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The dynamics of cavity clusters in ultrasonic (vibratory) cavitation erosion

I. Hansson and K. A. Mdérch
Laboratory of Applied Physics I, Technical University of Denmark, Building 307, 2800 Lyngby, Denmark

(Received 26 February 1980; accepted for publication 13 May 1980)

The erosion of solids caused by cavitating liquids is a result of the concerted collapse of clusters of
cavities. In vibratory cavitation equipment the clusters grow and collapse adjacent to a solid
surface and are typically of hemispherical or cylindrical form. In the present paper the collapse
process of these clusters is described and the collapse equations are developed and solved. The
theoretical results are compared with results from high-speed photography of the clusters and
with the initial stages of cavitation erosion on metal specimens. Experimental and theoretical
results show that the collapse of a cavity cluster is driven by the ambient pressure and the collapse
proceeds from the outer boundary of the cluster towards its center. During the collapse the
pressure at the inward-moving cluster boundary increases continuously, and at the cluster center
it rises significantly above the ambient pressure. Therefore the collapse velocity of the individual
cavities increases towards the cluster center, which explains that the erosion, being caused by the
individual cavities, occurs predominantly in this region. Likewise, the pressure increase at the
cluster boundary explains why materials of even high strength can be eroded by collapse of cavity
clusters at atmospheric ambient pressure.

PACS numbers: 43.25. + y, 47.55.Bx, 81.70. 4 1, 81.60.Bn

I. INTRODUCTION

One of the expanding areas in the extensive field of sur-
face removal of material or wear is cavitation erosion. The
importance of this type of erosion increases with demands
for higher flow velocities and use of valves with smaller di-
mensions and tolerances for more critical flow regulation.
The interest in safety considerations in connection with
atomic power plants also necessitates more research on cavi-
tation erosion in cooling and sprinkler systems.

Ordinary flow channels are widely used for studying
both the cavitation mechanisms and the resulting erosion.
They reproduce very well the situation in systems with cavi-
tating flow. However, this type of equipment is expensive
and the experiments require long testing time. Therefore vi-
bratory cavitation equipment has been developed for simula-
tion of flow cavitation erosion. This equipment is much fas-
ter and easier to use in an industrial test procedure. An
ASTM-standard method (G 32-72 ©)" exists for erosion test-
ing of materials by vibratory cavitation. According to this
standard the specimen is mounted directly on an ultrasonic
horn (moving specimen), but an amendment to this standard
will be published shortly, placing the specimen at a control-
lable distance beneath the horn (stationary specimen).

Until recently, the erosion in cavitating liquids was dis-
cussed only on the basis of single cavity collapse theory, by
which the erosive mechanisms are (1) the liquid jet, formed
by asymmertical cavity collapse?* and (2) the shock wave
emitted by spherical cavity collapse.*® However, the calcu-
lated pressures at the specimen surface due to these mecha-
nisms are sufficient in only a few cases to cause any macro-
scopic deformation or damage of the surface. Therefore
enhancement effects due to concerted collapse of clusters of
cavities have been proposed.® The evaluation of the concept
of concerted collapse demands an analysis of the cluster dyn-
amics in flow as well as in vibratory cavitation systems.”®
The present paper considers the dynamics of cavity cluster
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collapse in two cases of vibratory cavitation; (a) hemispheri-
cal cluster collapse as in moving specimen equipment and (b)
cylindrical cluster collapse as in equipment with stationary
specimen.

Il. THE CONCEPT OF CONCERTED COLLAPSE

During the last years the idea of an effect from the con-
certed collapse of cavity clusters has been put forward to
explain the damage capability of the cluster. Two models for
the effect of concerted collapse have been proposed: one as-
sumes that the shock waves from individual cavity collapses
are superposed to form a single high-intensity damaging
shock wave; the other assumes that collective collapse in-
creases the pressure at which the last cavities collapse and
that the liquid jets formed by asymmetrical collapse of the
cavities close to the solid are the source of damage.

