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Abstract: Wave concentrators have important application value in ocean engineering. Moreover, the
performance of a concentrator on structural protection is important in the context of the complex
ocean environment. A series of numerical simulations of the self-protected energy concentrator
(SPEC) is performed under nonlinear wave conditions. The SPEC includes eight truncated cylinders
arranged in a concentric circle. The performance of SPEC and the distribution of fluid field are
studied by establishing a computational fluid dynamics (CFDs) model. It can be concluded that
increasing wave steepness can weaken the self-protection performance and concentration effects
due to its strong nonlinearity. The wave directions have little effect on the performance of SPEC. In
addition, the change based on the target wave number can result in poor performance of SPEC.

Keywords: nonlinear waves; energy concentration; self-protection; CFD

1. Introduction

Wave energy plays a significant part in renewable energy areas due to the advantage
of the effective production and net-zero environmental protection characteristics [1,2]. The
wave energy density can be significantly increased in a specific area through the wave
concentration, which is beneficial for improving the power of wave energy generation and
reducing costs. Energy concentration has been widely and commercially used in solar
energy harvesting, radio wave transmission and other technologies. Different wave energy
generation methods based on the energy concentration have been proposed to solve the
commercial application of wave energy, becoming a research hotspot over the past few
years.

The lens based on wave refraction is a typical energy-concentration device. The forms
of lenses include underwater submerged plates [3–5], multiple horizontal submerged
cylinders [6,7], etc. In addition, Kim et al. [8] have applied metamaterials with microscale
architectures to underwater lenses and proposed a gradient refractive index lens composed
of micro-lattices.

Curved reflectors [9–11] mainly in parabolic shape realize wave energy concentration
based on wave reflection. Mayon et al. [12] designed a wave energy capture device
consisting of a parabolic reflector and a cylindrical oscillating water column (OWC), and
the research results indicated that the wave energy capture of the device significantly
increased due to the energy concentration of the reflector.

The concentrators introduced above make full use of wave characteristics including
refraction and reflection, and effectively improve the wave energy generation power, but
its protection problem has not been further studied. In the complex and changeable wave
environment, improving the protection performance of the concentrator is conducive to
reducing the costs and promoting engineering research on wave energy generation.

In the field of electromagnetic wave and sound wave, researchers [13–15] introduced
the cloaking phenomenon and designed the material properties and size parameters of the
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structure to eliminate scattered waves. In recent years, the cloaking phenomenon has been
applied to ocean engineering to reduce the impact of wave loads on structures. Porter [16]
first introduced scattering cancellation method (SCM) to the wave field. Afterwards,
Newman [17,18] extended the cloaking phenomenon to deep water regions and proposed
two types of cloaking devices, the outer cylindrical array and the outer circular ring.
Zhang et al. [19,20] proposed a self-protected energy concentrator (SPEC) with cylindrical
array structure based on SCM. The performance of the SPEC has been experimentally and
numerically studied, and its effectiveness has been proved, especially under linear wave
conditions. However, the performance of the SPEC under nonlinear waves remains to be
studied.

Potential flow theory [21–24] is a classic numerical method for solving the interaction
between waves and cylindrical structures. However, the potential flow theory ignores the
viscous effect of incompressible fluid, which may influence the accuracy of the numerical
calculation results. Lu et al. [25] calculated the resonant wave height between two close
bodies and compared the numerical results of computational fluid dynamics (CFDs) and
potential flow theory. The results showed that CFDs can predict wave height more accu-
rately, and the problem of inaccurate prediction of potential flow theory can be solved by
introducing artificial viscous dissipation coefficient. Sun et al. [26] calculated the wave
force on a single cylinder and the free surface height surrounding the cylinder through
the CFD solver OpenFOAM and the potential flow solver DIFFRACT, respectively. By
comparison, it can be found that CFD can provide more accurate prediction results at large
wave steepness due to its ability to simulate components beyond the second harmonic.

