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ABSTRACT

Understanding the kinetic behavior at the scale of a single bubble is crucial for Avrticle History
understanding cavitation flow properties. In this study, experiments and )

numerical analysis of shock waves resulting from the crumpling of a solitary Egsies'ggdAt“’Lestlgézgg;
adjacent wall vacuole have been conducted. Shock wave characteristics induced Accepted ogctober 1, 2024

by near-wall bubble collapse were investigated using high-speed photography Available online January 1, 2025
and shadowgraphy techniques. Numerical simulations were conducted of near-
wall vacuole collapse-induced shock-wave dynamics using the OpenFOAM

cavitatingFoam solver. (1) The shock wave displays an essentially symmetrical Keywords:
distribution. The pressure maxima diminished along the sagittal diameter. The Cavitation bubble
intensity of the second shock wave generated near the wall was decreased by Cavitation
k L . Pressure
approximately 21.2% compared to the initial shock wave. The simulated wave Shockwave
speeds exhibit a high level of concordance with the experimental data, and the Wave energy
calculated errors are below 7.9%. (2) The pressure and velocity at which the High-speed photography
shock wave propagates in water exhibit a power function and an exponential
decay function, respectively, as they travel across distance. And the perturbation
profile of the velocity aligned with the direction in which the shock wave
propagated. This result indicates that the shock wave acts as a catalyst for the
creation of disturbances in the velocity field. (3) Constructing a transformation
relation for the wave energy of near-wall vacuole collapse. During its first
collapse, the near-wall cavitation bubble lost an average of 85% of its energy.
This allowed for the assessment of the erosive impact of cavitation-induced
shock waves on rigid surfaces.
1. INTRODUCTION properties. Recently, there has been intensive research on

the dynamic properties of single bubbles (Yu et al., 2024),
The study of cavitation mechanisms can be traced back including high-speed jets (Zhang et al., 2016), reflected

to Rayleigh's theory of bubble dynamics proposedin 1917.  flows (Zhang, 2019), and surges (Huang, 2020).
Rayleigh (1917) analyzed the behavior of a solitary bubble
with a spherical shape in an ideal unbounded flow,
assuming equilibrium vapor pressure within the bubble.
Plesset and Prosperetti (1977) expanded upon this work by
considering the effects of nonvaporizable gases,
interfacial tension, and fluid fluidity. This resulted in the
development of more comprehensive equations of motion
pertaining to individual bubbles, than those originally
proposed by Rayleigh, and Plesset and Prosperetti. Conversely, the impact of pressure-wave theory is rooted

Understanding the kinetic behavior at the scale of a single in the concept of the vacuole's potential energy and can be
bubble is crucial for understanding cavitation flow fraced back to the study by Hammitt (1963)

When a vacuole collapses, it generates a shock effect on
the nearby wall. There are two primary theories regarding
its origin. The first is the microjet impact theory, whereas
the second is the pressure-wave impact theory. Kornfeld
and Suvorov (1944) first proposed the jet impact theory in
their study, suggesting that the collapse of a vacuole
instantaneously generates a jet with a high velocity, which
they argued was the primary cause of cavitation.
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NOMENCLATURE

a proportion of liquid by volume

oy proportion of vapor by volume

y distance from bubble to boundary = L/Rn,
n efficiency parameter

u viscosity

p density

o surface tension coefficient

A largest area of the bubble

D strain rate tensor

E.a.e energy emitted by shock wave

L initial radius from center of bubble to boundary
N interfacial unit normal vector

Rn maximum radius

U velocity tensor

U* velocity normalized by a reference value

VU  gradient of velocity field

(VU)T  transposed gradient of velocity field
c speed of sound
dlr volume fraction of vacuoles
d/Rn.:  propagating distance
k surface curvature
/ distance from center of bubble to wall
P pressure
Dmax peak pressure
Do original pressure within bubble = 3540 pa
p* pressure normalized by a reference value
)2 ambient pressure = 1 atm
r distance
Sha numerical shading
t time
; time between bubble maximum and
¢ minimum volumes
t* timeframe

According to this theory, the stored energy of a vacuole
is associated with its volume and the pressure differential
between its interior and exterior. Fortes-Patella et al. (2013)
developed a near-wall impact assessment method for
single vacuoles based on the potential energy of the
vacuoles. They initially solved the spherical pressure wave
signal released during vacuole collapse, and subsequently
calculated the energy contained in the pressure wave as
well as the wave-energy conversion rate. However, their
method was limited to analyzing the motion of spherical
vacuoles.

