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a b s t r a c t

In this paper, the oblique water-entry impact of a vehicle with a disk cavitator is studied experimentally
and numerically. The effectiveness and accuracy of the numerical simulation are verified quantitatively
by the experiments in this paper and the data available in the literature. Then, the numerical model is
used to simulate the hydrodynamic characteristics and flow patterns of the vehicle under different entry
conditions, and the axial force is found to be an important parameter. The influences of entry angle, entry
speed and cavitator area on the axial force are studied. The variation law of the force coefficient and the
dimensionless penetration distance at the peak of the axial force are revealed. The research conclusions
are beneficial to engineering calculations on the impact force of a vehicle with a disk cavitator over a
wide range of water-entry parameters.
© 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

The water-entry process is extremely transient, unsteady, and
accompanied by an enormous impact force, which severely chal-
lenges the structural strength of a vehicle. This abrupt impact can
cause significant damage to the vehicle body or onboard instru-
mentation. The early stage of a vehicle's water entry involves
extremely complex physical phenomena, especially the coupling of
the flow pattern and trajectory stability. Currently, there is no
comprehensive physical model that predicts the water-entry pro-
cess precisely. In recent years, numerous studies have focused on
the vertical water entry in wedge and cylinder modes (Gong et al.,
2009; Guo et al., 2012a; Nguyen et al., 2014). However, an oblique
water-entry mode is adopted in most underwater defense and
attack weapon launches in practical engineering applications. Until
now, the dynamics of oblique water entry have been a minimally
explored area. As a consequence, it is very interesting and neces-
sary to study the high-speed oblique water-entry process of a
vehicle (Seddon and Moatamedi, 2006).

Water-entry problems have been studied for almost one

century, and the approaches can be divided into theoretical,
experimental and numerical methods. In 1929, Von Karman (1929)
was the first to work on the impact force on seaplane floats during
landing and developed conclusions with a theoretical formula for
maximum pressure. Wagner (1932) performed a more accurate
mathematical model to predict the impact force during water-entry
events based on Von Karman's research achievements. Park et al.
(2003) developed a numerical method for computing the impact
force and ricochet behavior of a water-entry body under the
assumption that the flow around the water-entry body was an
inviscid potential flow. Researchers benefit from advanced high-
speed imaging and visualization techniques to capture series of
images for factors such as cavity formation, decay and trajectory,
which help us discover the underlying physics of water entry and
further understand the complex phenomena (Lee et al., 1997).
Variations in the speed and resistance of a vehicle can be derived
from a sequence of images (Wei and Hu, 2015; Guo et al., 2012b);
however, the impact process ends after a very short time-interval.
Due to the limitations of frame rate and resolution and the influ-
ence of cavity turbulence, there is no way to obtain images that are
sufficiently clear. This restriction is bound to cause great errors
when calculating the impact force; therefore, the impact process
has been neglected in the abovementioned experimental studies.

The development of electronic technology has made it possible
to embed a specifically designed Inertial Measurement Unit (IMU)
in the model to record instantaneous accelerations and rotation
rates. Bodily et al. (2014) conducted many experiments to study the
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vertical water entry of slender axisymmetric bodies, with impact
speeds of 3m/s, and the effects of various nose shapes, surface
conditions and impact angles on impact forces and trajectories
were discussed. Alaoui et al. (2012) presented an original experi-
mental approach for three-dimensional water impacts at a constant
speed, and the maximum speed was limited to 20m/s. Baldwin
(1972) conducted many experiments to study the behavior of a
projectile during the establishment of flow, and the axial acceler-
ation of a moderately heavy disk cylinder was measured during the
oblique entry. He also concluded that the drag coefficient was in-
dependent of speed.

Computational Fluid Dynamics (CFD) is a powerful and flexible
tool for establishing an accurate model to simulate water-entry
events. Numerical results give us an effective approach for under-
standing the complex water-entry process. Iranmanesh and
Passandideh-Fard (2017) developed a three-dimensional numeri-
cal approach to simulate the cavity formed during the water entry
of a circular cylinder. A rigid-body motion model with six Degrees
of Freedom (DOFs) was developed to simulate complex water-entry
problems, and the effects of the initial impact speed and diameter
of the cylinder on the entry depth were presented (Nguyen et al.,
2016). Qi et al. (2016) used CFD to simulate the entry process of
an airborne-launched autonomous underwater vehicle (AUV). The
results showed that both the entry angle and entry speed greatly
influenced the impact force. Mirzaii and Passandideh-Fard (2012)
proposed a numerical algorithm to simulate the interactions be-
tween solid objects and liquid in the presence of a free surface. It
was proved that the fast-fictitious-domain method worked well in
combination with the Volume of Fluid (VOF) technique when
tracking the free-surface motion.

