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In pract ical  calculations of radiant heal t ransfer  the chamber  volume is regarded as a single 
zone with a uniform effective temperature .  The walls are  gray.  Exact and approximate 
methods of calculation for such a model are  given. 

w 1.  I n t r o d u c t i o n  

In a sys tem of gray surfaces  bounding a t ransparent  gas, radiat ion undergoes multiple reflections be-  
fore  being absorbed by the sink; an accurate  t reatment  of this situation is very  difficult. Hottel [1] gave a 
general  approximate solution of the problem of radiant heat t ransfer .  He suggested a selectively gray 
model of the gas spectrum.  The zone equations a re  s imi lar  to those obtained for a gray gas and this is 
their advantage. The only exact solution is that given by Hottel and Egbert  [2] for a gray enclosure con-  
taining a gas.  This solution involves effective beam lengths and functions a(x, T) and a(x,  T). In [3] the 
solution was simplified a little by regrouping of the t e rms .  Below we obtain solutions in the same sense, 
accura te  for sys tems:  1) with concave gray and black surfaces ;  2) with two nonconcave gray surfaces  and 
two concave black surfaces .  An approximate solution based on curtai lment of the se r ies  giving the exact 
solution is proposed.  

w 2 .  G e n e r a l  S o l u t i o n  f o r  A n y  N u m b e r  o f  Z o n e s  

A sys tem of gray volume and surface zones is a suitable standard giving the initial equations. For  an 
a rb i t r a ry  number of zones with isotropic reflection and scat ter ing,  according to [4], 

qab = AdfiQo . 

Here Qab andQo are  the columns of absorbed and original fluxes; A is the diagonal matrix of absorption 
coefficients;  ~ is the t ransposed square matr ix of "resolving" angular coefficients [4, 5]. It can be de te r -  
mined f rom the inverse matr ix  of the zone equation coefficients 

i I 4 ~  = (~ - ~},R) -~  

Here I is the unit matrix; R is the diagonal matr ix of the reflection or scat ter ing coefficients; ~* is the 
t ransposed square matr ix of angular coefficients.  In [4] a numerica l  example of determination of the matrix 

was given. 

The column of resul tant  fluxes has the form 

In the usual notation 

o r  

Q r  = Q a b  - Q0 = (I  - A~) Q0. 

k = l  

(1) 

Qrl = ~ QoI~N1~ - -  Qoi (i = 1, 2 . . . . .  n). (2) 
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H e r e  Nki = @kiAi is  the  d i m e n s i o n l e s s  " r e s o l v i n g "  a n g u l a r  c o e f f i c i e n t ,  b e i n g  the p r o b a b i l i t y  tha t  a photon  
e m i t t e d  by  zone k wi l l  a r r i v e  in zone i and b e  a b s o r b e d  by  zone i .  

We can  app ly  equat ions  (1) and (2) a s  a p p r o x i m a t i o n s  to a s y s t e m  with  n o n g r a y  zones  if we u s e  a v e r -  
age  a n g u l a r  coe f f i c i en t s  which  a r e  independen t  of the  n u m b e r  of r e f l e c t i o n s  o r  s c a t t e r i n g s .  An a t t e m p t  to 
d e t e r m i n e  such  coe f f i c i en t s  was  m a d e  in [6]. In ou r  c a s e  a s ing le  v o l u m e  zone wi thout  s c a t t e r i n g  can  b e  
c h a r a c t e r i z e d  ( accord ing  to Hottel)  by  i t s  e m i s s i v i t y ,  and the v o l u m e  e m i s s i o n  ( a bso rp t i on )  can  thus b e  r e -  
p l a c e d  by  an equ iva len t  s u r f a c e  e m i s s i o n  ( abso rp t ion ) .  The  e n t i r e  c a l c u l a t i o n  is then b a s e d  on known e m i s -  
s i v i t y  n o m o g r a m s .  In th is  c a s e  equa t ions  (1) o r  (2) g ive  e x a c t  so lu t ions  if the r e s o l v i n g  a n g u l a r  c o e f f i c i e n t s  
a r e  c a l c u l a t e d  with a l l  the m u l t i p l e  r e f l e c t i o n s  taken  into accoun t .  F o r  the  s i m p l e s t  s y s t e m s  the c a l c u l a t i o n  
p r o c e d u r e  is  shown be low.  In any c a s e ,  i t  fo l lows  f r o m  the e n e r g y  b a l a n c e  that  

n 

N~ =: 1. (3) 

