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Abstract

Cavitation is a physical phenomenon which consists of evaporation, bubble formation and col-
lapse and plays an important role in many technical fields. Cavitation appears in ship tech-
nology due to its erosive effect on the ship’s rudder and propeller as a result of the collapse
of cavitation bubbles near the wall surface. Cavitation can cause structural vibrations, noise
emissions, and hydrodynamic efficiency reduction in the maritime sector and in hydraulic ma-
chinery systems. Measures to reduce or avoid undesirable cavitation-related consequences may
importantly contribute to a better economic operation of ships and hydraulic machinery. This
thesis deals with developing efficient passive flow control methods to control and suppress the
deleterious effects of cavitation in different regimes. For this aim, a wedge-type miniature vor-
tex generator so-called Cavitating-bubble Generator (CG) was developed and cylindrical-type
miniature vortex generators so-called Cylindrical Cavitating-bubble Generators (CCGs) was
proposed to control the cavitation and to stabilize the cavitation-induced instabilities.

In this work, experimental investigations of these two cavitation passive control measures un-
der different cavitation conditions such as cavitation inception, quasi-steady partial cavitation,
unsteady cloud cavitation and cavitation surge regimes were performed. First, a high-speed
visualization of cavitation around two test cases without cavitation control was performed to
analyze the cavitation dynamics. Second, a particle image velocity technique was applied to
measure the mean flow velocity profiles around the surface and in the wake region. Third, a
hydroacoustic measurement was carried out to record local pressure pulsations in the wake re-
gion of the test cases. Then, the effects of the passive flow control methods on the qualitative
parameters such as cavity structures in different cavitating regimes were studied by means of
high-speed imaging. Finally, the effects of the cavitation control on the quantitative parame-
ters such as pressure pulsations, velocity profiles and shedding frequency were analyzed and
compared with the test cases without cavitation control. In addition, numerical investigations of
unsteady cavitating flows were performed to study the effects of the cavitation control in details.
First, unsteady cavitating flows around the test cases without cavitation control were computed.
For modelling of the cavitating flows, an Euler-Euler method with volume of fluid method was
used. Further on, a Partially-averaged Navier Stokes (PANS) for turbulence modelling was
coupled with the cavitation model and implemented to an open source code. Second, the influ-
ence of cavitation model parameters such as different nuclei density, nuclei radius and effect
of turbulence model coefficient on the dynamics of unsteady cloud cavitation were analyzed.
The numerical results were validated with the experimental data obtained in this work and the
experimental data from a benchmark study. Finally, the effects of different passive cavitation
control methods on the qualitative and quantitative parameters of cavitation were analyzed and
compared with the test cases without cavitation control. Fair qualitative and quantitative agree-
ments were obtained with the experimental data. The results revealed that the implemented
cavitation control methods are effective methods to mitigate the cavitation regions and to sup-
press the unsteady behavior of the cavitation. Overall, this work presents results towards the
investigation of cavitation control and the finding may be used to further develop in scientific
and industrial applications in future works.
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Zusammenfassung

Kavitation ist ein physikalisches Phänomen bestehend aus Verdampfung, Blasenentstehung und
Blasenkollaps. Sie spielt in vielen technischen Bereichen eine wichtige Rolle. In der Schiff-
stechnik tritt Kavitation durch ihre erosive Wirkung auf Schiffsruder und Schiffspropeller in-
folge des Kollapses von Kavitationsblasen in der Nähe der Wandoberfläche in Erscheinung.
Kavitation kann außerdem Strukturschwingungen, Geräuschabstrahlungen und Verringerung
der hydrodynamischen Effizienz im maritimen Bereich und in Strömungsmaschinen hervor-
rufen. Maßnahmen zur Reduktion bzw. Vermeidung von kavitationsbedingten Schwingungen,
Erosion und Geräuschabstrahlungen können einen wichtigen Beitrag für den wirtschaftlichen
Betrieb von Schiffen und Strömungsmaschinen leisten. Diese Dissertation befasst sich mit der
Entwicklung effizienter Methoden zur passiven Strömungsbeeinflussung, um die schädlichen
Auswirkungen der Kavitation in den verschiedenen Kavitationsregimen zu kontrollieren und
zu unterdrücken. Zu diesem Zweck wurde ein keilförmiger Miniaturwirbelerzeuger, ein soge-
nannter Kavitationsblasenerzeuger (CG), verwendet und zylindrische Miniaturwirbelerzeuger,
sogenannte zylindrische Kavitationsblasenerzeuger (CCGs), zur Kavitationskontrolle und zur
Stabilisierung der kavitationsbedingten Instabilitäten vorgeschlagen.

In dieser Arbeit wurden experimentelle Untersuchungen dieser beiden Methoden zur passiven
Kavitationskontrolle bei unterschiedlichen Kavitationsbedingungen (wie Kavitationsbeginn,
quasi-stationäre Teilkavitation, instationäre Wolkenkavitation und Kavitationsanstiegsregime)
durchgeführt. Zunächst wurde eine Hochgeschwindigkeitsvisualisierung der Kavitation um
zwei Testfälle ohne Kavitationsbeeinflussung durchgeführt, um die Kavitationsdynamik zu
analysieren. Im nächsten Schritt wurde eine PIV-Technik angewendet, um die mittleren Strö-
mungsgeschwindigkeitsprofile um die Oberfläche und im Nachlaufbereich zu messen. Weiter-
hin wurde eine hydroakustische Messung durchgeführt, um lokale Druckpulsationen im Nach-
laufbereich der Testfälle aufzuzeichnen. Anschließend wurden die Auswirkungen der Kav-
itationsblasenerzeuger auf qualitative Parameter wie Kavitationsstrukturen in verschiedenen
Kavitationsregimen mittels Hochgeschwindigkeitsvisualisierung untersucht. Schließlich wur-
den die Auswirkungen der Kavitationsblasenerzeuger auf quantitativen Parameter wie Druck-
spitzen, Geschwindigkeitsprofile und Ablösefrequenz analysiert und mit den Testfällen ohne
Kavitationskontrolle verglichen.

Zusätzlich wurden numerische Untersuchungen von instationären kavitierende Strömungen
durchgeführt, um die Auswirkungen der Kavitationskontrolle im Detail zu untersuchen.
Zunächst wurden diese Strömungen um die Testfälle ohne Kavitationskontrolle numerisch
modelliert. Zur Modellierung der Strömungen wurde ein Euler-Euler-Verfahrens mit VoF
Methode angewendet. Ein „Partially-Averaged Navier Stokes (PANS)“-Modell für die Tur-
bulenz wurde mit dem Kavitationsmodell gekoppelt und in einen Open Source Code im-
plementiert. Weiterhin wurde der Einfluss von Parametern des Kavitationsmodells (wie un-
terschiedliche Keimdichte, Keimradius und Auswirkung des Turbulenzmodellkoeffizienten)
auf die Dynamik der instationären Wolkenkavitation analysiert. Die numerischen Ergebnisse
wurden mit den experimentellen Daten dieser Arbeit und den experimentellen Daten einer
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Benchmark-Studie validiert. Schließlich wurden die Auswirkungen verschiedener passiver
Methoden zur Kavitationskontrolle auf die qualitativen und quantitativen Parameter der Kavi-
tation analysiert und mit den Testfällen ohne Kavitationskontrolle verglichen. Mit den experi-
mentellen Daten wurden gute qualitative und quantitative Übereinstimmungen erzielt.

Die Ergebnisse zeigten, dass die implementierten Methoden zur Kavitationskontrolle wirksame
Methoden sind, um die Kavitationsbereiche zu reduzieren und das instationäre Verhalten der
Kavitation zu unterdrücken. Insgesamt liefert diese Arbeit wichtige Ergebnisse für die Un-
tersuchung der Kavitationskontrolle und die Erkenntnisse können in zukünftigen Arbeiten zur
Weiterentwicklung in wissenschaftlichen und industriellen Anwendungen verwendet werden.
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Chapter 1

Introduction

Cavitation phenomenon is the mechanism of the vapor formation in a liquid when the local
static pressure of the liquid falls below a critical pressure threshold as known as saturation
pressure of the liquid. In cavitation phenomenon, the mechanism of phase transition driven
by pressure change may usually occur in the constant temperature, Franc and Michel (2006).
Cavitation phenomenon can be observed in various engineering systems such as marine en-
gineering, ship engineering, hydraulic systems, turbomachinery and aerospace engineering.
Figure 1.1 shows a schematic view of a typical phase diagram of water.

Figure 1.1: Schematic view of a typical phase diagram of water. The mechanism of phase
transition from the liquid phase into the gas phase driven by pressure change occurs in con-
stant temperature, while pressure is constant during the boiling process. Vertical green arrow
indicates the process of cavitation phenomenon in the constant temperature.

1.1 Types of the Hydrodynamic Cavitation

The region of the generated vapor in the cavitating flow is called vapor-filled cavity or cavity.
The dynamics of the cavity can be steady and attached to the surface of an immersible body
or it can be separated from the surface and transferred to the downstream direction. Cavity
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length and cavity thickness on the surface of an immersed body can be changed for different
cavitating flow conditions. Depending on the cavitating flow conditions, system and fluid prop-
erties, different cavity patterns on the surface can be formed. The first well-known cavitation
is quasi-steady partial cavitation or sheet cavitation which the cavity pattern may attach to the
body surface during the cavitating flow. This type of the cavitation has usually an insignificant
destructive effect on the surface. Sheet cavitation usually associated with the small-amplitude
vibrations and small erosive region on the surface of an immersed body. The second type of
the cavitation is travelling bubble cavitation which consists of the formation of the separated
bubbles in the vicinity of the body surface.

In this type of the cavity, the separated bubbles can travel to the downstream of the surface and
collapse in the high pressure region. This travelling bubble cavitation can usually occur in the
cavitating flow with the low incidence angles. The third type of the well-known cavitation is
vortex cavitation and it can be formed in the core of the vortices when the pressure inside the
core becomes below the saturation pressure of the liquid. The generated cavities inside the core
of the vortices can transfer to the downstream of the foil and it can affect the body surface and
other part of the systems. This type of cavitation can be formed on the tip section of the ship
propeller and pump impeller in turbomachinery systems. The fourth type of the cavitation is
supercavitation which consists of a large cavity around the whole part of an immersible body.
The cavity length of the supercavitation is usually larger than the chord length of the body
surface. The supercavitation can be generated usually in the high velocity and at the high angle
of attack or in very low cavitation number. The supercavitation has also a positive effect on
the reduction of the drag force of immersed bodies which move in high velocity. The fifth
type of cavitation is unsteady partial cavitation which usually attach to the surface near the
leading edge and it’s cavity length is smaller than the half of the total length of the body. In this
cavitating regime, only small cavity structures can be separated from the aft part of the attached
cavity. The structures of the shedding cavities in unsteady partial cavitation is much larger than
the sheet cavitation. In some literature, the cavity is called a partial cavity since the length of
the cavity is smaller than the chord length of the test object, Franc (2018).

One of the important types of the cavitation is known as cloud cavitation consists of the shed-
ding of the large-scale cavity structures from the body surface. The large-scale cavities can
usually separate from the attached part of the cavity and then transfer to the downstream and
collapse in the vicinity of the body surface. This type of cavitation is known as the most erosive
cavitation compared with the other types of cavitation. The region of the cavitation-induced
erosion on the surface of an immersed body in unsteady cloud cavitating regime is much wider
than the erosion region which can be induced by sheet and unsteady partial cavitation with
shedding of the small-scale cavity structures. Actually, cloud cavitation could be a strong type
of unsteady partial cavitation with the shedding of large-scale cavity structures. The unsteady
cloud cavitation with a transitional phase from sheet to cloud structure can be usually induced
at middle and high angles of attack and a middle cavitation number. The cavity length of the
unsteady cloud cavitation is in the range of 50-70% of the total length of the object, Callenaere
et al. (2001).

The last important type of cavitation is cavitation surge which can usually appear at the limit
between unsteady partial cavitating and the supercavitating regimes at lower cavitation number
compared with the unsteady cloud cavitation. The cavity length of the cavitation surge is rela-
tively larger than the cavity length of unsteady cloud cavitation and is about more than 70% of
the total length of the object. The unsteady cloud cavitation and cavitation surge are the most
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destructive types of the unsteady cavitation which can occur in different industrial applications.
Figure 1.2 shows the different types of the cavitation which mostly occur in the marine and
turbomachinery applications.

Figure 1.2: Different types of the cavitation. a) Tip vortex cavitation on a ship propeller,
Kuiper (2012b) b) Travelling bubble cavitation on the suction side of a hydrofoil at medium
angle of attack, Franc (2008), c) Sheet cavitation on a propeller blade at full scale, Kuiper
(2012a), d) Cloud cavitation on a hydrofoil with shedding of a large-scale cavitation cloud,
Franc and Michel (2006), e) Supercavitation around a two-dimensional hydrofoil, Franc and
Michel (2006), f) Unsteady partial cavitation on a hydrofoil with shedding of small-scale cav-
ity structures, Franc (2018).

Figure 1.3 shows a mapping of the various cavity flow patterns on a hydrofoil at a fixed
Reynolds number of Re = 106 and at different angles of attack and different cavitation num-
bers, Franc and Michel (2006). The cavity pattern (1) in the figure shows a trailing edge cavity
pattern which detaches from the rear part of the hydrofoil near the laminar separation of the
boundary layer for an attack angle of around zero. The cavity pattern (2) indicates a supercavity
with a strongly three-dimensional cavity detachment for an angle of attack of around 5 degrees.
A quasi-straight cavity detachment in the spanwise direction can be observed from the super-
cavity at a higher attack angle, see cavity pattern (3). It can be deduced from the figure that a
supercavity can be occurred for any angle of attack in the low cavitation numbers. Franc and
Michel (2006) indicated that the S-shaped limiting curve around the 4 degrees can be the results
from the strong interaction between the cavity and the boundary layer. It means that the lead-
ing edge cavity may completely disappear before the development of the new cavity structure
at sufficiently low cavitation numbers. The cavity pattern (4) shows an unsteady cloud cavity
which was detached from the sheet cavity structure in the higher values of the cavitation num-
bers compared with the cavity patterns (1)-(3). The well-known unsteady cloud cavitation can
be occurred in this range of the cavitation regime. The cavity pattern can be changed from the
unsteady cloud cavity to a two-phase cavity pattern (cavity pattern (5)) at higher angle of attack
with the cavitation number in the range of the cavitation number in (4). Therefore, the cavity
can be filled with a water-vapor mixture instead of a pure vapor in this cavitating condition.
The shear layer cavity pattern or shear cavity structures (cavity pattern (6)) can be observed at
high angles of attack and at quasi higher cavitation numbers.
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Figure 1.3: The picture of a mapping of the various cavity flow patterns on a hydrofoil at a
fixed Reynolds number of Re = 106 and at different angles of attack and different cavitation
numbers, Franc and Michel (2006). 1) The trailing edge cavity pattern for an angle of attack of
around zero, 2) The supercavity pattern with a strongly three-dimensional cavity detachment
for an angle of attack of around 5 degrees, 3) The supercavity pattern with a quasi-straight
cavity detachment in the spanwise direction for an angle of attack of around 10 degrees, 4) The
unsteady cloud cavity pattern in the middle values of the cavitation numbers, 5) The two-phase
cavity pattern in the middle values of the cavitation numbers, 6) The shear layer cavity pattern
at high angles of attack.

1.2 Destructive Effects of Cavitation

It is known that unsteady cloud cavitation and cavitation surge are the most undesirable or
dangerous types of cavitation which can be occurred in different industrial applications such as
marine engineering, turbomachinery and hydraulic machinery systems.
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Figure 1.4: Different destructive effects of the unsteady cloud cavitation and the cavitation surge
which mostly observed in marine applications and turbomachinery systems, a) Cavitation-
induced erosion on ship rudder, Oh et al. (2009). The erosion regions on the rudder marked with
yellow dotted line, b) Tip vortex cavitation and cavitation-induced noise, Ganz (2012), c) Pro-
peller cavitation-induced damage, Ganz (2012), d) Cavitation-induced instabilities due to the
unsteady cloud cavitation on a benchmark hydrofoil (present work), e) Cavitation-induced ero-
sion in pump blades, Brennen (1995), f) Cavitation-induced erosion in pump impeller, Gülich
(1988), g) Cavitation-induced erosion at vane inlet of a centrifugal pump blades, Ganz (2012),
h) Coalesced effect of cavitation and silt erosion in the guide vane, Gohil and Saini (2014), i)
Cavitation at the turbine blade root, Kumar and Saini (2010).
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The cavitation surge instabilities and the transition of cavitation from sheet to unsteady cloud
cavitation are highly undesirable phenomena and lead to different destructive effects such as
performance degradation, erosion on the surface, amplification of noise and enhancement of
the vibration loads on the various parts of hydrodynamic constructions, (Reisman et al. 1998,
Dular et al. 2004, Patella et al. 2013, Wu et al. 2015). The collapse of the large-scale cavitation
clouds in unsteady cloud cavitation regimes may generate high wall-pressure pulsations and
can cause significant cavitation-induced erosive damages on the surface of immersed bodies.
Figure 1.4 shows destructive effects of the unsteady cloud cavitation and cavitation surge which
usually observe in marine applications and turbomachinery systems. The cavitation-induced
erosion on some hydrodynamic constructions such as ship rudder, ship propeller, pump blades
and vane inlet of centrifugal pump impeller were shown in the figures 1.4 (a), (b), (c), (e), (f)
and (g). The examples of the cavitation-induced instabilities on the hydrofoil is shown in figure
1.4 (d). The coalesced effect of cavitation and silt erosion in the guide vane and the cavitation
at the turbine blade root were shown in the figures 1.4 (h) and (i), respectively.

1.3 State of the Art and Motivation

1.3.1 State of the Art in Cloud Cavitation and Cavitation Surge

Investigations of the unsteady cloud cavitation dynamics and its destructive effects were the
subject of different studies. In the past decade, many researchers studied the unsteady cavitat-
ing flows over the moving bodies immersed in a liquid such as hydrofoils, propellers, pumps
and turbine blades by experimental work and numerical modelling. The assessment of the
destructive influences of the unsteady cloud cavitation and cavitation surge on the hydrofoil
and the venturi-type geometries provide better understandings of the mechanism of these kinds
of cavitation. Therefore, most of the experimental and numerical studies were performed on
different geometries of hydrofoil and venturi-type geometries. The dynamic behavior of the
unsteady cloud cavitation and cavitation surge phenomena were widely investigated experi-
mentally and numerically by different researchers. Acosta (1955) studied partial cavitation on
the flat plate hydrofoils. Wade and Acosta (1966) investigated the unsteady cloud cavitation
on a plano-convex hydrofoil. They reported strong periodic oscillations in cavity length and
hydrodynamic forces exerted on the hydrofoil due to the collapse of the cavitation clouds on
the foil surface. Their results showed that the peak-to-peak magnitude of the force oscillations
can reach to 20 % of the average force.

Tsujimoto (1995) studied the instability of the cavity structure and indicated that the region
of the cavity instability may occur at the transition between partial and super-cavitation in
rotating cavitation which was observed in inducers. Brennen (1995) discussed about different
types of cavitation including sheet cavitation and periodic formation and collapse of a “cloud”
of cavitation bubbles. He mentioned that the coherent collapse of the cloud of bubbles may lead
to an intense noise and has a significant potential to damage the surface of an immersed body.
The generation mechanism of the cloud cavitation on a hydrofoil surface was investigated by
Kawanami et al. (1997). They found that the collapse of a sheet cavity may be triggered by a
re-entrant jet rushing from the trailing edge to the leading edge. Therefore, a cluster of bubbles
called cloud cavity can be shedded from the surface near the leading edge of the hydrofoil.
Reisman et al. (1998) investigated the mechanism of the cloud cavitation and identified the
shock waves propagation emitted during local and global events.
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Franc and Michel (1988) studied the effects of the unsteadiness on the attached cavitation.
They concluded that a cavity detachment can be occurred behind the laminar separation of
the boundary layer and the transition to the turbulence structures may sweep away an attached
cavity. Pham et al. (1999) performed the experiments using visualizations and pressure mea-
surements to study the unsteady characteristics of the sheet cavitation which lead to the cloud
cavitation. They observed that a re-entrant jet and small interfacial waves are two mechanism
of the cavitation instability. Arndt et al. (2000) studied the instability of the partial cavitation
numerically and experimentally. They performed the experiments in two different cavitation
tunnels. They measured the acoustic radiation from different cavity pattern on a hydrofoil sur-
face. Their results showed a good agreement between the noise characteristics induced by the
collapse of the cavitation clouds and the characteristics of the lift oscillations.

Kjeldsen et al. (2000) carried out different experiments and reported that the dynamic charac-
teristics of the cavitation can vary considerably with various combinations of angle of attack
and cavitation number. They determined that at high angles of attack and low cavitation num-
ber, a low frequency shedding of the unsteady cloud cavitation may lead to strong oscillations
in the lift force and the pressure pulsations. Ventikos and Tzabiras (2000) developed a numeri-
cal method for the prediction of two-dimensional steady and unsteady cavitating flows for low
and moderate Reynolds numbers using water-vapor mixture state laws. Laberteaux and Ceccio
(2001) investigated experimentally the partial cavities formed on a series of two-dimensional
wedges and on a plano-convex hydrofoil. They determined that the flow around a closed cav-
ity is largely irrotational and the vorticity can be created when the cloud cavitation may col-
lapse downstream of the cavity. Watanabe et al. (2001) described a theoretical analysis of the
transitional and the partial cavity instabilities using a linearized free streamline theory with a
singularity method. Their results revealed that the transitional cavity oscillations with the large
amplitude can be occurred when the cavity length exceeds 75 % of the chord length. They
mentioned that the partial cavity oscillation has relatively higher shedding frequency compared
with the transitional cavity oscillation. It should be mentioned that cloud cavitation is one of
the types of transitional cavitation which can be formed from a sheet cavity to cloud cavity
structure.

Kawanami et al. (2002) investigated experimentally the inner structure of the cloud cavity on
a hydrofoil surface. They determined that the cloud cavity structure on the hydrofoil surface
is a U-shaped vapor structure with the cavity bubbles surrounding it. In other words, a chain
of the cavity bubbles or thin vortex cavity can be often observed around the main vortex cavity
which forms the cloud cavity. Sato et al. (2002) performed an experimental investigation to
clarify the characteristics of the unsteady cavitation on a flat plate hydrofoil. They stated that
the mean length of the cavity structure on the hydrofoil surface is an important parameter to
characterize the fundamental characteristics of the cavity oscillation. They described that the
cavity oscillations can be categorized into two types which are the transitional cavity oscillation
and the partial cavity oscillation. In addition, they observed that the liquid re-entrant jet is not
the cause of the transitional cavity oscillations but rather a result of the cavity oscillations. Qin
et al. (2003) simulated an unsteady turbulent wake behind a cavitating hydrofoil using virtual
single-phase cavitation model with a barotropic flow assumption. They found that the simulated
cavitating flow is highly unsteady which strongly affects the wake flow of the hydrofoil. They
reported different unsteady vortex shedding mechanisms in the wake region of the cavitating
hydrofoil.
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Kunz et al. (2003) performed numerical investigations of the unsteady cloud cavitation around
a hydrofoil using a conventional k− ε and DES turbulence models. They reported highly un-
steady cavitation structures on the suction side of the hydrofoil which characterized by large
recirculating flow regions. Coutier-Delgosha et al. (2003b) proposed a numerical model to
simulate the unsteady cavitating flows in two venturi type sections. They controlled the vapor-
ization and condensation processes by a barotropic state law which relates the fluid density to
the pressure variations. They used an arbitrary modification of the turbulence model to consider
the effects of the vapor-liquid mixture compressibility on the turbulence structure. Their results
revealed a self-oscillation behavior of the cavitation on the venturi surface with a good estima-
tion of the vapor cloud shedding frequency compared with the measurements. They obtained
a good agreement between their numerical and experimental results in the cavitation inception
and unsteady cloud cavitating regimes. Zhou and Wang (2007) simulated cavitation flow on a
hydrofoil using a modified RNG k− ε turbulence model. Their results revealed an improve-
ment of simulation of the unsteady cloud cavitation and the shedding frequency of the cavity.
Coutier-Delgosha et al. (2007) performed the experimental and numerical investigations of the
cavitating flows around a symmetrical hydrofoil. Their results presented the dynamics of the
cavitation inception, sheet cavitation and supercavitation. But the focus of their work was on
the dynamics of the unsteady cloud cavitation. They measured lift and drag forces without and
with cavitation, wall pressure signals around the hydrofoil and the frequency of the oscillations
in the case of cloud cavitation.

Kim (2009) numerically studied the unsteady cloud cavitation on a hydrofoil using RANS, DES
and LES turbulence models. They used a two-phase flow approach based on the homogeneous
mixture approximation. He showed that the RANS computation can give poor predictions of
the frequency content and the mean values of the lift and drag coefficients. The results revealed
that the LES and DES computations can predict the lift and the drag forces associated with the
highly unsteady cloud cavitation on the hydrofoils more accurately compared with the RANS
model. Li et al., (2009) used a modified Shear-Stress Transport k−ω model with a multi-phase
mixture flow RANS solver to predict the steady and unsteady cavitating flows around 2D and
3D hydrofoils. It was found that using the modified SST model, the RANS solver is able to
predict the essential features like development of re-entrant jet, the pinching-off the cavity and
the shedding of the cloud cavities.

Liu et l. (2009) developed a cavitation calculation scheme and applied to ALE 15 and ALE
25 hydrofoils, based on the bubble two-phase flow cavity model with a LES turbulence model.
They reported that the cavitation bubble gradually grows to a steady lump shape and then pro-
duces an irregular small bubble behind the main cavitation bubble with the time-marching.
They showed that the vortex structures, reverse flow and the shedding of the cloud cavity struc-
ture can be observed using their numerical approach. Arndt (2010) reviewed numerical and
experimental investigations of the sheet/cloud cavitation. He described that a more complex
phenomenon including both re-entrant jet and bubble collapse shock wave can be observed for
the cavitating flows at low cavitation numbers. He mentioned that the effect of harmonics on the
cavity shedding behavior should be considered when studying cavitation instabilities in small
water tunnels. Furthermore, he stated that the gas content, surface characteristics and system
characteristics should be studied in details in future cavitation investigations. Liu et al. (2010)
simulated unsteady cavitating flow and the dynamic shedding of the cloud cavitation on a 3D
elliptical hydrofoil using a full cavitation model and a modified RNG k− ε turbulence model.
They considered the influence of the compressibility effects on the turbulence by artificially
modifying the turbulent viscosity in the compressible mixture flow region.
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Lu et al. (2010) used a LES turbulence model in combination with a volume of fluid im-
plementation and Kunz cavitation model for the mass transfer between phases to simulate the
cavitating flow around the delft-twisted hydrofoil. Their results showed main cavitation mecha-
nisms including periodic shedding of main and secondary cavities and side- and re-entrant jets.
Yang et al. (2011) used the full cavitation model and a RNG turbulence model with a modified
turbulence viscosity coefficient to simulate unsteady cavitating flow around a hydrofoil with
emphasizing on the cavity’s three-dimensional features. They reported that the results of the
shedding frequency on the 3D hydrofoil agrees well with the experimental data. Mostafa et
al. (2012) simulated the unsteady behavior of the partial cavitation around a two-dimensional
hydrofoil using pressure-based finite volume method. They focused on the cavitation inception
modelling and the prediction of the shape and behavior of the cavity structure at different cavi-
tation numbers. Roohi et al. (2013) carried out the numerical simulations of the cavitating flow
over the Clark-Y hydrofoil using the LES turbulence model and volume of fluid technique.
They presented the results of the steady state and transient cavitations, cavitation dynamics,
starting point of cavitation and the cavity’s diameter. They observed a suitable accuracy for the
cavitation dynamics and force coefficients compared with the experimental data.

Ji et al. (2013a) simulated the cavitating turbulent flow around the hydrofoils using a PANS
turbulence method and a mass transfer cavitation model with the maximum density ratio effect
between the liquid and vapor. Their results showed that the primary shedding can be related to
the collision of a radially-diverging re-entrant jet and the attached cavity surface. In addition,
they reported that the interaction between the circulating flow and the shedding vapor cloud
may be the main mechanism producing the cavitating horse-shoe vortex. Huang et al. (2013)
applied combined experimental and computational modeling to investigate unsteady sheet/-
cloud cavitating flows. They described that the formation, breakup, shedding and collapse of
the cavitation clouds lead to substantial increase in the turbulent velocity fluctuations around
the hydrofoil and in the wake region for the unsteady sheet/cloud cavitating case. Their results
revealed that a significant modification of the wake patterns can occurred under the effects of
the unsteady cloud cavitation. Watanabe et al. (2014) performed experimental studies of the
unsteady cavitating flow and the lift/drag characteristics of a two-dimensional Clark-Y hydro-
foil. They determined that the cavity structure is being a partial cavity in almost steady state
regimes during the slight increase of the lift. But during the subsequent gradual lift decrease,
the partial cavity structure oscillates with the shedding of the cloud cavity. Furthermore, they
observed that the shedding frequency can decrease with the growth of the cavity length for the
partial cavity oscillation. In addition, they found that the low frequency transitional cavity os-
cillation can be occurred in which the cavity structure dramatically changes between the partial
cavity and supercavity.

Zhang et al. (2014) proposed a dynamic cavitation model for the simulation of the unsteady
cavitating flow. They showed that the characteristic of the unsteady cavitating flow, such as
the vapor volume fraction distribution and the evolution of pressure amplitude and frequency
at different locations of the hydrofoil can be captured with the dynamic cavitation model. In
addition, they reported the existence of a re-entrant jet which can cause the shedding of the cav-
ity and the phenomenon of two-peak pressure fluctuation in the vicinity of the cavity closure
in a cycle. Pelz et al. (2014) studied the mechanism of the sheet to cloud cavitation transition
and the influence of the Reynolds number on the cloud cavitation behavior. They determined
that the unsteady cloud cavitation can be observed at the Reynolds numbers above that critical
value. Their results revealed that the shape of the cloud is a horse shoe (U-shaped) with two
legs ending at the material surface. Huang et al. (2014) quantified the influence of sheet/-
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cloud cavitation on the hydrodynamic coefficients and surrounding flow turbulent structures
to improve the understanding of the mechanism of sheet/cloud cavitation. They mentioned
that the transient development of the sheet/cloud cavitation can significantly change the inter-
action between the leading edge and trailing edge vortices. In addition, they described that
the magnitude as well as the frequency of the hydrodynamic load fluctuations can be changed
significantly under the effects of the unsteady cloud cavitation.

Kravtsova et al. (2014) performed the experiments of the cavitating flows around a flat plate
with semi-circular leading edge and a NACA0015 hydrofoil at different attack angles with
varying cavitation number. They showed that the progressive growth of gas-vapor cavity may
promote early separation of the flow on the hydrofoil surface. They determined that the tran-
sition to unsteady cloud cavitation leads to the global modification of the flow and turbulence
compared with the cavitation inception case. Ji et al. (2015) studied the transient cavitating
vortical flow structure around a NACA66 hydrofoil using LES turbulence model. Their results
revealed a relationship between the pressure fluctuations and the cavity shedding process. They
stated that the cavity volume acceleration could be the main source of the pressure fluctuations
around the cavitating hydrofoil. Chen et al. (2015) presented numerically the collapse regimes
of the cavitation occurring on the submerged vehicles navigating with deceleration. A homoge-
neous equilibrium cavitation model was combined with the pressure-velocity-density coupling
algorithm to simulate the unsteady cavitating flows. Through the comparative analysis on the
velocity field and the stress distribution along the body, it was demonstrated that the cavity
collapse may produce extremely high pressure instantaneously.

Gnanaskandan and Mahesh (2016) simulated the transition phenomenon from sheet to cloud
cavitation over a wedge geometry using a LES turbulence model. Their results revealed that
the pressure waves induced by the collapse of cavitation clouds are found to display both cyclic
behavior and small scale transient behavior downstream of the wedge. In addition, they stated
that the LES method agree better with experimental data than the unsteady RANS method in
predicting the highly unsteady cavitating flow. Chen et al. (2016) performed a numerical inves-
tigation of the dynamic behavior of sheet to cloud cavitation regimes around a hydrofoil. They
analyzed the correlation between the evolutions of the vortex flow and the pressure distribution
along the suction side of the hydrofoil. They found that the main oscillation of the pressure
has the same frequency as the shedding of the cavitation cloud. Furthermore, they described
that the secondary oscillation with smaller amplitude and higher frequency in a period of the
pressure fluctuations may be caused by the alternate generation and shedding of the vortexes
near the cavity closure.

Wu et al. (2017) carried out experimental tests of the cavitating flows over the 2D convergent-
divergent test section to study sheet cavitation and bubble cloud formation. They mentioned
that the flow structure changes from vortex shedding with entrapped thin cavities to a sheet
cavity with a re-entrant jet producing cloud cavity at high inlet velocity. Furthermore, they
described that the two-phase bubbly flow shock front can move upstream at a speed higher
than the local sound speed. Mitroglou et al. (2017) studied experimentally unsteady cloud
cavitation vortex shedding inside an injector nozzle. Their results revealed that the coherent
vortical structures of a hairpin shape can be initiated at the closure region of the vapor cloud
and can be shed downstream in a fully transient manner.

The dynamics of cavitation surge and the characteristics of the cavity structures in cavitating
surge regimes were investigated by different researchers, (Watanabe et al. 2001, Duttweiler and
Brennen 2002, Kawakami et al. 2008, Iga et al. 2011). They indicated that the unsteady partial
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cavitation can be typically replaced by a cavitation surge when the cavity length on the surface
of hydrofoil reach about 75-100% of the chord length. They showed that the oscillation of a
cavitation surge can be characterized at a lower frequency compared with the unsteady cloud
cavitation. Their findings revealed that the wall-pressure pulsations in the cavitation surge
may increase significantly compared with the wall-pressure pulsations in the unsteady cloud
cavitation. They indicated that the pressure distribution in the closure region of the attached
cavity is relatively flat in the cavitating surge regime compared with the cloud cavitating regime
with a quasi concave cavity closure. The instability of the cavitation surge was observed by
most of the researchers as a system instability and not as an intrinsic instability which is due to
the development of the re-entrant jet in the regimes of the unsteady cloud cavitation.

Mechanism of Unsteady Cloud Cavitation Formation

For the better understanding of the unsteady cloud cavitation dynamics in order to reduce its
negative effects, it is required to understand firstly the mechanisms of the unsteady cloud cavita-
tion formation. According to the literature review, different mechanisms of the cloud cavitation
formation or cavitation instability generation were proposed by the previous researchers. Many
studies have verified the existence, development and the role of liquid re-entrant jet on the for-
mation of the unsteady cloud cavitation dynamics and shedding of the cavitation clouds. Fur-
ness and Hutton (1975) investigated the structure of the re-entrant jet on a convergent–divergent
nozzle. They indicated that a water re-entrant jet can invade the growing attached cavity from
the cavity closure region and moves upstream along the wall surface. Then this re-entrant jet
interrupt the attached cavity when it reached the nozzle throat. They found that their theoret-
ical results are in reasonable comparison with the experimental data. Lush and Skipp (1986)
studied experimentally the shedding mechanism of the cavities and the cavity dimensions in a
duct using high speed photography. They attributed the occurrence of periodic shedding of the
cavitation clouds to a water re-entrant jets.

Le et al. (1993) also reported the existence of the re-entrant jets on a plano-convex hydrofoil
for the generation of the unsteady cloud cavitation. Kawanami et al. (1997) investigated ex-
perimentally the mechanism of the cloud cavitation. They indicated that the shedding of the
cavitation clouds mostly related to the presence of a re-entrant jet. Gopalan and Katz (2000)
investigated the unsteady cavitation phenomenon in a nozzle. They presented that a re-entrant
jet can develop when the cavity closure is in the region of adverse pressure. Callenaere et al.
(2001) found the importance of the role of adverse pressure on the development of re-entrant
flow. They showed that the growth of the re-entrant jet to the leading edge of an immersible
body result in the periodic shedding of the cavity structures. Laberteaux and Ceccio (2001)
studied the mechanism of the flow in the closure region of the attached cavity and its role in
dictating the phase transfer. They indicated that in the closure region, a re-entrant jet may
be generated and propagated upstream along the wall surface and caused the shedding of the
cavity structure.

Iga et al. (2003) calculated numerically a two-dimensional unsteady cavity flow through a
cascade of hydrofoils. They studied the instability phenomena of an attached cavity in the
transient cavitation condition and the mechanism of the break-off phenomenon. They observed
two mechanisms of the break-off phenomenon of the sheet cavity which are re-entrant jet as
a dominant role and the pressure waves propagating inside the cavity accompanying by the
cavity surface waves. Saito et al. (2003) modelled the unsteady cloud cavitation around a
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hydrofoil using a phase change model. They used a Baldwin-Lomax model with the Degani-
Schiff modification to obtain the turbulent eddy viscosity. Their results revealed that a re-
entrant jet may cause the periodic sheet cavity break-off on the hydrofoil surface at a middle
cavitation number. In addition, they stated that a dominant factor of the attached cavity break-
off may be due to the intrinsic cavity instability at higher cavitation numbers. Mørch et al.
(2003) investigated the formation of cavity clusters at sheet cavity with a re-entrant jet contact.
They indicated that a re-entrant jet can move upstream from the curved trailing edge of the
attached cavity and produce the cavitation clouds.

Leroux et al. (2005) studied cavitating flow around a two-dimensional hydrofoil both numeri-
cally and experimentally. They reported that a re-entrant jet is mainly responsible for the cavity
break off at several incidences of the hydrofoil in the cloud shedding phenomenon. Dular et al.
(2007) carried out the experiments of the cavitation on two-dimensional hydrofoils with swept
leading edges to study the three-dimensional effects of the cavity. They reported that the circu-
lation of the flow is generated by a re-entrant jet and the re-entrant jet velocity gains a spanwise
component if the closure line of the cavity is inclined. Foeth et al. (2008) made an informative
study of the unsteady partial cavitation dynamics on a twisted hydrofoil. They found that a
re-entrant jet with the component along the spanwise directions may cause the pinching off the
cavitation clouds on the hydrofoil suction surface.

Dular et al. (2012) investigated the scale effects on the dynamics of cavitating flows with peri-
odical cloud shedding. They performed the experiments in six geometrically similar venturi test
sections where either the width or height of the venturi or both were scaled. They described that
the sheet cavity becomes stable when the section is scaled down to a certain point. This effect
was because the re-entrant jet cannot be fully developed on the venturi surface although some
oscillations still were existed. Peng et l. (2016) carried out the experimental and numerical
studies of the cloud cavitation with U-type flow structures on hydrofoils. The spatial-temporal
evolution of the unsteady cloud cavity was observed by high-speed visualization. Their results
showed that a strong adverse pressure gradient in the stagnation region at the downstream end
of the attached cavity may force the re-entrant flows into the vapor structure. They observed
a radially-diverging re-entrant jet and a pair of side-entrant jets which can cause the cavity
shedding on the hydrofoil surface.

He et al. (2016) investigated the shedding of cloud cavitation in a nozzle orifice experimen-
tally and numerically. They reported that the attached cavitation grows and shedding of the
cavitation cloud can be occurred due to a re-entrant jet located between the cavity and wall.
Furthermore, they determined that the dynamic mechanism causing shedding of the cavitation
cloud is a combination of shedding vortex and pressure fluctuations. Che et al. (2019a) recently
investigated the dynamic behaviors of the cavity shedding in different unsteady cavitating flows
around a hydrofoil. They showed that two symmetrical side-entrant jets originated at the near-
wall and a middle-entrant jet may play important roles in the shedding of the cavity. Figure
1.5 shows a typical cyclic process of the unsteady cloud cavitation dynamics, see Brennen
(1995). Three frames in the figure 1.5 illustrate the formation, separation and the collapse of a
cavitation cloud on the suction surface of a hydrofoil.
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Figure 1.5: The typical cyclic process of the unsteady cloud cavitation dynamics, see Brennen
(1995). Three frames in the figure 1.5 show the formation, separation and the collapse of a
cavitation cloud on the suction surface of a hydrofoil. The flow is from left to right, velocity
of the flow is 7.5 m/s and corresponding cavitation number is 1.1. The attack angle of the
hydrofoil is 5◦.

Few previous researchers attributed the occurrence of unsteady cloud cavitation mechanism to
the boundary layer separation near the leading edge of the body surface. Franc and Michel
(1985) investigated the relation between cavitation and laminar separation of the boundary
layer. They showed that the cavity does not detach from the body at the minimum pressure
point. They indicated that the separation of the boundary layer in the vicinity of the leading
edge of a hydrofoil can induce the inception of the cavity. Kubota et al. (1989) considered
that a shear layer separated at the leading edge of the attached cavity may cause a re-entrant
jet into the cavity surface which generate an unsteady cloud cavitation. In the other words, the
instability of the shear layer may produce the cavitation clouds.

Some researchers found that the existence of shock waves may play an important role for the
formation of the mechanism of cloud cavitation in unsteady cavitating flow conditions. Reis-
man et al. (1998) observed the existance of the shock waves in the generation of the unsteady
cloud cavitation mechanism. They indicated that the collapse of cavitation clouds downstream
of a body surface can induce some shock propagation which can affect the mechanism of the
cloud cavitation formation. Recently, Ganesh et al. (2016) investigated a type of unsteady cloud
cavitation which can form from the separated cavity on the apex of a wedge-type nozzle. They
found that a high-void-fraction bubbly mixture may reduce the sound speed in liquid which may
be required for the formation of shock waves. They revealed that the formation of shock waves
are responsible for the transition from the quasi-steady sheet cavity to a periodically shedding
cloud cavitation. Budich et al. (2018) studied recently the cavitation patterns and the instability
mechanisms governing unsteady cloud cavitation in the flow past a sharp convergent-divergent
wedge. They illustrated that, in addition to the mechanism of the re-entrant jets, the conden-
sation shocks can enhance the intrinsic instability mechanism of the unsteady cloud cavitation.
However, the mechanism of the unsteady cloud cavitation generation which induced by the
shock waves is still unclear and it was not investigated in details.
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1.3.2 State of the Art in Cavitation Control

Different active and passive methods of the cavitation control were investigated by the re-
searchers. The previous studies of the cavitation control mostly focused on the control of
quasi-steady sheet cavitation, supercavitation and vortex-induced vibrations in non-cavitating
regime. The passive control methods using vortex generator and cavitators in the supercavi-
tating flow were investigated by different researchers, Ahn et al. (2012), Pendar and Roohi
(2016), Roohi et al. (2016), Yang et al. (2017), Kadivar et al. (2017), Moghimi et al. (2017),
Erfanian and Anbarsooz (2018). They studied the effects of the passive control on the cavi-
tation structure using different cavitators in the supercavitating regimes. Their results showed
that the shape and the wedge angle of the cavitators may significantly affect the structure and
type of the supercavity of the immersed bodies with high speed. They indicated that a signifi-
cant drag reduction can be achieved on the surface of the object in supercavitating regime using
the passive control.

The effects of passive control method on the sheet and cloud cavitation dynamics were stud-
ied by different researchers. Tassin Leger and Ceccio (1998) studied the modifying of the
physicochemical properties of a body surface by using superhydrophilic and superhydrophobic
materials. The method of the applying flexible coatings were investigated by Akcabay et al.
(2014), Zarruk et al. (2014), Wu et al. (2015). The method of using the irregular distributed
roughness on the surface of the venturi-type geometry and hydrofoil in sheet cavitation regime
was studied by Coutier-Delgosha et al. (2005) and Churkin et al. (2016). Coutier-Delgosha et
al. (2005) studied the effect of the surface roughness on the dynamics of sheet cavitation on a
two-dimensional hydrofoil section. They showed that the surface roughness may arrange the
cavitation cycle in the sheet cavitating flow.

Churkin et al. (2016) investigated different wall roughness on the cavitation structures over
the hydrofoils using high-speed visualization. They revealed that the surface roughness can
manipulate the cavitation structures and control the development of the cavity in some cavitat-
ing conditions. Zhang et al. (1998) investigated the effect of the surface roughness to control
the development of the cavity. Liu et al. (2018) proposed a groove method to suppress the
tip leakage vortex in non-cavitating regime. They found that a proper position of the groove
near the hydrofoil leading edge can suppress the tip leakage vortex in the inception moment.
Ausoni et al. (2012) studied the effects of the distributed roughness on the vortex shedding
from a blunt trailing edge hydrofoil in cavitation free regime. They showed that with the help
of a distributed roughness, the transition to turbulence can be triggered at the leading edge,
reducing the spanwise non-uniformities in the boundary layer transition process. The effects
of the leading edge roughness on the boundary layer and transition manipulation was studied
by Dryden (1953) and Kerho and Bragg (1997). They showed that the roughness effects can
trigger the laminar to turbulent transition location in non-cavitating regime.

Few experiments and numerical studies were performed to reduce the undesirable effects of the
cavitation in the unsteady cloud cavitating or cavitation surge regime using cavitation control
method. Crimi (1970) studied the effects of introducing a sweep angle to a hydrofoil on the
cavitation-induced erosion. They carried out experimental tests on semi-span hydrofoils with
different sweep angles. Their work revealed that the erosion area on the surface of the hydrofoil
using sweep angle can be alleviated. Kawanami et al. (1997) used an obstacle on a hydrofoil
surface in the path of the re-entrant jet and found that the cavity structures can be manipulated.
Their results showed that the existence of a re-entrant jet may play a primary role of the periodic
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shedding of the cavitation clouds. Danlos et al. (2014a) and (2014b) investigated the effects
of the surface condition of a venturi profile experimentally. They showed that the roughness
surfaces can mitigate the shedding of the unsteady partial cavitation. Hao et al. (2018) studied
the effects of surface roughness on cloud cavitation around the Clark-Y hydrofoils at fixed
angle of attack. Their results showed that the roughness may have a significant effect on the
cavitation pattern and vorticity distributions of the unsteady cloud cavitation.

