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The d iameters  of gas bubbles in an inhomogeneous fluidized bed a re  determined experimen-  
tally.  A model is proposed, on the basis of which the known experimental  data on bubble g r o w t h  
in such a sy s t em a re  general ized.  

The behavior of technological  p rocesses  in a fluidized bed is determined largely by the hydrodynamic 
phase and inhomogeneities (gas bubbles) formed in the sys t em.  A wealth of experimental  data has been com-  
piled to date on the motion of gas bubbles, and some part ial  correlat ions have been obtained [1,4, 8]. So far,  
however,  the fundamental laws of growth and motion of gas bubbles in a fluidized bed remain  unclear ,  making 
it difficult to formulate  analytical  hydrodynamic models of the sys t em.  

We have attempted to gather data on the motion of gas bubbles in a fluidized bed and to explain the 
genera l  laws governing their  developmenf. 

In a fluidized bed the energy of the gas fi l tered through the bed is dissipated as heat. Some of it is 
spent in suspension of the mater ia l  in the field of gravi ty .  The dissipated power in this case is approximately 
equal to the power expended in the initiation of fluidization: 

N o = A p S u  o. (1) 

The remaining energy of the gas flow is spent in displacing the d i sperse  mater ia l  in the fluidized bed. The 
corresponding dissipated power is 

A N  = N -  N O = A p S  (u - - n o )  (2) 

The gas (over and above that required to suspend the materiel)  erupts through the bed in the form of in- 
dividual gas bubbles, which move with acce lera t ion  [4]. Following in the wake of the bubble is a t r a i l  of solid 
part icles [9], which acce le ra te  together  with it. It is assumed that a gas-f low energy proportional  to AN is 
spent per unit t ime  in accelera t ing the t ra i l ing par t ic les .  

We der ive the volume of a layer of height dx and wri te  the power balance condition: 

d { . ~ )  
S (u --- Uo) dp  = l -dr- [, 2 -  din, (3) 

for which it is assumed that the energy spent in accelera t ing the gas,  because of the relat ively low density of 
the lat ter ,  is negligibly smal l .  Inasmuch as all part icles a re  suspended by the gas flow in a fluidized bed, the 
equality dp = pgedx holds. We introduce the quantity k ' ,  which represen ts  the fractional  volume occupied by 
the t ra i l s  of the moving bubbles in the fluidized layer  of height dx. Then the mass of mater ia l  in the t ra i ls  is 
d m =  k'peSdx. Relation (3) assumes  the form 

a _  (u~) - 2e ( u -  u.) (4) 
clt lk '  

Express ing the relat ionship between dx and dt, i . e . ,  dt = dx/ub, we integrate (4): 

A. V. Lykov Institute of Heat and Mass Trans fe r ,  Academy of Sciences of the Beloruss ian  SSR, Minsk. 
Transla ted f rom Inzhenerno-Fiz icheski i  Zhurnal, Vol. 31, No. 2, pp. 323-327, August, 1976. Original ar t ic le  
submitted July 10, 1975. 

This material is protected by copyright registered in the name o f  Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part [ 
o f  this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, 
microfilming, recording or otherwise, without written permission o f  the publish er. A copy o f  this article is available from the publisher for $ 7. 50. 

959 



0,/ tb t 

F i g .  1. T y p i c a l  p r o f i l e  of p r o b e  
s i gna l  d u r i n g  p a s s a g e  of a gas  bubb le  
(t b in  s e e ;  Ucb in m / s e e ) .  

u--uo+v b h 

u~ dub = T 
U--uo 0 

(5) 

w h e r e u p o n  

~'b -~- (u --Uo) h. (6) 

