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ABSTRACT

Recent experiments have demonstrated that tip vortices can trigger the ventilation formation around a surface-piercing hydrofoil. However,
the influence of this ventilation on transient flow structures and vortex evolution remains unresolved. This paper numerically investigates the
tip-vortex-induced ventilation formation for a surface-piercing hydrofoil at a stalled yaw angle. The predicted unsteady ventilated cavities
with tip vortices and pressure-side spray are in reasonable agreement with experimental observations. The ventilation formation process can
be divided into three stages: base ventilation, tip-vortex ventilation, and suction-side ventilation. It is indicated that ventilation has a greater
impact on the lift coefficient than the drag coefficient. The lift coefficient increases during the base ventilation and tip-vortex ventilation
stages due to the expansion of the low-pressure stalled flow, but decreases in the suction-side ventilation stage because of the gradual replace-
ment of this low-pressure region by an aerated cavity. Tip-leakage and tip-separation vortices initially exist independently at the hydrofoil
tip, then expand and merge through air ventilation, ultimately forming a strongly stable tip vortex. Furthermore, ventilation promotes vortex
generation, with the major contributors being the vortex stretching and baroclinic torque terms.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0177292

I. INTRODUCTION

High-speed unmanned ships have emerged as a vital element in
future ocean systems, offering the potential for lower costs, mitigated
risks, and enhanced flexibility and efficiency across a range of tasks and
applications.1–3 This includes a novel category of vessels known as
hydrofoil ships, which utilize hydrofoils as integral lift components that
allow the hull to be elevated above the water surface.4 Consequently, the
overall resistance encountered by hydrofoil ships is significantly reduced,
enabling them to achieve high speeds while sailing across the surface of
the water.5–7

As the hydrofoil operates in two different fluids, namely, air and
water, a downward pressure difference occurs at the air–water inter-
face. This pressure difference causes air to flow toward the low-
pressure water area, forming an aerated cavity on the suction side (SS)
of the hydrofoil. This phenomenon is called ventilation, and the

resulting air cavity is referred to as a ventilated cavity. Ventilation pro-
foundly affects the hydrofoil’s hydrodynamic performance due to the
replacement of water with air on the suction surface.8 Further advances
in hydrofoil technology will undoubtedly depend on controlling the
formation of ventilation. Consequently, studying the mechanism of
ventilation formation will help us better understand its effects and how
to utilize ventilation to improve the hydrodynamic performance of
hydrofoils.

Since 1950, numerous experimental studies have investigated the
ventilation formation mechanisms, leading to a comprehensive under-
standing of the various hydrofoil ventilation modes. In 1959, Breslin
and Skalak9 performed experiments using a surface-piercing hydrofoil.
They observed that air enters the tip vortex from the hydrofoil’s trail-
ing edge (TE) and ventilates the hydrofoil’s leading edge (LE) through
the tip vortex, which is called “tip-vortex-induced ventilation.”9,10
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Using particle image velocimetry, Pogozelski et al.11 observed that
when waves near the hydrofoil interfere with the free surface, vortex
structures are generated that destroy the free surface sealing, causing
air entrainment at the hydrofoil’s suction surface. This ventilation
mode is called “stall-induced ventilation.” Rothblum12 found that,
under a high Froude number and an appropriate angle of attack, the
Taylor instability of the free surface also causes air to occupy the
hydrofoil’s SS. This ventilation mode is referred to as “tail ventilation.”
The hydrofoil’s suction surface experiences vaporous cavitation due to
low pressure at high Froude numbers.13–15 Due to the extremely low
pressure inside the cavity, even a minor disturbance can rapidly intro-
duce air into the vaporous cavity, leading to ventilation formation.
This ventilation mode is known as “cavitation-induced ventilation.”
Recently, a series of ventilation experiments have been conducted by
Harwood et al. at low and medium Froude numbers.16–18 They have
extensively explored various ventilation modes and fully described the
characteristics of the flow regime during the ventilation process.
Through their experiments, they have provided extensive insight into
the ventilation formation mechanisms17 and have identified stable
regions in the parameter space for fully wetted (FW) flow, fully venti-
lated (FV) flow, and partially ventilated (PV) flow. Subsequently, they
conducted experiments to investigate the hydroelastic response of a
hydrofoil in wetted, ventilating, and cavitating flows.19,20 Huang et al.
carried out numerous experiments in a constrained-launching water
tank and have extended their insight to the transition mechanisms of
flow regimes at high Froude numbers.10,21 They found that only the
FW and FV states exist at high speeds. On this basis, Wang et al. stud-
ied the ventilation mechanism induced by cavitation together with a
water surface depression and proposed a criterion for this type of ven-
tilation formation.22 The tip-vortex cavitation, along with the torque
and noise, were experimentally analyzed for a pitching hydrofoil under
static and dynamic angles of attack (AoAs).23 Another study generated
periodic bubbling cavitation from a Harvey-type crevice in a Venturi
experimental section and showed that the cavitation frequency
strongly depends on the non-condensable gas content, indicating that
this cavitation phenomenon is driven by gas diffusion.24

Numerical research has also been used to obtain details about the
ventilating flow of a surface-piercing hydrofoil.21 With advances in
high-performance computing, many scholars25–27 have employed
CFD to simulate the ventilation phenomena of hydrodynamic devices,
yielding promising and satisfactory results. Charlou et al. studied the
ventilation inception and stability under bistable conditions through
the Reynolds-averaged Navier–Stokes method with a Cartesian grid.28

