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Abstract: Hydrodynamic cavitation usually occurs in the marine and ocean engineering and hydraulic
systems and may leads to destructive effects such as increasing in hydrodynamic drag, noise, vibration,
erosion and performance degradation. In the previous studies, different passive and active control
methods are used by the researchers to control the unsteady cavitation and its undesirable effects. In
this work, different cavitation passive and active control methods for controlling the sheet cavitation,
partial cavitation, cloud cavitation and tip-vortex cavitation are reviewed. Regarding the passive
methods, different passive flow control methods, including sweep angle of foil, roughness, bio-
inspired riblets, V-shaped, J-grooves, obstacles, surface roughness, blunt trailing edge, slits, various
vortex generators and triangular slot are discussed. Regarding the active methods, various active
flow control technologies, including air injection, water injection, polymer injection, synthetic jet
actuator, piezoelectric actuators and so on are reviewed. It can be concluded that the passive and
active methods separately able to control the unsteady cavitation. However, in the severe conditions
of the cavitation and higher angles of attack, the passive control methods can only mitigate some
re-entrant jets expanding in the streamwise direction and proper control of the cavity structure can not
be achieved. In addition, active control methods mostly requires additional energy and, consequently,
leads to higher costs. Combined passive-active control technologies was suggested by author, using
the strengths of both methods, to suppress cavitation and control the cavitation instability for broad
range of cavitating flows efficiently in the future works.

Keywords: Cavitation; hydrodynamic cavitation; passive control methods; active control methods;
hydrofoil)

1. Introduction
Cavitation is a physical phenomenon which consists of vaporization, bubble formation, and

collapse of the cluster of the bubbles near the solid boundaries. The cavitation can be formed on the
suction side of the hydrofoils and blades operating at the flow with high speeds [1–5]. In addition, the
cavitation can increase hydrodynamic drag, noise, vibration, and erosion and induced a performance
degradation of the ship rudders and propellers, turbine blades, and other fluid machinery systems.
Different types of the cavitation may occur in various flow conditions such as cavitation inception,
sheet cavitation, partial cavitation, cloud cavitation and supercavitation [6–11]. In the case of the
supercavitating flows, there are numerous papers which used different active and passive control
methods for drag reduction of the immersible bodies. However, the focus of the present review is
the works regarding the control of the sheet, partial, cloud cavitation, tip-vortex cavitation using
passive or active control methods. One of the most destructive types of the cavitation is unsteady
cloud cavitation which usually accompanied by auto-oscillations of the attached cavity on the surface
of the components of the underwater vehicles or hydraulic systems.

The collapse of the cloud cavities on the surface of the immersible bodied may generate high
pressure and velocity pulsations which lead to mechanical damage on the surfaces in ship and
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hydraulic system components. Considering the destructive reasons mentioned above, the unsteady
cavitation plays a serious problem in different industrial applications. Therefore, it is essential to
find a method to control these destructive effects in ship rudders and propellers, pump impellers,
turbine blades, guide vanes and various other applications. In the previous works by researchers,
various methods for control of the cavitation and its undesirable effects under different conditions
have been investigated, and in the present work, most of the well-known publications are reviewed to
provide some general knowledge about the cavitation, its complex nonlinear behavior and the existing
means to control the unsteady cavitating flows. In general, there are two types of the cavitation control
methods which known as passive and active methods to control cavitation. Figure 1 shows some of
the destructive effects of unsteady cloud cavitation, which are usually occur in the marine applications
and hydraulic systems.

Figure 1. Destructive effects caused by unsteady cavitation observed in marine applications and hydraulic
systems: a) cavitation-induced erosion on a ship rudder, b) cavitation-induced erosion on a propeller, c) propeller
exhibiting cavitation damage. Adapted from Ref. [12,13].

2. Hydrodynamic Cavitation Passive Control Methods
Before dealing with the passive flow control method in this section, the reasons that cause the

unsteady cavitation mechanism are briefly discussed so that the readers can better understand how
these mechanisms of unsteady cavitation formation may be controlled. The unsteady cloud cavitation
and mechanisms of the associated cavitation instabilities have been widely studied experimentally and
numerically by the researchers [14–19]. In the results of the previous works, a re-entrant jet was mentioned
as the main role in the transition of the cavitation to the unsteady cloud cavitation [20,22–24]. The re-
entrant jet flow moves usually upstream underneath an attached cavity due to an adverse pressure
gradient in the vicinity of the closure region of the attached cavity. In other words, the re-entrant jet
was directed perpendicular to the terminus of an attached cavity interface [21]. The re-entrant jet can
cut off the attached cavity near its leading edge of a hydrofoil and after the rolling up of the attached
cavity structure, a cavitation cloud can be formed in the downstream.

Regarding the previous works of the passive control methods of the unsteady cavitation, the
following works are discussed. Crimi [25] experimentally investigated study of the effects of sweep
angle of a hydrofoil on the hydrofoil performance due to cavitation. He found that the sweep angle
of the hydrofoil may alleviate the problem of cavitation-induced erosion. Kawanami et al. [22]
experimentally studied the dynamics of the cloud cavitation and control of cavitation using obstacles
mounted on the suction surface of the hydrofoil. In this work, the obstacle was used to suppress the re-
entrant jet and preventing the generation of cloud cavitation downstream of the hydrofoil. In addition,
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they presented that the cavitation-induced noise intensity and the hydrofoil drag were significantly
reduced. Pham et al. [53] performed an experimental work to study the unsteady sheet cavitation
and cloud cavitation mechanisms. In addition, they used a tiny obstacle (barrier) on the hydrofoil to
control cloud cavitation. Their results revealed that the amplitude of the cavitation instabilities can be
mitigated through the effects of the control method. Hofmann [26] experimentally studied different
measures to control cloud cavitation. He examined various geometries of the blunt trailing edgeading
edges of a semicircular leading edge flat plate. He analyzed the effects of an obstacle mounted on the
suction side of the flat plate on the reduction of the cavitation-induced erosion.

Coutier-Delgosha et al. [28] experimentally studied the effect of the wall roughness on the dynam-
ics of unsteady cavitation. They demonstrated that the surface roughness mounted on the immersed
hydrofoil can rearrange the cavitation cycle in the sheet cavity structure. Choi et al. [27] developed a
passive method of controlling and mitigating cavitation in an inducer using shallow grooves referred
to as J-Grooves. They found that the suction performance of the inducer can be improved significantly
at most of the flow regimes. Ausoni et al. (2007) [55,56] performed an experiment to study the effects
of a hydrofoil on the dynamics of the cavitation. Their results revealed that a more organized vortex
shedding with the reduction of the vortex shedding frequencies was obtained using the blunt trailing
edge. Zhao et al. [41] numerically investigated the cavitating flow of a 2D NACA0015 foil with and
without obstacles. They used different arrangements of the obstacles on the hydrofoil to control the
unsteady cavitation. They found that the lift and drag may be decreased, however the lift to drag
ratio can be increased for the hydrofoil with a proper size and position of the obstacles. Kim et al. [29]
considered the effect of an axis-asymmetrical obstacle plate mounted upstream of an inducer inlet on
the cavitation surge unsteadiness to suppress cavity instability.