It  i s  known f r o m  t h e  t w o - p h a s e  t h e o r y  of f l u i d i z a t i o n  [9] t ha t  

u ~u______~ o = _ _ _ _ H  1. (7) 
v~ H o 

I t  is  c l e a r  t ha t  fo r  s m a l l  e x p a n s i o n s  H /H 0 of t h e  bed and fo r  a s u f f i c i e n t  he ight  h t e r m s  con ta in ing  the  f a c t o r  
[(u - -  u0)/vb] 2 and (u - -  u0)/v b can  be  n e g l e c t e d .  Deno t ing  the  b r a c k e t e d  e x p r e s s i o n  in (6) by p ' ,  t ha t  e x p r e s -  
s i o n  t a k e s  t he  f o r m  

v ~ =  3g (U--Uo) h. (8) p'k 

U s i n g  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  r e l a t i v e  bubb le  v e l o c i t y  and d i a m e t e r  [4] 

we f i n a l l y  ob ta in  

v ~ V ~ ,  (9) 

q [(h - -  Uo) hi 2'3, (1 O) 

w h e r e  q is  a d i m e n s i o n l e s s  c o e f f i c i e n t  i ndependen t  of h and u - -  u 0. 

We c a r r i e d  out an  e x p e r i m e n t a l  i n v e s t i g a t i o n  to  t e s t  the  f o r e g o i n g  m o d e l  r e p r e s e n t a t i o n s .  We conduc ted  
t h e  e x p e r i m e n t s  in  a c o l u m n  300 m m  in d i a m e t e r ,  us ing  two m a t e r i a l s  : sand  (d = 0.23 ram,  u 0 = 6 c m / s e e )  
and s i l i c a  g e l  (d = 0.19 ram,  u 0 = 2 c m / s e c ) .  T h e  he ight  of t h e  s t a t i o n a r y  l a y e r  was a p p r o x i m a t e l y  45 c m  in 
a l l  t he  e x p e r i m e n t s .  W e  used  a d y n a m o m e t e r  p r o b e ,  t h e  o p e r a t i n g  p r i n c i p l e  of which  has  been  d e s c r i b e d  
e a r l i e r  [10]. I t  c o m p r i s e s  a f l e x i b l e  p h o s p h o r  b r o n z e  p l a t e  wi th  a r i g i d  n e e d l e  at  t he  end.  A p l a s t i c  s p h e r e  
5.5 m m  in d i a m e t e r  is  p l an ted  on t h e  t i p  of t h e  n e e d l e .  T h e  f o r c e  a c t i n g  on the  s p h e r e  is m e a s u r e d  wi th  two 
s t r a i n  gauges  c e m e n t e d  onto t he  f l e x i b l e  p l a t e  and connec t ed  to  a T A - 5  s t r a i n - r e a d i n g  i n s t r u m e n t .  T h e  output 
s i g n a l  f r o m  t h e  l a ~ e r  is r e c o r d e d  on the  s t r i p  c h a r t  of a n  N -327 -3  h i g h - s p e e d  r e c o r d i n g  un i t .  T h e  p r o b e  is  
c a l i b r a t e d  by we igh t ing  the  s p h e r e  wi th  a s t a t i c  load .  T h e  f o r c e  a c t i n g  on the  p r o b e  is d e t e r m i n e d  wi th  5% 
e r r o r  in  t he  f r e q u e n c y  r a n g e  f r o m  0 to  50 Hz.  In our  e x p e r i m e n t  we s e t  the  p r o b e  a t  two  he igh ts  f r o m  the  g a s -  
d i s t r i b u t i n g  g r i d :  20 e m  and 40 c m .  T h e  p r o b e  was i n s t a l l e d  in t he  fo l lowing  s e q u e n c e :  f i r s t  an  i n i t i a l  c h a r g e  
of m a t e r i a l  was poured  into  t h e  co lumn ,  t hen  the  p r o b e  was i n s t a l l e d ,  and f ina l ly  t he  r e m a i n i n g  m a t e r i a l  was 
p o u r e d  in  t o  b r i n g  t h e  t o t a l  he ight  t o  45 c m .  T h e  r a t e s  of f l u i d i z a t i o n  of t h e  t e s t e d  m a t e r i a l s  w e r e  d e t e r m i n e d  
by  the  s t a n d a r d  p r o c e d u r e  ( f rom t h e  p r e s s u r e  d i f f e r e n c e ) .  T h e  r a n g e s  of f l u i d i z a t i o n  n u m b e r s  w e r e  4 to  6 and 
7.5 t o  30 fo r  s and  and s i l i c a  ge l ,  r e s p e c t i v e l y ,  
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F i g .  2.  B u b b l e  d i a m e t e r  D b ,  o r e ,  v e r s u s  p r o d u c t  (u - -  u0)h, 
e m 2 / s e c .  1 -5 )  D a t a  o f  R o w e  and S v e r e t t  [1] (see T a b l e  I ) ;  6) 
o u r  d a t a  f o r  sand ;  7) d a t a  of  W e r t h e r  and M o l e r u s  [3];  8) d a t a  
of W e r t h e r  and M o l e r u s  [11]. 

