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Abstract

This study conducts a numerical investigation of the geometry of the oscillating water
column (OWC) wave energy converter under realistic irregular wave conditions found
off the coast of Rio Grande, southern Brazil. Two OWC models were compared: the con-
ventional design and the L-shaped configuration (L-OWC). The OWC structure consists
of a hydropneumatic chamber and an air duct, where a turbine is coupled to an electric
generator. Additionally, in the L-shaped chamber configuration, a water intake duct is
considered. The constructal design method was employed for the geometric evaluation
of the devices. For the L-OWC, the influence of the height-to-length ratio of the water
intake duct on the obtained hydropneumatic power available was analyzed. In parallel, for
the conventional OWC, the free-board submergence was investigated. Subsequently, the
optimal geometry for each OWC model was selected to study the height-to-length ratio
of the hydropneumatic chamber. Numerical simulations were performed using ANSYS
Fluent software. Thus, the performance of the converters was improved by approximately
35.76 times for the L-OWC and 3.78 times for the conventional OWC. However, it is note-
worthy that the optimal configuration of the conventional OWC achieved a performance
2.62 times higher than the optimal L-OWC geometry.

Keywords: wave energy converter; L-OWC; geometrical evaluation; WaveMIMO
methodology; realistic irregular waves; computational fluid dynamics

1. Introduction
Demographic expansion and technological progress have caused a steep rise in the

usage of fossil fuels, which are not only finite but also have a negative environmental
impact [1]. Consequently, the transition to a sustainable energy matrix stands as one of the
major global challenges of the 21st century. To mitigate the effects of climate variability
on power generation, this transition requires the diversification of the renewable sources
being explored. Narula [2] identifies marine energy as a viable alternative for harnessing
renewables, highlighting the diverse types of energy available in the oceans.

Among these sources, wave energy is particularly noteworthy, holding the potential
to meet a substantial fraction of the global electricity demand [3]. This energy potential
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has been extensively quantified in various regions around the globe through numerous
recent studies, for instance: Shadman et al. [4] estimated the wave energy potential off
the Brazilian coast using the MFWAM third-generation wave model (version Cycle 43T1);
Ahn et al. [5] employed the WAVEWATCH III model (WW3, version 5.08), to calculate the
annual wave energy potential across different regions of the United States; Amarouche
et al. [6] conducted a similar assessment for the Algerian Basin using the Simulating Waves
Nearshore (SWAN) model (version 41.20); Sergent et al. [7] used Scilab 6.0.x to perform
a statistical analysis of the wave energy potential along the French coast, based on the
Anemoc database and in situ measurements from the Candhis buoy network; Patel et al. [8]
performed an analysis along the Indian coastline with the WW3 model (version 4.18); Liu
et al. [9] evaluated Australia’s wave energy resources also using WW3 (version 6.07); and
Ye et al. [10] assessed the resource at varying depths in China’s Wanshan Archipelago with
the SWAN model (version 41.31).

Technologies designed to capture ocean wave energy, such as the oscillating water
column (OWC) devices, are capable of converting the kinetic energy from waves into
electricity. This system consists of a hydropneumatic chamber submerged below the water
surface and an air duct exposed to the atmosphere, which houses a turbine connected to an
electrical generator. As incident waves drive the oscillating motion of the water column
inside the chamber, the resulting cyclic compression and decompression of the air above
it force a bidirectional airflow through the air duct, spinning the turbine and activating
the generator [11].

The OWC devices have been extensively investigated; in the experimental domain,
alongside laboratory tests, several prototypes are currently being developed globally [12].
In parallel, numerical studies offer a financially efficient option for analyzing wave energy
converters (WECs), as they require fewer financial and human resources. In this context,
constructal theory [13] provides a framework for geometric evaluation, allowing for the
maximization of the device’s performance. According to this theory, flow systems in nature
follow a physical principle, the constructal law, which governs the generation of their
configurations and geometric patterns, aiming to facilitate easier access to flow. This leads
to the constructal design method [14,15], which enables the evaluation of how a system’s
geometry affects its performance and can be employed for geometric optimization when
associated with an optimization technique.

Recent research on OWC WECs has largely focused on this kind of optimization:
Letzow et al. [16] evaluated the chamber’s height-to-length ratio considering different
front wall submersions on a large-scale OWC with seabed ramps; Gomes et al. [17] as-
sessed an OWC under a joint North Sea wave project (JONSWAP) spectrum, analyzing
four different geometric configurations: rectangular, trapezoidal, inverted trapezoidal, and
double trapezoidal. More recently, studies have incorporated realistic irregular waves using
the WaveMIMO methodology: Maciel et al. [18] and Mocellin et al. [19] evaluated OWC
WECs subjected to realistic sea state conditions in Southern Brazil, from the municipalities
of Rio Grande and Tramandaí, respectively.

Additionally, comparative studies of different shapes have become a central theme.
For instance, López et al. [20] conducted a comprehensive numerical study comparing
classic, stepped-bottom, U-shaped OWC (U-OWC), and L-shaped OWC (L-OWC) under
regular waves, concluding that the L-OWC design performed better and was easily tunable
to resonate at a target wave period. This finding is supported by Supriyanto et al. [21],
who, through experimental analysis, confirmed that the L-shaped chamber consistently
outperformed the U-shaped variant in converting wave energy into pneumatic power.

The geometry of the U-OWC has also been extensively investigated, as in Muduli
et al. [22] and Muduli and Karmakar [23], who used the boundary element method (BEM)
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to analyze U-OWCs, finding that employing an inward-inclined top wall improves its
efficiency, and that performance remains effective even in array configurations integrated
with breakwaters. Other studies have examined specific components: Samak et al. [24]
performed a numerical study to evaluate the contribution of an L-shaped front wall, finding
it could improve performance in long waves despite reducing chamber pressure; and Ulm
et al. [25] realized experimental investigations on the impact of a heave plate with V-shaped
channels on a cylindrical OWC performance in intermediate water depths.

Innovation in OWC design continues to explore novel concepts and hybrid applica-
tions. Yang et al. [26] numerically investigated a dual cylindrical OWC integrated into
a caisson breakwater, while Lyu et al. [27] designed a floating OWC-breakwater hybrid,
demonstrating its dual functionality in energy capture and wave attenuation. Other in-
novative concepts include the implementation of a dual-chamber configuration [28]; the
multi-chamber cylindrical OWCs [29]; the attachment of a heave plate to a floating cylindri-
cal OWC to significantly increase its energy capture bandwidth [30]; and the Leeward Inlet
OWC for enhanced long-wave attenuation and power generation [31].