Danlos et al. [30,31] investigated the effects of surface roughness such as grooves on the cavitation
in a venturi-type geometry. They used a proper orthogonal decomposition to study the effects of the
grooves on the cavitation dynamics. They found that the surface roughness may suppress the flow
unsteadiness linked with the cloud cavitation shedding on a venturi-type geometry. In addition, a
reduction in the cavity sheet length and mitigation of the cloud cavitation shedding can be obtained by
an optimal size of the grooves. Ganesh et al. (2015) [57] experimentally investigated the interaction of
a compressible bubbly flows with an obstacle placed within a shedding partial cavity. They utilized
X-ray densitometry as a flow visualisation mechanism to study the dynamics of bubbly shock fronts
in the cavitating flow. Their results showed that the effect of low speed of sound is felt locally once
the cavity length crosses the obstacle. Javadi et al. [42] numerically studied the application of bubble
generators on cavitation control via a two-dimensional cavitation modelling. They utilized a vortex
generator mounted on the suction surface of the hydrofoil and showed that the vortex generator
may induce a low pressure recirculation region behind the vortex generator. Their results revealed
that the whole cavitation process, including vaporization, bubble generation, and bubble implosion
may be affected and the force fluctuations may be mitigated. Onishi et al. [58] studied the effects of
hydrophilic and hydrophobic coatings on the cavitation dynamics over a hydrofoil. They observed
that the hydrophilic coating may reduce the incipient cavitation number. In addition, the hydrophilic
of textures can lead to a lower growth of cavitation at small attack angles.

Hao et al. [60] investigated the influence of a surface roughness on the unsteady cloud cavitation
flow around hydrofoils using high-speed video and particle image velocimetry (PIV). They indicated
that the cloud cavitation mechanism, cavity structure and velocity and vorticity distribution of the
cloud cavitation may be changed compared to the hydrofoil without roughness. Zhang et al. [61]
experimentally studied the cloud cavitation dynamics on a flat hydrofoil using the placement of an
obstacle downstream of the hydrofoil. They found that the shedding of cloud cavitation in the case
with obstacle is much weaker than the shedding of cloud cavitation for the case without obstacle.
In addition, they observed from the numerical results that the obstacle as a passive control method
can reduce the strength and direction of the transient re-entrant jet and the pressure fluctuations on
the flat hydrofoil. Custodio et al. [62] performed an experimental work to analyze the cavitation
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characteristics and hydrodynamic forces of hydrofoils without and with wavy leading edges in a
cavitation tunnel. They utilized different sinusoidal leading edge geometries by three amplitudes of
2.5%, 5%, and 12% and two wavelengths of 25% and 50% of the mean chord length. Their results
showed that the cavitation on the modified hydrofoils can appear at a lower angles of attack than on
the hydrofoil without wavy leading edges. Furthermore, the lift coefficient for the simple hydrofoil
was generally comparable to or greater than that of the hydrofoils with wavy leading edges. The
drag for the modified hydrofoils with lower amplitude of the wavy leading edges was equal to the
unmodified hydrofoil.

Kamikura et al. [33] numerically studied the control of the cavitation instabilities using asymmetric
slits on the inducer blades. They indicated that the asymmetric slits can play as a passive cavitation
control method for controlling of the cavitation instabilities. Petkovsek et al. [63,70] experimentally
investigated the unsteady cavitation dynamics on the surface of a cylinder without and with passive
control methods. They used different laser processing parameters to texture five various surface
topographies such as dimpled, velvet, oxidized, waved and grooved on the surface of the cylinder.
They indicated that the cavitation characteristics may significantly depend on the surface roughness
and also the surface wettability. They concluded that cavitation on the cylinder can be mitigated using
an appropriate laser-texturing parameter. Kadivar et al. [34,36,38,64], Kadivar and el Moctar [35]
and Kadivar and Javadi [43] numerically and experimentally investigated the effects of a passive
control method on suppression of the cloud cavitation over a benchmark hydrofoil. They utilized a
wedge-type vortex generator to control the unsteady cloud cavitation on the surface of the hydrofoil.
Their results indicated that choosing a proper size and location of the wedge-type vortex generator
on the hydrofoil, the wall-pressure peaks and turbulent velocity fluctuations can be mitigated on the
hydrofoil. They showed that the large-scale cloud cavitation can be changed to a quasi-stable attached
cavity on the surface of the hydrofoil with a wedge-type vortex generator. In addition lift to drag ration
was improved for the hydrofoil with the optimal size and location of the vortex generator. Figure 2
shows a schematic view of mesoscale bio-inspired riblets which are employed on the suction side of a
hydrofoil adjacent to the leading edge for passive cavitation control.

Figure 2. Schematic view of mesoscale bio-inspired riblets which are employed on the suction side of a hydrofoil
adjacent to the leading edge as a passive control method. Adapted from Ref. [87].

Kadivar et al. [39,40] adapted a passive control method from the aerospace engineering application
and used it to control cavitation in the marine engineering contexts. They used a cylindrical type
of the miniature vortex generators know as cylindrical cavitating-bubble generators to control the
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unsteady behavior of the cloud cavitation. Their results showed that the cloud cavitation instabilities
and the pressure pulsations can be mitigated using the cylindrical cavitating-bubble generators. In
other words, the could cavity structure was changed to a stable cavity structure on the suction side of
the hydrofoil at different cloud cavitating regimes. Amini et al. [37] performed an experiment to study
a passive control method for suppressing of the tip vortex cavitation. They used different winglets
on the hydrofoils and demonstrated that the winglets may effectively increase the radius of the tip
vortex and delay the initial inception of the cavitation. Zhao and Wang [44] numerically investigated
the passive control of cloud cavitation using a bionic fin-fin structure on a NACA 0015 hydrofoil. They
indicated that the average drag of the hydrofoil may be reduced but the lift was decreased. In other
words, the lift to drag ratio was increased using the bionic structure on the surface of the hydrofoil.
In addition, the bionic structure can effectively mitigate the turbulent kinetic energy and make the
flow more stable compared with the hydrofoil without bionic structure. Che et al. [59,65–67] studied
the control effects of micro vortex generators on the unsteady cavitation dynamics on a NACA0015
hydrofoil. Their results revealed that the micro vortex generators have high potential to control the
attached cavitation dynamics. In addition, they showed that the micro vortex generators may suppress
the laminar separation under non-cavitating conditions and can fix the cavitation inception causing
more stable sheet cavitation and cloud cavity shedding. Furthermore, they indicated that the hydrofoil
modification can have a little impact under the transitional cavity oscillation due to the high inherently
unstable flow. Figure 3 shows a schematic view of a cylinder without cavitation control and with the
vertical and horizontal scalloped riblets which can be used as a passive control method for cavitation
control. The geometry and construction of the riblets may play an important role on the flow control.

Figure 3. Schematic view of a cylinder, 1) without cavitation control, 2) with vertical scalloped riblets cylinder and
3) with horizontal scalloped riblets. Adapted from Ref. [83].

Table 1. Summary of researches for cavitation passive control methods.

Investigators Type of Work Control Method Achievements

Crimi (1970) [25] Experiment
Sweep angle of

hydrofoil

Alleviating problem of
cavitation-induced

erosion.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 18 August 2025 doi:10.20944/preprints202508.1273.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.1273.v1
http://creativecommons.org/licenses/by/4.0/


6 of 30

Kawanami et al. (1997)
[22]

Experiment Obstacles

Reduction in
cavitation-induced
noise and hydrofoil
drag, suppression of

re-entrant jet.

Pham et al. (1999) [53] Experiment Obstacles
Reduction in
amplitude of

cavitation instabilities.

Hofmann et al. (2001)
[26]

Experiment Obstacles
Reduction in

cavitation-induced
noise.

Coutier-Delgosha et al.
(2005) [28]

Experiment Surface roughness
Rearranging

cavitation cycle in
sheet cavity structure.

