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Abstract
Structural water entry remains a significant issue in fluid mechanics. Technological advancements and the diversification of application 
scenarios have introduced complex environmental boundaries, including irregular fluid and limited-domain boundaries, which are encountered 
during water entry. This study employs the Eulerian finite element method to simulate fluid dynamics and applies an improved immersed 
boundary method to address problems involving fluid–structure interaction interfaces. A coupled numerical model for structural water entry in 
limited-domain water is developed. Initially, a theory of water entry cavitation is derived, and the approximate range of boundary effects is 
determined. Results of pressure regulation experiments show that the numerical model fully demonstrates the numerical algorithm’s 
effectiveness. Therefore, numerical methods are used in comprehensively analyzing the effects of structural size, water domain size, and water 
entry speed. Modifications to these factors can alter cavitation evolution characteristics, influencing a structure’s motion state by qualitatively 
revealing the physical mechanisms of the process through the evolution of free surfaces, speed attenuation, and acceleration evolution at 
varying parameters. The findings provide valuable technical support for future navigation design.
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1  Introduction

Research on structural water entry has a long history 
(Howison et al., 1991; Aristoff and Bush, 2009; Truscott 
et al., 2014; Prasad et al., 2024) and remains a prominent 
topic in fluid mechanics, finding extensive applications in 
military, civilian, and natural science domains. Investigat‐
ing the intricate mechanical aspects of structural water 
entry constitutes the core of technical research and devel‐
opment for cross-medium missiles (Zhang et al., 2021; 

Zhang et al., 2022), supercavitating vehicles (Yuan et al., 
2012; Zou and Gan, 2024), and spacecraft return capsule 
recovery (Zhang et al., 2017). Transient impact loads, cavi‐
tation evolution, free surface fragmentation, and motion 
trajectory are the essential physical attributes of structural 
water entry, encompassing multiphase and multiscale fluid–
structure interaction characteristics. Despite advancements 
in these areas, considerable challenges remain.

Previous studies have comprehensively addressed struc‐
tural water entry through theoretical research, experimental 
research, and numerical simulation. Theoretical research 
has demonstrated the benefits of solving straightforward 
problems. Karman (1929) initially investigated the colli‐
sion of seaplanes during landing from a theoretical per‐
spective. Wagner (1932) expanded the theory of Karmon 
(1929) by accounting for splashing and free surface forma‐
tion. Logvinovich (1969) introduced the concept of inde‐
pendent cavitation expansion based on potential flow the‐
ory, methodically explaining the flow characteristics of 
super cavities around slender bodies. Lee et al. (1997) 
applied the principle of energy conservation to study cavi‐
tation evolution dynamics during high-speed projectile 
water entry, developing a theoretical model for cavitation 
evolution. Lastly, a previously proposed cavitation equa‐
tion (Zhang et al., 2024) provided theoretical guidance for 
predicting water entry cavitation.
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Experimental research has been proven invaluable in 
studying water entry phenomena. Worthington and Cole 
(1899) utilized a camera to examine a sphere’s vertical 
water entry, analyzing a free surface’s evolution and cavi‐
tation closure on the basis of experimental results. Gekle 
et al. (2009) conducted experiments on disk water entry, 
focusing on the flow characteristics of gases inside a cavi‐
tation structure during necking and deep closure. Aristoff 
and Bush (2009) identified four closure modes for cavita‐
tion around superhydrophobic spheres: surface closure, deep 
closure, shallow closure, and quasistatic closure. Truscott 
and Techet (2009) examined the cavitation and motion char‐
acteristics of sphere water entry at varying angular veloci‐
ties, analyzing the results for hydrophilic and hydrophobic 
spheres through high-speed photography.

Numerical simulation (Huang et al., 2022; Zhang et al., 
2022) is the primary research method employed in this 
study, and previous researchers have made significant prog‐
ress in this field. Iranmanesh and Passandideh-Fard (2017) 
developed a three-dimensional numerical model to simu‐
late the horizontal water entry of a cylinder with a low 
Froude number and revealed the effects of the cylinder’s 
length, diameter, and speed on cavitation morphology. Liu 
et al. (2020) utilized the volume of fraction (VOF) method 
to investigate the oblique water entry of a cylinder; they 
found that high water entry speeds induced a secondary 
closure phenomenon in cavitation. Zhang et al. (2022) con‐
ducted numerical studies on a free interface during circular 
cylinder water entry and exit, using the immersed bound‐
ary–multiphase lattice Boltzmann flux solver. Sun et al. 
(2018) explored structural water entry issues using smoothed 
particle hydrodynamics.

