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ABSTRACT

The dynamics of cavitation bubble is analyzed in the compressible fluid by use of the boundary integral equation
considering the compressibility. After the vertical incidence of plane wave to the rigid wall, the motion characteristics of
single cavitation bubble near the rigid wall with initial equilibrium state are researched with different parameters. The
results show that after the driving of acoustic wave, the cavitation bubble near the rigid wall will expand or contract, and
generate the jet pointing to the wall. Also, the existence of the wall will elongate time for one oscillation. With the
compressible model, the oscillation amplitude is reduced, as well as the peak value of inner pressure and jet tip velocity.
The effect of the wall on oscillation amplitude is limited. However with the increment of initial vertical distance, the effect

of wall on the jet velocity is from acceleration to limitation, and finally to acceleration again.
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1. Introduction

In the free field, the cavitation bubble will expand violently and contract rapidly with the driving of
acoustic wave. And the cavitation bubble will keep a near-spherical oscillation for multiple cycles under
some frequencies and amplitudes. During the motion, with the high temperature and interior pressure,
the cavitation bubble may emit the light as well as the noise, so called the sonoluminescence (Crum and
Reynolds, 1985; Gaitan et al., 1992). The research on the motion characteristics of cavitation bubble
induced by acoustic wave is concentrated on the experiment (Laborde ef al., 1998; Lauterborn et al.,
2007; Ohi et al., 1999) and spherical theory (Barber et al., 1997; Brenner et al., 1995).

Since the high-speed contraction after the driving of acoustic wave, the compressibility of fluid is
important. Prosperetti and Lezzi (1986a, 1986b) modified the Rayleigh—Plesset equation (Rayleigh,
1917) for the consideration of compressibility with the integrated and refined derivation. However, the
high-order Rayleigh—Plesset equation has an unphysical spurious unstable solution. The method to
overcome this problem is put forward by Keller and Miksis (1980). Since in the form of
Rayleigh—Plesset-type equation with sound radiation term, the Keller—Miksis equation has the higher
precision (Prosperetti and Lezzi, 1986a), the theoretical analysis of sonoluminescence always uses it to
solve the motion of spherical cavitation bubble.

However, the frequency or amplitude range of acoustic wave for the stable oscillation is just small
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(Lohse et al., 1997), and the cavitation bubble becomes unstable and non-spherical out of the range
(Calvisi et al., 2007) or there is a rigid wall or free surface near it. Since the non-spherical motion cannot
be solved analytically, the numerical method, for example, boundary element method (BEM) (Blake and
Gibson, 1981; Wang, 2005), should be introduced. The BEM just needs to calculate the quantities on the
boundary, and satisfies the boundary condition at infinity automatically without setting the artificial
boundary condition, so it owns the high precision and efficiency. However, the classical BEM is based
on the incompressible potential flow theory to solve the Laplace equation, as that the influence of
compressibility is not taken into account. Calvisi ef al. (2007) utilized the classical BEM to analyze the
stability of cavitation bubble driven by the travelling acoustic wave with the consideration of heat
exchange, diffusive equilibrium and chemical reaction. To make full use of the advantages of BEM, and
to consider the compressibility of fluid, Wang and Blake (2010, 2011) added the modified terms for
compressibility in the Bernoulli equation. With the classical BEM and modified Bernoulli equation,
Wang solved the motion of non-spherical cavitation bubble driven by travelling acoustic wave (Wang
and Blake, 2010) and standing acoustic wave (Wang and Blake, 2011) in the weak compressible fluid.

In this paper, by using wave equation, and combining the idea from DAA method (Doubly
asymptotic approximations) (Geers, 1978, 1980), which matches the spherical wave solution and delay
potential formula with low-order expansion in the frequency domain, the motion of cavitation bubble is
divided into prophase and anaphase, and then matched with the help of Laplace transformation to
consider the compressibility. Finally, the boundary integral equation is presented with the compressible
modification. The dynamics of cavitation bubble in the free field driven by the travelling wave have been
researched with this method (Yao ef al., 2013). In this paper, the case of the cavitation bubble near the
rigid wall with the vertical incident acoustic wave is solved with the mirror theory and asymmetrical
model. The influence of the driving frequency, driving amplitude, and the vertical distance between
cavitation bubble and rigid wall on the dynamical characteristics is analyzed.