T h e  p r o b e  was  d y n a m i c a l l y  c a l i b r a t e d  b y  m e a n s  of m o t i o n  p i c t u r e  f i l m  in a p lane  co lumn  wi th  a c r o s s  
s e c t i o n  240 x 35 r am.  At  t h e  i n s t an t  of p a s s a g e  of t h e  r e a r  of t h e  bubb le  t h e  p r o b e  s i g n a l  was r e c o r d e d  and 
i t s  v e l o c i t y  d e t e r m i n e d  f r o m  the  m o t i o n  p i c t u r e  f i l m .  T h e  d y n a m i c  c a l i b r a t i o n  e r r o r  did  not exceed  5%. 

A t y p i c a l  s i g n a l  p lo t ted  by  t h e  r e c o r d i n g  unit  d u r i n g  p a s s a g e  of a bubb le  t h r o u g h  the  p r o b e  s p h e r e  is  
g iven  in  F i g .  1. It is  ev iden t  f r o m  t h e  f i g u r e  tha t  d u r i n g  t h e  t r a n s i t  t i m e  tb of t h e  bubb le  p a s t  t h e  p r o b e  the  
s i g n a l  is equa l  to  z e r o ,  but  i t  i n c r e a s e s  s h a r p l y  a t  t he  i n s t a n t  t he  r e a r  of t he  bubb le  p a s s e s  the  p r o b e .  On 
t h e  s t r i p  c h a r t  we m e a s u r e d  the  length  of t h e  z e r o - s i g n a l  l ine  and he ight  of t h e  s p i k e  a f t e r  t he  bubb le  ( r e a r  of 
t h e  bubb le ) .  Then ,  knowing the  s t r i p  s p e e d ,  we d e t e r m i n e d  the  bubb le  t r a n s i t  t i m e  p a s t  t he  p r o b e  and, u s i n g  
t h e  s t a t i c  and d y n a m i c  c a l i b r a t i o n ,  ob ta ined  the  s p e e d  of t h e  r e a r  of t he  bubb le .  F r o m  t h e s e  da t a  we  d e t e r -  
mined  t h e  he ight  of t h e  bubb les  in each  i n d i v i d u a l  c a s e  and the  a v e r a g e  he igh t ,  which  we t ook  as  the  bubb le  
d i a m e t e r  Db.  

T h e  e x p e r i m e n t a l  poin ts  a r e  g i v e n  in  F i g .  2 in  l o g a r i t h m i c  eoo rd ina t eq  of t he  bubb le  d i a m e t e r  a s  a func -  
t i o n  of t h e  p r o d u c t  of t he  e x c e s s  v e l o c i t y  of t he  gas  by  the  he ight  f r o m  the  gas  d i s t r i b u t o r .  A l s o  shown in t he  
s a m e  f i g u r e  a r e  t h e  da t a  of o the r  a u t h o r s  u s ing  d i f f e r e n t  p r o c e d u r e s  fo r  m e a s u r i n g  the  bubb le  d i a m e t e r  under  
d i f f e r e n t  cond i t ions  (see  T a b l e  1). 

