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Abstract

Trans-medium vehicles, including supercavitating torpedoes, submarine-launched projec-
tiles, and high-speed hydroballistic bodies, demonstrate increasingly diverse applications
in crossing the air-water interface. For such vehicles, the truncated-cone (flat-headed)
configuration represents a geometry of significant engineering relevance, as it is widely
adopted in the nose sections of supercavitating projectiles and certain underwater ballis-
tic penetrators where the flat head promotes rapid vaporization and cavity generation
during high-speed water entry. The air-to-water transition process typically generates
extreme hydrodynamic impact loads due to complex multiphase flow and fluid-structure
coupling interactions, with water compressibility playing a significant role under hydrobal-
listic conditions. This study focuses on the water-entry regime at velocities ranging from
300 to 1100 m/s, corresponding to hydroballistic speeds relevant to supercavitating vehi-
cles (e.g., the Shkval torpedo operates at approximately 370 m/s) and the initial impact
phase of high-speed trans-medium projectiles. Parametric studies are conducted with vary-
ing entry velocities (Mach 0.20~0.73 in water), impact angles, and structural dimensions to
systematically investigate their effects on the peak slamming overload, using a dynamic
mesh technique coupled with a VOF multiphase model with compressibility effects for
both air and water phases. The results demonstrate that compressibility effects induce a
pronounced air cushion effect during water impact, wherein compression waves generated
during high-speed entry dominate the load formation process. Velocity is identified as the
most sensitive factor affecting peak overload, followed by structural size parameters. The
findings provide valuable guidance for the protective design of high-speed water-entry
structures operating in the hydroballistic regime.

Keywords: water entry; multiphase flow; impact load; numerical simulation; compressibility;
slamming overload; trans-medium

1. Introduction

Water entry refers to the process by which an object impacts and penetrates the water
surface from air. Currently, trans-medium craft capable of crossing the air-water interface
demonstrate asymmetric combat advantages by leveraging their dual-domain maneuver-
ability [1]. The impact during this process may result in tremendous hydrodynamic loads
acting on the projectile, potentially leading to structural failure. The water entry prob-
lem involves complex physical processes across solid, liquid, and gas phases, including
interactions between the multiphase flow field and structures. This process is usually
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accompanied by flow separation, jet evolution, and cavity formation, exhibiting characteris-
tics of high coupling, strong nonlinearity, unsteadiness, and intense disturbance. The water
entry process represents a critical stage in cross-media navigation. Therefore, it is essential
to investigate the underlying physics of water entry and the primary factors influencing
the structural response of vehicles during this process.

The early studies of water entry of structures were carried out by analytical analyses
and experimental observation. In 1929, Von Karman [2] derived the formula for water
entry impact based on the principle of momentum conservation, and pointed out that
the reason for the development of the impact load during water entry is that the vehicle
needs to accelerate the water at the head and inhale the air at the rear. In 1932, Wagner [3]
refined Von Kdrmdn's theoretical results by considering the rise of the water level that is in
contact with the surface of the object. Logvinovich [4] developed a hydrodynamic theory
of free-boundary flows by analyzing the free-boundary flow problems during cavitation
evolution and water entry. From the experimental perspective, in 1908, Worthington [5]
utilized stroboscopic photography to document splash phenomena on the water surface
and captured images of underwater cavity development, systematically characterizing
the evolution of spray dynamics and submersed cavity morphology to investigate the
influences of sphere surface roughness and liquid viscosity on the cavity evolution during
water entry of spheres and liquid droplets, respectively.

Subsequently, a large number of studies have adopted similar experimental techniques
to study the water entry process. For example, Bivin et al. [6] experimentally investigated
the vertical water entry of spheres and disks with different masses, quantifying drag and
added-mass effects and deriving analytical expressions for cavity evolution. Lee et al. [7,8]
developed a modeling framework to simulate cavity evolution during high-speed water
entry of rigid projectiles and investigated cavitation dynamics of spheres, with the obtained
computational predictions showing strong alignment with experimental observations.
Jalalisendi et al. [9] experimentally investigated the three-dimensional hydrodynamic load
distribution during the vertical water entry of a rigid wedge. Using planar particle image
velocimetry (PIV) and the incompressible Navier-Stokes equations, they reconstructed the
three-dimensional flow field and pressure distribution, providing an effective approach
for analyzing unsteady fluid-structure interactions. Zhao et al. [10] experimentally investi-
gated the high-speed vertical water entry of spheres, focusing on the influence of density
and velocity on cavitation evolution, and established a predictive model based on the
experimental results.

With the rapid development of computational capabilities, numerical simulation has
become an important approach for studying water entry problems. Stenius et al. [11] used
a multi-material Arbitrary Lagrangian—-Eulerian (ALE) method to simulate the impact
loads and structural responses of elastic wedges under different entry velocities, impact
angles, and material properties. Panciroli et al. [12] investigated the hydroelastic water
entry of elastic wedges through experiments and numerical simulations, validating SPH
for modeling hydroelastic effects with weak liquid—gas coupling.