The above studies on water entry mainly focused on vertical
entry via a two-dimensional or axisymmetric simple model, and
relatively few efforts have been made to investigate the oblique
entry. It is very rare that numerical results can be quantitatively
validated. In this paper, the oblique water-entry impact character-
istics of a vehicle have been investigated with numerous experi-
ments and numerical simulations. This article systematically
studies the axial force and attempts to find a quantitative rela-
tionship between the peak axial force and entry parameters. An
elaborate experimental facility has been established, and a series of
experiments on the high-speed water entry of a vehicle without a
power supply are carried out. A three-dimensional numerical
approach integrated with a 3DOF motion model is developed to
simulate the oblique water-entry process. The experimental results
and data in the literature can verify the numerical model very well.
We present the flow patterns of a vehicle at shallow entry angles.
Furthermore, the effects of a wide range of entry angles and speeds
and cavitator areas on the axial force are discussed in detail.

2. Experimental setup

An elaborate experimental facility was established to accelerate
the vehicle and obtain the vehicle's initial speed when entering the
water. The experimental system is shown in Fig. 1. The initial speed
and launch angle q (i.e., the angle between the free-water surface
and tube) are continually adjusted. A simplified typical small
aspect-ratio vehicle model is proposed under the guidance of
Zhang et al. (2014). To record the instantaneous accelerations and
rotation rates, an IMU is mounted at the center of gravity in the
model. In some cases, the cavity pressure is measured by a sensor
installed inside the model and the data is recorded in a measure-
ment system (see Fig. 2).

Notably, the primitive IMU system can collect three axis accel-
erations and three axis angular velocities at a sampling frequency of
3 kHz. The accelerometer ranges are ±70,±250 and± 500 g, and the

adopted range is determined based on the experimental results.
The range of the gyroscope is ±1000�/s. However, this rate cannot
capture the accurate impact force of the data. To solve this problem,
we take measures to shut off the excess channels (except for the
axial acceleration measurement) to obtain the 30 kHz sampling
rate. The sampling precision of the IMU is 16 bits, and the data
memory can work continuously for 2 s. To ensure the effectiveness
of the results, a repeatability test was carried out on the research
content. This test was verified by the characteristic parameter
values of the impact force, and its repeatability deviation was 3%.

An air gun is established to accelerate the experimental model,
and a laser velocimeter is installed at the exit of the tube tomeasure
the initial launch speed and verify the accuracy of the accelerom-
eter in the IMU system. The unpowered model acceleration is
driven by high-pressure nitrogen in the tube with an inner diam-
eter of 60mm and a length of 6m. The experimental results indi-
cate that themodel (2 kg) can be accelerated up to 100m/s at 1MPa
of pressure.

The model's launch speed and angle are adjustable. In practical

Fig. 1. Water-entry experimental system.

Fig. 2. The inertial measurement unit system.
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engineering applications, most of the underwater defensive and
offensive weapons are launched into the water at an oblique angle.
Impacting the water at a shallow angle has a greater tendency to
ricochet; therefore, the launch angle of the vehicle is typically set to
be 20�, which is verified in the numerical simulations and consis-
tent with the recommendation (May, 1970).

As shown in Fig. 3, the standard model (M1) consists of four
components, including a disk cavitator in the front, a cut cone, a
cylinder and a nozzle. The unit in Fig. 3(a) is mm. The length of the
model is 479.6mm, the diameter of the cylinder is 58.5mm, and
the distance between the center of gravity and front cavitator is
278mm. The pressure sensor is mounted near the shoulder, and the
probe of the sensor is connected to the cavity through a hole in the
wall of the model. When researching the effects of the cavitator
area, we present three different cavitator models (M2-M4), as
shown in Fig. 4. They have the same length, cylinder diameter and
basically the same weights. The only difference among the four
models is that the head of the cone has different cavitator di-
ameters. The model parameters are listed in Table 1.

