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Abstract: A bubble’s motion is strongly influenced by the boundaries of tip structures, which
correspond to the bubble’s size. In the present study, the dynamic behaviors of a cavitation bubble
near a conical tip structure are investigated experimentally and numerically. A series of experiments
were carried out to analyze the bubble’s shape at different relative cone distances quantitatively. Due
to the crucial influence of the phase change on the cavitation bubble’s dynamics over multiple cycles,
a compressible two-phase model taking into account the phase change and heat transfer implemented
in OpenFOAM was employed in this study. The simulation results regarding the bubble’s radius and
shape were validated with corresponding experimental photos, and a good agreement was achieved.
The bubble’s primary physical features (e.g., shock waves, liquid jets, high-pressure zones) were
well reproduced, which helps us understand the underlying mechanisms. Meanwhile, the latent
damage was quantified by the pressure load at the cone apex. The effects of the relative distance 7y
and cone angle 6 on the maximum temperature, pressure peaks, and bubble position are discussed
and summarized. The results show that the pressure peaks during the bubble’s collapse increase
with the decrease in <. For a larger v, the first minimum bubble radius increases while the maximum
temperature decreases as 6 increases; the pressure peak at the second final collapse is first less than
that at the first final collapse and then much greater than that one. For a smaller v, the pressure peaks
at different 6 values do not vary very much.

Keywords: cavitation bubble dynamics; cone; phase change and heat transfer; OpenFOAM,;
pressure peak

1. Introduction

Cavitation, the process of a tiny bubble’s formation, growth, and implosive transient
collapse, is a critical physics problem that has drawn considerable attention since it is
at the heart of many applications in industry, fluid machinery, biomass treatment, and
other fields [1-5]. The transient energy released during the collapse of a cavitation bubble
can induce potential damage to nearby surfaces [3,6]. Thus, studies of the cavitation
collapsing process are beneficial for the further protection of structural surfaces from
cavitating damage or a reduction in damage. Moreover, the presence of a structural surface
changes the symmetry of the pressure field around the cavitation bubble, resulting in an
unequal interface acceleration and thus inducing a high-speed microjet. In the literature,
cavitation bubbles near different structures (e.g., a rigid flat surface [7,8], a rigid curved
surface [9], a free surface [10], an ice surface [11], and an elastic surface [12]) have been
intensively investigated, and many prominent features of cavitation bubbles have been
revealed. However, these structures’ surfaces are not smooth enough, and many tips are
exposed after the cavitation damage appears. In addition, artificially designed functional
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boundaries with grooves and tips are employed for the optimization or the extension of a
fluid’s engineering applications [13]. The structural boundaries of the tip correspond to
the bubble’s size with a strong influence on the bubble’s dynamics. In the present paper,
the boundary of a fluid’s tip is considered to be cone-shaped. Thus, the bubble’s dynamic
behaviors near a cone are investigated in depth experimentally and numerically.

Experiments of cavitation bubbles near boundaries of various shapes have been
executed extensively to study their relevant dynamics [14-18]. Generally, a cavitation
bubble near a planar rigid boundary forms a directed microjet flow towards the boundary,
and its dynamical behaviors are closely related to the stand-off distance 7 (defined as
L/Rmax, where L is the distance from the bubble’s center to the rigid boundary and Rmax
is the maximum bubble radius). A recent study by Saini et al. [19] has revealed that the
dynamics of a bubble in contact with a rigid wall hinge on the effective contact angle in
the instant before its collapse. They found that when the contact angle is less than 90°, the
conventional jet directed towards the wall can be observed, whereas if the contact angle is
greater than 90°, an annular re-entrant jet parallel to the boundary occurs. Simultaneously,
some research has been conducted to investigate bubble dynamic behaviors near non-flat
rigid boundaries. Tomita et al. [9] investigated bubbles near a variety of curvatures of a
solid wall and found that the velocity of the jet and the duration of the flow were closely
related to the deviation of the curvature. Moreover, the jet velocity increased as the shape of
the wall changed from concave to convex. Pozar et al. [20] studied the interaction between
a nanosecond laser-induced cavitation bubble near a concave surface and observed that
the concave wall could refocus the shock wave and then induce secondary cavitation.
Ebrahim et al. [21] reported the dynamical features of the cavitation bubble near a rigid
cylindrical rod and found that a mushroom-shaped bubble could be generated at a smaller
relative distance, which may cause a lower jet impact load.