Choi2007 et al. (2005)
[27]

Experiment J-Grooves
Improvement of

suction performance
of the inducer.

Ausoni et al. (2007)
[55]

Experiment Blunt trailing edge
Reduction in vortex

shedding frequencies.

Kim et al. (2010) [29] Experiment Obstacles
Mitigation in cavity

instability.

Ausoni et al. (2012)
[56]

Experiment Blunt trailing edge
Obtaining more
organized vortex

shedding.

Danlos et al. (2014)
[30]

Experiment
Surface

roughness/Grooves

Mitigation in flow
unsteadiness linked

with cloud cavitation
shedding, reduction in

cavity sheet length.

Danlos et al. (2014)
[31]

Experiment
Surface

roughness/Grooves

Reduction in cloud
cavitation shedding,
reduction in cavity

sheet length.

Ganesh et al. (2015)
[57]

Experiment Obstacles

Observation of low
speed of sound once

the cavity length
crosses the obstacle.

Onishi et al. (2017)
[58]

Experiment
Hydrophilic and

hydrophobic coatings

Reduction in growth
of cavitation at small

attack angles.

Che et al. (2017) [59] Experiment
Micro vortex
generators

Potential to control the
attached cavitation

dynamics.

Hao et al. (2018) [60] Experiment Surface roughness

Changing the cavity
structure, velocity and
vorticity distribution

of the cloud cavitation.
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Zhang et al. (2018) [61] Experiment Obstacles
Reduction of strength
and direction of the

transient re-entrant jet.

Custodio et al. (2018)
[62]

Experiment Wavy leading edge

Lift coefficient for
simple hydrofoil was

comparable to or
greater than that of the
hydrofoils with wavy

leading edges.

Petkovsek et al. (2018)
[63]

Experiment

Surface topographies:
dimpled, velvet,
oxidized, waved,

grooved

Mitigation in
cavitation on the
cylinder using an

appropriate
laser-texturing

parameter.

Kadivar et al. (2019b)
[64]

Experiment
Wedge-type vortex

generator

Mitigation in
wall-pressure peaks

and turbulent velocity
fluctuations.

Che et al. (2019) [65] Experiment
Micro vortex
generators

Suppression of
laminar separation

under non-cavitating
conditions, fixing

cavitation inception
causing.

Che et al. (2019) [66] Experiment
Micro vortex
generators

Obtaining more stable
sheet cavitation and

cloud cavity shedding.

Che et al. (2019) [67] Experiment
Micro vortex
generators

Obtaining more stable
sheet cavitation and

cloud cavity shedding.

Amini et al. (2019) [37] Experiment Winglets

Increasing radius of
the tip vortex and

delay initial inception
of the cavitation.

Kadivar et al. (2020)
[36]

Experiment
Wedge-type vortex

generator

Mitigation in
wall-pressure peaks

and turbulent velocity
fluctuations,

mitigation of cloud
cavity shedding.

Kadivar et al. (2020)
[40]

Experiment
Cylindrical type of
vortex generators

Mitigation in cloud
cavitation instabilities

and the pressure
pulsations.
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Qiu et al. (2020) [69] Experiment
Micro vortex
generators

Reduction in
maximum pressure
fluctuation by 32%,

reduction in acoustic
power by 10.8 dB,

mitig erosion at the
leading edge.

Petkovsek et al. (2020)
[70]

Experiment

Surface topographies:
dimpled, velvet,
oxidized, waved,

grooved

Mitigation in
cavitation on the
cylinder using an

appropriate
laser-texturing

parameter.

Chen et al. (2020) [71] Experiment
Leading edge

roughness

Control the formation
of the incipient

cavitation, delay in
maximum lift-to-drag

ratio angle.

Huang et al. (2020)
[72]

Experiment Vortex generator (VG)

Changing of propeller
cavitation, reduction

in the pressure
fluctuations.

Cheng et al. (2020)
[73]

Experiment Overhanging grooves
Suppression in

tip-leakage vortex
cavitation.

Svennberg et al. (2020)
[74]

Experiment Surface roughness

Reduction in
cavitation number for
tip vortex cavitation

inception by 33%,
increasing of drag

force by 2%.

Kadivar et al. (2021)
[76]

Experiment
Hemispherical vortex

generators

Mitigation in
amplitude of the

pressure pulsations.

Arab et al. (2022) [78] Experiment
Leading and trailing

edge flaps

Enhancement of lift
coefficient, reduction
in cavitation volume.

Kadivar et al. (2024)
[81]

Experiment Biomimetic riblets

Reduction in lift force
fluctuations,
mitigation in

cavitation-induced
vibration amplitudes

by about 41% and 43%
for sawtooth and
scalloped riblets,

respectively.
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Nichik et al. (2024)
[82]

Experiment
Surface morphol-
ogy/roughness

Suppression of cavity
structure on cylinder,

affecting on
turbulence structure of

the wake flow,
including the mean
velocity, dispersion

and higher-order
moments of turbulent

fluctuations.

Lin et al. (2024) [48] Experiment Bio-inspired riblets

Reduction of noise at
low frequency

domain, reduction in
the re-entrant jet
momentum and
unsteady cavity.

Li et al. (2025) [86] Experiment Spanwise obstacles

Suppression of
development of

unsteady cavitation,
mitigation in

cavitation-induced
noise, reduction in
maximum negative

torque.

Kumar et al. (2025)
[83]

Experiment
Sawtooth and

scalloped mesoscale
riblets

Reduction in
cavitation-induced

vibrations of the
cylinder.

Kumar et al. (2025)
[87]

Experiment Bio-inspired riblets

Reduction of noise at
low frequency

domain, reduction in
the re-entrant jet
momentum and
unsteady cavity.

Çelik et al. (2025) [90] Experiment
Leading-edge tubercle

and surface
corrugation

Lowest cavitation area
and period for

tubercled hydrofoil by
70% and 50% of those

of baseline and
corrugated hydrofoils,

respectively.
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Kadivar et al. (2020)
[38]

Exp/Num
Wedge-type vortex

generator/Cylindrical
type vortex generator

Changing large-scale
cloud cavitation to a
quasi-stable attached
cavity, enhancement
of lift to drag ratio,

mitigation in
wall-pressure peaks

and turbulent velocity
fluctuations.

Zhao et al. (2021) [77] Exp/Num Tandem obstacles

More resistance
against the incipient
and development of

leading-edge cavities.

Chen et al. (2021) [75] Exp/Num
Micro vortex

generator (mVG)

mVG-1 configuration
can promote the
earlier inception

cavitation, mVG-2
configuration can

delay the inception.

Qiu et al. (2023a) [80] Exp/Num
Micro vortex

generator (mVG)

Improvement of
lift-to-drag ratio,
enhancement of

stability of the flow
field.

Qiu et al. (2024a) [84] Exp/Num
Micro vortex

generator (mVG)

Mitigation of unsteady
cavity structure,
Improvement of
lift-to-drag ratio.

Qiu et al. (2024b) [85] Exp/Num Slits

Reduction in primary
frequency of

cavitation pulsations
by 48.5%, diminishing

momentum of the
re-entrant jet.

Zhu et al. (2025) [89] Exp/Num
Vortex generators:

micro-VG and
large-VG

Alteration of pressure
fluctuation period,
reduction of main

frequency amplitude,
reduction in erosion
risk on the hydrofoil.

Xue et al. (2025) [91] Exp/Num
Bionic leading-edge

protuberances

Suppression in
formation of large
vortices near the

hydrofoil’s leading
edge.

