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The synergy of cavitation and sediment erosion is the most severe destruction in hydraulic machinery in sediment-laden rivers, and currently the physics and mechanism are still lack of understanding. The synergy effects of cavitation and sediment erosion not only reduce the efficiency and life of hydraulic machinery but also cause costs in operation and maintenance. With the rapid development of renewable clean energy and the transformation of water resources, an increasing number of new hydropower stations and water diversion projects are currently planned or under construction, where most of them are in sediment-laden rivers. In the present paper, the research work, including theory, experiment, and simulation, in this field carried out by various investigators are presented and discussed. Physical mechanisms involved in the synergy of cavitation and sediment erosion which is responsible for material damage as investigated by researchers have also been discussed, and would help to identify gaps for future studies.
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1 INTRODUCTION
Hydraulic machineries (i.e., pump, turbine, and reversible pump-turbine) must be often operated in cavitation conditions. Cavitation is one of the major challenges limiting the safe and stable operation of electric power systems (i.e., pumps, turbines), especially in sediment-laden flows where the synergy of cavitation and sediment erosion will cause even more severe damages. According to the literature (Naidu, 2016; Sharma and Singh, 1987; Naidu, 1996; Wang et al., 2022), cavitation has shown to be the major cause of metal loss at pump/hydropower stations, particularly in South Asian countries belonging to Himalayan regions (such as India, China, and Nepal), where large contents of quartz exist in the sediment especially during the monsoon season (Singhal and Ratnendra, 2017). The synergy effects of cavitation and sediment erosion are important and result in more severe damage (Thapa et al., 2007; Teran et al., 2018), as shown in Figures 1, 2. In China, the total annual sediment yield of the main rivers was 4.77 × 109 tons in 2020 (Ministry of Water Resources of the People’s Republic of China, 2020), and pumps or turbines are prone to experience cavitation and thus even serious erosion due to the synergistic effects of cavitation and sediment erosion (Huang, 1991) when operated in sediment-laden rivers. This problem is a major concern in the case of small and mini hydropower plants, which have been developed quickly in recent years. According to the literature, 40% of the turbines in the built hydropower station in China experience serious synergistic effects of cavitation and sediment erosion (Yang, 2012), ultimately leading to economic losses (i.e., the efficiency and life reduction and operation and maintenance costs of the turbine).
[image: Figure 1]FIGURE 1 | Erosion in the hydro turbine for (A) the needle with pure cavitation erosion, (B) the needle with synergy of cavitation and sand erosion, and (C) turbine runner with synergy of cavitation and sand erosion shown in the enlarged picture (Thapa et al., 2007).
[image: Figure 2]FIGURE 2 | Erosion damage in the components of three Francis turbines: (A) hard-particle erosion in one of the covers, (B) cavitation damage at the trailing edge of one of the runner blades, and (C) synergistic damage of the hard particles and cavitation at the leading edge of the runner blades (Teran et al., 2018).
Hydrodynamic cavitation generally occurs if the local static pressure drops below the saturated vapor pressure, and consequently, the negative pressures are relieved by means of forming gas-filled or gas- and vapor-filled cavities (i.e., evaporation) (Knapp et al., 1970; Arndt, 1981; Brennen, 1995). Vapor structures are transported into high static pressure areas by the flow, and the subsequent collapse of vapor regions will generate shock waves, which can cause vibrations and noise (Brennen, 1994). Near solid boundaries, the collapse of vapor structures often leads to severe damage of surface material, i.e., pitting or erosion (Knapp et al., 1970; Arndt, 1981; Brennen, 1994; Brennen, 1995). The synergism of cavitation and sediment erosion, which occurs in high-speed regions, including guide vanes and runner blade inlet of a turbine and pump in hydraulic machinery, generally consists of two interrelated processes: 1) high-speed impact on the solid walls of sediment particles carrying kinematic energy and 2) the collapse of cavitation bubbles, and their combined effects, such as cavitation-induced acceleration of the solid particles impinging the surface (Arndt et al., 1989; Kumar and Saini, 2010). Cavities in liquid flows will experience unsteady processes, i.e., cavity formation, growth, and collapse, which could significantly change the motions of nearby sediment particles, acting on the sediment erosion process known as cavitation enhancement. Meanwhile, the existence of sediment particles alters the cavity behaviors from cavity inception and development to the cavity collapse process, influencing the cavitation erosion. This is a challenging problem, and complex phenomena including gas/vapor-liquid-solid three-phase flows, mass transfer, compressibility, turbulence, unsteadiness, and material properties as well, where the physical understanding is very limited and requires further investigation. With the development of modern hydraulic machinery toward large-scale, large-capacity, high-speed, and high-performance directions, the synergistic effects of cavitation and sediment erosion are becoming a serious problem, and the lack of physics and mechanisms involved significantly limits the reliability, stability, and safe operation of hydraulic machinery in sediment-laden flows.
2 BASIC THEORY ON SYNERGY OF CAVITATION AND SEDIMENT EROSION
Cavitation in sediment-laden flows is complex gas/vapor-liquid-solid three-phase turbulent flows. So far, despite plenty of research work on cavitation erosion (Tomita and Shima, 1986; Berchiche et al., 2002; Sreedhar et al., 2017) and sediment erosion (Padhy and Saini, 2008; Padhy and Saini, 2009), theoretical work on the synergy mechanism of cavitation and sediment erosion is very scarce. For example, Rao and Buckley (Rao and Buckley, 1984) reviewed erosion models for both long-term cavitation and liquid impingement proposed by different investigators, including the curve fitting approach and a power-law relationship. They also evaluated the importance of the different modeling methods using data from cavitation fields and a liquid impingement device. As for the prediction of synergy effects of cavitation and sediment erosion. Ni and He (Ni and He, 1994) theoretically investigated the impact of shock waves generated by the bubble collapse on the solid particles considering the liquid compressibility, and the maximum velocities of solid particles were obtained. The Gilmore equation was used to calculate the bubble radius and the particle motion was calculated by solving the Newton equation. Their study showed that the shockwave-induced speed of particles was large enough to cause damage to the concretes used in hydraulic structures. Duan (Duan, 1998) carried out experimental and theoretical work to investigate the erosion performance under different flow velocities, and found that when above certain flow rate, cavitation would protect the solid walls of flow passage from being eroded, thus weakening the erosion process. Inspired by this experiment, Li (Li, 2006) proposed a microscopic model based on the assumption that the particle near the cavitation bubbles will be trapped by the microjet of the collapsing bubble and accelerated to an extremely high velocity towards the solid walls, resulting in potential damage. That is,
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here, V is the characteristic velocity of the flow and L is the characteristic length of the flow. The predictions by this microscopic model show that the acceleration rate is so high that the particle could acquire a velocity up to several hundred meters per second within microseconds. Following, this theoretical microscopic model was validated by the numerical simulation work by (Dunstan and Li, 2010).
Recently, based on an effective-medium approach where the influence of effective suspension viscosity on bubble/particle dynamics and the impact energy of erosive particles were incorporated, (Su et al., 2021) developed a theoretical model to predict the synergistic erosion of cavitation and sediment particles by taking into account the dual effects of sediment particles (i.e., viscosity effect of small particles and inertial effects of large particles) in a large range of sediment sizes. Good agreement between the model prediction and experimental data was found. This theoretical model could predict the opposing effects of sediment parties on the cavitation erosion as well, and showed that the viscous effect of sediment-sized particles (STP, < 50 μm) could mitigate or even override the impact of impinging microjets and sand-sized particles (SDP, > 50 μm).
