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A B S T R A C T   

This paper investigates the ventilation elimination mechanisms during the deceleration process of a surface- 
piercing hydrofoil using the unsteady Reynolds-averaged Navier-Stokes (RANS) method together with a Vol-
ume of Fluid (VOF) model. The numerical results are in good agreement with the experimental data. The 
ventilation elimination mechanism of the surface-piercing hydrofoil is analyzed from the perspectives of the 
hydrofoil hydrodynamic performance, the ventilated cavity evolution, vortex structures, and re-entrant jets. The 
results indicate that the ventilation elimination includes three stages, i.e. a decrease in the ventilated cavity, 
washout, and reattachment. The decrease in the ventilated cavity is due to the hydrofoil speed decrease in the FV 
flow. Washout is the transition from fully ventilated to partially ventilated flow, and reattachment is the tran-
sition from partially ventilated to fully wetted flow. The underwater vortex structures around the surface- 
piercing hydrofoil are composed of a tip vortex, an unstable vortex induced by the shear layer, and a Karman 
vortex caused by the vortex shedding from the trailing edge of the hydrofoil. Ventilation stability strongly de-
pends on the re-entrant jet. When Φ (the angle between the flow direction and the closure line of the ventilated 
cavity) is greater than 45◦, the re-entrant jet impinges on the ventilated cavity’s leading edge and destabilizes the 
ventilated cavity.   

1. Introduction 

Atmospheric ventilation affects the performance of many hydraulic 
devices, such as propellers, rudders, and hydrofoils, when they work 
near the free surface (Arndt et al., 2009; Korulla and Sha, 2012). On the 
one hand, under certain conditions, ventilation can improve the stability 
and efficiency of some hydraulic devices, such as surface-piercing pro-
pellers (Califano and Steen, 2009; Yousefi and Shafaghat, 2020). On the 
other hand, partial ventilation causes instability and reduces their hy-
drodynamic performance due to the air ingression into the low-pressure 
areas (Matveev et al., 2019). Therefore, it is great of importance to 
investigate the formation, disappearance, stability and controllability of 
atmospheric ventilation (Damley-Strnad et al., 2019; Rood Jr, 1975). 

Since 1950, lots of scholars have conducted systematic experiments 
on the ventilation (Ashworth Briggs et al., 2014; Harwood et al., 2019, 
2020; Metcalf et al., 2006; Shen and Wermter, 1979). Wetzel (1957) 

carried out ventilation experiments for vertical struts of different shapes, 
and they found that atmospheric ventilation is mainly related to veloc-
ity, yaw angle, immersion depth, and strut shape. Rothblum (1977) 
conducted experiments around vertical struts and found different 
ventilation patterns, such as ventilation at the trailing edge, and natural 
cavitation-ventilation. At the same time, a ventilation-suppression 
experiment was carried out to control the ventilation. Early experi-
mental research mostly focused on various ventilation patterns but did 
not determine the relationships between them. In recent years, Young 
et al. (2013) and Harwood et al. (2016) carried out a detailed series of 
ventilation experiments at low-to-moderate Froude numbers and pro-
posed a mechanism of ventilation formation and disappearance. Fully 
ventilated (FV), partially ventilated (PV), and fully wetted (FW) flow 
regimes were established, and their stable regions were described as 
parametric spaces. The stability of fully and partially ventilated regimes 
was connected to the re-entrant jet’s angle, and the re-entrant jet is used 
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to evaluate the various flow regimes. Brizzolara and Young (2012) 
designed a new type of supercavitating surface-piercing hydrofoil 
(Brizzolara and Federici, 2011; Brizzolara and Villa, 2012) by using 
numerical simulations with the hydrofoil pressure side obtained by the 
Tulin and Johnson’s method (Tulin and Burkart, 1955). And the 
supercavitating surface-piercing hydrofoil performed good hydrody-
namic characteristics at high and low cavitation numbers. Ventilation 
experiments on a 1/6 scale model of a three-dimensional hydrofoil 
(Charlou and Wackers, 2019; Vernengo et al., 2016) were carried out in 
a free-surface cavitation tunnel at the Technical University of Berlin 
(TUB), and the natural cavitation–ventilated flow at low cavitation 
number was observed. 

