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Abstract

The synergistic interaction of underwater ocean currents and surface wave dynamics governs the hydrodynamic behavior of structures in
practical marine environments. However, research on their kinematic characteristics under composite hydrodynamic loading across varying sea
state conditions is lacking. To elucidate the effects of wave—current coupling on the motion characteristics of structures, this study simulates the
motion processes of a cylindrical structure in diverse sea state conditions. Changes in the structure’s attitude, velocity, and trajectory height are
considered. Through the analysis of the pressure and velocity fields during the movement of the cylindrical structure, the hydrodynamic
characteristics of the structure’s surface emergence are further systematically investigated. The results demonstrate the minimal fluid-structure
interaction influence on cylindrical structure dynamics during the underwater phase. Notably, the horizontal motion characteristics exhibit
intensified variations with the increases in wave levels, which reveals a strong coupling between near-surface dynamics and wave. Further
investigation of the cylindrical structure’s motion characteristics during water exit at various wave phases under identical sea state conditions
reveals the emergence of the cylindrical structure at the wave crest, and its lateral displacement is considerably larger than when it emerges at
the wave trough. In addition, the emergence of the cylindrical structure at corresponding opposite phases reverses the cylindrical structure’s
deflection direction. Under the combined effect of wave—current coupling, the cylindrical structure’s lateral displacement in the negative
direction of the x-axis increases with current velocity enhancement during the underwater movement phase, and it is accompanied by a
corresponding reduction in the deflection angle between the cylindrical structure body and free surface. Furthermore, the hydrodynamic effect
of varying sea states during water exit induces a pronounced lateral motion in the postemergence trajectory and concurrently causes a
substantial reduction in vertical altitude. Investigation of the cylindrical structure’s dynamic behavior under the combined influence of multiple
complex launch conditions can provide a scientific reference to ensure the safety of underwater cylindrical structure launches.
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Dayton et al., 2020). During the water-exit phase, the den-
sity and viscosity of water are more than 800 and 60 times
those of air, respectively. This condition greatly affects the
stability of a structure’s motion trajectory and the accuracy
of its landing point (Zhao et al., 2015; Zhang and Tarn,
2003). Therefore, the water-exit process of structures has
attracted notable attention from scholars, which led to
extensive research on theoretical models, experimental

1 Introduction

The trans-medium motion of a structure involves a series
of complex processes, including underwater motion, water-
to-air trans-phase, and airborne motion (Breton et al., 2020;
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methods, and numerical simulations (Zheng et al., 2024,
Del Buono et al., 2021; Sui et al., 2024). Von. Karman
(1929) proposed a computational model for the effect of
objects on a free liquid surface. Greenhow (1988) conducted
numerical simulations on the water-exit problem. The numer-
ical method he used allowed the water exit of an object
and its continued movement to a location distant from the
free surface after the water exit phase. Nguyen et al. (2021)
studied the effect of impact velocity on the motion charac-
teristics of an oblique cylinder. The density of the cylinder
had a crucial influence on its dynamic characteristics. The
circular cylinder caused deformation of the free surface
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during the water-exit process, which revealed the dynamic
changes in the multiphase fluid interface and validated the
reliability of the two-dimensional (2D) simulation (Zhang
et al., 2022a). Yun et al. (2025) studied the relationship
between the jump height of a vehicle during water exit and
its release depth. The vertical release followed a linear pat-
tern, while the horizontal release exhibited irregular chang-
es due to the influence of the wake vortex. The computa-
tional fluid dynamics (CFD) method is used to study the
flow characteristics during the water-exit process of high-
speed cylinders, revealing the influence of the cylinder’s
initial velocity on pressure distribution and drag character-
istics and provides important guidance for the improve-
ment of motion stability in future studies (Zhang et al.,
2022b; Sun et al., 2022).

Further development of research technology prompted
several research on the motion of different structures. Hu
et al. (2017) proposed a theoretical method for an unmanned
submersible that can submerge into the water and fly in the
air. A numerical approach was used to validate the motion
model during the water-exit process. Through experimental
and computational approaches, comparative studies dem-
onstrated the geometric dependence of kinematic stability,
where conical nose profiles exhibited greater resistance to
more interference than conventional cylindrical configura-
tions (Lu et al., 2022). Parametric analyses quantified tra-
jectory sensitivity to initial angles and Froude number vari-
ations and identified critical thresholds for stable transition
across the air—water interface (Zhuang et al., 2023). Bound-
ary condition analyses confirmed that the minimum velocity
requirement for reliable water exit exceeds 10.8 m/s under
wave-interference conditions, with hydrodynamic cavita-
tion patterns displaying morphology-dependent features in
the shoulder region during vertical launches (Liu et al.,
2023). The study of water exit and flight characteristics of
folding wings introduced a new method for the prediction
of water-to-air trans-phase, which provided a foundation for
rapid design and motion control (Zhou et al., 2024; Sun
et al., 2024). Innovative gas-phase lubrication systems were
developed to minimize hydrodynamic drag through non-
contact propulsion in underwater channels (Weiland et al.,
2010). Based on experiments and machine learning, a study
on the trans-phase hydrodynamic characteristics of multi-
rotor hybrid air—water vehicles proposed a prediction method
for the drag experienced during the water entry and exit
process using data (Wei et al., 2022). By establishing a
coupled water-exit motion model, a study investigated the
effect of the initial angle on motion deflection and trans-
phase stability (Wang et al., 2022; Tan et al., 2019). Although
multiphysics modeling efforts overcame single-medium
motion constraints through longitudinal dynamic formula-
tions, which enabled-repeated air—water transitions below
critical Froude numbers (Ma et al., 2020), many scholars
have studied the unique cavitation phenomena during the
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water entry and exit process, which revealed the character-
istics of cavitation growth, detachment, and collapse. These
findings provide important insights into the design of sub-
mersible vehicles and structures (Li et al., 2023; Nguyen
et al., 2022; Chen et al., 2020). The research on the influ-
ence of shoulder vent cavities on the hydrodynamic char-
acteristics of water-exiting objects revealed that they can
reduce drag, increase motion speed, and improve the sta-
bility of a structure during water exit (Qu et al., 2024).

With advancements in CFD, numerical simulation meth-
odologies employing Fluent software have adopted conti-
nuity equations and Navier—Stokes (N—S) formulations to
model incompressible fluid—structure interactions. Dynamic
mesh refinement techniques enabled high-fidelity wave gen-
eration modeling and achieved a spatial resolution below
0.12 for wave—current coupling simulations (Kim et al.,
2016; Martinez-Ferrer et al., 2018). A numerical method
of wave generation using physical paddle motion was used
as a basis to establish a high-precision and stable wave
simulation model (Liu et al., 2018). Comparative simula-
tions using 2D/3D numerical wave tanks demonstrated that
under wind-wave —current coupling conditions, wave-phase
velocity increased by 12% —18% relative to that of pure
wave scenarios, which correlated with wavelength stretch-
ing and 23% wave height attenuation (Wei, 2012). A study
on the trans-phase motion of structures in a wave environ-
ment analyzed the hydrodynamic characteristics during the
water-exit process, and it provided technical support for
the design of transport machines (Li et al., 2024). By employ-
ing large eddy simulation with the volume of fluid (VOF)
multiphase approach and Kunz cavitation model, this
study elucidates the dynamic mechanisms of supercavita-
tion evolution in axisymmetric vehicles under variable-
speed mation. These findings establish foundational met-
rics for the development of transient cavitation dynamic-
informed control strategies for variable-speed underwater
systems (Xu et al., 2024). Close-spaced underwater projec-
tiles exhibit severe cavity fragmentation from wake inter-
ference but retain their motion stability, which can be used
to establish pivotal guidelines for clustered launch systems
via coupled simulations and experiments (Gao et al., 2025).
A validated Eulerian multiphase finite-element method
revealed asymmetric cavity dynamics in high-speed water
entry: free surface uplift inhibits expansion, and closure jets
and deep-closure necking accelerate contraction through
pressure redistribution (Liu et al., 2024). By integrating a
sensor array with deep-learning algorithms and optimizing
sensor layout techniques, Zhang et al. (2024) attain real-
time precise prediction of shear stress on marine structures
without prior knowledge of internal solitary wave parame-
ters. Du et al. (2024) combine convolutional neural net-
works with soap film tunnel-based flow-field visualization
technology to achieve the intelligent recognition of wake
types generated by rotating triangular structures.
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Theoretical methods and CFD have consistently been
the main research approaches for the investigation of water-
to-air trans-phase processes, particularly for cavitation phe-
nomena and emergence characteristics of underwater struc-
tures. Previous studies have mostly focused on the motion
posture, flow field evolution, and changes in posture dur-
ing the emergence of structures in underwater environments.
The effect of currents is mainly concentrated in the under-
water phase, and that of waves is most prominent near the
water surface. The structure’s attitude, flight speed, and
trajectory height change. However, some gaps have been
observed in the studies on cylindrical structures’ motion
characteristics under the combined influence of various sea
state environments. Current research inadequately addresses
the multiscale hydrodynamic interactions governing marine
structure posture evolution during water emergence under
different wave level conditions, particularly the dynamic
fluid—structure interactions during critical phase transitions.
Although many scholars have studied the trans-medium
motion of structures, most of the research focuses on cavi-
tation phenomena and the effect of waves on structure tra-
jectory. How complex ocean current disturbances affect
structure underwater motion can still be extensively explored.
This study uses the CFD software Fluent combined with
dynamic grid technology to perform numerical simulations
on the hydrodynamic characteristics of a cylindrical struc-
ture under various wave levels, emergence phases, and wave—
current coupling effects. It also provides a detailed analy-
sis of the structure emergence process and offers scientific
references for the safety of underwater structure movement.

