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The  a s c e n t  of gas  bubb l e s  in l iqu ids  has  been  the s u b j e c t  of n u m e r o u s  e x p e r i m e n t a l  and t h e o r e t i c a l  
s t u d i e s .  A r e v i e w  of the  l i t e r a t u r e  on th i s  q u e s t i o n  can  be  found in [1, 2], for  i n s t ance .  Most  a t t en t ion  has  been  
devo ted  to t he  s tudy  of the  a s c e n t  of r e l a t i v e l y  s m a l l  bubb l e s  (R 0 ~ 3 cm,  V 0 ~ 100 cm3). When R 0 ~ 0.1 c m  the  
a i r  bubb le  is  h a r d l y  d e f o r m e d  at  a l l  when it a s c e n d s  t h r o u g h  the  w a t e r .  When 0.1 ~ R 0 ~ 2-3  c m  the  bubb le  
changes  s h a p e  d u r i n g  i ts  a s c e n t ,  but  s u r f a c e  t e n s i o n  f o r c e s  p r e v e n t  i t s  b r e a k u p .  In [3], w h e r e  the  a s c e n t  of 
b u b b l e s  wi th  R 0 ~ 3 c m  was  i n v e s t i g a t e d ,  the  m a i n  a t t en t ion  was  g iven  to  a d e s c r i p t i o n  of the shape  of the  u p p e r  
p a r t  of the  s u r f a c e  and the  mo t ion  of the  l iqu id  a r o u n d  it. The  ques t ion  of b r e a k u p  of the  bubb le  was not  con-  
s i d e r e d .  An i n v e s t i g a t i o n  of the  a s c e n t  of a bubb le  wi th  R 0 ~ 3 c m  (V 0 = 100 c m  3) showed [4] tha t  when t > - i / ~  
i t  is  c o n v e r t e d  to  an a s c e n d i n g  t o r o i d a l  r i ng .  In [4] the  evo lu t ion  of bubb l e s  wi th  V0=100-3000  c m  3 at  t < 2VR--~:. 
was  a l s o  d i s c u s s e d .  The  e x p e r i m e n t a l  p o s s i b i l i t i e s  of the  a p p a r a t u s  did  not  a l low o b s e r v a t i o n  of the  f u r t h e r  
evo lu t ion  of l a r g e  (V 0 > 100 c m  3) bubb le  owing to the w a l l  ef fec t .  The  l a r g e s t  s p h e r i c a l  gas  bubb le s  a r e  f o r m e d  
by  an e x p l o s i o n  in a l i qu id  [5]. In th i s  c a s e ,  h o w e v e r ,  t h e r e  a r e  g r e a t  f l uc tua t i ons  of the  s i z e  of the  bubb le ,  
wh ich  q u a l i t a t i v e l y  a l t e r  the  p i c t u r e  of i t s  a s c e n t  [6]. The  p r e s e n t  p a p e r  g ives  the r e s u l t s  of an e x p e r i m e n t a l  
i n v e s t i g a t i o n  of the  a s c e n t  in w a t e r  of a l a r g e  a i r  bubb le  (R 0 = 15 cm,  V 0 = 1.4" 104 c ln  3) which  is  i n i t i a l l y  s p h e r i -  
ca l  and  at  r e s t .  

The  e x p e r i m e n t a l  s e t u p  is  i l l u s t r a t e d  in F ig .  1, w h e r e  1 is a 1 6 - r a m  K r a s n o g o r s k  m o t i o n - p i c t u r e  c a m e r a ,  
F =10 mm~ 2 is  an 8 - r a m  t~kran m o t i o n - p i c t u r e  c a m e r a ,  F =12.5  ram,  in a box for  u n d e r w a t e r  pho tog raphy ;  and 
3 i s  a r u b b e r  b a l l o o n  f i l l e d  w i th  a i r .  The  a i r  bubb le  was  f o r m e d  by  p u n c t u r e  of the  a i r - f i l l e d  r u b b e r  b a l l o o n  
wi th  a long  n e e d l e .  The  b a l l o o n  was  c o n t a i n e d  in a f ine  K a p r o n  ne t  and  was  he ld  a t  a d i s t a n c e  of 30 c m  f r o m  the  
b o t t o m  of the  2 - m - d e e p  b a s i n .  The  r u b b e r  sk in  r a p i d l y  c o n t r a c t s ,  r e l e a s i n g  the  a i r  bubb le  (this me thod  of 
bubb le  f o r m a t i o n  i s  s i m i l a r  to tha t  u sed  in [4]). The  m o t i o n - p i c t u r e  p h o t o g r a p h s  showed  tha t  the  t i m e  of con-  
t r a c t i o n  of  the  sk in  was  l e s s  than  0.02 s e c .  In th i s  t i m e  the  bubb le  h a r d l y  m o v e s  at  a l l .  The  r e m a i n s  of the  
sk in  and the K a p r o n  ne t  have  l i t t l e  e f f ec t  on the  a s c e n t  of the  bubb le ,  s i n c e  t h e i r  to t a l  s u r f a c e  is  much  l e s s  
than  the  bubb le  s u r f a c e .  T h e i r  e f fec t  c o n s i s t s  in an  in i t i a l  d i s t o r t i o n  of the  w a t e r - a i r  i n t e r f a c e .  When the  
bubb le  a s c e n d s  to a he igh t  H - H 0 > R0, the  e f fec t s  of the  ne t  and sk in  b e c o m e  even  m o r e  i n s i g n i f i c a n t ,  s i nce  the  
l a t t e r  r e m a i n s  at  the  b o t t o m  ffI 0 is  the  in i t i a l  he ight  of the  bubb le  cen t e r ) .  

