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a b s t r a c t

The objective of this study is to analyze the compressibility effects of multiphase cavitating flow during
the water-entry process. For this purpose, the water-entry of a projectile at transonic speed is investi-
gated computationally. A temperature-adjusted Tait equation is used to describe the compressibility
effects in water, and air and vapor are treated as ideal gases. First, the computational methodology is
validated by comparing the simulation results with the experimental measurements of drag coefficient
and the theoretical results of cavity shape. Second, based on the computational methodology, the hy-
drodynamic characteristics of flow are investigated. After analyzing the cavitating flow in compressible
and incompressible fluids, the characteristics under compressible conditions are focused upon. The re-
sults show that the compressibility effects play a significant role in the development of cavitation and the
pressure inside the cavity. More specifically, the drag coefficient and cavity size tend to be larger in the
compressible case than those in the incompressible case. Furthermore, the influence of entry velocities
on the hydrodynamic characteristics is investigated to provide an insight into the compressibility effects
on cavitating flow. The results show that the drag coefficient and the impact pressure vary with the entry
velocity, and the prediction formulas for drag coefficient and impact pressure are established respec-
tively in the present study.
© 2018 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

Water-entry is the process in which a moving body impacts the
free surface and penetrates the water from air with an initial ve-
locity. The study of water-entry has not been applied explicitly until
the emergence of the air-dropped torpedo in the Second World
War. For the high-speed water-entry, one main application is the
supercavitation projectile, which is a defensive weapon such as the
Rapid Airborne Mine Clearance System (RAMICS). Owing to the
wide applications of the high-speed water-entry, the water-entry
problem has attracted more attention.

The hydrodynamics of cavitating flow at lower speed and in
incompressible fluids for water-entry has been researched since
early 1896 (Worthington and Cole) and many studies have been
published. However, investigations involving high-speed water-
entry are limited. There are two main topics in the study of water-

entry. One is the impact force on the moving body in the initial
stage of water-entry. The other is the fluid dynamics of cavitating
flow when the moving body has penetrated the water.

For the first topic, many scholars have carried out studies such as
the free falling of awedge (Dong et al., 2018), obliquewater-entry of
an elliptic paraboloid (Yves-Marie, 2014), and water-entry of an
elastic cylinder (Yang et al., 2014). However, most studies address
the impact in the initial stage of water-entry at low speed. With an
increase in the entry velocity and for the flat-bottom body and
blunt body, the impact pressure is mainly influenced by the air
cushioning and water compressibility. Therefore, the compress-
ibility of air and water must be considered. The earliest research
about water compressibility effects was conducted by Karman
(1929). He proposed a formula for the maximum pressure when a
flat body strikes against the free surface as rcV, where V is the entry
velocity, r is the density of water, and c is the speed of sound in
water. However, it overestimated the pressure compared with the
experimental measurements due to the emergence of air trapped
between the body and the free surface. Therefore, the compressible
effects of air (Verhagen, 1967) and liquid (Korobkin, 1992, 1994) on
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the impact pressure were investigated in subsequent years.
For the topic of fluid dynamics in the high-speed water-entry

process, experimental study is one of the important ways to intu-
itively present the evolution process of the cavity and trajectory
after a moving body enters the water. By experiments of moving
bodies which entered the water at transonic and supersonic ve-
locities, water-entry phenomena (Shi et al., 2000; Shi and Itoh,
2009), trajectory deflection (Shi and Takami, 2001; Truscott,
2009) and drag coefficient (Charters and Thomas, 1945) were
investigated. Experiments on high-speed water-entry were rarely
carried out owing to the limitation of experimental conditions and
test methods. A small number of experiments on high-speedwater-
entry were performed with the support of the military; therefore,
only few results were published. Because the data obtained by
experiments are limited, results such as hydrodynamic character-
istics cannot be obtained. Therefore, theoretical and numerical
methods are necessary. The theoretical analysis of the problem of
cavitating flow, in which the compressibility of fluid is considered,
is mainly based on the law of conservation of energy and the po-
tential flow theory. For compressible cavitating flow, asymptotic
method (Vasin, 2001, 2002) can be used to predict the underwater
cavity profile. Moreover, investigations of the subsonic and super-
sonic motion in water are based on the integral conservation laws,
similarity theory, slender body theory, and nonlinear numerical
calculation methods (Serebryakov and Schnerr, 2003). In the aspect
of theoretical study, the existing compressible cavitating flow
theory is aimed at underwater high-speed vehicles and, does not
consider the problem of water-entry. For the numerical study,
many simulation approaches ignore the decoupled energy equation
and assume that the fluids are totally incompressible or partially
compressible (Huang et al., 2016a, b, 2016; Liang et al., 2017).
However, the incompressibility hypothesis is not applicable when
the entry velocity is beyond the sonic regime.

