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Abstract

Evolution of a moderate-intensity shock wave and its enhancement after reflection from a rigid surface
embedded in a porous medium are studied experimentally. The medium is saturated with a liquid that has
bubbles of a soluble gas. A physical mechanism of shock wave enhancement in a saturated porous medium
is proposed. Experimental data on the amplitude and velocity of reflected waves are compared with results
of theoretical modeling. The process of gas bubble dissolution behind a shock wave is studied. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Kedrinsky (1980) numerically calculated collapse of bubbles in a cavitation layer near a solid
wall. He discovered of a series of high-amplitude pressure impulses on the wall, which was caused
by the inertia effect of collective bubble collapse. Lauterborn and Vogel (1984) and Tomita and
Shima (1990) registered by optical methods a powerful secondary shock wave, which developed
after a single bubble collapsed in the liquid. Shima and Fujiwara (1992) investigated the effect of
interaction of close bubbles on their destruction and generation of secondary shock waves. Bo-
risov et al. (1982), Nakoryakov et al. (1983), Tepper (1983), Pokusaev et al. (1991), and Dontsov
(1998) experimentally proved that shock wave enhancement may take place in a liquid with vapor
bubbles (or in a liquid with readily soluble gas bubbles). This kind of enhancement may occur in a
direct wave or in a wave reflected from a solid surface.
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Theoretical and experimental studies of evolution, structure, and reflection from a solid wall of
a pressure perturbation in a liquid suspension of solid particles and gas bubbles were performed
by Nakoryakov et al. (1996) and Dontsov and Pokusaev (1999). Shreiber (1997) developed a
model for penetration of nonlinear acoustic waves in a three-phase mixture. The waves’ evolution
equations were derived and used for explanation of some experimental data on wavy dynamics in
a three-phase medium. Theofanous et al. (1998) and Hanratty et al. (1998) considered the effects
of phase interaction in multiphase disperse systems, including phase transitions and chemical
reactions. Stability of phase boundaries in a multiphase medium and dynamics of solid and
gaseous inclusions were also considered.

Nakoryakov et al. (1989) and Dontsov (1992) studied the evolution and structure of weakly
nonlinear pressure waves in a porous medium saturated with a liquid or a liquid with gas bubbles.
The existence of two kinds of longitudinal waves (“fast” and “‘slow’” modes) was proven; both are
caused by the difference in compressibility of the porous skeleton and the filling liquid.

This paper is devoted to experimental study of evolution of a moderate-intensity shock wave
propagation in a porous medium saturated with a liquid and bubbles of a soluble gas and its
enhancement after reflection from a rigid surface. A mechanism of wave enhancement in a sat-
urated porous medium was proposed. We compare experimental data with calculations based on
models developed by Lyakhov (1982) and Nigmatulin (1990). The process of gas bubble disso-
lution behind a shock wave is also investigated.

2. Theoretical analysis
2.1. Adiabatic model

Let us consider reflection of a 1D shock wave from a solid wall in a saturated porous medium
using an adiabatic model developed by Lyakhov (1982). Lyakhov’s model for nonlinear liquid
multicomponent medium without viscosity gives us the following formulas for velocities of in-
cident and reflected shock waves:

Up = ((Pr — Po)/po(1 — ¢030(P1/P0)_1/y — (1 —&0)po(y" (P — Po)/(/)zocg) + 1)_1/V*

— (1= o) (7 (PL = o)/ (proc}) + 1)) 7™, (1)
Ui = ((Pr=P)/pr (1= praa(Po/P) 7 = (1= &)y (' (Pr = 1)/ (pge3) + 1)

— (1= )" Py = P)(proc) + 1)), (2)
Po = Pro(1 = ) + PanPo(1 — €0) + p30Pocos (3)
p1 = P10l = @1) + P (1 — &) + p3gds &1 4)

Here U, is the velocity of the reflected wave relative to the medium ahead of the wave; p,, p, are
the densities of the three-phase medium ahead of and behind the front of the incident shock wave,
P10> P20» P30 are the densities of the solid, liquid and gaseous phases ahead of the front of the shock
wave; ¢,, ¢, are the porosities of the three-phase mixture ahead of and behind the wave front; ¢,
g are the volumetric void fractions ahead of and behind the wave front, hence ¢, ¢, are the
void fractions ahead of and behind the wave front in the three-phase medium; y, y*, y** are the
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adiabatic indices for the gaseous, liquid, and solid phases, respectively; Py, P;, P, are the pressures
ahead of the wave incident on the wall, behind the front, and behind the reflected wave front,
respectively; ¢y, ¢, are the sound velocities in the solid and liquid phases. Note that this model
accounts for the compressibility of the material of the porous medium, but disregards the elas-
ticity of the porous skeleton.

If we assume that the solid and liquid phase are incompressible and the behavior of the gas in
bubbles is adiabatic, then the void fraction and porosity behind the shock wave front are de-
scribed by the following formulas:

e = eo((1 — ) (P /P)"" + &) ", (5)
¢ = Po(1 —20)/((1 = &1) + Po(e1 — &0)). (6)

According to the effective viscosity approximation used for description of stationary shock waves,
the condition for the reflection of a stationary shock wave from a solid wall in a three-phase
medium can be written in the form (Nigmatulin, 1990)

(P = R)/(poUo) = (P, — P1)/(p, Uh). (7)

Correspondingly, the velocity of the reflected shock wave relative to the wall takes the form
proposed by Nigmatulin (1990):

U = U — (P = R)/(poUh)- (8)

Formulas (1)—(8) allow us to calculate the amplitude and velocity of a shock wave reflected from a
solid wall in a three-phase medium for the adiabatic approximation.

