
3o 
4. 

5. 
6. 
7. 

8. 

9. 

E.  Baker ,  T rans .  IEEE,  P a r t s ,  Hybr ids ,  and Packaging,  PHP-8 ,  4-14 (1972). 
W. Anderson,  D. Edwards ,  G. Enninger ,  and B. Marcus ,  Alcohol Heat  Pipes  of Stainless Steel [Russian 
t rans la t ion] ,  Rotapr in t  No. 74-21589, Moscow (1974). 
N. A. Glinka, General  C h e m i s t r y  [in Russian] ,  Khimiya,  Moscow (1955). 
N. Izmai lov ,  E l e c t r o c h e m i s t r y  of Solutions [in Russian] ,  Khimiya,  Moscow (1966). 
K. P.  Mishchenko and A. A. Ravdelya (editors) ,  Br ie f  Handbook of Phys icochemica l  Quantities [in Rus-  
s ian] ,  Khimiya,  Leningrad (1967). 
B. B. Damask in  and O. A. Pe t r i i ,  Introduct ion to E l e c t r o c h e m i c a l  Kinetics [in Russian],  Vysshaya Shkola, 
Moscow (1975). 
V . I .  Kasatochkin and A. G. Pasynsk i i ,  Phys ica l  and Colloidal Chemis t ry  [in Russian] ,  Medgiz,  Moscow 
(1960). 

A V E R A G E  V E L O C I T Y  O F  B U B B L E S  I N  A F L U I D I Z E D  

B E D  C O N T A I N I N G  P A C K I N G  M A T E R I A L  

D.  M.  G a l e r s h t e i n ,  A .  I .  T a m a r i n ,  
S.  S. Z a b r o d s k i i ,  a n d  V.  P .  B o r i s e n k o  

UDC 532.545 

The expansion of a fluidized bed with var ious  packings in columns of s e v e r a l  d imensions  was 
m e a s u r e d .  The average  veloci ty  of the bubbles and the influence of the packing p a r a m e t e r s  
on this ve loci ty  were  e s t ima ted .  

When a bed of d i spe r sed  m a t e r i a l  is fluidized by a gas ,  gas  cavi t ies  (bubbles) r i se  continuously through 
it; the exis tence  of these is due to the fundamental  instabi l i ty  of the sy s t em [1, 2]. All the gas passing through 
the bed is divided into  two f luxes,  one of these consti tut ing the bubbles,  while the o the r  incorpora tes  the gas  fi l-  
t e r ing  between the suspended pa r t i c l e s .  The two fluxes or  flows d i f fe r  chief ly  as regards  the i r  t ime of exis tence  
in the bed and the i r  conditions of contac t  with the d ' 3 p e r s e d  m a t e r i a l .  With increas ing  f i l t ra t ion veloci ty  the 
flow of the bubble phase i n c r e a s e s ,  while the secoz.d flow va r i e s  ve ry  litt le [3]. This type of flow has a de le -  
te r ious  ef fec t  on the intensi ty  of the g a s - p a r t i c l e  exchange p r o c e s s e s  and reduces  the ef f ic iency of a number  of 
technological  p r o c e s s e s  (catalytic reac t ions ,  sorp t ion ,  etc.) .  

In o r d e r  to inc rease  the homogenei ty  of the s y s t e m ,  a col lect ion of immobile  e l ements  (packing) may  be 
placed in the fluidized bed; these pa r t l y  b r e a k  up the bubbles and g rea t ly  inc rease  the eff ic iency of technological  
p r o c e s s e s  [4-6, 10, 17]. The hydrodynamics  of a l aye r  containing such packing ma te r i a l  have been studied by a 
n u m b e r  of r e s e a r c h  worke r s  in recen t  y e a r s ,  and a cons iderable  propor t ion  of the resu l t s  have been presented  
in review a r t i c l e s  [4, 5, 7]. Even so,  informat ion on this subjec t  is s t i l l  somewhat  sketchy and la rge ly  of a qual-  
i tative natu re .  

In this p a p e r  we shall  se t  out the resu l t s  of an expe r imen ta l  invest igat ion into the effects  of var ious  fo rms  
of packing on the mean veloci ty  of the bubbles in a fluidized bed. This invest igat ion extends ea r l i e r -pub l i shed  
data [8, 11]. 

