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ABSTRACT

In rough sea conditions, large mass of water will exceed the freeboard
and cause violent slamming on the deck which is known as green water.
Due to the strong destructiveness, many scholars have devoted to the
study of green water. Considering the complexity, different simplified
methods were used to study the mechanism and loads of green water.
Among them, the wet dam-break method is an effective and convenient
way to generate strong wave impacts. This paper investigated green water
loads and patterns on a fixed structure using meshless particle solver
MLParticle-SJTU based on Moving Particle Semi-Implicit (MPS)
method. The rapid flow-structure interaction is generated by wet dam-
break method. The experimental study (Hern&ndez-Fontes et al., 2020)
investigated vertical loads of green water and the numerical work (Areu-
Rangel et al., 2021) continued to study horizontal loads. In this paper,
the study is extended by analyzing the effects of different gate release
velocities on the generated wave patterns and green water loads. The
results obtained in this paper are in good agreement with the existing
results. And the influence of different gate release speeds on the green
water simulation is analyzed.

KEY WORDS: Green water; Moving Particle Semi-Implicit
(MPS); wave loads; wet dam-break method; gate release.

INTRODUCTION

Marine structures are vulnerable to wave intrusion. In severe sea
conditions, these incoming waves are likely to exceed the freeboard,
board the deck and spread on the deck. This phenomenon is called green
water or water shipping (Greco et al., 2004). Green water in harsh sea
conditions will cause adverse effects, such as damage to superstructure
and hull structure, accidental overload of ships, injury to humans,
equipment damage, etc. For ships and other marine structures, it is of
great practical significance to study the physical mechanism of the wave
on the deck, predict the wave on the deck and assess of the impact on the
safety and performance of ships and offshore platforms.

The phenomenon of green water has been studied by experimental
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(Fonseca et al., 2005), theoretical (Zhang et al.,1996) and numerical
methods. The current research mainly focuses on the identification of
types of green water events (Greco et al. 2007), the evolution process of
the water on the deck (Le Touzéet al.,2010), the wave loads (Nielsen et
al., 2004) and so on. With the development of computer technology,
Computational Fluid Dynamics (CFD) methods based on the meshless
method and mesh-based method (Rosetti et al., 2019; Silva et al.,2017)
have been used to study the green water phenomena. The mesh method
needs to introduce special free surface processing methods when dealing
with problems such as wave surface rolling, crushing and splashing.
Compared with the mesh-based method, the particle-based methods do
not require additional interface capture or reconstruction algorithms, and
can track free surfaces with any large deformation. It has natural
advantages in simulating large deformation of free surface (Luo et al.,
2021), and scholars have done a lot of research work, for instance, dam-
break flow (Tang et al., 2016; Chen and Wan, 2019), water entry
problems (Tang et al., 2016), the liquid sloshing problems (Zhang et al.,
2014), wave-ship interaction (Shibata et al., 2012), multiphase flow
(Wen et al., 2021), fluid-structure interaction (Zhang et al., 2019;
Khayyer et al., 2017) and so on.

Many scholars used particle methods to study the phenomenon of green
water. In order to generate incident waves of severe sea conditions,
regular wave, solitary wave and other methods are used in investigating
the problem of green water using particle method. Shibata et al. (2007)
simulated the water shipping phenomenon on the bow deck of a three-
dimensional fixed ship under the action of solitary waves, using the MPS
method to predict the impact pressure on the deck. The wave pattern,
wave height and impact pressure on the deck were compared with the
experiment, and good consistency is obtained. Kawamura et al. (2016)
applied the Smoothed Particle Hydrodynamics (SPH) method to predict
the motion of fishing vessel under green water conditions produced by
Steep regular wave and this SPH simulation presented the shipping water
events and wave reflection well. Based on the MPS method, Zhang et al.
(2016) studied the green water phenomenon of solitary waves impacting
a plate structure, analyzed the trend of the impact loads on the plate and
the wave evolution process under the interaction between solitary waves
and structures.



Green water events are complex phenomena that occur rapidly. To
investigate the features and loads generated by isolated green water
events, systematic alternative wet dam-break method has been used to
generate the incident wave in recent studies. The wet dam-break method
is similar to the dam-break phenomenon. The wet dam-break can be
regarded as adding a certain height of water downstream of the dam-
break. Khayyer and Gotoh (2011) simulated the wave generated by wet
dam-break method using standard and improved versions of three
particle methods, namely the MPS, the Incompressible Smoothed
Particle Hydrodynamics (ISPH) and the Weakly Compressible
Smoothed Particle Hydrodynamics (WCSPH) method, and compared
results with experiments. The work highlighted the potential capabilities
of particle methods in reproducing detailed features of wet dam-break.
The dam break wave flowing over dry and wet beds were investigated
experimentally and numerically by Garoosi et al. (2022). It was found
that, although both MPS and Volume-Of-Fluid (VOF) models were
capable of capturing morphological changes of dam break flows, the
MPS in general outperformed the VOF in handling nonlinear multiphase
phenomena involving wave breaking and splashing. This verified the
accuracy of MPS method in wet dam-break simulation.

