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It has been shown by exper imen t  that the m a s s  t r a n s f e r  between phases  in a fluidized bed 
with cyl indr ica l  sp i r a l  packing is improved  on account of improvemen t  in the ra te  constant  
for  the p r o c e s s  with fixed values for  the propor t ion  of gas  pass ing through the l aye r  in 
bubbles  and the l inear  veloci ty  for  the phases .  

It is often found that the obse rved  reac t ion  ra te  in a he terogeneous  catalyt ic  p r o c e s s  is t e ss  in a 
f luidized bed ca ta lys t  than in a s t a t ionary  one; one of the poss ib le  reasons  is longitudinal mixing of the g a s -  
contact  m a s s  in the reac t ion  zone. If the pa r t i c l e s  a re  porous ,  the gas  mixing occurs  by an a d s o r p t i o n - d e -  
sorpt ion  mechan i sm [1-3], and the fal l  in the reac t ion  ra te  by mixing is governed by many  f ac to r s  [1, 4]. 
However ,  a fluidized bed of nonporous pa r t i c l e s  is a sy s t em close in p r o p e r t i e s  to an ideal  d isp lacement  

appara tus  for  gas [3]. 

A m a j o r  r e a s on  for  r a t e  reduct ion in a fluidized bed is the mac roscop ic  nonuniformity" par t  of the 
fluidizing flow pa s s e s  through the l ayer  in the fo rm of bubbles,  and in that case  the decis ive  f ac to r s  a r e  
the p ropor t ion  of bubbles in the total  flow, the l inear  size of these ,  the r i s e  r a t e ,  e tc .  

If the f lutdized bed is nonuniform,  the overa l l  r a t e  of the chemica l  p roce s s  is dependent on the r e a c -  
tion ra t e  in the dense phase  and the diffusion ra te  f rom the bubbles into the continuous phase .  Under c e r -  
tain condit ions,  the in te rphase  m a s s  t r a n s f e r  becomes  the r a t e - l imi t ing  step [2]. 

Many s tudies  have been made [1-8] on nonuniformtty in such s y s t e m s  and the in te rphase  m a s s - t r a n s -  
f e r  r a t e ,  which have shown that these  p a r a m e t e r s  a re  dependent on the s ize of the appara tus  and the de-  
tai led hydrodynamic  conditions.  

We have examined the nonuniformity and in te rphase  m a s s  t r a n s f e r  in an appara tus  of d i ame te r  about 
0.5 m; we used  the t r a n s i e n t - s t a t e  method of ana lys i s ,  in which a step pulse of t r a c e r  gas  is admit ted at 
the bot tom of a l ayer  of nonporous pa r t i c l e s  (the F-funct ion method).  

Co__/ This F-funct ion method is s imp le r  to opera te  than the & f u n c -  
t ion method [2], because  in the f i r s t  case  one needs to provide  only 
a s teep leading edge.  

If a pos i t ive-going  step is supplied to the base  of the l aye r ,  
the m a s s  t r a n s f e r  is descr ibed  by the following s y s t e m  of equations:  

O_Z_Z § 1 OZ a ( Y - - Z ) ,  Y(l ,  O) = Z ( l ,  O) = 0 ,  
ol % ot (1) 

OY + 1 OY f~ ( z  - -  g ) ,  Z(l, t)t=%~=z(wyt, t) = Co, 
Ol % ot 

Fig .  1. Typica l  r e sponse  to a s tep 
input at the base  ( r  = 2.12 ram,  H 
-- 850 ram,  propylene  t r a c e r ,  g r id  where  
of d i ame te r  45 mm inse r t ed  in kf kf 0)Wy 
layer ) .  ~ - -  ; ~ ; b =  bWz (1 - -  b) W~ ~U% + ( 1 - -  co) W~ 
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F i g . 2 .  Ef fec t s  of f luidization number  r on w (propor t ion  of gas  
pass ing  through l aye r  in bubbles) and h (constant for  m a s s  
t r a n s f e r  between phase s ,  sec  -1) for  l aye r s  in var ious s ta tes"  I) 
w = f(r) f rom the two-phase  theory;  II-VI) h = f(r);  1-3) l aye r  
without g r id ,  t r a c e r  propylene ,  l aye r  heights 0.5, 0.8, and 1 .3m,  
r e spec t ive ly ;  4-6) the s ame  with hydrogen; 7) l ayer  of height 
0.8 m with gr id  75 m m  in d i ame te r  set  ver t ica l ;  8) the s ame  set  
hor izontal ;  9) the s a m e  within l aye r ;  10) gr id  45 mm in d i ame te r  
in l aye r  of height 0.8 m .  

