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A model of spher ica l  ce l l s  with a Happel f re  e boundary is used to solve the p rob lem of con- 
vective diffusion in m a s s  bubbling. The solutions obtained differ  f r o m  those a l ready published 
in r e spec t  of a fac tor  which allows for  the r e s t r i c t ed  c h a r a c t e r  of the motion of the bubbles.  

In o rde r  to desc r ibe  the p roce s s  of convect ive diffusion in m a s s  bubbling we used the model of sp h e r -  
ical cel ls  proposed in [1-9]. In th is  model,  the bubbling l ayer  is r ep resen ted  in the fo rm of an tsotropic  
sy s t em of un i formly-d isposed  spher ica l  bubbles of equivalent radius  b = a/~'qo. It is well  known [10, 11] 
that, when a single bubble sur faces ,  a l a rge  par t  of the sur face  of the bubble is occupied by potential  flow, 
and only in the r e a r  ts there  a smal l  region of detachment,  behind which is a turbulent wake of liquid. The 
d imensions  of the b reak -o f f  angle have been es t imated  [10, 12] as being of the o rder  of 1/Re.  F o r  bubbles 
of rad ius  1.5-2 m m  the Reynolds number  l ies  in the range 600-800, and thus the region of detachment  is 
e x t r e m e l y  smal l  compared  with the total su r face  a rea  of the bubble. When consider ing the p r o c e s s  of con-  
vect tve  diffusion re la t ing  to the bubble we the re fore  took no account of the region of turbulent wake. 

F o r  the case  of potential  flow the veloci ty  field of the liquid ts descr ibed  by the following equations 
within the f r a m e w o r k  of the model under  considerat ion [13]: 

Ur - -  I -- qD ~-. COS 0, (1) 

U (p + sinO. (2) 
v ~  1 ~ 

For r = a 

For r = a/~Z~ 

u (1 +2q~) 
v, = --UcosO; v a =  sinO. (3) 

2 ( 1 -  q~) 
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On solving the equation of convect ive diffusion in the boundary  l ayer  of the liquid at the sur face  of the 
bubble, subject  to the boundary conditions (3), (4) and the b o u n d a r y - l a y e r  ve loc i ty-d is t r ibu t ion  field de-  
scr ibed by (1), (2), we obtain the following equation fo r  diffusive flow ove r  the whole sur face  of the bubble: 

[ ~4 ~, aaIIDllIuI/'2 (s "-- CO) ] - -  I 

The Nussel t  diffusion n u m b e r  

la = / 2(1-f-2qn) pel/2 
N u =  4~a~ (c, - -  co) D 3# (1-- ~)- " (6) 

Equations (5), (6) differ  f r o m  the cor responding  equations for  a single bubble der ived by V. G. Lev-  
ich [10] in r e spec t  of the fac tor  ~'(1 + 2q0/1 - @, which allows for  the r e s t r i c t e d  motion of the bubbles;  the 
two se ts  of equations agree  as ~0 ~ 0. 
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In prac t ice ,  the motion of bubbles  in a layer  of liquid often takes  place while the liquid is being v ig-  
orous ly  agitated by means  of a s t i r r e r ,  o r  by the v e r y  s y s t e m  of bubbles  i tself  in pass ing through the l iq- 
uid. The v igorous  agitation of the liquid leads to the es tab l i shment  of developed turbulence within it. In 
this case  the re la t ive  veloci ty  of the bubble has to be taken as the di f ference between the veloci ty  vec to r  of 
the bubble (~) and the veloci ty  vec to r  of the liquid (~) at the s i te  of the bubble. The balance of fo rces  ac t -  
ing on the bubbles pa r t ly  c a r r i e d  along by the liquid takes  the f o r m  [10] 

, d r  = v (0 ,  - -~- (PI -I- 29g) V d-t -~- + F. (7) 

Equation (7) allows for  the augmented m a s s  of liquid in a volume equal to half the volume of the bub-  
ble. 

The force resisting the motion of the bubble in the case of small bubbles may be calculated from the 
Marrucci formula [6] obtained by using the model of spherical cells: 

1 - -  @/a  (8)  
F x : 1 2 ~  Ua - - -  

(1-  ~)~ 

F o r  la rge  bubbles the r e s i s t i ve  fo rce  

F~ = K j  PAl U~na~ (9) 
2 

Solving Eq. (7) for  U by a method analogous to that descr ibed  in [9] we obtain 
[~)a 1/3 

U = A2 ~/_/I/3 

In the case  of smal l  bubbles  

U =  
ae)/2 ( 1 - -  g)) 

12p'/2( I -- @/3),/~ 
(lO) 

The ra te  of energy  diss ipat ion by turbulent pulsat ions e is in o rde r  of magnitude [14] equal to 

(AU) ~ 
e = Pl  I ' (11) 

where  AU is the change in the veloci ty  over  a dis tance equal to the scale  of the pulsation I. 

