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a b s t r a c t

The water entry behaviors of projectiles with different cone-headed angles were studied numerically,
experimentally and theoretically, mainly focusing on the hydrodynamic impact in the initial stage. Based
on MMALE algorithm, it was proposed a formula of impact deceleration, which relied on the initial entry
velocity and cone-headed angle. Meanwhile, in order to verify the validity of the simulation model,
experiments using accelerometer and high-speed camera were carried out, and their results were in a
good agreement with simulation results. Also, theoretical calculation results of cavity diameter were
compared with experiments and simulation results. It was observed that the simulation method had a
good reliability, which would make forecast on impact deceleration in an engineering project.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

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

The studies on the water entry behaviors of projectiles have
always been the focus of underwater and cross-medium vehicles.
Forecasting the force acting on the structure, the effect of initial
velocity, and the shape of head is of great importance to the design
of projectiles. For centuries, previous studies are roughly classified
into three types: theory, experiment and numerical simulation.

In theoretical studies, it was believed that the earliest research
on the theory of water entry came from Von Karman (1929). He
reported a theory formula of the maximum pressure acting on the
seaplane during landing based on the conservation of momentum.
The wetted area was equivalent to a flat with the same normal
projection of wetted area. Such approach, however, had failed to be
applied to bigger deadrise angle. That was improved and revised by
subsequent studies, such as approximating the wetted area as the
ellipse (YingWang and Chen, 2017) instead of plate. In Karman
(1929)'s theory, he did not take account of the rise of the free
surface, and then Wagner (1932) improved it. In Wagner (1932)'s
report, it made linearization of the free surface, and yet it was only
f Naval Architects of Korea.
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applicable to the initial stage of water entry. Many scholars modi-
fied to fit the deeper water penetration. Later subsequent theories
were all based on that two theories to expand and revise. The su-
per-cavity flow in the process of water entry is also a hot topic.
During super-cavitation, the radius of cavity (Zhang and
WangCong, 2012) (Guo et al., 2012a,b) was calculated based on
potential flow theory and (Logvinovich, 1969) principle of inde-
pendence. In these studies, it was assumed that the flow was
steady, irrotational and incompressible, and the cavity expanded
independently at every center point.

In experimental studies which ran through the water entry
research process, it was often used to derive empirical formulas or
to verify the validity of theoretical formulas and simulation reports.
During the process of water entry, the fluid and projectile interacts
and moves relatively in a very short time. Different from moving in
the air, the projectile will experience the impact, cavitation and
surface closure or deep closure. (Gilbarg and Anderson, 1948) re-
ported the average cavity drag coefficients of spheres with different
diameters when entering water. (Rand et al., 1997) studied the
impact dynamics of the super-cavity underwater projectile. (Guo
et al., 2012b) investigated high-speed horizontal water entry be-
haviors of ogival, flat and hemispherical-nose projectile experi-
mentally, theoretically and numerically, and reported an average
drag coefficient model dependent on the cavitation number that is
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proportional to the square of velocity.
With the development of computer technology, numerical

simulation method has shown great advantages compared with
experiment and theory. One of the superiorities of fluid-solid-
interaction is capturing free surface. Soothed-Particle-Hydrody-
namics (SPH) is a meshless Lagrange algorithm, and there is no
mesh distortion and element failure issue. (Panciroli et al., 2012)
presented an experimental and numerical study on the hydroe-
lastic phenomena during the water entry of elastic wedges using
SPH method, and it showed the influence of thickness, deadrise
angle and impact velocity on hydroelastic impact in good agree-
ment with measured results. (Erfanian et al., 2015) studied air
cavity shape and the trajectory of spherical-nose projectile, and
revealed the effectiveness and capabilities of this algorithm. Guo
et al. (Yan et al., 2018) investigated the water-entry problem of
buoyant cylinder and rectangular object using improved SPH al-
gorithm to construct interface. SPH method has an advantage of
handling the deformation of free surface, while the effect in pres-
sure calculation is not satisfactory. The lattice Boltzmann method
(LBM) discretizes the Boltzmann transport equation to describe the
statistical behavior in a thermodynamic system which is unbal-
anced state. (Fallah-Kharmiani et al., 2021) used multiphase LBM to
study the cylinder trajectory and cavity diameter, also the effects of
Froude number, density, and surface wettability on it. SPH and LBM
is mesoscopic method to study the water problems.