F ig .  3. Speeds of gas  phases  (m/sec)  in fluidized bed: I) speed 
of dense phase;  II) speed of bubbles;  III) speed for  f luidization 
onset;  1-3) propylene  t r a c e r ,  l aye r  heights  0.5, 0.8, and 1.3 m 
respec t ive ly ;  4-6) the same  with hydrogen t r a c e r .  

This  s y s t e m  is solved by means  of in tegra l  t r a n s f o r m a t i o n  [9]. 

The t r a c e r  concentra t ion  at the exit f r o m  the l aye r  a f te r  phase  mixing is  

C = ~oZ + (1 - -  o)) Y, (2) 

and when the bubble front  r e aches  the sur face  of the l aye r  we have 

C l : ~ 1 7 6  ~ blF~kf HI ,  (3) 

and when the front  of the dense phase  does the s ame  we have 

F igure  1 shows a typical  obse rved  curve  for  the output in r e sponse  to a step input; this  curve  enables  

Wu = H/t~, (5) 

W~ = H/tl, (6) 

one to find 

1 I' Cdt. (7} 
-- C0 G - -  q) �9 

tt 

The ra t e  constant  for  m a s s  t r a n s f e r  between phases  h is equal to kf /b  and can be de te rmined  f rom Ci, 
C2, and C o in accordance  with (3) and (4). 

We used  beds of quar tz  sand (day = 200 #, Wcr  = 0.04 m / s e c )  of depth 0.5-1.3 m,  which were  fluidized 
by a i r  in a g lass  appara tus  0.45 m in d i a m e t e r .  The d is t r ibu tor  was a double pe r fo r a t ed  gr id  with an e f fec -  
t ive  c r o s s  sec t ion  of 0.175%. The t r a c e r  gas  was injected into the space  between the g r ids ,  which was fi l led 
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Fig .  4 o Speeds of gas  p h a s e s  (m 
/ sec )  in l aye r  with gr id:  I) speed  
of dense phase;  II) speed of bub-  
b les ;  HI} speed for  f luidization on-  
set ;  1) gr id  75 mm in d i ame te r  set  
ve r t i ca l ly ;  2) the s a m e  but hor izon-  
tal;  3) in l ayer ;  4) gr id  45 mm in 
d i ame te r  in l a y e r .  

with a porous  m a s s ,  at 42 points uni formly  dis t r ibuted over  the 
c r o s s  sec t ion .  T e s t s  showed that the s teepness  of the leading edge 
of the pulse was r e p r e s e n t e d  by a r i s e  t ime  of l e s s  than 0.1 sec .  
The nonuniformity in the t r a c e r  gas dis t r ibut ion over  the c r o s s  
sec t ion  was less  than 3% (at over  10 mm f rom the wall) .  The con-  
cent ra t ion  at the exit f rom the l aye r  was m e a s u r e d  by a t h e r m o -  
chemica l  de tec tor .  The exit flow was a sample  at 18 points in the 
space above the l aye r  to obtain an ave rage  sample .  The t ime for  
the signal to pass  through the measu r ing  sys t em (~0.5 sec} was 
r e c o r d e d  in each run; the t ime t 2 was 8-50 sec in accordance  with 
the height of the l aye r .  The coeff icients  of var ia t ion  in w, Wy, Wz, 
and h in a single exper iment  were  r e spec t i ve ly  c~w = 12.2%, o~r 

= 11.8%, OWz = 11.3%, gh = 10.2%. To reduce  the effective cr to l ess  

than 5% for  each  type of run,  we made 6 to 10 pa ra l l e l  runs in each 
case. 

Figures 2 and 3 show w, h, Wy, and W z as a function of fluid- 
ization number in the flnidized layer and for a layer filled with cyl- 
indrical spiral packing, these values being determined by the use 
of propylene and hydrogen as tracer gases. 

The results show that the values are not dependent on the type 
of tracer, which indicates that convective transport dominates the 
interphase mass exchange. 

