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Sediment erosion frequently occurs in areas with high incidences of cavitation. The collaborative impact of
abrasion and cavitation presents a host of challenges, threats, and damages to hydraulic engineering. However,
little is known about the synergistic wear mechanism, and research conclusions remain inconsistent. In this work,
relevant studies on synergistic erosion have been collected, classified, and analyzed. Presently, research on
synergistic wear primarily operates at the macro and micro levels. The microscopic level enables the visuali-
zation and quantification of the process by which particles gain momentum from bubbles, the trajectory of
particle acceleration, and the mechanism that triggers strong interactions between bubble-particle. At the macro
level, erosion is understood as the summation of damage effects on the wall that is caused by the interaction
between a plethora of bubbles of varying scales and numerous particles. The synergistic bubble-particle effect is
reflected in the dual inhibiting or promoting mechanism. Furthermore, while numerical simulations could be
realized by coupling cavitation, multiphase flow, and erosion models, their accuracy is not infallible. In the
future, the dual role of particles, and particles driven by micro-jets or shock waves should be fully considered
when establishing a combined erosion model. In addition, enhancing the influence of flow field and boundary
parameters around bubbles and utilizing FSI would improve the predictive accuracy of erosion location and
erosion rate. This work helps to elucidate the combined wear mechanism of hydraulic machinery components in
sediment-laden flow environments and provides a theoretical basis for the design, manufacture, processing, and
maintenance of hydraulic machinery.

1. Introduction found in the Himalayas, Alps, and Andean regions is a significant chal-

lenge to the sustainable development of hydropower [4]. Sediment

Statistics show that hydropower energy accounts for approximately
17% of the world’s electricity demand [1], making up more than 72% of
renewable energy sources [2]. In Latin America, approximately 65% of
electricity is generated by hydropower plants [3]. This underscores the
critical importance of hydropower as a sustainable and eco-friendly
energy source for global electricity production. As a renewable energy
resource with considerable developmental potential, excellent scalabil-
ity, and mature technology, the further development and utilization of
hydropower resources is a crucial aspect of future energy development
worldwide. However, the excessive sedimentation in rivers such as those

erosion during operation is a persistent problem in developed hydro-
power, while sediment deposition cannot be ignored for undeveloped
hydropower. Thus, the issue of sediment erosion in hydraulic machinery
remains an ongoing challenge for the foreseeable future. Additionally,
the changing working conditions of hydro-turbines can cause cavitation
erosion damage. The combined impact of erosion and cavitation pre-
sents a significant damage for hydraulic engineering [5,6].

In general, sediment erosion is characterized as the gradual removal
of materials caused by abrasive wear [7]. The intensity of sediment
erosion is dependent on three factors: (a) particle size, shape, hardness,
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concentration, velocity, and collision angle [8]; (b) material hardness,
chemical composition, microstructure, and strain hardening properties
[9]; (c) fluid velocity, acceleration, flow medium, temperature, and
turbulence [10]. Despite the various control measures employed by
hydropower stations to remove particles, particles smaller than 10-60
um are typically present in the flow in a suspended state. These tiny
particles readily acquire energy from the turbulent structure of the
boundary layer and repeatedly strike the walls, causing damage to the
flow components [11]. Sediment erosion not only leads to a reduction in
hydraulic machinery efficiency, resulting in noise and vibration and
unexpected unit shutdowns, but also shortens the maintenance cycle
and increases maintenance costs [12-15]. Moreover, material damage
caused by sediment wear can alter the shape of components, causing or
exacerbating cavitation damage [10,16].

It is widely recognized that pure water does not exhibit cavitation
[17]. However, natural water contains numerous small nuclei composed
of gas atoms. Cavitation refers to the formation, growth, and collapse of
vapor or bubbles in a liquid or at the liquid-solid interface when the
local pressure is reduced to the saturated vapor pressure of the liquid. In
the low-pressure region, cavitating flow carries a significant number of
bubbles to form a two-phase flow. When the cavitating flow passes
through the high-pressure region, the bubbles collapse [18]. At low ul-
trasonic frequencies (e.g., 20 kHz), the oscillation and collapse of cavi-
tation bubbles can generate intense shear forces, microjets, microflows,
and shock waves [19]. Cavitation erosion is typically regarded as a fa-
tigue failure caused by surface material damage due to microjets and
shock waves [20]. The mechanism and impact of cavitation damage
have been studied for a century [11,21,22]. Cavitation erosion is related
to metal hardness[23], phase transition properties [24], work hardening
[25], ambient temperature [26], corrosion resistance [27], coating
[28,29], and other factors. The magnitude and direction of momentum
carried by the jet flow are dependent on the dynamic characteristics of
the cavity [30], the relative position of the wall, and the material
properties of the wall [31,32]. It is commonly believed that sediment-
laden flow has a higher critical cavitation coefficient than clear water,
making it more prone to cavitation [33,34].

Sediment erosion often occurs in highly cavitated regions in the field
[36], and the combination of sediment wear and cavitation erosion can
lead to more severe damage [37], but the underlying mechanism is not
well understood. Researchers have been investigating the relationship
between cavitation and sediment wear since 1948 when Weyl and
Marboe suggested that particles could promote cavitation [38]. In 1986,
Jin et al. found that in addition to sponge-like wear caused by cavitation,
particles could also cause craters, cracks, and cutting on the surface of
turbines [39]. Wood et al. in 1990 [40] and 1991[41] confirmed the
existence of synergistic wear by collecting large amounts of data,
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showing that the presence of particles amplifies cavitation damage.
Madadnia and Owen conducted a test in 1993 that confirmed the pro-
moting effect of bubble collapse on sediment erosion in fluidic valves
controlling sand-laden water [42]. Subsequent experiments have
commonly demonstrated that an increase in the quantity of cavitation
nuclei present in the sediment-laden water flow leads to a mutually
reinforcing relationship between cavitation and sediment erosion [43].
The combined wear strength of the two is generally greater than the
damage caused by either one alone on the material [44,45], and in a
specific environment, the combined wear effect can even reach 16 times
that of pure cavitation wear [46] (see Fig. 1).

In the past two decades, the application of high-speed photography
has facilitated the observation of the mechanisms by which particles are
propelled during the expansion or collapse of a bubble, thereby enabling
the exploration of the microscopic interplay between particles and
cavitation [47]. As a result, previous assumptions regarding the mutual
reinforcement of cavitation and sediment erosion have been overturned
and dismissed. The synergistic effect between them is affected by bub-
bles, particles, and material properties [45,48-51]. The particles can
have both promoting and inhibiting effects on cavitation. The combi-
nation of sediment abrasion and cavitation affect erosion rates by
altering fluid viscosity [11,52], mixture kinetic energy [13], number of
bubble nuclei [53], and bubble size [54], thereby complicating the
prediction and evaluation of surface wear of materials. Despite
numerous studies aimed at understanding the synergistic effect (as
shown in Fig. 2), this question remains incompletely understood.

This paper presents a review of the synergistic erosion of particles
and bubbles. Its objective is to comprehend the combined wear mech-
anism of hydraulic machinery components in a sediment-laden flow
environment, and to provide a theoretical basis for the design,
manufacturing, processing, maintenance of hydraulic machinery, as
well as the safe, stable and optimal operation of power plants. The paper
is structured as follows: Section 2 describes a field study that charac-
terizes the combined wear phenomenon of three typical hydraulic ma-
chinery types, namely the impulse turbine, reaction turbine, and pump.
Sections 3 and 4 investigate the synergistic mechanism and associated
influencing factors from both micro and macro perspectives. Section 5
provides a summary of several representative combined erosion models
developed in recent years. Section 6 describes advanced numerical
simulation techniques of synergistic erosion, the selection of appropriate
computation models, and addressing several challenging problems in
numerical simulation research.

2. Field study

Synergistic erosion phenomena have been observed in various
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Fig. 1. Global percentage of undeveloped hydropower and annual sediment load deposition (Figures are recreated from ref. [35]).
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a. Illustration of cavitation effect and particle
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Fig. 2. Illustration of cavitation effect and particle [55].

hydraulic machineries, such as the injector and runner of Pelton turbines
[56,571, the runner blade [58], and anti-wear rings [59] of Francis
turbines, as well as the front shroud and pump casing of slurry pumps
[60]. The wear is particularly pronounced in areas where the flow-
passing parts are cast with defects [61,62]. Synergistic erosion not
only results in material loss, but also intensifies vibration in the vicinity
of rotating parts [35], leading to increased failure and fatigue damage of
the runner, higher maintenance costs, and greater economic loss [63].
While wear types are typically identified based on cavitation and sedi-
ment erosion characteristics on the material surface, distinguishing be-
tween them can sometimes prove challenging [64]. The following
examples illustrate some typical cases of synergistic wear.

2.1. Impulse turbine

The Pelton unit is susceptible to sediment abrasion and cavitation
erosion in sediment-rich rivers due to its high head [65,66]. To assess
the wear of the Pelton turbine nozzle and needle under 365 m of head
after 2712 h, the Chenani power plant employed 3D scanning technol-
ogy [67]. The survey revealed that 67.37% of the particles in the river
were 0.075 mm in size, and during the monsoon season, the maximum
concentration of particles could reach 2 kg/m®. Fig. 3 illustrates the
needle erosion region, which can be divided into three zones: shallow
corrugated erosion in zone I, pits and cracks in zone II, and serrated
ripples in zone III. Zone III exacerbates the material loss and plastic
deformation of the nozzle head, eventually leading to nozzle head
fracture. In cases of combined erosion, the loss of needle volume can be
as much as 3.71%. For the Kulekhani power station located in Nipol,
cavitation contributes to erosion at a rate of about 0.5045 mm/year,
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while particles contribute at a rate of about 0.0046 mm/year [68]. Fig. 4
demonstrates that combined erosion damage to the material surface is
extremely severe.

2.2. Reaction turbine

The category of reaction turbines comprises the Francis, tubular, and
Kaplan turbines. Among these, the Francis turbine with an operational
head ranging from 20 to 700 m, is particularly susceptible to synergistic
wear, as observed in the Three Gorges and other power plants [69].
Notably, severe wear was found on the Francis turbine runner at the

W

Fig. 4. Erosion due to sand particles and cavitation (left Puwakhola HPS) and
erosion due to cavitation (right Kulekhani HPS) in the bucket [68].
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Fig. 3. Wear zones of the Chenani Hydro-Power Plant spray needle [67].
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Amaime power plant after only six months of operation, as depicted in
Fig. 5 [70]. This type of wear is often attributed to particle erosion and
cavitation, given that sediment wear typically corresponds with cavi-
tation locations [71,72]. The blade of the Muzhati III powerhouse in
Aksubai, Xinjiang, as illustrated in Fig. 6, exhibited surface imperfec-
tions in the form of pits, fish-scale pits, and pinhole pits, with the blade’s
outer edge being broken [73]. During operation, high-speed small par-
ticles not only pass through the 200 gaps between the anti-wear plate
and the guide vane but also contribute to loss caused by the horseshoe
vortex [70]. At the Gongzui hydropower station, the stationary guide
vane and stay ring display distinct cavitation failure pits and wear,
which not only cause substrate damage but also lead to a severe decline
in the support force of the guide vane [74].

2.3. Pump

Centrifugal pumps are commonly employed for the transportation of
solid-liquid slurry [75], and in recent years, there has been an increased
focus on the cavitation characteristics of pumps operating under
sediment-laden conditions [76,77]. The interaction between the abra-
sive hydraulic flow and the surface is intensified by alternating and
pulsating loads, leading to a 10% increase in pump wear and a 9%
reduction in pump capacity [78]. Among the components, the impeller,
liners, and pump casing are the most prone to wear, with the pump
casing being particularly susceptible [79]. For instance, the axial flow
pump in Uzbekistan suffered severe wear after 2680 h of operation,
resulting in a thickness of only 0.3-0.5 mm at the inlet edge of the blade
and a groove depth of up to 1.5 mm at the outlet edge [80]. Similarly,
the pumps in Turakurgan-1 and Turakurgan-2 displayed serrated blade
inlet edges and significant blade damage [81]. Moreover, a slurry pump
in a Shanghai power plant exhibited severe wear on the front shroud
after 12 months of operation (as shown in Fig. 7 (a)). Even after repair,
the pump casing still experienced a wear depth of up to 10 mm after 36
months of operation (as shown in Fig. 7 (b)).

