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Numerical Study on Water Entry of Projectiles with Various Head Shapes by a
Multiphase Moving Particle Semi-implicit Method
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In this paper, the low-speed water entry of four projectiles with various head types is numerically studied by using an
improved multiphase moving particle semi-implicit (MPS) method. The projectiles are composed of a solid circular cylinder
with L/D = 405 and different head shapes, including a hemispherical head and three cone-shaped heads (90�∼150�). During
the water entry of these free-falling projectiles, splashing water, the deformed free surface, and the cavity evolution behind
the cylinder are presented, which show agreement with experimental data. The vertical velocities and forces obtained by the
multiphase MPS method are given. The influences of varying head shapes on the motion of the projectiles and the generation
and closure of cavities are analyzed.

INTRODUCTION

There widely exist water entry phenomena in the defense indus-
try and ocean engineering with a fluid-structure interaction and
multiphase flow. Water entry by a projectile involving cavity for-
mation and collapse has been investigated theoretically. For exam-
ple, Lee et al. (1997) developed an analytical model for the cav-
ity dynamics to study the high-speed water entry of a sphere. It
was indicated that a cavity can be characterized as a deep clo-
sure prior to closure at the surface for high-speed water entry, and
the time of deep closure was constant, which was independent
of the impact velocity. Mirzaei et al. (2020) proposed a transient
model to predict the shape of the oblique water entry cavity for a
cylindrical projectile at different angles. The predicted projectile
attitude and the trajectory of the projectile agreed well with the
experimental data.

Experimental studies on both low-speed and high-speed water
entry with cavities have also been extensively carried out by using
high-speed cameras. For example, Truscott and Techet (2009a,
2009b) and Techet and Truscott (2011) experimentally studied
the trajectories, forces, and cavity formation behind spinning
hydrophobic and hydrophilic spheres after water entry in the MIT
Experimental Hydrodynamics Laboratory at the Massachusetts
Institute of Technology. The splash and cavity of spheres’ water
entry with varying spin rates and impact velocities were com-
pared. Yang et al. (2014) conducted a series of experiments of
low-speed water entry of projectiles with different head types. The
snapshots of the cavity-running phase under different velocity and
entry angle conditions were recorded by high-speed photography,
and the influences of head types on the characteristics of cav-
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ity formation and closure were analyzed. The oblique high-speed
water entry of projectiles was investigated by Song et al. (2020).
The deflection of trajectories and the evolution of supercavities
were analyzed.

Over the past decades, numerical simulations of water entry
have been performed based on the computational fluid dynamics
(CFD) method. Among mesh-based CFD methods, the volume of
fluid method is one of the most popular methods to capture the
free surface for simulating the multiphase flows. For example,
Song et al. (2020) adopted the commercial software STAR-CCM+
to study the cavity of water entry for projectiles at an oblique
speed. Overset mesh techniques and the dynamic fluid body inter-
action method were employed to resolve the motion of projectiles.
Pressure distributions on the nose of projectiles were analyzed at
different entry angles. Jiang et al. (2021) studied pairs of super-
sonic projectiles entering the water in series and in parallel by
solving the compressible Reynolds-averaged Navier–Stokes equa-
tions. In this work, different head shapes, entry velocities, interval
times, and interval distances were discussed for their influences
on the drag force coefficient and cavity evolution.

However, it is still challenging to accurately simulate the water
splashing with a large deformation of the free surface and the
motion of moving boundaries with a large amplitude by using
mesh-based methods during water entry. The Lagrangian particle-
based methods are mesh-free, which have advantages in solving
water entry problems, especially with highly deformed interfaces
and moving boundaries. Among the Lagrangian particle methods,
the smoothed particle hydrodynamics (SPH) method (Monaghan,
1988) for weakly compressible flows, the moving particle semi-
implicit (MPS) method (Koshizuka and Oka, 1996) for incom-
pressible flows, and many improved SPH/MPS methods to deal
with the numerical issues in the original methods have been devel-
oped in recent years. Various improvements and applications of
particle methods to the fluid-structure interaction problems can be
found in the review works of Liu and Zhang (2019), Luo et al.
(2021), Gotoh et al. (2021), and Zhang et al. (2022).

Difficulties still exist in treating the cavity and its interaction
with the structure and the fluid. To solve this problem, multi-
phase models for mesh-free methods have also been developed to
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