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ABSTRACT

Tip vortex cavitation (TVC) affects hydrodynamic performance and can cause drastic vibration and noise; therefore, it is crucial to predict
the evolution of TVC, understand its generation mechanism, and determine methods to control it. In this work, a large eddy simulation was
performed to resolve unsteady turbulence, and the Schnerr–Sauer cavitation model was used to capture transient cavitating flow. Both
wetted and cavitating conditions were used in the first step to validate the numerical methods. The mechanism of TVC development and the
interactions between the tip vortex and TVC were also revealed. Next, active control by water injection was performed to suppress TVC, and
the side and top injection circumstances were explored and compared. Parametric studies were conducted for the side injection condition by
changing the injection velocity and angle. The results showed that both side and top injections had remarkable effects on TVC control. Flow
field analysis demonstrated that the top injection flow affected the local velocity magnitude and direction of the incident flow of the tip
vortex, thus reducing the vortex strength and TVC. For the side injection condition, the injection flow directly influenced the incepted
structures of the tip vortex. As a result, injection flow deeply deformed the tip vortex and decreased the generation and intensity of TVC.
Furthermore, increasing the injection velocity or the component of the velocity in the cross-streamwise direction could effectively increase
the cavitation inhibition rate.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0130192

I. INTRODUCTION

Tip vortex cavitation (TVC) is a common type of cavitation that
occurs in offshore equipment and is generated as a result of pressure
reduction induced by the swirling movement of a tip vortex.1 In con-
trast to sheet and cloud cavitation, which are produced near machine
surfaces, TVC is usually generated at the tip region of the propeller or
hydrofoil and flows downstream accompanied by the tip vortex.
Therefore, TVC has limited influence on the deterioration of the
hydrodynamic performance of machines. However, the cyclic process
of the formation and collapse of the TVC bubbles will occur along
with the development of TVC. During this process, large pressure pul-
sation will be produced, thereby violently increasing the fluid noise. In
addition, when TVC flow develops in the ambient region of the rud-
der, cavitation bubbles may adhere to its surface, affecting the steering
efficiency of the rudder and eroding the rudder surface.2 Therefore, it
is critical to determine the generation mechanism of TVC and identify
methods to inhibit it.

In recent years, scholars have focused on TVC. First, several stud-
ies have analyzed the generation of the tip vortex and its cavitation.
Batchelor3 determined the mechanism of tip vortex formation, and
the results showed that streamwise vortices form to compensate for
the discontinuity in velocity circulation. At the same time, the swirling
motion caused by the rolling up of the tip vortex dramatically reduced
the pressure in the ambient region of the vortex. When the pressure
was lower than the saturation pressure under the local temperature,
cavitation occurred.4 Boulon et al.5 measured the pressure distribution
of the vortex flow on hydrofoils under several flow conditions. In addi-
tion, Choi et al.6 successfully recorded the inception, development,
and collapse of cavitation bubbles through high-speed video observa-
tions, and the noises in the hydrofoil wake were detected by a
hydrophone.

Second, the interactions between the vortex and the cavitation
induced by the vortex have also been studied. Hsiao et al.7 simulated the
interactions between two linear vortices with different rotating strengths.
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Using the Delft Twist-11 hydrofoil as the object, Ji et al.8 studied the
interactions between cavitation and the vortices of the hydrofoil. The
results showed that during the occurrence of TVC, the dilatation term
in the vorticity transport process increased significantly. At the same
time, through large eddy simulation (LES), Cheng et al.9 simulated the
tip leakage vortex based on the NACA0009 hydraulic hydrofoil and
obtained the same results. Xie et al.10 numerically studied the tip vor-
tex flow around an NACA16–020 elliptical hydrofoil and developed a
tip vortex model for cavitating flow, which was compared to the wet-
ted flow model. Re_theta was used to measure the wall turbulence in a
study by Ohta and Sugiura,11 where cavitation was simulated near the
wall under Reynolds numbers from 2000 to 2600, to determine the
impact of cavitation on the turbulence statistics.

Because cavitation causes severe damage to machinery on ships,
controlling cavitation and reducing damage induced by cavitation are
extremely important. To achieve these objectives, several scholars have
proposed inhibiting cavitation by flow control. This method interferes
with the natural flow in the flow field, forcing the redistribution of
velocity and pressure in the region through energy input or configura-
tion changes.12 According to the different modes of control, flow con-
trol can be divided into two categories, namely, passive control and
active control.

Passive control affects the flow field near the vortex through opti-
mization of the shape or structure of the equipment, by adding
wedges, grooving, or subjecting the surface to biomimetic treatment.
Kadivar et al.13 added cavitation-bubble generators (CGs) to the sur-
face of CAV2003 benchmark hydrofoils and studied the effects of CGs
with different sizes and locations. To control cavitation, Zhao et al.14

designed a pair of tandem obstacles on the blade suction surface of a
waterjet pump as well as conducted unsteady simulations and experi-
ments to study the suppression effects of the tandem obstacles. Based
on the experimental analysis, Svennberg et al.15 attempted to delay
TVC inception by increasing the roughness of the surface of an ellipti-
cal hydrofoil. During analysis, the cavitation number of TVC inception
was used for TVC suppression evaluation. The observations indicated
that the cavitation number for tip vortex cavitation inception was suc-
cessfully reduced with the roughness surface with little increase in drag
force. Then, in a study by Asnaghi et al.,16 the application of the sur-
face roughness was evaluated on a propeller. The results showed that
roughening the blade tip and a limited area of the leading edge resulted
in a good TVC mitigation effect with limited hydrodynamic perfor-
mance degradation. Amini et al.17 investigated the alleviating function
of flexible trailing threads to TVC. The researchers found that when
the size of a thread was comparable to the viscous core of the tip vor-
tex, the suppression effect would become more pronounced.

Various studies13–20 have shown that passive control can be effec-
tive in cavitation suppression and does not require additional energy
input equipment. However, the disadvantages of this method are that
certain shape optimization can suppress cavitation in a specific load
range. Therefore, the adaptability of this method under changing load
conditions will not be sufficient.

Instead of geometrically optimizing equipment, active control
provides mass and energy into the cavitation region and redistributes
the velocity and pressure to suppress cavitation. In recent years,
many scholars have validated the effectiveness of cavitation suppres-
sion using the active control method through experiments and
simulations.

