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ARTICLE INFO ABSTRACT

Bubble behaviors near a boundary in an ultrasonic field are the fundamental forms of acoustic cavitation and of
substantial importance in various applications, such as industry cleaning, chemical engineering and food pro-
cessing. The effects of two important factors that strongly affect the dynamics of a single acoustic cavitation
bubble, namely, the initial bubble radius and the standoff distance, were investigated in this work. The temporal
evolution of the bubble was recorded using high speed microphotography. Meanwhile, the time of bubble
collapse and the characteristics of the liquid jets were analyzed. The results demonstrate that the intensity of the
acoustic cavitation, which is characterized by the time of bubble collapse and the liquid jet speed, reaches the
optimum level under suitable values of the initial bubble radius and the normalized standoff distance. As the
initial bubble radius and the normalized standoff distance increase or decrease from the optimal values, the time
of the bubble collapse increases, and the first liquid jet’s speed decreases substantially, whereas the speeds of the
second and third liquid jets exhibit no substantial changes. These results on bubble dynamics in an ultrasonic
field are important for identifying or correcting the mechanisms of acoustic cavitation and for facilitating its
optimization and application.
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1. Introduction

Acoustic cavitation has been applied in many fields, such as ultra-
sound cleaning [1,2], water filtration [3] and food processing [4]. To
investigate the potential mechanisms that underlying surface cleaning,
erosion and sonoporation, which would facilitate optimization or ex-
tend the applications, experiments have been conducted [5-10]. It is
concluded that the strong boundary layer flows of liquid, the capillary
forces and the pressure shocks from bubble collapse and jet impact at
solids can help to remove particles from the surface in surface cleaning
system [2]. The high-speed liquid jet is also regarded as the main
contributor to the high pressure on the nearby boundary in the appli-
cation of destructive erosion [11,12]. In all applications of acoustic
cavitation, the dynamic behaviors of microbubbles around the rigid
boundary are directly related to its efficiency and are strongly influ-
enced by each bubble’s initial radius and standoff distance. However,
due to the randomness of the bubble size and bubble distribution in the
ultrasonic field, the exact influence mechanisms have not been identi-
fied.
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Bubble dynamics in an ultrasonic field is a typical example of
multiphase fluidics. During the vibration of an acoustic wave, a bubble
becomes shape-unstable and collapses. As the rapid process of bubble
collapse is difficult to record experimentally, many numerical simula-
tions have been conducted [13-23] to investigate the mechanism of
single bubble dynamics in an ultrasonic field. Osterman et al. [19] and
Liu et al. [16] attempted to directly solve the continuity and the Navier-
Stokes equations in orthogonal curvilinear coordinates via the volume
of fluid (VOF) method and the boundary-fitted finite-volume method
(FVM), respectively. They found that the surface tension suppresses the
development of non-spherical shape modes for small single bubble;
however, the accuracies of these methods are limited by the resolution
of the generated mesh. Chahine et al. [24] and Curtiss et al. [6] applied
the boundary element method (BEM) to successfully simulate the dy-
namics of acoustic bubbles without considering the compressibility or
viscosity of the liquid. Afterwards, the viscosity and surface tension
were analyzed in a simulation of acoustic bubbles via the coupled level-
set and volume-of-fluid (CLSVOF) method by Wang et al. [25]. This
method has higher accuracy; however, the calculation process is
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Fig. 1. A schematic of the experimental system.

complex and requires more time. In addition, Wang and Blake [26,27]
applied the mixed Palerian-Lagrangian and modified boundary integral
method in the simulation of acoustic cavitation. The compressibility
and viscosity are considered in these works, and the efficiency of this
method is very high.

Due to the small size of an acoustic cavitation bubble and the rapid
process of the collapse, experiments are difficult to conduct and are
rarely reported. Early experimental studies on single bubble dynamics
in an ultrasonic field were reported in the works of Ohl et al. [28],
Leighton [29], and Blake et al. [30]. Ohl et al. [28] attempted to gen-
erate a single bubble in a container via electrolysis, and applied ultra-
sound to investigate the bubble’s dynamic behaviors in the field. The
Bjerknes force was found to be an important factor that influences the
interaction between a single bubble and the sound wave. Due to the
differences in bubble formation mechanism between electrolysis and
acoustic cavitation, the surface tension coefficient and the content of
the bubble may both differ, which could influence the bubble’s dy-
namics. Ma et al. [7] investigated the dynamics of a gas bubble that was
generated by an injection syringe. Since the bubble was too large
(larger than 2 mm), the buoyance not only influenced the shape of the
bubble but also substantially affected its dynamics in an ultrasonic
field. Therefore, Vyas and Dehghani et al. [31] directly investigated
individual cavitation bubble in micrometer size around ultrasonic sca-
lers using high speed recordings up to a million frames per second. In
this work, the bubble speed increased over its oscillation cycle and a
maximum speed of 27 m/s was recorded during the collapse phase.
However, neither the sizes nor the positions of the generated bubbles
could be controlled.

