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15.3.1 SHOCK WAVES IN INERT BUBBLY 
LIQUIDS 

15.3.1.1 INTRODUCTION 

In the 1950s to 1970s a number of experimental studies on the transformation 
mechanism of shock waves propagating in a liquid containing gas bubbles were 
performed. Several mathematical models were suggested to investigate analy- 
tically and numerically the main features of the interaction of shock waves 
with bubbly liquids, the most interesting of which arise from the pressure 
nonequilibrium in the liquid and the gaseous phases, and from the complex 
nature of the absorption and reradiation of the shock wave energy by the two- 
phase medium (Kedrinskii, 1968a, 1968b; 1980). These effects are clearly 
manifested both in the case of short shock waves and in the investigation of 
long waves with a steep front, provided that one is dealing with a relatively 
long relaxation process, small initial volume concentrations of gas in the 
medium, and strongly nonlinear bubble oscillations. Here we interpret short 
waves as those whose action induces bubble collapse in a time scale on the 
order of the duration of the positive wave phase. 

Fundamentally different phenomena were observed in connection with the 
propagation of shock waves in mixtures with a high (tens of percents) gas 
content and with short relaxation times, that is, the pressure in the bubbles 
became comparable to the average pressure in the liquid phase and their 
velocity to the average mass velocity of the liquid. These effects were also 
observed in connection with the interaction of strong shock waves of long 
duration with gas bubbles, including dissolution of the bubbles. The results of 
experimental and computational investigations of the wave processes in such 
mixtures (Campbell and Pitcher, 1958; Lyakhov, 1959; and Parkin et al., 1961) 
did reveal the just-mentioned features of the wave-medium interaction 
because they were determined mainly by the equilibrium conditions between 
two phases for pressure, velocity, and, sometimes, temperature. 

It is useful to consider some of these models in view of the possibility of 
using them for analytical estimations and description of complicated physical 
processes in bubbly liquids. The adiabatic approximation is used in the 
Lyakhov model (Lyakhov, 1959) for both components of the bubbly liquid 
provided their interpenetration does not happen: 

Pg -- Pgo ~ , Pl -- Plo + - - ~ -  \-~lo,/ - 1  . 

If p g and C~g, Pl and e l are the density and the volume content of the 
gas and the liquid components of a mixture, respectively, and the medium 
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density is determined as p = O~gpg + ~iPl, the equation of state of a bubbly 
liquid reads 

p _ Po , (15.3. l) 
O~g(p/po)- l / : '  + o~iP-1/n 

where P -  n ( p -  po)/ptc~ + 1. Using Eq. (15.3.1), the expression for sound 
velocity in a bubbly liquid is: 

c 2 = [~ -1 / ' '+ o~lp-1/n] 2 

po[(O~g/pgc~)(p/po)-(l+")/" + (oq/plc~)p-r 

The latter expression can be simplified for an undisturbed medium: 

1 0~g 0~ l 
~ + �9 

c~ Po 

Expressions for the shock wave Ush and the liquid u velocities read 
-1 

Us2h _ P - Po 1 -- Otg -- 0~1 P-l~" 
Po 

u 2 = p - p o  1 - o t g  -o~lP -~/" . 
Po 

(15.3.2) 

The last equations imply that c o decays with increasing 0~g owing to the 
sharp increase of the bubbly liquid compressibility [-(1/v)(av/ap)] at practi- 
cally constant density. 

In the Campbell-Pitcher model (Campbell and Pitcher, 1958), a small 
parameter # (the ratio of the gas mass to the liquid mass) is used, the liquid 
is considered as incompressible, and the gas follows the Boyle law. The medium 
density p is determined as (1 + la)/p = la/pg + 1~Or, which yields the following 
equation of state: 

,[1 1 p (1 -k~)Pl -- const. 

The sound velocity therewith is defined as 

E c 2-P-- 1 -  P 
p (1 -t2 ~)p, 

Campbell and Pitcher (1958), considered the propagation of stationary 
shock waves in bubbly liquids and their collisions. The corresponding relations 
for average p, u, p read: 

Conservation of mass: 

Pll/1 - -  /92l/2 
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Conservation of momentum: 

Pl u2 4- Pl -- P2 u2 if- P2 

Conservation of energy: 

C + laC~,g u2__2 P___L _ C +/uC~.g T1 q- u 2 = P2 + T2 nt 
P l 1 + l.t 2 P2 i -}- l,t 2 

where C, CL, g are the liquid and the gas heat capacities at constant volume. 
The equation of state takes the form 

pl (1--~-12 1) p2 (]_'q-/2 1) 

Neglecting the gaseous phase heat capacity, Campbell and Pitcher (1958) 
obtained the following relations: 

For the temperature jump: 

A T  -- ~2 _ l gBT  1 
2p mC 

For the density jump" 

(1 + u)p~ 

-1 

For the liquid velocity jump: 

t~ 2 _ ----fl Ul 

as well as for entropy: 

_ ' AS (1 + ~)m 

where / 3 -  P2/Pl,  P -  P2/Pl, B is the gas constant, and m is the mean 
molar gas weight. 

Experiments performed in a diaphragm shock tube on the propagation of 
compression waves in water with small (0.1-0.4 mm) bubbles with a volu- 
metric gas concentration 0.1 and higher verified physical predictions of the 
model concerning the convergence of compression waves to shock waves and 
the decrease of rarefaction wave steepness. 

Energy estimates based on simple physical considerations about the inter- 
action of compression waves with a bubbly liquid were suggested by Kedrinskii 
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(1968a). A propagating shock wave dissipates its energy by increasing the 
internal energy Eg of the gas compressed in the bubbles and the kinetic energy 
T t of the surrounding liquid. Assuming uniform size bubbles and that their 
number density, n, remains constant, we find the following: 

The internal energy: 

EL, = -- Po dk.  
ko 

The kinetic energy: 

�9  ,- pzk , 

where k = 4/3~zR 3 �9 n is the volumetric gas concentration. It can be assumed 
that the time derivative of the sum of these energies is equal to the power of 
the external forces, that is, 

dt ~x (pu)" (15.3.3) 

It is well known that the first integral of the bubble oscillation equation 
expresses the energy balance that can be written for a unit volume of a mixture 
as 

k 

EL' + Tr + I p dk = 0, 
k0 

(15.3.4) 

where the integral is the work in a unit volume performed by the external 
pressure field in changing the potential energy of the bubbles and can be 
presented as 

t ~ d k ~ d  t 

'o . 

Using Eq. (15.3.4), Eq. (15.3.3) results in 

dk 
( p u )  - . (15.3.5) 

Here p is the average pressure in the mixture. Equation (15.3.5), along with 
the bubble oscillation equation, the relation k - n(4 /3)~zR 3, and the assump- 
tion that a liquid velocity may be approximated as u - p/poCo,  forms a closed 
set of equations for describing the waves in bubbly liquid. Alternatively, the use 
of Eq. (15.3.5) in models of a two-phase medium instead of the Rayleigh 
equation may decrease the order of the governing set of equations. 
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This approach was used by Kedrinskii (1980) for numerical analysis of 
propagating and transforming a steplike wave (at t = 0, a constant pressure of 
P b -  10 MPa has been applied at the semiinfinite medium boundary). The 
computational results of evolving the pressure profile p(t) are shown in Fig. 
15.3.1 for two points located at l - 1 . 3 5 c m  (a) and 7.5cm (c) from the 
boundary. 

Also shown in Fig. 15.3.1 are the dynamics of the volumetric bubble 
concentration k(t) (b) for a point l - 7 . 5 c m  and the distribution of the 
pressure p(x) (d) in the medium at time t - -180~s.  It is easily seen that the 
suggested model describes quite adequately the characteristic features of the 
initial stage of the wave transformation during its propagation. 

During the 1960s and 1970s more attention was paid to the investigation of 
propagating waves in bubbly liquids (see Nakoryakov, 1975, 1993; Nigmatul- 
lin, 1991, and references therein). Among the published theoretical studies of 
particular significance are the models developed by Iodansky (1960), Kogarko 
(1961, 1964), and van Wijngaarden (1968) for bubbly liquids with oscillations 
of gas bubbles that are described in the Rayleigh equation. 

Extensive studies (Nigmatullin, 1991, and Nakoraykov et al., 1993) were 
performed on the propagation of weak disturbances in bubbly liquids which 
yield, in particular, the mathematical models based on the Kozteweg-de Vries, 
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FIGURE 15.3.1 Dynamics of the quasi-stationary shock wave structure at two points spaced at 
different distances from the boundary (a,c) and the volumetric bubble concentration (b), as well as 
the pressure distribution in the medium for time t = 180 ps (d). 
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Boussinesq, and Burgers equations as well as the detailed map of the flow 
patterns. 

Research on stationary wave structures (Nordzij, 1971, and Nordzij and van 
Wijngaarden, 1974) as well as on attenuating underwater blast loads by bubbly 
screens (e.g., Kedrinskii, 1968a, 1968b) are typical of the experiments in this 
field. However, the goal of these studies was rather limited: namely, to 
determine the dynamics of shock wave amplitudes in their interaction with 
the screen, the efficiency in attenuating the shock load intensity, and the 
possibility to control its spectral distribution. In this formulation, however, the 
only information on energy absorption of a shock wave proves to be 
inadequate to explain the load behind a bubbly screen, the effective wave 
amplification, the essential change of its duration, etc. 

Experimental studies revealed that the damping is of secondary importance, 
and the factors of principal significance are the wave transformation mechan- 
ism and the reradiation of energy absorbed by the bubbly medium, as well as 
relaxation, dispersion, and dissipation effects accompanying wave propagation 
into a bubbly liquid. 

All these effects required detailed experimental study of the transformation 
mechanism of shock waves by a bubbly medium, along with the numerical 
experiments based on the two-phase mathematical models (Iordansky, 1960; 
Kogarko, 1961, 1964; and van Wijngaarden, 1968). Clearly the analysis of 
experimental results should begun with some special features of the dynamics 
of a single spherical bubble and with the interaction of a gas layer with a shock 
wave, considering such a structure as a simplified model of a bubbly liquid. 

15.3 .1 .2  SHOCK WAVE AND SPHERICAL BUBBLE 

INTERACTION: CUMULATIVE JET FORMATION 

Analysis of the interaction of a plane wave with a spherical bubble allows one 
to account for two fundamental aspects of the problem: the gas state in the 
bubble during its collapse behind the shock front, and the time required for the 
shock front to traverse the diameter of the bubble. 

If the wave length is much greater than the bubble radius and if the collapse 
time scale of the bubble for fixed wave parameters (amplitude, duration, and 
postshock pressure decay profile) is much greater than the time for the shock 
to pass the bubble, then the bubble dynamics can be investigated in a 
spherically symmetrical setting. It is assumed in this case that the pressure 
at infinity is specified in correspondence with the wave parameters (Soloukhin, 
1961, and Kedrinskii, 1967). 
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15.3.1.2.1 Dynamics of a Single Bubble: An Experimental  Study 

A scheme of the experimental setup for the study of the interaction of a shock 
wave in water with a single gas bubble is shown in Fig. 15.3.2 (Kedrinskii, 
1961). 

The basic part of the setup is the explosion chamber (EC) comprising a 
liquid-filled channel of size 50 x 250 x 250 mm. The side walls of the chamber 
are made of plane-parallel lead glasses 100mm thick withstanding pulse 
pressures of the order of 10-15 MPa. At the lower end of the chamber, at the 
center of the channel, there is a high-voltage discharger shorted with a thin 
(0.07 mm) manganin wire stabilizing a discharge gap as opposed to a simple 
electric discharge (Bazhenova and Soloukhin, 1959). 

When button 6 is pushed, an activating signal is sent out from a small 
battery to the input of the pulse transformer IT-2, and the high-voltage (15 kV) 
signal ionizing the air gap 5 is generated at the output of the transformer. In 
this case the 110 l.tF capacitor charged up to 0.9 kV discharges to the wire 3, 
whose explosion results in a shock wave propagation along the channel; the 
wave amplitude varies over the interval 1-4 MPa, and its duration is within 
100 ~ts. 

The wave is recorded by the pulse pressure gauge made of piezoceramics of 
barium titanate. An axially polarized piezocell is glued with a special glue to a 
long zinc rod of the same diameter and the same acoustic resistance, which 
allows recording of rather long signals. A gas bubble (of size 0.7-2cm) is 
blown out of thin rubber (about 0.01 mm thick) and is placed in the channel at 
a given depth. When the capacitor is discharged, the signal induced by the 
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FIGURE 15.3.2 Schematic view of the experimental setup with a single bubble: 1, bubble; 2, 
photorecorder; 3, wire; 4, Rogovsky's belt; 5, air gap; 6, push button. 
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FIGURE 15.3.3 Schematic view of the frequency hydrogen electronic flash tube. 

Rogovsky's beh 4 through the transformer IT-2 actuates a flash tube IR-200 by a 
high-voltage pulse. 

The bubble pulsations are recorded within the continuous and frame 
scanning regimes. In the first case, the bubble dynamics is recorded through 
a horizontal (fiat) slit to a rotary film of a photorecorder 2 at a linear speed up 
to 100 m/s. In studies of a wave picture in the diagram of Fig. 15.3.2, an optical 
apparatus IAB-451 is used. 

In the latter case, the bubble pulsations are recorded either on SFR or on the 
same photorecorder 2 within the continuous scanning regime, but with a 
special scheme for the frame illumination (in Fig. 15.3.3) based on a double 
discharge. 

The scheme involves accumulating C 1 - 1 I~F and discharge C 2 - 0 . 1  ~F 
capacitors, as well as a hydrogen spark discharger. On punching a gap, being a 
high-voltage switch, the capacitor C1 is discharged through the resistance 
R 1 --2600 ~2 into the capacitor C2, across the plates of which the voltage 
increases to the breakdown value of the discharger placed in a special 
transparent casing. The latter is sealed, evacuated, and filled with hydrogen 
( p -  I atm). The discharger is made of nichrome wire (d ~ 1 ram), and the 
distance between electrodes is about 2 cm. Hydrogen provides a short time of 
recombination and prevents the existence of an arc. The inductance of the 
condenser and supply main is on the order of 1-2~H, which provides a 
discharge duration (and hence an ignition) no longer than 1 ~s for the 
resistance R2 ~ 1-2 F2. The ignition frequency reaches 40 kHz. The accuracy 
of determining the rotation velocity of the photorecorder film is about 1%. 

15.3.1.2.2 The Interaction of a Plane Shock Wave with a Spherical 
Gas Bubble 

Oscillations of a single spherical bubble caused by a shock wave (having 
amplitudes within 1-3 MPa and the positive phase pressure durations of about 
100~s) are shown in Fig. 15.3.4a,b and in Fig. 15.3.5 (Kedrinskii, 1961). 
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FIGURE 15.3.4 Schlieren continuous (a) and frame (b) scannings of a bubble pulsation by a 
shock wave. 

Figure 15.3.4b shows the shadow flame scanning, obtained with the pulse 
hydrogen flash, of the bubble collapse by a shock wave propagating from left to 
right. One can readily see a pronounced asymmetry of the bubble collapse and 
a somewhat angular form of its end wall in the last frames. The reason for this 
deformation of the bubble becomes apparent from Fig. 15.3.5 (SFR-gram; the 
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FIGURE 15.3.5 Formation of a cumulative jet in a collapsing bubble by a shock wave. 

time interval between the frames is 40 ~ts), on which the development of a 
cumulative jet flow in the direction of the propagating shock wave inside the 
bubble is clearly observed (17). As can be seen from this figure the cumulative 
jet impacts (frames 9-12) at the opposite wall of a bubble. The jet velocity is 
rather high, which is manifested in the formation of a local bulge at the wall. 
The jet is clearly observed in the pictures recorded at the stage of a bubble 
expansion. It is retained for a very long time, but on its breaking a pronounced 
asymmetry of the bubble shape remains. 

As is evident from the analysis of experimental data and the numerical 
estimations, the cumulative effect develops as a result of a peculiar distribution 
of initial velocities of the bubble wall arising during the propagation of the 
plane shock front through it. The front interacts with the bubble wall as a free 
surface (Kedrinskii, 1961, and Kedrinskii and Soloukhin, 1961) and imparts 
different initial velocities distributed over the surface as (2Ap/poCo)COS~, 
where ~ is the angle between the radius at the bubble surface in the contact 
point with the shock front and the horizontal plane. For this reason, in spite of 
the uniform distribution of the pressure in the liquid surrounding the bubble, 
behind the shock wave front (the bubble size is much smaller than a shock 
wave width), the spherical symmetry of the process is distorted. This in turn 
causes a collapse with a formation of a small cumulative downwave jet. 
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Experiments showed that the small jet velocity reaches 30m/sec and the 
back wall speed is from 10-15 m/sec (Kedrinskii, 1961). The cumulative effect 
observed by Kedrinskii (1961), as well as the influence of the distortions of the 
spherical shape due to, for example, motion of the bubbles relative to the 
liquid, results in bubble destruction, increases the dissipative losses, and 
distorts the wave structure reradiated by the bubbly liquid. These effects 
vanish as the wave front steepens and the pressure amplitude at the front 
decreases markedly. 

15.3.1.2.3 The Effect of Relative Motion 

In the presence of an initial translational velocity, the collapse of a bubble in an 
ideal liquid differs substantially from the case where it is stationary during the 
pulsations (Voinov and Petrov, 1971). The laws of conservation of energy and 
momentum in relative motion yield a limiting collapse radius, even in the case 
of an empty cavity, because of the abrupt increase in the energy of translational 
motion during the collapse. In the interval of small (relative to the initial) 
bubble radii, the added mass of the liquid decreases sharply, and the kinetic 
energies of radial and translational motion are redistributed. 

A simple estimate of this effect is readily obtained from the energy 
conservation law written for the initial and final times when the radial velocity 
of the bubble wall is equal to zero. It is assumed that the bubble retains its 
spherical shape. The expressions for the kinetic and potential energies of the 
liquid are 

and 

r = 2npR3(i~ 2 + ~c2/6) 

U =po V, 

respectively, where R is the bubble radius, V is its volume,/~ and k are the radial 
and translational velocities, respectively, and P0 is the hydrostatic pressure in 
the liquid. 

