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Due to significant influence on the safety of marine structures, the interaction
between extreme waves and structures is a crucial area of study in marine
science. This paper focus on the verification of a solitary wave meshless SPH
model and the application of the model on the interaction between solitary
waves and semi-submersible structures. A solitary wave propagation model is
established based on the SPH method combined with Rayleigh solitary wave
theory, quintic kernel function, artificial viscosity, and Symplectic Method. The
accuracy of the model is validated by comparing the calculated wave height with
the theoretical value. The calculated results with relative particle spacing Ho/dg >
20 are in good agreement with the analytical solution. The simulated solitary
wave is also quite stable with a maximum L, error 0.016. Therefore, the proposed
SPH model can accurately simulate the propagation of the solitary waves. A case
study on the interaction between solitary waves and semi-submersible platforms
is conducted. The results show that the interaction between solitary waves and
semi-submersible causes two double peaks with wave heights of 0.398 m and
0.410 m, respectively, induced by overtopping at the center of the platform. The
wave transmission coefficient K; is 0.880 due to that the solitary wave height
reduces from 0.498 m to 0.438 m after the solitary wave propagates through the
semi-submersible structure. In addition, the solitary wave induces significant
vertical wave loads of the structure with a load amplitude of 0.688, while
horizontal wave loads are relatively small with a load amplitude of 0.089. The
solitary wave arrived the structure induces the upstream and downstream
overtopping and forms a hydraulic jump leading to the complex flow field. The
maximum velocity at the top and bottom of the structure is 2.2 m/s and 0.8 m/s
respectively. Positive or negative vortex are formed at the bottom of the leading
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edge, top and downstream of the structure with the maximum intensity 28 s
and -40 s™%. In a word, the meshless SPH model can conveniently and accurately
simulate the propagation of the solitary waves, and be applied to the
investigation of the wave height, velocity, vorticity, wave load, and wave
breaking of the interaction between solitary waves and structures in

ocean engineering.
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wave structure interaction, numerical simulation, solitary waves, semisubmersible

structure, SPH

1 Introduction

The wave structure interactions are widely concerned in the
marine science (Wang et al., 2011; Wang et al., 2013; Ding et al.,
2020; Gao et al., 2020; Gao et al., 2021b; Gao et al., 2023; He et al.,
2023) due to its significant effects on the safety and disaster
prevention of marine and coastal engineering. For example,
Sampath et al. (2016) simulated the large-scale solitary with
incompressible SPH method. Rastgoftar et al. (2018) studied the
drifted objects trajectory under tsunami waves based on an
integrated numerical model. Mahmoudof and Azizpour (2020)
established a linear formulation to estimate the wave reflection
from plunging cliff coasts based on the field data. Mahmoudof et al.
(2021, Mahmoudof and Hajivalie, 2021) analyzed the response of
smooth submerged breakwaters triggered by irregular waves and
the wave reflection from permeable rubble mound breakwater
encountered with a bimodal wave regime based on experimental
and field study. Especially, extreme waves such as tsunamis and
typhoon waves have significant destructiveness due to its large wave
heights, long wave lengths, and fast wave speed. The extreme waves
acted on marine structures may cause the hydrodynamic loads of
the structure to exceed its designed capacity resulting in huge
damage or overturning accidents. These accidents not only induce
huge loss of people’s life and property but also serious marine
pollution. Therefore, the hydrodynamic characteristics, wave loads,
and dynamic responses of structure under extreme wave are always
a hot topic in the ocean engineering. There are many type waves for
extreme waves, such as solitary waves, focused waves, double
solitary waves, N waves, and New Year waves. Researchers have
conducted some research on waves. Ha et al. (2014) analyzed the
climb around circular islands of solitary waves. Gao et al. (2020)
investigated the harbor oscillations induced by focused transient
wave groups by using FUNWAVE2.0. Wang et al. (2020) studied
the secondary load cycle and inline forces on a vertical-mounted
cylinder under New Year waves based on numerical simulation.
Gao et al. (2021a) analyzed the hydrodynamic characteristics of
transient harbor resonance triggered by double solitary waves with
different wave parameters based on the fully nonlinear Boussinesq
model. Among the various wave types of extreme waves, solitary
waves have attracted widespread attention due to their similarity in
wave characteristics with tsunamis, typhoon waves, and other
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extreme waves. In addition, solitary waves also can conveniently
simulate extreme waves to analysis the interaction between extreme
waves and ocean engineering structures due to the constant
propagation speed, waveform invariance, vertical scaling ability,
and strong nonlinear properties at large wave heights.

Researches on the characteristics of the solitary waves were
widely conducted since the discovery of solitary waves in the 18th
century. He J. H. et al. (2021) used theoretical analysis methods to
study the solution properties of solitary waves propagating along
non-smooth boundaries based on the fractal Korteweg de Vries
(KdV) equation revealing that the peak value of solitary waves was
weakly affected by non-smooth boundaries. Malek-Mohammadi
and Testik (2015) proposed a new method for generating solitary
waves with taking into account the evolutionary properties during
wave generation by using a piston wave generator. The proposed
method could generate more accurate solitary waves and had less
attenuation during wave propagation by validating through wave
tank experiments. Hunt-Raby et al. (2011) studied on the nearshore
wave propagation, time variation of overtopping rate, and
overtopping volume for the extreme wave overtopping of
trapezoidal embankments through physical model experiments.
Constantin et al. (2011) analyzed the pressure under solitary
waves on a free water surface without swirling flow in a flat-
bottomed water tank based on theoretical and experimental
research. Xuan et al. (2013) used an improved wave generation
method to generate two solitary waves with the same amplitude and
peak separation distance in a wave tank, and analyzed the climbing
characteristic of double solitary waves on a flat beach. Lo and Liu
(2014) conducted solitary wave incident experiments in a wave
tank, and studied the wave scattering of solitary waves propagating
on a submerged horizontal plate. Chen et al. (2017) discussed the
wave forces and wave run-up of solitary wave interaction with a
group of vertical cylinders using a parallel particle-in-cell based
incompressible flow solver PICIN. Ma et al. (2021) investigated the
effects of water depths and wave heights on the free-surface
oscillations within a harbor subjected to solitary waves through
physical experiments combined with the wavelet-based bicoherence
spectra technique.

