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Abstract: The present study aims to evaluate the difference in the fluid-dynamic behavior of an
overtopping wave energy converter under the incidence of irregular waves based on a realistic sea
state when compared to the incidence of regular waves, representative of this sea state. Thus, the sea
data of three regions from the Rio Grande do Sul coast, Brazil, were considered. Fluent software was
employed for the computational modeling, which is based on the finite volume method (FVM). The
numerical generation of waves occurred through the imposition of the velocity boundary conditions
using transient discrete values through the WaveMIMO methodology. The volume of fluid (VOF)
multiphase model was applied to treat the water–air interaction. The results for the water amount
accumulated in the device reservoir showed that the fluid-dynamic behavior of the overtopping
converter has significant differences when comparing the two proposed approaches. Differences up
to 240% were found for the water mass accumulated in the overtopping device reservoir, showing
evidence that the results can be overestimated when the overtopping device is analyzed under the
incidence of the representative regular waves. Furthermore, for all studied cases, it was possible
to approximate the water volume accumulated over time in the overtopping reservoir through a
first-degree polynomial function.

Keywords: wave energy; WaveMIMO methodology; realistic sea state; computational modeling

1. Introduction

According to Fontana et al. [1], the demand of humanity for energy is amplified by
population growth in underdeveloped countries and by the high energy consumption
of developed countries. Therefore, as stated in REN21 [2], investment and the capacity
to produce energy from renewable sources have increased annually. For example, these
sources already accounted for 26.20% of the electricity consumed in the world in 2018.
In this context, as estimated by Gunn and Stock-Williams [3], the global wave energy
potential is approximately 2.11 TW. According to Espindola and Araújo [4], the estimated
total annual potential for the Brazilian coast is 89.97 GW, with the southern region having
the highest wave energy potential in the country, reaching an average of 20.63 kW/m
per wavefront.

Among the different types of existing wave energy converters (WECs), the overtopping
device stands out for being a robust and resistant equipment. Its operational principle is
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based on a partially submerged structure that uses a ramp to drive water to a reservoir.
The waves overtop the ramp and enter the reservoir, where the water is temporarily stored
before its return to the sea via hydro turbines, generating electricity [5]. Computational
modeling plays an important role for the hydrodynamic behavior study of the overtopping
devices through approaches that consider the incidence of regular or irregular waves,
allowing for the prediction of its capacity to convert the wave energy into electricity.

Concerning the incidence of regular waves, Jungrungruengtaworn and Hyun [6] de-
veloped a numerical investigation evaluating the influence of the overtopping slot width
on the hydraulic performance of the device. Han et al. [7] carried out a numerical study of
a two-stage overtopping WEC (i.e., two ramps and two reservoirs), comparing the results
with those experimentally obtained by Liu et al. [8]. Martins et al. [9] performed a geometric
evaluation of the overtopping device employing the Constructal Design, considering two
degrees of freedom: the ratio between height and length of the ramp and the device depth.
In turn, the incidence of irregular waves in overtopping WECs has been done through
the Joint North Sea Wave Project (JONSWAP) wave spectrum, which simulates random
waves. Palma et al. [10] presented numerical studies on the hydraulic performance of
an overtopping breakwater for energy conversion (OBREC), being a breakwater with an
integrated overtopping device. Di Lauro et al. [11] also studied an OBREC employing
the JONSWAP spectrum, developing its stability analysis by combining model scale ex-
periments and numerical simulations that use the IH2VOF model, which is based on the
volume-averaged Reynolds-averaged Navier–Stokes (VARANS) equations combined with
the VOF method. Additionally, Di Lauro et al. [12] performed numerical simulations based
on the VARANS equations, aiming to investigate the hydraulic performance and structural
stability of the innovative OBREC-V, and concluded that the proposed non-conventional
geometry can promote significant improvements in wave energy extraction, reduction of
the wave reflection, and hydraulic stability when compared with the traditional OBREC
design. More recently, Martins et al. [13], also applying the JONSWAP spectrum, developed
a numerical study on an overtopping device with one and two ramps incorporated into
a real breakwater, performing a geometric evaluation through the Constructal Design
method. It should be highlighted that one can find several other studies addressing the
overtopping devices and OBRECs with different approaches and goals, such as the studies
by Liu et al. [14], Barbosa et al. [15], Contestabile et al. [16], and Mariani et al. [17].

In view of this, the present work uses computational modeling to reproduce the
operational principle of an overtopping WEC in order to analyze numerically its fluid-
dynamic behavior when subjected to regular and irregular waves based on realistic sea
states. Thereunto, three different points located 2000 m off the coast of Rio Grande do
Sul state were considered, in the municipalities of Rio Grande (RG), Santa Vitória do
Palmar (SVP), and Tavares (TV), in southern Brazil. To do so, representative regular waves
and realistic irregular waves of each sea state were generated through the WaveMIMO
methodology [18] application. In both approaches, a real-scale wave channel with a
numerical beach was considered, in which the overtopping WEC is inserted.