More examples of experimental studies addressing OWC WECs are found in [32–42],
while more numerical studies are found in [43–56]. Collectively, the literature demon-
strates a mature yet evolving field where advancements have progressed along three main
fronts: the geometric optimization of conventional OWCs, evolving from studies under
regular [16,17] to realistic irregular [18,19] waves; the comparative analysis of novel ge-
ometries [20–23] and component innovations [24,25]; and multi-functional designs [26–31].
Studies like those of Maciel et al. [18] and Mocellin et al. [19] represent significant steps
towards evaluating devices under realistic wave conditions. However, a systematic com-
parative analysis of different OWC models under realistic irregular waves remains underex-
plored. This gap is crucial because device performance is highly wave-climate dependent,
and findings from idealized conditions may not translate to real-world operation.

Within this framework, the current study proposes a geometric assessment of the OWC
device subjected to realistic irregular waves from the municipality of Rio Grande, located
in the state of Rio Grande do Sul (RS), southern Brazil. This region has the highest wave
energy potential along the Brazilian coast [4], justifying its selection. To ensure an accurate
reproduction of the realistic irregular wave behavior, the WaveMIMO methodology [57]
was employed. It is noted that this methodology has been validated against experimental
data for the generation of irregular waves in Paiva et al. [58], where the authors gathered
theoretical recommendations regarding its application.

To achieve these objectives, this paper is structured as follows. First, the numerical
model for generating realistic irregular waves is verified. Then, the constructal design
method [14,15] is applied in a two-stage geometric evaluation: initially assessing the
optimal intake duct geometry for the L-OWC and the submersion of the frontal wall for
the conventional OWC; followed by an analysis of the hydropneumatic chamber using
the optimal geometric configuration obtained for each device. Finally, a comprehensive
comparison between the two optimized converter designs is presented, highlighting the
differences and parallels in the fluid dynamic behavior of the device models. Additionally,
the geometric evaluation of the L-OWC under realistic irregular waves is an original
contribution of this study, advancing research related to WECs. Thus, the findings from the
present paper offer valuable insights for regions with analogous wave climates.

2. Mathematical and Numerical Modeling
This section details the mathematical foundations and numerical setup. Section 2.1 de-

tails the governing equations of the multiphase flow model using the volume of fluid (VoF)
method and the numerical schemes. Section 2.2 describes the WaveMIMO methodology
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for generating realistic irregular waves, while Section 2.3 defines the representative regular
wave parameters used for spatial and temporal discretization.

2.1. Governing Equations and Numerical Methods

Numerical simulations of realistic irregular wave generation in a channel were per-
formed using the software ANSYS Fluent 2024 R2 (Ansys, Canonsburg, PA, USA, 2024).
This software is a CFD package founded on the finite volume method (FVM), which has
been validated for wave channels [18,58]. The VoF [59] model handled the interface be-
tween the phases, the water, and the air. These phases are represented by the volumetric
fraction (α) contained in each control volume (CV), which requires that the sum of the
phases in a CV must always equal 1, as follows [59]:

αwater + αair = 1. (1)

For immiscible fluids in the VoF model, the interface between phases satisfies
the following:

αwater = 1 − αair, (2)

thus, when a computational cell is entirely filled with either water or air, the following applies:

αwater = 1, (3)

αair = 1. (4)

The volumetric fraction is considered throughout the computational domain via
a transport equation. When the VOF model is used, the governing equations are the
conservation equations for mass, volumetric fraction, and momentum as follows [60]:

∂(ρ)

∂t
+∇

(
ρ
→
V
)
= 0, (5)

∂(α)

∂t
+∇

(
α
→
V
)
= 0, (6)

∂

∂t

(
ρ
→
V
)
+ ρ

(
∇
(→

V
))→

V = −∇(p) +∇( ¯̄τ)− ρ
→
g + S. (7)

where ρ is the fluid density (kg/m3), calculated for the mixture of phases as follows [61]:

ρ = αwaterρwater + (1 − αwater)ρair, (8)

while t is the time (s);
→
V is the velocity vector (m/s); p is the static pressure (Pa);

→
g is

the gravity acceleration vector (m/s2); and ¯̄τ is the strain rate tensor (N/m2), given by
the following [60]:

¯̄τ =

2µ ∂u
∂t + γ

(
∇
(→

V
))

µ

(
∇
(→

V
))

µ

(
∇
(→

V
))

2µ ∂w
∂t + γ

(
∇
(→

V
))
, (9)

where γ is the viscosity relating stresses to volumetric deformation (kg/m·s), set to zero due
to incompressible flow; and µ is the dynamic viscosity (kg/m·s), calculated as follows [61]:

µ = αwaterµwater + (1 − αwater)µair, (10)
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moreover, S is a sink term (N/m2). This term refers to the numerical beach approach,
considered during the numerical model verification stage to prevent the wave reflection at
the end of the channel. The formulation for S is given by the following [62,63]:

S = −
[

C1ρV +
1
2

C2ρ|V|V
](

1 −
z − z f s

zb − z f s

)(
x − xs

xe − xs

)2
, (11)

where C1 the linear (s−1) damping coefficients; and C2 is the quadratic (m−1) damping
coefficient; V is the velocity along the z direction (m/s); x and z are, respectively, the
horizontal and vertical coordinates (m); xs and xe are the starting and ending positions of
the numerical beach (m), respectively; z f s is the vertical position of the free-surface (m); and
zb is the vertical position of the channel bottom (m). In accordance with Lisboa et al. [64],
the damping coefficients C1 and C2, were set as 20 s−1 and 0 m−1, respectively.

The governing equations were solved using the following numerical configuration:
pressure-implicit with splitting of operators (PISO) for pressure–velocity coupling; pres-
sure staggering option (PRESTO) for the spatial discretization of the pressure equation;
first-order upwind for advective terms; and geo-reconstruction for interface interpola-
tion. Additionally, under-relaxation factors of 0.3 (pressure) and 0.7 (momentum) were
applied, with convergence criteria of 10−3 for residuals. The selection of these methods and
numerical configurations is based on methodologies previously established [18,19,57,58].

2.2. Generation of Realistic Irregular Waves

The WaveMIMO methodology [57] generates realistic irregular waves in ANSYS
Fluent by imposing discretized orbital velocity profiles of the wave propagation in the
horizontal (u) and vertical (w) directions as a boundary condition. This approach processes
realistic sea state data to obtain these profiles. In the present study, these data originate from
the TELEMAC-based operational model addressing wave action computation (TOMAWAC)
spectral model, which obtains them by solving the wave action conservation equation,
given by the following [65]:

∂N
∂t

+
∂
( .

xN
)

∂x
+

∂
( .
yN
)

∂y
+

∂
( .

kx N
)

∂kx
+

∂
( .

kyN
)

∂ky
= Q

(
t, x, y, kx, ky

)
, (12)

where N represents the directional spectrum of wave action density (m2/Hz/rad); kx the
component x of the wave number vector (m−1); ky the component y of the wave number
vector (m−1); and Q is the source term (m2/rad) aggregating spectral wave processes [66].