3. Numerical methods

A multiphase flow model is established to simulate the oblique
water entry of a vehicle. The shape and weight parameters are
consistent with those in the experimental proposed above.

3.1. Governing equations

According to a prior experimental study (Yuan et al., 2017), we
know that an open cavity that forms during the water-entering
stage of a vehicle results in a large amount of air entering the
cavity. Within the speed range of this paper, the minimum pressure
(40 kPa) in the open cavity does not drop to the saturated vapor
pressure (approximately 3 kPa) during thewater-entry process. The
flow field is dominated by the water phase and air phase. However,
a natural supercavitating flowwill appear after the cavity pinch off.
The simulation results show that there is no significant cavitation
during the water-entry stage, and the results of the two-phase flow
model are consistent with those of the three-phase flowmodel, but
the three-phase flow model can improve the robustness of the
calculation. Therefore, the three-phasemodel (water, vapor and air)

is more appropriate in this paper, and the VOF interface tracking
method is used to accurately simulate the distribution of the three
phases.

In this study, the commercial code ANSYS Fluent (2013) is
applied. The Reynolds-averaged method is adopted to solve the
Navier-Stokes equations, and the additional terms that represent
the effects of turbulence appear. The standard k� ε turbulence
model, which is the workhorse of practical engineering, is intro-
duced to close the equation, while other models, such as the
renormalization group (RNG) model, are also adopted to verify the
solution; the conclusion is that the turbulence model has little ef-
fect on this calculation. The governing equations, including the
standard Navier-Stokes equations, volume fraction equation, tur-
bulence equations and SchnerreSauer cavitationmodel, are used to
solve for velocity and pressure throughout the domain.

The tracking of sharp interfaces between fluids is accomplished
by solving the continuity equation for the volume fraction of the
second phase. For the qth phase, the equation has the following
form

v

vt

�
aqrq

�
þ V,

�
aqrqvq

!�
¼

Xn
k¼1

�
_mkq � _mqk

�
(1)

where _mqk represents the mass transfer from phase q to phase k, a
represents the volume fraction, r represents the fluid's density, and
v! represents the fluid's velocity.

The volume fraction equation is not solved for the primary
phase; the primary-phase volume fraction is computed based on
the following constraint

Xn
k¼1

ak ¼ 1 (2)

The single equation for momentum isFig. 3. Geometry of the vehicle model.

Fig. 4. Models with different cavitators.

Table 1
Model parameters.

Model Diameter (mm) Weight (kg)

M1 21.1 1.855
M2 30.0 1.863
M3 42.4 1.875
M4 58.5 1.907
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m
�
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þ r g!þ F

!

(3)

where p represents the static pressure, m represents the viscosity, F
!

represents the body force, r represents the volume fraction-
averaged density, and the other properties (e.g., viscosity) are
computed in this manner

r ¼
Xn
k¼1

akrk (4)

The unsteady Reynolds-averaged Navier-Stokes (URANS)
method causes additional terms to appear that represent the effects
of turbulence. To close the equations, the standard k� ε method is
adopted, with two transport equations for turbulent kinetic energy
(k) and its dissipation rate (ε). The turbulent viscosity mt is
computed by combining k and ε via mt ¼ rCmk2=ε. The turbulent
kinetic energy, k, and its rate of dissipation, ε, are obtained from the
following transport equations

v

vt
ðrkÞ þ V,

�
rk v.

�
¼ V,

��
uþ ut

sk

�
Vk

�
þ Gk þ Gb � rε (5)

v

vt
ðrεÞ þ V,

�
rε v

.
�
¼ V,

��
mþ mt

sε

�
Vε

�
þ C1ε

ε

k
ðGk þ C3εGbÞ

� C2εr
ε
2

k
(6)

where themodel constants Cm, C1ε, C2ε, sk and sε are 0.09, 1.44, 1.92,
1.0 and 1.3, respectively.

In this study, the Schnerr-Sauer cavitation model is used to ac-
count for mass transfer between the liquid and vapor phases.
During cavitation, the equation for the vapor volume fraction has
the general form

v

vt
ðavrvÞ þ V,

�
avrv v

.
v

�
¼ rvrl

r
avð1� avÞ3R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3
ðpv � pÞ

rl

s
(7)

where subscripts v and l denote the vapor and liquid phases,
respectively. The right-hand term accounts for mass transfer be-
tween the liquid and vapor phases, where R represents the bubble
radius.