Owing to advancements in technology and the diversifi‐
cation of application scenarios, intricate environmental 
boundaries have been encountered, including irregular fluid 
and limited-domain boundaries. A typical scenario involv‐
ing irregular boundaries is the entry of structures into water 
under wave conditions (Wang and Wang, 2010). Another 
example involves the deployment of spacecraft on ice lay‐
ers with prefabricated holes and the entry of missiles into 
water near marine reefs. Both examples fall under limited-
domain boundaries. Complex environmental boundaries 
can result in differential multiphase fluid behavior, particu‐
larly the lag fluid–structure interaction effect caused by 
the unstable evolution of cavitation, which is an important 
topic and widely researched (Wang et al., 2021; Wang et al., 
2023). However, few studies have addressed water entry 
into structures with limited-domain boundaries, and associ‐
ated mechanical mechanisms require further investigation.

This study employs the Eulerian finite element method 
for fluid simulation. This method, initially proposed by 
Benson et al. (2004; 2008), offers significant advantages 
in addressing transient impact and large deformation prob‐
lems. Tian et al. (2018) applied this method to study under‐

water explosion phenomena, effectively simulating complex 
multiphase flow characteristics, such as cavitation pulsation, 
and highlighting the evident strengths of numerical algo‐
rithms. Furthermore, the present study adopts an enhanced 
immersed boundary method to manage fluid – structure 
interaction interfaces. This method, developed initially to 
address cardiac blood flow problems (Peskin, 1972), avoids 
numerical challenges posed by body-fitted grids and is 
robust in handling significant deformation issues.

This study employs the Eulerian finite element method 
with an immersed boundary model to simulate water entry 
in a limited-domain water problem. The second section 
introduces the relevant cavitation theory. The third section 
explores specific numerical methods. The fourth section 
validates the effectiveness of the numerical simulation 
method on the basis of pneumatic water entry experiment 
results. Finally, fluid–structure interaction under initial con‐
ditions, including various structures’ typical sizes and 
velocities, is comprehensively discussed.

2  Theoretical analysis

Preliminary calculations in theoretical research are con‐
ducted on structural motion equations and cavitation size, 
providing a foundation for establishing initial boundary 
parameters in the numerical simulation of relevant prob‐
lems. Figure 1 illustrates the schematic of the cavitation 
solution, and the derivation process incorporates principles 
such as energy conservation. The detailed derivation pro‐
cess is presented in this section (Lee et al., 1997).

Cavitation number (Hangen, 1999) is an essential parame‐
ter in the high-speed water entry of a structure and can be 
defined as follows:

Figure 1　Schematic of structural water entry cavitation theory

394



M. He et al.: Numerical Simulation and Characteristic Analysis of Water Entry Cavitation in Limited-Domain Water

σ =
p − pc

1
2
ρwv2

p

(1)

where p is the environmental pressure outside the cavita‐
tion, pc is the pressure inside the cavitation, ρw is the density 
of water, and vp is the speed of the structure. When the 
structure is in contact only with a free surface, the initial 

cavitation number σ0 =
Ca ρa

ρw

 can be referred to in the liter‐

ature, ρa is the density of air, and Ca is the air pressure 
drop coefficient. Under the initial conditions, the cavita‐
tion number can be obtained using the following equation 
(Lee et al., 1997):

σ = σ0( v0

vp ) 2

(2)

The following equation can derive the resistance coeffi‐
cient Cd of a flat-head structure (Lee et al., 1997):

Cd = C0( )1 + σ (3)

where C0 is a constant, which can be 0.82.
If fluid motion is irrotational, it can be obtained through 

Bernoulli’s equation and integration (Lee et al., 1997),

|
|
||||∂φ

∂t
R

+
Ṙ
2

=
ΔP
ρ

+ gz (4)

where φ is the potential function, R is the cavitation radius 
size, g is the gravitational acceleration, ΔP is the pressure 
difference between the surrounding fluid and cavitation, 
and z is the distance at which the structure enters the water.