Ventilation is a type of multiphase flow characterized by the 
entrainment of noncondensable gas into the liquid flow around a fully or 
partially immersed body. Traditional ventilation experiments can only 
observe the shape of the ventilated cavity and the macroscopic force of 
the hydrodynamic device, but it is difficult to observe flow distribution 
near the device or inside the ventilated cavity. With the development of 
computer science and technology, computational fluid dynamics (CFD) 
has been used to simulate the ventilation phenomena for various hy-
draulic devices (Andrun et al., 2021; Barden and Binns, 2012; Matveev 
et al., 2018; Ungureanu and Lungu, 2010). Vernengo et al. (2016) and 
Charlou and Wackers (2019) used the Reynolds-averaged Navier-Stokes 
(RANS) solver and the Schnerr–Sauer (S–S) cavitation model to solve the 
flow of a mixture of air/steam and water phases, yielding a good 

agreement with experimental results. The suction side of the 
surface-piercing propeller usually works in three phases, i.e. air, water 
and cavitation, so the ventilation and cavitation modes play an impor-
tant role in the propeller’s hydrodynamic performance. Andrun et al. 
(2021) discussed the effects of different numerical schemes (i.e. the 
turbulent intensity, time-step, interface capture scheme) to capture the 
ventilation phenomenon of a surface-piercing hydrofoil, and finally 
found that a reasonable time-step and mesh are conducive to predicting 
the ventilated flow features. Xu et al. (2017) and Wang et al. (2016) used 
a horizontal-transmitter mechanism in an experimental cavitation sys-
tem to carry out a large number of cavitation experiments on rotating 
bodies and vertical hydrofoils near free surfaces. The calculations were 
in good agreement with results under typical experimental conditions, 
and the results show that the characteristics of the re-entrant jet and 
cavitation shedding are closely related to the distance from the free 
surface. 

As the above literature review indicates, it is difficult to experi-
mentally visualize the flow fields near/within the ventilated cavities, 
and most of the recent numerical simulations are concentrated upon the 
steady-state ventilation. A few studies have been studied on the for-
mation and elimination of atmospheric ventilation, so it is necessary to 
shed light on these processes further by using the numerical approach. In 
this paper, the deceleration process of a surface-piercing hydrofoil is 
numerically simulated using the RANS and a VOF model. The emphasis 
is to clarify the ventilation elimination mechanism from various per-
spectives of the foil hydrodynamic performance, ventilated cavity evo-
lution, vortex structures and re-entrant jets. 

2. Computational approach 

A state-of-the-art RANS solver with VOF (Matveev et al., 2018) 
method was chosen to describe the free surface. It is incorporated into a 
software suite (CD-Adapco, 2012) that can model full-scale turbulent 
flow around an object under non-stationary conditions. The VOF model 
uses a simplified adiabatic cavitation model to predict the free surface as 
described in the next paragraph. 

The solver is applied to the following set of equations that express the 
mass and momentum equilibrium in the Eulerian framework and the 
Reynolds-averaged approach with the necessary boundary conditions. 
The RANS equations for an incompressible flow are shown in Equation 
(1): 

{
∇⋅U = 0
ρV = − ∇P + μΔV +∇⋅TRe + SM

(1)  

where U is the Reynolds-averaged flow velocity vector, TRe is the Rey-
nolds stress tensor, P is the averaged pressure, SM is the momentum 
source vector, and μ is the dynamic viscosity. The components of the 
Reynolds stress tensor are closured with the realizable k-ε turbulence 
model based on the Boussinesq hypothesis: 

TRe
ij = μt(

∂Vi

∂xj
+

∂Vj

∂xi
) −

2
3

ρkδij = 2μtDij −
2
3

ρkδij (2)  

where k is the turbulent kinetic energy, and μt is the turbulent viscosity. 
As regards the wall function, on the cell closest to the profile, a two 

layer model approach has been applied. The two layer wall function 
model is a model that imposes a first thin laminar layer near the wall and 
a second logarithmic layer over the first, and this model assumes that the 
centroid of the first cell near the wall lies within the logarithmic region 
of the boundary layer. A much smaller value of wall distance y + has 
been used in this study in order to accurately solve the cavity thickness 
growth along the wall. 

