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Abstract: Cavitation is a phase-change phenomenon from the liquid to the gas phase due to an
increased flow velocity. As it causes severe erosion and noise, it is harmful to hydraulic machinery
such as pumps, valves, and screw propellers. However, it can be utilized for water treatment, in
chemical reactors, and as a mechanical surface treatment, as radicals and impacts at the point of
cavitation bubble collapse can be utilized. Mechanical surface treatment using cavitation impacts is
called “cavitation peening”. Cavitation peening causes less pollution because it uses water to treat
the mechanical surface. In addition, cavitation peening improves on traditional methods in terms of
fatigue strength and the working life of parts in the automobile, aerospace, and medical fields. As
cavitation bubbles are utilized in cavitation peening, the study of cavitation bubbles has significant
value in improving this new technique. To achieve this, many numerical analyses combined with
field experiments have been carried out to measure the stress caused by bubble collapse and rebound,
especially when collapse occurs near a solid boundary. Understanding the mechanics of bubble
collapse can help to avoid unnecessary surface damage, enabling more accurate surface preparation,
and improving the stability of cavitation peening. The present study introduces three cavitation
bubble types: single, cloud, and vortex cavitation bubbles. In addition, the critical parameters,
governing equations, and high-speed camera images of these three cavitation bubble types are
introduced to support a broader understanding of the collapse mechanism and characteristics of
cavitation bubbles. Then, the results of the numerical and experimental analyses of non-spherical
cavitation bubbles are summarized.

Keywords: cavitation; cavitation bubble; cloud cavitation; vortex cavitation; numerical analysis;

mechanical treatment

1. Introduction

Bubbles are a normal phenomenon that can be observed in the fluid phase. According
to Bernoulli’s equation, decreasing static pressure until flow velocity reaches a specific value
can create bubbles. This phenomenon of a phase change from the liquid phase to the gas
phase is called “cavitation”. Cavitation can even occur in animals in the natural world [1-9].
This phenomenon produces microjets that create plastic damage to a solid boundary [10,11].
Accordingly, this process causes erosion to hydraulic machinery, such as impellers, pumps,
and pipes [12], but it can, nonetheless, be utilized in many fields. Cavitation can be used, for
instance, in chemical reactors to promote oxidization in industrial processes. For example,
the high pressures and temperatures caused by cavitation are proven to promote chemical
reactions, and in this way, it can be applied in wastewater treatment as a type of advanced
oxidation process [13,14], which is widely used today. In addition, cavitation can save
energy and reduce costs compared to traditional processes [15-17]. Moreover, cavitation
generated by ultrasound and hydrodynamics has also been used in microbial disinfection,
biological wastewater treatment, and sonochemical reactors in biochemical engineering [18].
Elsewhere, in the case of biodiesel production, a hydrodynamic cavitation reactor was
shown to be more effective and less costly than a traditional reactor [19-22]. Furthermore,
cavitation reactors are highly effective at degrading specific contaminants in wastewater;
for example, such harmful substances include industrial raw materials from manufacturing
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plants, such as bisphenol [23]; a kind of antibiotic from stock raising, sulfamerazine [24];
a typical pollutant in wastewater, ammonia nitrogen [25]; fatty acids [26]; and algae
(microcystis aeruginosa) [27]. Venturi-type [28], jet-type [29], swirling vortex-type [30], and
rotor-type [31] reactors are widely used to create cavitation. When surface treatments with
a cavitation impact are carried out by these devices, this is called “cavitation peening”.
This peening method uses cavitation impacts in the same way as shot peening, but a shot
is not used in this method. Experiments have shown that it has advantages compared to
traditional methods, as shown in Figure 1. One of its advantages is that the treated surface
is smoother than that of traditional methods, such as shot peening [32]. Cavitation peening
can be used, for instance, in automobile parts to extend their service life until failure [33-35].
However, as cavitation bubbles’ collapse and rebound cause plastic deformation, it is
essential that we develop an understanding of these bubbles’ characteristics and properties
if we are to avoid erosion.
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Figure 1. Improvement in the fatigue strength of the test gear via cavitation peening. Reprint
from [35], with permission from Taylor and Francis, 2009, License Number 5803511487624

In previous cavitation bubble research, Zhang et al. [36] comprehensively reviewed
the interactions between cavitation bubbles and particles in silt-laden flows. Their work
addressed the critical role of cavitation in hydraulic machinery and sediment transport,
emphasizing the microscopic-scale interactions that contribute to material erosion and
hydraulic efficiency. Such insights are invaluable for designing more durable hydraulic sys-
tems and understanding natural erosion processes. Further delving into the mechanics of
cavitation, Wang and Chen [37] explored the thermodynamic behavior and energy transfor-
mation mechanisms during cavitation bubbles’ collapse near rigid walls. Their numerical
study elucidated how shock waves and jetting contribute to wall erosion and temperature
changes, pinpointing the complex multi-phase flow dynamics. This work is pivotal for
industries concerned with preventing cavitation-induced damage in fluid machinery and
understanding the energy aspects of bubble collapse. Yu et al. [38] presented an innovative
application of cavitation bubbles in fluorescence enhancement for bio-imaging. Through
femtosecond laser-induced cavitation, they successfully amplified fluorescence signals in
dye solutions without the drawbacks of nanoparticle use, such as biotoxicity and thermal
damage. This advancement opens up new avenues for high-resolution imaging in biological
research, where safe and effective fluorescence enhancement is crucial. On a practical front,
Subramanian and Coutier-Delgosha [39] conducted intrusive experiments to better under-
stand extreme conditions within collapsing cavitation bubbles. Reuter et al. [40] detected
cavitation bubbles” dynamic impacts on a solid boundary by applying chronoamperometry.
They found that the vortex ring created by collapsing bubbles has essential applications
in deposition, mixing, and cleaning. Yasui [41] shed light on generating oxygen radicals
from cavitation bubbles under ultrasound treatment, which expands our understanding of
the chemical processes that occur within and around a collapsing bubble. The researchers
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identified significant amounts of O radicals, alongside traditionally studied OH radicals,
which opens up new avenues for exploring sonochemical reaction mechanisms and their
potential applications. Ghasemian et al. [42] presented high-speed ultrasound imaging as a
potent tool for non-invasively capturing the fast dynamics of single cavitation bubbles in
tissue-mimicking material, highlighting the importance of advanced imaging techniques in
observing these rapid phenomena. The review by Krell [43] on the degradation and protec-
tion of materials from cavitation erosion synthesized findings from various studies to assess
the effectiveness of numerous protective treatments. Their review is critically important for
understanding the relationships between material hardness, different treatment methods
(such as plasma nitriding, shot peening, and coating deposition), and the improvement in or
deterioration of resistance against cavitation erosion. Moreover, the dynamics of cavitation
bubbles and their interaction with nearby solid boundaries were scrutinized in the research
by Reuter et al. [44], which highlights the intricate flow fields and vortex dynamics associ-
ated with collapsing bubbles. The present investigation complements the detailed imaging
studies already performed and provides a more robust theoretical framework for predicting
and analyzing the impact forces and erosion mechanisms of cavitation on solid surfaces.
Above all, we have taken an integrated approach to studying cavitation, which enriches
the current scientific discourse and paves the way for future research and technological
innovations around one of nature’s most powerful and destructive phenomena.

