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Abstract: Studies regarding renewable energy sources have gained attention over recent years.
One example is wave energy converters, which harvest energy from sea waves using different
operational principles such as oscillating water columns, oscillating bodies, and overtopping devices.
In the present paper, a numerical study is carried out, and a geometrical investigation of a full-
scale overtopping device with a coupled structure mounted on the seabed is performed using the
Constructal Design method. The main purpose is to investigate the influence of the design over
the available power of the device. The areas of the overtopping ramp (Ar) and the trapezoidal
seabed structure (At) are the problem constraints. Two degrees of freedom are studied, the ratio
between the height and length of the ramp (H3/L3) and the ratio between the upper and lower
basis of the trapezoidal obstacle (L1/L2). The device submersion is kept constant (H1 = 3.5 m).
The equations of continuity, momentum, and the transport of volume fraction are solved with the
Finite Volume Method, while the water–air mixture is treated with the multiphase model Volume of
Fluid. Results showed that the ratio H3/L3 presented a higher sensibility than the ratio L1/L2 over
the accumulated water in the reservoir. Despite that, the association of a structure coupled to the
ramp of an overtopping device improved the performance of the converter by 30% compared to a
conventional condition without the structure.

Keywords: numerical simulation; geometric analysis; overtopping device; seabed structure; constructal
design

1. Introduction

The use of renewable energy sources has become necessary due to the increase in
energy demand and environmental problems caused by the consumption of fossil fuels [1].
Thereby, Hernández-Fontes [2] highlights ocean energy resources as an alternative way
to supply energy with several magnitudes. However, various difficulties have been faced
in exploring the potential energy on a large scale, challenging the consolidation of wave
energy converters in the commercial form [3].

Despite the adverse sea conditions regarding the installation and maintenance of
wave energy converters (WECs), many experimental studies have indicated that devices
with different physical operating principles can harvest energy from sea waves [4–11].
According to Pecher and Kofoed [12], different WECs can be classified according to the
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following main operational principles: oscillating water column (OWC), with fixed or
floating structure; oscillating, floating, or submerged bodies; and overtopping, with a fixed
or floating structure. However, there are WECs where the physical operating principles do
not fit into the mentioned classification, e.g., the Submerged Horizontal Plate [13–15].

The present object of study is an onshore overtopping WEC. This device is accessible
by land, which guarantees greater practicality in installation and maintenance. The oper-
ating principle of the device consists of guiding sea waves through a ramp to a reservoir
located above mean sea level, transforming kinetic energy into potential energy. The wa-
ter accumulated in the reservoir returns to the sea flowing through a low-head turbine,
generating electricity [12,16].

Over the last few years, overtopping devices and breakwaters have been investigated
by means of experimental and numerical works [4–7,9,17–20]. Recent developments have
been achieved related to the comprehension of the influence of multiple ramps and stages
of reservoirs in overtopping devices [5], investigation of hybrid converters associating the
overtopping device in a harbor breakwater with an oscillating water column device [6],
and integration of overtopping devices with breakwater structures [17,18]. In the latter
subject, Han et al. [17] numerically evaluated the performance of multi-level overtopping
breakwater for energy conversion (MOBREC). The device was composed of two reservoirs
with sloping walls at different levels. More precisely, the effect of parameters such as angles
of the ramps, the width of the opening of the lower reservoir, and the height of the space
between the reservoirs over the dimensionless discharge of water of the device was investi-
gated. Afterward, Lauro et al. [18] analyzed the hydraulic performance and stability of a
vertical breakwater with an overtopping device attached to its top. The device was named
OBREC-V and consisted of a concrete structure with a frontal ramp capable of capturing
and collecting part of the incident wave energy. Simulations were carried out to compare
the performance of the structure under the action of irregular waves in terms of wave re-
flection, overtopping, and wave acting forces. Results indicated a reduction in destabilizing
forces acting in the breakwater compared to a traditional structure. Recently, the OBREC
device was investigated and installed for field tests, obtaining important recommendations
about the design under sea conditions [19,20]. In the work of Contestabile et al. [19], for
example, the effect of a structure coupled to the reservoir of overtopping (parapet) to
improve the protection of the coast and, at the same time, to augment the wave energy
conversion was investigated. Some tests were performed considering the influence of the
geometry of the parapet for different water levels. Later, Contestabile et al. [20] investigated
the effects of sea winds and land breeze circulations for wind and wave energy conversion
on the Gulf of Naples (Italy) coast, considering a dataset of 42 years. A case study was
analyzed at the Marine Renewable Energy Laboratory and generated recommendations
about exploring multivariable techniques such as wind and wave technologies for wave
energy conversion. For the coast conditions studied, results indicated that the production
would be more available and less variable when the combined wave-wind farm is installed.