2. Basic Theory

2.1 Boundary Integral Equation in the Compressible Fluid

In the numerical model, we assume that the ideal fluid around is irrotational and compressible, and
the motion procedure of cavitation bubble is adiabatic. Since the size of cavitation bubble is small
enough within the level of micron, the gravitation and the buoyance are neglected. And also since the
grid size is much smaller than the wave length of the acoustic wave, the one-way coupling model is
utilized, i.e. the acoustic field is assumed not to be affected by the motion of cavitation bubble. The
whole field satisfies the linear wave equation (Geers, 1978):

Vip= Lz s (1
c

where, ¢ is the velocity potential in fluid; for the small amplitude perturbation, c=c., c,, being the sound
speed of the fluid without disturbance; the subscript means the corresponding partial derivative.

The schema of numerical method is shown in Fig. 1. When the motion time is small, the cavitation
bubble shape approximates the sphere. The problem can be assumed to be in one-dimension along the
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radial direction. Thus the prophase approximation for the motion can be expressed as (Zhang et al.,
2013):

o, (r, 1) = —ckp(r, t)=co,(r, 1), 2
where, « is the curvature of cavitation bubble surface; r is the radius. It is similar to the approximation
done in the DAA method (Geers, 1978, 1980) at high frequency.

Fig. 1. Schema for the numerical method. The bubble
shape is spherical at the prophase, but will be non-
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Solve Eq. (1) with its Green function (Bluck and Walker, 1996), and when the motion time ¢ is
sufficiently large, such that r,,/(¢c) is much smaller than 1, keep only the term of order 1/c for the
solution after Taylor expansion. Thus, the anaphase approximation is obtained (Zhang et al., 2013):

a(p(rp,t)=—”r”"—;n"(p rq,r dS ” ¢) r, r dS+ ”qpm r, r dS 3)

S(=)  Tpa
where, r, and r, are the location vectors of field point and source point, respectively; 7,, is the distance
between the field point and source point; ¢ is the time for the field point, and 7 is the source time; v is the
velocity of cavitation bubble surface; « is the solid angle; n,is the unit outward normal vector at the
source point. It is similar with the approximation done with the DAA method (Geers, 1978, 1980) at low
frequency. To solve the motion, the field point p and the source point ¢ are all arranged on the surface.
For convenience, Eq. (3) is rewritten as:

“4)
where, 3, @, and # are the corresponding coefficient matrixes. We match Eq. (2) and Eq. (4) with the

cIp+cOp, = Ho

nt >

help of Laplace transformation (Zhang et al., 2013). Finally, the boundary integral equation in compressible
fluid can be expressed as follows (Zhang et al., 2013):

0, =~c[(0"T-x)(E-6"5%0"F) +x|p (67T -x)(E-0"%6"T) 6" Fcp

~clg, +c(@'T-x)(E-6"%6"3) " g, ]. (5)

nt

The detail process of derivation for Eq. (5) can be found in Zhang et al. (2013). In Eq. (5), E is the
identity matrix. Setting the sound speed in Eq. (5) to be infinite, we may obtain the boundary integral
equation in incompressible fluid.

