
NOTATION 

u, v, w, axial, radial, and tangential velocities; c, scalar turbulent viscosity; L, 
mixing path; Uo, Wo, characteristic axial and tangential velocities at the outlet of the 
swirling units; ~, ~, degree and angle of initial swirling; ~, degree of blocking of channel; 
r, characteristic radius of curvature of annular channel; Z, length of recirculation zone; 

= (y--R)/H. 
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MOTION AND MASS TRANSFER OF BUBBLES IN FLUIDIZED BED 

V. A. Borodulya, Yu. A. Buevich, and V. I. Dikalenko UDC 66.096.5 

Data on the rise velocity and mass-transfer coefficient of single gas bubbles in 
beds of particles of various dimensions in a state close to minimum fluidization 
are obtained and discussed. 

Mixing processes in chemical reactors and other equipment with an inhomogeneous fluid- 
ized bed depend on the behavior of gas bubbles and their interaetion with the dense phase 
of the bed, and to a considerable extent determine the efficiency of their operation. 

Despite the considerable amount of factual material on the properties of bubbles and 
their effect on the distribution of the gas flows and particles obtained in recent years 
both in laboratories and in industrial conditions (see [i], for example), the complete pic- 
ture of bubble behavior in the bed remains unclear in many important details. This is be- 
cause many heterogeneous physical factors affect the behavior of the bubbles in a two-phase 
medium and because most experiments refer to a narrow range of variation of the determining 
parameters. Therefore, the present work is a systematic investigation of the dependence of 
the two most important bubble characteristics-- the rise velocity and the mass-transfer co- 
efficient with the dense phase of the bed -- on only two parameters: the dimensions of the 
bubble itself and of the particles of which it is composed. 

Experimental Method 

The basic features of the apparatus used were described in [2]. Various fractions of 
quartz sand (see Table i) were fluidized by air at the same temperature in a column of cross 
section 0.2 x 0.2 m; the height of the motionless filling in all experiments was 0.5 m. Trac- 
ing gas (CO=) was introduced into a bed in a state close to minimum fluidization through a 
pipe of diameter 0.004 m running along the central axis of the column at a height of 0.04 m 
above the gas-distribution plane and through a system of reducers and an electromagnetic 
valve. The volume of the bubble forming was regulated by changing the duration of the volt- 
age pulse supplied to the electromagnetic pulse from a monovibrator and the excess gas pres- 
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TABLE i. Characteristics of Quartz-Sand Fractions Used in Ex- 
periments 

Fraction composi- 
tion 2a .103, m 

1,0--2,5 
0,63--1,0 
0,4--0,63 

0,315--0,4 
0,2--0,315 
0,4--0,63 
0,4--0,63 

0,315 --0,4 
0,2--0,315 

0, 16-~0,2 
0, 1--0,16 

O, 063--0, 1 
0,2--0,315 

0, 16--0,2 
O, 1--0, 16 

Content, wt.% 

1,30 
46,9 
50,7 
0,008 
O, 003 
100 
1,4 
3,4 

63,2 
11,2 
10,5 
0,9 
100 
I00 

I00 

Mean diameter 
2<a>.lO%In 

0,63 

0,51 

0,25 

0,25 
O, 18 
O, 13 

Density p �9 
10 "3, kgTm ~ 

2,6 

2,6 

2,6 

2,6 
2,6 
2,6 

F1uidization rate 
u . . 1 ~ ,  m/see 

24,3 

21,2 

5,6 

5,8 

3,1 
1,8 

sure at the valve. Gas samples were taken automatically from the bubbles rising along the 
column axis, in accordance with the signals from photosensors positioned 0.240 and 0.436 m 
from the gas distributor. Use was made of a modification of the method of automatic selec- 
tion adopted earlier in [3] in studying the mass and heat transfer in a two-dimensional 
f luidized bed. 