2. Ocean Wave Energy and Its Conversion

The analysis of the wave energy resource is an essential requisite for the strategic
planning of its adequate usage, as well as for the design of WECs [19]. In a general way,
the waves start as small ripples that become larger due to the sustained transfer of energy
from wind. If the wind keeps blowing long enough, the waves reach a limit beyond which
their existence no longer depends on the continued wind action. In that case, the waves are
regarded as being fully developed. For a wave to become fully developed, it depends on
the wind velocity and the distance (or fetch) over which the wind is blowing. Nonetheless,
if the wind stops, these waves will continue to propagate for large distances with practically
no energy loss, being defined as swell waves since the wind that caused their generation is
no longer present [5].
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Based on the above, one can classify ocean waves into the following two categories:
wind waves (generated by local winds; will dissipate if wind action ceases) and swell waves
(away from their generation zone; do not depend on wind action to propagate) [5]. In other
words, wind waves can be considered to be young waves that grow or are in equilibrium
with the local winds, while swell waves can be regarded as waves that originated elsewhere,
having the ability to propagate over long distances [20]. Despite this classification, wind
waves and swell waves are basically two extremes of a continuum of waves. In fact,
all waves are generated due to a previous wind action and subject to the effect of the
loca wind [5].

Regarding the conversion of ocean wave energy, several physical operating principles
are studied and tested for the WEC devices. According to Pecher and Kofoed [5], these de-
vices can be classified into the following categories: oscillating water column (OWC), with
a fixed or floating structure; oscillating, floating, or submerged bodies; and overtopping,
with a fixed or floating structure. However, the above classifications do not cover all the
studied WECs, which is the case of the submerged horizontal plate device [21,22].

The WEC power performance, in theory, benefits from the incidence of wind waves
that are steep and provide larger and/or more frequent interactions with the device. In turn,
swell waves have longer periods, resulting in less frequent interactions with the WECs [5].
In addition, it is believed that swell waves can be considered detrimental for the WECs,
because they affect the wave height, wave period, and regularity of the wave climate,
resulting in an irregular energy production pattern [23]. However, there is no adequate
data to estimate the extra energy that can be generated by the swells. Experimental tests
performed by Kralli et al. [24] indicated that an OBREC can achieve a performance that is
improved by 20% due to the incidence of swell waves.

To improve the studies on wave energy conversion, researchers have carried out
several numerical investigations regarding the propagation of regular and irregular waves.
Some examples of studies on the generation of regular waves can be seen in Zabihi et al. [25],
who compared two software to generate numerical waves, Fluent and Flow-3D. In addition,
the use of a ramp at the end of the channel was investigated as a means to dissipate
the wave energy. Machado et al. [26] presented a method for generating regular waves
using the Fluent software, inserting transient discrete data as the velocity inlet boundary
conditions on the wave channel. Machado et al. [27] tested two ways to generate regular
waves on a numerical wave tank: using a piston wavemaker and using the prescribed
velocity boundary conditions. As for irregular waves, there are studies, such as Finnegan
and Goggins [28], that have studied the generation of irregular waves on a real scale
using the Fluent software. Higuera et al. [29,30] developed and validated a numerical
methodology for realistic wave generation associated with active wave absorption, based
on the linear shallow-water theory, in OpenFOAM software. Machado et al. [18] presented
the WaveMIMO methodology, which allows the numerical simulation of realistic sea
waves based on the imposition of transient discrete data as a prescribed velocity boundary
condition using Fluent software.

3. Data and Methodology

This section presents the aspects necessary for the numerical simulation of the overtop-
ping WEC subjected to the incidence of representative regular waves and realistic irregular
waves from the three studied coastal regions located in the southern Brazil.

3.1. Mathematical and Numerical Modeling

The numerical simulations of the present investigation were carried out using the
ANSYS Fluent software, which is a computational fluid dynamics (CFD) package based
on the finite volume method (FVM). The FVM divides the domain of interest into several
elementary volumes and performs a conservation balance of properties for each elementary
volume to obtain the corresponding approximate equation [31,32].
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The volume of fluid (VOF) multiphase model was used to deal with the two-phase flow
of air and water. This methodology was developed by Hirt and Nichols [33] allowing the
adequate treatment of the water–air interaction, because assumes that the volume occupied
by one phase cannot be occupied by the other phase. To represent which phase is present
in each volume, the model calculates the volumetric fraction (α). Thus, α varies between
0 and 1 for each phase (αwater and αair), where 0 indicates that the measured phase is not
present and 1 indicates that only that phase is present in the control volume. Therefore

αair = 1− αwater (1)

Furthermore, still according to Hirt and Nichols [33], when the VOF model is applied,
the momentum and continuity equations are solved for each cell of the computational
domain, and the volumetric fraction (α) is calculated for each control volume on the domain
through the transport equation. Thus, in agreement with Schlichting [34] the model is
composed by the Navier–Stokes equation for the water–air mixture:

∂(ρ
→
v )

∂t
+∇ · (ρ →v →v ) = −∇p +∇ ·

(
µ

=
τ
)
+ ρ

→
g + S (2)

continuity equation:
∂(ρ)

∂t
+∇ · (ρ →v ) = 0 (3)

and volumetric fraction transport equation:

∂ (ρα)

