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Abstract: Cavitation and cavitation erosion are complex hydrodynamic behaviors that significantly
influence the stability and reliability of pumping units in aerospace and navigation power systems,
hydraulic engineering, and other fields. Studies on cavitation have primarily and heavily focused
on the collapse of multiple cavitation bubbles; understanding the movement of multiple cavitation
bubbles is important for cavitation research. In this study, the collapse process of near-wall double-
cavitation bubbles was numerically simulated and experimentally verified, and the evolution of the
near-wall double-cavitation bubble collapse was investigated. Two different distances were altered in
the study. The distance between the double-cavitation bubble and the distance between the cavitation
bubbles and the wall, the effects of dimensionless parameters, such as the near-wall coefficient and
the cavitation bubble spacing coefficient, the collapse time, jet angle, and impact load on the wall can
be determined. It was found that the collapse time of the double-cavitation bubbles decreased in a
negative exponential distribution with an increase in the cavitation bubble spacing coefficient, along
with decreases in a negative exponential distribution with an increase in the near-wall coefficient. The
jet angle increased in a negative exponential distribution with an increase in the cavitation bubble
spacing coefficient and decreased in a negative exponential distribution with an increase in the
near-wall coefficient. The impact load on the wall initially increased and then decreased in the form
of a quadratic function, with an increase observed in the cavitation bubble spacing coefficient. With
an increase in the near-wall coefficient, the impact load on the wall first decreased, then increased,
and finally decreased in the form of a cubic function.

Keywords: double-cavitation bubbles; collapse time; impact load; near-wall coefficient

1. Introduction

Cavitation erosion arises when a cavitation bubble collapse occurs at a certain distance
from the walls of propellers, pumps, and turbines, causing the walls to be subjected to
high-frequency, discontinuous impact forces, leading to material fracture or spalling [1-3].
This affects both the operational reliability and stability of the unit system. Cavitation is
closely related to the cavitation bubble rupture process, and the study of cavitation bubble
dynamics is crucial for elucidating the cavitation mechanism [4,5]. This has prompted
research on cavitation bubble collapse dynamics [6,7], which has become a popular topic in
the field of fluid machinery. Lauterborn et al. [8] used high-speed photography to study
the cavitation bubble collapse process in the near-wall region and found that microjets are
generated during cavitation bubble collapse. Shima [9] experimentally investigated the
rupture of gas bubbles generated by electric sparks near solid walls and confirmed that the
impact pressure was mainly produced by the combined action of shockwaves and microjets.
Philipp [10] showed that the smaller the distance between the cavitation bubble center
and the wall, the larger the diameter of the microjet. Zhang L [11] conducted numerical
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research on single cavitation bubbles, analyzing the energy changes that occurred during
a single cavitation bubble collapse, and found that the energy was first transferred from
the cavitation bubble potential energy to flow-field kinetic energy, and then to the pressure
wave energy. Zhang M [12] calculated the cavitation bubble collapse process by coupling
the volume of the fluid model and the natural cavitation bubble model by changing the
distance of a single-steam cavitation bubble to the vertical solid wall and water surface and
found that the closer the cavitation bubble was to the solid wall, the longer the collapse time,
and the closer the cavitation bubble was to the water surface, the shorter the collapse time,
respectively. Nie [13] conducted numerical calculations on an acoustic radiation model
for cavitation bubbles with different initial radii based on the single cavitation bubble
motion equation. The results revealed that as the cavitation bubble diameter increases, the
minimum radius of cavitation bubble collapse increases, and the collapse time is prolonged
as a result. Liu [14] used an improved double distribution function based on the lattice
Boltzmann method to simulate the evolution of non-isothermal cavitation. In the case
of an infinite domain, the proposed model successfully reproduced the process from the
expansion to compression of the cavitation bubble, and an obvious temperature gradient
was present on the surface of the bubble. Gordoa [15] considered an analytical approach
to the study of high-intensity, non-linear ultrasonic waves in bubbly liquids, and built a
mathematical model consisting of a coupled system of partial differential equations for the
sound pressure of bubbles and the instantaneous radius.

