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The classical Blake threshold indicates the onset of quasistatic evolution leading to cavitation for
gas bubbles in liquids. When the mean pressure in the liquid is reduced to a value below the vapor
pressure, the Blake analysis identifies a critical radius which separates quasistatically stable bubbles
from those which would cavitate. In this work, we analyze the cavitation threshold for radially
symmetric bubbles whose radii are slightly less than the Blake critical radius, in the presence of
time-periodic acoustic pressure fields. A distinguished limit equation is derived that predicts the
threshold for cavitation for a wide range of liquid viscosities and forcing frequencies. This equation
also yields frequency-amplitude response curves. Moreover, for fixed liquid viscosity, our study
identifies the frequency that yields the minimal forcing amplitude sufficient to initiate cavitation.
Numerical simulations of the full Rayleigh—Plesset equation confirm the accuracy of these
predictions. Finally, the implications of these findings for acoustic pressure fields that consist of two
frequencies will be discussed. ®999 American Institute of Physids$$1070-663(199)00302-3

I. INTRODUCTION fields. There, Melnikov theory is applied to the periodically
and quasiperiodically forced Rayleigh—Plesset equation for
The Blake threshold pressure is the standard measure btibbles containing an isothermal gas. One of the principal
static acoustic cavitatioh? Bubbles forced at pressures ex- findings is that, when the acoustic pressure field is quasiperi-
ceeding the Blake threshold grow quasistatically withoutodic in time with two or more frequencies, the transition to
bound. This criterion is especially important for gas bubbleschaos and the threshold for rapid growth occur at lower am-
in liquids when surface tension is the dominant effect, suctplitudes of the acoustic pressure field than in the case of
as submicron air bubbles in water, where the natural oscillasingle-frequency forcing. Their work was motivated in turn
tion frequencies are high. by that in Ref. 10, where Melnikov theory was used to study
In contrast, when the acoustic pressure fields are nahe time-dependent shape changes of gas bubbles in time-
quasistatic, bubbles generally evolve in highly nonlinearperiodic axisymmetric strain fields.
fashions>™® To begin with, the intrinsic oscillations of The work in Ref. 8 identifies a rich bifurcation super-
spherically symmetric bubbles in inviscid incompressiblestructure for radial oscillations for bubbles in time-periodic
liquids are nonlinear.The phase portrait of the Rayleigh— acoustic pressure fields. Techniques from perturbation theory
Plesset equatidn® consists of a large region of bounded, and dynamical systems are used to analyze resonant subhar-
stable states centered about the stable equilibrium radiusonics, period-doubling bifurcation sequences, the disap-
The natural oscillation frequencies of these states depend @earance of strange attractors, and transient chaos in the
the initial bubble radius and its radial momentum, and thisRayleigh—Plesset equation with small-amplitude liquid vis-
family of states limits on a state of infinite period, namely acosity and isentropic gas. The analysis in Ref. 8 comple-
homoclinic orbit in the phase space, which acts as a boundnents the experiments of Ref. 11 and the experiments and
ary outside of which lie initial conditions corresponding to numerical simulations of Refs. 12—14. Analyzing subhar-
unstable bubbles. Time-dependent acoustic pressure fieldsonics, these works quantify the impact of increasing the
then interact nonlinearly with both the periodic orbits and theamplitude of the acoustic pressure field on the frequency-
homoclinic orbit. In particular, they can act to break the ho-response curves.
moclinic orbit, permitting initially stable bubbles to leave the Other works examining the threshold for acoustic cavi-
stable region and grow without bound. These interactiongation in time-dependent pressure fields have focused on the
have been studied from many points of view: experimentallycase of a step change in pressure. In Ref. 9, the response of
numerically, and analytically via perturbation theory anda gas bubble to such a step change in pressure is analyzed by
techniques from dynamical systems. numerical and Melnikov perturbation techniques to find a
In Ref. 7, the transition between regular and chaotic oseorrelation between the cavitation pressure and the viscosity
cillations, as well as the onset of rapid radial growth, is stud-of the liquid. One of the principal findings is that the cavita-
ied for spherical gas bubbles in time-dependent pressurgon pressure scales as the one-fifth power of the liquid vis-
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cosity. A general method to compute the critical conditions 20
for an instantaneous pressure step is also given in Ref. 15. Ps=PL T R (1)
The results extend numerical simulations of Ref. 16 and ex-
perimental findings of Ref. 17, and apply for any value of theThe pressure inside the bubble consists of gas pressure and
polytropic gas exponent. vapor pressureeg=pgy+ P, , Where the vapor pressupg is

The goal of the present article is to apply similar pertur-taken to be constantp; depends primarily on the tempera-
bation methods and techniques from the theory of nonlineature of the liquid—and the pressure of the gas is assumed to
dynamical systems to refine the Blake cavitation thresholde given by the equation of state:
for isothermal bubbles whose radii are slightly smaller than

o . . . R,\ 37

the critical Blake radius and whose motions are not quasi- Pa=p (_0)
static. Specifically, we suppose these bubbles are subjected '° "%\ R/ ’

to time-periodi ti field d, by reducing the . . .
0 HME-PETIOfic acouStic pressure Tields and, by recucing e|th v the polytropic index of the gas. For isothermal con-

Rayleigh—PI t ti t impler distinguished limit;. . . ) ; X
ay'elg essel equations 10 a simpier distinguishe ImIdItIOI’IS vy=1, whereas for adiabatic oneg,is the ratio of

equation, we obtain the dynamic cavitation threshold for tant i tant-vol heat i At
these subcritical bubbles. constant-pressure to constant-volume heat capacities.