The sample-selection system consisted of a sensitive element (a photodiode with a lamp), 
a photopulse amplifier, and an actuating device associated with the plunger of a syringe. 
When the bubble reaches the sensor, which until then has been obscured by particles, the di- 
ode is illuminated, and the resulting signal is amplified and fed to the electromagnetic re- 
lay of the actuating device. The relay triggers, and the syringe plunger is set in motion 
by the elastic force of a rubber band connected to the plunger. Gas from the bubble is 
drawn into the syringe through a needle of internal diameter 0.001 m, and the C02 content 
in the sample was determined by means of an analysis on an LKhM 7A chromatograph. 

At the same time as the gas samples were collected, the pulsed signals of the sensors 
formed by the passing bubbles were recorded on an N-327/3 automatic recorder. The vertical 
bubble dimension 2R* and the velocity U of bubble motion were determined, as in [3, 4], from 
known quantities: the distance between the sensors Al, the distance between pulses on the 
automatic-recorder tape 61, the velocity of tape motion v, and the mean pulse width 6: 

U = vAl/6l, 2R* = U6/v. (1 )  

The f r o n t a l  d i a m e t e r  2R o f  t h e  b u b b l e  was  d e t e r m i n e d  f r o m  i t s  v e r t i c a l  d i m e n s i o n  2R* b y  
means  o f  a c a l c u l a t i o n  b a s e d  on t h e  u s u a l  a s s u m p t i o n  t h a t  t h e  b u b b l e s  t a k e  t h e  f o r m  o f  a 
sphere of radius R with an ejected rear segment whose volume is 25% of the total sphere vol- 
ume [I, 4]. 

In view of the inertia of the device for sample selection, it was necessary to find the 
upward displacement of the vertical coordinates of the sampling point with respect to the co- 
ordinates of the sensors, so that gas from the central part of the bubble entered the syringe. 
To this end, experiments were formulated on an apparatus with a two-dimensional bed, in which 
a cinerecording of the ejected bubbles was made. Hence, the dependence of the displacement 
on the bubble rise vel~city in the two-dimensional bed was determined, and from this the 
necessary lag time of sample selection was found; then, taking account of the bubble veloci- 
ty in the three-dimensional bed, the required value of the given displacement with respect 
to the sensors was established. In the experiments here described it was 0.03-0.05 m. 

The mass-transfer coefficient k referred to unit surface area of bubble appears in the 
mass-transfer balance equation 

V dc _ kSc (2 )  
dt 

1124 



T
A
B
L
E
 
2.

 
L
i
t
e
r
a
t
u
r
e
 

D
a
t
a
 
o
n
 
t
h
e
 
R
i
s
e
 
V
e
l
o
c
i
t
y
 

o
f
 
S
i
n
g
l
e
 
B
u
b
b
l
e
s
 

i
n
 
a 

F
l
u
i
d
i
z
e
d
 
B
e
d
 

S
ou

rc
e 

[9
] 

[1
0]

 

[1
11

 

[1
2]

 

I1
31

 
[1

4]
 

[4
1 

[1
51

 

[1
6l

 

P
ar

ti
cl

es
 

G
la

ss
 b

al
ls

 
Q

ua
rt

z 
sa

nd
 

T
ur

ni
p 

se
ed

s 

Q
ua

rt
z 

sa
nd

 

G
la

ss
 b

al
ls

 
S

il
ve

r 
po

w
de

r 
A

cr
yl

at
e 

C
at

al
ys

t 
M

ag
ne

si
te

 
C

oa
l 

pa
rt

ic
le

s 

G
la

ss
 b

ai
ls

 
PV

C
 

S
il

ic
a 

ge
l 

C
ok

e 
pa

rt
ic

le
s 

G
la

ss
 b

al
ls

 
Q

ua
rt

z 
sa

nd
 

A
lu

m
os

il
ic

at
e 

ca
ta

ly
st

 

A
lu

m
in

a 

A
rt

ic
le

 d
ia

m
et

er
 

m
m

 