Optical techniques are frequently employed to study
shock waves resulting from the rupture of bubbles to
acquire a more profound understanding of the energy
characteristics of vacuoles. Ohl et al. (1995, 1999)
employed the shadowgraph method to capture and
examine shockwave emissions as bubbles oscillated near
a solid surface. They concluded that an initial shock wave
occurs when a stream of liquid strikes the opposite
boundary of the bubble and that the emergence of the
second-aspect shock wave is related to the profound
compression experienced by the bubble as it reaches its
minimum volume. Tomita and Shima (1986) used the
ripple-shadowing method to investigate this phenomenon.
The researchers noted that the dynamic interaction
between the bubble and the shock wave or pressure wave
was crucial in creating localized areas of high pressure.
This observation underscores the intricate nature of the
relationship between bubble dynamics and shock wave
propagation, shedding light on the underlying mechanisms
governing the phenomena that lead to material damage.
There have been several recent studies that focused on
phenomena, such as shock waves (Lechner, et al. 2017)
and return jets (Luo, et al 2018; Tagawa & Peters, 2018).
However, previous research has mostly concentrated on
examining the experimental (Zhang and Zhang, 2024) and
computational analyses of collapses of individual bubbles
near a wall. with theoretical studies on shock waves
remaining insufficient.

Acoustic emissions from individual bubbles and
experimental methods such as hydrophones or optical
systems (Huang et al., 2024) can be used to capture shock
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waves, which are recognized as standard acoustic
emissions during bubble evolution. Matula et al. (1998)
described how shock waves had been successfully
captured through a recording produced by a single bubble
using a specialized hydrophone with a 10 MHz bandwidth.
Brujan et al. (2008) conducted a study on the release of
shock waves during a rupture. The observation of a bubble
connected to an immovable surface using high-speed
imaging techniques, and their results showed that shock
pressure decayed as the distance from the bubble increased
at a ratio of 1.5:1. Ohl et al. (1999) employed a
shadowgraph approach to monitor the displacement of
shock waves. highlighting that the bubble expansion was
notably slower than the wave velocity. Pecha and Gompf
(2000) employed a streak camera to capture visual
representations of the excitation wave and achieved a
better resolution for an excitation velocity of
approximately 4000 m/s. Both propagation distance and
energy dissipation affect the energy attenuation of
spherical excitations (Lauterborn & Kurz, 2010).
Supponen et al. (2017) employed a combination of
simultaneous shadow mapping and hydrophone pressure
measurements to see shock waves emitted during the
fragmentation of an individual bubble. They also
formulated a framework for forecasting the maximum
shock wave pressure and energy during the implosion of
an irregularly shaped bubble. Cui et al. (2018) investigated
the single-bubble ice-breaking mechanism using a
shadowing method and revealed that shock waves were
the main cause of ice damage. Brujan and Vogel (2006)
investigated the dynamic properties of cavitation bubbles
in relation to the release of stress waves from water and
materials resembling tissue. The material's viscoelastic-
elastic characteristics were observed to cause a decrease
in the period of bubble oscillation. Research has
demonstrated that the impact pressure decreases as the
medium exhibits heightened viscosity, an increase in
elastic modulus, and plastic flow stress. Brujan et al. (2019)
further investigated the dynamics of bubbles in solutions
containing polymers, specifically focusing on the impact
pressure generated upon bubble collapse, while
scrutinizing the viscosity effect under uniaxial tensile
conditions on this occurrence.
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From the studies described above, two conclusions can
be inferred: (1) The primary experimental techniques
focus on the utilization of the shadowgraph method and
hydrophones. (2) Although there has been a thorough
analysis of the characteristics of shock waves, the kinetic
properties of the two shock waves produced near the
vacuole wall are often overlooked. Therefore, further
investigation of the shock waves which are generated

during the development of near-wall vacuoles is warranted.

This study seeks to address the following points: (1)
Explore the evolution and kinetic attributes of shockwaves
at the boundary. (2) Assess energy dissipation of waves
near rigid walls and determine their influence on the walls.

2. EXPERIMENTAL MATERIALS AND METHODS

Building upon previous research conducted by Chen et
al. (2003) and Zhang et al. (2024), the variation across
time and space of the entire liquid during the bubble-
collapse process was modeled. Kinetic properties of the
shock wave and energy transformation to the wall were
investigated by combining experimental and numerical
simulations.