∂t
+∇ · (α →v ) = 0 (4)

where ρ is the fluid density (kg/m3); t is the time (s),
→
v is the velocity vector (m/s); p is the

static pressure (Pa); µ is the viscosity (kg/(m·s));
=
τ is the stress deformation tensor (N/m2);

and
→
g is the gravity acceleration vector (m/s2). Still, S is the damping sink term and refers

to the numerical beach, a tool used to avoid the effect of wave reflection at the end of the
wave channel, given by [35,36], as follows:

S = −
[

C1ρV +
1
2

C2ρ|V|V
](

1−
z− z f s

zb − z f s

)(
x− xs

xe − xs

)2
(5)

where C1 and C2 are the linear and quadratic damping coefficients, respectively; V is the
velocity along the z-direction; z is the vertical position (m); z f s and zb are the vertical
positions of the free surface and bottom, respectively; x is the horizontal position (m); and
xs and xe are the horizontal positions of the beginning and end of the numerical beach,
respectively. In concordance with Lisboa et al. [36], the damping coefficients adopted are
C1 = 20 and C2 = 0.

Realistic Sea State Data and Wave Generation

The realistic data used for the generation of waves in the present study come from the
spectral model TOMAWAC (TELEMAC-based operational model addressing wave action
computation) and consist of a set of points in space, where each point is composed of a
directional spectrum of waves that vary over time. Such data are obtained by solving the
equation that represents the general situation of the wave propagation in an unstable and
nonhomogeneous medium, given by [37], as follows:

∂N
∂t

+
∂(

.
xN)

∂x
+

∂(
.
zN)

∂z
+

∂(
.
kx N )

∂kx
+

∂(
.
kzN )

∂kz
= Q(kx, kz, x, z, t) (6)
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where N represents the directional spectrum of wave action density (m2/Hz/rad); kx is the
component x of the wave number vector (m−1); kz is the component z of the wave number
vector (m−1); and Q is the source term (m2/rad).

In the present paper, three points along the coast of the state of Rio Grande do Sul,
located in southern Brazil, were considered. These points are 2000 m away from the coast
of the municipalities of Rio Grande (RG), Santa Vitória do Palmar (SVP), and Tavares (TV).
Figure 1 represents the computational domain used for the simulation of the sea state of
these points, through the TOMAWAC software.
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The generation of the realistic irregular waves in this study occurred through the
WaveMIMO methodology [18], which was validated and verified in Maciel et al. [38]. Such
methodology consists of imposing discretized orbital velocity profiles, horizontal and
vertical, of the wave propagation as boundary conditions based on realistic sea state data.

As explained in Machado et al. [14] and Oleinik et al. [39], after the realistic data
are obtained, the inverse Fourier transform is used to convert them into free-surface
elevation time series. Thus, it is possible to approximate the spectral data by a finite sum
of monochromatic waves, described individually according to the linear wave theory,
as [40,41]:

η = A cos(kx−ωt), (7)

where η is the water free-surface elevation (m); A is the wave amplitude (m); k is the wave
number (m−1); and ω is the angular frequency (Hz). Furthermore, the wave number and
angular frequency are given, respectively, as:

k =
2π

λ
, (8)

ω =
2π

T
, (9)

where λ is the wavelength (m) and T is the wave period (s).
Thus, by deriving the free-surface elevation equation for each coordinate axis, it is pos-

sible to obtain horizontal (u) and vertical (w) orbital velocity profiles of wave propagation
given, respectively, by:

u = ωA
cos h(kz + kh)

sin h(kh)
cos(kx−ωt) (10)

w = ωA
sin h(kz + kh)

sin h(kh)
sin(kx−ωt) (11)

where h is the water depth (m).
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In addition, it is important to highlight that the regular waves employed in this study
are representatives of the addressed realistic sea states. Thus, their characteristics are
determined from the histograms of the frequency of occurrence of each wave spectrum
throughout 2014, which combine the significant height (Hs) and peak period (Tp) of the
spectrum, and can be seen in Figures 2–4, respectively, for the RG, SVP, and TV regions (see
Figure 1).
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After obtaining the most frequent significant height and peak period of each coastal
region, the wavelengths (λ) were calculated using the dispersion relation [41]:

ω2 = gk tan h(kh). (12)
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Hence, in Table 1, the characteristics adopted for the representative regular waves of
each studied region are presented.

Table 1. Characteristics of representative regular waves.

Point Height—H (m) Period—T (s) Wavelength—λ (m)

RG 0.66 8.10 85.98
SVP 0.78 7.50 68.48
TV 0.78 7.50 68.48

Thus, according to Chakrabarti [42], the regular waves considered in this study are
second-order Stokes waves. Therefore, according to Dean and Dalrymple [41], the free-
surface elevation of the water caused by these waves, and the horizontal and vertical
velocity components, can be analytically described, respectively, by:

η = A cos(kx−ωt) +
(2A)2k cos h(kh)

16 sin h3(kh)
[2 + cos h(2kh)] cos[2(kx−ωt)], (13)

u = Agk
cos h(kz + kh)

ω cos h(kh)
cos(kx−ωt) + A2ωk

cos h[2k(h + z)]
sin4(kh)

cos[2(kx−ωt)], (14)

w = Agk
sin h(kz + kh)

ω sin h(kh)
sin(kx−ωt) + A2ωk

sin h[2k(h + z)]
cos4(kh)

sin[2(kx−ωt)]. (15)

Aiming to apply the WaveMIMO methodology for the generation of these regular
waves, as in Chakrabarti [42], the components of the wave propagation velocity vector were
extracted in the horizontal (u) and vertical (w) directions for each coastal region. Therefore,
a time step of ∆t = 0.05 s was used, which according to Liu et al. [43] guarantees numerical
accuracy because ∆t ≤ T/50.