The  a s c e n t  of  the  bubb le  w a s  p h o t o g r a p h e d  wi th  the K r a s n o g o r s k  and ]~kran c a m e r a s  at  48 f r a m e s / s e c .  
The  d i s t a n c e  f r o m  the  w a l l s  and b o t t o m  of the  b a s i n  was  l a r g e  enough to exc lude  t h e i r  ef fec t  on a s c e n t  of the  
bubble .  In d e t e r m i n a t i o n  of the  g e o m e t r i c  d i m e n s i o n s  we took into account  the  d i f f e r e n c e  in the  r e f r a c t i v e  
i n d i c e s  of w a t e r  and a i r .  

Owing to g r a v i t a t i o n a l  i n s t a b i l i t y  [7] of the  w a t e r  - a i r  b o u n d a r y  the  a m p l i t u d e  of the  d i s t u r b a n c e  of the  
s u r f a c e  on the  upper  half  of t he  bubb le  i n c r e a s e s .  Wi th  the p a s s a g e  of t i m e  the i n c r e a s e  i n s u r f a c e  d i s t u r b a n c e s  
l e a d s  to the  b r e a k a w a y  of b u b b l e s  of  d i a m e t e r  ~ 5 c m f r o m  i t .  As t h e s e  bubb l e s  a s c e n d  t h e y b r e a k u p  into s m a l l e r  
ones  and t h e i r  d i s t r i b u t i o n  b e c o m e s  of a r a n d o m  t u r b u l e n t  n a t u r e .  When t ~-, 2 V R o / g  a c h a r a c t e r i s t i c  t o r o [ d a l  
v o r t e x  r i n g ,  c o n s i s t i n g  of a m a s s  of bubb l e s  of d i a m e t e r  ~ 1 c m  r o t a t i n g  a r o u n d  the ax i s  of the t o r u s ,  is  
f o r m e d .  When the  t o r o i d a l  r i n g  r e a c h e s  the  s u r f a c e  of the  w a t e r  the  d i a m e t e r  of the  bubb le s  is  ~ 0 .1-0 .5  cm.  
D i r e c t  c o n f i r m a t i o n ,  a p a r t  f r o m  v i s u a l  o b s e r v a t i o n ,  tha t  the  t o r o i d a l  r i n g  c o n s i s t s  of i nd iv idua l  bubb les  was the 
f ac t  that  the  v o l u m e  of the  r i n g  was  s e v e r a l  t i m e s  l a r g e r  than  the in i t i a l  v o l u m e  of the  a i r  bubble .  At t i m e  t = 
i0-1/R0/g the  t o r o i d  v o l u m e  V =2.4V 0, w h e r e a s  the  a d i a b a t i c  i n c r e a s e  in gas  v o l u m e  due to i ts  a s c e n t  does  not  
e x c e e d  15%. 
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The genera l  p ic ture  of fo rmat ion  and development  of the vor tex  r ing  is i l lus t ra ted  in Fig. 2 (view f r o m  
above,  p ic ture  taken with c a m e r a  2). 

Plots of the height of a scen t  H(t), m e a s u r e d  f r o m  the initial posit ion of the bubble H0, and of the large 
JR(t)] and sma l l  it(t)] rad i i  of the to rus  a r e  shown in d imens ion less  f o r m  in Ftgs.  3 and 4. The sca le  of 
m e a s u r e m e n t s  of the l inear  d imensions  was  R0, and the t ime sca le  was t0=V flo/g. The e r r o r  in determinat ion 
of R a n d  r: was  ~ 10% on the ave r age  and was due mainly  to i r r egu l a r i t i e s  of the edge of the toroidal  r ing. 

F o r  c o m p a r i s o n  with e x p e r i m e n t  Figs,  3 and 4 show the r e s u l t s  of ea lcu la t ionofH( t ) ,  R(t), 'and r(t) f rom the 
phenomenologicat  model [8] (continuous line). 

In the  calculat ion co r r e s pond i ng  :to the case  of an externa l  med ium of constant  density we took a se t  of 
d imens ion less  p a r a m e t e r s ,  s i m i l a r  to that  used in [8]: t~ =0.12; } =1.29.10-3;  T0=0.2; R0- r0=0 .596 ;  H0= 
0.0076; V'0=0.128; v'0=0; (~ =0.055; fl =0.5; Cx=0.4;  0 =const ;  p l = c o n s t  (notation as in [8]). The sa t i s f ac to ry  
a g r e e m e n t  of the theore t i ca l  and exper imen ta l  data indicates the r easonab le  choice of empi r i ca l  constants  in 
l~he model .  

The tendency toward  d ivergence  of the calculated and expe r imen ta l  re la t ionships  R (t) becomes  a p p r e c i a -  
ble at t / t  0 ~ 12, when the water  su r face  af fec ts  the ascen t  of the r ing.  This  effect  leads to s lower a s c en t  and 
m o r e  rap id  expansion of the vo r t ex  r ing  than in the case  of an unbounded medium,  for  which the model  in [8] is 
appl icable.  

The s tabi l i ty  of the obtained r e s u l t s  when the initial conditions were  a l t e red  was exper imenta l ly  con- 
f i rmed.  In pa r t i cu la r ,  we changed the point of puncture of the balloon skin (at the top and on the equator) and 
the mesh  of the Kapron net (3 • 3 cm,  6 • 6 cm).  The quali tat ive and quanti tat ive a g r e e m e n t  of the r e su l t s  of 
these  expe r imen t s  when t > t o indicates that  the ascen t  of the vor tex  r ing  is a lmos t  independent of the initial 
conditions. 
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