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zonal calculation of radiative heat exchange is examined for a closed 
system which consists of an aggregate of suspended gray particles and 
of gray shell [easing] walls. 

In con t empora ry  t he rma l  eng inee r ing  we f requent ly  
encounte r  h i g h - t e m p e r a t u r e  p r o c e s s e s  of heat and 
m a s s  t r a n s f e r  in which the heat c a r r i e r  is r e p r e s e n t e d  
by a mix tu re  of a gas or l iquid containing suspended 
solid pa r t i c l e s .  Only s l ight  a t tent ion has been devoted to 
the p rob lem of eacula t ing  rad ia t ive  heat  exchange in 
such s y s t e m s ,  and then usua l ly  is l imi t ed  to the t r e a t -  
men t  of the heat  c a r r i e r  as a un i fo rm s e m i t r a n s p a r -  
ent body with effective phys ica l  c h a r a c t e r i s t i c s .  

However,  in ce r t a in  cases  i t  may prove advisable  
to give some cons ide ra t ion  to the individual  phys ica l  
p rope r t i e s  of the d i s c r e t e  pa r t i c l e s .  This  a im can be 
achieved for a s y s t e m  with s e v e r a l  pa r t i c l e s  by the 
usua l  zonal  method of ca lcu la t ing  rad ia t ive  heat ex-  
change.  However,  with a l a rge  n u m b e r  of pa r t i c l e s  
this approach is imposs ib le  s ince  approximat ion  of in -  
t egra l  equat ions of rad ia t ion  r e su l t s  in a t r emendous  
n u m b e r  of a lgebra ic  equat ions .  On the other  hand, i t  
may be a s sumed  that with a l a rge  n u m b e r  of suspended 
pa r t i c l e s  p r e s e n t  in the sys tem,  their  locat ion and 
d i s t r ibu t ion  through the volume will  be defined by the 
laws of probabi l i ty  and ae rodynamics .  If the ae rody-  
namic  condit ions a re  ident ica l  throughout  the en t i r e  
volume,  the probable  d i s t r ibu t ion  of the pa r t i c l e s  will 
be un i fo rm.  ~[ he p r o c e s s e s  of r a d i a n t - e n e r g y  t r a n s f e r  

in a cloud of abso lu te -b lackbody  p a r t i c l e s  suspended 
in a t r a n s p a r e n t  med ium have been  deal t  with in many  
paper s .  F o r  example,  [1] p r e sen t s  a fo rmula  for the 
e m i s s i v i t y  (absorpt ion  coefficient) of a dust  med ium in 
the following form: 

1 --exp \ -4V-] 1--exp(--kl) .  (1) 

Here  it  is a s s u m e d  that the pa r t i c l e s  a r e  r a t h e r  
la rge  in size,  so that wave phenomena r e l a t i v e  to the 
pa r t i c l e s  need not be taken into cons ide ra t ion .  This  a s -  
sumpt ion  is  not val id for fine dust  and an e x p e r i m e n -  
tal value for the coeff icient  k is  the re fore  in t roduced  
into the calculat ion,  as well  as to account  for the ac -  
tual phys ica l  p r o p e r t i e s  of the pa r t i c l e  su r f ace s .  The 
dust  cloud in this case  is r e g a r d e d  as a cont inuous 
med ium.  However,  (1) is the l imi t  case  of the fo rmula  
which is  de r ived  for a s y s t e m  of d i s c r e t e  un i fo rmly  
d i s t r ibu ted  pa r t i c l e s  [1] and it is the re fore  useful  a lso 
in the ca lcu la t ion  of the r ad ia t ive  heat  exchange of a 
sy s t em with d i s c r e t e  pa r t i c l e s ,  if the l a t t e r  a r e  p r e -  
sent  in ex t r eme ly  l a rge  n u m b e r s .  

To der ive  the fo rmulas  of the r e s u l t i n g  rad ia t ion  in 
the two-zone var iant ,  we have also made the follow- 
ing assumpt ions :  1) al l  bodies in the sys t em a re  
"gray,"  and the suspens ion  med ium i s  t r a n s p a r e n t ;  
2) al l  pa r t i c l e s  exhibit  the iden t ica l  t e m p e r a t u r e  T 1 
and an ident ica l  absorp t ion  coeff ic ient  a 1 for the s u r -  
faces,  with the cas ing  walls  c h a r a c t e r i z e d  by c o r r e -  
sponding cons tan ts  T z and a 2 ; 3) we a r e  cons ide r ing  
a c losed sys t em.  