According to the first idea® the concerted collapse is
expected to develop as follows. When the first cavities in a
cluster collapse, the emitted shock waves trigger the collapse
of the other cavities. The shock waves from individual cavity
collapses are transmitted through the cavity cloud and are
expected to catch up to form one single high-intensity shock
wave, which preferably is directed towards the specimen sur-
face. The directionality is ascribed to the increase of ambient
pressure which starts at the outer cavities and initiates the
collapse of the cluster. This model is based on measurements
in vibratory cavitation of pressure pulses on a surface direct-
ly exposed to cavitation, and on comparison of the measured
peak pressures with the corresponding values of incubation
period and mass loss.'°

In cavitation erosion studies, large-scale surface defor-
mations (compared with the cavity diameters) are observed
and the idea of an extended high-intensity shock wave as the
source of erosion has its main advantage in being able to
explain this large scale deformation topography (craters and
undulations''). Meanwhile, the formation of a single regular
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FIG. 1. Hemispherical cavity cluster at an extended solid surface.

shock wave is questionable. It is well known that each cavity
emits a shock wave at collapse, but the formation of a single
shock wave by collapse of the whole cluster of cavities would
demand that the cavities collapse synchronously throughout
the cluster. Further, even a small volume fraction of noncol-
lapsed cavities would attenuate a shock wave very strongly.
Recent experiments by Brunton'? support this view, that no
single high-intensity shock wave results from the collapse of
a cavity cluster.

The other idea®®'*'* is based on transfer of energy
from the cavities which collapse first, to the collapse of cav-
ities not yet collapsed. Physically, the collapse of a cavity
cluster is initiated at the cluster boundary by the hydrostatic
pressure in the ambient liquid, and the collapse proceeds
from the boundary towards the center of the cluster. The
collapse of the outer cavities creates a field of increased pres-
sure around the remaining part of the cluster, the inward
radiated energy from the collapsed cavities being transferred
into collapse energy of the other cavities. Thus the damage
potential of the individual cavities increases toward the cen-
ter of the cluster, where the pressure increases far above the
ambient pressure, and the jet velocities and the correspond-
ing jet impact pressures become very high. This model then
predicts a stronger erosion close to the center of the cavity
clusters with the damaging mechanism being the jet impacts
(and shock waves) from single cavity collapses. The idea of
energy transfer by concerted collapse explains directly the
smaller (10-100 zm) indentations'* observed at the begin-
ning of exposure to cavitation. The above-mentioned larger
undulations are not developed until later in the erosion pro-
cess. Though they may result from the integration in time
and space of effects of single cavity collapses, a main draw-
back of this model is that it does not comprehensively ex-
plain these larger deformations. However, the focusing of
the erosion to the area at the center of the cluster ' is in direct
support of this theory.

In the following, only the energy transfer model of con-
certed collapse is considered, because the authors of this pa-
per do not find support of the model predicting a high-inten-
sity shock wave. The formation of such a wave and its
propagation through a cavity cluster is physically

. unrealistic.

lil. MATHEMATICAL MODEL

In the following, the collapse of a cavity cluster is deter-
mined theoretically for the two cases: (a) collapse of a hemi-
spherical cluster at an ultrasonic horn, which is represented
by an extended solid surface, (b) collapse of an axially sym-
metrical cluster in the spacing between an ultrasonic horn
and a stationary specimen. In both cases the pressure in the
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ambient liquid is assumed to rise instantaneously from the
vapor pressure p, to a constant value p_ (p_, »p)).

A. Hemispherical collapse

This collapse, Fig. 1, is identical to the collapse of a
spherical cluster in an infinite liquid space.” Consider a
hemispherical cluster (initially of radius R,) of cavities in
equilibrium at the pressure p, in a semi-infinite space. The
cluster is a bubbly liquid with a volume fraction 3 of vapor-
ous cavities. The sound velocity ¢,, inside such a cluster is
given by

., =pi/pB(1 - B), )
if 8 is not extremely small or very near to 1 (p is the liquid
density). If the cluster is subjected to an ambient pressure
P..,apressure wave with the character of a shock wave in a
compressible medium is propagated into the cluster at the
Mach number

|M,| = (P./p)"?, 2
where subscripts 1 and 2 refer to conditions in front of and
behind the shock front, respectively. Capital letters are used
for conditions at the cluster boundary. The thickness of the
shock front is of the order of ao/[ B (1 — M [ )]'?, where
a, is the initial radius of the individual cavities.

