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Abstract-The question of calculating the temperatures of opaque and non-opaque surfaces subject to 
assigned net rates of radiant flux is considered. It is shown that, for gray surfaces, any opaque surface in 
radiant balance in an enclosure of arbitrary complexity achieves a steady state temperature which is 
independent of the emissivity (or absorptivity) of the surface, Relations are developed for the tempera- 

ture of opaque and non-opaque surfaces subjected to an assigned net radiant flux. 

RCsumLOn consid&e le calcul des tempkratures de surfaces, opaques ou non, soumises B des densit& 
de flux de rayonnement bien dCtermin&. On montre que, dans le cas de corps gris, une surface opaque 
quelconque, en 6quilibre de rayonnement dans une enceinte de complexit arbitraire, acquiert, en 
r&me permanent, une tempkrature qui est independante de ses coefficients d’absorption ou d’kmission. 
Des relations sont dondes pour la tempbrature de surfaces, opaques ou non, soumises a des flux de 

r~yonnement bien d&ermines. 

Zusammenfassung-Die Berechnung von Temperaturen strahlu~undur~h~ssiger und durchlLsiger 
Oberfkichen bei gegebener Strahiungsmenge wird untersucht. Jede undurchl&sige Oberfigche eines 
grauen Strahlers in einer willkiirlich aufgebaut~n Umhiilhmg nimmt im Str~lungsglei~~gewicht eine 
gleichmlssige Endtemperatur an, unabh~ngig vom Emissionsverm~gen (oder Absorptionsve~~gen) 
der OberRlche. Die Abhgngigkeit der Temperatur undurchllssiger und durchllssiger Oberfl%hen von 

der zugefiihrten Strahlungsmenge ist angegeben. 

Aaaol~a4nJI-PaccMaTplluaeTcH npoFne~a BhNHCJIeHIIR TeMIIepaTyp Hf?llpO3pa=lHbIX Ei 

FIPO3~ViHbIX IIOBepXHOCTe~, Yepea KOTOpbIe IlpOXOAKT O~pe~e~~~~r~~ ~e3y~bT~py~~~~ 

IXOTOIi ~~~~~e~~~. IIo~aaano, Wo s.rm eepbrx no3epx~~o~Te~ nroBaff ~e~po3pa~Ha~ 
~OBe~XHOCTb B YC~OBI~~X paBHOBf?CllR nps OI~p~~a~4~~ CriCTt?Mt? ~PO~~O~~bHO~ ~~~~HOCT~~ 

AOCTHraeT CTal&ICIHapHO$% T&kMFle~W~pht, HoTopaFI He 3aEIICkfT OT MaJqy9aTeawo% (HJIM 
WIVIOILWTt?JlbliOii) ClIOCO&K’ETW EIOBFPXHOCTB. BbIse$?HbI COOTHOllIeHMR @ISi HaXO?KWt?HElR 

T~~ir3e~aTyp~ uenpo3paqHbIx B npoapa~1~~~ ~0nepxHocTe~ np~ npoxo~~eH~~~ onpe~en&a- 

net rate of radiant energy loss from sur- 
face j; _ _ 

NOTATION 
absorp~vity ~abso~tance) of a sur- 
face; 
radiating area of a surface; 
absorption factor; 
angle factor, the fraction of the emission 
of surface p directly incident upon sur- 
face i; 

E, total ~emispheri~l emissivity (emittance) 
of a surface ; 

PT reflectivity (reflectance) of a surface; 
a, universal constant for thermal radiation. 

INTRODIJC’IXON 

1N E~G~~~ERlNG practice tiere are many circum- 
stances in which thermal radiant energy exchange 
rates may be calculated with sufficient accuracy 
under the assumptions of &ray, diffuse radiation 