It is noteworthy that, on one hand, relying on field tests for wear
assessment can be a time-consuming process, and the empirical formula
based on field data may not always be widely applicable. On the other
hand, identifying the specific factors that contribute to combined
erosion through field tests can be a challenging task. Wear caused by
particle abrasion and cavitation erosion is a common phenomenon in
friction systems that involve bubbles and particles [82]. Therefore, un-
derstanding the mechanisms of erosion and identifying the factors that
influence the erosion rate could help to enhance the durability of the
eroded components, particularly from a design perspective [83].
Consequently, sections 3 and 4 of the present study aim to investigate
the synergistic mechanism and relevant influencing factors at both
microscopic and macroscopic levels.

3. Bubble-particle interaction at the microscopic scale

Nowadays, there is limited cognition regarding the damage caused
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Fig. 6. Abrasion photo of runner blade of Muzhati III power station in Aksubai,
Xinjiang [73].
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(a) Front shroud

(b) Pump casing

Fig. 7. Wear of the front shroud and pump casing of a pump station in
Shanghai [81].

by the collapse of bubble on fixed wall surfaces, and the interaction
between cavitation and suspended particles is not yet fully recognized
[84]. However, with advancements in science and technology, along
with improvements in measuring instruments and accuracy, such as in
ultrasonic cavitation measurement [85-89], it has become possible to
comprehend the formation, aggregation, and interaction of particles and
bubbles [90,91]. For instance, Mitra et al. observed two stages of
bubble-particle attachment, which included the accumulation of hy-
drophobic particles formed by fine-sized cavitation bubbles through
capillary bridging, and the collection of particle clusters by larger-sized
carrier bubbles [92]. The microscopic mechanism can be divided into
two categories based on the research objects [93]: (a) particle behavior,
which includes motion direction [94,95], self-rotation [96], and accel-
eration motion [97], and (b) bubble behavior, which includes nucleation
[98], non-spherical collapse [99], and bubble jet flow [100].

The subsequent discourse delves into the microscopic-level

Fig. 5. Wear on the Francis turbine at the Amaime hydropower plant after six months of operation [70].
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interaction between bubbles and particles, encompassing the develop-
ment of bubbles on particles, particle motion around bubbles, particle
acceleration, cavitation-particle interaction, particle decomposition and
destruction, and the deformation of both bubbles and particles during
their interaction.

3.1. Development of bubble on a particle

Chang [101] conducted an examination of the cavitation process on
a single particle surface (diameter: 0.69 mm) using a cavitation pressure
tester, microscopic observation device, and digital video recorder
equipment. The results demonstrated that with the decrease in water
pressure, the small gas nuclei located within the particle cracks gradu-
ally expanded, attached, and even detached from the particle surface. In
Arora’s experimental investigation [102], it was determined that during
the expansion process, the bubble would displace the surrounding par-
ticles and cause translational motion, and as the tensile stress decreases,
the particles and bubble would ultimately separate.

Borkent et al. employed high-speed photography capturing 1 million
frames per second to document the evolution of cavitation on particles,
as depicted in Fig. 8 [103]. This progression can be categorized into
three distinct stages: (a) the prompt expansion of the bubble on the
surface of the particle (0-4.9 ps); (b) formation of a neck and subsequent
separation (4.9-10.8 ps); (c) the collapse of the bubble followed by
secondary expansion and the emergence of newly-attached cavitation on
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the particle surface.

The underlying mechanism behind the formation and growth of
bubbles on particle surfaces is commonly attributed to the presence of
gas stored in surface cracks on the particles, owing to capillary action
[12,103]. When subjected to external stimulation, these cracks serve as
cavitation nucleation sites, leading to the formation of bubbles. As the
bubbles grow, they eventually detach from the particles due to tensile
stresses. Notably, the cavitation activity exhibited by different particles
varies [104], and is closely tied to the surface structural properties of the
particles [105], such as roughness and hydrophobicity [102]. Interest-
ingly, particle curvature does not appear to play a significant role in
cavitation activity. In particular, hydrophobic particles possessing a
corrugated surface topography exhibit a marked increase in cavitation
activity, while hydrophilic and smooth particles are less effective in
promoting cavitation [106,107]. Bubbles are able to rapidly form on
hydrophobic surfaces with high contact angles, as higher contact angles
reduce the energy barrier required to form cavities [108]. However, as
the contact angle increases, the duration of bubble-particle adhesion
decreases [109]. Moreover, the impact of environmental pressure on the
bubble development process is substantial, as excessively high pressures
serve to inhibit bubble growth [106].

Although particles move away from the nucleus in a specific direc-
tion as the bubble develops, the direction of their movement when
separated from the bubble is determined by the cavitation nuclei
distributed randomly over the particles, independent of the external

Fig. 8. Three stages of bubble development on particles [103].



J. Sun et al.

environment. In addition to the typical growth and separation process of
a single bubble on a particle, there are also instances where multiple
bubbles grow simultaneously on the particle. In experiments, this phe-
nomenon is observed with a probability of around 20% [103]. Fig. 9
illustrates that during the development of multiple bubble nucleation
sites, bubbles will merge, leading to an expansion of the gas-liquid
cross-section.

3.2. The motion of particles around the bubble

The preceding section outlines the formation and progression of
bubbles on particles when nuclei are present within the cracks on the
particle surface. However, in reality, when particles enter the cavitation
region, the fluid surrounding the particles is prone to reaching the
cavitation condition and generating bubbles. In such cases, the gas
nuclei have an initial distance from the particles, and the motion process
that ensues after the interaction between the bubble and particle is
distinct from that in Section 3.1.

In the study conducted by Soh and Willis [31], the impact of particle
position on particle motion in the vicinity of bubbles was investigated.
Fig. 10 illustrates three types of particle positions near bubbles,
including free-falling particles (A), suspended particles (B, C, D, E, F, G),
and particles in contact with the wall (p6, p7). The results of the study
indicate that during the process of bubble collapse, suspended particles
and free-falling particles do not experience any significant motion,
whereas particles in contact with the wall surface move vertically up-
ward. Based on these observations, the researchers conclude that the
material damage caused by particle motion is not due to the transient
flow caused by bubble collapse, but rather due to the high contact force
resulting from wall vibration after the bubble impacts the wall.

The assertion that bubbles are unable to exert a propulsive force on
nearby particles such as free-falling or suspended particles was chal-
lenged by Li et al. They noted that the experimental findings of Soh and
Willis may be attributed to the distance between the bubble and particle
being too great to stimulate a substantial interaction governed by iner-
tial forces [17]. Poulain’s research corroborated this hypothesis, as he
observed that the motion of particles was highly dependent on their

-

0.0 ps
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initial separation distance from the bubble [84]. Even small differences
in the starting positions of particles, by just 0.7 mm, resulted in over
twice the variation in their subsequent displacement. Teran also noted
that bubbles can induce a significant acceleration effect on neighboring
particles during their growth and collapse, although this effect is
negligible when the distance between them is sufficiently large [110].

To gain a better understanding of the motion behavior of particles
that are suspended near bubbles, Poulain utilized a high-speed camera
with a frame rate of 64,000 frames per second to document this evolu-
tionary process (refer to Fig. 11) [84]. Through the use of spark-induced
devices, he conducted a study on the interactions between bubbles and
suspended particles in materials such as glass, aluminum, brass, and
steel. He observed that the motion process between the bubble and the
surrounding particles can be divided into three stages: (a) bubble gen-
eration, with the particles being pushed away during the expansion
process; (b) bubble collapse, during which the surface of the bubble
changes from spherical to non-spherical after reaching maximum vol-
ume; and (c) particle attraction as they approach during bubble collapse.

When examining the effect of bubbles on the movement of the sur-
rounding particles, it is crucial to consider the initial relative position of
the particles within the gaseous nucleus [112]. If the gas nucleus is
located in the surface crack of the particle, there will be stronger
repulsive forces acting on the particles during the bubble’s evolution
process, causing the particles to be pushed further away. Conversely,
when the cavitation nucleus is situated in the water close to the parti-
cles, the particles experience repulsion during the bubble expansion
stage and attraction during the bubble collapse stage. According to
Gonzalez-Avila et al. [96], whether the particle is subject to attraction or
repulsion is mainly dependent on the initial distance between the par-
ticle and the bubble. Through recording particle trajectories at varying
initial distances and analyzing the relationship between particle
displacement and initial distance, they were able to obtain a better
understanding of this phenomenon.

3.3. Acceleration effect of bubble on particles

Based on the aforementioned research, it is evident that the bubble

1.0 ps 2.0ps

&

Fig. 9. Multiple starting points of cavitation on the particle [103].
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Fig. 11. Position of bubble and glass particle at different moments [84].

has a significant impact on both the attached particles and the neigh-
boring particles during the evolution process, regardless of whether the
cavitation nucleus is located in the particle crack or in the water. Spe-
cifically, the bubble generates attraction or repulsion to nearby particles
during the stages of growth and collapse, resulting in particle acceler-
ation and an increased erosion rate of material surface particles. Borkent
et al. reported that during the expansion process, the bubble can
accelerate particles to velocities of up to 40 m/s or even higher
[103,113]. The most critical factors affecting particle velocity are the
relative distance between particles and bubbles, the material type, and
the particle size. Larger, denser alumina particles are more challenging
to move than smaller, lighter particles [110]. Particles in close proximity
to the bubble interface are more greatly affected by the velocity field
generated by bubble growth and collapse, whereas those further from
the bubble interface experience less impact [110].

In their experimental study, Wu et al. [114] investigated the rela-
tionship between laser-induced bubbles and settling particles, and
explored the acceleration effect between the two. Building upon this,
they established a force balance model for particle-bubble dynamics to
predict the maximum velocity of particles. Results showed that when the
distance between the particles and the bubbles is extremely small, the
particles can experience acceleration exceeding 60 m/s, which is

sufficient to cause plastic deformation of a stainless steel plate.

Xu et al. [115] investigated the impact of a single bubble on particle
motion using a low-voltage electric spark discharge device to generate
bubbles. They examined metal particles with diameters of 4.73 mm and
5.98 mm, respectively, and varied the liquid viscosity by adjusting the
glycerol-water ratio. The study showed that particle velocity is influ-
enced by fluid viscosity, particle size, and pipe diameter. Based on their
findings, a model for predicting particle velocity is proposed.

Pavard et al. utilized the jet flow generated by bubble collapse to
enhance particle motion, as demonstrated in Fig. 12 (a) and (b) where
particles were placed on a transparent plate and a horizontal hole,
respectively [116]. The momentum for particle motion was generated
by the impinging jet flow, and the subsequent dynamics of the bubble
influenced the particles in the water. Additionally, secondary accelera-
tion was observed during this process.

Li et al. [17] conducted an experimental study where they observed
the translational motion of particles induced by bubble expansion and
the secondary acceleration process of particles by bubble collapse, as
depicted in Fig. 13. Additionally, Gonzalez-Avila et al. [96] observed
particle rotation during bubble expansion, in addition to particle
acceleration.

Tan et al. [117] conducted a thorough investigation and analysis of
the phenomenon of particle acceleration induced by cavitation-particle
interactions in recent years. They hypothesized that the velocity of
particles is highly dependent on both the mode of bubble generation and
the physical properties of the particles themselves. Consequently, they
developed a novel experimental technique to estimate particle velocity.
Specifically, they positioned a ductile metal target sample at a short
distance from the ultrasonic horn tip, enabling them to capture accel-
erating particles using the cavitation effect of a powerful ultrasonic
system in a solid-liquid mixture. The average velocity of the particles
was then estimated using the inverse solid particle erosion model’s mass
loss data. This innovative approach enhances our fundamental
comprehension of the particle dynamics triggered by cavitation.