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and
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where μem and ρem are the effective viscosity and density of the STP suspension, respectively; ρp and ρlm are the density of the particles and liquid medium, respectively; and [image: image], [image: image], and [image: image] are the volume fraction of STPs and SDPs, and the total volume that is made up of suspended STP and SDP, respectively. The potential impact energy per unit area of all the SDPs in between, Ek, is as follows,
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here, A denotes vpsep and B = (2ρp + ρem)Rp2/9μem. Then, according to the study by Bitter, (1963), the deformation wear (WD) can be expressed as
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here, ε is an empirical constant related to the specific energy for deformation wear, depending on the material properties of the particles and the exposed target surface.
Teran et al., (2021) developed a synergy model to predict the wear behavior of combined effect of cavitation and particle erosion where the impact velocity of a particle trapped by the microjet of a collapsing bubble near a solid wall was estimated, and implemented this model into the CFD software. Their model was validated with the experimental results obtained by a slurry pot erosion tester and showed good agreement. In this model, the impact velocity of the particle (Vp) which is accelerated towards the wall by a collapsing bubble is as follows
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where, mp = the particle mass, Rb = the maximum bubble radius, S = is the position of the particle with respect to the wall, Pc = is the collapse pressure, k1 = 200 m/s and k2 = -6 m/s are the constants, and k3 = -5.647, k4 = -1358, k5 = -6.373, and k6 = 1.798 are the fitting constants. Based on the Grant-Tabakoff erosion model (Grant and Tabakoff, 1973), the dimensionless erosion rate E is
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where,
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here, E is the ratio of the mass loss due to the impact of one particle on the surface to the particle’s mass, Vpf is the final impact velocity of the particle, α is the impact angle, α0 is the angle of maximum erosion, RT is the tangential restitution ratio, and k7 and k12, are fitting coefficients of the model, and V1, V2, and V3 are the reference speeds.
In summary, the above theoretical studies reveal that the accurate prediction of impact loads generated by the collapsing cavitation bubbles or cavity structures and maximum sediment particle velocity is critical for the evaluation of synergy of cavitation and sediment erosion. Physical models have been mainly established on the dynamics, such as pressure loads, of the collapsing bubbles and its influence on nearby particle motions, such as microscopic model. In addition, the gas/vapor-liquid-solid three-phase cavitation mixture properties (i.e., viscosity) provides interesting perspective for the understanding and prediction of synergy of cavitation and sediment erosion in sediment-laden flows. On the basis of theoretical results, an in-depth and detailed knowledge on cavitation in sediment-laden flows could be obtained, which greatly contributes to the suppression of synergy of cavitation and sediment erosion and improvement of hydraulic machine performance.
3 EXPERIMENTAL INVESTIGATIONS ON SYNERGY OF CAVITATION AND SEDIMENT EROSION
Experiment has always been an important way for understanding the physics and mechanism behind the synergy of cavitation and sediment erosion. Experimental investigations of synergistic effects of cavitation and sediment erosion have been designed and conducted by using both laboratory and field experiments. So far, the laboratory studies on synergy of cavitation and sediment erosion are generally based on small-scale models (i.e., foil, cylinder, venturi, rotating risk, and impeller) to accelerate cavitation erosion testing with vibratory apparatus (i.e., Figure 3) (Huang et al., 1996; Wu and Gou, 2013; Zhao et al., 2017; Teran et al., 2018; Wang et al., 2018; Stella and Alcivar, 2019; Su et al., 2021), rotating disc systems (i.e., Figure 4) (Rasmussen, 1956; Lichtman, 1967; Wood et al., 1967; Thapa et al., 2007; Hong et al., 2013; Steller and Gireń, 2015), slurry pot testers (i.e., Figure 5) (Amarendra et al., 2012; Peng et al., 2020), and water tunnel (i.e., Figure 6) (Liu, 1983; Gregorc et al., 2011; Gregorc et al., 2012). In the following, these devices used in the laboratory studies are explained briefly.
[image: Figure 3]FIGURE 3 | Vibratory test facility (Su et al., 2021). (A) Schematic diagram of the experimental setup; (B) ultrasonic device; (C) sample dimensions; (D) impeller dimensions (mm).
[image: Figure 4]FIGURE 4 | Rotating disk device (Steller and Gireń, 2015) at the IMP PAN lab in Gdansk, Poland. 1-disk; 2-cavitator (pin); 3-specimen; 4-stagnator vane; 5, 6-liquid inlet, outlet; 7-de-aerating valve.
[image: Figure 5]FIGURE 5 | Slurry pot test (Amarendra et al., 2012). (A) Photograph of the specimen holder of the modified slurry pot test setup; (B) drawing of the cavitation inducers; (C) schematic diagram of the specimen holder with section at A-A; (D) positioning of the CIs and the specimen. A—CI, B—cylindrical specimen, C—lower base plate, D—distance between specimen and cavitation inducer and E—hole for clamping the bolt.
[image: Figure 6]FIGURE 6 | Cavitation tunnel sketch (Gregorc et al., 2011; Gregorc et al., 2012).
3.1 Vibratory test facilities
Using vibratory test facilities, a number of studies have provided detailed quantification of the synergistic effects of cavitation and sediment erosion. For example, Huang et al. (Huang et al., 1996) conducted systematic experiments to study the effects of particle properties on cavitation and sediment erosion to understand the synergy mechanism in solid-water mixtures using vibratory test facilities. The damaged patterns of specimen surfaces were measured by SEM photographs, and the vibratory cavitation erosion test was guided by ASTM D32-77 (ASTM D32-77, 1977). Su et al., (2021) employed the vibratory test facility to investigate the effects of microparticles in synergistic cavitation-particle erosion in a flat-bottomed Perspex vessel as shown in Figure 3. In this study, the test samples including vibrating horn tip and four-bladed impeller were all fabricated from medium carbon steel (AISI 1045, density 7.87 × 103 kg m−3). The microparticle with median diameters of approximately 45 μm and 90 μm were tested. Romero et al., (2019) experimentally investigated the effects of particle sizes and sediment concentrations on the synergy between cavitation and solid particle erosion with a modified ultrasonic cavitation tribometer. The test material was AISI 316 stainless steel with a hardness of 223.3 ± 4.9 HV, and the optical stereoscopy and scanning electron microscopy were used to analyze the surface wear. The sand particles used were from the penstock of the Amaime 152 hydroelectric plant with the size distribution ranging between 50 μm and 150 μm, and the hardness of 775.9 ± 124.2 HV. Chen et al., (2022b) investigated the erosion characteristics of 6063 aluminum specimens in sandy water containing quartz sand which has sharp edges and irregular shapes under different sediment sizes and concentrations using the ultrasonic vibration cavitation apparatus to understand the mechanism involved in the synergy of cavitation and sediment erosion. Chen et al., (2007) investigated the effects of microparticles with different sizes on cavitation erosion using the tip surface testing and free radical detection where after the experiment, the tip surface was examined by the Wyko MHT-III optical interferometer. The rotating speed was 15,000 r/min for 10 min. Their study showed that particles at a certain size would increase the number of heterogeneous nucleation while weaken bubble-particle interactions.
3.2 Rotating disc
