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P R O P A G A T I O N  O F  S H O C K  W A V E S  I N  A P O R O U S  M E D I U M  S A T U R A T E D  

B Y  A L I Q U I D  W I T H  B U B B L E S  O F  A S O L U B L E  G A S  

V.  E .  D o n t s o v  a n d  V.  E .  N a k o r y a k o v  UDC 532.529 

The process of evolution and reflection of shock waves of moderate amplitude from a rigid 
boundary in a porous medium saturated by a liquid with bubbles of a soluble gas is studied 
experimentally. Experimental values of the amplitude and velocity of the reflected wave are 
compared with the calculated results obtained using mathematical models. The process of dis= 
solution of gas bubbles in the liquid behind the shock wave is studied. 

Based on numerical calculations of the process of collapse of a layer of cavitation bubbles near a 
solid wall, Kedrinskii [1] observed the appearance of a series of high-araplitude pressure pulses on the wall, 
which are caused by inertial effects of collective collapsing of the bubbles. A powerful secondary shock wave 
generated by the collapse of a single bubble in the liquid was observed in the experiments of [2, 3] by optical 
methods. Shima and Fujiwara [4] studied the interference of the neighboring bubbles on their disintegration 
and generation of secondary shock waves. Amplification of shock waves in a liquid with vapor bubbles or 
with bubbles of a readily soluble gas was studied experimentally in [5-9]. The amplification was observed 
both in the incident wave and in the wave reflected from the rigid boundary. 

The evolution and structure of pressure perturbat ions in a suspension of a liquid with solid particles 
and gas bubbles and the reflection of perturbat ions from the rigid boundary was studied theoretically and 
experimentally in [10-12]. Shreiber [13] proposed a model of propagation of nonlinear acoustic waves in 
a three-phase mixture. Evolution equations were obtained, which explain some experimental da ta  on wave 
dynamics in three-phase media. The effects of interphase interaction in multiphase disperse systems including 
phase transitions and chemical reactions were considered by Theofanous et  al. [14] and Hanrat ty  et al. [15]. 
The stability of interfaces in multiphase media and the dynamics of solid and gaseous inclusions were studied. 

The evolution and structure of weakly nonlinear pressure waves in porous media saturated by a liquid 
or by a liquid with gas bubbles were investigated in [16, 17]. The existence of two types of longitudinal waves 
("fast" and "slow" modes) caused by different compressibilities of the porous skeleton and saturating liquid 

was shown. 
In the present paper, we experimentally studied the evolution and reflection of shock waves of moderate  

strength from the rigid boundary in a porous medium saturated by a liquid with bubbles of a soluble gas. 
The experimental  da ta  axe compared with calculations performed using the models proposed by Lyakhov [18] 
and Nigmatulin [19]. The  process of dissolution of gas bubbles in the liquid behind the shock wave is studied. 

The experiments were conducted in a "shock-tube" facility [9]. The  test section was a vertical thick- 
walled steel tube  with an inner diameter of 0.053 m and a length of 1 m, which was bounded by a solid wall 
from below. The test section was filled by a sa tura ted  porous medium. The  porous medium was a random 
packing of bulk polyethylene particles with a characteristic size of 3.5 m m  (porosity m0 = 0.37) or foam 
rubber (m0 ---- 0.98). The  working liquid was distilled water, and the gas phase was air or carbon dioxide. 
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The  porous medium was filled by the liquid at a static pressure P0. The  liquid was preliminarily sa tura ted  
by the gas to the equilibrium state for a given value of P0. After the decrease in pressure in the test section 
to the atmospheric value, the gas escaped from the liquid. 

Assuming the process of nucleation of gas bubbles to be heterogeneous, which is valid for distilled water, 
we can estimate the critical radius of the nucleus from which the growth begins [19]: a.  = 2cr/APs, where 
is the coefficient of surface tension of the liquid and AP8 is the static-pressure difference. In preparing porous 

media saturated by water  with air bubbles, we have APs /> 0.2 MPa, and the size of the critical nucleus is 
a .  ~ 10 -6 m. Since the number  of nuclei with the characteristic size a ~ 10 -6 m per unit volume of water 
is n ~ 1012 m -3 [19], we can estimate the bubble  radius R0 reached by the nucleus with decrease in stat ic 

pressure. For air bubbles,  we have R0 ~ 50 - 10 -6 m within the range of examined volume contents of the 
gas. 

