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a b s t r a c t

To investigate the supercavity geometry and gas flow structure for the supercavities with two closure
types under the different flow conditions, an inhomogeneous multiphase model with the SST turbulence
model was established, and validated by experimental results. The results show that two distinct regions
exist inside the supercavity, which include the downstream flow region along the gas-water interface
and the reverse flow region. For the twin-vortex supercavity, the internal gas leaks from the supercavity
boundary by two paths: the supercavity surface and the two-vortex tubes. Increasing Froude number
leads to more internal gas stripped from the supercavity surface. Two types of gas loss exist for the re-
entrant jet supercavity with high Froude number, one type is the steady process of gas loss, and the
major gas-leaking path is the supercavity surface rather than supercavity closure region. The other type is
the unsteady periodic ejection, and the gas cluster of periodic ejection is merely a small part of the gas
stored inside the supercavity.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A supercavity can be generated by a cavitator located on the
nose of an underwater vehicle, which covers the supercavitating
vehicle and prevents the most of the surface of the vehicle from
directly contacting the ambient liquid. Therefore, a significant drag
reduction is achieved. When underwater vehicles (e.g. super-
cavitating projectiles) travel at a sufficient speed, the fluid pressure
drops below the saturated vapor pressure, then a natural super-
cavity is generated (Yuan and Xing, 2016; Sun et al., 2020). How-
ever, when the speed is not high enough, the generated natural
supercavity is hardly reproduced to envelop the entire vehicle. To
form and maintain the desired supercavity flow pattern, the non-
condensable gas is injected into the flow field behind the cav-
itator to generate an artificial ventilated supercavity. The geometry
of the ventilated supercavity can be controlled by adjusting the
ventilated gas. In addition, as the increase of the operating depth,
the shape and size of the ventilated supercavity can maintain un-
changed by controlling the ventilation flow rate (Fan et al., 2019;
uang).
f Naval Architects of Korea.

rea. Production and hosting by El
Wang et al., 2020). Therefore, the artificial ventilated supercavity is
widely employed at supercavitating vehicles.

Ventilated supercavity closure modes are determined by lots of
dimensionless flow parameters such as cavitation numbersc ¼
2ðP∞ � PcÞ=ðrwU2Þ, Froude number, Fr ¼ U=

ffiffiffiffiffiffiffiffi
gdc

p
, gas entrainment

coefficient, CqE ¼ Qin=Ud2c . Although other unstable cavity closure
modes are also observed, the twin-vortex and the re-entrant jet are
the two stable closure modes (Karn et al., 2016). The first empirical
criterion for transition between the twin-vortex and re-entrant jet
was given by Campbell and Hilborne (1958) based on experiments.
A re-entrant jet supercavity occurs at scFr>1, the influence of
gravity effect on the supercavity deformation is negligible. A twin-
vortex supercavity forms at scFr<1, and the gravitational effect
causes the centroid axis of a ventilated supercavity to rise upwards
significantly (Shao et al., 2017; Lee et al., 2018). Later, more pre-
dictions of the transition between these two closures have been
performed adequately (Skidmore 2013; Kawakami and Arndt,
2011).

For the twin-vortex closure regime, previous studies focused on
the establishment the empirical or semi-empirical correlations of
supercavity dimension and the ventilation demand (Epshtein 1973;
Wosnik et al., 2003). However, the ventilation demand and shape of
the supercavity are influenced by the internal gas flow structure
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Nomenclature

A region with gas flowing downstream
B region with gas flowing upstream
CD drag coefficient
CqE gas entrainment coefficient
CqLi gas leakage coefficient, i ¼ 1 and 2 represents the

cavity surface and closure region, respectively
Dmax maximum supercavity diameter, m
Dmax;S3 maximum supercavity diameter of section A, m
dc cavitator diameter, m
Fr Froude number
g gravitational acceleration, m/s2

Lmax full length of supercavity, m
Ma force acting on the phase by the other phase, N
p∞ freestream pressure, Pa
pc cavity pressure inside supercavity, Pa
Dp pressure difference, Pa
Qin volumetric flow rate of ventilated gas, m3/s
Qout volumetric flow rate of leakage gas, m3/s

Sb momentum source from gravity, N
t flow time
U freestream velocity, m/s
Ua velocity of phase a, m/s
x coordinate axis x
y coordinate axisy
z coordinate axisz
ma dynamic viscosity of phase a Pa$s
mt;a turbulent viscosity of phase a Pa$s
ra density of phase a, kg/m3

