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High-speed motion-picture photography has been used to study the dynamics of the impact-  
induced collapse of a i r - f i l l ed  bubbles in thin layers  of various liquids. The c i rcu la r  s u r ,  
face of the bubble is disruptive in an a rb i t r a ry  manner during the collapse,  and high-veloc-  
ity cumulative s t r eams  ar i se .  The s t ream pa ramete r s  have been measured  as functions 
of the initial experimental  conditions. 

Knowledge of the course  of physical  p rocesses  accompanying the collapse of bubbles in thin liquid 
layers  during impact  is ex t remely  important  for a c o r r e c t  understanding of the reasons  for the various 
phenomena which occur .  For  example, e r ros ion  of solid surfaces  bounding a liquid layer  has been ob- 
se rved  when the surfaces  are drawn apar t  and then rapidly pushed back togehter [1]. Under s imi lar  
exper imental  conditions, it has been observed that when surfaces  move into a layer  of a previous lyuni form 
liquid one can direct ly photograph the appearance of cavitation bubbles, which rapidly collapse as the su r -  
faces approach [2]. One reason which has been advanced for the destructive effect of cavitation is the in- 
teract ion with the solid surface of the high-velocity cumulative liquid s t reams formed during the collapse 
of cavitation bubbles [3, 4]. The appearance of cumulative s t reams  during collapse of bubbles in thin liquid 
layers  of explosives was recent ly  demonstra ted by Bowden [5]. 

Despite the well-known p rog re s s  in experimental  studies of a symmet r i c  collapse of bubbles in liquids, 
we know of no systematic  information about the interaction of the cumulative s t r eams  formed during the 
collapse with solid surfaces  in the liquid as a function of various external  fac tors .  With such information 
available for even the ext remely  simple case of liquid collapse in thin liquid layers  during impact, one 
can est imate  the contribution of this interaction to the dynamics of the various subsequent events.  

We used high-speed motion-picture photography to study the collapse of air  bubbles formed in thin 
~iquid layers  (thickness h 0 = 0.2-1.0 mm)'between the flat surfaces  of two cyl indrical  ro l le r s  which are made 
to collide (Fig. 1). The ro l le r s  are mounted vert ical ly and coaxially, one above the other.  
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Fig. 1 

The lower ro l ler  7, 30 mm in diameter  and 25 mm thick, is made of K-8 optical 
glass;  the upper ro l le r ,  3 of Plexiglas,  has a diameter  2R of 19 mm and a height of 
20 ram. The ends of the ro l le r s  are polished. Their common axis passes  through the 
center  of the bubble 5, which is c i rcu la r  in shape with a diameter  2r 0 equal to 5 or 10 
mm. The bubble height cor responds  to the thickness of the liquid layer  4. The air  
p re s su re  in the bubble is a tmospher ic .  The test  liquids were an aqueous solution of 
glycerine,  VG 7/93 (wt. %) (P0 = 1o24 g / c m  3 and # = 3 p) and nitroglycerine (P0 = 1.6 
g / c m  3 and # = 0o3 p). 

On the upper ro l l e r s  there is another steel rol ler  2, of the same size, which 
t r ans fe r s  the impact  f rom a falling weight 1 (5 kg in mass)  to ro l le r  3. The drop 
H = 5-80 cm was chosen so that the initial impact  velocities W 0 varied f rom 1 to 4 
m/see .  In all the experiments ,  the charac te r i s t i c  t imes for the impact  of the weight 
with the liquid layer  ~- = h0/w 0 were much grea te r  than the time charac te r i s t ic  of 
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Fig. 2 

the collapse of the bubbles of the corresponding size. The bubble collapse was photographed during the 

impact by a ZhLV-2 high-speed motion-picture camera i0. The illumination was by an IFK-120 flash 

lamp 6 at the side of the rollers. 

Figure 2 shows a series of motion-picture frames demonstrating the collapse of an air-filled bubble 

i0 mm in diameter in a 0.5 mm-thick layer of VG 7/93 glycerine-water solution, caused by a weight falling 

from 20 cm (initial impact velocity of 2 m/sec). The labels on the frames show the time in #sec, reckoned 

from the beginning of the bubble collapse. As these photographs show, at some point during the collapse 

the circular shape of the bubble surface is disrupted and becomes unstable; here individual surface regions 

acquire a velocity higher than that of other regions. As a result of this transient process, cumulative liquid 

streams arise which subsequently collide with the opposite side of the bubble surface at 70 m/SeCo The 

final frames in Fig. 2 show that after the impact of the stream, the bubble breaks up into many smaller 

bubbles which gradually are carried away by the liquid flow toward the periphery of the rollers. 

