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Abstract: In this work, we experimentally investigated the cavitation effects on the hydrodynamic
behavior of a circular cylinder at different cavitating flows. We analyzed the cavitation dynamics
behind the circular cylinder using a high-speed camera and also measured the associated hydrody-
namic forces on the circular cylinder using a load cell. We studied the cavitation dynamics around
the cylinder at various types of the cavitating regimes such as cloud cavitation, partial cavitation and
cavitation inception. In addition, we analyzed the cavitation dynamics at three different Reynolds
numbers: 1 x 10%, 1.25 x 10° and 1.5 x 10°. The results showed that the hydrodynamics force
on the circular cylinder can be increased with the formation of the cavitation behind the cylinder
compared with the cylinder at cavitation inception regime. The three-dimensional flow caused
complex cavitation behavior behind the cylinder and a strong interaction between vortex structures
and cavity shedding mechanism. In addition, the results revealed that the effects of the Reynolds
number on the cavitation dynamics and amplitude of the shedding frequency is significant. However
the effects of the cavitation number on the enhancement of the amplitude of the shedding frequency
in the cavitating flow with a constant velocity is slightly higher than the effects of Reynolds number
on the enhancement of the amplitude of the shedding frequency at a constant cavitation number.

Keywords: cavitation; hydrodynamic loading; vortex induced vibration

1. Introduction

With the development of the marine applications and hydraulic machinery compo-
nents, such as high-speed underwater vehicles, propeller-rudder systems and central flow
pumps, the negative effects of cavitation and control of this phenomenon on the solid
structure have became a matter of attention. The high velocity of flow around an im-
mersible body can induce a low pressure region below the vapor pressure of the liquid and
generate a phenomenon known as cavitation. The cavitation can grow on the surface of
the immersible bodies and ultimately the extended cavity can be collapsed near the solid
boundaries in the high pressure region and induce noise, vibration, erosion and mitigation
of the performance of the systems [1-5]. As a non-linear system, the cavitation dynamics
formed on an immersible body can be affected by different factors, such as surface rough-
ness [6,7], material properties [8], cavitation nuclei density and nuclei radius [9], liquid
temperature [10-12], and etc. Based on how the cavitation is created and oscillation mecha-
nism of the cavitation dynamics, the cavitation can be classified into different types such
as sheet cavitation, partial cavitation, cloud cavitation and super-cavitation on the marine
operating systems and hydraulic components. The cavity structures around the immersible
bodies have different volumes which can induce various hydrodynamic forces or vibration
on the system. The sheet cavity can appear directly after the cavitation inception close to
the leading edge of a hydrofoil with decreasing of the cavitation number. The cloud cavity
structure can be formed after the detachment of the attached cavity from the solid surface
and may collapse near the trailing edge of the hydrofoil.
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Coutier-Delgosha et al. [13] investigated the internal structure of the attached cavity
on a two dimensional hydrofoil by using the novel endoscopic and X-ray technology.
They found the void fraction distribution inside the sheet cavitation and presented the
vapor/liquid morphology for different cavitation shapes. Furthermore, Barre et al. [14]
used the optical probe to measure the void ratio of a ‘quasi-stable’ sheet cavitation in
a venturi-geometry and compared their results with their numerical simulation. They
presented that the sheet cavitation dynamics is quasi stable, however small cavity structures
are detached from the surface at the aft region of the sheet cavity due to the effects of the
re-entrant jet. Pelz et al. [15] developed an analytical model to investigate the transition
from the sheet to cloud cavitation by describing the growth of the attached sheet cavitation
and the extension of the re-entrant jet. They modelled the re-entrant jet as a spreading
film under the cavity and their work helped us to understand the transition between sheet
and cloud cavitation phenomenon. Their results showed that sheet to cloud cavitation can
be affected by the cavitation nuclei density, the viscous effect of flow and the Reynolds
number. The cloud cavitation has been identified as the most dangerous type of cavitation
because of the collapse of large scale of cloud cavity on the surface of immersible bodies at
different cavitating regimes with lower cavitation numbers [16].

In the various previous studies, the fundamental of the shedding mechanism of
different cavitation dynamics have been investigated experimentally and numerically.
To understand the behavior of the partial cavitation, Le et al. [17] observed the cavity
structure on a plano-convex hydrofoil placed in the cavitation tunnel and measured the
wall pressure distribution around the hydrofoil. Their findings showed that the re-entrant
jet is the main reason of the shedding mechanism of the cloud cavitation and the cavitation
instability which may induce a periodic cavitation structure. Stutz and Reboud [18] studied
experimentally the shedding mechanism of the cavitation and the phase transition in a
venturi-type test section. They pointed out that in addition to the re-entrant jet, a local
pressure reduction can be formed by the large turbulence fluctuation in the partial cavitation
regime. The visualization of the re-entrant jet and the cavitation periodic behaviour around
a hydrofoil was obtained by Callenaere et al. [19]. In their work, some essential factors for
the generation of re-entrant jet have been discussed: 1. the large adverse pressure at the
cavity closure region; 2. the thickness of the cavity structure should be large enough, which
can also present the attached cavity length. They showed that the re-entrant jet can play as
the primary shedding mechanism in the partial and cloud cavitation regimes.

Leroux et al. [20] studied experimentally and numerically the partial cavitation shed-
ding on a two-dimensional hydrofoil to understand the periodic shedding mechanism of
the cavity structure. Their results revealed that a shock wave can be appeared by the cloud
cavity collapse at low cavitation numbers. They found that the extension of the shock wave
can also change the cavity shedding dynamics near the leading-edge of the hydrofoil. The
role of the shock wave on the cavity oscillation was investigated by different researchers
Genesh et al. [21] and Wu et al. [22]. They studied the shock wave propagation on a
wedge-apex geometry and around a two dimensional hydrofoil by using the high speed
X-ray densitometry. They both observed that the large scale of the shedding cavity can
be collapsed subsequently near the solid surface and a type of pressure pulsation can be
generated at the low cavitation numbers. In addition, they found that the pressure pulsa-
tion can affect the growth of the attached partial cavitation on the solid boundary. Their
results showed that the shock wave front on the downstream region has been formed which
was the symbol of the shock wave in the cavity shedding mechanism. Furthermore, they
indicated that the pressure pulsation inside the cavitation structure can play as a dominant
role for the cavity shedding mechanism. Karathanassis et al. [23] performed high-speed
X-ray phase-contrast imaging of the cavitating flow developing within an axisymmetric
throttle orifice using high-flux synchrotron radiation. Karathanassis et al. [24] studied
X-ray phase contrast and absorption imaging for the quantification of transient cavitation
in high-speed nozzle flows. Their results revealed that the X-ray phase-contrast imaging
is suitable for capturing fine morphological fluctuations of transient cavitation structures.
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However, the technique may not provide information on the quantity of vapor within the
orifice. Kadivar et al. [25,26] studied the effects of the pressure fluctuations in the cavitation
surge regime around a two dimensional hydrofoil and a flat plate with semi-circular leading
edge. They presented that the cavitation dynamics on the hydrofoil was driven mainly by
the re-entrant jet in the cloud cavitation regime. However, the pressure pulsations formed
around the flat plate can generate pressure waves inside the cavitation structure which
may play as a dominant role for the cavity shedding mechanism.