In summary, the high-speed water-entry problem is challenging
because of the transition from the flight in air to the supercavitating
flight through a free surface (Neaves and Edwards, 2004). Particu-
larly, compressibility increases the complexity of the high-speed
water-entry problem. Currently, a more comprehensive investiga-
tion of the water-entry of a moving body at transonic speed, which
considers the compressibility of water, air, and vapor, is not avail-
able. In the present study, therefore, a detailed analysis of the cavity
dynamics in high-speed water-entry is performed by a two-
dimensional numerical simulation of a projectile at transonic
speed. In the simulation, the compressibility of water, air, and vapor
is considered. The results can provide insights into the effects of
fluid compressibility on cavity dynamics in high-speedwater-entry.
Moreover, the influence of the entry velocity on the hydrodynamic
characteristics is investigated to make the study more
comprehensive.

2. Numerical methods and computational model

2.1. Numerical methods

The computational simulations are carried out using the
computational fluid dynamics code ANSYS FLUENT. In the present
study, a homogeneous multiphase transport equation is used. The
numerical method consists of a continuity equation, momentum
equation, turbulence model, and cavitation model. Meanwhile, the
energy equation with a source term based on the latent heat and
the equations of state for fluids are solved. In addition, the User
Defined Function (UDF) is used to control the movement of the
projectile. A segregated solver with the SIMPLE scheme is selected
as the velocity pressure coupling algorithm. The PRESTO! scheme is
used for the discretization of pressure field. The velocity field is

discretized by using a second-order upwind scheme. The modified
HRIC is selected for the volume fraction.

2.1.1. RANS equations
The continuity equation and momentum equations are shown

as follows:
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where rm¼ rvavþrgagþrl(1�av�ag), the subscripts v, g and l donate
vapor, gas and liquid, respectively; a is the volume fraction; u is the
velocity; mm¼ mvavþmgagþml(1�av�ag) is the mixture dynamic
viscosity. Eqs. (1) and (2) are Reynolds-averaged Navier-Stokes
(RANS) equations, and �rmui

0uj
0 is the Reynolds stresses.

2.1.2. Turbulence model
The Standard k� ε model (Launder and Spalding, 1972) is

employed as the turbulence model. The turbulence kinetic energy,
k, and its rate of dissipation, ε, are obtained from the following
transport equations.
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where Gk is the generation of turbulence kinetic energy due to the
mean velocity gradients. mt is the turbulent viscosity. They are
expressed as:

Gk ¼ mt
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mt ¼ rCm
k2

ε

(6)

where Gb is the generation of turbulence kinetic energy due to
buoyancy. YM represents the contribution of the fluctuating dila-
tation in compressible flow. Sk and Sε are source terms. C1ε, C2ε, sk,
sε, and Cm are model constants, and they have the default values as
C1ε ¼ 1:44, C2ε ¼ 1:92, sk ¼ 1:0, sε ¼ 1:3, Cm ¼ 0:09, respectively.

2.1.3. Cavitation model
Cavitation will occur during the water-entry process of a pro-

jectile at high-speed. The Zwart-Gerber-Belamri model (Zwart
et al., 2004) is employed as the governing equation of phase tran-
sition as follows:
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where the source term _mþ in Eq. (8) and the sink term _m� in Eq. (9)
represent the condensation and evaporation rates; the bubble
radius, RB¼ 1� 10�6m; the nucleation site volume fraction
anuc¼ 5� 10�4; the evaporation coefficient Fvap¼ 50; and the
condensation coefficient Fcond¼ 0.001.

