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The dynamics  of bubble fo rmat ion  and breakaway when a gas i s sues  into a liquid is cons i -  
dered .  The different  modes  of gas -bubb le  fo rmat ion  in a liquid l ayer  a r e  indicated.  The 
resu l t s  of analyt ic  invest igat ion a r e  compared  with exper imenta l  data .  

The main c h a r a c t e r i s t i c s  of a gas- - l iquid  l aye r  a r e  the vo lumet r ic  gas  content and phase-contac t  s u r -  
face .  When the liquid l aye r  is r e la t ive ly  s m a l l ,  these  c h a r a c t e r i s t i c s  depend on the r a t e  of gas -bubb le  f o r m a -  
tion at  the inlet ,  the breakaway s i ze ,  and the f requency of breakaway f r o m  the g a s - d i s t r i b u t o r  equipment.  

Analysis  of the avai lab le  work on the  de te rmina t ion  of gas -bubble  breakaway s ize  [1-18] shows tha t ,  by 
making a number  of phys ica l  a s sumpt ions ,  it has been poss ib le  to der ive  var ious  re la t ions  which de sc r i b e  the 
exper imenta l  data in known ranges  of the p a r a m e t e r s  de termining  the p r o c e s s .  However ,  t hese  re la t ions  [2, 
4, 10-12,  14] do not have suff icient ly c l e a r  and physical ly  well-founded l imits  of appl icat ion,which compl ica tes  
the method of calculat ion of the ga s -bubb le  breakaway s ize .  The avai lab le  empi r i ca l  r ecommenda t ions  [4, 5, 
13, 17] a r e  r e s t r i c t e d  by the expe r imen ta l  conditions and cannot c l a im to be of wide use  in computat ional  p r a c -  
t ice .  

The p r e sen t  work cons iders  the equi l ibr ium equation for  a gas  bubble at the moment  of breakaway f r o m  
the inlet  under the act ion of four fo rces :  the uplift fo rce  Fg=  nd~{p' - -  p" )g /6 ,  the su r face  tension F a = ~d0a , 
the hydrodynamic  p r e s s u r e  of the gas  Fp  = p "v~d~/4 ,  and the iner t ia l  fo rce  of the  liquid F i = d(mu)/dT, which 
de t e rmines  the change in growth r a t e  of the bubble su r f ace  with t ime .  

In solving this p rob lem in [2, 9, 10, 17], the  s y s t e m  of forces  that  a r e  acting was taken to  include not 
only the iner t ia l  fo rce  of the liquid but a l so  the hydrodynamic  d rag  or  v i scous  fo rce .  It is  by no means  ce r ta in  
that  the use  of this force  in the conditions of gas -bubb le  fo rmat ion  in the liquid l aye r  has an adequate physical  
bas i s .  In the given condit ions,  the gas  bubbles do not have the flow regions cha rac t e r i s t i c  of a bubble a scend-  
ing in the volume of a liquid, and t h e r e f o r e  they should not exper ience  a hydrodynamic -d rag  of the usual  f o rm .  
Exper imen ta l  r e su l t s  [19] show that  change in liquid v i scos i ty  by two o rde r s  of magnitude has p rac t i ca l ly  no 
effect  on the b reakaway s i ze  of the  gas  bubble.  T h e r e f o r e ,  the viscous fo rce  will not be cons idered  in the 
p re sen t  work. 

The rad ia l  growth ra t e  of the bubble su r face  at constant gas flow ra te  through an inlet is given by the 
expr  es s ion 

dR Q. (1) 
dx 4u~ 

The liquid m a s s  whose motion is due to the  rad ia l  growth ra t e  of the bubble as  it f o r m s  is taken to be p r o p o r -  
t ional  to  the bubble volume 

4~ (2) 
m = ~m ~ R3P '. 

Taking account of Eqs.  (1) and (2), the express ion  for  the iner t ia l  fo rce  of the liquid takes  the  fo rm 

F i = e~ 48de 
b 

(3) 
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Pig. 1. Expe r imen ta l  appara tus .  
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For  the moment  of bubble breakaway f r o m  the inlet,  the following relat ion is obtained 

4 ' 2  ~d~ ad~ ~.doP v o 
. . . .  '~doa =- ~m 48d~ 6 (p' - -  p') g -t- P o~ 4 

(4) 

Certa in  t r an s fo rm a t i ons  bring Eq. (4) to the f o r m  

L ~ + (  3 P" ) Fr .... 6We L z = e~ P' Fr. 
2 p ' - - p "  8 p ' - - p "  

(5) 

For  n e a r - a t m o s p h e r i c  p r e s s u r e s ,  when p '  >> p ", this re la t ion is s implif ied 

L 5 (__3__._P" F r _ 6 W e ~ L Z  .... sm Fr" 
- J \ 2  p' , 8 

Two conclusions follow f rom Eq. (6). 