Three types of cavitation bubbles will be introduced: single cavitation bubbles, cloud
cavitation bubbles, and vortex cavitation bubbles. The stand-off distance (dimensionless
distance) v = L/ Ryux, where L is the distance between the center of the bubble and the
wall surface, and Ry, is the maximum bubble radius, is used to clarify the types of single
bubbles [11,45,46]. Previous studies initiated research into cavitation bubble collapse, with
the cavitation bubbles treated as spherical [47-49]. However, non-spherical bubbles occur
in cavitation, especially when bubbles are in the final stages of collapsing [50-52]. With the
development of visual techniques, it has been proven that these non-spherical bubbles are
created in cavitation, as has been observed clearly in cavitation peening [28,29,53-55]. For
example, bubbles are non-spherical in a type of cavitation peening termed laser peening
(Figure 2) [56]. Furthermore, the X-ray images of the bubbles in vortex cavitation reveal
that they are angulated [55], not spherical or spherical-like, as previous numerical analyses
indicated. Today, to close the gap between numerical analyses and field experiments, it is
of significant value to research non-spherical bubbles in cavitation peening.
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Figure 2. Images of laser cavitation on the wall near the glass chamber [56].

Returning to the initial study of bubbles, Figure 3 depicts the collapse of a solid
cavitation bubble near a boundary in water [49]. As this shows, the bubble becomes
non-spherical as it collapses and finally disappears. Roles are played in this process by
stress and pressure. In this review, based on numerical analyses and field experiments, we
explain the change in bubble shape and introduce the volume of pressure released near the
solid boundary during that process, applying these ideas to scenarios from a single non-
spherical cavitation bubble to complicated gathering bubbles. For complicated gathering
bubbles, such as in cloud cavitation and vortex cavitation, more accurate simulations are
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presented than those in previous work, wherein we consider that these two cavitation
processes involve non-spherical bubbles. Above all, this review emphasizes that the impact
of bubbles collapsing near a solid wall is deeply related to the shapes of the bubbles
in question.

INITIAL_SPHERE

@mmuomb
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Figure 3. Collapse of a solid cavitation bubble near a boundary in water, computed by Plesset and
Chapman. A-I represent different shapes as time goes on. Reprint from [49], with permission from
Cambridge University Press, 1971, License Number 5724030138904.

In sum, this review describes and discusses non-spherical cavitation bubbles to help
readers understand cavitation and its applications [57-59]. This review also discusses the
relationship between single cavitation bubbles and complicated cavitation, such as the
cases of cloud cavitation and vortex cavitation.

2. Single Cavitation Bubbles

This section will review research on single spherical and non-spherical cavitation
bubbles. Figures 4 and 5 clearly show a cavitation bubble near a solid boundary, as
published in early research [11,48]. When this research field first formed, investigations
sought to find numerical solutions for the collapse and rebound of a spherical bubble in
water [12]. They focused on the effect of liquid compressibility, and a numerical solution
was obtained through a simple gas-like model. The calculations of the motion of the bubble
wall and the gross effect of the gas content of the bubble are shown in Figure 6 (based
on the irrotational assumption because the motion is spherically symmetric) [47]. In this
figure, U is the velocity of the bubble’s center, and c is the velocity of the sound in liquid.
7 explains the gross behavior of the gas, while 7 > 1 indicates that some of the heat of
compression is retained in the gas.

Although this numerical analysis focused on spherical bubbles, it established crucial
groundwork for us to gain an understanding of bubble collapse and rebound mechanics.
Chiefly, it proved that the formation of cavitation bubbles damages a solid surface, which
arises from pressure waves that originate from the bubbles. This understanding can be
extended to the analysis of non-spherical cases.

Continuing this trajectory, a new wave of numerical analysis of spherical bubble
collapse near a solid boundary has been introduced [49]. Here, the simulation is based on
small steps used to calculate the velocity of the movement of the bubble surface. Since
flow occurs via irritation, and viscosity and compressibility are neglected, the calculation
is based on cylindrical coordinates. The finite difference method is applied to assess the
interaction of a collapsing bubble with a solid surface, which is also the process through
which spherical bubbles become non-spherical, as shown in Figure 3. This field of study
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critically discusses non-spherical bubbles and explains the “water hammer”, highlighting
the complexities introduced by the boundary condition, which may affect the symmetry of
collapse and potentially lead to asymmetric or non-spherical bubble shapes. This sets the
stage for the numerical analyses of bubbles collapsing that lack spherical symmetry.

Figure 4. Cavitation bubble dynamics in the vicinity of a solid boundary. Reprint from [11], with
permission from Cambridge University Press, 1998, License Number 5831440015629.

Figure 5. Growth of cavity from nucleus very close to a solid wall, and subsequent collapse.
Timing: (A-C) at 0, 0.2, and 0.4; (D-F) at 5.8, 6.0, and 6.2; (G-I) at 11.4, 11.6, and 11.8; (J-O) at
16.8 to 17.8 ms. Reprint from [48], with permission from Royal Society (Great Britain), 1966, License
Number 1492359-1.

