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Abstract: This study numerically analyzes a submerged horizontal plate (SHP) device subjected to
both regular and irregular waves. This device can be used either as a breakwater or a wave energy
converter (WEC). The WaveMIMO methodology was applied for the numerical generation and wave
propagation of the sea state of the Rio Grande coast in southern Brazil. The finite volume method was
employed to solve conservation equations for mass, momentum, and volume fraction transport. The
volume of fluid model was employed to handle the water-air mixture. The SHP length (Lp) effects
were carried out in five cases. Results indicate that relying solely on regular waves in numerical
studies is insufficient for accurately determining the real hydrodynamic behavior. The efficiency of
the SHP as a breakwater and WEC varied depending on the wave approach. Specifically, the SHP
demonstrates its highest breakwater efficiency in reducing wave height at 2.5Lp for regular waves
and 3Lp for irregular waves. As a WEC, it achieves its highest axial velocity at 3Lp for regular waves
and 2Lp for irregular waves. Since the literature lacks studies on SHP devices under the incidence of
realistic irregular waves, this study significantly contributes to the state of the art.

Keywords: submerged horizontal plate; breakwater; wave energy converter; sinusoidal waves;
random waves; WaveMIMO methodology

1. Introduction

The climate crisis, which has been announced since the last century, is now a reality.
The Paris Agreement in 2015 and the United Nations Sustainable Development Goals
(SDGs) highlight the importance of concrete actions to transform production and devel-
opment processes [1,2]. Fossil fuels are still the largest source of the global energy matrix.
However, the quest for decarbonization and the Net Zero goal of the Paris Agreement are
of increasing interest in the development of renewable energy sources [3].

Among the SDGs, SDG 7 (affordable and clean energy) and SDG 13 (climate action)
are directly related to this study, since a submerged horizontal plate (SHP) can be used as a
wave energy converter (WEC). However, the SHP also acts as a breakwater, consequently
working on coastal protection and indirectly achieving SDG 11 (sustainable cities and
communities) and SDG 12 (responsible consumption and production). Another relevant
mobilization is the United Nations Decade of Ocean Science for Sustainable Development
(2021–2030), which also has a direct correlation with this study [2,4].
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González et al. [3] claimed regarding wave energy that “it is a reliable source since
waves could provide a constant energy supply, which is an advantage compared with wind
and solar intermittent energy sources; the time variability of energy supply can be much
more accurately predicted” [3] (p. 11). Tavakoli et al. [5] pointed out that “research in the
field of ocean engineering is in line with general demands such as environmental sustain-
ability, clean, and affordable energy, and absolute safety”. [5] (p. 20). Wahyudie et al. [6]
reported an estimated 32 TW of energy available in the ocean. Out of this potential, 2 TW is
in the form of sea wave energy. More specifically, on the south-southeast coast of Brazil, the
potential energy values are between 6 and 22 kW/m to wave front (as depicted in Figure 1).
The measure of energy per meter of wave front is used since the energy power of a wave is
proportional to its height and period [7].
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Figure 1. Average annual power distribution per meter of wave front along the Brazilian coast
(adapted from [8]).

The incidence of waves over maritime structures has been widely studied by means of
computational fluid dynamics (CFD), which allows investigation of the most different types
of applications [9–18]. Confirming this trend, Opoku et al. [19] explained that research
into WEC devices has used CFD as the main source of approach. In this sense, numerical
modelling is widely used for the propagation of regular waves in the analysis of WECs, but
it is not so frequent to analyze WEC devices when subjected to irregular waves. Studies
of irregular waves generally involve the use of wave spectra rather than an actual sea
state [20].

Complementary to the objective of reducing carbon emissions through the energy
transition to renewable energy sources is the need to protect, adapt, and mitigate the effects
caused by extreme events generated by climate change. Tavakoli et al. [5] defined extreme
ocean climate events as “strong wind and waves, sea-level rise or loss of ice extents may
also necessitate adaptive and mitigative measures.” (p. 2). Muehe [21] estimates that 40% of
the Brazilian coast is under severe erosion. This erosion process, as well as damage to
constructions in coastal cities, can be intensified as the severity and frequency of climatic
events increase. This highlights the relevance of developing coastal erosion protection
technologies [22].

In this sense, this work expands scientific investigation through an unprecedented
numerical study of the SHP device subjected to representative regular waves and realistic
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irregular waves of the sea state occurring on the coast of Rio Grande, state of Rio Grande
do Sul (RS), in southern Brazil. It is noteworthy that the SHP was originally proposed as a
breakwater, but due to its hydrodynamic characteristics, it has been observed in the course
of other studies that the SHP can also be used as a WEC. Therefore, the SPH efficiency in
both functionalities is numerically evaluated considering five device lengths and keeping
constant its submergence depth.

2. Operating Principle, Historical Review, and State of the Art of the SHP Device

The early studies of the SHP as a breakwater in order to attenuate the incident waves
date back to the 1950s, by Heins [23] and Greene and Heins [24]; while studies on the WEC
function emerged almost 20 years later, starting with Dick and Brebner [25]. After that,
other studies were developed, such as Graw [26] and, more recently, Seibt et al. [7].

2.1. Hydrodynamic Principle of the SHP

Analyzing the SHP as a breakwater, the mitigation of coastal erosion is due to the
decrease in wave energy and, consequently, the height of the waves after they propagate
over the device. In addition, Lima et al. [27] affirm that the SHP has less dependence
and influence on local geomorphology and sediment transport conditions than traditional
breakwaters because there is no complete reduction in the waves reaching the coast. Still in
contrast to a conventional breakwater, the SHP relies not only on fluid-structure interaction
but also on fluid-fluid interaction to reflect the waves and reduce the height of the trans-
mitted waves [28,29]; being less dependent on seabed geotechnical conditions where the
structure will be installed [30]. Its performance, in terms of cost, is high in relatively deep
waters, has no negative effects on the marine landscape, and will never create a zone of
standing water, where great efforts are usually needed to maintain water quality [28].

On the other hand, SHP as a WEC is a consequence of experimental analyses. Dick
and Brebner [25] were the ones who first observed that due to the propagation of waves
over the SHP, the axial velocity of water under the device is sometimes in the direction of
wave propagation and sometimes in the opposite direction, generating a pulsating water
flow under the structure. Based on that observation, Graw [26] carried out an experimental
study on the variation of water flow velocity below the SHP, suggesting that its use as a
WEC is possible by inserting a hydraulic turbine below the device.

Figure 2 illustrates a longitudinal section of the SHP structure, making it possible
to identify its function as breakwater (due to the reductions of the wave height after the
SHP) and its function as WEC (due to the alternating flow under the SHP that can drive a
hydraulic turbine).
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2.2. Studies of the SHP as Breakwater

The main goal of the Dick and Brebner [25] study was to develop an empirical and
theoretical relationship for the reflection coefficient (Cr) and the transmission coefficient
(Ct) through tests with regular sinusoidal waves equivalent to the same wave energy as the
irregular wave actually transmitted. The results obtained indicate that the permeable sub-
merged breakwater, for submergence depths greater than 5% of the total depth, transmits
less energy than a solid breakwater under a certain frequency range.
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Other works have also investigated the Cr and Ct through different waves and compu-
tational models. Siew and Hurley [31] investigated the effect of a long wave train on an
SHP to design floating breakwaters that are less permanent. Wang and Shen [32] considered
the potential analysis of linear waves for a group of SHPs. They obtained the coefficients
to evaluate the performance of multiple plates as a breakwater and the effects caused by
the gap between the plates. Karmakar and Soares [30] studied the interaction of waves
with two floating submerged plates, one of them tilting. The 2D problem was formulated
based on linear wave theory. The analysis showed that wave elevation in the transmitted
region was lower compared to the incident wave region. Cheng et al. [33] investigated
the non-linear transformation and dispersion of incident waves on an SHP in the presence
of a uniform stream. It is found that the maximum reflection or minimum transmission
for different currents occur at the same plate width because of the compensating Doppler
effects of current. The current has a stronger influence on the wave forces than on wave
surface elevation. Fang et al. [34] used an analytical model based on potential flow theory.
The authors reported a general solution for the hydrodynamic pressure and wave forces
exerted on submerged plates. The authors found that the reflection coefficient is sensitive
to the peak frequency of the focused wave group and the length of the plate. In addition,
the length of the plate significantly alters the hydrodynamic performance, while the height
of the plate has little influence.

