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Abstract: This study employs the VOF method to conduct the direct numerical simulation of the
collapse progress of the near-wall bubble cluster. Factors such as viscosity, compressibility, and surface
tension are taken into account, with an emphasis on the flow field energy evolution. Firstly, the
collapse of a cubic bubble cluster comprising 64 bubbles is simulated, validating previous research
regarding the morphological evolution and energy release mechanisms during cluster collapse.
Overall, the cubic bubble cluster collapse exhibits a layer-by-layer phenomenon, where the outer
layer bubbles collapse first, converting a portion of bubble potential energy into fluid kinetic energy,
which then contributes to the inner layer bubble collapse. The pressure wave energy is primarily
released when the whole bubble cluster completely collapses. Secondly, we investigate the collapse
process of columnar bubble clusters, which closely resemble realistic cloud cavitation. By comparing
the collapse behavior of bubble clusters with different heights, we reveal the non-linear delay effect
of the cluster height on the collapse time. Additionally, we consolidate our long-term research on
the bubble cluster and conclude that both the scale and shape of the bubble clusters have a limited
impact on the conversion rate η of bubble potential energy to pressure wave energy η. For instance,
when the stand-off distance η = 1.5 and the inter-bubble distance D = 2.5, the conversion rate η

remains consistently 9–15% for various bubble clusters of different scales and shapes.

Keywords: cavitation bubble; multiple bubble; bubble cluster collapse; pressure wave energy; energy
conversion rate

1. Introduction

Cavitation erosion, precipitated by the cavitation structure collapse, contributes detri-
mentally to the functionality of hydraulic machinery and ship propulsion systems. Specifi-
cally, the cavitation effect will reduce the hydraulic system efficiency, erodes the material
surface, and induces significant noise [1–3]. Hence, the prevention and avoidance of cavita-
tion erosion have always been critical issues in engineering. Researchers generally aim to
prevent and mitigate the impact of cavitation effects during the design phase. On the other
hand, the cavitation phenomenon plays a crucial role in ultrasound-based therapeutic diag-
nosis [4,5], which requires prior cavitation prediction. Thus, to both prevent and leverage
the cavitation effect, estimating its intensity in the target flow field is vital. To achieve this,
further research must delve into the mechanisms underlying bubble cluster collapse.

Recently, investigations on the cavitation bubble collapse have covered various aspects,
leading to a better understanding of the bubble dynamics behavior and establishing the
foundation for the cavitation prediction mechanisms. Currently, the single bubble dynamics
have been sufficiently investigated, but practical cavitation phenomena are generally
associated with cloud cavitation. The energy released during the bubble cluster collapses
not only surpasses that of a single bubble but also has a higher density energy flow during
a specified period and triggers a highly intensive impact on materials, leading to cavitation
erosion. To further develop the prediction of cavitation erosion, it is urgent to clarify cloud
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cavitation dynamics and erosion mechanism. As a result, research into the bubble cluster
collapse becomes a hot spot.

Researchers primarily employ numerical methods to study the complex dynamic
behavior induced by the interaction between bubbles and the bubble cluster collapse mech-
anism. Ghahramani [6] evaluated the performance of three different numerical methods
for multi-bubble simulation side by side and factoring in the liquid phase compressibility
when determining the collapse release pressure. Chahine [7], on the other hand, applied
the boundary element method to examine the bubble interaction and evolution in unsteady
flow, where phenomena such as the jet, bubble splitting, shear detachment, and unstable in-
terface deformation were identified. Tiwari [8] carried out a compressible multiphase flow
simulation using the diffusion interface method to study the collapse of a hemispherical
bubble cluster composed of 50 cavitation bubbles near the wall. His study indicated that
the overall collapse direction is toward the center of the cluster, with a weak correlation
to the geometric arrangement within the bubble cluster. Bui et al. [9] used the boundary
element method to simulate the collapse of a cavitation cloud composed of 37 bubbles.
This study found that the collapse of the bubble cluster followed an outside-in progression,
and the bubbles in the inner layer were unaffected by the collapse of the outer layer and
known as the shielding effect. Through a combination of experimental and simulation
studies, Jian et al. [10] demonstrated that cloud cavitation flow generates two potentially
cavitating pressure waves: one from the cavitation bubble collapse and the other from
bubble detachment. More importantly, the vacuoles in cloud cavitation will form small
cavitation structures and collapse independently. Zhang [11] conducted comprehensive
studies on the cavitation effects of various cavitation flows, using direct numerical sim-
ulation based on the volume of fluid (VOF) method. He thoroughly examined the laws
governing bubble cluster collapse and detailed the energy evolution during cavitation
bubble collapse [12]. Collectively, these findings elucidate the dynamic characteristics of
bubble collapse, including trajectory, collapse timing, and shape. Key parameters such
as driving pressure, proximity to the wall, and inter-bubble distance primarily determine
these dynamics and are closely associated with cavitation intensity.

