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Abstract: Irregular wave generation in numerical simulations is critical for accurately
modeling realistic sea conditions, which is essential in coastal and offshore engineering
applications, such as for wave energy conversion. Therefore, this study presents theoretical
recommendations for generating realistic irregular waves using the WaveMIMO methodol-
ogy and validates its accuracy against experimental data. For the parameters investigation,
spectral data are processed to obtain orbital velocity profiles of wave propagation, which
are imposed as boundary conditions (BCs) in a numerical wave channel. The simulations
were conducted using the ANSYS-Fluent 2024 R2 software, which employs the multiphase
volume of fluid (VOF) model to treat the interface between phases. Seeking theoretical
recommendations for the application of this methodology, the present study investigated
the discretization of the region where the prescribed velocity BC is imposed, the mesh
sensitivity in the free surface region, the time step used, and the location of the velocity
vector in each segment of the prescribed velocity BC imposition region. The results ob-
tained were compared with realistic sea state data obtained from the TOMAWAC spectral
model, referring to the municipalities of Rio Grande and Tramandaí, in the state of Rio
Grande do Sul, Brazil. The results indicated that, compared to recommendations from the
previous literature, the recommended configuration improved wave generation accuracy
by 7–8% for Rio Grande and 2–3% for Tramandaí. Finally, the WaveMIMO methodology
and its theorical recommendations were validated against experimental data found in the
literature, reaching an excellent agreement.

Keywords: realistic irregular waves; WaveMIMO methodology; ANSYS-Fluent;
TOMAWAC; computational fluid dynamics

1. Introduction
The global energy sector is undergoing a critical transition as societies confront the

dual challenges of climate change and the depletion of fossil fuel reserves. Growing envi-
ronmental concerns about greenhouse gas emissions and ecological degradation, coupled
with the finite nature of fossil resources, have driven nations to explore and integrate
renewable alternatives into their energy matrices [1]. Among these, oceans represent an
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underexploited renewable resource, with wave energy standing out as particularly promis-
ing. Numerous global studies have assessed and quantified this potential across different
countries, including Mexico [2], Algeria [3], France [4], Indonesia [5], India [6], Argentina,
Brazil, Chile, Colombia, Uruguay [7], Australia [8], China [9], among others.

The energy contained in ocean waves can be extracted through converter devices that
transform kinetic energy into electricity, such as oscillating water column (OWC), oscil-
lating bodies, overtopping devices, and submerged horizontal plates (SHP) [10,11], along
with other proposed technologies. These devices have been investigated through both ex-
perimental and numerical approaches. According to the International Energy Agency [12],
beyond laboratory testing, multiple prototypes are currently under development or testing
worldwide, including in China, South Korea, Singapore, Australia, New Zealand, the
United States, Ireland, France, and Portugal.

Numerical modeling offers a cost-effective alternative for studying wave energy con-
verters, requiring fewer financial and human resources. Consequently, numerous numerical
studies have investigated the performance of wave energy conversion devices. Examples
include OWC [13–21], overtopping [22–30], SHP [11,31–33], and even hybrid devices com-
bining multiple conversion principles [34–36]. However, to enable reliable numerical
investigations, it is crucial to accurately understand and reproduce wave behavior, partic-
ularly irregular waves, which represent real ocean conditions. Thus, developing robust
numerical modeling methodologies for this phenomenon remains essential.

Numerical wave generation has evolved through diverse approaches, each address-
ing specific challenges in wave propagation modeling. For regular waves, conventional
methodologies have been rigorously tested, such as Lisboa et al. [37], who performed
numerical simulations using ANSYS-Fluent software to quantify the effects of linear and
quadratic damping coefficients in numerical beaches, demonstrating significantly reduced
wave reflection. Zabihi et al. [38] conducted a benchmark study between ANSYS-Fluent and
Flow-3D, showing both models are powerful tools for wave generation. Windt et al. [39]
presented a validation of a numerical wave tank model demonstrating strong agreement
between simulated and experimentally monitored free surface elevations. Jiang et al. [40]
studied regular wave propagation on a sloping bed under steady wind action, analyzing
nearshore wave-wind interaction mechanisms; the results indicated that wind accelerates
wave breaking, increases the breaker index, and enhances turbulence.

Regarding irregular wave generation, Oh et al. [41] developed a nonlinear wave
simulation code using a higher-order spectral (HOS) method, employing fourth-order
Runge–Kutta time integration and anti-aliasing zero-padding for stability; the results
confirmed its efficiency in predicting nonlinear wave interactions. Choi et al. [42] presented
a methodology for simulating nonlinear irregular waves using the HOS method, validated
against extreme wave events; the results showed strong agreement between OpenFOAM,
HOS, and experimental data in predicting wave breaking and elevations. Kim et al. [43]
introduced a unified nonlinear wave generation and validation procedure for numerical
and experimental wave tanks; a comparative analysis of mild and extreme breaking waves
demonstrated strong agreement across stochastic and deterministic metrics between HOS
simulations, OpenFOAM, and experimental results.

Moreover, Kim et al. [44] presented a real-time wave forecasting system for directional
seas using Lagrangian-based models, enabling efficient processing of sparse optical mea-
surement data; experimental validation confirmed that directional wave components must
be considered to achieve accuracy comparable to unidirectional forecasts. Canard et al. [45]
developed a wave generation method controlling both spectrum and crest statistics, en-
abling precise irregular wave field reproduction beyond spectral methods, particularly for
unidirectional non-breaking conditions. Kim and Ducrozet [46] advanced the complemen-
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tary improved choppy wave model (CICWM) to address directional wave field limitations
by incorporating essential nonlinear terms. Experimental validation demonstrated CICWM
reduces linear model prediction errors in directional seas while maintaining real-time
forecasting capability through simplified assimilation.

Another example is the WaveMIMO methodology, proposed and verified by Machado
et al. [47], which is the focus of the present study. This methodology uses realistic sea
state data to generate irregular waves, enabling reproduction of natural wave phenom-
ena. To do so, spectral data are processed to obtain discretized wave propagation velocity
profiles, imposed as prescribed velocity boundary conditions. Notably, the methodol-
ogy’s capability for regular wave generation was validated by Maciel et al. [48] through
numerical–experimental comparisons. Several studies have employed WaveMIMO to
analyze wave energy converters fluid–dynamic behavior under realistic irregular waves,
including geometric evaluations of the OWC [16,17], overtopping [25,30], and SHP [33]
devices. Furthermore, specific aspects of the WaveMIMO methodology have been investi-
gated in dedicated studies: Mocellin et al. [17] examined the influence of numerical wave
channel bathymetry on realistic irregular wave generation, while Paiva et al. [49] and
Maciel et al. [50] presented case studies evaluating key application parameters.