The simulated results were found to be in good agreement with experi-
mental data, demonstrating that the transient mechanism is the reason
for ventilation inception. This underscores the importance of studying
transient mechanisms in the process of unsteady ventilation. Matveev
et al.29 used the STAR-CCMþ software to perform numerical simula-
tions on hydrofoils with varying yaw angles as a means of studying
ventilation phenomena. The calculated results exhibited satisfactory
agreement with experiments. Their study revealed that using the k–e
turbulence model together with grid refinement near the hydrofoil LE
and the free surface can effectively simulate the unsteady cavitating
flow during the ventilation process. Various simulation schemes (e.g.,
turbulence intensity, time step, interface capture scheme) have been
used to simulate surface-piercing hydrofoils.10,30–32 The results indicate
that adopting a reasonable time step and grid refinement are helpful in

predicting the ventilation flow characteristics. Zhi et al. investigated
the ventilation elimination when a plate hydrofoil pierces the water
surface under deceleration, demonstrating that the stability of a venti-
lated cavity is strongly dependent on the reentrant jet.10,32 Zhi et al.
studied the cavitation shedding dynamics of a surface-piercing hydro-
foil using large-eddy simulations (LES), with an emphasis on the cavi-
tation–vortex interaction.33 Wang et al. simulated the flow structures
around a semi-ogive hydrofoil at various angles of attack and analyzed
the interaction between natural supercavitation and ventilation, find-
ing that the lift coefficient is reduced by half when supercavitation
transitions into a fully ventilated flow.34 Li et al. proposed a high-
fidelity LES framework that accurately captures the turbulent venti-
lated flow around a surface-piercing hydrofoil.35 To capture the shock
waves induced by bubble collapse and rebound, Nguyen et al. devel-
oped a high-resolution Riemann solver that considers both compress-
ibility and mass transfer during phase-change transitions.36 Zhang
et al. analytically studied the free oscillation of a single bubble in a nar-
row gap in comparison with that in an infinite liquid, demonstrating
that the former is significantly influenced by the bubble radius.37

Based on the above literature review, numerous scholars have
conducted studies on the gas–water two-phase flow around a surface-
piercing hydrofoil through experiments and calculations, including the
transition mechanisms of flow patterns, hydroelastic responses, and
vaporous cavitation effects on ventilation.33 Although tip-vortex-
induced ventilated cavities can be experimentally observed, it is diffi-
cult to obtain quantitative information on the aerated flow field using
existing measurement techniques. Additionally, there are a few reports
on the tip-vortex-induced ventilation dynamics and their formation
mechanism, and the correlation between ventilation and the associated
flow structures is still unclear. Therefore, the present paper numerically
investigates the ventilation formation mechanism induced by tip vorti-
ces. The transient evolution of gas ventilation and its associated hydro-
dynamic fluctuations are analyzed in depth. A particular emphasis is
directed toward understanding the correlation and influence of ventila-
tion on the flow structures and vortex evolution.

II. SIMULATION APPROACH
A. Governing equations

The homogenous equilibrium flow assumption is employed
herein for solving the two-phase flow with the following governing
equations:38

@qm
@t

þ @ qmuið Þ
@xi

¼ 0; (1)

@ qmuið Þ
@t

þ @ qmuiujð Þ
@xj

¼ � @p
@xi

þ @

@xj
lm þ ltð Þ @ui

@xj
þ @uj

@xi
� 2
3
@uk
@xk

dij

 ! !
; (2)

where ui is the velocity component in the i-direction, p is the mixture
pressure, lt is the turbulent viscosity, qm is the mixture density, and
lm is the laminar viscosity.39 The mixture properties are calculated by
volume-weighted averaging of each phase according to

qm ¼ aaqa þ 1� aað Þql; (3)

lm ¼ aala þ 1� aað Þll; (4)
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where a is the volume fraction, and the subscripts l and a represent liq-
uid water and air, respectively.40

The realizable k–e turbulence model is adopted to ensure the clo-
sure of the lt expression for turbulent flows.41 lt is calculated by
lt¼ qmClflkT, where Cl is a model coefficient (Cl¼ 0.09), fl is a
damping function, and T is the turbulent timescale. This is the large-
eddy timescale (Te) given by42

T ¼ Te ¼ k
e
: (5)

The transport equations for the turbulent kinetic energy k and
the turbulent dissipation rate e are

@

@t
ðqmkÞþr � ðqmk�uÞ ¼ r � lm þ lt

rk

� �
rk

� �
þ Pk � qmðe� e0Þ;

(6)
@

@t
ðqmeÞþr � ðqme�uÞ ¼ r � lm þ lt

re

� �
re

� �

þ 1
Te

Ce1Pe � Ce2f2qm
e
Te

� e0
T0

� �
; (7)

where �u is the mean velocity, rk, re, Ce1, and Ce2 are model coeffi-
cients,42 f2 ¼ k

kþ ffiffiffiffi
�e

p is a damping function, and e0 represents the ambi-

ent turbulence value to offset turbulence attenuation.43,44 Furthermore,
to add an ambient source term, the specific timescale T0 is defined in
Eq. (8),45 where Ct¼ 1 is a model coefficient and � is the kinematic
viscosity.

T0 ¼ max
k0
e0
;Ct

ffiffiffiffi
v
e0

r !
: (8)

In Eqs. (6) and (7), Pk and Pe are production terms given by

Pk ¼ fcGk þ Gb � cM ; (9)

Pe ¼ Ce3Gb; (10)

where Gk and Gb are production terms that consider turbulence and
buoyancy, respectively, and cM is the compressibility modification.42

Ce3 is a model coefficient, and fc is the curvature correction factor.
As regards the wall function, on the cell closest to the profile, a

two-layer model approach is applied. This imposes a first thin laminar
layer near the wall and a second logarithmic layer over the first and
assumes that the centroid of the first cell near the wall lies within the
logarithmic region of the boundary layer.