The relationship between cavitation and the turbulent flows on different geometries
such as wedge-type geometries, circular cylinders and propellers were investigated. The
experimental work from Kermen & Parkin [27] showed that the formation of the cavitation
inception phenomenon on a circular disk depend on the Reynolds number. In addition,
Arndt [28] extended the experimental studies around a disk and confirmed the relationship
between cavitation inception number and the Reynolds number. The work from Kermen
& Parkin and Arndt presented the counting near-wake vortices and the visualization of
coherent structures behind the circular disk. However, the size and the rotation rate of the
vortices haven’t been clarified. In study of Belahadji et al. [29] with a two dimensional
wedge, the near-wake vortices and Benard-Karman vortices were observed. One model
between the cavitation inception number and Reynolds number was corroborated with
the experimental data and they explained the transition of vortices from near-wake region
to the far-wake region. Recently Wu et al. [30] used an advance void-fraction method, a
high-speed X-ray densitometry, to observe the cavitation vortices behind a wedge geometry.
They examined the cavitation structure and corresponded void fraction behind the wedge
and found out that the cavitation void and the local Mach number increased with reducing
the cavitation numbers. They found that the sound speed in the mixture region can
be reduced by increasing the void fraction. Besides the investigations of cavitating flows
behind a standard bluff body such as wedge, the investigations of cavitation behind circular
cylinders play also an important roll in the hydraulic and ship industries.

The single phase flows behind a circular cylinder has been studied extensively by dif-
ferent researchers (Roshko [31]; Bearman [32]; Wei & Smith [33]; Williamson [34]; Szepessy
& Bearman [35]; Norberg [36]). However, only few studies are considered the cavitating
flows around the circular cylinder and the hydrodynamics effect of cavitation regimes.
Fry [37] performed an experiment of cavitation behind a cylinder in a free stream flow
and captured the cavitation-induced noise spectra together with the cavitation dynamic
observation. His results showed that the noise peaks was related to the cavity collapse
intensity and the cavity/wake dynamics. Matsudaira et al. [38] measured the bubble
collapse pressure in the wake dynamics and studied the relationship between the bubble
collapse-induced pressure and the separation of Karmen-vortex cavity from a cylinder with
Reynolds number region from 4.5 x 10° to 6.0 x 10° and cavitation numbers from 0.9 to
1.6. Their work showed that by the reduction of the cavitation number and increasing of
the Reynolds number, the maximum bubble collapse induced pressure can be increased. In
addition, they showed that more severe cavitation-induced erosion can be observed on the
solid boundaries at higher Reynolds numbers. The effects of the erosion from the bubble
collapse-induced pressure on the circular cylinder were investigated by Saito & Sato [39]
mounting an aluminum plate behind the cylinder in the cavitating flows. They observed
that the cavity shedding structures near the aluminum plate and measured the erode pits to
get a ratio between the passing cavity shedding and the pits formed on the aluminum plate.

Recently some investigations around the cylinder in the cavitating flows were per-
formed experimentally and numerically to study the relationship between cavitation regime,
vortex shedding behind cylinder and the relationship between cavitation and transition
from laminar to turbulence flows. Franc & Michel [40] developed a semi-empirical approach
for the prediction of the location of cavity detachment in laminar separation for circular and
elliptical cylinder and validated their approach with the experimental data. Gnanaskan-
dan & Mehesh [41] studied the cavitating flows over a circular cylinder numerically and
compared the results of the cavitating regimes with the results of the single phase flows.
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Their results showed that the cavitation suppressed the turbulence in the near-wake region
and modified the vortex shedding mechanism significantly by the vorticity dilatation due
to the phase changing inside the laminar separation. They investigated also the Reynolds
number effect on the cavity length and found out that the cavity volume in vortex shedding
process can be increased at higher Reynolds numbers. Kumar et al. [42] investigated the
cavitation dynamics around a circular cylinder at the Reynolds number of 64,000 and the
relationship between cavity life time and the cavitation number. The results from their
work showed that the shedding frequency can be reduced and the pressure fluctuation
due to the cavitation around the cylinder can be increased when the cavitation number
decreased. Ghahramani et al. [43] performed experimental and numerical investigations
about three-dimensional cavitating flow around a semi-cylinder at high Reynolds numbers
and low cavitation numbers. They found that different vortices pattern formed and started
to grow behind the semi-cylinder with the reduction of the cavitation numbers. In addition,
their results revealed that at the lowest cavitation number, the cavitation dynamics affected
the vorticity and vertical vortex structure significantly.

Brandao et al. [44] performed a numerical study on the cavitation around a circular
cylinder based on the work done by Gnanaskandan & Mehesh [41] and extended the
water-vapor model to include non-condensable gas effects. They considered the shock
wave propagation inside the wake flow after the cavity collapse and presented the influence
of non-condensable gas on delaying the transition to the low cavity shedding frequency. In
addition, their results showed that the growth of two-dimensional cavity reduced the vortex
stretching and baroclinic torque. Dobroselsky [45] investigated cavitation dynamics around
a circular cylinder with the Reynolds number effect by using the Particle Image Velocimetry
(PIV) measurement technology. His results presented the details of the transition from lam-
inar to turbulent flow and the dependence of kinematic characteristics and the separation
angle of the boundary layer on the Reynolds number at non-cavitating regime. In addition,
different wake patterns and vortex shedding over a long period have been observed behind
the cylinder. Sadri and Kadivar [46] performed a numerical simulation using a high-order
compact finite-difference scheme to study cavitating flow and the cavitation-induced noise
around one and two circular cylinders. They studied the cavitating flow for different gaps
of two side-by-side cylinders. Their results revealed that the wakes behind the side-by-side
cylinders are merged together and a single vortex street is generated by the gap reduction
between two cylinders.

