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Heat exchange between surfaces and fluidtzed beds is analyzed in 
terms of a solution for a problem with boundary conditions of the 1-st 
and 4-th kinds, 

In the t r a n s f e r  of hea t  be tween a s u r f a c e  and a 
f lu id ized  bed  hea t  i s  t r a n s m i t t e d  f rom the wal l  v i a  
s lugs  (packets )  of p a r t i c l e s  p e r i o d i c a l l y  f o r c e d  a p a r t  
by  gas  bubbles  p a s s i n g  be tween them [1-4] ,  r e su l t i ng  
in v a r i a t i o n  of the ins tantaneous  hea t - exchange  coef -  
f i c i en t  f rom i ts  m a x i m u m  va lue  to v i r t u a l l y  z e r o  [2]. 
Atong with the  t h e r m a l  r e s i s t a n c e  of the  uns tead i ly  
hea ted  p a c k e t  of p a r t i c l e s ,  i t  had been sugges ted  in [3] 
to cons ide r  i n t h e  hea t  exchange p r o c e s s  the addi t ional  
"contac t"  t h e r m a l  r e s i s t a n c e  to hea t  t r a n s f e r  f rom the 
su r f ace  to the  packe t  at the packe t  boundary .  This 
r e s i s t a n c e  i s  due to the i n c r e a s e d  p o r o s i t y  of that  p a r t  
of the  bed  in c l o s e  p r o x i m i t y  to the  wal l .  This  m a k e s  
i t  n e c e s s a r y  to in t roduce  the a s sumpt ion  of con tac t -  
r e s i s t a n c e  cons tancy  with r e s p e c t  to t ime ,  to take into 
cons ide ra t ion  the hea t  exchange be tween individual  
p a r t i c l e s  and the wall ,  e tc .  [3]. It i s  expedient  to 
ana lyze  the  hea t ing  of a packe t  which cons i s t s  of two 
l a y e r s :  the  f i r s t  l a y e r  c o r r e s p o n d s  to the r eg ion  of 
h ighe r  p o r o s i t y ,  and the second  l a y e r  c o r r e s p o n d s  to 
the r e m a i n i n g  packe t  volume of constant  po ros i ty .  The 
p r o b l e m  r educes  to cons ide ra t ion  of the uns teady  
heat ing of two bod ies :  bounded and semibounded  rods  
exhibi t ing  d i v e r s e  t h e r m a l  p r o p e r t i e s  as  a r e s u l t o f  
the d i f f e rence  in t h e  p o r o s i t i e s  of t h e s e  two r eg ions .  
At the in i t i a l  i n s t an t  of t ime  (the ins tan t  of  contac t  
between the packe t  and the wal l)  the  t e m p e r a t u r e  of 
the lef t  s ide  of the bounded rod  is  ins tan t ly  i n c r e a s e d  
to the wal l  t e m p e r a t u r e  t w which r e m a i n s  cons tant  
throughout  the  hea t ing  p e r i o d  (boundary  condi t ion of 
the  1 - s t  kind).  The exchange of hea t  be tween  the rods  
i s  sub jec t  to the  F o u r i e r  law (boundary  condi t ion of 
the  4 - th  kind), which c o r r e s p o n d s  ful ly  to the p h y s i c a l  
condit ions of the p r o b l e m .  The in i t i a l  t e m p e r a t u r e  of 
the two rods  is  the s ame ,  and equal  to the t e m p e r a t u r e  
to of the bed.  Width  R of the bounded r o d  c o r r e s p o n d s  
to the  width of the  h i g h e r - p o r o s i t y  zone. 

The p rob Iem is  f o r m u l a t e d  as  foIlows [5]: 

00~ (x, ~) 0 ~ 01 (x, ~) al 
0 "c Ox 2 

�9 > 0 ,  O < x < R ,  

ao2(x, "~) a*o~(x, ~) 

o .c Ox ~ 

�9 > 0 .  R < x < ~ ,  

01 (x, 0) = O~ (x, 0) = o, 

(1) 

(2) 

(3) 

(4) 

Ox Ox 

01 (0, x) = Ow = const, 

0~(o~, , ) -  0, 

w h e r e  | = t l  - to; 02 = t2 - to; | = tw - to. 

~0 

~o t 

Heat exchange between a su r f ace  and 
a packe t  of p a r t i c l e s  in a f lu id ized  
bed.  1) Zone of contac t  with the wal l ;  

2) bulk  of f lu id ized  bed.  