Yang [13] incorporated the time-varying rate of added mass into simulations of
submarine-launched projectile water exit, improving the treatment of complex fluid—
structure interactions and simulation accuracy. Yang [14] investigated the viscoelastic
water entry of a three-dimensional sphere, showing that viscoelasticity significantly af-
fects the sphere’s stress distribution, free-surface pressure, and cavity-wall stability under
high-speed impact. Zhang [15] proposed a diffusive wetting model for WCSPH that accu-
rately simulates wetting effects, flow separation, and free-surface breaking throughout the
water-entry and water-exit processes.
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Moreover, research on water entry of complex structures and specific operating condi-
tions is also ongoing. Hou et al. [16] experimentally investigated the oblique water entry of
hollow cylinders, while Yuan et al. [17] investigated the simultaneous water entry of two
hollow cylinders by numerical simulation. Qi et al. [18] studied the impact hydrodynamics
of a typical hull obliquely entering water via drop tests. Li et al. [19] used the smoothed
particle hydrodynamics (SPH) method to study the influence of the angle of entry and dif-
ferent initial velocities on the 3D real-scale lifeboat. Gan et al. [20] numerically investigated
the water-entry impact performance of a bionic aerial-underwater vehicle mimicking flying
fish. Wang et al. [21] studied water entries in flowing water of twin spheres side-by-side.
Wang et al. [22,23] experimentally investigated asynchronous parallel high-speed vertical
and oblique water entry of cylinders. Furthermore, scholars [24-27] have also conducted
research on the water-entry process with consideration of floating ice. These studies show
that numerical methods can reproduce important transient features of water entry under
various geometric and operating conditions.

The velocity range of 300-1100 m/s investigated in this study corresponds to the
hydroballistic regime of water entry, which is distinct from the conventional splashdown
conditions associated with low-speed water entry scenarios. This velocity range is phys-
ically motivated by several engineering applications. The maximum velocity studied is
well within the achievable range of existing high-speed experimental facilities (e.g., gas-
gun launched objects or water-entry test rigs). Moreover, the speed of sound in water is
approximately 1500 m/s, meaning that 1100 m/s remains subsonic relative to the water
medium. Thus, the flow is strongly compressible but does not cross the sonic threshold
in water. This velocity was selected precisely because its physical mechanism represents
a realistic upper bound for many practical hydroballistic and supercavitating scenarios,
while still allowing us to focus on the initial stage of water impact before cavitation and
structural deformation dominate [28,29]. Advanced conceptual designs for supercavitating
vehicles have proposed velocities exceeding 600 m/s [30]. Recent studies by Wu et al. [31]
and Yang et al. [32] have investigated comparable velocity ranges (subsonic to supersonic
in water) for axisymmetric and rectangular projectiles, respectively, demonstrating that
compressibility effects become dominant at these hydroballistic speeds. Previous studies of
high-speed axisymmetric and rectangular projectiles have shown that compressibility can
affect compression-wave generation, air cushioning, cavity evolution, and impact loading.
In contrast, studies conducted at much lower velocities may not fully represent the physical
mechanisms governing hydroballistic water entry.

The existing literature indicates that the compressibility of water and air can modify
the air-cushioning effect and generate compression waves during impact. These waves
influence the pressure field, the timing of contact between the body and water, cavity
development, and the evolution of slamming loads [31-38]. However, most existing
studies have focused on individual factors or on geometries such as wedges, spheres,
axisymmetric bodies, and rectangular projectiles. A systematic assessment of how entry
velocity, nose area, and half-cone angle jointly affect the transient impact dynamics of
meter-scale truncated-cone bodies is still lacking.

Accordingly, the specific research gap addressed in this study is the lack of a systematic
and quantitatively focused analysis of compressible water-entry impact for truncated-cone
configurations in the hydroballistic velocity regime. In particular, the relationships among
the geometric parameters of the flat nose, the half-cone angle, the compressibility-induced
flow features, and the resulting peak slamming loads remain insufficiently established.
Addressing this gap is important because the truncated-cone geometry is directly relevant
to high-speed cross-media vehicles, whereas the load-generation mechanisms at these
velocities cannot be inferred reliably from low-speed water-entry results alone.
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This study establishes a truncated-cone object model at the meter scale to investigate
the cross-medium process in the hydroballistic velocity regime. The Volume of Fluid (VOF)
method is employed to resolve gas-liquid phase interactions and track the multiphase
interface, while incorporating the Tait equation to account for water compressibility. The
numerical simulations primarily focus on analyzing compressibility effects and evaluating
the influence of key physical parameters, including entry velocity, truncated-cone object
nose area, and half-cone angle, on the impact dynamics. Special emphasis is placed on
characterizing the evolution of slamming loads during water entry, with the parametric
analysis providing critical references for the design optimization of cross-media truncated-
cone objects operating in the hydroballistic regime.

The remainder of this paper is organized as follows: Section 1 introduces the engineer-
ing background and reviews the current state of research in the relevant field. Section 2
describes the numerical model and computational methods employed in the simulations.
Section 3 presents and analyzes the simulation results, with particular emphasis on the
effects of fluid compressibility, water-entry conditions, and projectile geometry on the
water-entry response. Finally, Section 4 summarizes the main findings and conclusions of
this study.