2.1.4. Energy equation
In order to address the actual complex situation, the simulation

method must include the energy equation and equations of state
for air, water and vapor phases. The energy equation is shown
below.

v
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�
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where keff is the effective thermal conductivity. The energy, E, is a
mass-averaged variable, and it can be expressed as:
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where Ei for each phase is related to the specific heat of that phase
and the shared temperature. Besides, Sh is the source term caused
by cavitation and the expression is

Sh ¼ �vðrvavLevÞ
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where Lev represents the latent heat of vaporization.

2.1.5. Equation of state
Equations of state are required for gaseous and liquid phases to

provide closure for the governing equations. The Tait equation of
state for water (Cole, 1948) is formulated as

p ¼ K0
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where p0 and r0 are reference values at a reference temperature of
T0. K0 and n are weak functions of temperature and pressure; thus,
they are generally assumed to be constant with values of 3� 108 Pa
and 7, respectively. The standard Tait equation was modified to
include temperature dependence by Saurel et al. (1999). The
reference values are replaced with saturation values and the
equation is rewritten as follows:
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The saturation pressure and density are calculated as functions
of temperature using the Oldenbourg coefficients as listed in
Table 1.
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where q¼ 1 - T/Tc, and Pc¼ 2.264� 107, Tc¼ 647.14 K and
rc¼ 332 kg/m3 are the critical conditions for water.

Besides, air phase and vapor phase are modeled as ideal gases.

p ¼ rgRT (17)

where R is the gas constant and rg is gas density.

2.2. Computational model

The computational model is shown in Fig. 1, which is the scale
model of the original projectile (Harkins et al., 2001). Furthermore,
the model is used to validate the cavity shape, analyze the
compressibility effects, and the influence of entry velocity in Sec-
tion 4. The projectile has an extended blunt nose section followed
by a conical section. In the present study, a two-dimensional
axisymmetric calculation is performed for water-entry. The
computational domain is illustrated in Fig. 2, where D is the
diameter of the cylindrical part of projectile. The coordinate origin
is located in the intersection of the free surface and the longitudinal
axis of the projectile, and þX is the penetration direction. The
distance between the projectile and the free surface is 10 D and the
radius of the computational domain is 200 D. Fig. 3 shows the time
shaft of the process of water-entry. The time when the nose of the
projectile touches the free surface is zero, where t< 0 before entry
and t> 0 after entry. The boundary conditions and mesh are shown
in Fig. 4. The symmetry axis and the projectile are set as axis and
wall, respectively. Other boundary conditions are set as pressure-
outlet with UDFs. Therefore, the computational domain boundary
conditions can be updated in real time based on the location of the
computational domain. In the computational domain, structured
grids are adopted in most areas. Meanwhile, an unstructured grid

Table 1
Oldenbourg coefficients.

Coefficient Value Coefficient Value

a1 �7.85823 b1 1.99206
a2 1.83991 b2 1.10123
a3 �11.7811 b3 �0.512506
a4 22.6705 b4 �1.75263
a5 �15.9393 b5 �45.4485
a6 1.77516 b6 �675615

Fig. 1. Computational geometry.

C. Chen et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 495e509 497



refinement is performed around the projectile to attain a better
prediction of flow characteristics. A zoomed view of the region of
mesh refinement is shown in Fig. 5. The working fluid is at 300 K in
all simulations. In the case of verifying the drag coefficient, only the
computational model differs, and the other settings are the same as
above.

3. Validation of numerical method

A difficulty existing in the study of transonic speed water-entry
issues is that experimental data are scarce or not published in the
open literature. In order to validate the numerical model, com-
parisons of numerical predictions with experimental data and
theoretical results are made for some cases. The drag coefficient
and the cavity shape in the present study are compared with those
in the experiments conducted by Yi et al. (2009) and the formulas
given by Savchenko et al. (1999) and Serebryakov et al. (2009),
respectively.