Recent research has focused more on shockwaves and microjets [16]. However, most of
these studies have focused on a single cavitation spherical bubble collapse [17], with limited
research on near-wall multiple cavitation bubble collapses. The application of computer
fluid dynamics (CFD) to assess complex fluid flows is defined by a short period, a good
flow visualization effect, and ability to delicately capture flow characteristics [18,19]. In this
study, a numerical simulation of the near-wall double-cavitation bubble collapse process
was conducted based on a homogeneous equilibrium model. The numerical simulation
results were validated using Tomita’s experimental results [20]. By analyzing the double-
cavitation bubble collapse process and the factors influencing the impact load on the wall,
the dynamic characteristics of the impact load of the near-wall double-cavitation bubble
collapse were obtained.

2. Materials and Methods

In this study, the cavitating foam solver of the OpenFoam platform [21] was used
based on the homogeneous equilibrium model. The thermal shock load caused by the phase
change of the cavitation bubble collapse was ignored, and the pressure-density relationship
closure equation was adopted for the numerical calculation of the near-wall double-cavitation
bubble collapse process. The entire process followed flow control equations.

It is assumed that the computational fluid is a two-phase homogeneous compressible
mixture, and the isotropic positive pressure relationship is [22]:

B

M

Aoy _

At = Pm
where p;, is the mixed-phase density, p is the pressure, t is the time, and ¥, is the com-
pressibility coefficient of the mixture.

Pm = Potty + 01(1 — ay) ()

where p, is the gas phase density, p; is the liquid-phase density, a;, is the gas-phase volume
fraction, and 1 — &, is the liquid-phase volume fraction. This study utilized a linear positive-
pressure model, which is as follows [22]:

lzbm = DCUIIJV + (1—06-0)471 (3)

Where 1, and ¢, are the compression coefficients of steam and liquid, respectively.
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The continuity equation for a two-phase flow is [22]:
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where u; represents the velocity component in the x; direction.
The momentum equation (N-S equation) for a two-phase flow is [22]:
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In this equation, .y is the effective viscosity, given by the equation [22]:

Heff = Mm + Mt (6)

Here, y;, is the dynamic viscosity, and y; is the turbulent viscosity. The Reynolds
number is defined as [23]:
pvd
Hm
where v represents the average fluid velocity, and d is the characteristic length. In this
study, the maximum average fluid velocity reached within the entire flow field was
v = 8.6 x 1073m/s, and the characteristic length was d = 0.05 m, p,, = 1.01 X 10~3Pa-s,
respectively. The resulting Reynolds number was Re = 426. According to the critical
Reynolds number in engineering applications Re. = 2320, the flow in this study was
laminar, p; = 0.

The volume fraction equation for a gas-liquid two-phase flow is [24]:

Re = 7
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where M, is the mass change of the liquid phase, and M, is the mass change of the gas phase.

A geometric model was employed in this study. Two cavitation bubbles of the same
size were placed on the wall of a stationary flow field, with an initial cavitation bubble
radius of 1 mm. The calculation domain was a two-dimensional space, with the cavitation
bubble-attached wall being a no-slip wall, and the left and right boundaries being solid
walls. To eliminate the influence of other computational domain boundaries on the cavita-
tion collapse bubble process, the calculated domain edge length was set to 50 times of the
initial cavitation bubble radius. A structured grid was used, which was locally refined in
the key areas of cavitation bubble collapse and jetting. Figure 1 shows the grid division and
local magnification of the double-cavitation bubble collapse calculation domain: (a) shows
the initial position of the cavitation bubbles, and (b) is the magnified schematic diagram of
the red box, where red represents vapor, blue represents water, and white represents the
gas-liquid interface, respectively.
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Figure 1. Grid division and local amplification of the computing domain. (a) Grid division. (b) Local

amplification of the computing domain.