2.1 Experimental Introduction
2.1.1 Bubble Generator

Figures 1(a) and 1(b) show the experimental set-up. The
experiments were conducted in a square rectangular water
tank measuring 800 mm in height with a base of 800 mm
x 500 mm, as illustrated in Fig. 1(a). To achieve the best
possible conditions for photography and lighting, the
water tank was constructed using transparent acrylic
panels. The tank was partially filled with water that had
been degassed, and the temperature was carefully
maintained at 20 °C. Bubbles were generated on the
surface of the aluminum plate at the bottom of the tank
using a low-voltage spark bubble generator. After
conducting numerous experiments, it was determined that
the maximum radius (R,) of the bubbles fell within the
range of 4+1.2 mm. To quantitatively characterize bubbles
in a fluid of infinite extentthe bubble maximum radius was

defined as R, = /(A/m), where A represents the largest
area of the bubble. The results indicate that the initial
bubble center consistently aligns with the point of contact.
Hence, precise control of the initial bubble position was
achieved. In this experiment, bubbles were generated
along the boundary, with both ends of the boundary
securely clamped with brackets and fully submerged in
water. As shown in the figure, The non-dimensional
distance from the bubble to the boundary is denoted as

y = RL, where L is the initial distance from the bubble’s

focal point to the boundary wall. L' represents the distance
between the centre of the bubble and the free surface, and
we set L' >> R,,. This paper does not investigate the impact
of the free surface on the vacuole's collapse.2.1.2 Shadow
Method Lab Bench

Experimental high-speed photography encompasses
diffuse illumination high-speed photography and
shadowing techniques. High-speed diffuse illumination is
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Fig. 1 Cavitation test bench

a widely adopted approach for documenting the evolution
of bubbles. This method involves the use of a high-speed
camera, an uninterrupted light source, and a diffusion filter.
Operating at a frequency of 37,000 fps, the camera uses a
1-s exposure time. The light source, high-speed camera,
and copper wire connection points are aligned along a
single axis. The diffusion filter is crucial in determining
the dispersion of light, thereby ensuring the effective
capture of the event.

Supplementary technique: Shading was used to record
the formation and spread of shock waves. This method
offers higher-quality images that are more suitable than
the ripple shading method for the quantitative analysis of
shockwave experiments (Zhu et al., 2022). It comprises a
light source, slit, convex lens, reflector, and high-speed
camera. The experimental setup is illustrated in Fig. 2.

2.2 Process

This experimental approach builds on the methods
outlined by Zhang et al. (2011), Ma et al. (2018), and
Dular et al. (2019). Air bubbles were generated by
discharging a 5500 pF capacitor assigned 60 V. The high
resistance of the conductors at their closest point caused
significant heat generation, resulting in the melting of the
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Fig. 2 Shading method lab bench

wires and the quick formation of vapor bubbles. On
discharge, a copper electrode measuring 0.25 mm in
diameter caused water to evaporate at the point of contact,
producing extremely high temperatures and rapidly
expanding bubbles, known as spark-induced bubbles.
Additionally, the duration of the DC voltage discharges
was very short, and the ionization time of water is
negligible compared with the heat transfer time.
Furthermore, shock wave formation and propagation were
recorded using a high-speed camera that captured a series
of heterogeneous images as parallel light travelled through
a test areca with a heterogeneous refractive index caused by
the shock wave. A computer connected a high-speed
camera to a bubble generator. As the electrical discharge
machining (EDM) bubble generator was released, a high-
speed camera was precisely activated to take photographs
illustrating the progression of shock waves originating
from the temporary bubbles.

2.3 Spatial Dimensional Calibration and Accuracy
Analysis

At the onset of the capacitor discharge, the initial time
was designated as ¢ = 0 s. Prior to starting the experiment,
a ruler was positioned along the midpoint of the initial
bubble, and a picture was taken with the camera to
calibrate the length. The pixels of the experimental images
were then transformed using the spatial measurement
values. In addition, the bubble image had an edge
distortion width of 1-2 pixels, which resulted in a spatial
error of 0.20-0.40 mm.