Based on experimental studies, several scholars21–26 have pro-
posed active flow control for suppressing cavitation. Chahine et al.21

delayed the TVC of a propeller by using selective polymer injection.
According to their results, the viscoelastic properties of the Polyox
solution injected in the vortex core played a significant role in thicken-
ing the viscous core of the tip vortex, thus reducing the pressure drop
in the center region of the tip vortex. Wang et al.22 proposed four jet
flow types on an NACA66 (MOD) hydrofoil and studied the effects of
these methods on cavitation evolution. The results proved that active
water injection could effectively suppress sheet and cloud cavitation,
and the suppression effects were influenced by the jet rates and jet
flow position. Timoshevskiy et al.23 studied the effect of tangential
injection on the suction surface of a 2D hydrofoil and use propor-
tional, integral, and velocity filter methods and several hydroacoustic
measurements to measure the velocity distribution and identify the
cavitating flow. The results showed that tangential injection could
effectively reduce the area of cloud cavitation and achieve effective
suppression for cavitation. In addition, the injection method could
also change the amplitude of pressure pulsations under unsteady
regimes. Park et al.24 studied TVC suppression in a marine propeller
using the cavitation tunnel at Seoul National University (SNU). The
researchers proposed a semiactive control method at the propeller tip,
and the results showed that this method could effectively suppress
TVC generation under the utilized design conditions. Lu et al.25

arranged a row of injection holes on the suction surface of the
NACA0066 hydrofoil, and the cavitation structures under unsteady
cavitation conditions and water injection conditions were visualized
using the high-speed flow field display technology. Lee et al.26 applied
water injection to control TVC and achieved noise suppression using
an NACA0020 elliptical hydrofoil and a five-blade propeller.
According to the results, the water injection method could effectively
delay TVC inception and reduce the noise induced by TVC.

Computational fluid dynamics has also shown to be a productive
tool in cavitation suppression. Zhao et al.27 proposed active flow in a
centrifugal pump to control cavitation, where the modified k� x shear
stress transport model combined with the Kubota cavitation model was
used for simulation. On an NACA0015 hydrofoil, De Giorgi et al.28 per-
formed active control by a single synthetic jet actuator (SJA), using the
Eulerian homogeneous mixture/mass transfer model and Schnerr–Sauer
cavitation model in the simulations. Furthermore, the researchers used
proper orthogonal decomposition to highlight the benefit of the SJA for
suppressing the thickness growth of the sheet cavity. By employing the
k� e renormalization group turbulence model and full cavitation
model, Wang et al.29 investigated the impact of jet hole locations and
porosities along a 3DNACA66 (MOD) spanwise hydrofoil on cavitation
suppression. The researchers30 also used the double-row jet hole scheme
and clarified the influence of water injection on the broadband noise
and hydrodynamic performance using the density-corrected turbulence
model combined with the Zwart–Gerber–Belamri cavitation model. The
results showed that water injection was effective for drag reduction and
noise suppression. Pant et al.31 numerically studied the effect of active
control on unsteady cavitation. The researchers selected OpenFOAM as
the simulation platform and used the LES turbulence model and Sauer–
Schnerr cavitation model during numerical calculations. The interaction
of the re-entrant jet with the wall jet was analyzed, and the analysis
revealed that this interaction could cause a large transformation in pres-
sure distribution, thus counteracting the local increase in pressure.
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As verified by existing research, the water injection method can
effectively control cavitation in hydrofoils and propellers. Moreover,
water injection can also effectively suppress the operating noise
induced by cavitation bubbles. However, at present, only a few studies
have conducted simulations of active injection on the tip vortex and its
cavitation and analyzed its suppression effects on TVC as well as sub-
sequent interactions among the water jet, tip vortex, and TVC.
Therefore, in this study, we examined the interactions between inject-
ing flow and tip vortex flow to understand the water injection method
mechanism in suppressing TVC.

STAR-CCMþ software was used to simulate the TVC phenome-
non in an elliptical hydrofoil with the NACA0012 cross section, and
the LES turbulence model and Schnerr–Sauer cavitation model were
selected for the simulations. The remainder of the manuscript is orga-
nized as follows. Section II describes the numerical methods used in
STAR-CCMþ, while the geometric model, meshing method, and
boundary conditions are described in Sec. III. Validation of the numeri-
cal methods performed by wetted and cavitating simulations is
explained in Sec. IV, Sec. V describes the results and analyses under dif-
ferent water injection conditions, and Sec. VI presents the conclusions.

II. METHODOLOGY

Navier–Stokes (N–S) equations are always used in hydrodynam-
ics studies to mathematically describe the conservation of momentum
and mass during flowing. For different engineering purposes, the N–S
equations have been simplified to yield several numerical turbulence
models, namely, Reynolds-Average Navier–Stokes (RANS), Scale
resolving simulation (SRS), and direct numerical simulation (DNS).32

In simulation, the RANS method can only obtain acceptable results
with fewer computational resources, whereas DNS requires more com-
putational resources. The LES model is the widely used turbulence
model for TVC simulations among SRS, and several scholars have per-
formed numerical studies involving complex field problems using the
LES method and acquired satisfactory results.33–38

A. Governing equations

By directly resolving most of the turbulence information in the
flow domain and modeling small-scale information, the LES method
can obtain more accurate results than the RANS method and will con-
sume fewer resources than DNS. The governing equations under the
LES framework are shown below:39

@q
@t

þ @q~ui
@xi

¼ 0; (1)

@q~ui
@t

þ @q~ui~uj
@xi

¼ � 1
q
@~p
@xi

þ @

@xj
l
@~ui
@xi

� �
� @sij

@xi
; (2)

where q is the density of the fluid, ~uk (k ¼ i; j) is the velocity after fil-
tering,~p is the pressure after filtering, sij denotes the stresses, lt is the
turbulent viscosity coefficient, and l is the viscosity coefficient under
single-phase homogenization.