Verification of Grid Independence

To examine the influence of the grid quantity on the numerical calculation results,
this study combined the cavitation bubble collapse theory and assumed that the minimum
radius after the cavitation bubble collapses no longer changes. The generalized Rayleigh
equation for cavitation bubble dynamics is represented as [25,26]:

. 3.2 4yR 2S5 pp(t) — peo(t)
RR+SR + == == = P _Fo ?
2 R pR P Y

where R is the cavitation bubble radius, S is the surface tension coefficient, pg(t) is the
pressure inside the cavitation bubble, po(t) is the pressure at infinity, and ¢ is the time. In
this study, based on the Rayleigh equation’s analytical calculation, the minimum radius
attained after the gas cavitation bubble collapse was 0.21 mm, which is much larger than
the 0.09 mm of steam cavitation bubbles.

Five grid schemes were set up in the calculation domain in this study (Table 1), with
the number of grids corresponding to the cavitation bubble radii of 20, 50, 65, 80, and 90,
respectively. The collapse process of double-cavitation bubbles in the calculation domain
was simulated using five schemes. When the numbers of the grids exceeded 1,359,300, the
minimum radius of the collapsed cavitation bubble barely changed with an increase in
the number of grids. Therefore, case number 3 was adopted, with a locally refined grid
quantity of 1,267,500.

Table 1. Grid independence verification.

Case Number Grid Quantity R,yin (mm)
1 148,800 0.11
2 820,800 0.095
3 1,359,300 0.09
4 2,032,800 0.089
5 2,430,000 0.089
3. Results

In this study, the dimensionless parameters cavitation bubble spacing coefficient 5
and the near-wall coefficient y were defined. The cavitation bubble spacing coefficient
B represents the distance between the centers of the two cavitation bubbles, as shown in
Equation (10); the near-wall coefficient y represents the relative distance from the center of
the double-cavitation bubbles to the wall, as shown in Equation (11):

p=> (10)

o
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where S is the distance between the cavitation bubble and the cavitation bubble center,
L is the distance between the cavitation bubble center and the wall, and r( is the initial
cavitation bubble radius.

3.1. Experimental Validation of the Calculation Results of the Double-Cavitation Bubble
Collapse Process

In the controlled experiments, cavitation bubbles were carefully positioned on the
surface of the upper pressure transducer using a syringe. Two cavitation bubbles in
symmetry were collapsed using a shock wave, with = 2.2, and y = 1, respectively. During
the numerical simulation, the initial pressure inside the cavitation bubble was pg = 2300 Pa,
the external ambient pressure was pe = 101325 Pa, and 8 and v were the same values
as under the experimental conditions, respectively. A comparison with the experimental
results was conducted to verify the validity of the numerical simulation. The comparison
results are shown in Figure 2. Figure 2a,b show the experimental and numerical simulation
results, respectively. Regarding the entire collapse process, the near-wall double-cavitation
bubble can be divided into three stages.

50 us 100 ps 150 ps 200 us 260 us 270 us
(b)

Figure 2. Comparison between the experimental results and numerical simulation results. (a) Ex-
perimental test results. (b) Numerical calculation results. Reprinted from Ref. [20] with permission
of AIP.

Cavitation bubble shrinkage stage: As the initial pressure inside the cavitation bubble
was lower than the surrounding fluid pressure, the cavitation bubble began to contract;
however its shape remained spherical until at ¢ = 100 ps.

In the cavitation bubble deformation stage, the outer side of the bubble gradually
flattened, whereas the inner side maintained a hemispherical shape. At t= 150 ps, the outer
side of the cavitation bubble was flat.

Cavitation bubble collapse and jet formation stage: At t =200 ps, the cavitation bubble
underwent a violent deformation with an obvious indentation on the outer side, and the
indentation direction pointed towards the wall between the two bubbles. At t = 260 s, the
bubble reached the critical rupture point. At t = 270 ps, both bubbles burst, each presenting
as two annular bubbles. At t = 282 us, the cavitation bubble radius reached its minimum
value, completing the entire collapse process.