Various conditions in acoustic cavitation strongly affect the in-
tensity and would further affect the application efficiency, such as the
cleaning efficiency [2] and food production efficiency [4]. To in-
vestigate the related mechanisms, studies on how initial conditions
(including boundary, ultrasonic field and bubble conditions) affect the
dynamics of a bubble in an ultrasonic field have been conducted
[32,33]. Kim et al. [34] employed high speed photography to in-
vestigate the single bubble behaviors near the wall of a microstructure.
They found that the bubble’s size and acoustic pressure strongly af-
fected the bubble’s dynamics in the ultrasonic field. However, no

detailed analysis was conducted on the bubble dynamics, which could
influence the pressure on the wall. Versluis et al. [8] emphatically in-
vestigated the shape oscillation of a bubble in an ultrasound field with
various ultrasonic frequencies using a high-speed camera. They found
that a moving micro bubble not only oscillates in radius but also ex-
hibits asymmetric shape oscillations. Lauterborn et al. [35] and Brujan
[36] studied the bubble dynamics under various bubble initial condi-
tions and found that bubbles that differ in terms of their normalized
initial standoff distances typically exhibit different dynamics. However,
they only focus on the differences in the bubbles' shape changes; no
further analysis of the bubbles’ important characteristics was conducted
due to the limited temporal and spatial resolutions. Wu et al. [37] in-
vestigated the dynamics of a bubble near a rigid wall in an ultrasonic
field. They found that the bubble would oscillate, move to the rigid
wall, collapse and rebound under the excitation of ultrasound and the
dynamics of the bubble after its rebound phase were substantially in-
fluenced by the intensity of the ultrasonic field. However, other im-
portant factors, such as the initial size and standoff distance of the
bubble, were not discussed. Up to present, due to the difficulty of
controlling the bubble’s size and its relative position in the ultrasonic
field, how the initial size of an individual acoustic cavitation bubble
affects its characteristics near a rigid wall has not been experimentally
investigated under various standoff distances.

In the present work, a gas bubble with a controllable initial radius
and standoff distance to the rigid wall was generated in a liquid, and the
temporal evolution of the bubble with various initial radii and nor-
malized standoff distances in an ultrasonic field was recorded via syn-
chronous high speed microphotography. In addition, the time of bubble
collapse and the characteristics of the high-speed jets that were emitted
during bubble collapse were quantified and analyzed under various
initial conditions. Finally, potential mechanisms by which the initial
conditions affect the acoustic cavitation were investigated via experi-
mental methods.

2. Experimental setup

To study the effect of the standoff distance and initial radius on
acoustic cavitation bubble dynamics at the microscale level, a bubble
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Fig. 2. Temporal evolution of a bubble that is rising in a quiescent liquid without any acoustic waves. The bubble radius is Ro = 30 um and the recording rate is 2000

fps.
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Fig. 3. Generation of a train of bubbles in a liquid under the following flow speeds: (a) 1 ml/min, (b) 2 ml/min and (c) 3 ml/min; (d) detailed information about the

position of the bubble relative to the rigid wall.
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Fig. 4. Plot of the measured electric power and the corresponding acoustic
pressure at a distance of 1 cm to the transducer surface.

generator apparatus, an ultrasonic generator system and a high speed
microphotography system are needed, as illustrated in Fig. 1, these
three parts are contained in orange, gray and blue dotted frame re-
spectively. The experiments in this work were conducted in a cuboid-
shaped acrylic glass box (40 mm height and 100 mm length and width),
which contained sufficient degassed water. The temperature of the
water was maintained at 20 °C.