The experimental study by Hern&ndez-Fontes et al. (2020) investigated
vertical loads of a fixed structure in the case of water shipping and the
numerical work by Areu-Rangel et al. (2021) further investigated
horizontal loads. In these studies, the green water events were generated
by the wet dam-break method. Wet dam-break method is very friendly
to both experiments and numerical simulations in analyzing different
green water events because it is simple and can produce systematic,
repeatable and short-duration green water events. In order to realize the
condition of wet dam-break method in experiment, a gate was used to
control the water at the beginning of the experiment. It can be seen that
the incident waves of experiment of Hern&ndez-Fontes et al. (2020) with
gate and the numerical simulation of Areu-Rangel et al. (2021) without
gate produced different incident wave patterns. This shows that the gate
had a certain influence on the wave formation and the green water events
generated. This paper would analyze the differences among the green
water events generated by the wet dam-break method caused by different
gate release speeds.

von H&en et al. (2019) investigated the effect of different gate speeds on
the waveform formed by dam-break method based on experiments and
SPH simulations. The motion of the gate resulted in difference associated
with the propagation of the wave. The slower the gate opening, the
greater the difference. The difference was particularly pronounced in the
near-field and decreased with increasing distance from the gate. Ye and
Zhao (2017) used a two-liquid VVOF-based model to investigate the
influence of gate removal velocity on the early stages of wet dam-break
flow. The gate release speed affected the evolution of the free surface
and water-water interface profiles. With an increase in gate velocity, the
formation and evolution of jet flow and dam break wave would become
earlier. Obviously, existing research is not enough.

In order to better analyze the effects of the gate release speeds in wave
patterns and loads of green water events generated in the model used by
Areu-Rangel et al. (2021) and Hern&ndez-Fontes et al. (2020), this paper
used meshless particle solver MLParticle-SJITU based on MPS method
to simulate the water shipping events under different gate release speeds.

NUMERICAL METHOD

The MPS method is a meshless particle method and discretizes the fluid
and solid part in a set of particles endowed with physical characteristics
such as mass, velocity and acceleration and so on (Koshizuka and Oka,
1996). These particles interact through kernel function. As the distance
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between particles becomes smaller, the interaction between them
becomes greater. The fluid is controlled by the governing equation based
on Lagrangian method.

Governing equation

The governing equations include the continuity equation and the
momentum equation. The governing equation for viscous incompressible
flow can be written as:

1 Dp
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where: p is the fluid density, V is the velocity vector, P presents the
pressure, v is the kinematic viscosity, g is gravitational acceleration

vector, t indicates the time. In this paper, the fluid density p is 102 kg/m?
and the kinematic viscosity v is 1.0110"6 m?/s.

Kernel function

In the MPS method, the interaction between particles is realized by the

kernel function (Koshizuka and Oka, 1996; Ataie-Ashtiani and Farhadi,

2006). The kernel function of the improved MPS method (Zhang et al.,

2014) is shown as follows:
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where: r=|r, -

is the influence radius. Generally, the influence radius for particle
number density and the gradient model is r, =2.1l, and it is r, =4.1I,

for the Laplacian model in this paper, where |, is the initial particle
space.

Density of the particle number

The particle number density is the sum of all particle kernel functions
within the radius of influence. It is defined as:

:;W(‘I’j—l’i) (4)

For incompressible fluid, the particle number density is constant.

Gradient model

The gradient model is used to discretize the pressure gradient in the
governing equation The expression is:
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where D represents the dimension and n° represents the initial particle
number density.

Divergence model

Similar to the gradient model, the divergence model is used to discretize
the velocity divergence in the governing equation. The expression is:
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Laplacian model



Laplacian model is used to discretize the second derivative in the
governing equation, which can be expressed as:
2D
(V'6), =5 26, W r, - ) %
j#

where ¢ is an arbitrary scalar function, / represents the correction of
the error introduced by the kernel function, and it can be written as:
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Pressure Poisson equation

®)

In the MPS method, the Poisson equation is used to solve the particle
pressure (Khayyer and Gotoh, 2011). The incompressibility of fluid is
determined by divergence-free condition and constant particle number
density condition. The Poisson equation adopted in this paper is as
follows:

. . <n*> -n°
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Superscripts k and k+1 represent k and k+1 time steps. y is a variable
parameter, representing the proportion of particle number density in the
source term of Poisson equation. In the numerical simulation in this
paper, y takes 0.01 (Tanaka and Masunaga, 2010). V, is the temporary

velocity vector and the superscript * stands for the temporary value,
which will be introduced below.

