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Abstract: To provide theoretical basis for cavitation noise control, the cavitation evolution around
a hydrofoil and its induced noise were numerically investigated. A modified turbulence model
and Zwart cavitation model were employed to calculate the flow field and predict the cavitation
phenomenon accurately. Then, the acoustic analogy method based on the Ffowcs Williams-Hawking
(FW-H) equation was applied to analyze the cavitation-induced noise. Seven cavitation numbers
were selected for analysis. Acoustic power spectral density (PSD) and acoustic pressure were
investigated to establish the relationship between cavitation number and their acoustic characteristics.
It was indicated that as cavitation number decreases, cavitation cycle length gets shorter and the
magnitude of acoustic power spectral density increases dramatically. One peak value of acoustic
power spectral density induced by the extending and retracting of leading-edge cavitation can be
obtained under sheet cavitation conditions, while under cloud cavitation, two peak values of acoustic
power spectral density can be obtained and are induced by superposition from leading-edge cavitation
and trailing vortex.
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1. Introduction

Cavitation mainly occurs in the location where the local pressure of the liquid drops below the
threshold value at a specified temperature. As the phenomenon occurs in a wide range of hydraulic
engineering situations where liquid flowing systems are involved, cavitation sways numerous
industries, such as petroleum transportation and the water pump industry. What is more, cavitation
can generate destructive behavior. From previous experience, the effects of cavitation are various, such
as causing pitting of the boundary surface and leading to vibration and noise problems. Therefore,
fully investigating and understanding the mechanism of cavitation is essential for its widespread and
undesirable features.

In the last several decades, different experimental and numerical methods have been applied to
the research of cavitation. Cavitation in various structures and characteristics has been studied by
many investigators.

Experimental studies generally observe the occurrence of a cavitation phenomenon and its
hydrodynamic characteristics using a high-speed video camera. Guo [1] observed the process of
bubble occurrence, development, and collapse. This research elucidated the mechanism of bubble
evolution of the high-speed centrifugal pump. There have also been some experimental observations
around hydrofoils carried out by Peng [2] in the cavitation tunnel to explain the spatial–temporal
evolution of cloud cavitation. They found that U-type flow structures are common in cloud cavities,
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and sheet cavities always have a convex–concave profile. The shedding is generally caused by the
converging re-entrant flows, which occur in the convex part, and the re-entrant flows are normal to the
contour edge. Liang [3] experimentally investigated the particle motions induced by bubble cavitation.
They clearly recorded and analyzed the cavitation bubble dynamics and its induced particle moving
dynamics. The results revealed that the distance between the particle and the cavitation bubble is an
important influence factor in this phenomenon. Zhang [4] focused on the collapsing mechanism of a
laser-induced cavitation bubble between a spherical particle and a solid wall. The influences of several
paramount parameters were discussed in this paper. Hao [5] used a high-speed camera to capture
and observe the cavitation flow patterns in different stage. The study revealed the significant effect of
different material on the cavitation flow. Gao [6] experimentally analyzed the characteristics of the
cavitation pattern and the vibration response around an NACA66 hydrofoil.

Numerical approaches have also been presented and applied to efficiently investigate the cavitation
phenomena. Among the most notable studies, Ji [7] focused on the mechanism of the interaction
between the fluid vortex production and cavitation. The analysis of the flow field showed that cavitation
promotes vortex formation and increases the boundary layer thickness with the flow unsteadiness.
Huang [8] studied the turbulent vortex–cavitation interactions in transient sheet and cloud cavitation
phenomena. Their analysis of the vorticity transport equation revealed a strong correlation between
the cavity and vorticity structure. The interaction between the leading edge and trailing edge vortices
was significantly changed by the transient development of sheet and cloud cavitation. Yu [9] compared
three widespread cavitation models in the evolution around an NACA0015 hydrofoil based on the level
set method. The results offer the optimal selection of cavitation models at different conditions. Liu [10]
investigated the cavitation phenomenon around the asymmetric leading edge (ALE) 15 hydrofoil
through large eddy simulation, and the modified Schnerr–Sauer cavitation model was employed,
which considers the influence of incompressible gas. Peng [11] numerically analyzed the strong
and weak interactions between neighboring cavitation bubbles with a revised single-component
multiphase Lattice Boltzmann method. The mutual interaction among a cluster of cavitation bubbles
was also investigated. Guo [12] analyzed the inner flow field of the axial pump to reveal the cavitation
mechanism. The results showed that cavitation performance is enhanced by positive inlet guide vane
angles but hampered by negative ones.