3.4. Interaction between bubble and multi-particles

The aforementioned studies primarily concentrate on the interaction
between bubbles and individual particles. However, Chen et al. con-
ducted an investigation on the interaction between bubbles and multiple
spherical particles utilizing an ultrasound vibration cavitation instru-
ment and a low-pressure underwater discharge device [118]. They
observed that particle size has a direct correlation with erosion damage,
with larger particles experiencing more damage. This result is reversed
when the average particle size is less than 0.120 mm. Furthermore, an
increase in particle concentration amplifies its impact on cavitation.

Additionally, they observed that when multiple spherical particles
interacted with the bubble, it exhibited a non-spherical morphology, as
shown in Fig. 14. This is due to the fact that the interaction between the
bubble and small particles slows down the surrounding flow velocity,
resulting in a prolonged cavitation time and reduced cavitation intensity
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(a) Particle located on a transparent plate
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(b) Particle located on a horizontal hole underwater

Fig. 12. Process of the collapsing bubble pushing the particles [116].

Fig. 13. Motion of particles during bubble evolution [17].

[118]. This could offer an alternative explanation for the failure mech-
anism of synergistic effects; that is, when the sediment concentration is
constant, the damage caused by small particles is less severe.

3.5. Decomposition damage of bubble to particles

When a bubble collapses, it generates an instantaneous local high
pressure, resulting in the formation of a shock wave and a micro-jet with
a velocity of several hundred meters per second. The high velocity
micro-jet has an erosive effect on fine particles [119], leading to the
expansion of micro-cracks within particles, acceleration of particle
movement, and severe collisions between particles and near-wall sur-
faces. Moreover, this phenomenon can also result in the fragmentation
of brittle particles [120].

Initially, the disintegration of aggregates was believed to occur
during the approach of collapsing bubbles [121], but this was not widely
recognized due to the lack of visualization. Subsequently, Wagterveld
et al. [113] utilized high-speed photography to visualize the effects of
acoustic cavitation on various sizes of suspended calcite crystals, and
discovered that the cavitation group could lead to abrasion, destruction
of aggregation, and disintegration. While flow cavitation leads to de-
agglomeration, acoustic cavitation destroys the single crystal structure
[122], resulting in multiple fragments. In Wang’s study [123], it was
found that cavitation bubbles or bubble clouds promote fragmentation
not only by mechanically fracturing dendrites but also by facilitating the
effects of acoustic streaming flow on dendrites. By comparing the
behavior of particle dispersion under ultrasonic irradiation and me-
chanical stirring, Sumitomo et al. [124] determined that ultrasonic
irradiation leads to particle splitting by inducing surface cavitation of
clusters, and the splitting efficiency is higher than that of mechanical

stirring.

The crushing strength of particles exhibits a “size effect,” wherein the
crushing strength increases with decreasing particle size [125]. In a
cavitation jet flow, the micro-particles experience a higher velocity due
to the micro-jet produced by the bubble collapse near the wall, thereby
increasing the probability of wall impact and particle breakage. Ac-
cording to Rogin’s crushing hypothesis, when the kinetic energy at the
moment of impact is greater than or equal to the required crushing
energy for particle breakage, particle breakage is considered to occur.
Zhu [126] derived the dynamic equation governing the impact of bubble
collapse on micro-particles in liquid and discussed the effects of
dimensionless distance, maximum bubble radius, and particle mass
concentration on micro-jet effective particle fragmentation. Huang
[127] theoretically estimated the effective range of micro-jet action on
quartz particles, and proposed that the effective range for fine particles
with sizes less than 100 ym should be less than 150 ym. It is suggested
that particle breakage under cavitation is strongly influenced by the
near-wall surface and the velocity of the micro-jet.

3.6. Deformation due to bubble-particle interaction

The interaction between bubbles and particles results in bubble
deformation. The non-spherical geometry of bubbles can alter their
oscillation characteristics, including collapse strength, bubble length,
shedding frequency, and period [128-130]. Additionally, bubble defor-
mation can have a significant impact on cavitation erosion intensity
[128,129,131]. Shi [132] discovered that the inclusion of particles leads
to a reduction in bubble surface tension, causing it to lose its spherical
shape, and the maximum radius of the bubble, as well as its pulsation
period, decreases as the particle concentration increases. Furthermore,
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Fig. 14. Effect of particles on the evolutionary morphology of cavitation bubbles. (a) Without particles. (b) The bubble collapses and interacts with a large particle.

(c) The bubble collapses and interacts with eight small particles. [118].

Zhang et al. [133] demonstrated, through experimentation, that the
presence of particles affects the shape of the bubble during the collapse
process and considerably accelerates its collapse. Furthermore, the
presence of bubbles can also alter the shape of particles, as illustrated in
Fig. 15. At t = 80 ps, the rapid motion of the bubble wall generates a
significant amount of tension, which causes particles to deform [134].

3.7. Microscopic mechanisms between bubble-particle

Gas nuclei can be found in the cracks on the surface of rough particles
[103], which serve as additional nucleation sites, reducing the water’s
tensile strength and resulting in a lower cavitation threshold [106,135].
Furthermore, cavitation nucleation also accelerates the attachment of
cavitation bubbles [136]. Toshima et al. [41] discovered that the
incipient cavitation number of sediment-laden flows is 10%-15% larger
than that of clean water. When exposed to external factors that trigger
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Fig. 15. Deformation of the surrounding particles caused by single bubble
collapse [134].
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the cavitation threshold (such as a local drop in liquid pressure, a rise in
local temperature [137], or a significant increase in liquid tensile stress
caused by laser [138] or ultrasound [139,140]), bubbles begin to
develop and gradually engulf particles as they grow. Under the influence
of the pressure difference, particles acquire kinetic energy and begin to
accelerate, moving away from the center of the bubble. Once the growth
of the bubble volume begins to slow down, the particles detach from the
bubble after necking and continue to move away from it. Afterward, the
bubble collapses, and there is a secondary expansion. During this pro-
cess, particles are likely to undergo secondary acceleration. Finally, the
particles gradually slow down until they stop due to the hindrance of
viscous forces. If there are other gas nuclei in the particle crack, they
may be stimulated by external conditions after the particle separates
from the first bubble and develop into a new bubble, repeating the entire
process.

The presence of a gas nucleus near particles heavily influences the
particles’ motion, which is primarily determined by the initial relative
position between the particles and the gas nucleus [141]. This relative
position dictates whether the particles can acquire sufficient energy to
move and determines the trajectory of the particles.

Particles can gain momentum from the expansion or collapse of
bubbles, which can lead to acceleration and impact on the wall. Based on
this perspective, the acceleration mechanism of bubbles on particles can
be categorized into two types [82] (Fig. 16 provides a description of
these two mechanisms): (a) bubble collapse results in particle acceler-
ation, and (b) bubble expansion results in particle acceleration.

Another way to categorize the acceleration mechanism of bubbles on
particles is based on micro-jet and shock wave, as depicted in Fig. 17
[126]. (a) Micro-jet induced acceleration involves entrainment of par-
ticles by the jet flow, which results in their impact on the material wall
[11,98]. (b) Shock-induced acceleration occurs due to the pressure wave
induced by bubble collapse, which is regarded as the source of particle
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Fig. 17. Acceleration mechanism of particles by micro-jet and shock wave [126].

acceleration [142].

A mechanism for particle acceleration has been proposed that is
contingent upon the properties of both micro-jets and shockwaves. The
micro-jet and shockwave characteristics are thought to synergistically
contribute towards particle acceleration [117]. This is because these two
mechanisms may operate concurrently when the pressure wave dis-
charged by the bubble cloud prompts the implosion of local bubbles
(refer to Fig. 18).

While high-speed visualization assists in comprehending the micro-
scopic mechanisms of bubble-particle interactions, the majority of
studies focus on single or few bubble-particle interactions. In real-world
scenarios, there exist tens of thousands of gas nuclei and particles [143],
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Fig. 18. Particle acceleration mechanism illustration [117].
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and erosion is the cumulative effect of the damaging impact on the wall
surface due to the interaction of numerous bubble clusters of varying
scales and a substantial number of particles. Hence, it is imperative to
acquire a better understanding of the macro-level interaction between
the two.

4. Bubble-particle interaction at the macroscopic scale

Studying the microscopic mechanisms of bubble-particle in-
teractions can aid in comprehending the dynamics of bubbles and par-
ticle motion processes more profoundly [144]. However, practical
engineering issues are more concerned with the stripping and destruc-
tion of materials caused by the synergistic effect of erosion. In this sit-
uation, macroscopic mechanisms are given more consideration and
investigation [145].

Unlike microscopic mechanism research methods, macroscopic
studies use rotating disks [146-148], slurry pot tests, tunnel tests,
Venturi tubes [149,150], and other devices to assess the degree of
abrasive damage by observing the mass loss and surface morphology
changes of specimens before and after experiments. Although the cavi-
tation erosion mechanism of sand-laden flow has been studied, the re-
sults vary, and a consensus is difficult to reach. This is because the
complex structure of large hydraulic machinery, operating in an envi-
ronment mixed with silt impurities, makes the flow characteristics more
complex.

In earlier days, it was believed that the damage caused by the
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combined wear of cavitation and sediment was much more severe than
the sum of the two alone, and several research results supported this
conclusion [12,42]. However, with recent research, it has been found
that this finding is not always true, and sometimes cavitation can also
inhibit or delay sediment erosion. Thus, whether cavitation and sedi-
ment wear promote synergistic erosion relies on whether particles can
acquire energy from the fluid [11]. Usually, different test conditions
result in different wear mechanisms, which involve bubble nucleation
theory, bubble dynamics, fluid mechanics, particle mechanics, transient
flow of solid suspensions [47], and material mechanics [151].

In the following sections, the interaction between bubbles and par-
ticles on a macro scale is discussed from four aspects: (a) promotion and
inhibition of the synergy between bubbles and particles; (b) the influ-
ence of particle properties on the synergistic effect, including particle
size, shape, concentration, and type; (c) the influence of liquid proper-
ties on the synergy effect, including liquid viscosity and temperature;
and (d) macroscopic mechanisms between bubbles and particles.

4.1. The promotion synergy and inhibition synergy of bubble and particle

4.1.1. The promoting synergistic effect

Cavitation and particle erosion often work together to cause more
severe damage to materials [67], as evidenced by numerous studies in
the field of hydraulic machinery [45]. Synergistic erosion occurs in two
scenarios [45]: firstly, when the surface submerged in water does not
have cavitation, but the presence of the stagnation point causes particles
hitting the wall at a large angle to peel off material, changing the shape
of the component and causing a decrease in local pressure and syner-
gistic erosion. Secondly, when there is cavitation on the surface of the
component and sediment is introduced into the flow, the abrasion
damage on the flow-passing components is caused by the interaction and
mutual promotion of cavitation and sediment wear, resulting in a more
significant damaging effect. Experimental results indicate that the
damaging effect of abrasion is 8.5 times that of cavitation alone and 3.2
times that of abrasion alone.

Studies have been conducted to investigate the effect of sediment on
cavitation erosion in various scenarios. Zhang et al. [152,153] per-
formed a cavitation erosion test on a 120 mm long RAF61 aluminum
airfoil with a silt content of 5 g/1, finding that sediment is more likely to
cause scratches and impacts on the surface during the bubble growth
stage and is more susceptible to the pressure wave during the bubble
collapse stage, which impacts the surface at a large angle and accelerates
the material damage. Similarly, Gregorc et al. [154] analyzed the in-
fluence of particles on the development of cavitation flow conditions
around the hydrofoil and found that adding particles increases the depth
and degree of cavitation. Lv [155] studied the influence of sediment on
the cavitation performance of a hydrofoil at different angles of attack
and found that the combined wear was severe at large angles of attack.

Madadnia and Owen [42] conducted a valve device test and found
that with only cavitation, the material surface is only discolored; only
under the sediment-laden flow some of the material will be removed;
when cavitation and sand are present at the same time, there will be
substantial material removal. Similarly, Amarendra et al. [156] used a
slurry erosion test device to test the synergistic effect of sediment
erosion and cavitation and found that the mass removal of materials by
the synergistic effect of sediment and cavitation is generally greater than
the material loss when sediment erosion alone.