1) At F r  <<4(p ' /p")We,  

L 5__6WeL z__ em Fr. 
8 

The solution of Eq. (7) for  F r  << (48/em)WeL 2 takes  the fo rm 

I 

L -- (6We) ~ .  

In the given case ,  Eq. (6) reduces  to the well-known pa r t i cu la r  solution when the gas -bubb le  breakaway s ize  
is de te rmined  sole ly  by the value of We. 

2) At F r  >>4(p ' /p" )We,  Eq. (6) takes the fo rm 

�9 3 p" L 6 - 7 - - - F r L  z =  em Fr. 
2 p' 8 

It is evident f rom Eq. (9) that the gas -bubb le  breakaway s ize  depends only on F t .  

Thus,  t he re  a r e  evidently di f ferent  modes of gas -bubb le  format ion in the liquid l aye r .  At re la t ive ly  
sma l l  F r ,  the gas -bubb le  breakaway s ize  is de te rmined  solely by We (static mode).  In the other  l imit ing 
ca se ,  when F r  is sufficiently l a rge ,  t he re  appears  a dynamic mode,  in which the gas -bubble  breakaway s ize  
depends solely on F t .  Between these  l imit ing modes ,  the re  is a t rans i t iona l  mode,  where bubble b r eaka~ay  

(6) 

(7) 

(8) 

(9) 
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Fig .  2. C i n e r e c o r d i n g s  of g a s - b u b b l e  b r e a k a w a y :  w a t e r - - n i -  
t r o g e n  s y s t e m ;  d o : 4 ram;  f = 27.8 s e e - l ;  F r  :~ 32.4; We = 
0.46.  
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Fig .  3. C o m p a r i s o n  of Eq.  (6) with e x p e r i m e n t a l  r e s u l t s :  
a) w a t e r - - a i r ,  We = 1 .41 -5 .17  [2] (1); m e t h a n o l - - a i r ,  We = 
2 .0 -5 .17  [20] (2); w a t e r - - n i t r o g e n ,  We = 0 .47-1 .86  [15] (3); 
b) w a t e r - - n i t r o g e n ,  We = 5.7 ( p r e s e n t  work)  (1); w a t e r - - n i -  
t r o g e n ,  We = 1.6 ( p r e s e n t  work)  (2); w a t e r - - a i r ,  We :: 0.46 
[13] (3); w a t e r - - n i t r o g e n ,  We = 7 . 8 . 1 0  -2 [15] (4). 

f r o m  the  i n l e t  is  c o n t r o l l e d  I)3, the  whole  s y s t e m  of f o r c e s  ac t ing  on i t  and the  g a s - b u b b l e  b r e a k a w a y  

s i z e  is  d e t e r m i n e d  by both We and F r .  

The  equa t ions  ob ta ined  above  fo r  the  g a s - b u b b l e  b r e a k a w a y  s i z e  in the  t r a n s i e n t  and d y n a m i c  m o d e s  
of f o r m a t i o n  inc lude  the  p r o p o r t i o n a l i t y  coe f f i c i en t  e ra ,  which  i s  a l s o  r e q u i r e d  fo r  the  d e t e r m i n a t i o n  Of the  
r e g i o n  of e x i s t e n c e  of each  m o d e .  Both the  va lue  of a m and the  method  fo r  i t s  d i r e c t  d e t e r m i n a t i o n  a r e  un-  
known. In t he  p r e s e n t  w o r k ,  i t  was e s t i m a t e d  us ing  new e x p e r i m e n t a l  da t a  and t h o s e  f r o m  the  l i t e r a t u r e  on 
the  g a s - b u b b l e  b r e a k a w a y  s i z e  fo r  d i f f e r e n t  g e o m e t r i c ,  p h y s i c a l ,  and mode  p a r a m e t e r s  of the  g a s - - l i q u i d  

s y s t e m .  

