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Abstract: Waves generated by the wind in oceans and seas have a significant available
quantity of clean and renewable energy. However, harvesting their energy is still a chal-
lenge. The integration of an oscillating water column (OWC) wave energy converter into
a breakwater leads to more viability, since it allows working as both harbor and coastal
protection and harvesting wave energy. The main objective of this study is to investigate
different configurations of L-shaped duct OWC devices inserted into vertical and sloped
(2:3) impermeable breakwaters for different lengths of the lip by using a numerical model
based on the Reynolds-Averaged Navier-Stokes equations. The ANSYS FLUENT® software
(2016) is used in 2D numerical simulations by adopting the volume of fluid method to
consider the two-phase free surface flow (water and air). It was observed that both the
length of the lip and the length of the L-shaped duct OWC significantly influence the
resonance and the efficiency of the OWC device. In addition, the performance of the OWC
device varies significantly with its geometric configuration, which needs to be adapted for
the local sea state.

Keywords: wave energy; oscillating water column; L-shaped duct OWC; vertical breakwater;
sloped breakwater; RANS; CFD

1. Introduction
The global offshore wave power is around 32,000 TWh/yr and 16,000 TWh/yr when

the direction of the energy is considered [1–3], which are the orders of magnitude of the
electric demand of the world. Therefore, this clean and renewable energy may be a good
alternative to use to diminish the well-known current environment damage. However,
differently from wind and solar energies, which have consolidated technologies, wave
harvesting technology is still under in development. Nowadays, there are several issues to
be solved for wave energy converters to be a viable option, such as their high level of costs,
the corrosion and loads that they are subjected to, the seasonality of the local sea states, and
the large range of the frequency of the wave energy. This latter point causes difficulties in
maintaining a high level of efficiency of the device at all incident wave periods in the range
of certain sea states.

Several patents with different concepts and systems have been developed for wave
energy converters [4]. These devices can be classified based on their operational principles,
composed of oscillating water columns (OWCs), overtopping converters, and oscillating
body systems [5,6]. The OWC wave energy converter is the most studied device, due to its
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simplicity and good efficiency. It consists of a chamber partially submerged with a turbine
installed at its emerging part. A submerged opening allows the free surface inside the
chamber to oscillate due to incident waves. Thus, air flow passes by the turbine which
generates energy during air exhalation and inhalation [7]. The onshore OWC devices have
been paid special attention because they can be integrated into breakwaters, which allow
their use for both harbor and coastal protection and wave harvesting. Some prototypes with
these characteristics have been constructed and tested around the world. Generally, the
OWC device is integrated into a vertical breakwater, such as prototypes of Toftes (500 kW),
in Norway; Sakata (60 kW), in Japan; Vizhinjam, in India; and Mutriku (300 kW), in Spain,
but others are integrated into the cliffy coastline, such as LIMPET (500 kW) on Isley Island,
United Kingdom, and Pico’s plant (400 kW), in Azores, Portugal. These prototypes are the
results of several experimental and numerical investigations over decades, such as those
reported by Takahashi et al. [8], Raju and Neelamani [9], Heath et al. [10], Falcão [11], Josset
and Clément [12], Brito-Melo et al. [13], and Torre-Enciso et al. [14].

Several researchers have investigated different geometrical configurations that are
capable of improving the performance of this device. Boccotti [15] proposed the U-OWC
device, which has an additional vertical duct extending along the whole wave-beaten
wall. Sentürk and Özdamar [16] studied the effect of the use of a fully submerged barrier
with a gap instead of the standard partially submerged front wall in the OWC chamber.
Ashlin et al. [17] investigated the influence of different bottom profiles on the performance
of the OWC device by means of physical experiments. Rezanejad et al. [18], Ning et al. [19],
and Haghighi et al. [20] analyzed the performance of dual chamber OWC devices, which
consist of two rectangular chambers arranged in series. Dizadji et al. [21], Ram et al. [22],
Gaspar et al. [23], and Güths et al. [24] investigated the influence of the chamber wall slopes
on the performance of an OWC device.

In the majority of the cases, the entrance of water inside the OWC chamber is at
the frontal wall of the breakwater or the device structure and the distance between the
water entrance and the OWC chamber corresponds to the frontal wall thickness. However,
sometimes the distance between the water entrance and the OWC chamber must be larger
due to the requirement of the device conception. One example is the hybrid wave energy
converter composed by the OWC and overtopping wave energy converter (OWEC) devices
installed in sloped/rubble mound breakwaters [25–27]. In these cases, for design reasons
and efficiency optimization of both OWC and OWEC devices, the presence of the OWEC
device requires that the OWC vertical chamber must be displaced to the inside of the
breakwater, enlarging the duct length between the water entrance and the OWC chamber.
This device configuration, designed as an L-shaped duct OWC and studied by Howe and
Nader [28], Rezanejad et al. [29], and López et al. [30], is similar to a bent duct.

A situation simpler than the hybrid device consists of the OWC device integrated into
a slope/rubble mound breakwater, which is a very commonly used structure for harbor
and coastal protection. Therefore, these existing structures can be an alternative to harvest
the wave energy with reduced costs. In this case, the OWC chamber must be also displaced
to the inside of the breakwater to preserve its slope, which also characterizes an L-shaped
duct OWC.

The distance from the water entrance at the frontal part of the breakwater and the
OWC chamber entrance, which corresponds to the horizontal part of the L-shaped duct
OWC, influences the resonant period of the OWC device since it depends on the length
that fluid particles run from the entrance to the chamber of the OWC device [31,32]. In
addition, López et al. [30] analyzed several L-shaped duct OWC designs integrated into a
vertical breakwater, and, among other conclusions, the authors reported that a larger water
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entrance of the horizontal duct and a shallower water entrance positively influence the
efficiency of the device.