In recent years, CFD method has been widely applied to solve the complex interaction
between the cylindrical structures and nonlinear waves, taking into account the influence
of liquid viscous effects. Mohseni et al. [27] conducted the investigation to investigate
wave run-up on a fixed cylinder at different wave steepness, and the comparison between
experiment data and numerical results showed that CFD has the ability to accurately simu-
late nonlinear wave interaction with coastal structures. A range of numerical simulations
were conducted by Chen et al. [28] to study the wave run-up of four cylinders, and a good
agreement was observed between numerical results and experiment data under several
designed wave steepness. Wang et al. [29] used OpenFOAM to numerically study the inter-
action between a heaving cylinder and waves, and the results showed that the maximum
run-up altitude around the heaving cylinder varies nonlinearly due to the changes in wave
frequency, and the wave force increases nonlinearly with the increased wave numbers.

In this paper, the SPEC designed by Zhang et al. [20] is taken as the research objective,
and the commercial CFD solver STAR-CCM+ is employed to study the self-protection
performance and concentration effects under nonlinear waves. The research contents are
structured as follows: In Section 2, the numerical theory and the numerical model are
presented. In Section 3, the verification of the model is described. Section 4 presents the
performance of the SPEC against different conditions, including different wave steepness,
wave directions and wave numbers. Finally, the main conclusions are given in Section 5.

2. Theory Models

The numerical simulations are conducted by using the commercial CFD solver STAR-
CCM+. In this section, the theory models are described including turbulence model,
governing equations and interface capturing.

2.1. Governing Equations

In this study, the commercial CFD solver STAR-CCM+ is applied to solve Reynolds-
averaged Navier–Stokes (RANS) equations for the flow of air and water, the 3D continuity
equation and momentum equation are shown as Equations (1) and (2), respectively. Based
on the incompressible fluid assumption, finite volume method and second-order time
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discretization are used to solve the three-dimensional unsteady motion of waves. Realizable
k-ε model [30] is applied for turbulence modeling in this study.

∂ui
∂xi

= 0 (1)

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂pi
∂xi

+
∂

∂xi
[(ν + νt)(

∂ui
∂xi

+
∂uj

∂xj
)] + gi (2)

where ui, pi, ρ, ν and νt represent the time-average velocity, pressure, fluid density, kine-
matic viscosity and eddy viscosity, respectively.

2.2. Interface Capturing

The free surface is determined with the volume of fluid (VOF) method. In this way,
the volume fraction α ∈ [0, 1] represents the amount of fluid in each cell.

α(x, t) =


1, water
0 < α < 1, interface
0, air

(3)

Based on the value of α, the fluid properties can be calculated in each cell, such as
density ρ and kinematic viscosity ν.

ρ = αρwater+(1 − α)ρair (4)

ν = ανwater+(1 − α)νair (5)

3. Model Verification

The verification of numerical models is performed in this section, including the es-
tablishment of the numerical wave tank, the studies of mesh convergence and time-step
convergence. In addition, a simulation of wave interaction with a fixed single cylinder is
carried out to confirm the validity of the wave–object interaction model.

3.1. Numerical Wave Tank

As shown in Figure 1, the length of the numerical wave tank is 6L (L is the incident
wavelength) and the width is 3L. The left side of the NWT is the inlet boundary, and the
right side is the outlet boundary. The flow direction can be specified in STAR-CCM+ to
set the VelocityInlet as the outlet boundary. The left and right walls are the no-slip walls,
and so is the bottom. The top boundary is free to the atmosphere, and the pressure outlet
boundary is applied.
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As can be seen from Figure 1, wave forcing is applied in the Forcing zone (dark blue
region), and the solution of 3D Navier–Stokes is conducted in the light blue region of the
computation domain. The wave forcing matches a wave solution obtained by the CFD
solution near the structure with the Euler equation solver at far field, and it decreases
the computational time with a reduced-size solution domain [31]. Due to the damping
properties of the gradual forcing, the wave forcing also eliminates problems related to
surface wave reflection at boundaries [32]. The extruder mesh is used in x and y directions
to save the computational time.