A c c o r d i n g  to the  r e c i p r o c i t y  r e l a t i o n  fo r  T i = T k 

Fi~ih = F1,~hl or A f  ,N a = AhFhN~, ~. (4} 

F o r  the zone  of the i - b o u n d a r y  of the v o l u m e  with z o n e k ,  A i -= e~; F i = F k .  

w 3 .  A n g u l a r  C o e f f i c i e n t s  f o r  M u l t i p l e  R e f l e c t i o n s  

The a n g u l a r  coe f f i c i en t  fo r  s u r f a c e s  i and k, s e p a r a t e d  by  a n o n g r a y  m e d i u m ,  in the c a s e  of i s o t r o p i c  
r a d i a t i o n  has  the  f o r m  

~h =! ~ dFi D (l~h) l~ ~ cos 0 i cos OadF~. 

F i F h 

F o r  a t r a n s p a r e n t  m e d i u m  D = 1, r = ~o. The  u s e  of the  e f f ec t ive  b e a m  length  (le) is  equ iva l en t  to t ak ing  the 
t r a n s m i t t a n c e  r = D{/e) r o u t s i d e  the  i n t e g r a l .  Consequen t ly ,  the  d e p e n d e n c e  of r on the n u m b e r  of r e f l e c -  
t ions  is  m a n i f e s t e d  only  th rough  the funct ion D(/e) .  As  an e x a m p l e  we c o n s i d e r  a s e q u e n c e  of s u r f a c e s  1, 
2, . . . .  n .  The  p r o b a b i l i t y  that  a photon  e m i t t e d  by  s u r f a c e  1 l ands  on s u r f a c e  n by  s u c c e s s i v e  r e f l e c t i o n s  
f r o m  s u r f a c e s  2, 3, . . .  , n - 1, is  

WI,~ = r . . .  %_~ . . . .  1R,~-1',,-.1,,~ 
n--I 

== qh2~23 - . -  %~-l,~D1D2-1 . . .  D~_O~_ 0 [7 R~. 

H e r e ,  fo r  i n s t a n c e ,  D3_ 2 is  the  t r a n s m i t t a n c e  of the  r e g i o n  b e t w e e n  s u r f a c e s  2 and 3 fo r  a b e a m  with  a s p e c -  
t r u m  a t  the s t a r t  of th is  r e g i o n .  The  b e a m  is  i n i t i a l l y  e m i t t e d  by  s u r f a c e  1. O bv ious ly ,  

D 1 D 2 - 1  �9 . .  D n _ ( n _ l )  -~ Dn? 

w h e r e  D n is the t r a n s m i t t a n c e  of the whole  b r o k e n  pa th  fo r  a b e a m  With the i n i t i a l  s p e c t r u m .  Hence ,  

n - - I  

W,,, = r . " .  %~-L,~D,~ [--] Ri. 

The d e r i v e d  f o r m u l a  is  v a l i d  fo r  any  s e q u e n c e  of s u r f a c e s .  F o r  i n s t a n c e ,  fo r  t r e f l e c t i o n s  of a s u r f a c e  onto 
i t s e l f  

W = D ,~alR~- t ~-1 "Fi~ t .  

H e r e  Dt+ 1 (denoted by  D m in the  g e n e r a l  c a s e )  is  the  t r a n s m i t t a n c e  of the  b r o k e n  pa th ,  c o n s i s t i n g  of (t + 1) 
s t r a i g h t  p o r t i o n s .  F o r  a b l a c k  b e a m  D m = 1 - a m ,  w h e r e  a m is  the  a b s o r p t i v i t y  of the s a m e  b r o k e n  path;  a m 
= em when the t e m p e r a t u r e s  of the b e a m  and gas  a r e  equa l .  

w  E x a c t  F o r m u l a s  f o r  E n c l o s u r e  o f  C o n c a v e  S u r f a c e s  

- -  a G r a y  S u r f a c e  i a n d  a B l a c k  S u r f a c e  k 

S u c c e s s i v e  c o n s i d e r a t i o n  of m u l t i p l e  r e f l e c t i o n s  l e a d s  to the f o r m u l a s :  

N ,  = q~,Ai [1 - -  a ~ +  q~,R~ (t - -  a9 + ~o~ R~ (1 - -  a~) + , . .  1, 



N~ = q)i~ i1 --  a; + q)~iR, (1 - -  a~) + ~.  R~ (1 a~) + . . .  l, 

N~g= qouA ~ t a t +  %,R~a z -[- . . .1  + g~,h [a; + q~uR~a~ + . . .1 .  