This study aims to investigate the influence of the horizontal length part of the L-
shaped duct OWC on the performance of the device. Vertical and sloped impermeable
breakwaters are investigated for OWC vertical chambers. In addition, in the case of
the sloped breakwater, the OWC inclined chamber is also analyzed. A 2D numerical
wave flume is employed to investigate the performance of these three configurations of
OWC devices by using the free-surface RANS-based ANSYS-FLUENT® software [33]. A
mesh convergence analysis is carried out at prototype scale and allows for defining the
adequate mesh resolution to obtain accurate results, and also to verify the mesh resolution
independence. The validation of the numerical model in Conde et al. [34], Didier et al. [35],
Dias et al. [36], and Mendonça et al. [37] is presented before being applied to investigate the
configurations of OWC devices integrated into the breakwater at prototype scale. Finally,
the pneumatic power and the performance of the OWC device are analyzed, focusing on
investigating the influence of the front wall submergence of the OWC device and the L-
shaped duct OWC. Additionally, the energy balance around the OWC device [23,24,38,39],
which identifies significant energy quantities due to viscous and turbulence losses and
reflected wave energy, is also analyzed.

2. L-Shaped Duct OWC Integrated into Breakwaters
All study cases are carried out at real prototype scale and consist of a 2D wave

flume with an L-shaped duct OWC device integrated into an impermeable breakwater at
its end. Two types of standard breakwaters, vertical and 2:3 sloped, subject to incident
regular waves, are investigated. Firstly, a vertical OWC chamber and different distances
from the water entrance to the chamber, i.e., the horizontal part of the L-shaped duct
OWC, are analyzed. Secondly, in the case of the sloped breakwater, an inclined OWC
chamber and different lengths of the L-shaped duct OWC are also investigated, since it is
an interesting configuration whose OWC chamber walls follow the same inclination as the
sloped breakwater.

The wave flume has a horizontal bottom with depth, h, of 10 m. The cross-section
of OWC devices is 10 × 10 m2 and the air chamber is 6 m high, as used by the authors
in previous studies, such as Teixeira and Didier [40], Wiener et al. [41], and Didier and
Teixeira [42]. The OWC device is equipped with a Wells turbine, which is characterized
by a linear relation between the pressure drop, i.e., the difference between the air pressure
inside the chamber and the atmospheric pressure, ∆p, and the volumetric flow rate, Q,
given by

∆p = ktQ (1)

where the turbine characteristic relation is kt = 100 Pa.s.m−3, which is an optimum value
for the present OWC device design [41].

The three geometrical configurations of the L-shaped duct OWC devices integrated
into the breakwaters are sketched in Figure 1. Figure 1a shows the case of the vertical OWC
chamber integrated into a vertical breakwater. This configuration, with front wall thickness
0.5 m, was extensively studied by Gaspar et al. [23], Teixeira and Didier [40,43], Wiener
et al. [41], and Didier and Teixeira [42,44]. Figure 1b represents the vertical OWC chamber
integrated into the 2:3 sloped breakwater and Figure 1c shows the case of the inclined OWC
chamber integrated into the 2:3 sloped breakwater, which is similar to the one previously
studied by Gaspar et al. [23] and Güths et al. [24] with 40◦ angle walls and a front wall
thickness of 0.5 m. In Figure 1, l is the length of the lip (in this study, two values are tested,
l = 2.5 and 5.0 m); b is the distance from the water entrance to the OWC chamber of the
device, i.e., the length of the L-shaped duct OWC, whose tested values are b = 0.5, 5, 10,
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and 15 m for the vertical OWC chamber integrated into the vertical breakwater and the
inclined OWC chamber integrated into the sloped breakwater and b = 5, 10, and 15 m for
the vertical OWC chamber integrated into the sloped breakwaters. It can be noticed that
b = 0.5 m represents the thickness of the front chamber wall in the standard configuration,
in which the OWC device is located in front of the breakwater.
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Figure 1. L-shaped duct OWC device with a vertical OWC chamber integrated into vertical (a) and
2:3 sloped (b) breakwaters, and with an inclined OWC chamber integrated into a 2:3 sloped
breakwater (c).

The incident wave period, T, varies from 6 to 14 s, each 1 s, and the wave height, H, is
1 m.

3. Free-Surface Flow Model
The equations and numerical methodologies used in the study are shown. An analysis

of the mesh refinement independence is presented, also allowing for the definition of the
best mesh that conciliates accuracy and computation time, followed by the validation of
the numerical model comparing numerical with experimental results through previous
studies of OWC devices.
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3.1. Governing Equations for the 2D Wave Flume

The 2D governing equations are composed by the continuity, momentum, and energy
equations, in which the water is incompressible and the air is an ideal compressible gas.
These equations are given by the following [45,46]:

∂ρ

∂t
+

∂(ρui)

∂xi
= 0 (2)

∂(ρui)

∂t
+

∂
(
ρuiuj

)
∂xj

= − ∂p
∂xi

+ ρgi +
∂τij

∂xj
+ Si (3)

∂(ρe)
∂t

+
∂[ui(ρe + p)]

∂xi
=

∂

∂xi

(
ke

∂Te

∂xi

)
− ∂

∂xi

(
τijuj

)
(4)

τij = µ

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
µ

∂uk
∂xk

δij (5)

where i, j, k = 1, 2; ρ is the specific mass, gi are the gravity acceleration components, ui are
velocity components, p is the pressure, Si is a source term, e is the specific energy, Te is the
temperature, and ke is the thermal conductivity coefficient. τij is the viscous stress tensor, µ

is the fluid viscosity, and δij is the Kronecker delta.
The RANS equations, based on the decomposition of the instantaneous velocity and

pressure fields of the Navier–Stokes equations and specific energy of energy equation
into mean and fluctuating components, and the subsequent time-averaging of the set of
equations, are used. This process introduces the Reynolds stress terms −ρ

(
u′

iu
′
j

)
associated

with turbulence modeled considering the Boussinesq hypothesis, given by

−ρ
(

u′
iu

′
j

)
= −2

3
ρκδij + µt

(
∂ui
∂xj

+
∂uj

∂xi

)
(6)

where µt is the turbulent viscosity, and κ is the kinetic energy of turbulence per mass.
In this study, the hybrid turbulent/laminar model is used, in which a laminar zone

is applied to the wave propagation region of wave flume, from the wave maker to the
proximity of the OWC device, and the κ-ω SST (shear stress transport) turbulence model [47]
is only applied in the proximity of the OWC device [48,49].