3.1.1. Mesh Convergence

Firstly, the mesh convergence of the numerical wave tank was studied comparing the
wave elevation at different position along tank in this section. Three types of mesh are used
in this study. The specific mesh sizes are shown in Table 1, η0 is wave elevation, L is wave
length. For all three meshes, the mesh size at free surface is 25% of the base size in the x
direction and 6.25% of the base size in the z direction. The mesh distribution of the NWT is
shown in Figure 2, and the yellow line represents still water surface. Two wave probes are
arranged at 1L and 3L from the wave generating boundary, respectively.

Table 1. Meshes size.

Mesh Base Size (m) L/∆x η0/∆z

A 0.12 63 10
B 0.064 117 18
C 0.056 134 21
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The wave parameters used in this section are shown in Table 2, which are consistent
with Zhang et al.’s experiment [20]. In Table 1, S = η0/L is wave steepness, η0 is wave
elevation, L is wave length, T is wave period.
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Table 2. Wave parameters.

S η0 (m) L (m) T (s)

0.04 0.075 1.878 1.1

Figure 3 shows the wave elevations against various positions. It is clear that the wave
elevations of three type of meshes are basically the same at 1L from the wave generating
boundary, and the relative error between the incident wave elevation and the wave el-
evations at 3L from the wave generating boundary is 5.14%, 3.96%, 3.64%, respectively.
Considering the accuracy of numerical values and calculation cost, the size of Mesh B is
applied in the subsequent study.
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Figure 3. Time history of wave elevation at different positions (a) 1L from the wave generating
boundary; (b) 3L from the wave generating boundary.

3.1.2. Time-Step Convergence

Under the same wave conditions shown in Table 2, time-step convergence of Mesh B
was carried out. Based on the principle that the Courant number is less than 1 at free surface,
∆t = T/220, T/440 and T/660 are set as time steps, respectively, T is wave period. Figure 4
presents the wave elevation at 3L. It can be found that the wave elevation at ∆t = T/220 is
significantly lower than that at ∆t = T/440 and ∆t = T/660, and the wave elevations of
∆t = T/440 and ∆t = T/660 are basically the same. To balance the accuracy of numerical
values and computational cost, ∆t = T/440 is adopted in the subsequent calculations.
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3.2. Validation of the Numerical Model

The validity of the numerical model was proved by the comparison of the numerical
values with experimental data from Mo et al. [33]. Figure 5a shows the settings of numerical
model. The origin of the coordinates of the simulation domain is located at the center of
the structure, with z = 0 located at the still water level. The negative x-axis is the direction
of the incident wave. As the structure is an axial symmetrical distribution in x-z plane, we
use half of the computational domain to reduce the calculation time. The single cylinder
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with a diameter of 0.35 m is fixed at the bottom of the wave tank. The water depth is 4.76 m.
Table 3 presents the parameters of the incident wave. The arrangement of wave probes is
plotted in Figure 5b. The specific positions of wave probes are depicted in Table 4, which
refers to the experiment to illustrate the validity of the numerical model for wave–object
interaction.
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Figure 5. Numerical setup: (a) numerical wave tank; (b) arrangement of wave probes.

Table 3. Wave parameters to validate the model.

S η0 (m) L (m) T (s)

0.055 1.2 21.9 4

Table 4. Positions of wave probes set in wave tank.

Wave Probes x (m) y (m)

Wpb1 −0.35 32.75
Wpb2 −0.45 0
Wpb3 0 0.45
Wpb4 0.45 0

The numerical wave force on the cylinder is compared with the experimental results
from Mo et al. [33], and a good agreement can be found in Figure 6.

In addition, Figure 7 shows the time history of wave elevations at different wave
probes, where η1,max represents the maximum wave elevation in wave probes Wpb1. It is
obvious that the numerical data agree well with the experimental results, which shows that
the wave–object interaction can be accurately simulated by the numerical model.
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4. Numerical Results

The self-protected energy concentrator (SPEC) [20] is a multi-cylinder array structure.
To study the self-protection performance and concentration effects of the structure under
nonlinear wave conditions, a series of numerical simulations were conducted based on the
established numerical wave tank. The influence of viscous effects, wave steepness, wave
direction and wave numbers are considered.