Since the final value of k is related to the minimum cavity radius R, by the 
momentum conservation law V.Sc. = Vo~ 0 (initial and final values of R = 0), 
the condition for determining R. is 

1 2 -2 - 1  1 P Vo~o 2 + p V~ x o V. poVo +-~ = poV.  ~ , 

from which one readily obtains 

po 
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It is seen that only for k 0 = 0 is the empty cavity collapse complete (R, = 0). 
The effect of translational motion is similarly manifested in the case of 

interaction of a plane shock wave with an initially stationary bubble. Certainly, 
the notion of "stationary" is valid here only until the wave front begins to move 
past the bubble. As a result of this flow, the bubble acquires a certain initial 
velocity that is determined by the surface distribution function of liquid 
velocities imparted by the front (Kedrinskii, 1961, and Kedrinskii and 
Soloukhin, 1961) and wall elasticity 

15.3.1.2.4 The State of the Gas 

Estimating the real state of the gas is an important aspect of the investigation of 
bubble dynamics in a pressure field, both for understanding the shock wave 
transformation by a bubbly liquid and for the development and numerical 
study of its mathematical models. In this regard the design of a direct 
experiment to determine the variation of the state of a gas in an oscillating 
bubble is of interest. This experiment was performed and described by 
Kedrinskii (1961) and Soloukhin (1960). 

A bubble with walls made of a very thin rubber, filled with a stoichiometric 
gaseous mixture of 2H 2 + 0 2, was placed in water in the path of a shock wave. 
The bubble pulsations were recorded through a slit by a continuous-scanning 
streak camera with pulsed illumination and appropriate synchronization (see 
Fig. 15.3.2). It was expected that during the adiabatic collapse of the bubble 
behind the shock front the temperature of the mixture inside the bubble would 
rise to the ignition temperature. In the experiment, the ignition was recorded 
both according to the spontaneous luminescence of the mixture in the bubble 
at ignition (the experiment was performed without external illumination in 
this case) and according to a sudden change in the time variation of the bubble 
radius (see Fig. 15.3.6), indicating explosive expansion of a bubble. 

FIGURE 15.3.6 Continuous-scanning streak photograph of bubble oscillations caused by a shock 
w a v e .  
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The dark band at the left center in Fig. 15.3.6 is the initial bubble diameter; 
the light vertical band is the instant of explosion of the small wire. Two 
oscillations are shown in Fig. 15.3.6. The moment of explosion is recorded by a 
sudden deviation of the back bubble wall (see the top of the figure). Notice that 
owing to the formation a cumulative jet, the front wall in the continuous- 
scanning photograph would be smoothed all the time. No explosion flash in 
the mixture was observed at the illuminated background. 

Calculation of the temperature as a function of the degree of compression of 
the bubble was performed assuming adiabatic compression T d = To(vo/Va) ''-1. 

A comparison of the experimental ignition temperatures of the mixture 
showed that they are within the limits of the known values for adiabatic 
heating (Zaitsev and Soloukin, 1958). 

Note that in connection with the simulation of spherical cumulation, the 
explosion of a stoichiometric hydrogen-oxygen mixture may be of interest. 
Since the detonation product of this mixture is steam, which is cooled and 
condensed during the expansion of the cavity at the collapse stage, the cavity is 
practically empty, so its boundary can acquire rather high velocities. 

15.3.1.3 Plane Shock Waves and Gas Layers 

It is commonly assumed in analyzing the dynamics of a single bubble in a 
shock-induced flow that its ability to absorb a substantial fraction of the 
incident shock energy during collapse is insignificant. Thereby it is assumed 
that the shock-induced flow (or the pressure at infinity) is independent of the 
bubble dynamics. Although the latter assumption is admissible in the inves- 
tigation of a single bubble, it is not valid in the analysis of both long and short 
shock wave interaction with an cluster of bubbles because of the finite amount 
of energy transferred by the wave during the interaction time and because of 
the capacity for energy obsorption of the bubbly system as a whole. 

The work performed by the shock wave on this system (increasing the 
internal energy of the gas in the bubbles and inducing radial fluid flows around 
them during their collapse) comprises a considerable fraction of the transferred 
wave energy even for small volumetric gas concentrations. Clearly, such a 
bubbly system does not just transmit a part of the wave energy, but also 
transforms the wave profile. The size of the bubbly region or the volume 
concentration of the gas in it can be increased to exceed the energy absorption 
of the medium to a value larger than the energy of the incident shock wave. 

Note that a similar effect will be observed for long waves with a constant 
amplitude behind their fronts, but only over the wave periods corresponding to 
the collapse time of the bubbles. 
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In the case of a one-dimensional plane shock wave the simplest model of 
such a bubbly region can be a finite gas layer (plane cavity) occupying the 
entire cross section through which the wave front passes. 

Let us consider this model and assume that the wave front propagates along 
the x-axis. Let us locate the gas layer in such a way that at the initial time has 
the coordinate x0(0 ) = 0, and the back wall has the coordinate Xl(0 ) = h 0. 
When a shock wave of amplitude p ,  is incident on the layer, its forward wall 
acquires an initial velocity v 0 = 2 ( p , -  po)/poCo due to the reflection of the 
wave and begins to move to the right and compresses the gas. The left- 
propagating rarefaction wave will determine the equation of motion of this 
wall, 

dv 1 d ~  
- -  = (15.3.6) 
dt c o d t '  

which can be derived on the basis of the conditions of invariance of the 
function G -  x~ + 1/2/2)--co n t- u2/2 along the characteristics propagating 
to the left with velocity c o - u  (Kedrinskii, 1980)" 

G t - (c o - u)G x - 0. 

Here co, f~ are the enthalpies, u, v are the mass velocities in the liquid for any 
point and at the boundary of the layer, respectively. Assuming that the pressure 
in the gas is described by the expression Pl = p o [ h o / ( X l -  x0)] r, the wave 
profile has a triangular profile p(t) with a positive phase r, and the enthalpy can 
be written as f~ = pol[pa -p( t ) ] .  We used here the Tait state equation 

P o + B  

and assumed that Pl,P(t) are much lesser than B and used the acoustical 
approximation. 

i ( ) t x I - -  x 0 
PoCos - poCoVo - P , -  + P0 

"c h o 
- P0]. (15.3.7) 

As the pressure Pl in the gas increases, the back wall of the layer will move 
in the positive x-direction with a velocity ~71 and, acting as a piston, will 
generate a pressure wave that corresponds to the pressure Pl in the gas" 

oX0) h - P0. (15.3.8) 

Obviously, a pressure gauge placed in the liquid behind the layer will record 
not a shock wave but an oscillation Pl(t) with a certain maximum amplitude 
that is determined by the minimum layer thickness h, obtained from the 
solution of Eqs. (15.3.7) and (15.3.8), and by a time interval of the order of 1:. 
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The limiting value of the amplitude Pl can be estimated for the case of a 
stationary wave where the rate of change of the layer thickness/~ - -  x1  - X0 can 
be written as 

-pocoh- 2 (P . -Po) -  2po[ (h~)-"-1] .  (15.3.9) 

It is clear that the layer will collapse at the time when the velocities of both 
walls become equal, that is, the condition /~ -  0 holds. Equation (15.3.9) 
shows that at this time the pressure in the gas will become equal to 
P l  - - P * ,  Xo ~ X1 - - ( P . -  PO)/flOUCO, a s  Eqs. (15.3.7) and (15.3.8) show, and 
will then remain constant with time. Consequently, a pressure gauge behind 
the layer will record the same stationary wave, but with a slightly sloping front 
whose rise time is close to the collapse time for the empty cavity 
t, = pocoho/2p, according to Eq. (15.3.9), that is, depends linearly on the 
layer thickness h 0. 

Let us write the dynamical equation for the layer in variables x = h/h o and 
t 1 = t/r for short waves: 

6 ~ -  - ( 1 - - ~ )  + P-P-~ 
P. 

Here the dimensionless parameter 6 = pocoho/2p,r shows the dependence 
of the maximum pressure amplitude Pl in the gas on the value h 0. The 
condition k -- 0 determines the functional relation X.(tl.). Calculations show 
that as h 0 increases the maximum of Pl decreases, shifts toward larger values of 
t l , ,  and remains on the curve representing the pressure decay behind the 
shock front. A characteristic spreading of the signal is observed as well as a 
delay of the reradiation maximum, which depends only on the layer collapse 
time. 

Note that in the case ~:1 = 0 (the gaseous layer is located at a solid wall), the 
amplitude of a stationary wave increases by a factor of 2 and the short wave 
amplitude increases by a factor less than 2. Inertial effects in the dynamics of a 
bubbly layer at a solid wall and strong compression of the gas in the bubbles 
can amplify this effect. 

The analysis of the behavior of a gaseous layer during its interaction with 
shock waves provides insight into wave propagation in bubbly liquids. Their 
mechanisms are quite similar, but a difference can be anticipated in the 
appearance of strong inertial effects due to spherical symmetry of the bubble 
and the possibility of transmission through the bubbly medium of a trans- 
formed shock pulse. We will start from a detailed analysis of the interaction of 
shock waves with bubbly layers of finite length. 
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1 5 . 3 . 1 . 4  S H O C K  WAVE TRANSFORMATION BY 

AND BUBBLY LAYERS 

15.3.1.4.1 Short  Shock Waves: Split t ing of the Wave into a Precursor  
and a Wave Packet 

We define short waves as waves with a positive pressure phase time approxi- 
mately equal to the bubble collapse period. In experiments this corresponds to 
shock waves with an amplitude of the order of Pmax "~ 1 MPa and a positive 
phase duration of about 100 gs for bubble radii of about 3--4 mm. 

The interaction of a shock wave with air bubbles causes their compression 
increases the internal energy of the gas, and the kinetic energy of the liquid 
surrounding the bubbles due to their radial oscillations. As a consequence, the 
intensive energy absorption of an incident shock wave as well as its reradiation 
by the oscillating bubbly layer are observed as the wave propagates in the 
bubbly medium. These two processes occur simultaneously, but their maxi- 
mum effects (transmitted wave after passing through the bubbly layer l and the 
maximum reradiation of the absorbed energy by the layer) are separated in 
time (Kedrinskii, 1968a, 1968b). 

This time interval depends on the bubble size, and as shown later, it also 
depends on their concentration in the mixture, the initial parameters of the 
shock wave, and the layer length. Essentially, this time is determined as a 
"collective" oscillation time of the bubbly layer. 

Figure 15.3.7a shows pressure oscillograms for the initial shock wave 
(Pmax = 3 Pa, ~+ = 100gs, the second peak is the first explosive cavity 
pulsation) and the wave transmitted through the bubbly layer with bubble 
radii of R = 2 mm at a volumetric concentration of the gas of k 0 = 0.004 and 
dimensions 12 x 23 x 4 cm (see Fig. 15.3.7b). Experiments were carried out 
in a container (1 x 1 x 1 m). Since a point shock wave source was used, the 
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b I i ~ t : 

1 ~  M2:1 

, 

FIGURE 15.3.7 Shock wave transformation by bubbly layer at a concentration of k 0 -- 0.004: (a) 
Initial shock wave; (b) wave transmitted through the bubbly layer. 
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pressure gauge at any location behind the layer recorded a superposition of 
reradiated waves from different portions of the layer with phase shifts. 

It is easily seen that the incident wave pulse transmitted through the bubbly 
layer splits into three waves. The first wave is the attenuated initial wave, and 
the second and the third waves are reradiated by the layer. In this case the first 
reradiated wave is strongly attenuated, and hence the reradiation of the second 
pulse absorbed by the layer can be recorded. Discrepancy between the second 
pulsations of the bottom and the top pictures may occur because of the 
discharge instability and the considerable increase of the amplitude of the 
second oscillation. 

Shock wave transmission through a bubbly layer was studied only in a one- 
dimensional configuration. Experimental studies were carried out in a vertical 
hydrodynamic shock tube wherein a shock wave was generated by an 
exploding wire at its lower end (Fig. 15.3.8). 

A stable plane wave shape with steady-state parameters was formed at a 
certain distance L, from the exploding wire. Starting with L > L,, pressure 
gauges 1 and 2 were placed in the test section, to record the profile and 
parameters of the transmitted and incident waves. A layer of calibrated gas 

L~_._ m 
~ _ _ _ i m  

- - - - - - - - - - -  ~ 1 

--.~-- ' - " " ~  2 
�9 ~------ - - - ' ~ - 3  
~.._.~..._-- 

% ~ _ _ :  
.--. - - - -  

:-.-,----~ 4 

so T  +_,skv 

3-10 .4 s 

ko=  0.025 l = 1.0 cm 

b 

0.08 2.0 

0.08 3.0 

FIGURE 15.3.8 Scheme of the experimental apparatus for generation of shock waves and their 
transformation in a bubbly layer: 1, 2, pressure sensors; 3, triggering sensor; 4, ionizing high- 
voltage pulse; (a-e) splitting of a shock wave into a precursor and a general disturbance for 
different values of k 0 and l. 
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bubbles made of thin rubber on a special lightweight support that did not 
disturb the wave was placed between the pressure gauges at a fixed distance 
from gauge 2. 

This method of formation of a two-phase layer, occupying the entire cross 
section of the tube, facilitated the variation of the gas concentration k 0 and the 
bubble radius R0, monitored its length l, and provided a stable shock wave 
profile. The upper end of the tube was closed for the investigation of reflection 
at the wall in the layer. It was equipped with a special wave absorption fitting, 
permitting the tube to be regarded as infinitely long. 

A detailed study of the shock wave interaction with the bubbly layer was 
carried out for a wide range of parameters: l =  1-30cm, k 0 --0.004-0.3, 
p.  = 1-3 MPa, and ~ = 50-100 gs. 

Figure 15.3.8 shows typical pressure records illustrating the initial absorp- 
tion of a short shock wave by a layer for various values of k o and 1. A signal 
amplification scale at the oscillograms with respect to the shock wave incident 
at the layer (Fig. 15.3.8a) varies from 2.5 to 1. The records b--e clearly 
demonstrate the effect of splitting of the initial perturbation into two waves 
(Kedrinskii, 1968a): a shock wave transmitted through the layer 
(l = 1 cm, k 0 = 0.025) and the radiation of the narrow bubbly layer. The 
same effect is observed at a constant bubble concentration (k 0 = 0.08) but 
with a varying length of the layer (l = 1.2 and 3 cm) shown in frames c, d, e. 
Figure 15.3.8 shows that the propagating shock retains its steep front 
practically until it is completely absorbed, whereas the positive phase is 
strongly diminished. A linear scale of waves becomes comparable with the 
bubble's spacing, that is, the medium for this wave cannot be described as a 
continuum since the wave not only is attenuated but also is scattered by 
individual bubbles. Wave splitting was subsequently observed many times in 
experiments, for example, by Nakoryakov et al. (1975). 

The second wave represents radiation of the wave energy absorbed by the 
layer. The energy of the incident wave dissipates in the course of the 
interaction with the gas bubbles and is transformed into the kinetic energy 
of the radial oscillations and the internal energy of the compressed gas. 
Eventually all the energy absorbed by the layer in the absence of other types 
of losses is accumulated in the compressed gas at the moment of completion of 
the bubble collapse. Thus, the degree of collective bubble compression in the 
layer for the fixed parameters of a medium and a shock wave will determine 
the degree of the dissipation of the shock energy and the radiation amplitude, 
while the inertial effects during the collapse will determine the delay of the 
inception of the reradiation maximum. 

The absorption of the wave energy and its reradiation by the bubbles in the 
layer are simultaneous and coupled processes whose extremes do not coincide 
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in time because of the inertial effects during the collapse. The pressure in the 
collapsing bubbles increases while the pressure in the wave decreases because 
of the nonstationary effects and dissipation in the layer. At some time these 
pressures level off, and then the inertia of the liquid causes overcompression of 
the bubbles. However, the pressure gradient is now directed into the liquid and 
tends to suppress the velocity rise of the convergent radial flows around the 
bubbles. 

At the instant the velocity of these flows attains a maximum, the pressure in 
the transmitted wave reaches a minimum value. During the splitting of the 
short shock wave, the transmitted wave and the reradiation wave, as a rule, are 
separated by a rarefaction zone. This effect can be explained by the dissipative 
losses, which for a sufficiently large capacity of the layer reduce the pressure so 
quickly that it is no longer sufficient to offset the rarefaction occurring in the 
medium as a result of the convergent radial flows around the bubbles. 

Surprisingly, the rarefaction wave is also recorded by the pressure gauge in 
front of the layer in the case of long shock waves. This intriguing experimental 
fact is important for understanding shock reflection from a bubbly layer. With 
an increase in the values of k 0 or l the collapse time of the bubbles in the layer 
increases while the radial velocity, the degree of compression, and hence the 
radiation maximum decrease. In this case a value l = l k is found to exist such 
that the whole layer acts as a collective bubble, that is, it completely absorbs 
the shock wave energy (the pressure gauges record only a precursor) and 
reradiates it as decaying oscillations with their own characteristic frequency. 

With a further increase in l the process just described will be repeated, but 
now for the wave reradiated from the layer lk: a new value lkl emerges for 
which the first radiation will be completely absorbed and reradiated, and 
instead of it the sensor will record only the precursor. The maximum of the 
second reradiation will be determined by the layer parameters and the first 
radiation and will be recorded with a time delay relative to its precursor. 

The effect of synchronous bubble oscillations in the layer is of fundamental 
importance since it not only determines the structure of the reradiated 
compression wave but also reveals the property of the bubbly liquid to form 
peculiar coherent structures. Note that the requirement of the narrow size 
distribution of the bubbles to explain the coherence effect is inadequate in this 
case. Actually, in the experiment described for a 3-cm-long layer, the shock 
wave is completely absorbed, which indicates the existence of a sharp pressure 
gradient along the layer that causes a large scatter of the bubbles oscillation 
parameters in the layer even with the same initial bubble size. 

Figure 15.3.9 demonstrates oscillograms recorded during interaction of a 
shock wave with bubbly layers (up to 30cm in length) in a wide range of 
volumetric gas concentration: k 0 = 0.04, 0.06, 0.08, 0.10, and 0.15. 
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It is easily seen from this figure that as the layer length increases, wave 
packets with a well-defined periodic structure and decaying amplitude are 
formed. In spite of the significant difference between the medium parameters 
in these figures, one can follow the general character of the absorption for an 
initial wave, the propagation of the consecutive reradiations through the layer, 
and the formation of a packet. Some features of the wave transformation can be 
demonstrated with the oscillograms in Fig. 15.3.9b (for which the volumetric 
gas concentration k 0 = 0.06): 

1. The wave energy absorption occurs immediately behind the front. Part of 
the wave is split and its amplitude and duration are reduced, though the front 
steepness does not change. 