In this sense, the present study aims to establish general theoretical recommendations
regarding the application of the WaveMIMO methodology [47]. The importance of refining
the WaveMIMO methodology lies in its potential to generate realistic irregular waves,
thereby achieving a more accurate representation of natural wave phenomena. Therefore,
studies were carried out to simulate realistic irregular waves based on the sea states found
on the coast of the Rio Grande do Sul (RS), southern Brazil. Locations with different
characteristics of significant height, mean period, and water depth were analyzed, enabling
an evaluation of the methodology’s performance under different wave climates. As a final
contribution, this study validates the refined methodology by comparing numerical results
with experimental data from the literature, a novel aspect of this paper.

2. Mathematical and Numerical Modeling
To carry out this study, numerical simulations of the generation and propagation of

realistic irregular waves in a wave channel were conducted using the ANSYS-Fluent 2024
R2 software [51], based on the finite volume method (FVM). To treat the interface between
the phases (water and air), the multiphase volume of fluid (VOF) [52] model was used. The
representation of the phases in the computational model requires the concept of volumetric
fraction (α), where the sum of the fractions in each control volume must be equal to 1. Thus,
each computational cell can assume three distinct states, that is, containing only water,
where [53]

αwater = 1, (1)

containing only air, where [53]
αair = 1, (2)

or, containing the interface between both phases, which are immiscible fluids, where [53]

αwater = 1 − αair. (3)

Furthermore, it is important to note that, when employing the VOF model, a single set
of equations is solved, comprising the conservation equations for mass, volumetric fraction,
and momentum. These equations are provided, respectively, by [54]

∂(ρ)

∂t
+∇

(
ρ
→
V
)
= 0, (4)
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∂(α)

∂t
+∇

(
α
→
V
)
= 0, (5)

∂

∂t

(
ρ
→
V
)
+ ρ

(
∇

→
V
)→

V = −∇p +∇=
τ − ρ

→
g + S. (6)

where ρ is the fluid density (kg/m3), calculated for the mixture of phases as [53]

ρ = αwaterρwater + (1 − αwater)ρair, (7)

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). Additionally, it is

important to note that the sink term (S) refers to the numerical beach tool, which applies
damping to minimize reflections, and is given by [55,56]

S = −
[

C1ρV +
1
2

C2ρ|V|V
](

1 −
z − z f s

zb − z f s

)(
x − xs

xe − xs

)2
, (8)

where C1 and C2 are the linear (s−1) and quadratic (m−1) damping coefficients, respectively;
V is the velocity along the z direction (m/s); z f s and zb are the vertical positions of the
free surface (FS) and the channel bottom (m); and xs and xe are the starting and ending
positions of the numerical beach (m). Lastly, it is important to highlight that the damping
coefficients, C1 and C2, are set to 20 s−1 and 0 m−1, respectively, as recommended by [37].

In addition to the governing equations, the following boundary conditions (detailed
later in Section 4.1) were applied to model the numerical wave channel:

• Prescribed velocity: where discretized orbital velocity profiles are imposed (WaveMIMO
methodology);

• Pressure outlet: atmospheric pressure was considered, i.e., p = 101.30 kPa;

• No-slip and impermeability: where null velocities were considered,
→
V = 0 m/s.

Numerical Methods Applied

To conduct numerical simulations in the ANSYS-Fluent software, specific set of con-
figurations were defined to solve the governing equations of the problem. The pressure-
implicit with splitting of operators (PISO) scheme employed for the pressure–velocity
coupling, while the pressure staggering option (PRESTO) scheme was used for pressure
spatial discretization. These approaches are summarized in Table 1, along with other
numerical methods used in this study.

Table 1. Methods and parameters used in the present numerical simulations.

Parameters Numerical Inputs

Solver Pressure-Based

Pressure–Velocity Coupling PISO

Spatial Discretization

Gradient Evaluation Green-Gauss-Cell-Based
Pressure PRESTO

Momentum First Order Upwind
Volume Fraction Geo-Reconstruct

Temporal Differencing Scheme First Order Implicit

Under-Relaxation Factors
Pressure 0.3

Momentum 0.7

Residual
Continuity

10−3x-velocity
z-velocity

Regime Flow Laminar
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It is highlighted that the flow was considered under a laminar regime, which, according
to Gomes et al. [57], is a simplification that does not cause significant accuracy loss while
reducing computational processing time. The simulation was initialized with inertia-
dominated flow conditions. Additionally, the numerical procedures adopted were adapted
from methodologies established in previous studies, such as those by [17,47–49].

3. WaveMIMO Methodology
In general, the WaveMIMO methodology involves numerically generating waves by

imposing discretized wave propagation velocity profiles in the horizontal (u) and vertical
(w) directions as prescribed velocity boundary conditions (BC). To do so, the Spec2Wave
1.2.1 software [58] is used to process realistic sea state data to obtain these velocity profiles.
A flowchart of the WaveMIMO methodology is presented in Figure 1. It should be noted
that the purple boxes indicate the user inputs (location/time selection); the blue boxes
are the software processing steps (TOMAWAC, Spec2Wave); and the orange boxes are the
WaveMIMO methodology’s outputs (free surface elevation time series, velocity profiles).
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3.1. Realistic Sea State Data

As illustrated in Figure 1, Step 1 for applying the WaveMIMO methodology involves
defining a location and a time interval. For the studies conducted in this paper, a realistic
sea state database for the coast of RS, Brazil, for the year 2018 was used. This database
was generated using the TOMAWAC spectral model (Step 2). This model obtains data
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by solving the equation that describes the general behavior of wave propagation in an
unstable and inhomogeneous medium, as given by [59]

∂N
∂t

+
∂
( .

xN
)

∂x
+

∂
( .
zN
)

∂z
+

∂
( .

kx N
)

∂kx
+

∂
( .

kzN
)

∂kz
= Q(kx, kz, x, z, t), (9)

where N represents the directional spectrum of wave action density (m2/Hz/rad); kx the
component x of the wave number vector (m−1); kz the component z of the wave number
vector (m−1). Moreover, Q is the source term (m2/rad), which aggregates standard spectral
wave processes, such as wind input, dissipation mechanisms, and nonlinear interactions.
Details regarding its complete mathematical formulations can be found in the model’s
technical documentation [59].

The realistic sea state generated is then characterized by statistical parameters, such as
the mean period (Tm) of the irregular waves. This parameter is essentially an arithmetic
average of the wave periods within the spectrum, weighted by their contribution to the
spectral energy [59]. The other is the significant wave height (Hs), which is widely used to
describe sea states, as it represents the waves responsible for the most significant surface
agitation [60].