B. Subgrid-scale (SGS) modeling

In the wall-adapting local-eddy viscosity (WALE) LES method
used in this study, sij was calculated by the following equation:

40

sij ¼~s þ�!sSGS ¼ q �!uiuj � ~ui~uj
� �

; (3)

where~s is the stress after filtering and�!sSGS is the SGS stress. Based on
the Boussinesq hypothesis, the SGS stress could be modeled by

�!sSGS ¼ 2ltSij �
2
3

lt
@~ui
@xi

dij

� �
; (4)

where Sij denotes the strain rate tensor, dij is the identity tensor, and
lt is the SGS turbulence viscosity and should be redescribed in SGS
models. In the WALE subgrid model, Sij and lt can be computed
using the following equations:

Sij ¼ 1
2

@~ui
@xi

þ @~uj
@xi

� �
; (5)

lt ¼ qD2Sw; (6)

where D is the length scale to determine the width of the small vortex
and Sw is the deformation parameter. The details of the resolved equa-
tions can be found in the STAR-CCMþ User Guide (2020).40

C. Cavitation model

The volume of fluid (VOF) model is a simple multiphase model
and the foundation of cavitation modeling. During cavitation, it can
be used to describe the water and vapor phases, and detailed informa-
tion regarding the VOF model is clearly presented in the STAR-CCM
þ User Guide (2020).40

In STAR-CCMþ, three models can be selected to simulate cavi-
tation: the Full Rayleigh–Plesset model, the Homogeneous Relaxation
model, and the Schnerr-Sauer model. The Schnerr–Sauer cavitation
model used in this study was based on the Rayleigh–Plesset equation
and neglected the influence of bubble growth acceleration, viscous
effects, and surface tension effects. Its effectiveness on tip vortex cavita-
tion prediction has been well proven in the previous studies.41–44

Furthermore, this model has been widely implemented in commercial
software. Therefore, the Schnerr–Sauer cavitation model was selected
for computation.

During cavitation and gas dissolution, STAR-CCMþ made two
assumptions. First, the seeds were considered spherical and uniformly
distributed in the liquid so that they can be described by the number
of seeds per unit volume of liquid n0. Second, all seeds had the same
radius at the beginning of cavitation.

With the above assumptions, the relationships between the num-
ber of seeds N and a control volume V could be expressed by the fol-
lowing equation:

N ¼ n0alV ; (7)

where al is the volume fraction of liquid in V .
The total volume of vapor Vv follows:

Vv ¼ NVb; (8)

where Vb is the volume of one bubble and can be calculated by the
local bubble radius R,

Vb ¼ 4
3
pR3: (9)

With Eqs. (7)–(9), the volume fraction of vapor av can be
expressed by

av ¼ Vv

V
¼ NVb

V
¼ 4

3
pR3n0al: (10)
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When bubbles moved with the flow, the volume change of every
individual bubble could be represented by the following equation,
where vr denoted the bubble growth velocity,

dVb

dt
¼ 4pR2vr : (11)

To describe the growth and collapse of vapor in cavitation, the
volume change of vapor in the control volume could be represented
by a source term

QV ¼ N
dVb

dt
¼ 4pn0 1� arð ÞVR2vr : (12)

If vapor was present in the form of bubbles, whose radius was the
same, the relationship between the vapor and liquid phases was as
follows:

Vv ¼ 4
3
pn0VlR

3: (13)

Therefore, the volume fraction of vapor could be redescribed in
the following equation, and the bubble radius and seed diameter could
be calculated by av ,

av ¼ Vv

V
¼ Vv

Vv þ Vl
¼

4
3
pn0R

3

1þ 4
3
pn0R

3
: (14)

In the Schnerr–Sauer cavitation model, the growth rate of bubble
radius was estimated by the following model:45

vr ¼ 2
3

pv � p
ql

� �
: (15)

III. SOLVER SETUP
A. Geometric model and simulation setup

An elliptical hydrofoil with the NACA0012 cross section was
selected for this study, as the hydrodynamic performance and cavita-
tion structures were obtained from the experiments of Takasugi et al.46

Its maximum chord and span length were 150 and 176.7mm, respec-
tively. The geometric model of the hydrofoil is shown in Fig. 1(a), in
which C denotes the maximum chord length of the hydrofoil and S
denotes the maximum span length.

The domain for the simulation was set as shown in Fig. 1(b). The
maximum chord length C was set as the scale of measurement for the
length, width, and height of the computational domain, which were
16C, 3C, and 3C, respectively. The flow direction denoted the x direc-
tion of the domain, and the normal and spanwise directions of the
hydrofoil, respectively, denoted the y and z directions. As shown in
Fig. 1(b), the elliptical hydrofoil was located at the center of the
domain along the x and y directions to reduce the influences of the
inlet, outlet, and walls on the results. However, in the z direction,
the hydrofoil could only be placed at the bottom, considering the
actual installation conditions during the experiments.

B. Mesh generation

During the rolling up and transportation processes of the vortex,
the structures of the tip vortex and its cavitation had very small scales,
and the flow in the ambient region of the tip vortex changed drasti-
cally. Even a minute numerical deviation during calculations could
yield incorrect results; therefore, a smaller cell scale was needed near
the tip vortex region. In addition, because the structure of the tip vor-
tex was not a perfect slender cylinder but was curved toward the bot-
tom of the domain, it was difficult to refine the tip vortex region by the
structured meshing method. Considering the reasons mentioned
above, automated trimmer meshing and volumetric refinement were
used (Fig. 2).

In the mesh settings, the basic size of the domain was set as Sb;
the maximum cell size was set as 32 Sb, and a smaller cell size (2 Sb)
was used on the hydrofoil surface. At the same time, to ensure that the
mesh structure did not change when the working conditions changed,
some of the surfaces near the tip of the hydrofoil were isolated from
the hydrofoil surface and set as the surfaces of the injection holes (red:
top injection, blue: side injection) so that water injection could be real-
ized merely by adjusting the boundary conditions at the surfaces of the
injection holes. Moreover, the cell size of the injection holes was set to
0.2 Sb.

To obtain better TVC calculation results, the domain near the
hydrofoil and TVC need to be refined. First, one 5 C� 2 C� 2 C
(x � y � z) block region, known as the buffer region, was refined
around the hydrofoil, and one cylinder with 35-mm radius was
meshed at the tip region to obtain an acceptable flow trend around the
elliptical hydrofoil. The cell sizes in the buffer block and cylinder were
8 Sb and 2 Sb, respectively. Then, the simulation was carried out based

FIG. 1. Geometric model of NACA0012 elliptical hydrofoil and numerical domain: (a) geometric model and (b) numerical domain.
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on initial meshing so that the structure of the tip vortex could be iden-
tified by the iso-surface with a Q-criterion¼ 10 000 s�2. Second, based
on the view of the Q-criterion iso-surface, one irregular geometry with
a cell size of 0.5 Sb was built for tip vortex refinement. After obtaining
the results based on the meshing of tip vortex refinement, the value of
the Q-criterion iso-surface was increased to 100,000 s�2 to capture the
region where TVC could occur, as TVC occurred in the core region of
the tip vortex. Finally, similar to the process mentioned above, an
irregular geometry was built for TVC refinement with a cell size of
0.125 Sb.