Accord ing  to the cited a s sumpt ions ,  the sys t em is 
d iv i s ib le  into two zones: zone 1 is  an accumula t ion  of 
pa r t i c l e s  having a common su r face  F 1 and t e m p e r a -  
tu re  T 1, while zone 2 is a shel l  [casing] with a com-  
mon sur face  F 2 and t e m p e r a t u r e  T 2. 

When deal ing with t h r e e - d i m e n s i o n a l  rad ia t ion  we 
employ the concept  of effective r a d i a t i o n - l a y e r  thick-  
n e s s / e f '  defined by the fo rmula  

4V 
l e~ = m l  o = m - -  . (2) 

Fe 

C o m p a r i s o n  of (1) and (2) shows that 

F J F  2 : k l  o. (3) 

Consequent ly ,  the e m i s s i v i t y  a V of an abso lu te -b lack-  
body cloud may be defined in the fo rm of a function of 
k/0, if the pa r t i c l e  cloud is r e g a r d e d  as a cont inuous 
medium,  or in the fo rm of a function of F1/'F z, if the 
co l lec t ion  of d i s c r e t e  pa r t i c l e s  is r ega rded  as a zone 
having a common su r face  FI: 

a v = 1 - - e x p ( - - m k l . )  = 1--exp - - m  . (4) 

Equat ions  (3) and (4) may be used to de r ive  the 
equat ions of the mutual  su r f aces  h M and the average  
angula r  coeff ic ients  ~Oki of d i r ec t  r ad ia t ive  heat  ex-  
change, i . e . ,  without cons ide ra t ion  of mul t ip le  r e f l e c -  
t ions .  

Indeed, the d i r ec t  r ad ia t ive  exchange of ene rgy  be-  
tween zones 1 and 2 is p ropor t iona l  to a V ,  i . e . ,  

hi,,  = h21 = avF~ ,  (5) 

and accord ing  to the c lo su re  p rope r ty  we have 

h n  = F 1  - -  h i s  = ( k l o  - -  a v )  F~ ,  (6) 

h~., = F 2 - -  h ~  = ( l - -  av )  t :  2. (7) 

The m a t r i x  of the angular  coeff ic ients  is consequent ly  
def ined in the fo rm 
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aV t 1 - - - -  a v (cp,,~2, I kl~ 

~1"2 % ~ ,  - % - ( 8 )  

kl ~ 1 - -  a v 

The f o r m u l a  of the r e s u l t i n g  r a d i a n t  f lux in a two- 
zone c lo sed  s y s t e m ,  with c o n s i d e r a t i o n  of r e p e a t e d  
r e f l e c t i o n  of the r a d i a n t  f luxes ,  is  c i t ed  in the l i t e r a -  
t u re  [1, 2] and has  the fol lowing form: 

/[ ( ' )  Q = 1 + - -  + 

In the s u b j e c t  c a s e  the t h e o r e t i c a l  f o r m u l a  is  d e -  
r i v e d  d i r e c t l y  f r o m  (8) which a c c o r d i n g  to (5) - (8)  
a s s u m e s  the fol lowing form:  

: . . / r " o  ' : + 1)] 

It  is  not d i f f icu l t  to s ee  that  the a b o v e - c i t e d  p r i n -  
c ip l e s  m a y  be ex tended  to m o r e  complex  s y s t e m s  with 
a l a r g e r  n u m b e r  of zones .  H e r e  the i n c r e a s e  in the 
n u m b e r  of vo lume zones  can be ach ieved  by d iv id ing  
the s p a c e  into ind iv idua l  vo lumes  V i c h a r a c t e r i z e d  by 
a to ta l  p a r t i c l e  s u r f a c e  F f i .  On the o ther  hand, we m a y  
e x a m i n e  s e v e r a l  g roups  of v a r i o u s  p a r t i c l e s  with c o r -  
r e s p o n d i n g  to ta l  s u r f a c e s  F f i  occupying the s a m e  
vo lume  V. We note that  the p r i n c i p a l  r a d i a t i o n  of a 
"g ray"  gas  m a y  be ca l cu l a t ed  a l so  f r o m  (10)~ if  a c c o r d -  
ing to (2) and (3) we cond i t i ona l ly  a s s u m e  F~ = 4kV. 