2. The split wave retains its position in time, and the reradiated wave 
maximum shifts to the right in the oscillograms (see the sequence of the 
oscillograms from top to bottom). In this case the character of the reradiation 
allows one to conclude that all the bubbles collapse synchronously, that is, the 
layer behaves as a coherent structure. The experimental data confirm the 
existence of a series of precursors and indicate the distinct periodic structure of 
the resultant signal. 

3. The length of this coherent layer l k is limited and is well defined for each 
concentration and initial parameters of the shock wave. Figure 15.3.10 shows 
the dependence of the delay times T&I of the reradiation maximum for four 
values of k0: 0.04, 0.08, 0.15, and 0.30. 

The origin for Tdc t is taken to be the moment of complete absorption of the 
initial shock wave by the layer. The length of lk .o(ko)  is indicated on the plot as 

k = 30 
J 

! 

Tdel , ItS 
3,0-  

2,0 
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i.. i, ,m- 110 , i t . I 
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FIGURE 15.3.10 Maximum reradiation delay times Td,.l versus length of the bubbly layer l for 
various values of k 0 (in percent). 
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the coordinate at which the function Taet(l ) intersects the l axis. This approach 
allows one to analyze the evolution of the resultant signal in the propagation of 
even a relatively weak reradiated wave with a sloping front and periodic 
structure. The principal feature of the process of wave transformations by the 
bubbly layer is distinctly exhibited by the pressure oscillograms (see Fig. 
15.3.9): The instant at which the first precursor is recorded corresponds to the 
propagation velocity c o in the pure liquid, the radiation is shifted relative to it, 
and this shift (see Fig. 15.3.10) grows linearly with the length of the layer. 

The increase in the delay time of recording the reradiation maximum is 
associated with the mechanism of formation and propagation of a so-called 
long-wave disturbance. The occurrence of the shift is often used to justify the 
conclusion that the low-frequency component of the signal (reradiation from 
the layer), unlike its high-frequency part (the precursor), propagates essen- 
tially with the equilibrium speed of sound c2,-  7po/poko (Zaitsev and Solou- 
khin, 1958) typical of a long-wave disturbance in a two-phase medium 
(Lyakhov, 1959). 

The reradiation amplitudes in the experiment are fairly small, the fronts are 
sloping, and the estimate for c, seems realistic, at least for high concentrations 
and large values of l. In this case if the delay time Taet is indeed associated with 
the low propagation velocity of the main part of the resultant signal, the value 
fi - c2,ko is constant (TPo/Po) for the same gas and the static pressure and does 
not depend on k 0. However, in the interval of k 0 shown in Fig. 15.3.10 the value 
fl increases by a factor of 2, casting doubts on the preceding conclusion about 
the nature of the delay and its connection with the propagation velocity c,. 

The second contradiction arises in the numerical analysis of the process 
carried out using a two-phase medium model (Iordansky, 1960; Kogarko, 
1961, 1964; and van Wijngaarden, 1968) and assuming an incompressible 
liquid component. In this case Co --+ oo and a wave structure of the precursor- 
reradiation type cannot exit. However, the data of Kedrinskii (1968a) indicate 
the possibility of the existence of such a structure even in this case. It is likely 
that the contradiction is embodied in the actual interpretation of the mechan- 
ism of the delay Ta~ 1. As indicated earlier in the example of a plane gaseous 
layer and in the analysis of the oscillograms (see Fig. 15.3.9), the value T&t is 
determined by the collapse time of the bubbles in the layer or of the layer itself. 

Thus, the delay in recording the reradiation maximum is the result of a 
delay in its generation, rather than the small propagation velocity. In this 
connection, both the initial shock wave and the disturbances forming the 
resultant reradiation propagate in the medium with the same velocity c o 
characteristic for the liquid. The total delay time is the superposition of the 
successive delays of the wave reradiations (see Fig. 15.3.9b) and the width of 
the front of the resultant reradiation is determined by the time interval from its 
maximum to the nearest precursor. 
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4. As a consequence, the reradiation as the wave packets occurs behind the 
bubbly layer and their structure for different values of k 0 and l is shown in Fig. 
15.3.9. Their duration exceeds that of the positive phase of the incident shock 
wave by an order of magnitude and their frequency v depends on the layer 
length l at a fixed value of k 0. 

Analysis of the dependence of the wave packet frequency on the layer length 
and the gas concentration over a wide range of values of these parameters 
shows (see Fig. 15.3.11) that v(l) for k 0 - -const  has a maximum v,, which 
shifts with increasing k 0 towards smaller values o f / a n d  decreases. Thus, for 
k 0 -- 0.04 one has v, - 4 kHz at a distance o f / =  22 cm, and for k 0 = 0.23 the 
maximum value of the frequency is reduced to v, - 1.4 kHz, but now for a 
layer length l = 3.5 cm. 

The dynamics of frequency characteristics is essentially the same, and they 
all have a well-defined maximum for a certain length of the layer l k. In this 
case, as observed in the experiment, from this time on, v 1 becomes equal to the 
frequency of the pulse sequence of the other pulses v,. There occurs a peculiar 
kind of resonance that manifests itself such that the radiation of the whole layer 
is completely absorbed by the subsequent layer and is radiated at the same 
frequency (this is typical for a single bubble, particularly with small oscillation 
amplitudes), which depends on a value k 0 and the layer length beyond a value 
l k. For l h we obtain a well-defined wave packet with its constant frequency and 
regular decay of amplitudes. 

Let us return to Fig. 15.3.9b (k 0 - 0.06). If the pressure behind the 14-cm 
layer is assumed as initial, that is, as the pressure at the boundary for the 
successive 8 cm, then it is impossible to obtain the oscillograms presented in 
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FIGURE 15.3.11 General frequency characteristics of reradiations of a bubbly layer (values of k 0 
are given in percent). 
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the last frame of the figure. The reason is that when additional layers of the 
medium are involved, the absorbed energy is redistributed near the boundaries 
between the adjacent layers, which causes damping of the bubbly oscillations 
and reduces the reradiation frequency. Clearly, the nonlinear character of 
oscillations retains and affects the shape of reradiated waves. 

Generally, studies of shock wave propagation in bubbly liquids are 
concerned with the damping of a shock wave. However, experiments 
showed that maximum loads behind the bubbly layer are principally deter- 
mined by the reradiation by the bubbly medium even for relatively small values 
of l rather than by the transmitted shock wave. 

Plots shown in Figs. 15.3.12 and 15.3.13 (here fi - l v /3ko/R 2) confirm the 
foregoing conclusions. Figure 15.3.12 shows the relative change of the shock 
wave amplitude during its propagation. Thus, for example, for concentration 
k 0 = 0.06 the initial amplitude is reduced to less than 10% by a layer having a 
length of l =  3cm. For a more dense bubbly medium this effect is still 
pronounced. For k o --0.15 only a weak trace of the precursor is left on the 
shock wave transmitted through the 2-cm layer while the maximum of the 
reradiation amplitude Pl/Pmax is about 0.3pmax (see Fig. 15.3.13). Besides, the 
experiments showed that the maximum amplitudes of the reradiation attenuate 
more slowly than the incident shock wave with increasing the thickness of the 
bubbly screen. 

Inspection of Figs. 15.3.12 and 15.3.13 shows that the principal effect in 
interacting of a shock wave with a bubbly liquid is the radiation of the 
medium. 

Since the period of oscillations of a single bubble is inversely proportional to 
the square root of the amplitude of the incident wave, an increase of the 
amplitude will cause an increase of the oscillation frequency and the sequence 

Aplpmax 
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FIGURE 15.3.12 Relative change of the shock wave amplitude during its propagation vs fl; 
k 0 = 0.004 (stars), 0.02 (points), 0.06 (circles), 0.08 (triangles). 
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Attenuation of a layer radiation amplitude (Pl (t)). 

frequencies of waves in the wave packet. Experiments were performed for 
several gas concentrations, l = 6 cm, and for two amplitudes of a shock wave 
(1 and 2.5 MPa). The results of these experiments, in Table 15.3.1, show that 
by increasing the pressure one can increase the frequency by several times. 

Using the data of Fig. 15.3.9e, variation of the impulse and energy of the 
wave radiated by the bubbly layer versus its length were calculated. 

It turns out that for h 0 - 0 . 1 5  the relative impulse is essentially constant 
and the relative energy varies exponentially. In this case the concentration 
significantly affects the reradiation energy: for k 0 = 0.04 and l = 12 cm with 
the same initial shock wave (Fig. 15.3.9) the relative energy of reradiation is 
about 30% as opposed to 3% for k 0 - -0 .15 and practically equal relative 
impulse. 

The increase of the incident shock wave amplitude for these pressure ranges 
does not affect the relative reradiation energy: for k 0 = 0.05, l =  6cm and 
Pmax = 2.5 MPa, 1~ ~ 75%, and the same result is obtained for Pmax = 1 MPa. 

TABLE 15.3.1 Frequencies of Bubble Oscillations (Experiment) for Two 

Amplitudes of the Incident Shock Wave and for a Fixed Length of the Bubbly 
Layer, 1 = 6 cm 

k o 0.20 0.15 0.10 0.08 0.06 0.05 0.04 0.025 

l'n.1, kHz (Pro --- 1MPa) 1.87 2.25 2.9 1.875 1.375 1.1 0.95 0.75 

v,,.2, kHz (Pro = 2.5MPa) 2.87 3.125 3.5 3.625 3.75 3.8 3.75 3.5 

vn,2/vn, 1 1.59 1.39 1.52 1.93 2.73 3.45 3.95 4.67 
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Kedrinskii (1968a, 1968b) showed that the amplitude p of the transmitted 
shock wave for various parameters of the bubbly layer varies similarly if the 
parameter f l -  ~ k o l / R o -  f2l/c, is kept constant. Here f2 is the natural 
frequency of the bubble oscillations. It turns out in this case that the pressure 
in the shock wave front (Pmax) decreases practically instantaneously over the 
length of the layer l and is consistent with the theoretical function p,(fl) 
obtained using the assumption of an incompressible liquid component. Thus, 
the wave front passes a bubbly layer having a length of i cm in about 7 ~s, 
irrespectively of the concentration k 0 (see Figs. 15.3.8 and 15.3.9). During this 
time interval, under the experimental conditions, the bubble radius remains 
practically constant, the velocity of the radial flows remains close to zero, and 
the shock wave amplitude (e.g., for k 0 = 0.08) decreases by a factor of 2.5. 

Physically, this effect is obvious and can be attributed to the attenuation of 
the pressure in the wave front due to its interaction with the rarefaction waves 
from the free surfaces of the gas bubbles. It is interesting to analyze the 
possibility of describing the effect assuming that the initial values of k(0) and 
k(0) remain constant for the time of traversal of the collective layer depth by the 
wave front, which is equivalent to the assumption of infinite velocity of the 
front propagation. An analysis of the mathematical model of the wave 
propagation in bubbly media (Kedrinskii, 1980) confirmed the fact that the 
principal features of the wave transformation are associated with the variation 
of the function 32k/Ot 2 which is determined at the initial times by the pressure 
jump across the front, whereas k ~ k 0, 3k/3t ~. O. 

15.3.1.4.2 Long Shock Waves: Reflection from a Water-Bubbly 
Liquid Interface 

Experimental studies of long waves in bubbly liquids were performed in a 
single-diaphragm hydrodynamic shock tube wherein the bubbly layer was 
located near a solid wall (the lower end of the tube) and a shock wave was 
induced by rupturing the diaphragm separating the high-pressure (gas) and 
the low-pressure (liquid with a bubbly layer) sections. In this setup the 
amplitude of the incident wave propagating in the liquid was equal to the 
initial gas pressure. However, some difficulties could arise when analyzing 
pressure in the oscillograms (see frames 1,2,3 in Fig. 15.3.14) because they 
comprised not only the incident and reflected shock waves from the end of the 
tube but the rarefaction wave resulting from the reflection of the waves from 
the free surface of the liquid in the vicinity of the diaphragm. As suggested in 
Fig. 15.3.14, the lower oscillogram 2 recorded a signal reflected from the 
bubble boundary (the pressure gauge was located above the boundary), and 
the upper oscillogram 1 recorded the pressure inside the bubbly layer. The 
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FIGURE 15.3.14 Dynamics of reflection of a shock wave from an interface with a bubbly layer. 

scanning length in the oscillograms was 3.6 ms to the left and 1.5 ms to the 
right. 

The study of the propagation of long waves whose positive pressure phase is 
significantly larger than the bubble collapse time was carried out to elucidate 
the reflection mechanism of a shock wave from the boundary because the 
mechanism of the interaction of a long wave with a bubbly medium (see Fig. 
15.3.14) is identical to the case of short waves. The experimental study 
showed that when increasing l with k 0 - c o n s t ,  effects similar to those 
described earlier were observed. The wave propagation was accompanied by 
the absorption of the energy at the front, formation of a precursor, and 
reradiation. 

Here the recording of the pressure gauge placed at a distance L ahead of the 
bubbly liquid boundary (Fig. 15.3.14a,2) was the most interesting. Actually, 
taking into the account the significant difference in acoustic impedance p c  of 
the adjacent medium at the location of the gauge, one could expect the 
occurrence of a rarefaction wave reflected from the front boundary of the 
bubbly liquid within a time t ,  - -  2 L / c  o needed for the wave front to travel the 
distance from the gauge to the boundary and back with the velocity c o . 

Figure 15.3.14 shows that the gauge ahead of the medium indeed recorded 
the occurrence of the rarefaction wave. However, the time interval required for 
the appearance of the rarefaction wave differed from the time t,  and was 180 ~s 
instead of 20 ~s. 
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As a consequence, a narrow pressure peak and a rather prolonged low- 
pressure zone were recorded in the reflected wave. The peak width appeared to 
be determined by the time required for the fluid particles to gain additional 
velocity through the bubble collapse. When the latter attained a value of about 
Ap/PoC o, the reflection was completed. A similar phenomenon did not occur 
for short waves. This means that in their reflection the contribution of bubbles 
under relatively weak short waves is small. 

1 5 . 3 . 1 . 5  T H E  I O R D A N S K Y - K O G A R K O - V A N  

W I J N G A A R D E N  NONEQUILIBRIUM T w O - P H A S E  

M O D E L  OF A BUBBLY LIQUID 

In the early 1960s, pressure-nonequilibrium two-phase models for the descrip- 
tion of wave propagation in a liquid with gas or vapor/gas bubbles were 
suggested independently by Iordansky (1960), Kogarko (1961), and van 
Wijngaarden (1968). 

They were based on a simple physical model that comprised (a) the 
conservation laws written for the averaged pressure p, density p, and liquid 
velocity v; and (b) the state of the two-phase medium described using the 
Rayleigh equation for the bubble radius R, and the relationships for density p, 
volumetric gas (vapor/gas) concentration k, and R. 

The equations of this model are as follows: 

dp 
+ p div v = 0 

dt 
dv 1 
d t  + - o 

p -- (1 - kb)pl, k b - ko(R/Ro) 3 

31dRy2_ (p _p) 

(15.3.10) 

This system has to be supplemented by the equation of state for each 
component. For the gas in the bubbles, for example, it can be the adiabatic 
law pR3,' = const 

In the acoustic approximation the system of equations (15.3.10) can be 
reduced to a form that is more convenient for analysis (Kedrinskii, 1968a, 
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1980, 1968b) by rewriting the Rayleigh equation for the concentration 
k = (R/Ro)3: 

O2p O2k 
A p -  c-{ -2 3t--- T -- -Poko - ~  

02k 3hi/3 1 (Ok)  2 

at ---T = po R2 (P~ - P) +-6-k -~ " 

(15.3.11) 

Now the medium can be considered as a homogeneous medium with the 
effective properties described by the foregoing equation of state. This model is 
applied in the following to describe experiments on wave propagation in 
bubbly liquids. 

15.3.1.5.1 A Precursor 

A precursor is the remaining pulse of the incident shock wave that retains the 
steepness of the front and has an oscillating profile. The wave packet is formed 
because of reradiation of the layer-absorbed incident wave energy, which was 
transformed into the kinetic energy of radial bubble oscillations and the 
internal energy of the compressed gas. The degree of the "collective" bubble 
compression in a layer for constant parameters of a medium and shock waves 
determines the dissipation of the shock energy and the reradiation amplitude 
of the bubbly layer, whereas the inertial character of the bubble collapse 
determines the delay of the reradiation maximum. The incident wave energy 
absorption and its reradiation by the bubbles in the layer are coupled and their 
maxima do not coincide in time. 

According to experimental data, one can consider that during the precursor 
formation the bubbles are radially accelerated, whereas k ~ 1, k ~ 0. Then the 
Rayleigh equation can be simplified as 

02k 3 
(Po - P), 3t 2 po R2 

which allows one to transform the first equation of the system of Eqs. (15.3.11) 
into the Klein-Gordon equation that describes the precursor formation, 

02P ~X2(P - -  P 0 ) "  Ap -- Co 2 - ~  = 

In the equation there appears a similarity parameter 

o~ 2 -- 3ko/R 2, (15.3.12) 
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which depends on the bubbly medium structure. The solution of the Klein- 
Gordon equation reads 

i 
C o t - X  

p(x, Cot ) - Po -- l~(Cot - x) - o~x /2(0 
dO 

I1 (~v / (Cot  - 0 2 - x 2) 

v/(Cot - l-) 2 _ x 2 
dr, 

where #(t) is the pressure at the bubbly liquid boundary. A comparison with 
experimental data (Fig. 15.3.12) shows that a parameter 

l 
/~-~.1 or / ~ - ~ ' R o  

(where l is the bubbly layer length) is a similarity criterion for  the attenuation of 
the shock wave ampli tude in the bubbly liquid. 

15.3.1.5.2 Dispersion Relationship 

In order to estimate a performance of the Iordansky-Kogarko-van Wijngaar- 
den model for small disturbance propagation (Kedrinskii, 1968b), let us 
consider the dispersion of sound waves, which was studied experimentally 
by Fox et al. (1955) for bubbles with size distributions. 

Assume a discrete distribution of the bubble sizes and their concentrations. 
Then the expression for the effective density reads 

( P-PO'~c 2 1 P- -  Po+  / ( 1 +  kb)- , 

where k b - E  kj, k j -  kjo(Rj/ejo) 3, and the concentration equation in Eqs. 
(15.3.11) is rewritten for kbj -- (Rj/Rj0) 3. 

Consider small disturbances of the density and the concentration of bubbles 
of each size: 

p ' - p - p o   o -Pok , kj-kjo 1+3 Rj-  . 