Thapa et al. [157] studied sediment abrasion, cavitation erosion, and
synergistic erosion on a rotating disk test rig with cavitation inducers
and found that the combined effect on material damage is much greater
than the sum of sediment abrasion and cavitation erosion. They also
compared the anti-abrasion properties of HVOF sprayed stainless steel
and HVOF sprayed WC-CO-Cr and found that the latter is more suitable
for the environment of sediment-laden flow. Finally, Peng et al. [36]
conducted a submerged cavitating jet flow wear test on a highly accel-
erated jet test rig and found that the cavitation intensity, noise, and

11

Ultrasonics Sonochemistry 95 (2023) 106399

erosion rate were improved after adding silica sand particles. Coarse
particles are more likely to induce cavitation, and damage from sharp
particles is severe. Additionally, the jet cavitation intensity increases
with the increase of micro-particle concentration and decreases with the
decrease of micro-particle size.

4.1.2. The inhibiting synergistic effect

Studies have shown that increasing the size and concentration of
particles can actually inhibit cavitation damage [158]. This is due to the
high energy barrier between particles and gaseous nuclei, which limits
the formation of bubbles and prevents destruction of the sample surface
by the micro-jet. Other researchers [159] have investigated the com-
bined wear of different particle concentrations and sizes, as depicted in
Fig. 19, and found that under certain parameter combinations, the
combined wear results in greater material removal than pure cavitation
erosion, while in other cases the results are opposite. Huang et al. [160]
suggest that although particle size, concentration, and hardness may
worsen abrasive wear to a certain extent, they can also alter the physical
properties of the liquid mixture, thus reducing the damage caused by
cavitation collapse. Together, these factors determine the overall level of
erosion.

Su et al. [47] investigated the influence of different sizes and con-
centrations of sand on cavitation erosion, focusing on both the promo-
tion and inhibition effects. Their observations indicate that small
particles (10-50 pm) with increased particle density (>1%) can hinder
wear by augmenting the viscosity. Conversely, large particles (50-100
pm) with an increased volume fraction (<10%) tend to gain more mo-
mentum from the bubbles, thereby promoting wear.

Hu et al. [53] conducted a comparative analysis of cavitation and
sand-carrying cavitation on 304 stainless steel, and determined that a
sediment diameter of 0.152 mm with a 3 wt% concentration represents a
critical value. When the concentration is lower than 3 wt%, the sediment
restrains cavitation, leading to a decrease in specimen wear. However,
when the concentration is greater than 3 wt%, sediment promotes
cavitation and enhances the wear of the specimen. The authors attribute
the promotion of cavitation wear to the acceleration of sediment by the
particle-bubble system during separation and rupture, leading to more
severe damage to the specimen’s surface. Conversely, sediment inhibits
cavitation due to the presence of sediment making the specimen’s sur-
face smoother and increasing the flow’s viscosity, thus reducing the
production of gas nuclei.

Wang et al. [161] examined the impact of micro-particles on the
cavitation process using a rotating disk test device with Q235 as the
specimen material and disc speed at 2800 rpm. The presence of particles
inevitably alters the cavitation erosion process, changing the
morphology of the eroded surface, and smaller particles (100 nm, 500
nm) exhibit an inhibitory effect on combined wear. Similarly, Chen et al.
[162] demonstrated that adding small particles significantly reduces the
cavitation area and volume fraction, with the suppression effect
becoming significantly weaker as the particle size increases. Likewise,
Gou et al. [163] found through experimental research that increasing
the fine particles and turning the liquid into suspension effectively in-
hibits the occurrence of cavitation in the cavitation-dominated wear
process. Conversely, adding large particles aggravates wear.

Since the particle-bubble system exhibits both promoting and
inhibiting effects, the study of a single aspect is not sufficient to be
scientifically and rigorously comprehensive. Therefore, the present
study explores the influence of different factors on the synergistic effect
to elucidate the macroscopic mechanism between cavitation and
particles.

4.2. The influence of particle properties on the synergistic effect
The occurrence of cavitation erosion in the presence of particles is

additionally reliant on various factors, including the impact angle, as
well as the shape, size, and hardness of the particles [164,165]. For
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Fig. 19. Curves of mass loss with exposure time, particle size, and concentration [159].

instance, Guo et al. [166] observed that the ultrasonic cavitation effect
in magnetorheological polishing fluid (MRPF) is influenced by the
properties of solid particles. They found that a high volume fraction of
carbonyl iron particles (CIP) considerably weakens the cavitation effect,
while a low volume fraction of green silicon carbide (GSC) has only a
negligible effect on it. Furthermore, the generation of microjets becomes
inconvenient when the liquid viscosity is greater than or equal to 0.1
Pa-s. Hence, it is imperative to investigate the impact of particle prop-
erties on the synergistic effect.

4.2.1. Particle size

The erosion of walls is greatly influenced by the size of particles.
When there is no cavitation, larger particles are predominantly affected
by mainstream and secondary flow, while smaller particles are more
susceptible to the turbulence structure near the boundary layer. In the
presence of cavitation, particles are enveloped by a high-speed jet and
impact the wall [11]. The movement of micro-particle bubble union is
primarily determined by the particle size, according to Li [167].

The study by Fu et al. [55] shows that micro-abrasive cavitation and
synergistic effect are mainly reflected in the shock wave promoting
micro-jet formation. Shock waves and micro-jets impart initial velocity
to micro-abrasive particles. Within the particle size range of 5 to 50 um,
smaller particles exhibit higher velocity and pressure. Chen’s research
[168], using SiO2 particles of 500 nm, 2 ym, and 70 um, investigates the
impact of particle size on the cavitation failure of samples. As diameter
increases, the number of cavitation pits in samples significantly de-
creases, and the intensity of cavitation failure gradually lessens. The
study of Zhang [169] indicates that reducing particle size in suspension
increases the plastic deformation of aluminum alloy surface under
cavitation, elevating the surface roughness, and exacerbating the cavi-
tation erosion of aluminum alloy surface. These findings suggest that
small particles may increase cavitation failure.

Wu and Gou’s study [170] on the combined wear of three sediment
concentrations (25 kg/m°, 50 kg/m°, and 85 kg/m®) and five particle
diameters (0.531 mm, 0.253 mm, 0.063 mm, 0.042 mm, 0.026 mm)
based on a special vibratory apparatus reveals that when the particle size
is less than the critical particle diameter of 0.048 mm, the wear effect
decreases with the concentration increase; the conclusion is the opposite
when the particle diameter is greater than the critical value.

According to Lian et al. [171], the critical particle diameter is about
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0.035-0.048 mm. When the sediment particle size is less than the critical
size, the damage caused by the combined wear on the material is slightly
less than that caused by cavitation under pure water conditions. Gou
et al. [172] also tested the combined effects under different conditions
and found that the critical particle size at each concentration differed.
When the particle size is less than the critical size, cavitation damage is
suppressed; otherwise, cavitation damage is promoted. In Liu’s study
[173], fine particles increase the viscosity of the fluid. The high viscosity
of the liquid produces more resistance to bubbles’ growth and collapse,
reducing the particle velocity, and thus effectively inhibiting cavitation
erosion. Conversely, coarse-grained particles do not cause changes in
liquid viscosity. In this case, the particles will be accelerated during
bubble growth or collapse, aggravating synergistic erosion.

In conclusion, while some studies indicate that the erosion rate in-
creases monotonously with decreasing particle size, the more general
conclusion is that there is a critical value for the effect of particles on the
synergistic effect. Cavitation erosion is inhibited when the particle size is
below the critical value, and promoted otherwise [50,160,161,170].
Table 1 lists the critical particle diameter/concentration under different
experimental devices and conditions. When the particle size does not
exceed the critical value, the flow contains medium sand and clay with
non-Newtonian fluid characteristics, and the flocculation structure
formed by the interaction of these particles significantly increases the
viscosity of the liquid, alleviating the damage caused by cavitation
[174]. However, when the particle size is large, it is difficult to affect the
change of liquid viscosity, so collision erosion plays a major role in the
synergistic effect, resulting in greater damage.

4.2.2. Particle shape

The morphology of particles primarily affects the strength of the
material under damage, which is a critical parameter. Particles of
varying shapes exhibit differences in the process of material removal
[175,176]. However, evaluating particle shapes in natural settings is
often challenging. Angular particles create sharp craters, whereas
spherical particles generate shallow, more rounded craters [177]. Wear
increases as the shape factor decreases and the density increases.
Angular particles, when compared to circular and block particles, result
in rougher material surfaces and deeper pits during synergistic erosion
[49,178].

According to Harvey’s theory [179], apart from size, the shape and
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Table 1
Critical particle parameters under different experiments.
Testing apparatus Materials Experimental Critical Ref.
Particle particle
parameters parameters
Special vibratory AMST 1045  25-85 kg/m?; 0.048 mm [170]
apparatus carbon 0.026-0.531 mm
steel
Magnetostrictive- 304 0.5-10 wt% 3 wt% [53]
induced stainless
cavitation steel
facility
Vibration 40Cr steel 0.1-1.2 ym 0.5 ym [50]
cavitation -
apparatus
Rotating-disk Q235 0.1-4 um 1 um
. . [161]
testing machine
Magnetostrictive- Carbon 0.01-0.1 mm; 0.04 mm; 30 [163]
induced steel 6-300 kg/m® kg/m?®
cavitation
instrument
High-pressure Sandstone 0.075-0.425 mm; / [36]
water-jet 0.56-3.05 wt%
machine
Ultrasonic CEP AISI 1045 10-100 um; 50 um
tests carbon 0.5-20 vol% 1471
steel
Vibratory device AISI 316 3-10%; 106-150 /
. [184]
stainless pm, <53 um
steel
Vibratory ASTM 1045 25-85 kg/ 0.035-0.048 [171]
apparatus and carbon m>;0.026-0.531 mm
custom-made steel mm
particle-moving
device
Ultrasonic Ti6A14V 1-10 mg/ / [158]
cavitation alloy 1;0.3-23.34 ym h
erosion
equipment
Vibratory ASTM 1045  0.01-0.10 0.050-0.058 [172]
apparatus and carbon mm;30-150 kg/ mm
particle-moving steel m®
device
Cavitation-slit AISI 1045; 0.023-0.249 / [174]
erosion Carbon mm;10-80 kg/m>
apparatus steel
Ultrasonic Alpha- 5-15g/L;0.3-1ym  /
cavitation brass; (159]
erosion tests Aluminum
alloy
Rotary wear test Q235, 45#, 0.2 mm;1.29 kg/ / [208]
rig 40Cr, m®
HT200
Cavitation tunnel Metal 0.1-0.32%;25-35 / -
um [154]
Ultrasonic 6063 Al 0.0018-0.6601 0.12 mm [118]
vibration mm;1-85 kg/m3
cavitation
apparatus
Venturi tube Stainless 0.023-0.063 0.04 mm;50 [149]
steel mm;25-75 kg/m3 kg/m3

surface profile of particles also influence bubble formation. Bubble
growth occurs on smooth and rough spherical particles, but the impact
of particle shape on nucleation is yet to be fully comprehended. Chen
et al. [49] performed vibration cavitation erosion experiments on par-
ticle suspensions with different shapes, namely spherical SiO5 particles
and irregular SiO, particles, respectively. The average diameter of
spherical particles was 5.0 + 0.5 ym. They discovered that although
irregular particles increased cavitation erosion and particle wear on the
surface, the impact of shape on combined wear is significantly less
crucial than that of size. However, it should be noted that for irregular
particles, additional abrasive effects must be considered during cavita-
tion erosion when determining mass loss rates or analyzing fatigue
processes.
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4.2.3. Particle concentration

When sand is present in the flow, the critical value of cavitation
pressure increases in proportion to the concentration of sediment par-
ticles. Zhu et al. [180] suggest that sediment concentration and critical
cavitation number are linearly related, with an increase in particle
concentration more likely to result in cavitation. This is due to the
presence of numerous gas nuclei of varying sizes within the cracks on the
surface of particles, whereby increasing the particle concentration will
in turn augment the quantity of gas nuclei in the flow [12]. Based on
estimates, when the sediment concentration within the water is
approximately 8 kg/m3, assuming a particle size of 0.02 mm and 10 gas
nuclei deposited on the surface of each particle, the sediment concen-
tration within the water is approximately 7 million times greater than
that found in clear water [101].