2.2 Acoustic Field Acting on the Cavitation Bubble
A cavitation bubble in equilibrium state is released near a rigid wall with the distance d, which is
called the initial vertical distance hereafter. A reflected wave Wy is formed by a travelling incident plane
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wave W), as shown in Fig. 2. The acoustic wave is along the z-axis, i.e. it is vertical to the rigid wall. And
the point on the rigid wall that has the nearest distance to the initial cavitation bubble is defined as the
center of the rigid wall. In this paper, the mirror method (Du et al., 2001) is adopted to simulate the
cavitation bubble near the rigid wall. We set the incident wave W=P,sin(—kz—wt+6,) as the plane
travelling wave along negative z-axis, and its total reflected wave Wyp=P,sin(kz—wt+6,). After
superimposing of the incident wave and its reflected wave, the standing wave field is generated at one
side of the rigid wall (Du ef al., 2001):

P =W +W, =2P cos(kz)sin(6, — wt), (6)
where, P, is the amplitude of the incident wave, which is called the driving amplitude hereafter; & is the
wave number; w=2mfis the circular frequency; f7is the frequency of the incident wave, which is called the
driving frequency hereafter; 6, is the initial phase.

W, Cavitation bubble W,
A A A A

Fig. 2. Cavitation bubble and the sound field near the

rigid wall, 17 is the incident wave and Wy is the

reflected wave, and they make up the standing

z wave field.
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The boundary condition for cavitation bubble can be expressed as the Bernoulli equation (Yao ef al.,
2013):

P 1
— +¢t+—|V¢|2+uaV¢J:0, (7
P 2

where, u, is the velocity induced by the acoustic wave in the fluid; P,=P—Py—P., P.is the pressure at
infinity, and P is the pressure in fluid and also at the cavitation bubble surface:

P:PV+PO(%] ~Mx. (8)

where, Py and Vj are the initial inner pressure and volume of the cavitation bubble; P, is the saturated
vapor pressure; y=1.4 is the gas specific heat in this paper; M=0.0728 N/m is the coefficient of surface
tension. We notice that

Po =0, +(u, +u,)Vo =0, +(Vo) +u Vo, ©)
where, ¢,, is the material derivative of velocity potential; u, is the velocity induced by the cavitation

bubble. The Lagrangian schema is adopted for Eq. (7) with Eq. (9):

P 1
com+p—"=5|w|2. (10)

By solving Eq. (5), Eq. (8) and Eq. (10) together, the motion of cavitation bubble near the rigid
wall with the driving of acoustic wave is obtained. Since the vertically incident of travelling wave, the

axisymmetric model is utilized in this paper, and the axis of symmetry is along z-axis. For precision,
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the forth-order Runge—Kutta schema is utilized for the time marching. To avoid the nodes aggregation
on the surface at the place with high curvature due to the large deformation, the technique called EMT
(Elastic Mesh Technology) (Wang et al., 2003) is adopted to adjust the distance between the nodes.
And to avoid the appearance of zigzag deformation because of the numerical instability at some places
on the surface, the five-point smooth technique (Sun, 2007) is introduced at a few steps to keep the
shape stability without obvious distortion.

3. Numerical Results and Discussion
3.1 Numerical Certification

3.1.1 Acoustic Cavitation in the Unbounded Field

To certificate the method presented in this paper, the motion of a single cavitation bubble under the
driving of acoustic wave in unbounded compressible fluid is calculated, and compared with the result
from Keller-Miksis equation (Keller and Miksis, 1980). To ensure the same acting pressure for the
numerical simulation and the Keller—Miksis equation, we set z=0 and 6y=0 in the incident wave W}. And
the driving term Py in Eq. (7) is equal to the central acoustic pressure of the spherical cavitation bubble.
The results shown in Fig. 3 certify that the method presented in this paper can solve the motion of
cavitation bubble with the driving of acoustic wave precisely. And compared with the results of
incompressible model, the oscillation radius of compressible model decreases obviously in time after the
first oscillation.

We find that in Fig. 3a using compressible model, for one period, the motion of cavitation bubble
has three stages. At first, it expands to the maximum radius due to the initial negative acting sound
pressure. Then, it contracts because of the phase changing of acoustic wave and the large pressure in the
fluid around. Finally, it oscillates near the initial radius (i.e. the equilibrium radius) with its natural
frequency until the next period. Fig. 3b shows the inner pressure of cavitation bubble during the motion
with the compressible model used in Fig. 3a.
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Fig. 3. Verification of the results from BEM with those of from the Keller—Miksis equation: (a) radius; (b) inner pressure using

compressible model (£=26.5 kHz, p,,=998 kg/m’, c.=1500 m/s, P.=101.3 kPa, Ry=4.5 um, P,=2338 Pa, P,=1.2P.,, ,=0).