Through a series of formula derivations, the radius func‐
tion of the cavitation is obtained as follows (Lee et al., 
1997):

R2 = R2
0 + 2R0

Cd

2ln ( )r∞ /R
( )z − z0 −

σ

2ln ( )r∞ /R
( )z − z0

2 − gz ( )t − t0

2
(5)

The maximum radius of the cavitation is obtained using 
the equation shown below (Lee et al., 1997). For instance, 
for the water entry of a structure traveling at 100 m/s, spe‐
cific numerical values are used in estimating the maximum 
radius of the cavitation. The calculated value is approxi‐
mately 6–10 times the radius of the flat bottom and pro‐
vides essential theoretical support for boundary selection. 
The schematic of water entry cavitation in limited-domain 
water is depicted in Figure 2. When the radius of the water 
domain is significantly smaller than the theoretical maxi‐
mum size of the cavitation in an infinite water domain, the 

corresponding cavitation shape is substantially influenced 
by the boundary.

Rm = R0

Cd

σ
+ 1 (6)

3  Numerical method

3.1  Eulerian finite element method

Numerical simulations of axisymmetric models are con‐
ducted to enhance the efficiency of numerical simulations 
while maintaining solution accuracy. The compressible 
Eulerian finite element method offers significant advan‐
tages in addressing the transient large deformation prob‐
lems of fluids, such as water entry. After the viscous term 
is neglected, the control equation for each element during 
the solving process is as follows (Benson and Okazawa, 
2004; Benson, 2008):

∂φ
∂t

= S (7)

∂φ
∂t

+ ∇ ⋅ ( )φu = 0 (8)

where u = { }ur, uz  is the speed vector, φ is the undeter‐

mined variable, and S is the source term. The above equa‐
tion is established in a cylindrical coordinate system, and 
r, θ, and z represent the radial, circumferential, and axial 
directions, respectively. Equations (7) and (8) are divided 
into Lagrangian and Eulerian steps through operator sepa‐
ration, which combines the advantages of Lagrangian and 
Euler descriptions. In addition, the equations of mass, 
momentum, and energy S and φ are expressed in different 
forms as follows:

ì

í

î

ïïïï

ïïïï

S = 0, φ = ρ

S = p'i − ρgi, φ = ρui

S =  − p∇ ⋅ u, φ = ρein

(9)

where ρ is the density of the fluid, subscripts i = 1, 2 repre‐

Figure 2　Schematic of water entry cavitation in a limited-domain 
water
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sent radial and axial directions, gi is the gravitational accel‐
eration, ein is the internal energy per unit mass, i repre‐
sents the direction of the partial derivative, and speed 

divergence ∇ ⋅ u = ∑
i = 1

2 ∂ui∂xi

+
1
r

ur.

The Lagrangian calculation step is the solution to Equa‐
tion (7), and the explicit finite element method is used as 
the processing method. The following can be derived by 
integrating and stepwise transforming the momentum 
equation in cylindrical coordinates:

∬
Ω

ρüiϕds =  −∫
Γ

pϕnidl + ∬
Ω

[ ]ρgiϕ + p∇ϕ ds (10)

where Ω is the discrete two-dimensional orthogonal com‐
putational domain, Γ is the boundary of the computational 
domain, ni is the projection pointing toward an area out‐
side the domain in the direction, and ϕ is the shape func‐
tion. Integrating Equation (10) facilitates discrete solving. 
An explicit integral format is used to update fluid motion, 
and the mesh adapts to a fluid material, as described below.

u( )n +
1
2

i − u( )n − 1
2

i = a( )n
i Δt (11)

x( )n + 1
i − x( )n

i = u( )n +
1
2

i Δt (12)

The subscript represents the number of time steps and 
Δt is the length of the time steps. The material density and 
energy equations of the system must be solved using the 
following equation:

dρ
dt

+ ρ ( )∇ ⋅ u = 0 (13)

and

dρein

dt
+ ( )p + ρein ∇ ⋅ u = 0 (14)

At this stage, the Lagrangian process for each calculation 
time step is completed, and the Eulerian calculation steps 
are initiated. The core concept of the Eulerian finite element 
method is determining the transport volume between ele‐
ments with the VOF method and the monotonic upwind 
transport scheme. Another important concept is updating 
variables, such as momentum. Once a current time step 
involving Euler calculations is completed, the initial pres‐
sure and other variables for the following calculation steps 
are updated using the state equation. The iterative process 
of Lagrangian and Eulerian calculations facilitates the res‐
olution of complex problems. The state equation is crucial. 
The Tammann equation is selected as the state equation for 
water and air (Tian et al., 2020) and expressed as follows:

p = ρein χ − ρein − χPw (15)

where χ is adiabatic rate, Pw is the reference pressure, and 
ein is unit fluid energy.

