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M A S S  T R A N S F E R  F R O M  A M O V I N G  B U B B L E  

D U R I N G  A S L O W  C H E M I C A L  R E A C T I O N  

Y u .  I .  B a b e n k o  UDC 536.24.01 

A prev ious ly  p roposed  method for  solving inhomogeneous p rob l ems  in the theory  of heat  and 
m a s s  t r a n s f e r  is refined.  As an i l lus t ra t ion,  the s ta t ionary  m a s s  t r a n s f e r  f rom a moving bub-  
ble during a slow chemica l  reac t ion  of f i r s t  or  second o r d e r  is examined.  

We shall  examine  the p rob l em  

P OC OzC =O(~, % o~<~<o~, o < T < ~ ,  (1) 
0r 0~ z 

Cl~=o=C+(T); C[~=~=0, Ck=o=0,  (2) 

which desc r ibes  m a s s  t r a n s f e r  in a semiirffinite region under  the action of a source .  It is n e c e s s a r y  to find the 
quantity qs = (8C/8~) 4= 0, which de t e rmines  the m a s s  flux through the boundary of the region.  

As in [1],  we shal l  r e p r e s e n t  Eq. (1) in the f o r m  

O 0 

where  the f rac t ional  d i f ferent ia t ion ope ra to r s  a r e  defined by the express ions  

1 d f ( ~ -  z)'~ f(z) dz' - - ~ < v < l .  DV]:(x)= r (1 -v)  d.~. 
0 

The concentra t ion  gradient  sought at  the boundary is obtained as follows [ 1]. We apply the ope ra to r  in- 
v e r s e  to D - 3 /a  ~ on the left  side of  Eq. (3). For  (D - 8/8~ )-1, we prev ious ly  found an express ion  in the fo rm of 
an infinite s e r i e s .  It turns  out that  the i nve r s e  ope ra to r  can also be  wri t ten in the f o r m  

a~~ .--1 i (D t/2 ) f(~, x)= e -(n-~)D'/s f(B, T,)dq. (4) 

The following express ion ,  defined in [2],  en te rs  into the ope ra to r  in the integrand: 

"e--aDl/2f(~, T)= d S ( a ) ~ -  erfc ~ V-~--z f(~, z) dz. (5) 
0 
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Its basic proper t ies  a re  also given in [2] and the usefulness of the notation adopted is explained. 

By di rec t  verification, using the proper t ies  of the operation (5), it can be shown that (4) is indeed the in- 
ve rse  opera tor  relative to D 1/2 - 0 / 3 ~ .  

Operating on Eq. (3) by opera tor  (5), writing the expression obtained for  ~ = 0 and for convenience r e -  
writing the integration var iable  as 77 ~ ~, we find the gradient  sought at the boundary in the form 

- -qs  = Di/2Cs - ; e--~D1/2 Q(~, "O d~ " (6) 
0 

Expression (6) does not requi re  specifying a concentrat ion field to find qs. 

We shall examine one of the basic problems in the t b ~ m ~ r f - m ~ s  t ransfer ,  describing in the quas i s ta -  
t ionary approximation the p roces s  of mass  t ransfer  f r o ~  a spherical  b~bble moving with a constant veloci ty U 
in a large fluid volume. The substance 1, whose con/eentration on the suiffaee of the sphere is assumed to be 
constant and equal to A, diffuses into the surrounding medium, eontainin~ substance 2, which has an initial 
concentration B, not penetrating through the phase separat ion boundary.~bubstances 1 and 2 enter  into a seeond-  
o rder  chemical reaction. 

The t ransfer  equations for substan~e~ 1 azid the sys tem of eonditmns are  written in the fo rm 

OC 1 0 C  
Ur -~r + us r O0 DAC + kCC' = 0, R ~  r id  oo, 0 ~ 0 ~ . n ,  (7) 

CI,=R = A, C[~=~ = 0, ~0C' ~=R = O, C'1~=~r = B, C[o=o < oo, 

C'10=0 < oo. (8) 

The reason that we do not p resen t  the t rans fe )  equation f6r substance 2 is explained in what follows. 

The velocity field for Re > 80 is well deseribed"b-]a-p~otential flow [3] (at least  up to the separat ion point 
of the boundary layer)  

u r = - - U  1 - - - ~ -  cos0, u o = U  l + - ~ r  3 sin0. (9) 

It is  neces sa ry  to determine the mass  flow through the bubble surface.  