The eXper imenta l  method was based on a two-phase  model  of the bed, according to which [9] 

Uba = U -- U o -~ U b �9 (I) 

This model allows us to relate the bubble velocity to the expansion of the bed [9, I0] by means of the equation 

u b = (u - -  u 0 ) / / o  ( / / - -  t /0)  -1.  ( 2 )  

Since the posi t ion of the upper  boundary of the bed is hard to m e a s u r e  accura te ly ,  e spec ia l ly  for  high gas  ve loc i -  
t ies ,  we used [11] the wel l -known re la t ionship  between the height of the bed and its mean  poros i ty :  
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Trans la ted  f rom Inzhenerno-F iz ichesk i i  Zhurnal ,  Vol. 31, No. 4, pp. 601-606, October ,  1976. Original a r t i c le  
submi t t ed  November  11, 1975 . . . .  
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F i g .  1. Re la t ive  bubble v e l o c i t y  as  a func t ion  of  the g a s  
f i l t r a t i o n  v e l o c i t y :  1) f r e e  bed; 2) g r o u p  of rods  with l ong i -  
tud ina l  r i b s  (Table  2, i t em 8); 3) c y l i n d r i c a l  s p i r a l s ,  lp = 
3.06 ern;  4), 5) c y l i n d r i c a l  s p i r a l s , / p  = 0.57 c m .  D i s -  
p e r s e d  m a t e r i a l :  1, 2, 3 , 4 )  q u a r t z  sand 1; 5) s i l i c a  ges 
(see Tab le  1); u in c m / s e c .  

H.H~' ---- (1 - -  eo)(l - -  e) -1, 

whence  f r o m  (2) we obta in  

U b = (U - -  Uo)(1 - -  8)(e - -  Co) -1. (3) 

This equation enab[es us to determine the mean relative velocity of the bubbles in terms of easily measurable 
q u a n t i t i e s .  

A n u m b e r  of m o d i f i c a t i o n s  of the t w o - p h a s e  m o d e l  have a l so  been  c o n s i d e r e d  in the l i t e r a t u r e  [12, 13]. 
We note tha t  the m o d e l  d e s c r i b e d  in [12] con ta ins  qua n t i t i e s  fo r  which no va lues  have y e t  been  ob ta ined ,  while  
tha t  p r o p o s e d  in [13] l e a d s  to the s a m e  r e s u l t s  as  Eq.  (3) f o r  high v e l o c i t i e s ,  which a r e  of c h i e f  p r a c t i c a l  in-  
t e r e s t .  

The r a t e  of gas  f low through  the con t inuous  phase  has  been  d i s c u s s e d  in a n u m b e r  of p a p e r s ,  m o s t l y  r e -  
v i e w e d  in [12]. M o s t  of  the a u t h o r s  c o r r e c t l y  a s s u m e  tha t  the v e l o c i t y  of the gas  t h rough  the con t inuous  phase  
is u s u a l l y  a l i t t l e  g r e a t e r  than u 0, be ing  equa l  to ku0, w h e r e  k > 1. H o w e v e r ,  t h e r e  a r e  a t  p r e s e n t  no r e l i a b l e  
v a l u e s  of k a v a i l a b l e ,  t t  was  po in ted  out  in [3, 141 tha t  k i n c r e a s e s  with d i m i n i s h i n g  d e n s i t y  and s i z e  of file p a r -  
t i c l e s .  I t  was  a s s u m e d  in [3] tha t  a f t e r  r e a c h i n g  f i l t r a t i o n  v e l o c i t i e s  a t  which  in t ense  bubble  f o r m a t i o n  began ,  
the v a l u e  of  k f e l l  r a p i d l y .  

L e t  us e s t i m a t e  the p o s s i b l e  s y s t e m a t i c  d i s t o r t i o n  a s s o c i a t e d  with the f ac t  that  Eq .  (3) i m p l i e s  k = 1. 
C l e a r l y ,  the s y s t e m a t i c  d i s t o r t i o n  wi l l  i n c r e a s e  wi th  i n c r e a s i n g  k.  In o r d e r  to t r e a t  the p r o b l e m  s p e c i f i c a l l y  
we make  use of the da t a  of [14] r e l a t i n g  to p a r t i c l e s  with day  = 0.186 m m  and u 0 = 1.39 c m / s e c  (the s i l i c a  ge l  
used  in the e x p e r i m e n t s  d e s c r i b e d  below has  s i m i l a r  p a r a m e t e r s ) ;  in this  c a s e  k = 1.7. F o r  such  a k va lue ,  
Eq.  (3) should  o v e r e s t i m a t e  u b s y s t e m a t i c a l l y  by no m o r e  than 10% for  N >- 10. 
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TABLE 1. C h a r a c t e r i s t i c s  of the M a t e r i a l s  

Dispersed materials 

Quartz sand 
Quartz sand 
Corundum 
Silica gel 

day, mm 

0,23 
0,15 
0,12 
0,19 

u0. cm/sec 

6,0 
4,0 
4,3 
2,0 

Notation in 
e. Table 2 and 

IFig. 1 

0,45 [ q.1 
0,43 q.2 
0,53 c. 
0,5 s. 