Moreover, Brujan et al. [22] investigated a bubble near a corner (two perpendicular
walls) and showed that the jet angle was proportional to the ratio of the distance from
the walls to the bubble. Furthermore, Tagawa and Peters [23] studied the dynamics of a
bubble near a corner with different angles. They obtained the analytical solution for the
jet direction by using the method of images. Li et al. [24] found that the jet deviated from
the horizontal direction within a much shorter range when a bubble near two connected
walls with an obtuse angle. Zhang et al. [25] investigated the dynamics of a bubble near a
triangular prism array and observed that the bubble’s behaviors were strongly influenced
by the relative positions of the bubble and the prisms, bubble size, and the distance from
the bubble to the array.

On the other hand, numerical simulations are a well-known way to investigate bubble
dynamics [26-31]. Based on the potential flow theory and boundary integral method (BIM),
Wang et al. [32] simulated a bubble at a corner and found that the bubble migrated away from
the near wall and the corner during its expansion and moved back toward them during its
collapse. Moreover, a high-pressure region was formed during the late stages of its collapse.
Trummler et al. [33] numerically studied the collapse of a bubble above rigid, notched walls
and showed that the surface crevices had a significant influence on the collapse dynamics, jet
formation, and wave dynamics. Shervani-Tabar and Rouhollahi [34] numerically investigated
the effect of rigid concave walls on the motion of a bubble and found that the velocity of the
liquid jet tends to increase with decreasing concavity. In addition, Li et al. [35] conducted
numerical research on the collapsing behavior of a bubble near a solid conical wall and
revealed the effect of the conical angles on the bubble’s shape, collapse time, and liquid jet.
They found that the collapse time increased as the cone angle increased.

In the above-mentioned literature, although the dynamic behaviors of a single cavita-
tion bubble near various non-flat rigid boundaries (e.g., a corner, curved surface, cylindrical
rod, crevice, and triangular prism array) are investigated experimentally, studies of a bubble
near a tip (e.g., cone) are reported less often. Moreover, Li et al. [35] investigated a bubble
near a cone through a numerical simulation, but they only showed the dynamics of the
cavitation bubble in the first cycle due to a limitation of the model. The relevant parameters
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during the bubble’s evolution (e.g., bubble position and shape, the temperature within the
bubble, and the pressure load) have not yet been fully revealed. Thus, a profound analysis
and investigation are imperative to reveal the underlying physical mechanisms.

In this study, experiments of a single laser-generated cavitation bubble near a cone
are conducted and corresponding numerical simulations are performed. A pressure-
based compressible model taking into account the mass and heat transfer developed in
OpenFOAM is adopted in the current simulation. The numerical model has been validated
in our previous works and employed for the simulation of a bubble near a solid wall [8,36].
The main aim of the current study is to examine the dynamics of the cavitation bubble in
the nearby cone, which may be frequently encountered during the operation of hydraulic
machinery. The following is a brief summary of the present paper. Section 2 describes the
experimental methodology. In Section 3, a description of the governing flow equations and
details about the numerical implementation are presented. The results from experiments
and simulations under two different -y are shown in Section 4. Furthermore, the effects of 7y
and 6 on the pressure load are further revealed in Section 5. Finally, the main conclusions
are presented in Section 6.