2. Numerical Method and Verification
2.1. Mathematical Formulation

This study employs the Volume of Fluid (VOF) model to simulate multiphase flow.
The VOF model assumes immiscibility between phases within the computational domain,
introducing a respective volume fraction for each phase, and determines phase distribution
by calculating these volume fractions. Taking the water volume fraction o and air volume
fraction oz as examples, they satisfy

atag=1

When o) = 1, it means that the inside of the grid is completely liquid phase; otherwise,
it is filled with air. In the VOF model, phase interface tracking is achieved by solving
continuity equations involving the volume fractions of the phases. The continuity equation
for the mixture phase is

aPl d(pmv;)
ot axi

The momentum equation of the mixture phase is

dv;  JY;
(o + pit) (ax] + aixl
In the equations, v; denotes the velocity components; p;;, the density of the mixture

phase, is given by oy, = (1 — ag)p; + agpg; m = (1 — ag) iy + agpg represents the dynamic
PmCuk?
&

=0

O(omvi) | Aemvivy) _ op 0
ot ox; dx;  9x;

viscosity of the mixture phase; and y; = is the turbulent viscosity coefficient, where
Cy is determined by the turbulence model employed, k is the turbulent kinetic energy, and
¢ is the turbulent dissipation rate.

This study employs the Realizable k-¢ turbulence model, with its transport equations

as follows:

3 3 ) e ok
57 (omk) + aTCi(Pmkuz) = o KV + CTk) ax,} + Gk + Gp — pme — Yy
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In these equations,

k
C; = max [0.43, 7715], n= SE’ S = ,/25,']‘5,']‘

Gy and Gy represent the turbulent kinetic energy production terms due to mean
velocity gradients and buoyancy, respectively; Y, denotes the contribution of fluctuat-
ing dilatation in compressible turbulence to the total dissipation rate. These terms are

defined as
Gk = ]/ltsz
_ o, e 0T
Gb - ﬁg Pr; axi
Yy = 20meM?

Pry = 0.85 is the turbulent Prandtl number for energy, g; denotes the components of
the gravity vector, B represents the thermal expansion coefficient, and M;, the turbulent
Mach number, is related to the speed of sound a and defined as

__r 9pm>
= pm<8T »

k
Mt — afz
For ideal gas, Gy, is simplified as
_ Mt Opm
Gb - lmel‘t axi

Cie, Cp, 0%, 0¢ are constants:
Cie=144,C, =19, 0, =1.0, 0o = 1.2

C3¢ is defined as follows:
Cze = tanh’ %’

In this paper, the state of air during the water entry process is described using the
ideal gas equation, while the properties of the liquid are characterized using the Tait
equation [28]:

p=a+bpf
In the formula, the coefficients a and b are determined by assuming that the bulk

modulus is a linear function of pressure.
The simplified form of the Tait equation is

n
K
(;)llo) :E/K:KO+”APrAP:P_PO

po represents the reference pressure; Ky is the bulk modulus at pg; 7 is the density exponent;
p is the liquid pressure (absolute pressure); p; is the liquid density at pressure p; K is the
bulk modulus at pressure p.
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2.2. Verification

To validate the applicability of the numerical model developed in this study for
simulating the water-entry process of a body of revolution, the numerical results were
compared with the experimental data reported in Ref. [39]. The water tank used in the
experiment had dimensions of 210 mm x 260 mm x 320 mm. The wedge-shaped body
had a semi-vertex angle of 90°, a width of 36 mm, and a length of 150 mm. Its initial
water-entry velocity was 1.93 m/s. The geometric dimensions and initial conditions in the
numerical model were consistent with those used in the experiment. The results are shown
in Figure 1.

T T T T 2 : -
(a) (b) + Simulation
& e

Experiment 1
—— Simulation

0 2 4 6 8 10 0 1 2 3 4
t/ms x/d

Figure 1. Comparison of force history (a) and cavity interface (b) between simulation and experiment.

The comparison focused primarily on the impact-load response during the water-
entry process, together with the general evolution of the cavity and jet. The results show
good agreement between the numerical and experimental data during the rising stage of
the impact load, indicating that the model can reasonably capture the main characteristics
of the initial impact process. A small difference is observed in the peak load and the
subsequent relatively stable load value, although the overall variation trends are consistent.
The numerical results also reproduce the basic development of the cavity and jet, although
their local structural details are less refined than those observed experimentally.

It should be noted that this validation case is mainly intended to assess the capability
of the numerical model to predict the impact-load response during the initial water-entry
stage. The focus of this study is the formation and evolution of the impact load, rather than
the detailed reconstruction of the local cavity structure. Therefore, a high level of accuracy
in capturing the fine-scale features of the cavity and jet is not required. Overall, the model
is capable of reproducing the primary physical characteristics of the water-entry impact
and provides sufficient accuracy for the subsequent numerical simulations and analysis in
this study.