The basic characteristics of the double-cavitation bubble collapse in the numerical
simulation were in good agreement with the experimental results, highlighting the validity
of the numerical calculations. There was a slight deviation in the timing of the simulation
results compared with the experiment, which may be due to differences in the initial
calculation and experimental conditions.

3.2. Velocity and Pressure Analysis of the Double-Cavitation Bubble Collapse Process

Figure 3 shows the velocity and pressure cloud diagrams at different moments of the
double-cavitation bubble collapse. As shown in Figure 3a, at t = 200 ps, the cavitation bubble
began to dent, and the jet started to form. During this time, the jet velocity was relatively
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U Magnitude (m/s)

low, and the cavitation bubble continuously emitted pressure waves to its surroundings.
The wall pressure was relatively low, indicating that the pressure waves emitted towards
the inner side of the cavitation bubbles were small. As shown in Figure 3b,c, the jet
developed fully, and the velocity increased rapidly as a result. Pressure waves were emitted
from both sides of the protruding cavitation bubble towards the outer side. As shown
in Figure 3d, the jet penetrated the cavitation bubble and reached a maximum velocity
of 25 m/s. The two annular cavitation bubbles radiated the two pressure-wave beams
upward. As shown in Figure 3e, at t = 282 ps, the cavitation bubble reached its minimum
radius, and the jet moved inwards in a tilted direction. The jet velocity began to decrease,
and the water hammer impact was continuously released. A high-pressure area formed
in the area between the annular cavitation bubble and the wall, which was caused by the
combined action of the pressure waves generated by the water hammer and the cavitation
bubble collapse. Owing to the presence of a high-pressure area, the annular cavitation
bubble contracted rapidly, attaining a maximum contraction speed of 35 m/s.

U Magnitude (m/s)
U Magnitude (m/s)

(b) t =220 s (c) t=250 us

— 2100000

— 140000
— 120000
100000 1.500.0008

80000 =
1000000

60000

U Magnitude (m/s)

= 500000

—2300

(d) t=270 us (e) =282 s

Figure 3. Velocity and pressure analysis of the region of double-cavitation bubbles collapse at different
times (velocity on the left and pressure on the right).

3.3. Relationship between the Cavitation Bubble Spacing Coefficient and the Collapse Time and
Jet Angle

To evaluate the influence of the interaction between the two cavitation bubbles on
the collapse time and jet angle, this study defined the collapse time t as the time from
the maximum to the minimum radius of the cavitation bubble, and the jet angle 6 as the
angle between the jet and the wall. Maintaining y = 1, the collapse process of the near-wall
double-cavitation bubble was also calculated when 8 =3, 4, 5, 6, 7, 8, and 9, respectively.
Tables 2 and 3 present the morphological changes in the double-cavitation bubble collapse
when $=3,4,5,6,7,8,and 9, respectively. Figure 4 shows the relationship between the
collapse time ¢, the jet angle 6, and the cavitation bubble spacing coefficient B.
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Table 2. Morphological changes in the double-cavitation bubbles collapse. g = 3, 4, 5, and 6, respectively.

Cavitation Bubble Spacing Coefficient p=3 p=4 B=5 B=6
Table 3. Morphological changes in the double-cavitation bubbles collapse. =7, 8, and 9, respectively.
Cavitation Bubble Spacing Coefficient B=7 p=8 B=9

30 —a— Impact load P

Impact load P (Mpa)
55 o » 8 8B R 8 8
1 1 1 1 | 1 1 1

—
)
1

spacing coefficient f

Figure 4. Relationship between the collapse time, jet angle, and the cavitation bubble spacing
coefficient p.