These frames show the typical pattern of bubble collapse under these experimental conditions. Only 

a few remarks should be made to supplement these photographs. Frequently, especially at low impact 

velocities, one may observe the nearly simultaneous appearance of two or even three cumulative streams. 

As they move, the streams generally interact with each other; the result is either an intensification 

or an attenuation of the effect on the bubble walls. In particular, a collision between the two streams moving 

at a right angle or in opposite directions from opposite sides of the bubble results in the destruction of the 
streams and the subsequent formation of many very small bubbles. If the effect of the cumulative stream 

on the wall of the collapsing bubble is not sufficient to, say, shatter the bubble, the air compressed in the 

bubble turns out to have a large effect on the subsequent collapse. In certain experiments, especially with 

small bubbles, we were able to observe a pulsation of the bubble - its contraction to an extremely small 

size (a greater than tenfold decrease in radius), its subsequent expansion due to the energy of the air com- 

pressed in it, and finally a repeated contraction. 

Figures 3 and 4 summarize the experimental dependence of the relative bubble radius r/R on the 

time t (in microseconds), reckoned from the beginning of the bubble collapse (R = 9.5 mm is the radius of 

the upper roller)~ The data in Fig. 3 refers to bubbles having an initial diameter of ~ i0 mm for various 

nitroglycerine-layer thickness: 1.0, 0.5, and 0.25 ram, for curves I-3 respectively. The weight velocity 

at the instant of impact is 2 m/sec (H = 20 cm). Figure 3 also shows for comparison time dependences of 

the radius of a bubble having an initial diameter of ~ 5 mm and a thickness of 0.5 mm (curve 4) and 0~ 

mm (curve 5) in nitroglycerine and that of a bubble 10 mm in diameter and 0.5 mm thick for a glycerine- 

solution layer (curve 6) with the same initial weight velocity. Each curve corresponds to results averaged 
over 5-10 separate experiments. Figure 4 shows dependences of r/R on t (p sec) for bubbles 10 mm in 

diameter in a nitroglycerine layer 0.5 mm thick; curves 1-3 correspond to wave velocities of i, 2, and 3 
m/sec, respectively. 
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From the results in Figs. 3 and 4, one can estimate the charac- 

teristic bubble collapse time t+ by extrapolation of the r/R curves to 

the t axis, and one can estimate the average bubble-boundary velocity 

u = dr/dt at the end of the final stage of the collapse, when "permanent" 

surface deformations appear and cumulative streams arise. The latter 

estimate is based on a graphical differentiation of the corresponding 
t dependences of r/Ro 

The results of this analysis (table) show that the collapse time 
of a bubble of given diameter for a given initial impact velocity in- 

creases with increasing liquid-layer thickness. As the characteristic 
liquid-layer impact time T = h0/w 0 increases, the collapse times also 
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T A B L E  1 

Experiment 
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i n c r e a s e s .  The  o p p o s i t e  d e p e n d e n c e s  a r e  o b s e r v e d  fo r  u~ As the tab le  shows ,  m a r k e d  d i f f e r e n c e  (an o r d e r  
of magn i tude )  in v i s c o s i t y  c o e f f i c i e n t s  has  l i t t l e  e f f e c t  on the bubble  c o l l a p s e  t ime  under  these  e x p e r i m e n t a l  
cond i t i ons~  

