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a b s t r a c t

In this study, the supercavitating flow of a high-velocity moving body near air-water surface is calculated
and analyzed based on a commercial CFD software ANSYS Fluent. The effect of regular wave parameters
including both wave height and wavelength on the cavitating flow and force characteristics of a body at
different velocities is investigated. It is found that the cavity shape, lift coefficient and drag coefficient of
the body vary periodically with wave fluctuation, and the variation period is basically consistent with
wave period. When the wavelength is much greater than the cavity length, the effect of wave on
supercavitation is the alternating effect of axial compression and radial compression. However, when the
wavelength varies around the cavity length, the cavity often crosses two adjacent troughs and is com-
pressed periodically by the two wave troughs. With the variation of wavelength, the average area of
cavity shows a different trend with the change of wave height.

© 2020 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

When a moving body is sailing underwater at a certain velocity
and the pressure near the moving body decreases to the saturated
vapor pressure of water, the local water will vaporize and create a
cavity, which can encapsulate the entire moving body. Such a cavity
is known as natural supercavitation, which generally requires the
velocity as high as tens of meters per second or even higher. The
generation of supercavitation can effectively decrease the frictional
drag of the body and significantly improve the body’s sailing range
and velocity maintaining capability. In supercavitation studies, the
numerical derivation method was mainly used to analyze the pa-
rameters related to supercavitation in the early stage (Mirzaei et al.,
2016). Later, as more attention was paid to the cavitation problem,
relevant experimental techniques were gradually developed, and
some large-scale hydrodynamic experimental devices were intru-
duced(Kulagin et al., 2016). Thus, experiments became one of the
main ways of studying supercavitation. At present, the experi-
mental methods mainly adopt a water tunnel and projectile device.
Using a water tunnel experiment under relatively stable

experiment conditions, Ahn et al. (2017) explored the ventilation
cavitation of a disc cavitator under different cavitation numbers,
ventilation coefficients, and ventilation modes. Shao et al. (2017)
conducted a comparative study on the cavity shape and deflating
mode of a disc cavitator under ventilation supercavitation and
natural supercavitation under the influence of narrow walls. Zhao
et al. (2015) adopted projectile tests, which are easier to simulate
actual projectile motion, and used a launcher and high-velocity
photography to capture the trajectory change and cavity closure
of a slender body moving in water.

However, a supercavitation experiment has many limitations.
For example, it is difficult to achieve complex working conditions. It
is easily interfered by external conditions, and more difficult to
present specific phenomena (Jiang et al., 2016). With the develop-
ment of computer technology, computers play an important role in
the study on supercavitation. Jafarian and Pishevar (2016) con-
ducted simulation calculation on two-dimensional (2D) cavitation
with different shapes of cavitator and concluded that at the same
velocity, the sharper the cone head of conical cavitator, the smaller
the supercavitation, and supercavitation will increase with the in-
crease of inlet velocity. However, the inlet velocity does not
significantly affect the front section of supercavitation. Using
nondominated sorting genetic algorithm II (NSGA II) as the opti-
mization method, Shafaghat et al. (2011) conducted shape opti-
mization to decrease drag of an axisymmetric cavitator with
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specific length afterbody at a certain velocity.
Clearly, computer simulation results cannot fully represent the

actual situation, and specific calculation results change significantly
with the change in computational numerical model and cavitation
model (Pendar and Roohi, 2016). Therefore, it is often necessary to
verify the results of numerical simulation. Yang et al. (2017) con-
ducted numerical simulation using standard k� ε turbulence
model, verified the results by conducting experiments, and evalu-
ated force and velocity variation of a moving projectile body in the
presence or absence of supercavitation at the same velocity. Jav-
adpour et al. (Kadivar et al., 2017; Javadpour et al., 2017; Salari et al.,
2017) combined water tunnel experiments with numerical simu-
lations, and comprehensively studied the trends of cavity shape and
force of a conical cavitator under different cavitation numbers,
different cavitator angles, and in the presence or absence of
ventilation. Huang et al. (2017) conducted water tunnel experi-
ments and numerical simulation on a disc cavitator with air in-
jection from the head. For the two models with different areas for
air injection, they investigated the drag variation and differences in
cavity shapes of cavitator under different ventilatory rate. In addi-
tion to experimental validation, the accuracy of selected numerical
simulation can also be verified by being comparied with results
from empirical formulas. Meng et al. (2015) conducted low-velocity
cavitating simulation with in-house code based on finite element
method. The method was validated by an empirical formula and
then used to explore the cavitation situation of disk cavitation
device at a subsonic velocity.