Certain studies have shown that an increase in particle concentration
can lead to combined erosion. Hong [181], for instance, investigated the
impact of particle concentrations of 20 kg/m> and 40 kg/m> on the
combined effect of HVOF sprayed Cr3C2-NiCr coatings on rotating discs,
and observed that the wear rate increased with the rise in sediment
concentration. Similarly, Xu et al. [182] conducted experimental
research on the cavitation properties of deep-sea slurry pumps with
varying particle sizes and concentrations. It was observed that as the
particle concentration rose from 4% to 10%, the phenomenon of pump
cavitation became more pronounced, with the vapor phase volume
fraction at the inlet of the first stage front impeller blade considerably
enhanced, reaching a maximum of 0.9.

Contrarily, other studies have found that an increase in particle
concentration can have an inhibitory effect on combined erosion [174].
Stoian et al. [183], for example, examined the effect of particle con-
centration (ranging from 0.01 to 0.5 v/v) on cavitation activity in a
mechanically stirred solid-liquid container through ultrasonic irradia-
tion. It was noted that as particle concentration increased, the inhibition
of cavitation activity grew stronger. This observation was attributed to
an increase in apparent viscosity of the suspension caused by the rising
concentration, leading to the merging of cavitation bubbles.

However, some studies have contradicted the notion that the in-
crease of particle concentration has a monotonic promotion or inhibi-
tion effect on combined erosion, instead suggesting the existence of a
critical particle concentration. On the one hand, when the particle
diameter is fixed, combined wear initially decreases and then increases
with the increase of concentration. Hu [53], for example, studied the
combined wear of 304 stainless steel at concentrations ranging from 0.5
wt% to 10 wt% (with an average particle diameter of 0.152 mm) using a
magnetostrictive-induced cavitation facility. Results showed that the
mass loss of the specimen initially decreased and then increased with the
increase of sediment concentration, with the critical concentration being
3 wt%. Similarly, Luo [149] studied the abrasion law of concentrations
ranging from 25 kg/m> to 75 kg/m® and observed a similar trend of
decreasing abrasion followed by an increase with the increase of con-
centration. On the other hand, when particle size varies, the effect of
concentration on combined wear differs. Romero et al. [184] tested the
combined wear of three different sediment concentrations (3%, 5%, and
10%) for six hours and observed that wear increased proportionally with
concentration for larger particles (106 ~ 150 pm), while small particles
(less than53 pm) resulted in significantly inhibited combined wear
relative to pure cavitation damage. Su et al. [185] studied the cavitation
erosion of AISI 1045 carbon steel by SiO9 particles suspended in oil at
different concentrations (ranging from 0.005 v/v to 0.2 v/v) and particle
sizes (10 pm, 25 pm, 60 pm, 85 pm, and 100 pm) and found that material
removal was more severe at low concentrations and lighter at high
concentrations. Large particles aggravated erosion at medium concen-
trations, whereas small particles reduced erosion.

To conclude, studies investigating the impact of particle concentra-
tion on combined wear have yielded seemingly contradictory results.
Some studies have suggested that an increase in sediment concentration
will result in a reduction in the level of cavitation erosion, while others
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have reported an increase in the level of cavitation erosion with an in-
crease in sediment concentration. Conversely, some studies have
revealed that the critical concentration, i.e., the concentration before
and after the critical concentration on the joint wear effect, exhibit
opposite trends. The concentration has a dual impact, with one effect
being on the viscosity and the other on the number of cavitation nu-
cleations, and the two mechanisms play opposing roles. Fig. 20 illus-
trates the wear mechanism of cavitation damage alone and combined
action under varying sediment concentrations. The mechanism can be
summarized in three main points: (a) Cavitation damage alone, and
waveguide effect can lead to large and deep craters. (b) The combined
action of a small amount of sediment and cavitation leads to a syner-
gistic wear region and a cavitation-dominated wear region, which
exhibit significantly different wear patterns. (c) Under the combined
action of a large amount of sediment and cavitation, sediment wear
becomes the primary reason for material removal.

4.2.4. Particle type

Yan et al. [186] conducted a study using different types of particles
(SiC, AlOg, and Al) to investigate the synergy effect. The study revealed
that the type of particle used had an impact on the acceleration or in-
hibition of the micro-jet on the damage caused. Among the three par-
ticles, aluminum particles demonstrated the greatest potential to
minimize the synergistic effect. Similarly, Chen [168] examined the
effect of particles on ultrasonic cavitation erosion using four types of
micro-particles, namely, SiC, AlyO3, Al, and SiOs. The number of pits on
the samples with SiC, Aly03, and SiOy micro-particles was significantly
higher than that without micro-particles. Notably, the cavitation dam-
age degree of the sample surface with SiO, micro-particles was the most
severe. On the contrary, adding aluminum particles reduced the number
of cavitation pits and inhibited cavitation failure. This phenomenon may
be attributed to the unique physical and chemical properties of the Al
particle surfaces. Hence, certain micro-particles may have the ability to
hinder erosion via cavitation, which is highly significant for anti-
cavitation wear studies.

4.3. The influence of fluid properties on the synergistic effect.

The physical characteristics of the liquid can significantly influence
cavitation erosion [187], and these factors also play a crucial role in
combined wear. As discussed below, fluid viscosity and temperature are
relatively critical factors in combined wear.

4.3.1. Liquid viscosity

In 1975, Ashworth and Procter [188] demonstrated the potential of
adding polypropylene to water to increase the viscosity of the solution
and alleviate cavitation erosion damage. Since then, considerable
attention has been devoted to understanding the impact of the appear-
ance of particles or bubbles on liquid viscosity [189,190] and their role
in cavitation erosion and combined wear. In general, viscosity refers to
the internal friction force in liquid, which is a crucial factor influencing
the formation and collapse of cavitation bubbles. By altering the tem-
perature or concentration of the liquid, the mechanism and intensity of
erosion can be influenced through changes in viscosity [191].

Ultrasonics Sonochemistry 95 (2023) 106399

Additionally, the viscosity of the liquid is generally believed to increase
as solid particles are introduced, and researchers have investigated the
functional relationship between the two [192,193].

Huang et al. [194,195] have investigated the bubble collapse process
and observed that increasing viscosity reduces bubble expansion and
prolongs bubble duration. The primary mechanism of cavitation erosion
is the interaction between shock waves, micro-jets generated by bubble
collapse, and solid boundaries. Therefore, increasing viscosity can
reduce the intensity of cavitation erosion by attenuating the micro-jets
and shock waves. Similarly, Luo [149] has found that increasing vis-
cosity shortens the length of bubbles and inhibits erosion to a certain
extent.

Wang et al. [174] developed a multiple linear regression equation to
predict viscosity, taking into account the effects of particle size, con-
centration, and mixture temperature. They found that viscosity was
directly proportional to particle concentration, but inversely propor-
tional to particle size and temperature. Truby et al. [196] investigated
the change in relative viscosity of solutions with different initial particle
concentrations after adding bubbles. They found that adding bubbles
increased the suspension viscosity of diluted particle suspension, but
reduced the viscosity for more concentrated particle suspensions. Chen
et al. [118] conducted experiments to investigate the effect of particle
size on mixture viscosity. They found that when particle size was small
(Dsp < 0.0804 mm), the mixture viscosity increased with an increase in
particle concentration. However, when the particle size was large (Dso
> 0.1583 mm), the mixture’s viscosity was not sensitive to the sediment
content, and the viscosity change was less than 5% compared to pure
water.

In addition to the inherent physical characteristics of the liquid, the
size and concentration of particles also exert a notable influence on
viscosity, thereby impacting combined erosion. Nonetheless, the precise
correlation and significance of various parameters governing viscosity
remain inadequately comprehended and require further investigation.

4.3.2. Liquid temperature

Liquid temperature is also a significant factor in synergistic wear, but
this aspect has received relatively little research attention. Wang et al.
[174] conducted experimental investigations into the influence of var-
iations in suspension parameters on the synergistic effect at tempera-
tures ranging from 10 to 50 °C and found that the wear rate increased
with increasing temperature. One possible explanation for this trend is
that the temperature increase results in a reduction of liquid viscosity,
thereby promoting combined wear. The relationship between viscosity
and temperature can be mathematically expressed as follows:

p=1.07¢>.a7" 2. 70% 1 1.13 (€]

where c represents particle concentration, 10 kg/m> <c< 80 kg/m>.d is
particle size, 0.023 mm <d< 0.046 mm. T is liquid temperature, 10 °C<
T <50 °Co

In addition to the temperature of the liquid, the temperature of the
particles also has a significant impact on cavitation. Research has shown
that increasing the surface temperature of the particles from 40 °C to
99.9 °C promotes the development of cavitation. When Re > 200, the
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Fig. 20. Wear mechanism of cavitation alone and synergistic effect at different sediment concentrations [53].
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average vapor production increases by 200% [197].
4.4. Macroscopic mechanisms between bubble and particle

Due to the complexity of the macroscopic mechanism, it is helpful to
explain the synergistic wear phenomenon from two different perspec-
tives: the generation and coalescence of free bubbles in the particle-
bubble system and the contest between viscous and inertial forces in
the particle-bubble system.

4.4.1. Generation and coalescence of free bubbles in the particle-bubble
system

When sediment is added to the water, the effect on the gas nucleus
can be expressed in the following equation [50]

Ny, =Ny +N, =N, 2

Where, N, is the total number of bubbles; N, is the number of bub-
bles from homogeneous nucleation, mostly from gas nuclei in the liquid;
N, is the number of bubbles from heterogeneous nucleation, mostly from
gas nuclei in particle cracks; N, is the number of bubbles bound to
particles by collisions, which reduces the number of free bubbles.
Particle-bubble collision is a predominant mechanism for particle-
bubble interactions, governed by the dynamic behavior of particles in
the hydrodynamic field surrounding bubbles [198]. The frequency of
collisions and agglomeration events between bubbles and particles is
influenced by the size of the particles [199] and the hydrodynamic
forces generated by the aqueous medium [200]. The flotation theory
proposes that particles adhere to small bubbles due to the surface ten-
sion of the liquid, causing the particles to be separated from the bulk
liquid [201,202]. Accordingly, the expression is given as follows.

n = 3knRrVN, 3)

Where, k is a factor ; R is the radius of the ellipsoid perpendicular to
the axis of motion, r is the particle radius, V is the velocity of the bubble
relative to the particles, and N, is the number of particles per unit
volume.

When the particle size is too small, particle agglomeration can reduce
the number of free bubbles. Conversely, larger particles can increase the
number of collisions between particles and bubbles, ultimately reducing
the number of free bubbles. As a result, the value of can only be mini-
mized when the particle size reaches an optimal value, which may
explain why the impact of particle size on synergistic erosion reaches a
peak at a certain point. However, the mechanism of combined wear is
multifaceted and intricate, and this is only one aspect of it.

4.4.2. Conflict of viscous and inertial forces within the particle bubble
system.

The phenomenon of double inhibition or promotion of particles in
the combined action of the particle bubble system can be explained as a
competition between the viscous and inertial forces [82]. When the
viscous force dominates, the particles exhibit a more viscous effect,
whereas the impact of the particles becomes dominant when the inertial
force takes over. Accordingly, this synergy mechanism can be elucidated
based on the prospects of promotion and inhibition.

The main reasons for the synergistic effect of erosion promotion are:

(a) According to the heterogeneous nucleation theory [203], the
addition of particles to water significantly reduces the surface
tension required for cavitation. Adding 76 particles during the
experiment can decrease the liquid pressure by one-third [105],
thus being more conducive to stimulating cavitation.

(b) The presence of particles increases the number of gas nuclei and
bubbles [12].