In experiments with a porous medium satura ted  by water with carbon-dioxide bubbles, the decrease 
in static pressure was A P  s ~ 0.02 MPa. In this case, the critical radius of the nucleus is a.  ~ 10 -5 m. A 

tenfold increase in a .  as compared to air bubbles dramatically decreases the number of nucleation centers 
of carbon-dioxide bubbles.  Correspondingly, the size of carbon-dioxide bubbles after the pressure decrease is 
significantly greater t han  the size of air bubbles for identical values of the volume content of the gas. The 
estimates based on the  measurement of the half-width of solitary waves in a porous medium saturated by 
water  with carbon-dioxide bubbles yield the value R0 ~ 250- 10 -6 m. 

Changing APs,  we can change the volume content ~0 of the gas in the liquid. The value of the gas 
content averaged over the  test-section length in a porous medium saturated by a liquid with gas bubbles was 
determined by the increase i'n volume of the liquid with decrease in initial static pressure in the medium [17]. 

Stepwise pressure waves were generated by  breaking the diaphragm separating the high-pressure cham- 
ber and the test section. The  profiles of the pressure waves were registered by piezoelectric pressure trans- 
ducers located along the ~ test section. The pressure transducers did not  contact  the skeleton of the porous 
medium and measured the pressure in the liquid phase. The signals from the transducers were fed to an 
analog-to-digital converter  and processed on a computer .  

The shock-wave amplitude was determined in the experiments using the mean pressure value behind 
the wave front. The shock-wave velocity was found from the time difference between wave registration at two 
neighboring transducers and the distance between them. 

The study of evolution of shock waves of moderate  strength in a sa tura ted  porous medium shows tha t  
the initial signal entering the porous medium is divided into the "fast" and "slow" modes, which is caused 
by different compressibilities of the porous skeleton and the gas-liquid mixture  saturating it [17]. The "slow" 
wave decays rather rapidly owing to the interphase friction at the liquid-solid skeleton boundary. The  "fast" 
wave retains an almost stepwise shape. In our experiments,  we studied the  evolution and reflection of a "fast" 
pressure wave from the solid wall (hereinafter the  term "fast" is omitted).  

Figure 1 shows typical  profiles of shock pressure waves at different distances X from the entrance to 
the saturated porous medium. The incident (1) and reflected (2) shock waves retain an almost stepwise 
shape. In the case of ra ther  high amplitudes (P1/Po >~ 10), significant pressure oscillations are observed at 
the leading front of the  shock wave, which is caused by strongly nonlinear oscillations of the bubbles. 

Figure 2 shows the dependence of the shock-wave velocity U1 in foam rubber  saturated by water  with 
gas bubbles on the wave amplitude P1/Po for different parameters of the medium (P0 is the pressure ahead of 
the shock wave and P1 is the pressure behind the shock-wave front). The  experimental  data lie in the interval 
between the adiabatic and isothermal approximations for the corresponding parameters  of the medium. This 
is due to the fact t ha t  the t ime of thermal relaxation of the gas in the bubbles rh = P~/(~r2ao) (ao is the 
temperature  diffusivity of the gas in the bubbles) is close to the durat ion of the leading front of the shock wave, 
especially for air bubbles of radius R0 ~ 50- 10 -6 m. In addition, some increase in the shock-wave velocity 
with increasing wave ampli tude P1/Po is observed in experiments as compared to calculations (points 2 and 
curves 5 and 8; points 3 and curves 6 and 9 in Fig. 2). The  reason is the decrease in the initial volume content  
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Fig. 1. Profiles of the incident pressure wave (1) and that reflected from the rigid boundary (2) in foam 
rubber saturated by water with air bubbles (m0 = 0.98, ~0 = 0.18, P0 = 0.104 MPa, and P1/Po = 10.9) 
for X = 0.38 (a) and 0.59 m (b). 

Fig. 2. Shock-wave velocity versus amplitude (m0 = 0.98): 1-3) experiment; 4-6) calculation by the 
adiabatic model of [12, 18]; 7-9) calculation by the isothermal model (the ratio of specific heats is ~, = 1) 
[12, 19]; points 1 and 2 and curves 4, 5, 7, and 8 refer to air (9~0 = 0.18 and P0 = 0.104 MPa for points 1 
and curves 4 and 7, and ~0 = 0.19 and P0 = 0.056 MPa for points 2 and curves 5 and 8); points 3 and 
curves 6 and 9 refer to carbon dioxide (~0 = 0.105 and P0 = 0.104 MPa). 

of the gas in the  medium after the passage of the shock wave, since par t  of the gas leaves the  porous medium 
and the value of ~0 changes when a shock wave (especially, a s trong one) passes over the medium. 