R ¼
�

av
1� av

3
4p

1
n

�1=3

(8)

where n represents the bubble number density.
It is important to consider the compressibility of water due to

the immensewater-entry impact. Korobkin and Pukhnachov (1988)

Table 2
Solver parameters.

Group Item Setting

Solver Type Pressure-based
Time Transient
Space 3D

Model Multiphase VOF
Viscous Standard k-ε, standard wall function

Phase Primary Water-liquid (compressible liquid)
Secondary Water-vapor
Secondary Air (ideal-gas)

Fig. 5. Computational domain and grid.

Fig. 6. Penetration distance.
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clearly showed that the compressibility of a fluid must be consid-
ered to estimate the impact force on a body with a front plane
regardless of the Mach number. The compressible liquid flow is
modeled by the Tait equation of state, which establishes a nonlinear
formula between pressure and density under isothermal condi-
tions. The simplified form of the Tait equation can be written as

�
r

r0

�n

¼ K
K0

(9)

K ¼ K0 þ nDp (10)

Dp ¼ p� p0 (11)

where p0 represents the absolute value of the reference liquid
pressure (95 kPa), r0 represents the reference liquid density, n
represents the density exponent, K0 represents the reference bulk
modulus, and K represents the bulk modulus.

The solver parameters are summarized in Table 2.

3.2. Computational domain and grid generation

Fig. 5(a) shows the computational domain and boundary con-
ditions. In an ideal case, the flow domain is symmetrical about the
vertical plane of the vehicle. To save computational resources, a
half-box zone, including a symmetrical boundary condition, has
been set to be the computational domain. The other surfaces of the
box are set to be the pressure inlet or pressure outlet. The pressure
distribution on the boundary is defined as a User-Defined Function
(UDF) given the influence of gravity (Yuan et al., 2017).

The dimension of the fluid domain is set properly to ensure that
the flow is free from the boundary conditions. All surfaces, except
for the symmetrical surface, are four model lengths away from the
model's center of gravity. The nonstructural hexagonal orthotropic
grid is used to fill the computational domain. The grid around the
model (especially the cavitator) is well refined to acquire a high-
resolution volume fraction, and the simulation results are inde-
pendent of the grid. The total number of hexahedral cells is
approximately 1.6 million for different water-entry cases. The grid
over the symmetrical boundary is shown in Fig. 5(b).

A specified 3DOF motion-control algorithm is executed in the
UDF. The flow field and trajectory are solved simultaneously. The
computational domain moves with the model to reduce the inter-
polation error of the mesh reconstruction. The governing equations
of the 3DOF rigid-body motion established in the body-fixed
reference frame (Zhang et al., 2014) can be expressed as follows

8<
:

m
	
_vx �wzvy


 ¼ Fx þ Gx
m
	
_vy �wzvx


 ¼ Fy þ Gy
Iz _wz ¼ Mz

(12)

where m represents the mass of the model; vx and vy represent the
velocities in the x and y directions in the body reference frame,
respectively; Iz represents the moment of inertia;wz represents the
pitching angular velocity of the vehicle; and G represents the
gravitational force. Fx, Fy andMz are the hydrodynamic forces acting
on the vehicle, which can be obtained directly from the numerical
solver.

Fig. 7. Comparison between the experimental and numerical results.

Table 3
Peak axial force at a 20� angle in M1.

Speed (m/s) Cx l

Experiment Simulation Relative error Experiment Simulation Relative error

44 1.14 1.14 0.4% 1.88 1.87 �0.5%
55 1.14 1.16 1.2% 1.82 1.88 3.3%
70 1.16 1.16 �0.3% 1.85 1.87 1.1%
81 1.14 1.17 2.7% 1.92 1.89 �1.6%
90 1.16 1.16 �0.5% 1.92 1.91 �0.5%
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4. Results and discussion

The three-dimensional numerical results of the oblique water
entry are presented and validated by experiments in this section. In
the verification part, due to the limitations of our experimental
equipment, we only studied the impact force of entry at a 20�

shallow angle and obtained the effects of various initial impact
speeds and cavitator areas. To fully validate the numerical model,
the results of other entry angles are compared with the data
available in the literature. The quantitative comparisons of the re-
sults are in good agreement.