The cavitating rotating disk resembles the pump impeller that is well suitable for the study of cavitation erosion in hydraulic machinery, and high intensity cavitating flows can be obtained. As presented in Figure 4, the rotating disk device consists of a disk with pins or holes at various radii (Steller and Gireń, 2015), and cavitation bubbles are generated and collapsed by the movement of the pins or holes in the disk through the ambient stationary liquid. Using the rotary disk cavitation system which can consider the centrifugal force in rotary hydraulic machines (i.e., pump and turbine), Wang et al., (2008) investigated the microparticles and their size on cavitation erosion process. In this study, the dimensions of the sample were 40 × 30 × 6 mm, and material of the sample was the Q235 steel without heat treatment. The diameter of the rotating disk was 300 mm, and the rotating speed of the disk was 2800 r/min in the experiments at room temperature.
3.3 Slurry pot tester
Amarendra et al., (2012) studied the synergy of slurry erosion and cavitation erosion using a slurry pot tester. A schematic of this test is shown in Figure 5. The slurry pot has a circular section with a diameter of 282 mm and a height of 286 mm, with the diameters of the upper and lower circular ring plates of 150 mm and a thickness of 4 mm. The size of the sand particles is between 210 μm and 354 μm, and the concentration is 10 wt%. Weight loss was measured using a Mettler Toledo electronic balance (model AB-104S) with a least count of 0.1 mg. Sato et al., (1991) experimentally studied coupled damage caused by sediment erosion (i.e., artificial sediment (Al2O3)) and cavitation erosion using the submerged cavitating jet experimental apparatus. The magnitude of the acoustic emission energy, impact pressure and material damage rate caused by cavitating jet impingement were carefully examined.
3.4 Water tunnel
Gregorc et al., (2011); Gregorc et al., (2012) investigated the impact of particles on cavitating flows around a hydrofoil in water tunnel at the University of Maribor as schematically shown in Figure 6, and the influence of particle concentration on hydrodynamic performance (lift and drag forces) was quantified. The particles of material FR 240/F were used with a density of 1700 kg/m3, and a mean diameter of 30 μm.
In addition to the synergy effects of cavitation and sediment erosion experiments using simple geometry models, experiments have also been conducted on proto pumps and turbines (Zhou et al., 2013; Lu et al., 2014; Wang et al., 2014; Zhao et al., 2017; Liu et al., 2019), and even the field experiments have been conducted in hydroelectric power and pump stations (Yang et al., 2005; Lu et al., 2019). Specifically, Takagi et al., (1978) experimentally studied the influence of alumina concentration on the performance and cavitation characteristics of turbines. Mei and Wu, (1996) conducted experiments to study the effect of solid particles on different model Francis turbines and observed earlier cavitation inception in sandy water. Jin et al., (1986) carried out an experiment to investigate the role of sand particles on the combined effects of cavitation and sediment erosion of hydraulic turbines, and the 18Cr-8Ni steel was tested in a venturi device at a hydroelectric power station in the flood season. In their work, two types of damage: 1) smooth erosion in the area of regular fluid flow and 2) in the regions where cavitation occurred, were studied, and the sand particles, cavities, cracks, and cutting scar sand fatigue patterns on the sponge-like worn surface were observed. Thapa et al. (Thapa et al., 2007) investigated the combined effects of cavitation and sediment erosion in hydraulic turbines on a rotary disk apparatus. Their study showed that the combined effects of cavitation and sediment erosion were stronger than the individual effects. Using the hydraulic machinery erosion testing system at the China Institute of Water Resources and Hydropower Research (CIWRH), China, which has three test modes including venturi-section water tunnel, rotating disc and rotating disc with jet nozzle (Lu et al., 2014; Liu et al., 2019; Hydraulic Machinery, 2021), as shown in Figures 7, 8, Lu et al., (2014) experimentally studied the synergetic erosion caused by cavitation and sand erosion in hydraulic machinery. A high-precision electronic analytical balance (maximum capacity: 220 g, readability: 0.1 mg) was used to measure the weight loss, and a 3D surface profiler was used to image the erode surface as well as the volume loss. Furthermore, Figure 9 shows the Francis turbine test rig under construction at Turbine Testing Tab (TTL) at Kathmandu University, which has been used for hydropower development, especially the problem of sediments in the design and operation of hydraulic machineries in the Himalayan region (Thapa et al., 2007; Thapa et al., 2012a; Thapa et al., 2012b).
[image: Figure 7]FIGURE 7 | Photograph of the hydraulic machinery abrasion testing system at the China Institute of Water Resources and Hydropower Research (Hydraulic Machinery, 2021).
[image: Figure 8]FIGURE 8 | The layout of the integrated test rigs at CIWRH (Lu et al., 2014).
[image: Figure 9]FIGURE 9 | Francis turbine test rig under construction at Turbine Testing Laboratory (TTL) at Kathmandu University in Nepal (Thapa, 2019).
The majority of abovementioned experimental work in the synergy of cavitation and sediment erosion is summarized in Table 1. Here we come up with a brief summary of these experiment work. These results show that the synergy of cavitation and sediment erosion causes more severe damages than the individual effects of pure cavitation or pure sediment erosion, respectively. The dual effects of sediment on cavitation erosion (i.e., acceleration and inhibition) are observed on both laboratory and field studies, and mainly depend on the sediment size, concentration, and material properties. Research has illustrated that with increasing sediment size and concentration, the synergy of cavitation and sediment erosion experiences a plateau value, which indicates a critical sediment size and concentration value in terms of synergy of cavitation and sediment erosion. Furthermore, the coexistence of sediment and bubbles will alter significantly the local flow structures, i.e., high pressure region, faster bubble collapse, moments and noises in cavitating flows, and bubble-particle collisions also reduce the number of free bubbles, which could change the cavity structures. The detailed discussion about the influence of sediment on synergy of cavitation and sediment erosion will be presented in the following section.
TABLE 1 | Main experimental studies on synergy of cavitation and sediment erosion.
[image: Table 1]4 NUMERICAL INVESTIGATIONS ON SYNERGY OF CAVITATION AND SEDIMENT EROSION
Compared with experimental measurements and theoretical modelings, the numerical simulations can predict local flow structures and dynamics associated with synergistic effects of cavitation and sediment particles, and promote the understanding of combined effects of cavitation and sediment erosion. Up to now, the prediction and prevention of the combined effects of cavitation and sediment erosion in hydraulic practice are still limited by the lack of physical understanding of flow structures and dynamics of cavitation in sediment-laden flows, and the corresponding responses of solid materials. With the advancement in computational power, computational fluid dynamics (CFD) method has been extensively used to predict and design the cavitating flows to prevent the potential erosion in hydraulic machinery in sediment-laden rivers (i.e., Figure 10).
[image: Figure 10]FIGURE 10 | Comparisons of the erosion distribution on blades of turbines at Liujiaxia Hydropower station for (A) numerical results, and (B) experiment data (Lu et al., 2019).
Specifically, Dunstan and Li, (2010) carried out a numerical study on cavitation enhancement of sediment erosion using commercial code STAR-CCM+ and a simplified analytical approach in MATLAB. The micromodel proposed by Li, (2006) which considered a single sediment particle entrained in the micro-jet of collapsing cavitation bubbles was used to calculate the particle energy potential gained from the collapsing bubble and thus the erosion distribution. Simulation results supported the mechanism of the Li’s micromodel (Li, 2006) that the particle damage potential would be enhanced by the microjet generated in the process of bubble collapse, and further showed that this enhancement is mainly associated with the mass of particle and ratio between the distance from the collapsing bubble to a solid boundary and its radius upon collapse.
Weili et al., (2010) numerically studied cavitation characteristics in both pure water and solid-liquid two-phase flow conditions in a Kaplan turbine. The Singhal cavitation model (Singhal et al., 2002) was used to calculate the phase change between vapor phase and liquid phase. In their study, a particle trajectory model was used to investigate the region and degree of runner blade erosion in different operation conditions. The study found that compared with the efficiency with two phases cavitation in clean water of 89.52%, the efficiency was 87.84% in sediment flow, decreasing by 1.68%.
