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Abstract-h many industrial thermal systems and plants thermal radiation is one of the major means of 
energy transfer. Analysis of radiation heat exchange in enclosures is often simplified introducing the 
following assumptions: emissivity and reflectivity are independent of direction and wavelength; the 
reflected energy is diffuse and uniform. These approximations greatly simplify the enclosure theory but as 
it can be seen (Rohsenow and Hartnett, Handbook of Heat Transfer. McGraw-Hill, New York (1973)) many 
engineering materials show direction-dependent properties. The non-diffuse nature of thermal radiation is 
often approximated by a model based on the assumption that whole emission is diffuse while the reflection 
is partly specular and partly diffuse (Sarofim and Hottel, J. Heat Transfer 88(l), 374 (1966)). However, 
many materials have also non-diffuse emission (Rohsenow and Harinett, Handbook of Heat Tram/&. 
McGraw-Hill, New York (1973)). In this work a model based on non-diffuse emission and reflection of 
surfaces separated by isoth&maigbsorbing-emitting gas is presented. The radiation from surfaces and gas 
volume is simulated by an artificial, random process, while the determination of beam extinguishing 
place enables the calculation of geometrical system characteristics (like absorption factor) as well as the 
formulation of heat balance equations. The model presented is tested on the simple geometry of a cube 
and the results show the influence of non-diffuse emission and reflection as well as the presence of an 

intervening medium in such systems. 

INTRODUCTION P ,~, = A,B,,c[(crT;-crT;) (1) 

RADIATION between non-diffuse gray surfaces is often 
where B,, is the absorption factor and A, and A, can 

approximated by a model proposed by Sarofim and 
be defined as the fraction of radiation leaving surfaces 

Hottel [I]. This model is based on diffuse emission 
A, that reaches surface A, and is absorbed after all 

and non-diffuse reflection. Non-diffuse reflection is 
possible reflections. This equation has the same form 

approximated by the following assumption : 
as that for the case of transparent gas. The difference 
is in B,,. E, represents the mean coefficient of emission 

p = 1 --E = p,+pd over j = 0 - 7r/2. The heat exchange equation between 

where pq and pd are the specular and diffuse com- 
surface A, and gas volume V is 

ponents of reflection p. Q;,, = A,B,&(aT;-(r7’;). (2) 

However. in proper analysis non-diffuse emission 
must be also taken in account [2-4]. 

The equation of heat exchange between the gas vol- 

In this work heat exchange between surfaces with 
ume and surface A, is 

non-diffuse reflection separated by isothermal absorb- Q go, = 4aVB,,(crT;-crTf) (3) 

ing-emitting gas was investigated. The model was 
tested on a geometry of a cube for three materials: 

where L& is the absorption factor gas-surface and a 

black surfaces, CuO and Cr. In the case of CuO the 
the gas absorption coefficient. In the case of an iso- 

coefficient of emission F: decreases with /j (angle 
therm gas the following equation is valid [9] : 

between normal on surface and direction of emission). Q ,sg= Qge,. (4) 

In the case of Cr the coefficient of emission E increases 
with fi [5]. 

The conservation principle is valid so it can be 

For the numerical calculation of radiation heat 
written in the case of a single gas zone as 

exchange the statistical Monte Carlo method was B,,+B,, = 1 (5) 

adopted [68]. B,, + B,, = I. (6) 

RADIATION HEAT EXCHANGE MODEL 

One could write the following equation of heat The considered model is based on the following 

exchange between surfaces A, and A, : assumptions : 
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absorption factor 
energy 
radiation intensity, index 

length of beam 
number of rays absorbed 

total number of rays 
heat 
random numbers 

tcmpcraturc 
volume. 

Greek symbols 
1 angle between emitted and reflcctcd 

surfaces 

/i angle between normal on surfaces and 
direction of emission 

::. rT coctticient ofcmission. mean cocfficicnl 

ol‘cmission 
II. 0’ azimuth in emitted and rctlccted plane 

I’. j’\> j’<i coefficient of rctlcction. specular. 
difl‘usc component of reflection 

I I 
I’\? /‘<I fraction of specular and diffuse 

component of reflection. 

(I) All surfaces are gray. 
(2) Emission is nondiffuse, c = 8(/j). 

