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A C T I O N  O F  A P R E S S U R E  P U L S E  ON A C A V I T Y  

IN A V I S C O U S  L I Q U I D  

N. A. G r i g o r ' e v ,  G.  S. D o r o n i n ,  
a n d  V. L .  O d i n o k i i  

UDC 532.52.01 

The case  of the col lapse  of a cavi ty  under the act ion of a constant  ex terna l  p r e s s u r e  P0 was analyzed in 
[1]. The re  is a c lass  of p r o b l e m s ,  however ,  in which the ex te rna l  act ion cons i s t s  of b r i e f  p r e s s u r e  pulses.  
Such a s i tuat ion occurs ,  for  example ,  in the impac t  loading of porous solids.  

Suppose that  t he re  is an empty  spher i ca l  cavi ty  of radius r 0 in a viscous i ncompres s ib l e  liquid with a 
densi ty ~. The p r e s s u r e  p~(t ,  T) at infinity (far f r o m  the cavity) is an a r b i t r a r y  function of t ime  at 0 -< t _< 

and is reduced to ze ro  at  t > T. 

The mot ion is spher i ca l ly  s y m m e t r i c  and the N a v i e r - S t o k e s  equations" desc r ib ing  it have the f o r m  

a u  .4_ 2 . ~ _  = O, o u  . au  - -  t a p  _ , ,  
a-7 E f  + ~ -YT ~ "6 - ~ 7  - ' '  

where  u(r ,  t) is the velocity;  p(r ,  t) is the p r e s s u r e .  

At the su r f ac e  of the cavi ty  a no rma l  s t r e s s  e r r  is absent  (the cavi ty  is empty) ,  and s ince e r r  = - P  + 
2 ~ d u / d r ,  we have Pl ==: 2~?(au/Or)l. He re  and l a t e r  the values  of quant i t ies  at  the boundary a r e  ma rked  by the 

index 1; 7/ is the coeff ic ient  of dynamic  viscosi ty .  

The second boundary condition will  be 

p = p ~ ( t , ~ )  at r = o o .  

F r o m  the f i r s t  equation of (1) we obtain u(r ,  t) = u l r ~ / r  z. 

, , , �9 , 

Moscow. Trans la t ed  f r o m  Zhurnal  Pr ik ladnoi  Mekhanikt i Tekhnicheskoi  Fiziki ,  No. 2, pp. 86-88, 
March -Apr i l ,  1978. Original a r t i c l e  submit ted  March  11, 1977. 
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Subs t i t u t i ng  th i s  e x p r e s s i o n  fo r  u into the  s e c o n d  equa t ion  of  (1) and i n t e g r a t i n g  f r o m  r~ to ~ wi th  a l l o w -  
ance  fo r  the  b o u n d a r y  cond i t i ons  for  p,  we  o b t a i n  

dul , 3 u, , P| §  (2) 
dr 1 ' 2 rl T ~ r[ 

Le t  us c o n s i d e r  the  m o t i o n  of  the  c a v i t y  at  t > T, when  p ~  = 0. As  the  i n i t i a l  d a t a  fo r  the  r a d i u s  of  the  
c a v i t y  and the  v e l o c i t y  of i t s  s u r f a c e ,  v~etake the  v a l u e s  of  t h e s e  q u a n t i t i e s  a t  the  t i m e  the  a c t i o n  of the  e x t e r -  
na l  p r e s s u r e  c e a s e d .  The  s o l u t i o n  has  the  f o r m  

ul v t l' -~-I (8 --  Re~) --  8 
= , ( 3 )  

r l  

w h e r e  R e  T = I uTI rT/u i s  t h e  v a l u e  o f  t h e  R e y n o l d s  n u m b e r  at  t = 7; u 7 and r 7 a r e  t h e  r a d i u s  of  t h e  c a v i t y  and 

t h e  v e l o c i t y  of  i t s  s u r f a c e ,  r e s p e c t i v e l y ,  at  t = 7. 

E q u a t i o n  (3) a l l o w s  o n e  to  o b t a i n  t h e  l aw  of v a r i a t i o n  of  t h e  R e y n o l d s  n u m b e r  at  t > T 

1//-r, Re = 71  (R% - -  8) + 8, (4) 

f r o m  w h i c h  i t  fo l lows  tha t  when  Re  7 > 8 t he  R e y n o l d s  n u m b e r  g r o w s  wi th  a d e c r e a s e  in  r 1 and a p p r o a c h e s  i n -  
f in i ty  as  r~  1/2. W h e n  Re  7 < 8 the  R e y n o l d s  n u m b e r  d e c l i n e s  w i t h  a d e c r e a s e  in  r 1 and b e c o m e s  equa l  to z e r o  a t  
r l / r  7 = (1 - R e  7 / 8 )  2. The  v e l o c i t y  of the  c a v i t y  b o u n d a r y  i s  r e d u c e d  to z e r o  at  t h i s  v a l u e  of the  r a d i u s  and 
i ts  f u r t h e r  m o t i o n  c e a s e s .  When  Re  7 :: 8 t he  R e y n o l d s  n u m b e r  r e m a i n s  c o n s t a n t  up to the  c o m p l e t e  c o l l a p s e  
of  the  cav i ty .  