3.1. Validation of drag coefficient

Fig. 6 illustrates the experimental system in reference (Yi et al.,
2009). The distance between the launching point and the free
surface is 0.5m. The entry angle between the axis of the model and
the free surface is 1�. A photoelectric velometer is triggered as soon
as the model moves into the speed measurement area. Two vel-
ometers are set at the beginning and at a position of 20m from the
beginning, respectively. A protection steel plate is installed at 50m.
The experimental model has a blunt nose section followed by a
conical section and a cylindrical section, as shown in Fig. 7, where
the length of the conical section is 130mm, the length of the

cylindrical section is 20mm, the diameter of the nose tip is 2.8mm,
the diameter of the cylinder part is 30mm, and the mass of the
model is 458 g. The experimental results are presented in Table 2.

Fig. 8 compares the computational drag coefficients with Yi's
experimental results, where Cd is the drag coefficient, t is the time,
V0 is the initial entry velocity, and D0 is the diameter of the cylinder
part of the experimental model. It is clear that the peak value occurs
at the instant of touching the free surface, and then it gradually
recovers to a constant value since the model moves wrapped by
cavity. Considering the difficulties in experimental measurements,
the agreement with the experiment is relatively good.

3.2. Validation of cavity shape

Owing to the limited data from experiments, an empirical for-
mula and the slender body theory for supercavity shape provide
viable approaches to validate the numerical method.

3.2.1. Empirical formula
The frontal part boundaries of cavity have a large curvature.

They are determined by the shape of the cavitator and appear to be
independent of the cavitation number. For the disk type cavitator,
the empirical “1/3 law” (Logvinovich, 1973) is commonly used. It is
expressed as

Fig. 2. Computational domain.

Fig. 3. Time shaft.
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¼
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where R(x) is the current cavity radius, and Rn is the radius of the
disk type cavitator.

Through a large body of experimental data on free motion of
supercavitating models with disk type cavitators in wide range of
velocities (V¼ 50e1400m/s), a semi-empirical formula of the
cavity profile for a disk was modeled by Savchenko et al. (1999):

R
2 ¼ 3:659þ 0:847ðx� 2:0Þ � 0:236sðx� 2:0Þ2; x � 2:0

(19)

where R ¼ RðxÞ=Rn, x ¼ x=Rn, and s is the cavitation number.

3.2.2. Slender body theory
Another prediction method of cavity shape based on the slender

body theory for disk type cavitator (Serebryakov et al., 2009) is
given as
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where m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��1�Ma2

��q
, Ma is the Mach number, and the drag

coefficient Cd involving compressibility is related to the equation
for pressure coefficient C*:

C* ¼ 2
nMa2
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1þ n� 1

2
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� n
n�1

� 1

#
(21)

Cd ¼ 0:82C*ð1þ sÞMa<1 (22)

Cd ¼ 0:82C* þ sMa>1 (23)

Fig. 9 shows comparisons of the numerical computational cavity
shapes with the analytical results, where L is the length of the
projectile. It can be observed that the numerical results agree well
with the results obtained by the empirical formula and slender
body theory. As discussed above, it can be assumed that the nu-
merical method in the present study is suitable for investigating the
hydrodynamic characteristics of multiphase compressible flow
when a projectile penetrates the water at transonic speed.

Fig. 4. Boundary conditions and mesh.

Fig. 5. Local mesh.
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4. Results and discussions

In the first section, two cases are simulated to study the
compressibility effects on cavitating flow. One is the multiphase
flow, which considers the compressibility effects of water, air, and
vapor. The other case assumes that all the fluids are incompressible.
In the second section, different entry velocities are analyzed to

investigate the impact of entry velocity on the hydrodynamic
characteristics.