When a high-velocity moving body is sailing in uniform infinite
water flow, the generation and development of supercavitation are
closely related to the relative velocity of incoming flow, environ-
mental pressure, and other disturbances. However, when the body
moves in an inhomogeneous environment (involving nonuniform
velocity distribution, nonuniform medium density, etc.), the
supercavitation characteristics may be quite different. Considering
the effect of environmental change of incoming flow on super-
cavitation, Karn et al. (2015) constructed a set of experimental
equipment for studying the periodic trends for closure modes of
ventilated supercavitation under the action of low-frequency pe-
riodic gust flow; the results are a little different from those ob-
tained using empirical formulas. Based on this study, Wang et al.
(2018) established a numerical calculation model and studied the
effects of gust flow’s wavelength, amplitude, inflow velocity, and
other factors on supercavity shapes and deflating modes of tail.
Using numerical simulation, Cheng et al. (2011) discussed the ef-
fects of free surface and bottom boundary restriction on the motion
and cavity shape of a 2D wedge moving under different cavitation
numbers in shallow water. By conducting numerical simulation on
the unsteady cavitation flow characteristics of NACA0012 hydrofoil
under the action of Stokes wave, Cheng et al. (2011) studied the
effects of wave height and sinking depth on the cavity development
of a hydrofoil, and analyzed the influencing factors of free surface
and wave on hydrofoil cavitation flow. Shi et al. (2016) conducted
an experimental study on the horizontal motion of a flat-nosed
supercavitation projectile near the air-water free furface and
found that the drag coefficient and cavity shape of the projectile are
influenced significantly by water depth and length-to-diameter
ratio of the projectile. Using a combination of experiments and
numerical simulation, Wang et al., (2016, 2017) analyzed the effect
of free surface on the instability of cavitation flow near free water
surface and found that the stability of upper surface of
cavity increased with the decrease in the sinking depth of under-
water vehicle.With a RANSmethod, Kim and Lee (2014) studied the
effect of free surface under gravity on the drag and attached cavity
shapes of a high-velocity moving body and found that the drag

characteristics was rarely affected, but the length of cavity first
increased and then decreased with the increase of water depth.
However, this has not been verified by experiments or calculations
in other literatures.

Although extensive studies have been conducted in cavitation
flow near a free surface, most of them only considered the effect of
still water surface or low-velocity incoming wave, and in-depth
studies have been rarely conducted. However, high-velocity un-
derwater attack and defense weapons, especially underwater
supercavitating projectiles, often face complex free surface fluctu-
ation conditions in practical applications. This causes challenges
that should not be neglected for the design and application of un-
derwater supercavitating body with wave interference. In view of
this, the effects of wave height and wavelength on the super-
cavitation flow and its force characteristics are analyzed based on
commercial software ANSYS Fluent using a multiphase flow model
of Volume of Fraction (VOF) in present study. The interference of
regular waves on the 2D supercavitation moving body under the
air-water free surface is taken into account to provide useful
reference for the analysis of characteristics for a supercavitating
body near free surface.

2. Numerical configurations

2.1. Governing equation

In this study, a gas-liquid-vapor three phase mixed flow model
is used, and the continuity equation and momentum equation are
shown as follows (Vernengo et al., 2016):
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where ui is the velocity of mixed medium in i direction; i and j are
different coordinate numbers; P is the pressure; m is the dynamic
viscosity coefficient of fluid.