(3) Reflection is nondiffuse. Part of these is reflected 
specularly and the other part diffusely 

(4) The mcditnn separated the surfaces of the iso- 
thermal absorbing-emitting gas. 

In the above expression j,: and j/l, reprcscnt the 
fraction of the specular and diffuse components 01 
reflection. 

THE MONTE CARLO METHOD 

The Monte Carlo method is a statistical method by 

which the history of each individual ‘energy bundle’ 
(ray) is followed from the point of emission to the 
point of absorption or cscapc from the system. 

In an enclosure consisting of n surfaces the emitted 
flux from surface A, is 

!?, d/I, = 
l.r 

r:(/j)i sin /I’ cos /j d/i dl) 

According to the definition of absorption 

I d/I,. (7) 

0) 

! ! x(/j); sin /j cos /i d/l d0 
0 ,I 

&here E:, represents the fraction ofcncrgy leaving .I, 
that reaches A, and is absorbed. Dividing the cmittcd 
flux into II individual rays. (1, = & d4,, R;,, which rcp- 
rcscnts ‘individual energy’. In the USC where the num- 
ber of rays are finite 

B,, = N,,(j), A’, (9) 

where N, is the total number of random rays from i 
and N,,(,j) the total number of rays out of these which 
arc absorbed on surflice .-1,. 

PROCEDURE FOR FINDING ABSORPTION 

FACTOR 

Ewlixsiorz ,fhu .w~fOw 

The coordinate of the random cmittcd ray was 

found applying two random numbers R, and R, and 
the direction of the ray by another two random ntm- 

bers R,; and R,, 

0 = 2n R,, (IO) 

1 

-i I 
t:(p) sin /j cos /j d/j] R,; 

0 

-s 

ii 
_ {:(/I) sin /i cos /i d/i. (I I) 

0 

Once the random ray is detincd one must tind the 

strike on the plane I’ (see Fig. I). Having in mind 
Bougcr’s cxponcntial law of absorption the random 

length is 

L, = ~ ! In R,. (12) 
Cl 

Comparing L, (total distance between coordinate 01 
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random ray and point of strike) to L, the further fate 

of the ray can be determined : 

for L, > I+ ray reaches the surface r 

for L, > L, ray is absorbed in gas. 

In the case of L-, < L, the number of strike surface- 
gas is increased by one 

SC = X+1. 

A new random ray is chosen. In the case of L, > L, 

the coefficient of emission can be found, E = E@,) (8, 
is the angle between the normal on plane r and the 
emitted ray). The further fate of the beam is decided 
regarding the following conditions : 

0 < R, < E(B,) ray is absorbed on plane r 

@,,) < R, < s(flJ +p, ray is reflected specularly 

~(a,) + p, < R, < I ray is reflected diffusely. 

In the case of absorption the number of strike surface- 
surface is increased by one 

S(r) = SS(r) + 1. 

In the case of specular reflection the beam is 
reflected in accordance with the laws which are valid 
for mirrorlike surfaces. 

In the case of diffuse reflection we must choose a 
random azimuth angle 0’ in plane r. The cor- 
responding azimuth in the emitting plane is 

tan 0 = cos c1 tan 0’ (13) 

where a represents the angle between the emitted and 

the reflected plane. 

The coordinate of the random ray from the gas is 
chosen with three random numbers R,, R, and R,. The 
direction of emission is determined by two random 
numbers R,, and R,, [lo] 

cos fi = I -2R,{ (14) 

0 = 2nR,. (15) 

After determining the point of strike one must find 

L, (distance between the origin of the random ray 
and the point of strike). 

Comparing L, and L, the further fate of the beam 

can be determined in the same way as in the case of 
the emission from the plane. 

In the case of absorption in the gas the number of 

strike which determines the absorption factor gas-gas 
is increased by one 

GG= GG+I. 

Otherwise, the further fate of the beam is determined. 
In the case of absorption the number of strike gas- 
surface is increased by one 

GS(r) = GS(r) + 1. 

In the case of reflection the history of the beam is 

followed until it is absorbed whether in gas or on a 

surface. 