The numerical model of cavitation erosion prediction was developed based on the
above research. One of the primary challenges in advancing the cavitation prediction is
understanding the cavitation erosion mechanism, primarily explained by two main theories:
jet impact and pressure wave impact. In recent years, significant attention has been devoted
to the cavitation erosion prediction system based on the pressure wave theory. The pressure
wave impact is characterized by the emission of spherical pressure waves from the center
point of bubble collapse, which rapidly propagate in the flow field and eventually impact
the solid surface. The bubble potential energy theory is essential to the pressure wave
impact theory. The bubble potential energy theory was first proposed by Hammitt et al. [13]
in 1963. According to this theory, the bubble potential energy positively correlates with the
bubble volume and the pressure difference at the bubble interface. In Cole’s experimental
study [14], it was observed that the pressure wave generated by the bubble collapse is
linearly related to the bubble potential energy, particularly in the case of spherical bubble
collapse, as further verified by Vegol [15]. Fortes [16] also suggested that the pressure
wave shock theory is the primary mechanism for cavitation erosion. Numerous studies
focus on understanding the spatiotemporal distribution of the pressure wave post-collapse,
revealing a connection between the signal characteristics of the pressure wave and the
bubble potential energy [17].

The pressure wave shock theory has been developed based on a deeper understanding
of bubble dynamics. Kato et al. [18] proposed using this theory for cavitation predic-
tion, while Fortes [19] developed a set of cavitation erosion prediction methods based
on Kato et al.’s research that can forecast material surface damage. This method uses the
Herring–Keller equation [20] and the explicit Tait equation [21] to simulate the pressure re-
lease during bubble collapse and employs the acoustic approximation algorithm to estimate
the potential energy contained in the pressure wave. The finite element calculation based
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on the SOLID model [22] is then used to simulate the material deformation caused by the
pressure wave. This system predicts the energy transfer process from the bubble potential
energy to the pressure wave energy and calculates the energy absorbed by a material
surface through an analysis of surface deformation. Melissaris [23] applied a method of
cavitation erosion prediction, grounded in both URANS simulation and energy transfor-
mation theory, exhibiting robust agreement with cavitation hydrofoils’ experimental data.
Building on Forte’s research, Schenke et al. revealed the mechanism of cavitation from an
energy perspective [24] and combined the method of energy projection [25] to establish a
refined erosion prediction system [26], which is capable of predicting the distribution of
the average cavitation intensity. In summary, most cavitation erosion prediction models
are based on the dynamics of a single bubble, whereas actual cavitation phenomena are
closely associated with bubbly flows. Therefore, a refined comprehension of bubble cluster
dynamics can enhance the accuracy of erosion intensity prediction.

This paper aims to conduct numerical simulations of bubble cluster collapse and
explore the characteristics of pressure wave energy using energy analysis. Firstly, a com-
pressible numerical simulation method is developed. Based on this method, the bubble
collapse process is simulated, and the propagation of pressure waves and the energy varia-
tion in the flow field are monitored. Finally, the conversion rate of bubble potential energy
to pressure wave energy is determined by analyzing the energy conversion process. Con-
sidering the frequent appearance of horseshoe-shaped bubble clusters in hydrodynamics,
with only the “horseshoe” in contact with the wall, we simplify the structure and focus on
the cubic and columnar bubble cluster structures in this paper. The erosion forecasting is
mainly based on energy analysis methods; therefore, we focused on the influence of various
factors on the energy conversion rate of bubble potential to the pressure wave energy.