Recently, numerical simulations are utilized to study solitary
waves due to the low efficiency, high cost, and difficulty in getting
rid of the influence of scale effect in physical model experiment.
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Hsiao and Lin (2010); Wu et al. (2012), and Wu N. J. et al. (2014)
investigated the solitary wave generation, propagation, interaction
between solitary waves and submerged vertical obstacles, and the
solitary waves overtopping characteristics of impermeable
trapezoidal seawalls on a 1:20 inclined beach using a COBRAS
(CORnell Breaking And Structure) numerical model based on finite
point method. Tang et al. (2013); Zhang et al. (2015); Wu et al.
(2016), and Higuera et al. (2018) numerically studied the generation
of stable solitary by piston wave makers, swash flow dynamics
generated by non-breaking solitary waves on steep slopes, influence of
vegetation on solitary wave climbing on flat slopes, and influence of
velocity on solitary wave motion using software such as OpenFOAM
and Flow3D to solve the Reynolds averaged Navier Stokes (RANS)
equation and shallow water equation based on finite volume methods
combined with the k-epsilon turbulent closure and internal wave
maker methods. Wu Y. T. et al. (2014) simulated the interaction
between solitary waves and permeable breakwaters based on a three-
dimensional large eddy simulation model, and conducted a study on
the three-dimensional properties of wave flow through permeable
breakwaters. Qu et al. (2017) used an internal wave source method
based on a two-phase incompressible flow model combined with the
volume of fluid (VOF) method to conduct numerical simulations of
solitary wave climbing on shore and propagation on breakwaters. Wu
and Hsiao (2018) generated stable and accurate solitary waves based on
the Dirichlet boundary condition and internal mass source, and
conducted numerical simulation on the propagation of solitary
waves under constant water depth. Gao et al. (2019) investigated the
transient resonance induced by solitary waves based on a fully
nonlinear Boussinesq model. The effects of the offshore reef
topography on the transient resonance induced are analyzed. Based
on potential flow theory, Gengetal. (2021) used a parallel 3D boundary
element method to calculate and simulate the interaction between
incident solitary waves and a 3D submerged horizontal plate, and
validated the model according to wave height, horizontal and vertical
forces on the plate, and pitch moment.

The SPH model has unique advantages in dealing with large
deformations and wave breaking due to the meshless nature.
Therefore, some researchers have attempted to apply the SPH
model to the investigation related to solitary wave at present (Li
et al., 2012; Farhadi et al,, 2016; He M. et al., 2021). Farahani and
Dalrymple (2014) simulated the turbulent reverse horseshoe vortex
structure caused by breaking solitary waves based on a 3D SPH
model. Pan et al. (2015) analyzed the wave loads and motion
responses of a tension leg platform under solitary waves based on
a weakly compressible SPH method. Aristodemo et al. (2017) used
weakly compressible SPH model to study the horizontal and vertical
wave forces of an underwater horizontal cylinder under solitary
waves, and proposed simple empirical formulas to calculate the
hydrodynamic coefficients.

Although researchers have conducted research on the
characteristics of solitary waves based on the SPH method, the
capability of SPH method to simulate solitary waves in relevant
studies has not been deeply validated considering different water
depth and relative wave heights. This paper focuses on the
verification of a solitary wave meshless SPH model and the
application of the model on the interaction between solitary
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waves and semi-submersible structures. In this paper, a meshless
numerical model of solitary waves, that could handle large
deformation motion, wave surface fragmentation, and strong
nonlinear waves, is established based on the SPH method
combined with the Rayleigh solitary wave theory, quintic kernel
function, artificial viscosity, and Symplectic Method. By comparing
the calculated wave height results with the theoretical data and
analyzing the stability of simulated solitary waves for a series test
case with different water depths and relative wave heights, the
accuracy of the SPH model in calculating solitary waves is
thoroughly verified. Then, the validated model was used to
simulate the interaction between solitary waves and semi-
submersible platforms. The pattern of wave surface, wave load,
and flow field were analyzed. Meanwhile, the application ability of
the SPH model in the study of the interaction between solitary
waves and ocean engineering structures was explored.

2 Methodology
2.1 Governing equations

The governing equations for viscous flow are made up with the
Lagrangian continuity and momentum equation.

1 Dp

1Py 1

th+ u=0 (1)
Du 1
~—-_-VP 2
D B +g+T (2)

where, u is the velocity vector, p is the density, P represents the
pressure, I' is the viscosity, g = (0, 0, -9.81) m/s’ represents the
gravitational acceleration.

