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The ar t ic le  deals with the problem of convective mass  exchange between a liquid drop and a 
continuous medium, accompanied by an i r r eve r s ib le  chemical  react ion of second order  at 
high Pe and K values.  A numerica l  solution of the t ransfer  equations is given. The limits of 
applicability of the resul t ing solutions are  defined. 

Mass exchange within a moving spher ical  drop in the p r e s e n c e  of an i r r eve r s ib le  second-order  
chemical  react ion under conditions such that the res is tance  to the t r ans fe r  was concentrated in the volume 
of the d ispersed ~hase was dealt with in [1, 2]. Calculations were ca r r i ed  out for Re < 1 for finite values 
of Pe and of the reac t ion- ra te  constant.  

In the presen t  ar t ic le  we shall investigate the t ransfer  p rocess  again for Re < 1 but for comparable 
phase res i s tances  and the limiting case Pe ~ ~ and K ~ ~o Without loss of generali ty,  we shall consider  
the case which occurs  most  frequently in pract ice ,  namely, the case in which at the initial instant of time 
the concentrat ion of the chemosorbent  inside the drop, C20 , is constant throughout its volume. The con-  
centrat ion of the extract ing agent in the continuous phase,  Y0, is taken to be constant with respec t  to the 
height of the column and independent of t ime; this will be true for the condition Ud(C20 + Cl0) << Ucy 0. It 
is assumed,  as usual,  that there is phase equil ibrium at the surface of the drop. 

For  small  values of the velocity constant K the react ion between the extract ing agent and the chemo-  
sorbent  takes place throughout the volume of the drop. As K increases ,  the thickness of the react ion 
zone is reduced, and for sufficiently targe values of K this thickness is much smal le r  than the radius of 
the drop. As K ~ ~o, the thickness of the react ion zone approaches zero,  and the zone itself may be ap-  
proximately  replaced by a surface front.  As time inc reases ,  the react ion front moves f rom the surface 
to the inter ior  of the drop, separat ing the volume of the drop into two regions,  with the extract ing agent 
in one region and the chemosorbent  in the other.  Thus, the problem of mass  t rans fe r  in a moving spher i -  
cal drop with a rapid chemical  react ion reduces  to the solution of a set  of equations of convective diffusion 
for  the extract ing agent and the chemosorbent ,  which are  related to each other by conditions of conjugacy 
at the front of the chemical  react ion.  

For  sufficiently large values of Pc, when Re < 1, the equations of convective diffusion for the ex- 
t ract ing agent and the chemosorbent  can be approximately descr ibed by the equations of Kronig and Brink 
[3, 4]: 

a [ p (x) _~x ] = q (x) . a c ,  . 
Ox 16 0"~ ' (1) 

a [ ]= ac., 
Ox ~P(X) Ox J 16n 0"~ ' (2) 

where x = 4 r2 (1 - r  2) sin20; q(x), p(x) a re  defined in [3] as functions of elliptic integrals .  
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Equat ion (1) was  obtained in [31 on the a s s u m p t i o n  that  the concen t ra t ions  a long a s t r e a m l i n e  a r e  con-  
s tant ;  this  a s s u m p t i o n  is  sa t i s f ied  as  Pe  --* ~ .  In this ease  the equat ion of convec t ive  diffusion r e d u c e s  to 
an  equat ion of  nons t a t i oaa ry  m o l e c u l a r  diffusion (1) in a d i r ec t ion  p e r p e n d i c u l a r  to the s t r e a m l i n e s .  As  
K - -  ~ ,  the condi t ion of cons tan t  e x t r a c t i n g - a g e n t  and e h e m o s o r b e n t  concen t r a t i ons  a long the s t r e a m l i n e s  
is sa t i s f ied  a t  s u r f a c e s  a r b i t r a r i l y  c lose  to the r eac t i on  f ron t .  T h e r e f o r e  the r eac t ion  f ron t  a l so  co inc ides  
with the s t r e a m l i n e s .  At the r eac t i on  f ron t  the concen t r a t i ons  of the r e a c t a n t s  a r e  equal  to z e r o ,  and the i r  
f low r a t e s  a r e  equal  in magni tude  and opposi te  in d i rec t ion :  

(G),-=~ = (c,.)~=~ = o, (3) 

oc, t =- -n (  OC') , 
Ox l,=t \-"~-x ],=t (4) 

where  l is  the moving  pos i t ion  of the r eac t i on  f ront .  In the case  where  the eXtract ing agent  and the c h e m o -  
so rben t  have d i f fe ren t  va lences ,  the concen t ra t ion  of the c h e m o s o r b e n t  should be mul t ip l ied  by a s to i ch io -  
m e t r i c  coeff ic ient .  