C. Initial and boundary conditions

In the following simulation, the boundary of the domain inlet
was set as the velocity inlet and the velocity at the inlet was VI ¼ 6m/s.
The outlet was the pressure outlet, and the pressure values were 0 and

39 278Pa under open water and cavitation conditions, respectively.
The surfaces on the domain side and hydrofoil were set as the walls.
During numerical calculations, second-order time discretization was
used; the time step was 5� 10�5 s, and 20 iterations were conducted
in each time step; the lift coefficient, continuity, and momentum in the
x, y, and z directions of the hydrofoil were monitored to identify the
convergence of the solution.

IV. NUMERICAL PROCEDURES
A. Numerical validation

To determine whether the mesh resolution met the accuracy
requirements of cavitation prediction, the simulations under four dif-
ferent mesh configurations, namely, coarse (basic size was 0.002m),
medium (basic size was 0.0014m), fine (basic size was 0.001m), and
very fine (basic size was 0.0007m), were performed. Figure 3(a) shows
the cross section views and layout details of the different meshes, and

FIG. 2. (a) Location of the refinement regions and (b) the final mesh.

FIG. 3. Mesh independence study: (a) cross section views of the four mesh layouts and (b) lift coefficient and cavitation volume curves vs the four mesh cases.
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Fig. 3(b) presents the results of the lift coefficient and cavitation vol-
ume curves, respectively. This proved that both the lift coefficient and
cavitation volume converged as the basic size of the domain increased.
Moreover, according to the research reported by Ahmad et al.,47

30–40 grid points across the core region of a vortex were recom-
mended for the second-order accurate solver. In the TVC simulation
of Asnaghi et al.,48 32 grid points were used across the vortex core. In
this study, when a fine mesh level was achieved, about 30 grid points
were placed in the crosswise direction in the vortex core region, which
correlated with the criteria mentioned above. Considering the balance
of computational cost and solution accuracy, the fine mesh was finally
selected to carry out the following simulations.

In the next step, we simulated flow around the hydrofoil in open
water, wetted, and cavitating conditions and compared the results with

those obtained experimentally by Takasugi et al.42 To verify the cor-
rectness of the simulation, the hydrodynamic coefficient (lift coeffi-
cient Cl) of the hydrofoil was calculated under open water conditions
and compared to the results obtained experimentally by Takasugi
et al,42 as shown in Fig. 4.

Figure 4 shows that the lift coefficient determined in the present
simulation agreed with the values determined by Takasugi et al.42

Although the error between the present simulation and experiment
increased with increasing attack angle, the maximum error rate was
approximately 5.2%. Furthermore, the error rate given in Table I for
a¼ 10�, which was used in the following cavitation simulation, was
approximately 3.5%.

Second, based on the tip vortex simulation, the Schnerr–Sauer
cavitation model was added in the simulation, where the wetted and
cavitating conditions were selected to explore the mechanism of TVC
generation as well as the interactions between the tip vortex and its
cavitation. In the simulation, VI ¼ 6m/s, the attack angle was a¼ 10�,
and the cavitation numbers were an¼ 2.01 and 1.3, as shown in Figs. 5
and 6, respectively. Table II presents the settings used for the
simulation.

Figures 5 and 6 compare the numerical and experimental results.
The TVC development trend in the experiment by Takasugi et al.42

and the present simulation were shown in Fig. 5. The inception posi-
tion and structure of the TVC in the simulation showed great agree-
ment with the results of Takasugi et al.42 However, a thin small layer
of sheet cavitation was captured on the leading edge of the hydrofoil in
the present study, which was not clearly visible in the experiments.
The velocity profile on the 90% span position was compared in Fig. 6.
Despite the slight deviation, the flow trend corresponded well with the
experiment. It demonstrated that based on the numerical methods
adopted in the paper, the tip vortex flow field could be successfully
simulated.

To identify the influence of TVC on tip vortex flow, the flow
trends and pressure distributions around the tip vortex were analyzed
using streamlines and pressure contours based on the simulation
results. Subsequently, the differences between the tip vortices in the
wetted and cavitating conditions were compared.

The flows near the TVC region were visualized using the stream-
lines in the left column of Fig. 7. In the next step, the instantaneous
pressure distributions and velocity streamlines were obtained at
x¼ 0.1 (the position of TVC inception), as illustrated in the right col-
umn of Fig. 7.

TABLE I. Comparison of the lift coefficients obtained in the cavitation condition.

Lift coefficient

Error Error ratePresent Takasugi et al.42

10 0.585 0.565 0.020 3.5%

FIG. 4. Comparison of the lift coefficient obtained in the present simulation and in
the experiment by Takasugi et al.42

FIG. 5. Comparison of the results obtained under cavitating conditions in the present simulation (right) and those obtained by Takasugi et al.42 (left).
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First, the streamlines shown in the left column of Fig. 7 demon-
strated that the flow trend under the wetted condition was similar to
that of the cavitating condition. The generation of TVC had only a
slight impact on the local flow around it. However, as shown in the
pressure distribution at x¼ 0.1, the pressure distribution details under
the wetted and cavitating conditions were quite different. Under the
wetted condition, the strong swirl of the tip vortex led to a pressure
reduction in the vortex core region, generating a low-pressure region,
which subsequently caused the generation of TVC. After cavitation
occurred, the cavitation bubbles compensated for the low-pressure
region and reduced the pressure gradient induced by swirling motion.

Second, the swirling streamlines in the pressure distribution dia-
gram showed that the rotation trends of the tip vortex were roughly
the same under these two conditions. In the inception position of the
tip vortex, the fluid from the pressure side of the hydrofoil tended to
move upward. After crossing the tip region, the flow direction gradu-
ally became bent and turned to the suction side (indicated by the
yellow arrow in Fig. 7). Then, the flow converged near the suction side
surface and formed the rejection flow (indicated by the black arrow in
Fig. 7). Hence, the rotating movement of the tip vortex flow could be
divided into two parts, namely, the incident flow from the pressure
side and the rejection flow to the suction side.