Yu [28] presented the hydrodynamic effects in relation to the geometry and character-
istics of the SHP: plate length, minimum transmission and maximum reflection, installation
depth, and others.

Aghili et al. [35] studied the interaction of solitary waves with a SHP. The numerical
results indicated that, as the distance of the horizontal plate from the free surface decreases,
the energy of the waves propagating past the plate is significantly reduced. However, as
the distance of the SHP from the seabed increases, the vertical component of the wave force
and its pressure component decrease substantially.

2.3. Studies of the SHP as WEC

Based on the study of Graw [26], Orer and Ozdamar [36] carried out an experimental
test in a laboratory wave channel, monitoring the axial velocity under the SHP device for
the 2nd order Stokes waves incidence. Results highlighted the existence of horizontal water
flow, in both directions, below the SHP. In the pulsating flow, the authors found that the
magnitude of the velocity in the opposite direction was greater than the wave propagation.

After that, some investigations have been performed for different aspects of the SHP
as a WEC. Wagner et al. [37] explored the hydrodynamics of a submerged WEC using the
Green-Naghdi equations with experimental and numerical data. The device’s geometry
involves a SHP that oscillates vertically in a range of space. Xu et al. [38] studied the
fluid-structure interaction between the solitary wave and the SHP with their own CFD
code, MLParticle-SJTU. The results indicate that the effect of the plate on the wave velocity
differs under different wave heights.

In its turn, Seibt et al. [39] numerically investigate the effect of the distance from the
SHP to the bottom of the channel (hp) on its performance as a WEC using 2nd order Stokes
waves. The pulsating flow behavior is in line with previous findings in the literature [36,40].
As a result, the greatest efficiency of SHP occurred in the case of hp = 0.53 m (88% of depth)
with a value of 64.0%. Seibt et al. [41] also studied the influence of the opening rate below
the SHP on the efficiency of the device as a WEC. Results showed that a 5% increase in
aperture rate can increase efficiency by approximately 93%. Besides that, Seibt et al. [42]
carried out a numerical study to evaluate the theoretical efficiency for various relative plate
heights using 2nd order Stokes waves. Overall, the highest wave power had a 250% increase
in maximum axial velocity compared to the lowest. Finally, Seibt et al. [7] applied the
Constructal Design in the SHP as WEC. This method allows evaluation of the influence
of the geometric configuration on a flow system performance. The authors presented an
optimal full-scale geometry defined from the incidence of regular waves corresponding to
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the 2nd order Stokes wave theory. The degree of freedom optimized in the study was the
plate installation height (hp).

2.4. Studies of the SHP as Breakwater and WEC

He et al. [43] developed a two-dimensional numerical study with regular waves and
using the numerical method Weakly Compressible Smoothed Particle Hydrodynamics
(WCSPH). The authors remark that although SHP attenuates waves and, in the meantime,
aids energy acquisition, little effort has been made to combine these two functionalities.
Hayatdavoodi et al. [29] presented a numerical study of solitary and cnoidal wave transfor-
mation over a SHP using the non-linear Green-Naghdi (GN) Level I equations for shallow
waters. The aim of the study was to quantify the dispersion of nonlinear waves as they
propagate over the SHP. The conclusions highlight the possibility of SHP as a breakwater
and, in shallow waters, as a WEC device. They also mentioned that the ratio of wavelength
to plate length and the depth of submergence of the plate play a significant role in SHP’s
function as a WEC.

Zheng et al. [44] show an experimental solution to the effect of wave dissipation and
the velocity field characteristics at the base of both solid and permeable SHP employing
irregular waves. The authors concluded that the attenuation of the wave period (SHP as a
breakwater) is more significant when the submerged depth is small; and an adequate rate
of transverse openings (holes) in the plate can improve period attenuation. Additionally,
the maximum flow velocity of the unperforated plate decreases with increasing relative
plate lengths and significant wave heights; and relative depth of the unperforated SHP
has no significant effect on the flow velocity. For the range of experiments carried out, the
correlation between the transmission coefficient of the solid plate and the maximum velocity
at the bottom of the plate is not equally strong compared to the one for the perforated plate.

3. Materials and Methods

Regular wave theories are idealized analytical solutions that are very useful for repre-
senting waves in deep water and for structure design. Countless numerical studies have
analyzed the performance of WEC with regular waves, even though the ocean surface is
irregular [45].

To properly describe the ocean surface, a large number of monochromatic waves
with different frequencies and heights must be overlapped. A wave spectrum involves
a known amount of energy and is formed by the superposition of nonlinear waves [46].
Spectral analysis increases the accuracy of determining the energy available in ocean waves
compared to the monochromatic regular wave models available. The waves for this process
are described by the value of the significant height (Hs) of the series, representing the
average height of the upper third of the wave height series (H) [47].

This paper analyzes the SHP device for both regular and irregular waves. Both wave
series are generated using the WaveMIMO methodology proposed in Machado et al. [20].
The equations of the linear wave theory are used to obtain the orbital velocities over
time [48]. What sets this methodology apart from other numerical solutions is its ability
to reproduce realistic irregular waves of sea states based on data measured on site or
obtained from software such as TOMAWAC (https://www.opentelemac.org/index.php/
download) [20].

Linear wave theory is the simplest description of a wave; the trough and crest of the
wave are considered to have the same amplitude and the height is considered to be very
small compared to the wave’s length (λ). The horizontal component of the wave’s velocity
(u) and the vertical component (w), which define the progressive linear wave, are given,
respectively, by [46]:

u =
H
2

σ
cosh k(d + z)

sinh(kd)
cos(kx − σt), (1)

w =
H
2

σ
sinhk(d + z)

sinh(kd)
sin(kx − σt). (2)

https://www.opentelemac.org/index.php/download
https://www.opentelemac.org/index.php/download
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where σ = 2π/T is the wave frequency (s−1) and k = 2π/λ is the wave number (m−1).
The 2nd order Stokes wave theory is used in the verifications and validation proce-

dures in this work. The nonlinear theory is applicable on deep water and its perturbation
series added to the linear equations improves the analytical description on the relation
between the flow velocity and the wave height. The wave profiles are combined to provide
a steeper crest and shallower trough and are located at more than half the wave height
above the mean water level. This approach delivers more accurate free surface elevation
and wave kinematics, which are often considered in the design of coastal and offshore
structures [45,46,49]. Its horizontal (u) and vertical (w) components of the wave’s velocity
and the water free surface elevation (η) are given, respectively, by [46]:

u =
H
2

gk
σ

cosh k(d + z)
cosh(kd)

cos(kx − σt) +
3

16
H2σk cosh 2k(d + z)

sinh4(kd)
cos 2(kx − σt), (3)

w =
H
2

gk
σ

sinhk(d + z)
cosh(kd)

sin(kx − σt) +
3

16
H2σksinh2k(d + z)

sinh4(kd)
sin 2(kx − σt), (4)