4.1. Analysis of compressibility effects of fluids

4.1.1. Drag coefficient
Fig. 10 shows a comparison of the drag coefficients. It can be

observed that the trends of the drag coefficients are similar
whether the compressibility is considered or not. The drag co-
efficients in air are small but increases rapidly in a very short time
when the projectile touches the free surface. This can be explained
by the fact that the density of water is higher than that of air. Then,
the drag coefficient decreases as the projectile is wrapped by cavity.
When the projectile travels with cavity, the drag coefficients
recover and gradually become constant. When considering the
compressibility of fluids, the drag coefficient is slightly larger in the
stable phase, which is mainly due to the increased density of water
in the region near the nose. The maximum drag coefficient occurs
when the projectile touches the free surface. Meanwhile, the
maximum drag coefficient is smaller in the compressible case. This
can be explained by the “cushioning effect”, which is induced by
the emergence of air trapped between the projectile and the free
surface. The cushioning effect hinders the direct action of the
projectile and water, which reduces the impact of water on the
projectile. The air cushion squeezes the free surface below the
projectile and makes the free surface depressed. Thus, the time
when the projectile touches the free surface is delayed in the
compressible case, as shown in the zoomed view of Fig. 10.

Fig. 6. Experimental system.

Fig. 7. Computational geometry.

Table 2
Experimental case and results.

Case Launching velocity
(m/s)

Velocity at 20m
(m/s)

Average velocity
(m/s)

Drag coefficient

1 900.45 738.35 819.4 0.012855
2 508.63 417.13 462.88 0.012864

Fig. 8. Comparison of drag coefficients.

Fig. 9. Comparison of cavity shapes.
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4.1.2. Pressure distribution
Fig. 11 shows the pressure distribution inside the cavity in the

open-cavity phase. In Fig. 11(a), it can be observed that the internal
pressure of the cavity is lower than the standard atmospheric

pressure. The region of the saturation vapor pressure is large, which
results in a large amount of vapor induced by cavitation (see
Fig. 16(c); t¼ 0.5mse2.5ms). The global graph of Fig. 11(b) shows
the pressure distribution inside the cavity, which is lower than the
standard atmospheric pressure. The zoomed view Fig. 11(b) shows
the pressure distribution that is higher than the standard atmo-
spheric pressure. It can be observed that the pressures in the
middle and lower region of the cavity are lower than the standard
atmospheric pressure. Moreover, the pressures at the shoulder and
tail of projectile are much lower. However, the region of saturation
vapor pressure is limited at the lower part near the cavity wall (see
Fig. 15(c); t¼ 0.5mse1.5ms).

The contours of pressure inside the cavity in the closed-cavity
phase for the two cases are shown in Fig. 12. For the incompress-
ible case, the high pressure occurs near the closure point of cavity,
whereas the pressure in the remaining region is equal to the
saturation vapor pressure, which can explain the phenomenon that
the cavity is full of vapor in Fig. 16. On the other hand, for the
compressible case, the pressure in the middle of the cavity corre-
sponds to the value of the saturation vapor pressure. However, the
values of pressure at the ends of the cavity are higher. The
maximum length and diameter of the cavity in the closed-cavity
phase of the compressible case are larger than those of the
incompressible case. Moreover, as shown in Figs. 15 and 16, the

Fig. 10. Drag coefficients versus time.

Fig. 11. Contour of pressure inside the cavity in open-cavity phase.
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pressure difference influences the time of cavity closure, where the
closure time of the compressible case is later than that of the
incompressible case.

4.1.3. Cavity shape
Fig. 13 shows the comparison of cavity shapes, where (a)-(c) are

the cavity shapes when the projectile is at depths of L, 4L, and 8L
respectively, and (d) is the maximum cavity as the projectile pen-
etrates the water in the closed-cavity phase. It can be observed that
when the projectile moves to the same position, the diameter of
cavity is larger when the fluid compressibility is considered. It is
interesting to note that the cavity mouth tightens slowly. The
maximum length and diameter of the cavity are larger after the
cavity closed. The pressure in the cavity is the saturation vapor
pressure in the incompressible case. However, as shown in
Fig. 11(b), we can find that there is a pressure gradient in the cavity
in the compressible case. The global graph shows pressure inside
the cavity, which is lower than the standard atmospheric pressure.
The pressure decreases behind the shock wave, which contributes

Fig. 12. Contour of pressure inside the cavity in closed-cavity phase.

Fig. 13. Comparison of cavity shapes.

Fig. 14. Comparison of cavity shapes.
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to the smaller pressure near the shoulder and tail. However, the
pressure at the nose edge is approximately 20 times the standard
atmospheric pressure. It can be seen that the pressure gradient is
significantly larger than that for the incompressible case. Therefore,
the pressure difference between the inside and outside of the cavity
is smaller in the compressible case. As a result, the cavity size in the
compressible case becomes larger.