Finally, Table 2 presents precise information regarding the location of the selected
points (see Figure 1) as well as the moment to which the data refer.

Table 2. Characteristics of each point selected for the study.

Point Date Time (h) Geographic Location Depth—h (m)

RG 8 September
2014 8.25 −52◦ 17” 47.25′ W, −032◦ 22” 30.95′ S 9.52

SVP 31 July 2014 18.5 −53◦ 04” 29.27′ W, −033◦ 32” 42.47′ S 11.09

TV 24 February
2014 12.75 −51◦ 06” 20.37′ W, −031◦ 27” 7.97′ S 13.97

3.2. Problem Description

The analyzed problem consists of an overtopping WEC inserted into a wave channel
and subjected to the incidence of waves that represent different sea states. Therefore, a two-
dimensional computational model was developed to simulate the operational principle of
the device. It is worth mentioning that the 2-D numerical approach has been widely used for
the investigation of WECs [18,21,22,38,43,44], including overtopping devices [6–10,13,15].
This simplification is reasonable especially for the overtopping WEC, since the physical
phenomenon that occurred due to the incidence of waves can be adequately approximated
as an in-plane problem. Moreover, the 2-D approach is justified if it is taken into account
the processing time required for this kind of numerical simulation.

As shown in Figure 5, at the bottom of the left side of the wave channel (dashed green
and red line), the prescribed velocity boundary conditions are imposed, which allows
for the generation of waves referring to each sea state addressed. Furthermore, the other
boundary conditions are as follows: atmospheric pressure (dashed blue line); pressure
outlet (orange line), in which a hydrostatic pressure profile is imposed, thereby enabling the
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use of the numerical beach (gray region); wall condition (i.e., non-slip and impermeability)
at the bottom of the channel, as well as on the overtopping device (black line).
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device in the wave channel.

It is worth mentioning that for the pressure outlet imposed at the right boundary of
the computational domain (orange line, in Figure 5), the outlet pressure was defined by
prescribing the free-surface level as a hydrostatic pressure profile, characterizing an open
channel flow. From that, the numerical beach is considered as a region with its end surface
as the open channel pressure outlet boundary (hydrostatic profile), which is parallel to its
initial surface (start line of the gray region in the wave channel, in Figure 5). In addition,
the direction of the numerical beach is normal to its initial and end surfaces, with the
damping effect increasing gradually from the beginning of the numerical beach until its
final boundary [45,46].

Furthermore, the wave channel has a length of L = 420 m and an initial height
of H = 20 m. These dimensions were assumed based on the recommendations of
Gomes et al. [44], adopting the wavelength of RG and the wave height of SVP and
TV (see Table 1) as references. As can be seen in Figure 5, the channel bottom is inclined,
following the bathymetric data obtained from nautical charts of the Brazilian Navy’s Di-
rectorate of Hydrography and Navigation 1. Thus, it is highlighted that the depth varies
from h1 = 9.52 m to h2 = 9.15 m in RG; from h1 = 11.09 m to h2 = 10.65 m in SVP; and
from h1 = 13.98 m to h2 = 13.36 m in TV, where h1 refers to the depth at the selected point
(indicated as h in Table 2) and h2 refers to the depth at the point that is 420 m away, in the
coast direction.

Regarding the dimensions of the overtopping WEC, the recommendations of
Martins et al. [9] were adopted (see Figure 5): DR = 140 m; ratio H1/L1 = 0.33, with
H1 = 7.15 m and L1 = 21.66 m; LR = 20 m; and (h1 − S) = 6.5 m. Lines S1 and S2
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(purple lines in Figure 5) represent, respectively, the probes for monitoring the water
free-surface elevation, located 120 m from the left side wall of the computational domain,
and the mass flow rate, at the entrance of the reservoir. It is worth noting that the boundary
conditions, the characteristics of the overtopping device, and the wave channel were kept
constant for all simulated cases, with the exceptions being the values of h1, h2, and S, which
needed to be altered for each case due to the local bathymetry.

Moreover, for spatial discretization, the computational domain was divided into three
distinct regions, as follows: R1 is the wave generation region, with 30 m in length; R2 is
the device region, with 151.81 m in length; and R3 is the numerical beach region, starting
at xs = 181.81 m and ending at xe = 420 m (see Equation (5)), leading to a numerical
beach with 238.19 m in length. In Figure 6, it is possible to observe a representation of the
mentioned regions of the computational domain.
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Figure 6. Schematic representation of the computational domain regions.