As the cavities are virtually annihilated by the shock
wave ( 3, = 0), it forms the cluster boundary which moves
towards the cluster center at the velocity

Vo =c.M,=R= —[Py/pB(1-B)]" ©)
The velocity outside the cluster at radius # is radial, and in

spherical coordinates with origin at the cluster center it
becomes

v, =V,R*/r=pBRR*/r. 4)
From the equation of motion,
a a
v, _+_ Ur .._U.r_ _— ._1.__5_9..[.)_. ,
at or p or

the pressure distribution in the liquid is found to be
2RR*+ RR R‘R?
p=r. +p(B—+——ﬂ2 < ) )
r 2r
which together with Eq. (3) gives the collapse equation for
the hemispherical cluster

RR+(1 +1B)R*= —p_/pB, (6a)

|

o~ T T TRISTN FIG. 2. Cylindrical cavity clus-
f - h % ter in the spacing between two
< ey e coaxial solid cylinders (horn and
]F_ PITE specimen).
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FIG. 3. Geometric parameters describing the flow regions for a stationary
specimen equipment (cylindrical cavity cluster).

or in nondimensional form using
R*=R/R, andt*=(t/R)p, /pB)",
it becomes
R*R*+(14+18)R**= —1. (6b)

The pressure at the cluster boundary driving the collapse
depends on R and is found from Eq. (3).

B. Cylindrical collapse

The case of a disc-shaped cavity cluster initially of radi-
us R, between two coaxial solid cylinders (horn and speci-
men) of radius r, at a distance # is shown in Fig. 2. Its col-
lapse can be determined analogously to the collapse of a
hemispherical cavity cluster. We assume that the flow be-
tween the cylinders is a two-dimensional radial flow (cylin-
drical collapse) which matches at » = r, to an annular sink
flow in the surrounding extended liquid space. The cluster
collapses with a cylindrical shock as the boundary between
the cluster and the liquid. With a volume fraction S of cav-
ities in the cluster, Eqs. (1)-(3) are as for the hemispherical
case. Between the cylinders the liquid flow is radial and the
velocity is

v, = Va(R/r)=BR (R /7), @)

and at the rim of the cylindrical region » = 7, the velocity
becomes

v,, =BR(R /7)), 8)

which of course implies 7, > R,,.
The equation of motion together with Eq. (7) gives

RR + R? RR)? 1 4,
tR™ pRRY 1 dp ©)
r r pB or
which by integration and use of Eq. (3) leads to
RR+R)Ins_ g2+ B g2 [(5)2“]
R 2 r,
1
= — —D (10)

pB
where the pressure p, at r = r, is governed by the flow out-
side the cylindrical region. Here the velocity v, can be con-
sidered radial towards the rim of the cylindrical region, and
uniform on toroidal surfaces in the liquid around this rim
(Fig. 3).
Mass conservation demands that at any time
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w,2mh),., =Q@A,),., an

where A, is the area of a toroidal surface in the outer flow at
which the velocity is v,.
The area of a toroidal surface is (see Fig. 3)

AIZJM f” (r—r.)dé [r. + (r—r.) cosp ] dO

¢= —n/2J0=0

=d4x [im(r—ror. + r —r.)*]. (12)

If we ignore the fact that a transition region exists be-
tween the cylindrical and the toroidal flow regimes and as-
sume that they match at r = r. with continuity of velocity
and pressure we can, from Egs. (11) and (12), write

v, =0, hr , (13)
Cr—r)2r+r(mr-2)]
from which
v, =v,, at r—r.=lar.[ -1+ (1 +8h /P "c)m]
~h /7 for h/r.<T*/8. (14)

For the toroidal flow, Egs. (8) and (13) together with
the equation of motion give

h
r—ro[2r+r.(m—2)]

. . h(4 _4
(r_rc)2[2r+rc(7r—2) ]2
_ 1 as)
pB Ir
which by integration from the lower limit of , Eq. (14), to
r— o0, leads to

- . 1426 ., R? 1—-46
(RR 4+ RHmé In —ﬂR2F7T454( 5 )
1
= p—B(Px - P (16)
where
§=h/mr. &l

Equations (10) and (16) give the equation of motion for the
cylindrical collapse of a cavity cluster,

hemisphericat

0 05 1

"’:-'_ Peo
RyY pfb

FIG. 4. The cavity cluster radius R during collapse as a function of time (in
nondimensional form) for a hemispherical cluster and for two cases of a
cylindrical cluster ( 8 <<< 1 in all the cases).
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FIG. 5. The pressure P, at the cluster boundary as a function of the cluster
radius R (in nondimensional form) during collapse of a hemispherical and a
cylindrical cluster ( 8 <<< 1 in both cases).