Note tha t  these and subsequent calculat.ions of shock-wave velocities in sa tura ted  porous media took 

into account the compressibility of  the solid phase, and the modulus  of  volume elasticity of the porous 
skeleton was assumed to be equal to zero. The  compressibility coefficient of the solid phase  was determined 

experimental ly from the measured velocity of sound in the porous medium saturated by a liquid without gas 

bubbles using Wood's  formula [11]. 
The  dependence of the ampl i tude P2 of the shock wave reflected from the solid wall in a saturated 

porous med ium on the ampli tude P1 of the wave incident onto the wall for different initial parameters  of the 
medium is shown in Fig. 3. Points 1 and 2 show the experimental  da t a  for foam rubber  sa tura ted  by water 

with ra ther  small  air bubbles (R0 ~ 50- 10 -6 m).  Because of the low rigidity and large porosity, the porous 
skeleton does not exert a significant effect on the process of shock-wave reflection from the solid wall but only 

confines gas bubbles in the liquid. 
I t  is seen in Fig. 3 tha t  the exper imental  da ta  (points 1 and 2) are well described by the isothermal 

model (curves 5 and 6) for the corresponding parameters  of the medium.  At high amplitudes,  the experimental 
points 2 deviate  from the calculated dependence 6, which is caused by the decrease in the initial volume content 
of the gas in high-amplitude waves (curve 7). In addition, for high wave amplitudes, the process of reflection 

from the solid wall may approach an adiabatic  process due to the decrease in t ime needed for the formation 
of a reflected shock wave, which becomes smaller than the time of thermal  relaxation of the gas in bubbles 

[points 1 become closer to the results of  adiabatic  calculation (curve 3) for P1/Po >1 10]. 
The  calculation results with complete dissolution of the gas behind the shock wave incident onto the 

wall taken into account (curves 8 and 9) are located significantly higher than  the exper imental  data. Thus, 

the processes of gas dissolution in the liquid behind the shock wave are weak and exert no significant effect 

on the law of reflection from the solid wall. 
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Fig. 3. Amplitude of the shock wave reflected from the solid wall in a porous medium saturated by water 
with gas bubbles (m0 = 0.98): 1, 2, 10) experiment; 3, 4, 11) calculation by the adiabatic model of 
[12, 18] (solid curves); 5-7, 12) calculation by the isothermal model of [12, 19] (dashed curves); 8, 9, 13) 
calculation of the reflection of the shock wave of complete condensation (dissolution) [12, 19] (dot-and- 
dashed curves); points 1 and 2 and curves 3-9 refer to air (~0 = 0.18, P0 = 0.104 MPa for points 1 and 
curves 3, 5, and 8; ~0 = 0.19 and P0 -- 0.056 MiCa for points 2 and curves 4, 6, and 9; ~o = 0.14 and 
P0 = 0.056 MPa for curve 7); points 10 and curves 11-13 (filled points and bold curves) refer to carbon 
dioxide (~o = 0.105 and P0 = 0.104 MPa). 

Fig. 4. Amplitude of the shock wave reflected from the solid wall in a porous medium saturated by water 
with gas bubbles (too = 0.37): 1, 2, 7, 8) experiment; 3, 4) calculation by the isothermal model of 
[12, 19] (dashed curves); 5, 6, 11) calculation of the reflection of the shock wave of complete condensation 
(dissolution) [12, 19] (dot-and-dashed curves); 9, 10) calculation by the adiabatic model of [12, 18] (solid 
curves); points 1 and 2 and curves 3-6 refer to air (~0 = 0.105 and P0 = 0.103 MPa for points 1 and 
curves 3 and 5; r = 0.095 and P0 = 0.203 for points 2 and curves 4 and 6); points 7 and 8 and curves 
9-11 (filled points and bold curves) refer to carbon dioxide (~0 = 0.05 and P0 -- 0.103 MPa for points 7 
and curve 9; ~0 = 0.10 and P0 = 0.103 MPa for points 8 and curves 10 and 11). 

