
R A D I A T I O N  O F  A B E D  O F  C O A R S E  A L U M I N A  P A R T I C L E S  

Y u .  A .  P o p o v  UDC 536.3 

S p e c t r a l  and  i n t e g r a l  e m i s s i v i t y  i s  c a l c u l a t e d  of a s e m i i n f i n i t e  bed  of a l u m i n a  p a r t i c l e s  wi th  
d i a m e t e r s  up to  1 m m  which  a r e  a t  h igh  t e m p e r a t u r e s .  

C o a r s e  (p = 2wr/X >> 1) a l u m i n a  p a r t i c l e s  a r e  of ten u s e d  as  hea t  c a r r i e r s  in  a bo i l ing  bed .  To c a l c u l a t e  
the  e m i s s i v i t y  of such  a bed  i t  i s  a s s u m e d  by us tha t  the  r a d i a t i o n  i n t e n s i t y  of s c a t t e r  on the s e t  of  a l l  p a r t i c l e s  
in  a s m a l l  v o l u m e  of the  m e d i u m  can  be  r e p r e s e n t e d  a s  a s u p e r p o s i t i o n  of r a d i a t i o n  i n t e n s i t i e s  s c a t t e r e d  by 
the  i n d i v i d u a l  p a r t i c l e s  of t h i s  v o l u m e .  U n d e r  t h e s e  a s s u m p t i o n s  d e n s i t y  f luc tua t ions  have  no e f fec t  on the  
e m i s s i v i t y  f o r  a s e m i i n f i n i t e  bed .  In i n d u s t r i a l  p l a n t s  a bo i l ing  bed  can  in  the  m a j o r i t y  of  c a s e s  be  c o n s i d e r e d  
as  s e m i i n f i n i t e .  

1. The  p r o b l e m  wi l l  be s o l v e d  in the  d i f fus ion  a p p r o x i m a t i o n ,  which i s  e qu iva l e n t  to  the  R-1  a p p r o x i m a -  
t ion  [1]. The  t r a n s p o r t  of hea t  r a d i a t i o n  in  a bed  was c o n s i d e r e d  in [2] in  the  d i f fus ion  a p p r o x i m a t i o n .  The 
s o l u t i o n  f o r  the  e m i s s i v i t y  of a s e m i i n f i n i t e  bed  was g iven  by 
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The  s a m e  r e s u l t  i s  o b t a i n e d  u n d e r  the  a s s u m p t i o n  (2) in  the  DR-1 a p p r o x i m a t i o n  [3] o r  e q u i v a l e n t l y  in the  f i r s t  
a p p r o x i m a t i o n  of  the  me thod  of m o m e n t s  [4]. In T a b l e  1 the  e m i s s i v i t y  a s  c a l c u l a t e d  in  the  d i f fus ion  a p p r o x i -  
m a t i o n  i s  c o m p a r e d  with t he  e x a c t  so lu t i on  f o r  i s o t r o p i c  s c a t t e r i n g  [5]. F o r  7 -> 0.8 the  a g r e e m e n t  i s  s a t i s -  
f a c t o r y .  In ou r  c a s e  the  cond i t i on  7 ~ 0.8 i s  s a t i s f i e d .  