Arbitrary-Lagrange-Euler (ALE) method first appeared as a finite
difference method specifically used to deal with fluid dynamics
problems. In the fluid-solid- interaction problem, the large defor-
mation of thematerial needs to be dealt with. The emergence of the
ALE algorithm has largely solved the difficult problem of the free
interface in the material flow process, and has been widely used in
engineering. Multi-Material ALE (MMALE) is powerful for simu-
lating several materials, and determine the interface of the material
by calculating the volume fraction of each. (Chaudhry et al., 2020)
used ALE algorithm to describe the variation laws of the impact
load characteristics with water entry velocities, water entry angles
and different AUV masses. It found that ALE method can also
simulate the water entry process accurately with less computa-
tional cost compared with SPH method. It uses Euler algorithm for
fluid element and Lagrangian algorithm for solid element, and then
fluid-solid coupling algorithm is introduced to calculate the inter-
action between them. Yaoet al., 2019 (Yao, Xga, Gpa, 2019) tested
five kinds of models with different nose shape based on ALE
method, and the impact acceleration loads were collected by a
sensor. In her study, SRS method was used for shock signal analysis,
and it found that themaximum impact acceleration is dependent of
the peak pulse width and irrelevant to the peak value.

The numerical method was quite reliable according to results
reported in those literature. In this paper, MMALE algorithm was
adopted to study the hydrodynamic impact behaviors of the pro-
jectiles at different initial velocities and cone-headed angles, and
simulation results were compared with experiments results with a
good agreement.
Fig. 1. The cylindrical coordinated system.
2. Dynamics motion in water entry

It was previously reported (DUCLAUX et al., 2007) that, the
relative magnitude of surface tension and under-pressure forces is
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of the order

N¼2T=Rc
.
0:5rav

2
p

(1)

The smaller N, the smaller contribution of surface tension to-
wards surface closure. For an 80-mm. cylinder at 1 atm and velocity
34m/s N¼ 0.0013< 0.005 (value in Gilbarg's report (DUCLAUX
et al., 2007)), it appears that surface tension is ignorable.

In order to avoid wall effects, we here require the small pro-
jectile relative to the size of the water area. Considering a projectile
entering water, according to Newton's second law, it can be
obtained

Fd ¼ � 1
2
rwcdSpv

2
p ¼ Ma ¼ M

dvp
dt

(2)

M represents the mass of the projectile. v and Fd denotes the ver-
tical velocity of the projectile and hydrodynamic force, respectively.
Sp is the cross-sectional area of the head of the projectile.

When the initial velocity is not quite high (smaller than the
sound speed in water), the particles of undisturbed free surface get
a finite speed increment to compress next layer of water, and
compression waves therefrom spread at sound speed. The hydro-
dynamic force produced by that compressionwaves is considerable
to projectile. In that process which we called impact compression
stage, the compressibility is not ignorable. Nevertheless, owing to
unloading effect of the free water surface, it does not last long. And
then it will reach the impact stabilization stage. Thus we regard the
drag coefficient as a constant value in the present section.

A cylindrical coordinate system is established as shown in Fig. 1.
The origin of the coordinates is on the undisturbed water surface.
For the motion of water is given by potential function f, which
satisfies Laplace equation

v2f

vr2
þ 1

r
v2f

vrvz
þ v2f

vz2
¼ 0 (3)

where Vf ¼ u, u is the velocity of water domain. We develop the
Bernoulli equation in Euler's form, taking into account of gravity
effect



Fig. 2. Schematic diagram of experiment set-up.
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A has been chosen from the cavity wall at height z, and B is in the
water but far from disturbance zone at the same height. It can be
obtained that

vf

vt

����
ðrc;z;tÞ

þ1
2
_r2c ¼

Dp
rw

¼pB � pA
rw

¼ rwgzþ pair � pair
rw

¼ gz (5)

where rc(z,t) is the radius of the cavity. Dp stands for the pressure
difference between the cavity and the surrounding liquid at the
same height. _rcis the velocity of cavity wall (assuming that the
cavitation only flows radially), that is

vf

vr
¼drc

dt
¼ _rc (6)

Generally, the appropriate potential function is found by
analyzing the flow field symmetry, because it is difficult to solve Eq.
(3). It is noted that we only analyze the flat-headed projectile, and
only the initial boundary conditions of the head are different for the
cone-headed ones. Assuming that the cavity moves as a source
(DUCLAUX et al., 2007), the potential f is determined as

f¼ rc _rc lnðr = r∞Þ (7)

where r∞ is a function of timewhich is calculated as 2.7r (DUCLAUX
et al., 2007). Substituting Eq. (7) into Eq. (5) gives

3
2
_r2c þ rc€rc ¼ gz (8)

On the Sp plane, _rc ¼ av0p with a a constant value smaller than 1.
At a given height, Eq. (8) can be integrated once

_r2c ¼a2v20p

�
r0
rc

�3

þ 2
3
gz

"�
r0
rc

�3

þ1

#
(9)

lc ¼
ðt
0

vpdt (10)

where lc represents the depth of the cavity, and also it equals to the
depth of the projectile.