In the  case of  reflection of shock waves from the solid wall in a porous medium composed of densely 
packed part icles of polyethylene, the pa t t e rn  becomes qualitatively different. Points 1 and 2 in Fig. 4 show the 

exper imental  d a t a  for the amplitude of the  shock wave reflected f rom the solid wall in a dense porous medium 

satura ted  by  water  with air bubbles. Beginning from certain values of  the wave ampl i tude  P1/Po, a significant 

amplification of reflected shock waves is observed (points 1 and 2) as compared to isothermal calculations 
(curves 3 and  4), which do not take into account the process of  gas dissolution in the liquid behind the 

wave. Hence,  the presence of a dense porous  medium and a s t rongly developed gas-l iquid interface intensifies 

the process of  gas dissolution behind the shock wave and, hence, amplifies the reflected shock wave. The  

mechanism of wave amplification is based on the transit ion of the kinetic energy of radial  motion of the liquid 

upon bubble  collapsing into the potent ial  energy of pressure in the  liquid [1, 5, 9]. For implementat ion of the 
mechanism of shock-wave amplification, the dissolution of the gas in the  bubbles due to the diffusion processes 

should occur  dur ing a t ime of the order of  the durat ion of the leading front of the shock wave. Otherwise, the 

regime of accelerat ing collapse of the bubbles, which leads to the  appearance of pressure peaks in the liquid 

and, hence, to the amplification of the reflected shock wave, is not  observed [5]. 

We no te  tha t  the process of amplification of reflected shock waves is not related to splitting of bubbles 

behind the shock wave, as was observed in the case of wave evolution in the liquid wi th  ra ther  large bubbles 
[9, 12]. The  Weber  number,  which determines the instability and  splitting of bubbles in the shock wave, in 

these exper iments  was significantly lower than  the critical value (We = pgRoV2/cr << We* ,,~ 21r, where pg is 

the gas densi ty  and V is the relative velocity of gas bubbles in the  liquid behind the  wave). 
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Fig. 5. Velocity of the reflected shock wave in a porous medium saturated by water with gas bubbles 
(rn0 = 0.98): 1, 2, 6) experiment; 3-5, 7) calculation by the isothermal model of [12, 19]; points 1 and 
2 and curves 3-5 refer to air (~0 = 0.18 and P0 = 0.104 MPa for points 1 and curve 3, ~0 = 0.19 
and Po = 0.056 MPa for points 2 and curve 4, and ~0 = 0.14 and P0 = 0.056 MPa for curve 5); 
points 6 and curve 7 (filled points and bold curve, respectively) refbr to carbon dioxide (~Oo = 0.105 and 
P0 = 0.104 MPa). 

Fig. 6. Velocity of the reflected shock wave in a porous medium saturated by water with gas bubbles 
(too = 0.37): 1, 3, 4) experiment; 2, 5, 6) calculation by the isothermal model of [12, 19l; points 1 and 
curve 2 refer to air (~o = 0.105 and Po = 0.103 MPa); points 3 and 4 and curves 5 and 6 (filled points 
and bold curves) refer to carbon dioxide (~o0 = 0.05 and P0 = 0.103 MPa for points 3 and curve 5 and 
~0 = 0.10 and P0 = 0.103 MPa for points 4 and curve 6). 

A comparison of the experimental  da ta  1 and 2 in Fig. 4 shows tha t  an increase in the initial static 
pressure in the medium P0 leads to an increase in the ampli tude of the  reflected shock wave (points 2) as 

compared to the calculated dependence (curve 4) for lower wave ampl i tudes  P1/Po. This  is caused by the 

decrease in the bubble radius with increasing P0 and, hence, by the increase in the interface area  for a constant 
value of ~0. In addition, a.n increase in P0 leads to an increase in the concentration of the  dissolved gas on 

the bubble surface (an increase in the ra te  of dissolution of the gas in the liquid). 
Wi th  increasing P1/Po, points 1 and 2 approach the corresponding calculated curves 5 and 6 taking 

into account the complete dissolution of the gas in the liquid behind the  shock wave incident onto the wall. 
However, the measurements  of the velocity of the reflected shock wave show that  complete dissolution of the 

gas in the liquid behind the incident shock wave does not occur. Nevertheless, at high wave amplitudes, 
sat isfactory agreement  of experimental  da t a  and calculations taking into account the complete  dissolution of 

