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Passive flow control techniques, and particularly vortex generators have been used successfully in a broad range of aero-and hydrodynamics applications to alter the characteristics of boundary layer separation. This study aims to review how such techniques can mitigate the extent and impact of cavitation in incompressible flows. This review focuses first on vortex generators to characterize key physical principles. It then considers the complete range of passive flow control technologies; including surface conditioning and roughness, geometry modification, grooves, discharge, injection, obstacles, vortex generators, and bubble generators. The passive flow control techniques reviewed typically delay and suppress boundary layer separation by decreasing the pressure gradient at the separation point. The literature also identifies stream-wise vortices that result in the transfer of momentum from the free stream to near-wall low energy flow regions. The 2 area of interest concerns hydraulic machinery, whose performance and life span are particularly susceptible to cavitation. The impact on performance includes a reduction in efficiency, and fluctuations in discharge pressure and flow, while cavitation can greatly increase wear of bearings, wearing rings, seals and impeller surfaces due to excessive vibration and surface erosion. In that context, few studies have also shown the positive effects that passive controls can have on the hydraulic performance of centrifugal pumps, such as total head and efficiency. It is conceivable that a new generation of design in hydraulic systems may be possible if simple design features can be conceived to maximize power transfer and minimize losses and cavitation. There are still however significant research gaps in understanding a range of impact factors such as manufacturing processes, lifetime, durability, and essentially how a static design can be optimized to deliver improved performance over a realistic range of operating conditions.

Introduction

Cavitation is defined as the appearance of vapor cavities due to phase change in a liquid medium [START_REF] Franc | Fundamentals of Cavitation[END_REF] . Hydraulic machinery in industries have been experiencing many challenges which are associated with the cavitation phenomenon include noise 2 , vibration [START_REF] Valentín | Transmission of High Frequency Vibrations in Rotating Systems. Application to Cavitation Detection in Hydraulic Turbines[END_REF] , material damage [START_REF] Mouvanal | Numerical prediction of potential cavitation erosion in fuel injectors[END_REF] , and reduced efficiency/performance [START_REF] Hao | Symmetrical and unsymmetrical tip clearances on cavitation performance and radial force of a mixed flow pump as turbine at pump mode[END_REF] .

Since the initial investigation of Reynolds [START_REF] Reynolds | The causes of the racing of the engines of screw steamers investigated theoretically and by experiment[END_REF] , there have been many studies that have attempted to improve our understanding of the nature of the phenomenon; focusing, amongst others, on processes involved in the formation of cavitation vapor, the dynamics of bubble detachment, the behavior of boundary layers, and more recently, on how the strength, extent, dynamics, and impact of cavitation may be controlled or mitigated. The two essential prerequisite conditions needed for cavitation to develop are the presence of favorable bubble inception sites and the opportunity for the liquid pressure to fall below the saturation pressure. Dissolved gas in the liquid medium can also play a role in the activation of nucleation sites. These prerequisites commonly occur in hydraulic machinery. Sudden pressure drops over impellers and blades occur as energy in the flow is transferred to kinetic energy in the volute and around impeller blades [START_REF] Arndt | Cavitation in Fluid Machinery and Hydraulic Structures[END_REF] .

Initially, the bubbles in the oncoming stream on a hydrofoil or generally a surface were assumed to be micron-sized nuclei in the liquid and they would move along the streamline close to the solid surface. Observable bubbles of 1 mm or larger were deemed to initiate cavitation. Nuclei present in incident-free streams are a primary source of these bubbles. Nuclei passing close to the front stagnation point will experience large fluid accelerations and pressure gradients since the streamlines encountering the low-pressure region are close to the surface. The initial growth phase in all cases was characterized by a spherical cap. Bubbles are separated from walls by thin layers of liquid of a thickness equal to the boundary layer. Once the bubble enters an area of adverse pressure gradient, it begins to be pushed inward, resulting in a wedge-shaped profile. Thus, the bubble collapse begins on the exterior frontal surface, often resulting in the bubble breaking into forward and aft bubbles. This phase is called bubble travelling cavitation [START_REF] Acosta | Hydrofoils and Hydrofoil Craft[END_REF][START_REF] Brennen | Cavitating Flows[END_REF][START_REF] Ceccio | Observations of the dynamics and acoustics of travelling bubble cavitation[END_REF] .

As the bubble grows, it develops substantial span-wise vorticity as it interacts with the boundary layer. As a result, the cavitating vorticity within a bubble is concentrated as the collapse proceeds, transforming it into one (or several, or even more) cavitating vortex with a spanwise axis. When the vortex bubbles collapse, they reappear as a cloud of small bubbles. There is an occasional occurrence where bubbles pass the point where the laminar separation occurs and subsequently develop locally attached cavitation streaks at the lateral or span-wise extremities of the bubble. This trailing edge of attached cavitation, which is attached to the solid surface, eventually extends out behind the main bubble. Consequently, the main bubble collapses first, leaving the tails to persist for a fraction longer. At this point an attached cavity is generated which can evolve to other type of cavitation such as cloud cavitation or supercavitation (Table 2) [START_REF] Brennen | Cavitating Flows[END_REF][START_REF] Kermeen | Water tunnel tests of NACA 4412 and Walchner profile 7 hydrofoils in noncavitating and cavitating flows[END_REF] .

Once formed, cavities will eventually collapse or release clouds that will collapse resulting in a shock wave [START_REF] Ganesh | Bubbly shock propagation as a mechanism for sheet-to-cloud transition of partial cavities[END_REF] , and a focus of energy toward walls which typically lead to cavitation erosion and noise. Over the past four decades, significant research effort has been dedicated to investigate how cavitation may be controlled. This work has tended to focus on extruded profiles from hydrofoils, propellers, pumps, and turbine blades.

Stabilizing cavity resonance or reducing volume of wall and near wall cavities are two solutions to control, reduce or eliminate cavitation. The presence of nuclei and micro-bubbles within liquids and at solid surfaces, surface characteristics, and Reynolds number are some factors that affect cavitation [START_REF] Van Rijsbergen | A review of sheet cavitation inception mechanisms[END_REF][START_REF] Amromin | Approximate analysis of hydrofoil material impact on cavitation inception[END_REF][START_REF] Farhat | The Leading Edge Cavitation Dynamics[END_REF][START_REF] Ezzatneshan | Study of surface wettability effect on cavitation inception by implementation of the lattice Boltzmann method[END_REF][START_REF] Groß | Diffusion-driven nucleation from surface nuclei in hydrodynamic cavitation[END_REF] . Adjustment or modification of one or all of these parameters can allow for effective cavitation control. However, the most important parameters which impact cavitation have been linked to the control of boundary layer separation [START_REF] Franc | Fundamentals of Cavitation[END_REF][START_REF] Arakeri | Viscous effects on the position of cavitation separation from smooth bodies[END_REF][START_REF] Leger | Examination of the flow near the leading edge of attached cavitation. Part 1. Detachment of two-dimensional and axisymmetric cavities[END_REF] .

The laminar separation can be generated downstream of an adverse pressure gradient and make a low pressure region. The separated layer can then shelter the oncoming flow and generate an attached separation cavity with low pressure at the core. It was found that suppressing or eliminating this separation can effectively delay or suppress the formation of an attached cavity [START_REF] Arakeri | Viscous Effects in the Inception of Cavitation on Axisymmetric Bodies[END_REF] .

The higher momentum of the turbulent flow improves its ability to resist adverse pressure gradient over convex surfaces and hence limit the incidence of separation [START_REF] Franc | Fundamentals of Cavitation[END_REF][START_REF] Franc | Attached cavitation and the boundary layer: experimental investigation and numerical treatment[END_REF] . Compared to turbulent boundary conditions, a laminar boundary flow is more likely to separate, resulting in a higher drag penalty. The control of boundary layer separation achieved by triggering an early transition to a turbulent boundary layer is therefore beneficial both in terms of its effect on drag and on cavitation.

Other solutions have been considered and have shown varying degree of effectiveness.

Flow control techniques can be defined as tools to change the natural state of fluid flows and their transition into more controlled and desired flow conditions [START_REF] Collis | Issues in active flow control: theory, control, simulation, and experiment[END_REF] . Flow control strategies are divided into two types: passive and active. Passive solutions include devices that do not rely on the controller or energy sources needed for active control [START_REF] Gad-El-Hak | Flow Control: Passive, Active, and Reactive Flow Management[END_REF] . Passive and active can be effective techniques to manipulate and change wall-bounded or free-shear flows. This change can be made by delaying or inducing advanced transition, suppressing or boosting turbulence, and provoking or suppressing separation. These changes can increase lift, decrease drag, suppress flow-induced noise, and induce vortex mixing. Devices and structures that can manipulate the fluid dynamics of a system without an external power source include vortex generators (VGs), tailored surface roughness, injection and discharge channels, and surface obstacles, as well as grooves to redirect flow and change vortices regime.

Active controls include wall temperature increase, dynamic surface modification by deformation or movable parts, and injection or flow oscillation using blowing, suction, and synthetic jets [START_REF] Moghaddam | On the Active and Passive Flow Separation Control Techniques over Airfoils[END_REF] . This article aims to review studies focused on passive flow controls applied to cavitation. Amongst these, VGs are regarded as the most effective and simplest technique and have been used in many applications such as airfoils, wind turbine blades, swept wing, and heat exchangers [START_REF] Genç | Traditional and New Types of Passive Flow Control Techniques to Pave the Way for High Maneuverability and Low Structural Weight for UAVs and MAVs[END_REF] . Apart from their effectiveness on boundary layer separation, their simple design, low cost, and lower drag make them an effective tool in a broad range of applications [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] . Because of this, while other passive flow control technologies are also reviewed, a particular emphasis has been placed on VGs.