(c) The occurrence of cavitation significantly alters the original flow
pattern, leading to more violent and complex flow structures
[204,205], such as periodic cavity shedding accompanied by
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strong vortices [41], which enhances the destruction potential of
particles.

(d) Cavitation accelerates the impact of particles during expansion
and collapse, thereby increasing the wear of particles on the
material surface.

(e) The presence of particles modifies the pressure distribution,
which can expand cavitation. Additionally, the combination of
particles and bubbles in the flow generates a region of high
pressure, causing the collapse of the bubble [161].

The main reasons for the synergistic effect of erosion inhibition are:

(a) Particle erosion smoothens the surface and reduces the number of
gas nuclei on it [206].

(b) Particles prevent further damage to craters caused by shock
waves by flattening the edges of craters that arise from cavitation
[53]. This can be verified by comparing the surface roughness of
the specimens. The surface roughness after combined wear is
typically lower than that observed under cavitation alone [53].

(c) The addition of particles can increase fluid viscosity and inhibit
bubble growth, thus reducing cavitation erosion [50,207].

5. Model of synergetic effects
5.1. Development of synergistic effect model

Initially, wear models relied heavily on empirical or semi-empirical
formulas that were derived from extensive testing or statistical models
[209,210]. Gou et al. [172] conducted 74 independent experiments to
study the impact of sediment on cavitation and material damage and
established a combined damage model in three steps: (a) establishing a
model between damage and sediment, (b) establishing a model between
silt-laden river and damage, and (c) proposing a standard model of hy-
draulic mechanical damage evaluation. However, the formula co-
efficients based on experiments are not universally applicable.

Over time, erosion wear [211] and abrasive wear [212] models have
been extensively studied and refined. The loose coupling model
[103,213,214] and the full coupling model [215,216] have been widely
used to describe the interaction between bubbles and structures. Po-
tential flow, viscosity, and compression models have been shown to
better describe the flow field generated by bubbles [217]. Georges et al.
[218] combined the boundary element method and the compressible
finite difference method to simulate fluid/structure interaction by
coupling bubble dynamics with finite element structural models. This
allowed for the effective and accurate capture of non-spherical bubble
dynamics and fluid pressure, as well as the study of material deforma-
tion and pitting during bubble collapse by utilizing fluid and material
dynamics and their interaction.

On the other hand, bubble-particle interaction is a transient problem
of fluid-structural interaction (FSI), which is highly complex. Currently,
all numerical studies on the interaction between bubbles and spheres use
potential flow theory and boundary element theory. Although a widely
accepted synergistic erosion model has yet to emerge, several models
still need to be explored to better understand the bubble-particle
mechanism. Here, we describe several typical models of bubble-
particle interaction.

5.2. Several typical models of synergistic effect

5.2.1. Li model and Dunstan model

Li [45] was the first to develop a bubble-particle combined model,
which could be utilized to uncover the promoting mechanism of cavi-
tation on sediment erosion. The micro-jet generated by the collapse of
the bubble near the wall causes particles to gain high velocity and
impact the wall, leading to material damage. The model is based on
three assumptions: (a) when the bubble collapses, it captures particles
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and places them in the center of the jet; (b) the particle will be accel-
erated to a very high speed; (c) after the particle rotates, its sharp edge
aligns with the material. In the Li model, the relative inertia m* and
relative stiffness k* formulas are established to aid in the calculation of
bubble-boundary interaction under the three different types of bound-
aries, which are represented as follows:

m

m :pR ; 4

k

k - (peo 7pc)Rmax (5)

where, m is the mass of boundary surface (coating) corresponding to the
maximum bubble diameter; p is the water density; R,y is the maximum
bubble radius; k is the spring constant of the boundary surface (coating);
Dw is the pressure in the water infinite; p, is the saturation vapor pres-
sure of the water. For a rigid boundary (m*—oo and k*—>o0); for a free
surface (m*—0 and k*—0).

Li’s model provides a potential explanation for the different wear
effects experienced by different wall positions in the same environment
[219]. However, the model only offers a general explanation of the
interaction between the particle and the bubble and does not provide a
detailed account of the underlying mechanism.

Dunstan [11] developed a 2D simplified model based on the Li model
[45] to simulate the process of particles obtaining energy from the
collapsing bubble. The Dunstan model serves as a further development
and complement to the Li model, offering insights into the synergistic
mechanism. To portray the behavior of particles, Dunstan employed
translational and rotational motions. The model assumes that particles
exhibit two degrees of translational freedom and one degree of rota-
tional freedom. Equations (6) and (7) present the translational and
rotational equations, respectively.

F,= m,,%
dv, (6)
F, = mpTi
T, = 0.25b(l — ez(]’/’)) }cos3a| X (?L + ?u + ?VM + ?PG>
. )
T, = 6—4CDpLa1:;DL4

where the subscripts x, y refer to the two dimensions, v is the particle
velocity, F is the sum of the forces acting on the particle and m, is the
particle’s mass. T; and T, are the hydrodynamic torque acting on the

particles to rotate them. Fpisthe drag force upon the particle. ?L is the
lift force acting on the particle. F}PG is the force due to a pressure

gradient. ?VM is a force due to the virtual mass. j is the particle aspect
ratio. a a is the angle of attack. Cp is the drag coefficient. p; is the density
of the fluid. L is the particle length and D is the height of the projected
face at each point along the length L.

The model established by Dunstan [11] not only confirmed that the
particles in the Li model would be accelerated by the microjet of bubble
bursting, but also verified the numerical model by Star CCM" and
MATLAB. The model suggests that the synergistic erosion enhancement
is primarily affected by particle mass and the ratio between the distance
of bubble-boundary and the collapse radius during bubble collapse.
However, due to the two-dimensional nature of the numerical simula-
tion, it has limitations when applied to practical problems.

5.2.2. Wu model and Borkent model

Wu et al. [114] carried out experiments to investigate the behavior
between laser-induced bubbles and free-settling particles and proposed
a particle-bubble dynamic model. The model was established based on
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three assumptions: (a) neglecting the gravitational sedimentation of the
particle during the particle-bubble interaction time; (b) ignoring the
influence of the particle on the flow field around the bubble; (c)
assuming one-dimensional motions of the bubble and the particle. The
model results were compared with experimental results to verify the
accuracy and reliability of the model, as illustrated in Fig. 21. This
model offers an effective explanation for the erosion failure enhance-
ment mechanism in silt-laden flow, and has a more precise mathematical
description of the particle-bubble interaction, which is a significant
improvement over previous models. However, the effect of particles on
the cavitation dynamics is not considered in the model, and the impact
of bubbles and particles being too close on the non-spherical charac-
teristics of bubbles is disregarded. A fully coupled particle bubble model
is necessary to comprehend the physical interaction process.
The particle motion equation is

&2 %u;fu; (u;fu;)+3z%
== - - €))
dr"? o
(1+22)
The bubble dynamics equation is
273
R t X
=[1-(=-1 9
Rmax |: <Tr > :| ( )

Where,T" = t/T;;y = @/Rmaih = Ruasly = Us/(Runax/Te)i, =

Up/(Rmax/Te);Te = 0.915R x4 /pf/(pm —Dv), T¢ is the Rayleigh time of a

spherical cavitation bubble; [, is separation distance (between the par-
ticle center and the bubble center); R,,.x is maximum bubble radius;a is
particle radius; p, is particle density; p; is fluid density; y; is fluid
viscosity.

Borkent et al. [103] utilized axisymmetric boundary elements to
construct a mathematical model of particle-bubble interaction and
conducted a simulation using the boundary element method (BEM). The
model was established based on potential flow theory and made several
assumptions, including the symmetric spherical shape of the bubble and
the neglect of surface tension, compressibility of water, and viscous ef-
fects during supercritical expansion. Fig. 22 illustrates the comparison
between simulation results and experimental records, indicating that the
axisymmetric BEM method’s calculated bubble shape is consistent with
the experiment until the neck is formed. However, the simulation ne-
glects the bubble-particle contact conditions, leading to a slightly
different cavity shape compared to the experimental one. Furthermore,
there is insufficient understanding of the relationship between particle
velocity and maximum bubble size, particle diameter, particle density,
and particle shape.

5.2.3. Poulain model Su model

Poulain et al. [84] formulated a model to investigate the effect of
spark-induced bubbles on the motion of freely suspended particles,
utilizing the theory of asymmetric bubble dynamics based on extensive
experimental data. The velocity equation for particle motion and the
equation governing the change in bubble radius are expressed as

follows:
. 1o Y R? Ty > fo+Hie 2
X, =120 / RR dt—/ RR dt 10)
pif Xﬁ_imqﬁ‘ o b%b . b b
f(’)ifte[&z}
Ry(t) )"\t o

(1)

Rb,max f(fg +t.—t

c

) if t€ [ty + 1]

Where X,/ is the velocity of particle movement;X, ; is the initial
distance from the particle to the gas nucleus; t,,t. are the duration of
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The velocity of the particle exhibits a robust inverse quartic corre-
lation with the distance of the bubble. Fig. 23 depicts the comparison
between the empirical findings and the analytical model, which shows
that the error is reasonably low. Nevertheless, this model has several
limitations, such as: (a) the bubble is spherical, (b) separation parame-
tersy > 1,y = (Xpi — Rp) /Rpmax and (c) this model focuses on the motion
of particles after the bubble disappears rather than the motion of par-
ticles during the whole development of the bubble.

Su et al. [82] developed a theoretical model to forecast erosion, by
taking into account viscous and inertial effects, which arises from the
interplay between particles that can either inhibit or promote synergistic
effects. The model is established based on three assumptions: (a) In the
semi-dilute regime, the second-order term that was ignored in Einstein’s
equation is considered; (b) The erosion caused by silt-sized particles
(STPs) is influenced by modifying the properties of the liquid, hence
both the liquid and suspended STPs can be treated as an effective me-
dium in which sand-sized particles (SDPs) are suspended; (c) The liquid
and suspended STPs are treated as a continuous phase. The diagram of a
bubble-particle system and the volume unit of particle suspension is
depicted in Fig. 24. Fig. 24(a) depicts the bubble-particle system during
the growth stage of the bubble. SDP is the sand-sized particle. Ry, and R,

Fig. 23. Comparison between experimental and model [84].
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Fig. 24. Diagram of a bubble-particle system and volume element of particle suspension [82].

are the radius of the bubble and SDP, respectively, while v, and v, are
the velocities of the bubble and SDP, respectively, and their directions
are opposite. Fig. 24 (b) describes the volume element of particle sus-
pensions. ds is the unit area; s is the unit height. The forces on the par-
ticles are as follows: Stokes’ drag (F4), Froude-Krylov force (Fg), added
mass (Fam), Basset force (Fy,), gravity (Fy), and buoyancy (Fy). Instead of
solely focusing on the acceleration of a single particle through impact as
seen in previous research, this model takes into account the collective
impact of multiple particles. While the particle impact energy calculated
by this model is able to accurately match experimental data, it should be
noted that the test sample used is limited and the model does not
consider the promoting effects of micro-jets or shock waves on particle
impact.

5.3. Develop trends of synergistic erosion modeling

When developing a synergistic erosion model, it is crucial to consider
the location where combined erosion may occur. Additionally, the dual
role of particles in synergistic effects, which includes the inhibitory ef-
fect dominated by viscous forces and the promoting effect induced by
particle collisions dominated by inertial forces, must be fully taken into
account. Furthermore, when perfecting the model, the impact particles
generated by micro-jets or shock waves should also be considered [82].
For irregular particles, an additional abrasive effect should be taken into
account when calculating the mass loss rate or analyzing the fatigue
process during cavitation erosion.