So many works have focused on cavitation evolution in recent years, but little attention has been
paid to cavitation noise. Cavitation-induced noise is an essential issue to be solved. Some research
about different hydraulic machinery has been proposed. Lee and Seung-jae [13] experimentally
measured the noise for a three-dimensional hydrofoil at different attack angles. Seol [14] investigated
the relationship between the cavitation patterns and flow-induced noise for a model propeller through
experiments. Li [15] conducted an experiment in a contraction–divergence channel to investigate the
bubble pattern and cavitation noise under different liquid speeds. Numerical approaches have also
been applied to investigate cavitation noise. Jung [16] focused on an acoustic analogy based on a
classical theory of Fitzpatrik a Strasberg to verify the direct simulation and analyze the source of noise.
Sanghyeon Kim [17] investigated the effects of cavitation-flow patterns of hydrofoils, with an emphasis
on turbulence models, and corresponding radiated noise was analyzed. Zhang [18] transformed bubble
volume pulse to propeller cavitation noise using the Lighthill equation.

Previous investigations on cavitation focused mainly on engineering applications, such as
cavitation noise in hydro turbine and pump, but the mechanism has not been reflected and its
control measures are mainly based on engineering experiences. Also, cavitation is an intricate
phenomenon. With changes in boundary conditions, the morphology and patterns of cavitating
vary a lot. Thus, the characteristics of noise radiated by cavitating flow are complex. Previous
studies on cavitation noise are limited, and the mechanism and acoustic characteristics of different
cavitation numbers have not been fully investigated. What is more, the cavitation number in different
hydraulic engineering situations changes a lot. To be specific, the characteristics of noise induced by a
quadrupole acoustic source, dipole acoustic source, and monopole acoustic source vary greatly with
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changes in cavitation numbers. To identify the source of noise and restrict the complex noise from
different acoustic sources in various hydraulic engineering situations, a deeper understanding of the
fundamental mechanism of cavitation-induced noise is essential.

Thus, the present research focuses on this problem and figures out the mechanism and
characteristics of cavitation-induced noise. The present study analyzes different acoustic characteristics
of noise induced by the cavitation flow around an NACA0015 hydrofoil through numerical methods.
Specifically, the numerical simulations are performed by the commercial software FLUENT. The
filter-based turbulence model (FBM) and Zwart cavitation model were employed to calculate the flow
field and accurately predict the cavitation phenomenon, while the acoustic analogy method based on
the FW-H equation was applied to analyze the flow-induced noise with different cavitation numbers.
Based on this research, the control measures can be improved to be more specific and effective.

2. Mathematical Model

2.1. Basic Equations

The continuity equation and momentum equation of water vapor and liquid water under a
humongous assumption are as follows:
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+
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where ρm is the density of the mixture, u is time-averaged velocity, and p is relative pressure. µm is the
mixture molecular viscosity and µt is turbulent viscosity, based on the Boussinesq hypothesis.

2.2. FBM Model

Cavitating flow is a fully developed turbulent phenomenon which has a mass transfer between
two phases. The standard k-εmodel is favored because of its low requirements for computing resources
and stable calculating result. However, the widely used k-ε turbulence model is mainly based on
a steady average flow, where the viscosity coefficient is calculated by turbulent kinetic energy and
turbulent dissipation rate. This indicates that the turbulence scale calculated by the k-ε model is very
large and the excessive forecast of viscous coefficient affects the accuracy. So, this article adopted the
filter-based model (FBM) to optimize the k-ε model. The viscosity coefficient of FBM is defined as:

µTFBM =
Cµρmk2

ε
FFBM (3)

FFBM = min
(
1, C3

λ·ε

k
3
2

)
(4)

where FFBM represents the filter function and λ represents the filter scale. This article takes Cµ to be
0.09 and C3 to be 1.0.