The Lagrangian Navier-Stokes (N-S) equation can be obtained
by desecrating the above two equations based on SPH method
(Dalrymple and Rogers, 2006; Cunningham et al., 2014):

dp;
du,- Pi P;
W:_zmj<ﬁ+0—;+1}) ViW;+g (4)
J ! J

where u;; = u; - u;, is velocity difference between interpolation
particle i and neighboring particle j. m represents particle mass.
Wi = W (ry, h) represents kernel function, and r;; = r; - r; represents
particle distance, h, represents smooth length, and takes a value of 2.

To reduce density fluctuations in the continuity equation, a
delta-SPH equation is adopted by introducing a correction term to
the continuity equation (Crespo et al., 2015).

1
2 2
ro,+ 1

Dp; X

N [pi
T Emju,-j VW + 25h32{mjcab (;} -1 VW (5)
=

J=1

where, " = 0.01h., T = (¢, + ¢)/2, 8 = 0.1 represents a delta-
SPH coefficient.
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In this model, A quintic kernel function is adopted (Altomare
et al., 2014; Saghatchi et al., 2014). The quintic kernel function
provides a high-order interpolation characteristics to the calculation
and maintain moderate computational complexity.

0<R<2

(6)

R\
W(r—7+',h) = W(R, hy) = ad<1 _E) (2R+1)

7 for 2D model.

amh?
To maintain the explicit features and increase computational

where, o; =

efficiency, a state equation is introduced and calculated instead of
the pressure Poisson equation. Then the pressure is calculated
according to particle density. The Tait equation of state (Canelas
et al,, 2015) is P = B [(p/po) ¥ - 1], where B = ¢p, /7> po — 1000 kg/

m® represents the reference density, y = 7. ¢ =c

(pg) = \/(0P/3p)|p, is sound speed at reference density.

2.2 Viscous treatment

The artificial viscosity is widely used in SPH method due to its
simple form and ability to prevent nonphysical penetration between
approaching particles.

The artificial viscosity can be written as follows (Monaghan,
1992).

70‘@”!7
0Ty v -r:<0
L= " b %)
0 vij1; >0
B 1
M= o ®)

T2+ 0.011

where, or=0.01 represents artificial viscosity coefficient. r; and v;
represent position vector and the particle velocity, respectively. ¢;; =
0.5(c; + ¢;) is the average speed of sound.

2.3 Time integral

The equations are solved using the Symplectic method
(Omidvar et al., 2012) which is time reversible without the
influence of friction or viscosity and has explicit second-order
accuracy. The variable time step method is used for the time step.

The equations of N-S and motion can be written as:

du; _

dat — F;

dpi _

=D %)
dr; _

@ = Wi

A correction is introduced into the motion equation
(Dominguez et al, 2011):

(10)

dr.: N m.
7’ =u; + SE:JuﬁW,'j
t =1 Py
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where, p;; = (p; + p;)/2, € = 0.5. This scheme can ensure that
adjacent particles move at roughly the same speed avoiding particles
with different speed getting too close.

The equation (9) is solved by the predictor—corrector algorithm
(Gomez-Gesteira et al., 2012). Set A represents u, r, p respectively; B
represents F, u, D. The predict step is:

A2 = AT 4 (ABY) )2 (11)

Then the pressure of half-time step calculated by the equation of
state after those variables of half-time step are corrected.

A2 2 A (ABrY?) )2 (12)
Finally, next step variables calculated as:
Al =242 gy (13)

Then, the pressure solved using the equation of state according
n+l

to p;
CFL, force, and viscous diffusion should be considered for the

time step Afin SPH. A variable time step (Dominguez et al, 2011)
can be calculated as follows:

min

At = 0.1min(Aty, At,,); Aty = T( hlfi]); At

_ min h (14)
i G+ [hugry/ (v + 1)

2.4 Wave maker

The solitary waves are generated by a wave paddle according on
the Rayleigh theory (Dominguez et al., 2019). The main assumption
is the speed of the wave paddle is the same as horizontal average
velocity of wave crest particles.

dx.

: (15)

u(xs) t) = E

where, u (x,, t) represents the average velocity in water depth of
particles, x; represents the wave paddle displacement.

(%, 1)

d+n(x,, t) (16)

u(xy t) =M
where, d refers to water depth, ¢, is wave speed, 7 refers to
free surface.
The wave paddle displacement equation is obtained by
combining equations (15) and (16) and integrating it.

2H
x,(t) = atanh[k(ct - x,(1))] (17)

where, k represents the edge coefficient. The edge coefficient
describes the way that the free surface elevation tends toward the
average wave surface at infinity. Then, the distribution of solitary
waves expresses as follow.

n(x,, t) = Hsech?[k(ct — x,)] (18)
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Above equation is an implicit equation that can be solved in
several ways. Among these schemes, Rayleigh theory (Guizien and
Barthélemy, 2002) has small amplitude loss during solitary wave
propagation. According to Rayleigh theory, the theoretical surface
elevation can be rewritten as:

n(x, t) = Hsech® {k (c {t - %} +2 @ - xs)] (19)

where, 21/H(H + d) /3 equals to the half wave paddle stroke. T
is the solitary waves generation time. The parameters in the above
equation can calculated according to follow equations:

c=+/gH+d) (20)
2 H
o = H tgh (kc(t - Ty)) 22
T d e HIU - tgh? (ke(t - 1))
3H
=\ g 23)

In the model, a dynamic boundary method (Crespo et al., 2007)
is adopted to deal with the wall boundary. The dynamic boundary
method is very suit to simulation with complex boundaries due to
the simple implementation and low computational complexity.