Previous works on cavitation dynamics around cylinder are mostly investigated the
cavitating flows behind two dimensional cylinder with a very small gap between the cylin-
der and the test section. In this work, we focused on the highly three-dimensional cavitating
flow around a stainless steel circular cylinder. In addition, we considered the Reynolds
number effect on the cavitation dynamics and visualized two different cavitation regimes as
cloud—and partial cavitations at high sampling frequency. We measured the synchronized
hydrodynamics forces on the cylinder, which presented the effects of Reynolds numbers on
the cavitation and vortex structures behind the cylinder. The remainder of this paper is
arranged as follows: In Section 2, the experimental setup, experimental conditions and the
test cases will be described. The main results of the cavitation around circular cylinders at
different cavitating regimes and various Reynolds numbers are then discussed in Section 3.
Finally, the main conclusions will be listed in Section 4.

2. Experimental Set-Up

The experimental investigation was carried out in the cavitation tunnel K23 of Insti-
tute of Ship Technology, Ocean Engineering and Transport Systems at the University of
Duisburg-Essen. In this cavitation tunnel, the absolute pressure range from 0.1 to 2 bar
and the maximum velocity of 9 m/s can be achieved. Figure 1 showed the experimental
setup of the present work. The test case is a circular cylinder which was mounted on one of
the Plexiglas wall of the cavitation tunnel test section. The test section of the tunnel has
a cross-section of 0.3 x 0.3 m? and a length of 1.1 m. The velocity of the inlet section was
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measured using a differential pressure sensor and the inlet-/outlet absolute pressures are
measured using the absolute pressure sensors mounted on the test section of the tunnel.
The initial turbulence intensity for the inlet flow of was about 2%. The high-speed camera
Phantom V9.1 was placed on the side of cavitation tunnel test section to capture the side
view of the cavitation dynamics around the circular cylinder. For the visualization, the
sampling frequency was adjusted 1000 Hz and the exposure time for each image was
30 ms. One user trigger signal was generated at the begin of the visualization and the force
measurement was started to recording the data to achieve the synchronization between
visualization and force measurement. The force measurement was carried out using a force
sensor mounted between the tunnel test section and the cylinder. The recording frequency
of the force measurement was adjusted to 4800 Hz.

High speed

\7 Control

Flow direction

E¢ 25 mm
1

4

Absolute pressure sensor Absolute pressure sensor

Difference
pressure sensors

Load Cell
Trigger Signal

HBM Measure Amplifer
System

Figure 1. Schematic sketch of the experimental set-up for the experiment of cavitation dynamics
behind a circular cylinder.

In this investigation, we visualized cavitation dynamics around the circular cylinder
and measured the hydrodynamics forces on the cylinder. The circular cylinder has a
diameter of 25 mm and the length of 130 mm. We performed the experiments for three
different Reynolds numbers ranging from 1.0 to 1.5 x 10° in this work. The experimental
environment such as water temperature was maintained in a constant level for different
Reynolds numbers to adjust the same situation for capturing the cavitation dynamics. The
air content was between 1.2 and 1.4 mg/L and the water temperature was about 16 °C. The
Reynolds number and cavitation number are defined as follows:

Pref — Po
= M
1/2prCer2gf
V}’E lTE
Re = 14ref )

1%



Fluids 2023, 8, 162

6 of 15

where p,,r and p; are the reference static pressure at the middle of the inlet section and the
saturation vapor pressure of the operating liquid, respectively, V. is the incoming flow
velocity, and p,.r and v are the reference density and kinematic viscosity of the operating
liquid, respectively.

The absolute error of measurement of saturation vapor pressure depends on the
water temperature during the experimental testing in the cavitation tunnel which can be
estimated indirectly using a temperature measurement system. The water temperature
was 16 °C with an uncertainty of 0.1 °C during the experiment. The measurement error
of vapor pressure was estimated about 24 Pa for temperature variation of 0.1 °C. The
uncertainty of the inlet pressure was in the range of 100-200 Pa. The uncertainty of the
measured cavitation number for different testings was in the range of 0.05-0.1 during the
experiment. The uncertainty of the inlet velocity was obtained for different experiments
and at different flow conditions. The measurement uncertainty of the Reynolds number
based on the cylinder diameter and the mean flow velocity is proportional to the absolute
error of the inlet velocity. The uncertainties of the inlet velocity were about 0.07 at the
inlet velocity of 4 m/s, 0.09 at inlet velocity of 5 m/s and 0.1 at inlet velocity of 6 m/s.
Therefore, the maximum measurement error of the inlet velocity was about 1% for different
experiments which led to an uncertainty of the measured Reynolds number of about 1-2%.

3. Results

In this section, the results of two different cavitating regimes around the circular
cylinder are presented. Figures 2 and 3 illustrate one cyclic behavior of the cloud cavitation
and partial cavitation dynamics around the circular cylinder with inlet flow velocity of
4 m/s, respectively. The Reynolds number for this velocity is 1.0 x 10°. Table 1 shows a
summary of initial conditions such as inlet velocity, cavitation number, Reynolds number
and outlet pressure for different experiments of the present work.

Table 1. The initial conditions of each experiment of the present work.