Thus, each point in the domain contains statistical data on the observed Hs and Tm,
which are analyzed to determine the most frequent sea state at each study site. In this
investigation, it was considered realistic sea states from the municipalities of Rio Grande
and Tramandaí, located in the southern and northern regions of the RS coast, respectively.
Figure 2 presents the bivariate histogram that relates the occurrences of Hs and Tm and
identifies the most frequent combination for the municipalities of (a) Rio Grande and
(b) Tramandaí. It allows for the wave spectrum taken from the simulation (Step 3) to be
determined.
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Through these statistical parameters, along with the depth (h) found in each location,
it is possible to establish the representative regular waves for the sea states addressed.
The final characteristic to be determined is the wavelength, which is calculated using the
dispersion equation [61]:
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ω2 = g ktanh(kh), (10)

where ω is the angular frequency (Hz); while k is the wave number (m−1), given, respec-
tively, by the following [61]:

ω =
2π

T
, (11)

k =
2π

λ
, (12)

with λ being the wavelength (m); and T the wave period (s).
Thus, the characteristics of the representative regular waves are presented in Table 2,

where H and T stand, respectively, for Hs and Tm (see Figure 2). One can note that these
wave characteristics are similar to those found in China [9] and Spain [62], for example. In
this study, these characteristics are used as reference parameters for both the spatial and
temporal discretization of the computational domain as in [17,30,47,49].

Table 2. Characteristics of representative regular waves of each sea state addressed.

Municipality Height—H (m) Length—λ (m) Period—T (s) Depth—h (m)

Rio Grande 1.14 31.50 4.50 13.29
Tramandaí 0.90 45.91 5.70 10.98

Next, the database is searched for FS elevation time series corresponding to the most
frequent combinations of Hs and Tm at each location. These time series are then reproduced
in the ANSYS-Fluent software using the WaveMIMO methodology. Table 3 provides
detailed information on the selected locations, as well as the time period to which the data
correspond. It should be noted that, in the case of Rio Grande, the distance shown in Table 3
refers to the distance to the local breakwater.

Table 3. Characteristics of the selected locations and time periods for the studies.

Municipality Geographic Coordinate Shore Distance (m) Date Time

Rio Grande 32◦11′24′′ S, 52◦04′45′′ W 171.06 9 November 2018 07:15
Tramandaí 29◦59′51′′ S, 50◦06′18′′ W 2094.33 28 May 2018 10:15

3.2. Obtaining Discretized Orbital Velocity Profiles

Following the flowchart presented in Figure 1, the next step involves transforming
the wave spectrum into a time series of the corresponding FS elevation (Step 4). This
is achieved using the Spec2Wave software [63], based on the methodology described in
Oleinik et al. [63], which applies the Inverse Fourier Transform to the selected spectrum.
Once the time series of the FS elevation for realistic irregular waves is obtained, it can
be approximated by a finite sum of monochromatic waves (Step 5). These waves are
individually described, according to Airy’s Linear Wave Theory, by [61]

η = Acos(kx − ωt), (13)

while the velocity potential is given by [60]

ϕ = −A
g
ω

cosh(kh + kz)
cosh(kh)

sin(kx − ωt) (14)
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Thus, the orbital velocity profiles of wave propagation can be obtained (Step 6). These
profiles come from the partial derivatives in the horizontal (u) and vertical (w) directions,
and are given, respectively, by [61]

u = ωA
cosh(kz + kh)

sinh(kh)
cos(kx − ωt), (15)

w = ωA
sinh(kz + kh)

sinh(kh)
sin(kx − ωt), (16)

where A is the wave amplitude (m), given by [61]

A =
H
2

. (17)

Therefore, it is obtained the discrete data that constitute the orbital velocity profiles,
which are later used as BC in the ANSYS-Fluent software (Step 7). It allows to reproduce
the FS elevation data of realistic irregular waves of a given region and period of time.
Moreover, it is worth noting that when a series of FS elevation data are available, the
WaveMIMO methodology can be applied to extract the u and w velocity profiles directly
from it, skipping Steps 1–5 (see Figure 1).

4. Description of Case Studies
4.1. Parameter Evaluation Studies

A series of four sequential studies on the generation of realistic irregular waves was
conducted, with each subsequent study building upon the findings of its predecessor. Thus,
investigations were carried out regarding the discretization of the prescribed velocity BC
imposition region, mesh sensitivity in the FS region, time step independence, and velocity
vector location. It is worth noting that these studies were also performed considering the
realistic sea state found in the Mostardas (MS) municipality, referring to the location of
geographic coordinates 31◦09′51′′ S, 50◦47′27′′ W [49].

To this end, it was necessary to develop two distinct computational domains for
the wave channels, one for each municipality considered. This approach was necessary
because the channel dimensions depend on the characteristics of the regular waves that
represent the realistic sea states addressed. Figure 3 illustrates the computational domain
that should be adapted for Rio Grande and Tramandaí, highlighting the principal quotas,
the BC implemented, the region where the numerical beach is imposed, and the water level
at rest (WLR).
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As observed in Figure 3, at the bottom of the channel (black solid line), the non-slip
and impermeability BC is applied where the velocities u and w are considered null. On
the lower portion of the left wall (pink solid line), the prescribed velocity BC is imposed.
On the upper portion of the left wall and at the top of the channel (green dashed line),
atmospheric pressure is applied. Notably, the atmospheric pressure BC is also used on the
right lateral wall (blue solid line) to characterize an open flow channel. Additionally, a
hydrostatic profile is imposed to ensure that the mean water level remains at a constant
depth equal to h f , preventing the wave channel from emptying.

Moreover, as also illustrated in Figure 3, the channel depth varies to replicate the
bathymetry observed at the study site, as indicated by Mocellin et al. [17]. To achieve this,
bathymetric data from nautical charts provided by the Brazilian Navy’s Hydrography and
Navigation Directorate [64] were utilized. According to the recommendations of Lisboa
et al. [37], the region where the numerical beach is imposed extends over a length of 2λ.
It is also worth mentioning that, in both cases, the top of the channel is positioned 5.00 m
above the WLR, corresponding to ht = 5.00 m. The remaining dimensions for each wave
channel are detailed in Table 4.

Table 4. Characteristics of the numerical wave channels employed.

Municipality h (m) hf (m) LC (m) LB (m)

Rio Grande 13.29 10.54 171.06 63.00
Tramandaí 10.98 10.59 229.56 91.82

For the spatial discretization of the computational domain, the stretched mesh [56]
was adopted, featuring increased refinement in the region of interest, specifically the FS
region. Thus, the computational domain was divided vertically into three regions. The
first region, R1, contains only air and demands less refinement; it was discretized into
20 computational cells. The second one is the FS region, R2, containing the water–air
interface, which requires greater refinement to ensure numerical convergence; it was
discretized into 40 cells. The last vertical region is R3, containing only water. Since
phenomena in this region influence the problem more substantially than those in R1, it
was discretized into 60 computational cells. Moreover, horizontally, only one region is
considered, R4, where 50 computational cells were allocated per λ. Figure 4 illustrates the
stretched mesh.
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Figure 4 also illustrates the lines ra and rb, which represent the upper and lower
limits of the FS region in the stretched mesh, respectively. Additionally, for temporal
discretization, an initial time step of ∆t = 0.05 s was used, following the recommendation
of Machado et al. [47], for a total simulation time of 900 s of generation and propagation of
realistic irregular waves, λ.