The interface-capturing techniques, developed primarily for free-surface and two-fluid
interface flows, are formulated typically over non-moving meshes, using an advection
equation in addition to the flow equations. The advection equation governs the evolution
of an interface function that marks the location of the interface. Free surface motion is
defined by using the VoF (volume of fluid) method [50], which is based on the transport
equation of the volume fraction, f, that takes values 0 in the air, 1 in the water and 0.5 in the
position of the free surface, given by the following:

∂ f
∂t

+ uj
∂ f
∂xj

= 0 (7)

The physical properties of the region between the two fluids are determined as
weighted averages using the volumetric fraction. Consequently, density and viscosity
are expressed as follows [46]:

ρ = f ρwater + (1 − f ) ρair (8)

µ = f µwater + (1 − f ) µair (9)
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3.2. Numerical Model

The ANSYS-FLUENT® software [33], in which the finite volume method is used to
discretize the governing equations, is used for numerical simulations of the wave flume.
The SIMPLEC (Semi-Implicit Method for Pressure Linked Equations-Consistent) solver is
used for pressure–velocity coupling and for solving the set of discretized equations. It is
a common numerical procedure in the field of computational fluid dynamics for solving
the Navier–Stokes equations [51]. Relaxation parameters are 0.3 for the pressure, 1.0 for
the density, 0.7 for the momentum and 0.8 for turbulence kinetic energy and turbulence
dissipation rate or specific dissipation rate. The PRESTO! (PREssure STaggering Option)
method is used for the spatial discretization of pressure (which is the recommendation of
the ANSYS-FLUENT® user guide [33] for modeling wave propagation), and the momentum
is discretized by the third-order scheme MUSCL (Monotonic Upstream-Centered Scheme
for Conservation Laws) that can provide highly accurate numerical solutions, even in cases
where the solutions exhibit shocks, discontinuities, or large gradients [52]. The turbulence
kinetic energy and dissipation rate or specific dissipation rate are discretized by the second
order upwind scheme. The integration in time is performed by a first-order implicit scheme
due to the use of the Geo-Reconstruct scheme, which is chosen for discretizing the transport
equation of the volumetric fraction [33]. The Geo-Reconstruct technique allows the efficient
treatment of the interface between water and air, preserving a thin transition between
both fluids by means of a geometric interface reconstruction method and despite the great
differences in the fluid physical properties [53]. These methodologies are found in detail
in [23,24,36,37,40–44,49,54–58], among others.

A variable time step ranged from T/640 to T/200,00, with six non-linear iterations per
time step, and the Courant number of 0.7 is used for time integration [49,57,58].

3.3. Boundary Conditions

Figure 2 shows the boundary conditions and the sketch of the computational domain
for the OWC device integrated into a vertical breakwater. The non-slip condition is imposed
on the walls of the OWC device, the breakwater, and the bottom of the wave flume. The
atmospheric pressure is applied using the pressure outlet boundary condition to the top
open boundary of the wave flume and the top of the OWC device air chamber, which
permits the outflow of the air. Small values of turbulence kinetic energy (κ = 10−6 m2/s2)
and specific dissipation rate (ω = 1 s−1) are imposed on the top boundary of the wave
flume and the top boundary of the OWC device chamber, following Elhanafi et al. [38]
and Lin and liu [59]. Specific boundary conditions, such as the Wells turbine, the wave
generation at the wave maker, and the absorption of reflected waves at the wave maker,
are also show in Figure 2 and described below.
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3.3.1. Wells Turbine Model

The methodology for imposing the effect of the turbine damping inside the OWC
chamber is the same as that used by Güths et al. [24], in which a porous zone located in
two layers of cells on the top boundary of the OWC chamber along its length causes the
pressure drop equivalent to the turbine one. This methodology was validated by comparing
the air pressure drop inside the chamber of a 2D domain with that of a 3D computational
domain [24]. The authors concluded that the pressure loss caused by the effect of the 3D
flow inside the chamber and the duct modeled in the 3D domain case is not significant.
The porous zone is modeled by means of source terms Si in the momentum equations,
Equation (3), which, in a simple homogeneous porous medium, are given by Ansys [33]

Si = −
(µ

α

)
+

ρC2

2
|u|ui (10)

where α is the permeability, C2 is the inertial resistance factor, and |u| is the magnitude of
the velocity. The pressure drop caused by porous media is p = d Si, where d is the thickness
of the porous zone. Due to the linear relation between the pressure drop and the volumetric
flow rate, Equation (1), the Wells turbine modeling follows Darcy’s law and, consequently,
C2 = 0. Therefore, the permeability α is set considering the value of kt (100 Pa s m−3 in
this study).

3.3.2. Wave Generation

The generation of an incident regular wave is performed using a static wave maker
at the inlet boundary of the computational domain [54,55]. In this boundary, velocity
component profiles, which are related to time and depth according to the second-order
Stokes wave theory [60], are imposed at each instant and the corresponding free surface
position is defined by the volume fraction value, 0 above and 1 under the free surface
position. The second-order Stokes wave theory is used due to its better suitability for
reproducing the characteristics of the incident regular wave for the present flume depth,
which corresponds to intermediate water depth for the range of wave period under study,
following the Chakrabarti diagram of wave theory application [61]. The horizontal (uWM

1 )
and vertical (uWM

2 ) components of the wave velocity and the water free surface elevation
(ηWM), at the wave maker, are given, respectively, by Dean and Dalrymple [60]

uWM
1 =

H
2

gk
σ

cosh k(h + x2)

cosh(kh)
cos (kx1 − σt) +

3
16

H2σkcosh 2k(h + x2)

sinh4(kh)
cos 2(kx1 − σt) (11)

uWM
2 =

H
2

gk
σ

sinhk(h + x2)

cosh(kh)
sin (kx1 − σt) +

3
16

H2σksinh2k(h + x2)

sinh4(kh)
sin 2(kx1 − σt) (12)

ηWM =
H
2

cos (kx1 − σt) +
H2k
16

cosh(kh)
sinh3(kh)

(2 + cosh 2kh) cos2(kx1 − σt) (13)

where σ = 2π/T is the wave angular frequency and k = 2π/L is the wave number (L is the
wavelength). Equations (11)–(13) are imposed by means of user-defined functions (UDF)
written in C code, which is dynamic linked with the ANSYS-FLUENT solver.