This work employs numerical simulation methods to
investigate the coupled effects of wave level, water-exit
phase, and wave—current interactions on the motion char-
acteristics of structures during water-exit processes. The
research framework is organized as follows: Chapter 1 iden-
tifies critical gaps in the multiphysics modeling of marine
structure water—exit dynamics, with an emphasis on unre-
solved phase-dependent wave —current interactions that
necessitate systematic investigation. Chapters 2—3 estab-
lish a 6-degree-of-freedom k-« SST (Shear-Stress Transport)-
wave—current computational framework, which was rigor-
ously validated for multiregime phase transition fidelity.
Chapter 4 introduces the design scheme of this research,
including the model dimensions and parameter settings dur-
ing simulation. Chapter 5 systematically investigates syner-
gistic parameters (wave levels/wave-phase/wave — current
coupling) on structure kinematic signatures, with quantita-
tive trajectory comparisons conducted with multiphysics
flow-field visualizations for analysis. Chapter 6 synthesizes
cylindrical structure dynamic regime characterization through
computational models, which establishes quantifiable
design principles for marine cylindrical structure opera-
tions under coupled wave—current conditions.

2 Numerical method
2.1 Water-exit calculation theory

The emergence of a cylindrical structure spans the gas
and liquid phases. To handle the relationship between
these media, this study employs the VOF method to cap-
ture the free surface motion. The continuity equation, N-S
equations, motion equations, and the SST k- turbulence
model are used to solve the emergence process. The basic
equations for numerical simulation are expressed as follows.

Continuity Equation:

V-u=0 1)
where u denotes the fluid velocity.
N-S Equation:
Du_, 1dp ua(ou
Dt_]c pax+pax(6y) @)

where p refers to the pressure, (x, y) denotes the spatial
coordinate, %l: indicates the acceleration of fluid particles,

and f corresponds to the body force (or external force).
The term %% represents the pressure gradient force, and
#a(au) is the viscous force term, where u stands for
p OX\ dy
the dynamic viscosity coefficient of the fluid.

SST k- Turbulence Model Transport Equations:
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For an accurate description of the motion process of the
object, the following motion equations are used to solve
for the cylindrical structure’s movement:

Translation Motion Equations:

n= (2Eij - Ej

m((jj—l,: = F,cos(0) - Fp, + Fu, (5)
dav _ _ .
m = F.sin(0) - Fp, + Fy, + F, - mg (6)
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Rotational Motion Equation:

dv

M (7)
where m and | represent the mass and moment of inertia,
respectively. u and « denote the linear and angular veloci-
ties, respectively. F, refers to the thrust provided to the cylin-
drical structure during its motion, and F;,, and F, indicate
the drag forces acting on the cylindrical structure in the
horizontal and vertical directions, respectively. F,, and F,,
mean the air resistance forces acting on the cylindrical
structure in the horizontal and vertical directions, respec-
tively. F, refers to the buoyant force acting on the cylindri-
cal structure’s center of mass, and ¢ and M are the cylindri-
cal structure’s pitch angle and moment, respectively.

In the VOF model, the fluid in each computational grid

is defined by the volume fraction of each phase.

a, =1 indicates that the phase is water

indicates that the phase is air
0 < a <1 indicates the region is the interface
between water and air

a,=0

The fluid density and dynamic viscosity are directly mixed
based on the phase volume fractions. The mixed density
and dynamic viscosity are computed as follows:

p=ap,+(L-a)p, ®)

w= oy, + (1= o) u, )

where p,, and p, denote the liquid and air densities, respec-
tively, in kg/m®. u, and u, are the dynamic viscosities of
the liquid and air, respectively, in Pa-s.

Dynamic mesh technology is employed during calcula-
tions, with a spring-based smoothing model and a local
grid reconstruction model used to prevent excessively dis-
torted grids during the computation, which can otherwise
affect the accuracy of results.

2.2 Wave-generation calculation theory

The basic idea of boundary wave generation is to define
fluid motion at the fluid velocity inlet boundary. Fluent is
customized through its user-defined function (UDF) capa-
bility, which allows for secondary development. Through
the use of the velocity field function, which corresponds to
the second-order Stokes wave, the wave height equation,
and macros provided by Fluent, a C language program is
created. This program generates UDF files for the fluid
velocity and volume fraction at the wave-generating bound-
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ary, which are then linked to Fluent for calculation to ulti-
mately achieve boundary wave generation.

To simulate the second-order Stokes wave, we define
the fluid velocity at the inlet boundary based on the velocity
field corresponding to the second-order Stokes wave. The
coordinate value of the velocity inlet boundary is set as x =
0, and the function form of the velocity field of the second-
order Stokes wave at x = 0 constitutes the wave-generation
function in the water phase:

_aH coshk(y+d)

u(y,t) T Snhkd cos(-wt) +
cosh2k(y + d
O.YSﬂ#COSZ(—wt)
T sinh* kd
inhk(y+d
V(y7t):ﬂw5|n(_wt)+
T sinh kd (10)
inh 2k
o7smHSIN2Ky+d) Lo
T sinh* kd

where T, L, H and D represent the wave period, wave-
length, wave height, and water depth, respectively. k is the
wave number, given by k = 2zn/L, w is the angular frequency
of the wave, given by o = 2a/T.

As the velocity inlet includes the air and water phases,
the free surface at the interface between the air and water
phases changes continuously over time and position dur-
ing wave-motion simulation. Based on the VOF method
for free surface tracking, the wave surface equation at
the interface between the two phases at the velocity inlet is
defined:

_H nH? cosh kd
n(t) = ?COS( —wt) + 8L sinh®kd cosh2( -wt)
(cosh 2kd + 2) (11)

3 Validation
3.1 Structural water-exit validation

To validate the accuracy of the selected model in simu-
lating the water-exit process of a structure, this section
employs the horizontal cylinder water-exit experiment con-
ducted by Greenhow (1988) under constant force for com-
parative verification. At the initial moment of the experi-
ment, a horizontal cylinder with a diameter D = 0.11 m is
stationary at the bottom of the water tank. After commenc-
ing the experiment, the cylinder undergoes water-exit
motion under the influence of a constant upward thrust.
Figure 1(a) shows the 2D numerical water tank (with a size
of 0.6 m x 0.6 m and with a water depth of 0.3 m) estab-
lished for the numerical simulation based on the experimen-
tal setup. The boundary of the horizontal cylinder is set
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as a no-slip wall, and the upper boundary of the tank is set
as a pressure outlet, with the left and right boundaries also
set as no-slip walls. The numerical simulation results ex-
hibit a strong agreement with experimental measurements
(Figure 1(b)). The displacement—time curve of the cylinder
motion obtained through numerical simulations demon-
strates a close alignment with experimental data over time.
This quantitative validation confirms the accuracy of the
numerical model developed in this work for the simulation
of the water-exit dynamics of cylindrical structures.
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Figure 1 Comparison of structural water-exit verification results

Figure 2 illustrates the free surface variations obtained
from numerical simulations at various time instants corre-
sponding to the experiments. During the initial stage of the
cylinder’s motion, the cylinder gradually moves upward,
which causes the water above it to bulge and form a layer
of water covering its upper surface as the cylinder contin-
ues to ascend, as shown in Figures 2(a)—(c). As the cylinder
continues its ascent, the water above the cylinder flows
downward around the cylinder, which creates a depression

in the free surface on both of its sides. Some of the fluid
remains trapped on the cylinder surface and continues to

adhere to the surface after the cylinder exits the water
(Figures 2(d)—(f)). The numerical methodology adopted in this
study demonstrates robust capability in capturing intricate
free surface evolution during cylindrical water-exit processes.

(a) 1=0.09 s (b) 1=0.11s

Indentation of fluid around | The Sy of thve‘ -
both sides of the cylinder cylinder ”“'1”?; alayer of
flui
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Figure 2  Structural water exit motion process

(H1=022s

3.2 Numerical simulation and validation of waves

A 2D numerical water tank geometric model incorporat-
ing critical design parameters for cylindrical structure
motion analysis is established. The 2D computational
domain is set to 80 m x 70 m (length x width), with a stat-
ic water depth of D = 30 m (Figure 3). The domain is strat-
ified into air and water phases, with the following bound-
ary conditions: The left boundary serves as a velocity inlet
for wave generation, the right and top boundaries act as
pressure outlets with hydrostatic pressure correction, and
the bottom boundary is a no-slip wall. The VOF model is
implemented with an open-channel flow formulation to
capture the gas—liquid interface dynamics. Table 1 summa-
rizes the physical properties of the two phases. The velocity—
inlet wave generation method is employed, where the water
body at the inlet boundary undergoes periodic variations
based on the wave-making function at the initial moment.

Pressure—outlet

E e
3 | | — Wave direction g2
T i
> ®
& g
3
> o
H
(=)
o
80 m !
Wall
Figure 3 Numerical water tank geometric model
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Over time, the water body at the boundary continuously
propagates forward and ultimately achieves wave motion
and propagation throughout the entire computational domain.

Table 1 Physical property parameters for flow-field calculation
Water density ~ Water dynamic  Alir density Air dynamic
(kg/m®)  viscosity (kg/m-s)  (kg/m®) viscosity (kg/m-s)
998.2 0.001003 1.225 1.7894 x 10°°

Wave-height meters are placed at x =10 m, x =25 m,
and x = 55 m to monitor wave-height variations. The results
of numerical simulation are compared with theoretical val-
ues (Figure 4). Given the expansion of the computational
domain, a certain attenuation exists between the simulated
and theoretical values at the monitoring points where the
waves arrive. However, the difference is small, and numer-
ical waveforms are generally consistent with their theoreti-
cal counterparts at various positions along the tank. This
finding indicates that the wave generation method used in
the simulation can produce a stable wave field.

——Numerical —Theory

1(s)

(a) X=10 m
Ir ——Numerical —Theory
Eo
<
—1 L L i
0 20 40 60
1(s)
(b) X=25m
lr —Numerical —Theory
Eo
=
—1 .
0 20 40 60

t(s)
(c) X=55m

Figure4 Comparison of numerical and theoretical waveforms

4 Working condition design
4.1 Design of numerical simulation conditions

As shown in Figure 5(a), the dimensions of the compu-
tational domain are 80 m x 70 m. A multizone meshing strat-
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egy is adopted to enhance the accuracy of the simulation.
Specifically, a 15 m x 60 m region surrounding the model is
discretized using unstructured grids with a cell size of 0.1 m,
supplemented with global refinement. The remaining areas
are meshed with a coarser resolution of 1 m (Figure 5(b)).
The average skewness of the entire mesh quality is 2.75 x 107,
which satisfies the solution requirements for the turbulence
model. Each case has a mesh count of approximately 180000.
For a sufficiently small time step and computational con-
vergence accuracy, a time step size of 1 x 10~ and 50 itera-
tions per time step are selected after multiple iterations.
These settings are implemented to ensure the accuracy of
the grid division.