2. The  a l u m i n a  r e f r a c t i o n  index  m = n - - i n  was  m e a s u r e d  at  h igh  t e m p e r a t u r e s  by G r y v n a k  and B u t c h  
[6]. T h e i r  r e s u l t s  w e r e  u sed  in  [7] to  c o m p u t e  the  a t t enua t i on  and a b s o r p t i o n  c o e f f i c i e n t s  by us ing  the  Mie  
t h e o r y  f o r  p a r t i c l e s  wi th  r a d i u s  r _< 10 p .  The  t a b l e  of a l u m i n a  o p t i c a l  c o n s t a n t s  g iven  in  [7] was u s e d  in  the  
p r e s e n t  a r t i c l e .  An  A L G O L  p r o g r a m  f o r  an e l e c t r o n i c  c o m p u t e r  was  p r e p a r e d  by the a u t h o r  fo r  the  coe f f i -  
c i e n t s  of  a t t e n u a t i o n ,  s c a t t e r i n g ,  a b s o r p t i o n ,  and  the m e a n  c o s i n e  p in  a c c o r d a n c e  with  t he  t h e o r y .  D e i r m e n d -  
j i an '  s r e c o m m e n d a t i o n s  in  [8] w e r e  t a k e n  into  accoun t  when p r e p a r i n g  the p r o g r a m .  The  c o m p u t a t i o n s  w e r e  
c a r r i e d  out  on the  M i n s k - 2 2  e l e c t r o n i c  c o m p u t e r  up to t he  v a l u e s  of p = 190. T h e i r  a c c u r a c y  i s  not  su f f i c i en t  
fo r  p > 180 in v iew of the  e r r o r  a c c u m u l a t i o n  in the c o m p u t a t i o n s  by  r e c u r r e n c e  r e l a t i o n  of the i m a g i n a r y  p a r t  
of  c i r c u l a r  f unc t i ons .  In p r a c t i c a l  a p p l i c a t i o n s  one of ten  tins p > 200. 

F o r  a l u m i n a  p a r t i c l e s  wi th  a d i a m e t e r  d _< 103 p and 0.5 _< ?~ _< 5 ~ at  a t e m p e r a t u r e  t ~ 2 0 0 0 ~  one has  
the  i n e q u a l i t y  

49• << I. (4) 
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TABLE 1. Emiss iv i ty  of Semiinfinite Bed 
for  Spherical  Scattering Indieatrix 

,~ by (') Exact value of CX 

0 , 8  

0 ,9  
0,95 
1,00 

0,683 
O, 535 
0,411 

0 

0,6581 
0,5130 
0,3988 

0 

~(n) ! 

Fig. I. 

/6 

Function a(n ). 

TABLE 2. Dimensionless  Coefficients of Attenuation K, Absorption 
KA, and Mean Cosine ~ of the Scattering Angle 

2O 
40 
6O 
8O 

100 
120 
140 
160 
180 

m = 1 , 8 - - i l  0 "'i 

K K A 

I 
2,137 I 0,882(--2) 
2,096 I 0,168(--1) 
2,110t0,279(--1) 
2,0961 0,388(--1) 
2,067 [ 0,406(-- 1) 
0,076[ 0,470(--1) 
2,0831 0,507(--1) 
2,092 0,635(--1) 
2,085 0,673(--1) 

K 

I 
0,70012,136 
0,722 i 2,095 
0,70712,110 
0,706]2,096 
0,743 2,065 
0,761 2,073 
0,762 2,082 
0,753 2,094 
0,753 2,086 

m = 1 , 8 - - i l  O "s 

I 
K A ! K K 

0,893(--3) 0,699 2,136 
0,170(--2) 0,720 2,095 
0,285(--2) 10,70212 110 
0,406(--2) 0,698] 2,096 
0,417(--2) 0,737] 2,065 
0,503(--2) 0,75512,072 
0,522(--2) 0,75612,082 
0,798i--2) 0,743 2,093 
0,702(--2) 0,743 ] 2,086 

m = 1 , 8 - - t : l  0 "~ 

K A ~" 

0,893(--4) 0 699 
0,169(--3) 0:720 
0,285(--3) 0 702 
0,408(--3) 01698 
0,419(--3) !0,736 
0,596(--3) 0,754 
0,523(--3) 0,755 
0,831(--3) 0,742 
0,705(--3) 0,742 

n 

Such pa r t i c l e s  a r e  cal led a l m o s t - t r a n s p a r e n t  by us .  Fo r  soft  (I m - - l ]  << 
it  follows f r o m  the Hulst  fo rmula  fo r  the absorp t ion  coeff icient  [9] that  