The R1 region was discretized with an irregular mesh composed by triangles of side
∆x = 0.3 m, according to Kisner et al. [47]. The R2 region was discretized with a structured
mesh, as in Gomes et al. [44], having horizontally 125 computational cells per wavelength
defined by a mesh independence test. The R3 region was discretized with quadrilaterals of
side ∆x = 0.5 m, as indicated by Saincher and Banerjee [48]. Figure 7 illustrates the mesh
adopted for the computational domain, detailing each mentioned region.
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As for the temporal discretization, for the representative regular and realistic irregular
waves, a time step of ∆t = 0.05 s was adopted, following the indication from Liu et al. [43]
for regular waves and Machado et al. [18] for irregular waves. A total time of 600 s of wave
propagation was simulated. Concerning the initial condition, it was assumed that water
and air were at rest, while the water depth at the beginning of the wave channel in each
case was adopted as being equal to the wave height of the correspondent representative
regular wave (see Table 2).

It should be noted that a particularity for applying the WaveMIMO [18] is to subdivide
the segment, where the prescribed velocity boundary condition is imposed into smaller
segments, 1 m long, as indicated in Machado et al. [26]. Figure 8 illustrates the wave
channel inlet region of Figure 5.
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4. Results

The verification and validation of the WaveMIMO methodology were carried out in
Machado et al. [18] and Maciel et al. [38]. Therefore, for the sake of brevity, the verification
of the numerical model used in the generation of waves will not be showed in the present
paper. Thus, the first results presented are related to the spatial discretization adopted
for the R2 region of the computational domain (see Figures 6 and 7). Finally, the results
obtained for the three studied coastal regions (see Figure 1) are reported regarding the
incidence of regular and irregular waves in the WEC overtopping.

4.1. Mesh Independence Test

Specifically, for the R2 region (see Figures 6 and 7), an investigation was carried out
focusing on the spatial discretization to be adopted. It was based on the recommendations
indicated in Gomes et al. [44], which used 50 computational cells per wavelength in the
horizontal direction. However, to obtain the greatest possible accuracy in the device region,
meshes with different refinements in horizontal discretization were tested, as follows: 50,
75, 100, and 125 cells per wavelength.

To compare the performance of the tested meshes, the amount of water that entered
the device reservoir due to the incidence of the representative regular waves of RG was
monitored through probe S2, located at the reservoir entrance (see Figure 5). Thus, Figure 9
presents the relationship between the number of segments per wavelength adopted in the
horizontal discretization and the mass of water accumulated in the device reservoir.

As can be seen in Figure 9, there is a tendency to stabilize the results obtained from
75 computational cells per wavelength. Thus, it was decided to use the mesh with 125 cells
per wavelength in the R2 region, guaranteeing a more accurate result regarding the amount
of water stored in the reservoir due to the incident waves over the overtopping WEC.
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4.2. Incidence of Waves on the Overtopping WEC

The numerical analysis of the operational principle of the overtopping WEC consisted
of calculating the amount of water that enters its reservoir. The main objective here was to
compare the performance of this device when subjected to realistic irregular waves with its
performance under the incidence of representative regular waves, for the three different
coastal locations indicated in Figure 1.

Initially, probe S1 (located at x = 120 m, see Figure 5) was used to monitor the
free-surface elevation in the wave channel. Thus, Figures 10–12 illustrate a qualitative
comparison between the free-surface elevation that occurred with the representative regular
waves and the realistic irregular waves for the sea state that occurred in RG, SVP, and
TV, respectively.

From Figures 10–12, as expected, the free-surface elevation caused by the generation of
representative regular waves presents constant wave peaks for the three cases. On the other
hand, the elevation caused by the generation of realistic irregular waves presents variable
wave peaks, sometimes larger, sometimes smaller than those caused by the simulation of
regular waves, reproducing in a more accurate way the behavior of the ocean waves.

To determine whether the simplification performed using regular waves adequately
represents the fluid-dynamic behavior of the overtopping WEC, the mass of water accu-
mulated in the device reservoir was monitored and compared in each coastal region. A
qualitative analysis of the results can be seen in Figures 13–15, which present the compari-
son between the mass flow rate (

.
m) that enters the device reservoir during the simulated

600 s due to the incidence of regular and irregular waves, for the points localized in RG,
SVP, and TV, respectively.
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Regarding the incidence of representative regular waves on the overtopping WEC, it
is possible to observe in Figures 13–15 that before assuming a practically constant behavior
of mass flow entering the reservoir, there are lower flow peaks at the simulation start that
increase until the stabilization. This fact occurs due to the initial condition of the wave
channel, where the fluids are considered in rest, making the first propagated waves smaller
than the others, as can be seen at the beginning of the free-surface elevation lines (blue
lines) of Figures 10–12.

On the other hand, concerning the incidence of the realistic irregular waves, the
occurrence of overtopping and the instantaneous mass flow do not present a stable behavior,
as with regular waves. Additionally, it is possible to notice that at several time intervals
there was no entry of water into the reservoir, which is explained by the fact that in the
realistic sea state there are waves with a shorter period and height and, consequently, less
energy, which makes the overtopping of the ramp unfeasible. Finally, it is worth noting
that, coincidentally, the highest overtopping peak during the considered 600 s occurred, for
all simulated cases, at approximately 500 s.

Figures 16–18 show the variation of water volume (V) accumulated in the reservoir of
the overtopping device over time due to the incidence of the representative regular waves
and realistic irregular waves, respectively, for RG, SVP, and TV. It is possible to observe
that for the cases numerically simulated with the representative regular waves, a greater
volume of water was accumulated in the reservoir when compared to the cases with the
realistic irregular waves, a trend that occurs in all analyzed locations. This behavior is in
agreement with the results presented in Figures 13–15.