The application of passive flow control in compressible external aerodynamics has a significant history. Although there is a noticeable difference between compressible and incompressible flows in the behavior boundary layer separation [START_REF] Howarth | Concerning the effect of compressibility on lam inar boundary layers and their separation[END_REF] , passive flow control studies in compressible flow can be a good guide and pattern for incompressible flow cavitation. It is possible to correlate the compressible flow boundary layer behavior to the incompressible flows using three assumptions: 1) the boundary layer is regarded as thermally insulating, 2) the viscosity changes with absolute temperature, and 3) the flow Prandtl number is unity [START_REF] Stewartson | Correlated Incompressible and Compressible Boundary Layers[END_REF] . The first section of the article reviews the literature on compressible single-phase flow studies. In the next section, different passive flow controls are reviewed in the context of cavitation. The last section concludes on key results and promising open research topics.

Passive flow control techniques in single-phase flow

In most aerodynamic applications, such as external flow over aircraft and ground vehicles, and internal flows such as diffusers, boundary layer separation is typically an undesirable phenomenon.

Depending on the nature of the wake, separation induces periodic or random pressure variations.

Boundary layer separation also leads to weaker lift, increased drag, and energy losses. Finding ways to control separation and, if possible, prevent it [START_REF] Lögdberg | Vortex generators and turbulent boundary layer separation control[END_REF] is clearly desirable assuming the applied control method has no impact on efficiency or energy consumption.

The idea of using passive flow control and vortex generation in hydro-or aerodynamic applications is well established and has led to a broad range of studies. Since the late 1990s, several investigations have been focused on the effectiveness of using different passive flow control methods on boundary layer separation and aerodynamic performance [START_REF] Genç | Traditional and New Types of Passive Flow Control Techniques to Pave the Way for High Maneuverability and Low Structural Weight for UAVs and MAVs[END_REF] . According to the analysis of drag coefficients for various Reynolds numbers on a smooth sphere compared to a rough sphere or one with an obstacle, a drag crisis occurs at lower Reynolds numbers, also affecting boundary layer separation (Figure 1) [START_REF] Munson | Fundamentals of Fluid Mechanics[END_REF][START_REF]Drag of a Sphere[END_REF] . The results of these studies guide the implementation of passive control methods in cavitation studies. Vortex generators, distributed roughness, leading-edge slats [START_REF] Genç | Flow over an aerofoil without and with a leading-edge slat at a transitional Reynolds number[END_REF][START_REF] Traub | Effect of Leading-Edge Slats at Low Reynolds Numbers[END_REF] , flow vanes [START_REF] Pechlivanoglou | Passive and active flow control solutions for wind turbine blades[END_REF] , leadingedge serrations [START_REF] Wang | Leading-edge serrations for performance improvement on a vertical-axis wind turbine at low tip-speed-ratios[END_REF] , slotted airfoils [START_REF] Beyhaghi | A parametric study on leading-edge slots used on wind turbine airfoils at various angles of attack[END_REF] and suction and blowing techniques [START_REF] Moghaddam | On the Active and Passive Flow Separation Control Techniques over Airfoils[END_REF][START_REF] Godard | Control of a decelerating boundary layer. Part 1: Optimization of passive vortex generators[END_REF][START_REF] Shehata | Passive flow control for aerodynamic performance enhancement of airfoil with its application in Wells turbine -Under oscillating flow condition[END_REF] have all been considered for application in external aerodynamics .

There is ample evidence that increased surface roughness can be harnessed to induce vortex shedding, insert energy into the boundary layer, and trigger an early transition to turbulence. This has been shown to delay boundary layer separation and increase the extent of the attached flow region [START_REF] Huebsch | Numerical investigation on the interaction between surface roughness and viscous flows[END_REF][START_REF] Serdar Genç | Investigation of pre-stall flow control on wind turbine blade airfoil using roughness element[END_REF] . Effects reported include lift recovery and noise reduction [START_REF] Koca | Identification of flow phenomena over NACA 4412 wind turbine airfoil at low Reynolds numbers and role of laminar separation bubble on flow evolution[END_REF][START_REF] Genç | Flow characteristics over NACA4412 airfoil at low Reynolds number[END_REF] . Surface roughness is also effective in postponing stall phenomena and improving an airfoil's aerodynamic performance [START_REF] Serdar Genç | Investigation of pre-stall flow control on wind turbine blade airfoil using roughness element[END_REF] .

VGs were initially introduced as small aerodynamic devices attached to a part of an aerodynamic vehicle. They are able to generate a small vortex downstream. VGs can have a similar effect transferring momentum from the free stream to the near wall region. They can provide one of the most practical means to control flow separation over airfoils because of their small size [START_REF] Gad-El-Hak | Modern Developments in Flow Control[END_REF] . Benefits include increased lift, delayed stall and drag reduction. Most of the published research in this field concentrates on finding a design that optimizes the vortex generators' height, geometry and location upstream of the separation line. The most important parameters are the geometry, the height ℎ, the height to pitch ratio, ℎ/𝛿, the array layout, 𝛥𝑋 𝑉𝐺 , 𝑙/ℎ and 𝛽. Different VG designs and their important parameters are shown in Figure 2. VGs were used to suppress the Kármán vortex stream and to reduce acoustic disturbances in the wake area. They could also confine the velocity deficit region in the wake resulting in improved performance.

(a) (b) (c) (d) (e) (f) (g) (h) (i)
Rao and Kariya 45 investigated so-called submerged VG where the VG height was kept smaller than the boundary layer (ℎ/𝛿 ≤ 0.625). A comparison with conventional VGs (ℎ/𝛿 ~1) showed that a much lower parasitic drag and better performance in boundary layer separation could be achieved by confining the VG in the boundary layer. Since this seminal work, research has focused on these so-called submerged VGs [START_REF] Rao | Boundary-layer submerged vortex generators for separation control -An exploratory study[END_REF][START_REF] Lin | Small submerged vortex generators for turbulent flow separation control[END_REF][START_REF] Lin | Exploratory study of vortex-generating devices for turbulent flow separation control[END_REF][START_REF] Kerho | Vortex generators used to control laminar separation bubbles[END_REF][START_REF] Lin | Investigation of several passive and active methods for turbulent flow separation control[END_REF] which have also been called micro-VGs [START_REF] Lin | Control of turbulent boundary-layer separation using micro-vortex generators[END_REF][START_REF] Gorton | Flow control device evaluation for an internal flow with an adverse pressure gradient[END_REF][START_REF] Lin | Separation control on high-lift airfoils via micro-vortex generators[END_REF][START_REF] Tai | Effect of micro-vortex generators on V-22 aircraft forward-flight aerodynamics[END_REF] , subboundary-layer VGs [START_REF] Ashill | Studies of flows induced by Sub Boundary Layer Vortex Generators[END_REF][START_REF] Ashill | Research at DERA on sub boundary layer vortex generators[END_REF] , and micro-vanes [START_REF] Hamstra | Active inlet flow control technology demonstration[END_REF] . It has been shown in particular that VGs with 0.1 ≤ ℎ/𝛿 ≤ 0.5 could provide sufficient momentum transfer towards the wall and over extended downstream region. With a smaller footprint, submerged VGs have also proven to be more versatile for a wider range of applications. [START_REF] Lin | Small submerged vortex generators for turbulent flow separation control[END_REF][START_REF] Lin | Exploratory study of vortex-generating devices for turbulent flow separation control[END_REF][START_REF] Lin | Investigation of several passive and active methods for turbulent flow separation control[END_REF][START_REF] Lin | Control of turbulent boundary-layer separation using micro-vortex generators[END_REF] . They tested numerous mVGs and other passive flow control methods. Their performance measured in terms of the relative reduction in the extent of the separation region is shown in Figure 3, with the VG geometries defined in (a, d, f and g). The most effective methods, such as mVGs and large longitudinal surface grooves, were shown to generate stream-wise vortices. mVGs (counter-rotating and co-rotating vane-type VGs with h/δ~0.2 and h/δ~0.8) and Wheeler VGs (wishbone and doublet) were found to have almost the same effects on separation delay. Other methods such as span-wise cylinders and transverse grooves generated higher form of drag and proved less effective [START_REF] Lin | Exploratory study of vortex-generating devices for turbulent flow separation control[END_REF][START_REF] Lin | Investigation of several passive and active methods for turbulent flow separation control[END_REF][START_REF] Lin | Control of turbulent boundary-layer separation using micro-vortex generators[END_REF] . show a lower span-wise pressure variation compared to conventional vortex generators [START_REF] Lin | Control of turbulent boundary-layer separation using micro-vortex generators[END_REF] . From Control of turbulent boundarylayer separation using micro-vortex generators, J. Lin, American Institute of Aeronautics and Astronautics, Inc, In the public domain.

Ashill et al. [START_REF] Ashill | Research at DERA on sub boundary layer vortex generators[END_REF] performed a comparative study on wedge type and counter-rotating mVGs located 52ℎ upstream of the baseline separation line. The counter-rotating mVGs (Figure 2 (e)) with a 1ℎ span-wise gap proved most effective at suppressing boundary layer separation.