Gregorc et al., (2011) studied the impact of solid particles on the development of cavitation flow around a hydrofoil using an inhomogeneous model where an addition phase particle dispersion model (Euler-Euler) was used. Numerical modeling was performed using the commercial CFD program ANSYS-CFX 12.1 while considering the impact of particles. The results showed that the hydrodynamic forces on the hydrofoil were significantly influenced by mass fraction of particles in water, and the changes in the mass fraction of particles ξ = 0.0032 led to a change of the ratio of moments Mt/Mt0 up to 11%. The increase in the vapor phase in the case of the dispersed phase mass fraction is 0.0032 and the shear velocity is 0.876 compared with pure water. Figure 11 presents a comparison of the vapor volume fraction simulation without particles and with particles under different conditions.
[image: Figure 11]FIGURE 11 | (A) Comparison of vapor volume fraction simulation without particles (left) and with particles (right ξ = 0.0032) at equal Δp = 50.02 bars, Qi = 15 kg/s, and (B) comparison of vapor volume fraction simulation without particles (left) and with particles (right ξ = 0.0032, μd = 0.87) at equal Δp = 0.35 bars (Gregorc et al., 2011).
Wang et al., (2014) numerically investigated the influence of the solid particle content on the cavitation characteristics of a centrifugal pump by combining the numerical calculations and the test results, and revealed that with an increase in the solid particle content, the cavitation would be worsened. The simulations were conducted on ANSYS-CFX using an inhomogeneous mixture multiphase model and Singhal cavitation model (Singhal et al., 2002) to calculate the solid-liquid-vapor three-phase flows. The particle size is 100 μm with different particle concentrations of 10%, 20%, and 30%.
Kumar and Bhingole, (2015) employed numerical simulations to investigate the combined erosion in a Kaplan turbine rated capacity of 7 MW using ANSYS 14 software. The computational domain was constructed from the casing inlet to the draft tube outlet, where 15 aero wicket gates and five runner blades were used, and the unstructured tetrahedral mesh was generated. The 3D viscous flow simulation with the SST k-ɷ turbulence model has been conducted. The operation conditions used in the simulation including pure water, cavitation erosion, sediment erosion and a combined erosion model at 100% wicket gate opening with varying sediment size and sediment concentration were investigated. The results showed that under the combined erosion operation, the combined erosion rate and nonuniformity increased with the increasing in sediment diameter and sediment concentration. The maximum efficiency drop of 4.31 pct and the maximum normalized average combined erosion of 0.00329 g g−1 were found at 100 μm sediment diameter and 10,000 ppm sediment concentration.
Sun et al., (2022) numerically investigated the effects of sediment diameter and concentration on synergistic cavitation and sediment erosion mechanisms in cavitating flows around a rotating disk using ANSYS-CFX code. The non-homogeneous multiphase flow model with the modified RNG k-ε turbulence model and Zwart-Gerber-Belamri cavitation model was employed to simulate the bubble-particles interaction of solid-liquid-gas three-phase flow. In the simulation, sediment is considered as the dispersed solid particles, and water and vapor are regarded as continuous fluids. The sediment size is in the range of 20–400 μm and sediment concentration is in the range of 1%–10%. They concluded that with an increase in sediment particle size, the cavitation is first inhibited and then promoted where both the cavitation area and intensity are enhanced, and with increasing sediment particle concentration, the cavitation is always promoted where the cavitation area is expanded and cavitation intensity remains the same.
Although few numerical studies have been conducted on the synergy effects of cavitation and sediment erosion of cavitation in sediment-laden flows, the cavitation or air bubble behaviors when interacting with solid walls and particles have been studied using CFD numerical simulations (Johnsen and Colonius, 2009; Jayaprakash et al., 2012; Zhang et al., 2016; Teran et al., 2018; Chen et al., 2022a). For example, Johnsen and Colonius, (2009) numerically simulated the collapsing behaviors of a non-spherical gas bubble induced by a shock wave in a free field near a solid surface, and showed that the shock induced collapse would generate a high velocity reentrant jet, which created a water hammer shock and produced high pressures on the neighboring walls, leading to potential damage. In their study, they used a high-order WENO scheme for the accurate shock- and interface-capturing, and the numerical results were validated by the available theory and experiments. Teran et al., (2018) employed the combined experiments and numerical simulations to investigate the interactive behavior of hard particles and cavitation bubbles near a solid wall to deepen the understanding of synergistic effects of particle erosion and cavitation damage using the commercial software ANSYS-FLUENT solver. In their simulation, the Volume-Of-Fluid (VOF) model was used to capture the evolution of the interface between air and liquid water, and the six degree-of-freedom solver coupled with a dynamic mesh was used to model the interaction between the particle and the fluid. Figure 12 shows the comparisons of an image sequence obtained experimentally and the contour lines of air volume fraction showing the bubble interface obtained using CFD simulations. Red represents air, while blue color represents water. The data were obtained for a maximum bubble size (Rb) of 2.5 mm, distance to wall of 1.5 mm, particle diameter of 60 μm, and particle material sand.
[image: Figure 12]FIGURE 12 | Comparison of experimentally observed and numerically predicted time evolution of bubble radius and nearby particle motions (Teran et al., 2018).
The abovementioned simulation work illustrates the state-of-art of numerical approaches and physical models describing the gas/vapor-liquid-solid complex three-phase flows, showing that simulation is an important tool to deepen the knowledge and understanding of cavitation in sediment-laden flows. The complex turbulence flows are mainly calculated using Reynolds-Averaged Navier-Stokes Equations (i.e., RNG k-ε, SST k-ɷ). The multiphase models includes both homogeneous models using Euler method (i.e., VOF interface capturing), and discrete models using Lagragian method to track the trajectories of sediment particles are adopted. The cavitation models to describe the mass transfer between liquid and its vapor including Singhal cavitation model and Zwart-Gerber-Belamri cavitation model are employed. Simulation work provide further insight into the physics involved in the cavitation in sediment-laden flows. However, these models are mainly developed based on single phase flows or pure cavitating flows without suspended sediment particles. It is required to develop high-fidelity numerical models, i.e., advanced turbulence models, cavitation models, three-phase multiphase models. Due to its complexity in nature, it also possesses difficulties where high quality experiment data is need for the model validation and hard to obtain.
5 RESEARCH ON THE SYNERGY MECHANISM BETWEEN CAVITATION AND SEDIMENT EROSION
The synergy of cavitation and sediment erosion where the two are seen to mutually induce, has been shown to be more serious and not the simply linear superposition of the individual erosion. The unique features of cavitation erosion, as well as sediment erosion and the complex interaction between cavitation and sediment particles, lead to great challenges in understanding the physical mechanism of synergy between cavitation and sediment erosion. Specifically, the typical cavitation erosion curves (volume loss in time and volume loss rate of erosion) show four stages: incubation stage, acceleration, deceleration, and equilibrium (Thiruvengadam and Preseir, 1964; ASTM G32-16, 2016; ASTM G134-17, 2017), while sand erosion has no incubation period and damage is proportional to time. Sediment erosion alone which is approximately the 3rd power of velocity causes 4 times more weight loss than cavitation erosion alone which is approximately the 6th power or higher of velocity, and combined action causes 16 times weight loss (Mei and Wu, 1996). In this section, the effects of sediment particles on cavitating flows and cavitation enhancement on sediment erosion are discussed in detail.
5.1 Influence of sediment on cavitating flows