B. Wave damping

Wave damping is applied at the outlet and lateral planes in
numerical simulations33 to avoid wave reflection. Specifically, the fol-
lowing resistance term is introduced to the vertical velocity component
(w-velocity):46

Sdz ¼ qm m1 þm2jwjð Þ e
j � 1
e1 � 1

w; (11)

j ¼ x � xsd
xed � xsd

� �nd
: (12)

In this context, xsd, and xed represent the starting and end points
for wave damping, respectively, andm1,m2, and nd are model parame-
ters that can be found in Ref. 46.

C. Hydrofoil geometry

A plate hydrofoil (Fig. 1) is selected, as used in a great many
experiments with a constrained launch experimental system.21 The
hydrofoil has an isosceles triangular cross section along the spanwise
direction with a vertex angle of 20�,33 so the foil trailing edge is blunt.
This study focuses on the ventilation formation caused by the tip vor-
tex. The geometrical parameters and operation conditions (Table I)
are consistent with the experimental conditions, that is, the yaw angle
is b¼ 20�, the immersed aspect ratio is ARh¼ 1.5, and the hydrofoil
speed gradually increases in the range of 0.8–2.7 m/s relative to the
incoming flow, corresponding to depth Froude numbers of
Frh¼0.93–3.15. Velocity variations are considered in the present simu-
lations. Minor changes in velocity are often neglected and treated as
part of a uniform motion in high-speed surface-piercing conditions.

D. Computational domain, boundary conditions and
numerical setup

To mirror the experimental setup, Fig. 2 depicts the computa-
tional domain, which ranges from [10c,�20c] in the X-direction, from
[�5c, 5c] in the Y-direction, and from [5c, �10c] in the Z-direction. A
time-varying velocity profile is set at the inlet boundary, which
matches the magnitude of the velocity experienced by the hydrofoil in
the experiment. For the pressure outlet boundary, a hydrostatic pres-
sure distribution is applied, corresponding to a flat volume-of-fluid
wave.33 The pressure is set to Patm¼ 101325Pa at the free surface. The
other surfaces are set as no-slip wall boundaries, implying that the flow

FIG. 1. Hydrofoil geometry.

TABLE I. Geometrical parameters and operation conditions.

Chord length c 0.05 m
Span S 0.25 m
Tip immersion h 0.075 m
Yaw angle b 20�

Immersed aspect ratio ARh ¼ h
c 1.5

Velocity u1 0.8–2.7 m/s
Depth Froude number Frh ¼ u1ffiffiffiffi

gh
p 0.93–3.15
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velocity is zero at these surfaces, following the solid boundary condi-
tions. By implementing these boundary conditions, we effectively repli-
cate the experimental setup with the aim of accurately simulating the
transient ventilation phenomenon.

For the volume-of-fluid solution, we employ the high-resolution
interface capturing scheme.33 The time step is set to Dt¼ 0.0001 s.
This numerical method has been used in many similar studies and has
been proven to accurately reproduce the cavity evolution with free sur-
face deformation.

E. Mesh generation

The mesh quality and resolution are crucial in accurately predict-
ing the behaviors of ventilated cavities. To achieve a more precise rep-
resentation of the ventilation flow field, we utilize a high-quality
Cartesian grid together with the control volume method to effectively

capture the flow dynamics around the hydrofoil. The meshing process
is illustrated in Fig. 3.

Initially, a surface remesher is applied on the hydrofoil suction
surface and pressure surface, generating a high-quality surface mesh
with good surface triangulation.33 Subsequently, a prism layer mesh
and trimmed mesh are generated based on the surface mesh. The
mesh around the foil wall has 32 layers and a growth rate of 1.2, with a
total thickness of 0.0015m, as shown in Fig. 3(c). To satisfy algorith-
mic requirements,26,28,29 yþ is less than 30.

The refined grid around the hydrofoil enables a more accurate
simulation of the flow regime within the aerated cavity and the free
surface. Using this mesh setup enhances the reliability and accuracy of
our simulation results, allowing for a comprehensive understanding of
the complex flow dynamics that occur during ventilation formation.

F. Numerical verification

Three meshes are used to investigate the grid independence. In
the following, the subscripts 1, 2, and 3 correspond to coarse, medium,
and fine meshes, respectively. The lift coefficient (CL) and drag coeffi-
cient (CD) are calculated at a specified condition (Frh¼ 3.15,
ARh¼ 1.5, b¼ 20�). These coefficients are defined as

CL ¼ L
0:5qmu21hc

; CD ¼ D
0:5qmu21hc

: (13)

To assess the mesh independence, the grid convergence index
(GCI) method47–49 is employed. The GCI for the fine mesh can be
defined as

GCI32 ¼ Fsje32j
sv � 1

; (14)

where Fs is the safety factor (Fs¼ 1.25), e32 is the relative error
(e32¼ n3 � n2, where n represents CL or CD), s is the mesh refinement
ratio (s¼N3/N2¼ 2, where N is the grid number), and v indicates the
convergence order, obtained as

v ¼ ln
n3 � n2
n2 � n1

� �
=lnðsÞ: (15)

The GCI values for CL and CD are presented in Table II. For CL,
the GCI between the medium and coarse meshes is GCI21¼ 0.83%,

FIG. 2. Computational domain.