To further research the bubble-collapsing effect, the dynamics of the shock-induced
collapse and Rayleigh collapse of a bubble near a planar rigid surface and in a free field
have been numerically analyzed [52]. This research has charted the whole process of
bubble collapse, from the unsteady Euler equation used for calculations to the bubble’s
properties. Bubble collapse has been divided into two parts: free-field shock-induced
collapse and Rayleigh collapse. Importantly, Rayleigh collapse is not spherically symmetric,
meaning it applies to non-spherical bubbles. Shockwave collapse, including the precursor,
water hammer, and pressure released, is demonstrated in Figure 7. The wall pressures of
these two types of collapse have also been calculated. Through these numerical analyses,
researchers have gained a greater understanding of bubble dynamics for both theoretical
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frameworks and practical applications, showing bubble behavior influences the system
performance and material integrity.
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Figure 6. The bubble-wall Mach number as a function of the bubble radius with a decreasing gas
content. The gas content is determined by its initial pressure pg in atmospheres. The index -y has
the value 1.4, and the ambient pressure pe is 1 atm. Reprint from [47], with permission from AIP
Publishing, 1964, License Number 5806350103845.
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Figure 7. Water hammer shock in free-field shock-induced collapse (ps/p, = 353) at times
(@)t/(Ro/cr)=849,(b)t/(Ro/cL)==8.68,(c)t/(Ro/cr)==9.05(d) t/(R,/cr) ==9.52. Top: den-
sity lines; bottom: pressure contours non-dimensionalized by p LC% (approximate interface location:
v = 1.42 contour). ps: The shock pressure; p,: The relevant pressure ahead of the compression; R:
The radius of bubble; pr: The ambient density of the water; c;: The sound speed of the water. Reprint
from [52], with permission from Cambridge University Press, 2009, License Number 5830760763951.

Numerical analyses and experimental observations have since been introduced that
focus on the impact between the front of the re-entrant jet and the opposite side of the
bubble, with the jet penetrating the slower-moving liquid close to the rigid boundary,
which is called the “final stage of the bubble collapsing to a rigid boundary” [50]. The
experimental research on this topic uses high-speed photography, with up to 5 million
images per second. An incompressible impact model has enabled the comprehensive
numerical analyses of bubble-boundary interaction mechanisms. The photographs of
bubbles collapsing and the corresponding numerical analyses are shown in Figure 8. The
evolution of the velocity field and pressure contours in the toroidal stage of bubble collapse
for 1.1 is shown in Figure 9. This research has observed a transformation of kinetic energy
from the radial flow into the main bubble to a rotational flow around the cavity next to the
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wall during the final stage of a bubble collapsing, and this transformation has ensured a
“pboundary” v = 1. When ¢ < 1, the shock wave emission has weakened, which causes
a reduction in the damage to the wall. This field of study is pivotal in identifying bubble
interaction during cavitation events.

Figure 8. The final stage of the collapse of a cavitation bubble for y = 1.1. (a) High-speed photo-
graphic record of bubble motion; frame interval 200 ns, frame width 1.4 mm. The location of the
rigid boundary is at the upper limit of the frames. (b) Computed bubble profiles covering the time
interval correspond to the photographic record’s first row. The nondimensional times are t = 2.0084,
2.0097, 2.011, 2.0123, 2.0136, 2.0149, 2.0161, 2.0174, 2.0187, 2.02, and 2.0213. Reprint from [50], with
permission from AIP Publishing, 2002, License Number 5806350497331.
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Figure 9. Evolution of the velocity field (right) and pressure contours (left) for the toroidal stage of
bubble collapse for v = 1.1. The letters correspond to the following nondimensional times: (a) 1.9981,
(b) 2.011, and (c) 2.0213. Reprint from [50], with permission from AIP Publishing, 2002, License

Number 5806350497331.

Research on single cavitation bubbles has practical implications for reducing material
erosion caused by cavitation. The effect of liquid droplet impingement (LDI) on a material
surface has been thoroughly researched [60]. Using the model of droplet capture at a
gas-liquid interface, the fluid pressure on the material surface and the normal stress in the
vertical direction of that material surface have been calculated. A simulation of the pressure
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in a fluid and the equivalent stress in a material on a wet surface is shown in Figure 10
Compared to the same situation on a dry surface, the simulations reveal a significant
finding—the impinged droplet pressure decreases, which can diminish the equivalent
stress inside the material. This damping effect can be attributed to the liquid film’s ability
to absorb and disperse the energy imparted by the impinging droplet, culminating in a

reduced impact force. Furthermore, the research has led to the development of an empirical
formula that quantifies the damping effect, relying on the critical fluid factors of LDI. This
research provides an insightful analysis of the damping effects of a liquid film on a material

when subjected to high-speed LDI. Its model allows for predicting and optimizing the
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responses of various materials to LDI scenarios, potentially leading to enhanced erosion
Droplet

resistance in fluid systems. It is also essential in such work to note the effect caused by
bubbles collapsing, which should inspire further research and development in this field.
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The relationship between a non-spherical bubble collapse and the stress state of the
nearby boundary/wall [45] has been examined to ascertain how varying distances between

the bubble and the wall, called the stand-off distance (as mentioned before, 7), impact
material stress. The mathematical model is shown in Figure 11, which corresponds to
one-quarter of a three-dimensional space. Here, Ry is the bubble radius and L is the
distance between the bubble center and the wall. The governing equation used is similar
to [60]. By conducting coupled fluid—material numerical simulations, studies have revealed
that different collapse modes—pancake-shaped, hemispherical, microjet, and detaching
modes—affect the stress distribution within adjacent materials. Some of the calculated
results are shown in Figure 12. Furthermore, the relationship between the stand-off distance

and the maximum equivalent stress is shown in Figure 13. The result is calculated by a
supercomputer, and the CFD (computational fluid dynamics) code is Fortran in the Linux

system. The calculation time for one stand-off distance is about 60 h. These figures provide
a complete numerical analysis of the first stage of non-spherical bubble collapse. The peak
of equivalent stress on the material surface can be observed when the stand-off distance is
0.3-1.0. This area of study underscores the complexity of bubble-material interactions and
the potential for significant material damage, highlighting the importance of understanding
these dynamics for protective material design and fluid system maintenance.
Further expanding on bubble interactions, Aganin et al. [61] introduces a particle