Aiming to analyze the results obtained, a probe was used to monitor the elevation of
the FS in the wave generation zone, specifically at x = 0 m. These results were compared
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with the FS elevation derived from the TOMAWAC spectral model. To quantitatively
evaluate the results, the metrics mean absolute error (MAE) and root mean square error
(RMSE) were considered [65]. However, it is important to note that differently scaled data
produce differently scaled metric values. Thus, the metrics were normalized following the
approach adopted in [39,48,66,67]. Thus, the normalized metrics, NMAE and NRMSE, are
given, respectively, as follows:

NMAE =

(
1
M∑M

i=1 Oi − Pi

)
100

Pmax − Pmin
, (18)

NRMSE =

(√
1
M∑M

i=1(Oi − Pi)
2

)
100

Pmax − Pmin
, (19)

where Oi represents the value obtained from ANSYS-Fluent (m); Pi represents the data
derived from TOMAWAC (m), with Pmax and Pmin being the maximum and minimum
values found, respectively; and M denotes the total amount of data.

4.1.1. Prescribed Velocity Boundary Condition Imposition Region—Description

The objective here is to investigate the discretization of the numerical wave chan-
nel region where the prescribed velocity BC is applied. For the implementation of the
WaveMIMO methodology, it is necessary to subdivide this region into segments, where
the transient discrete data of the orbital wave propagation velocities are inserted. In this
context, it is worth mentioning that the subdivision recommended by Machado et al. [47] is
h/14, meaning the depth of the location is divided into 14 equal segments, as illustrated in
Figure 5, where the segments are represented by the colors blue and pink.
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In addition to the aforementioned approach, two other analyses were proposed, which
involve relating h to the parameters of maximum wave amplitude (Amax) and significant
wave height (Hs) of the realistic irregular waves. Thus, instead of fixing the number or size
of the segments to be used, this approach varies according to the elevation series under
consideration, with segments approximately equal in size to Amax or Hs. It should be noted
that Amax is determined by the magnitude of the highest crest or the deepest trough found
in the FS elevation series. In this context, Tables 5 and 6 present the characteristics of each
case evaluated, respectively, for Rio Grande and Tramandaí.

Table 5. Characteristics of the cases evaluated for the study of the discretization in the region of the
prescribed velocity BC considering the realistic sea state found in Rio Grande.

Case Parameter Number of Segments Segment Dimension (m)

1 h/14 14 0.95
2 Hs 11 1.21
3 Amax 8 1.66
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Table 6. Characteristics of the cases evaluated for the study of the discretization in the region of the
prescribed velocity BC considering the realistic sea state found in Tramandaí.

Case Parameter Number of Segments Segment Dimension (m)

1 h/14 14 0.78
2 Hs 12 0.92
3 Amax 9 1.22

One can note that the FS region size differs for each case analyzed, and each com-
putational domain. This variation arises because this region is determined by the size of
the segments used, incorporating one segment above and another below the WLR. Fur-
thermore, the discretization of 40 computational cells vertically within the FS region was
maintained for all cases analyzed.

4.1.2. Mesh Sensitivity—Description

After determining the best approach for the discretization of the region where the
prescribed velocity BC is applied, a mesh sensitivity analysis was performed regarding
the FS region. This study was inspired by the recommendation of Romanowski et al. [68],
which suggests that the FS region should be subdivided into distinct areas, i.e., the most
refined regions are those that contain the majority of the elevations, which requires a
statistical analysis.

In addition to the approach adopted in the previous study (Section 4.1), which follows
the recommendation of Gomes et al. [57], this study proposes evaluating three additional
discretization approaches that do not require statistical analysis of the elevations of the
realistic irregular waves to be numerically reproduced. The proposed new approaches
involve dividing each segment of the FS region into two equal-sized segments and varying
the number of computational cells applied to each one, as illustrated in Figure 6. The lines
ra and rb shown in Figure 6 represent, respectively, the upper and lower bounds of the R2
domain region (see Figure 4).
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Thus, the analyzed cases were as follows:

• Case 4: each segment was discretized into 10 cells, totaling 40 computational cells
vertically, maintaining the refinement suggested by Gomes et al. [57];

• Case 5: the central segments (around the WLR) were discretized into 20 cells, while the
remaining segments were discretized into 10, totaling 60 computational cells vertically.
This approach resembles the recommendation by Romanowski et al. [68];

• Case 6: Each segment was discretized into 20 cells, doubling the refinement suggested
by Gomes et al. [57], resulting in 80 computational cells vertically.
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4.1.3. Time Step Independence—Description

After defining the spatial discretization aspects to be applied, a temporal discretization
investigation was conducted. In this regard, a time step independence study was performed
to establish a relationship between the time step (∆t) and Tm. The aim was to identify the
relationship that provides the best match between the FS elevations generated in ANSYS-
Fluent and those obtained through the TOMAWAC spectral model. The evaluated cases for
both wave climates considered are presented in Table 7.

Table 7. Cases tested for the time step independence study.

Case Ratio ∆t (s)—Rio Grande ∆t (s)—Tramandaí

7 Tm/60 0.0750 0.0950
8 Tm/90 0.0500 0.0630
9 Tm/120 0.0375 0.0475
10 Tm/150 0.0300 0.0380

4.1.4. Location of the Velocity Vector—Description

The final investigation proposed concerns the location of the velocity vector that
contains transient discrete data forming the orbital velocity profiles of wave propagation
used as a prescribed velocity BC. It is important to note that the calculation of u and
w profiles is performed within the Spec2Wave software, where their positions (vertical
coordinates) are indicated, ranging from 0 to h.

Following the recommendation of Machado et al. [47], the velocity vector is positioned
at the center of each segment in the BC imposition region. In addition to this approach, two
other methods were evaluated, as illustrated in Figure 7. These were proposed by Maciel
et al. [50] in a study conducted considering the sea state for the municipality of Rio Grande
in 2014. The present study aimed to identify which approach provides the best results, as
follows:

• Case 11: positioning the vector at the upper part of the segments;
• Case 12: positioning the vector at the center of the segments;
• Case 13: positioning the vector at the lower part of the segments.
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4.2. WaveMIMO Methodology Validation

The final study aims to validate the numerical model and the theoretical recommen-
dations for the WaveMIMO methodology. For this purpose, a numerical simulation was
conducted using a two-dimensional domain at laboratory scale, replicating the experiment
by Koutrouveli et al. [34]. It is important to highlight that, in previous studies (Section 4.1),
spectral data were processed to obtain a time series of FS elevations. In the present study,
however, the FS elevation data monitored by probe S1 in [34] were used. Thus, Steps 1–5
for applying the WaveMIMO methodology were skipped (see Figure 1).
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As previously mentioned, these data were processed using the Spec2Wave software to
obtain the discretized orbital velocity profiles, which were imposed as prescribed velocity
BCs. Consequently, in the present study, the wave generation zone (x = 0 m) was aligned
with the position of probe S1 in the experiment by Koutrouveli et al. [34]. Figure 8a presents
the illustration of the physical setup used in the laboratory experiment of Koutrouveli
et al. [34], while Figure 8b presents the computational domain used for model validation,
highlighting the main dimensions and the BC applied.
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In the laboratory experiment of Koutrouveli et al. [34] (Figure 8a), the wave channel
had height of HC = 1.20 m and a total length of LC = 14.00 m, with the first 12.50 m
dedicated to free wave propagation, while the last 1.50 m included a breakwater with a
wave energy converter device attached. Two probes were used to monitor the FS elevation:
the first, (S1), positioned at x = 3.80 m and the second, (S2), at x = 9.50 m, i.e., 5.70 m
away from the first probe. By replicating this setup, the WaveMIMO methodology can
be validated for both irregular wave generation and propagation. Thus, irregular waves
were generated with the following characteristics: Hs = 0.034 m, peak period, Tp = 1.27 s,
λ = 2.20 m, and channel depth, h = 0.488 m.