.. . r. 1426 . .
RR +R? (1 ——7b1 ———)—R2+ R 2
RR+RO\Ing—m In—3 A
XP+R/mY(1-28)) = —p./pB, (17a)
or in nondimensional form
.. . r 1+26 .
2 C 2
(R*R*—}-R*)(lnp—-ms In 5 )—R*
+BR* [+ R*/reY(1—26)] = —1 (176)

[cf. Eq. (6) for hemispherical collapse].

The largest pressure is obtained at the boundary of the
collapsing cluster and it is a function of R given by Eq. (3). In
both of the above cases the influence of the oscillations of the
ultrasonic horn itself on the collapse of the cluster is not
taken into consideration.

In the above theory a homogeneous distribution of cav-
ities in the cluster has been assumed, and the thickness of the
shock front at the cluster boundary has been ignored. This
means that when the cluster radius approaches the mean .
cavity spacing A/ the theory becomes invalid. For spherical
cavities this distance is

Al = ay(47/38)"7. (18)

It should be mentioned that when the individual cav-
ities collapse, the potential energy in the system represented
by the initial cavities is converted into kinetic energy of the
liquid. This energy is directed towards the cluster, but when
a cavity is annihilated, a shock wave is emitted which carries
part of the energy away from the cluster. As a result, the
kinetic energy of the liquid surrounding the cluster vanishes
when the cluster radius vanishes, and consequently no single
high-intensity shock wave can be expected to be emitted at
the end of the cluster collapse, but during the collapse a
shock wave is emitted from each of the individual cavities.
The photographs by Brunton'? support this.

IV. NUMERICAL EXAMPLES

It is seen from the collapse Egs. (6) and (17) that the
volume fraction 3 of cavities in the cluster, the hydrostatic
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FIG. 6. The total collapse time 7 as a function of the volume fraction £ of
cavities for a hemispherical cluster and for two cases of a cylindrical cluster.

prsesure p_, in the ambient liquid, and the density p of the
liquid are the principal parameters. Apart from a second-
order influence of 3, the total collapse time 7 is proportional
to (pB/p. )"

In their general form the second-order differential Egs.
(6) and (17) are solved numerically, i.e., the collapses are
numerically simulated from the initial boundary conditions.
These are at the time ¢ = 0, cluster radius R, equal to the
experimentally observed maximum cluster radius, and the
velocity of the cluster boundary R, = 0. The parameters r,
and 8 [in Eq. (17)] are cavitation equipment constants and
R, and B depend on the horn amplitude and the frequency.
The method adopted for the successive numerical solutions
is a fourth-order Runge-Kutta method'® and the equations

specimen

FIG. 7. Cavity clusters in an ultrasonic cavitation equipment with a station-
ary specimen. The pictures are taken with transmitted light through the
cavity clusters. () Fully developed cluster and (b) partially collapsed clus-
ter. Frequency of the horn vibrations f = 20 kHz, horn amplitude 4 = 2.5
pm, horn-specimen distance # = 2.4 mm and ambient pressure p_ = 0.10
MPa.
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FIG. 8. Aluminum specimen exposed to ultrasonic cavitation for 60 s. The
surface is strongly distorted only at the center and the damage decreases
rapidly in radial direction. f=20kHz, 4 =3.7um, A= 1.0mm and p_,
=0.10 MPa.

are solved in nondimensional forms with the aid of a pro-
grammable calculator. The step length between the succes-
sive numerical solutions is chosen for each step to give the
solution as accurate as possible.

By hemispherical collapse p_ , p and S are the only pa-
rameters, and for 3 <<< 1 the solution of the nondimensional
Eq. (6b) is simply

R*¥?=1—%

(see Fig. 4). The velocity of the cluster boundary is seen to
approach infinity in the final stage of collapse, where the
cluster radius vanishesatz * = 1. Consequently, according to
Eq. (3) the pressure in the liquid at the cluster boundary also
approaches infinity (Fig. 5). The full solution of Eq. (6)
shows that the nondimensional time for total hemispherical
cluster collapse 7* changes from 1 to 0.98 if B changes from
~0t0 0.25, and the dependence is nearly linear.