A solut ion of th is  p r o b l e m  is  g iven in [5]. F o r  the 
t e m p e r a t u r e  of zone 1 i t  is  wr i t t en  as  fo l lows:  

Here  

01---- ew erfc 2 )  a/-~x~ 
r t ~ I  

[ . 2 n R - - x  o 2 n R + x - ]  t 
X Ier lc ~ - - e r r c ~ !  ,. 

[ 2 V a l ~  2Vax '~] )  

The dens i ty  of the hea t  flux f rom the wal l  to rod  1 
(in fact ,  to the packet)  is  

q = - - ; ~  001(0 ~) (9) 
0x 

F r o m  (8) and (9) we have 

~'IOw 2h ~ hn-~ exp - -  ~ 

(5) 

(6) 

(7) 

(8) 

e~(R, ~) = O~(R, ~), (10) 
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Material of 
particles 

Glass 

Polystyrene 

Values  fo r  Coeff ic ients  of Heat  T r a n s f e r  f r o m  a Wall to a 

F lu id ized  Bed 

Particle 
size, m 

Gas velocity, Cte' ~tt, a_,, 
m/se~ W/m 2 )< W/m 2 X W/m 2 X 

- "  X deg X deg. X deg. 

O. 32.10 - s  

O. 15. I0 -3  
, p  

O. 104.10 -3 

0.07.10 -3  

0.043-10 -3 

0.14.10 -3 

0. 104.10 -a  

0.2 
0.411 
O. 0877 
O. 122 
0.317 
0.39 
0.454 
0.543 
O. 076 
O. 107 
O. 138 
0.201 
0.299 
0.363 
0.451 
0.533 
0.07 
0.101 
O. 133 
O. 198 
O. 305 
0.384 
0.457 
0.539 
O. 155 
O. 192 
0.287 
0.378 
0.482 
O. 0686 
0.0945 
O. 126 
O. 197 
O. 283 
0.344 
0.439 
0.500 
0.0686 
0.0945 
O. 126 
O. 197 
0.277 
0.344 
0.436 
0.515 

300 
272 
420 
381 
387 
332 
322 
321 
450 
444 
420 
403 
385 
379 
388 
396 
511 
493 
485 
464 
486 
484 
509 
525 
579 
730 
660 

860 625 
808 641 
292 262 

229 
272 234 
272 231 
288 245 
299 263 
304 253 
321 2295 
325 
330 256 
335 266 
351 262 
344 281 
339 275 
351 304 

304 
252 
440 
397 
401 
344 
329 
327 
480 
472 
445 
425 
405 
395 
405 
410 
55O 
526 
513 
493 
52O 
512 
539 
555 
622 
782 
715 
678 
690 
264 
260 
231 
235 
232 
246 
264 
254 
297 
282 
259 
268 
266 
282 
276 
3O6 

6t. ,o 

17.89 
19.8 
19.79 
23.54 
10.63 
18.18 
16.15 
12.37 
20.64 
17.42 
19.39 
17.95 
19.26 
17.43 
16.21 
14.25 
24.71 
23.4 
22.15 
2,1.82 
19.31 
28.02 
21.79 
25.22 
33.89 
14.86 
21.98 
27.15 
20.92 
10,4 
13,96 
21.63 
13,98 
15.t3 
15.13 
11.97 
17.04 
7.78 

14,08 
21.94 
20.6 
24.8 
18.43 
18.9 
13,24 

% 

169 
25.5 
16.23 
20.0 

7.79 
15,55 
13.8 
10. t7 
15.09 
12.12 
14.53 
13.45 
15.52 
13.69 
12.75 
11.28 
19.31 
18.12 
17.15 
19.95 
14.03 
23.68 
17.28 
20.95 
28.36 
8.26 

15.68 
21.34 
14.73 
9.91 

13.56 
21.26 
13.46 
14.74 
i4.82 
11.59 
16.71 
7.12 

13.5 
21.5 
20.16 
24.34 
17.96 
18.44 
12,75 
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On the a s sumpt ion  that  hea t  exchange with the 
bubble can be  neglec ted ,  the m e a n  va lue  of the coeff i -  
c ient  of hea t  exchange between the wal l  and the packe t  
i s  [2, 3] 

a Tr qd~. (11) 
0 

Subst i tut ing the va lue  of q f rom (10) into (11) and 
in tegra t ing ,  a f t e r  t r a n s f o r m a t i o n  we obta in  