Escaler et al. (2003) used vortex cavitation generators on the hydrofoil for creation of the
intense cloud cavitation in order to increase the erosion area and to measure the erosion pits on
the hydrofoil surface. This method was focused on the enhancement of the erosive area on the
hydrofoil surface and the cavitation-induced erosion was not mitigated. An and Plesniak (2008)
studied the effects of a backward facing step in a venturi-type test section on the cavitation
inception and its development in the separated shear layer. Brehm et al. (2009) investigated
experimentally a passive control method to reduce the risk of the occurrence of cavitations in
a full-scale semi-balanced rudder. They showed that a wedge-like appendage mounted on the
suction surface of the ship rudder can mitigate the cavitation-induced erosion. Figure 1.6 shows
the vortex generator mounted on the surface of a full-scale semi-balanced rudder and the vortex
generators mounted on a hydrofoil which were investigated by Brehm et al. (2009) and Escaler
et al. (2003), respectively.

Figure 1.6: a) Image of the vortex generator mounted on the surface of a full-scale semi-
balanced rudder, Brehm et al. (2009) and b) Image of the vortex generators mounted on the
surface of a hydrofoil which were investigated by Escaler et al. (2003) to study the cavitation
erosion tests on the hydrofoil.

Javadi et al. (2017) investigated 2D calculations for the cavitating flows around a hydrofoil
through a passive cavitation controller. They showed that the lift and drag fluctuations can be
mitigated using the passive flow control method. Che et al. (2019b) recently investigated the
effect of micro vortex generators on the leading edge of the attached cavitation. They showed
that the micro vortex generators mounted in the laminar boundary layer region can fix the
position of the attached cavitation inception line at upstream of the flow separation location.
Their results revealed that the micro vortex generators may have a rectifying effect on the
near-wall flow. Kim et al. (2010) investigated the effect of an axi-asymmetrical obstacle plate
installed upstream of an inducer inlet to suppress the cavitation surge problem. They showed
that axi-asymmetrical obstacle plate can be an effective method to suppress the cavitation surge
oscillation.
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Kamikura et al. (2018) studied a suppression technique of the cavitation instabilities by using
asymmetric slits on each blade as a passive cavitation control. From their numerical results,
it was confirmed that the cavitation instabilities may be suppressed by a certain arrangement
of asymmetric slits. Enomoto et al. (2003) studied the effects of two kinds of obstacle plates
axi-symmetry type and axi-asymmetry type on the suppression of cavitation surge of a helical
inducer. They showed a suppression of the cavitation surge using the passive control method
with the high-speed video observations and pressure measurements.

The active control method and manipulating of the cavitation instabilities on the venturi and
hydrofoils were investigated by different researchers. The main idea of all active control tech-
niques is to manipulate the flow by supplying additional energy into a system from outside.
Some researchers applied the ultrasonic field or conducted the electrolysis of an operating liq-
uid to manipulate the concentration of cavitation nuclei and travelling bubble in the incoming
flow (Chatterjee and Arakeri 1997, 2004). Franc and Michel (1988) and Murayama et al.
(2006) studied the generation of local flow disturbances by imposing periodic angular motions
of the test objects. Chang et al. (2011), Timoshevskiy et al. (2018) and Wang et al. (2018a)
investigated the effects of the injection or suction of liquids, gases or polymers through the
wall of the immersed bodies. They indicated that the active cavitation control using air and liq-
uid injections along the wall surface of the venturi and the hydrofoil can reduce the cavitation
region and mitigate the amplitude of pressure pulsations in different cavitation regimes.

Some other studies dealt with the effects of the boundary layer on the cavitation. Arakeri and
Acosta (1973) and Katz (1984) found that behind the laminar separation phenomenon, a sheet
cavity can be stabilized by the separated bubble. Franc and Michel (1985) studied the relation
between cavitation and laminar separation of the boundary layer. They indicated that the cavity
can not detach from the body at the minimum pressure point. Avellan et al. (1988) studied
the relation between the transition of boundary layer and the generation of the unsteady cloud
cavitation.

Cavitation Control Method using Cavitation Bubbles

Cavitation bubbles were used by previous researchers for different applications in the field of
physics and fluid mechanics. The cavitation bubbles can be generated by different techniques
such as ultrasonic, laser, hydrodynamic effects and other techniques. The previous works using
cavitation bubbles were mostly performed to study the effects of the bubbles on the surface
cleaning numerically and experimentally. The cavitation bubbles have a good potential to clean
the surfaces in different industrial applications, Verhaagen and Fernndez Rivas (2016). Song
(2004) studied the laser-induced cavitation bubbles for the cleaning of the solid surfaces. In
this method the shock wave emission due to the cavitation bubble collapse and liquid jet can
induce large forces which may act on the substrate to remove the particles from the surface.

Chahine et al. (2016) investigated the surface cleaning using the cavitation bubble dynamics
and collapse. They discussed the effects of the different parameters such as the relative size
between the bubble and the excitation pressure field driving the bubble dynamics on the clean-
ing of the surface. Ohl et al. (2006) showed that a shear flow can be generated by the bubbles
which expand and collapse close to the boundaries. This generated shear flow can remove the
particles from the surface and therefore can clean the surface. The hydrodynamic cavitation
was also used by previous researchers as a substitute to the conventional ultrasonic cavitation
due to the easy and efficient operation of this type of cavitation. Moholkar et al. (1999) stud-
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ied the hydrodynamic cavitation for the sonochemical effects. Their results revealed that the
bubble/cavity collapsing behavior under the hydrodynamic cavitation condition is accompa-
nied by many pressure pulses with smaller magnitude compared with one or two pulses under
the acoustic cavitation condition. Gogate and Pandit (2005) investigated the comparison of the
hydrodynamic cavitation reactors and the sonochemical reactors by citing the different indus-
trially important reactions. Kumar and Moholkar (2007) proposed a conceptual design of the
hydrodynamic cavitation reactor which uses a converging–diverging nozzle for generating the
pressure variation.

1.4 Motivation

One of the important challenges in future ships is to increase the efficiency of the ship and
reduce emissions which are addressed by previous researchers, ship designers and shipbuilders.
Cavitation consists of evaporation, bubble formation and the collapse of the cluster of bubbles
plays a destructive role in many industrial applications. The nonlinear interactions of large-
scale vortical structures with the complex structures of unsteady cavitations on the surface of
an immersible body lead to strong vibration which can come into the resonance situation with
the natural frequency of the other structures. In ship engineering application, cavitation usually
occurs in the vicinity of the surface of ship propeller and ship rudder and induce erosion. The
unsteady behavior of the cavitation can induce pressure pulses on and around the surface of
an immersed body. Cavitation-induced erosion causes damage on the surface of the propellers
and rudders and can lead to a negative effect on the maneuverability of the ship. The damage
statistics from different numerical and experimental investigations show that a large part of the
recorded damages on the ship propellers and rudders is due to cavitation-induced erosion, (El
Moctar 2004, El Moctar 2005, El Moctar and Schellin 2008, Peters et al. 2016).

Other undesirable effects which can occur due to the instabilities of the cavitation phenomenon
(especially unsteady cloud cavitation) are the formation of vibrations and noise. The pressure
pulses induced by the collapse of the cavitation clouds can cause vibration in the ship structure.
In merchant ships, bearing forces may cause about 10 % of the propeller-induced vibration,
whereas 90 % of the vibration may be due to the pressure pulsations or hull surface forces,
ABS (2015). In addition, the vibration and noise can degrade the comfort on board ships and
affect the functionality of the other equipment of the ship and in severe cases may damage the
structural integrity of the hull. The radiated noise in some cases can also lead to high noise
pollution in greater water depths. From another point of view, the repairs required for the
cavitation-related damage can significantly affect the economic operation of the ship.

According to the statistical analysis of ship data and operating experience, with propeller loads
(defined in ship technology as the ratio of power to the area) above 700 kW/m2 there is the dan-
ger that even at small rudder angles, cavitation will occur at the ship rudder, Brix (1993). The
cavitation on the rudder should be avoided in particular for the rudder angles of ±3◦ because
the rudder operates mainly in this range for the purpose of keeping on the course. Therefore,
due to the reasons mentioned above, the cavitation in marine engineering should be well under-
stood and its undesirable effects should be controlled. Measures to control the unsteady cloud
cavitation and cavitation surge as the most aggressive and erosive types of cavitation and sup-
pression of their destructive effects are expected to improve the performance of the propellers
and rudders in marine applications and turbine blades in the turbomachinery applications.
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Methods for reducing or avoiding the cavitation-induced vibrations and cavitation-induced ero-
sion on the ship propellers and rudders can make an important contribution to the economic
operation of ships. The cavitation-induced noise and vibrations need to be mitigated or even
suppressed as well in order to increase the comfort level of the ship. Ship propellers and rudders
equipped with cavitation control methods may work with higher performance results in lower
fuel consumption. So the higher propeller and rudder efficiency, the lower fuel consumption
and as well as the lower CO2 emission in the atmosphere and finally more-friendly environ-
ment. Given the importance of the cavitation control in marine engineering and hydraulic
machinery systems, so the results hereby presented may be of the interest for the designers of
ship propeller, ship rudder, pump impeller and turbine blades.

1.5 Necessary Progress in Cavitation Control

Many investigations explored dynamics of unsteady cavitating flow around different geometries
through numerical studies and experiments in the past decades. Different active and passive
control methods were investigated by now but the literature still lacks for comprehensive data
on the control of the destructive effects of the unsteady cavitation especially cloud cavitation
and cavitation surge. Most of the active control methods require the supply of external energy
into the system which are usually not easy for the implementation in real operating conditions
in ship engineering and hydraulic systems.

According to the previous studies in cavitation control, it was evident that the control of cav-
itation on the immersed bodies exhibits an optimistic influence on the reduction of the de-
structive effects of cavitation. Most of the previous investigations in control of cavitation were
focused on the study of the passive control methods and their effects on the mitigation of the
quasi-steady cavitation, control of supercavitation and control of vortex-induced vibrations in
non-cavitating regime. Methods to control the unsteady cloud cavitation and cavitation surge
which damage the solid surface of the immersed bodies were developed and applied by the
few authors. Detail investigations related to the boundary layer instability control or cavitation
inception control in order to control the unsteady cloud cavitation and the vortex structure of
the cavitation on the surface of immersed bodies were studied scarcely.

In the unsteady cloud cavitating regime, the most of the passive control techniques were per-
formed on the venturi-type geometries as an internal cavitating flow and few cases were con-
sidered the external cavitating flow around the immersed bodies using passive control methods.
Therefore, it can be concluded that the focus on the control of the destructive effects of un-
steady cloud cavitation and cavitation surge using cavitation passive control methods could be
necessary for the new works to control or suppress the cavitation for different industrial appli-
cations. Among the passive control methods which were mentioned in the literature, the vortex
generators seem to be one of the best perspectives to control the cavitation destructive effects
in ship and hydraulic machinery applications.
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1.6 Objectives of the Thesis

The main objectives of this thesis are:

� Developing of efficient passive control methods to control the cavitation in different cav-
itating flow regimes and to suppress the destructive effects of the cavitation. Focus of
this work was the control of unsteady cavitating flows such as cloud cavitation which
often happen in industrial applications e.g. ship rudder, ship propeller, pump impeller
and turbine blades.

� Experimental investigations of the non-cavitation, cavitation inception, quasi-steady par-
tial cavitation, unsteady cloud cavitation and cavitation surge without cavitation control
to understand the mechanism of the cavitation formation in different cavitating regimes.

� Experimental investigations of two different cavitation passive control methods for de-
tailed assessment of the effects of the cavitation control on the dynamics of the cavitation
inception, quasi-steady partial cavitation, unsteady cloud cavitation and cavitation surge.

� Numerical modelling of the unsteady cloud cavitation and cavitation surge without cav-
itation control to find a proper interaction between turbulence and cavitation models for
the modeling of unsteady cavitating flows.

� Numerical investigations of two different cavitation passive control methods to analyze
their effects on the mechanism of unsteady cloud cavitation and cavitation surge around
a semi-circular leading-edge flat plate and a benchmark hydrofoil.

� Evaluating the performance of the numerical modelling using experimental data from a
benchmark data and the experimental data of the current work.
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1.7 Thesis Outline

This thesis is structured as follows:

In chapter 1, the basics of the hydrodynamic cavitation, state of the art in the field of unsteady
cloud cavitation and cavitation surge, state of the art in the field of cavitation control are given.
The fundamentals of cavitation include different types of hydrodynamic cavitation and various
destructive effects of the unsteady cloud cavitation and the cavitation surge in marine applica-
tions and turbomachinery systems. The previous numerical and experimental works in the field
of cloud cavitation, cavitation surge and researches about the mechanism of unsteady cloud
cavitation formation are summarized in the literature review. The previous studies of cavitation
control method using cavitation bubbles are given in the state of the art in the field of cavitation
control. In chapter 2, the passive flow control methods in aerospace applications and the cav-
itation control methods are discussed. Chapter 3 summarizes the experimental methods used
in this work. It includes information about the flow visualization method and properties of the
high-speed imaging, Particle Image Velocimetry (PIV) and properties of the PIV system and
hydroacoustic measurements method. In addition, experimental setup for the visualization of
the cavity structures around the hydrofoil using the high-speed cameras and acoustic measure-
ment using a hydrophone and experimental setup for the PIV method are given. Finally, test
cases without cavitation control method and with Cavitating-bubble Generator (CG) and Cylin-
drical Cavitating-bubble Generators (CCGs) are presented and the measurement uncertainty
were discussed. In chapter 4, numerical methods used in this work are given. The numerical
methods include governing equations in fluid dynamics, equations of turbulence and cavita-
tion models. A Partially-averaged Navier Stokes (PANS) is implemented to an open source
code for turbulence modelling and Schnerr-Sauer mass transfer model used for cavitation mod-
elling in this work were discussed. In addition, pressure-velocity coupling, spatial and temporal
discretization methods and method of Volume of Fluid (VOF) are explained. In chapter 5, ex-
perimental results of benchmark hydrofoil without cavitation control and with two cavitation
control methods called as cavitating-bubble generator (CG) and cylindrical cavitating-bubble
generators (CCGs) are elaborated. The experiments are performed in non-cavitation, cavita-
tion inception, quasi-steady partial cavitation, unsteady cloud cavitation and cavitation surge
regimes. Furthermore, experimental results of semi-circular leading-edge flat plate without
cavitation control and with cavitating-bubble generator (CG) in cavitation surge regime are dis-
cussed. Finally, the effects of the cavitation control on cavity structure, shedding frequency,
pressure pulsations, velocity Profiles are presented. Chapter 6 presents numerical results for
the benchmark hydrofoil and semi-circular leading-edge flat plate without cavitation control in
unsteady cloud cavitating regime and cavitation surge regime, respectively. Verification and
validation of the numerical results with a benchmark data and present experimental work are
performed. In addition, evaluation of cavitation model parameters and evaluation of turbu-
lence model parameters are carried out. Furthermore, the numerical results for the benchmark
hydrofoil and semi-circular leading-edge flat plate with cavitation control are presented. The
obtained results compared against the experimental data. The effects of the cavitating-bubble
generator (CG) and cylindrical cavitating-bubble generators (CCGs) on different quantitative
and qualitative parameters of the unsteady cavitation are discussed. The parameters conclude
cavity structure, shedding frequency, wall-pressure pulsations, velocity profiles, turbulent struc-
tures and hydrodynamic efficiency. Chapter 7 provides an overview on the conclusions based
on findings in numerical and experimental results of this work and possible recommendations
for future works.
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Chapter 2

Cavitation Control

2.1 Passive Flow Control Methods in Aerospace Engineering

Manipulation of a flow field in order to control the undesirable effects of the flow is one of the
important topic in different practical applications. The studies of the flow control in different
fields of fluid mechanics and heat transfer such as internal and external flows, incompressible
and compressible flows, aerodynamics and so on were performed by many researchers and en-
gineers in the last few decades. Using flow control techniques have yielded significant gains
for various industrial applications, especially aerospace engineering. The Flow control methods
consists of the passive and active control methods which can be used for the different applica-
tions. These control methods were used to control flow separation and flow transition around
aircrafts in aerospace engineering for a long time, Gad-el-Hak (1996). The flow control usually
can be performed using different control devices such as vortex generators, strakes, split flap
and leading-edge extension on the wings and body of the different types of aircrafts. These flow
control techniques are as the efficient control methods to control the flow separation and reduce
the stall speed for the aircrafts. Furthermore, these types of the passive control devices can re-
duce the drag force and enhance the lift force of the aircraft which lead to a higher performance
of the aircraft in different flow conditions including subsonic and supersonic flows.

2.2 Boundary Layer Control

Most of the flow control methods were usually focused on the control of the boundary layer.
Boundary layer is the layer close to the surface of a body where the velocity is considerably
lower than the area close to the outer flow with more distance from the surface, Schlichting and
Gersten (2006). Flow-induced instabilities are usually induced by the effects of the boundary
layer instabilities on a system. The flow-induced vibrations and noise could be the results of
boundary layer instabilities on a body surface. The boundary layer instabilities can be enhanced
and cause destructive effects on the surface of the bodies such as hydrofoils, guide vanes of the
turbines and aircraft wings if it is not be controlled. The instabilities of the boundary layer can
be mitigated or suppressed using passive and active flow control methods.

On the outside of the boundary layer, the effects of viscous and friction forces are minor and
the flow can be considered as an inviscid flow. The viscous and friction forces play an impor-
tant role in the boundary layer. One of the important parameters of the boundary layer is the
boundary layer thickness. The boundary layer thickness, δ , can be calculated as a distance per-
pendicular from the wall surface to the location where the velocity of the fluid reaches 99% of
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the free stream velocity, White (1998). The thickness of boundary layer increases along a body
surface from the part near the leading edge to the part near the trailing edge. The boundary
layer can develop along the surface of a body passing through three different flow regimes as
laminar flow, laminar-to-turbulent transition flow and fully-turbulent flow. Figure 2.1 shows
the laminar, laminar-to-turbulent transition and the turbulent boundary layers on the surface of
a flat plate. In the laminar flow regime, the flow moves in smooth layers and usually an in-
significant mixture with the free stream flow can be observed. The viscosity of the fluid and the
friction of a body surface may induce high velocity gradients which can affect the flow regime.
As the figure 2.1 shows, the natural transition from laminar to turbulent flow regime can be ini-
tiated in the first phase when the Tollmien-Schlichting waves may develop in a stable laminar
boundary layer. Then the nonlinear 3D instabilities can be started after the effects of the linear
waves in the second phase. In the third phase, the transition turbulent spots may be formed
and expanded in the streamwise and spanwise directions. Finally, a fully turbulent flow can
be formed on the body surface when the turbulent spots merge in the spanwise direction. The
laminar-to-turbulent transition boundary layer usually occurs at critical Reynolds numbers. The
surface roughness of a test object can affect the location of the laminar-to-turbulent transition
onset and also the critical Reynolds number, White (1974).

Figure 2.1: a) Sketch of the laminar, laminar-to-turbulent transition region and the turbulent
boundary layers on the surface of a flat plate, White (1974).

The turbulent boundary layer consists of different layers and the thickness of the turbulent
boundary layer is usually bigger than the laminar boundary layer thickness. In the turbulent
regime, the pressure gradient near the wall surface becomes more than the case with laminar
flow regime. Figure 2.2 (a) shows a sketch of a typical velocity profile of turbulent boundary
layer on a smooth flat plate plotted in log-linear coordinates with wall-law normalizations The
figure shows that the viscous sublayer, buffer layer and log-law layer are usually defined in
the region of y+ < 5, 5 < y+ < 30 and y+> 30, respectively. The four main layers of the
turbulent boundary layer are viscous sublayer, buffer layer, log-law layer and turbulent outer
layer, which are shown in the figure 2.2 (b). As can be seen from the figure, the viscous sublayer
is a thin region close to the wall surface. The viscous effects play a dominant role in the viscous
sublayer and also in buffer layer. The effects of the turbulent can be increased from the buffer
layer region to the log-law layer region. Due to the strong viscous effect close to the wall of
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a body surface, the momentum of the flow can be decreased inside the boundary layer which
may lead to a positive pressure gradient and flow separation from the surface.

Figure 2.2: a) Sketch of a typical velocity profile of turbulent boundary layer on a smooth flat
plate plotted in log-linear coordinates with law-of-the-wall normalization, White (1998), b)
The schematic view of turbulent boundary layer velocity profile structure consists of four main
layers: viscous sublayer, buffer layer, log-law layer and turbulent outer layer, (White 1998).

The effect of the pressure gradient on the boundary layer profile on a flat plate surface is shown
in figure 2.3. As the figure shows, the laminar boundary layer on the flat plat can develop
in the streamwise direction and may separate from the wall surface of the flat plate due to a
critical adverse pressure gradient. The transition from the laminar to the turbulent boundary
layer can be occurred through the effects of the flow instabilities which may be generated in
the separated shear layer. The amplitude of the generated instability waves may be increased
at the downstream of the flat plate surface which can induce a transformation of a regular two-
dimensional laminar flow into a stochastic and three-dimensional turbulent flow in downstream
of the surface. It can be concluded that the separation point and transition to the turbulent
flow are the important locations on the surface of a test object which should be predicted and
controlled for the flow control point of view in different industrial applications. Furthermore,
the understanding the part of flow close to the solid surface which called as boundary layer can
help the engineers to understand better how control methods can control and stabilize the flow
instabilities around the surface.
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Figure 2.3: Schematic view of the boundary layer flow near the separation point and the effect
of pressure gradient on the boundary layer profile. Parameters ’PI’ and ’S’ indicate the profile
point of inflection and the separation point, respectively. (Schlichting and Gersten 2006).

2.3 Vortex Generators

In the present thesis, the passive control method of the vortex generators (VGs) was used to
control the flow and cavitation. The VGs are small components which usually install on the
surface of the airfoils and wings of aircrafts in order to control the flow field on the surface.
Because of the simplicity, small size, high performance and low cost, VGs were widely used in
different industrial applications specially aerospace engineering to control the boundary layer.
The method of control using VGs actually is based on the controlling of the boundary layer in-
stabilities. The control method using VGs is in that way, that the VGs can generate the stream-
wise vortices near the body surface. These generated vortices can transfer the high-energy
freestream fluids into the boundary layer region and suppress the adverse pressure gradient.
Therefore, flow separation can be controlled and the boundary layer can be stabilized with the
effects of the generated vortices by the VGs near the wall surface. Figure 2.4 shows the use of
the VGs in the aerospace applications. The wing of an aircraft equipped with the trapezoidal
vortex generators was shown in figure 2.4 (a). Figure 2.4 (b) illustrates a single VG mounted
on the under-wing vent of an Airbus A320 aircraft in order to eliminate the annoying wailing
tones produced by the aircraft. The close-up view of a single VG developed by the German
Aerospace Center (DLR) and Lufthansa was shown in figure 2.4 (c). The results of using VG
showed that the VG can create the streamwise vortices in front of the vent which can reduce
the total noise of the aircraft up to 3 dB. In the past decades, many researchers investigated the
effects of the VGs and miniature vortex generators (MVGs) on the flow field and the manipu-
lation of the flow around the airfoils and wing surfaces by affecting the boundary layer.

Storms and Jang (1994) investigated the effects of the VGs on an airfoil performance experi-
mentally. They showed that the VGs can delay the flow separation on the surface of the airfoil
and enhance the maximum lift coefficient. Lin et al. (1994) studied experimentally the effects
of vane-type vortex generators on the separation control around the high-lift airfoils. Their
results revealed that the generated streamwise vortices by the VGs may reduce the flow sepa-
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Figure 2.4: a) Image of wing of an aircraft equipped with the vortex generators, Udris (2015),
b) Image of a single VG located on the under-wing vent of an Airbus A320 aircraft in order to
eliminate the annoying wailing tones produced by the aircraft, Supercraft (2018), c) Close-up
view of a single VG developed by the German Aerospace Center (DLR) and Lufthansa.

ration on the flap of the high-lift airfoils which can significantly improve the performance of
the high-lift system. They showed that the lift of the system was increased on the order of 10%
and the drag of the system was reduced on the order of 50%. In addition, their experimental
results showed that passive flow control method in aircraft using a proper VGs may improve
the performance and controllability of the aircraft.

Duriez et al. (2008) studied the effect of the bluff-body vortex generators such as cylinders on
a flat-plate boundary layer. They used this type of vortex generators to create a set of counter-
rotating streamwise vortices which can modify the global properties of the boundary layer.
They presented that the spacing between the vortex generators may affect some global physical
parameters. Seshagiri et al. (2009) investigated the effects of the different vortex generators on
an airfoil at the low Reynolds numbers. They showed that the vortex generators can increase
the maximum lift coefficient of the airfoil up to 25 %. Lu et al. (2011) presented a review of
different studies using MVGs in high-speed flow conditions. They showed that the MVGs are
one of the effective passive control method for the reducing the separation zone and controlling
the boundary layer at high Reynolds numbers. Siconolfi et al. (2015) and Fransson et al. (2004)
studied the effect of the MVGs on the transition from laminar to turbulent boundary layer at
high Reynolds numbers. They showed that the vortex generators can be used successfully to
obtain the velocity modulations by the generation of alternating high and low speed streaks in
the spanwise direction in order to control the boundary layer. Figure 2.5 shows a schematic of
the disposition of cylindrical miniature vortex generators on the surface of a flat plate near the
leading edge and a view of the mechanism of streaks generation at the rear part of the cylindrical
miniature vortex generators in a single-phase flow. Panaras and Lu (2015) investigated the
effects of the MVGs on the shock wave/boundary layer interactions. Their experimental results
revealed that the pair of counter-rotating streamwise vortices at downstream of the MVGs may
entrain high momentum fluid and can increase the boundary layer velocity near the wall to
suppress the shock-induced separation.
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Figure 2.5: Schematic view of the disposition of cylindrical miniature vortex generators on the
surface of a flat plate near the leading edge and a view of the streaks generation mechanism at
rear part of the cylindrical miniature vortex generators in a single-phase flow, Fransson et al.
(2004).

Ye et al. (2016) studied the effect of the different shapes of the vortex generators on the bound-
ary layer transition at low Reynolds numbers using the tomographic PIV. They showed a gen-
eral process of the convection and regeneration of hairpin vortices behind the VGs. Wang
et al. (2018b) investigated the modulating of the near-wall velocity fields using cylindrical
VGs. Their results showed that the stagnation vortex wrapping around the vortex generators
can form a pair of streamwise vortices which may push high-momentum fluids in the higher
layer downward to form a streak with relatively higher speed in the middle. Figure 2.6 shows
an experimental result of the effect of vortex generators on the flow control over an airfoil sur-
face. The effect of the vortex generators is qualitatively assessed through the response of an oil
film on the airfoil suction surface. It can be deduced from the results of oil-flow visualizations
that the flow separation at downstream of the airfoil was suppressed due to the effects of the
vortex-induced mixing by the vortex generators.

2.4 Cavitation Control Methods in This Thesis

In this thesis, two methods of passive flow control were investigated to control the cavitation in
different cavitating flow regimes including cavitation inception, quasi-steady partial cavitation,
unsteady cloud cavitation and cavitation surge. These control methods were adapted from the
vortex generators (VGs) to control the cavitation on the surface of the immersible bodies in
marine application. As mentioned before, the VGs are commonly used to control the boundary
layer around the wings of aircrafts in aerospace engineering applications.
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Figure 2.6: The oil-flow visualization of an airfoil a) without vortex generators and b) with
vortex generators on the suction side of the airfoil at attack angle of 15 degrees. Distinctly
aligned oil streaks behind the vortex generators can be observed which may indicate the vortex
passages on the airfoil surface, Baldacchino et al. (2018).

2.4.1 Cavitation Control using Cavitating-bubble Generator

Cavitation Control near Cavitation Inception Location

Inception of the cavitation on the surface of an immersible body is usually defined as initial
formation of the cavity by reduction of the pressure at a constant temperature. Despite the
simple definition of the cavitation inception, there is more complexity in the mechanism of the
cavitation inception and its development on the surface. Given the importance of the cavitation
inception and its effect on the cavitation mechanism, this issue was investigated by the differ-
ent researchers in order to understand the mechanism of the cavitation inception. One of the
mechanisms for the formation of the cavitation inception, which were considered in previous
studies, is the creation of travelling bubbles at upstream of the cavitation inception. The trav-
elling bubbles may be formed from the freestream nuclei or from nuclei originating from the
surface roughness of the object. The travelling bubble cavitation inception was investigated by
different researchers, (Parkin and Kermeen 1953, Parkin and Kermeen 1963, Arakeri 1973).
Parkin and Kermeen (1953) was observed the growth of the microscopic gas bubbles on the
surface of a hemispherical-headform model and indicated that the bubbles can be generated at
the downstream of the minimum pressure position.

Arakeri (1973) investigated the growth and detachment of microscopic bubbles near the laminar
separation region on the surface of a hemispherical headform. He found that the travelling
bubbles can travel in the free shear layer and receive the transition region on the surface behind
the laminar separation point where they can grow explosively in a very short period of time.
One of the reasons for the movement of the transition area in the downstream direction could
be the favorable pressure gradient at the upstream of the minimum pressure point which can
suppress the transition. He indicated that in this hypothesis, the local pressure can be reduced
below the vapor pressure due to the strong pressure fluctuations in the transition region. In
other words, the cavitation inception may occur after the achievement of the travelling bubbles
close to the reattachment point in the laminar separation region and not in the location of
minimum pressure. Figure 2.7 shows the laminar separation region and the formation of the
cavity inception which presented by Arakeri (1973).
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Figure 2.7: The photo of the viscous effects in the inception of cavitation, laminar separation
region and the formation of the cavity inception on an axi-symmetric body which presented by
Arakeri (1973).

The recirculation zone between the laminar separation point and the reattachment region is
defined as separation bubble. This separation bubble may be occurred in the region between
3D-vortex breakdown and fully turbulent flow which were shown in the figure 2.1 before. Fig-
ure 2.8 (a) and (b) show the region of the laminar bubble separation on the hydrofoil suction
surface and the zoom view of the laminar bubble separation and cavitation inception location.
It can be seen that the cavitation inception can be formed after the turbulent reattachment loca-
tion and not on the laminar separation point on the hydrofoil without cavitation control. One
of the main reasons for the formation of the laminar separation bubble is Tollmien-Schlichting
(T-S) instability. The T-S waves are a type of travelling waves with constant frequency and a
propagation direction parallel to the flow at the boundary layer edge, Beck et al. (2018). The
transition from laminar to turbulent flow regime can be initiated in the first phase when the
T-S waves can develop in a stable laminar boundary layer. Then the nonlinear 3D instabilities
can be started after the effects of the linear waves in the second phase. In the third phase, the
transition turbulent spots may be formed and expanded in the streamwise and spanwise direc-
tions. Finally, a fully turbulent flow can be formed on the body surface when the turbulent
spots merge in the spanwise direction. Figure 2.8 (c) illustrates the formation of T-S waves
close to the leading edge of the hydrofoil. Furthermore, the convection of the TS-waves from
the boundary layer into the detached shear layer at the point of separation can be observed on
the hydrofoil surface. The linear instabilities may amplify significantly within the separated
shear layer downstream the separation point.

The instability of the local velocity profiles in the recirculation zone downstream the laminar
separation point was shown in figure 2.8 (c). The inflection point of the velocity profiles lo-
cated into the recirculation zone which may cause an instability effect on the laminar flow. In
addition, strong pressure fluctuations in the transition region from laminar to turbulent flow
can decrease the local pressure below the vapor pressure which can cause the cavitation in-
ception, van Rijsbergen (2016). It can be deduced that the instabilities due to the T-S waves,
laminar separation bubble and high-pressure pulsations in the recirculation zone are the main
mechanisms for the cavitation inception formation, (see more details in Kadivar et al. 2020a).

Katz (1984) also studied the effects of laminar separation on the formation of the cavitation
inception. He found a similar hypothesis which was presented by Arakeri (1973) and indicated
that an attached finger-type cavities can be generated close to the laminar separation point in
the vicinity of the leading edge. His results revealed that the travelling bubbles may cause
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cavitation inception with an attached cavity on the surface of an immersed body. Li and Ceccio
(1996) studied the interaction of the single travelling bubbles with the boundary layer on a
hydrofoil surface. The bubbles can be produced from the single nuclei, which can be formed
upstream on the hydrofoil surface. A local region of turbulence may be generated, bypassing
the travelling bubbles close to the unstable laminar boundary layer. Then the travelling bubbles
interact strongly with the turbulent boundary layer, and this leads to the formation of regions
with patch cavitation upstream of the bubbles.

Figure 2.8: (a) Schematic view of laminar bubble separation region near the leading edge of
the benchmark hydrofoil suction surface, (b) Zoom view of the laminar separation point, lam-
inar bubble separation region and cavitation inception location on the hydrofoil surface, (c)
Schematic view of the T-S waves formation close to the leading edge and amplification of the
separated shear layer behind the T-S waves. Symbols (S) and (R) are separation and reattach-
ment points, respectively.

As discussed before, the vortex generators are among the most effective methods to control
the flow separation and to delay the transition point in the single phase flows. As mentioned,
using the vortex generators, the free-stream flow with the high fluid momentum can be trans-
ferred into the vicinity of the wall surface of a test case, where the flow energy is low. In the
present work, a wedge-type of micro vortex generator so-called cavitating-bubble generator
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(CG) was developed as a passive control method to control the cavitation. This method was
firstly investigated numerically by Javadi et al. (2017) around a 2D-hydrofoil.

In the present study, the cavitating-bubble generator (CG) was inserted downstream of the
cavitation inception location in the turbulent boundary layer region on the suction side of a
benchmark hydrofoil and a semi-circular leading-edge flat plate. This means that the cavitating-
bubble generator (CG) was not mounted in the upstream of the boundary layer separation like
the location of the VGs on the surface of airfoils in aerospace engineering applications. One
of the important parameters to design the vortex generators is the height of the vortex gener-
ators based on the boundary layer thickness. Rao and Kariya (1988) indicated that the vortex
generators with the height of smaller than 0.6 of the boundary layer thickness can be more
efficient than the classical vortex generators in the height of the boundary layer thickness. In
the aerospace engineering applications, the height of the micro vortex generators was usually
selected by the researchers smaller than the boundary layer thickness mostly in the range of
0.3-0.6 of the boundary layer thickness for the better manipulation of the flow, (see Betterton
et al. 2000, Godard and Stanislas 2006, Duriez et al. 2006, Park et al. 2007).

The height of the cavitating-bubble generator should be small enough which can not signifi-
cantly affect the hydrodynamic performance of the hydrofoil. Because of undesirable side ef-
fects on the flow, the height and the length of the cavitating-bubble generator should be defined
accurately. According to the above descriptions, the height of the cavitating-bubble generator
is selected in the range of the buffer layer thickness of the turbulent boundary layer which may
be in the range of 0.3-0.6 of the boundary layer thickness. Figure 2.9 shows a schematic view
of a wedge-type cavitating-bubble generator (CG) located on the flat plate with a height in the
range of the buffer layer thickness. The parameters h and l indicate the height and length of the
CG, respectively. The schematic view of the cavitating vortices and the generated cavitating-
bubbles at the rear part of a cavitating-bubble generator can be seen in the figure 2.9. Using
the cavitating-bubble generator, cavitating-bubbles can be created artificially in the vicinity of
the surface and may affect the entire processes of bubble generation, vaporization and collapse
which can occur at normal conditions without cavitation control. The generated vortices at the
aft part of the cavitating-bubble generator may bring the fluid with higher kinematic energy in
to the near wall-surface to withstand the adverse pressure.

In order to suppress the cavitation inception, the cavitating-bubble generator was mounted in
downstream of the cavitation inception line and close to the cavitation inception on the suction
side of the test cases. Through the suppression of the cavitation inception in the upstream re-
gion close to the leading edge of the hydrofoil, the cavitation structures on the surface of the
test cases in different cavitating flow regimes such as quasi-steady partial cavitation, unsteady
cloud cavitation and cavitation surge can be controlled. The reason of suppression of the cavi-
tation inception close to the leading edge could be from the enhancement of the local pressure
in the forepart of the wedge-type cavitating-bubble generator (CG). Under the effects of the
cavitating-bubble generator on the flow near the wall-surface, the cavitation inception can be
shifted downstream on the surface of the hydrofoil and may be formed close to the sharp sec-
tion of the cavitating-bubble generator in the form of cavitating vortices. Figure 2.10 shows a
wedge-type cavitating-bubble generator (CG) which mounted on the hydrofoil surface near the
leading edge and at downstream of the cavitation inception line.
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Figure 2.9: Schematic view of a wedge-type cavitating-bubble generator (CG) located on the
flat plate with a height in the range of the buffer layer thickness of turbulent boundary layer.
The parameters h and l indicate the height and the length of the CG, respectively.

Figure 2.10: Schematic view of spanwise cavitating-bubble generator with a wedge-type ge-
ometry mounted near the leading edge of the benchmark hydrofoil CAV2003 at downstream
of the cavitation inception line. Symbols X = x/lre f , L = l/lre f , and H = h/lre f designate the
dimensionless parameters of the cavitating-bubble generator with regard to the chord length of
the hydrofoil. The parameters x, l, h and lre f are location of the cavitating-bubble generator
to the leading edge, length of the cavitating-bubble generator, height of the cavitating-bubble
generator and the chord length of the hydrofoil, respectively.

The chord length of the hydrofoil is taken as 0.1 m as the same as the benchmark hydrofoil,
which was suggested in the CAV2003 workshop by Franc and Schnerr (2003). Figure 2.11 (a)
and (b) show a schematic view of the location of a cavitating-bubble generator on the suction
side of a benchmark hydrofoil at downstream of the cavitation inception line in x-y and x-
z coordinates, respectively. As can be seen from the figure 2.11 (b), the cavitating-bubble
generator was situated far from the position of re-entrant jets which can be formed from the
side and middle section of hydrofoil. Therefore, the cavitating-bubble generator can not affect
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the re-entrant jets near their inception location downstream of the hydrofoil. However, the
cavitating vortices induced by the CG can influence on the movement of the re-entrant jets
from downstream to the upstream of the hydrofoil.

Figure 2.11: a) Schematic view of the location of cavitatin-bubble generator (CG) on the suction
side of hydrofoil in x-y coordinate and the closure region of the attached cavity. b) Schematic
view of a cavitating-bubble generator (CG) on the suction side of the hydrofoil near the cavita-
tion inception line in x-z coordinate and the direction of the re-entrant jets from near-wall ends
and middle section of the hydrofoil which may move upstream on the hydrofoil surface.

Figure 2.12 illustrates the schematic view of a wedge-type vortex generator located on a hydro-
foil surface at the aft part of the turbulent detachment point to control cavition inception and
whole process of the unsteady cavitation. This figure shows that the laminar separation bubble
can be suppressed through the effects of the vortex generator. In addition, the instabilities of
the boundary layer can be stabilized using the vortex generator downstream of the cavitation
inception. This means that using the passive cavitation control, the amplification of the flow
shear layer due to the T-S waves can be mitigated significantly and the cavitation inception can
be delayed on the hydrofoil surface.

The main reason for the suppression of laminar bubble separation and the cavitation inception
is the enhancement of local pressures in the forepart of the wedge-type CG. In other words, we
were able to control the cavitation inception and to shift it to the aft part of the sharp section
of the wedge-type CG to affect the whole process of the cavitation evolution. Therefore, in
this method, we control the cavitation before its development on the hydrofoil surface and not
downstream of the hydrofoil near the re-entrant jet inception.
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Figure 2.12: Schematic view of a wedge-type vortex generator located on a hydrofoil surface
within a turbulent boundary layer at the aft part of the turbulent detachment point.

2.4.2 Cavitation Control using Cylindrical Cavitating-bubble Generators

Cavitation Control near Re-entrant Jets Location

As mentioned before, the liquid re-entrant jets have a primary role on the formation of the
unsteady cloud cavitation dynamics and the shedding of the cavitation clouds. In the second
method of cavitation control, the cavitating-bubble generators were inserted near the position
of re-entrant jets on the hydrofoil suction surface. In this work a passive control method using
miniature vortex generators was proposed to control the cavitation in different cavitating flow
regimes such as, cavitation inception, quasi-steady partial cavitation, unsteady cloud cavitation
and cavitation surge. To achieve this goal, a type of cylindrical vortex generators which called
here cylindrical cavitating-bubble generators (CCGs) were inserted on the suction side of the
benchmark hydrofoil near the locations of the re-entrant jets downstream of the hydrofoil sur-
face. Due to the higher efficiency of the counter-rotating vortex generators compared with the
co-rotating vortex generators, the cylindrical type of the vortex generators which can induce
counter-rotating vortices was selected in this work to manipulate the flow near the re-entrant
jets properly. The counter-rotating vortices can push high momentum fluid toward the wall and
may add the required amount of momentum in the lower energetic regions. In counter-rotating
vortex generators, a smaller momentum may be transported from the low momentum regions
to the higher momentum regions, Duriez et al. (2006).

Figure 2.13 shows a schematic view of the cylindrical cavitating-bubble generators (CCGs)
mounted on the suction side of the benchmark hydrofoil. The symbols D = d/lre f , H = h/lre f
and S = s/lre f designate dimensionless parameters of the cylindrical cavitating-bubble genera-
tors with regard to the chord length of hydrofoil. The parameters s, h and d are the diameter of
the CCGs, the height of CCGs and the distance between the cylindrical obstacles, respectively.
lre f is the chord length of the hydrofoil and x is the location of the CCGs to the leading edge.
The mechanism of the control cavitation is so that the cylindrical cavitating-bubble generators
can induce a form of cavitating bubbles or cavitating vortices which can affect the shedding of
the cavity structure and cavitation dynamics downstream of the hydrofoil.
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Figure 2.13: 3D view of the cylindrical cavitating-bubble generators (CCGs) mounted on the
suction side of the benchmark hydrofoil CAV2003. Symbols D = d/lre f , H = h/lre f and S
= s/lre f designate the dimensionless parameters of the cylindrical cavitating-bubble generators
(CCGs) with regard to the chord length of the hydrofoil. The parameters s, h and d are diameter
of the CCGs, height of the CCGs and distance between the cylindrical obstacles, respectively.
lre f is the chord length of the hydrofoil and x is the location of the CCGs to the leading edge.

The cavitating vortices generated by the CCGs can manipulate the boundary layer and input the
additional momentum from the freestream flow in to the boundary layer in the vicinity of the
wall surface of the hydrofoil to overcome the adverse pressure gradient which creates at the end
of the closure region of attached part of the cavity. With the reduction of the adverse pressure
gradient, the strength of the re-entrant jets and their motion towards the leading edge may be
reduced. To find a proper location of the CCGs on the suction side of hydrofoil with regard
to the stabilization of cavitation, the CCGs at different streamwise locations on the hydrofoil
surface were investigated. Figure 2.14 shows the shape of the cylindrical cavitating-bubble
generators (CCGS) mounted on the spanwise direction at the forepart of the inception location
of the re-entrant jets from near-wall ends in the spanwise direction of the hydrofoil.
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Figure 2.14: a) Schematic view of the location of cylindrical cavitatin-bubble generators
(CCGs) on the suction side of hydrofoil in x-y coordinate and the closure region of the at-
tached cavity. b) Schematic view of the cylindrical cavitatin-bubble generators (CCGs) on the
suction side of the hydrofoil at the forepart of the re-entrant jets generated from the near-wall
ends. The re-entrant jets formed near the wall ends of the hydrofoil may propagate diagonally
upstream into the leading edge.

The inception location of re-entrant jets formed near-wall ends of the hydrofoil were experi-
mentally observed at the locations of 0.4-0.45 of the hydrofoil chord length using the high speed
visualization. Therefore, the locations between 0.3 and 0.4 of the hydrofoil chord length were
selected to install the cylindrical cavitating bubble generators (CCGs) on the hydrofoil sur-
face to suppress the re-entrant jets. In this way, the overlap and composition of the re-entrant
jet from the middle section and the two re-entrant jets from the side section on the hydrofoil
surface near the leading edge can be mitigated.
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Chapter 3

Experimental Methods

The assessment of effectiveness of the considered cavitation passive control methods on the
cavitation dynamics were studied qualitatively and quantitatively. In order to study the per-
formance of the cavitation control methods, different experimental techniques were applied in
this work. The temporal and spatial cavity characteristics on the hydrofoil surface without and
with cavitation control were measured by means of high-speed imaging to analyze the effects
of the passive control on the cavitation dynamics. The qualitative parameters of the cavitation
such as dynamics of cavitation formation, cavitation inception, cavity structure such as cavity
pattern and cavity length were studied. In order to investigate the effects of the cavitation con-
trol methods on the quantitative parameters, the pressure pulsations at the wake region of the
hydrofoil and semi-circular leading-edge flat plate were measured using a hydrophone. The
shedding frequency of the cavity, the Strouhal number and the amplitude of pressure pulsations
were analyzed for the cases without and with cavitation control. Furthermore, the streamwise
velocity fluctuations on the surface and at the wake region of the test objects were measured
for the cases without and with cavitation control.

3.1 Flow Visualization

The dynamics of the cavitation in different cavitating flow regimes on the surface of the hydro-
foil and the semi-circular leading-edge flat plate are recorded by the high-speed imaging using
three high-speed cameras. The cameras were situated in different angles relative to the test
section of the cavitation tunnel to take the pictures from top-, side- and angle-views. The video
cameras are Photron FASTCAM SA5 with 12-bit ADC and resolution of 1024×1024 pixels at
acquisition rate of 7 kHz. In this work, cavitating flows around the test cases were analyzed at
a frame rate of 20 kHz with a resolution of 832×448 pixels.