Zhao et al. (2010) [41] Numerical Obstacles
Enhancement of lift to

drag ratio.
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Javadi et al. (2017) [42] Numerical Vortex generator
Mitigation of force

fluctuations and cloud
cavity structures.

Kadivar et al. (2017)
[43]

Numerical
Wedge-type vortex

generator

Mitigation in
wall-pressure peaks

and turbulent velocity
fluctuations on the

hydrofoil.

Kadivar et al. (2018)
[34]

Numerical
Wedge-type vortex

generator

Changing large-scale
cloud cavitation to a
quasi-stable attached
cavity, enhancement
of lift to drag ratio,

mitigation in
wall-pressure peaks

and turbulent velocity
fluctuations.

Kadivar et al. (2018)
[35]

Numerical
Wedge-type vortex

generator

Increasing of lift to
drag ratio, mitigation
in wall-pressure peaks
and turbulent velocity

fluctuations.
Kamikura et al. (2018)

[33]
Numerical Asymmetric slits

Mitigation in
cavitation instabilities.

Zhao and Wang (2019)
[44]

Numerical Bionic fin-fin structure

Increasing of lift to
drag ratio using the

bionic structure,
mitigation in turbulent

kinetic energy.

Kadivar et al. (2019)
[39]

Numerical
Cylindrical type of
vortex generators

Mitigation in unsteady
behavior of the cloud
cavitation, obtaining
more stable attached

cavity on the foil’s
surface.

Li et al. (2021) [45] Numerical Wavy leading-edge

Reduction in
cavitation volume by
approximately 30%,

mitigation in pressure
amplitude by

approximately 60%.

Lin et al. (2021) [46] Numerical Arc obstacles

Obtaining more
stabilization in

cavitation behavior,
inhibiting evolution of
cavitation through the

effects of the arc
obstacles.
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Jia et al. (2022) [47] Numerical V-shaped groove

Reduction in average
cavitation volume
during a cavitation

cycle by 17.46%,
decreasing average

dipole noise by 5.07%
and average

quadrupole noise by
6.86%.

Yang et al. (2024) [49] Numerical Two bionic structures

Reduction in total
volume of cavitation
by 43%, enhancement
of stability of the flow

field, reduction in
standard deviation of

the pressure
coefficient by 46%.

Kumar et al. (2025)
[88]

Numerical Surface cavity
Enhancement of about
7% and 3.1% in lift to

drag ratio.

Usta et al. (2025) [50] Numerical
Leading-edge

tubercles and surface
corrugations

Obtaining delay of
stall and less

cavitation area for the
tubercled hydrofoil.

Velayati et al. (2025)
[51]

Numerical Semi-spherical VG

Reduction in cloud
cavitation shedding

frequency, increasing
frequency of cavity
shedding by 19.4%

and increasing
lift-to-drag ratio by

2.5% for
semi-spherical VG

located near trailing
edge.

Biswas et al. (2025)
[52]

Numerical Triangular slot

Avoiding stalling for
the hydrofoil with slot,

better control of
cavitation for

modified hydrofoil at
lower cavitation

numbers.

Qiu et al. [69] experimentally studied the effects of the micro vortex generators on the cavitation-
induced erosion over a NACA0015 hydrofoil. They demonstrated that the periodic cavity shedding
was mitigated through the effects of the micro vortex generators. According to this study, the maximum
impact energy of the hydrofoil with passive control method was about 48% of that of the hydrofoil
without vortex generators. In addition, the maximum pressure fluctuation was reduced by 32%, the
acoustic power was reduced by 10.8 dB and the erosion at the leading edge was alleviated using
the vortex generators on the hydrofoil. Chen et al. [71] experimentally investigated the control of
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the cavitation patterns and corresponding hydrodynamics of the NACA66 hydrofoil using a leading
edge roughness. They indicated that the leading edge roughness may affect on the hydrodynamic
performance at the sub cavitation and can control the formation of the incipient cavitation. Furthermore,
the lift coefficient of the hydrofoil without leading edge roughness was larger than that of the hydrofoil
with leading edge roughness and the maximum lift-to-drag ratio angle was delayed for the hydrofoil
with leading edge roughness. Huang et al. [72] experimentally studied a passive control method on
the transient turbulent cavitating flow around a marine propeller behind a ship. They used vortex
generator (VG) to control propeller cavitation and hull pressure fluctuations. The results indicated that
the vortex generator with proper geometry may contribute the highly nonuniform wake to be more
uniform. In addition, the vortex generator can make the change of propeller cavitation and may reduce
the pressure fluctuations. Cheng et al. [73] investigated the suppressing tip-leakage vortex cavitation
by overhanging grooves. Their results demonstrated that the fluctuation of the tip-leakage vortex
cavitation may be effectively suppressed by overhanging grooves. However, no significant alteration
of the time-averaged drag and lift can be observed by overhanging grooves. Svennberg et al. [74]
performed an experimental analysis of tip vortex cavitation mitigation by controlled surface roughness.
Their results revealed that the cavitation number for tip vortex cavitation inception can be reduced by
33% in the optimized roughness pattern compared with the unmodified hydrofoil condition where
the drag force may be increased by 2%. Chen et al. [75] experimentally investigated the influence
of the micro vortex generator (mVG) on the inception cavitation number on a NACA66 hydrofoil.
They employed two different mVGa knwon as mVG-1 which was located upstream of the laminar
separation point of the hydrofoil and the mVG-2 which was located in the laminar separation zone
of the hydrofoil. Their results indicated that the mVG-1 can promote the earlier inception cavitation
and the mVG-2 may delay the inception, especially for the cases with smaller attack angles compared
to the hydrofoil without cavitation control. Figure 4 shows a schematic view of a cylinder without
cavitation control and with two different surface morphologies such as rough surface and finned
surface. Figure 5 represents the photographs of the cavity structures on the surface and in the wake of
the cylinders for three types of wall morphology, smooth, rough and finned.
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Figure 4. Schematic view of a cylinder without control methods and with different surface morphologies as
passive cavitation control methods. Visual appearance (top row), close-up view (middle row) and characteristic
surface profiles (bottom row) of the (a) smooth cylinder, (b) rough cylinder and (c) finned cylinder. Adapted from
Ref. [82].

Figure 5. Photographs of the cavitation dynamics on the surface and in the wake of the cylinders for three wall
morphologies, (a) smooth; (b) rough and (c) finned. Adapted from Ref. [82].

Zhao et al. [77] implemented a pair of tandem obstacles on the suction side of the pump to control
baled cavitation in water jet pumps. Their results showed a more resistance against the incipient and
the development of leading-edge cavities after using obstacles. However. the hydraulic performance
loss, including 6% head drop and 5.6% efficiency drop was seen due to the violent pressure fluctuations
by using obstacles on the blade. Kadivar et al. [76] experimentally studied the effects of hemispherical
vortex generators on the cavitation dynamics around a hydrofoil surface. Their results indicated that
the amplitude of the pressure pulsations in the hydrofoil wake location behind the hydrofoil was
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noticeably mitigated through the effects of hemispherical vortex generators at the cloud cavitation
and transient cavitation regimes. Li et al. [45] numerically studied the hydrofoil cavitation using the
leading-edge protuberances of humpback whale flippers and its effect on the cavitation dynamics.
Their results revealed that the wavy leading-edge may improve the lift–drag characteristics and can
reduce the cavitation volume on the hydrofoil by approximately 30%. In addition, they found that
the increasing of the amplitude of the wavy leading-edge can reduce the pressure amplitude by
approximately 60%. Lin et al. [46] performed a numerical simulation to study the cavitation over flat
hydrofoils using arc obstacles. They used a large edgy simulation for simulating the cavitating flows
around the hydrofoil. Their results demonstrated that the obstacles of different structures may affect
the frequency of cavitation shedding and distribution of air content on the flat hydrofoils. Furthermore,
their results showed a more stabilization in the cavitation behavior and also inhibiting the evolution
of cavitation through the effects of the arc obstacles on the flat hydrofoil. Jia et al. [47] numerically
investigated the cavitation flow and broadband noise source characteristics of a NACA66 hydrofoil
using a V-shaped groove on the hydrofoil surface. They indicated that the V-shaped groove can extend
a cavitation cycle and reduce the average cavitation volume during a cavitation cycle by 17.46%. In
addition, they found that the groove may decrease the average dipole noise on the hydrofoil surface
by 5.07% and the average quadrupole noise on the middle longitudinal section by 6.86% during a
cavitation cycle.