TABLE 2. 

Se- 
rial 
No. 

10 

C h a r a c t e r i s t i c s  of Pack ings  and Bed 

Characteristic dim. Zp, 
Packing nomencla- Idim. Sp cm 

ture Icm 

Vertica 1 rods with ribs. 
along a helicalline 
[15] 

Packs of plates, neigh- 
bors inclined in oppo- 
site directions 

Packing as item 2 but 
perforated plates 

Cylindrical spirals 

Horizontal grids 

Rushing rings with slots 

Group of vertical rods 

Packing as item 7.rods 
with three longimdirml 
ribs 

Packs ofverticalplates 
(chord packing) 

Width of rib 

Height Of 
pack 

{eight of 
~ack 

)iameter ot 
spixaI 

Distance 
between 
grids 

External 
diameter 

Diameter? 
of rods 

Width of 
rib 

Height of 
pack 

Packing as item 9,plates Height of 
inclined to one side pack 

2,0 

5,5 
L5 
5,5 
3,5 

5,5 
5,5 

5,5 
2,C 
2,(: 
1,f 

5,( 
4,( 

2,1 
2,4 
2,4 

2,( 

2,0 

5,5 

5,5 

3,91 

0,96 
0,94 
0,97 
O, 96 

0,97 
0,98 

0,97 
0,9[ 
0 9~ 
0,9" 

0,9~ 
0,9 c, 

O, 7( 
0,6~ 
0,6~ 

Dispersed [Diameter 
material of bed in 
(Table 1)]cm 

2,45 q.1 

1,59 s.  
1,14 q.1 
2,07 
1,8 q.~; s. 
2,38 q,1; s. 
2,65 s, 

3,06 q.l, s. 
0,57 q.1. s. 
0,57 q.2o c. 
0,35 c., s. 

2,9 q. 1 
3,7 q.1 

0,385 q.1; s. 
0,29 q.1; s~ 
0,29 q.2; c. 

5,8 q.1; s, 

2,7 q.l;  s. 

2,04 q.l; s. 

1,92 q.1; s. 

30 

30 
30 
30 
30 

30 
30 

3O 
30; 15 

15 
15 

70 
70 

15 
15 
15 

30 

30 

30 

30 

The quan t i t i e s  e n t e r i n g  into Eq.  (3) were  m e a s u r e d  in the fol lowing way in ou r  e x p e r i m e n t s .  

Values  of u 0 and e 0 were  m e a s u r e d  in the o r d i n a r y  m a n n e r  with a s m o o t h l y  fa l l ing  f i l t r a t i on  ve loc i ty .  

The p o r o s i t y  was m e a s u r e d  f r o m  the p r e s s u r e  d rop  between two points  in the midd le  of the bed: 

Ap = ~ 1 - -  e) Ip. (4) 

In o r d e r  to i n c r e a s e  the a c c u r a c y  of m e a s u r e m e n t  of the m e a n  p r e s s u r e  d rop ,  choke e l e m e n t s  ( cap i l l a r i e s )  
we re  in s t a l l ed  in the pulse  l ines  l ead ing  to the m a n o m e t e r ;  these gave the m e a s u r i n g  s y s t e m  a t ime c o n s t a n t  

of 1 ra in .  

The ra te  of a i r  f i l t r a t i o n  was m e a s u r e d  in  a high p r o p o r t i o n  of the e x p e r i m e n t s  by m e a n s  of a s t a n d a r d  
d i a p h r a g m ,  but  in  s o m e  of the e x p e r i m e n t s  a l e m n i s c a t e  c o l l e c t o r  was employed .  

U n d e r  the condi t ions  of ou r  e x p e r i m e n t s ,  the m a x i m u m  e r r o r  in d e t e r m i n i n g  u b ca l cu l a t ed  f rom the e r r o r s  
c o m m i t t e d  in m e a s u r i n g  the f i l t r a t i o n  ve loc i ty  and p r e s s u r e  d r o p  in the i n t e r i o r  of the bed was  30% for  low f i l -  
t r a t i o n  ve loc i t i e s  (N < 5) and no g r e a t e r  than 20% for  N > 10. 
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Fig. 2. Generalization of exper imental  data regarding 
stabilized bubble velocit ies.  1, 2, 3, 4, 5, 6) Serial  
Nos. in Table 2; u0/p in cm2/sec. 

The dispersed mater ia l  in our experiments  included two fractLons of quar tz  sand, corundum, and silica 
gel.  The cha rac te r i s t i c s  of these mater ia ls  are  shown in Table 1. 