Therefore, the time interval between two consecutive images or the camera time resolution
was selected 50 µs for all experiments. The attached cavity lengths of the quasi-steady partial
cavitation and the maximum and minimum attached cavity lengths of unsteady cloud cavitation
and cavitation surge were measured by the analysis of the high-speed images. The averaged
location of the aft part of the attached cavity close to the flow centerline were evaluated for the
quasi-steady partial cavitation. The maximum length of the attached cavity before the shedding
process close to the mid-span of the test objects were measured for the cases in the unsteady
cloud cavitating regimes. The cavity shedding frequency was evaluated from the visual data.
Table 3.1 shows a summary of the properties of the high-speed imaging acquisition.
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Table 3.1: The properties of the high-speed imaging acquisition

High speed camera frame rate 20×103fps
Maximum camera shutter speed 1 µs

High speed camera maximum resolution (Frame rate 7 kHz) 1024×1024 pixels
High speed camera maximum resolution (Frame rate 20 kHz) 832×448 pixels

High speed camera memory 8 GB

3.2 Particle Image Velocimetry

In order to reach a better understanding of the dynamics of the unsteady cavitation and the ef-
fects of passive control method on the cavitation dynamics, a Particle Image Velocimetry (PIV)
technique was used. The PIV method is a non-intrusive laser optical measurement technique to
measure the velocity field in the space or around the surface of a test object. The PIV method
was used by different researchers as a suitable tool to study cavitating flows in steady and also
unsteady regimes, (Tassin Leger and Ceccio, 1998, Foeth et al., 2006, Dular et al., 2007). The
principle of a PIV technique is based on the analysis of two successive pictures of the flow
which seeded with the particles. The flow with the seeding particles is illuminated in the target
area called interrogation with double pulsed light sheets. A separate image frame is captured
by the CCD camera for each pulse laser-sheet. Finally, the image from the first and the second
pulse of the laser-sheet for each of these interrogation areas are correlated in order to produce
an average particle displacement vector. Figure 3.1 shows an experimental arrangement of a
particle image velocimetry (PIV) method, Raffel et al. (2007).

Figure 3.1: The example of the experimental arrangement of a particle image velocimetry (PIV)
method, Raffel et al. (2007).

In this work, the velocity fields around the surface of the test objects and in the wake region are
investigated with the vertical laser sheet illuminating the hydrofoil leading and trailing edges
and the wake region. The schematic of the experimental setup for PIV method was shown in
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figure 3.4. The PIV system consists of a double-pulsed Nd:YAG Quantel EVG00200 laser, a
CCD camera equipped with Nikon AF Nikkor 50 mm F1.4D lens, an optical low-pass filter
(OLPF) with bandpass edge (transmission band edge) at 570 nm, and a synchronizing proces-
sor. The laser has a double-pulsation of the wavelength 532 nm, repetition rate of 15 Hz and the
pulse duration of about 10 ns. The thickness of the laser-sheet was to 0.8 mm for the illumina-
tion of the tracer particles. However, the micro-size cavitation bubbles can usually act as tracers
in the cavitation tunnel in cavitating flow conditions during the experiments. The reflected light
from the micro-size cavitation bubbles can affect the accuracy of the PIV results. Therefore,
using the fluorescent particles with average size 10 µm and wavelength range of 550–700 nm,
the contaminating effect of the micro-size cavitation bubbles on the PIV measurements was
reduced. The optical filter also transmit only the light of the emission of the fluorescent parti-
cles and suppress the reflected light from the micro-size cavitation bubbles. The interrogation
window was 8×8 pixels, which provided enough spatial resolution for the PIV measurement.
Westerweel (1997) and Sciacchitano et al. (2013) indicated that the typical measurement error
of the cross-correlation procedure may not exceed 0.1 pixel for an interrogation area of 32×32
pixels. Table 3.2 shows a summary of the properties of the PIV system.

Table 3.2: The properties of the PIV system

Type of laser Double-pulsed Nd:YAG Quantel
Wave length of laser 532 nm

Pulse duration of laser 10 ns
Pulse peak energy 200 mJ

Repetition frequency of laser pulse 15 Hz
Thickness of laser-sheet 0.8 mm
CCD camera resolution 10 bit per pixel

Matrix resolution 2048×2048 pixels
Interrogation area size 8×8 pixels

Type of the tracer particles Hollow glass spheres
Size of the tracer particles 10 µm

3.3 Hydroacoustic Measurements

A hydroacoustic pressure transducer was used to register the signal of pressure pulsations in
time and thereby derive power spectra of the pressure pulsations. The hydroacoustic pressure
transducer is a hydrophone Brüel&Kjær Type 8103 with a measurement frequency range from
0.1 Hz to 180 kHz which was flush-mounted into the sidewall of the test section using wax as
a sealant. The amplitude of the pressure pulsations were measured in different cavitating flow
regimes for the cases without and with the cavitation control. The Strouhal number based on
the chord that corresponds to the shedding of the cavitation clouds in cavitating flow regimes
was found from the visual data and also from the data of the acoustic measurements. Table 3.3
shows a summary of the properties of the hydroacoustic measurement system.
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Table 3.3: The properties of the hydroacoustic measurement system

Hydrophone type Brüel&Kjær 8103
Hydrophone diameter 9.5 mm

Hydrophone frequency range 0.1 Hz to 180 kHz
Voltage sensitivity 24.6 µV/Pa

Measuring uncertainty ∓ 0.25 dB at 250 Hz
Frequency response +3.5 dB for 0.1 Hz and -14 dB for 180 kHz

3.4 Experimental Setup

The experiments were carried out in the cavitation tunnel of the Institute of Thermophysics
SB RAS, which represents a closed hydrodynamic circuit. The setup is equipped with two
centrifugal pumps, ultrasonic flowmeter and different pressure and temperature sensors. The
working section of the tunnel consists of a heat exchanger, honeycomb, nozzle, test section
and diffuser. The test section of the cavitation tunnel has a length of 1.3 m with a rectangular
inlet section of 0.08×0.25 m2. The maximum flow rate through the tunnel is 1147 m3/h and
the maximum flow velocity which can be reached in the test section of the cavitation tunnel
is about 15.93 m/s. The cavitation number can be adjusted by varying the dynamic pressure
in the range from 0.5 to 5.5. All sidewalls of the test section of the tunnel are equipped with
transparent windows for the visual observations. Figure 3.2 shows the sketch of the cavitation
tunnel in the Institute of Thermophysics SB RAS.

Figure 3.2: The sketch of the cavitation tunnel in the Institute of Thermophysics SB RAS, (The
picture is reproduced, see Kravtsova et al. 2014). The tunnel consists of a heat exchanger,
honeycomb, nozzle, test section and diffuser. Different pressure and temperature sensors in the
sketch of the tunnel are used to measure the pressure and temperature inside the tunnel during
the experiments. The flow rate can be adjusted through the variation of the pump rotation speed
to set the velocity in the test section using frequency converters. The static pressure at inlet and
outlet of the test section can be measured at a sidewall by diaphragm strain-gauge pressure
transducers.
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Figure 3.3: Schematic view of the experimental setup for the visualization of the cavity struc-
tures around the hydrofoil surface using three high-speed cameras (Photron FASTCAM SA5)
and acoustic measurement using a hydrophone (Brüel&Kjær Type 8103) for the recording of
the signal of pressure pulsations in the wake region of the hydrofoil. Two computers are seen in
the setup were used separately for the post-processing of the pressure pulsations obtained from
the hydrophone and the visualization data using the high-speed cameras. The three high-speed
cameras were located at different positions around the test section of the cavitation tunnel to
capture the images of the cavitation structures from top-, side- and angle-views.

Figure 3.4: Schematic view of the experimental setup for the Particle Image Velocimetry (PIV)
method composed of the CCD camera with lens, laser and mirror. The CCD-camera has 10
bits per pixel and matrix resolution of 2048×2048 pixels. The lens which was used is a Nikon
AF Nikkor 50 mm f/1.4D with an optical low-pass filter.

The schematic view of the experimental setup composed of the high-speed cameras to capture
the structures of the cavitation and cavitation dynamics around the surface of the test objects is
shown in figure 3.3. Figure 3.4 shows the schematic of the experimental setup for PIV method
composed of CCD camera with lens, laser and mirror. The picture of experimental setup using
three cameras for the experimental study of the benchmark hydrofoil CAV2003 can be seen in
figure 3.5.
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Figure 3.5: Schematic view of the experimental setup for the visualization of the cavity struc-
tures around the hydrofoil surface: (a) photograph of the test section of the cavitation tunnel
and (b) photograph of the benchmark hydrofoil CAV2003.

3.5 Test Cases

The experiments were performed on a benchmark hydrofoil and a semi-circular leading-edge
flat plate with and without cavitation control. The geometry of the benchmark hydrofoil
CAV2003 was obtained from the workshop CAV2003 in Osaka, Franc and Schnerr (2003).
The hydrofoil CAV2003 is a symmetrical hydrofoil with a maximum thickness of 12% of the
chord length which located at the mid-chord of the hydrofoil. The thickness at the trailing edge
of the hydrofoil is about 0.5 mm and the radius of the curvature at the leading edge is 0.703% of
the chord length. The semi-circular leading-edge flat plate is a 2D plate with a semi-cylindrical
nose and sharp-cut end. The chord length of the flat plate is the same as the chord length of the
hydrofoil and is 100 mm. The thickness of the flat plate is 15 mm and the maximum thickness
of the hydrofoil is 12 mm. The studied test cases were made of brass with a roughness level
of about 1.5 µm and the span and chord length of the test cases were 80 mm and 100 mm,
respectively. Therefore, the aspect ratio of the test cases was 0.8 for the experimental study of
the cavitating flows. The test cases spanned the working section in the horizontal direction and
were fixed tightly to both sides of the test section. There was no gap between the hydrofoil
near-wall ends and the sidewalls of the test section. Figure 3.6 shows the 2D-geometry of the
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benchmark hydrofoil CAV2003 without cavitation control.

Figure 3.6: The view of the geometry of benchmark hydrofoil CAV2003 without cavitation
control which was obtained from the Workshop in Osaka, Franc and Schnerr (2003).

The spanwise wedge-type cavitation-bubble generator (CG) and the cylindrical cavitating-
bubble generators (CCGs) were made on the hydrofoil suction surface using a 5-axis CNC
machine. Figure 3.7 (a) and (b) show pictures of the semi-circular leading-edge flat plate with-
out and with cavitation control methods. The parameters x, l and h shown in figure 3.7 (c) are
the position of the cavitating-bubble generator to the leading edge of the flat plate, length of
the cavitating-bubble generator and height of the cavitating-bubble generator. The reasons for
choosing the geometry of hydrofoil CAV2003 can be mentioned as follows:

The availability of a benchmark study and measurement on the hydrofoil CAV2003 in the un-
steady cloud cavitation by the previous researchers. The unsteady cloud cavitation mechanism
around the hydrofoil CAV2003 was investigated by Qin (2004), Coutier-Delgosha et al. (2007)
and Arndt (2010).

The similarity of the hydrofoil CAV2003 with geometry of NACA-series hydrofoils. The
hydrofoil NACA0015 and CAV2003 and other geometry of NACA-series hydrofoils such as
NACA16012 are the hydrofoils which mostly used to investigate the unsteady partial cavitation
and unsteady cloud cavitation dynamics. The hydrofoil NACA16012 was investigated experi-
mentally by Franc and Michel (1985). They studied the cavitating flow at different Reynolds
numbers and characterized the effects of the Reynolds number on the cavity structures on the
hydrofoil surface.

The formation of significant unsteady characteristics of the hydrofoil CAV2003 in non-
cavitating regime. In the previous researches, some discrepancies were indicated between the
hydrofoils CAV2003 and NACA0015. The hydrofoil CAV2003 can show significant unsteady
characteristics in non-cavitating regime compared with the hydrofoil NACA0015. The higher
level of vibrations for the hydrofoil CAV2003 in the non-cavitating regime could be according
to the viscous separation at the trailing edge of this hydrofoil, Arndt (2010). Another difference
between the foils NACA0015 and CAV2003 is the periodic cavitation with higher wall-pressure
pulsations for the hydrofoil CAV2003 compared with the hydrofoil NACA0015.

The occurrence of the mechanism of unsteady cloud cavitation at a lower angle of attack for
the hydrofoil CAV2003. The unsteady cloud cavitation occurs for the hydrofoil CAV2003 only
within the narrow range of the σ/2α , which is different from the hydrofoil NACA0015, Qin
(2004). Therefore, it can be easier to generate the unsteady partial or unsteady cloud cavitation
at a lower angle of attack on the CAV2003 hydrofoil surface in the experiments compared with
the hydrofoil NACA0015.
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Figure 3.7: The image of the cavitating-bubble generator (CG) on the suction side of the semi-
circular leading-edge flat plate. The semi-circular leading-edge flat plate is a 2D plate with a
semi-cylindrical nose and sharp-cut end. The thickness of the flat plate is 15 mm. The chord
length of the semi-circular leading-edge flat plate is 0.1 m and the aspect ratio of the test case in
the cavitation tunnel is 0.8. The parameters x, l, h and lre f are position of the CG to the leading
edge, length of the CG, height of the CG and the chord length of the semi-circular leading-edge
flat plate, respectively. The flat plate was made of brass with a roughness level of about 1.5 µm
using a 5-axis CNC machine.
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Figure 3.8: The image of the hydrofoil CAV2003 a) without cavitation control and b) with
cavitating-bubble generator (CG). The parameters x, l, h and lre f denote position of the CG to
the leading edge, length of the CG, height of the CG and the chord length of the hydrofoil,
respectively. The chord length of the hydrofoils is 0.1 m and the aspect ratio of the test cases
in the cavitation tunnel is 0.8.
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Figure 3.8 show the pictures of the benchmark hydrofoil without and with cavitation control
methods. Figure 3.8 (a) and (b) show the benchmark hydrofoil CAV2003 without passive con-
trol and with cavitating-bubble generator (CG), respectively. In figure 3.8 (b), the parameters l
and h are the length and the height of the cavitating-bubble generator mounted on the hydrofoil
surface. Figure 3.9 shows the benchmark hydrofoil with cylindrical cavitating-bubble gener-
ators (CCGs). The parameters s, h are d are the diameter of the cylindrical cavitating-bubble
generators, the height of the cylindrical cavitating-bubble generators and the distance between
the cylindrical obstacles, respectively. The parameter x is the distance of the location of CG or
CGGs to the leading edge of the hydrofoil.

Figure 3.9: The image of the hydrofoil CAV2003 with CCGs mounted on the suction side of
the hydrofoil. Symbols D = d/lre f , H = h/lre f and S = s/lre f designate the dimensionless
parameters of the CCGs with regard to the chord length of hydrofoil, where s, h are d are
the diameter of the CCGs, the height of the CCGs and the distance between the cylindrical
obstacles, respectively. lre f is the chord length of the hydrofoil and x is the location of the
CCGs to the leading edge. The chord length of the hydrofoil is 0.1 m and the aspect ratio of the
test case in the cavitation tunnel is 0.8. The distance between the cylindrical obstacle and the
near-wall ends of the hydrofoil is the same as the distance between the cylindrical obstacles.
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3.6 Experimental Conditions

The experiments for the studied cases without cavitation control were performed at at-
tack angles of 5, 6, 7 and 11 degrees and at different Reynolds numbers in the range of
1.1× 106− 1.6× 106. The experimental study for the benchmark hydrofoil with CG were
performed at attack angles of 5, 7 and 11 degrees in different cavitating regimes. For the
benchmark hydrofoil with CCGs the experimental testings were exhibited at attack angle of
7 degrees in different cavitating regimes. In addition, the experimental investigations for the
semi-circular leading-edge flat plate were performed at attack angle of 6 degrees and in the
cavitation surge regime.

In the most cavitation tunnel testings, a finite amount of non-condensable gas in dissolved state,
or due to leakage or by aeration can be observed in the operating liquid. A small amount of non-
condensable gas can have a significant effect on the machinery performances. The two physical
effects of non-condensable gas may be either the expansion of gas at low pressure as the pri-
mary effects, Watanabe and Prosperetti (1994) or the increasing of the phase change threshold
pressure as the secondary effects Reisman (1997). The amount of the gas content can affect
the cavitation dynamics and the cavity structure in different cavitating regimes, (Kawakami et
al. 2003, Kawakami et al. 2008). In order to reduce the effects of the gas content on cavitation
dynamics, the amount of gas content was mitigated as much as possible in the present work.
After the mitigation of the gas content, the bubble entrained in the free stream in the cavitation
tunnel test section were reduced significantly. A distilled water was selected as the working liq-
uid which can serve as a well-defined and reproducible reference fluid. The amount of oxygen
dissolved in water was about 7 mg/l with fluctuation within ± 0.5 mg/l during the experiments
which was maintained lower than 50 % of the standard conditions.

The blockage ratio is one of the important parameters which can affect the hydrodynamics of
the immersed bodies in internal flows such as flow passing the test section of a cavitation tunnel.
In a similar cavitating regime, the distance reduction of the surface of an immersible body to the
walls can reduce the area which should be available for the flow passing over the body surface.
This reduction of the distance to the walls could be due to the effect of the incidence angle
of the hydrofoil with the streamwise flow. The high blockage ratio can increase the hydrofoil
drag force and enlarge the area of separation and can increase the length of the cavity on the
hydrofoil surface, (Wu et al. 1971, Creciun 2013, Consul et al. 2013).

Therefore, the blockage ratio and the distance of an immersible body to the upper and lower
walls of the cavitation tunnel should be considered for the experiments. Creciun (2013) showed
that the coefficient of performance of a hydrokinetic turbine can change insignificantly for
blockage ratios less than approximately 0.4. Therefore, maximum blockage ratio should be less
than 0.4 in order to minimize the effects of blockage ratio on the hydrodynamic performance.
The equation of the blockage ratio can be defined as follows:

Bb =
DH,c

DH,t
(3.1)

Where Bb, DH,t and DH,c are blockage ratio, hydraulic diameter of the test section of the tunnel
and hydraulic diameter of frontal area of the hydrofoil, respectively. The hydraulic diameters
DH,t and DH,c can be given as follows:
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DH,t = 4
At

Pt
(3.2)

DH,c = 4
Ac

Pc
(3.3)

Where At and Ac are frontal area of test section and hydrofoil and Pt and Pc are frontal perimeter
of test section and hydrofoil. The blockage ratio was calculated with the mentioned equations
for the hydrofoil at attack angles of 7 and 11 degrees about Bb = 0.17 and Bb = 0.25, respec-
tively. This means that the maximum blockage ratio for the hydrofoil at attack angles of 11
degrees is much lower than the blockage ratio of 0.4. Therefore, the effects of this parameter
on the hydrodynamic performance of the hydrofoil was small in the experiments.

The water temperature was 30 ◦C and the temperature of the water in the cavitation tunnel
was kept constant using a control system during the experiments. The visualizations were
performed at the sampling rate of 20 kHz. The flow rate was adjusted by varying the pump
rotation speed using frequency converters. The mean inlet flow velocity was firstly obtained by
the flowmeter. Then, the mean flow velocity was measured by PIV method close to the inlet of
test section of tunnel in the central vertical longitudinal section. The flow velocity profiles on
the surface of the test objects and in the wake region were measured by two-dimensional PIV
method with an optical magnification of 0.11 and a high spatial resolution of about 0.5 mm
square for each velocity vector. The measurements of PIV test were carried out at the sampling
rate of 4 Hz. The laser sheet was situated in the central vertical longitudinal section of the test
channel from the top to bottom. The distance between the camera and the laser sheet was set
527 mm and the size of the measurement area was approximately 124×124 mm.

A hydrophone was used to measure the acoustic pressure pulsations during the experiments.
The hydrophone was located in the wake region of the test objects with a distance of 0.36
m behind the trailing edge of the studied cases at the center of the test section in the vertical
direction. The acoustic measurements were performed at the sampling rate of 10 kHz during the
experiments, so the maximum measured frequency was 5 kHz. The flow regimes are defined
by the Reynolds number and the cavitation number for different cavitation dynamics such as
cavitation inception, quasi-steady partial cavitation and unsteady cloud cavitation. Cavitation
number and Reynolds number were defined as follows:

σ =
pre f − pv

1/2ρre fV 2
re f

(3.4)

Re =
Vre f lre f

ν
(3.5)

where pre f and pv are reference pressure at the inlet and vapor pressure of the fluid, respectively.
The ρre f , Vre f and ν are the reference density, the inlet velocity of the fluid and the kinematic
viscosity of the fluid, respectively. The initial turbulence intensity during the tests was about
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1%. The reference pressure pre f was measured at a sidewall near the inlet of the test section by a
diaphragm strain-gauge pressure transducer. The vapor pressure of the water can be considered
as constant due to the very small temperature variations of water inside the cavitation tunnel
during the experiments. The saturation vapor pressure at the temperature of 30 ◦C is about 4.24
kPa, Dean (1999). The overpressure in the setup was usually fixed about 0.5 bars during the
experiments of the cavitating flow regimes. The natural frequency of the cavitation tunnel at
non-cavitating regime, different cavitating regimes and also in the case of test section without
hydrofoil was measured about fn = 7.6 Hz.

3.6.1 Measurement uncertainty

The uncertainty of different quantitative parameters in the experiments are discussed in this
section. In this work the uncertainty of the cavitation number was estimated using two differ-
ent methods. In the first method, the measurement error of the test instruments and the accuracy
error indicating the repeatability of the test conditions and the measured parameters were in-
vestigated, Beckwith et al. (2007) and Coleman and Steele (2009). The main parameter for
the cavitating flow is the cavitation number. First, the absolute error of the test instruments
such as pressure sensor for the measurement of the reference pressure, thermoregulator for the
measurement of the saturation vapor pressure and the PIV method for the measurement of the
inlet velocity were estimated. The reference pressure pre f was measured at a sidewall of the
test section near its inlet by a diaphragm strain-gauge pressure sensor with an absolute error of
∆pre f = 1.5 kPa, Timoshevskiy (2018).

Figure 3.10: The diagram of calibration of the inlet velocities in terms of frequency data ob-
tained from the frequency inverter. The inlet velocities were measured by the flowmeter at
different attack angles of 5, 7 and 11 degrees.

The absolute error of measurement of saturation vapor pressure depends on the temperature of
the water during the testings and can be estimated indirectly using a temperature measurement
system. The water temperature was kept 30 ◦C with uncertainty of ± 0.1 ◦C by means of a
thermoregulator during the testing. The thermoregulator consists of a copper resistive temper-
ature sensor, a cooling circuit and an electromagnetic valve which activate by a PID-control
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unit. The absolute error of the measurement of vapor pressure was estimated about ± 24 Pa
for the variation of the ± 0.1 ◦C in the temperature during the testing. The accuracy of the
approximation of inlet velocity measured by the flowmeter for different speeds of the pump
rotation and at different inclinations of the hydrofoil were investigated. Figure 3.10 shows the
diagram of the relationship of different frequencies from the frequency inverter with the inlet
velocities. From the results of the diagram, the accuracy of the approximation using linear re-
gression method were calculated about 0.9 for the hydrofoil with attack angles of 5, 7 and 11
degrees. Therefore, a fair agreement was obtained for the approximation of the inlet velocities
at different angles of attack.

Second, the obtained inlet velocities in the first step were compared with the mean inlet veloci-
ties which were measured by PIV method. Figure 3.11 shows the comparison of different inlet
velocities obtained by flowmeter and PIV method near the inlet section of the cavitation tunnel
for the hydrofoil with attack angle of 7 degrees.

Figure 3.11: The diagram of the comparison of different inlet velocities obtained by flowmeter
and the mean inlet velocities which were measured by PIV method for the benchmark hydrofoil
at attack angle of 7 degrees.

As the results show, the discrepancy of the obtained inlet velocities from the flowmeter and the
PIV method is nearly 1%. The uncertainty of the inlet velocity using PIV method was obtained
by Kravtsova et al. (2014) for different configurations and at different cavitating regimes. The
measurement uncertainty of the cross-correlation procedure in the PIV method was reported
about 0.1 pixel for an interrogation area of 32×32 pixel. The estimated relative velocity errors
were reported about 1% and 4% for the particle displacements of 8 and 2 pixels, respectively.
In order to estimate the relative measurement error of the cavitation number, the relative error
of pressure in the inlet section, relative error of the saturation pressure and relative error of the
inlet flow velocity were considered. The absolute and relative errors of the measurement of the
cavitation number can be estimated by the following equations:

∆σ = σ(εpre f + εpv + εVre f ) (3.6)

50



3.6 Experimental Conditions

εσ =
∆σ

σ
(3.7)

Where εpre f , εpv and εVre f are the relative errors of measurement of inlet pressure, saturation
vapor pressure and the inlet velocity, respectively. The relative error of the inlet pressure mea-
surement for the minimum inlet pressure which was used in the experiments can be estimated
as follows:

εPre f =
∆pre f

pre f
=

1500
61300

∼= 0.024 (3.8)

Therefore, the maximum relative error of the inlet pressure measurement is about 2.4 %. For the
operating temperature of 30 ◦C and the maximum variation in the temperature about ± 0.5 ◦C
during the experiments, maximum relative error of the saturation vapor pressure measurement
can be estimated as follows:

εpv =
∆pv

pv
=

120
4240

∼= 0.028 (3.9)

Therefore, maximum relative error of the measurement of vapor pressure is about 2.8 %. The
relative error of the inlet flow velocity measurement is about εVre f = 2%, see Kravtsova et
al. (2014). With the consideration of the mentioned relative errors, the relative error for the
cavitation number measurement in the cloud cavitating regime with cavitation number of 1.0
can be estimated about εσ

∼= 0.072. Therefore, the maximum relative error of the cavitation
number measurement in unsteady cloud cavitating regime is about 7.2 %. However, the relative
error of the cavitation number measurement for the most cases were estimated less than 6 %
in the cloud cavitating regimes. In order to calculate the error due to the repeatability of the
measured cavitation number, following equation was used:

Eσ =
sN√

N
(3.10)

Where N, sN and Eσ are the number of the individual measurements, sample standard deviation
and error of the repeatability, respectively. The sample standard deviation can be defined as
follows:

sN =

√
1
N

N

∑
i=1

(xi− xm)2 (3.11)

In this work, the error of the repeatability of the measured cavitation numbers was calculated
about 0.015 for three different measurements of the cavitation number. The total error of the
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measurement of cavitation number can be estimated as follows:

ET =
√

E2
σ + ε2

σ =
√

0.0152 +0.0532 = 0.055 (3.12)

According to the mentioned calculations, the total absolute error of the measured cavitation
number in the experiments was estimated about ET = 0.055. Therefore, the total relative error
of the measured cavitation number in the cloud cavitating regime with cavitation number of 1.0
was estimated about 5.5 %.

In the second method, uncertainty of the cavitation number was measured using the method by
Timoshevskiy (2018) which was given in the following equation:

∆σ =
2

ρV 2
re f

(
∆pre f ∓

2∆Vre f

Vre f

[
pre f − pv

])
=

2
ρV 2

re f

(
∆pre f ∓2εVre f

[
pre f − pv

])
(3.13)

Where pre f , Vre f , ∆pre f , ∆Vre f and εVre f are reference pressure, reference velocity, absolute
error of the reference pressure, absolute error of the reference velocity and relative error of the
reference velocity, respectively. The Strouhal number based on the chord Stc = f × lre f /Vre f
that corresponds to the frequency of sheet cavity oscillations or cloud shedding can be found
from the visual data. The uncertainty of the Strouhal number was given in the following equa-
tion:

∆Stc =
lre f ∆ f
Vre f

∓
lre f f ∆V

V 2
re f

=
lre f

Vre f

(
∆ f ∓ f εVre f

)
=

lre f

Vre f

(
∆Tp

T 2
p
∓

εVre f

Tp

)
=

lre f

Vre f Tp

(
εTp∓ εVre f

)
(3.14)

Where f , lre f and Tp are shedding frequency of the sheet cavity oscillations, chord length of the
hydrofoil and time of the breakdown of an attached cavity interface. The parameters ∆ f , ∆Tp
and εTp indicated the absolute error of the frequency, absolute error of the time of an attached
cavity breakdown and relative error of the time of an attached cavity breakdown, respectively.
The absolute error of the time of an attached cavity breakdown was estimated visually about 0.5
ms for the interframe interval of 50 µs or for the acquisition rate of 20 kHz using high-speed
camera. Therefore, the uncertainty of the measured Strouhal number of the attached cavity
length oscillations or shedding of the large-scale cavitation clouds was estimated about 2.8%
in the cloud and surge cavitating regimes from the visualization data. The uncertainty of the
measured high-frequency of the shedding of short cavities were estimated about 6-8%.

The measurement uncertainty of the Reynolds number which based on the hydrofoil chord
length and the mean flow velocity is proportional to the absolute error of the inlet velocity and
was estimated about 2%. According to the relative error of inlet flow velocity of about 2%
which was observed in PIV method, the cavitation number was ascertained with an absolute
error of nearly 0.05. Therefore, the relative uncertainty of the cavitation number measurement
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for the unsteady cavitating regime with the cavitation number of 1.0 can be estimated about
5%. The uncertainty of measurement of attached cavity length was estimated from the regis-
tered images using high-speed visualization. The attached cavity length was measured with an
inaccuracy of 10-15 pixels which corresponds to 1.8-2.7 mm for the spatial resolution of 0.18
mm per pixel. This inaccuracy can be due to the effect of the spanwise variations of the cavity
terminus and shedding of small cavity structures from the attached cavity closure region. The
measurement error of the cavity length can be also related to the uncertainty of the attack angle
setting. Due to the observations, an incipient attached cavity can be susceptible to small devi-
ations in the hydrofoil inclination of the test section at higher attack angles. The inclination in
the test section of the cavitation tunnel was determined by using a measurement system which
allowed to set the attack angle with a precision within about 0.1◦ which is a fair accuracy for
the experimental testings in a cavitation tunnel.

In order to enhance the quality of the registered images to find the mean velocity profiles,
the number of measured instantaneous velocity fields was selected at least from 5000 initial
image pairs for the post-processing of the PIV data. The Tables 3.4 and 3.5 show a summary of
absolute and relative errors in determining the cavitation number and Strouhal number based on
the pulsations of the sheet cavity length at two different angles of attack with the consideration
of the uncertainty of the inlet velocity of about 2%. As the results show, the uncertainty of
measurement of the cavitation number is less than 6%. It can be deduced from the results
that the uncertainty of measurement of Strouhal number based on the attached cavity length
oscillations is less than 3% in most of the cavitating regimes. However, the uncertainty of
Strouhal number for the small-scale cavitation clouds which characterized by higher frequency
shedding was estimated about 6% from the visualization data.

Table 3.4: The absolute and relative errors of the inlet cavitation number measurement in sheet
and cloud cavitating regimes and at attack angles of 5 and 7 degrees. The mean relative error
of the inlet flow velocity measurement was considered εVre f = 2%.

Flow parameters α = 5◦ α = 7◦

Inlet velocity (m/s) 12.11 12.76 9.46 12.07
Inlet pressure (kPa) 80.4 72 110.7 82.1
Cavitation number 1.04 0.79 2.38 1.07

Absolute error of Cavitation number 0.062 0.051 0.12 0.06
Relative error of Cavitation number 5.9% 6.5% 5.4% 5.9%

Table 3.5: The absolute and relative errors of the Strouhal number measurement for different
frequencies of attached cavity length pulsations and at attack angles of 5 and 7 degrees. The
mean relative error of the inlet flow velocity measurement was considered εVre f = 2%. The
absolute error of the time of an attached cavity breakdown was estimated visually about 0.5
ms.

Flow parameters α = 5◦ α = 7◦

Frequency (Hz) 17.2 20 17 84
Time of breakdown of attached cavity (ms) 58.1 50 58.8 11.9

Inlet velocity (m/s) 12.76 12.11 12.07 9.46
Absolute error of Strouhal number 0.0038 0.0049 0.004 0.055
Relative error of Strouhal number 2.8% 3.0% 2.8% 6.2%
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Chapter 4

Numerical Methods

For the numerical simulation of turbulent cavitating flows, an Euler-Euler method with volume
of fluid (VoF) method was used. In addition, a Partially-averaged Navier Stokes (PANS) for
turbulence modelling was coupled with a cavitation model and implemented to an open source
code. An Euler-Euler method assumes phases of liquid and vapor as continua on a fixed Eu-
lerian grid. The two-phase mixture uses a local volume fraction transport equation together
with the terms for mass transfer rate between the two phases. Based on the homogeneous as-
sumption, the homogeneous mixture is treated as a single continua fluid that shares the same
pressure and velocity fields. Therefore, in the current study, the mixture model was assumed to
describe the two phases by solving the mixture continuity and momentum equations. A Volume
of Fluid (VoF) method was used to track the interfaces between two phases. The unsteady cavi-
tating flows are solved using interPhaseChangeFoam solver out of the OpenFOAM framework,
where the consistency of the solver was tested and validated in the previous studies, Roohi et
al. (2013), Peters et al. (2015), Kadivar et al. (2017), Pendar and Rooohi (2018), Asnaghi et al.
(2018), Kolahan et al. (2019). The fundamentals of the governing equations and the discretiza-
tion schemes used in this work are presented in this chapter. The mathematical formulations of
this work are referred from Sauer and Schnerr (2000), Ferziger and Peric (2002), Franc (2008)
and Li (2012).

4.1 Governing Equations

The physical principle of the mass conservation law state that the mass cannot be created nor
destroyed and the principle of the momentum conservation law state that the momentum can
be changed by forces acting on the body. The energy equation was not solved in this work due
to the consideration of the fluid flow as an isothermal flow. Since the Finite Volume Method
(FVM) for the discretization were used, the governing equations are presented in the integral
form. Therefore, for an isothermal, viscous and turbulent flow, the mass conservation equation
(continuity equation) in integral form can be expressed as:

∂

∂ t

∫
V

ρdV+
∫

S
ρu ·ndS = 0 (4.1)

Here, t is the time, ρ is density and u is velocity of the mixture. The V denotes a control
volume bounded by its surface, S and n is the normal vector to the surface S directing outwards.
According to the Newton’s second law, the rate of momentum changes is equal to the sum
of the body and surface forces on the fluid element. The gravity force and centrifugal force
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are two examples of the body forces which may act on the volumetric mass and pressure and
viscous forces are the forces which can act directly on the surface. The momentum conservation
equation in integral form can be defined as:

∂

∂ t

∫
V

ρudV+
∫

S
ρuu ·ndS =

∫
S

T ·ndS+
∫

V
ρbdV (4.2)

Where V is the control volume and S and n are the control surface and the normal vector to S
pointing outwards, respectively. The density is ρ and the velocity of the mixture is indicated
as u. The first and second terms on the right side of the equation indicate the surface forces
and the body forces, respectively. b is the body forces (per unit mass) such as gravitation or
Coriolis forces. T and p are the stress tensor and pressure, respectively. With the assumption
of the control volume as an infinitesimally small volume, the differential form of the mass
conservation equation can be given as follows:

∂ρ

∂ t
+∇ · (ρu) = 0 (4.3)

The momentum conservation equation in differential form can be expressed as follows:

∂ρu
∂ t

+∇ · (ρuu) = ∇ · (T)+ρb (4.4)

With the unit tensor or identity matrix I, deformation tensor D and the dynamic viscosity µ ,
the stress tensor T can be written as follows:

T =−
[

p+
2
3

µ(∇u)
]

I+2µD (4.5)

Where the last term 2µD is the viscous stress tensor. With the equation of deformation tensor
D = 1

2(∇u+(∇u)T ), the stress tensor T can be written as follows:

T =−
[

p+
2
3

µ(∇u)
]

I+µ(∇u+(∇u)T ) (4.6)

The density of an incompressible flow considered as constant and the body forces such as grav-
itation force are not considered. Therefore, the equations of mass conservation and momentum
conservation can be given as follows:

∇ ·u = 0 (4.7)

∂u
∂ t

+∇ ·uu =− 1
ρ

∇p+ν(∇u+(∇u)T ) (4.8)

Where ν is the kinematic viscosity.
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4.2 Pressure-Velocity Coupling

As it is not possible to solve all the conservation equations simultaneously, projection methods
coupled in a semi-implicit method can be used to solve the conversation equations. The SIM-
PLE, PISO and PIMPLE algorithms are the most used methods of pressure-velocity coupling
by the researchers which can be selected in the open source code. The algorithms are different
in the set up process of the pressure-correction equation and the way which the velocity field
should be corrected. The PIMPLE algorithm which can be employed in the solver is based on
the merged SIMPLE and PISO algorithms.

For the most of the cavitating simulations by the previous researchers, the PIMPLE set-up
was used in the present study. The PIMPLE can provide a more robust pressure-velocity cou-
pling by the coupling a SIMPLE outer-corrector loop with a PISO inner-corrector loop which
demonstrates a better stability for the larger time-steps or higher Courant number compared
to the PISO algorithm (see Robertson et al. 2015, Kadivar et al. 2017, Pendar and Rooohi
2018, Asnaghi et al. 2018). Without using the outer corrector loops, the algorithm is directly
equivalent to the PISO method. In the simulations, one outer SIMPLE loops and two PISO
loops in each SIMPLE loop are employed to get the convergence in each time step. The dy-
namic time-stepping can be adjusted in the PIMPLE method in order to hold a constant Courant
number. Like the SIMPLE and PISO methods, the PIMPLE method consists of three steps as
the momentum predictor, pressure solver and momentum corrector. First, the velocity fields
are computed using linearized momentum equations and the pressure field of the previous time
step. To obtain unknown velocities, each component of momentum should be solved. Af-
ter that, the pressure-correction equation derived from the discretized momentum and mass
conservation equations should be solved. At the end, using the pressure-correction field, the
velocity and pressure fields can be corrected.

4.3 Finite Volume Method

In OpenFOAM source code, a finite volume method (FVM) is applied in order to discretize the
integral form of the governing equations over a finite number of control volumes enclosed by
the control volume surfaces which contain flow variables in their center. The transport equation
for an arbitrary scalar φ in differential form is gives as:

∂

∂ t
ρmφ +

∂

∂x j
(ρmφui)−

∂

∂x j
(Γ

∂φ

∂x j
) = Sφ (4.9)

Where the first term in right-hand side (RHS) is a temporal accumulation, the second term in
RHS determines convective transport of φ in and out the volume with the convection velocity
ui. The third term in RHS is a diffusion of φ with general diffusion constant Γ and the term in
left-hand side (LHS), Sφ is the corresponding source term. The integral form of the transport
equation can be transformed using Gauss theorem as follows:

∂

∂ t

∫
V

ρmφdV+
∫

V

∂

∂x j
(ρmφui)dV−

∫
V

∂

∂x j
(Γ

∂φ

∂x j
)dV =

∫
V

Sφ dV (4.10)
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Using the divergence operator, the above equation can be written as follows:

∂

∂ t

∫
V

ρmφdV+
∫

V
∇.(ρmφu)dV−

∫
V

∇.(Γ∇φ)dV =
∫

V
Sφ dV (4.11)

The volume integral of the divergence of a vector field can be defined as a net flux of the vector
field on the closed surface of the volume according to the Gauss theorem. Thus, the integral
form of the transport equation can be given as:

∂

∂ t

∫
V

ρmφdV+
∫

S
(ρmφu) f ndS−

∫
S
(Γ) f (∇φ) f ndS =

∫
V

Sφ dV (4.12)

Where φ is the scalar variable, Γ is diffusion constant and Sφ indicates the source term and n
is the vector normal to the surface S. The subscript f denotes the corresponding value which
evaluated at the cell face. Figure 4.1 shows a spatially discretized box which consists of a
number of control volumes or cell elements.

Figure 4.1: 3D-view of a computational domain with a spatially discretized box which consists
of a number of control volumes or cell elements.

4.4 Spatial Discretization

In the FVM approach, the values of the dependent variables are stored in the middle of the
cell. Therefore, the cell value should be interpolated on the face in order to consider the face
fluxes which are evaluated at the face centers. Using the FVM, the conservation equations are
transformed into the algebraic equations and solved numerically for each control volume using
a finite approximation for volume and surface integrals. Different approximation methods can
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be used with different stability and accuracy in the OpenFOAM code. More details can be
found in Jasak (1996), Jasak et al. (1999) and Rusche (2002). Figure 4.2 illustrates a 2D-view
of control volumes with different neighboring cells, P, N, W , E and S with the corresponding
interfaces w, e, n and s. According to the linear interpolation, the value of the scalar variable φ

at the interface w and e can be obtained as follows:

φw = fwφP +(1− fw)φW (4.13)

φe = feφP +(1− fe)φE (4.14)

Where the fw = δxwW/δxPW and fe = δxeE/δxPE are the interpolation functions which are
defined in the interpolation method for a second-order central differencing scheme.

Figure 4.2: 2D-view of control volumes with different neighboring cells, P, N, W , E and S with
the interfaces w, e, n and s.

Another scheme for the linear interpolation is the upwind differencing scheme which assigns
the cell value to the interface directly depending on the direction of the flow velocity. The linear
interpolation for φe, can be given as:

φe = φP,u > 0 (4.15)

φe = φE ,u < 0 (4.16)

The term u is the flow velocity. The gradient term of the general scalar transport equation is
approximated using a second-order central differencing scheme. In order to avoid the insta-
bility or non-physical values in some cases, the gradient approximation can be limited using a
gradient limiter. A cell-based scalar limiting which reduce the magnitude of each component
of the gradient can be defined as follows:
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∇φlimited = (
1
K
−1)∇φtrue (4.17)

Where K is a user-specified value which can vary between 0 and 1. For the full limiting, K→ 1
and for returning to the true gradient, K→ 0. Therefore, this second-order central differencing
scheme bounded by gradient limiter parameter K can be used for the approximation of the
gradient term.

The divergence terms can be expressed using Gauss theorem as follows:

∫
V

∇.(uφP)dV = ∑
e

n.(uφ)e (4.18)

∫
V

∇.(uφP)dV = ∑
w

n.(uφ)w (4.19)

The face values φe and φw at the interface e and w can be determined by including the cell gradi-
ent of φ in adjacent volume, ∇φP and ∇φE and ∇φW using a second-order upwind differencing
schemes as follows:

φe =

{
φP +ψ(∇φP).de for u>0
φE +ψ(∇φE).de for u<0 (4.20)

φw =

{
φP +ψ(∇φP).dw for u<0
φW +ψ(∇φW ).dw for u>0 (4.21)

Where de and dw denote the distance between the cell center P and the centroid of neighbouring
faces and ψ is related to the limitation of the gradient which can ensure the boundedness in
second-order upwind differencing scheme. The direction of the upwinding can dependent on
the flow direction and the cell gradient term which is approximated by the second-order central
differencing scheme, Barth and Jespersen (1989).

The Laplacian term can be determined by Gauss theorem and the first-order uncorrected for-
mulation of the Laplacian scheme can be written as follows:

∫
V

∇.(Γ∇φP)dV = ∑
e

Γn.(∇φ)e (4.22)

The term n.(∇φ)e can be given by:

n.(∇φ)e =
|n|(φP−φPE)

|d|
(4.23)

Where |d| denotes the distance between the cell centers P and E. In the cases with a non-
orthogonal grid, a correction should be considered in the above equation in order to maintain
a second-order accuracy. This non-orthogonality can be occurred when the vector d and the
vector n are not aligned. Therefore, the gradient term can be split into orthogonal and non-
orthogonal sections as follows:
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ne.(∇φ)e = αde

(
φP−φPE

|d|

)
e
+(ne−αde)

(
φP−φPE

|d|

)
e

(4.24)

This method is a second-order corrected discretization scheme. The parameters ne and d are
the surface normal vector of the interface and the distance vector between cell centers P and
E. The parameter de is the projection of ne on d and α is a weighting coefficient which is
related to the mesh orthogonality. The orthogonal and non-orthogonal parts of the scheme are
treated implicitly and explicitly, respectively. When the grid non-orthogonality is higher than
50◦, a limiting is required for the stability, Robertson et al. (2015). A detailed description of
the discretization methods can be found in Jasak (1996).

4.5 Temporal Discretization

For a time-dependent partial differential equations, the temporal discretization is required in
addition to the spatial discretization. A general time-dependent equation can be mentioned as
follows:

F(φ) =
∂φ

∂ t
(4.25)

The first and second order temporal discretizations can be formulated as follows:

F(φ) =
φ n+1−φ n

∆t
(4.26)

F(φ) =
3φ n+1−4φ n +φ n−1

2∆t
(4.27)

Where φ n, φ n−1 and φ n+1 denote a scalar quantity at the corresponding time steps ∆t, t−∆t
and t +∆t, respectively. The 4t indicates the time-step in the equation. An implicit temporal
discretization scheme is used with the second order accuracy for the modelling of the unsteady
cavitating flows. The solution data from the current time step, n+ 1 and the solution data
from the previous two times steps, n and n− 1 are used for the second-order time discretiza-
tion. The available temporal discretization approaches in the open source code are the standard
three-level 2nd order backward difference and the 2nd order Crank–Nicolson schemes. The
Crank–Nicolson schemes was used in most of the simulations in this study. In addition, the
time step is set small enough to ensure the maximum Courant number of the field to be less
than 1 in the computational domain for the simulation of the cavitating flows.

4.6 Volume of Fluid

The vapor and liquid phases were considered as continua on a fixed Eulerian grid which the
interface between the vapor and liquid phases is defined using Volume of Fluid (VoF) method.
In this method, only one pressure and velocity field exists for the entire computational domain.
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In the VoF approach, a phasic volume fraction (α) is applied to track the volume fraction of
each phase and is defined as follows:

α =


1 Water
0 Vapor

0 < α < 1 Interface
(4.28)

The value of the volume fraction (α) can be obtained from volume fraction transport equation.
The boundness of the α is in the range between 0 and 1. Assuming that the two fluids are
incompressible, the integral form of the volume fraction transport equation together with a
source term for the mass transfer rate between the vapor and liquid phases can be written as
follows:

∂

∂ t

∫
V

αdV+
∫

S
αu ·ndS =

∫
V
(ṁ+− ṁ−)dV (4.29)

Where (ṁ+− ṁ−) is the source term and is related to the evaporation and condensation in
cavitation phenomenon. The evaporation and condensation rates can be obtained from the
cavitation model which described in the section of cavitation model of Schnerr-Sauer. With the
assumption of the control volume as an infinitesimally small volume, the differential form of
the transport equations of each volume fraction can be given by:

∂

∂ t
αi +∇ · (αiu) = ṁ+− ṁ−, i = l,v (4.30)

It could be sufficient to consider one of the transport equation for the volume fraction αv as
follows:

∂

∂ t
αv +∇ · (αvu) = ṁ+− ṁ−, (4.31)

An artificial compression term ∇.(α(1−α)uc) is defined by Weller (2008) to prevent interface
smearing and to avoid interface reconstruction in the VoF method used in OpenFOAM. The
compressive velocity formulation of the transport equation of αv can be obtained for the vapor
volume fraction as follows:

∂

∂ t
αv +∇ · (αvu)+∇.(αv(1−αv)uc) = ṁ+− ṁ− (4.32)

Where the term uc is the artificial velocity which only affects the interface region. The scaling
of (αv(1−αv) ensures that the artificial velocity can only act near the interface. Therefore, the
relative velocity appears in the equation before appears here in terms of a compression velocity.
The volume fraction equation is solved for both phases based on the constraint of αv +αl = 1.
The αv and αl are the vapor volume fraction and liquid volume fraction, respectively. The
density and viscosity of the liquid-vapor mixture based on the density and the viscosity of the
single phases can be given as follows:
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ρm = ρvαv +ρl(1−αv) (4.33)

µm = µvαv +µl(1−αv) (4.34)

Where ρl and ρv indicate densities of water and vapor and µl and µv are viscosities of water
and vapor, respectively.