2.3. Geometrical Model

As shown in Figure 2, this study employs a near-actual-scale truncated-cone object
model for simulation, representing a geometry typical of supercavitating projectile nose
sections and underwater ballistic penetrators. The computational domain for the numerical
simulation is a 3D domain with dimensions of 100 D x 100 D x 100 L, where L denotes
the truncated-cone object length, and D represents its maximum diameter. This domain
size ensures that boundary effects do not influence the water entry process during the
simulation time. The entire computational domain is divided into three subdomains
interconnected via mesh interfaces: Region 1 is the static region, while the truncated-cone
model is positioned in Region 3, which moves synchronously along the -Y direction with
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Region 2 during the water entry process. The top boundary is specified as a pressure outlet,
while all other boundaries are defined as no-slip walls.

le
[ Region 1 100L

I

¢6L»¢— 23L

v

Region 3
100D

|
K

Y

[~ Pressure outlet

Figure 2. Truncated-cone object model and computational domain (Region 1 represents the static
zone, while Region 2 and Region 3 are motion regions with truncated-cone object model in Region 3).

2.4. Grid Convergence and Verification

The geometric model in this case is relatively large. To minimize computational
resource consumption, a symmetric computational model was adopted, and the compu-
tational domain was divided into three regions, each of which was meshed separately, as
shown in Figure 3. To ensure accurate data transfer between adjacent regions, the mesh
sizes on both sides of the interfaces were kept consistent, thereby avoiding additional nu-
merical errors caused by mesh-size mismatches. Three meshes with different grid densities
were used to discretize the computational domain: a coarse mesh with 3.98 million nodes,
a medium mesh with 4.23 million nodes, and a fine mesh with 5.70 million nodes. The
results of the grid independence verification are shown in Figure 4. A grid convergence
study was then conducted using the Grid Convergence Index (GCI) methodology, which
provides a quantitative assessment of discretization errors. The GCI values for the peak
drag coefficient between the coarse and medium meshes and between the medium and fine
meshes were 8.2% (GCly3) and 3.1% (GClyy), respectively, indicating that the medium mesh
provides satisfactory grid independence for engineering applications. The apparent order
of convergence was further calculated as p = 1.8, which is consistent with the second-order
spatial discretization scheme employed by the solver.

To further validate the computational model, a quantitative comparison was per-
formed against the experimental data reported by Bivin et al. [6] and the high-speed
water entry experimental results of Zhao et al. [10]. The numerical predictions show
good agreement with experimental measurements, with a maximum deviation of ap-
proximately 12% for the peak drag coefficient. This level of agreement is acceptable for
hydroballistic water entry simulations, where experimental uncertainty is inherently higher
than in low-speed conditions due to the extremely short impact duration and complex
multiphase interactions.

Additionally, a time-step independence study was conducted to ensure that tem-
poral discretization does not affect the results. Three time-step sizes were tested:
At =1.0x107%s, Aty =5.0 x 1077 s, and At; = 2.5 x 107 s. The peak overload coeffi-
cients computed with the three time steps agreed within 3%, confirming that the selected
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time step (At,) is adequate for resolving the unsteady compressible flow physics during
water entry.

(T,
[

I
\

I
T
HT HHH

T
|
(

T
I

AT
HHHHH

HHH
T
T

T
HHHH

SE== jj e

Figure 3. Meshing diagram of the computation domain. (Left) Global view illustrating the unstruc-

tured grid distribution surrounding the truncated cone, highlighting the refined mesh clustering at
the water-entry interface to resolve flow gradients (Right).

35 T T T

— coarse grid
301 — medium grid
— fine grid

t (ms)

Figure 4. Grid independence verification.

In the water entry process, the truncated-cone object quickly reaches the stable sailing
condition after impacting water. In the water entry process, the truncated-cone object
quickly reaches the stable sailing condition after impacting water. Using Newton’s second
law, the truncated-cone object’s overload (1) at the sailing condition can be calculated
as follows:

_ pvS

= 1
2mg *

n

The overload becomes stable after t* = 1.5 ms, where t* = 0 denotes the instant of
the truncated-cone object’s impact on the water surface. For a more detailed method for
theoretical and numerical overload calculation, refer to our previous study [40,41]. The
error between the average overload of the two results is within 0.2%, as shown in Figure 5,
demonstrating the reliability of the computational model for predicting the hydrodynamic
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loads during the water entry and subsequent sailing phases. This validation, combined
with the experimental comparison presented in Section 2.3, provides confidence that
the numerical methodology is capable of accurately simulating the hydroballistic water
entry process.

4.5 T T T
—— Numerical

40T —-— Theoretical ]
35F .
3.0 F 5
S 25 .

=< Numerical simulation average: n=300.43282
< 20 .
L5F Theroretical calculation average:n=300.78648 ]
1.0 .
0.5 .
0.0 1 1 1 “;
0 1 2 3 4

t* (ms)

Figure 5. Comparison of overload (n) variation during the water entry.

3. Result and Discussion
3.1. Water Entry Process

Based on the grid convergence analysis presented in Section 2.3, the medium grid
model is employed for large-scale parametric computations. In the initial state, the
truncated-cone object model is positioned above the water surface at a distance D. During

2
computation, it moves along the —Y direction at Fr = 174.87 (Froude number, Fr = %),

subsequently contacts the water surface, and submerges into the water (as shown in
Figure 6).