Small values of turbulence kinetic energy (10−6 m2/s2) and specific dissipation rate
(1 s−1) are imposed on the wave maker boundary [38,59].

3.3.3. Wave Absorption Technique

Active wave absorption is widely known in physical modeling, as it is needed to cancel
out reflected waves that reach the wave maker. The methodology proposed by Shäffer
and Klopman [62] was implemented successfully in several numerical models [63–65]. It



Fluids 2025, 10, 114 8 of 22

consists of correcting the horizontal velocity of the incident wave at the wave maker in real
time, based on linear shallow water theory [60], to avoid wave reflection. For that, the free
surface elevation of the reflected wave to be absorbed, ηR, is obtained by comparing the
target-free surface, ηtarget, calculated using second-order Stokes wave theory, Equation (13),
to the free surface recorded in front of the wave maker, ηrecord:

ηR = ηtarget − ηrecord (14)

The horizontal velocity component u1 at the wave maker, Equation (11), has to be
modified to match the velocity induced by the wave to be absorbed. The velocity correction
owing to absorb the reflected wave, ucorr, can be written as follows [62]:

ucorr = ηR(g/h)1/2 (15)

Then, the corrected velocity at the wave maker, uWM
1,corr, is obtained by

uWM
1,corr = uWM

1 − ucorr (16)

This methodology was applied successfully in a 2D numerical wave
flume [23,24,36,37,40,41,43,44,49,56–58,63–65] and 3D numerical wave tank [42,54,55,66].

3.4. Initial Conditions

The initial conditions consist of the free surface level at rest, null velocity components,
hydrostatic pressure on the water, and atmospheric pressure on the air, and the turbu-
lence kinetic energy and specific dissipation rate are 10−6 m2/s2 and 1 s−1, respectively,
following [38,59].

3.5. Monitoring

The mean pneumatic power, PP, is calculated taking into consideration the time series
of the instantaneous mean air pressure inside the chamber, pac, and the volume flow rate at
the turbine, Q, during a wave period, given by [24]:

PP =
1
T

∫
T

pacQdt (17)

The volume flow rate is defined automatically at the top of the OWC air chamber by
the ANSYS-FLUENT® software [33]. The mean pressure inside the air chamber is calculated
taking into account the instantaneous air pressure on all cells containing only air, i.e., above
the free surface.

The reflected wave coefficient (Cr), which is the relation between reflected and incident
wave heights, is calculated by using the three-gauge method of Mansard and Funke [67].
This method allows calculating the Cr by means of three gauges on the flume, in which the
first gauge is 2L away from the wave maker and the second and third gauges are 0.1L and
0.27L from the first gauge, respectively.

Figure 3 shows the set of the three wave gauges used to define the reflected wave
coefficient and the wave gauge in front of the OWC device to measure the free surface
elevation in this locale. The mean free surface elevation inside the OWC device is calculated
through the determination of the water volume inside the OWC chamber.
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An analysis of energy balance for the OWC device is carried out considering that the
incident wave energy (EI) is partitioned in the extracted energy by the device (EE), the
reflected wave energy (ER), and the energy losses (EL) due to viscous forces, dissipation
on the OWC device structure, and turbulence [23,24]. The energy balance is given by the
following relation:

EI = ER + EE + EL (18)

The incident wave energy is calculated considering the mean energy during a wave
period according to the linear wave theory [33], as follows:

EI =
∫ T

0

ρwg2

32π
H2TlOWC

[(
1 +

2kh
sinh2kh

)
tanhkh

]
dt (19)

where ρw is the density of the water, k is the wave number and lowc is the chamber width
(lowc = 10 m in this study).

The reflected wave energy depends on the reflected wave coefficient and is given by

ER = EI C2
r (20)

The extracted energy is calculated by the time-averaged pneumatic energy from
Equation (17) as follows:

EE = T PP (21)

The energy losses are calculated from Equation (18).

3.6. Wave Flume Mesh and Validation

An analysis of convergence with mesh refinement is carried out to define the best
compromise between accuracy and computational time, which also allows the definition of
the characteristics of mesh resolution to be adopted for modeling wave interactions with
OWC devices. In addition, the comparison between numerical and experimental results
performed in previous studies shows that the adopted mesh resolution and free surface flow
numerical model are well adapted for modeling OWC devices. The mesh characteristics
used for the present study of OWCs integrated into breakwaters are presented.

3.6.1. Mesh Study

An analysis of the convergence and mesh resolution independence of the flow field
is carried out for the vertical OWC integrated into the vertical breakwater with lip 2.5 m
and L-shaped duct OWC length 0.5 m, for the incident wave with T = 12 s, H = 1 m,
and the wave length of 113.3 m. Four levels of mesh refinement are used. Table 1 shows
the resolution adopted for each mesh and indicates the control volume dimensions in
horizontal, dx1, and vertical, dx2, directions inside the wave propagation zone and the
OWC chamber, and the global number of cells. In the wave propagation zone, the vertical
variation in free surface flow is defined with a height of 2H (considering that the maximum
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wave height can be obtained by the superposition of incident and reflected waves) and 3H
in the OWC chamber (considering that the maximum amplitude is around two times the
incident wave amplitude). The size of the cells, dx1 and dx2, is divided by a factor of two
between each mesh in the wave propagation and OWC chamber zone. The stretching of
the mesh to the bottom and top of the flume is adapted depending on the refinement inside
the zones of variation in the free surface. The number of cells in the computational domain
increases from 4950 for the coarser grid, M1, to 121,388 for the finer one, M4. In the wave
propagation zone, the number of cells per wave length, NH, varies from 25 (mesh M1) to
151 (mesh M4) cells and the number of cells per wave height, NV, ranges from 5 to 40, for
mesh M1 and M4, respectively. The mesh M3 has a resolution of 70 cells per wavelength
and 20 per wave height.

