - €3)F3e—n Fie 3 E'A, ( 23
= 2)
l -~ 2

where 2 = (1 - 51)(1 - €3>F3<__1 F]_(.._..s
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That is, if an amount of power H'A, 1leaves the surface of

tho thermopile receiver, the amount represented dy equation

-- (2) -is-returned by reflection from surface 3 and is again
incident on the thermopile. The terms making up G, mnmay
now be calculated. The power incident on 1 (through the
oponing) before any reflections from 1 is from the surround—
ings (direct)

File—aBs A4 (3)

from the surrounds (by reflection from surface 3)

(1 - €3) Fsge-uFyeaFs 24 (4)
from surface 3
Fle—-3€3 By Ay (8)

from surface 2 (by reflection from surface 3)

(1 — €3) Py a¥se g BE_ 4, (6)

In addition there will be the amount of power emitted by
the radiometor housing which is reflected from surface 1
to surface 3 and then reflected from surface 3 to surface 1:

(1 —€1) Frep 8282 (1 — €3) Fy « 3XTye-a (6a)

The sum of the powers represented by (3), (4), (5), (6), and
(6a) are incident upon the receiver element, and of this sum
the fraction (1 — €,) is reflectod. This reflected term may

Ye troated 2s the original term E'A, was treated. There—
fore, utilizing oxpression (2), the energy per unit time
incideat on surface 1 due te power emitted from surfaces 1,
2, 3, and 4, including the inter—reflections 1is

[(8) + (4) + (B) + (6) + (6a)]
+ (1~ Ca) (1- 51)3'54.-—1 ¥, 4—3[(3)+(’§)+(5)+(6)+(63LJ_
l -2

. (1 —€3) Fsgy Fye3 €,[E;4,] (
' 1 - 2 7)
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By making use of the "reciprocity" relation Fgpe——1Db 41
= Fhpe—ap Ap (reference 4, ch, XVIII, p. 12), all the'-
terns may be expressed as a functlon of A,;. Expression
(7) then becomes

[Fae—-1 Bgd; + (l-€3)Fie—pFae—1 B4A;

+ €3 Fsa—Bydy + (1= e3)TP e Fae—; Bahy]  (8a)

L (8a)[(1-€¢;) (1~ €3) ey Fy<—sy]

(8b)
l -2
+ (1_ Ca) (Fs(——l) ]‘1 (__3€1E1 Al (Bc)
1l -2
, Fae—1554,2 (8a)

1-2

Expression (8) (or (7)) is equal to GuA,. Equating GoA,
and (8), and dividing through by A,, the eaquaticn

+ (1-¢3) F F E_]

BeEe—3 3€E— 1

((F ey Byt (l—€a)F @ n P By+ Ty e3P +(1l—€3)F o3 Fac—y B, ] 2

l1-12
- F F €y E F E, 2
+ (1-e3) 3<—1 “3<—3 f3 71 . T2e— "2 (9)
l1 -2 1-2

is obtained.

If the radiometer were not present, the irradiation of
a plane 2t the position of the recelvor element wculd be

G!' = F o, By + (1-€3) Fow gFye—3 Byt Fye—y €3 Ej (10)
This is the desired quantity. Equation (9) may now be writtea

Z (1~€3) Fre—3 Fae—3 B
=G!' + Gf + ; L
Go 1-2 1-2

Z
+ (1~ €5) B==i Fl;‘-;“ LR ———————FQTIS" (11)
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Errors in Measuring Irradition

The firet term on the right-hand slde represents the
irrsdiation of the theimopille dub "to the various sources 1in
tho system which are "seen! by the thermopile through the
housing opening — as 1f the radliometer wore not there. The
remaining terms are due to Ilnter—reflectlons, between the
radlometer and surfece 3, of power emltted Dy the sources
in question and emitted by the radiometer. Accurato meas-—
urements of G' make 1t necessary that the last four terms
in equation (11) be very small, The magnitude of these terms
may be evaluated. If it 1s supposed that surface 3 is large
enough so that the receiver element sees, direotly, only sur—
face 3, the worst possible case wlll have been considerod.
For the type of comstruction used, the area of tho recoivor
strip 1s about three—quarterm of the area of the radlomvtor
opening, If the distanco from the front of the housing to
surface 3 1s called 1, and the distance from the thermo—
plle to the front of the housing 1 I, then thoe distanco
from tho element to surfsce 3 18 1 + L, or if | = nlL,
it is (n+l) L. The approxinate arca of the surface seerwill te
(n+1)L/L times (area of opening).