On the su r f a c e  of the d rop  the bounda ry  condit ion fo r  the ex t r ac t ing  agent  has  the s a m e  f o r m  as  in the 
c a s e  of m a s s  t r a n s f e r  not compl i ca t ed  by  a c h e m i c a l  r eac t ion ,  fo r  c o m p a r a b l e  phase  r e s i s t a n c e s  and con-  
s tant  e x t r a c t i n g - a g e n t  concen t r a t ion  in the cont inuous phase  [5, 6]: 

= 3 

Ox ]x=o 32~1 [(C~)x=0-- 11, (5) 

whe re  

__ D ~ *  

Kod 
Within the d rop  the c o n c e n t r a t i o n s  of  the r e a c t a n t s  a r e  bounded.  

The  ini t ia l  condi t ions  fo r  this ease  have the f o r m  

Qt~=o = O, C~.l~=o --- 1. (6) 

F o r  s m a l l  va lues  of 7 the r eac t i on  takes  p lace  at the su r f ace  of the drop,  and the boundary  condi t ions  
(3)-(5) a r e  not sa t i s f i ed .  Ira the p r e s e n t  ca se  the concen t r a t i on  of  the ex t r ac t ing  agen t  at  the s u r f a c e  of the 
drop  is  z e r o ,  and ins tead  of the boundary  condi t ions  (4), (5), we have 

Ox /x=o 32(Itnn" (7) 

F o r  0 < T --< 71 we solve  Eq. (2) f o r  a boundary  condi t ion of the second  kind, (7). The t ime T 1 is d e t e r m i n e d  
f r o m  the condi t ion C2(T1)Ix= 0 = 0. F o r  7 > T 1 we solve Eqs .  (1)-(6). 

F o r  the a v e r a g e  e h e m o s o r b e n t  concen t r a t i on  C2, when T --< T l, we can obtain an ana ly t ic  exp re s s io n :  

C--2= 1 3 -c 
2 [~m" (8) 

Star t ing  at  t ime  T = 72, c o r r e s p o n d i n g  to the value C2 = 0 (the pos i t ion  of the r eac t ion  f ron t  is  d e t e r m i n e d  
by the value x = 1), the p r o c e s s  of m a s s  t r a n s f e r  is  d e s c r i b e d  by  Eq. (1). The boundary  condi t ions  fo r  C 1 
r e m a i n  the same  as  be fo re ,  and the ini t ia l  condi t ion is d e t e r m i n e d  by the value of C 1 obtained when we 
solve the p r o b l e m  in the in t e rva l  0 < T --< 72 at  t ime r = 72. 

The solut ion of the p r o b l e m  was  c a r r i e d  out on a BI~SM-4 c o m p u t e r  by the f in i t e -d i f f e rence  method.  
The d i f fe rence  s cheme  fo r  Eqs .  (1), (2) was  wr i t t en  in the f o r m  

, u i + l  - -  u~ ~ - i  q ( x 3  u~ - -  u i  - I  
hi + hi+l PJ X~ "2- 2 h~+l PS X~-l + hi 16 ' (9) 

where  hi = x i - x i - 1 ,  xi is  a point  of subdivis ion  of the i n t e rva l  [0, 1], 

{ - -Cz ,  O.~x- .<t ,  (10) 
U = C2, l ( x ~  1, 

* In [6], lap. 115 and 299-306 the notat ion/3 = DI~b/KcR is  i n c o r r e c t l y  u sed  ins tead  of/3 = Di~0/Kcd. 
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Fig. i .  Q/Qm as a function Of T: a) for ~ = 0.0005 (solid 

curves: m =10; n = l ,  5, 10; dashed curves: m = l ;  n=0 .5 ,  

1, 5) and b) for B = 0.005 (solid curves: m = 10; n = 0.5, 5; 

dashed curves: m = 2; n = 0.5, 5; dot-and-dash curves: m 
= 1; n = 0,5, 5). 
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F ig .  2. Va r i a t i on  of Q / Q m  (solid 
c u r v e s )  and A / A m  (dashed c u r v e s )  
a s  func t ions  of T f o r  fi = 0.05; 
c u r v e s  1, 2: n = 0 . 5 ,  5; m = 1 0 ;  
c u r v e s  3, 4 : 0 . 5  and 1, r e s p e c -  
t ive ly ;  c u r v e s  5, 6 : 5  and 1. 