The adiabatic model assumes that the gas bubbles behind a shock wave are adiabatic, i.e., heat
transfer from the gas to the surrounding liquid medium is neglected. The reflection of the shock
wave from the rigid surface is governed by adiabatic law, when the time of thermal relaxation 7, of
the gas in bubbles (Nigmatulin, 1990) is much longer than the time of the shock wave’s front
propagation t; (Table 1). The time of front propagation relative to any measurement point means

Table 1
The thermal relaxation time for gas in bubbles T = R} /m’ay AtRy~50x10°m, 7, ~ 107° s
At Ry ~250x10°m, 7, ~6 x 107* s
The time of shock wave’s front propagation o (10-100) x 10=¢ s
The time of the shock wave t (1-10) x 1073 s
The gas bubble collapse time for a stepwise R At Py =0.1 MPa, P,/P, = 10,
pressure variation due to diffusion Tqg = 0 Ry~50x10°m,tq~1s

(2D| (ER — 830))

The time of equalizing for the velocities of gas At Ry ~ 50 x 107 m, Ty~ 107 s

— R2/18y
and liquid phases behind a shock wave T = Ro/18y At Ry~ 250 x 10°m, 7, ~ 1073 s
The time of equalizing for the velocities of 7 Atd=3x10"3m, T4 =0.1s
solid and liquid phases behind a shock wave Tya = Pio

T2vpy

The gas bubble collapse time for a stepwise 32 At Ry ~ 250 x 107° m, Py = 0.1 MPa,
pressure variation due to convective diffusion T, = 1.5/m/2R, .~ 10733
(en — ) (D1 V)"
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there the time of pressure growth from initial pressure ahead of the wave to its averaged pressure.
To study the reflected shock wave velocity (2), the condition 7, > ¢* must be fulfilled. Here ¢* is the
time of the incident shock wave passing up to the moment of arrival of the reflected shock wave at
the measurement point.

2.2. Equilibrium model

Let us consider the reflection of shock waves from a solid wall in a three-phase medium using
an equilibrium model for evolution of waves in a gas-liquid medium (Nigmatulin, 1990). With the
elasticity of the porous skeleton disregarded, a liquid containing solid particles has the following
effective density and low-frequency sound velocity (Wood’s formula, see Nakoryakov et al., 1996;
Johnson and Plona, 1982):

Pmo = (P1o(1 = @o) + P2 Po(1 —&))/(1 = Pyeo), )
cm = (1= ¢o)/(cipr) + 450/(0%/’20))70'5(/’10(1 — o) + pay) . (10)

The incident and reflected shock wave velocities for this model have the following respective
forms:

_ P L+ (P/Py — 1)Py/(caPrmo) "
b= <pmo<1 o) b T (PP~ ¢oeo>Po/<c;¢osopmo>> ’ (1
B Py L+ (P/P = DR (Eppom)  \
U= <pml<1 P P i y) ¢181>P1/<c3n1¢181pm1>> ! (12)
Pmi = (P1o(1 = &) + prodi (1 —&1))/(1 — ¢ye1), (13)
em1 = ((1 = d’l)/(c%/’lo) + ¢1/(C§f’20))70'5(P10(1 —¢)) + on(f)l)io's- (14)

Formulas (9)-(14) jointly with (5)—(8), wherein y = 1, provide the amplitude and velocity for a
shock wave reflected from a solid wall in a three-phase medium (the isothermal approximation).

According to the isothermal model, the temperatures of the gas and liquid immediately behind
the front of the shock wave are equal. This assumption is valid at 7, much less than the duration ¢
of the front of the incident shock wave. However, for wave amplitudes P; /Py > 1 the adiabatic (1)
and isothermal (11) velocities of shock waves are rather close. The main difference between these
models is in the determination of the volumetric gas void fraction behind the shock wave (5), i.e.,
whether adiabatic or isothermal (y = 1) compression of bubbles takes place in the shock wave.
Then for wave amplitudes P, /P, > 1 the validity of the isothermal model can be expanded up to
the condition 7, < ¢*.

2.3. Isothermal model with complete gas dissolving

Using the equilibrium model and formula for velocity of the pressure jump in a vapor—liquid
mixture with complete vapor condensation behind the shock wave’s front (Nigmatulin, 1990), we
obtain a law for the reflection of a shock wave from a solid wall in a three-phase medium with gas
dissolution. We use the assumption of complete gas dissolution behind the incident wave. Hence,
the reflected wave penetrates through a liquid with solid particles without gas bubbles. In this
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case, as for a two-phase medium, a considerable amplification of the reflected shock wave takes
place. The expression for its amplitude is as follows:

B/ = 1+ (Gabuiapnoll = o) (pro(1 = 1) + bt/ (AP)) (1= R/P)S. (1)

The model for shock wave reflection from a solid wall assumes that a complete dissolution
takes place behind the incident shock wave and its velocity is equal to the value prevailing when
the condensation takes place (Nigmatulin, 1990).