6. State-of-art numerical simulation of synergistic erosion

The application of numerical simulation technology has facilitated
obtaining relatively reliable results at a lower cost and in a more effi-
cient manner. Numerical models for predicting cavitation and sediment
wear have witnessed rapid development in recent decades. Presently,
the numerical calculation of cavitation in sand-laden flows is mainly
based on the coupling calculation of the cavitation and multiphase flow
models. However, the interaction between phases is seldom considered,
resulting in a lack of accuracy of the results. Developing a numerical
model of cavitation and sediment with higher reliability and accuracy is
vital for accurately predicting the location and rate of abrasion and
achieving the purposeful enhancement of design, processing, inspection,
and maintenance of flowing-passed components [220]. In the following
sections, advanced numerical simulation techniques of synergistic
erosion will be introduced from three perspectives: research progress in
numerical simulation, key models selected for numerical simulation,
and several challenging issues in numerical simulation.

6.1. Research progress of the numerical simulation
6.1.1. Numerical simulation of a single bubble-particle

Teran et al. [110] utilized the axially symmetric fluid domain ge-
ometry to conduct a simplified numerical simulation of the particle-
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bubble interaction when pressure changes occur near the solid wall.
The results are comparable to the experimental data, as illustrated in
Fig. 25, although the effects of surface tension and viscosity are not
considered in the calculations. Later, Teran et al. [221] established a
combined wear model based on simplifying the interaction between
spherical particles and bubbles and applied it to CFD simulation. This
model can estimate the collision velocity of particles that are trapped by
the micro-jet of collapsing bubbles and predict the synergistic effect of
cavitation damage and hard particle erosion.

The study conducted by Li et al. [215] utilized the integral boundary
method to model the interaction between particles and bubbles. The
results showed that numerical simulation could accurately predict
various phenomena, such as particle acceleration, bubble shrinkage,
mushroom-like bubbles, bubble-particle separation, and the secondary
acceleration of particles during the collapse of bubbles. Fig. 26 depicts
the process of bubble-particle interaction.

Zevnik and Dular [222] developed a model for the collapse of an
unbounded spherical bubble using the FVM-VOF method, considering
surface tension, viscous effects, and nonlinear compressibility of water.
Their research showed that the mechanical load of spherical particles
increased with the increase of the spherical bubble size ratio and
decreased with the increase of the spherical bubble spacing, as illus-
trated in Fig. 27.

6.1.2. Numerical simulation of synergistic effect on hydraulic machinery

In the combined effect studies based on hydraulic mechanical
models, external characteristics are used to evaluate the effect of sedi-
ment particles on the hydraulic components. While most numerical
simulation studies confirm only the promoting effect of particles on
synergistic effects, Liao et al. [223] examined the cavitation character-
istics of Kaplan turbines under both pure water and solid-liquid two-
phase flows. They found that the presence of sediment not only
increased the cavitation probability but also caused more severe wear on
the runner blades, particularly under conditions of high sediment and
large diameter. Compared to clean water, the vapor volume fraction of
the pressure and suction sides of the blade in the sand-laden flow
increased by 6.9% and 17%, respectively, and the efficiency decreased
by 1.68%. Large particles (0.1 mm) resulted in a poor flow pattern,
exacerbating the uneven sediment distribution on the blade and leading
to a greater erosion rate. Pang et al. [208] conducted a numerical
simulation study on a wear test rig and discovered that compared to pure
cavitation erosion, the high-pressure region of combined erosion
became smaller, the pressure value increased, and the pressure gradient
became larger. However, combined erosion was found to be more severe
than single cavitation or sand erosion. Liu et al. [224] developed a
coupling CFD model to simulate the cavitation erosion and particle
erosion of a butterfly valve and validated the numerical model through a
flow coefficient experiment. They found that the maximum velocity,
mass flow, wall shear stress, turbulence intensity, and particle erosion
all increased with increasing inlet pressure and decreased with
decreasing valve opening.
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Fig. 25. Comparison between the image sequence obtained by experiment and the bubble interface obtained by CFD simulation [110].
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Fig. 26. Bubble-particle interaction process [215].

Kumar et al. [225] conducted numerical simulations to investigate
the effects of pure water, cavitation, sediment, and combined erosion
conditions on a 7 MW rated capacity Kaplan turbine. The results showed
that sediment presence increases the likelihood of cavitation, leading to
a 4.3% reduction in maximum efficiency under combined erosion.
Additionally, sediment diameter and concentration contributed to
increasingly uneven sediment volume fraction distributions on the
blade. Lin et al. [226] analyzed the internal flow field of an axial flow
pump under different particle sizes and concentrations to examine
sediment influence on pump cavitation. Their findings revealed that
sand-laden flow cavitation areas were larger than those of clean water.
Particle size had little effect on cavitation distribution, while sand
content was the primary factor influencing pump cavitation perfor-
mance. Sediment concentrations also led to vortex and blade cavitation
area expansion, as well as chaotic impeller flow patterns. Luo [149]
utilized the Eulerian-Lagrangian method to investigate synergistic
erosion of the venturi tube, and discussed the influence of particle size,
concentration, and liquid viscosity on cavity development (as displayed
in Fig. 28). They discovered that these parameters did not significantly
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affect cavitation shedding frequency, but cavitation presence easily
caused re-entrant flow wear. As particle diameter increased, the weight
of viscosity on wear decreased (see Fig. 29).

Studies have shown that particles can have paradoxical effects on
cavitation, either inhibiting or promoting it. Zhao et al. [227] conducted
numerical simulations on centrifugal pumps with different sediment
concentrations and particle sizes and evaluated the influence of sedi-
ment on cavitation through the critical net positive suction head
(NPSH). At a sediment concentration of 1%, the effect of particle size on
cavitation was first enhanced and then inhibited. When the particle size
was 0.010 mm, the effect of sediment concentration on cavitation
showed a tendency towards early promotion and eventual inhibition.
Sun et al. [228] used a heterogeneous multiphase flow model and
cavitation model to simulate the synergistic effect of a rotating disk
under different sediment conditions. They found that increasing particle
size first inhibits and then promotes cavitation, and large particle size
not only enlarges the cavitation area but also intensifies the cavitation
damage. Increasing particle concentration can promote cavitation and
enlarge the cavitation area, but has little effect on the intensity of
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Fig. 27. Pressure field under different bubble size ratios shows the propagation of bubble emission shock wave at different times [222].
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Fig. 28. Particle trajectory and cavity structure in Venturi tube [149].

cavitation damage. Zhao et al. [229] also studied the centrifugal pump
cavitation characteristics of particles and obtained similar conclusions
that particles can have both inhibitory and promoting effects on cavi-
tation under different sediment parameters.

Table 2 serves as a guide for selecting the appropriate research ob-
ject, parameters, calculation models, and codes for synergistic numerical
simulations. Based on Table 2, the typical approach for simulating the
synergistic effect on hydraulic machinery involves coupling the multi-
phase flow, cavitation, and wear models to carry out calculations. The
control variable method, which involves manipulating factors such as
the size or concentration of particles, is commonly employed to inves-
tigate the weight of a specific influence on the synergistic effect. How-
ever, it is worth noting that most numerical simulations lack verification
with relevant experimental results, thus leading to qualitative rather
than quantitative conclusions. To ensure calculation accuracy, proper
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selection of the turbulence model, multiphase flow model, and cavita-
tion model is crucial. Furthermore, it is important to fully consider the
interaction between phases and the impact of particles on the liquid’s
viscosity. These aspects are explored in greater detail below.

6.2. Several key models selected in numerical simulation

6.2.1. Turbulent model

The selection of an appropriate and precise turbulence model holds
great significance in ensuring the accuracy of the results and computa-
tions. The standard k —» model is commonly employed for low Reynolds
number shear flows [232], albeit with evident limitations in dealing
with flow separation and reattachment [233]. The k —e model has been
integrated with the SST k —® model to enhance the accuracy of flow
separation prediction. In the initial stages of numerical simulation
research, the SST k —» model was often utilized to solve steady cavita-
tion problems in sediment-laden water flows due to its reliability and
precision. However, it cannot simulate the unsteady cavitation process,
particularly shedding and collapse, and is thus unsuitable for unsteady
calculations [231]. The RNG k —e model considers turbulence anisot-
ropy and swirling flow conditions [234], resulting in improved accuracy
in dealing with high turbulence at the end of the cavity [235]. None-
theless, it has been observed that the RNG k —e model, regardless of
compressibility, encounters issues when calculating cavitation devel-
opment [236]. Recently, the RNG k —¢ model based on density modifi-
cation has been proposed to mitigate the effects of viscosity over-
prediction on the re-entrain jet [237,238], and is considered the most
accurate and consistent with actual conditions. All aforementioned
models fall under the Reynolds-averaged Navier-Stokes (RANS) model
category. Although large eddy simulation (LES) is capable of providing
more precise and dependable predictions of flow motion over a particle
than RANS models [239,240], its high computational resource con-
sumption hinders its widespread implementation.

6.2.2. Multiphase model

Synergistic wear is a complex phenomenon that involves three-phase
flow of particles, liquid, and gas. The coupling of multiphase flows poses
a significant challenge in calculation [241]. Commonly used multiphase
flow models in CFD calculations include the Volume of Fluid (VOF),
mixture multiphase, and Eulerian multiphase models. The VOF model
[242] is used for flows that have a well-defined interface between
phases. The mixture model [243] is a simplified Eulerian method where
phases of the mixture can be fluid or particles, and are treated as an
interspersed continuum. The velocities of particles and phases are
assumed to be of the same size and direction. The relative velocity of the
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Fig. 29. Sand volume fraction on the surface of the rotating disk under different conditions [228].

Table 2
Numerical simulation of synergistic effect.
Research object Cells Particle parameters Calculation model Steady/ Code Ref.
Transient
Single bubble / 0.060-0.089 mm VOF model Transient Fluent [110]
Single guide vane and / 0.005-0.1 mm; 1-5% Homogeneous model; Singhal model Steady Fluent  [223]
runner

Centrifugal pump 2,817,398 0.005-0.015mm; 0.5-1.5%  Mixture model; Modified RNG k —e¢; Schnerr-Sauer model Steady Fluent [227]

Rotating disk 4,530,000 0.02-0.4 mm; 1-10% Non-homogeneous model; ZGB model; Modified RNG k —e model Steady CFX [228]

Rotary wear test rig 2,372,666 0.2 mm; 1.29 kg/m® Discrete phase model; Full cavitation model; Standard k —e model ~ Steady Fluent 1208]

Butterfly valve 2,686,515 0.5 mm; 0.1% Mixture model; DPM; Schnerr-Sauer model; Standard k —e model ~ Steady Fluent [224]

Slurry pot tester / 106-150 pm; 3-10 wt% Eulerian model; DPM; Realizable k —¢ model; User-defined Transient Fluent 291
synergy model [221]

Kaplan turbine / 10-200 pm; 1000-10000 SST k —w model; Discrete phase model Steady Fluent [225]

ppm

Axial-flow pump 7,630,000 0.05-0.5 mm; 2-8% Standard k —w model; ZGB cavitation model Steady CFX [226]

Francis turbine 5,592,825 3-5% RNG k —& model; ZGB cavitation model; Eulerian model Steady CFX (73]

Francis turbine 5,889,522 0.005-0.05 mm; 2-8% SST k —w model; zero equation model; ZGB cavitation model; Steady CFX 230
Eulerian model [230]

Venturi tube 510,100 0.023-0.063 mm; 25-75 RNG k —e models; DPM Transient Fluent [149]

kg/m®

Slurry pump 2,932,000 0.1-0.5 mm; 10-20% Modified SAS-SST model; ZGB cavitation model; Eulerian model Transient CFX [231]

Slurry pump 2,678,000  5-36 mm; 4-10% Eulerian-Eulerian model Steady Fluent [182]

Water tunnel 4,518,215 10-100 pm Mixture model; Schnerr-Sauer model; Standard k —e/k —@ model ~ Transient Fluent [197]

dispersed phase is determined by solving the momentum equation of the
mixed fluid. The Eulerian model [244], also known as the two-fluid
model, considers both media as continuous fluids. The two phases
coexist at the same spatial point and penetrate each other, each obeying
its mass, momentum, and energy equations. When the particle volume
fraction is small (less than10%), the liquid and bubble are generally
regarded as a fluid, and the particle is treated as a discrete phase. When
the particle content is high, the particles can also be treated as part of the
fluid. Hence, for multiphase flows containing discrete particles, the
mathematical model describing the flow field is divided into Eulerian-
Eulerian and Eulerian-Lagrangian methods.