2. Experimental Setup

In this study, a series of experiments were carried out to investigate the dynamical
behaviors of a cavitation bubble near a cone. A schematic description of the experimental
setup for the investigation of the interactions between the laser-generated cavitation bubble
and the cone is shown in Figure 1. In the present experimental system, the laser beam was
generated by a pulsed Nd:YAG laser generator (Penny-100-SH) with a laser wavelength of
532 nm and pulse duration of 5.4 ns. The laser beam (laser energy: 10 mJ, the outlet bean
diameter: 3 mm) was focused using the LMH-10X-532 focusing lens (focal length: 15 mm)
inside a transparent water tank (size: 100 x 100 x 100 mm?) filled with distilled water to
induce a single cavitation bubble. The distance from the bubble to the water tank wall was
far greater than the maximum radius of the cavitation bubble (about 1 mm in this paper).
Thus, the effect of the tank wall on the bubble dynamics could be safely ignored. An LED
light was employed for all lighting. The complete process of the interaction between the
cavitation bubble and the cone was recorded by a high-speed camera (Phantom v1212)
with a sampling rate of 100,000 frames/s, which is fast enough to show the primary
characteristics [13]. The resolution of the recorded photos was 256 x 256 pixels, and the
experimental data were processed in batches by MATLAB 2019b software.

Cavitation
Ground bubble
' High-speed

— Camera Computer
i " I:l::[) ©
, i Optical filter
Cone _
- Water tank
Focusing

Lens

Figure 1. A schematic presentation of the experimental setup for the cavitation bubble—cone interactions.
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3. Numerical Method
3.1. Governing Equations

A compressible two-phase flow model with consideration of heat and mass transfer is
adopted for the present simulation, and a brief description of the compressible model is
presented in the following.

A set of governing flow equations describing the dynamics of fluids can be solved
within the entire computational domain, including the mass conservation equation, mo-
mentum conservation equation, and energy conservation equation [8], written as follows:

a(agf )4 - (o) = (i = 1,0) (1)

@ + V- (pUl) = ~Vp_ren —gHVP + ox(a;)Vay
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where p_,.0;, U, T, K, g, H, and I are the total pressure, velocity, temperature, kinetic energy,
gravity acceleration, height, and unit tensor, respectively; &, o, Cy, i, and A are the volume
fraction, density, heat capacity, dynamic viscosity, and thermal conductivity for both water
and vapor; o is the surface tension coefficient; « is the surface curvature; and m = T
is mass transfer source term, with 71" representing the condensation rate of the vapor and
m  representing the vaporization rate of water.

In addition, m is obtained by solving the phase change model. The Schnerr-Sauer
phase change model considering the energy conservation equation [37] is employed and
defined as follows:

.+ _ 3pipo 1 2[p—po(T)]
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where py(T) is the saturation vapor pressure; Ry, a Ny, (2.1 X 10 /m3), and dny(2 x 1070 m)
are the radius, volume fraction, number, and diameter of cavitation nucleation site, respectively.

Furthermore, & is solved by the volume of fluid (VOF) method widely used to capture
the gas-liquid interface [38—40]. In the VOF method, the following transport equation,
derived from the mass conservation equation for the water phase, is solved by the multidi-
mensional universal limiter with the explicit solution solver [41,42].

B4V () + V- (U (1 — ) ®
doy d .
— al(l —a) (A% - L)y v Ui (L (R - 1))

where U, is the relative velocity [38], and the third term on the left side is an artificial
compression term [43].
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Finally, the above set of governing equations is closed by adding the equations of state
(EOS) and the corresponding compressibility (i) for the vapor and water. The EOS and
compressibility for vapor are expressed as follows:

_ P
Po=R.T )
1
lpv = RvT (10)

where R, is the gas constant.
Accordingly, the EOS and compressibility for water [44] are defined as follows:

__Ptpc
o= R (T+ T (1
= 71 12
l/]l - KC(T+TC) ( )

where p, is the pressure constant with p. = 1944.61 MPa; T is the temperature constant
with T, = 3867 K; and K. is liquid constant with K, = 472.27 ] / (kg-K).