23 Model validation
3.1 Model layout

To validate the model, a series of solitary wave test cases with
initial water depths dy - 1.0 m, 2.0 m, 5.0 m, 10.0 m, and relative
wave heights Hy/d, _ 0.1, 0.3, and 0.5 are simulated. The calculated
wave heights at six measurement point of every test case are
compared with the theoretical data obtained from equation (19).
The length of the numerical water tank is Ly/d, - 65. The height H/
dp - 2.0. A schematic diagram showing a propagating solitary wave

Wave paddle

|/

10.3389/fmars.2023.1324273

is depicted in Figure 1. The particle spacing is set to Hy/A x = 5, 10,
20, 40, and 80, respectively. The output time interval is 0.15 s, 0.15 s,
0.25 s, and 0.35 s with the total calculation time of 30 s, 30 s, 50 s,
and 70 s for the test cases of 1.0 m, 2.0 m, 5.0 m, and 10.0 m
water depth.

3.2 Qualitative comparison between the
calculated results and analytical solutions

Figures 2-5 compare the wave heights between SPH results and
exact solution at six measurement points x/H, - 2, 6, 10, 20, 30, and
50 corresponding figures (a), (b), (), (d), (e), and (f). The lines with
different color represent the calculation results of the model with
relative particle spacing of Hy/A x = 5, 10, 20, 40, and 80,
respectively. Some measuring points in Figures 2-5 experience the
second and third rising of wave surface inducing the second and
third wave peaks after the solitary wave passes through. The reason
is the downstream boundary in the SPH model is a non-absorbing
boundary. The solitary wave propagated downstream is reflected
and reaches the measuring point resulting in the water level rising
again. The propagation speed of solitary waves gradually slows
down with the increasing water depth resulting in the arriving time
of solitary waves gradually delays. The calculated solitary wave
results are slightly affected by the water depth. As the water depth
increases, a slight phase deviation between the calculation results
and the analytical solution appears. The deviation slightly increases
with the increase of water depth while the deviation is
not significant.

For Hy/d, - 0.1, the calculation results of the wave heights for
different relative particle spacing are not significantly different with
a good agreement with the analytical solution. For Hy/d, - 0.3, the
error of calculated wave heights is relatively large with the relative
particle spacing Ho/Ax< 20 while the calculated results have little
difference and are in good agreement with the analytical solution
with Ho/Ax > 20. For the relative wave height 0.5, there is a
significant difference in the numerical calculation results for
different relative particle spacing. The calculated results also have
a significant error with Hy/Ax< 20 while the calculated results are
basically consistent and in good agreement with the analytical
solution with Hy/Ax >20.

—
Solitary Wave

L,/d,
FIGURE 1
Layout of the validation model.
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FIGURE 2

Comparison of the wave height between SPH results and exact solution for dg - 1.0 m

The calculated solitary wave peaks with different relative particle
spacing are not significantly different and in good agreement with the
analytical solution with the small relative wave height (Ho/d, - 0.1). As
the relative wave height increases (Hy/d, - 0.3, 0.5), the calculated
solitary wave peaks with small relative particle spacing are
underestimated with a rising error. In addition, the calculated wave
peak results with different relative particle spacing values are not
overestimated for the test cases with little relative wave heights (Ho/
dp - 0.1 and 0.3) while the calculated wave peaks with large relative
particle spacing (Hy/Ax = 80) is higher than the analytical solution for
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the test cases with large relative wave height (Hy/dj - 0.5). The reason is
that the larger relative particle spacing leads to a larger number of
neighboring particles, which increases particle viscosity and ultimately
leads to higher wave peaks. For the investigation of wave loads,
dynamic responses, and mooring forces related to the marine
engineering under the solitary waves, a most unfavorable conditions
usually need to be considered. Therefore, the simulation of solitary
waves based on the SPH model should take the relative particle spacing
Hy/Ax >20. At this condition, the calculation results are more accurate
and more advantageous for engineering applications.
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FIGURE 3

Comparison of the wave height between SPH results and exact solution for dgp - 2.0 m.

3.3 Quantitative comparison between the
calculated results and analytical solutions

To quantitatively analyze the calculation errors, Tables 1-4

provide the L, errors between the calculated wave heights of the
SPH model and the analytical solution.

(24)

Frontiers in Marine Science

07

where hf and h{ are the numerical result and the analytical
solution at time ¢, respectively; N is the sample numbers.

The L, errors decreases and gradually stabilizes with the
increase of relative particle spacing. The calculated results with
different water depth indicate that the relative error is relatively
large with a maximum value of 0.094 for Hy/Ax = 5. The calculation
error is basically stable for Hy/Ax 220. The minimum values of L,
error for relative wave heights 0.1, 0.3, and 0.5 are 0.001, 0.002, and
0.007, respectively. The L, error gradually increases with the
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FIGURE 4