FIG. 3. Meshing details: (a) refined region, (b) refined region around the foil, and (c) prism layer grid.
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while that between the fine and medium meshes is GCI32¼ 1.44%. For
CD, the GCI between the medium and coarse meshes is GCI21¼ 1.00%
and that between the fine and medium meshes is GCI32¼ 1.81%. This
indicates that the results using the various grid resolutions are very
similar for both CL and CD. With the value of v� 0.789 herein, we
have that GCI32�sv�GCI21, which demonstrates that the solutions
using these three grid resolutions are within the scope of asymptotic
convergence.33 Using the Richardson extrapolation method, it can be
inferred that when GCI is less than 5%, the simulated results obtained
from mesh 3 are grid-independent. Therefore, subsequent simulations
are performed using the grid generated by mesh 3. This approach
ensures that the numerical results are reliable and not significantly
influenced by the grid resolution.

III. RESULTS AND DISCUSSION
A. Flow characteristics during the formation
of tip-vortex-induced ventilation

Figure 4 illustrates the ventilated cavities at various instants, as
observed in the experiments and computed by the numerical scheme.
The numerical results visualize the air–water interface using an isosur-
face with a water fraction threshold of 0.5. These calculated results are
in reasonable agreement with the experimental observations.

The numerical simulations capture the ventilated cavity on the SS
together with the pressure-side (PS) spray at various stages in the ven-
tilation process. Particularly noteworthy is the prominent presence of a
tip vortex that actively absorbs air from the base cavity aft of the
hydrofoil’s TE.

Four different flow regimes have been identified throughout the
ventilation formation process: base ventilated (BV) flow, tip-vortex
ventilated (TVV) flow, suction-side ventilated (SSV) flow, and fully
ventilated (FV) flow. The multiphase flow characteristics at these dif-
ferent stages are described as follows:

Base ventilated (BV) flow: An aerated cavity forms in the sepa-
rated flow behind the hydrofoil’s TE, primarily confined to the aft sec-
tion of the blunt TE. The pressure is higher on the PS than on the SS,
causing the free surface to deform into small water spray sheets
[Figs. 4(a)–4(c)].

Tip-vortex ventilated (TVV) flow: The hydrofoil’s TE is entirely
enclosed within the BV cavity. The vortex at the hydrofoil tip continu-
ously entrains air due to its low pressure, promoting the accumulation
of gas at the hydrofoil tip and forming an aerated tip vortex, as shown
in Figs. 4(d) and 4(e).

Suction-side ventilated (SSV) flow: Due to the presence of suffi-
ciently stable aerated tip vortices, air can be continuously supplied
from the wake. Therefore, the cavity rapidly expands toward the free
surface and the hydrofoil TE, exhibiting an upward-sloping trajectory,
as depicted in Figs. 4(f)–4(h).

Fully ventilated (FV) flow: The hydrofoil’s submerged portion is
entirely enclosed within the ventilated cavity. Large water spray sheets
form on both sides and there is a strong tip vortex. The FV flow
remains stable, as shown in Fig. 4(i).

Based on the findings from experiments and numerical simula-
tions, the three stages in the ventilation formation process are illus-
trated in Fig. 5.

First stage: Base ventilation formation, shown in Fig. 5(a). At the
hydrofoil’s TE, air ventilation is initiated as the hydrofoil accelerates,
leading to the formation of an aerated cavity behind the hydrofoil. As
the speed of the hydrofoil increases, air begins to penetrate downward
along the hydrofoil’s blunt TE.

Second stage: Tip-vortex ventilation formation, shown in Fig. 5(b).
As the hydrofoil speed continues to increase, air enters the tip vortex,
forming an aerated vortex core. The air continues to flow upstream
along the tip, and finally arrives at the hydrofoil’s LE.

Third stage: Suction-side ventilation formation, shown in Fig. 5(c).
Once the aerated cavity reaches the LE, it quickly expands upward along
the hydrofoil’s suction surface, forming FV flow. The ventilation process
suffers a rapid transition from partially ventilated state to a fully venti-
lated state.

These three stages describe the process of ventilation formation
during the acceleration of the hydrofoil, starting from base ventilation
and moving through tip-vortex ventilation and suction-side ventila-
tion, before culminating in a fully ventilated flow, which completely
envelops the hydrofoil.

The shape of the pressure-side spray given by the experimen-
tal measurements and calculations at different instants is compared
in Fig. 6, as extracted from the digital images using an in-house
MATLAB code. First, from the grayscale digital image, the shape of
the PS spray is determined using an edge detection method in
MATLAB. Second, calibration is performed using a rectangular
template pasted on the surface-piercing hydrofoil. Thus, the pixel
coordinate values of the spray shape can be converted to actual
coordinate values. The ordinate represents the dimensionless
height of the PS spray, and the abscissa represents the dimension-
less distance from the hydrofoil. By analyzing the shape evolution
of the PS spray at different instants, the following conclusions can
be drawn.

The free surface near the hydrofoil’s PS rises on account of the
high stagnation pressure at the hydrofoil’s LE and the large pressure
gradient on the pressure surface, thereby forming a PS spray. The PS
spray behind the hydrofoil’s TE initially rises, forming a wave crest,
then descends while interacting with the free surface in the far field. As
the hydrofoil speed increases, the crest position of the PS spray gradu-
ally moves backward, the crest height increases, and the transverse
length of the PS spray increases. This is because higher hydrofoil
speeds lead to greater hydrofoil momentum acting on the free surface.

TABLE II. Mesh convergence study.

