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A method is described for calculating heat transfer in a fluidized bed 
on the basis of the calorimeter equation. Results are given of investi- 
gations performed by a technique developed by the authors. A relation 
is obtained for calculating the heat transfer between gas and particles. 

A r i g o r o u s  cho ice  of  d i m e n s i o n l e s s  n u m b e r s  b a s e d  
on the equa t ions  of  m a t h e m a t i c a l  p h y s i c s  and p r e c i s e l y  
f o r m u l a t e d  b o u n d a r y  cond i t ions  i s  not y e t  p o s s i b l e  for  
h e a t  t r a n s f e r  in a f lu id ized  bed .  The usua l  method  of 
p r o c e s s i n g  the  da ta  in the  f o r m  of  the  p a r a m e t r i c  r e -  
l a t ion  Nu = f (Re )  i n d i c a t e s  a c c e p t a n c e  of  a p h y s i c a l  
m o d e l  of the  h e a t - t r a n s f e r  p r o c e s s  in which the ma in  
t h e r m a l  r e s i s t a n c e  i s  the  bounda ry  f i lm  of  gas  p h a s e .  
Obvious ly ,  t h i s  m o d e l  of the  h e a t - t r a n s f e r  p r o c e s s  
does  not c o r r e s p o n d  to the t r u e  s i tua t ion .  Th i s  d i s a -  
g r e e m e n t  i s  one c a u s e  of  the  l a r g e  d i s c r e p a n c i e s  ob -  
s e r v e d  when the  t e s t  da ta  of v a r i o u s  au tho r s  a r e  c o r -  
r e l a t e d .  

T h e r e  a r e  two w a y s  of  v iewing  hea t  t r a n s f e r  b e -  
tween  the  gas  and the  p a r t i c l e s .  In the  f i r s t  c a s e  the  
ob j ec t  of  i nves t i ga t i on  i s  the hea t  t r a n s f e r  be tween  a 
s ing le  p a r t i c l e  in the  f lu id ized  bed and the gas .  In 
th i s  a p p r o a c h  the h e a t - t r a n s f e r  coe f f i c i en t  a (the t r u e  
va lue  i s  u s u a l l y  des igna ted )  n a t u r a l l y  s e r v e s  a s  a 
m e a s u r e  of  hea t  t r a n s f e r ,  whi le  the  v a l i d i t y  of  an a p -  
p r o x i m a t e  d e s c r i p t i o n  of  the  p r o c e s s  with the  a id  of  
the  r e l a t i o n  Nu = f (Re )  i s  i nd i spu t ab l e .  In the  second  
c a s e  ob jec t  of i nves t i ga t i on  i s  the  hea t  t r a n s f e r  b e -  
tween  the so l id  phase  as  a whole and the gas .  At -  
t e m p t s  to d e s c r i b e  th i s  p r o c e s s ,  a s  usual ,  on the 
b a s i s  of the  h e a t - t r a n s f e r  equat ion  

Q = a F A T  (1) 

l e ad  to an a p p a r e n t  c o n t r a d i c t i o n .  The  s o - c a l l e d  "e f -  
f e c t i v e "  h e a t - t r a n s f e r  coe f f i c i en t s  p r o v e  to be two o r  
t h r e e  o r d e r s  be low the t r u e  v a l u e s  [1]. M o r e o v e r ,  we 
find tha t  the  e f fec t ive  v a l u e s  of  a depend on the he igh t  
of  the  s t a t i c  bed  H0, i . e . ,  on the  h e a t - t r a n s f e r  s u r f a c e  
[2], and t h i s  po in t s  d i r e c t l y  to the  i n a p p l i c a b i l i t y  of  
(1) to i n t e r p h a s e  hea t  t r a n s f e r .  