Single air bubbles with radii that range from 15 to 40 um were
generated in a regulated co-flow micropipette injector, as described by
Palanchon et al. [38]. The initial radius of the bubble and the

separation distance are mainly determined by the size of the micro-
pipette’s tip and the flow speed. For a micropipette tip diameter of
3 um, an example of a generated bubble is shown in Fig. 2 under the
flow speed of 1 ml/min. The generated bubble has an initial radius of
approximately 30 pm. As the bubble rises in the water, its shape re-
mains spherical with no readily observed change in the size. According
to Fig. 3, the bubbles with different sizes would generate under various
flow speeds, which could be used to control the initial sizes of the
generated bubbles. In addition, the distance between two adjacent
bubbles is relatively large (larger than 800 pum); hence, the bubbles do
not influence each other. To control the gas bubbles at various positions
relative to the solid wall, the location of the rigid wall can be changed
via a translation stage, as illustrated in Fig. 1. The normalized standoff
distance between the bubble and the rigid wall can be calculated via the
formula y = L/R,, where L is the distance from the bubble center to the
wall at inception and Ry is the initial radius of the generated bubble, as
shown in Fig. 3(d).

Acoustic waves were generated by an acoustic transducer with a
resonant frequency of 20.47 kHz. The electrical input power of the
acoustic transducer was provided by a commercial high-power ultra-
sonic generator. In addition, an inductor of 330 uH was used to realize
the impedance matching and a relay was connected to the circuit as an
electric control toggle switch for synchronous control, as shown in
Fig. 1. To correlate the electrical power and the acoustic pressure, the
acoustic pressure was measured with a hydrophone (TC4013, RESON,
Denmark) that was positioned 1 cm in front of the transducer surface in
the water where the bubble was generated and caught, and the electric
power was monitored by sampling the voltage and current of the ul-
trasonic generator. Fig. 4 plots the relationship between the electric
power and the acoustic pressure, and the error bars show the good
consistency of the measurement results. In the present work, the electric
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Fig. 5. Temporal evolution of individual bubbles under initial values of y of (a) y = 1.25, (b) y = 1.70, (¢) y = 2.00, (d) y = 2.30, (¢) y = 2.80 and (f) y = 3.25inan
ultrasonic field with a frequency of 20.47 kHz. The initial bubble radius is Ry = 32 pm.

power was controlled at approximately 53 W.

The evolution cycle of a cavitation bubble is very short. To observe
the process of cavitation bubble dynamics, a high speed micro-
photography system must be adopted. The system consisted of a high
speed camera, microscopic optical path, and a light source, as shown in
Fig. 1. In the experiment, a Fastcam SA-Z2 high-speed camera (Photron
Inc., Japan; the highest acquisition rate was 900,000 fps) was used.
Owing to the extremely small size of the transient cavitation bubble (at
the millimeter level), we used an inverted fluorescence microscope
(Axio Observer Al, Zeiss, Germany) as the microscopic optical path
together with the high-speed camera. In addition, a cold light source
(100 W) was used to lighten the shooting area during the experiment.

To accurately record the temporal evolution of the first generated
bubble in an ultrasonic field, the synchronous control technique was
applied to adjust the start times of the three parts of the experimental
system, namely, the bubble generation apparatus, the ultrasonic gen-
erator system and the high speed microphotography system. The
method for synchronously controlling the whole experimental system
was implemented on a synchronous control system which consisted of a
computer and a synchronizer through two transistor-transistor logic
(TTL) signals, which were used to trigger the syringe pump, the

ultrasonic generator and the high-speed camera, as illustrated in Fig. 1.
The syringe pump was triggered by the TTL signal 1 to generate a
bubble. After a time delay (At), when the first generated bubble reached
the imaging plane of the microscope, the high-speed camera and the
ultrasonic generator were synchronously triggered by the TTL signal 2.

3. Result and discussion

In this section, experiments under various initial conditions are
presented to illustrate the temporal evolution of the shape of an in-
dividual bubble near a rigid wall. Meanwhile, the time of bubble col-
lapse and the characteristics of the liquid jet are quantified and ana-
lyzed.

3.1. Temporal evolution of the bubble shape for various values of vy and Ry

3.1.1. Effects of y on the temporal evolution of the bubble shape

First, we investigated a single bubble’s temporal evolution near a
rigid wall at various standoff distances in an ultrasound field with an
electric power of 53 W. In these experiments, a single bubble with an
initial radius of Ry = 32 pm was generated near a rigid wall at a wide
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Fig. 6. Comparison of the bubble dynamic behaviors with six initial radii of (a) Rp = 18 pm, (b) Ry = 21 pm, (c) Ry = 25 um, (d) Ro = 28 ym, (e) Ry = 32 pm and (f)

Ry = 36 um for y = 2.00.

range of values of the normalized standoff distance vy, namely, from
1.25 to 3.25. Fig. 5(a—f) shows twelve images from a representative
sequence that describe the temporal evolution of bubble shape under
various values of y. The elapsed time t for each frame was calculated
from the start of the ultrasound and is specified in microseconds below
each frame.