3.2. Numerical Setup

Several essential parameters in the present study are shown in Figure 2. Here, R is the
radius of the cavitation bubble. L is the distance from the bubble center to the cone apex.
h is the height of the cone and r is the radius of the conical bottom. 6 is the cone angle.
Furthermore, a brass cone (density: 8500 kg/ m?3) with 7 = 14 mm and r = 7 mm (6 ~ 53°)
was used in the present experiment. To facilitate research, the relevant parameters are
defined as follows:

L
= 13
T R (13)
0= 2arctan% (14)

where Rpax is the maximum bubble radius.

ﬂ \ Py

Figure 2. Definition of several essential parameters.

As shown in Figure 3a, an axisymmetric computational wedge domain of 50 mm x 60 mm
is constructed to simulate the axisymmetric flow field problem, which is greater than
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Axis

50 times the maximum bubble radius. The 5° wedge-shaped zone is adopted to save
calculation time and achieve a reasonable computational cost. The structured mesh is
implemented by ICEM CFD (ANSYS) with local refinement, as shown in Figure 3b. To
guarantee consistent simulation results, a mesh sensitivity study was performed in our
previous work [8]. Furthermore, a full mesh with 945,903 elements (the mesh size within
the initial bubble is 3.3 um) is subsequently applied in the current simulations. The no-slip
boundary condition is employed for the right side and the bottom of the calculation zone.
Because it is a stationary cone, the boundary condition for the cone is also set to be no-slip.
In addition, the total pressure boundary condition is used for the top side of the region.
The PIMPLE algorithm is applied to a couple of pressure and velocity. The first-order
implicit Euler and the second-order Gaussian TVD schemes are employed to perform the
time and spatial discretization, respectively. More detailed information for the numerical
implementation (such as convergence criterion, Courant number, and time step selection)
can be seen in our previous works [8,36]. Table 1 shows the values of physical properties
used in this paper.

Top

Right
no-slip

Bottom
(a)

Figure 3. (a) The axisymmetric computational domain; (b) the applied boundary conditions and
mesh distribution.

Table 1. The initial values of liquid- and vapor-phase properties.

p (kg/m3) u (Pa-s) Cp J/(kg'K)) A (W/(m-K)) o (N/m)
Vapor 0.0171 9.75 x 107° 1862.6 0.02 0.07
Water 998.16 9.982 x 1074 4180 0.677 '

4. Experimental and Computational Results
4.1. Bubble Dynamics of Multiple Collapses with v = 1.3

The bubble dynamics of multiple collapses near a cone with 7y = 1.3 are investigated in
our experiment and simulation. The distance between the bubble center and the cone apex
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R/Rmax

1.2

Lis 1.3 mm in the experiment. The maximum experimental radius Rmax,exp i 0.99 mm
(7 = L/Rmax,exp = 1.3). For the numerical simulation, the initial parameters inside the bub-
ble, i.e., the radius, pressure, and temperature, are set to be 40 MPa, 0.092 mm, and 593.15 K,
respectively. For better comparison, the bubble radius (R) and physical time (t) are normal-
ized by using the reference radius and time, i.e., R* = R/Rmax and t* = t/tosc, where tog is
the oscillation time from the initial moment to the first minimum radius.

Figure 4 presents the quantitative comparison of the bubble radius between the mea-
sured experimental data (black dot) and the simulation results (solid red line). As shown,
the simulation results are in accordance with the measured data, including the first, second,
and even third cycles. Meanwhile, the comparison of the bubble multi-period shape evolu-
tion is shown in Figure 5. Expressly, (al)~(al4) denotes the experimental phenomenon, and
(b1)~(b14) are the numerical prediction results. During the first bubble cycle ((al)~(a6)), the
cone apex has little influence on the bubble dynamics since the distance from the cone apex
to the bubble center is larger than the maximum bubble radius. Furthermore, the bubble
also does not touch the cone apex during the second and third collapse, as shown in frames
(a7)~(al4). Such a phenomenon is entirely different from the case of the single bubble near
the solid wall with « = 1.3 [7], in which the bubble is in contact with the wall during the
second collapse.