Arab et al. [78] performed an experimental work to study the solutions to control the onset of
cavitation using a combination of leading edge and trailing edge flaps on a NACA 0012 hydrofoil
which was manufactured using an additive 3D printing technique. Their results presented that the lift
coefficient may be increased and the cavitation volume may be decreased with the flaps deflection. In
addition, the hydrofoil with a parabolic flap can lead to a more lift than the traditional flap and may
enlarge the non-cavitation domain to some extent of the lift coefficients. Qiu et al. [80,84] investigated
the effect of the micro vortex generators on cavitation collapse and pressure pulsation on a NACA0015
hydrofoil. Their results indicated that the lift-to-drag ratio can be improved and the stability of the
flow field may be enhanced through the effects of the micro VGs. In addition, a suppression of
the pressure pulsation can be observed for the hydrofoil with micro VGs locating at the hydrofoil’s
leading edge. Furthermore, the shedding and collapse of the cloud cavity on the smooth hydrofoil are
replaced by the partial separation and collapse of sheet cavitation on the hydrofoil with micro-VGs
at the cloud cavitating regime. Yang et al. [49] numerically studied a passive control method for
hydrofoil cavitation by combining the two bionic structures on a hydrofoil. They indicated that the
novel bionic combined hydrofoil may achieved a cavitation inhibition effect and reduced the total
volume of cavitation by 43%. In addition, the passive control method enhanced the stability of the flow
field and reduced the standard deviation of the pressure coefficient on the hydrofoil suction surface by
up to 46.55%. Figure 6 shows schematic view of a polished cylinder and laser-textured cylinders with
various surface morphologies such as dimpled, velvet, oxidized, waved and grooved surface by using
scanning electron microscope (SEM) and 3D optical Infinite-Focus Measuring (IFM) device.
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Figure 6. Schematic view of a polished cylinder and laser-textured cylinders with various surface morphologies
such as dimpled, velvet, oxidized, waved and grooved surface by using scanning electron microscope (SEM) and
3D optical Infinite-Focus Measuring (IFM) device. Adapted from Ref. [70].

Qiu et al. [85] used slits to control the periodic characteristics of unstable cloud cavitation on a
hydrofoil. They showed that the high-speed jet induced from the slit can diminish the momentum of
the re-entrant jet and may significantly reduce the complete detachment of the attached cavitation. In
addition, their finding revealed that the primary frequency of cavitation pulsations can be reduced
48.5% for the hydrofoil with cavitation control. Kadivar et al. [81] and Kumar et al. [83] experimentally
examined the cavitation dynamics behind a smooth cylinder and cylinders with sawtooth and scal-
loped mesoscale riblets by high-speed visualization and measuring forces fluctuations. Their results
demonstrated that the riblets can control the flow dynamics and von Karman vortex characteristics, and
reduce the cavitation-induced vibrations of the cylinder. Furthermore, both riblets notably decreased
the lift force fluctuations and mitigated the cavitation-induced vibration amplitudes by about 41% and
43% for sawtooth and scalloped riblets, respectively. Nichik et al. [82] experimentally investigated the
cavitation control and transformation of turbulence structure in the cross flow around a circular cylin-
der using surface morphology and wettability effects. They indicated that the roughness promoted a
significant cavitation suppression on the cylinder. Their results revealed that the smaller the scale of
irregularities is, the more pronounced this effect occurs to be for the considered wall morphologies. In
addition, they showed that both types of roughness can affect the turbulence structure of the wake
flow, including the mean velocity, dispersion and higher-order moments of turbulent fluctuations.

Li et al. [86] performed an experimental study to control the unsteady cavitation around oscillating
hydrofoils using spanwise obstacles near trailing edge. They indicated that the presence of spanwise
obstacles may generate a positive torque on the hydrofoil and can reduce the maximum negative
torque experienced by the hydrofoil. In addition, it is found that the spanwise obstacles may effectively
suppress the development of unsteady cavitation and can mitigate the cavitation-induced noise in the
flow field. Lin et al. [48] and Kumar et al. [87] experimentally studied the control of the partial and
cloud cavitation on a NACA0015 hydrofoil using bio-inspired riblets. For this aim, they implemented
two different kinds of bio-inspired riblets, known as scalloped riblets and sawtooth riblets, on the
suction side of the hydrofoil close to the leading edge. According to this study, a noise reduction
was observed for the hydrofoil with scalloped and sawtooth riblets at low frequency domain and for
some cases at higher frequency range. Their results showed that the cavitation oscillation mechanism
can be manipulated and the large-scale cavitation structures may be elimination using the passive
control method. They indicated that the cloud cavitation shedding on the hydrofoil suction surface
was mitigated significantly due to the reduction in the re-entrant jet momentum. Çelik et al. [90]
experimentally studied the leading-edge tubercle and surface corrugation effects on the cavitation
and cavitation-induced noise in partially cavitating twisted hydrofoils. Their results showed that
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the Tubercled model produced a noise level almost the same or slightly higher than the Corrugated
model in the mid-frequency range. In addition, they indicated that the Tubercled hydrofoil may
exhibit the lowest cavitation area and period, approximately 70% and 50% of those of the baseline and
corrugated models, respectively. Figure 7 shows schematic view of a basic hydrofoil model based on
the NACA634–021 airfoil and bionic hydrofoils with a fin spine structure, sinusoidal leading edge and
a combined hydrofoil model constructed by combining two single bionic structures with sinusoidal
leading edge.

Figure 7. Schematic view of a basic hydrofoil model (a) based on the NACA634–021 airfoil and bionic hydrofoils
with a fin spine structure (b) and sinusoidal leading edge (c) and a combined hydrofoil model constructed by
combining two single bionic structures with sinusoidal leading edge (d). Adapted from Ref. [49].

Zhu et al. [89] investigated the cavitation-induced erosion and cavitation control using a mi-
crostructure at different scales on a NACA0015 hydrofoil. For this aim, they applied the vortex
generators (VGs) with heights of 0.25 mm (micro-VG) and 2.5 mm (large-VG), installed at the leading
edge of the NACA0015 hydrofoil. From the results of the pressure signal, it can be observed that the
VGs may alter the pressure fluctuation period and reduce the main frequency amplitude compared
to the hydrofoil without control method. In addition, they showed that a superior suppression of
pressure fluctuations can be obtained using the larger VGs. Furthermore, a reduction in erosion risk on
the hydrofoil can be seen for the hydrofoil with the VGs due to the reduction in the large-scale cloud
cavitation. The larger VGs showed a better effectiveness in preventing cavitation erosion. Xue et al.
[91] numerically studied the cavitating flow around a NACA0015 hydrofoil with bionic leading-edge
protuberances using Large Eddy Simulations (LES). It was shown that the bionic hydrofoil surface
contained more small vortex cores, which hindered the formation of large vortices near the hydrofoil’s
leading edge. In other words, the vortex intensity induced by cavity shedding was stronger for the
baseline hydrofoil compared to the bionic hydrofoil. Kumar et al. [88] numerically investigated the
cavitation control on a NACA0018 hydrofoil using a surface cavity mounted on the suction surface of
the foil. According to this study, an enhancement of about 7% and 3.1% in the lift to drag ratio was
obtained for the hydrofoil with surface cavity compared to the unmodified hydrofoil at high and low
cavitation numbers, respectively.