Figure 6. Water entry process of truncated-cone object model (#* = 0 refers to the time of truncated-
cone object impact on the water surface).

The water entry process of a truncated-cone object at hydroballistic velocities is charac-
terized by distinct compressibility-dominated phenomena that differ fundamentally from
low-speed entry scenarios. Upon initial contact with the free surface, the flat nose of the
truncated-cone object generates a strong compression wave that propagates into the water
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medium, creating a localized region of extremely high pressure at the impact interface.
Simultaneously, the rapid displacement of the free surface produces an air cushion effect,
wherein a thin layer of compressed air is trapped between the object’s nose and the ad-
vancing water front. This air cushion significantly modifies the pressure distribution on
the truncated-cone object’s nose plane compared to incompressible assumptions, resulting
in an uneven pressure distribution with peak values concentrated at the periphery of the
flat head.

When the truncated-cone object slams onto the water surface, due to the large density
gradient in the water-entry process, a large impact load will be generated. For the truncated-
cone object, its nose, which is close to the flat plate slamming the water surface vertically,
will make the maximum load peak pulse of the truncated-cone object more obvious. While
the drag of the object moving in pure air medium and complete water medium is stable, as
shown in Figure 7.

10 T T T
Completely incompressible
gL Completely compressible |
Compressible water
Compressible air
o 6 T
S
—
X
R 4t 4
2 - -
0 n 1 i T n
—0.1 0.0 0.1 0.2 0.3

t* (ms)
Figure 7. Overload evolving over time.

Figure 7 illustrates the evolution of the overload on the truncated-cone object model
during water entry under different conditions. Considering the compressibility of water
and air, the simulation is carried out under four conditions: compressible water, compress-
ible air, completely compressible and completely incompressible. The results in Figure 7
demonstrate that, compared to the completely incompressible solution, air’s compressibil-
ity elevates peak loads, while water’s compressibility reduces peak load value, thereby
inducing similar results in peak slamming loads between completely compressible and
incompressible simulations. The compressibility of air induces a dual-peak characteristic in
slamming loads; incompressible air causes premature load rise, and water compressibility
extends load pulse duration.

To assess the influence of air’s compressibility on computational results, density gra-
dient contours of air are analyzed in Figure 8. The results reveal that during navigation
in air, localized compression waves formed near the nose of the truncated-cone object.
As the truncated-cone object continues to navigate along the —Y direction, these compres-
sion waves interact with the water surface ahead of the truncated-cone object’s impact,
imparting velocity to portions of the water surface and establishing undulations. This
causes asynchronous contact between the truncated-cone object’s nose surface and the
water, producing localized high-pressure zones. When the truncated-cone object passes
through the undulating area and the water surface is fully contacted, the pressure distri-
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bution transitions to a centrosymmetric pattern with higher pressure at the center and
lower values at the periphery, as illustrated in Figure 9. The evolution characteristics of
pressure distribution account for the dual-peak phenomenon (Figure 7) in slamming load
magnitude during water entry.

projectile

water surrace
Valocity

12
t'=—1ms

t'=—0.5 ms

Figure 8. Compression wave impact the water surface.

Pressure [Pa]

——— : — |
—4.0x108 1.7x108 3.5x108 5.2x108 7.0x108

. Completely compressible
Completely incompressible

t'=-0.1 ms =0 ms t"=0.01 ms " =0.025 ms t"=0.05 ms

Figure 9. Pressure distribution on the head of the truncated-cone object during water entry process.

As shown in Figure 10, compared with the incompressible model, the compressible
model exhibits a more complex surface-pressure evolution during the early stage of water
entry. The pressure distribution gradually changes from irregular, localized high-pressure
regions to a more centralized pattern, while the high-pressure state persists for a longer
duration. This behavior is mainly attributed to compression waves generated in the air
layer between the structure and the free surface. Their propagation disturbs the free surface,
causing the structure to initially contact the water locally. As the entry progresses, the
contact area expands and gradually develops into a nearly full-contact state, resulting in
a more continuous and centralized pressure distribution. In contrast, the incompressible
model neglects these air-compression-wave effects, leading to a more regular initial contact
process and a faster evolution of the localized high-pressure regions.
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1500 . ————— ,

t*=0ms

P
—-—t*=0ms

—-—1r*=0.01 ms t*=0.01 ms
—-—r*=0.025 ms 1*=0.025 ms

— t*=0.05ms 1*=0.05 ms

1000

Pressure (MPa)

0
—-150 —-100 =50 0 50 100 150
x (mm)

Figure 10. Pressure distribution on the head of the truncated-cone object.

The compressibility of air induces a cushioning effect, where the compression wave of
air precedes the truncated-cone object’s contact with the water surface, thereby generating
initial disturbances. In contrast, for incompressible air, the air ahead of the truncated-cone
object cannot be compressed before water impact and instead impacts the water surface in
a quasi-rigid manner. This leads to an earlier pressure buildup at the truncated-cone object
nose prior to water entry, accompanied by greater thrust on the water surface that generates
higher initial velocity (Figure 11). Consequently, the peak load during subsequent water
entry exhibits a corresponding reduction.