1.0

0.8

0.6

0.4

0.2

| | I | 1 | | ]
‘ —e— Experimental data
—— Numerical reslut

t*

Figure 4. Comparison of the bubble equivalent radius between simulation (solid red line) and
experiment (block dot) with ¢ = 1.3.
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Figure 5. The evolution of bubble shape with v = 1.3. ((al)~(a14)) for the experiments; ((b1)~(b14))
for the numerical results.

In Figure 6, the pressure and velocity fields are shown for some typical moments to
discuss the bubble dynamic behavior in detail. During the collapse, a locally high-pressure
zone appears around the bubble, as shown in Figure 6a. Because the cone obstructs the flow,
the pressure at the upper part of the bubble is slightly greater than that at the lower part of
the bubble, resulting in a faster collapse of the upper surface of the bubble. Figure 6b shows
that the liquid jet, driven by high pressure, enters the bubble from the upper surface. When
the jet penetrates the bottom of the bubble, a strong impact such as the water hammer is
formed, and a shock wave is emitted and propagated outwards. At the initial stage of the
bubble re-expansion, a noticeable protrusion is generated on the lower part of the bubble
due to the effect of the liquid micro-jet, as seen in Figure 6¢c. The protrusion continues
to move towards the tip of the cone and impact it while the bubble further rebounds, as
shown in Figure 6d. Figure 6e shows that the re-expansion bubble breaks into two parts of
different volumes due to the velocity difference, in which the smaller one is close to the
cone. Figure 6f,g show that the larger rebound bubble still collapses, while the smaller one
eventually dissolves in the liquid. Finally, the remaining bubble collapses to its minimum
radius (Figure 6h) and rebounds again (Figure 6i).

Figure 7 shows the time histories of the numerical results for the bubble radius, bubble
centroid position, maximum temperature inside the bubble, and pressure at the apex of the
cone. As seen, the maximum values of the temperature within the bubble and pressure at
the apex of the cone always coincide with that for which the minimum volume is attained.
More details on the source of the pressure peaks can be found in our previous work [8].
The sharp change in the bubble’s centroid position occurs at the bubble’s collapse stages.
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Figure 6. Evolution of pressure (left half) and velocity (right half) fields with bubble shape (white
line) at 7y = 1.3. (a) #* = 0.974, (b) #* = 0.999, (c) £* = 1.033, (d) * = 1.067, (e) £* = 1.248, () #* = 1.405,
(g) t*=1.562, (h) t* = 1.625, (i) t* = 1.689.

4.2. Bubble Dynamics of Multiple Collapses with «y = 0.4

When 7 is reduced to 0.4, the bubble dynamics and their intensities are more influenced
by the conical structure. Figure 8 shows a comparison of the bubble shape frame by frame
between the numerical predictions and the experimental phenomena. As observed in
the experiment (frame (al)), the bubble is initialized closer to the apex of the cone. Thus,
the upper part of the cone is gradually swallowed by the expanding bubble (see frames
(a2)~(a4)). Due to the substantial restriction of the cone, the bubble interface becomes
unstable and relatively rough during the rebound stage (see frames a7~all). Eventually,
the bubble almost disappears into the liquid, as seen in frames (al3)~(al4). Overall, the
numerical predictions are in good agreement with the observed experimental results.
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Figure 7. Time histories of the bubble radius (solid black line), bubble centroid position (solid green
line), the maximum temperature within the bubble (solid red line), and pressure at the apex of the
cone (solid blue line) with ¢ = 1.3.