It indicates that when the cavitation bubble reaches its minimum volume, the inner pressure
increases rapidly to a large value, and it is the same with the temperature (Brenner ef al., 2002). Thus, the



22 YE Xi et al. / China Ocean Eng., 29(1), 2015, 17 — 32

extreme environment in the cavitation bubble is formed. If there is some percentage of inert gas inside
the cavitation bubble, the bubble will emit the light stably during the multiple cycles oscillation, which is
known as the single-bubble sonoluminescence (SBBL). But it should be noticed that SBBL just occurs
under some strict conditions, such as suitable initial radius, inert gas content, medium around, driving
frequency, and driving amplitude (Brenner ef al., 2002; Gaitan et al., 1992).

3.1.2 Comparison with the Experiment of Bubble near the Rigid Wall

By using the method presented in this paper to solve the motion of bubble near the rigid wall with
the driving amplitude P,=0, the results are compared with the experimental data (Zhang ef al., 2011).
The initial vertical distance is 10.4 mm and the maximum radius is 14.4 mm. The experimental results
are shown in Fig. 4a, while the numerical results are shown in Fig. 4b. We find that the numerical
method presented in this paper can well simulate the motion of bubble near the rigid wall.
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Fig. 4. Comparison between experiment (Zhang et al., 2011) and numerical simulation: (a) experimental results (#=0.69, 2.41,
3.82,4.25, 4.45 ms); (b) simulated results (+=0.62, 2.17, 3.46, 3.83, 4.01 ms, the contours represent the velocity potential
on the surface of cavitation bubble, which is non-dimensional).

3.2 Cavitation Bubble near the Rigid Wall in Compressible Fluid with Driving of Acoustic Wave

A cavitation bubble in equilibrium state is released near the rigid wall, and its initial radius is
Ry=15 pm, the driving amplitude is P,=0.8 atm, and the driving frequency is set as 1.5 times the natural
frequency of the same cavitation bubble in the free-field (Brennen, 1995) (224.5 kHz, called free natural
frequency hereafter), the initial vertical distance is =30 um, and the initial phase is y=n.

The numerical simulation and the characteristics analysis for the motion are stopped at the moment
when the jet touches the other side of the cavitation bubble surface and begins to form the toroidal bubble
(Zhang et al., 2001).We call this moment the end of the jet stage in this paper. Furthermore, to analyze
expediently, one oscillation is defined as a set of expansion and contraction stage.

Expanding the utilization of Indirect Boundary Element Method (IBEM) for the compressible fluid
(Yao et al., 2013), we can obtain the velocity potential at any near-field point without the second-order
derivation. Then the pressure and velocity distribution in the near-field can be solved using the Bernoulli
equation, as shown in Fig. 5. The corresponding history of equivalent radius (the radius for the sphere
with same volume, and for convenience, it will just be called radius hereafter), inner pressure and the jet
tip velocity are shown in Fig. 6. Fig. 5a shows the amplitude of the acoustic field near the rigid wall (#=0)
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and the initial location of cavitation bubble; there is an antinode at the rigid wall, where the amplitude is
the largest.
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Fig. 6. Motion characteristics for compressible and incompressible model: (a) equivalent radius; (b) inner pressure;
(c) jet tip velocity.