To improve the accuracy of numerical simulations, we
set the upper and right boundaries of the model as pressure
outlet conditions. The left boundary serves as a velocity inlet
boundary, where the velocity varies based on specific wave
conditions, and the remaining walls act as no-slip walls.
Equations governing the cylindrical structure’s phase tran-
sition dynamics are coded in C and integrated into Fluent
via UDF. Figure 5(c) illustrates the numerical model, which
depicts the cylindrical structure’s water-exit motion. Here,
the cylindrical structure’s motion direction is defined hori-
zontally to the right, with various time instants correspond-
ing to the positional relationship between the cylindrical
structure body and the free surface. The angle between the
cylindrical structure body and the free surface is defined
as 6. Subsequent discussions will reference a deflection
angle complementary to 6. Table 2 details the specific set-
tings used in Fluent. In subsequent analysis and discus-
sion, displacement, velocity, and deflection angle are con-
sidered primary indicators for the quantitative assessment
of the cylindrical structure’s motion characteristics during
the water-exit process. Displacement reflects the overall
motion path and emergence extent of the cylindrical struc-
ture and serves as a key parameter in the evaluation of the
water-exit performance. Horizontal and vertical velocities
indicate the magnitude of hydrodynamic and inertial forces
acting on the structure, which effectively captures the acceler-
ation and deceleration trends caused by the interaction
between currents and waves. The deflection angle is used
to evaluate the postural change of the structure, which reveals
the asymmetrical effects of fluid—structure interaction and
the influence of flow-field disturbances on the motion sta-
bility of the cylindrical structure.

After the cylindrical structure exits the launch tube at
certain vertical and deflection velocities as initial condi-
tions, it proceeds to the water surface under the combined
effects of gravity, fluid forces, and thrust. This stage is
known as the underwater motion phase. During this phase,
the cylindrical structure’s trajectory experiences consider-
able changes due to variations in vertical velocity, deflec-
tion velocity, flow field structure, and flow conditions. The
water-exit process involves two-phase media, and different
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Figure 5 Schematic of the calculation model

Table2 Fluent setup

Project Setting
Multiphase Volume of fluid
Viscous model SST k-w

air (prime phase),

Material water (second phase)

Pressure velocity coupling method PISO

Pressure interpolation PRSSTO!

Dynamic mesh method Spring smogthlng,
remeshing

near-surface speeds, cylindrical structure orientations, and
sea surface conditions can affect the cylindrical structure’s
motion posture in various manners.

4.2 Mesh convergence analysis

To investigate the influence of mesh resolution on the
accuracy of numerical simulation results, we employ three
sets of meshes with different mesh sizes (Table 3). Numeri-
cal simulations are used to obtain the time-varying curves
of displacement and velocity of the cylindrical structure

(Figure 6). Figure 6 adopts a dual y-axis representation, in
which the solid and dashed lines correspond to the horizon-
tal and vertical motion characteristics of the cylindrical struc-
ture, respectively. Under various mesh resolutions, relatively
small deviations in horizontal velocity and displacement
are observed, whereas significant differences are detected
in vertical velocity and displacement. Att = 0.8 s, the verti-
cal velocities are 33.87, 29.97, and 28.71 m/s, respectively.
An approximately 13% deviation is identified between the
coarse- and medium-mesh results, whereas the difference
between the medium- and fine-mesh results is approximately
4.3%. At t = 2 s, the corresponding vertical displacements
reach 62.97, 56.91, and 55.76 m, with a deviation of approx-
imately 10.6% between the coarse and medium meshes
and around 2% between the medium and fine meshes. A
comparison of the simulation findings under different mesh
densities reveals that discrepancies between results decrease
as the mesh becomes finer. Considering computational accu-
racy and efficiency, the medium-resolution mesh is adopted
for all subsequent numerical simulations in this study.

Table 3 Mesh size setting

Mesh type Mesh size Mesh number
Coarse mesh AX=Ay=0.2m 75536
Medium mesh AX=Ay=0.1m 256995
Fine mesh AX=Ay=0.05m 962068

6 ——,—-- Coarse mesh 7140
ey TR Medium mesh
3l /‘\,'\‘\—>—-— Fine mesh | )
N
///// \ ~\~
= B P \ 24
E g
53 165
-6
8
-9
s - - 0
0 0.5 1.0 1.5 2.0
£(s)
45 —,—-- Coarse mesh 170
—,~-- Medium mesh _
42+ ——-- Fine mesh .~ 160
50
40 E
B~
30
20
27 : : : 10
0 0.5 1.0 1.5 2.0

1(s)

Figure 6 Variation in cylindrical motion characteristics with time
under different mesh densities
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4.3 Influence of time step on simulation accuracy

Based on the analysis results of mesh convergence, a
further investigation is conducted on the time step associated
with the medium-resolution mesh during the simulation.
Different time steps are selected for the analysis (Table 4).
The motion characteristics of the cylindrical structure over
time are obtained through numerical simulations (Figure 7).

Table 4 Time step size setting

Case Time step Calculation time (h)
Case 1 0.1 2
Case 2 0.01 6
Case 3 0.005 10
4 150
——--Case 1

2+ —>=-=Case 2
oSNy —,—-=Case 3

710 L L 1 0
0 0.5 1.0 1.5 2.0
1(s)
ol —,—--Case 1 ] 70
—=+-Case 2 P
40 —=+=Case 3 ,/-,'-/ 160
Z
38 L = y 50
B g
5 40 &
= 36 =
34+ ¢ 30
z("'
] R 20
30 L : . 10
0 0.5 1.0 1.5 2.0

t(s)

Figure 7 Variation in cylindrical motion characteristics with time
under different mesh densities

Figure 7 presents the motion characteristics of the cylin-
drical structure at various time steps. The figure employs a
dual y-axis format, where the solid and dashed lines corre-
spond to the velocity and displacement of the structure in
the horizontal and vertical directions, respectively. Case 1
exhibits relatively small velocity fluctuations during the
initial stage (Figure 7(a)). By contrast, cases 2 and 3, with
smaller time steps, can capture more complex variations in
velocity. At t = 1 s, the horizontal velocities are -8.37,
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-7.68, and —7.58 m/s, and the vertical velocities are 34.10,
38.49, and 40.67 m/s, respectively. The results on case 1
reveal significant deviation from the other two cases, whereas
the difference between cases 2 and 3 is relatively small,
with variations of approximately 1% and 5%, respectively.
As illustrated in Figure 7(b), the horizontal displacement
of the cylindrical structure among the three schemes reveals
minimal differences. However, although vertical displace-
ment is initially consistent across all cases, noticeable dis-
crepancies emerge as the structure gradually emerges from
the water. In this stage, the displacement curve of case 1
progressively deviates from those of the other two. The
vertical displacements are 64.50 and 66.29 m, with a dif-
ference of approximately 2%.

Furthermore, the computational time required for each
scheme varies considerably. Therefore, an appropriate time
step must be selected to balance computational accuracy and
efficiency. After a comprehensive evaluation of the influ-
ence of mesh resolution and time step on the simulation
results, the medium-resolution mesh combined with the time
step used in case 2 is selected for subsequent simulations.

4.4 Effect of slip-wall surface roughness

During the water-exit process of the cylindrical struc-
ture, the friction between the wall surface and surrounding
fluid leads to a reduced flow velocity near the wall, which
forms a velocity gradient. This section investigates the
influence of surface roughness on the hydrodynamic behav-
ior of the structure. Three different wall roughness heights
are selected for comparison, and the detailed design param-
eters are listed in Table 5. Figure 8 shows the motion char-
acteristic curves of the cylindrical structure under various
wall surface roughness conditions. A dual y-axis format is
adopted in the figure, where the solid and dashed lines rep-
resent the variations in horizontal and vertical motion char-
acteristics of the cylindrical structure, respectively.

Table 5 Design parameters of working conditions

Wallconditions Roughness  Roughness
Smooth wall 0
Moderately rough wall 0.0005 0.5
Highly rough wall 0.002

Figure 8(a) displays the generally consistent initial varia-
tion trends of horizontal velocity under the three wall rough-
ness conditions. In addition, these trends exhibit an initial
increase followed by a decrease and then stabilization.
During the period of t = 0.6-1 s, the high roughness wall
exhibits the lowest horizontal velocity (-8.0 m/s), and the
smooth wall results in a small velocity drop. In terms of
vertical velocity, the three curves nearly overlap in the early
stage, which indicates that the variation in vertical motion
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Figure 8 Motion characteristics of the cylindrical structure under
varying wall roughness

during the initial water-exiting phase is mainly governed
by inertia, with negligible influence from surface rough-
ness. After t = 0.6 s, the effect of surface roughness becomes
increasingly evident. The vertical velocity of the high rough-
ness wall reaches a peak of 41.79 m/s, and the smooth wall
shows a gradual change, which suggests a reduced resis-
tance during motion. Figure 8(b) reveals the relatively small
differences in displacement among the three cases. The
final vertical displacements are 64.50, 66.07, and 66.16 m,
which indicates that a rough surface leads to a fast ascent
of the structure. Based on comparative analysis, although
the high roughness wall yields strong dynamic responses
in terms of vertical velocity and displacement, it also intro-
duces intense local flow disturbances, which may compro-
mise numerical stability. The medium-roughness wall exhib-
its premature attenuation in horizontal motion during cer-
tain periods, which implies a degree of interference with
flow field development. By contrast, the smooth wall dem-
onstrates stable variations in horizontal and vertical velocity
and displacement, with relatively small discrepancies com-
pared with the other cases. In addition, it ensures an improved
convergence behavior during computation. Therefore, the
smooth wall condition is selected for subsequent simula-
tions in this study to ensure numerical stability and compa-
rability of results.