4.7 Turbulence Model

According to the high Reynolds number in marine applications, using the direct numerical
solution (DNS) or large-eddy simulation (LES) are not applicable due to the high computational
costs and effort for the practical use. Therefore, the turbulence models based on the Reynolds-
averaging of the Navier-Stokes equations are widely used in marine applications. When the
mean flow properties is investigated, the variables of the Navier-Stokes equations should be
replaced by the sum of the mean and fluctuating components. Therefore, an arbitrary quantity
is defined as the sum of the mean component which is independent on time and a fluctuating
component which is time-dependent. This decomposition of the flow properties known as
Reynolds decomposition. The arbitrary quantity varying in space and time can be written as:

φ(xi, t) = φ̄(xi)+φ
′(xi, t) (4.35)

where t, xi, φ̄(xi), φ ′(xi, t) are the time, arbitrary coordinates, mean component and the fluc-
tuating component, respectively. The mean component, which is a time-averaged value over a
period of T can be defined as follows:

φ̄(xi) =
1
T

∫ T

0
φ(xi, t)dt (4.36)

When the mean flow properties in a transient flow is investigated, the mean component becomes
also a function of the time. Thus, the arbitrary quantity can be written as:

φ(xi, t) = φ̄(xi, t)+φ
′(xi, t) (4.37)

Using an ensemble averaging known as Reynolds averaging, the mean component which is a
time-averaged value over a period of T can be given as follows:

φ̄(xi, t) = lim
N→∞

1
N

N

∑
n=1

φ(xi, t) (4.38)

Where N is the number of members of the ensemble. To eliminate the effects of the fluctuations,
the N should be large enough. The averaging schemes are schematized in figure 4.3, Ferziger
and Peric (2002).
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Figure 4.3: a) The diagram of time averaging for a statistically steady flow and (b) ensemble
averaging in the case of a transient flow, Ferziger and Peric (2002).

Given that the averaging value of the fluctuating component is zero, the averaged continuity
and momentum equations for the mixture flow can be written as follows:

∂ρm

∂ t
+

∂ (ρmūi)

∂xi
= 0 (4.39)

∂

∂ t
(ρmūi)+

∂

∂x j
(ρmūiū j +ρmu′iu

′
j) =−

∂ p̄
∂xi

+
∂ τ̄i j

∂x j
(4.40)

Where u′iu
′
j is Reynolds stresses which represent the correlation between fluctuating variables

due to the effects of the turbulence. The parameter τ̄i j is the mean viscous stress tensor and is
given as:

τ̄i j = µm

[
(

∂ ūi

∂x j
+

∂ ū j

∂xi
)− 2

3
∂ ūk

∂xk
δi j

]
(4.41)

Where µm and δi j are the mixture dynamic viscosity and Kronecker delta, respectively. Equa-
tions (4.38) and (4.39) are known the Reynolds-Averaged Navier-Stokes (RANS) equations.
As can be deduced from the RANS equations, the time-averaged momentum equation con-
tains additional unknowns Reynolds stresses. To predict the Reynolds stresses, computational
procedures or modelling with sufficient accuracy are needed. These modellings are known as
turbulence models, which allow for the computation of time averaged flow and scalar fields
without having to calculate the actual flow fields.

The momentum transfer caused by the turbulent eddies can be modeled with an eddy viscosity
approach known as Boussinesq’s eddy-viscosity hypothesis. In order to model the time aver-
aged flow and to relate the Reynolds stresses to the mean flow, the Boussinesq’s eddy-viscosity
hypothesis is used in the standard turbulence models. The stress tensor of the Newtonian fluids
can be written as follows:

τi j =−pδi j +Si j−
2
3

µm
∂uk

∂xk
δi j (4.42)
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Where Si j is the strain rate tensor and is linearly proportional to the deformation rate tensor,
Di j, the symmetric part of the velocity gradient. Si j and Di j can be written as follows:

Si j = 2µmDi j (4.43)

Di j =
1
2
(

∂ui

∂x j
+

∂u j

∂xi
) (4.44)

By employing the Boussinesq’s eddy-viscosity hypothesis, the Reynolds stress tensor can be
approximated in the following way:

−ρmu′iu
′
j = µt

(
∂ ūi

∂x j
+

∂ ū j

∂xi
− 2

3
∂ ūk

∂xk
δi j

)
− 2

3
ρmkδi j (4.45)

Where µt and k are the eddy viscosity or turbulent eddy viscosity and the turbulent kinetic
energy, respectively. With the comparison of the terms of stress tensor in equation (4.5) and
the above equation, it can be observed that the term 2

3ρmk seems to behave like a pressure. The
turbulent kinetic energy k is defined as follows:

k =
1
2

u′iu
′
i =

1
2
(u′xu′x +u′yu′y +u′zu′z) (4.46)

The Reynolds stress tensor, τi j, contains six unknowns which should be solved. But using
Boussinesq’s eddy-viscosity hypothesis, the problem finding the Reynolds stresses was shifted
to the problem driving the unknown quantities like the turbulent eddy viscosity µt and kinetic
energy of the turbulence k. The turbulent (eddy) viscosity µt is usually characterized with a
characteristic velocity of the turbulent eddies Vc and a characteristic length of the turbulent
eddies Lc which can be assumed as follows:

µt ≈ ρVcLc (4.47)

The characteristic velocity is usually taken corresponding to the square root of the turbulent
kinetic energy, Vc =

√
k. The turbulent kinetic energy k can be obtained by solving the transport

equation of the k, which will discuss in the following sections.

4.7.1 Turbulence model with Reboud’s Correction

Turbulence model play an important role to predict the cavitating flow especially in the un-
steady cavitating regimes which related to the cavitation shedding and vortex structures on
the surface of an immersed body. According to the strong interaction between the turbulence
and the cavitation dynamics, a proper turbulence model should be considered to simulate the
cavitating flows.

One of the important effects of the cavitating flow which should be considered is the compress-
ibility effects. The compressibility effects in the two-phase flow were investigated by different
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researchers, Kiefer (1977) and Sorguven and Schnerr (2003). They found that the compress-
ibility in the vapor-liquid mixture region is much higher than the compressibility in the single
phase flow. They indicated that the compressibility effects may be due to the large density
variations in the low-pressure regions. The two-equation turbulence models are originally de-
veloped for the modelling of the single-phase flows. The turbulent viscosity µt in the transition
region between the vapor and liquid phase is usually overestimated in the standard turbulence
models which can cause the suppression of the unsteadiness in the unsteady cavitating flow
regimes.

For the modelling of the two-phase flows, a mixture of incompressible vapor and liquid is usu-
ally considered by the previous researchers. Reboud et al. (1998), Coutier-Delgosha et al.
(2002) and Coutier-Delgosha et al. (2003a) indicated that the turbulent kinetic energy in the
mixture region can be reduced due to the effects of the compressibility which are not consid-
ered in the standard two-equation turbulence models such as k−ε and k−ω turbulence models.
They determined that the standard turbulence models can not be efficient to simulate the insta-
bilities of the unsteady cavitating flows. They indicated that a modification in the standard
turbulence models should be performed to simulate the unsteady cavitating flows including
compressibility effects. Their results revealed that their correction leads to the reduction of the
turbulent kinetic energy in the cavity and also near the cavity closure.

Reboud et al. (1998) proposed a modification in the k− ε turbulence model in order to reduce
the turbulent viscosity µt artificially, which accounts for the compressibility effects in interface
regions between vapor/liquid phases. The turbulent viscosity µt in the standard k−ε turbulence
model is defined µt = f (ρ)Cµk2/ε which for an incompressible single-phase flow, the function
f (ρ) simplifies to ρ . The modification by Reboud et al. (1998) is known as Reboud’s correction
and can be written as follows:

f (ρ) = ρv +
(ρm−ρv)

n

(ρl−ρv)n−1 ;n� 1 (4.48)

Where ρv, ρl , ρm and n are vapor density, water density, mixture density and exponential co-
efficient, respectively. Coutier-Delgosha et al. (2002) performed numerical modelling of the
unsteady cavitation on three different configurations using k− ε RNG and k−ω turbulence
models without and with corrections of the compressibility. For their first modelling, the fluid
compressibility was only take into account in the turbulence equations through the mean den-
sity change. They reported that the numerical simulation in the first case has not the ability to
capture the unsteadiness of the cavity structures. A quasi-steady behavior of the cavity struc-
tures were observed in the first case. For their second modelling, the compressibility effects
were considered. Their results revealed that the oscillation frequencies, the cavity length, the
void ratio and the velocity fields which obtained by the numerical modelling were reliable
agreement with the experimental data. Figure 4.4 shows the comparison of the density function
proposed in the Reboud’s correction and in the standard turbulence model.
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Figure 4.4: The comparison of the density function proposed in the Reboud’s correction and in
the standard turbulence model. The exponential coefficient, n =10 is selected in the Reboud’s
correction for the cavitation modelling, see Reboud et al. (2002).

4.7.2 Partially-Averaged Navier-Stokes Model for Turbulence Simulation

As it was already discussed, the standard turbulence models are not able to model the unsteady
cavitating flows properly and some modifications of turbulence models have to be considered
to calculate the unsteady cavitating flow. Reboud et al. (1998) proposed a correction of the
turbulent viscosity, which leads to the reduction of the turbulent viscosity and turbulent ki-
netic energy in the rear part of the attached cavity in the unsteady cavitating flow which was
mentioned in the last section.

However, in this study a bridging variable-resolution (VR) method is used to partially resolve
the flow field in accordance with complexity such as in the simulation of the unsteady cavi-
tating flows. Hybrid or zonal method and bridging method are two categories of the variable-
resolution (VR) approach. In the bridging method, the same model usually employs in re-
gions of different resolutions. However, in hybrid methods, RANS and LES equations are usu-
ally solved in different zones of the computational domain. Partially-averaged Navier Stokes
(PANS) model is one of the bridging models which is intended to bridge smoothly between
the Reynolds-Averaged Navier-Stokes (RANS) and Direct Numerical Simulation(DNS). This
method was first proposed by Girimaji (Girimaji 2003, Girimaji and Abdol-Hamid 2005 and
Girimaji 2006). The PANS classified as the second-generation URANS (2G-URANS) model
by Fröhlich and von Terzi (2008). In the URANS method, only the unsteady mean flow such as
scales that are comparable to the geometry of the flow may be resolved and all other scales can
be modeled. In Large Eddy Simulation (LES), all large scale motions or energy carrying eddies
may be resolved, whereas the small scale motions can be modeled, Piomelli (1999). The PANS
model for simulation of the turbulence can reduce the turbulent eddy viscosity in the closure
region of the attached cavity. Therefore, the PANS model can be used instead of the Reboud’s
correction for the manipulation of the turbulent eddy viscosity in unsteady cavitating flows. In
PANS model, the unresolved turbulent eddy viscosity is determined from unresolved kinetic
energy and unresolved dissipation. These unresolved parameters can be obtained by solving
the modelled transport equations.
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In the PANS model, the method of separation of resolved and modelled components can be
similar to the LES method. The difference between these two methods can be due to the
different closure paradigms which they used for the resolution of the variables. In LES method,
the closure paradigm is grid-based whereas in PANS method, the closure paradigm is viscosity-
based. In LES approach, sub-filter viscosity is a function of the cut-off length scale whereas in
PANS approach, the sub-filter viscosity is a function of the modelled flow field. In LES method,
the cut-off length scale of the resolved flow should be predetermined whereas in PANS method,
the physical resolution only is determined which leads to an overlap between the PANS resolved
spectrum and the PANS modelled spectrum, Reyes et al. (2014). The variation of the filter or
cut-off length can be achieved by suitably modifying the ratios of unresolved-to-total kinetic
energy and unresolved-to-total dissipation. The relation of the flow energy and the length scale
can be depicted in an energy spectrum.

Figure 4.5 shows a typical spectrum of PANS wave-number energy as a function of wave num-
ber and the overlap between the PANS resolved and unresolved (modelled) spectra. The ranges
(I), (II) and (III) in the figure indicate the production range (energy-containing range), iner-
tial subrange (energy transformation) and dissipation range (energy dissipation), respectively,
Pope (2000). Therefore, PANS method using the setting of a very low damping parameter with
a fixed grid can act like an under-resolved DNS method or an implicit LES method.

Figure 4.5: Schematic view of typical spectrum of PANS wave-number energy and the overlap
between the PANS resolved and modelled spectra, for more details see Reyes et al. (2014) and
Razi (2015).

Therefore, the PANS model for the turbulence modelling can provide a closure model for any
intermediate degree of scale resolution which can be enough for different numerical simula-
tions. The previous researchers showed an improvement of the numerical simulation accuracy
using PANS in different simulations on benchmark flow problems, Lakshmipathy and Girimaji
(2007), Song and Park (2009), Ma et al. (2011), Ji et al. (2013a) and Mirzaei et al. (2015).
They indicated that PANS has the ability to resolve wider range of scales than URANS and
their results revealed a good agreement with the experimental data at higher degree of fidelity
on much coarser grids than LES or DNS turbulence models. They showed that the accuracy of
the numerical results can be optimized based on the available computational resources in PANS
approach. In this work, the PANS model for the turbulence simulation is coupled with a mass
transfer model which implements in an open source code. The PANS model can be derived
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from the existing URANS model by the introduction of some damping terms. The purpose of
using these damping parameters is to adjust the given URANS model to better cope with the
situations, where the part of the turbulence structures should be resolved. The equations of
URANS and the equations of PANS and its damping parameters are shown in the following
section.

URANS Equations

The development of all the hybrid and bridging models such as PANS model commences from
the incompressible Navier-Stokes equations and the continuity equation. The URANS equa-
tions for the mixture flow can be written as follows:

∂ρm

∂ t
+

∂

∂xi
(ρmui) = 0 (4.49)

∂

∂ t
(ρmui)+

∂

∂x j

(
ρmuiu j

)
=− ∂ p

∂xi
+

∂

∂x j

[
(µ +µt)

(
∂ui

∂x j
+

∂u j

∂xi
− 2

3
∂uk

∂xk
δi j

)]
(4.50)

Actually the difference between URANS and PANS is in the method of obtaining of the aver-
aged or filtered velocity equations from the momentum equation of the RANS. URANS uses an
averaging operator to obtain the equations with consideration of the mean velocity field. PANS
uses a homogeneous filter which leads to the decomposition of the velocity into resolved and
unresolved parts.

Standard k− ε Turbulence Model Equations

For a two-equation turbulence model such as the standard k− ε turbulence model, the charac-
teristic length scale can be obtained from the relations involving the turbulent kinetic energy k
and turbulent dissipation rate ε which is given as follows:

Lc =Cµk3/2
ε
−1 (4.51)

According to the equation of the characteristic length scale Lc and characteristic velocity of the
turbulent eddies Vc, the assumption of the turbulent (eddy) viscosity µt can be written as the
following equation:

µt = ρCµ

k2

ε
(4.52)

As it can be seen from the equation of the turbulent (eddy) viscosity µt , the transport equations
of the k and ε should be solved in order to find the turbulent (eddy) viscosity. The turbulent
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kinetic energy and dissipation equations of the standard k− ε turbulence model (Launder and
Spalding 1972) can be written as follows:

∂

∂ t
(ρmk)+

∂

∂x j
(ρmku j) =

∂

∂x j

[(
µ +

µt

σk

)
∂k
∂x j

]
+Pk−ρmε , (4.53)

∂

∂ t
(ρmε)+

∂

∂x j

(
ρmu jε

)
=

∂

∂x j

[(
µ +

µt

σε

)
∂ε

∂x j

]
+Cε1Pk

ε

k
−Cε2ρm

ε2

k
, (4.54)

The turbulent viscosity of the mixture flow is given as:

µt = ρmCµ

k2

ε
(4.55)

The production term is written as:

Pk =−ρmu′iu
′
j
∂u j

∂xi
, (4.56)

Pk = µtS2 , (4.57)

S≡
√

2Si jSi j (4.58)

Model constants are given as follows:

Cε1 = 1.44, Cε2 = 1.92, Cµ = 0.09, σk = 1.0, σε = 1.3

The standard k− ε turbulence model with full cavitation model were used by Kadivar et al.
(2017) for the modelling of the natural supercavitating flows behind different three-dimensional
cavitators. They validated their numerical modelling with the experimental data for the cavitat-
ing flows with high velocity and at different low cavitation numbers. Their results were in fair
agreement with the experimental data. They suggested a coupled k− ε turbulence model with
the full cavitation model for the modelling of the cavitating flows at high Reynolds numbers.

Partially-Averaged Navier-Stokes Equations

According to the URANS equations and the standard k− ε turbulence model, PANS equations
for the mixture flow can be expressed as:

∂ρm

∂ t
+

∂

∂xi
(ρmui) = 0 (4.59)
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∂

∂ t
(ρmui)+

∂

∂x j

(
ρmuiu j

)
=− ∂ p

∂xi
+

∂

∂x j

[
(µ +µtu)

(
∂ui

∂x j
+

∂u j

∂xi
− 2

3
∂uk

∂xk
δi j

)]
(4.60)

Where u, p and ρm are the velocity, mixture pressure and mixture density, respectively. µ is the
dynamic viscosity and µtu is the PANS turbulent eddy viscosity or the turbulent eddy viscosity
of the unresolved field in the PANS simulation. The sum of the dynamic viscosity and the
turbulent eddy viscosity is defined as the effective viscosity and is given as follows:

µe f f = µ +µtu (4.61)

Before the starting of the simulation, a constant damping ratio is prescribed for each character-
istic scale of the turbulence closure. For the standard k-ε model this reads:

fk =
ku

k
, fε =

εu

ε
(4.62)

Where ku and k represent the amount of the unresolved turbulent kinetic energy and the total
turbulent kinetic energy, respectively. The εu and ε represent the amount of the unresolved
dissipation rate and the total dissipation rate, respectively. This means that the user decides
how much of the kinetic energy and the dissipation rate are to be modeled. The PANS turbulent
eddy viscosity is calculated with ku and εu based on the RANS paradigm and defined as follows:

µtu = ρmCµu

k2
u

εu
= ρmCµ

f 2
k

fε

k2

ε
(4.63)

Where Cµu =Cµ = 0.9 are chosen based on the RANS model. As demonstrated in the equation
of the eddy viscosity, the effective damping constant for the RANS model is constituted by the

term f 2
k

fε
. This means that with the assumption of the fε ≈ 1, the turbulent eddy viscosity of

the unresolved field in the PANS simulation can be approximated as µtu ≈ f 2
k µt . The ku and

εu equations are formally identical to the original RANS equations. The model constants are
replaced by parameters depending on fk and fε . Finally, the k-ε model of PANS are briefly
presented below:

∂

∂ t
(ρmku)+

∂

∂x j
(ρmkuu j) =

∂

∂x j

[(
µ +

µt

σku

)
∂ku

∂x j

]
+Pku−ρmεu , (4.64)

∂

∂ t
(ρmεu)+
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(
ρmu jεu

)
=

∂

∂x j
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µ +

µt

σεu

)
∂εu

∂x j

]
+Cε1Pku

εu

ku
−C∗ε2ρm

ε2
u

ku
, (4.65)

Where Pku is the unresolved scale Production term. The C∗
ε2 is given by
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C∗ε2 =Cε1 +
fk

fε

(Cε2−Cε1) (4.66)

Where Cε1 = 1.44 and Cε2 = 1.92. The other modified coefficients are as following

σku = σk
f 2
k

fε

,σεu = σε

f 2
k

fε

(4.67)

Where σk = 1 and σε = 1.3, Launder and Spalding (1972). Therefore, the parameter fk sets
the cut-off between resolved and unresolved scales. The resolution of the flow is controlled by
suitably specifying the fk for every simulation. For the small values of fk, the simulations can
be performed with a finer filter. The fk has an important effect on the prediction of the unsteady
cavitating flow. Therefore, the computations of the scale-resolving simulation are performed
at different levels of physical resolution or cut-off length scale designated according to the
different fk in this study. For fk = 1, the turbulent viscosity of the unresolved fields µtu goes
to the RANS value µt . This means that the PANS model can be changed to the RANS model
and therefore the periodic characteristics can not be captured in the cavitating flow simulations.
The extent of overlap between the energy-containing and dissipation ranges can be dictated by
the parameter fε . The fε could be adjusted equal to 1 if there is a clear separation between
energy-containing and dissipation scales such as in the high Reynolds number flows. Because
in the high Reynolds number flows, all the dissipation is expected to occur at the unresolved
scales. For the cases with the insignificant separation are expected to occur at the unresolved
scales. For the cases with the insignificant separation between the two ranges such as in the
low Reynolds number flows, the fε can be equal to fk approximately. For the intermediate
Reynolds numbers, the fε value can be between the two limits.

4.8 Cavitation Model

In order to predict the cavitating flows and their dynamics, the multiphase flow equations are
used to solve the multiphase flow problem. As the cavity structures which form on the surface
of an immersed body content of many cavitation bubbles, the study of dynamics of cavitation
bubble growth and its collapse are important to investigate the cavitating flows. The following
section drives Rayleigh-Plesset equation for a single bubble in an infinite domain of water. The
mathematical model of the spherical bubble dynamics was proposed firstly by Rayleigh-Plesset
equation, Brennen (1995). A spherical bubble of radius R(t) at time instance t in an infinite
domain of water was considered. The temperature and pressure far from the single bubble are
T∞ and p∞(t), respectively. T∞ is assumed to be constant and p∞(t) is assumed to be a known
input which can regulate the growth or collapse of the bubble.

For the present derivation of the Rayleigh-Plesset equation, the compressibility of the water
was not considered. However, in a real case, the compressibility of the water can be an impor-
tant aspect which can influence the bubble collapse process. Therefore, the water density ρl is
considered as a constant parameter. In addition, the dynamic viscosity, µl is assumed constant
and uniform. It is also assumed that the bubble has a uniform distribution of matter. Therefore,
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the temperature TB(t) and the pressure pB(t) within the bubble are also uniform. It can be con-
cluded that the radius of the bubble R(t) is an important parameter in Rayleigh-Plesset equation
which changes during the growth or collapse process of the bubble. It should be mentioned that
the interaction of bubbles and non-spherical bubble geometries are not considered in the present
Rayleigh-Plesset equation. Figure 4.6 (a) shows a schematic view of a single spherical bubble
in an infinite water domain and at time instance t. The parameters in an infinite water domain
and inside the bubble are denoted with subscripts ∞ and B, respectively. The radial distance
within the water is denoted by r from the center of the single bubble. The parameters at radial
distance are pressure, p(r, t), radial outward velocity, u(r, t) and temperature T (r, t). The radial
outward velocity u(r, t) can be defined from the conservation of mass and inverse square law as
follows:

u(r, t) =
F(t)
r2 (4.68)

Figure 4.6: a) Schematic view of a single spherical bubble in an infinite water domain. The pa-
rameters T∞ and p∞(t) are temperature and pressure far from the single bubble. The parameters
TB(t) and pB(t) are temperature and pressure inside the single bubble. b) Schematic view of a
portion of the spherical bubble interface.

By a kinematic boundary condition at the bubble surface, the F(t) is related to R(t). For zero
mass transfer across the interface, the interface velocity of bubble and the function F(t) can be
defined as follows:

u(R, t) =
dR
dt

(4.69)

F(t) = R2 dR
dt

(4.70)

The volume rate of evaporation is equal to the rate of increase in size of the bubble. By consid-
eration of radius of vapor bubble RB, the mass rate of evaporation can be written as:
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dmv

dt
= ρv

dVB

dt
= 4πρv(TB)R2

B
dRB

dt
(4.71)

Where ρv(TB) and VB are the saturated vapor density at the bubble temperature, TB and the
volume of the bubble, respectively. The mass flow of water inwards or condensation relative to
the interface can be given as follows:

dml

dt
= ρlAsul = 4πρlR2

Bul (4.72)

Where ρl , As and ul are density of water, surface area of a bubble and inward velocity of water
relative to the interface, respectively. The rate of condensation and evaporation should be equal
due to the mass conservation.

dml

dt
=

dmv

dt
= 4πρlR2

Bul = 4πρv(TB)R2
B

dRB

dt
(4.73)

Therefore, the relation of the inward velocity of water relative to the interface and bubble radius
variation can be written as follows:

ul =
ρv(TB)

ρl

dRB

dt
(4.74)

According to the obove equations, the equation of the radial outward velocity at interface of
bubble can be derived as follows:

u(R, t) =
dRB

dt
− ρv(TB)

ρl

dRB

dt
(4.75)

Therefore, the equation of F(t) can be given by:

F(t) =
(

1− ρv(TB)

ρl

)
R2

B
dRB

dt
(4.76)

In most of practical cases, the density of water is much higher than the density of the vapor,
ρv(TB)� ρl . Therefore, the equation of F(t) = R2 dR

dt can be used as a approximated form for
the approximation of future equations. The Navier-Stokes equation for motion in the r direction
for the Newtonian liquid can be written as follows:

− 1
ρl

∂ p
∂ r

=
∂u
∂ t

+u
∂u
∂ r
−νl

(
1
r2

∂

∂ r

(
r2 ∂u

∂ r

)
− 2u

r2

)
(4.77)

According to the approximated equation of F(t), the Navier-Stokes equation can be given as
follows:

− 1
ρl

∂ p
∂ r

=
1
r2

dF(t)
dt
−2

F(t)2

r5 (4.78)
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The above equation can be written as following equation after the integrating with the condition
of pR→ p∞ and R→ ∞:

pR− p∞

ρl
=

1
r

dF(t)
dt
− 1

2
F(t)2

r4 (4.79)

In order to complete the analysis, a control volume consisting of a small, infinitely thin lamina
containing a segment of interface is considered. Figure 4.6 (b) shows a portion of the spherical
bubble interface. The net force on the segment of the bubble in the radially outwards direction
per unit area is given:

σrr + pB−
2ζ

RB
(4.80)

Where ζ is the surface tension of the water. The normal stress in the water from center of the
bubble acting radially outwards is given by:

σrr =−pR +2µl
∂u
∂ r

(4.81)

Therefore, the net force per unit area can be written as follows:

pB− pR−
4µl

RB

dRB

dt
− 2ζ

RB
(4.82)

By consideration of the null mass transfer across the boundary, the net force becomes zero and
can be given in the following equation:

pR = pB−
4µl

RB

dRB

dt
− 2ζ

RB
(4.83)

With substitution of the value for pR and value of F(t) = R2 dR
dt , the equation (4.78) can be given

as:

pB− p∞

ρl
= RB

d2RB

dt2 +
3
2

(
dRB

dt

)2

+
4νl

RB

dRB

dt
+

2ζ

ρlRB
(4.84)

Therefore, the generalized Rayleigh-Plesset equation can be given as follows:

RB
d2RB

dt2 +
3
2

(
dRB

dt

)2

=
pB− p

ρl
− 4νl

RB

dRB

dt
− 2ζ

ρlRB
(4.85)

Where RB is the radius of the bubble, ρl and νl are the density and the kinematic viscosity of
the water, respectively. pB, p and ζ are the bubble surface pressure, local far field pressure and
the surface tension of the water, respectively. In the modelling of the cavitating flow, the effect
of surface tension, viscosity, and the inertia effect (second derivative term) can be neglected
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due to large pressure difference (pB - p), (Sauer and Schnerr 2000, Franc 2008 and Li 2012).
Therefore, the simplified form of Rayleigh-Plesset equation can be expressed as follows:

dRB

dt
=

√
2
3

pB− p
ρl

(4.86)

4.8.1 Schnerr-Sauer Model

The numerical models of cavitation differ in terms of the mass transfer. In cavitation models
based on the Rayleigh-Plesset equations, both phases are considered to have the same veloc-
ity and mass transfer. According to the variations of the local pressure, the evaporation and
condensation of the bubble can be formed. In this study, the Schnerr and Sauer (2001) cavi-
tation model, which is based on a simplified Rayleigh-Plesset equation is used together with
the PANS turbulence model for the unsteady cavitating flow modelling. It is assumed in this
cavitation model that the vapor structure is filled with a lot of tiny spherical bubbles. This
cavitation model was used by different researchers and validated for various simulations of
cavitating flows, (see Li et al. 2010, Ji et al. 2013b, Ji et al. 2015, Kadivar and Moctar 2018a,
Asnaghi et al. 2018). The vapor volume fraction αv is defined as the volume of vapor Vv in a
cell volume Vcell and can be calculated as follows:

αv =
Vv

Vcell
=

Vv

Vl +Vv
=

Nbubbles
4
3πR3

B

Vl +Vv
=

nbVl
4
3πR3

B

Vl +nbVl
4
3πR3

B
=

nb
4
3πR3

B

1+nb
4
3πR3

B
(4.87)

Where Vcell is the volume of the computational cell and Vv and Vl are the volumes occupied by
the vapor and water, respectively. Nbubbles is the number of bubbles in the computational cell.
RB and nb are the bubble radius and the number of the spherical bubbles per unit volume of
water. With the consideration of the equation of mixture density ρm = αvρv +(1−αv)ρl , the
derivative of mixture density related to the change of the vapor volume fraction can be written
in equation as follows:

dρm

dt
= (ρv−ρl)

dαv

dt
(4.88)

The continuity equation using the definition of dρm
dt can be given as follows:

∂ρm

∂ t
+

∂ (ρmui)

∂xi
=

dρm

dt
+ρm

∂ui

∂xi
= 0 (4.89)

By the combination of the two last equations, the mass transfer source term can be obtained as
follows:

∂ρvαv

∂ t
+

∂ (ρvαvui)

∂xi
= ρv

dαv

dt
+αvρv

∂ui

∂xi
=

ρvρl

ρm

dαv

dt
= ṁ (4.90)

Where αv, ρv and ρm are vapor volume fraction, vapor density and mixture density, respectively.
The parameter ṁ indicates the mass transfer terms due to evaporation and condensation of

76



4.8 Cavitation Model

phases. With the equations mentioned before, the derivative of the vapor volume fraction can
be given by:

dαv

dt
=

4πnbR3
B

(1+ 4
3πnbR3

B)
2

dRB

dt
=

3αv(1−αv)

RB

dRB

dt
(4.91)

The pressure at the bubble surface pB in the simplified form of the Rayleigh-Plesset equation is
assumed to be equal to the saturation vapor pressure pv. Therefore, the derivative of the vapor
volume fraction and the radius of the bubble RB can be written as follows:

dαv

dt
=

3αv(1−αv)

RB

√
2
3

pv− p
ρl

(4.92)

RB = 3

√
3αv

4πnb(1−αv)
(4.93)

The source term of the net phase change, ṁ, can be defined as ṁ = ṁ+− ṁ−. Where ṁ+

and ṁ− are the mass transfer rates related to the evaporation and condensation in cavitation,
respectively. Therefore, the source term ṁ can be given as follows:

ṁ =
ρvρl

ρm

3αv(1−αv)

RB

√
2
3
(pv− p)

ρl
(4.94)

Finally, the evaporation source term and the condensation source term can be written from the
continuity equation as follows:

ṁ+ =Ce
ρvρl

ρm

3αv(1−αv)

RB

√
2
3
(pv− p)

ρl
, pv > p (4.95)

ṁ− =Cc
ρvρl

ρm

3αv(1−αv)

RB

√
2
3
(p− pv)

ρl
, pv ≤ p (4.96)

Where Ce and Cc are empirical coefficients which are related to the processes of evaporation
and condensation. The recommended value is about 1 for both of empirical coefficients.

77





Chapter 5

Experimental Results

In this chapter the experimental results of the cavitation dynamics in different cavitating
regimes around the benchmark hydrofoil CAV2003 and the semi-circular leading-edge flat
plate were presented. The mechanism of the cavitation and cavity structures around the test
cases were investigated with and without cavitation control methods. At first, the experiments
were performed for the standard cases without cavitation control methods.

5.1 Experimental Results without Cavitation Control

The experimental investigations were performed to study the dynamics of the cavitation forma-
tion and cavitation dynamics on the benchmark hydrofoil CAV2003 without cavitation control.
This first step can help us to understand the mechanism of the cavitation inception and cavita-
tion instability formation for different cavitating conditions in details. In the second step, the
experiments using two different cavitation passive control methods called Cavitating-bubble
Generator (CG) and Cylindrical Cavitating-bubble Generators (CCGs) were performed to study
the effects of the cavitation control methods on the cavitation dynamics. The benchmark hy-
drofoil and the semi-circular leading-edge flat plate were used for the experiments with the
Cavitating-bubble Generator (CG).

5.1.1 Cavitation Structures without Cavitation Control

The dynamics of the different cavitating flow regimes on the benchmark hydrofoil CAV2003
without cavitation control using high-speed visualization were firstly analyzed. The experi-
ments were performed at attack angle of 7 and at different Reynolds numbers. Figure 5.1
shows the angle-view of the dynamics of the quasi-steady partial cavitation during one typical
oscillation cycle for the benchmark hydrofoil without cavitation passive control at Reynolds
number 1.15×106.

From the instantaneous images of the figure 5.1 can be observed that the small-scale cavity
structures at the aft part of the attached cavity can be detached from the hydrofoil surface into
the downstream in this cavitating flow regime. This means that the main part of the cavity struc-
ture may attach to the body surface during the cavitating flow. Due to the small pulsations of the
aft part of the attached cavity, the cavitation type in this regime is well known as quasi-steady
partial cavitation with a sheet cavity structure. Figures 5.2 and 5.3 illustrates the angle-view
of the generation of the unsteady cloud cavitation during one typical oscillation cycle for the
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Figure 5.1: The instantaneous images of the angle-view of quasi-steady partial cavitation dy-
namics during one typical oscillation cycle for the hydrofoil without CCGs. The flow direction
is from left to right and the experiments was measured at Reynolds number 1.15× 106. The
shedding frequency is f = 84 Hz. The time step between images is ∆t = 1.48 ms. The corre-
sponding cavitation number is σ = 2.2.

hydrofoil without cavitation passive control. The sequence images show the three important
stages of the mechanism of an unsteady cloud cavitation formation which are the growth of
the attached cavity, shedding of the cavitation clouds and collapsing of cavitation clouds down-
stream of the hydrofoil. As can be seen from the figure 5.2, two re-entrant jets can be formed
from the both sides of the hydrofoil’s span due to the adverse pressure gradient before the main
shedding of the cavitation clouds can be occurred through the effect of the main re-entrant jet
from the middle part of the hydrofoil. As the instantaneous images show, theses two re-entrant
jets from near-wall ends can propagate diagonally upstream into the leading edge direction
and can affect the attached cavity structure and play as triggers for the formation of the main
re-entrant jet. Then, the detachment of the attached cavity and the shedding of the cavitation
clouds in to the downstream can be observed due to the effects of the main middle-entrant jet.
Figure 5.2 (t1) and 5.2 (t3) show the inception and the growth of the two re-entrant jets from
the near-wall ends in to the leading edge of the hydrofoil, respectively.

As the figure 5.3 (t4 - t5) show, the two jets propagate diagonally upstream near the leading
edge before the attached part of the cavity in the middle section of the hydrofoil can reach to
its maximum length. In other words, the two re-entrant jets from near-wall ends can move
upstream, while the attached part of the cavity on the hydrofoil mid-span still extending to the
downstream of the hydrofoil. As can be deduced from the results, the high-speed visualization
from the angle-view of hydrofoil can give further information about the dynamic behavior of
the re-entrant jets from near-wall ends and their effects on the formation of the cavity shedding.
The results reveal that in addition to the dominant role of the main re-entrant jet from the middle
section for cutting off the attached cavity, the two re-entrant jets from near-wall ends can play
important role before the shedding of the cavitation clouds. The results show that the re-entrant
jets from near-wall ends can merge with the middle-entrant jet near the leading edge of the
hydrofoil and lead to the shedding of the large-scale attached cavity from the hydrofoil surface.

Figure 5.4 and 5.5 show the side-view of hydrofoil with the mechanism of cloud cavitation
formation without cavitation control in one typical oscillation cycle. The instantaneous images
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5.1 Experimental Results without Cavitation Control

Figure 5.2: The instantaneous images of the angle-view of the unsteady cloud cavitation for-
mation during one typical oscillation cycle for the hydrofoil without cavitation control. The
flow direction is from left to right and the experiments were measured at the Reynolds number
1.4× 106 and the cavitation number σ = 1.3 at attack angle of 7 degrees (σ/2α = 5.3). The
shedding frequency, maximum length of the attached cavity based on the chord and the Strouhal
number based on the maximum length of the attached cavity are f = 74 Hz, lmax/lre f = 0.6 and
Stl = 0.39, respectively. The time step between images is ∆t = 1.68 ms.

(t0 - t1) show the growth process of the cavity on the hydrofoil surface after the collapse of
the cloud cavity from the previous cycle. The inception of the re-entrant jets from near-wall
ends of the hydrofoil and their propagation to the leading edge of the hydrofoil can be observed
in figures 5.4 (t2) and 5.4 (t3), respectively. In figure 5.5 (t4), the cavity was reached to its
maximum length, while the re-entrant jets from near-wall ends are moving upstream underneath
the attached cavity. The figures 5.5 (t6) and 5.5 (t7) show the detachment and the collapse
processes of the large-scale cavitation clouds near the hydrofoil surface.

Streamwise Velocity Profiles without Cavitation Control

In order to gain a better insight into the effects of the unsteady cavitating flow on the ve-
locity distribution near the hydrofoil surface, the mean streamwise velocity profiles for the
non-cavitating and cavitating flows were measured using PIV method. Figure 5.6 shows the
mean streamwise velocity profiles in non-cavitation, quasi-steady partial cavitation and un-
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Figure 5.3: (Continued)

steady cloud cavitation regimes at different locations on the hydrofoil surface in streamwise
direction. The results of the location x/lre f = 0.2 show that the value of the velocity maximum
is about V/Vre f = 1.45 which has the highest value for the case of the unsteady cloud cavitating
regime compared with the cases of the quasi-steady partial cavitation with V/Vre f = 1.4 and the
non-cavitating condition with V/Vre f = 1.39.

At the location of x/lre f = 0.4, the value of the velocity maximum for all cases of the non-
cavitating condition and the cavitating conditions shifts a little to a lower velocity maximum.
It can be deduced from the diagram that the vertical position y/lre f of the velocity maximum
for all cases shifts to a higher value from the hydrofoil surface up compared with the location
x/lre f = 0.2. The values of the velocity maximum were decreased from V/Vre f = 1.4 to V/Vre f
= 1.14 and from V/Vre f = 1.45 to V/Vre f = 1.18 in quasi-steady partial cavitation regime and in
unsteady cloud cavitation regime, respectively. This mitigation in the velocity maximum may
result from the lateral expansion of the accelerated flow further downstream in the streamwise
direction. From the results at locations x/lre f = 0.2 - 0.8 can be deduced that the variations
between the velocity maximum for all regimes may be mitigated by the movement from the
location of x/lre f = 0.2 near the leading edge of the hydrofoil to the location of x/lre f = 0.8
near the trailing edge of the hydrofoil. This effect can be caused by the adverse pressure
gradient in the closure region of the attached cavity with its maximum length. In general, it can
be concluded that the cavitation generation and its development on the hydrofoil surface may
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Figure 5.4: The instantaneous images of the side-view of unsteady cloud cavitation formation
for the hydrofoil without cavitation control. The experiments were measured at the Reynolds
number 1.4× 106 and the cavitation number σ = 1.3 at attack angle of 7 degrees (σ/2α =
5.3). The shedding frequency, maximum length of the attached cavity based on the chord
and the Strouhal number based on the maximum length of the attached cavity are f = 74 Hz,
lmax/lre f = 0.6 and Stl = 0.39, respectively. The time step between images is ∆t = 1.68 ms.

Figure 5.5: (Continued)

change the mean velocity distributions near the hydrofoil surface significantly. The developed
cavitation can enhance the mean velocity maximum near the hydrofoil surface compared with
the case of non-cavitating regime as seen in figure 5.6.

Figure 5.7 shows the mean streamwise velocity profiles for the non-cavitation, the quasi-steady
partial cavitation and the unsteady cloud cavitation regimes at different locations x/lre f = 1.1
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Figure 5.6: The diagrams of the mean streamwise velocity profiles for the non-cavitation, quasi-
steady partial cavitation and unsteady cloud cavitation regimes at different locations on the hy-
drofoil surface x/lre f = 0.2, 0.4, 0.6 and 0.8 without cavitation control. The Reynolds numbers
for the non-cavitation, quasi-steady partial cavitation and unsteady cloud cavitation regimes are
1.03× 106, 1.15× 106 and 1.4× 106, respectively. The corresponding cavitation number for
the non-cavitation, quasi-steady partial cavitation and unsteady cloud cavitation regimes are
σ = 3.4, σ = 2.2 and σ = 1.3, respectively.

and 1.2 in the wake region of the hydrofoil. The results show that the mean streamwise ve-
locity behind the hydrofoil trailing edge for the non-cavitating regime at x/lre f = 1.1 is about
V/Vre f = 0.52 and at x/lre f = 1.2 is about V/Vre f = 0.71. The mean streamwise velocity in the
wake region of the hydrofoil trailing edge for the unsteady cloud cavitation regime at x/lre f =
1.1 and x/lre f = 1.2 are about V/Vre f = 0.66 and V/Vre f = 0.76, respectively. Therefore, the
enhancement of the mean streamwise velocity in the wake region can be observed for the un-
steady cavitating flows compared with the cases in the non-cavitating regimes. In the unsteady
cloud cavitation regime, the boundary layer with a large inflection in the wake region can be
observed in the figure 5.7 compared with the non-cavitating and quasi-steady partial cavitating
regimes. This large inflection of the boundary layer could be due to the formation of the larger
vortex structures past the trailing edge of the hydrofoil in the unsteady cloud cavitating regime
compared with the steady partial cavitating flow.

Figure 5.8 shows the maximum length of the attached cavity based on the hydrofoil chord
versus the normalized cavitation number, σ/2α for the hydrofoils without cavitation control.
It can be observed from the figure that the results of the present works is in fair agreement with
the solution presented by Brennen (1995) and the measurements reported in Wu et al. (2019).
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Figure 5.7: The diagrams of the mean streamwise velocity profiles for non-cavitation, quasi-
steady partial cavitation and unsteady cloud cavitation regimes at different locations x/lre f = 1.1
and 1.2 in the wake region of the hydrofoil without cavitation control. The Reynolds number
for the non-cavitation, quasi-steady partial cavitation and unsteady cloud cavitation regimes are
1.03× 106, 1.15× 106 and 1.4× 106, respectively. The corresponding cavitation number for
the non-cavitation, quasi-steady partial cavitation and unsteady cloud cavitation regimes are
σ = 3.4, σ = 2.2 and σ = 1.3, respectively.

Figure 5.8: The experimental results of the maximum length of attached cavity based on the
hydrofoil chord, lmax/lre f versus the normalized cavitation number, σ/2α for the hydrofoils
without cavitation control. The black triangle and red square symbols represent the experimen-
tal results of the present works at attack angles of 5 and 7 degrees, respectively. The violet
square symbol indicates the experimental results by Wu et al. (2019) at the attack angle of 7
degrees. The red, blue and green circle symbols represent the experimental results by Arndt et
al. (2000) at attack angles of 6, 8 and 10 degrees, respectively. The solid line is a linear solution
for a flat-plate hydrofoil which was calculated by Brennen (1995).

The values of the lmax/lre f versus σ/2α are also in fair agreement with the measurements
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reported in Arndt et al. (2000) and Kjeldsen et al. (2000). The results in the present study
showed that the various maximum lengths of the attached cavity which is an important pa-
rameter to study the instabilities of the unsteady cavitating flows are located in the fair range
compared with the other experiments.

5.2 Hydrofoil with Cavitating-bubble Generator

In this section, the experimental results of the cavitation dynamics in different cavitating
regimes on the benchmark hydrofoil CAV2003 with the Cavitating-bubble Generator (CG)
were presented. Then the effects of the cavitation controller on the cavity structures, the pres-
sure pulsations, the shedding frequency of the cavitation clouds and the Strouhal number were
discussed.

5.2.1 Effects of Cavitation Control on the Cavity Structure

In order to see the effects of the passive control method using cavitating-bubble generator
(CG) on the cavitation dynamics, the results of the experiments for the benchmark hydrofoil
with cavitating-bubble generator in different cavitating regimes were compared with the case
without cavitating-bubble generator. In this section, the results of the high-speed imaging of
the modified hydrofoil using cavitating-bubble generator and the standard hydrofoil without
cavitating-bubble generator in the regimes of the non-cavitating, cavitation inception, quasi-
steady partial cavitation and unsteady cloud cavitation were presented. First, cavitation incep-
tion number σi and the position of the cavitation inception were measured for the hydrofoil
without cavitation control. Then, the cavitating-bubble generator was manufactured down-
stream of the cavitation inception location on the suction surface of the standard hydrofoil.
Finally, the subsequent experiments were performed in various cavitating regimes and at dif-
ferent angles of attack under the effects of the cavitation control. Figure 5.9 shows the images
of the cavitation inception formed on the hydrofoil suction surface without cavitating-bubble
generator close to the leading-edge at different attack angles of 5, 7 and 11 degrees.