3.2  Immersed boundary method

For nonlinear fluid–structure interaction problems, inter‐
face treatment is relatively complex. The penalty function 
immersed boundary method is utilized to handle the unbal‐
anced restriction of the boundary position (He et al., 2021; 
2024). In numerical simulations, this method employs a 
relatively simple Cartesian grid, which prevents numerical 
divergence caused by body-fitted grids, modifies the con‐
trol equation of the fluid element where the solid node is 
located, and introduces additional volume forces. The con‐
trol equation is extended from the two-dimensional format 
to an axisymmetric one, where the physical force comprises 
the combined forces of the additional volume force and 
gravity. The following equation represents the momentum 
equation of the fluid element at the solid boundary node 
and is applicable to all immersed boundary methods.

∂ρu
∂t

+ ∇ ⋅ ( )ρuu + ∇p = f c + ρg (16)

The condition of fluid–structure interaction is achieved 
and solved through repeated iterations of immersion depth 
by introducing volume force f c through the interface. This 
model enhances the mathematical formula for immersion 
depth in strongly nonlinear problems, such as water entry. 
Based on the original equation, a damping force term is 
added to improve the stability of numerical simulations. 
This adjustment ensures improved performance for com‐
plex scenarios.

f RB =  − κεn − Cε̇n (17)

εn + 1 = εn + Δt ( )ub − ∑
m = 1

4

ϕm um ⋅ n (18)

ε̇ =
εn + 1 − εn

Δt
= ( )ub − ∑

m = 1

4

ϕm um ⋅ n (19)

f c =  −ϕm f RB( )m = 1:4 (20)

where κ is the penalty stiffness coefficient, f RB is the total 
interface force, ε is the immersion depth, ub is the speed of 
the contact boundary node, n is the normal vector, um is 
the node speed of the fluid element where the solid bound‐
ary node is located, ϕm is the shape function of node m, 
and C is the damping coefficient. Figure 3 illustrates the 

Table 1　Specific material constants for the equation of state

Material

Water

Air

Pw (MPa)

330.9

0

γ

7.15

1.25

ρ0 (kg/m3)

1 000

1.25
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schematics of the Eulerian finite element and penalty func‐
tion immersed boundary methods, where the core process‐
ing methods in the model can be intuitively seen.

4  Experimental verification

The numerical model is validated through experiments, 
and the water entry experimental device used is depicted 
in Figure 4. The primary method is controlling the free fall 
of the structure through air pressure regulation. Compared 
with the magnetic control method, the pneumatic method 
allows the structure to fall vertically instantaneously, miti‐
gating the influence of initial disturbances on the water 
entry’s initial state. The pneumatic device comprises an 
oil-free air compressor, a control valve, an air purification 
device, a gas pipe, and a sucker. The water tank used in the 
experiment has dimensions of 40 cm × 60 cm × 80 cm, is 
fixed, and provides a water entry speed for the projectile 
through a supporting structure. High-speed cameras are uti‐
lized to capture the evolution of the entire physical process.

Figure 5 presents the results of the experiment on an 
acrylic cylindrical projectile, which is 16 cm in length and 
4 cm in bottom diameter, while it enters water. Complete 
cavitation evolution is thoroughly examined on the basis 

of experimental results. When t = 1.04 ms, the projectile 
structure just touches the water surface, and the fluid 
motion at the free surface is insignificant. At t values of 
6.08 and 9.80 ms, cavitation emerges in the lower part of 
the projectile structure, causing movement in the surround‐
ing flow field. Under this condition, the cavitation does 
not close during the early stage of the projectile’s move‐
ment but encases both sides of the projectile, particularly 
when t = 24.8 ms. The projectile does not fully enter the 
water until t = 38.6 ms. At this point, the pulsation of the 
cavitation wall becomes distinct, and a cavitation region 
reappears at the tail of the projectile structure. Owing to the 
pressure in the flow field and the delayed motion of the 
cavitation wall, when t = 68.6 ms, the cavitation above the 
projectile displays a collapse trend. Accordingly, the initial 
water entry cavitation size is relatively small at this stage.