Figure 8. The evolution of bubble shape with v = 0.4. ((al)~(a14)) for the experiments; ((b1)~(b14))
for the simulations.
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The pressure (left half) and velocity (right half) fields during the bubble collapse and
rebound stages are presented in Figure 9. During the first collapse, high pressure is locally
formed above the bubble, and the downward liquid jet is driven into the bubble, as shown
in Figure 9a. In Figure 9b, the bubble shrinks to its minimum volume, and the high pressure
is generated near the cone apex due to the liquid jet continuing to impact the cone. During
its rebound, the flow along the conical wall is formed due to the cone apex redirecting
the liquid jet, causing the expanding bubble along the conical wall, as shown in Figure 9c.
Figure 9d shows the maximum rebound bubble; the bubble bottom is in direct contact with
the conical wall. In addition, the internal pressure is lower than that outside the bubble.
Thus, the rebound bubble collapses again. Figure 9e shows a high-pressure zone occurring
above the bubble, which is similar to the first collapse (see Figure 9a). Figure 9f shows the
bubble contracts to the minimum size again.

P/KPa p/KPa

9704.8 17072.8
14.7 14.7

5097.7 144 89623 144

I 14.1 I 14.1
490.5~ y 8517 =~

Umm-s™ £ Um-s £

A5 13, 343.7 é];,s
=,

0
X (mm)

(b) (c)

-0.6 -0.3 0.3

0 X . 0
x (mm) x (mm)

© ®

Figure 9. Evolution of pressure (left half) and velocity (right half) fields with bubble shape (white
line) at v = 0.4. (a) #* = 0.993, (b) £* = 1.0, (c) * = 1.016, (d) #* = 1.261, (e) #* = 1.412, () #* = 1.551.

Figure 10 shows the shock wave distributions expressed with a density gradient using
the numerical Schlieren results [45]. (a) It presents the incident shock wave and (b) indicates
the shock wave of the first bubble collapse and (c) the second bubble collapse. The outward
propagation of shock waves will promote the generation of low-pressure regions, leading
to abrupt changes in the liquid density [46]. As a result, some disturbances could be seen
in the experiments [47,48]. If the pressure value is lower than the vapor saturation pressure
value, a secondary cavitation disturbance appears [49].
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Figure 10. Shock wave distribution with density gradient for (a) t* = 0.005, (b) t* = 1.0, (c) t* = 1.55
with 7 = 0.4.

Figure 11 shows the time histories of the bubble radius, bubble centroid position,
maximum temperature, and pressure load at the apex of the cone with v = 0.4. As shown,
the maximum temperature and pressure are obtained when the bubble first shrinks to the
minimum volume. Significantly, the maximum pressure peak at the cone apex reaches
20.3 MPa, which is much greater than that shown in Figure 7. This is because the maximum
pressure peak for v = 1.3 mainly comes from the first collapse shock wave, while that for
v = 0.4 is attributed to the superposition of the collapse shock wave and the liquid jet.

12
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Figure 11. Time histories of the bubble radius (solid black line), bubble centroid position (solid green
line), the maximum temperature within the bubble (solid red line), and pressure at the apex of the
cone (solid blue line) with ¢ = 0.4.



Fluids 2023, 8, 220

13 of 21

15.2

15.0

14.8

y(mm)

14.4

14.2

14.0

13.8

5. Further Discussions
5.1. The Effect of the Distance from the Bubble to the Cone Apex

As discussed above, the distance from the bubble to the cone, i.e., 7, strongly affects
the bubble dynamics. Thus, to further investigate and analyze the tendencies of bubble
dynamics, more numerical simulation cases with different o values were carried out.
Figure 12a shows the evolution of the bubble center position over time under different y
values. The red dotted line indicates the position of the cone apex. As seen, the dramatic
change in the bubble center position always occurs in the final collapse stages, including the
first and second collapses. When -y > 0.8, the position of the bubble in the first and second
collapses is higher than that of the cone apex, meaning a water layer still exists between
the bubble and the cone apex (see Figure 5(a6,a12)) and prevents the liquid micro-jet from
directly impacting the cone. When 0.5 < v < 0.8, it can be seen that the bubble center is
above the cone apex in the first collapse but below the cone apex in the second collapse,
indicating that the water layer gradually disappears during the second collapse and the
bubble is in direct contact with the surface of the cone. When 0 < v < 0.5, the bubble is very
close to or even lower than the apex of the cone (see Figure 8(a6,a13)).