The paper is organized as follows. In the remainder otequilibrium, the bubble has radiiy, the gas has pressure

this section, the standard Blake cavitation threshold is brieflﬁgo’ and the ST["_’m(_: pressure of the liquid is j[aken topge .
reviewed. This also allows us to identify the critical radius _hus, the equilibrium pressure of the gas in the bubble is
which separates stable and unstable bubbles that are in eq@i'—v en by

librium. In Sec. Il, the distinguished limifor normal form) 20

equation of motion for subcritical bubblése., those whose Pg,= Po— Py, + R

radii are slightly smaller than the critical valuss obtained 0

from the Rayleigh—Plesset equation. This necessitates ideypon substituting this result int@2) we get the following
tifying the natural timescale of oscillation of such subcritical expression for the pressure of the gas inside the bubble as a
bubbles which happens to depend upon how close they are tanction of the bubble radius:

the critical size. We begin Sec. Il by defining a simple cri- 5
RO) Y
=/ - )

@

terion for determining when cavitation has occurred. We

then analyze the normal form equation and determine the R

cavitation threshold for a specific value of the acoustic forc- . )

ing frequency(at which the corresponding linear undampedYPon combining Egs(1) and(3), we find

system would resonateThis pressure threshold is then com- 20\ (Ry\3” 20

pared to numerical simulations of the full Rayleigh—Plesset pL=(pg—pv+ R (E +p,— R (4)
equation and the good agreement found between the two is 0

demonstrated. The self-consistency of the distinguished limitquation(4) governs the change in the radius of a bubble in
equation is further discussed in that section. Section IV genresponse to quasistatic changes in the liquid prespyre
eralizes the results to include arbitrary acoustic forcing freqyore precisely, by “quasistatic’ we mean that the liquid
quencies. Acoustic forcing frequencies which facilitate cavi-pressure changes slowly and uniformly with inertial and vis-
tation using the least forcing pressure are determined. ARoys effects remaining negligible during expansion or con-
unusual dependence of the threshold pressure on forcing frgrction of the bubble. For very smatubmicron bubbles,
quency is discovered and explained by analyzing th&yrface tension is the dominant effect. Furthermore, typical
“slowly varying” phase-plane of the dynamical system. At acoustic forcing frequencies are much smaller than the reso-
the end of Sec. IV, our choice of a cavitation criterion is nance frequencies of such tiny bubbles. In this case, the pres-
discussed in the setting of a Melnikov analysis. In Sec. V Wesyre in the liquid changes very slowly and uniformly com-
extend the cavitation results to the case of an oscillating suljared to the natural time scale of the bubble.
critical bubble that is driven simultaneously at two different oy very small bubbles, the Peclet number for heat trans-
frequencies. We recap the paper in Sec. VI by highlightinger within the bubble—defined 82w/, with » the bubble
the main results and discussing their applicability. Lastly, Wenatyral frequencysee Sec. Il Aanda the thermal diffusiv-
conclude the paper with an appendix which qualitatively dis4ty of the gas—is small, and, due to the rapidity of thermal
cusses the relation of our results to some recent experiment%nduction over such small length scales, the bubble may be
findings. regarded as isothermal. We thereforeyetl for an isother-

mal bubble and define

" 20
pg: pO_pv+ R_O

~ 20
Blake threshold pressure G= ( Po— Pyt R R3.
0

To facilitate the development of subsequent sections we
first briefly review the derivation of the Blake thresh8l&t ~ 1hen Eq.(4) becomes
equilibrium, the pressureyg, inside a spherical bubble of ~
radiusR is related to the pressurp, , of the outside liquid pL=p,+ E_ 2_0 (5)
through the normal stress balance across the surface: ' R® R
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i PBlake= pg - pLCrit
1077
-~ po . R_O .

In the quasistatic regime where the Blake threshold is valid,
Peiake IS the amplitude of the low-frequency acoustic pres-
P o o ____ sure beyond which acoustic forcing at higher pressure is sure
to cause cavitation. When the pressure changes felt by the
bubble are no longer quasistatic, a more detailed analysis
taking into consideration the bubble dynamics and acoustic
forcing frequency must be performed to determine the cavi-
tation threshold. This is the type of analysis we undertake in
this contribution.

p
Lerit

II. THE DISTINGUISHED LIMIT EQUATION

FIG. 1. Pressure in the liquigh, , versus bubble radiug, as governed by A. Derivation

Eq. ). To make Iyti i
progress analytically, we focus our attention on
“subcritical” bubbles whose radii are only slightly smaller
than the Blake radius at a given liquid pressure below the
The right-hand side of this equation is plotted in Figsalid  vapor pressure. We thus define a small parameted by
curve, which shows a minimum value at a critical radius R
labeledR; . =2 0}
Obviously, if the liquid pressure is lowered to a value Reri
below the corresponding critical pressyg.;, no equilib-  which measures how close the equilibrium bubble raigs
rium radius exists. For values qf, which are above the is to the critical valueR.;;. The value of the mean pressure
critical value but below the vapor pressyrg, Eq.(5) yields in the liquid, corresponding to the equilibrium radiRg, can
two possible solutions for the radils Bubbles whose radii  also be found from Eq(5) to be
are less than the Blake radiug,,;, are stable to small dis-

1- (8

-2
turbances, whereas bubbles wir>R_; are unstable to pg_pvzz_(r (1_5) _3}
small disturbances. 3Ro 2
The Blake radius itself can be obtained by finding the Ao 1 3
minimum of the right-hand side df) for R>0. This yields T 1-Se-3 e+0(e)]. 9

the critical Blake radius.
The liquid pressurg, and the critical pressurg, . differ

3G\ only by anO(€?) amount.

cit—™\ 55 ©®) It turns out that the characteristic time scale for the natu-

ral response of such subcritical bubbles also depends on the
at which the corresponding critical liquid pressure is small parametee. This time scale for small amplitude oscil-
lations of a spherical bubble is obtained by linearizing the
3203\ 12 isothermal, unforced Rayleigh—Plesset equdtion
=p,— 7
Ploa™Pe™| 2% @ 3. 20\ (Rg\? 20
p|RR+ S R%|= Po= Pt R I R) tPm R PO

2

By combining the last two equations, it is also possible to

express the Blake radius in the form: where the density of the liquid is given kyand viscosity

do has been neglected. Specifically, we substitRte Ry(1
+x) into (10) and keep terms linear into get

3(pv_pL ),

crit

Rerit=
40  3(py—P,)
+ =

— x=0. (11
PR3 pRS

relating the critical bubble radius to the critical pressure in
the liquid. Bubbles whose radii are smaller thRg; are _ _ _ o
quasistatically stable, while bigger ones are unstable. Solutions to(11), representing small amplitude oscillations

To obtain the standard Blake pressure we assumegthat about equilibrium, are therefone=x, cosft+¢) with the
can be ignored and recall that surface tension dominates idhgular frequency given by
the quasistatic regime which amountspfp<20/R,. Under 40 3(pi—p.) 112
these approximationsG~20R3 and the Blake threshold w= —3+°—2”
pressure is conventionally defined as PRy PR

(12
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We now usew to define a nondimensional time variable: B. Interpretation
= wt. We are interested in analyzing stability for values of

