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Self-consistent coupling of cavitation bubbles in aqueous systems
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The dynamics of an ensemble of cavitation voids initiated by laser-produced stress waves in
aqueous systems is considered. Aqueous systems have large similarity to soft tissues. Laser-initiated
stress waves are reflected from tissue boundaries, thereby inducing a tensile stress that is responsible
for tissue damage. The early stage of damage is represented by an ensemble of voids or bubbles that
nucleate and grow around impurities under stress wave tension. For impurity densities larger than
10° cm™3 the bubbles growth reduces the tensile wave component and causes the pressure to
oscillate between tension and compression. For impurity densities beldwni® the bubbles

grow on a long time scalé~10 ws) relative to the wave interaction time-100 ng. For bubble
densities above focm™2 the bubble lifetime is greatly shortened because of the reduced tensile
component. On a long time scale the growing bubbles cause a significant reduction in the liquid
average compression pressure below the ambient atmospheric pressure. This effect increases the
bubble lifetime by almost a factor of 2 relative to the low impurity density case when the bubbles
are growing independently, in agreement with experin{étaltauf and Schmidt-Kloiber, Appl.

Phys. A: Mater. Sci. Proces§2, 303(1996]. As the collapse stage starts, small bubbles collapse

first and the compression pressure screening becomes less effective, thereby accelerating the
collapse of the larger bubbles and reducing the spread of the bubble lifetime200®American

Institute of Physics.[DOI: 10.1063/1.1456247

I. INTRODUCTION interact nonlinearly through liquid pressure fluctuations,

thereby affecting their dynamics and lifetime$hus a self-

~Inmany medical applications laser-initiated stress waveg,,njstent model for the short and long time scale coupling
induce tensile waves, that are responsible for tissugt 1he liquid and voids evolution, is required

damagé 2 Such phenomena are naturally related to studies

gfst(;a:xlstz%“'cr)ﬂesaengtu\é?epsoLa\t/)gb;llf)n dﬁ‘;rgr'csin '2 Vgﬂgfog?Schmidt—Kloibei that for moderate laser fluences, the life-
ystems.— These s . 9 y Y %time of bubbles becomes longer than calculated by almost a
applications in liquid systems in relation to bubble expansmnf

and collapse far from boundaries and next to free, rigid, andaCtor of 2. They mentioned the possibility that the increase

elastic boundarie.Tensile stresses can be generated from " impurity density for a given fluence makes it invalid to

laser deposition of energy on free aqueous systems boun@SSUme that the bubbles are growing independently in an

aries and from diffraction of stress waves while propagating"initely extended liquid.

inside these systents® The damage starts with an ensemble N this article we find that void growth on a 100 ns time
of nucleating microcavities or voids around existing impuri- scale reduces the stress wave tension and results in an oscil-

ties induced by tensile stres<es. lation between tension and compression. Voids growing on a
In this article we study the dynamics of an ensemble ofmicrosecond time scale interact with each other through the
cavitation voids or bubbles initiated by a laser-induced stresalteration of the density and pressure of the surrounding lig-
wave in an aqueous system. Previous work ignored the intetlid. This interaction causes the system to reach an average
action between the bubbles and the ligith the present compression pressure below the ambient atmospheric pres-
work the liquid responds to the bubbles growth by changingsure. Thus, the bubble lifetimes increase by almost a factor
its pressure, which affects the bubble expansion. This feeddf 2 relative to the low impurity density case when the
back between the bubbles and the liquid defines the selbubbles are growing independently, consistent with the ex-
consistent picture represented in this article. perimental results discussed above. We further find that
The growing bubbles can affect stress wave propagatiosmaller bubbles collapse earlier and cause an increase in the
on a 100 ns time scale. On ads time scale, the voids average liquid pressure, which limits the lifetimes of larger
bubbles.

dAuthor to whom correspondence should be addressed; electronic mail: The qmde 1S organlzed as fO”OWS_: Section Il presents
mstrauss@netvision.net.il the coupling between the hydrodynamics of the system and

It was shown in the experiments of Paltauf and
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the evolving of an ensemble of voids. Section Ill presents thdy inserting this approximation into E(R) we obtain a more

computational results, and concluding remarks are given ifiamiliar though less accurate form of the extended Rayleigh

Sec. IV. equation’ The second term on the right hand side depends
on the rate of change of the enthalpy and represents the
acoustic emission by the bubble. Equati@nhcan be applied