3. Experimental setup
Our experiments were performed in a shock tube (see the diagram in Fig. 1). The working

section (1) was a vertical thick-walled iron tube with an inner diameter of 0.053 m and a length of
1 m, bounded by a solid wall (2) at the bottom. The working section was filled with a porous
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Fig. 1. Diagram of experimental setup.
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medium. This was a random bed of polyethylene particles with a size of 3.5 mm (porosity
¢, = 0.37) or foam rubber (¢, = 0.98). Distilled water was the working liquid and air (or carbon
dioxide) was the gas phase. The solubility coefficients of air in water and carbon dioxide are
essentially different. The preparation of the medium was as follows. The porous medium, satu-
rated with the gas, was in the working section under pressure P,. The gas-saturated liquid (at
equilibrium state) was in tank 3 at pressure (P, + AP,). Then the porous medium under pressure P,
was filled with the liquid from tank 3. The liquid filled all the pores, and the initial gas void
fraction was gy = 0. After the static pressure P, was reduced to the atmospheric level, the gas was
released from the liquid, and the initial gas void fraction g, was established in the medium. The
uniformity of distribution of ¢, over the section length was controlled by the velocity of the in-
cident shock wave. As for the distribution of ¢, over the tube cross-section, it was assumed to be
uniform and was not measured.

After the propagation of the shock wave, the medium lost some gas content and the initial
parameters were slightly changed. But after the propagation of a strong shock wave, the degassing
and nonuniformity of &, distribution became significant and we stopped experimenting with this
medium. To control the supply of gas and liquid, vacuum pump (4), pressure gauges (5) and
valves (6) were used.

Direct measurements of bubble size were difficult because the porous medium was nontrans-
parent. The bubble size was estimated in the following way. If we consider the nucleation of gas
bubbles to be a heterogeneous process, which is valid for regular distilled water, one can estimate
the critical radius of a nucleus when the bubble begins growing (Nigmatulin, 1990): a, = 25 /AP..
Here o is the coefficient of the liquid surface tension, AP, is the static pressure drop. For prep-
aration of a porous medium filled with water with air bubbles, AP, = 0.2 MPa and the size of the
critical nucleus was estimated as a, <107° m. We can also estimate the radius of the bubble
developed from a nucleus at the time of pressure release. For bubbles of air and for the range of
void fraction studied, this radius is Ry =~ 50 x 10~® m. We assumed that the number of critical
nuclei with a typical size of a =~ 107® m per unit volume of water is n ~ 10'> m~* (Nigmatulin,
1990).

We prepared a porous medium filled with bubbly water (carbon dioxide); the pressure release
was AP, ~ 0.02 MPa. This gave us the following critical size of a nucleus: a, ~ 107> m. Since the
size of the critical nucleus is by one order of magnitude higher than the air bubble size, the number
of nucleation sites for carbon dioxide will be much less. Correspondingly, after static pressure
release, the size of developed carbon dioxide bubbles will be much greater than that of the air
bubbles at the same void fraction. Some measurements of the half-height of a solitary wave in a
porous medium filled with water and carbon dioxide bubbles (Nakoryakov et al., 1996) give us the
bubble radius Ry ~ 250 x 107° m.

Varying the value of AP, one changes the initial void fraction &, in the liquid. The value of the
void fraction in the porous medium averaged over the working section was determined by
measuring the change in the height of the liquid in the measurement duct (7) after a decrease in the
initial static pressure in the medium.

Stepwise pressure waves were started by disrupting the diaphragm (8), which separated the
high-pressure chamber (9) and the working section. Profiles of pressure waves were recorded by
piezoelectric pressure probes D1-D7 positioned along the length of the working section. Here DO
is a triggering probe for ADC (10). The pressure probes did not touch the skeleton of the porous
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medium and measured the pressure in the liquid phase. Signals from these probes were supplied to
the ADC and then processed in the computer (11).

Fig. 2 presents typical profiles of pressure shock waves at different distances X from the inlet
of a saturated porous medium (the parameters of the medium are shown in Table 2). One can

& MPa

8 MPa

0.59 m

2~10'3s

Fig. 2. Profiles of pressure waves in a foam rubber filled with water and air bubbles. P, /P, = 10.9.

