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MECHANISM OF PULSED BREAKDOWN OF A LIQUID VOLUME 

S. V. Stebnovskii UDC 532.528 

From numerous experiments it is well known [i~ 2] that with pulsed loading for liquid 
volumes of finite dimensions there is partial or complete breakdown of the liquid medium 
followed by formation of a spray stream. Until recently, the physical mechanism of this 
breakdown process had not been studied. In [3] the energy threshold was determined for pulsed 
breakdown of a water volume with shock-wave loading. In [4] it was demonstrated that if 
the loading time t, is much greater than the time for unloading wave propagation through 
the liquid to, then breakdown is due to development of perturbations in the mobile boundaries 
of a liquid volume, and if t, & t o , then the breakdown stage is preceded by unlimited de- 
velopment of cavitation flow in the medium. In the latter case, the question remains open 
of the breakdown mechanism since it is not clear how, in the process of cavitation develop- 
ment, there is formation of discontinuities in a bubble medium and decomposition of it into 
individual fractions. Below this type of liquid breakage will be called cavitation break- 
down. 

i. In the present work, a phenomenological approach is suggested toward constructing 
a physical model of cavitation breakdown of a liquid medium taking account of the analysis 
of experimental results for axisymmetrical shock-wave loading of a cylindrical water volume. 

Experiments were carried out in water specimens 1 (Fig. I) with initial dimensions 
R 0 = 2 cm, H 0 = 3 cm. In the original condition the outer surface of the liquid was boun- 
ded by a thin paper shell 2 and with the ends rigidly clamped by plane-parallel plates of 
organic glass 3. A shock wave was generated as a result of an electrical explosion located 
along the axis of symmetry of the liquid volume by a manganin wire 4 in which a bank of high- 
voltage condensers with a capacitance of 1 ~F was discharged. The explosive energy somewhat 
exceeded the threshold value [3]. The loading time (duration of shock-wave emission in the 
liquid, depending on the electrical discharge circuit parameters) is close to t o = R0/c 0 
(c o is sound velocity in water). According to [4] the process occurs in the following se- 
quence: generation of a diverging cylindrical shock wave due to the electrical explosion 
of the wire; reflection of the wave from the free surface r = R 0 (Fig. i); development be- 
hind the unloading wave front of cavitation flow with an unlimited increase in the volume 
concentration of bubbles; breakdown of the radially expanding cavitating volume into indi- 
vidual fractions. Optical recording of the process was carried out by means of a high-speed 
photorecorder SFR-I (the field of exposure in Fig. 1 is marked with a broken circle). 
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Fig. 1 

Fig. 2 

Presented in Fig, 2 are typical motion pictures of cavitation flow development in an 
expanding cylindrical water volume behind the unloading wave, where (a) is test light medium 
on a dark background (illumination was accomplished by self-luminescence of the explosive 
cavity lasting up to 3"i0 -4 sec), (b) is a dark material on a light background (illumination 
by a pulsed lamp), S is mobile outer boundary of the expanding two-phase cylinder layer, 
B is its internal boundary, i.e., the boundary of the explosive cavity. From motion pic- 
tures it can be seen that at least after 123 Dsec from the start of explosive loading for 
a liquid volume (a) in the test two-phase material radial and circumferential discontinui- 
ties (dark radial and circumferential bands) become marked; with through illumination of 
the medium (b) in the early stages of the process discontinuities are not seen, and they 
may only be seen in the last four frames. However, from motion pictures it is impossible 
to determine at what instant of time the process of two-phase medium decomposition into in- 
dividual fractions, i.e., dispersion, commences. 

in order to determine the start of the dispersion process, a method was developed of 
electrometric probing of the gas-liquid medium which is based on the use of the electrifica- 
tion of dispersed polar liquids [5, 6]. It is well known that with relative movement for 
phases in a dispersed system a difference arises in potentials in the direction of movement, 
i.e., an electrokinetic effect [7], due to the mobility of the outer (consisting of adsorbed 
ions) diffusion part of a double electric layer formed at the interface of the liquid and 
gas phases, i.e., at the boundary of a bubble in a liquid, or (with breakdown) of a droplet 
in air. Thus, with movement of a bubble in water the outer diffusion boundary of the double 
electric layer from which adsorbed ions break away is a "liquid boundary," but, conversely, 
with water droplet movement in air ions break away from the "gas boundary" of the layer. 
Consequently, in both cases in "dead water" moving particles (bubbles or droplets) form 
volumetric discharges but of opposite signs. 