One important aspect of defining the overtopping devices lies in the investigation
of the influence of the design on the performance of the WECs. Recently, Constructal
theory [21] has been used to obtain recommendations about the geometry of WECs [22–27].
Constructal theory is the view that the design of any finite-size flow system is ruled by
a physical principle, including what is seen in nature [21,28]. The physical principle that
leads to the formation of these flow systems is called the Constructal Law, which states that
for a given finite-size flow system to persist in time, its design must freely evolve in such
a way that it provides easier access to the imposed currents that flow through it [29–31].
Constructal Design [21,31] is the method used to investigate the influence of the design of
a finite-size flow system over its performance. In this method, the geometry is deduced
from a principle of increase in performance while the system is subjected to constraints and
varied according to the defined degrees of freedom.

Concerning the application of Constructal Design on overtopping devices, Dos San-
tos et al. [22] performed a geometric study of an offshore device at a laboratory scale. More



J. Mar. Sci. Eng. 2023, 11, 412 3 of 20

precisely, the influence of the height/length ratio of the ramp for different relative depths
(given by the ratio between the depth of the wave channel and the length of the monochro-
matic wave used) on the accumulated water into the device reservoir was evaluated. Later,
Goulart et al. [23] evaluated the influence of a ramp geometry on the performance of a
full-scale onshore overtopping device under the incidence of regular waves. The ratio
between the height and length of the ramp that maximizes the mass of water accumulated
in the reservoir for distances of 5.0 m and 6.0 m between the bottom of the device and
the bottom of the channel was investigated. Martins et al. [24] evaluated the effect of the
slope of the ramp and the submersion of the device on the available power of a full-scale
onshore overtopping device, considering three different areas for the ramp, as well as the
incidence of two different monochromatic waves. Recently, Martins et al. [22] carried out a
numerical study on an overtopping device with one and two ramps incorporated into a
breakwater placed on the south coast of Brazil, which has a high potential for conversion
of wave energy [32,33], and subjected to irregular waves modeled with the JONSWAP
spectrum. The authors identified that, for future studies, the use of a realistic database
could contribute even more to predicting the design of overtopping devices under more
realistic conditions. Progress has been made towards this kind of prediction, as seen in the
recent methodology named WaveMIMO [34–36]. It is also important to mention that an
overtopping device can be used in coastal placements for two purposes, coastal defense
and wave energy conversion. Moreover, recent works have demonstrated that increasing
renewable energy availability is one of the main challenges. In this sense, the study of
wind-wave energy in combination has been indicated as a future strategy for energy conver-
sion [20]. Recently, new contributions have been proposed to use new strategies for power
take-off, such as triboelectric nanogenerators for energy conversion [37]. For example,
Jiao et al. [37] developed numerical and experimental investigations on magnetic capsulate
triboelectric nanogenerators. The authors observed that the proposed device provided an
effective form to harvest electrical energy from low-frequency and low-amplitude oscilla-
tions, which is adequate for converting wave energy. Another strategy for future devices is
the improvement of design in order to increase wave energy conversion efficiency, being
the contribution proposed here for overtopping devices.

Despite the numerous works found in the literature, none of these studies investigated
the effect that the geometry of obstacles positioned on the seabed has on the amount of
water accumulated in the reservoir of an overtopping device where the obstacle is coupled.
Thereby, the present paper aims to evaluate the geometry of a trapezoidal obstacle at
the bottom of a full-scale wave channel coupled with an onshore overtopping device,
being the main contribution to the detailed investigation of the geometric configuration
of the device performance. The geometry is investigated using the Constructal Design
method, and the geometrical optimization is performed with exhaustive search, allowing
the comprehension of the effect of degrees of freedom of the problem over the performance
indicator (water accumulated in the reservoir). To the best of the authors’ knowledge, this
kind of investigation was not previously performed in the literature.