Table 2
Figure (N) Experiment or calculation Nature of gas 0 & Py (MPa)
Fig. 2 Exp. Air 0.98 0.18 0.104
Fig. 3 Exp. — 1;cal. — 4,7 Air 0.98 0.18 0.104
Exp. — 2; cal. - 5, 8 Air 0.98 0.19 0.056
Exp. —3;cal. - 6,9 Carbon dioxide 0.98 0.105 0.104
Fig. 4 Exp. — I;cal. -3, 5 Air 0.98 0.18 0.104
Exp. —2;cal. -4, 6 Air 0.98 0.19 0.056
Cal. -7 Air 0.98 0.14 0.056
Exp. — 8; cal. - 9, 10 Carbon dioxide 0.98 0.105 0.104
Fig. 5 Exp. — 1;cal. - 3,5 Air 0.37 0.105 0.103
Exp. —2;cal. -4, 6 Air 0.37 0.095 0.203
Exp. — 7; cal. - 9 Carbon dioxide 0.37 0.05 0.103
Exp. — §; cal. - 10 Carbon dioxide 0.37 0.10 0.103
Fig. 6 Exp. —1;cal. -3 Air 0.98 0.18 0.104
Exp. — 2; cal. - 4 Air 0.98 0.19 0.056
Cal. -5 Air 0.98 0.14 0.056
Exp. — 6; cal. — 7 Carbon dioxide 0.98 0.105 0.104
Fig. 7 Exp. — 1; cal. - 2 Air 0.37 0.105 0.103
Exp. — 3;cal. - 5 Carbon dioxide 0.37 0.05 0.103
Exp. —4; cal. — 6 Carbon dioxide 0.37 0.10 0.103
Fig. 8 Exp. Air 0.37 0.05 0.10
Fig. 9(a) Cal. - 1,2,3 Air 0.98 0.18 0.104
Cal. - 4 Air 0.98 0.114 0.104
Cal. -5 Air 0.37 0.105 0.103
Fig. 9(b) Cal.-1,2,3 Carbon dioxide 0.98 0.105 0.104
Cal. - 4 Carbon dioxide 0.37 0.10 0.103
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see that the incident wave 1 and the reflected wave 2 retain their stepwise shape. For rather
high amplitudes P;/P, > 10, one can observe significant pressure pulsations at the front of the
shock wave, which are caused by very nonlinear oscillations of bubbles. While spreading, the
incident shock wave holds its amplitude and velocity (within the measurement accuracy).
The reflected shock wave is not a stationary one, because it spreads through a medium with a
variable gas void fraction. However, for a short path Ax, when the wave velocity changes in-
significantly at a distance of about a wavelength, we can consider the reflected shock wave as
quasistationary.

The amplitude of a shock wave was measured from the average value of the pressure behind its
front. The velocity of a shock wave was determined from the difference between the time of arrival
of the wave front to two neighboring probes and the distance between them.

4. Experimental results
4.1. Dynamics of a shock wave

Due to the experimental study of evolution of shock waves with a moderate amplitude in a
saturated porous medium, it has been shown that the initial signal penetrating into the porous
medium separates into “fast” and “slow’” modes. These modes are caused by the difference in the
compressibility of the porous skeleton and the gas—liquid mixture that saturates this skeleton
(Dontsov, 1992). The “slow” wave quickly attenuates because of friction at the liquid-solid in-
terface. The “fast” wave almost holds its stepwise shape. In our experiments we studied the
evolution of a “fast” pressure wave and its reflection from a solid wall; therefore, the term “fast”
will be skipped below.

The shock wave velocity U, in foam rubber saturated with bubbly water versus the wave
amplitude P; /P, is shown in Fig. 3 for various medium parameters. Here P is the pressure ahead
of the shock wave, P, is the pressure behind the shock wave front, and 1-3 are experimental
points for various values of the initial volumetric void fraction ¢, and P, in the medium (Table 2).
Lines 4-6 represent calculations by the adiabatic model (1)—(8), and lines 7-9 represent calcu-
lations by the isothermal model (5)—(14). In the calculations, the gas dissolution behind the wave
was not considered. For air bubbles y = 1.4, for carbon dioxide y = 1.3, and for water y* = 7. It
is obvious that the experimental data are within the range lying between the adiabatic and
isothermal approximations for corresponding medium parameters. This is caused by the fact that
the time of thermal relaxation 7, for the gas in bubbles is close to the duration of the front of the
shock wave, especially for air bubbles with radius R, ~ 50 x 10~¢ m (Table 1). a, is the coefficient
of thermal conductivity in bubbles. For air bubbles at Py = 0.1 MPa ay = 2.2 x 10~° m?/s, and
for carbon dioxide ayp = 10~ m?/s. The duration of the incident and reflected shock wave in our
experiments varied from ~10 up to hundreds of microseconds (depending on the wave ampli-
tude).

Besides, a tendency to an increase in the shock wave velocity with the wave amplitude P, /P, was
observed in the experiments in comparison with the calculated values: points 2 are lines 5 and 8,
and points 3 are lines 6 and 9. This is caused by a decrease in the initial volumetric void fraction in
the medium after propagation of a shock wave. That is, after propagation of a shock wave
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Fig. 3. Shock wave velocity.

through a medium (especially a shock wave with a high amplitude), some portion of the gas leaves
the porous medium, and &, changes (decreases).

4.2. Shock wave’s reflection. Air bubbles case

Points 1 and 2 in Fig. 4 demonstrate some experimental data for the reflected shock wave
amplitude P, in a porous medium: foam rubber saturated with water and air bubbles of
relatively small size: Ry ~ 50 x 107® m (the parameters of the medium are in Table 2). The
porous skeleton, due to its low rigidity and great porosity, does not significantly affect the
shock wave reflection from a solid wall. It only holds the gas bubbles in the liquid. Lines 3
and 4 show calculations by the adiabatic model (1)—(8), and lines 5-7 demonstrate calculations
by the isothermal model (5)—(14). It is obvious that experimental data 1 and 2 are in
agreement with the isothermal approximation 5 and 6 for the corresponding medium pa-
rameters. For high amplitudes, however, experimental points 2 deviate from calculated values
6, which is caused by a decrease in the initial volumetric void fraction for waves with higher
amplitudes (line 7) (notice that the value & = 0.14 was obtained by direct measurement of the
initial gas void after the passing of strong shock waves with an amplitude P;/P, of ~20).
Besides, at higher wave amplitudes, the law of wave’s reflection from a solid wall is nearly the
adiabatic law due to a decrease in the time of the incident shock wave front. This time be-
comes less than the time of thermal relaxation of gas in bubbles. Points 1 tend to adiabatic
calculation 3 for wave amplitudes P,/P, > 10. Therefore, the process of gas dissolution in the
liquid behind the shock wave is weak and has no significant effect on the law of reflection
from a solid wall.
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Fig. 4. Amplitude of a shock wave reflected from a rigid wall in a foam rubber filled with water and gas bubbles.