In order to determine the reason for the difference in the size of
cavity, the cavity shape for the case where only the water
compressibility is taken into account is compared with that in the
compressible and incompressible cases as shown in Fig.14. It can be
observed that the cavity shape for the water compressible case is
similar to that of the incompressible case. Thus, the primary
influencing factor for the cavity size appears to be the compress-
ibility of air.

4.1.4. Cavity visualization and flow streamline
Figs. 15 and 16 show the contours of volume fraction of water,

air, and vapor in the compressible and incompressible cases,
respectively. The black lines in Fig. 15(c) show the cavity profiles.
The cavity, which is formed after the projectile penetrates the
water, is open to the atmosphere at the beginning, which is the
open-cavity phase. Then the cavity expands until it closes at a point
below the free surface. After that, the projectile travels wrapped by
the cavity. The length and diameter of the cavity increase in a short
time and subsequently decrease as the projectile moves deeper. As
shown in Fig. 15, we can find that there is a trail of bubbles behind
the tail of the closed cavity. The trail is composed of the mixture of
water and air and is elongated as the projectile penetrates deeper.
In contrast, in Fig. 16, the projectile just moves wrapped by the
cavity and there is no trail behind it.

Fig. 15. Contour of volume fraction in compressible fluid.
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The mixture phase inside of the cavity mainly consists of air and
vapor when considering the fluid compressibility and the air vol-
ume inside is much larger than the vapor volume. Especially in the
open-cavity phase, the vapor exists only near the cavity wall. The
cavity is filled with air, which is entrained by the projectile. The
“pinching” part during the closed-cavity stage (see Fig. 15;
t¼ 4.5mse5.5ms) is composed of water and air. Some air is sealed
in the cavity when the cavity closes. However, in the closed-cavity
phase, the vapor volume increases, and the vapor feeds in from the
cavity wall to fill the void behind the projectile. At this stage, part of
the air in the cavity separates from the cavity with a trail and the
remainder is mainly distributed at the ends of the cavity.

As shown in Fig. 16, the cavity is filled partly with air and vapor,
where the vapor volume is large and the vapor fills the lower part of

the cavity (near the projectile). There is a small amount of air at the
upper part near the free surface. With the shrinking of the upper
part of cavity, the path that allows air to enter the cavity is cut off,
and the “pinching” part consists of amixture of air, water and vapor.
The cavity would be filled completely with vapor which is gener-
ated by the cavitation after the cavity closed. Therefore, there is no
more air squeezed out and no trail of bubbles exists.

Comparisons of the vapor volume inside the cavity for various
fluids are illustrated in Fig. 17. The results show that the vapor
volume in the compressible case (shown in Fig. 17(b)) is smaller
than that of other two cases. Moreover, the vapor volumes in the
incompressible case (shown in Fig. 17(a)) and in the case where
only the water compressibility is taken into account (shown in
Fig. 17(c)) are the same. Thus, cavitation is influenced by the air

Fig. 16. Contour of volume fraction in incompressible fluid.
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compressibility in the process of the transonic-speed water-entry
of projectile. However, the compressibility of vapor and water has a
weak effect on cavitation.

Fig. 18 is the experimental photograph of the shock wave, which
is induced by the flow around the cylinder at a Mach number of 2
and the parameters before and after the shock wave, where the
parameter before the shock wave has a subscript of 1, and the
parameter after the shock wave has a subscript of 2. Fig. 19 shows
the contour of pressure when the projectile travels in air. The bow
shock wave, which is similar to that in Fig. 18, is formed at the nose
of the projectile. The normal shock wave is directly in front of the
nose. However, in other positions of the bow shock wave, the shock
wave angle b decreases with the backward extension of the shock
wave. The high-pressure region appears in front of the projectile,
and the pressure peak is near the center of the nose. The pressure
gradually decreases in the direction of the shock wave extension.
This is because the pressure p2, density r2, and temperature T2
behind the shock wave all increase when the projectile travels at
transonic speed, which is in accordance to the Rankine -Hugoniot
formula. The regions of low pressure mainly exist near the edge of
the nose, behind the junction of the cylinder part and the cone part
as well as the edge of the tail, where there is flow separation. The
cause of the low-pressure regions is the overexpansion of flow.