The f o r m u l a s  f o r  Nii and Nik can be  cu r t a i l ed  

Nu _ %~A~ 

Ni a (~ih 
1 - -  Riq)~i 

t~.A i (a~ + c~uRia ~ -1- ~9~ R~ a,~ + . . .  ), 

q ~  (a I + (puR~a~ + q~. ~ ' ' R~ a~ + . ). 

The dashes  a t tached  to a m h e r e  and hencefo r th  denote  the i r  d i f fe rences  as r e g a r d s  b roken  ef fec t ive  b e a m  
lengths .  The b roken  b e a m  path is eas i ly  d e t e r m i n e d  f r o m  the s e r i e s  of angular  coef f ic ien ts  cp a f te r  r e m o v a l  
of the p a r e n t h e s e s .  Then:  

N~,. -= ~k,, (1 - -  <) + m ~ R ~ h  [(1 - -  f~nR3-!  - -  (a~ + ~puR~a~ + , . .)I, 

N,,g = ,,,,,< + ~,,,R,~,,; (~ -I- c~,,R,,,; + . . .  ) +  ,~,A, (,,; + ~,,R,~ + . . .  ). 

It is ea sy  to see  that equat ion (3) is fulf i l led.  It s e r v e d  as a con t ro l  fo r  the f o r m u l a s .  The va lues  of Ng k 
and Ng i can be d e t e r m i n e d  f r o m  re l a t ionsh ip  (4), which in the given c a s e  has the f o r m  

N~g = ~g~Ng~, A~N~B == ~g~Ng~. 

In the f o r m u l a s  fo r  N k_ and Ni_ we make  the subst i tu t ion a m ~ e m Cg i and egk a r e  the vo lume emis s iv i t i e s  
fo r  s u r f a c e s  i and k, determmmg"" the or ig ina l  f luxes f r o m  the vo lume to the s u r f a c e s ;  e-;gt  = (fl"Elll + q ) i k ~ : l '  

e k = r + (Pkie~ The a v e r a g e  vo lume emis s iv i ty  for  the whole  enc lo su re  is ca lcu la ted  f r o m  the r e l a -  g 
t ionship 

(Fi -F F~) %v = F~egl -F Fhegh. 

F ina l ly ,  the value  of  Ngg can be de t e rmined  f r o m  the equation 

(F, -j- F~) eav(l - -  Ng~ = F,eg,Ng, -~ FkeghNg ~. 

In the ca lcu la t ion  of era, em, e m and am,  a m, a m the s a m e  effect ive  b e a m  lengths a r e  used .  

A se t  of spec ia l  r e l a t ionsh ips  is obtained f r o m  the given gene ra l  f o r m u l a s .  As an e x a m p l e , w e  wr i t e  
the f o r m u l a  for  the e m i s s i v i t y  of a cavi ty  obtained by t runca t ion  of the e n c l o s u r e  by a plane.  The cavi ty  is 
f i l led with a nongray  med ium at the s a m e  t e m p e r a t u r e .  The rad ia t ion  e m e r g e s  through an opening in k .  

e* --Nt~ ~ -I Nt,g, where a .~ - e.~, q)J~h ~ 0, q)t,i : :  1. 

By a lgeb ra i c  t r a n s f o r m a t i o n  we obtain the r e s u l t  

- -  * 2 ~ 2  E *  e* A~ + R~%1~ (e~ + qh~R~% + %~ 1<~ 4 + " ' )" 
1 - -  q h ~ R ~  

We reca l l  that  the ef fec t ive  b roken  path lengths l 2 , l 3 . . . . .  f r o m  which c2" , a3 . . . . .  a r e  ca lcu la ted ,  a r e  
t r a ced  f r o m  the s e r i e s  of angu la r  coef f ic ien ts  r fPki~~ . . . .  The coef f ic ien t  Cpk i = 1 is omi t t ed  
in the f o r m u l a .  

w 5 .  E x a c t  F o r m u l a s  f o r  E n c l o s u r e  o f  T w o  F l a t  G r a y  (1 a n d  2) 

a n d  

H e r e  M = ~12 , r  �9 

Final ly ,  

T w o  C o n c a v e  B l a c k  (3 a n d  4)  S u r f a c e s  

A cons ide ra t ion  of mul t ip le  r e f l ec t ions  gives  

Nil  : Alth2qJzlR 2 [(1--  M) -1 - -  (a2 -P Ma~ + M~a6 + . . . )], 

N12 = A2qh~ [(1 - -  M) -1  - -  (at -~- Mas + M~a5 + . . .  )1, 
�9 , 2 ' N13 --- ~i~ [(1 M ) - I - - ( a ; + M % + M a s + . .  ) ] - t - % 2 % 3 R e [ ( I - - M ) - ' - - ( a ~ + M a ~ - F M ~ a ~ + . . . ) ] .  