The study uses realistic data from a point 171.06 m from the Molhes da Barra breakwa-
ter in Rio Grande-RS (32◦11′24′′ S, 52◦04′45′′ W). These data correspond to the significant
wave height (Hs) and the mean wave period (Tm) recorded in this region throughout 2018.
Figure 1 presents the bivariate histogram that correlates the occurrences of Hs and Tm,
identifying the most frequent combination: conditions recorded on 11 September 2018,
from 07:15 to 07:30.
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Figure 1. Bivariate histogram of Hs and Tm.

From the TOMAWAC database, a wave spectrum with these characteristics is selected
and converted into a free-surface elevation (η) time series. For this purpose, the Spec2Wave
(version 1.2.1) software is used, which employs the inverse Fourier transform, as detailed in
Oleinik et al. [67]. Also using Spec2Wave, η is decomposed into depth-varying horizontal
(u) and vertical (w) orbital velocity profiles. These profiles were then imposed as prescribed
velocity boundary conditions in ANSYS Fluent, enabling the simulation of realistic irregular
waves in a numerical wave channel.

2.3. Representative Regular Waves of a Realistic Sea State

Representative regular waves provide a simplified alternative for analyzing the sea
state, with uniform characteristics. In this approach, the wave height (H) is defined as
Hs (the average height of the highest one-third of the waves recorded) [68]; and the wave
period (T) is equal to Tm (the arithmetic average of the periods recorded) [66]. With these
characteristics and the water depth (h) at the study location (32◦11′24′′ S, 52◦04′45′′ W), the
wavelength derives from the dispersion relation [69]:

ω2 = g ktanh(kh), (13)

where ω is the angular frequency (rad/s) and k the wave number vector (m−1); they are
given as follows [69]:

ω =
2π

T
, (14)

k =
2π

λ
, (15)

where λ is the wavelength (m).
Thus, the characteristics defining the representative regular waves for this sea state

are as follows: height, H = 1.14 m; period T = 4.50 s; wavelength, λ = 31.50 m; and water
depth, h = 13.29 m. Although not generated in this study, these parameters guide the
spatial and temporal discretization of the computational domain [57,58].
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3. Problem Description
This section describes the computational setup and geometric evaluation methodology.

It is organized into three main parts: Section 3.1 details the verification of the numerical
wave generation model; Section 3.2 presents the computational domains and monitoring
strategies for both OWC devices; and Section 3.3 explains the application of the constructal
design method, defining the geometric parameters, degrees of freedom, and constraints for
the systematic evaluation of both converter models.

3.1. Numerical Model Verification—Description

To verify the adequate reproduction of realistic irregular waves, a two-dimensional
computational domain representing a wave channel without WECs was considered. The ge-
ometric characteristics of this channel are summarized in Table 1, with the third dimension
considered unitary in this two-dimensional approach.

Table 1. Geometric characteristics of the numerical wave channel.

Characteristic Nomenclature Dimension (m)

Length LC (m) 171.06
Top Height ht (m) 5.00

Initial Depth h (m) 13.29
Final Depth h f (m) 10.54

It should be mentioned that ht is fixed relative to the water level at rest (WLR), while
LC refers to the distance from the wave data point to the Molhes da Barra breakwater.
The varying channel depth replicates the local bathymetry from Rio Grande-RS, as recom-
mended by Mocellin et al. [19]. Bathymetric data acquired from nautical charts provided
by the Brazilian Navy’s Directorate of Hydrography and Navigation were used [70].

Subsequently, Figure 2 illustrates the employed computational domain, indicating the
main dimensions of the wave channel, the boundary conditions applied, the numerical
beach region, and the WLR.

Figure 2. Computational domain for the numerical model verification.

As observed in Figure 2, the boundary conditions implemented in the computational
domain were as follows [17–19,57,58]:

• Prescribed velocity: lower part of the left wall (pink solid line), where the discretized
orbital velocity profiles are imposed [57]. Following Paiva et al. [58], this region is
subdivided into 15 segments: the first two segments, closest to the WLR, with height
h/28; the other 13 segments, extending to the channel bottom, with height h/14;
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• Pressure outlet: upper portion of the left wall and channel top (green dashed line),
where atmospheric pressure was specified (p = 101.30 kPa);

• No-slip and impermeability: channel bottom (black solid line), where the velocities

were set to zero (
→
V = 0 m/s);

• Pressure outlet with hydrostatic profile: right wall (blue solid line) to model an open
channel. The hydrostatic profile ensures the retention of water within the domain,
preventing its drainage. It allows the numerical beach (gray region) to absorb wave
energy and minimize reflections effectively. As established by Lisboa et al. [64],
the numerical beach region extends 2λ, which corresponds to LB = 63.00 m when
considering the wavelength of the representative regular waves (λ = 31.50 m).

For the spatial discretization of the computational domain, a stretched mesh configura-
tion [17] was implemented. This mesh model is characterized by its high level of refinement
in the region of interest, specifically the free-surface region. This configuration divides
the computational domain into three vertical regions (R1, R2, and R3) and one horizontal
region (R4), as follows:

• R1: this region consists only of air and requires less refinement. It was discretized into
20 computational cells [19,57,58];

• R2: this region contains the interface between the phases, demanding a higher mesh
density. Following Paiva et al. [58], this region is composed of two segments above
and below the WLR, all of size h/28. The segments immediately adjacent to the WLR
are discretized into 20 cells, whereas the remaining segments use 10 cells, resulting in
a total of 60 computational cells for the entire region, as illustrated in Figure 3;

• R3: this region consists exclusively of water and is subdivided into 13 segments, each
with a size of h/14. A discretization of five computational cells per segment was
applied, resulting in a total of 65 cells for this zone [58];

• R4: this horizontal region was discretized with 50 computational cells per λ of the
representative regular waves, totaling 272 cells across its length [17–19,57,58].

Figure 3. Discretization applied to the segments in the R2 region.

Figure 4 presents the stretched mesh used in the study. Additionally, Figure 4 illustrates
the upper and lower boundaries of region R2, represented by the lines ra and rb, respectively.

The temporal discretization used a time step ∆t = 0.0375 s, equivalent to Tm/120, as
recommended by Paiva et al. [58]. A total simulation time of 900 s of wave generation and
propagation was considered.
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Figure 4. Illustration of the stretched mesh regions.