Furthermore, Fig. 8 depicts the influence of TVC on the tip vor-
tex structures, indicating the iso-surface with the Q-criterion of the tip
vortex. In addition, to clarify the influence of TVC on the tip vortex,
the tip vortex structure at x¼ 0.1 was enlarged.

Figure 8 shows that the development of the tip vortex under the
two conditions was not significantly different. In the wetted and cavi-
tating conditions, the tip vortices were curved downward and pre-
sented bow-like shapes. Specifically, as TVC was generated at the core

FIG. 6. Velocity profile comparison in the 90% span position.

FIG. 7. Flow streamlines around the NACA0012 hydrofoil: (a) wetted condition and (b) cavitating condition.

TABLE II. Model settings for NACA0012.

Variables Symbols Case setting

Inlet velocity VI 6.0
Attack angle a 10
Saturation pressure pv 3170.34
Density of water qw 997.561
Density of vapor qv 0.595 31
Dynamic viscosity of water lw 8.8871� 10�4

Dynamic viscosity of vapor lv 1.267 65� 10�5
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region of the tip vortex, TVC also presented the same shape as the tip
vortex.

However, as shown in the right column of Fig. 8, the Q-Criterion
distribution of the tip vortex at x¼ 0.1 revealed differences in the
shape of the vortex core under the two working conditions. Under the
wetted condition, the strength inside the vortex core was extremely
strong, as indicated by the pure red color. Under the cavitating condi-
tion, the strength of the vortex core was significantly reduced. In addi-
tion, the shape of the tip vortex changed considerably in the cavitating
condition. Under the wetted condition, the shape of the tip vortex was
solid and expanded almost equally in the radial direction. However,
after TVC occurred, as the vortex strength in the region where TVC
was generated decreased dramatically, the shape of the vortex became
annular.

V. RESULTS AND DISCUSSION

After verifying the accuracy of the selected models, obtaining the
flow trend of the tip vortex, and determining the generation reasons
for TVC, the active injection method was included in the simulation
for TVC suppression. First, two water injection locations were selected
to validate the suppression effect of the water injection method on

TVC. Then, from 0 to 12m/s, the injection velocities were separated
into five grades and the influence of the injection velocities on the tip
vortex and its cavitation was analyzed, as discussed in Sec. VB. Finally,
the influences of the injection angles were explained, as presented in
Sec. VC.

A. TVC control by side and top water injection

As shown in Fig. 9, seven injection holes with a diameter of
1mm were opened in the tip area in this section. According to the dif-
ferent positions of the injection holes, the water injection method
could be divided into two types, namely, side injection and top injec-
tion, and the effect of active injection on cavitation suppression was
studied using these two methods. Along the normal direction of the
holes, water was injected into the cavitation region with an injection
speed of VJ ¼ 1.5 VI .

As shown in Fig. 9(a), the opening positions of the holes were
located at the suction side and 2mm from the center along the trailing
edge. The positions were close to the inception area of TVC, and the
injected water could directly influence the development of the tip vor-
tex. As shown in Fig. 9(b), injection holes opened along the centerline
of the trailing edge. The positions were far away from the tip vortex

FIG. 8. Tip vortex and TVC structure in wetted and cavitating conditions: (a) Q¼ 100 000 s�2 in wetted condition, (b) Q¼ 100 000 s�2 in cavitating condition, and (c) av¼0.1
in cavitating condition.
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region, and the injection flow could only affect the tip vortex through
the movement of the flow field.

As a thrust machine, the most important characteristic of an
elliptical hydrofoil is its hydrodynamic performance, such as lift and
drag performance. In this study, the lift coefficient Cl and drag coeffi-
cient Cd of the elliptical hydrofoil were measured under three working
conditions, namely, without injection (W/O), top injection (T/I), and
side injection (S/I). Figure 10 shows the change curves of Cl and Cd

over time under the three working conditions, and the time-averaged
coefficients were recorded, as shown in Table III. To ensure that the
flow was stabilized during time-averaged calculation, only the results
in the period after t¼ 0.2 s were involved. Furthermore, a higher lift-
to-drag ratio indicated higher propulsion performance with less resis-
tance, and this could improve the efficiency of ship appendages.49–51

The lift-to-drag ratios under the three working conditions were com-
pared, as presented in Table III. The lift coefficient Cl , drag coefficient
Cd , and lift-to-drag ratio K could be defined as follows:

Cl ¼ Fl
0:5qU2Sl

; (16)

Cd ¼ Fd
0:5qU2Sd

; and (17)

K ¼ Cl

Cd
; (18)

where Fl and Fd are the lift and drag, respectively, and Sl and Sd
denote the projection areas of the elliptical hydrofoil in the y and z
directions, respectively.

As shown in Fig. 10, the distributions of Cl and Cd along with the
varying physical times were nearly the same under the three condi-
tions. Only the pulsation frequency of Cd in the top injection condi-
tion was higher than it under S/I and W/O. The results in Table III
showed that the drag coefficients under the three conditions were
roughly the same. The lift coefficient and lift-to-drag ratio under the
top injection condition were both higher and about 1.1% than the con-
dition without injection, while they were lower by about 0.36% and
3.4%, respectively, under the side injection condition.

FIG. 9. Positions of the injection holes:
(a) side injection and (b) top injection.

FIG. 10. Force coefficient comparison
under W/O, S/I, and T/I conditions.

TABLE III. Comparison of the force coefficients under W/O, S/I, and T/I (Cl : lift coef-
ficient and Cd : drag coefficient).

Condition Cl Cd K

W/O 0.547 0.0388 14.39
S/I 0.545 0.0387 13.90
T/I 0.553 0.0388 14.55
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To compare the TVC suppression effects of the two injection
methods, the cavitation structures in the three conditions were visual-
ized based on the iso-surface of the volume fraction of the vapor av , as
shown in Fig. 11. The cavity volumes of the cavitation bubbles in the
three conditions are listed in Table IV.

First, in the cavitating condition, TVC developed a long distance
toward downstream and could be clearly captured, and the cavity vol-
ume captured by the simulation in this condition was 2.38� 10�7 m3.
Second, in the S/I condition, the volume of the cavitation bubbles was
0.61� 10�7 m3. Compared to the cavitating condition, the volume of
vapor decreased by about 1.17� 10�7 m3, and TVC produced by the
hydrofoil almost disappeared. Finally, according to Table IV, T/I could
inhibit the inception of TVC by about 0.68� 10�7 m3. The results
indicated that both injecting water in the side and top regions could

effectively mitigate the generation of TVC, and side injection had a
better effect. At the same time, some cavitation bubbles were generated
behind the injection hole positions in both injection methods, as the
injection flow changed the direction of the flow near the holes.