A cylindrical acrylic container with a diameter of 55 mm 
is positioned directly beneath the structure. Based on the 
experimental conditions, the limited-domain boundary con‐
ditions are established. Figure 6 presents the experimental 
results of a cylindrical projectile entering the limited-
domain water. The impact of each boundary effect on cavita‐
tion evolution is effectively investigated. When t = 3.40 ms, 
the projectile structure touches the free surface, and the 
boundary effect on the initial cavitation is relatively minor. 
When t = 35.50 ms, the entire structure of the projectile is 
enveloped by cavitation, and the fluid surrounding the struc‐
ture undergoes intense motion. Unlike when conditions are 
devoid of boundary constraints, the restriction of water 
bodies intensifies the formation and evolution of cavita‐
tion, significantly increasing the size of the incoming cavi‐
tation. As the projectile structure descends, a waveform 
trend emerges on the cavitation wall, becoming increasingly 
pronounced. The numerical results corroborate this phe‐
nomenon. A comparison of Figures 6 and 7 reveals the 
one-to-one correspondence between the time in the experi‐
mental results and the time in the numerical results, align‐
ing precisely simultaneously. In the numerical simulation 
process of validation condition, the size of the computa‐
tional domain and other parameters are consistent with the 
experimental parameters, and the minimum size of the 
grid is 0.001 m.

Figure 3　 Schematics of the Eulerian finite element and penalty 
function immersed boundary methods

Figure 4　Diagram of the water entry experimental device

Figure 5　Results of a 5.86 m/s cylindrical water entry experiment
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Figure 8 highlights substantial discrepancies in the atten‐
uation of the water entry speed of the structure under dif‐
ferent boundary conditions. The flow field evolution is more 
intense in small computational domains, and the struc‐
ture’s kinetic energy is readily converted into fluid kinetic 
energy. Hence, structural speed attenuation is rapid. As for 
large computational domains, the pulsating load’s robust 
nonlinearity, which is due to incomplete cavitation open‐
ing and pulsation around the structure, results in nonlinear‐
ity in the structural speed evolution. Accordingly, numeri‐
cal simulation algorithms successfully model the influence 
of boundary effects on cavitation evolution during water 
entry and have good convergence. This study conducts com‐
prehensive studies using numerical methods on the basis of 
these findings.

5  Results and discussion

5.1  Influence of structural size

In a flow field environment in an infinite water domain, 
structure size, encompassing cavitation size and cavitation 

closure time, is a critical factor influencing fluid–structure 
interaction. By contrast, studies on a limited water domain 
have not been conducted, and the effect of structural size 
remains unclear. This study introduces the concept of restric‐
tion ratio, focusing on a structure with a flat-headed rotat‐
ing body and using the diameter of the structure’s bottom 
edge as the characteristic length. The restriction ratio, 
defined as the ratio of the bottom boundary size of the water 
domain to the bottom boundary size of the structure, is 
used in explaining the physical mechanism of this process. 
The evolution of free surfaces and structural speed attenua‐
tion are then explored using various parameters.

Figure 9 demonstrates a considerable difference in the 
water entry process among structures with varying struc‐
tural restriction ratios, which are reflected in the distinct 
characteristics of cavitation evolution. When the structural 
restriction ratio is 5.5, the cavitation morphology exhibits 
different typical characteristics at various time points. At t 
values of 0.005–0.062 s, water entry is in the opening cavi‐
tation stage, and as the structure moves, the cavitation shape 
changes, showing a clear correlation with the structure’s 
size. When t = 0.08 s, cavitation undergoes surface closure 
because of the radial motion of the free surface. When t = 
0.146 s, the evolution of cavitation enters the later stage, 
exhibiting complex phenomena, such as collapse and tear‐
ing. When the structural restriction ratio is 1.83, the struc‐
ture’s motion results in a relatively continuous open cavita‐
tion stage, and all instances shown in the figure occur dur‐
ing this stage. As the structure moves, the free surface 
climbs upward along the wall, and the local unstable 
motion of the inner wall of the cavitation becomes more 
apparent. Figure 10 reveals that a small structural size 
results in large initial speed attenuation. However, a non‐
linear characteristic emerges during the later stage of speed 
attenuation, where a moderate structural size leads to slower 
attenuation. This behavior is attributed to the complex fluid–