To verify the numerical model employed, the free-surface elevation was monitored
by a probe located within the generation zone, at x = 0 m. The numerical results were
compared against the data from the TOMAWAC model. For a quantitative assessment, the
mean absolute error (MAE) and root mean square error (RMSE) metrics [71] were used. In
line with Paiva et al. [58] and Maciel et al. [72], these error metrics were normalized. The
normalized versions, NMAE and NRMSE, are, respectively, defined as follows:

NMAE =

(
1
M ∑M

i=1Oi − Pi

)
100

Pmax − Pmin
, (16)

NRMSE =

(√
1
M ∑M

i=1(Oi − Pi)
2

)
100

Pmax − Pmin
, (17)

where Oi represents the value obtained from ANSYS Fluent (m) in the present study; Pi are
TOMAWAC reference values (m), with Pmax and Pmin being the maximum and minimum
ones, respectively; and M denotes the total amount of data.

The verification focused on the channel inlet (x = 0 m) since WaveMIMO methodology
has been extensively validated: Machado et al. [57], for comparing free-surface elevation
at x = 0 m and at the end of the channel via spectral density; Paiva et al. [58], for realistic
irregular waves generation and propagation; Maciel et al. [72], for the generation of regular
waves impinging upon a conventional OWC device.

3.2. Computational Domain for Geometric Evaluation of the OWC Devices

The computational domain from Section 3.1 was adapted for the geometric evaluation
of the OWC WECs. Thus, the numerical beach was removed, allowing waves to reach
the end of the channel, representing onshore devices. Figure 5 shows the computational
domains for both (a) L-OWC and (b) conventional OWC devices, highlighting the main
dimensions; the adopted boundary conditions; and the monitoring probe, positioned at the
center of the air duct (solid red line).

As shown in Figure 5, the no-slip and impermeability boundary conditions were
applied to the devices’ structure, while a pressure outlet was applied to the air duct,
allowing the air to flow through it [17–19]. The remaining boundary conditions previously
adopted were preserved, as were the wave channel dimensions specified in Table 1.
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Figure 5. Computational domain for the geometric evaluation: (a) L-OWC; (b) conventional OWC.

The monitoring probe placed at the center of the air duct recorded both the air pressure
and the mass flow rate. To quantify these data, the Root Mean Square (RMS) metric was
employed as follows [68]:

RMS =

√
1
M ∑M

i=1X2
i , (18)

where X represents the quantity to be measured. The resulting available hydropneumatic
power is calculated according to [17] as follows:

PH =

(
p +

ρairvair
2

2

) .
Mair
ρair

, (19)

where PH is the available hydropneumatic power (W); vair is the air velocity (m/s); and
.

Mair is the mass flow rate of air (kg/s).
Regarding the spatial discretization of the computational domain, the stretched mesh

type was maintained. Vertically, this results in 145 cells along the channel. However,
in the interior of the OWC devices, quadrilateral cells with a side length of ∆x = 0.1 m
were considered [17,19,72]. Figure 6 provides a detailed view of the mesh configuration
employed in the OWCs region. Regarding the temporal discretization, as previously,
∆t = 0.0375 s was used for a total simulation time of 900 s.

 

Figure 6. Spatial discretization focusing on the devices’ region: (a) L-OWC; (b) conventional OWC.
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3.3. Geometric Evaluation of the OWC Devices Through the Constructal Design

The objective of the present work is to geometrically evaluate the OWC WEC, compar-
ing two models: the L-shaped (L-OWC) and the conventional one. The first step in applying
the constructal design method consists of defining the physical system to be studied; in this
case, an OWC device subjected to the incidence of realistic irregular waves in a numerical
channel. The OWC device is composed of a hydropneumatic chamber and an air duct.
The L-OWC was initially investigated, which distinguishes it from the conventional OWC
model because its hydropneumatic chamber possesses a water inlet duct. Figure 7 presents
the configuration of the L-OWC device.

Figure 7. Geometry of the L-OWC device.

The initial geometry adopted for the L-OWC has the following dimensions: height
of the water inlet duct, HI = 4.00 m; length of the water inlet duct, LI = 27.00 m; height
of the hydropneumatic chamber, HHC = 15.50 m; length of the hydropneumatic chamber,
LHC = 8.00 m; height of the air duct, HA = 4.00 m; length of the air duct, LA = 2.00 m.
The proportions between the dimensions of LI and LHC and between HI and HHC are in
agreement with those of the best geometries considered in the geometric evaluation of the
L-OWC conducted by López et al. [20].

To employ the constructal design, the following parameters were established:

• Performance indicator: available hydropneumatic power (PH), to be maximized;
• Geometric restrictions: area of the water inlet duct (AI); area of the hydropneumatic

chamber (AHC); and total area of the wave channel (AC);
• Degrees of freedom: ratio between the height and length of the water inlet duct

(HI/LI); and the ratio between the height and length of the hydropneumatic
chamber (HHC/LHC).

Therefore, three area restrictions were considered in this study. For simplification
purposes, a wave channel area of AC = 3128.69 m2 was adopted, representing a flat-bottom
wave channel with a depth of h = 13.29 m. Furthermore, there is the area of the water inlet
duct, given by the following:

AI = HI LI , (20)

where AI = 108.00 m2. The hydropneumatics chamber area is given by the following:

AHC = HHCLHC, (21)

Here, AHC = 124.00 m2.
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Thus, it is possible to define an area fraction dimensionless number for each investi-
gated degree of freedom, which is given, respectively, by the following:

ϕ1 =
AI
AC

, (22)

ϕ2 =
AHC
AC

, (23)

Here, the following is assumed: ϕ1 = 0.0345 and ϕ2 = 0.0396.
Once the area restrictions were established, it was possible to define the investigated

degrees of freedom. Starting with HI/LI , by dividing both sides of Equation (20) by LI
2

and isolating the degree of freedom, the following applies:(
HI
LI

)
=

AI

(L I)
2 , (24)

This allows the dimensions of HI and LI to be defined for each HI/LI ratio.
Additionally, another geometric restriction was established: the intake duct of the

L-OWC device remains submerged during the simulation. To ensure this condition, a
criterion for the maximum height of HI , was defined as follows:

(HI)max < h f − Atrough, (25)

where Atrough represents the modulus of the largest trough amplitude recorded in the
realistic irregular waves, corresponding to Atrough = 1.41 m, as illustrated in Figure 8.

Figure 8. Illustration of the (HI)max parameterization.

After defining all restrictions, thirteen HI/LI ratios were established, ranging from
0.15 to 0.75 with increments of 0.05. This upper limit is imposed by Equation (25) to
ensure the intake duct remains fully submerged under all wave conditions. Table 2
presents the HI/LI values and the respective dimensions of HI and LI for each evalu-
ated geometric configuration.