Then Eqs. (15.3.11) in a one-dimensional case read 

co2p, ,  - p ~  - Oo F~ k jo (kb j ) .  - 0 

f)2 (15.3.13) 
kbjt t + ~2 kb j = _ ~ P, 

7P0 

where ~2~ - 3"/po/PoR2o is the natural frequency of a bubble of j-th kind. 
We seek the solution in the form p - Ae ~t~162 kbj -- Bje ~I~'~ Substitut- 

ing this solution into the linearized system of equations (15.3.13) we arrive at 
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the expression for a phase sound velocity ceh = co/m (here m is the wave 
number): 

C0 2 2 N 1 c , .  

- 1 + ~ -  ~ kbjo 
C 2 ~ 1 [ / ( 1 2 " 1  ph eq j = l  - -  ~.(.021"~"j , 

Here Ceq is the equilibrium sound velocity in the two-phase medium according 
to Lyakhov (1959). 

For N ~ oo we obtain the following dispersion relationship for the 
continuous size distribution of the bubbles (see Kedrinskii, 1968a): 

1 1 1 foc k(R)dR 
2 = - + n j  (15.3.14) 

% c 2 C~q o 1 - ( c o ~ n )  2"  

In this case, 

j .oc k(R)dR - 1 c 2 = 7Po f~2 = 37p0 
, eq p o k o ( 1  ko ) , PoRZ , 0 

where k(R) is the concentration fraction of the bubbles of radius R. 
The integral in Eq. (15.3.14) can be transformed as follows: 

j'~ k(mdR - ~ (Io k(R)eR o 1 - (~o/n) 2 - 2 1 - ( co /a )R Io -~ k(-R~)d(-R~)] 4- 1 - - - ~ / "  

Since the function k(R) is even, 

I i  k(R)dR 

1 - (co/f~) 2 

1 I s k(R)dR 

2co/a _ ~  a/co - R 

Now Eq. (15.3.14) can be rewritten as 

1 1 1 1 foc k(R)dR 
_ 2 i - - - _  q _ J 

where a = v/37po/Po . 
The experimental data of Fox et al. (1955) on the spectrum of the 

concentrations of the bubbles can be approximated by the formula 

2(i )4) 1 
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where b is a scale factor and q is found from the conditions 

j '~  k ( R ) a R -  2 
- - O O  

J ~  J ~  z 2 dz 
h ( R ) c l R -  qb 

-~c -~c 1 4- Z 4 '  

where z -  R /b  and therefore q -  2~/2/rrb. The integral in the expression for 
the phase velocity can be written as 

i 
oc R 2 dR 

I = qb 2 -oc ( a / o ) -  R)(b 4 + R 4) 

__ V ~  rcqb a (a/co) 2 - b 2 

2 co (a/co) 4 + b 4 

Thus, the dispersion relationship for the continuous size distribution of the 
bubbles reads 

-1 

(15.3.i5) 

Here f](b) is the scale factor that is selected by equating theoretical and 
experimental values at some point at the curve, such as cph = Co. 

Figure 15.3.15 shows the computational results of the dispersion curve 
obtained by Eq. (15.3.15) and the experimental data (Fox et al., 1955) for the 
following conditions: P0 =0 .1MPa ,  2 =  1.4, k 0 =0.00025,  0.0002 and 
0.00015 (curves 1-3, respectively). 

The calculations were performed using the Iordansky-Kogarko-van Wijn- 
gaarden model for the preceding three values of concentration as the average 

eph , km/s 

i 
C 0 . . . . . .  ,. 

, .~, _ I 

I ~ I . . I I 1 i I 1 

0 81) 100 150 200 250 300 350 f ,  kHz 

FIGURE 15.3.15 Dispersion curves for various volumetric bubbles concentrations: 1, k 0 = 
2.5 x 10-4;  2, 2 x 10 -4" 3, 1.5 x 10 -4. 
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for the three continuous size distributions so that the mathematical model 
could be correlated with the experimental data. The value of f~(b) was 
calculated at the point cph-  Co, which corresponded to the frequency 
f -  80 kHz. The dashed line is the dispersion curve for the bubbles having a 
size R- -0 .055mm,  which corresponds to the partial concentration k 0 = 
0.00015. One can readily see that for f --+ oo the phase velocity tends to its 
frozen value which is larger than c o , because in this case the bubbles behave as 
solid particles. It is easy to observe a good agreement between the experimental 
results and predictions based on the theoretical model. Thus, the experimen- 
tally observed acoustic transparency window in the resonance frequency region 
is explained by the existence of the initial spectrum of bubble concentrations, 
that is, their size dispersion rather than dissipation losses. 

15.3.1.5.3 Shock Wave Structure in a Bubbly Medium with 
Incompressible Liquid Component  

Applications of the two-phase model given by Eq. (15.3.11) to the analysis of 
shock waves in bubbly liquids for determining a precursor (Kedrinskii, 1968a) 
of the rarefaction waves in a real liquid (Kedrinskii, 1975, and Kedrinskii et al., 
1998b) showed that the model allows further simplifications. Some of them are 
physically well justified. For example, the liquid component compressibility 
can be neglected compared with that of the gaseous phase, which determines 
this behavior of the bubbly medium as a whole. Nonlinear terms in the 
conservation laws for average values can be linearized, but the nonlinear terms 
in the oscillation equation must be retained. 

Other simplifications are less evident and require theoretical justifications. 
However, if their use yields numerical and analytical estimates that are 
consistent with the experimental data, then the appropriate approximation 
may be considered valid. Define a function ( = p -  p~, a new variable 
r I -- r~k 1/6, where ~ = v /3ko /R  2, and k 1/6 = y l / 2  = (R/Ro)r/2. 

Then Eqs. (15.3.11) can be transformed as (Kedrinskii, 1968b) 

v(a ) 
a.--s + - d  - - o 

02k 3kl/3 l ( 0 k )  2 
(15.3.16) 

where v -  0, 1, 2 specifies the flow symmetry. The first equation in Eqs. 
(15.3.16) yields analytical relationships between the average pressure p in the 
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medium and a volumetric concentration k for plane (v = 0), cylindrical 
(v = 1), and spherical (v = 2) bubbly clusters: 

~ '=Ae  - ' 1+Be  'l ( v = 0 )  

( = AIo(fl) + BKo(r/) (v = 1) 

( -- rl-1/2[AI1/2(r]) + BK1/2(r])] (v = 2). 

(15.3.17) 

Here I 0, K 0, 11/2, and K1/2 a r e  modified Bessel's functions, and the coefficients 
A and B are determined from the boundary conditions. 

Numerical simulation showed that in bubbly medium with incompressible 
liquid component the incident wave splits too into a precursor and a reradiated 
wave packet (Kedrinskii, 1968a), thus confirming that the delay of the pressure 
maximum reading is associated with a collapse time (see Fig. 15.3.16). 

Wave propagation in a bubbly half space is of interest if pressure at the 
boundary varies with time, since all the disturbances in an incompressible 
liquid propagate instantaneously. Kedrinskii (1968a) calculated the pressure 
disturbations for a shock wave incident at the boundary and having a 
triangular profile with a maximum amplitude of 2 MPa and a 100-~s-long 
positive phase pressure (for k0 = 0.002 and R 0 = 0.4cm) for various times 
(see Fig. 15.3.17). The calculation showed that a compression wave propagates 
in the medium with a variable velocity and that the amplitude decays 
exponentially with time. 

Thus, the Iordansky-Kogarko-van Wijngaarden model allows one to 
explain the experiment on wave propagation in bubbly liquids. 

X 1 em 

1 atm I 2~----4 ~S 

- 

FIGURE 15.3.16 Shock wave transmission through a bubbly medium for k 0 = 8 x 10 -2  (a 
numerical analysis, an incompressible carrying liquid). 
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FIGURE 15.3.17 "Moving" compression wave profile in the half space of a bubbly liquid with an 
incompressible liquid component. 

It is useful to summarize the characteristic features of the shock wave 
propagation in inert bubbly liquids: 

�9 Interaction of a compression wave with a bubbly liquid is characterized by 
the fact that at a certain length of the layer the total energy of the shock wave, 
as a result of absorption, is transformed into the energy of the compression 
waves reradiated by the bubbly medium as a wave packet at a time determined 
by the bubble collapse time in the layer and dependent on the medium 
parameters and on the incident shock wave. 

�9 Energy in the formed wave packet accounts for 20-30% of the initial 
shock wave energy and is concentrated in a narrow radiation spectrum band. 

1 5 . 3 . 1 . 6  AMPLIFICATION,  COLLISION,  AND 

F O C U S I N G  OF S H O C K  WAVES IN BUBBLY LIQUIDS 

Numerous experimental, theoretical, and numerical investigations of the 
amplification and focusing effects of shock waves in various media have 
been performed during the past few decades, such as investigations of 
mechanisms of fracturing kidney stones (lithotripsy) by converging shock 
waves in a liquid and the initiation of explosions in combustible liquids stored 
under pressure. 

Shock focusing was surveyed by Gronig (1989) and Sturtevant (1993). 
Experiments and numerical studies of converging cylindrical shock waves in a 
homogeneous medium were performed by Book et al. (1989), Takayama (1989), 
Watanabe et al. (1993), Nagoya et al. (1993), Stuka et al. (1993), Kuwahara et 
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al. (1991), Isuzukawa and Horiuchi (1993), Fijiwara et al. (1993), Demmig et al. 
(1993), Hiroe et al. (1993), Itoh et al. (1993), and Neemeh (1991). Kedrinskii 
(1997, 1998) analyzed cavitation effects in the mechanisms of detonation and 
fracture initiation as well as "acoustic laser", see also Zavtrac, 1995, 1997. 

Experimental data appear to be often insufficient to arrive at some definite 
conclusions. Therefore, numerical simulation as well as a possibility to 
evaluate the wave amplification are not only of fundamental but of applied 
importance as well. 

15.3.1.6.1 Shock Wave Amplification by a Cavitation Cluster  near a 
Solid Wall 

The possibility to generate high dynamic loads (Kedrinskii, 1968a) on a solid 
wall by an oscillating cavitation (bubbly) duster allowed observation of several 
previously unknown effects. Sudden restoration of the hydrostatic pressure at 
the boundary of the cavitation cluster, the cumulative character of the bubble 
collapse, and strong inertial effects result in the generation of a series of 
pressure pulses at the wall surface (Kedrinskii, 1968a). 

These effects were found by numerical calculations of the layer dynamics at 
a wall performed using the model given by Eqs. (15.3.16). Let us consider the 
formulation of the problem in more detail. At the solid wall there is a thick 
layer l of uniform distributed cavitation bubbles with an initial radius R 0 and 
volume concentration k0, formed as a result of pressure decreasing from a 
hydrostatic pressure Phs to P0, by moving the wall away from a liquid. At time 
t = 0 a hydrostatic pressure Phs is restored at the boundary and it is kept 
constant later on. The pressure at the solid wall is determined by the system of 
equations 

= A e  - ~ + B e  ~ ( v = 0 )  

~2k 3kl/3 l ( ~ k )  2 

at2= pl~ r + Fk u ' 

with boundary conditions 

= Phs --Po k-r ,  for x = l  

a~ 
for x - - 0  

('= 

The calculations were performed in a wide range of rarefactions in the layer 
Phs/Po = 300, 200, 100, and 70 for / 3 -  1, 2, 3, and 4. The characteristic 
pressure profile at the solid wall is shown in Fig. 15.3.18. It is easily seen that 
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FIGURE 15.3.18 Effect of shock wave amplification during the collapse of the cavitation layer on 
a solid wall (at Phs/Po = 100). 

in spite of the relatively low pressure jump at the cavitation zone boundary 
(Ph~ = 0.1 MPa), a series of strong pulses with amplitudes equal to several 
megapascals arises on the wall. This confirms the conclusions of the previous 
studies (Kedrinskii, 1968a, 1968b) that the cavitation bubble collapse causes 
not only the erosion of the surface but also the formation of high pressure 
pulses produced by a bubbly liquid at the wall. 

The analysis of the numerical results showed that enhancement at a wall can 
be calculated by the formula 

exp(hl/6 fl) 
P ~" 2Phs 1 + exp(2kl/6fl) 

p0k_:.[1 - 2exp(hl/6fl) 1 + 
L 1 + exp(2kl/6fl)J 

wherein the second term dominates. The pressure maximum at a wall 
generated by the bubbly cluster appears to comply with the condition 
k -  kmin, where kmi n can be estimated from 

1/3 [ 1/3(1-7) 
kmi n -~, 2 .10-2f l  + 1 + ( 7 -  1)Ph~ 1 

70j 
Calculations (see Fig. 15.3.18) showed that for a jump in the amplitude of 

the hydrostatic pressure by no more than 0.1MPa over a range of initial 
pressures in a bubbly layer P0 = (0 .33-10)x  103 Pa and in the range the 
similarity parameter fl - 1 - 6, the loads on the wall vary from 10ph S to 80ph S 
and the maximum is attained at fl ~ 3 for a constant P0- 

The data shown in Fig. 15.3.18 indicate the existence of an acoustic 
dissipation in the two-phase medium with an incompressible liquid compo- 
nent, that is, attenuation of the pulse amplitudes is a result of the bubble 
oscillations in the layer. 
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15.3.1.6.2 Coll is ion of Stat ionary Shock Waves 

Let us consider the general problem of shock wave interactions (Kedrinskii et 
al., 1998b). 

Assume that the pressure jumps Pb are generated at the time t = 0 and kept 
constant at two opposite boundaries separated by a distance L. For t > 0 shock 
waves are formed in the bubbly liquid, and they split into precursors and main 
disturbances as the shock waves with oscillating fronts propagate toward one 
another. The equations describing the formation, propagation, and interaction 
of the shock waves read as follows: 

The conservation laws for average p, p, u, in Lagrangian coordinates: 

Ot Os ' Ot Os 

The Rayleigh equation: 

0fl = S, 
Ot 

0S 352 T S 
 --gi + - - c -d - e 

The temperature equation: 

OT fls (1 - T) TS 
0-~- = 6(7 - 1)Nu T - 3(?, - 1) fl (15.3.i8) 

Parameters and the equation of state of the liquid: 

npo ' 1 - k o pfl3 

[3151 N u -  { ~/-P~' 
Pe -- C3( 7 - 1)[1 - T-------i ' 10, 

1. 

P go To B 4It 
C 1 = ~ C 2 - -  C 3 --- 

po M ' Ro~-0- ~ ' v 

Pe > 100 

Pe < 100 

12Rov/po/po 

The coefficient c5 in the temperature equation is used to account for the heat 
exchange. 

Since the main perturbation velocities are considerably lower than those of 
the precursors, the latter collides first at the flow symmetry plane, reflect from 
it, and interact with the main wave packet. 

The collision dynamics of the stationary waves will be considered further in 
some detail in reactive bubbly media. Here we just note that the wave 
amplitude amplification in the collision arises from the inertial properties of 
the bubbly liquids and the anomalous value of the bubbly liquid compressi- 



706 v .K .  Kedrinskii 

bility. Expressions for the speed of the sound in the gas cg, in the liquid cli q, and 
in the bubbly medium Cbubl read: 

2 - - ,1  c~i q -- n ( p  4- B)  ~,1 2 __ ~p 1 
Cg -- 7P Pg Pliq Cbubl k0(1 - k0)flliq 

Thus, the equilibrium speed of sound of the bubbly liquid can be much less 
than that in the gas. For example, at k 4-  0 - -  0.5 chub 12  _ 4~/p/pliq. 

The compressibility of the bubbly liquid 

1 dV k o d'r~, 

V dp 1 - kor.t, d p '  

where ~:v - (R/R0) 3, is determined by the volumetric gas concentration. 
The data on the amplification during the collision of identical shock waves 

(e.g., reflection from a solid wall) in a bubbly liquid are shown in Fig. 15.3.19 
and in Table 15.3.2 as Pref versus k 0 (an incident wave amplitude 1 MPa, 
R 0 -- 0.1 cm). Calculations were carried out for various values of L, sufficient 
to form the stationary wave structure. The scatter in the data is due to the 
difference in the interacting phases of the reflected precursors with the main 
incident wave. 

It is clear that the volumetric concentration is crucial in the amplification 
effect: the increase of k 0 causes a monotone rise of the maximum pressure in 
the collision plane (at a solid wall) that can be approximated by the following 
relationship (shown in Fig. 15.3.19 as a dotted line): 

P,.ef/Pb ~ 2 4-  24.5k~/4. 

The collision of stationary shock waves in a bubbly liquid is essentially 
transient and requires a certain time interval 1:co z (in Fig. 15.3.19, it is shown by 

p, MPa 
16-  1000" ........ ..... 1070 ..... 

73 e,4 ..... o,~.~" 
0 o~n, �9 ~1"  

12 68 ........... (~'col) 

.,~ 6 4  

8 -04 5 

4 

I I , | I J 

0 0.02 0.04 0.06 0.08 kO 

FIGURE 15.3.19 Shock wave amplification after collision: incident wave amplitudes Pl.r = 
1 MPa, a collision time ;cot, ps. 
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TABLE 15.3 .2  S h o c k  Wave  Ampl i f i c a t i on  af te r  Co l l i s ion  v e r s u s  k 0 

(Pb = 1 M P a ,  R 0 -- 0.1 cm)  

ko Pref (L =- 1 0 c m )  Pref (L - - 8 c m )  P~ef (L = 7 cm)  

0 2 ~ 

0.005 7.5 - -  

0 .0075  9.7 - -  

0.01 10.7 10.5 

0.02 12.4 13.0 

0 .035 12.8 ~ 

0.05 13.7 - -  

0 .065 14.4 - -  

0.09 - -  ~ 15.3 

numbers in microseconds). The higher the concentration, the longer the 
process (the rise of the pressure), which appears to be determined by the 
front steepness of the incident wave. 