According to the flow field analysis in Fig. 7, the TVC of the
hydrofoil was derived from the pressure reduction produced by the
rotation effect of the tip vortex. Therefore, exploring the effect of injec-
tion on tip vortex motion was an effective way to determine the influ-
ence of injection on cavitation inhibition. In this study, the slides at
the center of the injection holes were extracted, and the Q-criterion
contours and local streamlines were used to visualize the flow trend of
the tip vortex. Subsequently, the influences of injection flow on the tip
vortex structure were analyzed based on the results.

The tip vortex core was clearly indicated by the red region in
Fig. 12(a), and the region bounded by the tip vortex core was the TVC
position. In the W/O condition, the structures of the tip vortex and its
cavitation were stable. The TVC was wrapped by the tip vortex core
region, as shown in Fig. 12(a), and Fig. 12(a) also shows the inception
and mature positions of the tip vortex. When x¼ 0.073, the tip vortex
was still in the nascent stage, where it was very small and close to the
surface of the hydrofoil. When the vortex developed to the position
where x¼ 0.082, it was completely detached from the surface of the
hydrofoil and fully formed.

The disturbance effect of the two injection methods on the tip
vortex could be determined from Fig. 12.

FIG. 11. TVC structures in the three con-
ditions: (a) W/O, (b) S/I, and (c) T/I.

TABLE IV. Comparison of the cavity volumes of the hydrofoil under different injec-
tion conditions.

Condition
Cavity

volume (�10–7 m3)
Injection

speed (m/s)
Change rate of

the cavity volume

W/O 1.75 9 …

S/I 0.58 9 0.67
T/I 1.07 9 0.39

FIG. 12. Comparison of the tip vortex structures during the vortex development: (a) W/O, (b) T/I, and (c) S/I.
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According to Figs. 12(b) and 12(c), the energy carried by the
injection flow would significantly damage the vortex structure near
the injection region when the holes were opened vertically or laterally.
The degree of damage differed between the two injection methods due
to the different locations of the holes.

Under the T/I condition shown in Fig. 12(b), the injection flow
only destroyed the vortex formed at the tip position, and the structure
of the tip vortex was relatively intact. Although there was a slight
increase in the diameter of the tip vortex under the T/I condition com-
pared to the W/O condition, their development trends were similar.

However, the tip vortex structure changed drastically under the
S/I condition, as opposed to the T/I condition. As shown in Fig. 12(c),
because the flow injected by the lateral holes could directly act on the
core region of the tip vortex and its cavitation, the tip vortex was
decomposed into several disordered and smaller vortices. Under this
action, the disorderliness of the flow in the vortex core area increased
and the directional rotation intensity of the tip vortex decreased.
Subsequently, the pressure drop caused by the rotation also showed a
decreasing trend, and the generation of TVC was inhibited.

Directly destroying the tip vortex structures was shown to effec-
tively inhibit the development of TVC, and this was one reason S/I
had such a significant effect on the suppression of TVC. In addition to
directly destroying the tip vortex, forcing the flow trends of the tip vor-
tex could also affect TVC generation. As mentioned above, under the
T/I condition, only the vortex formed at the tip position was destroyed
and the tip vortex still was intact. The reason why top injection could

also effectively suppress TVC was it influenced the flow trends. To
analyze the flow field around the opening positions more clearly, the
flow field at the typical position (x¼ 0.073) was enlarged, as shown in
Fig. 13.

As mentioned in Sec. IV, the rotational motion of the tip vortex
could be divided into two parts. One part was the incident flow from
the pressure side of the elliptical hydrofoil, and the other one was the
rejection flow to the suction side surface. Compared to the flow trend
shown in Fig. 13(a), the trend shown in Fig. 13(b) indicated that the
vertical fluid jet could effectively change the direction and velocity of
the incident flow, subsequently reducing the rotation intensity of the
hydrofoil tip vortex, and reduce the vortex core pressure drop. Based
on the same principle, as shown in Fig. 13(c), S/I had an impact on the
rejection flow of the tip vortex. However, because this method also
caused severe damage to the tip vortex structure, the effect of rejection
flow redistribution caused by S/I on the suppression of the tip vortex
rotation intensity could not be effectively analyzed. In summary, T/I
only inhibited TVC generation by redistributing the tip vortex flow,
and S/I could influence TVC by directly damaging the structure of the
tip vortex and redistributing the flow.

B. Injection velocity control in water injection
methods

After verifying the effect of water injection on TVC suppression,
the injection velocity and angle were selected to analyze the parametric

FIG. 13. Comparison of the tip vortex structures in the vortex inception position: (a) W/O, (b) T/I, and (c) S/I.

FIG. 14. Parametric control of water injec-
tion under different (a) injection velocities
and (b) injection angles.
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control of water injection. Because the side injection method could
better inhibit TVC, this condition was used during parametric control.

First, the injection velocity was varied during TVC control, where
from 0 to 12m/s, the injection velocity, VJ , could be divided into five
grades. Subsequently, the influence of this parameter on TVC suppres-
sion was analyzed [Fig. 14(a)].

Table V lists the lift and drag coefficients along with the different
injection velocities used to determine the influence of injection velocity
on the hydrodynamic performance of the hydrofoil. Similar to the
results presented in Subsection VA, as the velocity of the injecting
water increased, the hydrodynamic performance was almost the same.
This meant that after injection from the holes, the injecting fluid was
only concentrated in the ambient region of the tip vortex and would
not significantly impact the flow around the hydrofoil.

In the next step, the TVC structures and time-averaged cavity
volumes under the different injection velocities were illustrated, as
shown in Figs. 15 and 16, respectively.

Figure 15(a) shows that when S/I was not involved, the TVC
structure consisted of a slender bubble and could develop for a long
distance downstream.

Second, under VJ ¼ 3m/s, as shown in Fig. 15(b), the diameter
and development length of the TVC decreased compared to the struc-
ture shown in Fig. 15(a), where one discontinuous point occurred in
the middle of the TVC. Moreover, when the injection velocity increased
to 9m/s, TVC almost disappeared and its structure became illegible.