rw density of the water, kg/m3

rg density of the gas, kg/m3

rm density of the mixture, kg/m3

ga volume fraction of phase a

hi CqLi=CqE
sc ventilated cavitation number
sv natural cavitation number
q angle of cavity bending, �
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and its gas leakage characteristics (Kinzel et al., 2017). Cox and
Clayden (1956) assumed that the ventilated gas flowed down-
stream and directly exited from the twin vortex tubes. This gas
leakage mechanism was accepted by many researchers. For
instance, Ahn et al. (2017) experimentally investigated a ventilated
supercavity over a wide range of gas entrainment coefficients, and
they pointed out that the ventilated gas leaked from the two-vortex
tubes at the rear portion of cavity closure region. The phenomenon
of twin-vortex closure mode was also observed in numerical sim-
ulations (Lei et al., 2017; Yu et al., 2010). However, Kinzel et al.
(2009) observed that internal gas leaked from the gas boundary
layer at the internal supercavity surface based on numerical sim-
ulations. Recently, Wu et al. (2019) investigated the internal flow
structure of a ventilated supercavity by experimental method with
flow visualization and Particle Image Velocimetry (PIV) measure-
ments. They found that internal gas leaked from the extended in-
ternal boundary layer along the gas-liquid interface, and the
reverse gas flow existed inside the supercavity. To confirm the
major gas-leaking path of a twin-vortex supercavity, quantitative
investigation on the gas leakage behavior is necessary to improve
the understanding of gas leakage mechanism.

The supercavity with a re-entrant jet closure occurs when Fr is
high, and the supercavity remains axisymmetric (Karn et al., 2015).
The rear of the supercavity is filled with a foamy two-phase me-
dium which is periodically ejected in form of toroidal vortices
(Wang et al., 2015). The gas vortex exists inside the re-entrant jet
supercavity due to the adverse pressure gradient (Rashidi 2014).
From the perspective of this process, the periodic ejection of the
two-phase medium is regarded as the reason of gas loss for re-
entrant jet supercavity. Contrary to published opinions, Spurk
(2002) believes that the unsteady cavity closure is not the pri-
mary reason for the gas loss, but the entrainment of the gas along
the supercavity surface. Based on this, he established the gas loss
theory for a ventilated supercavity with high Fr. The supercavity
boundary consists of the supercavity surface and the supercavity
closure region, hence the internal gas leaks from the supercavity
boundary through one or both of the two paths (supercavity surface
and the supercavity closure region). Although the phenomenon of
the periodic ejection of the two-phase mixture has been observed,
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the amount of vortex rings has not been studied quantitatively. To
confirm the major gas-leaking path of the supercavity, quantitative
investigation on the gas leakage behavior for the re-entrant jet
supercavity with high Fr is necessary to improve the understanding
of gas leakage mechanism.

The gas leakage rate is strongly related to the gas flow structure
and the gas leakage characteristics, and the gas leakage rate affects
the supercavity geometry. Investigation on the gas flow structure
and gas leakage behavior is critical of the formulation of ventilation
demand to maintain a ventilated supercavity. However, the path
that the internal gas leaks from and the amount of the gas leaks
from each gas-leaking path have not been concluded. Further in-
vestigations are necessary to provide more insight into the char-
acteristic of supercavitating flow and gas leakage mechanism for
both twin-vortex supercavity and re-entrant jet supercavity. To
reveal the gas leakagemechanism and explain how the internal gas
leaks from the supercavity boundary, the complex structures of the
internal supercavitation flow under different flow conditions were
investigated.
2. Research method

2.1. Numerical model

An inhomogeneous multiphase model is applied to predict the
ventilated supercavitation flow. The inhomogeneous multiphase
model solves the continuity equation, energy equation, momentum
equation and volume fraction equation of each phase, respectively,
and the interaction between the two phases is transmitted through
the phase interface (Zhou et al., 2011). The temperature variation is
not considered. The governing equation involves the continuity
equation, momentum equation and volume fraction equation.

The continuity equation is expressed as:

vðgaraÞ
vt

þV$ðgaraUaÞ ¼ 0;a ¼ 1;2 (1)

where the subscript a stands for phase a; ga is the volume fraction
of phase a; ra is the density of phase a; Ua is the velocity of phase a.



H. Xu, K. Luo, J. Dang et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 628e640
The momentum equation is written as:
vðgaraUaÞ
vt

þV $ ðgaðraUa 5UaÞÞ¼ �gaVpa þV $
�
ga

�
ma þmt;a

���
VUa þðVUaÞT

��
þSg þMa;a¼1;2

(2)
where Sg ¼ ðra �rwÞg describes momentum source from buoyancy
which gives external body force to gas;
Ma ¼ CDrmAabjub �uajðub �uaÞ describes the drag action on phase
a due to the presence of phase b; CD is the drag coefficient and rm is
the density of the mixture. Interfacial area density, Aab denotes the
interfacial area per unit volume between phase a and phase b; ma is
dynamic viscosity of phase a; mt;a is turbulent viscosity of phase a;

The volume fraction equation is described as:
X
a

ga ¼1 (3)

Shear Stress Transport (SST) turbulence model considers the
transport of turbulent shear stress, and the flow separation caused
by the adverse pressure gradient can be accurately predicted. The
SST turbulence model has a high accuracy in the numerical simu-
lation of the ventilated supercavitation flow (Zhou et al., 2011).
Therefore, SST turbulence model is adopted to close the governing
equations in this paper.
Fig. 2. Grid independence verification.
2.2. Numerical setup

