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The authors examine the heat t r a n s f e r  between a radiat ing roof and the sur face  of a f luidized bed through 
the t ransparen t  gas medium in a cy l indr ica l  furnace. 

The radiant  heating of a f luidized bed is appropr ia te ,  fo r  example,  in the infrared drying of po lyd i sperse  
m a t e r i a l s  [1, 2]. Radiant  heating is v e r y  effect ive  at t empera tu re s  above 1300 ~ K, when a gaseous heat supply is 
imposs ib le  owing to the low heat r e s i s t a n c e  of the d is t r ibu tor  and the agglomera t ion  of the par t i c les .  

The exact  calculat ion of the rad ia t ive  heat t r ans fe r  in a cyl indr ica l  furnace  with a f luidized bed, including heat  
t r a n s f e r  between the roof, the bed and the wall lining, leads to ve ry  c lumsy express ions ,  not given in the l i t e ra ture .  
We will find an express ion  for  the heat flux on the s implifying assumption that the lining plays only a smal l  pa r t  in the 
heat  t r ans fe r  and may be regarded  s imply  as a re f lec t ing  su r face  in the p roce s s  of heat t r ans fe r  between the roof and 
the bed. 

F o r  s impl ic i ty ,  instead of the emiss ion  of the roof and the bed we cons ider  the emiss ion  of thei r  centers .  As 
far  as the roof is concerned,  this assumpt ion is reasonable ,  s ince  the burne r  is located in the cen te r  of the roof~ for  
the bed it is rough approximation,  jus t i f ied by the fact  that the t e m p e r a t u r e  at the cen te r  of the bed is always much 
higher  than the t e m p e r a t u r e  of the par t s  of the bed adjacent to the fu rnace  walls.  
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Fig. l .  Model of f u r n a c e  with radiat ing 
roof. The radiat ion leaving the center  of 
the roof in a cone with angle q~0 between 
the g e n e r a t o r  and the furnace  axis 
reaches  the bed without ref lect ion,  the 
radia t ion between genera to r s  with angles 
rpn and Cn-i undergoes n-fold re f lec t ion  

f rom the lining. 

We divide all the radiat ion f rom the roof  and the bed into a pa r t  that does not undergo re f lec t ion  and par t s  that 
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unde rgo  o n e - ,  two- ,  . . . .  and n - fo ld  r e f l e c t i o n  f r o m  the f u r n a c e  wal l s  (we n e g l e c t  the r o u g h n e s s  of the  l ining,  a s s u m i n g  
that  the ang le  of i n c i d e n c e  is equa l  to the angle  of r e f l ec t ion ) .  In this  connec t ion ,  we note that  if  we d e s c r i b e  (Fig. 1)cones 
with l ines  jo in ing  po in t s  H, H/3,  H/5  . . . . .  H/(2n  + 1) . . . . .  as  g e n e r a t o r s ,  and axes  co inc id ing  with the  f u r n a c e  axis ,  
they d iv ide  a h e m i s p h e r e  of r ad ius  D/2,  d e s c r i b e d  f r o m  the c e n t e r  of the  roof ,  into a s e q u e n c e  of annula r  s e g m e n t s  
(the n - th  s e g m e n t  is b e t w e e n  the g e n e r a t o r s  wi th  ang les  q)n and qJn_l), and the  r a d i a t i o n  en t e r i ng  the so l id  ang le  of the  
n - th  annu la r  s e g m e n t  u n d e r g o e s  n- fo ld  r e f l e c t i o n  f r o m  the  f u r n a c e  wal l s .  The f r a c t i o n  of the hea t  t r a n s m i t t e d  to the 
so l id  ang le  of the n - t h  annu la r  s egmen t :  

q~ = (S~ - -  S~_~)/S, 

and S n is  the  c u r v e d  s u r f a c e  of the n - t h  s egmen t .  Subst i tu t ing  S = ~rD2/2, w h e r e  S is  the  s u r f a c e  of the h e m i s p h e r e ,  
S n = 7rD2sin2(q~n/2), we obtain* 

qn  ~ COS q ) n - - 1  - -  COS q ? n '  

As a r e s u l t  of n - fo ld  r e f l e c t i o n  f r o m  the wa l l s ,  ins tead  of Qqn an amount  of hea t  Qqn ~n,  ~ = i - ew is the  
r e f l e e t i v i t y  of the  l ining,  r e a c h e s  the  bed.  Thus,  the to ta l  amount  of hea t  f r o m  the  roof  r e a c h i n g  the bed:  

Q~ = 2 Qq~ ; n = Q  ~ ~" (cos ~p~_~ - -  cos q%). (1) 
n = 0  n = 0  

Since 

we can r e w r i t e  (1) as  

q ) " = a r c t g I 2 n + 1 2  D]H 

cos % ~ cos arctg x n = (1 4- z2~-:/~ i - n !  