Fig. 1. Hydrofoil geometry model.  
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3. Verification and Validation 

3.1. Simulation setup 

A symmetrical hydrofoil was selected as the research object, as 
shown in Fig. 1. Harwood et al. (2016) conducted a series of experiments 
on the hydrodynamic performance and flow regimes of the hydrofoil. 
The calculation model is the same as the experimental model, as shown 
in Table 1. 

Fig. 2 shows the computational domain and boundary conditions. 
The ranges of the computational domain in the X, Y and Z directions are 
[-4c, 15c], [-4c, 4c] and [-5c, 4c], respectively, where c is the chord 

length. The inlet condition is set as the velocity inlet, the outlet condi-
tion is set as the pressure outlet, and the other boundaries are set as the 
walls. The time-step is set to 0.001s, which is validated to meet the re-
quirements for most hydrofoil ventilation calculations by Harwood et al. 
(2014) and Andrun et al. (2021). 

3.2. Mesh generation and refinement 

In ventilation simulations, mesh quality and resolution affect pre-
dictions of a ventilated cavity. High-quality Cartesian grids are gener-
ated by STAR-CCM + software. To accurately capture the ventilated 
cavity details, the control volume method was used to appropriately 
refine the spray regions, the tip vortex region and the ventilated cavity 
region, as shown in Fig. 3(a). The mesh around the hydrofoil is shown in 
Fig. 3(b), and most cells have quite good orthogonality and are of high 
quality. Moreover, y+ is always less than 1, and the boundary layer is set 
to be 20 layers. The mesh in the boundary layer around the hydrofoil 
was carefully generated to fulfill the requirements of the wall function. 

3.3. Mesh verification 

Mesh refinement helps to improve the calculation accuracy of the 
ventilated cavity. According to the uncertainty research method, three 
grids are created to perform uncertainty analysis (Yuan and Xing, 2016), 
and the refinement ratio of the mesh is defined by: 

r=(
Nfine

Ncoarse
)

1/d (3)  

where d is the dimension of the problem explored and N is the total 
number of cells in the simulation. In this study, we considered a three- 
dimensional problem (d = 3). The refinement ratio of meshes in this 
study was approximately 1.2. The lift coefficient CL and drag coef-
ficientCD of the hydrofoil were calculated under the working conditions 
Fnh = 2.5,  ARh = 1.0,  α = 25◦ . The lift coefficient CL and drag coef-
ficientCD are defined by: 

CL =
L

0.5ρU2
∞hc

, CD =
D

0.5ρU2
∞hc

(4) 

The grid number and the hydrofoil hydrodynamic performance are 
shown in Table 2. Take the coarse mesh as an example, the relative error 

Table 1 
Geometric parameters of hydrofoil.  

Chord length c 0.2794m 

Foil span S  0.8382m 
Tip immersion h  0.2794m 
Immersed aspect ratio ARh =

h
c  

1 

Velocities U∞ 0–4.13 m/s 
Depth Froude number Fnh =

U∞
̅̅̅̅̅
gh

√
0–2.5 

Attack angle α 25◦

Fig. 2. Computational domain and boundary conditions.  

Fig. 3. Meshing details.  

Table 2 
Mesh number and hydrofoil hydrodynamic performance.   

ID Grid volume CL-mean  Error (%) CD-mean  Error (%) 

Exp   0.42  0.23  
Fine S1 734M 0.434 3.33 0.239 3.91 
Medium S2 1066M 0.433 3.10 0.240 4.35 
Coarse S3 1713M 0.435 3.57 0.242 5.22  
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is 3.57% for the lift coefficient and 5.22% for the drag coefficient, when 
compared to the experiments, which demonstrates that the present nu-
merical approach meets the requirements for engineering applications. 
Table 3 shows the uncertainty analysis parameters. The grid conver-
gence rate RG is less than 1, so the calculated CL andCD converge 
monotonically with an increase in the number of grids. The results show 
that uncertainty of CL and CD, estimated by Roache and Stern’s method 
(Roache, 1997; Stern et al., 2006; Wang et al., 2018), is less than 5%, 
which demonstrates that the present simulations are almost independent 
of the grid resolution. 