Simplify Eq. (2), and we can get the function of vp

_vp¼ kv2p (11)

where k ¼ rwcdSp
2M a constant value in this section.

Eq. (9) is an implicit function for the radius of the cavity, and we
integrate Eq. (9) at z from 0 to lc and at each z integrate t from 0 to tz
(when projectile reaches height z). Combined with Eq. (11), the
general feature of the cavity can be obtained. As shown in Fig. 5, the
black points represent the diameter of the cavity at height z¼ 0.
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3. Experimental investigation

3.1. Experiment set-up

In order to verify the reliability of numerical simulation, three
tests had been conducted in one water test equipment of State Key
Laboratory of Explosion Science and Technology.

The experiment set-up is comprised of a gun barrel, a tank, four
light sources, six observationwindows and a high-speed camera (as
shown in Fig. 2). The octagonal tank is made of steel with the depth
of 4.2m and the inscribed circle diameter of 4.1m. The observation
windows are set at one side of the tank to enable the high-speed
camera to capture the water entry images of the projectile. The
depth of the water domain is 3m so that the trajectory of the
projectile can be completely captured. Upon the tank, there is a gun
barrel, and the length is 1.5m. The propellant burns in the com-
bustion chamber, and then produces press on the projectile to
move along the barrel. Acceleration data is collected by an accel-
erator (see Fig. 3(c)) which is composed of a MEMS sensor and a SD
card. The range of the acceleration is ±500 g, with the resolution of
0.2878 g and the temperature drift of ±5%. The sampling frequency
in the test is 10 kHz.

In this study, three different types of cone-headed head were
designed, as shown in Fig. 3(a). The characteristic parameters of the
projectile are listed in Table 1. Test conditions are given in Table 2.
3.2. Experimental results

Fig. 4 exhibits the cavity shape of the experimental results. The
moment when the projectile touches the free surface is defined as
the initial moment. Owing to the limitation of the camera's vertical
field of perspective, the extreme short period of time when the
projectile touched the free surface was not captured, thus we
ignore that. We only concentrate on the cavity shape within 10ms.
Fig. 4 shows four images after 4ms, and every two spaces 2ms. It is
observed that the cavity shape of cavity is dominated by the



Fig. 3. The component of the projectile((a) The head (b) The middle cylinder (c) The dual-channel accelerometer).

Table 1
Characteristic parameters of the projectile.

Length(mm) Diameter(mm) Mass(kg)

330 80 2

Table 2
The test conditions for all projectiles.

Serial number q Initial velocity (v0 (m/s))

1 p 34
2 5

6
p

45

3 2p
3

54

Fig. 4. Experimental results of the cavity shape.

Fig. 5. Comparison of the cavity diameter at z¼ 0 plane among simulation results,
serial No. 1 and theoretical results calculated by section 2.
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projectile's head. In order to verify the validity of simulation results
and the theoretical analysis results, we compare the cavity diam-
eter at plane z¼ 0 of flat-headed projectile (as shown in Fig. 5). It is
easy to find that simulation results are in good agreement with the
theoretical and simulation.



Table 3
The parameters of projectile used in the simulation.

Density (kg/cm3) Young’s model(GPa) Possion ratio Shear modulus(GPa)

2.77 70 0.33 28

Table 4
The parameters of the water and air domain used in the simulation.

Density (kg/cm3) Pressure cut-off(Pa) Viscosity coefficient

Water 998 -10.0 0.8684e-3
Air 1.25 -1.0 1.7456e-5

Table 5
The parameters of Equation of state used in the simulation.

C(m/s) S1 S2 S3 g0

Projectile 5386 1.49 0 0 2.17
Water 1650 1.92 �0.096 0 0.35
Air 344 0 0 0 1.4
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4. Numerical simulation

4.1. Numerical simulation set-up

4.1.1. The governing equations of ALE
It is known that Euler coordinate system is fixed in space and

Lagrange coordinate system goes after material, the corresponding
grid follows this rule as well. ALE coordinate system is a reference
one moving at a certain speed in space, and there is a mapping
function between ALE and Euler algorithm.

For variable f, description in ALE system is as follows:

Df
Dt

¼ vf
vt

þ c!Vf (12)

where item c!¼ ð v!�w!Þ means the relative velocity of particle to
the reference coordinate system.