F o r  an i d e a  of the s i ze  of the bubb le  a t  the i n s t a n t  of c o l l a p s e ,  t . ,  f o r  which the s p h e r i c a l  s u r f a c e  
b e c o m e s  u n s t a b l e ,  we show in the t ab le  the va lue s  of r 0 / r  , and  h0/h , which  c h a r a c t e r i z e  the c o n t r a c t i o n  of 
the i n i t i a l  r a d i i  r 0 of the b u b b l e s  and t h e i r  he igh t s ,  r e s p e c t i v e l y .  The h0 /h ,  va lue s  w e r e  c a l c u l a t e d  f r o m  
h . / h  0 = 1 - t . / ~ - ,  found u n d e r  the a s s u m p t i o n  of a c o n s t a n t  weight  v e l o c i t y  w 0 dur ing  the bubble  c o l l a p s e .  
Th i s  m a y  be  a s s u m e d  b e c a u s e  the m a s s  of the weight  u n d e r  our  e x p e r i m e n t a l  c ond i t i ons  was  s e v e r a l  o r d e r s  
of magn i tude  g r e a t e r  than the m a s s  of the l i qu id  l a y e r .  As the t ab l e  shows ,  h0/h , r e m a i n s  r e l a t i v e l y  c o n -  
s t a n t  fo r  a l l  the b u b b l e s  s t u d i e d  (1.47 • 0.16)o On the o t h e r  hand, ( r 0 / r . )  de pe nds  on the i n i t i a l  e x p e r i m e n t a l  
cond i t i ons ;  in a c e r t a i n  s e n s e ,  the ( r 0 / r  , )  v a l u e s  c h a r a c t e r i z e  in th i s  c a s e  the i n s t a b i l i t y  of the s u r f a c e  of 
the c o a x i a l  b u b b l e s .  F i g u r e  5 shows  the de pe nde nc e  of the l i m i t i n g  bubble  c o n t r a c t i o n  K = ( r 0 / r  ,) 2h0/h , ,  
a t  which  c o n t r a c t i o n  the c i r c u l a r  s y m m e t r y  of the c o l l a p s e  i s  d i s r u p t e d ,  on the quan t i ty  1 - t , / t + .  The 
l a b e l s  in F i g .  5 c o r r e s p o n d  to the e x p e r i m e n t  n u m b e r s  in the t a b l e .  

We a l s o  m e a s u r e d  the v e l o c i t y  of the c u m u l a t i v e  s t r e a m s  a r i s i n g  dur ing  the c o l l a p s e ,  bu t  s ince  the  
s t r e a m  v e l o c i t y  was not  s t r i c t l y  c o n s t a n t  in magn i tude  o r  d i r e c t i o n  in the v a r i o u s  e x p e r i m e n t s ,  t h e s e  
m e a s u r e m e n t s  w e r e  not  v e r y  a c c u r a t e .  

K o z y r e v  [6] o b s e r v e d  a s i m i l a r  b e h a v i o r  dur ing  the c o l l a p s e  of c a v i t i e s  p r o d u c e d  by  an e l a s t i c  d i s -  
c h a r g e  in a l iqu id .  Table  1 shows the m e a s u r e d  s t r e a m  v e l o c i t i e s  V, a v e r a g e d  o v e r  s e v e r a l  e x p e r i m e n t s ,  
fo r  the c o r r e s p o n d i n g  i n i t i a l  c a v i t y  d i m e n s i o n s  and weight  i m p a c t  v e l o c i t i e s .  

F o r  v a r i o u s  p r a c t i c a l  r e a s o n s ,  i t  i s  i m p o r t a n t  to know the p a r a m e t e r s  of the m e c h a n i c a l  e f f ec t s  
of the c u m u l a t i v e  s t r e a m s  on the w a l l s  of the c o l l a p s i n g  b u b b l e s  and on the s o l i d  s u r f a c e s  bounding the 
l iquid~ The d y n a m i c  p r e s s u r e s  a r i s i n g  dur ing  the i n t e r a c t i o n  of the s t r e a m s  with  the bubble  w a l l s  we re  
e s t i m a t e d  on the b a s i s  of the known bubble  v e l o c i t i e s  v, the b u b b l e - b o u n d a r y  v e l o c i t i e s  u, the d e n s i t i e s  P0, 
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and the impact adiabat for the liquid. The latter was adopted in the form suggested in [7], so that the 
final version of the equation used to calculate the pressure during the stream impact was 

p = 0 . 5  p0(u+ ~.) [1.2 c 0+ 0.85 (u+ v)] 

where e 0 is  the sound ve loc i ty  in the liquid, ca l cu la t ed  f rom Raou l t ' s  rule  for  organic  l iquids (see [7]). F o r  
n i t r og lyce r ine  we have e 0 = 1750 m / s e c ,  and for VG 7/93 aqueous solution of g lyce r ine  we have c o = 1900 
m / s e c .  The ca lcu la t ed  P values  a r e  shown in the table .  