The e x p r e s s i o n  fo r  Ni4 is the s a m e  as f o r  Nt3 with the subs t i tu t ion  3 - - 4  and a m - - a  m. 



Nlg =: Ai%2%iR 2 (a 2 ~ Ma~ -I- . . .  ) + A2%2 (cq .+- Ma3  + . . .  ) 

+ %~ (~; + Ma~ + . . .  ) -t- %~%~ (a'~ + Ma; + . . .  ) + %,~ (~? + M~ + . . .  ) + %~R~% (ag + M~ + . . .  ). 

We note  that  the v a l u e s  of a m h e r e  a r e  d e t e r m i n e d  i ndependen t ly  of t hose  in the  p r e c e d i n g  s e c t i o n .  The  r e -  
m a i n i n g  Nik in th is  s y s t e m  of b o d i e s  a r e  e a s i l y  found f r o m  the r e c i p r o c a l  and c l o s u r e  r e l a t i o n s .  As a s p e -  
c i a l  c a s e  we c o n s i d e r  a p l a n e - p a r a l l e l  l a y e r :  ~013 = (P14 = 0, ~012 = ~21 = 1: 

N12 = A1A 2 [ 1 - -  a l + R1R2 (1 - -  a. 0 -b . . . 1 ,  

N u : :  A~R2 [1 - -a~  -t- RiR2 (1 --a,,) -~- . . .  1, 

N l g  = at  -I- R i R 2  (a3 - -  a2) -~- . . .  -~- R~. [aa - -  a 1 + R1Ra (a~ - -  a3) + . . .  ]. 

Wi th  1:{ l = R 2 = R and Tl  = T 2 = Tg we ob ta in  the f o r m u l a  p u b l i s h e d  in [3], 

ANlg  = ~ = A ~" (81 - I  R8~ + R%.,~ -]- . . . ) [  (5) 

A l l  the d e r i v e d  f o r m u l a s  a r e  s u i t a b l e  fo r  both  d i f fuse  and s p e c u l a r  r e f l e c t i o n s .  The d i f f e r e n c e s  c o n s i s t  in 
t h e m e t h o d s  of c a l c u l a t i n g  e m and a m.  In the  c a s e  of d i f fuse  r e f l e c t i o n  e m _--_ e (mle i ) ,  a m - a ( m / e l  ).  In the  
c a s e  of s p e c u l a r  r e f l e c t i o n  e m and a m a r e  d e t e r m i n e d  fo r  a body  with  a t h i cknes s  i n c r e a s e d  by  a f a c t o r  m 
in a l l  d i r e c t i o n s .  In th is  c a s e / e 2  < 2 / e b / e 3  < le2 +/e~,  e tc .  The  d i r e c t  u s e  of the VTI n o m o g r a m s  f o r / e l ,  
2 /e l  , e t c . ,  is  v a l i d  fo r  d i f fuse  r a d i a t i o n .  If t h e r e  a r e  n o m o g r a m s  o r  t ab l e s  of e m i s s i v i t i e s  of a l a y e r ,  s p h e r e ,  
c y l i n d e r ,  o r  o t h e r  b o d i e s ,  they  can  b e  u s e d  in a s i m i l a r  way  fo r  s p e c u l a r  r e f l e c t i o n .  

w  

s low.  
and c u r t a i l m e n t  of the r e s t .  We i l l u s t r a t e  the me thod  by  the e x a m p l e  of a t y p i c a l  and s i m p l e  f o r m u l a  fo r  
the  r e d u c e d  e m i s s i v i t y  of a v o l u m e  in the c a s e  of h e a t  exchange  with  a g r a y  e n c l o s u r e .  It fo l lows  f r o m  (5) 
that  

A p p r o x i m a t e  F o r m u l a s  

The e x a c t  so lu t i ons  g iven  a r e  in f in i te  s e r i e s .  T h e i r  c o n v e r g e n c e  fo r  h igh  r e f l e c t i o n  c o e f f i c i e n t s  is  
We c o n s i d e r  a p p r o x i m a t e  f o r m u l a s  ob ta ined  by  exac t  c a l c u l a t i o n  of the  f i r s t  few t e r m s  of the s e r i e s  

For. m = 2 

Subs t i tu t ion  in (6) g i v e s  

F o r  m = 1 

= A (st + Rsg + R%3 + �9 -. ). 