The standard k� ε model is used in turbulence modeling. This
model is established on two basic unknowns, i.e., turbulence en-
ergy k and turbulent dissipation rate ε, and the corresponding
transport equations are as follows (Hu et al., 2017):
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where Gk is the turbulence energy caused by average velocity
gradient; Gb is the turbulence energy caused by body force; YM is
the contribution coefficient of pulsation expansion in compressible
turbulence; C1ε, C2ε, and C3ε are empirical constants; sk and sε are
Prandtl number corresponding to k and ε respectively.

The three-phase mixed fluid medium satisfies the compatibility
condition under the VOF model:
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X3

q¼1

aq ¼1 (5)

The density and viscosity coefficient of mixed medium are
defined as follows:

rm ¼
X3

q¼1

aqrq (6)

mm¼
X3

q¼1

aqmq (7)

Under the compatibility conditions, a mass transformation
relationship exists between the liquid phase and vapor phase (Li
et al., 2018):

vðavrvÞ
vt

þ vðavrvuiÞ
vxi

¼ _mþ � _m� (8)

where _mþ is themass transfer rate from liquid phase to vapor phase
when P � Pv; _m� is the mass transfer rate from vapor phase to
liquid phase when P � Pv, where Pv is the cavitation pressure
defined by users. _mþ and _m� are determined through
ZwarteGerbereBelamri cavitation model.
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where Fvap is the evaporation coefficient; Fcond is the condensation
coefficient; anuc is volume fraction; RB is the bubble diameter. All
the above parameters can be defined by users. In the two formulas
mentioned above, rv is the density of vapor phase; rl is the density
of liquid phase.

The regular wave of a free surface is generated by boundary
wave method, and at the inlet boundary, the liquid-level wave
equation is considered as follows:

y¼H0 þ
H
2
cosðutÞ (11)

where H0 is the reference height of liquid level, which is taken as
0 when the origin of coordinates is on the still water surface; H is
the wave height; T is the wave period; u is the wave frequency, and
u ¼ 2p=T . where typical wave fluctuation curves under different
wave heights at the inlet boundary of the computational region are
shown in Fig. 1.

2.2. Calculation model

A numerical study is conducted on a 2D flat-nosed body. The
selected body model has a width of Dn ¼ 12 mm and a length of
Ln ¼ 72 mm. When a free surface is considered, the fixed water

depth is selected to be h¼ 40mm (h ¼ h=Dn ¼ 3:33), and the origin
of coordinates is set at the quiescent free surface above the body
head. The computational domain is taken as a rectangle of
1000 mm � 650 mm, and the distance between the body and
bottom is ~25 times the diameter of the body to avoid the effect of
bottom boundary. The left side of computational domain is set as

the boundary condition of Velocity-inlet with wave. The right side
is defined as the boundary condition of Pressure-outlet (the gas
outlet pressure is set as 101325 Pa, and the liquid outlet pressure is
determined by UDF satisfying hydrostatic pressure distribution).
Symmetry boundary condition is set at the top of the domain,
whereas the bottom and the body are set as fixed wall boundary
conditions ofWall, as shown in Fig. 2. Structural meshes are used to
discretize the entire domain, and mesh refinement is conducted
around the free surface and the body (Fig. 3). The independence of
computational mesh is evaluated according to the variation in
cavity shapes and the drag on the body via the number of mesh
element. The corresponding dimensionless cavity diameter D and
drag coefficient CD of the body can be expressed as D ¼ D=Dn and
CD ¼ FD=ð0:5rU2DnLnÞ, where D is the diameter of cavity (i.e., the
maximum diameter), Dn is the width of body, Ln is the length of
body, FD is the drag to body, r is the water density, and U is the
inflow velocity.

Four different sets of meshes are drawn by different refinement
around the body and the free surface, with mesh numbers of
N ¼ 0.28 million, 0.45 million, 0.60 million and 0.80 million
respectively, to evaluate their influence on the numerical results. To
avoid the cavity and free surface beyond the densification area, the

Fig. 1. Periodical variation of liquid level at the inlet boundary under different wave
heights.