the gas behind the shock wave is observed. 
Points  1 and 2 in Fig. 5 show the experimental  dependences of  the velocity U2 of the shock wave 

reflected f rom the solid wall in foam rubber  sa turated by water with air bubbles on the ampli tude of the 

shock wave incident onto the  wall P1/Po (Cm is the low-frequency velocity of sound in a porous medium 

saturated by a liquid without  gas bubbles).  
Points  1 and 2 in Fig. 5 are well described by the isothermal approximat ion (curves 3 and 4), which 

does not take into account the process of gas dissolution behind the shock wave incident onto  the wall for the 

corresponding parameters  of  the medium.  For high wave amplitudes, points 2 deviate f rom the calculated 
dependence 4, which is caused by the decrease in the initial volume content  of the gas in high-amplitude 

waves (curve 5). Hence, the process of gas dissolution in the liquid behind the incident shock wave in media 

in which the  effect of the porous skeleton may  be ignored is insignificant and does not lead to an increase in 

the velocity of  the reflected shock wave. 

849 



1 

1 

a 
3 

I I t I I r 

I 

' "  ~ I I I 

3 10 -4 sec 

Fig. 7. Evolution of a high-amplitude pressure wave in a porous medium filled by water with air bubbles 
(rn0 = 0.37, ~0 ---- 0.05, P0 = 0.1 MPa, and PI/Po ---- 28): 1) incident shock wave; 2) wave of condensation 
(dissolution); 3) shock wave reflected from the solid wall; X ---- 0.49 (a) and 0.69 m (b). 

Points  1 in Fig. 6 correspond to the  experimental  values of the velocity of the shock wave reflected 

from the solid wall in a densely packed sa tura ted  porous medium. Curve 2 shows the calculation by the 

isothermal model  of  [12, 19]. W'ith increasing wave amplitude, the experimental  values of the velocity of the 

shock wave reflected from the solid wall 1 deviate from the calculated curve 2. Hence, gas dissolution in the 

liquid occurs behind the shock wave incident onto the wall, which leads to a decrease in the volume content of 

the gas behind the wave and, consequently, to an increase in the velocity of the reflected shock wave. In the 

case of P1/Po > 10, the experimental  values of the velocity of the reflected shock wave significantly deviate 

from the calculated curve, i.e., the process of gas dissolution determines to a large extent the behavior of the 

gas behind the  shock wave. In the case of  propagat ion of shock waves in three-phase suspensions with rather  

large bubbles  [12], the  process of gas dissolution in the liquid behind the shock wave is caused by bubble 

splitting. As is shown below, the intense mass  transfer behind the shock wave in these experiments  is caused 

by the turbulent  mot ion of the liquid behind the shock wave in dense porous media. 

For h igh-ampl i tude waves in a porous  medium saturated by a liquid with gas bubbles, in the case of 

a ra ther  developed interface surface, the shock-wave amplification occurs not only upon reflection from the 

solid wall bu t  also behind the front of the incident shock wave. Figure 7 shows typical s t ructures  of a high- 

ampli tude shock wave at different distances X from the entrance to the porous medium, which are formed 

from the initial stepwise signal. As the shock wave 1 propagates over the medium, a high-ampli tude pressure 

pulse 2 is formed behind the shock-wave front.  The velocity of this pulse is close to the velocity of the leading 

front of the  shock wave, and the ampli tude reaches the value of the  ampli tude of the shock wave reflected 

from the solid wall 3. The  mechanism of formation of a powerful pressure pulse behind the shock-wave front 

is related to  the origination of pressure oscillations in the liquid upon  collapsing of gas bubbles due to their 

intense dissolution. Because of the large area  of the gas-liquid interface and intensification of mass transfer 

by the turbulent  mot ion of the liquid behind the wave, wave amplification is observed even in media with 

bubbles of air, which is poorly soluble in water. The  process of shock-wave amplification in liquids with 

bubbles of  a readily soluble gas and vapor- l iquid media was previously noted in [6, 7]. 