2. Numerical Methods

In this study, we undertook a numerical simulation of the two-phase flow, with water
as the principal phase and vapor as the secondary phase. The interface of bubbles is
captured by the VOF method, with consideration of surface tension. The fundamental as-
sumption underpinning VOF is that two fluids remain unmixed and maintain a continuous
phase interface, with each phase displaying identical velocity and temperature fields.

The governing equations of simulation are demonstrated below:

dρ

dt
+ ρ∇−→U = 0, (1)

ρ
∂
−→
U

∂t
+ ρ
−→
U · ∇−→U = ρ−→g −∇p + 2∇ ·

(
µD
)
− 2

3
∇
(

µ∇ · −→U
)
+ σκ

−→
N , (2)

dα

dt
=

∂α

∂t
+
−→
U · ∇α = 0, (3)

where α signifies the volume fraction of the liquid phase, and the velocity vector and
pressure are represented by

−→
U and ∇p, respectively. The surface curvature is denoted by

κ, and we set the surface tension coefficient, σ, to 0.0728 N/m. Furthermore, D indicates
the shear rate tensor, while the normal vector of the surface is marked by

−→
N = (∇−→U +

(∇−→U )T)/2. Finally, we compute the density, ρ, and viscosity, µ, of the fluid mixture using
the volume fraction-weighted average of the two-phase fluids.

ρ = αρ1 + (1− α)ρ2, (4)

µ = αµ1 + (1− α)µ2, (5)
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In this paper, subscript 1 corresponds to the water component, whereas subscript 2 denotes
the vapor component.

ρ1 = ρ10 +
p
c2

1
, (6)

ρ2 = ρ20 +
p
c2

2
, (7)

where ρ10 = 998 kg/m3 and ρ20 = 0.8 kg/m3 denote the phase densities for the liquid
and gas phase, respectively. The local sound speeds for each phase are represented by c1
and c2. The parameter ψ1 is fixed, and the parameter ψ2 is computed under an isentropic
assumption. The constant pressure model simulates the vapor bubble dynamics to ensure
that the bubble’s pressure never exceeds the saturation pressure.

In the study, we analyzed the energy variation during bubble collapse and defined
three energy categories: bubble potential energy, flow kinetic energy, and pressure wave
energy. Their corresponding computation formulas are presented below:

Epot =
4
3

πR3∆p, (8)

Ek =
∫ 1

2
ρU2dV. (9)

Ewave =
∫

(∆p)2

ρc2 dV (10)

where ∆p is the pressure difference between the inside and outside of the bubble’s interface,
c is the liquid’s sound speed. ρ is the density of the mixed fluid. R is the bubble’s radius,
whose initial value is R0. The initial bubble potential energy is Epot−max, And to estimate
the ability of energy variation, the conversion rate of bubble potential energy to pressure
wave energy η is defined as:

η =
Ewave

Epot−max
(11)

The FVM discretizes governing equations, and PISO is applied to solve the variable
coupling computation. The spatial discretization of convective terms utilizes the VanLeer
scheme, while the Laplace operator’s discretization incorporates the central differencing
method. For temporal discretization, the study applies a first-order explicit Euler method.
The coupling calculation between velocity and pressure utilized the implicit pressure
splitting operator. The pressure equation was solved using the preconditioned conjugate
gradient algorithm, while the velocity equation was solved using the biconjugate gradient
algorithm. All simulations were performed on the open-source platform OpenFOAM.

The solver’s reliability is ascertained by simulating the collapse of a single bubble
and juxtaposing the results with the analytical solution derived from the Rayleigh–Plesset
equation and the Rattray equation.

tc = 0.915R0

√
ρl

p∞ − p0
(12)

T = tc(1 + 0.205
1
γ
) (13)

In the formula above, tc denotes the collapse time as calculated by Rayleigh’s equation
under flow-field conditions, and T symbolizes the collapse time computed using Rattray’s
equation under near-wall conditions. Furthermore, ρl refers to the density of the liquid,
whereas γ signifies the stand-off distance.