Fig. 2. Schetch for calculation model and boundary conditions.
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velocity for the four types of meshes is first set as the maximum
velocity in the working condition U ¼ 40 m/s, achieving stable
cavity shapes and the drag condition of the body, as shown in Fig. 4.
When the number of computational mesh is adjusted from 0.28
million to 0.45 million, the dimensionless diameter D of cavity and
drag coefficient CD change significantly. On the contrary, the
changes of D and CD are much less when the number of mesh is
adjusted from 0.45 million to 0.60 million, and even to 0.80 million
respectively, as demonstrated in Fig. 4. The results of gird inde-
pendence at a velocity of U ¼ 35 m/s further support the rationality
of themesh number 0.45million as well, which should be sufficient
to provide calculation results with required accuracy for the nu-
merical study reported in this paper.

Since the experimental data of supercavitating flow near a free

surface is difficult to obtain, a semirational formula for cavity
diameter and cavity length under infinite flow domain proposed by
Logvinovich (1969) and Savchenco (Savchenko (2001)) is used to
evaluate the calculation model proposed in this paper. Fig. 5 shows
a comparison between the calculated cavity parameters around a
body and that from the semirational formula at velocities of 20 m/s
to 40 m/s. The calculated dimensionless diameter is close to the
result of Savchenco’s formula, and the calculated dimensionless
length (L ¼ L=Dn) is generally located between the results of Log-
vinovich’s formula and Savchenco’s formula. The calculated results
are basically consistent with that from the two formulas in present
study, and the accuracy and reliability of the calculation models are
acceptable.

3. Results and discussion

3.1. Supercavitating flow with a free surface

When the body moves under quiescent water surface, with a
uniform inflow with free surface being considered, a typical
supercavitation and free surface phase are shown in Fig. 6. Mean-
while, typical supercavity outlines around the body under free
surface with an inflow of U ¼ 35 m/s and U ¼ 40 m/s are shown in
Fig. 7. Although free surface does not change the general trend that
both the supercavity length and diameter increase with the in-
crease of velocity (the decrease of cavitation number), the existence
of a body makes the free surface bulge more significantly than the
still water surface; moreover, the existence of free surface also
makes the cavity unsymmetrical about the body axis. In addition,
with the increase of velocity, the radius of upper part of cavity
changes obviously, whereas that of lower part of cavity changes
slightly. The free surface and its fluctuation have a significant in-
fluence on the supercavity shape of the body, and this influence
may change the force and motion state of the body itself further.
Based on this and abovementioned working conditions, the effects

Fig. 3. Mesh distribution of computational domain and detailed mesh around the body and free surface.

Fig. 4. Curves for the variation in dimensionless diameter and drag coefficient with the
number of meshes.
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of wave height and wavelength change on the supercavity and the
force characteristics of the body are studied with regular wave
incoming flow being taken into account. The working conditions of
calculation are shown in Table 1. For each velocity or cavitation
number on the left side, there are 10 types of corresponding free

surface fluctuations on the right side, where l ¼ ∞ and H ¼ 0
indicate that the incoming flow is a steady free surface flow
without waves.

3.2. Effect of wave height

An analysis is conducted firstly on the working condition in

which the phase of free surface changes significantly with l ¼ 12.5.
Fig. 8 shows the phase diagrams for periodic variation of super-
cavitation of the body and free surface with wave at two given
inflow velocities U ¼ 35 m/s and U ¼ 40 m/s, where the time when
the wave trough reaches just above the body head is T0. The area S
surrounded by the body and supercavity boundary is introduced,
and a dimensionless area parameter (S ¼ S=ðDnLnÞ) is used to de-
pict the expansion and contraction of cavity. The variation of cavity
area and cavity length via wave height at two different inflow ve-
locities is shown in Fig. 9. Both of their dimensionless parameters
decrease with the increase of wave height; that is the cavity shrinks
with the increase of wave height. However, when the wave height
is constant, both of them change less in the periodic fluctuation of
wave, i.e. when U ¼ 35 m/s, jDS =Sj< 0.4% and jDL=Lj< 0.2%
(Fig. 9(a)); and when U ¼ 40 m/s, jDS =Sj< 0.25% and jDL=Lj< 0.4%,
respectively (Fig. 9(b)). In the working condition with U ¼ 40 m/s,
the cavity area and cavity length are about 3 times and 2 times
higher than those in the working condition with U ¼ 35 m/s,
respectively. According to Fig. 8, the existence of wave significantly
influences the distribution of free surface, and a continuous fluc-
tuation disturbance occurs on the free surface. Moreover, although
the cavity length and cavity area vary slightly in a fluctuation
period, the cavity diameter shows a significantly periodic variation,
and the variation period is basically consistent with the wave
period, as shown in Fig. 10. At two different velocities, the periodic
fluctuation amplitude of cavity diameter increases monotonically
with the increase of wave height, and in a wave period, the
supercavity diameter at different wave heights fluctuates around
1e3%.