The abso~~io~ factor method 
~~~~~~ and elaborated upon by the present 
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writer [l-3] is well adapted to such calculations 
and applies to enclosures of arbitrary com- 
plexity. Although this method requires the 
solution of a number of simultaneous linear equa- 
tions (as must any method which accounts for 
multiple inter-refl~tions} the method is concept- 
ually simple and is well suited to machine tech- 
niques of equation solution or matrix inversion. 

The absorption factor method also permits, 
due to its simplicity, the demonstration of many 
of the important characteristics of radiant 
exchange processes. In the original paper, for 
example, absorption factor reciprocity was 
shown to be a simple consequence of the assump- 
tions of gray, diffuse radiation and of uniform 
irradiation without reference to the second law 
of thermodynamics. 

The present paper is concerned with the 
application of this method to calculations con- 
cerning opaque and non-opaque surfaces in 
radiant surroundings of arbitrary complexity 
which are subject to assigned rates of net 
radiant flux. Such a surface condition appears 
in many cases of modern technology; for 
example, in electrically heated walls and win- 
dows, in reactor elements in the absence of a 
coolant, in electrical circuit elements in a 
vacuum, and for surfaces subject to solar or 
other irradiation. 

properties. This characteristic is sometimes 
alluded to, e.g. Eckert [4] in the language of 
Oppenheim’s method [5] of analysis, but has 
not been proven. 

The assumed condition of gray, diffuse radia- 
tion and reflection is met in many circumstances 
of practical importance. Many studies have 
indicated that even highly non-gray, specular 
surfaces are often essentially gray and diffuse 
under the conditions of actual use as a result of 
surface coatings, corrosion, erosion, or other 
types of surface alteration. 

GENERAL RELATIONS 

Any surface Aj in an “enclosure”* of n gray 
surfaces loses radiant energy at the net rate of qj* 

qj == Wjffi - B,j WIA, - &j WZA, .- 1 I , 

= WjAj - 2 BijWiAi (0 
I 

where Bii, the absorption factor, is the fraction 
of the radiant energy arising at surface Ai which 
is absorbed at surface Aje WA denotes the rate 
at which energy is radiated from a surface to the 
space above it (other than by reflection). For an 
opaque surface, WA becomes merely the 
hemispherical emissive power eoT4A where E is 
the total hemispherical emissivity. 

For diffuse radiation and reflection, the 
An interesting particular case, the opaque absorption factors are given by: 

surface in radiant balance, sometimes called an where F,, is the fraction of the emission of 
“adiabatic” surface, is treated in detail. This surface A, directly incident upon Ai, ci is the 
condition often appears in equipment such as: total hemispherical emissivity of surface Ai, and 
gas turbine and jet engine combustors, furnaces, pi is the reflectivity of surface Ai. In general, 
electronic components, electronic equipment, --- _______-. -- 

and satellite and spacecraft components. It is * The term “enclosure” is meant to denote the assembly 

proven that the temperature of a surface in 
of all radiant conditions relevant to the surface under 
consideration. Under this definition of an enclosure, all 

radiant balance is independent of its surface radiation circumstances are “enclosure” problems. 
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opaque surfaces in radiant balance, other than 
A*, are assigned a reflectivity of I%.* 

The absorption factor relations may be 
written more compactly as : 

where 6,i is Kronecker’s delta. The reciprocity 
relations among the n2 values of Bij for any 
combination of opaque and non-opaque sur- 

TEMPERATURE OF AN OPAQUE SURFACE IN 
RADIANT BALANCE 

Taking Aj as an opaque surface in radiant 
balance, denoted hereafter as A,, the value of 
q,, is zero. By equations (1) and (4), we have 

q, = W,A,, - 2 Bit, WiA, 
1 

faces are: 
(4) 

The Bui are given by (2) or (3) as 

* Since the temperature of such a surface may not be 
arbitrarily snecified. the total hemisnherical emissive 
power is not known.‘This assumption, df unit reflectivity, 
satisfies the condition of radiant balance and removes the where D,( and D denote the following two 
unknown from the equation, e.g. equation (1). determinants : 

F2i~i a2,htl) . . . % 

(a11 - 1) 92 - . . al, k-l) 

a21 (a22 - 1) I . . a2,h-11 

anI 

(a,, - 1) 

al, h+i) . . . %I% 

52, (n+lf * ’ * a2, 

(%?z - 1) 

Combining (5) and (6), we obtain 

T; = (; _ o,,j ; I = 1, 2, . f . ) (a - l), {a + I), . . . ) 12 

(7) 

(8) 

(9) 

Tt is seen from equation (7) that en, which is equal to (1 - p,), does not appear in the Dai for 
i # a. Therefore, the numerator of equation (9) does not depend upon E,. D and D,, are written 
as follows, moving the ath column into the first column position in both determinants. 
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F ?ilEP<l atI2 

a12 

(“22 - 1) 

a,,2 . . . tat, ,I “- 1) 

Both determinants are the same except for the first column. Call Nk the value of the minor of 
the term in the first column in the kth row. Note that none of the TV, contain qr or p,,. The ktb 
term of (D - II,@) where k f a is written as 

(-ij”‘ll (-iy-1 (~~,,~~~~~ + F&,/v/J := (-l)k !I (“--l)rr--lN,J-/,.,,* 

None of these terms contain E*. For the term k = a, 

(101 

Again E, is absent. Therefore, (D -- D,,,) is independent of E,,. Since neither the numerator 