5 Discussions

In real ocean environments, the conditions near the water
surface are complex and involve wind, waves, and currents,
with waves being the most influential factor. This chapter
considers the effect of different wave levels, water-exit
phases, and the combined effects of wave—current coupling
on the cylindrical structure’s water-exit process. Numerical
simulations are carried out based on the previously estab-
lished basic motion model of submerged cylindrical struc-
tures and the wave environment. In the study on the effect
of waves on the water exit process, the cylindrical struc-
ture is controlled to remain stationary as a fixed rigid body
until the entire water surface is filled with waveforms, which
prevents the premature release of the cylindrical structure.

5.1 Effect of wave levels on the hydrodynamic
characteristics of the cylindrical structure

Three sea condition levels are considered in the study
on the influence of wave levels on the cylindrical struc-
ture. For the research on the water-exit motion of a vehicle
under wave action, Meng (2011) selected sea state parame-
ters of different levels. Table 6 provides the wave parame-
ters corresponding to different wave levels. Two scenarios
are considered during the simulation: Case 1: Ignoring the
effect of deflection velocity, the variation in cylindrical
structure’s vertical exit motion characteristics under differ-
ent wave levels; Case 2: in consideration of the effect of
deflection velocity, the cylindrical structure’s motion pro-
cess is simulated under different wave levels.

Table 6 \Wave parameters

Wave levels Wave height H (m) Wave length L (m) Wave period T ()

Level 3 1.10 18 340
Level 4 1.80 27 4.16
Level 5 2.56 40 5.06

5.1.1 Ignoring the effect of deflection velocity

Figures 9(a) and (b) show the velocity and displacement
curves during cylindrical structure motion, respectively,
where solid lines represent vertical motion characteristics
and dashed lines represent horizontal motion characteris-
tics. In the presence of waves, the cylindrical structure’s
height is relative to the free surface changes. Given wave
velocity, the velocity of the cylindrical structure near the
surface differs from that in still water as it approaches the
free surface. The wave impact on the cylindrical structure’s
velocity is primarily manifested in the horizontal velocity
component. Without waves, the cylindrical structure’s hor-
izontal velocity component fluctuates around zero. Under
different wave levels, the velocity components exhibit vary-
ing motion directions. When the wave level is 3, the cylin-
drical structure has a velocity of 2.33 m/s along the posi-
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tive x-axis after contacting the wave surface, and the cylin-
drical structure deflects 0.52 m in the positive x-axis direc-
tion. However, at wave levels 4 and 5, the cylindrical struc-
ture generates velocity components along the negative x-axis,
with values of 1.39 and 2.54 m/s, respectively. After exit-
ing the water, cylindrical structure eventually deflects 0.56
and 1.16 m in the negative x-axis direction. The vertical
velocity component shows a similar trend; that is, it gradu-
ally increases over time, which causes the continued upward
movement of the cylindrical structure. The numerical
differences in the vertical velocity and displacement
components under various wave levels are relatively small
(Table 7). Figure 9(c) shows the cylindrical structure’s
motion trajectory change curve. In the absence of waves,
the cylindrical structure trajectory approximates a straight
line with no deflection throughout its motion. However, in
the presence of waves, the trajectory exhibits deflection.
Notably, although waves propagate in the positive x-axis
direction, the cylindrical structure’s deflection direction
varies under different wave levels.

Figure 10 illustrates the velocity distribution and corre-
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Figure 9 Cylindrical structure hydrodynamic characteristics curves
under different wave levels
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Table 7 Changes in cylindrical structure motion characteristics

Wave levels AU, (m/s) AU, (m/s) AX (m) Ay (m)
Level 3 2.33 -3.28 0.52 0.55
Level 4 -1.39 5.74 -0.56 1.27
Level 5 -2.54 -0.22 -1.16 0

sponding water-to-air phase distribution during the water-
exit process of the structure under various wave levels.
The black circles highlight the key regions, revealing the
interaction of the structure with the free surface, which
undergoes considerable deformation due to the disturbance
caused by the emerging structure. As the wave level increases,
the disturbance of the free surface intensifies, and the cou-
pling effect between the structure and the waves improves.

Velocity (m/s) NN N
0 1 2 3 4 5

Level 3

Level 4 Level 5

Figure 10 Cylindrical structure water-exit process contour map

The velocity contours at the same emergence phase
reveal the variation characteristics of the flow field around
the structure. A distinct high-velocity jet region occurs
near the top of the structure, and a strong wake region
forms near the bottom. With the increase in sea state level,
the velocity field exhibits great asymmetry and turbulence
characteristics, with an intensified flow separation and an
expanded high-velocity region. At wave level 3, the cylin-
drical structure emerges near the wave crest, whereas at
wave levels 4 and 5, it emerges closer to the wave trough.
Based on the characteristics of the second-order Stokes
wave, the wave surface becomes steeper at the crest and
flatter at the trough. At the crest, the horizontal velocity
increases, which propels the cylindrical structure toward
the positive x-direction, and at the trough, the horizontal
velocity decreases, which slows down the structure’s motion.
Particularly, under wave level 5, wave-induced flow exerts
significant influence, which results in violent free surface
motion and a complex flow field around the structure.
High wave levels substantially enhance the hydrodynamic
characteristics during the water-exit process, which leads
to strong surface disturbances and complex vortex struc-
tures in the surrounding flow field.

5.1.2 Considering the effect of deflection velocity

The water-exit characteristics of cylindrical structures
under various wave conditions with deflection velocity are
investigated.
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As revealed in Figures 11(a) and (b), the solid lines rep-
resent the vertical motion characteristics of the cylindrical
structure, and the dashed lines denote the changes in the
horizontal motion. The overall trends of the motion charac-
teristics remain consistent under various conditions. When
t < 0.3 s, the cylindrical structure proceeds through the
underwater motion phase and is unaffected by waves. At this
stage, the cylindrical structure slightly deviates in the posi-
tive x-direction, and the differences in cylindrical structure
velocity and displacement are small. At t = 0.3 s, the cylin-
drical structure forms specific deflection angles with the
free surface, with values of 88.5°, 88.5°, 88.48°, and 88.49°.
The cylindrical structure continues its motion toward the
free surface, maintaining these deflection angles. In still
water conditions, the cylindrical structure’s vertical velocity
is 85.84 m/s. As the wave level increases, the vertical
velocity changes accordingly to 94.56, 89.74, and 84.38 m/s.
As the effect of waves on vertical motion is relatively
small, vertical velocity exhibits minor differences. The pri-
mary effect of waves on the cylindrical structure’s motion
occurs in the horizontal direction. In the absence of waves,
the cylindrical structure’s horizontal velocity component is
5.12 m/s, and the displacement in the negative x-direction
is 1.95 m. In the presence of waves, the horizontal velocity
components increase with the wave level, with values
reaching 7.87, 8.58, and 8.60 m/s, which result in large dis-
placement changes in the negative x-direction (2.5, 2.95,
and 3.18 m, respectively). The cylindrical structure’s
motion deflection change also exhibits a positive correla-
tion with wave conditions. Figure 11(c) depicts the cylin-
drical structure trajectory curve. Compared with the char-
acteristics of the cylindrical structure’s motion trajectory
during vertical water exit, the cylindrical structure trajectory
is now influenced by deflection velocity, which causes an
initial deflection in the positive x-direction. Subsequently,
the cylindrical structure continues its water-exit motion
under thrust at a certain deflection angle. Therefore, when
deflection velocity is considered, the cylindrical structure’s
motion during water exit is influenced by the deviation
angle and wave surface changes.

Given the influence of the offset velocity’s duration and
direction, the effect on the motion characteristics of the
structure is primarily manifested in the horizontal direc-
tion during the underwater stage. To investigate the effect
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Figure 11 Hydrodynamic characteristics curve of the cylindrical
structure under the influence of deflection velocity

of offset velocity, we analyze the vorticity field att=0.3 s
(Figure 12). In addition, the velocity, displacement, and
deflection angle under different conditions are compared
(Table 8).

Figure 12 shows the vorticity distribution of the struc-
ture under various wave levels and initial offset velocity
conditions. Overall, with the increase in the wave level,
the vorticity intensity during the structure’s water entry pro-
cess greatly strengthens, especially at wave level 5, where
larger vortex regions form at the bottom and sides of the
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Figure 12 \orticity contours under different operational cases
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Table 8 Kinematic parameters

Deflection
angle (°)

-0.001 441 89.99

Case  Wave U (mfs) U (mfs) AX(m) AY(m)

Nowave 6.6x10™ 30.76
Level 3 0.061 3246  0.003 4.60 89.96

cas Level 4 -0.010 3223 -0.010 4.65 89.88
Level 5 -0.726 3129 -0.061 4.50 89.22
No wave 0.592 2880 0310 425 88.50
Cas Level 3 0.502 3012 0.297 440 88.50

Level 4 0.324 2991 0289 4.44 88.48
Level 5 -0.062 2888 0254 429 88.49

structure. These findings indicate that wave disturbances
considerably intensify the unsteadiness of the flow field.
In the case without deflection velocity, the vorticity distri-
bution is relatively symmetrical and mainly concentrated
at the bottom of the structure, which shows a typical verti-
cal water entry feature (Figures 12(al)—(d1)). By contrast,
with a deflection velocity, the structure’s movement devi-
ates from the vertical direction, which causes an uneven
vorticity distribution on both sides, with the vortex struc-
ture becoming asymmetric (Figures 12(a2)—(d2)). More-
over, the combined effect of waves and deflection velocity
intensifies the flow near the free surface, which leads to
more complex vortex structures in the subsequent water-
exit motion.