Using the general ly accepted boundary layer  approximation, we shall neglect the diffusion t ranspor t  in 
the direction of flow, the contribution to radial  t ranspor t  due to the t e rm (2/r)0C/0r.  In expressions (9), we 
shall retain only the f i r s t  t e rms  in the expansion in powers of r - R, setting 

3 (r - -  R) 3 u , -  Ucos0~ Uo = ~ Usin0. (10) 
R 2 

Let us introduce the following dimensionless  var iables:  

6 =  r - - R  / - P c  C C' Ud 

- - g -  1/ - f - ,  , . ' -  B , 
Bkd e (11) 

4Q 
Then, af ter  a well-known substitution, 

4 
= 6sin~0, �9 = 

9 

the problem (7), (8), and (10) is writ ten in the form 

2 2 �9 . . . . .  cos 0 + .. cos 3 0 , ( 12 ) 
3 9 

aa ~ a  L 
t - - -  aa '=O,  

0r O~ ~ sin ~ 0 

A do' 
el~=o= B ' crib=| = 0 ,  -~-~__0=0,  o'1~=== 1, 

r = 0, cr'[~_ o = 1, s  2• 

Here 0 is expressed in t e rms  of "r with the help of Eqs. ( I2) :  

0 ~  co, 0 < ~ < 8 / 9 ,  (13) 

(14) 
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= % + k~  + k2a~ + . . . .  a '  = % + k~ i + k~a.; + . . . .  

q, = qo + kq, + k2q~ + . .. (15) 

In what follows, we will l imi t  ou r se lves  to de te rmin ing  the m a s s  flux for  the case  of a slow react ion,  
when t e r m s  containing higher  powers  of )~, beginning with the second, can be neglected.  Substituting (15) into 
(13) and (14) and equating the express ions  for  l ike powers  of X, we find 

A erfc (2@~')  D~/~ A 1 A (16) 
~o= --B- , - q o =  B ]/a-~ B 

F o r  a l ,  we have the p rob l em  

0~ 0~ ? B sin~0 . 2 V T  ' (17) 

~,I~=o = 0, ad~=. = 0, ail~=o = 0. 

It is  evident that  in o r d e r  to find ~1 it is  not n e c e s s a r y  to solve the diffusion equation for  component  2, which 
would be n e c e s s a r y  for  de te rmin ing  o n, n _ 2. 

Calculat ing (r I f r o m  (17) with the help of the genera l ly  used methods is a v e r y  c u m b e r s o m e  operat ion.  
However,  with the help of Eq. (6), i t  is  easy  to comple te  the solution. F o r  ql, we have the expres ion  

A i [ d ff 1 erfc(  ~ ) e r f c ( ~ l d z ] d  ;. 
�9 - -  q' = -B- . ~-~ sin ~ ~ 2 ] / - ~ T  , 

0 0 

Here ,  J is  a function of z, defined by Eq. (12), where  i t  is n e c e s s a r y  to c a r r y  out the fo rma l  subst i tut ion 
0 ~ J ,  T ~ Z .  

Changing the o r d e r  of in tegra t ion  and noting that  

i I ~ + ~ -  V ~ - ~  ~ ~ �9 erfc a~ erfc [3~d~ --= V'~ ~z~ ' 

0 

we obtain 

A 2 d f I ( V z + V ~ - ~ - V ~ ) d z .  
q i -  B ]/'a- d"c sini~--~ 

0 

(18) 

We find the total  flux of m a t t e r  through the bubble su r face  ( integrat ing expres s ions  (16) and (18) along 
the su r face  of the sphe re  taking into account dz = (2/3) sin a 6d~), resul t ing  f r o m  Eqs.  (12) in the f o r m  

S h -  u s a  l/P-7 [I (qo) q- J (qo). • 

4 2 2 
I (qg) = 9 3 cos ~ + - ~ -  cos a q) , 

Here 

J (~)  = - - ~  sin~---~ 9 3 cos~ + 
0 

cos ~ ---- cos r -- cos 3 ~ § -- cos 3 r + �9 

, 3  3 9 9 9 
Ip 

Sh = F/2z~RC~A, F = -- 2rcR~C~ S (OC/Or)r=~ sin 0d0. 
0 

92 cosa~) '/2 

--32 c o s ~ +  29 c~ 1 d~. 