Recording of the electric potential at a fixed point in the material was accomplished 
by a double electric probe consisting of two gold-plated electrodes 5 (see Fig. i), 0.2 mm 
in diameter and 3 mm long (the rest of electrodes, 10mm long, were covered by an electrical 
insulating material). The electrodes were set up in parallel at a distance of 5 mm from 
each other and soldered to steel rods 2 mm in diameter covered with insulation. The switch- 
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ing circuit for the probe is shown in Fig. i, where R H is a load resistor of 104 k~.  The 
signal from the R H was recorded by an oscillograph (upper oscillogram is the negative elec- 
trical signal in a stream of cavitation bubbles, and the lower is the positive signal in 
a stream of water droplets formed as a result of explosive dispersion of the cylindrical 
water specimen. 

In order to determine at what instant of time in the process given in motion pictures 
in Fig. 2 dispersion commences, a series of measurements was made of the electrical signal 
U at points r, located along coordinate r (see Fig~ i) at different distances from the axfs 
of symmetry of the broken-down volume (0.5 ~ r, = r,/R 0 ~ 15). 

Shown in Fig. 3 are oscillograms U(t) recorded in the range 0.5 ~ r, = r,../R 0 < 2 [the 
results of measuring U(t) with r, > 2 are not given due to the overloaded picture of the 
information]; the broken line is an experimental curve R(t) = R(t)/R 0 characterizing dis- 
placement of the outer boundary of the broken-down volume. Analysis of the measured results 
showed the following. In the region r, < 1 (point r, = 0.5) at first a negative signal is 
recorded corresponding to an increase in cavitation bubbles and their relative displacement 
in the liquid generating a negative volumetric discharge. During the increase in bubbles 
their volume concentration becomes so large that the difference in phase velocities and, 
consequently, also the electrical signal, tends toward a zero value. After decomposition 
of the material into individual fractions the probe again records an electrical signal, but 
positive polarity. In the region 1 < r, < 1.5 (points i.i and 1.4) the outer boundary of 
the cavitating liquid approaches the probe (see Fig. 2) having in the zone adjacent to the 
boundary a quite high bubble concentration and consequently low relative phase velocity. 
Therefore, the negative signal recorded in the zone is very small: with the magnification 
selected in the oscillograph (see Fig. 3) it was not seen, and only after the start of ma- 
terial breakdown is a positive signal of high amplitude recorded. Given in Fig. 3 is an 
oscillogram relating to the case of r, = 1.2 but with a greater magnification making it pos- 
sible to record the weak negative signal in the zone with a high bubble concentration before 
breakdown of the medium. Naturally, a positive signal emerges at the limits of the oscillo- 
graph screen. With r, = 1.5 and subsequently at the instant of approach of the leading front 
of the expanding two-phase volume toward the probe, a positive signal is immediately recorded 
corresponding to the process of breakdown of the medium (r, = 1.5, 1.75, 2). 

Thus, breakdown commences when R(t) = R(t)/R 0 reaches a value of 1.5, i.e., about 250 
~sec after the start of explosive loading for the liquid volume (throughout the whole volume 
the start of breakdown is in the range from 250 to 350 ~sec, which is evidently due to the 
inhomogeneous development of the cavitation process along coordinate r with radial extension 
of the test medium). 

Given in Fig. 4 are curves obtaineJ as a result of analyzing motion pictures for the 
growth of a dimensionless volume ~(t) of a radially expanding cavitating cylindrical water 

specimen and the rate of its volumetric expansion ~(t); here ~ = ~/~0, ~0 = 4~R0=H0 is the 
initial volume of the liquid specimen; ~ = 4~(R 2 - rn2)H0 is the current volume of the radial 
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ly expanding cavitating specimen, rn(t) is radius of the cylindrical explosive bubble. Spe- 
cimen length H 0 = const since its actual expansion is limited by the plane-parallel plates 

3 (see Fig. i). The nonuniform nature of the ~(t) curve is due to the different dynamics 
for increase in R(t) and rn(t) on which ~(t) depends. Broken sections relate to the stage 
of specimen breakdown. It can be seen in Fig. 4 that cavitation breakdown commences with 
~(t) = 2.25, i.e., with an average volumetric bubble concentration of <~> = 55%; the rate 

of volumetric extension of the medium ~(t) reaches a maximum value before the start of break- 
down. 