Due to the lack of detailed information regarding all physical characteristics of the
laboratory experiment [34], certain adaptations were required. To maintain consistency
with the computational model applied in previous studies, the numerical wave channel
employed in the present study (Figure 8b) was defined with a height HC = 1.20 m and
a length LC = 13.10 m. This length corresponds to the 12.50 m free wave propagation
region in [34], excluding the initial 3.80 m (alignment with S1) and including an additional
4.40 m numerical beach, following the 2λ recommendation Lisboa et al. [37]. Notably, the
numerical beach was incorporated in the physical-to-numerical model adaptation because
the experimental wave channel featured a dynamic reflection absorption system integrated
in the wavemaker. Additionally, the physical setup had breakwaters on both sides of
the hybrid wave energy converter device, enhancing wave energy dissipation toward the
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channel’s end. According to Koutrouveli et al. [34], coupling the device with the breakwater
even improved its hydraulic performance.

As in previous studies performed here, the spatial and temporal discretization of the
computational domain was based on the characteristics of the generated waves. Addition-
ally, the numerical configurations employed were maintained, as well as the theoretical
recommendations obtained for the application of the WaveMIMO methodology. Thus, two
probes were used to monitor the FS elevation: the first, positioned in the generation zone,
at x = 0 m and the second, in the propagation zone, at x = 5.70 m, corresponding to S2

in [34]. The results were compared with the experimental and numerical data presented
by Koutrouveli et al. [34]. As before, the quantitative evaluation was carried out using the
NMAE and NRMSE metrics.

5. Results
5.1. Parameter Evaluation Studies

This section presents the results obtained throughout the investigations into the
WaveMIMO methodology parameters and their respective discussions. It is worth mention-
ing that the studies were conducted sequentially, meaning the findings from each preceding
investigation provided support the execution of the subsequent one.

For the analysis of these results, the findings from Paiva et al. [49] were incorporated
to the discussions, as the authors evaluated the same WaveMIMO methodology parameters
using data from the municipality of Mostardas, in the central region of the RS state coast,
Brazil. The integration of these findings strengthens the generalizability of the parameter
evaluations, since it provides a geographical complementarity to the municipalities ad-
dressed in the present study (Rio Grande in the south and Tramandaí in north of the RS
state). Additionally, it is worth noting that the aforementioned article was authored by the
same researchers involved in the current study, ensuring that the same numerical model
was implemented.

5.1.1. Prescribed Velocity Boundary Condition Imposition Region—Results

To enable a better analysis during the evaluation of the results, the qualitative com-
parison of the FS elevation (η) was divided into three time-intervals, each spanning 300 s.
Furthermore, the plotted graphs feature lines parallel to the x-axis, outlining the FS region
(see Figure 6). Each pair of lines corresponds to an evaluated case, as follows:

• r1a and r1b: solid lines, corresponding to Case 1;
• r2a and r2b: dashed lines, corresponding to Case 2;
• r3a and r3b: dotted lines, corresponding to Case 3.

It should be noted that the position of these lines on the z-axis relates to the size of
the segments considered in each case (see Tables 5 and 6). Thus, Figure 9 presents the
monitored results for the realistic sea state observed in Rio Grande. As shown, in all cases,
the realistic irregular waves generated through the WaveMIMO Methodology accurately
reproduce the realistic sea state derived from TOMAWAC. Additionally, one can note the
absence of initial inertia conditions effects, which is due to the fact that the results were
monitored at x = 0 m.

In cases where the segments used for discretizing the prescribed velocity BC imposition
region are smaller than the Amax parameter (Case 3), wave crests and troughs extend outside
the FS region, as observed in [49]. It is possible to see time instants where the crests and
troughs cross the r1a and r1b lines in Figure 9a, near t = 0 s, in Figure 9b, around t = 450 s
and t = 600 s, and Figure 9c, near t = 650 s. On the other hand, the only occurrence where
the r2a and r2b lines were also crossed happen in Figure 9a, near t = 0 s. Notably, the r3a

and r3b lines are never reached, as the trough used to define Amax, which occurs close to
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t = 0 s, was not reached by the realistic irregular waves generated though the WaveMIMO
methodology.
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Therefore, most generated elevations remain within the region bounded by lines
r1a and r1b, which contain computational cells of practically identical size. For proper
evaluation of these results, quantitative analysis is required. Table 8 summarizes the
NMAE and NRMSE metrics, along with the vertical dimension (∆z) of each mesh element
within the FS region and the respective processing times for all cases.
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Table 8. Quantitative results for the discretization study of the prescribed velocity BC imposition
region, evaluated under Rio Grande’s realistic sea state.

Case ∆z (m) NMAE (%) NRMSE (%) Processing Time (h)

1 0.0237 3.7303 4.8421 5.92
2 0.0302 3.7730 4.9046 5.72
3 0.0415 3.8388 4.9934 5.67

As shown in Table 8, NMAE and NRMSE values reveal a consistent but gradual
degradation in accuracy as the size of the segments increased. Thus, Case 1 emerges as the
best-performing scenario, since it presented the lowest NMAE and NRMSE values. While
the absolute differences in metrics across cases appear small, the relative degradation in
accuracy is notable. Compared to Case 1, Case 2 shows increases of 1.10% (NMAE) and
1.30% (NMRSE), while Case 3, the worst-performing scenario, exhibits larger increases of
2.90% (NMAE) and 3.10% (NRMSE). In comparison to Case 1, it was noted that Case 2 has
elements 27.43% larger and a processing time 3.38% shorter, whereas Case 3 has elements
75.11% larger and a processing time 4.22% shorter.

Following the same methodology applied to Rio Grande, a qualitative assessment
was conducted for the results obtained considering the realistic sea state found in the
municipality of Tramandaí. Thus, Figure 10 compares the FS elevation monitored against
the TOMAWAC data, demonstrating that in all cases, the realistic irregular waves generated
using the WaveMIMO methodology accurately replicate the sea state addressed. Moreover,
no inertia conditions effects are noted since results were monitored at x = 0 m.