Smaller HI/LI ratios represent longer and lower water inlet ducts, while larger ones
feature shorter and taller ducts (see Table 2). Figure 9 illustrates this variation’s effect on the
L-OWC design, with other geometric parameters fixed. For this purpose, the extreme cases
are shown, where HI/LI = 0.15 corresponds to the initial geometry; and HI/LI = 0.75 is
the maximum value satisfying Equation (25).
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Table 2. Geometric configurations for the analysis of the influence of HI/LI .

HI/LI HI (m) LI (m)

0.15 4.00 27.00
0.20 4.65 23.24
0.25 5.20 20.78
0.30 5.69 18.97
0.35 6.15 17.57
0.40 6.57 16.43
0.45 6.97 15.49
0.50 7.35 14.70
0.55 7.71 14.01
0.60 8.05 13.42
0.65 8.38 12.89
0.70 8.69 12.42
0.75 9.00 12.00

Figure 9. Geometric configurations of the L-OWC: (a) HI/LI = 0.15; (b) HI/LI = 0.75.

After defining the optimal ratio for HI/LI , the ratio HHC/LHC was investigated. By
dividing both sides of Equation (21) by (LHC)

2, the following applies:(
HHC
LHC

)
=

AHC

(L HC)
2 , (26)

This allows for the determination of HHC and LHC for each HHC/LHC ratio.
As before, another geometric restriction was established: the top of the L-OWC

device’s hydropneumatic chamber must remain above water during the simulation. Thus,
a restriction on the minimum height of HHC was defined by the following:

(HHC)min > h f + Acrest, (27)

where Acrest represents the largest crest amplitude recorded, being Acrest = 1.03 m. This
restriction is illustrated in Figure 10.

Figure 10. Illustration of the (HHC)min parameterization.
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After defining the geometric restrictions, five HHC/LHC ratios were established, rang-
ing from 1.18 to 1.94 with increments of 0.19. The reduced number of ratios evaluated is
based on studies that assessed its influence on the performance of the OWC device, such
as those conducted by Maciel et al. [18] and Mocellin et al. [19]. These studies found an
inversely proportional relationship between HHC/LHC and the performance of the conven-
tional OWC model. Table 3 presents the HHC/LHC values and corresponding dimensions
of HHC and LHC for each geometric configuration.

Table 3. Geometric configurations for the analysis of the influence of HHC/LHC.

HHC/LHC HHC (m) LHC (m)

1.18 12.11 10.26
1.37 13.05 9.53
1.56 13.93 8.93
1.75 14.75 8.43
1.94 15.50 8.00

Smaller HHC/LHC ratios represent longer and lower hydropneumatic chambers, while
the larger ones represent geometries with shorter and taller chambers. The effect of varying
HHC/LHC on the L-OWC geometry is illustrated in Figure 11. Here, the extreme cases
are presented: HHC/LHC = 1.18, which is the minimum value that satisfies Equation (27);
HHC/LHC = 1.94, which corresponds to the initial geometry.

Figure 11. Geometric configurations of the L-OWC: (a) HHC/LHC = 1.18; (b) HHC/LHC = 1.94.

Therefore, thirteen HI/LI and five HHC/LHC ratios were simulated, totaling eighteen
L-OWC configurations. Through the systematic variation in these ratios and the comparison
of the numerical results obtained with each other (characterizing a geometric optimization
process based on an exhaustive search), it was possible to determine the optimal geometric
configuration for the L-OWC device subjected to the realistic irregular waves found off
Rio Grande.

Following the geometric investigation of the L-OWC, the same configurations were
evaluated for the conventional OWC model, that is, without the water inlet duct character-
istic of the L-OWC. Thus, the HI/LI ratio study was replaced by the front wall submersion
(SFW) analysis using the same values as HI in Table 2. Consequently, the SFW values also
respect the submersion constraint defined for the L-OWC by Equation (25), ensuring a
consistent comparison between the two models. Figure 12 illustrates the effect of varying
the degree of freedom, SFW , on the conventional OWC design. The extreme cases are
presented, where SFW = 4.00 m corresponds to the geometry with HI/LI = 0.15 in the
L-OWC model; and SFW = 9.00 m corresponds to HI/LI = 0.75 in the L-OWC.



Processes 2025, 13, 3942 15 of 28

Figure 12. Geometric configurations of the conventional OWC: (a) SFW = 4.00 m; (b) SFW = 9.00 m.

It is highlighted that the conventional OWC maintained the same hydropneumatic
chamber (HHC, LHC) and air duct (HA, LA) dimensions considered for the L-OWC. After
defining the optimal SFW for the conventional OWC, the degree of freedom HHC/LHC was
also investigated. The same HHC/LHC ratios evaluated for the L-OWC were considered for
the conventional OWC, allowing for a fair comparison between the results obtained by the
different models of the OWC WEC. Thus, thirteen SFW values and five HHC/LHC ratios
were considered, totaling eighteen simulations for the conventional OWC.

4. Results and Discussions
This section was divided to present and discuss the results obtained for: the verification

of the numerical model employed in Section 4.1; the investigation of the HI/LI and SFW

degrees of freedom in Section 4.2; the investigation of the HHC/LHC degree of freedom in
Section 4.3. Furthermore, it culminates in a linear regression analysis with performance
projections in Section 4.4; a qualitative analysis of the hydrodynamic behavior comparing
the optimal configurations in Section 4.5.

4.1. Numerical Model Verification—Results

To verify the WaveMIMO methodology [57], Figure 13 presents a qualitative com-
parison between the numerically generated realistic irregular waves against TOMAWAC
reference data over 900 s. For clarity, the comparison of the free-surface elevation (η) is
divided into two 450 s time intervals.

Figure 13 shows that the computational model successfully reproduced the realistic
sea state found off the coast of Rio Grande. Initial fluid inertia effects are absent since
the monitoring probe was at x = 0 m. The quantitative evaluation yielded metrics of
NMAE = 3.45% and NRMSE = 4.44%, indicating an excellent agreement when com-
pared to values present in the literature [58,72–74], which confirms the robustness of the
WaveMIMO methodology in accurately simulating these waves.

To visualize the physical phenomenon reproduced numerically, Figure 14 shows the
volumetric fraction field, where the air and water phases are depicted in red and blue,
respectively. Figure 14a displays the initial condition (t = 0 s), while the final moments of
the simulation (t = 900 s) are presented in Figure 14b.