2.3. Zwart Cavitation Model

The mass transport equation for vapor can be written as follows:

∂ρvαv

∂t
+
∂ρvαvui

∂xi
=

.
m+

+
.

m−, (5)

where the ρv represent the vapor density and αv is the vapor volume fraction.
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The Zwart Model is derived from the simplified Rayleigh–Plesset Equation, which describes
the bubble dynamics. This model’s evaporation source terms and condensation source terms are
as follows:

.
m− = −Fe
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√
2
3
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ρl

, (6)

.
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R

√
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3
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ρl
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where R represents bubble diameter, rnuc represents nucleation site volume fraction, Fe represents
evaporation coefficient, Fc represents condensation coefficient, and Pv represents vaporization pressure.
This article set these coefficients as follows: R = 1.0 × 10−6 m, rnuc = 5.0 × 10−4 m, Fe = 50, Fc = 0.01.

2.4. FW-H Equation

The acoustic analogy method is the key to solve flow-induced noise. This method is based on the
FW-H Equation, which is widely accepted in engineering. The FW-H Equation is derived from the
continuity equation and the N-S equation:
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where p’ represents sound pressure, δ(f ) represents the Dirac-δ function, and Tij represents the Lighthill
stress tensor.

The three terms on the right side of the FW-H equation represent the quadrupole acoustic
source, dipole acoustic source, and monopole acoustic source, respectively. The quadrupole acoustic
source expresses high-frequency noise radiated by the hydrofoil boundary layer and vortex shedding.
The dipole acoustic source expresses low-frequency noise radiated by the unsteady pulsating force,
which is induced by an inhomogeneous flow field and the turbulent flow field around the hydrofoil
surface. The monopole acoustic source expresses noise induced by bubble development and collapse.
To hydrofoil cavitation, the quadrupole acoustic source is far less than the other two acoustic source.
Thus, this article ignored the quadrupole acoustic source.

3. Computational Domain and Boundary Conditions

The NACA0015 hydrofoil, with chord length C = 0.07 m, was selected and its angle of attack
was α = 6

◦

. Figure 1 shows the shape of the computational domain and the boundary conditions.
The inlet boundary was 3 C ahead of the hydrofoil, where the inflow velocity was fixed, Vx = 7.2 m/s
(Re = 5.62 × 105). The outlet boundary was 5.5 C behind the hydrofoil, and a pressure outlet was set to
control the cavitation number by setting different pressures. The span wise was 0.1 C. The water-tunnel
wall and the hydrofoil surface were set as the no-slip wall boundary condition. Twenty-one monitor
points were set around the hydrofoil to monitor pressure pulsation. Their locations are shown in
Figure 2. Monitor points were arranged at intervals of 0.1 C along the upper surface of the hydrofoil.
Their names were U0, U1, U2, U3, U4, U5, U6, U7, U8, U9, U10, B1, B2, B3, B4, B5, B6, B7, B8, B9,
and B10, in order.

Structural mesh was adopted in the simulation. The mesh near the leading-edge and the tail
was refined deliberately to precisely capture the complex characteristics of the fierce flow change.
To control the overall nodes of the mesh, the mesh density of the other parts of the flow field was
reduced appropriately. After the grid independence validation, the total mesh nodes were set as
946,082. The mesh distribution of the computational domain is shown in Figure 3.
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In the present study, seven different cavitation numbers with different cavitation types were
selected, and are summarized in Table 1.

Table 1. Computational conditions.