2. Mathematical Modeling

The Volume of Fluid (VOF) multiphase model [38] was employed, which makes it
possible to represent two or more immiscible fluids by solving a transport equation for
volume fraction along the domain. In each control volume, the sum of the volume fraction
of all phases is unity. Therefore, once there are two different phases, air and water, the
concept of volume fraction (α) is used to represent the two phases within a control volume.
Thus, 0 indicates that the control volume does not contain one of the phases (αwater or αair),
while 1 indicates that only this phase is contained in the volume. If the volume contains a
mixture of air and water, then:

αair = 1− αwater (1)
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According to Schlichting [39], the mass conservation equation for a mixture of air and
water in an isothermal, laminar, and incompressible flow is given by:

∂ρ

∂t
+∇ ·

(
ρ
→
v
)
= 0 (2)

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

momentum equation for the mixture is given by:

∂ρ
→
v

∂t
+∇ ·

(
ρ
→
v
→
v
)
= −∇p +∇ ·

(
µτ
)
+ ρ
→
g (3)

where p is the static pressure (Pa); µ is the dynamic viscosity (kg/(m.s));
→
g is the gravity

acceleration vector (m/s2); and τ is the strain rate tensor (N/m2), which for a Newtonian
fluid, is represented by:

τ = µ

(
∇ ·→v +∇ ·→v

T
)

(4)

Finally, the volume fraction transport equation is given by [38]:

∂αwater

∂t
+∇ ·

(
αwater

→
v
)
= 0 (5)

Since the conservation mass and momentum equations are solved for the mixture, it is
necessary to obtain the specific mass and viscosity values for the mixture, which can be
written by:

ρ = αwaterρwater + (1− αwater)ρair (6)

µ = αwaterµwater + (1− αwater)µair (7)

2.1. Wave Generation

Regarding the numerical wave generation, a velocity profile is imposed on the left
wall of the channel, simulating the behavior of a wave generator, similar to that performed
in previous works [13,18,24]. Table 1 presents the characteristics adopted for the regular
waves considered in this study.

Table 1. Characteristics of the regular waves.

Characteristic Nomenclature Magnitude

Wave height H (m) 1.00
Wave period T (s) 7.50
Wavelength λ (m) 64.50
Water depth h (m) 10.00

According to Chakrabarti [40], these waves correspond to the second-order Stokes
theory. Therefore, the velocity potential and the free surface elevation of the water can be
described, respectively, by [40,41]:

ϕ =
gH
2kc

cosh[k(z + k)]
cosh(kh)

sin(kx−ωt) +
3
32

ckH2 cosh[2k(z + h)]
sinh4(kh)

sin[2(kx−ωt)] (8)

η =
H
2

cos(kx−ωt) +
kH2

16
cosh(kh)
sinh3(kh)

[2 + cosh(2kh)] cos[2(kx−ωt)] (9)

ϕ being the velocity potential (m2/s); η the water-free surface elevation (m); x and z,
respectively, the horizontal and vertical coordinate axis (m); c the wave celerity (m/s); k the
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wave number (m−1); and ω the angular frequency (Hz). Furthermore, the wave number
and angular frequency are given, respectively, by:

c =
λ

T
=

√
g
k

tanh(kh) (10)

k =
2π

λ
(11)

ω =
2π

T
(12)

Thus, by deriving the velocity potential equation for each coordinate axis, it is possible
to analytically determine the velocity components given, respectively, by [40,41]:

u =
gH
2c

cosh[k(z + h)]
cosh(kh)

cos(kx−ωt) +
3

16
ck2H2 cosh[2k(z + h)]

sin4(kh)
cos[2(kx−ωt)] (13)

w =
gH
2c

sinh[k(z + h)]
cosh(kh)

sin(kx−ωt) +
3

16
ck2H2 sinh[2k(z + h)]

sinh4(kh)
sin[2(kx−ωt)] (14)

where u is the horizontal velocity component (m/s); w is the vertical velocity component
(m/s).

Aiming to verify the numerical model employed, the free surface elevation of the
water on the wave channel was monitored through a gauge located at x = 50.00 m. The
numerical data obtained were then compared to the analytical results given by Equation (9)
using the mean absolute error, given by [42]:

MAE =
∑N

i=1|Oi − Pi|
N

(15)

where Oi represents the numerical value (m); Pi is the analytical value (m); and N represents
the total number of data, i.e., the number of time steps.

2.2. Problem Description and Geometrical Investigation

The physical problem consists of a wave channel with a trapezoidal obstacle coupled to
an overtopping device placed at the bottom of the channel, as can be observed in Figure 1.
Therefore, a two-dimensional numerical model was considered, as in [13,22–27,34–36],
because this simplification adequately represented the incidence of waves and led to a
significant reduction of the processing time of the simulations, allowing the investigation of
various geometric configurations. The wave channel has a length of LT = 320.00 m, a height
of HT = 20.00 m, and the water depth at rest is h = 10.00 m. Furthermore, the submersion of
the device is fixed, being H1 = 3.50 m, and the reservoir dimensions are Lr = 20.00 m and
Hr = 6.50 m. The wave flow conditions and dimensions of the reservoir and channel are the
same as those used in the work of Martins et al. [24]. Moreover, the magnitude used for H1
represents the submergence with the best performance found in Martins et al. [24] for the
overtopping device without coupled structure. In this sense, it is possible to compare the
effect of the seabed trapezoidal obstacle with the case without its use.