As known from Eq. (6), when the initial phase 8,=n, the driving pressure acting on the cavitation
bubble surface is positive at the prophase, i.e. the direction of acoustic pressure points to the inner of
bubble. So the bubble contracts at first. As shown in Fig. 5b, when the bubble first reaches the minimum
volume, it still keeps spherical, and the inner pressure is larger than that in the fluid around. At this stage,
the velocity near the wall has pointed to the fluid, while the velocity far from the wall still points to the
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inner of bubble, i.e. the side of the bubble near the wall will expand earlier than other place.
Subsequently, the bubble begins to expand. As shown in Fig. 5c, the bubble nearly reaches the maximum
volume; the inner pressure is smaller than that in the fluid. And the velocity around the bubble and near
the wall is larger than that at the side far from the wall, with the direction pointing to the fluid. After
reaching the maximum volume, the bubble begins to contract again, as shown in Figs. 5d—5f. It can be
seen from Fig. 5d that the side of bubble surface far from the wall converts into the contraction state
firstly, and the velocity around here is much larger than that at other place. With the marching of the
contraction, the jet is formed at the side far from the wall, and also pointing to the wall. As shown in Fig.
Se, at the prophase of the jet stage, the velocity in fluid near the jet is much larger than that at other
places. There is a high pressure area near the jet, since the perturbation of velocity potential is severe
here, and ¢, is negative with a large absolute value. Fig. 5f shows the bubble shape for the anaphase of jet
stage, and at this moment, the jet is obvious and nearly touches the other side of the bubble. And near the
jet tip, because of the large velocity, there is a low-pressure area.

As shown in Fig. 6, compared with the compressible model, the oscillation amplitude of
incompressible model is larger. At the end of jet stage, the peak value of the inner pressure and jet tip
velocity using incompressible model is larger than that using compressible model, since the energy in the
near field will not propagate to the far field. Also, since the radius of the compressible model is not much
different from the incompressible one, the influence of the rigid wall on this comparison is just small, i.e.
the differences between the two models are mainly caused by the compressibility. According to Fig. 6¢,
the maximum jet tip velocity is 61.6 m/s, whose corresponding Mach number is 0.041, thus this case is
weakly compressible.

3.3 Influence of Acoustic Wave Parameters on the Motion Characteristics of Cavitation Bubble

3.3.1 Driving Amplitude

Releasing a cavitation bubble near the wall, first we discuss the influence of the driving amplitude
on the motion. The initial radius and initial vertical distance are set the same as in Section 3.2, the driving
frequency is the free natural frequency (224.5 kHz), and the initial phase is 8,=0. The history curves of
radius with different driving amplitudes are shown in Fig. 7a, while the histories of radius with much
smaller driving amplitudes are shown in Fig. 7b.

When the driving amplitude is small, the end of jet stage may be in the second expanding stage,
such as P,=0.5 atm. The average acoustic energy destiny of standing wave field is just related to the
driving amplitude (Du et al., 2001), and is also small, which leads to the weak oscillation amplitude with
larger minimum radius and smaller maximum radius. With the increment of the driving amplitude, the
acoustic energy destiny increases, and the oscillation amplitude is amplified obviously, with the
maximum radius enlarging and the minimum radius reducing. With the further increment of the driving
amplitude, the radius is enlarged continuously. But the existence of the rigid wall will limit the further
expansion of cavitation bubble, and will lead to the larger radius at the jet stage, so the minimum radius
increases, and the oscillation amplitude is further weakened.
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Fig. 7. History of radius with different driving amplitudes: (a) P,=0.5, 0.8, 1.0, 1.2, 1.5 atm; (b) P,=0.3, 0.1, 0.1 atm
(without rigid wall).

For the case that the driving amplitude is quite small, as shown in Fig. 7b, the cavitation bubble
keeps oscillation for multiple cycles before the forming of jet. In addition, to explain the influence of
rigid wall on the motion of cavitation bubble further, we keep all the parameters unchanged (i.c. the
standing acoustic wave is also not changed), and just remove the wall. The comparison is also shown in
Fig. 7b. We can find more clearly that the existence of the rigid wall limits the increment of the
maximum radius and the reduction of the minimum radius. Moreover, the time for one oscillation is also
elongated with the rigid wall, i.e. the natural frequency of the cavitation bubble decreases near the wall.