For cylindrical cluster collapse Eq. (17) with f <«<< 1,
solutions are shown in Fig. 4 for § = 0.04 (r, = 6.0 mm,
h = 2.4mm) at values of r./R, = 1.5 and 2.0. Here the final
collapse velocities also approach infinity, but at correspond-
ing collapse stages they are lower than for the case of hemi-
spherical collapse. As in the hemispherical case, 7* is re-
duced at increasing S (but less than 10% at S = 0.25). The
pressure at the cluster boundary is shown in Fig. 5 for
6 =0.04,r./R, = 1.5 From an erosion point of view, it is the
absolute collapse pressures P, and the total collapse time 7
for the cluster which are of interest. These pressures are
readily obtained from Fig. 5 (8 <<< 1)as P, = P¥p_ . In Fig.
6 the total collapse time 7 as a function of £ for a cavity
cluster of initial radius R, = 4.0 mm is shown for hemisphe-
rical collapse, and for cylindrical collapse at § = 0.04 and
0.02 with 7, = 6.0 mm, p_ = 0.1 MPa, and p = 10* kg/m’.
It is seen that in all the cases 7 is almost proportional to v/ 3.

V. EXPERIMENTAL RESULTS
A. Observations of cluster collapses

The life cycle of a cavity cluster in a 10-kHz acoustic

4655 J. Appl. Phys., Vol. 51, No. 9, September 1980

field generated in a water filled cylindrical beaker by means
of a ring transducer was recorded photographically by El-
lis.'® Hemispherical clusters were formed and collapsed in
each cycle of the acoustic field on the axis at the bottom of
the beaker, where the maximum pressure amplitude oc-
curred. Ellis used a photoelastic material as bottom in the
beaker. At the center of the cluster he observed a strong
pressure pulse when the last cavity in the cluster was col-
lapsed immediately adjacent to the surface of the photoelas-
tic material. The collapse of the individual cavities was
found to be nonspherical. Ellis’s photographs show that dur-
ing the period of growth the cavities grow simultaneously in
the whole region occupied by the cluster, but the cluster
collapses from its outer boundary, and the cavities at the
center of symmetry at the solid surface are the last ones to
collapse, as described in the present theory. The collapse
time for a cluster of radius R, = 1.5 mm is found from the
photographs to be 7~40 us, and the volume fraction of the
cavities can be estimated from these photographs to be

[ =0.1 (experiments carried out at atmospheric pressure).
The collapse time computed from the present theory on the
basis of these data agrees with the measured value of 7.

FIG. 9. Initial stage cavitation erosion with indentations in the surface, (a)
aluminum and (b) austenitic stainless steel.
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FIG. 10. The pressure variations (frequency 20 kHz) at the container wall
without absorbing lining. (a) The pressure variations at cavitation and (b)
their attenuation after switch off. (The horizontal line represents the mean
pressure).

An analogous life cycle is found by Hansson and
Mérch'?* for the almost cylindrical cavity clusters generat-
ed between an oscillating cylindrical horn and a stationary
specimen submerged in water (20 °C) in a container with
sound absorbing walls. In these experiments the horn was
vibrated at 20 kHz with amplitdues of 3—4 um. Atp_ =0.1
MPa it was found that total collapse was not achieved in
each cycle, but it could stretch over 2-3 cycles. Onset of
cavitation was found to occur at amplitudes of the horn tip
slightly less than 2 um. It is seen in Fig. 7 that the cluster
collapses essentially radially. Towards the end of the col-
lapse, however, the cavities tend to collapse earlier at the
horn than at the specimen. This is attributed to the pressure
wave from the oscillating horn, which is superimposed on
the radial wave set up by the ambient pressure. From the
photographs the volume fraction of the cavities is estimated
tobe 8~0.01 and with Ry~4 mm,p . = 0.1 MPa, acollapse
time of 30 us is calculated (Fig. 4). With the period of oscilla-
tion of the horn being 50 us, collapse of the cluster in each
cycle demands that the collapse time is less than 25 us.
Therefore, according to this calculation, it is not surprising
that collapse does not take place in each cycle in these
experiments.