η =
H
2

cos(kx − σt) +
H2k
16

cosh(kd)
sinh3(kd)

(2 + cosh 2kh) cos 2(kx − σt). (5)

3.1. Computational Model

Numerical simulations were carried out using ANSYS Fluent software (https://www.
esss.com/en/ansys-simulation-software/ansys-fluent-cfd/), which is a CFD package
based on the finite volume method (FVM) [50–52]. In this study, simplifying hypothe-
ses are applied for the numerical solution of the flow: isothermal, laminar, incompressible,
two-dimensional, and transient flow. Thus, the equations of conservation of mass and
momentum are defined, respectively, as [53]:

∂ρ

∂t
+∇ · (ρ→v ) = 0, (6)

∂

∂t
(ρ

→
v ) +∇ · (ρ→v →

v ) = −∇p +∇ · (µ=
τ) + pg +

→
S , (7)

where p is the pressure (Pa), ρ is the density (kg/m3), t is the time (s), µ is the absolute

viscosity coefficient (kg/m·s),
=
τ is the strain rate tensor (N/m2), and

→
S is the damping sink

term (N/m3).
To numerically reproduce the interaction between water and air, the volume of fluid

(VOF) model proposed by Hirt and Nichols [54] was adopted. This is based upon the
premise that the volume of a fluid (q0) cannot occupy the volume of another fluid, which is
represented in each control volume of the numerical domain by the volume fraction (αq).
The volume fraction transport equation is then added to the model [55] as follows:

∂(ραq)

∂t
+∇ · (ραq

→
v ) = 0 (8)

where
→
v is the velocity vector (m/s).

Once the equations for the conservation of mass and momentum have been solved for
the mixture between air and water, the absolute values for density (ρ) and viscosity (µ) of
the volume fraction are calculated as follows [55]:

ρ = αqρwater + (1 − αq)ρair, (9)

µ = αqµwater + (1 − αq)µair. (10)

According to Srinivasan et al. [56], by treating the phase boundary as an embedded
interface and adding the appropriate source terms to the conservation laws, this model

https://www.esss.com/en/ansys-simulation-software/ansys-fluent-cfd/
https://www.esss.com/en/ansys-simulation-software/ansys-fluent-cfd/
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consequently allows the identification of the elevation of the free surface. The model
considered that αq = 1 when the cell contained only water, αq = 0 when it contained only
air, and values of 0 < αq < 1 indicated the free surface interface within the cell.

Figure 3 shows the two-dimensional numerical channel geometry with the SHP and
the boundary conditions (BC) applied to the model. The dimensions outlined in Figure 3
are wave channel height (Hc); wave channel length (Lc); channel depth (d); horizontal
distance from the channel entry to the beginning of the SHP (Xp); SHP length (Lp); SHP
depth (hp); SHP thickness (tp); and numerical beach length (Lnb). The dimensions for the
verification, validation, and case study processes are presented separately throughout the
respective sections.
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Figure 3. Numerical wave channel geometry with SHP.

Regarding the BC, the bottom of the channel and the SHP contour, in blue color,
are attributed to the condition of impermeable, non-sliding walls, i.e., no mass transport
through them. The green dashed line is the pressure outlet. There is a pressure outlet to
the right of the channel, the black dotted line, with a constant water depth, known as the
hydrostatic profile and allowing the employment of the numerical beach (explained below).

The numerical wave generator located on the left vertical edge of the channel is based
on the imposition of the wave’s velocity components, i.e., a BC of prescribed velocity (also
called velocity inlet). To generate regular waves, the conventional methodology consists of
imposing the velocity components in a continuous line (which would be the line formed
by the red and white segments in Figure 3) from the regular theory equations, given by,
for instance, Equations (1) and (2) or Equations (3) and (4) [7,49,55]. However, due to the
WaveMIMO methodology, the procedure for input velocity BC is imposing prescribed
velocity profiles with discrete component data of the u and w velocity components over
time in each of the red and white subdivisions of the wave channel entrance region of
Figure 3.

Further explanations will be given in Section 3.3. This different way of applying the
velocity components is used in all the numerical simulations carried out in this study,
since the WaveMIMO allows not only the generation of regular waves but also mainly the
generation of irregular waves.

The numerical beach, pink hatched region (see Figure 3), avoids interference with the
results due to reflected waves at the end of the channel. Wave damping is in a limited
region (Lnb) and ruled by [57]:

Sαq =

[
C1ρV +

1
2

C2|V|V
](

1 −
z − zη

zb − zη

)(
x − xs

xe − xs

)2
, (11)

where C1 (s−1) and C2 (m−1) are the linear and quadratic damping coefficients, V is the
velocity (m/s), z is the vertical position (m), zη and zb are the vertical positions of the free
surface and the bottom, respectively, x is the horizontal position (m), and xs and xe are the
horizontal positions of the start and end of the numerical beach, respectively. Values of
C1 = 20 s−1 and C2 = 0 m−1 were adopted as recommended by Lisboa et al. [57].

The spatial discretization employed the stretched mesh methodology previously
used in Gomes et al. [55] and based on Mavriplis [58], where the mesh resolution is
increased only in the regions of greatest variation or interest in the result in order to
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reduce the computational effort. This mesh generation strategy is widely used in numerical
simulations of wave generation and propagation and consequently broadly adopted in
computational modeling applied to WECs. For the present study, the stretched mesh is
employed in the regions before and after the region in which the SHP is located; while in
the region of the SHP a quite refined mesh was used in order to capture the fluid dynamic
behavior around the device.

The VOF model was chosen with an explicit formulation, and the flows in the cells were
interpolated with the Geo-reconstruct scheme. With the Pressure Staggering Option scheme
(PRESTO), the pressure on the edges of each cell is interpolated. The Pressure Implicit with
Splitting of Operators method (PISO) was used for pressure-velocity coupling [7].

The accuracy of the computational model in relation to the reference data was assessed
by a statistical approach. To do this, the mean absolute error (MAE) and root mean square
error (RMSE) indicators were used [59], as well as the relative percentage error (RPE) [60]
in the verification and validation of the computational model, defined respectively by:

MAE =
∑|Oi − Ri|

n
, (12)

RMSE =

√
(∑|Oi − Ri|)2

n
, (13)

RPE = 100% × Oi − Ri
Ri

, (14)

where Oi is the result obtained in this study, Ri is the reference value for comparison, and n
is the sample size of the considered data.

Lastly, in order to determine the Hs from the numerical results obtained for the
analyses made with representative regular and realistic irregular waves, the OCEANLYZ
software (https://github.com/akarimp/Oceanlyz) was used. This software is a toolbox
for analyzing wave time series data collected by sensors in open bodies of water, such as
oceans, seas, and lakes, or in a laboratory. The software has a graphical interface that allows
spectral and wave analysis using the zero-crossing method [61].