Gorton et al. [START_REF] Gorton | Flow control device evaluation for an internal flow with an adverse pressure gradient[END_REF] studied the effects of mVG profile changes (Figure 6) in suppressing separation from a backward-facing ramp with co-rotating Gothing VGs (Figure 2 (c)). The study relied on oil-flow visualization illustrated in Figure 7. Ashill et al. [START_REF] Ashill | Studies of flows induced by Sub Boundary Layer Vortex Generators[END_REF][START_REF] Ashill | Research at DERA on sub boundary layer vortex generators[END_REF] also studied the flow characteristics of mVGs at the UK Defense Evaluation

Research Agency Boundary Layer Tunnel. They performed tests for a range of mVGs with ℎ/𝛿~0.5, including the single vane, counter-rotating vane-type, forwards, and backward wedges shown in Figure 2. The generated vortex strength was estimated from flow field measurements using a laser doppler anemometer up to 15ℎ downstream of the mVGs [START_REF] Ashill | Research at DERA on sub boundary layer vortex generators[END_REF] and up to 50ℎ downstream of the mVGs [START_REF] Ashill | Studies of flows induced by Sub Boundary Layer Vortex Generators[END_REF] . They proposed a correlation for the non-dimensional circulation and used the concept of a mVG sufficient height [START_REF] Ashill | Research at DERA on sub boundary layer vortex generators[END_REF] . The correlation provides a prediction of the VG vortex strength downstream and is applicable for a wide range of Reynolds numbers. No relation is provided, however, between the sufficient height and a physical dimension of the mVGs. The study found that forwards-wedges and the joint-vane mVG create counter-rotating vortices sharing a mutual interface [START_REF] Ashill | Research at DERA on sub boundary layer vortex generators[END_REF] . Measurements indicated that this led to reduced vortex strength. The vortices generated by backward wedge mVGs were found to be always closer to the wall impacting on wall shear.

a b Counter-rotating vane mVGs were shown to double the vortex strength when tested up to 50 ℎ downstream of the mVGs. The joined-vane and the forwards-wedge mVGs produced stronger vortex decay than the two 1 and 2 h spaced counter-rotating vanes mVGs at a downstream distance of up to 15 ℎ . In terms of adverse pressure gradient, spaced vanes proved to be more efficient than joined vanes. In comparison to counter-rotating vanes, forward-wedge mVGs reduced drag by 60%. According to the analysis of counter-rotating vanes, increasing the gap ratio can help decrease the generated drag of devices.

In other studies, Yao et al. [START_REF] Yao | Flowfield Measurement of Device-Induced Embedded Streamwise Vortex on a Flat Plate[END_REF] and Allan et al. [START_REF] Allan | Numerical Simulations of Vortex Generator Vanes and Jets on a Flat Plate[END_REF] conducted an experimental and numerical analysis of single vane-type mVGs on a flat plate. A flow field measurement system was developed to characterize embedded stream-wise vortices downstream of mVGs. Their system consisted of a 3D stereo imaging and particle image velocimetry (PIV) system covered downstream vane-type mVGs. CFD and experimental results both demonstrated that downstream of mVGs, vortices decay substantially regardless of the device incidence angle.

The effectiveness of wedge-shaped and counter-rotating vane mVGs interaction with shocks and boundary layer at Mach numbers of 1.5 and 1.3. was also investigated by Holden and Babinsky [START_REF] Holden | Vortex Generators near Shock/ Boundary Layer Interactions[END_REF] .

They observed that both types of mVGs affected the separation bubble under shock and the vortex intensity. Although the vane type mVGs were shown to have a stronger effect because of the higher vortex strength closer to the surface, both types of mVGs can create a wave pattern consisting of shocks, re-expansions, and shocks. Wave drag and pressure losses increase due to this pattern. It was also observed that wedge-shaped mVGs generated vortices that lifted off the surface more quickly.

Babinsky et al. [START_REF] Babinsky | Microramp Control of Supersonic Oblique Shock-Wave/Boundary-Layer Interactions[END_REF] and Ghosh et al. [START_REF] Ghosh | Numerical Simulations of Effects of Micro Vortex Generators Using Immersed-Boundary Methods[END_REF] conducted experimental and CFD analyses of forward wedge type mVG. The formation and evolution of multiple pairs of counter-rotating stream-wise vortices were observed downstream of the mVGs as shown in Figure 8. A low-momentum region forms in the wake of the wedge along the centerline between consecutive mVGs. The magnitude of momentum deficit was found to be proportional to the size of mVGs and inversely proportional to the drag induced by wedge-type while the two counter-rotating vortices act to transfer high momentum from the boundary layer peripheral region to the surface. Despite the strongest effects and greatest drag caused by the largest mVGs, the smallest mVGs (ℎ/𝛿 = 0.3) had similar effects on separation with lower induced drag . The results also indicated that mVGs should be located closer to the adverse pressure gradients region than traditional VGs.

Dong et al. [START_REF] Dong | Study on wake structure characteristics of a slotted micro-ramp with large-eddy simulation[END_REF] proposed a new slotted ramp-type mVGs and numerically investigated their effect on the flow separation in supersonic flow. A more complicated wake structure was observed, including two confluent counter-rotating stream-wise vortices and an increase in number of stream-wise vortices. The interaction of these vortices with the primary counter-rotating vortex pair could increase the lifetime of vortices and boost the vortex intensity. These slotted mVGs also decrease the generated drag compared to standard micro-ramps and improve the separation control performance.

Sun et al. [START_REF] Sun | Decay of the supersonic turbulent wakes from micro-ramps[END_REF] developed a conceptual description of the evolution of the vortical structures in the wake of the micro-ramps in supersonic flows as illustrated in Figure 9. Based on Li and Liu [START_REF] Li | LES for Supersonic Ramp Control Flow Using MVG at M=2[END_REF] and Sun et al. [START_REF] Sun | The three-dimensional flow organization past a micro-ramp in a supersonic boundary layer[END_REF] , velocity shear and, consequently, pressure gradients downstream of micro-ramps induce swirling vortices in an arc or ring shape. The mechanism of vortex generation can be linked to Kelvin-Helmholtz (K-H) instabilities. The model of Sun et al. [START_REF] Sun | Decay of the supersonic turbulent wakes from micro-ramps[END_REF] depicts the dynamics of vortices in stages of K-H evolution. Initially, the stream-wise vortices generated as focused filaments which quickly lose their stability and change into arch-shape K-H vortices. The wavelength of the instability starts to increase due to shear velocity and vortex pairing increase.

As the legs of the arch-shaped K-H vortices grow and merge with neighboring vortices, vortex rings are eventually formed. As a result of stream-wise vortices, downward motion is induced at this stage. Turbulent distortion eventually causes the ring vortices to break down. The geometry and arrangement of mVGs are critical parameters. The best performances have generally been reported with 0.2 < ℎ/𝛿 < 0.5, but effective flow separation is still possible with 0.1 < ℎ/𝛿 < 0.2. The counter-rotating mVGs have demonstrated better efficiency in 2D flow separation tests, whereas co-rotating mVGs have been found more effective in 3D separation tests.

From the literature reviewed here, the most effective distance between the upstream mVGs and the baseline separation is in the range of 5ℎ to 30ℎ.

Passive flow control studies in cavitation

In this section, we focus on passive techniques to control cavitation. Several methods, including geometry modification, injection, drainage, surface conditioning, obstacles, grooves, and VGs, have been proposed to attempt to passively control the boundary layer and cavitation instability effects. Table 2 summarizes the different types of cavitation to understand better the analyses reviewed in this article. The following sections present a review of studies of these different methods and their effects on cavitation. The summary overview of the methods and key results are presented in Table 3, Table 4, and Table 5. The first studies which considered leading-edge roughness to investigate its effect on boundary layer separation was conducted by Dryden [START_REF] Dryden | Review of Published Data on the Effect of Roughness on Transition from Laminar to Turbulent Flow[END_REF] and Kerho and Bragg [START_REF] Kerho | Airfoil Boundary-Layer Development and Transition with Large Leading-Edge Roughness[END_REF] . Authors observed the roughness induced boundary layer transition from laminar to turbulent flow has a completely different mechanism than a natural transition in the smooth airfoil and, the roughness moved trigger of transition to, or very close, the trailing edge of the roughness. Stutz [START_REF] Stutz | Influence of Roughness on the Two-Phase Flow Structure of Sheet Cavitation[END_REF] investigated the influences of the roughness and divergent geometries located beneath the internal two-phase flow's cavity. The study concluded that the roughness could not significantly affect the void fraction distribution, cavity area, and time-averaged velocity. Other findings included that cavity roughness does not impact skin friction drag.

Coutier-Delgosha et al. [START_REF] Coutier-Delgosha | Effect of Wall Roughness on the Dynamics of Unsteady Cavitation[END_REF] focused on the wall roughness and its effect on the unsteady behavior of the cavity flow. They observed a significant rise in the frequency of oscillations and a decline in the intensity of pressure fluctuations. A significant reduction in the cavity length was also The application of 15 𝜇𝑚 sandpaper roughness on NACA 66 hydrofoil using decreased the characteristic lift and momentum coefficients and increased the drag coefficient [START_REF] Delafin | Effect of the laminar separation bubble induced transition on the hydrodynamic performance of a hydrofoil[END_REF] . Petkovšek et al. [START_REF] Petkovšek | Cavitation Dynamics on Laser-Textured Surfaces[END_REF] investigated hydrodynamic cavitation behavior from laser-textured surfaces and found major effects on the characteristics of cavitation with sensitivity to the type of micro-structuring. By comparison against highly polished cases, the extent of cavitation was reduced with some of the laser-textures.

Emelyanenko et al. [START_REF] Emelyanenko | Nanosecond laser micro-and nanotexturing for the design of a superhydrophobic coating robust against longterm contact with water, cavitation, and abrasion[END_REF] implemented a super hydrophobic coating on stainless steel operating under cavitation in heavily loaded hydraulic systems. Micro-and nano-textures were developed by a nanosecond Infra-red laser and studied under long-term continuous contact with water. The hydrophobic properties and chemical stability were confirmed. Additional tests under prolonged exposure to abrasive wear and cavitation loads showed significant improvement to the functional durability.