15.3.1.6.3 Shock Wave Focusing in Inert Bubbly Liquids 

Collision effects are expected to be significantly amplified by focusing shock 
waves. This problem for bubbly media has not been discussed before, although 
it is clear that the character of the formation of the fine structure of the wave is 
essentially the same, that is, the formation and focusing of the precursor, and 
its reflection and interaction with the main incident wave. The system of 
governing equations describing the cylindrical focusing of waves in a two- 
phase medium comprises the following equations: 

�9 A system of gas-dynamic equations for average values of p, p, u: 

__ Ou_ _ 1 (x(rl t))2 O P 

8t Po Or 
Ox 
at 

_1_ __l (x(r;t))28x. __ 

P Po Or 

(15.3.19) 

�9 A system of kinetic equations describing the dynamic state of the medium 
(including the heat exchange). The latter system of equations is identical 
to Eqs. (15.3.18). 
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A numerical method of solving the system was based on the implicit 
scheme. The gas-dynamic equations were reduced to second-order nonlinear 
equations for the pressure p, that were solved by an iterative Newton method. 
The following finite-differences scheme was used: 

~i-1/2/APi-1- Qi-1/2 -[-~i+1/2 -[- T Zi pT+l(k ) APi 

A (k) 2h2 1 
+ Q~+~/2 p~+, + 7 z~ pT+~(k-------- ~ 

2h m -- X .m -- um 
T, 2 [Xi+l/2 ,-1/2 q" "C(U~+I/2 ,-1/2)] 

4- ~ i+l /2 tPi+l  _ p.~+t(k)) _ Q i - 1 / 2  " _ p~+l(k))  = 0 

m 2 Here, k is the number of the iterations, and ~i-1/2--(Xi-1/2) /Por2i-1/2, 
2 m2 Z i -  r i / ( x  i ) The ressure and the density were calculated as 0 m+l(~)+l) m + l ( k ) _ .  (~) m+l(k+l) ~ m+l(k+l) . . . . . . .  

Pi --  Pi -ff ~Pi  t~ Pi = P(Pi ). t n e  iterations were 
() 1 n w re solved at each performed until maxi]Api I <  ~. The kinetic equat'o s e 

time interval t i n <  t < t m + l ~  tm-[ - zj by the Runge-Kutta method with a 
variable time step. 

Figure 15.3.20 presents the numerical results for the focusing of a stationary 
wave in pure liquids. The correlation between the front steepness of the 
incident wave (1.5 gs) and the collision duration is readily seen. By analogy 
with the reflection, one can expect that when compared to a pure liquid 
wherein the shock wave amplitude increases by a factor of 20, the focusing in a 
bubbly liquid will yield the larger effect. 

Several convergent one-dimensional cylindrical shock waves were calcu- 
lated under similar initial and boundary conditions as in the foregoing problem 
(with a focusing radius r = 5cm) using Eqs. (15.3.19) for a bubbly liquid. 

Figure 15.3.21 illustrates a part of the focusing range into the axis of a shock 
wave in the bubbly liquid with k 0 -- 0.02, R 0 ---- 0.2 cm, and Pb = 1 MPa. The 
focusing of the precursor (the time interval is 20-40 gs) is not shown in Fig. 
15.3.21. The reflection of the precursor affects the shape of a main wave 
reaching a focus at 120gs. Note that the wave amplification in the bubbly 
liquid is by one order of magnitude larger than the amplification in the pure 
liquid. 

Table 15.3.3 demonstrates an interesting effect, namely, that in the range of 
the concentrations k 0 = 0.01-0.03 the focused wave amplitude increases 
proportionally to the concentration. 
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FIGURE 15.3.20 Focusing of a stationary wave in a pure liquid. 

FIGURE 15.3.21 Shock wave amplification by focusing: k o - 0 . 0 2 ,  R o = 0.1 cm, Pb = 1 

MPa, r -- 5 cm. 
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TABLE 15.3.3 Dependence of the Maximum Focused Pressure pf on 
the Volumetric Concentration k 0 (Pb = 1 MPa, R 0 = 0.1 cm) 

k 0 0.0 0.005 0.01 0.02 0.03 0.05 0.07 0.09 
pf, MPa 21.1 69 .3  170 .0  346.8 509.4 625.0 686.8 827.5 

Analysis of the numer ica l  results  in a wide range of values of k 0 showed  that  

the pressure  Pmax(r) at the wave front (at its focusing on the axis) can be 

app rox ima ted  by the Lorentz  profile 

Pmax(r) -- 
2ab/rc 

b 2 + 4 ( r -  c) 2' 

with  paramete rs  for different values of k 0 p resen ted  in Table 15.3.4. 

A typical example  of the dynamics  of a shock  wave ampl i tude  dur ing  

focusing is s h o w n  in Fig. 15.3.22 for the v o l u m e  concen t ra t ion  k 0 = 0.03. The  

Lorentz  approx ima t ion  (L) is s h o w n  by the dot ted  line. These  examples  show 

that  the shock  wave amplif icat ion occurs  main ly  in the vicinity of a focus. 

TABLE 15.3.4 Parameters of Lorentz Profile versus k o 

k 0 0.01 0.02 0.03 0.05 0.07 
a 4192 7191 8565 10069 10242 
b 0.795 0.435 0.305 0.194 0.141 
c -0.413 -0.319 -0.245 -0.202 -0.171 

p, MPa 
5OO 

400 
L 

3OO 

2OO 

tO0 

0 0.5 1.0 1.5 2.0 2.5r,  cm 

FIGURE 15.3.22 Variation of the shock wave amplitude during focusing: k 0 --0.03, 
R 0--0.1cm,pb--  1MPa, r - -Scm.  
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FIGURE 15.3.23 Distribution of the pressure during focusing versus k 0. 

TABLE 15.3.5 Relative Pressure in the Focus versus k 0 
. . . . .  

k 0 0.0 0.005 0.01 0.02 0.03 0.05 0.07 0.09 
Pfoc, MPa 21.1 69.3 170.0 346.8 509.4 625.0 686.8 827.5 

Figure 15.3.23 as well as Table 15.3.5 demonstrate the concentration effect 
on the maximum pressure that is attained by focusing stationary waves in 
nonreactive bubbly liquids. An oscillating character of the calculated data that 
is explained by the reflected precursor can be observed. Here we showed also 
the approximation of this dependence by a second-order polynomial (a solid 
line) 

P - -  Pfoc/Psh "~ 18.6 4- 1718ko - 9552k~, 

describing the results of focusing with a sufficient degree of accuracy. 

15.3.2 BUBBLY DETONATION: WAVES IN 
REACTIVE BUBBLY LIQUIDS 

15.3.2.1 INTRODUCTION 

Bubbly detonation is known as a quasi-stationary self-sustaining regime for the 
formation and propagation of the wave packet in reactive bubbly liquid 
(Sychev and Pinaev, 1986). 

Historically, discovery of this phenomenon was delayed by almost a quarter 
of a century. The investigations started with the study of the single reactive 
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bubble dynamics (Kedrinskii, 1961), then the detection of a regime of wave 
"rolling" with a constant velocity during the interaction of a shock wave with a 
reactive bubble chain (Hasegawa and Fujiwara, 1982), and finally, investigation 
of wave transformations in reactive bubbly liquids (Sychev and Pinaev, 1986). 

Formation of quasi-stationary solitary waves in bubbly detonation depends 
on the character of the chemical reaction inside a single gas bubble collapsing 
in the incident shock wave. It is shown that the reaction can proceed in a 
variety of regimes. Detailed experimental observations of single reactive bubble 
dynamics are quite involved, and the relevant studies investigate formation and 
interaction of bubbly detonation waves (Kedrinskii and Mader, 1987; Shagapov 
and Vakhitova, 1987; Kedrinskii and Zamarayev, 1989; Trotsyuk and Fomin, 
1992; and Kedrinskii et al., 1996) and various approaches for determining the 
detonation velocity (Lyapidevsky, 1990, and Keclrinskii and Mader, 1993). It 
was assumed a priori that a reactive gaseous mixture in bubbles explodes when 
a certain compression is attained. The mechanism of the wave amplification in 
a reactive bubbly liquid was not discussed. 

Experiments performed by Barbone et al. (1994) confirmed and refined the 
results concerning special features of a reactive single bubble dynamics. Let us 
start the analysis of the initiation of a detonation with an adiabatic compression 
of a gas inside a bubble taking into account the effects that are determined by 
the liquid inertia. 

1 5 . 3 . 2 . 2  SINGLE BUBBLE DYNAMICS WITH 

CHEMICAL REACTIONS 

15.3.2.2.1 Refracted Wave Function,  Todes' Kinetics 

The ability of a reactive gaseous mixture inside in a bubble to detonate when it 
is adiabatically compressed by a shock wave and heated to the ignition 
temperature was first found and investigated by Kedrinskii (1961). 

The first numerical estimations of a reactive bubble dynamics were 
performed in order to get insight into the initiation of bubbly detonation. 
One of them led to the detection of the effect, which demonstrated the 
possibility of initiating a bubble detonation by a quite unexpected scenario. 
Calculations of the axisymmetric interaction of a strong shock wave with a 
bubble of oxyacetylene mixture showed that the shock wave refracted by the 
bubble can initiate a detonation locally inside the bubble in the vicinity of its 
front wall (Kedrinskii and Mader, 1987); see Fig. 15.3.24. In this case the 
bubble has no time to acquire the radial velocity, its volume is constant, and a 
detonation wave inside it has already begun to propagate. Figure 15.3.24 
illustrates the pressure (a) and the temperature (b) jumps as well as the density 
distribution (c): in one-half of the bubble whose boundary coordinates 
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J= lr 
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FIGURE 15.3.24 Pressure (a) and temperature (b) distribution in a bubble initiated by a refracted 
wave; (c) density distribution in the vicinity of a bubble: t = 10.5 gs, Psh = 50 MPa, R 0 = 2 ram. 

correspond with those in Fig. 15.3.24a. Note that the preceding effect is one of 
the possible ways for realizing the hot-spots mechanism. 

The second approach is to simplify the physical model assuming adiabatic 
compression of an explosive mixture in a bubble, the fast chemical reaction, 
and the instantaneous increase of the internal energy of detonation products 
(Kedrinskii and Mader, 1987). 

The third model employs the Todes bimolecular chemical kinetics proposed 
in the 1930s and was used by Kedrinskii and Zamarayev (1989) for the analysis 
of detonation of a single bubble. This model employs the following set of 
governing equations in dimensionless form (fl = R/Ro):  

Rayleigh equation 

d2fl 3[ 'df l '~ 2 ~Y 4 dfl 
fl -~z 2 + -~ ~, - -fi~ - P oo fl R e d z (15.3.20) 

Temperature equation 

Kinetics equation 

a~ 

dz 

d]  dN 3(2 - 1) ~dfl 

= ~ - ~ v ~ - ~ / ~ ( a  _ ~ ) : ,  
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where 

- t__o/Pov/P Q 
Ro 

E~ 
C ;o S;o 

= AZ~/~~ R~ Re -- Ro vlp~176 
Vo ,Ipolpo' v 

E a is the activation energy; B is the gas constant; Q is the reaction heat; c m is 
the heat capacity; N -  n/a,  where a is the original concentration of the 
component, n is the number density of molecules formed during the 
reaction, Poo - Poo/Po is the external pressure; T - T / T  o is the temperature 
of the gas mixture; and v is the kinematic viscosity. 

Calculations showed that during interaction of a bubble with a shock wave 
by adiabatic heating the reaction in the mixture occurs almost instantaneously at a 
constant bubble volume, that is, regular adiabatic explosion at a constant 
volume. Only the radial acceleration of the collapsing bubble changes abruptly 
as a result of explosion, namely, the acceleration changes its sign and the 
velocity sharply decays to zero. 

15.3.2.2.2 Generalized Kinetics of Detonation in a Gaseous Phase 

It is believed that for excitation of a self-sustaining (multifront) gaseous 
detonation in a free gaseous volume it is required to release a critical initiation 
energy E,. The process has typical spatial scales, such as the unit cell size a 
(Vasil'ev and Nikolaev, 1978) and the formation radius rfo~m, determining a 
region outside of which the detonation propagates in the stationary regime. 

One of the best approximate models for describing the initiation of a 
detonation in compliance with the experimental data is a multiple point 
initiation model. It is based on the assumption that transverse wave collisions 
at the detonation front initiate multifront detonation. The collision energy E 0 is 
estimated from the cell model proposed by Vasil'ev and Nikolaev (1978) and is 
used for evaluating E,. In the calculations presented below for the mixture 
0 2 + H 2 it is assumed that the induction period r~ is negligibly small in 
comparison with the chemical reaction time, and it is determined by the 
integral equation (White, 1967) 

t ,+~dt  1 ~ -  ,1 n2exp 
dt .  "C Cf COx 

where t, is the instant of the self-ignition of the mixture, cf and Cox are the fuel 
and the oxidizer concentrations, respectively, and n 1 and n 2 are the orders of 
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the reaction. The mix ture  t empera tu re  T(t) in a bubble  is de te rmined  by an 

adiabate with different values of the ratio of the specific heats 7 before 

(7 = 1.4) and after (7 = 1.21) the chemical  reaction. 

In a free vo lume  of the gaseous mixture ,  the ini t iat ion energy for a spherical  

de tona t ion  and a uni t  cell size a are de te rmined  using the data of Vasil'ev and  

Nikolaev (1978). In particular,  for the mix ture  0 2 4- 2H 2 at P0 - 0.1 MPa and 

T O = 298 K (A -- 5.38 x 10 -5 I, ts-mol/L,  E a = 17.15 kca l /mol ) ,  a = 1.6 m m  

and E ,  ~ 6J. Clearly, unde r  such condi t ions  the a s sumpt ion  about  the mul t i -  

po in t  ini t iat ion of the react ion of the gas inside a bubble  of 1 m m  radius is 

unacceptable .  Moreover,  in this case the requ i rements  for the cor respondence  

be tween  the characterist ics spatial scales is not  valid, R > rform >> a. 

However,  wi th  increasing pressure  p (which occurs in a col lapsing bubble) ,  

the condi t ions  for init iat ing the de tona t ion  in the bubble  improve,  wi th  respect  

to the characterist ic spatial scale of the process (a ~ l / p )  and also with  respect  

to the critical init iat ion energy E~, which  decreases as l i p  2. Parameters  of the 

main  de tona t ion  characterist ics for the free vo lume  and different initial 

pressure  (appropr ia te  to the pressure  Paa of the adiabatic compress ion  of the 

h y d r o g e n - o x y g e n  mixture)  are p resen ted  in Table 15.3.6 (Vasil'ev and Niko- 

laev, 1978, and Vasil'ev et al., 1978). 

It is clear that  the condi t ions  required  for de tona t ion  with  respect  to R/a  
and E ,  can be readily realized in the bubbly  l iquid interact ing wi th  shock  

waves. Hence,  the p rob lem of de tona t ion  in a bubbly  l iquid is reduced  to the 

invest igat ion of the ini t iat ion of de tona t ion  in a single bubble  (Vasil'ev et al., 
1998). In this respect  self-initiation of the react ion in a mix ture  due to raising 

its t empera tu re  by external  factors (e.g., adiabatic compress ion  by a shock  

wave) becomes  important .  

TABLE 15.3.6 Parameters of the Main Detonation Characteristics 

Ro/R Paa Tad E Pch Tch P, Ta E, AE a R/a 

1 

1.4 
2 
3 
4 
5 

0.1 298.15 4.3 x 10 -3 0.96 3504.i 18.79 3681.6 5.946 0.0 1.594 1 
0.41 478 6.9 x 10 -3 2.57 3694.4 12.09 3888.7 0.2001 0.0026 0.375 3 
1.827 681 9.9x 10 -3 8.5 3943.7 8.82 4160.9 0.00651 0.0056 0.0822 9.7 
9.994 1104 1.6 x 10 -2 30.9 4278.9 5.68 4522 9 x 10 -5 0.0117 0.0126 42.2 

33.37 1555 2.2 x 10 -2 78.8 4582.1 4.18 4844.4 4.1 x 10 -6 0.0177 0.00324 123 
85.03 2028 2.9 x 10 -2 164.1 4877.9 3.3 5155 4.4 x 10 -7 0.0247 0.00115 277.2 

Note. Pad, Tad and E are the pressure, the temperature, and the internal energy of the mixture 
corresponding to its adiabatic compression; Pch and Tch are the parameters of detonation products 
at a constant volume; P, = Pa/Paa and T a are the parameters in a detonation wave; AE is the 
increase of the internal energy of the mixture by compressing a bubble. The units are MPa for the 
pressures, J for energies, and K for temperatures. 
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Variation of the parameter R / a  (see Table 15.3.6) indicates that detonation 
can be caused in the bubbly liquid by bubble compression. 

15.3.2.2.3 Dynamics of Bubbles Filled with a Reactive Gaseous Mixture 

The bubble dynamics in the wave field with the constant pressure Poo is 
described by the Rayleigh equation (15.3.20) where acoustic losses are taken 
into account, that is, the term -3~O~cfl-3"'(dfl/d'c) is added to the right-hand 
side of the equation, where o~ = Co 1 v /Po/Po �9 Po and c o are the initial density 
and sound velocity in a liquid. 

The temperature of a mixture in a bubble at every moment is determined by 
the equation of state p V  = toRT~In. In this case the change in molar mass 
caused by the reaction from /~0-  12 to /~ch- 14.71 is calculated assuming 
m = const. The induction period t - t ,  can be determined from the condition 

~-  1-~:. 

where E, and E are the ratios of the initiation energy and the internal energy to 
the initial internal energy of the gaseous mixture. The magnitude of E, and the 
temperature of reaction products are calculated with the interpolation formulas 
derived by analyzing the data presented in Table 15.3.6, 

E .  - E~ fl ~ 

T c h --  A 0 q- A l f1-1 -Jr- A 2 f1- 2 -}- A 3 f1- 3 , 

where E ~ - 6 . 4 7 4 6 J ,  c~- 10.2385, A 0 - 2925.65947, A 1 --667.16983, A 2 - 

-95.94769, and A 3 -- 8.1264. 
In this case the induction time r~ is found by the induction integral and the 

reaction is initiated at the time tch - t ,  + r~ and proceeds instantly. 
The problem is simplified by assuming that the mixture temperature rises 

instantly in a collapsing bubble and that t ,  - 0 in the induction integral does 
not change the characteristic times of the explosion. If the reaction is not 
initiated during the first oscillation the induction integral continues to be 
calculated for the next oscillation. 

Figure 15.3.25a presents the dependence of the bubble-cell ratio (R/a) on 
the instantaneous relative degree of the bubble compression R o / R  calculated 
for initial conditions R -  1.6 mm, a -- 1.6 mm, ? -- 1.4, and a pressure jump 
P o o -  10 MPa at infinity in the liquid surrounding the bubble. The moment 
when the internal energy increase AE for the gaseous mixture exceeds the 
critical initiation energy E, (Fig. 15.3.25b, a logarithmic scale) is marked by 
the dotted line. 