σ P∞ (Pa) U∞ (m/s) C (m) Cavitation Condition

3.3 88,904 7.2 0.07 Non-cavitation
1.175 33,935 7.2 0.07 Sheet cavitation
1.075 31,348 7.2 0.07 Sheet cavitation
0.975 28,761 7.2 0.07 Sheet cavitation
0.75 22,941 7.2 0.07 Cloud cavitation
0.65 20,354 7.2 0.07 Cloud cavitation
0.55 17,767 7.2 0.07 Cloud cavitation

4. Results and Discussion

In the present study, seven different cavitation numbers with different cavitation types
(i.e., no cavitation, sheet cavitation, and cloud cavitation) were selected and used to investigate
the characteristics of cavitation induce noise.
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4.1. Sheet Cavitation

4.1.1. Verification Test

Simulations in this article were conducted by ANSYS FLUENT to solve the flow field numerically.
The time step in the calculation was set as 1.0 × 10−4 s and the maximum calculated frequency of
the corresponding acoustic response was 5 kHZ. Before the characteristic of sheet cavitation was
investigated, a case with σ = 1.075 was first simulated and compared with experimental data to verify
the accuracy of the simulation. The contours of the vapor volume fraction around the hydrofoil from
the simulation are shown in Figure 4, along with the corresponding experimental data. As shown in
Figure 4, sheet cavitation clung to the leading edge steadily. The cavitation developed and extended
from the leading edge towards the flow direction, and the change was not obvious. The simulated
frequency of morphology evolution was about 11 HZ, which is in accordance with the experimental
result. It can be seen in Figure 4 that the cavitation phenomenon in photos from a high-speed
video camera was highly similar to the simulation result, and the exactness of the simulation is
therefore proven.
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4.1.2. Sheet Cavitation Flow-Induced Noise

Figure 5 shows the acoustic pressure level in the flow field at two different times, and 21 different
locations separated on and behind the hydrofoil were selected. Since the cavity was relatively steady,
the acoustic pressure changed little at different times. Thus, the magnitude of acoustic pressure was
identical at different times. The results show that the peak values of acoustic pressure at different
times shared the same characteristic, that the distance between peak values of acoustic pressure and
cavitation was 0.2–0.4 C. Besides this, it is shown in the figure that acoustic pressure dropped abruptly
in the point behind the tail. This change was largely due to the rapid dissipation of pressure fluctuation
behind the hydrofoil tail.
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The frequency spectrogram of leading noise in point U7 is shown in Figure 6. Only one peak
value, at 10.68 HZ, can be observed, which was due to the extending and retracting of leading-edge
cavitation. It is worth mention that the cycle length was 93.60 ms, which corresponded with the peak
value of the frequency spectrogram.
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The advent time of the peak value at different points of the hydrofoil was also investigated, and is
shown in Figure 7. The peak values of different points occurred sequentially in time from point U5 to
U8, which was the result of cavitation growth in the leading-edge. Besides this, the result verifies the
rule that the distance from locations of peak value of acoustic pressure in a specific time is 0.2–0.4 C
away from cavitation growth points.
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4.1.3. Influences of Different Sheet Cavitation Number

In the comparably steady flow condition of sheet cavitation, three different cavitation numbers,
σ = 0.975, σ = 1.075, and σ = 1.175, were investigated and their similarities and disparities are discussed
in this part.

Cavitation morphology for σ = 0.975 shared several features with cloud cavitation because of
its relatively lower outlet pressure. It can be seen from Figures 8–11 that cavitation clung to the
leading-edge, instead of shedding from the leading edge periodically, but cavitation developed and
extended from the leading edge towards the flow direction dramatically. Thereafter, cavitation retreated
and collapsed. As a contrast, cavitation for σ = 1.075 and σ = 1.175 stayed constant and cavity stretched
from the leading-edge to approximately 1/3 C. Additionally, the rule that the distance from locations of
peak value in specific times is 0.2–0.4 C away from cavitation growth and the collapsing point was
again verified.