Table 1. Characteristics of the meshes: number of cells per wave length and wave height, number of
cells in the computational domain, and mesh resolution (dx1 and dx2) inside the wave propagation
zone and the OWC chamber.

Mesh Cells Number Wave Propagation Zone OWC Chamber

NH NV Domain dx1 (m) dx2 (m) dx1 (m) dx2 (m)

M1 25 5 4950 4.50 0.220 0.600 0.280
M2 37 9 11,585 3.10 0.110 0.340 0.140
M3 70 20 34,985 1.60 0.050 0.192 0.070
M4 151 40 121,388 0.75 0.025 0.096 0.035

Table 2 shows several relevant quantities for the four meshes: the mean pneumatic
power, PP, Equation (7); the maximum pneumatic power, Pmax; the minimum and maximum
mean pressure in the OWC air chamber, pac− and pac+, respectively; the minimum, η−,
and maximum, η+, amplitude of the mean free surface elevation inside the OWC chamber;
and the free surface elevation in front of the wall device. Table 3 shows the differences, in
percentage, of the quantities calculated in Table 2, between the meshes M1, M2, and M3
and the finer one, M4. Mesh resolution independence is obtained with mesh M3, which
exhibits differences of less than 0.5% compared with the finer mesh M4, confirming that a
resolution of 70 cells per wavelength and 20 per wave height is well adapted and similar
to the resolution adopted by Conde et al. [34], Dias et al. [36], Didier et al. [42,44,49,58],
Gaspard et al. [23], Güths et al. [24], Lisboa et al. [56], Medonça et al. [37], Neves et al. [57],
Teixeira et al. [40,43,68], Cisco et al. [69], and Wierner et al. [41], among others.

Table 2. Mean and maximum pneumatic power, mean pressure and mean free surface amplitude
inside the OWC chamber, and free surface amplitude in front of the wall device for the four meshes.

Mesh Pneum. Power (kW) pac (kPa) η OWC (m) η Front Wall (m)

Pp Pmax pac− pac+ η− η+ η− η+

M1 59.91 166.96 3.265 4.062 0.575 0.748 0.574 0.733
M2 59.88 175.94 3.149 4.165 0.580 0.744 0.599 0.745
M3 59.26 177.18 3.119 4.176 0.583 0.738 0.584 0.708
M4 59.22 176.96 3.120 4.175 0.582 0.737 0.582 0.711



Fluids 2025, 10, 114 11 of 22

Table 3. Convergence of relative errors with mesh refinement of mean and maximum pneumatic
power, mean pressure and mean free surface amplitude inside the OWC chamber, and free surface
amplitude in front of the wall device.

Mesh Pneum. Power (%) pac (%) η OWC (%) η Front Wall (%)

Pp Pmax pac− pac+ η− η+ η− η+

M1 1.17 5.65 4.65 2.71 1.20 1.49 1.37 3.09
M2 1.11 0.57 0.93 0.24 0.34 0.95 2.92 4.78
M3 0.07 0.13 0.03 0.02 0.17 0.14 0.34 0.42
M4 - - - - - - - -

3.6.2. Validation of the Numerical Wave Flume and OWC Devices

The numerical methodology and mesh resolution used in this study were validated
in previous studies by Conde et al. [34] and Didier et al. [35] who analyzed a simplified
OWC-WEC subjected to regular incident waves. The case study was based on experiments
of Lopes et al. [70] in which the prototype consisted of a vertical hollow cylinder open at the
ends with an outer diameter of 0.0550 m, a thickness of 0.0025 m, and a submergence length
of 0.18 m placed in the wave flume 0.40 m deep at the Department of Architecture and
Civil Engineering at Instituto Superior Técnico (IST), Lisbon. A piece of porous membrane
(textile) placed at the top of the vertical tube was used to consider the damping effect of
the turbine. The mesh resolution follows the criteria of around 70 cells per wave length
and around 20 cells per wave height. Regular incident waves with different frequencies
were simulated with and without the presence of the membrane. Comparisons of the
amplification factor and phase angle between the free surface elevation inside and outside
the cylinder obtained numerically were in very good agreement with experimental ones.
In addition, the validation of this methodology was also developed by Dias et al. [36] and
Mendonça et al. [37] based on the physical modeling developed at the Laboratório Nacional
de Engenharia Civil (LNEC), Lisbon, that consists of a wave flume and an onshore OWC-
WEC with a fully open chamber with the main characteristics of the Pico’s plant with scale
of about 1:35. The mesh resolution for the wave flume and the OWC device follows the
criteria of around 70 cells per wave length and around 20 cells per wave height. For different
conditions of regular incident waves, the time series of the free surface elevation at different
locations along the flume and inside the OWC water chamber obtained numerically showed
a very good agreement with experimental ones.

3.6.3. Wave Flume Meshes for the Study of OWC Integrated into Breakwaters

The computational mesh of the wave flume with the OWC device at its end is com-
posed of two main zones with different mesh characteristics, as mentioned in Section 3.6.1:
the propagation wave zone, in which the free surface is well behaved and a structured
regular mesh is used, and the zone around the OWC device where the flow is more com-
plex due to the wave–structure interaction and the occurrence of wave run-up/run-down
above the breakwater. In this zone, a structured regular mesh or an unstructured regular
one is adopted depending on the structure configuration. In the case of the unstructured
regular mesh, it is recommended, especially above the ramp of the sloped breakwater
where run-up/run-down occurs, to use preferentially regular cells with an aspect ratio
close to 1 [71–73].