The primary interaction force between the cavitation bubbles was the secondary
Bjerknes force. In the double-cavitation bubble collapse process, the secondary Bjerknes
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force experienced by the cavitation bubble was expressed as an attractive force, indicating
that the maximum value of the attractive force was greater than that of the repulsive
force. The secondary Bjerknes force, along with the viscous resistance experienced by the
cavitation bubble were found to be much larger than the gravitational force. Gravity was
neglected in this study. The time required for a cavitation bubble to collapse to its minimum
radius also changes under the influence of a secondary Bjerknes force [27-29]. According to
Figure 4, a mathematical model of the double-cavitation bubble collapse time ¢ as a function
of B was established, as shown in Equation (12).

t =92¢701256 4 210 (12)

As B becomes larger, the delaying effect of the secondary Bjerknes force on cavitation
bubble collapse becomes more pronounced as a result, and the collapse time of the cavi-
tation bubble decreases following a negative exponential distribution. This indicates that
the secondary Bjerknes force present between the cavitation bubbles exerts an inhibitory
effect on the contraction of individual bubbles, and the trend of the reduced collapse time
gradually flattens, eventually approaching the collapse time of a single cavitation bubble
on the wall.

According to Tables 2 and 3, all designed scenarios show that the cavitation bubbles
maintain a spherical shape and gradually shrink during the initial stage of the collapse. In
the stage of cavitation bubble deformation, as § increases, the secondary Bjerknes force
weakens, causing the flattened direction of the cavitation bubble to deviate towards a
direction perpendicular to the solid wall. In the stage in which the cavitation bubble
collapse generates a jet flow, the jet angle changes significantly as a result. A mathematical
model of the jet angle 6 with respect to B was established based on Figure 4, as expressed
in Equation (13):

0 = —100e%2*F 4+ 80 (13)

As B increased, the jet angle 8 exhibited a negative exponential growth. When  was
large enough, the secondary Bjerknes force approaches infinitesimal, and 6 tended to stabilize.

3.4. Relationship between the Cavitation Bubble Spacing Coefficient and the Wall Impact Load

To evaluate the characteristics of the wall impact load owing to the collapse of two
cavitation bubbles, monitoring points were set up at the contact points of each pair of
cavitation bubbles with the wall, and the peak pressure on the wall was measured. As
the cavitation bubbles were of the same size, the morphological changes, velocity cloud
diagrams, and pressure cloud diagrams all exhibited symmetrical variations, and the
detected pressure values were deemed to be consistent. When 8 = 0, two cavitation bubbles
of the same volume overlapped, and the maximum pressure generated by the collapse
was found to be consistent with that of a single cavitation bubble. As § increases, the
pressure waves generated by the collapse of the two cavitation bubbles superimpose,
thereby increasing the impact load on the wall. However, when f is too large, the impact
load on the wall decreases as a result. The wall impact load changes with §, as shown in
Figure 5. Based on Figure 5, a mathematical model of the impact load P with respect to 8
was established, as shown in Equation (14):

P=—-1282+9.6B8+9 (14)
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Figure 5. Relationship between the wall impact load and the cavitation bubble spacing coefficient .

3.5. Relationship between the Near-Wall Coefficient and the Collapse Time and Jet Angle

In order to evaluate the influence of the near-wall coefficient on the collapse time and
jet angle of the double-cavitation bubbles, the collapse process was calculated while keeping
B=22and for y=1.3,15,1.7, 2.0, 3.0, and 4.0, respectively. The wall causes changes in
the liquid pressure near the upper and lower surfaces of the cavitation bubble, resulting
in the formation of a pressure gradient on the upper and lower surfaces of the cavitation
bubble. This pressure gradient generated a force on the cavitation bubble pointing towards
the wall, causing a change in the cavitation bubble collapse time. Figure 6 shows the
relationship between the collapse time £, jet angle 6, and the near-wall coefficient, and based
on Figure 6, mathematical models of the collapse time ¢ and jet angle 6 with respect to 7y
were established, as shown in Equations (15) and (16), respectively.

t = 86e 007 4228 (15)
—#— Collapse time ¢ L 45
280 4 —m— Jet angle ’
- 40
g 12701 3
= =38
= &
o <
g 30 L
3 200 2
2 <
8 -25 ©
'E -
© 250
- 20
- 15
240
T T 10

T
1.0 1.5 2.0 2.5 3.0 3.5 4.0

Near-wall coefficient y

Figure 6. Relationship between the collapse time, jet angle, and the near-wall coefficient .