- ) In the laboratory one can create a subcritical bubble b
(Ro.,pg) near Rgit.pL_). Hence, upon recalling6), (7), y y

it subjecting the liquid to a low-frequency transducer whose
and(8), we see that effect is to lower the ambient pressure below the vapor pres-
112 112 sure. Then a second transducer of high frequehah rela-
r= 2_0 (2 1— Ro }) - % tive to the slow transducgwill give rise to the forcing term
pRg Rerit pRg on the right-hand side dfi4). The low-frequency transducer

) periodically increases and decreases the pressure in the liquid
We note that as tends to zero, the time scale for bubble (and shrinks and expands the bubble, which follows this
oscillation;(th_e reciprocal of the factor multiplyingin the pressure field quasistaticallWhen the peak negative pres-
last equatiopincreases as 2 . . _sure is reachedand the bubble has expanded to its maxi-
Having determined the proper scaling for the time vari-yym sizg, we can imagine that state as the new equilibrium
able for slightly subcritical bubbles, we can now find the siate and at that point bring in the effects of the sound field
distinguished limit (or normal form equation for such fom the second transducer. This second field can then pos-
bubbles in a time-periodic pressure field. We start with thesibly make the bubble, which had already grown to some

isothermal, viscous Rayleigh—Plesset equation: large size(but still smaller than the critical radiysbecome
3 unstable. This would all happen very fast compared to the
. 3. R 20\ Ry : -
RR+ - R2|+4u —=|p=— bl time scale of the original slow transducer, so the pressure
P M Po =Pyt : . > : :
2 R Ro/\ R field contributed by the original transducer remains near its
2 most negative value throughout. The stability response of the

+p,— i P+ pa SiN(Qt). (13 bubble to the high-frequency component of the pressure field
R is the subject of the rest of this work.

The amplitude and frequency of the applied acoustic forcing

are given byp, and (Q, respectively, ang represents the lll. ACOUSTIC FORCING THRESHOLDS (Q*=1)
viscosity of the fluid. Here, the far-field pressure in the liquid
has been taken to b — pa sin(Qt), with py given by Eq.
(9). SettingR(t) =Rg(1+ ex(7)), with € the same small pa-
rameter introduced above, we obtain at orefefnoting that
all of the O(1) and O(e) terms cancgl

The value of Q* =1 corresponds to the forcing fre-
quency at which the linear and undamped counterpait 4)f
would resonate. We therefore choose this value of the forc-
ing frequency as a starting point and perform a detailed
analysis of the dynamics inherent in the distinguished limit

X+ 205+ x—x2=A sin(Q* 7) (14)  equation at this value df*. We caution, however, that, as
with most forced, damped nonlinear oscillators, the largest
where resonant response occurs away from the resonance frequency
of the linear oscillator. We us@* =1 mainly as a starting
2 \12 3\ 1/2 . . .
(= 2u A pA_RO Qr—q| P (15 point for the analysis, and the dynamics observed for a range
eopRy) 20€2’ 20¢€ of otherQ* values is reported in Sec. IV.

Some special cases (f4) can be readily analyzed when

In Eq. (14), each overdot represents a derivative with respect)* = 1. In the absence of forcing, i.e., whés=0, the phase
to . portraits of (14) with (=0 are shown in Fig. 2. With no

It is implicit in the above scaling thaf, A, andQ* are  damping[Fig. 2@)], the phase plane has a saddle point at
nondimensional and(1) with respect toe. To see that this (1,0) and a center af0,0). The latter represents the equilib-
is reasonable, consider an air bubble in water with rium radius of the bubble which, when infinitesimally per-
=998 kg/n¥, 1 =0.001 kg/ms, ando=0.0725 N/m. If we  turbed, results in simple harmonic oscillations of the bubble
specify e=0.1 and take a modest equilibrium radiusR§  about that equiliborium. The saddle point @0) represents
=2x10"%m, thenZ=0.38. Our analysis of14) in subse- the effects of the second nearby root of the equatfon
quent sections will concentrate primarily on valuesfoh  which is an unstable equilibrium radius. When damping is
the range 6</<0.4. The parametes and()* are related to  added[Fig. 2(b)], the saddle point remains a saddle, but the
the forcing conditions, and their magnitudes can be madeenter at(0,0) becomes a stable spiral, attracting a well-
order unity by choosing appropriate forcing paramefgss defined region of the phase space towards itself. In the pres-
and (). As an example, if we again choo$ to equal 2 ence of weak forcingssmall A) but with no damping {
microns, ther)* =(2.35x 10"’ s)(2/\/e. Moreover, setting  =0), the behavior of14) can be seen in a Poincasection
€=0.05 givesQ* =(1.05<10 ® s)(). Hence, the dimen- shown in Fig. 3.
sionless parametd” is O(1) when{ is in the megahertz A. Phase plane criterion for acoustic cavitation
range, and this is precisely the frequency range we are intef-' P
ested in exploring. Similarly, witRRy ando chosen as above, To determine when a slightly subcritical bubble becomes
we find A=(1.38x 10 ° m-s?/kg)pa/€? and thereby we see unstable we choose a simple criterion based upon the phase
that if e=0.1, thenp, can become on the order of2lPa.  portrait of the distinguished limit equatiai4). For a given
More data will be presented latén Fig. 9), showing typical ¢, there exists a threshold valuBg. of A such that the
forcing pressures. trajectory through the origii0,0) grows without bound for
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051

1k

(a) (b)

FIG. 2. Phase portraits for the distinguished limit equatib$). In (a), A=0 and{=0. The fixed poin{0,0) is a center. The fixed poirii,0) is a saddle. In
(b), A=0 and{=0.09. The fixed point0,0) is a stable spiral.