0,
15

 
0,

4 
1,

7 

0,
15

--
0,

2 

0,
06

--
0,

55
 

0,
07

--
0,

50
 

0,
05

2 
0,

12
1 

O
, 2

4 
0,

41
 

0,
12

5-
-0

, 
15

 
0,

12
5-

-0
,1

5 

0,
15

--
0,

21
 

0,
34

4 
O

, 1
54

 
0,

08
6 

0,
3-

-0
,4

 
0,

06
3-

-0
,0

15
 

~0
,1

7-
-0

,3
5 

1,
0-

-2
,0

 

Co
lu

mn
 

si
z

e
, 

c
m

 

0
7

,5
 

0
7

,5
 

~
14

,6
 

42
X

 4
2 

Q
I4

 

lO
xl

O
 

O
10

 

01
0 

14
,4

X
29

,5
 

03
5 

61
X

61
 

M
ea

su
re

m
en

t 
m

et
ho

d 

C
ap

ac
it

y 
se

ns
or

 

C
ap

ac
it

y 
se

ns
or

 

X
-r

ay
 e

in
er

ee
or

di
ng

 

C
ap

ac
it

y 
se

ns
or

, 
ei

ne
re

eo
rd

in
{ 

Ph
ot

os
en

so
r 

E
le

ct
ri

ca
l-

 co
nd

uc
ti

vi
ty

 s
en

so
r 

X
-r

ay
 e

in
er

ee
or

di
ng

 

Sp
ec
ia
l 

ei
ne

re
co

rd
in

g 

In
du

ct
iv

e 
pr

ob
e,

 e
in

er
ee

or
di

ng
 

of
 t

he
 s

ur
fa

ce
 

0,
61

 

0,
61

 

0,
84

--
I 

0,
87

--
1 

0,
92

 
O

, 8
8 

0,
94

 
0,

96
 

0,
88

 

0,
79

 

0,
95

6 

0,
79

--
0,

86
 

0,
77

 

0,
67

 

Co
rr
el
at
in
g 
eq

ua
~ 

ti
on

, 
U

 

V
g

v
!/

6
 

~ 
p

g
v

'/
6

 

,0
 

,2
 

,.,
 V

U
g

 

]/
2g

R
* 

V
F

v
l/

6
 

V
F

Y
 

,-
' V

F
g

 
V

I/
6 

D
a 

bd
 

ta
~ 



. _  " : : .  

> 

o ~ .... ~ .... ~ o~-~ _=~o~_g~_ oo~ ~ oO~ .... 

q~ 

q~ 

/0 o 

q~ 

/00  .... 

> . 

�9 e " ~  . . . . . .  

e 

_ _ 

l r 

~ 2  . . . . . .  

• 4 . . . . .  

~--=--~-- 
~% 

. . . . .  0 . . . ~ - -  ~ 

_ o - - ' 2  

---- 4- [ 

o - Z 

I �9 3 

o 4 

H 

,.7 # 5 6 g . /O 

Fig. i. Dependence of velocity coefficient K on bubble radius R in 
beds of particles of different size; the continuous curves corre- 
spond to mean values of K and the dashed curves mark the boundaries 
of the 95% confidence interval: 1-3 and 4-6) experimental values of 
K=U/~g---R , respectively, for 2a : (0.i-0.16)-i0 -3, (0.16-0.2)'i0 -3, 
and (0.2-0.315)-10 -3 m; 2<a> = 0.25-10 -~ m; 2a = (0.4-0.63)-i0 -~ and 
2<a> = 0.63"10 -3 m; 7-9 and 10-12) mean values of K = 0.77; 0.81; 0.85; 
0.82; 0.74; 0.77 for the corresponding particle sizes. R-102, m. 