Fig. 8 shows the history of jet tip velocity and the central pressure on the rigid wall with different
driving amplitudes. Fig. 9 represents the comparison of the shape at the end of jet stage. With the
increment of the driving amplitude, the jet tip velocity increases, with the ‘robust’ jet shape. Since the
cavitation bubble is just near the wall, and the jet is formed at the side far from the wall, the variation of
the central pressure on the wall is similar to the inner pressure. As shown in Eq. (8), it indicates that the
inner pressure is related to the bubble volume directly. Thus, since the minimum volume decreases at
first and then increases with the increment of the driving amplitude as shown in Fig. 7, the peak value of
the central pressure on the wall increases at first and then decreases.
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Fig. 8. History of motion characteristics with different driving amplitudes: (a) jet tip velocity, P,=0.8, 1.0, 1.2, 1.5 atm;
(b) pressure at the center of rigid wall, P,=0.5, 0.8, 1.0, 1.2, 1.5 atm.
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Fig. 9. Shape comparison at the end of jet stage
for different driving amplitudes.
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3.3.2 Driving Frequency

The influence of driving frequency on the motion of cavitation bubble is researched in this section.
The initial radius and the vertical distance are the same as Section 3.3.1, with the driving amplitude
P.,=1 atm, and the initial phase 6,=0.

Fig. 10 shows the history of the radius with some driving frequencies. We define f" as the ratio of the
driving frequency to the free natural frequency. With the increment of driving frequency and the
unchanged driving amplitude, due to the faster transition of the acoustic pressure phase, time for one
oscillation is shortened, i.e. the motion state of cavitation bubble is transformed quickly. Thus, the radius
fluctuates gently and gradually with the reduction of the maximum radius and the increment of the
minimum radius.

However, because of the existence of the rigid wall, the increment of the maximum radius and the
reduction of the radius at the jet stage are limited in reality. When the driving frequency is small, since
the maximum radius is still large, the limitation of the rigid wall to the cavitation bubble is obvious,
which leads to a larger radius at the jet stage even larger than the initial radius, i.e. the reduction of the
radius at the jet stage is impeded. But the maximum radius decreases obviously with the increment of
driving frequency, as shown in Fig.10, thus the oscillation amplitude is weakened. Subsequently, due to
the continuous reduction of the maximum radius, the limitation of the wall to the motion is weakened
gradually. Therefore, the radius at the jet stage decreases and is smaller than the initial radius, i.e. the
minimum radius decreases. Finally, with the further increment of driving frequency, the large speed
transformation of the motion state leads to the weakness of the oscillation amplitude but without large
limitation from the wall due to the small radius during the motion.

Fig. 11 shows the history of the jet tip velocity, and Fig. 12 shows the history of the central pressure
on the wall, while Fig. 13 represents the shape comparison at the end of the jet stage for different driving
frequencies. It indicates that with the increment of the driving frequency, the jet tip velocity decreases,
and the jet shape becomes ‘thin’. Combined with the analysis in Section 3.3.1 about the relation between
the bubble volume and pressure on the center of the wall, the history of the central pressure on the wall
shown in Fig. 12 can be illustrated. It shows that when the minimum radius is smaller than the initial
radius, the peak value of the central pressure on the wall exits at the end of the jet stage, and with the
increment of driving frequency, the peak value increases at first and then decreases according to the
variation of the minimum radius.
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stage with driving frequencies.

3.4 Influence of Initial Vertical Distance on the Motion of Cavitation Bubble

The influence of initial vertical distance on the motion is researched in this section. We keep the
initial radius and incident wave unchanged, and define the distance parameter for initial vertical distance
as A=d/R,. In addition, we define A=co, to represent the case that there is not a rigid wall near the
cavitation bubble but just a driving acoustic wave in the free field; A=o0; represents the case that there is
not a rigid wall, but the driving acoustic wave is the same as the case 1=8.