With the action of regular wave, periodic fluctuation also occurs
in the supercavity of the body. Under the working condition of
U ¼ 35 m/s, when the wave trough reaches above the body head
(Fig. 8(a0)), the previous trough just crosses the end of cavity, and
the two troughs simultaneously axially compress on the cavity.
With the movement of waves, the compression centers of these
two troughs become closer and closer to the end of cavity(at the
maximum diameter), and the axial compression effect on
cavity becomes more andmore obvious, so that the cavity diameter
increases and reaches the maximum (Fig. 8(a1)). As wave moves
forward, the previous trough is far from the tail and loses the axial

Fig. 5. Comparison of simulation results and empirical formulas.

Fig. 6. Typical supercavitation around the body under a free surface without wave.

Fig. 7. Outlines for supercavity under free surface at different velocities.

Table 1
Working conditions of calculation.

U (m/s) s l (mm) l ¼ l=Dn H (mm) H ¼ H=Dn

35
40

0.160
0.122

∞ ∞ 0 0

35
40

0.160
0.122

150, 200, 250 12.5, 16.7, 20.8 16, 20, 24 1.3, 1.7, 2.0
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compression effect on cavity. The cavity is subjected to radial
compression by a single trough (Fig. 8(a2)). The cavity diameter
gradually decreases until the next trough is close to the body
(Fig. 8(a3)), and the cavity diameter starts to increase. After that,
when the trough reaches above the head of the body, a new cycle of

alternating effect of axial and radial compression starts (Fig. 8(a4)).
The variation curves for cavity diameter in this process are shown
in Fig. 10 (a), where (a0ea4) correspond the time points for the
cavitation phase (a0ea4) in Fig. 8, respectively. During the period of
periodic fluctuation of cavity shape with free surface, the cavity

Fig. 8. Supercavitation around the body under free surface with wave height of H ¼ 1.7 at different inflow velocities.

Fig. 9. Variation in supercavity length and area with wave height at different velocities.
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diameter decreases slightly with the increase of wave height, and
the change in dimensionless wave height is particularly significant
when it increases from 1.3 to 1.7, consistent with the variation in
area curve shown in Fig. 9(a).

Under theworking condition ofU¼ 40m/s, cavitation is affected
by the radial compression of multiple wave troughs. At T0, a wave
trough is just above the head of the body, whereas the previous
wave trough is close to the tail of cavity (Fig. 8(b0)). The simulta-
neous action of two wave troughs makes the diameter of
cavity small. As the previous trough leaves the cavitation region,
the radial compression on cavitation is released, and its diameter
gets an increase (Fig. 8(b1)). With the advance of wave and de-
parture of previous wave trough, the cavity is only compressed by
the current trough; its diameter increases with the advance of wave
(Fig. 8(b2)) and starts to decreasewith the approach of a latter wave
trough after reaching the maximum (Fig. 8(b3)). Until the arrival of
latter trough, the cavity diameter reaches the minimum value
(Fig. 8(b4)). During this periodic process, when the wave trough
encounters the body, its movement is affected by the gradient of
cavity head, resulting in a longer time for the first half of fluctuation
(Dt > T/2). For the latter half, the trough has crossed the head area
with a stronger cavitation gradient, and the fluctuation takes a
shorter time (Dt < T/2). Besides, the average supercavity diameter
in a wave period is not affected by the variation in wave height, as

shown in Fig. 10(b). Similar to the case with U ¼ 35 m/s, under this
condition, the cavity length and cavity area decrease slightly with
the increase of wave height, as shown in Fig. 9 (b). The effect of
wave on the diameter of cavity is mainly reflected by the alter-
nating coupling effect of axial compression by adjacent troughs or
radial compression by a single trough.