Ana lys i s  of the data in the table shows that under our e x p e r i m e n t a l  condi t ions a d e c r e a s e  in the 
th ickness  of the l iquid l aye r  and an i n c r e a s e  in the impac t  veloci ty  of the weight a r e  accompanied  by an 
i n c r e a s e  in veloci ty  of the cumulat ive  s t r e a m s  during the bubble co l lapse  and in the l iquid p r e s s u r e  during 
in te rac t ion  with the bubble boundar ies .  These s t r e a m  p a r a m e t e r s  a l so  i n c r e a s e  with dec rea s ing  in i t ia l  
bubble d i a m e t e r .  We note that  the dynamic p r e s s u r e  in the so l id  su r f aces  ad jacent  to the liquid can be 
e a s i l y  e s t i m a t e d  on the b a s i s  of the impac t  ad iaba t  for  the sol id  m a t e r i a l .  

These e x p e r i m e n t s  have e s t a b l i s h e d  that  the impac t  co l lapse  of bubbles  in thin liquid l a y e r s  due to 
r e l a t i v e l y  weak mechanica l  ef fec ts  ( impact  ve loc i t i e s  in the range 1-4 m / s e c )  is  accompan ied  by the f o r -  
mat ion of cumulat ive  l iquid s t r e a m s  which move at  r e l a t i v e l y  high ve loc i t i es  (~ 100 m / s e e ) .  

The in te rac t ion  of the s t r e a m s  with the boundar ies  of the co l laps ing  bubbles  gene ra t e s  c o m p a r a t i v e l y  
high dynamic p r e s s u r e s  (of the o r d e r  of s e v e r a l  k i lobars ) ,  above the breakdown s t rength  of many so l ids .  
It chould be noted, however,  that  such high p r e s s u r e s  ex i s t  only r e l a t i v e l y  b r i e f ly  in a l iquid, for  a t ime of 
the o r d e r  of t ~ ~ h /c ,  where h is  the th i ckness  of the liquid l a y e r  and e is  the sound ve loc i ty  in the l iquid.  
F o r  h ~ 0.2-1.0 mm and for  c = 2000 c m / s e c ,  we have t ~ ~ 0.1-0.5 p s e c .  After  this  t ime,  the p r e s s u r e  
during the impac t  of the s t r e a m  d e c r e a s e s  rap id ly ,  to a value of the o r d e r  of a few hundred a t m o s p h e r e s ,  
ca l cu la t ed  f rom the f a m i l i a r  r e l a t ion  for  an i n c o m p r e s s i b l e  liquid: 

P0 = 0.5 P0(u q- .)2 

Neve r the l e s s ,  if the bubble co l lapse  occur s  under opera t ing  condit ions pe rmi t t ing  a repe t i t ion  of the 
ef fec ts ,  the s t r e a m s  may u l t ima te ly  de s t roy  the so l id  s u r f a c e s .  

We note that  in the e x p e r i m e n t s  with an explos ive  liquid, explos ion phenomena were obse rved  under 
c e r t a i n  condit ions a f te r  the co l l i s ion  of the s t r e a m s  with the bubble boundar ies .  

LITERATURE CITED 

I. A.D. Pernik, Problems of Cavitation [in Russian], Sudostroenie, Leningrad, 1966. 
2. Do F. Hayes and J. B. Feiten, "Cavities between moving parallel plates," in. Cabitation in real liquids 

Amsterdam, Elsevier, 1964. 

3. M.I. Kornfel'd, Elasticity and Strength of Liquids [in Russian], Gostekhizdat, Moscow-Leningrad, 1951o 
4o T.B. Benjamin and Ao T. Ellis, "The collapse of cavitation bubbles and the pressures thereby pro- 

duced against solid boundaries," PhflOSo Trans. Ray. Soc., Ser. A, 260, No. iii0, 1966. 
5. F.P. Bowden, "The formation of mierojets in liquids under the influence of impact or shock:," Philos. 

Transo Roy~ Soc., Ser.A, 260, No. 1110, 1966. 
6~ S.P. Kozyrev, "Collapse of cavitation cavities formed by an electric discharge in a liquid," Dokl. 

AN SSSR, 183, 3, 1968. 
7. I.M. Voskoboinikov, A. N. Afanasenkov, and V. M. Bogomolov, "Generalized impact adiabat for 

organic liquids," Fizika Goreniya i Veryza, No.4, 1967. 

335 