Figure 14a shows fluids at rest with no free-surface elevations, resulting from initial
fluid inertia. Figure 14b displays a non-uniform behavior in the free-surface elevations,
reproducing the realistic sea state recorded in Rio Grande, with evident wave attenuation
in the numerical beach region, demonstrating the effective damping of incident waves.

The computational model was thus verified quantitatively through low NMAE and
NRMSE values, and qualitatively through Figures 13 and 14. This excellent agreement
ensures that the subsequent geometric evaluation is based on a faithful reproduction of
the target sea state. While this minor level of uncertainty naturally propagates to the
monitored results, the comparative analysis between the two OWC models remains robust
and conclusive, as they were subjected to the identical wave series.
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Figure 13. Qualitative comparison of the realistic irregular waves used for computational model
verification: (a) 0 s ≤ t ≤ 450 s; (b) 450 s ≤ t ≤ 900 s.

Figure 14. Physical phenomenon representation at: (a) t = 0 s; (b) t = 900 s.

4.2. Geometric Evaluation OWC Converter Device—HI/LI and SFW Investigation

This study employed the constructal design method to conduct a geometric evaluation
of an OWC device under the incidence of realistic irregular waves, comparing two models:
the L-OWC, which features a water intake duct coupled to the hydropneumatic chamber;
and the conventional OWC. This section presents the results related to the investigation
of the degree of freedom HI/LI (for the L-OWC) and SFW (for the conventional OWC).
In both cases, the height-to-length ratio of the hydropneumatic chamber was fixed at
HHC/LHC = 1.94. Figure 15 presents the calculated metrics for the monitored air pressure,
p(RMS), and air mass flow rate,

( .
Mair

)
(RMS)

.

Figure 15 shows increasing trends for both p(RMS) (in red) and
( .

Mair

)
(RMS)

(in blue)

with rising HI/LI in both OWC models. However, for the L-OWC, geometries within the
range 0.15 ≤ HI/LI ≤ 0.45 display higher values for

( .
Mair

)
(RMS)

compared to p(RMS), with

the curves intersecting at HI/LI = 0.50. This behavior is not repeated in the conventional
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OWC, where higher values were obtained for p(RMS) than for
( .

Mair

)
(RMS)

in all cases,

showing a progressive divergence between the metrics as SFW increases.

Figure 15. Results found for p(RMS) and
.

Mair (RMS) when varying HI/LI and SFW .

For all simulated geometries, the L-OWC yielded lower p(RMS) and
( .

Mair

)
(RMS)

values than the conventional OWC. The present results, obtained under realistic irregular
waves, are consistent with what was observed under more stable conditions. Samak
et al. [24], considering regular waves in the laboratory scale, also reported that the L-OWC
reduces the air pressure inside the chamber compared to a conventional design, attributing
this effect to vortex generation. Furthermore, it was noted that the geometric variation had a
greater influence on p(RMS) than for

.
Mair (RMS) in both models. Quantitatively, the L-OWC

showed variations of 667% (p(RMS)) and 363% ((
.

Mair)(RMS)), while the conventional OWC

exhibited oscillations of approximately 111% (p(RMS)) and 65% ((
.

Mair)(RMS)).
Continuing the analysis of the results obtained, Figure 16 presents the effect of the

HI/LI (for the L-OWC) and SFW (for the conventional OWC) on the available hydropneu-
matic power (PH) for each evaluated geometry.

Analogously to p(RMS) and
( .

Mair

)
(RMS)

, Figure 16 exhibits a growing trend PH with

increasing HI/LI (in red) and SFW (in blue). This occurs because higher values of the re-
spective degrees of freedom position the water intake duct (L-OWC) or the hydropneumatic
chamber opening (conventional OWC) closer to the free-surface region. These geometries
facilitate the access of incident waves to the interior of the hydropneumatic chamber, in-
tensifying the oscillation within it. This behavior was also reported in Letzow et al. [16],
where the authors evaluated the geometry of a conventional OWC device considering two
frontal wall dimensions. Furthermore, it aligns with Samak et al. [24], who concluded that
shorter intake duct lengths (corresponding to higher HI/LI ratios) are favorable for the
performance of the L-OWC model.
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Figure 16. Results found for PH when varying HI/LI and SFW .

For a quantitative assessment, Table 4 presents the following: the PH values obtained
for each geometry; the relative differences (DR) between geometries of the same model,
where each geometry is compared to the one preceding it; and the differences between the
converter models (DM), using the L-OWC results as a reference. This approach quantifies
PH variation across configurations and the relative performance of the two models.

Table 4. Quantitative comparison of the results from the geometric evaluation of the L-OWC and
conventional OWC devices: HI/LI and SFW analysis.

L-OWC Conventional OWC
DM (%)

HI/LI PH (W) DR (%) SFW (m) PH (W) DR (%)

0.15 5566.82 - 4.00 137,728.91 - 2374.11
0.20 9743.57 75.03 4.65 162,106.94 17.70 1563.73
0.25 15,850.89 62.68 5.20 184,824.21 14.01 1066.02
0.30 24,270.76 53.12 5.69 205,874.86 11.39 748.24
0.35 34,416.52 41.80 6.15 228,040.69 10.77 562.59
0.40 47,361.89 37.61 6.57 251,532.30 10.30 431.09
0.45 61,266.09 29.36 6.97 276,773.31 10.03 351.76
0.50 76,120.20 24.25 7.35 301,839.58 9.06 296.53
0.55 93,809.78 23.24 7.71 329,260.43 9.08 250.99
0.60 114,532.29 22.09 8.05 358,373.57 8.84 212.90
0.65 139,336.67 21.66 8.38 389,747.80 8.75 179.72
0.70 166,153.49 19.25 8.69 423,569.35 8.68 154.93
0.75 199,061.91 19.81 9.00 462,446.09 9.18 132.31
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Table 4 confirms the increasing trends illustrated in Figure 16, as the optimal geometry
of both models at the upper investigation limits. The L-OWC model demonstrated greater
sensitivity to geometric variations, as DR exceeded 50% for 0.15 ≤ H I/LI ≤ 0.30 and
remained above 19% in the other cases, except for HI/LI = 0.70 and 0.75. Consequently,
PH exhibited a total variation of 3475% when comparing the worst (HI/LI = 0.15) and
optimal ((HI/LI)o = 0.75) L-OWC cases.

Similarly, conventional OWC configurations with the greatest variation occurred
between 4.00 m ≤ SFW ≤ 5.69 m (corresponding to 0.15 ≤ H I/LI ≤ 0.30 in the L-OWC).
However, this model exhibited a smaller variation in the obtained PH , with all DR values
below 18% and below 10% for 7.35 m ≤ SFW ≤ 9.00 m. The PH variation between the worst
(SFW = 4.00 m) and optimal ((SFW)o = 9.00 m) cases for the conventional OWC was 236%,
indicating lower sensitivity to the geometric variations.