Some a u t h o r s  [3, 4] app ly  (1) not  to the  whole  bed,  
b u t  only  to the  ac t i ve  h e a t - t r a n s f e r  zone,  s ince  t h e r e  
i s  p r a c t i c a l l y  no hea t  f lux ou t s ide  i t s  l i m i t s .  Then  the  
e x a m i n a t i o n  i s  r e s t r i c t e d  to  r e g i m e s  in which  the e n -  
t i r e  a v a i l a b l e  t e m p e r a t u r e  head  AT 0 = IT~ - TMt i s  
expended  in the  bed .  It should be noted tha t  t h e s e  r e -  
g i m e s  a r e  the  m o s t  f a v o r a b l e  for  hea t  t r a n s f e r  only,  
but  a r e  not  o p t i m u m  in g e n e r a l .  F o r  i n s t ance ,  i n c r e a s e  
of gas  v e l o c i t y  in the  equ ipmen t  m a y  lead  to l o s s  of 
p a r t  of  the  a v a i l a b l e  head  &T 0 [4, 5], but  in r e t u r n  a 
d e c r e a s e  of  equ ipmen t  d i a m e t e r  m a y  be ach ieved .  
T h e r e f o r e  the  l i m i t a t i o n  of the r e g i o n  of i n v e s t i g a t i o n  

so far  accep ted  by the  condi t ion  T~ --- T M should be 
r e l a x e d .  

Acco rd ing  to the  da ta  of Kazakova  et  a l .  [4], at  
su f f i c ien t ly  high gas  v e l o c i t i e s  w, the  gas  t e m p e r a t u r e  
at  the  bed out le t  T~ d i f f e r s  c o n s i d e r a b l y  f r o m  the  t e m -  
p e r a t u r e  of  the  m a t e r i a l  T M. At  the s a m e  t i m e  the  a c -  
t i ve  h e a t - t r a n s f e r  zone i s  s h a r p l y  def ined .  Thus,  in 
the upper ,  " p a s s i v e "  r e g i o n  of the bed, under  the  
above  condi t ions ,  the  t e m p e r a t u r e  head A T '  = IT~ - 
- TMI does  not v a r y  with he ight .  Th i s  fact ,  at  f i r s t  
s ight  p a r a d o x i c a l ,  i s  due to an inflow of p a r t i c l e s  
f r o m  the  ac t ive  zone into the  upper  p a r t  of  the  bed,  
in  which dynamic  t h e r m a l  e q u i l i b r i u m  is  e s t a b l i s h e d .  

I t  i s  c l e a r  f r o m  what  has  been  sa id  tha t  d e t e r m i n a -  
t ion of the h e a t - t r a n s f e r  coe f f i c i en t s  f r o m  the  s u r f a c e  
a r e a  of  the  p a r t i c l e s  in the  ac t ive  zone and the c o r r e -  
sponding mean  i n t e g r a l  t e m p e r a t u r e  head i s  e s s e n -  
t i a l l y  a m e a n s  of  r e c o n c i l i n g  the  v a l u e s  of  c~ found 
f r o m  e x p e r i m e n t  wi th  the  t r u e  v a l u e s .  In th i s  s e n s e  i t  
i s  not at  a l l  o b l i g a t o r y  to c a l c u l a t e  a e x a c t l y  f r o m  the 
ac t ive  a r e a  Fac t ,  d e t e r m i n e d  by some  condi t ion  o r  
o the r ;  i t  m a y  be a f f i r m e d  a p r i o r i  tha t  the  t e s t  v a l u e s  
of  o~ wi l l  be the  c l o s e r  to the  t r u e  va lue s ,  the  s m a l l e r  
the  p a r t  of the  s u r f a c e  a r e a  of  the  p a r t i c l e s  in the  bed 
( reckoning  f r o m  the gas  d i s t r i b u t o r )  u sed  in the  c a l c u -  
l a t ion .  Yet,  even  in the c a s e  in which i t  ha s  been  p o s -  
s ib l e  to d e t e r m i n e  the t r u e  h e a t - t r a n s f e r  coe f f i c i en t s  
with suf f ic ien t  c e r t a i n t y ,  i t  wi l l  be i m p o s s i b l e  to c a l -  
cu la te  the  hea t  t r a n s f e r ,  s i nce  i t  i s  p o s s i b l e  to d e t e r -  
m ine  the m e a n  t e m p e r a t u r e  head and the  s u r f a c e  a r e a  
only by e x p e r i m e n t .  Thus ,  the  k ine t i c  c a l c u l a t i o n  of 
i n t e r p h a s e  hea t  t r a n s f e r  in a f lu id ized  bed  cannot  be 
b a s e d  on Eq. (1). 