B. Observations of surface deformations

In the ultrasonic cavitation apparatus with stationary
specimen, the erosive effects of cavitation was investigated

4656 J. Appl. Phys., Vol. 51, No. 9, September 1980

using polished specimens of aluminum and austenitic stain-
less steel. Typically, these specimens were fixed 2 mm from
the horn. The cavitation exposure time was in the range 1-60
s. With amplitudes of oscillation of the horn of the order of
3—4 ym (ambient pressure p_ = 0.1-0.2 MPa), only initial
stage erosion occurred, characterized by the initial surface
deformations of the incubation period, but no mass loss. It is
characteristic that the erosion pattern is centered at the clus-
ter center and that the erosion in all cases increases strongly
towards the center, where an area of diameter 1-2 mm is
very much stronger eroded than the surrounding area (Fig.
8). In stainless steel the surrounding area was not visibly
eroded at all, but in aluminum surface deformations oc-
curred over a larger area. At the shortest exposure time the
surface damage appears as isolated, shallow indentations
even at the center. At the longer exposure times the indenta-
tions close to the center overlap and merge into a more heav-
ily distorted surface, while they remain separated towards
the rim of the eroded area. The indentations are of diameter
up to about 25 um and depth about 1 zm, and in general,
smaller in stainless steel than in aluminum (Fig. 9).

VI. DISCUSSION

A result of the present theory is that the collapse time
for a cavity cluster is of the order of 7 = Ry(pB /p.. )"/ for
cylindrical, as well as for hemispherical collapse, which
seems to agree with the experimental results.

For the understanding of the cavitation erosion process,
however, the most important result is that a cavity cluster
collapses from its outer boundary towards the center and
that the pressure, at which the individual cavities collapse,
increases sharply towards the center (Fig. 5). Consequently,
the collapse velocities of the cavities at the center of the clus-
ter are much higher than those obtained in the outer part of
the cluster where the pressure is not very much different
from the ambient pressure. Therefore the central cavities are
much more erosive than the other cavities in the cluster. This
is confirmed by Ellis’s cluster collapse photographs'® as well
as by the erosion patterns observed in the present experi-
ments where the cluster collapse is centered at the specimen
surface. Here the individual cavities will collapse nonspheri-
cally, forming jets towards the solid surface. If a cavity
touches the surface the jet impact is direct, otherwise the jet
impact pressure wave passes through a thin liquid layer be-
fore it reaches the solid. It means that only favorably posi-
tioned cavities (cavities very close to the solid surface) and
preferably those at the cluster center are able to cause dam-
age. The indentations characteristic of the very first damage
correspond reasonably well in mean diameter ( <25 um) to
the expected damageable pressure distribution.

It has been assumed in this theory that the ambient
pressure changes discontinuously from p, to a constant value
p.. P, when the collapse of the cluster is initiated. Actual-
ly, the ambient pressure is at a constant level all the time, and
throughout the liquid the pressure fluctuations are deter-
mined by the liquid motion set up by the motion of the horn
(oscillator) and of the cluster under the influence of the am-
bient pressure together with possible reflected waves in the
container.

I. Hansson and K. A. M¢rch 4656
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FIG. 11. The pressure varfations (frequency 20 kHz) at the container wall
with absorbing lining. (a) The pressure variations at cavitation and (b) their
attenuation after switch off. (The horizontal line represents the mean pres-
sure). The pressure transducer signal is amplified by a factor of 10 compared
with Fig. 10.

A complete analysis of this model must be based on the
pressure wave emitted from the horn. The cluster itself influ-
ences the wave and such an analysis also raises the problems
of the inception and growth of the cluster. These are far more
complicated than the collapse problem presented here. If the
oscillating horn is considered at amplitudes so low that cavi-
tation does not occur, the condition at the horn corresponds
to the nearfield of a simple sound source. Thus, maximum
pressure occurs when the horn surface passes maximum dis-
placement towards the horn and minimum pressure when it
passes maximum displacement towards the liquid. The lig-
uid will then experience a negative pressure just after the
displacement has passed the zero position, in the half-cycle
with movement towards the liquid, until just before the dis-
placement again passes the zero position on its movement
towards the horn. At cavitating horn amplitudes, the cavity
nucleation will occur in the first quarter-cycle of the half-
cycle with a negative pressure and beyond this point the
pressure will be almost equal to the vapor pressure and the
cavities will grow until the ambient pressure reverses the
flow in the liquid towards the horn. Then, when the pressure
starts to be positive again the collapse will proceed as de-
scribed earlier in the present paper. If the cluster has not
collapsed when the surface of the horn becomes displaced
towards the horn from its zero position, its deceleration will
give rise to a pressure wave at the horn cluster interface
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which also will contribute to a faster cluster collapse. For
very large amplitudes this pressure wave may be important
even when compared with the collapse wave described in
this paper and the combined waves give rise to other erosion
patterns (area or ring shaped) than the centered one de-
scribed here.