4.1. Viscous Effects on the SPEC

The numerical physical setting shown in Figure 8 includes eight identical truncated
cylinders, which are arranged regularly in the form of concentric circles of radius R. The
radius of the truncated cylinder is r = 0.125 m, the draft is d = 0.181 m, the length between
the center of the array structure and the center of the small cylinder is R = 0.353 m and the
water depth is 1.5 m.
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Figure 8. Schematic diagram of the SPEC.

As shown in Figure 8, 5 wave probes are arranged on the weather-side line and lee-side
line that parallel to y-axis, respectively, 10 wave probes in all. Each line is 1.5 m away from
the center of the structure, and the distance between adjacent wave probes on each line
is 20 cm. In addition, a wave probe is set at the center of the structure. The origin of the
coordinates is located in the center of the structure, with z = 0 located at the still water
surface, and the incident wave is generating and propagating from the left side to right
direction along x-axis. The method of forcing is applied to eliminate the wave reflection at
boundaries.

The hydrodynamic characteristics of the SPEC at different wave steepness conditions
were investigated to analyze the nonlinear wave effect. The wave parameters are shown
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in Table 5, and three wave-steepness conditions in a sequency of S = 0.01, S = 0.02 and
S = 0.04 are considered.

Table 5. Wave parameters to investigate viscous effect.

S η0 (m) L (m) T (s)

0.01 0.019
0.02 0.038 1.878 1.1
0.04 0.075

Figures 9–11 show the numerical wave elevations at two outside lines under three
wave-steepness conditions, and numerical results are compared with the potential flow
values and experimental data [20]. It can be found that on the weather side, the results of
CFD are in better agreement with the experimental data than the potential flow values,
which indicates the importance of viscous effect in simulating the wave interaction with
objects. On the lee side, the CFD calculation results are smaller than the experimental data,
which may be due to the influence of numerical dissipation.
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Figure 9. The comparison of wave heights at S = 0.01: (a) Weather side; (b) Lee side.
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Figure 10. The comparison of wave heights at S = 0.02: (a) Weather side; (b) Lee side.
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Figure 11. The comparison of wave heights at S = 0.04: (a) Weather side; (b) Lee side.

Figure 12 presents the dimensionless wave elevation η/η0 at the central point. For
different wave probes, average wave elevation of five wave periods is chosen as the
numerical value. The wave elevation calculated by the potential flow theory keeps three
times larger than the incident wave elevation. The nonlinear effect of waves enhances with
increased wave steepness. The comparison between numerical values and experimental
data shows that CFD can simulate the interaction between the SPEC and strong nonlinear
waves more accurately.
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Figure 12. Dimensionless wave elevation (η/η0) at the center of the SPEC.

4.2. Performance of the SPEC at Different Wave-Steepness Conditions

To study the effect of wave steepness on the properties of the SPEC, the wave distri-
butions at four kinds of wave-steepness conditions (S = 0.02, S = 0.04, S = 0.06, S = 0.08)
were numerically simulated. The wave conditions are presented in Table 6. The calculation
results of S = 0.02 case and S = 0.04 case are consistent with those in Section 4.1, and are
given here again for comparison.

Table 6. Wave parameters at different wave-steepness conditions.

S η0 (m) L (m) T (s)

0.02 0.038

1.878 1.1
0.04 0.075
0.06 0.113
0.08 0.15
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To better describe the self-protection performance of the SPEC, two single cylinders,
namely big single-cylinder (rb = R + r = 0.478 m) and small single-cylinder (rs = r = 0.125 m),
are considered for comparison, as shown in Figure 13. The drafts of two single-cylinders
are the same as that of the SPEC. Figure 13a shows the number of each cylinder of the
SPEC.
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Figure 13. The diagram of structures: (a) the SPEC; (b) the big single-cylinder; (c) the small single-
cylinder.