Some experiments performed for a lower initial gas void fraction (¢ ~ 0.1) revealed that an
increase in g, does not affect the gas dissolving in a high-porosity medium and, correspondingly,
the reflection law from a solid wall.

However, the pattern changes qualitatively, when shock waves reflect from a solid wall in a
porous medium of tightly coupled polyethylene particles. In Fig. 5 points 1 and 2 show some
experimental data for the amplitude of a reflected shock wave in a dense porous medium saturated
with water and air bubbles (the parameters of the medium are in Table 2). Lines 3 and 4 corre-
spond to calculation by the isothermal model (5)—(14), and lines 5 and 6 demonstrate calculations
for the reflection of a shock wave with complete condensation (dissolution) from a solid wall (15).
In the calculations for the dense porous medium, we used the following value of low-frequency
sound velocity, experimentally measured in a saturated porous medium without gas bubbles:
cm = 1590 m/s, we took y** =4, and p,, = 920 kg/m’.

Above a certain wave amplitude P, /Py, one can observe a significant amplification of shock
waves (points 1 and 2) in comparison with calculations (3, 4), done by the isothermal model. The
latter did not account for the process of gas dissolution in the liquid behind the wave. Hence, the
dense porous medium provides for intensive gas dissolution behind the shock wave, thereby fa-
cilitating amplification of the reflected shock wave. This amplification is caused by transition of
the kinetic energy of radial liquid motion at bubble collapse into the potential energy of pressure
in the liquid (Kedrinsky, 1980; Borisov et al., 1982; Dontsov, 1998). The contribution of inertia
forces into enhancement of a shock wave in a gas—liquid mixture was calculated by Nigmatulin
(1990) for a specific example. He demonstrated that the inertia forces of a bubble collapsing in a
shock wave amplified the wave considerably. To amplify shock waves, it is necessary that the gas
dissolution caused by diffusion processes take place in a time close to the duration of the front of
the shock wave.
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Fig. 5. Amplitude of a shock wave reflected from a rigid wall in a dense porous medium filled with water and gas
bubbles.

Notice that the process of shock wave amplification is not caused by bubble splitting behind the
shock wave, like it was observed during wave evolution in a liquid with large bubbles (Dontsov,
1998; Dontsov and Pokusaev, 1999). The Weber number (e), which determines instability and
splitting of bubbles in a shock wave (Nigmatulin, 1990), in our experiments is significantly less
than its critical value (We = (p3,RoV?)/o < We* ~ 2m). Here V is the relative velocity of gas
bubbles in the liquid behind the wave, V ~ (P, — Fy)/(p,Uy) (Nigmatulin, 1990).

One can see from comparison of experimental data 1 and 2 that an increase in the initial static
pressure Py leads to amplification of the reflected shock wave amplitude (points 2) in comparison
with calculated values (lines 4) at lower wave amplitudes P, /Py. This is caused by a decrease in the
bubble radius with a rise of Py, and, consequently, by an increase in the area of interface at a
constant value of &. Besides, an increase in P, leads to a higher concentration of dissolved gas on
the bubble surface, and, consequently, to an increase in the rate of gas dissolution in the liquid. As
the wave amplitude P, /P, increases, the experimental data 1 and 2 approach the corresponding
curves 5 and 6 calculated by accounting for complete gas dissolution in the liquid behind the
incident shock wave.

Points 1 and 2 in Fig. 6 show the experimental velocity U, of the shock wave reflected from a
solid wall in foam rubber saturated with water and air bubbles versus the amplitude of the in-
cident shock wave P, /P, (the parameters of the medium are shown in Table 2). The measurements
of the velocity of the reflected shock wave shown in all figures were performed in a certain section
Ax of the shock tube located near the top of the working section. Lines 3 and 4 demonstrate
calculations by the isothermal model (5)—(14). It is obvious that experimental data 1 and 2 are in
agreement with isothermal approximation 3 and 4, which does not consider the process of gas
dissolution behind the incident wave, for the corresponding parameters of the medium. For high
wave amplitudes, however, points 2 deviate from calculated values 4. This is caused by a decrease
in the initial volumetric void fraction for waves with high amplitude (line 5). Hence, the process of
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Fig. 6. Velocity of reflected shock wave in a foam rubber filled with water and gas bubbles.

gas dissolution in the liquid behind the incident wave in a medium where the influence of the
porous skeleton can be neglected is insignificant and does not lead to any increase in the velocity
of the reflected shock wave.