(the carbon dioxide concentration in the dense phase was assumed to be zero). Setting f = 
0.25, and using the equation of bubble motion dZ = Udt, it follows that 

k 2 R * U  in ci (3) 
5.35Al c2 

i f  t h e r e  i s  a s t a b l e  c l o u d  o f  c l o s e d  gas c i r c u l a t i o n  a round  t h e  b u b b l e ,  t h e  main mass-  
t r a n s f e r  r e s i s t a n c e  i s  c o n c e n t r a t e d  a t  t h e  e x t e r n a l  b o u n d a ry  of  t h e  c l o u d ,  and t h e  most  p h y s -  
i c a l l y  m e a n i n g f u l  q u a n t i t y  i s  t h e  m a s s - t r a n s f e r  c o e f f i c i e n t  k '  r e f e r r e d  t o  u n i t  s u r f a c e  a r e a  
o f  a s p h e r e  o f  r a d i u s  R ' .  In  t h i s c a s e  

[ { 4  4 R 3 }  1 d c  k ,4nR,2c ' (4) (1- - f ) -43  ~R3~-e 3 ~ R ' 3 - - ( 1 - - f )  3 : dt 

and h e n c e  a f t e r  i n t e g r a t i o n  

The u se  o f  beds  c l o s e  to  minimum f l u i d i z a t i o n  a l l o w e d  t h e  i n f l u e n c e  o f  t h e  gas f l ow  d i -  
r e c t e d  i n t o  t he  growing b u b b l e  on t h e  r i s e  v e l o c i t y  and t h e  mass t r a n s f e r  t o  t h e  e l i m i n a t e d ;  
t he  i m p o r t a n c e  o f  t h i s  i n f l u e n c e  was n o t e d  i n  [5 ,  6 ] .  W i t h i n  t h e  l i m i t s  o f  e x p e r i m e n t a l  e r -  
r o r ,  t he  b u b b l e s  r e t a i n e d  t he  same volume o v e r  t h e  p e r i o d  i n  which  t h e y  c r o s s e d  t h e  d i s t a n c e  
be tween  t h e  s e n s o r s .  
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Fig. 2. Dependence of the mass-transfer coefficients k, k': a) 
on the bubble radius R in beds of particles of different size for 
2<a> = 0.63"i0 -s (i) and 0.25"10 -3 m (4) and for 2a = (0.4-0.63)" 
10 -3 (2), (0.2-0.315).10 -3 (3), (0.16-0.2).10 -s (5), and (0.i- 
0.16).i0 -s m (6); the continuous curves correspond to the mean 
values of k for the corresponding particle sizes; b) on the dia- 
meter of the bed particles 2<a> for different bubble sizes: 2R *= 
3.75 (i), 5.25 (2), and 7.25 cm (3). The points show experiment- 
al values of k for 2a = (0.1-0.16).10 -~ (4), (0.16-0.2)'10 -3 (5), 
(0.2-0.315).10 -3 (6) and (0.4-0.63)'i0 -s m (8) and for 2<a> = 
0.25"10 -3 (7) and 0.63"10 -3 m (9). k, k"102, m/sec. 

It should be emphasized that considerable scatter was observed in the results of identi- 
cal experiments; this was due not so much to the usual random errors of the measurements as 
to the presence of expressed pulsations of the form of the rising bubbles accompanying the 
pulsations of their velocity. Such pulsations have been observed more than once on earlier 
occasions [I]. In the experiments, a sufficient number of repetitions were accumulated to en- 
sure reliability corresponding to the 95% confidence level. 

Rise Velocity 

The results on the rise velocity of the bubbles are presented in Fig. i. They are cor- 
related fairly well by the well-known formula 

U = K ] / g R .  (6) 

A c c o r d i n g  to  the  Dav i s - -Tay lo r  f o r m u l a ,  i t  would be e x p e c t e d  t h a t  K ~ 0 . 6 7 ;  i n  [ 7 ] ,  on t he  
b a s i s  o f  e m p i r i c a l  d a t a  a n a l y z e d  i n  [ 8 ] ,  i t  was assumed t h a t  K ~ 0 .9  (1 -- f ) ~ / 6  which i s  
e q u a l  t o  0 .86  when f = 0 . 2 5 .  I n  f a c t ,  t he  " v e l o c i t y  c o e f f i c i e n t "  i s  m a r k e d l y  h i g h e r  t h a n  
0 . 6 7 ,  which  c o r r e s p o n d s  q u a l i t a t i v e l y  to  the  model  i n  [ 5 ] ,  bu t  n e v e r t h e l e s s  i t  i s  no t  so 
h i g h  as would  f o l l o w  from the  d a t a  c o l l e c t e d  in  [ 1 ] .  I t  i s  p o s s i b l e  t h a t  t h e  v a l u e  K ~ 0 . 8 5 -  
1 .20  [1] a r i s e s  i n  a number o f  c a s e s  b e c a u s e  in  f a c t  i t  was n o t  t he  v e l o c i t y  o f  s i n g l e  bub-  
b l e s  t h a t  was measu red ,  bu t  the  h i g h e r  r i s e  v e l o c i t y  o f  a group o f  b u b b l e s .  