The increase of R / a  and the sharp decrease of E, as the bubble is 
compressed indicate that if the detonation at the initial stage does not occur 
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FIGURE 15.3.25 The variation dynamics of the number of the cells (a) and the values of E. and 
Eaa in a collapsing bubble on its adiabatic compression (b). 

during the adiabatic compression of a gas, it occurs later on. Thus, for example, 
at a certain stage of the compression, the mixture is capable of self-initiating as 
a result of the increase in the internal energy (AE). 

The preceding calculation performed with rather high values of P~c shows 
that the pressure j ump  in the reaction products (p) at the momen t  of the 
explosion sharply changes the value of the bubble collapse velocity: the inertia 
of the liquid surrounding the bubble is appreciable and decelerates the 
collapse. The gas is compressed up to 920MPa at Pch = 44MPa and the 
temperature increases up to 7.3 x 103K at Tch = 4.3 x 103K (Fig. 15.3.26, 

P o c -  10MPa, R 0 = 1 .6mm).  This effect determines the most probable 
mechanism of the wave amplification in settling of a stable regime. 

The analysis of the numerical  results showed that the acoustic radiation 
losses in the preceding case decrease the max imum temperature of the 
overcompressed reaction products by about 10%. 

R/Ro a T, 104K R/Ro b T, 104K 

1.0 - - - - - - - . . . ~ ~ o  N i ................ 1.0 

0.5 0.5 

. _ .  

0 ........................................... 0 

0 ' ; ' 10 ' 1'5 ' 20 
t ,  

1.5 B o 

R/Ro N . . . . /  
1.o A - ~ A / r . . ~ , : . . . . . . /  ..... 

0.5 

0 ~ ......... ' ......... , ~  0 
o 100 2o0 3oo 

t ,  ~ s  

1.5 

1.0 

0.5 

FIGURE 15.3.26 Variation of the mixture temperature T and the relative fraction of reacted 
molecules N (t, = 13.31.ts) during the compression stage (a)" a reaction delay to the second 
oscillation (t, = 68.75 Its) (b). 
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Figure 15.3.26b shows the temporal evolution of various parameters for 
weak waves with the amplitude Poo - 0 . 5 2  MPa. This figure shows that the 
reaction is initiated at the second oscillation. In this case the gaseous mixture 
explosion happens in the vicinity of its minimum radius or even in the initial 
expansion stage. Clearly, the maximum temperature of the reaction products is 
determined by the energy release in the reaction. The latter can be very 
important since a weak steplike shock wave with such an amplitude can 
initiate a self-sustained detonation in a bubbly liquid. 

1 5 . 3 . 2 . 3  REACTIVE BUBBLE DYNAMICS AND 

THE INTERFACE MASS TRANSFER 

Note that already early studies (Bowden and Yoffe, 1958; Andreev, 1958; 
Johansson, 1958; and Dubovik and Bobolev, 1978) used the hot-spots model for 
detonation initiation in liquids and discussed the significance of microdrops. 
Microdrops are formed in the bubbles because of their instability during their 
oscillations behind the shock wave front. This instability results in the 
formation of microjets and their disintegration into drops. 

Alternatively (Pinaev and Sychev, 1986b), the detonation of a bubbly liquid 
is determined by heat and mass transfer rates that grow with the development 
of the bubble surface instability, giving rise to microdrops (Dubovik and 
Bobolev, 1978). Evaporation of microdrops strongly affects the progress of a 
chemical reaction in the gaseous phase inside the bubbles. Moreover, it is 
impossible to initiate detonation in a system where the fuel and the oxidizer 
are in different phases without the interphase heat and mass transfer to form a 
reactive mixture inside the bubbles (Pinaev and Sychev, 1986a). 

Evidently, a model of bubbly detonation has to account for the effects of 
such bubble dynamics. In the following we consider the influence of the 
injection time tinj, the initial sizes of microdrops D 0, and the evaporated liquid 
mass M E, both in the case of an instant evaporation of microdrops and in the 
case of a transient evaporation (Kedrinskii et al., 1999). 

15.3.2.3.1 Instant Evaporation of Microdrops 

Assume that a gas bubble oscillates in a liquid under the influence of a constant 
and instantly applied external pressure. Heat and mass transfer are replaced by 
the instant evaporation of a liquid droplet of mass M L at time tin j after the 
beginning of the compression. The bubble dynamics is described by the 
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Rayleigh equation, assuming that the bubble retains its spherical shape and 
that the gas inside is perfect: 

/ W  + - P - 

Here the prime denotes derivation with regard to the dimensionless time ~, and 
is introduced to account for the acoustic radiation losses and the viscous 

dissipation: 

p g i R T 4 f l ' l p ~ ( p p o l t  fl Re /Jl -f- Po~ ) dpgdz 
- - -  Poo  - 1 / n  

[~ - -  ~ - -  1 + 7.,- 7 = - -  [3 
CO 

Here pg is the gas density, B 1 - -  B/p o and n are constants, c o is the speed of 
sound in a liquid, {R is the universal gas constant, Re = ( R o / v a ) ~ 7  ~ is the 
Reynolds number, v a is the dynamic liquid viscosity, and p is the molecular 
weight. 

It is assumed that the gas-vapor mixture is nonreactive during the induc- 
tion time and it is instantaneously transformed to a chemical equilibrium after 
this time. The induction period t, is determined from 

l t, d t _  1, 

0 gi 

where z i - (Ai/rl)exp(Ea/iRT ), r I - -  p ~ - I ( V H 2 V 0 2  ) -1 /2 ,  VH2 and Vo2 are the mole 
fractions of H 2 and 0 2, respectively, and A i and E a are constants. 

Thermodynamic parameters of the mixture are calculated by the kinetics 
model suggested by Nikolaev and Fomin (1983), Nikolaev and Zak (1988), 
and Fomin and Trotsgyuk (1995). The kinetics model involves the equation for 
the isentropic process, 

aT U~/ap - ~RT/p/a dp _ fl' 
d p =  - UT + U~laT ' dr -- -3pg~ fl--g' 

which can be rewritten as 

a_r = a_r a_. _ [ _  
dr, dp dr, Ur + U~,lar ] 

and the chemical equilibrium equation 

p g ( 1 -  ~/~max) 2 
/ /  P//'/min -- 1 exp(ED/~RT) - -  A T 3 / 4  - -  4K----~ (1 - exp( -O/T) )  3/2, (15.3.21) 

where T and U are temperature and the internal gas energy; U~,, UT, /iT and #p 
are derivatives with respect to parameters shown in the index; Pg0 is the initial 
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gas density; and E D is the mean dissociation energy of the reaction products. 
The internal gas energy therewith is calculated by 

U ~_  
3 fl/T _ 1] .qtT 

[3 (~aa + 1 ) +  2 (~~7 - - 1 )  exp(O/ T) ---fi-+ED(~ /*!in) 

where /*a, /*min, and /*max are the molecular weights in atomic, completely 
dissociated, and fully recombined conditions, respectively; 0 is the effective 
excitation temperature for the vibrational degrees of freedom; and A and K+ 
are the velocity constants of dissociation and recombination of the reaction 
products. The values of /*a, /*rain, and /*max are determined by the gas 
composition and hence remain constant until t = t~nj, when they instanta- 
neously assume their new values and remain constant. The new values depend 
on the chemical composition and on the mass of the evaporated liquid. 

The preceding model can be used for hydrogen-oxygen mixtures of arbitrary 
chemical composition with inert components. It allows one to account for 
strong changes of the molecular mass, isoentrope exponent, and heat capacities, 
and for the thermal effect of the chemical reaction, which is caused by 
recombination and dissociation and by the variation of the fuel-oxidizer ratio 
in the gaseous phase. For example, the molecular gas mass of the system I [H 2 
(gas)-O2 (liquid)] under cryogenic initial conditions, may be changed by one 
order of magnitude. After the induction time (t = t~) the gas attains a chemical 
equilibrium that is continuously affected by the bubble dynamics. 

The instantaneous change of the gas parameters was calculated using the 
chemical equilibrium equation (15.3.6) and the condition U 1 = U2 where U 1 
and U2 are the internal energies of the gas both before and after the change. 
The bubble radius, the gas density, and the parameters/*a, /*min and/*max do 
not change at the instant of the abrupt change of the gas parameters. After 
evaporation of the liquid mass ML, the gas composition and the thermody- 
namic parameters are discontinuously changed. Provided that the bubble 
radius remains constant, the parameters after the discontinuous change are 
calculated as follows. First, using the law of mass conservation M 0 + M/_ = M2, 

the gas mass  M 2 in the bubble and the gas density after the evaporation are 
calculated. Then the parameters /*,, /*min and /*max are calculated using the 
procedure suggested by Nikolaev and Fomin (1983), the known value of M2, 

and the initial gas and liquid compositions. The pressure and temperature in a 
gaseous phase are determined from the equation of state and the conservation 
of energy U1 + U/_ = U2. 

We calculated transient behavior of the bubbles using the foregoing model 
for two types of mixtures, I and II, composed of [2H 2 + 0 2 (gas)--+ H20 
(liquid)] with inert dilutant. The calculations were performed with the 
following initial parameters: T O = 87 K (in mixture I), T O = 293 K (in mixture 
II), the initial gas pressure in the bubble was P0 = 1.011 x 105 Pa, the external 
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pressure was Poe = 100p0, R0 -- 1.6 mm. All other constants were taken from 
Trotsgyuk and Fomin (1992), Fomin and Trotsgyuk (1995), and Grigor'ev and 
Meilikhov ( 1991). 

Calculations allowed us to verify the validity of the condition concerning 
the partial pressure of evaporated component which cannot exceed the 
saturated vapor pressure Psat" The calculation (see Fig. 15.3.27) showed that 
the dependencies of M L on the gas parameters differ essentially for mixtures I 
(a) and II (b). Thus, for example, in mixture I with increasing M E the average 
gas temperature in the bubble attains a maximum, whereas in mixture II the 
increase of MI_ causes monotone decrease of the gas temperature in the bubble. 

As discussed by Kedrinskii et al. (1990), the model based only on pure 
kinetics of the chemical reactions for the description of the bubbly detonation 
predicts formation of a solitary wave. In the stationary regime, the predictions 
of the model concerning the amplitude and the wave propagation velocity 
agree rather well with the experiments. However, the temperature distribution 
has an unrealistic long tail in the detonation wave with the amplitude being on 
the order of that in the initiating wave. 

The probable mechanisms of the formation of a real solitary wave without a 
tail may be associated with the high liquid evaporation rate, which causes a 
decrease of the temperature and the gas pressure in the tail of a bubbly 
detonation wave. Figure 15.3.27b shows that the evaporation of a small 
amount (on the order of the gas mass in the bubble M 0) of liquid reduces 
the final gas temperature practically to the initial one. 

Figure 15.3.28 [where (a) is mixture I and (b) is mixture II] shows temporal 
variation of gas temperature for various times of the microdrop injection tin j. 
The calculations showed that the gas parameters (and their values after 
damping of the oscillations, e.g., Tf) depend strongly on the injection time 
ti,,j, if it is close to the moment of the maximum compression of the bubble. 
Otherwise, this dependence proves to be weak. Note that the low value of Tf 
for tin j ~ 15 ~S in mixture I is associated with a reduction of gas temperature in 
the bubble that is caused by the evaporation. This considerably increases the 
induction period and, combined with acoustic losses in the bubble, causes 
extinction of the chemical reaction. 

The foregoing calculation revealed an unexpected effect of the inert diluter 
(argon) on the gas temperature fluctuation in the cryogenic mixture I. 
Introduction of an equal mole fraction of argon into the gaseous phase 
(hydrogen) with the same ratio ML/M o results in a sudden gas temperature 
increase due to the increase of M 0, with a consequent growth of the evaporated 
oxygen mass M c. The hydrogen-oxygen ratio in the gaseous phase approaches 
the stoichiometric one. In addition, the increase of the gaseous argon fraction 
in a bubble always results in an increase in the final temperature in mixture I 
and a decrease in the final temperature in mixture II. The pressure and the 
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FIGURE 15.3.27 Temperature variation vs time for different M L. (a) mixture I, tin j = 14.7 ~ts; (b) 
mixture II, t i n  j - -  14.5 ~ts. 

compression degree in the two cases decrease and the temperature at the first 
oscillation increases. 

Figure 15.3.29 shows temporal variation of the ratio of specific heats ~ for 
various M L for mixture II at tin j = 14.5 ~ts, which shows that the evaporation 
causes strong variations in the magni tude of ~(t). One of the advantages of the 
suggested approach is that it allows one to account  for these variations. 

15.3.2.3.2 Continuous Evaporation 

In real conditions the microdrops do not evaporate instantly. In order to take 
this effect into account,  let us assume that a number  of liquid microdrops with 
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FIGURE 15.3.28 Temperature dynamics  vs time for various ti. j" (a) mixture  I (ML/M 0 = 0.4)" (b) 

mixture  II ( M L / M  o -- 5.1). 

diameter D O and the total mass of M/_ are formed inside the bubble at time tin j. 
The continuous evaporation of the microdrops is simulated by the instant 
evaporation of the mass Am at each integration step. The latter mass is 
determined by the actual diameter of the microdrop D (Lambarais and 
Kombs, 1966), 

dD _ _ _k, NU 
dt 4D'  

where the vaporization coefficient k' is given by 

8kg (L+cpAT t 
k -  In 

PLCp L 
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FIGURE 15.3.29 Temporal variation of the specific heat capacities ratio 7 (mixture II). 

Here kg is the heat conductivity of the vapor, cp is the heat capacity at a 
constant pressure, L is the latent heat of evaporation, p/_ is the liquid density, 
Nu = hD/kg is the Nusselt number, and h is the heat transfer coefficient. If the 
gas temperature in the bubble becomes less than the initial one, the microdrops 
do not evaporate (dD/dt = 0). 

The values of the parameters of the jumps and their time dependencies were 
calculated using the same method and assumptions as in for the case of 
instantaneous microdrop evaporation. Calculation of the time dependence of 
mass of the microdrops (with initial diameters of 1.5 and 15 Itm at t~,j = 13 Its 
and ML/M 0 = 0.45 shows that the microdrops with the size of the order of 
1 ~m evaporate practically instantly (faster than the bubble oscillation period). 
However, transient evaporation of the rather large microdrops may be impor- 
tant. 

Figure 15.3.30 shows the dependence of the final (bubble oscillations were 
damped) gas temperature Tf o n  Mc/M o for mixture I a t  tin j ----14gs and 
D o = 0.75itm (Fig. 15.3.30a) and for mixture II at tin j = 14its and D o = 
1Its. (Fig. 15.3.30b) 

Inspection of Fig. 15.3.30 shows that the mass increase of the injected liquid 
in mixture II leads to a monotone decrease of the final temperature Tf that 
causes a weak monotone increase of the final value of/~ and ?. In this case the 
value of ~ peaks to ~max at ML/M 0 = 1 and remains constant. However, for 
Tf > To, there are values of parameters ti,q and D O (e.g., ti,j ~ 15 Its and 
D O ~ 1 Itm) at which the final gas temperature decreases practically to its 
initial value. 

In mixture I the dependencies of Tf, la, and ~ on M/_/M 0 are essentially 
different. When the ratio M~/M o increases, Tf passes through the maximum 
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(see Fig. 15.3.30a), which corresponds to the stoichiometric ratio between the 
fuel and the oxidizer; 7 passes through a minimum; and/2 increases by several 
times (see Fig. 15.3.31). 

The dependencies of Tf on the microdrop diameter at fixed values of ML/M o 
and ti, j in mixtures I and II are qualitatively identical. Tf increases mono- 
tonically with increasing value of D o , tending to the constant values of 800 and 
3200 K, respectively. In the absence of evaporation the indicated limits of Tf are 
equal to 360 and 3900 K, respectively. 

1 5 . 3 . 2 . 4  SHOCK WAVES IN REACTIVE BUBBLY 
LIQUIDS 

15.3.2.4.1 Experimental Study 

The propagation of shock waves in a liquid column with a chain of bubbles 
filled with a reactive gaseous mixture was studied experimentally by Hasegawa 
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and Fujiwara (1982). The parameters of the shock waves and the bubbles in 
the chain were selected so that the first bubble that was located on the path of 
the shock wave consumed the wave energy almost completely and therewith 
collapsed and attained the mixture ignition temperature. The chemical reaction 
caused a bubble explosion and a radiation of a secondary shock wave, which 
interacted with the subsequent bubble similarly to the incident wave. This 
effect was called a bubbly detonation. 

Clearly, the propagation velocity of this wave is determined not by the 
equilibrium velocity in the homogeneous two-phase medium, but by the 
collapse time of the bubbles in the chain that initiates a detonation in the 
gaseous mixture. 

Experimental studies by Pinaev and Sychev (1986a, 1987) of the shock 
wave structure in reactive bubbly liquids (the whole cross section of a shock 
tube was filled with bubbles) revealed the existence of a self-sustained wave 
propagation as a single wave packet with a propagation velocity D larger than 
that appropriate to shock waves in nonreactive bubbly liquids with the same 
volumetric gas concentration. 

There is an upper and a lower limit in the volumetric bubble concentration 
(>0.5% and <8%) for the initiation of a detonation (Pinaev and Sychev, 
1986a). Outside this range a detonation does not occur. Experiments with an 
acetylene-oxygen mixture C2H 2 + 2.502 showed that for bubbles with a 
diameter 3-4 mm and with a volumetric concentration k ~ 6%, the detonation 
has the following parameters: The pressure in the wave packet varies in the 
range 15 to 40 MPa, the initiation zone length reaches 6-7 cm, the lumines- 
cence time is 2-3 Its, the wave duration of the bubbly detonation is 100-200 Its, 
and its velocity is about 560 m/s. 

Pressure oscillograms recorded at different distances from the location of 
the incident wave penetration into the bubbly medium are shown in Fig. 

a 

I 
m m 

/ I ,  

FIGURE 15.3.32 Experimental oscillograms of the bubbly detonation waves (a) and lumines- 
cence (b). 
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FIGURE 15.3.33 
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Dependence of the wave velocity on the volume concentration of the bubbly gas. 

15.3.32 (the data by Pinaev and Sychev) for mixture volume concentration 
k 0 = 0.02 and bubble diameters d o = 2-4 mm. Inspection of Fig. 15.3.32 shows 
that the bubbly detonation propagates at a velocity of about 760m/s. The 
luminescence behind the front of the wave in exploding reactive gas bubbles is 
recorded at the lower oscillogram (Fig. 15.3.32b). 

Figure 15.3.33 shows the attenuation of the wave velocity as a function of 
k 0. The lower (in concentration) limit of a detonation occurrence is shown by 
the dashed line. 