Time integration

The procedure of MPS method is divided into two substeps for every
time step. First, all terms except the pressure term in the momentum
conservation equation are evaluated explicitly, and the temporal velocity
vectors and position vectors of particles are computed as

Vi* =Vik + At(VVZVik +9) (10)

=AtV (11)
Second, the pressure term is solved implicitly according to the Pressure
Poisson equation by the bi-conjugate gradients stabilized (Bi-CGSTAB)
method. Then, the velocity vectors and position vectors of particles are
modified as

+! ~ At +
Vlk 1:V| _;Vpk ' (12)
I.ik+1 _ At 'Vik+1 + r.ik (13)

Detection of free surface particles

Once a fluid particle is judged to be located on the free surface, the
pressure of it will be forced to be zero and this will be used as the
boundary condition for solving the pressure Poisson equation. In
consequence, it is important to determine whether a particle is located on
free surface. The number density of particles can be used to determine
whether a particle is on a free surface in MPS method. When <n>i <0.8n°,

the particle is considered to be on a free surface. When <n>i >0.97n°, the

particles are thought to be inside the fluid. For particles with particle
number density between 0.8 and 0.97, it’s difficult to distinguish whether
the particle is free surface particle or the internal particle. In this paper,
the vector function F presented by Zhang et al (2014) is introduced, as
follows:
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where F is a vector which represents the asymmetry distribution of
neighboring particles. When <|F|>I > 0.9| F|0 , the particle is considered

W (lr, - r;)) (14)

to be on the free surface. |F|’ stands for |F|at the initial time of the free
surface particle.

Boundary condition

In this paper, the solid boundary is represented by one layer of wall
particles and two layers of ghost particles. The calculation of pressure on
wall particles is the same as that of fluid particles, solving by PPE.
Whereas the pressures of ghost particles are obtained by interpolation.
The advantage of this arrangement is that it can ensure a smooth and
accurate pressure field around the solid surface and prevent fluid
particles from penetrating into the impermeable boundary. The velocity
and displacement of the wall particles and ghost particles were specified
in the MPS simulation of this paper.

NUMERICAL SIMULATIONS

Validation of MPS method

Firstly, the effectiveness of the MPS method and the solver MLParticle-
SJTU was verified by the above mentioned SPH simulation (Areu-
Rangel et al., 2021). SPH simulation used the wet dam-break method to
generate the incident wave, and a fixed rectangular structure was placed
on the right side of the tank. The right wall of the tank can be regarded
as the side wall of the superstructure on the fixed structure.
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Fig. 1 The sketch of the water shipping model studied by Areu-Rangel
(2021), indicating the positions of the three wave probes and two
structural elements for the investigation of the hydrodynamic loads.

The simulation model of Areu-Rangel et al. is shown in Fig. 1. Three
wave probes WPO, WP1 and WP2 have been arranged. The upper part of
the right side two-dimensional fixed structure is a force measuring
element with a length of 0.18 m and a 0.15 m high force measuring
element is arranged on the left side of the structure. These settings were
to measure water elevations of the incident wave (WPO and WP1, Fig.
1), freeboard exceedance (WP2, Fig. 1), vertical loads on the deck
(Element 1, Fig. 1) and the horizontal loads of left side of structure. The
remaining specific dimensions are also shown in Fig. 1.

Fig. 2 The sketch of the modél used in validation of MPS simulation.



In order to save computing resources, the model showed in Fig. 2 was
used in MPS simulation, which can achieve the same simulation goals as
Areu-Rangel et al. Corresponding to the simulation of SPH, the start time
of MPS simulation in this paper was also set to 0.5 s. The simulation time
interval was 0.0002 s, and the initial particle spacing was 0.001 m in this
paper while the time-step algorithm used was the Verlet and the initial
particle spacing was 0.0005 m in SPH simulation.

Fig. 3 shows the velocity field comparison diagram of SPH simulation
and the simulation of the MLParticle-SIJTU solver used in this paper. It
can be seen that the wave patterns and velocity fields of these two
simulations were very similar. After the incident wave reached the left
side of the structure, it broke, then the incident wave attacked the upper
deck of the structure and climbed up along the right side of the tank wall,
then fell back and flowed down from the deck. In this process, a cavity
appeared near the left edge of the deck and then disappeared.
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Fig. 3 Snapshots of the velocity fields of some relevant stages observed
during the simulations using the SPH method (Areu-Rangel et al.,
2021) and the MPS method.