As before, there are time instants where wave crests and troughs cross the r1a and
r1b lines, such as in Figure 10a, near t = 70 s and t = 250 s, Figure 10b, around t = 550 s,
Figure 10c, close to t = 600 s. Additionally, troughs are observed to cross the r2a and r2b

lines in Figure 10c, near t = 600 s. As previously noted for the realistic sea state of Rio
Grande, the r3a and r3b lines are never reached, since the crest used to define Amax was not
attained by the realistic irregular waves generated through the WaveMIMO methodology.

Consequently, most elevations remain within the region bounded by the r1a and r1b

lines. Table 9 presents the NMAE and NRMSE metrics for the evaluated cases, along with
the vertical dimensions of each mesh element in the FS region and the corresponding
computational processing time required for each case.

Table 9. Quantitative results for the discretization study of the prescribed velocity BC imposition
region, evaluated under Tramandaí’s realistic sea state.

Case ∆z (m) NMAE (%) NRMSE (%) Processing Time (h)

1 0.0392 4.4364 5.5955 6.03
2 0.0450 4.4455 5.6045 5.77
3 0.0582 4.4591 5.6227 5.70

The results shown in Table 9 confirm Case 1 as the best configuration, as well
as the gradual degradation in accuracy previously observed. The comparative anal-
ysis reveals that, compared to Case 1, Case 2 shows increases of 1.15% (NMAE) and
1.25% (NRMSE), while Case 3, the worst case evaluated, exhibits a more substantial in-
crement of 2.85% (NMAE) and 3.05% (NRMSE). Therefore, for both realistic sea states
addressed, the metrics follow similar trends although NRMSE demonstrates slightly greater
sensitivity, with consistently 0.10–0.20% higher relative differences than NMAE. Regarding
∆z and the processing time, the analysis shows that compared to Case 1, Case 2 employs
mesh elements 14.80% larger while requiring 4.31% less processing time, whereas Case 3
uses mesh elements 48.47% larger with 5.47% shorter computational time.
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It is important to emphasize that processing time was not considered a determining
factor in this study due to its minimal temporal variation. Given that all cases maintain a
spatial discretization of 40 computational cells in the FS region, the observed ∆z variation
demonstrates negligible impact on processing time requirements. Consequently, Case
1 stands out as the most effective approach in the present analysis, consistent with the
findings of Paiva et al. [49]. Therefore, it is recommended to maintain the indication of
Machado et al. [47] to subdivide this region into segments of size h/14.

Additionally, it is noted that Case 1 features the smallest ∆z and, as most elevation
data fall within the region bounded by the r1a and r1b, lines, these data are computed with
higher precision. Thus, the accuracy reduction from Case 1 to 3 correlates with the use of
larger mesh elements in the FS region, highlighting the need for further investigation of
mesh sensitivity in this region.
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5.1.2. Mesh Sensitivity—Results

Following the results of Section 5.1.1, it was established that the FS region comprises
two segments of size h/14 (Case 1). For the mesh sensitivity study, it was proposed to
subdivide these FS segments into four smaller segments of size h/28 each. Similarly to the
previous study, qualitative analysis shows the evaluated cases are virtually indistinguish-
able. Thus, the monitored results are presented in the Supplementary Materials Section,
where Figures S1 and S2 show the FS elevation comparison for the present study under the
Rio Grande and Tramandaí realistic sea states, respectively. These results demonstrate that
all cases successfully reproduce the target realistic sea states through the realistic irregular
waves generated via the WaveMIMO methodology.

Since visual distinction between approaches proves to be inefficient, quantitative
evaluation becomes essential. The results monitored under Rio Grande’s realistic sea
state are presented in Table 10, featuring calculated NMAE and NRMSE metrics alongside
processing times for each case. Moreover, Case 1 served as the reference for this analysis.

Table 10. Quantitative results for the study of mesh sensitivity in the FS region, evaluated under Rio
Grande’s realistic sea state.

Case NMAE (%) NRMSE (%) Processing Time (h)

1 3.7303 4.8421 5.92

4 3.7303 4.8421 6.08
5 3.6612 4.7467 6.22
6 3.6776 4.7664 6.65

Both Cases 1 and 4 contain 40 computational cells in the FS region, which explains
their identical NMAE and NRMSE values shown in Table 10. This shows that simply
dividing the segments into smaller segments maintains result accuracy while slightly
increasing processing time by 2.70%. Among the new approaches proposed for FS region
discretization, the best-performing scenario was Case 5. In a comparative analysis, Case 4,
the worst case evaluated, shows metrics that are 1.89% (NMAE) and 2.01% (NRMSE) higher,
while processing time is 2.25% shorter. Considering the refinement increase is on the order
of 50% (from 40 to 60 computational cells), the difference in processing time is reasonably
low. When comparing Case 5 to Case 6, the metrics show increases of 0.45% (NMAE) and
0.41% (NMRSE), while processing time is 6.91% higher for a 33.33% refinement increase
(from 60 to 80 computational cells).

Table 11 presents the results under Tramandaí’s realistic sea state, including NMAE
and NRMSE metrics with corresponding processing times. Consistent with previous
analyses, Case 1 serves as the reference for comparative evaluation.

Table 11. Quantitative results for the study of mesh sensitivity in the FS region, evaluated under
Tramandaí’s realistic sea state.

Case NMAE (%) NRMSE (%) Processing Time (h)

1 4.4364 5.5955 6.03

4 4.4364 5.5955 6.17
5 4.4318 5.5864 6.23
6 4.4636 5.6318 6.47

Table 11 confirms that Cases 1 and 4 present identical metrics, with Case 4 requiring
2.32% longer processing time. As before, Case 5 performs best; however, in this case, Case
6 is the worst-performing one, with metrics that are 0.72% (NMAE) and 0.81% (NRMSE)
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higher, along with a 3.86% increase in processing time due to its 33.33% refinement mesh
increase. When comparing Case 4 to Case 5, the metrics are 0.10% (NMAE) and 0.16%
(NRMSE) higher, while processing time is only 0.97% shorter for Case 4, despite Case 5
employing a 50% refinement increase in the FS region.

This study demonstrates that applying greater mesh refinement only in the segments
closest to the WLR was effective, since Case 5 yielded better results than Case 6 for both re-
alistic sea states addressed. Therefore, considering these evaluations along with the results
for Mostardas’ realistic sea state [49], a recommendation for stretched mesh application in
realistic irregular wave generation was established, which corresponds to Case 5. However,
it is important to note that this modifies the result defined in Section 5.1, as the prescribed
velocity BC imposition region now comprises 15 segments: 2 segments of size h/28 in the
FS region and 13 segments of size h/14 in the R3 domain region (see Figure 4), extending
to the channel bottom.