Figure 4 shows the mesh in the proximity of the breakwater and the OWC device for
the three configurations with b = 5 m and l = 2.5 m for a wave period of 6 s. The wave
flume length from the wave maker to the OWC device is 4L, which means that the length
of the wave flume varies with each wave period. However, for the three devices tested,
the mesh in the propagation wave zone is the same, for the same wave period, and only
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the mesh in the zone close to the breakwater and the OWC device is modified. The mesh
characteristics are adapted depending on the type of the breakwater and OWC chamber:
for the vertical OWC chamber integrated into the vertical breakwater, a fully regular mesh
is used (Figure 4a); for the vertical and inclined OWC chamber integrated into sloped
breakwater, structured and unstructured regular mesh are adopted (Figure 4b,c). The
control volume varies from 31,200 to 48,000 in accordance with the wave period and the
OWC device and breakwater configurations.
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4. Results and Discussion
Investigations on the influence of the L-shaped duct OWC, the lip, and the OWC device

configurations on the performance of the device were carried out using the mean pneu-
matic power. Additionally, the energy balance around the OWC device, which identifies
significant energy quantities and the efficiency of the device, was also analyzed.
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4.1. Mean Pneumatic Power Analysis

In this section, the mean pneumatic power over the wave period interval for all cases,
shown in Figures 5–7, is analyzed. Even if each configuration has its particularity, they
present similar general behaviors in some aspects, which are the following:

1. There is a wave period, Tmax, in which PP reaches its maximum, PP,max, diminishing
rapidly for wave periods below Tmax and decreasing smoothly above it, independently
of the type of OWC chamber and breakwater, l and b.

2. PP,max and Tmax increase as the length of the L-shaped duct OWC, b, increases. In
addition, the smaller PP,max and Tmax are always obtained for the smaller b and the
larger ones for the larger b independently of the value of l.

3. In general, PP decreases with the increases of b for smaller wave periods. This behavior
is inverted for larger wave periods. The shift in PP variation occurs in the intermediate
wave period range. For this reason, none of the configurations provide the highest PP

along the wave period range.
4. Tmax for l = 5.0 m is higher than the one for l = 2.5 m considering the same b.
5. Both behaviors, referred to in items (2) and (4), can be explained considering that the

resonance depends on the length that fluid particles run from the water entrance to
the OWC chamber [31,32]; therefore, the larger b and l are, the larger this length is.
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Figure 5. Mean pneumatic power for a vertical OWC chamber integrated into a vertical breakwater:
(a) l = 2.5 m and (b) l = 5.0 m.
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Figure 6. Mean pneumatic power for a vertical OWC chamber integrated into a 2:3 sloped breakwater:
(a) l = 2.5 m and (b) l = 5.0 m.

In the case of vertical breakwaters with a vertical OWC chamber with l = 2.5 and 5.0 m,
Figure 5, Tmax, in which PP,max occurs, varies from 8 to 11 s for l = 2.5 m, and from 10 to
13 s for l = 5.0 m, increasing with b. PP,max is displaced towards the larger wave periods
increasing the submergence of the water entrance. PP,max obtained by b = 15 m at wave
periods of 11 and 13 s, for l = 2.5 and 5.0 m, respectively, is around 37% higher than that of
standard configurations (l = 2.5 and 5.0 m, and b = 0.5 m).
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At the shortest wave period, 6 s, increasing b leads to a severe reduction of the PP: the
difference between b = 0.5 and 15 m reaches 60 and 84% for l = 2.5 and 5.0 m, respectively.
The reduction of PP, compared to b = 0.5 m, is more pronounced for l = 5.0 m than for 2.5 m
and occurs in a wide wave period range. Conversely, at larger wave periods, PP is improved,
increasing b. For l = 2.5 m, and wave periods larger than 11 s, the PP improvement is around
17, 34, and 50% for b = 5, 10, and 15 m, respectively, compared to the PP of the standard
configuration. For l = 5.0 m, and wave periods larger than 13 s, the PP improvement is
around 25, 45, and 75% for b = 5, 10, and 15 m, respectively, compared to the PP of the
standard configuration.

The analysis based only on values of PP shows that the better value of b depends on the
characteristics of the local sea state. The standard conception (b = 0.5 m) has the advantage
that PP shows few variations along the wave period, for both l = 2.5 and 5.0 m. Although
this standard configuration has the disadvantage that PP is lower than those obtained by
larger b for intermediate and larger wave periods, PP has larger values at shorter wave
periods. In comparison with the standard configuration, the case with b = 5 m and l = 2.5 m
exhibits an interesting behavior since it is the unique one in which PP is higher at almost all
wave periods. Therefore, this configuration can be a more favorable general conception for
the OWC device.

In the case of 2:3 sloped breakwaters with l = 2.5 and 5.0 m, and vertical and inclined
OWC chambers, Figures 6 and 7, respectively, a small PP at shorter wave periods is
observed, with values around, and smaller than, 10 kW for T = 6 s and l = 2.5 m and near
zero for T from 6 to 8 s for l = 5.0 m. In addition, configurations with vertical and inclined
OWC chambers and l = 2.5 m show a similar trend, which is different from that observed
for both configurations with l = 5.0 m.

In the case of both configurations with l = 2.5 m, Figures 6a and 7a, PP follows more
or less the same trend independently of b. Tmax is almost constant for the vertical OWC
chamber, around 10 s, whereas it varies from 10 to 13 s for the inclined OWC chamber.
The highest PP,max is obtained by b = 15 m at wave periods 10 s and 13 s, for vertical and
inclined OWC chambers, respectively. It can also be noted that the PP,max is always greater
for the inclined OWC chamber than the vertical OWC chamber for the same b; differences
are 26, 16, and 18% for b = 5, 10, and 15 m, respectively. In addition, the PP of the inclined
OWC chamber shows a larger PP than the one of the vertical OWC chamber for larger
wave periods. The inverse occurs at smaller wave periods, and the shift between the
two situations occurs around the intermediate wave periods.