Figs.11 and 12 show the variation in the coefficients for drag and
lift on a supercavitation body in waves in a wave period. The lift
coefficient is defined as CL ¼ FL=ð0:5rU2DnLnÞ, where FL is the lift
on the body. Under inflow velocities of U ¼ 35 m/s and U ¼ 40 m/s,
the drag coefficient shows a trend of sinusoidal periodic fluctuation
with an amplitude of about 5% of the average value. However, the
lift coefficient fluctuates in a cosine cycle in accordance with the
wave with an amplitude of about 20% of the average value. At the
incoming velocity of U ¼ 35 m/s, the body is already surrounded by
supercavity. Therefore, although the drag increases significantly
when the velocity increases to U ¼ 40 m/s, the dimensionless drag
coefficient decreases to some extent. The increase of velocity also
leads to an increase of the downward effect of free surface on the
body, causing an increase of the influence of lift on the body.
However, the lift of the body is a smaller quantity compared with
the drag in general, and its variation with velocity and wave height
is also a small quantity.

Fig. 10. Periodic variation in supercavity diameter of the body at different velocities and wave heights.

Fig. 11. Periodic variation in the drag coefficient of the body at different velocities and wave heights.
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3.3. Effects of wavelength

Taking wave height H ¼ 1.6 as an example, a computational
analysis is conducted on the effect of wavelength variation on the
supercavity around the body and the force characteristics of the
body. Fig. 13 shows the phase diagrams for the periodic variation of

supercavitation of the body and free surface with wave under
different wavelengths when the given inflow velocity is U¼ 35m/s,
and likewise, the timewhen thewave trough reaches just above the
head of the body is taken as T0. At this time, the effect of wave on
supercavitation is also the alternating effect of axial and radial
compression. The radial compression is mainly produced by a

Fig. 12. Periodic variation in the lift coefficient of the body at different velocities and wave heights.

Fig. 13. Supercavitation around the body under free surface at different wavelength with the inflow velocity of U ¼ 35 m/s.
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single wave trough, mainly decreasing the cavity diameter. Axial
compression is produced by a pair of troughs, and its effect on
cavity diameter is closely related to the position of its action. The
alternating coupling of two effects makes the dimensionless
diameter of cavity under this working condition generally show the
variation trends shown in Fig. 14(a), the value for period Tl is taken
as Tl ¼ l=U. At the initial of a period (Fig. 13(a0)), the center for the
axial compression of a pair of adjacent troughs on cavity is at the
tail of supercavitation (the position for the maximum diameter),
and the supercavity diameter reaches the maximum. Subsequently,
the former trough gradually moves away from the cavity , and the
cavity changes from axial compression by two troughs to radial
compression by a single trough, as shown in Fig. 13(a1) and 13(a2).
The cavity diameter gradually decreases until the next trough gets
close to the body (Fig.13(a3)). Then, this trough and the next trough
jointly achieve the axial compression on cavity , and the
compression position gradually moves to the tail of cavity until it
reaches the maximum diameter, where a new compression cycle
starts (Fig. 13(a0/a4)). In the entire process, because axial
compression acts on the entire cavity , radial compression affects a
smaller area near its action center, decreasing the cavity diameter
for a longer period of time and increasing for a shorter period of
time.