Although DR variations are more pronounced in the L-OWC, its absolute PH values
remain significantly lower than the conventional OWC, as shown by the high DM values.
In the initial configurations (0.15 ≤ H I/LI ≤ 0.25 for the L-OWC; 4.00 m ≤ SFW ≤ 5.20 m
for the conventional model), DM exceeds 1000%. This difference gradually decreases with
increasing the values of the respective degrees of freedom. However, even at optimal
configurations, the conventional OWC maintains 132% superior performance.

In absolute terms, the difference in PH magnitude is significant, such that the opti-
mal performance of the L-OWC ((HI/LI)o = 0.75) falls below most conventional OWC
configurations (except for 4.00 m ≤ SFW ≤ 5.20 m). Despite the gradual reduction in
DM, the difference in absolute PH values increase continuously, explaining the diverging
curves in Figure 16. Thus, although the L-OWC exhibits greater geometric sensitivity, the
conventional OWC model shows superior absolute performance.

4.3. Geometric Evaluation OWC Converter Device—HHC/LHC Investigation

This section discusses the results of the investigation of the degree of freedom
HHC/LHC for both OWC models, based on the optimal geometries from Section 4.2, namely:
(HI/LI)o = 0.75, for the L-OWC; and (SFW)o = 9.00 m, for the conventional OWC. These
geometries are counterparts of each other, meaning that the (SFW)o corresponds to the
height of the water intake duct of (HI/LI)o. Figure 17 presents the air pressure (p(RMS))

and air mass flow rate (
( .

Mair

)
(RMS)

) metrics for each geometry.

As shown in Figure 17, the curves illustrating the effect of the HHC/LHC variation on
p(RMS) (in red) and on

( .
Mair

)
(RMS)

(in blue) behave differently depending on the OWC

model, contrary to the trend observed in the previous section. Specifically, the curves
exhibit an increasing trend for the L-OWC and a decreasing trend for the conventional
OWC. For both models,

( .
Mair

)
(RMS)

remained lower than p(RMS) across all analyzed

geometries, though the metrics were closer for the L-OWC than for the conventional OWC.
As before, the evaluated degree of freedom had a greater influence on p(RMS) than

on
( .

Mair

)
(RMS)

; however, smaller variations than previously observed, indicating lower

geometric sensitivity. Quantitatively, variations of 19% (p(RMS)) and 14% (
( .

Mair

)
(RMS)

)

were recorded for the L-OWC, while the conventional OWC showed variations of −12%
(p(RMS)) and −6% (

( .
Mair

)
(RMS)

).

Continuing the analysis, Figure 18 presents the effect of the HHC/LHC variation on
the available hydropneumatic power (PH) for each evaluated geometry.



Processes 2025, 13, 3942 20 of 28

Figure 17. Results found for p(RMS) and
.

Mair (RMS) when varying HHC/LHC.

Figure 18. Results found for PH when varying HHC/LHC.
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Similarly to p(RMS) and
( .

Mair

)
(RMS)

, Figure 18 shows that the curves describing the

influence of HHC/LHC on PH present an increasing trend for the L-OWC (in red), but a
decreasing one for the conventional OWC (in blue). These results align with the findings of
Maciel et al. [18] and Mocellin et al. [19], who evaluated this parameter for a conventional
OWC and concluded that lower HHC/LHC ratios favored the device’s performance. These
results are also consistent with López et al. [20], who concluded that geometries with
higher hydropneumatic chambers (and consequently, higher HHC/LHC ratios) improve the
performance of the L-OWC converter.

Table 5 provides a quantitative assessment, presenting the PH obtained for each
geometry, along with the relative differences (DR) between them and the differences
between the converter models (DM), using the L-OWC as reference.

Table 5. Quantitative comparison of the results from the geometric evaluation of the L-OWC and
conventional OWC devices: HHC/LHC analysis.

HHC/LHC
L-OWC Conventional OWC

DM (%)
PH (W) DR (%) PH (W) DR (%)

1.18 144,867.57 - 520,915.68 - 259.58
1.37 160,092.66 10.51 500,010.14 –4.01 212.33
1.56 174,352.77 8.91 492,488.45 –1.50 182.47
1.75 187,129.76 7.33 478,402.75 –2.86 155.65
1.94 199,061.91 6.38 462,446.09 –3.34 132.31

Table 5 confirms the divergent response of the two OWC models seen in Figure 18.
Both PH (increasing for L-OWC, decreasing for conventional) and DR variations differ
between models. In both cases, the greatest variation was recorded for HHC/LHC = 1.18
and 1.37. However, for the L-OWC, the DR values progressively decrease for ratios
1.56 ≤ HHC/LHC ≤ 1.94. In contrast, for the conventional OWC, the DR variations increase
over this range. This opposing trend underscores the distinct hydrodynamic mechanisms
of each converter model.

As in Section 4.2, the L-OWC model exhibited greater geometric sensitivity, with DR

values surpassing the conventional OWC across all geometric configurations. However,
the influence of HHC/LHC on PH is markedly lower than that for HI/LI and SFW . The L-
OWC’s PH increased by 37% from the worst-performing, HHC/LHC = 1.18, to the optimal
configuration, (HHC/LHC)oo = 1.94. Conversely, the conventional OWC’s PH decreased by
11% from its optimal, (HHC/LHC)oo = 1.18, to the worst geometry, HHC/LHC = 1.94.

Despite the improving performance of the L-OWC with increasing HHC/LHC, the
conventional OWC maintains a substantial advantage across all configurations. Although
DM decreases from 259.58% to 132.31% as HHC/LHC increases, the conventional OWC
consistently delivers more than double the PH of its L-OWC counterpart. Thus, higher
HHC/LHC ratios only partially mitigate, but do not eliminate, its inherent performance
disadvantage in comparison to the conventional OWC.

The finding that the conventional OWC consistently outperforms the L-OWC under
realistic irregular waves contradicts López et al. [20], who identified the L-OWC as the
best-performing design under regular waves. As noted, the L-OWC presents an easy
tunability to resonate the target wave period [20], which is harder to accomplish under
an irregular wave spectrum. This discrepancy highlights a critical point: the optimal
geometry and relative performance of WECs are intrinsically linked to the wave climate.
This interpretation is strongly supported by Mocellin et al. [19,75], who compared regular
and irregular wave incidence on a full-scale conventional OWC and found that regular
waves overestimate the converter’s performance. In addition, the geometry that performed
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best under irregular waves was the worst under regular waves [19,75]. Therefore, the
present results emphasize that evaluations under realistic sea states are crucial for reliable
device design, as they prevent over-optimization for idealized conditions that do not
represent actual operational environments.