The influence of nonlinear waves on the self-protection performance was studied
based on the wave elevations at ten probes outside the SPEC, including the two single
cylinders shown in Figure 13a,b. From Figures 14–17, it can be seen that the results of
the concentrator close to the values of the big single-cylinder gradually with the increase
in wave steepness, which shows that nonlinear waves can weaken the self-protection
performance of the SPEC.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 11 of 21 
 

 

Figure 13. The diagram of structures: (a) the SPEC; (b) the big single-cylinder; (c) the small single-
cylinder. 

The influence of nonlinear waves on the self-protection performance was studied 
based on the wave elevations at ten probes outside the SPEC, including the two single 
cylinders shown in Figure 13a,b. From Figures 14–17, it can be seen that the results of the 
concentrator close to the values of the big single-cylinder gradually with the increase in 
wave steepness, which shows that nonlinear waves can weaken the self-protection perfor-
mance of the SPEC.  

  
(a) (b) 

Figure 14. The numerical wave elevation at S = 0.02: (a) Weather side; (b) Lee side. 

  
(a) (b) 

Figure 15. The numerical wave elevation at S = 0.04: (a) Weather side; (b) Lee side. 

  
(a) (b) 

Figure 16. The numerical wave elevation at S = 0.06: (a) Weather side; (b) Lee side. 

0.0 0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

η/
η 0

Y(m)

 Big cylinder
 Concentrator
 Small cylinder

0.0 0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

η/
η 0

Y(m)

 Big cylinder
 Concentrator
 Small cylinder

0.0 0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

η/
η 0

Y(m)

 Big cylinder
 Concentrartor
 Small cylinder

0.0 0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

η/
η 0

Y(m)

 Big cylinder
 Concentrator
 Small cylinder

0.0 0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

η/
η 0

Y(m)

  Big cylinder
  Concentrator
  Small cylinder

0.0 0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

η/
η 0

Y(m)

  Big cylinder
  Concentrator
  Small cylinder

Figure 14. The numerical wave elevation at S = 0.02: (a) Weather side; (b) Lee side.
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Figure 15. The numerical wave elevation at S = 0.04: (a) Weather side; (b) Lee side.
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Figure 16. The numerical wave elevation at S = 0.06: (a) Weather side; (b) Lee side.
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Figure 17. The numerical wave elevation at S = 0.08: (a) Weather side; (b) Lee side.

For wave steepness, the outer wave elevations of the small single-cylinder are close to
the incident wave elevation, while the big single-cylinder has a large disturbance to the
outer wave elevations. It is noted that the outer wave elevations of the SPEC are always
between the numerical results of two single cylinders, which means that the SPEC still
realizes self-protection under nonlinear waves to some extent.

Figure 18 compares the dimensionless wave elevation (η/η0) of the center of the
concentrator and gives partial experimental data. It can be seen that η/η0 decreases
gradually with the increase in wave steepness, indicating that nonlinear wave causes a
negative impact on the concentration effects. However, it is noted that as the wave steepness
reaches the maximum value S = 0.08, the η/η0 is still greater than 1, indicating that the
SPEC is still having effective performance of wave energy concentration under nonlinear
waves.
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steepness conditions.
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Figure 19 shows the wave profiles along the y = 0 section inside the concentrator to
reveal the concentration effects at different wave-steepness conditions, while the numerical
results correspond to the moment when the central wave probe monitors the maximum
wave elevation. There are three regions after the division: region 1 (x < −R), region 2
(−R < x < R) and region 3 (x > R), and it is obvious that most of the wave power concentrates
in region 2 (−R < x < R). At the same time, the nonlinear interaction between the waves
and the SPEC enhances with increased wave steepness, resulting in the wave surface inside
the concentrator no longer being symmetrical, about x = 0.
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Figure 19. Wave profile along the y = 0 section inside the SPEC under four wave-steepness conditions:
(a) S = 0.02; (b) S = 0.04; (c) S = 0.06; (d) S = 0.08.