Cavitation inception and development was investigated using hydrofoils with smooth and rough (0.4 μm) leading edges by Tao et al. [START_REF] Tao | Effect of leading edge roughness on cavitation inception and development on thin hydrofoil[END_REF] . According to their research, cavitation inception was enhanced by roughness when incidence angles are below 2°. The roughness element decreases wettability and traps more gas which can enhance surface nucleation and increases the risk of cavitation. In their studies of hydrofoils with high incidence angles (>3°), roughness significantly delayed cavitation incipience while developed cavitation was almost the same between smooth and rough hydrofoils. Based on their argument, this unexpected incipient delay was caused by the boundary layer structure changes due to roughness.

Churkin et al. [START_REF] Churkin | Cavitation on NACA0015 hydrofoils with different wall roughness: high-speed visualization of the surface texture effects[END_REF] also conducted a study to determine how wall roughness impacts the cavitation structure. Under specific conditions, it has been demonstrated that varying the surface roughness type and characteristics can control the formation of cavities. Onishi et al. [START_REF] Onishi | Influence of hydrophilic and hydrophobic coating on hydrofoil performance[END_REF] studied the effects of hydrophilic and hydrophobic coatings on cavitation of tidal turbines and also observed that hydrophilic coating could reduce the incipient cavitation number. A lower growth of cavitation was linked to the hydrophilic of textures, especially at small angles of attack. Issues related to the coating lifetime with loss of effectiveness after 210 seconds of exposure to cavitation were reported. Hao et al. [START_REF] Hao | The influence of surface roughness on cloud cavitation flow around hydrofoils[END_REF] The efficacy of a range of artificial roughness types on propeller tip vortex cavitation was also investigated by Asnaghi et al. [START_REF] Asnaghi | Investigations of tip vortex mitigation by using roughness[END_REF] . Both of their numerical and experimental analysis showed that in the case of optimum roughness, tip vortex cavitation inception decreased around 33%, while drag force increased less than 2 % compared to the smooth hydrofoil. It is found that compared to the smooth foil, the roughness separation line induces more distribution of vorticity over the tip, which led to the vortex strength reduction.

Svennberg et al. [START_REF] Svennberg | Experimental Analysis of Tip Vortex Cavitation Mitigation By Controlled Surface Roughness[END_REF] tested two configurations of uniform and non-uniform roughness patterns of 230 µm height applied over an elliptical foil. The roughness has been shown to result in lower angular momentum one chord length downstream of the tip without notable change to the radius of the vortex core. The study found that the cavitation number for tip vortex cavitation inception can be reduced by 33 % for a 2% increase in drag by optimizing the roughness pattern. No obvious differences were noted when comparing the effect of uniform and non-uniform roughness distributions on cavitation inception properties. Non-uniform roughness distributions did, however, have a detrimental effect on drag. Also while the application of surface roughness did not increase the risk of the foil sheet cavity, it was found to impact on the small scale nuclei production. This was explained by the hydrophobic nature of the roughened surfaces, as roughness elements create nano-and micro-sized residual air pockets from which small nuclei are continuously produced as a result of local degassing.

The study of cavitation extends beyond inception and a significant research effort has been dedicated to the study of the follow on growth and collapse stages of cavitation. Published studies [START_REF] Lv | Study on the law of pseudo-cavitation on superhydrophobic surface in turbulent flow field of backward-facing step[END_REF][START_REF] Kim | A physics-based cavitation model ranging from inertial to thermal regimes[END_REF][START_REF] Maiga | A new cavitation model based on bubble-bubble interactions[END_REF] have considered the effect of shock waves [START_REF] Ivashnev | Rarefaction waves in nonequilibrium-boiling fluid flows[END_REF][START_REF] Aganin | Calculation of Small Deformations of a Radially Convergent Shock Wave Inside a Cavitation Bubble[END_REF][START_REF] Zhang | Physical investigation of the counterjet dynamics during the bubble rebound[END_REF][START_REF] Aganin | Expansion and Collapse of Bubbles in the Central Region of a Streamer[END_REF] , refraction waves 91 95-100 , thermal growth 101 A summary of important studies for cavitation control using surface roughness is presented in Table 3.

Blade profile and geometry modification

Direct optimization of the blade profiles and geometries can also contribute to cavitation mitigation. Some of the earliest studies in this respect relate to efforts dedicated to the development of a series of non-symmetrical hydrofoils specifically designed to reduce the cavitation bucket in practical applications. Cavitation bucket is a diagram which can characterized the cavitation inception by presenting how minimum pressure coefficient (𝐶 𝑝𝑚𝑖𝑛 ) vary with angle of attack (Figure 14). Results indicate that a significant delay in cavitation inception could be achieved 123,124 . As the shape of the blade tips can have a significant effect on tip leakage, foils with various tip shapes, such as squealer tips [128][129][130] , thickened tips 131 , rounded tips 132, 133 and C-grooves 134 have been studied. The casing grooves may also serve as an effective solution for suppressing the tipleakage vortex (TLV), according to Kang et al. 135 , Hah, Choi, and Dreyer 136 . It has been confirmed

however that the effect of passive control strategies in the control of tip leakage is greatly influenced by gap size 137 .

The study by Custodio et al. 138 focused on the characteristics of cavitation inception with wavy leading-edge patterns. The authors found that hydrofoils with medium and large protuberances can confine the cavitation region behind the protuberance troughs. By contrast, standard hydrofoils showed sheet cavitation over the entire span. Zhao and Wang 139 conducted a numerical simulation to determine the effect of the bionic fin-fin structure on cavitation on a hydrofoil surface. Their results showed that these structures are able to increase the lift-to-drag ratio and decrease the turbulent kinetic energy and would be an effective passive control method for cavitation. A novel design for a hydrofoil with twin protuberances to mimic the two prominent tubercles found on the flipper of a humpback whale was proposed and studied by Kant and Bhattacharyya 140 . This design was characterized by its ability to limit the separation zone between the chordwise vortices shed from the two humps at high angles of attack (>20 deg). Although the pre-stall lift coefficient achieved by the modified profile was lower, the maximum lift was increased. The two protuberances were found to reduce the extent of stall separation by altering the interaction of the two chordwise vortices over the suction side, resulting in an enhanced lift after stall. At pre-stall and post-stall angles of attack, the amplitude and spacing of the two protuberances had an important impact on the lifting characteristics. It has been determined that such modifications can effectively control flow at high angles of attack and can be tailored for specific marine applications.

The leading-edge protuberances of humpback whale flippers were also incorporated in hydrofoil modifications by Li et al. 141 to study the impact on cavitation. The wavy leading edge considered improved the lift-drag characteristics, and reduced cavitation volume by around 30%. The shedding of cavitation bubbles was also stabilized by reducing the wavelength and increasing the amplitude of the shape modification. Increasing the amplitude significantly reduced the cavitation volume, decreased the amplitude of pressure, and overall enhanced the suppression of cavitation.

According to a recent study of a hydrofoil with flipper protuberances on the leading edge 142 , the hydrodynamic performance and cavitation characteristics were significantly affected. A flow visualization illustrates how the hydrodynamics and pressure distributions of modified hydrofoils result from periodic and symmetric streamwise vortices that originate from protuberances. The location and scale of cavitation are considerably restricted by the streamwise vortices of modified hydrofoils. The relationship between pressure fluctuations and cavity evolution is also analyzed with a simplified one-dimensional model. Their results showed cavity volume acceleration is attributed to pressure fluctuations, which can be used to control cavitation oscillations in engineering designs.

Grooves

Grooves and riblets are defined as stream-wise channels on the surfaces and have been extensively studied for their drag reduction properties [143][144][145] . They have also shown potential benefits for cavitation control. A numerical and experimental study was undertaken by Li et al. 146 to examine how distributed grooves affected cavitation around the body of revolution. Numerical simulations showed that the grooves accentuated the pressure variations along the tunnel. Grooves also resulted in significant fluctuations of pressure on the surface. According to both experimental and numerical results, groove width was shown to affect the amplitude and interval of fluctuation and, therefore, the cavitation distribution.

Following a study on the benefit of surface roughness on unsteady shedding of cloud cavitation, Danlos, Ravelet, Coutier-Delgosha and Bakir 147 investigated longitudinal grooves and their effect on sheet cavitation. Grooves were found to suppress cloud cavitation instabilities 148 . Liu and Tan 149 studied grooves' effects on suppressing tip vortices which are precursor to cavitation inception. The analysis confirmed the ability of grooves to suppress the leakage vortices near the leading-edge of the hydrofoil subject to careful positioning.

To control TLV cavitation, overhanging grooves (OHG) were fitted to hydrofoils by Cheng et al. 150 . A significant improvement in cavitation suppression was observed with the OHG compared to the baseline, conventional grooves and anti-cavitation lip (ACL) with minimal effect on hydrofoil performance. Effective reduction in the intensity of TLVs and tip-separation vortices were achieved with small gap sizes. The OHGs were shown to increase the TLV core size when the gap size was in the medium to large range, increasing, in turn, the minimum local pressure. OHGs were also examined for their effect on hydrofoils, indicating that they can effectively suppress the fluctuation of TLV cavitation without significantly altering the time-averaged drag or lift.

Drainage and Injection

Another important family of passive flow control methods relies on drainage and injection. Kato 4.

Obstacles

Early investigations of the effect of flow obstacles were precursors to VG studies. Kawanami et al. 158 Using obstacles for control of baled cavitation in water jet pumps is investigated by Zhao et al. 169 .