Usta et al. [50] performed a numerical simulation to investigate the effect of leading-edge
tubercles and surface corrugations on the performance and cavitation characteristics of a twisted
NACA 0015 hydrofoil. Their results revealed that the corrugated hydrofoil may achieve higher
efficiency than the other configurations at various angles of attack under non-cavitating conditions.
They showed that the corrugated and tubercled hydrofoils may progressively approach its performance
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at higher angles of attack under cavitating conditions. In addition, they presented that the tubercled
hydrofoil can effectively delay stall and has less cavitation area for various angles of attack than that of
baseline hydrofoil. Velayati et al. [51] numerically studied the influence of surface microstructures
on the cavitation dynamics over a Clark Y hydrofoil to control the unsteady cloud cavitation by
utilizing a Large Eddy Simulation (LES) approach. For this aim, they applied rows of semi-spherical
microstructures, strategically placed at three different locations on the hydrofoil’s suction side. The
results showed that placing the microstructures near the leading edge may prolong the sheet cavity
and can reduce the cloud cavitation shedding frequency by 5%. However, a 11.45% reduction in the
lift-to-drag ratio was obtained from the microstructures near the leading edge. In addition, the results
revealed that the semi-spherical surface microstructures located near the trailing edge can increase the
frequency of cavity shedding by 19.4% and increase the lift-to-drag ratio by 2.5%. Biswas et al. [52]
performed a numerical simulation to study the unsteady cavitation on hydrodynamic performance of
NACA4412 hydrofoil with a triangular slot. They indicated that the modified hydrofoil was better able
to control cavitation phenomena compared to the unmodified hydrofoil at lower cavitation numbers.
However, at higher cavitation numbers, the base hydrofoil may exhibit slightly better performance
than the hydrofoil with triangular slot in terms of lift-to-drag ratio. In addition, they showed that the
stalling can be avoided for the hydrofoil using passive control method.

3. Hydrodynamic Cavitation Active Control Methods
In several previous studies, active methods of cavitation control were studied. Arndt et al. [92]

performed an experimental study the control of cavitation-induced erosion on the surface of an elliptic
hydrofoil using an active control technique. They injected air through small holes in the leading edge
of the hydrofoil. Their results revealed that the cavitation-induced erosion can be mitigated using
the air injection method. Reisman et al. [93] experimentally investigated an air injection method
to manipulate the dynamics of cloud cavitation to reduce the magnitude of pressure pulsations in
the small frequency range. Pham et al. [53] experimentally investigated the control of the unsteady
sheet cavitation and cloud cavitation mechanisms. They used an air injection through a slit on the
hydrofoil surface to control cloud cavitation. Their results indicated that the amplitude of the cavitation
instabilities can be reduced through the effects of air injection. Hofmann [26] experimentally studied
the effects of an air injection on cavitation instability. He showed that the cavitation-induced erosion
can be mitigated using the air injection in the cavitation zone. The effects of polymer injection on the
dynamics of vortex cavitation in the past studies [94–96]. Their results revealed that the pressure in the
vortex core can be increased with this control technique by reducing the maximum tangential velocity
along the vortex, thus delaying the cavitation inception.

The friction drag can be also reduced using gas injection Ceccio et al. [97], which leads to the
creation of a bubbly mixture and modifies the flow structure within the turbulent boundary layer.
They showed that the partial cavity flows can also be used to reduce the friction drag on the nominally
two-dimensional portions of a horizontal surface. They presented that the application of the active
techniques can be used for underwater vehicles and surface ships. Zhang et al. [98] studied the
influence of air injection on the unsteady cloud cavitating flow dynamics. They found that the
ventilation method can damp pressure pulses induced by cloud cavity collapses in a converging-
diverging channel and stabilize the attached cavity. Wang et al. [99] studied the effects of the water
injection on the cavitation suppression over a NACA0066 hydrofoil. They analyzed the position and
angle of the water jet on the cavitation dynamics over the hydrofoil. Their results showed that the
water injection can increase the velocity gradient in the boundary layer and may reduce the extent
of the flow separation on the foil. In addition, they presented that the velocity of the re-entrant jets
can be mitigated due to the effects of the water injection. Mäkiharju et al. [32] studied the effects of
injection of non-condensable gas on the dynamics of partial cavity formation. Their experimental
results illustrated that the gas injected near the apex of a convergent-divergent channel may increase
the pressure near the suction peak and, thereby, suppress the vapor formation and reduce the overall
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cavity void fraction. Wang et al. [100] investigated the vortex shedding dynamics in a ventilated
cavitating flow and indicated that the gas injection has significant effect on the velocity and vorticity
distributions. Using a proper orthogonal decomposition (POD) analysis, they found that the gas
injection mainly affects the first mode of vortex shedding in the wake. Figure 8 shows schematic view
of a hydrofoil without injection and with water injection as an active cavitation control method.

Figure 8. Schematic view of a hydrofoil with water injection as an active cavitation control method. (a) Original
hydrofoil without injection, (b) Modified hydrofoil with water injection, (c) Details of the jet hole distance, (d)
Diameter of the jet hole and (e) Graphical interpretation for three variable parameters. Adapted from Ref. [113].

Wang et al. [101] found that air injection may promote the growth of the attached cavity length and
the size of the cloud cavity structures under unsteady cloud cavitation conditions. This effect becomes
more pronounced with increasing the air injection rate. The effects of active cavitation control using
injection of a liquid along the surface were studied by Timoshevskiy et al. [102]. They demonstrated
that an active control method can mitigate cavitation and reduce the amplitude of pressure pulsations
using water injection. They made an attempt to control cavitation on the surface of a scaled-down
model of guide vanes of a hydraulic turbine and, depending on the injection rate, using a wall jet
of water that was injected through a spanwise slot nozzle along the wall. In addition, their results
revealed that the active control method based on water injection is capable to mitigate cavitation and
reducing the amplitude of pressure pulsations caused by the unsteady cavitating flow. They presented
that the attached cavity length can be reduced by 25% compared to the case without injection. Wang et
al. [103] experimentally studied the effects of a water injection on the cavitation control on a NACA66
(MOD) hydrofoil. They analyzed the effects of water injection on cavity evolution with four kinds
of jet flow at two different jet positions. It can be observed from their results that the water injection
can block the re-entrant jet moving upstream and may mitigate the momentum of re-entrant jet. In
addition, the maximum sheet cavity length was reduced by 79.4% and the cavity shedding is mitigated
with the injection at flow rate coefficient of 0.0245 and jet position of 0.45C.