2.4 Shock Wave Capture

Shock waves are among the most destructive
phenomena that occur when a vacuole collapses. As the
liquid rapidly occupies the volume of the vacuole, the
gases contained within the bubble experience intense
compression from the surrounding liquid, creating a
highly transient region of elevated pressure where a shock
wave is generated. This is due to the sudden release of
molecules and atoms into the medium following
compression. Subsequently, the medium returns to its
initial state, releasing compressed energy. Thus, the
formation of shock waves is intricately linked to the
compression and release processes of the medium, as
depicted in the images in the second row of Fig. 3 (t = 0—
77.24 ms).
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Fig. 3 Near-wall single vacuole collapse and
corresponding shock wave images

In the first row, at t = 48.23 ms, when the vacuole made
contact with the solid surface and rapidly collapsed, high-
speed flow and pressure changes occurred, pushing the
neighboring liquids towards the solid surface, forming a
liquid columnar flow. The first shock wave was emitted,
causing a sudden density change in the fluid, which
inevitably altered the optical properties of the flow.
Concurrently, the columnar flow rapidly expanded
outward during the vacuole collapse to create a collapsed
annular liquid column. Owing to the inertia and surface
tension, this liquid column swiftly collided with the
surrounding liquid and wall at t = 76.03 ms, resulting in
the emergence of the second shock wave. Nevertheless,
judging from the shaded graph, it is evident that the second
shock wave was significantly weaker when compared with
the first.

Furthermore, the shock waves also generated vibrations
in the walls belonging to the water tank, resulting in the
production of additional sound waves. As these sound
waves travelled through the water tank, they experienced
multiple instances of reflection and bouncing off surfaces
within the medium, resulting in the distortion of
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background images, as illustrated in the fourth image of
the second row.

Therefore, from an experimental perspective, the near-
wall bubble collapse caused a second shock wave.
primarily associated with the interaction between the
liquid and solid surfaces and the complexity of the
dynamic behavior of the liquid during the collapse process.

Figure 3 depicts the images of near-wall single bubble
collapse, corresponding to generation of two shock waves
when y = 2.

3. NUMERICAL SIMULATION

3.1 Numerical Methods and Platforms

Discretization was performed on the OpenFOAM
platform, using a multiphase flow solver called
cavitatingFoam. The control equations were discretized
using the finite volume method. Time derivatives were
handled in an implicit Euler format. For the gradient terms,
a body-centered to face-centered interpolation was applied
using the default Gaussian integral with a center-
difference format. The convection terms were linearly
interpolated using Gaussian integrals. A uniform
orthogonal mesh was used for computational stability,
eliminating the need for an orthogonal correction. The
Laplace terms involve surface normal gradients computed
using a non-orthogonal correction of Gaussian integrals.
For the coupled pressure-velocity problem, the PIMPLE
algorithm iteratively finds a solution. The residuals were
adjusted to a value of le® to guarantee a precise
calculation accuracy.

3.2 Research Object

This study specifically examined the production of
shock waves resulting from the implosion of a solitary
vacuole at a short distance from the wall surface. The
initial maximum radius was defined as R,, = 4 mm, while
the undefined distance from the vacuole to the boundary
was set at different values of y (1, 1.5, 2, 2.5, and 4).
Several assumptions were made: the bubble exhibited
spherical symmetry; the liquid around it was infinitely
compressible and viscous; compressibility and viscosity
showed a minimal correlation; gravity and diffusion had a
completely insignificant impact; within the bubble, the
pressure remained uniform; and the gas that could not be
condensed was nonviscous. Additional assumptions were
that the gas and liquid would maintain their physical
properties, and that heat conduction would be neglected
along with thermal effects.

3.3 Kinetic Equations for Bubble Collapse

We approached the fluid as a homogeneous two-phase
mixture containing bubbles, describing the interfacial
behavior between different liquid or gas phases. This also
accounts for the viscosity, surface tension, and
compressibility of the fluid. The governing equations are
as follows.

dp _
E+pV'U =0, 1)
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au 2
pa+pU-VU=pg—Vp+2V-(uD)—§V(uV-U)+
)

©)

U is the velocity; p is the pressure; D is the strain rate
tensor, which is calculated as the average of the gradient
of the velocity field (VU) and its transpose (VU)T, divided
by 2; k is used to indicate the surface curvature; o is the
surface tension coefficient; N is the interfacial unit normal
vector; a is the liquid volume proportion;. and p and u are
the density and viscosity of the mixture, respectively,
which were multiplied by the corresponding volume
fractions to obtain weighted values:

okN,

da

=2 4U-Va=0,
dt at

p=ap,+(1—a)p,, (4)
p=au + 1 —au, (®)