In case 1, without waves and deflection velocity, the
horizontal velocity is small, and the vertical velocity is
large (Table 8). At this point, the deflection angle of the
cylindrical structure approximates 90°, and the cylindrical
structure almost maintains a straight upward trajectory dur-
ing the water-exit process. When the wave level increases
to 3, the horizontal velocity of the object considerably
increases to 0.061 m/s, and the vertical velocity slightly
increases to 32.46 m/s, with the deflection angle being
89.96°. Compared with the no-wave condition, the deflec-
tion angle slightly changes, which indicates the relatively
small effect of the waves on the object. As the wave level
increases further to level 4, the horizontal movement of
the cylindrical structure becomes more noticeable. At this
point, the deflection angle is 89.88°, which means a more
evident deviation from the straight upward motion. Under
the maximum wave level influence, the horizontal velocity
increases considerably to 0.726 m/s, with a horizontal dis-
placement at —0.061 m and the deflection angle decreasing
to 89.22°. Under high wave levels, the horizontal displace-
ment of the object increases tremendously, and the deflec-
tion angle decreases, making the deflection from vertical
more pronounced. In case 1, the deflection angle is nota-
bly affected by waves, and it decreases as the wave level
increases. In case 2, which has no waves but has the effect
of initial deflection velocity, the cylindrical structure’s
velocity is relatively small. Without the influence of waves,
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the main cause of the deflection of the structure is deflec-
tion velocity. Compared with the no-wave condition in case 1,
the deflection angle is substantially reduced, and the angle
between the cylindrical structure and the free surface increases
accordingly. As the wave level increases, the horizontal
velocity of the cylindrical structure decreases from 0.592 m/s
to 0.062 m/s, and the corresponding horizontal displace-
ment also decreases. When considering deflection velocity,
relatively small changes in the deflection angle are observed
under different wave levels.

5.2 Effect of wave phase on the water-exit process

Analysis from the previous section reveals that wave
levels, or wave characteristic parameters, are the primary
influencing factors of the cylindrical structure’s water-exit
process, with influence attained through a positive correla-
tion between structural motion parameter variations and
wave grades. In addition, the cylindrical structure’s motion
during water exit is affected by different wave phases. Phase-
specific analysis indicates that at a designated wave level,
the wave-phase dependency of cylindrical structure hydro-
dynamic loads deviates from a simplistic “high-intensity,
low-weakness” pattern. Compared with wave levels, the
effect of phase is more closely related to the variation in
flow field characteristics as the position changes. There-
fore, focusing on wave level 5, one wave period is selected
as the research subject, and it is into 60° intervals, with the
trough position at the 0° phase and the crest at the 180°
phase (Figure 13). Two scenarios are considered in the simu-
lation: Case 1: ignores the deflection velocity effect and
observes the cylindrical structure’s motion characteristics
during vertical water exit at different water-exit phases;
Case 2: considers the deflection velocity impact and simu-
lates the cylindrical structure’s motion process under the
influence of different water-exit phases.

/\/

300° 240° 180° 120° 60° 0°

Figure 13 Relationship between the water-exit phase and cylindrical
structure position

5.2.1 Ignoring the effect of deflection velocity

This approach considers the hydrodynamic characteris-
tics of the cylindrical structure’s vertical water exit under
the influence of various wave phases. For the fifth-level
sea condition, the wave height, wavelength, and period are
set to 2.56 m, 40 m, and 5.06 s, respectively, with the
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wave parameters kept constant. The different wave phases
are calculated based on the wave period, and for each
phase, various cylindrical structure launch times are selected
accordingly. Before the wave field stabilizes, the cylindri-
cal structure is set as a fixed rigid body and not released.

Figure 14(a) illustrates the comparative analysis of hori-
zontal velocity components at the cylindrical structure’s
center of mass under six phase conditions at wave level 5.
As shown in the figure, the variation trends of the center-
of-mass velocity closely correspond to those of the center-
of-mass trajectory curves. From the onset of cylindrical
structure motion, the horizontal velocity at its center of
mass gradually increases from zero. This observation aligns
with the trend shown in Figure 14(c), where the rate of lat-
eral displacement in the center-of-mass trajectory increases
with the rise in the vertical coordinate of the mass center.
However, the rate of change of horizontal velocity initially
increases and then decreases. As the cylindrical structure
shifts from deeper water into the highly disturbed free sur-
face area, the intensity of wave effects increases, which
results in a continuous rise in its horizontal velocity com-
ponent. When the cylindrical structure moves near and
through the wave surface until it fully exits the water, the
wave influence on cylindrical structure motion diminishes.
Consequently, the growth in horizontal velocity essentially
ceases, as evidenced by the near-vertical extension of the
curve end in Figure 14(a), which indicates minimal varia-
tions in the horizontal velocity component during this phase.

The findings from the comparison of variations across
various water-exit phases align with those of the analysis
of the cylindrical structure’s center-of-mass trajectory pat-
terns. When the cylindrical structure exits at the wave crest,
120°, and 240° phases, the horizontal velocity component
of its center of mass is oriented along the positive x-axis,
reaching a maximum value of 4.60 m/s at the wave crest.
Conversely, during exits at wave trough, 60°, and 300°
phases, the horizontal velocity is directed along the nega-
tive x-axis, with a maximum magnitude of 3.66 m/s at the
trough. At the wave crest, the increased horizontal velocity
propels the cylindrical structure in the positive x-direction,
and the opposite occurs at the wave trough, which results
in a reduced motion velocity. Similar to the analysis of the
cylindrical structure’s vertical velocity component under
different wave levels, the parameter variation curves reveal
minimal differences across various phases within the same
wave level. As the cylindrical structure’s vertical velocity
is orthogonal to the wave propagation direction, the wave
impact mainly influences the horizontal direction. There-
fore, the wave exerts a minimal influence on vertical velocity,
which results in similar trends and numerical values for
the cylindrical structure’s vertical velocity changes at all
water-exit phases.

Figure 14(c) illustrates the trajectory curves of the cylin-
drical structure’s center of mass. After the underwater ver-
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Figure 14 Hydrodynamic characteristic curve of the cylindrical
structure’s vertical motion

tical acceleration phase, the cylindrical structure undergoes
free upward motion, at which point wave effects become
evident. The cylindrical structure exhibits varying lateral
displacements in magnitude and direction when exiting at
different phases. Notably, at opposing exit phases, lateral
displacements of the cylindrical structure’s center of mass
move alternately with and against the wave propagation
direction. Specifically, the directions of lateral displace-
ment are opposite in the comparison of exits at wave crests
versus troughs and similarly opposite in the comparison of
exits at 60° versus 240° phases and 120° versus 300° phases.
The lateral displacements align with the wave propagation
direction during exits at wave crests, 120°, and 240° phases,
and movements at 60°, 300°, and trough phases oppose the
wave propagation direction. Furthermore, when the cylin-
drical structure’s lateral displacement aligns with the wave
propagation direction, specifically during water exit at the
wave crest (0°), 120°, and 240° phase angles, the corre-
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sponding lateral displacements measure 2.15, 0.83, and
0.79 m. By contrast, at the wave trough, 60°, and 300°
phases, the lateral displacements reach 1.67, 0.88, and
0.98 m, respectively. The lateral displacement at the wave
crest phase is considerably larger than that at the wave
trough phase, and the displacement at the 120° and 240°
phases is slightly smaller than that at the opposite water-
exit phases. In the horizontal direction within the same
period, the overall cylindrical structure “drift” direction
induced by wave impact aligns with the particle-flow velocity
direction. Notably, the maximum positive lateral displace-
ment occurs during wave crest exit, and the maximum neg-
ative displacement transpires at wave troughs, although at
a smaller magnitude than the crest-phase displacement.
Figure 15 presents the flow-field pressure contour map
of the cylindrical structure at the same moment but with
different water-exit phases. During the initial motion stage,
the cylindrical structure is at a deeper location, and wave
disturbance effects are minimal, which allows the cylindri-
cal structure to maintain its original vertical upward trajec-
tory. Upon contact with the free surface, the cylindrical
structure’s motion begins to be affected by varying wave-
field characteristics and wave forces at different exit phases.
As the point of wave force application deviates from the
cylindrical structure’s center of mass, which creates an
unbalanced force distribution, the following effects become
evident: During water exit at the wave crest, the cylindri-
cal structure exhibits a clockwise rotational tendency, with
its attitude angle progressively increasing along the posi-
tive x-axis, which results in lateral displacement in the
direction of wave propagation (Figure 15(d)). Conversely,
when the cylindrical structure exits at the wave trough, the
attitude angle increases negatively along the x-axis, and the
cylindrical structure undergoes a counterclockwise rotation
with a smaller deflection and lateral displacement than
when it exits at the wave crest (Figure 15(a)). For the other
opposite phases, the cylindrical structure’s attitude change
follows a similar pattern to the wave crest and wave trough
exits but with smaller changes (Figures 15(b) and (e), 15(c)
and (f)). Regarding the pressure contour map during the
cylindrical structure water-exit process at different phases,
Figures 15(a)—(f) confirm the conclusion of the previous
analysis on the influence of wave level: Gravity is the main
factor influencing flow-field pressure distribution, which
results in a “layering” effect. The cylindrical structure’s
nose, shoulder, and tail are high- and low-pressure regions.
The variation patterns and causes of these pressures are
consistent with those of previous analyses, where the wave’s
characteristic parameters and particle parameters in the flow
field cause no remarkable influence on pressure distribution.

5.2.2 Considering the effect of deflection velocity

Figure 16 illustrates the motion characteristics of the
cylindrical structure under deflection velocity. Figure 16(a)
displays the temporal evolution of the cylindrical struc-
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Figure 15 Pressure contour map of the cylindrical structure during
water exit at different wave phases

ture’s horizontal velocity. The velocity variations show a
direct correlation with the observed displacement changes.
During the initial motion phase, the deflection velocity
enables the cylindrical structure to acquire a horizontal veloc-
ity component along the positive x-axis, and wave parame-
ter effects remain negligible. As the deflection velocity gradu-
ally dissipates, the cylindrical structure develops a horizon-
tal velocity component along the negative x-axis during the
water exit. This horizontal velocity increases proportionally
with the cylindrical structure’s vertical displacement, albe-
it with a relatively small rate of change. At the wave trough
exit, the horizontal velocity reaches 9.71 m/s, which sub-
stantially exceeds the 4.36 m/s recorded at the wave crest
exit. During this phase, the horizontal velocities at the
wave trough, 60°, and 300° phases substantially surpass
those at their corresponding opposite phases. The rate of
change in horizontal velocity increases markedly as the
cylindrical structure’s center of gravity traverses the free
surface, with only the tail section remaining submerged.
Notably, this rate of change exhibits greater magnitude at the
wave crest, 120°, and 240° phases compared with the wave
trough, 60°, and 300° phases. As illustrated in Figure 16(b),
considering that wave effects predominantly manifest in
the horizontal direction, the vertical velocity profiles exhibit
minimal variation across various exit phases under identi-
cal wave level conditions.