The Eulerian-Lagrangian method has undergone three stages of
development. The first stage involves a single-particle dynamics model
that does not take into account the effect of the discrete relative
continuous phase and the pulsation characteristics of the discrete phase.
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The second stage is characterized by the deterministic trajectory model,
which considers the interaction between the discrete and continuous
phases, but ignores the viscosity and turbulent diffusion characteristics
of the discrete phase. In the third stage, the random trajectory model of
the discrete phase is calculated, taking into account the effect of
continuous phase turbulence on the discrete phase. This method is
suitable for various sizes of low-concentration particle flows with
complex motion processes. However, one of its drawbacks is that only
discrete particles are treated as particles, making it difficult to give
continuous spatial distribution information of parameters such as par-
ticle velocity and concentration. Moreover, it is challenging to fully
consider the turbulent diffusion process of the mass and momentum of
the discrete phase and its reaction to the continuous phase [245-247].
The method of Eulerian-Eulerian has undergone three develop-
mental stages: (a) a model of a single fluid that treats the continuous and
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discrete phases as one and disregards the difference in interphase ve-
locity; (b) a small-slip model that takes into account a small amount of
velocity slip between phases and disregards the effect of discrete phase
relative to the continuous phase; and (c) a multi-fluid model that thor-
oughly considers interphase velocity slip, interphase coupling, and
turbulent diffusion. In addition, the viscosity and diffusion coefficient of
the discrete phase are introduced to reflect the turbulent transport issue
of the discrete phase. Furthermore, the model considers the generation
of turbulence, convection, diffusion, and extinction of the discrete phase
under the continuous phase [246,248,249].

The numerical prediction of turbulence with particles poses several
challenges. The Lagrangian method is more appropriate for single-phase
coupling, while the two-fluid method is more suitable for two-phase
coupling. Although DNS can provide an exemplary turbulence struc-
ture, particle dispersion, and two-way interaction between particles and
turbulence, the high computing resource requirement needs to be taken
into account [250]. When investigating three-phase flows involving
particle-liquid-gas, the Eulerian-Eulerian method can comprehensively
consider the interphase and turbulent diffusion forces resulting from
sediment particles to the liquid. It is important to note that the liquid
phase is typically considered incompressible and does not account for
heat exchange [182].

6.2.3. Cavitation model

The most commonly used cavitation models include the Zwart-
Gerber-Blemari model (ZGB) [251], the Kunz model [252], the Sin-
ghal model [253], and the Schnerr-Sauer model [254]. The ZGB model
can be utilized in both mixture and Eulerian multiphase flow models
simultaneously. It possesses good precision and convergence in calcu-
lations, making it the most widely used model. The Singhal model, also
known as the complete cavitation model, considers the effect of
uncondensed gas, which distinguishes it from other models. However, it
cannot be used with the Eulerian multiphase model and is incompatible
with the LES turbulence model. The model is better suited for simulating
the reverse flow of cavitation and the vortex shedding of bubbles. To
date, there is still no cavitation model capable of fully and accurately
simulating various cavitation phenomena. To enhance the model’s ac-
curacy, one can adjust the empirical coefficient in the cavitation model
and modify the turbulence model to account for the cavitation charac-
teristics [231]. Additionally, when selecting the model, relevant factors
such as the applicability and compatibility of the cavitation model to the
multiphase flow model and the calculation convergence should also be
considered [73].

6.3. Several complex problems in numerical simulation

6.3.1. Interphase forces of liquid—vapor-particle

The forces acting on particles in the cavitating fluid can be classified
into four categories: (a) Forces that are not related to the relative motion
between the fluid and the particles, including gravity, buoyancy, and
pressure gradient force; (b) Forces, such as the Stokes force, virtual mass
force, and Basset force, which depend on the relative motion between
the fluid and the particles and oppose the direction of the relative mo-
tion velocity; (c) Forces related to the relative motion between the fluid
and the particles, but with a direction perpendicular to the direction of
relative motion velocity, including the Saffman force and Magnus force;
(d) The force exerted on particles by the shock wave generated from
bubble collapse.

The interaction between the phases involves both mass transfer and
momentum transfer. Mass transfer refers to the exchange of mass be-
tween the liquid and gas phases caused by cavitation, while momentum
transfer includes (a) the momentum transfer resulting from the inter-
action between the liquid-particle-vapor phases and (b) the momentum
transfer resulting from mass transfer. The presence of particles in the
fluid can increase both its inertia and viscosity, and particle motion may
interact with the vortex flow of the continuous phase. The particle
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trailing flow may amplify fluid velocity pulsations [255], and the
interphase drag force may also inhibit turbulence [256], which can
affect the turbulent structure and ultimately alter flow stability. There-
fore, it is necessary to consider and select interphase forces reasonably
[257,258]. Li [259] and Dong [260] conducted a magnitude analysis of
the interaction force between phases in terms of particle sizes. They
suggested that the Basset force should not be neglected when the particle
size is larger than 0.5 mm, and the virtual mass force should be
considered when the particle size is greater than 2 mm. Furthermore, the
Magnus force and Saffman force should be considered when the particle
size exceeds 5 mm. Cao et al. [228,231] only took into account drag
force, pressure gradient force, and turbulent diffusion force when
considering the interphase force of the liquid-vapor-particle. Despite
extensive discussion of interphase forces, the main issue is that there is
no consensus on the choice of interphase force, and our understanding of
particles’ viscosity and turbulence effects remains incomplete [231].

6.3.2. Effect of particles on viscosity of mixed liquid

Previous experimental studies have shown that viscosity plays a
critical role in the synergistic wear effect. The sediment diameter,
sediment concentration, and temperature have a significant impact on
wear by altering the viscosity of the mixed liquid [191]. In numerical
simulations, the influence of changing mixed liquid viscosity on wear
results is often neglected to simplify calculations, leading to deviations
from field observations. When sediment particles are present in water
flow, they introduce additional turbulence through disturbance, in
addition to the turbulent viscosity of clear water. Particle Induced Eddy
Viscosity has been researched by Sato and Sekoguchi [261], who
modified the turbulent viscosity formula of liquid with particles. Tur-
bulent viscosity of mixed liquid changes due to compressibility of the
gas-liquid mixing zone during cavitation, and traditional turbulence
models are often considered to overestimate actual turbulent viscosity in
this case. Coutier-Delgosha [237] has proposed using a density correc-
tion function to rectify the density phase in the turbulent viscosity
expression of RNG k-¢ model, which has been recognized and applied by
several scholars [262-264]. Zhang et al. [265] have incorporated this
correction method into the SST k-w model, resulting in improvements in
numerical simulation work [228,231]. Tam and Zuber have also studied
the treatment and correction formulas of multiphase flow viscosity.
Despite the improved viscosity formulas’ ability to enhance wear pre-
diction accuracy, they are restricted by specific conditions and have
limited applicability under the influence of high concentration and large
particles [266-268]. Therefore, a universal formula that can predict the
influence of particles and bubbles on the mixed liquid’s viscosity needs
further development and study.

6.3.3. Prediction of synergistic wear rate

The assessment and prediction of sediment erosion and cavitation
are highly intricate tasks and depend on various factors, such as impact
angle, particle velocity, flow conditions, geometric structure, and tur-
bulent flow field [269]. Several models have been proposed to predict
sediment erosion, including Finnie [270], Grant and Tabakoff [271],
Oka [272,273], McLaury [274], and Zhang [275]. Predicting cavitation
erosion is more challenging, as it requires the coupling of transient fa-
tigue of the solid surface with the transient fluid. Presently, only a basic
assessment of cavitation damage risk is possible [276-278], and some
empirical or semi-empirical models for cavitation erosion have been
proposed [279-281]. However, there is no numerical simulation model
available to predict the combined wear rate. Trivedi and Dahlhaug
[282] suggested that dynamic mesh and variable speed should be
considered in studying transient CFD and FSI problems, which would
further increase the complexity of numerical simulations.

In summary, the response to sediment-cavitation combined wear
should address all potential problems [283]. In design, a reasonable
choice of turbine type and working parameters [284], optimal hydraulic
construction to deposit sediment in the reservoir [285], and using
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materials with high resistance stability to sand and wear [286], along
with protection technology [287], can effectively alleviate sediment
impact and cavitation wear. Appropriate coatings can be applied to
repair and maintain hydraulic machinery components, which is both
economical and effective [288]. In experiments, the testing environment
should resemble the natural flow situation, and the test time should be
efficiently assessed [4]. In operation, maintenance, and repair, state-
based monitoring technologies, such as fuzzy logic, analytic hierarchy
process (AHP), particle swarm optimization (PSO), neural network, and
self-organizing map (SOM) [289], can be used to classify and detect
cavitation and particle wear. Machine learning methods can also be
applied to monitor hydropower components [290], and supervisory
control and data acquisition (SCADA), the Internet of Things, and cloud
computing [291] can reduce the damage caused by sediment and cavi-
tation, leading to optimal hydropower operation. In the future, further
exploration of the combined mechanism requires a numerical simulation
approach to reveal the changes in flow field and boundary parameters
around bubbles, considering liquid compressibility [292], nanoscale
cavitation [293,294], cavitation-shock wave interaction [295], particle-
flow interaction [197], resonance effect [296], and fluid—structure
interaction (FSI), which is essential to obtain accurate results. Thus, the
use of FSI methods to solve sediment and cavitation erosion problems
should receive more attention.

7. Conclusion and prospects

Although sediment erosion and cavitation damage have been the
subject of study for a century, little is known about the underlying
combined mechanism. The microscopic mechanism involves analyzing
the motion behavior of particles and bubbles, which includes the tra-
jectory, self-rotation, deformation, and acceleration of particles, as well
as nucleation, non-spherical collapse, and bubble jetting of bubbles. As
the bubble expands or collapses, particles may gain momentum, leading
to acceleration and damage to the wall, primarily driven by micro-jets
and pressure waves. The initial relative distance between the bubble
and the particle is a critical determinant in triggering strong interaction.
On a macroscopic level, the interaction between bubbles and particles is
complex, resulting in two competing effects: synergistic inhibition and
synergistic promotion. The particle and liquid properties can influence
the generation and coalescence of free bubbles in a particle-bubble
system, as well as the competition between viscous and inertial forces.

The interaction between bubbles and particles poses a challenging
problem in transient fluid-solid coupling. To date, numerical studies of
this phenomenon have primarily relied on potential flow theory and
boundary element theory. While the widely acknowledged synergistic
erosion model has not yet been established, there exist promising models
that are worthy of further exploration. Currently, numerical simulations
of cavitation in sediment-laden flow utilize coupling between cavitation
and multiphase flow models. Nevertheless, the interaction between
cavitation and particles is seldom accounted for, thereby hindering the
precision of the obtained results. Achieving higher accuracy in numer-
ical simulations requires careful consideration of the turbulence model,
multiphase flow model, and cavitation model, as well as the influence of
particles on liquid viscosity and the interaction between phases.

This paper explores the synergistic mechanism between bubbles and
particles, its influencing factors, establishment of a combined model,
and advanced numerical calculation methods. When developing a syn-
ergistic erosion model, it is important to fully consider the dual role of
particles in synergistic erosion, as well as the impact of particles driven
by micro jets or shock waves. In order to improve the reliability and
accuracy of numerical calculations, future studies should focus on
improving the influence of flow field and boundary parameters around
bubbles, considering liquid compressibility, nanoscale cavitation,
cavitation-shock wave interaction, particle-flow interaction, and reso-
nance effects. Moreover, FSI should be utilized to predict wear location
and erosion rate with greater accuracy. This study provides a
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comprehensive overview of the synergistic effect between cavitation
and sediment, with the aim of enhancing our understanding of the
combined wear mechanism of hydraulic machinery components in
sediment-laden flow environments. This knowledge can be applied to
the design, manufacturing, processing, maintenance, and operation of
hydraulic machinery, and contribute to safe, stable, and optimized
operation of power plants.
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