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SINGULARITIES OF A.CO.LLAPSING BUBBLE FROM LASER
BREAKDOWN IN A VISCOUS LIQUID
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Introduction

Since the early work of Besant and Rayleigh on the collapse of a vacuum bubble in an ideal liquid a great
many investigations have been undertaken on cavitation and spherical growth problems within the general
framework of problems related to the collapse of a spherical bubble (see the surveys of Hsieh [1] and Zaba-
bakhin [2]). The bulk of the research done on collapse of a bubble in a liquid has been of a theoretical-analyti-
cal character, The experimental investigation of bubble collapse problems is hampered by the difficulties of
producing single spherical bubbles in an effectively unbounded volume. Techniquesare described in the litera-
ture for obtaining a single bubble in a liquid by means of electrical discharges, but the experimental work of
Gibson [3] shows that electrical discharge is impractical for obtaining a kinetic model of a spherical bubble,
due to the complexity of the energy-release process in the discharge gap and due to the presence of bounding
surfaces, namely, electrodes, which automatically render the boundary unstable and the bubble collapse pro-
cess asymmeltrical,

Consequently, at the present epoch in bubble collapse research a certain rift exists between theory and
experiment and their mutual correlation. A methodological breakthrough in research on cavitation problems
has emerged in recent years with the advent of experimental laser techniques, For example, by focusing a
single laser pulse in a liquid it is possible to generate the conditions necessary for testing of the theoretical
calculations; to obtain a single bubble in an effectively unbounded volume; to obtain n bubbles with predeter-
mined relative phases of the pulsation periods and different relative maximum sizes; and to realize the unique
conditions of interaction between a pulsating bubble and a rigid or free surface [4, 5],

Experimental Procedure

Collapsing single bubbles are created in a liquid by focusing a single radiation pulse emitted by a ruby
laser in water and in viscous liquids (Vaseline oil and glycerin); single bubbles with radii up to 10 mm ‘e
investigated. The bubble-collapse kinetics is investigated by shadowgraphic techniques in the frame-by-frame
and continuous modes, using a high-speed camera according to the procedure described in [4],

The pressure pulses from the collapsing bubble are measured by means of barium titanate and natural
tourmaline pressure pickups with a resolving power of 0.1 usee, according to the procedure described in [6].
The pressure pulses are recorded on an OK-17M oscilloscope with a high-resistance preamplifier,

Experimental Results

One of the preliminary indices of the collapse of a pulsating bubble is the energy loss characteristic of
the bubble between successive pulsations; it is readily determined in practice by measuring the bubble pulsa-
tion period, )

The following relation is valid for the case of a nonascending bubble at a constant external pressure in an
unbounded liquid [7]:
E£n+1)/E(rn) - (Tn+1/Tn)3a
where Eg-n) is the energy stored by the bubble in the n-th pulsation and T, is the period of the n-th pulsation.
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TABLE 1

Bubble-formation technique DD | /P
Detonation of chemical high -
.explosives in water [7] 0,34 0,54
Electrical discharge in water 0,05~—0,01 —
Laser breakdown in water 0,07—0,01 0,5—0
Laser breakdown in glycerin 0,26 0,5
Laser breakdown in .
Vaseline oil . 0,35—0,32 | 0,54—0,59
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Fig, 1

Table 1 lists éomparative data on the parameters characterizing the relative expenditure of energy stored
by the bubble for various techniques of creating pulsating bubbles,

It is customarily assumed in accordance with [7] that the main fraction of the energy E{.“) stored in a bub-
ble goes for the emission of acoustic-shock radiation Eg‘) and energy input to the next pulsation E n

E(“) E(n) E(T"‘H) Log.

The energy losses ¢ are neglected, so that it is normally assumed in practice that the energy difference
between two successive pulsations corresponds to the energy of acoustic-shock radiation from the collapsing
. cavity.

As noted in [4], however, the loss of energy from a pulsating bubble is attributable not only to acoustic-
shock radiation from the cavity, but also to asymmetrical collapse, which causes the bubble to disintegrate more
rapidly in subsequent pulsations.

Experiments with Water

To gain a more detailed understanding of the given process and the relationship of the preliminary data
published in [4] to the theoretical investigations [8-10] we have measured the pressure pulses from a collapsing
bubble in water in correlation with motion-picture studies.