3.2. Representative Regular and Realistic Irregular Waves of a Sea State

The WaveMIMO methodology, presented by Machado et al. [20], allows the propaga-
tion of a realistic sea state in ANSYS Fluent software by processing the wave spectrum of
a desired region. In this work, the wave spectrum is the result of a numerical simulation
carried out in the TOMAWAC software for a defined geographical point and time period.
Figure 4 is a schematic representation of the data processing stages in this methodology.
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In the present study, as in Maciel et al. [62], the application of the WaveMIMO method-
ology considers the sea state for the region of the municipality of Rio Grande, in the state
of Rio Grande do Sul, Brazil. The realistic sea state generated in TOMAWAC is for the
period between 1 January and 31 December 2024. The point at which the data for this study
were extracted is located at the coordinates 52◦17′47.25′′ W, 32◦22′30.95′′ S at a distance of
2 km from the coast and a depth of 9.52 m. This point is called “Node 1545”, as shown in
Figure 5.
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Once the wave spectrum has been transformed into a time series of free surface
elevation, this series is statistically analyzed using a histogram of pairs of significant
heights (Hs) and mean wave periods (Tm). For the considered sea state, the wave histogram
is shown in Figure 6a, with the most frequent value being the wave with Hs = 0.66 m and
Tm = 6.30 s. Figure 6b presents the frequency spectrum with most similar characteristics of
the most frequent values from the yearlong series presented in Figure 6a. This spectrum
from Figure 6b is actually the one from which the η series is decomposed into the velocity
components u and w. These wave characteristics are defined as the representative regular
waves of the sea state of Rio Grande. This definition will be an important parameter for the
mesh design and to verify the WaveMIMO methodology.
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In Figure 7, the surface elevation series, i.e., the realistic sea state to be propagated in
the numerical simulations of the two-dimensional channel, is shown.
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The WaveMIMO methodology is applied to the case study, and the geometry of the
numerical channel follows the recommendations of Maciel et al. [62]. The wave channel
length is 5 times the length of the representative regular waves of the sea state (λ = 51.6 m),
obtained from the Hs and Tm. Therefore, the length of the numerical channel is 258 m, the
height is 12 m, and the depth is 9.52 m.

To apply the η series in the numerical channel simulation in ANSYS Fluent software
requires a transformation of the elevation data into velocity components u and w over time
to be imposed as velocity inlet boundary condition. Further information about this data
transformation from η to u and w can be found in Machado et al. [20] and Oleinik et al. [48],
while Maciel et al. [63] investigated the number of subdivisions of the input velocity
imposition region with the aim of achieving maximum approximation between the waves
generated in the numerical model and the waves in the elevation series from which the
velocities were extracted. The result obtained by Maciel et al. [62] indicates that the velocity
inlet region (see Figure 3) must be subdivided into 10 segments. For each of those, the
components u and w are determined over time with a fixed depth at the base of the segment.
Thus, each of the 10 segments will have its own velocity profiles over time, which allows
the generation of representative regular waves and realistic irregular waves of the Rio
Grande sea state.

3.3. Verification and Validation Procedures

Initially, the WaveMIMO methodology for generating representative regular and
realistic irregular waves of a sea state is verified. Then, considering the presence of SHP
in the wave channel, a validation and verification of the computational model adopting
the WaveMIMO methodology for generating regular waves are developed. Finally, a
verification of the OCEANLYZ software is also performed.

3.3.1. Verification of the WaveMIMO Methodology

The verification of the WaveMIMO methodology is carried out considering the sea
state of the coast of the city of Rio Grande, RS, Brazil, for two situations: numerical
simulation with representative regular waves (see Figure 6) and numerical simulation with
realistic irregular waves (see Figure 7). The simulation lasts 300 s for both cases.

The numerical generation of representative regular waves is verified by comparing
the numerical results of this computational model with the analytical solution of the 2nd
order Stokes wave theory, as described in Equation (5), from the position of the free surface
at coordinate x = 50 m. Meanwhile, the numerical verification of realistic irregular waves is
carried out by comparing the numerical results of this computational model at the position



Fluids 2024, 9, 188 11 of 29

of the wave generator (x = 0 m) and the data from the free surface elevation series derived
from the TOMAWAC wave spectrum; in other words, with the η series that generated the
orbital velocities imposed as BC in the ANSYS Fluent software.

3.3.2. Validation of the Computational Model in a Laboratory Scale with SHP

The computational model was validated with the experimental study of Orer and
Ozdamar [36]. The authors analyzed the efficiency of SHP as a WEC. This study was carried
out in a laboratory wave channel with a piston-type unidirectional wave generator. The
characteristics of the regular waves generated experimentally and reproduced numerically
in this work are shown in Table 1, where d/λ is the relative depth.

Table 1. Characteristics of regular waves for validation.

T (s) λ (m) H (m) d (m) d/λ

1.87 5.37 0.06 0.60 0.11

The numerical model consists of a two-dimensional wave channel with the SHP. For
the validation process of the computational model, according to data from Orer and Oz-
damar [36], the dimensions of the numerical channel are (see Figure 3) as follows: Hc = 1 m;
Lc = 40 m; d = 0.6 m; Lp = 1 m; tp = 0.02 m; and Xp = 19.5 m. The WaveMIMO method-
ology was used, so the velocity inlet boundary condition was divided into 10 segments
and the velocity profiles were inserted for each of them considering the 2nd order Stokes
wave theory.

The stretched mesh methodology was used, with spatial discretization in the regions
upstream and downstream of the SHP as recommended by Gomes et al. [55]. The water-
only region is divided into 60 computational cells; the water-air interaction region has
40 computational cells; and the air-only region has 20 computational cells. Along the
channel, the mesh has a discretization of λ/50. Figure 8 shows the mesh around the SHP,
with 100 horizontal divisions and the same vertical discretization as before. This change is
essential for analyzing the hydrodynamics of the SHP due to the high velocity gradient.
Figure 8 depicts in detail the mesh generated in the SHP region, however, it is also possible
to observe the stretched mesh generated before and after the SHP.
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For validation, the parameter used is the axial velocity of the water flow at the midpoint
between the bottom of the channel and the SHP. The case corresponding to the SHP without
any restrictions between it and the bottom of the wave channel was considered. For this
case, the installation height of the plate is 0.52 m. The numerical probe is a point (x = 20 m,
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z = 0.26 m), see Figure 9, to monitor the axial velocity below the SHP and then compare it
with the values provided by Orer and Ozdamar [36].
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In the ANSYS Fluent software, the simulation was carried out with a time step of 0.001 s,
as in Seibt et al. [7], and a time interval of 25 s was simulated, resulting in 25,000 iterations.

3.3.3. Verification of the Full-Scale Computational Model with SHP

This verification was based on the comparison between the numerical results of
Seibt et al. [7] and the numerical results obtained in the present study. While Seibt et al. [7]
employed the conventional methodology to the generation of regular waves, i.e., employ-
ing Equations (3) and (4); the current study applied the WaveMIMO methodology to do so.
Seibt et al. [7] indicated the optimum full-scale dimension of SHP as WEC for the characteris-
tics of regular waves, shown in Table 2. The numerical channel parameters were built with the
following dimensions (see Figure 3): Lp = 4.653 m; Xp = 2λ = 139.584 m; Lnb = 2λ = 139.58 m;
Lc = Xp + Lp + 1 m + Lnb = 284.82 m; Hc = 16 m; hp = 8.64 m; and tp = 0.32 m.

Table 2. Characteristics of regular waves for verification.

T (s) λ (m) H (m) d (m) d/λ

8.00 69.79 0.96 9.60 0.14

Another difference between Seibt et al. [7] and the present work concern the spatial
discretization. Seibt et al. [7] used a non-homogenous mesh where the horizontal discretiza-
tion was defined as a function of the third harmonic equivalent wave length (λ3) and the
vertical discretization was defined as a function of the wave height (ε), as can be seen in
Figure 10. Further details about this spatial discretization can be found in Seibt et al. [7].
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In turn, the present work adopts the stretched mesh methodology, with spatial dis-
cretization in the regions upstream and downstream of the SHP as recommended by
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Gomes et al. [55] and already described in the validation methodology. Close to the SHP,
1 m upstream and 1 m downstream are regions of high interest, therefore the horizontal
discretization has a 0.05 m dimension, while the vertical discretization respect those of the
stretched mesh.