Il. COUPLING OF LIQUID HYDRODYNAMICS AND for large levels of acoustic emission for Mach numbers on
VOIDS EVOLUTION the order of unity.
A. Evolution of an ensemble of voids The growing bubbles interact with each other when they

. ) are relatively small by modifying the liquid density and pres-
We consider a bipolar stress wave generated on the frég,re surrounding them. When the void volumes become

boundary of an aqueous system by a short pulse laser. Thged together, coalescence of the bubbles is obtaifieda
liquid system is described by a one-dimensional hydrodyyeg) tissue, the growing voids reduce the tissue strength and
namic code coupled to an ensemble of embedded |mpur|t|e§ilay coalesce to produce a complete fracture. In this work

which produce a distribution of voids under tension in theihe pybbles are assumed to remain far from the coalescence
liquid.*® The distribution of impurity sizes can be modeled stage which is a subject of future work.

as an exponential

No
n(R)= —exp—R/Ry), 1 . .
(R) R; 4 ) @ B. Hydrodynamic model coupled to the void

wheren-dR is the number of impurities per unit volume evolution

with radiusR in the rangedR ng is the impurity number In the hydrodynamic model, the liquid system including
density, andr; is the characteristic size. Typical values arethe voids behaves as a porous material with an average den-
no~10°—10¢° cm 2 andR~0.1-2um. There are no limita- ~ sity p,, that differs from the local liquid density. The two
tions on the types of impurity distributions. The surface ten-densities are related by
sion 2y/R limits the nucleation threshold, wherg is the

surface tension parameter. In watge 70 erg/cmd and for Pav=p (1-6,)
tensions larger than 10 bar voids can nucleate around impu- AT (1-0,0)°

rities with radlusR>0_.15_,um. . %Nhere 0,(t) is the local relative void volume, and,q(t
The hydrodynamic simulation solves for the ensemble of _ .| . I : . o
=0) is the initial relative volume of the impurities. The hy-

growing voids in every spatial zone at each t|me st_e_p. Thedrodynamic computations are done wijtf,, while the ther-
voids grow as spherical bubbles around the impurities ac-

. . modynamic quantities such as pressure, temperature, energy
cc_)rdlng to an extended I?gayle|gh model k_)ased on th%Iensity, and entropy are calculated using the equation of state
K.|rKWOOQ—Bethe.hypothes%. The corrgspolngdéng ordinary (EOS according to the local fluid densify. The increase in
differential equation for the bubble radifsis™™ the void volume causes an increase in the liquid density

M relative to the average densijty,,, which reduces the tension
1- §) in the system. This couples the hydrodynamic motion to the
void evolution.

The ensemble of impurities is represented Nbynitial
radii R;(0) at timet=0. The radiiR;(t) evolve according to
the extended Rayleigh model as in E2). and depend on the

Mach number, an is the adiabatic sound speed. The en_local hydrodynarmc pressylléa. cher v0|q radii in the en-
semble are obtained by linear interpolation from the calcu-

. . _ _ P(R
thalpy difference isAH=H(R) ~H,=JE! )(dp/;?), Where | tedRi(t). This procedure is used to calculate the relative
the enthalpyH(R) and the pressurB(R) are defined at the ,4iq volume 0,(1).
bubble boundary, ang is the liquid density. The enthalpy  \yhen the bubble grows under tension, the pressure in-
Ha and the ambient pressuf, are taken as the local time- gjge the bubble is reduced almost to zero. In the collapse
dependent liquid values obtained from the hydrodynamiGage of the bubble its volume is limited by the compress-
simulation. The enthalpies can be written B{R)=[s ipjjity of the impurity inside the bubble. Assuming that the
+(Plp)]i=r andHa=[e+(P/p)];=,,, wheres is the en-  ;qjlapse is not highly symmetric, we ignore the rebound of
ergy per unit mass. The pressi#¢€R) on the bubble bound- the bubble and take its collapse energy as fully dissipated in
ary depends on the pressiRg inside the bubble, the surface the liquid. Only new tensile stresses can generate a bubble

©)