J. Mar. Sci. Eng. 2022, 10, 1084 14 of 20

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 14 of 21 
 

 
Figure 15. Mass flow rate entering the reservoir due to the incidence of the representative regular 
waves and realistic irregular waves for TV. 

Regarding the incidence of representative regular waves on the overtopping WEC, it 
is possible to observe in Figures 13–15 that before assuming a practically constant 
behavior of mass flow entering the reservoir, there are lower flow peaks at the simulation 
start that increase until the stabilization. This fact occurs due to the initial condition of the 
wave channel, where the fluids are considered in rest, making the first propagated waves 
smaller than the others, as can be seen at the beginning of the free-surface elevation lines 
(blue lines) of Figures 10–12.  

On the other hand, concerning the incidence of the realistic irregular waves, the 
occurrence of overtopping and the instantaneous mass flow do not present a stable 
behavior, as with regular waves. Additionally, it is possible to notice that at several time 
intervals there was no entry of water into the reservoir, which is explained by the fact that 
in the realistic sea state there are waves with a shorter period and height and, 
consequently, less energy, which makes the overtopping of the ramp unfeasible. Finally, 
it is worth noting that, coincidentally, the highest overtopping peak during the considered 
600 s occurred, for all simulated cases, at approximately 500 s. 

Figures 16–18 show the variation of water volume (V) accumulated in the reservoir 
of the overtopping device over time due to the incidence of the representative regular 
waves and realistic irregular waves, respectively, for RG, SVP, and TV. It is possible to 
observe that for the cases numerically simulated with the representative regular waves, a 
greater volume of water was accumulated in the reservoir when compared to the cases 
with the realistic irregular waves, a trend that occurs in all analyzed locations. This 
behavior is in agreement with the results presented in Figures 13–15. 

 
Figure 16. Volume of water accumulated in the reservoir over time due to the incidence of the 
representative regular waves and realistic irregular waves for RG. 
Figure 16. Volume of water accumulated in the reservoir over time due to the incidence of the
representative regular waves and realistic irregular waves for RG.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 15 of 21 
 

 
Figure 17. Volume of water accumulated in the reservoir over time due to the incidence of the 
representative regular waves and realistic irregular waves for SVP. 

 
Figure 18. Volume of water accumulated in the reservoir over time due to the incidence of the 
representative regular waves and realistic irregular waves for TV. 

Moreover, one can note in Figures 16–18 a fitted curve (black dashed line) to the 
obtained results for each case. A first-degree polynomial equation for each fitted curve 
was defined by relating the water volume that enters the reservoir and the elapsed time, 
characterizing a linear correlation. The correlation coefficient (r), or Pearson coefficient, 
was also obtained, indicating a linear correlation between two variables [49]. Table 3 
presents the fitted equation, time range, and Pearson coefficient for all studied cases. The 
time range covers the interval between the first overtopping and the final simulation time. 

Table 3. Statistical parameters of curve fitting. 

Location Wave First-Degree Polynomial Time Range 𝒓 

RG 
Regular 𝑉 =  0.1597 ∙ 𝑡 – 7.5274 𝑡 ≥ 28.0 s 0.9997 
Irregular 𝑉 =  0.0524 ∙ 𝑡 –  3.8801 𝑡 ≥ 24.0 s 0.9491 

SVP 
Regular 𝑉 =  0.0123 ∙ 𝑡 –  4.0325 𝑡 ≥ 26.5 s 0.9998 
Irregular 𝑉 =  0.0384 ∙ 𝑡 –  2.7831 𝑡 ≥ 24.0 s 0.9456 

TV Regular 𝑉 =  0.0834 ∙ 𝑡 –  0.0666 𝑡 ≥ 26.0 s 0.9976 
Irregular 𝑉 =  0.0358 ∙ 𝑡 –  1.8331 𝑡 ≥ 20.5 s 0.9684 

From Table 3, one can infer that 0.95 ≤ 𝑟 ≤ 1.00  represents a strong linear 
relationship between V and t [49], allowing the employment of the fitted equations in 
future investigations considering longer overtopping device uptimes.  

In order to quantitatively evaluate the performance of the overtopping device under 
the incidence of representative regular waves and realistic irregular waves, calculations 
were performed for the total amount of water accumulated in its reservoir over the 600 s 
simulated. Table 4 presents these results as volume of water for the evaluated cases. 

Table 4. Total volume of water accumulated in the reservoir for each case. 

Figure 17. Volume of water accumulated in the reservoir over time due to the incidence of the
representative regular waves and realistic irregular waves for SVP.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 15 of 21 
 

 
Figure 17. Volume of water accumulated in the reservoir over time due to the incidence of the 
representative regular waves and realistic irregular waves for SVP. 

 
Figure 18. Volume of water accumulated in the reservoir over time due to the incidence of the 
representative regular waves and realistic irregular waves for TV. 