Regarding the boundary conditions considered, the generation of waves is caused by
the imposition of velocity profiles, defined by the second-order Stokes theory, on the lower-
left surface of the computational domain (red line). The atmospheric pressure condition
is imposed on the upper-left side and on the upper surface of the channel (blue lines).
Meanwhile, on the other surfaces of the channel and on the device, the velocities are
prescribed as null, i.e., no-slip and impermeability boundary condition (black lines) is
adopted. Furthermore, regarding the initial conditions, the flow is at rest.
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Figure 1. Schematic representation of the two-dimensional computational domain of the overtopping
device coupled with the trapezoidal obstacle in the wave channel.

To apply the Constructal Design, defining the performance indicator, constraints, and
degrees of freedom is necessary. In the present study, the objective of the flow system,
which consists of a wave channel with a coupled converter, is to maximize the amount of
water mass that enters the reservoir of the overtopping device.

The problem has three area constraints:

- Total area of the channel (AT = 6400 m2),

AT = HT LT (16)

- Area of the overtopping device ramp (Ar = 78.5 m2),

Ar =
H3L3

2
(17)

- Area of the obstacle placed at the bottom of the channel (At = 36.75 m2):

At =
(L1 + L2)H1

2
(18)

The constraints Ar and At are illustrated in gray in Figure 1. It is possible to rewrite Ar
and At as fractions areas, using the area of the channel as a reference, respectively, by:

φr =
Ar

AT
(19)

φt =
At

AT
(20)

The values of φr = 0.012 and φt = 0.006 were fixed.
The defined degrees of freedom are the ratio between the height and length of the ramp

of the device (H3/L3) and the ratio between the major and minor base of the trapezoidal
obstacle (L1/L2), which are varied throughout the study. As previously mentioned, the
submersion of the device (H1) is kept fixed, using the best submergence obtained in the
work of Martins et al. [24]. Table 2 presents the values investigated for the H3/L3 freedom
degree and the respective values of H3 and L3 adopted in each case.

It is worth noting that the lowest ratio H3/L3 = 0.33 was the optimal ratio identified
in the study of Martins et al. [24] for the case with H1 = 3.5 m. On the contrary, the upper
limit was established at H3/L3 = 0.37, since it was the limit condition where the ramp acts
as a WEC and not a breakwater. For each magnitude of H3/L3 investigated, 10 different
values of the ratio L1/L2 were analyzed. Table 3 shows the ratios L1/L2 studied and the
magnitudes of L1 and L2 variables.
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Table 2. Values considered for the ratio H3/L3.

H3/L3 H3 (m) L3 (m)

0.33 7.2300 21.7000
0.34 7.3052 21.4860
0.35 7.4119 21.1768
0.36 7.5170 20.8806
0.37 7.6207 20.5965

Table 3. Values considered for the investigated ratios of L1/L2.

L1/L2 L1 (m) L2 (m)

0.00 0.00 21.00
0.11 2.08 18.92
0.22 3.79 17.21
0.33 5.21 15.79
0.44 6.42 14.58
0.56 7.54 13.46
0.67 8.43 12.57
0.78 9.20 11.80
0.89 9.89 11.11
1.00 10.50 10.50

The lowest ratio addressed, L1/L2 = 0.00, represents a triangular obstacle, and the
highest ratio, L1/L2 = 1.00, portrays a rectangular obstacle, while the intermediate ratios,
0.00 < L1/L2 < 1.00, represent trapezoidal obstacles. Figure 2 illustrates different config-
urations adopted for the obstacle coupled with the overtopping device in extreme and
intermediate conditions of the ratio L1/L2 and the case without the obstacle: (a) triangular
obstacle, (b) trapezoidal obstacle, (c) rectangular obstacle, (d) no obstacle.
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For the geometrical investigation, it is also considered as restriction that (H1 + H3)
> (h + H/2), thus ensuring that the wave crest does not exceed the maximum height of
the device.
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The performance indicator in the present study is the total mass of water accumulated
in the reservoir, which is determined through:

M =
1
t f

t f∫
0

.
Mdt (21)

where tf refers to the time interval of analysis (s); and
.

M is the mass flow rate of water in
overtopping occurrences (kg·s−1).