4.4. Linear Regression and Performance Projection Analysis

To further investigate this trend, a linear regression analysis was performed on the
data from Table 5. The resulting trend lines for the L-OWC (PH,L) and the conventional
OWC (PH,C) are given, respectively, by the following:

PH,L = 67,500 (HHC/LHC) + 60,000, (28)

PH,C = −73,000 (HHC/LHC) + 610,760, (29)

This projects a potential convergence of PH outputs at HHC/LHC = 3.92 (HHC = 21.08
and LHC = 5.63), where PH,L = PH,C = 324,600 W. Although it is outside the constructal
design range in the present study, this ratio respects the restriction defined by Equation (27),
since only the minimum height of the chamber was established, not the maximum. In this
configuration, the top of the chamber is positioned 10.54 m above the WLR. This value is
close to that of the worst geometries evaluated in Maciel et al. [18] and Mocellin et al. [19],
which corresponded to the geometry of the OWC device installed on Pico Island, whose
top is 10.00 m above the WLR.

To verify this analytical prediction, the corresponding geometries were simulated un-
der the same sea state previously addressed. The results found were: PH = 281,642.41 W,
for the L-OWC; and PH = 332,142.48 W, for the conventional model. The L-OWC un-
derperformed predictions, suggesting a limited power generation potential with greater
stabilization than implied by linear trends. In contrast, the conventional OWC exhib-
ited more predictable behavior, achieving closer alignment with projected values, which
reinforces its reliability and superior performance as a WEC.

4.5. OWC Hydrodynamic Behavior Analysis

Finally, to provide a visual representation of the OWC converters’ hydrodynamic
behavior, Figure 19 presents the phase topology for the optimal-case scenario of each
model. As previously determined, the optimal geometry for each model lies at the extremes
of the geometric range evaluated: (HHC/LHC)oo = 1.94 with (HI/LI)o = 0.75 for the
L-OWC, as shown in Figure 19a,c,e; and (HHC/LHC)oo = 1.18 with (SFW)o = 9.00 m for
the conventional OWC, as shown in Figure 19b,d,f. The water and air phases are again
represented in blue and red, respectively. Figure 19 illustrates the interaction of realistic
irregular waves with the aforementioned geometries at t = 0 s, 450 s, and 900 s.

Figure 19a,b show the initial condition (t = 0 s), with no wave action inside the
chambers due to fluid rest. In Figure 19c,d, corresponding to the mid-simulation point
(t = 450 s), a wave crest is seen interacting with the converters. However, Figure 19c
shows the L-OWC’s water intake duct impairing performance, as the internal water level
remains nearly unchanged while waves pass above the duct. In contrast, Figure 19d shows
a significant rise of the water column inside the conventional OWC chamber compared to
the external level.
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Figure 19. Phase topology of the hydrodynamic behavior of the L-OWC (left) and conventional OWC
(right) at: (a,b) t = 0 s; (c,d) t = 450 s; (e,f) t = 900 s.

In Figure 19e,f, corresponding to the final simulation instant (t = 900 s), oscillatory
motion occurs in both chambers but is less pronounced in the L-OWC. Once again, it is
confirmed that the conventional model facilitates the access of incident waves into the
hydropneumatic chamber, demonstrating its superior efficiency under the same realistic
irregular wave conditions. In other words, the difference in the recorded PH magnitudes
were reflected in the hydrodynamic behavior illustrated in Figure 19.

5. Conclusions
This paper analyzed geometric variations in two distinct OWC models under realistic

irregular waves, which reproduce the coastal conditions off Rio Grande, southern Brazil.
The target sea state was numerically simulated through the WaveMIMO methodology [57]
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implemented in the ANSYS Fluent software. The numerical model used was verified using
NMAE and NRMSE metrics, complemented by a visual comparison between the generated
waves and the reference time series of irregular free-surface elevations.

The OWC models considered were the L-shaped design (L-OWC) and the conventional
OWC. For each geometry adopted for the L-OWC, a conventional counterpart was defined
by omitting the water intake duct. The constructal design method first investigated the
ratio between the height and length of the water intake duct (HI/LI) for the L-OWC and
the submersion of the frontal wall (SFW) for the conventional OWC. The optimal geometries
identified were (HI/LI)o = 0.75 for the L-OWC and (SFW)o = 9.00 m, its counterpart, for
the conventional model. This confirms that positioning the chamber intake closer to the
free-surface enhances hydrodynamic performance for converting the incident wave energy,
agreeing with Letzow et al. [16].

Subsequently, the constructal design assessed the influence of the ratio between the
height and length of the hydropneumatic chamber (HHC/LHC) on the optimal geome-
tries. In this case, the geometric variation affected each model differently. For the L-OWC,
geometries with higher HHC/LHC ratios yielded higher hydropneumatic power avail-
able (PH), with the optimal configuration being (HHC/LHC)oo = 1.94, consistent with
López et al. [20]. In contrast, the optimal performance for the conventional OWC was
achieved with (HHC/LHC)oo = 1.18, demonstrating an inversely proportional behav-
ior between HHC/LHC and the PH magnitude, which aligns with Maciel et al. [18] and
Mocellin et al. [19].

By comparing the optimal and worst geometric configurations for each model, it is
evident that the constructal design improved converter performance by 35.76 times for the
L-OWC and 3.78 times for the conventional OWC. Despite this significant optimization,
the conventional model still performs 2.61 times better than the L-OWC. A comparison of
converter performance confirmed that the L-OWC yielded lower PH across all geometric
configurations. These results contradict López et al. [20], who found the L-OWC superior
under regular waves, a divergence that can be attributed to methodological differences, as
the use of realistic irregular waves and full-scale analysis.

The practical significance of these findings is twofold. First, for regions with wave
climates similar to the one studied here, the conventional OWC design is a more reliable and
efficient choice, potentially leading to higher energy yield and better return on investment
for future projects. Second, the results demonstrate that geometric optimization must be
conducted under realistic wave conditions. This outcome provides clear research direction:
rather than abandoning the L-OWC concept, future work should investigate why its
performance was inferior and how its design principles can be refined.

Therefore, future studies should focus on the influence of the device’s air duct geome-
try, a parameter not addressed in the present paper; this is an important aspect for optimal
design, since the dimensions of the air duct directly impact the PH obtained in both OWC
models. Additionally, different values for the hydropneumatic chamber area (AHC) and
water intake duct area (AI) should be considered to analyze if the devices are properly
dimensioned for the specific sea state and regional geographical conditions. Furthermore,
analyzing different sea states is suggested to evaluate the robustness and generalizability
of the findings reported here.
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