Moreover, one can note in Figures 16–18 a fitted curve (black dashed line) to the 
obtained results for each case. A first-degree polynomial equation for each fitted curve 
was defined by relating the water volume that enters the reservoir and the elapsed time, 
characterizing a linear correlation. The correlation coefficient (r), or Pearson coefficient, 
was also obtained, indicating a linear correlation between two variables [49]. Table 3 
presents the fitted equation, time range, and Pearson coefficient for all studied cases. The 
time range covers the interval between the first overtopping and the final simulation time. 

Table 3. Statistical parameters of curve fitting. 

Location Wave First-Degree Polynomial Time Range 𝒓 

RG 
Regular 𝑉 =  0.1597 ∙ 𝑡 – 7.5274 𝑡 ≥ 28.0 s 0.9997 
Irregular 𝑉 =  0.0524 ∙ 𝑡 –  3.8801 𝑡 ≥ 24.0 s 0.9491 

SVP 
Regular 𝑉 =  0.0123 ∙ 𝑡 –  4.0325 𝑡 ≥ 26.5 s 0.9998 
Irregular 𝑉 =  0.0384 ∙ 𝑡 –  2.7831 𝑡 ≥ 24.0 s 0.9456 

TV Regular 𝑉 =  0.0834 ∙ 𝑡 –  0.0666 𝑡 ≥ 26.0 s 0.9976 
Irregular 𝑉 =  0.0358 ∙ 𝑡 –  1.8331 𝑡 ≥ 20.5 s 0.9684 

From Table 3, one can infer that 0.95 ≤ 𝑟 ≤ 1.00  represents a strong linear 
relationship between V and t [49], allowing the employment of the fitted equations in 
future investigations considering longer overtopping device uptimes.  

In order to quantitatively evaluate the performance of the overtopping device under 
the incidence of representative regular waves and realistic irregular waves, calculations 
were performed for the total amount of water accumulated in its reservoir over the 600 s 
simulated. Table 4 presents these results as volume of water for the evaluated cases. 

Table 4. Total volume of water accumulated in the reservoir for each case. 

Figure 18. Volume of water accumulated in the reservoir over time due to the incidence of the
representative regular waves and realistic irregular waves for TV.

Moreover, one can note in Figures 16–18 a fitted curve (black dashed line) to the
obtained results for each case. A first-degree polynomial equation for each fitted curve
was defined by relating the water volume that enters the reservoir and the elapsed time,
characterizing a linear correlation. The correlation coefficient (r), or Pearson coefficient, was
also obtained, indicating a linear correlation between two variables [49]. Table 3 presents
the fitted equation, time range, and Pearson coefficient for all studied cases. The time range
covers the interval between the first overtopping and the final simulation time.
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Table 3. Statistical parameters of curve fitting.

Location Wave First-Degree Polynomial Time Range r

RG
Regular V = 0.1597·t –7.5274 t ≥ 28.0 s 0.9997
Irregular V = 0.0524·t – 3.8801 t ≥ 24.0 s 0.9491

SVP
Regular V = 0.0123·t – 4.0325 t ≥ 26.5 s 0.9998
Irregular V = 0.0384·t – 2.7831 t ≥ 24.0 s 0.9456

TV
Regular V = 0.0834·t – 0.0666 t ≥ 26.0 s 0.9976
Irregular V = 0.0358·t – 1.8331 t ≥ 20.5 s 0.9684

From Table 3, one can infer that 0.95 ≤ r ≤ 1.00 represents a strong linear relation-
ship between V and t [49], allowing the employment of the fitted equations in future
investigations considering longer overtopping device uptimes.

In order to quantitatively evaluate the performance of the overtopping device under
the incidence of representative regular waves and realistic irregular waves, calculations
were performed for the total amount of water accumulated in its reservoir over the 600 s
simulated. Table 4 presents these results as volume of water for the evaluated cases.

Table 4. Total volume of water accumulated in the reservoir for each case.

Location Wave Water Volume (m3)

RG
Regular 88.54
Irregular 31.26

SVP
Regular 69.58
Irregular 24.51

TV
Regular 48.19
Irregular 21.08

One can note in Table 4, as well as in Figures 16–18, that for the cases numerically
simulated with the representative regular waves, a greater amount of water was accumu-
lated in the reservoir when compared to the cases with the realistic irregular waves, a trend
that occurs in all analyzed locations. It was also observed that, although the regular waves
representing SVP and TV are identical, the difference in bathymetry and in the depth of
the wave channel, of approximately 2.80 m between these cases, influenced the incident
water volume in the device reservoir. A possible reason for this is related to the fact that the
representative regular wave of SVP propagates in a shallower water layer, which increases
the energy flow when compared to the propagation of this same wave in a deeper water
layer, as occurs in the case of TV.

Furthermore, an investigation was carried out in order to analyze the fluid–dynamic
behavior of the overtopping device aiming to completely fill the reservoir due to the action
of regular waves. Thereunto, the case referring to the municipality of RG was simulated for
900 s. Figure 19 shows the maximum mass flow peak that occurred for the representative
regular waves (Figure 19a–c) and for the realistic irregular waves (Figure 19d–f), during
the simulation with 900 s. The water is represented in red color, while the air is represented
in blue color.