model to simulate the behavior of weakly non-spherical bubbles. The model provided in
that research focuses on the bubble’s interaction. Unlike typical research, compressibility
effects and the liquid viscosity effect are considered. Applying this model, a bubble
collapsing near a solid boundary was simulated, along with the simultaneous interaction
of three bubbles, as shown in Figures 14 and 15. This research has been instrumental in
progressing the field of study from individual bubble dynamics to the interactions between

multiple bubbles, which is crucial in many practical scenarios where bubble populations
rather than isolated bubbles influence the system’s overall behavior. Furthermore, the

model accurately shows the relationship between the stand-off distance and stress caused
by a bubble collapsing. One finding is that if the distance between the bubbles is smaller,

this will produce a better result in the simulation. Above all, the particle model approach
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allows for more sophisticated simulations of bubble interactions, offering insights into the
collective dynamics of bubble populations under various conditions, and the model has
been proven to have a goodness of fit in the simulations of bubble collapse.
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Figure 11. The mathematical model of the non-spherical bubble [45].
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locity vectors (upper right) in the fluid domain, and equivalent stress in the material domain
(lower) (y = 0.5) [45].
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(b

Figure 14. Evolution of the axial section of a bubble collapsing near a plane wall (tp corresponds
to the beginning of collapse): (a) the results of a simulation of the interaction between two bubbles
by the proposed model (solid lines correspond to the bubble under consideration; dashed lines
present its mirror image), and (b) the same results for the bubble considered (solid lines), along with
experimental data and the results obtained by the boundary element method (dashed lines). Reprint
from [61], with permission from Elsevier, 2024, License Number 5830790844530.
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Figure 15. Interaction between three bubbles simultaneously produced collinearly at nearly equal
inter-bubble distances: (a) in the experiments by Cui et al., and (b) in the simulation by the present
model. Reprint from [61], with permission from Elsevier, 2024, License Number 5830790844530.

These studies have contributed significantly to broadening our understanding of
cavitation bubbles, including spherical and non-spherical bubble dynamics in fluid systems.
However, most research on non-spherical bubbles has a central issue—uncertainty around
the erosion of the material surface caused by the bubble collapsing. To address that,
many numerical analyses and experiments have been performed, seeking to explain the
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interaction and relationship between a bubble collapsing and a solid boundary. The
progression from single-bubble dynamics to complex interactions between bubbles and
with materials underlines the evolving landscape of bubble research, paving the way for
further explorations and innovation in bubble behavior modeling and its application to
material processing and fluid mechanics.

3. Cloud Cavitation

The exploration of bubble cloud dynamics, especially near rigid boundaries, in non-
spherical bubble research has formed an active area of fluid dynamics study given the
physical applications for the research findings, including those relating to cavitation peen-
ing. In this section, we introduce several studies on bubble clouds involving complex
physical phenomena, such as shock wave emission, jet formation, and pressure fluctuation,
which significantly impact the efficiency and effectiveness of cavitation bubble processes.

Building upon the foundation of single-bubble dynamics, Chahine and Duraiswami [62]
expanded the investigation to multiple bubbles, presenting a study on the dynamic interactions
in multi-bubble clouds. Their methodology combined analytical techniques and numerical
simulations to capture the complex dynamics of bubble-bubble interactions within a cloud.
Significantly, they found an agreement between the two approaches within their studied range,
highlighting the role of bubble-bubble interactions in determining the collective behavior
of bubble clouds. Their work is crucial for understanding the mesoscale dynamics within
these clouds, which bridge the gap between individual bubble behavior and the macroscopic
flow characteristics.

An early contribution to understanding the bubble cloud dynamics near a rigid
boundary came in the form of experimental and numerical investigations of the final
stage of the collapse of a cavitation bubble close to a rigid boundary [63]. This research
offers invaluable insights into the behavior of liquid jets developed during bubble collapse
and the shock wave emissions corresponding to the “splash” effect, as determined by
employing high-speed photography alongside numerical simulations. Here, the wave
emission caused by bubble clouds was researched to explain the mechanism of adverse
effects. The study introduced the “cloud interaction” parameter to describe cloud bubbles
in numerical analyses:

B = ao(1 — o) A/ R} 1)

where the initial radius and void fraction of the cloud are denoted by Ag and «y, respectively,
and the initial radius of the bubbles within the cloud is denoted by Rg. The cloud bubbles
can be divided into several steps: traveling bubble cavitation, maximum cavity length, re-
entrant jet, bubbly mixture, local pulse phenomena, and global pulse phenomena. Figure 16
shows the global pulse phenomena created by the shock wave released. The findings shed
light on cavitation erosion mechanisms, linking the bubble-boundary interaction with
potential damage risks in hydraulic machinery and other fields.

Experimental measurements using a high-speed camera have shown that the bubble
cloud damages the material surface, which was ascertained by detecting the occurrence of
impulse pressure during the incubation of the bubble. The reason for the impulse pressure
is that various distinct cavitation structures arise from the mixture of bubbles. However,
the experiment highly depends on the beta parameter, which decides the size of a bubble
cloud. Here, a large bubble cloud seems suitable for the numerical analysis model. This
research has identified important features of fluid flows and explained the mechanism of
impulsive pressure caused by bubble clouds.

The exploration of bubble cloud dynamics close to rigid boundaries was furthered
in [51]. In this investigation, the researchers meticulously documented the final collapse
stage of a bubble cloud near a rigid boundary, providing critical insights into the complex
interactions that occur as a bubble cloud collapses. By using ultra-high-speed photography,
which can produce precise images, the researchers observed two secondary shock wave
emission types during cloud rebound, as shown in Figure 17. The first type, secondary
shock wave emission, is a consequence of the free collapse of a bubble within the cloud as a
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result of the ambient pressure in the fluid. The second type of shock wave emission is due
to the interaction of the cloud collapse-induced shock wave with microbubbles close to the
cloud’s collapse site. In the study, it seems that no jet formation was observed during the
process of the cloud bubble collapsing. In this scenario, the single bubbles are probably
too small to induce the formation of liquid jets. The study highlights the influence of rigid
boundaries on the collapse process, presenting a detailed analysis of the pressure fields
and mechanical effects involved, which can aid future research work to find a method for
reducing collateral damage.