With the constraints, degrees of freedom, and performance indicator defined, it is pos-
sible to define the strategy of geometric investigation. The present work uses the association
between the Constructal Design and the exhaustive search for geometric optimization. The
scheme of investigation can be seen in Figure 3. In the first step, the ratio L1/L2 is varied
for a constant magnitude of the ratio H3/L3. The highest magnitude of the mass of water
accumulated in the reservoir is named the once-maximized mass of water accumulated
in the reservoir (Mmax) and the corresponding optimal shape is the once-optimized ratio
L1/L2, (L1/L2)o. In the second step, the same process performed in the first step is repeated
for the different magnitudes of the ratio H3/L3. The highest magnitude of the mass of
water accumulated in the reservoir obtained is called the twice-maximized mass of water
accumulated in the reservoir, M2max, and the corresponding optimal configurations are the
twice-optimized ratio L1/L2, (L1/L2)oo, and the once-optimized ratio H3/L3, (H3/L3)o. In
the present study, a total of 50 simulations were performed for the geometric investigation.
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3. Computational Modeling

For the execution of the present study, numerical simulations of wave generation
were carried out in a channel through the software ANSYS Fluent, which is a package
of computational fluid dynamics (CFD) based on the Finite Volume Method (FVM) [43].
Such a method consists of dividing the interest domain into several elementary volumes to
perform a balance of properties for each finite volume aiming to obtain the corresponding
approximate equation and solve one algebraic equations system [43,44].

As for the spatial discretization, a stretched mesh was considered, as in Martins et al. [24].
However, a greater refinement was adopted on both the free surface region, where 30 com-
putational cells per wave height were used, and horizontally, where 70 computational
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cells per wavelength were considered, as defined by the mesh independence test. The
interaction between the wave flow and the ramp of the overtopping device justifies this
greater refinement. Moreover, a greater refinement was employed near the walls due to the
more significant gradients of the velocity field in these regions. Figure 4 illustrates the mesh
adopted for the computational domain, detailing the region of the overtopping device.
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Concerning the numerical procedures used to solve Equations (2)–(5), the methods and
parameters used in the present work are presented in Table 4. This numerical methodology
is similar to the methodology used in previous studies, as in [23–26]. The computational
method has the advantage to allow the simulation of various cases with lower costs than
the experimental investigation. However, rigorous investigation of the reliability of the
computational method is required to obtain adequate recommendations. This process is
performed in the first subsection of the results and discussion section.

Table 4. Methods and parameters used in the present numerical simulations.

Parameters Numerical Inputs

Solver Pressure-Based

Pressure-Velocity Coupling PISO

Spatial Discretization

Gradient Evaluation Green-Gauss-Cell-Based

Pressure PRESTO

Momentum First Order Upwind

Volume Fraction Geo-Reconstruct [38]

Temporal Differencing Scheme First Order Implicit

Under-Relaxation Factors
Pressure 0.3

Momentum 0.7

Residual

Continuity

10−6x-velocity

z-velocity

Open Channel Initialization Method Plane

Regime Flow Laminar

Time Step (∆t) 2.00 × 10−2 s

Total time of investigation 100 s
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4. Results and Discussion

The first results presented refer to studies carried out to determine the spatial and tem-
poral discretization to be adopted and to verify the numerical model used to generate the
waves. Then, the results related to the geometric optimization of the obstacle coupled to the
overtopping wave energy converter, the main objective of the present study, are presented.

4.1. Mesh and Time Step Independence Study and Verification of the Computational Model

It is worth mentioning that the mesh used was composed of regular rectangles. This
kind of finite volume has the advantage of avoiding numerical effects such as false diffusion
on the solution of the primary variables of the problem, which could occur by using an
irregular mesh with triangular volumes. Thus, in this study, a mesh convergence test was
carried out, simulating four cases with a different number of volumes, 19,000, 38,000, 76,000,
and 152,000. The results were compared with the calculation of the analytically generated
wave (Equation (9)). Therefore, the elevation of the free surface was monitored using a
numerical probe of the integral type located at x = 50.00 m.

Furthermore, for the mesh independence test, a time step of ∆t = 2.00 × 10−2 s was
considered. Table 5 shows the MAE average, calculated using Equation (15), and the
processing time demanded for each simulation for different meshes investigated.

Table 5. Average MAE and simulation time values for each mesh.

Number of Volumes MAE (%) Processing Time (h)

19,000 0.81 5.50
38,000 0.85 8.00
76,000 0.87 12.00
152,000 0.88 19.50

To determine the best mesh, the refinement and processing time of the simulation were
considered along with the calculated numerical error. After verifying that the difference
between a mesh of 76,000 and one of 152,000 volumes is only 0.01%, lower than the
difference observed in the other cases analyzed, a mesh with 76,000 regular rectangular
volumes was then adopted.