Fig. 14 represents the history of radius with 1=1.5, 2, 2.5, 3, 4, 8, o, and oo;, and the arrow in the
figure means the increasing direction of A. Fig. 15 gives the oscillation amplitude variation of the first
oscillation with the increment of 4.

With the increment of 4, time for one oscillation decreases. It also indicates that the existence of
rigid wall elongates the time for one oscillation as mentioned above. We notice that if the cavitation
bubble is very close to the rigid wall, the expanding maximum radius will be limited, as well as the
contraction minimum radius, which leads to a large radius at the jet stage, as shown in Fig. 14. With the
increment of A, since the limitation of rigid wall to the bubble volume decreases, the maximum radius
increases, while the minimum radius decreases, thus the oscillation amplitude increases. When / is large,
the influence of the wall on the motion is weakened, i.e. the influence of 1 on the motion is weak, which
leads to small variation of the maximum and the minimum radius. Thus, the increment of the oscillation
amplitude is slowed down. In addition, the end of the jet stage may be in the second expanding stage,
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such as the curve shown in Fig. 14 when 1=8.

R (um)

Fig. 14. Radius for different 1 (1=1.5, 2, 2.5, 3, 4, 8, 0;, and oo,; Fig. 15. Relation between oscillation amplitude and 4.
the red dash line represents A = oo;, and “A” represents
A=o0).

When A=o0,, because of the absence of the rigid wall, which leads to the disappearance of the
reflected wave, the driving amplitude acting on the cavitation bubble decreases obviously. Thus, the
maximum radius decreases and the minimum radius increases, i.e. the oscillation amplitude is weakened.
When /=00;, we may find that with the same acting acoustic wave but just removing the rigid wall, the
limit to the cavitation bubble will be removed as well, which leads to larger maximum radius and smaller
minimum radius compared with the case A=8, i.e. the oscillation amplitude is amplified.

As discussed above, the existing rigid wall reflects the acoustic wave to generate the standing wave
field and amplifies the acting acoustic wave. On the other hand, the rigid wall limits the expanding and
contraction stage of the cavitation bubble.

Fig. 16 gives the shape history at the contraction stage when A=1.5, 2, 2.5, and 3.5, respectively.
When 4 is small, the side of cavitation bubble near the wall is flat due to the repulsion of the rigid wall.
With the increment of A, as the limitation of the rigid wall is weakened, the flat shape disappears

gradually.

30 10 10 30 -30 10 10 30 20 0 20 20 0 20
F (um) r (um) r (um) r(um)
(a) (b) (c) (d)

Fig. 16. Shape comparison of the cavitation bubble contraction with different A (the numerals in the figures mean the motion time
with unit of “ps”): (a) A=1.5; (b) 1=2; (c) 1=2.5; (d) A=3.5.

Fig. 17 represents the relation curves for the peak value of the jet tip velocity and 2. When 1 is

small, the attraction of the rigid wall to the jet is strong (Zhang et al., 2011), which leads to a larger peak
value of the jet tip velocity. Thus with the increment of , since the attraction to the jet is weakened, the
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peak value of the jet tip velocity decreases. When A is large, with the increment of 4, the development
degree of the jet is improved, and thus the peak value is enlarged (Blake ef al., 1999). After the further
increment of 4, the influence of the rigid wall on the cavitation bubble is weakened continuously. And the
jet stage extends to the second expanding stage after the minimum radius has been reached, i.e. the jet
speed is similar to, or even smaller than the expanding speed. So the peak value decreases. Thus
altogether during the increment of initial vertical distance, the influence of rigid wall on the jet is first
accelerating, then slowing down, and finally accelerating again.