In Figure1, the dimensionless parameters of time T∗ and bubble radius R∗ are nor-
malized to the total bubble collapse time and the initial bubble radius, respectively. The
Rayleigh–Plesset equation’s numerical solution was rendered using the fourth-order Runge–
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Kutta method. It can be observed that the numerical solution in this study closely matches
the solution of the R–P equation, indicating that the solver employed in our research
accurately simulates the vapor bubble collapse process.

Figure 1. Radium variation of bubble collapse under the far-field condition.

Figure 2 presents the collapse time of a single bubble under varying stand-off distances,
juxtaposed with Rattary’s collapse time. The congruence between our numerical results
and Rattary’s under near-wall conditions further validates the solver’s reliability.

Figure 2. Bubble collapse time under different stand-off distance conditions.

3. Result

This section presents a detailed investigation into the collapse process of cubic and
columnar bubble clusters, focusing on the flow field’s energy evolution during the bubble
cluster collapse. Our study primarily involves a 64-bubble cubic bubble cluster and several
columnar bubble clusters with varying heights. The stand-off distance, denoted as γ,
between the bubble cluster and the wall, was maintained consistently at 1.5, while the
dimensionless inter-bubble spacing, represented by D, persistently remained at 2.5.

As shown in Figure 3, the dimensionless distance, D, between adjacent bubbles is
defined as the ratio of the inter-bubble spacing to the initial bubble radius. Similarly, the
stand-off distance, γ, between the bubble and the wall is defined as the vertical distance
from the bubble’s center to the wall, normalized by the initial bubble radius.
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Figure 3. Geometrical description for the bubble cluster.

3.1. Cubic Bubble Cluster Collapse

Our previous investigations studied the collapse processes of cubic bubble clusters
comprised of 8 and 27 bubbles, respectively. Notably, in the case of the 27-bubble cluster
collapse, we observed a distinct layer-by-layer collapse phenomenon. As the complexity of
inter-bubble interactions escalates with larger cluster sizes, verifying the reliability of the
layer-by-layer collapse process becomes of paramount importance in larger-scale clusters.
In pursuit of this, we simulated the 64-bubble cluster collapse process.

Tables 1 and 2 outline the parameter settings and boundary conditions employed in
the numerical simulation. These parameters will persist constantly throughout our study,
allowing us to focus on bubble clusters of varying scales and shapes.

Table 1. Flow Field Parameter Settings.

Initial bubble radius (R0) Initial bubble pressure (Pv) Background pressure (P∞)

0.002 mm 3540 Pa 101,325 Pa

The number of bubbles Stand-off distance (γ) Inter-Bubble spacing (D)

64 1.5 2.5

Table 2. Boundary Conditions Settings.

Every Field Components Computational Domain Boundary Right Wall Boundary

Alpha.water field Zerogradient fixedValue

Velocity field Zerogradient noSlip

Pressure field non-reflective zerogradient

From Figure 4, it can be observed that the collapse process of the 64-bubble cluster
also exhibited a significant shielding effect, where the inner layer bubbles maintained a
stable shape until the outer layer bubbles completely collapsed. Consequently, once the
outermost layer bubbles completely collapsed, the collapse process of the bubble cluster
was similar to that of the eight bubble cluster [12]. In terms of the bubble cluster collapse
time, the 64-bubble cluster initiated collapse at approximately 100 µs, with the outermost
layer bubbles completely collapsing around 650 µs, and overall collapse took an estimated
768 µs. The collapse rate within the 64-bubble cluster surpassed the initial rate within the
8-bubble cluster. This phenomenon is attributed to the partial energy release from the outer
bubble collapse, which contributes to the collapse of the inner layer bubbles.
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(a) (b) (c)

(d) (e) (f)

Figure 4. Deformation of 64 bubbles collapse when D = 2.5, γ = 1.5. (a) T = 100 µs. (b) T = 300 µs.
(c) T = 400 µs. (d) T = 500 µs. (e) T = 600 µs. (f) T = 700 µs.