Since it is a transient problem, the temporal discretization employed was defined
by carrying out a time step independence study. For this study, four simulations are
performed considering a total time of wave flow over the overtopping device of 100 s and
varying the time step by: ∆t = 5.00 × 10−3 s, ∆t = 1.00 × 10−2 s, ∆t = 2.00 × 10−2 s, and
∆t = 4.00 × 10−2 s.

Table 6 presents the free surface elevation values (η) obtained at x = 50.00 m and for
the instant of time t = 15.00 s for each time step studied and the variation among the tested
cases. Consequently, the time step of ∆t = 2.00 × 10−2 s was adopted for the geometric
evaluation simulations since it leads to less computational effort among the best time steps.
Moreover, only the time step ∆t = 2.00 × 10−2 s has a higher discrepancy in the magnitude
of η compared to the other investigated time steps.

Table 6. Free surface elevation height at x = 50.00 m and t = 15.00 s and the variation among the time
steps.

∆t (s) η (m) Variation (%)

5.0 × 10−3 10.507790 -
1.0 × 10−2 10.507770 1.90 × 10−4

2.0 × 10−2 10.507700 6.66 × 10−4

4.0 × 10−2 10.496400 1.10 × 10−1

The analytical solution (Equation (9)) was compared to the numerical solution for a
wave generated in a channel without the device to verify the methodology employed. This
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comparison is presented in Figure 5, where it is possible to verify that the numerical wave
fits well in the analytical solution for t > 15.00 s where the stabilization occurred. Before this
period, the numerical solution is influenced by the initial condition of inertia of the flow,
which is not contemplated in the analytical solution. Thus, the wave generation verification
considered the interval of 15.00 s ≤ t ≤ 80.00 s.
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Evaluating the difference between the analytical and numerical results, when calculat-
ing the MAE comparing the elevation of the free surface in the wave channel, considering
the depth of h = 10.00 m, a result of approximately 0.10% was obtained. However, when
calculating the average MAE considering only the generated wave, i.e., disregarding the
water depth on the channel, an average of 8.00% was obtained. Thus, there is a good
agreement between the results.

It is also worth mentioning that a validation of the present computational method
was performed in a previous research group work. A comparison between the free surface
elevation as a function of time in a laboratory-scale wave channel obtained with the present
computational model and those obtained experimentally in the work of Goulart [45]
was performed. Figure 6 illustrates the wave channel at a laboratory scale used in the
work of Goulart [45], which was reproduced numerically with the present computational
method. The following dimensions were adopted in the problem: LT = 34.2 m, HT = 1.0 m,
H1 = 0.15 m, Lr = 0.5 m, h = 0.862 m, h1 = 0.392 m, H3 = 0.279 m, and L3 = 0.716 m, leading
to a ramp angle of 21.3◦. Moreover, it is considered that the waves reaching the device have
a period of T = 1.94 s, height of H = 0.067 m, and wavelength of λ = 3.54 m. Figure 7 shows
the results of the height of water accumulated in the reservoir as a function of time obtained
in the experiment of Goulart [45] (red line) and the numerical predictions obtained with
the present computational method (black line). As can be observed, the experimental and
numerical results were in close agreement, with a difference of 1.8%. The numerical results
also predicted the beginning of the overtopping occurrence (t~22.5 s) and the slope of the
curve of water accumulation in the reservoir well. Therefore, it is possible to state that the
present computational method is verified and validated.
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4.2. Geometric Investigation of the Overtopping Device with Coupled Obstacle

To perform the geometric evaluation, the geometry of the overtopping device with five
different H3/L3 ratios, previously studied in [24], is considered. The obstacle attached to
the device varied between the lowest magnitude of L1/L2 = 0.00, representing a triangular
configuration, and the highest magnitude of L1/L2 = 1.00, representing a rectangular
configuration. Intermediate ratios of L1/L2 (0.00 < L1/L2 < 1.00) refer to trapezoidal
obstacles. The total sum of the mass of water entering the reservoir over the 100.00 s
simulated was calculated to compare the performance of the different geometries.