RESULTS 

The numerical experiment of radiation heat ex- 
change between non-diffuse surfaces separated by iso- 
thermal absorbing-emitting gas was carried out on 

the geometry of a cube. 
In the case of a cube with a single gas zone the 

following equations are valid : 

B,,-t4B,Z_tB,, = I (16) 

6B,, +B,, = 1. (17) 

The B, 6r B, Z are related to an opposite and adjacent 
view, respectively, B,, surface-gas, B,, gas-surface 

and B,, gas-gas view. Further, for the case of absolute 
black surfaces the following equation can be written : 

B,, = I - “,4; 
l 

where x presents the edge of a cube. 
In Tables 1 and 2 the results are presented for the 

case of a black cube filled with gas of optical thickness 
ax = I. These results were compared with results 
acquired on the base of mean beam length. 

The results for the case when one surface of a cube 

is non-diffuse and the others are black arc presented 
in Tables 3 and 4. In the case of a non-diffuse surface 
CuO. the following relation is valid : 

B,z > B,,,. 

In the case of transparent gas it was opposite. It can 

be explained by the hct that for the CuO coefficient 
of emission c decreases with p. However. in the pres- 

Table 1. Emission from surface 

B MC AN A% 

Bl2 0.122 0.120 I .67 
Bl6 0.068 0.068 0 
B,, 0.444 0.452 - 1.77 
B,, 0.334 0.332 

MC. Monte Carlo results (this 
procedure). 

AN, analytical (based on mean 
beam length). 

Table 2. Emission from gas 

B MC AN A “/,I 

B 0.111 0.113 - 
B’;‘, B” 

1.77 
0.334 0.444 0.322 3.72 

MC. Monte Carlo results (this 
procedure). 

AN, analytical (based on mean 
beam length). 



‘,.I 
5 0.3 0.6 I 3 h x 

HI? 0.1671 0.1521 0. I I95 0.0466 0.0325 0.0247 
B,, 0.1 114 0.0X78 0.0717 0.003 0.0003 0.0 
Rly 0.2178 0.3037 0.4503 0.8105 0.8697 0.9012 

Table 4. One surf~c is CuO, others are black. I/:, = 0.6 

t,.Y 
u 0.3 0.6 I 4 6 X 

B, I 0.0096 0.00x I 0.0063 0.00355 0.001X5 0.0017 
B &, 2 0.1621 0. I474 0.1254 0.05262 0.0373X 0.0277 
B 9 h 0. I559 0. I4325 0.1136 0.05345 0.03495 0.0261 
B c&z 0.1X61 0.25905 0.3785 0.73252 0.81368 0.861 I2 

Table 5. Emission surface is Cr, others are black 

(1.1 
B 0.4 0.6 I 4 6 X 

Bi2 0.1584 0.1437 0.1 195 0.0466 0.0325 0.0247 
B, ,, 0.1389 0.1091 0.0717 0.0029 0.0003 0.0 
B,, 0.2275 0.3161 0.4503 0.8105 0.8697 0.9012 

Table 6. One surfxe is Cr. others are black. i,ij = 0.6 

0.1 
R 0.4 0.6 I 4 6 x 

B $1 0.1017 0.0939 0.08235 0.0387 0.038 0.0208 
B pl 0.1464 0.13525 0.1 I52 0.05 167 0.03655 0.02848 
B @h 0.1472 0.13295 0.11305 0.047 0.03285 0.0275 
B,, 0.1655 0.132 I 0.3438 0.07076 0.79295 0.X3778 

ence of intervening gas a ray passes a greater distance 
going to the opposite surface than to the adjacent one. 

Due to this fact more radiation is absorbed in the gas. 
Although the emission from gas is not favoured in 

any direction, due to reflection from surface I, B,, 
is greater than B,, (shorter distance, l-2). Due to 
reflection the absorption factor B,, has the lowest 

value 
Tables 7 and 8 present the results for the case when 

all surfaces of a cube were nondiffuse (CuO and Cr). 

Table 7. All surfaces: CuO. I),‘, = 0.6 

B u\‘= I Transparent gas 

Emission from surface 
B,, 0.015 0.045 
B,, 0.0963 0. I x3 
B,, 0.0698 0.221 
B,, 0.530 

Emission from gas 
B $1 0.0974 
B,, 0.4156 

CONCLUSION 

In this work the radiation between surfaces with 
direction-dependent emission and diffuse + specular 
reflection was investigated. The medium between sur- 
faces was isothermal absorbingemitting gas. 