The ventilated supercavitating flow in this paper was simulated
on the computing platform of the CFX 18.0. The computational
domain and boundary conditions are shown in Fig. 1. The axial
velocity is prescribed at the inlet, and the static pressure is set as
the outlet. The periphery of computational domain is set as a free
slipping wall to minimize the influence of the boundary on the
supercavitation flow regime. The flow field's radial dimension is 54
times greater than the maximum diameter of supercavity, the in-
fluence of flow field's radial dimension on the ventilated super-
cavitation can be neglected (Xu et al., 2020). Therefore, we select
375 dc as the flow field's radial dimension. In order to have the
minimum disturbance of the model and make a better observation
of supercavitating flow, a single disk-shaped cavitator is adopted,
and its diameter is 20 mm. The ventilation hole is simplified to an
annular band to facilitate the generation of high-quality structured
grids. The width of the band is 4 mm, the distance of the center of
Fig. 1. Computational domain
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this annular band and the cavitator is 8 mm. The bulk mass flow
rate of the ventilation hole is set as the amount of ventilated gas.

The density of liquid (water at 25 �C) is rw ¼ 998kg=m3, and the
ventilated gas (air at 25 �C) is compressible air that is assumed to be
isothermal. Hence the density of gas is determined by the pressure
inside the supercavity. Moreover, the gravitational effect is
considered. The structural grids are used, and the hexahedral grids
are created. Three different sets of computational meshes are used
to conduct the grid independence verification, which give a con-
stant refinement ratio r ¼ Nfine=Ncourse ¼ 2, where N is the grid
node numbers. The elements of three meshes are 0.6 million cells,
1.2 million cells and 2.4 million cells, respectively. The comparison
of the supercavity geometry for different meshes is displayed in
Fig. 2. The relative difference of the supercavity full-length between
the coarse and medium mesh is 4.2%, and the relative difference of
the maximum diameter is 2.2%. The result of medium mesh is
consistent with that of fine mesh. Considering limited computing
and boundary conditions.



Fig. 3. Structural grids on the symmetry plane.
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resources, the computational mesh of 1.2 million cells is used to
study the ventilated supercavitation (seen from Fig. 3), which is
demonstrated to satisfy the grid independence requirement. The
fully implicit coupling solution algorithm is used to solve the mo-
mentum equation and the continuity equation. The second-order
backward Euler scheme is used to compute the non-steady term
in the numerical model. The High Resolution scheme is adopted to
discretize the convection term. The time step is 0.5 ms for the
simulation based on convergence studies.
2.3. Validation

Experiments of ventilated supercavitation flow under the
different gas entrainment coefficients are performed in the high-
speed water tunnel of Northwestern Polytechnical University to
validate the numerical model established in section 2. In the water
tunnel experiment, a disk-shaped cavitator is employed to generate
a ventilated supercavity, which is supported by a slender rod to
reduce the influence of after body on the supercavitation flow
regime and supercavity geometry. The diameter of the cavitator is
12 mm, and the diameter of the slender rod is 10 mm. In the
experiment, velocity (9 m/s) and pressure (70 kPa) of the main-
stream are fixed as constant. Series gas entrainment coefficients
can be obtained by operating the flow rate of the ventilation gas
(case 1: CqE ¼ 0.77; case 2: CqE ¼ 1.28). For the simulation, the
model geometry and computational domain geometry matches
that used in the experiment. The ventilated supercavitation flow of
numerical simulation was carried out under the same flow condi-
tion as the experiment. The comparison of experimental and
Fig. 4. Comparison of experimental and numerical results.
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numerical results is shown in Fig. 4. The iso-surface of the 50% gas
volume fraction is taken as the supercavity boundary. For case 1, the
maximum diameter of the simulated supercavity is approximate
2.82% larger than the experimental result, and full length of the
simulated supercavity is 2.75% longer than that of the experimental
supercavity. For case 2, good agreement is also obtained. Therefore,
the comparison in Fig. 4 demonstrates that the ventilated super-
cavity with low Fr can be accurately calculated by the numerical
method.

Logvinovich (1980) established a semi-empirical formula of the
ventilation demand and cavitation number for the ventilated
supercavity with high Fr through dimensional analysis and exper-
imental study. This formula is selected to verify the computational
accuracy of the ventilated supercavitation with high Fr, and this
formula is as follows:

CqE ¼g
p

4
Cx0

1þ sc
sc

�
sv
sc

� 1
�

(4)

where g is the empirical coefficient (0.01e0.02); sv is the natural
cavitation number; Cx0 is the drag coefficient at zero cavitation
number; sv is the cavitation number.

The comparison of numerical and theoretical results is shown in
Fig. 5. The maximum deviation of gas entrainment coefficient be-
tween numerical and theoretical result is less than 3%. This dem-
onstrates that the ventilated supercavity with high Fr can be
accurately calculated by the numerical method.