A>A.. Wwhereas that trajectory stays bounded far For practical experimental purposes a linear regression
<Aes. A stable subcritical bubble becomes unstableAas curve based upon our escape criterion should provide a use-
increases pasf.s.. Thus there is a stability curve in the ful cavitation threshold for the acoustic pressure in the fol-
(A, ¢)-plane separating the regions of this parameter spad@wing dimensional form:

for which the trajectory starting at the origin in the phase-

plane either escapes to infinity or remains bounded. Numeri- 32 12 2

cally, many such threshold, A... pairs (represented by the DA> 3835 2 M 011622 (16)

open circles in Fig. #were found withQ* =1. The data are p PR32 Ro

seen empirically to be well fitted by a least-squares straight

line, given byAesc=1.35 +0.058. Here, € is given by Eq.(8) and is itself a function of the

equilibrium radiusR,, surface tensiorr, and the pressure

differential p; — p,, -
0.5
0.25|
0.6 T T T T T T T
o)
o 0.5 1
unstable
0.4 1
-0.251
]
8 (e}
<0.3| 4
-0.5|
Q
. . i . . . . o.2r o stable 1
-0.5 -0.25 0 0.25 0.5 0.75 1 o
FIG. 3. Poincaresection showing the unstable manifold of the saddle fixed 0.1} g
point (0.999769375,—0.02400719Y for A=0.048 and{=0. Asymptoti-
cally, the saddle point is located at a distad@@\) from (1,0), specifically
(1— AY/10+ O(A%), — Al2— (13/200A%+ O(AS)). Invariant tori are shown 0 . : : : : : '
S : . . 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
inside a portion of the unstable manifold. The center point has moved a ¢

large distance fronf0,0), in this case due to the 1:1 resonance wkEn

=1. We note for comparison that with nonresonant valueQ bf Poincare FIG. 4. Escape parameters for the trajectory of the oriif). For values
sections show that the center only moves(3() distance. For example, of A,{ above the regression line, the trajectory of the origin grows without
whenQ*=0.6, 0.7, and 0.85, the centers are located approximately at théound. Below this line the trajectory of the origin remains bounded. Least
points (0.009, 0.04% (0.009, 0.065and(0.029, 0.168 respectively. squares fitA=1.35& +0.058.

Downloaded 01 Nov 2010 to 128.197.27.9. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



Phys. Fluids, Vol. 11, No. 2, February 1999 Harkin, Nadim, and Kaper 279

A=0.5 A=0.52 0.25 . T . T T
05 05 0.2f 1
0 0 0.15} 4
-05 -05
0.1h 4
-05 0 0.5 1 -0.5 0 05 1
0.05F 1
A=0.528 A=0.529
0.5 0.5 or 1
0 0 -0.05- 4
-05 -05 -0.1 L L L L L
0.53 0.54 0.55 0.56 0.57 0.58
-05 ) 05 1 -0.5 0 05 1

FIG. 6. Bifurcation diagram {=0.375). Plotted isx versusA. For each
fixed value ofA, the origin(0,0) is integrated numerically and the value of

FIG. 5. Period doubling route to chaos in the distinguished limit equation.”.
X is plotted everyA 7=21r.

(14). For {=0.35, the limit cycles undergo period doubling Asis in-
creased.

tions in a large region about it escape, because there is no
longer a bounded attracting orbit in whose basin of attraction
they lie.

It so happens that the stability curve for the trajectory of
the origin can also be interpreted in terms of the period doup, Comparison with full Rayleigh—Plesset
bling route to chaos for the escape oscillatbd). In other  gimulations

words, the value oA c.happens to be very near the limiting . i
value at which the oscillations become chaotic, just before ~ The stability threshold predicted by EQ.6) can be com-

getting unbounded. For a fixed value 6+0 and a small pared to data obtained from simulating the Rayleigh—Plesset
enoughA, the trajectory of the origin will settle upon a stable €duation(13) directly. For small values ok, Fig. 8 shows
limit cycle in the phase plane. A& is increased gradually, the resulting good agreement.

the period of this stable limit cycle undergoes a doubling ~ The following is a brief description of how the simula-
cascade as shown in Fig. 5 for a fixed valug ef0.35. The tions were carried out. The material parameters used to pro-

period doubling sequence will continue asis increased duceé Fig. 8 werep=998 kg/nt, 1=0.001 kg/ms, ando

until the trajectory of the origin eventually becomes chaotic, = 0-0725 N/m. Four values af were chosens=0.01, 0.05,
but still remains bounded. Finally, at a threshold valugof 0-1, @nd 0.2. For each fixed value ofind for a selected set

of values of{ ranging from 0 to 0.4, the parametery,

B. Period doubling in the distinguished limit equation

the trajectory of the origin will escape to infinity. This is the
value of A that is given by the open circles on the stability
diagram(Fig. 4). A typical bifurcation diagram for the es-
cape oscillatof14) with >0 is shown in Fig. 6, in which
{=0.375. o5l

C. Robustness of the simple cavitation criterion

-05F
In this subsection we justify defining a cavitation crite-
rion based upon the fate of a single initial condition. In all § -}
simulations with{>0, there is a large region of initial con-
ditions whose fatéescaping or staying bounded the same -15f
as that of the origin(Fig. 7). In fact, when the trajectory
through the origin stays bounded, it is clear from the simu- 7|
lations that the origin lies in the basin of attraction of a
bounded, attracting periodic orbit, and points in a large re- ~
gion around it all lie in the basin of attraction of the same
orbit. The trajectories through all points in that basin remain -
bounded. Then, as the forcing amplitude is increased, the o o o _ ,
atractor is observed 10 undergo a sequence of periodC, . Pt Ierares o e s I satn Wi
doubling bifurcations, and this sequence culminates at thgnose trajectories remain bounded; it is the basin of attraction of the peri-
forcing magnitude when the origin and other initial condi- odic orbit that exists in the period-doubling hierarchy for this valuéof

Downloaded 01 Nov 2010 to 128.197.27.9. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



280

Phys. Fluids, Vol. 11, No. 2, February 1999

06

05

o4t

<03

02

01

unstable

stable

06

02

I
025

I
03

I
035

04

05

o4t

02

01

unstable

stable

0
0

(©

I I
005 01 0.15

02

I
025

03

I
035

04

0.6

05F

04t

<03F

02F

01

unstable

stable

07,

04

06

05F

04

03

02F

01

unstable

I
0.05

01

I
015

02
<

I I
0.25 03 035

04

Harkin, Nadim, and Kaper

FIG. 8. Simulations of the full
Rayleigh—Plesset equation for four
different values ofe. Each open circle
represents anA,{) pair at which the
bubble first goes unstable. Superim-
posed is the linear regression line ob-
tained from the simple criterion based
upon the distinguished limit equation.
In (8—(d), e=0.01, 0.05, 0.1, and 0.2,
respectively.

Rerit, (P, — Pp), and Q were calculated successively using threshold value AT, where the bubble first becomes un-
the formulas Ry=2u?/({%epo), Ryir=Ro/(1—€/2),p,  stable was determined.