Figure 16. Consecutive high-speed movie frames (2 ms apart) showing global cloud collapse.
(a—d) depict four consecutive frames from one such movie. Reprint from [63], with permission
from Cambridge University Press, 1998, License Number 5830810037327.

Expanding the numerical methods available to explore bubble dynamics, a significant
contribution arose with the development of a two-way coupled Eulerian-Lagrangian model
that elucidates the microbubble cloud dynamics, accounting for incoming pressure waves
and the resultant pressure loads on nearby rigid walls [64].

To simulate the two-phase medium as a continuum and solve the N-S equations,
two models are introduced: a continuum homogeneous mixture flow model and a bubble
motion and volume change model. According to the homogeneous mixture flow model,
the mixture density is defined as follows:

pm = (1 —a)p; + apg 2)

“u

and “g” represent liquid and gas properties, respectively, while is

l/l//

where the subscripts
the gas volume fraction.
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The governing equation for bubble motion and volume change takes the form of a
modified Rayleigh—Plesset-Keller-Herring equation:

(1- & )RR+3(1- & )R
:M'Fﬁ(l—f—%ﬁ-%%)[f?v‘kpg_l%nc_% ®)
—4p0,,]

In the above, ¢, is the local sound speed in the mixture where the bubble is located, y,
is the medium viscosity, py is the liquid vapor pressure, p, is the initial gas pressure in the
bubble, k is the gas polytropic constant, v is the surface tension, and u;, is the bubble center
velocity. A pressure term is added, (u#enc — ub)z /4, due to the bubble slip velocity relative
to the liquid, and the surface-averaged pressure (SAP) model is used to determine the
encountered liquid quantities. p.,; and uy. are the encountered pressures and velocities,
respectively, in the liquid averaged over the bubble surface. This averaging procedure
accounts for non-uniform pressures and velocities along the bubble surface. Using peyc
results in a significant improvement over classical models, which use the pressure at the
bubble center. Calculation results for bubble locations and pressures can be obtained from
this equation.

Figure 17. Collapse phase of a hemispherical bubble cloud. Frame interval 500 ns. The first frame
was taken 159.55 us after the application of ultrasound. Frame width 2.56 mm. The collapse point
of the cloud occurs between frames 7 and 8. The main shock wave emission during cloud rebound
can be seen in frames 8 and 9. Reprint from [51], with permission from Elsevier, 2011, License
Number 5830811192279.

Moreover, the field of study of the dynamics of a bubble cloud near a rigid wall extends
our comprehension of how external pressure frequencies and amplitudes influence bubble
behavior and the subsequent pressures exerted on adjacent surfaces [65]. Furthermore, this
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research identifies resonance frequencies that significantly differ from natural frequencies,
which exemplifies the complexity of bubble dynamics, particularly in terms of nonlinear
effects and the generation of high pressures at the contacting walls. Figure 18 shows
bubble radii versus time for different bubbles in the cloud and the corresponding pressure
variations. As the resonance frequency, a pressure peak order of magnitudes higher than
the excitation pressure occurs, which corresponds to a match between the driving pressure
reaching its maximum and the collective individual bubbles collapsing.
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Figure 18. Comparison of bubble radii at different cloud locations for a bubble cloud excited at
different pressure frequencies: (a) f = 25 kHz; (b) f = 8 kHz, and (c) f = 5 kHz [65].

Such modeling efforts highlight the critical role of the driving pressure’s frequency in
determining bubble cloud dynamics, which allows for distinguishing between collective
cluster behavior and non-synchronized oscillations based on resonance conditions. Building
upon this empirical groundwork, the authors of [66] present simulation-based insights into
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acoustically driven bubble cloud dynamics near a rigid wall. The numerical study provides
a comprehensive view of how acoustic pressures influence bubble behavior, detailing
bubble clouds’ formation, growth, and collapse near rigid surfaces. In addition, the impacts
of the amplitude and frequency of the excitation pressure, the cloud and bubble sizes, the
void fraction, and the initial stand-off distance on the bubbles are all discussed and subject
to numerical analysis. The researchers’ mathematical model of cloud bubbles is shown
in Figure 19, where Ry is the radius of a single bubble, Ay is the radius of the cloud, and
X is the distance between the solid boundary and the center of the cloud. Their analysis
also produced important findings on cloud bubble distributions and internal pressures, as
shown in Figure 20.

Figure 19. The mathematical model of cloud bubbles [66], with permission from Elsevier, 2018,
License Number 5880601502087.

An experimental perspective was provided through a focused study on bubble-sphere
interactions near a rigid wall [53], which delved into the varying degrees of interaction
between oscillating bubbles and movable spheres. The research categorized the interactions
into weak, intermediate, and firm based on distinct bubble shapes at the maximum volume,
offering a classification that underlines the significance of bubble-sphere dynamics in the
broader context of bubble behavior near rigid boundaries. The intense interaction between
the bubble and sphere near a rigid boundary is shown in Figure 21.

Utilizing the Euler-Lagrange method we have mentioned, a new numerical simulation
was performed of a solid’s stress due to a bubble cloud’s collapse [67]. The bubble radius
and void fraction distribution for various stand-off distances are shown in Figure 22. The
study discovered that the critical point of the stand-off distance Y- = 0.4R.. At this point,
the von Mises stress has the highest value, and then it decreases. This research team’s
models may become more accurate in the future when considering mass transfer, but the
published work to date gives a clear indication of the direction they are taking in developing
their numerical analysis.