Comparisons of the ventilated cavity between calculations and ex-
periments are shown in Fig. 4. The coarse, medium and fine grids 
satisfactorily represent the experimental ventilation flow regime, espe-
cially the tip vortex formation. The grid refinement helps to precisely 
capture the detailed flow features, such as splashes on free surfaces and 
the ventilated cavity shapes. Considering the computational cost and 
numerical stability, the medium mesh was fully capable of numerical 
simulations in this study, and therefore it was used for all computations. 

4. Results and discussion 

4.1. Hydrodynamic performance of the surface-piercing hydrofoil 

The ventilation elimination mechanisms and stability of a surface- 
piercing hydrofoil were analyzed based on hydrofoil hydrodynamic 
performance and cavity ventilation during the deceleration process. The 
moving velocity profile of the hydrofoil is extracted from the experiment 
and then applied as the inlet boundary condition in the numerical 
simulation. The hydrofoil sailed at constant speed of Fnh = 2.5, and when 
the ventilated cavity and hydrodynamic performance stabilized, the 
hydrofoil decelerated linearly (Harwood et al., 2014). Fig. 5 shows two 
different deceleration trends, namely speed1 is consistent with the 
experiment, and for comparison, speed2 has a greater deceleration 
slope. 

It can be seen from Fig. 6 that during hydrofoil deceleration, the 
calculated hydrodynamic performance was in good agreement with the 
experiment. The hydrofoil hydrodynamic performance has a strong 
correlation with the moving velocity. The lift and drag of the hydrofoil 
decrease with the speed of the hydrofoil decreases. 

The effect of the speed profile on the lift and drag coefficients is 

Table 3 
Uncertainty analysis parameters.   

e12  e23  RG  PG  UG  

CL  0.001 0.002 0.5 1.9 0.016 
CD  0.001 0.002 0.5 1.9 0.016  

Fig. 4. Comparison of calculation results and experiments.  

Fig. 5. Time histories of velocity.  

Fig. 6. Time history of lift and drag.  
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shown in Fig. 7. For speed 1, it can be seen that the lift coefficient and 
drag coefficient of the hydrofoil decrease with the hydrofoil speed de-
creases in the fully wetted flow regime, while the lift coefficient and drag 
coefficient of the hydrofoil increase with in the fully ventilated flow 
state. This is mainly ascribed to the fact that ventilation changes the 
pressure distribution on the hydrofoil suction surface and reduces the 
hydrofoil performance. In the partially ventilated flow regime, the lift 
coefficient and drag coefficient of the hydrofoil are more unsteady, 
which is caused by the instability of the ventilated cavity at the hydrofoil 
suction surface. When it comes to speed2, it exhibits a partial drop and a 
small secondary hump in CL and CD. This can be attributed to the faster 
deceleration and the more intense wake memory effect at speed2, which 
delays return to partially ventilated (PV) flow and fully wetted (FW) 
flow. For speed 1, as the Froude number decreases, the ventilated cavity 
starts to fall off in the streamwise direction and the hydrofoil suction 
surface is reattached by the water fluid. For speed 2, the ventilated 
cavity is difficult to fall off and remains in the place at lower speeds, 
compared to the speed1 case. The unshed ventilated cavity changes the 

pressure distribution on the suction-surface, which reduces the pressure 
difference between the pressure surface and the suction surface of the 
hydrofoil. Therefore, there is a local drop in the lift and drag coefficient 
for speed 2. As the ventilated cavity starts to fall off in the streamwise 
direction, it follows that the hydrofoil CL and CD increase and the small 
secondary hump appear. It should be noted that when Fnh<0.5, the de-
nominators of CL = L/0.5ρU2

∞hc are vanishingly small, so any noise in 
the signal is amplified. This could cause erroneous lift coefficient and 
drag coefficient results. Therefore, in the future, we need to conduct a 
detailed analysis of the differences between the two speed profiles. 

Three flow regimes are observed during the hydrofoil deceleration 
process, that is, fully ventilated (FV) flow, partially ventilated (PV) flow 
and fully wetted (FW) flow. Fully ventilated (FV) flow is defined as the 
case when a cavity is entrained along the entire immersed span of the 
hydrofoil’s suction surface and there is no inherently-destabilizing re- 
entrant jet. Partially ventilated (PV) flow is defined as the state that the 
ventilated cavity neither covers the entire immersed portion of the hy-
drofoil nor meets the stability conditions to sustain fully ventilated flow. 
Fully wetted (FW) flow is defined as the regime that there is no pro-
nounced gas entrainment. 