, hi§ ) if ui ~ 0 a n d  u /§  0 
n p  X~ r 2 ' ~" ' 

X ~ i  -T ~-~+1 if U~ and "/+1 differ in sign. 

By u + and u -  we denote  the pos i t i ve  and nega t ive  va lues ,  r e -  
spec t i ve ly ,  of the funct ion uJ a t  the poin t  (xi, ~-j) o r  (xi+ 1, r j ) .  

The  s c h e m e  i s  obv ious ly  non l inea r .  To  so lve  it ,  we use  the 
usua l  me thod  of s u c c e s s i v e  a p p r o x i m a t i o n s :  f r o m  the va lue  of ul +1 
we c o n s t r u c t  the coe f f i c i en t s  P~(Xio + hi+t /2)  on l a y e r  Tj, a f t e r w h i c h  
the r e s u l t i n g  l i n e a r  s c h e m e  is  s o l v e d b y  the t r i a l - a n d - e r r o r  method ,  
so  that  we find the va lue s  u~ (i~," " u s ing  these ,  we c o n s t r u c t  p}l)(x i "  

J 

+ h i+l /2) ,  and so on, unti l  the va lues  u! (k) fo r  two s u c c e s s i v e  i t e r a -  
1 

t ions  a r e  found to be  suf f ic ien t ly  c lo se  to each  o the r .  It  should 
a l s o  be  noted that  the s y s t e m  of l i n e a r  a l g e b r a i c  equat ions  ob ta ined  
a t  e ach  i t e r a t i o n  inc ludes  a n u m b e r  of equat ions  equal  to the n u m -  
b e r  of unknowns,  which i s  ob ta ined  by  wr i t i ng  the s c h e m e  a t  the 
node x = 1 (for m o r e  de ta i l s  on such a p p r o x i m a t i o n s ,  see  [7, 8]). 

In the ca l cu l a t i on  p r o c e s s  we d e t e r m i n e d  T1, l ,  the c o n c e n t r a t i o n  va lues  fo r  the r e a c t a n t s  a v e r a g e d  
o v e r  the vo lume ,  and t h e i r  d e r i v a t i v e s .  The ca l cu l a t i ons  w e r e  c a r r i e d  out fo r  the fol lowing va lues  of the 
p a r a m e t e r s :  m = 1, 2, 10; n = 0.1, 0.5, 1, 5, 10; /~ = 0.0005, 0.005, 0.05. 

F o r  the ca l cu l a t ed  va lues  of C-1 and C-- 2 we found the a v e r a g e  value  of the f low r a t e  fo r  the e x t r a c t i n g  
agen t  

~d a 
Q = Clo ~ [~1 + m  (1 -c~) l  (12) 

and i t s  r a t i o  to the m a x i m u m  flow r a t e  Q m  = ~d~KcY0, 

= 2~_~ [~, + m ( 1 - ~ ) ] :  (13) 
qm 3~ 

as  wel l  a s  the va lue  A / A m ,  which c h a r a c t e r i z e s  the r a t i o  of  the e x t r a c t i n g  agen t  a b s o r b e d  by  the d rop  to 
the m a x i m u m  p o s s i b l e  a b s o r p t i o n  in the c a s e  of c h e m o s o r p t i o n ,  

A C-~ + m (1 --ff~) 
A---~- = l + m  (14) 
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Some examples of numerical  calculations a re  shown in Figs.  1 and 2 for  Q/Qm and A/A m as functions 
of �9 and of the pa r ame te r s  of the problem. F r o m  the value of the pa r ame te r  B we can judge which of the 
phases  l imits  the t rans fe r  p rocess  [4]. It should be noted that for any value of ~ an increase  in the p a r a m -  
e ters  m and n br ings  an increase  in the rate of t ranspor t  of the chemosorbent  to the surface of the drop, 
and, in addition, an increase  in m leads to an increase  in chemical  capacity, which leads to an increase  in 
the value of time T1 that determines  the initial time interval  in which the react ion takes place at the su r -  
face of the drop. 