As shown in Figure 5, during the bubble cluster collapse process, the bubble potential
energy is predominantly converted into flow kinetic energy, while in the final stage, a
portion of the flow kinetic energy is transformed into pressure wave energy. Once the
bubble cluster completely collapses, all forms of calculated energy dissipate. However, this
energy conversion process is rather complex. The shock wave released by the collapse of
the bubble group will emit sound waves during propagation, and there will be a specific
pressure drop in the region where the wave has passed. However, the sound energy, fluid
potential energy, latent heat of phase change, etc., are not the focus of this study, so we still
consider them as dissipated energy temporarily.

Figure 5. Energy evolution processfor the bubble cluster.
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Key observations drawn from this study provide a thorough understanding of the
bubble cluster collapse process. Firstly, there is a small “step” in decreasing the flow
kinetic energy toward the final stage of the bubble cluster collapse. This phenomenon
can be attributed to the asymmetric collapse of the single bubble. Secondly, our primary
research on the collapse of the 27-bubble cluster indicated that [11] following the complete
collapse of bubbles in the outer layer, the bubble cluster finally collapsed as a single bubble.
Additionally, the final collapse pattern of the 64-bubble cluster resembles our previous
research on 8-bubble cluster collapse [12]. These contrasting bubble cluster types exhibit
unique characteristics for pressure wave energy release. For instance, the 27-bubble cluster
would display a concentrated release of a small portion of pressure wave energy when
the bubbles at the geometrical center of the cluster collapse. However, compared with
the 64-bubble cluster, the conversion rate of pressure wave energy to bubble potential
energy discharged by the 27-bubble cluster at the cluster collapse’s terminal stage remained
noticeably higher. We will elaborate upon this in the following text. Furthermore, the
collapse patterns of all cubic bubble clusters in the final stages resembled those of the
previously discussed 8-bubble and 27-bubble clusters. Nevertheless, the pattern of bubble
cluster collapse in the final stage within actual engineering contexts remains unclear,
inviting the necessity of corresponding experimental exploration to ascertain whether a
bubble cluster, similar to the 64-bubble cluster, maintains potent symmetry throughout
the totality of the collapse process; monitoring pressure waves could serve as a promising
point of research initiation.

Figure 6 illustrates the collapse process of cubic bubble clusters with different sizes.
Comparative analysis reveals that the energy conversion rate η is approximately identical
for all three different-sized cubic bubble clusters. When γ = 1.5 and D = 2.5, this value
remains consistently around 10%. However, it is worth noting that there are minor differ-
ences in the energy conversion rate among the three bubble cluster sizes. We have made
two inferences based on the energy evolution mechanism during the vapor bubble collapse.
Firstly, for larger-scale bubble clusters, the kinetic energy released during the collapse of
outer-layer bubbles tends to dissipate during propagation or have less involvement in the
collapse of inner-layer bubbles. Hence, the peak conversion rate η of pressure wave energy
decreases. Secondly, if the bubble cluster finally collapses in the form of a single bubble, it
contributes to generating a pressure wave, leading to a particular increase in the conversion
rate η. However, the impact of these factors on the conversion rate η is limited, and more
research is required to validate these inferences in the future.

Figure 6. Conversion rate of the bubble potential energy to the pressure wave energy in the different
cluster sizes (8 bubbles [12], 27 bubbles [11], 64 bubbles).
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In general, a cubic bubble collapse under near-wall conditions typically exhibits a
layer-by-layer phenomenon, transitioning from the outer layer to the inner layer and from
the far-wall layer to the near-wall layer. Cubic bubble clusters of all sizes ultimately display
two distinct patterns after the complete collapse of the outer-layer bubbles. One pattern
resembles the eight-bubble cluster that maintains strong symmetry throughout the collapse
process. The other pattern, similar to the 27-bubble cluster, collapses as a single bubble
during the final stage. Notably, the second pattern shows a higher transformation rate
of the bubble’s potential energy into pressure wave energy than the first. However, the
influence of this collapse pattern on the transformation rate is limited, and further research
is required to investigate the existence of a bubble cluster analogous to the 8-bubble cluster,
that preserves its extreme symmetry throughout the entire collapse process.