Figure 6　Results of a 5.86 m/s cylindrical water entry in a limited-
domain experiment

Figure 7　Numerical results of a 5.86 m/s cylindrical water entry in 
the limited-domain experiment

Figure 8　Attenuation curve of the water entry speed of the structure 
under different boundary conditions and a comparison of the numerical 
and experimental results
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structure interaction response associated with the cavita‐
tion effect.

5.2  Influence of water domain size

The restriction ratio is determined by structural and water 
domain size. The preceding section primarily examines the 
impact of structural size. This section maintains the struc‐
tural size constant and investigates the evolving flow field 
mechanisms caused by variations in water domain size. 
The critical parameter is the characteristic size of the 
water domain under limited conditions. For axisymmetric 
models, modifying the bottom diameter of the water domain 
is sufficient to alter its characteristic size. Reducing the 
characteristic size of the water domain changes boundary 
effects, influencing fluid–structure interaction, although 
the specific mechanical phenomena involved are complex. 
The physical mechanism of this process is qualitatively 
analyzed by examining the evolution of the free surface, 
structural speed attenuation, and structural acceleration at 
different parameters.

Figure 11 illustrates differences in the water entry of 
structures with various water restriction ratios, showing 
distinct fundamental characteristics in cavitation evolu‐
tion. At a water restriction ratio of 3.3, specific features 
emerge in the cavitation morphology at different time 
points. At t values of 0.003–0.119 s, water entry remains 
in the opening cavitation stage, and the cavitation shape 
evolves as the structure moves. When t = 0.152 s, owing to 
the radial motion of the free surface, cavitation closure 
occurs, accompanied by a closure time that is significantly 
delayed as compared with that in Figure 9. At this stage, 
fluid motion along the boundary causes the free surface 
head to appear relatively slender. When the structural 
restriction ratio is 2.2, the structure’s motion leads to a 
continuous opening cavitation stage. As the structure pro‐
gresses, the free surface rises along the wall, and the local 
unstable motion of the cavitation’s inner wall becomes 
prominent. At t of 0.196 s, the cavitation exhibits a deep 
closure phenomenon, and the structure is almost entirely 
enveloped by water.

Figure 12 demonstrates that the speed attenuation of the 
structure remains consistent initially at varying water 
domain sizes. However, as the boundary fluid begins to 
move, variations in speed attenuation occur. When the 
water domain is small, a more pronounced decrease in struc‐
tural speed occurs over time. This phenomenon can be 
attributed to a boundary confinement effect that restricts 
fluid movement and increases vertical kinetic energy. In 
addition, the structure’s motion can be divided into three 
stages, which correspond to distinct fluid–structure interac‐
tion mechanisms. An analysis of the acceleration evolution 
curve reveals that the peak impact acceleration when the 
structure enters the water remains relatively constant under 
the three depicted working conditions. This consistency 
shows that discrepancies in speed attenuation are caused 
by complex fluid motion, which leads to subsequent load 
pulsation.

Figure 9　 Evolution diagram of a free surface in structures with 
different structural restriction ratios during water entry

Figure 10　Evolution diagram of water entry speed for structures with 
different structural sizes (Typical pressure field is labeled)
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5.3  Influence of water entry speed

Speed is a critical factor influencing fluid–structure inter‐
action. In general, high water entry speeds result in pro‐
nounced fluid–structure interaction effects. Safety risks 
and technical challenges in experiments are associated with 
structural water entry in confined water domains, includ‐
ing potential collisions between structures and walls. In real-
world engineering applications, water entry speeds for struc‐
tures vary considerably, and projectile structures typically 
enter at speeds of tens of meters per second. This finding 
highlights the distinct benefit of numerical calculations in 
such scenarios. The influence mechanism can be analyzed 
by simply adjusting the water entry speed. A qualitative 
understanding of the physical mechanism of this process 

can be achieved by using different parameters to observe 
the evolution of free surfaces and structural speed attenua‐
tion. Speed values undergo dimensionless processing based 
on the initial speed to facilitate accurate analysis.