Representative oscillograms of pressure pulses from a collapsing bubble in water are given in Fig, la-c.
Figure 1a corresponds to acoustic-shock radiation from an almost-symmetrically collapsing bubble, while
Fig, 1b and ¢ represent situations in which asymmetrical collapse is observed, the former for asymmetry in
the form of loss of stability in the vicinity of minimum bubble size and the latter for the case of pronounced
asymmetrical collapse of the bubble, An example of asymmetrical bubble collapse of this type is given in the
film strip of Fig. 2, in which it is seen that prior to the instant at which the bubble has minimum diameter cum-
ulative jets shoot through it as a result of its asymmetry at the instant of maximum diameter. This kind of
collapse causes the bubble to disintegrate rapidly.

Qualitative and quantitative analyses of the film strips and measured pressure pulses from a collapsing
bubble show that in the case of asymmetrical collapse thepressure pickup records "precursors," i.e., pressure
pulses (indicated by arrows in Fig, 1b and c) that precede the main pulse emitted by the bubble during collapse,
When such precursors are present, the slope of the amplitude rise of the main pressure pulse is observed to
decrease and the maximum value of the pressure amplitude to decrease by more than 50% (for a relative mea-
surement error of + 7%).

Figure 3 gives the results of measurements of the maximum pressure amplitudes p recorded at a distance
r = 1,5 cm from the breakdown center for various bubbles. Recognizing that the given investigation includes
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bubbles that deviate from a spherical configuration, we adopt as the maximum bubble radius (see Fig, 3) the
quantity Ry calculated in terms of the pulsation period T; according to the Willis equation Ry = (T{/1.83) X
vPy/ 0 which is valid for spherical bubbles from laser breakdown within the error limits (+ 1%) of the measure~
ment of Ry and T,

The results can be approximated by the equation
p = R(Ry/r)*,

in which p is the maximum pressure in the wave (bar); R; is the maximum bubble radius; and r is the distance
. to the pressure measurement point,

For the given experiments we have « = 1.2 to 1.3. The dimensional factor K lies between the limits 90
and 120 bar, i.e., for the upper limits of the amplitudes corresponding to nearly symmetrical collapse, K = 120
bar, For the oscillograms without precursors we calculate the acoustic energy radiated by the bubble in col-
lapse. The calculations are carried out according fo the equation [7]

V(: N © 708,

g =2 (a2 | poa,
) 0

in which r is the distance from the pickup; pc is the wave impedance of the liquid; and g4, 9, are the time
constants of the exponential decay of the left and right branches of the pulse.

The results of processing oscillograms without precursors show that the bubble radiates as sound on the
average 75% (for an average total measurement error of + 24%) of the stored energy Egn) = 4/;;7ngp0 of the
bubble,

We processed some of the oscillograms with precursors only for the main pulse corresponding to bubble
collapse, Processing of such oscillograms without consideration for the precursor peaks against the background
of the main pulse show that the energy fraction associated with the main pulse decreases on the average to 50%
(for a measurement error of + 34%) relative to the stored energy Elfn) in the bubble,

The pulses from precursors are ignored due to the increasing error of measurement of p and 4, so we
are unable to estimate with sufficient accuracy the energy radiated by the precursors, We can merely point
out that in some experiments the precursor amplitude attains almost half the amplitude of the "attenuated" main
pulse from a collapsing bubble, or about one fourth of the pulse amplitude for a symmetrically collapsing bubble,

Experiments with Vaseline Oil and Glycerin

To determine the role of viscosity in the bubble collapse problem we have investigated collapse in Vaseline
oil with a density p = 0.868 g/cm® and viscosity p=1.3.10% ¢P at £ = 22°C and in glycerin with a density p =
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Fig, 4

1.26 g/ cm?® and vigscosity p= 2 .10% ¢P at 22°C, using the same experimental arrangement and conditions, The
results of the oscillographic measurements show that the amplitude of pulses radiated in the collapse of a bub-
ble in the given viscous liquids decreases by 1/5 to 1/8 relative to the values measured for water (see Fig, 3).
The qualitative structure of the pulses is close to that of the pulses from a symmetrically collapsing bubble in
water, Precursors are not observed in glycerin and Vaseline Oil, despite the fact that conditions are created
for asymmetrical collapse,

Figure 1d gives a typical oscillogram of a pressure pulse from a pulsating bubble in Vaseline oil, and
Fig. 4 gives a typical film strip for Vaseline oil, showing that loss of stability occurs somewhere near the in~
stant of minimum bubble radius and the liquid retains this state until the maximum radius is attained by the
bubble in the second pulsation, whereupon the bubble acquires a regular sperical shape and pulsates stably un-
til all its energy is lost,