Fig. 20 shows the contour of pressure near the nose of the
projectile when the projectile travels in air. The contour of pressure
shown in Fig. 20(a) is similar to a bow that extends toward the rear
of the projectile. This is because the velocity of the projectile is
higher than that of the pressure wave, whose propagation velocity
is the speed of sound, which results in multiple superpositions of
pressure waves. Thus, a strong compression wave front (the shock
wave) is formed in front of the nose. In Fig. 20(b), a spherical high-
pressure region is formed in front of the nose and diffuses along the
circumferential direction. The pressure value decreases as the

Fig. 17. Contour of vapor volume fraction: (a) incompressible; (b) compressible; (c)
water compressible.

Fig. 18. Shock wave and parameters.

Fig. 19. Contour of pressure before entering the water.
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distance from the nose increases. Because the compressibility of the
fluids is ignored, the pressure is not superimposed, and no shock
wave is formed.

As the projectile moves to the height of the undisturbed free
surface, the nose of projectile touches the free surface and subse-
quently, a splash is generated by the high-speed liquid-solid impact
on the surface in the incompressible case. However, for the
compressible case, the nose of projectile does not touch the free
surface because of the surface depression. This can be explained by
the cushioning effect. In other words, there is some remaining air
trapped between the nose of projectile and the free surface. This
difference in the two cases can be observed in Fig. 21. Fig. 22 shows
a comparison of the streamline in the front of the nose of projectile.
It can be observed that the streamlines between the nose and the
free surface extend along the free surface in the incompressible
case but point to the free surface in the compressible case. This

means that the air between the nose and the free surface has not
escaped in the compressible case.

Fig. 23 and Fig. 24 show the contours of air density and water
density in the compressible case where the projectile moves to the
height of the disturbed free surface. The peak value of the density of
air is approximately 6 times of the normal air density. However, the
air density behind the nose is only half of the normal air density.
The water density gradient indicates that the shock wave has a
certain impact on the water beneath the projectile.

4.2. Analysis of influence of entry velocity

Based on the computational method above, simulations of the
water-entry of a projectile at different entry velocities, i.e., from
200m/s to 1000m/s, are carried out to study the influence of entry
velocity on the hydrodynamic characteristics.

Fig. 20. Contour of pressure near the nose when projectile travels in air.

Fig. 21. Contour of water volume fraction.
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The drag coefficient is essentially constant at low velocities
(Charters and Thomas, 1945) and it only depends on the shape of
the projectile (Ma, 2014). However, the problem of water-entry in
the transonic region becomes more complicated owing to the
combination of the compressibility effects of water, air, and vapor.
Fig. 25 plots the drag coefficients when the projectile travels with
cavity versus the Mach number. The results show that the drag
coefficient of the same projectile is no longer constant but varies
with the Mach number. The drag coefficient increases with an in-
crease in the entry velocity. When the projectile travels with cavity
underwater, the frictional drag is very small because the projectile
is wrapped with the cavity. Thus, the drag is mainly due to pressure
drag in this phase. Owing to the shock wave, the higher velocity of
the projectile results in greater density and greater pressure in the
region that is in front of the projectile. However, the pressure near
the projectile inside the cavity does not change much when the
velocity differs (refer to Fig. 27). Therefore, the pressure drag be-
comes greater when the entry velocity is higher. For the projectile

Fig. 22. Streamlines of fluid domain.

Fig. 23. Contour of air density in compressible fluid.

Fig. 24. Contour of water density in compressible fluid.

Fig. 25. Drag coefficient versus Mach number.
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in this study, the correlation of the drag coefficient and Mach
number in the transonic region is given as Eq. (24).