Later investigations by Beylich and Gulhan (1989) and Scarinci et al. (1991) 
confirmed the results by Pinaev and Sychev (1986a, 1987). 

15.3.2.4.2 Initiation Mechanisms in Liquid Explosives and Combustible 
Mixtures under Pressure 

A comparison of the studies on the detonation of condensed explosives, on 
explosions in containers with fuel under pressure, and on possible regimes of 
the bubbly detonation allowed us to conclude that these problems can be 
analyzed in the framework of one approach (Kedrinskii et al., 1996, 1997; 
Kedrinskii, 1995, 1997). 

Nonuniformity of liquids and cavitation phenomena have a direct relation- 
ship to detonation initiation in liquid explosives (models of hot spots and 
fractional impact) (Bowden and Yoffe, 1958; Andreev, 1958; Johansson, 1958; 
Dubovik and Bobolev, 1978; Campbell et al., 1961; Field et al., 1992; and 
Roberts and Field, 1993). Explosions in volatile and combustible liquids stored 
under pressure in containers as well as formation of gas-droplet mixtures 
during disintegration of these liquids by cavitation (e.g., steam explosions, 
volumetric detonation) (Barbone et al., 1994; Hill and Sturtevant, 1989; and 
Chaves et al., 1985) have the same physical mechanisms. 
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We will consider two different aspects of the behavior of liquids with 
microinhomogeneities under pulse loadings: 

1. Hydrodynamic aspect, that is, the mechanism of cavitation initiation in a 
liquid by strong rarefaction waves 

2. Wave aspect, that is, initiating a bubbly detonation during interaction of 
shock and rarefaction waves. 

Cavitation in volatile and combustible liquids occurs after sudden depres- 
surization of containers and reservoirs and frequently yields catastrophic 
destruction. These phenomena are also related to steam explosions. These 
effects were investigated in numerous studies, for example, by Barbone et al. 
(1994), Hill and Sturtevant (1989), and Chaves et al. (1985). Two mechanisms 
(Barbone et al., 1994) in these phenomena are responsible for their destructive 
action: 

(a) Eruption of compressed liquids in the form of two-phase cavitating jets, 
their spreading with the formation of a gas-droplet cloud, and the 
formation of volume detonation charge 

(b) Propagation of a rarefaction wave inside the liquid fuel after the partial 
depressurization of the container initiates explosive boiling and the 
pressure inside the container increases by several times. 

Kedrinskii (1995, 1997) and Kedrinskii et al. (1997) proposed a new 
mechanism for the generation of high pressures in the compressed volatile 
and combustible liquids. It was suggested that when the container is filled, a 
large number of bubbles containing an air-fuel vapor mixture, which can be 
ignited by adiabatic compression, are formed. 

When a container moving at a high velocity experiences a sudden decelera- 
tion, for example, as a result of an impact, compression waves in the liquid can 
initiate a bubbly detonation wave. Conversely, depressurizing the container 
forms rarefaction waves whose interaction results in, as shown subsequently, 
some unexpected effects. 

The influence of inhomogeneities on the detonation initiation mechanism 
in liquid explosives was suggested long ago. Thermal mechanism of explosion 
initiation in liquid HE and identification of small gas bubbles as possible heat 
sources of explosion (hot-spots model) were discussed by Bowden and Yoffe 
(1958). Andreev (1958) andJohansson (1958) suggested that small particles or 
gaseous phase of HE in bubbles are the most plausible reason for detonation 
initiation. Dubovik and Bobolev (1978) studied the mechanism by which 
drops or vapor in the bubbles affect the formation of hot-spots. They estimated 
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the adiabatic induction period ti and the critical size d o such that a drop will be 
heated during the bubble collapse: 

 pBT. 
d o < rC(~ore) 1/2, t i = ~ e x p ( E ~ / B T . ) .  

AQEa 

Here T, is the liquid drop temperature, E a and A are the activation energy 
and the pre-exponential coefficient for the monomolecular reaction, Q is the 
thermal effect of the reaction, B is the universal gas constant, Cp is the specific 
heat at constant pressure, r R is the bubble collapse time, and ~0 is the 
coefficient of thermal conductivity. The last estimate is valid only when T, 
is constant over the time t~. 

Also, the fractional impact mechanism was considered whereby the detona- 
tion is initiated by a sequence of shock waves. The first wave reflects from the 
free surface of the liquid and initiates cavitation. Then the second shock wave 
compresses the bubbles by forming hot-spots and initiates a detonation. 

Experimental validation that the mechanism of shock initiation is deter- 
mined by the interaction of the waves with micro inhomogeneities and the 
formation of hot spots, was performed by Campbell et al. (1961). The 
propagating shock wave is amplified until the energy released behind the 
front is sufficient to initiate detonation. 

The interaction of strong shock waves with an amplitude of about 3 GPa 
with a single cavity and an array of collapsing bubbles in a reactive emulsion 
was studied by Field et al. (1992). They observed light flashes caused by the 
impact of a cumulative jet at the far wall of the cavity and by collapse of gas 
petals formed in the process. Roberts and Field (1993) showed that inhomo- 
geneities of diameter 1.5 mm in the sample in the vicinity of the impact point 
are the sources of the reaction initiation. 

The preceding results allow the following conclusions to be drawn: 

�9 The shock sensitivity of the liquid explosives depends on the properties of 
microinhomogeneities 

�9 A detonation in liquid explosives develops only when these 
inhomogeneities are formed. 

Analysis of the hot-spots model with detonating bubbles leads to the 
conclusion that the mechanisms that determine the latter phenomena and 
bubbly detonations are essentially the same. Let us consider some examples of 
wave processes and wave amplification that can substantiate the validity of this 
claim. 
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15.3.2.4.3 Formation and Propagation of Bubbly Detonation Waves: 
An Instant Energy Release Model 

Let us use a pressure-nonequilibrium two-phase model for a reactive bubbly 
liquid (Kedrinskii and Mader, 1987): 

dp 
+ p div v = 0 

dt 
dv Vp 
d - - 7 + - -  - o P 

p = (1 - k)p 1, k = ko(R/Ro) 3 
(15.3.22) 

Assume that the coefficient c~ in the Rayleigh equation equals unity until the 
gaseous mixture in a bubble is adiabatically compressed to the chemical 
reaction initiation temperature. In this case of adiabatic explosion at a constant 
volume, the pressure increases to the value determined by the relation 

p = p , ( y ,  - 1)Qex, 

where Qex is the explosion heat. This expression obtained from the condition 
that all the energy released in the reaction is transformed into the internal 
energy of its products, the pressure in the bubble instantly increases to this 
value, and the adiabatic exponent 7 changes instantly to 1.25. Further 
evolution occurs under the new conditions without modifications in the 
model. Note that this analysis of the problem without the equation of the 
chemical kinetics using a simplified model (Kedrinskii, 1968b) is based on the 
assumption that a liquid in the bubbly medium is incompressible, 

d rl -----id2~ ,iv(d~) + 7  - o 

(15.3.23) a2k 3k1/3 1 (ak) 2 
at 2 = PIR2 (apg -- p) +--~ -~ , 

where r  r l -  rccy 1/2, ~ -  v/3k0/R 2, y -  R/Ro, and v = 0 ,  1, 2, as 
noted previously, specifies the geometry of the problem. 

The first equation in Eqs. (15.3.23) provides an analytical relation between 
the pressure p in the bubbly liquid and the volumetric gas concentration k. In 
the one-dimensional case (v = 0) this relation becomes 

= Ae-'7 + Be '1. 

Figure 15.3.34 demonstrates the process of the formation of a bubbly 
detonation wave calculated by Eqs. (15.3.23) for k 0 = 0.05. Here 
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Y 0 -  5 MPa, x 0 - -0 .6cm,  and the spatial pressure distribution p(x) is calcu- 
lated for t = 136, 256, 348, and 400 gs. Note that at t > 400 gs the wave attains 
a quasi-stationary regime is attained. 

Comparison of the parameters and the structure of the bubbly detonation 
wave (see Fig. 15.3.35) shows that the model performs quite well. 

Kedrinskii and Mader (1987, 1993) suggested the following approximate 
formula to determine the propagation velocity of a bubbly detonation wave: 

Dbubl ~, ) . d  
1)Qe,, 

poko v 
(15.3.24) 

Here the asterisk denotes detonation products; 2 a coefficient calculated from 
the condition that Eq. (15.3.24) coincides with the experimental data at a 
certain point (Fig. 15.3.36). In deriving Eq. (15.3.24) we have used the notion 
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FIGURE 15.3.34 Dynamics of the formation of a bubbly detonation wave. 
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FIGURE 15.3.35 Comparison of calculated (a) and experimental (b) pressure oscillograms for 
the bubbly detonation wave. 
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of the collective collapse t ime t ,  of a bubble layer with width l introduced by 
Kedrinskii (1968b): 

t. ~ 0 . 9 R o ~ e x p ( ~  3~k~ 

The function Dbubt(ko) (see Fig. 15.3.36) is calculated for the mixture 
C2H2 4 - 2 . 5 0  2 and an explosion energy of Q = 15.2MJ/m 3 at ?, = 1.15, 
2 2 ~ 0.16, and p .  - Pgo (Ro / R . )  3. 

Suppose that the reactive bubbly liquid can be considered as a special type 
of a condensed explosive. Then the wave amplitude PbubZ can be estimated from 

Pbubl 
(P - Po)Po 2 

Dbubl, 
P 

where p - Pliq(1 - k o k . )  and Po - ,~ - ko), k .  - R . / R o )  3. Then 

Pbubl - Pliqko( 1 - k.)D~)ubl" 

If Dbubl is taken from Eq. (15.3.24), 

Pbubl ~" 22P*(  1 - - k * ) ( ? . -  1)Qex. 

The obtained result is in compliance with the established weak dependence of 
the detonation wave amplitude on the concentration. 

D, kn~s 
1.4- 

1.0" 

0.6~ 
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I i I i 

o o'.o2 0'.04 d.o6 ko 
FIGURE 15.3.36 Dependence of a bubbly detonation wave velocity on the gas concentration k 0. 
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1 5 . 3 . 2 . 5  INITIATION,  FORMATION,  AND 

C O L L I S I O N  OF BUBBLY D E T O N A T I O N  WAVES: 

"HOT-SPOTS"  M E C H A N I S M  

In Lagrangian coordinates the dimensionless equations (15.3.22), supplemen- 
ted by the kinetic model of the adiabatic explosion of the reactive gaseous 
mixture at a constant volume (the bimolecular kinetics; Todes, 1933), 

dn = Av/~e_G/Br(a  _ n) 2 
dt 

reads 

Op = _p2  _ _~ _- Op 

3t 3s 3t 3s 

35 3 $2 T S Off _ S 
fl - ~  -}- -2 --  C1 --~ - C2 -fi - P' 0---[ - 

3T ON f13 
3t = r / - - ~ + f ( Y - 1 ) N u  ( l - r )  TS 

- -  T - 3 ( 7 -  1)--fl- 

3N 1 
3---t = ~fl -~ v/-~e-~/r(1 - N)2 (15.3.25) 

n p o  - ' 1 - k---Go 

illS1 [ v/-P-e, Pe  > 100 
P e - - C 3 ( ? - I ) ] I  T-------~' N u - -  / - 10,  Pe  _< 1 0 0  

P go To B 4/~ 12Rov/Po/P0 
- -  C2 = C3 = C1- p0 M ' Ro~/pop O' v 

Here p is the ratio of the density to its initial value, N = n/a  is the relative 
fraction of the reacted components in the gaseous mixture, a is the initial 
concentration of the components, n is the number density of the molecules 
formed during reaction, T is the ratio of the temperature of gas mixture to its 
initial value T 0, fl -- R/R  o, o~ is the relative activation energy, ~ is a constant 
depending on the initial parameters and the mixture composition, ~/= Q/c,, T o 
is the specific reaction heat, E a is the activation energy, and B is the gas 
constant. 

The coefficient c~ in the temperature equation is used to turn on the heat 
transfer and to change its rate. The need for such a tuning coefficient is due to 
the approximate relations used for the Nusselt and Peclet numbers. 
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Now we present numerical results obtained for a hydrogen-oxygen mixture 
with the following parameters: 0~ = 51.5, [ /R 0 = 2.7 x 109, r / =  70. Since 
there is no available information on the initial state of the microinhomogene- 
ities in liquid explosives and flammable liquids, in the calculation we assumed 
that they are close to those of water. 

Figure 15.3.37 shows spatial distribution of the pressure and other para- 
meters in a bubbly detonation wave. Here 19 is the mean pressure in a bubbly 
detonation wave, R/R 0 is the relative radius of the bubbles, and S is their radial 
velocity. 

It is known that when a wave propagates through a bubbly liquid it is 
attenuated because of losses due to the velocity induced in the liquid and the 
increase of the internal energy of the gas in the bubbles during their 
compression. If the bubbles are filled with an explosive gaseous mixture, 
their adiabatic compression will initiate chemical reaction and the release of a 
large amount of energy. In this case a compression wave will be radiated, and it 
compensates the energy losses of the incident wave until a self-sustaining 
regime of wave propagation is attained. 

Calculations show that Eqs. (15.3.25) adequately describe the formation 
and the propagation of a bubbly detonation wave. Its amplitude is unstable for 
the volume concentration of a gaseous phase k 0 = 5 x 10 -3 in agreement with 
the experimental data, and it varies in the range 80 to 100 MPa. 

When analyzing wave propagation, the question arises about the threshold 
values of the wave amplitude required to initiate a detonation in a reactive 
bubbly liquid. Figure 15.3.38 partially provides the answer to this question by 
illustrating a collision effect of weak waves having an amplitude 0.4 MPa. Such 
waves alone are incapable of initiating the detonation. However after their 
collision the required conditions may be met. Here the chemical reaction in the 
gaseous phase is initiated at the collision plane (t = 361 gs, see the sharp 
increase of T) with an amplification of the incident wave (before reaction) up 
to 2 MPa. The bubbly layer explodes from inside. 

In a result of explosion in the vicinity of a collision plane, the mean pressure 
p increases up to 8MPa during 2~ts and a reflected wave becomes the 
detonation wave whereby the pressure attains 60 MPa at a distance of 5 cm 
from the center. 

A surprising effect has been found when numerically analyzing rarefaction 
wave collisions (Kedrinskii et al., 1996). The goal of the calculations was to 
analyze waves in a container with a flammable liquid after its partial depres- 
surization as well as the pulse loading the liquid explosive with a free 
boundary. In the latter case the compression wave initiated by the impact 
interacts with the free surface and is reflected as a rarefaction wave into the 
sample. 
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FIGURE 15.3.37 Formation of a bubbly detonation wave. 
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The calculation (Fig. 15.3.39) shows a possibility of bubbly detonation wave 
initiation at the sample center after the rarefaction wave collision. 

This effect can be explained by the transformation of the rarefaction wave 
when it propagates through a liquid with microinhomogeneities and with the 
cavitation caused by the wave. Oscillations with a positive phase occur behind 
the front of the rarefaction wave. After the collision of the waves, they heat the 
gaseous mixture up to the ignition temperature. Note that the positive phase 
amplitude of a single rarefaction wave is insufficient for initiating ignition. 

According to the calculations, the wave collision (Fig. 15.3.39) happens 
within 8.5 gs after the onset of the propagation at the center of a 2-cm long 
sample. The reflected waves therewith become bubbly detonation waves with 
an amplitude that, at 17.5 ~ts, reaches almost 40 MPa in the vicinity of the free 
surface. 

The results presented in Figs. 15.3.37, 15.3.38, and 15.3.39 suggest that the 
collision of the shock waves (and their focusing) deserve special consideration 
as efficient shock amplification methods. 

15.3.2.5.1 Shock Wave Focusing in Reactive Bubbly Liquids 

As discussed earlier, the heterogeneous inclusions in liquids play a principal 
role in initiating explosions (see, e.g., Barbone et al., 1994; Field et al., 1992; 
Kedrinskii, 1995, 1997; Kedrinskii et al., 1997, 1998a, 1998b). 

The reactive bubbly liquid attracts the attention as a probable source of a 
power acoustic radiation and can be considered as a physical analogy of a 
pumping in laser systems (Kedrinski et al., 1998b, Zautzak, 1995). 

One can attain a high level of shock wave amplitude amplification by 
focusing them in a reactive bubbly media. 

The governing system of equations describing the cylindrical wave focusing 
comprises two sets of equations: 

�9 Conservation laws for the mean values of p, p, u: 

0t Po Or 
Ox 

1 

P 

- - - - U  
0t 

Po 0% 

�9 A set of kinetic equations [see Eq. (15.3.25)] describing the time- 
dependent equation of state, heat exchange, and chemical reaction 
kinetics. 

(15.3.26) 
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FIGURE 15.3.39 Ignition of chemical reaction in bubbles at the "rarefaction-rarefaction" wave 
interaction: k o = 10 -3, R o = 0.01 cm, d = 2 cm, Pt.r - 100 bar, ~ = 3 ~ts. 
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The formation of the self-sustained wave regime requires a certain time and 
a distance that depends on k 0. In the preceding examples the diverging wave 
amplification was shown to be sufficient to consider the bubbly detonation as 
an initiation mechanism for explosions in containers with fuel and as a 
powerful source of a hydroacoustic signal. Note that a bubbly liquid is more 
interesting as an explosive acoustic source similar to one that was shown in 
Figs. 15.3.38 and 15.3.39. 

Wave focusing in reactive bubbly media enhances the foregoing effects, as is 
illustrated by the following two examples (in the calculations the same 
parameters are taken: ~ = 51.5, ~/R o = 2.7 x 109, ~/= 70). The first example 
(Fig. 15.3.40) is the focusing of a short shock wave with an amplitude 
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FIGURE 15.3.40 Short shock wave focusing with initiating a detonation in the vicinity of the 

focus: k 0 = 10 -3, R 0 = 0.1 cm, p~ = 5 MPa. 
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p~ = 5 MPa; the duration of the positive pressure phase is t+ = 5 Its and that of 
the negative phase is t_ -- 15 ~ts. This profile of the shock wave simulates the 
wave generated by an underwater explosion. The reactive gaseous phase 
concentration in the bubbly medium was set to be lower than the critical 
value, k 0 = 0.001. The wave was focused from a distance of r -- 10 cm. 