They implemented a pair of tandem obstacles on the suction side of the pump. It is observed that there is more resistance against the incipient and the development of leading-edge cavities after using obstacles. Although sheer energetic cavitation appears after obstacles with foamy wakes, pressure gradients analysis shows that these obstacles were effective in blade cavitation. However, the hydraulic performance loss, including 6% head drop and 5.6% efficiency drop, was observed because of violent pressure fluctuations after using obstacles on the blade. Xu et al. 180 used cavitators placed at various locations on a hydrofoil's bottom surface to study the supercavitation flow around it. As their observations showed, a localized high-pressure region appears between the leading edge of the hydrofoil and the cavitator, and downstream of the cavitator, the pressure is equal to the saturated vapour pressure of water. Based on the magnitude and distribution of pressure on the hydrofoil surfaces, the lift coefficient increased as the cavitator was positioned farther away from the leading edge and towards the trailing edge. Alternatively, there was a strong correlation between drag coefficients and the maximum thickness of cavitating wakes, which was used as a proxy for the drag coefficient. Che et al. 171 considered counter-rotating delta-shaped mVGs built into a quasi-two-dimensional NACA0015 hydrofoil (Figure 22). The type and geometry of mVG was based on designs from Lin [START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] and Godard and Stanislas 37 reviews to control boundary layer separation using VGs 184 . They designed five counter-rotating delta-shaped mVGs with different ℎ/δ in the range of 0.5 to 2.5.

The ΔX 𝑉𝐺 were set at 2.5 mm from the hydrofoil leading edge based on the position of boundary layer separation at the leading edge obtained from their 2D numerical modeling results. The study demonstrated that the mVG can suppress the laminar separation under non-cavitating conditions.

MVGs located within the viscous sub-layer close to the cavitation detachment point failed to suppress the attached cavitation. Results did show however that the transition region and attached cavitation were affected. The authors found that at lower heights relative to the viscous sub-layer, mVGs can generate longer counter-rotating and cavitating vortices within the boundary layer.

These mVGs could also fix cavitation inception causing more stable sheet cavitation and cloud cavity shedding. The attached cavitation over the smooth hydrofoil showed a formation of "divot"

or "finger" structure as well as two-dimensional Tollmien-Schlichting waves which are shown in Tollmien-Schlichting waves are known as stream-wise instabilities that occur prior to the transition to turbulence in boundary layers. This instability initiates because of the interaction of disturbances with leading edge roughness and can be slowly intensified while moving downstream and can help with the process of turbulence transition 185 . In comparison with a smooth hydrofoil surface, cavitation started closer to the leading edge, eliminating classic "fingering structures" and Tollmien-Schlichting waves 184 . Additionally, the VGs were able to smoothly transition the unsteady cavitation of the blade in circumference direction and decrease the amplitude of pressure fluctuations. The distance between the positions of blade cavitation collapses, and ship bottom shell was increased after using VGs.

Teplov and Lomakin 190 used computation simulation to examine mVGs located at the front edge on the suction side of impeller blades in a centrifugal pump and analyzed their effect on the cavitation characteristics, efficiency, and pump head. The NPSH was significantly decreased, and the pump efficiency above the Best Efficiency Point was increased.

A study published recently by Chen et al. 191 investigated the effects on cavitation of two schematic designs of mVGs around a NACA66 hydrofoil. Two different sets of mVG were installed and positioned upstream of (mVG-1) and within (mVG-2) the laminar separation zone of the baseline hydrofoil. The experimental results indicated that the mVG-1 could promote inception of cavitation earlier than the baseline hydrofoil, while mVG-2 delayed cavitation inception especially at small angle of attack cases. Two reasons were suggested for the effect of the mVG-1. The mVG-1 modification was shown to generate fingerlike vortex at its rear which was observed before in previous studies [START_REF] Hao | The influence of surface roughness on cloud cavitation flow around hydrofoils[END_REF]171,184 and is shown in Figure 23. These vortexes were responsible to induce fingerlike vortex cavitation. In addition, the mVG-1 increases the length of the laminar separation bubble (LSB), resulting in laminar boundary layer separation with a lower pressure minimum.

Since mVG-2 was located in a high pressure zone from the leading-edge, there are insufficient downstream fingerlike vortices to induce cavitation which can reduce LSB length. Smaller LSB was able to suppress cavitation at α = 6°-8°. A summary of studies in the field of obstacles and VGs in cavitation control studies is presented in Table 5.

61 884 Declining pressure gradient and intensity of pressure fluctuation at separation point and increasing resistance against pressure rise before boundary layer separation is another result of using passive flow control methods. As re-entrant jets play an important role in cavitation, the effect of passive flow control was weakening the re-entrant jets, their penetration depth, and suppressing the propagation of the pressure wave of collapse. They are also effective in declining the recirculation zone thickness and consequently the velocity of re-entrant jets. In some experiments, passive flow control methods could delay cavitation inception, while there were some results with earlier cavitation onset.

However, there is no study comparing different types of passive flow control in the same condition in controlling cavitation. In addition to all the effects mentioned above, Vortex generators can eliminate classical "fingering structures" and Tollmien-Schlichting waves and affect partial cavity oscillation, transitional cavity oscillation, and the transition between these two instabilities. They are also effective in declining turbulent velocity fluctuation and decreasing cavitation erosion.

Few studies focused on the Vortex generators in micro-scale 171,174,177,181,182,184,186 . The most recent research in the field of Vortex generators and its effect on the cavitation instabilities was based on the vane-type counter-rotating vortex generator with a minimum height of 0.05mm (0.074 in manufacturing) with h/δ =0.5 171,184,186 . According to single-phase flow studies of Vortex generators the most optimum h/δ range for Vortex generators is 0.2 <h/δ< 0.5. Che et al. 171 stated that because of manufacturing limits they could not manufacture vortex generators with h/δ less than 0.74, and 3D printing could be a solution for manufacturing vortex generators of lower height and thinner thickness and might be relatively easy to be installed in fluid machinery.

According to this review, the potential and effectiveness of passive flow control, and specifically Vortex generators, have been proven. However, there is great potential to optimize designs in terms of geometry, arrangement, and distance to the boundary layer separation. Since the major research in optimizing the design of vortex generators was based on the compressible single phase flow experiments and according to the different nature of compressible and multiphase flows in cavitation phenomenon, the analysis of optimized geometry criteria such as h/δ and l/h and, ΔX 𝑉𝐺 /h in hydraulic systems is necessary. Areas for additional investigation include manufacturing processes including their life-time and durability. Additionally, the specific application area of hydraulic systems, and particular centrifugal pumps, requires greater investigation due to the economic and sustainability gains which might be realized from further optimization of these technologies.
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 1 Figure 1 -Dependency of drag coefficient on Reynolds number for a smooth and rough sphere.

Figure 2 -

 2 Figure 2 -Schematic of vortex generators with key design parameters, (a)Co-rotating Rectangular Vortex generators, (b) Co-rotating Dalta-shaped Vortex Generators, (c) Co-rotating Gothing Vortex Generators, (d) Counter-rotating Rectangular Vortex Generators (m=0 joined vanes and m>0 spaced vanes), (e) Counter-rotating Dalta-shaped Vortex Generators (m=0 joined vanes and m>0 spaced vanes), (f) Doublet Wheeler Vortex Generators, (g) Wishbone Wheeler Vortex Generators, (h) Forward Wedge (Micro-ramp) Vortex Generators, (i) Backward Wedge (Microramp) Vortex Generators, which h=Device height , l= Device chord length, m=Vortex Generators spacing in the span-wise direction between two pair of counter-rotating vortex generators, 𝛽=Device angle of incidence, 𝑋 𝑉𝐺 = Distance between the leading edge and vortex generators, 𝛥𝑋 𝑉𝐺 =Distance between the vortex generators trailing edge and baseline separation line, L=
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 3445 Figure 3 -Effectiveness of micro-vortex generators and other passive flow control methods on the extent of the separation region. (a) A group of devices that generates stream-wise vortices and proved most effective at suppressing boundary layer separation; the submerged vortex generators being the most effective, and longitudinal producing the lowest effect (b) Devices that generate transverse vortices, which are still effective; span-wise cylinders and transverse grooves having the highest and lowest effect
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 76 Figure 6 -(a) Co-rotating Gothing micro-vortex generators configured at an angle of 23 degrees to the onset flow were created by Gorton et al.[START_REF] Gorton | Flow control device evaluation for an internal flow with an adverse pressure gradient[END_REF] , which resulted in significant pressure gradient reduction, and (b) Installation of micro-bump arrays on the ramp with a maximum height of 10% of the boundary layer thickness[START_REF] Gorton | Flow control device evaluation for an internal flow with an adverse pressure gradient[END_REF] . From Flow control device evaluation for an internal flow with an adverse pressure gradient, S. Gorton, L. Jenkins, and S. Anders, American Institute of Aeronautics and Astronautics, Inc, In the public domain.
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 7 Figure 7 -(a) Oil flow visualization of baseline case for flow over a backward-facing ramp with vortex generators and at an onset velocity of 42.7 m/s. The image provides evidence of large spiral nodes and a central reverse flow. (b) Oil flow visualization of the effect of vane-type co-rotating Gothing micro-vortex generators with h/δ ~0.2 in comparison with the
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 8 Figure 8 -A surface oil-flow visualization for flow over micro-ramp developed by Babinsky 60 et al. Implementation of micro-ramps generate a region of attached flow in its immediate downstream centerline and break down the overall separation region into small individual separation areas. The generation of stream-wise vortex pairs is shown to develop in both individuals and array of micro-

