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The propagation of weak shock waves and the conditions for  the i r  existence in a g a s - l i q u i d  
medium are studied in [1]. The art icle  [2] is devoted to an examination of powerful shock 
wave s in  liquids containing gas bubbles. The possibi l i ty of the existence in such a medium of 
a shock wave having an osc i l la tory  p re s su re  profile at the front is demonst ra ted  in [3] based 
on the general  resu l t s  of nonlinear wave dynamics.  It is shown in [4, 5] that a shock wave in 
a gas - l iqu id  mixture  actually has a profile having an oscil lat ing p ressure .  The drawback of 
[3-5] is the necess i ty  of postulating the existence of the shock waves. This is connected with 
the absence of a di rect  calculation of the dissipative effects in the fundamental equations. 
The present  ar t ic le  is devoted to the theore t ica l  and experimental  study of the s t ructure  of 
a shock wave in a g a s - l i q u i d  medium. It is shown, within the f ramework  of a homogeneous 
biphasic model, that the s t ructure  of the shock wave can be studied on the basis  of the 
B u r g e r s - K o r t e w e g - d e  Vries  equation. The resul t s  of p iezoelec t r ic  measurements  of the 
p r e s s u r e  profile along the shock wave front agree  quali tat ively with the theore t ica l  r e p r e s e n -  
tat ions of the s t ruc ture  of the shock wave. 

1. Structure of Shock Wave. It is shown in [6] that in the one-dimensional  case the propagation of a 
low-frequency dis turbance of finite amplitude in a g a s - l i q u i d  mixture obeys the B u r g e r s - K o r t e w e g - d e  
Vries  equation 

Ou Ou O2u c93u 
b--y+u~-~ 7-~r~2 + ~-~-x3 = 0 (1.1) 

where u is the per turbat ion velocity of the mixture. 

In the case when the v i scos i ty  of the mixture is determined only by dissipative losses  at the g a s -  
liquid boundary,the coefficients of Eq. (1.1) take the f o r m  [7] 

2 v i R,,~, ( + ) 
T =  3 ao(l--cto) ' [3 :  B ~Xo(1--~o) a , :  gR3Np 

Here v is the kinematic v iscos i ty  coefficient, a 0 is the gas constant,  p is the density of the mixture,  
N is the number  of bubbles per  unit mass ,  R 0 is the equil ibrium radius of a bubble, and c o is the veloci ty 
of the low-frequency sound. 

The s ta t ionary  solutions of this equation can descr ibe  the s t ruc ture  of a weak shock wave [7, 8]. 
However, an examination of the s t ructure  of a shock  wave in a g a s - l i q u i d  mixture based on s ta t ionary 
solutions of this equation requi res  additional justification. 

It is known [3, 7, 8] that in the p rocess  of the propagation of a disturbance dissipation balance the 
nonlinear effects and a s ta t ionary form of wave can be establ ished - a shock wave front is formed. In a 
g a s - l i q u i d  medium such losses  can consis t  of dissipation in radial  pulsations of the individual bubble be-  
cause of slippage of bubbles in the wave front. It is shown in [5] that for shock waves whose width d con- 
s iderably exceeds the bubble radius R the dissipation due to radial  pulsations dominates over  the d iss ipa-  
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tion due to slippage. This demonstrated the possibi l i ty of examin-  
ing a shock wave on the basis  of a model of a homogeneous medium. 

Substituting u = u  ( x - V t )  into (1.1) and integrating once [7] 
under the condition u =u '  =u" =0 as x ~ ~ ,  we obtain 

�9 ~u"  - -  7 u '  - -  u2/2 - -  V u  = 0 (1,2) 

Res t r ic ted  solutions of Eq. (2.1) descr ibe the s t ruc ture  of 
a shock wave having a veloci ty V = A u/2 in a reference  sys tem 
moving with velocity C0,Au being the jump in velocity. The r e -  
sult of a numerica l  calculation of the s t ructure  of a weak shock 
wave, which is p re l iminar i ly  reduced to dimensionless  fo rm using 
the equations 

W =  U / Co, y = x -.- V t  / d ,  ~J+ = ~J / d%o, 7+ 7 / dco 

conducted on the basis  of Eq. (-1.2), is presented in Fig. 1. 