Cd ¼ 0:12683þ 0:01419Ma� 0:00547Ma2 þ 0:0011Ma3

(24)

There is a generalized equation that the pressure is approxi-
mately proportional to the square of the entry velocity and for this
case no compressibility is taken into consideration. Von Karman
(1929) provided an approximate formula for the maximum pres-
sure rcV, but later, by many rigid flat-bottom tests, it is indicated
that the maximum impact pressure was considerably lower than
that calculated from the acoustic theory (rcV). This is because the
air cushioning effect is ignored in the acoustic theory. Chuang
(1970) treated air as a compressible fluid and presented the for-
mula for the maximum impact pressure as Pmax¼ 4.3V0

1.1, where
Pmax is in lb/in2 and V0 is in ft/s. In the present study, the
compressibility of water, air, and vapor are taken into consideration
and the maximum impact pressures obtained at the center of the
nose of the projectile for various entry velocities are plotted on the
chart shown in Fig. 26. It can be observed that the pressure is
approximately proportional to the exponential of the entry veloc-
ity; it may be expressed as

Pmax ¼ 0:056V0
1:56 (25)

where Pmax is the maximum impact pressure of the nose inMPa/m2

and the V0 is the initial entry velocity in m/s.
Fig. 27 shows the contour of pressure inside the cavity when the

projectiles move to the same depth with different velocities. It can

be observed that the regions where the low pressure is equal to the
saturation vapor pressure are near the cavity wall. The red area in
the figure indicates that the high pressure extends from the nose of
projectile. The high-pressure area increases with an increase in
entry velocity. According to Bernoulli's equation, higher velocity
results in lower pressure; therefore, cavitation occurs easily with
increasing velocity. However, the vapor volume decreases with
further increase in velocity in the supersonic region. This is because
the high-pressure area increases, which leads to a decrease in the
low-pressure area.

Fig. 28 contains the curves of the vapor volume in the cavity for
different velocities. It can be observed that the vapor volume in-
creases as the projectile travels deeper. The vapor volume increases
with an increase in the entry velocity at the same dimensionless
timewhen the velocity is less than 600m/s. Nevertheless, the vapor
volume decreases with an increase in the entry velocity for cases
where the velocity is beyond 600m/s. This is because the region of
high pressure inside the cavity increases when the entry velocity is
higher than 600m/s (refer to Fig. 27). The vapor volume that is
induced by cavitation decreases. Fig. 29 shows the comparison of
cavity profile for different velocities when the projectiles move to
the same depth. It can be observed that the change trend of the
radius of cavity that varies with the entry velocity is the same as
that in Fig. 28. The radius of the cavity increases with an increase in
the entry velocity when the velocity is less than 600m/s. However,
for the entry velocity that is higher than 600m/s, the radius of the
cavity decreases when the entry velocity increases. This may be
because the size of cavity in the open-cavity phase mainly depends
on the vapor volume inside the cavity.

Fig. 27. Contour of pressure inside the cavity for different velocities.

Fig. 28. Vapor volume versus dimensionless time for different velocities.
Fig. 26. Maximum pressure versus entry velocity.
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5. Conclusions

The present work is devoted to analyzing the compressibility
effects and hydrodynamic characteristics of cavitating flow in
compressible fluids for the water-entry of a projectile at transonic
speed. For this purpose, computations of the compressible multi-
phase flow are conducted. The primary findings and conclusions
are as follows:

(1) The compressibility of fluids mainly affects the drag coeffi-
cient, cavity shape, and cavitation in the cavity. The cavity
and the drag coefficient at the stage of cavity running
become larger in the compressible case, while the cavitation
weakens. The drag coefficient is dependent on the Mach
number in the transonic regime. A formula for predicting the
drag coefficient at the stage of cavity running is established
based on the simulation results.

(2) The free surface is deformed by the cushioning effect of the
trapped air between the projectile and free surface. The
compressibility of water and air may cause the maximum
impact pressure to be proportional to the exponential of
entry velocity. A prediction formula for the maximum pres-
sure is provided.

(3) Cavitation is influenced by the compressibility of air, and
vapor exists only in a small region of the cavity wall behind
the projectile tail. The vapor volume, which is caused by
cavitation inside the cavity, increases with an increase in the
entry velocity when the velocity is less than 600m/s but
decreases with further increase in velocity.
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