Many studies have shown that the existence of sediment particles in sediment-laden flows will significantly alter the mixture fluid properties (i.e., viscosity, turbulence fluctuations) and flow structures, changing the cavity behaviors including the inception cavitation number, cavity length, and cavity dimension fluctuations (Lian et al., 2018). The sediment particles mainly have two opposite effects, i.e., inhibition and acceleration, on cavitation damage, depending on the particle concentration, size, shape, density, hardness, and so on, where all these properties are supposed to be essentially equal. Generally, the existence of sediment particles will increase the number of cavitation nuclei, accelerating the cavitation inception process, while on the other hand, the viscosity of fluid is increased and vapor pressure is raised, inhibiting the formation of cavitation bubbles. These two completing mechanisms together determine the cavity behaviors, particle trajectories, and thus erosion process.
Till now, due to the lack of understanding of the physics and mechanisms of the effects of sediment particles on cavitation, there is no consensus on how particle properties, especially the particle size and concentration, influence cavitation, consequently leading to the synergy of the cavitation and sediment erosion, and the corresponding critical particle parameter values. The studies by Zhao et al. (Zhao et al., 1993) and Huang et al. (Huang et al., 2006) showed that the cavitation damage increases with increasing particle concentration due to the abrasion wear of the sands. However, in another study, Huang et al. (Huang et al., 1996) found that the cavitation damage was relieved when the particle concentration was above a certain value.
5.1.1 Sediment concentration
In the early, using a vibratory cavitation erosion facility, Ashworth and Procter, (1975) reported that the addition of small quantities of high molecular weight polyacrylamide into water could increase the rate of vibratory cavitation erosion of copper, as shown in Figures 13, 14. In a circulating water tunnel, Liu (Wood et al., 1967) first measured the inception cavitation number σin as a function of sediment concentration over a cylinder with diameter D = 15 mm. The sand used was made from Huanghe (Yellow River) with a grain size of 14–18 μm and a sand concentration of 1–87 kg/m3. Another experiment was also conducted in water tunnel around a NASA 4412 airfoil with plastic sand of effective diameter D = 0.165 mm and density ρ = 1070 kg/m3. These two experimental studies showed that there exists a critical concentration of approximately Scr = 10–13 kg/m3 for the NASA 4412 airfoil at which the incipient cavitation number reaches a maximum value. In the following, lots of researches on cavitation erosion in sediment-laden flows have been conducted.
[image: Figure 13]FIGURE 13 | Curves of vibratory cavitation erosion weight loss as a function of time for copper secimens (Ashworth and Procter, 1975) in: ●, distlled water; □, equilibrated 100 w. p.p.m polyacrylamide solution; ■, equilibrated 1,000 w. p.p.m polyacrylamide solution; ○, 2:3 v/v glycerol-distilled water mixture.
[image: Figure 14]FIGURE 14 | Surface appearance of copper specimens after vibratory cavitation erosion in: (A), distilled water for 10 min; (B), distilled water for 20 min; (C), distilled water for 60 min; (D), equilibrated 100 w. p.p.m. polyacrylamide solution for 10 min; (E), equilibrated 100 w. p.p.m. polyacrylamide solution for 20 min; (F), equilibrated 100 w. p.p.m. polyacrylamide solution for 60 min; (G), equilibrated 1000 w. p.p.m. polyacrylamide solution for 10 min; (H), equilibrated 1,000 w. p.p.m. polyacrylamide solution for 20 min; (I), equilibrated 1,000 w. p.p.m. polyacrylamide solution for 60 min (Ashworth and Procter, 1975). Magnification ×2.2.
For example, Du, (1994) conducted experiments to investigate the erosion mechanisms in hydraulic machinery, and made detailed comparisons among the sediment erosion, cavitation erosion, and the combined effects of cavitation and sediment erosion. Their work showed that the combined effects of cavitation and sediment erosion would accelerate the erosion process, and pits, such as fish-scale pits along the flow directions, were caused by this effect, while only pure sediment erosion would lead to smoother flow surface. Cheng, (1990) conducted systematic experimental investigations of the effects of sediment particles on cavitation, and showed that at low particle concentrations below the critical value Scr (Scr = 10–15 kg/m3), the cavitation erosion is enhanced, while at large particle concentrations above Scr, cavitation erosion is suppressed. This work indicated that the increase in particle concentration would increase liquid viscosity and drag force, reduce local velocity and turbulence intensity level, and so on. Han and Huang, (2021) employed the magneto-strictive instrument test to study the combined effects of cavitation and sediment erosion, and found that the critical particle volume concentration is about 5%, and small particle shows high erosive potential. Tie et al., (2000) experimentally examined the damage location and relative degree of sand and water cavitation on the impeller (i.e., 40% design flow rate, 3% head drop) using the test loop for solid and liquid two phases, and showed that under the synergy effects of cavitation and sediment erosion, the erosion on the pressure side at the blade inlet and rear cover plate is less than that under the pure sand wear. The sand used came from the Yangtze River in summer, with diameter of sand of 90 μm, the density of 2720 kg/m3, and the concentration of 32 kg/m3. Zhao et al., (2017) employed CFD tools to study the effects of sand particles on the cavitation flow in a centrifugal pump, and indicated that large particles and high sand concentrations could inhibit cavitation with the size range of 5–15 μm and 0.5%–1.5% in concentration. Moreover, Deng et al., (2000) observed that sediment particles could trigger coherent structures near walls during the turbulence initiation process and thus change the cavitation process and the erosion characteristics. Mei and Wu, (1996) experimentally observed that the particle concentration will change the cavity length. Ladouani and Nemdili, (2005) carried out experiments to investigate the effect of solid-mixture on the cavitation characteristics of a centrifugal pump, and showed that at low flow rates, the NPSH curve is insensitive to sediment concentration, while at large flow rates, the NPSH curve of solid-mixture is higher than that of the clear water. The intensity of cavitation increases with the increasing sediment concentration. Gregorc et al., (2011) combined the experimental and numerical studies and pointed out that the particle concentration will change the hydrodynamic performance. Wu and Gou, (2013) experimentally found that when the particle size is larger than the critical size, further increasing particle size and concentration will promote the cavitation erosion.
5.1.2 Sediment size
Investigations of the particle properties, such as particle size and concentration, on cavitation erosion have been conducted using both experimental measurements and numerical simulations. A very rough general idea about the particle size of sand is that the “critical value” is about 50 μm diameter, above which it will cause substantial damage to the operation of hydraulic machinery. However, some researches have shown that this ‘critical value’ could be different and much lower than approximately 20 μm, as shown in Figure 15.
[image: Figure 15]FIGURE 15 | Critical sediment particle size in the literature.