3.2. Columnar Bubble Cluster Collapse

In practice, cloud cavitation will manifest varying shapes based on different flow
field conditions. In hydrofoil cavitation, the main form of cloud cavitation is the three-
dimensional horseshoe cavitation structure in the hydrofoil’s downstream area, and the
two “feet” of the horseshoe structure are located close to the wall. Moreover, the distance
between the horizontal connection position of the top of the horseshoe is relatively far,
which is generally more significant than the thickness of the reentry jet on the wall. Thus,
the bubble cluster at the lower end can effectively cause impact, whose shape is similar to
the cylinder. In order to study the possible phenomenon of cloud bubble collapse on the
surface of the hydrofoil, the next section of the paper will simulate the collapse of columnar
bubble clusters and analyze the energy conversion during the process.

The geometric arrangement of the columnar bubble cluster is shown in Figure 7.
The columnar bubble cluster comprises several layers of multi-bubble structures, and the
bubbles in each layer are composed of seven bubbles of equal radius arranged in a hexagon.
The inter-bubble spacing D remained set at 2.5, and the stand-off distance γ remained set at
1.5. Then, we systematically investigated the collapse of columnar bubble clusters, which
included two, three, and ten layers.

Top view Side view

Figure 7. Geometry setup of columnar bubble cluster.

Figure 8 illustrates the collapse dynamics of a two-layer columnar bubble cluster at
γ = 1.5, with the bubble interface representing the isosurface of α = 0.85. The initial collapse
of the bubble cluster is directed toward the central axis of the wall, causing simultaneous
deformation of the upper and lower bubble layers. Notably, the highest rate of collapse
deformation is observed at the external periphery of the upper layer. Concurrently, bubbles
on the exterior portion of the lower layer manifest horizontal inward depressions. From the
initiation of the collapse until T = 400 µs, the bubble cluster retains a hemispherical shape
without any deformation or penetration. The collapse progressed into its final stage for
T = 500–520 µs, leaving only the central bubble in the flow field. The jet flow and pressure
release resulting from the collapse of the external layer bubbles ensure varied degrees
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of depression on the side and top interfaces of the central bubble. The jet flow triggered
by the upper layer penetrated in a downward direction, making contact with the solid
wall surface. Examination of the overall bubble evolution hints at varying collapse rates
for the outer layer bubbles due to differences in their relative positions within the cluster.
When the external layer reached the collapse’s final stage, the robust interaction among the
bubbles altered the collapse rate, leading to a nearly simultaneous complete collapse of the
entire external layer. Further, due to this variation in the collapse rate, the overall shape of
the bubble cluster transitions to a hemispherical formation. Ultimately, the bubble cluster
collapses as a single bubble.

Figure 9 shows the contracting process of the three-layer bubble cluster at γ = 1.5, and
the overall collapse takes approximately 581 µs. Compared with the collapse process of
the two-layer bubble cluster, the three-layer bubble cluster had a change in the general
collapse time, but the overall collapse evolution was the same as the two-layer bubble
cluster collapse, from the top to the wall layer by layer. The outer layer of bubbles shrunk
horizontally inward and collapsed further, while the central bubbles of each layer collapsed
downward after the completion of the outer layer collapse, and the induced jet penetrated
the bubbles.

Figure 10 shows the collapse progress of a 10-layer bubble cluster at γ = 1.5, and the
overall bubble collapse took 676 µs. The collapse progress appeared vertically from the
top layer to the bottom layer. During the initial collapse step (T = 100–400 µs), notable
deformation was observed at the top of the cluster. The periphery and central bubbles
in the top layer at T = 200–300 µs collapsed vertically downwards, quickly producing
depressions and further penetration. When T = 500 µs, the bubble collapse in the vertical
direction accelerated, and the bubble at the top shrunk inward while getting closer to the
center. When T = 600–650 µs, the peripheral bubbles collapsed entirely, the bubbles at
the center collapsed downwards in the form of strings, and the puncture and fusion of
the interface involved the four layers of bubbles on the top. Finally, at T = 650 µs, the
cluster effectively collapsed into a single-point slender air mass. Comparative observation
of columnar bubbles at varying heights indicates the directional influence of the bubble
height on the overall collapse. However, it can be observed that when adjacent bubbles
cover both the upper and lower sides, the bubbles collapse solely in the horizontal direction.
As the height increased, the side bubbles’ collapse time was consequentially delayed, from
500 µs for two layers to 540 µs for three layers and 600 µs for ten layers; the height of the
columnar bubble cluster can delay the collapse time non-linearly.