Figure 9 -

 9 Figure 9 -Conceptual model of vortical structures created by micro-ramps 63 . (a) The stream-wise vortex pairs are initially generated immediately downstream of the micro-ramp. As a result of the instability of the curved free shear layer around the wake, these vortexes developed into arc-shaped Kelvin-Helmholtz vortices. Kelvin-Helmholtz vortices pair with each other, and mean shear velocity increases which cause the instability wavelength to increase. Kelvin-Helmholtz vortex rings are formed by the leg portions of arch-shaped vortices extending to the bottom side of the turbulent wake. These vortex rings break down downstream as a result of turbulent distortion. (b) process of vortex ring formation. Republished with permission of American Institute of Physics, from Decay of the supersonic turbulent wakes from micro-ramps, Z. Sun, F. Schrijer, F. Scarano, and B. Oudheusden, Physics of Fluids 26, 025115 (2014); permission conveyed through Copyright Clearance Center, Inc.
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  Free-stream stream-wise velocity ii Reynolds number based on momentum thickness iii Boundary layer thickness iv h=Device height v l= Device chord length vi m=Vortex generators spacing in the span-wise direction vii 𝛽=Device angle of incidence viii ΔX 𝑉𝐺 =Distance between the vortex generators trailing edge and baseline separation line As a conclusion of this section, the results show that mVGs can effectively control flow separation over airfoils. The most important effects relate to boundary layer separation. The generation of stream-wise vortices in the boundary layer, transfers momentum toward near the wall, delaying and suppressing boundary layer separation, increasing lift and decreasing drag and pressure recovery downstream of VGs. The mVGs are quite efficient in suppressing shock-induced separation in supersonic flow and reducing the reverse flow region. The highest effectiveness has been observed in cases with fixed boundary layer separation by locating the VG closer than 100ℎ distance upstream of baseline separation.

  (a) Incipient Cavitation Beginning stage of cavitation where pressure reaches a level at or below saturation pressure and nuclei sites start to grow (b) Traveling Bubble Cavitation Growth and collapse of isolated bubbles close to the surface (c) Attached or sheet Cavitation Large-scale cavitation structures that form as a result of the transition from traveling bubble cavitation to one vapour-filled wake (d) Partial Cavity An attached cavity which covers only a part of the foil (e) Cloud Cavitation A shedding cavity that develops when a re-entrant jet emerges from the closure region of the attached cavity and sheds by an unsteady partial cavity (f) Super Cavity An attached cavity that extends over the entire suction side of the foil and closes downstream of the foil trailing edge (g) Tip Vortex Cavitation Due to the rotating motion, the static pressure at the centre of vortices drops much lower than that in the freestream, resulting in a swirling cavitation stream2.1. Surface condition and roughnessThe properties of a solid surface, coatings, and roughness influence boundary layers, affecting heat transfer and momentum transfer through the fluid-surface interface and influencing cavitation. The boundary layer flow over smooth and rough surfaces is shown in Figure10.The flow over the leading edge of a smooth surface is laminar, and at some point, it becomes turbulent as a result of a flow instability. A thin layer of laminar flow forms along the length of a smooth surface after transiting into a turbulent boundary layer (Figure10 (a)). Figure10(b)illustrates how roughness on the surface of a flow can cause flow instability upstream, resulting in increased turbulence disrupting the viscous layer, causing the roughness layer to form, affecting pressure drop and heat transfer[START_REF] Kadivar | A review on turbulent flow over rough surfaces: Fundamentals and theories[END_REF] . Therefore, Boundary layer separation and cavitation can be controlled by transitioning to turbulent boundary layers earlier and increasing momentum near the surface.

Figure 10 -

 10 Figure 10 -Boundary layer behavior over (a) smooth surface and generating a viscous sub-layer (b) rough surface where transition to turbulent boundary layer flow happens over a shorter distance from the leading edge and with increases in instabilities and momentum transfer compared to a smooth surface 72 .

Figure 11 -

 11 Figure 11-Cavitation vortex street and vortex-induced vibration signal on the hydrofoil at Re=64.4 × 10 3 𝑎𝑛𝑑 𝜎 = 0.7. (a)Natural transition (smooth surface) and (b) tripped transition (with roughness). A direct relationship existed between span-wise vortices and vortex-induced vibration level, and with the rough surface, the span-wise vortices considerably increased in intensityand promote a re-establishment of organized vortex shedding[START_REF] Ausoni | The Effects of a Tripped Turbulent Boundary Layer on Vortex Shedding from a Blunt Trailing Edge Hydrofoil[END_REF] . Republished with permission of American Society of Mechanical Engineers ASME, from the Effects of a Tripped Turbulent Boundary Layer on Vortex Shedding from a Blunt Trailing EdgeHydrofoil, P.Ausoni, A. Zobeiri, F. Avellan, and M. Farhat, Journal of Fluids Engineering 134, (2012); permission conveyed through Copyright Clearance Center, Inc.

12 Figure 12 -

 1212 Figure 12-Cavitation patterns over a hydrofoil (a) without leading-edge roughness, with Re=0.8 × 10 6 , 𝜎 = 2.5 𝑎𝑛𝑑 𝛼 = 8, and observation of sheet cavitation, (b) with leading-edge roughness, with Re=0.8 × 10 6 , 𝜎 = 2.5 𝑎𝑛𝑑 𝛼 = 8, showing incipient cavitation and (c) with leading-edge roughness at Re=1.0 × 10 6 , showing the formation of cloud cavitation. High-pressure gradients initiated the formation of reentrant jets toward the leading edge of the cavity during the initial stage. Thereafter, the cloud cavity characterised by a high vapor fraction, rises away from the surface when the height of the cavity (∆ℎ) is greater than the roughness (Ra). Furthermore, there is enough distance between the leading edge roughness and the re-entrant jets (∆𝑠), and therefore the local pressure distribution on a leading edge is greatly affected by the leading edge roughness 70 . Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Acta Mechanica Sinica, Global cavitation patterns and corresponding hydrodynamics of the hydrofoil with leading edge roughness, Q. Chen, Y. Liu, Q. Wu, Y. Wang, T. Liu, andG. Wang, Copyright (2020).

  95 102-109 , fluids properties107, 110,[START_REF] Aganin | Small non-sphericity of a convergent shock wave arising in a cavitation bubble in acetone during its collapse[END_REF] , and in particular liquid compressibility and viscosity 110 112[113][114][115][116][117] and the presence of non-condensable gas[118][119][120] . Not many studies however have focused on the effect of passive flow control on bubble growth and collapse. The most likely reason for this is the clearer role played by surface modification in controlling boundary layer separation than bubble growth and collapse. One notable exception is the work of Kadivar et al.121 who recently used a rigid aluminum plate with shark skin-inspired micro-structured riblets to investigate the effects of regular surface roughness on the bubble dynamics of a single cavitation bubble. A microstructured V-shaped riblet was used to study the dynamics of a single laser-generated cavitation bubble. During the first collapse, microbubbles formed between the bubble and the riblet surface were shown to reduce the momentum of the micro-jet produced by the collapse. The micro structured riblets were then linked to a reduction in extent of cavitation-induced erosion. A recent study by Gonzalez-Avila et al.122 also proposed a biomimetic gas entrapment by micro-textured surfaces (GEMS) derived from the mushroom-shaped features found in hairs and cuticles of sea skaters and springtails. The GEMS, produced by using SiO2/Si substrates and micro-fabrication techniques, were shown to trap air when immersed in water. The entrapped air, in turn, was shown to repel cavitation bubbles and protect against cavitation erosion. The process of formation, growth and collapse of cavitation bubbles is illustrated in Figure13with and without surface topographies.Experimental results presented demonstrated the effectiveness of the technique for a wide range of bubble to surface distances.

Figure 13 -

 13 Figure13-Gas entrapment by micro-textured surfaces as a means to prevent cavitation damage showing illustrations of (a) the cavitation process over a flat surface with a micro-jet generated from a bubble collapsing above the substrate surface which is a key factor in cavitation induced erosion, (b) the cavitation process on biomimetic Gas entrapment micro-textured surfaces, showing the entrapped gas deflecting the liquid jet's direction upward thereby protecting the surface substrate from the cavitation bubble pressure jet, and (c) the expansion of entrapped gas as a result of nearby cavitation bubble pressure field122 . M. Nguyen, S. Arunachalam, E. M. Domingues, H. Mishra, and C.-D. Ohl, Science Advances 6, eaax6192 (2020); licensed under a Creative Commons Attribution (CC BY) license.
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 14 Figure 14-The cavitation bucket diagram can predict the cavitation inception based on the cavitation number or minimum pressure coefficient and angle of attack in a specific pump. Reducing or moving the cavitation bucket to a lower cavitation number can be a target as it shows a delay in cavitation inception.

  et al.151 developed a method based on the water discharge from a slit from the hemispherical shaped leading edge. The momentum injection created a wavy motion in the boundary layer with a wavelength higher than the boundary layer thickness. This transitional flow motion could generate an inflection in the velocity profile and disturb the separation zone. It was shown that sheet cavitation on the hydrofoil could be suppressed completely.Arndt et al. 152 also found that the injection of air on the leading edge of a NACA 0015 hydrofoil minimized cavitation erosion.The application of bleed and jet reinjection flow control on turbopumps were investigated by David Japikse 153 . The auto-oscillation region on the pump impeller suction surface was eliminated, and cavitation happened at a lower cavitation number, while also improving the pump's total head and efficiency, and increasing the suction's specific speed. Zhu et al. and Bing and Hongxun 154, 155 studied gap drainage in centrifugal pump impeller as illustrated in Figure 15 (a) and (b). The approach was shown to act on cavitation while improving the pump hydraulic performance. A new type of cavitation was observed due to a change in the discharge flow due to drainage and the cavitation volume in the impeller channel.