Additionally, another difference is related to the length and right end of the wave
channel. In Seibt et al. [7], a longer wave channel having a wall as right end was adopted;
while in the present study, a shorter wave channel with a numerical beach after the SHP
and a hydrostatic profile as right end was employed by means of Equation (11).

To verify the computational model, the elevation of the free surface before the SHP
and the axial velocity of the flow below the SHP were measured. More precisely, the
elevation of the free surface was monitored using a vertical line-type numerical probe
located between the channel entrance and the SHP device (x = 104.688 m); while the
axial velocity was monitored using a numerical point probe, located at the coordinates
(x = 141.911 m; z = 5.616 m), i.e., in the region between the bottom of the channel and the
SHP. The simulation time step was 0.001 s, the simulated time interval was 100 s, and the
data analysis considered a times step of 0.05 s, in agreement with Seibt et al. [7].

3.3.4. Verification of the OCEANLYZ Software

To ensure that the mathematical model used by the OCEANLYZ software is accurate,
the software was verified to calculate the significant wave height using a series of data
with a known value. To do so, the elevation series was generated analytically using the
2nd order Stokes wave theory, as described in Equation (5), with waves 0.66 m high (see
Figure 6). Thereby, OCEANLYZ is applied to these data in order to determine the Hs value.

3.4. Case Study Methodology

As already mentioned, the aim of this paper is to analyze the hydrodynamics of
the SHP device in relation to its function as a breakwater and WEC through numerical
simulations, with the propagation of representative regular waves and realistic irregular
waves of a sea state occurring in the city of Rio Grande. Concerning the random waves,
this study was made possible by the WaveMIMO methodology of Machado et al. [20].

The computational model consists of a numerical wave channel with dimensions as
indicated by Maciel et al. [62] and verified for the realistic sea state of Rio Grande, RS, Brazil.
The SHP device is inserted into the channel based on the dimensions recommended by
Seibt et al. [7], also verified, and it is proportional to the representative regular waves of the
sea state of Rio Grande, RS, Brazil. Hence, the dimensions of the computational domain of
this study are as follows (see Figure 3): Hc = 12 m; Lc = 258 m; d = 9.52 m; Xp = 2λ = 103.2 m;
Lp varies; hp = 0.9d = 8.568 m; tp = Hs/3 = 0.223 m; and Lnb = 129 m.

Concerning the spatial discretization, the stretched mesh is used in the regions up-
stream and downstream of the intermediate region where the SHP is located (based on
recommendations of [55,58], as previously explained in validation and verification proce-
dures), however, some minor changes were necessary in order to adjust the mesh in the free
surface region. Considering the representative wave high of 0.66 m and the highest velocity
inlet segment with 0.952 m, a vertical discretization with 29 divisions was necessary. In
addition, in the region with only water, it had 63 divisions to be a multiple of 9 segments
with 7 divisions each. In the SHP region, a more refined mesh was used (with horizontal
discretization of 0.05 m and vertical discretization respecting the recommendations of the
stretched mesh) aiming to better represent the high velocity and pressure gradients around
the device. The simulation time step was 0.01 s, and the simulation lasted 900 s.

Taking into account the proposal of this study to investigate both functions of the SHP,
as a breakwater and as a WEC, it was necessary to expand the study cases by varying the
length of the plate (Lp). This variation allows better interpretation of the results, especially
for the breakwater function. The following lengths of SHP were simulated for the same
numerical channel: 1Lp (based on Seibt et al. [7]), 1.5Lp, 2Lp, 2.5Lp, and 3Lp. The discrete
dimensions are shown in Table 3.
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Table 3. Dimensions that vary in each case.

Case Lp (m) Probe Position Downstream
of the SHP: x (m)

Probes Position Below
the SHP: x (m)

1Lp 3.4570 116.65 104.93
1.5Lp 5.1858 118.38 105.79
2Lp 6.9140 120.11 106.65

2.5Lp 8.6420 121.84 107.52
3Lp 10.3710 123.57 108.38

The SHP device is analyzed as a breakwater by comparing the significant wave height
(Hs) upstream and downstream from the device. The purpose of this analysis is for SHP to
be a good breakwater, i.e., to reduce the height of the waves after they have propagated
over it [43]. To do this, proportional analysis patterns are created for all cases. Since the
length of the SHP is variable for each case (see Table 3), only a fixed probe would not allow
proper analysis of the efficiency of each case by monitoring the free surface elevation data,
as it would be at a different distance from the device for each case.

Thus, it was determined that the numerical probes would be 10 m away from the SHP
for each case. The horizontal coordinate of the plate’s starting point is fixed, changing
only the position of the downstream probes. The horizontal coordinate of the numerical
elevation probe for each case downstream of the SHP is defined in Table 3. In addition,
a fixed probe is positioned at the coordinate x = 128.63 m, before the beginning of the
numerical beach (which is in Lnb = 129 m). This secondary monitoring for all cases is
intended to make it easier to analyze the wave reduction after propagation over the SHP,
allowing interpretation of these data as the waves that propagate to the coast.

For the analysis of the SHP device as a WEC, the focus is on the axial velocity under-
neath it. The analysis of the maximum axial velocity takes place at the midpoint below
the plate (z = 4.28 m), as already performed in previous works (such as: [7,36,39,41,42]).
Figure 11 shows the vertical coordinates of the numerical point probes used to monitor the
axial velocity below the SHP. The probe’s vertical coordinate (z) remains identical for all
the cases analyzed. The only variation for this analysis is in the horizontal coordinate (x),
which must be central to the SHP. In other words, each time the SHP length is increased,
there is a shift in this central coordinate. The horizontal coordinate value for each case is
shown in Table 3.
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4. Results and Discussion

Here, the results obtained for the verification and validation of the computational
model for regular and irregular waves are presented, as well as the result of the verification
performed with the OCEANLYZ software. Besides that, the results of the case study
considering the SHP as breakwater and WEC when submitted to representative regular or
realistic irregular waves from the sea state of Rio Grande are also reported.
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4.1. Verification and Validation Results
4.1.1. Verification of the WaveMIMO Methodology

Figure 12 depicts the water free surface elevation result numerically obtained at
x = 50 m with the WaveMIMO methodology for the representative regular waves of the
Rio Grande coast, confronted with the analytical solution found through Equation (5). To
facilitate visualization, the total simulation time of 300 s has been subdivided every 100 s,
as can be noted in Figure 12a–c.
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In qualitative terms, as in [20,62,63], it can be seen that the WaveMIMO methodology
adequately reproduces the representative regular waves. It should be noted that the greatest
differences occur for t < 20 s due to the initial condition of fluid inertia, which is at rest
at the beginning of the numerical simulation. Thus, quantitatively, the analysis of results
considers the time interval 20 s ≤ t ≤ 300 s, achieving MAE of 0.090 m and RMSE of
0.116 m. These results are in line with those found by [20,62,63].
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After that, an analogous procedure was adopted to verify the irregular wave genera-
tion. Figure 13a,b shows the water free surface elevation for the realistic irregular waves
of the Rio Grande sea state at x = 0 m (inlet region) in comparison with the results from
TOMAWAC, respectively, in intervals of 300 s.
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One can note that, qualitatively, the results of Figure 13 satisfactorily represent the
random variation of the free surface elevation of the waves. During the 900 s taken into
account in this analysis, MAE of 0.117 m and RMSE of 0.152 m were found. It stands out
that the qualitative and quantitative results are consistent with those found by [62,64,65].