(a) (b) (c)

(d) (e) (f)

Figure 8. Collapse evolution of 2-layer (14 bubbles) columnar bubble cluster. (a) T = 100 µs.
(b) T = 320 µs. (c) T = 460 µs. (d) T = 480 µs. (e) T = 500 µs. (f) T = 520 µs.
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(a) (b) (c)

(d) (e) (f)

Figure 9. Collapse evolution of 3-layer (21 bubbles) columnar bubble cluster. (a) T = 100 µs.
(b) T = 300 µs. (c) T = 350 µs. (d) T = 450 µs. (e) T = 500 µs. (f) T = 550 µs.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 10. Evolution of 10-layer (70 bubbles) columnar bubble cluster.(a) T = 100 µs. (b) T = 200 µs.
(c) T = 250 µs. (d) T = 350 µs. (e) T = 400 µs. (f) T = 450 µs. (g) T = 500 µs. (h) T = 600 µs.
(i) T = 650 µs.

Figure 11 is the central section of the pressure contour and the streamline in the field
during the 10-layer bubble collapse. It can be found that from the top of the bubble cluster,
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every outer layer of bubbles or the central bubble collapse will have an apparent pressure
release, and the peak value of the released pressure will continue to rise until the overall
bubble cluster completely collapses, ultimately reaching approximately 70 MPa. From
T = 650 µs (Figure11e), the final collapse of the bubble cluster did not directly collapse from
the top to the bottom; the central bottom bubbles collapsed first at the end of the collapse
and finally, the central bubbles above the bottom bubble stayed in the flow field. This
phenomenon shows that the continuous layer-by-layer collapse of the columnar bubble
cluster has a breakpoint. Furthermore, the collapse time for a cubic bubble cluster consisting
of 64 bubbles considerably exceeds that of a ten-layer columnar bubble cluster. Therefore,
we can conclude that the total collapse time bears relevance to the horizontal collapse rate,
particularly when the vertical scale vastly outmatches the horizontal one in a columnar
bubble cluster collapse case.

(a) (b)

(c) (d)

(e) (f)

Figure 11. Central section of the pressure contour and the streamline in the field during the 10-layer
(70 bubbles) columnar bubble cluster collapse. (a) T = 250 µs. (b) T = 450 µs. (c) T = 550 µs.
(d) T = 600 µs. (e) T = 640 µs. (f) T = 650 µs.
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Figure 12a depicts the evolution of the pressure wave energy conversion rate η for
columnar bubble clusters of varying heights. As the size of the bubble cluster expands and
its height increases, the energy conversion rate η shows a marginal decline but consistently
hovers at around 10%. Particularly, the η of the ten-layer columnar bubble cluster was
the lowest at 9.8%. This observation affirms the hypothesis that an expanded bubble
cluster scale only incurs a minor reduction in η. As the scale of the bubble cluster expands,
the kinetic energy released during the outer bubble layers’ collapse dissipates more and
contributes less towards the inner bubble collapse, resulting in a reduced pressure wave
energy conversion rate η. As illustrated in Figure 12b, the η for the collapse of a three-layer
columnar bubble cluster comprising 21 bubbles is on par with that of the cubic bubble
cluster encompassing 27 bubbles. This suggests that the shape of the bubble cluster does not
influence the pressure wave energy conversion rate. In contrast, the collapse of a two-layer
columnar bubble cluster with 14 bubbles substantially increased compared to the 8-bubble
cubic cluster. This confirms our inference that if the bubble cluster’s final collapse stage
occurs as a single bubble, it will significantly benefit the release of the pressure wave energy.
Furthermore, considering the practical limitations of encountering highly asymmetric and
immense columnar bubble cluster structures, the investigated seven-layer bubble cluster
with 70 bubbles already represents a rather extreme case. Hence, regardless of variations
in the bubble cluster’s shape or scale, when γ = 1.5 and D = 2.5, the conversion rate η of
bubble potential energy to pressure wave energy consistently remained within 9% to 15%.