App l i ca t i on  of (10) to ga seous  and dus t  m e d i a  for  
which i t  is  a s s u m e d  that  a t = 1, while  the coe f f i c i en t  of 
b e a m  a t t enua t ion  k is  d e t e r m i n e d  f rom e x p e r i m e n t a l  
data ,  if we neg l ec t  the ef fec t  of s c a t t e r i n g ,  y i e l d s  

(11) 

F o r m u l a  (11) is  u s u a l l y  p r e s e n t e d  in the l i t e r a t u r e  fo r  
a p l a n e - p a r a l l e l  l a y e r  o r  for  o n e - d i m e n s i o n a l  s c h e m e s  
of r a d i a t i v e  hea t  exchange;  however ,  i t  fo l lows f r o m  
the fo rego ing  that  i t  is  a l s o  s u i t a b l e  for  vo lumes  of any 
g e o m e t r i c  shape .  

The  exchange  of hea t  be tween  an a g g r e g a t e  of s u s -  
pended " g r a y "  p a r t i c l e s  and the she l l  is  d e t e r m i n e d  
by the i r  t e m p e r a t u r e s ,  t he i r  a b s o r p t i o n  coef f i c ien t s ,  
and by the to ta l  s u r f a c e s :  

q = F 1 / [ F 1  1 1 1) 
FT <,T + ( W -  + 

+-P7 aZ-- " 

F o r  s m a l l  concen t r a t i ons  of p a r t i c l e s  (F1/F 2 < 0.5) 
we can l i m i t  o u r s e l v e s  to the f i r s t  t e r m s  in the s e r i e s  
expans ion  of a V and b r ing  (12) to the fol lowing form:  

/ [ l_aT F1 [ 1 ~ F 2  ~ a~ / ' F l ' ]  q= 

w h e r e  f ( F J F  2) depends  on the volume shape .  F o r  

example ,  for  a s p h e r e , / ( F J F 2 )  = (9/16) ( F J F 2 )  ; fo r  a 
c y l i n d r i c a l v o l u m e ,  f ( F 1 / F 2 )  = (2/3) (F1/F2) ; fo r  a 
p l a n e - p a r a l l e l  l a y e r ,  f ( F t / F 2 ) =  [ 0 . 4 0 4 -  0 .25  In ( F J  

/F2)] FI/F2 �9 

Example. We have a heat exchanger in the form of 

a long vertical tube with an inside diameter D = 40 mm 

through which spherical particles suspended in air are 

moving and are being heated; these spheres have di- 

ameters of d = 0.6 ram. The volume concentration of 

the particles is PV = 10-3 m~/m3" The absorption fac- 

tors for the particle and tube-wall surfaces are, re- 

spectively, a I = 0.8 and a 2 = 0.67. We will carry out 

the calculation over 1 m of tube length. 

The total particle surface is 

6 
F1 = ~ -  ~v 

D 2 6- 10 3. 10-3n 403. 10 -6 

4 0.6.4 

= 0.0126 m 2. 

The  tube s i d e - w a l l  s u r f a c e  is  

F 2 = r i D = n 4 0 . 1 0  -3--=0.126 m 2. 

The  r a t i o  F1/F 2 = 0.1. 
Since  F1/F 2 < 0.5, f r o m  (13) we have 

El 

0.0126 
= 0.00922 mZ. 

1.25 -i- O. 1.0.5 -t- O. 1 �9 0.67 

NOTATION 

a and a V a r e  the e m i s s i v i t i e s  of the vo lume;  D and 
d a r e  the  d i a m e t e r s  of the  tube  and p a r t i c l e ,  r e s p e c t i v e l y  ; 
F is  the  o v e r - a l l  g e o m e t r i c a l  s u r f a c e  of the  zone; hki 
is  the mutua l  r a d i a t i o n - e x c h a n g e  s u r f a c e ;  k is  the  a t t enu-  
at ion coef f ic ien t ;  l is  the r a d i a t i v e  l a y e r  t h i ckness ;  
lo is  the c h a r a c t e r i s t i c  d i m e n s i o n  of the r a d i a t i n g  s y s -  
tem;  Q is  the ne t  r a d i a t i v e  flux; q is  the ne t  r e d u c e d  
r a d i a t i v e  flux; T is the abso lu t e  t e m p e r a t u r e ;  V is  
the vo lume of the r a d i a t i v e  s y s t e m ;  #V is  the vo lume 
f r a c t i o n  of p a r t i c l e s ;  a 0 i s  the S t e f a n - B o l t z m a n n  con-  
s tant ;  qOki is  the m e a n  a ngu l a r  coe f f i c i en t  of d i r e c t  
r a d i a n t  hea t  t r a n s f e r ,  S u b s c r i p t s :  1) p a r t i c l e s ;  2) wa l l s  
of c a s ing .  
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