We consider the reflection of a shock wave from the solid wall in a porous medium saturated by water  

with bubbles  of carbon dioxide, which is readily soluble in water.  The  solubility of carbon dioxide is 40 to 

50 times greater  than  the solubility of air in water at room tempera ture .  Hence, we can expect a dramat ic  

amplification of carbon-dioxide dissolution in water behind the shock wave and, correspondingly, a stronger 

amplification of the shock wave reflected from the wall. However, the  size of carbon-dioxide bubbles is five 

times the size of air bubbles. An increase in the bubble size decelerates the process of dissolution. As a result, 
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the amplitudes of reflected shock waves in a porous medium saturated by water with bubbles of carbon dioxide 
and air differ insignificantly for identical values of the initial volume content of the gas and the amplitude of 

the shock wave incident onto the wall. 
The  values of P2/P1 for foam rubber sa turated by water with carbon-dioxide bubbles axe plotted in 

Fig. 3. For experimental points 10, the time of thermal  relaxation of the gas in bubbles is ~'h ~ 0.6 msec. 

Hence, the heat losses should be insignificant in the course of shock-wave reflection from the solid wall, and 
the reflection law is close to adiabatic. Nevertheless, a stronger shock wave is observed in experiments as 

compared to calculations (curve 11). As for air bubbles (see Fig. 4), the amplification of the reflected shock 
wave is not related to splitting of gas bubbles in the shock wave (We ~< We*). As is shown below, the intense 
mass transfer, which leads to  the amplification of reflected waves, may be caused by convective diffusion due 

to the relative motion of gas bubbles in the liquid behind the shock wave. 
The  decrease in P2/Pt for P1/Po >~ 10 is caused by the decrease in the initial volume content of the gas 

in strong shock waves, which is confirmed by the increase in velocity with increasing amplitude of the shock 

wave incident onto the wall (see Fig. 2). The calculation results taking into account the complete dissolution 
of the gas behind the shock wave incident onto the wall (curve 13 in Fig. 3) are considerably higher than the 
experimental  values, which indicates a moderate process of gas dissolution behind the shock wave. 

Points 7 and 8 in Fig. 4 show the experimental d a t a  for a dense porous medium saturated by water 

with carbon-dioxide bubbles. For qv0 = 0.05, the experimental  data  (points 7) are in good agreement with 
the calculated curve 9, which does not take into account gas dissolution in the liquid behind the shock wave. 

With increasing initial volume content of the gas (~0 = 0.10), the mass-transfer processes behind the shock 
wave lead to the amplification of the reflected shock wave (points 8) as compared to calculations (curve 10). 
As in Fig. 3, the experimental da ta  in Fig. 4 are located significantly lower than  the calculated curve, which 
takes into account the complete dissolution of the gas behind the shock wave incident onto the wall. 

Figure 5 shows the experimental values (points 6) of the velocity U2 of the shock wave reflected from 

the solid wall in foam rubber  saturated by water with bubbles of carbon dioxide readily soluble in water. 
With increasing wave ampli tude P1/Po, the experimental  values of U2 deviate from the calculated curve 7. 
Hence, gas dissolution in the liquid occurs behind the shock wave incident onto the wall, which decreases the 
volume content of the gas behind the wave and, hence, increases the velocity of the reflected shock wave. The  
process of gas dissolution behind the shock wave, as is shown below, is brought about  by convective diffusion 

due to the relative motion of gas bubbles in the liquid behind the shock wave. 
Figure 6 shows the experimental  values (points 3 and 4) of the velocity U2 of the shock wave reflected 

from the solid wall in a dense porous medium satura ted  by water with bubbles of carbon dioxide readily 
soluble in water. For ~0 = 0.05, the experimental d a t a  for the shock-wave velocity (points 3) are in good 
agreement with the calculated curve 5, i.e., gas dissolution in the liquid behind the shock wave is negligibly 
low. Wi th  increasing ~0, the dissolution becomes considerable, and the experimental  points 4 deviate from 

the calculated curve 6. 
A comparison of Figs. 3 and 4 and also Figs. 5 and 6 allows us to conclude tha t  the presence of a dense 

porous medium has an insignificant effect on the process of carbon-dioxide dissolution behind the shock wave 

and, hence, on shock-wave amplification upon its reflection. 
We consider the process of gas dissolution in a liquid behind the shock wave incident onto the wall 

in a sa tura ted  porous medium on the basis of measurement  of the amplitude and velocity of the reflected 
wave. Substi tuting the experimental  values of the ampli tude and velocity of the reflected shock wave into the 
numerical model of [12, 19], we can calculate the volume content of the gas behind the incident shock wave 