The experiments  were ca r r i ed  out with fluidized beds 15, 30, and 70 cm in d iameter .  The height of the 
s ta t ionary  filling of d ispersed  mate r ia l  lay in the range 23-27 and 30-35 cm in the f i rs t  two cases ,  while in the 
7 0 - c m - d i a m e t e r  bed it equalled 56 or 86 cm. 

The investigations were ca r r i ed  out with packings of various construct ions .  As a general ized charac-  
ter is t ic  of the packing we used a pa r ame te r  proportional to the mean hydraulic d iameter  of the channels formed 
by the packing: 

tp= (v~a-  ~ ) F p ' .  (5) 

The charac te r i s t i c s  of the packings and the experimental  conditions are indicated in Table 2. 

Typical experimental  data obtained in the 3 0 - c m - d i a m e t e r  bed are presented in Fig. 1. These data 
demonst ra te  the following cha rac te r i s t i c s  of the mean bubble velocity. 

1. In the free bed u b increases  a lmos t  l inearly with increasing gas filtration velocity. 

2. A packing of ver t ica l  rods with longitudinal ribs (Table 2, item 8) slightly reduces Ub, although the 
relative velocity of the bubbles continues increasing monotonically with u. An analogous picture is presented 
on using packings such as items 7, 9, and 10 in Table 2. Evidently, these four packings only reduce the t r ans -  
ve rse  motion of the bubbles, which slightly re tards  their  merging (a s imi l a r  effect  was noted in [7] for vert ical  
rods); however,  these packings do not prevent  the merging of the bubbles along the ver t ica l .  

3. In the case of packings in the form of a free filling of cylindrical  spira ls  the mean relative bubble 
velocity does not increase above a cer ta in  value u~. Stabilization of the relative bubble velocity also occurs  
in the other  packings. The cha rac te r i s t i c s  of these packings and the corresponding experimental  conditions ap- 
pear  in items 1-6 of Table 2. 

In general iz ing the experimental  data for packings stabilizing the bubble velocity, we started from the fol- 
lowing considerat ions .  According to the principles of the two-phase model, the motion of the gas in the bed is 
charac te r ized  by two velocity sca les :  the velocity of the bubbles and the veloci ty of the gas in the intergranular  
channels (u0). 

The geomet ry  of the sys tem may be charac te r i zed  by the pa rame te r  lp. We therefore sought the depen- 
dence of u~) on lp and u 0. 

Figure 2 genera l izes  the experimental  data for the packings in i tems 1-6 of Table 2. The experimental  
points may be approximated by the following equation with a mean square deviation of 17%: 

u~ = 37 (U0/p] ~ (6) 

The foregoing investigations enable us to es t imate  the role of bed size in retarded sys tems .  Thus, a 
packing of cyl indrical  spira ls  with lp = 0.57 cm was used in beds of d iameters  15 and 30 cm, and a packing of 
horizontal  wire gr ids  was placed in beds of d iameter  70 cm and heights H 0 = 56 and 86 cm. In all cases ,  for  the 
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s a m e  values of (u0/lp) , the co r respond ing  values of u~ e i t he r  coincided or  differed by less  than 15%. It is an 
e x t r e m e l y  impor tan t  point that Eq. (6) gene ra l i ze s  data obtained in beds of d i f ferent  s i ze s .  All this indicates 
that effect ive packings may ,  in pr inciple ,  s tabi l ize  Ub, and hence the d imens ions  of the bubbles,  not only with 
r e s p e c t  to f i l t ra t ion veloci ty ,  but a l so  with r e spec t  to space .  

u 

u o 
Uba, u b 
H, H 0 

80 

lp 
Vbed, Vp 
Fp 
day 

P 
Ap 

ep = Vp/Vbe d 

N O T A T I O N  

is the a i r  f i l t ra t ion  veloci ty ,  r e f e r r e d  to the empty  c r o s s  sect ion of the bed, cm/ sec ;  
is the veloci ty  at  the onset  of fluidization, cm/sec ;  
a re  the absolute and re la t ive  ave r age  (in space  and time) bubble ve loc i t i es ,  cm/sec ;  
are  the heights of fluidized and nonfluidized beds,  cm;  
is the po ros i t y  of the bed; 

is the poros i ty  of the bed fo r  u0; 
is the s tabi l ized relat ive bubble veloci ty ,  c m / s e c ;  
is the mean  d i a m e t e r  of channels in the packing, cm;  
are  t h e v o l u m e s  of the bed and the packing, cm3; 
is the su r face  a r e a  of the packing in Vbed, cm2; 
is the ave rage  par t ic le  d i a m e t e r  of the d i spe r sed  m a t e r i a l ,  mm;  
is the par t ic le  dens i ty ,  kg/ma; 
is the p r e s s u r e  drop  in a sec t ion  of bed of height l; 
is the poros i ty  of packing. 
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