Thus, analysis of the curve shows that for cavitation breakdown of the medium into in- 
dividual fractions the average volume concentration of bubbles <~> should reach some critical 
value <a,> (in this case, <~,> = 55%). With an increase in volume concentration of cavita- 
tion bubbles the structure and rheological properties of the extended medium should change, 
which apparently leads to formation in it of discontinuities, i.e., to dispersion of the 
cavitating liquid volume into individual fractions. On the basis of this assumption, an 
analysis was made of the dependence of rheological properties of a cavitating medium on the 
volume concentration of bubbles and a physical model was suggested for the mechanism of 
cavitation breakdown of a liquid volume. 

In the initial stage of expansion of the test volume of water with a low concentration 
of cavitation bubbles having small sizes and a spherical shape the medium may be considered 
as a gas suspension. From suspension rheology it is known [8] that with an increase in a 
in this medium there is an increase in effective viscosity coefficient p. Theoretical study 
of the relationship ~ = p(a) is connected with very great difficulties, and currently only 
the equation 

= (~ + ~)~o, (i) 

has been obtained valid with ~ ~ i (P0 is viscosity coefficient for pure liquid). An experi- 
mental study of the relationship B = B(~) made it possible to obtain an empirical equation 
[9] 

= 09 (2) 

approximating experimental curves up to a value ~ + 0.75 corresponding to the limiting pack- 
ing of spherical bubbles. This relationship is valid for bubble suspensions and foams over 
a wide range of bubble size distribution, but only with shear flows and equilibrium bubble 
concentrations. According to (2) for equilibrium concentrations with a + 0.75 the ratio 
~/P0 increases to 119. With radial extension of the liquid cylindrical specimen with gas 
bubbles the latter expand continuously and in the medium_ there is additional energy dissipa- 
tion; consequently, with the same value of a the ratio P/P0 should exceed the equilibrium 
value ~/~0Ia=cons t. In fact, as is well known [8], an increase in the volume of the two-phase 
medium with radial extension is connected with development of volumetric (second) viscosity, 
and for many media it is several orders of magnitude higher than the value of shear viscosity 

;la=const. 

Thus, with extension in an unloading wave of a water volume with bubble nuclei the evolu- 
tion of rheological properties for test medium should occur in the following sequence. In 
the original condition ~ << i and, according to (!), p = P0, i.e., for water viscosity may 
be neglected by assuming the material to be an ideal Newtonian liquid. With initial exten- 
sion of a water sample with an increase in ~ there is an increase in effective viscosity 
p and the material changes into the condition for a viscous Newtonian liquid. If extension 
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continues the size of bubbles increases, and by reacting, bubbles start to deform. Since 
they exhibit elasticity of shape due to surface tension, the medium acquires elastic pro- 
perties, i.e., it becomes a viscoelastic liquid with a capacity to accumulate elastic energy. 
The latter is connected with the fact that potential energy of a deformed bubble may change 
into kinetic energy for the surrounding liquid only for a finite time equal to the time of 
a bubble acquiring a spherical shape. This time is greater, the greater size of the deforming 
bubble and, therefore, with an increase in a (with a fixed calculated concentration of bub- 
bles) there should be an increase in the stress relaxation time in this medium. 

With radial extension of a cylindrical water volume containing in the original condition 
bubble nuclei, in view of the axisymmetrical nature of loading th,~ unit vectors of the cylin- 
drical coordinate system, r and 6 coincide with the principle axes of the strain tensor ~ij 
and in time the whole process of stress tensor Pij extension has an orthogonal form. Con- 
sequently, in the medium there may only exist radlal T r and circumferential T e stresses. 
With changeover of the medium into a viscoelastic condition there is an increase in the stress 
relaxation time and, therefore, with quite rapid extension, ~r and ~, by not managing to 
relax, will increase, which leads to elastic energy accumulation. When the elastic energy 
reaches the value of free energy for the discontinuity surface there is breakdown of the 
medium. As already noted, formation of circumferential and radial discontinuities is ob- 
served in the motion pictures given in Fig. 2. (In the case of spherical symmetry there 
should also be formation of radial and circumferential discontinuities; with extension of 
a cylindrical liquid sample discontinuities should appear along the axis of symmetry in a 
plane Perpendicular to the exis of symmetry of the specimen.) Discontinuities observed in 
Fig. 2 are like cracks with axisymmetrical explosive loading of cylindrical solid specimens. 
In contrast to cracks, which in forming retain their shape, discontinuities in a viscoelas- 
tic liquid, as can be seen from experiments, may heal and form anew. In addition, in a solid 
body cracks form in an unloading wave, but in this case the unloading wave, by communicating 
the distribution of extension rate to the liquid medium, leads it through the process of 
an increase in volume concentration of bubbles from the condition of an ideal Newtonian li- 
quid into the state of a viscous, and then to a viscoelastic material. With quite high de- 
formation rates the latter accumulated elastic energy required for formation of discontinui- 
ties. 