Comparison of the wave height between SPH results and exact solution for dp - 5.0 m

increase of wave height. The calculation error for the model of Hy/
dy - 0.1 is the smallest with a minimum value 0.001. The maximum
error is reached for the model of Hy/d, - 0.5 with a maximum value
of 0.093. For Hy/dy - 0.1, the water depth has little effect on the
calculation error of the model. The calculation error of the SPH
model with different water depth is basically the same with a
maximum error 0.005 and a minimum error 0.001. For Hy/d, - 0.3,
the calculation error of the model with 1 m water depth is highest
with a maximum value 0.094 while the calculation error of the model
with 2 m water depth is relatively small and gradually increases with
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the increase of water depth with a minimum error 0.002 and a
maximum error 0.038. For Hy/d, - 0.5, the calculation error of the
model with 1 m water depth is highest with a maximum value of
0.093 while the calculation error of the model with 2 m water depth is
relatively small and gradually increases with the increase of water
depth with a minimum error 0.007 and a maximum error 0.081. For
Hy/dy — 0.1, the L, error gradually increases with the increase of
measurement point distance, but the difference is not significant with
a maximum difference 0.001 and a minimum difference 0. The L,
error of the model for Hy/d, - 0.3 also gradually increases with the
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FIGURE 5

Comparison of the wave height between SPH results and exact solution for dgp - 10.0 m.

increase of measurement point distance with a maximum difference
0.100 and a minimum difference 0. For Hy/d,, — 0.5, the L, error of the
calculated results also increases with the increase of measurement
point distance with a maximum difference 0.016 and a minimum
difference 0.

In summary, the model can accurately simulate the propagation
of the solitary waves. The calculated results of the SPH model with
the relative particle spacing greater than or equal to 20 is in good
agreement with the analytical solution. Therefore, the relative
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particle spacing should be greater than or equal to 20 for the
simulation of the solitary waves based on the SPH model. The error
of the calculated results gradually increases with the increase of
measurement point distance, but the change is not significant with a
maximum difference 0.016 of the L, error. The influence of water
depth on the L, error of the calculated results is relatively complex.
The water depth has little effect on the calculation results with a
small relative wave height. As the relative wave height increases, the
calculation error with small water depth (I m) is larger. The

frontiersin.org


https://doi.org/10.3389/fmars.2023.1324273
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Lin et al.

TABLE 1 L; errors of the wave height for water depth 1 m.

10.3389/fmars.2023.1324273

Ho/do 0.1 0.3 0.5
Hy/Ax 5 10 20 40 80 5 10 20 40 80 5 10 20 40 80
2 .005 .002 .001 .002 .002 .093 086 .087 .086 .086 .098 .089 .087 .087 .086
6 .005 .002 .001 .002 .002 .093 .086 .087 .086 .086 .091 .088 .087 .087 .087
10 .005 .002 .001 .002 .002 .093 .086 .087 .086 .086 .090 .088 .088 .087 .087
x/Hy
20 .005 .003 .002 .001 .004 .093 .086 .087 .086 .086 091 .089 .088 .088 .088
30 .005 .003 .002 .002 .002 .093 .087 .087 .086 .086 091 .089 .088 .089 .089
50 .005 .003 .002 .002 .003 .094 .087 .087 .086 .086 .093 .088 .088 .089 .090

calculation error with water depth greater than or equal to 2 m is
smaller and slightly increases with water depth increase. The reason
may be that the increase in water depth reduces the relative error.

3.4 Analysis of the attenuation of solitary
wave peaks along the distance of
measurement points

Figure 6 shows the calculated solitary wave peaks at different
measurement points with a relative particle spacing of 20 under
different water depths and relative wave heights. The error of
calculated solitary wave peaks increases with the increase of
relative wave height. The calculated wave peaks with the relative
wave height 0.1 are in good agreement with the theoretical value
while the wave peaks slightly decrease with the increase of the
distance along the measuring point. The error of wave peaks with
relative wave height 0.3 is slightly larger. The wave peaks first
increase and then decrease with the distance along the
measurement point increases. For the relative wave height 0.5, the
error of wave peaks is large with that the peak values of the solitary
wave also increase and then decrease with the distance along the
measurement point increases. The peak value is the highest for x/H,
_ 5 and the peak value at the measurement points between 5 and 30
exceeds the analytical value. The calculated wave peaks do not vary
significantly with water depth. The calculated results for water
depths 1 m and 10 m differ largely from the theoretical values

TABLE 2 L, errors of the wave height for water depth 2 m.

compared to the calculated results for water depths 2 m and 5 m.
The errors of calculated wave peaks increase along the measurement
points for the model of relative wave height 0.1 while the errors of
calculated wave peak decrease and then increase for the model of
relative wave heights 0.3 and 0.5 with the smallest error between x/
Hy_2-5.

Table 5 gives the L, error of calculated solitary wave peaks for
SPH model with different water depths and relative wave heights.
The errors of the wave peaks gradually increase with the increase of
relative wave height but the increasing value is not significant with a
minimum L, error 0.033 and maximum L, error 0.052. The wave
peaks calculated by the SPH model does not vary significantly with
water depth. The L, errors for the model of water depths 1 m and 10
m are slightly larger with a maximum value 0.052 while it is smaller
for the model of water depths 2 m and 5 m with a minimum value
0.033. The standard deviations of calculated solitary wave peaks are
given in Table 6. The standard deviations increase with the increase
of water depth and wave height, and reach the maximum at the
model of water depth 10 m with relative wave height 0.5. The
maximum standard deviation is 0.021 while the minimum value
is 0.001.