Fo r  turbulent motion in a bubbling l aye r  of smal l  thickness ,  the m a x i m u m  scale  of the turbulent p u n  
sat ions will coincide with the height of the foam on the plate  H, while the change taking place in the veloci ty  
over  this dis tance will coincide with the m ax imum veloci ty  of the liquid in the bubbling layer ,  in o rde r  of 
magnitude equal to w/r  Substituting the value of e, AU, and I into (10) we obtain 

w3/~ (1-- (p) a (12) 
U ---- A I ] / - H v  r ~ / 1 - - q ~ s / a  

For large bubbles, analogous calculations give 

U = A2 - -  
~H'I  3 

Substituting (12) and (13) into (5) and (6), we shall have the following for small bubbles 

(13) 

. / ~  w 3/4 a2D '/2 (c 1 - -  Co) V" I + 2 ~  
[ = 4 I /  ~- q9 3/4 ~// Hv ( l  - -  (])5/3) ' (14) 

and for large bubbles 

a (Re,)3/4 pr,/2 N u =  ~ ~/  1--@/a ' 

/ ~ 2 ~  w,/~ V 1+2~ (q--co), I =4  ~ aS/aD~/2 ~112H~/-'---~ 1 - -  

(15) 

(16) 
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It should be noted that, in der iving Eqs.  (16) and (17), we took no account of the dependence of the 
r e s i s t a n c e  coeff icient  Kf on the gas content. It is well known [15, 16] that the ra te  of surfacing of the bub-  
b les  i n c r e a s e s  in m a s s  bubbling, i . e . ,  the r e s i s t ance  coefficient  Kf should diminish with increas ing  q0. 
However ,  the actual c h a r a c t e r  of this re la t ionship is st i l l  unknown. Hence Eqs.  (16) and (17) may be con-  
s idered as s imply  a f i r s t  approximat ion.  

An es t imate  of the cor rec t ion  to be introduced into the equation of m a s s  t r ans fe r  for  m a s s  bubbling 
shows tha t  for  the gas  contents of the layer  of foam usual ly  observed (0.5 to 0.8) the co r rec t ing  fac tor  a t -  
tached to the coeff icient  of m a s s  t r ans f e r  v a r i e s  f r o m  1.56 to 2.16 in the case  of smal l  bubbles and f rom 2 
to 3.6 in the case  of l a rge  bubbles,  i . e . ,  ove r  a fa i r ly  cons iderable  range.  Equation (14) ag rees  c lose ly  
with the co r re la t ion  der ived exper imenta l ly  in [17], according  to which the m a s s - t r a n s f e r  coefficient  in 
the liquid phase ( su l f i t e - su l f a t e  sys tem,  smal l  bubbles) is propor t ional  to the f ac to r  (q~/1 - r Calcula-  
tions show that this fac tor  is propor t iona l  to the fac tor  ~/[(1 + 2r 
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N O T A T I O N  

is the re la t ive  veloci ty  of the bubble; 
are  the radia l  and tangential  components  of the veloci ty  of the liquid; 
ts the cu r ren t  radius;  
ts the polar  angle; 
Ls the radius  of the bubble; 
Ls the radius  of the spher ica l  cell; 
ts the gas content of the l a y e r  of foam; 
ts the coefficient  of molecu la r  diffusion; 
ts the concentra t ion of absorbed ma te r i a l  in the liquid on the surface  of the bubble; 
ts the concentrat ion of absorbed ma te r i a l  in the liquid at the boundary of the spher ica l  cell; 
ts the veloci ty  vec to r  of the bubble; 
ts the veloci ty  vec to r  of the liquid at the site of the bubble; 
LS the volume of the bubble, V = (4/~)~raS; 
a re  the densi t ies  of the liquid and gas  respec t ive ly ;  
is the force  res i s t ing  the motion of the bubble; 
is the r e s i s t ance  coefficient;  
a re  the dynamic and kinematic  v i scos i t i e s  of the liquid respect ive ly ;  
ts the ra te  of energy diss ipat ion by turbulent pulsations; 
ts the scale  of the pulsations;  
Ls the gas veloci ty  in the comple te  c r o s s  section of the column; 
Ls the height of the foam on the plate; 
ts the Reynolds number ,  Re = U a / v ;  

[s the diffusive Prandt l  number ,  P r  = v/D; 
ts the diffusive Pec le t  number ,  Pe = Ua/D; 
LS the diffusive Nussel t  number ,  Nu = I a / 4 7 r a 2 D ( c t - C o ) ;  

ts the total diffusive flux for  a single bubble; 
is the Reynolds number  for  the whole liquid, Re* = wH/rpv; 
ts the Pec le t  number  for  the whole liquid, Pe* = wH/(pD. 
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