Calculations showed that at first, the wave attenuated and its amplitude 
decreased to 1.2MPa (see Fig. 15.3.40, t=371as). In this case the incident 
wave was found to be incapable of initiating a detonation. In the vicinity of the 
focus the wave amplitude increased to 15 MPa (t = 65 ~ts), which turned out to 
be sufficient to compress the bubbles to the ignition temperature, that is, the 
onset of a chemical reaction. The detonation wave initiated in the focus 
propagated outward thereafter. The pressure produced by the bubble explosion 
was greater than 30 MPa (Fig. 15.3.40, t -- 200 Its) and did not change until the 
detonation wave reached the external boundary. 

If the volumetric concentration of the gaseous phase was increased by one 
order of magnitude, k 0 -- 10 -2, R 0 = 0.2 cm, the situation changed comple- 
tely. With a lower incident wave amplitude (and the same parameters of its 
positive and negative phase) focusing allowed initiating the detonation at the 
boundary at the moment the initiating wave reached the focus line. 

Figure 15.3.41 (for Pb = 3 MPa and a focusing radius r = 5 cm) shows the 
spatial pressure distribution for different times. It is seen from the figure that at 
t = 26~ts (with a time delay in the collapsing bubbles until the ignition 
temperature of the mixture is attained) a bubbly detonation is initiated at 
the periphery (the temperature jump is shown at the right of Fig. 15.3.41) and 
the shock wave that causes the detonation reaches the focus at t = 32 Its: the 
wave amplitude increases by a factor of 5. However, the bubble concentration 
in this example is significantly higher and the focused wave amplitude is too 
low to initiate detonation at the focus. 

The arriving bubbly detonation wave is focused and its amplitude at 
t = 60 ~s (at a distance 2 cm from the axis) attains 40 MPa. The calculations 
show that the detonation wave amplitude attains a very large value of 103 MPa 
in the vicinity of the axis. Obviously, initiation of such stresses in the container 
may lead to catastrophic effects. 

Note that the high pressures attained during the focusing process are the 
consequence of the inertial effects in the bubbly oscillations and the over 
compression of the detonation products. The temperature of the detonation 
reaches the values of (1 .5 -2 )x  10 4 K, which require a modification of the 
equation of state [Eq. (15.3.26)]. 

Nevertheless, the preceding experimental data, models, statements and 
computational results demonstrate that many physical phenomena arising 
during pulse loading of liquids can be analyzed using the theory of wave 
propagation in nonuniform media. 
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FIGURE 15.3.41 Initiation and focusing of a bubbly detonation wave (k 0 = 10 -2, R 0 = 0.1 cm, 

Pb = 3 MPa). 

R E F E R E N C E S  

Andreev K. K. 1958 Some consideration on the mechanism of initiation of detonation in explosive. 

Proc. Roy. Soc. Lond., 246, 257-267. 



742  v.K. Kedrinskii 

Barbone R., Frost D., Makris A., and Nerenberg J. 1994 Explosive boiling of a depressurized volatile 
liquid, Proc. IUTAM Symp. Waves in Liquid-Gas and Liquid-Vapor Two-phase Systems, Kyoto, 
Japan, Kluwer Acad. Publ., 315-324. 

Bazhenova T. V. and Soloukhin R. I. 1959 Field of pressures, arising in water at electric discharge, 
In: Physic Gasdynamics. Russian Acad. Sci., Energy Inst., Moscow, Russia. 

Beylich A. E. and Gulhan A. 1989 Waves in reactive bubbly liquids, Proc. IUTAM Syrup. Adiabatic 
Waves in Liquid-Vapour Systems, Gottingen, Germany, 39-48. 

Book D. and Lohner R. 1989 Quatre foil instability of imploding cylindrical shock. Proc. Intern. 
Workshop on Shock Wave Focusing. K. Takayama (Ed.), Sendai, Japan, 193-206. 

Bowden E P. and Yoffe A. D. 1958 Fast Reaction in Solid, Butterworths Sci. Publ., London. 
Campbell I. J. and Pitcher A. S. 1958 Shock waves in a liquid containing gas bubbles, Proc. Roy. 

Soc. Lond. A243, 534-545. 
Campbell A. W, Davis W C., and Travis J. R. 1961 Shock initiation of detonation in liquid 

explosives, Phys. Fluids, 4 (4), 498-510. 
Chaves H., Lang H., Meier G., and Speckmann H. 1985 Flow of Real Fluids, Lecture Notes in Phys., 

235, Springer, Berlin. 
Demmig E, Gronig H., Kleine H., and Wallis H. 1993 Experiments and model computation of 

cylindrical shock waves with time-resolved deformation and fragmentation, Proc. 19th Intl 
Symp. on Shock Waves, Marseille, France, 4, 87-92. 

Dubovik A. V. and Bobolev V. K. 1978 Sensitivity of Liquids to Impact, Nauka, Moscow, Russia. 
Field J. E., Bourne N. K., Palmer S. J., and Walley S. M. 1992 Hot-spot ignition mechanisms for 

explosives and propellants, Phil. Trans. Roy. Soc. Lond., 339, 269-283. 
Fomin P. A. and Trotsgyuk A. V. 1995 Approximate calculation of chemical equilibrium gas 

isotrope, Comb., Expl. & Shock Waves, 31 (4), 59-62. 
Fox E E., Curley S. R., and Larson G. S. 1955 Phase velocity and absorption measurements in water 

containing air bubbles, J. Acoust. Soc. Amer., 27 (3), 534-539. 
Fujiwara K., et al. 1993 New methods for generating cylindrical imploding shock, Proc. 19th 

Intern. Syrup. on Shock Waves. Marseille, France, 4, 81-86. 
Gasenko V. G., Nakoryakov V. Ye., and Schreiber I. R. 1979 The two-wave model of disturbance 

propagation in liquid with gas bubbles, J. Appl. Mech. and Techn. Phys, 20, 119-127. 
Gronig H. 1989 Past, present and future of shock focusing research, Proc. Intern. Workshop on 

Shock Wave Focusing, K. Takayama (Ed.), Sendai, Japan, 1-38. 
Hasegawa T. and Fujiwara T. 1982 Detonation in oxyhydrogen bubbled liquids, Proc. 19th Int. 

Symp. Combust., Haifa, Israel, 675-683. 
Hill L. and Sturtevant B. 1989 An experimental study of evaporation waves in a superheated liquid, 

Proc. IUTAM Symp. Adiabatic Waves in Liquid-Vapor Systems, G. Meier, P Thompson (Eds), 
25-37. 

Hiroe T., Matsuo H., and Fujiwara K. 1993 A numerical study of explosive-driven cylindrical 
imploding shocks in solids, Proc. 19th Int. Symp. Shock Waves, Marseille, France, 3,267-272. 

Iordansky S. V. 1960 On motion equations of liquid with gas bubbles, J. Appl. Mech. & Tech. Phys., 
1 (3), 102-110. 

Isuzukawa K. and Horiuchi M. 1993 Experimental and numerical studies of blast wave focusing in 
water, Proc. 19th Int. Symp. Shock Waves, Marseille, France, 3, 347-350. 

Itoh S., et al. 1993 Converging underwater shock waves for metal processing, Proc. 19th Int. Symp. 
Shock Waves, Marseille, France, 3, 289-294. 

Johansson C. H. 1958 The initiation of liquid explosives by shock and the importance of liquid 
break-up. Proc. Roy. Soc. Lond., A246, 160-166. 

Kedrinskii V. K. 1961 Collapse of gas cavity in water by a shock wave. M.Sci. Thesis. St. Petersburg 
Polytech. Univ., St. Petersburg, Russia. 



15.3 Shock Waves in Inert and Reactive Bubbly Liquids 743 

Kedrinskii V. K. 1967 The features of spherical gas bubble dynamics in a liquid, J. Appl. Mech. & 
Tech. Phys., 8 (3). 

Kedrinskii V. K. 1968a Propagation of disturbances in liquid with gas bubbles, J. Appl. Mech. & 
Tech. Phys., 9 (4), 29-34. 

Kedrinskii V. K. 1968b Propagation of disturbances in liquid with gas bubbles. Ph.D. thesis. 
Novosibirsk, Inst. Hydrodynamics, Sib. Div. Russian Academy Sci. 

Kedrinskii V. K. 1975 Dynamics of cavitation zone at underwater explosion nearby free surface, J. 
Appl. Mech. & Techn. Phys., 16 (5), 68-78. 

Kedrinskii V. K. 1980 Shock waves in a liquid containing gas bubbles, Combus., Expl. & Shock 
Waves, 16 (5), 14-25. 

Kedrinskii V. K. 1995 Bubbly cavitation in intense rarefaction waves and its effects, Proc. 20th Int. 
Symp. Shock Waves. Eds. B. Sturtevant, J. Shepherd, H. Hornung, Springer-Verlag, New York, 1, 
107-120. 

Kedrinskii V. K. 1997 The role of cavitation effects in the mechanisms of destruction and explosive 
processes, Shock Waves, 7 (2), 63-76. 

Kedrinskii V. K. and Mader Ch. L. 1987 Accidental detonation in bubbly liquids, Proc. 16th Int. 
Symp. Shock Tube & Waves. H. Gronig (Ed.), 371-376. 

Kedrinskii V. K. and Mader Ch. L. 1993 On the velocity of bubble detonation, Proc. 13th Int. Symp. 
Nonlinear Acoustics, Bergen, Norway, 442-447. 

Kedrinskii V. K. and Soloukhin R. I. 1961 Collapse of gas cavity in water by a shock wave, J. Appl. 
Mech. & Tech. Phys., 2 (1), 27-29. 

Kedrinskii V. K. and Zamarayev E N. 1989 Wave amplification in chemically active bubbly media 
(plenary lecture), Proc. 17th Int. Symp. Shock Tubes & Waves, W Yong (Ed.), 51-62. 

Kedrinskii V. K., Zamaraev E N., and Mader Ch. 1990 Waves in reactive bubbly media, J. Appl. 
Mech. & Tech. Phys., 31 (2), 20-26. 

Kedrinskii V. K., Vshivkov V A., Dudnikova G. I., and Shokin Yu. I. 1996 Shock wave interaction in 
reactive bubbly media, Phys.-Dokl., 41 (7), 300-303. 

Kedrinskii V. K., Vshivkov V. A., Dudnikova G. I., and Shockin Yu. I. 1997 Cavitation effect role for 
the mechanisms of fracture and large-scale explosive processes, J. Comp. Tech., 2 (2), 63-77. 

Kedrinskii V. K., Shokin Yu. I., Vshivkov V. A., and Dudnikova G. I. 1998a Shock amplification by 
bubbly systems with energy release (SABSER), Proc. 6th Japan-Russian Joint Symp. on Comp. 
Fluid Dyn., Nagoya, Japan, 58-61. 

Kedrinskii V. K., Vshivkov V. A., Dudnikova G. I., and Shokin Yu. I. 1998b Amplification of shock 
waves at collision and focusing in bubbly media, Dokl.-Phys., 43 (7), 400-403. 

Kedrinskii V. K., Fomin P. A., and Taratuta S. P 1999 Dynamics of single bubble in liquid in the 
result of chemical reactions and heat-mass exchange, J. Appl. Mech. and Tech. Phys., 40 (2), 
119-127. 

Kogarko B. S. 1961 On a model of cavitating liquid. Dokl. Akad. Nauk SSSR, 137 (6), 1331-1333. 
Kogarko B. S. 1964 One-dimensional transient fluid motion and resulting generation and 

development of cavitation, Dokl. Akad. Nauk SSSR, 155 (4), 779-782. 
Kuwahara M., et al. 1991 The problems of focused shock waves effect on biological tissues, Proc. 

18th Int. Syrup. Shock Waves, Sendai, Japan, 1, 41-48. 
Lambarais S. and Kombs L. 1966 Detonation and Two-Phase Flow, Academic Press, New York. 
Lyakhov G. M. 1959 Shock waves in multi-component media, Izv. Akad. Nauk SSSR, Serija: Mekh. 

& Mashinostrojenije, 1, 46-49. 
Lyapidevsky V. Yu. 1990 On bubbly detonation velocity, Combust., Expl. & Shock Waves, 26 (4), 

138-140. 
Nagoya H., Obara T., and Takayama K. 1993 Underwater shock wave propagation and focusing in 

inhomogeneous media, Proc. 19th Int. Symp. Shock Waves, Marseille, France, 3, 439-444. 



744  v.K. Kedrinskii 

Nakoryakov V. Ye., Pokusayev B. G., et al. 1975 The experimental investigation of shock waves in 
liquid with gas bubbles, in: Wave Processes in Two-Phase Systems, V. Nakoryakov (Ed.), 
Novosibirsk, Inst. Thermophysics, Russia. 

Nakoryakov V. E., Pokusaev B. G., and Shreiber I. R. 1993 Wave Propagation in Gas-Liquid Media, 
CRC Press, Boca Raton, FL, 2nd ed. 

Neemeh R. 1991 Propagation and stability of converging cylindrical shocks in narrow cylindrical 
chamber, Proc. 18th Int. Symp. Shock Waves, Sendal, Japan, 1,273-278. 

Nigmatullin R. I. 1991 Dynamics of Multiphase Media, Vols. 1-2, Hemisphere, New York. 
Nikolaev Yu. A. and Fomin P. A. 1983 Approximate kinetic equation for heterogeneous systems of 

gas-continuous phase, Combust. Expl. & Shock Waves, 19 (6), 49-58. 
Nikolaev Yu. A. and Zak D. V. 1988 Correlation between chemical reaction models in gases and 

second thermodynamics law, Combust., Expl. & Shock Waves, 24 (4), 87-90. 
Nordzij L. 1971 Shock waves in bubble-liquid mixtures. Phys. Comm., 3 (1) (Twente Inst. Tech., 

Enschede, Netherlands). 
Nordzij L. and van Wijngaarden L. 1974 Relaxation effects caused by relative motion on shock 

waves in gas-bubble/liquid mixture, J. Fluid Mech., 66 (1), 115-145. 
Parkin B. R., Gilmore E R., and Brode H. L. 1961 Shock waves in bubbly water. Memorandum RM- 

2795-PR. 
Pinaev A. V. and Sychev A. I. 1986a Discovery and investigation of self-sustaining regimes of 

detonation of liquid fuel-oxygen bubbly systems, Sov. Phys.-Dokl., 31 (9), 767-769. 
Pinaev A. V. and Sychev A. I. 1986b Structure and properties of detonation in systems of bubbly 

liquids, Combust., Expl. & Shock Waves, 22 (3), 109-118. 
Pinaev A. V. and Sychev A. I. 1987 Influence of physical-chemical gas/liquid properties on the 

parameters and conditions of detonation wave arising in systems liquid--gas bubbles, 
Combust., Expl. & Shock Waves, 23 (6), 76-84. 

Roberts P and Field J. 1993 Simulated of fragment attack on cased munition, Proc. 10th Int. Det. 
Symp., Boston. 

Scarinci T., Bassin X., Lee J., and Frost D. 1991 Propagation of a reactive wave in a bubbly liquid, 
Proc. 18th Int. Symp. Shock Waves, K. Takayama (Ed.), 1,481-484. 

Shagapov V. S. and Vakhitova N. K. 1987 Waves in reactive bubbly liquid, Proc. 11th Int. Symp. 
Nonlinear Acoustics, Kedrinskii V. K. (Ed.), Novosibirsk, Russia, 56-58. 

Soloukhin R. I. 1960 On bubble mechanism of shock triggered combustion liquids, Sov. Phys.- 
Dokl., 6 (1), 16-17. 

Soloukhin R. I. 1961 On gas bubble pulsation in incompressible liquid, Sci. Board Appl. of Expl. 
Effects. Issue 18. Novosibirsk, Russia. 

Stuka C., et al. 1993 Nonlinear transmission of focused shock waves in nondegassed water, Proc. 
19th Int. Symp. Shock Waves, Marseille, France, 3, 445-448. 

Sturtevant B. 1993 The physics of shock wave focusing in the context of extracorporeal shock wave 
lithotripsy, Proc. 19th Int. Symp. Shock Waves, Marseille, France, 4, 81-86. 

Sychev A. I. and Pinaev A. V. 1986 Self-sustained detonation in liquids containing the bubbles of a 
reactive gas, Appl. Mech. & Tech. Phys., 27 (1), 133-138. 

Takayama K. 1989 High pressure generation by shock wave focusing in ellipsoidal cavity, Proc. Int. 
Workshop on Shock Wave Focusing, K. Takayama (Ed.), Sendai, Japan, 1-37. 

Todes O. M. 1933 Adiabatic thermal explosion, J. Phys. Chem., 4 (1), 71-78. 
Trotsyuk A. V. and Fomin R A. 1992 Bubbly detonation model, Combust., Expl. & Shock Waves, 28 

(4), 129-136. 
Van Wijngaarden L. 1968 On the equations of motion for mixtures of liquid and gas bubbles, J. 

Fluid Mech., 33, 465-474. 
Vasil'ev A. A. and Nikolaev Ju. A. 1978 Closed theoretical model of a detonation cell, Acta 

Astronautica, 5, 983-996. 



15.3 Shock Waves in Inert and Reactive Bubbly Liquids 745 

Vasil'ev A. A., Valishev A. I., Vasil'ev V. A., et al. 1978 Detonation wave parameters at high pressures 
and temperatures, J. Chem. Phys., 16 (9), 113-117. 

Vasil'ev A. A., Kedrinskii V. K., and Taratuta S. P 1998 Dynamics of single bubble with a reactive 
gas, Combust., Expl. & Shock Waves, 34 (2), 121-124. 

Voinov O. V. and Petrov A. G. 1971 Motion of a variable volume sphere in ideal liquid near a fiat 
surface, Izv. Akad. Nauk SSSR, Mekh. Zh. & Gaza, 5, 94-103. 

Watanabe M., Onodera O., and Takayama K. 1993 Shock wave focusing in a vertical annular shock 
tube, Proc. 19th Int. Symp. Shock Waves, Marseille, France, 4, 99-104. 

White D. R. 1967 Density induction times in very lean mixture of D 2, H 2, C2, C2H2 and C2H 4 
with 02. Proc. 11th Int. Symp. Combustion, Pittsburgh, Academic Press, 147-154. 

Zaitsev S. G. and Soloukhin R. I. 1958 On the problem of ignition of the adiabatically heated 
gaseous mixture, Dokl. Akad. Nauk SSSR, 112 (6). 

Zavtrak S. T. 1995 Generation conditions for an acoustic laser, Phys. Rev. E., 51 (1), 3767-3769. 
Zavtrak S. T. and Volkov I. V. 1997 Sound amplification by stimulated emission of radiation in 

nonlinear mode, J. Acoustic Soc. Am., 102 (1), 204-206. 