Grid nodes (�106) CL GCI-CL CD GCI-CD

Mesh 1 9.20 0.064 073 � � � 0.043 704 � � �
Mesh 2 18.40 0.063 764 GCI21¼ 0.83% 0.043 992 GCI21¼ 1.00%
Mesh 3 36.80 0.064 298 GCI32¼ 1.44% 0.044 517 GCI32¼ 1.81%
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The PS spray shape obtained from the calculations is in good
agreement with the measured data. However, at higher hydrofoil
speeds, the calculated PS spray shape exhibits larger errors. In the cal-
culations, we consider the effect of gravity. The quality of the mesh is

critical to accurately capture the free surface. The mesh should have
sufficient resolution near the fluid surface to effectively capture the
shape and motion of the free surface. This article focuses on the tip-
vortex-induced ventilation of the hydrofoil’s underwater portion, so

FIG. 4. Evolution of ventilated cavity
shape (upper: experiment, lower: CFD):
(a) t0, (b) t1¼ t0 þ 0.05 s, (c) t2¼ t0 þ
0.1 s, (d) t3¼ t0 þ 0.15 s, (e) t4¼ t0 þ
0.175 s, (f) t5¼ t0 þ 0.2 s, (g) t6¼ t0 þ
0.225 s, (h) t7¼ t0 þ 0.25 s, and (i) t8¼ t0
þ 0.3 s.
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the far-field grid is coarser than that around the hydrofoil. In regions
where the mesh resolution is large, therefore, the gas–liquid interface
position and shape will have large errors. These discrepancies can be
attributed to insufficient mesh resolution in this portion of the PS
spray. Increasing the mesh resolution above the free surface and
behind the hydrofoil would undoubtedly lead to more accurate PS
spray shapes but would also significantly increase the computational
cost. Consequently, the current mesh is chosen based on computing
requirements, striking a balance between the calculation accuracy and
efficiency.

B. Hydrodynamic load coefficients

Throughout the ventilation formation process, the hydrofoil
undergoes acceleration, as illustrated in Fig. 7. The speed input of the
hydrofoil for the numerical calculations is extracted from the experi-
mental data. Figure 8 illustrates the variations in CL and CD during the

acceleration process. Regions I, II, III, and IV correspond to the four
flow patterns described in Sec. III A, i.e., BV flow [Figs. 4(a)–4(c)],
TVV flow [Figs. 4(d) and 4(e)], SSV flow [Figs. 4(f)–4(h)], and FV
flow [Fig. 4(i)], respectively.

CL and CD increase as the hydrofoil speed rises in the BV and
TVV flow regimes. In these regimes, the ventilated cavity is limited to
the area near the hydrofoil TE and tip. The cavity slightly affects the
pressure distribution at the hydrofoil’s surface, so the ventilated cavity
does not obviously affect the hydrodynamic loads. In contrast, as the
hydrofoil speed increases, the separation region on the hydrofoil’s SS
expands, resulting in a faster increase in CL. On the contrary, the drag
coefficient increases more slowly.

FIG. 5. Three stages of the tip-vortex-induced ventilation formation: (a) base ventila-
tion, (b) tip-vortex ventilation, and (c) suction-side ventilation.

FIG. 6. Comparison of pressure-side spray shape between experiment (Exp) and
simulation (CFD).

FIG. 7. Time history of the hydrofoil speed.
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When the ventilation flow regime transitions from TVV to SSV,
CL and CD decrease as the hydrofoil speed rises. In the SSV flow
regime, a portion of the hydrofoil’s SS is covered by the aerated cavity.
As the ventilated cavity is open to the surrounding environment, the
hydrofoil portion covered by the ventilated cavity is under atmospheric
pressure, causing a reduction in the pressure difference on both sides
of the hydrofoil together with a reduction in the lift coefficient.

In the FV regime, CL first decreases and then remains unchanged
with increasing hydrofoil speed. The reason for the decrease can be
partially attributed to the long cavity of each section along the span.
The longer cavity contributes to a more significant interaction between
the aerated cavity and the surrounding flow, causing a reduction in the
lift coefficient as the hydrofoil speed increases. Finally, the lift coeffi-
cient remains unchanged when the cavity length stabilizes in the FV
flow.

C. Correlation between ventilation and flow structures

Figure 9 illustrates the pressure distribution near the hydrofoil at
various instants using the resampled volume rendering technique. This
technique utilizes voxels, which are three-dimensional pixels repre-
senting the volume. Throughout the ventilation formation process,
three distinct low-pressure regions can be observed around the hydro-
foil: the TE low-pressure region (LPR), the tip LPR, and the LE LPR.
The pressure distribution around the hydrofoil is analyzed as follows.

In Fig. 9(a), a typical TE LPR is observed aft of the hydrofoil. As
the air enters and forms a basic cavity at the hydrofoil tail [see Figs. 4
(a)–4(c)], the TE LPR decreases in size [Figs. 9(a) and 9(b)], and then
disappears [Figs. 9(c)–9(i)]. This is because air ventilation significantly
increases the pressure at the TE, leading to a transition from low pres-
sure to standard atmospheric pressure.

There is an area of low pressure in the tip vortex [Figs. 9(a)–9(e)].
This creates a natural pressure difference relative to atmospheric pres-
sure, which promotes the continuous transport of atmospheric gas
from the base cavity to the hydrofoil tip [Figs. 9(c)–9(e)], accompanied
by the gradual disappearance of the tip LPR. This corresponds to tip-
vortex ventilation formation in Fig. 5(b).