The governing equations is given by (Chaudhry et al., 2020),

8>>>>>>><
>>>>>>>:

vr

vt
¼ � c!gradðrÞ � rV v!

r
v v!
vt

þ r c!grad
�
v!� ¼ divð s!Þ þ f

!

r
ve
vt

þ r c!gradðeÞ ¼ div
�
s! v!�þ f

!
v!

(13)

where terms r and e represents the density of material and energy,

respectively. s! is the total Cauchy stress. f
!
denotes the external

force per unit volume.
In fluid-structure-interaction problem, the fluid transmits force

information, and then the solid structure supply displacement in-
formation to restrict the motion of fluid. There are such three
coupling algorithms as node allocation method, common node
method and penalty method between solid and fluid. In present
paper, the penalty algorithm is used to take advantage of its
capability of dealing with large deformation problems. In LS-Dyna
commercial code, it is essential to set both master and slave
segment. The slave nodes search surrounding master nodes, after
Fig. 6. Principle of pe
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which to judge if penetrates or not. When penetration occurs, a
resisting force is applied to the slave node to return it back to the
interface surface, and if not slave nodes will be released. The
resisting force is defined by a spring placed between slave and
master node as illustrated in Fig. 6 (Chaudhry et al., 2020). Mean-
while, an extra force, its value is equal to the resisting force, is
imposed on the master node in attempt to maintain the balance of
overall system.

jFj ¼ kd (14)

k¼ fsKA2

V
(15)

where terms k and d denotes the spring stiffness and penetration
depth, respectively. K is defined as the bulk modulus of contacted
nalty algorithm.



Fig. 7. Schematic view of computational domain.

Fig. 8. Meshed models from a to d (model a:q ¼ p;model b:q ¼ 5p
6 ; model c:q ¼ 2p

3 ;
model d:q ¼ p

2).

Fig. 9. Schematic diagram of projectile.

Table 6
Simulated conditions.

q v0 (m/s) q v0 (m/s) q v0 (m/s) q v0 (m/s)

p 40 5p
6

40 2p
3

40 p

2
40

p 55 5p
6

55 2p
3

55 p

2
55

p 70 5p
6

70 2p
3

70 p

2
70

p 85 5p
6

85 2p
3

85 p

2
85

p 100 5p
6

100 2p
3

100 p

2
100

Fig. 10. Projectile dynamics and fluid motion at t*.
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elements. The surface area A represents the contact segment. V is
defined as the master segment which contains master nodes. fs
denotes the penalty scale factor, which is assigned 0.1 in LS-DYNA
explicit finite analysis code.
4.1.2. The material model
Thematerial of the projectile is aluminum, and the Johnson cook
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material model is selected. The material parameters are shown in
Table 3. The void material model is chosen for the water and air
domain, and the material parameters is listed in Table 4.

4.1.3. Equation of state
The Gruneisen equation of state with cubic shock-velocity as a

function of particle velocity v defined pressure for projectile,
compressible water and air domain is as follows:

p¼
rC2m

h
1þ

�
1� g0

2

�
m� a

2m
2
i

"
1� ðS1 � 1Þm� S2

m2

mþ1 � S3
m3

ðmþ1Þ2

#2 þ ðg0 þ amÞE (16)

where terms C is the sound velocity under room temperature and
atmospheric pressure without disturbance, Si andg0are constants
in the equation. And a and E represents first order volume correc-
tion coefficient and internal energy, respectively. m ¼ r

r0
� 1denotes

the relative density (the ratio of current density to initial density).
The equation of state parameters for all parts are shown in

Table 5.

4.1.4. Numerical model
For the sake of simplicity, all entities are modelled using a

single-layer solid mesh to conserve the solution time. Ignoring
Gravity effects is reasonably acceptable. The water and air domain
is set as non-reflecting boundary to simulate infinite zone. Fig. 7
demonstrates schematic view of the computational domain, and
the meshed projectiles are displayed in Fig. 8. The initial entry
velocity is far less than the velocity of sound in water in present
numerical study.

4.1.5. Simulation conditions
q, a unitless variable, is defined as cone-headed angle (see

Fig. 9). The total length of the projectile is 330 mm, which means q



Fig. 11. Variation curves of v of different models.
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Fig. 12. Variation curves of t*.

Fig. 13. Variation curves of slope of t* curves.