As described in our previous work [37], an individual bubble near a
rigid wall goes through four stages (oscillation, movement, collapse and
rebound) under ultrasonic wave excitation. As shown in Fig. 5(a-d),
when the value of y varies between 1.25 and 2.30, the single bubble
behaviors are similar to the typical dynamic behaviors of the bubble
that was discussed in our previous work. The bubble oscillates, moves
to the rigid wall, collapses, rebounds and collapses again in a low-fre-
quency ultrasonic field. However, when the standoff distance is small
(y = 1.25), the collapse process is clearly recorded due to the liquid
jet’s low velocity (t = 90 ps and 93.3 ps in Fig. 5(a)). As the value of y
increases to 2.80 and 3.25, the dynamic behaviors of the bubble become
more similar to those of a bubble in a free field, which have been ex-
perimentally investigated by Versluis et al. [8]. The bubble becomes

shape-unstable far from the rigid wall and do not come into direct
contact with the solid wall, as shown in Fig. 5(e, f). Under a large value
of v, the high-speed jet does not play a leading role in exerting pressure
on the solid wall [39]. Therefore, a single bubble at a large standoff
distance has little effects on destructive erosion or other application of
acoustic cavitation.

In the present work, we mainly focus on the fierce dynamics of a
single acoustic cavitation bubble near a rigid wall. Information on these
dynamics would facilitate the elucidation of the mechanism of the high
pressure on the nearby wall. Hence, the dynamics of a bubble under
three typical normalized standoff distances (y = 1.70, 2.00 and 2.30)
were investigated with various initial bubble radii and the results will
be described in the next section.

3.1.2. Influences of Ry on the temporal evolution of the bubble shape

In this section, single bubbles with various initial radii that are in
the range of 18-36 um were generated near the rigid wall under three
values of y (1.70, 2.00 and 2.30) and their temporal evolutions in the
ultrasonic field with an electric power of 53 W were recorded and
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analyzed. To demonstrate the temporal evolution of the bubble shape,
Fig. 6 from (a) to (f) present high-speed photographic records of bubble
behaviors near the rigid wall with various initial radii under the typical
value of y = 2.00. The typical images are chosen to illustrate the es-
sential and pronounced features of the bubble dynamics on the tem-
poral and spatial scales for various values of the initial radius Ry at a
recording rate of 300,000 fps. The elapsed time t for each frame is
specified in microseconds below each frame. The time zero (t = 0) is
defined as the moment that the ultrasonic generator is triggered to
operate.

As shown in Fig. 6, bubbles with various initial radii behave simi-
larly near a rigid wall under a typical value of y (2.00) in an ultrasonic
field. Each bubble initially oscillates on site and remain spherical, as
shown in frames 1-3 of Fig. 6(a—f). After several cycles, the bubble
begins to move toward the rigid wall, as shown in frames 4-6 of
Fig. 6(a-f). Then, the bubble collapses with a liquid jet pointing to the
rigid wall (frame 7 of Fig. 6(a—f)) and rebounds immediately with a
separated small bubble (frame 8 of Fig. 6(a-f)). After rebounding, the
separated small bubble collapses and generates a liquid jet that pierces
the other bubble and impacts the solid wall (frames 9-10 of Fig. 6(a—f)).
Last, the bubble expands and collapses again, as shown in frames 11-12
of Fig. 6(a—f). Meanwhile, the bubble shows similar dynamic behaviors
under another two typical values of y (1.70 and 2.30) (see Fig. S1 and
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Table 1
The occurrence time of the first three liquid jets under various initial condi-
tions.

Ro (um) 18 21 25 28 32 36

v

1.70  1st jet 93.3 ps 60 ps 46.7 ps 63.3 ps 73.3 pus 80 ps
2nd jet 203.3ps 1733 pus 166.7 ps  170.0 us  186.7 ps 190.0 ps
3rd jet 2133 ps 186.7ps 176.7ps 1833 ps  196.7 ps  203.3 ps

2.00 1stjet 80 ps 66.7 us 43.3 ps 56.7 pus 76.7 us 93.3 ps
2nd jet 186.7 us  206.7 us  170.0 us  176.7 us  186.7 ps 203.3 ps
3rdjet 193.3pus 2133 pus 180.0ps 186.7 us  196.7 ps 213.3 ps

2.30  1stjet 100 ps 80 ps 60 ps 73.3 us 83.3 us 86.7 ps
2nd jet 206.7 us  176.7 us  166.7 us  176.7 us  186.7 ps  186.7 us
3rdjet 216.7ps 1933 pus 173.3ps  183.3pus 1933 ps  196.7 ps

Fig. S2 in the Supplementary material).