For example, Huang et al., (1996) experimentally investigated the influence of particle size, hardness, and concentration on cavitation damage in solid-water mixtures using vibratory facilities. The particles used are aluminum (D = 4 μm), molybdenum (D = 4 μm), nickel (D = 4 μm), and quartz (D = 0.8, 4 and 50 μm), and the concentration is c = 10–15%. They found that solid particles play significant roles in cavitation erosion by means of two ways: 1) aggravating abrasive wear of materials by the effects of particle size, concentration, and hardness, and 2) relieving the damage of collapse bubble pressure because of the variation of the physical properties in mixtures. Their study also pointed out that above a certain particle concentration, a declining tendency of damage was observed in mixtures of aluminum-water, nickel-water, and molybdenum-water. Chen et al., (2007) systematically investigated the effects of microparticle size (CeO2 particles with diameters of D = 0.1, 0.5, 0.8–1.2 μm), where abrasive wear is not as important as cavitation erosion does, on cavitation erosion, and showed that the critical particle size is 0.5 μm. A physical model is also proposed and indicates that the existence of solid particles will increase the number of heterogeneous nucleation and reduce the number of bubble-particle combinations, leading to the cavitation erosion process together. Using a rotary disk cavitation system and numerical simulations as well, Wang et al., (2008) investigated the effects of microparticles on cavitation erosion, and the particles were made of CeO2 with diameters, such as 0.1, 0.5, 1.2, 1.8, 2.6, and 4 μm. This work revealed that existence of particles with proper size that play important roles in the generation of cavitation erosion, and the micro shockwave is critical to cavitation erosion. Wu and Gou, (2013) experimentally investigated the critical particle size on cavitation damage using the vibratory apparatus. The sands came from the Nanjing reach of the Yangtze River, and three concentrations of sand were tested including 25 kg/m3, 50 kg/m3, and 85 kg/m3 for five sand sizes with effective diameter of D = 531 μm, 253 μm, 63 μm, 42 μm, and 26 μm. Their work showed that the critical size of the sand particles was D = 48 μm, and attributed the effects of the particle sizes to the changes of liquid viscosity and thus the action of microjet on the solid surfaces. Lian et al., (2018) experimentally studied the cavitation erosion and abrasive wear in a vibratory apparatus with mean particle diameters of 26–531 μm at concentrations of 25 kg/m3, 50 kg/m3, and 85 kg/m3, and observed that the critical particle size for synergistic effects of cavitation and sediment erosion is about 35–48 μm, and small particle will significantly increase fluid viscosity, suppressing the cavitation process. Figure 16 shows the SEM photographs of specimen surfaces with and without sediments. Chen et al. (Chen et al., 2022b) carried out the ultrasonic vibration cavitation experiment, and measured that the critical size was as high as approximately 120 μm and the particle concentration was approximately 10 kg/m3. In their experiment, the density of sediment is 2.65 g/cm3 and the mean sand particle sizes d50 are 660.1, 302.2, 158.3, 80.4, 35.2, and 1.8 μm at several sediment concentrations of 1 kg/m3, 7 kg/m3, 20 kg/m3, 50 kg/m3, and 85 kg/m3 respectively. Gou et al., (2018) found that when the particle size is less than 40 μm and the concentration is in the range of 30–300 kg/m3, the particles have an inhibitory effect on cavitation, where the solid-liquid mixtures contain six particle sizes (10–100 μm) mixed in nine concentrations (6–300 kg/m3) with tap water. Hu and Zheng, (2017) found that the critical conditions are as follows: the particles size is 152 μm, and the concentration is below 3 wt% using silica sands of 75–150# with an irregular shape with sharp edges which are the main ingredients of sediment harmful to fluid machinery in high sediment rivers and the sand concentrations are 0.5, 1, 3, 5 and 10 wt%, as shown in Figure 17. However, Zhong and Minemura, (1996) suggested that when the sediment size is less than 1000 μm, the sediment-laden flow will not cause damage. Xie et al., (2002) thought that damage inhibition would occur only when the sediment size was less than 250 μm.
[image: Figure 16]FIGURE 16 | SEM photographs of specimen surfaces in distilled water (B) and mixtures with sediments at a concentration of 85 kg/m3 and various sizes (26 μm (A), and 253 μm (C)) at 240 min (Lian et al., 2018).
[image: Figure 17]FIGURE 17 | SEM morphologies of material surfaces after CE for 10 h in (A) pure water (B,C) 0.5 wt% (D,E) 1 wt% (F,G) 3 wt%, (H) 5 wt% and (I) 10 wt% sand suspensions, where b, d and f are obtained in the ring-like region, and c, e and g are from the center regions. The inserted images are local magnification for the representative morphologies (Hu and Zheng, 2017).
5.2 Influence of cavitation on sediment erosion
Compared with sediment-laden flows under non-cavitation conditions, in addition to the cavitation bubble collapse induced loads on walls, the presence of cavitation bubbles in sediment-laden flows will change the particle motions (i.e., trajectories, velocity, and direction), and thus influence the sediment erosion process such as the impact of particles on solid walls, resulting in more severe damage, referred to cavitation enhancement on sediment erosion (Li, 2006). However, despite intense research efforts in past decades, as reviewed by a number of publications (Singh et al., 2012; Gohil and Saini, 2014; Kumar and Bhingole, 2015), the physical mechanism remains poorly understood. Basically, cavitation in sediment-laden flows is a complex solid-vapor-liquid three-phase turbulent flow phenomenon. On one hand, as for the cavitation phenomenon, the shock wave and microjet generated during the collapse of cavitation bubbles are the main causes of cavitation erosion. The unsteady cavity behaviors (growth, fluctuations, breakup, shedding, and collapse) will directly act on sediment particles, changing the sediment particle motions and thus erosion process. Cavitating flows is highly compressible and could reach sonic and even supersonic flows. According to the research, in cavitating flows, large-scale cavity collapse will induce shockwave and cause strong cavitation instabilities (Schnerr et al., 2008). Wang et al. used high-frequency dynamic surface pressure measurements, and captured the local strong impact load in the transient process of cavity breakup and shedding, leading to cavitation erosion (Wang et al., 2017). On the other hand, as for the cavitation in sediment-laden flows, the occurrence of cavitation bubbles will significantly change the flow fields including the particle motions, and alter the sediment erosion process. In the research of cavitation enhancement on erosion process in sediment-laden flows, one of the most important studies is the physical model established based on the cavitation bubble collapse induced microjet dynamics. Jin et al., (1986) first observed that cavitation bubbles would accelerate the sediment particle, increasing the particle kinematic energy, and then the high-speed impact of sediment particles on walls would cause more severe destruction. Sato et al., (1991) carried out an erosion experiment to study the coupled damage of cavitation and sediment erosion using submerged water jets, and showed that the occurrence of cavitation would change the locations and intensities of cavitation and sediment erosion associated with the unsteadiness at cavity closure with strong vortices, along with the vortex shedding and collapse dynamics. Based on Sato’s experimental data (Sato et al., 1991); (Li, 2006) established the microscale model where microjets induced by cavitation bubble collapse will bring the sediment particles and cause erosion. Dunstan and Li, (2010) further validated this micro model using numerical simulations. In this micro model (Li, 2006), the cavitation enhancement of sediment erosion can be divided into three stages: 1) the particles are captured and held in the jet center, 2) the particles are accelerated to an extremely high velocity and 3) the particles are turned to their sharpest (i.e., the cutting) edge towards the material. Consequently, the cavitating jet causes material pits first and subsequently entrained particles further cut into the center of the already damaged area, resulting in the synergetic damage.
Although the understanding of the interactions between sediment particles and cavity structures in sediment-laden flows is very limited, lots of researchers have investigated the interactions between sediment particle and cavitation bubble, and made significant progress, providing detailed and fundamental information to improve the understanding of the synergism of cavitation and sediment erosion (Borkent et al., 2008; Kumar and Bhingole, 2015; Wu et al., 2017; Zhang et al., 2019). Borkent et al., (2008) observed that the growth process of cavitation bubbles attached to particle surface will accelerate the sediment particle, as shown in Figure 18, and thus the cavitation and sediment erosion is more severe than sediment erosion alone caused by the direct impact of the rotating particles on the material surface. Wu et al., (2017) experimentally studied the interactions between laser-induced bubbles and a free settling particle, and observed the particle ejection behavior and bubbles at the rear of sediment particles. Based on the force balance model, the maximum particle velocity and flow conditions are well predicted. Zhang et al., (2019) conducted systematic studies of the interactions of sediment particles and the collapse of sphere laser induced bubbles near walls. Several researches have shown that the synergistic effects of cavitation and sediment erosion will