I | | I I I

| The second collapse

1 L |

50 100 150 200 250 300 350
1(ps)
(a)

Figure 12. Cont.
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Figure 12. Time history of the bubble centroid migration (a) and pressure on the cone apex (b) with
various 7 values.

In addition, the evolution of the impact pressure on the cone apex over time under
various < values is shown in Figure 12b. As seen, the maximum pressure is achieved
in the final stages of the bubble’s collapse. Furthermore, the bubble’s second collapse
occurs earlier as y decreases. In particular, the pressure peaks from the final collapse phase
can be divided into three stages. In stage I (y > 0.8), the bubble remains away from the
cone during its collapse, having a weak impact on the liquid jet. Thus, the pressure peaks
mainly come from the collapse shock waves, as shown in Figure 13c,f, and their values are
almost constant as y decreases. Moreover, the pressure peak of the first bubble collapse
is slightly larger than that of the second collapse. In stage II (0.5 < v < 0.8), the pressure
peaks are larger than those in stage I due to the small distance between the bubble and
cone (see Figure 13b,c), and their values increase as 7y decreases. Remarkably, the bubble
puts pressure on the cone during its second collapse, as shown in Figure 13e, causing a
violent impact. It can be seen that the pressure peak generated by the second collapse is
comparable to that from the first. In stage III (0 < v < 0.5), the bubble clings to the cone
apex during the first collapse, as shown in Figure 13a, leading to a more severe impact.
Therefore, the pressure peak is much greater than those in stages I and 1II, and its value
sharply increases with the decrease in 7. Furthermore, the pressure peak of the second
bubble collapse cannot be ignored (see Figure 13d) and significantly different from the
bubble’s behavior near the solid wall (for which no apparent rebound phenomenon is
observed with a range of 0 <y < 0.5 [8]).
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Figure 13. Pressure fields at the end of the bubble collapse for each stage.

5.2. The Effect of the Cone Angles ()

Figure 14 shows the schematic diagram of different 6 values, which all have the same
height (i.e., h = 14 mm). As shown in Figure 12b, the pressure peak is closely related to 7.
In this section, a larger <y (7 = 1.3), indicating that the initial bubble stays away from the
cone, is chosen to investigate the bubble dynamic features under different 6 values. The
influence of 6 on the bubble center position is shown in Figure 15. Here, 8 = 180° indicates
the cone is a solid plane. As shown in the figure, the bubble gradually approaches the cone
apex with the increase in 8, implying the effect of the cone is strengthened by the degree.
To be specific, the bubble is still moving away from the cone in the first collapse but quickly
approaches or even clings to the cone in the second collapse.

Figure 14. Schematic diagram of different 6.

The pressure peaks on the cone apex from the first and second collapses under different
6 values are shown in Figure 16. The pressure peak of the second bubble collapse (magenta
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dots) increases rapidly as 6 increases, while the pressure peak from the first (olive green
triangles) increases slowly. Particularly, when 6 < 90°, the pressure peak of the second
bubble collapse is slightly smaller than that of the first. Only a small part of the initial
energy goes into the second collapse phase. Thus, the intensity of the shock wave generated
by the second collapse is much smaller than that of the first collapse (see Figure 17a,c),
causing a weak impact on the conical surface. When 6 > 90°, the bubble is close to or even
attaches to the surface of the cone in the second collapse, resulting in a stronger impact on
the cone due to the superposition of the liquid microjet and the collapse shock wave as
shown in Figure 17b,d.
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Figure 15. Bubble center position in the final collapse stages at v = 1.3 with various 0 values.
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Figure 16. Pressure peaks on the cone apex in the final collapse stages at v = 1.3 with various 6 values.
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Figure 17. The typical pressure fields in the final bubble collapse stage under different 6 values.
(a,c) are the first collapse and second collapse for 6 = 75°, respectively; (b,d) are the first collapse and
second collapse for 6 = 150°, respectively.