The subscript symbols 1 and 2 differentiate between the
liquid (water) and gas (vapor) states, respectively. The
Rayleigh-Ples equation (Rayleigh, 1917) is simplified by
assuming that the pressure in the bubble remains constant
during the modeling of spherical bubble motion. Based on
this assumption, the vapor pressure was set to a constant
value. In Eq. (4), p; is the density of the liquid phase and
p, is the density of the vapor phase, which can be
expressed as, respectively:

(6)
()

1
P1=prot P
1
P
Pz =Ptz
2

where pio and p,, are the density constants, and ¢; and
¢, are the velocity of sound in the liquid and vapor,
respectively. Setting p1o = 998 kg/m?, p,o = 0, ¢; = 1500
m/s, ¢, is given by calculations under the isentropic flow
assumption.

The Reynolds number is defined as:
pud
Hm

Re =

= ®)
where v is the mean fluid velocity and d is the
characteristic length. In this study, the maximum mean
velocity reached in the whole flow field is v = 8.6 x 10°
m/s, and the characteristic length is d = 0.05 m, u,,=
1.01 x 10 Pa-s. The obtained Reynolds number is Re=
426. According to the critical Reynolds number Re; =
2320 and p= 0 in engineering applications, this study is
laminar flow.

3.4 Boundary and Initial Conditions

The boundary types include 'empty,’ ‘patch,” and
‘wall.” ’Empty’ defines a region that does not affect the
flow field and is essentially a blank area in the simulation
domain where conditions like velocity or pressure are not
necessary. 'Patch,' is used for defining general regions not
necessarily corresponding to actual object surfaces, and is
typically used for defining inlet and outlet surfaces or
symmetry surfaces within the calculation domain where
conditions such as velocity and pressure need to be set.
'Wall,' is used to define object surfaces or boundaries
where interactions between the fluid and the object
occur, requiring the setting of boundary conditions such as
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Table 1 Boundary condition settings in the near-wall

region
Boundary Boundary Volumetric
name type fraction oy
Top Patch Uniform 0
Bottom Wall Uniform 0
Left Wall Uniform 0
Right Wall Uniform 0
Front & back Empty Empty
U P p
Zero Gradient | Total Pressure Fixed Value
Uniform (000) | Uniform (1e° | Uniform (1000)
No Slip Zero Gradient Zero Gradient
Zero Gradient | Total Pressure Fixed Value
Uniform (000) | Uniform (1e° | Uniform (1000)
Zero Gradient | Total Pressure Fixed Value
Uniform (0 00) | Uniform (1e%) Uniform 1000
Empty Empty Empty

velocity, pressure, and density. Table 1 shows the
conditions and boundaries used.

The symbol a, in the table represents the proportion of
vapor volume. The volume fraction of the gas phase at the
boundary is uniformly distributed and set to zero.
Therefore, the boundary was completely composed of
water at the beginning of the computational domain. In the
velocity field U, the term "zero gradient" indicates that the
gradient of velocity at the boundary is zero, and that there
is no change in velocity along the normal direction.
"Uniform (0 0 0)" indicates that the initial velocity values
at this boundary are zero. This boundary condition is
typically used to describe the interface between a fluid and
stationary object, ensuring that the fluid does not cross the
boundary. The bottom velocity boundary is set as a no-slip
wall. "Total Pressure" represents the pressure considered
as total pressure, which, in this context, corresponds to the
static pressure of the external environment. "Uniform le3"
denotes the numerical value of the total pressure, while in
"Fixed Value," "Uniform (1000)" represents the density
set to a fixed value of 1000 kg/m?®. The density at the
bottom near the wall is adjusted to "zero gradient" to
consider the impact of the wall on the fluid.

3.5 Mesh-Independent Verification

Based on the computational model shown in Fig. 4, seven
sets of grids were generated and a grid-independence test
was conducted for each set, as illustrated in Fig. 5. The
pressure change during the collapse of the vacuole at the
monitoring point is shown in Fig. 6. This study focused on
a vacuole with an initial radius of 1 mm, and a numerical
simulation of the collapse process was performed. A
monitoring point was set at the center of the bubble that
showed a progressive increase in both the time required
for the bubble to collapse and the highest velocity of the
jet. Upon reaching a total grid count of 1 x 10°, numerical
simulation converged sufficiently. For a comprehensive
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Fig. 8 Free-domain numerical simulation of bubble morphology evolution (Rmax = 1000 pm)

analysis using mesh delineation with a total grid count of
1000 x 1000, the encrypted area encompassed 700,000
grids. The corresponding number of nodes with 1 mm
vacuole radius is 36.