taking into account the process of gas dissolution in the liquid ~ .  From the velocity of the reflected shock 
wave in individual sections, we calculate the values of ~ for various residence times of the gas phase behind 
the front of the incident shock wave. Correspondingly, we can determine the relative volume concentration of 

the dissolved gas behind the shock wave: ~* = (~1 - ~ ) / ~ 1 ,  where ~vl is the calculated value of the volume 
content of the gas behind the shock wave with ignored gas dissolution for 7 = 1. 
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Fig. 8. Relative volume content of the gas dissolved in water behind the shock wave (m0 = 0.98) for 
air (~0 = 0.18 and P0 = 0.104 MPa) (a) and carbon dioxide (~0 = 0.105 and Po = 0.104 MPa) (b): 
P1/Po = 4 (1), 6 (2), and 12 (3); P1/Po = 24 for ~0 = 0.114 (4). 

The  points in Fig, 8 show the values of ~* calculated using the above-described technique as a funct ion 

of the  residence time of the  gas  phase behind the wave front ( the porous medium is foam rubber).  The  solid 

curves average the calculated values of ~* for the corresponding parameters  P1/Po and ~0. The calculation 

was per formed using the experimental  values of the ampl i tude  and velocity of the reflected shock wave 

obta ined  at  different sections. The  reason for the large sca t te r  of the points is the  measurement  error for a 

large number  of the med ium and wave parameters ,  which are used in calculations (P1/Po, ~0, U2, and P2), 

and also the nonuniform distr ibution of ~0 along the test-section.  In a wide range of wave amplitudes P1/Po, 
the relative volume concentra t ion of air dissolved in water  depends weakly on the wave amplitude and t ime  

and is slightly greater t han  the  measurement error (Fig. 8a). The  reason for the weak dependence of ~* on 

P1/Po m a y  be the decrease in ~0 caused by the fact tha t  pa r t  of  the bubbles leave the porous medium af ter  

the passage of the shock wave. A nonuniform distr ibution of the  bubbles along the test-section may lead to  a 

weak dependence of ~* on t ime.  Thus, diffusion processes in foam rubber  sa tura ted  by water  with air bubbles  

do not  lead to a noticeable change in the volume content  of  the gas behind the shock wave for t ~ 10 msec.  

An est imate of the t ime  of collapse of gas bubbles  in the  case of a stepwise variation of pressure due  

to the diffusion process ~'d = P~/(2DI(~R - ~oo)) (D1 is the  diffusion coefficient of the gas in the liquid and  

~R and ~oo are the volume concentrations of the gas dissolved in the liquid at  the bubble boundary and far  

f rom it) [20] confirms the insignificant variation of ~* behind  the shock wave with decreasing bubble radius  

relative to R/Ro = (1 - t/Vd) ~ [20] (Fig. 8a). For example ,  for P1/Po = 10 and P0 = 0.1 MPa, we have  

1"d ", 1 sec. Convective mass  transfer due to the relative mot ion  of air bubbles in water  is also insignificant, 

since the t ime of equalization of phase velocities v~ = R~/(18~,) (L, is the kinemat ic  viscosity of the liquid) 

[19] is dozens of microseconds. 
Calculations of the relative concentration of air dissolved in water  behind the shock wave in a dense 

porous  med ium (m0 = 0.37, ~0 = 0.105, and P0 = 0.103 MPa)  showed that ,  for t = 1-2 msec, we have  

~* ~ 0.6 for P1/Po = 9.2 and  ~* ~ 0.95 for P1/Po = 16.5. Thus ,  the presence of a dense porous medium leads 

to a d ramat ic  intensification of  mass transfer at the gas- l iquid  interface. Wi th  increasing wave ampli tude,  

the process of gas dissolution in the liquid is amplified. Assuming tha t  the number  of bubbles per  uni t  

volume of the medium is constant ,  we can obtain an expression for the mass- t ransfer  coefficient per uni t  

surface of the bubble behind  the shock wave ~t = (d~*/dt)R/(3(~R - ~oo)). Using the expression for the  
mass- t ransfer  coefficient in the  diffuse regime of bubble  dissolution in the boundary-layer  approximat ion 

~d = D1/R  [21], we obtain  the  coefficient of mass- t ransfer  enhancement  caused by the dense porous medium:  

~//3d = (d~o*/dt)R2/(3Dl(~R - ~oo)). For a wave ampl i tude  P1/Po = 16.5 at  the  initial stage of bubble  
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collapsing (R ~ R0), the estimate yields ~ / ~ d  ~ 100. This dramatic  increase in mass transfer may be 
caused by turbulent  oscillations of the liquid velocity behind the shock wave in a porous medium. Indeed, the 

Reynolds number based on the diameter of solid particles of the porous medium d and the relative velocity of 

the liquid and solid phases W behind the shock wave is Red = d W / v  >> 100; hence, the liquid-flow regime in 
the porous medium is turbulent  [22]. Note that  the time of equalization of velocities of the solid and liquid 
phases behind the shock wave is considerably greater than the examined shock-wave length. 