Figure 9(a) shows that the LE LPR exhibits a parabolic shape.
The reduction in the LPR length toward the hydrofoil tip is attributed
to an augmentation in static pressure.50 The reduction in length
toward the free surface is caused by the free surface effect, which
diminishes the effective yaw angle.31 In addition, the yaw angle
b¼ 20�, exceeding the stall angle, so the flow separation corresponds
to the LPR on the hydrofoil’s SS. The LE LPR expands toward the
hydrofoil TE with increasing speed, enlarging the separation region
and providing a favorable pressure gradient for ventilation. During the
SSV stage [Figs. 9(f)–9(h)], the hydrofoil’s SS is occupied by the aer-
ated cavity and reaches standard atmospheric pressure due to air venti-
lation, eventually subjecting the entire suction surface to standard
atmospheric pressure [Fig. 9(i)].

The air-ventilated path is connected to the LPRs. At the interface
with the free surface, the air maintains atmospheric pressure, while the
underwater region experiences significantly lower pressure. This pres-
sure difference pushes air to enter the LPRs in the water. Hydrofoil
base ventilation can also occur at lower hydrofoil speeds, and the depth
of cavity ventilation generally relates to the geometric shape and
Froude number.

The low pressure generated by flow separation can affect ventila-
tion.15 The TE LPR is generated by flow separation at the hydrofoil
TE, and the LE LPR is formed by flow separation at the hydrofoil LE
(Fig. 10). The tip LPR is attributed to the presence of the tip vortex,
which arises from the pressure difference between the hydrofoil’s PS
and SS (Fig. 11).51

The TE flow separation, tip cross-flow, and LE flow separation
are further analyzed by examining the detailed flow fields around the
hydrofoil. This analysis involves extracting cross-sectional views at
various positions near the hydrofoil, as depicted in Fig. 12. By
examining these cross-sectional views, a more comprehensive
understanding of the factors contributing to flow separation can be
obtained.

Figures 13 and 14 show the streamline, velocity, and pressure dis-
tributions of the cross-sectional positions (z¼ 1/3h and z¼ 4/5h) at
time t0. Analysis of these distributions reveals several key observations.

A local high-pressure region appears at the hydrofoil PS; in con-
trast, there is an LPR at the hydrofoil’s SS. Near both the hydrofoil LE
and TE, there are regions of low velocity and low pressure. The stream-
line distribution in these regions shows complex flow patterns, includ-
ing backflow and vortices (Fig. 14). These phenomena are the result of
water decelerating in the boundary layer under the integrated effects of
a pressure difference and viscosity. This causes the mainstream flow to
deviate from the hydrofoil boundary layer, forming low-velocity and
low-pressure separation regions at the hydrofoil LE and TE.
Comparing the velocity distributions at the z¼ 1/3h and z¼ 4/5h cross
sections (Fig. 14), as the depth increases, the size of the separation
region at the hydrofoil LE decreases. This reduction is caused by the
enhancement in local pressure, which is in turn caused by the increase
in hydrostatic pressure as the depth increases (Fig. 13).

Flow separation is significantly influenced by the geometry and
Froude number of the hydrofoil. In our experiments and calculations
involving a flat hydrofoil, the presence of a blunt TE makes it more
susceptible to flow separation at that specific location. Additionally, as
the yaw angle increases, the separation point gradually shifts forward.
Herein, the flat hydrofoil has a yaw angle of 20�, so there is a higher
likelihood of a separation region forming at the LE because of the

FIG. 8. Time history of the hydrofoil lift coefficient (CL) and drag coefficient (CD).
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adverse pressure gradients. This low-pressure separation region has a
notable impact on the ventilation behavior and should be considered
in future hydrofoil designs to optimize hydrodynamic performance
and mitigate potential adverse effects on ventilation.

FIG. 9. Pressure distributions at various instants. LPR denotes low-pressure region: (a) t0, (b) t1¼ t0 þ 0.05 s, (c) t2¼ t0 þ 0.1 s, (d) t3¼ t0 þ 0.15 s, (e) t4¼ t0 þ 0.175 s,
(f) t5¼ t0 þ 0.2 s, (g) t6¼ t0 þ 0.225 s, (h) t7¼ t0 þ 0.25 s, and (i) t8¼ t0 þ 0.3 s.

FIG. 10. Separation regions at the leading edge (LE) and trailing edge (TE) of the
hydrofoil. FIG. 11. Hydrofoil tip separation region.
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Figures 15 and 16 illustrate the streamlines, pressure, and velocity
distributions at various sections of the hydrofoil tip at time t5, which is
at the beginning of the SSV formation stage. From these distributions,
the following insight can be gained.

The fluid near the hydrofoil tip exhibits a flow pattern from the
PS to the SS, known as tip cross-flow (Fig. 11). This phenomenon
occurs because of the substantial pressure difference between the two
sides of the hydrofoil.

The presence of a local LPR near the hydrofoil tip leads to the
generation of backflow together with a vortex, creating complex flow
patterns. As the fluid transitions from PS to SS, it undergoes a gradual
reduction in velocity under the frictional resistance and shear forces
along the hydrofoil tip wall, as depicted in Fig. 16. This process con-
tributes to the formation of a stable vortex structure, where shear
energy is continuously transferred to the backflow. The vortex struc-
ture, in turn, generates a localized low-pressure region around the
hydrofoil tip (Fig. 15). This intricate flow behavior has significant
implications for the ventilation process and the hydrofoil’s overall
performance.

D. Effect of ventilation on vortex evolution

The vortex structure surrounding the hydrofoil allows us to com-
prehend the hydrofoil’s ventilation formation process. The Q crite-
rion52 facilitates the visualization of the spatial structure of vortices
around the hydrofoil, enabling a comprehensive study of flow separa-
tion and the influence of turbulence on the vortical structure evolution.
It is mathematically defined as follows:

Q ¼ 1
2
ðX2 � S2Þ; (16)

FIG. 12. Cross-sectional positions.