8 
K A = ~ -  ~p. 

1) and a l m o s t - t r a n s p a r e n t  pa r t i c les  

(5) 

In a more  genera l  case ,  if the condition (4) holds,  One can write 

8 
K , - -  - ~  a (m, p)up. (6) 

(One takes one t e r m  in the expansion into a Taylor  se r ies  of the dimensionless absorption coefficient in the 
powers of rip. ) It follows f rom the concepts of geomet r ic -op t ics  that for  coa rse  and a lmos t - t ransparen t  pa r -  
t i c les ,  K A is proport ional  to the par t ic le  radius,  that i s ,  the value of a is independent of p. If x << n (which 
is t rue for  alumina),  then a is a function of only the refract ion coefficient:  

KA = 8 - -  a (n) •  ( 7 )  
3 

The shape of this function obtained by averagiffg the computation resul ts  in accordance with the Mie theory is 
shown in Fig.  1. In Table 2 the calculated values are  shown of the attenuation coefficient K, KA, and ~ for 
m =  1.8--i10 -4, m = 1 . 8 - - i l 0 - ~ , a n d  m = 1 .8- - i10  -6. I t can  be seen f rom the table that if the condition (4 ) i s  
valid, then the varying of n even by two o rders  hardly resu l t s  in any change in a for  fixed p. Fo r  higher p the 
deviation a(n) f rom the mean value decl ines ,  as shown in Fig. 1. 

3. The computation resul ts  of the alumina spec t ra l  emissivi ty  for  t = 1200~ and t = 1700~ and the 
par t ic le  d iameters  varying f rom 0.1 to 1 mm are  shown in Fig.  2. The calculations were ca r r i ed  out by using 
(7) and Fig.  1. By employing the resul ts  obtained by the Mie theory one obtained ~ = 0.76 and the dimension-  
l e s s  attenuation coefficient K = 2 for  coarse  and a lmos t - t r ansparen t  par t ic les  of corundum. The strongly se -  
lective cha rac t e r  of radiation of the corundum bed is c lear ly  seen in the d iagram.  

In Fig.  3 the values of the integral  emiss iv i ty  e a re  shown versus  the par t ic le  d iameter .  The value e was 
computed f rom the spectra l  emiss iv i ty  by integrating ore r the spec t rum and using the quadrature formula  with the 
Planckweight ing function [10] with three nodes. The integral  emiss iv i ty  increases  with the par t ic le  diameter .  The 
l a t t e r w a s  confirmed experimental ly  for  the boiling bed [11]. F o r  d > 250 # the growth of ~ with increas ing d is 
slight. The integral  emiss iv i ty  reaches  its minimum at a t empera tu re  of approximately 1500~ The inc rease  
of e with t inc reas ing  is explained by the growth of the absorption coefficient ~r with t increasing.  The growth 
of e with t decreas ing  for  t ~ 1500~ is due to the Wien law and the specific spectra l  dependence of emissivi ty.  

1406 



i I d : l  L~ - d = lo!m/ / // i ! " 

i ! I o;-]W--7 
! ~, 1 ' "~ill / 

/ 2 ~ �9 5 I 2 J 4 

Fig. 2. Spectral emissivity of an alumina-particle bed for: a) t = 

1200~ t =1700~ X, #. 
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Fig. 3. Integral emissivity of an alumina-particle 
bed versus particle diameter d, ram. 

The results obtained here may be applied in the computations of radiative heat exchange in a high-temper- 
ature boiling bed. 

N O T A T I O N  

r ,  particle radius; X, radiation wavelength; p, part ic le-s ize parameter;  eX, spectral  emissivity; 7, 
scattering coefficient to attenuation coefficient ratio; ~, mean cosine of scattering angle at elementary scatter- 
ing; n, refraction coefficient; ~, absorption coefficient; KA, dimensionless absorption coefficient; K, dimen- 
sionless attenuation coefficient; m, complex-valued refraction index; t, temperature, ~ d, particle diameter; 
e, integral emissivity. 
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