Frequency spectrograms of leading noise for three different cavitation numbers are shown in
Figure 12, and the same point was selected for analysis.
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The frequency of the first peak value for σ = 1.175 was 7.28 HZ, and the frequency of the first peak
value for σ = 1.075 and σ = 0.975 was 10.49 HZ. Therefore, the cycle lengths for σ = 0.975, σ = 1.075,
and σ = 1.175 were 95.33 ms, 95.22 ms, and 137.36 ms, respectively. In addition to the period length,
there was also a difference in the magnitude of acoustic power spectral density. The magnitude of
acoustic power spectral density for σ = 1.075 and σ = 1.175 were the same, whereas that for σ = 0.975
was significantly higher. The results of PSD had good agreement with the experimental research from
Harish Ganesh [19], that the magnitude of multimodal behavior increases with decreasing cavitation
number. The difference was largely due to its drastic pressure fluctuation caused by extending and
retreating of cavitation on the leading edge.

4.2. Cloud Cavitation

4.2.1. Verification Test

Eight specific moments in a whole cycle are shown in Figure 13, with corresponding experimental
data. The period of the cavitation evolution cycle was approximately 57.7 ms, which corresponds to
the evolution cycle in the experiment results. Compared with numerical results, the experimental data
show the numerical results are in good agreement.

4.2.2. Cloud Cavitation Flow-Induced Noise

The acoustic pressure level of 21 different locations in the flow field at different times is shown in
Figure 14. They shared the same characteristic that the distance from the locations of peak value in the
designated time is about 0.2–0.4 C away from cavitation growth and collapsing points. Besides this,
the characteristic of cloud cavitation was identical to that of sheet cavitation.
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Frequency spectrograms of leading noise are shown in Figure 15. For point U5, two peak values
at 17.09 Hz and 34.19 Hz are the results of superposition from leading edge cavitation and trailing
vortex. For point B6, only one peak value at 17.09 Hz can be observed. The reason for this is that the
impact of leading-edge cavitation dissipated over such a long distance from collapsing point to point
B6. The peak value at 17.09 Hz was the impact of shedding cavitation, which can be verified by the
simulation results in Figure 13, that shedding cavitation occurred once a cycle.
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4.2.3. Influences of Different Cloud Cavitation Number

In the complex flow condition of cloud cavitation, three different cavitation numbers were
investigated and their similarities and disparities are discussed in this part.

Figures 17 and 18 show the acoustic pressure level at different locations at different times, and
three different cavitation numbers are considered. It is noteworthy that point U10, located in the
tail of the hydrofoil, presented a relatively higher acoustic pressure during the collapse of either the
front bubbles or trailing vortex. Besides this, Figure 19 indicates that the pressure fluctuation at point
U10 was significantly higher than other points nearby, for instance, T2. Therefore, higher pressure
fluctuation was presumably the cause for the peak acoustic pressure value at U10.
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Figure 18. Acoustic pressure at different flow times for σ = 0.75.

Figures of acoustic power spectral density (PSD) of three different cavitation numbers are presented.
Note that the same position was selected in different conditions. When σ = 0.55, the frequency of the
second peak, which represents the growth and collapsing of front bubbles, was about twice as much as
that of the first peak, which represents the growth and collapse of the trailing vortex. To be specific,
the growth and collapsing of the trailing vortex occurred once a cycle, but that of the front bubbles
happened twice in one cycle.
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When σ = 0.65, the frequency and magnitude of the first and second peak were almost the same
as that of σ = 0.55.

When σ = 0.75, a difference can be observed that the frequency of the second peak was three times
higher than that of the first peak, and that means the growth and collapsing of leading-edge cavitation
occurred three times a cycle. Additionally, the first peak was relatively higher than that of σ = 0.55 and
σ = 0.65, which are in good correlation with the phenomenon that the collapsing of trailing vortex and
front bubbles occurs at the same time, as shown in Figure 20.
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4.3. Comparison of Non-Cavitation, Sheet Cavitation, and Cloud Cavitation

In this part, σ = 3.3, σ = 1.075, and σ = 0.65, which are typical examples of non-cavitation,
sheet cavitation, and cloud cavitation, respectively, were investigated and are discussed.