As can be seen in Figure 19a,d, respectively, for t = 179 s and t = 721 s, in the instant
before the overtopping, a mass of water incident on the device ramp can be observed. After
that, in Figure 19b,e, respectively, for t = 181 s and t = 725 s, one can infer that the wave
overcame the resistance imposed by the ramp to the flow, climbing it and dropping into the
reservoir. It is also noted that the overtopping discharge is greater for the realistic irregular
wave (Figure 19e). Finally, Figure 19c,f, respectively, for t = 186 s and t = 729 s, present
instants after the overtopping discharges when the water masses return down the ramp at
the same time there is an agitation in the water accumulated inside the reservoirs.
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Figure 19. Fluid-dynamic behavior during the maximum mass flow peaks referring to the RG coastal
region, considering the representative regular waves for (a) t = 178 s; (b) t = 182 s; and (c) t = 186 s;
and the realistic irregular waves for (d) t = 721 s; (e) t = 725 s; and (f) t = 729 s.

Still referring to the accumulation of water in the reservoir, Figure 20 presents the phase
topology for t = 900 s due to the incidence of representative regular waves (Figure 20a)
and realistic irregular waves (Figure 20b). As can be seen in Figure 20a, the reservoir was
filled with water for the case that considers the incidence of regular waves. Instead, in
Figure 20b, the case that considers the incidence of realistic irregular waves, the reservoir
would require the incidence of a significant volume of water until its full filling. Therefore,
qualitatively, it is evident that the analysis considering the incidence of regular waves
leads to an accumulation of water in the reservoir that is considerably higher than that
obtained through the incidence of irregular waves, with this trend quantitatively confirmed
in Table 4 and Figures 16–18.
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Finally, the results obtained here were compared with a previous study by
Martins et al. [50], which numerically analyzed the incidence of regular waves (with
period of 7.5 s and height of 1 m) and irregular waves from the Pierson–Moskowitz wave
spectrum over an onshore overtopping WEC. To do so, only the first 100 s of numerical
simulations for RG, SAP, and TV were considered, aiming for an adequate comparison
with results of Martins et al. [50]. Table 5 shows the values for the total water amount
accumulated inside the reservoirs, with the difference defined by the ratio between the
water volumes obtained with regular and irregular waves.

It can be seen in Table 5 that the magnitude of water volumes obtained in
Martins et al. [50] is greater (by approximately 2 times) than those of the present work.
Taking as reference the regular waves, and considering that their period and wavelength are
similar in both studies, one possible reason for this discrepancy is related to the wave high
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of 1 m adopted by Martins et al. [50], which is around 50% higher than the representative
regular waves of RG and 30% higher than the representative regular waves of SVP and TV.
On the other hand, if the difference of accumulated water in each case due to the incidence
of regular and irregular waves (see Table 5) is compared, one can observe the same order
of magnitude among the cases. Therefore, the present results are in agreement with an
analogous previous study.

Table 5. Water accumulated in 100 s of simulation.

Case Wave Water Volume (m3) Difference (Times)

Present Study—RG Regular 8.02
2.69Irregular 2.98

Present Study—SVP Regular 8.34
4.01Irregular 2.08

Present Study—TV Regular 8.01
2.83Irregular 2.83

Martins et al. [50]
Regular 15.32

3.78Pierson–Moskowitz 4.05

5. Conclusions

This present paper compared the operational principle of an overtopping WEC when
subjected to the incidence of realistic irregular waves and representative regular waves
from sea states located on the coast of the state of Rio Grande do Sul, in southern Brazil.
More specifically, the sea states addressed refer to points located in the coastal region of the
municipalities of Rio Grande (RG), Santa Vitória do Palmar (SVP), and Tavares (TV).

As expected, the realistic irregular waves showed random peaks of incident mass
flow in the device reservoir, while the representative regular waves showed approximately
constant mass flow peaks. Still, it was possible to infer that the highest peaks of mass
flow achieved for the realistic irregular waves are 2.46, 2.29, and 1.77 times higher than the
highest peaks of mass flow reached for the representative regular waves of RG, SVP, and
TV, respectively.

Despite having the highest mass flow peaks, some realistic irregular waves do not
have enough energy to climb the device ramp. For this reason, the representative regular
waves result in a greater water uptake in the device reservoir, as their cyclic behavior
and constant height make the overtopping waves occur frequently. With that said, it was
concluded that the fluid-dynamic assessment of the incidence of representative regular
waves overestimated the water amount accumulated into the reservoir of the overtopping
device by approximately 2.83, 2.84, and 2.29 times when considering the cases of RG,
SVP, and TV, respectively. These values are in agreement with the previous study of
Martins et al. [50].

Moreover, the transient variation of water accumulated in the overtopping reservoir
allowed the fitting of curves represented by a first-degree polynomial equation, with strong
linear relationship between the water volume and time for each case, which can be used in
future studies with no need to run new numerical simulations.

This study showed a considerable difference in the volume of water accumulated
in the reservoir of the overtopping device when subjected to representative regular and
realistic irregular waves. This fact emphasizes the importance of using realistic sea state
data for WEC studies since the irregular waves better represent the sea state of the place
where the converter shall be installed. In addition, for future works it is recommended to
investigate multi-stage overtopping devices subjected to realistic irregular waves, with the
aim of harnessing waves with low energy for its conversion into electricity by means of
increasing the water uptake in the reservoir.
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