FIG. 13. Pressure distributions at t0.

FIG. 14. Velocity distributions at t0.
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whereQ represents the second invariant of the velocity gradient tensor,
X denotes the vorticity tensor, and S is the rate-of-strain tensor.53

WhenQ>0, the vorticity is dominant in the specific region, classifying
it as a vortex core region. When Q <0, the strain rate tensor is domi-
nant in this region, categorizing it as a high-strain region.

In Fig. 17, the vortical structures are depicted using the isosurface
of Q¼ 100 s�2, which consists primarily of the tip vortex, hydrofoil
TE separation vortex, and hydrofoil LE separation vortex. The ventila-
tion process significantly affects the vortex structure near the
hydrofoil.

(1) In Fig. 17(a), flow separation at the hydrofoil’s blunt TE gener-
ates a TE separation vortex with three-dimensional vortical
structures. Subsequently, as the air continues to enter accompa-
nied by BV cavity generation and expansion, the TE separation
vortex gradually develops and spreads downstream.

(2) In Figs. 17(a)–17(c), a tip-leakage vortex (TLV) and a tip-
separation vortex (TSV) appear at the hydrofoil tip; these struc-
tures exist independently. However, as air reaches the hydrofoil
tip [Fig. 17(c)], the TLV and TSV draw in air from the

ventilated cavity and rapidly expand, before merging to form a
strong and stable tip vortex [Fig. 17(d)].

(3) The LE separation vortex is primarily associated with the sepa-
rated flow at the LE and exhibits a parabolic shape. In Figs. 17
(a)–17(e), the LE separation vortex extends toward the TE and
is unchanged during the BV and TVV stages. However, with
the rapid expansion of the aerated cavity from the hydrofoil tip
toward the free surface along the suction surface [Figs. 17(f)–17
(i)], the LE separation vortex gradually develops downstream
and dissipates under the influence of the SSV flow.

To analyze the interactions between the ventilated cavity and vor-
tex, the vorticity transport equation54,55 is used to quantify the vorticity
transport during the ventilation formation process:

Dx
Dt

¼ ðx � rÞu� xðr � uÞ þ 1
q2

m

ðrqm �rpÞ þ ð�m þ �tÞr2x;

(17)

where x represents the vorticity. The first term is the stretching term,
which accounts for the change in the magnitude and direction of the

FIG. 16. Velocity distributions at three sections (t5¼ t0 þ 0.2 s).

FIG. 15. Pressure distributions at three sections (t5¼ t0 þ 0.2 s).
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vorticity induced by velocity variations in the flow field.56 The second
term is the dilatation term, which captures the influence of fluid com-
pressibility on the vorticity due to fluid expansion and contraction.
The third term is the baroclinic torque term, which considers the influ-
ence of the pressure and density gradients on vorticity.57 The fourth
term is the vortex-viscosity term, which considers the influence of vis-
cous dissipation on vorticity. As the magnitude of the fourth term is
relatively small when compared with that of the other three terms, it is
neglected in the following analysis.

Figures 18–20 show the distributions of the stretching term,
dilatation term, and baroclinic torque term in the longitudinal sec-
tion and the hydrofoil SS at different instants. The subsequent dis-
cussion focuses on the Y component in the vorticity-transport
equation, i.e.,

½ðx � rÞu�Y ¼ xX
@uY
@X

þ xY
@uY
@Y

þ xZ
@uY
@Z

; (18)

½xðr � uÞ�Y ¼ xY
@uX
@X

þ @uY
@Y

þ @uZ
@Z

� �
; (19)

1
q2

m

ðrqm �rpÞ
� �

Y

¼ 1
q2

m

@qm
@Z

� @p
@X

� @qm
@X

� @p
@Z

� �
; (20)

where xX, xY, and xZ are the vorticity components in each coordinate
axis direction:54

xX ¼ @uZ
@Y

� @uY
@Z

; xY ¼ @uX
@Z

� @uZ
@X

; xZ ¼ @uY
@X

� @uX
@Y

:

(21)

FIG. 17. Vortical structures around the surface-piercing hydrofoil. Isosurface is extracted via contour Q¼ 100 s�2 and colored via pressure coefficients: (a) t0, (b) t1¼ t0
þ 0.05 s, (c) t2¼ t0 þ 0.1 s, (d) t3¼ t0 þ 0.15 s, (e) t4¼ t0 þ 0.175 s, (f) t5¼ t0 þ 0.2 s, (g) t6¼ t0 þ 0.225 s, (h) t7¼ t0 þ 0.25 s, (i) t8¼ t0 þ 0.3 s.
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FIG. 18. Evolution of vorticity stretching term in the Y-direction at various instants: (a) t0, (b) t1¼ t0 þ 0.05 s, (c) t2¼ t0 þ 0.1 s, (d) t3¼ t0 þ 0.15 s, (e) t4¼ t0 þ 0.175 s,
(f) t5¼ t0 þ 0.2 s, (g) t6¼ t0 þ 0.225 s, and (h) t7¼ t0 þ 0.25 s.