Based on the results of Figures 12 and 13 and in the qualitative and quantitative
evaluations carried out, it is possible to infer that the computational model employing the
WaveMIMO methodology was verified for the numerical generation of regular and irregular
waves from a sea state. It is worth mentioning that further details about verification and
validation of the WaveMIMO can be found in Machado et al. [20] and Maciel et al. [63].
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4.1.2. Validation of the Computational Model in a Laboratory Scale with SHP

Just as observed in the studies of Dick and Brebner [25], Graw [26], and Orer and
Ozdamar [36], Figure 14 shows the pulsating effect of the axial velocity below the SHP
obtained in the present work during wave propagation. This effect has led to further
research into SHP as a WEC. As can be seen, the velocity is approximately zero up to
t = 10 s. This is due to the time it takes for the first wave to propagate from the generation
zone to the center of the SHP, since the initial condition of the fluid is rest.
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Table 4 shows a comparison of the maximum axial velocity found in the present
study (from Figure 14 and through the WaveMIMO methodology) with that found in the
experimental study by Orer and Ozdamar [36]. As presented in the literature [7,36,43],
the pulsating flow below the SHP has its highest values in the opposite direction to the
propagation, therefore, the results are presented with a negative value. Considering the
RPE, Equation (14), the error between the numerical results obtained in this study and the
experimental results by Orer and Ozdamar [36] is 7.73%, due to a difference of −0.0088 m/s.
Therefore, it is considered that the computational model has been properly validated.

Table 4. Computational model validation results.

Experimental Axial Velocity
(m/s)

Numerical Axial Velocity
(m/s)

Difference
(m/s)

−0.11385 −0.10505 −0.0088

4.1.3. Verification of the Full-Scale Computational Model with SHP

This evaluation was carried out by comparing the results obtained here by means of
the WaveMIMO methodology with those reported by Seibt et al. [7]. To this end, due to the
initial condition of fluid inertia, the analysis considers the interval between 25 s ≤ t ≤ 104 s.
Figure 15 shows, qualitatively, that the elevation of the water free surface monitored at
the position of x = 104.688 m is properly reproduced. The quantitative analysis took into
account Equations (12) and (13), where the differences for the free surface elevation were
MAE of 0.030 m and RMSE of 0.040 m. Figure 16 also shows adequate reproduction of
the axial velocity monitored below the SHP. Quantitatively, differences of 0.061 m/s and
0.077 m/s were observed for MAE and RMSE, respectively. Given the qualitative and
quantitative results found in both analyses carried out, the numerical model is considered
to be verified.
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4.1.4. Verification of the OCEANLYZ Software

The last verification is addressed to show the applicability of the OCEANLYZ software
in calculation of the Hs of waves. Then, it was applied in the free surface elevation data
obtained by Equation (5) for the representative regular waves (see Figure 6). The result
reached by the OCEANLYZ software was Hs = 0.66997 m, which in comparison with the
Hs = 0.66 m has a RPE = 1.51%. It is therefore understood that the OCEANLYZ software is
verified and adequately determines the value of the significant height for the data series in
this study.

4.2. Results from the Case Study

As stated in this paper, the case study evaluates 5 different lengths of the SHP, with
the aim of understanding the effects of this variation when the SHP is considered as a
breakwater and when it is considered as a WEC. To do so, numerical simulations are
performed of these 5 SHPs when submitted to the incidence of the representative regular
and realistic irregular waves from the sea state of Rio Grande city. The influence of other
important constructive (such as the SHP submergence depth) and operational (such as the
incidence of different sea states) parameters was not evaluated in the present study but
will be addressed in future investigations.

As for the analysis of the results, when the SHP is considered as a breakwater, the
significant wave heights upstream and downstream of the SHP are compared. When
the SHP is considered as WEC, the analysis is carried out by determining the maximum
axial velocity occurring under the SHP. It is noteworthy that the SHP can be considered
a WEC due to the axial velocity having positive and negative signs, indicating that the
flow under the SHP occurs in an alternating way, a fact that is in agreement with other
authors [7,36,42,43] and already reproduced here in Figures 14 and 16.



Fluids 2024, 9, 188 19 of 29

4.2.1. SHP under the Incidence of the Representative Regular Waves

The characteristics of the representative regular waves can be seen in Figure 6. Due
to the initial resting condition of the fluid, as previously mentioned, together with the
stabilization of the regular waves, the time range under consideration is 200 s ≤ t ≤ 900 s.

Concerning the evaluation of the SHP as breakwater, Figure 17a–e compares the results
of the free surface elevation upstream and downstream of the SHP for each of the cases.
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Qualitatively, it can be seen in Figure 17 that there is a reduction of Hs for all cases,
demonstrating consistency with SHP’s initial interest in reducing waves. It can also be seen
that the reduction in free surface elevation after SHP is directly proportional to the length
of the plate, with the 1Lp case showing the highest significant wave height downstream of
the device. Therefore, quantitative analysis of the results is necessary to confirm this first
visual impression.

Table 5 shows the results of Hs for all cases in the probes 10 m upstream and down-
stream of the SHP. The last column shows the RPE value between the probes in each case,
i.e., the percentage reduction after propagation over the device.

Table 5. Hs calculated at 10 m upstream and downstream of the SHP.

Case 10 m Upstream of SHP
(x = 93.2 m)

10 m Downstream of SHP
(x = Varies)

RPE
(Hs Reduction)

1Lp 0.540 m 0.461 m −14.62%
1.5Lp 0.599 m 0.329 m −45.05%
2Lp 0.713 m 0.227 m −68.16%

2.5Lp 0.812 m 0.246 m −69.63%
3Lp 0.840 m 0.246 m −70.70%

One can observe in Table 5 that the augmentation of the SHP length improves its effect
as a breakwater, since between cases 1Lp and 3Lp a reduction superior to 55% was reached.

Next, a second way of evaluating the SHP in the breakwater function is presented.
To do this, in all the cases evaluated (1Lp, 1.5Lp, 2Lp, 2.5Lp, and 3Lp), a probe was used to
monitor the elevation of the free surface positioned at x = 128.63 m. Because this probe
is further away from the SHP compared to the previous analysis and positioned before
the start of the numerical beach, it is interpreted that these would be the significant wave
heights that would reach the coast after passing through the device. Table 6 shows the
quantitative comparison of Hs obtained from the probes located upstream and downstream
of the SHP.

Table 6. Hs considering the probe located 10 m upstream of the SHP and the fixed probe, at x = 128.63 m.

Case 10 m Upstream of SHP
(x = 93.2 m)

Fixed Probe Downstream of
the SHP

(x = 128.63 m)

RPE
(Hs Reduction)

1Lp 0.540 m 0.456 m −15.61%
1.5Lp 0.599 m 0.309 m −48.50%
2Lp 0.713 m 0.229 m −67.88%

2.5Lp 0.812 m 0.215 m −73.52%
3Lp 0.840 m 0.239 m −71.61%

From Table 6, the results obtained for the 1Lp case show the efficiency of the device’s
application as a breakwater under the incidence of representative regular waves. It has
also been observed that the 3Lp case increased Hs reduction capacity by 5 times compared
with the initial case. In contrast to the previous analysis, when comparing the significant
height of the waves upstream of the SHP with the waves that reach the coast after passing
through the device, the 2.5Lp case is the most efficient.