It can be seen from the water elevations measured at WP0, WP1and WP2
in Fig.4 that the elevations of SPH and MPS simulation were roughly the
same, which proved that the wave patterns of MPS simulation and SPH
simulation in the left side of the tank were basically the same.
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Fig. 4 Validation of the numerical approach: comparison of the wave
elevations between the SPH results and MPS results. (a) Water
elevations at WPO0. (b) Water elevations at WP1. (c) Water elevations at
WP2.
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Fig. 5 Validation of the numerical approach: comparison of the loads of
elements between the SPH results and MPS results. (a) Vertical loads
of element 1. (b) Horizontal loads of element 2.
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Fig. 5 shows the loads on Element1 and Element2, and the results of SPH
and MPS were highly consistent in terms of trends and values.

In summary, the numerical simulation results using the MPS method
shown in this paper had a high similarity with the results of Areu-Rangel
et al., which verified the accuracy of the numerical simulation method
used in this paper. This simulation model can be used for the next
numerical simulations.

Effect of the gate release velocity in wave pattern and loads

In order to study the influence of the gate release on the wave formation
and the green water events generated, four different gate release speeds
were used to generate incident waves, which were 1m/s, 1.6m/s, 2m/s,
and 5m/s, respectively. The gate moved vertically in a uniform linear
motion without acceleration. The thickness of the gate is 0.01 m, which
is the same as the experimental setting of Hern&ndez-Fontes et al. (2020).

Fig. 6 The sketch of the model used in MPS simulation.

The numerical simulation model and settings used are shown in Fig. 6,
which is consistent with the model of the above verification procedure,
except for a gate with a width of 0.01 m. The settings of three wave
probes and two elements are the same with information shown in Fig. 1.

Hern&ndez-Fontes et al. (2020) showed the results of the wet dam-break
experiment of the same model as this paper, but did not provide
information about the gate release speed. The results of this experiment
were also compared with the results of MPS simulation.

Figs. 7~12 show representative snapshots of the experiments of
Hern&ndez-Fontes et al. (2020) and MPS simulations at different gate
release speeds, it can be seen that when the gate release speed was 1.6
m/s, the wave patterns of numerical simulation were almost consistent
with the experimental data. When the gate speed was less than 2 m/s, the
incident wave at 0.97s was relatively complete. Broken bores can be
observed in the cases of higher speeds.
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Fig. 7 Snapshots found in the experiment of Hernandez-Fontes et al.
(2020) and MPS simulations with different gate speed at 0.878s.
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Fig. 8 Snapshots found in the experiment of Hern&ndez-Fontes et al.
(2020) and MPS simulations with different gate speed at 0.970s.
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Fig. 9 Snapshots found in the experiment of Hern&ndez-Fontes et al.
(2020) and MPS simulations with different gate speed at 1.042s.

1
ft=1086s & 4=

(a) Experiment

1m/s 1.6m/s 2m/s 5m/s

Velocity Magnitude
06 08 1 1
— | b —
(b) MPS simulation

Fig. 10 Snapshots found in the experiment of Hern&dez-Fontes et al.
(2020) and MPS simulations with different gate speed at 1.086s.
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Fig. 11 Snapshots found in the experiment of Hern&dez-Fontes et al.
(2020) and MPS simulations with different gate speed at 1.142s.
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Fig. 12 Snapshots found in the experiment of Hern&ndez-Fontes et al.
(2020) and MPS simulations with different gate speed at 1.226s.

Figs. 13~14 show that different gate release speeds produced different
incident waves of green water events. In the cases of small gate speeds,
the water on the left of the gate flowed from the gap under the gate into
the lower part of the water on the right. The water on the right-hand side
was then jacked up and propagated towards the fixed structure. Next, the
water on the left of the structure rose and formed the incident wave of
the green water events. With high gate release speeds, the interaction
time between the gate and the water was short and the water did not
deform much when the gate left the water, as shown in Figure 13. With
the gate speed of 5m/s, the flow field was close to the flow field
generated by the ideal wet dam-break method without a gate. After the
gate left the water on the left side of the gate, the two bodies of water of
different heights squeezed each other to form a wave at the middle
junction. This wave propagated to the right. When it reached the structure,
it encountered the water coming up from the left side of the structure as
shown in Fig.7~8, resulting in the broken incident wave of green water
events. In other words, the way in which the incident wave of the green
water event was generated was different for different gate release speeds.
It can also be seen that in the case of low gate speed, the water body with
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high kinetic energy was below the water surface, and in the case of high
gate speed, the water body with high kinetic energy was on the free
surface.

g
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Fig. 13 Snapshots of the moments contact of gate and water ends.
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Fig. 14 Snapshots of the different incident waves generated by different
gate speeds.
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Fig. 15 Wave elevations at different gate release speeds and wave
elevations of experiment (Hern&ndez-Fontes et al., 2020). (a) Water
elevations at WPO. (b) Water elevations at WP1. (c) Water elevations at
WP2.