In short, the calculated solitary wave peaks with small errors
decrease along the measurement points distance. Meanwhile the
solitary wave peaks are underestimated slightly for the model with
small relative wave heights. As the relative wave heights increases,
the calculated wave peaks show a trend of upward and then
downward. The calculated results will overestimate the wave

Ho/do 0.1 0.3 0.5

Hy/Ax 5 10 20 40 80 5 10 20 40 80 5 10 20 40 80
2 .005 .002 .001 .001 .002 .016 .008 .005 .003 .002 .080 .076 074 .074 .073
6 .005 .002 .001 .002 .002 .015 .009 .005 .004 .004 078 .075 074 074 074
10 .005 .002 .002 .001 .003 .015 .009 .006 .005 .004 078 .076 075 .075 075

x/Hy
20 .005 .003 .002 .002 .003 .017 .009 .007 .005 .005 078 .076 .076 .075 .075
30 .005 .003 .002 .002 .003 .018 .009 .007 .005 .005 .079 .076 .076 .076 .076
50 .006 .003 .002 .002 .002 .021 011 .008 .005 .005 .081 .075 .075 .076 .077
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TABLE 3 L, errors of the wave height for water depth 5 m.

10.3389/fmars.2023.1324273

Ho/do 0.1 0.3 0.5
Hy/Ax 5 10 20 40 80 5 10 20 40 80 5 10 20 40 80
2 .005 .002 .001 .002 .002 .015 .008 .005 .003 .002 .033 018 .011 .008 .007
6 .005 .002 .001 .001 .003 .015 .009 .005 .004 .004 .028 018 .013 012 .011
10 .005 .002 .001 .002 .002 .016 .009 .006 .004 .004 028 .019 .016 .014 014
x/Hy
20 .005 .003 .002 .002 .003 .017 .009 .006 .005 .005 029 .021 018 .018 .018
30 .005 .003 .002 .002 .003 .018 .009 .007 .005 .005 .030 .021 .019 .019 .020
50 .006 .003 .002 .002 .003 021 011 .008 .006 .007 .034 .018 017 .020 .023

peaks within a certain distance in the middle of the channel while
the wave peaks will be underestimated at the beginning and end of
the channel. The calculated wave peaks do not change significantly
with water depth. The errors of the model with the large and small
water depths are slightly larger than that the water depth is
moderate. The maximum and minimum L, errors are 0.052 and
0.033, respectively. The errors of calculated wave peak along the
measurement points gradually increase for the model with small
relative wave height while the errors first decrease and then increase
for the model with large relative wave height. The error is the
smallest between x/H, - 2 - 5.

4 Case study on the interaction
between the solitary waves and the
semi-submerged structures

4.1 Model validation

A test case of solitary waves interaction with partially
submerged rectangular obstacle is simulated to validate the
model. The calculated wave heights are compared with the
OpenFOAM results (Ma et al., 2019). The numerical flume is 2.0
m height and 100 m length. The initial water depth is 1.0 m. The
wave height is 0.1 m. The rectangular structure is 5.0 m x 0.6 m with
a center coordinate (32.5 m, 0.9 m). The particle spacing sets to 0.01
m. Figure 7 shows the comparing of wave height between the

TABLE 4 L, errors of the wave height for water depth 10 m.

OpenFOAM results and SPH model at two points x = 1 m and 59 m.
The phase and magnitude of the calculated wave height are in well
agreement with the OpenFOAM results. The maximum absolute
error is 0.004 m with relative error 0.4%.

4.2 Model layout

To analyze the characteristics of wave surface, velocity, vorticity, and
wave loads of the interaction between solitary waves and semi-
submersible structure, a 300 m X 10 m 2D rectangular numerical
wave tank with a semi-submersible platform is adopted. The water depth
is dy — 5.0 m. The size of the semi-submersible platform fixed above the
still water surface is 5.0 m x 0.6 m with center coordinates (52.5 m, 0.9
m). The submerged height (distance from the bottom of the structure to
the water surface) of the structure is 0.4 m. The model layout is shown in
Figure 8. The relative wave height Ho/dy - 0.1. The relative particle
spacing Hy/Ax = 50.

4.3 Wave heights

Figure 9 shows the time history of the wave heights at the
upstream (x = 35) and downstream (x = 60) measurement points
of the structure. At t = 7 s, the solitary wave arrives the upstream
measuring point inducing the wave height to rise. The wave height of
upstream measuring point reaches maximum value 0.498 m at t = 15

Ho/do 0.1 0.3 0.5

Hy/Ax 5 10 20 40 80 5 10 20 40 80 5 10 20 40 80
2 .005 .002 .001 .002 .002 .036 .004 .009 .003 .003 .033 .019 011 .009 .008
6 .005 .002 .001 .002 .002 .035 .005 .010 .004 .004 028 .018 014 012 012
10 .005 .002 .001 .002 .002 .035 .006 .010 .004 .005 028 .019 .016 014 015

x/Hy
20 .005 .003 .002 .002 .002 .035 .008 .010 .005 .005 029 021 .019 .018 .018
30 .005 .003 .002 .002 .004 .036 .010 .010 .006 .005 .029 .021 .020 .020 .021
50 .006 .003 .002 .002 .004 .038 .014 .009 .007 .005 .034 .018 .017 .020 .024
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FIGURE 6

Solitary wave peak along the channel for water depth of 1 m, 2 m, 5 m, and 10 m (A-D).

s. Then the solitary wave continues to propagate downstream
through the upstream measuring point, and falls to form a wave
surface oscillation. The oscillation gradually attenuates over time. At ¢
= 10 s, the solitary wave crosses the structure and arrives the
downstream measuring point inducing the wave height to rise. The
solitary wave reaches the maximum value 0.438 m at ¢t = 18 s. Then
the wave continues to propagate downstream through the
downstream measurement point, and drops with a gradually
decaying wave surface oscillation.