Inlet Velocity (m/s) Cavitation Number (-) Reynolds Number (-) Outlet Pressure (bar)

4.0 1.1 1 x 10° 0.104
1.6 1 x 10° 0.121
5.0 1.02 1.25 x 10° 0.135
1.55 1.25 x 10° 0.199
6.0 1.05 1.49 x 10° 0.189
1.55 1.49 x 10° 0.277

3.1. Cavitation Dynamics behind the Cylinder

As the results of cloud cavitation dynamics show, relative large vortex structures
behind the cylinder were formed and developed downstream of the cylinder with the
flow during a cyclic behavior of cavitation in the cloud cavitation regime. In addition, a
quasi strong tip vortex cavitation can be seen at the free-end of the cylinder. The attached
cavity on the cylinder was detached from the cylinder surface only after a short distance of
about 4-6 mm on the surface. The flow moving downstream of the cylinder can interact
with the cavity structures behind the circular cylinder and affect the cavitation dynamics.
The interaction between the tip vortex cavitation and detached cavitation occurred at the
position approximately 50 mm vertically from the tip and 25-30 mm horizontally behind
the cylinder. This interaction can modify the cavitation shedding mechanism and affect on
the pressure distribution of the cavitation and leading to a change of the cavity shedding
frequency. The pressure wave propagation inside the cavity resulting from the cavity
collapse may be the main reason of the cavity shedding in this case.

In Figure 3, the side-view of the partial cavitation behind the cylinder was presented.
As it can be seen from the results, the cavity volume was significantly reduced with
increasing of the cavitation number compared with the case of cloud cavitation. In addition,
the images show that the cavity structures appeared behind the cylinder mostly initiated
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from the tip vortex cavitation and has a tendency from the top side to the bottom. In
other words, a substantial amount of the cavitation can be induced in the region close to
the tip of the cylinder. The main reason can be the formation of the low pressure region
near the cylinder tip the where the flow with higher velocity passing from the cylinder tip.
Therefore, in the partial cavitation regime, the cavity structures which can be started from
the middle of the cylinder surface was much lower compared with the cavity structures in
the cloud cavitation regime.

1/8T 1747 1727 5/8T 3/4T

Figure 2. Cavitation dynamics on the circular cylinder at the velocity of 4 m/s and cavitation number
of 1.0. The flow is from left to the right direction. Cavity shedding period (T) is 38.28 ms. Yellow
squares show the formation of strip-shape cavity structures in the images.

/8T 174 T 1727 5/8T 3/4T

Figure 3. Cavitation dynamics on the circular cylinder at the velocity of 4 m/s and cavitation number
of 1.5. The flow is from left to the right direction. Cavity shedding period (T) is 40.58 ms. Yellow
squares show the formation of strip-shape cavity structures in the images.

Figure 4 illustrates the cavitation dynamics around the cylinder at velocity of 5m/s
with the Reynolds number of 1.25 x 10° and the cavitation number of 1.0. As the results
show, a larger volume of the cavity structure behind the cylinder can be seen compared to
the cavity structure at a velocity of 4 m/s in the cloud cavitating flow. The reason of larger
cavity structure could be due to the larger low pressure region formed behind the cylinder
due to the higher flow velocity compared to the case with lower Reynolds number.The
tip vortex cavitation dynamics in the experiment with the velocity 5 m/s was remained
mostly unchanged and the attached cavity on the upper side of cylinder appeared persisted
for the entire period of cloud cavitation. The mean width of the cavity structure from
the cylinder tip was about 50-55 mm. In addition, the attached cavity on the front view
of the cylinder has a ‘finger’ shape. In this regime, both the cavity from the cylinder tip
and from the cylinder surface crossed behind the cavitation vortex structure and created
a strip-shape cavity (see the yellow squares in the images). These strip-shape cavitation
structures can be observed in most of the time steps in the horizontal direction. Considering
the vortex shedding mechanism behind the cylinder, the opposite direction of strip-shape
cavities could be explained by detachment of the vortex structures from top and bottom
of the cylinder which generated the low pressure regions at two parallel vortex streets.
In the wake region of the cylinder, most cavitation structure collapse after a distance of
about 5 cylinder diameters behind the cylinder. The reason could be due to the pressure
enhancement in the region far from the cylinder. However, the details of flow pressure
distribution needs a further investigation to understand this physical phenomenon inside
the cavitation dynamics. The partial cavitation regime around the cylinder was presented in
Figure 5 and the cavity structure exhibited a similar movement pattern as cavity dynamics
seen in Figure 3. The main cavity structure could be generated by the flow passing over the
cylinder tip. Simultaneously, the results reveal the detachment of the some cavities from
the bottom section of the cylinder near the wall. These cavity structures have a movement
diagonally upwards to the region near the middle of the cylinder.
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Figure 4. Cavitation dynamics on the circular cylinder at the velocity of 5 m/s and cavitation number
of 1.0. The flow is from left to the right direction. Cavity shedding period (T) is 31.60 ms. Yellow
squares show the formation of strip-shape cavity structures in the images.

Os /8T 174 T 1727 5/8T 3/4T

Figure 5. Cavitation dynamics on the circular cylinder at the velocity of 5 m/s and cavitation number
of 1.5. The flow is from left to the right direction. Cavity shedding period (T) is 30.04 ms. Yellow
squares show the formation of strip-shape cavity structures in the images.

In this work, we also studied the cavity dynamics on the circular cylinder at a velocity
of 6 m/s, which presented in Figures 6 and 7. The results show that the cloud cavitation
structures on the cylinder at this velocity have the largest volume of cavity among all cases.
Therefore, larger vortical structures can be generated behind the cylinder. In addition, the
near wake region behind the cylinder extended over a larger range from about 4 cylinder
diameters. The cavity structure condensed quickly at a distance of approximately 6 cylinder
diameters. Compared to the cavity at the velocity of 5 m/s, the detached cavity formed
behind the cylinder showed a parallel shedding structure from the whole cylinder surface
in the downstream direction. This aspect could be attributed to the weaker influence of
the tip vortex cavitation on the larger cavity structure which can increase the cavitation
stability behind the cylinder.

0 18T AT 2T 5/8 1 341

Figure 6. Cavitation dynamics on the circular cylinder at the velocity of 6 m/s and cavitation number
of 1.0. The flow is from left to the right direction. Cavity shedding period (T) is 26.0 ms. Yellow
squares show the formation of strip-shape cavity structures in the images.

Os 1/8T

Figure 7. Cavitation dynamics on the circular cylinder at the velocity of 6 m/s and cavitation number
of 1.5. The flow is from left to the right direction. Cavity shedding period (T) is 26.54 ms. Yellow
squares show the formation of strip-shape cavity structures in the images.