The shock wave propagates  in the direct ion of positive 
values of x. 

Figure 1 shows the resul ts  of the numerica l  solution of Eq. 
(2.1) at fl+=10 -2, T+=5 �9 10 -a, and M=l .3 .  It is seen that the 
veloci ty in the shock wave has an osc i l la tory  nature.  At cer ta in  
values of the dissipative and dispers ive coefficients 7+ and/3+ the 
shock wave will have a monotonic s t ructure .  The region of values 
of these coefficients corresponding to an oscil lat ing shock wave 
profile can be determined f rom an asymptot ic  examination of the 
solutions of Eq. (1.2) as y -~ - ~  47]. In this region the inequality 

< (4/3V)l/2 is satisfied, or  in t e r m s  of a homogeneous model of 
a g a s - l i q u i d  medium 

"; RoCo < [8/2 ( M  - -  t )  o: o (t  - -  ao) l  ':~ ( M  = ul  / co = p l  / Po) ( 1 . 3 )  

Here u s is the shock wave veloci ty  in a s ta t ionary reference  system, P0 is the p res su re  in front of 
the shock wave, and p~ is the p re s su re  in the shock wave. 

2. Experimental  Study of Structure  of Shock Wave. To study the p res su re  profile in a shock wave 
front we used the p iezoelect r ic  method of p r e s su re  measurement ,  which is charac te r ized  by low inertia,  
good sensitivity,  and frequency-independent charac te r i s t i c s  in the frequency range studied. P iezoe lec t r i c  
pickups with frequency-independent charac te r i s t i c s  f rom 20 Hz to 50 kHz were used. 

The schemat ic  d iagram of the experimental  setup i s  shown in Fig. 2. The shock tube 1, 100 cm long 
with an inner d iameter  of 6 cm, was made of plastic.  The g a s - l i q u i d  mixture was produced by blowing 
nitrogen into the liquid through a porous glass  f i l ter  2 located in the lower par t  of the tube. We used PS-1 
and PS-4 glass  f i l ters  which produced bubbles 0.02 and 0.3 cm in diameter .  Bubbles up to 0.6 cm in diam- 
e ter  wave obtained using a per fora ted  disk. The radius of the fine bubbles was determined by photog- 
raphy. 

The volumetr ic  gas content ~0 of the mixture was var ied  f rom 0.01 to 0.15. The gas content was 
determined f rom the express ion  (~0 =h l -h0 /h l ,  where h 0 is the height of the column of liquid in the shock 
tube without gas bubbles, h 1 the height of the liquid column containing gas bubbles, and h~ and h 0 were mea-  
sured with a KM-3 cathetometer  with an accuracy  of * 1 mm. 

The disturbing pulse was produced by the rupture of diaphragm 3 which separated the h igh-pressure  
chamber  4 f rom the working par t  of the shock tube. One or  severa l  sheets of cellophane 0.04 mm thick 
were used as the diaphragm. The t ime of rupture of the diaphragm exceeded 2 �9 10 -5 sec. It was es t imated 
f rom the p re s su re  r ise  t ime in the shock wave front propagating in the air.  The p re s su re  P0 was always 
equal to a tmospher ic  p r e s su re .  

Along the length of the shock tube, embedded flush with its wall, were  a r ranged  two piezoelect r ic  
p r e s s u r e  pickups of type LKh601. The signal f rom pickup 5 was fed to a cathode follower 8 and then to an 
oscil lograph 7 of type PM-1,  f rom whose sc reen  the p roces s  was  photographed. Pickup 6 served to t r igge r  
the osci l lograph sweep. 
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from the homogeneous model of a gas-liquid medium. 
tal results were obtained in [10]. 

A se r ies  of special  exper iments  was conducted to measure  
the "noise" level of the r i s ingbubbtes ,and  the effect of the elast ic  
waves generated in the wall of the shock tube on breaking the dia-  
phragm was est imated.  The signal dis tort ions caused by these 
fac tors  were on the o rder  of the beam width on the osci l lograph 
screen.  The effect of ref lected waves was el iminated by the 
choice of the sweep time, distance f rom the pickup to the bottom 
of the shock tube, and length of the h igh-pressure  chamber.  
Reflected waves were reg i s te red  by the pickup after  a time in ter -  
val g rea te r  than the duration of the sweep. 