3. Results and discussion

3.1. Twin-vortex supercavity

To investigate the supercavitation flow of a twin-vortex super-
cavity under the different flow conditions, the gas entrainment
coefficient CqE ¼ 0.45, the Froude number Fr ¼ 20.3 and the
ambient pressure P∞ ¼ 110 kPa are chosen as the reference case.
The supercavity geometry and supercavitating flow structure are
then studied by varying the gas entrainment coefficient, Froude
number and ambient pressure, respectively.

3.1.1. Supercavity geometry
To quantitatively identify the effect of the gas entrainment co-

efficient on the supercavity shape, the supercavity profiles at the
Fig. 5. Variation of CqE versus sc from numerical and theoretical data.



Fig. 6. Profiles of supercavity with different gas entrainment coefficients.
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longitudinal symmetry plane are compared in Fig. 6. The super-
cavity shape is greatly affected by the gravity effect, and the central
axis of the twin-vortex supercavity significantly bends upward. The
overall geometry of the supercavity increases with the increasing of
CqE (0.3e0.6). However, the growth rate of the supercavity size
decreases gradually. When CqE increases from 0.3 to 0.525, the full-
length of the supercavity increases from 32.3 dc to 38.2 dc. When
CqE further increases to 0.6, the full-length of the supercavity only
increases to 38.6 dc. A critical gas entrainment coefficient exists for
the twin-vortex supercavity (Efranian and Moghiman 2020). The
critical value for twin-vortex supercavity in this paper is about 0.6.
Therefore, when the gas entrainment coefficient is close to or larger
than the critical value, the dimension of the ventilated supercavity
is almost constant with the increase of gas entrainment coefficient.
In addition, the gas entrainment coefficient exerts limited influence
on the forepart of the ventilated supercavity. For the part of the
supercavity at x=dc � 2, no obvious difference of the supercavity
geometry is observed under the different gas entrainment co-
efficients. Moreover, for the part of the supercavity at x= dc � 5, the
Fig. 7. Cross-sectional profiles of vortex tube with different gas entrainment
coefficients.
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supercavity shape is almost symmetrical, due to the slight influence
of gravity effect on the supercavity deformation for the forepart of
the supercavity close to the cavitator.

For the twin-vortex supercavity, the two-vortex tubes are
identical, and formed at the supercavity closure region. The cross-
sectional outlines of the vortex tube of the ventilated super-
cavities under the different gas entrainment coefficients are
extracted from the numerical results (shown in Fig. 7). The cross
section of the vortex tube is parallel to yoz coordinate plane, and
the distance from the cross section of the vortex tube to the point of
supercavity closure is 0.5 mm. The dimension of the vortex tube is
normalized by the cavitator diameter dc. Combining the compari-
sons in Figs. 6 and 7, it is found that the changing law of the vortex
tube area versus the gas entrainment coefficient is similar to that of
the overall supercavity size. The area of the vortex tube increases
with the CqE in a range of 0.3e0.6, but its growth rate is limited
when CqE is greater than 0.525. This demonstrates that the shape of
the vortex tube almost keeps unchangedwhen the gas entrainment
coefficient is close to or more than the critical value. In addition, the
distance between the two vortex tubes increases with the increase
of CqE . For instance, when CqE increases from 0.30 to 0.45, the
distance increases from 1.184 dc to 1.415 dc. Further, when CqE in-
creases to 0.60, the distance increases to 1.432 dc.

To investigate the effect of Froude number on the supercavity
geometry, the numerical calculations are performed by changing
the freestreamvelocity from 5m/s to 13m/s, and the corresponding
Froude number increases from 11.3 to 29.3. The geometry of the
ventilated supercavities under different Froude numbers is shown
in Fig. 8. Moreover, to estimate the deformation of the twin-vortex
supercavity, the angle between the line 1 (the connection line be-
tween the supercavity closure point and the midpoint of the cav-
itator) and the horizontal axis is defined as the bending angle q to
represent the effect of gravity on supercavity shape, and the defi-
nition displayed in Fig. 8. As shown in Fig. 8, the bending angle q

decreases with the increase of the Froude number. When Fr in-
creases from 11.3 to 20.3, q decreases from 4.9� to 2.7�. This in-
dicates that the increase of freestream velocity weakens the
supercavity deformation caused by the gravity effect. The full-
length of the ventilated supercavity increases significantly with
Fr, and the upper profile of the supercavity is almost unchanged
Fig. 8. Profiles of supercavity with different Froude numbers.



Fig. 10. Profiles of supercavity with different ambient pressure.
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when Fr is less than 24.8. However, the lower profile changes
significantly. With the increase of Fr, the diameter of the super-
cavity increases and the upward offset of the upper profile caused
by the gravity effect decreases. Therefore, the upper profile of the
supercavity keeps almost unchanged with the increase of Fr within
11.3e24.8. Moreover, with the continuous increase of Fr, the up-
ward offset of the upper profile caused by the gravity effect de-
creases sharply, and its reduction cannot be compensated by the
increment of the supercavity diameter arisen from the increase of
Fr. Thus, the upper profile shifts down as Fr is more than 24.8. For
the lower profile of the supercavity at the same axial position, the
supercavity diameter increases with Fr, which induces the down-
ward shift of the lower profile. Besides, the upward shift of the
lower profile caused by the gravity effect decreases with the in-
crease of Fr. Therefore, a significant downshift of the lower profile is
observed with the increase of Fr.