The pressure wave emitted by the vibrations of the horn
and by the collapsing clusters spread radially in the contain-
er. The waves are reflected at the container wall (usually a
glass beaker) if no precautions are taken to absorb them.
Thus a pattern of standing waves is built-up in the container
and in the case of radial symmetry the amplitude increases
towards the central axis. Measurements of the pressure vari-
ations at the container wall have been made with absorbing
lining on the container wall (Fig. 11), as well as without (Fig.
10). The attenuation of the waves, after switch off of the
driving power to the ultrasonic transducer, is also seen in
these figures. It is seen that the positive pressure half-cycle is
much larger for a container without lining than with lining,
which is a consequence of the reflected waves. For a nonab-
sorbing cylindrically symmetrical container (e.g., a glass
beaker) this means that the effective collapse pressure of the
cluster is highly increased. In our experimental equipment
the pressure variations are estimated to be higher by a factor
of approximately 20 at the cluster position than at the con-
tainer wall. Therefore, a much shorter total cluster collapse
time 7 will be realistic when reflections are permitted than
the one estimated from the ambient pressure alone. In most
experimental setups this will be the case, and then the clus-
ters may collapse in each cycle of the horn vibrations.

In a more detailed discussion, some other factors influ-
encing the theoretical results should be mentioned. One of
these is that the theory presented here does not include the
shock waves produced when each individual cavity col-
lapses. The energy of these shock waves is to some extent
transported into the cluster and intensifies the collapse.” An-
other important factor is that deviations from the perfect
hemispherical and cylindrical cluster configurations cause
defocusing of the pressure wave. Therefore, a smaller pres-
sure increase is obtained during the collapse. However, to-
wards the end of the cluster collapse, where defocusing is
most important, the nonvanishing spacing between the cav-
ities [Eq. (18)] already limits the applicability of the theory.
It is reasonable to assume that the defocusing will prevent
that the pressure in the implosion wave set up by the collapse
of the cluster increases significantly beyond that obtained
from the theory at a cluster radius of order as the mean
cavity spacing. We can estimate the maximum pressures as
follows: For § = 0.01 and a, = 50 um, Eq. (18) gives
4l = 0.4mm. Thus, if Ry = 4.0 mm, the lower limiting value
of R * =0.1, where P¥~10 and 100 in the cylindrical and
hemispherical collapse cases, respectively (given in Fig. 5).
At ambient pressures of 0.1 MPa, it is evident that the pres-
sure at the cluster boundary is far from reaching a level
which is damaging to solids even at the end of the cluster
collapse, but the pressure at which the individual cavities
collapse is significantly increased towards the center of the
cluster and the erosive effect of the wall-near cavities is cor-
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respondingly increased. This is clearly demonstrated by the
initial stage erosion patterns obtained in the ultrasonic cavi-
tation apparatus with stationary specimen (cylindrical col-
lapse) Fig. 8, in which the initial cluster radius R,~4 mm,
while the erosion is concentrated within a central area of
diameter only 1 mm.

Vil. SUMMARY

The present paper shows that the energy transfer model
of concerted collapse is physically realistic and leads to
agreement between theoretical and experimental results.
The concerted collapse makes the central cavities in a cavity
cluster highly damaging due to the strong increase of the
local hydrostatic pressure. The cavitation erosion can be as-
cribed primarily to the collapse of the individual cavities in
this center region, intensified by the concerted collapse of the
other cavities.

The total collapse time of a cavity cluster is theoretical-
ly estimated to be Ry(pB /p., )""*, which agrees well with
experimental results.

The importance of standing waves in the container is
shown and it is concluded that in vibratory cavitation ero-
sion equipment such waves strongly influence the life cycle
of the clusters.
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