[d - -  - -  - -  X Tr ~ +2h h "-I  ~ 
n=l 

• oxp W 

To ca lcu la te  a by  means  of f o r m u l a  (12) i t  is  
n e c e s s a r y  to know the t h e r m a l  c h a r a c t e r i s t i c s  of the 
packe t  in zones 1 and 2. Owing to the l ack  of m o r e  

gene ra l  f o rmu la s ,  to e s t i m a t e  the p o r o s i t y  of the 
zone in contac t  with the wal l  we use the e m p i r i c a l  
r e l a t i onsh ip  given in [6] for  l a rge  p a r t i c l e s  (1 .0 -4 .0  
ram). It was shown in that  p a p e r  that  the p o r o s i t y  
in the s t a t i o n a r y  l a y e r  of p a r t i c l e s  in contact  with 
the wal l  is  

l - -1 .25 (l--e~) ( x - / ~  (13) 

The width of the h i g h e r - p o r o s i t y  zone is equal  to 
0.56d. The c o r r e s p o n d i n g  p o r o s i t y  of an inner  column 
of the bed is  [6] 

[ X \0.378 
) . (14) 

Here  the width of the h i g h e r - p o r o s i t y  zone is  equal  
to 0.7d. In e x p r e s s i o n s  (13) and (14) x denotes  the in-  
s tan taneous  d i s t ance  of a point  f r om the wall.  In the 
r e m a i n i n g  p a r t  of the bed  (packet)  the p o r o s i t y  is  con-  
s tan t  and equal  to e2~ In tegra t ing  e x p r e s s i o n  (13) f rom 
0 to 0.56d, and e x p r e s s i o n  (14) f rom 0 to 0.7d, we 
obtain in both c a s e s  the s ame  equation fo r  the mean  
p o r o s i t y  in zone 1, 

el = 1-- 0.73 (1-- e~). (15) 

This va lue  can be used  to d e t e r m i n e  the t h e r m a l  
c h a r a c t e r i s t i c s  of zone 1. Values  of the spec i f i c  hea t  
for  zones 1 and 2 can be a s s u m e d  equal,  s ince  the 
spec i f i c  hea t  of the gas,  c o m p a r e d  to that  of the 
p a r t i c l e s ,  is  neg l ig ib ly  sma l l ,  and v a r i a t i o n  of the 
p o r o s i t y  has  v i r t u a l l y  no effect  on this  c h a r a c t e r i s t i c  
of the packet .  The t h e r m a l  conduct ivi ty  coeff ic ients  ~1 
and X2 can be d e t e r m i n e d  f rom the f o r m u l a  p r o p o s e d  
in [4] to app rox ima te  the hea t -conduc t ion  curve  in a 
s t a t i o n a r y  p a r t i c u l a t e  bed  

g~'-- = ~,g/~'m-f- 0.288,.~(Zm/;~glO.l s ~ .  (i = 1, 2). (16) 

The t h e r m a l  d i f fus iv i ty  in each  zone will  then be:  

~1 (17) 
al = 0.73 CmYm( l--e~)' 

and 

a s CmYm(1--s , (18) 

V 0.73~t (19) 

As an example ,  ca lcula t ions  were  c a r r i e d  out with 
f0 and Tc taken f rom [2], and c o m p a r e d  with the 
hea t - exchange  coeff ic ient  obta ined in the s a m e  p a p e r  
( table) .  This was done with da ta  f rom al l  individual  
e x p e r i m e n t s  on which the se t  of magni tudes  ~, f0, 
(1 - f 0 ) / r c  c i ted  in [2] were  based .  

Hea t -exchange  coeff ic ients  ~2 were  a lso  ca lcu la t ed  
with the use  of va lues  X 2 obtained e x p e r i m e n t a l l y  [2]. 
Thus, ~I and 61 = ( ~ e -  ~ l ) / a e  were  de r i ve d  for  X 2 
ca lcu la t ed  by fo rmu la  (16); and va lues  of ~2, and 6 2 = 
= (~e - ~2)/~e for  va lues  of the t h e r m a l  conduct ivi ty  
coeff ic ient  X2 taken f rom e x p e r i m e n t s  [2]. The ca l cu l a -  
t ions were  c a r r i e d  out with the use  of 10 t e r m s  of the 
summat ion  in the r igh t  s ide  of Eq. (12). Adequate  a c -  
cu racy  can, however ,  be obtained when the number  
of s u m m a t i o n  t e r m s  is l imi t ed  to 2 - 4 .  