As for speed 1, the dashed vertical line labeled (‘a’) in Fig. 7 indicates 
the time in Fig. 8(a) when the flow was transitioning from FV to PV at 
the moment of the initial washout, the line (‘b’) indicates a typical 
period of PV illustrated in Fig. 8 (b), and the line (‘c’) indicates the time 
in Fig. 8 (c) when the flow was changing from PV to FW at the moment of 
reattachment. 

Fig. 8 shows the experimental (left panels) and calculated (right 
panels) flow regimes of the ventilated cavity at typical instants. The 
calculations capture the flow characteristics, especially formation of the 
tip vortex under different flow regimes. Next mainly discussed the 
ventilation elimination process at speed 1. 

4.2. Evolution of flow patterns in the ventilated cavities 

Fig. 9 shows the ventilated cavity evolution of a surface-piercing 
hydrofoil during the deceleration process. It can be seen that the evo-
lution is a process of the ventilated cavity reducing, companied by the 
water reattachment to the hydrofoil suction surface. Three stages can 
describe the disappearance of the ventilated cavity:  

(1) A decrease in the ventilated cavity: During this stage, the length 
of the ventilated cavity on the hydrofoil’s suction surface be-
comes shorter, the spray formed by the pressure gradient on both 
hydrofoil sides gradually decreases, and the tip vortex cavity 
gradually decreases. Simultaneously, the angle between the 
closure line of the ventilated cavity and the flow direction grad-
ually increases as the re-entrant jet moves toward the leading 
edge of the hydrofoil. As the Fnh decreases from Fig. 9 (a)–(e), the 
cavitation number increased gradually, causing a decrease in the 
ventilated cavity length. Meanwhile, the reason for the tip vortex 
decrease is that the low-pressure region is difficult to supplement 
air from the ventilated cavity. The ventilated cavity is relatively 
stable during this stage, which mainly because the angle Φ (be-
tween the closure line of the ventilated cavity and the flow di-
rection) showing in Fig. 9 is less than 45◦ (Φ < 45◦).  

(2) Washout: Washout describes the transition from FV to PV flow, 
which is shown in Fig. 9(e) and (f), when the cavity closure line 
exceeds the 45◦ criterion (Φ ≥ 45◦). Washout is a discrete event 
that occurs inception of ventilated cavity instability caused by the 
re-entrant jet. When Φ ≥ 45◦, the re-entrant jet impinges on the 
leading edge of the ventilated cavity with sufficient upstream 
momentum, it follows by the destabilization of the ventilated 
cavity.  

(3) Reattachment: Reattachment describes the transition from PV to 
FW flow, which is shown in Fig. 9(g and h). During this stage, the 

Fig. 7. The effect of the speed profile on the lift and drag coefficient. (The 
dashed vertical line labeled (‘a’) indicates Fnh = 0.695, the line (‘b’) indicates 
Fnh = 0. 484, and the line (‘c’) indicates Fnh = 0.309.). 

Fig. 8. Experimental and calculated flow characteristics of the ventilated cavity 
at typical instants. 
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ventilation cavity cannot reach the free tip of the hydrofoil and 
the re-entrant jet significantly affects the leading edge. As the 
Froude number constantly decreases, some ventilated cavities 
underwater are reattached by the liquid water, and there is no 
connection between the ventilated cavity and the free surface. 
The ventilated cavity starts to shed off along the streamwise di-
rection and the hydrofoil suction surface finally transits to FW 
state. 

4.3. Vortical structures 

The vortex structure around the hydrofoil is of great significance to 
study ventilation elimination. The Q criterion (Hunt et al., 1988) can 
visualize the spatial structure of the vortex in the flow field and give a 

better understanding of the vortex evolution during the hydrofoil de-
celerates. Q is defined as follows: 

Q= −
1
2
[(

∂u
∂x
)

2
+(

∂v
∂y
)

2
+(

∂w
∂z

)
2
] − [

∂u
∂y

∂v
∂x

+
∂u
∂z

∂w
∂x

+
∂v
∂z

∂w
∂y

] (5) 

Fig. 10 shows the evolution of the vortex structure around a surface- 
piercing hydrofoil during deceleration. The underwater vortex structure 
of the hydrofoil mainly includes the tip vortex, the unstable vortex of the 
shear layer, and the Karman vortex caused by the vortex shedding at the 
hydrofoil trailing edge. 