The observed pattern can be explained as follows. Loss of stability on the part of a bubble collapsing in
a viscous liquid can occur as a result of the reduction in viscosity over the bubble boundary due to the increase
in temperature of the gas in the bubble interior. In expansion, on the other hand, the walls are cooled, the
viscosity increases, and the instabilities are eradicated by the viscosity effect,

It follows from the oscillographic and motion-picture data that the pulsations are recurrent and stable in
viscous liquids. Consistent stability of the pulsations is observed for viscous liquids, i.e., even if bubble asym-
metry is created, it vanishes in the subsequent pulsation stages (see Fig. 4), so that recurrent stable pulsations
are generated,

The reason that precursors are not observed in viscous liquids clearly lies in the considerably smaller
velocities of the cumulative jets, because precursors are the results of hydraulic impact of the cumulative jets
against the opposite wall of the bubble, with a local pressure at the impact point Py, = peu/2 (u is the jet velocity
at impact),

Despite the fact that the local impact pressures py, can attain the same orders of magnitude (~ 10° bar) as
in bubble collapse, the acoustic emission from the impact source is insignificant; indirect estimates (based on
the fraction of the main radiation from precursors and without precursors) indicate that it cannot exceed 1/4 of
the bubble energy, This fact explains why it is methodologically difficult to record the precursor parameters
in terms of absolute values,

Discussion

The anomalous increase in the pressure amplitude in pulsations of a gas bubble near a free surface is de-
scribed in [7], but a definitive explanation of the observed "peaks" in the pulsation oscillograms is not given,
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It can be definitely concluded on the basis of present-day notions [11] concerning the processes attending

 underwater explosions near a free surface and the results of our investigations that the "peaks" described in [7]

. and the "precursors" described here have exactly the same nature, i.e,, acoustic radiation from the impact of
cumulative jets against the opposite wall of the bubble. Figure 5 shows a film strip of an asymmetrically col-
lapsing bubble, where the asymmefry is determined by the interaction of the pulsating bubble with a free sur-
face [11]. The film clearly exhibits the cumulative jet inside the bubble. For large indentations, however, the
cumulative jet is not as distinctly observed, because it appears at later stages of the collapse process (see
Fig, 4). The bubble "senses" a free surface and a rigid surface up to a distance 5Ry, i.e., if the bubble pulsates
at a distance less than 5R, from a free or a rigid surface, collapse asymmetry is witnessed. This consideration
enables us to approximately determine the adequacy of the unbounded-volume assumption in setting up experi-
ments on the symmetrical collapse of bubbles in a ligquid. The latter result further confirms the conclusion
that electrical discharge is totally impractical for investigations of spherical collapse. Moreover, as the experi~
ence of the present investigations reveal, laser breakdown in liquids makes it possible to realize conditions
sufficiently close to those of symmetrical collapse, Figure 6 shows a film strip of symmetrical collapse, How-
ever, the indicated adequacy of the unbounded-volume assumption is determined within the resolution limits of
the film (to 107 cm) and the time resolution of the piezoelectric transducers (to 1077 sec), so in principle the
linear scale of the volume cannot be greater than 5Ry. It is important to bear in mind in this connection that
almost-symmetrical collapse of a bubble in water has a statistical character insofar as the stability of a bubble
collapsing in water depends on a number of other additional factors such as, for example, the purity of the liquid
and its gas content. Consequently, comparisons with theoretical studies of the parameters of acoustic radiation
from a collapsing spherical bubble [8~10] must be made according to the upper values of the pulsation pressure,

From the water experiments we obtain the dependence of the maximum wave pressures p on the maxnnum
bubble radius Ry and the distance r from the measurement point:

p o 120(R,/r)1-%5. @)

From the results of theoretical calculations [8, 9] for a bubble with an initial maximum radius R, and initial
pressure pg = 107% atm in its interior we have

p o 400(R, /). @)
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The difference between the resulting dependences (1) and (2) is mainly attributable to the difference in
the "initial" pressures of the gas at the maximum bubble radius, because, judging from the results of an esti-
mation of the ratic 5 of conversion of bubble energy into acoustic radiation energy (5= E /Er) according to the
data of [9] we are working in the interval of initial pressures in the bubble from 1072 to 10 % atm, Furthermore,
according to the motion-picture results we have determined the maximum velocities of the bubble boundary in
collapse (u = 530 m/sec, M = u/¢c = 0,33), which fall within the interval of agreement with the results of calcula-
tions [9, 10] based on the conversion parameter n as a function of the maximum Mach number M,

The comparative analysis of theory and experiment leads to the conclusion that the theory developed for
invisecid liquids is consistent with the present experiments., As a result, the vapor and gas pressure Pg at the
maximum bubble radius R, in water for the given experiments comes to an average of 4 +10™% atm,