As can be seen form the results in figure 5.9 ((a) and (b)), the shapes of the cavitation inception
at different attack angles of 5, 7 degrees are like a thin attached cavity which formed on the
hydrofoil suction surface close to the leading edge. However, for the hydrofoil at attack angle of
11 degrees, the shape of the cavitation inception is like the cavitating vortex structures which
can be initiated from the leading edge, figure 5.9 (c). The reason for the formation of such
cavitation inception with the shape of the cavitating vortices could be due to the full separation
of the flow close to the leading edge at high angles of attack. The cavitation inception numbers
were obtained σi = 1.7, 3.0 and 4.4 for the hydrofoil at attack angles of 5, 7 and 11 degrees,
respectively. Kjeldsen et al. (2000) proposed a simple prediction for the inception of sheet
cavitation or cavitation inception number as follows:

σi ' 17α (5.1)

Where σi is the cavitation inception number and α is angle of attack in radians. They indi-
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Figure 5.9: The photo of the cavitation inception formed on the hydrofoil suction surface with-
out cavitating-bubble generator close to the leading-edge at different attack angles of 5, 7 and
11 degrees. The cavitation was initiated on the hydrofoil surface at attack angles of 5, 7 and
11 degrees with the corresponding cavitation number of σ = 1.7, σ = 3.0 and σ = 4.4, respec-
tively. The corresponding Reynolds number for the cases at attack angles of 5, 7 and 11 degrees
are 1.28×106, 1.07×106 and 0.94×106, respectively.

cated that this relation can agree well with the observations for the cavitating regimes at attack
angles in the range 2 ≤ α ≤ 8. The cavitation inception numbers at attack angles of 5 and 7
degree which were calculated with this method are σi = 1.48 and 2.07, respectively. A discrep-
ancy between the cavitation inception numbers measured at attack angles of 5 and 7 degree in
this work with cavitation inception numbers calculated from the mentioned approximation can
be observed. The discrepancy for determining the cavitation number inception may be from
the effects of the inlet velocity, hydrofoil surface roughness and cavitation tunnel conditions.
Therefore, it can be mentioned that this approximation presented by Kjeldsen et al. (2000)
can not be used for all cavitating regimes at the attack angles 2 ≤ α ≤ 8 for determining the
cavitation inception number. Figure 5.10 shows the instantaneous photo of the cavitation in-
ception formed on the hydrofoil surface with cavitating-bubble generator at attack angles of
5 and 11 degrees in the cavitation inception regimes. It can be deduced from the results that
the cavitating-bubble generator can suppress the cavitation inception on the hydrofoil suction
surface in both angles of attack.

Figure 5.11 shows the results of the cavitation inception formed at attack angle of 5 degrees
on the hydrofoil surface without cavitation control and with cavitating-bubble generator (CG)
from side-view. The figure 5.11 (a) shows the cavitation inception close to the leading edge of
the hydrofoil surface without cavitation control. As the results show, the cavitation inception
shifted downstream of the hydrofoil close to the sharp section of the wedge-type cavitating-
bubble generator for the case with the cavitation control, 5.11 (b). The reason could be due to
the enhancement of the local pressure in the forepart of the wedge-type cavitating-bubble gen-
erator which can suppress the cavitation inception close to the leading edge of the hydrofoil.
The results reveal that the cavitating vortexes in the aft part of the wedge-type cavitating-bubble
generator may be generated. This means that the pressure inside the core of the generated vor-
texes at the aft part of the CG may become below the water saturation pressure which may
induce the cavitating vortexes. In summary, it can be concluded that with the effects of the
cavitating-bubble generator, the cavitation inception may be shifted downstream on the hy-
drofoil surface and the cavitation inception close to the leading edge which generated on the
unmodified hydrofoil (without CG) can be suppressed.
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Figure 5.10: The instantaneous photo of the cavitation inception formed on the hydrofoil with
cavitating-bubble generator (CG) at two different attack angles of 5 and 11 degrees in the
cavitation inception regime. The corresponding cavitation and Reynolds numbers at attack
angle of 5 degrees are σ = 1.7 and 1.28×106, respectively. The corresponding cavitation and
Reynolds numbers at attack angle of 11 degrees are σ = 4.4 and 0.94×106, respectively.

The results of the cavitation inception on the hydrofoil suction side without and with wedge-
type cavitating-bubble generator (CG) at attack angle of 7 degrees were shown in figures 5.12
and 5.13. As can be deduced from the results, the cavitation inception on the hydrofoil surface
was suppressed at attack angle of 7 degrees for the modified hydrofoil with CG. Figure 5.12
illustrates the sequence images of the angle-view of the hydrofoil without and with cavitating-
bubble generator (CG). The sequence images from the figure 5.12 (a) show the cavitation in-
ception which formed at different locations in the spanwise direction closed to the hydrofoil
leading edge. While the sequence images from the figure 5.12 (b) show that in the presence of
the cavitating-bubble generator, the cavitation inception may be suppressed. This elimination
of the cavitation inception is also visible from the sequence images of the figure 5.13 (b) at the
side-view.

Figures 5.14 and 5.15 show the results of the cavitation inception formed on the hydrofoil suc-
tion side without and with wedge-type cavitating-bubble generator (CG) at attack angle of 11
degrees. It can be deduced from the results of the figures 5.14 (a) and 5.15 (a) that the cavita-
tion can be generated inside the core of streamwise or spanwise vortices in the separated shear
layer away from the hydrofoil surface. This type of cavitation is known as vortex cavitation
which can be usually occurred away from the hydrofoil surface at high attack angles and at the
middle cavitation number. From the locations of the cavitation inception on the hydrofoil at
higher attack angle can be concluded that the cavitation inception may be formed at different
positions in spanwise and in streamwise directions away from the hydrofoil surface. However,
the cavitation inception for the hydrofoil at lower attack angles such as 5 or 7 degrees usually
performed on a certain location in the spanwise direction attached on the hydrofoil surface.

The results of the mechanism of the cavitation formation and the shape of the cavity structures
in the unsteady cloud cavitating regime and unsteady cavitation surge regime at attack angle
of 5 degrees were shown in figures 5.16 - 5.19. Figure 5.16 shows the instantaneous images
of the cavity structures from the top-view of the hydrofoil without cavitating-bubble generator
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Figure 5.11: The photo of the cavitation inception formed at attack angle of 5 degrees on the
hydrofoil surface without and with cavitating-bubble generator (CG) from side-view. The cor-
responding cavitation number and Reynolds number are σ = 1.7 and 1.28×106, respectively.

(CG) in the unsteady cloud cavitating regime at the Reynolds number 1.53× 106. As can be
observed from the instantaneous images of the figure 5.16, the mechanism of the unsteady
cloud cavitation formation was associated with the development of the re-entrant jet which
leads to the transition to the periodic large-scale cavitation clouds. It can be seen from the
results that the main re-entrant jet was mostly initiated from the mid-span of the hydrofoil
and the effects of the re-entrant jets from the side sections of the hydrofoil seems to be not
significant for this cavitating regime. From the instantaneous images can be observed that the
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Figure 5.12: The photo of the cavitation inception on the hydrofoil suction side without and
with wedge-type cavitating-bubble generator (CG) at attack angle of 7 degrees from the angle-
view. The corresponding cavitation number and Reynolds number are σ = 3.0 and 1.07×106,
respectively.

Figure 5.13: The photo of the cavitation inception on the hydrofoil suction side without and
with wedge-type cavitating-bubble generator (CG) at attack angle of 7 degrees from the side-
view. The corresponding cavitation number and Reynolds number are σ = 3.0 and 1.07×106,
respectively.

beginning part of the attached cavity on the hydrofoil surface close to the leading edge is like
a glossy surface. This means that the attached cavity may be comprised of a pure vapor phase
and water bridges. The dominant frequency due to the collapse of the cavitation clouds is f
= 20 Hz for the hydrofoil without cavitating-bubble generators. The instantaneous images of
the figure 5.17 show that the cavity structures on the hydrofoil surface are changed from a
sheet-to-cloud cavity structure for the hydrofoil without cavitating-bubble generator (CG) to
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Figure 5.14: The photo of the cavitation inception on the hydrofoil suction side without and
with wedge-type cavitating-bubble generator (CG) at attack angle of 11 degrees from the angle-
view. The corresponding cavitation number and Reynolds number are σ = 4.4 and 0.94×106,
respectively.

Figure 5.15: The photo of the cavitation inception on the hydrofoil suction side without and
with wedge-type cavitating-bubble generator (CG) at attack angle of 11 degrees from the side-
view. The corresponding cavitation number and Reynolds number are σ = 4.4 and 0.94×106,
respectively.

a sheet-vortex cavity structure for the case with CG. The results indicate that the cavitation
inception formed on the hydrofoil with cavitating-bubble generator was shifted downstream on
the hydrofoil surface and the cavitation inception close to the leading edge which usually form
on the unmodified hydrofoil was suppressed.
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As can be deduced from the images, the length of the attached cavity on the hydrofoil surface
with the cavitating-bubble generator has lower pulsations compared with the hydrofoil without
cavitation control which has higher pulsations in the cavity length. The length pulsations of
the attached cavity on the hydrofoil surface with the CG are observed in the range between 0.6
and 0.75 of the hydrofoil chord length. However, the length pulsations of the attached cavity
on the hydrofoil surface without CG are observed in the range between 0.42 and 0.9 of the
hydrofoil chord length which is much wider than the case with the cavitating-bubble generator.
Therefore, a reduction of about 68 % in the length pulsations of the attached cavity for the case
with cavitation control can be obtained compared with the case without cavitation control. In
addiction, the large-scale of the cavity pulsations in spanwise and streamwise directions on the
surface of the hydrofoil without cavitation control were altered and changed to a cavity structure
with small-scale cavity pulsations which mostly concentrated in the streamwise direction. It can
be deduced that the cavity structures on the hydrofoil with cavitating-bubble generator may be
more stable compared with the unmodified hydrofoil (without CG).

Figure 5.16: The photo of the mechanism of cavitation formation and shape of the cavity struc-
tures in the unsteady cloud cavitating regime on the hydrofoil without cavitating-bubble gen-
erator (CG) at attack angle of 5 degrees from top-view. The dominant frequency due to the
collapse of the cavitation clouds is f = 20 Hz. The corresponding cavitation number and the
Reynolds number are σ = 0.9 (σ/2α = 5.1) and 1.53× 106, respectively. The time step be-
tween images is ∆t = 6.25 ms. The maximum length of the attached cavity based on the chord
and the Strouhal number based on the maximum length of the attached cavity are lmax/lre f = 0.9
and Stl = 0.17, respectively.

This means that the cavitation-induced instabilities due to the collapse of the large-scale of the
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Figure 5.17: The photo of the mechanism of cavitation formation and shape of the cavity struc-
tures in the unsteady cloud cavitating regime on the hydrofoil with cavitating-bubble generator
(CG) at attack angle of 5 degrees from the top-view. The dominant frequency due to the col-
lapse of the cavitation clouds is f = 40 Hz. The corresponding cavitation number and the
Reynolds number are σ = 0.9 (σ/2α = 5.1) and 1.53× 106, respectively. The time step
between images is ∆t = 3.125 ms. The maximum length of the attached cavity based on
the chord and the Strouhal number based on the maximum length of the attached cavity are
lmax/lre f = 0.75 and Stl = 0.24, respectively.

cavitation clouds on the hydrofoil surface can be mitigated for the hydrofoil equipped with the
cavitating-bubble generator (CG). Furthermore, the results reveal that the volume of the shed-
ded cavitation clouds for the hydrofoil with the cavitating-bubble generator (CG) were reduced
under the same experimental condition compared with the hydrofoil without cavitating-bubble
generator (CG). From the results, it can be concluded that the hydrodynamic efficiency of the
hydrofoil may be enhanced through the cavitation passive control method. The reasons may be
related to the lower pulsations of the cavity length, the reduction in the attached cavity length
and mitigation of the volume of the cavitation clouds on the hydrofoil surface. The dominant
frequency due to the collapse of the cavitation clouds was obtained about f = 40 Hz which is
much higher than the dominant frequency for the hydrofoil without cavitation control. The
enhancement of the dominant frequency may be due to the changes in the structure of the cav-
ity and the reduction in the maximum cavity length. Because the cavity pattern was changed
from the sheet-to-cloud structure to a quasi sheet-vortex cavity structure with small-scale cavity
pulsations at the closure region of the attached cavity after using the cavitation control method.

Figure 5.18 and 5.19 show the instantaneous images of the cavity structures from the top-view
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of the hydrofoils without and with cavitating-bubble generator in cavitating surge regime at
the Reynolds number 1.61× 106. As can be seen from the instantaneous images of the figure
5.18 (t0− t2), the cavitation inception and the attached cavity on the hydrofoil surface may be
induced by the effects of the travelling bubbles on the hydrofoil surface. These generated small
bubbles close to the leading edge of the hydrofoil can be expanded while travelling over the
tension region and form a sheet-type cavitation inception. This mechanism was also observed
by Li and Ceccio (1996). Furthermore, a sudden reduction in the attached cavity length on
the hydrofoil surface can be observed from the figure 5.18 (t7). This sudden reduction of the
attached cavity could be due to the effects of a shock wave phenomenon when the main cloud
collapsed near the trailing edge of the hydrofoil at the moment before, that means figure 5.18
(t6). The effects of the shock wave phenomenon on the cavity dynamics were also observed by
some previous researchers, (see Leroux et al. 2004, Ganesh et al. 2016 and Wu et al. 2019).
They found in their experiments that the re-entrant jet and shock wave could appear when the
cavity length may reach its maximum length more than about 0.7 of the chord length.

Figure 5.18: The photo of the mechanism of cavitation formation and shape of the cavity struc-
tures in unsteady cavitating surge regime on the hydrofoil without cavitating-bubble generator
at attack angle of 5 degrees from top-view. The dominant frequency due to the collapse of the
cavitation clouds is f = 17.2 Hz. The corresponding cavitation number and Reynolds number
are σ = 0.69 (σ/2α = 3.9) and 1.61×106, respectively. The time step between images is ∆t =
7.26 ms. The maximum length of the attached cavity based on the chord and the Strouhal num-
ber based on the maximum length of the attached cavity are lmax/lre f = 1.16 and Stl = 0.15,
respectively.

The instantaneous images of the figure 5.19 show that the cavity structures on the hydrofoil sur-
face were changed from a sheet-to-cloud structures for the hydrofoil without cavitating-bubble
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generator to a sheet-vortex cavity structure for the hydrofoil with cavitation control. The results
reveal that the cavitation inception formed on the hydrofoil with cavitating-bubble generator
was shifted downstream like the delay of the cavitation inception in the unsteady cloud cav-
itating regime at the Reynolds number 1.53× 106. Furthermore, the transition part between
the attached cavity and the cavitation clouds was altered on the hydrofoil surface through the
effects of the cavitating-bubble generator (CG). The reason could be related to the alteration
of the re-entrant jets as the primary instability causing periodic shedding by the effects of the
generated cavitating-bubbles by the CG near the wall-surface. From the results above can be
concluded that the mechanism of the cavitation with the high cavity length pulsations in the
cavitating surge regime and the cavity structure can be manipulated on the hydrofoil surface
using the cavitation passive control method.

Figure 5.19: The photo of the mechanism of the cavitation formation and the shape of the
cavity structures in the unsteady cavitating surge regime on the hydrofoil with cavitating-bubble
generator at attack angle of 5 degrees from the top-view. The dominant frequency due to
the collapse of the cavitation clouds is f = 16.9 Hz. The corresponding cavitation number
and the Reynolds number are σ = 0.69 (σ/2α = 3.9) and 1.61× 106, respectively. The time
step between images is ∆t = 7.39 ms. The maximum length of the attached cavity based on
the chord and the Strouhal number based on the maximum length of the attached cavity are
lmax/lre f = 1.07 and Stl = 0.14, respectively.

The results of the cavitation structures on the hydrofoil surface without and with cavitating-
bubble generator in the quasi-steady cavitating regime at attack angle of 7 degrees and at the
Reynolds number 1.15×106 are shown in figure 5.20 and 5.21. The shedding of the small-scale
cavity structures can be seen from the figure 5.20 for the hydrofoil without passive control. The
instantaneous images of the figure 5.21 show that the attached cavity was suppressed with the
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effects of the cavitating-bubble generator. The cavitation inception was shifted downstream
and only some small-scale cavitating bubbles can be observed at the rear part of the cavitating-
bubble generator (CG).

Figure 5.20: The photo of the cavitation structures on the hydrofoil surface without cavitating-
bubble generator (CG) in the quasi-steady partial cavitating regime at attack angle of 7 degrees.
The corresponding cavitation number and the Reynolds number are σ = 2.2 and 1.15× 106,
respectively. The sheet cavity structure can be seen on the hydrofoil surface near the leading
edge.

Figure 5.21: The photo of the cavitation structures on the hydrofoil surface with the cavitating-
bubble generator (CG) in the quasi-steady partial cavitating regime at attack angle of 7 degrees.
The corresponding cavitation number and the Reynolds number are σ = 2.2 and 1.15× 106,
respectively. The location of the CG is near the leading edge of the hydrofoil after the cavitation
inception location. The suppression of the sheet cavity can be observed from the instantaneous
images.

Figure 5.22 shows the photo of the cavitation structures on the hydrofoil surface without and
with cavitating-bubble generator in the unsteady cloud cavitating regime at attack angle of
7 degrees. The growth of the sheet cavity on the hydrofoil surface, the detachment of the
sheet cavity and the shedding of the large scale cavitation clouds can be observed in the figure
5.22 (a) for the hydrofoil without cavitation control. As the results show, the length of the

96



5.2 Hydrofoil with Cavitating-bubble Generator

attached cavity on the hydrofoil surface without cavitation control mostly pulsated in the range
between 0.35 and 0.55 of the hydrofoil chord length. However, the cavity length pulsations
are mostly concentrated in the range between 0.45 and 0.55 of the hydrofoil chord length for
the hydrofoil with the cavitating-bubble generator. Therefore, the region of the attached-cavity
length pulsations on the hydrofoil surface with cavitating-bubble generator was mitigated about
50 % compared with the hydrofoil without cavitating-bubble generator.

Figure 5.23 and 5.24 illustrate the results of the cavitation dynamics on the hydrofoil at high
attack angle of 11 degrees in quasi-steady partial cavitating regime. The results show separated
cavitating vortexes formed away from the hydrofoil surface near the leading edge for the case
without cavitation control. As can be observed from the instantaneous images, the cavitating
vortexes may be formed at different locations in the spanwise and streamwise directions away
from the hydrofoil surface. By comparing the figures 5.23 and 5.24, it can be deduced that the
cavity structures are changed from the cavitating vortexes structures to a sheet-vortex cavity
which may be attached on the hydrofoil surface with the cavitating-bubble generator. The
reason of the alteration of the cavity structure could be due to the effects of the cavitating-
bubbles induced by CG on the manipulation of the turbulent velocity structures near the wall
surface of the hydrofoil.

The cavitation dynamics on the hydrofoil with and without cavitating-bubble generator (CG)
at attack angle of 11 degrees in the unsteady cavitating surge regime were shown in figures
5.25 and 5.26. The figure 5.25 shows the large-scale of the cavity pulsations in the spanwise
and streamwise directions on the surface of the hydrofoil without cavitation control. As the
instantaneous images of the figure 5.25 reveal, the pattern of the cavity structures have a frothy
cavity interface with the high-void fraction bubbly mixture. This type of the cavitation is also
known as two-phase cavitation and it can be observed for the hydrofoil at high attack angles and
at middle cavitation number. The two-phase cavity structure was also captured on a hydrofoil
surface by Franc and Michel (2006), (see figure 1.3 cavity pattern (5)). It can be deduced
from the results of the figure 5.26 that the shedding of the large-scale cavity structures may
be oriented mostly in the streamwise direction on the hydrofoil surface with the cavitating-
bubble generator (CG) compared with the hydrofoil without CG which has much chaotic cavity
surface. In other words, the streamwise vortices generated by the cavitating-bubble generator
can manipulate the cavity structures and may suppress the flow disturbances which can be
formed in the spanwise direction.

Figure 5.27 reveals a comparison between the pattern of the attached cavity formed on the
hydrofoil suction surface without and with the effect of the cavitating-bubble generator (CG)
in different cavitating regimes at attack angle of 5 degrees. As the figure 5.27 (a) shows, the
travelling cavitation bubbles near the leading edge may play an important role for the forma-
tion of the cavitation inception and the appearance of attached cavity in the cavitating surge
regime at attack angle of 5 degrees. The cavity structure was changed from the type of the
travelling bubbles-sheet cavity for the unmodified hydrofoil to a vortex-sheet cavity structure
on the hydrofoil with the cavitating-bubble generator (CG). It can be concluded that the cav-
itation passive control method may manipulate the attached cavity structures on the hydrofoil
surface compared with the hydrofoil without cavitation control. In other words, the attached
cavity can be generated at the aft part of the CG on the hydrofoil surface through the effects of
the cavitating-bubble generator (CG) and not due to the travelling cavitation bubbles close to
the leading edge.
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Figure 5.22: The photo of the cavitation structures on the hydrofoil surface a) without cavita-
tion control and b) with the cavitating-bubble generator (CG) in the unsteady cloud cavitating
regime at attack angle of 7 degrees. The corresponding cavitation number and Reynolds num-
ber are σ = 1.3 (σ/2α = 5.3) and 1.4× 106, respectively. The shedding frequency for the
hydrofoil without CG and with CG are f = 74 Hz and f = 82 Hz, respectively. The maximum
length of the attached cavity based on the chord and the Strouhal number based on the maxi-
mum length of the attached cavity are lmax/lre f = 0.6 and Stl = 0.39 for the hydrofoil without
CG and lmax/lre f = 0.53 and Stl = 0.38 for the hydrofoil with CG, respectively. The time step
between images for the hydrofoil without CG and with CG are ∆t = 1.68 ms and ∆t = 1.52 ms,
respectively.

5.2.2 Effects of Cavitation Control on the Pressure Pulsations

The frequency and the amplitude of the pressure pulsations in the wake region of the hydrofoil
were measured using an acoustic measurement technique in different flow regimes such as
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Figure 5.23: The photo of the cavitation structures on the hydrofoil surface without cavitating-
bubble generator (CG) at attack angle of 11 degrees in the quasi-steady partial cavitating
regime. The corresponding cavitation number and the Reynolds number are σ = 3.2 and
1.06×106, respectively.

Figure 5.24: The photo of the cavitation structures on the hydrofoil surface with the cavitating-
bubble generator (CG) at attack angle of 11 degrees in the quasi-steady partial cavitating
regime. The corresponding cavitation number and the Reynolds number are σ = 3.2 and
1.06×106, respectively.

non-cavitation, unsteady cloud cavitation and cavitation surge. The Fast Fourier Transform
(FFT) diagrams of the pressure pulsations for the hydrofoil with and without cavitating-bubble
generator (CG) at attack angles of 5 and 7 degrees were shown in figures 5.28 - 5.31.

Figure 5.28 shows the FFT diagrams of the pressure pulsations for the hydrofoil with and
without cavitating-bubble generator at attack angle of 7 degrees in non-cavitating regime. The
corresponding Reynolds number is 1.03×106 and the corresponding cavitation number is σ =
3.4. As the results show, the amplitude of pressure pulsations for the case with passive control
were slightly increased. This enhancement of the amplitude of pressure pulsations in the case
with cavitation control may be due to the shifting of the flow separation region on the hydrofoil
surface closer to the leading edge compared to the case without cavitation passive control.

The results of the FFT diagrams of the pressure pulsations for the hydrofoil with and without
cavitating-bubble generator in unsteady cloud cavitating regime were shown in figure 5.29.
The corresponding Reynolds number and cavitation number for this regime are 1.48×106 and
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Figure 5.25: The photo of the cavitation structures on the hydrofoil surface without cavitating-
bubble generator (CG) at attack angle of 11 degrees in the unsteady cavitating surge regime.
The corresponding cavitation number and the Reynolds number are σ = 1.5 (σ/2α = 3.9) and
1.34×106, respectively.

Figure 5.26: The photo of the cavitation structures on the hydrofoil surface with the cavitating-
bubble generator (CG) at attack angle of 11 degrees in the unsteady cavitating surge regime.
The corresponding cavitation number and the Reynolds number are σ = 1.5 (σ/2α = 3.9) and
1.34×106, respectively.

σ = 1.0, respectively. The results reveal that the amplitude of pressure pulsations for the case
with cavitating-bubble generator were reduced about 38 % compared with the hydrofoil without
cavitating-bubble generator.

Figures 5.30 and 5.31 show the results of FFT diagrams of the pressure pulsations in cavitation
surge regime at attack angles of 5 and 7 degrees, respectively. The results reveal that the
cavitating-bubble generator may decrease the amplitude of the pressure pulsations at attack
angle of 5 degrees about 18.5 % compared to the hydrofoil without cavitation control. The
amplitude of the pressure pulsations for the hydrofoil with cavitating-bubble generator at attack
angle of 7 degrees was mitigated about 15 % compared with the unmodified hydrofoil. The
results revealed that the dominant frequency due to the shedding of the large-scale cavity did
not change significantly at different attack angles of 5 and 7 degrees and different cavitation
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Figure 5.27: A snapshot photo of the comparison between the pattern of the attached cavity
formed on the hydrofoil suction surface without and with the cavitating-bubble generator (CG)
in different cavitating regimes at attack angle of 5 degrees. a) The photo of the comparison
between the pattern of the attached cavity in the cavitating surge regime at cavitation number
σ = 0.69 (σ/2α = 3.9) and the Reynolds number 1.61× 106. b) The photo of the compari-
son between the pattern of the attached cavity in the unsteady cloud cavitating regime at the
cavitation number σ = 0.9 (σ/2α = 5.1) and the Reynolds number 1.53×106.

Figure 5.28: Fast Fourier Transform (FFT) diagram of the pressure pulsations for the hydrofoil
(a) without cavitation control and (b) with cavitating-bubble generator (CG) at attack angle of 7
degrees in non-cavitating regime. The corresponding Reynolds number and cavitation number
are 1.03×106 and σ = 3.4, respectively.

numbers for the hydrofoil without cavitation control in the cavitation surge regime.
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Figure 5.29: Fast Fourier Transform (FFT) diagram of the pressure pulsations for the hydrofoil
(a) without cavitation control and (b) with cavitating-bubble generator (CG) at attack angle
of 7 degrees in the unsteady cloud cavitating regime. The corresponding Reynolds number is
1.48×106 and the cavitation number is σ = 1.0.

Figure 5.30: Fast Fourier Transform (FFT) diagram of the pressure pulsations for the hydrofoil
(a) without cavitation control and (b) with cavitating-bubble generator at attack angle of 5
degrees in the cavitation surge regime. The corresponding Reynolds number is 1.61×106 and
the corresponding cavitation number is σ = 0.69.

Figure 5.31: Fast Fourier Transform (FFT) diagram of the pressure pulsations for the hydrofoil
(a) without cavitation control and (b) with cavitating-bubble generator at attack angle of 7
degrees in the cavitation surge regime. The corresponding Reynolds number is 1.5× 106 and
the corresponding cavitation number is σ = 0.8.
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At attack angle of 5 degrees, a multistage shedding and collapse of cavity can be observed
from the FFT diagram of the pressure pulsations for the hydrofoil without cavitation control. A
higher amplitude of the second and third frequencies can be seen in the results at attack angle
of 5 degrees (5.30) compared with the case at attack angle of 7 degrees (5.31). The second
and the third frequencies may be caused by the effects of the shedding of the small-scale cavity
structures in the wake region. The small-scale cavity structures can be detached at the aft part
of the attached cavity due to the generation of the small-scale vortex structures.

5.2.3 Effects of Cavitation Control on the Strouhal Number

The effects of the cavitating-bubble generator (CG) on the cavitation-induced instabilities
were measured quantitatively using the Strouhal number based on the hydrofoil chord Stc =
f × lre f /Vre f . The results of the Strouhal number are related to the shedding frequency which
were captured by the pressure pulsations in the wake region. In the unsteady cloud cavitating
regime at Reynolds number 1.48× 106, the Strouhal number were measured about 0.51 and
0.54 for the hydrofoil without and with cavitating-bubble generator, respectively. This means
that the Strouhal number based on the chord may be slightly increased for the case with cavi-
tation passive control. The corresponding dominant shedding frequency for the hydrofoil with
cavitation control is about f = 64 Hz which is slightly more than the shedding frequency for the
unmodified hydrofoil with the value of f = 61 Hz.

In cavitation surge regime, the Strouhal number was measured about 0.14 for the hydrofoil
without cavitating-bubble generator at the Reynolds number 1.5× 106. The results for the
case using cavitating-bubble generator reveal that the Strouhal number was slightly decreased
to the value of 0.139. The dominant shedding frequency for the hydrofoil with cavitating-
bubble generator is about f = 16.8 Hz which is slightly smaller than the shedding frequency
for the hydrofoil without cavitating-bubble generator with the value of f = 17 Hz. From the
results for the different cavitating regimes can be concluded that the shedding frequency related
to the pressure pulsations in the wake region may be slightly changed for the cases with the
cavitating-bubble generator. However, the amplitude of the pressure pulsations can be reduced
significantly with the effects of the cavitating-bubble generator.

5.3 Semi-circular Leading-edge Flat Plate with
Cavitating-bubble Generator

In this section, the experimental results of the cavitation dynamics in cavitation surge regime
on the semi-circular leading-edge flat plate without and with cavitation passive control were
presented. The wedge-type of vortex generator called cavitating-bubble generator (CG) was
used to manipulate the cavitation surge instabilities and the high-pressure pulsations in the
wake region of a semi-circular leading-edge flat plate. The CG was installed on the suction
side of the flat plate downstream of the cavitation inception location. Figure 5.32 shows the
view of the concept using cavitating-bubble generator mounted on the suction side of the semi-
circular leading-edge flat plate to control the unsteady cavitation surge. The parameters in the
figure x, l, h and lre f are related to the location of the CG to the leading edge of the flat plate,
length of the cavitating-bubble generator, height of the cavitating-bubble generator and the
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chord length of the semi-circular leading-edge flat plate, respectively. In this study the chord
of the semi-circular leading-edge flat plate is 0.1 m.

Figure 5.32: a) The view of the cavitating-bubble generator (CG) on the suction side of the
semi-circular leading-edge flat plate. The parameters x, l, h and lre f are the position of the CG
to the leading edge, length of the CG, height of the CG and the chord length of semi-circular
leading-edge flat plate, respectively, b) Schematic view of the generated cavitating vortexes at
the aft part of the cavitating-bubble generator (CG), c) Schematic view of a cavitating-bubble
generator (CG) on the suction side of the flat plate near the cavitation inception line in x-z
coordinate and the direction of the re-entrant jets from near-wall ends and middle section of the
flat plate which can move upstream on the flat plate surface.

5.3.1 Dynamics of the Cavitation Surge without Cavitation Control

The mechanism of cavitation surge was firstly observed using the high speed visualization.
The cavitation inception was found close to the connection part of the flat plate with the semi-
circular section on the surface of the semi-circular leading-edge flat plate. This means that the
cavitation inception may not be performed on the semi-circular part close to the leading edge in
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the cavitating regimes. Figure 5.33 shows the cavitation inception formed on the semi-circular
leading-edge flat plate and the vortex-induced cavitation near the wake region.

Figure 5.33: The photo of the cavitation inception formed close to the starting line of the flat
part of the semi-circular leading-edge flat plate at attack angle of 6 degrees. The vortex-induced
cavitation near the trailing edge of the flat plate can also be observed in the figure.

The results of the cavitation surge formation on the surface of the semi-circular leading-edge
flat plate without cavitating-bubble generator were shown in figure 5.34. It can be seen from
the results that the cavity pattern mostly has a frothy cavity interface. As can be deduced
from the results, the transitional part between sheet to cloud cavity which is usually occured in
the unsteady cloud cavitation regime due to the effects of the re-entrant jet can not be clearly
observed in the cavitation surge condition. In other words, the shedding mechanism of the
cavity structure in the cavitation surge regime seems to be related to the highly propagation of
pressure waves inside the test section of the tunnel and not linked directly to the boundary layer
separation. Furthermore, it can be seen from the cavity structures that the length of the cavity
on the flat plate surface was increased and reached more than the chord length of the flat plate
in the cavitation surge condition. It can be observed from the images that the shedding of the
cavity structures can be formed not only at mid-span of the flat plate but also at side span of the
flat plate, (see more details in Kadivar et al. 2019b).

5.3.2 Effects of Cavitation Control on the Cavity Structure

Figure 5.35 shows the instantaneous images of the cavity structures on the surface of the semi-
circular leading-edge flat plate with and without cavitating-bubble generator. As can be ob-
served from the results, the large-scale of the cavity structures detached from the flat plate
surface were changed to a smaller cavity structures on the flat plate through the effects of the
cavitating-bubble generator.

The results from the figures 5.35 (a) and (b) reveal that the large-scale of the cavity length pul-
sations in spanwise direction were suppressed and the cavity pulsations were oriented mostly in
the streamwise direction. In other words, the streamwise vortices generated by the cavitating-
bubble generator (CG) may manipulate the near-wall flow and can suppress the flow distur-
bances which formed in the spanwise direction. As can be deduced from the instantaneous
images of the figure 5.35 (b), the pulsations of the cavity length were concentrated mostly near
the trailing edge of the flat plate with the cavitating-bubble generator compared with the case
without cavitation control. One of the reasons of the concentration of the cavity length pulsa-
tions in the streamwise direction could be due to the effects of the cavitating vortices on the
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Figure 5.34: The instantaneous images of the cavitation surge dynamics during one typical os-
cillation cycle around the semi-circular leading-edge flat plate without cavitating-bubble gen-
erator (CG) at attack angle of 6 degrees. The time step between images is 9.57 ms. The
corresponding Reynolds number and the cavitation number are 1.6×106 and σ = 0.8, respec-
tively.

suppression of the side re-entrant jets which can propagate diagonally upstream. Another rea-
son of the stabilization of the cavity structures in the case with the cavitating-bubble generator
could be attributed to the manipulation of the interfacial instabilities of the cavity pulsations
through the effects of the cavitating bubbles induced by the cavitating-bubble generator (CG).
This means that the collision of the generated cavitating-bubbles induced by CG with the cav-
itating bubbles near the interfacial region of the cavity may suppress the instabilities of the
cavity interface.

5.3.3 Effects of Cavitation Control on the Shedding Frequency

To analyze the effect of the cavitating-bubble generator (CG) on the shedding frequency of
the unsteady cavitation surge, different quantitative parameters such as the Strouhal number
based on the flat plate chord Stc = f × lre f /Vre f and power spectral density (PSD) are ana-
lyzed. In the experiments, the dominant frequencies due to the shedding of the large-scale cav-
ity for the semi-circular leading-edge flat plate without and with cavitating-bubble generator
were measured about 17.4 Hz and 17.2 Hz, respectively. As the results showed, the dominant
frequency for the semi-circular leading-edge flat plate with cavitating-bubble generator was
reduced slightly compared with the unmodified flat plate. Figure 5.36 reveals a PSD diagram
of the pressure pulsations in the wake region of the semi-circular leading-edge flat plate with-
out cavitating-bubble generator. The highest peak of the PSD diagram shows the value of the
dominant frequency due to the collapse of the large-scale cavity structures in the wake region
and the other smaller peaks may show the effects of the shedding of the small-scale cavity
structures or cavitating vortexes. The Strouhal numbers based on the chord in the cavitation
surge regime for the flat plate without and with cavitating-bubble generator are about 0.137
and 0.135, respectively. The results of the Strouhal number revealed that the Strouhal numbers
for the cases without and with passive control method actually are in the range of the Strouhal
number which measured by Arndt et al. (2000), Kjeldsen et al. (2000) and Timoshevskiy et
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Figure 5.35: The instantaneous images of the cavitation structure during one typical oscillation
cycle on the surface of the semi-circular leading-edge flat plate a) without cavitating-bubble
generator (CG) and b) with cavitating-bubble generator (CG). The time steps between the im-
ages in the case without and with cavitating-bubble generator are 9.57 ms and 9.68 ms, re-
spectively. The corresponding Reynolds number and the cavitation number are 1.6× 106 and
σ = 0.8, respectively.

al. (2018) for the cavitating surge regimes. Their results were shown that the cavitation surge
may usually occur in the Strouhal number range of 0.1-0.2. They found that the transition onset
from the mechanism of unsteady cloud cavitation to the cavitation surge can be obtained when
the σ/2α becomes less than 4. In the current work, the σ/2α was about 3.8 in the cavitation
surge regime.

5.3.4 Effects of Cavitation Control on the Velocity Structures

The effects of the cavitating-bubble generator (CG) on the alterations of the mean streamwise
velocity fluctuations were analyzed in this section. Figure 5.37 illustrates the mean stream-
wise velocity profiles on the semi-circular leading-edge flat plate suction surface at different
locations x/lre f = 0.7, 0.8, 0.9 and 1.1. From the experimental data can be deduced that the
pulsations of the velocity profiles in the vicinity of the flat plate surface were mitigated for the
case with cavitating-bubble generator. In other words, the vortices generated by the CG can
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Figure 5.36: The power spectral density (PSD) diagram of the pressure pulsations in the wake
region for the semi-circular leading-edge flat plate without cavitating-bubble generator. The
corresponding Reynolds number and the cavitation number are 1.6×106 and σ = 0.8, respec-
tively. The σ/2α is about 3.8 for the current experiments in the cavitation surge regime.

mitigate the effects of the reverse flow near the wall-surface and leads to the stabilization of the
cavity pulsations on the semi-circular leading-edge flat plate.

Figure 5.37: The diagrams of the mean streamwise velocity profiles for the semi-circular
leading-edge flat plate with and without cavitating-bubble generator at different locations x/lre f
= 0.7, 0.8, 0.9 and 1.1. The corresponding Reynolds number and the cavitation number are
1.6×106 and σ = 0.8, respectively. The attack angle of the flat plate is 6 degrees.
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5.3.5 Effects of Cavitation Control on the Pressure Pulsations

The pressure pulsations associated with the collapse of the large-scale cavity in the wake region
of the semi-circular leading-edge flat plate with and without cavitating-bubble generator (CG)
were analyzed. Figure 5.38 shows the FFT diagrams of the pressure pulsations in the wake
region of the flat plate using the acoustic measurement in the unsteady cavitating surge regime.
The results revealed a reduction about 28 % in the amplitude of the pressure pulsations for the
semi-circular leading-edge flat plate with the CG compared with the case without cavitation
control. Furthermore, the dominant frequency associated with the collapse of the large-scale
cavity for the semi-circular leading-edge flat plate with CG was decreased slightly compared
to the case without cavitation passive control method.

Figure 5.38: The Fast Fourier Transform (FFT) diagram of the pressure pulsations for the flat
plate a) without CG and b) with CG. The corresponding Reynolds number and the cavitation
number are 1.6×106 and σ = 0.8, respectively. The attack angle of the flat plate is 6 degrees.

5.4 Hydrofoil with Cylindrical Cavitating-bubble Generators

In this section, the experimental results of the cavitation dynamics in different cavitating
regimes on the benchmark hydrofoil CAV2003 with the Cylindrical Cavitating-bubble Gen-
erators (CCGs) were presented. Furthermore, the effects of the CCGs on the cavity structures,
the pressure pulsations in the wake region, the shedding frequency and the Strouhal number
were discussed.

5.4.1 Effects of Cavitation Control on the Cavity Structure

In order to analyze the effects of the passive control method using Cylindrical Cavitating-
bubble Generators (CCGs) on the cavitation dynamics, the results of the experimental investi-
gations about the effects of the CCGs on the cavitation inception, quasi-steady partial cavita-
tion, unsteady cloud cavitation and cavitation surge regime were discussed. The experimental
testings were performed by the high-speed imaging of the modified hydrofoil (with CCGs)
and the standard hydrofoil (without CCGs) in the above-mentioned regimes. The similar test
conditions of cavitation number for the cases with and without CCGs were considered for
the experiments. At first, the cavitation number corresponding to the cavitation inception was
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found using the high-speed visualization. Second, the experiments with the benchmark hydro-
foil equipped with the CCGs were performed to study the effects of the CCGs on the cavitation
inception. Figures 5.39 and 5.40 show the sequence images of the angle-view of the hydrofoils
without and with CCGs in the regime of cavitation inception at cavitation number σ = 3.0,
respectively. The results show that the cavitation inception region on the hydrofoil suction side
was significantly suppressed through the effects of the CCGs. One of the reasons due to the
suppression of the cavitation inception is the enhancement of the mean cavity pressure on the
hydrofoil suction side near the leading edge. In other words, the effects of the CCGs can in-
crease the local pressure on the suction side of the hydrofoil at the forepart of the CCGs. This
means that the vapor production can be reduced on the hydrofoil surface near the leading edge.

Figure 5.39: The instantaneous images of the angle-view of cavitation inception on the hydro-
foil surface without cavitation control at Reynolds number 1.07× 106 and cavitation number
σ = 3.0. The flow direction is from left to the right and the time step between images is ∆t =
1.4 ms.

Figure 5.40: The instantaneous images of the angle-view of cavitation inception on the hydro-
foil surface with CCGs at Reynolds number 1.07× 106 and cavitation number σ = 3.0. The
flow direction is from left to right and the time step between the images is ∆t = 1.4 ms.
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Figure 5.41 shows the sequence images of the side-view of the hydrofoil without and with
CCGs in the cavitation inception regime. As can be seen from the results, the cavitation in-
ception was suppressed on the hydrofoil suction side close to the leading edge using due to
the effects of the CCGs. Therefore, the results revealed that the control or suppression of the
cavitation inception can be achieved using CCGs mounted on the hydrofoil surface, (see more
details in Kadivar et al. 2020).

Figure 5.41: The instantaneous images of the side-view of the cavitation inception on the hy-
drofoil surface without and with CCGs at Reynolds number 1.07× 106. The flow direction is
from left to right and time step between images is ∆t = 1.6 ms. a) Cavitation inception formed
on the hydrofoil without CCGs b) Suppression of cavitation inception on the hydrofoil with
CCGs.

Figure 5.42 illustrates the sequence images of the angle-view of the hydrofoils without and
with CCGs in the quasi-steady partial cavitating regime. The results show the effects of the
CCGs on the quasi-steady partial cavity for the hydrofoils at Reynolds number 1.15× 106

and cavitation number σ = 2.2 during one typical oscillation cycle. As can be seen from the
Figure 5.42 (b), the attached cavity length near the leading edge on the hydrofoil surface with
CCGs was reduced compared with the hydrofoil without CCGs. In addition, a smaller scale
of the cavity structures can be detached from the closure region of the attached cavity on the
hydrofoil surface with CCGs. Therefore, it could be expected that the erosion area induces
by the collapse of the shedding cavities on the hydrofoil surface in the quasi-steady partial
cavitating regime can be mitigated using this cavitation passive control method.

Figure 5.43 shows the sequence images of the angle-view of the hydrofoils without and with
CCGs in the unsteady cloud cavitating regime. The results reveal the effects of the CCGs on
the unsteady cloud cavitation for the hydrofoil at the Reynolds number 1.4× 106 during one
typical oscillation cycle. As can be deduced from the results, the volume of the detached cavi-
tation clouds for the hydrofoil with CCGs was reduced under the same experimental condition
compared with the hydrofoil without CCGs. The marked areas on the instantaneous images
from Figure 5.43 (b) show more stable cavity structures on the hydrofoil surface compared
with the unmodified hydrofoil. The results reveal that the cavitation-induced instabilities due
to the collapse of the large-scale of the cavitation clouds on the hydrofoil surface can be miti-
gated for the case with CCGs. Although the volume of the large-scale cavitation clouds for the
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Figure 5.42: The sequence images of angle-view of the quasi-steady partial cavitation formation
on the hydrofoil surface for the hydrofoils (a) without CCGs and (b) with CCGs at Reynolds
number 1.15× 106 and cavitation number σ = 2.2 at attack angle of 7 degrees during one
typical oscillation cycle. The shedding frequency for the hydrofoil without CCGs and with
CCGs are f = 84 Hz and f = 87 Hz, respectively. The time step between images for the hydrofoil
without CCGs and with CCGs are ∆t = 2.97 ms and ∆t = 2.87 ms, respectively

case with CCGs was mitigated, there are also some cavitation-induced vibrations on the hydro-
foil surface according to the shedding of the small-scale cavity. Instead of the shedding of the
large-scale cavitation clouds, one or more small-scale cavity structures can be detached in one
typical cycle. One of the reasons of the mitigation of the unsteady cloud cavitation could be
the interaction between the re-entrant jets with the cavitating-bubbles generated by the CCGs.
The generated cavitating-bubbles or the cavitating vortexes can mitigate the momentum of the
re-entrant jets from the near-wall ends and also from the middle section of the hydrofoil and
theirs motion towards the leading edge. Therefore, the re-entrant jets from near-wall ends have
not enough potential to propagate diagonally upstream near the leading edge and pinch off the
attached cavity in the case with CCGs, (see more details in Kadivar et al. 2019a).

Furthermore, the results show that the distance between the attached cavity and the shedding
of the cavitation clouds may be altered for the case with CCGs. This means that the transition
mechanism of the sheet to the cloud cavity structure was changed to a mixture of a sheet and
vortex cavity which attached on the surface of the hydrofoil. Therefore, the cavity structure on
the hydrofoil surface with CCGs may be more stable compared to the hydrofoil without CCGs.
One of the reasons of the stabilization of the cavitation dynamics may be due to the alteration
of the turbulent flow structures on the hydrofoil surface with CCGs. Figure 5.44 shows the
sequence images of the side-view of the hydrofoils without and with CCGs in the unsteady
cloud cavitating regime. As can be deduced from the results, the shedding of the large-scale
cavitation clouds were suppressed for the hydrofoil with CCGs under the same experimental
condition compared with the hydrofoil without CCGs.