In the underwater phase, the cylindrical structure deflects
along the positive x-axis due to the deflection velocity. As
the deflection velocity diminishes, the cylindrical structure
emerges from the free surface with this deflected orienta-
tion, which causes its overall trajectory to deviate toward
the negative x-axis (Figure 16(c)). In contrast to scenarios
without the effects of deflection velocity, when the cylin-
drical structure exits at the wave crest, 120°, and 240° phases,
it no longer exhibits horizontal displacement along the pos-
itive x-axis but consistently deviates toward the negative
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x-axis. The corresponding horizontal displacements total
1.62, 2.84, and 2.45 m, respectively. For exits at the wave
trough, 60°, and 300° phases, the cylindrical structure demon-
strates an enhanced negative x-axis displacement compared
with the cases without deflection velocity, with magnitudes
of 4.53, 4.10, and 3.76 m, respectively. These values nota-
bly exceed the horizontal displacements observed at their
opposing phases.
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Figure 16 Hydrodynamic characteristics curve of the cylindrical
structure under the influence of deflection velocity

Figure 17 reveals the vorticity fields corresponding to
various wave phases at t = 0.3 s. Meanwhile, Table 9 pro-
vides a comparison of the motion characteristics under dif-
ferent scenarios. In the case without deflection velocity
(Figures 17(al)—(f1)), the cylindrical structure maintains a
relatively vertical ascent posture, and symmetric vortex
pairs form at the bottom of the structure during the water-
exit process. As the wave phase increases from 0° (wave
trough) to 180° (wave crest), the disturbed flow-field region
above the cylindrical structure expands accordingly. When
the structure emerges at the wave crest (Figure 17(d1)),

the vorticity intensity becomes slightly higher than that in
other phases, which indicates that the upward motion of
the wave exerts a stronger interference on the structure.
This condition enhances the shear at the bottom boundary
layer and results in more distinct vortex structures.

By contrast, under the condition with a deflection veloc-
ity (Figures 17(a2)—(f2)), the cylindrical structure exhibits a
distinctly asymmetric vorticity distribution during the water-
exit process. Given the horizontal offset trend during the
underwater motion stage, the shear vortex structure at the
bottom of the cylindrical structure is deflected toward one side,
which leads to a spatial shift in the vortex distribution. When
the structure emerges at the wave trough (Figure 17(a2)),
the vorticity region on the right side becomes more promi-
nent, which suggests that the horizontal deflection velocity
enhances fluid shear on that side. This asymmetry persists
across different wave phases and becomes most pronounced
at the wave crest phase (180°), where the asymmetry of
the vorticity field intensifies, and intersecting regions of
positive and negative vorticities emerge locally.
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Figure 17 \orticity contours at different wave phases

Table 9 Kinematic parameters

Case \é\r/?a\gi U, (mis) U, (ms) AX(m) AY (m) D::gigt'(‘j)”
0° 0725 27581 0061 4133  89.15
60° 0505 27225 -0051 4088  89.29

Caey 120° 0221 26688 0007 4019 8090
180° 0759 26471 0058 4008  89.17
240° 0472 27051 0045 4081  89.37
300° -0345 2773 -0023 4154 8968
0° 0576 25600 0334 4001 8523
60° 0726 25371 0394 3954 8431

Caep 1200 1350 25012 0341 3899 8500
180° 1958 25202 0449 3914 8345
240° 1731 25686 0440 3989 8370
300° 0987 25899 0376 4034 8467
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In case 1, the horizontal velocity of the cylindrical struc-
ture remains relatively small, with values ranging from
—-0.725 m/s to 0.759 m/s, which indicates that the overall
motion of the structure is primarily concentrated in the ver-
tical direction (Table 9). The vertical velocity is consistently
within the range of 26—28 m/s, and the deflection angle
remains close to 90°, which suggests that the cylindrical
structure maintains a stable vertical trajectory during the
underwater motion stage without deflection velocity. By
contrast, in case 2, where the deflection velocity is consid-
ered, the horizontal velocity increases tremendously, reach-
ing a maximum of 1.958 m/s, and remains positive across
all wave phases. The horizontal displacement is also nota-
bly larger, with a maximum value of 0.449 m, which indi-
cates a distinct lateral deviation of the structure. Although
the vertical velocity slightly decreases compared with that
in case 1, it maintains an upward motion trend. Under these
conditions, the deflection angle decreases to 83°-85°, and
the trajectory of the cylindrical structure deviates markedly
from the vertical direction, which exhibits a strong asym-
metry in its motion path.

5.3 Influence of the effect of wave-flow coupling
on the water-exit process

During the underwater phase, water current velocity mark-
edly influences the cylindrical structure’s deflection angle
during water exit, which subsequently alters its emergence
posture. When they reach the free surface, wave forces fur-
ther modify the cylindrical structure’s trajectory. Compre-
hending the cylindrical structure’s motion characteristics
under these coupled wave—flow effects is crucial to ensure
targeting accuracy, which holds substantial research signif-
icance. Typical ocean current velocities range from 1 knots
to 2 kn (approximately 0.5-1.0 m/s), with some extreme cas-
es reaching 4-5 kn (approximately 2.0-2.5 m/s). Numeri-
cal analysis incorporates magnitude and directional com-
ponents of flow velocity, with simulations conducted at +1
and £2.5 m/s. The flow velocity effects predominantly mani-
fest along the x-direction. In downstream motion, the cylin-
drical structure experiences enhanced positive x-axis dis-
placement and increased deflection angles. Conversely,
reduced deflection angles are observed with upstream
motion. The magnitude of trajectory deviation from still
water conditions correlates directly with flow velocity magni-
tude. Wave effects primarily influence the cylindrical struc-
ture’s orientation at the free surface interface, particularly
during water exit and subsequent aerial phases. By contrast,
flow effects are most pronounced during the underwater
phase, where flow magnitude and direction greatly influ-
ence the cylindrical structure’s trajectory and its approach
orientation toward the free surface. These hydrodynamic
conditions ultimately determine the cylindrical structure’s
motion characteristics during water exit.

Figure 18 illustrates the cylindrical structure’s motion
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characteristic curves under the combined effects of down-
stream current and varying wave conditions. The solid and
dashed lines represent the vertical and horizontal motion
characteristics, respectively. Flow-induced disturbances
during the underwater phase generate oscillations in the
horizontal velocity component, with oscillation amplitudes
increasing proportionally with the flow velocity (Figures 18(a)
and 18(d)). During the initial period (t < 0.3 s), the deflec-
tion velocity induces a parabolic increase in the horizontal
velocity component along the positive x-axis, which deflects
the cylindrical structure in the positive x-direction. With
the gradual dissipation of deflection velocity, the cylindri-
cal structure maintains its deflection angle while continu-
ing its upward trajectory. Throughout this phase, the hori-
zontal velocity component progressively increases along
the negative x-axis direction. Notably, the vertical velocity
component exhibits minimal variation during the underwa-
ter motion phase.

At a flow velocity of 1 m/s, the cylindrical structure
exhibits minor oscillations in its horizontal velocity com-
ponent due to current-induced perturbations (Figure 18(a)).
For t < 0.48 s, the velocity and displacement variations
remain generally consistent, with the cylindrical structure
traversing in the negative x-axis direction at horizontal
velocities of 3.29, 3.15, and 3.43 m/s. During the water-exit
phase (0.48-0.6 s), the horizontal velocity component
experiences slight decrements of 0.33, 0.43, and 0.05 m/s.
Subsequently, during the aerial phase, free from hydrody-
namic influences, the cylindrical structure maintains its tra-
jectory at a fixed angle along the negative x-axis, with
velocities progressively increasing to terminal values of 5.74,
7.14, and 5.26 m/s. The minimal variations in horizontal
velocity components correspond to negligible differences
in negative x-axis displacements, with values of 1.38, 1.7,
and 1.48 m (Figure 18(b)). At an elevated flow velocity of
2.5 m/s, the current-induced oscillation amplitudes exceed
those observed at 1 m/s (Figure 13(a)). Throughout the
motion trajectory, wave levels 3 and 4 demonstrate mini-
mal horizontal velocity differentials, with respective motion
velocities of 3 and 3.8 m/s, respectively. However, wave
level 5 induces a substantial increase in horizontal velocity;
it reaches a peak of 4.44 m/s at 0.23 s, followed by a linear
increase along the negative x-axis. Post 0.6 s, the growth
rate diminishes, and it ultimately stabilizes at 9.58 m/s
(Figure 18(d)). The horizontal displacement patterns corre-
late directly with velocity variations. Under identical flow
conditions, wave levels 3 and 4 result in modest negative
x-direction displacements of 0.07 and 0.14 m, respectively.
By contrast, wave level 5 generates a considerably enhanced
deflection, which culminates in a negative x-axis displace-
ment of 1.51 m.