Malekshah et al. [110] experimentally studied the dynamic/morphological quality of the cavita-
tion induced by different air injection rates and sites. Their results showed that the injection site has a
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significant effect on the cavitation dynamic features and morphology but the effectiveness of the air
injection may depend on the flow conditions. Hilo et al. [111] experimentally studied the cavitating
flow control on the cavitation-induced noise using an air injection. They assessed the location of the
air injection, the rate of air injection, and the cavitation number on the control of the cavitation. Their
results indicated that the injecting air closer to the leading edge may have the most significant effect
on the reduction of the vapor cavitation and noise. In addition, they found that the injecting air at
the middle of the foil’s chord may reduce the length of the vapor sheet cavity by 27%. However, the
volume of the ventilated cavitation may be increased by increasing the air injection rate. Figure 9 shows
schematic representation of a test section of an air injection as an active cavitation control method on a
convergent–divergent channel.

Figure 9. Schematic view of a test section of an air injection as an active cavitation control method on a conver-
gent–divergent channel. (a) A transducer mounting and ventilation slit and (b) test section and test model of
convergent–divergent channel. Adapted from Ref. [98].

Table 2. Summary of researches for cavitation active control methods.

Investigators Type of Work Control Method Achievements

Arndt et al. (1995) [92] Experiment
Air injection through

small holes

Mitigation of
cavitation-induced

erosion.

Reisman et al. (1997)
[93]

Experiment Air injection
Reduction in the

magnitude of pressure
pulsations.

Pham et al. (1999) [53] Experiment
Air injection through a

slit

Reduction in
amplitude of the

cavitation instabilities.

Hofmann et al. (2001)
[26]

Experiment Air injection
Mitigation of

cavitation-induced
erosion.
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Ceccio et al. (2010)
[97]

Experiment
Bubble and gas

injection
Reduction in friction

drag.

Hsiao et al. (2010) [95] Experiment Polymer injection
Delaying the

cavitation inception.
Chahine et al. (2012)

[96]
Experiment Polymer injection

Delaying the
cavitation inception.

Wang et al. (2018)
[100]

Experiment Gas injection
Effect on the velocity

and vorticity
distributions.

Wang et al. (2018)
[101]

Experiment Air injection

Promotion in growth
of attached cavity and

size of the cloud
cavity.

Timoshevskiy et al.
(2018) [102]

Experiment Water injection

Mitigation in
cavitation volume and
amplitude of pressure

pulsations.
Wang et al. (2020)

[103]
Experiment Water injection

Block the re-entrant
jet.

Malekshah et al. (2023)
[110]

Experiment Air injection
Significant effect on

the cavitation
dynamic features.

Hilo et al. (2024) [111] Experiment Air injection
Reduction in length of

the vapor sheet.

Singh et al. (2024)
[112]

Experiment Air injection

Optimizing cavitation
efficiency in the

converging–diverging
nozzle.

Hilo et al. (2025) [116] Experiment Air injection

Less fluctuation in
sheet cavity pulsation,

Increasing sound
pressure level at lower

frequencies.

Zhang et al. (2009) [94] Numerical Polymer injection

Reduction in
maximum tangential

velocity along the
vortex, delaying

cavitation inception.

Wang et al. (2017) [99] Numerical Water injection

Increasing velocity
gradient in boundary

layer, reduction in
flow separation,

mitigation of
re-entrant jet.

Wang et al. (2020)
[104]

Numerical Water injection holes

Potential for cavitation
suppression, higher
pressure at leading

edge with reducing of
lift in some condition.
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Sun et al. (2020) [105] Numerical Ventilation

Reduction in
turbulence intensity

and turbulence
integral scale in the

wake region.

De Giorgi et al. (2020)
[106]

Numerical
Single synthetic jet

actuator

Reduction in average
vapor and average
torsional load by
34.6% and 17.8%,

respectively.

Yan et al. (2022) [107] Numerical Active jet

Increasing lift-drag
ratio by 11.4% and

reduction in cavitation
volume about 30%

with optimal jet
scheme.

Luo et al. (2022) [108] Numerical Ventilation

Interaction between
turbulence and

gas-liquid interfacial
fluctuations for the

ventilated wake flow.

Gu et al. (2023) [109] Numerical
Bionic jet-shark gill slit

jet structure

Reduction in
time-averaged volume

fraction by 46%
compared at jet
position of 0.6C,
improvement of
lift-to-drag ratio.

Wang et al. (2024)
[113]

Numerical Water injection

Reduction in
cavitation volume by
49.34% and lift–drag
ratio enhancement by

8.55% for water
injection at 0.30C and

jet of 60 degrees.

Li et al. (2024) [114] Numerical

Water injection
combined with

barchan dune vortex
generators

Reduction in
cavitation volume,

increasing lift-to-drag
ratio by 64.54% for the
hydrofoil using water

injection combined
with barchan dune

VG.

Li et al. (2025) [115] Numerical Water injection

Increasing lift-to-drag
ratios for

configurations H019C,
H030C, and H045C by

0.30%, 8.44%, and
12.30%, respectively.
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Ji et al. (2025) [117] Numerical Water injection

Reduction in drag
coefficient by 3.5%,

reduction of 15.40% in
the maximum

circumferential
velocity of the tip

leakage vortex.

Wang et al. (2025)
[118]

Numerical Piezoelectric actuators

Changing cavity
shedding mode from a
large-scale shedding
near the leading edge

to a small-scale
shedding.

Singh et al. [112] performed an experiment to study the cavitation dynamics in a converg-
ing–diverging nozzle using air injection at different injection positions. They estimated the cavitation
length, cavity area, and energy distribution by an image processing. Their results indicated that the
bubble lengths and distributions along the channel can be changed by altering the injection points. In
other words, they showed the crucial role of the injection location in optimizing cavitation efficiency in
the converging–diverging nozzle. Hilo et al. [116] experimentally investigated the effect of air injection
around the leading edge of a three-dimensional hydrofoil for cavitation noise reduction. From the
results can be observed that the shedding frequency of the sheet cavity may decrease linearly with the
increasing of the air injection rates which indicates a less fluctuation by high injection rates. A slight
increase in drag force with air injection was observed. In addition, it is noted that the air injection can
increase sound pressure level at lower frequencies smaller than 1 KHz. Figure 10 shows schematic
view of a hydrofoil with water injection as an active control method for control of the cavitation.

Figure 10. Schematic view of a modified NACA66(MOD) hydrofoil with water injection as an active control
method for control of the unsteady cavitation. Adapted from Ref. [104].

In the case of numerical simulation, different works are performed by the researchers. Wang et
al. [104] studied the impact of water injection holes arrangement on the cavitation flow control over
the NACA66(MOD) hydrofoil. Their results showed that the effectiveness of cavitation suppression
is closely related to the porosity of the jet hole. They demonstrated that the double row jet holes
setting in forward trapezoidal arrangement may have a great potential for cavitation suppression and
hydrodynamic performance. In addition, 155 ◦ jet holes arranged in the leading edge produced higher
pressure with reducing of the lift of the hydrofoil. Sun et al. [105] performed the numerical simulation
of cavitating flow around a NACA66 hydrofoil with focus on the effects of ventilation on cavitation
dynamics such as cavity dynamics, vortex structure, and the wake field. They used the Schnerr-Sauer
cavitation model, and the Large Eddy Simulation (LES) method to calculate the unsteady natural
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and ventilated cavitation. Their results revealed that the shedding frequency of the ventilated cloud
structures may be higher than the natural cavitation. In addition, the ventilation can effectively reduce
the turbulence intensity and turbulence integral scale in the wake of the hydrofoil. In other words, the
ventilation may improve the velocity pulsation and instability of the cavitation.