As shown in Fig. 9, all the cross-sectional profiles of the vortex
tube at the different Froude numbers have the resemble appear-
ance. With the increase of Fr, both the area of the vortex tube and
the distance between the two-vortex tubes decrease. Due to the
gravity effect, the axis of the supercavity shifts up gradually along
with the flowing downstream direction, and the supercavity shape
is asymmetrical about the horizontal plane, resulting in an inevi-
table velocity difference between the upper and lower surfaces of
the supercavity. Wang et al. (2015) point out that the twin-vortex
tubes are formed due to the velocity difference between the up-
per and lower surfaces of the supercavity. The increase of Fr
weakens the asymmetry of the ventilated supercavity induced by
the gravity effect, and the corresponding velocity difference be-
tween the upper and lower surfaces of the supercavity decreases.
Therefore, the size of vortex tube becomes smaller and the distance
between the two-vortex tubes decreases. When Fr increases from
11.3 to 20.3, the distance decreases from 1.818 dc to 1.432 dc.
Further, when Fr increases to 29.3, the distance decreases to 1.220
dc.

To estimate the influence of the ambient pressure on the
ventilated supercavity shape, the ventilated supercavitation flow
are investigated under the condition of the ambient pressure in a
range of 70e150 kPa. The natural cavitation number sv is used to
represent the magnitude of the ambient pressure, and the
Fig. 9. Cross-sectional profiles of vortex tube with different Froude numbers.

Fig. 11. Cross-sectional profiles of vortex tube with different ambient pressure.
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corresponding sv varies from 1.64 to 3.62. The profiles of the
supercavity at the different ambient pressure are shown in Fig. 10.
The ventilated supercavities have the similar supercavity flow
patterns under the different ambient pressure, and the twin-vortex
closure mode remains unchanged. When sv increases from 1.64 to
2.63, the full-length of the supercavity decreases from 38.5 dc to
34.4 dc. Moreover, as the natural cavitation number increases to
3.62, the full-length of the supercavity decreases to 30.1 dc. Both the
length and diameter of the supercavity decrease with the increase
of the ambient pressure, and the decrement in the supercavity
geometry is approximately proportional to the increment in the
ambient pressure. In addition, the comparison of the vortex tubes
geometry under the different ambient pressure is shown in Fig. 11.
The area of the vortex tube becomes smaller with the increase of
the ambient pressure. Increasing the ambient pressure leads to the
increase of the static pressure inside the supercavity, and the
constant mass flow rate of the ventilated gas is defined as the
boundary condition of the gas inlet behind the cavitator. Conse-
quently, with the increase of the ambient pressure, the



Fig. 12. Velocity vector distribution of internal gas at the symmetry plane.
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corresponding volumetric gas flow rate inside the supercavity de-
creases. Resultantly, the area of the vortex tube becomes smaller
with the increase of the ambient pressure.

3.1.2. Flow structure and gas leakage behavior
To investigate gas flow structure inside the ventilated super-

cavity, the velocity vectors distribution of internal gas at the sym-
metry plane are shown in Fig. 12. The red line donates the
supercavity surface. As shown in Fig. 11(a), the gas is injected into
the flow field from ventilation hole behind the disk-shaped cav-
itator and flows downward along with internal supercavity
boundary. The internal gas is stripped from the supercavity surface
(red line) and the gas leaks from the supercavity surface (shown in
the circles). The velocity of gas at the supercavity surface has a
component of the normal velocity on the supercavity surface. At the
Fig. 13. hi;TV Versus the gas entrainment coefficient.
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rear portion of supercavity, the structure of reserve flow is gener-
ated due to adverse pressure gradient, as shown in Fig. 11(b). When
reaching the supercavity closure region, a part of the gas flows out
from the twin-vortex tubes, and the rest flows reversely towards
the cavitator. Therefore, a large-scale gas vortex is formed inside
the supercavity, accompanied by several small-scale gas vortices.
The phenomenon that gas leaks from the supercavity surface are
observed, and the supercavity surface is a gas-leaking path.

To determine which path (supercavity surface and vortex tubes)
is the main gas-leaking path, a variable hi;TV ¼ CqLi;TV=CqE is
defined. For a twin-vortex supercavity, the gas leakage rate of
different gas-leaking path versus the gas entrainment coefficient is
compared in Fig. 13. Herein, the Froude number is a constant
equaling to 20.3 for the different cases, and the gas entrainment
coefficient varies from 0.3 to 0.6. As shown in Fig. 13, with the in-
crease of CqE within 0.3e0.6, h1;TV and h2;TV remains approximately
unchanged, and both h1;TV and h2;TV are roughly 0.5. This can also
demonstrate that the gas flow structure and cavity closuremode do
not change with the increase of the gas entrainment coefficient
within the calculating range. In addition, not all the ventilated gas
flows out from the two-vortex tubes, and about a half of the
ventilated gas leaks from the supercavity surface in the calculating
condition.