—po=(20/R)[1-(1/3)/(1~€l2)*], and Q=[(20¢)/ The dimensional counterparpf versusRy) to Fig. 8 is
(PRg)1*2 (Note that this succession of computations is doneswn in Fig. 9 along with the dimensional stability curve

for each chosen value dfin each of the four plots. given by Eq.(16). Note that for a given parameter the

Having obtained the dimensional parameters required forelationshi which defines the dimensionless damping pa-
the simulation of the full Rayleigh—Plesset equations corre- b ping p

sponding to a givele,{) pair, we used a bisection procedure rgmeterg, 1€, RO:Z"‘_Z/(gz'EP‘T)' 'can be th'ought. of.as ,de'
to determine AR® the threshold value ofA separating fining the bubble radiuR,. That is, for a given liquid vis-
bounded and unbounded bubble trajectories. The bisectigiPsSity x and with all other physical parameters being
procedure was initiated by choosing a valueAaflose to the ~ constant, can only change by varying the equilibrium ra-
linear regression line. For this choice Af the dimensional diusRy. As such, the dimensionlegsversus¢ curves can
pressurep,, was calculated using the middle equation inbe put in terms of the dimensional, versusR, curves,
(15). Then, the initial conditiorR(0)=R, andR(0)=0 was  drawn in Fig. 9.

integrated forward in time using aimplicit*® fourth-order To show the way in which the bubble radius actually
Runge—Kutta scheme. The adaptive, implicit scheme w&ecomes unbounded in the full Rayleigh—Plesset simula-
used offers an accurate and stable means to integrate thgns Fig. 10 provides the radius versus time plots for three
governing equations. The time steps are large in thqse Inte['pical simulations with the same value ¢#=0.3, where
vals in which the bubble radius does not change rapidly, an he is nondimensional. In this Cas@§;~0.51. The top two

they are extremely short for the intervals whéteor R is curves are obtained for values Afof 0.3 and 0.5, respec-

large(see, for example, figure 4.7 on p. 309 of Ref.16the . . .
bubble radius remained bounded during the simulation, theHYeW' They show stable oscnlanons.altho.ugh a period dou-
bling can be seen to have occurred in going from one to the

the value ofA was increased slightly, a nepy, was calcu- )
lated, and a new simulation was begun. If, on the other handther. The bottom figure correspondsAe-0.53 and shows

the bubble radius became unbounded during the simulatiorifiat the bubble radius is becoming unbounded. The corre-
then the value oA was slightly decreased and a new simu-sponding dimensional parameters for the Rayleigh—Plesset
lation was initiated. Continuing with this bisection Af the  simulations are given in the figure caption.
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FIG. 9. Simulations of the full
Rayleigh—Plesset equation for four
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different values ofe. Each open circle
represents afs ,Rg) pair at which the
bubble first goes unstable. Superim-
posed is the threshold cur«é6é) ob-
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E. Consistency of the distinguished limit equation

In this subsection, we argua,posteriori that it is self-
consistent to use the escape oscillator as the distinguish
limit equation(14) for the full Rayleigh—Pless€1.3), i.e., we
show that the higher-order terms encountered during th
change of variables frorR to x may be neglected in a con-

sistent fashion.

Recall that, in the derivation of the escape oscillator, all
of the O(1) and O(e) terms dropped out, and the ordinary
ifferential equation{14) was obtained by equating the terms
of O(€?). The remaining terms are @¥(e®) and higher. To
Qe precise, aO(€), we find on the left-hand side:

XX—2EXX+ 3%,
and on the right-hand side:

20,,3

3 2
— X+ 2x°—5X°.

1 Moreover, we note that, far=4, all terms ofO(€') on the
left-hand side are of the forxi ~2%, while all terms ofO(€')
on the right-hand side are polynomialsn

We already know that, for trajectories of the escape os-

cillator that remain bounded, theandx variables stay)(1).

Hence, all of the higher-order terms remain higher order for
these trajectories. Next, for trajectories that eventually es-
cape(i.e., those whose& coordinate exceeds some large cut-

off at some finite timg we know thatx andx are bounded

until that time and afterwards they grow without bound. The

fact that therR also grows without bound for these trajecto-

ries (due to the change of variables that defixg$s consis-

tent with the dynamics of the full Rayleigh-Plesset equation.
Potential trouble could arise with trajectories for which

0 10 20 30 40

FIG. 10. Radius versus time plotg€0.1,{=0.3, A=0.3, 0.5, 0.53 Di-
mensional parametersRy=3.0 um, Rey=3.2um, p,— py=29.7 kPaQ
=0.7 MHz. p,=141.6 Pa. Middlep,=236.0 Pa. Bottomp,=250.2 Pa.

50 8 70 8 90 100 becomes negative and large in magnitude, e.g., when
x~ —1/e the coefficient ofk vanishes(This corresponds to
smallR.) A glance at the Poincammap for the escape oscil-

lator reveals, however, that trajectories which have
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0.8 . . . . . . : Q IV. PRESSURE THRESHOLDS FOR GENERAL Q*
o7l B A. Stability curves for various Q*
10 Until now, we have only examined the ca@ =1 in
T ws  the distinguished limit equatiofi4). In this section we ex-
unstable ' . -
05 08 amine the dependence of the stability threshold on the acous-
07 tic frequency, 2, for subcritical bubbles. Specifically, for
<04 o frequencied)* between 0.1 and 1.1, we performed numeri-
,,,,,,,,, 03 cal simulations of the distinguished limit equatiéi) to
osr e e ] 01 determine many {,A.s) pairs. These pairs are plotted in
ool Fig. 11, and the data points at each dimensionless frequency
“F stable QO* are connected by straight linéim contrast to the least
oal ] squares fitting done in Sec. I1)A
. As in Sec. lll A, good agreement between the distin-
0 YR TR . YR re—r—— guished limit equation threshold and the full Rayleigh—

0.2
S

FIG. 11. Stability threshold curves for the origin trajectory of the distin-
guished limit equatiori14) for many different values of)*. The values of
QO* on the right-hand border label the different threshold curves.

x~—1/e at some timer can never have(r) and X(7) of
O(1) simultaneously, for any. Hence, these trajectories are

not in the regime of interest, neither for the escape oscillato
nor for the full Rayleigh—Plesset equation. This completes

Plesset equation is observed for various value§)df this
can been seen in Fig. 12 which compares the two results at
four different values of)* given by 0.6, 0.7, 0.8, and 0.9,
for a fixed value ofe=0.05.

Various features observed in Fig. 11, such as the flatten-
ing of these curves a@* decreases, are explained in the
next subsection.