The early-stage dynamics have been investigated of hydrodynamic cloud cavitation,
focusing on bubble size distribution (BSD) [68]. The novel application of a fiber optic
probe to assess the BSD within a cavitation cloud sheds light on the significant role of
turbulence in bubble fragmentation processes. The cloud cavitation in four successive
shedding cycles is shown in Figure 23, taken from another literature work [69]. This
study identifies two distinct power-law scales corresponding to different stages of bubble
development, thereby improving our understanding of the mechanisms driving bubble
formation and breakup in cavitation clouds. This research direction is instrumental in
elucidating the microscale processes that precede the macroscopic phenomena observed in
cavitation erosion and noise generation.
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Figure 20. Time sequence of bubble distributions and internal pressures (indicated by the colored
contours) in a bubble cloud driven by pressure excitation with two amplitudes. The last frame of
each row is a view of the pressures at the rigid wall [66], with permission from Elsevier, 2018, License
Number 5880601502087 .
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Figure 21. Strong interaction between the bubble and sphere near a rigid boundary. (a) Experimental
images. Frames 1-9 depict the first cycle of the bubble and it is noted that the bubble bottom gains
a higher local curvature (frames 4-6) due to the retardation effect from the sphere. An upward jet
forms at the bubble bottom afterwards, and a strong spray at the jet tip can be observed in frame 7,
leading to the unstable bubble surface after the jet impact. Frames 10-14 depict the second cycle of
the bubble. The bubble migrates towards the wall during the rebounding phase and collapses onto
the wall directly in the recollapse phase (frames 13 and 14). (b) Numerical results. The jet tip assumes
a mushroom shape, which has favorable agreement with the experiment. Reprint from [53], with
permission from AIP Publishing, 2017, License Number 5830821246785.

There has also been further exploration of the intricacies of bubble dynamics, clouds’
internal structures, and their formation mechanism within cloud cavitating flows [70]. This
study, centered on numerical investigations, elucidated the complex internal arrangements
of bubbles within a cavitating cloud, mainly focusing on the mechanisms driving these
formations. While the inquiry prioritized cloud cavitation, the insights gleaned have sub-
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stantial relevance for understanding bubble dynamics near rigid boundaries since they shed
light on the bubble cloud’s structural evolution and interactions with surrounding flows, as
shown in Figures 24 and 25. Such insights are valuable for refining bubble dynamics mod-
els, especially for use in predicting and mitigating the effects of cavitation in engineering
systems and enhancing the efficacy of therapeutic applications involving ultrasound.

t = 10.05us

t= 9.55us t =10.55us t = 10.05us

Time

t = 11.55us t = 12.05us

LR

t = 10.65us t =12.45us t = 13.35us t =12.75us

(@) Y, = —0.5R, (b) Y; = 0.0R, (€)Ye = 0.5R, (d)Y; = 1.0R, (€)Y = 1.5R,

Figure 22. Time evolution of bubble radius and void fraction distribution for various stand-off
distances. Reprint from [67], with permission from Elsevier, 2022, License Number 5830830883340.

t, + 202 ms

F73.3ms Iy + 110 ms

(b) o, =1.22

Figure 23. Snapshots of cloud cavitation in four successive shedding cycles. Reprint from [68] with
permission from AIP Publishing, 2023, License Number 5830840703844.

Throughout the research above, a recurring theme is the intricate dance of forces
and dynamics governing cloud bubble behavior in the vicinity of rigid boundaries. The
collective insights from these studies furnish us with a comprehensive understanding of
bubble cloud dynamics, from individual bubble behavior to collective cloud phenomena.
Through experimental observations and sophisticated numerical simulations, a nuanced
picture of bubble-wall interactions has emerged, laying the groundwork for future research
and technological innovations in fields as diverse as ultrasonic cleaning, cavitation peening,
and cavitation erosion prevention.
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Figure 24. Observed and predicted time evolution of the multi-scale cavitating flow around
the twisted hydrofoil: (a) experimental pictures, (b) global simulation results, and (c) partially
enlarged simulation results. Reprint from [70], with permission from Elsevier, 2023, License
Number 5830841056536.
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Figure 25. (a) Typical cavitating flow fields and (b) probability density of discrete bubble numbers at
two typical instants during stage I. Reprint from [70], with permission from Elsevier, 2023, License
Number 5830841056536.

4. Vortex Cavitation

In this section, we will discuss vortex bubbles’ study in research that has applied
numerical and experimental analyses combined with hydraulic machinery, mostly on tip
vortices. A typical example of vortex cavitation is shown in Figure 26 [71].
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Figure 26. Typical vortex cavitation [71].

In early work, tip vortex cavitation was observed [72]. Figure 27 shows the develop-
ment of the tip and other forms of cavitation on a hydrofoil. By investigating the charac-
teristics of cavitation near the tips of hydrofoils, valuable information such as Reynold’s
number and cavitation number was gathered to enhance our understanding of vortex
cavitation’s inception and development in practical hydrodynamic scenarios.

Figure 27. Photographs showing the development of a tip and other forms of cavitation on a hydrofoil,
showing the continuous tip vortex cavity, tip vortex cavitation, secondary vortex cavitation, and
surface cavitation. Reprint from [72], with permission from Cambridge University Press, 1991, License
Number 5860660245448.

A study on the numerical simulation of three-dimensional cavitation shedding dynam-
ics investigated the interaction between cavitation and vortices [73]. This study provides a
comprehensive analysis of the formation and evolution of cavitation in vortical fluid flows.
Through the mass transfer cavitation model and the modified RNG k-&¢ model, the shed-
ding behavior of cavitation can be visualized through numerical analysis, as presented in
Figure 28. Furthermore, Figure 29 shows the predicted vapor volume fraction and vorticity
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contours for the middle plane during a typical cavity shedding cycle. Focusing on the
dynamic interplay between cavitation bubbles and flow vortices, the study identified three
types of flow behaviors along the suction side of the twisted hydrofoil, and demonstrated
that cavitation promotes vortex production and increases the boundary layer thickness via
local separation and flow unsteadiness. In sum, the numerical simulations presented in this
study are noteworthy in capturing the intricate details of cavitation—vortex interactions,
deepening our understanding of cavitation dynamics in three-dimensional flows.

b

Figure 28. Top view of cavity shedding patterns for o = 1.07 during one typical cycle (a—g). (Left:
numerical results. Right: experimental observation by Foeth (2008) [74].) Reprint from [73] with
permission from Elsevier, 2014, License Number 5830860095566.

The practical implications of cavitation in jet pump cavitation reactors (JPCRs) have
also been explored via an investigation of the flow performance and induced noise [29].
The JPCR is an important object of study in vortex bubble research because it has great
potential for future applications. Figure 30 shows its structure.