5.1.3. Time Step Independence—Results

It is important to emphasize that this investigation adopted the mesh configuration
established in prior studies (Sections 5.1.1 and 5.1.2). As before, the evaluated cases are
virtually indistinguishable in qualitative analysis; these results are therefore presented in the
Supplementary Materials Section (see Figures S3 and S4 for the Rio Grande and Tramandaí
realistic sea states, respectively). Notably, in all cases, the WaveMIMO methodology
successfully reproduced the realistic sea state addressed.

For precise quantitative analysis, the monitored results are presented in Table 12 (Rio
Grande) and Table 13 (Tramandaí), including the NMAE and NRMSE metrics alongside
processing times, which scale with temporal step refinement. Accordingly, these tables
also include the relative differences (dr), indicating the processing time increase. For this
purpose, cases are always compared to their immediate predecessor (the row above in
Tables 12 and 13). Case 5 serves as the reference for result analysis.

Table 12. Quantitative results for the study of time step independence, evaluated under Rio Grande’s
realistic sea state.

Case NMAE (%) NRMSE (%) Processing Time (h) dr (%)

5 3.6612 4.7467 6.22 -

7 3.7368 4.8454 4.25 -
8 3.6612 4.7467 6.22 46.35
9 3.6316 4.7072 9.08 45.98

10 3.6217 4.6908 12.23 34.69

Table 13. Quantitative results for the study of time step independence, evaluated under Tramandaí’s
realistic sea state.

Case NMAE (%) NRMSE (%) Processing Time (h) dr (%)

5 4.4318 5.5864 6.23 -

7 4.5636 5.7636 3.13 -
8 4.4727 5.6455 4.97 58.79
9 4.4364 5.6000 5.88 18.31

10 4.4182 5.5773 8.63 46.77

For both realistic sea states (Rio Grande and Tramandaí), the metrics show continuous
improvement as the time step is refined from Tm/60 to Tm/150, consistent with findings
for Mostardas municipality [49]. Moreover, Case 5 (∆t = 0.05 s), corresponding to Tm/90
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(Rio Grande) and Tm/114 (Tramandaí), demonstrates results aligned with the other cases,
for both error metrics and processing time, as seen in Tables 11 and 12.

Regarding Rio Grande’s realistic sea state, metric reductions are 2.02% (NMAE) and
2.04% (NRMSE), comparing Cases 7 and 8, 0.81% (NMAE) and 0.83% (NRMSE), from Case
8 to 9, and 0.27% (NMAE) and 0.35% (NRMSE), from Case 9 to 10. Similarly, considering
Tramandaí’s realistic sea state, reductions are 1.99% (NMAE) and 2.05% (NRMSE), com-
paring Case 7 to 8, 0.81% (NMAE and NRMSE), from Case 8 to 9, and 0.41% (NMAE and
NRMSE), from Case 9 to 10.

Additionally, Tables 11 and 12 confirm that these incremental accuracy gains come
with more significant processing time increases. Therefore, the recommended temporal
discretization uses Case 9 (∆t = Tm/120), as the reduction in NMAE and NRMSE metrics,
compared to Case 10, is less than 0.50% for both realistic sea states, while the processing
time increase exceeds 30.00%. These results are in agreement with those obtained for the
municipality of Mostardas [49].

5.1.4. Location of the Velocity Vector—Results

Once again, it should be mentioned that the results obtained in previous studies
(Sections 5.1.1–5.1.3) are taken into account in this final evaluation, which concerns the
location where the velocity vector is calculated within each segment of the prescribed
velocity BC imposition region. Notably, qualitative comparisons between the FS elevations
monitored in ANSYS-Fluent software and those derived from the TOMAWAC spectral
model are presented in the Supplementary Materials Section (see Figures S5 and S6 for the
Rio Grande and Tramandaí realistic sea states, respectively). As before, for all evaluated
cases, the realistic irregular waves generated through the WaveMIMO methodology accu-
rately reproduce the target realistic sea states. Consequently, similar to previous studies,
visual distinction between cases remains impossible.

Regarding quantitative evaluation, the results are presented in Table 14 (Rio Grande)
and Table 15 (Tramandaí). However, processing times are omitted as they remain con-
stant and correspond to using ∆t = Tm/120 (see Tables 11 and 12). It is highlighted
that Case 9 is not taken as reference for the analysis in the present study, as it matches
Case 12’s configuration.

Table 14. Quantitative results for the study of velocity vector’ location, evaluated under Rio Grande’s
realistic sea state.

Case NMAE (%) NRMSE (%)

11 3.4474 4.4375
12 3.6316 4.7072
13 3.8783 5.0428

Table 15. Quantitative results for the study of velocity vector’s location, evaluated under Tramandaí’s
realistic sea state.

Case NMAE (%) NRMSE (%)

11 4.3318 5.4591
12 4.4364 5.6000
13 4.5136 5.7045

As observed in Tables 14 and 15, a consistent pattern emerges where Case 11 (velocity
vector at the upper segment position) presented the best results, followed by Case 12
(central position, as recommended by Machado et al. [47], while Case 13 (lower position)
showing the poorest performance. This behavior aligns with findings for the Mostardas
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municipality [49], but contrasts with Maciel et al. [50], who reported superior performance
with lower-position vectors.

In a comparative analysis for Rio Grande’s sea state, Case 12 shows increases of
5.34% (NMAE) and 6.08% (NRMSE) relative to Case 11, while Case 13 exhibits more
significant increases of 12.49% (NMAE) and 13.64% (NRMSE). Similarly, for Tramandaí’s
sea state, Case 12 presents increases of 2.41% (NMAE) and 2.58% (NRMSE), while Case 13
shows increases of 4.20% (NMAE) and 4.50% (NRMSE) compared to Case 11.

In addition, this study reveals the most substantial metric variations, particularly for
Rio Grande’s realistic sea state. Therefore, the recommendation is to consider the velocity
vectors at the upper position of the segments in the prescribed velocity BC imposition
region. Finally, it should be highlighted that all cases evaluated throughout the WaveMIMO
methodology parameter assessments have demonstrated results that compare favorably
with existing literature such as [39,66], confirming the robustness of this approach for
realistic irregular wave generation.

5.2. WaveMIMO Methodology Validation

This section presents the validation results of the WaveMIMO methodology [47] for
irregular wave generation and propagation in a numerical wave channel. As previously
mentioned, the laboratory experiments conducted by Koutrouveli et al. [34] served as the
reference for this validation. The validation begins with qualitative analysis. Thus, Figure 11
compares the FS elevation monitored using the WaveMIMO methodology against both
experimental and numerical results from Koutrouveli et al. [34]. Specifically, Figure 11a
displays results monitored at the wave generation zone, x = 0 m, while Figure 11b shows
results from the wave propagation zone, x = 5.70 m.
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As observed in Figure 11a, the WaveMIMO methodology demonstrates near-perfect
agreement with the experimental data at the generation zone, with precise matching of
amplitudes and phase synchronization throughout the 50 s of simulation. In contrast, the
numerical results from Koutrouveli et al. [34] show phase discrepancies, including inverted
crests/troughs, occurring near t = 27, 32, and 48 s.