Apparently the development of discontinuities may be explained as follows. Local zones 
of increased bubble concentration are characterized by a longer time for stress relaxation 
occurring during extension of a cavitating medium and, consequently, more intense accumula- 
tion of elastic energy, which leads to coalescence of bubbles in these zones, i.e., to forma- 
tion of discontinuities. If the medium is extended very slowly, then local inhomogeneity 
for concentration a, and this also means the pressure field, manages to smooth out, as a 
result of which during extension of the medium bubbles will retain a spherical shape without 
accumulating elastic energy. Breakdown only sets in on reaching a value of ~ corresponding 
to the limiting packing of bubbles when touching between them leads to formation of phases: 
the two-phase system changes from a state of "bubbles in a liquid" into a state of "liquid 
particles in air" with a lower value of free energy. Thus, it is possible to suggest that 
the greater the extension rate for a cavitating volume of liquid, then discontinuities should 
form with lower values of <~>. 

2. We consider the question of the possibility of constructing a macrorheological equa- 
tion for an extended cavitating liquid. In the original condition, let a liquid specimen 
be a finite volume of water containing bubble nuclei with a volume concentration of ~0 << 1. 
In the initial stage of extension of a volume behind the unloading wave front nuclei shift 
together with the liquid so that its velocity V I almost equals the mass velocity of the li- 
quid V0; consequently, energy dissipation caused by the relative displacement of nuclei can- 
not be considered. A macroscopic equation for a viscous Newtonian liquid is applied to this 
medium [8] 

Pi~-- --p6~j + 2~oei~. (3) 

Since, due to the low viscosity of water with almost any real strain rates, the second term 
in the right-hand part of Eq. (3) may be ignored, then stress is always isotropic and equal 
to the hydrodynamic pressure. 

During extension of the medium the size and volume concentration of bubbles ~ increases~ 
and with an increase in the size of bubbles their hydrodynamic resistance increases and V I 
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decreases, which should lead to additional dissipation of energy of the main liquid moue- 
ment and development of an additional nonisotropic term in (3) Pij = -P6ij + 2~0eij + ~ij" 
In fact, according to [i0], With a small gas bubble concentration in water and retention ot 
their spherical nature considering the pulsation of an isolated bubble, but without accoun- 
ting for the viscosity of water with shear flow, the stress tensor has the form 

I3  9 (V~ Vo) (V~ Vo) ] (4) <o> = - <p> x + po~ - ~  {I v~  - Vo I} ~ I - ~ -  - - . 

Here, according to the notation used in [i0], <~> is the stress tensor averaged for a two- 
phase medium; I is unit tensor; P0 is the density of pure water; indices 0 and i relate to 
water and gas, respectively. It follows from (4) that although the local stress tensor in 
each of the phases is isotropic, the average tensor due to the relative phase velocity con- 
tains an anisotropic part. If in Eq. (4) we introduce the term 2~0eij not considered due 
to the smallness of D0, and by transforming <~> = Pij, I = 6ij, we write Pij = -~P6ij + 

I A i ~ -- A(V0i - V1i)(V0j - VIj) , A=~,0 ~] , q is a parameter), 2p0~ij + q~ ~J :_~IVo_u I 6i j 9 o --~ 
then it appears to be a particular case of the rheological equation obtained in [ii] for 
a suspension. In fact, if in the latter we ignore terms containing particle density Pl 
(which is valid for bubbles), then we have 

Pij : (--P + ~o div Vo)6ij + 9o(Voi  - -  V i ) ( P o j  - -  V j )  + 9o(~o)ij + ~eij, 
( 5 )  