Figure 3 shows that there is a clear tendency for Wy to in- 
crease with the fluldization number for any state of the bed; for r 

> 2.3, none of the observed values was less than Wcr , which con- 
flicts with the distribution of the fluidizing agent between the phases assumed in the two-phase theory. A 
similar deviation from the two-phase theory is clearly seen on comparing the observed w with theory [i0] 
(Fig.2) .  

We found that h fell, not increased, as the fluidization number was increased, because there was a 
tendency for the bubbles to occur less as the fluidization number increased in the range we employed, and 
turbulence in the flow of bubbles and dense phase do not compensate for the reduction in the relative sur- 
face available for mass transfer. 

We have a l r eady  r e m a r k e d  that some t imes  the r a t e - l imi t ing  step is reagent  t r a n s f e r  f rom the bubbles 
to the dense phase ,  and the p r o c e s s  opera tes  in the in te rphase-d i f fus ion  region [2]; of cou r se ,  any i m p r o v e -  
ment  in the output p a r a m e t e r s  for  such a p r o c e s s  is dependent p r i m a r i l y  on improving the m a s s - t r a n s f e r  
c h a r a c t e r i s t i c s .  The in te rphase  m a s s  t r a n s f e r  in a fluidized bed can be intensif ied by filling the volume 
with a cyl indr ica l  sp i r a l  packing [11], but there  is  no quanti tat ive evidence on the p e r f o r m a n c e  of such p a c k -  
ing as r e g a r d s  l aye r  un i formi ty  and m a s s  t r a n s f e r ,  in spite of the cons iderable  in te res t  in the topic .  We 
have made m e a s u r e m e n t s  to de te rmine  the c h a r a c t e r i s t i c s  of the in te rphase  m a s s  t r a n s f e r  in f lu id izedbeds  
fi l led with packing made f rom wire  5 mm in d i ame te r  coiled into cyl indr ica l  sp i r a l s  100-120 mm high, 45 
or  75 m m  in d i ame te r ,  and pi tch 12-15 ram.  These  t e s t s  were  done with beds of depth 0.8 m .  In t h e s e t e s t s  
we var ied  the disposi t ion of the packing (hor izontal  or  ve r t i ca l  o rde red  a r r a n g e m e n t ,  p laced at random) as 
well  as the fluidization number .  

Figure 2 shows the measured proportion of the gas that passed through the layer in bubbles, together 
with w for freely fluidized beds. The packing had virtually no effect on this characteristic of the nonuni- 
fortuity. 

Figure  4 c o m p a r e s  Wyand W z for  l aye r s  with the packing together  with the cor responding  values for  
f ree  f luidized l a y e r s ,  which shows only that  there  is a reduct ion in the d i spers ion  of the local  bubble ve loc i -  
t i e s .  The effect  of the packing is g r ea t e s t  as r ega rd s  h, which occurs  because  the packing hinders  bubble 
coa lescence  and fac i l i ta tes  b reakup  of consolidat ion zones around them.  Superficially~ this appea r s  as a 
b reaking  up of the bubbles by the packing.  If the bed is f r e e ly  fluidized, the finite s ize of the bubbles is 
bounded only by the d i ame te r  of the l aye r ,  whereas  a l aye r  containing packing has a bubble d i ame te r  depen-  
dent on the s ize  and disposi t ion of the packing.  F igure  2 gives values for  the r a t e  constant  for  in te rphase  
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mass transfer  for beds with different dispositions of the packing. As would be expected, the largest h was 
obtained for a bed with packing of the least diameter (45 ram), as placed at random in the layer, and the 
important point is that h increases with r .  
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NOTATION 

is the mass- t ransfer  coefficient, m/sec;  
is the relative surface of the bubbles, i.e., the surface of the bubbles in unit gas volume of the 
layer,  m~/m3; 
is the fraction of the gas volume occupied by bubbles, m3/m3; 
is the fraction of the gas passing through the layer in bubbles, m3/mS; 
are the linear velocities of the bubbles and the dense phase, m/sec;  
are the concentrations of t racer  in the bubbles and the dense phase, mS/mS; 
is the concentration of t racer  in the completely mixed gas, mS/mS; 
is the current height, m; 
are the times for the bubbles and the dense phase to pass through a layer of height H, see; 
are the steps in the output function at the escape of the bubble front and the dense phase front, 
m3/m3; 
is the height of the layer under working conditions, m. 
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