To illustrate the oscillation properties of the acoustic bubble during
the first several cycles, the bubble radius at every time point during
oscillation was calculated and is presented in Fig. 7 for y = 2.00. Al-
though the initial values of the bubble radius differ, the bubble oscil-
lates regularly with the same frequency of approximately 120 kHz,
which results from the combined action of the ultrasonic field, the
higher harmonic and the nearby solid wall. As a result, the bubble near
the rigid wall in the ultrasonic field is forced to oscillate with a
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Fig. 8. (a) Pressure-time profile that was recorded by the hydrophone near the rigid wall and (b) the corresponding frequency spectrum graph.
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frequency of approximately 120 kHz in these experiments. To further
illustrate the frequency characteristics of the driving force near the
rigid wall in the ultrasonic field, a hydrophone (TC4013, RESON,
Denmark) was placed near the rigid wall to measure the pressure in the
liquid, as shown in Fig. 8(a). After processing the pressure data via
Fourier transform, the corresponding frequency spectrum graph was
obtained, as shown in Fig. 8(b). The highest peak occurs at approxi-
mately 120 kHz, which accords with the bubble oscillation frequency.

3.2. Time of bubble collapse

The time of bubble collapse in an ultrasonic field (t¢oy) is defined as
the length of time interval between time zero (t = 0) and the first
collapse of the bubble. As the high-speed jets that are emitted during
collapse have substantial effects on destructive erosion or surface
cleaning, the time of bubble collapse is regarded as an important
characteristic of acoustic cavitation [12]. To further investigate the
characteristics of the acoustic cavitation bubble’s behaviors under
various initial conditions, tco;, was calculated.

As shown in Fig. 9, the time of bubble collapse tco;, changes with the
bubble’s initial radius and shows a similar trend, which resembles a
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valley, under various standoff distances, and the error bar of each point
is relatively low. When the initial radius of the bubble R, increases from
18 um to 25 um, the value of tcor decreases substantially. Then, the
value of tcoy, increases as R, further increases from 25 pm to 36 pm. As a
result, there are three minimum values of tcor, under the three typical
values of y (1.70, 2.00 and 2.30) when the bubble’s initial radius Ry is
approximately 25 um. As reported by Leighton [40], the natural fre-
quency f of an acoustically oscillated spherical bubble can be approxi-
mated by small amplitude behavior of Rayleigh-Plesset equation,

1 2 2
f2 = 3 2{3K(P0 + _a) - _a}’
4pma a a (€]

where p is the density of the fluid (1,000 kgm™3), o is the surface
tension of water (0.0728 N'm ™ 1), « is the polytropic exponent (1.4) for
a bubble that contain air, P, is the hydrostatic liquid pressure
(101325 Pa), and a is the radius of the bubble at an equilibrium state.
For a bubble with Ry = 25 pm, the natural frequency is calculated to be
123 kHz, which is almost equal to the frequency of the force around the
bubble in the liquid (approximately 120 kHz), which has been discussed
in the previous section, as shown in Fig. 8. Thus, the bubble with
Ry = 25 pm fully expands to a higher multiple of volume compared to
its initial value (as shown in frame 4 of Fig. 6(c)) and collapses fiercely.
That could be the main reason that the bubble with R, = 25 pm col-
lapsed earliest in our experiments.

In addition, the bubble always collapses later when the value of vy is
1.70 or 2.30 and collapses earliest when y = 2.00. This is mainly due to
the influence of the rigid wall. Under a small value of y (y = 1.70), the
expanse of the bubble is confined by the rigid wall during the oscillation
of the bubble and the bubble oscillates for more cycles prior to collapse
(see Fig. S1 in the Supplementary material). In contrast, the influence of
the rigid wall is weak for a relatively large value of y (2.30), which
causes the bubble to move to the rigid wall slower and to collapse later
(see Fig. S2 in the Supplementary material).