Figure 8 shows the effect of the ratio L1/L2 over the total amount of water mass
accumulated in the reservoir over the time interval considered (M) for different values of
H3/L3. It is possible to observe that the ratio H3/L3 = 0.33 conducted to the maximum water
accumulation in the reservoir was almost M = 40,000 kg, while ratios of H3/L3 = 0.37 led to
an amount of mass in the range of M = 10,000 kg, i.e., a ratio of 4.5 times between the best
and worst conditions of H3/L3. Results also indicated that the effect of L1/L2 on the device
performance was significantly lower than the effect of H3/L3 over M, i.e., the sensibility of
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H3/L3 was much higher than L1/L2 over the overtopping performance. One example can
be noticed for H3/L3 = 0.33, where the difference between the best configuration of L1/L2,
(L1/L2)o = 0.67 led to a performance of only 5.00% superiority to that achieved for the worst
configuration (L1/L2 = 0.11). As the magnitude of the ratio H3/L3 increases, the influence
of the ratio L1/L2 over m increases, as can be attested for the ratio H3/L3 = 0.37, where
the best configuration of L1/L2, (L1/L2)o = 0.67 conducted a performance nearly 20.00%
superior than the triangular configuration (L1/L2 = 0.00) which conducted to the worst
performance. Moreover, for all cases using H3/L3 an optimal intermediate configuration of
L1/L2 is obtained. Despite presenting a secondary contribution, the ratio L1/L2 improved
the overtopping device, mainly for non-optimized ratios of H3/L3.
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Figure 8. Influence of ratio L1/L2 over the mass of water considering different H3/L3 values.

The best configurations found in Figure 8 are summarized in Figure 9, presenting
the effect of the ratio H3/L3 over the once-maximized mass of water accumulated in the
reservoir, Mmax. The results reinforced the strong sensitivity of the ratio H3/L3 over the
overtopping device performance. It is also noticed that, for almost all cases, the ratio
L1/L2 = 0.67 led to the best performance, except for the case with H3/L3 = 0.35, where the
ratio L1/L2 = 0.54 was the best. Thus, the L1/L2 ratio that provides the best performance in
all cases has a trapezoidal shape. When considering a triangular obstacle, L1/L2 = 0.00, the
wave flow suffers a dispersion and the overtopping is not favorable, i.e., the configuration of
the ramp and obstacle acts as a beach, smoothing the intensity of the wave that reaches the
final stage of the ramp. On the other hand, considering a rectangular obstacle, L1/L2 = 1.00,
there is a greater reflection of the wave, also disfavoring the intensity of the flow that
reaches the ramp.
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The fluid dynamic behavior of the problem is shown, for some instances of time, in
Figures 10 and 11, where the water volumetric fraction and velocity fields are displayed.
Thereby, it is possible to observe how the wave flows over the device for the case with the
optimal ratio of (H3/L3)o = 0.33, considering three different obstacle ratios, (a) L1/L2 = 0.11,
(b) (L1/L2)oo = 0.67, and (c) L1/L2 = 1.00. Furthermore, in Figure 10, water is represented
by red, while air is represented by blue. Through the volume fraction fields in Figure 10,
it is possible to observe the overtopping occurrence in the instances of time t = 74.00 s
and 75.00 s for different configurations of L1/L2 investigated. In all plotted cases, between
the time instances of 73.00 s ≤ t ≤ 75.00 s, it is observed that the water mass generates a
high inflection in the free surface, which leads to a wave-breaking process, causing the
overtopping. From t = 76.00 s on, it is noted that the wave stabilizes and the mass of
water begins to move in the opposite direction, towards the base of the ramp. In Figure 11,
among the color scales, red represents higher velocities while blue represents the lower
ones. In all situations, it is observed that the highest magnitudes occur in the air due to
the lower air density. In the time interval 74.00 s ≤ t ≤ 75.00 s, the mass of water entering
the reservoir causes a boundary layer detachment, increasing the magnitude of velocity
fields even more in the airflow near the water jet entering the reservoir. In the water region,
the highest magnitudes can be noticed when the wave is in the imminence to overtop
the ramp and after the overtopping, when the water is in the opposite direction of the
wave flow. In this situation, the water going down the ramp meets the next incident wave,
generating a mixture of streams and intensifying the velocity magnitude. Concerning the
comparison of ratios L1/L2, only slight differences are observed in the volume fraction
and velocity fields, which are reflected in the small differences found between the best and
worst configurations.
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Finally, a comparison among three different configurations coupled with the overtop-
ping device was performed: 1—trapezoidal for the optimal ratio of L1/L2, 2—rectangular
(L1/L2 = 1.00), 3—triangular (L1/L2 = 0.00), and one configuration without a seabed struc-
ture (for the same conditions studied in the work of Martins et al. [25]). Figure 12 illustrates
the effect of the ratio H3/L3 over the amount of mass overtopped in the reservoir (M) along
the time interval for the four studied configurations. It is important to mention that the
mass accumulated in the reservoir is directly proportional to the potential energy of water
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in the device, considering the use of the same reservoir for all investigated configurations,
as is the case here. Therefore, the highest magnitudes of M led to the highest energy
conversion when the water in the reservoir is expanded in a low-head turbine. Results
demonstrated that the best configuration is the trapezoidal, followed by the rectangular
and triangular configurations, respectively, regardless of the ratio H3/L3. Moreover, results
demonstrated that the differences between the different configurations with the coupled
structure are not significant, mainly for (H3/L3)o = 0.33, where differences are nearly 4%.
Despite the influence of the degree of freedom of L1/L2 being smaller than that of H3/L3,
analyzing the results shown in Figure 12, it is possible to state that the configuration of
the obstacle-ramp set captures a greater amount of water mass in the reservoir, making
this configuration more efficient compared to the conventional overtopping device. For
the twice optimal configuration, i.e., for (H3/L3)o = 0.33 and (L1/L2)oo = 0.67, the coupling
of the trapezoidal structure improved the device performance by 30% when compared to
the conventional device for the same H3/L3 ratio. For non-optimized ratios of H3/L3, the
influence of the seabed structure is even more important. For instance, for H3/L3 = 0.34,
the performance reached with the trapezoidal structure is around 1.7 times superior to the
case without the structure.
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5. Conclusions