The ana lys i s  of r e s u l t s  shows a s a t i s f a c t o r y  c o r -  
r e l a t i o n  between the ca lcu la ted  and e x p e r i m e n t a l  data,  
al though ca lcu la t ed  va lues  a r e  somewhat  lower .  The 
apparen t  d i s c r e p a n c y  may  be due to s e v e r a l  f a c t o r s :  
the e m p i r i c a l  equation for  p o r o s i t y  in the zone in con-  
t ac t  with the wall  was obtained for  l a r g e r  p a r t i c l e s ;  
the app rox ima te  equation (16) r e s u l t s  in a c e r t a i n  
devia t ion  f rom the curve of effect ive  hea t  conduction 
in a s t a t i ona ry  bed [4]; the convect ive  hea t  t r a n s f e r  
be tween p a r t i c l e s  was a lso  neglec ted .  

It should be noted that  the above ana lys i s  r e l a t e s  
to c o m p a r a t i v e l y  highly d i s p e r s e  s y s t e m s ,  and was 
c a r r i e d  out on the assumpt ion  that  the su r f a c e  a r e a  of 
heat  exchange between p a r t i c l e s  and the gas f i l t e r ing  
through the packe t  is suf f ic ien t ly  l a r g e  to ensu re  a 
c lose  l ink between the t e m p e r a t u r e  f ie lds  of p a r t i c l e s  
and gas.  As shown in [7], Eqs.  (1) and (2), which a r e  
va l id  for  continuous media ,  may  a lso  be used  for  d i s -  
p e r s e  s y s t e m s .  An evalua t ion  of the e r r o r  in t roduced 
by the above a s sumpt ions  would, however ,  r e q u i r e  
de ta i l ed  ca lcu la t ion  suppor ted  by al l  n e c e s s a r y  ex -  
p e r i m e n t a l  da ta  ( including the coeff ic ient  of heat  
t r a n s f e r  between p a r t i c l e s  and gas in each  zone)~ 

A m o r e  p r e c i s e  defini t ion of al l  f a c to r s  cons ide red  
h e r e  wil l  make  i t  poss ib l e  to obtain va lues  of coef f i -  
c ients  which would be c l o s e r  to the actual .  

Thus, knowledge of the hydrodynamics  (f0, Tc), 
of the bed s t r u c t u r e  (el, e2), and of the extent  of the 
r e l a t i onsh ip  (~g) between the t e m p e r a t u r e  f i e lds  of 
the p a r t i c l e s  ~and the gas would comple t e ly  define the 
in tens i ty  of hea t  t r a n s f e r  between a su r f ace  and a bed  
of a f lu id ized  p a r t i c u l a t e  m a t e r i a l .  
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NOTATION 

to and t w are  the bed and the wall tempera tures ,  
respect ively;  x is the instantaneous distance from the 

wall; R is the thickness of the rod in contact with 
the wall; as, ks, cs, 7t, and es are,  respect ively,  the 
thermal  diffusivity, the thermal  conductivity, the spe-  
cific heat, the density, and the porosi ty  of the zone 
in contact with the wall; a2, ~2, c2, ~/2, and e2 are ,  
respect ively ,  the thermal  diffusivity, the thermal  
conductivity, the specific heat, the density, and the 
porosi ty  of the bulk of the bed; T is the t ime, q is the 
heat flux, km and kg are  the thermal  conductivities of 
the mate r ia l  of par t ic les ,  and of the gas, respect ively;  

is the mean value of the coefficient of heat t r ans fe r  
from the wall to the stat ionary bed; f0 is that par t  of 
the time during which the surface is in contact with 
the gas bubbles; Tc is the t ime of contact between the 
bed and the surface;  e is the instantaneous porosi ty  
of the zone in contact with the wall; d is the par t ic le  
diameter ;  Cm is the specific heat of the mater ia l  of 
the par t i c les ;  7m is the density of the mater ia l  of the 
pa r t i c l es ;  ~e is the experimental  value of the heat-  

t r ans fe r  coefficient; and ~g is the coefficient of heat 
t ransfe r  between the par t i c les  and the wall. 
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