The model was tested on the geometry of a cube. 
Two non-diffuse materials were chosen: one with 
increasing value of I: with /I(CuO) and the other with 
decreasing value of c with /QCr). 

Table X. All surfaces : Cr, JJ; = 0.6 

B 0 \- = I Transparent gas 

Emission from surface 
B,, 0.0083 0.15x 
B12 0.0162 0.168 
B, ,, 0.0 IO7 0.16X 
B,, 0.9162 

Emission from gas 
8 SI 0.0153X 

B,, 0.9077 
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With greater optical thickness the nature of non- 
diffuse emission becomes irrelevant. 

5. 

6. 
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ECHANGE THERMIQUE RADIATIF ENTRE DES SURFACES GRISES NON 
DIFFUSANTES SEPAREES PAR UN GAZ ISOTHERME ABSORBANT ET EMISSIF 

Risumi-Dans beaucoup de systemes thermiques industriels le rayonnement est le mode principal de 
transfert de chaleur. L’analyse de I’tchange radiatif dans des cavites est souvent simplifiee en introduisant 
les hypotheses suivantes : I’emissivite et la reflectivitt sont independantes de la direction et de la longueur 
d’onde; l’energie reflechie est diffuse et uniforme. Ces approximations simplifient beaucoup car comme on 
peut le voir (Rohsenow et Hartnett. Handbook of Heat TransfPr. McGraw-Hill. New York (1973)). de 
nombreux materiaux ont des proprietts dependant de la direction. La nature non diffuse du rayonnement 
thermique est souvent approchee par un modtle base sur I’hypothtse d’une emission diffuse tandis que la 
reflexion est partiellement speculaire et partiellement diffuse (Sarofim et Hottel, J. Heat Transj& 88(l), 
37-44 (1966)). Neanmoins beaucoup de materiaux ont aussi une emission non diffuse. Le present modele 
est prtsente avec une emission et une reflexion non diffuse de surfaces separees par un gaz isotherme 
absorbant et emissif. Le rayonnement des surfaces et du volume du gaz est simule par un mecanisme 
artificiel et aleatoire, tandis que la determination de l’extinction du rayonnement rend possible le calcul 
des caracteristiques du systeme (comme le facteur d’absorption) ainsi que la formulation des equations du 
bilan energetique. Le modele presente est teste sur la giometrie simple d’un cube et les resultats montrent 

I’influence de I’emission et de la reflexion non diffuse aussi bien que du gaz intervenant. 

STRAHLUNGSWARMEAUSTAUSCH ZWISCHEN NICHT-DIFFUS STRAHLENDEN, 
GRAUEN, DURCH EIN ISOTHERMES ABSORBIEREND/EMITTIERENDES GAS 

GETRENNTEN OBERFLACHEN 

Zusammenfassung-Bei vielen industriellen thermischen Prozessen und Anlagen ist die Warmestrahlung 
von wesentlicher Bedeutung fur den Energietransport. Der StrahiungswCrmeaustausch in Hohlrlumen 
wird oft unter den folgenden vereinfachenden Annahmen untersucht : Emissions- und Reflexionsvermogen 
sind richtungs- und wellenllngenunabhHngig ; die Energie wird diffus und gleichformig reflektiert. Diese 
Naherungen vereinfachen in starkem MaDe die Hohlraumtheorie. Viele Konstruktionsmaterialien zeigen 
jedoch richtungsabhangige Eigenschaften (Rohsenow und Hartnett, Handbook qf Heat Trun.+r. McGraw- 
Hill, New York (1973)). Das nicht-diffuse Wesen der Warmestrahlung wird oft mit Hilfe eines Modells 
angenahert. das darauf beruht, dal.3 die gesamte Emission diffus, die Reflexion dagegen teilweise gerichtet 
und teilweise diffus ist (Sarofim und Hottel, J. Heat Transfer 88(l). 374 (1966)). Viele Materialien zeigen 
jedoch such eine nicht-diffuse Emission (siehe Rohsenow und Hartnett). In der vorliegenden Arbeit wird 
ein Model1 vorgestellt, das auf nicht-diffuser Emission und Reflexion an Oberflachen beruht, welche von 
einem isothermen absorbierend/emittierenden Gas getrennt sind. Die Strahlung von den Oberfllchen und 
aus dem Gasvolumen wird mit Hilfe eines kiinstlichen Zufallsprozesses simuliert. Die Bestimmung des 
Ortes der Strahlabsorption ermiiglicht die Berechnung geometrischer SystemgrBBen (wie zum Beispiel des 
Absorptionsvermogens) sowie die Formulierung von Wirmebilanzgleichungen. Dieses Model1 wird an der 
einfachen Geometrie eines Wiirfels erprobt. Die Ergebnisse zeigen den Einflug der nicht-diffusen Emission 

und Reflexion wie such den EinfluB der Gasfiillung in solchen Systemen. 