Figure 5.45 shows the shape of the cavity pattern formed on the hydrofoil surface with and
without CCGs in the unsteady cloud cavitating regime. Figure 5.45 (a) shows the sheet-to-
cloud cavity pattern on the hydrofoil surface which can be usually observed on the hydrofoil
without cavitation control in the unsteady cloud cavitating regime. The sheet-vortex cavity
pattern can be seen from the figure 5.45 (b) for the hydrofoil equipped with the CCGs. It can
be concluded that the cavity pattern on the hydrofoil surface can be changed from the unsteady
sheet-to-cloud cavity structure for the hydrofoil without CCGs to the quasi-steady sheet-vortex
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Figure 5.43: The sequence images of angle-view of the unsteady cloud cavitation formation on
the hydrofoil surface for the hydrofoils (a) without CCGs and (b) with CCGs at the Reynolds
number 1.4×106 and the cavitation number σ = 1.3 at attack angle of 7 degrees (σ/2α = 5.3)
during one typical oscillation cycle. The shedding frequency for the hydrofoil without CCGs
and with CCGs are f = 74 Hz and f = 78 Hz, respectively. The time step between the images
for the case without CCGs and with CCGs are ∆t = 1.68 ms and ∆t = 1.6 ms, respectively. The
maximum length of the attached cavity based on the chord and the Strouhal number based on
the maximum length of the attached cavity are lmax/lre f = 0.6 and Stl = 0.39 for the hydrofoil
without CG and lmax/lre f = 0.46 and Stl = 0.32 for the hydrofoil with CG, respectively.

cavity pattern for the hydrofoil equipped with the CCGs. Furthermore, this change in the
cavity pattern may represent the change in the mechanism of the unsteady cloud cavitation.
This means that the high-amplitude instabilities of the cloud cavitation can be mitigated due
to the effects of the cavitation passive control method. Figure 5.46 shows the top-view of
the maximum length of the attached cavity formed on the surface of the hydrofoils with and
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Figure 5.44: The sequence images of side-view of the unsteady cloud cavitation formation on
the hydrofoil surface for the hydrofoils (a) without CCGs and (b) with CCGs at the Reynolds
number 1.4× 106 and cavitation number σ = 1.3 at attack angle of 7 degrees (σ/2α = 5.3)
during one typical oscillation cycle. The shedding frequency for the hydrofoil without CCGs
and with CCGs are f = 74 Hz and f = 78 Hz, respectively. The time step between images for the
hydrofoil without CCGs and with CCGs are ∆t = 1.68 ms and ∆t = 1.6 ms, respectively. The
maximum length of the attached cavity based on the chord and the Strouhal number based on
the maximum length of the attached cavity are lmax/lre f = 0.6 and Stl = 0.39 for the hydrofoil
without CG and lmax/lre f = 0.46 and Stl = 0.32 for the hydrofoil with CG, respectively.

without CCGs at different cavitation regimes. The left section of the images illustrates the
maximum length of the attached cavity without CCGs and the right sections of the images
shows the maximum length of the attached cavity with CCGs. As the findings reveal, the
maximum length of the attached cavity on the hydrofoil surface at different Reynolds numbers
was reduced for the hydrofoil with CCGs compared with the hydrofoil without CCGs.

The diagram in the figure 5.47 shows the maximum length of the attached cavity for the hy-
drofoils with and without CCGs versus different Reynolds numbers. Although the cavitation
number in the cases with CCGs is the same as the Reynolds number for the case without CCGs,
but the maximum length of the attached cavity is shorter. The maximum length of the attached
cavity at the Reynolds numbers 1.15×106, 1.4×106 and 1.48×106 are reduced about 22 %,
23 % and 12.5 %, respectively. As the results show, the reduction of the length of the attached
cavity for the hydrofoil with CCGs at the highest Reynolds number 1.48× 106 is much less
than of the case at the lower Reynolds numbers. This reduction in the maximum length of the
attached cavity can lead to a reduction of the drag force on the hydrofoil surface.
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Figure 5.45: The cavity pattern on the hydrofoil surface with and without CCGs at attack angle
of 7 degrees. a) Formation of the sheet to cloud cavity pattern for the hydrofoil without CCGs
b) Formation of the sheet-vortex cavity pattern for the hydrofoil with the effect of CCGs. The
corresponding Reynolds numbers and cavitation number for this case are 1.4×106 and σ = 1.3,
respectively.

Figure 5.46: Top-view of the attached cavity maximum length for the hydrofoils with and with-
out CCGs at different cavitation regimes at attack angle of 7 degrees. Left section on every
image is the maximum length of the attached part of the cavity without CCGs, Right sections
on every image is the maximum length of the attached cavity on the hydrofoil with CCGs. The
Reynolds numbers are for the cases (a) 1.15×106, (b) 1.4×106 and (c) 1.48×106.

5.4.2 Effects of Cavitation Control on the Pressure Pulsations

The pressure pulsation associated with the cavitation unsteadiness is one of the important quan-
titative parameter which can be analyzed for the better understanding of the effects of passive
control method on the cavitation dynamics. The frequency and amplitude of the pressure pul-
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Figure 5.47: The diagram of the maximum length of the attached part of the cavity for the
hydrofoils with and without CCGs versus different Reynolds numbers in different cavitating
flow regimes at attack angle of 7 degrees. The Reynolds numbers are 1.15×106, 1.4×106 and
1.48×106, respectively.

sations in the wake region of the hydrofoil surface were measured using an acoustic measure-
ment for different flow regimes such as non-cavitation, two different unsteady cloud cavitation
regimes and the cavitation surge. The Fast Fourier Transform (FFT) diagram of the pressure
pulsations for the hydrofoil with and without CCGs in different cavitating regimes were shown
in figures 5.48 - 5.51. Figure 5.48 shows the Fast Fourier Transform (FFT) diagram of the pres-
sure pulsations for the hydrofoil with and without CCGs at the Reynolds number 1.03×106 and
cavitation number σ = 3.4 in the non-cavitating regime. The results show a substantial drop of
the amplitude of pressure pulsations for the case with CCGs. The hydroacoustic measurements
for the hydrofoil with CCGs show that the amplitude of pressure pulsations drops about 65 %
in comparison to the hydrofoil without CCGs.

Figure 5.48: The Fast Fourier Transform (FFT) diagram of the pressure pulsations in the non-
cavitating regime at attack angle of 7 degrees for the hydrofoil CAV2003 a) without CCGs and
b) with CCGs. The corresponding Reynolds number and the cavitation number are 1.03×106

and σ = 3.4, respectively. The dominant frequency for the hydrofoil without CCGs and with
CCGs are f = 71 Hz and f = 75 Hz, respectively.

Figure 5.49 illustrates the Fast Fourier Transform (FFT) diagram of the pressure pulsations for
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the hydrofoil with and without CCGs at the Reynolds number 1.4×106 in the cloud cavitating
regime with the corresponding cavitation number of σ = 1.3. As can be seen from the diagrams,
the amplitude of the pressure pulsations for the case with CCGs was reduced about 40 %
compared with the hydrofoil without CCGs.

Figure 5.49: The Fast Fourier Transform (FFT) diagram of the pressure pulsations in unsteady
cloud cavitating regime at attack angle of 7 degrees for the hydrofoil CAV2003 a) without
CCGs and b) with CCGs. The corresponding Reynolds number and cavitation number are
1.4×106 and σ = 1.3, respectively. The dominant frequency for the hydrofoil without CCGs
and with CCGs are f = 74 Hz and f = 78 Hz, respectively.

Figure 5.50: The Fast Fourier Transform (FFT) diagram of the pressure pulsations in unsteady
cloud cavitating regime at attack angle of 7 degrees for the hydrofoil CAV2003 a) without
CCGs and b) with CCGs. The corresponding Reynolds number and the cavitation number are
1.48×106 and σ = 1.0, respectively. The dominant frequency for the hydrofoil without CCGs
and with CCGs are f = 61 Hz and f = 66 Hz, respectively.

Figure 5.50 shows the Fast Fourier Transform (FFT) diagram of the pressure pulsations for the
hydrofoil with and without CCGs at the Reynolds number 1.48× 106 in the cloud cavitating
regime with the corresponding cavitation number of σ = 1.0. The results reveal that the ampli-
tude of pressure pulsations for the case with CCGs was mitigated about 34 % in comparison to
the hydrofoil without CCGs. Figure 5.51 shows the FFT diagram of the pressure pulsations for
the hydrofoil with and without CCGs at the Reynolds number 1.5× 106 and cavitation num-
ber σ = 0.8 in cavitating surge regime. The results reveal that the CCGs may decrease the
amplitude of the pressure pulsations about 15 % compared to the hydrofoil without CCGs.
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Figure 5.51: The Fast Fourier Transform (FFT) diagram of the pressure pulsations in unsteady
cavitating surge regime at attack angle of 7 degrees for the hydrofoil CAV2003 a) without
CCGs and b) with CCGs. The corresponding Reynolds number and the cavitation number are
1.5×106 and σ = 0.8, respectively. The dominant frequency for the hydrofoil without CCGs
and with CCGs are f = 17 Hz and f = 16.6 Hz, respectively.

A close relation between impact loads on the surface due to the bubble collapse and the volume
loss on the surface or erosion region was reported by previous researchers such as Hattori et
al. (2010). Their results showed that the parameters impact loads and the number of impacts
can be suitable for the evaluation of cavitation-induced erosion. They reported that a maximum
amount of the erosion can be reached at the location where most bubbles collapse in the cavi-
tation erosion tests. As the pressure pulsations are actually the impact loads on the surface, the
reduction in the amplitude of the pressure pulsations can lead to the reduction of the erosion
regions induce by the collapse of the cluster of bubbles on the hydrofoil surface. Therefore, it
can be concluded that the cavitation-induced erosion can be mitigated through the effects of the
cavitation control.

5.4.3 Effects of Cavitation Control on the Strouhal Number

The effect of the CCGs on the cavitation-induced instabilities was studied quantitatively using
the Strouhal number based on the chord Stc = f × lre f /Vre f . Table 5.1 shows the values of the
Strouhal number for the hydrofoils with and without CCGs in four different Reynolds numbers
in the range of 1.1×106−1.5×106.

Table 5.1: The values of the Strouhal number for the hydrofoils with and without CCGs in
four different Reynolds numbers with the range of 1.15× 106− 1.5× 106. Regime (A), (B)
and (C) represent the quasi-steady partial cavitation, unsteady cloud cavitation and cavitation
surge. The parameters Stl and Stc are the Strouhal number based on the maximum length of the
attached cavity and the Strouhal number based on the hydrofoil chord, respectively.

Reynolds number Stc w/o CCGs Stl w/o CCGs Stc with CCGs σ/2α Cavitation Regime
1.15×106 0.91 - 0.95 - Regime (A)
1.4×106 0.66 0.39 0.7 5.3 Regime (B)

1.48×106 0.51 0.4 0.56 4.0 Regime (B)
1.5×106 0.14 0.145 0.13 3.27 Regime (C)
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According to the maximum length of attached cavity and the dynamics of the cavity shedding
on the hydrofoil surface, the cavitation can be considered into different cavitation regimes. In
the present experimental study, three cavitation regimes which are roughly demarcated by the
parameter σ/2α were considered. These three cavitation regimes were presented in the present
work for the cases σ/2α > 6 (cavitation regime (A)), 4 ≤ σ/2α < 6 (cavitation regime (B))
and σ/2α < 4 (cavitation regimes (C)).

The cavitation regime (A) represents a quasi-steady partial cavitating regime and it can usually
happen for the attached cavities with a moderate length in the range of 10-40% of a hydrofoil
chord. In this regime different small-scale cavities can be detached from the hydrofoil surface
at the closure region of the attached cavity with relatively high frequency of about 70-80 Hz.
The Strouhal number was measured about 0.91 in the cavitation regime (A) for the hydrofoil
without CCGs which corresponded to the dominant shedding frequency of 84 Hz. The results
revealed that the Strouhal number for the hydrofoil with CCGs may be increased to the value
of 0.95, which corresponded to the dominant shedding frequency of 87 Hz. One of the rea-
sons for the promotion of the shedding frequency could be due to the more quickly shedding
of the small-scale cavity at the aft part of the attached cavity through the manipulation of the
velocity structures near the hydrofoil surface for the hydrofoil equipped with CCGs. The cav-
itation regime (B) represents an unsteady cloud cavitating regime with a larger scale of the
cavity shedding structures compared with the cavitation regime (A) and usually happen for the
hydrofoils with the attached cavities with a moderate length in the range of 40-70% of a hydro-
foil chord. The dynamic of the cavitation in this regime shows a cyclic behavior of the cavity
shedding with higher-amplitude pressure pulsations compared with the regime (A). The results
show that for the hydrofoil without passive control, the Strouhal numbers were measured about
0.66 and 0.51 for the cases at the quantity of σ/2α = 5.3 and σ/2α = 4.0, respectively. The
results of experiments for the hydrofoil with CCGs reveal that the Strouhal number for the case
with σ/2α = 5.3 was increased to 0.7 and the Strouhal number for the case with σ/2α = 4.0
was slightly increased to the value of 0.56. The dominant shedding frequency for the hydrofoil
with CCGs at σ/2α = 5.3 is about f = 78 Hz which is slightly more than dominant shedding
frequency for the unmodified hydrofoil with the value of f = 74 Hz. The dominant shedding
frequency for the hydrofoil with CCGs at σ/2α = 4.0 is about f = 66 Hz which is more than
the shedding frequency for the hydrofoil without CCGs with the value of f = 61 Hz.

The cavitation regime (C) represents a cavitation surge regime and usually happen for the hy-
drofoils with the attached cavities with a cavity length in the range of 75-100% of a hydrofoil
chord. The mechanism of the cavitation in this regime shows a periodical behavior of the cavity
shedding with higher amplitude of the pressure pulsations and lower amplitude of the dominant
frequency compared with the regime (B). In the cavitation surge regime, the Strouhal numbers
were measured about 0.14 for the hydrofoil without CCGs at the Reynolds number 1.5× 106

and the quantity of σ/2α = 3.64. The results for the case using CCGs reveal that the Strouhal
number was slightly decreased to the value of 0.137. The dominant shedding frequency for the
hydrofoil with CCGs is about f = 16.6 Hz which is slightly smaller than one for the hydrofoil
without CCGs with the shedding frequency of f = 17 Hz.

As can be deduced from the experimental results, the dominant shedding frequency may be
changed significantly from the regime (B) to the regime (C) near the quantity of σ/2α = 4
which is similar to the findings by Kjeldsen et al. (2000). They found that the transition onset
from the mechanism of unsteady cloud cavitation to the cavitation surge can be occurred for
the quantity about σ/2α = 4 from the experimental results. They reported an abrupt change in
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the shedding frequency and in the Strouhal number by decreasing the cavitation number for the
regimes with the quantity of σ/2α < 4. As it was mentioned in the previous section, the ampli-
tude of pressure pulsations for the hydrofoil with CCGs at the Reynolds number 1.5×106 was
decreased about 17 % compared to the hydrofoil without CCGs. This means that the CCGs can
also mitigate the amplitude of the pressure pulsations in the regime of cavitation surge. It can
be concluded that the amplitude of the pressure pulsations in the regime of the unsteady cloud
cavitation and also in the regime of the unsteady cavitation surge can be mitigated significantly
using the cavitation passive control method.

Furthermore, from the results of the dominant frequency, it can be concluded that the domi-
nant frequency for the hydrofoil with CCGs can be increased compared to the hydrofoil with-
out CCGs for the non-cavitating, quasi-steady partial cavitating and unsteady cloud cavitating
regimes. One of the reasons for the increasing of the dominant frequency in the quasi-steady
partial cavitating flow regimes is due to the alteration in the cavitation dynamics from the quasi-
steady partial cavitation to the type of the steady partial cavitation with smaller cavity structures
shedded from the aft part of the attached cavity. The reason for the increasing of the dominant
frequency in the unsteady cloud cavitating flow regimes could be due to the alteration in the
cavitation dynamics from the unsteady cloud cavitation to a quasi-steady sheet-vortex cavita-
tion with smaller cavity structures shedded at the aft part of the attached cavity from the surface.
The dominant frequency for the hydrofoil with CCGs may be slightly decreased compared to
the hydrofoil without CCGs for the cavitation surge regime.

5.4.4 Effects of Cavitation Control on the Velocity Profiles

In order to analyze the effects of the passive control method on the boundary layer near the
hydrofoil wall-surface, the mean streamwise velocity profiles on the hydrofoil surface and in
the wake region of the hydrofoil were measured using PIV method in the non-cavitating and
in the cloud cavitation regimes. Figure 5.52 shows the streamwise velocity profiles for the
hydrofoil with and without CCGs at different locations x/lre f = 1.1, 1.2, 1.3 and 1.4 in the
wake region of the hydrofoil in the non-cavitating regime. The results indicate that the mean
streamwise velocity at the vicinity of the trailing edge was increased for the case with CCGs
compared to the case without CCGs. One of the reasons for the enhancement of the velocity
at the vicinity of the trailing edge could be increasing of the shear stress level which implies a
higher momentum transport across the shear layer by the generated vortices at the aft part of
the CCGs.

Figure 5.53 shows the streamwise velocity profiles for the hydrofoil with and without CCGs
on the hydrofoil suction surface at different locations x/lre f = 0.5, 0.6, 0.7 and 0.9 in the un-
steady cloud cavitating regime. As can be deduced from the results, the velocity in boundary
layer region in the vicinity of the hydrofoil surface at different locations were increased for the
hydrofoil with CCGs. In other words, the cavitating vortexes generated behind the CCGs can
increase the velocity near the hydrofoil surface and manipulate the boundary layer. This ma-
nipulation of the velocity profiles may be occurred in the downstream of the hydrofoil surface
where the adverse pressure gradient has a significant effect in the closure region of the attached
cavity. Furthermore, the momentum of the re-entrant jet moving to the leading of the hydrofoil
can be mitigated due to the effects of the generated vortices near the surface. Figure 5.54 il-
lustrates the streamwise velocity profiles for the hydrofoil with and without CCGs at different
locations x/lre f = 1.1, 1.2, 1.3 and 1.4 in the wake region of the hydrofoil in cloud cavitating
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Figure 5.52: The diagrams of the mean streamwise velocity profiles for the hydrofoil a) without
CCGs and b) with CCGs at different locations x/lre f = 1.1, 1.2, 1.3 and 1.4 in the wake region
of the hydrofoil in the non-cavitating regime. The corresponding Reynolds number and the
cavitation number are 1.03×106 and σ = 3.4, respectively and the angle of attack is 7 degrees.

regime. The results show a shortening of the recirculation region behind the trailing edge of
the hydrofoil due to the effects of the CCGs. In other words, the CCGs can transfer the high
momentum of the freestream flow in to the boundary layer and reduce the adverse pressure
gradient. This means that the streamwise velocity fluctuations on the hydrofoil surface may be
mitigated and the size of the recirculating flow in the wake region can be reduced due to the
manipulation of the boundary layer by the CCGs.

Figure 5.53: The diagrams of the mean streamwise velocity profiles for the hydrofoil with and
without CCGs at different locations x/lre f = 0.5, 0.6, 0.7 and 0.9 of the hydrofoil in the unsteady
cloud cavitating regime. The corresponding Reynolds number and the cavitation number are
1.42×106 and σ = 1.2, respectively and the angle of attack is 7 degrees.
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Figure 5.54: The diagrams of the mean streamwise velocity profiles for the hydrofoil a) without
CCGs and b) with CCGs at different locations x/lre f = 1.1, 1.2, 1.3 and 1.4 in the wake region
of the hydrofoil in the unsteady cloud cavitating regime. The corresponding Reynolds number
and the cavitation number are 1.42×106 and σ = 1.2, respectively and the angle of attack is 7
degrees.

5.5 Conclusions

5.5.1 Comparison of the Two Cavitation Control Methods

In this section, the experimental results of the two cavitation control methods called
as cavitating-bubble generator (CG) and cylindrical cavitating-bubble generators (CCGs)
mounted on the hydrofoil surface in non-cavitating and different cavitating regimes at attack
angle of 7 degrees are compared.

The two types of cavitation control methods in this study may be used for the rudder, propeller,
guide vanes or other similar parts of ship or turbomachinery systems which their main operating
conditions occur in the cavitating regimes. However, in addition, the effects of the cavitation
control methods in the non-cavitating regime were shortly discussed here.

In the non-cavitating regime, the cavitating-bubble generator (CG) and cylindrical cavitating-
bubble generators (CCGs) show different effects on the pressure pulsations in the wake region
of the hydrofoil. The results showed that the amplitude of the pressure pulsations of the hydro-
foil with the cavitating-bubble generator was increased slightly compared with the unmodified
hydrofoil without cavitation control. This means that the cavitating-bubble generator may have
a negative effects on the hydrodynamic performance of the hydrofoil in the non-cavitating
regime. This effect could be due to the earlier flow separation on the hydrofoil surface with th
CG compared with the hydrofoil without cavitation control. However, a substantial drop of the
amplitude of pressure pulsations for the hydrofoil with the cylindrical cavitating-bubble gener-
ators was observed compared with the hydrofoil without cavitation control. For the industrial
applications, it could be possible, that the cavitating-bubble generator may be mounted on the
hydrofoil surface as a movable component so that the cavitating-bubble generator can be dis-
abled on the hydrofoil surface in non-cavitating conditions. This means that the negative effects
of the cavitating-bubble generator on the flow in the non-cavitating regime may be disappeared.
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In the cavitation inception regime, the cavitation inception which usually can occur close to the
leading edge of the unmodified hydrofoil was suppressed using the cavitating-bubble generator
(CG). The cavitation inception was shifted downstream of the hydrofoil and may be formed in
the aft part of the cavitating-bubble generator as small-scale cavitating vortexes. For the hy-
drofoil with the cylindrical cavitating-bubble generators (CCGs), the cavitation inception was
also suppressed on the hydrofoil surface near the leading edge. The reason of the cavitation
inception suppression could be due to the manipulation of the velocity structures close to the
hydrofoil wall-surface. Another reason could be the favorable pressure gradient which may be
occurred due to the cavitation control effects at the upstream of the minimum pressure point
and can lead to the suppression of the cavitation inception. It can be deduced from the re-
sults that the cavitation inception may be formed on the hydrofoil surface with the cylindrical
cavitating-bubble generators at a lower cavitation number or at higher Reynolds number which
can be a positive effect due to the delay of the cavitation inception. In general, the cavitation
inception line on the hydrofoil surface at the high Reynolds number can be formed in the dis-
tance between the leading edge and li/lre f = 1.5 % at different angles of attack. The cavitation
inception line for the benchmark hydrofoil at the middle Reynolds number was situated li/lre f
= 3 % which was observed by Coutier-Delgosha et al. (2007). It can be deduced that at the
same angle of attack, the cavitation inception formed on the hydrofoil surface may be shifted
more upstream on the hydrofoil surface at the higher Reynolds numbers. Figure 5.55 shows a
comparison between the results of the hydrofoil without cavitation control and the hydrofoils
with the cavitating-bubble generator (CG) and cylindrical cavitating-bubble generators (CCGs)
in the cavitation inception regime.

Figure 5.55: The photo of the cavitation inception formed on the hydrofoil without cavitation
control and the hydrofoils with the cavitating-bubble generator (CG) and cylindrical cavitating-
bubble generators (CCGs) in the cavitation inception regime. The corresponding Reynolds
number and the cavitation number are 1.07×106 and σ = 3.0, respectively.

In the quasi-steady partial cavitating regime, the effects of the cavitating-bubble generator (CG)
and the cylindrical cavitating-bubble generators (CCGs) on the sheet cavitation dynamics were
different. The results revealed that the attached cavity which formed on the unmodified hydro-
foil can be suppressed using the cavitating-bubble generator. However, the attached cavity on
the hydrofoil surface equipped with the cylindrical cavitating-bubble generators was mitigated
and it may be not totally suppressed. The maximum length of the attached cavity for the hydro-
foil with CCGs may be reduced 22 % compared with the hydrofoil without cavitation controller.
Figure 5.56 reveals a comparison between the results of the hydrofoil without cavitation control
and hydrofoils with the cavitation passive control methods in the quasi-steady partial cavitat-
ing regime. The results of the pressure pulsations in the wake region near the trailing edge of
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the hydrofoil showed that the amplitude of the pressure pulsations didn’t change significantly
for the hydrofoil equipped with the cylindrical cavitating-bubble generator compared with the
hydrofoil without cavitation control.

Figure 5.56: The photo of the quasi-steady partial cavity formed on the hydrofoil without cav-
itation control and the hydrofoils with the cavitating-bubble generator (CG) and cylindrical
cavitating-bubble generators (CCGs) in the quasi-steady partial cavitating regime. The corre-
sponding Reynolds number and the cavitation number are 1.15× 106 and σ = 2.46, respec-
tively.

In the unsteady cloud cavitating regime, the large-scale of the cavity structures which usually
occur on the unmodified hydrofoil without cavitation control were mitigated on the hydro-
foil with the cavitating-bubble generator (CG). The results revealed that only the small-scale
cavitation clouds can be detached from the hydrofoil surface due to the effects of the cavitating-
bubble generator. The reason could be due to the manipulation of the cavity structures by the
effects of the cavitating vortices and the interaction of the generated cavitating-bubbles with
the attached part of the cavity near the leading edge. The cavitation clouds were suppressed on
the hydrofoil surface equipped with the cylindrical cavitating-bubble generators (CCGs). It can
be deduced from the results that the shape of the cavity pattern formed on the hydrofoil surface
may be changed from a sheet-cloud cavity structure to a quasi sheet-vortex cavity pattern for
the hydrofoil with the cylindrical cavitating-bubble generators. Furthermore, the shedding of
the large-scale cavitation clouds may be disappeared on the surface of the hydrofoil for the case
with the cylindrical cavitating-bubble generators. Figure 5.57 illustrates a comparison between
the results of the hydrofoil without cavitation control and the hydrofoils with the cavitating-
bubble generator and cylindrical cavitating-bubble generators in the unsteady cloud cavitating
regime. It can be deduced from the results of the pressure pulsations in the wake region of
the hydrofoil that the amplitude of the pressure pulsations were reduced about 25 % and 40
% for the hydrofoils with the cavitating-bubble generator (CG) and the cylindrical cavitating-
bubble generators (CCGs) compared with the unmodified hydrofoil in the unsteady cloud cav-
itating regime at the Reynolds number 1.4×106, respectively. This means that the cylindrical
cavitating-bubble generators mounted near the position of the re-entrant jets at downstream of
the hydrofoil can have a better effect on reducing the momentum of the re-entrant jets in the
cloud cavitating regime at 1.4×106.
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Figure 5.57: The photo of the unsteady cloud cavity formed on the hydrofoil without cavitation
control and hydrofoils with the cavitating-bubble generator (CG) and cylindrical cavitating-
bubble generators (CCGs) in the unsteady cloud cavitating regime. The corresponding
Reynolds number and the cavitation number are 1.4×106 and σ = 1.3, respectively.

In the unsteady cloud cavitation regime at Reynolds number 1.48× 106, the pressure pulsa-
tions in the wake region were also reduced about 38 % and 34 % for the hydrofoils with the
cavitating-bubble generator and cylindrical cavitating-bubble generators, respectively. It can
be concluded that the cavitating-bubble generator can mitigate the amplitude of the pressure
pulsations slightly more than the hydrofoil with the cylindrical cavitating-bubble generators.

In the cavitating surge regime with much higher pressure pulsations in the wake region, both of
the cavitation control methods can mitigate the amplitude of the pressure pulsations about 15 %
compared with the unmodified hydrofoil. The reason for the smaller reduction of the pressure
pulsations in the cavitation surge regime compared with the pressure pulsations reduction in
the cloud cavitation regime could be due to the formation of the high propagation of pressure
waves inside the test section in the cavitation surge regime. In the other words, the mechanism
of the cavitation instabilities in the cavitation surge regime mostly can be due to the effects
of the propagation of pressure waves around the cavity structures and not directly due to the
re-entrant jets. This means that the re-entrant jets may play a secondary role in the generation
of the cavitation surge instabilities.

5.5.2 Comparison of the Cavitation Control at Different Angles of Attack

All the comparison of the results between the two cavitation control methods in the last section
were at attack angle of 7 degrees. Here, the results of the cavitating-bubble generator (CG)
at three different attack angles of 5, 7 and 11 degrees and in different cavitating regimes are
compared in order to analyze the effects of the cavitation control method at different angles of
attack. The results discussed here are from the section 5.2. As can be seen from the results,
the cavitating-bubble generator (CG) can suppress the cavitation inception on the hydrofoil at
all three angles of attack. It should be mentioned here that the type of the cavitation inception
on the hydrofoil at attack angles of 5 and 7 degrees are attached-type cavitation inception and
at attack angle of 11 degrees is vortex-type cavitation inception, respectively. (see 5.9). The
results reveal that the vortex-type cavitation inception formed at attack angle of 11 degrees can
be also mitigated or suppressed using the cavitation passive control method. In the quasi-steady
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partial cavitating regime and at different angles of attack, the effects of the cavitating-bubble
generator on the cavity structure were different. At attack angle of 7 degrees, the attached cavity
was totally suppressed through the effects of the cavitating-bubble generator. The results of the
cavitation structures at 11 degrees without cavitation control showed that the type of cavitation
is a vortex cavitation which may be detached from the hydrofoil surface due to the separation
close to the leading edge. Using the cavitating-bubble generator, the cavitation structures were
changed from the vortex cavitation type to a quasi sheet-vortex cavitation type which mostly
attached on the surface of the hydrofoil near the leading edge. The length of the sheet-vortex
cavitation pulsations for the hydrofoil with the cavitating-bubble generator were also mitigated
compared with the hydrofoil without cavitation control which can be formed in spanwise and
streamwise directions.

It can be observed from the results in the cloud cavitation regime at attack angle of 5 degrees
that the attached-cavity length pulsations for the hydrofoil with the cavitating-bubble generator
were mitigated significantly compared with the case without cavitation control. The attached-
cavity length pulsations for the hydrofoil with cavitation control are observed in the range
between 0.6 and 0.75 of the hydrofoil chord length. At attack angle of 7 degrees, the attached-
cavity length pulsations for the hydrofoil with the cavitating-bubble generator were reduced
compared with the case without cavitation control and the cavity length were mostly pulsated in
the range between 0.45 and 0.55 of the hydrofoil chord length. The pulsations of the attached-
cavity length for the hydrofoil at attack angle of 11 degrees were in the range between 0.43 and
0.58 of the hydrofoil chord length which can be reduced compared with the hydrofoil without
cavitating-bubble generator. In general, it can be concluded that the attached-cavity length
pulsations for the hydrofoil at different angles of attack with the cavitating-bubble generator
can be mitigated significantly compared with the hydrofoil without cavitation control. From
the hydrodynamic efficiency point of view, a reduction of the drag force on the hydrofoil with
the cavitating-bubble generator and the mitigation of the forces fluctuations on the hydrofoil
surface can be expected.

5.5.3 Comparison of the Results between the Hydrofoil and Flat Plate

The effects of the cavitating-bubble generator on the cavitation dynamics and pressure pulsa-
tions in the wake region of the benchmark hydrofoil are compared with the results of the semi-
circular leading-edge flat plate in the unsteady cloud cavitation and cavitation surge regimes.
It can be observed from the results that the amplitude of the pressure pulsations in the wake
regime for the hydrofoil and the flat plate may be mitigated using cavitating-bubble generator
in the cloud cavitating regime. In general, the amplitude of the pressure pulsations in the cloud
cavitation regime can be mitigated between 34 % and 40 %. In the cavitation surge regime, the
reduction of the amplitude of the pressure pulsations for the benchmark hydrofoil and the flat
plate were about 15 % and 28 %, respectively. In the other words, the reduction of the ampli-
tude of the pressure pulsations in the cavitation surge regime is lower than the case in the cloud
cavitating regime. The reason could be due to the reduction of the effects of the re-entrant jets
as the primary role for the shedding of the cavity structures in the cloud cavitation regime com-
pared with the secondary role of the re-entrant jets in the cavitating surge regime. In general,
the instabilities for the attached cavity in the cavitation surge regime mostly induced by the
system instabilities and not by the intrinsic instabilities which usually occur due to the effects
of the adverse pressure gradient at the closure region of the attached cavity. Furthermore, the
interaction between the attached cavity and the other cavities or the other components of the
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system in the cavitation surge regime may be much higher than the case in the cloud cavitating
regime.

5.5.4 Cavitation Shedding Mechanism (Present Work and the Previous
Studies)

The reasons of the shedding mechanism of the cavitation clouds and the cavitation instabilities
from the present work were analyzed and compared with the previous studies of the other
researchers. The different mechanisms of the unsteady cavitation formation were discussed
in section 1.3.1. In order to understand the reasons of the mechanism of the cavity shedding
and the dynamics of the cavitation instabilities, the most previous researchers suggested two
different shedding processes which can be occurred in different regimes of unsteady cloud
cavitation known as σ/2α > 4 and σ/2α ≤ 4 regimes. In the first regime (σ/2α > 4), the
cavity shedding may be primarily caused by the liquid re-entrant jet in the closure region for
the attached cavity length of smaller than 0.6 or 0.7 of the chord length, Furness and Hutton
(1975), Lush and Skipp (1986), Le et al. (1993), Kawanami et al. (1997), Gopalan and Katz
(2000), Callenaere et al. (2001) and Sato et al. (2002). It should be mentioned that the re-
entrant jet is not a mixture of water and vapor but it is pure water underneath a pure vapor
attached cavity on the hydrofoil surface. In the second regime (σ/2α ≤ 4), the mechanism
causing cavity shedding may be either due to a liquid re-entrant jet at higher cavitation number
between 1.6 and 1.4, and due to the bubbly shocks propagation for the lower cavitation numbers
between 1.4 and 0.8, Arndt et al. (2000), Leroux et al. (2004), Kawakami et al. (2008), Ganesh
et al. (2016) and Wu et al. (2019). The results of the researchers showed that the cavity
shedding due to the shock wave’s propagation can be occurred when the attached cavity length
can reach more than 0.75 of the chord length. Both of the regimes (σ/2α > 4 and σ/2α < 4)
were investigated in the present work.

In the regime of unsteady cloud cavitation (σ/2α > 4), the findings of the present work re-
vealed that the shedding of the large-scale cavity can be caused by the presence of the re-
entrant jets from near-wall ends and also a main re-entrant jet from the mid-span of the hydro-
foil. These re-entrant jets which move upstream on the hydrofoil surface can merge together
near the leading edge and pinch off the attached cavity. Therefore, the results of the present
work are consistent with the results of the previous researchers who found that the re-entrant
jet can be responsible for the shedding of the cavity as a dominant mechanism. It should be
noted that the re-entrant jets from the near-wall ends can propagate diagonally upstream into
the leading edge due to the large adverse pressure gradient. Furthermore, the adverse pressure
gradient causes also the formation of the main re-entrant jet at the closure region of the cavity
in mid-span of the hydrofoil. It can be concluded from the results that the re-entrant jets can
be probably a result of the adverse pressure gradient or the cavity instabilities which may start
near the laminar-to-turbulent transition location and not the reason for the cavity oscillations in
the cloud cavitating regime of σ/2α > 4.

The results of the cavitation control in the present work showed that the cavitation dynamics can
be affected using the cavitating-bubble generator (CG) mounted downstream of the cavitation
inception in the turbulent boundary layer on the hydrofoil suction surface. On the other words,
the turbulent boundary layer may be manipulated using cavitating-bubble generator (CG) which
leads to a more stabilized cavity structures on the hydrofoil surface compared with the hydrofoil
without cavitation control. Therefore, the cyclic behavior of cavity shedding can be mitigated
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or suppressed using the cavitation passive control method. This means that the large adverse
pressure gradient downstream of the hydrofoil surface close to the cavity closure region can be
mitigated due to the manipulation of the turbulent boundary layer instabilities in upstream of
the hydrofoil surface.

In the regime of the unsteady cloud cavitation and transitional cavitation in the range of σ/2α ≤
4, the findings of the present work revealed that the shedding of the large-scale cavitation
clouds over the hydrofoil may be associated with the development of the re-entrant jet as a
dominant mechanism. At lower cavitation number, a sudden stopping of the cavity growth
on the hydrofoil surface was observed which may be induced by the shock waves emitted
by the collapse of the cavitation clouds and impinging on the attached cavity. The length of
the attached cavity in the cavitating regime with the shock wave were observed mostly in the
range of 0.8-1.1 of the chord length. Recently, Ganesh et al. (2016) and Wu et al. (2019)
showed that in the regime σ/2α < 4.1 and at low cavitation number in the range of 1.4-0.8,
the bubbly shock propagation can be the dominant mechanism for the shedding of the cavity.
Their results revealed that the shock-induced shedding mechanism can be occurred when the
attached cavity typically reach more than 0.7 of the chord length. In the present work, the
results of the changes in the shedding frequency of the transition onset σ/2α = 4 from the
the mechanism of the cloud cavitation to the mechanism of cavitation surge and the range of
the attached cavity length are consistent with that of Arndt et al. (2000), Ganesh et al. (2016)
and Wu et al. (2019). Furthermore, the results in the cavitating surge regime showed a sudden
reduction of the attached cavity in the last moment of the cavitation cycle which may due to the
effects of a shock wave phenomenon when the main cavitation cloud collapsed near the trailing
edge of the hydrofoil. This effect was also observed in the experiments by Leroux et al. (2004).

Ganesh (2015) mounted a spanwise obstacle on the surface of a sharp convergent-divergent
wedge and indicated that the spanwise obstacle could not block the shock wave. The results
showed that the cavitation on the wedge model consists of the high-void-fraction bubbly mix-
ture which requires for the generation of the condensation shocks due to the sound speed re-
duction. The appearance of two or more dominant shedding frequencies were observed in the
cloud cavitating regime with the effects of shock waves by Wu et al. (2019). They indicated
that the periodically shedding of the cavities can be dominated by the shock-wave and the bub-
bly shock wave propagation pinches off the cavity from the leading edge. The results of the
present work for the control of the cloud cavitating flow around the benchmark hydrofoil at
σ = 1.0 (σ/2α = 4) showed that the amplitude of the pressure pulsations in the wake region
may be reduced about 38 % and 34 % for the hydrofoil with the cavitating-bubble generator
(CG) and the cylindrical cavitating-bubble generator (CCGs), respectively. This means that the
amplitude of the pressure pulsations due to the collapse of the cavitation clouds in the wake re-
gion near the trailing edge of the hydrofoil may be reduced through the effects of the cavitation
control methods. In the other words, the large adverse pressure gradient can be mitigated due
to the manipulation of the turbulent boundary layer instabilities near the cavitation inception
location in the upstream of the hydrofoil suction side using cavitating-bubble generator (CG).

In addition, the reduction of the large adverse pressure gradient at the downstream near the
cavity closure through the effects of the cylindrical cavitating-bubble generator (CCGs) may
cause the mitigation of the momentum of the liquid re-entrant jets which moving upstream
and underneath the attached cavity. Therefore, it can be deduced that the cavity shedding may
be primarily caused by the liquid re-entrant jets in the closure region and not by the shock
waves induced by the collapse of the cavity near the trailing edge. The results of the cylindri-
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cal cavitating-bubble generator (CCGs) showed that the momentum of the re-entrant jets can be
mitigated by the generated cavitating votices in the downstream of the hydrofoil near the incep-
tion location of the re-entrant jets. In general, it can be concluded from the results of cavitation
control methods that the shedding of the large-scale cavity can be induced by the presence of
the re-entrant jets from near-wall ends and also a main re-entrant jet from the mid-span of the
hydrofoil. The collapse-induced shock waves have the potential to affect the attached cavity
structures in the cavitating regime of σ/2α ≤ 4 but it alone can not probably cause the detach-
ment of the attached cavity and the formation of the cavity shedding. It should be noted that in
some regime of σ/2α < 4, the effects of the collapse-induced shock waves leads to a sudden
reduction in the attached cavity and may cause an additional stage before the growth of the next
attached cavity. Therefore, this additional stage can result a delay in the cycle behavior of the
unsteady cloud cavitation and leads to the reduction of the shedding frequency compared with
the cases without the effects of the collapse-induced shock waves. Therefore, the re-entrant jets
may reach the leading edge of the attached cavity earlier than the arrival of the shock waves
which can be induced after the collapse of the cavitation clouds.

It should be mentioned that with the effects of the cavitation control, the shedding of the large-
scale cavitation clouds can be changed to one or more small-scale cavity structures which can be
detached from the hydrofoil surface in one typical cavitation cycle. It can be deduced from the
results that the collapse of the small-scale cloud cavities near the trailing edge may also induce
the shock waves which may probably have not the potential to affect the attached cavity and the
cavitation oscillation dynamics. For the semi-circular leading-edge flat plate in the cavitating
surge regime σ/2α < 4, the effects of the re-entrant jet was not clear as a dominant mechanism
for the cavity shedding. The results of the cavitation control revealed a reduction of about 28
% in the amplitude of the pressure pulsations. It can be observed from the results that the main
mechanism for the shedding of the cavity and cavitation instability could be induced by the
propagation of the pressure waves inside the cavitation tunnel for the cavitating surge regime.
In the other words, the instabilities of the attached cavity in the cavitating regime σ/2α < 4
and at low cavitation number mostly induced by the system instabilities and not by the intrinsic
instabilities which usually occur due to the effects of the large adverse pressure gradient at
the closure region. In general, the cavity structures on the hydrofoil using cavitation control
methods may be changed from a sheet-to-cloud cavity structure to a quasi sheet-vortex cavity
structure on the hydrofoil surface. In addition, the combination of the glossy and frothy cavity
interfaces in the sheet-to-cloud cavitating flow can be changed to a frothy cavity interface due to
the effects of the generated cavitating-vortexes induced by the cavitation-bubble generator (CG)
or cylindrical cavitation-bubble generator (CCGs). Therefore, a frothy cavity interface which
consist of a high-void-fraction bubbly mixture may not be the only reason for the formation of
the condensation shocks and the cavity shedding due to shock waves.
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Chapter 6

Numerical Results

This chapter provides an overview of the computational conditions and numerical results of the
benchmark hydrofoil CAV2003 and the semi-circular leading-edge flat plate without and with
cavitation control. For each case, details of the flow condition, computational domain, and the
meshes with the grid study are presented. The validation of the numerical results of the studied
cases with a benchmark data and the present experimental works are also included.

6.1 Hydrofoil without Cavitating-bubble Generator

In order to analyze the effects of the cavitation control on the dynamics of the unsteady cloud
cavitation, the numerical modelling of the unsteady cavitating flow around the benchmark hy-
drofoil without cavitation control are firstly performed. The results of the unsteady cavitating
flows around the benchmark hydrofoil CAV2003 without cavitation control are analyzed in this
section.

6.1.1 Verification and Validation

Initially grid studies were performed in the cloud cavitating flow regime in order to evaluate
discretization errors. The present numerical model were validated with the experimental re-
sults of a benchmark data. Two quantitative parameters such as Strouhal number based on the
chord Stc and the non-dimensional maximum length of the attached cavity based on the chord
lmax/lre f were used in order to compare the numerical results with the experimental data.

Test Case and Initial Conditions

The geometry of the benchmark hydrofoil CAV2003 was obtained from the Workshop, Franc
and Schnerr (2003). The hydrofoil CAV2003 is a two-dimensional symmetrical hydrofoil
which its point of maximum thickness is located at mid-chord and the maximum thickness
of the hydrofoil is 12% of the chord length. The thickness at the trailing edge of the hydrofoil
is zero and the radius of the curvature at the leading edge is 0.703% of the chord length. The
chord length of the hydrofoil is 0.1 m and the numerical investigations are performed at attack
angle of 7 degree the same as the case in the experiments. Delgosha et al. (2007) studied nu-
merically and experimentally the cavitating flows around the benchmark hydrofoil with the 7◦

angle of attack at four main structures related to different cavitation parameters. They showed
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that the unsteady behavior and periodic cloud shedding may occur for the cavitation number in
the range of 0.8≤ σ ≤ 1.7. Their results demonstrated that quasi-steady sheet cavitation with
no periodical oscillations and severe cavitating conditions close to supercavitation will appear
in the cavitation numbers of 2≤ σ ≤ 3.5 and σ = 0.5, respectively. Their results revealed that
the non-cavitating condition can be occurred if the cavitation number σ is higher than 3.5.

In order to investigate the ability of cavitation control method to control and suppress the un-
steady cloud cavitation phenomenon, the present work was focused on the study of the control
method on the unsteady cloud cavitation regime with the cavitation number of σ = 0.8 and
Reynolds number of 6× 105. The chord length of the benchmark hydrofoil is taken as 0.1 m.
The Reynolds number based upon chord length is therefore 6× 105 and the turbulence level
0.1% is also considered a uniform velocity at the upstream inlet. Table 6.1 lists the initial
conditions and reference values for the present simulations with and without cavitation control.

Table 6.1: Initial conditions and the reference values for the benchmark testing, Delgosha et al.
(2007)

Angle of attack, α = 7◦ Vapor pressure, Pv = 2.0kPa
Chord length, lre f = 0.1m Reference velocity, Vre f = 6.0m/s

Reference time, Tre f = lre f /Vre f = 0.0167s Reference density, ρre f = 1000kg/m3

Cavitation number, σ = 0.8 Reynolds number, 6×105

Numerical Grids and Discretization Errors

For the grid study, three different grids, namely, coarse grid (G1), mid-size grid (G2) and fine
grid (G3) are considered for the spatial resolution of the unsteady cavitating flow. The size of
the coarse grid is increased with the refinement factor of

√
2 for each length of the geometry to

obtain the mid-size grid. The mid-size grid is increased again with the same factor to obtain the
fine grid. The coarse, mid-size, and fine grids consisted of 1,202,000, 3,410,000 and 9,640,000
cells, respectively. Figure 6.1 illustrates the computational domain of the mid-size grid and
a close-up view of the grid surrounding the hydrofoil leading edge without cavitation passive
control.

In order to evaluate the spatial mesh resolution effects on the unsteady cavitating flow sim-
ulation around the benchmark hydrofoil, a convergence study according to ITTC (2017) was
performed. The time-averaged lift and the time-averaged drag coefficients, the Strouhal num-
ber and the non-dimensional maximum length of the attached cavity based on the chord length
are the quantitative parameters which are investigated for the evaluation. The lift and drag
coefficients were defined as Cl = Fl/0.5ρV 2

re f lre f lb and Cd = Fd/0.5ρV 2
re f lre f lb, respectively.

The Fl , Fd and lb are lift force, drag force and span length of the hydrofoil, respectively. The
differences obtained on the coarse and the mid-size grid ε12 and mid-size grid and the fine
grid ε23 are used to define the convergence ratio R = ε23/ε12. The values of the convergence
ratio R = 0.2 and R = 0.6 are obtained for the time-averaged lift and time-averaged drag coef-
ficients, respectively. The convergence ratio R from these two cases is between zero and one
which indicated that the grid converged monotonically. To study the effect of time step on the
simulation of cavitation, the simulations on the mid-size grid is performed with two different
time steps 4e-6 s and 1e-5 s. The results revealed that the difference between the two time steps
is not significant. The time-averaged drag coefficient was reduced about 1 % for the time step
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Figure 6.1: (a) The computational domain and the zoom view at the leading edge of the bench-
mark hydrofoil without cavitation passive control.