(a) (b)

Figure 12. Time distribution of the energy conversion rate from bubble potential energy to pressure
wave energy. (a) columnar bubble cluster; (b) columnar bubble cluster and cubic bubble cluster.

To summarize the above, the collapse of columnar bubble clusters also presents a
layer-by-layer collapse phenomenon from the outer layer to the inner layer and from the
far-wall layer to the near-wall layer. With the increase in the height of the columnar bubble
clusters, the collapse time will grow non-linearly; at the same time, the collapse speed of
the bubbles on the far-wall layer will also accelerate. Pertaining to the conversion rate of
bubble potential energy to pressure wave energy, through the study of columnar bubble
clusters and in combination with the research on cubic bubble clusters, we can preliminarily
conclude that both the scale of the bubble cluster and the end-collapse pattern of the bubble
cluster collapse will have a limited impact on the conversion rate. Among them, under
smaller bubble cluster scales, or when the bubble cluster finally collapses as a single bubble,
it will correspond to a higher pressure wave energy conversion rate. Nonetheless, further
research is still required to ascertain the contributions of these two factors, along with
stand-off distance, inter-bubble spacing, etc., to the conversion rate.

4. Conclusions

This paper simulated the collapse process of the cubic bubble cluster and the columnar
bubble cluster in near-wall conditions. The results confirm the shielding effect of the outer-
layer bubbles on the inner layer and the shielding effect of the distant-wall bubbles on the



Processes 2023, 11, 2191 14 of 15

near-wall bubbles. The inner-layer and near-wall bubbles maintain a relatively stable shape
until the out-layer and distinct-wall bubbles have completely collapsed. The bubble cluster
undergoes layer-by-layer collapse progress from the outer layer to the inner layer and from
the distinct wall to the near wall. In the case of the columnar bubble clusters, the collapse
time increases nonlinearly with the height of the bubble cluster.

An energy analysis approach was used to investigate the energy release process during
bubble collapse, specifically focusing on the conversion rate η of bubble potential energy
to pressure wave energy. Three preliminary inferences have been drawn: (1) The shape of
bubble clusters does not affect the conversion rate η when the collapse process is similar
among different bubble clusters. (2) When bubble clusters of similar scale and structure
collapse in the form of a single bubble during the final stages of the bubble cluster collapse,
it facilitates the release of pressure wave energy, resulting in a higher conversion rate η.
(3) Bubble clusters with the same shape and structure experience a limited reduction in the
conversion rate η as the cluster scale increases. Besides, it is concluded that for the γ = 1.5
and D = 2.5, the pressure wave energy conversion rates η with various scales and shapes
range from 9% to 15%. These findings provide valuable data support for predicting the
cavitation impact of bubble cluster collapse and demonstrate the feasibility of predicting
the energy release from the bubble cluster collapse by capturing the stand-off distance,
maximum bubble size, and bubble cluster shape.

To summarize the above, the collapse of columnar bubble clusters also presents a
layer-by-layer collapse phenomenon from the outer layer to the inner layer and from the
far-wall layer to the near-wall layer. With the increase in the height of the columnar bubble
clusters, the collapse time will grow non-linearly; at the same time, the collapse speed of
the bubbles on the far-wall layer will also accelerate. Pertaining to the conversion rate of
bubble potential energy to pressure wave energy, through the study of columnar bubble
clusters and in combination with the research on cubic bubble clusters, we can preliminarily
conclude that both the scale of the bubble cluster and the end-collapse pattern of the bubble
cluster collapse will have a limited impact on the conversion rate. Among them, under
more minor bubble cluster scales, or when the bubble cluster finally collapses as a single
bubble, it will correspond to a higher pressure wave energy conversion rate. Nonetheless,
further research is still required to ascertain the contributions of these two factors, along
with stand-off distance and inter-bubble spacing, etc., to the conversion rate.
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