According to Fig.14(a), when the inflow velocity isU¼ 35m/s, at

different wavelengths, the variation trends of supercavity diameter
in a wave period are basically the same, showing quasi-sinusoidal
fluctuation curves. When regular fluctuation exists, the super-
cavity diameter increases with the increase of wavelength. Notably,
the fluctuation periods of supercavitation caused by different
wavelengths are inconsistent. As shown in Fig. 14(b), when the
inflow velocity is U¼ 40 m/s, the variation inwavelength will cause
a periodic fluctuation in supercavity diameter, with phase differ-
ences existing between fluctuation curves and increasing phase
differences with the decrease in wavelength. At different wave-
lengths, the dimensionless diameters fluctuate periodically with
time. When wavelength (150e250 mm) is greater (about 1.6e2.6
times) than the cavity length (it is about 90 mmwhen U ¼ 35 m/s),
the effect of wave on supercavitation is the alternating effect of
axial compression and radial compression. However, when wave-
length (150e250 mm) varies around (about 0.8e1.4 time) the
cavity length (it is about 180 mm when U ¼ 40 m/s), cavity often
crosses two adjacent troughs, and wave troughs periodically
compress the cavity . Fig. 15 shows that at different wavelengths,
the drag coefficient of the body shows the fluctuation curves
similar to that in Fig. 12, but at different wavelengths, significant
phase differences exist in wave curves. At different wavelengths,
both the lift coefficient and drag coefficient of the body show a
significant periodic fluctuation, the average change in drag

Fig. 14. Periodic variation in supercavity diameter at different velocities and wavelengths.

Fig. 15. Periodic variation in the drag coefficient on supercavitation at different velocities and wavelengths.
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coefficients at different wavelengths is less than 1%, and that of lift
coefficients with velocity and wavelength is also small, similar to
the cases shown in Figs. 11 and 12.

Fig. 16 shows the trend for the variation in the dimensionless
area parameter of cavity S with wave height at different velocities

and wavelengths. When the wavelength is l ¼ 12.5, according to
the above analysis, owing to the enhanced compression on cavity,
the cavity area decreases with the increase of wave height. How-
ever, as the wavelength varies the variation trend for the dimen-
sionless area of cavity with wave height changes, i.e., when the

wavelength is l ¼ 16.7, with the increase of wave height, the size of
cavity does not vary significantly (when U ¼ 35 m/s, jDS =Sj< 1%.

when U ¼ 40 m/s, jDS =Sj< 0.2%); when the wavelength is l ¼ 20.8,
instead, the cavity shows an increasing trend with the increase of
wave height (when U ¼ 35 m/s, jDS =Sj>17%; when U ¼ 40 m/s,
jDS =Sj> 1.5%). Besides, the variation trend of dimensionless area of
cavity can be different at different velocities. When U ¼ 35 m/s,
with the increase of wave height, the change trend of cavity area
decreases gradually, and the change in cavity area is obvious. When
U ¼ 40 m/s, the variation trend of cavity area increases to some
extent, With the increase of wave height, the change trend of cavity
area increases, whereas the cavity area does not vary significantly.

4. Conclusions

In this paper, the supercavitation flow of flat-nosed body near a
free surface at two typical inflow velocities is calculated through a
2D cavitation model based on CFD. The effects of wave parameters
including both wave height and wavelength on the supercavitation
flow characteristics and force characteristics of the body are stud-
ied. It is observed that when the body moves under a free surface,
the existence of free surface will affect the cavity shape to some
extent, making the cavity shorter and thicker, and unsymmetrical
vertically. When the supercavitating body is under the free surface
with regular waves, the supercavity generated by the body, lift
coefficient and drag coefficient of the body vary periodically with
the wave fluctuate, and the variation period is basically the same
with the wave period. In addition, it is found that alternating
coupling effect of axial compression and radial compression on
cavity by wave troughs is the main factor causing the change of
cavity shapes under regular waves. The wavelength varies in
0.8e1.4 times of the cavity length leads to a periodic compression

on cavity while an alternating coupling effect of axial compression
and radial compression on cavity is conducted on the cavity at a
wavelength in 1.6e2.6 times of the cavity length. It is interesting
that the wave characters (wave height and wavelength) have only a
minimal effect on the diameter of the cavity while their effects on
the cavity area and length are remarkable, similar to the phe-
nomenon reported by Lee et al. (2016). The cavity area decreases
with the increase of wave height at the condition of dimensionless

wavelength l ¼ 12.5 while it is increases as the wave height in-

creases at l ¼ 20.8. Itappears that for different incoming velocities,
there is a certain wavelength at which the cavity area varies little
with the change of wave heights.
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