1/4T 12T 5/8T 3/4T

In the Figure 7, the partial cavitation dynamics behind the circular cylinder at Reynolds
number of 1.5 x 10° was presented. In this regime, the effects of the tip vortex cavitation on
the dynamics of the cavitation formed behind the cylinder is dominant. As it can be seen
from the images, the main part of the cavity volume is from the tip vortex cavitation which
can be formed during the shedding process. In addition, the detached cavity from cylinder
in the downstream has a similar parallel structure to the cloud cavitation at this velocity.
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The reason for this parallel structure is the large vortex shedding process generated by the
higher velocity field.

3.2. Hydrodynamics Forces on the Cylinder

The time histories of lift coefficients amplitude on the circular cylinder at three different
velocities and in the cloud cavitation regime are presented in Figure 8. The lift coefficient is
defined as follows:

Fift

05-A-p-v? ®)

] =
In the definition of the lift coefficient, the parameter is lift force and “A” is the relevant
surface and calculated by the multiplication of the cylinder diameter and the cylinder height.
The fluctuation of the lift coefficient at the Reynolds number 1.0 x 10° (velocity 4 m/s)
demonstrates a strong repeatability with the peaks and troughs remaining at the same level
during the recording period with no significant differences between each fluctuation. Based
on the results, it can be deduced that the hydrodynamics force on the circular cylinder
at the velocity of 4 m/s is continually repeated in the cloud cavitation regime. The lift
coefficient on the cylinder at the velocity of 5 m/s presented a similar repeatability in its
fluctuations, however with higher frequency vibration.
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Figure 8. Time history of hydrodynamics lift coefficient on the circular cylinder at three different
Reynolds numbers with the cavitation number = 1.0. The mean lift coefficient at the velocities of
4m/s,5m/s and 6 m/s are 0.091, 0.053 and 0.023, respectively. The root mean square of the lift
coefficient at the velocities of 4 m/s, 5 m/s and 6 m/s are 0.103, 0.104 and 0.112, respectively.

The time histories of the lift coefficients at the velocities of 4 m/s and 5 m/s have
almost the same root mean square value which shows that the combined hydrodynamic
force on the circular cylinder at these two velocities is at the same level. However, the
lift coefficient on the cylinder at the velocity of 6 m/s shows a strong non-linear behavior
characterized by a low frequency signal and multiple high frequency signals. The peak
values exhibit multi similar fluctuations in high frequency region. This could be due to the
highly instability behavior and the interaction between cloud cavitation collapse and tip
vortex shedding behind the circular cylinder.

Figure 9 presents the time history of lift coefficient on the circular cylinder at three
different velocities in the partial cavitation regime. In this regime, the tip vortex cavitation
plays a dominant roll and the lift coefficient on the cylinder was affected by the tip vortex
cavitation periodically. The cavity volume was increased by the increasing of the velocity.
This enhancement of cavity volume can be observed by the increasing of the root mean
square value of the amplitude of the lift coefficient fluctuations. Generally, the lift coeffi-
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cients of the cylinder in three different velocities present a non-linearity behavior due to
the influence of the interaction between tip vortex generation and cavity shedding. Further
discuss about the hydrodynamics effect would be carried out in the frequency domain.

T T T T T
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Figure 9. Time history of hydrodynamics lift coefficient on the circular cylinder at three different
Reynolds numbers with the cavitation number = 1.5. The mean lift coefficient at the velocities of
4m/s,5m/s and 6 m/s are 0.069, 0.012 and 0.021, respectively. The root mean square of the lift
coefficient at the velocities of 4 m/s, 5 m/s and 6 m/s are 0.081, 0.091 and 0.097, respectively.

Figures 10 and 11 present comparisons between lift forces in the frequency domain
at cloud cavitation, partial cavitation and cavitation inception regimes at the velocity of
4 m/s. The cavitation inception dynamics on the circular cylinder appeared at the cavitation
number of 2.4 but no visible cavitation structure was seen in this regime. Therefore, we
ignored to present the results of the cavitation on the cylinder in the cavitation inception
regime and focused on the cavitation effect on the hydrodynamic behavior of the partial-
and cloud cavitation dynamics. Frequencies f1 to f6 and the corresponding amplitudes in

the figures represented the peaks of the frequency amplitude in the fast Fourier transform
(FFT) calculation.
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Figure 10. Comparison between lift forces on the circular cylinder at cloud cavitation regime (cav-

itation number = 1.0) and cavitation inception regime in the frequency domain at the velocity of
4m/s.
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Figure 11. Comparison between lift forces on the circular cylinder at partial cavitation regime

(cavitation number = 1.5) and cavitation inception in the frequency domain at the velocity of 4 m/s.

The peaks at relative low frequency ranges can be corresponded to the shedding
frequency of the large-scale cavity structures. The peaks at the high frequency range
remained constant for all cases at different cavitation regimes. In addition, the peaks
at relative low frequency ranges for each cases can be the reason of the flow induced
hydrodynamics forces on the cylinder. The tip vortex shedding and small cavities shedding
can affect the hydrodynamic forces in addition to the effects of the collapse of the large
cavity structures behind the cylinder. The peaks at higher frequency range show not
significant shift in the frequency range. From the Figure 10 can be seen that the peaks f1
and f3 represent the hydrodynamics lift forces at the low frequency range for the cavitation
inception and cloud cavitation, respectively. The peaks 2 and {4 reveal the hydrodynamic
lift forces at the high frequency domain for the cavitation inception and cloud cavitation,
respectively. It can be deduced that the amplitude of the frequency {3 is about twice of the
frequency f1 at a similar frequency. This means that the presence of the cavitation can affect
the vibration behavior on the circular cylinder. In other words, the vibration amplitude
of the cylinder can be increased at the cavitation cloud regime compared to the vibration
amplitude of the cylinder at the cavitation inception regime. It can be deduced that the
cavitation cloud can merged with Karman vortex street formed behind the cylinder at non-
cavitating regime and induce much higher vibration amplitude acted on the cylinder. In
this case, the frequency value and amplitude of frequency at relatively high frequency range
show no significant difference at the cavitation inception and cloud cavitation regimes.
Therefore, it can be included that the presence of the cavitation has less affect on the
vibration amplitude of the cylinder at high frequency range in the cloud cavitation regime
compared to the cavitation inception regime.