De Giorgi et al. [106] numerically investigated an active control method of unsteady cavitation
using a single synthetic jet actuator around a NACA0015 hydrofoil. Their results indicated that the
synthetic jet control method can lead to a reduction of the average vapor content and the average
torsional load in the amount of 34.6% and 17.8%, respectively. Yan et al. [107] numerically studied
the influence of active jet parameters on the cavitation performance of Clark-Y hydrofoil. They used
the large eddy simulation combined with the Zwart-Gerber-Belamri cavitation model to simulate
the cavitating flows. Theirs results showed that the active jet can block the re-entrant jet and reduce
the cavity volume on the hydrofoil when the jet position was located to the leading edge of the
hydrofoil. However, this effect may reduce the lift coefficient of the hydrofoil. According to this study,
the optimal jet scheme may increase the lift-drag ratio of the hydrofoil by 11.4%. Furthermore, the
cavitation volume fraction was reduced about 30% compared to the original hydrofoil. Luo et al.
[108] performed a numerical simulation to study the complex interaction of gas-vortex-turbulence in
ventilated cavitation over a NACA0015 hydrofoil using large eddy simulation. They presented the
interaction mechanism between turbulence and gas-liquid interfacial fluctuations for the ventilated
wake flow.

Gu et al. [109] numerically studied the control of the cavitation phenomenon of the fluid ma-
chinery at high-velocity flow conditions using a shark gill slit jet structure based on the principle of
bionics. The jet direction is consistent with the mainstream direction with different jet positions on the
hydrofoil. The results indicated that the time-averaged volume fraction was reduced by 46% compared
with the main hydrofoil at jet position of 0.6C. The lift-to-drag ratio of the jet hydrofoil was improved
compared to the main hydrofoil and the obvious shock wave mitigated significantly. Furthermore,
the lift-drag pulsation can be changed from low-frequency large-amplitude to a small high-frequency
amplitude using the cavitation control. Wang et al. [113] numerically investigated the control of the
cloud cavitation around a NACA66 hydrofoil using active water injection. They demonstrated that
the cavitation volume was reduced by 49.34% and the lift–drag ratio was increased by 8.55% at the
optimal parameter of the water injection which is located at 0.30C with the jet of 60 degrees. Li et al.
[114] numerically studied the cavitating flow around a NACA66 hydrofoil using large eddy simulation
and the acoustic analogy method. They used a active water injection combined with barchan dune
vortex generators to control the cavitation-induced noise. They found that the cavitation volume can
be decreased over 90% in some cavitating regimes and the monopole and dipole noise can be reduced
by 9.25 dB and 5.23 dB, respectively. In addition, an enhancement of the lift-to-drag ratio by 15.47%
can be observed for the hydrofoil with passive control barchan dune vortex generators. Furthermore,
the lift-to-drag ratio was increased by 64.54% for the hydrofoil using water injection combined with
barchan dune vortex generators to control.

Li et al. [115] performed a numerical simulation to control cloud cavitation using an control active
method. They used water jet at various stages of attached cavitation development on a NACA66
(MOD) hydrofoil to analyze the effects of intervention position and jet dynamics on cavitation control.
They set the jet positions on the hydrofoil at 0.19C (named as H019C), 0.30C (named as H030C), and
0.45C(named as H045C) from the leading edge. Their results revealed that the re-entrant jet strength
for H019C, H030C, and H045C are reduced by 43.44%, 54.96%, and 49.47% respectively, compared to
the original hydrofoil without control method. Furthermore, an improvement of the lift-to-drag ratios
for H019C, H030C, and H045C can be observed by 0.30%, 8.44%, and 12.30%, respectively. Ji et al. [117]
numerically studied the water injection on tip leakage vortex cavitation for a NACA0009 hydrofoil
with medium clearance. For the numerical simulation of the cavitating flows, they used a large eddy
simulation combined with the Schnerr-Sauer cavitation model. According to this study, the tip leakage
vortex was significantly reduced using the water injection and the drag coefficient was mitigated by
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3.5%. In addition, a reduction of about 15.40% in the maximum circumferential velocity of the tip
leakage vortex was obtained with the cavitation control. Wang et al. [118] investigated the mitigation
effects of an actively controlled flexible surface on a cloud cavitating flow over a hydrofoil. The flexible
surfaces driven by piezoelectric actuators with different actuation frequencies and amplitudes at three
representative regions along the hydrofoil. They indicated that the cavity shedding mode from a
large-scale shedding near the leading edge was changed to a small-scale shedding at the cavity closure
with the cavitation control.

4. Conclusions and Perspectives
In this review, an overview of the previous numerical and experimental works on the cavitation

control using passive and active methods was performed. As presented in the state-of-the-art, there are
different methods of passive and active flow control methods including sweep angle of foil, roughness,
bio-inspired riblets, V-shaped, J-grooves, obstacles, surface roughness, blunt trailing edge, slits, various
vortex generators and triangular slot, air injection, water injection, polymer injection, synthetic jet
actuator, piezoelectric actuators are reviewed. The following achievements can be summarized from the
numerical and experimental works in the field of cavitation control in marine engineering applications:

Based on the literature review, it can be concluded that the passive or active cavitation control
methods can affect the dynamics of cavitation in various cavitation regimes. In the case of moderate
cavitation such as sheet cavitation and partial cavitation, different passive control methods were
successfully used to stabilize the cavitation by control of the re-entrant jet and by keeping the collapse
zone away from the hydrofoil surface. In the case of highly-unstable cavitating flows such as unsteady
cloud cavitation, the mitigation of the cloud cavitation can hardly be achieved using only passive
control methods. This condition can be usually occurred at higher propeller loading and higher ship
speeds or at larger rudder angles during manoeuvres. However, the advantage of the passive flow
control methods is that there is no need to supply energy to the system, and a desired effect can be
achieved by modifying the geometry or physicochemical properties of a body surface.

Under the severe cavitating conditions such as cloud cavitation and cavitation surge regime, the
cavitation-induced instability can be happened due to the re-entrant jets expanding in the streamwise
and spanwise directions and also significant associated pressure waves propagating inside the cavity
structures on the immersible bodies. In these severe conditions of the cavitation, the passive control
methods can only mitigate some re-entrant jets expanding in the streamwise direction, however the
stabilization of the cavity structure on the hydrofoil and the mitigation of the pressure pulsation on the
hydrofoils can not be achieved. In addition to the passive control techniques, the active control methods
also require additional energy and, consequently, leads to higher costs for control of cavitation.

Therefore, it will be suggested in this work to develop a combined passive-active control method,
using the strengths of both methods, to suppress cavitation and cavitation instability for broad range of
cavitating flows efficiently in the future works. In the combined control method, the active cavitation
control can be only used for the severe cavitation regimes, where the passive cavitation control method
is not able to control the cavitation undesirable effects. In other words, the optimal position of the
passive control methods should be determined and the injection rates and optimal location of the air or
water should be defined for the optimal configuration of the comnined active-passive control method
to suppress cavitation and mitigate its negative effects. To the knowledge of author, passive-active
control techniques and related physical effects have not been studied yet.

Furthermore, the hydrodynamic efficiency and lift to drag ratio of the immersible bodies which
using the control methods should be considered in the future works. Because in many previous works,
this issue has been studied by few researchers, along with the control of the cavitation-induced erosion,
vibration and noise. There are still significant research gaps which can be affected the cavitation
control in real cases. The following parameters could also be considered for the future works such
as manufacturing processes of the passive, active or combined control methods, cost of combined
methods, lifetime and durability, scale effects, exchange information and identification of cavitating
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flows on immersible bodies and transfer it to a combined active-passive control method for optimal
cavitation control.
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