P. Minimum forcing threshold

Suppose that we wish to determine the driving fre-

the argument that it is self-consistent to use the escape osciiuency, for a given bubble with an equilibrium radigand

lator for this study.
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0.25F

unstable

01r stable

0.05-

0.3 0.35 0.4 (b) 0 0.05 0.1 0.15 0.2 0.25 03 0.35 04
§

FIG. 13. In(a), the Q* that minimizesA..is plotted versug. In (b), the minimum value ofA... corresponding to the value 6i* in (a) is plotted versus

{. The open circles represent Rayleigh—Plesset calculations of the minimum threshole=@it05. Note thaltA=%1 [the flat portion of the curve iiib)]
represents the Blake quasistatic threshold for the distinguished limit equation.

necessary to make the bubble unstable is minimized. Thigdic orbit is located at the poirfk(z),0), wherex(z) is the
can be done by choosing in Fig. 11, the value(pf for smaller root ofx—x%=A sin(z), namely,
which the corresponding threshold curve is below all the
others for a givery. The result of such a procedure is pro-  x(z)=3—3J1—4A sin(z).
vided in Fig. 13 as follows. Figure 18 provides the fre-
quency of harmonic forcing at a given value of the damping  Therefore, one sees directly that § is a critical value.
paramete for which the required amplitude of the acoustic In particular, if one considers any fixed value &% §, then
pressure field to create cavitation is the smallest. Figur¢he attracting periodic orbit exists for all time, and the tra-
13(b) shows the dimensionless minimum pressure amplitudgectory of our initial condition(0,0) will be always be at-
Agsccorresponding to the value 6f* just presented. In Fig. tracted to it. [Note that the viscosity?=0.225 is large
13(a), for ¢ between 0 and 0.225, the frequency curve isenough so orbits are attracted to the stable periodic orbit at a
nearly a straight line and we fit a linear regression line to thdaster rate than the rate at which the periodic orbit’s position
data in that intervalQ)* = —1.12/+0.90 for 0<¢=<0.225. moves in the X,X)-plane due to the slow modulatidrHow-
Correspondingly, in Fig. 18), we see that the minimum ever, for any fixed value oA> %, the function givingx(z)
pressure curve is also nearly straight for the same interval dfecomes complex after the slow tinzereaches a critical
{ values. The least squares line fitting the data in Figbll3 valuez, (A), whereA sin(z,)=3, and where we write, (A)
is A=1.0¥+0.02 for 0<{=<0.225. sincez, depends orA. Moreover,x(z) remains complex in
When/=0.225, there is a discontinuity in the frequency the interval (z, (A), 7—z, (A)) during which A sin@)>1.
curve, as seen in Fig. 1&. At the same value of, the Viewed in terms of the slowly varying phase portrait, the
pressure curve levels off td=~0.25. This can be explained slowly moving sink merges with the slowly moving saddle in
by a brief analysis of the normal form equation. The keya saddle-node bifurcation whenreachesz, (A), and they
observation will be that, in the escape oscillator with con-disappear together far, (A)<z<w—2z, (A). Hence, the at-
stant forcing(i.e., constant right-hand siflgéhere is a saddle- tracting periodic orbit no longer exists when reaches
node bifurcation when the magnitude of the forcingiisn  z, (A), and the trajectory that started @0)—and that was
order to carry out this brief analysis, we consider the casespiraling in toward the slowly moving attracting periodic or-

{>0 and{=0 separately, beginning witl>0. bit while z was less tharz, (A)—escapes, because there is
For {>0, the Poincarenap of the normal form equation no longer any attractor to which it is drawn.
(14) has an asymptotically stable fixed poiatsink, which For the sake of completeness in presenting this analysis,

corresponds to an attracting periodic orbit for the full normalwe note that whed\= 7, thenz, (A)==/2; hence, it is pre-
form equation. Now, during each period of the external forc-cisely near this lowest value @& namelyA= 3, that we find

ing, the location of this periodic orbit in thex(x)-plane the threshold for the acoustic forcing amplitude, and the es-
changes. In fact, for the small values(@f we are interested cape happens near the slow tizwe 7/2. Moreover, for val-

in here (Q* <0.3 approximately the change in location oc- ues ofA>%, 0<z, (A)</2, and so the escape happens at
curs slowly, and one can write down a perturbation expanan earlier time.

sion for its position in powers of the small paramef&t. Numerically, the minimal frequencf* appears to be
The coefficients at each order are functions of the slow time)* ~0, whereQ)* =0.01 is the lowest value for which we
z=0*r. To leading order, i.e., ab(1), the attracting peri- conducted simulations. Moreover, this also explains why, as

Downloaded 01 Nov 2010 to 128.197.27.9. Redistribution subject to AIP license or copyright; see http://pof.aip.org/about/rights_and_permissions



284 Phys. Fluids, Vol. 11, No. 2, February 1999 Harkin, Nadim, and Kaper

we see from Fig. 11 already, the curves are flat with r o2y, o
~0.25 forQ* <0.3. This is the range of small values @f 2-91—I—p1/zR32 +0-04—R0
0

for which the above analysis applies.
Next, having analyzed the regime in whiéh>0, we
turn briefly to the casé=0. For small values()* <0.3, the

2

1/2
pa>¢  for Os( ) =<0.225,

€0pRo

curves in Fig. 11 remain flat ne&=0.25 all the way down o 2u2 |12
to £=0. The full normal form equation witi=0 is a slowly 5 for 0.225£( ) <0.4.
modulated Hamiltonian system. One can again use the \ <70 €TpPTo

slowly varying phase planes as a guide to the anakadis
though the periodic orbit is only neutrally stable whén
=0 and no longer attracting as abgvand the saddle-node The distinguished limit equatiofl4) can be written as
bifurcation in the leading order problem Atsin(z,)=3 is the perturbed system

the main phenomenon responsible for the observation that -

the threshold forcing amplitude is near 0.28/e also note x=1(x)+€g(x,7),

that for a detailed analysis of the trapped orbits, one needghere  x=(x,y), f(x,y)=(y,x*—X), and  g(x,y,7)

adiabatic separatrix-crossing theoftsee Ref. 19, for ex- =(O,Ksin(Q* T)—ZZy) with A=7A., é’=~éz Whene=0 the

ample, but we shall not need that hefe. system has a center é,0) and a saddle point 41,0). The

Rayllfeliriqa;:lybIigge:ngsrj;?g):r;izf‘lﬁr%S;rlrlll::?etlotqrzjsar:)tgt;?iseﬂ:gahomOCIinic orbit to the unperturbed saddle is given by
- - 1 3

tures of this analysis of the normal form equation. The operiyO(T) - gx(T)'y(T)) where x(7) =~ (.5) + (S)tantf(7/2) a”d,

circles in Fig. 13 represent the numerically observed threshY(T):(E)f‘anh(ﬁz)secmﬂz)- Following Ref. 20, the Melni-

old forcing amplitudes, and these circles lie very close to thé©V function takes the form

curves obtained as predictions from the normal form equa- o

tion. We attribute this similarity to the fact that the phase M(To)=f f(yo(7)09(yo(7), 7+ T0)dT

portrait of the isothermal Rayleigh—Plesset equation has the o

same structure—stable and unstable equilibria, separatrix 3_ (= T

bounding the stable oscillations, and a saddle-node bifurca- =5 Af_x sif Q* (7+ To)]tan"(z

tion when the forcing amplitude exceeds the threshold—as

the normal form equatiofsee Ref. Y.