enhance the cavitation erosion process. For example, Thapa et al., (2007) found that under the synergistic effects of cavitation and sediment erosion, the cavitation erosion intensity is enhanced, and the cavitation region moves towards the wake region of the side parts of the cavitator. Zhang et al., (2006) conducted experiments to study the cavitation around foils in sediment-laden flows, and showed two interaction modes between sediment particle and cavity behaviors, where in the process of the cavity cloud shedding and collapse, the sediment particle was accelerated to impact on the foil surface at a large angle, and in the process of the cavity growth, the sediment particle was accelerated to impact on the foil surface in a small angle. The combined effects of these two modes results in more serious destruction than the individual effect. From above, it is shown that researchers have qualitatively observed the enhanced erosion process under the synergistic effects of cavitation and sediment erosion, however, there is still a lack of understanding of the influence of cavity collapse induced microjets/shockwaves and their propagation on sediment particle motions. Furthermore, more attention should be paid on the influence of sediment particle parameters (size, concentration) on cavity induced pressure fluctuations and shockwaves.
[image: Figure 18]FIGURE 18 | Examples of a cavitation event on a particle and the successive dynamics (Borkent et al., 2008).
The above results show the interactions between sediment particles and cavity structures in sediment-laden flows. It is shown that sediment particle parameters (i.e., size, concentration) can significantly influence the synergy of cavitation and sediment erosion, and at the same time, the influence of cavity behaviors on sediment particles. The dual role of sediment particles (i.e., acceleration and inhibition) is discussed in detail, where the critical sediment size and concentration measured by different investigators are presented. In addition, the unsteady cavity behaviors, such as cavity formation, development, and collapse, could change the sediment particle motions, and accelerate the sediment particles to extreme a high velocity, leading to large impact on near solid walls and material erosion.
6 CONCLUSION, CHALLENGES, AND PROSPECTS
The literature review summarizes recent results and highlights the synergy mechanism of cavitation and sediment erosion in hydraulic machinery. The effects of particle properties on cavitation erosion process, and the effects of cavitation behaviors on sediment erosion process are discussed in detail to further understand the synergy mechanism of cavitation and sediment erosion, and help for the optimal anti-cavitation optimal designs for hydraulic machinery. The following conclusions can be drawn:
1) Investigations of synergy between cavitation and sediment erosion have been conducted using experiments, theoretical studies, and numerical simulations. The experiments have been carried out with vibratory apparatus, rotating disc systems, slurry pot testers, and water tunnel on both small-scale models (cylinder, hydrofoil, rotating disc, venturi, and impellers) and large-scale fields (proto turbine or pumps in hydropower or pump stations) and are the main research methods.
2) The theoretical and numerical studies are currently limited and are scarce. The theoretical work is mainly based on the understanding of microjets and shockwaves generated by cavitation bubble collapse and their interactions with sediment particles, i.e., acceleration effects. The current numerical studies are conducted on commercial software such as ANSYS-CFX, ANSYS-FLUENT, and STAR-CCM + using RANS turbulence models (i.e., RNG k-ε and SST k-ɷ). The solid particles are calculated using discrete models, using one-way or two-way coupling between fluid phase and particles where the particle forces can be modeled.
3) The effects of sediment particles on cavitation damage mainly have two opposite effects, i.e., inhibition and acceleration. Generally, at low particle concentrations and large particle sizes the cavitation erosion is enhanced, while at high particle concentrations and small particle sizes, cavitation erosion is suppressed. However, the critical particle concentration and size are usually case dependent, and there is no consensus.
4) The synergy of cavitation and sediment erosion is complex and can be probed from the perspectives of sediment particles and cavitation, respectively. Specifically, the effects of sediment particles on cavitation are mainly dependent on particle size, concentration, shapes, hardness, including: 1) increasing the cavitation nuclei size, numbers, and distribution, increasing the vapor pressure; 2) changing the local pressure distributions where owing to the particle motion or rotation, the pressure distribution on a particle is not uniform and the low-pressure side prefers to cavitate earlier; 3) enhancing the cavitation erosion due to the additional washing out effect of particles on solid walls. The cavitation enhancement of sediment erosion is caused by the microjet or shockwave dynamics in the process of cavitation bubble collapse which could accelerate the nearby particle to an extremely high velocity, resulting in serious damage.
According to the above results and discussion, the understanding, and prospects for the synergy of cavitation and sediment erosion on future research lines are proposed as follows:
1) Advanced experiments are required for the investigations of synergy of cavitation and sediment erosion. Cavitation in sediment-laden flows is complex turbulent flows, and the employment and development of advanced flow diagnostic techniques such as a high-resolution 3D laser scanner, high-speed imaging, particle image velocity (PIV), and MESM sensors, are recommended. Sediment-laden flows are usually not transparent, and traditional PIV techniques cannot reach the flow fields in the center region. It is suggested to develop a PIV technique that can be used underwater to obtain detailed flow field information.
2) It is necessary to establish high-fidelity physical and mathematical models for solid-liquid-vapor three-phase flows. For example, the current particle force models are mainly established in single-phase flows. For cavitating flow which is highly nonuniform, unsteady, transient, and density-variable, the improvement of particle force model inside cavitation region is critical for the prediction of particle trajectories, and the corresponding impact on solid walls. It is suggested to develop new physical models to predict the synergy of cavitation and sediment erosion, improving the model accuracy and performance under different flow conditions
3) The understanding of multiscale interactions between vapors structures and particles would promote the understanding of synergy of cavitation and sediment erosion. Cavitation in sediment-laden flows is a multiscale flow phenomenon. Previous work is based on the understanding of microstructure (i.e., microjet and shockwave) on the acceleration of particle speed. However, different from the interactions between cavitation bubbles and particles, the understanding of the actions of macroscale cavity structures on microscale particles brings new challenges and requires multiscale properties. It is necessary to investigate the synergy of cavitation and sediment erosion using multi-scale models and approaches. In addition, plenty of work has been conducted on the interaction between shockwave generated by collapsing cavitation bubbles. However, to the best of our knowledge, no studies on the interaction between shockwave dynamics (Wang et al., 2020a, 2020b) generated by collapsing large scale cavity structure which could be more common and erosive than a single bubble in practical engineering and sediment has been conducted. Future work on large scale cavity collapse induced shockwave dynamics and and its synergy with sediment erosion is suggested to be provided using improved multi-scale simulation tools.
4) Effective measures are needed to suppress the erosion from synergy of cavitation and sediment erosion. The synergy of cavitation and sediment erosion is even more serious than their individual effects. Consequently, in addition to traditional active (i.e., air injection) and passive prevention methods (i.e., coating), it would be effective to study the synergy effects of cavitation and sediment erosion using methods such as bionics techniques (i.e., microstructures at leading edge), optimization design methods for wide operation conditions, and advanced composite materials for hydraulic machineries.
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(2) Low concentration and small size inhibit the
damage