The  a p p a r a t u s  used  in t he  e x p e r i m e n t s  i s  shown in F i g .  1. Gas f r o m  c y l i n d e r  1 ~ a s  fed t h rough  r e d u c e r  
2 and f i l t e r  3 to  a v e r t i c a l  v e s s e l  of d i a m e t e r  200 m m  and he igh t  500 m m .  F o r  v i s u a l  o b s e r v a t i o n  and m o t i o n -  
p i c t u r e  r e c o r d i n g  of the  p r o c e s s e s  o c c u r r i n g ,  the  v e s s e l  was f i t t ed  with v iewing  windows 4. The  gas  was fed 
into  the  l iquid  t h r o u g h  i n t e r c h a n g e a b l e  c y l i n d r i c a l  n o z z l e s  5 with c a l i b r a t e d  a p e r t u r e s  of d i a m e t e r  1-6 m m .  
As  a p r e l i m i n a r y ,  t he  gas  was p a s s e d  t h r o u g h  wet t ing  v e s s e l  6. The  gas  f low r a t e  was v a r i e d  by a f i n e - c o n -  
t r o l  v a l v e  7. The  o p e r a t i n g  cond i t ions  of t he  a p p a r a t u s  w e r e  m o n i t o r e d  by m e a n s  of a r o t a m e t e r  8 and a s t r o -  
b e s c o p i c  t a c h o m e t e r .  Bubble  f o r m a t i o n  and b r e a k a w a y  was r e c o r d e d  by a SKS-1M h i g h - s p e e d  m o t i o n - p i c t u r e  
c a m e r a  9 with a H e l i o s - 4 0  o b j e c t i v e .  The  m o t i o n - p i c t u r e  r e c o r d i n g s  w e r e  a n a l y z e d  us ing  an I~DI-452 m o t i o n -  
p i c t u r e  d e c o d e r  at  a m a g n i f i c a t i o n  of the  r e c o r d e d  ob j ec t  with r e s p e c t  to  t he  s t a n d a r d  by a f a c t o r  of 10-30 .  The  
m o t i o n - p i c t u r e  r e c o r d i n g s  o f g a s - b u b b l e b r e a k a w a y  shown in F i g .  2 c l e a r l y  r e v e a l  an i n e r t i a l  e f fec t  in the  r e -  
g ion  at  t h e  back  of t he  bubb le  due to  c l o s u r e  of t he  bubble  s u r f a c e  a f t e r  b r e a k a ~ y  f r o m  t h e  nozz le  [18]. 

On the  b a s i s  of the  e x p e r i m e n t a l  da t a  c o r r e s p o n d i n g  to  r e l a t i v e l y  high F r o u d e  n u m b e r  ( F r  > 102), the  
c o e f f i c i e n t  of p r o p o r t i o n a l i t y  em m a y  be d e t e r m i n e d  f r o m  Eq.  (61. In F i g .  3a ,  e x p e r i m e n t a l  m a t e r i a l  is  c o m -  
p a r e d  with Eq.  (6) f o r  em = 32. As  is  ev iden t  f r o m  F i g .  3a ,  Eq.  (6) p r o v i d e s  a good d e s c r i p t i o n  of t he  r e -  
su l t s  of d i r e c t  m e a s u r e m e n t .  F o r  the  r a n g e  of F r  shown in F i g .  3a ,  Eq.  (6) m a y  be a p p r o x i m a t e d  by the  r e -  

l a t i on  

i, ---- 1.3 Fr ~ (10) 
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In Fig.  3b, Eq. (6) with a m 32 is compared  ~dth exper imenta l  data corresponding to wide ranges  of the 
Froude (10 -3 < F r  _< 103 ) and Weber  numbers  (7.3.10 -~ < We ~ 8.3). As is evident f rom Fig. 3b, the exper i -  
mental  data ag ree  with Eq. (6). 

On the basis  of the foregoing,  it may be concluded that Eq. (5) accura te ly  ref lec ts  the corresponding 
dependence over  the whole of the prac t ica l ly  useful range of the p a r a m e t e r s  governing the p r o c e s s .  

The frequency of gas -bubb le  format ion  is a l so  used to analyze  the s t r u c t u r e  of the gas-- l iquid  layer .  
The vo lumet r ic  flow ra te  of gas  through the a p e r t u r e  of the g a s - d i s t r i b u t o r  appa ra tus ,  the gas -bubble  b r eak -  
away s i ze ,  and the f requency of bubble format ion  a r e  re la ted by the express ion  

Considering the equation for  the gas -bubb le  breakaway d i ame te r  in conjuction with Eq. (11) allows the f r e -  
quency of gas -bubb le  format ion  in the liquid l ayer  to be calculated.  

Equation (11) may be writ ten in the fo rm 

3 rod o 
f = (12) 

2 d~ 

or the d imens ion less  fo rm 
1 

K/---- 3 Fr-TL_3. (13) 
2 

N O T A T I O N  

We = o / (p '  - -p")gd~,  Weber  number ;  F r  : v~/gd0, Froude number ;  Kf = fv~-0-~; L :: db/d0; Vb, bubble 
breakaway volume; d b = (6Vb/n)l/3, bubble breakaway d iamete r ;  R, cur ren t  radius of bubble; do, inlet d iameter ;  
f, bubble b reakaway  frequency;  p ' ,  p",  liquid and gas densi t ies;  g = 9.8 m/ sec  2, acce le ra t ion  due to gravity;  r 
su r face  tension; % ,  vo lumet r ic  flow rate  of gas through inlet; v0, gas velocity at inlet; T, t ime.  
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