Third, a comparison of Figs. 15(a)–15(d) revealed that as the
injection velocity increased, the first position of discontinuous points
of TVC (marked by the black arrows) moved forward. Hence, as the
injection velocity increased, the degree of cavitation instability also
increased. Furthermore, the effect of injection velocity was limited.
According to the results shown in Figs. 15(d) and 15(e), when the
injection velocity was increased to 12m/s, the structure of TVC was
similar to that in Fig. 15(d).

The time-averaged cavity volumes under the five injection veloci-
ties are depicted in Fig. 16, as the TVC structure shown in Fig. 15 was
instantaneous and the results obtained by analyzing this structure
were possibly accidental. As shown in Fig. 16, each injection velocity
could effectively suppress TVC. When the injection velocity was less
than 9m/s, the TVC suppression rates increased as the injection veloc-
ity increased, whereas the gradients of the suppression rate decreased
at the same time. However, when VJ ¼ 12m/s, the time-averaged cav-
ity volume was 0.614� 10�7 m3 and was slightly higher than the vol-
ume at VJ ¼ 9m/s. The results showed that increasing the injection
velocity could increase TVC inhibition, but when the velocity reached
a certain value (9m/s in this study), the inhibition effect would no lon-
ger increase. Furthermore, because the velocity was only divided into
five grades, the optimal injection velocity for TVC suppression could
not be accurately determined.

To further clarify the influence of injection velocity on the tip
vortex, the instantaneous vorticity fields at x¼ 0–1 C were illustrated,
as shown in Fig. 17. As presented in Fig. 17(a), without water injection,
the tip vortex first increased at x¼ 0 C. At this position, the vortex
had the strongest rotating strength, but the smallest diameter. When
the tip vortex was developed to the position of x¼ 0.1 C, its diameter
was enlarged by TVC. Subsequently, the tip vortex matured to form a
complete circle at x¼ 0 :4C. Comparing the contours from upstream
to downstream in Fig. 17(a) clearly showed that after the tip vortex

TABLE V. Time-averaged coefficients under the different injection velocities.

Positions of holes VJ (m/s) Cl Cd

S/I 0 0.547 0.0388
S/I 3 0.547 0.0388
S/I 6 0.546 0.0387
S/I 9 0.545 0.0387
S/I 12 0.545 0.0387

FIG. 15. TVC structures under different injection velocities: (a) Vj ¼ 0, (b) Vj ¼ 3, (c) Vj ¼ 6, (d) Vj ¼ 9, and (e) Vj ¼ 12 m=s.

FIG. 16. Time-averaged cavity volumes and suppression rates under different
injection velocities.
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FIG. 17. Contours of jxx j comparison for different injection velocities: (a) Vj ¼ 0, (b) Vj ¼ 3, (c) Vj ¼ 6, (d) Vj ¼ 9, and (e) Vj ¼ 12m=s.
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completely formed, its structure was unchanged, but its rotating
strength gradually decreased.

When water was injected into the tip vortex region, the develop-
ment of the tip vortex changed. Initially, at the TVC inception posi-
tion, the tip vortex structure was dramatically deformed. Then, when
the deformed vortices developed toward the downstream (x¼ 0.2 C to
x¼ 0.4 C in Fig. 17), they merged with each other and reformed into
one vortex. Finally, the reformed tip vortex continued to develop back-
ward and gradually dissipated. Therefore, if water injection was not
included in the calculations, the tip vortex underwent only three stages
of development, namely, inception, growth, and dissipation. However,
with side injection, the tip vortex deformed at the inception stage, and
the growth stage was accompanied by the merging stage. As the injec-
tion velocity increased, the deformation of the tip vortex increased and
the degree of decrease in vorticity intensity during the merging process
increased.

Furthermore, from x¼ 0–1 C, the surface-averaged intensities of
the vortices, x, were visualized, as shown in Fig. 18. The curves in
Fig. 18 showed the trends of x from the upstream to the downstream
under the different injection velocities, where the histograms in the fig-
ure indicated the sums of the vorticity intensities in the tip vortex cores
under the five conditions. For isolating the vortex core region, only the
areas with jxxj above 5000 were used in the calculation. The definition
ofx was as follows:

x ¼

ðð
xcoredydzðð
Scoredydz

; (19)

where xcore is the jxxj value in the vortex core region, Score is the area
of the vortex core region, and jxxj is the redefinition of vorticity distri-
bution along the streamwise direction. By taking only the absolute
value, jxxj ignored the rotation direction of the vortex and only
extracted its intensity. Therefore, xcore redefined the distribution of
jxxj. We only recorded the distribution of jxxj when its value was
higher than 5000. Based on this process, the sum of vorticity intensities
at the tip vortex core on each surface [the molecules in Eq. (18)
denoted as xtotal] could be easily calculated. Score only identified those

positions whose jxxj value was above 5000, and after surface integra-
tion, the total area of the vortex core on each surface [the denominator
in Eq. (18) denoted as Stotal] could be obtained.

As shown in Fig. 18, when focusing on the distribution of xtotal,
before x¼ 0–1 C, xtotal indicated that the vortex tended to diffuse
from upstream to downstream. Furthermore, the values of xtotal only
showed slight differences under the five conditions. From x¼ 0.1 C to
x¼ 0.3 C, in the forming stage of the tip vortex, the shape of the tip
vortex gradually became circular, but the strength was considerably
reduced. Then, from x¼ 0.5 C to x¼ 1.0 C, the total intensities of the
tip vortices gradually stabilized. At this stage, xtotal gradually decreased
with an increase in the injection velocity.

The changes in the x distribution along with x=C were similar to
xtotal . However, from x¼ 0.3 C to x¼ 0.4 C, the distributions of x
under water injection showed an obvious downward trend, which was
not found under VJ ¼ 0m/s. As shown in Fig. 17, this process was
called the merging stage. After merging, x distributions within water
injection decreased to a level lower compared to under no injection. In
addition, when the tip vortex was developed to x¼ 1.0 C, the distribu-
tions of x under all injection velocity conditions showed trends analo-
gous to the distributions of the cavity volume.

According to Figs. 17 and 18, the energy carried by the injecting
water caused vortex structure deformation at the inception position of
the tip vortex, which reduced the strength of the tip vortex. At the
same time, similar to cavitation suppression, when VJ was less than
9m/s, an increase in injection velocity would continuously increase
the degree of reduction in the rotation intensity of the tip vortex.