Shear layer instabilities are associated with boundary layer separa-
tion (Stern et al., 2013) and are caused by the separation of the free 
surface and the ventilated cavity. Therefore, the vortex structure shape 
caused by shear layer instabilities is consistent with the ventilated 

Fig. 9. Evolution of ventilated cavity shape during the deceleration process.  
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cavity. With the decrease of the ventilated cavity and water spray during 
the deceleration process, the vortex structure caused by shear layer in-
stabilities becomes smaller. It is observed that the ventilated cavity 
surface pressure is equal to the atmospheric pressure because the 
ventilated cavity surface is connected to the atmosphere. 

Karman vortices (Chen et al., 2020; Zhao et al., 2020) were observed 
for vortex shedding, which was caused by the interaction of two oppo-
site vortices initiated by the shear layer instability at the trailing edge of 
the hydrofoil. The ventilated cavity affects the vortex shedding at the 
trailing edge. When the hydrofoil speed is high, the Karman vortex is 
almost invisible at the hydrofoil trailing edge. When the hydrofoil speed 
continues to decrease, the ventilated cavity at the hydrofoil trailing edge 

disappears, and the hydrofoil trailing edge forms an obvious Karman 
vortex with a three-dimensional effect. When the hydrofoil speed is 
reduced to Fnh = 0.309, the hydrofoil flow regime transits from PV to PW 
flow, the Karman vortex at the hydrofoil trailing edge decreases again 
owing to the small Reynolds number. When the ventilated cavity can’t 
encapsulate the hydrofoil trailing edge, the boundary layer separation 
would occur on the hydrofoil due to the adverse pressure gradient, 
forming the shear layers. Then the two shear layers alternately roll up in 
opposite directions and are shed into the wake to form the vortex street 
(Anderson and Szewczyk, 1997). When the cavity encapsulates the hy-
drofoil trailing edge, one shear layer develops from the hydrofoil pres-
sure surface, and the other shear layer forms from the cavity surface. The 

Fig. 10. Evolution of vortex structures (Q = 200 s− 2).  
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Fig. 11. Limiting streamlines on suction surface.  

Fig. 12. Schematic diagram of the theoretical re-entrant jet.  
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ventilated cavity surface prevents the roll-up of the shear layer (Wang 
et al., 2021). 

The tip vortex is related to the hydrofoil speed and the ventilated 
cavity shape. Under the high-speed condition, the core of the tip vortex 
is aerated by air from the ventilated cavity. As the hydrofoil speed de-
creases, the core of the tip vortex can’t be aerated by air from the 
ventilated cavity, the tip vortex gradually decreases. 

4.4. Re-entrant jet mechanisms 

Fig. 11 shows limiting streamlines on the hydrofoil suction surface 
for different Froude numbers. Blue arrows indicate the gas flow trajec-
tory in the ventilated cavity, and red arrows indicate the water flow 
trajectory and the re-entrant jet, respectively. It can be seen that the 
direction of the re-entrant jet is closely related to the ventilated cavity 
shape. Φ = 45◦ is the criterion for the stability of fully ventilated cavities 
(Harwood et al., 2014, 2016). When Φ < 45◦, the re-entrant jet moves 
downstream which is gradually away from the cavity’s leading edge. 
When Φ > 45◦, the re-entrant jet has sufficient upstream momentum and 
impinges on the ventilated cavity leading edge, resulting in the incep-
tion of ventilated cavity instability. When the hydrofoil velocity is 

reduced, the re-entrant jet destabilizes the ventilated cavity structure at 
the leading edge and forms a vortex, cutting off part of the ventilated 
cavity and detaching downstream. 