As a b a s i c  de s ign  equat ion  i t  i s  exped ien t  to t ake  
the  c a l o r i m e t e r  equat ion 

t r a n s f o r m e d  to the  f o r m  

(2) 

Q =  Wg ~ A Tn, (2a) 

w h e r e  the  d i m e n s i o n l e s s  t e m p e r a t u r e  funct ion 

In the  l i m i t i n g  c a s e  when the  e n t i r e  a v a i l a b l e  t e m p e r a -  
t u r e  head  i s  u t i l i z e d  in the  bed,  5Tg = AT0, and r = 1. 

The  p o s s i b i l i t y  of  d e t e r m i n i n g  the  dependence  of  
the  quant i ty  $ on the cond i t ions  gove rn ing  the  c o u r s e  
of  the  p r o c e s s  i s  d e t e r m i n e d  f r o m  the  ba l a nc e  equa -  
t ion  

Wg x~ (Tg - -  T~) = : W .  (T~ - -  T'~), (25) 
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f r o m  which i t  fo l lows tha t  

TM = TI, / ( 1<- Wg )' 
or ,  e x p r e s s e d  in  e x c e s s  t e m p e r a t u r e s ,  

6,, = < ,  1 F- ~ g  V,,* �9 (a) 
In a g iven  r e g i m e  of  o p e r a t i o n  of  the  equipment ,  the  
t e m p e r a t u r e  of  the  m a t e r i a l  ~M = IT~ - TMI t a k e s  on 
a qui te  def in i te  va lue ,  but  then,  a c c o r d i n g  to (3), r is  
a l so  d e t e r m i n e d .  I t  i s  ev ident  tha t  ~b does  not depend 
on the  t e m p e r a t u r e ,  and in  th i s  s e n s e  i s  an i m p o r t a n t  
c h a r a c t e r i s t i c  of  the t e m p e r a t u r e  f ie ld  in the f lu id ized  
bed .  

I t  m a y  be expec ted  tha t  under  u n s t e a d y  hea t ing  (or 
cool ing)  of the  bed,  the  quant i ty  r wi l l  not  depend on 
t i m e .  In fact ,  the  so lu t ion  of the  h e a t - b a l a n c e  equat ion 
found by us  for  u n s t e a d y  hea t  t r a n s f e r  in the  bed  

t 

T,, = T" ~- W g . . . .  G,, c. ~ (T~ - -  Ti' ) de (4) 
0 

has  the  f o r m  

: c o n s { ,  

q~ = ~ exp (--  ~" l*), 

where 

and the  d i m e n s i o n l e s s  t i m e  i s  

(5) 

t * - -  Wg l. 
G, c M 

As may be seen from (5), the rate of change of the 
temperature field in dimensionless time is numeri- 
cally equal to the quantity ~. This permits ~ to be de- 
termined experimentally by simple means. TaMng 
logs of both sides of (5), we obtain 

lnq~ = In g - - r  

o r  

In ~'g= ln6~,- ,  l n g - - ~ 1 " .  (6) 

In the c o o r d i n a t e  s y s t e m  In , ~  - t*  the  l a s t  equa t ion  
i s  a s t r a i g h t  l ine  wi th  s lope  equal  to ( - r  

To v e r i f y  the  r e l a t i o n s  ob ta ined ,  we unde r took  t e s t s  
on u n s t e a d y  coo l ing  of  p a r t i c l e s  in  a f lu id i zed  bed .  
Cool ing  s tud ie s  w e r e  m a d e  of a f lu id i zed  m o n o d i s p e r s e  
bed  of s t e e l  b a l l s  of  f ive  s i z e s  (1.3,  1 .59 ,  2 .0 ,  2 .44 ,  
and 3 .18  mm) ,  of  g l a s s  b e a d s  0 .45  m m  in d i a m e t e r ,  
and of s p h e r i c a l  s i l i c a  ge l  p a r t i c l e s  1 .6  m m  in d i a m e -  
t e r .  A i r  was  used  a s  the  f l u id i z ing  m e d i u m .  