Figure 21 shows the leading noise frequency spectrograms of three kinds of cavitation phenomenon.
It can be observed in the figure that as cavitation number decreased, cavitation cycle length became
shorter and the magnitude of acoustic power spectral density increased dramatically. The cause
can be attributed to their difference in cavitation morphology. For σ = 3.3, no water vapor was
detected, which means there was no periodic change, such as growth and collapsing in cavitation
morphology. Thus, the magnitude of acoustic power spectral density was extremely small. Nonetheless,
high-frequency acoustic power spectral density still existed. For sheet cavitation and cloud cavitation,
as cavitation number decreased, unsteady characteristic became more evident, and the vortex shedding
and collapse were more violent. Therefore, the magnitude of acoustic power spectral density increased.
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For σ = 3.3, higher acoustic pressure can be observed in Figure 22. Figure 23 shows the pressure
fluctuation for three different cavitation numbers. As we can see in the figure, the magnitude of
pressure for σ = 3.3 was clearly larger compared with that of other cavitation numbers. Pressure
fluctuation was possibly the cause of acoustic pressure. Note that point U5 reached the peak value of
acoustic pressure. Combined with what is elucidated above that acoustic pressure drop abruptly in the
point behind the tail, the reason may be that the peak value at U5 was the result of superposition from
the upper surface of the hydrofoil.Appl. Sci. 2019, 9, x FOR PEER REVIEW 15 of 17 
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5. Conclusions

In this study, the cavitation evolution around a hydrofoil and its acoustic characteristic of flow
induced noise were numerically investigated. The filter-based turbulence model and Zwart cavitation
model were employed to accurately calculate the flow field and predict the cavitation phenomenon.
Besides this, an acoustic analogy method based on the FW-H equation was applied to analyze the
flow-induced noise. To research the regularities and features of hydrofoil in different cavitation
conditions, seven cavitation numbers were selected and investigated.

(1) In the comparison of non-cavitation, sheet cavitation, and cloud cavitation, it can be observed that
as cavitation number decreases, cavitation cycle length gets shorter and the magnitude of acoustic
power spectral density increases dramatically. The cause can be contributed to their difference
in cavitation morphology. For σ = 3.3, higher acoustic pressure can be observed, meanwhile,
the magnitude of pressure for σ = 3.3 is clearly larger compared with that of other cavitation
numbers. Thus, it is speculated that pressure fluctuation is possibly the cause of high acoustic
pressure for the condition of non-cavitation;

(2) For the condition of sheet cavitation, the distance from the location of peak value in the designated
time is 0.2–0.4 C away from the cavitation growth and collapsing point. Only one peak value of
acoustic power spectral density, which was due to the extending and retracting of the leading-edge
cavitation, could be observed;

(3) For the condition of cloud cavitation, the results show that the distance between peak values of
acoustic pressure and cavitation is 0.2–0.4 C. Besides this, acoustic pressure drops abruptly in the
point behind the tail. For point upper surface of the hydrofoil, two peak values of acoustic power
spectral density are the result of superposition from the leading-edge cavitation and trailing
vortex. As a comparison, for points behind the hydrofoil, only one peak value can be observed,
for the reason that the impact of leading-edge cavitation has dissipated over such a long distance
from the collapsing point. Differences in PSD for different cavitation numbers were also observed.
When σ = 0.55 or σ = 0.65, the peak value of acoustic power spectral density reveals that the
growth and collapsing of trailing vortex occurs once a cycle, but that of front bubbles happen
twice in one cycle. When σ = 0.75, the growth and shedding of leading-edge cavitation occur
three times a cycle. Additionally, the first acoustic power spectral density peak is relatively higher,
which is caused by the phenomenon that the collapsing of the trailing vortex and front bubbles
occurs at the same time.
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