In the present paper, a numerical analysis and optimization study was carried out
to evaluate the geometry of a seabed structure coupled with the ramp of an onshore
overtopping device. The geometry was varied to maximize the amount of water from
the incident waves entering the reservoir of the overtopping device. The variation of two
degrees of freedom was analyzed, along with the ratio between the major and minor base
of the trapezoidal obstacle (L1/L2) and the ratio between the height and length of the device
ramp (H3/L3). The geometric evaluation was performed using the Constructal Design
method, and the optimization was performed using the exhaustive search method.

In all cases analyzed, the maximum amount of water that entered the reservoir over
time occurred for the lowest ratio of (H3/L3), (H3/L3)o = 0.33, associated with intermedi-
ate geometries of L1/L2, i.e., trapezoidal configurations. With the exception of the ratio
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H3/L3 = 0.35, the best ratios of L1/L2 were obtained for (L1/L2)o = 0.67. On the contrary,
the worst performances were achieved for the highest magnitudes of H3/L3 and lower
magnitudes of L1/L2. It is important to note that the H3/L3 ratio had a bigger influence on
the device performance than the L1/L2 ratio had over the device performance. Despite that,
the L1/L2 ratio led to improvements of approximately 4% and 20% when comparing the
best and worst geometry ratios of H3/L3.

Results, in general, showed the applicability and efficiency of the Constructal Design
in the geometric evaluation after finding that the best geometry has a performance four
times higher than the case in which the worst geometry was adopted for the obstacle-ramp
set. Finally, the comparative numerical analysis between an overtopping device without an
obstacle and a device with a coupled structure proved that the use of the obstacle provides
better performance for the wave energy converter than a conventional device. For the ratio
(H3/L3)o = 0.33, the use of the coupled structure improved the performance by 30% in
comparison with the case without a structure studied in the work of Martins et al. [25].

For future studies, it is suggested to vary both the construction area of the ramp and
the coupled structure, as well as to analyze the variation of the submersion of the device.
Still, it is suggested that optimization studies of wave energy converter devices be carried
out using the WaveMIMO methodology, which allows the numerical simulation of irregular
waves based on realistic sea states. In this way, it is possible to optimize an overtopping
device considering the wave climate of the place where it is to be installed.
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Nomenclature

AT channel total area [m2]
At trapezoidal obstacle area [m2]
Ar overtopping device ramp area [m2]
c wave celerity [m/s]
→
g gravity acceleration vector [m/s2]
H wave height [m]
h water depth [m]
Hr reservoir height [m]
HT wave channel height [m]
H1 device submersion [m]
h1 water depth in experimental test [m]
H3 ramp height [m]
i counter variable [-]
k wave number [m−1]
Lr reservoir length [m]
LT wave channel length [m]
L1 minor base of the trapezoidal obstacle [m]
L2 major base of the trapezoidal obstacle [m]
L3 ramp length [m]
M water mass accumulated [kg]

.
M mass flow rate [kg·s−1]
N total number of data [-]
O numerical data [m]
P analytical data [m]
p static pressure [Pa]
T wave period [s]
t time [s]
tf time interval of analysis [s]
u horizontal velocity component [m/s]
→
v velocity vector [m/s]
x horizontal coordinate axis [m]
w vertical velocity component [m/s]
z vertical coordinate axis [m]
α volume fraction [-]
η water-free surface elevation [m]
λ wavelength [m]
µ dynamic viscosity [kg/(m.s)]
ρ fluid density [kg/m3]
τ strain rate tensor [N/m2]
φr fraction area of the ramp [-]
φt fraction area of the trapezoidal obstacle [-]
ϕ velocity potential [m2/s]
ω angular wave frequency [Hz]
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