C. Injecting angle control in the water injection
methods

Next, the injection angle, aj, had been changed to identify its
effects on TVC control [Fig. 14(b)]. Similar to the injection velocity,
from injection along the z direction to injection along the y direction,
aj was divided into seven grades and the changes in the hydrodynamic
parameters, cavitation bubbles, and the tip vortex structures along
with different aj are given below. When the injection angles were vari-
able, the velocity was constant and VJ¼9m/s.

First, the hydrodynamic performance of the hydrofoil at different
injection angles was compared, as given in Table VI. Upon varying the
injection angles, the maximum differences among the Cl and Cd values
were 0.002 and 0.0002, respectively, which were negligible during

FIG. 18. Variation in the averaged vorticity strengths under different injection
velocities.

TABLE VI. Time-averaged coefficients under different injection angles.

Positions
of the holes aj Cl Cd

S/I W/O 0.547 0.0388
S/I 0 0.547 0.0387
S/I 15 0.546 0.0386
S/I 30 0.546 0.0388
S/I 45 0.545 0.0387
S/I 60 0.545 0.0388
S/I 75 0.545 0.0387
S/I 90 0.545 0.0387
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working. Therefore, the hydrodynamic performance (lift and drag
coefficients) of the elliptical hydrofoil had a negligible relationship
with changes in aj, which was similar to that under different injection
velocities.

Second, the time-averaged cavity volume and its suppression rate
are illustrated in Fig. 19, and the TVC structures under the eight injec-
tion angles are shown in Fig. 20. It was evident that as the injection
angle increased, the suppression effect of water injection on TVC gen-
eration increased. However, the gradient of the suppression rate was
reduced.

Furthermore, as shown in Fig. 19, when water was injected along
the z direction, the time-averaged cavity volume was 1.88� 10�7 m3

and its suppression rate was �7%. This meant that when the injection
holes were located on the suction surface of the hydrofoil, directional
injection favored the generation of TVC instead of inhibiting it.
By contrast, the y-directional injection (aj ¼ 90�) could effectively
decrease the cavity volume, and the suppression rate under this condi-
tion could be as high as 68%.

As shown in Fig. 20, when the injection angle was less than 45�,
almost no discontinuous points were observed in the cavitation bub-
bles during the development of TVC. A discontinuous point first
appeared in Fig. 20(e), in which the injected water could directly act
on the cavitation structures and subsequently increase the instability

of the flow. Hence, the presence of discontinuity meant that flow in
the region was unstable. The phenomenon shown in Fig. 15(b) also
verified this conclusion, where the injected water could directly act on
the TVC; thus, even if the velocity was extremely low, the discontinuity
was still found in the middle of the TVC.

Third, as shown in Fig. 21, the influences of different injection
angles on vorticity development were visualized, which were con-
cretely determined by the destruction of the tip vortex structure at the
inception position (x¼ 0.1 C position) and the corresponding weak-
ening of the tip vortex core at the downstream region.

The agitation degree of injection flow to the incepted tip vortex
increased from aj ¼ 0� to aj¼ 90�. Under aj ¼ 0�, the shape of the tip
vortex was similar to that obtained without injection. When the injec-
tion angle increased to 15� and 30�, the vortex structure deformed at
x¼ 0.1 C and returned to normal in the next sliding position. From
deformation to normalization, the recovery process corresponded to
0.1, as shown in Figs. 21(b) and 21(c). Moreover, as shown in Figs. 21(d)
–21(h), the recovery process from deformation to normal was extended.

However, the suppression rate of the strength of tip vortex flow
increased as the injection angle increased. As shown in Fig. 21, the
diameter of the tip vortex (yellow region) and the final position of the
vortex core were effective parameters for evaluating the vortex strength
of the flow. As shown in Figs. 21(a)–21(c), the suppression effect of
water injection was rather small, TVC moved to the downstream
region, and the tip vortices were very similar. Figures 21(c)–21(f) show
that the diameter of the tip vortex core tended to gradually shrink, and
Figs. 21(f)–21(h) show that the diameter of the vortex core no longer
decreased, while the final position of the vortex core continued to
move forward.

VI. SUMMARY

In this study, based on the LES turbulence model and Schnerr–
Sauer cavitation model, the TVC of an NACA0012 elliptical hydrofoil
was numerically analyzed. First, the wetted and cavitating conditions
were simulated to analyze the mechanism of tip vortex generation and
its cavitation. Then, two injection methods, namely, side and top injec-
tion (S/I and T/I, respectively), were used to control TVC, and the
results showed that water injection could effectively suppress the TVC
development. Finally, the injection velocities and angles under S/I
were varied to determine their impact on the tip vortex formation and
TVC.

FIG. 19. Time-averaged cavity volumes and suppression rates under different
injection angles.

FIG. 20. TVC structures under different injection angles: (a) without injection, (b) aj ¼ 0�, (c) aj ¼ 15�, (d) aj ¼ 30�, (e) aj ¼ 45�, (f) aj ¼ 60�, (g) aj ¼ 75�, and (h)
aj ¼ 90�.
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FIG. 21. Contours of jxx j at different injec-
tion angles: (a) W/O, (b) aj ¼ 0�, (c)
aj ¼ 15�, (d) aj ¼ 30�, (e) aj ¼ 45�, (f)
aj ¼ 60�, (g) aj ¼ 75�, and (h) aj ¼ 90�.
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1. The generation of TVC was related to the swirling effect of the
tip vortex. After TVC occurred, it decreased the strength of the
vortex in the core region and reshaped its structure.

2. Both the T/I and S/I methods could effectively inhibit the gener-
ation of TVC, but they only had a slight impact on the hydrody-
namic performance of the hydrofoil. T/I could only change the
magnitude and direction of the vortex rotating flow, and side
injection could directly break the formation of the tip vortex.
Therefore, S/I was more effective in controlling TVC than T/I.

3. Under S/I, a certain increase in the injection velocity could dra-
matically enhance TVC inhibition. The maximum effective injec-
tion velocity in this study was 9 m/s. Moreover, increasing the
injection angle could effectively control TVC. In addition, the
impact of injection flow on vortex deformation mainly occurred
around the injection holes. Then, the deformed vortices would
merge with each other and recover to their circular shape in the
downstream region. Increasing the injection velocity or angle
could extend the recovery process.

4. Future studies will focus on optimizing water injection and
determining the optimal location of the injection holes.
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