An interesting behavior is related to the efficiency increase in Hs reducing by approx-
imately 3 times for the 1.5Lp case compared to the 1Lp case; whereas the Hs reduction of
the best cases (2.5Lp and 3Lp) increased the efficiency around 4.5 times if compared with
the worst one (1Lp). It is therefore understood that the variation in wave height reduction
effects due to the length of the SHP is not linear, even in regular wave propagation.

Another point to discuss is the affordability of a long SHP. When comparing the Hs
values that reach the coast for cases 2.5Lp and 3Lp, for example, the 20% increase in device
length for the second case led to a decrease in wave height reduction efficiency. Therefore,
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given the nonlinear evolution of wave reduction efficiency, the interest in the behavior of
SHP under the incidence of realistic irregular waves is greater.

Finally, one can highlight in Tables 5 and 6 that the case 2Lp reaches percentage Hs
reduction almost as large as the maximum values. In other words, it is possible to employ
the SHP with 2Lp that is 50% smaller (see Table 5) and 25% smaller (see Table 6) than
the best cases, with a difference of only 2.54% and 5.64%, respectively, in its efficiency
as breakwater.

In sequence, the SHP was evaluated as a WEC when submitted to the representative
regular waves of the Rio Grande sea state. Figure 18 shows the maximum axial velocity
profiles obtained below the SHP along the depth (see Figure 11) for each of the cases. As
mentioned, the maximum values are negative because the highest velocities occur in the
opposite direction to wave propagation. This pattern is repeated in this study, as well as in
the literature [36,42,43].
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From Figure 18, one can observe that the 2.5Lp and 3Lp cases have a similar velocity
profile in the direction of wave propagation, while for the maximum negative axial veloci-
ties, the case 3Lp achieves the highest velocity magnitudes among all cases. It can also be
seen in Figure 18 that for the 1.5Lp and 2Lp cases, there were no considerable differences
in the velocity profiles in the direction opposite to propagation. On the other hand, in the
positive direction, there is a variation when approaching the bottom of the SHP. However,
in this study, the region of interest for the future installation of a turbine is the midpoint
between the bottom of the SHP and the bottom of the wave channel, as in [7,36,39,41,42].
This point of interest has its horizontal coordinate located at the center of the SHP and the
vertical coordinate at z = 4.284 m. It should be noted that, as the SHP lengths investigated
were different, the horizontal coordinate (x) has a specific value in each case. Thereby,
Table 7 shows the maximum axial velocity calculated at the point of interest for each case.

Table 7. Maximum axial velocity at position z = 4.284 m and time of occurrence for the representative
regular waves.

Case Maximum Axial Velocity
(m/s)

Time of Occurrence t
(s)

1Lp −0.244 272.05
1.5Lp −0.197 265.68
2Lp −0.192 290.74

2.5Lp −0.225 227.52
3Lp −0.258 316.60
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As already noticed in Figure 18, Table 7 indicates that the highest axial velocity was
found for the 3Lp case, which means that, among the SHP dimensions evaluated, it had the
greatest potential for converting the energy contained in sea waves into electricity. The 3Lp
case had the maximum negative axial velocity 5.41% bigger than the 1Lp case; remembering
that the 1Lp case has the dimensions optimized for a regular wave from the 2nd order
Stokes theory by Seibt et al. [7]. The worst case found is the 2Lp, which has a conversion
potential 25.43% lower than the best case, 3Lp.

Figure 19 displays the axial velocity variation for all cases over time at the point of
interest. Qualitatively, the pulsating effect of velocity below SHP is visible for all cases,
as presented in the verification and validation procedures and in the reference studies of
Orer and Ozdamar [36] and Seibt et al. [7]. The variation in the amplitude of these axial
velocities between each case is noticeable, demonstrating that the maximum results of each
case are regular over time and not an isolated extreme value.
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4.2.2. SHP under the Incidence of the Irregular Realistic Waves

This section presents the results obtained when the SHP was subjected to the incidence
of the realistic irregular waves and considered both as a breakwater and as a WEC. Due
to the random behavior of the irregular waves, the entire period of wave generation and
propagation is taken into account in the qualitative and quantitative analyses, i.e., the
results presented in this section correspond to a series of 900 s.

For the SHP acting as a breakwater, Figure 20 illustrates the free surface elevation of
the waves monitored by the probes located 10 m upstream (fixed probes at x = 93.2 m)
from the SHP and 10 m downstream (variable probe) from the SHP. Qualitatively, in all five
cases, the free surface elevation obtained upstream of the SHP is higher than that obtained
downstream of the SHP. This is consistent with the physical principle of a breakwater,
which is to reduce the wave height downstream.

In turn, Table 8 reports the quantitative results obtained for the Hs when considering
the probes 10 m upstream and downstream of the SHP, as well as the percentage of Hs
reduction after the propagation of the realistic irregular waves over the device. As with
the previous results, the 3Lp case was the one with the greatest Hs reduction, in short, it
demonstrated the greatest efficiency as the breakwater. Furthermore, when comparing
the most and least efficient cases, 3Lp and 1Lp, respectively, there was a difference in the
damping of the significant wave height of approximately 8 times. Also, the Hs reduction in
this comparison was directly proportional to the length of the SHP, i.e., the longer the SHP,
the greater the reduction was. The same trend was observed in Table 5 for the representative
regular waves.
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Table 8. Hs calculated upstream and downstream of SHP.

Case 10 m Upstream of SHP
(x = 93.2 m)

10 m Downstream of SHP
(x = Varies)

RPE
(Hs Reduction)

1Lp 0.662 m 0.632 m −4.52%
1.5Lp 0.683 m 0.619 m −9.31%
2Lp 0.738 m 0.594 m −19.47%

2.5Lp 0.783 m 0.560 m −28.48%
3Lp 0.829 m 0.534 m −35.59%

As can be seen in Table 8, the Hs reduction in the 1Lp case was negligible for this
analysis of the SHP under realistic irregular waves. In contrast, the Hs reduction in the
regular wave analysis showed fair results (see Tables 5 and 6). Therefore, evaluations of
the effects of different SHP characteristics on the device as a breakwater under realistic
irregular waves are justified.

For the reduction of waves by a breakwater, dimensional parameters of the geometry
such as plate length, thickness, and installation depth ratio can be important, as presented
by the literature considering regular waves [7,28,32,33,39,41,42,44]. The authors chose
to start the investigation varying the length Lp, because, in proportion to the incident
representative regular waves, the plate in case 1Lp was too “short” for the wavelength
(1Lp = 3.457 m versus λ = 51.6 m). This fact indicated a first path to understanding the
relevance of the SHP length on the influence of its efficiency as a breakwater. The authors’
choice led to creating the 4 other cases investigated in this work.

As in the previous study, a second assessment of the SHP as a breakwater is presented
below, based on an analysis of the free surface elevations obtained using a probe fixed at
the downstream position x = 128.63 m in all cases. As before, these are the free surface
elevations of the waves that reach the coast after passing the SHP. Therefore, Table 9
shows and compares the Hs obtained through the fixed probes located in the horizontal
coordinates x = 93.2 m and x = 128.63 m, respectively, upstream and downstream of the SHP.

Table 9. Hs considering the probe located 10 m upstream of the SHP and the fixed downstream probe,
located at x = 128.63 m.