To further investigate the impact of acoustic wave on the dynamics of the cavitation bubble near the
rigid wall, we calculate the case without the driving of acoustic wave but with an initial inner pressure
interior. With a larger initial inner pressure compared with the background pressure, the cavitation
bubble can expand independently, and the equilibrium radius increases, which leads to a smaller free
natural frequency (Brennen, 1995), i.e. a longer time for one oscillation. Here, we define the strength
factor e=Py/P,. The variation of the peak value of the jet tip velocity with 4 is shown in Fig. 18. The
strength factor =100 and the driving amplitude P,=0 for this case, other parameters are the same as
above. It indicates that with a small 4, the peak value decreases with the increase of A, which is just
contrary when 4 is large. The similar conclusion can be found in Zhang et al. (2011) with the experiment.
We can also find that the variation is similar to the case where the driving acoustic wave exists. Thus,
whether there is a driving acoustic wave or not, the jet is accelerated by the rigid wall when the vertical
distance is small and limited after the increment of the vertical distance.

-
=

300

&
(=

280

260

n
wn

240

(&)
(=]

o

220

B
wn

Peak value of tip velocity (m/s)

Peak value of tip velocity (m/s)

4 16 18 20 22 24
A A
Fig. 17. Relation between the peak value of the jet tip Fig. 18. Relation between the peak value of the jet tip
velocity and A. velocity and 4.

The comparisons of the jet tip velocities between the cases with or without the acoustic wave
driving are shown in Fig. 19 with e=100, P,=1 atm, and A=4, 6. We notice that there are some small
amplitude oscillations on the curves in Fig. 19, which are generated by the acoustic wave driving,
because of the smaller acting sound pressure compared with the initial inner pressure, and the larger
driving frequency compared with the free natural frequency of the cavitation bubble in these cases.
When 6,=0, the sound pressure acting on the cavitation bubble is negative at first, it may accelerate the
expanding and lead to large limit from the rigid wall, which also impedes the contraction to reduce the
peak value of the jet tip velocity smaller than that of the case without acoustic wave driving. When 6=,
the acting sound pressure is positive at first, and it will weaken the expanding. Thus, small 1 (1=4, 6,=r)
can cause small limit from the rigid wall, so the contraction is sufficient, i.e. the volume at the jet stage is
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small, and the peak value of the jet tip velocity increases. However, for large A (=6, 6,=n), since the
influence of the limit from the rigid wall on the cavitation bubble is small, the weak expanding does not
cause obvious limit reduction but only leads to smaller jet tip velocity compared with other cases with
the same 4.
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Fig. 19. Comparison of the jet tip velocity with or without acoustic wave.

4. Conclusions

Based on the wave equation, the prophase and anaphase of the cavitation bubble motion is matched
with the help of Laplace transformation, and the modified boundary integral equation in compressible
fluid is obtained. With the mirror method, the motion characteristics of the cavitation bubble near the
rigid wall with the driving of standing wave field generated by the incident wave and its totally reflected
wave are solved.

The cavitation bubble will expand or contract after the driving of acoustic wave, and finally form
the jet pointing to the wall. With the numerical examples in this paper, we find that with the
consideration of compressibility, time for the same counts of oscillation is shortened, and the oscillation
amplitude is reduced, as well as the peak value of the inner pressure and jet tip velocity. With the
increment of initial vertical distance, the limit from the rigid wall to the cavitation bubble is reduced, and
the influence of the rigid wall on the jet is first accelerating due to the attraction; then slowing down due
to the sufficient development being blocked; and finally accelerating again since the jet stage may be
ended even after the minimum radius has been reached. Based on the discussion above, the influence of
the driving frequency and amplitude on the motion of the cavitation bubble is discussed, which may be
summarized as follows:

(1) Near the rigid wall, with the small driving amplitude or large driving frequency, the cavitation
bubble may oscillate for multiple cycles.

(2) When the driving amplitude is large or the driving frequency is small, the limit from the wall is
large, which impedes the expansion of the cavitation bubble, and leads to the large radius at the
contraction stage.

(3) With the reduction of the driving frequency or the increment of the driving amplitude, the peak
value of the jet tip velocity increases, and the peak value of the induced pressure on the center of the wall
increases at first but then decreases because of the limit from the rigid wall to the motion of bubble.
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