The advantage of the numerical simulation is that we can study
the impact force characteristics of water entry at any conditions.
Overall, the effects of various parameters, such as entry angle,
initial impact speed and cavitator area, are studied. To fully study
the influence of different parameters on the impact force, we set
the simulation conditions in the form of a cross-combination ma-
trix of parameters, which results in a total of 30 simulation cases.
The numerical computations are performed on a 24-core work-
station. The effectiveness and accuracy of the numerical simulation
is verified by the experimental results in Section 4.1. Starting from
Section 4.2, the contents contain all the results obtained by nu-
merical simulation.

4.1. Validation of numerical simulations

The numerical model of the hydrodynamic characteristics and
flow patterns of this vehicle has been established, and the verifi-
cation and validation were carried out and published (Yuan and
Xing, 2016). This paper focuses on the axial force of a vehicle

Table 4
Peak axial force at a 20� angle in each model.

Model Cx l

Experiment Simulation Relative error Experiment Simulation Relative error

M1 1.16 1.16 �0.3% 1.85 1.87 1.1%
M2 1.15 1.15 0.3% 1.89 1.88 �0.5%
M3 1.14 1.12 �1.0% 1.88 1.84 �2.1%
M4 1.16 1.15 �0.7% 1.91 1.91 �0.1%

Fig. 8. Position of the vehicle at the time of the peak impact force. Fig. 9. Numerical results of the axial force of different models.
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during the water-entry process. To verify the effectiveness and
accuracy of the numerical simulation, the results of the partial
simulations are compared with those of the experiments. The
validation covers a range of impact speeds, cavitator areas and
entry angles. In the research results, the axial force coefficient and
dimensionless penetration distance are the most important impact
characteristic parameters. The value of the axial force coefficient is
calculated as follows

Cx ¼ Fx
0:5rv2S

¼ max
0:5rv2S

(13)

where Fx represents the axial force, which is the product of the
mass of the model and the axial acceleration (ax) measured in the
experiments; S represents the area of the cavitator, S ¼ pD2

c =4; and
Dc represents the diameter of the cavitator.

The penetration distance l is defined as the axial movement
distance after the cavitator touches the water surface, which can be
obtained by the time integration of the axial acceleration measured
by the IMU, as shown in Fig. 6. The dimensionless distance l is
defined to facilitate the comparison on the impacts of various
cavitator diameters.

l ¼ l=Dc (14)

A grid independence test was performed. Three spaced grid
levels, with coarse (0.9 million), medium (1.6 million), and fine (3.0
million) grid cells, are used for the error analysis. The experimental
and numerical simulation results of the entry at a 20� angle with
the M1 model are compared in detail. To present a quantitative
comparison, the results of the entry at 70.0m/s, the force coeffi-
cient, and the angular velocity versus the dimensionless distance
are plotted in Fig. 7. In this paper, it is hypothesized that the cav-
itator touches the free-water surface at t¼ 0ms. The results show
that the discrepancies between the medium and fine grids are
small and consistent with those in the experimental data. The so-
lution verification study demonstrates that the CFD results are in-
dependent of the grid resolution. To verify the applicability of the
method, the medium grid is used to simulate the water-entry
process under different water-entry parameters. Quantitative
comparisons on the characteristic parameters of the peak axial
force at various initial impact speeds and a 20� entry angle with the

M1 model are presented in Table 3. The comparisons of the peak
axial force at various cavitator areas with a 20� entry angle and
70m/s are presented in Table 4. As seen, all of the relative errors in
the numerical simulations compared to those in the experiments
vary between �2.1% and 3.3%, which meets the needs of engi-
neering applications.

The results in Table 4 are analyzed using models M1 and M4,
which exhibit the smallest and largest cavitator diameters,
respectively. When the vehicle enters the water, its axial force is
mainly generated by the wetted cavitator. Fig. 8 shows the position
at which the axial force reaches its peak when the vehicle enters
the water at the same speed and angle. Fig. 9(a) shows the corre-
sponding curves of the axial force versus time. As shown, an in-
crease in the diameter of the cavitator will result in a larger peak of
the axial impact force; in addition, the time to reach the peak after
the cavitator touches the water will increase, and the correspond-
ing penetration distance will also increase. The axial impact force
and the penetration distance are subjected to a dimensionless
treatment using formulas (13) and (14), and the results are shown
in Fig. 9(b). The coefficient of force and the dimensionless pene-
tration distance are basically the samewhen the axial force reaches
the peak value at the same water entry angle.