The  equ ipmen t  c o n s i s t e d  of a t h i n - w a l l e d  b r a s s  c y l -  

i n d e r  of i n s i d e  d i a m e t e r  88 ram.  The c a l c u l a t e d  hea t  
l o s s e s  of  the  equ ipmen t  w e r e  two o r d e r s  of  magn i tude  

l o w e r  than  the  r a t e  of  hea t  t r a n s f e r  in the  bed ,  and 
w e r e  t h e r e f o r e  not t aken  into accoun t .  M e a s u r e m e n t s  
of  gas  t e m p e r a t u r e  at  v a r i o u s  po in t s  ove r  the  c r o s s  

s ec t ion  of the  equ ipment  showed tha t  t h e r e  was  no 
t e m p e r a t u r e  g r a d i e n t  and c o n f i r m e d  tha t  i t  was  p o s s i -  
b le  to neg lec t  hea t  l o s s e s .  The a i r  e n t e r i n g  the equip-  
ment  had been  p r e v i o u s l y  d r i e d  with s i l i c a - g e l  in a 
nozz l e .  The flow r a t e  of a i r  was  d e t e r m i n e d  f r o m  the 
p r e s s u r e  d rop  in a s t a n d a r d  o r i f i c e ,  and at  s m a l l  f low-  
r a t e s ,  by an RS-7  r o t a m e t e r .  M e a s u r e m e n t  of  a i r  
t e m p e r a t u r e  d i f f e r e n c e s  at  the  b o u n d a r i e s  of  the  bed 
was  a c c o m p l i s h e d  with a c o p p e r - c o n s t a n t a n  d i f f e r e n -  
t i a l  t h e r m o c o u p l e  with i t s  hot  junc t ion  p r o t e c t e d  by a 
m e s h  f r o m  con tac t  with the  p a r t i c l e s .  The  c u r r e n t  in 
the  d i f f e r e n t i a l  t h e r m o c o u p l e  c i r c u i t  was  m e a s u r e d  
con t inuous ly  and was  r e c o r d e d  on p h o t o s e n s i t i v e  p a p e r  
with the  aid of an N-700 g a l v a n o m e t e r  o s c i l l o g r a p h .  
The  p a p e r  feed  r a t e  was  3 m m / s e c .  

The  p a r t i c l e s ,  p r e h e a t e d  in an e l e c t r i c  oven to 
600-700  ~ K, w e r e  pou red  into the equipment ,  w h e r e -  
upon the supply  of  a i r  was  at  once swi t ched  on. The  
t i m e  for  the  bed  to r e a c h  an o r d e r e d  s t a t e  of  coo l ing  
was  not l e s s  than  1 0 - 1 5  see  in a l l  t e s t s ,  a f t e r  which 
the  m e a s u r e d  t e m p e r a t u r e  d i f f e r e nc e  ~ began  to fa l l  
exponen t i a l l y .  F r o m  the m e a s u r e d  v a l u e s  of  the  r a t e  
of change  in ~ ,  c o r r e s p o n d i n g  v a l u e s  of $ w e r e  c a l c u -  
l a t ed  for  e a c h - t e s t .  I t  i s  i n t e r e s t i n g  to note tha t  w h e r e -  
a s  the  a r r a n g e m e n t  of  the  t h e r m o e o u p l e  hot  junc t ion  i s  
v e r y  i m p o r t a n t  in r e d u c i n g  the  h e a t - t r a n s f e r  da ta  on 
the b a s i s  of Eq. (1), t h i s  point  i s  of no i m p o r t a n c e  in 
the  method  e x a m i n e d .  T e m p e r a t u r e  m e a s u r e m e n t  of 
the  m a t e r i a l  and of  the  gas  w e r e  p r e v i o u s l y  r e q u i r e d  
to d e t e r m i n e  the  t e m p e r a t u r e  head  u sed  in the  c a l c u -  
l a t i o n s .  In the  f i r s t  c a s e  t h e r m o e o u p l e s  with exposed  
hot  j unc t ions  w e r e  used ,  and in the  second  c a s e  t h e r -  
m o e o u p l e s  with hot  j unc t ions  p r o t e c t e d  f r o m  con tac t  
wi th  p a r t i c l e s  and f r o m  gas  suc t ion .  In us ing  the t e c h -  
nique b a s e d  on d e t e r m i n a t i o n  of $, i t  i s  i m p o r t a n t  to 
know not only  the  t e m p e r a t u r e  of the  gas  and of the  
m a t e r i a l  but a l so  t h e i r  r a t e s  of  change .  However ,  the  
r a t e  of  change  of t h e s e  two t e m p e r a t u r e s  i s  i den t i ca l ,  
s ince  #~ = r T h e r e f o r e  the  v e r y  s a m e  r e s u l t  is  
ob ta ined ,  i ndependen t ly  of the  c o n s t r u c t i o n  of the  t h e r -  
mocoup le .  Th i s  was  c o n f i r m e d  by  t e s t s  in which the 
p r o t e c t i n g  m e s h  was  r e m o v e d  f r o m  the  t h e r m o c o u p l e  