Air.Density.Gradient
50
ﬂ !.
0
[kg m”"—4]

n

Velocity [m s-1]
ﬁ—
0.0 12 25 38 5.0

Figure 11. The difference in water surface impact between compressible and incompressible air.

After entering the water, the compressibility of the water body is mainly reflected in
the generation of underwater compression waves. For incompressible water, the impact
generated by the water impact process is effective for the entire water body at the same
time. The pressure distribution of the water body is almost unchanged throughout the
process, similar to rigid body collision (Figure 12), so its peak value is higher and the pulse
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Pressure
5.0x108

45x108
4.0x108
3.5%108
3.0x108
2.4x108
1.9x108
1.4x108
9.2x107
4.1x107

—1.0x107
[Pa]

time is shorter. For compressible water, due to the generation of a compression wave, the
high-pressure area in the process of water impact gradually transfers downward with the
compression wave, and the high-pressure area is distributed in the front of the compression
wave (Figure 13). At this time, the impact energy release is slower, the load peak is low,
and the pulse time is longer.

Pressure
8.0x107

7.1x107
6.2x107
5.3x107
4.4x107
3.5x107
2.6x107
1.7x107
8.0x10°
—1.0x108
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Figure 12. Pressure distribution in incompressible water.

Water.Density
1.10x10%

1.09%10%

1.08%103

1.07x10%
1.06x10%

Figure 13. Pressure distribution in compressible water ((A) pressure contour; (B) density contour).

These findings are physically consistent with the operational conditions of supercavi-
tating projectiles, where the initial impact phase generates the highest structural loads that
the vehicle must withstand. The air cushion phenomenon observed in the simulations has
direct implications for the nose design of such vehicles: an optimal nose geometry must
balance the need for rapid cavity generation (favored by flat or nearly flat nose profiles)
against the mitigation of peak impact loads (which may be achieved through carefully
designed nose modifications). The results presented in this section provide fundamental
physical insights that can guide the design of nose sections for supercavitating torpedoes
and hydroballistic penetrators.

3.2. The Influencing Factors of Water-Entry Peak Load

Given the high-magnitude and short-duration characteristics of slamming loads for
truncated-cone objects during water entry, this study focuses on the peak load magnitude,
analyzing the influence of key parameters on its magnitude.

3.2.1. Influence of Impact Velocity

The geometric model and mesh were maintained constant. The simulations were
performed for varying water entry velocities to investigate their influence on the peak
slamming overload while the geometric model and other parameters were maintained
constant. It should be noted that the highest velocity considered in this study (1100 m/s) is
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chosen to investigate the strongly compressible, shock-dominated impact physics rather
than to represent the operating condition of any specific existing vehicle. The results are
shown in Figure 14.

40 T T T T T T

35F 4

A Mypar = 11,299.3Ma — 5,798.2

ol-s , .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

Ma

Figure 14. Relationship between peak overload and Mach number of truncated-cone objects.

As shown in Figure 14, the peak overload coefficient exhibits distinct trends with
the truncated-cone object’s Mach number: when the water entry Mach number of the
truncated-cone object is between 0.88 and 2.64, the peak value of the water entry overload
and the Mach number of the truncated-cone object show an obvious linear relationship,
which satisfies the compression wave dominant mode in the previous article. This aligns
with the impact peak pressure estimation formula [29]:

Pmax = plclcha

At low velocities, the compression of the water medium is insufficient to generate
strong compression waves. Consequently, the additional mass of the displaced water corre-
sponds to the top water layer propelled by the truncated-cone object’s motion, resulting in
a quadratic relationship between peak overload and velocity.

Figure 15 illustrates the compression wave states at the truncated-cone object nose
under identical immersion depths (Ah = 10 mm) during water entry at varying velocities.
Higher velocities produce more pronounced compression waves, while they are virtually
absent at lower velocities. It should be noted that different truncated-cone object velocities
result in varying times to reach the same immersion depth. At higher velocities, the time
available for compression wave propagation is shorter, leading to a smaller propagation
distance of the compression wave (relative to the truncated-cone object nose position),
despite the wave propagation speed being similar across different cases.

Figure 16 illustrates the compression wave states at the truncated-cone object nose
after equal water entry durations (t* = 0.01 ms). At low and medium velocities, compression
wave propagation rates remain consistent, while at high velocities, wave expansion accel-
erates significantly. This indicates that the truncated-cone object’s high velocity actively
drives compression wave propagation, linking the additional displaced water mass to the
entry velocity and resulting in a quadratic relationship between peak load and velocity as
shown in Figure 14.
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Figure 15. Water density gradient contours during entry at different velocities (Ah = 10 mm).

v=140m/s v =300m/s v =1100m/s

Figure 16. Compression wave states at the truncated-cone object head after identical water entry
durations (t* = 0.01 ms).