In Fig.  la  we show how Q/Qm var ies  with r for  a limiting res i s tance  of the d ispersed phase (~ 
= 0.0005) and various values of the pa rame te r s  m and n. As can be seen f rom the curve,  the react ion 
front for  m = 10, for  an appreciable period of time T 1 ~ 10 -3, is pract ical ly  at the surface of the drop; 
when m = 1, it moves very  rapidly to the in ter ior .  Even for very  small  values of T (T "~ 5 .10  -5) the con-  
centrat ions of extract ing agents and chemosorbent  in the drop a re  changed considerably in relation to their 
original  values, and the value of the mass  flow rate is much less than the maximum value attained for 
T = 0 .  

In Fig. lb the t ransfer  p rocess  is considered for comparable phase res i s tances  (~ = 0.005), and in 
Fig.  2 we show how Q/Qm and A/A m vary  with T for the case in which the res is tance to t ransfer  is con-  
centrated,  to a significant extent, in the continuous phase (~ = 0.05). F r o m  the curves  in Fig. 2 it can be 
seen that during most  of the time the react ions take place at the surface of the drop (T 1 is very large).  The 
value of T1 is most  significantly influenced by the pa rame te r  m. As m increases ,  the influence of the 
pa rame te r  n on the nature of the p rocess  is very much reduced.  Thus, when m = 10, the curves  for n = 0.5 
and n = 5 coincide. 

Let  us es t imate  what will be the values of the pa rame te r s  Pc,  K, and Re for  which the resul ts  ob- 
tained will  be usable.  The applicability of the solutions with respec t  to P e  is due to the possibil i ty of using 
the Kron ig-Br ink  equations [3] for  describing the mechanism of t ransfer  inside the drop. As was shown 
in [4], these equations can be used for  Pe '  > 100. 

Now let us est imate the value of the reac t ion- ra te  constant for  which it may be assumed that the 
thickness of the react ion front is much less  than the radius of the drop. We define the charac te r i s t ic  time 
of the chemical  react ion as the time it takes for  the concentration of extract ing agent at  m = 1 to decrease  
by a factor  of e. We assume that when t = 0, C 1 = C 2 = Cl0 throughout the volume of the drop. This is the 
charac te r i s t i c  t ime t x ~ (e-1)/kCl0. The charac te r i s t ic  time of diffusion in the presence  of liquid c i rcu la -  
tion in the drop can be found f rom the Kron ig -Br ink  solution. A decrease  by a factor  of e in the concen-  
tration of the extract ing agent cor responds  to a degree of extract ion of A 0 ~ 0.63, which is achieved for 
~- ~ 0.022 (see Table 1 on p. 299 Of [6]). Consequently, t d ~ 0.022H2/D1, and f rom the condition tx << td 
we find that K >> 100. 

The solution given above was obtained for  Re < 1. However, as was shown in [4], for spherical  
drops with ~ < 2, in the descript ion of the mechanism of t ransfer  within the drop Eq. (1) (and consequently 
the solution obtained here for mass  exchange with a chemical  reaction) can be used for ire ~ 100. 

r 

0 
IR 
u 

p 

= Dd/Dc 
D 
Cl0 and C20 

C l = C1/C10 and C 2 = C2/C20 
k 
K = kRzC20/D1; 
m = C20/C10; 
n = D2/D 1; 

N O T A T I O N  

is the radial  coordinate;  
is the polar  angle; 
is the radius of the drop; 
is the velocity of the s teady-s ta te  motion of the drop; 
is the density; 
is the ra t io  of the dynamic viscosi t ies  of the dispersed and continuous phases;  
is the diffusion coefficient; 
a re  the initial concentrat ions of extract ing agent and ehemosorbent ,  r e spec -  
tively; 
are  the dimensionless  coordinates;  
is the constant for  the rate  of the second-order  chemical  reaction; 

= Dl~b/kcd, where kc is the average  coefficient of mass  t rans fe r  for the continuous phase;  

702 



d 

Re = udPc/~c 
T = Dlt /R 2 

Pe = ud/D 1 
P c ' =  Pe/4(1 + ~z). 

is  the d i a m e t e r  of the drop;  
is the dis t r ibut ion coefficient;  
is the Reynolds number ;  
is the F o u r i e r  number ;  
is  the Pec le t  number ;  

S u b s c r i p t s  

1 denotes the ex t rac t ing  agent;  
2 denotes the chemosorben t ;  
d denotes the d i spe r sed  phase;  
c denotes the continuous phase .  
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