L Z‘\\~hKfiO t’i id. 

PA~~A~~OHHbI~ TEIlJlOOSMEH MEXpjY H~PACCE~BA~~~M~ CEPbIMM 
IIOBEPXHOCTIIMM, PA3AEnEHHbIMW M3OTEPMWYECKMM 

nOrnOlrlArorrlMM_MCnYCKA~q~M TA30M 

AHHOTBUHR-BO MHO~HX npoMbluIneHHblx TeruloBblX CWCT~M~X A ycTa~osKax Ten,loaoe r43~1yge~rie IIN- 

ReTCR ORHEIM ~3 OCHOBH~IX cnoco60~ nepeHoca 3Hepr)Irr. AHana3 pausaunoHHor0 TennonepeHoca B 

nonocrax YacTo ynpouraeTc* nocpencT~0~ cnenyrouibf npeanono~ealil:IlsnyYaTenbriaa R oTpaXaTe- 

2bNaz cnoco6eoc~ir He 3aBffcaT 0T HanpaBnerrlts A i~nsi~br eonabr; 83nyseHHe 0TpaXaeTcs ~vr441y3~0. 

Yrasarirrbre npu6nu~eH~~ rrat.frroro ynpoc~unri Teopelo Te~~oob~e~d a nonocrax, ofiriaKo,KaK noKa- 

3arro (Rohsenow and Hartnett, ~un~6u~k of Heur Transfer. McGraw-Hill, New York (1973)). CBO~~CTB~ 
MH~~WX TexriHv2cKfix MaTepeanoe 3daHcsT 0T fianpasnemi5I. He~~~y3H~~ xapaKTep 0Tpaxeass Ten- 
nOBOf N3Jly'IeHAFi 'iaCT rqI%S6,ViXeHHO BbrpaXaeTCR MOlleflbFO, OCHOaaHHO~ Ha npelVlOnOXeHEWi, 'iTO 

BCC HCr,yCKaHtie aBnneTCnAB~~YJHbIM,aTO BpeMSKaK OTpaXeHAe-YaCTM'lHO 3epKaJlbHbIM H SaCTEWHO 

nki@@yzrbIM (Sarofim and Hottel, J. Heat Transfer 88(l), 37-44 (1966)). B TO Xe BpeMn cyluecTByeT 

MHOrO MaTepkiUOB C He~H@~y3~blM WrlyCKaHHeM. B AaHHOM EW2IenOBaHAH OI'IFlCbIBaeTCR MOaeJIb 

HeAH@@ySHOrO llCrIyCKaHll5, H OTpaXKeHH% OT nOBepXHOCTe8, pa3J,e."eHHbIX H30TepMB'UZCKAM 

nor~OUlaH)IlIIIM-ACnyCKaH3UIIIM ra3o~.~3~yY~HU~o~~OBepXHOCT~~~o6~eMara3aMo~e~~pyeTc~cny- 

YaittrbIM npoueccoM,a 0npeneneHwe MecTa 3aTyxaHufi noToRa kr3nyseHtfrr n03BomeT paccsaTaTb xapar- 

Tepuc*iiKii reoueTpsvecxoti cEcTekfbr (TaKee KaK KO~~~~U~~HT norno4eH~~) u BbraecTH ypaaHeHan 

TennOBOro 6anaHca. A~eKBaTHOCTbnpe~nO~eHHOiiMo~enlt npoaapnelca Ha ~pOCTO~reoM~p~uKy6a; 

nonywxsbte pe3ynbTa-m noxa3bm-m mmmie tremi+$y3Horo ti3nyvemr ti oTpamemsr, a Tame 

HWIWSHII ~pOMeXyT0WOfiCpeXbIBpaCCMaTp‘StlaeMb~XCHCTeMaX. 