D. A lower bound for A via Melnikov analysis

secﬁ(%) dr

sech

9_(= T
-3 gﬁx tani? E)dT'

The first integral can be done with a residue calculation, and
the second integral is evaluated in a straight-forward manner,

.
2

C. The dimensional form of the minimum forcing resulting in
threshold 6m(0*)2 cog OV 70)|— 12—
Recall that, for{ between 0 and 0.225, we fit linear M(To):—{ sin(7Q*) 5
regression lines to portions of Figs.(dBand 13b). Specifi- .
cally, for Fig. 13a) we found that, for a particular choice of The Melnikov function has simple zeros whefy
¢, the frequency which yields the smallest valueAgt. can >Kh_tan_, where
be expressed a@* =—1.12+0.90 for 0<(=<0.225. And _ .
for Fig. 13b), we found that the stability boundary for the A :(2 sinf(7Q) )>— (19)
minimum forcing is given by hian=\ " 5r(0*)2
Hence the stable and unstable manifolds of the perturbed
_[1.0¥+0.02 for 0<({<0.225, 17 saddle point intersect transversely for all sufficiently small
0.25 for 0.225(<0.4. &#0 whenA> A, ,,.2° The resulting chaotic dynamics is

evident in Fig. 5, for example. Since homoclinic tangency
Using the definitions of, A, andQ* as given by(15), the = must occur before the trajectory through the origin can es-
“optimal” acoustic frequency to cause cavitation of a sub-cape A, 4, may be viewed as a precursorAQs.. Figure 14

critical bubble is given in dimensional form by demonstrates that, for small enoughEg. (18) provides a
lower bound for the stability curves seen in Fig. 11.
12 _1/2 The reason why Melnikov analysis yields a lower bound
0= _2,24L+1,27— for the cavitation threshold relates to how deeply the stable
pRS p 2R and unstable manifolds of the saddle fixed point of the Poin-
2\ 12 care map for Eq(14) penetrate into the region bounded by
for Og( ) <0.225. the separatrix in thé,{=0 case. For sufficiently small val-
O€P™o ues of’¢, long segments of the perturbed local stable and

unstable manifolds will stay)(€) close to the unperturbed
Correspondingly, the minimum acoustic pressure threshold ieomoclinic orbit. However, a& grows (and one gets out of
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FIG. 14. Comparisons of the stability curves of Fig. 11 with the Melnikov analysis for two valu@$ ofrhe dotted line is the stability curve obtained from
the distinguished limit equation. The solid straight line is Eif). In (a) and(b), Q*=0.9 and 1.1, respectively.

the regime in which the asymptotic Melnikov theory strictly driven oscillator with quadratic nonlinearity is studied using
applies, these local manifolds will penetrate more deeplyboth homoclinic Melnikov theory, as was done here, and
into the region bounded by the separatrix in K1&=0 case. subharmonic Melnikov theory. The existence of periodic or-
In fact, there is a sizable gap in the parameter space betwedits is demonstrated there, and period doubling bifurcations
the homoclinic tangency values and the escape values corref these periodic orbits are examined. Their equation arises
sponding to our cavitation criteria, i.e., when the trajectoryfrom the study of traveling waves in a forced, damped
through the origin grows without bound. There is a similarKorteweg—de VriegKdV) equation.
gap when other initial conditions are chosen.

The Melnikov function was also calculated in Ref. 21.v. PRESSURE FIELDS WITH TWO FAST
There, a detailed analysis of escape from a cubic potential EREQUENCIES
described and the fractal basin boundaries and occurrence of

homoclinic tangencies are given. We also refer the reader to In this section, we consider what happens to the cavita-

Ref. 22 in which a closely related second-order, damped an}'ion thresholq if two fast frequency components are prese_nt
In the acoustic pressure field, and the slow transducer, which

lowers the ambient pressure and whose effect is quasistatic,
is also still present. In Fig. 15, we show the results from
simulations with quasiperiodic pressure fields. These were
obtained from simulations afL4) with the forcing replaced

by (A/2)(sin(@Q} 7)+sin(Q3 7)), and a wide range of values
for QT andQ3 . For a fixed value of =0.25, the cavitation
surface shown in the figure was plotted by computing the
triples (7 ,Q% ,Acs)-

We note that in Fig. 15, the intersection of the cavitation
surface and the vertical plane given B} =Q% represents
cavitation thresholds for acoustic forcing of the form
A sin(Q*7) (i.e., a single fast frequency component and a
quasistatic componentFurthermore, we see that the global
minimum of the cavitation surface lies along the lifg
=% . Hence, forA/2 as our particular choice of quasiperi-
odic forcing coefficient, the addition of a second fast fre-
quency component in the pressure field does not lower the
FIG. 15. Stability threshold surface for the trajectory through the origin Cavitation threshold beyond that of the single fast frequency

obtained by integrating the distinguished limit equation with quasiperiodicCase.
forcing. This was obtained from simulations ¢f4) with the forcing re-
placed by A/2)(sin@Q7 7)+sin(Q3 7)), and for 0<Qj ,Q% <1.3. The value
of { was fixed at{=0.25. The points below the surface correspond to pa-V|' DISCUSSION

rameter values for which the trajectory of the origin remains bounded A distinauished limit equation has been derived which is
whereas those points above the surface are parameters which lead to an 9 q

escape trajectory for the origin. Qualitatively and quantitatively similar re—SUitab_l(_a for use in det_ermining cavitation eve_ms of slightly
sults were obtained fof=0.15 and¢=0.35. subcritical bubbles. This “normal form” equation allows us
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to study cavitation thresholds for a range of acoustic forcingeferees for their comments. This research was made pos-
frequencies. Fof)* =1, we find an explicit expression for sible by Group Infrastructure Grant No. DMS-9631755 from
the cavitation threshold via linear regression, since the simuthe National Science Foundation. AH gratefully acknowl-
lation data reveal an approximate linear dependence of thedges financial support from the National Science Founda-
nondimensional threshold amplitudd, on the nondimen- tion via this grant. TK gratefully acknowledges support from
sional liquid viscosity,. When converted to dimensional the Alfred P. Sloan Foundation in the form of a Sloan Re-
form, this linear expression translates into a nonlinear depersearch Fellowship.

dence, cf. Eq(16), on the material parameters. In all of our
simulations, the acoustic threshold amplitude coincides with
the amplitudes at which the cascades of period-doubling su
harmonics terminate.