3.6 Reliability Verification of Numerical Simulation
Methods

Figure 7 shows that the experimentally obtained
complete laser-induced evolution of the vacuole from the
minimum radius to the maximum radius and then collapse
and rebound, to be consistent with the numerical
simulation in the dimensionless time; T = 0 was set at the
maximum volume of the vacuole, and the minus sign in
the figure indicates that the vacuole was in the expansion
stage. The cavitation’s evolution in the numerical
simulation is displayed in Fig. 8. The cavitation results
prior to collapse as predicted by numerical simulation
exhibit full congruence with the theoretical and
experimental values, and the assumption is made that the
cavitation collapses from the maximum radius during the
numerical simulation.

So far, the process of cavitation collapse has been
analyzed using experimental and numerical simulation
methods. The maximum pressure generated by the
cavitation collapse in the free domain is 45.5MPa. The
numerical simulation employs the compressible finite
volume method to calculate the evolutionary collapse

—— K-M Model
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Fig. 9 Changes of cavity radius with time

process of a single cavity. The numerical model used is
more complex than the K-M model and accounts for phase
changes during bubble collapse. In contrast, the K-M
model typically doesn’t consider phase changes, which
explains the differences between the observed minimum
radius in Fig. 9 and the K-M predictions. Our simulations
didn’t include bubble rebound and focused on the first
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oscillation. The simulation results closely match
theoretical and experimental values before collapse,
demonstrating that the cavitating Foam solver accurately
models the bubble collapse process, providing strong
support for future simulations of bubble collapse near
surfaces.

4. RESULTS AND DISCUSSION

4.1 Shock Wave
Characteristics

Pressure and Velocity

To study the propagation of waves in space, first, the
radial distribution of pressure at different monitoring
points was investigated at y = 2 and the results are shown
in Fig. 10. The center of the bubble was then taken as the
origin, and six observation points were set up at equal
intervals of 1 mm from the radius position to monitor the
pressure wave propagation. Figure 10 shows two distinct
pressure peaks occurring at the center of the bubble, at
each observation point, the existence of two pressure
peaks was also found previously by Trummler et al. (2021)
and Goncalves da Silva et al. (2021); the second peak was
much smaller than the first and appears 70—75 ps after the
first pressure peak. The numerical simulation also proves
the second wave’s existence. In this process, the bubble
first generates a significant pressure peak during its initial
collapse. Subsequently, the bubble rebounds due to gas
compression and surface tension, and the near-wall effects
further amplify the pressure fluctuations caused by this
rebound, leading to the occurrence of a second pressure
peak.

The wave propagation speed can then be estimated by
measuring the distance between two neighboring peaks, as
shown in Fig. 11: When the wave propagates from r =4.09
mm at 249 ps to r = 10.44 mm at 253 ps, the propagation
velocity is 1587.5 m/s, which is roughly equivalent to the
speed of sound in Eq. (6) (1500 m/s). Comparisons of the
two datasets derived from a numerical simulation of the
wave propagation velocity and experimental measurement
of the wave propagation speed is shown in Fig. 12.
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Experiments using the shock wave front at different
positions were conducted, and the absolute speed of the
shock wave propagation and change rule were calculated.
The experimentally measured shock wave speed and
numerical simulation results were approximately the same,
with a calculated maximum error of 7.9%, which is
acceptable. The second shockwave velocity was weaker
than the first. Analysis of the three graphs shows that the
wave passed through the monitoring points successively
according to the distance, and the wave showed an
approximately symmetrical distribution. As the pressure
wave moved away from its origin, the maximum value
decreased, illustrating the typical features of spherical
waves. The second shock wave weakened by an average
of approximately 21.2% in order of magnitude relative to
the first shock wave.