To verify the accuracy of the numerical calculations at large
entry angles, the results are compared with the data in the litera-
ture (Baldwin, 1972), as shown in Fig. 10, which shows good con-
sistency, with a maximum deviation of 5%. In general, the
simulation results agree well with the experimental data, and the
model can be used to investigate the water-entry impact of the
vehicles.

4.2. Characteristics of different entry angles

4.2.1. Range of water entry angle
When the entry angle is relatively small, the asymmetry of theFig. 10. Comparison between the experimental and numerical results at a large angle.

Fig. 11. Axial and normal forces.

Fig. 12. The flow pattern at the peak moment of the normal force.
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cavity around the vehicle makes it more prone to ricochet, which is
not allowed in practical engineering applications. In this paper, an
entry angle of 15� is numerically studied, and the hydrodynamic
curves are shown in Fig.11. Comparedwith the results at an angle of
20�, the axial force experiences stepwise changes after the cavitator
touches the water, while the normal force increases. According to
the results of the following research, the hydrodynamic charac-
teristic curves are similar when the water entry angle is not less
than 20�. As the water entry angle increases, the force becomes
more concentrated along the axial direction of the vehicle, and the
characteristic parameters of the peak axial force satisfy a certain
variation law, which constitutes the focus of this paper. However,
when the entry angle is 15�, the hydrodynamics of the vehicle
exhibit different characteristics. As shown in Fig. 12, when the
normal force reaches its peak, the asymmetry of the cavity causes
an obvious wetting area on the conical section, thereby changing

the force characteristics; therefore, the minimum entry angle
studied is 20�. On the basis of experimental verification in the
literature, the maximum entry angle presented herein is 75�.

The flow patterns at a water entry angle of 20� are analyzed in
this paper, and the physical mechanism of the hydrodynamic
characteristics is revealed. Furthermore, the hydrodynamic char-
acteristics at water entry angles ranging from 20� to 75� are
studied.

4.2.2. Water entry at a 20� angle
Numerical simulations provide insight into the details of the

water-entry process. The M1 model is chosen to study the impact
characteristics, and the speed of entering water is set to 70m/s.
Fig. 13 shows the numerical results for flow patterns at different
times, and some images are equipped with partial magnification.
The vehicles are colored by the density (kg/m3) of the fluid. This

Fig. 13. Typical flow pattern.
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paper focuses more on the cavity around the vehicle rather than the
upper crown. The water-entry process is associated with the pas-
sage of the vehicle entering the liquid from the air phase, which has
strong transient and unsteady characteristics.

With the penetration of the vehicle, the surrounding fluid ac-
quires kinetic energy from the surface of contact, and the fluid
particles begin to move. In the case of entry at a shallow angle,
there is an upward jet in the upper part of the nose of the vehicle,
while the lower part of the nose is wet, as liquid avoidance is not
obvious (at t¼ 0.57ms). With the vehicle penetrating into the
water, a local cavity is generated from the edge of the cavitator and
reattaches to the lower part of the cone. The local cavity spreads out
continuously, and the reattachment position moves towards the
tail. As the vehicle penetrates completely into the water at
t¼ 7.48ms, the open cavity covers the whole vehicle and is
accompanied with a clear air-water interface. Fig. 14 illustrates the
evolution of pressure within the cavity. When the pressure hole
moves to the water surface, the pressure around it begins to
decrease. In the range of motion of the vehicle involved in this
paper, the pressure inside the cavity gradually decreases overall
during the water entry process. If the vehicle continues to move,
the cavity pressure around it will further decrease (Yuan et al.,
2017). In other words, the pressure inside the cavity after the
vehicle enters the water will gradually decrease instead of instan-
taneously jumping to the saturated vapor pressure. At this stage,
because air enters the open cavity, the minimum pressure in the
cavity is 80 kPa, which does not drop to the pressure for natural
cavitation. However, during a very short period of time, local steam
cavity appears at the lower side of the head and shoulder of the
vehicle; it is very small and can be ignored. Therefore, there is no
natural cavitation in the cavity during the open cavity stage
(Abelson, 1970; Shi et al., 2018).