I n  a d d i t i o n ,  Tab le  2 g i v e s  d a t a  o f  v a r i o u s  a u t h o r s  r e l a t i n g  to  s i n g l e  b u b b l e s .  These 
a r e  c h a r a c t e r i z e d  by a l a r g e  s c a t t e r ,  which  may be a s s o c i a t e d  w i t h  u n a v o i d a b l e  e r r o r s  i n  t he  
e x p e r i m e n t a l  d e t e r m i n a t i o n  of  q u a n t i t i e s  such  as 2R* o r  V, and w i t h  t he  a s s u m p t i o n s  made in  
calculating the coefficient K on the basis of these data. 

It may be concluded from the data in Fig. 1 that the mean value of the velocity coeffi- 
cient at first rises with increase in particle size in the bed, which agrees with what is ex- 
pected from [5], but then begins to fall. However, the scatter of the experimental points 
and the absence, in the main, of simultaneous measures of the bubble form characteristics 
prevent any completely firm conclusions from being drawn on the reasons for this dependence. 
Thus, according to [5], the rise velocity should depend both directly on u, and also on f, 
which itself depends on the phase properties of the bed and, in particular, on u, (hypothe- 
ses on the influence of the relative volume of the bubble tail filled by particles on U were 
introduced earlier in [i]). Elucidation of the question of the relation between the rise ve- 
locity and the phase characteristics of the bed is very important for the formulation of 
the physical model of a bubble in a two-phase medium. Therefore, the formulation of more 
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Fig. 3. Dependence of the parameter complex Sh/~PeRe 
characterizing the rate of bubble mass transfer with 
the dense phase of the bed on Ar for particles diame- 
ter 2<a> <0.2.10 -3 m (a) and of diameter 0.15.10 -3 <2. 
<a> <0.63.10-3,m (b): 1-3) data from [24] for 2<a> = 
0.055"10 -3 , 0.080"10 -3 , and 0.128.10 -3 m; 4, 5) from 
[19] for 2<a> = 0.051.10 -3 and 0.066-10 -3 m; 6) from 
[25] for 2<a> = 0.13.10 -3 m, diameter of apparatus 
0.152 m; 7, 8) results of present experiment for 2a = 
(0.I-0.16)'i0-3 and (0.16-0.2)'10 -3 m; 9) generalizing 
correlation Sh/~PeRe = 8.13"10 -2 Ar-~/~; i0, 16) results 
of present experiment for 2<a> = 0.63-10 -3 and 0.25, 
10 -3 m; 12, 15) for 2a = (0.4-0.63).10 -3 and (0.2-0.315). 
i0 -3 m; ii, 13, 14) data from [25] for 2<a> = 0.59"10 -3 , 
0.368.10 -3 , and 0.29"10 -3 m, diameter of apparatus 0.152 
m; 17) generalizing correlation Sh/yPeRe = 6.7"10 -4 Arl/2. 

detailed experiments, in which the geometric characteristics of the bubble are monitored and 
the influence of the walls of the apparatus, etc., is established, is of undoubted theoreti- 
cal interest. (It may be noted, in passing, that the influence of the walls was insignifi- 
cant in the experiments described here: were this not the case, this influence would in- 
crease with rise in R, and it is clear from Fig. i that K is independent of R.) 