Figure 10 gives the time history of the wave heights at the center
of the semi-submersible platform x = 52.5 m. The initial wave
height is -0.4 m of the platform bottom elevation due to the
structure being submerged in water. At t = 16 s, the semi-
submersible structure experiences overtopping. The solitary wave
climbs to the top of the platform and arrives the measuring point
inducing the wave surface to rapidly rise. The changes in wave
surface are complex with two double peaks with a peak value of

TABLE 5 L, errors of solitary wave peak.

Relative wave height

Water depth

0.398 m at t = 20 s and a maximum value 0.410 m at ¢ = 33 s due to
the fluctuation of the wave surface.

4.4 Wave loads

Figures 11 shows the time history of the horizontal and vertical
wave loads coefficient C, and C, of the semi-submersible structures.

F

X

E

=—= (25)
© pogA

X

where, A=0.6 m x 5 m is the area of the structure;F, and F, are

the horizontal and vertical wave loads on structures. F, and F, are

calculated by summing up the force of all the structure particles.
The equations are:

P
-t _; + Hab) va Wuh +g (26)
a

SRSy

TABLE 6 Standard deviation of solitary wave peak.

Water depth Relative wave height

0.3 0.1 0.3 05
1m 0.045 0.052 0.047 Im 0.001 0.007 0.001
2m 0.043 0.034 ‘ 0.044 2m 0.001 0.008 0.020
5m 0.044 0.033 ‘ 0.041 5m 0.002 0.007 0.019
10 m 0.044 0.052 ‘ 0.046 10 m 0.001 0.008 0.021
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Time history of the wave height at position of x =35 m (A) and x=60 m (B).

At t = 10 s, the solitary wave arrives the semi-submersible
platform resulting in a rapid increase in the horizontal force. The

du
F = 4

(O
where, F(F,, F,) is the total force acting on the structure. F,, is

the force acting on arbitrary particle a that constitutes the structure.

@7)

Frontiers in Marine Science 13

horizontal wave load reaches the maximum 0.066 at t = 16 s. The
horizontal force on the platform rapidly decreased until it reaches
the minimum -0.023 at t = 19 s. The horizontal wave load amplitude
is 0.089. Then, the solitary wave passes through the structure and
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FIGURE 10
Time history of the wave height at the center of the structure.

continues to propagate downstream. The horizontal wave load also
experiences an oscillation with a decreasing amplitude due to the
wave surface oscillation induced by the interaction between the
solitary waves and the platform. Similar to the horizontal wave
loads, the solitary wave arrives the semi-submersible structure at t =
10 s inducing a rapid increase in the vertical wave loads. The vertical
wave loads reach the maximum 0.635 at £ = 16 s. The vertical forces
rapidly decreases until it reaches the minimum -0.053 at ¢ = 24 s.
The vertical wave loads amplitude is 0.688. Similarly, the wave
surface oscillation also causes an oscillation with a decreasing
amplitude in the vertical wave loads due to the interaction
between solitary waves and the structure. Obviously, the
oscillation amplitude of the vertical wave loads is greater than the
horizontal wave loads. In summary, both the horizontal and vertical
wave loads on the semi-submersible platform exhibit positive and

10.3389/fmars.2023.1324273

negative pressures with vertical and horizontal wave loads
amplitudes 0.688 and 0.089, respectively. The vertical wave loads
are significantly larger than the horizontal wave load. Therefore, the
vertical forces on the platform should be the control stress for the
structural design.

4.5 Velocity field

The velocity fields around the semi-submersible platform at six
different instants are given in Figure 12. In Figure 12, u represents
the velocity (m/s) in the x-axis direction. At ¢t = 15 s, the solitary
wave arrives the structure and climbs to the top of the structure
inducing overtopping. Simultaneously, partial solitary waves pass
through the bottom of the structure causing uplift of downstream
wave surface. The velocity at the top of the structure is relatively
high with a value 1.2 m/s while it is relatively small at the bottom of
the structure with a value 0.5 m/s. The downstream wave surface
rises and forms overtopping spreading upstream at t = 16 s. The
upstream overtopping at the top of the structure increases. The
velocity at the top and bottom of the structure increases to1.9 m/s
and 0.7 m/s, respectively. Until ¢ = 17.5 s, the solitary wave
completely arrives the structure. The upstream wave surface
begins to decline while the downstream wave surface continues to
rise. The upstream and downstream overtopping approaches and
collides to form a hydraulic jump. The velocity at the top and
bottom of the structure reaches the maximum value 2.2 m/s and 0.8
m/s. At t = 18.5 s, the solitary wave passes through the structure
causing the upstream wave surface to decrease continually and the
downstream wave surface to rise continually. The hydraulic jump at
the top of the structure develops and propagates upstream. The
water at the top of the structure flows into the downstream lead to
the decreasing of the overtopping. The velocity at the top and
bottom of the structure decreases to 1.6 m/s and 0.7 m/s. Both the
upstream and downstream wave surfaces drop at t = 19.5 s.
Meanwhile, the overtopping continually flows into downstream
flume leading to the declining of the wave surface on the top of the
structure. The velocity continues to decrease. The maximum
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FIGURE 11
History of wave load coefficient of obstacle.
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Velocity field of the interaction between solitary wave and semi-submersible platform at t= 155, 16 s, 17.5s, 18,55, 19.5 5, and 21.5 s (A-F).