In the propagation zone (Figure 11b), one can note the inertia condition effects on the
flow, as there are no elevations within the first seconds of the monitored results in both
numerical approaches and the physical setup. Moreover, WaveMIMO maintains supe-
rior consistency with experimental trends compared to numerical results of Koutrouveli
et al. [34]. While both methods approximate the wave envelope, WaveMIMO preserves
correct phase sequencing despite amplitude variations, whereas the reference model [34]
shows systematic errors: crests replacing troughs, close to t = 5, 10, 20, 25, 35, 45, and 50 s
and troughs replacing crests, near t = 10, 12, 35, 40, and 49 s. Notably, these discrepancies
emerge within the first 10 s of simulation in [34], whereas the WaveMIMO methodology
maintains near-perfect agreement. Both numerical approaches (present study and [34])
begin to diverge more significantly from experimental results after t = 20 s suggesting the
onset of reflection effects in the laboratory setup, which neither fully replicates.

This robust agreement with the experimental data verifies the WaveMIMO capability
to accurately reproduce the target irregular waves, similar to what was observed for regular
waves in Maciel et al. [48]. To further validate these observations, quantitative metrics,
NMAE and NRMSE, are analyzed in Table 16.

Table 16. Quantitative comparison between numerical and experimental data.

Case
x = 0 m x = 5.70 m

NMAE (%) NRMSE (%) NMAE (%) NRMSE (%)

Present study 2.6239 3.4785 7.6844 10.6914
Koutrouveli et al. [34] 10.6485 13.1727 13.5124 17.2615

The results presented in Table 16 corroborate the qualitative analysis performed,
validating the WaveMIMO methodology for the generation and propagation of real-
istic irregular waves. The results monitored at both probes demonstrate consistency
with previous numerical–experimental studies on wave energy [39,48,66,67,69]. Con-
sidering the same criterion applied in the validation of numerical models across various
fields [34,48,66,69–75], the results obtained in the present study represent excellent agree-
ment with experimental data, with metrics below 10%. Only the NRMSE value at
x = 5.70 s slightly exceeds this threshold, remaining below 11%, which still indicates
a good agreement.

Notably, the increase in metrics in the wave propagation zone was expected, as the
numerical model employed differs from the physical model, incorporating adaptations
such as the numerical beach. However, the metrics recorded by Koutrouveli et al. [34] at
this probe exceed those of the WaveMIMO methodology by 75.87% (NMAE) and 61.44%
(NRMSE). This can be partially explained by the use of a numerical beach in the present
model, which replicates, within appropriate proportions, the breakwater used in the exper-
imental setup of Koutrouveli et al. [34], a feature that is absent in their numerical model.
These differences were even more pronounced in the wave generation zone, reaching
305.82% (NMAE) and 278.68% (NRMSE), which can be attributed to the fact that these
results were also monitored in a propagation zone in [34].

Thus, it was possible to validate not only the use of the WaveMIMO methodology but
also the entire numerical model employed, including the applied numerical configurations
(see Table 1) and the theoretical recommendations obtained in the present study. Moreover,
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the modifications made to adapt the experimental model to the numerical one, such as
laminar flow conditions and the use of a numerical beach, also proved effective.

Finally, the visualization of the physical phenomenon is presented through the volu-
metric fraction field, shown in Figure 12, where the water phase is represented in blue and
the air phase in red. Figure 12 illustrates the hydrodynamic behavior in the channel at the
end of the simulation, at t = 50 s; it highlights the beginning of the channel, where surface
elevations are observed and the end of the channel, where the efficiency of the numerical
beach in dissipating the energy of the waves reaching this region can be observed, as no
elevations are present.
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6. Conclusions
The present study systematically evaluated the application parameters of the

WaveMIMO methodology [47] through four sequential investigations of realistic irreg-
ular wave generation. Numerical simulations were performed using wave climate data
from coastal areas of the Brazilian state of Rio Grande do Sul near the cities of Rio Grande
and Tramandaí, with comparative analysis incorporating previous results from the coastal
region of city of Mostardas [49]. These assessments enabled the development of theoretical
recommendations for implementing the WaveMIMO methodology in the realistic irregu-
lar wave generation. Final validation was achieved through qualitative and quantitative
comparison with laboratory experimental data from Koutrouveli et al. [34], confirming the
methodology’s effectiveness for both wave generation and propagation of these waves.

Among these studies, there are those that focus on the spatial discretization of the
computational domain employed, such as the investigation into the discretization of the
prescribed velocity BC imposition region. Based on the evaluations and analyses con-
ducted, it was determined that the best results were achieved in Case 1, where it was
subdivided into 14 segments. In another study, the mesh sensitivity in the FS region was
analyzed. It was possible to establish Case 5 as a theoretical recommendation, where
the central segments of the FS region were discretized with greater refinement, totaling
60 computational cells. Additionally, the temporal discretization was investigated, where
the time step was related to the mean period. In this evaluation the processing time re-
quired was considered to determine the most suitable relation. Thus, the recommendation
of using ∆t = Tm/120, referred to as Case 9, was established. The final study addressed
the evaluation of the velocity vector’s location. As a result, Case 11 was determined as the
theoretical recommendation, which consists of placing the vector at the upper part of each
segment of the prescribed velocity BC imposition region.

In summary, when applying the WaveMIMO methodology for realistic irregular wave
generation, the prescribed velocity BC region should comprise 15 segments: the first
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two, located just below the WLR, with a size of h/28, while the remaining 13 segments
must have a size of h/14. Thus, the FS region on the stretched mesh consists of the
first two segments below the WLR and two equally sized segments above it. For spatial
discretization, segments near the WLR should contain 20 computational cells, whereas the
remaining segments should use 10 cells. The temporal discretization requires a time step
of Tm/120 and the velocity vector should be considered at the top of each segment in the
prescribed velocity BC region.

At last, it is worth highlighting that, when comparing the optimized configuration
(Case 12) to recommendations from the previous literature (Case 1) [47], the metrics were
reduced by 7.58% (NMAE) and 8.36% (NRMSE) for Rio Grande, while Tramandaí’s sea state
showed more modest improvements of 2.36% (NMAE) and 2.44% (NRMSE). Thus, after
performing the investigations, it was possible to validate the WaveMIMO methodology
against experimental data from Koutrouveli et al. [34]. One can highlight that, in a general
way, an excellent agreement between the irregular waves generated with WaveMIMO
methodology and the experimental data was achieved, since most employed indicators
were below 10%. For future studies, it is suggested to implement a prescribed velocity BC
positioned in the upper section of the left wall of the channel. This approach could emulate
the effects of wind on the FS of the channel, thereby improving the adjustment of missed
crests and troughs, enhancing wave generation accuracy.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr13051395/s1, Figure S1: Qualitative results for the study
of mesh sensitivity in the free surface region, evaluated under Rio Grande’s realistic sea state:
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