Mass-Transfer Coefficients 

The dependence of the mass-transfer coefficients on the bubble radius in beds of dif- 
ferent particles and on the particle sizes of the bed for bubbles of different radii is 
shown in Fig. 2. The accuracy of the given mean values of k and k', corresponding to the 
95% confidence level, was in all cases no less than 20%. It follows from the data of Fig. 
2 that the dependence of k on the particle size is nonmonotonic (it has clearly expressed 
minima) and that k rises with increase in bubble radius. An episodic dependence of this 
type was also observed earlier (see [17-19], for example), but due attention was not paid to 
it. In addition, monotonic increase of k with rise in R contradicts all the known theoreti- 
cal ideas regarding the character of the mass-transfer process (see the reviews in [6, 7, 
17]), and plays a decisive role in its physical modeling. 

It may be expected, a priori, that two fundamentally different mass-transfer mechanisms 
will exist. For large bubbles in beds of small particles (so that u = u,/~ < U) there is a 
cloud of closed gas circulation, and mass transfer with the dense phase may only occur by 
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means of diffusion through the outer boundary of the cloud, which is impenetrable to the 
gas clouds. For small bubbles in beds of large particles (u > U), this cloud does not exist, 
and convective transfer of impurities by the gas flows penetrating the bubble plays the main 
role. (In this discussion, no account is taken of the possible transfer of impurities by 
absorption on particles nor of the influence of the flow responsible for the change in vol- 
ume of the bubble.) Although convection and diffusion (dispersion) may be equally important 
in intermediate cases (u ~ U), it is clearly expedient to begin by considering the two extreme 
situations individually~ 

Mass Transfer of Large Bubbles in Bed of Small Particles 

The theory of diffusional mass transfer in minimally fluidized beds with no great in- 
fluence of adsorption and nonsteady effects, in the case of large Peclet numbers, Pe, char- 
acteristic for bubbles in fluidized beds, was developed in [7]. It leads to the formula 

k = C(UD/R)  ~/2, S h / g P - e  ~ C, ( 7 )  

and a simple analytical expression may readily be derived for the coefficient C, depending 
on E and f and also on the dimensionless ratios u/U and au/D. According to Eqs. (6) and (7), 
when u/U<<l, k - R-~/4, which contradicts the data of Fig. 2a. This contradiction indi- 
cates that, in addition to the molecular diffusion in the intervals between the dense-phase 
particles and the convective dispersion due to mixing of the elementary gas jets in its 
pores, both of which are explicitly taken into account in [7], there is an additional, and 
evidently dominant, process of mixing of the gas volumes, leading to additional scattering 
of the impurity. This processes gives rise to yet another flow of diffusional type, with 
effective dispersion coefficient De, which is found to depend on the bubble dimensions. This 
means that the pulsations causing the appearance of this flow also depend on R, i.e., must be 
related to the oscillations of the bubble itself observed in the experiment. This viewpoint 
was adopted intuitively in [19]; these bubble pulsations are certainly connected with the 
"breakaway" of part of the cloud sometimes observed; the possible role of this in mass trans- 
fer was noted in [20]. 

To obtain the simplest order-of-magnitude relations, sufficient for present purposes, 
the well-known analogy between bubbles in a fluidized bed and gas bubbles in a single-phase 
ideal fluid is used. According to [21], the amplitude of pressure vibrations of an ideal 
fluid at the surface of a pulsating bubble is pdm2RSn(l + n) -I, where S n is the amplitude of 
oscillations of the radius of a spherical bubble corresponding to the n-th spherical har- 
monic. It is clear that it must coincide in order of magnitude with the amplitude of the 
oscillations of the dynamic pressure of the medium surrounding the bubble, i.e., in the giv- 
en case, with a quantity of the order of PdU2(Sn/R). Hence, the following relationship for 
the frequency of the pulsations results* 

~2 N (1 + n) (U/R) 2 ~ R - t  (8) 