Thus ,  t he  v a l u e  of R e  7 == 8 is  c r i t i c a l  (we d e s i g n a t e  i t  a s  R e . ) ;  i t  m a r k s  the  b o u n d a r y  of t he  two d i f f e r e n t  
m o d e s  of  c o l l a p s e  of  the  c a v i t y  (Fig .  1). 

If the  e x t e r n a l  p r e s s u r e  p u l s e  is  such  tha t  Re  7 > R e . ,  t hen  c o l l a p s e  of t h e  c a v i t y  o c c u r s ,  w i th  u 1 ~ r~3/2 
at  s m a l l  r~. W h e n  Re  7 = R e ,  c o l l a p s e  of  the  c a v i t y  a l s o  o c c u r s ,  but  u 1 ~ r~  ~/2. W h e n  Re 7 < R e ,  p a r t i a l  c o l l a p s e  
of  t he  c a v i t y  o c c u r s .  

An e x p r e s s i o n  fo r  the  l i m i t i n g  r a d i u s  of  the  c a v i t y  at  any v a l u e s  of Re  7 can  be  ob t a ined  f r o m  (4): 

Rex\ 2 r~im = i - - E ~ , )  ~ - ( R e * - R e ~ ) '  

w h e r e  r l i  m is  the  l i m i t i n g  r a d i u s  of t he  cav i ty ;  U_(x) is  a uni t  a n t i s y m m e t r i e  funct ion.  

It fo l lows  f r o m  (3) tha t  the  r e a l i z a t i o n  of one  o r  a n o t h e r  mode  of  c o l l a p s e  of the  c a v i t y  is  d e t e r m i n e d  by 
the  va lue  of  R%-. 

% 

To d e t e r m i n e  the  d e p e n d e n c e  of Re  7 on the  p r e s s u r e  p u l s e  I ~ ! p d t  we w r i t e  the  equa t ion  fo r  the  R e y -  

nolds  n u m b e r  as  a func t ion  of  t i m e ,  w h i c h  fo l lows  f r o m  Eq. (2) : 

l~dR____e~__ i Re ~- , P~ 4Re 
" dt 2 r~ ' v2P r? (5) 

Changing  to the  d i m e n s i o n l e s s  q u a n t i t i e s  -t = v t / r ~ ,  r = r i / r 0 ,  and a = ~ / p o / p ( r o / u )  and s u p p l e m e n t i n g  
Eq. (5) wi th  t he  equa t ion  of mo t ion ,  we  ob t a in  the  s y s t e m  
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dr Re (6) d Re Re (Re - -  8) - ~" . . . .  -= 
c~ 2z ~ " d t  r 

wi th  the  i n i t i a l  c o n d i t i o n s  R e  (0) = 0 and r(0) = 1. In t he  e a s e  of  an a r b i t r a r y  d e p e n d e n c e  poo(t, T) one d e t e r -  
m i n e s  R e  T n u m e r i c a l l y .  

L e t  us  c o n s i d e r  the  l i m i t i n g  c a s e  when  the  p r e s s u r e  p u l s e  r e t a i n s  f in i t e  as  r - -  0. 

The  s o l u t i o n  of  t he  s y s t e m  (6) has  the  f o r m  

Re~ = I / p v ,  r = L 

F o r  c o m p l e t e  c o l l a p s e  of  the  c a v i t y  i t  i s  n e c e s s a r y  tha t  I _> Re, or.  

P a r t i a l  c o l l a p s e  of the  c a v i t y  o c c u r s  when  I < R e , •  v, w h e r e  

r l im ' ro  = (l  - -  I / R e ,  pv) ~. 