Figures 13 and 14 illustrate the first pressure and
velocity fluctuation cloud diagrams resulting from
vacuole collapse at different distances from the wall (y=1,
1.5, 2.5, and 4). Numerical simulations visually verified
the effects of shockwave pressures and velocities at
different wall surfaces from the core of the bubble, whose
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radius is the same as that on the wall surfaces to varying
degrees. The shock pressure is highest at y = 1.5, reaching
7.6 MPa, followed by y = 1 at 4 MPa, with gradual
pressure reduction beyond y = 2.5. Regarding velocity, it
peaks at y = 1, then y = 4, with minor disparity between y
=1.5and y=2.5.

To gain a deeper understanding of how the near-wall
shock wave is formed, the numerical results provide a
detailed description of how both the near-wall void and
shock wave evolve over time. Figure 15 depicts the
temporal evolution of the shockwave wvelocity and
pressure, as determined from the computational results.
The timeframe is denoted as a non-causal period ¢* = t/tc,
in which the variable quantity ¢ represents the duration
between the bubble's maximum and minimum volumes.
The ribbon bars in Fig. 11, arranged in a left-to-right
manner, represent the volume fraction of vacuoles (dlr),
velocity normalized by a reference value (U*), numerical
shading (Sha), and pressure normalized by a reference
value (p*). The velocity and pressure are normalized by
defining them as

p* =p/pc? (8)
U* = ui+uj/c 9)

where p; represents the water’s density, whereas u, and u,
represent the horizontal as well as vertical components of
velocity, respectively.

When #/tc is between 0.91 and 1.00, the volume of the
vacuole is compressed to its smallest size, resulting in the
generation of jets and shock waves. The shock wave
formation can be distinctly observed by the white contour
rings of sha in Fig. 15. Vacuole maintains a high internal
pressure of 7.17 MPa. At a pressure of 4.7 MPa and a time
ratio of t/tc = 1, a shock wave was generated, resulted in
an outward radiation of high pressure, as depicted in the
pressure contour plot in Fig. 15(b). The first vacuolar jet
can be observed in the dir plot. The vacuole then proceeds
to expand and rebound at a time ratio of #fc = 1.08 after
the jet is generated near the wall. As vacuole expansion
decelerates, the surrounding velocity also decreases.
Nevertheless, the perturbed area of the speed field
continues to expand. The sha profile exhibits distinct and
easily observable bright rings that are identified as shock
waves. The pressures surrounding bubble decrease as they
expand.

The bubble undergoes expansion during t/#c = 1.04—
1.08, the numerical simulation plot clearly shows two
white contours, which are two shock waves formed due to
the reflection from the wall. The alignment of the velocity
disturbance patterns with the direction of shock wave
propagation suggests that perturbations in the velocity
field are most likely triggered by shock waves. Following
the shock waves, the velocity of the flow field intensified,
aligning with Euler's equation and the principle of mass
conservation in fluid dynamics. The findings indicate that
as the wave propagation distance increases, both the
pressure generated by the shock wave. At the same time,
its impact on the fluid velocity decrease. The relationship
between the peak pressure P, and propagating distance
d/Rmax 1s expressed by a power-function fitting:
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1.28x107
(1+13800-d/Rymqax)?-6%

P(d/Rmax ) =

The correlation between shock wave velocity and
propagation distance is expressed by fitting an exponential
decay function as follows:

v(d) = 1590.6 - ¢~168:354

(10)

1)
4.2 Energy Transfer from Pressure Waves to Solid

42.1 Mathematical Modelling

The initial energy of the vacuole can be derived using
the spherical collapse equation developed by Rayleigh
(1917).

4
Ego = g”(poo - Po)l3 (12)

where, p, is the ambient pressure, = 1 atm (101.3 Kpa),
po stands for the original pressure within the bubble, taken
as 3540 pa, and the variable / represents the distance
between the central point of the bubble and the wall.

A wave is defined by its emitted energy Eywave, and the
pressure wave is calculated using the acoustic energy
method (Vogel et al., 1989; Fortes-Patella et al., 2013).
The energy of the spherical sonic transient is then
determined as:

2
Euave = o J pdt (13)

Based on the experimental and simulation results, it can
be inferred that the dimensionless pressure wave shape
remained consistent and independent of the initial
conditions of the bubble. Thus, vacuolar features have an
impact on both parameters of the wave, namely, p and dt.