The important parameters of the JPCR are the flow ratio (q), pressure ratio (), and
efficiency (1), which are defined as follows:

-9
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Po 4 v _ (s 4 v?
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where Q represents the flow rate, p the density, P the total pressure, p the hydrostatic
pressure, z the elevation, and v the averaged flow velocity.
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Figure 29. Comparison of vapor volume fraction (left) and vorticity (right) contours for ¢ = 1.07 at
the plane with z = 0 during one typical cycle (a-g). Reprint from [73] with permission from Elsevier,
2014, License Number 5830860095566.
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Figure 30. Schematic drawing of JPCR [29].

In Figure 31, we can see the vortex cavitation flow from the JPCR, and in Figure 32,
we can see the various cavitation regions of JPCRs with different throat types. This team’s
research emphasizes the relationship between cavitation stages, noise signals, and flow
parameters, which is helpful for JPCR design and application. The findings of their study,
obtained by systematically altering the throat length, throat type, and diffuser angle,
provide valuable insights into how we may optimize the design of cavitation reactors for
various industrial processes, demonstrating that the JPCR has great potential as a piece of
equipment for providing vortex cavitation.
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Figure 31. Typical cavitation images at the minimum outlet pressure for different JPCRs [29].
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Figure 32. Typical cavitation images at the minimum outlet pressure for JPCRs with different
structures [29].

In regard to the application of vortex cavitation, a noteworthy contribution has been
made to our understanding of vortex generator effects on propeller cavitation and as-
sociated hull pressure fluctuations [75]. The findings of this experimental investigation
underscored the role of vortex generators in mitigating the adverse effects caused by pro-
peller cavitation. For instance, installing a vortex generator on a ship can improve sheet
cavitation’s stability and transparency when installed in the boundary layer and in front of
the region of interest. Figure 33 shows cavitation with a vortex generator within a typical
cycle. The vortex generator stabilizes cavitation and promotes energy transfer to a larger
area on the hull surface. This dual impact of the vortex generator is a significant finding
of the study, providing experimental insights into how adjustments in vortex generator
configurations can potentially reduce cavitation impacts, offering an opportunity for the
application of vortex bubble research.
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Figure 33. Measured cavitation results with a vortex generator within a typical cycle. Reprint
from [75] with permission from Elsevier, 2020, License Number 5831390551079.

Similarly, another cavitation study focused on the acoustic pressures generated by
laser-induced cavitation bubble expansion and collapse near rigid walls [76]. Their research
revealed that the first and second shock waves released by cavitation bubbles have a depth
relationship with v, the distance ratio between the bubble’s nucleation source, and its
maximum size. Both pressure waves have the same amplitude for y = 2.5+0.1 and ¢ > 4.
The pressure and velocity in the numerical analysis also show a peak pressure generated
during the bubble’s collapse. Simulations predicted the behavior of the bubble, the bubble
radius, and the formation and evolution of another vortex cavitation-like vortex. The study
underscores the acoustic dimension of cavitation, which is closely related to the vortex
bubbles’ behavior when collapsing.

Advancing into the characteristics of vortex bubbles, a study applied high-speed
photography to investigate the luminescence intensity of vortex cavitation within a Venturi
tube and its variation with cavitation number [28]. The cavitation number was defined
as follows:

U:P%_PUZPZ_PU (7)
U2 p1—p2
where p, and p are the vapor pressure and density of the test water, respectively, and U is
the velocity at the throat.
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As mentioned before, the Venturi tube structure is like that of a JPCR. In the Venturi
tube, vortex cavitation can be observed clearly, as shown in Figures 34 and 35, which
present the relationship between luminescence intensity and cavitation number. Here,
the pressure wave was detected at the collapse of vortex cavitation. Moreover, the sound
velocity was inflated, which was attributed to the aggressive intensity of the cavitation.
This study explored cavitation’s photonic emissions, and the researchers identified a
crucial intersection between vortex bubbles and optical phenomena. This offers a new
viewpoint on diagnosing and understanding cavitation’s energy processes. Such work
is integral to applications requiring the precise monitoring and control of cavitation to
mitigate destructive effects or harness cavitation energy efficiently. The cited study set the

foundation for future vortex bubble research in this regard.

(a) Aspects changing with downstream pressure p> (p1 = 0.6 MPa)

Figure 34. Typical aspects of cavitation in a Venturi tube: (a) aspects changing with downstream

(b) Aspect changing with upstream pressure p; (p2 = 0.1 MPa)

pressure p2 (pl = 0.6 MPa); (b) aspect changing with upstream pressure p1 (p2 = 0.1 MPa) [28].
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A numerical and experimental study on vortex rings extended the discourse to the
interaction between shock waves and vortex rings, which has implications for bubble
collapse [77]. The vortex ring incubation corresponds to the shock wave when the bubble
collapses, as shown in Figure 36. The intricacies of vortex dynamics revealed through this
study are instrumental in comprehending how energy is transferred within fluid systems
under the influence of shock waves, which directly relates to understanding bubble collapse
and related pressure fluctuations.
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Figure 36. Numerical and experimental study on the behavior of vortex rings generated by
shock-bubble interaction. (a) two—dimensional views; (b) three-dimensional views; (c) vortic-
ity contours at t=16 ps. Reprint from [77], with permission from AIP Publishing, 2022, License
Number 5831411280013.

A large eddy simulation study focusing on cloud cavitation and wake vortex cavi-
tation around a trailing-truncated hydrofoil provided insights into their influence on the
performance and safety of hydraulic machinery [78]. This study sheds light on the intricate
flow structures associated with cavitation phenomena, revealing the interactions between
cavitation bubbles and the surrounding flow field. The performance of cloud cavitation
is shown in Figure 37. The characteristics of cloud bubbles and wake vortex bubbles can
be observed. Through simulation, the researchers found that pressure-side bubbles were
generally larger than suction-side bubbles in vortex cavitation, and their numerical analysis
results matched their experimental results. In sum, these numerical and experimental anal-
yses of cloud and vortex cavitation in hydrofoil machinery equipment help us understand
the erosion mechanism at play.