It can be seen from the elevation curves (Fig.15) at WPO that the slower
the gate speed, the slower the left water body dropped. This was due to
the blocking effect of the gate on the left water body. From the elevation
curves (Fig.15) at WP1, it can be seen that as the gate speed increased,
the peak value of elevation at WP1 increased, and the peak value of the
elevation arrived earlier. The gate release speeds were different, the way
of generating incident waves was different, and the speeds of wave
propagation were also different. Similarly, the higher the gate speed, the
earlier the peak value of WP2 reached. In the case of large gate release
speed, wave collision and breaking were more likely to occur at the WP2,
resulting in a decrease in the peak value of wave height. When the gate
release velocity was too low, the blocking effect of the gate was stronger
and the interaction time between water and gate was longer, resulting in
less kinetic energy of incident wave of green water event and the
decrease in the peak value of the elevation at WP2. The influence of gate
release velocity on the water elevation of WPO was less than that on WP1
and WP2 downstream.

In addition, the experimental results of Hernéndez-Fontes et al. are
compared with the MPS numerical simulation results in Fig. 15, which
verifies the accuracy of wave patterns in the numerical simulation to
some extent.
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Fig. 16 Loads of elements at different gate release speeds and loads of
elements of experiment (Hern&dez-Fontes et al., 2020). (a) Vertical
loads of element 1. (b) Horizontal loads of element 2.

From the vertical load of Elementl (Fig. 16), it can be seen that the larger
the gate release speed, the earlier the peak of load was reached, which
was similar to the trend of the elevation curve of WP2. The maximum
vertical loads occurred when the incident wave hit the upper deck in a
large area. The peak value of vertical load of Element1 at the gate speed
of 1.6m/s was the largest. The low gate speed would contribute to less
kinetic energy of the incident wave in the green water event and less
volume of water hitting deck, resulting in a reduction of the peak load
value. If the gate speed was too high, waves would collide and break near
the left wall of the structure, and some of the water would be hindered
and flow back into the tank, reducing the water volume of the green water
event and the peak value of load. The effect of gate release speed on peak
value of horizontal load on Element2 was similar to that on the peak
value of wave elevation at WP2. In addition to hydrostatic pressure, the
kinetic energy and the velocity of the water on the left side of the
structure also influenced the horizontal load of element 2. Therefore, the
relationships of the peak loads of element 2 and the wave elevations at
the WP2 measuring point were slightly different.
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Fig. 17 Snapshots of pressure fields found in MPS simulations with
different gate speed at different time.

Fig. 17 shows snapshots of the pressure fields at the moments of peak
loads. Significant pressures occurred at the connection between the
superstructure and the deck of the structure, which was detrimental to the
structure.

In addition, the load on the structure in experiment of Hern&ndez-Fontes
was much lower than that in the MPS simulation when the gate speed is
1.6 m/s, which may be due to the cavity generated at the left edge of the
structure deck. The numerical simulation in this paper did not consider
the air phase, which would have a certain impact on the results.
Nevertheless, the trend of the experimental load was very similar to the
numerical simulation result of the gate speed of 1.6 m/s, which indicated
that the analysis in this paper was still effective.

CONCLUSIONS

In this paper, the solver MLParticle-SJTU based on MPS method was
used to simulate and analyze the influence of different gate release
speeds on the incident wave patterns generated by the wet dam-break
method and the loads of the fixed structure under the given model
parameters. Through the analysis of the results, some conclusions can be
drawn. Firstly, the simulations with different gate release speeds
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generated incident waves in different ways and the wave patterns were
different. The greater the speed, the more likely the incident wave was
broken before boarding the deck. Secondly, the greater the release speed
of the gate, the earlier the wave loads of the structure reached the peak.
Thirdly, the peak values of the wave loads reached the maximum at a
certain release speed. As the release speed of the gate increased or
decreased, the peak values of the wave loads decreased. The results of
this paper can provide reference for subsequent experiments or
numerical simulations based on the wet dam-break method.
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