The pressure wave signal generated by the vacuole's
collapse can be characterized by the two parameters: Pmax
and o, which is the surface tension coefficient and
effectively represents the time it takes for the wave to pass
through the crest. The Gaussian pulse function (Chen et
al., 2020) can express the wave image well as shown in
the following equation. The time to pass through the wave
crest is given by the width of the pressure signal at p =
Pmax/2, as shown in Fig. 16 below.

(t=to)?
202

f@) =A-exp (-

Where A is the amplitude, t, is the moment corresponding
to the amplitude, and o represents half of the pulse width.
Where t. determines the center of the curve and o
determines the width of the curve.

(14)

Substituting Eq. (14) into Eq. (13), with ¢ taken from 0
to +oo, we estimate the amount of energy released as the
wave travels from the focal point of the bubble towards
the solid wall and obtain:

3
E _ 20m21% Py
wave oc

(15)

When a wave collides with an immobile surface at a
fixed location, the peak pressure applied to the solid wall
(Pmax) 1s a measure of the peak pressure. The transmission

coefficient of the incident wave to the high-impedance

=1p
2

material can be assumed to be 2; therefore, P,y solid
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was used here.

Therefore, to estimate the effect of wave energy on the
wall in the near-wall case from the energy balance point
of view, the efficiency parameter 7, defined as the ratio of
the wall pressure wave energy to the initial potential
energy Ep, is introduced to derive the energy destruction
rate of the wave on the wall:

Ewave
Epo

Energy Transformation of the Collapse

n=1- (16)

4272

To validate the precision of the model, we compared the
results obtained from an experiment conducted by Vogel
and Lauterborn (1988), as shown in Fig. 17. The purpose
of comparison with the experiment was to verify the
accuracy of the model.

The energy conversion at 1.0 <y < 4.0 was studied, and
the conversion of the shock wave energy loss was
particularly pronounced in the range of 1.3 <y < 2.6, with
an average energy loss of 85% for near-wall cavitation
bubbles during the first collapse. It has been proposed that
acoustic emission is the most dominant damping
mechanism for spherical cavitation bubbles collapsing in
water, with up to 90% and an average of 73% of the energy
loss due to emission from acoustic transients. Heat
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conduction and fluid thickness have negligible effects on
reducing the vibrations of the temporary round bubbles.
These results align well with the theoretical research of
Vogel et al. (1989), Fujikawa and Akamatsu (1980), and
others as well as with the experimental work of Teslenko
(1980). It contributes no more than 10% to the energy
depletion of the vacuole within the specified range 1.3 <y
< 2.6, when most of the energy is due to wave propagation.

Hence, the suggested streamlined mathematical model
is able to be utilized to analyze the dynamics of vacuoles
and forecast the potential impact of vacuole collapse on
walls by assessing the E,qu./Egy. Wave dynamics
characteristics, such as the amplitude, wave passage time,
and energy of the emitted pressure wave, were estimated.

5. CONCLUSION

An experimental apparatus based on the shadow
method was set up to investigate the shock wave under the
influence of the wall surface during the development and
collapse of an EDM-induced bubble. The accuracy of the
experiments was verified by a numerical simulation of the
compressible finite volume method with the OpenFOAM
software cavitatingFoam solver to analyse the shock wave
kinematics in more depth.

(1) The shadowgraph images illustrated the formation
and propagation of the shock waves, and the energy
release from the collapse of bubbles due to radiation was
clearly visible

(2) Two shock waves are generated when y < 4.5, with
the second shock wave weakened by approximately 21.2%
relative to the first. The waves exhibit an approximately
symmetrical distribution. Quantifying the correlation and
confirming that the peak decreases as the pressure wave
moves away from the center point, shows the typical
characteristics of spherical waves. The results obtained
from the experiments and numerical simulations are
approximately the same.

(3) The experimental and numerical simulation results
demonstrated that as the propagation distance increased,
the intensity of the shock wave and its influence on the
velocity of the liquid diminished. A power function and
exponential decay function were used to express their
relationships. The perturbation profile of the velocity
aligned with the direction in which the shock wave
propagated. This result indicates that the shock wave acts
as a catalyst for the creation of disturbances in the velocity
field.

(4) A mathematical model for the near-wall wave
energy was introduced, resulting in an average energy loss
of 85% near the wall. In addition, during the entire vacuole
collapse process, an average energy loss of 73% was
attributed to the emission of acoustic transients. Within the
interval of 1.3 <y <2.6, it exerts a contribution of less than
10% to the energy dissipation of the vacuole.
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