. 3
RU(l—M)+§U2

R
C,
where U is the bubble boundary velocityy =U/C; is the

=AH-(1+M)+ =—AH-(1-M), 2

tensiony, and the viscosityy, re-expansion. The EOS that we use is based on the NBS
2y U Steam Table$! The conditions inside the bubble are ob-
P(R)=Py(R,Sp) — 3_477§’ tained by using the Maxwell constructed E&®utside the

bubble, where tensile waves can exist, the Van der Waals
where =102 ergscm ® for water. The first term on the EOS is selectedf The expansion of the bubbles is adiabatic
right hand side of Eq(2) depends on the difference between and the adiabats are generated for the inside and outside of
the pressure inside the bubble and the ambient pressure. Rtwe bubbles, based on the initial conditions after the heating
small density changes one obtaikbl ~[ P(R) —P,]/p, and  of the system by the laser.
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FIG. 1. Pressure vs distance for impurity density @j: no~0 and(b) n,

=10° cm™3 at timest=50, 150, and 250 ns.
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FIG. 2. Pressure vs time for impurity densitieg=0, 1¢, 10°, and
10° cm™2 at a distance of 22(um from the free surface.

A. Short time scale dynamics

First consider the short time scale evolution on the order
of I,/C4~100 ns for impurity densities in the range<@,
<10° cm 3. Figure 1a) shows the stress wave pressure as a
function of distance from the free surface at times 50, 150,
and 250 ns and for very low impurity concentratiog~ 0.

The bipolar wave is propagating almost unaltered through
the system. Figure(b) considers the stress wave propaga-
tion for a moderate impurity density,=10° cm™3. As the
wave propagates inside the system the void growth imposes
a reduction in the tensile component and causes the pressure
to oscillate between tension and compression. The pressure
oscillations are related to the density variation as the voids

At the end of every time step and in every spatial hydro-change their volume.

dynamic zone, the bubble radii and the relative void volume

Figure 2 shows a time dependent comparison of the

6,(t) are calculated based on the local hydrodynamic presstress wave pressure for densities=0, 1%, 1¢°, and

sure. In the following time step,(t) is used to transform,,
to the liquid density according to Eq(3). The densityp and

the temperatur@ are included in the iterations.

Ill. RESULTS AND DISCUSSION

10° cm™ 2 atx=220um. An increase in impurity density to
no=10°> cm~2 almost completely screens the tensile compo-
nent on the time scale of stress wave propagation. The

In the hydrodynamic simulation we consider a short
pulse laser beam incident on a free boundary of an agueou:~
liquid system. The laser energy is deposited exponentially 5}
with an absorption length,, heating the system from its g
initial temperatureT,=20°C. The initial ambient pressure 24
in the system is 1 bar. The laser heating generates a bipola>
stress wave. The tensile component of the wave interactsg3f
with the ensemble of impurities and nucleates a distribution g
of growing voids. We consider an exponential distribution of
impurities as in Eq.1) with R;=0.5um. We select five
groups of impurities with initial radiR;=0.3, 0.5, 0.7, 1.0, 1
and 1.5um. We find that the results are not sensitive to an
increase in the number of groups. y

2F

Relative void vo

=10 cm™
n0_10 cm

0
For comparison with experimental results in Ref. 1 we 0
select a laser fluence of 1.53 Jfcand absorption length of

100

Distance(um)

150

200

250

300

100 um, which increases the liquid temperature at the freg . 3. The bubbles relative void volum@e) vs distance for impurity

surface by 40 °C.

densitiesny=10°, 10/, and 1§ cm™2 at time 500 ns.
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1 bar ambient compression pressure in the aqueous system.
screening of the stress wave for densities belowd@ 3is  The collapse times are similar for the various radii and are
small. independent of the propagation distaxc®&ubbles with dif-

Figure 3 shows the relative bubble volurgas a func-  ferent initial radii grow similarly because they expand to
tion of distance from the free boundary for impurity densitiesradii much larger than their initial values. Figuréofshows
no=1CF, 10/, and 16 cm ™2 at time 500 ns. As the impurity the mutual influence of the stress wave and bubble growth
density increases, the maximum void volume increases, buor an impurity densityn,=10° cm~2 and an exponential
less than linearly due to bubble interactions. As the impuritydistribution of impurities. Note that the bubble lifetime in-
density increases there is a rapid decrease of the void volunsgeases to 1Qs in Fig. 4b) which is almost a factor of 2
versus distance from its maximum value. This is caused bjonger than in the noninteracting cgd$eg. 4(a)]. This result
the increased screening of the tensile component of this consistent with the experimental results reported in Ref. 1.
propagating stress wave by the bubHl8se Fig. 1b)]. In Figs. 5a) and §b) we increase the pressure scales in
Figs. 4a) and 4b) by a factor of 100 for clarity. In Fig. ®)
we also include a short time scale average pres¢okl
line). For the noninteracting case in Fig@pthe long time