In addition, the effects of 6§ on the maximum temperature inside the bubble, the first
minimum radius, and the dissipated energy during the first bubble collapse are shown in
Figure 18. The dissipated energy in the bubble’s first cycle decreases with the increase in
6, indicating the retardation effect of the conical surface is strengthened. Thus, a larger
minimum radius at the first collapse can be expected, as shown by the blue/white dots
in Figure 18. In general, the temperature peak value within the bubble is approximately
proportional to the minimum collapse radius. For a single bubble collapsing in a free field,
the temperature can reach an extremely high value (about 22,000 K) since it can collapse to
a much smaller radius (Rin/Rmax = 0.004) [36]. In this paper, the maximum temperature
decreases as 6 increases due to a larger minimum radius.

For a smaller 7 (y = 0.1), Figure 19 illustrates the variation in essential parameters
(the bubble center position, pressure peaks, and dissipated energy) under various 6 values.
As shown in Figure 19a, the bubble center position in the first two final collapse stages
touches the cone apex due to the smaller distance between the bubble and the cone. In
addition, more than 80% of the initial bubble energy is lost in the first cycle, as shown in
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Figure 19c. In other words, only a tiny portion of the bubble energy enters into the rebound.
Thus, a larger pressure peak for the first collapse can be seen, as shown in Figure 19b.
Simultaneously, the pressure peaks at different 6 values do not vary very much, implying

that the influence of 6 is not significant for a smaller 7.
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Figure 18. Maximum temperature inside the bubble (pink dots), the first minimum radius (white /blue
dots), and the dissipated energy in the bubble’s first cycle (dark cyan diamonds) at y = 1.3 under

various 6 values.
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6. Conclusions

The dynamics of a cavitation bubble near a rigid conical boundary are studied through
a numerical simulation and experiments. A pulsed laser generator is used to generate a
single cavitation bubble, and a high-speed camera with a sampling rate of 100,000 frames/s
is employed to capture the motion behavior of the bubble. In addition, a compressible flow
solver, with consideration of the phase change and thermodynamic effect, is adopted to
perform the corresponding numerical simulations. The numerical results for the bubble
radius and bubble shape are in good agreement with the related experimental data. The
bubble’s primary physical features during the first two cycles are reproduced well based
on our numerical model. Moreover, the physical implications in terms of the bubble shape,
bubble radius, shock wave, pressure load, internal temperature, and dissipated energy
during collapse are analyzed in detail to support the observed experimental phenomena.
Generally, the peak values of the pressure and temperature occur almost at the moment of
collapse once the bubble reaches its minimum volume. Finally, the effects of the relative
distance o and cone angle § on the maximum temperature, bubble position, and pressure
peaks are discussed. The main conclusions can be drawn as follows:

1.  The pressure peaks from the first and second collapse increase with the decrease in
- Moreover, the rate of increase of the pressure peak from the first collapse is much
greater than that from the second.

2. For a larger v, as ¢ increases, the first minimum bubble radius increases while the
maximum temperature decreases. Additionally, the pressure peak of the second
collapse is slightly smaller than that of the first one due to most of the bubble’s energy
being lost in the first cycle when 6 < 90°. The pressure peak at the second final collapse
is much larger than that at the first because the bubble clings to the cone tip during
the bubble’s second collapse when 6 > 90°.

3. For a smaller 7y, more energy is lost at the first collapse and the bubble always clings
to the conical surface during the collapse. As a result, the pressure peak in the first
final collapse is much greater than that in the second. The pressure peaks at different
6 do not vary very much, and the influence of 8 on the bubble’s behavior is negligible.
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