Let us obtain estimates confirming the result obtained above. An estimate obtained for the gas
bubble collapse time 74 at a stepwise pressure jump caused by diffusion shows that the dissolution
process behind the shock during a time period # ~ 10 ms and for a bubble radius decrease
R/Ry=(1— t/rd)o'5 is insignificant (Epstein and Plesset, 1950, see also Table 1). For instance, at
Pi/Py =10, Py = 0.1 MPa, the collapse time 74 ~ 1 s. D; is the coefficient of gas diffusion in the
liquid, &z, &, are the volumetric concentrations of the gas dissolved in the liquid at the boundary
of a bubble and far from it, respectively. For air at room temperature and Py, = 0.1 MPa,
D; =2 x 107 m?/s, and ¢, = 0.02. Convective mass transfer due to relative motion of air
bubbles in water is also insignificant (Nigmatulin, 1990) because the time 7, of phase velocity
relaxation is of the order of dozens of microseconds (Table 1).

Points 1 in Fig. 7 show experimental velocity values of a shock wave reflected from a solid wall
in a close-packed saturated porous medium (the parameters of the medium are in Table 2). Line 2
corresponds to calculation by the isothermal model (5)—(14). It is clear that, with a rise of the wave
amplitude, experimental values 1 of the reflected shock wave velocity deviate from calculation
curve 2. Hence, the gas dissolves in the liquid behind the incident wave. This process leads to
reduction of the initial volumetric void fraction behind the wave, and, consequently, to an in-
crease in the velocity of the reflected shock wave. For wave amplitudes P, /P, > 10, the experi-
mental values of the reflected shock wave velocity significantly deviate from the results of
calculation. That is, the process of gas dissolution mainly determines the gas behavior behind the
shock wave. For the propagation of shock waves in three-phase suspensions with relatively large
bubbles (Dontsov and Pokusaev, 1999), the process of gas dissolution in the liquid behind a shock
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Fig. 7. Velocity of a reflected shock wave in a dense porous medium filled with water and gas bubbles.

wave is caused by bubble splitting. In these experiments, the intensive mass transfer occurring
behind the shock wave in a dense porous medium is apparently caused by the turbulent movement
of the liquid in that region.

Let us present some estimates confirming the turbulent movement of the liquid behind the
shock wave. Actually, the Reynolds number determined by the diameter d of solid particles in a
porous medium and the relative velocity W of liquid and solid phases behind the shock wave is
Rey; = dW /v > 100. Here v is the kinematic viscosity of the liquid. Therefore, the regime of liquid
flow in a porous medium has a turbulent character (Jolls and Hanratty, 1996). An estimate of the
relative velocity W was obtained using calculations by the model of Biot (Nakoryakov et al.,
1989). Notice that the time of equalizing 7,4 for the velocities of solid and liquid phases behind a
shock wave (Nigmatulin, 1990) caused by interphase friction is significantly higher than the time
of the shock wave propagation (Table 1).

For high wave amplitudes in a porous medium filled with gas bubbles and a liquid with a
developed interface, amplification of a shock wave takes place not only after reflection from a
solid wall, but also behind the front of the incident shock wave. Typical structures of a shock
wave with high amplitude are shown in Fig. 8 at different distances X from the inlet of the
porous medium (the parameters of the medium are shown in Table 2). These structures formed
from an initial signal of a stepwise shape. With propagation of shock wave I through the
medium, pressure impulse 2 of high amplitude is formed behind the wave front. The impulse
velocity is close to the velocity of the front of the shock wave, and its amplitude reaches the
amplitude of reflected shock wave 3. The formation of the powerful pressure impulse behind the
shock wave front is caused by pressure pulsation in the liquid at collapse of gas bubbles due to
their intensive dissolution. Mass transfer intensification by turbulent motion of the liquid behind
the wave leads to wave amplification even in a medium with bubbles of air, which is weakly
soluble in water. As for reflected shock waves, amplification of an incident wave is of a
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threshold nature. If the amplitude of a shock wave rises to a level when gas dissolution takes
place during a period close to the duration of the wave front, a dissolution wave develops. The
effects of porosity and other important parameters of the porous medium on wave amplification
are not considered in this paper.

The process of shock wave amplification in liquids with bubbles of a readily soluble gas and in a
vapor-liquid medium was observed by Borisov et al. (1982) and Pokusaev et al. (1991).

4.3. Shock wave’s reflection. Carbon dioxide bubbles case

Let us consider reflection of a shock wave from a solid wall in a porous medium saturated with
water and bubbles of a readily soluble gas, namely, carbon dioxide. The amplitude P, of the shock
wave reflected from a solid wall in foam rubber saturated with water and carbon dioxide bubbles
versus the amplitude P, /P, of the incident shock wave is shown in Fig. 4 (see also Table 2). Points
8 demonstrate experimental data; line 9 shows calculation according to the adiabatic model
(1)-(8), and line 10 shows calculation by the isothermal model (5)-(14). For experimental points 8,
the time of thermal relaxation of gas in bubbles is 7, ~ 0.6 ms, that is considerably longer than the
duration of the reflected shock wave front. Therefore, the law of shock wave reflection from a
solid wall is expected to be close to adiabatic. However, in the experiments we observe amplifi-
cation of the reflected shock wave in comparison with calculations 9. As for the case of air
bubbles, the effect of amplification of the reflected shock wave is not caused by bubble splitting in
the wave (We < We*). Intensive mass transfer, caused by amplification of the reflected wave, can
stem from convective diffusion assisted by relative bubble movement in the liquid behind the
shock wave.