A [2 
~ J  = T I Vo - -  V ,  6~j - -  A (Vo~ - -  V ~ )  (Voj Vlj ) ,  

where V i and Vj are components of the average gas-liquid medium velocity; A is a coefficient 
depending on bubble concentration; D is the effective viscosity coefficient for the medium. 
Equation (5) takes account of viscous stresses occurring during shear flow in a gas suspen- 
sion with small ~, but it does not contain terms describing the reaction of bubbles, and 
this means it does not consider the elastic properties of a two-phase medium. If in (5) 
it is assumed that the relative phase velocity instantaneously takes a zero value, then con- 
sidering the smallness of the term ~0(e0)ij the stress tensor also instantaneously becomes 
isotropic, i.e., in a medium described by (5) there is no accumulation of elastic stresses 
since their relaxation time equals zero. Whence it follows that with low bubble concen- 
trations a two-phase medium relates to the class of general Newtonian liquids with a zero 
memory. 

With further extension of the medium, ~ increases, and it is necessary to consider the 
elastic reaction of bubbles as a result of which they deform and elastic stresses grow in 
the medium. With a sudden stoppage of the main movement of a bubble it cannot immediately 
take a uniform configuration due to the fact that the medium exhibits a stress relaxation 
time ~. To a first approximation a Maxwellian liquid can be assumed to be a model for this 
medium. Known modifications of the macrorheological equation for a Maxwellian liquid [12] 
only make sense for shear strains with low shear velocities and amplitudes when ~ and ~ re- 
main constant. In the problem in question parameters ~ and ~ change continuously during 
deformation of the medium. An approach to solving this type of problem has been described 
in [13]. Since B and ~ change in the process of extension, it is necessary to develop an 
experimental procedure for determining the dependence of D and ~ on ~, extension rate, and 

o~her parameters of the process. 
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SHOCK-INDUCED CONDUCTION WAVES IN ELECTROPHYSICAL EXPERIMENTS 

E. I. Bichenkov, S. D. Gilev, and A. M. Trubachev UDC 621.3:539.89=537.311.3 

i. SHOCK WAVES AND ELECTROPHYSICAL EXPERIMENTS. 
INTRODUCTORY REMARKS 

Research and practical developments in controlled thermonuclear fusion and the prepara- 
tion of new materials with unique properties require high energy densities, necessary for 
overcoming activation barriers of the corresponding chemical or nuclear reactions, in the 
material. The solution of these problems led to the creation and rapid development, during 
the last i0 years, of a new field of scientific research - the physics of high-energy densi- 
ties, associated with the creation and control of extremely high energy fluxes in powerful, 
predominantly pulsed, energy systems [i]. Because of the extensive possibilities for con- 
version of energy into other forms and for transformation, storage, and transfer of energy, 
sources of electromagnetic energy operating with currents of 106-108 A, magnetic fields of 
i02-I0 ~ T, voltages of i0~-i06 V, energies of 105-107 J over times from several nanoseconds 
to tens of microseconds, and powers of up to 1013 W and higher [2-6] have been predominantly 
developed. 

The energy flux in powerful electric circuits is controlled with the help of elements 
with variable electrotechnical parameters (most often the inductance and resistance). The 
inductance is determined by the geometric characteristics of the conductors, and the possi- 
bilities for changing it rapidly are limited. The resistance expresses both the geometric 
ratios of a section of the circuit and the physical properties of the state of the matter 
and can be changed substantially by strong, external actions. This is of great significance 
for practical applications in pulsed systems (switches operating based on the most diverse 
physical principles). The main problems in the operation of switching elements are associ- 
ated with the operation of switching the current off. Thus, the parameters of a switch for 
interrupting the current in an inductive storage circuit determine the applications of this 
promising source of energy [7]. 

The physical properties of matter can be altered by different external actions, such 
as heating, radiation, electrical breakdown, etc. Among such actions high pressure and the 
concomitant strong compression of matter stand out especially, since under these conditions 
the electrical properties change radically. The study of the electric conductivity of ma- 
terials at high pressure was initiated by Bridgman [8]. Significant progress has now been 
achieved in this field [9-17]. Progress in research on the electric properties of materials 
at high pressure is linked with improvement of the measuring technology and the good status 
of the physical theory, which is sufficient for giving a satisfactory description of the 
phenomena occurring in some "pure" cases. 

Sharp changes in the electric conductivity of condensed materials, induced by powerful 
shock waves (SWs) and accompanied by the appearance or vanishing of metallic conductivity, 
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