Q~ = Q ~ ~n [(1 + x2_i)-~/2 - -  (1 + x~)-I/2]. 
n ~ 0  

Not ing  that  x_ 1 = 0 and in QZ 

2 ~ n  (1 + x~_:)-~/2 = 1 + ~ 2 (l + x~) -' /2 ~%, 
n ~ O  t ~ 0  

we f ina l ly  have  

f(Sw, 

Q~ = Q/(ew, D/H), 
:c 

D/H) = 1 - - e w  [ 2n + I D 2 1/2 " 

1 + [  2 H 

The hea t  r e a c h i n g  the roof  f r o m  the  bed 

w h e r e  in (2) and (4) 

Thus ,  not ing that  F b = F r = F, we have  

Q~ = Q'f (ew, D/H), 

Q = o e  r Tr 4F  r ; Q ' = a e  b T~F b. 

(2) 

(3) 

(4) 

(5) 

*qL 1 = 0 c o r r e s p o n d s  to the  v e r t i c a l  axis  of the  f u r n a c e  ( t r ea ted  as a "cone") .  
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F o r  Tb /T  r - 0.5,  c o r r e c t  to 1 - 2 % ,  we c a n  r e w r i t e  (5) in the  f o r m :  

A Q ~__ O're d F [T~ - -  T~ 1, (5') 

w h e r e  

/ 
(6) 

F o r  ew no t  too c l o s e  to z e r o ,  the  s e r i e s  in (3) c o n v e r g e s  q u i t e  r a p i d l y ,  and to f ind  f in (5) and (6), i t  i s  
s u f f i c i e n t  to con f in e  o n e s e l f  to the  f i r s t  few t e r m s .  F o r  the  c a s e  of a n  i dea l l y  r e f l e c t i n g  l i n i n g  e w = 0 the  s e r i e s  
d i v e r g e s .  H o w e v e r ,  in t h e  l i m i t  a s  e w ~ 0 t he  e n t i r e  s e c o n d  t e r m  in (3) v a n i s h e s ,  w h i c h  is  o b v i o u s  w h e n  one  n o t e s  
t ha t  f o r  n g r e a t e r  t h a n  a c e r t a i n  n u m b e r  N t he  s e r i e s  in (3) i s  m a j o r i z e d  by  the  s e r i e s  

oa 

Z (1 - -  8w)r'/[(D/H) n], 
n ~ N  

and a c c o r d i n g  to L ' H ~ p i t a l ' s  r u l e  

--s (I --ew) ~ 
oo 

lim ew ~ ( 1 - - e w ) ' / n  = lira ~=o 
~w ~o ~w-O - -  1/~2w 

- - -0 .  

T h u s ,  

F o r  (D/H) ~ 0 

]r (e w = O, D/H) = 1. (7) 

/(ew, D/H) ~ I - -Sw s - - e w )  ~ -- O. (8) 

In Fig .  2, u s i n g  (7) and  (8), we h a v e  p l o t t e d  g r a p h s  of f as  a f u n c t i o n  of D / H  f o r  v a r i o u s  v a l u e s  of ew. The  v a l u e  of 
( r red  i n c r e a s e s  w i th  i n c r e a s e  in the  r a t i o  D / H ,  i. e . ,  when  the  roo f  is c l o s e  above  the  bed ,  and  w h e n  a h igh ly  
r e f l e c t i v e  l i n i n g  m a t e r i a l  is  u sed .  

! 

o8 

O.4 

a aa ~.6 D/z, 

Fig .  2. f ( e w ,  D/H)  as  a f u n c t i o n  of D / H  
a t  v a r i o u s  v a l u e s  of ew: 1) ew = 0; 2) 
0.2; 3) 0.3; 4) 0.4; 5) 0.5; 6) 0.6; 7) 0.8; 

8) 1.0. 
The  r a d i a n t  h e a t i n g  p r o c e s s  was  t e s t e d  on  an  e x p e r i m e n t a l  d e v i c e  (Fig.  3), in  w h i c h  s a n d  ( 0 . 5 - 1  m m  f r a c t i o n )  

was  f l u i d i z e d  w i th  a i r .  At  a r a d i a t i n g - r o o f  t e m p e r a t u r e  of 1573 ~ K and a bed  t e m p e r a t u r e  of 500 ~ K the  h e a t  f lux  was  
35 000 W / m  2. T h e  r e d u c e d  r a d i a t i o n  f a c t o r  ( r red  = 0.41 �9 10 ~8 W / m  2 �9 ~ 4. The  d i s c r e p a n c y  b e t w e e n  t h i s  v a l u e  and  the  
c a l c u l a t e d  % e d  f r o m  (6) and  F ig .  2 is  a t t r i b u t a b l e  to t he  l a r g e  t e m p e r a t u r e  d rop  b e t w e e n  t h e  roof  and the  bed ,  in 

846 



JOURNAL OF ENGINEERING PHYSICS 

which ease the l ining plays an important  par t  in heat t ransfer .  If the t empera tu re  gradient  is not large,  our 
assumpt ions  correspond to rea l i ty  [3]. 

Fuel mixture 

, \ \ \ \ \ ~ \ \ \ \ \ \ ~  " ",,~ ~"] air 2"73 073 57.3 57.2 7"7.2 7" 

i 

Fig. 3. Var ia t ion  of the t empera tu re  (T, OK) 
over the height (H, mm) of a furnace  with a 

radiat ing roof. 

We trust that our simplified analysis will be found useful in a more accurate investigation of the problem in which 
the role of the lining is taken into account. 
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