The  calculations of the relative concentration of carbon dioxide dissolved in water behind the shock 
wave in saturated foam rubber  are plotted in Fig. 8b. With increasing wave amplitude, the amount of the 

gas dissolved in water increases, and the calculated values of ~* are greater  than the calculation error. The 
calculations for the case of a dense porous medium (m0 -- 0.37, ~0 -- 0.10, and P0 = 0.103 MPa) showed that  
~* ~ 0.6 for t -- 1-2 msec and P1/Po = 8.2. The  calculated values of ~* in porous media with m0 = 0.37 and 

0.98 are ra ther  close for identical wave parameters.  Hence, in experiments with carbon-dioxide bubbles, the 
porous medium has no significant effect on the process of gas dissolution in the liquid behind the shock wave, 
and the diffusion due to the turbulent motion of the liquid behind the shock wave is not the main mechanism 

of mass transfer. 
Using the dependence for the mass-transfer coefficient for a gas bubble floating up in the liquid in the 

diffusion boundary-layer approximation [21], we can obtain the expression for the mass-transfer coefficient per 
unit surface of the bubble due to its relative motion in the liquid behind the shock wave ~c = (2DIV/ (~rR) )  ~ 

To estimate the time of collapse of gas bubbles upon a stepwise variation of pressure in the wave due to 
convective diffusion, we have 1"c - 3v/"z/(2v/'2)R3o/2/((~R -- ~oo)(D1Y)~ The bubble radius varies in 
accordance with the relation R/R0 = (1 - t/vc) 2/3. For a shock-wave amplitude P1/Po = 12 in foam rubber 
filled by water with carbon-dioxide bubbles, the estimates obtained yield the value of the ratio of the actual 
mass-transfer coefficient to the convective mass-transfer coefficient at the initial stage of bubble collapse 
~t/~c ~" 1. It was assumed in the calculations that  the velocity of the relative motion of the gas bubble in 
the liquid V equals the velocity of the liquid behind the wave (this is valid for t << v~,). Hence, convective 

diffusion due to the relative motion of gas bubbles in the liquids makes the main contribution to mass transfer 

behind the shock wave. 
An estimate of the t ime of collapse of carbon-dioxide bubbles behind the shock wave due to convective 

diffusion for the same parameters  yields the value rc ~ 1 msec. Taking into account that  the time of 

equalization of velocities of carbon-dioxide bubbles and the liquid behind the shock wave is vu ~ 1 msec, 
we can state that  the dependences plotted in Fig. 8b are caused by convective diffusion due to the relative 

motion of gas bubbles and the liquid behind the shock wave. The weak dependence of ~* on time in Fig. 8b 
(points 2 and 3) for t > 7"u ~ 1 msec also confirms indirectly the action of the convective mechanism of mass 

transfer behind the shock wave. 
Thus, the amplification of shock waves in a porous medium sa tura ted  by a liquid with gas bubbles 

upon wave reflection from the solid wall, which is caused by accelerating collapse of gas bubbles behind 
the shock-wave front, has been experimentally studied. It is shown that ,  in the case of small bubble radii 
(R0 ~ 50- 10 -6 m), the amplification of the reflected shock wave m ay  occur in a medium with bubbles of 
air, which is poorly soluble in the liquid. Experimental  da ta  on shock-wave reflection are compared with 

calculations. 
It is shown that  the main mechanism of mass transfer behind the shock wave in porous media saturated 

by a liquid with small gas bubbles may be diffusion due to the turbulent  motion of the liquid behind the 

shock wave. 
For rather  large bubbles, in the case of relative motion of gas bubbles in the liquid but  without splitting 

of the bubbles, the main mechanism of mass transfer behind the shock wave is convective diffusion. 
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