We de te rmined  numer ica l ly  the values  J(77r/12) ~ 0.56; J(2~r/3) ~ 0.70; J ( 3 r / 4 )  ~ 0.88. Fo r  a s e p a r a -  
t ionless  flow (~o = 7r), the in tegral ,  a f t e r  the subst i tut ion tg J / 2  = z and subsequent  e l emen ta ry  subst i tut ions,  
can be computed  exact ly:  

16V'2 [ 1 1 In V - 3 + 1  ] ~1 .06 .  
J ( ~ ) - -  3]/ .  ~_ 1 - -  lZ ~ 2 V ~  2(],r3---1)J 

F o r  ~t = 0, we obtain f r o m  (19) the well-known express ion  in ([4], p. 69). 

Equation (19) is useful  for  p rac t i ca l  calculat ions,  i f  )t = 2 ~ / P e  = (d /2U) / (1 /Bk)  = t r e g / 2 t d i e m  < 0.3. 

(19) 
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For  typical organic  synthesis  p r o c e s s e s ,  where bubbling is used, t reg  ~ 0.02 see  and the condition of ap-  
pl icabi l i ty  is sa t is f ied for  tdiem > 0.03 sec.  

F r o m  an analysis  of the p rob lem (13), i t  follows that for  slow react ions ,  when only the l inear  t e r m  in the 
expansion with r e s p e c t  to k is taken into account,  Eq. (19) has the s a m e  fo rm for  a f i r s t - o r d e r  react ion.  It is 
only n e c e s s a r y  to c a r r y  out the fo rmal  substitution for  the quantity • set t ing Bk ~ k '  and u ~ k 'd2/4~).  

N O T A T I O N  

Here  a is a constant;  A, concentrat ion of substance  1 on the bubble surface;  B, concentra t ion of sub-  
s tance 2 fa r  away f rom the bubble; C, concentrat ion of substance  1; C',  concentra t ion of subs tance  2; Dr, sym - 
bol for  f ract ional  differentiation; d, d i am e t e r  of the bubble; F, total  m a s s  flux through the bubble  surface;  f, 
a r b i t r a r y  function; I, J, functions of the angles of sepa ra t ion  of the flow, enter ing into the solution; k, r a t e  con-  
s tant  of the s econd -o rde r  react ion;  k ' ,  r a te  constant  of the f i r s t - o r d e r  react ion;  Q, sou rce  function of the sub-  
stance; qs, gradient  of the d imensionless  concentrat ion at  the boundary of the region; R, bubble radius ;  r ,  
radial  coordinate;  fchem, cha rac t e r i s t i c  t ime  of the chemical  react ion;  t reg,  cha r ac t e r i s t i c  t ime  for  r e g e n e r -  
ating the bubble surface;  u r ,  u 0, radia l  and angular  components of the fluid velocity;  z, an in tegra t ion var iable ;  
~, /~,  constants;  5, va r iab le  re la ted  l inear ly  to the coordinate;  ~, in tegrat ion var iable ;  0,,~, po la r  coordinates;  
~, d imensionless  ra te  constant  of the chemical  react ion;  a ,  o-', d imens ion less  concentra t ions  of components  1 
and 2; ~, 7, d imens ionless  coordinates;  go, angle of separa t ion  of the flow; Pe,  Pec le t  number;  Sh, Sherwood 
number;  Re, Reynolds number .  Indices:  s, sur face .  
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D E T E R M I N A T I O N  O F  C O E F F I C I E N T  O F  

E X T E R N A L  M A S S  T R A N S F E R  IN D R Y I N G  

PROCESSES 

E. N. Prozorov UDC 66.015.23.936.8 

A method is p roposed  for  determining the coefficient  of external  m a s s  t r a n s f e r  f r o m  expe r i -  
mental  curves  of drying kinet ics  in porous  m a t e r i a l s .  A compar i son  of r e su l t s  obtained by this 
method and by the method of moi s tu re  content m e a s u r e m e n t s  indicates  a c lose  ag reemen t .  

Impor tan t  a spec t s  of studying the m a s s  t r an s f e r  in s y s t e m s  with a solid phase  a r e  ga ther ing  of ex p e r i -  
mental  data on the m a s s  t r a n s f e r  coefficients ,  and re la ted  with it, development  of methods of de te rmin ing  the i r  
dependence on the concentrat ion of fluid substance in the porous  body. The coeff icient  of ex terna l  m a s s  t r a n s -  
fer ,  r e f e r r e d  to the mot ive  force  in the solid phase,  de t e rmines  the intensi ty of t r a n s f e r  of the bounded sub-  
s tance f r o m  the sur face  of a cap i l l a ry -porous  body to the ambient  medium during a drying p r o c e s s ,  and can be 
calculated f r o m  the re la t ion  

i = 13~- (u~ - -  u~),  ( 1 ) 
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