Fig. 12 shows a schematic diagram of the theoretical re-entrant jet. 
For a ventilated cavity on the suction surface, a concave re-entrant jet is 
formed, forcing the water into the ventilated cavity. The ventilated 
cavity length shows a non-uniform distribution in the hydrofoil span-
wise direction, which demonstrates obvious three-dimensional flow 
features. Pressure at the boundary of the ventilated cavity is constant 
(De Lange and De Bruin, 1997; Wilcox, 1998), and re-entrant jet velocity 
is equal to inflow velocity along with the cavity interface according to 
the Bernoulli equation (De Lange and De Bruin, 1997; Franc and Michel, 
2006). Supposing inflow velocity is represented by the normal and 
tangential components on the ventilated cavity’s closure line. In that 
case, according to the momentum conservation, the tangential compo-
nent of the re-entrant jet velocity has the same magnitude as the 
tangential component of the inflow velocity along the cavity closure 
line. It can be seen from Fig. 12 that when Φ > 45◦, the re-entrant jet 
points toward the leading edge of the hydrofoil. When the jet has suf-
ficient upstream momentum, it will impinge on the leading edge of the 

Fig. 13. Schematic diagram of the monitoring point.  

Fig. 14. Comparison of the calculated and theoretical values (z = 0.5h).  

Fig. 15. Comparison of the calculated and theoretical values (Fnh = 0.85).  

Fig. 16. Pressure coefficient distribution of suction surface (z = 0.5h).  
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ventilated cavity and destabilize it. When Φ < 45◦, the re-entrant jet 
points downstream, away from the leading edge of the ventilated cavity, 
and thus the ventilated cavity has enough energy to remain stable. 

Fig. 13 shows a schematic diagram of the monitoring point. The 
monitoring point is the longest position of the two-dimensional venti-
lated cavity of the hydrofoil with different immersion depths, where z is 
the immersion depth of the monitoring point, L is the ventilated cavity 
length, Pc is the pressure of the ventilated cavity (Pc = Patm) (De Lange 

and De Bruin, 1997; Wilcox, 1998). The immersion depth Froude 
number of the monitoring point can be defined by: 

Fnh =
U∞
̅̅̅̅̅
gh

√ (6) 

The cavitation number of the monitoring point is defined by： 

Fig. 17. Ventilated cavity and vorticity distribution(z = 0.5h).  
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σc =
P∞ − Pc

0.5ρU2
∞

=
Patm + ρgz − Pc

0.5ρU2
∞

=
Patm − Pc

0.5ρU2
∞

+
ρgz

0.5ρU2
∞

(7)  

σc =△σ +
2

F2
nh

z
h
=

2
F2

nh

z
h

(8) 

The velocity along the streamline forming the boundary of a gaseous 
cavity (and therefore the velocity of the re-entrant jet) can be obtained 
from Bernoulli’s equation: 

Ujet =U∞
̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + σc

√
(9) 

By substituting Equation (8) into Equation (9), the velocity of the re- 
entrant jet of the monitoring point can be simplified as: 

Ujet =Fnh
̅̅̅̅̅
gh

√
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
2

F2
nh

z
h

√

(10) 

Fig. 14 compares the calculated and theoretical values (Equation 
(10)) at the monitoring point (z = 0.5h) for various speeds, while Fig. 15 
compares the values at different immersion depths (Fnh = 0.85). It shows 
that the calculated values are in good agreement with the theoretical 
values, indicating that the calculated re-entrant jet is consistent with its 
theoretical flow state. The discrepancy observed in Figs. 14 and 15 is 
attributed to the effects of fluid viscosity, which are not considered in 
the theoretical prediction. 

Fig. 16 shows the pressure coefficient distribution along the hydro-
foil suction surface (z = 0.5h) at different speeds. It can be seen that 
pressure is equal to atmospheric pressure when the hydrofoil is fully 
ventilated. As the hydrofoil speed decreases, the length of the ventilation 
cavity decreases and the pressure in the reattachment region increases. 
Simultaneously, the pressure distribution becomes more complicated 
due to the effect of the re-entrant jet. The pressure coefficient Cp is 
defined as Cp = (P − P∞)/1

2 ρU2
0, where P∞ is the far field pressure, P is 

the static pressure at the point, U∞ is hydrofoil speed and ρ is water 
density. In that case, a cavity would occur approximately where σ =- Cp, 
with σ defined as in equation (7). 