In the following we consider a long time-scale evolution scale average pressure is close to 1 bar. In Fip) &e
on the order of the bubble lifetimémicroseconds Figures growing bubbles interact with the liquid causing pressure
4(a) and 4b) show the bipolar wave pressufwith a factor  oscillations between tension and compression. These fluctua-
of 10 reduced scaleand a selection of bubble radii with tions are due to the nonequilibrium nature of the bubble
initial values ofR;(0)=0.3, 0.5, 0.7, 1.0, and 1.am as a growth. We see that the bubble interaction causes the system
function of time for low impurity concentrationsg~0 and to reach a short time average compression pressure much
no=1C° cm 3, at a distance&=160um from the boundary. below 1 bar, thus increasing the bubble lifetimes. In Fig) 4
In Fig. 4(a) the bubbles grow without interaction and col- the bubbles with initially smaller radii collapse earlier and
lapse on a timescale of abous. The collapse is due to the there is a larger spread in bubble lifetimes compared to Fig.

B. Long time scale dynamics
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FIG. 8. Bubbles lifetime vs impurity density for bubbles with initial radius
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we consider the majority of the impurities in uniform distri-
butions with small radii in the range 0.3-0.3%n and with
larger radii in the range 1.45—1/8m, respectively. The pres-
sure is represented on a larger scale by a factor of 10 to show
its oscillatory nature and the fact that the average pressure is
strongly reduced relative to the atmospheric pressure. This
reduction is the main cause of the increase in the bubble
lifetimes. In Fig. &a) bubbles with a smaller initial radii are

in the majority and they strongly reduce the average com-
pression pressure until a time of abouiu8 when the col-
lapse stage starts, and lifetimes of abouty)are attained.
Larger impurities that are in the minority attain similar
bubble lifetimes, and the spread in the bubble distribution is
small. As the collapse stage starts for the dominant smaller

4(@). In Fig. Sb) when smaller bubbles start to collapse thepupbles the average compression pressure is increased and
reduction in the average compression pressure from bubble remaining larger bubbles collapse with only slightly

interactions becomes notably smaller aftep8 This pres-
sure reduction limits any further increase in the lifetimes of

larger lifetimes.
In Fig. 6(b) large bubbles are the majority and are more

|arger bubbles and reduces the Spread in the bubble ”fetimeéﬁective in Screening the tensile Component of the stress

To study the mechanism that increases the bubble lifeyyave and the bubble initial growth is reduced. This causes
times we consider two more types of simplified impurity the smaller bubbles to collapse earlier. But since they are
distributions in the range 0—1,6m. In Figs. &a) and Gb)

Bubble lifetime (usec)

o 1,100 pm

F,=1.53 Jiom?

0 100

FIG. 7. Bubbles lifetime vs distance for bubbles with initial radiRs

=1.0um, ng=10° cm™

the absorption length,=100um. The dots are the experimental results

from Ref. 1.

3

200 300 400 600

Distance (um)

500

, andng~0. The laser fluence is 1.53 J/&rand

relatively few in number, there is little effect on the collapse

of the main bulk of larger bubbles. The larger bubbles reach
higher lifetimes of more than 1@s. In the expansion stage

the average pressure is very low over a wide range of times.
As the collapse stage starts the pressure is increased, causing
larger bubbles to collapse in a short time relative to the ex-
pansion time. The spread in the bubble lifetimes is large.

In Fig. 7 we show the bubble lifetimes as a function of
distancex from the free boundary for an absorption length
l,=100um, a laser fluence of 1.53 J/érand densities,
~0 and 16 cm 3. Figure 7 also includes the experimental
results reported in Ref. 1. This fluence is consistent with a
temperature rise at the free boundary of 40 °C. Comparing
the lifetime results for bubbles with initial radiug;
=1 um, for ng=0, andny=10° cm 3, there is an increase
in lifetime from 6 to 10 us for a wide range 109x
<350um. Good agreement is obtained for the bubble life-
times between our computational results and experimental
results of Ref. 1 fomy=10° cm 3. There is coupling be-
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tween different locations in the liquid through the liquid liquid. The self-consistent effect of stress wave propagation
pressure, clamping the bubble lifetimes to aboutuB0 It is  and void evolution should be tested in real tissues for differ-
clear that bubble interactions have a large influence omnt physical effects such as viscosity, elasticity, and strength
bubble lifetimes and should be calculated consistently withand failure mechanisms.

the bulk hydrodynamics. The lifetimes decrease for
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