Figure 15 -

 15 Figure 15-(a) and (b) Schematic of gap drainage impeller in Physical pump and computational region 155 Republished with permission of American Society of Mechanical Engineers ASME, from Analysis of the Staggered and Fixed Cavitation Phenomenon Observed in Centrifugal Pumps Employing a Gap, Z. Bing, and C. Hongxun, Drainage Impeller Journal of Fluids Engineering 139, (2016); permission conveyed through Copyright Clearance Center, Inc., (c) Modeling of inducer with slit under cavitation

  studied the structure of cloud cavitation in the wake of obstacles on hydrofoils. As re-entrant jets were shown to affect the periodic shedding and generation of cloud cavitation, the obstacle on the foil was able to block the re-entrant jet off, consequently preventing the generation of cloud cavitation. In comparison with hydrofoil without obstacle, the noise intensity and hydrofoil drag were remarkably reduced. After this seminal work, several studies have continued to explore the interaction between obstacles and cavitation instabilities[159][160][161][162] . Enomoto et al.163 presented a study in which obstacle plates were attached upstream of helical inducers in order to suppress cavitation surges observed under partial flow conditions. Installing axi-symmetric and axi-asymmetric obstacle plates of ring type could narrow the range of the onset regions of oscillating cavitation surge. Obstacle plates with a blockage factor of 30% reduced cavitation surge oscillations to a negligible level. The suppression effects became greater with increased blockage factor. In a follow on study of inducer performance and cavitation surge suppression Kim et al.164 considered two kinds of inducers with blade tips of 8° and 14°. The experimental study considered various axial positions of the obstacle to inducer inlet and various blockage ratios against flow passage area. A blockage of about 50% between the flow passage and the obstruction was recommended as the optimal ratio. The most appropriate axial position of the obstacle upstream of the inducer inlet must take account of the inducer blade angle with a smaller blade angle requiring a shorter distance. Axis-asymmetrical obstacles were also shown to cause vibrations even under normal operating conditions at high Net Positive Suction Head (NPSH).Huang et al.165 used a trip bar on an axisymmetric projectile to weaken the re-entrant jets and pressure wave propagating from the collapse of cavities. An investigation of super-cavitating flow was conducted around three different conical cavitators with wedge angles of 30 °, 45 °, and 60 ° by Kadivar et al 166 . The wedge angle of the cavitator was found to be the most effective design criteria to increase the cavity length. The results have shown that as cavitation number decreases, drag coefficient decreases, and the drag coefficient of a cavitator increases with increasing wedge angle when inlet velocity is constant. The cavity length was increased both for the lower and higher supercavitation conditions studied numerically. Che et al.167 focused on a span-wise obstacle located on the suction side of the hydrofoil shown in Figure16. The near-wall pressure increased in the wake of obstacles and led to suppression of sheet cavitation. The hydrofoil modification, however, had little impact under transitional cavity oscillation most likely because of the inherently unstable flow as shown in Figure17.Positioning the obstacle downstream of a flat hydrofoil was investigated by Zhang et al.168 . While no significant change in the average cavity length was observed at equivalent cavitation number, the obstacle did affect the dynamics, strength and direction of re-entrant jets.
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 16 Figure 16 -Representation of Span-wise obstacles on NACA0015 hydrofoil at different positions 167 . Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Journal of Mechanical Science and Technology, Effect of obstacle position on attached cavitation control through response surface methodology, B. Che, L. Cao, N. Chu, D. Likhachev, andD. Wu, Copyright (2019).
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 1726 Figure 17 -(a) A typical partial cavity oscillation period on a smooth hydrofoil involves the development of sheet cavitation, the propagation of re-entrant jets, and the shedding and collapse of cloud cavities, (b) A hydrofoil with an obstacle in the same condition. The obstacle inhibits re-entrant jets during partial cavity oscillations, thereby suppressing cloud cavitation. As a result, the cavity fragments, and the cloud cavitation collapses to a non-uniform small-scale cloud 167 . Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Journal of Mechanical Science and Technology, Effect of obstacle position on attached cavitation control through response surface methodology, B. Che, L. Cao, N. Chu, D. Likhachev, andD. Wu, Copyright (2019).
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 18 Figure 18-Schematic description of attached cavitation over (a) a smooth hydrofoil; a typical process of attached cavitation formation and (b) a hydrofoil with micro-vortex generators where (I & II) every standalone micro-vortex generators induces counter-rotating vortices at the end of their trailing edge and develop micro-vortex cavitation, (III) a narrow transition region exists between vortex cavitation and attached cavitation, which is caused by shedding of several small bubbles produced by vortex cavitation, and then in (IV) attached cavitation is developed without glossy and divot structures observed in smooth hydrofoil171 . Reprinted from Control effect of micro vortex generators on leading edge of attached cavitation, B. Che, N. Chu, S. J. Schmidt, L. Cao, D. Likhachev, and D. Wu, Physics of Fluids 31, 044102 (2019) with the permission of AIP Publishing.

  Kadivar et al. 181 also examined a single span-wise row of cylindrical obstacles named Cylindrical Cavitating bubble Generators (CCGs), shown in Figure21. Similar effects were observed such as a reduction in the adverse pressure gradient at the end of cavity, weakening of re-entrant jets and turning unsteady cavity structure to a quasi-stable cavity structure. As a result, the instability of cloud cavitation was mitigated and the near-wall high-pressure pulsation dampened. One key difference to previously studied CCGs is that only small-scale cavity structures are shed while large-scale cavitation clouds are effectively suppressed. It was also observed that vibrationinduced cavitation as well as wall-pressure peaks on materials with solid surfaces were significantly reduced 181 182 . In another study, high-speed visualization, PIV and a hydroacoustic pressure transducer were used to analyze experimentally the effects of CCGs on turbulence behavior, the amplitude-frequency spectra of pressure pulsations associated with oscillations in the attached cavity length and cloud cavitation instabilities. This study confirmed that CCGs is quite effective at hindering the development of cloud cavitation and at decreasing the strength of middle-and side-entrant jets which are the primary mechanism that cause unstable cloud cavitation183 .

Figure 19 -

 19 Figure 19 -Analysis of wedge-type Cavitating bubble Generators located on the suction side of a hydrofoil was found to reduce high-pressure pulsations, alter boundary layer separations, and alter vortex structures 177 . Reprinted from Applied Mathematical Modelling, 64, E. Kadivar, O. e. Moctar, and K. Javadi, Investigation of the effect of cavitation passive control on the dynamics of unsteady cloud cavitation, 333-356., Copyright (2018), with permission from Elsevier.

Figure 23 .

 23 Figure 23. Divots are three-dimensional flow structures which appeare near the cavity interface. They occur at moderately high Reynolds numbers because of local disturbances near cavity interfaces. Upstream of the detachment point, local disturbances were caused by a breakdown of the laminar boundary separation, resulting in a divot when a jet of fluid penetrated the cavity 19 .

Figure 20 -

 20 Figure 20-Structure of cavitation over a hydrofoil with attack angle of 7°, 𝜎 = 1.3 𝑎𝑛𝑑 𝑅𝑒 = 1.4 × 10 6 . (a) CSmooth hydrofoil: t1&t2) Formation and development of sheet cavities and jets, t3) detachment of large-scale cavities, t4) shedding of large-scale cavitation clouds, t5) collapse of cavitation clouds. (b) Hydrofoil with cavitating bubble generators: inception and shedding of small vortex cavitation over hydrofoil and suppressing could cavitation 178 . Reprinted from Control of unsteady partial cavitation and cloud cavitation in marine engineering and hydraulic systems, E. Kadivar, M. V. Timoshevskiy, M. Y. Nichik, O. el Moctar, T. E. Schellin, andK. S. Pervunin, Physics of Fluids 32, 052108 (2020) with the permission of AIP Publishing.
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Figure 21 -

 21 Figure 21 -Hydrofoil with cylindrical cavitating bubble generators located on the suction side where s, h, and d are the diameters, heights, and distances between cylindrical obstacles, respectively. Cylindrical cavitating bubble generators were investigated at locations downstream and upstream of the hydrofoil suction surface. Using the cylindrical cavitating bubble generators, significant reductions were seen in cavitation induced vibration, high wall pressure peaks, and cloud cavitation instability 181 . Reprinted from International Journal of Multiphase Flow, 115, E. Kadivar, O. e. Moctar, and K. Javadi, Stabilization of cloud cavitation instabilities using Cylindrical Cavitating-bubble Generators (CCGs), 108-125, Copyright (2019), with permission from Elsevier.

Figure 22 -Figure 23 and Figure 24 .Figure 25 .

 22232425 Figure 22 -Schematic of the test hydrofoil with micro-vortex generators. The vortex generators are microscopic delta-shaped counter-rotating vortex generators installed at the leading edge, which were shown to effectively manipulate boundary layer and cavity dynamics in the test 171 . Reprinted from Control effect of micro vortex generators on leading edge of attached cavitation, B.

Figure 23 -

 23 Figure 23 -(a)-(f) Dynamics of cloud cavitation shedding on a smooth hydrofoil. At the leading edge of attached cavitation, typical finger structures are visible. By observing the glossy

Figure 25 -

 25 Figure 25-Behavior of re-entrant jets (𝛼 = 8○, 𝑈 ∞ = 10 m/s, and 𝜎 = 1.7) on (a)-(f) smooth hydrofoil and (a')-(f') Hydrofoil with vortex generators. For hydrofoil with vortex generators, downstream travelling vortices break the regular movements of re-entrant jets and suppress them. The cavity is confined and does not form a cloud, and the consequent collapse is not strong enough 187 . Reprinted from Effects of microvortex generators on cavitation erosion by changing periodic shedding into new structures, N. Qiu, W. Zhou, B. Che, D. Wu, L. Wang, and H. Zhu, Physics of Fluids 32, (2020) with the permission of AIP Publishing.