For bubbles produced by laser breakdown in Vaseline oil and glycerin the value of pg at Ry is greater
than 1072 atm, This fact is inferred from an approximate estimate of the conversion parameter n and the
parameters of Table 1, A reduction in the viscosity by three orders of magnitude does not yield an appreciable
increase in the parameter n, The high gas content is explained by the effective decomposition of glycerin and
Vaseline oil into gaseous products as a result of optical breakdown, The indicated singularity prevents one
from clarifying more definitively the role of viscosity with regard to the constitution of a bubble in a viscous
liquid 2],

Taking into account the experimental data and the results of [9] on the dependence of the parameter 5 on
M and Pg, it would seem logical to adopt the parameter n as an experimental adequacy criterion for the unbound-
edness of spherical growth [2] for bubbles in a liquid, Unbounded growth can be approached as n—1 (M — ),
while for n < 1 spherical growth is precluded by the viscosity of the liquid, the gas content of the bubble, and
mstab}.htles.,

The sensibility of testing experimentally the unboundedness of spherical growth of bubbles according to
the criterion 7 is governed by the complexity of recording by optical film techniques the velocity of the bubble
boundary in the vicinity of a singularity due to diffraction effects induced by the attendant acoustic-shock radia-
tion, We summarize with the following conclusions,

1. It has been shown in the example of bubble collapse from laser breakdown in liquids that the method
of generating collapsing bubbles by means of laser breakdown in liquids is more sophisticated than the elec-
trical discharge method,

2. The observed singularities in the spectrum of acoustic-shock radiation from a collapsing bubble are
attributable to bubble collapse asymmetry. Asymmetrical and unstable bubble collapse lower the acoustic
radiation amplitudes,

3. It has been shown that the viscosity of the liquid can eradicate instability at the boundary of a collaps-
ing bubble, producing stable recurrent bubble pulsations, Viscosity significantly lowers the acoustic radiation
amplitudes associated with a collapsing bubble,

4. For a sufficiently symmetrically collapsing bubble in water the experimental results are consistent
with the theoretical developments of [8-10]. The ratio of conversion of bubble energy into acoustic radiation
energy attains 90% in the case of the experimental data for water,

5. It follows from the stated criterion of boundedness of spherical growth and the foregoing experimental
results that unbounded spherical growth is largely precluded by the gas content of the bubble and instability of
the bubble boundary in the vicinity of a singularity.

The author is indebtedto A. A, Buzukov, V, K, Kedrinskii, and V, E. Nakoryakov for worthwhile discus—
sions,
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ONE-DIMENSIONAL FLOWS AND ISOMAGNETIC SHOCK WAVES
IN A MAGNETIZED CONDUCTING MEDIUM

G, A, Shaposhnikova ' . UDC 538.4

§l. Consider the one~dimensional flow of an ideally conducting gas containing no space charge, which
moves in a current tube in an electromagnetic field; the gas is inviscid and of zero thermal conductivity, For
simplieity, we assume that the electric field E and magnetic field H are mutually perpendicular and lie in a
plane perpendicular to the direction of motion. The equations for the flow take the following form [1, 2}

" vpu = m == const; (1.1)
‘ H

du , dp A, 1 ap . 1 pdH.

puﬁ+d—x=~;zB—-:;;;,V(u——o(gf;)”)lidﬂv B 1.2)
y \
‘ CH
ar ., L ey o — Ei- 1.3
pu (CP & T d:c)+ pu d;c[ls:rp §(T(ar )‘,,,H p(ap )T,H) HdH]—E]’ (*.3)
vodH/dz = uB —cE, p = RpTl, B = uH, | = o(E — uBlc), (1,4)
dE/dz = 0,

where the symbols are those commonly employed, with 1, = ct Arg the magnetic viscosity; the magnetic sus
ceptibility is defined by Langevin's formula [3]:

w =1+ (dnmyo/MH)(cthy — 1/9), ¢ = muyH/kT, {1.5)

where my and M are the magnetic moment and mass of one molecule of the perfect gas, Then (1.5) gives
(1.2) and (1.3) the form

pudu'dx + dpldr = (1'c)o(E — uB/c)B + (1/4n)(u — 1) HdH/dz; (1.6}
pu{c,dT/dxr + udu/de) — pu{d/dr) (AT /M){gethyp —1)] =0o(E — uB/c)E. 1.7y

The method of [4] gives us expressions for the changes in speed and Mach number M along the current tube in
terms of the flow parameters from (1.1}, {1.4), (1.7), and the first two equations in (1.6):
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