Particular attention has also been paid to calculating the  To illustrate one application of our results, we now
frequency()*, at which a given subcritical bubble will most briefly consider the experimental findings of Ref. 26 on so-
easily cavitate. Expressiofl7) for the corresponding mini- called “coaxing” of acoustic microcavitation. In these ex-
mum threshold amplitudeA grows linearly in { for {  periments, smooth submicrometer spheres were added to
<0.225 until the critical amplitudé= ; is reached, and the clean water and were found to facilitate the nucleation of
threshold amplitude stays constantéat ; for larger¢. For  cavitation eventsi.e., reduce the cavitation threshpldhen
these larger values @f>0.225, the “optimal” frequency is  a high-frequency transducéoriginally aimed as a detector
essentially zero, as we showed by doing a slowly varyingvas turned on at a relatively low-pressure amplitude. Spe-
phase portrait analysis and exploiting the fact that the normatifically, the main cavitation transducer was operating at a
form equation undergoes a saddle-node bifurcatioA-at; frequency of 0.75 MHz, while the active detector had a fre-
in which the entire region of bounded stable orbits vanishesquency of 30 MHz. In a typical experiment, with 0.984
The transition observed &t=0.225 marks a boundary be- spheres added to clean water, the cavitation threshold in the
tween the regimé¢<0.229 in which the minimum thresh- absence of the active detector was found to be about 15 bar
old amplitude occurs for dynamic cavitation and the regimepeak negative. When the active detector was turned on, pro-
(0.225<¢<0.4) in which the minimum occurs for quasistatic ducing a minimum pressure of only 0.5 bar peak negative by
cavitation, via the Blake mechanism. The full Rayleigh—itself, it caused the cavitation threshold of the main trans-
Plesset equation undergoes a similar bifurcation at forcinglucer to be reduced from 15 to 7 bar peak negative. The
amplitudes very neah=; for sufficiently smalle. Overall,  polystyrene latex spheres were observed under scanning
the results from the normal form equation are in excellenielectron microscopes and their surface was determined to be
agreement with those of the full Rayleigh—Plesset equatiorsmooth to about 50 nm. It was thus thought that any gas
and this may be attributed to the high level of similarity pockets which were trapped on their surface due to incom-
between the phase-space structures of both equations.  plete wetting and which served as nucleation sites for cavi-

In view of the findings in Ref. 7, we may draw an addi- tation were smaller in size than this length. In Ref. 26, it is
tional conclusion from the present work. In a certain sensegonjectured that the extremely high fluid accelerations cre-
we have extended the finding of lowered transition ampli-ated by the high-frequency active detector, coupled with the
tudes reported in Ref. 7 to the limiting case of one low fre-density mismatch between the gas and the liquid, caused
quency and one fast frequency. We find that if a low-these gas pockets to accumulate on the surface of the spheres
frequency transducer prepares a bubble to become slightlynd form much larger “gas caps{bn the order of the par-
subcritical, then the presence of a high-frequency transduceicle size, which then cavitated at the lower threshold. Here
can lower the cavitation threshold of the bubble below thewe attempt to provide an alternative explanation for the ob-
Blake threshold. served lowering of the threshold in the presence of the active

Our results on the optimum forcing frequency and mini-detector.
mum pressure threshold to cavitate a subcritical bubble may To effect our estimates, we shall use the same physical
also be useful in fine-tuning experimental work on single-parameters as earliern=0.001 kg/ms, p=0.998 kg/ni,
bubble sonoluminescend@BSL). In SBSL?% a single  and o=0.0725 N/m. We also ignore the vapor pressure of
bubble is acoustically forced to undergo repeated cavitatiorthe liqguid at room temperature. Note also that
collapse cycles, in each of which a short-lived flash of light1 bar=10° N/m? and that the transducer frequencfesited
is produced. While the process through which a collapsingibove are related to the radian frequenédessed earlier by
bubble emits light is very complex and involves many non-Q=2#f.
linear phenomena, the possibility of better control over cavi-  Let us begin by estimating a typical size for the nucle-
tation and collapse, e.g., through the use of multiple-ation sites which cavitate at, .;;= — 15 bar in the absence
frequency forcing, can perhaps be investigated using the typef the active detector. Upon using Blake’s classical estimate
of analysis presented in this paper. of pLgit= —0.770/Ry, the equilibrium radius of the trapped
air pockets is estimated to BR,=3.7x10"8 m or 37 nm.

This size is consistent with the observation that the surfaces
of the spheres were smooth to within 50 nm. We note that

We are grateful to Professor S. Madanshetty for manysuch a small cavitation nucleus cannot exist within the ho-
helpful discussions. The authors would also like to thank thanogeneous liquid itself since it would dissolve away ex-

APPENDIX: COAXING EXPERIMENTS IN ACOUSTIC
ICROCAVITATION
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tremely fast due to its overpressure resulting from surfacgure of —7—1.5= —8.5 bar in the experiments and at7
tension. However, when trapped in a crevice or within the— 4= —11 bar based on the theofyVe are adding the nega-
roughness on solid surfaces, it can be stabilized against disive pressure contribution from the two transducers to arrive
solution with the aid of the meniscus shape which separategt the final minimum pressureThus, the presence of the
it from the liquid. The natural frequency of a 37 nm bubble second high-frequency transducer does reduce the pressure
(if it were spherical found from Eq.(12) would be 385 MHz  threshold for cavitation in both cases.

which is very large compared to forcing frequency of the

cawtat_lon trans‘,ducer Wh'Ch '.S O_'75 MHz. Therefore, ConS|Sf'1R. E. Apfel, “Some new results on cavitation threshold prediction and
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