The amplitude of oscillations of the bubble boundary must obviously be proportional to 
R, while the velocity of bubble motion in the normal direction must be proportional to the 
quantity mR ~ ~. In contrast to a bubble in drop liquids, the surface oscillations of a 
bubble in a fluidized bed must be accompanied by oscillations of the local gas flow penetra- 
ting this surface, and the pulsational velocity of the gas must be the same, in order of 
magnitude, as the pulsational velocity of the surface. Therefore, the following estimate 
is obtained for the coefficient D e proportional to the product of the characteristic pulsa- 
tional velocity and the effective mixing lengtht (see next page for footnote) 

D~ ~ o R  ~ ~ R 3/2- (9) 

In the general case, the total diffusional flux consists of some superposition of flux- 
es due to molecular diffusion, convective dispersion in the crossed pore space of the dense 
phase, and dispersion associated with the noted pulsations of the bubble itself. In most 

*In the original theory in [21], the discussion concerns the oscillations of a bubble with 
its center of gravity fixed in the fluid, and the boundary condition for a normal stress at 
the surface of a bubble taking account of surface tension is used to determine the frequency 
of the pulsations. In the present case, the bubble is moving with respect to the disperse 
phase, and the effective surface tension coefficient at its surface is small [22], so that 
the pressure pulsations of the disperse phase are primarily associated with the oscillations 
of the bubble which it surrounds, and not with any surface effects. 
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practically realizable conditions, as in the experiments here described, the latter compo- 
nent evidently dominates, and impurity scattering due to the first two factors may in gen- 
eral be neglected in the first approximation.$ 

The dependence of C from Eq. (7) on the bubble and bed characteristics corresponding to 
this process will now be considered. To simplify comparison with the data Of other research- 
ers, the defining dimensionless parameters chosen are the Reynolds and Archimedes numbers, 
which are traditionally introduced in this context. It is clear here that the intensity of 
mass transfer due to bubble pulsations and the resulting pulsations of the gas velocity must 
not depend on the kinematic viscosity of the gas. Therefore, C can only depend on the Com- 
bination Re2/Ar of the given numbers. On the other hand, a theory analogous to that devel- 
oped in [7] leads to an expression Q~]/~eU R 3/~ for the total impurity flux from the bub- 
ble, and further to the relations k~ ~D---~R -I/2, Sh~ ~DeUR and Sh/~--~R 3/4 ; 
Eqs. (6) and (9) are taken into account here. Since Re ~ UR ~ R3/2, it follows that the 
quantity Sh/~ must be proportional to ~- , and hence 

S~ PVP-e-Re N Ar -I/4 (i0) 

A dependence of the type in Eq. (i0) is shown in Fig. 3a, together with experimental 
results for a bed of small particles and also data from [19, 24, 25]. 

It is readily evident that the use of the usual criteria Sh, Pe, Re, and Ar for the cor- 
relation of mass-transfer data in the present case is not natural. In fact, the dimensional 
parameters important for the processes are R, U (or g), the gas density p inside the bubble, 
and also the effective density Pd and the kinematic viscosity Vd of the disperse phase. 
Hence, using the standard methods of dimensionality theory, it is found that 

k _ F (plp d, v~IUR) (ii) 
u 

For granular beds fluidized by a gas, p/pd~O , and v d may be expressed as the product 
of some function of e and the quantity ~u, [26]. Taking into account that the porosity e 
is approximately the same in the different experiments, the parameter ~u,/UR may be used in 
plac_ee of Vd/UR. The results of analysis of the data of Fig. 3a in the coordinates 
k'/~g~N~/U and ~u,/UR are shown in Fig. 4. It is evident that the experimental points are 
in fact concentrated close to some universal curve. The parameter au,/UR characterizes the 
ratio of the "viscous" stress in the disperse phase to the force of the dynamic pressure in 
it due to motion with velocity and length scales equal to U and R, respectively, while the 
dependence of the mass-transfer coefficient on this parameter reflects the influence of the 
effective viscosity of the disperse phase on the development in this phase of random oscil- 
lations of the bubbles, which are the primary cause of mass transfer in the given conditions. 