With the comparison of the wave force on the SPEC and the small single-cylinder
(rs = 0.125 m), the protection problem is further studied. It can be observed from Figure 20
that the average wave forces on the SPEC are smaller than the values of a single small-
cylinder under different wave steepness conditions, which implies that the concentrator
has a good overall protection.
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Figure 20. Average wave forces on the SPEC at different wave-steepness conditions: (a) S = 0.02;
(b) S = 0.04; (c) S = 0.06; (d) S = 0.08.

As shown in Figure 21, the wave forces of different cylinders are analyzed at S = 0.04.
Since the concentrator is symmetrical at about y = 0, only the forces of cylinder 1, cylinder 2,
cylinder 3 and cylinder 4 are simulated. It can be observed that the wave forces of cylinder
2–4 are close to that of the small single cylinder. In addition, it is noted that the interaction
between waves and the SPEC results in strong nonlinearity of the wave force on cylinder 2.
For the protection performance, each cylinder of the concentrator has better local protection
except cylinder 1 and cylinder 8.
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Figure 21. Wave forces on the cylinders of the SPEC: (a) cylinder 1; (b) cylinder 2; (c) cylinder 3;
(d) cylinder 4.

4.3. Performance of the SPEC at Different Wave Directions

The influence of different wave directions on the performance under nonlinear waves
are discussed in this section. Due to the symmetry of the SPEC, only two wave headings
are compared at S = 0.04, including 0◦ and 22.5◦, as shown in Figure 22.
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Figure 22. Schematic diagram of different wave directions: (a) heading 0◦; (b) heading 22.5◦.

From the numerical results shown in Figure 23, the wave elevations outside the
concentrator are consistent, which indicates that the self-protection performance of the
SPEC is not affected by the wave direction. In addition, Figure 24 shows that there is little
difference in the concentration effects of the concentrator at different wave directions.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 15 of 21 
 

 

  
(a) (b) 

Figure 22. Schematic diagram of different wave directions: (a) heading 0°; (b) heading 22.5°. 

From the numerical results shown in Figure 23, the wave elevations outside the con-
centrator are consistent, which indicates that the self-protection performance of the SPEC 
is not affected by the wave direction. In addition, Figure 24 shows that there is little dif-
ference in the concentration effects of the concentrator at different wave directions. 

 
(a) (b) 

Figure 23. The wave direction effect on the self-protection performance at S = 0.04: (a) Weather side; 
(b) Lee side. 

 
Figure 24. The wave direction effect on the concentration effects at S = 0.04. 

The wave forces loading on the concentrator are plotted in Figure 25. Looking at the 
comparison in Figure 25a, the average wave force on the SPEC is smaller than that of the 
small single cylinder. The wave forces of cylinder 1, cylinder 2 and cylinder 5 within the 
concentrator system are greater than that of the small single cylinder. The wave force on 
cylinder 3 is minimal but the nonlinear effect is stronger due to the interplay between the 
surrounding cylinders and the waves. The local protection of the SPEC at heading 22.5° is 
poor compared with heading 0° case. 

X

Y

Incident Wave

1

2
3

4

5

6
7

8

Incident Wave

0.0 0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

η/
η 0

Y(m)

 heading 0°
 heading 22.5°

0.0 0.2 0.4 0.6 0.8
0.0

0.5

1.0

1.5

2.0

η/
η 0

Y(m)

 heading 0°
 heading 22.5°

0.0

0.5

1.0

1.5

2.0

2.5

3.0

η/
η 0

 heading 0° (Experimental)
 heading 0° (Numerical)
 heading 22.5° (Numerical)

1.95 1.90 1.87

Figure 23. The wave direction effect on the self-protection performance at S = 0.04: (a) Weather side;
(b) Lee side.
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Figure 24. The wave direction effect on the concentration effects at S = 0.04.