1e-5 s. The maximum Courant number for the case with the time steps 4e-6 s and 1e-5 s were
0.75 and about 1, respectively. Table 6.2 shows the comparison of the time-averaged lift and
time-averaged drag coefficients for different grids.

Table 6.2: The comparison of the time-averaged lift and time-averaged drag coefficients for
different grids namely grid G1, grid G2 and grid G3.

Parameters Grid G1 Grid G2 Grid G3 R = ε23/ε12

C̄l 0.49 0.44 0.43 0.2
C̄d 0.078 0.073 0.070 0.6

The results of the parameters such as time-averaged lift coefficient in the non-cavitating regime
and non-dimensional maximum length of the attached cavity from the medium grid were used
to compare with the experimental data. The time-averaged lift and drag coefficients and non-
dimensional maximum length of the attached cavity from the present simulations in the cavitat-
ing regime yielded values of 0.44 and 0.073, 70%, respectively. Delgosha et al. (2007) obtained
time-averaged lift and drag coefficients in cavitating regime of 0.45 and 0.07, respectively. Del-
gosha et al. (2007) measured the value of the time-averaged lift coefficient about 0.65 in the
non-cavitating regime. The value of 0.60 is obtained for the time-averaged lift coefficient from
the present numerical work. The results represented a relative error between the present simu-
lations and the experimental data of about 8%. The comparison between the numerical values
of the time-averaged lift and drag coefficients and the experimental data are shown in Table
6.3.
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Table 6.3: The comparison of the numerical values of time-averaged lift coefficient in the non-
cavitating regime C̄l and non-dimensional maximum length of the attached cavity based on the
chord length lmax/lre f with the experimental data by Delgosha et al. (2007). The comparison
of the value of corresponding cavitation number in the cavitation inception σi and the distance
between the leading edge and cavitation inception based on the chord length li/lre f with the
experimental results by Delgosha et al. (2007).

Parameters Simulation-Present Work Experiment-Delgosha et al. (2007) Error (%)
C̄l 0.6 0.65 -8.3

lmax/lre f 70% 70% -
σi 3.5 3.5 -

li/lre f 2.95% 3% -1.6

Figure 6.2: Time history of the lift and drag coefficients, present work and the work of Delgosha
et al. (2007) at cavitation number of σ = 0.8 at the attack angle of 7◦ and Reynolds number
based on chord length of hydrofoil of 6× 105. a) Time history of the lift coefficient, b) Time
history of the drag coefficient.

Figure 6.2 shows the time history of the lift and drag coefficients from the numerical simula-
tions on the mid-size grid compared with the work by Delgosha et al. (2007). Figure 6.3 shows
the comparison of the present numerical simulation and the work by Delgosha et al. (2007)
for the instantaneous vapor volume fraction contours of the unsteady cloud cavitation in one
cycle. The consecutive steps of the unsteady cavitating process, the cavity break-off and the
convection of the vapor cloud can be seen from the results. The illustrated images indicate that
the numerical method used in this study is able to capture the mechanism of the unsteady cloud
cavitation fairly.
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6.1 Hydrofoil without Cavitating-bubble Generator

Figure 6.3: Instantaneous vapor volume fraction contours for the growth and collapse of the
cloud cavity in one cycle. The cavitation number is σ = 0.8 and the Reynolds number is
6× 105 at attack angle of 7◦, top) Present work, bottom) Numerical work by Delgosha et al.
(2007), time step between pictures is 14 ms. Kadivar and Javadi (2017).

Comparison of the Numerical Results with the Benchmark Data

For the benchmark hydrofoil at cavitation number σ = 0.8 and the non-cavitating flow, Ta-
ble 6.4 lists the time-averaged lift and time-averaged drag coefficients as well as the non-
dimensional maximum length of the attached cavity (made non-dimensional by the hydrofoil
chord length) obtained from the present numerical work together with the values from the sim-
ulations by the other researchers. The values obtained for the maximum cavity length are in
the range of 22-110% for all the simulations. The small length of the attached cavity (22%
) obtained by Qin et al. (2003) may be associated with the stable cavity structures that they
observed in their simulations. The mechanisms of the unsteady cavitating behavior were well
simulated in the present work compared to the numerical and experimental results by Delgo-
sha et al. (2007). The maximum length of the attached cavity to the chord of hydrofoil was
obtained 70% in the present numerical simulation which agreed favorably to the experiments
with a value of 70%. The time-averaged lift coefficients for the non-cavitating condition ranged
between 0.6-0.67 for most of the numerical simulations, which are close to the experimentally
measured value of 0.65. The time-averaged lift and drag coefficients reported by different re-
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searchers are in the ranges between 0.36 and 0.73 and 0.007 and 0.146, respectively. The values
of the lift and drag coefficients obtained in the present work are 0.44 and 0.073, respectively
which agreed well with the results of Delgosha et al. (2007) with the values of 0.45 and 0.07,
respectively.

Table 6.4: The comparison of the present simulation with the simulations of the other re-
searchers for the benchmark hydrofoil CAV2003 in the unsteady cloud cavitating flow with
cavitation number σ = 0.8 and in the non-cavitating flow at attack angle of 7◦. The corre-
sponding Reynolds number is 6×105.

Authors Turbulence model C̄l C̄d li/lre f l/lre f C̄l-non

Qin et al. (2003) LES 0.359 - 3.7% 22% 0.64
Pouffary et al. (2003) k− ε and modification 0.456 0.078 0 57% 0.62

Saito et al. (2003) Baldwin-Lomax and modification 0.417 0.064 0.17% 76% -
Wu et al. (2003) k− ε Launder-Spalding 0.52 0.008 0.75% 60% 0.06
Wu et al. (2003) filtered k− ε 0.46 0.007 0.74% 65% 0.052

Kawamura asnd Saokoda (2003) k−ω 0.53 0.086 0.5% 97% 0.67
Kinnas et al. (2003) Potential solver and Boundary layer 0.73 0.146 0 110% -
Kunz et al. (2003) k− ε 0.49 0.080 0.45% 103% 0.62
Kunz et al. (2003) DES 0.50 0.097 0.5% 110% 0.62

Delgosha et al. (2007)-Numerical k− ε RNG with Reboud correction 0.45 0.07 0 70% 0.66
Delgosha et al. (2007)-Experiment - - - 3% 70% 0.65

Present work PANS model 0.44 0.073 2.95% 70% 0.6

6.1.2 Evaluation of Cavitation Model Parameters

In this section, the influences of the cavitation model parameters of the Schnerr-Sauer model
such as nuclei density and nuclei radius on the unsteady cloud cavitation dynamics are investi-
gated.

Influence of Nuclei Density and Nuclei Radius

The influence of nucleus density and nucleus radius of the Schnerr-Sauer cavitation model on
the quantitative parameters such as lift and drag coefficients were studied. Figures 6.4 and 6.5
show time histories of the lift and drag coefficients for different nucleus densities of 107, 109,
1011, 1013 and 1015. The nucleus radius remained constant and equaled 10−6 for the cavitation
simulations. The results show that the unsteadiness of the cloud cavitation are suppressed
at small values of nucleus density of 107 and 109. This means that the mechanism of the
unsteady cloud cavitation changed to a steady cavitation and the structure of the cavity was
underpredicted. However, the predicted time histories of the lift and drag coefficients are more
accurate with the increasing of the nucleus density. The results demonstrate that the number
of nucleus density higher than 1013 changed the results insignificantly. Therefore, the value of
nucleus density 1013 was used for the all simulations of the present work. Figures 6.6 and 6.7
show the influence of the nucleus radius on the time history of the lift and drag coefficients.
For the study of the nucleus radius, the number of nucleus density was set at 1013. The results
reveal that the effect of the nucleus radius on the results is not significant compared with the
case for different nucleus density. This means that the mass transfer rate in the Schnerr-Sauer
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model may be more dependent on the number of nucleus density than the nucleus radius for
the simulations of the unsteady cavitating flows.

Figure 6.4: Time history of the lift coefficient for different numbers of nuclei density, 107, 109,
1011, 1013 and 1015. The corresponding cavitation number and Reynolds number are σ = 0.8
and 6×105, respectively.

Figure 6.5: Time history of the drag coefficient for different numbers of nuclei density, 107, 109,
1011, 1013 and 1015. The corresponding cavitation number and Reynolds number are σ = 0.8
and 6×105, respectively.

Figure 6.6: Time history of the lift coefficient for different nuclei radii, 10−3, 10−4, 10−5, 10−6

and 10−7. The corresponding cavitation number and Reynolds number are σ = 0.8 and 6×105,
respectively.
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Figure 6.7: Time history of the drag coefficient for different nuclei radii, 10−3, 10−4, 10−5,
10−6 and 10−7. The corresponding cavitation number and Reynolds number are σ = 0.8 and
6×105, respectively.

6.1.3 Evaluation of Turbulence Model Parameter

In order to better understanding of the influences of the turbulence model, the effects of the
damping parameter fk of the Partially-Averaged Navier-Stokes (PANS) approach on the un-
steady cloud cavitation dynamics were investigated.

Influence of Coefficient fk

The unsteady cloud cavitating flow around the benchmark hydrofoil with different coefficients
fk = ku

k = 1.0, 0.8, 0.6, 0.4 and 0.2 are investigated. Figure 6.8 shows the results of the typical
instants of vapor volume fractions on the suction side of the hydrofoil. The results reveal that
the PANS model with the values fk = 1 and fk = 0.8 is not able to predict the unsteadiness of
the unsteady cloud cavitation. A quasi-steady cavitating flow with a constant attached cavity
on the suction side of the hydrofoil are shown for the case with the parameter fk = 1. It can
be deduced from the results that the mechanism of the cavitation become more unstable by
decreasing the value of the coefficient fk for the simulation. By decreasing the coefficient fk to
the 0.4 or 0.2, the unsteadiness of the cloud cavitation and shedding of the cavitation clouds can
be observed from the results. Therefore, it can be concluded that using the smaller values of fk,
the unsteady cloud cavitating flow can be simulated more properly in the PANS approach. The
difference between of the instantaneous vapor volume fraction with different coefficients of fk
= 0.4 and 0.2 is not significant. Therefore, the unsteady cloud cavitation around the benchmark
hydrofoil is simulated with the value of fk = 0.2 for all cases.

Figure 6.9 shows the time-averaged turbulent viscosity contours with different coefficients of
fk for a typical cycle of cloud cavitation. The results show the overestimated turbulent viscosity
for the damping parameters fk = 1 and fk = 0.8 can suppress the cavity shedding on the hydrofoil
suction side in the downstream region. The simulations show that the turbulent viscosity for
the cases with fk = 0.4 and fk = 0.2 is reduced significantly compared to the turbulent viscosity
for a higher value of fk. It can be concluded that the PANS model with the proper damping
parameters can be a reliable model to simulate the unsteady cavitating flows.

Figures 6.10 and 6.11 show the effect of the coefficient fk on the lift and drag coefficients.
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Figure 6.8: Instantaneous vapor volume fraction with different coefficients of fk = 1.0, 0.8,
0.6, 0.4, 0.2 for 20%, 70% and 90% of a typical cycle of the cloud cavitation regime. The
corresponding cavitation number is σ = 0.8 and the corresponding Reynolds number is 6×105.

For the case with fk = 1 and 0.8, the lift and drag coefficients changed to a steady cavitating
flow without fluctuations. This meant that the unsteadiness of the cloud cavitation can be
suppressed without using any cavitation control method. Therefore, using the high value of
fk is not suitable for the simulation of the unsteady cloud cavitating flow regimes. It can be
seen from the results, that the difference between time histories of lift and drag coefficients for
coefficients of fk 0.4 and 0.2 are insignificant.

6.2 Hydrofoil with Cavitating-bubble Generator

In this section, the results of the numerical simulations with using a passive controller called
cavitating-bubble generator (CG) are analyzed. In order to find a proper location and size of
the mounted CG to suppress the unsteady cavitation, different wedge type cavitating-bubble
generators installed on the hydrofoil suction surface at different locations in streamwise direc-
tion. The proper size and location of the cavitation controller CG are used for the experimental
testings in the cavitation tunnel. Regarding the middle Reynolds number at the low cavitation
number for the case which studied in this section, it could not be able to validate the numerical
simulations for the same conditions with the experiments in the cavitation tunnel. Because the
low cavitation number can only be obtained with the high velocity or high Reynolds number in
the cavitation tunnel of Institute of Thermophysics SB RAS. Figure 6.12 shows a 2D-view of
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Figure 6.9: Comparison of the time-averaged turbulent viscosity contours with different coef-
ficients of fk = 1.0, 0.8, 0.6, 0.4 and 0.2. The corresponding cavitation number is σ = 0.8 and
the Reynolds number is 6×105.

Figure 6.10: Comparison of the time history of lift coefficients for different coefficients of fk
= 1.0, 0.8, 0.6, 0.4 and 0.2. The corresponding cavitation number is σ = 0.8 and the Reynolds
number is 6×105.

wedge type cavitating-bubble generator located at different positions on the suction side of the
hydrofoil leading edge. Figure 6.13 illustrate the different locations of the CG on the hydrofoil
surface in a 3-D view. The 2D close-up view of the computational domain at the leading edge
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Figure 6.11: Comparison of the time history of drag coefficients for different coefficients of fk
= 1.0, 0.8, 0.6, 0.4 and 0.2. The corresponding cavitation number is σ = 0.8 and the Reynolds
number is 6×105.

of the hydrofoil with different cavitating-bubble generators are shown in figure 6.14.

Figure 6.12: 2D view of six wedge-type cavitating-bubble generators (CGs) located in four
different positions on the suction side of the benchmark hydrofoil CAV2003.

Figure 6.13: 3D view of a single cavitating-bubble generator (CG) located at the leading edge
and on the suction side of the hydrofoil. Symbols X = x/lre f , L = l/lre f , and H = h/lre f
designate the dimensionless parameters of the CG with regard to the chord length (lre f ) of the
hydrofoil.

The characteristics of the studied cases of the CGs mounted on the suction side of the hydrofoil
in four different positions are shown in table 6.5.

141



6. Numerical Results

Figure 6.14: The 2D-view of the computational domain close to the leading edge of the bench-
mark hydrofoil CAV2003 with different CGs (CG I, CG V and CG VI) located at three different
positions on the suction side of the hydrofoil.

Table 6.5: The characteristics of the studied CGs on the suction side of the hydrofoil in four
different positions. The location of the CGII, CGIII, and CGIV are the same, but the CG III
and CGIV are higher and longer than CGII, respectively.

CG Type X = x/lre f L = l/lre f H = h/lre f

CG I 0.006 0.011 0.0025
CG II 0.007 0.0075 0.0025
CG III 0.007 0.0075 0.003
CG IV 0.007 0.0083 0.003
CG V 0.03 0.011 0.0025
CG VI 0.213 0.011 0.0025

Effect of Cavitation Control on the Cavitation Dynamics

In order to show the effects of the cavitation control method on the cavitation dynamics, the
results of the unsteady cloud cavitating flow over the benchmark hydrofoil with and without
cavitating-bubble generator (CG) are presented. The effects of different cavitating-bubble gen-
erator on the control of the various destructive effects of cavitation, such as unsteadiness of the
cloud cavitation, turbulent velocity fluctuations, wall-pressure peaks and reduction of hydrody-
namic performance are explored in this section.

Figure 6.15 shows the vapor volume fraction iso-surfaces for the unsteady cloud cavitation
regime during one oscillation cycle without cavitation control and with CG I, CG V, and CG
VI. Figure 6.15 a(1-4) illustrates the growth stage of the sheet cavity on the surface of the
benchmark hydrofoil. From the results of the Figure 6.15 a(3-4) can be seen that, when the
cavity length may reach about 70 % of the chord length, the back part of the sheet cavity
becomes unstable which leads to the formation of the re-entrant jet. The separation region
increased gradually and extended to the different directions streamwise and spanwise on the
surface of hydrofoil as seen in Figure 6.15 a(6). Figure 6.15 a(7) shows that the sheet cavity
was cut off approximately at the leading edge of the hydrofoil. The new cycle of the cavity
growth began near the leading edge of the hydrofoil, while the left cloud cavity at the trailing
edge moved downstream as shown in Fig. 6.15 a(8).

Figure 6.15c shows that the separation of the large cavity on the suction side of the hydrofoil
was not achieved with CG V. The cavity growth began near the leading edge of the hydrofoil
and increased gradually to a certain region of the hydrofoil surface, where the maximum length
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Figure 6.15: The images of vapor volume fraction iso-surface (αv = 0.1) for the 3D cloud cav-
itation during one oscillation cycle with eight images for hydrofoil without cavitation control
and with different CGs: CG I, CG V and CG VI. The time step between eight images is 19
ms. The shedding frequency of the hydrofoil without CG and with CG I, CG V and CG VI are
6.6 Hz, 5.19 Hz, 10.23 Hz and 7.9 Hz, respectively. The corresponding cavitation number is
σ = 0.8 and the Reynolds number is 6×105.

of the attached cavity extended over about half of the hydrofoil. The maximum length of the
attached cavity to the chord was found to be about 55 % for the cavitating flow with CG V,
which was about 20% smaller than the maximum length of the attached cavity without CG. It
can be observed from the figure 6.15 c(1-8) that there is only small changes in the cavity length
on the suction side of the hydrofoil. Figures 6.15c and 6.15d reveal that the cavitation cycle
for the hydrofoil with CG V and CG VI may be arranged compared to the hydrofoil with CG
I, which enlarged the cloud cavity structures. However, the images in figure 6.15d show that
the hydrofoil with CG VI is not able to suppress the large cloud cavity structure. The findings
revealed that the cavitating structures using CG V are changed to a quasi-stable sheet cavity in
the unsteady cloud cavitating regime which characterized by only oscillations in the rear part
of the cavity, whereby large shedding of the cavitation cloud was suppressed.

Figure 6.16 compares the shape of cavity for the hydrofoil without CG and with the CG I,
CG V, and CG VI. According to graph (a), the growth and collapse of the cloud cavity on the
suction side of the hydrofoil without the CG yielded a periodic condition. In this process, the
cavity oscillated until a major perturbation in the system occurred. Then the cavity detached
and split into two different parts. One part attached close to the leading edge and another part
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traveled downstream of the hydrofoil and changed to a large cavitation cloud. Graph (b) shows
the formation of sheet cavitation on the suction side of hydrofoil with CG V. These results
illustrate that the cyclic process of the cloud cavitation was successfully destroyed as a result of
employing the CG V. Consequently, the amount of collapse of the large cavities characterized
by large-scale oscillations was decreased, and the periodical cloud shedding was changed due
to the use of CG V.

Figure 6.16: (a) 2D view of shape of cavity for hydrofoil without CG (b) 2D view of shape
of cavity for hydrofoil with CG V. The Instantaneous vapor volume fraction contours is with
αv = 0.1. The time step between pictures are 28 ms. The corresponding cavitation number is
σ = 0.8 and the Reynolds number is 6×105.

Effects of Cavitation Control on the Shedding Frequency

The effects of the cavitation control on the shedding frequency of cavitation clouds are ana-
lyzed. The frequency of the oscillations for the hydrofoil without CG was reported to be about
6.5 Hz, which corresponds to a period of T = 0.15 s in the work by Delgosha et al. (2007). The
shedding frequency of cavitation clouds in the present simulation yielded the value of f = 6.6
Hz, which was close to the value of the shedding frequency of f = 6.5 Hz obtained by Delgosha
et al. (2007). Figure 6.17-6.20 show the Fast Fourier Transform (FFT) of the temporal history
of the lift coefficient on the hydrofoil without cavitation control and with different CGs. For the
hydrofoil with CG II, the calculated shedding frequency was f = 4.92 Hz, which meant that the
period of force fluctuation for the hydrofoil tended to be longer than that for hydrofoil without
CG, where the frequency was f = 6.6 Hz. In the other words, the cloud shedding frequency for
the hydrofoil with CG II was reduced by 25 % compared to the hydrofoil without CG; however,
the cyclic behavior of unsteady cavitation was not stabilized. The Frequency spectrum analysis
of the lift coefficient on the hydrofoil CAV2003 without CG and with all types of CG are shown
in figure 6.17.

Figure 6.18 shows that the peak frequencies for the hydrofoil without CG and with CG I, CG
V and CG VI are f = 6.6 Hz, f = 5.19 Hz, f = 10.23 Hz, and f = 7.9 Hz, respectively. Figure
6.19 shows that the dominant frequencies for the hydrofoil with CG III and CG IV are f = 6.81
Hz and f = 6.0 Hz, respectively. Figure 6.20 shows the comparative dominant frequencies for
the hydrofoil without CG and with CG V. The results revealed that the dominant frequency for
the hydrofoil with CG V increased by 35 % compared to the dominant frequency for hydrofoil
without CG. However, the amplitude of the dominant frequency with CG V was reduced by
95% compared to the amplitude of the hydrofoil without CG. The results reveal that the second
peak frequency of f = 16.8 Hz from the simulation with CG V was also 26 % larger than the
second peak frequency from the simulation without CG, where the value was f = 12.4 Hz.
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Figure 6.17: Frequency spectrum analysis of the lift coefficient on the hydrofoil CAV2003
without CG and with all types of CG. The corresponding cavitation number is σ = 0.8 and the
Reynolds number is 6×105.

Figure 6.18: Frequency spectrum analysis of the lift coefficient on the hydrofoil CAV2003
without CG and with CG I, CG V and CG VI. The corresponding cavitation number is σ = 0.8
and the Reynolds number is 6×105.
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Figure 6.19: Frequency spectrum analysis of the lift coefficient on the hydrofoil CAV2003
without CG and with CG I, CG III and CG IV. The corresponding cavitation number is σ = 0.8
and the Reynolds number is 6×105.

Figure 6.20: Frequency spectrum analysis of the lift coefficient on the hydrofoil CAV2003
without CG and with CG V. The corresponding cavitation number is σ = 0.8 and the Reynolds
number is 6×105.
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Effects of Cavitation Control on the Strouhal Number

The periodic unsteady behavior of the cloud cavitation is usually characterized by the Strouhal
number. The dominant frequency with the highest amplitude, corresponding to the cavitation
shedding events, was identified by the Strouhal number. Most of the numerical simulations
for the benchmark studies agree fairly well at Stl = 0.1. The value of the Strouhal number
was obtained Stc = 0.11 in the present work which demonstrated favorable agreement to the
numerical simulations and experiments of Delgosha et al. (2007), who obtained the Strouhal
number of Stc = 0.108 and Stc = 0.15, respectively.

Table 6.6 shows the relationship between Strouhal number and the amplitude of the first dom-
inant frequency for the hydrofoil without and with various CGs. The amplitude of the main
oscillation frequency in the cloud cavitating regime decreased for the hydrofoil with CG V;
however, the Strouhal number increased compared to the Strouhal number for the hydrofoil
without CG. This phenomenon was observed when the maximum length of the attached cavity
decreased. These results showed that the amplitude of the main oscillation frequency and the
Strouhal number for the case of the hydrofoil with CG III and CG VI both increased compared
to the case of the hydrofoil without CG. The Strouhal number for the hydrofoil with CG V
increased by 35% compared to the case of the hydrofoil without CG.

Table 6.6: The comparison between Strouhal number and the amplitude of the first dominant
frequency for the hydrofoil without and with various CGs. The corresponding cavitation num-
ber is σ = 0.8 and the Reynolds number is 6×105.

CG Type Strouhal number Amplitude of first dominant frequency
CG I 0.0865 0.94
CG II 0.082 0.80
CG III 0.1135 0.87
CG IV 0.10 1.64
CG V 0.1705 0.010
CG VI 0.131 1.46

Without CG 0.11 0.22

Effects of Cavitation Control on the Velocity Fluctuations

The presence of the unsteady cloud cavitation can change the local flow structure and may
cause local boundary layer alterations and the turbulent velocity fluctuations. Therefore, the
effect of passive control method to control the behavior of local boundary layer alterations and
turbulent velocity fluctuations are analyzed.

Figure 6.21 shows the maximum streamwise velocity ratio to the free stream velocity contours
for hydrofoil without CG and with CG V. The result illustrates that the maximum streamwise
velocity ratio to the free stream velocity component for the hydrofoil with CG V is 1.9 which
is about 20% higher than those shown by the hydrofoil without CG with the value of 1.5.
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Figure 6.21: The maximum streamwise velocity ratio to the free stream velocity contours for
the hydrofoil a) without CG and b) with CG V. The corresponding cavitation number is σ = 0.8
and the Reynolds number is 6×105.

Figure 6.22: Time history of the velocity profiles at the position x/c = 1.1 from the trailing
edge of the hydrofoil a) without CG and b) with CG V. The corresponding cavitation number
is σ = 0.8 and the Reynolds number is 6×105.

For the hydrofoil with CG V, the high-velocity region is concentrated in the small area at the
vicinity of the leading edge but for the hydrofoil without CG, the high-velocity region is ex-
tended around the hydrofoil surface from the leading edge to the trailing edge. This means that
with the effect of cavitation control with CG V, the velocity on the suction side of the hydrofoil
increased significantly compared to the case of the hydrofoil without CG. Figures 6.22 and
6.23 show time histories of the velocity profiles at the position x/c = 1.1 and x/c = 1.2 from the
trailing edge of the hydrofoil for the cases with and without cavitation control. The results of
the 6.22 indicate that with CG V on the suction side of the hydrofoil, the velocity at the vicinity
of the trailing edge increased compared to the case of the hydrofoil without CG. Figure 6.23
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shows that the instabilities of the velocity profile were stabilized using CG V, i.e., the veloc-
ity profile fluctuations in the wake region were reduced compared to the case of the hydrofoil
without CG. This reduction in the velocity profile fluctuations may be related to an increased
momentum exchange with the external flow layer near the wall-surface.

Figure 6.23: Time history of the velocity profiles at the position x/c = 1.2 from the trailing
edge of the hydrofoil a) without CG and b) with CG V. The corresponding cavitation number
is σ = 0.8 and the Reynolds number is 6×105.

Effects of Cavitation Control on the Turbulent Structures

As the unsteady dynamics of the cloud cavitation and shedding of the vapor clouds are complex
phenomena, these structures were further observed in the 3D views based on the Q-criterion to
identify the vortices. This criterion defined the positive second invariant of the velocity gradi-
ent tensor, Hunt et al. (1988). The Q-criterion proved to be an effective method to visualize
the vortex structure evolution and the vorticity distribution, Bensow (2011) and Huang et al.
(2014). Figure 6.24 shows the dynamics of the vortex structure evolution as visualized by the
Q-criterion during one oscillation cycle for the hydrofoil without CG and for the hydrofoil with
CG I, CG V, CG VI. As shown in the images, the cavitation clouds shedding process has a
substantial influence on the vortex structures. The main mechanism for the generation of the
cavitating vortex can be from the interaction between the circulating flow and the shedding of
cavitation clouds. Furthermore, the results illustrate that the vortex structure fluctuations in-
creased as the shedding cavitation clouds move downstream due to the flow circulation. There-
fore, the flow field may be changed significantly at the aft part of the attached cavity. This
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change in the flow field may be induced by the complicated small-scale vortexes and the rapid
cavity changes.

Q =
1
2

[(
∂ui

∂xi

)2

− ∂ui
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]
(6.1)

Figure 6.24 (c) demonstrates that the cavitating vortex structures stabilized for the hydrofoil
with CG V. The instantaneous images in figure 6.24 (c) show that the complex structures of the
vortices on the surface were suppressed compared to the case of the hydrofoil without CG. The
quasi-steady turbulent structures in the unsteady cloud cavitating regime on the suction side of
the hydrofoil with CG V can be observed. For the hydrofoil with CG I, the cavitating vortex
structures were enhanced in the streamwise and also in the spanwise direction as seen in figure
6.24 (b). The results form the iso-surface of the Q-criterion and the vapor volume fraction
iso-surface indicate that the predicted dynamics of the vortex structure and its evolution as
visualized by the Q-criterion are more complicated than those shown by the iso-surface for
the vapor fraction. It can be deduced from the results that the local vortex structures may be
reduced and suppressed due to the effects of the CG V on the corresponding location at the
hydrofoil suction side, i.e., the vortex structures of the cavity in the closure and wake regions
of the hydrofoil may be mitigated compared to the case of the hydrofoil without CG.

Figure 6.25 shows the instantaneous velocity contours in one oscillation cycle around the hy-
drofoil without cavitation control. According to the results, it is clear that the growth and
collapse of the cavitating bubble changes the local flow structure which causes the turbulent
velocity fluctuations in the unsteady cavitation regime. Figure 6.26 shows the instantaneous
velocity structures in one oscillation cycle with CG V. It can be seen from figure 6.26 (a-h) that
the local flow structures have not any significant changes which may be due to the stabiliza-
tion of the local boundary layer structure. The images show a quasi-stable turbulent velocity
fluctuations in the unsteady cavitation regime on the suction side and at the trailing edge of the
hydrofoil. The cyclic process of the unsteady cloud cavitation changes using CG V such that
the cyclic process disappears and the cavitation phenomena becomes into a quasi-stable form
with the low-amplitude fluctuations.
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6.2 Hydrofoil with Cavitating-bubble Generator

Figure 6.24: The instantaneous Iso-surface of the Q-criterion with 100,000 [s−2] colored by
streamwise velocity for the hydrofoil without CG and with CGs: CG I, CG V and CG VI during
one oscillation cycle. The time step between the images is 19 ms. The shedding frequency of
hydrofoil without CG and with CG I, CG V and CG VI are 6.6 Hz, 5.19 Hz, 10.23 Hz and 7.9
Hz, respectively. The corresponding cavitation number is σ = 0.8 and the Reynolds number is
6×105, (see more details in Kadivar et al. 2018).

Figure 6.25: Instantaneous velocity structures around the hydrofoil without CG. The time step
between images is 19 ms. The corresponding cavitation number is σ = 0.8 and the Reynolds
number is 6×105.
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Figure 6.26: Instantaneous velocity structures around the hydrofoil with CG V. The time step
between images is 19 ms. The time step between images is 19 ms. The corresponding cavitation
number is σ = 0.8 and the Reynolds number is 6×105.

In the figures 6.27-6.29, the evolution of the velocity vectors and vortex structures are presented
to show the mechanisms behind the shedding of the cloud cavity and cavitation unsteadiness
on the suction side of the hydrofoil with and without cavitation control. Figure 6.27 (a) shows
a vortex called ’Vortex 1’ shedding near the trailing edge of the hydrofoil at the beginning of
the oscillation cycle, (see more details in Kadivar and Moctar 2018b and 2018c).

Figure 6.27: The images of different vortexes and inverse flow developed on suction side of the
hydrofoil without CG at different instants, black line represents cavity shape. The correspond-
ing cavitation number is σ = 0.8 and the Reynolds number is 6×105. The time step between
images is 19 ms.

The results reveal that the adverse pressure gradient at the cavity closure and the re-entrant jet
occur after the sheet cavity reaches to its maximum length. This process results from another
vortex called ’Vortex 2’, see figure 6.27 (b). Eventually after the shedding of the cavity, the
’Vortex 2’ moves towards the trailing edge and becomes a larger vortex called ’Vortex 3’, see
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6.2 Hydrofoil with Cavitating-bubble Generator

figure 6.27 (c). Figure 6.28 shows the evolution of the vortexes on the suction side of hydrofoil
at the rear part of the CG at different instants. It can be seen from the results that the local
flow structures and the size of vortexes at the rear part of the CG didn’t change significantly.
According to the instantaneous images of figure 6.29, it is clear that the local boundary layer
and the vortex shedding to the trailing edge on suction side of hydrofoil were changed slightly
and there are not any significant changes at the positions of the vortex core at the trailing edge
of the hydrofoil with CG.

Figure 6.28: The vortex structure on the suction side of the hydrofoil behind the CG V at dif-
ferent instants. The time step between images is 19 ms. The corresponding cavitation number
is σ = 0.8 and the Reynolds number is 6×105.

Figure 6.29: The vortex shedding to the trailing edge on the suction side of the hydrofoil with
CG V at different instants. The corresponding cavitation number is σ = 0.8 and the Reynolds
number is 6×105. The time step between images is 19 ms.

Figure 6.30 and 6.31 show the evolution of the velocity vectors at the leading edge on the
suction side of the hydrofoil without CG and with CG V. It can be seen from the images that the
size of vortexes and the velocity vectors are changed during one typical oscillation cycles. The
results revealed that the vortex structures continuously strengthened by high adverse pressure
gradient and caused to the formation of a re-entrant jet which can move towards the leading
edge. Figure 6.30 shows the intermittent growth and shrinkage in the boundary layer thickness
and turbulent velocity fluctuations which may leads to the boundary layer instabilities. In
contrast, the velocity vectors and the shape of vortex structures at the rear part of the cavitating-
bubble generator were changed insignificantly as shown in figure 6.31. Consequently, the high-
amplitude of the lift and drag force fluctuations acting on the hydrofoil may be decreased . This
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reduction in the high-amplitude of the forces can be obtained through the suppression or delay
of the intermittent large-scale cavitation clouds that may alter the lift and drag forces pulsations
on the hydrofoil surface.

Figure 6.30: The evolution of the velocity vectors at the leading edge on suction side of the hy-
drofoil without CG. The corresponding cavitation number is σ = 0.8 and the Reynolds number
is 6×105. The time step between images is 19 ms.

Figure 6.31: The evolution of the velocity vectors at the leading edge (behind the CG) on
suction side of the hydrofoil with CG V. The corresponding cavitation number is σ = 0.8 and
the Reynolds number is 6×105. The time step between images is 19 ms.

The evolution of the vorticity in the wake region from the trailing edge at x/c = 1.2, x/c = 1.4,
x/c = 1.6, x/c = 1.8 and x/c = 2 are shown in figure 6.32. The results show that the vortex
structures at the trailing edge of the hydrofoil were mitigated which may cause a reduction in
the high frequency cavitation-induced vibrations emitted due to the collapse of small cavity
bubbles and the vortexes at the trailing edge.
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6.2 Hydrofoil with Cavitating-bubble Generator

Figure 6.32: Iso-surface of vorticity in the wake region at different locations with ω = 500
[s−1], (a): Without CG (b): With CG V. The corresponding cavitation number is σ = 0.8 and
the Reynolds number is 6×105.

Effects of Cavitation Control on the Wall-pressure Fluctuations

When many vapor structures and small-scale vortices reach the high pressure region on the
surface of hydrofoil, they can collapse near the surface. This process could have induced
wall-pressure fluctuations on the suction side of the hydrofoil. Therefore, one of the impor-
tant parameters which should be analyzed are the wall-pressure fluctuations on the surface of
hydrofoil in order to investigate the influence of cavitation control on the wall-pressure fluctua-
tions. Figures 6.33 and 6.34 show pressure distributions at the spanwise middle of the hydrofoil
for the cases without CG and with CG V for one typical oscillation cycle. Figure 6.34 shows
that the cavitating flow was reached a quasi-stable state with no significant wall-pressure peaks.

Figure 6.33: Pressure distributions at the middle of spanwise of the benchmark hydrofoil with-
out CG in one typical oscillation cycle. The time step between pictures is 19 ms. The corre-
sponding cavitation number is σ = 0.8 and the Reynolds number is 6×105.
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Figure 6.34: Pressure distributions at the middle of spanwise of the benchmark hydrofoil with
CG V in one typical oscillation cycle. The time step between pictures is 19 ms. The corre-
sponding cavitation number is σ = 0.8 and the Reynolds number is 6×105.

Figures. 6.35 and 6.36 show the wall-pressure fluctuations on the suction side of hydrofoil at
different locations with and without CG. For the hydrofoil without CG, the results show high
wall-pressure peaks during the cavitation process. The results reveal that the occurrence of the
pressure peaks are largest at locations x/c = 0.5 and x/c = 0.6, which indicate that these pressure
peaks occurred near the rear part of the attached cavity in the cavity collapse region.

Figure 6.35: Wall pressure fluctuation on the suction surface of the benchmark hydrofoil with-
out CG and without CG V at different locations x/c = 0.1, 0.2 and 0.3. The corresponding
cavitation number is σ = 0.8 and the Reynolds number is 6×105.
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Figure 6.36: Wall pressure fluctuation on the suction surface of the benchmark hydrofoil with-
out CG and without CG V at different locations x/c = 0.5, 0.6 and 0.8. The corresponding
cavitation number is σ = 0.8 and the Reynolds number is 6×105.

Effects of Cavitation Control on the Hydrodynamic Performance

The results of time-averaged values of the lift and drag coefficients revealed that the hydrody-
namic efficiency in the cloud cavitating conditions exhibited a significant decrease compared
to the hydrodynamic efficiency in non-cavitating conditions. Therefore, one important aspect
which can be analyzed is the potential of the cavitation control method to control the hydrody-
namic efficiency and, simultaneously, to stabilize the cloud cavitation. Figure 6.37 shows the
comparative time histories of the lift and drag coefficients for the hydrofoil without CG and
for the hydrofoil with CG II and CG IV. The time-averaged lift to drag ratios for the hydrofoil
without passive control was obtained Cl/Cd = 6.02. The lift to drag ratios for the hydrofoil
with CG II and CG IV were obtained Cl/Cd = 3.92 and Cl/Cd = 4.9, respectively. The results
reveal that the hydrodynamic efficiency for the hydrofoil with CG II and CG IV were decreased
and the periodic behavior of the cavitation could not be suppressed. The result shows that the
lift to drag ratios for the hydrofoil with CG I was obtained Cl/Cd = 4.7. Figure 6.38 shows
that the amplitudes of the lift and drag fluctuations for the hydrofoil with CG V were reduced
significantly and the cavitating flow attained a quasi-stable situation. The lift to drag ratios for
the hydrofoil with CG V was obtained for Cl/Cd = 7.7. It can be deduced from the results
that the lift and drag fluctuations were almost quasi-stable for the hydrofoil with CG V, which
meant that the highly unsteady force fluctuations were suppressed. The cavitation structures on
the suction side were also stabilized compared to the case of the hydrofoil without CG.
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Figure 6.37: Comparison between time history of the lift and drag coefficients for CG II and
CG IV on the hydrofoil and the hydrofoil without CG. The corresponding cavitation number is
σ = 0.8 and the Reynolds number is 6×105.

Figure 6.38: Time history of the lift and drag coefficients with CG V on the hydrofoil and
the hydrofoil without CG. The corresponding cavitation number is σ = 0.8 and the Reynolds
number is 6×105.
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6.3 Semi-circular Leading-edge Flat Plate without
Cavitating-bubble Generator

The results of the unsteady cavitation surge with high-pressure pulsations around the semi-
circular leading-edge flat plate with and without cavitation control are analyzed. For this case,
the cavitating-bubble generator (CG) was mounted on the surface of the semi-circular leading-
edge flat plate close to the cavitation inception point.

6.3.1 Verification and Validation

Initially grid studies were performed in the unsteady cavitating flow regime in order to evaluate
discretization errors. The numerical model of this work were also validated with the experi-
mental results of the present study. Two quantitative parameters such as Strouhal number based
on the chord Stc and the non-dimensional maximum length of the attached cavity based on the
chord lmax/lre f were used in order to compare the numerical results with the experimental data.
The initial conditions and reference values for the test with Reynolds number are shown in
Table 6.7.

Table 6.7: Initial conditions and reference values for the experimental and numerical testing at
high Reynolds number.

Angle of attack, α = 6◦ Water saturation pressure, Pv = 4.3kPa
Chord length, lre f = 0.1m Reference density, ρre f = 995kg/m3

Cavitation number, σ = 0.8 Reynolds number, 1.6×106

Numerical Grids and Discretization Errors

The spatial mesh resolution effects on the cavitation simulation were analyzed. The coarse grid
(G1), medium grid (G2) and fine grid (G3) are generated which consisted of 600,000, 1,700,000
and 4,800,000 elements, respectively. Figure 6.39 illustrates the computational domain and a
view of the medium grid around the semi-circular leading-edge flat plate with CG installed at
the suction surface of the flat plate. The size of coarse grid with the refinement factor of

√
2 for

each length of the geometry was generated to obtain the medium grid. The medium grid was
increased again with the same factor to obtain the fine grid. The mesh refinement is performed
especially at the leading edge and around the cavitating-bubble generator. Sufficient refinement
was used around the flat plate surface with the maximum dimensionless wall distance y+ less
than 1.

The effect of spatial discretization on the Strouhal number based on the chord Stc and the non-
dimensional maximum length of the attached cavity based on the chord lmax/lre f were shown
in Table 6.8. Time step was on the order of 4e-6 s and controlled by a maximum Courant
number of 1 for numerical considerations. The flat plate surface and the tunnel walls were
set to a non-slip wall and free slip walls, respectively. The second-order schemes was used
for the spatial discretization and the temporal discretization is carried out using the second-
order implicit scheme. To study the effect of time step on the simulation of unsteady cavitating
flow, the simulations on the medium grid with two different time steps 4e-6 s and 1e-5 s were
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performed. The results showed that the difference of the Strouhal number between the two time
steps were about 1%. Differences obtained on the coarse and the medium grid ε12 and medium
and the fine grid ε23 were used to define the convergence ratio R = ε23/ε12. The convergence
ratio R = 0.11 was obtained for the Strouhal number which shows that the numerical solution
converged monotonically.

Figure 6.39: (a) Computational domain and boundary conditions around the semi-circular
leading-edge flat plate and (b) close-up view of grid near the flat plate surface.

Table 6.8: Comparison of the Strouhal number and non-dimensional maximum length of the
attached cavity based on the chord length for the different grids.

Parameters Grid G1 Grid G2 Grid G3 R = ε23/ε12

Stc 0.095 0.13 0.134 0.11
lmax/lre f 1.12 1.22 1.23 0.1

The results of the medium grid were compared with the experimental data. The comparison
between the numerical values of the Strouhal number and non-dimensional maximum length
of the attached cavity and the experimental data were shown in Table 6.9.

Table 6.9: Comparison of the numerical values of the Strouhal number and non-dimensional
maximum length of the attached cavity based on the chord length with the present experimental
data.

Parameters Present Work- Simulation Present Work- Experiment Error (%)
Stc 0.13 0.137 5.1

lmax/lre f 1.22 1.24 1.6

6.3.2 Dynamics of the Cavitation Surge without Cavitation Control

In order to analyze the effects of cavitation control on the mechanism of cavitation surge, the
dynamics of cavitation surge on the semi-circular leading-edge flat plate without cavitation
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control were firstly shown. Figure 6.40 shows the cavitation patterns from the numerical and
the experimental results during one typical oscillation cycle on the semi-circular leading-edge
flat plate without cavitation control in the cavitating surge regime.

Figure 6.40: Vapor volume fraction iso-surface of the unsteady cavitation surge during one typ-
ical oscillation cycle around semi-circular leading-edge flat plate without CG from numerical
modelling and the cavitation patterns during one typical oscillation cycle around the semi-
circular leading-edge flat plate from experimental data. The corresponding cavitation number
and Reynolds number are σ = 0.8 and 1.6×106, respectively.

The illustrated images indicate that the numerical results of the formation of the unsteady cav-
itation surge have a favorable agreement to the present experiments. As can be deduced from
the results, the transitional part between sheet to cloud cavity which is usually occured in the
unsteady cloud cavitation regime due to the effects of the re-entrant jet can not be observed in
the cavitation surge condition. In other words, the shedding mechanism of the cavity structure
in the cavitation surge regime can mostly be related to the highly propagation of pressure waves
inside the test section of the tunnel. Therefore, the main mechanism for the formation of the
surge-type instability may be the propagation of the pressure waves due to the reduction of the
pressure gradient in the closure region of the attached cavity. Furthermore, it can be seen from
the cavity structures that the length of the cavity on the flat plate surface were increased and
reached more than the chord length of the flat plate in the cavitation surge condition. It can be
observed from the instantaneous images, that the shedding of the cavity structures formed not
only at midspan of the flat plate but also at the side span of the flat plate. Figure 6.41 shows
the vortex structures around the semi-circular leading-edge flat plate without cavitation control
in one typical oscillation cycle using a positive second invariant of the velocity gradient tensor
Q-criterion. From the results can be deduced, that the cavity shedding process had a substantial
influence on the vortex structures on the suction side of the semi-circular leading-edge flat plate
and in the wake region during one typical oscillation cycle. The mechanism of the formation
of the cavitating vortex on the flat plate surface could be from the high-interaction between the
circulating flow and the shedding of the vapor structures.
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Figure 6.41: Instantaneous iso-surface of the Q-criterion colored by streamwise velocity for
the semi-circular leading-edge flat plate without CG. The time step between images is 9.57
ms. The corresponding cavitation number and Reynolds number are σ = 0.8 and 1.6× 106,
respectively.

6.4 Semi-circular Leading-edge Flat Plate with
Cavitating-bubble Generator

Figure 6.42 shows the view of the cavitating-bubble generator on the surface of the semi-
circular leading-edge flat plate. The static pressure at the outlet plane of the domain was set
according to the value of the cavitation number from the data of the present experiment.

Figure 6.42: The view of the cavitating-bubble generator (CG) on the suction side of the semi-
circular leading-edge flat plate. The parameters x, l, h and lre f are position of the CG to the
leading edge, length of the CG, height of the CG and the chord length of the semi-circular
leading-edge flat plate, respectively.

6.4.1 Effects of Cavitation Control on the Pressure Pulsations

In order to show the effects of CG on the pressure fluctuations around the semi-circular leading-
edge flat plate, the pressure contours at the midspan of the flat plate with and without cavitation
passive control were illustrated in Figure 6.43. The results reveal the high pressure pulsations
on the surface of the flat plate without CG and in the wake region. The red contour in the
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instantaneous images illustrate the vapor cavity structures with a pressure near the pressure of
water saturation.

Figure 6.43: Cavitation structure during one typical oscillation cycle on the surface of the semi-
circular leading-edge flat plate a) without CG and b) with CG. The time steps between images in
case without and with CG are 9.57 ms and 9.68 ms, respectively. The corresponding cavitation
number and Reynolds number are σ = 0.8 and 1.6×106, respectively.