F o r  r e c t a n g u l a r  p r e s s u r e  p u l s e s  

p|  z) = p0U_(* - -  t), P0 : const 

t he  quan t i t y  R e  r e s s e n t i a l l y  d e p e n d s  on the  p a r a m e t e r  ~ = p(P-~p ( r0 /v) :  i t  e i t h e r  g r o w s  wi thou t  l i m i t  wi th  an  
i n c r e a s e  in  T o r ,  r e a c h i n g  a m a x i m u m  at  s o m e  T, s u b s e q u e n t l y  a p p r o a c h e s  z e r o .  T h e  m o t i o n  of a c a v i t y  in  a 
v i s c o u s  l i qu id  u n d e r  t he  a c t i o n  of  a c o n s t a n t  p r e s s u r e  w a s  s t u d i e d  in [1] and a c r i t i c a l  va lue  of  ~ .  = 8.4 was  
o b t a i n e d  fo r  t he  p a r a m e t e r .  W h e n  ~ > 8.4 the  v e l o c i t y  of t he  c a v i t y  b o u n d a r y  g r o w s  wi thou t  l i m i t  as  r -3/2 wi th  
a d e c r e a s e  in  r a d i u s ,  and t h e r e f o r e  t he  R e y n o l d s  n u m b e r  a l s o  g r o w s  wi thou t  l i m i t :  Re  = I u t I r l / v  ~ r~ 1/2. 
F r o m  t h e  law (2) of  v a r i a t i o n  in  t he  v e l o c i t y  in  the  a b s e n c e  of e x t e r n a l  p r e s s u r e  i t  fo l lows  tha t  when  a < 8.4 
t h e  m a x i m u m  v a l u e  is  ReT < R e ,  and p a r t i a l  c o l l a p s e  of t he  c a v i t y  o c c u r s  at  any f in i t e  v a l u e s  of  t h e  p r e s s u r e  
p u l s e .  The  d e p e n d e n c e  of  R e  T on  t h e  p r e s s u r e  p u l s e  I = p0 z, o b t a i n e d  t h r o u g h  n u m e r i c a l  i n t e g r a t i o n  of the  s y s -  

t e m  (6), i s  p r e s e n t e d  in  F ig .  2. 

F o r  c~ > 8.4 t h e r e  is  a m i n i m u m  v a l u e  of the  p r e s s u r e  p u l s e  I m i  n at  w h i c h  the  c a v i t y  c o l l a p s e s ,  in wh ich  

c a s e  R e  T :  R e . .  T h e  d e p e n d e n c e  of  I m i  n on  ~ i s  p r e s e n t e d  in  F ig .  3. 
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D I M E N S I O N L E S S  E Q U A T I O N S  O F  S T A T E  

A T T E N U A T I O N  O F  S H O C K  W A V E S  

A N D  

B .  S .  C h e k i n  U D C 5 3 6 . 3 4  

1.  D i m e n s i o n l e s s  H u g o n i o t  E q u a t i o n s  o f  S t a t e  

B a s i c  i n f o r m a t i o n  as  r e g a r d s  t he  c o m p r e s s i b i l i t y  of  m a t e r i a l s  and t h e i r  t h e r m o d y n a m i c s  at  h igh p r e s -  
s u r e s  i s  a t  p r e s e n t  o b t a i n e d  f r o m  s h o c k - w a v e  e x p e r i m e n t s  [1]. By u s i n g  the  w a v e  v e l o c i t y  D and the  m a s s  
v e l o c i t y  U,  t he  p r e s s u r e s  (as w e l l  as  d e n s i t i e s  and s p e c i f i c  e n e r g i e s )  a r e  m a d e  c o n s t a n t  in  t h e m  fo r  d e t e r -  
m i n i n g  t h e  p a t h  of  t he  Hugonio t  a d i a b a t .  T h e  r e m a r k a b l e  e m p i r i c a l  r e l a t i o n  found in a n u m b e r  of  e x p e r i m e n t s  
c o n s i s t s  i n  t h a t  fo r  m a n y  m a t e r i a l s  a l i n e a r  d e p e n d e n c e  i s  o b s e r v e d  b e t w e e n  the  s h o c k - w a v e  v e l o c i t y  and the  
d o w n s t r e a m  v e l o c i t y  o f  t he  m a t t e r ,  D = C O + hU. Th i s  r e l a t i o n ,  t o g e t h e r  w i th  t he  c o n s e r v a t i o n  l a w s ,  y i e l d s  
s t r a i g h t f o r w a r d  e x p r e s s i o n s  fo r  t he  s h o c k  p r e s s u r e  PH,  for  t he  i n c r e a s e  of  t he  i n n e r  e n e r g y  EH - E0, and fo r  

t he  d e f o r m a t i o n  X: 

x = i - -  po/p = u / ( c o  + ~ v ) ,  p ~  = p o c ~ x / ( i  - ~.x)~, ( L  1) 

E n  - -  Eo = 0.5C~oX~/( 1 - -  ~X) 2, 

Moscow.  T r a n s l a t e d  f r o m  Z h u r n a l  P r i k l a d n o i  Mekhan ik i  i T e k h n i c h e s k o i  F i z i k i ,  No. 2,  pp.  89-95 ,  
M a r c h - A p r i l ,  1978. O r i g i n a l  a r t i c l e  s u b m i t t e d  M a r c h  28,  1977. 
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