hot junc t ion .  
The  t e s t s  showed tha t  r d e c r e a s e d  with i n c r e a s e  of 

gas  v e l o c i t y  and with r e d u c t i o n  of  p a r t i c l e  d i a m e t e r .  
F r o m  the  p h y s i c a l  point  of  v iew th i s  m e a n s  tha t  with 
m o r e  i n t e nse  mix ing  the  r e l a t i v e  magn i tude  of  the  r e -  
v e r s e  hea t  f lux i n c r e a s e s ,  and so the  f r a c t i o n  of the  
a v a i l a b l e  t e m p e r a t u r e  head  not  u sed  in the  bed  m u s t  
i n c r e a s e .  In addi t ion ,  the  in f luence  of o t h e r  f a c t o r s  
i s  a l so  a f fec ted ,  for  e x a m p l e ,  the  nonun i fo rmi ty  of 

f lu id i za t ion .  
F r o m  r e d u c t i o n  of the  e x p e r i m e n t a l  m a t e r i a l  ob -  

t a ined ,  the  fo l lowing  r e l a t i o n  i s  p r o p o s e d  for  c a l c u -  
l a t ing  the  d e g r e e  of t h e r m o d y n a m i c  e f f i c i ency  of the  
equ ipment :  

=0 .145F1 ..... '-" (1 - -1 .12  -eI" '% \ ~ - 7  . (7) 

Th i s  r e l a t i o n  r e q u i r e s  f u r t h e r  r e f i n e m e n t  on the b a s i s  
of  w i d e r  e x p e r i m e n t a l  m a t e r i a l .  I t  m a y  be s een  f r o m  
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t h e s e  e x p r e s s i o n s  t h a t  t h e  h e i g h t  of t h e  s t a t i c  b e d  a f -  
f e c t s  h e a t  t r a n s f e r  o n l y  f o r  t h i n  b e d s  (H0/d < 40) .  F o r  

b e d s  w i t h  H0/d  > 40,  h e a t  t r a n s f e r  d o e s  no t  d e p e n d  on  
t h e  h e i g h t  o f  t h e  s t a t i c  b e d .  H o w e v e r ,  e v e n  f o r  t h i c k  
b e d s  t h e  e q u a l i t y  T~  = T M i s  f u l f i l l e d  o n l y  f o r  s p e c i f i c  

v a l u e s  of  t h e  g a s  v e l o c i t y .  W i t h  f u r t h e r  i n c r e a s e  of  
t h e  v e l o c i t y  t h e  v a l u e  of  ~ f a l l s  off .  I f  c a l c u l a t i o n  a c -  
c o r d i n g  to  (7) g i v e s  ~ > 1, i t  i s  n e c e s s a r y  to  t a k e  r = 
= 1, i . e . ,  to  u s e  t h e  h e a t  b a l a n c e  e q u a t i o n .  

N O T A T I O N  

Q-quanti ty of heat; Wg = pgcp_ V~,-water equivalent of gas; 
W M = PMeMVM-water equivalent of material; pg and PM-density 
of gas and material, respectively; Cpg and CM-specifie heat of gas 
and material; Vg and VM--Volume flow rate of gas and material: t -  
time; GM-mass of material in bed; w-gas velocity in empty equip- 
ment" H0-height of static bed. d-particle diameter; T~ and T _ ' -  

gas temperature at bed inlet and outlet; T~I and T~l-material  tem- 
perature at bed inlet and outlet; TM-temperature of material in bed; 
' ,T0-available temperature head. &" = IT' - W"l &M = ]T' - TM[ , g g g '  . g  , 
O~t = ]T~ - TKII-excess temperatures; + = (T~ - T~)/(T~ - TM), 
O = (T~ - T~)/CT~ - T~,l)-dimensionless excess temperatures; 
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