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

3

Sﬂ.;'_k)_lx.;/s A1=A

and
A, 1l
-_— = 3/4 ——=
Ay / n+1l
and
Fya—1 4,51 -3 42
or

a A
xXr ) =
¥y <y 13 ( 3@—1) Ii

3

2
(Ihe—d) X ZT;:ET

u

Taking the worst possidle case of €, = 0, and assuxing
€, = 0.9 (which 1s probably closo to the correct value),

Z = (1—51)(1_€3).r3€—1 FJ_ 4—3= (1)X(0.1) ro@R

33X 102

= (ro G—B)ax
a(n + 1)
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(eince ¥yg—y = Fog-R). Aessuming Fpe-s = Fie3 and Fpo,y

= 1 dooee not introduce a large error, the last four ternme
in (11) may be written (teking E; = E,) approximately

— a 3xlo'—1
[y owwrr o] [ Fommh, [+ B e,

(Since 1 — Z = 1)

Since the last tern in this expression is only 5 percent of
the second term, it may be neglected. The error term now
becomes

< 3X10~ 2 6
F ‘) G! + [—————— ¥ ]:E b}
L4(n+1) ( o<1} ] a(n+1) o<-R os-Rup

In most of the radiometers used, ¥, 5 was approximately
0.02 (admittance angle of approximately 160). Even if a
radiometer having Foe-p ecual 0.5 (admittance angle of

90° were used (which is very unlikely)% the first term abdove

would be appronximutely
(o.oa> "
n+1l

If n=0 (radiomoter touching surfaco), thie term is 2
percent of G'. In tho much more likely case of F . n

= 0.02, +this term 1is 0.003 percent of G!. It follows
that tho first term in the foregoing expression mny be
neglected 1n most cases likely to be encountered. Conse—
quently the error is

b3 [4(ni 1) F““R]F“‘“Th‘

(since o Th* = B,)

If n=1%, P is lees than Foe-R times the term Fye-3oTh*

If n 1ie always made equal to or greater than 2, the error
ie prorortionally less, and if the surface sighted nt 1is
partially abeorbing, the error will agein be proportionally
less., This 1e aleo true if the intervening mediums are abd-
sorbing.

If desired, a curve of this error term (8) may be pletted
for the particular shape modulus used in order to determine
an appropriate wvalue of n.
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In cases where Toq—-R"Th‘ is a small fraction of G',
the percentagse error becomes neglligible.

Measurement of Not Radiant Power Interchange

For somo applications it may be desirable to obtain the
net interchange of radilant power between the radlometer and
the objJeots or surfaces seen threugh the opening by the
element.

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

Go — Foe—y 0= Eluv)

For the purposes of this analysis 1t will be useful to treat
the term F°<_410T3 ag 1f 1t represonted the power radi-
ated out of the radiomecter by the hypothetical surface ro—
ferred t¢ previously. Thils pcwer may be considered as golng
to surface 3 directly and belng abscrbed, to surface 4 di-
rectly and being absorbsd, te surface 4 by reflectlon from
surfaco 3, to surface 2 by reflection from surface 3, and
back to surface 1 by reflectlion frcm surface 3. Thils result
many be expressed as

Fye—ROT,* = Pouy Bz = €3 Fyemy Bz + Py 1 E,

+ (1 — e3) Foé—3 Fae—y E,
+ (1 — €,;) YoesFye—y Ez
+ (1 — E:s) F1€—3r3<—1 b P (12)

because Foe , = Fyge~y * Fye—y = Fo<=R

B, 1s used here since 1t 1s equal te oT;*. TVow, consider
the term (1 — €3) F,e gy Fye—y Bz. Upon striking surface 1,

part is absorbed and part reflected. Therefore, it is equal
te

The second term here may be considered 1in two parts:
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(1 — €,)(1 — €3) Pie3Tse1 BaXFre
and (14)