The wave forces loading on the concentrator are plotted in Figure 25. Looking at the
comparison in Figure 25a, the average wave force on the SPEC is smaller than that of the
small single cylinder. The wave forces of cylinder 1, cylinder 2 and cylinder 5 within the
concentrator system are greater than that of the small single cylinder. The wave force on
cylinder 3 is minimal but the nonlinear effect is stronger due to the interplay between the
surrounding cylinders and the waves. The local protection of the SPEC at heading 22.5◦ is
poor compared with heading 0◦ case.



J. Mar. Sci. Eng. 2023, 11, 2241 16 of 21

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 16 of 21 
 

 

(a) (b) 

(c) (d) 

 
(e) (f) 

Figure 25. Wave forces on the SPEC: (a) average wave force; (b) cylinder 1; (c) cylinder 2; (d) cylinder 
3; (e) cylinder 4; (f) cylinder 5. 

4.4. Performance of the SPEC at Different Wave Numbers 
The dimensions of the structure are optimized under the target wave number k0c = 

1.0 m−1, where c = 3.3448 is the specific value between the optimized dimensions and the 
experimental dimensions. According to the research results in Section 4.2, under the in-
teraction with nonlinear waves, the concentrator still shows self-protection performance 
and concentration effects at S = 0.04 to some extent, so four wave numbers k0c = 0.6, 0.8, 1, 
1.2 (m−1) with a wave steepness of 0.04 are adopted for comparative study. The specific 
incident wave parameters are presented in Table 7. 

Table 7. Wave parameters at different wave numbers. 

k0c (m−1) η0 (m) L (m) T (s) S 
0.6 0.125 3.131 1.4 0.04 
0.8 0.094 2.348 1.2 0.04 

10 11 12 13 14 15
−4

−2

0

2

4

F x
/ρ
gd
η2 0

t/T

 Fx (average)  Fx (small cylinder)

10 11 12 13 14 15
−4

−2

0

2

4

F x
/ρ
gd
η2 0

t/T

 Fx (cylinder 1)  Fx (small cylinder)

10 11 12 13 14 15
−4

−2

0

2

4

F x
/ρ
gd
η2 0

t/T

 Fx (cylinder 2)  Fx (small cylinder)

10 11 12 13 14 15
−4

−2

0

2

4

F x
/ρ
gd
η2 0

t/T

 Fx (cylinder 3)  Fx (small cylinder)

10 11 12 13 14 15
−4

−2

0

2

4

F x
/ρ
gd
η2 0

t/T

 Fx (cylinder 4)  Fx (small cylinder)

10 11 12 13 14 15
−4

−2

0

2

4

F x
/ρ
gd
η2 0

t/T

 Fx (cylinder 5)  Fx (small cylinder)

Figure 25. Wave forces on the SPEC: (a) average wave force; (b) cylinder 1; (c) cylinder 2; (d) cylinder
3; (e) cylinder 4; (f) cylinder 5.

4.4. Performance of the SPEC at Different Wave Numbers

The dimensions of the structure are optimized under the target wave number k0c = 1.0 m−1,
where c = 3.3448 is the specific value between the optimized dimensions and the experi-
mental dimensions. According to the research results in Section 4.2, under the interaction
with nonlinear waves, the concentrator still shows self-protection performance and concen-
tration effects at S = 0.04 to some extent, so four wave numbers k0c = 0.6, 0.8, 1, 1.2 (m−1)
with a wave steepness of 0.04 are adopted for comparative study. The specific incident
wave parameters are presented in Table 7.
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Table 7. Wave parameters at different wave numbers.