Chen et al.
(2022b)

Ultrasonic vibration cavitation erosion device;
Material: 6063 aluminum alloy

Sediment particle size: D = 0.6601 mm,

03022 mm, 0.1583 mm, 0.0804 mm, 0.0352 mm
and 0.0018 mm; Concentration: 1 kg/m’, 7 kg/
m’, 20 kg/m’®, 50 kg/m" and 85 kg/m’; Material:
quartz sand

(1) The critical sediment size is approximately
0.120 mm;

(2) The effect of the sediment concentration on
cavitation erosion is limited (0-10 kg/m’); (3)
‘The sand particles have a greater influence on the
cavitation erosion (>10 kg/m’)

Chen et al.
(2007)

Wang et al.
(2008)

Vibration cavitation apparatus; Horn size: d =
16 mm; Material: 40Cr steel

Rotating discs systems; Disk: d = 300 mm, 2800t/
‘min; Sample: 40 mm x 30 mm x 6 mm; Material:
Q235 steel without heat treatment, tap/de-ionized
water

Sediment particle size: D = 100 nm, 500 nm,

800 nm, and 1.2 jum; Concentration: 0.5 wt%%;
Material: CeO®

Sediment particle size: 100 nm, 500 nm, 1.2 ym,
18 pm, 2.6 um and 4 um; Concentration: 1 kg/
m’; Material: CeO*

(1) 500 nm particles cause more severe
cavitation erosion;

(2) The particles increase the number of free
bubbles through heterogeneous nucleation, but
bubble-particle collisions also reduce the
number of free bubbles

(1) The existence of particles with proper size is
important for the cavitation erosion;

(2) The coexistence of particles and bubbles can
form high pressure region and induce the bubble
collapse;

(3) Micro shockwave is the main reason for
serious damage on solid surface;

(4) Proper surface profile could be helpful to
prevent the cavitation erosion

Amarendra et al.
(2012)

Slurry pot test with triangular Prismatic bluff
bodies; Size of circular ring plates: d = 150 mm;
Material: commercial brass

Sediment particle size: D = 210-354 um;
Concentration: 10 wt%; Material: sand, tap water
of pH 7.0

(1) The combined effects of particle and
cavitation erosion is almost 240% more
compared to slurry erosion alone;

(2) The maximum erosion oceurs at a distance of
0.8 time the base dimension of the triangular
prismatic wedge;

(3) The bluff body exhibited enhanced damage
as compared to the surface parallel to the
direction of relative flow.

Sato et al. (1991)

Nozzle tip diameter: d = 2.1 mm; Maximum jet
velocity: 40 m/s; Impinging angle: 30", 90
Material: SUS304, Aluminum

50% mean sediment diameter: D = 8, 17, 39 ym;
Concentration: 0, 10 g/l, 30 g/l, 50 g/l; Material:
artificial silt (AL,O3)

(1) The coupled damage of cavitation and silt
increases to 13 time that with pure cavitation
erosion;

(2) The erosion damage rate increases with
increasing silt concentration, and beyond a
certain concentration, the increase becomes
slower;

(3) The erosion damage rate increases rapidly up
to a certain silt granule size and then it slows
down.

Gregorc et al.
(2012)

Water tunnel;

Hydrofoil: length Lo = 104 mm, width B = 64 mm

Attack of angle: 16', 20°

Sediment particle size: D = 25-35 ym

Concentration: mass fraction of 0, 0.001, 0.0016,
0.0032;

Material: FR 240/F

(1) Particles increase the torque on the hydrofoil;

(2) Particles increases the intensity of occurrence
of cavitation;

(3) Particles markedly increase the intensity of
sound at a frequency of 315 Hz, and the area
between 4 and 12 kHz.

Jin et al. (1986)

Hydroelectric power station; Venturi device: d =
70 mm, 11 mm thick; Material: 18Cr-8Ni steel

Concentration: 0.603 kg m™; Material: sand

(1) Under the action of cavitation, sand particles
were accelerated to high speeds and impinged on
the surface of the metal;

(2) The embedding of sand particles is caused by
the impingement action of the sand particles;

(3) The rapid destruction of hydraulic turbines
working in sandy water belong to the category of
abrasive wear.

Thapa et al.
(2012a)

Hydro turbines at KU; Material: turbine material
16Cr5Ni Martensitic Stainless steel

Sediment particle size: D = 425 and 300,
300-212 and less than 212 mm; Material: several
locations covering streambeds of some of the
Nepalese rivers of different river basins

(1) Runner outlet diameter, peripheral velocity at
inlet, and blade angle have the highest effect on
sediment erosion of Francis runner;

(2) Optimization of hydraulic design of blade
profile alone can reduce sediment erosion more
than 30%;

(3) Help to develop Francis turbines capable
handle high sediment load.
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