Figure 13 indicates considerable differences in water 
entry of structures at varying water entry speeds. At rela‐
tively high water entry speeds, the overall trend of cavita‐
tion evolution tends to remain consistent. When the struc‐
ture’s speed is 11.72 m/s, the evolution of the cavitation 
morphology exhibits distinct characteristics at different 
times. However, at t values of 0.003–0.08 s, water entry is 
in the stage of opening cavitation. As the structure moves, 
the shape of the cavitation becomes increasingly complex, 
and the corresponding surface instability of the cavitation 
intensifies. When the water entry speed of the structure is 
46.3 m/s, the structure’s motion leads to a relatively con‐
tinuous stage of opening cavitation, and all moments in the 
figure fall within this stage. However, the longer the over‐
all length of the cavitation, the stronger the surface insta‐
bility of the cavitation. Figure 14 shows that the initial 
dimensionless speed attenuation is generally consistent 
when the speed changes, although speed attenuation changes 
after the fluid boundary motion is completed. In the later 
stage, the smaller the water entry speed of the structure, 
the lower the corresponding nondimensional speed attenu‐
ation efficiency. By contrast, the greater the water entry 
speed of the structure, the more pronounced the fluctua‐
tions in the speed curve.

Figure 11　 Evolution diagram of free surface for structures with 
different water restriction ratios during water entry

Figure 12　Evolution diagram of water entry speed and acceleration 
of structures with different water domain sizes
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6  Conclusions

This study employs the Eulerian finite element method 
for fluid simulation and utilizes an improved immersed 
boundary method to address fluid–structure interaction 
interfaces. A coupling numerical model is developed for 

water entry in limited-domain water. First, a water entry 
cavitation theory is derived, and the approximate range of 
boundary effects is presented. The numerical model is then 
validated through structural water entry experiments with 
pressure regulation. The results demonstrate the effective‐
ness of the numerical algorithm. Hence, a series of in-depth 
studies is conducted using numerical methods to analyze 
the effects of structural size, water domain size, and water 
entry speed. The following conclusions can be drawn:

1) Considerable differences are observed in the water 
entry of structures with varying structural restriction ratios, 
reflecting the distinct basic characteristics of cavitation 
evolution. When the structural restriction ratio is 1.83, the 
motion of the structure results in a relatively continuous 
open cavitation stage. As the structure moves, the free sur‐
face continuously climbs upward along the wall, and the 
local unstable motion of the inner wall of the cavitation 
becomes pronounced. Smaller structural sizes exhibit con‐
siderable initial speed attenuation, with later speed attenua‐
tion demonstrating nonlinear characteristics.

2) When the water domain size is small, the later struc‐
tural speed attenuation becomes prominent because of the 
boundary confinement effect, which restricts fluid move‐
ment and generates a large amount of vertical kinetic energy. 
The cavitation exhibits a deep closure phenomenon when 
the structural restriction ratio is 2.2. Furthermore, the move‐
ment of structures in limited-domain water can be catego‐
rized into three stages, which correspond to distinct fluid–
structure interaction mechanisms.

3) When the water entry speed varies, the initial dimen‐
sionless speed attenuation remains consistent, but speed 
attenuation changes after the completion of fluid boundary 
motion. In the later stage, low water entry speeds corre‐
spond to low nondimensional speed attenuation efficiency. 
High water entry speeds result in pronounced fluctuations 
in the speed curve. In these cases, the overall cavitation 
length increases, and the surface instability of the cavita‐
tion is pronounced.

This article adopts an axisymmetric model and only con‐
ducts a relatively systematic study on the problem of verti‐
cal water entry for cylinders. Some basic fluid–structure 
interaction mechanisms have been discovered, but asym‐
metric phenomena cannot be revealed yet, which will be 
examined in our future research.
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Figure 13　 Evolution diagram of free surface for structures with 
different water entry velocities

Figure 14　Evolution diagram of dimensionless speed for structures 
with different water entry velocities (a typical pressure field is labeled)
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