Mass Transfer of Small Bubbles in a Bed of Large Particles 

In this case) the washing out of impurities from the bubble is mainly due to the regu- 
lar gas flow issuing from it [8]. To date) nc rigorous theory of this washing out, taking 
diffusional effects into account) has been constructed, but in the limiting case of a bed of 
very large particles it may be asserted that k - u,, and the dependence of k on the various 

*The approximate description of the process of impurity scattering by the given pulsations 
as a random process of diffusional type is correct for the following reasons. First, it is 
obvious from Eqs. (6) and (8) that when R ~0.05 m the pulsation frequency ~F~R~I5--20 
Hz, so that the bubble is able to perform a large number of oscillations in the time inter- 
val of interest, of the order of seconds or more (no less than 8-10 oscillations in the time 
for the bubble to cross the distance between the sensors, amounting to no less than 0.5 sec 
in the experiments here described). Second, the bubble simultaneously performs oscillations 
corresponding to a large number of different spherical harmonics, while the phases of these 
oscillations are random and mutually independent. Third, what is of practical interest is 
the mass-transfer coefficient associated with one bubble in a large group of other bubbles, 
and not the coefficient for any single specific bubble (the experiments described also satis- 
fy this condition: they are concerned with the coefficient k obtained by averaging the re- 
sults of many experiments with different bubbles). 
SBut situations are also known where the bubble pulsations are retarded by unknown factors 
and molecular diffusion and convective dispersion play the main role. This situation was 
realized in the experiments of [23], which are described fairly well by the theories of [7]. 
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Fig. 4. Dependence of the dimensionless rates of bubble mass 
transfer k'/[gR, h/fgR on the parameter complex (au,/UR) (the 
notation for the experimental points is the same as in Fig. 3): 
1-8) values of k'Ng--R for particles with 2<a> < 0.2"10 -3 m; i0- 
16) experimental values of k/~-gR for particles with 0.2.10 -3 < 
2<a> < 0.63-10 -3 m; 9) generalizing correlation k'/u I.?.10 -3. 
( a u U V R )  -~1~ . 

parameters is determined mainly by the dependence of the quantity u, on them. Thus, in the 
range of bed-particle diameters from 2.5"10 -4 to 6.3.10 -4m, according to the data of Table i, 
the velocity u, is approximately proportional to a 3/a, i.e., the following dependence would 
be expected 

Shlgp~g~ ~. ~/i7.  (12) 

This dependence, and also the experimental data for beds of large particles, are shown 
in Fig. 3b. As in the case of a diffusional transfer mechanism, it makes more sense to ana- 
lyze the experimental results in terms of the coordinates k/[gR, au,/UR The corresponding 
experimental points are also shown in Fig. 4; it seems that they also lie on a single curve, 
although the data obtained are inadequate for a final judgement as to the universality of 
this curve. 

The results of the present work may be used to calculate interphase mass transfer in 
equipment with fluidized beds. 

NOTATION 

~, <a>, radius and mean radius of particles; C--ShI?P-~ ; c, impurity concentration in 
bubble; ci, c2, values of c at the levels of the sensors; D, De, coefficients of molecular 
diffusion and effective dispersion; F, function in Eq. (Ii); f, fraction of the volume of a 
sphere of radius R occupied by the bubble tail; g, acceleration due to gravity; K, velocity 
coefficient; k, k', mass-transfer coefficients referred to unit surface area of bubble and 
cloud; Z, vertical coordinate; Al, ~l, distance between sensors and between pulses on re- 
cording tape; Q, impurity flux from bubble; R, R', and R*, radii of frontal part of bubble 
and cloud and half the vertical bubble dimension; S, bubble surface area; Sn, amplitude of 
pulsations of R corresponding to the n-th spherical harmonic; t, time; U, bubble rise velo- 
city; u = u,/c; u,, minimum-fluidization velocity; V, bubble volume; v, speed of recording 
tape; d, mean pulse width; ~, porosity of dense phase; ~, ~d, kinematic viscosity of gas and 
dense phase; pp, p, 0d, density of particles, gas, and disperse phase; ~, pulsation fre- 

kR UR UR (2a):!g Pa quency; Sh=~--; Pe=-~-;Re= ; Ar---- 
�9 r e p  
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