FIG. 19. Evolution of vorticity dilatation term in the Y-direction at various instants: (a) t0, (b) t1¼ t0 þ 0.05 s, (c) t2¼ t0 þ 0.1 s, (d) t3¼ t0 þ 0.15 s, (e) t4¼ t0 þ 0.175 s,
(f) t5¼ t0 þ 0.2 s, (g) t6¼ t0 þ 0.225 s, and (h) t7¼ t0 þ 0.25 s.
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Figure 18 illustrates the evolution of the vorticity stretching term
at various instants. In the BV stage [Figs. 18(a)–18(c)], the vorticity
stretching term is evident at the hydrofoil’s suction surface and has a
parabolic shape, which corresponds to the interface of the stall-
induced flow separation region. The vorticity stretching term can also
be observed around the hydrofoil tip. With the acceleration of the
hydrofoil, the stretching term starts to affect a larger area, including
the hydrofoil’s SS and tip. In the TVV stage [Figs. 18(d) and 18(e)]
and the SSV stage [Figs. 18(f)–18(h)], the vortex stretching term has a
stronger effect on the hydrofoil SS and tip.

Throughout the process of ventilation formation, the stretching
term is significantly influenced by the cavity itself, leading to a gradual
increase in the size of the affected region. This phenomenon arises
because the stretching term depends on the velocity gradient, and the
ventilated cavity changes the velocity field around the hydrofoil,
thereby affecting the velocity gradient distribution.

During the initial stages, when the cavity is relatively small,
changes in the vortex stretching term at the hydrofoil’s SS and tip pri-
marily result from alterations in the velocity gradient caused by the
hydrofoil’s acceleration. As the hydrofoil speed further increases, the
aerated cavity expands, and the velocity gradient within the cavity
becomes relatively small compared with the velocity gradient induced
by the surrounding water.

Figure 19 illustrates the evolution of the vorticity dilatation term
during acceleration. It is evident that the dilatation term has a minimal
impact on the vortical structures, and its range of influence is smaller

than the other two terms. The primary influence of the dilatation term
is on the hydrofoil’s suction surface, because vortex dilatation is
directly associated with velocity divergence.

Figure 20 depicts the evolution of the vorticity baroclinic torque
term during acceleration. The ventilated cavity clearly has a significant
effect on the baroclinic torque term, which primarily exists at the inter-
face between air and water and undergoes changes during the ventila-
tion formation process. The region of influence of the vortex
baroclinic torque aligns with the path of ventilated cavity development,
starting from the hydrofoil’s TE, then extending to the hydrofoil tip,
and finally reaching the hydrofoil’s SS.

Due to the substantial difference in density between water and air
(�800 times), the density gradient at the interface between the venti-
lated cavity and the water fluid is no longer parallel to the pressure gra-
dient.58,59 Compared with the vortex stretching and dilatation terms,
the vortex baroclinic torque term has a greater effect, and ventilation
leads to a more complex and stronger form of the vortex baroclinic
torque.

The results indicate that, during hydrofoil ventilation, the vortic-
ity is primarily influenced by vortex stretching and baroclinic torque.
The dilatation term has a minimal effect, whereas the baroclinic torque
term exerts the greatest influence.

IV. CONCLUSIONS

In this study, the ventilation formation induced by tip vortices
(ARh¼ 1.5, b¼ 20�, Frh¼ 0.93–3.15) was numerically investigated

FIG. 20. Evolution of vorticity baroclinic torque term in the Y-direction at various instants: (a) t0, (b) t1¼ t0 þ 0.05 s, (c) t2¼ t0 þ 0.1 s, (d) t3¼ t0 þ 0.15 s, (e) t4¼ t0 þ
0.175 s, (f) t5¼ t0 þ 0.2 s, (g) t6¼ t0 þ 0.225 s, and (h) t7¼ t0 þ 0.25 s.
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over a surface-piercing hydrofoil. Several fundamental insights into the
transient flow characteristics, hydrodynamic loads, and effects of venti-
lation on the flow structures and vortex evolution were discussed and
analyzed.

(1) These numerical results demonstrate good agreement with our
experimental observations. The present simulation approach
can capture typical flow features, including the existence of tip
vortices, the ventilated cavity with PS spray, and their evolution.

(2) The process of tip-vortex-induced ventilation formation
involves three sequential stages, namely, base ventilation (BV),
tip-vortex ventilation (TVV), and suction-side ventilation
(SSV). Specifically, air begins to penetrate downward along the
blunt TE and then flows upstream through the tip vortex. The
aerated cavity quickly expands upward along the hydrofoil’s
suction surface, ultimately forming a fully ventilated flow that
completely envelops the hydrofoil. Moreover, the inertia force
causes the PS spray to rise continuously, forming a wave crest
before freely falling to the water surface in the far field.

(3) Compared with the drag coefficient, ventilation has a greater
impact on the lift coefficient. The lift coefficient increases dur-
ing the BV and TVV stages because of the expansion of the
low-pressure separation region on the suction surface, causing a
gain in pressure difference on both sides of the hydrofoil.
Subsequently, in the SSV stage, the LPR is gradually replaced by
a ventilated cavity with atmospheric pressure, causing a reduc-
tion in the pressure difference on both sides as well as the lift
coefficient.

(4) The vortical structures around the hydrofoil consist of the tip
vortex, TE separation vortex, and LE separation vortex. The tip-
leakage vortex (TLV) and tip-separation vortex (TSV) initially
exist independently at the hydrofoil tip, then expand and merge
through air ventilation, ultimately forming a strongly stable tip
vortex.

(5) During the process of ventilation formation, the vorticity gener-
ation and transportation are primarily induced by vortex
stretching and baroclinic torque. The baroclinic torque term
has the greatest effect and is closely related to the evolution of
the aerated cavity; the vortex stretching term has the next-
strongest effect, and the dilatation effect has the least effect.
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