It can be deduced from the results that the pressure pulsations are concentrated mostly near
the trailing edge of the flat plate with CG compared with the case without CG which has the
pressure pulsations at different sections of the chord. One of the reasons of the mitigation of
the pressure pulsations in the case with cavitation control could be from the effects of the CG
on the mitigation of the pressure waves propagation on the suction surface of the flat plate.

6.4.2 Effects of Cavitation Control on the Cavity Shedding Frequency

To analyze the effect of the cavitation control on the shedding frequency of the unsteady cavi-
tation surge, different quantitative parameters such as shedding frequency and Strouhal number
based on the flat plate chord Stc = f × lre f /Vre f are analyzed. In the present experiments, the
dominant frequency due to the shedding of the cavity structures for the semi-circular leading-
edge flat plate without CG and with CG were obtained about 17.4 Hz and 17.2 Hz, respectively.
As the results showed, the dominant frequency for the semi-circular leading-edge flat plate with
CG was reduced slightly compared with the unmodified flat plate (without CG). As can be de-
duced form the numerical results, the Strouhal number in the cavitation surge regime for the
flat plate without and with CG were obtained about 0.137 and 0.135, respectively.

The range of the Strouhal number for the cavitation surge is in the range of the Strouhal number
which measured by Arndt et al. (2000), Kjeldsen et al. (2000) and Timoshevskiy et al. (2018).
They indicated that the transition onset from the mechanism of unsteady cloud cavitation to the
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cavitation surge can be obtained when the σ/2α is less than 4. Their results revealed that the
cavitation surge usually occur in the Strouhal number range of 0.1-0.2.

6.4.3 Effects of Cavitation Control on the Velocity Structures

The effects of the cavitation control on the alterations of the instantaneous velocity struc-
tures were analyzed. Figure 6.44 illustrates instantaneous velocity structures around the semi-
circular leading-edge flat plate with and without cavitation control from the numerical simula-
tions. The results show a mitigation in velocity pulsations in the wake region of the flat plate
with passive control. In other words, the interaction between the vortex structures induced on
the flat plate surface and the vortex structures on the trailing edge in the wake region can be
mitigated with cavitation controller CG. That means, the vortices generated at the rear part of
the CG may mitigate also the effects of the reverse flow near the wall-surface and leads to the
stabilization of the cavity pulsations on the flat plate.

Figure 6.44: Instantaneous velocity structures around the semi-circular leading-edge flat plate
(a) without CG and (b) with CG. The time steps between images in case without and with CG
are 9.57 ms and 9.68 ms, respectively. The corresponding cavitation number and Reynolds
number are σ = 0.8 and 1.6× 106, respectively. The vortexes were enclosed by the white
rectangle boxes.
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6.5 Hydrofoil without Cylindrical Cavitating-bubble
Generators

The results of the unsteady cavitating flow around the benchmark hydrofoil CAV2003 without
and with cavitation control were presented in this section. In order to study the effects of the
cavitation control on the dynamics of the unsteady cloud cavitation, the numerical modelling
around the benchmark hydrofoil without Cylindrical Cavitating-bubble Generators (CCGs) was
firstly performed.

6.5.1 Verification and Validation

The grid study was performed in the cloud cavitating flow regime around the hydrofoil in
order to evaluate the discretization errors. The present numerical model were validated with
the experimental data from the present work and Delgosha et al. (2007). Two quantitative
parameters such as Strouhal number based on the chord Stc and the non-dimensional maximum
length of the attached cavity based on the chord lmax/lre f were used in order to compare the
numerical results with the experimental data.

Test Case and Initial Conditions

The benchmark hydrofoil CAV2003 was used for the numerical investigations in this section.
The initial conditions are the same as was shown in Table 6.1.

Numerical Grids and Discretization Errors

In order to study the effect of grids on the numerical simulation of unsteady cavitating flow,
different sized grids, namely, coarse grid (G1), mid-size grid (G2) and fine grid (G3) were gen-
erated for the 3D computations. The mesh refinement is performed especially at the leading
edge and around the cylindrical cavitating-bubble generators. The maximum dimensionless
wall distance y+ in the area of interest is lass than 1. The experimental data of the benchmark
hydrofoil by Delgosha et al. (2007) was used to validate the present numerical modelling. The
effect of spatial discretization on time-averaged lift coefficient C̄l , time-averaged drag coeffi-
cient C̄d and Strouhal number based on the chord Stc = f × lre f /Vre f were showed in Table 6.10.
f , Vre f and lre f are the cavity self-oscillation frequency, reference velocity and the chord of the
hydrofoil, respectively. Time step was on the order of 4e-6 s and controlled by a maximum
Courant number of 1 for the numerical simulations. Figure 6.45 illustrates the computational
domain and boundary conditions around the benchmark hydrofoil CAV2003.

The time-averaged lift and time-averaged drag coefficients from the numerical study on the dif-
ferent grids were obtained. The discrepancy between the coarse grid and the mid-size grid ε12
and the discrepancy between mid-size and the fine grid ε23 were used to define the convergence
ratio R = ε23/ε12, which is a convergence study according to ITTC (2017). The numerical sim-
ulation can be converged monotonically If the convergence ratio R can locate in the range of
the zero and one. The convergence ratios of about R = 0.3 and R = 0.4 were obtained from the
present simulations for the time-averaged lift and time-averaged drag coefficients, respectively.
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Figure 6.45: Computational domain and boundary conditions around the benchmark hydrofoil
CAV2003 for the modelling at middle and high Reynolds numbers.

This showed that the numerical solution converged monotonically. The time-averaged lift and
drag coefficients from the numerical simulation in cloud cavitating regime shows the values of
0.471 and 0.072, respectively. The time-averaged lift and drag coefficients of about 0.45 and
0.07 in cloud cavitating regime were obtained by Delgosha et al. (2007), respectively. The dis-
crepancy between the present numerical study and the investigation of Delgosha et al. (2007)
in cloud cavitating regime is about 4%. The time-averaged lift coefficient in the non-cavitating
regime was measured about 0.65 by Delgosha et al. (2007) and the value of the present sim-
ulation shows the value of 0.60 which represent a relative error of about 8% compared to the
experiment.

Table 6.10: Comparison of the time-averaged lift and drag coefficients, Strouhal number and
non-dimensional maximum length of the attached cavity based on the chord length at cavitation
number σ = 0.8. The corresponding Reynolds number is 6×105.

Mesh size C̄l C̄d Stc Time step lmax/lre f

Grid G1 0.461 0.071 0.115 4e-6 s
Grid G2 0.471 0.072 0.118 4e-6 s 70%
Grid G3 0.474 0.0724 0.120 4e-6 s

Simulation- Delgosha et al. (2007) 0.45 0.07 0.108 70%
Experiment- Delgosha et al. (2007) - - 0.15 70%

Comparison of the Numerical Results with the Benchmark Data, Delgosha et al. (2007)

Table 6.11 shows the numerical results and experimental data for the CAV2003 benchmark
hydrofoil at cavitation number σ = 0.8 and Reynolds number 6× 105 for the attack angle of
7◦. The time-averaged lift and drag coefficients as well as the non-dimensional maximum
length of the attached cavity were calculated in the present simulations for the cloud cavitating
flow regime and compared with the numerical and experimental data. The maximum cavity
length which were captured by different researchers is in the range of about 22-110%. The
mechanisms of the unsteady cloud cavitation from the present simulation were compared to
the numerical simulation and the experiment by Delgosha et al. (2007). The maximum length
of the attached cavity was about 70% in the present simulation, which agreed favorably to the
experimental data with a value of 70%. The numerical results of the researchers predicted
the time-averaged lift coefficient for the non-cavitating condition mostly in the range of about
0.6-0.67, which are close to the experiments with the value of about 0.65. The time-averaged
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lift and drag coefficients in the cloud cavitating regime were reported also by the different re-
searchers in the ranges between 0.36-0.73 and 0.007-0.146, respectively. The current numerical
results show that the time-averaged lift and drag coefficients are 0.471 and 0.072, respectively.
This means that the results agreed favorably with the work by Delgosha et al. (2007), which
presented the value of the time-averaged lift and drag of about 0.45 and 0.07, respectively.

Table 6.11: The results of the benchmark hydrofoil and the present simulation in the unsteady
cloud cavitating flow regime in cavitation number σ = 0.8 for an angle of attack of 7◦ and
Reynolds number of 6×105 and also the non-cavitating flow. lmax/lre f is the maximum length
of the attached cavity to the chord of the hydrofoil.

Authors Turbulence model C̄l C̄d li/lre f l/lre f C̄l-non

Qin et al. (2003) LES 0.359 - 3.7% 22% 0.64
Pouffary et al. (2003) k− ε and modification 0.456 0.078 0 57% 0.62

Saito et al. (2003) Baldwin-Lomax and modification 0.417 0.064 0.17% 76% -
Wu et al. (2003) k− ε Launder-Spalding 0.52 0.008 0.75% 60% 0.06
Wu et al. (2003) filtered k− ε 0.46 0.007 0.74% 65% 0.052

Kawamura asnd Saokoda (2003) k−ω 0.53 0.086 0.5% 97% 0.67
Kinnas et al. (2003) Potential solver and Boundary layer 0.73 0.146 0 110% -
Kunz et al. (2003) k− ε 0.49 0.080 0.45% 103% 0.62
Kunz et al. (2003) DES 0.50 0.097 0.5% 110% 0.62

Delgosha et al. (2007)-Numerical k− ε RNG with Reboud correction 0.45 0.07 0 70% 0.66
Delgosha et al. (2007)-Experiment - - - 3% 70% 0.65

Present work PANS model 0.471 0.072 3.1% 70% 0.6

Comparison of the Numerical Results with the Present Experimental Data

The numerical investigations were also performed in the high Reynolds number of 1.5× 106

and in the cavitation number of σ = 0.8 as the same as the cavitation number in the benchmark
Delgosha et al. (2007). However, the Reynolds number 1.5×106 in the new numerical simula-
tions is much higher than the last case with the Reynolds number of 0.6×106. The numerical
results were validated with the experimental results of the present study. Initial conditions and
reference values for this test with high Reynolds number are shown in Table 6.12.

Table 6.12: Initial conditions and reference values for the numerical and experimental testings
at high Reynolds number 1.5×106.

Angle of attack, α = 7◦ Vapor pressure, Pv = 4.3kPa
Chord length, lre f = 0.1m Reference density, ρre f = 995kg/m3

Cavitation number, σ = 0.8 Reynolds number, 1.5×106

The results of the medium grid were compared with the experimental data. The comparison
between the numerical values of the Strouhal number and non-dimensional maximum length
of the attached cavity and the experimental data were shown in Table 6.8. The results of the
present numerical simulations revealed a good agreement with the experimental data.
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Table 6.13: Comparison of the numerical values of Strouhal number based on the chord length
Stc, non-dimensional maximum length of the attached cavity based on the chord length lmax/lre f
and value of corresponding cavitation number for the inception of cavitation σi with the present
experimental data.

Parameters Simulation-Present Work Experiment - Present Work Error (%)
Stc 0.1402 0.14 0.14

lmax/lre f 1.0 1.04 -4
σi 3.0 3.04 -1.3

6.6 Hydrofoil with Cylindrical Cavitating-bubble Generators

In this section, the numerical results of the unsteady cavitating flow with the cylindrical
cavitating-bubble generators are presented. The numerical results were validated with the ex-
perimental data of current work.

Figure 6.46: 3D view of Cylindrical Cavitating-bubble Generators (CCGs) mounted on the
suction side of the hydrofoil. Symbols D = d/lre f , H = h/lre f and S = s/lre f designate the
dimensionless parameters of the CCGs with regard to the chord length of hydrofoil, where s,
h are d are diameter of the CCGs, height of the CCGs and distance between the cylindrical
obstacles, respectively. lre f is the chord length of the hydrofoil and x is the location of the
CCGs to the leading edge. The left and the right images at the bottom show the position of the
CCGs at the downstream and upstream of the hydrofoil suction surface, respectively.
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6.6.1 Test Case and Numerical Grid

Figure 6.46 illustrates the 3D view of discrete miniature vortex generators so-called Cylindrical
Cavitating-bubble Generators (CCGs) mounted on the suction side of the hydrofoil. Table 6.14
shows the characteristics of the studied CCGs on the suction side of the hydrofoil in three
different positions. CCGs I, CCGs II and CCGs III are located at the X = 0.66, 0.36 and
0.06 on the suction side of the hydrofoil in the spanwise direction. The parameters s, h, d
are diameter of the CCGs, height of the CCGs and distance between the cylindrical obstacles,
respectively.

Table 6.14: The characteristics of the studied CCGs on the suction side of the benchmark hy-
drofoil at different locations, Kadivar et al. (2019).

CCGs Type X = x/lre f D = d/lre f S = s/lre f H = h/lre f

CCGs I 0.06 0.04 0.01 0.003
CCGs II 0.36 0.011 0.01 0.0025
CCGs III 0.66 0.011 0.01 0.0025

Figure 6.47 shows a close-up view of the numerical grid around the hydrofoil with CCGs lo-
cated at the suction side of the hydrofoil. Figure 6.48 illustrates the time-histories of the lift
and drag coefficients from the present numerical simulation and the corresponding scalar show-
ing the instantaneous time of the dynamics of the vapor cavity shedding around the hydrofoil
CAV2003.

Figure 6.47: Close-up view of grid near the CCGs mounted on the hydrofoil surface in spanwise
direction.
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Figure 6.48: Time history of lift and drag coefficients of the present work for the hydrofoil
without passive control and the work by Delgosha et al. (2007) at cavitation number of σ = 0.8
at attack angle of 7◦ and Reynolds number of 6×105.

The instability behavior of the cloud cavitation are shown qualitatively through the vapor vol-
ume fraction iso-surfaces for the hydrofoil with and without CCGs. Figure 6.49 shows vapor
volume fraction iso-surfaces for the unsteady cloud cavitation during one typical oscillation
cycle for the hydrofoil without CCGs.

Figure 6.49: Vapor volume fraction iso-surface (αv = 0.1) for the unsteady cloud cavitation
during one typical oscillation cycle for the hydrofoil without CCGs. The time step between
images is 9.7 ms. The shedding frequency of hydrofoil without CCGs is about 17.03 Hz. The
cavitation number is σ = 0.8 and the Reynolds number is 1.5×106.

The results show the mechanism of the instability generation of the cavitation such as cavity
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inception, growth of the sheet cavity, re-entrant jet and shedding of the cloud cavity. The results
show a new cycle of the cavity growth which begins near the leading edge of the hydrofoil,
while the cloud cavity structure at the trailing edge moves downstream.

Figure 6.50 shows the vapor volume fraction iso-surfaces during one typical oscillation cycle
for the hydrofoil with CCGs I and II. The Figure 6.50 (a) shows the generation of the cavitation
with a similar cavitation dynamics on the suction surface of the hydrofoil compared to the
hydrofoil without CCGs. The results show that the thickness of the cavity structures in the case
with CCGs I is reduced compared to the case without CCGs.

Figure 6.50: Vapor volume fraction iso-surface (αv = 0.1) for the unsteady cloud cavitation
during one typical oscillation cycle a) with CCGs I and b) with CCGs II. The time step between
images is 9.7 ms. The shedding frequency of hydrofoil with CCGs I and with CCGs II are 14.8
Hz, 14.6 Hz, respectively. The cavitation number is σ = 0.8 and the Reynolds number is
1.5×106.

Therefore, the strength of the re-entrant jet and its movement towards the leading edge may be
reduced. Figure 6.50 (b) reveals the growth stage of the sheet cavity and the small-scale fluc-
tuations of the vapor volume fraction in the near of the closure region on the suction surface of
the hydrofoil. The results show that only some small changes of the cavity length on the suction
side were occurred. This means that the extension of the cavity length to the maximal length
may be reduced for the case with CCGs II and the periodical cloud shedding was changed. The
findings revealed that the re-entrant jet as the first dominant mechanism of the unsteadiness for-
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mation may become weaker for the hydrofoil with CCGs II compared to the case with CCGs I.
Figure 6.51 illustrates the close-up image of the simulated bubbles generated at the CCGs.

Figure 6.51: Close-up image of the simulated cavity structures generated behind the CCGs.
The vapor volume fraction iso-surface αv is 0.1 in the unsteady cloud cavitation. The position
of the CCGs on the hydrofoil surface in spanwise direction was shown.

The comparison between the numerical simulations results of the cavity structures on the hy-
drofoil surface in the unsteady cloud cavitation regime and the results of the cavity structures
from the present experiments are shown in figure 6.52. The illustrated images indicate that the
numerical method used in this study is able to capture the mechanism of the unsteady cloud
cavitation fairly compared with the experimental data. The shedding frequency for the numer-
ical and experimental results were obtained about 17.03 Hz and 17.0 Hz, respectively.

6.6.2 Effects of Cavitation Control on the Shedding Frequency

For better understanding the effect of the CCGs on the unsteadiness of the partial cavitation,
different quantitative parameters such as the Strouhal number based on the chord Stc = f ×
lre f /Vre f , Fast Fourier transform (FFT) and power spectral density (PSD) are analyzed. In
the present numerical work, the dominant frequency regarding the cloud cavity shedding was
calculated to be about 17.03 Hz, which corresponds to a period of T = 0.058 s. Figure 6.53
shows the Fast Fourier Transform (FFT) diagram of the lift coefficient fluctuations for the
hydrofoil CAV2003 without CCGs. The FFT signal shows the presence of dominant frequency
for the hydrofoil without CCGs around 17.03 Hz. The other smaller peaks or harmonics may
consistent with the observed physics of vapor production and shedding of the small cavity on
the hydrofoil surface.
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Figure 6.52: a) Vapor volume fraction iso-surface (αv = 0.1) on the hydrofoil surface in the un-
steady cloud cavitation regime during one typical oscillation cycle from the present numerical
modelling. b) The photo of the cavity structures on the hydrofoil surface in the unsteady cloud
cavitation regime from the present experiments. The time step between images of numerical
and experimental results are 9.7 ms and 9.8 ms, respectively. The shedding frequency for the
numerical and experimental results are 17.03 Hz and 17.0 Hz, respectively. The cavitation
number is σ = 0.8 and the Reynolds number is 1.5×106.

Figure 6.53: Fast Fourier Transform (FFT) diagram of the lift coefficient fluctuations for the
hydrofoil CAV2003 without CCGs. The dominant frequency due to the shedding of the cloud
cavity is about 17.03 Hz which corresponds to a period of T = 0.058 s.
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Figure 6.54 shows the frequency spectrum analysis of lift coefficient on the hydrofoil CAV2003
with CCGs I and II. The FFT signal shows that the presence of dominant frequency for the hy-
drofoil with CCGs I and CCGs II are around 14.8 Hz and 14.6 Hz, respectively. The results
show that the second dominant frequency caused by small-scale cavity structures for the case
with CCGs I was increased compared to the case without CCGs. Furthermore, the results re-
vealed that the dominant frequency for the hydrofoil with CCGs II decreased by 14% compared
to the dominant frequency for the hydrofoil without CCGs. The amplitude of the characteristic
frequency with CCGs was reduced significantly compared to the amplitude of the characteristic
frequency for the hydrofoil without CCGs.

(a)

(b)

Figure 6.54: Fast Fourier Transform (FFT) diagram of the lift coefficient fluctuations for the
hydrofoil CAV2003 (a) with CCGs I and (b) with CCGs II. The cavitation number is σ = 0.8
and the Reynolds number is 1.5×106.

Figure 6.55 shows the Power Spectral Density (PSD) calculated based on the predicted lift
coefficient fluctuations for the hydrofoil with and without CCGs at the frequency content of 0-
10 kHz. The results reveal that the Strouhal number of the dominant frequency corresponding
to the cloud cavitation shedding for the hydrofoil without CCGs is 0.11 and the dominant

174



6.6 Hydrofoil with Cylindrical Cavitating-bubble Generators

frequency for the hydrofoil with CCGs II is about 0.097. The results show that the peak value
of dominant frequency was decreased for the hydrofoil with CCGs I and II. The figures of the
PSD diagram reveal that the amplitude of the force fluctuations in the frequency range over 1
kHz was reduced for the hydrofoil with CCGs II compared with the hydrofoil without CCGs.

(a)

(b)

(c)

Figure 6.55: The Power spectral density (PSD) analysis of the lift coefficient fluctuations for
the hydrofoil (a) without CCGs, (b) with CCGs I and (c) with CCGs II. The cavitation number
is σ = 0.8 and the Reynolds number is 1.5×106.
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6.6.3 Effects of Cavitation Control on the Velocity Profiles

According to the significant effects of the unsteady cloud cavitation on the local flow structures,
the local boundary layer alterations and turbulent velocity fluctuations were analyzed.

Figures 6.56 and 6.57 show the time-averaged velocity profiles at different locations on the
suction surface of the hydrofoil without CCGs and with CCGs II, respectively. As shown
in figures, the re-entrant jet plays a dominant role to alter the boundary layer in the near-
wall region at the locations of x/C =0.6 and x/C =0.8, whereas no significant re-entrant jet
exists in the predicted velocity profile on the hydrofoil with CCGs II. Therefore, in the case
of the hydrofoil with proper position of the CCGs the re-entrant jet moving upstream may
become weaker and the strength of the re-entrant jet may reduce significantly. Furthermore,
the results show that the instabilities of the velocity profile were stabilized using CCGs II. The
velocity profile fluctuations in the wake region of the hydrofoil with CCGs II were mitigated
compared with the hydrofoil without CCGs. This reduction may be due to the increasing of the
momentum exchange with the external flow layer due to the effects of the generated vortices
behind the CCGs. The temporal variation of the velocity profiles at the position x/c = 1.1 and
x/c = 1.2 in the wake region of the hydrofoil trailing edge are plotted in figures 6.58-6.60 for
the hydrofoil without CCGs and the hydrofoil with CCGs I and CCGs II. The results revealed
that there are insignificant discrepancies between the temporal variation of the velocity profiles
for the hydrofoil without CCGs and with CCGs I.

The figure 6.56 and 6.56 indicate that with CCGs II mounted on the suction side of the hydrofoil
the velocity at the vicinity of the trailing edge was increased compared with the case of the
hydrofoil without CCGs. It can be deduced that the instabilities of the cloud cavitation and
the cyclic nature of the cloud cavity shedding were mitigated using the proper position of the
CCGs. Figures 6.61 and 6.62 show the instantaneous velocity structures around the hydrofoil
with CCGs I and CCGs II and without CCGs. The turbulent velocity fluctuations around the
hydrofoil with CCGs II were mitigated in comparison with the case without CCGs. The results
from the figure 6.62 (b) showed a cavitation dynamics with quasi-stable turbulent velocity
fluctuations in the unsteady cavitation regime on the suction side and at the trailing edge of
the hydrofoil with CCGs II. The results reveal only small discrepancies between the velocity
structures around the hydrofoil with CCGs I and without CCGs.
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Figure 6.56: Time-averaged velocity profiles at different locations of the hydrofoil without
CCGs. (a) x/lre f = 0.2; (b) x/lre f = 0.4; (c) x/lre f = 0.6; (d) x/lre f = 0.8; (e)x/lre f = 1.1; (f)
x/lre f = 1.2. The cavitation number is σ = 0.8 and the Reynolds number is 1.5×106.
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Figure 6.57: Time-averaged velocity profiles at different locations of the hydrofoil with CCGs.
(a) x/lre f = 0.2; (b) x/lre f = 0.4; (c) x/lre f = 0.6; (d) x/lre f = 0.8; (e) x/lre f = 1.1; (f) x/lre f =
1.2. The cavitation number is σ = 0.8 and the Reynolds number is 1.5×106.
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Figure 6.58: Temporal variation of the velocity profiles at the positions a) x/lre f = 1.1 and b)
x/lre f = 1.2 of the hydrofoil without CCGs. The cavitation number is σ = 0.8 and the Reynolds
number is 1.5×106.

Figure 6.59: Temporal variation of the velocity profiles at the positions a) x/lre f = 1.1 and b)
x/lre f = 1.2 of the hydrofoil with CCGs I. The cavitation number is σ = 0.8 and the Reynolds
number is 1.5×106.

Figure 6.60: Temporal variation of the velocity profiles at the positions a) x/lre f = 1.1 and b)
x/lre f = 1.2 of the hydrofoil with CCGs II. The cavitation number is σ = 0.8 and the Reynolds
number is 1.5×106.
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Figure 6.61: Instantaneous velocity structures around the hydrofoil without CCGs. The time
step between images is 9.7 ms. The cavitation number is σ = 0.8 and the Reynolds number is
1.5×106.

Figure 6.62: Instantaneous velocity structures around the hydrofoil (a) with CCGs I and (b)
with CCGs II. The time step between images is 9.7 ms. The cavitation number is σ = 0.8 and
the Reynolds number is 1.5×106.
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6.6.4 Effects of Cavitation Control on the Turbulent Structures

The turbulent cavitating flows usually involve with the complex vortex structures on the surface
of the immersed bodies. The vortex structures on the hydrofoil surface were observed in the
3D views based on the Q-criterion to analyze the effect of the CCGs on the vortex structures in
more details. The Q-criterion is an effective method to visualize the vortex structures, Bensow
(2011) and Pendar and Rooohi (2018).

Figures 6.63 and 6.64 show the dynamics of the vortex structure evolution during one typical
cycle for the hydrofoil without CCGs and with CCGs I and CCGs II. The results illustrate that
the vortex structures increased as the cloud cavity structures moved downstream due to the flow
circulation for the hydrofoil without CCGs. The insignificant changes in the structures of the
vortices can be seen from the hydrofoil with CCGs I compared to the hydrofoil without CCGs.
The complex structures of the vortices on the hydrofoil surface with CCGs II were suppressed
compared to the hydrofoil without CCGs. The large vortex structures were changed to the
small-scale vortexes and stabilized in the vicinity of the hydrofoil surface through the effects
of CCGs II.

Figure 6.63: Instantaneous iso-surface of the Q-criterion colored by streamwise velocity for
hydrofoil without CCGs. The time step between eight images is 9.7 ms. The cavitation number
is σ = 0.8 and the Reynolds number is 1.5×106.
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Figure 6.64: Instantaneous iso-surface of the Q-criterion colored by streamwise velocity for
hydrofoil (a) with CCGs I and (b) with CCGs II. The time step between eight images is 9.7 ms.
The cavitation number is σ = 0.8 and the Reynolds number is 1.5×106.

6.6.5 Effects of Cavitation Control on the Wall-pressure Pulsations

One of the important quantitative parameters which should be analyzed after control of the
cavitation are the high wall-pressure fluctuations which induced by the collapse of cloud cavity
structures in the vicinity of the hydrofoil surface in the downstream. Figure 6.65 presents the
pressure distributions on the suction surface of the hydrofoil with and without CCGs in one
typical cycle. For the hydrofoil without CCGs the wall-pressure fluctuations and the high-
pressure amplitudes in the cavity collapse regions on the hydrofoil surface can be observed.
The results of the hydrofoil with CCGs II showed only small fluctuations in the rear part of the
attached cavity. The results revealed the insignificant wall-pressure peaks on the suction side
of the hydrofoil with CCGs II.
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Figure 6.65: Pressure distributions on the hydrofoil surface without CCGs and with CCGs II in
one typical cycle. The time step between pictures is 9.7 ms. The cavitation number is σ = 0.8
and the Reynolds number is 1.5×106.

6.6.6 Effects of Cavitation Control on the Hydrodynamic Performance

According to the significant reduction of the hydrodynamic efficiency under unsteady cloud
cavitating conditions compared to the non-cavitating conditions, the effects of the CCGs on the
hydrodynamic efficiency are analyzed.

Figure 6.66: a) Time history of the lift coefficient for the hydrofoil without CCGs and with
CCGs I. The cavitation number is σ = 0.8 and the Reynolds number is 1.5×106.

Figures 6.66- 6.69 show the time histories of lift and drag coefficients for the hydrofoil with
and without CCGs. The results show that the time-averaged lift to drag ratios for the hydrofoil
without CCGs was obtained at Cl/Cd = 8.84. The lift to drag ratios for the hydrofoil with CCGs
was obtained about Cl/Cd = 12.5. There are no significant force changes can be seen from the
figures 6.66 and 6.68 according to the differences between the time histories of lift and drag
coefficients for the hydrofoil without CCGs and with CCGs I. This means that the CCGs I may
not have a proper influence on the dynamics of the cloud cavitation and can not alter the cavity
structures to a quasi-steady cavity. As can be seen from the figures, the periodic behavior of
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the cavitation can be mitigated for the hydrofoil with CCGs II. This means that the amplitudes
of the lift and drag fluctuations for the hydrofoil with CCGs II were reduced significantly. The
hydrodynamic efficiency for the hydrofoil with CCGs II was increased about 29% compared
with the hydrofoil without CCGs.

Figure 6.67: a) Time history of the lift coefficient for the hydrofoil with CCGs II. The cavitation
number is σ = 0.8 and the Reynolds number is 1.5×106.

Figure 6.68: a) Time history of the drag coefficient for the hydrofoil without CCGs and with
CCGs I. The cavitation number is σ = 0.8 and the Reynolds number is 1.5×106.

Figure 6.69: a) Time history of the drag coefficient for the hydrofoil with CCGs II. The cavita-
tion number is σ = 0.8 and the Reynolds number is 1.5×106.
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6.7 Conclusions

In the numerical work, two different cavitation passive control techniques were investigated
in order to analyze the effects of the cavitation control on the dynamics of the unsteady cloud
cavitation. First, the unsteady cloud cavitating flow and cavitation surge around the benchmark
hydrofoil and semi-circular leading-edge flat plate without cavitation control were simulated.
For the simulation of the unsteady cavitating flows, a homogeneous two-phase mixture method
was adopted along with a mass transfer model. According to the literature review, the turbulent
viscosity in the transition region between the vapor and liquid phase is usually overestimated
in the standard turbulence models which may lead to a suppression of the instabilities of the
cavitation without using a cavitation control technique. A scale-resolving Partially-averaged
Navier Stokes (PANS) for the turbulence modelling was coupled with the mass transfer model
and implemented to open source code in order to evaluate the model capabilities in predicting
the turbulent flow features with the interaction of the unsteady cavitating flows.

The PANS model with a fixed level of the scale resolution of fk throughout the entire computa-
tional domain were used for every cavitating flow regime. The different values of fk = 1.0, 0.8,
0.6, 0.4, 0.2 were used for the simulations to select a better value of the coefficient fk for the
simulation of the unsteadiness of the cavitating flows and prediction of the turbulent structures.
A very refined grid resolution in the near wall region of hydrofoil was generated to capture the
flow separation and cavitation inception formed close to the hydrofoil surface near the leading
edge. The grid study was performed in different unsteady cloud cavitating regimes around the
hydrofoil in order to evaluate the discretization errors.

The middle-size mesh with a higher physical resolution, fk = 0.2 was considered for all the
simulations. The influence of cavitation model parameters such as nuclei density, nuclei radius
on the unsteady cloud cavitation dynamics were also analyzed. The acquired results were val-
idated against the experimental data from a benchmark study and the experimental data from
the present work. To find a proper control of the unsteady cloud cavitation, different heights
and locations of the cavitating-bubble generators were studied. Then, the effects of the cavita-
tion passive control methods using the spanwise wedge-type cavitating-bubble generator (CG)
and cylindrical cavitating-bubble generators (CCGs) on the unsteady cavitation dynamics were
studied. The effects of different cavitating-bubble generators on the qualitative parameters of
the unsteady cavitation, such as the cavitation dynamics and the cavity shape were investi-
gated. The effects of cavitation control on the various destructive influences of the unsteady
cloud cavitation, such as turbulent velocity fluctuations, wall-pressure pulsations and degrad-
ing hydrodynamic performances were analyzed. It can be deduced from the results that the
local boundary layer on the hydrofoil surface with the cavitating-bubble generators may be
altered and the turbulent velocity fluctuations can be mitigated. In addition, the cyclic behav-
ior of unsteady cloud cavitation on the hydrofoil surface was suppressed and the hydrodynamic
efficiency of the hydrofoil was increased. Therefore, it can be concluded that the presented cav-
itation passive control methods have the potential to reduce the cavitation-induced vibration,
high wall-pressure pulsations and cavitation-induced erosion on the surface of the immersed
bodies.
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Chapter 7

Concluding Remarks

7.1 Experimental Work

In the first part of this work, the experimental investigations of two different cavitation pas-
sive control methods to control the cavitation were investigated experimentally. For this aim, a
passive control method using a spanwise wedge-type Cavitating-bubble Generator (CG) based
on the concept of the miniature vortex generator was used in order to control the cavitation in
different cavitating regimes. In the case of the Cavitating-bubble Generator (CG), the experi-
mental studies were performed around a benchmark hydrofoil and a semi-circular leading-edge
flat plate. In addition, a passive control method using distributed miniature vortex generators
so-called Cylindrical Cavitating-bubble Generators (CCGs) was proposed in this work to con-
trol the cavitation and cavitation undesirable effects. In order to analyze the effects of the pas-
sive control methods on the cavitation dynamics, the test cases without cavitation control were
firstly investigated experimentally in a cavitation tunnel. The investigations were performed in
different cavitating flow conditions including cavitation inception, quasi-steady partial cavita-
tion, unsteady cloud cavitation and cavitation surge regimes. The cavitation dynamics on the
surface of the benchmark hydrofoil and the semi-circular leading-edge flat plate in different
cavitating conditions were analyzed qualitatively using a high-speed imaging.

The cavitation inception was observed close to the leading edge of the hydrofoil suction surface
at two different attack angles of 5 and 7 degrees. The results revealed that the mechanism of
unsteady cloud cavitation at attack angle of 5 degrees may be associated with the presence of
a liquid re-entrant jet in the region of the cavity reattachment. In the cavitating surge regime at
high Reynolds number and low cavitation number, a higher pressure pulsations due to the col-
lapse of the cavitation clouds in the wake region can be observed compared with the unsteady
cloud cavitating regime. A sudden reduction in the attached cavity length on the hydrofoil
surface in the cavitating surge regime before the new cycle of the cavity growth was shown
a more complex mechanism of the cavitation instabilities. This means that the formation of
the cavitation unsteadiness can be affected by both mechanisms of the re-entrant jet and shock
wave propagation due to the collapse of the large-scale cavity structures.

Furthermore, the mean streamwise velocity profiles over the surface of the test cases and in
the wake region were measured using a PIV method in non-cavitating regime and different
cavitating regimes. The effects of the quasi-steady partial cavity and unsteady cloud cavity on
the mean velocity profiles at different locations on the hydrofoil surface in streamwise direction
were analyzed. Generally, it can be deduced from the results that the cavitation formation
and the collapse of the cavity structures on the hydrofoil surface can alter the mean velocity
distributions near the hydrofoil surface significantly. The mean velocity maximum near the
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hydrofoil surface was increased due to the effects of the cavitation development compared
with the hydrofoil in the non-cavitating regime. A hydroacoustic pressure measurement was
performed in order to analyze the local pressure pulsations in the wake region of the test cases.
The amplitude of the pressure pulsations were increased in the unsteady cloud cavitation regime
compared with the case in the quasi-steady partial cavitation regime. This effect could be due
to the high pressure induced by the collapse of the cavitation clouds in the downstream near the
trailing edge. A much higher amplitude of the pressure pulsations associated with the collapse
of the cavity structures for the unsteady cavitation surge were observed compared with the
amplitude of the pressure pulsations in the unsteady cloud cavitation.

In addition, the effects of the two cavitation passive control methods on the dynamics of the
cavitation in different cavitation regimes were investigated. In general, cavitating-bubble gen-
erator (CG) and cylindrical cavitating-bubble generators (CCGs) appeared to be quite effective
methods to suppress or mitigate the cavitation regions on the surface. The results revealed that
the strength of the combined re-entrant jets from near-wall ends and middle section of the hy-
drofoil as the primary mechanism of the formation of the cavity shedding can be mitigated using
the cavitation control methods. In general, the cavitation inception near the leading edge of the
hydrofoil were suppressed and mitigated on the hydrofoil equipped with the cavitating-bubble
generator and cylindrical cavitating-bubble generators. For the hydrofoil with cavitating-bubble
generator, the cavitation inception was shifted downstream of the hydrofoil surface and may be
formed in aft part of the cavitating-bubble generator in the form of the small-scale vortex cav-
ities. The high-amplitude of the pressure pulsations in the unsteady cavitating regimes were
reduced significantly due to the effects of the cavitation control methods. The maximum length
of the attached cavity on the hydrofoil surface at different unsteady cavitating regimes were re-
duced about 12-23 % due to the effects of the cylindrical cavitating-bubble generators (CCGs)
compared with the hydrofoil without cavitation control.

The comparison of the results between the hydrofoil and flat plate showed that the amplitude of
the pressure pulsations in the wake regime of the hydrofoil and flat plate were mitigated about
34 % to 40 % using cavitating-bubble generator in the cloud cavitating regime. In cavitation
surge regime, the reduction of the amplitude of the pressure pulsations for the benchmark hy-
drofoil and the flat plate were observed about 15 % and 28 %, respectively. In the other words,
the effects of the cavitating-bubble generator can reduce the amplitude of the pressure pulsa-
tions in the cloud cavitating regime more than the amplitude of the pressure pulsations in the
cavitation surge regime. The reason is that instabilities for the attached cavity in the cavitation
surge regime mostly induced by the system instabilities and not by the intrinsic instabilities.
The intrinsic instabilities usually occur due to the effects of the large adverse pressure gradient
at the closure region of the attached cavity. Furthermore, the effects of the re-entrant jets as the
primary role for the shedding of the cavity structures in the unsteady cloud cavitating regime
can not be observed for the cases in the cavitation surge regime.

Furthermore, the cavitation control methods help us to understand the mechanism of the un-
steady cloud cavitation in different regimes in details. It can be concluded from the results of
the cavitation control that the combination of the re-entrant jets from the near-wall ends and
the main re-entrant jet from the midspan of the hydrofoil can be the dominant mechanism of
the large-scale cavity shedding over the hydrofoil surface. In addition, the results showed that
the collapse of the cavitation clouds at downstream of the surface can induce shock waves in
the cavitating regime of σ/2α < 4. However, the collapse-induced shock waves have the po-
tential to affect the growth of the attached cavity structures but it can alone not probably cause
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the formation of the cavity detachment and cavity shedding on the hydrofoil surface. From
the results can be deduced that a sudden reduction in the attached cavity may be occurred and
therefore it can cause an additional stage before the growth of the next attached cavity. The
additional stage in the cycle behavior of the unsteady cloud cavitation can cause a reduction
of the dominant frequency compared with the cases which the collapse-induced shock waves
have not the significant effects on the attached cavity. In addition, it should be noted that in the
cavitating regime of σ/2α < 4, the re-entrant jets may reach the leading edge of the attached
cavity earlier than the arrival of the shock waves which can be induced after the collapse of the
cavitation clouds.

Finally, it can be concluded that the cavitation control methods presented in this work are
effective methods to mitigate and suppress the cavitation and its destructive effects in different
cavitating regimes. The suppression of the quasi-sheet cavity and the mitigation of the unsteady
behavior of the cavitation using cavitation control can play an important role in the design of
the ship propeller, ship rudder, pump impeller and turbine blades. In addition, the reduction in
amplitude of the pressure pulsations using cavitation control can lead to the reduction in the
cavitation-induced erosion regions on the hydrofoil surface which can reduce the efficiency in
marine and hydraulic machinery systems without control of the cavitation.

7.2 Numerical Work

In the second part of this work, numerical investigations of two different cavitation passive
control methods were investigated numerically in order to validate the numerical methods and
to analyze the control methods of the cavitation in details. The cavitation dynamics over the
test cases without cavitation control were simulated firstly. The effects of the cavitation passive
control methods using spanwise wedge-type cavitating-bubble generator (CG) and cylindrical
cavitating-bubble generators (CCGs) on the unsteady cavitation dynamics were studied nu-
merically around the benchmark hydrofoil and the semi-circular leading-edge flat plate. The
numerical investigations were performed around the test cases in the unsteady cloud cavitation
and unsteady cavitation surge regimes and validated with the experimental data of this work
and the experimental and numerical data from a benchmark study. For the simulation of the
unsteady cavitating flows, a homogeneous two-phase mixture method was adopted along with
the Schnerr-Sauer mass transfer model. According to the literature review, the turbulent vis-
cosity in the transition region between the vapor and liquid phase is usually overestimated in
the standard turbulence models which may lead to a suppression of the instabilities of the cavi-
tation in unsteady cavitating flow regimes. A scale-resolving Partially-averaged Navier Stokes
(PANS) for turbulence modelling was coupled with the mass transfer model and implemented
to open source code in order to evaluate model capabilities in predicting the turbulent flow
features with the interaction of the unsteady cavitating flows.

The simulations of the unsteady cavitating flows over the benchmark hydrofoil without cavita-
tion control were performed using the PANS model with a fixed level of scale resolution of fk
throughout the entire computational domain. The different values of the damping parameter fk
= 1.0, 0.8, 0.6, 0.4, 0.2 were used for the simulations to select a better value of the coefficient
fk for the simulation of the unsteadiness of the cavitating flows and predicting of the turbulent
structures. A very refined grid resolution in the near wall region of the test cases was used to
capture the flow separation phenomenon formed close to the surface near the leading edge. The
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grid study was performed in the unsteady cloud cavitating flow regime around the hydrofoil in
order to evaluate the discretization errors.

For the scale resolution of fk = 1.0 and 0.8 in unsteady cavitating flow regime, a quasi-steady
cavity structure over the hydrofoil were observed from the results of the lift and drag coef-
ficients. This meant that the instabilities of the cloud cavitation may be suppressed without
using any cavitation control method. Generally, it can be concluded that the high value of scale
resolution of fk is not suitable for the simulation of the unsteady cloud cavitating flow regimes.
It was shown that in unsteady cloud cavitating flows, the results for the PANS simulation with
fk = 0.2 was closely following the experimental data and notably provided a better estimation
of the unsteady cloud cavitation and a better resolution of the turbulent structures over the test
cases. Therefore, the scale resolution of fk = 0.2 was selected for all simulations of the un-
steady cloud cavitation around the benchmark hydrofoil without and with cavitation control.
In general, the results of the simulation of unsteady cavitating flows using the PANS model
showed a good agreement with the experiments.

From the results of the flow structures on the hydrofoil surface, can be concluded that the PANS
simulations may resolve the eddies with a wide range of scales which demonstrate the three-
dimensionality of the flow field around the hydrofoil. However, the results revealed that the
flow structures and the unsteadiness of the flow field cannot be resolved using RANS modelling
with the standard turbulence model. In addition, it can be concluded that more scale of the flow
motions can be resolved by the PANS simulation near the wall region with an adequate grid
resolution. This means that the PANS model is able to recover the boundary layer physics if
a very refined grid resolution in the near wall region can be provided. In general, the PANS
model for turbulence provide a closure model for any intermediate degree of scale resolution
which can be enough for different numerical studies. Finally, it can be concluded that the PANS
model can be used for different applications at high Reynolds number regimes specially in ship
and marine applications in order to increase the accuracy of simulation of the unsteady flows
and to reduce of the computational costs compared with the LES or DNS methods.

Furthermore, the influence of cavitation model parameters such as nuclei density, nuclei ra-
dius on the dynamics of the unsteady cloud cavitation were analyzed. At the end, the effect
of different passive controllers on the qualitative parameters of cavitation such as cavity struc-
tures and the shape of the cavity were analyzed. The different sizes and the locations of the
cavitating-bubble generator (CG) on the hydrofoil surface were studied to select a proper size
and location of the passive controller in order to stabilize the cavity structures and to suppress
the high-amplitude pressure pulsations due to the collapse of the cavity structures. In addition,
the effect of two cavitation passive control methods on the different destructive effects of cav-
itation such as unsteadiness of the cloud cavitation, turbulent velocity fluctuations, high wall-
pressure pulsations and performance degradation were analyzed. It can be concluded from the
results that the cavitating-bubble generators mounted on the surface of test cases may reduce
the cavitation structures on the surface of the test cases and can mitigate the high-amplitude
pressure pulsations in the wake regime.

The results revealed that the cyclic behavior of the unsteady cloud cavitation may be suppressed
and the hydrodynamic efficiency of the hydrofoil can be increased using the cavitating-bubble
generators. The local boundary layer on the hydrofoil surface can be altered and the turbulent
velocity fluctuations may be reduced. Furthermore, the vortex structure of cavity on the suction
side of the hydrofoil and in the wake region were altered with the manipulation of the boundary
layer and the delay of the cavitation inception on the hydrofoil surface. The amplitude of the
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dominant frequency were decreased remarkably for different cases which may result from a
change in the cavitation type from the unsteady cloud cavitation to a quasi sheet-vortex cavita-
tion. In general, a reduction of the amplitude of the primary and secondary oscillations of the
pressure pulsations can be observed using the cavitation control. This means that a reduction
of the vibration energy in low and high frequency bands for the test cases can be achieved. In
conclusion, using the presented cavitation passive control techniques, a significant mitigation
in cavitation-induced vibration, high wall-pressure pulsations and cavitation-induced erosion
on the surface of the immersed bodies such as hydrofoil, ship propeller, ship rudder and water
turbine blades may be expected.

7.3 Outlook and Recommendations

In this thesis, in order to control the cavitation, a wedge-type and a cylindrical-type of the
miniature vortex generators mounted in spanwise direction on a benchmark hydrofoil surface
and a semi-circular leading-edge flat plate surface were investigated. In order to study the
cavitation control more in details, various suggestions are provided and listed as the following:

� The experimental investigations of the cavitation control using different types of the
cavitating-bubble generators and analyzing of their influence on the violent behaviors
of the cavitation is an interesting subject which can be studied in details in the future.

� A question which is not addressed in this work is the effect of cavitation control on the
cavitation-induced erosion on the surface of the immersed bodies which can be investi-
gated in the future.

� The behavior of the unsteady cloud cavitation and the unsteady cavitation surge on the
immersed bodies due to the Fluid-Structure Interaction could be important topics which
can be studied in details in the future works.

� In ship engineering applications, in order to receive a more stable cavitation structure on
the surface of ship rudder and ship propeller, the cavitation passive control method can
be combined with an active flow control method which can be studied in the future.

� In the numerical simulations point of view, a modified Partially-averaged Navier Stokes
(PANS) method can be developed for the better resolution of the turbulent structures in
the marine applications.
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