Figure 11 presents the comparison of the hydrodynamic lift forces on the cylinder in the
frequency domain at partial cavitation regime (cavitation number = 1.5). The peaks at the
low frequency domain, f1 and {5 have mostly the same amplitudes however an increasing
of the frequency value about 2 Hz in the cavitation inception regime can be observed. The
reason can be the low cavitation volume formed on the cylinder at cavitation inception
regime and the large distance between the cavity collapse position and the cylinder surface.
As it can be seen from the results, the cavitation has a influence on the vibration amplitude
at the high frequency range in the partial cavitation regime. A reduction of about 20%
for the vibration amplitude can be deduced due to the effects of the cavitation on the
hydrodynamic force on the cylinder. One of the reason for this amplitude reduction could
be the effects of the tip vortex cavitation shedding on the cavitation dynamics behind
the cylinder.
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Figure 12 and 13 show the hydrodynamic lift forces on the circular cylinder in the
cloud cavitation regime (o = 1.0), partial cavitation regime (¢ = 1.5) and cavitation inception
(0 =2.4) at velocity of 5 m/s. The lift force on the cylinder at this velocity shows a strong
noise in the frequency range from 23 to 40 Hz. The vortex shedding at this range was
affected by the small cavitation structures formed behind the cylinder. The peaks f7 and
{9 represent the amplitude of the lift force on the cylinder in the cavitation inception and
cloud cavitation regimes, respectively. In other words, the vibration amplitude in the
cloud cavitation regime is about 1.5 times of the vibration amplitude on the cylinder in
the cavitation inception regime. However, the vibration amplitude increasing rate at the
flow velocity of 5 m/s is lower than the amplitude increasing rate at the flow velocity of
4 m/s in the low frequency range. In addition, the vibration amplitude on the cylinder
at lower Reynolds number is higher than the vibration amplitude at higher Reynolds
number. In relatively high frequency range from 45 to 135 Hz in the Figure 12, the lift
force on the circular cylinder in the cloud cavitation regime has several small peaks with
amplitudes over 0.3 N. These peaks were probably caused by the small cavitation structure
shedding, which have also relatively higher frequency. Furthermore, the lift force peak
of the frequency in the cloud cavitation regime (f10) is about 60% of the lift force peak
in the cavitation inception regime (f8). In other words, the vibration amplitude for the
cavitation inception regime at higher frequency is higher than the vibration amplitude for
the case with the cloud cavitation. In Figure 13, the results show that the lift forces have
similar vibration magnitude at the cavitation inception regime in the low frequency range
compared to the partial cavitation regime at the same condition. In addition, the value and
amplitude of the frequency for both cavitating regimes are similar to each other.
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Figure 12. Comparison between hydrodynamic lift forces on the circular cylinder at cloud cavitation
regime (cavitation number = 1.0) and cavitation inception in the frequency domain at the velocity of
5m/s.

The results revealed, at the velocity of 4 m/s, the amplitude of the lift force at cloud
cavitation regime (cavitation number of 1.0) is 2.2 times of the amplitude of the lift force at
partial cavitation regime (cavitation number of 1.5). At the velocity of 5 m/s, the vibration
amplitude at cloud cavitation regime (cavitation number of 1.0) is 1.46 times of the vibration
amplitude at partial cavitation regime (cavitation number of 1.5). However, at a constant
cavitation number of 1.0, the vibration amplitude at the velocity of 5 m/s is 1.2 times of the
vibration amplitude at the velocity of 4 m/s. In addition, at a constant cavitation number of
1.5, the vibration amplitude at the velocity of 5 m/s is 1.8 times of the vibration amplitude
at the velocity of 4 m/s.
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Figure 13. Comparison between hydrodynamic lift forces on the circular cylinder at partial cavitation
regime (cavitation number = 1.5) and cavitation inception in the frequency domain at the velocity of
5m/s.

4. Conclusions

We performed an experimental study on the cavitation structure and the corresponding
hydrodynamic force on a circular cylinder at three Reynolds numbers and two different
cavitating regimes. The cavity shedding mechanism, the time history of force coefficient
and the lift force in frequency domain have been analyzed to understand the cavitation
dynamics and the effects of cavitation on the hydrodynamic force on the circular cylinder.
The results revealed that by increasing the flow velocity, larger cavity volume on the circular
cylinder can be observed which lead to a stronger hydrodynamic forces. With increasing
of the Reynolds number, the frequency of lift force on the cylinder shifted to a higher
frequency position, indicating an increase in vortex and cavity shedding frequencies. At the
same Reynolds number, changing the cavitation number affected the cavitation dynamics
and the amplitude of the hydrodynamics forces on the circular cylinder. However, the
cavitation regime had only a small influence on the frequency value of the lift force in the
low frequency range. It can be concluded that the effects of the Reynolds number on the
cavitation dynamics and amplitude of the shedding frequency is significant. However
the effects of the cavitation number on the enhancement of the amplitude of the shedding
frequency in a cavitating flow with a constant velocity is slightly higher than the effects
of Reynolds number on the enhancement of the amplitude of the shedding frequency at a
constant cavitation number.

Author Contributions: Conceptualization, E.K.; methodology, E.K; validation, E.K. and Y.L.; formal
analysis, E.K. and Y.L.; investigation, E.K. and Y.L.; resources, E.K. and Y.L.; data curation, E.K. and
Y.L.; writing—original draft preparation, E.K. and Y.L.; writing—review and editing, EK. and Y.L.;
visualization, E.K. and Y.L.; supervision, O.e.M.; project administration, O.e.M.; funding acquisition,
E.K. and O.e.M. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Deutsche Forschungsgemeinschaft (DFG) with the project
number 469042952.

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: Authors acknowledge the support provided by students; Minoo Ataei and
Khashayar Ardalan for the design of the test samples.

Conflicts of Interest: The authors declare no conflict of interest.



Fluids 2023, 8, 162 14 0of 15

References

1. Reisman, G.; Wang, Y.; Brennen, C.E. Observations of shock waves in cloud cavitation. . Fluid Mech. 1998, 355, 255-283. [CrossRef]

2. Patella, R.F; Choffat, T.; Reboud, J.L.; Archer, A. Mass loss simulation in cavitation erosion: Fatigue criterion approach. Wear
2013, 300, 25-215.