3. Resul ts  of Experiment .  Osc i l lograms  of the p re s su re  
in a shock wave front propagating in a g a s - l i q u i d  mixture at an 
unchanged shock wave intensity as a function of the bubble radius 
are  shown in Fig. 3a, b, c: a) R0=0.01 cm, ~0=0.06, b) R0 =0.!5 
cm, s 0 = 0.03, c) R 0 =0.3 cm, a 0 =0.06. The v iscos i ty  of the 
liquid is ~ =10 -2 c m / s e c  and the Mach number is M=l .12 .  The 
increase  in frequency of the osci l lat ions in the shock wave front 
and the decrease  in their  amplitude with a decrease  in bubble 
radius are  c lear ly  seen in Fig. 3a, b, c. 

The dependence of the amplitude and frequency of the osc i l -  
lations in the shock wave front on its intensity is presented in 
Fig. 4a, b. Here ~0=0.06, R0=0.15 cm, v = 1 0  -2 cm/sec .  

Shock waves with an oscil lat ing p re s su re  profile were not 
observed in the experiments  of [1]. This is evidently connected 
with the fact that in the experiments  the authors used a 50% solu-  
tion of glycer in in water,  and an analysis  of the other p a r a m -  
eters  of their  experiment  on the basis  of (1.3) indicates that 
under these conditions the shock wave has a monotonic profile. 

The existence of shock waves with an oscil lat ing p re s su re  
profile is possible with cer ta in  relat ionships of the pa r ame te r s  
of the shock wave and the g a s - l i q u i d  medium. The cr i ter ion for 
the existence of a shock wave with oscil lat ing p re s su re  in such 
media is established. 

The frequency and amplitude of the p re s su re  oscil lat ions 
in the shock wave front depend on its intensity, the bubble d iam-  
eter,  and the v iscos i ty  of the liquid. 

The experimental  resul ts  obtained agree qualitatively with 
the theoret ical  representa t ions  of the shock wave which follow 

It should be noted that analogous exper imen-  

LITERATURE CITED 

1. I . J .  Campbell and A. S. Pi tcher ,  nShock waves in a liquid containing gas bubbles, n Proc .  Roy. Soc., 
Ser. A, 243, No. 1235 (1958). 

2o V . K .  Kedrinskii,  nPropagation of dis turbances  in a liquid containing gas bubbles, n Zh. Prikl .  Mekhan. 
i Tekh; Fiz.,  No. 4 (1968). 

3. G.K.  Batchelor,  nCompression waves in a suspension of gas bubbles in a liquid, n Mechanics [in 
Russian], Per iodic  Collection of Transla t ions  of Foreign Art ic les ,  No. 3 (1968). 

4. A. Crespo, nSound and shock waves in liquids containing bubbles, n Phys.  Fluids, 1._~2, No. 11 (1969). 
5. L. van Wi]ngaarden, nOn the s t ructure  of shock waves in liquid-bubble mixtures,  ~ Appl. Sci. Res.,  

22, No. 5 (1970). 
6. V . E .  Nakoryakov, V. V. Sobolev, and I. R. Shreiber,  WLong-wave dis turbances in a g a s - l i q u i d  

medium," Izv. Akad. Nauk SSSR, Mekhan. Zhidk. i Gaza, No. 5 (1972). 
7. C. Devin, "Survey of thermal ,  radiation and viscous damping of pulsating a i r  bubbles in water , "  J. 

Acoust.  Soc: Am.,  3._1.1, No. 12 (1959). 

351 



8. V . I .  Karpman, Nonlinear Waves in Dispersive Media [in Russian], Izd. Novosibirsk.  Un-ta, Novosi-  
b i rsk  (1968). 

9. B . B .  Kadomtsev and V. I. Karpman, "Nonlinear waves,"  Usp. Fiz. Nauk, !03, No, 2 (1971). 
10. L. Noordzi], "Shock waves in bubb le -  liquid mixtures ,"  Phys.  Commun., 3._, No. 1 (1971). 

352 