A l l  t h e  e x p e r i m e n t a l  poin ts  a r e  g e n e r a l i z e d  in t he  g i v e n  c o o r d i n a t e  s y s t e m  wi th in  20% r m s  e r r o r  l i m i t s  
by a s t r a i g h t  l ine  wi th  a s l o p e  of a p p r o x i m a t e l y  0.67 (l ine I ) :  

TABLE i. Experimental Conditions 

Source Solid particles [u0, era/ Measurement i FNg'. in 
j sec technique 2 

[1] 

[2] 

[3] 
[4] 

[5] 

[6] 

[7] 

[11] 

Aluminum 
Coal 
Quartz 
Spherical pellets 
Glass powder 
Glass balls 

Quartz sand 
Siiica gel 

Glass balls 

Aluminum cata- 
lyst 

Aluminum cata- 
lyst 

Qu~tz sand 

2,54 
8,0 
2,75 
8,0 
5,5 
2,4 

1,8 
2,85 

0,72 

64,5 

55 

1,8 

d, g Column,cm 

210 
296 20 • 30 
135 
323 
268 
120 ~7,62 

10• 

100 ~ 10 
150 ~10 

74 7,5.-<15 

1520 61x2 
61)<5 

1540 30,5• 

83 o 100 

X ra)/s 

Capac. probe 
capacitance 

probe+x rays 
Capac. probe 
Photoelectric 

probe 
X rays 

Explosion diam- 
eters (film) 

Explosion diam- 
eters (visual) 

Capac. probe 

2 
1 

3 
4 
5 
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I__.3 Db= ~/} [(u--u0)h] ~/3 (11) 

This  equation can be wri t ten  in the dimensionless  fo rm 

D'b = 1.5 ] / ~ * .  (12) 

Our data for  s i l ica  gel lie somewhat above the line descr ibed  by (11), namely,  along line II in Fig.  2 .  The 
data of another  group of r e s e a r c h e r s  [2, 5, 6, 7] a r e  well approximated by lines II and III, which a r e  para l le l  
to  the middle line I descr ibed  by (11). The para l le l i sm of these  lines confirms the validity of re la t ion  (10) 
der ived above. Thepa ra l l e I  d isplacement  (different values of the coefficient q) is apparent ly at t r ibutable to 
di f ferent  conditions of bubble format ion  in the grid zone of the bed (different initial values of the bubble d iam-  
e t e r  a f te r  the gas-d is t r ibut ing  grid).  

Thus,  despi te  the d ive r se  conditions of bubble growth and behavior  in the experiments  of different  r e -  
s e a r c h e r s ,  the  bubbles obey common fundamental growth laws, which a r e  r ep re sen ted  by Eq. (10). Relat ion 
(11) makes it possible to calculate  the bubble d iameters  in equipment using porous gr id-pla tes  at distances of 
200 mm or more  f rom the gas d i s t r ibu tor .  

Comparing (11) with the analogous re la t ion  obtained by Kobayashi and others [4], we note that the lat ter  
be t t e r  fits the exper imenta l  data for  (u -- u0)h -< 100 c m 2 / s e c .  In tha t  range,  however,  the e r r o r  is large in 
the de terminat ion  of Db. In the in terval  100 -< (u -- u0)h -< 300 cm2/sec  both relat ions give roughly the same 
re su l t s .  I n t h e  in terval  (u - -  u0)h > 300 cm2/sec ,  which is of considerable  prac t ica l  in teres t ,  the Kobayashi 
re la t ion  [4] yields resu l t s  that a r e  c lea r ly  too la rge .  

Thus,  Eqs.  (10) and (11) enable one to  calculate  the d iameters  of erupting gas bubbles in industr ia l  
fluidized bed equipment.  

NOTATION 

Db, bubble d iameter ;  d, par t ic le  d iameter ;  D' = Db/h,  d imensionless  bubble d iameter ;  F r *  = (u -- 
u0)~/Dbg, modified Froude  number;  g, f r ee - f a l l  accelera t ion;  h, height above grid;  H0, initial  height of bed; 
H, instantaneous bed height; l ,  k, proport ional i ty  fac tors ;  p, gas p r e s su re ;  Ap, p r e s s u r e  d i f ference  in bed; 
S, column cross  sect ion;  Ub, absolute bubble velocity;  vb, re la t ive  bubble velocity;  u0, r a te  of initiation of 
fluidization; u, gas f i l t ra t ion ra te ;  p, mate r ia l  density of par t ic les ;  e, par t ic le  concentrat ion in bed. 
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