3. Kadivar, E.; el Moctar, O.; Skoda, R.; Loschner, U. Experimental study of the control of cavitation-induced erosion created by
collapse of single bubbles using a micro structured riblet. Wear 2021, 486487, 204087. [CrossRef]

4. Dular, M.; Bachert, B.; Stoffel, B.; Sirok, B. Relationship between cavitation structures and cavitation damage. Wear 1998, 355,
255-283. [CrossRef]

5. Lin, Y.,; Kadivar, E.; el Moctar, O.; Neugebauer, J.; Schellin, T.E. Experimental investigation on the effect of fluid—structure
interaction on unsteady cavitating flows around flexible and stiff hydrofoils. Phys. Fluids 2022, 34, 083308. [CrossRef]

6.  Arndt, RE,; Ippen, A.T. Cavitation near Surfaces of Distributed Roughness; Massachusetts Institute of Technology: Cambridge, MA,
USA, 1967.

7. Kadivar, E.; el Moctar, O.; Sagar, H. Experimental study of the influence of mesoscale surface structuring on single bubble
dynamics. J. Ocean Eng. 2022, 260, 111892. [CrossRef]

8. Young, Y.L. Fluid-structure interaction analysis of flexible composite marine propellers. ]. Fluids Struct. 2008, 24, 255-283.
[CrossRef]

9.  Venning, J.A.; Pearce, B.W.; Brandner, P.A. Nucleation effects on cloud cavitation about a hydrofoil. J. Fluid Mech. 2022, 947, Al.
[CrossRef]

10. Phan, T.-H.; Kadivar, E.; Nguyen, V.-T.; el Moctar, O.; Park, W.-G. Thermodynamic effects on single cavitation bubble dynamics
under various ambient temperature conditions. Phys. Fluids 2022, 34, 023318. [CrossRef]

11.  Ge, M,; Petkovsek, M.; Zhang, G.; Jacobs, D.; Coutier-Delgosha, O. Cavitation dynamics and thermodynamic effects at elevated
temperatures in a small Venturi channel. Int. ]. Heat Mass Transf. 2021, 170, 120970. [CrossRef]

12.  Ge, M.; Manikkam, P.; Ghossein, J.; Subramanian, R.K.; Coutier-Delgosha, O.; Zhang, G. Dynamic mode decomposition to classify
cavitating flow regimes induced by thermodynamic effects. Energy 2022, 254, 124426. [CrossRef]

13.  Coutier-Delgosha, O.; Devillers, ].E; Pichon, T.; Vabre, A.; Woo, R.; Legoupil, S. Internal structure and dynamics of sheet cavitation.
Phys. Fluids 2006, 18, 017103. [CrossRef]

14. Barre, S.; Rolland, J.; Boitel, G.; Goncalves, E.; Patella, R.F. Experiments and modeling of cavitating flows in venturi: Attached
sheet cavitation. Eur. . Mech.-B/Fluids 2009, 28, 444-464. [CrossRef]

15. Pelz, PF; Keil, T.; Gro88, T.F. The transition from sheet to cloud cavitation. J. Fluid Mech. 2017, 817, 439-454. [CrossRef]

16. Kadivar, E. Experimental and Numerical Investigations of Cavitation Control Using Cavitating-Bubble Generators. Ph.D. Thesis,
University of Duisburg-Essen, Duisburg, Germany, 2020.

17. Le, Q.; Franc, ].P.; Michel, ].M. Partial cavities: Global behavior and mean pressure distribution. J. Fluids Eng. 1993, 115, 243-248.
[CrossRef]

18. Stutz, B.; Reboud, J.-L. Two-phase flow structure of sheet cavitation. Phys. Fluids 1997, 9, 3678-3686. [CrossRef]

19. Callenaere, M.; Franc, J.-P.; Michel, ].-M.; Rionde, M. The cavitation instability induced by the development of a re-entrant jet.
J. Fluid Mech. 2001, 444, 223-256. [CrossRef]

20. Leroux, J.-B.; Astolfi, J.A.; Billard, J.Y. An Experimental Study of Unsteady Partial Cavitation. J. Fluids Eng. 2004, 126, 94-101.
[CrossRef]

21. Ganesh, H.; Mékiharju, S.A.; Ceccio, S.L. Bubbly shock propagation as a mechanism for sheet-to-cloud transition of partial
cavities. J. Fluid Mech. 2016, 802, 37-78. [CrossRef]

22.  Wu, ].; Ganesh, H.; Ceccio, S. Multimodal partial cavity shedding on a two-dimensional hydrofoil and its relation to the presence
of bubbly shocks. Exp. Fluids 2019, 60, 1-17. [CrossRef]

23. Karathanassis, I.; Koukouvinis, P.; Kontolatis, E.; Lee, Z.; Wang, ].; Mitroglou, N.; Gavaises, M. High-speed visualization of
vortical cavitation using synchrotron radiation. J. Fluid Mech. 2018, 838, 148-164. [CrossRef]

24. Karathanassis, I.; Heidari-Koochi, M.; Zhang, Q.; Hwang, J.; Koukouvinis, P.; Wang, J.; Gavaises, M. X-ray phase contrast and
absorption imaging for the quantification of transient cavitation in high-speed nozzle flows. Phys. Fluids 2021, 33, 032102.
[CrossRef]

25. Kadivar, E.; Timoshevskiy, M.V; Nichik, M.Y.; el Moctar, O.; Schellin, T.E.; Pervunin, K.S. Control of unsteady partial cavitation
and cloud cavitation in marine engineering and hydraulic systems. Phys. Fluids 2020, 32, 052108. [CrossRef]

26. Kadivar, E.; Ochiai, T.; Iga, Y.; el Moctar, O. An experimental investigation of transient cavitation control on a hydrofoil using
hemispherical vortex generators. J. Hydrodyn. 2020, 33, 1139-1147. [CrossRef]

27. Kermeen, R.W,; Parkin, B.R. Incipient Cavitation and Wake Flow behind Sharp-Edged Disks. 1957. Hydrodynamics Lab Report
No. 85-4. Available online: https://apps.dtic.mil/sti/citations/AD0144749 (accessed on 3 April 2023).