M. Cao, Z. Shao, S. Wu et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 877e888
is only adjusted by L1.
The initial entry velocity varies from 40 to 100 m/s vertically,

and q changes from p
2 to p. Table 6 provides the description of the

simulated conditions.
4.2. Numerical results and analysis

4.2.1. Velocity attenuation
It can be observed that curves of v appear the same trend for any

certainmodel (as shown in Fig.11). It also indicates from the picture
884
that the decay trend of velocity slows down asqincreases at the
same initial velocity, that is, residual velocity is larger. In an instant
when projectile contacts water surface, the wetted area of flat-
headed one increase suddenly, yet cone-headed ones experience
a progressive increase (see Fig. 10). That accounts for the evident
difference at the early water-entry stage. After that, v displays a 3rd

order relevance with t. When the depth of the projectile is L1, we
define the moment as t *(the critical time).

4.2.2. The critical time
Combining simulation patterns and Fig. 11, it is found that t* is

linear with q,(see Fig. 12), that is

t*¼1
2
kðv0Þ$tan

ðp� qÞ
2

(17)

where terms k represents the slope of t* curves.
We can also fit the slope of t* curves, and the fitting result is

shown in Fig. 13. In this paper, the system of unit is m-kg-s, and we
do not make dimensionless for fit function.

4.2.3. Impact deceleration
By fitting velocity data after t*from Fig. 11, we can get the

deceleration of all models. From the Fig. 14, it can be observed that
the impact deceleration reduces with time. When the initial ve-
locity is greater than 70 m/s, the axial deceleration of model d ex-
ceeds that of others. Formodels a, b, and c, deceleration of model a's
largest, b followed by cminimum in any velocity. It is noted that the
starting point of time in Fig. 14 actually refers to et*.

Above descriptions of deceleration can be expressed mathe-
matically in Eq. (18), where the correlation coefficients, such as B1,
B2, and B3, is obtained by fitting (see Fig. 15). And then, we can
obtain a formula as follows

aim ¼3B3t
2 þ 2B2t þ B1 (18)

When initial velocity is greater than 70 m/s, a further quadratic
fitting of B1, B2, and B3 withqis highly relevant. In order to verify the
validity of Eq. (18), we will calculate using the working condition
that is same as the experiments in section 3 (plotted by red line in
Fig. 16). As illustrated in Fig. 16, the axial deceleration first increases
and then decreases. Nevertheless, it is noted that the accelerometer
doesn’t distinguish inertial force and body’s internal force (e.g.
stress), and thus there must be signal noise. Yet we only compare
the maximum value and the trend of the deceleration. From the
deceleration decay trend after the peak values, it shows a good
agreement between experiment results and results calculated by
Eq. (18). However, the maximum value of the two is somewhat
different, and values calculated by Eq. (18) is bigger than experi-
ments (see Table 7) (the maximum relative error is 21.04%). And the
relative error is larger with bigger q or bigger initial entry velocity.
The reason for this situation may be owing to the accelerator does
not collect the impact peak.



Fig. 14. Variation curves of impact deceleration.
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Fig. 15. Fitting plot of parameters of Eq. (18).
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5. Conclusion

We had reported results from numerical simulations based on
MMALE method and experiments on the effect of cone-headed
angle and initial velocity. Results had shown that the single layer
numerical model was proved to be efficient and simple in terms of
several terms, as the velocity attenuation, the impact deceleration
and so on. Although above results were purely numerical, they
compared well with experiment works. Consequently, several
systematic conclusions can be drawn from this work.

(1) A new modelling approach employing MMALE numerical
methodology was presented to analyze water entry problem,
which is reliable and efficacious.
886
(2) We cited the analytical method of cavitation flow in
(DUCLAUX et al., 2007) paper, and made corresponding im-
provements. The projectile no longer enters the water at a
constant speed but at a slower speed, therefrom a new
analytical approach is developed to describe the cavity flow.

(3) In the present work, it indicates that cone-headed projectiles
entering the water vertically experience the similar velocity
attenuation process, as well as flat-headed projectile expe-
riences a sudden velocity decrease for the reason of a sudden
increase in wetted area. After a very short period time of
water-compressed, the velocity changes to cubic function
with cone-headed angle and initial velocity. Furthermore,
the impact deceleration obeys a quantitative nonlinear-law,
and is dependent of l and v0, which provides a safer estimate
of impact deceleration in engineering.



Fig. 16. Comparison of axial deceleration between experiments and curves calculated by Eq. (18).

Table 7
Comparison of the maximum deceleration.

the maximum deceleration (g) Serial No.1 Serial No.2 Serial No.3

experiment 139.02 269.95 286.04
calculated values by Eq. (18) 154.16 323.38 346.22
relative error 10.89% 19.79% 21.04%
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