Case 10 m Upstream of SHP
(x = 93.2 m)

Fixed Probe Downstream of SHP
(x = 128.63 m)

RPE
(Hs Reduction)

1Lp 0.662 m 0.649 m −1.98%
1.5Lp 0.683 m 0.615 m −9.89%
2Lp 0.738 m 0.583 m −20.97%

2.5Lp 0.783 m 0.562 m −28.19%
3Lp 0.829 m 0.511 m −38.28%

From Table 9, the result of the 1Lp case reveals poor efficiency in the application of the
device as a breakwater under the incidence of realistic irregular waves, as also noticed in
Table 8. However, there was a significant increase in device efficiency when 1.5Lp SHP was
considered. Moreover, when comparing the cases with the highest and lowest efficiency,
3Lp and 1Lp, respectively, the difference in wave damping was more than 19 times. Finally,
it is important to note that when considering realistic irregular waves, unlike representative
regular waves, the greater damping of the Hs occurred for the 3Lp case regardless of the
position of the downstream probe.

An interesting fact is that for the realistic irregular wave situation, for both probes
downstream of the SHP, the efficiency was less than 40% (see Tables 8 and 9). In the case
of representative regular waves, however, only case 1Lp had an efficiency of less than 40%
for both downstream probes (see Tables 5 and 6). It can therefore be seen that there is a
wide variation in the effects of the length of the SHP as a breakwater for the different wave
approaches. This result, which calls for further investigations, shows the gap between the
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theoretical values of regular waves and what actually happens with irregular waves on the
ocean and coasts.

Both in the case of representative regular waves and realistic irregular waves, it was
not possible to determine a pattern to the changes in efficiency in relation to the probe 10 m
downstream and the fixed probe after the SHP. This consideration has led to questions
about the evolution of the wave during propagation after the SHP.

In the situation of realistic irregular waves, there is no proximity between the values
of the efficiency in the reduction of Hs for each case, unlike the results for regular waves.
For realistic irregular waves, these differences between the cases 2.5Lp and 3Lp are 7.11%
for the probe 10 m downstream of the SHP (see Table 8) and 10.09% for the fixed probe
after the device (see Table 9). However, in the approach with the representative regular
waves, the variation in reductions was less than 2% when comparing the same cases for
both probes after SHP (see Tables 5 and 6).

Finally, concerning the SHP as a WEC under the incidence of the realistic irregular
waves, Figure 21 shows the maximum axial velocity profiles obtained below the SHP along
the depth (see Figure 11) for each of the cases. As mentioned, the maximum values are
negative due to the fact that the highest velocities occur in the opposite direction to wave
propagation. This pattern presented in the literature for regular waves [36,42,43] is repeated
in these results for the SHP under realistic irregular waves. The pulsating effect of the flow
also occurred in these cases. This can be seen in Figure 21, which shows the maximum axial
velocities in the positive and negative directions. However, this pulsating flow is irregular,
and so are the free surface elevations.
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Among all the depths evaluated, the maximum axial velocities were obtained for the
2Lp case. In turn, when comparing the maximum axial velocities obtained with 1.5Lp and
2Lp, it was clear that there were no considerable differences in the velocities obtained along
the depth; the same occurred when comparing cases 1Lp and 3Lp. Then, comparing the case
with the lowest maximum axial velocities, 3Lp, with the case showing the highest velocities,
2Lp, there was an average reduction in velocity of 9%.

As already identified in the results depicted in Figure 21, Table 10 shows the maximum
axial velocity calculated at the point of interest when considering the random waves. The
smallest axial velocity was found for the 3Lp case, that is, among the dimensions of the
SHP evaluated, it is the one with the least potential for converting the energy contained
in sea waves into electricity, while the case with the highest maximum axial velocity is
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2Lp. Comparing the worst and best performing cases, one can note that the 2Lp case has a
conversion potential around 9% higher than the 3Lp case.

Table 10. Maximum axial velocity at point of interest and time of occurrence for the realistic irregu-
lar waves.

Case Maximum Axial Velocity
(m/s)

Time of Occurrence
t (s)

1Lp −0.595 852.38
1.5Lp −0.636 852.64
2Lp −0.647 852.95

2.5Lp −0.629 853.32
3Lp −0.588 853.65

5. Conclusions

This numerical study investigated different lengths of SHP subjected to representative
regular waves and realistic irregular waves of the sea state that occurred on the coast of
the city of Rio Grande in southern Brazil. In addition, the SHP was evaluated in terms of
breakwater and WEC functionalities. To do so, the computational model employing the
WaveMIMO methodology was validated and verified.

As a breakwater and under the incidence of the representative regular waves, with
the exception of the 1Lp case, the cases showed an efficiency of more than 40% in the
reduction of Hs downstream from the device. Considering the downstream probe fixed
at x = 128.63 m and interpreting the significant wave heights as those that reach the shore
after passing through the device, the 2.5Lp case had the best performance. In turn, when
the SHP was considered as a WEC and submitted to the representative regular waves, the
best performance was achieved by the 3Lp case, with the average maximum axial velocity
along the depth being 25% higher than the case with the lowest velocities. The pulsating
effect of the flow below the SHP was also demonstrated, in agreement with other studies in
the literature already mentioned [7,26,36,39,42].

On the other hand, for the evaluation involving the realistic irregular waves, the SHP
as a breakwater obtained efficiencies in the Hs reducing less than 40% for all analyzed cases.
Here, the SHP length proved to be an important parameter: considering the fixed probe
and interpreting it as the value of Hs that reaches the coast, the 1Lp case had a negligible
efficiency of 1.98% in reducing the incident wave heights; while the 3Lp case achieved
38.28% in the Hs reduction, being the more efficient breakwater among the investigated
cases. In other words, when comparing the most and least efficient cases, i.e., 3Lp and 1Lp,
respectively, there was a difference of approximately 19 times in the damping of the wave
heights reaching the shore. Besides that, the SHP as WEC and submitted to the realistic
irregular waves showed the highest maximum axial velocities for all the depths evaluated
in the case of 2Lp, presenting an average increase of 9% in relation to the case 3Lp, which
had the lowest velocities.

This paper concludes with two findings: (a) confirmation that the use of regular waves
in numerical studies is insufficient to determine the real hydrodynamics of the process,
especially if the focus is to define the efficiency of the SHP as breakwater and/or as WEC;
(b) these results are the very first ones to numerically consider the SHP with irregular
waves and considering both functions as breakwater and as WEC. There is still a need for
better understanding of the SHP as a breakwater and the effects of plate length on wave
propagation after the device, since there were variations in the efficiency for the cases 2.5Lp
and 3Lp between the probes 10 m downstream of the device and on the downstream fixed
probe. For the SHP as WEC, the most efficient lengths were different for each wave situation;
the 3Lp case showed the highest axial velocity for representative regular waves while the
2Lp case was the one with the highest conversion capacity for realistic irregular waves.
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Finally, based on the obtained results, one can infer that the SHP with 3Lp length
should be chosen to meet the needs as breakwater and the SHP with 2Lp length as WEC, as
these lengths are the most appropriate and with good efficiency level in each function.

In addition, there is a clear need to expand the investigations of the SHP device with
sea states, bringing the efficiencies closer to the real situation in which the device is installed,
as well as an investigation between the lengths of the cases 2Lp and 3Lp, aiming to refine the
search for the best SHP for both functions. Furthermore, an investigation with higher values
for the SHP length is also relevant in order to identify to what extent the observed trend
persists. In addition, other important constructive parameters, such as the submergence
depth, will be evaluated under the incidence of irregular waves. These aspects should be
the focus of future studies into the development of SHP with the integration of breakwater
and WEC functions.
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