Fig. 15 shows the hydrodynamic forces acting on the vehicle,
where Fx represents the axial force, Fy represents the normal force,
andMz represents the pitch moment. The aerodynamic force of the
vehicle can be neglected during the moving stage in the air. The
vehicle is only affected by gravity, and its axial force is nearly zero.
After the cavitator contacts the water, the axial force rapidly rea-
ches a peak at t¼ 0.57ms; the normal force remains at absolute
zero during this stage. At this point, only part of the cavitator
penetrates below the water surface, as shown in Fig. 8(a). In the

next stage, the vehicle is subjected to a greater normal force, which
is caused by high pressure at the wetted surface of the local cavity
reattachment, but its value is much smaller than that of the peak
axial force. Meanwhile, the pitch moment is similar to the fluctu-
ation in the normal force. The normal force and pitch moment
gradually decrease to zero when the vehicle is wrapped via
supercavitation. During this process, the pitch angle variation is
0.4�, which reflects the trajectory stability, and the variation is
negligible. Therefore, the vehicle can be considered to be moving
along the water-entry speed direction until t¼ 7.48ms.

Overall, during oblique entry, the reattaching cavity is asym-
metric, but it can be assumed that the vehicle moves linearly in the
entry direction and that the main hydrodynamic force is concen-
trated in the axial direction of the vehicle in this case. The research
scope for water entry ranges from touching the water surface to the
formation of the supercavity; the next coupling between the
vehicle and fluid will be studied in the future.

Fig. 14. The evolution of the cavity pressure.

Fig. 15. Hydrodynamic force curves.
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4.2.3. Impact characteristics of different entry angles
With the increase in entry angle, the axial force increases, while

the normal force decreases (as shown in Fig.16). The normal force is
a small value compared to that of the axial force. The hydrodynamic
force is further concentrated in the axial direction of the vehicle
when the entry angle is greater than 20�. The normal force can be
neglected, especially at the time of peak impact. The following
sections focus on the characteristic parameters of the peak axial
force.

The angle range studied varies from 20� to 75�, and the results of
the peak axial force are listed in Tables 5 and 6. The upper angle is
determined by data that can be experimentally validated.
Compared with the water entry at a 20� angle, the peak coefficient
of the axial force increases, and the dimensionless penetration
distance decreases with an increase in the entry angle. Combined
with conclusions from the literature (Baldwin, 1972), it can be
assumed that the peak value of the axial force coefficient at any
entry angle has the following relationship

�
Cx ¼ dþ b
c ¼ dþ b cotðqÞ (15)

where d and c are constant values, and b has different values at
different entry angles.

It can be deduced that the peak force coefficient is proportional
to the tangent of the entry angle

Cx ¼ ðc� dÞtanðqÞ þ d (16)

The curve of the peak axial force coefficient versus the tangent
of the entry angle is plotted in Fig. 17. A linear fitting formula, Cx ¼
1:075 tanðqÞþ 0:737, obtained with the least squares method can
be used to predict the peak coefficient of the axial force at any entry
angle. The maximum deviation in the simulated value from the
fitted value is 4.8%.

The curves of the dimensionless penetration distance at the
peak axial force and the cotangent of the entry angle have geo-
metric similarities, as shown in Fig. 18. The penetration ratio, h ¼
l=cotðqÞ, is considered to be a good factor for summarizing the
penetration distance characteristics and is defined by dividing the
dimensionless penetration distance by the cotangent of the entry
angle. The penetration ratios at different entry angles are listed in
Table 6. The maximum deviation is 5.1% when compared to an
average penetration ratio of 0.70. Therefore, the penetration ratio is
considered to be constant with respect to the entry angle.Fig. 16. Axial and normal forces at different angles.

Table 5
Peak axial force of different entry angles.