The influence of the Froude number on gas leakage behavior for
a twin-vortex supercavity is examined by fixing the gas entrain-
ment coefficient CqE ¼ 0.45, the ambient pressure p∞ ¼ 110 kPa and
varying the Froude number over a range of 11.3e29.3, as shown in
Fig. 14. With the increase of the Froude number, h1;TV increases
obviously, and h2 decreases correspondingly. Furthermore, when Fr
increases from 11.3 to 29.3, h1;TV increases from 0.3 to 0.59, and
h2;TV decreases from 0.7 to 0.41. It demonstrates that the gas flow
structure inside the supercavity and gas leakage behavior are
significantly affected by the Froude number. The increase of the
Froude number weakens the deformation of the ventilated super-
cavity induced by the gravity effect, and resultantly, decreasing the
area of two-vortex tubes and the value of h2;TV . Besides, the
increasing freestream velocity leads to more gas stripped from the
gas-water interface of the supercavity. Therefore, the gas leakage
rate from the twin-vortex tubes decreases apparently with the in-
crease of the Froude number.

To estimate the effect of the ambient pressure on the gas leakage
behavior for a twin-vortex supercavity, the gas leakage behavior is
Fig. 14. hi;TV Versus Froude number.



Fig. 15. hi;TV Versus ambient pressure.
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investigated by fixing the gas entrainment coefficient CqE ¼ 0.45,
Froude number Fr ¼ 20.3 and varying the ambient pressure over a
range of 70e150 kPa. As shown in Fig. 15, with the increase of the
natural cavitation number in a range of 1.64e3.62, both h1;TV and
h2;TV remain approximately unchanged. Although the supercavity
shrinks with the increase of the ambient pressure, the gas flow
structure inside the supercavity and the closure mode are not
significantly changed. Under the different ambient pressure, the
sizes of the supercavity and twin-vortex tubes change with the
same scale. Therefore, the mass flow rate of the gas leaking from
each gas-leaking path is almost invariable under the different
ambient pressure.
3.2. Ventilated supercavity under the high Fr condition

Under the high Froude number condition, the impact of the
gravity effect on the supercavity shape is small, and the closure
mode becomes to re-entrant jet. To generate a re-entrant jet
supercavity with high Fr, the supercavitation flow is calculated in
Fig. 16. Geometry of supercavity with different gas entrainment coefficients.
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the condition of Froude number equal to 180. Additionally, the
condition approximates to the condition of the high-speed super-
cavitating vehicle designed by Li et al. (2014). The supercavity ge-
ometry and the internal gas flow structure are investigated by
varying the gas entrainment coefficient and the natural cavitation
number.

3.2.1. Supercavity geometry
To evaluate the effect of the gas entrainment coefficient on the

ventilated supercavity geometry with high Fr, the ventilated
supercavitation flow is investigated over a wide range of gas
entrainment coefficients (0.625e1.406). The predicted super-
cavities under the different gas entrainment coefficients are shown
in Fig. 16. The predicted ventilated supercavities have a similar
ellipsoidal-outline, and the re-entrant jet closure mode keeps un-
changed. However, the dimension of the ventilated supercavity
increases with the increase of CqE . To quantify the influence of the
gas entrainment coefficient on the supercavity dimension, the
maximum diameter and full-length of the ventilated supercavity
under the different gas entrainment coefficients are plotted in
Fig. 17. The full-length of the supercavity increases rapidly with the
gas entrainment coefficient in the range of 0.938e1.172, and an
approximately linear relationship exists between the supercavity
full-length and gas entrainment coefficient. As CqE continues to
increase, the growth rate in the supercavity length sharply de-
creases, and no obvious increment in the supercavity length is
observed. Moreover, the change rule of the supercavity diameter is
the same as that of the supercavity full-length. It owns to that a
critical gas entrainment coefficient also exists in a re-entrant jet
supercavity, and the critical value for re-entrant jet supercavity is
about 1.172.When CqE is close to or more than the critical value, the
change of the supercavity size is limited. Therefore, for the design of
a high-speed supercavitating vehicle, just increasing the gas
entrainment coefficient cannot achieve a continuous limitlessly
enlargement of the ventilated supercavity. The achievable
maximum geometry of the ventilated supercavity generated by
increasing the gas entrainment coefficient are mainly determined
by the cavitator geometry and the Froude number.

To explore the relationship between the supercavity shape and
the ambient pressure, the numerical calculations are performed by
fixing the gas entrainment coefficient CqE ¼ 0.938 that is less than
the critical value, and varying the natural cavitation number (0.045,
0.061 and 0.077, respectively). The predicted supercavities under
Fig. 17. Full-length and maximum diameter of supercavity versus gas entrainment
coefficient.



Fig. 18. Geometry of supercavity with different ambient pressure.