As v increased, the force exerted by the wall on the cavitation bubble decreased, and
the collapse time t decreased in a negative exponential distribution, indicating that the force
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between the cavitation bubble and the wall slowed down the cavitation bubble collapse.
The larger the <, the slower the decrease in the collapse time ¢, which eventually stabilized.

0 =72e"087 110 (16)

As the force exerted by the wall on the cavitation bubble decreased with an increasing
v, and with the secondary Bjerknes force between the cavitation bubbles remaining un-
changed, the direction of the combined forces started to shift towards the line connecting
the centers of the double-cavitation bubbles, and the jet angle decreased in a negative
exponential distribution as a result.

3.6. Relationship between the Near-Wall Coefficient and the Wall Impact Load

At the end of the collapse, the cavitation bubbles moved violently in the radial di-
rection, were highly compressed, released energy in the form of shock waves, and finally
formed an impact load on the wall. As the pressure waves generated by the cavitation
bubble collapse propagated, the impact load on the wall gradually attenuated from the
maximum value of 2.11 x 107 Pa due to energy dissipation with the increase in «y. Aty = 1.7,
the wall impact load reached a minimum value of approximately 80 atm of pressure and
then began of increase gradually. At 7y = 3, the wall impact load reached a maximum value
of approximately 110 atm of pressure, and when 7y = 4, the wall impact load started to
decrease again. Based on Figure 7, a mathematical model of the impact load P with respect
to v was established, as shown in Equation (17).

P=—4x10%°%431x10"9y2 +8 x 107y 4+ 7.4 x 107 (17)
2.5x107 7 ——=1.0
y=1.3
, —y=1.5
2.0x107 =17
— =20
e“; 1.5x107 =20
& — =40
2
]
= 1.0x107 1
Q
]
oy
RS
5.0x10°
0.0
T B T ¥ T B T L 1
1.6x107% 2.0x107* 2.4x1074 2.8x1074 3.2x1074

Time (s)

Figure 7. Changes in the wall impact load.

The wall impact load P initially decreased, then increased, and then decreased again
in a cubic function form as <y increased. Owing to the time difference between the pressure
waves reaching the wall and the cavitation bubble collapse time, the cavitation bubble
collapse time ¢ and the time corresponding to the maximum wall impact load P were
slightly different. The farther away the cavitation bubbles collapse from the wall, the larger
the shock wave generated, but the impact load on the wall was not found to be monotonic.
From the perspective of cavitation failure, the impact load on the wall was deemed to be
more important than the cavitation bubble collapse pressure, as the impact load is the main
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cause of fatigue failure arising from the materials. Therefore, the influence of the pressure
caused by the collapse of the cavitation bubbles on the wall should be considered based on
the wall distance.

4. Conclusions

To evaluate the dynamic characteristics of the impact load of the near-wall double-
cavitation bubble collapse, we numerically simulated the experimental double-cavitation
bubble collapse on the wall and investigated the effects of the cavitation bubble spacing
coefficient B and the near-wall coefficient -y at the collapse time ¢, jet angle 6, and impact
load P on the wall during the double-cavitation bubble collapse process. The following
conclusions were drawn:

1. The collapse time ¢ of the double-cavitation bubble shortens in a negative exponen-
tial distribution as B increases, and also shortens in a negative exponential distribution as
v increases;

2. The jet angle 6 formed by cavitation bubble collapse is jointly determined by the
secondary Bjerknes force between the cavitation bubbles and the force exerted by the solid
wall on the cavitation bubbles. 6 increases in a negative exponential distribution as f3
increases, and decreases in a negative exponential distribution as -y increases;

3. When 1 = 1, the impact load P on the wall caused by the double-cavitation bubble
collapse increases first, and then decreases in a quadratic function form as 8 increases and
reaches a maximum value at = 4;

4. With B held constant, the impact load P on the wall is jointly determined by the
pressure waves generated by the double-cavitation bubble collapse and 7. The impact
load P first decreases, then increases, and then decreases again in a cubic function form as
< increases.
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