Both configurations with l = 5.0 m, Figures 6b and 7b, show a loss of performance
compared to configurations with l = 2.5 m over a wide range of wave periods. The PP

obtained at shorter wave periods is very small and, in general, smaller than the one obtained
for l = 2.5 m for almost all values of b, except at the largest wave periods.
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In summary, a larger water entrance of the L-shaped duct OWC, i.e., l = 2.5 m, and a
vertical OWC chamber present a more suitable option for an OWC device integrated into a
sloped breakwater for common sea states.

It may also be noticed that the values of PP obtained by the vertical OWC chamber
integrated into the sloped breakwater are significantly lower than those obtained by the
vertical breakwater. The inclined OWC chamber integrated into the sloped breakwater
does not modify this general trend over a wide range of wave periods, even if this trend is
slightly inverted for the largest wave periods.

4.2. Energy Balance Analysis

Figure 8 shows the energy balance obtained by the vertical OWC chamber integrated
into a vertical breakwater with l = 2.5 and 5.0 m and Figure 9 compares the velocity magni-
tude and instantaneous streamlines in the proximity of the device for l = 5.0 m and b = 10 m
at T = 6 and 14 s. Figures 10 and 11 show the energy balance obtained by the vertical and
inclined OWC chamber integrated into a 2:3 sloped breakwater with l = 2.5 and 5.0 m, and
Figure 12 shows the velocity magnitude and instantaneous streamlines in the proximity of
the device for the vertical OWC chamber integrated into the sloped breakwater for b = 10 m
and both lips. The quantities Ee, Er, and El, which represent the percentage of the energy
distribution of the incident wave energy EI, have some similar behaviors:

1. Ee and Er have inverse behaviors, i.e., when one percentage increases the other
decreases. This is an expected trend since higher Cr implicates lower energy harvested
by the device.

2. Ee is maximum when Er is minimum.
3. The increase in l, i.e., the reduction of the water entrance of the L-shaped duct OWC,

leads to an increase in Er for smaller wave periods, which indicates that the frontal
wall submersion blocks the water flow that passes through the OWC chamber and
the energy flux that is essentially concentrated in the proximity of the free surface. At
larger wave periods, Er decreases since the energy flux is distributed over the entire
water column.

4. The efficiency (Ee) has similar behaviors to those observed in the variations in PP with
b and l.

5. For the incident agitation conditions tested, there is no wave breaking, only a kind
of standing wave for the vertical breakwater and a surging one for the sloped
2:3 breakwater.

In the case of vertical breakwaters with a vertical OWC chamber, with l = 2.5 and
5.0 m, Figure 8, El reaches a maximum value of around 20% for l = 5.0 m and b = 0.5 m at
shorter wave periods. Nevertheless, in general, El remains less than around 10%, which
indicates that the losses due to viscosity and turbulence are not the physical phenomenon
that contributes most to the reduction of the extracted energy by the device.

The behaviors of Er with the wave period and b explain the behavior observed for
Ee, and also PP: the lower the reflection is, the higher the extracted energy is, and vice
versa. The maximum Ee, Eemax, increases slowly from b = 0.5 to 15 m: Eemax varies from
84.4 to 91.4% for l = 2.5 m and from 74.1 to 84.6% for l = 5.0 m. At a wave period of 6 s, Ee
is drastically reduced, increasing b: for l = 2.5 m, Ee decreases from 84.4 to 34% for b = 0.5
and 15 m, respectively, and for l = 5.0 m, the Ee reduction is from 66.7 to 10.9% for b = 0.5
and 15 m, respectively. For T = 6 s and b = 15 m, the small value of Ee is essentially caused
by the high Er, around 90%. The increase in the L-shaped duct OWC length induces a
kind of flow blocking inside the OWC chamber for smaller wave periods, which leads to
the decrease in Ee and the loss of performance of the OWC device. This is illustrated in
Figure 9, which compares the velocity magnitude and instantaneous streamlines in the
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proximity of the device for l = 5.0 m and b = 10 m at T = 6 and 14 s at the instant of the
maximum air flow rate inhalation. At T = 6 s, the flow dynamics inside the OWC chamber
are low and lead to a strong reflection of incident waves.
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Figure 8. Percentage of energy quantities for the vertical OWC chamber integrated into a vertical
breakwater for l = 2.5 (a) and l = 5.0 m (b).
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Figure 9. Velocity magnitude (m/s) and streamlines for the vertical breakwater with a vertical OWC
chamber with l = 5.0 m and b = 10 m at T = 6 (a) and 14 s (b) at the instant of the maximum air flow
rate inhalation.
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Figure 10. Percentage of energy quantities for a vertical OWC chamber integrated into a 2:3 sloped
breakwater for l = 2.5 (a) and l = 5.0 m (b).
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Figure 11. Percentage of energy quantities for an inclined OWC chamber integrated into a 2:3 sloped
breakwater for l = 2.5 (a) and l = 5.0 m (b).
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Figure 12. Velocity magnitude (m/s) and streamlines for the vertical OWC chamber integrated into a
2:3 sloped breakwater for b = 10 m and l = 2.5 (a) and l = 5.0 m (b) at the instant of the maximum air
flow rate exhalation.

In the case of 2:3 sloped impermeable breakwaters with l = 2.5 and 5.0 m, and vertical
and inclined OWC chambers, Figures 10 and 11, respectively, the water entrance dimension
of the L-shaped duct OWC leads to a significant difference in balance energy. Viscous
and turbulence energy losses, El, generally tend to an increase with b. Nevertheless, the
behavior observed for l = 2.5 m is quite different from that for l = 5.0 m. For l = 2.5 m
and both vertical and inclined OWC chambers, Figures 10a and 11a, respectively, El varies
around 40 to 60% at shorter wave periods and reduces to less than 10% at wave periods
above, more or less, 11 s. For l = 5.0 m and both vertical and inclined OWC chambers,
Figures 10b and 11b, respectively, El is almost zero for T = 6 s and increases with T to reach
a maximum of around 30% for intermediate wave periods before diminishing slightly at
larger wave periods.