velocity position is transferred to the upper right corner of the
structure with a maximum value 1.8 m/s. Until t = 21.5 s,
the solitary wave passes through the structure for a certain time.
The wave surface around the structure reaches the initial wave
surface 5 m again. The interaction between upstream and
downstream overtopping is fully developed with only a thin layer
of overtopping water continue to flow into the flume from the
upstream and downstream of the structure. The velocity further
decreases to 1.2 m/s.
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4.6 Vorticity field

The vorticity field of the interaction between solitary wave and
semi-submersible platform is given in Figure 13. Vor Y represents
vorticity (s™') in Y direction. At t = 15 s, the solitary wave arrives the
structure and generates a small overtopping. The vorticity appears
at the four corners of the structure with positive vorticity in the
upper left corner and negative vorticity in the rest. The vorticity at
the four corners increases gradually at t = 16 s. Until t = 17.5 s, a

frontiersin.org


https://doi.org/10.3389/fmars.2023.1324273
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Lin et al. 10.3389/fmars.2023.1324273
A 6.0 t=15s
x/m
B 6.0 t=16s
g
N
Xx/m
c 6.0 t=175s
g
S
x/m
D 60 1=185s
x/m
E 6.0 1=195s
g
W
x/m
F 6.0 1=215s
46 48 50 54 56 58 60
Xx/m
vorY: -5 -4 -3 -2 0O 1 2 3 4 5
FIGURE 13
Vorticity field of the interaction between solitary wave and semi-submersible platform att=15s, 16's,17.5 s, 1855, 19.5 s, and 21.5 s (A—F).

large counterclockwise vortex forms at the bottom of the structure
leading edge with the maximum intensity -29 s'. The vortex
intensity at the top of the leading edge of the structure gradually
decreases. The vortex on the top of the structure is also complex due
to the collision between upstream and downstream overtopping.
Positive and negative vortices exist at the same time and change
rapidly with the maximum intensity 26 s and -33 s°', respectively.
A large counter clockwise vortex appears downstream of the
structure with the maximum intensity -8 sL At t = 185 s, the
anticlockwise vortex at the bottom of the structure leading edge
increases and develops to the depth and downstream direction with

Frontiers in Marine Science

the maximum intensity -14 s™'. The vorticity on the top of the
structure is further developed and becomes more complex. There
are more positive and negative vortex structures and their mixing.
The maximum intensity of positive and negative vortices is 16 s™
and -40 s'. The counter clockwise vortex downstream of the
structure develops with increasing area and moves away from the
semi-submersible structure. The vortex intensity does not change
significantly with the same maximum value -8 s™'. The anti-
clockwise vortex intensity at the bottom of the structure leading
edge begins to weaken and continually develops to the depth and
downstream direction with the intensity -10 s at ¢ = 19.5 s. The
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intensity of the vortex on the top of the structure gradually weakens.
The clockwise vortex disappears while only the counterclockwise
vortex exists with the intensity -40 s™'. The counter clockwise vortex
area at the downstream of the structure continually increases with
the decreased intensity -7 s'. Meanwhile, the clockwise vortex
appears at the downstream of the structure near the wall with the
maximum intensity 28 s™'. Until t = 21.5 s, the intensity and range of
the counterclockwise vortex at the bottom of the structure leading
edge decrease rapidly with the maximum intensity -6 s, The vortex
on the top of the structure basically disappears. The scope of
downstream vortex continues to increase. The intensity of
clockwise vortex decreases while the intensity of counterclockwise
vortex changes little. The maximum positive and negative vortex
intensities are 16 s and -7 s, respectively. The vortex structure
rapidly moves away from the structure toward the downstream
and depth.

5 Conclusions

A meshless solitary waves model which can handle the large
deformation and strong nonlinear waves is established based on the
SPH method and Rayleigh solitary wave theory. The accuracy of the
model is validated by analyzing the consistency between
the calculated wave height results and theoretical data as well as
the stability of simulated solitary waves. The calculated results of the
SPH model with the relative particle spacing > 20 are in good
agreement with the analytical solution and has a good stability. The
calculation error slightly increases with the increase of
measurement point distance, but the change is not significant
with a maximum L, error difference of 0.016. Therefore, the SPH
model can accurately simulate the propagation of the solitary waves.

The results of the interaction between solitary waves and semi-
submersible platforms indicate that an overtopping occurs leading
to complex wave surface various and wave oscillation. Two double
peaks appear at the central measuring point of the platform with
maximum wave heights 0.398 m and 0.410 m, respectively. The
maximum wave heights at the upstream and downstream
measurement point reaches 0.498 m and 0.438 m, respectively.
The wave transmission coefficient K, = 0.880. The horizontal and
vertical forces on the semi-submersible platform exhibit positive
and negative pressures accompanying wave load amplitudes 0.688
and 0.089, respectively. The vertical load is significantly larger than
the horizontal load, and the vertical forces on the platform should
be the control stress for the structural design.

A hydraulic jump at the top of the structure is formed due to the
interaction between the upstream and downstream overtopping
inducing by the solitary waves. The maximum velocities at the top
and bottom of the structure are 2.2 m/s and 0.8 m/s, respectively. A
large counterclockwise vortex forms at the bottom of the structure
leading edge with a maximum intensity -29 s™'. Both positive and
negative vorticity exist simultaneously and rapidly change with the
maximum intensity 26 s and -40 s™* at the top of the structure due
to the hydraulic jump. Downstream of the structure, a
counterclockwise vortex first appears followed by a clockwise
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vortex with the maximum vortex intensity -8 s' and 28 s
!, respectively.
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