= 81 + R (82 - -  el) + R 2 (8h - -  8~) + . . .  (6 )  

We can now r e w r i t e  the f o r m u l a ,  u s i n g  the t r a n s m i t t a n c e s  

Dir ~ == (8; - -  e j_ ,n) /8  m (i  > m),  (7) 

w h e r e  m and j a r e  the n u m b e r  of p a s s a g e s  of the b e a m s  th rough  the v o l u m e  due  to m u l t i p l e  r e f l e c t i o n s .  
H e r e  e m d e t e r m i n e s  the  s p e c t r u m  of the  b e a m  fo r  which  on a pa th  c o n s i s t i n g  of 0 - m) p a r t s  the  t r a n s m i t -  

t ance  Dim is de f ined .  

D21 = (e2-- el)/81; D31 = ( 8 3  - -  8 2 ) / E i ;  . . . .  

e =  gi (1 + RD2~ q- R~D,t -k R3D~I -~- . . .  ). 

D s 2  --- (83 - -  81) /82;  D~2 = (8~-- 82)182; . . . .  

Subs t i tu t ion  in (6) and t r a n s f o r m a t i o n s  g ive  

(1 -[- R)e = Act -b R82(1 + R D 3 2  -t- R2D~2 + . . .  ). 

H e r e  and h e n c e f o r t h  we u s e  a t yp i ca l  t r a n s f o r m a t i o n  

8j - -  8~ m - -  (8i 1 - -  8j_m) 
8j  - -  8 i _  1 ~ 8 m - - ----- 8mOire - -  8m_tO(/_])(m_O. 

8 m 

For any m 

(1 + R -t- . . .  R m - l )  -e = 8i -~" R82-~" " ' "  R " - 2 8 m - t  + R " - l e m  (1 -{- R D m . I . , ~  i[_ R~.Dm+zm -k . . .  ). 

This  can  b e  c o n v e r t e d  to 



The f i rs t  approximation consis ts  in using the equation Dim = D which is valid only in the case of an 
) m  ~ 

exponential absorption law. In this case the "tail" of the ser ies  is reduced to 

1 } RDm~1,, + R'D,, ~2,, + . . . .  (1 - RD,~+,,~)-k 

The resul t  is an underest imate .  The second approximation consists  in using the equation 

D;m = (Dm+2,m/Dm+,.m) i-m, 

The rat io in the parentheses has the sense of the t ransmit tance of the second region after the m-th region. 
The resul t  is an overes t imate  to approximately the same extent. Hence, we take the geometr ic  mean Dim 
= 4-D-D' = (#Dm+2, m) ] -m.  Finally, 

(I i- R -i . . .  R ' " - t )  E: " ~ I- Rez i - . . .  i- m" ' -%~_;  .I- R'"--%~ (I - -  R V D,~+2,m )-~, (8) 

where Din+2, m = (em+2 - ~ ) / em-  

We will show that the derived formulas  can be curtai led by the same method. The formulas contain the 
typical ser ies  

- -  2 2 
~t, 1 + ~iiRia2 -]- ~92i R~ a:~ -I- �9 . . . .  (l %iRi )  - I  [at ~- q)iiRi (a,z - -  gtl) -J- q)i~ R~ (a3 - -  az) + . .  �9 ]. 