The behavior of Er is also quite different, varying l from 2.5 to 5.0 m, especially for
shorter wave periods. For l = 5.0 m, Er is greater than 90% at T = 6 and 7 s, independently
of the value of b, whereas it is only around 20 to 40% for l = 2.5 m. Er varies in a similar
way to that observed for the vertical OWC chamber integrated into the vertical breakwater,
for l = 2.5 m, which is also probably the case for l = 5.0 m, but the limit of the study interval
of wave periods does not allow for the confirmation of this tendency.
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The variation in Ee results from the losses due to viscosity, turbulence, and wave
reflection. The Eemax, for l = 2.5 m, increases from 65.4 to 79.5% for b = 5 and 15 m,
respectively, for the vertical OWC chamber and from 73.3 to 87.8% for b = 0.5 and 15 m,
respectively, for the inclined OWC chamber. It can be noted, at shorter wave periods and
especially T = 6 s, that the simultaneous large values of both El and Er lead to the smaller
Ee. For l = 5.0 m, Ee is smaller than 10% from T = 6 to 8 s, for both vertical and inclined
OWC chambers. At both wave periods of 6 and 7 s, the small Ee is essentially due to the
large Er, as already seen before in the case of a vertical OWC chamber integrated into
a vertical breakwater with l = 5.0 m and b = 15 m. The small value of Ee at the shortest
wave period, i.e., T = 6 s, is related to the L-shaped duct OWC length and amplified by the
water entrance depth, which modifies the length of the breakwater slope and affects the
type of interaction with the incident wave. Figure 12 shows the velocity magnitude and
instantaneous streamlines in the proximity of the device at the instant of the maximum air
flow rate exhalation for the vertical OWC chamber integrated into the sloped breakwater
for b = 10 m and both lips. In both configurations, a run-up can be noted on the breakwater
slope. For l = 2.5 m, a large vortex almost fills the L-shaped duct OWC, the flow inside the
chamber is weak, and a strong interaction occurs above the breakwater slope between the
run-up and the vortex at the water entrance of the L-shaped duct OWC, which results in
large values of El and Er. For l = 5.0 m, the flow inside the L-shaped duct OWC and the
chamber is very weak, almost null in the chamber, causing a kind of flow blocking, such as
a wall, with the flow being directed above the breakwater slope. The run-up/run-down is
at a maximum, which leads to a high Er and a small El.

5. Conclusions
The L-shaped duct OWC device integrated into the vertical and 2:3 sloped imper-

meable breakwaters were investigated by means of the free-surface RANS-based ANSYS-
Fluent® software for modeling the wave–structure interaction in a 2D wave flume. The
performance and hydrodynamics, through the analysis of energy balance, of the vertical
OWC chamber integrated into a vertical breakwater, and the vertical and inclined OWC
chamber integrated into a 2:3 sloped breakwater were analyzed. The influence of the
submergence of the device frontal wall, l = 2.5 and 5.0 m, and the length of the L-shaped
duct OWC, b = 0.5, 5, 10, and 15 m, were investigated at regular incident wave periods
from 6 to 14 s and a wave height of 1 m.

For the vertical breakwater, it may be concluded that the performance of the OWC
device, Ee, with l = 2.5 m is better than the one with l = 5.0 m. Regarding the influence
of the length b, the Ee increased with the increase in b for larger waves and diminished
for shorter ones. For a larger b and smaller wave periods, a kind of flow blocking inside
the OWC chamber occurs and leads to the loss of performance of the OWC device. The
maximum Ee occurs at different wave periods depending on b and l, which means that the
better parameters depend on the characteristics of the local sea state. It may be emphasized
that the configuration with l = 2.5 m and b = 5 m allows for maintaining a high Ee while
avoiding its strong reduction at shorter wave periods, as occurs with other configurations.
Energy losses due to viscous forces, dissipation, and turbulence, (El), are lower than 20%
and the larger part of incident wave energy that is not harvested by the OWC device is due
to the wave energy reflection, Er, which has an inverse behavior to that of Ee, i.e., when
one increases the other decreases. The maximum Ee occurs for smaller Er.

For the sloped breakwater, the two types of OWC devices with vertical and inclined
OWC chambers presented similar behaviors. The results show that the inclination of the
OWC chamber has only a little influence on the Ee. The increase in the submergence frontal
wall of the device modifies the Ee significantly, which hardly reduces at shorter wave
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periods, due to a high reflection of incident wave energy, and exhibits its maximum at
larger wave periods. These effects on Ee are amplified by the increase in the L-shaped
duct OWC, b, which makes some configurations quite inviable in the common sea state. In
general, the larger part of incident wave energy that is not harvested by the OWC device is
due to the wave energy reflection. However, in the case of the configuration with l = 2.5 m,
the energy losses are more significant, especially at shorter wave periods.

The results of this study showed that (i) the performance of the OWC device varies
significantly with its geometric configuration, which needs to be adapted for the local sea
state, and (ii) the vertical OWC chamber integrated into a vertical breakwater with a small
lip and short L-shaped duct OWC length provides not the highest, but the most regular
performance over a typical wave period interval of maritime agitation. It also highlights
the unavoidable loss of OWC device performance that may occur, especially at shorter
wave periods, in the case of hybrid devices that combine two well-known concepts, the
OWC and an OWEC (overtopping wave energy converter) integrated into a rubble-mound
breakwater. Studies considering the effect of porous media, which compose rubble mound
breakwaters, on the performance of OWC devices, must be advanced. For a more complete
study of the performance of the devices, the tidal effect should also be analyzed, as the
submergence of the device inlet and local water depth necessarily have an impact on the
efficiency of the OWC devices.
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