k0c (m−1) η0 (m) L (m) T (s) S

0.6 0.125 3.131 1.4 0.04
0.8 0.094 2.348 1.2 0.04
1 0.075 1.878 1.1 0.04

1.2 0.063 1.565 1 0.04

Figures 26–29 plot the dimensionless wave elevations (η/η0) outside the concen-
trator at different wave numbers. To compare the performance, the big single-cylinder
(rb = 0.478 m) and the small single-cylinder (rs = 0.125 m) are considered in this section.
For k0c = 0.6 m−1 and k0c = 0.8 m−1, the wave elevation of the SPEC is between the results
of two single-cylinders. From the results of k0c = 1.2 m−1 case shown in Figure 29, the
wave elevation is closer to the value of the big single-cylinder, and the self-protection
performance is noneffective on the weather side. In addition, the disturbance of the wave
surface outside the concentrator is the largest for the short-wave case (k0c = 1.2 m−1), which
verifies the influence of short wave on the self-protection performance.
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Figure 26. The numerical wave elevation at k0c = 0.6 m−1: (a) Weather side; (b) Lee side.
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Figure 27. The numerical wave elevation at k0c = 0.8 m−1: (a) Weather side; (b) Lee side.
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Figure 28. The numerical wave elevation at k0c = 1.0 m−1: (a) Weather side; (b) Lee side.
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Figure 29. The numerical wave elevation at k0c = 1.2 m−1: (a) Weather side; (b) Lee side.

The wave elevation monitored by the central wave probe is plotted in Figure 30. It is
obvious that the concentration effects are almost invalid at k0c = 0.6 m−1 and k0c = 1.2 m−1.
Besides, although the value of η/η0 is still larger than 1 at k0c = 0.8 m−1, the concentration
effects are poorer than those at the target wave number k0c = 1.0 m−1. It can be concluded
that the change of wave number will weaken the self-protection performance, while the
short wave has a greater impact on the concentration effects.
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Figure 30. Dimensionless wave elevation (η/η0) at the center of the SPEC under various wave
numbers.

Looking at Figure 31a, the average wave force is almost the same as the wave load
of the small single-cylinder at k0c = 0.6 m−1. The average wave force increases with the
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increased wave numbers, but the difference between the average wave force and the wave
force on the small single-cylinder also increases. The conclusion can be drawn that long
wave will reduce the efficiency of overall protection of the SPEC.
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Figure 31. Average wave forces on the SPEC against different wave numbers: (a) k0c = 0.6 m−1;
(b) k0c = 0.8 m−1; (c) k0c = 1.0 m−1; (d) k0c = 1.2 m−1.

5. Conclusions

In this paper, a numerical model of two-phase flow was established for hydrodynamic
analysis. The self-protection performance and concentration effects of the SPEC were
studied under the interaction with nonlinear waves. The numerical validity of the NWT
was verified through convergence studies. Then, the wave elevation near the single column
and the wave force of the column were simulated, and the results are in good coincidence
with the experimental data. In addition, the hydrodynamic analysis of the self-protected
energy concentrator (SPEC) was carried out. It is proven that the CFD can simulate the
nonlinear wave–object interaction more accurately by comparing with potential flow results
and experimental data.

The self-protection performance and concentration effect of the SPEC under various
wave-steepness conditions were simulated. The results show that with the increased wave
steepness, the wave nonlinearity is enhanced, and the self-protection performance and
concentration effects deteriorate. The average wave force on the SPEC under various
wave-steepness conditions is smaller than that of the small single-cylinder. It is worth
noting that the individual cylinders are more susceptible to the impact of wave force than
the whole structure.

Under different wave directions, there is no significant difference in the wave elevation
inside and outside the concentrator. The average wave forces at different wave directions
are smaller than that of the small single-cylinder, while the concentrator at heading 22.5◦

are more likely to suffer from local impact than that at heading 0◦. It is noted that the
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changing of the wave number around the target wave number k0c = 1.0 m−1 will weaken
the self-protection and concentration effects, while the short wave has a greater impact on
the performance.
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Nomenclature

L Wave length
η0 Incident wave elevation
η Wave elevation
S Wave steepness
d Body draft
F Wave force
k0c Wave number
D Diameter of the cylinder
r, R Radius of the cylinder
g Gravity acceleration
∆t Time step
ui Time-average velocity component in the xi -coordinate direction
pi Pressure component in the xi-coordinate direction
ρ Fluid density
ν Kinematic viscosity
νt Eddy viscosity
α Volume fraction
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