3.3. Jet characteristics

The liquid jet that formed during the collapse phase of the bubble is
considered as an important factor that contributes to destructive ero-
sion or surface cleaning. To further analyze the dynamics of the bubble
in detail, the velocities of the liquid jet in the direction of the rigid wall
were calculated, which were determined from a photographic series
with 300, 000 frames per second, namely, the average velocity of the jet
is calculated over a time interval of 3.3 ps. Meanwhile, more than one
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Fig. 11. The speeds of (a) the second liquid jet and (b) the third liquid jet as functions of the initial radius of bubble R, for y = 1.70, 2.00 and 2.30.
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liquid jet forms when the bubble is under the excitation of the ultra-
sonic field. In this part, the occurrence times and the velocities of the
first three liquid jets were recorded and analyzed.

The occurrence times of the first three liquid jets are listed in
Table 1. The occurrence time of the first liquid jet, which corresponds to
the time of bubble collapse, has been analyzed in Section 3.2. According
to Table 1, the intervals between adjacent liquid jets are almost con-
stant under various initial conditions. Furthermore, to better illustrate
the differences in the liquid jets’ velocities under three typical values of
y and various initial radii of bubble Ry, figures are presented in Figs. 10
and 11.

According to Fig. 10, the error bars are relatively large because of
the higher speed of the first liquid jet and the limitation of the temporal
resolution in the experiments, but there are still substantial changes in
the velocity of the first liquid jet (v;) under various initial conditions.
First, the peak value of the first liquid jet’s velocity (v;) is attained when
the initial radius of the bubble is approximately 25 um under all three
typical values of y. The peak value ranges from 20.61 to 26.06 m/s.
Second, the liquid jets that are ejected when y = 2.00 have higher
velocities than those under the other two typical values of y (1.70 and
2.30). These results accord with the results of the time of bubble col-
lapse, and an explanation of these results has been provided in the
previous section.

However, the velocities of the second and third liquid jets show no
obvious variation trends under various initial conditions, and the short
error bars indicate high precision of the measurement, as shown in
Fig. 11. After collapse, the bubbles that are touching the rigid wall
under various initial conditions exhibit similar behaviors; hence, the
initial conditions have less influence on the bubble dynamics after the
collapse phase.

4. Conclusions

Experimental studies are presented in which the effects of the nor-
malized standoff distance and the initial bubble radius on the dynamics
of a bubble near a rigid wall in an ultrasonic field are investigated.
High-speed videos of bubble evolution are recorded for investigating
the bubble outline and the formation of liquid jets. Statistics on the
bubble collapse time and the velocities of the liquid jets are also pre-
sented to quantify the dynamic behaviors of the bubble. The main
conclusions and new findings in present work are summarized as fol-
lows:

1. The bubble shape variation, which includes oscillation, movement,
jet formation and rebound of the bubbles, differs within a range of
normalized standoff distances y from 1.25 to 2.30. A collapsed
bubble with a value of y in the range of 1.70-2.30 in an ultrasonic
field typically induces high-speed liquid jets that point to the nearby
rigid wall, which play an important role in destructive erosion and
surface cleaning.

2. The initial radius of the bubble strongly influences the time of the
bubble collapse and the velocity of the first liquid jet under three
typical values of y (1.70, 2.00 and 2.30). When the value of R,
ranges from 18 to 36 um, a valley value of tcor, and a peak value of
v, are attained when the initial radius of the bubble is approxi-
mately 25 pm. Hence, a bubble with the optimal initial size collapses
the most fiercely and contributes most to the applications of acoustic
cavitation, such as destructive erosion and surface cleaning. The
optimal initial radius of the bubble is 25 um in present experiments.

3. Among the three typical values of y (1.70, 2.00 and 2.30), the dy-
namic behaviors of the bubble in the ultrasonic field are the fiercest
for y = 2.00. For y = 2.00, the bubble collapses earlier with a
higher speed of the first liquid jet compared to the other two typical
values of vy that are considered in the present work.

4. After rebounding, the bubble near a rigid wall in the ultrasonic field
collapses with a liquid jet more than once. The time interval
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between two adjacent liquid jets is almost constant among initial
conditions. In addition, the velocities of the second and the third
liquid jets show no obvious variation trends as the initial conditions
change.

5. In summary, the initial radius of the bubble and the value of y both
strongly affect the dynamic behaviors of a bubble in a low-frequency
ultrasonic field, which are the main mechanism of most applications
of acoustic cavitation. Under suitable initial conditions (Ry = 25 pm
and y = 2.00 in the present experiment), the bubble collapses
fiercely earlier with higher speed liquid jets compared to other in-
itial conditions. These results demonstrate how the initial bubble
radius and the standoff distance affect the bubble dynamics and can
be used to facilitate exploration of the mechanism of acoustic ca-
vitation.
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