Fig. 19. Full-length and maximum diameter of supercavity versus ambient pressure.
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the different natural cavitation numbers are compared in Fig. 18.
Furthermore, to quantify the influence of the natural cavitation
number on the supercavity dimension, the full-length and
maximum diameter of the supercavity are extracted from the nu-
merical results and displayed in Fig. 19. With the increase of the
natural cavitation number, the supercavity closure mode remains
unchanged, but the supercavity geometry shrinks obviously. When
the natural cavitation number increases from 0.045 to 0.061, the
maximum diameter of the ventilated supercavity decreases from
Fig. 20. Internal pressure and the density of internal gas versus the ambient pressure.
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6.1 dc to 5.7 dc, and the full-length of the supercavity decreases from
98.7 dc to 84.4 dc. Further, when the natural cavitation number
increases to 0.077, the maximum diameter and full-length of the
supercavity decrease to 5.4 dc, 74.76 dc, respectively.

To investigate the influence of the different natural cavitation
numbers on the supercavity geometry, the internal pressure and
density of the gas inside the supercavity are shown in Fig. 20. As the
increase of the natural cavitation number, the static pressure inside
the supercavity increases synchronously. Further, because the
temperature in the flow field is regarded as a constant, the density
of internal gas is roughly in proportion to the internal static pres-
sure. Therefore, with the increase of the natural cavitation number,
the volumetric gas flow rate inside the supercavity decreases.
Supercavity dimension is determined by volumetric gas flow rate
inside the ventilated supercavity. Therefore, the supercavity
dimension decreases with the increase of the ambient pressure.
3.2.2. Flow structure and gas leakage behavior
To better understand the internal gas flow and the gas leakage

behavior of a ventilated supercavity with high Fr, the velocity
vectors distribution of internal gas at the symmetry plane are
shown in Fig. 21, where the red line denotes the supercavity
boundary. As shown in Fig. 21, the ventilated gas is injected into the
flow field from the ventilation hole behind the disk-shaped cav-
itator and flows downstream along the internal water-gas interface
inside the supercavity. Near the internal supercavity boundary, the
gas is stripped from the internal surface and internal gas leaks from
the supercavity surface (shown in the circles of Fig. 21(a)). When
reaching the supercavity closure region, the gas flows reversely
towards the cavitator due to the re-entrant jet, and forming a vortex
flow structure. Then, a large-scale gas vortex is formed inside the
supercavity.

The distribution of the gas volume fraction inside the super-
cavity under the different flow conditions is shown in Fig. 22. A
region exists inside the supercavity, where gas volume fraction is
more than 0.02, and less than 1.0. In other words, water phase
exists inside this region. Moreover, this region locates in the middle
portion of the supercavity and not the zone near the internal
supercavity surface. This demonstrates that the water enters the
supercavity from closure region due to the re-entrant jet.

The amount of the water inside the supercavity decreases with
the increase of the gas entrainment coefficient and the decrease of
the natural cavitation number. It attributes to that the amount of
water is related to the strength of the re-entrant jet. The strength is
determined by the pressure difference between the inside and
outside of the supercavity at the supercavity closure region (Karn
et al., 2015). The pressure difference under the different flow con-
ditions is shown in Fig. 23. As the gas entrainment coefficient in-
creases and the ambient pressure decreases, the pressure
difference becomes larger, and leads tomorewater flowing into the
supercavity along with the re-entrant jet.

At the rear part of the supercavity, the two-phase mixture is
periodically ejected. However, during the period without gas in-
jection, the process of supercavitation flow is steady. The super-
cavity boundary consists of supercavity surface and closure region,
and the internal gas leaks from supercavity through these two re-
gions. To investigate the gas-leaking path of a ventilated super-
cavity with high Fr during the steady process and quantify the
corresponding gas leakage rate of each gas-leaking path, two sur-
faces are defined to monitor the mass flow rate of the gas and
displayed in Fig. 24, where S1 is the gas-water interface of the
supercavity excluding the supercavity closure region, S2 is the
supercavity closure region. To investigate the gas-leaking path, a
variable hi;RJ ¼ Cqi;RJ=CqE is defined. The values of hi;RJ under the



Fig. 21. Streamlines of gas flow inside the re-entrant jet supercavity.
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different operation conditions according to the numerical results
are calculated and listed in Table 1. As seen from Table 1, under the
different flow conditions (gas entrainment coefficient, natural
cavitation number), the mass flow rate of gas leaking from the S2
(supercavity closure region) is small, which is less than 6.0% of the
ventilation gas rate. The reason is that the gas flows reversely at the
rear portion of the supercavity due to the re-entrant jet, which
leads to the decrease of gas leaking from the supercavity. Spurk
(2002) believes that the ring vortex merely serves a temporary
storage for the boundary layer material. Therefore, most of the
ventilated gas leaks from the supercavity surface, and the amount
of gas leaking from S1 (supercavity surface) is about 94% that of the
ventilated gas. The major gas-leaking path is the supercavity sur-
face rather than the supercavity closure region for the re-entrant jet
supercavity with high Fr, during the steady process.
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To further estimate the gas leakage behavior, the variation of hL;t
at different flow time is shown in Fig. 25, where hL;t ¼ CqL;t=CqE
denotes the gas leakage coefficient at the different supercavity
development time. As seen from Fig. 25, at the initial stage of the
supercavity, hL;t is less than 1.0, this indicates that not all the
ventilated gas flows out from the supercavity boundary, and a part
of the ventilated gas stays inside the supercavity and flows
reversely to the cavitator due to the re-entrant jet. Supercavity
surface is the major gas-leaking path, and the amount of gas
leakage is determined by the area of supercavity surface. At the
initial stage, the area of supercavity surface is quite small, so the gas
leakage rate is much smaller than the ventilation flow rate. With
the developing of the supercavity, the area of the supercavity sur-
face becomes bigger and bigger, more gas leaks from the