nor the denominator depend upon E,, (or p,), .T,,, is independent of the surface properties of A,, 
and depends only upon the temperature and emissivities or surface conditions of the other 
surfaces of the radiant surroundings. 

The results in (10) and (1 I) indicate that the denominator of equation (9) may be written in 
the following simpler form for calculations ; 

F,,, tall - 1) 
F 2tr Q%l 

F na anI 

. . * arm 

aRZ . . . G&2,‘- 1) 
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The foregoing analysis shows that the tem- 
perature of an opaque surface in radiant balance 
is independent of its surface property emissivity, 
i.e. the temperature may be calculated from 
equation (9) using any value of ca in equations 
(7) and (8). However, it is not necessary to 
assume a value of Ed since equations (12) and (9) 
may be used. This same result may be expressed 
as follows: 

i+uandk#a. (13) 

OPAQUE SURFACES WITH ASSIGNED NET 
RADIANT LOSS 

A surface (in a radiant surrounding of arbi- 
trary complexity) whose temperature level 
adjusts to result in a given net rate of energy 
loss by radiation amounts to the assignment of a 
given value of qa. The necessary temperature 
level is found from equation (5) as 

i # a. (14) 

Although the first term on the right is inde- 
pendent of l ,, the second is not and the resulting 
temperature depends upon E,. Equation (14) is 
suitable for calculations. 

NON-OPAQUE SURFACES 

The general formulations, equations (l), (2) 
and (3) apply for enclosures which contain 
windows, openings, or any other surfaces whose 
radiation characteristics are gray and diffuse. 
For any surface A,the equations takeintoaccount 
the effects of the radiant energy transmission 
across all non-opaque surfaces under the assump- 
tion that none of the thermal radiation transmitted 
outside of the enclosure is again incident upon 
the outside of the transmitting areas due, for 
example, to reflections. This is a reasonable 
assumption in many practical circumstances. 

If A, is opaque, then qj is the net rate of radiant 

energy loss from Aj. If Aj is non-opaque, qi is 
the net rate of radiant energy loss from the 
“enclosure” side of A+ The rate of energy 
transmission through Aj is 

(qr)j = % 2 Bii WiAi = TjuAj 2 B,,Tj (15) 

i=I i=l 

where To and aj are, respectively, the trans- 
missivity and absorptivity of A+ 

The calculation of the temperature of a non- 
opaque surface with an assigned net (or zero) 
radiant energy loss rate takes into account both 
sides of the surface and the two different 
enclosures A and B with which the two sides 
exchange energy. The n surfaces in enclosure A 
are numbered 1, 2, . . . , i, . . . , n and the Nsur- 
facesinBarenumbered1,2, . . . . m ,..., N. 
The surface under consideration is denoted by a 
and its net rate of radiant energy loss is 

qa = (qa)A + (CL&Z = ( W,A, - 5 Bi, W~AJA 
i=l 

+ (WaA, - g &,W,A,)B. 06) 
m=l 

If the two sides of surface a are of equal area and 
emissive power, this result may be written as 

qa = 2 WaA, - 2 B,, WiAi - S B,, W,A,. (17) 
i=l m=l 

Employing the reciprocity relation and solving 
for T,4, we have 

[2 - (Baa)-4 - (&>BI T,” 

=$-;+~B~~T;+S~~~.T; (18) 

i m 

where i # a and m + a. 
For the case of a non-opaque surface in 

radiant balance, qa is zero. However, it is not 
true that T, is independent of E~ for a non- 
opaque surface. 

CONCLUSION 

The foregoing analysis has shown that the 
temperature achieved by an opaque surface in 
radiant balance is independent of its surface 
properties. Relations are derived for temperature 
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calculations for opaque and non-opaque sur- zero by further subdivision of the surfaces of the 
faces subject to an assigned net thermal radiant enclosure.* 
exchange rate. If a given area in radiant balance in an en- 

Although the absorption factor method may closure is subject to highly non-u~ifornl irradia- 
be used in analysing enclosures conta~njng tion, its temperature will be far from uniform. 
emitting and absorbing media, the present More accurate estimates of the temperature 
treatment applies only in the absence of such achieved by such a surface may be obtained by 
radiation effects. However, if the principal effect subdividing it into separate zones for which 
of such an intervening medium is convection at individual temperatures are calculated. By this 
the various enclosure surfaces. its nresence mav means a temperature distribution is obtained. 
be simply accounted for by an iteiative method 
of calculating the temperature of an assigned 
net flux surface. A temperature is assumed, the 

f, 

rate of convection loss is calculated and sub- 
tracted from the assigned rate of loss to obtain 2. 
the net rate of radiant loss. From this, a surface 
temperature is computed which is compared with 

3 
’ 

the assumed value. 4. 
This absorption factor method applies, within 
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the limits of the initial assumptions, to enclosures 
of arbitrary complexity, i.e. for arbitrarily large 5. 

values of n. It has been pointed out [3] that the , 
inaccuracies inherent in the assumption of “-This subdivision procedure m&t be judiciously 

uniform irradiation of each surface by each 
employed, however. The number of numerical operations 
which must be carried out to obtain a solution is pro- 

other surface may be reduced continually toward portional to a’+. 