28. Arndt, R.E. Semiempirical Analysis of Cavitation in the Wake of a Sharp-Edged Disk. |. Fluids Eng. 1976, 98, 560-562. [CrossRef]

29. Belahadji, B.; Franc, ].P; Michel, ].M. Cavitation in the rotational structures of a turbulent wake. J. Fluid Mech. 1995, 287, 383—403.
[CrossRef]

30. Wau, J.; Deijlen, L.; Bhatt, A.; Ganesh, H.; Ceccio, S.L. Cavitation dynamics and vortex shedding in the wake of a bluff body.

J. Fluid Mech. 2021, 917, A26. [CrossRef]


http://doi.org/10.1017/S0022112097007830
http://dx.doi.org/10.1016/j.wear.2021.204087
http://dx.doi.org/10.1016/j.wear.2004.08.004
http://dx.doi.org/10.1063/5.0099776
http://dx.doi.org/10.1016/j.oceaneng.2022.111892
http://dx.doi.org/10.1016/j.jfluidstructs.2007.12.010
http://dx.doi.org/10.1017/jfm.2022.535
http://dx.doi.org/10.1063/5.0076913
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2021.120970
http://dx.doi.org/10.1016/j.energy.2022.124426
http://dx.doi.org/10.1063/1.2149882
http://dx.doi.org/10.1016/j.euromechflu.2008.09.001
http://dx.doi.org/10.1017/jfm.2017.75
http://dx.doi.org/10.1115/1.2910131
http://dx.doi.org/10.1063/1.869505
http://dx.doi.org/10.1017/S0022112001005420
http://dx.doi.org/10.1115/1.1627835
http://dx.doi.org/10.1017/jfm.2016.425
http://dx.doi.org/10.1007/s00348-019-2706-5
http://dx.doi.org/10.1017/jfm.2017.885
http://dx.doi.org/10.1063/5.0038475
http://dx.doi.org/10.1063/5.0006560
http://dx.doi.org/10.1007/s42241-021-0097-6
 https://apps.dtic.mil/sti/citations/AD0144749
http://dx.doi.org/10.1115/1.3448395
http://dx.doi.org/10.1017/S0022112095000991
http://dx.doi.org/10.1017/jfm.2021.263

Fluids 2023, 8, 162 150f 15

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

Roshko, A. Experiments on the flow past a circular cylinder at very high Reynolds number. ]. Fluid Mech. 1961, 10, 345-356.
[CrossRef]

Bearman, P.W. On vortex shedding from a circular cylinder in the critical Reynolds number regime. J. Fluids. Mech. 1969, 37,
577-585. [CrossRef]

Wei, T.; Smith, C.R. Reboud. Secondary vortices in the wake of circular cylinders. J. Fluids. Mech. 1986, 169, 513-533. [CrossRef]
Williamson, C.H.K. Three-dimensional wake transition. J. Fluid Mech. 1996, 328, 345-407. [CrossRef]

Szepessy, S.; Bearman, P. Aspect ratio and end plate effects on vortex shedding from a circular cylinder. J. Fluid Mech. 1992, 234,
191-217. [CrossRef]

Norberg, C.; Reboud, J.-L. An experimental investigation of the flow around a circular cylinder: Influence of aspect ratio. J. Fluid
Mech. 1994, 258, 287-316. [CrossRef]

Fry, S.A. Investigating cavity/wake dynamics for a circular cylinder by measuring noise spectra. J. Fluid Mech. 1997, 42, 187-200.
[CrossRef]

Matsudaira, Y.; Gomi, Y.; Oba, R. Characteristics of bubble-collapse pressures in a karman-vortex cavity. [SME Int. ]. 1992, 35,
179-185. [CrossRef]

Saito, Y.; Sato, K. Cavitation bubble collapse and impact in the wake of a circular cylinder. In Proceedings of the Fifth International
Symposium on Cavitation (CAV2003), Osaka, Japan, 1-4 November 2003; pp. 3-8.

Franc, ].P; Michel, ]. M. Fundamentals of Cavitation; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2006;
Volume 76.

Gnanaskandan, A.; Mahesh, K. Numerical investigation of near-wake characteristics of cavitating flow over a circular cylinder.
J. Fluid Mech. 2016, 790, 453-491. [CrossRef]

Ghahramani, E.; Jahangir, S.; Neuhauser, M.; Bourgeois, S.; Poelma, C.; Bensow, R.E. Experimental and numerical study of
cavitating flow around a surface mounted semi-circular cylinder. Int. J. Multiph. Flow 2020, 124, 103191. [CrossRef]

Kumar, P; Chatterjee, D.; Bakshi, S. Experimental investigation of cavitating structures in the near wake of a cylinder. Int. J.
Multiph. Flow 2017, 89, 207-217. [CrossRef]

Brandao, FL.; Bhatt, M.; Mahesh, K. Numerical study of cavitation regimes in flow over a circular cylinder. J. Fluid Mech. 2019,
885, A19. [CrossRef]

Dobroselsky, K. Cavitation streamlining of a round cylinder in the critical range. J. Phys. Conf. Ser. 2020, 1677, 012056. [CrossRef]
Sadri, M.; Kadivar, E. Numerical investigation of the cavitating flow and the cavitation-induced noise around one and two
circular cylinders. Ocean Eng. 2023, 277, 114178. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1017/S0022112061000950
http://dx.doi.org/10.1017/S0022112069000735
http://dx.doi.org/10.1017/S0022112086000733
http://dx.doi.org/10.1017/S0022112096008750
http://dx.doi.org/10.1017/S0022112092000752
http://dx.doi.org/10.1017/S0022112094003332
http://dx.doi.org/10.1017/S0022112084001051
http://dx.doi.org/10.1299/jsmeb1988.35.2_179
http://dx.doi.org/10.1017/jfm.2016.19
http://dx.doi.org/10.1016/j.ijmultiphaseflow.2019.103191
http://dx.doi.org/10.1016/j.ijmultiphaseflow.2016.09.025
http://dx.doi.org/10.1017/jfm.2019.971
http://dx.doi.org/10.1088/1742-6596/1677/1/012056
http://dx.doi.org/10.1016/j.oceaneng.2023.114178

	Introduction
	Experimental Set-Up
	Results
	Cavitation Dynamics behind the Cylinder
	Hydrodynamics Forces on the Cylinder

	Conclusions
	References