Below we present estimates confirming this assumption. Using a relation for the mass transfer
coefficient of a gas bubble floating up in a liquid, obtained under the approximation of the dif-
fusion boundary layer (Wijngaarden, 1967; Kutateladze and Nakoryakov, 1984), the resulting
expression for the mass transfer coefficient per unit surface of a bubble due to its relative motion
in the liquid behind the shock wave is as follows: . = (2D, ¥ /nR)**. The time of collapse for gas
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bubbles for a stepwise pressure variation in the wave due to convective diffusion is 7. (Table 1).
The bubble radius decreases as R/Ry = (1 — t/.)*>. Assuming that the number of bubbles per
unit volume of the medium is constant, we obtain an expression for the real mass transfer co-
efficient per unit surface of a bubble behind the shock wave: ff, = (de*/d¢)R/(3(er — €)). Here &*
is the relative value of dissolved gas behind the shock wave. For a shock wave amplitude
Py /Py = 12 in foam rubber saturated with water and carbon dioxide bubbles, the estimated ratio
of the real mass transfer coefficient behind the shock wave to the convective mass transfer co-
efficient at the initial stage of bubble collapse is as follows: f5,/f, ~ 1. Hence, convective diffusion
caused by relative motion of gas bubbles in the liquid makes a major contribution to the mass
transfer behind the shock wave. Notice that in the calculations the velocity of relative motion of a
gas bubble ¥ was assumed to be equal to the liquid velocity behind the wave. However, this is true
only for t < 1,,.

Reduction of the amplification effect of reflected waves at amplitudes of P, /P, > 10 is caused by
a decrease in the initial volumetric void fraction for a strong shock wave (some bubbles leave the
porous medium after the strong shock wave has passed). The calculation curve that takes into
account complete dissolution of the gas behind the incident shock wave is significantly higher than
the experimental values. This testifies that gas dissolution behind the shock wave is relatively
moderate.

Points 7 and 8 in Fig. 5 show some experimental data on the amplitudes of a shock wave re-
flected from a solid wall in a dense porous medium saturated with water and carbon dioxide
bubbles, for various values of the initial volumetric void fraction in the liquid (Table 2). Lines 9
and 10 show calculation by the adiabatic model (1)—(8). It is obvious that for an initial volumetric
void fraction & = 0.05, experimental data 7 coincide with calculation curve 9 (which does not
account for gas dissolution behind the wave). With an increase in the initial volumetric void
fraction (¢y = 0.10), the mass transfer processes behind the wave enhance the reflected shock
wave.

Fig. 6 shows some experimental data 6 for the velocity U, of a shock wave reflected from a solid
wall in foam rubber, saturated with water and bubbles of readily soluble carbon dioxide versus the
amplitude of the incident shock wave (Table 2). Line 7 demonstrates calculation by the isothermal
model (5)—(14). It is clear that with a rise of the wave amplitude P, /P, the experimental velocity
values 6 of the reflected shock wave deviate from calculation curve 7. Therefore, the gas dissolves
in the liquid behind the incident shock wave. This process leads to a decrease in the initial vol-
umetric void fraction behind the wave, i.e., to an increase in the velocity of the reflected shock
wave. The process of gas dissolution behind the shock wave is caused by convective diffusion due
to the relative motion of gas bubbles in the liquid behind the wave.

Experimental data 3 and 4 on the velocity U, of a reflected shock wave in a dense porous
medium filled with water and bubbles of readily soluble carbon dioxide versus the amplitude of
the incident shock wave are shown in Fig. 7 (see also Table 2). Lines 5 and 6 demonstrate cal-
culations carried out by the isothermal approximation (5)—(14) for the corresponding values of the
initial volumetric void fraction. It is obvious that for an initial volumetric void fraction g, = 0.05,
experimental values of shock wave velocity 3 perfectly coincide with the calculated curve 5, i.e.,
the process of gas dissolution in the liquid behind the wave can be neglected. With an increase in
&, the dissolution process becomes considerable, and experimental points 4 deviate from calcu-
lation curve 6.
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From the above comparison of Figs. 4 and 5, as well as Figs. 6 and 7, we conclude that the
influence of the porous medium porosity on the process of carbon dioxide dissolution is small.

4.4. Gas dissolution after the impact of a shock wave

Let us consider the process of gas dissolution in the liquid behind an incident shock wave in a
saturated porous medium using measurements for the reflected wave amplitude and velocity.
Using the experimental values for the reflected wave amplitude and velocity in the calculation
model (5)—(14), we can determine the volumetric void fraction &} behind the incident shock wave
taking into account gas dissolution in the liquid. Measuring the velocity of the reflected shock
wave in some separate regions of its propagation, we can determine &} for the gas phase behind the
front of the incident shock wave as a function of high pressure exposition time. Correspondingly,
we can calculate the relative void fraction of the dissolved gas behind the shock wave:
¢ = (&1 — &) /e1; here ¢ is the calculated volumetric void fraction behind the shock wave without
allowance for gas dissolution at y =1 (5).

The dots in Fig. 9 show calculation of the relative void fraction of the gas dissolved in water
behind an incident wave in a saturated porous medium versus the pressure exposition time ¢ of gas
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Fig. 9. Relative void fraction of the dissolved gas behind the shock wave. (a) 1 — /Py =4.0; 2 — P,/Py = 6.0;
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phase behind the wave front for various medium and wave parameters (Table 2). The solid lines
are averaged calculation values for the parameters P, /P, and ¢,. The calculation was performed
using experimental values of the reflected wave amplitude and velocity measured in some separate
regions of wave propagation. The relatively wide scatter in the data may be due to measurement
errors produced by the numerous parameters used in the calculations (P, /P, &, U,, P»), and by
nonuniformity of ¢, distribution along the working section.