In the velocity range of 300-900 m/s (Mach 0.20-0.60 in water), the peak slamming
overload during water entry is governed by underwater compression waves generated
by the object’s interaction with the water medium. Within this regime, the peak overload
coefficient exhibits an approximately linear relationship with entry velocity. This linear
dependence arises because the intensity of the compression wave scales directly with the
impact velocity, while the duration of the pressure pulse remains relatively constant. The
physical mechanism is consistent with the compressible water entry behavior observed
by Wu et al. [31] for axisymmetric bodies and Yang et al. [32] for rectangular projectiles at
comparable velocity ranges.

At velocities exceeding 900 m/s (Mach > 0.60), the rate of increase in peak overload
with velocity diminishes. This saturation effect is attributed to the increasing dominance
of the air cushion phenomenon at higher impact velocities: as the velocity increases,
the trapped air layer beneath the object’s nose becomes more compressed, effectively
distributing the impact load over a larger area and reducing the peak pressure. Additionally,
at these elevated velocities, vaporization effects at the nose surface begin to contribute to
load alleviation through partial cushioning by the vapor phase.

The velocity sensitivity identified in this study has direct engineering implications for
supercavitating vehicle design. The operational velocity of the Shkval torpedo (~370 m/s,
Mach ~0.25 in water) falls squarely within the linear regime, where small variations in entry
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velocity produce proportional changes in peak load. This suggests that design optimization
efforts for such vehicles should prioritize velocity management during the water-entry
phase, as even modest reductions in impact velocity can yield significant reductions in
peak structural loads. For next-generation hydroballistic vehicles targeting velocities in
the 600-900 m/s range, the design must account for the increasingly complex interplay
between compression waves and air cushion effects.

3.2.2. Effect of Truncated-Cone Object Nose Area

For a truncated-cone object during water entry, its flat head induces a water impact
behavior analogous to flat-plate entry, making the head area a critical factor influencing
the peak load. To isolate this effect while controlling variables, simulations maintained a
constant semi-cone angle, varying only the truncated-cone height & to change the head area.
The water entry velocity was fixed at 300 m/s.

Figure 17 demonstrates the variation in peak slamming load for a truncated-cone object
with different nose radii. Accounting for air-induced perturbations that create uneven load
distribution across the nose plane (shown in Figure 9), the results exhibit an approximate
quadratic dependence on the nose radius. Specifically, the peak overload shows a linear
relationship with the nose planar area. It should be noted that this analysis considers
only the effect of the nose radius R (with other parameters fixed), rather than a combined
variation in both R and velocity v. A more rigorous approach would involve dimensional
analysis using dimensionless parameters such as v/c (velocity normalized by the speed of
sound in water) and R/h (radius-to-height ratio) to establish a unified fitting formula.

10 T T T T T T

d\’ d
Nmax = 16,494.8 5 — 1,434.65 /

3
n,,,.<10

0.0 0.2 0.4 0.6 0.8

d/D

Figure 17. Variation in peak overload with d/D.

Figure 18 illustrates the compression waves generated by water states at the head of
truncated-cone objects during high-speed water entry, analyzed under the condition of
water compressibility. The scale at the top represents the water density gradient in kg-m~*,
visually quantifying the intensity of the pressure disturbance. The simulation demonstrates
that for a given high-speed entry, a sharper truncated cone (d/D = 0.25) generates a more
concentrated and intense compression wave, whereas a blunter geometry (d/D = 0.75)
produces a broader, less focused pressure disturbance. This illustrates how macroscopic
geometric parameters directly govern the localized hydrodynamic loading and energy

transfer characteristics during unsteady water-entry scenarios.
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Figure 18. Compression wave of water states at the truncated-cone object head at 0.01 ms.

The parametric study reveals that the peak overload exhibits a quadratic dependence
on the nose radius (or equivalently, on the planar head area). This quadratic relationship
arises from two contributing factors: (1) the increased frontal area directly intercepts a
larger volume of water during impact, generating stronger compression waves; and (2) the
larger diameter enhances the air cushion effect by trapping a greater mass of air beneath
the nose, which subsequently compresses and modifies the pressure distribution. This
finding is particularly relevant for the design of supercavitating projectile nose sections,
where the head diameter is a primary design parameter that must be optimized to achieve
reliable cavity generation while maintaining acceptable impact loads. For typical supercav-
itating vehicles with head diameters in the range of 0.2-0.5 m, the results indicate that a
20% reduction in nose radius can yield approximately a 36% reduction in peak overload,
providing valuable quantitative guidance for structural optimization.

3.2.3. Effect of Half-Cone Angle

The half-cone angle of the truncated-cone object S represents another important
geometric parameter that influences the water entry dynamics. In the present study, the
semi-vertex angle, B, was defined according to tan = (D — d)/(2h). To ensure that the
frontal area remained unchanged, the parameters d and /& were kept constant, while only D
was varied to control the value of B. The effects of varying tanf3 within the range of 0.3~0.9
were investigated at 300 m/s.