(1—e, )(1—€3) TreaTsei BaX Poe 1= Foey Bg X Z +To; BpX2

The last term here, Foe-3 EgX 2 may then be ftreated exactly
as was Fge—, B,. Consequently, equetion (12) becomes:

Foe1 Bz = [€3 Tyamy Bpt+ Ny Ep + (1-€3) Tz Fae—y B
+ (1-¢€3) PoenTaey By + €, (1-€) i s Thery B,
+ Foeoq BgX2] + Foe ) ByXZ

[es Faey By + Ty By + (1-€3) Foe 3Pie,; Bp

+

(1-€3) Foe g Fagoa Bat ey (1~e3) e 3 Faey Eg
+ Fg g BpX 2] (142) + Poe, Byx2% (15)

Contlnuing this process, the expression

x

Fow—18; = [e3 Fae—y B + Py By + (1l—€3) Fuey Fae: Ep

+ (l-€3) Pooy Faemy By +¢; (1-€3) FiegRoen B

+ Foe-q EgXZ][1+2+ 22+ .., .] (16)

is ebtalned. The remainder term, after repeating this n
times would be Foe , EgX2B*l 453 ag n—> o, 225 o
)

because Z 1is less than 1. Since (1 + 2Z + Z% + 2%, , .
= 1/1-2, (16) becomes

- by E €5 T b
l‘o<—135=]l“-1Ea , (1=€3) Toen Fse1 B + &3 Toea B

1-2 1-2 1-2
+ (1—€3) FoeyFoe By L (1—€3) Fye—1 Fra—s Ea+]'2<-132 2

l -2 l -2 1-2
(17)
Combining equations (9) and (16),
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Fee1 (l—€3) MenTse—2

Gy — Foe—3 B, = _].——Z— (34 - Ea) + 1 — 2 (E4—Ea)
b/ Ex— X - F
; &3 Tsen (By 3) + (1 —¢€3) Fra—s Fyey (E,—Ba)
l -2 l - Z
- € F. T
+ e, (1 3) Pse—1 Ties (5; — 3,)
1l -2
Foe., 2
+ ==l (E; — Ep)
1-2
or T (1-e3) T iy
Gp —Fos—3 B = ‘;‘e'zl (34 - En) + 2 1"(—; 3<—1 (B, —Ez)

T € (I—C)F ¥
e e M €

Because T; 1is very nearly equal to T_, it

follaws that the last term above 1s very nearly zerc¢ and
may be neglected. Thersfore, the net exchange of radilant
power betweon the radlometer and the sources seen by the
thermopile element (referred to a surface in place of the
receiver element, having the emisslve power of the housing) is

qQ Foe—3 (1-€3) Fie—nFoe—1
. = —— -_— + —
( >net 1—-2 (E‘ EB) 1—72 (E"’ Ea)

T
+ £3 31 (g..F,) = K(nv) (19)
1-2
This equatlon 1s analogous to that glven iIn refererce 1,
A particular use of this equation 1s in emisslvity measure-

ments. (See reference 1,) In this case E, = E,, the re—
sulting expression being

£3_oe=i (3, - 3,) = Kav) (20)

By use of thls equation, the emissivities ef the type de-—
scribed in reference 1l may be obtained.

If it 1s desired to find the net exchange of radiant
power between surface 3 and the surroundings (surface 4y,
equation (19) reveals the following:
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For the case where the surroundings radiate uniformly
and the radiometer 1s at sufficlent distance from the sur—
face sighted at (and yet "sees" only the surface in gquestion,
" gurface 3) 'so that FNe-y 1is nearly 1,

(F4e—y = 0, and Z —> 0)

K(nv)g = (1-€3)Fq ; (E4—B3) + €5 Fowy (B, —E)

= By Beg=T3e— Ez— ey ]‘5<—-1 By + €5 Fe—i B,
or
E(nv)a = Fse—y (By—Eg)teyTu , (Bx—E,)

When the radiometer i1s sighted in the opposite direction,
the radiometer would give

E(mv)p = Fae—y (E4—E3)
Therefore, the difference 1is
K [(mv)g — (mV‘)bJ = €3 Fye—1 (33_34)

which 1s the power lost by radiation to the surroundings in
the direction of the radiometer by surface 3.
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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 thermopile.

Figure 4.- Sensitive elements

of thermoplle 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
in larger model of figure 3.

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