It is obvious that in a wide range of wave amplitudes P; /P, the relative value of air dissolved in
water depends only slightly on the wave amplitude and time, and it exceeds only slightly the
measurement error (Fig. 9(a)). An increase in ¢* with a rise of P, /P, may be caused by a decrease in
the initial volumetric void fraction of waves with high amplitudes due to the fact that some part of
the bubbles leave the porous medium after the shock wave propagation. Nonuniformity of dis-
tribution of bubbles along the working section can lead to a weak dependence of &¢* on the time ¢.
Thus, for foam rubber saturated with water and air bubbles, diffusion process during times ¢ of
~10 ms does not lead to a considerable change in the volumetric void fraction behind the shock
wave.

It is well known that gas solubility in a liquid depends considerably on the temperature of the
medium. However, gas heating in the bubbles of a shock wave presumably does not affect gas
solubility. During bubble collapse, heat transfer between the gas and the liquid is controlled by
gas parameters, and the temperature of the bubble interface is almost equal to the liquid tem-
perature; it varies only slightly during wave propagation due to the fact that the thermal capacity
and thermal conductivity of the liquid are higher then those of the gas. Therefore, the temperature
in the diffusion layer outside the bubble varies only slightly. Therefore, it is insignificant for gas
solubility. Besides, the greatest temperature change takes place at the final stage of bubble col-
lapse. This time is much less than the typical time of dissolution.

Some calculations of the relative value of air dissolved in water behind a shock wave in a dense
porous medium (calculation 5 in Table 2) have demonstrated that for time # = 1-2 ms and
P /Py =9.2 we obtain ¢* =~ 0.6, and for P;/P, = 16.5 we obtain ¢* ~ 0.95. That is, in a dense
porous medium a drastic enhancement of mass transfer at the gas-liquid interface occurs, and
with a rise of wave amplitude, the process of gas dissolution in the liquid becomes more intensive.

Using a relation for the mass transfer coefficient of diffusive bubble dissolution in the boundary
layer approximation: ; = D;/R (Epstein and Plesset, 1950; Kutateladze and Nakoryakov, 1984),
we obtain the coefficient of mass transfer enhancement caused by a dense porous medium:
B./B4 = (de*/dt)R*/(3D;(er — &)). For a wave amplitude P,/Py = 16.5 at the initial stage of
bubble collapse (R ~ Ry), we estimate that f5,/f4 ~ 100. Such a strong enhancement of mass
transfer may be caused by turbulent velocity pulsations of the liquid behind a shock wave in a
porous medium.

Some calculations of the relative value of carbon dioxide dissolved in water behind a shock
wave in saturated foam rubber are shown in Fig. 9(b). It is obvious that, with a rise of the wave
amplitude, the process of gas dissolution becomes intensive, and the values calculated for &* ex-
ceed the calculation error. Some calculations of the relative value of carbon dioxide dissolved in
water behind a shock wave in a dense porous medium (calculation 4 in Table 2) have shown that
for t = 1-2 ms and P, /P, = 8.2, we obtain &" ~ 0.6. It is clear that &¢* calculated for a porous
medium with ¢, = 0.37 and ¢, = 0.98 are close to each other at the same wave parameters.
Therefore, in the experiments with bubbles of carbon dioxide, ¢, of the porous medium has no
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significant effect on the process of gas dissolution in the liquid behind a shock wave, and diffusion
due to turbulent motion of the liquid behind the shock wave is not a major mechanism of mass
transfer.

We estimate the collapse time for carbon dioxide bubbles behind a shock wave due to con-
vective diffusion at the same parameter values as follows: 7. ~ 1 ms (Table 1). The time of
equalizing the velocities of carbon dioxide bubbles and liquid behind the shock wave is the same:
7, ~ 1 ms (Table 1). Therefore, we can assert that the gas dissolution (see data in Fig. 9(b)) may be
caused by convective diffusion due to relative motion of gas bubbles in the liquid behind the shock
wave. The weak time dependence of ¢ in Fig. 9(b) (points 2 and 3) at # > 7, ~ 1 ms also indirectly
proves the existence of convective mass transfer behind the shock wave.

5. Conclusions

1. Evolution of shock waves after reflection from a solid wall in a porous medium saturated with
bubbly water was investigated. Enhancement of a shock wave caused by accelerating collapse
of gas bubbles behind the wave front was studied experimentally. It has been shown that, for a
relatively small bubble radius (Ry ~ 50 x 10~® m), amplification of the reflected shock wave
may take place in a medium with bubbles of air, which is slightly soluble in the water. Exper-
imental results on the shock wave reflection were compared with calculations by mathematical
models.

2. It has been shown that diffusion greatly intensified by liquid turbulent motion behind a shock
wave may be the major mechanism of mass transfer in a porous medium saturated with a liquid
having small gas bubbles.

3. For relatively large gas bubbles with relative motion in the liquid, but without bubble splitting,
it has been shown that convective diffusion is the major mechanism of mass transfer behind a
shock wave.
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