The parentheses  contain an expression s imi lar  ~o (6). Instead of (7) we use 

Dj,~ = a~ - -  aj_,~ (] > m). 
am 

The res t  of the procedure  is repeated.  

w 7 .  N u m e r i c a l  C a l c u l a t i o n s  

To assess  the method of curtai lment  of the ser ies  we need to test the typical formula (8). When m = 1 
it assumes  a very  simple form 

~ -  E1 
, where D31 = (e 3 -  e2)/% (9) 

1 - -  R / D~, 

With increase  in m the e r r o r  of formula (8) decreases ,  and when m~o~ the formula becomes exact. Table 
1 gives:  ~N is the reduced emiss ivi ty  of a plane-paral le l  layer  for specular  reflection; the figures were 

TABLE 1. Comparison of Reduced Emissivi t ies  of Volume of Gas in Gray En- 
c losure  with Reflection Coefficient R; e N, e are  f rom Exact Formulas ;  ~a is 
f rom Approximate Formula  (9); ~s is f rom Formula  in [8] 

Conditions R ;H e5 ~5 

CO z layer. Thickness x 0 =0 .05  
m - a r m ,  t = 1000 *C. Specular 
reflect ion 

H2Olayer. Thickness x o = 0.05 
m-a rm,  t = 1000 ~ 
Specular reflection 

0.2 
0.4 
0.6 
0.8 

0.2 
0.4 
0.6 
0.8 

0.1032 
0.1109 
0.1229 
0.1469 

0.1047 
0.1201 
0.1450 
0.1948 

0.106 
0.116 
0.128 
0.143 

0.106 
0.123 
0.146 
0.178 

0.1084 
0.1220 
0.1394 
0.1627 

0.1043 
0,11"/4 
0.1341 
0.1565 

Conditions R ~ ~a ~s 

CO z volume,  x e = 0.001 m - a r m ,  
t = 800 ~C. Diffuse reflection 

0.0140 
0.0170 
0.0217 
0.0310 

0.0281 
0.0344 
0.0454 
0.0700 

H20 volume,  x e = 0.01 m - a t m ,  
t = 800 ~ Diffuse ref lect ion 

0.0140 
0.0169 
0.0213 
0.0286 

0.0284 
0.0362 
0.0447 
0.0628 

0.2 
0.4 
0.6 

0.2 
0.4 
0.6 
0,8 

0.0133 
0.0150 
0.0171 
0.0200 

0.026'7 
0,0300 
0.0343 
0.0400 



obtained and kindly provided by A. S. Nevskii; ~ is the reduced emissivi ty  of a volume with effective thick- 
ness  x e for  diffuse reflect ion;  ea is the approximate value obtained f rom formula  (9). With R = 0.8 we took 
20 te rms  of the se r i e s ,  but the r emainder  was still substantial,  according to the est imate .  In these condi-  
tions the s imple formula (9) gave a ve ry  good resu l t .  In [7] we obtained the best  approximation of the same 
fo rm as (9): ~ = at(1 - C R )  -1. The choice of the value of C, however,  was not so good as he re .  Of the other 
approximate formulas  we give those proposed by Splett in [8] af ter  a review, including the review in [3]: ~s 
= 2e1(2 - R) - i .  Table 1 shows that formula  (9) is much be t t e r .  

x = fpdl  
e(x,  T) 
~(x, Tg, T) 

A 
R 

Qab, Qo, Qr 
A , R  

Qab, Qo, Qr 
N 
F 

r 
~0ik 
Win , W 
Din, am, em 

l e 

~gi 

Djm 

S u b s c r i p t s  

N O T A T I O N  

is the beam path reduced according to par t ia l  p r e s s u r e  p; 
is the emiss ivi ty  of gas on region x; 
is the absorptivi ty of gas for  black beam with t empera tu re  T; 
a re  the square  mat r i ces ,  explained in w 2; 
is the absorption coefficient;  
is the ref lect ion coefficient  (also scat ter ing coefficient,  in w 2); 
a re  the absorbed,  original ,  and resul tant  fluxes of zones; 
a re  the diagonal mat r i ces ,  in w 2; 
a re  the columns; 
is the dimensionless  " resolv ing  w angular coefficient,  meaning given in w 2; 
is the surface  of zone; 
is the general ized angular coefficient  for  sur faces  F i and Fk; 
is the general ized angular coefficient for  d ia thermal  medium; 
explained in w 3; 
a re  the t ransmit tance ,  absorptivi ty,  and emiss ivi ty  for  broken path consist ing of m regions;  
dashes indicate differences in broken paths; 
is the effective beam length; 
is the emissivi ty;  
is the emiss ivi ty  of gray enclosure  filled with nongray gas; 
is the reduced emiss ivi ty  of volume for heat exchange with enclosure;  
is the t ransmi t tance  of j - m regions for  beam emitted by m regions in s e r i e s .  

g denotes the volume, the f i r s t  subscr ipt  indicates the source .  
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