  This study reviewed different passive flow control techniques with a focus on control cavitation application. The review of passive flow control devices in aerodynamic application showed the potential of passive flow control methods in boundary layer separation, generating stream-wise vortices in the boundary layer, transferring momentum near the wall, delaying and suppression of boundary layer separation, and pressure recovery downstream of vortex generators. The vortex generators showed a better potential for controlling boundary layer separation than other passive flow control methods. Among different types of vortex generators, counter-rotating and co-rotating with 0.2<h/δ<0.5 and the distance of 5 to 30h from the upstream of baseline separation showed better effectiveness in controlling and suppressing boundary layer separation.The review of passive flow control techniques in the hydraulic system shows the effectiveness of this method's different cavitation control types. Different studies in this field have proven the ability of passive flow control methods in suppressing and delaying boundary layer separation and reduction in cavity length and cavitation growth. Many studies observed the generation of streamwise vortices and reduction in boundary layer span-wise non-uniformities. Besides, transferring high momentum fluid from free stream flow moved to the near-wall low energy region and moving higher kinetic energy flow to the surface's vicinity was another observation in these studies.

  

  

Table 1 -

 1 Summary of research for effectiveness of micro-vortex generators on boundary layer separation[START_REF] Lin | Review of research on low-profile vortex generators to control boundary-layer separation[END_REF] 

	314												
	Investigator	Test condition	𝑈 ∞	i	𝑅𝑒		Mach	𝛿 iii	VG type	VG parameters			𝐶𝑜𝑚𝑚𝑒𝑛𝑡𝑠
	(s) (Year pub.)		[𝑚/𝑠]	(Re 𝜃	ii )		[𝑚𝑚]		ℎ/𝛿 iv 𝑙/ℎ v	𝑚/ ℎ vi	𝛽 vii [° 𝑑𝑒𝑔]	ΔX 𝑉𝐺 / ℎ viii
	Lin et al. 46 (1990)	Wind-tunnel test low speeds	40.2	(9 × 10 3 )	NA	32.5	Doublets	0.1	~13 8	±25	20	Most effective Doublet VGs in separation control: h/δ~0.1.
		Backward-facing											
		ramp											
	Lin et al. 47 49 (1990-1991)	Wind-tunnel test Backward-facing ramp	40.2	(9 × 10 3 )	NA	32.5	Wishbones	0.2	~3	4	±23	10	Most effective Reverse Wishbone VGs in separation control: h/δ=0.2.
	Lin 50 (1999) Wind-tunnel test Backward-facing ramp	40.2	(9 × 10 3 )	NA	32.5	Counter-rotating rectangular vanes	0.2	4	9	±25	10	Most effective counter-rotating vanes VGs: h/δ~2. ↑ Embedded stream-
														wise vortices
	Ashill et al. 55 (2001)	Wind-tunnel test Bump		20	19 × 10 6 (35 × 10 3 )	0.68	33	Counter-rota ting delta vanes Forward	0.3 0.3	~10 12 10 12	±14 ±14	52 52	Counter-rotating vanes VG with 1 h spacing have more potential for control boundary layer separation.
									wedges				
	Ashill et al. 54 55	Wind-tunnel test and CFD	10 -40 NA		NA	60	Counter-rotating	0.5	~10 NA ±14	15	Vortex strength has been correlated with
	(2001-2002)								vanes				

Table 2 -

 2 

	Cavitation	Definition and characterization	Schematic	Experimental observation 69-71
	Regime			

a brief definition of different type of cavitation with schematics and experimental observations (a) Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Acta Mechanica Sinica, Global cavitation patterns and corresponding hydrodynamics of the hydrofoil with leading edge roughness, Q. Chen, Y. Liu, Q. Wu, Y. Wang, T. Liu, andG. Wang, Copyright (2020), (b),(d),(e),(f), (g) Courtesy of GRENOBLE UNIV 69 and (c) Reprinted from Journal of Fluids and Structures, 39, O. De La Torre, X. Escaler, E. Egusquiza, and M. Farhat, Experimental investigation of added mass effects on a hydrofoil under cavitation conditions, 173-187., Copyright (2013), with permission from Elsevier.

Table 3 -

 3 Summary of research for implementing Roughness as a surface methodology technique in cavitation control

	885								
	Investigator(s)	Type of modification	𝑈 ∞	i (Re)	α ii	σ iii	Coating	Cavitation	Comments
	(year)						roughness	regime	
	Coutier-Delgosha et al. 76 (2005)	Wall roughness on a Two-dimensional foil	6 m/s	0-6° 0.7-1.8 100, 200, 400 µ𝑚	𝐶𝑦𝑐𝑙𝑖𝑐 𝐶𝑙𝑜𝑢𝑑 𝑆ℎ𝑒𝑒𝑡 𝑐𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛	↓ cavity length ↑ oscillation frequency ↓ pressure fluctuation intensity
		(c iv =150mm,S v =80							
		mm)							
	Ausoni et al. 77, 78 (2007&2012)	𝐵𝑙𝑢𝑛𝑡 𝑡𝑟𝑎𝑖𝑙𝑖𝑛𝑔 𝑒𝑑𝑔𝑒 𝑜𝑛 𝑁𝐴𝐶𝐴 0009 𝐻𝑦𝑑𝑟𝑜𝑓𝑜𝑖𝑙 (𝑐 = 100 𝑚𝑚, 𝑆 = 150 𝑚𝑚)	(16.1 × 10 3 -96.6 × 10 3 ) (42 × 10 3 -70 × 10 3 )	0°NA	125 µ𝑚 ( ΔX c = 4%) 𝑊𝑖𝑑𝑡ℎ = 4%	𝑉𝑜𝑟𝑡𝑒𝑥 𝑠ℎ𝑒𝑑𝑑𝑖𝑛𝑔	↑ organized vortex shedding ↓ vortex shedding frequency ↑ vortex span-wise organization ↑vibrations induced by vortices ↑vortex strength and wake velocity fluctuations generates many tiny bubbles which may
									be erosive in turbomachines
	Onishi et al. 84								

Table 4 -

 4 Summary of research for blade profile and geometry modification, Drainage and Injection and grooves and slits as surface methodology techniques in cavitation control

	Investigator(s)	Type of modification	𝑈 ∞ (𝑅𝑒) 𝛼	𝜎	Geometry properties	Cavitation	Comments
							regime
	𝐵𝑙𝑎𝑑𝑒 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 𝑎𝑛𝑑 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 𝑚𝑜𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 Custodio et al. 138 (2018) Protuberances on the humpback Sinusoidal pattern 7.2 𝑚/𝑠 (7.2 × 10 5 )	-12 -30°𝜎 = 0 _𝑖𝑛 -9	Protuberances amplitude= 0.025, 0.05 & 0.12 c	Sheet cavitation	Confining the cavitation to the region behind the protuberance with medium and large protuberance amplitudes
								Improving the sheet cavitation pattern.

Table 5 -

 5 Summary of research for obstacles and vortex generators studies in cavitation control

	894								
	Investigator(s)	Type of modification 𝑈 ∞ (𝑅𝑒)	𝛼 (º)	𝜎	ℎ [𝑚𝑚] (ℎ/𝛿)	(𝛥𝑧/𝑐) ΔX 𝑉𝐺 /c	regime Cavitation	Comments
	𝑂𝑏𝑠𝑡𝑎𝑐𝑙𝑒𝑠								
	Kawanami et al. 158 (1997)	An obstacle on an Elliptic Nose Foil (c=150	Propeller tunnel 5.0 𝑚/𝑠 (7.2 × 10 5 )	6	Propeller tunnel: 1.07	2 (width 2mm)	37% 𝑐 60% 𝑐	Cyclic Cloud	Holding back the re-entrant jets ↓ Cloud cavitation
		mm & S=150 mm)	For TE tunnel 7.5 𝑚/𝑠(8.6 × 10 5 )		TE tunnel:1.7 2				↓Noise Intensity ↓Cavitation coefficient	drag

Acknowledgements

This work is funded from the European Union's Horizon 2020 research and innovation programme under grant agreement No. 862100 (NewSkin).

The low-pressure core of the stream-wise vortices induces stable vortex cavitation which breaks down into bubble clouds upstream of the attached cavity. Similar observations were made in a study of VGs by An 172 . The application of VGs in control of cavitation in multi-propulsion vessels was studied by Liang-mei 173 . They found a significant improvement in cavitation instability and declining pressure fluctuation.

The application of bubble generators on cavitation control was studied by Javadi et al. 174 through a two-dimensional cavitation calculation. This bubble generator was actually a wedge type VG.

Their numerical analysis showed that this VG can make a low pressure recirculation region (below saturation pressure) behind the VG. Bubbles then start to generate and grow in this region. By controlling this condition, the bubbly flow becomes stable and will not vanish, or in other words, interfere and stope the cavitation process. They observed that the whole cavitation process, including vaporization, bubble generation, and bubble implosion, could be affected, and lift and drag fluctuations could be reduced.

Vortex generators that have been optimized can also be used for TLV cavitation suppression. The experimental results of Amini et al. 175 have shown that the winglets could effectively increase the radius of the tip vortex, and delay the initial inception of the TLV cavitation process. The ACL, however, is the only proposed method that has actually been applied. Results showed that it is difficult for the ACL to have a satisfactory inhibitory effect on TLV cavitation and once the vortex generators are not operating under design conditions, a more intense level of cavitation will be induced 137,176 .

A recent numerical study by Kadivar et al. 177 proposed a new type of VG called Cavitating bubble Generators (CGs) (Figure 19). The CGs were adopted from wedge-type VGs were used before for aerodynamics application with the aim of generating cavitating bubbles at the suction side of