In another large eddy simulation, the mechanisms of tip leakage vortex cavitation
development in a cryogenic inducer were researched [79]. By analyzing thermodynamic
effects and flow characteristics, this study uncovered how vortex cavitation instabilities,
particularly with a tip leakage vortex, can be influenced and optimized in the design of
cryogenic pumps. The numerical results agreed with the experimental results, proving that
the numerical analysis was reliable. Tip leakage vortex cavitation is especially unstable due
to the periodic coupling effect of cavity development, flow rate magnitude, and variation
in local incidence angle due to the flow characteristics.
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Figure 37. One-cycle shedding process of the cloud cavitation. A: horse-type cavity structure; B:
small-scale U-type vortex; C: re-entrant jet; D: vortex tubes; E: non-uniform distribution of cavity and
re-entrant jet. The cavity is visualized by the iso-surface with a vapor fraction of 0.1. All the structures
are colored in terms of the spanwise vorticity component. Reprint from [78], with permission from
Springer Nature, 2022, License Number 5831420313482.

In another area of bubble research, computer fluid dynamics in the Venturi tube have
been explored through a numerical experimental analysis, where Eulerian-Lagrangian
modeling was applied to the phase transition phenomena in cavitation-driven chemical
processes [80]. Figure 38 shows the Venturi tube over time, reporting the axial velocity
field with the 10% contour of the volume fraction overlapped. Figure 39 then shows the
evolution of the bubbles for all the inlet pressures of 3 to 6 bar. The statistical results
showed that the CFD code has an excellent predictive capability and can be used to assess
the cavitation behavior in the Venturi tube compared to the experiment. By accurately
predicting pressure peak values and bubble evolution using a multi-phase approach, the
study demonstrates the efficacy of applying computer analyses in cavitation research. It
also offers a reference on carrying out vortex bubble research in the Venturi tube, as well as
the potential of cavitation technology in various chemical applications.
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Figure 38. Cross-section of the velocity field with represented volume fraction contour y = 0.1 [80].
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Figure 39. Bubble evolution for p;;, = 3-6 bar [80].

Moreover, computer simulations were applied for a tip vortex, whereby a numerical
investigation was performed of the oscillatory dynamics for different cavitation numbers,
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focusing on an elliptical hydrofoil section [81]. This study used an effective radius based on
the cross-sectional area of the tip vortex cavity, which captured cavity volume variations.
Downstream, the study simulated the velocity distribution within the tip vortex region, as
shown in Figure 40. Through the detailed simulations and analyses of cavity oscillations
at varying cavitation numbers, the study revealed correlations between cavity dynamics,
pressure fluctuations, and frequency shifts, contributing to our understanding of tip vortex
cavitation behavior.
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Figure 40. Comparison of nondimensional velocity distribution within the tip vortex region at
downstream location x/cy = 1.14, as obtained from simulations with different mesh sizes, with the
experimental measurement [81].

Often, vortex bubbles are investigated through high-speed imaging, but bubbles have
been characterized as spherical through numerical analysis. One option to overcome the
limitations of these approaches is to instead apply X-ray imaging. Compared to visible
light, X-ray imaging offers a different environment in which to observe vortex bubbles [55].
Figures 41 and 42 show the results of such imaging in a Venturi tube. There are many
angulated bubbles as well as spherical bubbles, which should be considered when setting
the assumptions in future numerical analyses. In addition, the tangential velocity of the
surface of vortex cavitation is measured in this approach, along with the relationship of the
geometry of the Venturi tube with the shedding frequency in vortex cavitation.

Previously, experimental investigations were performed on tip vortex cavitation (TVC)
around a pitching hydrofoil in a cavitation tunnel [82-90]. The experiments used high-speed
cameras, torque sensors, and hydrophones to analyze cavitation patterns, the torque exerted
on the hydrofoil, and cavitation noise. These research studies focused on understanding
the characteristics of TVC induced by the tip vortex and its impact under different flow
conditions. After comparing and analyzing the phases of ascent, a static state, and descent,
these studies concluded that the tip vortex cavitation intensity is the highest during the
descent, moderate during the static state, and the lowest during the ascent.
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In summary, the combination of extensive eddy simulations, multi-phase model-
ing, and advanced numerical techniques showcased in the above studies provides valu-
able insights into the complex phenomena of vortex cavitation, offering a comprehensive
foundation for further research and engineering advancements in fluid dynamics and
related fields.
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Figure 41. Cont.
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Figure 41. Vortex cavitation from shedding of trailing edge to collapse, observed by high-speed X-ray
imaging. (a) Standard view of one cycle. (b) Magnified view [55].
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Figure 42. Rotation of vortex cavitation arising in the Venturi tube observed by XFEL [55].

5. Conclusions

This review has covered single cavitation bubbles, cloud cavitation bubbles, and vortex

cavitation bubbles. Notably, most research on cavitation bubbles to date has concerned
the mechanisms of bubble collapse near a solid boundary. Numerical analyses have been
compared with experimental investigations, considering mass transfer, bubble shape, and
so on. However, many areas remain to be explored in the research on bubbles, especially
concerning their collapse mechanism. The key points highlighted in the present review can
be summarized as follows:

@

@)

Cavitation peening is a new surface modification method used in the production of
automobiles and stainless steel. It can improve the life of mechanical parts. However,
cavitation bubbles near the solid boundary will cause erosion, such as in pumps and
propellers. This highlights the importance of researching cavitation bubbles.

The images obtained to date of cavitation bubbles and the trajectory of the cavitation
bubble research field have been summarized, covering single cavitation bubbles,
cloud cavitation bubbles, and vortex cavitation bubbles, with a focus on the images of
cavitation bubbles near a solid boundary. An important finding is that many studies’
numerical analyses of cavitation bubbles have pointed to them having the same
characteristics as those depicted in the experimental images. However, recent research
has brought to light an angular vortex cavitation bubble, as identified through X-ray
imaging, which challenges our prior assumptions on the shapes of bubbles.
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(8) The stand-off distance is a primary parameter impacting cavitation bubbles. Nu-
merical and experimental analyses have proven that the stand-off distance is related
to the stress and pressure caused by a bubble collapsing. Beyond that, this review
has also introduced other parameters that are vital to incorporate when performing
simulations, such as the cavitation number and governing equation.
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