Entry angle q (�) 20 25 30 40 45 50 60 70 75

tanðqÞ 0.364 0.466 0.577 0.839 1.000 1.192 1.732 2.747 3.732
Cx 1.16 1.25 1.35 1.68 1.84 1.99 2.48 3.68 4.80
Fitting 1.13 1.24 1.36 1.64 1.81 2.02 2.60 3.69 4.75
Relative error 2.5% 1.0% �0.4% 2.5% 1.4% �1.4% �4.8% �0.3% 1.1%

Table 6
Penetration ratio at different entry angles.

Entry angle q (�) 20 25 30 40 45 50 60 70 75

cotðqÞ 2.747 2.145 1.732 1.192 1.000 0.839 0.577 0.364 0.268
l 1.87 1.52 1.19 0.82 0.73 0.62 0.40 0.24 0.19
h 0.681 0.711 0.689 0.690 0.726 0.735 0.689 0.665 0.724
Relative error �2.9% 1.4% �1.7% �1.6% 3.6% 4.8% �1.7% �5.1% 3.3%
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4.3. Impact characteristics of different speeds

To study the effect of entry speeds on the peak value of the axial
force, a series of numerical simulations with speeds of 44e90m/s

are carried out using the M1 model. The angle of entry is set to 20�,
40� and 60�. The results are listed in Table 7, and the comparisons
with the average are plotted in Fig. 19. The characteristic parame-
ters of the peak axial force at the same angle are basically the same.
The maximum deviation in the peak axial force coefficient and the
dimensionless penetration distance at different speeds is 6.4%
compared with the average valuewhen the entry angle is the same;

Fig. 18. Penetration distance characteristics.

Table 7
Hydrodynamic characteristics of different speeds.

Entry angle q (�) Speed ðm=sÞ 44 55 70 81 90 Average Maximum relative error

20 Cx 1.14 1.16 1.16 1.17 1.16 1.16 2.7%
l 1.87 1.88 1.87 1.89 1.91 1.88 1.4%

40 Cx 1.64 1.66 1.68 1.64 1.69 1.66 1.8%
l 0.78 0.78 0.82 0.83 0.87 0.82 6.4%

60 Cx 2.46 2.48 2.48 2.47 2.46 2.47 0.6%
l 0.39 0.41 0.40 0.39 0.41 0.40 2.4%

Fig. 19. The impact parameters at different speeds.

Fig. 17. The peak axial force coefficient versus the tangent of the entry angle.
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therefore, it can be considered that different entry speeds have no
influence on the dimensionless parameters of the peak axial force.
The impact parameters at a fixed angle are constant.

4.4. Impact characteristics of different cavitator areas

To study the effects of the cavitator area on the peak axial force,
numerical simulations of the water entry at 20� and 60� are carried

out with vehicles M1-M4, and the speed is set to 70m/s. The results
are listed in Table 8, and the comparisons with the average are
plotted in Fig. 20. Using the method described in the above section,
it can be seen that the area of the cavitator has no effect on the
dimensionless parameters of the peak axial force given the scope of
this study. It can be concluded that the impact parameters are in-
dependent of the cavitator area.

5. Conclusions

In this paper, the oblique water-entry impact of a vehicle is
studied experimentally and numerically. The effectiveness and ac-
curacy of the numerical simulation are verified quantitatively by
the experiments in this paper and the data available in the litera-
ture. The hydrodynamic characteristics and flow patterns of the
vehicle, with a water-entry angle of 20�, are studied in detail. The
asymmetry of the cavity causes the vehicle to be subjected to a
certain normal force, while when the tail of the vehicle is fully
penetrated below the surface of the water, its pitch-angle variation
is very small. Specifically, when the axial force reaches its peak, the
hydrodynamic force is concentrated in the axial direction of the
vehicle. The study of the water-entry process is focused on the
characteristics of axial force, and the force coefficient and dimen-
sionless penetration distance at the peak axial force are described.
Then, the influences of entry angle, entry speed and cavitator area
on the axial force are analyzed. The following conclusions can be
drawn from the study in this paper:

(1) The numerical results are consistent with the experiments;
therefore, this model can effectively predict the axial force of
a vehicle entering water.

(2) The water entry of a vehicle with a disk cavitator can be
considered to move along the initial entry direction.

(3) The peak axial force coefficient is a linear function of the
tangent of the entry angle, and the penetration ratio is con-
stant with respect to the entry angle.

(4) The peak axial force coefficient and dimensionless penetra-
tion distance are independent of the entry speed and cav-
itator area at any entry angle.
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