The results presented in Figure 19 indicate that the half-cone angle has no pronounced
effect on the water-entry load. Combined with the density-gradient contours in Figure 20,
this suggests that its influence is mainly associated with the shape of the air-compression
wave and its disturbance of the free surface. As the half-cone angle varies, the propagation
characteristics and spatial distribution of the air-compression wave near the projectile nose
change accordingly. In particular, when tan B = 0.6, the air-compression wave is located
relatively close to the projectile nose and acts on the free surface for a shorter duration.
Consequently, the disturbance to the free surface is weakened, resulting in relatively smaller
surface deformations and fluctuations. Under these conditions, the local contact interaction
between the projectile and the free surface is reduced, and the double-peak feature in the
load-time history disappears, giving way to fluctuations in the vicinity of the peak load.
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These results indicate that the half-cone angle affects the local impact load during the initial
water-entry stage indirectly by modifying the interaction between the air-compression
wave and the free surface. Following the impact stage, the load generally increases with
increasing half-cone angle B. This trend is mainly attributed to the increase in D. As
increases, D also increases, thereby enlarging the contact area between the projectile and
the water and consequently increasing the post-impact load level.

5 T T T T T
tanf = 0.3
tanf = 0.6
4+ tanf3 = 0.9 .
e~ 3
o
—
X
Q 2 -
1+
O n n
-0.1 . . 0.2

1*(ms)

Figure 19. Overload evolving over time with varying half-cone angle.

__________________________________________________________________________________________________________

Figure 20. Air compression waves at different half-cone angles.

3.2.4. Effect of Impact Angle

The load characteristics of the projectile under oblique water-entry conditions were
investigated. Figure 21 illustrates the temporal evolution of the free surface during water
entry at an entry angle of 70°. As shown in Figure 22, the time-history curves indicate that,
as the entry angle deviates further from the vertical direction, the effective axial projected
area of the flat nose decreases, while the immersion velocity is reduced. Consequently,
the axial overload decreases significantly, and its duration is prolonged. Meanwhile, an
increase in the deviation of the entry angle from the vertical direction leads to a higher
radial overload, which may adversely affect the attitude and trajectory stability of the
projectile. Therefore, the effects of reduced axial overload, prolonged loading duration,
and increased radial overload should be considered comprehensively in the design and
guidance-control of projectiles undergoing oblique water entry.
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Figure 21. Water entry process of a truncated-cone object at an impact angle of 70°.
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Figure 22. Time histories of axial and radial overloads.

4. Conclusions

This study employs a VOF multiphase flow method incorporating fluid compressibility
to simulate the load characteristics during high-speed vertical and oblique water entry of
a truncated-cone object, representing a geometry relevant to supercavitating projectiles
and hydroballistic vehicles. Based on the grid-converged and validated model, large-
sample parametric computations were conducted to systematically analyze the effects of
entry velocity, impact angle, and structural dimensions on peak slamming overload. The
following conclusions are drawn:

(1) The water entry of a truncated-cone object at hydroballistic velocities (300-1100 m/s)
is governed by compressibility-dominated phenomena. Air shockwaves striking the water
surface generate a pronounced air cushion effect, causing uneven pressure distribution across
the truncated-cone object’s nose plane during water impact. Underwater compression waves
generated by the object’s interaction with the compressible water medium dominate the load
formation process, producing high-peak, short-pulse load characteristics that are qualitatively
distinct from low-speed entry scenarios.

(2) Parametric studies demonstrate that entry velocity is the most sensitive factor
affecting peak overload. Within the range of 300-900 m/s (Mach 0.20-0.60 in water), the
peak load exhibits an approximately linear relationship with velocity, which is consistent
with the operational regime of existing supercavitating vehicles such as the Shkval torpedo.
At velocities exceeding 900 m/s, the rate of load increase diminishes due to the increasing
dominance of air cushion effects and vaporization phenomena.

(3) The nose radius (or planar head area) is the second most influential factor, with peak
load showing a quadratic dependence on nose radius. This finding provides quantitative
guidance for the nose design of supercavitating projectiles, where a 20% reduction in nose
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radius can yield approximately a 36% reduction in peak overload. The half-cone angle
has a moderate effect on peak load but primarily influences post-impact cavity evolution
and stability.

(4) Oblique water entry reduces the peak overload due to the decreased effective
projected area but introduces asymmetric loading that generates pitching moments. This
trade-off between load reduction and moment generation must be considered in the guid-
ance and control system design for trans-medium vehicles.

These findings provide quantitative guidance for the protective design and struc-
tural optimization of high-speed water-entry structures operating in the hydroballistic
regime, including supercavitating torpedoes, submarine-launched projectiles, and next-
generation trans-medium vehicles. Future work should extend the current analysis to
include structural elasticity effects and three-dimensional trajectory dynamics for complete
vehicle configurations.

In the present study, structural deformation and cavitation effects are not considered.
This simplification is justified by our focus on the instantaneous impact upon water entry,
during which the air entrained by the penetrating object dominates the loading process. As
the object submerges further, its shoulder region becomes fully immersed and moves away
from the free surface; at that stage, cavitation dynamics are expected to play a progressively
more significant role. Accordingly, the current work temporarily neglects both cavitation
and structural deformation, leaving these aspects to be addressed in future investigations.
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