Figures 18(c) and (f) show the cylindrical structure’s tra-
jectory curves. Initially, under the combined influence of the
deflection velocity and flow speed, the cylindrical struc-
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Figure 18 Hydrodynamic characteristics curve under the influence
of different wave levels during downstream flow

ture moves in the positive x-direction, with the cylindrical
structure body having a certain deflection angle relative to
the free surface. The cylindrical structure then continues
moving toward the free surface at this deflection angle and
exits the water. Given the influence of different initial
motion conditions, variations in the final impact points of
the cylindrical structure’s trajectory are observed. As shown
in Figure 18(c), during the water-exit phase, the cylindrical
structure’s deflection angle gradually increases with the
wave level. This finding implies that at higher wave levels,
the cylindrical structure exits the water at a flatter angle,
which results in a lower impact point. In addition, at wave
level 4, the cylindrical structure, which has a large horizon-
tal velocity component, moves in the negative x-direction,
and the final impact point is 38.3 m. At the water flow
speed of 2.5 m/s and wave levels 3 and 4, the difference in
the final impact points is relatively small. However, when
the wave level is 5, remarkable changes occur in the cylin-
drical structure’s motion. The flow direction, combined
with the deflection velocity, causes intensification of the
cylindrical structure’s motion in the positive x-direction.
Figure 18(f) shows the very small angle formed between the
trajectory curve and the free surface and considerable hori-
zontal movement of the cylindrical structure during the subse-
quent motion, with a noticeable decrease in the vertical height.

Figure 19 presents the specific values of the vertical
motion characteristics of the cylindrical structure under vari-
ous launch environments. Under varying wave conditions,
as the current velocity increases, the vertical velocity of
the cylindrical structure decreases substantially compared
with that in still water. Specifically, when the flow velocity is
1 m/s, the vertical velocities are 91.22, 89.24, and 83.07 m/s.
When the flow velocity increases to 2.5 m/s, the vertical
velocities are 90.62 and 86.73 m/s, which are relatively
close to the values at 1 m/s. However, under wave level 5,
the vertical velocity drops considerably to 76.17 m/s, which
indicates that high sea states exert a pronounced suppres-
sive effect on the vertical motion of the structure. In addi-
tion, when the current direction is opposite, the overall ver-
tical velocity is slightly higher than that in still water, with
values reaching 95.87, 90.65, and 86.4 m/s. Nevertheless,
the trend of decreasing velocity with the increase in wave
level remains evident. The vertical displacement of the
cylindrical structure generally decreases with the increase
in flow velocity, with the effect being more pronounced
under higher wave levels. When the flow velocity is 2.5 m/s,
the vertical displacement is 58.02 m under wave level 3
and decreases to 48.59 m under wave level 5.

In summary, the results shown in Figure 19 indicate that
the combined effect of wave level and flow velocity has a
crucial effect on the water-exit motion of the cylindrical
structure. Higher wave level exerts a stronger inhibitory
effect on the vertical motion characteristics of the struc-
ture, which leads to reduced motion stability.

@ Springer



974

Journal of Marine Science and Application

[ Level 3[]Level 4 B Level 5

&
) < N o
100,s~, 98 ¢
N = = =
5] AR N

o
o~
N
o0

~
(=]
m
0

60

0 1.0 25 -1.0 -2.5
V (m/s)
100
I Level 3 [[Level 4 @A Level 5
60 -
— wy
=0 Sge Qg 2gp SR,
60famicn B2 SR BRY i
cl & =
Pt
40t
20+
0
0 1.0 25 -1.0 2.5
v (m/s)

Figure 19  Comparison of vertical motion characteristics during
cylindrical structure movement

Figure 20 illustrates the hydrodynamic characteristics of
the cylindrical structure under different wave levels in an
upstream flow. As displayed in Figure 20, the solid line
represents the vertical motion changes in the cylindrical
structure, and the dashed line indicates the horizontal motion
characteristics. In the upstream water flow direction, the
cylindrical structure is affected by water flow disturbances,
which results in oscillations in the horizontal direction. As
the water flow speed increases, the amplitude of these
oscillations also increases (Figures 20(a) and (d)). As the
fluid direction is opposite to that of the initial deflection
velocity, it impedes the cylindrical structure’s motion. The
cylindrical structure’s horizontal velocity component rep-
resents the sum of the water flow speed and deflection
velocity. As shown in Figure 20(a), when the flow speed is
-1 m/s, between 0 and 0.3 s, the cylindrical structure reaches
its maximum horizontal velocity at 0.196 s, with velocities
of 0.7, 0.62, and 0.59 m/s. During this process, the cylin-
drical structure’s horizontal deflection reaches 0.022, 0.005,
and —0.001 m. Afterward, the cylindrical structure’s speed
in the x-direction continuously increases and ultimately
reaches 8.81, 7.82, and 7.82 m/s. When the flow speed is
—-2.5 m/s, as the flow speed exceeds the deflection velocity
(1.8 mfs), the cylindrical structure’s horizontal velocity at
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0.3 s amounts to 1.76, 1.77, and 1.67 m/s (Figure 20(d)).
At this point, the cylindrical structure no longer deflects
positively along the x-axis but moves in the negative x-direc-
tion. The cylindrical structure’s horizontal deflection reaches
-0.32, -0.35, and —0.41 m. Under the influence of current,
the cylindrical structure’s overall motion trajectory is mainly
affected in the horizontal direction, with less effect in the
vertical direction (Figures 20(b) and (e)). When the flow
speed is —1 m/s, the vertical velocity decreases with the
increase in wave levels at 94.27, 89.19, and 85.82 m/s.
Correspondingly, the vertical displacement decreases, with
values of 59.89, 56.85, and 55.75 m. When the flow speed
increases to —2.5 m/s, the differences in the cylindrical struc-
ture’s vertical motion characteristics under various wave
levels become more significant. At wave levels 3 and 4, the
vertical velocities and displacements are 95.87 and 90.65 m/s
and 61.05 and 57.79 m, respectively. However, at sea level 5,
the cylindrical structure’s vertical motion characteristics
decrease substantially, with the speed and displacement
reaching 86.4 m/s and 53.18 m, respectively (Figure 19).
According to Figure 20(f), under the combined effect of
large flow speed and wave level 5, the cylindrical struc-
ture’s posture at the water exit is close to the free surface.
As a result, the cylindrical structure’s overall motion tra-
jectory experiences a large horizontal deflection, and the
vertical displacement exhibits a noticeable reduction com-
pared with other conditions.

Figure 21 unveils the cloud diagram of the cylindrical
structure’s state when it is stationary underwater (t = 0 s).
Given the influence of flow velocity, the waveform within
the computational domain changes compared with still
water, and the wave speed is also affected by flow velocity.
At the flow velocity of 1 m/s, as the wave level increases,
the degree of waveform decreases. At wave level 3, the
waveform changes remarkably, and the wave surface flat-
tens (Figure 21(al)). However, when the wave level is 5,
the effect on the wave surface is small at the flow velocity
of 1 m/s (Figure 21(a3)). As the flow velocity increases,
the influence on the waveform becomes more pronounced.
When the flow velocity is 2.5 m/s, and the wave levels are
4 and 5, the effect on the free surface intensifies, and the
upper liquid surface near the cylindrical structure appears
nearly horizontal (Figures 21(b2) and (b3)). This condition
causes alterations in the cylindrical structure’s motion charac-
teristics during its movement through the wave surface dur-
ing water exit. When the water flow direction is opposite
to the direction of wave propagation, the waveform changes
are not significantly different from those during downstream
flow. However, the change in flow direction has a notice-
able influence on the cylindrical structure’s horizontal
motion characteristics as it exits the water.

For the cylindrical structure’s motion process, with the
case of wave level 3 and flow velocity of 1 m/s as an exam-
ple, the motion process is visualized (Figure 22). From 0 s
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Figure 21 Initial state cloud diagram of the cylindrical structure

to 0.3 s, the cylindrical structure is affected by the deflec-
tion velocity, that is, it experiences a small deflection toward
the negative x-axis due to the deflection velocity and then
moves toward the water surface in this state (Figure 22(al)).
From 0.34 s to 0.64 s, the cylindrical structure undergoes
the water-exit phase. As the motion continues, at t = 0.34 s,
the cylindrical structure’s nose contacts the free surface,
and the fluid around it moves upward due to its effect e,
which causes the liquid surface to lift (Figure 22(a2)). At
t = 0.39 s, the cylindrical structure’s nose reaches the water
surface boundary, which indicates that it is preparing to initi-
ate the water-exit process. At this moment, the water surface
rises considerably, with some fluid staying at the cylindri-
cal structure’s nose and adhering to the cylindrical struc-
ture’s surface after the water exit (Figure 22(a3)). As the
cylindrical structure continues to move out of the water, from
0.45 s to 0.53 s, the cylindrical structure passes through the
water—air interface, with more than half of its body emerging
from the water (Figures 22(a4) and (a5)). Figure 22(a6)
indicates that at t = 0.64 s, the cylindrical structure’s tail
completely leaves the water surface and enters the atmo-
sphere, which completes the entire water-exit process. After
the water exit, the cylindrical structure continues to move
upward (Figure 22(a7)). Given the relative velocity between
the cylindrical structure and the water and the water’s vis-
cosity, a significant wake is generated when the cylindrical
structure exits the water. The wake follows the cylindrical
structure as it continues to move. As the cylindrical struc-
ture’s motion finishes, the wake gradually detaches from
the cylindrical structure’s tail, which affects the water sur-
face, and this condition results in the formation of a notice-
able vortex.

Figure 23 shows the pressure contour maps at the cylin-

t=03s ¢=034s t=0.39s t=045s ¢=0.53s ¢r=0.64s ¢=09s

Figure 22 Cloud diagram of the cylindrical structure’s water-exit
motion

@ Springer



976

Journal of Marine Science and Application

drical structure’s water exit in different wave levels and
water flow velocities. From the overall flow field, the pres-
sure exhibits a layered distribution, with varying pressure
distributions observed around the cylindrical structure’s
body. Once the cylindrical structure initiates movement, as
its speed increases, localized high-pressure regions appear
at the cylindrical structure’s nose and tail, and a low-pres-
sure region forms at the shoulder. After the local pressure
zones stabilize, they maintain their respective shapes. Dur-
ing the air phase of the cylindrical structure’s nose, the high-
and low-pressure regions at the nose and shoulder rapidly
diminish. Once the cylindrical structure is completely above
water, the localized pressure area at the tail gradually decreases,
and it eventually disappears as the cylindrical structure’s
height increases. These pressure variations can be explained
by the relationship between incompressible flow velocity
and pressure. Based on relative motion, the cylindrical
structure’s movement through the fluid can be considered
the fluid flow around the cylindrical structure. At the cylin-
drical structure’s nose, the flow velocity stagnates, and pres-
sure rises greatly. With the decrease in the flow area, the
fluid accelerates, and pressure drops, which creates a local-
ized low-pressure region at the cylindrical structure’s shoul-
der. In the cylindrical structure’s middle structure, where
the flow velocity changes minimally, no localized pressure
regions form. At the cylindrical structure’s tail, the flow
area increases, which causes a decrease in flow velocity and
a subsequent rise in pressure. This condition creates a high-
pressure region at the tail. At this point, the range of pressure
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variation at the cylindrical structure’s shoulder increases, and
the negative pressure region expands considerably.