In order to further study the effect of the re-entrant jet on the 
ventilated cavity, cavity ventilation and vorticity distribution around 
the hydrofoil at an immersion depth of z = 0.5h were extracted from the 
numerical simulations, as shown in Fig. 17. In the vorticity distribution 
contours, the blue color represents the vorticity in the clockwise direc-
tion, and the red color means the vorticity in the counterclockwise di-
rection. As the hydrofoil speed decreased, the hydrofoil ventilated cavity 
(z = 0.5h) changed from FV to PV. When the length of the ventilated 
cavity was half of the hydrofoil’s chord length, the re-entrant jet began 
to appear, corresponding to Φ = 45◦ for the three-dimensional hydrofoil. 
The re-entrant jet acts on the hydrofoil leading edge to form a strong 
vortex structure at the leading edge, and then the attached cavity is shed 

off from the hydrofoil surface and rolled into the bubbly vortex structure 
downstream. 

Fig. 18 diagrams the evolution of the ventilated cavity(z = 0.5h), 
which can be described as a four-part process.  

(1) A decrease in the ventilated cavity: With a decrease in hydrofoil 
speed, the cavitation number increases and the ventilated cavity 
length decreases.  

(2) Development of re-entrant flow: the re-entrant jet begins to form 
when the length of the ventilated cavity is reduced to half the 
length of the hydrofoil (L/c = 0.5), corresponding to Φ = 45◦. 
When Φ < 45◦, the re-entrant jet points downstream, away from 
the leading edge of the ventilated cavity. When Φ > 45◦, the re- 
entrant jet points toward the hydrofoil leading edge and mi-
grates from the cavity’s trailing edge to its leading edge.  

(3) Cavity shedding: The re-entrant jet reaches the cavity near the 
hydrofoil leading edge and impinges on the cavity interface, 
pinching off the attached cavity and causing it to be shed 
downstream into a bubbly vortex structure (Franc and Michel, 
2006). A complex vortex structure is formed around the venti-
lated cavity, which is caused by the interaction between the 
re-entrant jet and the mainstream.  

(4) Reattachment: As the cavity detaches from the hydrofoil and 
moves downstream, the liquid water reattaches to the hydrofoil 
surface, and the entire process of the ventilation washout comes 
to an end. 

5. Conclusions 

The ventilation elimination of a surface-piercing hydrofoil is inves-
tigated using the RANS method coupling with a VOF model. The 
ventilation elimination mechanism is discussed from the perspectives of 
hydrofoil hydrodynamic performance, the evolution of ventilated cav-
ities, vortex structure, and re-entrant jets. The main conclusions are as 
follows: 

(1) The predicted lift and drag are in good accordance with the ex-
periments, and the flow features are also well captured by the 
present numerical simulations.  

(2) Ventilation elimination includes three stages, i.e. a decrease in 
the ventilated cavity, washout and reattachment. The decrease in 
the ventilated cavity is due to the decrease of the hydrofoil speed 
in the FV flow, and the ventilated cavity is relatively stable during 
this stage. Washout is the transition from FV to PV flow, and the 
ventilated cavity is relatively stable during this process. Reat-
tachment is the transition from PV to FW flow, and the ventilated 
cavity is unstable during this process. 

Fig. 18. Evolution of the ventilated cavity(z = 0.5h).  
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(3) The underwater vortex structures around the surface-piercing 
hydrofoil are composed of a tip vortex, an unstable vortex 
induced by the shear layer, and a Karman vortex. Shear layer 
instabilities are associated with boundary layer separation and 
are caused by the separation of the free surface and the ventilated 
cavity. Karman vortices were observed for vortex shedding, 
which was caused by the interaction of two opposite vortices 
initiated by the shear layer instability at the hydrofoil’s trailing 
edge. The core of the tip vortex is aerated by ingesting air from 
the ventilated cavity.  

(4) Ventilation stability strongly depends on the re-entrant jet. When 
Φ > 45◦, the re-entrant jet points toward the leading edge of the 
hydrofoil. The re-entrant jet impinges on the ventilated cavity’s 
leading edge with sufficient upstream momentum and de-
stabilizes the cavity ventilation. When Φ < 45◦, the direction of 
the re-entrant jet points downstream, and the ventilated cavity 
has enough energy to remain stable. 
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