Fig. 22. Gas volume fraction distribution inside supercavity (a) different gas entrainment coefficients (b) different natural cavitation numbers.

Fig. 23. Pressure difference under different flow conditions.

Fig. 24. Structure of supercavitation flow and setting of monitoring location.

Table 1
hi;RJ Under the different flow conditions.

Condition h1;RJ h2;RJ

CqE ¼ 1.016 0.946 0.054
CqE ¼ 1.094 0.942 0.058
CqE ¼ 1.172 0.941 0.059
sv ¼ 0.045 0.945 0.055
sv ¼ 0.061 0.948 0.052
sv ¼ 0.077 0.951 0.049
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supercavity, and hL;t increases gradually. After the ventilated
supercavity is sufficiently developed, all the ventilated gas leaks
from the supercavity boundary (supercavity surface and closure
638
region) and no remanent gas contributes to the accumulation of the
gas flowing reversely.

The periodic ejection of the two-phase medium is another type



Fig. 25. Variation of hL;t with flow time.

Fig. 26. Transient behavior of the gas leakage.
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of gas loss. Fig. 26 shows the effect of periodic ejection of gas-water
mixture on supercavity length. At the rear potion of the supercavity,
gas cluster is periodically rejected due to the unsteady cavity
closure. For instance, as the time difference Dt is 0.06s (Dt ¼
t � t0), the supercavity length is 77.72 dc and the gas cluster is
rejecting. When Dt increases to 0.08s, the gas cluster has been
rejected, and the supercavity length decreases to 75.37 dc. At the
moment, due to decrease of the supercavity surface, the gas leakage
rate is less than the ventilation flow rate. Therefore, before the next
period of gas cluster being rejected comes, the supercavity further
grows until gas leakage rate is equal to the ventilation flow rate.
When Dt is 0.14s, the supercavity length decreases to 75.47 dc
under the effect of shedding gas cluster. The relative change rate of
supercavity length is less than 8% due to periodic ejection of gas-
water mixture. As mentioned before, the accumulation of the in-
ternal gas exists. The gas cluster of periodic ejection is only a small
part of the gas stored inside the supercavity. Therefore, the super-
cavity is not affected by the unsteady behavior except for the rear
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portion of the supercavity. This is consistent with the conclusion of
Spurk (2002).

4. Conclusion

In this paper, a numerical model is established to quantitatively
simulate the supercavitation flow of a ventilated supercavity, and
validated by experimental results. The gas flow structure and gas
leakage behavior for the twin-vortex supercavity and the re-
entrant jet supercavity with high Fr are investigated. The key
findings are:

1) The geometry of the supercavity is affected by the gas entrain-
ment coefficient and the natural cavitation number. A critical
gas entrainment coefficient exists for both twin-vortex super-
cavity and re-entrant jet supercavity with high Fr. The critical
value for the twin-vortex supercavity is about 0.6, and that is
about 1.172 for the re-entrant jet supercavity. With the increase
of the natural cavitation number, the supercavity dimension
decreases. For 0.247 increment in sv, the full-length of twin-
vortex supercavity decreases by 1.05 dc, while for 0.313 incre-
ment in sv, the full-length of the re-entrant jet supercavity de-
creases by 243 dc.

2) For the twin-vortex supercavity, a large-scale gas vortex exists
inside the supercavity. The internal gas flows downstream along
the internal supercavity surface and part of the gas flows
reversely towards the cavitator when reaching the closure re-
gion. The internal gas for a twin-vortex supercavity flows out
the supercavity boundary mainly from supercavity surface and
twin-vortex tubes. The gas-leaking ratio between the two paths
depends on Fr, which is not affected by the natural cavitation
number and the gas entrainment coefficient. Further, increasing
Fr leads to the gas leaking from the cavity surface increase.

3) For the re-entrant jet supercavity with high Fr, a large-scale gas
vortex also exists inside the supercavity. During the steady
process, the supercavity surface is the major gas-leaking path
that about 94% of the ventilated gas leaks from. The effect of
periodic ejection of gas-water mixture on supercavity length is
weak, and the relative change rate of supercavity length is less
than 8%. The gas cluster of periodic ejection is merely a small
part of the gas stored inside the supercavity.
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