As shown in Figure 23(a), at the flow speed of 1 m/s,
the pressure variation at various wave levels can be com-
pared. Under different wave levels, the generation and decay
trends of high- and low-pressure regions at the cylindrical
structure’s nose, tail, and shoulder are consistent, and the
range of pressure variations is roughly the same, with min-
imal differences in the peak and trough values of localized
pressure. These findings indicate that during the water-exit
process, the pressure distribution is mainly determined by
the static pressure of the liquid under gravitational force
and changes in fluid particle parameters during the fluid—
structure relative motion, with the characteristic parame-
ters of the waves exhibiting a secondary influence. As shown
in Figure 23(b), with an increase in flow speed, a compari-
son of pressure changes at different wave levels shows that
at the flow speed of 2.5 m/s and wave level 5, the negative-
pressure region at the cylindrical structure’s shoulder is sub-
stantially reduced in the underwater region (Figures 23(b11)
and (b12)). The cylindrical structure’s effect on the entire
flow field’s pressure is minimal, and pressure effects are
mainly concentrated around the cylindrical structure. The
pressure influence in the flow field occurs primarily around
the cylindrical structure’s nose and tail.

Before 0.34 s (during the underwater motion phase) and
from 0.34 s to 0.64 s (during the water-exit phase), pres-
sure change at the cylindrical structure’s nose is particularly
noticeable. A high-pressure zone appears at the cylindrical

287500
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Figure 23 Pressure contour diagram during the cylindrical structure’s water-exit process
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structure’s nose, and a low-pressure zone is present at the
cylindrical structure’s shoulder (Figure 23(al)). As the
water flow speed increases, the pressure decreases, a phe-
nomenon explained by Bernoulli’s equation. At 0.45 s, the
cylindrical structure breaks the water surface, and negative
pressure appears at the lower part of the cylindrical struc-
ture body. Given the opposing direction of the waves and
the cylindrical structure’s motion, the cylindrical structure
constantly affects the wave surface, which causes wave
surface disturbances. As the cylindrical structure is a solid
surface, fluid motion stagnates at the cylindrical structure’s
surface. The Kinetic energy of the fluid is converted into
pressure potential energy. As the cylindrical structure con-
tinues to move, the fluid’s velocity increases, and the pres-
sure potential energy is converted back into kinetic energy,
which causes the fluid’s velocity to reach its maximum. As
a result, a noticeable low-pressure region exists at the cylin-
drical structure’s surface (Figures 23(a3), (a8), and (b8)).

The pressure distribution diagrams reveal that after water
exit, the pressure around the cylindrical structure body equili-
brates with atmospheric pressure. As shown in Figures 23(a5),
(a10), (a15), and (b5), (b10), (b15), a consistent trend of
pressure variation around the cylindrical structure body is
observed after it fully exits the water. After the water exit,
the cylindrical structure’s tail creates notable disturbances
on the free liquid surface. As fluid velocity increases, nega-
tive pressure develops at the cylindrical structure’s tail,
and the wake moves along with the cylindrical structure
until it dissipates. Given an air density of approximately
1.29 kg/ms3, which is 1/800th of the density of water, despite
similar effects between air and water on the cylindrical struc-
ture, according to Bernoulli’s equation, the smaller air den-
sity results in a pressure reduction of 800 times compared
with underwater conditions. Therefore, after the cylindrical
structure exits the water, changes in the pressure field around
its body are minimal.

Figure 24 illustrates the velocity field evolution for the
case under wave level 4 and a current velocity of 2.5 m/s.
The velocity contour distribution exhibits asymmetric charac-
teristics throughout the cylindrical structure’s water-exit pro-
cess, with the asymmetry aligning with the cylindrical struc-
ture’s trajectory due to its deflection velocity. The cylindri-
cal structure’s kinematic state varies with different flow
velocities, which results in substantial deviations in x-direc-
tional displacement due to current effects.

In the downstream flow direction, the cylindrical struc-
ture’s trajectory in the x-direction deviates more compared
with that in still water. On the other hand, when the flow
direction is upstream, as a result of the hindrance caused
by water flow, the cylindrical structure’s displacement in the
x-direction decreases, and its deflection amplitude dimin-
ishes. In addition, the velocity distribution at the cylindri-
cal structure’s nose and tail becomes more complex. Dur-
ing the cylindrical structure’s water-exit process, the cylin-

drical structure body is surrounded by a layer of fluid, and
as a result of viscosity, this fluid continuously maintains a
relative velocity with the cylindrical structure. As the
motion progresses, the relative velocity between this fluid
and the cylindrical structure increases (Figures 24(b) and (c)).
The velocity at the cylindrical structure’s nose expands
outward in a semicircular shape (Figures 24(d) and (e)).
The maximum water flow velocity region occupies the cylin-
drical structure’s tail, and as the motion continues, the tail
flow region grows longer. In this region, water flow velocity
changes in response to the cylindrical structure’s speed.
During motion, water flow velocity constantly dissipates,
but the region with a higher flow velocity in the tail flow
continues to follow the cylindrical structure’s motion
(Figure 24(f)). The further the tail flow is from the cylin-
drical structure, the smaller the water flow velocity. Once
the cylindrical structure has water exited, the higher-veloc-
ity water in the tail flow separates from the cylindrical struc-
ture’s tail and forms a high-velocity region underwater.
The cylindrical structure’s influence on the fluid is mainly
concentrated in the tail flow region, which alters the poten-
tial and kinetic energy of the fluid in that region. As the
motion continues, a part of the energy is dissipated due to
the fluid’s viscosity and eventually converted into the fluid’s
internal energy.
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|
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Figure 24 \klocity field contour map during the cylindrical structure
water-exit process

6 Conclusions

Based on the established high-precision numerical wave
tank, this study employed appropriate numerical calcula-
tion methods to construct a multi-DOF model for cylindri-
cal structure water-exit motion. Simulations were conducted
to analyze the cylindrical structure’s water-exit process
under various conditions, including different wave levels,
wave phases, and coupled wave—current effects. The inves-
tigation focused on the hydrodynamic characteristics of the
cylindrical structure under various launch environments
and examined phase diagrams, pressure field contours, and
velocity field distributions during the cylindrical structure’s
motion. Furthermore, the research explored variations in
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motion characteristics when the cylindrical structure exits
at different phases under identical wave level conditions.

1) The spatiotemporal matching between the wave phase
and cylindrical structure emergence position determines
the directionality of the horizontal velocity component. In
the wave crest region, horizontal flow acceleration occurred
at a velocity of 2.33 m/s and wave level 3, which resulted
in a positive displacement deflection of 0.52 m. By con-
trast, the wave trough exhibited flow separation effects,
with velocities ranging from —1.39 m/s to —2.54 m/s at wave
levels 4 and 5, which caused negative displacement offsets
ranging from 0.56 m to 1.16 m. According to the velocity-
phase distribution characteristics derived from second-or-
der wave theory, when the wave level exceeded a critical
threshold (wave level 4), the system experienced a dynamic
transition from wave crest energy amplification to wave
trough energy dissipation. This phenomenon prompted tra-
jectory control systems to prioritize horizontal perturbation
suppression and optimize water-exit stability through phase
synchronization between deflection velocity and wave profiles.

2) This study elucidated the nonlinear coupling mecha-
nisms between wave-phase dynamics and cylindrical struc-
ture water-exit kinematics at wave level 5. Phase-resolved
analysis of Stokes wave horizontal velocity fields demon-
strates critical phase-dependent momentum transfer: wave
crests (180° phase) and troughs (0° phase) induced maxi-
mum opposing horizontal flow velocities with +4.60 m/s
and —3.66 m, respectively, which generated lateral displace-
ment discrepancies of 3.82 m. Symmetrical phase groups
(60°/240°, 120°/300°) displayed mirrored sign-reversal char-
acteristics in displacement vectors. The deflection velocity
induced a dynamic superposition inversion effect, which
reversed the wave crest phase displacement from +2.15 m
to —1.62 m while amplifying the wave trough phase dis-
placement to 4.53 m. This phenomenon primarily arose from
the nonlinear interactions between the cylindrical structure
and the wave velocity field.

3) This work also focused on the nonlinear dynamic mech-
anisms governing cylindrical structure trans-phase motion
under wave—current coupling effects. During the underwater
phase dominated by N—S hydrodynamics, a downstream
current (+2.5 m/s) induced the nonlinear amplification of
horizontal velocity to 9.58 m/s, which generated a maxi-
mum horizontal displacement of 1.51 m, and an upstream
current (-2.5 m/s) suppressed lateral deflection by 74.3%
through momentum equilibration. Transitioning to the
water-exit phase governed through reverse wave —current
interactions under wave level 5, the expansion of the bow
negative-pressure zone precipitated vertical velocity atten-
uation to 76.17 m/s, which ultimately shaped a trajectory
with minimized inclination angles under 12° through cou-
pled phase synchronization between wave profile dynam-
ics and cylindrical structure kinematics.

These conclusions reveal that the motion attitude and

@ Springer

hydrodynamic characteristics of the cylindrical structure
are affected by complex marine environments. In addition,
the above studies were carried out in a 2D environment,
which can provide data reference for further research on
3D environments.
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